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Several 6-methyl-4-substituted 1,2,3,4-tetrahydroquinolizinium salts have been prepared from suitably sub
stituted 2-picolines. As these compounds are potential intermediates in the synthesis of cycl [3.3.3] azine, several 
pertinent reactions were studied with this objective in mind. All attempts, however, were unsuccessful and 
reasons for the failures are discussed.

The nitrogen heterocycle 1, given the trivial names 
cycIjS.S.SJ-azine1 and tricyclazine,2 is of considerable

1

theoretical interest,1,3 and has been the subject of much 
synthetic study.2,4-8 We now report some of our 
work on 1,2,3,4-tetrahydroquinolizinium salts which 
are potential precursors of compound 1.

A. The Pentenylpicoline9 Route.—Pentenylpicoline 
3 was prepared in two ways, l-chlorobut-3-ene10 (2) 
(see Scheme I), on reaction with 2,6-lutidyllithium, 
gave the same product 3, as was obtained from the 
reaction of l-bromopent-4-enyllithium11 with 2-picoline.

Treatment of 3 with bromine resulted in the for
mation of two products 4 and 6. Compound 4 was 
a high boiling oil, whereas 6 was an isomeric white 
salt probably formed by simultaneous bromination and 
cyclization of the olefin. Compound 4 could not be 
converted into 6 under the reaction conditions, nor 
could any conditions be found for this transformation.

(1) R . J . W in d g assen , J r . ,  W . W . S au n d ers , J r . ,  a n d  V. B oeke lheide , J .  
A m er. Chem. Soc., 81 , 1459 (1959).

(2) V. B oeke lhe ide  a n d  W . G . G all, J .  Org. Chem ., 19, 499 (1954).
(3) R . D . B ro w n  a n d  B . A . W . C oller, M ol. P h y s ., 2 , 158 (1959).
(4) H . V. H an sen  a n d  E . D . A m stu tz , J .  Org. Chem ., 28, 393 (1963).
(5) I . M u rsk o sh i, A. K u b o , J .  S a ito , a n d  J . H ag in in a , Chem. P harm . B u ll . 

(T o k y o ), 12, 747 (1964).
(6) V. B oeke lheide, H . F r itz , J .  M . R oss, a n d  H . X . K aem p fen , T etra

hedron, 20, 33 (1964).
(7) W . K . G ib so n  a n d  D . L e av e r, Chem. C om m un., 1, 11 (1965).
(8) D . L e a v e r  a n d  J .  D . R . V ass, J .  Chem. Soc., 1629 (1965).
(9) T h e  te rm  p en ten y lp ico lin e , u sed  th ro u g h o u t th is  te x t,  sho u ld  b e  ta k e n  

to  m ean  l- [2 -(6 -m e th y lp y rid y l)  ]-p en t-4 -e n e  (3).
(10) J . D . R o b e rts  a n d  R . H . M azu r , J . A m er. Chem. Soc., 73, 2509 (1952).
(11) P re p a re d  b y  s ta n d a rd  m e th o d s 12-14 from  te tra h y d ro fu r fu ry l alcoho l.
(12) I. A. B ro o k s a n d  H . R . S nyder, Org. S y n . ,  25 , 84 (1945).
(13) F . B . L a F o rg e , N . G reen , a n d  W . A. G ersdorff, J . A m er. Chem. Soc., 

70, 3707 (1948).
(14) H . G ilm an , F . W . M oore , a n d  O. B aine , ib id ., 63, 2479 (1941).

S c h e m e  I

Treatment of the salt 6 with aqueous sodium cyanide 
yielded a salt which was isolated as the perchlorate, 
and which from spectral evidence appeared to have no 
nitrile group. Nmr evidence suggested that the new 
salt was the dehydrobromination product, 6-methyl-4- 
methylene-l,2,3,4-tetrahydroquinolizinium (5) perchlo
rate which could also be obtained when sodium car
bonate was used instead of sodium cyanide.

In retrospect, it is not surprising that the observed 
elimination occurred as the bromine atom which was to 
be displaced would be directed away from the methyl 
group in the 6 position thus being effectively shielded 
against nucleophilic displacement by cyanide, and 
also, the hydrogen in the 4 position is expected to be 
relatively acidic as it is a to a positively charged ni
trogen.

The reaction of the salt 6 with base or cyanide ion 
could be conveniently followed by nmr and some
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S c h e m e  II

C1CH2CH2CH=CH2
2

P rins

interesting observations were made. The salt was 
dissolved in deuterium oxide and its nmr spectrum 
was measured. Anhydrous potassium carbonate was 
added and the spectra were 'observed at intervals. The 
first observation was that the triplet centered at r 6.7 
quickly disappeared, suggesting that the hydrogens 
in the 1 position were undergoing base-catalyzed ex
change with the solvent; next, the singlet at r 7.13 
disappeared suggesting that deuteration of the 6- 
methyl group was occurring; and, finally, the broad 
absorption at t ca. 4.7 and the doublet at 6.14 (J =  8 
Hz) both disappeared at the same rate to give way to 
another pair of absorptions at 4.22 and 4.60.

The order of the acidities (1 proton >  methyl pro
ton >  4 proton) can be understood by a consideration 
of the stability of the three conjugate bases 7-9 which

7 8 9

would be the major contributing forms to the re
spective bases. Structure 9 in which there must 
always be charge separation would be least stable 
while steric effects would account for the relative 
stabilities of 7 and 8.

The greater ease of removal of a proton from the 1 
position in 6 than from the 6-methyl group may be of 
importance in later attempts to form the third ring in 
the cyclazine skeleton and may lead to an unwanted 
azabicyclo [2.2.2 [octane. It is also of interest that 8 did 
not cyclize to a hexahydrocycl [3.3.2 [azine.

B. The 1,3-Dioxane Route.—The above route 
failed in the attempt to add the final carbon atom to 
the bicyclic system. To overcome this difficulty a 
method was investigated whereby sufficient carbon 
atoms were incorporated into the system prior to 
cyclization. The acidity of the 2-methyl protons in 
substituted pyridines and of 6-methyl protons in 
quinolizinium salts make 2,6-lutidine an attractive

starting point in any such synthesis. A conveniently 
protected substrate was considered to be 4-(2-chloro- 
ethyl)-l,3-dioxane which was readily prepared from
l-chlorobut-3-ene by a modification of the Prins re
action.16 By performing the acid-catalyzed addition 
of formaldehyde to the olefin 2 in ether, the yield of the 
major by-product, 5-chioropentane-l,3-diol, could be 
kept to a minimum. The product 10 reacted smoothly 
with 2,6-lutidyllithium to yield 12 (Scheme II), the 
structure of which was substantiated by spectral data.

Cleavage of the metadioxane ring in 12 was most 
conveniently accomplished by the mild method of 
Youssefyeh and Mazur16 which not only provided an 
effective procedure for the metadioxane ring opening, 
but partial hydrolysis of the diacetate produced gave 
as the major product the hydroxyacetate 14, in which 
the primary hydroxyl was protected against further 
reaction in the next step. Chromatographic separa
tion of the reaction products also gave 11 (15%) and 
the diol 13 (5%). Treatment of 13 or 14 with acetic 
anhydride also gave the diacetate 11.

The hydroxyacetate 14 was treated with phosphorus 
tribromide to give a small yield of the corresponding 
bromide 15 which could be reconverted into 14 by 
hydrolysis in aqueous dioxane containing silver per
chlorate. All attempts to cause the bromide 15 to cyclize 
were to no avail and this route was thus abandoned.17

C. The a,/3-Unsaturated Ester Route.—As is evident 
from the two approaches discussed, the displacement 
of a side-chain bromine atom by the nitrogen of a 2,6- 
disubstituted pyridine is not a practicable approach to 
the tetrahydroquinolizinium nucleus. However, the 
reaction of pentenylpicoline with bromine has shown 
that cyclization during bromination of a suitably 
situated double bond is certainly feasible and the 
accessibility of olefins via  the Wittig reaction made this 
appear a most attractive route.

(15) H . J . P r in s , Proc. A cad . S c i. (A m ste rd am ), 22 , 51 (1919).
(16) R . D . Y oussefyeh  a n d  Y . M a z u r , T etrahedron Lett., 26 , 1287 (1962).
(17) T w o  o b je c tio n s  cou ld  h a v e  b ee n  ra ise d  a g a in s t th is  m e th o d : (a) in

v iew  o f th e  fa ilu re  of 4  to  cyclize, 15 m ig h t h a v e  b ee n  ex p ec ted  to  b e h a v e  
s im ila rly ; a n d  (b) th e  re la tiv e  ac id itie s  of th e  m e th y l a n d  m e th y le n e  p ro to n s  
in  6 le a v e  th e  m o d e  of c lo su re  of th e  th i rd  rin g  o p en  to  s p ecu la tio n . I n  a n t ic i
p a t io n  of th e se  o b je c tio n s  i t  is p o in te d  o u t  t h a t  th is  ro u te  w as s ta r te d  w ell 
b e fo re  th e  a b o v e  re s u lts  b ec am e know n .
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S c h e m e  I I I

20, X = C02Et 21

/3-Chloropropionaldehyde acetal18 was treated with
2,6-lutidyllithium to yield the acetal 16 which upon 
hydrolysis gave the aldehyde 17 (Scheme III).

Of the Wittig reagents suitable for condensation with 
aldehyde 17, that derived from ethyl bromoacetate was 
considered most desirable, particularly in view of ease 
with which it could be prepared.19

On reaction of the phosphorane with the aldehyde 
17 a product was obtained which showed ultraviolet 
and infrared absorptions and an nmr spectrum compat
ible with the trans a,/3-unsaturated ester 19 expected 
from the Wittig reaction.

Treatment of 19 with bromine in aqueous dioxane 
gave two products, a high boiling oil, tentatively as
signed the structure 18 on the basis of its mass spectrum 
and method of preparation, and a white salt which was 
assigned the structure 20.

When 20 was treated with base, closure of the third 
ring did not occur but instead, the sole product isolated 
in good yield was 21. It was of interest to obtain a 
qualitative estimate of the relative rates of proton re
moval from the 4-methyl group and the position a  
to the ester, as cyclization of 20 to a tricyclic nucleus 
would require that the former reaction should occur at 
a measurable rate. The reaction in deuterium oxide 
was studied by nmr and the only detectable reaction 
was that yielding 21, there being a complete absence 
of deuterium exchange at the 4-methyl group.

Experimental Section20
The Reaction between 2,6-Lutidyllithium and l-Chlorobut-3- 

ene.—The preparation of 2,6-lutidyllithium is a modification of

(18) E . J .  W itzem an n , W . L lo y d -E v an s , H . I loss, a n d  E . F . S ch roeder, 
Org. S y n . ,  11, 26 (1931).

(19) H . S a ik a sh i, Y . T a n ig u ch i, a n d  H . O gaw a, Y a ku g a ku  Z a ssh i, 82 , 1262 
(1962); Chem. A bstr., 58, 1388c (1963).

(20) M e ltin g  p o in ts  a n d  b o iling  p o in ts  a re  u n co rrec ted . M icro a n a ly ses
w ere  p erfo rm ed  b y  th e  M ic ro a n a ly tic a l S ection , C . S. I. R . O ., M elb o u rn e , 
A u s tra lia , u n d e r  th e  d ire c tio n  of D r. K . W . Z im m e rm an  a n d  M r. H . J . Je rie .
U ltra v io le t s p e c tra  w ere reco rded  in  th e  so lv en t s ta te d  on a  S h im a d zu  p h o to 
e lec tric  sp e c tro p h o to m e te r  M odel Q R -50 . A ll in fra re d  sp e c tra  of so lids w ere 
m easu red  in  p o ta ss iu m  ch lo rid e  d isk s  a n d  th o se  of liq u id s  w ere m easu red  as 
liqu id  film s be tw een  sod ium  ch lo rid e  p la te s  using  a  P e rk in -E lm e r In fra c o rd  
sp e c tro p h o to m e te r . N m r s p e c tra  w ere o b ta in e d  on a  V arian  A ssocia tes H R  
60 sp e c tro m e te r  a n d  w ere c a lib ra te d  b y  th e  s id e -b a n d  te c h n iq u e . All m ea
su rem e n ts  w ere m a d e  on A n a la R  ca rb o n  te tra c h lo r id e  so lu tio n s  using  te tr a -  
m e th y ls ilan e  as an  in te rn a l reference , o r  on d e u te r iu m  ox ide  so lu tio n s  w ith

the method reported21 for 2-picolyllithium, and its reaction with 
the butenyl chloride is based upon the reaction22 of 2-picolyllithium 
with isopropyl bromide. A freshly prepared solution of phenyl- 
lithium was added dropwise to a solution of 2,6-lutidine (25 ml) 
in ether (100 ml), and stirred for 1 hr. Chlorobutene (10 g) in 
ether (50 ml) was added slowly and the mixture was then heated 
under gentle reflux for 5 hr, cooled, and poured onto ice. The 
ether phase was separated and the aqueous phase was further 
extracted with ether. The bases were extracted into 1 M  aqueous 
hydrochloric acid. The acid solution was basified with potassium 
hydroxide and was extracted with ether; the solution was dried 
(MgSO,i) and the ether was removed. Fractional distillation of 
the yellow oil gave 12.1 g (68%) of l-[2-(6-methylpyridyl)]- 
pent-4-ene (3) as a colorless liquid: bp 104.5-105° (14 mm);
n20D 1.5008; 266 and 272 mM (log e 3.5 and 3.4); >w
3098, 2948 , 2860, 1640, 1590, 1580, 1460, 995, and 910 cm"1; 
nmr, AB2 absorption (t 2.78, 3.16, J  = 7 Hz) (3 H), complex 
absorptions centered at ca. r  3.7 and 5.0 (3 H), a triplet ( r  7.3, 
J  = 7 Hz) (2 H), a singlet ( r  7.5) (3 H), and four other aliphatic 
protons ( r  7.6-8.6).

Anal. CalcdforCnH15N: C, 82.1; H, 9.3; N, 8.7. Found: 
C, 82.0; H, 9.4; N, 8.9.

Bromination of the Olefin 3.—This reaction was performed 
several times in different solvents. The procedure used in each 
case was the same and only one experiment shall be reported.

Bromine (2.4 g) dissolved in dioxane (10 ml) was added drop- 
wise to a stirred solution of olefin 3 (2.4 g) in dioxane (10 ml). 
When the reaction was complete, the solvent was evaporated 
under reduced pressure. The residual yellow paste was par
titioned between water and chloroform to give an effective 
separation of the two products 6 and 4. The relative yields of the 
two products could be estimated at this state from the ultra
violet absorptions of the two solutions. Solvents used (ratios 
of cyclized/uncyclized product) follow: carbon tetrachloride
(0.19), dioxane (0.96), 2% aqueous dioxane (5.25). Evapora
tion of the combined chloroform extracts gave a yellow oil which 
was distilled to give 6-(4,5-dibromopentyl)-2-picoline (4) as a 
colorless liquid: bp 95-96° (0.01 mm); n20D 1.4640; X®'°H 266 
and 272 mM (log e 3.5 and 3.4); w  3024, 2858, 1587, 1570, 
1451, and 793 cm-1; nmr, All» absorption (r 2.78 and 3.16, 
J  = 7 Hz) (3 Ii), a triplet (t 7.3 J  =  7 Hz) (2 II), a singlet (r 
7.5) (3 II) ,  a complex absorption ( t  5.5-6.5) (3 II) , and a complex 
absorption at t  7.6-8.5 (4 II); mass spectrum, base peak at 
m/e 106 and parent peaks at m/e 319, 321, and 323 (intensity 
ratios 1:2:1).

Anal. Calcd for C,iHlsNBr2: C ,41.2; 11,4.7; N, 4.4; Br, 
49.8. Found: C,41.5; 11,5.1; N, 4.4; Br, 49.6.

ac e to n e  o r  sod ium  3 -( tr im e th y ls ily l) - l -p ro p a n e  su lfo n a te  as  in te rn a l re fe r
ences. M ass sp e c tra  w ere  m easu red  on  a n  A ssocia ted  E le c tro n ic  In d u s tr ie s  
M S9 sp ec tro m e te r . W hen th e  te rm  n itro g e n  is used, i t  sho u ld  be ta k e n  to  
m ean  oxygen-free , d ry  n itro g en , a n d  e th e r  to  m ean  a n h y d ro u s , perox ide-free  
e th e r.

(21) R . 11. W oodw ard  an d  E . C . K orn fe ld , Org. S y n . ,  29 , 44 (1949).
(22) L. O sueh an d  R . L ev ine , J .  A m er. Chem. Soc., 78 , 1723 (1950).
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Concentration of the aqueous phase yielded 6 which, when 
crystallized from acetone and acetonitrile, gave white crystals: 
mp 243-244°; 275 (log e 3.8); > w  1620, 1610, 1490,
915, 855, 834, and 810 cm-1; nmr, AB2 absorption (r 1.81 and 
2.24, J  = 7 Hz) (3 H), a broad triplet (r 6.67, J  = 7 Hz) (2 H), 
a singlet (r 7.13) (3 H), and a complex absorption (t 7.18-8.20) 
(4H ).

Anal. Calcd for CiiHi5NB2: C, 41.2; H, 4.7; N, 4.4; Br, 
49.8. Found: C, 41.1; H, 5.0; N, 4.2; Br, 50.0.

Attempted Cyclization of 6-(4,5-Dibromopentyl)-2-picoline (4). 
—Several attempts were made to cause dibromide 4 to cyclize. 
All reactions were studied by ultraviolet spectroscopy and thin 
layer chromatography (tic). The following summarizes solvent, 
concentration (% v/v), temperature, and reaction time (hr): 
EtOH, 10, 40, 24; EtOH, 10, 78, 24; HCON(Me3)2, 10, 153, 12; 
HOCH2CH2OH, 10, 197, 12; nil, 100, 300, 24. In no case could 
evidence be found for the cyclized salt 6.

Reaction between 7 and Sodium Cyanide.—To a solution of 6 
(0.32 g) in water (5 ml) was added a solution of sodium cyanide 
(0.1 g) in water (0.5 ml). The solution was heated to 80° for 
1 hr, cooled, and evaporated to 2 ml under reduced pressure. 
The tarry solid was removed and sodium perchlorate (0.4 g) in 
water (1 ml) was added. The crystals (46 mg, 15%) which sepa
rated were crystallized with difficulty from an acetone-ethanol- 
water mixture to give almost white crystals of 6-methyl-4- 
methylene-l,2,3,4-tetrahydroquinolizinium (5) perchlorate which 
decomposed explosively at ca. 220° without melting:
277 mM (log e 3.85); » w  3040, 2940, 1655, 1620, 1565, 1480, 
1095, and 794 cm-1.

Anal. Calcd for CnHuNClQi: Cl, 13.7. Found: Cl, 14.0.
The chloroplatinate as precipitated with sodium chloro- 

platinate. The flesh-colored crystals were recrystallized several 
times from water; the melting point (172-173°) was undepressed 
by admixture with sample prepared in a similar manner (81% 
yield) using sodium carbonate instead of sodium cyanide.

Anal. Calcd for C22H2sN2PtCl6: C, 36.4; H, 3.9; Pt, 26.8. 
Found: C, 35.8; H, 4.0; Pt, 27.0.

Prins Reaction on l-Chlorobut-3-ene.—As difficulty was ex
perienced in trying to reproduce the yield reported in the litera
ture23 for the Prins reaction on allyl chloride, a modification of 
that procedure was followed.

Paraformaldehyde (160 g) was mixed with ether (200 ml) and 
the mixture was cooled in an ice bath. Fuming sulfuric acid 
(160 ml) was slowly added over a period of at least 4 hr. To the 
white slurry was added the olefin 2 (40 g) in ether (200 ml) over 
a period of 1 hr, and the mixture was then allowed to warm to 
room temperature. The reaction mixture was poured onto a 
vigorously stirred mixture of ice (750 g) and potassium carbonate 
(500 g) and stirred thoroughly for 30 min. The mixture was 
filtered and the residue was washed with ether. The aqueous 
phase was extracted with ether and the ether extracts were com
bined and dried (MgS04). The solvent was removed (12 mm) 
and the residue was distilled rapidly (0.1 mm) into a cooled 
receiver. The yellow distillate was shaken with anhydrous potas
sium carbonate, filtered, and fractionally distilled to yield 49 g 
(71%) of 4-(2-chloroethyl)-,13-dioxane (10): bp 43-44° (0.5
mm); nwd 1.4444; xmalc 1305, 1282, 1250, 1151, 1040, 847, and 
829 cm-1.

Anal. Calcd for C6HnC102: C, 47.9; H, 7.4; Cl, 23.6.
Found: C, 48.0; H, 7.5; Cl, 23.4.

Preparation of 6-j 3-[4-(l,3-Dioxanyl)propyl])-2-picoline (12).— 
The procedure was similar to the reaction between 2,6-lutidyl- 
lithium and l-chlorobut-3-ene and the product was a colorless 
oil (64% yield): bp 111-112° (0.5 mm); nwD 1.5173; X“ °H 
266 and 272 mM (log e 3.5 and 3.4); > w  2940, 2860, 1590, 1580, 
1452, 1152, 1120, 1039, and 792 cm-1; nmr, AB2 absorption 
(r 2.78 and 3.18, J  =  7 Hz) (3 H), AB quartet (r 5.05 and5.37, 
J  =  6 Hz) (2 H), a complex absorption from t 5.9 to 6.8 (3 H), 
a triplet at t 7.25 ( J  = 7 Hz) (2 H), a singlet at r 7.5 (3 H), and 
a complex absorption from r 7.9 to 8.8 (6 H).

Anal. Calcd for C,3H19N 02: C, 70.6; H, 8.7; N, 6.3.
Found: C, 70.5; H, 8.6; N, 6.2.

Cleavage of the 1,3-Dioxane 12.—Lithium iodide (2.5 g) was 
dissolved in acetic anhydride and boron trifluoride etherate 
(3.5 ml) was added. To this solution was added the 1,3-dioxane 
(0.4 g) and the mixture was stirred for 15 min. The mixture 
was poured onto a slurry of ice (100 g) and potassium carbonate 
(60 g) and the product was continuously ether extracted. The

(23) C . P r ic e  a n d  I . K r is h n a m u r t i,  J .  A m e r .  C h e m . S o c ., 72 , 5335 (1950).

ether extracts were evaporated and the residue was dried by 
azeotropic distillation with benzene. The brown viscous oil was 
chromatographed over B. D. H. silica gel with chloroform. The 
eluate was collected in 20-ml fractions and fractions 8-60 and 
75-125 were combined to yield 11 and 14, respectively. The 
solvent was continuously changed to 5% methanol to elute 
the glycol 13 in fractions 170-210.

The combined fractions (8-60) were evaporated free of chloro
form and separated from the small amount of colorless impurity 
by molecular distillation (10-4 mm) giving 80 mg (15%) of color
less viscous oil, 6-(4,6-diacetoxyhexyl)-2-picoline (11): n20D
1.4620; X“ f  266 and 272 mM (log e 3.5 and 3.4); > w  2968, 
2939, 1738, 1460, 1273, and 1250 cm-1; nmr, AB2 absorption 
(tca. 2.6 and 3 .1 5 ,/ =  ca. 7.5 Hz) (3 H), a triplet (r 7.32, J  =  7 
Hz) (2 H), a singlet (t 7.56) (3 H), two singlets (t 8.03 and 8.05) 
(6 H), a triplet (r 5.93, /  = 7 Hz) (2 II), a quintet (r 5.00, 
/  = 6 Hz) (1 H), and a complex absorption (6 H) between r 7.5 
and 8.5.

Anal. Calcd for CisH^NOi: C, 65.5; H, 7.9; N, 4.8.
Found: C, 65.6; H, 7.8; N, 4.8.

By the same procedure fractions 75-125 yielded 180 mg (40%) 
of 6-(6-acetoxy-4-hydroxyhexyl)-2-picoline (14): n20D 1.4310;
x r ,H 266 and 277 mM (log e 3.5 and 3.4); 3430, 2966, 2937,
1730, 1460, 1270, and 1242 cm-1; nmr contained a triplet (t 
5.93) (2 H) and a quintet (t 6.43) (1 H).

Anal. Calcd for ChH21N 03: C, 66.9; H, 8.4; N, 5.6. Found: 
C, 66.7; H, 8.2; N, 5.3.

Fractions 170-210 were combined and evaporated free from 
solvent. The resultant viscous yellow oil was rechromatographed 
over B. D. H. alumina with 10% methanol in chloroform. From 
the eluate was recovered 20 mg (5%) of almost colorless 2-(4,6- 
dihydroxyhexyl)-6-methylpyridine (13): ?i20d 1.3788; X®‘°H 266 
and 272 m/i (log e 3.5 and 3.4); j>max 3340, 2925, 1593, 1582, 
1540, 1100, 1063, and 830 cm“1; nmr, AB2 pattern (r 2.6 and 
3.15, J  =  7 Hz) (3 H), a broad singlet (t 5.5) (2 H), a quintet 
(t 6.12, /  = 6 Hz) overlapping a triplet (r 6.31, J  = 6 Hz) 
(3 H), a triplet (r 7.22, J  =  7 Hz) (2 H), a singlet (t 7.55) 
(3H ), and a complex absorption centered at rco. 8.5 (6H); mass 
spectrum, m/e (% of base peak) 91 (20), 107 (100), 120 (38), 
134 (22), 162 (34), 164 (45), 191 (20), and 209 (12).

Anal. Calcd for C12H19NO2: C, 68.9; H, 9.1; N, 6.7.
Found: C, 68.4; H, 8.9; N, 6.3.

Treatment of Hydroxyacetate 14 with Phosphorus Tribromide. 
—The reaction was carried out in dimethoxyethane with phos
phorus tribromide at 85° for 1 hr. The mixture was neutralized 
with aqueous bicarbonate, the solvent was removed under vacuum 
and the residue repeatedly triturated with benzene. The product 
was subjected to repeated preparative scale tic over Merck 
alumina using 20% carbon tetrachloride in chloroform, to yield 
45 mg (16%) of a pale yellow viscous oil, 6-(6-acetoxy-4-bromo- 
hexyl)-2-methylpyridine (15): n20o 1.5201; X̂ '°H 266 and 272 
mM (log e 3.5 and 3.4); 2970, 2942, 2868, 1737, 1593,
1580, 1462, and 1265 cm-1; nmr, AB2 pattern (t 2.6 and 3.15, 
/  = 7 Hz) (3 H), a triplet (t 5.95, J  = 7  Hz) (2 H), a poorly 
resolved quintet (t 6.45, J  =  ca. b Hz) (1 H), a triplet (t 7.2, 
/  = 7 Hz) (2 H), a singlet (r 7.56) (3 H), and a complex absorp
tion centered at r 8.4 (6 H).

Anal. Calcd for Ci4H2oBrN02: C, 53.5; II, 6.4. Found: C, 
53.0; H, 6.3.

Hydrolysis of 6-(6-Acetoxy-4-bromohexyl)-2-methylpyridine.
—The bromide 15 was dissolved in 50% aqueous dioxane and 
was rapidly hydrolyzed on adding silver perchlorate. After 
filtration and thorough extraction with benzene, the^product 
was isolated by preparative scale tic and was identical with the 
hydroxyacetate 15.

Preparation of 4-[6-(2-Picolyl)]butyraldehyde Acetal (16).— 
The method of preparation was identical with those described 
above. The product (63%) was a colorless liquid: bp 80-80.5° 
(0.01 mm); xma* 3076, 2966, 2900, 1590, 1579, 1453, 1370, 1130, 
1063, and 800 cm-1; nmr, AB2 pattern (r 2.6 and 3.15, J  =  7 
Hz) (3 H), a triplet (r 5.58, /  =  5 Hz) (1 II), a complex sym- 
metrial absorption centered around t  6.58 (4 H), a triplet (r
7.30, J  — 7 Hz) (2 H), a singlet (r 7.57) (3 H), a complex ab
sorption around r 8.4 (4 H ), and a triplet (r 8.84, J  = 7 Hz) 
(6 H).

Hydrolysis of the Acetal 16.—Generally the hydrolysis was 
performed on the crude acetal from the above reaction. Frac
tional distillation of the product gave a colorless liquid (80%): 
bp 95-96° (1.5 mm); ra20D 1.5117; X=l°H 266 and 272 mM (log £
3.5 and 3.4); 3030, 2840, 2770, 1720, 1588, 1576, 1450, 1150,
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1043, 9£2, and 310 cm *. The chloroplatinate crystallized from 
water, mp 184-185° dec.

Anal. Calcd for C20H26ClcN2O2Pt: C, 32.8; H, 3.6; Pt, 
26.6. Found: C, 32.2; H, 4.0; Pt, 26.7.

Preparation of 6-(5-Carbethoxypent-4-enyl)-2-picoline (19).— 
The aldehyde 17 and phosphorane, in equimolar amounts, were 
heated in refluxing ethanol for 6 hr. After removal of the solvent, 
and drying of the residue by azeotropic distillation with benzene, 
petroleum ether (40-60°) was added to the viscous residue causing 
triphenylphosphine oxide to precipitate. After removal of the 
precipitate and the solvent, a honey-colored oil (84%) remained. 
Chromatography over B. D. H. silica gel with chloroform gave a 
pale yellow oil (62%) which was sufficiently pure for most pur
poses. An analytical sample was obtained by molecular distilla
tion (10—* mm): n20D 1.5211; X“ °H 210, 266, and 272 mM (log 
c 4.1, 3.5, and 3.4).

Anal. Calcd for ChH19N 0 2: C, 72.1; H, 8.2; N, 6.0.
Found: C, 72.2; H, 8.0; N, 6.2.

Bromination of the «,/3-Unsaturated Ester 19.—The ester 19 
(0.34 g) was dissolved in water (5 ml) by adding dioxane (ca. 
10 ml). To the vigorously stirred solution was added bromine 
(0.25 g) in dioxane (5 ml) over a period of 5 min. After stirring 
for 0.5 hr, the solvent and excess bromine were removed under 
vacuum. The impure crystals were triturated with chloroform 
and filtered to yield a buff-colored product (0.46 g, 88%), mp 
128-13C°. Recrystallization from acetonitrile and from acetone 
gave an analytical sample of 6-methyl-4-carbethoxybromomethyl-
1,2,3,4-tetrahydroquinolizinium bromide (20) as white crystals: 
mp 132-132.5°; X™ 275 mM (log e 3.8); 2960, 2906, 2840,
1615, 1582, 1489, 1302, 1257, 1212, 1030, and 802 cm -1.

Anal. Calcd for C,4H19Br2N 0 2: C, 42.7; H, 4.9; N, 3.6; 
Br, 40.6. Found: C, 42.9; H, 5.1; N, 3.8; Br, 40.8.

The perchlorate precipitated from aqueous solution and could 
be crystallized from water. It decomposed explosively at ca. 
180° without melting: X”(° 275 my (log « 3.8); iwx 2962, 2907, 
2842, 1516, 1583, 1490, 1306, 1090, 1030, and 800 cm-1.

Anal. Calcd for CnHi9BrClN06: N, 3.4. Found: N, 3.4.
The chloroform extracts were chromatographed over B. D. H 

silica gel and purified by molecular distillation (10-4 mm) to

give a pale pink oil. A mass spectral determination gave the 
following data: m/e (% of base peak) 395 (1), 393 (2), 391 (1), 
315 (5), 311 (5), 268 (3), 233 (16), 120 (10), and 107 (100).

Treatment of 20 with Base.—Several combinations of base and 
solvent were studied, but the results were always the same.

The salt 20 (100 mg) was dissolved in water (1.5 ml) and to 
this was added dropwise a solution of potassium carbonate (50 
mg) in water (2 ml). At the end of the addition an oil separated. 
The product was extracted with carbon tetrachloride, the solvent 
was removed, and the product was dried by azeotropic distillation 
with benzene. The product was obtaned as a pale yellow oil 
(50 mg, 63%) after chromatography over B. D. H. silica gel with 
carbon tetrachloride: nmr, olefinic and aromatic protons (t
2.5-3.5) (4 H), a quartet (r 5.86, J  = 7 Hz) (2 H), a triplet 
(t 7.3, J  = 7 Hz) (2 H), a singlet (t 7.5) (3 H), a complex multi- 
plet (t 7.5-8.4) (4 H), and a triplet (t 8.7, J  =  7 Hz); mass 
spectrum, m/e (% of base peak), 107 (100), 108 (32), 120 (18), 
158 (10), 230 (32), 231 (9), 311 (12), and 313 (12).

Anal. Calcd for Ci4HiSBrN02: C, 53.9; H, 5.8; Br, 25.6; 
N, 4.5. Found: C, 53.7; H, 5.6; Br, 25.2; N, 4.5.

Registry No.—3, 15981-94-9; 4, 15981-95-0; 5 
perchlorate, 15982-08-8; 5 chloroplatinate, 12244-22-3; 
6 bromide, 15981-96-1; 10, 15981-97-2; 11, 15981-
98-3; 12, 15982-00-0; 13, 15982-01-1; 14, 15982-02-2; 
15, 15981-99-4; 16, 15982-03-3; 17 chloroplatinate, 
12244-21-2; 19, 15982-04-4; 20 bromide, 15982-05-5; 
20 perchlorate, 15982-06-6; 21, 15982-07-7.
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The reaction of diphenyliodonium iodide with suitably substituted 2-benzoylaziridines affords 2,5-diaryloxa- 
zoles and the corresponding a,/3-unsaturated ketone. The removal of the nitrogen atom and the subsequent 
formation of the corresponding olefin is found to be a general phenomenon. The mechanism proposed for the 
deamination involves coordination of diphenyliodonium iodide with the unshared electrons of the carbonyl oxygen 
followed by proton loss and subsequent elimination. The formation of the substituted 2,5-diaryloxazole pro
ceeds by carbon-carbon cleavage of the aziridine ring to produce an intermediate tight ion pair. The reaction 
between diphenyliodonium iodide and «,/3-epoxy ketones causes a major fragmentation of the oxide ring and 
affords a mixture of aryl acids and ketones.

1-Aroylaziridines are known to be readily isomerized 
into 2-aryl-A2-oxazolines by the action of aluminum 
halides, heat, or nucleophilic reagents.4-11 These 
rearrangements are formally analogous to the vinyl- 
cyclopropane-cyclopentene isomerization and the de
tails of the transformation have been elegantly eluci

(1) S u p p o r t of th is  re sea rc h  b y  a  g r a n t  fro m  th e  N a tio n a l I n s t i t u te  of 
H e a lth  (G ra n t G M -13990-01) is ack n o w led g ed  w ith  a p p rec ia tio n .

(2) F o r  a  p re lim in a ry  re p o r t  o f th is  w ork , see A. P a d w a  an d  L . H am ilto n , 
T etrahedron L ett., 1861 (1967).

(3) N a tio n a l I n s t i t u te  of H e a lth  P re d o c to ra l F e llow , 1964-1967.
(4) H . H e in e  a n d  Z. P ro c to r , J .  Org. Chem ., 2 3 , 1554 (1958).
(5) H . H e in e , M . E . F e t te r ,  a n d  E . N icho lson , J .  A m er. Chem . Soc., 81, 

2202 (1959).
(6) H . H e ine , W . G . K en y o n , a n d  E . M . Jo h n so n , ib id ., 8 3 , 2570 (1961).
(7) P . T h ru m  a n d  A . R . D a y , J .  M ed. Chem ., 8 , 107 (1965).
(8) R . D . G u th r ie  a n d  D . M u rp h y , J .  Chem. Soc., 3828 (1965).
(9) P . E . F a n ta  a n d  E . N . W a lsh , J .  Org. C hem ., 3 0 , 3574 (1965).
(10) P . E . F a n ta  an d  E . N . W a lsh , ib id ., 31, 59 (1966).
(11) H . H eine , Angew . Chem. In te rn . E d . E ng l., 1, 528 (1962).

dated by Heine and coworkers.11 The isomerization 
by nucleophilic reagents has been explained by a re
action scheme involving attack by a nucleophile, such 
as iodide ion, on one of the carbon atoms of the aziri
dine ring to form a 2-iodoethylamine anion (eq 1). 
In a subsequent step the ion cyclizes to the oxazoline 
and regenerates the iodide ion. Substituted l-acyl-2- 
alkylaziridines also undergo pyrolytic isomerization 
to form N-allylamides.12'13 Kinetic and stereochemical

CT -f--------1-X 1 _ I; I I
N +  I —^ R ^ N C H 2CH2I ~ * ° - c ^ N (D

cA r  R

(12) P . E . F a n ta ,  “ H ete ro cy c lic  C o m p o u n d s  w ith  T h re e  a n d  F o u r  M em - 
b e re d  R in g s ,”  p a r t  I ,  A. W e issberger, E d ., In te rsc ie n c e  P u b lish ers , In c .,  N ew  
Y o rk , N . Y ., 1964, p p  524-575 .

(13) P . E . F a n ta  a n d  M . K . K a th a n ,  J .  Heterocycl. Chem ., 1, 293 (1964).
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investigations suggest that the rearrangement is an 
intramolecular, concerted cis elimination involving 
transfer of a proton from the alkyl group to the amido 
oxygen.13 The successful application of these re
actions to the related 2-aroylaziridine system has not 
been reported in the literature.2 In view of the close 
structural relationship between these two sets of com
pounds, it became of interest to determine whether 
similar processes would occur with 2-aroylaziridines. 
The present paper describes a novel diphenyliodonium 
iodide catalyzed rearrangement of suitably substituted 
2-benzoylaziridines to form 2,5-diaryloxazoles and the 
corresponding <x,j3-unsaturated ketone. Extension of 
this reaction into the related oxirane system resulted 
in a major fragmentation of the oxide ring.

When the reaction of ¿rans-l-benzyl-2-phenyl-3- 
benzoylaziridine (I) and sodium iodide was carried 
out using anhydrous acetone, there was obtained a com
plex mixture of products. Thin layer chromatography 
of the crude reaction mixture suggested the presence 
of between eight and ten products. Numerous at
tempts to induce a ring expansion of a variety of other 
c is -  and baws-arylaroylaziridines with sodium iodide 
afforded only brown, tarry materials which defied 
all attempts at characterization. Thus m-l-cyclo- 
hexyl-2-phenyl-3-p-toluylaziridine (VIII) with sodium 
or potassium iodide in ether, acetone, or dioxane pro
duced only recovered starting material and brown tars. 
Similar results were obtained in acetone or tetrahydro- 
furan solutions containing potassium thiocyanate as 
the nucleophilic reagent. Since 1-aroylaziridines are 
isomerized by Lewis acids, it was felt that a mild elec
trophilic species, such as diphenyliodonium iodide, 
may effect the desired transformation.

Treatment of ¿rcms-l-benzyl-2-phenyl-3-bcnzoylaz- 
iridine (I) with an equivalent amount of diphenylio
donium iodide in refluxing tetrahydrofuran resulted 
in the complete disappearance of starting material. 
The products wore separated by liquid-liquid partition 
chromatography and purified by crystallization. The 
products of the reaction were frans-benzalacetophenone 
(73%), 2,5-diphenyloxazole (7%), and iodobenzene 
(83%). Structures of the products (eq 2) follow from

0  C5H5

XC0H
N
I

R

■H +  (Ph2I)I — * x c 6h

o  H

H C6H5
+

n---- N
X a  (2)XCtH. O CtH5

their spectral properties and by comparison with 
authentic samples. Under the same reaction condi
tions described above, but without diphenyliodonium 
iodide, only recovered aziridine I was obtained. On 
the other hand, refluxing a toluene solution of I in the 
presence or absence of diphenyliodonium iodide af
forded only brown tarry material. When diphenylio
donium iodide was heated to reflux in toluene, a high 
yield of iodobenzene (70%) was obtained after 6 hr.14 
This observation indicates that in a high boiling sol
vent, such as toluene, the decomposition of diphenyl
iodonium iodide to iodobenzene proceeds at a rate faster

(14) F . M . B eringer, A. B rie rley , M . D rex ler, E . M . G ind le r, a n d  C . C.
L u m p k in , J .  A m e r .  C h em . S o c ., 7 5 ,  2708 (1953).

than reaction wi:h the arylaroylaziridine. It must be 
concluded that diphenyliodonium iodide is involved 
in the reaction with arylaroylaziridines prior to its 
decomposition. This was demonstrated by heating 
a solution of I and iodobenzene in tetrahydrofuran and 
recovering starting aziridine in better than 98% yield. 
Thereafter, tetrahydrofuran was used as solvent so as 
to retard the decomposition of diphenyliodonium iodide 
and to promote its reaction with the arylaroylaziridine.

The removal of the nitrogen atom and the subse
quent formation of the corresponding olefin in the re
action between an arylaroylaziridine and diphenylio
donium iodide is found to be a general phenomenon. 
Table I summarizes data on the products obtained

T a h l e  I

R e a c t i o n s  o f  A n Y L A R O Y L A zm iD iN E s 

w i t h  D i p h e n y l i o d o n i u m  I o d i d e

Y ield  of
Y ield  of s u b s t itu te d
oxazole, Irana- bonzal-

C om pd S u b s t itu e n ts % a c e to p h en o n e , %

i X = H ;  Il =  CH2C6H6 (trans) 7 73
i l X = II; R. =  CII2C«IIS (cis) 8 75
in X = H; R =  Celili (trans) 76
IV X = IT; R =  Celli, (cis) 72
V X = CHj; R =  CILCelle (trans) 44 52
VI X = CH3; R =  CH,C,H6 (cis) 41 54
VII X = CII3; R =  Celhi (trans) 67
V ili X = d b ;  R =  Cell,, (cis) 65

with a number of substituted a's,b'ans-arylaroyl- 
aziridines. The isolation of an a,j3-unsaturated ke
tone from the reaction mixture suggest that the re
action proceeds by coordination of diphenyliodonium 
iodide with the unshared electrons of the carbonyl 
oxygen followed by proton loss and subsequent elimi
nation, as formulated in Scheme I. Support for the

S c h e m e  I

A  =  (Ph2I)I 
B“  =  base (I- )

above contention was found in the observation that 
l-cyclohexyl-2-phenyl-3-benzoylaziridine (III) gave 
irans-benzalacetophenone and cyclohexanone in com
parable yields. Similarly, íran.s-l-benzyl-2-p-toluyl- 
3-phenylaziridine (V) afforded benzaldehyde and am
monia. Further confirming evidence for the above 
mechanism was obtained by the finding that an au
thentic sample of N-l-(2-benzoyl-l-phenylethyl)cy- 
clohexanimine15 was converted rapidly and quantita-

(15) A. P a d w a  a n d  L . H am ilto n , ib id ., 89, 102 (1967).
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tively into irans-benzalacetophenone and cyclohexa
none when subjected to the reaction conditions16 
(eq 3).

°  Ph °  H  i

PiX X f - T X  P h X = (  +  f ]  +  NH3
V - ^  H  Ph

(3)

One possible sequence of steps to explain the di- 
phenyliodonium iodide catalyzed transformation of 
arylaroylaziridines to diaryloxazoles involves co
ordination of diphenyliodonium iodide with the car
bonyl group (Scheme II). Such coordination can in-

S c h e m e  II
R R||

+  (Ph2I)I — ► Y NX h
X Q ft'^ o X — ph2n  

I

r lx C e H T ^ r ^ P h

_ \
____N/ R

J r t *
.X Q H T ^ O ^ P h J

duce cleavage of the carbon-carbon bond of the 
strained aziridine ring. Subsequent ring closure to a
2.3- dihydrooxazole followed by oxidation readily ac
counts for the observed product. The possibility 
that the 2,3-dihydrooxazole was formed by an iodide 
ion catalyzed isomerization, as suggested by Heine 
for the rearrangement of N-aroylaziridines to A2- 
oxazolines, was discounted by the observation that the 
yield of diaryloxazole did not increase when sodium 
iodide was added to the reaction mixture. Interest
ingly, the yield of diaryloxazole is much higher with 
aziridines V and VI than with aziridines I and II. 
A reasonable explanation is that a considerable 
amount of positive character appears on the carbonyl 
oxygen in the transition state for rearrangement. 
This is compatible with the above mechanism if it is 
assumed that diphenyliodonium iodide behaves as a 
weak Lewis acid and by coordinating with the carbonyl 
oxygen promotes ring cleavage. This, in turn, is 
strongly supported by the fact that other Lewis acids, 
such as ZnCl2 or AlBr3, can also promote the rearrange
ment to 2,5-diaryloxazoles. Alternatively, it may be 
argued that an ion-pair mechanism may be in op
eration, with carbon-oxygen bond formation preceding 
carbon-carbon bond breakage.

It is noteworthy that in the reaction of aziridines I 
and V, toluene is formed as a by-product. The fact 
that N-cyclohexylaziridines III and VII afford only 
a,/3-unsaturated ketones suggests that the initial
2.3- dihydrooxazole may either undergo further oxi
dation or revert back to starting material. In the 
N-cyclohexyl system, the 2,3-dihydrooxazole would be 
expected to be resistant toward further oxidation. A 
similar reversal has been reported in the related oxazo-

(16) T h e  f a c t  t h a t  th e  im in e  u ndergoes  a n  e lim in a tio n  does n o t necessarily
exc lude  a n  in itia l c o o rd in a tio n  of th e  L ew is ac id  w ith  th e  n itro g e n  a to m  as
a  s ign ifican t m e ch an is tic  p rocess.

line system.17 These observations plus the knowledge 
that cyclopropyl carboxyaldehyde has been found to 
be in equilibrium with dihydrofuran at high tempera
tures18 suggested that a reaction sequence could be de
signed which would involve a diphenyliodonium iodide 
catalyzed expansion of an a,/3-epoxy ketone to a sub
stituted 1,3-dioxolene. Once formed, the five-mem- 
bered ring could revert back to an a,/3-epoxy ketone 
in either of two directions. In order to test for this 
possibility, we investigated the possible conversion of 
IX into X  (eq 4). The technique chosen to follow the

CH3C6H4
P h \

J F S ^ Ph

CH3C6H4 0

H
Ph

(4)

X

proposed rearrangement involved nmr analysis of the 
reaction mixture. Treatment of IX with diphenyl
iodonium iodide at 240° for 30 min resulted in the 
complete disappearance of the resonance associated 
with the epoxide proton (r 5.50). The nmr spec
trum of the crude reaction mixture had a new, one-pro- 
ton singlet at r 5.78 and a broad three-proton 
signal at 7.68. Careful scrutiny by vapor phase 
chromatography, however, failed to reveal the presence 
of X. Chromatography of the mixture on a silica gel 
column afforded 4-methyldesoxybenzoin (18%), 4'- 
methyldesoxy benzoin (2%), desoxybenzoin (30%), 
p-toluic acid (32%), and benzoic acid (18%) (see eq 5).

°  |
CH3C6H4̂ > V 7 \ ! ! ,  +  T ^ D 1 ~ * CH3C6H4' X CH2Ph +  

Ph 0  Ph

0  ?
X XP l X x H 2C6H4CH3 +  P h ^ X M 2C6H4CH3 +

0

P h ^ C H 2Ph +  CH3C6H4C02H +  PhC02H (5)

Furthermore, the only reaction observed between di
phenyliodonium iodide and other suitably substituted 
a,d-epoxy ketones was fragmentation of the oxide 
ring and the formation of a mixture of aryl acids and 
ketones. The results are displayed in Table II and 
details are given in the Experimental Section. The 
foregoing data are taken to imply that ring expansion 
of a,/3-epoxy ketones does not occur in the presence of 
either diphenyliodonium iodide or other Lewis acids.

The conversion of a,/3-epoxy ketones into a mixture 
of aryl ketones and acids requires a major fragmentation 
of the oxide ring. This result may be rationalized 
by a number of different routes shown in Scheme III. 
One possibility (route A) involves the acid- (Lewis) 
catalyzed migration of an aroyl group to produce a /3- 
diketone, which under work-up conditions affords the 
observed products.19 The fact that l,2-diphenyl-l,3-

(17) H . L . W e h rm e is te r , J .  Org. Chem ., 30 , 664 (1965).
(18) C . L . W ilson , J .  A m er. Chem . Soc., 69, 3002 (1947).
(19) T h e  p re fe re n tia l m ig ra tio n  of a n  a ro y l g ro u p  is n o t  w ith o u t p re c e d e n t. 

See, fo r exam p le , J .  D . R o b e rts , D . R . S m ith , a n d  C . C . Lee, ib id ., 7 3 , 618 
(1951); H . O. H o u se  a n d  D . J .  R eif, ib id ., 7 7 , 6525 (1955).
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T a b l e  I I

R e a c t i o n  o f  S u b s t i t u t e d  E p o x y  K e t o n e s  w i t h  D i p h e n y l i o d o n i u m  I o d i d e “

RC02H +  RiC02H +  RCOCHA +  R.COCH.R +  IRCOCHjR,

■% yield-
Substituents (starting epoxide) r c o 2h R1CO2H RCOCH2R2 R1COCH2R R2COCH2R1

R = C6H4CH3; R4 = R2 =  C6H5 (IX) 32 18 18 30
R = R 2 = C6H6; R i =  C6H4CH3 (X) 36 14 12 10 27
R = Ri =  C6H6; R2 =  C6H4CH3 (XI) 49 46 4
R =  CH3; R, =  R2 =  C6H6 (XII)* 24 24 15 33
R =  R 2 =  C6Hs; R, =  CH3 (X III)“ 35 15 19 17 11

“ All reactions were carried out in sealed tubes at 240° for 30 min. * Prepared by the procedure described by H. E. Zimmerman, 
L. Singer, and B. S. Thyagarajan [J. Amer. Chem. Soc., 81, 108 (1959)]. “ Prepared by the procedure described by II. O. House and
D. J. Reif [ibid,., 77, 6525 (1955)].

S c h e m e  III

XC6H4̂ > ¿A<ph a 
Ph Ph

M  ph2n

0 H °
1 1

P h ^ y ^ c 6H4x
Ph

1
Products

ph
x c 6h 4 0

(A)

n o r  o  o

p h ^ ^ ph +  c6h5co2h  (B)
Ph O Ph

XC6H,. " V / p ,
Ph 0  Ph

Ph,n RH

Ph ’0

XC6H4'

O
A ^ - Ph (C)

butanedione (XIV) gives the same products as does 
XII and XIII when exposed to similar experimental 
conditions adds credence to this proposition. How
ever, if this were the only available route, one would ex
pect epoxy ketones IX and X  (or XII and XIII) to 
give an identical product distribution. Experimentally 
(Table II), reaction of XII afforded a mixture of aryl 
ketones substantially different from that obtained from 
XIII. Thus it seems that the migration of an aroyl 
group in the diphenyliodonium iodide reaction of an 
a,(3-epoxy ketone only provides for a partial explana
tion of the observed results. Another mechanistic 
possibility (route B) involves attack of a nucleophile 
on the carbon atom of the aroyl group with con
comitant ring opening. The basic hydrolysis of 2- 
cyclohexyl-3-phenyl-3-benzoyloxazirane bears similar 
characteristics and provides ample precedent for this 
route.20 Route C involves cleavage of the carbon- 
oxygen bond of the epoxide ring followed by hydrogen 
abstraction and (3 scission. These explanations can 
not be differentiated by product analysis and conse
quently it is not possible to choose among them. The 
relative importance of each route seems to depend on 
the particular system involved. In fact, it is quite 
probable that all three routes may be occurring to a 
varying degree at the same time.

(20) A. P a d w a , J .  A m er. Chem . Soc., 87 , 4365 (1965).

Experimental Section21
Reaction of l-Benzyl-2-p-toluyl-3-phenylaziridine (V) with Di

phenyliodonium Iodide in Tetrahydrofuran.—A mixture of 0.50 
g of frores-aziridine (V) and 0.62 g of diphenyliodonium iodide in 
200 ml of tetrahydrofuran was heated to reflux for 72 hr. Thin 
layer chromatography demonstrated the complete disappearance 
of starting material and the appearance of three major new spots. 
Removal of the solvent in vacuo left a red oil which was subjected 
to liquid-liquid column chromatography. The chromatogram 
showed three well-resolved peaks with retention volumes of 1800 
2400, and 2800 ml. The first fraction (0.37 g, 60%) was shown 
to be pure iodobenzene by comparison of its infrared spectrum 
with that of an authentic sample. The second peak in the chro
matogram (0.15 g, 44%) was a colorless oil which solidified upon 
standing. Recrystallization from 95% ethanol gave white 
crystals, mp 81-82°. Comparison of the nmr, uv, and ir spectra 
of this species -with an authentic sample of 2-phenyl-5-p- 
tolyloxazole established its identity. The mixture melting point 
of these two materials was undepressed at 81-82°. The last 
fraction in the chromatogram (0.17 g, 52%) was shown to be pure 
íraras-4-methylbenzalacetophenone by comparison with an 
authentic sample. The crude reaction mixture was also analyzed 
by vpc. The analytical gas chromatography was performed on an 
Aerograph 350-B instrument with helium as the carrier gas on a 
column of Carbowax (20% on Chromosorb W) at 90°. Compari
son of retention times and infrared spectra with those of known 
samples of toluene and benzaldehyde established the identity of 
the products. By employing benzonitrile as a suitable internal 
standard, a 40% yield of benzaldehyde and a 43% yield of toluene 
were found. Identical results were obtained when cfs-l-benzyl- 
2-p-toluyl-3-phenylaziridine was treated with diphenyliodonium 
iodide in refluxing tetrahydrofuran.

Treatment of l-Benzyl-2-benzoyl-3-phenylaziridine with Di
phenyliodonium Iodide in Tetrahydrofuran.—A mixture of 
0.63 g of ¿raras-aziridiue I and 0.82 g of diphenyliodonium iodide 
in 200 ml of tetrahydrofuran was refluxed for 72 hr. The solvent 
was removed by distillation and the dark yellow oil was chro
matographed on a liquid-liquid partition column. The chromato
gram consisted of three well-defined peaks with retention volumes 
of 1800, 2200, and 2680 ml. The first peak (0.51 g, 63%) was 
shown to be pure iodobenzene by comparison with an authentic 
sample. The second peak (45 mg) was identified as 2,5-di- 
phenyloxazole. The last peak (310 mg) was shown to be trans- 
benzalacetophenone. Careful examination of the crude reaction 
mixture by vapor phase chromatography showed two additional 
compounds. The analytical gas chromatography was performed 
on a Aerograph A-90 instrument with helium as the carrier gas 
on a Carbowax column (20% on Chromosorb W) at 90°. Collec
tion of these compounds and comparison with authentic samples 
of toluene and benzaldehyde established their identity. Compar
able results were obtained when cfs-l-benzyl-2-benzoyl-3-phenyl-

(21) Al! m e ltin g  p o in ts  a re  co rrec ted  a n d  bo iling  p o in ts  a re  u n co rrec ted . 
E le m e n ta l an a ly ses  w ere  perfo rm ed  b y  th e  S c a n d in a v ia n  M ic ro a n a ly tica l 
L a b o ra to ry , H erlev , D e n m a rk , a n d  A lfred  B e rn h a rd t L a b o ra to r ie s , H o h en - 
w eg, G e rm an y . T h e  in fra re d  a b s o rp tio n  s p e c tra  w ere  d e te rm in e d  on a  
P e rk in -E lm e r In f ra c o rd  s p e c tro p h o to m e te r , M odel 137. T h e  u lt r a v io le t  
a b s o rp tio n  sp e c tra  w ere m e asu red  w ith  a  C a ry  reco rd in g  s p e c tro p h o to m e te r , 
u sing  1-cm  m a tc h e d  cells. T h e  n u c lea r  m a g n e tic  re so n an ce  s p e c tra  w ere  
d e te rm in e d  a t  60 M e w ith  th e  V a rían  A ssocia te s  h ig h -re so lu tio n  sp e c tro 
p h o to m e te r . T e tra m e th y ls ila n e  w as u sed  as  a n  in te rn a l s ta n d a rd .
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aziridine was treated with diphenyliodonium iodide in refluxing 
tet rahydrof uran.

Reaction of l-Cyclohexyl-2-benzoyl-3-phenylaziridine with Di
phenyliodonium Iodide in Tetrahydrofuran.—A mixture of 0.61 
g of cfs-l-cyclohexyl-2-benzoyl-3-phenylaziridine (IV) and 0.82 g 
of diphenyliodonium iodide in 200 ml of tetrahydrofuran was 
allowed to reflux for 68 hr. The solvent was removed in vacuo 
to leave a dark yellow oil which was subjected to liquid-liquid 
partition chromatography. The chromatogram showed two 
major peaks with retention volumes of 1800 and 2700 ml of 
mobile phase. The first peak (518 mg, 64%) was identified as 
iodobenzene. The second peak (316 mg, 76%) was shown to 
be irans-benzalacetophenone. There was no detectable quanti
ties of 2,5-diphenyloxazole found in the reaction mixture. Exami
nation of the crude reaction mixture by vapor phase chromatog
raphy showed the presence of cyclohexanone (69%). The analyt
ical gas chromatography was performed on an Aerograph A-90 
instrument employing a Carbowax column (20% on Chromosorb 
W) at 50°. Similar results were obtained when ¿rans-l-cyclo- 
hexyl-2-benzoyl-3-phenylaziridine was treated with diphenyl
iodonium iodide in refluxing tetrahydrofuran.

Treatment of l-Cyclohexyl-2-p-toluyl-3-phenylaziridine with 
Diphenyliodonium Iodide in Tetrahydrofuran.—A mixture of 
0.64 g of cfs-l-cyclohexyl-2-p-toluyl-3-phenylaziridine (VIII) 
and 0.82 g of diphenyliodonium iodide in 200 ml of tetrahydro
furan was allowed to reflux for 76 hr. Evaporation of the solvent 
afforded a dark yellow oil which was subjected to liquid-liquid 
partition chromatography. The optical density trace showed 
two peaks with retention volumes of 1800 and 2800 ml of mobile 
phase. The first peak consisted of 496 mg (61%) of iodobenzene. 
The second peak contained 286 mg (67%) of irans-4-methyl- 
benzalacetophenone. There was no detectable quantities of
2-phenyl-5-p-tolyloxazole found in the reation mixture. Analy
sis of the crude reaction mixture by gas chromatography con
firmed the presence of cyclohexanone (59%). The analytical 
gas chromatography was performed on an Aerograph A-90 
instrument using a SE-30 silicon column (20% on Chromosorb 
W) at 70°.

Decomposition of N-l-(2-Benzoyl-l-phenylethyl)cyclohexan- 
imine with Diphenyliodonium Iodide.—N-l-(2-Benzoyl-l-phenyl- 
ethyl)cyclohexanimine was prepared according to the procedure 
of Padwa and Hamilton.16 A mixture of 0.31 g of N-l-(2-benzoyl- 
l-phenylethyl)eyclohexanimine and 0.41 g of diphenyliodonium 
iodide in 50 ml of tetrahydrofuran was allowed to reflux for 18 
hr. The solvent was removed in vacuo, and the crude residue 
was analyzed by vapor phase chromatography on an Aerograph 
A-90 instrument. The products were separated on a column of 
Dow 710 silicone oil (0.2% on glass beads) at 170° at a flow rate 
of 50 cc/min. The material of retention time 6.2 min was col
lected in a Dry Ice trap connected to the gas outlet. The ma
terial obtained had an infrared spectrum and retention time 
identical with that of an authentic sample of fraras-benzalaceto- 
phenone (78%). Analysis of the crude reaction mixture at 50° 
showed a major component with retention time of 2.3 min. 
Comparison of retention time and infrared spectra with that of 
an authentic sample of cyclohexanone established its identity. 
A sufficient quantity of water is present in the solvent to effect 
the conversion of the imine into ammonia and the carbonyl 
compound.

Preparation of a,/?-Diphenyl-4-methylacrylophenone Oxide 
(IX).—A mixture of 59 g of benzyl-p-tolyl ketone and 40 g of 
benzaldehyde was saturated with hydrogen chloride gas at 0°. 
The solution was kept overnight and the solid material which 
formed was collected by filtration, washed thoroughly with 95% 
ethancl and ether, and dried to yield 100 g of l-(4-methylphenyl)-
2,3-diphenyl-3-chloro-propan-l-one. The chloride could be 
dehydrohalogenated to a,£!-diphenyl-4-methylacrylophenone by 
refluxing a mixture of 60 g of the chloride, 40 g of fused sodium 
acetate, and 15.7 g of sodium carbonate in 240 ml of methanol 
for 3 hr. The solid which precipitated was collected by filtration, 
washed thoroughly with water, and dried to yield 55 g of 
diphenyl-4-methylacrylophenone. Recrystallization from ethanol 
gave a white crystalline solid, mp 105-106°. The infrared spec
trum of the crystalline compound (KBr) is characterized by a 
carbonyl band at 6.06 y. The nmr spectrum showed a singlet 
at r 7.68 and a multiplet centered at 2.60. The peak areas were 
in the ratio of 1:5.

A solution of 30 g of the unsaturated ketone in 600 ml of 
methanol was treated with 60 ml of 30% hydrogen peroxide and 
30 ml of 6 A  aqueous sodium hydroxide. After the mixture had

been stirred for 20 hr at room temperature, it was poured into 
2 1. of water and extracted with ether. The ether extract was 
washed with water and dried over magnesium sulfate; the ether 
was removed. The residual «,/3-diphenyl-4-methylacryIopheiione 
oxide crystallized from 95% ethanol as white plates, mp 103-104°, 
to yield 17 g (60%). The infrared spectrum of this material 
showed a strong carbonyl band at 5.97 y. The nmr spectrum 
showed a multiplet at t 2.40 and singlets at 5.50 and 7.68. 
The peak areas were in the ratio of 14:1:3.

Anal. Calcd for C22H18O2: C, 84.07; H, 5.73. Found: C, 
83.89; H, 5.73.

Preparation of a-Tolyl-/S-phenylacrylophenone Oxide (X).—The 
procedure of Kohler and Nygard was adapted to the present 
case.22 A mixture of 15 g of 4'-methyldesoxybenzoin and 9.2 g 
of benzaldehyde was saturated with hydrogen chloride gas at 
0° and was allowed to stand overnight at room temperature. 
The resulting solid was washed with 95% ethanol and dried to 
yield 18 g of /3-chlorobenzal-4'-methyldesoxybenzoin. A solution 
of 10 g of the chloride, 7.0 g of fused potassium acetate, and 2.3 g 
of anhydrous sodium carbonate in 50 ml of methanol was boiled 
under reflux for 3 hr. The solid which precipitated was washed 
with water and collected by filtration to yield 6.8 g of a-tolyl-/3- 
phenylacrylophenone. Recrystallization from ethanol gave 
crystals, mp 123-124°. The infrared spectrum (KBr) had a 
carbonyl band at 6.05 y. The nmr spectrum in deuteriochloro- 
form exhibited a multiplet centered at r  2.40 and a singlet at
7.70.

A mixture of 5.0 g of a-tolyl-/5-phenylacrylophenone, 20 ml of 
30% hydrogen peroxide, 8.0 ml of 6 A  sodium hydroxide, and 
250 ml of methanol was stirred for 24 hr at room temperature. 
After the reaction mixture had been poured into water, the pre
cipitated solid was recrystallized from 95% ethanol, mp 73-74°. 
The infrared spectrum exhibited a carbonyl band at 5.95 y. 
The nmr spectrum consisted of a multiplet centered at t 2.50 
(14 H), a singlet at 5.50 (1 H), and a singlet at 7.92 (3 H).

Anal. Calcd for C2JH18O2: C, 84.08; H, 5.73. Found: C, 
84.02; H, 5.83.

Preparation of a-Phenyl-^-tolylacrylophenone Oxide (XI).— 
Dry hydrogen chloride gas was passed through an ice-cooled 
mixture of 40 g of desoxybenzoin and 24 g of p-tolylaldehyde 
for 5 hr. The mixture was allowed to stand at room temperature 
for an additional 8 hr. The resulting solid was thoroughly washed 
with 95% ethanol and dried to yield 77 g of l,2-diphenyl-3-p- 
tolyl-3-chloro-propan-l-one. The crude chloride could be de
hydrohalogenated by refluxing a solution of 60 g of the chloride, 
40 g of fused potassium acetate, and 16 g of anhydrous sodium 
carbonate in 250 ml of methanol for 48 hr. The solid which 
precipitated was collected by filtration, washed with water, and 
recrystallized once from 95% ethanol. The crude a-phenyl-/S- 
tolylacrylophenone was used without further purification. A 
mixture of 5.0 g of the unsaturated ketone, 20 ml of 30% hydro
gen peroxide, 8.0 ml of 6 A  sodium hydroxide, and 250 ml of 
methanol was stirred for 48 hr at room temperature. After the 
reaction mixture had been poured onto water, the precipitated 
solid was recrystallized from 95% ethanol, mp 129-130°. The 
infrared spectrum exhibited a carbonyl band at 5.95 y. The 
nmr consisted of a multiplet centered at r 2.50 (14 H), a singlet 
at 5.50 (1 H), and a singlet at 8.80 (3 H).

Anal. Calcd for C22H18O2: C, 84.08; H, 5.73. Found: C, 
83.75; H, 5.76.

General Procedure for the Reaction of Substituted Acrylo- 
phenone Oxides with Diphenyliodonium Iodide.—All the re
actions described were run under essentially the same experimental 
conditions and are illustrated by the following experiment with 
<*,(3-diphenyl-4-methylacrylophenone oxide (IX). A mixture of 
0.5 g of IX and 0.5 g of diphenyliodonium iodide was heated in 
a sealed tube at 240° for 30 min. The resulting mixture was 
extracted with ether and the ethereal extracts were washed with 
5% sodium bicarbonate solution and then with water. After 
the organic layer had been dried over sodium sulfate, the ether 
was removed and the impure material, dissolved in benzene, was 
chromatographed on a 2.5 X 91 cm column of silica gel, slurry 
packed in 3:1 benzene-hexane. The column was eluted with 
9:1 benzene-hexane (2 1.) followed by benzene (1 1.). The 
eluent, in 50-ml fractions, was concentrated and dried in vacuo. 
The crystalline solid from elution with 9:1 benzene-hexane was 
identified as desoxybenzoin and that obtained from pure benzene 
was shown to be 4'-methyldesoxybenzoin.

(22) E . P . K o h le r a n d  E . M . N y g a rd , J .  A m er. C hem . Soc., 5 2 , 4128 (1930).
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The crude reaction mixture was also analyzed by vpc. The 
analytical gas chromatography was performed on a F & M Model 
5720 instrument with helium as the carrier gas on a Carbowax 
20M column (20% on Chromosorb P) at 240°. Comparison 
of retention times and infrared spectra with those of the authentic 
ketone and acid established the identity of the products. The 
results are recorded in Table II.

Registry No.—I, 6476-12-6; II, 6372-57-2; III, 
2211-61-2; IV, 2211-65-6; V, 6476-13-7; VI, 6372-
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A convenient synthesis of 1,1,2,2-tetramethylazetidinium perchlorate (2 ) and 1-benzyl-1,2,2-trimethylazeti- 
dinium perchlorate (3) has been developed. The cyclization step in the sequence leading to these compounds 
involved treatment of v-sec-aminoalkyl chlorides with silver perchlorate to afford the corresponding tertiary 
azetidine perchlorates in excellent yield. These were subsequently alkylated to give the quaternary azetidinium 
salts. l,l-Dibenzyl-2,2-dimethylazetidinium perchlorate (4), as an intermediate, was found to undergo a facile 
eliminative ring opening in the presence of amines and could not be isolated. The structures of 2 and 3 have 
been verified by molecular weight determination and nmr spectroscopy. The tetramethyl salt 2 proved to be 
relatively unreactive, but the benzyltrimethyl salt 3 underwent solvolytic ring opening with alcohols to form 
N-(3-alkoxy-3-methylbutyl)-N-methylbenzylamine perchlorates. In the presence of sodium methoxide or upon 
heating in solution, both azetidinium salts exhibited a strong tendency to undergo eliminative ring opening to 
afford substituted 3-methyl-3-buten-l-ylamines. Azetidinium salt 3 combined with nitrones, specifically with 
substituted A'-pyiroline-l-oxides, to afford 1 : 1  adducts containing the 2-oxa-l-aza-6-azoniabicyclo [5.3.0] decane 
ring system. This reaction is representative of a new type of ring expansion, expressed a s © + + 3 - » © +, in 
which a four-membered charged ring combines with a 1,3-dipolar moiety to form a seven-membered charged 
ring. The structures of the adducts were established by cleavage of the 6,7 bond with lithium aluminum hy
dride, followed by cleavage of the 1,2 bond with zinc and acetic acid, accompanied by spectroscopic and chemical 
identification of the ultimate degradation products.

In the course of a continuing study of the reactions 
of 1 ,1 ,2,2-tetrasubstituted aziridinium salts (1 ), a

R| v v R2

CIO4

number of facile ring openings and ring expansions 
have been observed.4 In general, weak nucleophiles 
bring about ring opening at a so that SNl-type products 
are obtained,6,6 while strong nucleophiles tend to ap
proach the ring from the less hindered side in an Sn2 
manner to effect bond breaking at b.7,8 Preliminary 
cleavage at a is also postulated as the initial step in the 
expansion of the aziridinium ring with aldehydes,8 
ketones,9 and nitriles.10 When both the 2 and the 3

(1) F o r  th e  p reced in g  a r t ic le  in  th is  series, see  N . J . L e o n ard , D . A. 
D u ra n d , a n d  F . U ch im aru , J .  Org. C hem ., 32, 3607 (1967).

(2) W e a re  p leased  to  acknow ledge  th e  s u p p o r t of th e  N a tio n a l Science 
F o u n d a tio n  b y  R esea rc h  G ra n t  G P  2012.

(3) L u b rizo l C o rp . Fellow , 1964-1965 ; N a tio n a l S cience F o u n d a tio n  
Fellow , 1965-1967.

(4) F o r  p e r t in e n t  references  a n d  a  g en e ra l su m m a ry  of w ork  in  th is  area , 
see N . J . L e o n a rd , Rec. Chem. Progr,, 26 , 211 (1965).

(5) N . J .  L e o n a rd  a n d  K . J a n n , J .  A m er. Chem. Soc., 84 , 4806 (1962).
(6) N . J . L e o n ard , K . J a n n , J .  V. P a u k s te lis , a n d  C. K , S te in h a rd t, J .  

Org. C hem ., 28, 1499 (1963).
(7) J .  V. P a u k s te lis , P h .D . T hesis, U n iv e rs ity  of Illino is , U rb a n a , 111., 

1964.
(8) N . J . L e o n a rd , E . F . K iefer, a n d  L. E . B ra d y , J .  Org. Chem ., 28 , 2850 

(1963).

position on the aziridinium ring are unsubstituted, more 
vigorous conditions are necessary for reaction to occur 
with nitriles.11 These ring expansion reactions of 
aziridinium salts are codified within the general category 
® + +  2 —*- 0 +, in which a charged, three-mem- 
bered cycle is increased in size to a charged, five-mem- 
bered cycle. The reaction of aziridinium salts with 
nitrones has introduced a new category: ® + +  3 -*■ 
© +.1 As a logical extension of this study, it was of in
terest to determine whether suitably substituted azeti
dinium rings could open and expand in a manner analo
gous to that of the more highly strained aziridinium 
system. Although a variety of azetidinium salts have 
been known for some time,12,13 no extensive investiga
tions into the chemistry of these charged four-membered 
heterocycles have been made until recently.14-19

(9) N . J . L e o n a rd , J . V. P au k s te lis , a n d  L . E . B ra d y , ib id ., 29 , 3383 (1964).
(10) N . J . L e o n a rd  a n d  L . E . B ra d y , ib id ., 30 , 817 (1965).
(11) E . P feil a n d  U . H a rd e r , A ngew . Chem ., 7 7 , 505 (1965).
(12) S. A. B a lla rd  a n d  D . S. M e ls tro m  in  “ H ete ro c y c lic  C o m p o u n d s ,” 

V ol I , R . C . E lderfie ld , E d ., J o h n  W iley  a n d  S ons, In c .,  N ew  Y o rk , N . Y ., 
1950, p  78.

(13) J . A. M o o re  in  “ T h e  C h e m is try  o f H e te ro c y c lic  C o m p o u n d s ,”  Vol. 
X IX , p a r t  2, A. W eissbe rge r, E d ., In te rsc ie n c e  P u b lish e rs , In c . ,  N ew  Y ork , 
N. Y., 1964, p 885.

(14) A. E b n o th e r  a n d  E . Ju c k e r , Helv. C h im . A c ta , 4 7 , 745 (1964).
(15) D . H . W a d sw o rth  a n d  O. E . S ch u p p , J .  H eterocycl. Chem ., 3 ,  230 

(1966).
(16) G . F o d o r, J .  A m er. Chem. Soc., 88 , 1040 (1966).
(17) (a) V. R . G a e r tn e r , Tetrahedron L ett., 343 (1967); (b) V. R . G a e rtn e r , 

J .  Org. Chem ., 32, 2972 (1967).
(18) W . B . W h e a tle y  a n d  L . C. C heney , J .  A m er . Chem. Soc., 7 4 ,  1359 

(1952).
(19) M . T . W ills , D isserta tion  A bstr ., 2 7 B , 423 (1966).
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Our initial plan was to synthesize the azetidinium 
salts 2-4 and to study their reactions. I t was antici-

2 ____3

| cio4
_

k  cio4
/ — N't— ' 

c 6h5 k  Cl° 4
c 6h5 0 5 c 6hs

2 3 4

pated that grm-dimethyl substitution at the 2 position 
would not only make ring formation from an acyclic 
precursor very efficient,20’21 but would provide a tertiary 
carbon capable of carrying a developing positive charge, 
so that the azetidinium ring could open in an SnI 
manner by cleavage of the 1,2 bond. Moreover, the 
selection of a series with progressively increasing 
benzyl substitution was directed by the finding that 
N-benzyl substitution greatly enhances the reactivity 
of aziridinium rings,22 so much so that a 1 ,1-dibenzyl-
2,2-dialkylaziridinium salt has not been isolated to date, 
and by the consideration that the series 2-4 would 
furnish a reasonably broad spectrum of reactivity.

1 ,1 ,2,2-Tetramethylazetidinium perchlorate (2)23 and
l-benzyl-l,2,2-trimethylazetidinium perchlorate (3) 
were synthesized conveniently and in good yield by way 
of the sequence shown in Scheme I. The conversion of

S c h e m e  I

L i A IH 4

(1) O H '
(2) A g C I0 4

H N -

(1) O H '

(2) CHjI — N±
( 10 a  = 2  ) ( 1 Ob = 3)

C I04  (3 ) A g C I0 4  ^  CIC£ 

10
a ,  R = C H 3

b , R = CgH ^C  H2

(20) W . R . V au g h an , R . S. K lonow sk i, R . S. M cE lh in n ey , a n d  B . B . M ill- 
w a rd  [J . Org. Chem ., 2 6 , 138 (1961)] a p p ly in g  G ro b ’s s te re o e lec tro n ic  re 
q u ire m e n ts  fo r f ra g m e n ta t io n  [C. A . G ro b , E x p er ien tia , 1 3 , 126 (1957); C . A. 
G ro b , “ K ek u le  S y m p o siu m , T h e o re tic a l O rgan ic  C h e m is try ,”  B u tte rw o r th  
a n d  Co. L td . ,  L o n d o n , 1959, p p  114-127] h a v e  su g g es ted  t h a t  o n e  of th e  
m o s t fav o ra b le  s itu a tio n s  fo r  effec tive  cy c liza tio n  to  th e  a z e tid in e  sy s te m  will 
b e  fo u n d  in  a  3 -am in o p ro p y l sy s te m  in  w h ich  th e re  is  gem  d is u b s ti tu tio n  on 
C -3 a n d  no s u b s t itu t io n  on  C - l  a n d  C-2.

(21) F o r  a  g en e ra l d iscuss ion  of th e  pem -d im e th y l effect, see (a) E . L. 
E liel, N . L . A llinger, S. J .  A ngyal, a n d  G . A. M o rriso n , “ C o n fo rm a tio n a l 
A n a ly s is ,”  J o h n  W iley  a n d  S ons, In c ., N ew  Y o rk , N . Y ., 1965, p p  191-192 ; 
(b) N . L. A llin g er a n d  V. Zalkow , J .  Org. Chem ., 2 5 , 701 (1960), a n d  refer
ences th e re in .

(22) ? .  C . K elley , P h .D . T h e sis , U n iv e rs ity  of Illino is , U rb a n a , 111., 1965.
(23) 1 ,1 ,2 ,2 -T e tra m e th y la z e tid in iu m  re in e c k a te  h as  b ee n  p re p a re d  p rev i

ously ; see C . A . G ro b , F . O ste rm a y e r , a n d  W . R au d e n b u sc h , H elv. C h im .
A cta , 4 5 , 1672 (1962).

7-chloroalkylamine salts 8 into azetidine salts 9 is the 
novel feature of this sequence. Treatment of 8 with 
aqueous base liberated the corresponding free amino 
chloride, which was isolated without purification. 
Cyclization to 9 was then effected by means of silver 
perchlorate at room temperature in either acetone or 
acetonitrile. Although the reaction proceeded slowly 
(silver chloride precipitated continuously for at least 
one day), the yields of 9 were excellent [quantitative 
for 1,2,2-trimethylazetidine perchlorate (9a) and 85% 
for l-benzyl-2,2-dimethylazetidine perchlorate (9b)]. 
Work-up was relatively simple since the perchlorates 
could be separated from residual silver salts by extrac
tion with methylene chloride. This facile reaction be
tween 7-sec-aminoalkyl chlorides and silver per
chlorate represents a new and useful route to the azeti
dine ring system,24 * assisted in these examples by the 
presence of the grewi-dimethyl substitution. The azeti
dine salts 9a and 9b could be converted readily into 
azetidinium salts 2 and 3, respectively, by méthylation 
of the corresponding free 1 ,2,2-trisubstituted azetidines.

It was desirable to demonstrate that we were in fact 
dealing with four-membered rings and not eight-mem- 
bered dimeric structures. Therefore, the molecular 
weight of 3 was determined in acetone. Since the ex
tent of dissociation of 3 varied with its concentration 
in solution, it was necessary to obtain apparent molecu
lar weight data at several concentrations and to com
pare this dissociative behavior with that of a model 
compound, benzyltrimethylammonium perchlorate
(1 1 ). The data indicated that 3 consists of a singly

II

charged cation and anion, as opposed to the doubly 
charged cation and two singly charged anions required 
by the dimeric structure (See Experimental Section for 
details.) Further confirmation of the four-membered 
ring structures of 2 and 3 was obtained from the nmr 
spectra of these salts in trifluoroacetic acid. I t had 
been noted previously26 that a-methylene protons in 
azetidinihm salts are deshielded to an unusual extent. 
The spectrum of the tetramethyl salt 2 exhibited a tri
plet at r 5.83 ppm for the CH2-N+ protons. The chemi
cal shift was in contrast to those observed for the a- 
methylene protons in aziridinium salts (r 6.7-7.1)6,6’24 
and in pyrrolidinium and piperidinium salts (r 6.4~6.6). 
The nmr spectrum of the benzyltrimethyl salt 3 was 
particularly interesting in that the chemical shifts of 
the nonequivalent a-methylene protons differed by ap
proximately 1 ppm (r 5.1-5.7 and 6.1-6.6, both multi- 
plets) owing to the anisotropy of the aromatic ring.28 
The /3-methylene protons were apparently undifferen
tiated by this anisotropy.

Whereas l-benzyl-2,2-dimethylazetidine (12) could 
be methylated readily to form the azetidinium salt 3, 
efforts to benzylate 12 to form l,l-dibenzyl-2,2-di-

(24) A  s im ila r  m e th o d  h a s  b ee n  em p loyed  in  th e  sy n th e s is  of a z irid in iu m  
s a lts ; see  N . J . L e o n a rd  a n d  J . V. P a u k s te lis , J .  Org. Chem ., 30, 821 (1965).

(25) O. E . E d w ard s , G . F o d o r, a n d  L . M a rio n , C an. J .  Chem ., 4 4 , 13 
(1966).

(26) L. M . Ja c k m a n , “ A p p lic a tio n s  o f N u c le a r  M a g n e tic  R eso n an ce  
S p ec tro sc o p y  in  O rg an ic  C h e m is try ,”  P e rg a m o n  P ress  In c .,  N ew  Y ork , 
N . Y ., 1959, p  18.
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methylazetidinium perchlorate (4) were unsuccessful. 
In all attempts, following treatment of the crude 
benzylation product mixture with silver perchlorate, 
the only salt that could be isolated was l-benzyl-2,2- 
dimethylazetidine perchlorate (9b), the conjugate acid 
of 12. The fact that 9b was always isolated in low 
yield led us to suspect that the desired dibenzylazeti- 
dinium salt was acting as a proton source. This was 
shown to be the case when the azetidine 12 was treated 
with benzyl bromide in the absence of solvent. Addi
tion of ether to the crude reaction mixture caused the 
precipitation of l-benzyl-2,2-dimethylazetidine hydro
bromide (13) in 42% yield. Work-up of the resulting 
ethereal filtrate afforded a free amine which exhibited 
nmr signals in deuteriochloroform at r 2.72 (multiplet, 
10 H) and 6.45 (singlet, 4 H), indicative of a dibenzyl- 
amino group, and at 5.35 (apparent singlet, 2 H) and 
8.43 (singlet, 3 H), suggesting the presence of the 
moiety CH3—C=CH 2. The structure assigned to the 
amine was thus N-(3-methyl-3-buten-l-yl)dibenzyl- 
amine (14). I t  therefore appears that azetidine 12 is 
alkylated by benzyl bromide to form l,l-dibenzyl-2,2- 
dimethylazetidinium bromide, but that this material is 
unstable under the reaction conditions and reacts with 
additional 12 in the manner of a base-promoted Hofmann 
elimination to afford a 1:1 mixture of azetidine salt 13 
and amino olefin 14. The ease with which this proton 
abstraction occurred is somewhat surprising and merits 
discussion in greater detail (see below).

CeH5
12

C 6 H5 C H 2B r

f ~ Z  6 H5 

\ --- C6H5

14

D
B r -

'c 6h5
~6*5 k

HN3  .

13

c 6 h 5

As an alternative route to the azetidinium salt 4, 
we investigated the possibility of cyclizing N-(4-chloro-
2-methyl-2-butyl)dibenzylamine (18) with silver per
chlorate. The synthesis of 18 was accomplished ac
cording to the sequence shown in Scheme II. Treat
ment of 18 with silver perchlorate in acetone resulted in 
a slow precipitation of silver chloride over a 2-day 
period. Following the usual work-up procedure, a 
perchlorate salt (19) was isolated in very low yield. 
This material exhibited an nmr spectrum similar to 
that which would be expected for the dibenzylazetidin- 
ium salt, but the infrared spectrum showed a band for 
N+-H at 3080 cm.-1 Microanalvsis indicated that 
19 was merely N-(4-chloro-2-methyl-2-butyl)dibenzyl- 
amine perchlorate. Although no attempt was made 
in this case to detect the presence of the amino olefin 14 
in the reaction mixture, the formation of 19 in low yield 
suggested that, as in the attempted benzylations of aze
tidine 12 , the azetidinium salt was formed, but quickly 
underwent a Hofmann elimination in the presence of ex
cess amine. Variations in both rate and order of re-

S c h e m e  I I

6 b  C6H5CH2Br 
k 2c o 3
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--------------- ^  A g C I0 4 >

C H 2CI 

c 6h 5 c 6h 5 
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+ .N I ^  ' c H2CI

C6H5 ^6*5 CIO4
19

agent addition were found to be ineffective in suppress
ing this ring-opening reaction.

In view of the apparent lability of l,l-dibenzyl-2,2- 
dimethylazetidinium perchlorate (4) toward amines, it 
was concluded that, further attempts to prepare and iso
late this compound should avoid the presence of any 
basic material. One such attempt, based upon the 
known reaction of amine salts with diazomethane,27-29 
was the synthesis of 4 directly from l-benzyl-2,2-di- 
methylazetidine perchlorate (9b). Treatment of 9b 
in acetonitrile with diazomethane at 0° afforded 1 - 
benzyl-l,2,2-trimethylazetidinium perchlorate (3), al
beit in moderate yield. However, treatment of 9b in 
acetonitrile with phenyldiazomethane under a variety 
of conditions, including the presence of boron tri
fluoride etherate as a catalyst, failed to yield any N,N- 
dibenzyl product (4).

3 ^ L 9 b  c6H5chn2/a > 4

Silver perchlorate,24 used as a cyclizing reagent in the 
conversion of 8 (as the base) into 9, may also be applied 
to y-i-aminoalkyl chlorides, so that quaternary azeti
dinium salts are obtained directly. For example, 
treatment of the y-chloroalkylamine salt 20 with aque
ous base liberated the corresponding free amine, which 
was cyclized with silver perchlorate in acetone to afford
4-azoniaspiro [3.5 jnonane perchlorate (2 1) in 48% yield.

(27) E . M illie r, H . H u b e r-E m d e n , a n d  W . R u n d e l, A n n .,  623, 34 (1959).
(28) T . W ie lan d  a n d  H . W leg an d t, Chem. B er., 93 , 1167 (1960).
(29) R . D an ie ls  a n d  C . G . K o rm en d y , J .  Org. C hem ., 27 , 1860 (1962).
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The fact that the yield was only moderate in this case 
is very likely due to the absence of f/em-dialkyl groups 
which would facilitate the cyclization.21 Evidence for 
the presence of the four-membered ring in 21 was ob
tained from the nmr spectrum (in deuterium oxide), 
which exhibited a four-proton triplet at r 5.32 for the 
azetidinium CH2-N+ protons. Since the ring system 
present in 21 is identical with that of the first postulated 
azetidinium salt,30 4-azoniaspiro[3.5]nonane bromide 
(22, X = Br), an opportunity was provided to deter
mine whether the early workers had actually syn
thesized an azetidinium ring, or whether the vigorous 
conditions that were employed favored formation of the 
corresponding eight-membered dimer,31 6,10-diazonia- 
dispiro[5.3.5.3]octadecane dibromide (23, X = Br). 
To this end, 20 was treated with aqueous base to 
liberate the free amino chloride, which was subse
quently heated with water at 100°. Work-up afforded 
the quaternary chloride as a syrup. A picrate pre
pared from this material had a melting point identical 
with that reported earlier.30 Treatment of the syrup 
with silver perchlorate yielded a perchlorate salt that 
was identical with 21 in all respects. The quaternary 
chloride therefore had structure 22 (X = Cl), 4-azo- 
niaspiro[3.5]nonane chloride, and the original claim of 
azetidinium salt formation was shown to be correct.

Having devised an efficient synthesis for two (2 and 3) 
of the three azetidinium salts initially desired, we pro
ceeded to investigate the chemistry of these salts 
in some detail. 1,1,2,2-Tetramethylazetidinium per
chlorate (2) proved to be completely unreactive toward 
reagents that have been shown to bring about facile 
solvolytic ring opening or ring expansion of representa
tive aziridinium salts. For example, no detectable 
reaction occurred upon treatment of 2 with refluxing 
methanol for 35 hr, or with refluxing acetone for 5 
days. The four-membered ring also failed to open un
der conditions of catalytic hydrogenolysis. However, 
2 was found to undergo reaction with sodium meth- 
oxide in methanol. The major product exhibited 
nmr signals in deuteriochloroform at r  5.28 (apparent 
singlet, 2 H) and 8.26 (singlet, 3 H) indicative of the 
CH3—C=CH 2 grouping, thus permitting the struc
ture to be assigned as N-(3-methyl-3-buten-l-yl)di- 
methylamine (24). No signal ascribable to the me-

2 4

thoxy moiety could be detected, indicating that elimina
tive ring opening was the main reaction. I t  will be re
called that a similar Hofmann elimination took place 
during attempts to prepare l,l-dibenzyl-2,2-dimethyl- 
azetidinium perchlorate (4), although the base involved 
in that case (i.e., a free amine) was much weaker than 
sodium methoxide.

In contrast to the lack of reactivity of 2 in solvolytic 
ring opening, the four-membered ring in l-benzyl-1 ,2,2- 
trimethylazetidinium perchlorate (3) was opened read
ily, reflecting the electron-withdrawing influence and, 
to some extent, the steric effect of the benzyl group.

(30) S. G ab rie l a n d  R . S te lzn er, B er., 29, 2381 (1896).
(31) H . H o rle in  a n d  R . K neise l, ib id ., 39, 1429 (1906).

Upon treatment with refluxing methanol, compound 3 
was converted slowly into a two-component mixture. 
The major product, isolated by fractional crystalliza
tion, displayed an infrared band at 3070 cm-1 for N+-H 
and had an elemental composition satisfactory for 
C14H24C1N06, indicating that 3 had combined with 
methanol in a 1:1 manner. The nmr spectrum of this 
material in trifluoroacetic acid exhibited signals for 
ArCH2-N+H (r 5.60, doublet), CH3-N+H (r 6.96, 
doublet), and CH3-0  (r 6.65, singlet). A clear dis
tinction between the isomeric structures 25a and 26a 
was not offered, however, since a two-proton multiplet 
at r 6.2-6.7 could, be ascribed to either CH2-N+ (in 
25a) or CH20  (in 26a). The nmr spectrum (in deuterio-

b , R =  c 2 h 5

chloroform) of the amine mixture liberated from the 
crude methanolysis product was more definitive. The 
presence of signals for CH3-0  (r 6.93, singlet) and 
CH2-N (t 7.4-7.8, multiplet) together with the absence 
of any signal corresponding to CH2-0  (i.e., at lower 
field than CH3-0 ) was indicative of structure 27a. 
The azetidinium ring had therefore opened in an SnI 
manner to afford 25a, N-(3-methoxy-3-methylbutyl)- 
N-methylbenzylamine perchlorate. Evidence for the 
cyclic hydrogen-bonded configuration as drawn in 25a 
was provided by the nmr spectrum which displayed 
two signals (r 8.65 and 8.85) for (CH3)2C -0 indicating 
that the methyl groups were nonequivalent. In the 
spectrum of 27a, where no hydrogen bonding is possible, 
there was only one signal (t 8.92) for these groups. The 
identification of the minor product of the methanoly
sis as N-methyl-N-(3-methyl-3-buten-l-yl)benzylamine 
perchlorate (28) will be discussed shortly.

O R

2 7
V

Since the methanolysis of analogous aziridinium salts 
is generally complete after 2 hr at reflux temperature,6’7 
it was of interest to determine the rate of opening of the 
azetidinium ring under similar conditions. The reac
tion between azetidinium salt 3 and methanol was there
fore followed by means of nmr spectroscopy; pertinent 
details regarding the procedure are given in the Experi
mental Section. The data showed that the reaction is 
essentially complete after 8 hr and that the initial rate 
of formation of the amino ether 25a is approximately 
three times the initial rate of formation of the amino 
olefin salt 28.

In an analogous manner, azetidinium salt 3 reacted 
in refluxing ethanol to give a mixture of N-(3-ethoxy-3- 
methylbutyl)-N-methylbenzylamine perchlorate (25b) 
and the amino olefin salt 28. The nmr spectrum of 
25b in deuteriochloroform displayed signals for ArCH2-  
N+H (r 5.57, doublet), CH3-N+H (r 7.01, doublet),
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C H 2- N + ( t  6 .4 -6 .9 , m u lt ip le t) ,  and C H 2- 0  ( r  6.61, 
q u a rte t) . U p o n  conversion o f p e rch lo ra te  25b in to  
th e  corresponding  free am ine (27b), new  signals ap
peared fo r  A rC H 2~ N  ( r  6.51, s ing le t), C H 3- N  ( r  7.81, 
s ing le t), C H 2- N  ( r  7 .3 -7 .7 , m u lt ip le t) ,  and C H 2- 0  
( t 6.67, q u a rte t) . In te g ra tio n  o f th e  spec trum  showed 
th a t  th e  la s t s ignal corresponded to  tw o  p ro tons, con
f irm in g  th e  absence o f an a d d itio n a l C H 2- 0  g rou p in g  
and f i rm ly  es tab lish ing  th e  assigned s tru c tu re  27b (and 
th u s  25b as w e ll) . T h e  presence o f hyd rogen  b ond ing  in  
25b was dem onstra ted  b y  th e  fa c t th a t  th e  n m r spec
tru m  o f th is  sa lt e xh ib ite d  tw o  signals ( t 8.80 and  8.96) 
fo r  (C H 3)2C> 0 ,  whereas o n ly  one s igna l ( t 8 .8 6 ) fo r  
th is  m o ie ty  appeared in  th e  spectrum  o f 27b. T h ou g h  
fo rm a tio n  o f th e  am ino  o le fin  s a lt 28 occurred to  a 
g rea te r e x te n t in  th is  case th a n  d u r in g  m e tha n o l tre a t
m e n t o f 3, fo rm a tio n  o f th e  a m ino  e the r was s t i l l  th e  
m a jo r  reaction .

I t  was considered th a t  tre a tm e n t o f th e  b e n z y ltr i-  
m e th y la z e tid in iu m  sa lt 3 w ith  sod ium  m ethox ide  m ig h t 
open th e  r in g  in  an Sn2 m anner, since m e tho x ide  is a 
m uch  s tronge r nuc leoph ile  th a n  m ethano l. H ow ever, 
th e  free am ine  th a t  was a c tu a lly  ob ta in ed  fro m  th is  
reac tion  p roved  to  be N -m e th y l-N -(3 -m e th y l-3 -b u te n -
l-y l)b e n z y la m in e  (29), as evidenced b y  n m r signals a t 
r  5.34 (a pp a re n t s ing le t, 2 H )  and 8.32 (s ing le t, 3 H )  fo r  
th e  C H 3— C = C H 2 m o ie ty , as w e ll as th e  la ck  o f any  
s ignal a ttr ib u ta b le  to  C H 3— 0 .

A tte m p ts  to  e ffect a @ +  +  2 (e)+ r in g  expansion
o f a z e tid in iu m  s a lt 3 b y  re ac tio n  w ith  acetone o r aceto
n it r i le  were likew ise  unsuccessful. I n  b o th  instances, 
th e  o n ly  p ro d u c t th a t  could  be ob ta ined  was id e n tif ie d  
as 28, th e  same a m ino  o le fin  pe rch lo ra te  th a t  was 
fo rm ed  as a b y -p ro d u c t in  th e  a lcoholyses o f 3. T h is  
m a te ria l was characte rized  b y  th e  n m r  signals shown 
( in  d e u te rio ch lo ro fo rm ) a t r  5.61 (doub le t, 2  H )  and
7.07 (dou b le t, 3 H )  fo r  A rC H 2— N + H  and C H 3—  
N + H , respec tive ly , as w e ll as a t r  5.20 (a pp a re n t s ing le t, 
2 H )  and  8.32 (s ing le t, 3 H )  fo r  th e  C H 3— C = C H 2 

g roup ing . In fra re d  abso rp tio n  a t 3070 fo r  N + — H  
and  a t 1650 and 905 c m - 1  fo r  C = C H 2 su pp o rted  th is  
s tru c tu ra l assignm ent.

I t  is a p p ro p ria te  a t  th is  p o in t to  consider th e  reasons 
beh ind  th e  re la tiv e  ease w ith  w h ich  a z e tid in iu m  sa lts 
2 , 3, and  4 undergo e lim in a tiv e  r in g  opening. T w o  
types o f e lim in a tio n  have been observed fo r  these 
com pounds, nam e ly  based-prom oted (c/. th e  a tte m p te d  
p repara tions  o f th e  d ib e n z y ld im e th y l s a lt 4, and  th e  
reactions o f th e  te tra m e th y l sa lt 2  and  th e  b e n z y ltr i-  
m e th y l sa lt 3 w ith  sod ium  m ethox ide ) and “ th e rm a l”  
(c/. th e  a lcoholyses and  a tte m p te d  r in g  expansions o f 3 ). 
I n  b o th  types, th e  o n ly  a m ino  o le fin  th a t  cou ld  be de
tec ted  was th a t  ob ta in ed  b y  loss o f a hydrogen  fro m  one 
o f th e  ^e ra -d im e thy l groups. I t  has been fo u n d  th a t  
tre a tm e n t o f a z e tid in iu m  s a lt 3 w ith  sod ium  iod ide  in  
re flu x in g  acetone also resu lts  in  such an e lim in a tio n . 
T h e  fa c i l i ty  w ith  w h ich  th e  base-prom oted e lim in a tio n s  
occur can be exp la ined  re la t iv e ly  easily . I n  th e  n o rm a l 
tra n s it io n  s ta te  lead ing  to  H o fm a n n  e lim in a tio n , th e

q u a te rn a ry  n itro g e n , th e  a  and |3 carbons, and  th e  0 
hydrogen  a ll lie  in  a tra n s  cop lana r a rra n ge m en t . 32 

U pon  exam ination, o f D re id in g  m odels o f o u r a ze ti
d in iu m  sa lts, i t  can be seen th a t  such an a rra n ge m en t in 
v o lv in g  a n y  o f th e  six hydrogens on th e  ^e?n-d im ethyl 
g roups is re a d ily  achieved. T h is  p ro p e rty , tog e the r 
w ith  th e  s tra in  inh e re n t in  th e  fou r-m em bered  r in g , ap
p a re n tly  serves to  low e r th e  free energy o f a c tiv a tio n  to  
such an e x te n t th a t  e lim in a tio n  is th e  p re d o m in a n t i f  
n o t exc lus ive  reac tion , p ro v id e d  th a t  a base is p resent 
to  accept th e  ¡3 hydrogen . T h e  proposed m echan ism  
fo r  th e  base-prom oted e lim in a tio n  is show n in  Scheme
I I I .  I t  is m ore  d if f ic u lt  to  ra tio n a liz e  th e  ease w ith

S c h e m e  III

w h ich  th e  so-called “ th e rm a l”  e lim in a tio n s  occur. A  
concerted  m echanism  is u n lik e ly  in  th is  case since th e  
perch lo ra te  a n ion  is n o t s u ffic ie n tly  basic to  fa c ilita te  
rem ova l o f th e  /3 hydrogen . A  m ore  p laus ib le  explana
t io n  is th a t  th e  a m ino  o le fin  is fo rm ed  v ia  th e  same r in g - 
opened in te rm e d ia te  th a t  g ives rise  to  so lvo lys is  p rod 
u c t;  th is  m echanism  is show n in  Scheme IV .  T h e re  are,

S c h e m e  IV

how ever, severa l d iscrepancies associated w ith  th is  
m echanism . I f  a ca rb o n iu m  in te rm e d ia te  such as th a t  
shown is a c tu a lly  fo rm ed , i t  w o u ld  be expected th a t  
some ring -expanded  p ro d u c t w o u ld  be ob ta in ed  w hen 
acetone o r  a c e to n itr ile  is present. I n  a d d itio n , some 
o f th e  th e rm o d y n a m ic a lly  m ore  s tab le  o le fin  w o u ld  v e ry  
l ik e ly  be fo rm ed . T h e  p rod uc ts  m a y  be exp la ined  b y  
k in e tic  co n tro l. T hus, alcohols, w h ic h  are m ore  nucleo
p h ilic  th a n  acetone o r a ce to n itr ile , are m ore  e ffec tive  
th a n  th e  la t te r  tw o  in  a tta c k in g  th e  in te rm e d ia te  before  
a n y  rearrangem en t can ta ke  place. M o re o ve r, rear
rangem ent to  g ive  th e  less s u b s titu te d  o le fin  is k in e t i-  
c a lly  fa vo re d  ow ing  to  th e  six-m em bered g eo m etry  o f 
th e  tra n s it io n  s ta te  show n in  Scheme IV .  T h e  above 
considera tions are a d m itte d ly  specu la tive , and  fu r th e r  
s tu d y  is necessary to  e luc ida te  m ore  fu l ly  th e  m ech
anism  o f th is  “ th e rm a l”  ty p e  o f e lim in a tio n . F o r  ex
am ple, the re  rem a ins th e  p o s s ib ility  th a t  th e  so lve n t 
( i .e ., a lcoho l, acetone, o r a ce to n itr ile )  is a c tin g  as a 
p ro to n -tra n s fe r agen t in  these reactions.

A lth o u g h  l-b e n z y l- l,2 ,2 - tr im e th y la z e t id in iu m  per- 
ch lo roa te  (3) fa ile d  to  undergo  r in g  expansion w ith  
e ith e r acetone o r a ce to n itr ile , expansion  o f th is  a ze ti
d in iu m  r in g  cou ld  be effected b y  re a c tio n  w ith  n itrones , 
in  p a r t ic u la r  4 ,5 ,5 - tr im e th y l-A  ̂ p y r ro lin e - l-o x id e  (30a)

(32) E . S. G o u ld , “ M ech an ism  a n d  S tru c tu re  in  O rg an ic  C h e m is try ,”
H o lt, R in e h a r t ,  a n d  W in sto n , In c .,  N ew  Y o rk , N . Y ., 1959, p  484.
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and 5,5-dimethyl-A‘-pyrroline-l-oxide (30b).33 When 
an intimate mixture of azetidinium salt 3 and either 
nitrone was allowed to stand at room temperature for 
more than a week followed by a short period of heating 
at 60°, a product having the correct analysis for a 
1:1 adduct was isolated in moderate yield. These ad
ducts were tentatively assigned structure 31 by analogy

a , R=CH, 31
b. R= H

with the structures recently determined for nitrone- 
aziridinium salt adducts.1 (Compound 31 a is named 6- 
benzyl-3,3,6,9,10,10-hexamethyl-2-oxa-l-aza-6-azonia- 
bicyclo[5.3.0]decane perchlorate; 31b is 6-benzyl-3,3,-
6,10,10-pentamethyl-2-oxa-l-aza-6-azoniabicyclo [5.3.01- 
decane perchlorate.) Formation of such a cycloadduct 
is representative of a new type of ring expansion, ex
pressed generally as (5)+ +  3 -*■ © +, in which a charged 
four-membered cycle combines with a 1,3-dipolar func
tion to afford a charged seven-membered cycle. Inas
much as infrared and nmr spectra were of no practical 
value in verifying structure 31, a chemical degradative 
sequence was undertaken.

Upon treatment of 31a with lithium hydride in re
fluxing dimethoxyethane, a free amine was obtained 
which showed no bands attributable to O-H or N-H in 
the infrared spectrum. The nmr spectrum of this 
material in deuteriochloroform exhibited singlets for 
both ArCH2-N  (r 6.50) and CH3-N (r 7.81). The 
rest of the spectrum was rather complex, but upon close 
examination a symmetrical A2X2 system, which could 
be attributed to the C-CH2-CH2-N  moiety, was ob
served at r 7.3-7.7 and 8.1-8.5. The structure of the 
reduction product was thus assigned as N-methyl-N-[3- 
methyl-3-(2',2',3'-trimethylpyrrolidin-l'-oxy)butyl]- 
benzylamine (32a). This facile reduction of the 
C-N+ bond in 31a while the N -0  bond remained in
tact is completely analogous to the mode of reduction 
of nitrone-aziridinium salt adducts.1 Cleavage of the 
N -0  bond in 32a could be effected, however, by treat-

ment with zinc dust and aqueous acetic acid at 100°. 
The products of this reduction were separated by glpc 
and were identified by comparison with authentic sam
ples as 2,2,3-trimethylpyrrolidine (33) and 4-(N-benzyl- 
N-methylamino)-2-methyl-2-butanol (34). Authentic 
33 was prepared as described earlier1 by a two-step re
duction of nitrone 30a, while authentic 34 was syn
thesized from the amino ester 35 by treatment with ex
cess méthylmagnésium iodide. The symmetrical A2X2 
pattern (r 7.32 and 8.38) arising from the C-CH2-  
CH2-N grouping was displayed plainly in the nmr 
spectrum of 34 in deuteriochloroform. This double 
cleavage of adduct 31a to form the pyrrolidine 33 and 
the amino alcohol 34 firmly established the assigned 
structure of the original adduct, that of compound 32a, 
and that of 31b as well.

One possible mechanism for the @+ +  3 -*• ©+ 
reaction is shown in Scheme V. Opening of the azeti-

SCHEME V

dinium ring at the 1,2 bond to form the corresponding
7-f-aminocarbonium ion is postulated as the initial 
step. If this carbonium ion is indeed an intermediate, 
the experimental facts require that nitrone as solvent be 
more effective in assisting the fission of the 1,2 bond than 
either ketone or nitrile and, moreover, that nitrone addi
tion proceed more rapidly than the elimination which 
supervenes in the other two cases. From this inter
mediate, pictured in Scheme V in correct orientation 
with respect to the 1,3-polarized nitrone, formation of 
the seven-membered heterocycle can proceed in either 
concerted or stepwise manner. The concerted process 
can be visualized as a “l,4:-polar-l,3-dipolar cycloaddi
tion.” The question remains open as to whether the 
total process, 3 +  30 -► 31, can be concerted. On the 
basis of orbital symmetry considerations, the process 
would be allowed,34 but the example is exceptional be- 
case of the polarity of the molecules involved, and the 
distinction from a nonconcerted process may vanish. 
The goal of building enough reactivity into a a bond so 
that it behaves like a it bond continues to be an in
triguing one.

In summary, although there is a considerable de
crease in reactivity in going from the aziridinium to 
the azetidinium ring system, solvolytic openings and 
expansions of 1 ,1 ,2,2-tetrasubstituted azetidinium salts 
may be effected provided that (a) the 1,2 bond is ac-

(33) R . B o n n e tt ,  R . F . C . B row n , V. M . C la rk , I .  O . S u th e r la n d , a n d  A. 
T o d d , J .  Chem. Soc., 2094 (1959).

(34) R . H o ffm an n  a n d  R . B. W o o d w ard , A ccoun ts  C hem . R es., 1, 17
(1968).
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tivated toward polar cleavage (e.g., by N-benzyl sub
stitution) and (b) olefin formation is suppressed kineti- 
cally. The presence of a-firem-dimethyl substitution 
in the four-membered ring series led to eliminative 
ring opening, probably owing to the favorable stereo
chemistry, whereas this competing reaction did not 
occur in the three-membered ring series. The new re
action of a nitrone with an azetidinium salt provides 
an unusual seven-membered heterocyclic ring sys
tem.

Experimental Section35
Ethyl 3,3-Dimethylacrylate (5).'—A mixture of 200 g (2.0 mol) 

of 3,3-dimethylacrylic acid, 500 ml of ethanol, 60 ml of concen
trated sulfuric acid, and 1.3 1. of benzene was heated under re
flux with stirring for 3 days in a three-necked flask fitted with two 
condenser-Dean-Stark trap combinations to remove the water 
formed during the reaction. The mixture was subsequently 
cooled to room temperature and washed with 3 M  aqueous potas
sium carbonate. The wash layers were then extracted with addi
tional benzene. These extracts were combined with the original 
organic layer, and the resulting solution was dried over anhydrous 
potassium carbonate and evaporated in vacuo. Distillation of 
the residue afforded .205 g (80%) of the acrylic ester as a clear 
colorless liquid: bp 55-61° (21 mm) (lit.36 mp 150°); nmr (in 
CDCU), with satisfactory integration, at r  4.32 (m, C =C H ),
5.86 (q, CH3CH,—O), 7.84 and 8.11 (d, d, /  = 1.0 cps, (CH3)2- 
C = C ), and 8.75 (t, CH3CH2—O).

Ethyl 3-Methyl-3-methylaminobutyrate (6a).—A solution of
111.4 g (0.87 mol) of ethyl 3,3-dimethylacrylate (5) and 34.5 g 
(1 . 1 1  mol) of methylamine in 1 1 . of ethanol was allowed to stand 
at room temperature for 10 days. Removal of the solvent in vacuo 
followed by distillation of the residual oil gave the amino ester 
as a clear colorless liquid: bp 78-83° (17 mm); yield 107.5 g 
(78%); v ' t  3340 (N-H), 1760 cm" 1 (C = 0 ); nmr (in CDC13), 
at r  5.87 (q, CH3CH2—O), 7.60 (s, CH2C = 0 ) , 7.68 (s, CH3—N), 
8.26 (s, NTI), 8.74 (partially hidden triplet, CH3CH2—O),
8.86 (s, (CH3)2C—N).

Anal. Calcd for CaHnN 0 2: C, 60.34; H, 10.76; N. 8.80. 
Found: C, 60.32; H, 10.64; N, 8.65.

3-Methyl-3-methylamino-l-butanol (7a).—To a stirred slurry 
of 19.0 g (0.5 mol) of lithium aluminum hydride in 600 ml of 
ether was added dropwise a solution of 47.7 g (0.3 mol) of ethyl
3-methyl-3-methylaminobutyrate (6a) in 200 ml of ether. The 
mixture was stirred at room temperature for 13 hr and was 
subsequently treated dropwise with 38 ml of water and 30 ml of 
10% aqueous sodium hydroxide. The salts thus precipitated 
were filtered, treated with excess aqueous sodium hydroxide, and 
extracted with ether. The combined filtrate and extracts were 
dried over anhydrous potassium carbonate, filtered, and evapo
rated in vacuo. Distillation of the residual oil yielded the amino 
alcohol (26.5 g, 76%) as a clear colorless liquid: bp 90-91° (18 
mm); 3300 cm-1 (broad, O-H and N -H ); nmr (in CDCI3), 
a t r  6.22 (t, CH2CH2-0 ) ,  6.44 (s, OH and NII), 7.69 (s, CH3-N ), 
8.44 (t, CH2CH2-0 ) ,  8.88 (s, (CH3)2C-N).

Anal. Calcd for CeHuNO: C, 61.49; H, 12.90; N, 11.95. 
Found: C, 61.40; H, 12.68; N, 11.64.

N-(4-Chloro-2-methyl-2-butyl)methylamine Hydrochloride 
(8a).—A solution of 23.6 g (0.20 mol) of 3-methyl-3-methylamino- 
1-butanol (7a) in 50 ml of chloroform was added dropwise with 
stirring to 52.8 g (0.44 mol) of thionyl chloride cooled in an ice 
bath. Following the addition, the mixture was stirred at room 
temperature for 15 hr. At the end of this time, 30 ml of ethanol 
was added to destroy residual thionyl chloride. Removal of the 
solvent in vacuo afforded 32.9 g (96%) of product. An analytical

(35) A ll m e ltin g  p o in ts  a re  c o rrec ted ; bo iling  p o in ts  a re  uncorrec ted»  
In f ra re d  s p e c tra  w ere o b ta in e d  w ith  P e rk in -E lm e r g ra t in g  sp e c tro p h o to m e  
te rs , M odels  521 o r 337. N m r  sp e c tra  w ere  o b ta in e d  on  a  V a ria n  A ssociates 
M o d el A -60 o r  A -60A  s p e c tro m e te r  u s ing  te tra m e th y ls ila n e  as e i th e r  a n  
e x te rn a l o r  in te rn a l  s ta n d a rd . G lpc  an a ly ses  w ere  ca rr ie d  o u t on a n  F  & M  
M o d el 300 g as  c h ro m a to g ra p h  u sing  a  0 .25-in . co lu m n  of 2 0 %  C arb o w ax  
20  M  (1 m ) on  e i th e r  A n ak ro m  A B S  o r  C h ro m o so rb  W , H M D S  tre a te d . 
W e a r e  in d e b te d  to  M r . J . N e m e th  a n d  h is  asso c ia tes  fo r th e  m icro an a ly se s  
a n d  m o lecu la r w e ig h t d e te rm in a tio n s .

(36) W . S. W a d sw o rth  a n d  W . D . E m m o n s , J .  A m er. Chem. Soc., 83 , 1733 
(1961).

sample, colorless needles from ethyl methyl ketone, had mp 137- 
138°; nmr (in CDCh), at r  6.27 (t, CH2CH2-C1), 7.39 (t, 
CH3-N+), 7.71 (t, CH2CH2-C1), 8.52 (s, (CH„)2C-N+).

Anal. Calcd for C6HI6C12N: C, 41.87; H, 8.79; N, 8.14. 
Found: C, 41.91; H, 8.75; N, 8.22.

1,2,2-Trimethylazetidine Perchlorate (9a).—Treatment of 23.6 
g (0.137 mol) of N-(4-chloro-2-methyl-2-butyl)methylamine 
hydrochloride (8a) with 100 ml of 10% aqueous sodium hydroxide 
liberated the corresponding free amine, which was extracted 
into methylene chloride and isolated in the normal manner: 
yield 16.2 g (0.120 mol, 87%). This was dissolved in 400 ml of 
acetonitrile and added with stirring to a solution of 24.9 g 
(0.120 mol) of silver perchlorate in 300 ml of acetonitrile. The 
resulting mixture was stirred at room temperature for 27 hr. 
The precipitated silver chloride was then filtered and washed 
with additional solvent. Evaporation of the filtrate in vacuo 
yielded a solid which was treated with methylene chloride and 
refiltered to remove residual silver salts. Removal of the methyl
ene chloride in vacuo afforded 23.8 g (quantitative from the free 
amino chloride) of the azetidine perchlorate. Recrystallization 
from ethyl acetate yielded an analytical sample as colorless 
needles: mp 165-166°; v™ ”1 3150 cm ' 1 (N+-H); nmr (in
CF3COOH), at r  5.4-6.4 (m, CH2CH2-N+), 7.12 (d, J  =  5.5 
cps, CH3-N+), 7.2-7.7 (m, CH2CH2-N+), 8.28 and 8.31 (s,s, 
(CH3)2C-N+).

Anal. Calcd for C6H 14C1N04: C, 36.10; H, 7.07; N, 7.01. 
Found: C, 36.00; H, 6.86; N, 6.94.

1,1,2,2-Tetramethylazetidinium Perchlorate (2).—A mixture 
of 20.9 g (0.105 mol) of 1,2,2-trimethylazetidine perchlorate 
(9a) and 80 ml of 10% aqueous sodium hydroxide was extracted 
with methylene chloride. The combined extracts were dried 
over anhydrous sodium sulfiate and filtered. Approximately 
200 ml of acetone was added to the filtrate, and the methylene 
chloride was removed by distillation at atmospheric pressure. 
An additional 100 ml of acetone was then added to the clear 
pot residue, and the resulting solution was added with stirring 
to a solution of 25.1 g (0.177 mol) of methyl iodide in 200 ml of 
acetone. The mixture was stirred for 6 hr at room temperature 
and was subsequently treated with 11. of ether to precipitate 12.4g 
(52%) of the methiodide. An analytical sample, colorless cubes 
from ethanol, had mp 177-178° dec.

Anal. Calcd for C7H 16IN : C, 34.86; H, 6.69. Found: C, 
35.08; H, 6.74.

The methiodide (12.4 g, 51.5 mmol) was dissolved in 600 ml of 
methanol and added to a solution of 10.7 g (51.5 mmol) of silver 
perchlorate in 400 ml of methanol. The mixture was stirred at 
room temperature for 5 hr, after which time the precipitated 
silver iodide was filtered and washed with solvent. Removal of 
the methanol in vacuo afforded 10.6 g (89% from the methiodide) 
of the azetidinium perchlorate. The analytical sample, colorless 
cubes from ethanol, had mp 172.5-173.0°; nmr (in CF3COOH), 
at t 5.83 (t, CH2CH2-N+), 6.90 (s, (CH3)2N+), 7.35 (broadened 
triplet, CH2CH2-N+), 8.25 (s, (CH3)2C-N+).

Anal. Calcd for C,H16C1N04: C, 39.35; H, 7.55; N, 6.56. 
Found: C, 39.24; H, 7.36; N, 6.29.

Ethyl 3-Benzylamino-3-methylbutyrate (6b).—A solution of 
128 g (1.0 mol) of ethyl 3,3-dimethylacrylate (5) and 118 g (1.1 
mol) of benzylamine in 1 1. of ethanol was heated at 50-55° for 
15 days. Subsequent removal of the solvent in vacuo followed 
by fractional distillation of the residual oil afforded 121 g (52%) 
of the product as a clear colorless liquid: bp 115-117° (0.55 
mm); 3350 (N-H), 1740 cm“ 1 (C = 0 ); nmr (in CDC13), 
at r  2.69 (s, C6H5), 5.87 (q, CH3CH2-0 ) ,  6.28 (s, ArCH2-N ), 
7.51 (s, CH2C = 0 ) , 7.87 (s, NH), 8.77 (singlet over triplet, 
(CH3)2C-N and CH3CH2-0 ) .

Anal. Calcd for C,4H21N 02: C, 71.45; H, 9.00; N, 5.96. 
Found: C, 71.63; H, 9.01; N, 6.09.

3-Benzylamino-3-methyl-1 -butanol (7b).—A solution of 141 g 
(0.6 mol) of ethyl 3-benzylamino-3-methylbutyrate (6b) in 
300 ml of ether was added dropwise to a stirred slurry of 37.9 g 
(1.0 mol) of lithium aluminum hydride in 1 1. of ether. The 
mixture was stirred for 18 hr at room temperature and was then 
treated dropwise with 76 ml of water and 61 ml of 10% aqueous 
sodium hydroxide. The precipitated salts were filtered and 
washed with ether. The filtrate was then dried over anhydrous 
potassium carbonate and was subsequently evaporated in vacuo. 
Distillation of the residue yielded 97.5 g (84%) of the amino 
alcohol as a clear colorless liquid: bp 119-121° (0.45 mm); >4'”« 
3300 cm-1 (broad, O-H and N -H ); nmr (in CDC13), at r  2.72 
(s, CeHi), 6.18 (partially hidden triplet, CH2CH2-G), 6.29 (s,



ArCHr-N), 6.53 (s, OH), 8.39 (t, CH2CH2- 0 ) ,  8.80 (s, (CH3)2- 
C-N ).

Anal. Calcd for C12H 19NO: C, 74.56; H, 9.91; N, 7.25. 
Found: C, 74.44; H, 9.80; N, 7.05.

N-(4-Chloro-2-methyl-2-butyl)benzylamine Hydrochloride 
(8b).—A solution of 97.5 g (0.5 mol) of 3-benzylamino-3-methyl- 
1-butanol (7b) in 125 ml of chloroform was added dropwise with 
stirring to 131 g (1.1 mol) of thionyl chloride cooled in an ice 
bath. Following the addition, the ice bath was removed and 
the reaction mixture was stirred at room temperature for 12  hr, 
during which time the product solidified. The residual thionyl 
chloride was decomposed by treatment with 75 ml of ethanol. 
Addition of excess ether to the resulting solution reprecipitated 
the product, which was filtered and washed with ether to yield
124.4 g (quantitative). Recrystallization from ethyl acetate 
afforded an analytical sample as colorless needles: mp 170-172°; 
nmr (in D20 ) , at r  2.03 (s, CeHs), 4.86 (s, ArCH2-N +), 5.78 
(t, CH2CH2-C1), 7.23 (t, CH2CH2-C1), 8.04 (s, (CH3)2C-N+).

Anal. Calcd for Ci2H i9C12N: C, 58.06; H, 7.71; N, 5.65. 
Fount: C, 58.31; H, 7.77; N, 5.79.

l-Benzyl-2,2-dimethylazetidine Perchlorate (9b).—Treatment 
of 49.6 g (0.2 mol) of N-(4-chloro-2-methyl-2-butyl)benzylamine 
hydrochloride (8b) with 700 ml of 3% aqueous sodium hydroxide 
liberated the free amino chloride which was extracted into methy
lene chloride. Following the normal isolation procedure, this 
amine was dissolved in 400 ml of acetone and added with stirring 
to a solution of 41.5 g (0.2 mol) of silver perchlorate in 500 ml of 
ace tor. e. Silver chloride began to precipitate almost immediately. 
After being stirred at room temperature for 40 hr, the mixture 
was filtered and the filtrate was evaporated in vacuo. The residual 
oil was treated with methylene chloride and filtered in order to 
remove any residual silver salts. Removal of the methylene 
chloride in vacuo afforded the desired azetidine salt, which 
was recrystallized from isopropyl alcohol as colorless plates: 
mp 151.0-151.5°; yield 46.8 g (85%); ^"4°' 3120 cm ' 1 (N+-H); 
nmr (in CFjCOOH), at r  2.52 (s, CdR), 5.6-6.1 (m, ArCH2-N+ 
and CH2CH2-N+), 7.1-7.9 (m, CH2CH2-N+), 8.17 and 8.35 
(s, s, (CH3)2C -N +).

Anal. Calcd for C12H i8C1N04: C, 52.27; H, 6.58; N, 5.08. 
Found: C, 52.30; H, 6.59; N, 4.84.

1 -Benzyl-1,2 ,2-trimethylazetidimum Perchlorate (3) and 
Bromide.—Upon treatment with 600 ml of 3% aqueous sodium 
hydroxide, 46.8 g (0.17 mol) of l-benzyl-2,2-dimethylazetidine 
perchlorate (9b) was converted into the corresponding free 
azeticine. This was isolated in the usual manner, and was 
subsequently dissolved in 400 ml of acetone and added dropwise 
with stirring to a solution of 35.5 g (0.25 mol) of methyl iodide 
in 400 ml of acetone. Upon heating the resulting solution in a 
water bath maintained at approximately 50°, the methiodide 
precipitated. After 4 hr of heating and stirring, the mixture 
was treated with excess ether and filtered to yield 50.5 g (94%) of 
the methiodide, mp 137-138° dec.

To a stirred solution of 50.5 g (0.16 mol) of the azetidinium 
iodide in 1.6 1. of methanol was added a solution of 33.2 g (0.16 
mol) of silver perchlorate in 400 ml of methanol. After being 
stirred at room temperature for 1 hr, the mixture was filtered and 
the filtrate was evaporated in vacuo, yielding the azetidinium 
perchlorate in a crystalline form. A second crop of crystals 
was obtained by treatment of the precipitated silver iodide with 
hot methanol followed by filtration and removal of the solvent 
in  vacuo. The total yield of product was 42.8 g (93% from the 
methiodide). One recrystallization from methanol afforded an 
analytical sample as colorless prisms: mp 142.5-143.0°; nmr 
(in CF3COOH), at x 2.45 (s, C6H6), 5.36 and 5.80 (AB system, 
J  =  13.0 cps, ArCH2-N+), 5.1-5.7 and 6.1-6.6 (m, m, CH2CH2-  
N+), 7.07 (s, CHs-N+), 6.9-7.5 (m, CH2CH2-N+), 8.00 and 8.25 
(s, s, (CH3)2C-N+).

Anal. Calcd for C13H2oC1N04: C, 53.88; H, 6.96; N, 4.83. 
Found: C, 53.86; H, 6.92; N, 4.84.

For the conversion of perchlorate into 1 -benzyl-1,2 ,2-trimethyl- 
azetidinium bromide, a column of 14.5 g (wet weight, 20 mequiv) 
of Dowex 1-X8 chloride (200-400 mesh) was washed thoroughly 
with water and treated with 300 ml of 10% aqueous potassium 
bromide. Water was then passed through the column until 
the eluent gave no precipitate with silver nitrate. A solution of 
580 mg (2.0 mmol) of l-benzyl-l,2 ,2-trimethylazetidinium 
perchlorate (3) in 175 ml of water was then passed through the 
column, followed by water until the eluent gave no precipitate 
with silver nitrate. The collected eluent was evaporated in vacuo 
and the residue was treated with ether and filtered to yield 540
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Figure 1.—The apparent molecular weights of 3 and 11 vs. con
centration in acetone.

mg (quantitative) of the azetidinium bromide. An analytical 
sample, colorless prisms from isopropyl alcohol, had mp 141— 
144° dec.

Anal. Calcd for CiaH20BrN : C, 57.78; H, 7.46; N, 5.19. 
Found: C, 57.31; I i, 7.40; N, 5.22.

The crystals thus obtained were judged to be suitable for 
X-ray analysis, and Professor L. Trefonas of Louisiana State Uni
versity, New Orleans, has the compound presently under crystal
lographic study.

Determination of the Molecular Weight of Azetidinium Salt 3.
—Apparent molecular weights of the azetidinium perchlorate 
and benzyltrimethylammonium perchlorate (1 1 ) were determined 
at various concentrations in acetone using a Mecrolab vapor 
pressure osmometer. The data obtained are recorded in Table 
I  and are plotted in Figure 1.

T able I
Appa r en t  M olecular  W eig h ts  of 3 and 1 1  in  Acetone

C oncn , A p p a re n t
C om pd m g /m l  of ac e to n e m ol w t

3 2.178 204
4.990 217

10.13 228
20.10 264

(27.8) (285)
11 2.745 187

4.336 192
10.45 208
20.26 231

(27.8) (249.5)

By extrapolation of the roughly parallel plots to the concen
tration at which the apparent molecular weight of 11  is equivalent 
to its theoretical molecular weight (249.5), a comparable value 
of 285 is obtained for the molecular weight of 3 (theoretical 289.5).

Benzyltrimethylammonium Perchlorate (11).—To a stirred 
solution of 13.5 g (0.10 mol) of benzyldimethylamine in 20 ml 
of ethanol was added dropwise 19.0 g (0.13 mol) of methyl iodide. 
Following the addition, the mixture was heated under reflux 
for 45 min and was then cooled to room temperature. Upon 
the addition of 100 ml of ether, the methiodide precipitated and 
was filtered, yield 27.1 g (98%).

A solution of 8.3 g (0.03 mol) of the benzyltrimethylammonium 
iodide in 100 ml of methanol was added with stirring to a solution 
of 6.2 g (0.03 mol) of silver perchlorate in 50 ml of methanol. 
The mixture was stirred at room temperature for several hours 
and then filtered. Upon removal of the solvent in vacuo, 7.0 g 
(94% from the methiodide) of the perchlorate salt was obtained. 
Recrystallization from ethanol yielded an analytical sample as 
colorless plates: mp 129.5-131.0° (lit.37 mp 126-127°); nmr (in 
CH2C12), at r  2.50 (s, C JL), 5.46 (s, ArCH2-N +), 6.89 (s, 
(CH3)3N +).

Anal. Calcd for CioH i6C1N04: C, 48.10; H, 6.46; N, 5.61. 
Found: C, 47.99; H, 6.37; N , 5.32.

(37) F . Schlegel, Ber., 64, 1739 (1931).
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Attempted Benzylation of l-Benzyl-2,2-dimethylazetidine (12). 
—A mixture of 2.76 g (10.0 mmol) of l-benzyl-2,2-dimethyl- 
azetidine perchlorate (9b) and 30 ml of 3% aqueous sodium hy
droxide was extracted with methylene chloride and worked up 
as usual to yield 1.70 g (97%) of free 1-benzyl-2 ,2-dimethylazeti- 
dine (12 ) as a colorless liquid. This was cooled in an ice bath 
and treated dropwise with 3.42 g (20.0 mmol) of benzyl bromide. 
The ice bath was removed following the addition and the mix
ture was stirred at room temperature for 20 hr. Subsequent 
treatment with excess ether precipitated l-benzyl-2 ,2-dimethyl- 
azetidine hydrobromide (13) as a white solid which was filtered 
and washed with ether to yield 1.04 g (42% from the free azeti- 
dine): mp 147-149°; nmr (in D20 ), at r  2.47 (s, CeHs), 5.72 
(s, ArCH2-N +)> 5.9-6.3 (unresolved multiplet, CH2CH2-N +)>
7.60 (t, CH2CH2-N+), 8.32 (s, (CH3)2C -N +).

The ethereal filtrate obtained from the above work-up proce
dure was concentrated in vacuo and extracted with 3% aqueous 
hydrochloric acid. These extracts were then made basic by the 
addition of excess 10% aqueous sodium hydroxide and the result
ing mixture was extracted with methylene chloride. The 
combined organic layers were dried over anhydrous sodium 
sulfate, filtered, and evaporated in vacuo to yield a clear colorless 
liquid that was primarily N-(3-methyl-3-buten-l-yl)dibenzyl- 
amine (14); nmr (in CDCI3) absorptions appeared at r  2.72 
(m, C6H5), 5.35 (apparent singlet, C = C H 2), 6.45 (s, (ArCH2)2N),
7.3-8.0 (A2B2 system, C—CH2CH2—N), 8.43 (s, CH3—C = C ). 
A small amount of unreacted l-benzyl-2,2-dimethylazetidine was 
also present, as evidenced by a singlet at r 8.80 for (CH3)2C-N.

Ethyl 3-Dibenzylamino-3-methylbutyrate (15).—To a stirred 
mixture of 23.5 g (0.10 mol) of ethyl 3-benzylamino-3-methyl- 
butyrate (6b) and 20.7 g (0.15 mol) of anhydrous potassium 
carbonate in 150 ml of ethanol was added 18.8 g (0.11 mol) of 
benzyl bromide. After being heated under gentle reflux with 
stirring for 24 hr, the mixture was brought to alkalinity with 
potassium hydroxide pellets and filtered. The filtrate was evapo
rated in vacuo, and the residue was combined with the previously 
filtered inorganic salts and treated with 10% aqueous sodium 
hydroxide. The resulting mixture was extracted with ether, and 
the combined extracts were dried over anhydrous potassium 
carbonate and evaporated in vacuo. Preliminary distillation of 
the residual oil through a short Vigreux column yielded 3.5 g of 
starting material, bp 95-100° (0.10 mm). The resulting pot 
residue was then distilled through a short-path head to afford 
the dibenzylamino ester as a clear colorless oil: bp 160-162° 
(0.03 mm); yield 20.6 g (63%); no N-H  band in the infrared 
spectrum; nmr (in CDC13), at r  2.6-3.0 (m, C6H5), 5.86 (q, 
CH3CH2- 0 ) ,  6.25 (s, (ArCH2)2N), 7.43 (s, CH2C = 0 ) ,  8.78 
(singlet over triplet, (CH3)2C-N and CH3CH2-0 ) .

Anal. Calcd for C2IH27N 02: C, 77.50; H, 8.36; N, 4.31. 
Pound: C, 77.43; H, 8.38; N, 4.31.

3-Dibenzylamino-3-methyl-l-butanol (16).—A solution of 19.8 
g (0.061 mol) of ethyl 3-dibenzylamino-3-methylbutyrate (15) in 
50 ml of ether was added dropwise with stirring to a slurry of 5.3 
g (0.14 mol) of lithium aluminum hydride in 150 ml of ether. 
The resulting mixture was stirred for 6 hr at room temperature. 
Work-up was then effected by the dropwise addition of 100 ml of 
water and 50 ml of 10% aqueous sodium hydroxide. The ethereal 
solution was decanted from the resulting gel which was sub
sequently extracted with additional ether. The combined 
ethereal layers were dried over anhydrous potassium carbonate, 
filtered, and evaporated in vacuo to yield the crystalline product. 
Recrystallization from hexane afforded an analytical sample as 
colorless prisms: mp 86-87°; yield 14.6 g (85%); v™?'3 3240 
cm“ 1 (broad, O-H); nmr (in CDC13), at r  2.82 (s, C6H5), 5.10 
(s, OH), 6.14 (partially hidden triplet, CH2CH2-0 ) ,  6.23 (s, 
(ArCH2)2N), 8.18 (t, CH2CH2-0 ) ,  8.88 (s, (CH3)2C-N).

Anal. Calcd for Ci9H25NO: C, 80.52; H, 8.89; N, 4.94. 
Found: C, 80.43; H, 8 .88; N, 4.89.

N-(4-Chloro-2-methyl-2-butyl)dibenzylamine Hydrochloride 
(17).—A solution of 14.2 g (0.05 mol) of 3-dibenzylamino-3- 
methyl-l-butanol (16) in 35 ml of chloroform was added dropwise 
with stirring to 11.9 g (0.10 mol) of thionyl chloride cooled in an 
ice bath. The ice bath was removed following the addition, and 
the reaction was allowed to proceed at room temperature for 6 
hr. At the end of this time, 5 ml of ethanol was added to de
compose any residual thionyl chloride. Evaporation of the result
ing mixture in vacuo yielded an oil which was taken up in ethanol 
and treated with excess ether to precipitate 16.6 g (98%) of the 
desired salt. Recrystallization from ethyl methyl ketone afforded 
an analytical sample as a white amorphous powder: mp 156-

157°; nmr (in CDCls), a t 2.4-3.0 (m, C6H5), 5.3-6.2 (m, 
(ArCH2)2N+), 6.32 (-, CH2CH2-C1), 7.31 (t, CH2CH2-C1),
8.23 (s, (CH8)2C-N+).

Anal. Calcd for CJ9H25C12N: C, 67.45; H, 7.45; N, 4.14. 
Found: C, 67.43; H, 7.54; N, 3.85.

Attempted Cyclization of N-(4-Chloro-2-methyl-2-butyl)di- 
benzylamine (18).—A mixture of 2.70 g (8.0 mmol) of N-(4- 
chloro-2-methyl-2-butyl)dibenzylamine hydrochloride (17) and 
15 ml of 3% aqueous sodium hydroxide was extracted with 
methylene chloride. Following the normal work-up procedure, 
there was obtained 2.39 g (99%) of free N-(4-chloro-2-methyl-2- 
butyl)dibenzylamine (18) as colorless crystals; nmr (in CDC13) 
signals appeared at r  2.79 (s, CeHs), 6.30 (singlet over triplet, 
(ArCH2)2N and CH2CH2-C1), 7.96 (t, CH2CH2-C1), 8.95 (s, 
(CH3)2C-N).

This amino chloride was dissolved in 30 ml of acetone and added 
to a stirred solution of 1.65 g (7.9 mmol) of silver perchlorate in 
30 ml of acetone. The resulting mixture was stirred at room 
temperature for 44 hr, during which time silver chloride precipi
tated slowly and continuously. The silver chloride was sub
sequently removed by filtration and the filtrate was evaporated 
in vacuo to yield a turbid oil. This was treated with methylene 
chloride and refiltered to remove residual silver salts. Removal 
of the methylene chloride in vacuo yielded an oil which was dis
solved in hot ethyl acetate and treated with ether to precipitate 
0.50 g (17%) of N-(4-chloro-2-methyl-2-butyl)dibenzylamine 
perchlorate (19). An analytical sample, colorless prisms from 
ethyl acetate, had mp 161.5-162.0°; 3080 cm-1 (shoulder,
N+-H); nmr (in CF3COOH), at r  2.5-3.0 (m, C6H5), 5.16 and 
5.64 (AB system split into doublets, Tab = 13.6 cps, Trie =  3.3 
cps, Tvie* = 6.5 cps, (ArCH2)2N+H), 6.12 (t, CH2CH2-C1),
7.39 (t, CH2CH2-C1), 8.25 (s, (CH3)2C-N+).

Anal. Calcd for Ci9H25Cl2N0 4: C.56.72; H, 6.26; N, 3.48; 
Cl, 17.63. Found: C, 56.86; H, 6.30; N, 3.25; Cl, 17.73.

Reaction of l-Benzyl-2,2-dimethylazetidine Perchlorate (9b) 
with Diazomethane.—An ethereal solution of diazomethane was 
added in small aliquots to a stirred solution of 1.00 g (3.63 
mmol) of the azetidine perchlorate in 40 ml of acetonitrile main
tained at 0-5°. As the diazomethane solution was added, de- 
colorization occurred, and bubbles of nitrogen were evolved from 
the reaction mixture. When the yellow color finally persisted, 
the addition was terminated and the resulting solution was stirred 
at 0° for 30 min. A small amount of glacial acetic acid was then 
added to remove excess diazomethane, and the acetonitrile was 
removed in vacuo. Treatment of the residue with ethyl acetate 
afforded 534 mg (51%) of l-benzyl-l,2,2-trimethylazetidinium 
perchlorate (3), mp 140-141°, identified by its infrared spectrum 
(Nujol).

Attempted Reaction of Azetidine Salt 9b with Phenyldiazo- 
methane.—A solution of 1.13 g (9.6 mmol) of phenyldiazo- 
methane, prepared according to the precedure of Farnum ,38 in 
30 ml of acetonitrile was added dropwise with stirring to a solu
tion of 2.48 g (9.0 mmol) of the azetidine perchlorate in 70 ml of 
acetonitrile. There was no visible evolution of nitrogen during 
the addition. The reaction mixture was stirred at room tem
perature for 5 hr and was then treated with a small amount of 
glacial acetic acid to decompose unreacted phenyldiazomethane. 
The acetonitrile was removed in vacuo; then the residue was 
treated with ethyl acetate to yield 1.81 g (73% recovery) of 
starting material, mp 150-151°.

N-(3-Chloropropyl)piperidine Hydrochloride (20).—A solution 
of 10.0 g (0.07 mol) of N-(3-hydroxypropyl)piperidine (available 
from the Aldrich Chemical Co., Inc.) in 20 ml of chloroform 
was added dropwise with stirring to 16.7 g (0.14 mol) of thionyl 
chloride cooled in an ice bath. Following the addition, the 
mixture was warmed to room temperature and was stirred for 
15 hr. The product was subsequently precipitated by the addi
tion of 100 ml of ether. Recrystallization from ethyl acetate- 
isopropyl alcohol afforded an analytical sample as colorless 
needles: mp 225-226° (lit.31 mp 215-216°); yield 11.4 g (83%); 
nmr (in D20 ), a t t 5.6- 6.8 (complex multiplets, CH2-N +-C H 2, 
CH2-N +, and CH2-C1), 7.0- 8.2 (complex multiplets, C-CH2-C  
and C-(CH2)3-C).

Anal. Calcd for C8Hl7Cl2N: C, 48.50; H, 8.64; N, 7.07. 
Found: C, 48.30; H, 8.60; N, 6.91.

4-Azoniaspiro[3.5]ncnane Perchlorate (21). A. From N-(3- 
ChIoropropyl)piperidine and Silver Perchlorate.—Treatment of
8.0 g (0.04 mol) of N-(3-chloropropyl)piperidine hydrochloride

(38) D . G . F a rn u m , J .  Org. C kem ., 28 , 870 (1963).



(20) with 100 ml of 4% aqueous sodium hydroxide liberated the 
free chloropropylpiperidine, which was extracted into methylene 
chloride and isolated in the usual manner. This was dissolved 
in 100 ml of acetone and added to a stirred solution of 8.3 g 
(0.04 mol) of silver perchlorate in 100 ml of acetone. Silver 
chloride slowly precipitated as a fine black powder. The mixture 
was stirred for 48 hr with intermittent heating in a warm water 
bath (50-60°). Subsequent filtration of the silver chloride and 
evaporation of the filtrate solvent in vacuo yielded an oily residue 
which solidified upon treatment with isopropyl alcohol. Re
crystallization from isopropyl alcohol afforded the product as 
colorless needles: mp 172-173°; yield 4.3 g (48%); nmr (in 
D20), at r  5.32 (t, azetidinium CH2-N +), 6.10 (m, piperidinium 
CH2-N+), 6.6-7.2 (m, C-CH2-C), 7.5-8.1 (unresolved multiplet, 
C-(CH2)3-C).

Anal. Calcd for C3H 16C1N04: C, 42.57; H, 7.15; N, 6.2 1 . 
Found: C, 42.75; H, 7.21; N, 5.99.

B. From N-(3-Chloropropyl)piperidine at 100°.—A mixture 
of 2.39 g (14.8 mmol) of N-(3-chloropropyl)piperidine (liberated 
from 3.03 g of the hydrochloride salt 20 as described above) and 
25 ml of water was heated a-, 100° for 5 hr. Subsequent removal 
of the water in vacuo afforded 2.65 g of 4-azoniaspiro[3.5]nonane 
chloride (22, X = Cl) as a syrup, presumably in a hydrated 
form. A picrate prepared from this material crystallized from 
95% ethanol as yellow needles, mp 239-240° (lit.26 mp 239-240°).

A solution of 1.07 g of the hydrated chloride 22 in 20 ml of 
methanol was treated with 1.24 g (6.0 mmol) of silver perchlorate 
in 10 ml of methanol, precipitating silver chloride immediately. 
The resulting mixture was stirred for 1 hr and was then filtered. 
Evaporation of the filtrate in vacuo afforded a dark solid, which 
was treated with methylene chloride and refiltered to remove 
residual silver salts. Removal of the methylene chloride in 
vacuo yielded the desired quaternary perchlorate, which was 
recrystallized from isopropyl alcohol as colorless needles (1.05 g), 
mp 170-171°. Infrared and nmr spectra of this salt were identi
cal with those of the product obtained by procedure A.

Attempted Methanolysis of 1,1,2,2-Tetramethylazetidinium 
Perchlorate (2).—A solution of 500 mg (2.34 mmol) of the 
azetidinium salt in 25 ml of methanol was heated under reflux 
for 35 hr. The solvent was then removed in vacuo to yield 498 
mg of solid material. Recrystallization from methanol-ether 
afforded 253 mg (51% recovery) of starting material, mp 173— 
174°. The mother liquor from the recrystallization was evapo
rated in vacuo to yield 174 mg of an impure solid, mp 114-140°. 
The nmr spectrum of this material (in CF3COOH) indicated that 
it was primarily starting material; no methanolysis product 
could be detected.

Reaction of Azetidinium Salt 2 with Sodium Methoxide.—A
mixture of 500 mg (2.34 mmol) of the azetidinium salt and 1.10 
g (20.4 mmol) of sodium methoxide in 30 ml of methanol was 
stirred at room temperature for 3 days. The mixture was then 
acidified with ethereal hydrogen chloride and evaporated in vacuo. 
Treatment of the residue with excess 6% aqueous sodium hy
droxide liberated an amine which was extracted into ether. 
The extracts were dried over anhydrous potassium carbonate 
and filtered, and most of the ether was removed by slow distilla
tion through a 6-in. Vigreux column. The residual liquid was 
determined (by nmr analysis) to be a mixture of ether and 176 
mg (67%) of N-(3-methyl-3-buten-l-yl)dimethylamine (24); 
nmr (in CDCI3) signals appeared at t 5.28 (apparent singlet, 
C = C H 2), 7.6-7.8 (partially hidden multiplet, C-CH2CH2-N ), 
7.78 (s, (CH8)2N), 8.26 (s, CH3-C = C ).

Attempted Reaction of Azetidinium Salt 2 with Acetone.—A 
solution of 500 mg (2.34 mmol) of the azetidinium perchlorate 
in 40 ml of acetone was heated under reflux for 5 days. The 
acetone was subsequently removed in vacuo. Treatment of the 
residue with ether afforded 495 mg (99%) of starting material, 
mp 172-173°.

Attempted Hydrogenolysis of Azetidinium Salt 2.—A suspen
sion of 500 mg (2.34 mmol) of the azetidinium salt in 75 ml of 
ethanol was shaken under 3 atm of hydrogen for 25 hr in the 
presence of 250 mg of Adams catalyst. The mixture was then 
filtered and the catalyst was washed with acetonitrile to dissolve 
the crystalline material present. Removal of the solvents 
in vacuo afforded 472 mg (94% recovery) of starting material, 
mp 173-175°.

Methanolysis of l-Benzyl-l,2,2-trimethylazetidinium Per
chlorate (3).—A solution of 1.00 g (3.46 mmol) of the azetidinium 
perchlorate in 25 ml of methanol was heated under reflux for 
16 hr. Removal of the solvent in vacuo and trituration of the
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residue with ether afforded 1.05 g of crude product. Two re
crystallizations from ethyl acetate-ether yielded an analytical 
sample of N-(3-methoxy-3-methylbutyl)-N-methylbenzylamine 
perchlorate (25a) as colorless needles: mp 113.0-113.5°;
3070 cm-1 (shoulder, N+-H ); nmr (in CFsCOOH), at r  2.42 
(s, C6H6), 5.60 (d, J  = 5.5 cps, ArCH2-N+), 6.2-6.7 (un
resolved multiplet, CH2CH2-N+), 6.65 (s, CH3-0 ) ,  6.96 (d, 
J  = 5.0 cps, CHs-N+), 7.90 (t, CH2CH2-N +), 8.65 and 8.85 
(s, s, (CH3)2C -0).

Anal. Calcd for Ci4H24C1N05: C, 52.25; H, 7.52; N, 4.35. 
Found: C, 52.54; H, 7.70; N, 4.19.

Treatment of the crude methanolysis product with 3% aqueous 
sodium hydroxide liberated an amine mixture which was ex
tracted into methylene chloride and isolated as usual. Glpc 
analysis (200°) and nmr spectra of the mixture indicated the 
presence of two components, N-(3-methoxy-3-methylbutyl)-N- 
methylbenzylamine (27a) (68%) and N-methyl-N-(3-methyl-3- 
buten-l-yl)benzylamine (29) (32%). The amino ether exhibited 
nmr (in CDC1S) signals at t 2.76 (s, C6H6), 6.58 (s, ArCH2-N ), 
6.93 (s, CH3-0 ) ,  7.4-7.8 (partially hidden multiplet, CH2CH2-N), 
7.88 (s, CH3-N ), 8.40 (partially hidden triplet, CH2CH2-N ), 
8.92 (s, (CH3)2C -0); no signal ascribable to CH2- 0  was detected.

Nmr Study of the Methanolysis of Azetidinium Salt 3.—A 
suspension of 2.00 g (6.92 mmol) of the azetidinium perchlorate 
in 50 ml of methanol was prepared (t = 0) and heated rapidly 
to reflux temperature. Aliquots (3.0 ml) were removed from the 
reaction mixture every 30 min for the first 3 hr, and every 60 min 
thereafter. Each aliquot was immediately placed in a test 
tube chilled in an ice bath so as to precipitate any azetidinium 
salt present and thus effectively quench the reaction. Following 
refrigeration for a short period, the methanol was removed from 
each aliquot in vacuo at room temperature. Nmr spectra (in 
CF3COOH) of the resulting solids were then obtained to determine 
the composition of the mixtures. The spectrum of each fraction 
was run as soon as possible after the addition of trifluoroacetic 
acid because of the lability of the reaction products, N-(3- 
methoxy-3-methylbutyl)-N-methylbenzylamine perchlorate (25a) 
and N-methyl-N-(3-methyl-3-buten-l-yl)benzylamine perchlo
rate (28), in that solvent. The composition of each fraction was 
determined as follows: (a) the singlet at r  6.65 (CH3- 0  in 25a) 
provided a direct measure of 25a; (b) the combined signals at 
t 7.8-8.0 (CH2CH2-N + in 25a and three protons of (CH3)2C -N + 
in 3 provided a measure of 25a +  3 and therefore, by difference, 
a measure of 3; (c) the singlet at r  2.4-2.5 (Cells in 3, 25a, and 
28) provided a measure of all three components combined and 
thus, by difference, a measure of 28. The calculated molar 
percentage compositions of each fraction are given in Table II,

T a b l e  II

1,1,2,2-T etr a su bstitu ted  A zetidinium  Salts 1331

C o m p o s i t i o n  o f  t h e  R é a c t i o n  M i x t u r e  d u r i n g  t h e  

M e t h a n o l y s i s  o f  A z e t i d i n i u m  S a l t  3
[31, [25a], [28],

Time, hr mole % mole % mole %
0 .5 92 8 0
1 . 0 76 21 3
1.5 62 30 8
2.0 51 38 11
2.5 41 45 14
3.0 31 52 17
4 .0 21 57 22
5.0 12 64 24
6.0 15 65 20
7 .0 5 68 27
8.0 2 69 29
9 .0 4 73 23

10.0 2 72 26
11.0 1 74 25
12.0 0 74 26
13.0 0 76 24

and these data are plotted as a function of time in Figure 2. 
Certain deficiencies in the analytical procedure may be noted. 
Thus, zero time corresponded to the mixing of reactants at room 
temperature, and a finite amount of time was required to bring 
the system to reflux. The apparent continuing increase in the 
concentration of 25a after 8 hr is probably not real since there is
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Figure 2.—-Methanolysis of l-benzyl-l,2,2-trimethylazetidinium 
perchlorate at reflux (~65°).

no accompanying increase or decrease in the concentration of 28 
after that time. Nevertheless, it was readily determined from 
these data that the reaction is essentially complete after 8 hr, 
and that the methanolysis proceeds at a rate approximately three 
times that of the thermal elimination.

Ethanolysis of Azetidinium Salt 3.—A suspension of 1.00 g 
(3.46 mmol) of the azetidinium perchlorate in 50 ml of ethanol 
was heated under reflux with stirring for 28 hr. Subsequent 
removal of the solvent in vacuo yielded an oil which was taken up 
into ethyl acetate. Addition of ether precipitated 0.51 g of 
crude product. Recrystallization from ethyl acetate-ether 
afforded an analytical sample of N-(3-ethoxy-3-methylbutyl)-N- 
methylbenzylamine perchlorate (25b) as colorless prisms: mp 
74-75°; vT™  3070 cm“ 1 (shoulder, N+-H); nmr (in CDC13), 
at r  2.52 (s, C6H5), 5.57 (d, J  = 5.0 cps, ArCH2-N +), 6.4-6.9 
(hidden multiplet, CH2CH2-N +), 6.61 (q, CII3CH2-0 ) ,  7.01 
(d, J  = 4.5 cps, CH3- N +), 8.10 (unresolved triplet, CH2CH2-N +),
8.80 and 8.96 (s, s, (CH3)2C -0), 8.88 (partially hidden triplet, 
CH3CH2-0 ) .

Anal. Calcd for C1SH26C1N0S: C, 53.65; H, 7.80; N, 4.17. 
Found: C, 53.75; H, 7.86; N, 4.08.

The crude ethanolysis product was treated with 5% aqueous 
sodium hydroxide, and the amine mixture thus liberated was 
extracted into ether and worked up as usual. Glpc analysis 
(200°) and nmr spectra of this mixture demonstrated the presence 
of two components, N-(3-ethoxy-3-methylbutyl)-N-methylbenzyl- 
amine (27b) (58%) and N-methyl-N-(3-methyl-3-buten-l-yl)- 
benzylamine (29) (42%). The amino ether exhibited nmr (in 
CDCls) signals at r  2.71 (s, C6H6), 6.51 (s, ArCH2-N ), 6.67 
(partially hidden quartet, CH3CH2-0 ) ,  7.3-7.7 (partially hidden 
multiplet, CH2CH2-N ), 7.81 (s, CH3-N ), 8 .2-8.5 (partially 
hidden triplet, CH2CH2-N ), 8.86 (s, (CH3)2C -0), 8.91 (t, 
CH3CH2-0 ) .

Reaction of Azetidinium Salt 3 with Sodium Methoxide.—A
mixture of 1.00 g (3.46 mmol) of the azetidinium perchlorate and
1.60 g (29.6 mmol) of sodium methoxide in 30 ml of acetonitrile 
was stirred at room temperature for 18 hr. At the end of this 
time, the mixture was treated with aqueous sodium hydroxide 
and extracted with ether. Drying of the extracts over anhydrous 
potassium carbonate and evaporation of the solvent in vacuo 
afforded N-methyl-N-(3-methyl-3-buten-l-yl)benzylamine (29) 
as a yellow oil; nmr (in CCh) signals appeared at r  2.82 (s, 
C6H5), 5.34 (apparent singlet, C = C H 2), 6.59 (s, ArCH2-N ),
7.4-8.0 (partially hidden multiplet, C-CH2-C H 2-N ), 7.89 
(s, CHa-N), 8.32 (s, CH3-C = C ).

Reaction of Azetidinium Salt 3 with Acetone.—A solution of
2.00 g (6.91 mmol) of the azetidinium salt in 50 ml of acetone 
was heated under reflux for 6 days. Subsequent removal of the 
solvent in vacuo afforded an oil which eventually crystallized after 
repeated treatments with ether. Chromatography on silica gel 
using ethyl acetate for elution yielded 0.79 g (40%) of N-methyl-N- 
(3-methyl-3-buten-l-yl)benzylamine perchlorate (28). An ana
lytical sample, colorless plates from ethyl acetate-ether, had mp 
107-109°; *“ C" 3070 (shoulder, N+-H), 1650, 905 cm-» (C =  
CH2); nmr (in CDC13), at t 2.55 (s, C6H5), 5.20 (apparent singlet, 
C = C H 2), 5.61 (d, J  = 5.5 cps, ArCH2-N+), 6.4-6.9 (m, C- 
CH2CH2-N+), 7.07 (d, J  = 4.5 cps, CH3-N+), 7.51 (t, C-CH2- 
CH2-N+), 8.32 (s, CH3-C = C ).

Anal. Calcd for Ci3H2„C1N04: C, 53.88; H, 6.96; N, 4.83. 
Found: C, 54.12; H, 7.15; N, 4.59.

Reaction of Azetidinium Salt 3 with Acetonitrile.—A solution 
of 500 mg (1.73 mmol) of the azetidinium perchlorate in 50 ml 
of acetonitrile was heated under reflux for 3 days. The aceto
nitrile was then removed in vacuo, and the residue was treated 
with ether and filtered to yield 483 mg (97%) of N-methyl-N- 
(3-methyl-3-buten-l-yl)benzylamine perchlorate (28).

Reaction of Azetidinium Salt 3 with Sodium Iodide.—A mixture 
of 870 mg (3.0 mmol) of the azetidinium salt and 750 mg (5.0 
mmol) of sodium iodide in 60 ml of acetone was heated under reflux 
with stirring for 22 hr. The acetone was then removed in vacuo, 
and the residual mixture was treated with 6% aqueous sodium hy
droxide and extracted with ether. The combined extracts were 
dried over anhydrous potassium carbonate and evaporated to yield 
562 mg (99%) of N-methyl-N-(3-methyl-3-buten-l-yl)benzyl- 
amine (29), identified by its nmr spectrum (in CDC13).

4,5,5-Trim ethyl-A'-pyrroline 1-Oxide (30a) and 5,5-Dimethyl- 
A’-pyrroline 1-Oxide (30b).—The procedure of Bonnett, ct al.,33 
involving reductive cyclization of the corresponding y-nitro- 
aldehydes, was employed. These nitrones were stored at 5° 
under nitrogen to minimize decomposition.

General Procedure for the Formation of Nitrone-Azetidinium 
Salt Adducts.—l-Benzyl-l,2,2-trimethylazetidinium perchlorate 
(3) was added in portions to an excess of nitrone, and the two 
reactants were mixed as thoroughly as possible. There was no 
perceptible heat evolved during this mixing. The reaction was 
allowed to proceed for 9 days at room temperature with periodic 
shaking. At the end of this time, the azetidinium salt had 
dissolved completely. The mixture was then heated at 60° for 
12 hr to push the reaction to completion. Treatment with 
excess ethyl acetate precipitated the adduct in a form sufficiently 
pure for most purposes.

A mixture of 2.90 g (10.0 mmol) of the azetidinium salt and
10.2 g (80.5 mmol) of 4,5,5-trimethyl-A»-pyrroline-l-oxide (30a) 
yielded 2.05 g (49%) of 6-benzyl-3,3,6,9,10,10-hexamethyl-2- 
oxa-l-aza-6-azoniabicyclo[5.3.0]decane perchlorate (31a). The 
analytical sample, colorless needles from isopropyl alcohol, 
had mp 164.0-164.5°; no infrared maxima corresponding to 
O-H or N+-H; nmr (in CDC13), at r  2.52 (s, C6H5), 5.46 (s, 
ArCH2-N +), 5.62 (partially hidden unresolved multiplet, 
N-CH-N+), 6.51 (m, CH2CH2-N+), 6.91 (s, CH3-N+), 7 .3- 8.0 
(several multiplets, CH2CII2- N + and CH3-CH -C H 2), 8.7-9.2 
(several signals, (CH3.2C -0 , (CH3)2C-N, and CII3-CH).

Anal. Calcd for C2cH33C1N20 5: C, 57.61; H, 7.98; N, 6.72. 
Found: C, 57.68; II, 8.14; N, 6.87.

From 1.45 g (5.0 mmol) of the azetidinium perchlorate and 
4.52 g (40.0 mmol) of 5,5-dimethyl-A'-pyrroline-l-oxide (30b) 
there was obtained 0.83 g (41%) of 6-benzyl-3,3,6,10,10-penta- 
methyl-2 -oxa-1 - aza-6 -azoniabicyclo[5.3.0]decane perchlorate 
(31b). An analytical sample, colorless needles from isopropyl 
alcohol, had mp 157-158° dec; no O-H or N+-II  bands in the 
infrared spectrum; nmr (in CDC13), at t 2.53 (s, Cells), 5.47 
(s, ArCIl2-N +), 5.61 (partially hidden unresolved multiplet, 
N-CH-N+), 6.51 (m, CIT2CH2-N+), 6.93 (s, CH3-N+), 7.5-8.6 
(several multiplets, CH2CH2- N + and C-CII2CH2-C ), 8.80 and 
8.93 (s, s, (CII3)2C -0  and (CH3)2C-N).

Anal. Calcd for Ci9H3iC1N20 5: C, 56.63; II, 7.75; N, 6.95. 
Found: C, 56.80; H, 7.59; N, 6.75.

Lithium Aluminum Hydride Reduction of Adduct 31a.—To a 
stirred slurry of 380 mg (10.0 mmol) of lithium aluminum hydride 
in 25 ml of 1,2-dimethoxyethane was added 1.25 g (3.0 mmol) 
of adduct 31a. The mixture was heated under reflux for 26 hr 
and was treated subsequently with 0.76 ml of water and 0.61 ml 
of 10% aqueous sodium hydroxide. The salts thus precipitated 
were filtered and washed with hot solvent . The filtrate was then 
acidified with aqueous hydrochloric acid and evaporated in vacuo. 
Treatment of the residue with 25% aqueous sodium hydroxide 
liberated a free amine which was extracted into ether. The 
combined extracts were dried over anhydrous potassium carbon
ate and evaporated in vacuo to yield 926 mg (97%) of N-methyl- 
N-[3-methyl-3-(2',2',3'-trimethylpyrrolidin -1' - oxy )butyl] benzyl- 
amine (32a) as a yellow oil: no O-H or N -H  bands in the infrared 
spectrum; nmr (in CDC13), at t 2.70 (s, Cells), 6.50 (s, ArCII2-  
N), 6.7-7.3 (unresolved multiplet, CH2-N -0 ) , 7.3-7.7 (m, 
CH2-N(CH 3)-CH2Ar), 7.81 (s, CH3-N ), 8 .1-8.6 (m, (CH3)2- 
C-CH2 and CH3-CH -C H 2), 8.85 (s, (CH3)2C -0), 8.98 and 9.20 
(s, s, (CH3)2C-N ), 9.12 (partially hidden doublet, J  = 6.5 cps, 
CH3-CH).
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Zinc-Acetic Acid Reduction of 32a.—Activated zinc dust39 
(5.0 g. 77 mg-atoms) was added in portions to a solution of 913 
mg (2.9 mmol) of 32a in 30 ml of 50% aqueous acetic acid. The 
resulting mixture was then heated at 100° with vigorous stirring 
for 50 hr. At the end of this time, the residual zinc dust was 
filtered and washed with water. The filtrate was acidified with 
3 ml of concentrated hydrochloric acid and was evaporated in 
vacuo. Upon treatment of the residue with excess 25% aqueous 
sodium hydroxide, an amine mixture was liberated. This was 
extracted into ether and the combined extracts were dried over 
anhydrous potassium carbonate. The ether was then removed 
by slow distillation through a 6-in. Vigreux column. Glpc 
analysis (80-200°) of the residual liquid demonstrated the 
presence of two major components, the retention times of which 
were found to be identical with those of authentic 2,2,3-trimethyl- 
pyrrolidine (33) and 4-(N-benzyl-N-methylamino)-2-methyl-2- 
butanol (34). Integration of the glpc trace indicated that the 
yields of the trimethylpyrrolidine and the amino alcohol were 
94% and quantitative, respectively.40 Small samples of both 
components were collected (70-200°). The infrared and nmr 
spectra of these compounds proved to be identical in all respects 
with those of authentic 33 and 34.

2,2,3-Trimethylpyrrolidine (33) was prepared as described 
previously1 by deoxygenation of nitrone 30a with triphenyl- 
phosphine followed by lithium aluminum hydride reduction of 
the intermediate 4,5,5-trimethyl-A'-pyrroline.

Methyl 3-(N-Benzyl-N-methylamino)propionate (35).—A solu
tion of 34.4 g (0.40 mol) of methyl acrylate and 52.0 g (0.43 mol)

(39) F isch e r re a g e n t g ra d e  zinc d u s t  w as t r e a te d  successively  w ith  2%  
aq u eo u s  h y d ro ch lo ric  ac id , w a te r. 95%  e th an o l, a n d  e th e r. T h e  m e ta l th u s  
a c tiv a te d  w as d rie d  a n d  s to re d  in  a  v ac u u m  desicca to r.

(40) A n  in te g ra te d  g lpc  t r a c e  w as a lso  o b ta in e d  fo r a  know n  m ix tu re  of 
a u th e n tic  3 3 a n d  34 so as  to  co rrec t fo r th e  d iffe rence in d e te c to r  response  
to w a rd  th e  tw o  com p o n en ts .

of benzylmethylamine in 150 ml of methanol was allowed to 
stand at room temperature for 9 days. The methanol was then 
removed in vacuo and the residue was distilled to yield 77.2 g 
(93%) of the amino ester as a clear colorless liquid: bp 73-75° 
(0.001 mm); 1745 cm-1 (C = 0 ); nmr (in CDC13), at r 
2.75 (s, C6H5), 6.40 (s, CH3-0 ) ,  6.54 (s, ArCH2-N ), 7.41 (A2B2 
system, C-CH2CH2-N ), 7.85 (s, CH3-N ).

Anal. Calcd for C12N 17N 02: C, 69.53; II, 8.27; N, 6.76. 
Found: C, 69.57; H, 8.35; N, 6.90.

4-(N-Benzyl-N-methylamino)-2-methyl-2-butanol (34).—To
7.3 g (0.30 g-atom) of magnesium turnings under nitrogen was 
added a small portion of a solution of 45.5 g (0.32 mol) of methyl 
iodide in 150 ml of et her. As soon as a turbidity began to develop, 
stirring was started, and the initial vigorous reaction was 
moderated by cooling in an ice bath. The remainder of the 
methyl iodide solution was then added dropwise at a rate such 
that gentle reflux was maintained. The resulting solution was 
treated with an additional 50 ml of ether and was stirred for 1 
hr at room temperature. A solution of 10.4 g (0.05 mol) of 
methyl 3-(N-benzyl-N-methylamino)propionate (35) in 100 ml 
of ether was then added dropwise with stirring. Following this 
addition, the mixture was heated under reflux for 5 hr. Work-up 
was effected by cooling the mixture in an ice bath and adding 
saturated aqueous ammonium chloride dropwise with stirring 
until the precipitate of magnesium salts became granular. The 
precipitate was filtered and washed thoroughly with ether. The 
filtrate was then dried over anhydrous potassium carbonate and 
evaporated in vacuo. Distillation of the residue through a 12-in. 
spinning-band column afforded 2.36 g (23%) of the amino alcohol 
as a clear colorless oil: bp 66-67° (0.025 mm); 3350 (broad, 
O-H), 1167 cm-1 (C-O); nmr (in CDCI3), a t t 2.72 (s, C6H5), 
4.12 (s, OH), 6.50 (s, ACH2-N ), 7.32 and 8.38 (A2X2 system, 
C-CH2CH2-N ), 7.79 (s, CII3-N ), 8.86 (s, (CH3)2C -0).

Anal. Calcd for C,3H21NO: C, 75.32; II, 10.21; N, 6.76. 
Found: C, 75.20; II, 10.22; N, 6.96.
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Reactions of isomeric dimethylpyrazines and trimethylpyrazine witli methyllithium were studied in some de
tail. Evidence was found for hvdropyrazine intermediates in the ring méthylation of 2,5-dimethylpyrazine (1). 
Metalation of the side chain of 1 was observed, as well as ring méthylation. In ether solvent vicinally dimethyl- 
ated pyrazines gave products resulting exclusively from side-chain metalation. Subsequent alkylation and 
carbéthoxylation of these metalated species gave low to moderate yields of side-chain-extended products. In 
hexane and benzene solvents 2,3-dimethylpyrazine underwent partial ring alkylation with ethyllithium and 
ra-butyllithium to form trialkylpyrazines.

Methyl-substituted pyrazines react with organo
lithium reagents to form products resulting from ring 
alkylation (or arylation) and side-chain metalation.

Examples of ring alkylation were first reported by 
Spoerri1'2 who found that 2,5-dimethylpyrazine (1 ) re
acted to form 3-alky 1-2,5-dimethylpyrazines (2) (eq 1 ).

1 2

In the metalation reaction organolithium reagents 
attack the side chain of a methylpyrazine to form the 
corresponding pyrazylmethyllithium. Thus Levine3 
found that methylpyrazine (3) reacted with phenyl- 
lithium to produce pyrazylmethyllithium (4) (eq 2),

(1) B . K le in  a n d  P . E . S poerri. J .  A m er. Chem . Soc., 72 , 1844 (1950).
(2) B . K le in  a n d  P . E . S poerri. ib id ., 73, 2949 (1951).
(3) J . D . B eh u n  a n d  R . L ev ine , ib id ., 81, 5157 (1959).

3 4

instead of products resulting from ring phenylation.
In contrast to the result obtained with 3, no suc

cessful attempt to metalate the side chain of a dimethyl- 
pyrazine or trimethylpyrazine with an organolithium 
reagent has been reported. In fact it was only very 
recently that a monolithio derivative of tetramethyl- 
pyrazine was prepared.4

In the present study we investigated some reactions 
of dimethylpyrazines and trimethylpyrazine with 
organolithium reagents in order to learn more about 
the mechanism of ring alkylation, and also to gain 
further insight into factors involved in the competition 
between ring alkylation and side-chain metalation re
actions.

(4) S. K . C h a k ra b a r t ty  a n d  R . L ev ine, J .  Heterocycl. Chem ., 1, 196 (1964).
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Results

Evidence for Hydropyrazine Intermediates in the 
Ring Alkylation of Methylpyrazines.—The méthylation 
of 2,5-dimethylpyrazine (1) with methyllithium was re
investigated and the reactions involved are shown in 
Scheme I. Addition of 1 molar equiv of 1 to ethereal 
methyllithium at 0° yielded a solid red adduct which 
was hydrolyzed with water to form trimethylpyrazine 
(11) in 31% yield together with 4.5% of a previously 
undetected reaction product, tetramethylpyrazine (12). 
A quantity (18%) of 1 was recovered unchanged. In 
a separate experiment it was shown that 1 , 1 1 , and 12 
were indeed products resulting from hydrolysis of the 
solid adduct since only traces of pyrazines could be de
tected when the solid was removed by filtration prior 
to the water addition step. Also, a low yield of 
gaseous products was observed during hydrolysis 
(ca. 0.05 mol of gas/mol of methyllithium used), 
which precluded the presence of any significant amount 
of free or complexed lithium hydride. These ob
servations did not agree with previously postulated 
hydride elimination mechanisms,1’5 6 but instead they 
suggested that the initially formed red precipitate was 
probably a mixture of the adducts 5 and 6 and possibly 
a methyl-metalated species 7. Hydrolysis of 5 and 6 
should have yielded the 1 ,2-dihydropyrazine (8) and 
the 1,2,3,4-tetrahydropyrazine (9). Indeed, infrared 
analysis of a crude, hydrolyzed reaction mixture known 
to contain 1 , 1 1 , and 12 showed absorptions in regions 
not attributable to fully aromatic pyrazine species 
[5.98 and 6.07 (C=N) and 2.88 u (broad NH)]. 
Similar absorption maxima were observed by Corn- 
forth6 who interpreted them as being characteristic 
of 1,2-dihydropyrazines. We concluded that dihydro- 
pyrazines and tetrahydropyrazines were probably 
formed as transient intermediates during the alkylation 
of methylpyrazines and that subsequent oxidation of 
these labile species7 with atmospheric oxygen during

(5) M. E. Strem, Dissertation Abstr., 26, 1355 (1965).
(6) J. W. Cornforth, J. Chem. Soc., 1174 (1958).

work-up yielded the isolable alkylmethylpyrazines. 
Additions of organolithium compounds to pyridine8 and 
phthalazines9 have been shown to proceed via  similar 
hydroaromatic intermediates, and the instability of 
these partially reduced aromatic systems toward 
oxidation is wrell known. Several attempts to trap 
the fugitive intermediates 8 and 9 by treating initial 
methyllithium reaction products with dimethyl sulfate 
and methyl benzoate were not successful. The re
sult obtained with dimethyl sulfate was understandable 
since an N-methylated homolog of 8 which was pre
pared earlier by Karrer10 was shown to be rather 
sensitive to chemical manipulation.

The tetramethylpyrazine (12) observed in the re
action of 1 and methyllithium was probably formed via 
the bis adduct 6, (presumably formed by further attack 
of methyllithium on 5) since it was found that 11 could 
not be converted into 12 with methyllithium under 
similar reaction conditions. In fact, addition of pure 
1 1  to an ethereal solution of methyllithium led only 
to side-chain metalation (see below) with complete 
recovery of starting material after hydrolysis. The 
proposed intermediate tetrahydropyrazine 9 would 
readily yield 12 during work-up by air oxidation.11

The reaction of 2,6-dimethylpyrazine (13) with 
methyllithium appeared to take a similar course to 
that observed for the 2,5 isomer l .12 In this case 
addition of 1 molar equiv of 13 to ethereal methyl
lithium gave, after hydrolysis, a 7% yield of 11 plus 51% 
recovered 13. In the case of 13, no 12 could be de
tected in the crude reaction product.

(7) The great facility of dihydropyrazines to undergo oxidation with 
atmospheric O2 to form pyrazines is well known; cf. Y. T. P ra tt in “ Hetero
cyclic Compounds,” Vol. 6, R. C. Elderfield, Ed., John Wiley and Sons, Inc., 
New York, N. Y., 1957, p 408.

(8) K. Ziegler and H. Zeiser, Chem. B er., 63, 1847 (1930).
(9) A. Hirsch and D. G. Orphanos, J. H eterocycl. C hem ., 3, 38 (1966).
(10) P. Karrer, T. Isii, F . W . Kahnt, and J. van Bergen, Helv. C h im . A c ta , 

2 1 , 1174 (1938).
(11) H. I. X . Mager and W . Berends, Rec. T rav . C h im ., 8 4 , 314 (1965).
(12) Compound 13 has been successfully metalated with sodium amide in 

liquid N H 3 ; cf. R. Levine and coworkers, J. Org. C hem ., 29, 191 (1964), and 
earlier papers.
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Metalation of 2,5-Dimethylpyrazine with Methyl- 
lithium.—The presence of a methyl metalated species 
7 in the initial reaction mixture of 2,5-dimethyl- 
pyrazine (1 ) and methyllithium was established by 
trapping it with methyl benzoate. The initial red 
adduct of 1 and methyllithium was treated with 
methyl benzoate in situ at 0°. In this way there was 
obtained a 14% yield of 2-methyl-5-phenacylpyrazine
(10) which was identical with the authentic ketone 
prepared by the method of Strem.5 Since it is known 
that pyrazylmethyllithium reagents are benzoylated 
with methyl benzoate,4 it was concluded that methyl 
metalation had taken place during the reaction of 1 
with methyllithium, and that the extent of metalation 
was probably in the order of 20%.

Reactions of 2,3-Dimethylpyrazine (14) and Tri- 
methylpyrazine (11) with Organolithium Reagents.— 
Reactions involving 14 are shown in Scheme II. 
The addition of 14 to ethereal methyllithium at 0° 
afforded an insoluble red precipitate, apparently similar 
to those formed from 1 and 13, but its formation was 
accompanied by an evolution of a gas (71% yield, 
presumed to be methane). Subsequent hydrolysis 
led only to the recovery of 14; no trace of 11 could be 
detected. These results suggested that metalation of 
14 had occurred to the complete exclusion of azomethine 
addition. Attempts to alkylate the ring with methyl
lithium and ethyllithium in ether under more forcing 
conditions (i.e., excess reagent at ca. 25°) still did 
not yield trialkylpyrazines, but rather resulted in de
composition of starting materials to unidentified tarry 
products. The presence of methyl-metalated species 
in the original reaction mixture was confirmed by treat
ing the red precipitate with dimethyl sulfate. As a 
result side-chain alkylation took place to form 2-ethyl-
3-methylpyrazine (15) and 2,3-diethylpyrazine (16) 
in 39 and 10% yields, respectively. Similar reaction 
of the red precipitate with diethyl carbonate produced
2-carbethoxymethyl-3-methylpyrazine (17) in 17%

yield. When the metalation reactions were attempted 
in benzene or hexane solvent some ring alkylation 
did occur. Thus reactions of 14 with ethyllithium and 
n-butyllithium, respectively, produced 2,3-dimethyl-5- 
ethylpyrazine (18) and 2-n-butyl-5,6-dimethylpyra- 
zine (19) in 6 and 8% yields.

As mentioned previously trimethylpyrazine (11) 
and methyllithium did not react to yield tetramethyl- 
pyrazine (12) but instead methyl metalation was the 
only reaction observed. In this case treatment of the 
initially formed lithium derivatives with dimethyl sul
fate produced 2,5-dimethyl-3-ethylpyrazine (20) and
2,6-dimethyl-3-ethylpyrazine (21) each in 4% yield 
together with 27% recovered 11 (eq 3). No trace

lMeU Me. 
u  2. Me2S04 ) Y Y

^ N 'S f e
20 21

of 18 was observed in the crude reaction product. The 
reason for the observed solvent effect in reactions of 14 
with ethyllithium is still not clear. It is possible 
that the smaller steric requirement of a presumably 
monomeric, unsolvated lithium reagent compared with 
the same reagent in ether, would favor its adding across 
the pyrazine-azomethine linkage.

Experimental Section
Reactions involving organometallic compounds were carried 

out in an atmosphere of predried nitrogen. Gas chromato
graphic analyses and preparative separations of alkylpyrazines 
were accomplished using a 20 ft X 0.25 in. stainless steel column 
packed with 18% DEGS on 60-80 mesh, silanized, acid-washed 
Chromosorb W, and a 10 ft X 0.25 in. stainless steel column 
packed with 15% SF-96on a similar support . Nominal column 
temperatures ranged from 100-150° and the flow rate of carrier 
gas (He) was 50 ml/min. The first-mentioned column was more 
effective for resolving isomeric alkylpyrazines. Infrared spectra 
were obtained on CS2 solutions unless otherwise specified using

MeW Me 

'Et
+ L I  (3)
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a Perkin-Elmer Model 137 “ Infracord” spectrophotometer. 
Nmr spectra were determined with a Varian HA-100 instrument. 
Samples were run as 5-10% solutions in CC14 and chemical shifts 
observed a t 100 MHz are expressed in t units relative to tetra- 
methylsilane (internal standard). Multiplicity is indicated by 
letters in parentheses where s = singlet, d = doublet, t  = triplet, 
q = quartet, and m = complex, unresolved multiplet. Melting 
points were observed in open capillaries and are uncorrected. 
Microanalyses were performed by Mr. T. Atanovich and asso
ciates of these laboratories and by the Spang Microanalytical 
Laboratory, Ann Arbor, Mich. Samples of methylpvrazine,
2 ,5-dimethylpyrazine, 2 ,6-dimethylpyrazine, and tetramethyl- 
pyrazine were obtained commercially and the first three named 
were distilled from CaH2 prior to use.

Reactions of 2,5-Dimethylpyrazine (I) with Methyllithium 
(MeLi). A. Ring Méthylation.—The procedure of Spoerri1 was 
repeated with slight modification. A stirred, ice-cold solution of 
MeLi in ether (125 ml of 1.62 M  MeLi reagent, Alpha Inorganics, 
Inc.) was treated dropwise with a solution of 2,5-dimethyl
pyrazine (1 ) (21.6 g, 0.20 mol) in 25 ml of ether. The dark red 
solid which formed was stirred vigorously for 10 min at 0° and 
for 30 min at 25° and finally was cooled again to 0°. Water was 
added to decompose the red precipitate, and organic products 
were isolated by continuous ether extraction (16 hr). Distillation 
of the crude product afforded 13.76 g of a pale orange oil, bp 
35-83° (35 mm), which was shown by glpc and infrared analysis 
to consist of 1 (18% recovery), trimethylpyrazine (11) (31% 
yield), and tetramethylpyrazine (12) (4.5% yield). In a similar 
experiment (run on 0.02-mol scale) the initially formed red solid 
was removed from the reaction mixture by filtration prior to 
aqueous hydrolysis. The resulting clear filtrate was washed with 
saturated brine and dried over MgS04. Evaporation of the 
filtered ether solution afforded 0.074 g of 11 (0.03% yield). In 
another experiment (run on 0.00167-mol scale) an attem pt was 
made to measure gas evolution during hydrolysis of the MeLi 
adduct at 0°. Thus, addition of 1 ml of water led to the evolution 
of 3.4 ml of gas (collected over water at 26.5° and 745 mm). 
Under these conditions 0.00167 mol of II2 would have occupied
44.8 ml.13

B. Side-Chain Metalation.—A stirred, ice-cold solution of 1 
(8.64 g, 0.080 mol) in 80 ml of ether was treated dropwise with
50.0 ml of 1.62 M  ethereal MeLi (0.081 mol) over ca. 10 min. 
Then, at 0°, a solution containing 10.87 g (0.080 mol) of freshly 
distilled methyl benzoate in 40 ml of ether was added and stirring 
was continued for 1 hr. After standing 2 hr at 25° the reaction 
mixture was worked up with water and ether as described in part 
A (above) to yield 17.9 g of a dark, viscous oil. The crude 
product was chromatographed over silica (60-90 mesh Florex) 
using benzene and increasing amounts of ether in benzene as 
eluting solvents. Elution with 2-10% ether afforded 14% of 10 
which, after two recrystallizations from 95:5 ethanol-methanol, 
had mp 104.5-106.5°.

Anal. Calcd for C,3H 12N20 : C, 73.56; H, 5.70; N, 13.20. 
Found: C, 73.3; H, 5.3; N, 13.2.

The 2,4-dinitrophenylhydrazone was obtained in the form of 
yellow-orange needles from methanol, mp 215-218.5°.

Anal. Calcd for Ci9H16N60 4: C, 58.16; H, 4.1 1 ; N, 21.42. 
Found: C, 58.3; H, 4.3; N, 21.4.

The infrared (CH2C12 and CS2 solution) and nmr spectra of 10 
were identical with those of the authentic ketone,6 and a mixture 
melting point of the two substances was not depressed.

Reaction of 2,6-Dimethylpyrazine (13) with MeLi.—Addition 
of 2.16 g (0.020 mol) of 13 to 1 molar equiv of ethereal MeLi in 
the manner described for 1 (above) yielded, after work-up and 
distillation, 1.29 g of volatile products, bp 52-80° (10 mm). 
Glpc analysis indicated a 7% yield of 1 1  plus 51% recovered 13.

Reactions of 2,3-Dimethylpyrazine (14) with MeLi. A. 
Ring Méthylation Attempts.—An ether solution containing 3.51 
g (0.0325 mol) of 14 was added to an equivalent amount of 
ethereal MeLi in the manner described for 1 (above). De
composition of the initially formed red solid with water followed 
by ether extraction yielded 3.28 g (94%) of crude 14. Short- 
path distillation of this material afforded 2.85 g (81%) of glpc 
pure 14, bp 52-60° (12 mm).

Glpc analysis of the crude product showed only a trace of 1 1 . 
Similar experiments carried out with a large (^tenfold) molar 
excess of MeLi or EtLi at 25° also led only to 14.

(13) C o rrec ted  fo r th e  s o lu b ility  of H , in  e th e r  a t  0°.

B. Side-Chain Metalation.—A flask arranged for collection 
of evolved gases was charged with 10.0 ml of 1.62 M  ethereal 
MeLi and stirred at 0°. Dropwise addition of 1.71 ml (0.0162 
mol) of anhydrous 14 to the MeLi solution led to immediate gas 
evolution (0.0112 mol) and concomitant precipitation of a deep 
red solid. The red precipitate was treated dropwise with a solu
tion of freshly distilled dimethyl sulfate (1.51 ml, 0.0162 mol) 
in 5 ml of ether. After 30 min at 0° and 2 hr at 25° water was 
added ; the mixture was worked up as described in A to give 1.64 g 
of yellow oil. Distillation gave 1.27 g of distillate, bp 63-88° 
(16 mm). Glpc analysis indicated three compounds which were 
isolated (preparative glpc) and identified as 14, 2-ethyl-3- 
methylpyrazine (15), and 2,3-diethylpyrazine (16) by their 
nmr and infrared spectra. The glpc yields of 15 and 16 were 
39 and 10%, respectively. Recovery of 14 was 15%.

C. Carbéthoxylation of Metalated 14 with Diethyl Carbonate. 
—The metalation reaction described in part B was repeated on 
a 0.02-mol scale. The red suspension was stirred at 0° while a 
solution of diethyl carbonate (1.21 ml, 0.010 mol) in 5 ml of 
ether was added dropwise over 5 min. After stirring 30 min at 
0° and 2 hr at 25°, the mixture was decomposed with water and 
extracted with ether. Distillation of the crude product obtained 
after concentration of the dried (MgS04) ether solution yielded 
1.58 g of an oil, bp 64-157° (27 mm), which was shown by glpc 
analysis to contain 14 (32% recovery) and 2-carbethoxymethyl-
3-methylpyrazine (17) (17% yield). Compound 17 was isolated 
by preparative glpc as a clear, pale yellow oil.

Anal. Calcd for C9HI2N20 2: C, 59.98; H, 6.71; N, 15.55. 
Found: C, 59.9; II, 6.8; N, 15.6.

The infrared spectrum showed characteristic ester absorption 
at 5.75 n- Nmr analysis showed peaks a t r  1.78 (m, ring pro
tons, 2 11), 5.90 (q, CH2C < , 2 H), 6.27 (s, -C H 2- ,  2 II), 7.51 
(s, ring methyl, 3 H), 8.74 (t, CH3C <, 3 H).

Reactions of Trimethylpyrazine (11) with MeLi.—To a stirred, 
ice-cold mixture of 3.0 ml of 1.62 M  ethereal MeLi and 3.0 ml 
of ether was added a solution containing 0.237 g (0.00194 mol) 
of glpc pure 11 in 2 ml of ether. After 2 hr at 0°, water (2 ml) 
was added, and the mixture was extracted with ether. Concen
tration of the dried (MgS04) ether solution afforded 100% re
covery of 11. No 12 could be detected in the crude product by 
glpc. A similar reaction mixture prepared from 0.253 g (0.0021 
mol) of 11 and an equivalent amount of MeLi was treated drop- 
wise with 0.20 ml (0.0021 mol) of dimethyl sulfate in a few milli
liters of ether. Addition of water followed by ether work-up 
yielded 0.235 g of crude product. Evaporative distillation at 
80-160° (15 mm) afforded 0.117 g of a yellow oil which was 
resolved into three components by preparative glpc. The com
pounds identified (infrared spectra and glpc retention times) 
were 11, 2,5-dimethyl-3-ethylpyrazine2'H (20), and 2,6-dimethyl-
3-ethylpyrazmeH (2 1 ). Materials 20 and 21 were obtained in 4 
and 6% yields, respectively, together with 27% of recovered 11.

2.3- Dimethylpyrazine (14).—To 64.0 g (0.582 mol) of 2,3- 
dimethyl-5,6-dihydropyrazine14 15 contained in a 3-1., round- 
bottomed flask were added 1200 ml of 33% aqueous KOH solu
tion and 320 g of reagent-grade HgCl2. After heating and stirring
2.5 hr on a steam bath, the flask was arranged for steam distilla
tion, and 1 1. of aqueous distillate was collected. Continuous 
ether extraction (16 hr) followed by distillation afforded 17.6 g 
(28%) of 14, bp 156-158°, picrate derivative, mp 151-153° 
(lit.16 bp 156°, picrate mp 150°).

2-Ethyl-3-methylpyrazine (15).—Compound 15 was prepared 
in a manner similar to 14. Thus 59.0 g (0.476 mol) of 2-ethyl-3- 
methyl-5,6-dihydropy:-azine (prepared from 2,3-pentanedione 
and ethylenediamine by the method reported for the synthesis of 
the 2,3-dimethyl homolog)11 was oxidized with HgCl2 to yield, 
after distillation, 9.8 g (17%) of 15: bp 69-70° (16 mm); nmr, 
t 1.88 (m, ring protons, 2 H), 7.57 (s, ring CH3, 3 H), 7.28 
(q, CH2, 2 H), 8.77 (t, chain CH3, 3 H).

Anal. Calcd for C7H,0N2: C, 68.82; H, 8.25; N, 22.93. 
Found: C, 68.9; H, 8.5; N, 22.5.

2.3- Diethylpyrazine (16).—The pyrazine 16 was prepared by 
the method outlined for 14 and 15 starting with 3,4-hexanedione17 
and ethylenediamine. The over-all yield of steam distilled, glpc 
pure 16 was 15%. A sample of the oily product was purified for

(14) G . P . R izzi, J .  Agr. Food Chem ., 15, 549 (1967).
(15) T . Ish ig u ro  a n d  M . M a ts u m u ra , Y a k u g a k u  Z a ssh i,  78 , 229 (1958 ); 

Chem. A bstr ., 52, 11862 (1958).
(16) B eils te in , “ H an d b o o k  of O rgan ic  C h e m is try ,”  V ol. 23, S p rin g e r-  

V erlag , B erlin , 1936, p  95.
(17) W . R ig b y , J ,  Chem . Soc., 793 (1951).



analysis by preparative glpc. Nmr analysis gave peaks at r
1.84 (s, ring protons, 2 H), 7.24 (q, CII2, 4 H), 8.75 (t, chain 
CH3, 6 H).

Anal. Calcd for C8H,2N2: C, 70.55; H, 8 .88; N, 20.57. 
Found: C, 70.7; H, 8.9; N, 20.7.

2,3-Dimethyl-5-ethylpyrazine (18).—A 50-ml portion of 2.22 
M  ethyllithium in benzene (0.111 mol, Alpha Inorganics, Inc.) 
was stirred and cooled to 10° while a solution of 14 (2.17 g, 0.020 
mol) in benzene (10 ml) was added dropwise. The dark red 
slurry which formed was stirred 0.5 hr at 0° and 21.5 hr at 25°. 
After recooling to 0°, water was admitted and organic products 
were extracted with ether. Short-path distillation yielded 0.548 
g of pale yellow oil, bp 60-102° (15 mm). Analysis of this oil 
by glpc indicated two major products, recovered 14 and 2,3- 
dimethyl-5-ethylpyrazine. The glpc yields of 14 and 18 were 
18 and 6%, respectively. An analytical specimen of 18 was iso
lated by preparative glpc and further purified by evaporative 
distillation. Nmr analysis gave peaks at r  2.03 (s, ring proton, 
1 H), 7.61 (s, ring methyls, 6 H), 7.36 (q, CH2, 2 H), 8.76 
(t, ethyl CH3, 3 H).

Anal. Calcd for C„H12N2: C, 70.55; H, 8 .88; N, 20.57. 
Found: C, 70.6; H, 8.9; N, 20.6.

2-n-Butyl-5,6-dimethylpyrazine (19).—A mixture containing 
10 ml of dry hexane and 20.0 ml (0.032 mol) of 1.6 M  n-butyl- 
lithium in hexane (Foote Mineral Co.) was stirred at 0° and 
treated dropwise (over 10 min) with a solution of 14 (1.74 g, 
0.016 mol) in 5 ml of hexane. After stirring 1 hr at 0° and 1 hr
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at 25°, the reaction mixture was cooled and decomposed with 
water (10 ml). Ether extraction afforded 1.8 g of crude product 
which, after short-path distillation, yielded 1.01 g of a yellow 
oil, bp 59-114° (16 mm). Glpc analysis indicated two oily 
components which were trapped and identified as 14 and 2-n- 
butyl-5,6-dimethylpyrazine (19). Glpc yields of 14 and 19 were 
42 and 8%, respectively. A sample of 19 was evaporatively 
distilled prior to analysis. Nmr analysis gave peaks at t  2.07 
(s, ring proton, 1 H), 7.64 (s, ring methyl, 6 H), 7.42 (t, ring 
CH2, 2 H), 9.11 (t, n-butyl CH3, 3 H).

Anal. Calcd for Ci<,H,6N2: C, 73.12; H, 9.82; N, 17.06. 
Found: C, 72.9; H, 9.8; N, 17.2.

Registry No.—1 , 123-32-0; 10, 15707-19-4; 10
2,4-dinitrophenylhydrazone, 15707-20-7; 11, 14667-
55-1; 13, 108-50-9; 14, 5910-89-4; 15, 15707-23-0; 
16, 15707-24-1; 17, 15707-25-2; 18, 15707-34-3;
19, 15834-78-3.
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A route for the synthesis of the compound 4,5-diformyl-3-hydroxy-2-methylpyridine (X) (an analog of pyri
doxal) is described. The key intermediate in this synthesis was the previously undescribed dimethyl acetal of 
isopyridoxal (VI) which was synthesized from the corresponding acetylated diethyl mercaptal (V) by demer- 
captalation in methanol using mercuric chloride and mercuric oxide. For the removal of the mercuric chloride, 
ammonium hydroxide has been found to be the most suitable reagent. Oxidation of the 4-hydroxymethyl group 
of this intermediate (VI) with manganese dioxide “B” and acid hydrolysis of the product of oxidation gave the 
desired dialdehyde X which has been shown to exist in a hydrated form as a dihemiacetal. Derivatives like 
the bismethoxyoxime (XI) and bisthiosemicarbazone (XII) were prepared. Reduction of the o-dialdehyde X 
with sodium borohydride gave pyridoxol.

In the course of investigations concerning the bio
synthetic pathway of vitamin B6 in yeast2 and its 
catabolism in rats,3,4 we have isolated compounds, 
related to this vitamin, that showed growth-promoting 
activity for Lactobacillus casei and/or Saccharomyces 
carlsbergensis. Pyridoxal and isopyridoxal,5 which 
have a formyl group in place of the hydroxymethyl 
group at the 4 or 5 position of the pyridoxol molecule, 
respectively, are both growth-promoting factors for 
Saccharomyces carlsbergensis A1 2 3 4 5 6 7 Therefore, the com
pound 4,5-diformyl-3-hydroxy-2-methylpyridine (o- 
pyridoxidial8) (X, Scheme I), which has both the 4- and
5-hydroxymethyl groups of the pyridoxol molecule

(1) (a) T h is  in v e s t ig a t io n  w as su p p o rte d  b y  a  U . S. P u b lic  H e a lth  S erv ice  
R esea rc h  G ra n t  (A M  00257). (fc) T o  w hom  in q u iries  sh o u ld  b e  add ressed .

(2) R . S. P a rd in i a n d  C . J .  A rgoudelis, A b s tra c ts , 152nd N a tio n a l M ee tin g  
of th e  A m erican  C hem ica l S oc ie ty , N ew  Y o rk , N . Y ., S ep t 1966, p  C309.

(3) C. J . A rgoudelis  a n d  F . A. K u m m ero w , B iochem istry , 5 , 1 (1966).
(4) C . J . A rgoudelis, u n p u b lish e d  d a ta .
(5) T h e  g ro w th -p ro m o tin g  a c tiv i ty  of iso p y rid o x a l is, u n q u e s tio n a b ly , a 

re s u lt  of i t s  convers ion  in to  p y rid o x o l a n d  th e n c e  to  p y rid o x a l p h o sp h a te : 
E . E . S nell, V ita m in s  H orm ones , 1 6 , 77 (1958)).

(6) E . E . S nell, J .  B io l. Chem ., 1 6 4 , 313 (1944).
(7) E . E . S nell a n d  A. N . R an n e fe ld , ib id ., 1 5 7 , 475 (1945).
(8) T h re e  new  p y r id in e  d ia lc e h y d e s  re la te d  to  v ita m in  B6 h a v e  been

n am ed  tr iv ia l ly  as o-, m -, a n d  p -p y rid o x id ia l. T h e se  d ia ld eh y d es  h a v e  th e  
tw o  fo rm y l g ro u p s  in  th e  ortho (4 ,5), m eta  (2 ,4), a n d  p a ra  (2,5) p o s itio n s  of 
th e  py rid o x o l m olecu le, re sp ec tiv e ly . S y n th ese s  of th e  m -  a n d  p -p y rid o x i-
d ia ls  a re  in  progess.

replaced by formyl groups, was needed to be tested as a 
possible precursor or catabolite of the vitamin. A 
synthesis of this pyridoxal analog is herein described; 
its biological properties are under investigation.

Gardner, et al.,9 have described a synthesis of the 
bisthiosemicarbazone derivative of compound X using 
a double Sommelet reaction; however, the identity of 
this product was not conclusively established.10 A de
tailed study10-15 of the Sommelet reaction seems to 
show no promise for the synthesis of o-dialdehydes 
through a double Sommelet reaction. Ried and 
Bodem16 have made many aromatic and heteroaro
matic o-dialdehydes using vicinal dibromides and N- 
bromosuccinimide in the presence of peroxides, but 
this method did not seem to be applicable in the

(9) T . S. G a rd n e r , F . A. S m ith , E . W enis, a n d  J . L ee, J .  Org. Chem ., 16, 
1121 (1951).

(10) S. J . A ngyal, Org. Reactions, 8, 197 (1954).
(11) S. A. H a rris , D . H ey l, a n d  K . F o lk ers , J . A m er. Chem . Soc., 66, 2088 

(1944).
(12) S. J .  A ngyal, P . J . M orris , R . C. R assac , a n d  J .  A. W a te re r , J .  Chem. 

Soc., 2704 (1949).
(13) R . C. F u so n  a n d  J . J . D e n to n , J .  A m er. Chem. Soc., 63, 654 (1941).
(14) S. J . A ngyal, G . B . B arlin , a n d  P . C . W ailes, J .  Chem. Soc., 1740 

(1953).
(15) J . H . W ood, C . C. T u n g , M . A. P e rry , a n d  R . E . G ibson , J .  Am er. 

Chem . Soc., 72 , 2992 (1950).
(16) W . R ie d  a n d  H . B odem , Chem. Ber., 89, 708 (1956); 89 , 2328 (1956).
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present case. Ried17 has reported that Weygand syn
thesized pyridine 2,3- and 3,4-dialdehydes by reducing 
the bis-N-methyl anilides of the corresponding dicar- 
boxylic acids with lithium aluminium hydride; how
ever, no experimental data are available. Paul and 
Korytnyk18 reported the synthesis of o-pyridoxidial
(X) along similar lines, but they also did not furnish 
any experimental details or physical data.

In the pyridoxol molecule, the 4-hydroxymethyl 
group is known to be more reactive than the 5-hy
droxymethyl group toward oxidizing agents.11'19 An 
attempt was therefore made to oxidize with manganese

(17) W . R ie d , A ngew . C hem ., 67, 357 (1955).
(18) B . P a u l a n d  W . K o ry tn y k  A b s tra c ts , 152nd N a tio n a l M ee tin g  of th e  

A m erican  C h em ica l S oc ie ty , N ew  Y o rk , N . Y ., S e p t 1966, P063.
(19) I .  T o m ita , H . G . B rooks, a n d  D . E . M e tz le r , J .  H eterocycl. Chem ., 3, 

178 (1966).

dioxide “B” the 4-hydroxymethyl group of isopyri- 
doxal to obtain the o-pyridoxidial (X). Oxidation of 
benzylic alcohols with manganese dioxide “B” is known 
to stop at the aldehyde stage;20 however, in this case
5-pyridoxic acid lactone was isolated. Apparently, 
the predominating hemiacetal form of isopyridoxal21 
is oxidized preferentially to the open form. Similarly 
when pyridoxal was oxidized, 4-pyridoxic acid lactone 
was obtained.

Direct attempts to make the dimethyl or diethyl 
acetals of isopyridoxal failed, as it exists mainly in the 
hemiacetal form.21 Preparation of dimethyl acetals 
from the corresponding diethyl mercaptals using mer-

(20) M . H a rfe n is t, A. B av ley , a n d  W . A. L a z ie r, J .  Org. Chem ., 19, 1608 
(1954).

(21) W . K o ry tn y k , E . J .  K ris , a n d  R . P . S ingh , ib id ., 29, 574 (1964).



curie chloride and mercuric oxide is a very common 
reaction in carbohydrate chemistry. This method 
has not been used in pyridine chemistry since pyridine 
and some of its derivatives form insoluble salts with 
mercuric chloride. The diethyl mercaptal of iso- 
pyridoxal (III) was obtained in a one-step reaction 
from isopropylidine isopyridoxal (II) and ethyl mer
captan. The conversion of diethyl mercaptal into 
dimethyl acetal followed a pattern similar to that ob
served in the case of carbohydrates.22,23 In an attempt 
to convert the diethyl mercaptal III, which has the 
neighboring hydroxymethyl group free, into the di
methyl acetal VI, the monomethyl acetal IV was 
formed, but when the neighboring hydroxymethyl 
group of this mercaptal (III) was esterified (V) it was 
possible to convert it into the desired dimethyl acetal
(VI). The isolation of the acetal VI presented dif
ficulties due to the mercuric chloride which could not 
be completely removed from the reaction mixture by 
the usual methods.22 23 24 25 Concentrated aqueous am
monium hydroxide solution was found to be the most 
suitable reagent for this purpose; it removed mercuric 
chloride almost completely from the reaction mixture 
as an insoluble precipitate of mercuric aminochloride 
Hg(NH2)Cl. In addition to removing mercuric chlo
ride, it also hydrolyzed the ester groups simultaneously 
which was quite advantageous in the present case.26 27

With the key intermediate (VI) in hand, the syn
thesis of the o-pyridoxidial (X) was a straightforward 
process. Oxidation of the 4-hydroxymethyl group 
with manganese dioxide “B” yielded the aldehyde VII. 
The aldehyde VII formed an oxime (IX) with hydroxyl- 
amine and a bisdimethyl acetal (VIII) with methanol. 
Acid hydrolysis of the aldehyde VII yielded the desired 
dialdehyde X. Despite the presence of two formyl 
groups in the molecule, compound X did not have any 
carbonyl absorption in its infrared spectrum. It has 
been reported26 that pyridine aldehydes have a pro
nounced tendency (in aqueous media) to form hydrates 
of the general structure RCH(OH)2. In general, the 
stronger the electron-attracting power of the neigh
boring group, the easier is the hydration of the alde
hyde.26,27 As. a result of the two formyl groups being 
ortho to each other in o-pyridoxidial hydrochloride (X), 
when one of them is hydrated, it interacts with the 
other forming a dihemiacetal type of structure which 
is stable even in the solid state, thereby explaining 
the lack of a carbonyl band in the infrared spectrum. 
Absence of carbonyl peaks in the infrared spectrum of 
pyridoxal28 and isopyridoxal21 have similarly been ex
plained on the basis of their existence in the hemiacetal

(22) J .  W . G reen  a n d  E . P a c su , J .  A m er. Chem . Soc., 60, 2056 (1938).
(23) D . L . M a c D o n a ld  a n d  H . G . F le tc h e r , J r . ( ib id ., 8 1 , 3719 (1959).
(24) E x tra c tio n  w ith  s o lv e n ts  su ch  a s  ch lo ro fo rm  [H, R . B o llige r an d

M . D . S chm id , Helv. C him . A c ta , 34, 1597 (1951)], e th e r, o r  m e th y le n e  ch lo 
r id e ,23 a n d  w ash ing  th e  e x t ra c t w ith  s a tu r a te d  p o ta ss iu m  io d id e  so lu tio n  to  
rem o v e  m ercu ric  ch lo ride  w as a  v e ry  ine ffic ien t p rocess, a n d  m e rcu ric  chlo
r id e  cou ld  n o t  b e  co m p le te ly  rem o v ed  in  th is  w ay  w ith o u t losing  m u ch  of th e  
p ro d u c t. Is o la t io n  p ro ced u re s  in v o lv in g  p ro lo n g e d  c o n ta c t of m ercu ric  
ch lo ride  w ith  th e  re a c tio n  m ix tu re  w ere  u n s u ita b le  b ec au se  m e rcu ric  ch lo 
r id e  seem ed  to  ca ta ly z e  th e  h y d ro ly s is  of th e  d im e th y l ac e ta l , re su ltin g  in  a 
m ix tu re  o f p ro d u c ts .

(25) W h e n  m ercu ric  a m in o ch lo rid e  w as p re c ip ita te d  b y  pass in g  a n h y d ro u s  
a m m o n ia  g as  in to  th e  re a c tio n  m ix tu re , a c e ta m id e  w as fo rm ed  w h ich  w as 
d ifficu lt to  s e p a ra te  from  th e  p ro d u c t  V I.

(26) K . N a k a m o to  a n d  A. E . M a r te ll ,  J .  A m er. Chem . Soc., 8 1 , 5857 
(1959); 8 1 , 5863 (1959).

(27) S. F . M aso n , J .  Chem. Soc., 5010 (1957).
(28) D . H e in e r t  a n d  A. R . M a r te ll ,  J .  A m er. Chem. Soc., 81, 3933 (1959).
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form. Existence of the dialdehyde X as a monohy
drate is in agreement with its analytical data. o-Pyri- 
doxidial (X) formed a cyclic dimethyl acetal (XIII) 
with methanol which was very different from the di
methyl acetal VII. Although no crystalline deriva
tive could be isolated by treating the dialdehyde X 
with hydroxylamine hydrochloride, a bismethoxy 
oxime (XI) and a bisthiosemicarbazone29 (XII) were 
obtained when the dialdehyde X was treated with 
methoxyamine hydrochloride or thiosemicarbazide, 
respectively. Formation of the above derivatives 
indicates that in solution there is an equilibrium be
tween the free dialdehyde and its cyclic dihemiacetal 
form.

When pyridoxal, isopyridoxal, and the dialdehyde X 
were reduced with sodium borohydride under similar 
conditions, pyridoxol was obtained, indicating thereby, 
that in o-pyridoxidial (X) the two formyl groups are 
present in the 4 and 5 positions of the pyridine ring.

E x p e rim e n ta l S e c tio n 30
5-(Hydroxymethyl)-2,2,8-trimethyl-4H-m-dioxino[4,5-c] pyri

dine (isopropylidene pyridoxol) (I) was synthesized by the method 
of Korytnyk and Wiedeman.31

5-Formyl-2,2,8-trimethyl-4H-m-dioxino[4,5-c]pyridine (iso
propylidene isopyridoxal) (II) was prepared by a modification of 
the method reported by Brooks, et at.32 A mixture of 80 g of 
manganese dioxide " B ” and 20 g of isopropylidene pyridoxol 
free base in 200 ml of chloroform was stirred at room temperature 
for 24 hr. The reaction mixture was diluted with 400 ml of 
chloroform and filtered with suction through a layer of “ Celite.” 
The contents of the funnel were washed with five 200-ml portions 
of boiling chloroform. The combined filtrate and washings 
were evaporated under reduced pressure to an oily residue to 
which was added 400 ml of petroleum ether (bp 40-50); it 
was then warmed and filtered. The filtrate was treated with a 
small amount of activated charcoal, filtered again, and kept in a 
refrigerator overnight when crystalline isopropylidene iso
pyridoxal was obtained. The total yield of the product, mp 
62-63° (lit.32 mp 62-63°), was 17.2 g (86.7%).

5 '-(Diethyl mercaptal )-3-hydroxy-4-hydroxymethyl-2-methyl- 
pyridine (Isopyridoxal Diethyl Mercaptal) (III).—Isopropylidene 
isopyridoxal (II) (31.8 g) was dissolved in 150 ml of cold ( — 5 to 
— 10°) ethyl mercaptan; dry hydrogen chloride gas was passed 
through the solution for 10 min, taking care to keep the tempera
ture of the reaction mixture below —5°; and the solution was 
kept in a deep freeze for 24 hr. Excess of mercaptan was re
moved under reduced pressure; 400 ml of water was added to the 
residue; and the mixture was left overnight to hydrolyze the iso
propylidene ring. This was neutralized with sodium bicarbonate 
solution and extracted with four 500-ml portions of ether. The 
ether extract was washed free of alkali, dried over anhydrous 
sodium sulfate, and concentrated to about 200 ml. Petroleum 
ether was added until turbidity occurred, and the solution was 
kept in a refrigerator; 31.8 g of white shining crystals of the 
mercaptal III , mp 99-100°, was obtained. An additional 6 
g of compound III  was obtained by concentrating the mother 
liquor and adding more petroleum ether, making the total yield
37.8 g (90.2%) (recrystallization from diethyl ether-petroleum 
ether mixture did not change the melting point) • ^mar 
298 mM (e 8.7 X 103) and 230 (sh) (4.5 X 103); Na0H 315 mM 
(e 8.4 X 103) and 245 (6.2 X 103).

(29) T h e  b is th io se m ic a rb azo n e  w as ex trem e ly  hyg roscop ic , a n d  conse
q u e n tly  th e  a n a ly tic a l d a ta  w ere  n o t in  good ag re e m e n t w ith  th e  th e o re tic a l 
v a lu es . T h e  c ru d e  p re c ip ita te  h a d  a  w eak  ca rb o n y l a b s o rp tio n  a t  1692 c m -1 
w h ich  d isap p e a red  on re c ry s ta lliz a t io n  in d ic a tin g  t h a t  in i t ia lly  a  m ix tu re  of 
m ono- a n d  b is th io se m ic a rb azo n e  w as fo rm ed .

(30) A ll m e ltin g  p o in ts  a re  co rrec ted . M ic ro a n a ly se s  w ere  ca rr ie d  o u t  by 
C la rk  M ic ro a n a ly tic a l L a b o ra to r ie s , U rb a n a , 111. U ltr a v io le t  a b so rp tio n  
s p e c tra  w ere  d e te rm in e d  on  a  M od el 11 M  C a ry  reco rd in g  s p ec tro p h o to m e te r . 
In f ra re d  s p e c tra  w ere  d e te rm in e d  in  p o ta ss iu m  b ro m id e  p e lle ts  w ith  th e  a id  
of a  B e c k m a n  M o d el IR -7  reco rd in g  s p e c tro p h o to m e te r .

(31) W . K o ry tn y k  a n d  W . W ied em a n , J .  Chem . Soc., 2531 (1962).
(32) H . G . B rooks, J r . ,  J .  W . L a ak so , a n d  D . E . M e tz le r , J .  Heterocycl. 

Chem ., 3 , 126 (1966).
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Anal. Calcd for C42H19N 02S2: C, 52.72; H, 7.00; N, 5.12; 
S, 23.45. Found: C, 52.46; H, 6.68; N, 5.15; S, 23.62.

3-Acetoxy-4-acetoxymethyl-5'-(diethyl mercaptal)-2-methyl- 
pyridine Hydrochloride (Isopyridoxal Diethyl Mercaptal 3,4- 
Diacetate Hydrochloride) (V).—Isopyridoxal mercaptal (III) 
(30 g), 120 ml of pyridine (freshly distilled over potassium hy
droxide), and 50 ml of acetic anhydride were mixed in a round- 
bottom flask. After standing overnight at room temperature, 
the reaction mixture was evaporated under vacuum at 80-90° 
bath temperature. The last traces of pyridine were removed 
by repeated evaporations with anhydrous ether. The residue was 
extracted with 300 ml of anhydrous ether and filtered, and dry 
hydrogen chloride gas passed into the filtrate; crude isopyridoxal 
mercaptal-3,4-diacetate hydrochloride precipitated. Recrystal
lization was carried out by dissolving the hydrochloride in ethanol 
at room temperature, adding ether until turbidity occurred, 
and refrigerating. The yield obtained was 40.7 g (94%): mp 
132-133°; 274 (« 6.1 X 103) and 218 (sh) (6.4 X
103); X°m«v Na0H 315 mM (e 8.3 X 103) and 245 (6.4 X 103).

Anal. Calcd for Ci6H23N0 4S2-HC1 : C, 48.78; H, 6.14; N, 
3.55; S, 16.27. Found: C, 48.35; H, 6.09; N, 3.58; S, 16.56.

5 '-(Dimethyl acetal)-3-hydroxy-4-hydroxymethyl-2-methylpyri- 
dine (Isopyridoxal Dimethyl Acetal) (VI).—To a solution of 12 g 
of the diacetate V in 1200 ml of boiling methanol (dried over 
magnesium methoxide and iodine)33 was added 37 g of mercuric 
oxide and vigorous stirring started. A solution of 35 g of mercuric 
chloride in 140 ml of methanol was added to the above suspen
sion; the mixture was refluxed with stirring for 30 min and then 
filtered hot under suction. The residue on the funnel was washed 
with five 200-ml portions of boiling methanol. The combined 
filtrate and washings were concentrated to about 750 ml under 
reduced pressure at 70° bath temperature and cooled and 250 
ml of concentrated ammonium hydroxide solution was added to 
it. The copious white precipitate of mercuric aminochloride was 
filtered under suction and washed with methanol. The filtrate 
was filtered once more under gravity in order to remove suspended 
inorganic salts. The clear filtrate was evaporated under reduced 
pressure at a bath temperature of 35-45° until a white residue 
precipitated. The contents of the flask were extracted with 
ether several times, to the combined ether extracts excess of 
petroleum ether was added, and this was refrigerated overnight, 
yielding 5.89 g (89.6%) of dimethyl acetal VI in the form of 
white needles: mp 167-168° (recrystallization from moist di
ethyl ether-petroleum ether mixture did not change the melting 
point); HC1 291 mM (e 10.5 X 103) and 228 (sh) (3.4 X 103); 
X°„LV N*0H 309 mM (« 8.3 X 103) and 246 (7.9 X 103).

Anal. Calcd for C,oHi5N 04: C, 56.33; H, 7.09; N, 6.57. 
Found: C, 56.52; Id, 6.87; N, 6.62.

The structure of the dimethyl acetal VI was supported by a 
negative Gibb’s test in the presence of borate buffer,34 by its 
ultraviolet spectrum in alkaline solution, which was similar to 
pyridoxol, and, finally, by its hydrolysis to isopyridoxal with 
hydrochloric acid.

Starting from isopyridoxal diethyl mercaptal (III) and follow
ing a procedure as described in detail for preparing compound 
VI only a monomethyl acetal (IV) was obtained, which gave a 
positive 2 ,6-dichloroquinone chloroimide test in the presence of 
borate buffer, indicating thereby that the 4-hydroxymethyl 
group was not free in this compound. The hydrochloride of 
compound IV was found to be identical with the hydrochloride 
of the monomethyl acetal of isopyridoxal prepared by the 
method of Korytnyk, et al.,w in its melting point and infrared 
and ultraviolet spectra.
5'-(Dimethyl acetal )-4-formyl-3-hydroxy-2-methylpyridine (VII).

—A mixture of 2 g of the dimethyl acetal VI and 8 g of manganese 
dioxide “ B” in 1500 ml of chloroform was stirred with a mechani
cal stirrer for 5 hr. The suspension was filtered and the solvent 
removed from the filtrate under reduced pressure at 30-35°. 
The residue was extracted with petroleum ether, decolorized 
with activated carbon at room temperature, concentrated to 
about 10 ml, and kept in a refrigerator. The precipitated com
pound was recrystallized twice from petroleum ether to yield
1.35 g (68.2%) of aldehyde dimethyl acetal (VII): mp 58-59°; 
X " - ™  337 mM (« 1.7 X 103) and 294 (7.2 X 103); X°mL" N,0H 387 
mM (e 7.1 X 103) and 230 (15.1 X 103).

(33) A. I . V ogel in  " P ra c t ic a l  O rg an ic  C h e m is try ,"  3 rd  ed ., J o h n  W iley  
a n d  S ons, In c .,  N ew  Y o rk , N . Y ., 1962, p  169.

(34) J . V. S cud i, W . A. B as te d o , a n d  T . J .  W eb b , J .  B io l. Chem ., 136, 399 
(1940).

Anal. Calcd for C,0H 13NO4: C, 56.87; H, 6.20; N, 6.63. 
Found: C, 56.70; H, 6.26; N, 6.78.

The structure of compound VII was verified from the fact that 
its infrared spectrum had a strong sharp carbonyl peak at 1673 
cm-1 and its ultraviolet spectrum in alkaline medium had an 
absorption at Xmax 387 m/t and no absorption near 300 mp. 
These data are in agreement with those reported for aldehydes 
that cannot form a cyclic hemiacetal (e.g., isopropylidene 
isopyridoxal,21 5-deoxypyridoxal,35 and pyridoxal-5-phosphate36).

4 ',5'-Bis(dimethyl acetal)-3-hydroxy-2-methylpyridine Hydro
chloride (VIII).—A slow stream of dry hydrogen chloride gas 
was passed in approximately 20 ml of sodium-dried ether for 
about 1 min with protection from moisture. This hydrogen 
chloride-ether solution was added drop by drop to a solution of 
210 mg of compound VII in 40 ml of anhydrous ether with con
stant stirring until precipitation was complete. The precipitated 
hydrochloride was immediately filtered under suction, washed a 
few times with anhydrous ether, and dried in a vacuum desiccator 
over phosphorous pentoxide; 230 mg of a creamy white powder 
melting at 123-124° dec was obtained. A 200-mg portion of this 
hydrochloride was dissolved in 50 ml of absolute methanol33 and 
refluxed in an oil bath at 70° for 14 h’-. Part of the methanol was 
evaporated, ether was added to the point of turbidity, and the 
mixture was kept in a refrigerator whereupon impure crystals of 
compound VIII were obtained. The crystals were suspended in 
anhydrous ether and dry ammonia gas was passed into it. The 
precipitated ammonium chloride was filtered off. The filtrate 
was evaporated to dryness in vacuo a t 40°; the residue was dis
solved in 15 ml of petroleum ether and kept in a refrigerator for 
about 2 hr. A small amount of white crystalline material precipi
tated which was filtered off and identified by its melting point 
and ultraviolet and infrared spectra as the cyclic dimethyl acetal 
X III. The filtrate was evaporated under vacuum leaving an oily 
residue which was carefully converted into the solid hydrochlo
ride VIII as described earlier. The yield was 180 mg (75.8%): mp
149-150° dec; N,0H 316 m/i (e7.9 X 103) and 247 (7.8 X 103).37

Anal. Calcd for Ci2H 19N 0 5 HC1: C, 49.06; H, 6.86; N, 
4.77. Found: C, 49.06; H, 6.88; N, 4.69.

5'-(Dimethyl acetal )-4'-oxime-3-hydroxy-2-methylpyridme (IX). 
—The dimethyl acetal VI (1 g) was oxidized to the aldehyde VII 
with manganese dioxide “ B” in chloroform as described earlier. 
The petroleum ether extract obtained at the end of the reaction 
was evaporated to dryness, and 50 ml of 0.1 N  hydrochloric 
acid added to it. The reaction mixture was diluted to 200 ml 
with distilled water and stirred to dissolve all the compound. 
A solution of 0.53 g of hydroxylamine hydrochloride in 2 ml of 
water was added; the oxime precipitated immediately. Solid 
sodium acetate was added to bring the pH to 5-6. After adding 
some ice crystals to cool the mixture to about 5°, the oxime was 
filtered under suction to yield 0.821 g (77.4%), mp 195-197° dec. 
An analytical sample was recrystallized from ethanol-water 
mixture: no change in the melting point was observed; X„y'fHCl 
324 mM (e 9.4 X 103) and 272 (10.2 X 103); X ^" N,0H 332 mM 
(e 8.4 X 103) and 242 (14.9 X 10s).

Anal. Calcd for C;0H,4N2O4: C, 53.09; II, 6.24; N, 12.38. 
Found: C, 52.98; H. 6.07; N, 11.90.

4,5-Diformyl-3-hydroxy-2-methylpyridine Hydrochloride (o- 
Pyridoxidial Hydrochloride) (X).—The aldehyde dimethyl acetal
(VII) (2 g) was heated with 100 ml of 1 N  hydrochloric acid at 
60° (water bath) for 30 min. A small amount of activated carbon 
was added and the reaction mixture filtered after about 10 min 
of heating. The filtrate was concentrated to about 1 ml, excess 
of acetone was added, and the solution was kept in a refrigerator 
overnight to yield 1.8 g (90%) of crystalline o-pyridoxidial 
hydrochloride (X), which decomposed without melting at 
158-161°: X"x" HC' 288 m^ (e 8.9 X 103) and 227 (3.5 X 103); 
X°ra™ H 303 mM (* 6.2 X 103) and 243 (6.8 X 103); X°t‘° 394 
mM (e 1.9 X 103), 303 (4.8 X 103), and 243 (8.7 X 103).38

(35) D . H ey l, S. A. H a rr is , a n d  K . F o lk ers , J . A m er. Chem . Soc., 76 , 653 
(1953).

(36) N . V iscon tin i, C . E b n ô th e r , a n d  P . K a rre r , Helv. C h im . A c ta , 34 , 1834 
(1951).

(37) T h e  b isd im e th y l a c e ta l h y d ro ch lo r id e  (V I I I )  w as h y d ro ly z ed  a lm o s t 
im m ed ia te ly  in  0.1 N  HC1 so lu tio n .

(38) W h e n  th e  sp e c tru m  a t  p H  10 (sod ium  c a rb o n a te - s o d iu m  b ic a rb o n a te  
b u ffer) w as reco rd e d  im m e d ia te ly  th e  a b s o rp tio n  w as a t  Xmax 400 m/i w h ich  
s h if te d  to w a rd  low er w av e  le n g th s  w ith  tim e . T h e  e x tin c tio n  coefficient 
re p o rte d  here  w as ta k e n  a f te r  5 -1 0  m in  fro m  th e  t im e  th e  c o m p o u n d  w as 
a d d e d  to  th e  bu ffe r so lu tio n . T h e  ab s o rp tio n s  a t  Xmax 303 a n d  243 m p  d id  
n o t ch a n g e  d u rin g  th is  in te rv a l.
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Anal. C alcdforC 8H9N 04-HCl: C, 43.75; H, 4.59; N, 6.38. 
Found: C, 43.84; H, 4.73; N, 6.42.

4',5'-(Dimethoxyoxime)-3-hydroxy-2-methylpyridine (o- 
Pyridoxidial Dimethoxyoxime) (XI).—To a solution of 204 mg 
(2.4 mmol) of methoxyamine hydrochloride in 20 ml of distilled 
water 220 mg (1 mmol) of o-pyridoxidial hydrochloride (X), 
dissolved in 10 ml of distilled water, was added drop by drop with 
stirring. After the addition was complete, 500 mg of sodium 
acetate dissolved in 10 ml of distilled water was added to bring 
the reaction mixture to pH 5-6. The mixture was cooled in a 
refrigerator and the precipitated oxime was filtered and recrystal
lized from an ethanol-water mixture to yield 198 mg (88.5%) 
of white, needle-shaped crystals of dimethoxyoxime (XI): 
mp 106-107°; X ^ / H<5' 331 mM (sh) (e 8.5 X 103), 311 (11.3 X 
103), 305 (sh) (11.0 X 103), and 243 (16.8 X 103); X°mL'VN“0H 
362 mM (e 7.8 X 103) and 236 (20.2 X 103).

Anal. Calcd for C10H13N3O3: C, 53.80; H, 5.87; N, 18.82. 
Found: C, 54.04; H, 5.37; N, 19.16.

4',5'-Bisthiosemicarbazcne-3-hydroxy-2-methylpyridine (o- 
PyridoxidialBisthiosemicarbazone) (XII).—A solution of 220 mg 
of o-pyridoxidial hydrochloride (X) in 5 ml of distilled water was 
added drop by drop with stirring to the warm solution of 250 
mg of thiosemicarbazide in 10 ml of distilled water. After adding 
170 mg of sodium acetate, the reaction mixture was allowed to 
cool, whereupon 200 mg (64.3%) of crude bisthiosemicarbazone 
precipitated out. A portion was recrystallized from 95% ethanol 
and dried over phosphorous pentoxide at 80° under high vacuum 
when an orange red compound, mp 172-174° dec, was obtained.

Anal. Calcd for Ci0H i3N70S2-H2O: C, 36.46; H, 4.59; N, 
29.76; S, 19.46. Found: C, 37.26; H, 4.33; N, 30.16; S, 
19.89.

1,3-Dihydro-l ,3-dimethoxy-6-methyl furo [3,4-c] pyridin-7-ol39 
(o-Pyridoxidial Dimethyl Acetal) (XIII).—o-Pyridoxidial hydro
chloride (X) (0.5 g) dissolved in 50 ml of anhydrous methanol33 
was heated with protection from moisture in an oil bath and kept 
at 50-60° for 5 days. The reaction mixture was cooled, ammonia 
gas was bubbled into it, and then it was concentrated to a very 
small volume. Excess of ether was added and the mixture was

(39) P a t te r s o n ,  C ap e ll, a n d  W a lk e r , “ T h e  R in g  In d e x ,"  A m erican  C he/n i- 
ca l S ocie ty , W a sh in g to n , D . C ., 1960.

filtered. The filtrate was evaporated to dryness, the residue was 
extracted with chloroform, the extract wras concentrated to about 
50 ml, and excess of petroleum ether was added to it. The 
mixture was kept in a refrigerator overnight, yielding the di
methyl acetal X III. I t  was recrystallized four times with chloro
form-petroleum ether mixture to yield 0.215 g (44.8%): mp 164- 
165°; X°mL'''HCl288mM(e9.3 X 103) and227 (3.8 X 103);
304 mM (t 8.1 X 103) and 241 (9.7 X 103).

Anal. Calcd for C10H 13NO4: C, 56.86; H, 6.20; N, 6.63. 
Found: C, 57.13; H, 6.25; N, 6.61.

Sodium Borohydride Reduction of 4,5-Diformyl-3-hydroxy-2- 
methylpyridine Hydrochloride (o-Pyridoxidial Hydrochloride) 
(X).—Over a period of 15 min, a solution of 100 mg of o-pyridoxi
dial hydrochloride (X) in 5 ml of 90% methanol was added drop 
by drop with stirring to a solution of 50 mg of sodium borohydride 
in 5 ml of 0.1 N  methanolic sodium hydroxide. In another 15 
min of stirring the reaction was complete. The excess of sodium 
borohydride was decomposed with a few drops of concentrated 
hydrochloric acid. The solution was evaporated to dryness under 
reduced pressure; the solid residue extracted twice with 5-ml 
portions of absolute ethanol and filtered. To the filtrate excess 
of anhydrous acetone was added and the mixture was kept 
overnight in a refrigerator yielding 80 mg (85%) of needle- 
shaped crystals. This compound was identified as pyridoxol 
hydrochloride (XIV), based upon its melting point and mixture 
melting point of 208-209° with an authentic sample and its 
ultraviolet and infrared spectra which were found to be identical 
with those of the authentic sample. Pyridoxol was also obtained 
when pyridoxal and isopyridoxal were treated with sodium boro
hydride under the conditions described above.

Registry No.—Ill, 15833-01-9; V, 15833-02-0; VI, 
15833-03-1; VII, 15833-04-2; VIII, 15833-05-3; IX, 
15832-16-3; X, 15832-17-4; XI, 15832-18-5; XII, 
15832-19-6; XIII, 15832-20-9.
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The preparation of potentially polymerizable compounds containing heterocyclic moieties of nucleic acids is 
described. 1-Vinyluracil was prepared by dehydrochlorination of l-(2-chloroethyl)uracil (3). l-Vinyl-3-meth- 
yluracil, l-vinyl-4-ethoxy-2-pyrimidinone (7), 6-chloro-9-vinylpurine (8), and 2,6-dichloro-9-vinylpurine (9) were 
prepared from the unsubstituted heterocycles by a vinyl interchange reaction with vinyl acetate, catalyzed by 
mercuric acetate and sulfuric acid.

The importance of nucleic acids has resulted in 
many studies on their intramolecular forces using 
model systems.2’3 Among possible model systems are 
polymers containing the heterocyclic moieties of nu
cleic acids but differing from them in the connecting 
backbone. To date only a few papers have been 
published on such models. The necessary macro
molecules were usually prepared by attaching hetero
cycles to cellulose derivatives.4-9 Only recently Cas

(1) S u p p o rte d  in  p a r t  b y  P ro g ra m  P ro je c t G ra n t, N a tio n a l I n s t i tu te s  of 
H e a lth  (G M  10802-04), a n d  b y  a  g r a n t  from  th e  N a tio n a l Science F o u n d a tio n  
(G B  5483).

(2) R . F . S te in e r  a n d  R . F . B eers, J r . ,  “ P o ly n u c leo tid e s ,”  E lse v ie r P u b lish 
ing  C o., A m ste rd a m , 1961.

(3) G . F e lsen fe ld  a n d  H . T . M iles in  “ A n n u a l R ev iew  of B io c h e m is try ,” 
Vol. 36, p a r t  I I ,  P . D . B o y er, E d ., A n n u a l R ev iew s In c ., P a lo  A lto , C alif., 
1967, p  407.

(4) A. S. Jo n es  a n d  D . G . P arso n s , Proc. Chem . Soc., 78 (1961).
(5) E . T . B o lto n  a n d  B . J . M c C a r th y , Proc. N a tl. A cad . Sex. U. S .,  48, 1390 

(1962).

sidy and Jones10 described the preparation and prop
erties of polymers based on 5 '-(Vacrylthymidine. In 
our laboratory, a program has been started in this 
direction. The present paper describes the preparation 
of the N-vinyl derivatives of substituted pyrimidine 
and purine heterocycles with substituents suitable for 
subsequent conversion into heterocycles of nucleic 
acids (uracil, cytosine, adenine and guanine). This 
approach avoids possible difficulties with functional 
groups (e.g., the amino group) during the polymeriza
tion reaction. N-Vinyl polymers were chosen since 
they have been well studied and because related poly-

(6) A. J . A d ler a n d  A. R ic h , J . A m er. Chem . Soc., 84, 3977 (1962).
(7) R . B a rb e r  a n d  A. S. Jones , N ature , 203, 45 (1964).
(8) A. S. Jo n es  a n d  N . T a y lo r , ib id ., 215, 505 (1967).
(9) A. S. Jones, D . G . P arso n s , a n d  D . G . R o b e rts , E uropean  P olym er J ., 

3, 187 (1967).
(10) F . C ass id y  an d  A. S. Jo n es , ib id ., 2, 319 (1966).



1342 PlTHA AND T s ’o The Journal of Organic Chemistry

mers of N-vinylpyrrolidinone and N-vinyl-2-oxazolidi- 
none are reasonably soluble in water.11,12 As the in
tended physicochemical and biological studies on 
these compounds may require relatively large amounts 
of material, different routes to the desired products 
were tested.

For the uracil series the simplest monomer is 1- 
vinyluracil. Two approaches for synthesis of this 
compound were adopted. The first approach is by 
means of an appropriate elimination reaction, 
starting from the known13,14 l-(2-hydroxyethyl)- 
uracil. This compound (1) was prepared by Prystas 
and Gut13 by treating uracil with ethylene carbonate 
and subsequent separation from the accompanying 
disubstituted derivative (2) by chromatography. We 
modified the reaction for large-scale preparation and 
tested other approaches for the separation of the 
mixture. Recrystallization does not give good results 
and the separation through salt formation procedure 
is not practical, as the compound 2 is rather hydro
philic. Eventually we found that by addition of 
excess reagent it is possible to convert the mixture 
nearly quantitatively into the corresponding chlo
rides 3 and 4 or the acetates 5 and 6, and, as the 
properties of these derivatives are very different, the 
separation by crystallization is easy. For the prep
aration of 1 -vinyluracil, the most practical procedure 
was found to be the dehydrochlorination of 3 with po
tassium i-butoxide in dimethyl sulfoxide at room tem
perature.15 Other dehydrochlorination procedures for 
3, such as reaction with potassium i-butoxide in 
boiling ¿-butyl alcohol19 or reaction with alkalies under 
conditions successfully used for preparation17 of N- 
vinyl pyrrolidinone, gave very low yields. Pyrolysis 
of acetate 5, a procedure which requires the tempera
ture to be above 600°, also produced only a small 
amount of 1-vinyluracil with most of the starting ma
terial unchanged. We also tested acidic dehydration of 
1 at 180° but the yield of the vinyl compound is very 
low. Another synthetic approach is the vinyl inter
change reaction with vinyl acetate catalyzed by mer
curic acetate and sulfuric acid;18 such a reaction was 
successful with a few heterocycles.19 An attempt was 
made first on the vinylation of 3-substituted derivatives 
of uracil, such as 3-methyluracil. The latter com
pound was prepared by a new route—-methylation of
1-acetyluracil with diazomethane and subsequent hy
drolysis. The vinylation procedure gave l-vinyl-3- 
methyluracil which was identical with the substance 
prepared by diazomethane from 1-vinyluracil; the 
structure 1 previously proposed on the basis of spectral 
data13 is thus confirmed by a chemical method. How
ever, the vinylation reactions on 3-benzoyluracil and 
uracil were not successful.

For the cytosine series the simplest monomer would 
be 1-vinylcytosine with the amino group blocked. 
Attempts to prepare such a compound by vinylation

(11) E . K . D rechsel, J .  Org. Chem ., 22, 849 (1957).
(12) A. K u tn e r , ibid., 26, 3495 (1961).
(13) M . P ry s ta s  a n d  J. G u t, Collect. Czech. Chem. C om m uti., 27, 1054 

(1962).
(14) B . R . B ak e r  an d  T . J . S chw an , J .  M ed . Chem ., 9, 73 (1966).
(15) N . F . W ood  a n d  F . C . C han g , J .  Org. Chem ., 30, 2054 (1965).
(16) P . V eeravagu , R , T . A rno ld , a n d  E . W . E ig en m a n n , J .  A m er . Chem. 

Soc., 86 , 3072 (1964).
(17) B . P u e tz e r , L. K a tz , a n d  L. H o rw itz , ib id ., 74, 4959 (1952).
(18) H. L ussi, C him ia  (A a rau ), 21, 82 (1967).
(19) H. H o p f, U . W yss, a n d  H . Lussi, Helv. C him . A c ta , 43, 135 (1960).
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of N-acetylcytosine or cytosine were unsuccessful. 
Fortunately, vinylation was found to be applicable 
to 4-ethoxy-2-pyrimidinone.20 The starting compound 
can exist in two tautomeric forms—1H and 3H; 
similarly there are two possible N-vinyl derivatives. 
However, only one product was isolated. Hydrogena
tion and hydrolysis of this product gave 1-ethyl-
5,6-dihydrouracil; the structure therefore must be as 
given by formula 7; the N-vinyl derivative of the 
predominant tautomeric form.21,22 The polymer pre
pared from vinyl compound 7 can be the starting ma
terial for both the uracil and cytosine series; both 
amination and hydrolysis of a 4-ethoxy group has been 
previously demonstrated for the 4-ethoxy-2-pyrimidi- 
none20 and its N-l-ribosyl derivative.23

For the purine series, chlorine-substituted hetero
cycles were chosen as starting materials. The reason 
for this choice is that 6-chloro-9-ethylpurine can be 
converted into 9-substituted derivatives of adenine 
or hypoxanthine;24 and the 2,6-dichloro derivatives 
probably can be converted into guanine derivatives 
due to the large difference in reactivity of these two 
chlorine atoms.25,26 Vinylation of 6-chloro- and 2,6- 
dichloropurine gave good yields of vinyl derivatives. 
Again there are two possibilities for the vinyl substi
tution, namely, at positions 7 or 9. Since the ad
dition of similarly substituted purines to dihydropyran 
has been found to furnish mainly the 9-substituted de
rivatives,27 it appears likely that the vinylation re
action, which starts probably by an addition of the 
heterocycle or its mercury derivatives to the vinyl 
double bond,28,29 would also yield 9-substituted 
compounds. This hypothesis was confirmed by 
hydrogenation of the isolated vinyl derivatives 8 
and 9. Both compounds yielded 9-ethylpurine as 
the reaction product which proves that the designated 
structures for the vinyl derivatives 8 and 9 are correct.

(20) Q. E . H ilb e r t  a n d  E . F . J a n se n , J .  A m er. Chem. Soc., 67 , 552  (1935).
(21) D . S h u g a r a n d  J . J .  F ox , B io ch im . B io p h ys . A c ta , 9 , 199 (1952).
(22) A. R . K a tr i tz k y  a n d  A. J .  W arin g , J .  Chem. Soc., 1540 (1962).
(23) G . A . H o w ard , B . L y th g o e , a n d  A. R . T o d d , ib id ., 1052 (1947).
(24) J . A. M o n tg o m e ry  a n d  C . T e m p le , J r . ,  J .  A m er. Chem . Soc., 79, 5238 

(1957).
(25) J . D a rv o ll , B . L y th g o e , a n d  A . R . T o d d , J .  Chem . Soc., 1685 (1948).
(26) J . A. M o n tg o m e ry  a n d  L. B . H o lu m , J .  A m er. Chem . Soc., 79, 2185 

(1957).

(27) R . K . R ob in s , E . F . G odefro i, E . C. T a y lo r , L . R . Lew is, a n d  A. 
Ja c k so n , ib id ., 83, 2574 (1961).

(28) H . L u ssi, Helv. C him . A c ta , 49, 1684 (1966).
(29) G . S. R e d d y  a n d  D . G . G eh rin g , J .  Org. C hem ., 32, 2291 (1967).
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The study of polymerization reactions of all five 
vinyl derivatives is presently underway in our lab
oratory.

Experimental Section
Melting points were determined on the hot stage and are 

corrected. Purity of compounds was checked by chromatog
raphy, using either a descending system on Whatman No. 40 
paper or an ascending system on silica gel, Eastman Sheet 6060.

The compounds were located by their absorption of ultraviolet 
light.

Water saturated 1-butanol was used as eluent for all the 
chromatographic systems including the column chromatography 
described in later sections.

Ultraviolet spectra were measured in a Cary 15 spectrophotom
eter. Spectra were taken within 12 min from the time of addi
tion of the compound to the solvent, and then repeated three 
times at 5-min intervals to ensure that no change occurs owing 
to decomposition during measurement. Pyrimidines were dis
solved in phosphate buffer (0.05 M  in phosphate, pH 7) and 
purines were dissolved in 95% ethanol since the amount of 
purines dissolved in aqueous buffer within a 12-min period was 
usually too low for the measurement.

Microanalyses were by Spang Microanalytical Laboratory, 
Inc., Ann Arbor, Mich., and Galbraith Laboratories, Inc., 
Knoxville, Tenn.

l-(2-Hydroxyethyl)uracil (1) and 1,3-Di(2-hydroxyethyl)uracil
(2).—Uracil (89.6 g) and its monosodium salt (2 g) were dissolved 
in dry, hot dimethylformamide (1300 ml). To the boiling stirred 
solution, ethylene carbonate (72 g) in dimethylformamide (150 
ml) was added dropwise. After boiling for 1 hr the solution was 
evaporated in vacuo (60°). Ethanol was added and the mixture 
was repeatedly evaporated in vacuo to remove the remaining 
dimethylformamide. The residue was dissolved in hot water 
(700 ml). The addition of Dowex 50 W (H+ form) brought the 
solution to pH 5. After filtration, the solvent was removed in 
vacuo and the residue extracted with 1 1 . of boiling ethanol; most of 
the uracil remained undissolved. The mixture was filtered; evapo
ration of the filtrate gave white crystals of 1 and 2 and a small 
quantity of uracil. A crystalline mixture of 1 and 2 (85 g) was 
obtained following extraction with ethyl acetate in a Soxhlet 
apparatus. This mixture was separated by column chromatog
raphy on cellulose; Prystas and Gut13 used a 1:150 ratio of 
substance-cellulose; we found that it can be reduced to 1:50. 
The melting points of separated 1 (138°) and 2 (154°) corre
sponded to the published values.13.14

l-(2-Chloroethyl)uracil (3).—Pyridine (0.5 ml) was added to a 
solution of a mixture of 1 and 2 (16 g) in dry, hot dioxane (350 
ml). Thionylchloride (30 ml) in dioxane (20 ml) was added drop- 
wise and the solution was boiled for 1 hr. The solvent was then 
evaporated in vacuo and the residue was dissolved in 800 ml of 
chloroform. The chloroform solution was filtered and the filtrate 
extracted three times by 50 ml of water. The organic phase was 
dried (magnesium sulfate), filtered, and evaporated and the 
residue dissolved in hot dioxane. After cooling, ca. 6 g of crystals 
was collected and recrystallized from dioxane, mp 164-167° 
(identical with the melting point of the substance reported by 
Prystas and Gut13). The water extracts contained a mixture of 
1 and 3 which can be recycled. I t is interesting to note the dif
ference in reactivity between 1 and uracil-l-acetic acid with 
respect to thionyl chloride. The former reacts at room tempera
ture, whereas attempts of our own and others30 to convert the 
acid into the chloride were unsuccessful.

l,3-Di(2-chloroethyl)uracil (4).—The dioxane mother liquors 
obtained from the crystallization of 3 wrere evaporated. The 
residue was dissolved in chloroform, extracted first by 1 N  
sodium hydroxide and then by water, and dried (magnesium 
sulfate). A colorless oil was obtained after evaporation which 
distilled at a bath temperature of 160° (0.07 mm). The identical 
substance was prepared from the pure diol 2 by thionylchloride.

Anal. Calcd for C8H 10N2O2Cl2: 0 ,40.53; H, 4.25; N, 11.82. 
Found: C, 40.31; H, 4.24; N, 12.05.

l-(2-Chloroethyl)-3-methyluracil.—This compound was pre
pared from 3 by reaction with excess diazomethane in ether- 
dioxane solution for 5 days a t room temperature. I t was re
crystallized from water, mp 88-89°.

(30) B . R . B a k e r  a n d  G . B . C h h ed a , J .  P h a rm . S e i., 54 , 25 (1965).

Anal. Calcd for CTII9N2O2CI: C, 44.57; H, 4.81; N, 14.85. 
Found: C, 44.63; H, 4.94; N, 14.95.

l-(2-Acetoxyethyl)uracil (5).—A suspension of 1 and 2 (ob
tained from Soxhlet extraction, 10 g) was stirred overnight in 
acetic anhydride (200 ml) and pyridine (0.1 ml). Methanol was 
added to the clear solution, which w'as evaporated in vacuo. 
The residue was dissolved in hot ethyl acetate and cooled; white 
crystals (5 g) of 5 were obtained. These were recrystal
lized from ethyl acetate and ethanol, mp 136-138°. The identical 
substance was prepared by similar acetylation of the pure 
alcohol 1 .

Anal. Calcd for CsH,oN204: C, 48.48; H, 5.09; N, 14.14. 
Found: C, 48.43; H, 5.07; N, 14.14.

1,3-Di(2-acetoxyethyl)uracil (6).—The ethyl acetate mother 
liquor obtained from the crystallization of 5 was evaporated. 
The residue was treated by an identical procedure described for 
the preparation of compound 4. After the evaporation of the 
dried chloroform, a yellow oil which slowly crystallized was 
obtained: bp 183° (bath) (0.07 mm); mp 50-52°. The identical 
substance was prepared by acetylation of the pure diol 2 .

Anal. Calcd for C12H 16N2O6: C, 50.70; II, 5.67. Found: 
C, 51.23; H, 5.97.

l-(2-Acetoxyethyl)-3-methyluracil.—This compound was pre
pared from 5 by reaction with diazomethane in ether-dioxane 
solution for 5 days. A colorless oil, distilled at a bath tempera
ture of 160° (0.07 mm), was obtained.

Anal. Calcd for C9H 12N2O4: C, 50.94; II, 5.70. Found: 
C, 50.81; H, 5.86.

1-Vinyluracil.—The chloride 3 (2.5 g) was dissolved in dry 
dimethyl sulfoxide (20 ml) and added dropwise to the stirred 
solution of 5.1 g of potassium i-butoxide in 20 ml of dimethyl 
sulfoxide. After an hour at room temperature, 60 ml of cold 
water was added and the solution was made slightly acidic by 
adding Dowex 50 W (H+ form). The filtered solution was 
evaporated in vacuo (0.1 mm) under 60°. A crop of crystals 
was obtained which was recrystallized from ethanol. This 
procedure gave 1.2 g of 1 -vinyluracil (yield 60%) contaminated 
by alcohol 1. The pure compound was prepared by chromatog
raphy on cellulose (50 g). The vinyl compound (eluted before 
the alcohol) sublimed in vacuo: mp 188-189°; Amal (buffer,
pH 7) 277 m/i (e 10,800) and 223m/x (« 10,400); A,nill 245 m^; AmaI 
(0.01 N  sodium hydroxide) 277 m/i (e 10,100) and 222 nm (e 
11,600); Amin 252 nm, shoulder 232 m/x.

Anal. Calcd for C6H6N20 2: C, 52.17; H, 4.38; N, 20.28. 
Found: C, 52.05; H, 4.37; N, 20.38.

l-Vinyl-3-methyluracil.—1-Vinyluracil (35 mg) was dissolved 
in methanol (3 ml) and excess diazomethane in ether was added. 
After 24 hr the solution was evaporated and the residue was 
chromatographed on a 2-mm layer of silica gel. The main 
ultraviolet light absorbing zone was eluted. Crystals were ob
tained after evaporation and were sublimed in vacuo: mp 92- 
94°; infrared spectrum identical with that of the l-vinyl-3- 
methyluracil prepared by the vinylation reaction.

Pyrolysis of Aietate 5.—A vyeor glass tube, sealed at one end, 
was loaded with 1.4 g of acetate 5, 30 mg of hydroquinone, and 
Vycor glass fillings (20-cm zone). The part with glass fillings 
was placed into furnace maintained at 620°; the tube was evacu
ated to 10 mm; and acetate 5 was distilled slowly throughout the 
heated zone. A brown distillate was collected, treated with 
charcoal in ethanol, and fractionally recrystallized from ethanol. 
Considerable amount of starting acetate (600 mg) was recovered; 
the other fractions gave, by chromatography on cellulose, 0.1 g 
(10%) of 1 -vinyluracil, which was identical with the substance 
prepared from the dehydrochlorination experiment.

3-Methyluracil.—1-Acetyluracil was prepared by the method of 
Spector and Keller31 from uracil and acetic anhydride. This 
compound (13 g) was dissolved in 200 ml of hot dioxane. Then, 
using a Dry Ice condenser, an ethereal solution of diazomethane 
was added in excess. After 1 day the mixture was evaporated, 
the residue was dissolved in 45 ml of ethanol, and 45 ml of 0.25 
M  HC1, and the solution boiled for 1 hr. According to chro
matography, both uracil and 3-methyluracil were present; the 
mixture was separated by fractional sublimation (140°, 0.05 
mm) to give 3-methyluracil as the sublimate (8 g, 75% yield), 
mp 179-183°, identical with the sample prepared by a known 
route.32

(31) L . B . S p ec to r a n d  E . B . K eller, J .  B io l. Chem ., 232, 185 (1958).
(32) D . J . B rovin , E . H o e rg e r, a n d  S. F . M aso n , J .  Chem. Soc., 211 

(1955).
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3-Benzoyluracil was prepared by hydrolysis of 1,3-dibenzoyl- 
uracil.33 In our hands it had mp 216° dec instead of 198-201° 
reported previously.33

As the melting point (151-152°) of the reaction product of our 
compound with diazomethane is the same as that of the 1 - 
methyl-3-benzoyluracil,33 this difference in the reported melting 
point may be due to a difference in the rate of heating.

Vinylation Reaction. General Procedure.—A solution of 0.1 
ml of concentrated sulfuric acid in ethyl acetate (2 ml) was added 
to a suspension of 0.5 g of mercuric acetate in 100 ml of vinyl 
acetate in a pressure flask; a clear solution was formed. 
This procedure avoids the coloring of vinyl acetate by the direct 
addition of acid. Then the powdered heterocyclic compound 
(about 2 g) was added followed by another 50 ml of vinyl acetate. 
After bubbling with nitrogen for 10 min the flask was closed and 
placed in a bath at 45-50° with occasional agitation for 1-5 days. 
After the specified period, dry sodium acetate was added, and 
the mixture stirred for 10 min and then filtered. The filtrate was 
evaporated in vacuo and the residue was dissolved in chloroform. 
The solution was then extracted with cold 1 N  sodium hydroxide; 
occasionally centrifugation was necessary to facilitate the re
moval of the aqueous layer. The chloroform layer was dried 
(magnesium sulfate) and evaporated. The residue was purified 
by recrystallization and sublimation in vacuo. Yields of the vinyl 
compounds varied; the governing factors23 appear to be the 
rate of the solution of the starting material which is difficult to 
control and the rate of the competing decomposition. All 
procedures reported below have been repeated successfully 
several times.

A. 3-Methyluracil.—The reaction time was 6 days. 1-Vinyl-
3-methyluracil was recrystallized from cyclohexane: mp 95-
97°; Xma3t (buffer pH 7) 276 m^ (e 10,500) and 221 mM (e
10,500) f ^min 246 m î. In another experiment the reaction 
time was 10 days; the main portion of the product was polym
erized.

Anal. Calcd for C7H8N2O2: C, 55.26; H, 5.30; N, 18.41. 
Found: C, 55.04; H, 5.51; N, 18.04.

B. 3-Benzoyluracil was sparingly soluble in the vinylation 
solution and the reaction gave brown products of polymerization 
and decomposition.

C. Uracil, cytosine, and N-acetylcytosine in the vinylation 
reaction gave small quantities of oily materials which were not 
homogeneous; infrared and ultraviolet spectra indicated that 
only minute quantities of vinylsubstituted heterocycles were 
present.

D. 4-Ethoxy-2-pyrimidinone was prepared according to
Hilbert and Jansen;20 the purity was checked by paper chroma
tography using described elution systems.21;22 Vinylation (2 
days) of 1.1 g gave 0.7 g (55%) N -l vinyl derivative 7: white
crystals (cyclohexane); mp 77-78°; Amal (buffer pH 7) 287 
mM (« 8600) and 211 mM (. 13,600); Amin 251 mM.

Anal. Calcd for C8H ioN202: C, 57.82; H, 6.07; N, 16.86. 
Found: C, 57.96; H, 5.95; N, 16.99. * 30

(33) A. N o v acek , D . H esoun , a n d  J . G u t, Collect. Czech. Chem. C om m un
30 , 1890 (1965).

E. 6-Chloropurine.—Vinylation (5 days) of 2 g of the starting
compound gave 1.6 g (70%) of 6-chloro-9-vinylpurine 8 that was 
recrystallized from ethanol: mp 166-167°; Amax (95% ethanol)
263 mM (e 7500) and 224 (e 25,700); Amin 249 mM.

Anal. Calcd for C,H6N4C1: C, 46.55; H, 2.79; N, 31.02. 
Found: C, 46.55; H, 2.70; N, 31.36.

F. 2,6-Dichloropurine.—Reaction time was 2 days; 1.4 g 
(80%) of crystalline vinyl compound 9 was obtained from 1.5 g 
of starting material. This was recrystallized from ethanol: mp 
126-127°; Amax (95% ethanol) 274 mu (e 7800) and 228 m^ (e 
27,600); Xmi„ 252 m/i, shoulder at 235 m/t.

Anal. Calcd for C,H4N4C12: C, 39.09; H, 1.87; N, 26.05. 
Found: C, 39.58; H, 1.49; N, 25.89.

Hydrogenation of 6-Chloro-9-vinylpurine (8) and of 2,6-Di- 
chloro-9-vinylpurine (9).—Magnesium oxide (45 mg) and palla
dium on charcoal (5%, 45 mg) were added to a 20-ml solution of 
ethanol-water (v/v 1:1) containing 90 mg of the chloro derivative. 
The solution was hydrogenated at room temperature and a t
mospheric pressure; the consumption of hydrogen practically 
stopped after 1 hr when the theoretical amount was consumed. 
The mixture was filtered and 150 mg of potassium carbonate was 
added to the filtrate which was then evaporated. The residue 
was extracted with carbon tetrachloride and the resulting extract 
was dried (magnesium sulfate).

Crystalline 9-ethylpurine was obtained after evaporation of 
the extract; it gave an infrared spectrum identical with that of 
the authentic sample.34 In preliminary experiments, acetone was 
used for extraction; crystallization was very slow.

Hydrogenation and Hydrolysis of l-Vinyl-4-ethoxy-2-pyrimi- 
dinone (7).—Hydrogenation was conducted as described im
mediately above with 90 mg of vinyl compound in 20 ml of etha
nol-water solution (1:1 v/v) containing 45 mg of palladium on 
charcoal (5%). The filtered solution was evaporated in vacuo; 
the residue was dissolved in 20 ml of hydrochloric acid (1 N), 
left overnight, and again evaporated. After sublimation in 
vacuo, the infrared spectrum of the sublimate was identical with 
the spectrum of l-ethyl-5,6-dihydrouracil. The compound for 
comparison was purchased from Cyclo Chemical Corp., Los 
Angeles, Calif., and was purified by vacuum sublimation.

The product of hydrogenation and hydrolysis was shown by 
paper chromatography to contain a very small amount of 1 - 
ethyluraeil, undetected in the infrared spectrum.

Registry No.—1 , 936-70-9; 2, 711-66-0; 3, 15816- 
10-1; 4, 15816-11-2; 5, 15765-13-6; 6, 15765-14-7; 
7, 15765-15-8; 8, 15816-12-3; 9, 15816-13-4; l-(2- 
chloroethyl)-3-methyluracil, 15816-14-5; l-(2-acetoxy- 
ethyl)-3-methyluracil, 15765-16-9; 1-vinyluracil, 15765- 
17-0; l-vinyl-3-methyluracil, 15765-18-1.
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(34) W e a re  in d e b te d  to  D r. J .  A. M o n tg o m e ry  fo r th is  s a m p le .24
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A new synthesis of pyrimido[l,2-a]indoles has been developed utilizing a base-catalyzed cyclization of a
2-(eyanomethyl)anilinomethylenemalonate. The mode of formation of this ring system and its structure proof 
are discussed. Base-catalyzed alkylations of pyrimido[l,2-a]indoles give mixtures of I- and 10-substituted 
products 6 and 7a, respectively. Hydrogenation or metal hydrides cause the reduction of the double bond. 
Decomposition occurs during attempted acid or base hydrolyses of these molecules.

In connection with studies in these laboratories on 
the reactions of derivatives of arylaminomethylene- 
malonates,1 compound 1 was treated with 1 equiv of 
sodium ethoxide in refluxing ethanol. The product ob
tained, a stable orange solid, was shown to be the salt 
2 which on acidification, gave the pyrimido[l,2-a]- 
indole derivative 3 in 84% over-all yield. This product 
was probably formed by the mechanism in Scheme I.

The structure of 3 was established by microanalyses 
and infrared and nmr spectra (see Experimental 
Section). The lactam rather than the tautomeric 
hydroxy imine structure was deduced from the infrared 
spectrum which showed a strong band at 1660 cm-1, 
whereas the alternative structure should not exhibit 
a band above 1600 cm- 1 .2

Only two examples of syntheses of pyrimido[l,2-
a]indoles could be found in the literature. One3 in
volves the reaction of ethyl 4-sulfobenzeneazoaceto- 
acetate with 2-aminoindole to give 4 in 75% yield,

while the other4 describes the isolation of the dilactam 
5 in 20% yield, as a by-product, from the reaction of
2-aminoindole and diethylmalonyl dichloride.

Since a facile synthesis of pyrimido[l,2-a]indoles 
was now available to us, a number of reactions, par
ticularly alkylations, of these systems were investi
gated.

Hydrogenation of 3 over platinum (see Scheme II) 
gave the corresponding dihydro compound 10. This 
transformation was also achieved with sodium boro- 
hydride. Lithium aluminum hydride failed to reduce 
3 in ether, although the same reagent in refluxing 
tetrahydrofuran gave a complex mixture which was 
not studied.

Alkylation of the salt 2 with methyl iodide or ethyl 
bromoacetate in a variety of solvents (ethanol, water, 
dimethylformamide, benzene) led in all cases to mix
tures. The isomeric products arising from the ethyl 
bromoacetate reaction in ethanol were shown to be 6 
and 7a (Scheme II). The position of alkylation in 6

(1) W . F . G an n o n  an d  E . A. S tec k , J .  Org. Chem ., 27, 4137 (1962).
(2) 4 -P y rim id o n e  show s b a n d s  in  th e  reg ion  1600-1700  c m -1, w h ile  

4 -m e th o x y p y rim id in e  does n o t [see D . J .  B row n  a n d  L . N . S h o rt, J .  Chem. 
Soc., 331 (1953)].

(3) U . S. P a te n t  2 ,432,419 (D ec 9, 1947); Chem . A bstr ., 42, 2194a (1948).
(4) A. E b n o th e r , et a l., H elv. C h im . A c ta , 42, 918 (1959).

was established by examination of the nmr spectrum 
of its hydrogenation product (8) (6 was not sufficiently 
soluble in suitable solvents) which did not show a peak 
between 5.5 and 6.0 ppm characteristic of the hydrogen 
in the 10 position in 3 and other compounds in this 
series. Compound 7a exhibited a singlet for one pro
ton at 5.64 ppm, indicating that alkylation had oc
curred on either the nitrogen or the oxygen of the 
lactam. The “C” ring in both 7a and its hydrogenation 
product 9 were stable to dilute, refluxing hydrochloric 
acid.

The ultraviolet spectra of 7a in neutral and acidic 
media were identical. The same holds true for 9. 
The infrared spectrum of 7a exhibited a strong band 
at 1664 cm-1, while 9 had a band at 1680 cm-1. On 
the basis of this evidence, structure 7a rather than its
O-alkylated analog, is proposed.

Whereas cyanoethylation of 2 or 3 failed to give a 
product (starting material was recovered in both cases), 
compound 10 was dicyanoethylated with acrylonitrile 
and triethylamine. The presence of the C-H in the 
10 position in the nmr spectrum indicated that cyano
ethylation had not taken place on this carbon; in
stead, cyanoethylation had occurred to the carbethoxy 
group and either on nitrogen or oxygen. A band at 
1680 cm“ 1 in the ir spectrum suggested that the lactam 
carbonyl was unchanged; hence structure 11a is indi
cated for the cyanoethylation product.

The unsubstituted lactams 3 and 10 were unstable 
to both aqueous acid and base,5 whereas their N- 
substituted derivatives 7a and 11a were stable to these 
reagents. In fact, 7a was hydrolyzed smoothly to 7b 
in dilute hydrochloric acid and treatment of 11a with 
aqueous sodium hydroxide gave the decarbethoxylated 
dinitrile 12.6

The sequence of reactions (1 to 3) was carried out with 
the a-methylacetonitrile analog of 1, to give 13 as the 
final product. Therefore, it appears that 10-substituted 
pyrimido[l,2-a]indoles of the type 13 may also be pre
pared by this method.

(5) S o lu tio n s  of th e se  la c tam s  in  aq u eo u s  e th an o lic  ac id  o r b a se  d a rk en  
ra p id ly  a n d  on ly  sm all a m o u n ts  of w a te r-in so lu b le , ta r r y  m a te r ia ls  a re  re 
covered . T h e  la c ta m  fu n c tio n  p re su m a b ly  is  h y d ro ly z ed , le ad ing  to  an  
am in o  in d a n  w hich  is q u ite  su sc ep tib le  to  a i r  ox id a tio n .

(6) T h is  p ro d u c t m ig h t a rise  from  sap o n ifica tio n  of th e  es te r  follow ed b y  
d ec a rb o x y la tio n  of th e  re su ltin g  a -a m id o  ac id  (lib) o r a l te rn a t iv e ly  from  
h y d ro ly sis  of th e  la c ta m  follow ed b y  d e c a rb o x y la tio n  of th e  re su ltin g  a -ca r-  
b e th o x y  ac id  a n d  cyc liza tio n  b ac k  to  th e  la c tam .
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S c h e m e  I

S c h e m e  II

2

jBrCH2C02C2Hs

3
[P t/H 2 or NaBH«

CH2-CHCN

7a,R=C2H5 
b,R = H

9 Ila, R — C2H5 
b, R = H

12

In general, the comparable order of reactivity of the 
many functional groups present in these systems and 
the hydrolytic instability of the unsubstituted lactam 
group limited the synthetic versatility of these 
molecules.

Experimental Section
All melting points are corrected and were taken in a stirred, 

oil bath. Infrared spectra were obtained on Perkin-Elmer 
Model 21 spectrometer and ultraviolet spectra on a Cary Model 
14 spectrometer. The nmr spectra were determined on a Varian 
A-60 spectrometer a t room temperature. The solutions were 
approximately 20% (w/v). Tetramethylsilane was used as an 
internal standard.

Diethyl [(2-Cyanomethyl-4,5-dimethoxy)anilino]methylene- 
malonate (1 ).—(2-Am:no-4,5-dimethoxyphenyl)acetonitrile7 (13.1 
g, 0.068 mol) was refluxed with diethyl ethoxymethylene- 
malonate (14.8 g, 0.068 mol) in 170 ml of benzene for 2 hr. 
Concentration of the solvent to one-third its original volume 
separated a solid which was collected by filtration and recrystal
lized from benzene to give 20.0 g (80%) of diethyl [(2-cyano- 
methyl-4,5-dimethoxy)anilino]methylenemalonate as off-white 
crystals: mp 152-153°; v™™ 2250 (C = N ), 1692 (C = 0  vinylo- 
gous carbamate), and 1610 cm-1 (C =C ); H sh 221 m»» 
(* 17,900) and 320 mM (e 18,600).

Anal. Calcd for Ci8H22N20 6: C, 59.66; H, 6.12; N, 7.73. 
Found: C, 59.28; H, 6.10; N, 7.79.

3-Carbethoxy-7,8-dimethoxypyrimido [ 1,2-a] indol - 2 (1H ) - one 
(3).—To a solution cf sodium ethoxide, prepared from 3.2 g

(7) G . N . W a lk er, J .  A m . Chem. Soc., 77 , 3844 (1955).



(0.14 g-atom) of sodium and 300 ml of ethanol was added 50 g 
(0.14 mol) of diethyl ](2-cyanomethyl-4,5-dimethoxy)anilino]- 
methylenemalonate as a slurry in 500 ml of ethanol, and the 
resulting mixture was refluxed for 3 hr. The separated orange 
solid (the sodium salt 2 ) was collected by filtration, washed with 
ethanol, and dried. I t  was then dissolved in water and the solu
tion was made acidic (pH 5) with 10% hydrochloric acid. Upon 
standing at 4° for 18 hr the solution deposited a yellow solid and 
was filtered to give 36.5 g (84%) of 3-carbethoxy-7,8-dimethoxy- 
pyrimido[l,2-a]indol-2(lH)-one, mp 239-241°. Two recrystal
lizations from dimethylformamide afforded yellow flakes: 
mp 240-241°; 1695 (C = 0  conjugated ester) and 1660
cm“ 1 (C = 0  amide); X“ !0H 278 mp (e 29,400), 299 (32,700), 
and 337 (10,400). The nmr spectrum (DMF-d7) exhibited a 
triplet (three protons) at 5 1.32 (-C-CH 3 of ester), singlets 
(three protons each) at 3.87 and 3.93 (methoxy), a quartet 
(two protons) at 4.30 (0-C H 2-  of ester), a singlet (1 proton) at
5.98 (C-H of indole ring), singlets (one proton each) at 7.09 
and 7.92 (aromatic C-H), and a singlet (one proton) at 9.10 
(vinyl, adjacent to nitrogen).

Anal. Calcd for Ci6Hi6N2Oo: C, 60.75; H, 5.10; N, 8 .86. 
Found: C, 60.96; H, 5.16; N, 8.81.

Ethyl 3-Carbethoxy-l,2-dihydro-7,8-dimethoxy-2-oxopyrimido- 
[l,2-a]indole-10-acetate (6) and Ethyl 3-Carbethoxy-l,2-di- 
hydro-7,8-dimethoxy-2-oxopyrimido[l,2-a] indole-1-acetate (7a). 
—The sodium salt of 3-carbethoxy-7,8-dimethoxypyrimido- 
[l,2-o]indol-2(lH)-one (13 g. 0.038 mol) was suspended in 400 
ml of absolute ethanol. Ethyl bromoacetate (38 g, 0.23 mol) 
was added and the mixture was refluxed for 1.5 hr. After cool
ing, the separated solid was collected and recrystallized three 
times from ethanol to give 2.0 g (13%) of ethyl 3-carbethoxy-
1 ,2-dihy dro-7,8-dimethoxy-2-oxopy rimido [ 1 ,2-a] indol- 10-acetate 
as yellow crystals: mp 256-260°; 1720 (C = 0  of ester),
1692 (C = 0  conjugated ester), and 1653 cm-1 (C = 0  of amide); 
X°“’cs 281 mp (e 26,300) 303 (31,600), and 338 (10,800).

Anal. Calcd for C2oH22Ni07: C, 59.69; H, 5.51; N, 6.96. 
Found: C, 59.95; H, 5.48; N, 6.83.

The filtrate of the above reaction mixture was allowed to stand 
at room temperature for 18 hr. The separated solid was isolated 
by filtration and reciystallized twice from ethanol to give 5.7 g 
(37%) of ethyl 3-carbethoxy-l,2-dihydro-7,8-dimethoxy-2-oxo- 
pyrimido[l,2-a]indole-1 -acetate as a fluffy yellow solid: mp
208.5-209°; 1730 (C = 0  ester), 1695 (C = 0  conjugated
ester), and 1664 cm-1 (C = 0  amide); X™3CN 277 mp (« 25,900), 
300 (29,800), and 335 (10,400). The nmr spectrum (CDC13) 
exhibited appropriate peaks for 2 ethyl, 2 methoxy, and aromatic 
C-H groups and in addition a singlet (two protons) at S 4.80 
(-CH2-  adjacent to ester and nitrogen), a singlet (one proton) 
at 5.64 (CH of indole), and a singlet (one proton) at 8.50 (vinyl 
adjacent to nitrogen).

Anal. Calcd for C20H22N2O7: C, 59.69; H, 5.51; N, 6.96. 
Found: C, 59.30; H, 5.51; N, 6.75.

3-Carbethoxy-l ,2-dihydro-7,8-dimethoxy-2-oxopyrimido [ 1,2-a] - 
indole-l-acetic Acid (7b).—A 21.5-g (0.054 mol) sample of ethyl
3-carbethoxy-l ,2-dihydro-7,8 -dimethoxy - 2 - oxopyrimido [ 1,2-a] - 
indole-l-acetate was stirred and refluxed for 1.5 hr in a mixture 
of 400 ml of 1,2-dimethoxyethane and 400 ml of 10% hydrochloric 
acid. After cooling, the separated solid was collected and recrys
tallized from dimethylformamide-water to give 6.6 g (33%) of
3-carbethoxy-l ,2-dihydro-7,8 - dimethoxy-2 - oxopyrimido] 1,2-a]- 
indole-l-acetic acid as yellow crystals: mp 268-269°; 1735
(broad, C = 0  for conjugated ester and nonconjugated acid) and 
1630 cm“ 1 (C = 0  amide); > C f H 274 mp (£ 31,200), 296 (27,100), 
and 332 (9800).

Anal. Calcd for C,8HlaN>07: C, 57.75; H, 4.85; N, 7.48. 
Found: C, 57.66. H, 4.77; N, 7.51.

Ethyl l,2,3,4-Tetrahydro-7,8-dimethoxy-2-oxopyrimido[l,2-a]- 
indole-3-carboxylate (10). A.—A suspension of 9.5 g (0.03 
mol) of 3-carbethoxy-7,8-dimethoxypyrimido [ 1,2-a] indol-2(1H )- 
one in 250 ml of ethanol containing 0.9 g of platinum oxide was 
hydrogenated at room temperature at an initial pressure of 45 
psi. The hydrogen uptake stopped after 4 hr, the separated white 
solid was dissolved by heating and the solution was filtered, the 
filtrate was diluted to 500 ml with water and cooled. The sepa
rated white solid amounted to 6.5 g (68%) of ethyl 1,2,3,4-tetra- 
hydro-7,8-dimethoxy- 2- oxopyrimido [ 1,2-a ] indole-3-carboxylate: 
mp 166-166.5°; d “1 1730 (C = 0  ester) and 1680 cm" 1 (C = 0  
amide); X“ ’01̂ 8 3  mp (< 10,000), 294 (11,800), and 317 (17,800).

Anal. Calcd for Ci6H 18N20 5: C, 60.37; H, 5.70; N, 8.80. 
Found: C, 60.56; H, 5.94; N, 8.74.
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B.—A 3.16-g (0.01 mol) sample of 3-carbethoxy-7,8-di- 
methoxypyrimido[l,2-a]indol-2(lH)-one was treated with 1.5 g 
(0.04 mol) of sodium borohydride in 100 ml of isopropyl alcohol 
for 5 hr at room temperature. The reaction mixture was poured 
onto ice containing dilute hydrochloric acid and extracted with 
chloroform. Removal of the organic solvent left an oil which 
was crystallized and then recrystallized from aqueous methanol 
to give a white solid, mp 165-166°, which was in all respects 
(infrared spectrum, melting points, and a mixture melting point 
determination) identical with the product obtained in part A 
above.

Ethyl l,3-Bis(2-cyanoethyl)-l,2,3,4-tetrahydo-7,8-dimethoxy-
2- oxopyrimido[l,2-a]indole-3-carboxylate (11a).—A 20-g (0.063 
mol) sample of ethyl l,2,3,4-tetrahydro-7,8-dimethoxy-2-oxo- 
pyrimido [ 1,2-a] indole-3-carboxylate was caused to react with 
excess (75 ml) acrylonitrile by 24-hr reflux in 300 ml of ethanol 
containing 10 ml of triethylamine. After concentration of the 
solvent, the residual oil was chromatographed on neutral alumina 
(200 g). Fractions eluted with 50% ether-chloroform were 
combined and concentrated to give a solid which on recrystalliza
tion from ethyl acetate-cyclohexane gave 11 g (45%) of ethyl
1.3- bis(2-cyanoethyl)-1,2,3,4- tetrahydro - 7,8 - dimethoxy - 2 - oxo
pyrimido [l,2-a]indole-3-carboxylate as white crystals: mp
117-118°; r™ 011 2255 (C = N ), 1732 (C = 0  ester), and 1678
cm-1 (C = 0  amide); X“ s0H 214 mp (e 24,400) and 315 mp (e 
15,400). The nmr spectrum (CDC13) showed a singlet (one pro
ton) at 5 5.89 (CH of indole) and appropriate peaks for the pro
tons in the rest of the molecule.

Anal. Calcd for C22H24N40 5: C, 62.25; H, 5.70; N, 13.20. 
Found: C, 62.48; H, 5.93; N, 13.45.

1,2,3,4-Tetrahydro-7,8-dimethoxy-2-oxopyrimido [ 1,2-a] -1,3- 
dipropionitrile (12).—A 1.15-g (0.0028 mol) sample of ethyl
1.3- bis(2-cyanoethyl) -1,2,3,4 - tetrahydro -7,8 - dimethoxy - 2 -oxo
pyrimido [l,2-a]indole-3-carboxylate was saponified by refluxing 
with 0.12 g of sodium hydroxide in 30 ml of aqueous ethanol for 
5 hr. Cooling deposited 1.06 g of a white solid which was sus
pended in water and acidified with dilute hydrochloric acid. After 
the gas evolution had stopped, the separated solid was collected 
and recrystallized from ethanol-dimethylformamide to give 0.67 
g (70%) of l,2,3,4-tetrahydro-7,8-dimethoxy-2-oxopyrimido- 
[ 1,2-a]indole-1,3-dipropionitrile as white crystals: mp 158-
159°: v™l 2242 (C =N ) and 1670 cm“ 1 (C = 0  amide); X™3°u
sh 282 mp (e 9500), 291 (11,000), and 315 (17,400).

Anal. Calcd for C19H20N4O3: N, 15.90. Found: N, 15.87.
3-Carbethoxy-7,8-dimethoxy-10-methylpyrimido[l,2-a]indol- 

2(lH)-one, (13).—A 77-g (0.35 mol) sample of (2-nitro-4,5- 
dimethoxyphenyl)acetonitriIe4 was alkylated with 70 g (0.5 mol) 
of methyl iodide in the presence of 17.5 g (0.35 mol) of sodium 
hydride, in standard fashion, to give a-(2-nitro-4,5-dimethoxy- 
phenyl)propionitrile (26 g), mp 135-137°. This material, 
without further characterization, was reduced with palladium 
on carbon in ethyl acetate4 to the corresponding amino derivative. 
The latter was treated with diethyl ethoxymethylenemalonate, 
as described in the preparation of 5b. The resulting product, 
mp 100-105° (3.6 g), was treated with 1 equiv of sodium ethoxide 
in 150 ml of ethanol as described above (see preparation of 8). 
The product, after recrystallization from dimethylformamide, had 
mp 281-282°; 1730 (C = 0  ester) and 1685 cm“ 1 (C = 0
amide); X™30H 284 mp (e 18,700), 304 (20,600), and 335 (10,000).

Anal. Calcd for Ci7HiSN20 5: N, 8.48. Found: N, 8.78.
Ethyl 3-Carbethoxy-l ,2,3,4-tetrahydro-7,8-dimethoxy-2-oxo-

pyrimido[l,2-a]indole-10-acetate (8).—A 2-g sample of ethyl
3- carbethoxy-l ,2-dihydro-7,8-dimethoxy - 2 - oxopyrimido [ 1,2 - a] - 
indole-10-acetate was hydrogenated at 50 psi in 120 ml of ethanol 
in the presence of platinum oxide. After 6 hr the catalyst was 
filtered and ether was added to the filtrate. The separated solid 
was recrystallized from dimethylformamide-water to give 1.2  g 
(60%) of ethyl 3-carbethoxy-l,2,3,4-tetrahydro-7,8-dimethoxy-
2- oxopyrimido[l,2-a]indole-10-acetate: mp 210.5-211.5°;
1738 (C = 0  ester) and 1660 cm-1 (C = 0  amide); X™3CN 223 
mp (e 21,400), sh 282 (10,000), sh 294 (12,400), and 316 (16,300). 
The nmr spectrum (DMF-d7) exhibited the usual triplets and 
quartets for the 0 -C H 2CH3 groups, singlets for the 0 -C H 3 
groups, multiplets between 4 and 5 ppm for the protons of the 3 
and 4 positions, and two singlets for the aromatic protons.

Anal. Calcd for C20H22N2O7: C, 59.40; H, 5.98; N, 6.93. 
Found: C, 59.23; H, 5.83; N, 7.15.

Ethyl 3-Carbethoxy-l,2,3,4-tetrahydro-7,8-dimethoxy-2-oxo- 
pyrimido[l,2-a]indole-l-acetate (9).—A 10-g sample of ethyl
3- carbethoxy-l ,2-dihydro-7,8-dimethoxy - 2 - oxopyrimido[1,2 - a] -
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indole-l-acetate was hydrogenated at an initial pressure of 50 
psi in 200 ml of ethanol in the presence of 1 g of platinum oxide. 
After 4 hr the catalyst was filtered, the filtrate was concentrated, 
and the residual oil was chromatographed on neutral alumina. 
Fractions eluted with ether were combined and concentrated, 
and the residual solid was recrystallized from ethyl acetate- 
hexane to give 3.0 g (30%) of ethyl 3-carbethoxy-l,2,3,4-tetra- 
hydro-7 ,8-dimethoxy-2-oxopyrimido[l,2-a] indole-l-acetate: mp

96-98°; 1736 (C = 0  ester) and 1682 cm 1 (C = 0  amide);
X™'0H sh 281 mM (e 8000), sh 289 (9700), and 314 (15,500).

Anal. Calcd for C20H24N2O,: C, 59.40; H, 5.98; N, 6.93. 
Found: C, 59.51; H, 5.98; N, 6.84.

Acknowledgment.—We thank Dr. H. R. Almond and 
Mrs. M. C. Christie for many of the analytical and 
spectral results.
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5-Trimethylsilylindole has been synthesized starting from indole which was N-benzylated and brominated in 
the 5 position, metalated to 5-lithio-N-benzylindoline, and treated with trimethylchlorosilane to yield 5-tri- 
methylsilyl-N-benzylindoline. Catalytic hydrogenolysis in the presence of acetic anhydride gave 5-trimethyl- 
silyl-N-acetylindolir.e, which was hydrolyzed by KOH in diethylene glycol to 5-trimethylsilylindoline, which 
in turn was converted into 5-trimethylsilylindole by catalytic dehydrogenation in boiling xylene in the presence of 
palladium-charcoal. 5-Trimethylsilylgramines were synthesized. 5-Trimethylsilylgramine methiodide was 
converted into the nitrile by reaction with sodium cyanide and the latter was hydrolyzed to 5-trimethylsilylin- 
dole-3-acetic acid, or reduced to 5-trimethylsilyltryptamine.

Various indole derivatives substituted in the 5 posi
tion have been synthesized, such as 5-acetyl-,1 5- 
amino-,2 5-chloro-,3 and 5-fluorotryptamines4 5 and 5- 
nitro- and 5-aminogramines.6 7 These are interesting in 
that they are related to the physiologically active 5- 
hydroxytryptamine.

We report here the synthesis of 5-trimethylsilylin- 
dole and some of its derivatives.

The preparation of compounds having a silicon-aryl 
bond involves difficulties because of the sensitivity of 
the silicon-aryl bond, to cleavage by acids and halogens. 
For this reason, although there are many methods for 
the preparation of indole derivatives, most of them are 
unsuitable for the preparation of silicon-containing in
dole derivatives since they require acid conditions in 
some step of the synthesis.

5-Trimethylsilylindole was synthesized starting from 
indoline6,7 according to Scheme I.

N-Benzylindoline (I) was brominated with 1 equiv 
of bromine in acetic acid solution giving 5-bromo-N- 
benzylindoline (II), which was identical (melting point, 
mixture melting point, and ir spectrum) with the com
pound resulting from the N-benzylation of 5-bromo- 
indoline.8

Catalytic hydrogenolysis of the N-benzyl group from
5-trimethylsilyl-N-benzylindoline (III) was easy, but 
in methanol, 2-propanol, or acetic acid solution it was 
accompanied by cleavage of the trimethylsilyl group. 
This was attributed to activation by the electron-releas
ing amino group in the para position. Consequently,

(1) J . S havel, M . v o n  S tra n d tm a n n , a n d  M . P . C oh en , J .  A m er. Chem. 
Soc., 84, 881 (1962).

(2) E . S haw  a n d  D . W . W oolley , ib id ., 75 , 1877 (1953).
(3) F . B en in g to n , R . D . M o rin , a n d  L . C. C la rk , J r . ,  J .  Org. Chem ., 25, 

1542 (1960).
(4) Z. P elchow icz, A. K a lu szy n e r, a n d  M . B en to v , J .  Chem. Soc., 5418 

(1961).
(5) J . I .  D eG raw , V. H . B row n , a n d  W . A. S k in n er, J .  M ed . Chem ., 9, 140 

(1966).
(6) A. P . T e re n t’ev  a n d  M . N . P re o b ra z h e n sk a y a , Z h . Ohshch. K h im .,  29, 

317 (1959).
(7) R . Ik a n ,  E . H o ffm an n , E . D . B e rg m an n , a n d  A. G a lu n , Isra e l J .  Chem ., 

2 , 37 (1964).
(8) A . P . T e re n t’ev , M . N . P re o b ra z h e n sk a y a , A . S. B o b ro v , a n d  G . M . 

S o ro k in a , Z h . Obshch. K h im .,  29, 2541 (1959).

S c h e m e  I

CtiH,CH.Cl 

aqueous NaHCOj

Br,

acetic acid

I

hydrogenolysis was done in acetic anhydride, so that 
after the N-benzyl was split off the amino group was 
acetylated. The silicon-aryl bond was then stable and 
the resultant 5-trimethylsilyl-N-acetylindoline (IV) 
partially precipitated out of solution. The reaction 
was stopped immediately after the required amount of 
hydrogen was absorbed.

5-Trimethylsilylindole (VI) was obtained from V by 
catalytic dehydrogenation in boiling xylene in the 
presence of palladium-charcoal. The reaction at 
lower temperature (boiling toluene) was not satisfac
tory.

5-Trimethylsilylgramine (VII) was obtained from VI 
by the Mannich reaction using formaldehyde and di- 
methylamine. I t  was converted into 5-trimethylsilyl-
3-piperidinomethylindole (VIII) by reaction with 
piperidine (Scheme II).
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S c h e m e  II

X X r H- N3
IH

VIII

(CH3)3Si-
NaCN

-CHXN (CH3)3Si-
KOH i_C u

-CH,COOH

X

LiAlH, |

N
IH

XI

LiAlH, j

(CHjJjSi- Ij--- ¡1—ch2ce»nh2 (CH3)3Si p --- jr
V1 11H IH
XII XIII

-CH2CH2OH

Reaction of VII with methyl iodide gave the methio- 
dide IX, which on reaction with sodium cyanide gave 5- 
trimethylsilylindole-3-ac3tonitrile (X). Compound X 
was hydrolyzed to the acid XI and was reduced to 5- 
trimethylsilyltryptamine (XII) (Scheme II).

5-Trimethylsilylindole-3-acetic acid (XI) was re
duced to 5-trimethylsilylindolylethanol (XIII).

Experimental Section

Melting points were determined using a Fisher-Johns ap
paratus. The uv spectra were carried out in ethanol (J. T. 
Baker Alcohol Reagent) using a Beckman DU spectrophotom
eter.

N-Benzylindoline (I).—Indoline (119 g, 1 mol) was added to 
sodium bicarbonate (105 g, 1.25 mol) in 200 ml of water and the 
mixture was stirred with heating to 90-95°. Benzyl chloride 
(127 g, 1 mol) was added drcpwise during 1.5 hr, and stirring and 
heating was continued for an additional 3.5 hr. After cooling 
the layers were separated, and the aqueous layer was extracted 
with ether. The combined organic layers were washed with 
water and dried over magnesium sulfate. N-Benzylindoline was 
obtained in 90% yield (190 g): bp 146-149° (1 mm); A“,)“ 01
254 mM (« 10,000) and 302 (2500).

Anal. Calcd for Ci5H,5N: C, 86.08; H, 7.22; N, 6.69;
mol wt, 209.3. Found: C, 86.35; H, 7.47; N, 6.86; mol wt, 
210.1 (on titration with perchloric acid in acetic acid using 
crystal violet as indicator).

5-Bromo-N-benzylindoline (II).—To a solution of N-benzyl- 
indoline (104.5 g, 0.5 mol) in glacial acetic acid (500 ml) under 
nitrogen atmosphere, a solution of bromine (80 mg, 0.5 mol) in 
acetic acid (250 ml) was added with stirring and external cooling 
during 2 hr. A heavy blu:sh white precipitate of 5-bromo-N- 
benzylindoline hydrobromide separated; it was stirred for another 
15 min, filtered off, and washed thoroughly with petroleum 
ether (60-80°). The precipitate was added into 10% sodium 
hydroxide solution. The filtrate and washings were concentrated 
in vacuo and made alkaline with sodium hydroxide solution. 
The alkaline mixtures were combined and the amine was ex
tracted with ether. The ethereal extracts were washed with 
water, dried over sodium sulfate, and distilled in vacuo. The
5-bromo-N-benzylindoline (124 g, 86%) distilled at 174-176° 
(1 mm) and solidified on cooling: mp 33° on recrystallyzation 
from ethanol or 2 propanol; Xmax 264 mju (e 15,000) and 313 
(2600).

Anal. Calcd for Ci5H14BrN: C, 62.51; H, 4.90; N, 4.86. 
Found: C, 62.76; H, 5.03; N, 5.04.

The compound is unstable and decomposes on heating or on 
standing at room temperature for long periods of time. The 
crude material can be used in the following step.

N-Benzyl-5-trimethylsilylindoline (III).—A solution of 5- 
bromo-N-benzylindoline (144 g, 0.5 mol) in dry ether (200 ml) 
was added dropwise with stirring and cooling to lithium metal 
wire (7.4 g, 1.06 g-atom) in dry ether (150 ml) in an argon at
mosphere. Stirring in the cold was continued for an additional 
2 hr, until almost all the lithium reacted. The reaction mixture 
was then cooled in an ice-salt, bath, and a solution of trimethyl- 
chlorosilane (60 g, 0.54 mol) in dry ether (200 ml) was dropped 
in with stirring. The reaction mixture was stirred in the cold 
for 1 hr, followed by 16 hr at room temperature, and was filtered 
through glass wool. The filtrate was added cautiously to cold 
30% sodium hydroxide solution, so that the reaction mixture 
was always alkaline, and was extracted with ether. The ethereal 
extract was washed with water, dried, and distilled. The N- 
benzyl-5-trimethylsilylindoline (113 g, 80%) was collected at 
179-181° (1 mm) which solidified on cooling: mp 55° (from meth
anol); Amax 267 m^ (« 15,800) and 299 sh (3300).

Anal. Calcd for Ci8H23NSi: C, 76.81; H, 8.24; N, 4.98; 
Si, 9.97. Found: C, 76.91; H, 8.21; N, 5.08; Si, 10.34.

N-Acetyl-5-trimethylsilylindoline (IV).—N-Benzyl-5-tri- 
methylsilylindoline (10 g, 0.035 mol) in acetic anhydride (35 
ml) was hydrogenated in a Parr apparatus (30 psi) at room 
temperature in the presence of 10% Pd-C  (1 g). The theoretical 
amount of hydrogen was taken up in about 1-1.5 hr. The catalyst 
and precipitated material were filtered off and washed with petro
leum ether. The filtrate was poured into a solution of sodium 
hydroxide (50 g) in crushed ice (500 g) and stirred until all the 
acetic anhydride was hydrolyzed. The precipitated N-acetyl-5- 
trimethylsilylindoline was filtered off, combined with the first 
precipitate, extracted with boiling ethanol, and filtered. The 
solution of the N-acetyl-5-trimethylsilylindoline was concentrated 
to a small volume and left to crystallize for 24 hr in the refrigera
tor. The yield was 5.1 g (61%): mp 191°; Amax 262 mM (e
20,000), 285 (1100), and 295 (6400).

Anal. Calcd for C,3H19NOSi: C, 66.91; H, 8.21; N, 6.00; 
Si, 12.02. Found: C, 66.85; H, 8.42; N, 6.37; Si, 12.21.

5-Trimethylsilylindoline (V).—N-acetyl-5-trimethyl.silyl in
doline (14 g, 0.06 mol) was added to a solution of potassium 
hydroxide (20 g) in water (20 ml) and diethylene glycol (180 ml) 
and heated under reflux for 5 hr. The reaction mixture was 
cooled, diluted with water (600 ml), and extracted with ether. The 
ethereal extract was washed with water, dried over magnesium 
sulfate, and distilled. The 5-trimethylsilylindoline was obtained 
in 78% yield (9 g): bp 98-100° (1 mm); m 20d  1.555; Ama!C 252
mM (e 11,000) and 295 (2500).

Anal. Calcd for C„H„NSi: C, 69.05; H, 8.95; N, 7.32; 
Si, 14.67. Found: C, 68.72; H, 8.79; N, 7.23; Si, 14.38.
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5-TrimethyIsiIylindole (VI).—A solution of 5-trimethylsilyl- 
indoline (8 g, 0.042 mol) in xylene (110 ml) was heated under 
reflux for 4 hr, in the presence of 10% Pd-C  (0.9 g). The re
action mixture was filtered and fractionally distilled. The
5-trimethylsilylindole (6 g, 75%) distilled at 103-105° (1 mm) 
or at 110-114° (2 mm) and solidified to crystals: mp 42°;
Xmal[ 223 mu (e 56,000), 274 (5600), and 293 (3500).

Anal. Calcd for C„H,sNSi: C, 69.78; H, 7.98; N, 7.40; 
Si, 14.82. Found: C, 69.39; H, 7.89; N, 7.34; Si, 14.35.

5-Trimethylsilylgramine (VII).—A mixture of acetic acid (20 
ml), dioxane (20 ml), 37% aqueous formalin solution (1.6 g), 
and 28% aqueous dimethylamine solution (3.2 g) was cooled to 
0° in an ice bath, and 5-trimethylsilylindole (3.8 g, 0.02 mol) 
was dropped in slowly with stirring during 1 hr and left over
night. The reaction mixture was diluted with water to a volume 
of 300 ml and filtered. The filtrate was made strongly alkaline 
with sodium hydroxide solution, and the trimethylsilylgramine 
separated out as an oil which solidified on standing to yield 4.3 
g (87%): mp 113° on recrystallization from petroleum ether;
Xmax 226 mM (e 51,500), 282 (5300), and 292 (4200).

Anal. Calcd for C„H22N2Si: C, 68.24; H, 9.00; N, 11.37; 
Si, 11.39. Found: C, 68.14; H, 9.13; N, 11.29; Si, 11.51.

5-Trim ethylsilyl-3-piperidinomethylindole (VIII).—5-Tri- 
methylsilylgramine (1 g, 0.004 mol) in piperidine (20 ml) was 
heated under reflux for 3 hr. Excess piperidine was removed 
in  vacuo, and petroleum ether was added to the residual oil. 
The 5-trimethylsilyl-3-piperidinomethylindole (1 g, 86%) crys
tallized out: mp 126° on recrystallization from petroleum ether; 
Xmax 226 mM (e 50,000), 284 (5400), and 294 (4100).

Anal. Calcd for CnH26N2Si: C, 71.27; H, 9.15; N, 9.77; 
Si, 9.80. Found: C, 71.11; 11,9.20; N, 9.60; Si, 9.62.

5-Trimethylsilylindole-3-acetonitrile (X).—Methyl iodide (4 
ml) in petroluem ether (10 ml) was added with stirring into a 
solution of 5-trimethylsilylgramine (1.23 g, 0.005 mol), stirred 
for 30 min, and left overnight in the cold. The precipitated 
methiodide was filtered off, dried, and dissolved in 50% aqueous 
ethanol (100 ml). Sodium cyanide (3 g, 0.06 mol) was added 
and the solution was stirred and heated to 70-80° for 2 hr. 
Water (100 ml) wTas added and the 5-trimethylsilyl-3-indole 
acetonitrile was taken up in chloroform, washed with water, 
dried, and concentrated in vacuo. Petroleum ether was then 
added to the concentrated solution to precipitate the nitrile. 
A yield of 0.82 g (72%) was obtained: mp 105° on recrystalliza
tion from chloroform-petroleum ether; Xm3X 225 m/i (e 52,000), 
283 (5500), and 283 (4100).

Anal. Calcd for C,3H 16N2Si: C, 68.37; H, 7.06; N, 12.27; 
Si, 12.29. Found: C, 68.23; H, 6.85; N, 12.53; Si, 12.44.

5-Trimethylsilylindole-3-acetic Add (XI).—5-Trimet,hylsilyl- 
indole-3-acetonitrile (1.2 g, 0.0052 mol) in ethanol (25 ml) was 
hydrolyzed by heating with a solution of potassium hydroxide 
(4.5 g) in water (15 ml) for 10 hr in a nitrogen atmosphere. The 
reaction mixture was cooled, diluted with water (200 ml), and 
filtered. The filtrate was brought to pH 7 with hydrochloric 
acid and left to crystallize out in the cold for several hours, 
yielding 1 g (77%) of 5-trimethylsilylindole-3-acetic acid: mp 
1 10 ° on recrystallization from chloroform-petroleum ether; 
Xmax 229 mp. (e 49,500), 284 (5200), and 294 (4000).

Anal. Calcd for C13Hi7N0 2Si: C, 63.12; H, 6.93; N, 5.66; 
Si, 11.34. Found: C, 62.27; H, 7.05; N, 5.39; Si, 11.62.

5-Trimethylsilyltryptamme (XII).—A solution of 5-trimethyl- 
silylindole-3-acetonitrile (0.8 g, 3.5 mmol) in dry ether (50 ml) 
was added slowly with stirring into lithium aluminium hydride 
(2 g, 0.053 mol) in ether (80 ml), and the mixture stirred for 
10 hr. Excess lithium aluminium hydride was destroyed by 
addition of ethyl acetate, followed by water and then by 20% 
sodium hydroxide solution (4 ml). The reaction mixture was 
filtered, the precipitate was washed thoroughly with ether, and 
the combined ethereal solutions were washed with water and 
dried over magnesium sulfate. Upon removal of the ether
5-trimethylsilyltryptamine remained as an oil which solidified 
on addition of petroleum ether to yield 0.59 g (78%): mp 103° 
on recrystallization from chloroform-petroleum ether; Xmax 227 
mM (e 48,500), 285 (5000), and 295 (4000).

Anal. Calcd for Ci3H20N2Si: C, 67.19; H, 8.68; N, 12.06; 
Si, 12.08. Found: C, 66.93; H, 8.64; N, 12.32; Si, 12.36.

/S-(5-Trimethylsilylindolyl)ethanol (XIII).—A solution of 5- 
trimethylsilylindole-3-acetic acid (1 g, 4 X 10~3 mol) in dry 
ether (50 ml) was added slowly with stirring into lithium alu
minium hydride (1.5 g, 0.04 mol) in ether (50 ml), and the re
action mixture was stirred for 15 hr. Excess lithium aluminium 
hydride was destroyed by addition of a minimal quantity of 
water and the reaction mixture was filtered. The precipitate 
was washed thoroughly with ether and the combined ethereal 
solutions were washed with bicarbonate solution, followed by 
water, and dried over magnesium sulfate. The ether was driven 
off in vacuo and the /3-(5-trimethylsilyIindolyl)ethanol (0.76 g, 
82%) distilled at 138-142° (1 mm): Xmax 229 mM (e 42,500), 
285 (4800), and 295 (3700).

Anal. Calcd for CuH^NOSi: C, 66.91; H, 8.21; N, 6.00; 
Si, 12.02. Found: C, 66.81; H, 8.23; N, 6.25; Si, 11.82.

A  New Synthesis of 6-Phenyl-2,3,5,6-tetrahydroim idazo[2,l-b]thiazole

L. D. Spic er , M. W. B ullock, M. G a rber , W. G roth , J. J. H and , 
D. W. L ong, J. L. Saw yer , and R. S. W ayne

Chemical Research and Development Laboratories, Agricultural Division, 
American Cyanamid Company, Princeton, New Jersey 08540

A four-step synthesis of the anthelmintic d(-6-phenyl-2,3,5,6-tetrahydroimida?o[2,l-6]thiazole hydrochloride 
(tetramisole) from styrene oxide and ethylenimine is described. The key step is the reaction of a-phenyl-2- 
aziridineethanol with thiocyanic acid to give 2-imino-a—phenyl-3-thiazolidineethanol hydrochloride which pro
ceeds in excellent yield.

The reported1 broad spectrum anthelmintic activity 
of 6-phenyl-2,3,5,6- tetrahydroimidazo [2,1 -h]thiazole 
hydrochloride (VI) prompted the search for a new and 
more general synthetic route. The previous major 
synthesis2 of VI involved the condensation of a phen- 
acyl halide with 2-aminothiazoline, sodium borohydride

(1) (a) D . C . I . T h ie n p o n t, O. F . J . V an p a rijs , A. H . M . R ae y m aek e rs , J . 
V a n d e n b e rk , P . J .  A. D em oen , F . T . N . A llew ijn , R . P . H . M arsb o o m , C . J . 
E .  N iem egeers, K . H . L. Schellekens, a n d  P . A. J .  Jan sse n , N ature, 209, 1084 
(19 6 6 ); (b) J .  S. R em d ers , N eth . J .  Vet. Sc i., 91, 967 (1966); (c) J .  W . 
P a n k h u r s t  a n d  D . O. S u tto n , Vet. Record, 79 , 166 (1966); J .  K . W alley , 
ib id ., 78 , 406 (1966).

(2) (a) A. H . M . R ae y m aek e rs , F . T . N . A llew ijn , J .  V an d en b e rk , P . J .  A.
D em o e n , T  . T . T . V. O ffenw ert, a n d  P . A. J .  J an sse n , J .  M ed . Chem ., 9 , 545 
(1966). (b) T h e  ro u te  to  te tra m iso le  s ta r t in g  w ith  s ty re n e  ox ide  a n d  e th y l
en im in e  w as in d e p e n d e n tly  d iscovered  in  th e  R e sea rc h  L a b o ra to rie s  of 
I .C .I .A .N .A .: A. B ak lien , et al., su b m itte d  fo r p u b lic a tio n  in  A u st. J .  C hem .

reduction of the resultant 3-aroylmethyl-2-iminothi- 
azolidine, and subsequent ring closure. This paper 
describes a new synthesis of VI starting with styrene 
oxide and ethylenimine.

Condensation of ethylenimine and styrene oxide gave 
a-phenyl-l-aziridineethanol (I), which reacted with 
thiocyanic acid to provide 2-imino-a-phenyl-3-thi- 
azolidineethanol hydrochloride (III). Reaction of III 
with thionyl chloride, followed by ring closure gave VI.

Funke and Benoit3 obtained crystalline I in a 48% 
yield from the reaction of styrene oxide with ethyl
enimine and a trace of water in a sealed tube at 100°. 
Initial results in this laboratory showed that the reac-

(3) A. F u n k e  a n d  G . B en o it, B u ll. Soc. C him . F r .,  1021 (1953).
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tion could be carried out without a sealed tube, and a 
study of the effect of solvents, temperatures, and mole 
ratios on the reaction rate and yield was initiated. For 
this purpose nmr analyses of the reaction was a con
venient and rapid method of screening the effects of a 
wide range of variables. In the various solvent sys
tems tested, the methine hydrogen or the X portion of 
an ABX system in styrene oxide appeared in the region 
of r 6.2, whereas the methine hydrogen of I appeared 
near 5.2. Product formation could usually be cal
culated by integration of these two areas. In cases 
where the r  5.0 region was obscured, the integrations of 
the methylene protons at t 7.6 of I and of the styrene 
oxide methine proton were utilized.

Most significant in the variables tested was the mole 
ratio of ethylenimine to styrene oxide. Increasing the 
ethylenimine-styrene oxide ratio from equimolar to 
4.5:1 resulted in large increases in product formation, 
with essentially no further increase at a 6 :1 ratio. The 
presence of lower molecular weight alcohols and water 
in relatively low concentrations gave a definite accelera
tion to the reaction rate. Ethanol (in concentrations 
up to ca. 16% by weight) was found to be the most ef
fective of these agents in increasing the rate of product 
formation without appreciable increases in side product 
formation. However, the final yield of I (as measured 
by nmr, gas chromatography, and distillation) was quite 
close to that obtained without alcohol. With other 
solvent systems such as pyridine, cyclohexane, decalin, 
chloroform, acetonitrile, acetone, water, and aqueous 
base the rate of product formation and/or yield was 
lowered. When benzene was the solvent, no reaction 
took place.

Similar solvent effects have been observed by Parker4 
for the reaction of styrene oxide and benzylamine. In

(4) R . E . P a rk e r , U . S .  D ep t. Com m ., Office Tech . S e r v P  B  R e p t.t A D  
260,659 (1961).

Parker’s study, varying amounts (8-40.5%) of the 
“abnormal” isomer in the product, resulting from 
amine attack at the more highly substituted carbon, 
were obtained. The lowest ratio of “abnormal” 
isomer was obtained in diethylene glycol dimethyl 
ether and the highest in methanol. In contrast to the 
results with benzylamine, the secondary amine piperi
dine gave only 4% of the “abnormal” isomer on 
reaction with styrene oxide in ethanol.5 6

In the present work, the presence of small amounts of 
the “abnormal” isomer, /?-phenyl-l-aziridineethanol, in 
reaction mixtures and impure samples of I was sus
pected from nmr spectra.

A side reaction which was evident in the formation 
of I was the production of a viscous, polymeric material. 
References6 to the polymerization of aziridines indicate 
that the reaction is catalyzed by acidic reagents. 
However, styrene oxide that had been specially freed 
from possible acidic impurities did not give results dif
ferent from those obtained with commercial styrene 
oxide. Examination of the stability of I in various 
solvents revealed that styrene oxide polymerized the 
aziridine product. Whereas elemental analyses do not 
permit the polymeric distillation residue to be a poly
mer of I alone, they are consistent with a polymer con
sisting mostly of œ-phenyl-1-aziridineethanol units and 
incorporating a small amount of styrene oxide. The 
styrene oxide concentration was effectively maintained 
at a low level by slow addition of the styrene oxide to 
the refluxing reaction, and by the use of a large excess 
of ethylenimine.

The formation of /3-aminoalkylthiocyanates, which 
are intermediates for 2-iminothiazolidines, from 0- 
aminoalkyl halides is of limited utility,7 except where 
the halide is of the reactivity of benzyl chloride.8 In 
contrast, Earley9 has shown that ring opening of sub
stituted aziridines to give alkyl thiocyanates is a fast 
reaction. The reported relative rates of thiocyanate 
and chloride attack on aziridinium ions indicated the 
feasibility of synthesizing III from I by generating 
thiocyanic acid from sodium thiocyanate and hydro
chloric acid. This was further shown in the present 
work by a study of the relative rate of reaction of I 
with thiocyanic acid, hydrochloric acid, and various 
ratios of sodium thiocyanate and hydrochloric acid 
(Table I).

T a b l e  I
A c i d  R i n g  O p e n i n g  o f  I

/-----%  rin g  opened® a f te r-----«
R e a c ta n ts  (m ole ra tio s) 20 m in 60 m in

la n d  HSCN (1:2.5) 78 >96
I, NaSCN, and HCl (1 : 1 .5 :1 .5) 65 88
I, NaSCN, and HCl (1 :1 .5 :2 .5) 32 67
I and HCl (1:25) 5 10

a Ring opening carried out at 0° in ethanol. Residual I was 
determined, after quenching aliquots with base, by gas chroma
tography on an Aerograph gas chromatograph, Model A-90-P, 
with a 2-ft column packed with 6% NaOH, 10% Ucon 510 fluid 
on Chromosorb W diatomaceous support.

(5) N . B . C h ap m a n , N . S. Isaacs , a n d  R . E .  P a rk e r , J .  Chem . Soc., 1925 
(1959).

(6) P . .E .  F a n ta ,  “ H ete ro cy c lic  C o m p o u n d s  w ith  T h re e -  a n d  F o u r-M e m - 
b e red  R in g s ,” p a r t  1, A. W eissberger, E d ., In te rsc ie n c e  P u b lish e rs , In c ., 
N ew  Y o rk , N . Y ., 1964, p  557.

(7) A. W olf, U . S. P a te n t  2 ,558,068 (1951); Chem . A bstr ., 46, 3087e (1952).
(8) D . L . K la y m a n  a n d  G . W . A . M ilne , J .  Org. Chem ., 31 , 2349 (1966).
(9) J .  E . E a rle y , C . E .  O ’R o u rk e , L . B . C la p p , J .  O. E d w a rd s , a n d  B . C . 

Law'es, J .  A m er. Chem . Soc., 80, 3458 (1958).



1352 S pic er , B ullock , G a r b e r , G roth , H a n d , L ong , Sa w y er , and  W a y n e  The Journal of Organic Chemistry

The relative rates of aziridine disappearance were 
shown to be clearly dependent on the thiocyanate ion 
concentration. Although the competing reaction of 
hydrogen chloride opening of I is of slight importance, 
a large excess of hydrochloric acid decreased the reac
tion rate, presumably by suppression of thiocyanic 
acid ionization. For synthetic preparation of III, the 
ideal situation for the aziridine ring-opening reaction is 
complete protonation of I to prevent polymerization 
and a large excess of thiocyanate ion during most of the 
reaction.

After formation of the alkyl thiocyanate Ha, ex
tremely low pH conditions prevent ring closure to III. 
This may be more clearly understood by considering 
the thiocyanate VII which is stable in the completely 
protonated form, but which rapidly ring closes to give
3,4-dimethyl-5-phenyl-2-iminothiazolidine when a small 
amount of base is added.7

^ ^ -C H C H (C H 3)NHCH3

SCN
VII

The proper pH conditions for conversion of I into III 
are met by addition of the aziridine I to excess sodium 
thiocyanate while adjusting the reaction mixture ap
parent pH with hydrochloric acid.

Alternatively, the conversion of I into III could be 
accomplished by the reaction of I with thiourea to give 
the pseudothiourea lib  and subsequent ring closure 
of lib  in refluxing water. In this case III was con
veniently isolated as the free base.

The reaction of III with thionyl chloride gave crude
3-(;8-chlorophenethyl) -2-iminothiazolidine hydrochlo
ride (IV) in good yields. The presence of minor im
purity in the crude product, as demonstrated by tic, 
was due to the concurrent formation of the elimination 
product, 2-imino-3-b-cms-styrylthiazolidine hydrochlo
ride (V). Its structure was shown by its synthesis by 
hydrogen chloride elimination from IV, analyses, and 
spectra. In particular, the ultraviolet spectrum dis
played absorbance at 295 m/u (e 25,600) and the nuclear 
magnetic resonance spectrum showed two vinyl proton 
doublets (J  = 14 cps) which confirmed the frans-styryl 
configuration.10

Ring closure of the free base of IV was accomplished 
in good yield to give VI.

Experimental Section11
a-Phenyl-1 -aziridineethanol (I).—To 387.6 g (9.0 mol) of 

stirred refluxing ethylenimine was added 360.5 g (3.0 mol) of 
styrene oxide over a period of 170 min, and the reaction heated at 
reflux an additional 2 hr. The viscous residue (486.6 g), after 
evaporation of the ethylenimine under vacuum, was distilled 
at 0.35 mm to give 388.55 g (79%) of oily crystals in 3 fractions:
3.05 g, bp 25-105°, mp 56-71°; 182.7 g, bp 98-105°, mp 57-73°;
202.8 g, bp 98°, mp 57-71° [lit.8 bp 116-117° (0.06 mm), mp

(10) L . M . J a c k m a n , “ A p p lica tions  of N u c le a r  M ag n e tic  R eso n an ce  
S p ec tro sc o p y  in  O rgan ic C h e m is try ,” P e rg am o n  P ress  In c ., N ew  Y o rk . N . Y ., 
1959, p 85.

(11) M icro a n a ly ses  w ere  p erfo rm ed  b y  G a lb ra i th  L a b o ra to r ie s , K noxv ille , 
T e n n . In f ra re d  s p e c tra  w ere  o b ta in e d  in  m in e ra l o il m u ll on a  P erk in -  
E lm e r In fra c o rd  sp e c tro m e te r , a n d  u ltra v io le t  s p e c tra  b y  m e an s  of a  C a ry  
M o d el 11M  sp e c tro m e te r . N u c le a r  m ag n e tic  re so n an ce  s p e c tra  w ere  o b 
ta in e d  w ith  a  V a rían  n u c lea r m a g n e tic  re so n an ce  sp e c tro m e te r , M o d el A-60. 
M e ltin g  p o in ts  w ere  o b ta in ed  in  open  cap illa ries  w ith  a  T h o m as—H oover 
c a p illa ry  m e ltin g  p o in t a p p a ra tu s  a n d  a re  co rrec ted .

73°]. The crude product was crystallized from methyl isobutyl 
ketone to give 268.9 g (55%) of white crystals, mp 74-75°.

Analysis of the distillate residue from the reaction of 6 mol of 
ethylenimine, 2 mol of styrene oxide, and 8% ethanol gave an 
O /N  ratio of 1.12.

Anal. Calcd for CioHisNO: C, 73.59; H, 8.03; N, 8.58; 
O, 9.80. Found: C: 74.09; H, 7.99; N, 7.87; O, 10.05 (by 
difference).

Stability of a-Phenyl-l-aziridineethanol (I).—The stability of 
I in ethylenimine, chloroform, methanol, ¿-butyl alcohol, and 
styrene oxide as 25% solutions was measured by nmr at 50°. 
After 20 hr I was absent from the styrene oxide solution, but 
essentially unchanged in the other solvents.

2-Imino-o:-phenyl-3-thiazolidineethanol Hydrochloride (III).12— 
A solution of 8.11 g (0.10 mol) of sodium thiocyanate in 125 ml 
of ethanol was prepared in a flask fitted with a condenser, me
chanical stirrer, glass electrode, and two dropping funnels. 
The apparent pH of the reaction was monitored with a Heathkit 
pH recording electrometer, standardized at pH 7.0 with 
aqueous buffer. To the thiocyanate solution was added 10 ml of 
a solution of 18.3 ml (0.22 mol) of concentrated hydrochloric acid 
in 50 ml of ethanol, followed by the addition of 18.0 g, (0.11 
mol) of I in 50 ml of ethanol over a period of 10 min, while 
maintaining the apparent pH at 1.5-3.0 during the addition of 
I  by the addition of the remainder of the hydrochloric acid solu
tion. After 50 min at 40-45°, the precipitated sodium chloride 
was filtered; the filtrate was stirred at 40-45° for 1.5 hr and over
night at room temperature. Filtration of the mixture gave 10.45 
g of product, mp 201-203°. Concentration of the mother liquor 
at reduced pressure gave an additional 12.0 g, mp 200-204°. 
The yield was 87% (based on sodium thiocyanate) or 78% (based 
on I). The infrared spectrum showed bands at 1610 and 1660 
cm-1, and no absorption band in the 2000- 2200-cm_1 region 
(no S C = N ).13 14

Hydrolysis of 2-ace‘ylimino-«-phenyl-3-thiazolidineethanol2 at 
room temperature for 3 days in dilute hydrochloric acid gave a 
low yield of analytically pure III, mp 200-201.5°. The infrared 
spectrum was identical with that of III  prepared from I.

Anal. Calcd for C„Hi6N2SC10: C, 51.06; H, 5.84; N, 10.82; 
S, 12.39; Cl, 13.70. Found: C, 51.22; H, 5.90; N, 10.80; S, 
12.39; Cl, 13.93.

2-\2-[)3-Hydroxyphenethyl] aminoethyl) -2-thiopseudourea 
Dinitrate (lib).—A modification of the general procedure of 
Brois11 was used.

To a stirred slurry prepared by the addition of 29 ml (0.46 
mol) of 16 N  nitric acid to 15.22 g (0.20 mol) of thiourea in 80 
ml of methanol, a solution of 32.64 g (0.20 mol) of a-phenyl-1- 
aziridineethanol in 60 ml of methanol was added over 25 min at
7-10°. After an additional 25 min at 5-10°, the solution was 
evaporated at reduced pressure to give 81.14 g of yellow solid. 
Recrystallization from ethanol gave 55.68 g of white crystals, 
mp 111-118°. Recrystallization from methanol-isopropyl 
alcohol gave 48.83 g (67% of theory) of analytically pure product, 
mp 134-137°.

Anal. Calcd for CnH 19N5S07: C, 36.16; H, 5.24; N, 19.17; 
S, 8.78. Found: C, 36.41; H, 5.48; N, 19.10; S, 8.49.

2-Imino-a-Phenyl-3-thiazolidineethanol (III Free Base). 
Method A.—A modification of the procedure of Doherty15 for 
the ring closure of S,2-aminoethylisothiouronium bromide hydro
bromide was used.

A solution of 6.0 g (0.016 mol) of 2-[2-(j3-hydroxyphenethyl- 
amino)ethyl]-2-thiopseudourea dinitrate in 150 ml of water was 
heated at reflux for 4 hr, then cooled in an ice bath and made 
basic with concentrated ammonium hydroxide. The resultant 
precipitate was filtered and washed consecutively with water, etha
nol, and ether. The dried product weighed 2.1 g (58%), mp 
121-123°, and was identical by infrared spectrum with the product 
prepared by method B.

Method B.—A mixture of 1.29 g (0.005 mol) of I I I  and 15 ml of 
water was warmed and treated with ammonium hydroxide. The 
precipitated free base was filtered and dried to give 0.85 g (76%) 
of crystals, mp 125.5-126.5°.

Recrystallization of the crude product from benzene gave the

(12) T h e  h y d ro b ro m id e  s a l t  of I I I  has  b ee n  p re p a re d  b y  a n o th e r  r o u te .2
(13) D . W . E m e rso n  a n d  J .  K . B o o th , J .  Otq. C hem ., 30 , 2380 (1965).
(14) S. J .  B rois, U . S . D ept. Com m ., Office Tech. Serv., P  B  K ept. 135,447; 

Chem . A bstr ., 54, 12,0906 (1960).
(15) D . G . D o h e r ty , R . S h ap ira , a n d  W . T . B u rn e t t ,  J r . ,  J .  A m er. Chem . 

Soc., 79 , 5667 (1957).
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analytical sample, mp 125-125.5°, which had an infrared spec
trum identical with III  free base prepared by method A.

Anal. Calcd for C„H 14N2SO: C, 59.43; H, 6.35; N, 12.60; 
S, 14.42. Found: C, 59.93; H, 6.60; N, 12.69; S, 14.73.

3-(jS-Chlorophenethyl)-2-iminothiazolidine Hydrochloride 
(IV).—To a stirred slurry of 40.0 g (0.154 mol) of III  and 62 ml 
of methylene chloride was added 17 ml (28.4 g, 0.238 mol) of 
thionyl chloride over a period of 2-3 min. The reaction mixture 
was stirred for 45 min, filtered, washed with methylene chloride 
and ether, and dried. The crude product weighed 30.0 g (91 %): 
mp 178-182° and 240°; X“ '°H 295 m^. Recrystallization of the 
product from ethanol gave 25.3 g (59%) of white crystals, mp 
245-246°. Tic analysis (silica gel) in the solvent system aceto
nitrile-ammonium hydroxide (95:5, v /v ) revealed a major 
component at Ri 0.80 and a very minor component at Rt 0.85 
in both crude and recrystallized product. The minor component 
had the same mobility as V.

Anal. Calcd for CuHmN jSCI*: C, 47.66; H, 5.09; N, 10 .1 1 ; 
S, 11.56; Cl, 25.58. Found: C, 47.06; H, 4.67; N, 9.37; S, 
10.72; Cl, 23.41.

An aqueous solution of the hydrochloride was treated with 
sodium perchlorate to give the perchlorate salt, mp 206-207°, 
homogeneous by tic.

Anal. Calcd for C,iH,4N2SC120 4: C, 38.72; H, 4.14; N, 8.21; 
S, 9.40; Cl, 20.78. Found: C, 38.90; H, 4.19; N, 8.01; S, 
9.50; Cl, 21.06.

2-Imino-3-fra?is-styrylthiazolidine Perchlorate and Hydro
chloride (V).—The following procedure was adapted from that 
used for the dehydrobromination of a-bromo ketones.16 1

A mixture of 16.0 g (0.0583 mol) of IV, 4.24 g (0.10 mol) of 
lithium chloride, and 130 ml of dry dimethylformamide was 
stirred at 113-120° for 3.5 hr, and then at room temperature for 
16 hr. The mixture was poured into 1 1. of water and 450 ml 
of ether and ammonium hydroxide was added to a pH of 8-9. 
The aqueous layer was extracted again with 450 ml of ether, the 
ether extracts were washed with water, and dried over anhydrous 
potassium carbonate. Removal of the solvent in vacuo gave
9.43 g of a colorless oil.

The hydrochloride salt was prepared with ethanolic hydrogen 
chloride. The crude yellow gummy hydrochloride from evapora

(16) (a) D . D je ra ss i, N . F in ch , R . C . C ookson , a n d  C . W . B ird , J .  
A m er. Chem. Soc., 82, 5488 (1960); (b) R . J o ly  a n d  J .  W a rn a n t, B u ll. Soc. 
C him . F r ., 367 (1958).

tion of the solvent was warmed with 700 ml of water and filtered; 
the filtrate was treated with an aqueous solution of 7.35 g (0.06 
mole) of sodium perchlorate to precipitate the perchlorate which, 
after filtering, washing with water, and drying under vacuum, 
weighed 5.83 g, mp 210-214°. Two recrystallizations from 
absolute ethanol gave the analytical sample, mp 232.5-234°.

Anal. Calcd for C„H 13N2SC104: C, 43.35; H, 4.30; N, 9.19; 
S, 10.52; Cl, 11.63. Found: C, 43.15; H, 4.31; N, 8.98; 
S, 10.67; Cl, 11.64.

The perchlorate was converted into the free base with am
monium hydroxide and extracted into chloroform. Evaporation 
of the chloroform, solution in methanol, and the addition of 
ethanolic hydrogen chloride gave the hydrochloride as cream- 
colored crystals, mp 224-225 ° . Recrystallization from methanol- 
ethanol gave the analytical sample as white needles, mp 223- 
224°. This had the same tic mobility as the minor component 
of IV.

Anal. Calcd for CnH13N2SCl: C, 54.87; H, 5.44; N, 11.64; 
S, 13.32; Cl, 14.73. Found: C, 54.84; H, 5.40; N, 11.62; 
S, 13.62; Cl, 14.96.

6-Phenyl-2,3,5,6-tetrahydroimidazo [2,1-6] thiazole Hydrochlo
ride (VI).—A slurry of IV prepared from 7.77 g (0.030 mol) 
of III  and 3.21 ml (0.045 mol) of thionyl chloride in 68 ml of 
methylene chloride (see the preparation of IV) was poured into 
ice and water and made basic by the careful addition of 3 N  
sodium hydroxide solution. The layers were separated, the 
aqueous layer extracted with 50 ml of methylene chloride, the 
organic phase washed with water, and the solvent removed at 
reduced pressure. The residual free base of IV was refluxed in 
100 ml of isopropyl alcohol for 50 min to effect ring closure. The 
resultant hydrochloride precipitate was filtered, washed with 
ether, and dried to give 3.22 g of light yellow crystals, mp 255- 
259° (lit.2 mp 260-270°). The mother liquor upon treatment 
with isopropyl alcoholic hydrogen chloride and concentration at 
reduced pressure gave an additional 2.43 g. The total crude 
yield was 78%. Recrystallization of the combined fractions 
from ethanol gave 4.30 g (59%) of product, mp 260-262°.

Registry No.—I, 15591-40-9; lib , 15591-46-5; III, 
15591-41-0; III free base, 15591-42-1; IV, 15643-70-6;
IV perchlorate salt, 15643-71-7; V, 15591-43-2;
V perchlorate salt, 15591-44-3; VI, 5086-74-8.

New H eteroarom atic Com pounds. X X I X .1 T h e M echanism  of Salt Form ation
in Som e Nitroborazarophenanthrenes2

M ichael J . S. D ew ar , R ichard J ones,3 and R alph  H . Logan, J r .

Department of Chemistry, The University of Texas, Austin, Texas 78712 

Received October 10, 1967

The mechanism of salt formation in 6- and 8-nitro-10-methyl- and -10-hydroxy-10,9-borazarophenanthrene4 5 
has been studied, using ir and “B nmrs spectroscopy, and their pAVs have been measured. These borazaro de
rivatives differ from most other analogous compounds6 in that they behave as Lewis acids, salt formation involv
ing addition of base to boron rather than loss of a proton from OH or NH. Their pAVs are surprisingly low, ’ 
comparable with tha t of phenol, and their longest wavelength absorption bands show large bathochromic shifts 
on salt formation.

In the course of another investigation, we noticed 
that 6- and 8-nitro-10-hydroxy-10,9-borazarophen- 
anthrene (la and Ha, respectively) both developed 
intense colors on treatment with alkali, implying that 
in their conjugate bases there is an enhanced mesomeric 
interaction between the imino nitrogen and the nitro 
group ortho or para to it.

(1) P a r t  X X V II I :  M . J .  S. D ew ar a n d  R . Jones , J .  A m er. Chem. Soc.,
in  press.

(2) T h is  w ork  w as s u p p o r te d  b y  a  g r a n t  from  th e  R o b e r t  A. W elch  F o u n 
d a tio n .

(3) R o b e r t  A. W elch  P o s td o c to ra l Fellow .
(4) M . J .  S. D ew ar a n d  V. P . K u b b a , Tetrahedron , 7 , 213 (1959).
(5) M . J .  S. D ew ar a n d  R . Jones, J . A m er. Chem . Soc., 89, 2408 (1967).

In a prior paper4 of this series, we reported studies 
of salt formation in a number of compounds containing 
the groups BOH, using UB nmr. The results estab
lished that compounds of this type behave as Lewis 
acids, rather than protic acids, unless the boron atom 
forms part of an aromatic ring. When the boron atom 
does form part of an aromatic ring, as in the case 
in 10-hydroxy-10,9-borazarophenanthrene (Ilia), salt 
formation normally involves loss of a proton from the 
hydroxyl grcup. These results made it difficult to 
understand the behavior of la  and Ila, for loss of a 
proton from hydroxyl would leave an ion (IV) in 
which the negative charge should be mainly localized
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Ia ,R  = OH
b,R = CH3

IIa ,R  = OH 
b ,R =C H 3

I lia ,  R = OH
b,R  = CH3

V I,X = Y = N 0 2orH  
R =O H or CH3 
R '= H o r  CH3

VII

on oxygen and in which one would not therefore ex
pect any large change in the NH-N0 2 interaction.

The position was made even more intriguing by the 
observation that the 1 0 -methyl derivatives, lb and 
lib, also gave colors on treatment with alkali, which 
seemed to suggest that the conjugate base had lost 
protons from the imino groups, being nitro derivatives 
of the ions V. Such a reaction would, however, be 
surprising in the case of la  or Ha, since it would re
quire the proton in an imino group to be more acidic 
than one in hydroxyl.

We therefore measured the UB nmr spectra of I 
and II, both in neutral solution and in the presence 
of excess sodium hydroxide or sodium methoxide, with 
the results shown in Table I.

T a b l e  I
“B C h e m i c a l  S h i f t s  o f  I a n d  II u n d e r  N e u t r a l  

a n d  A l k a l i n e  C o n d i t i o n s

L in e  w id th  
a t

C hem ica l h a lf-h e ig h t,
C om pd S o lv en t B ase sh if t ,“ 6 ASb H z

la Dimethyl None -3 6 .9 1250
sulfoxide O H - - 1 2 .5 24.4 780

o c h 3- - 8 .7 28.2 565
lb T etrahydrof uran None - 3 8 .2 443

O H - - 20.0 18.2 394
OCH3- -1 1 .3 26.9 283

lib Tetrahydrofuran None -4 1 .0 380
O H - -2 1 .5 19.5 310

OCH3- - 1 1 .4 29.6 207
° Chemical shift in parts per million (ppm) relative to ether- 

boron trifluoride complex. b Change in chemical shift in pass
ing from neutral to alkaline solution.

No signals could be obtained from la, presumably 
because the line was too broad; the signals for the 
other compounds all showed very large upheld shifts 
on addition of alkali, together with significant de
creases in line width. These results indicate unambig
uously5 that salt formation in la, lb, and lib  in each 
case involves addition of base to boron, rather than loss

of a proton from oxygen or nitrogen, the resulting anions 
being of the type VI.

This conclusion was confirmed by comparisons of 
the ir spectra of I and II under neutral and basic condi
tions. The 10-hydroxy derivatives (la and Ha) were 
studied as free acids, and as salts with sodium meth
oxide, in potassium bromide disks. The 10-methyl de
rivatives (lb and lib) were studied using matched cells 
and solvents (dioxane or tetrahydrofuran) that are 
relatively transparent in the 3-4-kK region, with and 
without addition of sodium methoxide. The results 
are shown in Table II. In all cases, a strong NH band 
was observed at 3.3-3.4 kK, showing that salt forma
tion did not involve the imino group. In the case of 
la  and Ha, the BOH hydroxyl band at ca. 3.5 kK also 
persisted in the salt. For comparison, the spectrum 
of 10-methyl-10,9-borazarophenanthrene (Illb) was 
also measured.

T a b l e  II
I n f r a r e d  S p e c t r a  o f  I a n d  II  a s  F r e e  A c i d s

a n d  a s  S a l t s

N H O H
s tre tc h , s tre tc h ,

C om pd C o n d itio n s K K

I llb KBr disk 3390
lb KBr disk 3370

Dioxane 3300
Dioxane-N aOCH3 3310

lib KBr disk 3370
Tetrahydrof uran 3375
T etrahydrof uran-N aOCII3 3376

la la  in KBr disk 3320 3560
Salt (NaOCH3) of la  in KBr disk 3370 3500

Ha I la  in KBr disk 3355 3540
Salt (NaOCH3) of I la  in KBr disk 3375 3550

The proton nmr spectra of lb and lib  were also 
measured under neutral and alkaline conditions, using 
acetone-d6 as solvent. Progressive addition of sodium 
methoxide led to a progressive upheld shift of the BCH3 

resonance until a limiting value was reached, cor
responding presumably to the total conversion of the 
parent compounds, in which boron is more or less 
neutral, 6 into the ions (VI) in which boron carries a 
formal negative charge. The magnitude of the 
shifts (0.9 and 1.1 ppm for lb and lib, respectively) 
again provides strong evidence that salt formation in
volves attachment of base to boron.

Table III records pK A values for these compounds, 
together with data for the band of lowest frequency in 
the uv-visible spectrum. I t should be added that Illb  
failed to react with sodium methoxide in methanol, 
being, as expected, a much weaker acid than I or II.

It will be seen that salt formation leads to a very 
large bathochromic shift ( > 1 0 0  nm) and that the com
pounds are quite acidic, their pKA resembling that of 
phenol. This is in marked contrast to simple hydroxy- 
borazaro compounds such as I lia  or 2-hydroxy-2,l- 
borazaronaphthaler.e (VII) which are very weak 
acids; VII for example is not significantly more

(6) A lth o u g h  d ip o la r  re so n an ce  s tru c tu re s  a re  w r itte n  fo r th e se  com 
p o u n d s  to  em p h as ize  th e ir  a ro m a tic  n a tu re  a n d  re la tio n sh ip  to  p h e n a n th re n e , 
th e  n e t  fo rm a l c h a rg e  in  b o ro n  is a lm o s t c e r ta in ly  q u i te  sm all. T h is  is in d i
ca ted  b y  th e  low  d ip o le  m o m e n t of 1 0 -m e th y l-1 0 ,9 -b o ra z a ro p h e n a n th re n e  
(0 .16 D ) [R. H u isgen , I . U gi, I . Z iegler, a n d  H . H u b e r , Tetrahedron, 15, 44 
(1961)] a n d  b y  d e ta iled  S C F  M O  ca lcu la tio n s  w h ich  w ill b e  r e p o r te d  else
w h e re  in  d u e  course.
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T a b l e  III
F i r s t  A b s o r p t i o n  B a n d s  a n d  pAA f o r  I  a n d  II

F ir s t  ab so rp tio n  
b a n d

S o lv e n t fo r  sp ec tro sco p ic P  max.
C om pd p K a m e a su re m e n t nm Log «

I llb 95% EtOH 327 4.014
lb 9.65 95% EtOH 345 4.021

95% EtOH +  excess OH~ 457 4.253
lib 9.80 95% EtOH 375 3.754

95% EtOH +  excess OH- 514 3.954
Ia 9.64 95% EtOH 352 3.928

95% EtOH +  excess OH~ 465 4.212
Ila 9.01 95% EtOH 390 3.697

95% EtOH +  excess OH- 495 3.939

acidic than water. 7 These results show unequivocally
that there must be strong x bonding between boron and 
nitrogen in compounds such as III, corresponding to 
significant participation by the dipolar resonance 
structures written above, as otherwise introduction of 
nitro groups would not have such a large effect on the 
Lewis acidity of the boron, nor would salt formation 
by addition to boron have such a large effect on the 
absorption spectrum. Introduction of a nitro group 
leads to cross conjugation, with consequent decreases 
in the x-electron density on boron and in the mesomeric 
stabilization of the boron-containing ring; both these 
effects should increase the Lewis acidity of boron. 
Likewise addition of base to boron removes it from

(7) R . D ie tz , P h .D . T h esis , Q ueen  M a ry  C ollege, U n iv e rs ity  of L o n d o n , 
1960.

conjugation with the adjacent imino nitrogen, thus 
greatly increasing the interaction of the latter with an 
ortho or p a ra  nitro group. I t is true that the nitro 
group should also indirectly increase the acidity of the 
hydroxylic protons in la  or Ha by making the boron 
atom more positive; the change in acidity of the 
proton should, however, be much less than that of 
boron, so it is not surprising that la  and Ha behave 
as Lewis acids, while I lia  behaves as a protic one.

The conclusion that the B-N x bonds in compounds 
such as III must be strong is not surprising in view of 
clear evidence that such compounds are aromatic. 8

In conclusion, it might be remarked that the color 
changes shown by these compounds on treatment with 
base are very marked and that they might therefore 
prove useful as indicators; the alkaline solutions of 
la  and Ha in particular are quite stable, and the 
color change in the case of la  is particularly intense.

Experimental Section
Compounds I  and II  were prepared by nitration of III, and 

of the analogous 10-methyl derivative, as described previously,4 
these in turn being obtained by the procedure of Dewar, Dewar, 
and Gaibel.8

The pK k measurements were carried out spectrophoto- 
metrically by the method of Perkampus and Rossel.10

Registry No.—Ia, 15813-11-3; lb, 15856-52-7; Ha, 
15889-55-1; lib , 15813-12-4; Illb , 15813-13-5.

(8) See M . J .  S. D ew ar, Prog. B oron Chem ., 1, 235 (1964).
(9) M . J .  S. D ew ar, R . B . K . D ew ar, a n d  Z. L . F . G aibe l, Org. S y n .,  46, 65 

(1966).
(10) H . H , P e rk a m p u s  a n d  T . R osse l, Z . Electrochem ., 60 , 1102 (1956).

T h e Synthesis of 6 -Su b stitu ted  Thieno[3,2-b]pyrroles1,2

R onald  L . K e e n e r ,3 F. S. Sk e l t o n , and  H . R . Snyd er  

The East Chemistry Laboratories, University of Illinois, Urbana, Illinois 

Received September 25, 1967

The synthetic pathway to 5-carbethoxythieno [3,2-6] pyrrole has been improved and a new product isolated 
from its reaction with formaldehyde and dimethylamine. Several 6-substituted 5-carbethoxythieno [3,2-6] pyr
role compounds have been hydrolyzed and decarboxylated under mild conditions to afford important intermedi
ates for the preparation of thieno [3,2-6] pyrrole analogs of natural indole compounds.

In a recent paper, the preparations of 5-carbethoxy
thieno [3,2-5]pyrrole (I) and a number of its 6 -sub-

I

stituted derivatives were reported. 4 In a continuing 
effort to prepare 6 -substituted derivatives of thieno- 
[3,2-5]pyrrole which would be analogous to naturally 
occurring 3-substituted indole compounds, a study of 
the hydrolysis and decarboxylation of several of these

(1) S u p p o rte d  in  p a r t  b y  a  researc h  g r a n t  (CA -8663) from  th e  N a tio n a l 
C an c e r I n s t i tu te ,  U. S. P u b lic  H e a lth  S erv ice.

(2) A b s t ra c te d  in p a r t  from  a  th e sis  s u b m it te d  b y  R . L. K een e r to  th e  
G ra d u a te  C ollege of th e  U n iv e rs ity  o f Illino is , U rb a n a , 111., in  p a r t ia l  fu lfill
m e n t of re q u ire m e n ts  fo r th e  d eg ree  of D o c to r  of P h ilo so p h y , 1967.

(3) (a) N a tio n a l Science F o u n d a tio n  S u m m e r F ellow , 1964; (b) P h illip s  
P e tro le u m  C o. Fellow , 1965-1966.

(4) W . W . G ale , A. N . S c o tt , a n d  H . R . S n y d er, J .  Org. Chem ., 29 , 2160 
(1964).

disubstituted thieno [3,2-b]pyrroles has been under
taken. Moreover, the synthetic pathway to I has 
been improved and a new product isolated from its 
reaction with formaldehyde and dimethylamine.

A key intermediate in the preparation of I and in the 
first synthesis of thieno [3,2-6]pyrrole5 was 2-methyl-3- 
nitrothiophene (V) which was obtained in 16% over
all yield from 2,5-dibromothiophene. This same inter
mediate has also been prepared in 14% over-all yield 
from 2 -methylthiophene (II) by successive chlorosul- 
fonation, nitration, and dechlorosulfonation reactions. 6 

By adapting the method of Siedel and Sturn7 for the 
chlorosulfonation reaction and the method of Carpanelli 
and Leandri8 for the nitration reaction, the latter process 
has been improved to give 2-methyl-3-nitrothiophene in

(5) H . R . S nyder, L. A. C arp ino , F . Z ack, J r . ,  a n d  J .  F . M ills, J .  A m er. 
Chem. Soc., 79 , 2556 (1957).

(6) C . S one a n d  Y . M a tsu k i, N ip p o n  K a g a ku  Z assh i, 83, 496 (1962).
(7) W . S iedel a n d  K . S tu rn , G e rm an  P a te n t  1 ,088,509; Chem. A bstr., 66, 

4 5 6 / (1962).
(8) C . C a rp a n e lli an d  G. L e an d ri, A n n . C him . (R om e), 61, 181 (1961).
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T a b l e  I
N u c l e a r  M a g n e t i c  R e s o n a n c e  D a t a

■Aromatic p ro to n s “ --------------. '------------ ---------------- —S u b s titu e n t p ro to n s“ •>l-
C h em ica l s h if t (5), R in g C oup ling C hem ica l s h if t  (5),

C o m p d p p m p osition c o n s ta n ts , cps p p m A ss ig n m en t

X III“ 7.40 (d) 2 J 2.,  =  5.0 9.80 (—CHO)
7.10(d ) 3 J i ,  5 = 1.3
8.00 5

XIV« 6.98(d ) 2 J 2,3 “  5.0 3.56 (CH2N(CH2)5)
6 .75(d ) 3 J  2,5 = 1.3
6.69 5 2.46 (m), 1.52 (m) (CH2N(CH2)5)

X V d 6 .95(d ) 2 J  2,3 — 5.0 3.48 (CH2N(CH3)2)
6 .76(d ) 3 J 2,5 =  1 « 3 2.26 (CH2N(CH3)2)
6.72 5

IX« 7.25(d ) J 2,3 5=5 5.0 4.34 (q) (C 02CH2CH3)
6 .80(d ) 1.35 (t) (C 02CH2CH3)

3.83 (CH2N(CH3)2)
2.34 (CH2N(CH3)2)

XVI« 6.71 3 «73,6 = 0.7 4.34 (q) (C 02CH2CH3)
7.08 6 J  4,6 = 1.9 1 .3 6 (t) (C 02CH2CH3)

3.65 (CH2N(CH3)2)
2.28 (CH2N(CH3)2)

« Spectra were determined on Yarian Associates Model A-60 spectrometer using tetramethylsilane as an internal reference. b Letters 
in parentheses refer to peak multiplicity: d, doublet; t, triple; q, quartet; m, unresolved multiplet. c 20% in dimethyl sulfoxide-dt. 
« 10- 20% in deuteriochloroform.

an over-all yield of approximately 50%. The chloro- 
sulfonation and nitration reactions yielded 2 -methyl- 
thiophene-5-sulfonyl chloride (III) and 2-methyl-3- 
nitrothiophene-5-sulfonyl chloride (IV) in yields of 63 
and 91%, respectively.

; n  n i

i v  v

A new product (VI) was obtained in 25% yield during 
the preparation of I and was subsequently converted in 
70% yield into I by treatment with acid. Mass and 
nmr spectral data indicated that the new product was 
a dimer of I. The nmr spectrum of VI in dimethyl 
sulfoxide-ri6 (15%) exhibited three aromatic proton 
singlets at 5 6.60, 6.76, and 7.00. Although the last 
peak was found to be split by 0 . 8  cps when the aromatic 
region was expanded, the other two peaks could not be 
sufficiently resolved to observe fine splitting. Based 
on previously observed aromatic coupling constants 
for thierio[3,2-5 [pyrroles, 9 the above data suggest that 
the dimer is formed by connection across the two 
thiophene rings and that the fully aromatized thienopyr- 
role portion of the dimer is unsubstituted at the 3 posi
tion.

Gale, Scott, and Snyder4 obtained the Mannich bases 
VIII and IX from the reaction of I with formaldehyde 
and piperidine or dimethylamine, respectively, and 
converted the methiodide salt of VIII into the 6 -formyl 
derivative VII in a modified Sommelet reaction. 4 

Scott hydrolyzed VII to the carboxylic acid X but was 
unable to effect the decarboxylation of X or its anil 
derivative in hot dimethylaniline or 2 -aminoethanol. 10

(9) R . J . T u i te , H . R . S nyder, A. L . P o r te , a n d  H . S. G u to w sk y , J .  P h ys. 
Chem ., 66, 187 (1961).

(10) A. N . S c o tt ,  P h .D . T hesis, U n iv e rs ity  of Illino is , U rb a n a , 111., 1965.

-R

C02H

vn R = -CHO X
VIII R = -CH2n( ^ )  XI 

IX R = -CH2N(CH3)2 XII

A number of substituted indole-2-carboxylic acids 
have been decarboxylated in good yield in recent years 
by heating the appropriate acid with a small amount 
of its copper salt in quinoline11 or dimethylacetamide. 12 

When X was heated with a small amount of its copper 
salt in a minimum volume of two parts tetramethyl- 
urea and one part dimethylacetamide, decarboxylation 
occurred smoothly to give thieno [3,2-5]pyrrole-6 -car- 
boxaldehyde (XIII) in 60% yield. Less satisfactory 
yields of X III were obtained if X was replaced by its 
p-chloroanil derivative, if either solvent was employed 
alone, or if the same two solvents were used in a 1 : 1  

ratio.

H
XIII

The nmr spectrum (Table I) of X III in dimethyl 
sulfoxide-de was consistent with the structure assigned 
to XIII. This spectrum showed three proton signals 
in the aromatic region and the observed coupling con
stants, J 2,3 = 5.0 cps and / 2 ,5 = 1.3 cps, were similar 
to those previously reported for N-benzylthieno [3,2-51- 
pyrrole. 9 The latter compound also exhibits a long- 
range coupling of approximately 0.7 cps between the 
3 and 6  protons. 9

The conversion of 6-piperidinomethyl-5-carbethoxy- 
thieno [3,2-5 [pyrrole (VIII) into acid XI was effected

(11) E . P ie rs  a n d  R . K . B row n, C an. J .  C hem ., 40, 561 (1961).
(12) G . C asin i a n d  L . G o o d m an , ib id ., 4 2 , 1235 (1964).
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in 81% yield when VIII was heated in refluxing water 
for 12 hr. This acid (XI) underwent facile decarboxyla
tion in a weakly acidic solution to afford 6 -piperidino- 
methylthieno [3,2-6[pyrrole (XIV) in 77% yield. The

XI

H
XIV

conversion of VIII into XIV was also accomplished in 
58% over-all yield without isolation of the intermediate 
acid XI by acidifying the aqueous solution after hy
drolysis and by heating the acidified solution to reflux 
until carbon dioxide evolution ceased. The hydrolysis 
of VIII also could be achieved by saponification with 
dilute sodium hydroxide in 50% aqueous ethanol. 
No decarboxylated product was obtained when XI 
was subjected to the same conditions of decarboxylation 
which afforded the maximum yield of the 6 -formyl 
compound XIII. The structure of XIV was indicated 
by its nmr spectrum (Table I) in deuteriochloroform 
which showed three aromatic proton signals whose ob
served coupling constants J 2,3 = 5.0 cps and J 2,5 =
1.3 cps were also in agreement with those values 
previously reported for N-benzylthieno[3,2-6]pyrrole. 9

Similarly, when chromatographically pure 6 -dimeth- 
ylaminomethyl-5-carbethoxythieno [3,2-6]pyrrole (IX) 
was heated in refluxing water for 6  hr and the solution 
subsequently acidified and refluxed until carbon dioxide 
evolution ceased, 6 -diethylaminomethylthieno [3,2-6 ]- 
pyrrole (XV) was obtained in an over-all yield of 50%. 
The structure of XV was also indicated by its nmr 
spectrum (Table I) in deuteriochloroform which showed 
aromatic proton resonance and coupling constants 
almost identical with those found for XIV.

XII C O -CH2N(CH3)2

XV

(CH3)2CH2N \^ S - ____ _
» l T ~ l

^ N ^ C 0 2Et
H

XVI

When the crude product obtained from the reaction 
of I with formaldehyde and dimethylamine was re
crystallized once from methylcyclohexane and then 
subjected to the same conditions of hydrolysis employed 
for the Mannich bases VIII and IX, a new product
(XVI) was isolated in 70% yield. The nmr spectrum 
(Table I) of XVI in deuteriochloroform was similar to 
that reported4 for IX except that the thiophene AB 
system of protons was replaced by singlets at 8 6.71 
(^-thiophene proton) and at 7.08 (/3-pyrrole proton). 
Moreover, the peak at 5 7.08 showed a primary coupling 
of 1.9 cps attributed to interaction between the 4 and 
6  protons, 4 ' 9 and a secondary coupling of 0.7 cps with 
the peak at 6.71; since the magnitude of the latter 
coupling has been shown to be characteristic of interac
tion between the 3- and 6 -protons of thieno [3,2-61- 
pyrroles, 9 XVI has been tentatively identified as 2 -di- 
methylaminomethyl-5-carbethoxy thieno [3,2-6 ] pyrrole.

Both XVI and I were recovered in good yields when 
they were heated in refluxing water for 12-24 hr. 
Moreover, the fact that pure IX was converted into the 
acid XII rather than into XVI when it was heated in 
refluxing water indicates that XVI is not an artifact of
IX. Indeed, both nmr spectral data and thin layer 
chromatography indicated that the once-recrystallized 
product from the preparation of IX was a mixture of 
IX and XVI. The former compound could be readily 
eluted from an acid-washed alumina column with an 
ethanolic benzene solution, but the latter compound 
could not be eluted from the column in a pure form. 
The above data suggest that the major product of the 
reaction of I with formaldehyde and dimethylamine is 
XVI rather than IX and that the major product of the 
reaction when piperidine is used in place of dimethyl
amine is VIII, as originally reported. 4

The preceding hydrolysis studies also suggest, but do 
not establish, that the hydrolysis of the Mannich 
bases VIII and IX in water may be intramolecularly 
catalyzed, possibly by involvement of the tertiary 
nitrogen atom of these compounds. It has recently 
been reported, for example, that a tertiary nitrogen 
atom intramolecularly catalyzes the solvolysis of some 
ceveratrum alkaloid esters. 13

Experimental Section14
2-Methylthiophene-5-sulfonyl Chloride (III).—To 88 ml of

chlorosulfonic acid at 0-5° was added with stirring and in small 
portions 112 g of phosphorus pentachloride. The solution was 
warmed to 10° and maintained at 10-15° while 40 g of 2-methyl- 
thiophene was added dropwise to the stirred solution. After 
the addition was completed, the deep red solution was rapidly, but 
cautiously, poured onto 1 kg of ice with vigorous stirring.

This mixture was then extracted with two cold 500-ml portions 
of chloroform. The chloroform extracts were washed with 300 
ml of water and dried over anhydrous sodium sulfate. The wash 
water was reextracted with 200 ml of chloroform and the organic 
layer combined with the original chloroform extracts. The 
chloroform was removed from the dried, filtered solution on a 
rotary evaporator to afford 72 g of a black tarry residue which 
was distilled in vacuo. There was obtained 50.4 g (63%) of 2- 
methylthiophene-5-sulfonyl chloride, bp 94-97° (0.6-0.7 mm) 
[lit.6 bp 96-98° (0.5 mm)].

2-Methyl-3-nitrothiophene-5-sulfonyl Chloride (IV).—A solu
tion of 15 ml cf acetic anhydride and 20 ml of fuming nitric acid 
(sp gr, 1.5) was cooled to 0° and was maintained below 5° while a 
solution of 6 g of 2-methylthiophene-5-sulfonyl chloride in 15 ml 
of acetic anhydride was added dropwise with stirring. The solu
tion was poured onto 50 g of crushed ice 45 min after the addition 
had been completed. The white crystalline solid was collected 
on a Büchner funnel and dried in vacuo over phosphorus pentoxide 
to yield 6.64 g (91%) of 2-methyl-3-nitrothiophene-5-sulfonyl 
chloride, mp 75-76° (lit.6 mp 75.5-76°).

2-Methyl-3-nitrothiophene (V).—This compound was prepared 
from IV in 92% yield by the method of Sone and M atsuki.6 The 
observed melting point was 44—45.5° (lit.6 mp 75-76°).

Ci8H,8N2C>4S2 (VI).—This substance was isolated as a major by
product in the preparation of 5-carbethoxythieno[3,2-6]pyrrole. 
A solution of 546 g of stannous chloride dihydrate in 922 ml of 
concentrated hydrochloric acid was added to a stirred solution 
of 74 g of ethyl 3-nitro-2-thienvlpyruvate4 in 800 ml of absolute 
ethanol. The addition took 4 hr and the reaction temperature

(13) S. M . K u p c h a n , S. P . E rik se n , a n d  Y .-T . S. L iang , J .  A m er. C htm . 
Soc., 88 , 347 (1966).

(14) M e ltin g  p o in ts  w ere d e te rm in ed  on a  K ofler h e a tin g  s ta g e  a p p a ra tu s  
a n d  a re  uncorrec~ed. M icroanaly ses  w ere  perfo rm ed  b y  M r. J . N e m e th  a n d  
h is  associa tes. M ass  sp e c tra l d e te rm in a tio n s  w ere m a d e  b y  M r. J . W ro n a  
on an  A tla s  M odel C H  4 m ass sp ec tro m e te r. In f ra re d  sp e c tra  w ere  d e te r 
m ined  on a  P e rk in -E lm e r M odel 512 in fra re d  sp ec tro p h o to m e te r , a n d  n u c lea r 
m ag n e tic  re so n an ce  (nm r) sp e c tra  w ere  d e te rm in ed  on  a  V a rian  A ssocia tes 
M odel A -60 n u c lea r  m a g n e tic  re so n an ce  sp e c tro m e te r  b y  m em b ers  of th e  
S p ec tro sco p y  L a b o ra to ry  of th e  U n iv e rs ity  of Illino is .
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was maintained below 30° during this time. After the addition 
was completed, the heterogeneous reaction mixture was stirred 
at room temperature for 12 hr. A tan precipitate was filtered 
from the reaction solution and dried over phosphorus pentoxide 
to yield 10.0 g of crude VI. The filtrate was extracted with a 
total of 2.o 1. of methylene chloride and the latter washed suc
cessively with 1.5 1. of 6 N  HC1, 1.2 1. of water, and 1.2 1. of 
saturated sodium chloride solution. The methylene chloride 
extracts were dried over anhydrous sodium sulfate and the solvent 
was removed in vacuo to yield 41 g of a black residue. This 
residue and the original 10 g of precipitate were purified by 
chromatography on columns of acid-washed alumina. Initial 
elution of the columns with benzene afforded 23.9 g (50%) of 
pure 5-carbet,hoxythieno[3,2-6]pyrrole, mp 131-133° (lit.4 mp 
132-133°). Subsequent elution of the columns with chloroform 
yielded 11.8 g (25%) of the dimeric product VI. Recrystalliza
tion of this solid from 95% ethanol yielded VI as white needles, 
mp 191-192°. A mass spectrum of this solid run at low ioniza
tion voltage gave a parent ion peak at m/e 390. An infrared 
spectrum of the product in a potassium bromide disk showed 
broad carbonyl absorption centered at 1670 cm-1.

Anal. Calcd for Ci8H18N2C>4S2: C, 55.43; H, 4.65. Found: 
0 ,55.27; H,4.G1.

Conversion of VI into 5-Carbethoxythieno[3,2-6]pyrrole (I).— 
A solution of 7.0 g of VI and 2.0 g of p-toluenesulfonic acid in 300 
ml of toluene was refluxed for 3 hr under a nitrogen atmosphere. 
The dark red solution was cooled to room temperature, washed 
once with 10% sodium bicarbonate solution and twice with de
ionized water. The toluene layer was dried over anhydrous so
dium sulfate, filtered onto a column of acid-washed alumina and 
the column eluted with benzene to afford 4.7 g (67%) of 5-carb- 
ethoxythieno[3,2-6]pyrrole, identified by the mixture melting 
point method and by thin layer chromatography.

The dimer (VI) was also converted into I in 64% yield by stir
ring a mixture of 5 g of the former, 750 ml of concentrated hydro
chloric acid and 3 1. of absolute ethanol for 96 hr at room tem
perature. The product was obtained by extraction with methyl
ene chloride and purified by chromatography on a column of 
acid-washed alumina using benzene as the eluting solvent.

6-Formyl-5-carboxythieno[3,2-6]pyrrole (X).—A heterogeneous 
solution containing 3.03 g of 6-formyl-5-carbethoxythieno[3,2-6]- 
pyrrole4 in 61 ml of 10% aqueous sodium hydroxide was refluxed 
for 2 hr. The basic solution was cooled, filtered, and acidified 
with 3 N  HC1 to precipitate the product which was collected and 
washed with water. The yield of crude acid after drying in vacuo 
over phosphorus pentoxide was 2.11 g (80%). An analytical 
sample was prepared by one recrystallization from absolute 
ethanol, mp 218° dec (lit.10 mp 220° dec).

Anal. Calcd for C8H5N 03S: C, 49.22; H, 2.58; N, 7.18. 
Found: C, 49.27; H, 2.47; N, 6.86.

The p-ehloroanil derivative of 6-formvl-5-carboxythieno[3,2- 
6]pyrrole (X) was prepared by adding a solution of 65 mg of p- 
chloroaniline in 5 ml of ethanol to a warm solution of 100 mg of 
X in 10 ml of absolute ethanol. The resulting solution was re
fluxed for 30 min, cooled in an ice bath and filtered, and the 
precipitate was collected and air dried. Recrystallization of this 
precipitate from absolute ethanol afforded 131 mg (84%) of the 
p-chloroanil derivative of X as yellow prisms, mp 220° dec.

Anal. Calcd for Ci4H9N20 2SCl: C, 55.18; H, 2.95; N. 9.20. 
Found: C. 55.21; H, 3.03; N, 8.90.

Thieno [3,2-6] pyrrole-6-carboxaldehyde (XIII).—Dry nitrogen 
gas was passed through a solution of 5.2 ml of N,N-dimethyl- 
acetamide (DMA) and 10.4 ml of N,N,N ',N '-tetram ethylurea 
(TMU) for 2 hr. Lines for admitting and exiting the nitrogen 
gas were attached to the top of the reflux condenser and the exit 
line was led to a saturated barium hydroxide solution. To the 
DMA and TMU in the reaction flask were added 2.1 g (13.9 
mmol) of 6-formyl-5-carboxythieno[3,2-6]pyrrole (X) and 0.21 g 
of the copper salt of X, prepared in 89% yield by the method of 
Piers and Brown.11

The reaction mixture was heated at 190-200° until carbon 
dioxide evolution was complete (ca. 4 hr) and then cooled to 
room temperature. This mixture was poured onto 100 ml of 
crushed ice, heated to 70° on a steam bath, and filtered. The 
precipitate was saved, while the filtrate was cooled in an ice bath, 
acidified to pH 5 with 1 N  HCI, and extracted with five volumes of 
diethyl ether. The ether was removed in vacuo and the residue 
triturated with a small amount of very dilute HCI solution. The 
solid which formed was collected, washed with cold water, and 
dried over phosphorus pentoxide in vacuo to afford 1.258 g (69%)

of slightly impure thieno[3,2-6]pyrrole-6-carboxaldehyde (X III), 
mp 146-149°. Recrystallization of part of this material from 
water afforded 0.434 g of X III as white prisms, mp 149-150°. 
Sublimation of the remainder of this material and of the original 
precipitate at 100° (0.05 mm) yielded an additional 0.545 g of 
X III, mp 148-149°. The total yield of X III was 0.924 g (60%). 
A sample of the product recrystallized from water showed alde- 
hydic carbonyl absorption at 6135 cm-1 in its infrared spectrum 
(KBr disk) and was submitted for microanalysis.

Anal. Calcd for CjH5NOS: C, 55.61; II, 3.33. Found: C, 
55.41; H, 3.25.

X III was similarly prepared and isolated from a number of 
smaller scale reactions in which the amount of reactants and the 
amount and ratio of solvents were varied. In one series of experi
ments, in which all reaction conditions were identical except that 
the ratio of DMA/TMU employed was 1:0, 0:1, and 1:2 gave 
X III in yields of 23, 22, and 37% respectively. The time 
required for complete decarboxylation in DMA was found to be 
approximately twice that required in pure TMU. Moreover, 
over the ranges of concentration examined, the yield of product 
was found to increase consistently as the total volume of solvent 
in these reactions was decreased.

An analogous series of studies on the p-ehloroanil derivative of 
X consistently gave lower yields of X III than those obtained from 
X, apparently because of greater difficulty in isolating the de- 
carboxylated product in these experiments and converting it into 
X III.

6-Piperidinomethyl-5-carboxythieno [3,2-6] pyrrole (XI).—A
mixture of 5 g of 6-piperidinomethyl-5-earbethoxythieno [3,2-6] - 
pyrrole (VIII)4 and 1.8 1. of water was refluxed for 12 hr. The 
solution was cooled, filtered to remove a trace of solid, and evapo
rated to dryness in vacuo. Recrystallization of the residue from 
absolute ethanol afforded 3.6 g (81%) of 6-piperidinomethyl-5- 
carboxythieno[3,2-b] pyrrole as a tan granular solid, mp 218-220° 
dec. Carbonyl absorption appeared at 1600 cm“1 in the infrared 
spectrum of this product in a potassium bromide disk.

Anal. Calcd for Ci3H,6N20 2S: C, 59.07; H, 6.10; N, 10.59. 
Found: C, 58.58; H ,6.10; N, 10.16.

6-Piperidinomethylthieno[3,2-6]pyrrole (XIV). A. From 6- 
piperidinomethyl-5-carboxythieno[3,2-6]pyrrole (XI).—A solu
tion of 2.00 g of X I in 50 ml of water was acidified to pH 5 with 
dilute HCI solution and refluxed under a nitrogen atmosphere 
until carbon dioxide evolution ceased (ca. 24 hr). During this 
period, dilute HCI solution was periodically added to the refluxing 
solution in order to maintain the pH at 4-5. Carbon dioxide 
evolution was followed by passing the exit gases through a 
saturated barium hydroxide solution.

After the reaction was complete, the solution was cooled to 
room temperature and made alkaline with 10% sodium hydroxide 
solution and the precipitate extracted into 250 ml of ether. The 
dried (over anhydrous sodium sulfate) extracts were concentrated 
in vacuo to yield a tan solid. This solid was recrystallized from 
methylcyclohexane and decolorized with Darco to afford 1.3 g 
(77%) of 6-piperidinomethylthieno[3,2-6] pyrrole (XIV) as white 
needles, mp 136-138°. The infrared spectrum (KBr disk) of 
this product showed no carbonyl absorption.

Anal. Calcd for C12H16N2S: C, 65.41; H, 7.32; N, 12.71. 
Found: C, 65.90; H, 7.34; N, 12.44.

B. From 6-Piperidinomethyl-5-carbethoxythieno[3,2-6]pyr
role (VIII).—A mixture of 1.25 g of VIII and 400 ml of water was 
refluxed under nitrogen for 12 hr. The heterogeneous solution 
was filtered and the filtrate reduced to 20 ml in vacuo. The 
aqueous solution after another filtration was acidified with 1 N  
HCI to pH 3 and refluxed under a nitrogen atmosphere for 60 hr. 
The pH was periodically adjusted to a pH of 3M during this time 
by the addition of 1 N  HCI. By using the isolation procedure 
described above in paragraph A, 0.548 g (58% based on VIII) of
6-piperidinomethylthieno[3,2-6]pyrrole was obtained. The prod
uct melted at 135-138° and its infrared spectrum was identical 
with that of the product obtained in the reaction described in 
paragraph A.

A 58% yield of XIV was also obtained in a similar run except 
that the hydrolysis was carried out by refluxing a solution of 
0.584 g (2 mmol) of VIII and 0.200 g (5 mmol) of sodium hy
droxide in 16 ml of 50% aqueous ethanol for 5 hr. The solution 
was reduced in volume to remove ethanol, diluted to 100 ml with 
water, and decarboxylated as described in the previous paragraph. 
An analytical sample of the product after two recrystallizations 
from methylcyclohexane melted at 138-140°.



Vol. S3, No. 4 ,  April 1968 Polycyclic Fused [ 1 , 2 - c i] P y r r o l e s  1 3 5 9

Anal. Cal cd for C12H16N2S: C, 65.41; H, 7.32; N, 12.71. 
Found: C, 65.46; H, 7.18; N, 12.53.

6-Dimethylaminomethylthieno [3,2-6] pyrrole (XV).—A suspen
sion of 0.750 g of chromatographically pure 6-dimethylamino- 
methyl-5-carbethoxythieno[3,2-6]pyrrole (IX ),4 mp 94-95°, in 
500 ml of water was refluxed for 6 hr. Since no significant pre
cipitate formed when this cloudy solution was cooled to 0°, the 
solution was concentrated to 100 ml, cooled to room temperature, 
and filtered. The light tan filtrate was acidified to pH 5 with 3 N  
HC1 solution and subjected to the same conditions of decarboxyla
tion used for X I. After the ether extracts had been dried over 
anhydrous sodium sulfate, the ether was removed in vacuo to leave 
375 mg of crude product which was recrystallized from methyl- 
cyclohexane and decolorized with Darco to afford 270 mg (50%) 
of 6-dimethylaminomethylthieno [3,2-6] pyrrole as buff-colored 
prisms, mp 117-120°. An infrared spectrum (KBr disk) of this 
product showed no carbonyl absorption.

Anal. Calcd for C9H i2N2S: C, 59.86; H, 6.71; N, 15.53. 
Found: C, 60.21; H, 6.89; N, 15.30.

2-Dimethylaminomethyl-5-carbethoxythieno[3,2-6]pyrrole
(XVI).—The crude product obtained from the reaction of I with 
formaldehyde and dimethylamine by the method of Gale, Scott, 
and Snyder4 was recrystallized once from methyleyclohexane. 
A 5.0-g sample of this material, mp 90-92°, was suspended in 1.8
1. of water and the aqueous mixture refluxed for 6 hr. When this 
solution was filtered hot to remove traces of solid and cooled to 0° 
in an ice bath, a white crystalline precipitate formed which was 
collected on a Büchner funnel and recrystallized from methyl- 
cyclohexane to afford 3.5 g (70%) of XVI as white needles, mp 
132-133°. A mass spectrum of this product run at low ionization 
voltage showed a parent ion peak at m/e 252, as expected for an

isomer of IX . An infrared spectrum of XVI in chloroform was 
similar to that of IX , but the two spectra were not superimpos- 
able.

Anal. Calcd for Ci2H16N20 2S: C, 57.12; II, 6.39; N, 11.10 
Found: C, 57.45; H, 6.51; N, 10.50.

When 200 mg of XVI was suspended in 100 ml of water and the 
resulting suspension was refluxed for 6 hr, the solution became 
homogeneous. Upon cooling of this solution to 0°, 194 mg (97%) 
of XVI, mp 131-133°, precipitated.

When 3.0 g of the once-recrystallized product from the prepara
tion of IX was placed on a column of acid-washed alumina 28 cm 
in height and 3.5 cm in diameter and the column was eluted with 
a 50% ethanolic benzene solution, only 750 mg (25%) of pure 6- 
dimethylaminomethyl-5-carbethoxythieno[3,2-6]pyrrole (IX), mp 
94-95°, was obtained. Subsequent elution of the column failed 
to yield any pure material.

Attempted Hydrolysis of 5-Carbethoxythieno[3,2-6]pyrrole
(I).—A mixture of 0.292 g of 5-carbethoxythieno[3,2-6]pyrrole 
and 150 ml of water was refluxed for 24 hr. The solution was 
cooled to room temperature and extracted with an equal volume 
of diethyl ether. The ether extract was dried over anhydrous 
sodium sulfate and filtered, and the ether was removed on a 
rotary evaporator to yield 0.215 g (74%) of 5-carbethoxythieno- 
[3,2-6]pyrrole, mp 132-133° (lit.4 mp 132.5-133°). The re
covered material had the same Ri value as that of the starting 
material when compared by tic.

Registry No.—VI, 15S19-12-2; IX, 15811-13-9;
X, 15811-14-0; X p-chloroanil derivative, 16315-46-1;
XI, 15811-16-2; X III, 15811-17-3; XIV, 15811-18-4; 
XV, 15811-19-5; XVI, 15811-20-8.
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The condensation of 2,5-dimethoxytetrahydrofuran with 2-amino-5-chlorobenzophenone and its two oxime 
forms afforded the 2-(l-pyrrolyl)benzophenone derivatives 4, 5, and 6. These compounds were converted into 
the corresponding 2-substituted Mannich bases by treatment with formaldehyde and dimethylamine. Subse
quent quaternization with methyl iodide followed by heating led to intramolecular condensations to give the 
pyrrolo[l,2-a]quinoline 8, the pyrrolo[l,2-a]benzoxadiazocine 13, and the pyrrolo[l,2-o]benzodiazepine 14, 
respectively. Compound 6 with electrophiles in acid gave pyrrolo[l,2-a]quinazolines. Attempted formylation 
of 6 with dimethylformamide-phosphorus oxychloride yielded the pyrrole [l,2-a]quinoxaline 21.

The ready availability of o-aminobenzophenones1 
has, in the past few years, led to the synthesis of several 
heterocyclic systems. Thus, quinazolines,2 benzo
diazepines,3 quinolones,4 and indoles6 have all been 
prepared from various o-aminobenzophenones.

As an extension of this work, and employing 2- 
amino-5-chlorobenzophenone 1 and its syn - and an ti-  
ox im es (2 and 3, respectively6) as starting materials, we 
wish to report a general synthetic approach for the 
preparation of derivatives of fused [l,2-a]pyrrolo 
quinolines, quinazolines, benzodiazepines, benzoxadiaz- 
ocines, and quinoxalines.

(1) (a) L . H . S te rn b a c h , E . R ee d er, O. K eller, a n d  W . M etlesics, J .  Org. 
Chem., 2 6 , 4488 (1961); (b) L . H . S te rn b a ch , R . I . F ry e r , W . M etlesics, 
G . S ach, a n d  A. S tem p el, ib id ., 2 7 , 3781 (1962).

(2) (a) L . H . S te rn b a c h , S. K a ise r, a n d  E . R eed er, J .  A m er. Chem. Soc., 8 2 ,  
475 (1960); (b) G . F . F ie ld , W . J . Z a lly , a n d  L. H . S te rn b a ch , J .  Org. Chem., 
3 0 , 3957 (1965).

(3) L . H . S te rn b a ch , R . I .  F ry e r , W . M etles ics , E . R eed er, G . Sach, 
G . S aucy , a n d  A. S tem p el, ib id ., 2 7 , 3788 (1962).

(4) R . I . F ry e r , B . B ru s t, a n d  L . H . S te rn b a ch , J .  Chem. Soc., 3097 
(1964).

(5) R . I . F ry e r , J .  V. E a rle y , a n d  L . H . S te rn b a c h , J .  Org. Chem ., 32, 
3798 (1967).

(6 ) T h e  s y n  isom er is defined  a s  t h a t  isom er in  w hich  th e  h y d ro x y  g ro u p  is 
s y n  to  th e  p h e n y l r in g  b e a rin g  th e  2 -am ino  g roup . See, also , A. S tem pel, 
I . D o u v an , E . R eeder, a n d  L . H . S te rn b a ch , ib id ., 32 , 2417 (1967), fo o tn o te  7.

Using the method of Clauson-Kaas for the synthesis 
of 1-substituted pyrroles,7'8 compounds 1, 2, and 3 
were treated with 2,5-dimethoxytetrahydrofuran to 
give the corresponding 2-(l-pyrrolyl)benzophenone 
derivatives 4, 5, and 6, respectively (Scheme I).

The ketone 4 was then treated with formaldehyde and 
dimethylamine to give the corresponding Mannich 
base. This compound was not isolated, but alkylated 
with methyl iodide to give directly the quaternary 
salt 7 (Scheme II). When a solution of 7 in aqueous 
dimethylformamide was then treated with sodium 
cyanide, trimethylammonium iodide was displaced by 
cyanide ion and the carbonyl function underwent in
tramolecular cyclization to give the pyrrolo[l,2-a]- 
quinoline, compound 8.

Similar treatment of the oximes 5 and 6 with form
aldehyde and dimethylamine gave the Mannich bases 
9 and 10, respectively (Scheme III), which were also 
alkylated with methyl iodide to afford the correspond
ing quaternary salts II and 12. When a solution of

(7) (a) N . C la u so n -K aas  a n d  Z. T y le , A c ta  Chem. Scand ., 6, 667 (1952); 
(b) E . E lm in g  a n d  N . C la u so n -K aas , ib id ., 6, 867 (1952).

(8 ) A. D . Jo se y  a n d  E . L. J e n n e r  [J. Org. Chem ., 2 7 , 2466 (1962)] recog
n ized  th e  p o te n tia l of th is  rea c tio n  in  th e  sy n th es is  of a  p y r ro lo [ l ,2 -o]indo le.
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either of these latter compounds in dimethylformamide 
was warmed on the steam bath, intramolecular con
densation took place with the loss of trimethylamine 
hydriodide to afford, from 11, the pyrrolo[l,2-a]- 
benzoxadiazocine 13 and, from 12, the pyrrolo[l,2-o]- 
benzodiazepine 14.9 (This is a further example of the
O-alkylation of a syn-oxime and the N-alkylation of an 
antó-oxime.7'10) Phosphorus trichloride readily con
verted 14 into the corresponding desoxy derivative 15 
and this was then converted into the tetrahydro de
rivative 16 by treatment with lithium aluminum hy
dride.

As a further extension of reactions which would con
vert the a n ti-oxime 6 into tricyclic products, we in
vestigated the behavior of this substance with elec
trophiles in acidic media. Thus, we found that treat
ment of compound 6 with a molar equivalent of bro
mine in acetic acid at room temperature gave a bromine- 
free substance to which we have assigned the phenyl- 
pyrrolo[l,2-a]quinazoline 4-oxide structure 17 (Scheme
IV). The N-oxide structure was established both 
by its mass spectrum which in addition to the parent 
ion (294) showed the strong loss of 16 (278, parent less 
oxygen) characteristic of N-oxides,11 and by its con
version into the desoxy derivative 18 with hydrogen 
and Raney nickel. The formation of 17 from 6 may 
be envisioned as proceeding via  a brominated dihydro

(9) F o r  a  d iscussion  of c o n d e n sa tio n  reac tio n s  of p y rro le  M an n ic h  bases, 
see  H . H e llm an n  a n d  G . O p itz , “ a -A m in o a lk y lie ru n g ,”  V erlag  C hem ie, 
G .m .b .H ., W einheim , B e rs tr ., G erm an y , 1960.

(10) L . H . S te rn b a c h  a n d  E . R ee d er, J .  Org. Chem ., 26 , 4936 (1961).
(11) T . A. B ry c e  a n d  J . R . M axw ell. Chem. C om m un., 206 (1965).

15 16

intermediate such as A, which could cyclize with the 
elimination of bromide ion as shown (Scheme IV), 
to give the final product. A similar reaction sequence 
was observed when we treated an acetic acid solution 
of 6 with formaldehyde. In this instance, we isolated
7-chloro-l-methyl-5-phenylpyrrolo[l,2-a]quinazoline 4- 
oxide (19). The methyl substituent was assigned 
at position 1 and not at 3 on the basis of the nmr 
spectrum and also by analogy with the site of alkylation 
observed in the conversion of 6 into 10. Reduction 
of 19 with Raney nickel gave the corresponding desoxy 
derivative 20. The formation of 19 can be rationalized 
by a pathway analogous to that given for the formation 
of 17, i.e ., v ia  an intermediate such as B.

In an attempt to formylate one of the pyrrole oximes, 
6 was treated together with a mixture of phosphorus 
oxychloride and dimethylformamide. Instead of the 
anticipated product, we obtained the pyrrolo[l,2-a]- 
quinoxaline 21. In addition to compatible spectra, 
the structure of 21 was confirmed by the following syn
thesis. A solution of 4-chloro-2-nitroaniline in acetic 
acid was treated with dimethoxytetrahydrofuran to 
give the nitrophenylpyrrole 22. Reduction of 22 
with sodium hydrosulfite yielded the amino compound 
23 which was then acylated with benzoyl chloride to 
give 24. Treatment of 24 with boiling phosphorus



Vol. S3, No. 4, April 1968 Polycyclic Fused [l,2-a]PYRROLES 1361

S c h e m e  IV

oxychloride gave 21, identical in all respects with the 
product obtained by the attempted Vilsmeier reaction.12 
The formation of 21 from 6 would appear to be the 
result of a Beckmann type of rearrangement catalyzed 
by phosphorus oxychloride. Thus, compound 6 could 
then be converted into the amide 24, which under the 
reaction conditions would cyclize to the quinoxaline 21.

Experimental Section13
5-Chloro-2-(l-pyrrolyl)benzophenone (4).—To a solution of

41.8 g (0.18 mol) of 2-amino-5-chlorobenzophenone (1) in 200 
ml of glacial acetic acid was added 21.4 g (0.20 mol) of dimethoxy- 
tetrahydrofuran. After heating on the steam bath for 25 min, 
the solution was poured into 800 ml of water and extracted with 
carbon tetrachloride. The addition of 10% sodium hydroxide 
facilitated the separation of the layers. The organic phase was 
separated, washed with brine, dried over sodium sulfate, and 
concentrated to a dark brown oil. This residue was covered with 
600 ml of hexane, heated to boiling, and filtered while hot from 
some undissolved oil (discarded). The hexane filtrate was 
concentrated to small volume and cooled. The precipitated oily 
6olid was recrystallized several times from hexane to yield 23.4 g 
(46%) of colorless prisms: mp 86-87°; infrared absorption
(CHCh) at 1665 cm"1 (C = 0 ).

Anal. Calcd for CnH12ClNO: C, 72.47; H, 4.29; N, 4.97. 
Found: C, 72.24; H, 4.43; N, 5.09.

5-Chloro-2-(l-pyrrolyl)benzophenone syn-Oxime (5).—A solu
tion of 45 g (0.18 mol) of 2-amino-5-chlorobenzophenone syn- 
oxime14 (2) in 200 ml of glacial acetic acid was treated with 26.5 
g (0.2 mol) of dimethoxytetrahydrofuran, heated on the steam

(12) T h e  cy c liza tio n  of l- (2 -ac y lam in o p h en y l)  py rro le s  a s  a  facile, genera l 
m e th o d  fo r th e  p re p a ra tio n  of p y r ro lo [ l ,2 -a ]q u in o x a lin e s  has  been  re p o rte d  
b y  G . W . H . C heesem an  a n d  B . T u c k  [J . Chem. Soc., 852 (1966)].

(13) A ll m e ltin g  p o in ts  a re  co rrec ted . In f ra re d  s p e c tra  w ere  d e te rm in e d  
using  a  B ec k m an  IR -9  sp ec tro p h o to m e te r , n m r  sp e c tra  w ith  a  V a rian  A -60 
sp ec tro m e te r , m ass sp e c tra  w ith  a  C E C  21-100 sp ec tro m e te r , a n d  u ltra v io le t 
sp e c tra  w ith  a  C a ry  M od el 14 s p e c tro p h o to m e te r . T h e  d im e th o x y te tra h y 
d ro fu ran  u sed  in  th e se  ex p e rim en ts  w as o b ta in e d  from  th e  A ldrich  C hem ical 
Co.

(14) T h e  u ltra v io le t  sp e c tru m  in d ic a te d  t h a t  th e  s ta r t in g  m a te r ia l w as 
c o n ta m in a te d  w ith  less th a n  1%  of th e  a n ti  isom er. T h e  c h a ra c te r is tic  d if
ferences in  th e  u lt ra v io le t s p e c tra  of p a irs  of oxim es h as  been  re p o rte d  b y  
J .  G . P r itc h a rd , G . F . F ie ld , K . K och , G . R ay m o n d , L . H . S te rn b a ch , a n d  
S. T ra im a n  [A p p l. S p e c i f y 20, 363 (1966)].

bath for 25 min, and poured into 500 ml of water. The mixture 
was extracted with benzene and the organic layer was separated, 
washed with water, dried over sodium sulfate, and concentrated 
to dryness. This residue was dissolved in a small amount of 
hot carbon tetrachloride and refrigerated. Filtration gave 27 g 
(50%) of the product as a cream-colored solid, mp 146-148°. 
Recrystallization from carbon tetrachloride yielded white plates: 
mp 146-147° (sintered prior to melting); ultraviolet maximum 
(2-propanol) at 250 mju (e 23,500).15

Anal. Calcd for C17H13CIN2O: C, 68.80; H, 4.42; N, 9.44. 
Found: C, 69.06; H, 4.47; N, 9.49.

5-Chloro-2-(l-pyrrolyl)benzophenone anti-Oxime (6).—A solu
tion of 45 g (0.18 mol) of 2-amino-5-chlorobenzophenone anti- 
oxime16 (3) in 200 ml of glacial acetic acid was treated with 26.5 
g (0.2 mol) of 2,5-dimethoxytetrahydrofuran and heated on the 
3team bath for 15 min. The reaction mixture was cooled to room 
temperature, poured into 500 ml of water, and extracted with ben
zene. The organic layer was separated, aided by the addition of 
10% sodium hydroxide, washed with water, dried over anhy
drous sodium sulfate, and concentrated to dryness. The residue 
was covered with a small amount of carbon tetrachloride, heated 
on the steam bath until a solid began to separate, and then 
refrigerated. Filtration gave 25 g (46%) of a cream-colored 
solid, which softened from 130° until completely melted at 168: 
ultraviolet maxima (2-propanol) at 227 mp (infl) (e 22,700) and 
250 rnM (sh) (e 19,600).17 *

Anal. Calcd for C„Hi3ClN20 : C, 68.80; H, 4.42; N, 9.44. 
Found: C, 69.07; H, 4.31; N, 9.41.

7-Chloro-4-cyano-5-phenylpyrrolo[l,2-o]quinoline (8).—To a 
cooled, stirred solution of 20 g (0.068 mol) of 4 in 225 ml of 
glacial acetic acid was added 13.2 g (0.16 mol) of 37% formalde
hyde followed by 28.8 g (0.16 mol) of 25% dimethylamine in 
water. The solution was stirred overnight at room temperature 
and poured into 600 ml of water. The mixture was filtered to 
separate a small amount of undissolved solid (discarded) and 
the filtrate was basified with sodium hydroxide and extracted 
with ethyl acetate. The organic layer was separated, washed 
with water, dried over sodium sulfate, and concentrated to a 
viscous oil. This oil was dissolved in ether and, while stirring, 
was treated with 20 ml of methyl iodide. A precipitate formed

(15) T h e  u ltra v io le t sp e c tru m  of th is  m a te r ia l  is v a s tly  d iffe re n t from  th a t  
of th e  s ta r t in g  m a te r ia l b u t  v e ry  s im ila r to  t h a t  ob serv ed  fo r 2 -m e th y lb en zo - 
ph en o n e  sj/n-oxim e. F o r  a n  in te rp re ta tio n  of th e se  d ifferences, see ref 14.

(16) T h is  m a te r ia l  w as sh o w n  to  b e  c o n ta m in a te d  w ith  less th a n  4%  of 
th e  ayn  isom er b y  u ltra v io le t sp ec tro sco p y  (c/. re f  14).

(17) T h is  a b s o rp tio n  is a b o u t th e  sam e  as  t h a t  o b serv ed  w ith  2 -m e th y l-
benzo p h en o n e  an ii-ox im e.
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immediately. After standing at room temperature for 3 hr, 
the solid was filtered to give 30.9 g (94%) of 7 as a cream-colored 
solid. Recrystallization of a small sample from methanol-ether 
gave off-white prisms, mp 165° with slow decomposition. Upon 
vacuum drying the sample turned green and consequently 
satisfactory microchemical data could not be obtained for this 
substance.

To a solution of 150 ml of water in 350 ml of dimethylformamide 
was added 25 g (0.052 mol) of 7 and 25 g (large excess) of sodium 
cyanide. After being heated on the steam bath for 8 hr, the 
mixture was poured into 1.51. of water and filtered. The precipi
tate was washed with water and dissolved in benzene. After 
drying, the benzene was concentrated to dryness and the residue 
triturated with a small amount of hot 2-propanol and refrigerated. 
Filtration gave 2.6 g (17%) of 8 as yellow-green crystals, mp 
180-183°. The analytical sample was recrystallized from 2- 
propanol to yield bright, yellow plates: mp 182-183°; infrared 
absorption (CHC13) at 2225 cm-1 (CN); ultraviolet maxima 
(2-propanol) at 240 mM (* 36,700), 252 (32,500), 259 (34,000), 
288 (11,000), 299 (9200), 327 (sh) (1250), 343 (2700), 360 (4000), 
and at 406 (5200).

Anal. Calcd for C19H11CIN2: C, 75.37; H, 3.66; N, 9.25. 
Found: C, 75.39; H, 3.56; N, 9.42.

5-Chloro-2-(2-dimethylaminomethyl-l-pyrrolyl)benzophenone 
syn-Oxime (9).—To an ice-cooled, sitrred solution of 29.7 g 
(0.1 mol) of 5 in 300 ml of glacial acetic acid was added 22.2 g 
(0.2 mol) of 37% formaldehyde and 45 g (0.2 mol) of 25% di- 
methylamine in water. After stirring for 22 hr at room tempera
ture, the solution was poured into 800 ml of water and basified 
with 20% sodium hydroxide. The precipitate was filtered, 
washed with water, and recrystallized from methanol-acetone to 
yield 23.7 g (66%) of white crystals, mp 203-204° dec.

Anal. Calcd for C2oN2oC1N30 : C, 67.84; H, 5.70; N, 11.81. 
Found: C, 68.03; H, 5.77; N, 11.66.

5-Chloro-2-(2-dimethylaminomethyl-l-pyrrolyl)benzophenone 
anti-Oxime (10).—To an ice-cooled, stirred solution of 29.67 g 
(0.1 mol) of 6 in 300 ml of acetic acid was added 22.2 g (0.2 mol) 
of 37% formaldehyde and then, portionwise, 45 g (0.2 mol) of 
25% dimethylamine in water. After stirring at room tempera
ture for 20 hr, the solution was poured into 700 ml of water, 
basified with concentrated ammonia, and extracted with ethyl 
acetate. The organic layer was separated, washed with water, 
dried over sodium sulfate, and concentrated to dryness. The 
residue was recrystallized from methanol to give 20.8 g (58%) of 
white crystals, mp 173-179°. An additional recrystallization 
from methanol gave colorless prisms: mp 175-179°; nmr peaks 
(CDC13) at 8 5.72, 5.84, 6.35 (3 H, ABX pattern, pyrrole H ’s 
5, 4, and 3, had respectively, J 3,t = 3.5 cps, J 4l5 = 2.8 cps, and 
Ji,s = 1.7 cps).18

Anal. Calcd for C2oH2i)ClN30 : C, 67.84; H, 5.70; N, 11.81. 
Found: C, 67.80; H, 5.50; N, 11.95.

5-Chloro-2-(2-dimethylaminomethyl-l-pyrrolyl)benzophenone 
syn-Oxime Methyl Iodide (11).—To a stirred solution of 13.8 g 
(0.039 mol) of 9 in 150 ml of tetrahydrofuran was added 11 g 
(0.078 mol) of methyl iodide. After stirring for 3 hr at room 
temperature, the suspension was refrigerated overnight. Filtra
tion and recrystallization of the product from methanol-ether 
gave 17 g (88%) of white crystals, mp 145-155° dec.

Anal. Calcd for C21H23C1IN30 : C, 50.87; H, 4.68; N, 8.48. 
Found: C, 50.66; H, 4.70; N, 8.18.

5-Chloro-(2-dimethylaminomethyl-l-pyrrolyl)benzophenone 
anii-Oxime Methyl Iodide (12).—A mixture of 13 g (0.036 mol) of 
10 and 50 ml of methyl iodide was stirred at room temperature for 
15 min, 100 ml of ether was added, and the suspension was allowed 
to stand for an additional 3.5 hr. Filtration yielded 17 g (95%) 
of off-white colored crystals, mp 140-146°. Recrystallization 
from methanol-ether gave white needles, mp 140-145° (foamed).

Anal. Calcd for C2iH23ClIN30 : C, 50.87; H, 4.68; N, 8.48. 
Found: C, 50.47; H, 4.76; N, 8.36.

9-Chloro-7-phenyl-4H-pyrrolo [ 1,2-a] [4.1.5] benzoxadiazocine 
(13).—A solution of 40 g (0.085 mol) of 11 in 150 ml of dimethyl
formamide was heated on the steam bath for 2.5 hr under nitro
gen. The solution was poured into water, stirred for 15 min, 
and filtered. The precipitate was collected, dried at room tem
perature, and then extracted with 400 ml of hot benzene. The 
benzene solution, filtered from 16.5 g of unreacted starting ma
terial, was washed with water, dried over sodium sulfate, and

(18) F o r  a  lis tin g  of p y rro le  coup ling  co n s ta n ts , see S. G ro n o w itz , et al., 
A r k . K em i,  1 8 , 133 (1961).

concentrated. The residual orange oil was triturated with 10 
ml of 2-propanol and scratched to induce crystallization. The 
solid was collected and recrystallized twice from 2-propanol to 
give 7.8 g (50%, based upon starting material consumed) of tan 
rods: mp 137-138.5°; nmr peaks (CDC13) at 8 6.70, 6.18,
6.08 (3 H, ABX pattern, pyrrole H ’s 1, 2, 3, respectively)19 
and a t 5.38 (2 H, AB quartet, J  = 14 cps, CH2).

Anal. Calcd for C18HI3C1N20: C, 70.02; H, 4.24; N, 9.07. 
Found: C, 70.06; H, 4.31; N, 9.09.

8-Chloro-6-phenyl-4H-pyrrolo[l,2-a][1,4]benzodiazepine 5- 
Oxide (14).—A solution of 18 g (0.036 mol) of 12 in 80 ml of 
dimethylformamide was heated under nitrogen on the steam 
bath for 3 hr and then poured into 300 ml of water. The precipi
tate was filtered, washed with water, and dissolved in benzene 
(a small amount of undissolved residual oil was discarded). The 
benzene extract was washed with water, dried over sodium sul
fate, and concentrated. The residue was dissolved in chloroform 
and filtered over 75 g of alumina20 with the aid of additional 
chloroform. The eluate was treated with Darco G charcoal and 
filtered and the filtrate concentrated to an orange oil. The 
oil was crystallized from a small amount of 2-propanol to give
4.4 g (40%) of orange-brown crystals, mp 180-186°. The analyti
cal sample was recrystallized from 2-propanol-methylene chlo
ride to give chunky, pale orange prisms: mp 191-193° (sintered 
at 185°); nmr peaks (CDC13) at 8 6.42 (2 H doublet, J  = 2 cps, 
pyrrole H ’s 2 and 3), a t 7.15 (1 H multiplet J  =  2 cps, pyrrole 
H 1), and at 5.07 (2 H singlet, CH2).

Anal. Calcd for CI8H i3C1N20 : C, 70.02; H, 4.24; N, 9.07. 
Found: C, 70.30; H, 4.44; N, 8.89.

8-Chloro-6-phenyl-4H-pyrrolo[l,2-a][1.4]benzodiazepine (15). 
—To a solution of 7 g (0.022 mol) of 14 in 150 ml of chloroform 
was added 3.6 ml (0.042 mol) of phosphorus trichloride. The 
solution was heated under reflux for 30 min and poured into 300 
ml of 1 N  sodium hydroxide. The organic phase was separated, 
washed with brine, and dried over sodium sulfate. This solution 
was filtered through 150 g of alumina and the alumina washed 
with chloroform until the eluate was colorless. Evaporation of 
the solvent gave a reddish oil which was covered with 275 ml of 
hexane, heated to reflux, and filtered while hot to remove some 
oily solid (discarded). The filtrate was concentrated to 85 ml 
and refrigerated. Filtration gave 3.6 g of amber crystals, mp
122-124°. Concentration of the filtrate gave an additional 0.3 g 
of product to yield 3.9 g (61%). The analytical sample was re- 
crystallized from hexane to give pale, amber prisms: mp 125-
126°; nmr peaks (DMSO-d6) at 8 7.33, 6.28, 6.17 (3 H, ABX 
pattern, pyrrole H ’s 1 , 2, 3, respectively, J  1,2 = 3 cps, J%,t = 3.5 
cps, J i,3 = 1.5 cps), and 4.52 (2 H, AB quartet, J  =  13 cps, 
CH2).

Anal. Calcd for C18H 13C1N2: C, 73.84; H, 4.48; N, 9.57. 
Found: C, 74.11; H, 4.32; N, 9.63.

8-Chloro-5,6-dihydro-6 -phenyl - 4H - pyrrolo [ 1,2-a] [ 1.4] benzo- 
diazodiazepine (16).—To a suspension of 3.5 g of lithium alu
minum hydride in 200 ml of tetrahydrofuran was added 11.8  g 
of 15. After refluxing overnight a few milliliters of aqueous 
tetrahydrofuran was added slowly and the mixture was filtered. 
The solution was concentrated and the resultant oil recrystallized 
several times from a large volume of hexane to give tan rods: 
mp 145-146°; nmr peaks (CDC13) at 8 6.95, 6.30, 6.17 
(3 H, ABX pattern, pyrrole H ’s 1, 2, 3, respectively, Ju t =  3 
cps, J t .3 = 3.5 cps, J i,3 =  1.5 cps), and 3.81 (2 H, AB quartet, 
/  =  15 cps, CH2).

Anal. Calcd for CisHuCINi: C, 73.34; H, 5.13; N, 9.50. 
Found: C, 73.55; H, 5.35; N, 9.62.

7-Chloro-5-phenylpyrrolo[l,2-a]quinazoline 4-Oxide (17).— 
To a stirred solution of 3 g (0.01 mol) of 6 in 500 ml of glacial 
acetic acid was added dropwise 1.8 g (0.011 mol) of bromine and 
the resultant mixture stirred for 2 hr at room temperature. The 
resultant suspension was filtered to give a brown solid, which 
rendered water strongly acidic to pH paper. This solid was 
stirred in excess 1 N  sodium hydroxide for a few minutes, filtered, 
and then thoroughly washed with water. After trituration with 
a small amount of acetone the product was recrystallized twice 
from carbon tetrachloride to give 1.5 g (50%) of pale yellow 
prisms: mp 226-229° dec (changed to needles ca. 200°); ultra
violet maxima (2-propanol) at 241 mu (t 29,250), 252 (infl) 
(31,500), 256 (32,500), 282 (18,250), 343 (infl) (5200), 360

(19) T h e  J  v a lu es  fo r th e se  p y rro le  hy d ro g en s  w ere  n o t c lea rcu t w ith in  
1 cps.

(20) A lum ina  refers to  W oelm  a lu m in a , a c tiv i ty  I .
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(6600), and 385 (sh) (6200); nmr peaks (DMSO-d6) at 5 5.17 
(2 H doublet, J  = 2.5 cps, pyrrole H ’s 2 and 3) and at 8.22 
(l H triplet, J  = 2.5 cps, pyrrole H 1).

Anal. Calcd for C„H„C1N20 : C, 69.27; H, 3.76; N, 9.50. 
Found: C, 69.72; H, 3.81; N, 9.49.

7-Chloro-5-phenylpyrrolo[ 1,2-a] quinazoline (18).—A solution 
of 4.7 g (0.015 mol) of 17 in 100 ml of dioxane was shaken under 
1 atm of pressure and 24° in an atmosphere of hydrogen using 
ca. 6 g of Raney nickel as catalyst. After the uptake of hydrogen 
reached 359 ml (theory 370 ml), the mixture was filtered and the 
catalyst washed with 50 ml of dioxane and 50 ml of methanol. 
Evaporation of the solvent gave a yellow oil which crystallized 
upon standing. After several recrystallizations from ethanol, 
yellow needles were obtained, mp 149-150°.

Anal. Calcd for C„HhC1N2: C, 73.25; H, 3.98; N, 10.05. 
Found: C, 72.96; H, 4.02; N, 9.93.

7-Chloro-l-methyl-5-phenylpyrrolo [1,2-o] quinazoline 4-Oxide 
(19).—A solution of 12 g (0.04 mol) of 6 in 100 ml of acetic acid 
was treated with 6 g (0.074 mol) of 37% formaldehyde and the 
mixture was allowed to stir a t room temperature for 24 hr. 
The solution was poured into 300 ml of water and extracted with 
chloroform. The organic layer was separated (aided by the 
addition of alkali to the aqueous phase), washed with water, 
dried over sodium sulfate, and passed through 250 g of Florisil.21 
The Florisil was washed with chloroform and the eluate concen
trated to dryness. The residue was dissolved in hot carbon tetra
chloride and filtered from a small amount of undissolved solid (dis
carded); the filtrate was refrigerated. Filtration yielded 3 g 
(24%) of pale orange crystals: mp 220-223° dec; mass spectrum 
(m /e ), 308 (p), 292 (p — 16); nmr peaks (CDCU) at S 6.55,
7.05 (2 H, AB quartet, J  = 4 cps, pyrrole H ’s 2 and 3),22 and
2.97 (3 H singlet, CH3).

Anal. Calcd for C18H i3C1N20 : C, 70.02; H, 4.24; N, 9.07. 
Found: C, 70.32; H, 4.19; N, 9.26.

7-Chloro-l-methyl-5-phenylpyrrolo[l,2-a]quinazoline (20).— 
A solution of 3 g (0.01 mol) of 19 in a mixture of 25 ml of methanol 
and 50 ml of dioxane was shaken under 1 atm of pressure at 24° 
in an atmosphere of hydrogen using 6.5 g of Raney nickel as a 
catalyst. After the uptake of hydrogen reached 231 ml, the 
mixture was filtered and the filtrate concentrated to a viscous, 
yellow oil. This oil, which contained some starting material 
(determined by tic), wTas dissolved in carbon tetrachloride and 
placed on 150 g of alumina. Elution with 1:1 ethyl acetate- 
hexane gave, upon evaporation, a yellow solid which was re
crystallized from ethanol to give yellow prisms, mp 139-141°.

Anal. Calcd for C,8H i3C1N2: C, 73.84; H, 4.48; N, 9.57. 
Found: C, 73.92; H, 4.68; N, 9.44.

7-Chloro-4-phenylpyrrolo[l,2-a]quinoxaline (21). A. From 
6.—To 4 g (0.055 mol) of dimethylformamide, cooled in ice, was 
added dropwise with stirring, 8.5 g (0.055 mol) of phosphorus 
oxychloride. After stirring for 15 min at room temperature, 
25 ml of ethylene dichloride was added and the solution cooled 
to 5°. A suspension of 15 g (0.05 mol) of 6 in 60 ml of ethylene 
dichloride was then added portionwise during 1 hr. After stirring 
at room temperature for 20 min, the mixture was refluxed for 15 
min and then hydrolyzed at room temperature by the dropwise 
addition of a solution of 37.5 g of sodium acetate trihydrate in 
50 ml of water. The resultant mixture was heated to gentle 
reflux for 15 min and then the organic layer was separated. The 
aqueous phase was extracted with ether and the organic layers 
were combined, washed, dried over sodium sulfate, and concen
trated to a dark brown solid. Trituration with hot ethanol gave 
6.1 g of yellow solid, mp 150-159°. This solid was dissolved in 
methylene chloride and passed through 100 g of Florisil. After 
eluting with ca. 750 ml of additional methylene chloride, evapora
tion gave 5.4 g (38%) of product as a pale yellow solid, mp 152- 
155°. The analytical sample was recrystallized from methanol- 
methylene chloride to give pale yellow needles: mp 154-156°; 
ultraviolet maxima (2-propanol) at 215 mju (infl) (e 2600), 233
(27,000), 247 (infl) (35,000), 250 (36,300), 271 (23,400), 279 
(infl) (2000), 327 (infl) (5900), 343 (8000), and 355 (8250); 
nmr peaks (CDCls) at 8 7.82, 6.80, 6.96 (3 H, ABX pattern, 
pyrrole H ’s 1, 2, and 3, respectively, Ji.i = 2.7 cps, / 2.3 = 4.1 
cps, Ji.s = 1 .3  cps).23

(21) F lo ris il (F lo rid in  Co.) is a  s y n th e tic  m agnesium  silica te  ad so rb en t.
(22) T h e  v a lu e  for th e  sp in  coup ling  co n s ta n t fo r th e se  py rro le  h y d rogens

is co n s is te n t w ith  th e  J i , t  n o te d  fo r 2 ,5 -d isu b s titu ted  p y rro le s  (c/. ref 18).

Anal. Calcd for C„HnClN2: C, 73.25; H, 3.98; N, 10.05. 
Found: C, 73.54; H, 3.84; N, 9.98.

B. From 5'-Chloro-2'-(l-pyrrolyl)benzanilide (24).—A solu
tion of 2.6 g of 24, prepared as described below, in 18 ml of re
distilled phosphorus oxychloride was refluxed for 20 min. The 
excess phosphorus oxychloride was removed at reduced pressure 
and the residue treated with water and then basified with sodium 
carbonate. After extraction with chloroform, the organic phase 
was separated, washed, dried, and concentrated to an oil. This 
oil was dissolved in benzene and filtered over 80 g of alumina and 
the alumina washed with ca. 700 ml of benzene. Removal of the 
solvent gave a pale yellow solid, mp 150-153°. This product 
was identical in all respects (infrared spectra and mixture melting 
point) with the substance obtained from procedure A.

l-(4-Chloro-2-nitrophenyl)pyrrole (22).—A solution of 17.2 g 
(0.1 mol) of 4-chloro-2-nitroaniline in 100 ml of glacial acetic 
acid was treated with 18.8 g (0.15 mol) of dimethoxytetrahydro- 
furan and then heated on the steam bath for 30 min. The hot 
solution was filtered from a small amount of undissolved solid 
(discarded) and the filtrate poured into 500 ml of water. After 
extraction with carbon tetrachloride, the organic phase was 
separated, washed, dried, and filtered over 100 g of Florisil. 
Continued elution with carbon tetrachloride gave, upon concen
tration, an orange oil. The oil was dissolved in ethyl ether and 
the solution diluted with petroleum ether (bp 30-60°). After 
refrigeration, filtration gave 15.6 g (70%) of yellow-amber crys
tals, mp 53-54°. Recrystallization from ether-petroleum ether 
raised the melting point to 55-56°. The product was light sensi
tive becoming dark red upon exposure to overhead light.

Anal. Calcd for Ci„H,C1N20 2: C, 53.95; H, 3.17; N, 12.58. 
Found: C, 53.79; H, 3.15; N, 12.87.

l-(4-Chloro-2-aminophenyl)pyrrole (23).—To a stirred solution 
of 10 g (0.045 mol) of 22 dissolved in a mixture of 200 ml of tetra- 
hydrofuran and 100 ml of water was added, portionwise, 10 g 
of sodium hydrosulfite. After heating on the steam bath for 
5 min, an additional 10 g of sodium hydrosulfite was added. The 
mixture was again placed on the steam bath for 5 min after which 
it was treated with 23 g of additional sodium hydrosulfite and a 
solution of 200 ml of ethanol in 250 ml of water. After 5 min of 
further heating the organic solvents were removed at reduced 
pressure; the resultant precipitate was filtered and washed with 
water. Recrystallization from hexane gave 4.5 g (46%) of white 
needles, mp 87-88°.

Anal. Calcd for Ci0H9C1N2: C, 62.34; H, 4.71; N, 14.54. 
Found: C, 62.59; H, 4.76; N, 14.59.

5'-Chloro-2'-(l-pyrrolyl)benzanilide (24).—To a solution of 6 
ml of benzoyl chloride in 30 ml of pyridine, cooled in ice, was 
added 6.1 g (0.03 mol) of 23. The resultant mixture was heated 
gently on the steam bath for 1 hr and the excess pyridine removed 
at reduced pressure. The residue was covered with water and 
the mixture extracted with ethyl ether. The organic layer was 
separated, washed twice with 50-ml portions of 2 N  hydro
chloric acid and with water, and then dried over sodium sulfate. 
Removal of the ether gave a sticky, brown solid which was 
recrystallized from ethanol to give 4 g (45%) of cream-colored 
needles, mp 124-125.5°.

Anal. Calcd for C„H13C1N20 : C, 68.80; H, 4.42; N, 9.44. 
Found: C, 68.81; H, 4.17; N, 9.50.

Registry No.—4, 15707-36-5; 5, 15893-36-4; 6, 
15707-37-6; 8, 15707-38-7; 9, 15707-39-8; 10, 15707- 
40-1; 11, 15707-41-2; 12, 15707-42-3; 13, 15707-44-5;
14, 15707-43-4; 15, 15707-45-6; 16, 15707-46-7
17, 15707-47-8; 18, 15814-72-9; 19, 15814-73-0
20, 15814-75-2; 21, 15814-74-1; 22, 15893-38-6
23,15814-76-3; 24,15893-37-5.
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to Mr. S. Traiman for the infrared spectra, and to Dr.
A. Steyermark and Dr. F. Scheidl for the microanalyses.

(23) S im ilar n m r d a ta  for a  series of 4 - s u b s t itu te d  p y rro lo [ l ,2 -o ]q u in o x a -  
lines h a v e  b ee n  rep o rte d  b y  G . W . H . C heesem an  a n d  B . T u c k  [J. Chem. 
Soc., 1164 (1967)].
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Condensations of 3,8-diphenyl-2H-naphtho [3,2-b] thiete 1,1-dioxide with benzaldehyde, p-chlorobenzaldehyde, 
and p-methoxybenzaldehyde yield thiete sulfones which are unsaturated at every position. p-Nitrobenzalde- 
hyde reacts anomalously. Reduction of the 2-benzylidene derivative by lithium aluminum hydride at —70° 
occurs with reduction of the double bond but not the sulfone group to give 2-benzyl-3,8-diphenyl-2H-naphtho- 
[3,2-6] thiete 1,1-dioxide admixed with starting sulfone from which it could not be separated. The large differ
ence in chemical shift between the diastereomeric methylene protons of this compound is'attributed to restricted 
rotation.
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The a  hydrogens of sulfones are acidic,4 and con
densation reactions occur between a-sulfonyl anions 
and carbonyl groups.5

This investigation into the condensation reactions 
of aromatic aldehydes and cyclic, four-membered ring 
sulfones was undertaken to prepare derivatives of 
thietane sulfone with unsaturation exocyclic to the 
ring. We hoped that such sulfones might be reduced 
to the corresponding unsaturated sulfides, the re
duction of the double bond or ring opening which oc
curs with thiete sulfones (where the olefinic bond is 
in the four-membered ring) being avoided.6 * Only
2,2-dimethyl-3,8-diphenyl-2H-naphtho [3,2-6 ]thiete 1,1- 
dioxide and 2,2-dimethyl-3,10-diphenyl-2H-anthra- 
[3,2-6 ]thiete 1,1-dioxide are reduced cleanly to the 
sulfides and these thiete sulfones have no active 
methylene group.60

Thietes are of theoretical interest because their 
anions are formally isoelectronic with the anion of 
cyclopentadiene. Reduction of the sulfone group in 
the 2-benzylidene derivative of 3,8-diphenyl-2H-naph- 
tho[3,2-6]thiete 1,1-dioxide might yield a thiete 
anion. Naphtho[8,l-bc,]-thiete 1,1-dioxide (l)7a and

(1) P a p e r  II: D. C. D it tm e r  a n d  F . A. D av is , J .  O rg. C h em ., 32, 3872 
(1967).

(2) T h is  w ork  w as a id ed  b y  N a tio n a l S cience F o u n d a tio n  G ra n t  G P  726 
a n d  b y  N a tio n a l I n s t i tu te s  of H e a lth  G ra n t  CA  08250.

(3 ) T a k e n  fro m  th e  P h .D . T hesis  of J . M . B a lq u is t, S y racu se  U n iv e rs ity , 
S y ra c u s e , N . Y ., 1966.

(4) F o r  re c e n t d e te rm in a tio n s  of p!Ta v a lu es , see F . G . B o rd  well, R . H . 
Im e s , a n d  E . C . S te in er, J . A m e r . C h em . S o c ., 89, 3905 (1967).

(5) (a) W . E . T ru c e  a n d  R . H . K nospe , ib id ., 77 , 5063 (1965); H .-D . 
B ec k e r a n d  G . A. R ussell, J .  O rg. C h em ., 28, 1896 (1963); G . A. R usse ll, 
H .- D .  B eck er, a n d  J . Schoeb , ib id ., 3584; M . L . O fted ah l, J ,  W . B ak e r, an d  
M . W . D ie tr ic h , ib id ., 30, 296 (1965). F o r  co n d en sa tio n s  of G rig n a rd  reag e n ts  
of su lfo n e s , see L. F ie ld  a n d  E . T . B oyd , J .  Org. C h em ., 29, 3273 (1964), an d  
re fe re n c e s  c ited  th e re in , (b) F o r  co n d e n sa tio n s  w ith  th ie ta n e  su lfone, see 
S. M . K o tin , P h .D . T h esis, U n iv e rs ity  of P en n sy lv a n ia , P h ila d e lp h ia , P a ., 
1962.

(6) (a) D . C . D it tm e r  a n d  M . E . C h ris ty , J .  A m e r .  C h e m . S o c ., 84, 399
(1 9 6 2 ); D . C . D it tm e r  a n d  F. A. D av is , J .  O rg. C h em ., 29, 3131 (1964); 
C . L .  S ch illing , M .S . T hesis, S y racu se  U n iv e rs ity , S y racuse , N . Y ., 1964. 
(b ) D . C . D it tm e r  a n d  N . T a k a sh in a , T e tra h e d ro n  L e tt . , 3809 (1964). (c)
L. A. P a q u e t te ,  J .  O rg. C h em ., 30, 629 (1965).

some methylene thiete 3ulfones7b are the only known 
four-membered cyclic sulfones unsaturated at every 
position.

1

The naphthothiete sulfone 2, when treated with 
benzaldehyde and sodium ethoxide in refluxing ethanol 
for 20 min, gave the unsaturated derivative 3a in 96% 
yield. Similarly, p-chlorobenzaldehyde and p-meth- 
oxybenzaldehyde gave 3b and 3c (X = Cl, 77%; 
-OCH3, 58%). No condensation reactions of this 
type with thiete sulfones are known; and the re
action is difficult with thietane sulfone, low yields of 
hydroxy compounds being obtained.615

3a,X  =  H
b, X = Cl
c, X = OCH3

All compounds had absorption in the infrared at 
1300 and 1130-1145 cm-1 characteristic of the sulfone 
group. 1,6,60 Absorptions caused by the olefinic group 
or by carbon-hydrogen bending vibrations of the 
olefinic group could not be assigned with assurance be
cause of absorption by the aromatic rings. The proton 
nmr spectrum showed absorption at S 6.20-6.33 (sin
glet) for a lone proton in addition to a multiplet for the 
aromatic protons.

The aryl group is probably cis to the sulfone group 
since models8 indicate considerable steric interaction

(7) (a) R . W . H o fm a n n  a n d  W . S ieber, A n g e w . C h em . I n te r n .  E d . E n g l . ,
4, 786 (1965); A n n .  C h em ., 703, 96 (1967). (b ) L . A. P a q u e t te  a n d
M . H . R osen , A b s tra c ts , 154 th  N a tio n a l M ee tin g  of th e  A m erican  C hem ica l 
S ocie ty , C h icago , 111., S ep t 1967, p  14S.

(8) F ra m e w o rk  M o lecu la r O rb ita l M odels, P re n tic e  H all, In c .
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between the benzylidene phenyl group and the 3- 
phenyl group in a tran s configuration.

Attempts were made to reduce the sulfone group of 
the benzylidene derivative 3a by a tenfold excess of 
lithium aluminum hydride in tetrahydrofuran at 
— 70° during 1-14 hr. The product recovery was
49-60% and consisted of a mixture of 13-32% of 
starting sulfone and 68-87% of 2-benzyl-3,8-diphenyl- 
2H-naphtho[3,2-6]thiete 1,1-dioxide (4). The mix-

ture was not able to be separated into its components. 
Elemental and mass spectrometric analyses of the 
product were consistent, with its being a mixture of 
C30H20O2S (mol wt, 444} and C30H22O2S (mol wt, 446). 
The infrared spectrum of the product mixture is nearly 
identical with that of the starting unsaturated sulfone 
(3a) and of the sulfone 2. The ultraviolet spectra of 
mixtures richer in 4 have greater absorption at 243, 
313, and 343 [ultraviolet spectrum of 2 : 241 
(log e 4.72), 315 (4.08), and 338 (3.96) m^] which indi
cates saturation of the double bond; mixtures richer 
in 3a have relatively greater absorption at 361 and 
375 nyi.

The mass spectrum of the mixture showed the most 
intense ion above m /e  ICO at m/e 355 which corresponds 
to the loss of a benzyl group from 4. The formation of 
C7H7+ is inferred from an ion at m/e 91. The easy 
loss of a benzyl group supports structures 3a and 4 
over the alternate structures 5 and 6. Further evi-

C6H5 c6h 5
5 6

dence against structure 5 is the observation that the 
sulfone group of alkyl-substituted benzthiophene sul
fones is invariably reduced whereas the double bond 
may or may not be reduced. 9 The lack of reduction 
of the sulfone group of 4 may be caused by steric 
hindrance to attack on the sulfone or the sulfone anion
(7 ); or its aluminohydride complex may be resistant 
to further attack by the reducing agent.

O f t
7

(9) D . S. R ao , A b s tra c ts , 137 th  N a tio n a l  M ee tin g  of th e  A m erican  C hem i
ca l S ocie ty , C leveland , O hio, A p ril 1960, p  2 6 0 . See also  F . G . B o rd w ell a n d
W . H . M cK ellin , J .  A m er. Chen.. Soc., 73, 2251 (1951); G . V an  Zyl, D . C .
D e  Jo n g h , V. I .  H easley , a n d  J .  W . V an  D y k e , J .  Org. Chem ., 26, 4946
(1961); G . V an  Z y l a n d  R . A. K o ste r , ib id ., 29, 3558 (1963).

Figure 1.—Suggested preferred conformation of 2-benzyl-3,8- 
diphenyl-2H-naphtho [3,2-6] thiete 1,1-dioxide.

From the proton nmr spectra the compositions of the 
mixtures from reduction can be determined. When 
the spectrum of the starting unsaturated sulfone 3a 
is subtracted from the spectrum of the mixture, the 
relative intensities of the remaining absorptions for 
4 are 19:1:1:1. The absorptions consist of a multiplet 
at 8 8.32-6.87 (19 aromatic protons), a quartet at 
5.82-5.47 (one proton), a quartet at 3.67-3.10 (one 
proton), and a quartet at 2.94-2.52 (one proton). 
The quartet at 8 5.82-5.47 can be assigned to the proton 
Hx in Figure 1 since the absorption of the methylene 
protons in the naphthothiete sulfone 2 occurs at 5 
5.10.6b,c The other two quartets (ASam ~  0.7 ppm) 
can be explained by the nonequivalence of protons 
Ha and Hm with ,/AM = 15 cps, ./AX = 3 cps, and 
J mx = 11 cps. These protons HA and HM do not 
alter their chemical shifts even at 200°. Proton HA 
is assigned to the absorption at higher field because it 
is over the plane of the 3-phenyl group.10 Models8 
indicate restricted rotation about the bond connecting 
the benzyl group to the four-membered ring because 
of steric hindrance by the 3-phenyl group and the sul
fone group. The spin-spin coupling constant between 
two vicinal protons is related to the dihedral angle 
<f> between the protons.11 If <£AX is about 70-45° and 
<f>mx about 140-160°, which are reasonable values ac
cording to a model, / AX is calculated, according to the 
equation of Williamson and Johnson,lla to be about
3-5 cps and ./Mx about 10-14 cps in agreement with 
the observed values. These calculated values are un
corrected for effects caused by changes in hybridiza
tion, in electronegativity, in H-C-C bond angles and 
in bond distances.

The relatively large difference in chemical shift of 
the two diastereomeric methylene protons HA and HM 
has analogies in the relatively large differences be
tween the absorptions of methylene protons in [2.2]- 
metacyelophane,12 in a pleiadene derivative,13 in 
certain asymmetric benzyl ethers,14 and in N,N-di- 
methylbenzylamines in which there was no plane of 
molecular symmetry.15 The coupling constant of 15

(10) L . M . J a c k m a n , "A p p lic a tio n s  of N u c le a r  M a g n e tic  R eso n an c e  
S pectro scopy  in  O rgan ic  C h e m is try ,"  P e rg am o n  P re ss  L td .,  L o n d o n , 1959, 
C h a p te r  7.

(11) (a) M . K a rp lu s , J .  Chem . P h y s ., 30 , 11 (1959); K . L . W illiam so n  a n d  
W . S. Jo h n so n , J .  A m er. Chem. Soc., 83 , 4623 (1961); (b ) A. A . B o th n e r-B y , 
A dv. M agnetic  Resonance, 1 , 195 (1965).

(12) D . J . W ilscn , V. B oeke lheide , a n d  R . W. G riffin , J r . ,  J . A m er . Chem . 
Soc., 82, 6302 (1960).

(13) P . T . L a n so u ry , ib id ., 81, 4325 (1959).
(14) G . M . W h ites id e s, D . H o ltz , a n d  J .  D . R o b e r ts , ib id ., 86 , 2628 (1964); 

G . M . W hites ide s, J .  J .  G rock i, D . H o ltz , H . S te in b erg , a n d  J .  D . R o b e r ts , 
ib id ., 87, 1058 (1935).

(15) J . C . R a n d a ll, J .  J .  M cL eskey , I I I ,  P . S m ith , a n d  M . E . H o b b s, ib id ., 
86 , 3229 (1964).



1 3 6 6  D i t t m e r  a n d  B a l q u i s t The Journal of Organic Chemistry

cps between HA and HM is in the range reported for 
geminal protons.llh

p-Nitrobenzaldehyde did not yield the p-nitro- 
benzylidene derivative but gave 8% of a light orange 
solid whose structure is suggested tentatively as 8 
on the basis of its elemental analysis and infrared and 
ultraviolet spectra. The formation of 8 may proceed

by loss of the p-nitrophenyl group from the anion 
formed by addition of ethoxide ion to an intermediate 
benzylidene derivative, 9. This reaction is somewhat

analogous to the elimination of l,3-dinitro-4,6- 
dimethoxybenzene from 2,6-dinitro-3,5-dimethoxy- 
benzaldehyde when the latter is treated with 5 %  po
tassium hydroxide.16

Experimental Section17
2-(Benzylidene)-3,8-diphenyl-2H-naphtho [3,2-6] thiete 1,1- 

Dioxide (3a).—To a refluxing solution of sodium ethoxide in 
ethanol, prepared by addition of 0.5 g (0.022 g-atom) of sodium to 
100 ml of absolute ethanol, was added 1.78 g (0.005 mol) of
3,8-diphenyl-2H-naphtho[3,2-6]thiete 1,1-dioxide (2)6b.° and 4 
ml of benzaldehyde. The solution was refluxed for 15 min and 
cooled to room temperature. The precipitate was filtered, 
washed with cold absolute ethanol, and dried in a vacuum oven 
to give a light yellow powder (2.13 g, 96%, green-yellow fluores
cence), mp 233-236°. Three recrystallizations from chloroform- 
ethanol produced an analytical sample, mp 240-241°.

Anal. Caled for C3oH200 2S: C, 81.07; H, 4.54; S, 7.20;
mol wt, 444. Found: C, 81.01; H, 4.60; S, 7.20; mol wt, 450 
(osmometric).

The benzylidene sulfone had the following spectral properties: 
infrared (KBr) 3010 (w), 1600 (w), 1490 (w), 1440 (m), 1360 
(m), 1300 (s), 1175 (s), 1130 (s), 790 (m), 770 (s), 695 (s) cm’ 1; 
ultraviolet (CH3CN), 219 (log e 4.03), 239 sh (3.85), 245 sh 
(3.83), 303 sh (4.18), 312 (4.22), 361 sh (3.85), 375 (3.86); 
nmr (CDC1„), S 8.38-7.18 (multiplet, 19 H), 6.34 (singlet, 1 H).

2-(p-Chlorobenzylidene)-3,8-diphenyI-2H-naphtho [3,2-6] thiete 
1,1-Dioxide (3b).—To a refluxing solution of sodium ethoxide 
in ethanol (prepared by dissolving 0.5 g (0.022 g-atom) of so
dium in 50 ml of absolute ethanol) was added 1.44 g (0.004 mol) 
of 3,8-diphenyl-2H-naphtho [3,2-6] thiete 1,1-dioxide followed by

(16) G . L ock  a n d  G . N o tte s , M onatsh ., 68, 51 (1936).
(17) N m r  sp e c tra  w ere  reco rded  on a  V a ría n  A -60 s p e c tro m e te r  (60 M e) 

a n d  chem ica l sh ifts  a re  re p o rte d  w ith  re sp ec t to  te tra m e th y ls ila n e . In f ra re d  
s p e c t ra  w ere  ta k e n  on  a  P e rk in -E lm e r M odel 137 o r  521 sp e c tro p h o to m e te r . 
U ltra v io le t  s p e c tra  w ere  o b ta in e d  on  a  P e rk in -E lm e r M odel 202 sp ec tro m e te r . 
M e ltin g  p o in ts  a re  u n co rrec ted  a n d  w ere  o b ta in ed  on  a  F ish e r-Jo h n s  m e ltin g  
p o in t b lock . M ass  sp e c tra  w ere  o b ta in e d  on a n  H ita c h i R M U -6 D  single- 
focusing  m ass sp ec tro m e te r.

4 ml of p-chlorobenzaldehyde. The solution was refluxed for 5 
min, cooled to room temperature, and diluted with a 2; 1 ethanol- 
water solution. The precipitate was collected by filtration, 
washed with cold ethanol, and dried in a vacuum oven to give a 
yellow solid (1.48 g, 77%) green-yellow fluorescence), mp 222- 
228°. Two recrystallizations from chloroform-ethanol produced 
an analytical sample, mp 236-238°.

Anal. Calcd for C30H19ClO2S: C, 74.97; H, 3.99; Cl, 7.44; 
S, 6.67; mol wt, 478. Found: C, 75.25; H, 3.98; Cl, 7.30; 
S, 6.68; mol wt, 490 (osmometric), 478 (mass spectroscopy).

The p-chlorobenzylidene derivative had the following spectral 
properties: infrared (KBr) 3010 (w), 1590 (m), 1495 (m),
1300 (s), 1145 (s), 1095 (m), 840 (m), 770 (s), 700 (s) c m '1; 
ultraviolet (CH3CN), 223 mu (log e 4.17), 250 sh (4.00), 308 sh 
(4.29), 317 (4.33), 360 sh (4.00), 380 (4.07); nmr (CDC13),
5 8.28-7.03 (multiplet, 18 H) and 6.20 (singlet, 1 H); mass 
spectrum, m /e 478 (22%), 379 (24%), 378 (25%), 377 (20%), 
376 (22%), 388 (29%), 337 (38%), 321 (24%), 310 (32%), 
309 (38%), 302 (28%), 289 (22%), 262 (20%), 188 (23%), 187 
(22%), 141 (39%), 139 (20%), 79 (25%), 78 (100%), 77 (92%), 
76 (24%).

2-(p-Methoxybenzylidene)-3,8-diphenyl-2H-naphtho [3,2-6]- 
thiete 1,1-Dioxide (3c).—To a refluxing solution of sodium ethox
ide in ethanol, prepared by dissolving 0.5 g (0.022 g-atom) of 
sodium in 70 ml of absolute ethanol, was added 1.0 g (0.0028 mol) 
of 3,8-diphenyl-2H-naphtho[3,2-6]thiete 1,1-dioxide and 3 ml of 
redistilled p-anisaldehyde. The solution was refluxed for 1 hr, 
cooled to room temperature, diluted with 100 ml of saturated 
sodium chloride solution, and extracted with three 50-ml portions 
of chloroform. The organic layer was dried over anhydrous mag
nesium sulfate, concentrated to about 10 ml, and chromatographed 
on a Florisil column. The column was eluted with 1:1 benzene- 
chloroform. The eluent containing the first yellow band was 
collected and concentrated on a rotary evaporator by means of a 
water aspirator. Ethanol was added to precipitate a yellow pow
der (0.78 g, 58%, green-yellow fluorescence), mp 238-240°. 
Two recrystallizations from chloroform-ethanol produced an 
analytical sample, mp 245-247°.

Anal. Calcd for C3iH220 3S: C, 78.47; H, 4.67; S, 6.74; 
mol wt, 474. Found: C, 78.56; H, 4.93; S, 6.63; mol wt, 477 
(osmometric), 474 (mass spectroscopy).

The p-methoxybenzylidene derivative had the following 
spectral properties: infrared (KBr), 3010 (w), 1600 (m), 1510 
(m), 1300 (s), 1245 (s'), 1175 (m), 1140 (s), 1020 (s), 860 (m), 
770 (s), 760 (s), 695 (s) c m '1; ultraviolet (CH3CN), 223 mM 
(log e 4.53), 256 (4.44), 291 (4.39), 335 (4.66), 392 (4.44); nmr 
(CDC13), 8 8.28-7.30 (multiplet, 16 H), 7.02-6.72 (doublet, 
/  = 9 cps., 2 H), 6.25 (singlet, 1 H), 3.77 (singlet, 3 H).

Partial Reduction of 2-(Benzylidene)-3,8-diphenyl-2H-naphtho- 
[3,2-6]thiete l,l-Diox:de.—A solution of lithium aluminum 
hydride (1.90 g, 0.50 mol) in 200 ml of anhydrous tetrahydro- 
furan was cooled in a Dry Ice-acetone bath and the 2-benzylidene 
derivative (3a) (2.22 g. 0.005 mol) was added in powdered form. 
The solution was stirred 5 hr; then 20 ml of water in 100 ml of 
tetrahydrofuran was added slowly; and the solution was allowed 
to warm to room temperature. The solution was acidified with 
5% hydrochloric acid solution, diluted with 300 ml of saturated 
sodium chloride solution, and extracted with three 200-ml 
portions of ether. The ether extract was dried over anhydrous 
magnesium sulfate, concentrated, and chromatographed on a 
Florisil column. The column was eluted with chloroform and the 
eluent containing the first yellow band was collected. The 
eluent was concentrated to ca. 3 ml and 40 ml of ethanol was 
added. The light yellow precipitate which formed was collected 
by filtration and dried in a vacuum oven to give 1.04 g (47% 
based on the weight of the recovered material) of a yellow solid, 
mp 186-194°, which was shown by proton nmr measurements 
to be a mixture of 13% starting material and 87% 2-benzyl-
3,8-diphenyl-2H-naphtho[3,2-6]thiete 1,1-dioxide (4). Three 
recrystallizations of a sample from a similar reaction (shown to 
contain 32% compound 3a and 68% compound 4) from 
chloroform-ethanol produced a sample, mp 188-189°, which was 
analyzed. The nmr spectrum indicated the sample was still 
contaminated with unreduced starting material.

Anal. Calcd for Ci0H20O2S: C, 81.07; H, 4.54; S, 7.20; 
mol wt, 444. Calcd for CaoH220 2S: C, 80.70; H, 4.97; S, 7.17; 
mol wt, 446. Found: C, 80.90; H, 4.73; S, 7.08; mol wt, 
450 (osmometric).

This mixture had the following spectral properties: infrared 
(KBr), 3010 (w), 2900 (w), 1590 (w), 1485 (m), 1435 (m),
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1360 (m), 1300 (vs), 1145 (vs), 775 (s), 755 (m), 700 (s) cm '; 
ultraviolet (CH3CN), 219, 243 303 (sh), 313, 343, 358 (sh), and 
375 mp; nmr (CDC13), 5 8.32-6.88 (multiplet, relative area 19), 
6.29 (singlet, relative area 0.13), 5.82-5.47 (quartet, relative 
area 0.87), 3.67-3.10 (quartet, relative area 0.87), and 2.94-2.52 
(quartet, relative area 0.87); mass spectrum, m/e 446 (30%), 
444 (42%), 412 (90%), 355 (100%), 262 (57%), 141 (37%), 
105 (60%), 91 (18%) (base peak is at m/e 78 but m/e 355 was 
used as base for above).

Attempts at further reduction of 3a by using a greater hydride 
to sulfone ratio or by using longer reaction times appear to lead 
to a complex mixture of undetermined nature.

Attempted Condensation of 3 ,8-Diphenyl-2H-naphtho [3,2-6] - 
thiete 1,1-Dioxide with p-Nitrobenzaldehyde.—To a refluxing 
solution of sodium ethoxide in ethanol, prepared by dissolving 
0.5 g (0.022 g-atom) of sodium in 40 ml of absolute ethanol, was 
added 3,8-diphenyl-2H-naphtho[3,2-6]thiete 1,1-dioxide (1.78 g, 
0.005 mol) followed by p-nitrobenzaldehyde (1.25 g, 0.008 mol). 
The solution was refluxed for 1 hr, cooled, diluted with 100 ml 
of saturated sodium chloride solution, and extracted with three 
50-ml portions of chloroform. The organic layer was dried over 
magnesium sulfate, concentrated to about 10 ml, and chro
matographed on a Florisil column. The column was eluted with 
1:1 benzene-chloroform. The eluent containing the first 
orange band was collected and was concentrated on a rotary 
evaporator using a water aspirator. Ethanol was added to

precipitate a light orange solid (0.18 g, 8%), mp 215-220°. 
Two recrystallizations from chloroform-ethanol produced an 
analytical sample, mp 227-228°, of a compound tentatively 
identified as 2-(ethoxymethylene)-3,8-diphenyl-2H-naphtho- 
[3,2-6]thiete 1,1-dioxide (8) which had the following spectral 
properties: infrared (KBr), 3000 (w), 1590 (m), 1500 (m),
1430 (m), 1325 (s), 1285 (vs), 1170 (s), 1120 (s), 950 (m), 850 
(m), 825 (m), 770 (s), 695 (s), cm-1; ultraviolet (CHsCN), 
218, 241, 316 (sh), 339, and 401 mp. There was insufficient 
sample left for a proton nmr spectral analysis.

Anal. Calcd for C26H20O3S: C, 75.79; H, 4.89; S, 7.78; 
mol wt, 412. Found: C, 75.82; H, 4.70; S, 7.62; mol wt, 416 
(osmometric).

Further elution of the remaining column with chloroform 
produced 0.44 g of a red-orange solid which could not be re
crystallized from chloroform-ethanol or from ethanol, but 
which precipitated from a concentrated chloroform solution on 
addition of an excess of petroleum ether (bp 65-75°). The red- 
orange solid from the second fraction had infrared and ultraviolet 
spectra similar to those of the previously obtained C26H20O3S 
compound. There was no characteristic aromatic nitro group 
absorption in the 1570-1500- and 1370-1330-em_1 regions.

Registry No.—3a, 15856-32-3; 3b, 15892-86-1;
3c, 15856-33-4; 4,15814-50-3; 8,15814-51-4.
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Phosgene condensed with l-dimethylamino-2-propanol in the presence of pyridine to form a labile, cyclic 
N-acylium salt, 4. This salt behaved as a powerful acylating agent toward p-toluenethiol, aniline, and methanol 
to form adducts 6, 7, and 8. Toward chloride ion it was a mild methylating agent, concurrently forming
3,5-dimethyl-2-oxazolidinone 5. Analogous formation of other oxazolidinones required a C substituent 
geminal to either the amino or hydroxyl group of the amino alcohol. A conformational explanation of this re
quirement for branching is proposed.

In another investigation phosgene was allowed to 
react with nonvicinal dialkylamino alcohols. Subse
quent reaction of the unisolated condensation products 
with alcohols or nontertiary amines gave the expected 
carbonate esters or urethans,1 but with bisdiethyl- 
amino alcohol 1 and phosgene the reaction took another 
course. With or without later addition of a secondary 
amine a cyclization-N-dealkylation reaction gave 
oxazolidinone 3. By analogy with results described 
below it is probable that the cyclization proceeded via  
an N-acyl ammonium salt such as 2 (eq 1). Appar-
CH,N(C2H5)2

CHOH

CH2N(C2H5)2

1

+ C0C12 — ►

I— N(C2H5)2 c r

h c A o
CH2N(C2H5)2-HC1

2

1, -EtCl
2. K0H

[— i^c2h5

h o A )
CH,N(C2H5 )2

3

(1)

ently one amino group served to bind hydrogen chloride, 
allowing acylation of the remaining free amino group.

(1) R . B . A ng ier, K . C . M u rd o c k , a n d  W . V. C u rra n , J .  M ed . C hem ., in
press.

This report describes the isolation of a very reactive 
N-acyl ammonium analog of 2 and a study of its reac
tions with some representative nucleophiles. The scope 
of a novel synthesis of 2-oxazolidinones from phosgene 
and 2-dialkylaminoalkanols has also been explored.

When equimolar amounts of 1-dimethyl amino-2- 
propanol and pyridine were added to excess phosgene in 
methylene chloride solution at <( —40°, then allowed to 
come to room temperature, a crystalline solid separated. 
This solid gave analyses and an infrared absorption peak 
at 5.42 p which were in accord (see below) with a cyclic 
N-acyl ammonium structure (4), but, when the crystal
line acylium salt was allowed to remain at 25° in the 
stirred reaction mixture, it disappeared within 5 hr, 
forming 3,5-dimethyl-2-oxazolidinone (5) (see eq 2).

CH3

(CH3)2NCH2CHOH —>

C H - T i (CH3)2Cr —  Ch X TLH3— -CH.CI K ()^ 0

4 5

The same product was obtained instantly, along with 
gaseous methyl chloride, when the acylium salt was 
heated above its melting point (97°).
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In contrast to the modest reactivity of 4 as an alkyl
ating agent, it was found to be an avid acylating agent. 
In a competitive experiment with the sodium salt of p -  
toluenethiol in cold dimethylformamide solution no S- 
methylation was detected, while an S-acylation leading 
to 6 was very rapid (eq 3). Reaction with water gave

immediate effervescence, liberating carbon dioxide and 
the hydrochloride of the precursor amino alcohol (eq 4).

H ,0
c h 3

_HC1 ■ (CH3)2NCH2CHOCOOH.
-C02

HC1 • (CH3)2NCH2CHOH (4)

CH3 

¿1
In fact, after 3 days in a stoppered vial a little “dry” 4 
had all decomposed, also forming the same hydrochlo
ride.

Acylation reactions in the cold with 1 equiv of 
aniline or methanol were complete within a minute or 
two, leading to urethan 7 and carbonate 8 in high 
yields (eq 5 and 6). The high reactivity of 4 as an

of 3,3-dimethylacryloyl chloride with trimethylamine.6 
Facile elimination of trimethylamine hydrochloride 
from 9 generated a presumed ketene which underwent 
cycloaddition with itself or with an added olefin. But 
the potential of 9 as an acylating agent and any 
tendency to undergo N-dealkylation apparently were 
not explored.

Spectral Correlations.—The infrared absorption maxi
mum of acylium salt 4 at 5.42 p  and its high reactivity 
are in accord with the general association7 of lowered 
wavelength of carbonyl absorption with heightened 
reactivity toward nucleophiles. In an open-chain 
model system we found that the position of the car
bonyl peak of ethyl chloroformate in a cold methylene 
chloride solution was lowered from 5.63 to 5.49 p
after interaction with 1 equiv of triethylamine, presum-

+
ably owing to formation of C2H5OCON(C2H6)3 Cl- . 
Conversely, when acylium salt 4 was allowed to stand 
for several days in methylene chloride saturated with 
hydrogen chloride the infrared absorption at 5.42 p  
was almost entirely supplanted by a new peak at 5.64 
p , as might be expected for the formation of open- 
chain chloroformate structure 10.

CH3

c r  (ch3)2n c h2c hococi

H
10

4 +  H2NC6H5 — s- HC1 • (CH3)2NCH2CHOCONHC6H5 (5)
7

4 +  HOCHs — >- HC1 • (CH3)2NCH2CHOCOOCH3 (6)
8

acylating agent is not unexpected. N-Acylium salts 
have long been postulated as intermediates in tertiary 
amine-catalyzed acylation reactions2 of acid halides, 
anhydrides, and certain esters (and in N-dealkylation3 
reactions). Solid acylpyridinium salts of high lability 
and uncertain composition have been investigated by 
several groups.4 5

Klages and Zange characterized antimony penta-
chloride complexes with benzoyl chloride and tri-

+
alkylamines, C6H5CO-NR2 SbCk- , and demonstrated 
that they were powerful benzoylating agents.6 Payne 
has reported the isolation of a well-defined adduct (9)

(CH3)2C=CHCON(CH3)3 c i-  
Q

(2) M . L . B en d e r, Chem . Rev., 60 , 53 (1960); L . P . H a m m e tt ,  “ P h y sica l 
O rgan ic  C h e m is try ”  M cG raw -H ill B ook  C o., In c .,  N ew  Y o rk , N . Y ., 1940, 
p  367; E . S. G ou ld , " S tru c tu r e  a n d  M ech an ism  in  O rg an ic  C h e m is try ,”  
H e n ry  H o lt a n d  C o., In c .,  N ew  Y o rk , N . Y ., 1959, p p  330-334 .

(3) W . B . W rig h t, J r . ,  a n d  H . J .  B ra b a n d e r , J .  Org. Chem ., 26 , 4057 
(1961), a n d  re fe rences  c ited  th e re in ; F . M ö lle r  in  H o u b e n -W e y l’s " M e th o d e n  
d e r  o rg an isch en  C h em ie ,”  V ol. I I ,  E . M ü lle r, E d ., T h ie m e  V erlag , S tu t tg a r t ,  
G e rm a n y , 1957, p p  98 5 -9 8 7 ; R . F . M e y e r  a n d  B . L . C um m in g s, J .  H etero- 
cycl. C hem ., 1 , 186 (1964); B . J .  C a lv e r t  a n d  J . D . H o b so n , J .  Chem. Soc,, 
2723 (1965); A . C . P ie rc e  a n d  M . M . Jou lliö , J .  Org. Chem ., 27 , 3968 (1962).

(4) F . B a y e r  a n d  C o., G e rm a n  P a te n ts  114,025, 117,625, 118,566; F ried
lan d er, 6, 1161, 1162, 1163 (1900). C hem . F a b r ik  v o n  H ey d en , A .-G ., G er
m a n  P a te n ts  109,933, 117,346, 116,386; Friedländer, 5 , 730, 954 (1900), a n d  
6, 1160 (1900). T . H o p k in s , J .  Chem . Soc., 117, 278 (1920). H . A d k in s  a n d
Q. E . T h o m p so n , J .  A m er. Chem . Soc., 71 , 2242 (1949). D . E . K o sh lan d , 
J r . ,  ib id ., 74 , 2286 (1952).

(5) F . K lag es  a n d  E . Z ange, A n n .,  607 , 35 (1957).

Another spectral model is the N-protonated form 
(11, ir peak at 5.56 p) of the quinuclidone of Pracejus,8 
a compound in which the usual O protonation of amides 
is believed to be precluded by Bredt’s rule. Thus, if 
the usual9 0.1-/x shift to lower wavelength is allowed 
for incorporation of a carbonyl group into a five-

membered ring, then a 5A 2-p  peak would be reasonable 
for cyclic acylium salt 4 and would contraindicate a 
linear, polymeric N-acylium structure.

Oxazolidinone Syntheses.—When other /3-dialkyl- 
amino alcohols were subjected to the conditions used in 
the above synthesis of oxazolidinone 5 it was found 
(Table I) that branching in the central carbon chain 
was essential for oxazolidinone formation. The results 
with 2,2-dimethyl-2-dimethylaminoethanol (18, in 
Table I) established, however, that the branching did 
not necessarily have to be at the hydroxylic carbon 
atom. This amino alcohol also gave an isolable, 
crystalline acylium salt intermediate (ir peak at 5.40 p) 
analogous to 4. Transient spectral peaks at 5.42 and 
5.38 p  were also present in the reaction solutions from
l-diethylamino-2-propanol and dl-erythro-2-dimethyl- 
amino-l-phenyl-2-propanol (17 and 19 in Table I). 
Without any branching the reaction took another 
course (eq 7). Thus the major product (52%) from

(6) G . B . P a y n e , J .  Org. Chem ., S I , 718 (1966).
(7) H . A. S ta a b , A ngew . Chem. In te rn . E d . E ng l., 1 , 351 (1961).
(8) H . P ra c e ju s , Chem. B er., 92 , 988 (1959).
(9) K . N a k a n ish i, " In f r a r e d  A b so rp tio n  S p e c tro sc o p y ,”  H o ld e n -D a y , In c ., 

S an  F ran c isc o , C a lif ., 1962, p  42.
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No. Dialkylaminoalkanol
(C2H5)2NCH2

13 (C2H6)2NCH2Ì h OH
14 (CH3)2NCH2CH2OH
15 (C2H6)2NCH2CH2OH

CH,

16 (CH,)2NCH2CHOH
CH,1

17 (C2H5)2NCH2CHOH
CH,1

18 (CH,)2NCCH2OH

CH,
19 (CH,)2NCHCHOH/ 

CH, ^CaH,

20 (> °H
CH,

T able I
2-Oxazolidinones from P hosgene and 2-D ialkylaminoalkanols0

R
R'- -NR'"
R '"^ " 0 '

■2-O xazolidinone----------------•. Y ie ld , ,---------- C a lcd , % ---------- • ,---------- F o u n d , %■
R R ' R " R ' " % F o rm u la c H N C H N

(compound 3) 68*
0
0

C10ÏÏ20N2O2 60.0 10.1 14.0 60.0 10.1 13.9

H H CH, CH, 685 c 5h 9n o 2 52.2 7.9 12.2 52.0 8.0 12.0

H H CH, c 2h 5 77“ c ,h „ n o 2 55.8 8.6 10.8 56.1 8.8 10.7

CH, CH, H CH, •o00 c ,h „ n o 2 55.8 8.6 10.8 55.9 8.9 10.9

H CH, CaH, CH, 81" CnHuNO, 69.1 6.8 7.3 68.6 6.9 7.6

(d l-c is )

0

° The general synthetic procedure is described in detail in the Experimental Section for the preparation of 5. b No pyridine was used 
in this synthesis: bp 104° (0.1 mm), n26-7D 1.4610, Xma,  5.68 /», neut equiv 188 and 185 (theory, 200.3). 5 Bp 63-65° (0.08 mm), n26 0D
1.4470; A. B. Steele [U. S. Patent 2,868,801 (1959); C h a n . A b s tr . , 53, 10261 (1959)] reports bp 92° (1.5 mm), n21D 1.4464. J Bp 88° 
(1.2 mm), re22 0D 1.4482; A. B. Steele5 reports bp 87° (1 mm), n21-2D 1.4458. 5 Bp 62° (0.05 mm), n25 0d 1.4490. 1 Prepared by reaction
of di-norephedrine with formic acid and formaldehyde. » Mp 61-62° (from heptane); V. Ettel and J. Weichet [C ollect. Czech . C hem . 
C o m m u n ., 13, 316 (1948); C h em . A b s tr . , 42, 8190 (1948)] report mp 57-58°.

(C2H5)2NCH,CH2OH +  C0C12

N(C2H5)2-HC1

ch2ch2ococi —(-CO.,)
12

N(C2H5)2
/  \  c r  

_c h2— c h2

21

(C2H5)2NCH2CH2C1 (7) 

22

2-diethylaminoethanol and phosgene was 2-diethyl- 
aminoethyl chloride (22). (A little of the symmetrical 
carbonate ester of the amino alcohol was also obtained.) 
A chloroformate intermediate (12) could be isolated if 
reaction was brief and no added base was used.10 
Infrared spectral data did not reveal a reaction inter
mediate with a peak near 5.40 fx, and no 3-ethyl-2- 
oxazolidinone was found in the product. Results with
2-dimethylaminoethanol were analogous, and vapor 
phase chromatography detected no formation of 3- 
methyl-2-oxazolidinone. Participation of a neigh
boring amino group to form an ethylenimmonium inter
mediate ( i.e ., 21) is well precedented11 and would 
explain the distinctive12 lability of chloroformate 12 
in the presence of base.

The decisive influence of branching may be ex-
(10) A p u re r  p ro d u c t m ig h t b e  o b ta in e d  from  th e  re p o rte d  p re p a ra tio n  of 

12 from  th e  h y d ro ch lo r id e  o f d ie th y la m in o e th a n o l : T . K . B ro th e r to n , U . S. 
P a te n t  3 ,003,978; Chem . A bstr ., 57, 5807 (1962).

(11) W . C . J . R oss, “ B io log ica l A lk y la tin g  A g en ts ,”  B u tte rw o r th  a n d  Co., 
L td .,  L o n d o n , 1962. B . C ap o n , Q uart. Rev. (L o n d o n ), 18, 62 (1964); S. D . 
R oss, J. A m er. Chem. Soc., 69, 2982 (1947); A. S tre itw e ise r, “ S o lvo ly tic  D is
p la c e m e n t R e a c tio n s ,”  M cG raw -H ill B ook  C o ., In c .,  N ew  Y o rk , N . Y ., 1962, 
p  105.

(12) C h lo ro fo rm â te s  a re  co m m o n ly  pu rified  b y  d is ti lla tio n  w ith o u t decom 
p osing ; e lim in a tio n  of ca rb o n  d io x id e  to  fo rm  a lk y l ha lid es  o r olefins u su a lly  
o cc u rs  o n ly  a t  h ig h e r te m p e ra tu re s :  M . M a tz n e r , R . P . K u rk jy , a n d  R . J .  
C o tte r , Chem . Rev., 64, 645, 6 70  (1964); K . W . B u ck  a n d  A. B . F o s te r , J . 
Chem . Soc., 2217 (1963).

plained by considering the probable conformations of 
chloroformate intermediates. Without branching, a n ti  
form 23 would predominate and be well disposed for a 
backside attack to generate an ethylenimmonium ion 
such as 21. Moreover, resistance to formation of the 
ethylenimmonium ring system with its necessarily 
eclipsed substituents would be least when the carbon 
atoms of the ring bore only hydrogen atoms, but 
branching at either of the central carbon atoms would 
not only correspond to increasingly unfavorable eclips
ing interactions in an ethylenimmonium pathway, 
but would generally favor gauche forms such as 24, 
facilitating conversion into N-acylium salts {i.e ., 4).

OCOC1 0C0C1

An attempt to form a bridged-ring oxazolidinone 
from l-methyl-3-piperidinol (20, in Table I) was un
successful, as was an analogous attempt with a 1- 
methyl-4-piperidinol.13 A low yield of a tetrahydro-

(13) E a r lie r  la ck  of success in  a t te m p ts  to  sy n th e s iz e  th e  sam e  b rid g ed - 
r in g  oxazo lid inones from  3- a n d  4 -p ip e rid in o l b y  a n o th e r  m e th o d  w as b e 
lieved  to  b e  d u e  to  la ck  o f re s o n a n t s ta b i liz a tio n  of th e  am id e  lin k  a t  th e  
b rid g e h ead  N -a to m  of th e  desired  p ro d u c t, as  p re d ic te d  b y  B re d t’s ru le  
[H . K . H a ll, J r . ,  J .  A m er. Chem. Soc., 80, 6412 (1958) ]. I n  th is  co n n ec tio n  i t  
seem s p e r t in e n t t h a t  th e  te r t ia ry  a m in e  p ro m o te d  re a c tio n  of p hosgene w ith  
N -a lk y l-3 -p y rro lid in o ls  g a v e  rin g  o pen ing  ra th e r  th a n  loss of th e  N -a lk y l 
g ro u p , i.e ., i r a th e r  th a n  ii [M . L . F ie ld en , W . J . W e ls tead , a n d  C . D . L u n s
fo rd , A b s tra c ts , 152nd N a tio n a l M ee tin g  of th e  A m erican  C hem ica l Socie ty , 
N ew  Y o rk , N . Y . S e p t 1966, p  5P ].
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oxazinone (25, 2%) was obtained from 3-diethyl amino-
1-propanol (eq 8), but not from 3-dimethylamino-

(C,H5),NCH2CH2CH2— OH +  C0C12 --Pynd'ne> f F 5 (8)

25

1-propanol or a branched-chain homolog, 4-dimethyl- 
amino-2-butanol.

Although o-(aminomethyl)phenol 26 might be ex
pected to have special conformational restraints favor
ing cyclization, the product was apparently polymeric.

26

Thus for practical purposes the present cyclization- 
dealkylation reaction appears to be limited to the 
synthesis of 3,4- and/or 5-substituted 2-oxazolidinones. 
Since many dialkylamino alcohols are more readily 
available than their monoalkyl- or N-unsubstituted 
analogs, this reaction conveniently supplements the 
previously reported routes14 to 2-oxazolidinones.

Experimental Section
Evaporations were conducted under reduced pressure using a 

water aspirator. Solids were pressed with potassium bromide for 
infrared spectral determinations, liquids were scanned neat as 
smears. In monitoring the course of a reaction, ca. 0.01 ml of 
the reaction mixture was evaporated on 0.2 g of potassium 
bromide and the spectrum was obtained immediately with a 
Perkin-Elmer Infracord spectrophotometer. This procedure 
was effective even with liquid products. Other spectra were ob
tained with a Perkin-Elmer Model 21 spectrophotometer by
W. Fulmor and his group. Microanalyses and gas chromatog
raphy were done by L. Brancone and C. Pidacks and their groups, 
respectively. Unless specified otherwise, liquid products were 
fractionated in a 42 cm X 0.8 cm Nester-Faust spinning-brush 
distillation column operated at 1125 rpm and having a rated 
maximum efficiency of about 58 theoretical plates.

3,3,5-Trimethyl-2-oxooxazolidinium Chloride (4).—To 200 
ml of a 2 A  solution of phosgene in methylene chloride kept at 
Z. —40° was added dropwise with stirring a solution of 20.63 g 
(0.2 mol) of l-dimethylamino-2-propanol and 15.82 g (0.2 mol) 
of dry pyridine in 200 ml of methylene chloride. The cooling 
bath was removed and stirring continued until (ca. 2 hr) the 
temperature had reached 20°. A 10-ml aliquot of the resulting 
suspension was removed. The solid therein was collected by 
filtration and washed with methylene chloride to yield 0.52 g: 
mp 96-97°, with gassing; Am„  5.42, 8.45, 8.36 li. [In an other
wise identical experiment all of the solid was collected giving 
28.33 g (86%).] Analyses were done immediately.

Anal. Calcd for C6H12N 02C1: C, 43.5; H, 7.3; N, 8.5;
Cl, 21.4. Found: C, 43.0; H, 7.9; N, 8.6; Cl, 21.5.

After 3 days in a capped vial the product no longer showed an 
infrared absorption peak at 5.42 the spectrum was identical 
with that of the hydrochloride of the starting amino alcohol, 
except for a weak additional peak at 7.24 ¡i. Accordingly, all 
reactions of 4 were run with freshly prepared material.

3,3,4,4-Tetramethyl-2-oxooxazolidinium Chloride.—Starting 
with 23.44 g (0.2 mol) of dimethylamino-2-methyl-l-propanol 
the reaction was otherwise as in the preceding experiment. After
1.5 hr the temperature was 19°. The white solid in a 2.0-ml 
aliquot was collected by filtration to yield 0.121 g: mp 95-97°, 
with gassing; \ ma* 5.40, 8.70, 8.53, 7.81 /i. Analyses were done 
immediately.

(14) M . E . D y en  a n d  D . S w ern , Chem. Rev., 67, 197 (1967).

Anal. Calcd for C7H i,N0 2C1: C, 46.8; H, 7.9. Found: C, 
47.0; H, 8.0.

3,5-Dimethyl-2-oxazolidinone (5).—The following general 
procedure was used to prepare the products of Table I. The 
main reaction mixture described for the preparation of acylium 
salt 4 (isolated from an aliquot) was stirred at 25° for an addi
tional 5 hr, when an infrared spectrum no longer showed any of 
the 5.42-n peak of 4. No additional spectral change was noted 
after another 15 hr. Solvent was removed by evaporation at 
<; 40°, residual slush was agitated with 200 ml of dry ether, and 
solids were removed by filtration and washed with ether. Evapo
ration of the filtrate left a yellow oil which was distilled rapidly 
at 55-69° (0.07 mm), then fractionated, giving 15.25 g (68%) of 
distillate, Xmax 5.70 and 7.92 n- Without the preliminary distilla
tion the boiling point gradually dropped 7° during total reflux, 
after careful removal of forerun, indicating that a labile by-product 
in the still pot was gradually “ cracking” to give volatile material.

Thermal Decomposition of 3,3,5-Trimethyl-2-oxooxazolidinium 
Chloride (4).—A test tube containing 0.166 g of 4 was fitted with 
a cork bearing a glass exit tube, then heated with an oil bath at 
110-115° until (4 min) gas evolution stopped. The effluent gas 
gave an infrared spectrum which corresponded to the spectra15 
of methyl chloride and carbon dioxide. The residue was agitated 
with ether and the ether was filtered. Evapo ation of the filtrate, 
finally at 0.05 mm, left 0.081 g (70%) of a colorless oil, n 26-2D 
1.4471. An infrared absorption spectrum from this oil was 
identical with that from 3,5-dimethyl-2-oxazolidinone (5), n 25 °d 
1.4470.

Carbonic Acid, Thiol-, O-2-Dimethylamino-l-methylethyl S- 
p-Tolyl Ester, Hydrochloride (6).—Two portions of petroleum 
ether w-ere used to wash the oil (by decantation) from 0.439 g 
(0.01 mol) of a 54.7% suspension of sodium hydride in mineral 
oil. After the addition of 15 ml of dry dimethylformamide and
1.24 g (0.01 mol of p-toluenethiol to the finely divided sodium 
hydride, the mixture was agitated until gas evolution ceased. 
The solution was chilled and 1.65 g (0.01 mol) of 4 was added. 
The ice bath was removed. After 5 min an evaporated aliquot 
of the reaction mixture gave an infrared spectrum with no trace 
of the 5.42-p peak of 4. Spectra obtained similarly- after 1 and 
20 hr showed no further change. The mixture was diluted with 
45 ml of water and extracted with three portions of ether. 
The ethereal extracts were shaken successively with water, with 
0.2 A  sodium hy-droxide solution, with water, with 1 N  hydro
chloric acid, and with water and then dried over anhydrous 
magnesium sulfate. Evaporation of the filtered ethereal solution 
left 0.272 g of a yellow oil with an infrared spectrum lacking the 
6.62- and 12.46-p peaks which were the most prominent peaks 
in the spectrum of methyl p-tolyl sulfide. After vapor phase 
chromatography of the oil, the fraction with a retention time 
corresponding to that of the sulfide still lacked these spectral 
peaks.

The acidic extract and the subsequent aqueous washes were 
evaporated, finally at ca. 0.1 mm, then dried further by evapora
tion with three successive portions of absolute ethanol. The 
residue was 2.06 g (71%) of a crystalline solid (mp 135-137° 
dec) or 1.7 g (mp 136-138° dec) after recrystallization from 
butanone.

Anal. Calcd for C,3H19N 02S-HC1: C, 53.9; H, 6.9; N, 4.8; 
S, 11.1; Cl, 12.2. Found: C, 53.7; H, 7.0; N, 4.6; S, 10.7; 
Cl, 12.7.

Reaction of 4 with Water.—To 3 ml of water, magnetically 
stirred and chilled with an ice bath, was added 0.20 g of 4. An 
immediate effervescence was complete within a few seconds. 
The effluent gas gave an infrared spectrum identical with the 
spectrum15 of carbon dioxide. A 0.04-ml aliquot of the reaction 
solution was evaporated at 0.1 mm on 0.2 g of potassium bromide 
(over phosphorous pentoxide) which was then pressed into a 
disk. The disk gave a sharp infrared spectrum identical with 
that obtained from the hydrochloride of l-dimethydamino-2- 
propanol.

Reaction of 4 with Aniline. 2-Dimethylamino-l-methylethyl 
Carbanilate Hydrochloride (7).—A suspension of 8.28 g (0.05 
mole) of 4 in 50 ml of methydene chloride was stirred at 5-10° 
during the dropwise addition of 4.22 g (0.045 mol) of aniline in 
9 ml of methylene chloride. All of the suspended solid dissolved 
within 1 to 2 min and another solid began to separate almost 
immediately. An infrared spectrum obtained immediately from

(15) R . H . P ie rson , A. N . F le tc h e r , a n d  E . S. C . G a n tz , A n a l. Chem ., 28 ,
1218 (1956).
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an evaporated aliquot of this suspension showed none of the 5.42- 
/u peak of 4. After 5 hr without further cooling, the mixture gave 
an infrared spectrum showing essentially no further change. 
The solution was diluted with ether to incipient turbidity. 
After several hours the resulting solid was collected by filtration 
and washed with methylene chloride-ether, 2 : 1 , to give 10.22 g 
(87%) of glistening crystals (mp 146-149°) or 9.68 g (mp 147- 
149°) after crystallization from methylene chloride-ether, 2:1.

Anal. C alcdforC ,2H,8N202-HCl: 0 ,55 .7 ; H, 7.4; N, 10.8; 
Cl, 13.7. Found: C, 55.8; H, 7.5; N, 10.8; Cl, 14.1.

Reaction of 4 with Methanol. l-Dimethylamino-2-propyl 
Methyl Carbonate Hydrochloride (8).—When the preceding 
experiment was repeated using 2.0 ml (1.6 g, 0.02 mol) of metha
nol instead of the aniline solution the observed responses of the 
two systems were very similar. The suspension was evaporated 
almost to dryness and washed once with cold methylene chloride. 
The resulting hygroscopic solid (6.98 g, mp 159-160° dec) was 
augmented by another 1.11 g (total 82%, mp 159-160°), ob
tained from the concentrated mother liquor.

Anal. Calcd for C,HI5N 03-HC1: C, 42.6; H, 8.2; N, 7.1; 
Cl, 18.0. Found: C, 42.4; H, 8.2; N, 6.9; Cl, 17.7.

Reaction of Phosgene with 2-Diethylaminoethanol. A. Hy
drochloride of 2-Diethylaminoethyl Chloroformate.12—To 10 ml 
of a 2 M  solution of phosgene in methylene chloride agitated at 
^  —40° was gradually added a dried, freshly distilled solution 
of 1.17 g (0.11 mol) of 2-diethylaminoethanol in 5 ml of methylene 
chloride. The resulting solution was immediately warmed to 
24°, allowed to stand just 5 min, and then evaporated to dryness 
at ^25°, leaving 2.10 g (97%) of white solid: mp 208-212°; 
Xmai 5.64, 8.59 n .

Anal. Calcd for CjHuClNOs-HCl: C, 38.9; H, 7.0; N, 6.5; 
Cl, 32.8. Found: C, 40.3; H, 7.5; N, 7.2, 7.0; Cl, 34.0, 34.2.

When a reaction solution was prepared as above and then 
allowed to stand a t 25° for 16 hr, the indicated spectral peaks 
gradually became very much weaker.

B. 2-Diethylaminoethyl Chloride (22) and 2-Diethylamino- 
ethyl Carbonate.—To 100 ml of a 2 M  solution of phosgene in 
methylene chloride agitated at ^  —40° was added at a fast drip 
a solution of 11.72 g (0.1 mol) of 2-diethylaminoethanol in 50 
ml of methylene chloride. After 24 hr without further cooling 
the solution was evaporated to dryness. A chilled solution of the 
residual solid in 10 ml of water was carefully basified by the 
portionwise addition of 22.4 g of potassium hydroxide. The 
resulting thick slurry was extracted with three 40-ml portions of 
ether, readily separating the extracts by decanting from a 
round-bottomed flask. The extracts were dried over anhydrous 
potassium carbonate, filtered, and evaporated. Fractional distil
lation of the residue gave 7.06 g (52%) of a mobile oil [bp 64° 
(40 mm), n 23-3D 1.4352] with an infrared spectrum identical with 
that from an authentic sample of 2-diethylaminoethyl chloride 
( n 23-2D 1.4352).

Continued fractionation gave 0.38 g (3%) of a more viscous 
oil: bp 84° (0.05 mm); n22-3d 1.4422; Xmax 5.71, 7.95 n [lit.16 
bp 112-116° (0.25 mm)].

Anal. Calcd for C13H28N2O3: C, 60.0; H, 10.8; N, 10.8. 
Found: C, 59.7; H, 10.8; N, 10.9.

When 0.79 g of 2-diethylaminoethanol was subjected to condi
tions used in the synthesis of 4 and 5 an infrared spectrum revealed 
no trace of an intermediate with a peak near 5.40 fi. The eventual 
neutral product was 0.034 g of an oil with an infrared spectrum 
which did not resemble the spectrum of 3-ethyl-2-oxazolidinone.17

Reaction of Phosgene with 2-Dimethylaminoethanol.—The 
reaction procedure paralleled that described for the synthesis of 
4 and 5, but no reaction intermediate with an infrared peak near
5.40 fi was detected. A comparative study with vapor phase 
chromatography and authentic 3-methyl-2-oxazoIidinone revealed 
none of this compound in the scanty amount of crude, neutral 
product.

3-Ethyltetrahydro-2H-l,3-oxazin-3-one (25).—To 200 ml of a
well-stirred, 2 M  solution of phosgene in methylene chloride 
kept at —40° was added at a fast drip a solution of 26.94 g 
(0.2 mol) of 3-diethylamino-l-propanol and 15.82 g of dry pyri
dine in 200 ml of methylene chloride. After 4 hr without further 
cooling the initially most prominant spectral peak in the carbonyl 
region (at 5.52 n) had disappeared and a peak at 5.93 n had be
come dominant. The mixture was evaporated to dryness and the 
solid residue was washed with ether. Evaporation of the washes 
left 3.55 g of a mobile oil which was fractionally distilled twice 
without complete removal of a slightly lower boiling contaminant: 
bp ca. 78° (0.2 mm); n25-3D )> 1.4764; Xmax 5.75 /o Distillate 
cuts rich in this contaminant had a sharp odor and gave an 
especially heavy and immediate white precipitate with a solution 
of silver nitrate in nitric acid, suggesting the presence of a car
bamoyl chloride. The contaminant was selectively destroyed 
by stirring most of the remainder of the better distillate cuts 
(1.21 g) for 22 hr with 5 ml of concentrated aqueous ammonia. 
The mixture was evaporated to dryness and the residual oily 
solid was washed with ether by decantation. Evaporation of the 
ether and simple distillation of the residual oil gave 0.58 g 
(2.3%) of an oil: bp 84° (0.1 mm); re26-5D 1.4690; Xmax 5.92 n.

Anal. Calcd for CeHnNCh: C, 55.8; H, 8 .6; N, 10.8.
Found: C, 55.6; H, 9.0; N, 11.0.

Registry No.—3, 15833-08-6; 4, 15833-09-7; 5, 
15833-10-0; 6, 15833-11-1; 7, 15856-40-3; 8, 15833- 
12-2; 17, 15833-16-6; 18, 15833-17-7; 19, 15833-15-5; 
25, 15833-14-4; 3,3,4,4-tetramethyl-2-oxooxazolidinium 
chloride, 15833-13-3; hydrochloride of 2-diethylamino
ethyl chloroformate, 15893-01-3; phosgene, 754- 
45.

(16) C . A. D ornfield , U . S. P a te n t  2 ,691 ,017 ; Chem. A bslr ., 49 , 15954 
(1955).

(17) A. H . H o m ey e r, U . S. P a te n t  2 ,399,188; ibid., 40, 4085
(1946).
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Synthesis of 4-Phenyl-lH -2,3-benzoxazin e. A  Convenient Route  
to a Rare Class o f Com pounds1

I. T. Barnish and Charles R. H auser 
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4-Phenyl-l H-2,3-benzoxazine, which is the first example of this type of compound having no substituent at 
the 1 position, was synthesized in four convenient steps from N,N-dimethylbenzylamine and benzonitrile. The 
final step, which involves cyclization of the lithio salt of a methiodide oxime, is presumably made possible by 
isomerization of the c is  oxime salt to its tra n s  isomer. The method should be applicable to ring-substituted N,N- 
dimethylbenzylamines and other aryl nitriles. An attem pt to prepare the unsubstituted parent compound, 
lH-2,3-benzoxazine, was unsuccessful.

1,2-Oxazines in general are not well known in the 
literature,2 and no benzoxazine of type I, which has no 
substituent at the 1 position, appears to have been de
scribed previously. Moreover, only one substituted 
benzoxazine of type I has been reported; the prepara
tion of this compound, II (R, A = CeH,), involved 
treatment of the keto compound III with phenyl-

SCHEME I

magnesium bromide and cyclization of the resulting 
carbinol oxime with hydrochloric and acetic acids.3 
Also, the “oxime” of phenolphthalein has been sug
gested to have structure II (R = 4-hydroxyphenyl, A 
= hydroxyl).4

Since ketoamine IV is readily available from N,N-di- 
methylbenzylamine and benzonitrile,6 it seemed pos
sible to prepare the benzoxazine I (R = C6H5) by oxima
tion of the ketone group and méthylation of the amine 
group of IV, followed by a base-catalyzed cyclization. 
This was realized in the present investigation.

CH2N(CH3)2 llìc.h,
2.C6H,CN

CH,N(CHA
COCÆ

IV

NH,OH

CH2N(CH0)2 1. pcis

O R OH

2. hVhsO
r \

v
J « ,

c h2n (c h 3)3 r
THF

'C = N
c6h /  \ > h

VII

I (R =  C6H5)

CH2N(CH3)2
n h 2

VI
+

C6H6COOH

The method of preparation of the benzoxazine I (R 
= C6H5) from ketoamine IV, and the establishment 
of the structure of the intermediate oxime through a 
Beckmann rearrangement, are indicated in Scheme I.

The intermediate oxime evidently has structure V 
since Beckmann rearrangement with phosphorous 
pentachloride afforded an amide, which yielded N“,N“- 
dimethyltoluene-a,2-diamine (VI) and benzoic acid on 
hydrolysis.6 The methiodide oxime VII, obtained as 
the sole methylation product, presumably had the same 
configuration, in which the hydroxyl and phenyl groups

(1) S u p p o rte d  b y  P u b lic  H e a lth  S erv ice  R e sea rc h  G ra n t  N o . CA -04455 
from  th e  N a tio n a l C an c er I n s t i tu te .

(2) See R . L . M c K ee  in  “ T h e  C h e m is try  of H e te ro c y c lic  C o m p o u n d s ,” 
Vol. 17, A. W e issberger, E d ., “ F iv e -  a n d  S ix -M em b ered  C o m p o u n d s  w ith  
N itro g e n  a n d  O xygen  (E x c lu d in g  O xazo les),”  R . H . W iley , E d ., In te rsc ie n c e  
P u b lish e rs , In c .,  1962, C h a p te r  13.

(3) A . M u s ta fa , W . A sker, M . K am e l, A. F . A . S h a la b y , a n d  A. E . A. E . 
H a ssa n , J .  A m er. Chem. Soc., 77, 1612 1955).

(4) H . L u n d , A cta  C hem . Scand ., 8 , 1307 (1954).
(5) F . N . Jo n es , R . L . V au lx , a n d  C . R . H au se r, J .  Org. Chem ., 28, 3461 

(1963).
(6) L . G . D o n a ru m a  a n d  W . Z. H e ld t , Org. R eactions, 11, 54 (1960).

are cis. Since these groups must be tran s in order for 
cyclization to occur, the cfs-lithio salt V II' apparently 
isomerized to the irans-lithio salt V II” which under
went cyclization to give the benzoxazine I (R = C6H5). 
The yields from the oximation of ketoamine IV and the 
methylation of the resulting oxime V were excellent, 
and that from the cyclization was good; the over-all 
yield (based on IV) of I (R = C6H6) was 56%.

I t can readily be seen that the method of preparation 
of I (R = C6H5) should provide a convenient route to 
several other new lH-2,3-benzoxazines by employment 
of appropriately substituted N,N-dimethylbenzyl- 
amines and/or of other aryl nitriles. The method may 
also be suitable for the preparation of certain alkyl 
derivatives of I.

I t should be mentioned that an attempt to prepare 
the methiodide oxime VII by reaction of the methiodide 
of ketoamine IV with hydroxylamine was unsuccessful; 
only starting material was recovered. Similarly, this 
methiodide was found to be unreactive toward phenyl- 
hydrazine. This failure can probably be ascribed to a 
steric factor.



Next, an attempt was made to prepare the benzoxa- 
zine I (R = H) by cyclization of the methiodide oxime 
X; the latter was prepared by methylation of the amino 
oxime IX which, in turn, was obtained by lithiation of 
amine VIII with n-butyllithium and treatment of the 
resulting lithioamine with n-butyl nitrite. However, 
treatment of the methiodide oxime X with n-butyl
lithium in tetrahydrofuran (THF) followed by heating 
(conditions used with VII) resulted in a substantial 
recovery of X together with trace amounts of other 
materials (probably arising by decomposition of the 
lithio salt of X). When the higher boiling solvent di-n- 
butyl ether was used, even more intractable materials 
were obtained.

^ j C H 2N(CH3)2 j ^ j V H 2N(CH3)2 j ^ C H .N iC R ) ,  F

H/  X OH '"'OH
VIII IX X

Experimental Section
All infrared spectra were measured as mulls in Nujol and 

hexachlorobutadiene unless otherwise stated, using a Perkin- 
Elmer spectrophotometer (Model 137). The ’H nmr spectra 
were measured using a Varian A-60 spectrometer with tetra- 
methylsilane as internal standard. Microanalyses were carried 
out by Jannsen Pharmaceutica, Beerse, Belgium, and also by 
M-H-W Laboratories, Garden City, Mich. Melting points were 
recorded on a Thomas-Hoover capillary melting point apparatus 
and are uncorrected.

Preparation of 2-(Dimethylaminomethyl)benzophenone (IV).— 
This was effected by using N,N-dimethylbenzylamine, n-butyl
lithium,’ and benzonitrile, essentially as described previously.5 
Product IV recrystallized from hexane (charcoal) as large color
less prisms: mp 46-47° (lit.5 mp 45-46°); pma* 1660 (C = 0 ), 
1445, 1307, 1268, 1245, 928, 763, 737, 702 cm"1.

Reaction of IV with Hydroxylamine to Form V.—A solution 
of hydrated sodium acetate (23.2 g, 0.17 mol) in water (50 ml) 
was added to a warm solution of IV (34.0 g, 0.14 mol) and hy
droxylamine hydrochloride (11.9 g, 0.17 mol) in 95% ethanol 
(150 ml); the resulting solution was then boiled under reflux 
for 4 hr, cooled, and poured into stirred water (500 ml). The 
aqueous solution was neutralized with sodium bicarbonate and 
extracted with three 200-ml portions of ether. The dried (Mg- 
SO4) ether solution was evaporated to provide a creamish solid 
(33.10 g, 92%) which, on crystallization from acetonitrile, 
provided the pure oxime (27.93 g, 77%) as colorless prisms: 
mp 126-128°; xmaI 2775 broad (OH), 1440, 1000, 934, 854, 
770, 734, 695, 689 cm-1; nmr (CDC13), r  —0.38 (broad singlet, 
hydroxyl), 2.14-3.02 (multiplet, aromatic), 6.64 (singlet, methyl
ene), 7.86 (singlet, methyl), area ratio 1 :9 :2 :6.

Anal. Calcd for Ci6H 18N20 : C, 75.56; H, 7.13; N, 11.02. 
Found: C, 75.78; H, 7.16; N, 10.82.

Beckmann Rearrangement of V.—Phosphorous pentachloride 
(6.24 g, 0.03 mol) was added to a stirred solution of the finely 
divided oxime (5.08 g, 0.02 mol) in dry ether (200 ml) at 0°, 
to give a white suspension. The suspension was allowed to 
warm to room temperature during 0.5 hr and then stirred for a 
further 3 hr; during this time a clear solution which contained a 
greenish gum was obtained. The mixture was then poured, with 
stirring, into ice and water (300 g) to provide a clear solution. 
The colorless ether layer was separated, dried (MgS04), and 
evaporated, but no solid was obtained. The pale green aqueous 
layer was neutralized (NaHC03) when a yellowish oil separated 
and was extracted with ether (200 ml, then 100 ml). Evapora
tion of the dried (MgS04) ether solution afforded a viscous yellow 
oil (2.54 g) which could not be induced to crystallize. A further 
quantity of the oil (0.36 g) was obtained by concentration of the 
aqueous layer to ca. 60 ml and extraction with ether (100 ml, 
then 50 ml) as before. The total yield»of the product was thus 
2.90 g (57%). The infrared spectrum (liquid film) was consis-

(7) U sed  as su p p lie d  b y  F o o te  M in e ra l C o ., E x to n , P a .

Vol. S3, No. 4, April 1968

tent with that expected for a N-aryl-substituted benzamide, e.g., 
J'max 3200 (NH), 1660 (C = 0 ).

The oil (2.40 g) was dissolved in 65% sulfuric acid (30 ml) and 
the solution was boiled under reflux for 2 hr; during this time 
benzoic acid vaporized and solidified in the condenser and was 
thus washed back into the solution with hot water (30 ml). 
When chilled overnight, the solution deposited a pale gray solid 
(0.49 g, 43%) which, on recrystallization from water, furnished 
benzoic acid (0.35 g, 30%) as colorless leaves, mp 121.5-122°.

The pale yellow filtrate was basified (cooling) with 10% sodium 
hydroxide solution and extracted with two 50-ml portions of 
ether. Evaportion of the dried (MgS04) ether solution yielded 
a brownish orange oil (0.47 g) which crystallized when chilled. 
The brown color was removed by pressing the solid between 
filter papers, leaving Na,N“-dimethyltoluene-a,2-diamine (0.20 
g, 14%) as colorless needles: mp 37-37.5° (lit.8 mp 36-37°); 
Vmiix 3445 (NH), 3310 (NH), 1615 (NH), 1495, 1455, 1285, 1020, 
751 cm-1.

Anal. Calcd for C9H i4N2: C, 71.95; H, 9.39; N, 18.65. 
Found: C, 71.48; H, 9.27; N, 18.25.

Reaction of V with Methyl Iodide.—Methyl iodide (12.42 g, 
0.087 mol) was added during 4 min to a stirred suspension of V 
(18.5 g, 0.073 mol) in absolute ethanol (200 ml). After being 
stirred for a further 6 min a t room temperatue, the suspension 
was boiled under reflux for 20 min when V dissolved. The cooled 
solution was poured, with stirring, into ether (700 ml) and the 
resulting white precipitate was collected and dried. Product 
VII (26.13 g, 91%) crystallized, with chilling, from acetonitrile 
to give the pure methiodide (23.89 g, 83%) as colorless acicular 
plates, mp 212-216° dec with darkening above 170°.

Anal. Calcd for C17H2iIN20 : C, 51.51; H, 5.30; I, 32.07;
N, 7.07. Found: C, 51.72; H, 5.57; I, 32.38; N, 6.91.

Cyclization of VII to Give 4-Phenyl-lH-2,3-benzoxazine
(I, R = C6H5).—A slight excess of a ca. 1.6 M  solution of n- 
butyllithium in hexane (6.7 ml) was added dropwise over 5 min 
to a pale yellow suspension of VII (3.96 g, 0.01 mol) in dry THF 
(100 ml) at 0° under nitrogen; the suspension became colorless 
initially and then orange. After being stirred for a further 15 
min at 0° without evolution of trimethylamine, the suspension 
was heated to reflux temperature during 30 min. Trimethyl
amine was now evolved and the reaction mixture was boiled 
under reflux until evolution of the gas had ceased (20 hr). Dur
ing this time the color of the suspension became paler; after ca.
O. 75 hr it was pale yellow, whereas after ca. 1.5 hr a green color 
developed.

The dark green suspension was filtered while hot to remove 
a small amount of a colorless (when washed with 10 ml of dry 
THF) solid which was largely water soluble and gave a positive 
test for iodide ion; this was presumably lithium iodide or re
covered VII. Evaporation of the filtrate gave a dark green tar 
which could not be induced to solidify and was thus dissolved in 
the minimum volume of dry benzene and chromatographed on 
alumina (Fischer, 80-200 mesh). The colorless first fraction 
(which was sometimes eluted as a bluish green band) was eluted 
with a 1:1 mixture of petroleum ether (bp 30-60°) and benzene 
and then benzene, and, on evaporation, it afforded a dark green 
oil. This oil solidified on standing to provide a pale green solid 
(1.41 g, 67%) which, by two recrystallizations from hexane- 
benzene, furnished 4-phenyl-lH-2,3-benzoxazine (1.06 g, 51%) 
as clusters of colorless acicular plates: mp 76.5-77°; vmltI
1325, 1105 broad, 981, 860, 780, 760, 719, 696 cm-1; nmr 
(CDCI3), t 2.17-3.00 (multiplet, aromatic), 5.05 (singlet, methy
lene), ratio 9:2.

Anal. Calcd for C,4HnNO: C, 80.36; H, 5.30; N, 6.69. 
Found: C,80.61; H, 5.39; N, 6.59.

Evaporation of the other eluted fractions yielded small quanti
ties of tarry materials together with lithium iodide; the latter 
was eluted with ethanol-methanol mixtures.

Attempted Reaction of the Methiodide of IV with Hydroxyl
amine.—A sample of ketoamine IV was treated with methyl iodide 
in absolute ethanol to form the methiodide: mp 175° dec with 
gradual darkening above 160° (lit.5 mp 175° dec); 1670
(0 = 0 ) ,  1280, 1250, 934, 914, 894, 785, 777, 720 cm“1.

To a warm solution of the methiodide (7.92 g, 0.02 mol) and 
hydroxylamine hydrochloride (1.30 g, 0.02 mol) in 95% ethanol 
(50 ml) was added a solution of hydrated sodium acetate (2.72 g, 
0.02 mol) in wa-.er (10 ml). The resulting solution was boiled 
under reflux for 30 min, then allowed to cool. Filtration of the

S y n t h e s i s  o f  4 - P h e n y l - 1 H - 2 , 3 - b e n z o x a z i n e  1 3 7 3

(8) E . S ted m an , J .  Chem. Soc., 1902 (1927).
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chilled reaction mixture furnished colorless crystals (1.89 g) 
and two more crops (total 5.13 g) were subsequently obtained 
from the filtrate. These crystals were identified as the starting 
methiodide of IV (65% recovery) by melting point and infrared 
spectrum.

Other reactions for longer periods or in the absence of hydrated 
sodium acetate gave similar results.

An attempted reaction between the methiodide of IV and 
phenylhydrazine in refluxing absolute ethanol which contained 
glacial acetic acid, resulted in an 88% recovery of the methiodide.

Reaction of o-N,N-Trimethylbenzylamine (VIII) with w-Butyl- 
lithium and «,-Butyl Nitrite.—A slight excess of a ca. 1.6 M  
solution of ra-butyllithium in hexane (267 ml) was added to a 
stirred solution of V III9 (59.6 g, 0.4 mol) in dry ether (100 ml) 
under nitrogen; after 2-3 hr, a cream-colored precipitate sep
arated. The mixture was stirred at room temperature for 18 
hr, during which time more dry ether was added to make up for 
losses by evaporation. The suspension was then added during 
40 min to freshly prepared n-butyl nitrite10 (20.6 g, 0.2 mol) at 
0° to give an orange suspension initially which, toward the end 
of the addition, changed to a deep red solution; stirring at 0° was 
continued for a further 1 hr. The reaction mixture was poured 
into stirred water (200 ml) and the brown aqueous layer sepa
rated from the brown organic layer, acidified (glacial acetic acid), 
and neutralized (NaHCO,). Extraction with three 200-ml por
tions of ether and evaporation of the dried (MgSO<) ether layer 
furnished a viscous brown oil (10.64 g, 28%) whose infrared 
spectrum (liquid film) was consistent with that expected for 
the required oxime (IX): vmax 3220 (OH), 2940 and 2850
(aliphatic CH), 1455, 1175, 1098, 1020, 965, 841, 758 cm“1. 
This oil could not be induced to crystallize and was thus allowed 
to react with methyl iodide directly.

(9) W . R . B ra se n  a n d  C . R . H a u se r , Org. S y n .,  34 , 61 (1954).
(10) W . A. N oyes, ib id ., 16, 7 (1936).

Reaction of the Crude Oxime (IX) with Methyl Iodide.—
Methyl iodide (2.85 g, 0.020 mol) was added during 1 min to a 
stirred solution of the crude oxime IX (3.25 g, 0.018 mol) in 
absolute ethanol (30 ml) and, after ca. 50 min, a solid precipi
tated. The reaction mixture was stirred for a further 70 min 
and then filtered to give the crude methiodide (3.29 g); a further 
crop (0.52 g) was obtained by dilution of the filtrate with ether 
(400 ml); thus the total yield was 3.81 g (65%). Crystallization, 
with chilling, afforded the pure quaternary methiodide X (2.88 
g, 49%) as colorless acicular plates: mp 196° dec with gradual 
darkening above 160°; rma* 3240 (OH), 1477, 1407, 1370, 1285, 
977, 961, 896, 888, 780, 763, 720 cm"1.

Anal. Calcd for CuHi7IN20 : C, 41.26; H, 5.35; I , 39.64;
N, 8.75. Found: 0 ,41 .12 ; H, 5.44; 1,39.81; N, 8.60.

Attempted Cyclization of X.—A slight excess of a ca. 1.6 M
solution of n-butyllithium in hexane (6.7 ml) was added during 
5 min to a white suspension of X (3.20 g, 0.01 mol) in dry TH F 
(100 ml) a t 0° under nitrogen; the suspension became reddish 
brown and finally brown. Trimethylamine was evolved, and the 
solution was stirred at 0° for 15 min and allowed to warm to room 
temperature. After 16 hr trimethylamine was still being evolved; 
after making up the loss of solvent by evaporation, the suspen
sion was boiled under reflux for 24 hr with the addition of more 
dry TH F (50 ml) during this time. Although trimethylamine 
was still being evolved, the chocolate-colored suspension was 
allowed to cool and then filtered to provide a sticky brown solid 
(2.66 g) whose infrared spectrum showed it to be crude recovered
X . Evaporation of the filtrate gave a reddish brown oil (1.25 
g) which was chromatographed on alumina (Fischer, 80-200 
mesh). Six different fractions were eluted, but each one yielded 
only an intractable tar on evaporation (total amount of tar,
O. 75 g).

A second reaction, using di-n-butyl ether as solvent, gave 
similar results (probably owing to decomposition of the lithio salt 
of X ).

Am inim ides. V I .la,b Synthesis of Am inim ides from  Carboxylic Acid Esters, 
U nsym m etrically D isubstituted H ydrazines, and Epoxides

R. C. Sla g el10

Research Center, Ashland Chemical Company, Division of Ashland Oil and Refining Company,
Minneapolis, Minnesota 551,20

Received November 20,1967

The reaction of unsymmetrically disubstituted hydrazines, epoxides, and carboxylic acid esters gives 1,1-di- 
substituted l-(2-hydroxyalkyl- or aryl-)aminimides in excellent yields. Evidence is presented to support a 
primary reaction between the hydrazine and the epoxide to give an aminimine which subsequently reacts with 
the ester to give the aminimide. The aminimide may be pyrolyzed to give an isocyanate and a /3-hydroxy terti
ary amine which subsequently react to form a urethan.

Very little mention is made in the literature concern
ing the reaction between unsymmetrically substituted 
hydrazines and epoxides. In fact, only two refer
ences2’3 could be found, both of which support the at
tack of the unsubstituted nitrogen on the terminal 
epoxide carbon atom (eq 1).

(CH,)2NNH2 -(- RCH-----CH2 ■

V
■ RCHCH,NHN(CH,)2 (1) 

OH

I t  seemed more logical to us that the more nucleo
philic substituted nitrogen would attack the epoxide to 
give the hydrazinium alkoxide 2 (eq 2). I t  is known

(1) (a) F o r  p a p e r  V in  th is  series, see B . M . C u lb e rtso n , E . A. S edor, S.
D ie tz , a n d  R . E .  F ries , a c c e p te d  fo r  p u b lica tio n  in  J .  P o lym er S c i., P a rt 
A - l .  (b) P re se n te d  a t  th e  155 th  N a tio n a l M ee tin g  of th e  A m erican  C hem ica l 
S o c ie ty , S an  F ran c isc o , C alif., 1968. (c) C u r r e n t  a d d re ss  is C algon  C orp .,
C alg o n  C e n te r , B ox  1346, P ittsb u rg h , P a . 15230.

(2) F . Y a . P e rv e e v  a n d  V. E rsh o v a , Z h . Obshch. K h im .,  30 , 3554 (1960).
(3) G . B en o it, B u ll. Soc. C him . F r .t 6, 708 (1939).

(CH3)2NNH2 -f  RCH---- CH* -

V
O - CH,
T +i

r c h c h 2—n n h ,
1

CH,
2

OH CH,
I +1 -

RCHCH2—NNH (2)

CH,
3

from prior work4 that alkoxides react with 1,1,1-tri- 
substituted hydrazinium salts to give aminimines. If 2 
is formed, then it is logical to assume an extraction of a 
nitrogen proton by the alkoxide to provide the amini
mine 3.

Results and Discussion
Since it was known3,6 that aminimines react with 

carboxylic acid esters to produce aminimides, we tested
(4) R . A ppel, H . H e in e n , a n d  R . S cho llh o rn , Chem . Bex., 99 , 3118 (1966).
(5) H . W . Schiessl a n d  R . A ppel, J .  Org. C hem ., 31, 3851 (1966).
(6) W . J .  M cK illip  a n d  R . C . S lagel, C an . J .  C hem ., 45 , 2619 (1967).
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our hypothesis by allowing an unsymmetrically disub- 
stituted hydrazine, an epoxide, and a carboxylic acid 
ester to react to see whether or not an aminimide (4) 
was produced (eq 3).

O O CH3 OH

3 +  R 'CO R " — R'CN—NCIRCHR +  R"OH (3)
I

CH3
4a, R = CH3(CH2)6; R ' = CH3(CH2)10

b, R = CH3; R ' = CH2= C C H 3
c, R = H; R ’ = CH2= C C H 3
d, R = CH3; R ' = CH3CH2
e, R = CH3; R ' = CF3CF2
f, R = CH3; R ' =  C6H6

The first reaction studied was with unsymmetrical 
dimethylhydrazine, 1-octene oxide, and ethyl laurate in 
¿-butyl alcohol. Heating the reactants together at 
68° for 8 hr resulted in a 62% yield of a waxy product 
identified as l,l-dimethyl-l-(2-hydroxyoctyl)amine- 
laurimide (4a). The structure was determined by in
frared (O-H absorption at 3150 and typical aminimide 
absorption at 1570 cm-1 in halocarbon mull) and nmr 
(CC14, t; N-methyl peaks at 6.58 ppm gave the ex
pected integration) spectroscopy, elemental analysis, 
and the products of pyrolysis. Pyrolysis of 4a gave 
the expected results,7 i.e ., the /3-hydroxy tertiary amine 
6, the symmetrical urea 7, and the urethan 8 (Scheme 
I). The isocyanate 5 may be isolated if the hydroxy 
group of 4a is converted into the acetate ester prior to 
pyrolysis.

S c h e m e  I

OH
A I

4a — >  CH3(CH2)10N = O ^ O  +  (CH3)2NCH2CH(CH2)6CH3 
5 6

^  trace H2O

o
II

[CH3(CH2),„NH]2C
7

| C H j ( C H i ) i ( , N = C = 0

o

CH3(CH2)10NHCOCH(CH2)bCH3
I

c h 2
I

N(CH3)2
8

The Scope of the Reaction.—Further investigation 
showed that the scope of the reaction is very broad 
(Table I, p 1375). The ester may be aliphatic, fluo- 
rinated aliphatic, a,/3-unsaturated, aromatic, or di
functional. The epoxide may be one of long- or short- 
chain a-olefins, of internal olefins, or of aromatically 
substituted olefins. The unsymmetrically disub- 
stituted hydrazine may be an aliphatic substituted 
hydrazine such as 1,1-dimethylhydrazine or amino- 
hexamethylenimine. I t  was found, however, that 1- 
methyl-l-phenylhydrazine did not react with pro
pylene oxide, probably because of the reduced nucleo- 
philicity of the nitrogen substituted by the phenyl 
group.

The effect of solvent on the reaction is shown in 
Table II. I t is interesting to note that, with the excep
tion of highly polar dimethyl sulfoxide, only the pro
tonic solvents gave high yields of aminimide 4b. Di

(7) W . J . M cK illip , L. M . Clemens, a n d  R . H au g la n d , C an. J .  Chem .,
45 , 2613 (1967).

methyl sulfoxide, however, was shown to be an in
effective solvent in the in  s itu  synthesis of aminimides 
from hydrazine halides, esters, and sodium methoxide.6 
The aminimide was formed in quantitative yield even if 
no solvent was used.

T able II
E ffect of Solvent“ on Y ield of 4b

S o lv en t % yield
Benzene 
¿-Butyl alcohol 
Dimethyl sulfoxide 
Isopropyl alcohol 
Methanol 
Tetrahydrofuran 
Water-ethyl alcohol 
No solvent

9.6
91.5
88.0
98.0
97.0 

5.4
Quantitative
Quantitative

“ Reactions run at room temperature for 72 hr with 0.1 mol of 
each reactant in 50 ml of solvent.

Most of the reactions reported in Table I were run at 
room temperature for 16-48 hr with yields ranging from 
88% to quantitative. In runs 3,12, and 13, lower yields 
were obtained despite higher reaction temperatures. 
These lower yields are probably all attributable to a 
highly decreased rate of reaction due to steric hindrance 
at the reaction sites. Such is the case at least with the 
adamantane derivative (run 13) where the aminimide 
formed very slowly over a period of 22 hr even at 60°. 
Other less hindered aliphatic esters reacted much more 
readily.

An example of how the rate of reaction increases with 
temperature is shown in Table III. Aminimide 4b

T able III
E ffect of T emperature“ on Y ield of 4b

Temp, ° C % yield
Room temperature 50

40 76
60 91
80 95

“ Two-hour reaction with 0.1 mol of reactants in 50 ml of iso
propyl alcohol.

forms readily at 80° in 2 hr or less, whereas at room 
temperature only a 50% yield is obtained after 2 hr.

One would expect the reaction rates to increase with 
increasing electron-withdrawing ability of the group on 
the ester if the aminimine is the attacking species on 
the ester carbonyl.5’6 This was found to be the case as 
shown from the rate data in Figure 1. At the initial 
stages of the reaction, it is apparent that the relative 
order of rates is CF3CF2-  > CH2=C C H 3 $5 C6H5— 
> CH3CH2—.

M echanism .—The work just described suggests that 
the reaction probably proceeds through the interme
diate aminimine (eq 2). To establish this, we tried the 
reaction in isopropyl alcohol with no ester present. 
After 4 days at room temperature, the solvent was 
evaporated in  vacuo at room temperature to give a 
very hygroscopic, heat-sensitive, viscous oil whose 
analysis agreed with 3 (R = CH3). Reaction of the 
oil with methyl methacrylate in isopropyl alcohol gave 
4b in near quantitative yield.

These results lead us to seriously question the earlier 
work by Perveev2 and Benoit3 which supports eq 1.
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Benoit3 carried out the reaction of 1,1-dimethylhydra- 
zine and ethylene oxide in water. Conceding that the 
solvent might make some difference, we repeated 
Benoit’s work. Evaporation of the water in  vacuo at 
40° or lower gave a very hygroscopic, white crystalline 
solid in quantitative yield. This material was identi
fied as the monohydrate of 3 (R = H) or 9, by infrared 
and nmr spectroscopy, elemental analysis, and, finally 
by its reaction with methyl methacrylate to give a 
quantitative yield of 4c. Similar results were obtained 
using propylene oxide. Benoit3 distilled his reaction 
product to obtain what he identified as 1 (R = H). 
Distillation of our product (9) (decomposition starts at 
86°) proceeded to give the products shown in Scheme II 
with no trace of 1 (R = H) as a product. The products 
that we observed were not surprising since pyrolysis of 
hydrazinium hydroxides, which are probably the same 
as aminimine hydrates, have been shown to give similar 
products.8 For example, 1,1,1-trimethylhydrazinium 
hydroxide was pyrolyzed to give water, 1,1-dimethyl- 
hydrazine, methyl alcohol, and trimethylamine all 
analogous to the products of Scheme II as well as nitro
gen, ammonia, dimethylamine, and N,N,N',N'-tetra- 
methyldiaminomethane.9 Our decomposition was car
ried out at reduced pressure, and we did not attempt to 
isolate any gaseous products.

OH CH,

CH2CH2NNH-H20  ■
I

c h 3
9

S c h e m e  II
CHS OH OH

■ H20  +  NNH. +  c h 2c h 2 +
I
CH*

OH
C H a O

f C H a = C — ¿ O C H a
AH jC H 2N

/
Ï
\

CH3

4c
CHj

To provide further evidence that hydrazinium hy
droxides are actually aminimine hydrates, we prepared 
1,1,1-trimethylhydrazinium hydroxide in isopropyl10 
alcohol and added methyl methacrylate. Trimethyl
amine methacrylimide ( 10)11 was obtained in high yield.

CHa CH3
I -  1+

c h 2= c c n n c h 3

A Ah .
10

Consequently, our work has shown that the synthesis 
of aminimide from wnsi/m-disubstituted hydrazines, 
epoxides, and esters follows the general pathway out
lines in eq 1 and 2.

Structure of the Hydroxy aminimides.—Table I 
shows the infrared absorption of the carbonyl function 
in the aminimides to be at 1550-1660 cm-1, depending 
on R'. As has been described previously,12,13 the ab
sorption is at too low a frequency for a typical acyl- 
hydrazinium-type carbonyl group and thus resonance 
form 11 must contribute to the over-all structure of

ii 
10 
9

e
7M

I s
i  5£
•" 4

3 

2 
I

0 1 2  3  4
Relative Molar Cone, of Aminimide

Figure 1.—The relative rates of formation of • ,  4b, ▲, 4d, X 
4e, and ■, 4f.

the compound. The actual structure probably in
volves a distribution of the negative charge over the 
nitrogen, carbon, and oxygen atoms,12 the degree de-

p-CH R 
o f  ch2 

R'fr=NNCH8 
CHS

12

I t  is interesting to note the exceptionally low fre
quency of the O-H stretch (Table I) indicating a strong 
hydrogen bond between the hydroxyl proton and the 
negative charge center, either inter- or intramolecular 
or both. The molecule is properly situated to form 
a qu asi six- or eight-membered ring depending on 
whether the negative charge is closer to the nitrogen or 
oxygen atom. The infrared spectrum of 4b in chloro
form at three dilutions (1, 4.5, and 19%) showed a 
strong bonded O-H stretching at 3230 cm-1 with only 
a very weak free O-H stretch at 3655 cm-1. This re
sult indicates that the hydrogen bonding is mainly, if 
not entirely, intramolecular as in 12.

pending mainly on R'.

O-  CH3 OH
I +1 I

R'C=NNCH2CHR

c h 3
11

Experimental Section14
General Synthesis of Aminimides in Table I.—A mixture of 

0.1 equiv of each reactant {i.e., ester, «nsj/m-disubstituted 
hydrazine and epoxide) in 50-100 mol of the solvent indicated 
was allowed to stir at the temperature indicated for 16-48 hr, 
as was convenient. Exceptions include run 3 which was carried 
out at room temperature for 72 hr and then at 68° for 8 hr, run 
12 at 55° for 48 hr, and run 13 at 60° for 22 hr. The preferred 
reaction vessel was a pressure bottle stirred magnetically, 
although a simple flask with an efficient condenser was also 
suitable. At the end of the reaction period, the solvent was 
removed in vacuo to give the crude yield. Most compounds were 
recrystallized two or three times from benzene or ethyl acetate 
to provide the analytical samples. The long-chain alkyl deriva
tives were recrystallized from hexane.

Pyrolysis of l,l-Dimethyl-l-(2-hydroxyoctyl)ammelaurimide 
(4a).—Pyrolysis of 2.0 g of the aminimide was carried out in a 
Carius tube at 160° for 2 hr. Cooling provided a partially solid

(8) H . H . S isler a n d  G . M . O m ie tan sk i, Chem . Rev., 57 , 1031, 1033 (1957).
(9) F . K lages, G . N o b er, F . K irch e r, a n d  M . B ock, A n n .,  547 , 1 (1941).
(10) G . L . B ra u d e  a n d  J .  H . G ogliano, U . S. P a te n t  3 ,225,101 (1965).
(11) R . C . S lagel a n d  A. E . B lo o m q u is t, Can. J .  Chem ., 46, 2625 (1967).
(12) S. W aw zonek  a n d  E . Y eak ey , J . Am er. Chem . Soc ., 82 , 5718 (1960).
(13) T . A. S oko lova, L. A. O v sy a n n ik o v a , a n d  N . P . Z a p ev a lo v a , Z h. 

Org. K h im ., 2 , 818 (1966).

(14) M e ltin g  p o in ts  a n d  b o iling  p o in ts  a re  u n co rrec ted . T h e  in fra re d  
sp e c tra  w ere  reco rd e d  on  a  P e rk in -E lm e r 237B  g ra t in g  s p ec tro p h o to m e te r . 
T h e  n m r sp e c tra  w ere o b ta in e d  on  a  V a ria n  A -60A  s p e c tro m e te r  in  th e  so lv en t 
in d ic a te d  using  te tr a m e th y ls ila n e  a s  a n  in te rn a l s ta n d a rd  excep t w ith  deu 
te r iu m  ox ide  w h ere  3 - tr im e th y ls ily l- l-p ro p a n e su lfo n ic  ac id  w as u sed  as th e  
s ta n d a rd . E le m e n ta l a n a ly se s  w ere  p erfo rm e d  b y  H u ffm an  L a b o ra to rie s , 
In c .,  W h e a trid g e , Colo.
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mass. The solid was filtered and washed with hexane to give 0.2 g 
of a white crystalline material, mp 103-105°. The infrared 
(3340, 162.5, 1590 cm-1) spectrum, elemental analysis, and melt
ing point (lit.15 16 17 18 * * mp 103°) show the structure to be symmetrical 
diundecylurea.

A n a l  Calcd for C23H48N20 : C, 74.93; H, 13.12; N, 7.60. 
Found: C, 74.43; H, 12.96; N, 7.46.

The filtrate was evaporated to give 1.8 g of a colorless liquid. 
Distillation gave 0.4 g of a colorless oil, bp 45° (0.35 mm), 
n22d 1.4367. This oil was identified as N,N-dimethyl-l-amino-2- 
octanol by comparing the boiling point, refractive index, and 
infrared spectrum with those of the known material made from 
1-octene oxide and dimethylamine in isopropyl alcohol at room 
temperature.

The pot residue from the above distillation was filtered to give 
another 0.2 g of the urea. The remaining viscous oil showed 
infrared absorption bands at 3340 and 1725 cm-1, among others, 
indicating the presence of urethane. We were unable to purify 
this material sufficiently to obtain a satisfactory elemental analy
sis. However, reaction of the known isocyanate with the known 
amino alcohol gave a product showing the same infrared spectrum.

Aminimide 4a was treated with an equimolar amount of acetic 
anhydride in benzene16 to provide 1,1-dimethyl-l-(2-acetoxy- 
octyl)aminelaurimide, identified by the disappearance of the 
3150-cm_1 absorption bands in the infrared spectrum and the 
appearance of a band at 1745 cm-1. The acetate was pyrolyzed 
a t 150° (0.05 mm) to give an oil which was immediately frac
tionally distilled to give a 39% yield of pure undecyl isocyanate, 
bp 77-84° (0.05 mm), identified by the boiling point [lit.17 bp 
103° (3 mm)], infrared spectrum (sharp band at 2270 cm-1 for 
a thin film), and conversion into symmetrical diundecylurea.

Reaction of 1-Methyl-l-phenylhydrazine, Propylene Oxide, 
and Methyl Methacrylate.—Equimolar (0.05 mol) amounts of 
the reactants were placed in 50 ml of isopropyl alcohol and sealed 
in a pressure bottle. The reaction was allowed to stir a t room 
temperature for 16 hr. A sample was removed and evaporated to 
give only the starting hydrazine. The reaction was continued 
for 4 hr at 80° and for 1.5 hr on the steam bath with the same 
result.

Rate Study of Aminimide Formation.—Solutions were made up 
with 0.01 mol of distilled unsymmetrical dimethylhydrazine, 
propylene oxide, and the ester (methyl methacrylate, ethyl pro
pionate, ethyl perfluoropropionate, and methyl benzoate) in 
20 ml of isopropyl alcohol. The solutions were immediately trans
ferred to a 0.1-mm liquid infrared cell. The reactions were run 
a t 23 ±  1°. Formation of the corresponding aminimide was 
followed by the increasing intensity of the band at 1550-1675 
cm-1. Each reaction was allowed to continue for at least 7 hr 
with spectra recorded periodically.

Several concentrations were made of each authentic aminimide 
in isopropyl alcohol and plotted vs. the absorbance of the 1550- 
1675-cm-1 infrared band. The absorbance of the experimental 
runs described above was then related to the known concentration 
plot to give the results shown in Figure 1.

Synthesis of 3 (R = CH3).—Freshly distilled unsymmetrical 
dimethylhydrazine (0.1 mol) and propylene oxide (0.1 mol) were 
dissolved in 60 ml of Spectral Grade isopropyl alcohol. A portion 
was sealed in a vial which remained at room temperature for 4 
days. The solvent was evaporated in vacuo a t room temperature 
over phosphorus pentoxide to give a very viscous hygroscopic oil. 
The analytical sample was transferred under dry nitrogen.

Anal.u Calcd for C6Hi4N20 : C, 50.81; H, 11.94. Found: 
C, 51.32; H, 11.95.

The aminimine (0.05 mol) was again placed in 50 ml of iso
propyl alcohol and 0.05 mol of methyl methacrylate was added.

(15) C . N aegeli, L . G ru n tu c h  a n d  P . L endorff, Helv. C him . A cta, 12, 227 
(1929).

(16) K . N . C am pbell, C . J . O ’B oyle , a n d  B . K . C am pbell, Proc. I n d ia n a  
A cad . S c i., 68, 120 (1949); Chem. A bstr ., 44 , 4418k (1950).

(17) C . F . H . A llen  a n d  H . B ell, "O rg a n ic  S y n th e se s ,"  C oll. V ol. H I ,  Jo h n  
W iley  a n d  S ons, In c .,  N ew  Y ork , N . Y ., 1955, p  846.

(18) T h e  D u m a s  n itro g e n  d e te rm in a tio n  w as n o t sa tis fa c to ry . T h is  is n o t
s u rp r is in g  s in ce  th e  d e te rm in a tio n  uses a  ca rb o n  d iox ide  p u rg e  a n d  i t  is
kn o w n  th a t  am in im in es  r e a c t w ith  ca rb o n  d iox ide; see re f  4.

The resulting solution stirred at room temperature for 24 hr. 
A quantitative yield of the aminimide 4b resulted in evaporation 
of the solvent (by melting point, mixture melting point, and 
infrared spectrum).

Synthesis of 9.—Freshly distilled unsymmetrical dimethyl
hydrazine (12.0 g, 0.2 mol) was dissolved in 100 ml of water and 
placed in a pressure bottle which was cooled with an ice bath. 
Ethylene oxide (4.4 g, 0.1 mol) was added and the bottle was 
then sealed. The reaction proceeded at ice bath temperature for 
1 hr after which the bath warmed to room temperature and 
remained there for a total reaction time of 16 hr. The solvent 
was evaporated in vacuo a t 40° to provide 13 g of a white crystal
line solid. A sample of the solid was dried in vacuo at 23° over 
phosphorus pentoxide for 48 hr. The dried sample had mp 83° 
with decomposition at 86°. The infrared spectrum (halocarbon 
mull) showed absorption at 3400, 3240, 3120, 3030, 2820, 2700, 
1650, and 1475 cm-1, etc. The nmr spectrum (t, D20 ) showed 
six protons at 6.63 (N-methyl protons) and four protons in a 
multiplet centered at 6.18 ppm.

Anal. Calcd for C4H,4N20 2: C, 39.32; H, 11.55; N, 22.94. 
Found: C, 39.54; H, 11.27; N, 23.02.

The hydrate 9 (0.01 mol) was dissolved in 10 ml of isopropyl 
alcohol along with 0.01 mol of methyl methacrylate. The solu
tion was stirred for 16 hr at room temperature. Evaporation of 
the solvent and drying the product in vacuo over phosphorus 
pentoxide gave a near-quantitative yield of 4b as determined by 
melting point, mixture melting point, and the infrared spectrum.

Reaction of Unsymmetrical Dimethyl Hydrazine and Propylene 
Oxide in Water.—The above procedure was repeated except that 
equimolar amounts of the reactants were used. A quantitative 
yield of product was obtained. The dried sample had mp 83° 
with decomposition at 90°. The infrared spectrum (nujol 
mull) showed absorption at 3420, 3250, 3160, 3030, and 1660 
cm-1, etc. The nmr spectrum (r, D20 ) showed a doublet at 
8.83, two peaks at 6.52 and 6.58 (N-methyl protons), and a 
multiplet a t 5.58 ppm in an expected area ratio of 3:6:1, re
spectively.

Anal. Calcd for C6H16N20 2: C, 44.09; H, 11.84; N, 20.57. 
Found: C, 44.53; H, 11.62; N, 20.11.

Reaction with methyl methacrylate, as above, gave a near- 
quantitative yield of 4b.

Pyrolysis of 9.—The aminimine hydrate 9 (28 g) was pyrolyzed 
at 115° (30 mm). A colorless liquid distilled at 39^47° totalling
17.4 g. Redistillation of the liquid gave a first fraction containing 
water and unsymmetrical dimethylhydrazine, both identified 
by glpc (6-ft dimethylpolysiloxane on Chromosorb W column). 
Unsymmetrical dimethylhydrazine was also identified by com
paring its methyl iodide salt with known 1,1,1-trimethylhydra- 
zinium iodide (melting point, mixture melting point, and in
frared spectrum). The second, and last, fraction had bp 125- 
128°, n 26D 1.4274, and was shown to be N,N-dimethyl-l-amino- 
2-hydroxyethane by comparison of the infrared spectrum and the 
methyl iodide salt (mp 263°, mixture melting point not depressed) 
with those of the known material.

The pot residue from the pyrolysis contained starting material 
and ethylene glycol. The latter was identified by its infrared 
spectrum and glpc retention time.

Reaction of Trimethylhydrazinium Hydroxide with Methyl 
Methacrylate.—1,1,1-Trimethylhydrazinium chloride (5.5 g, 
0.05 mol) was dissolved in 200 ml of isopropyl alcohol and then 
passed over a Dowex 1-X4 ion-exchange column (200 g of resin) 
in the hydroxyl form.10 Excess methyl methacrylate was added 
to the effluent and the mixture was allowed to stir a t room tem
perature overnight. Evaporation of the solvent gave a quantita
tive yield of 4b identified by comparing the melting point, 
mixture melting point, and infrared spectrum with those of 
authentic 4b.
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Drs. L. M. Clemens and E. A. Sedor for helpful discus
sions involving this work.
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The mass spectra of imidazo [1,2-a] pyridine (I), imidazo[ 1,5-a]pyridine (II), imidazo[ 1,2-a]pyrimidine (III), 
and various methyl derivatives are reported and analyzed. The parent compounds lose HCN and C2H2N. In 
the methyl derivatives, analogous fragmentations occur. In addition, the loss of a hydrogen atom from the 
methyl group results in possible ring-expanded products which subsequently lose HCN as well as C4H4. The 
major fragmentations of the parent ion radicals are in agreement with the ion-radical bond orders.

As part of our continuing studies of the chemistry 
of polyazaindenes,1 we now wish to report and analyze 
the mass spectral cleavage patterns of some imidazo- 
[l,2-a]pyridines (I), imidazo [l,5-a]pyridines (II), and 
imidazo[l,2-a]pyrimidines (III).

The major fragmentations of aromatic nitrogen 
heterocyclic systems that have been described to date 
can be outlined as shown in Chart I.

Thus, the loss of HCN (m /e  27) appears to be the 
major fragmentation path in pyridines,2 quinolines,3 
naphthyridines,4 quinoxalines,4 quinazolines,4 in
doles,2 and pyrazines.2’3 The methyl derivatives of 
these heterocyclic systems either lose a hydrogen or a 
methyl radical to afford species 2 or 4, respectively. 
Species 2, a presumed ring-expanded ion, loses HCN 
when structurally possible.

The presence of a nitrogen atom at the bridgehead of 
the polyazaindenes, under study in our laboratories, 
represents a structural variation of considerable

The simultaneous cleavage of bonds 1-9 and 3M in 
these compounds to yield the species 6 or 6' is con
firmed by suitable metastable transitions. That we 
are in fact dealing with the cleavage of bonds 1-9 and 
3M, and not some other bonds, is shown by deuterium 
labeling. The m/e 78 peak in the 3-deuteroimidazo- 
[l,2-a]pyridine is not shifted to m /e  79. On the other 
hand the m /e  79 peak (6) in the 5-deuteroimidazo- 
[l,2-a]pyrimidine is, in fact, shifted to m/e 80. Simi
larly the 3-deuteroimidazo[l,5-a]pyrimidine affords the 
m/e 78 peak only and no m/e 79 peak.

:i
5

The bond orders (Table I) calculated for the poly
azaindenes described in the foregoing discussion are

C o m p d
l

4 a

T a b l e  I
B o n d  O r d e r s  o f  S o m e  P o l y a z a i n d e n e s

--------------------------------------------------------B ond  o rd e r  (p a b ) fo r bo n d  A B---------------------------------------------------------
‘Pi,!------------- ' /•------------- P2,3------------- ' "------------- pa,4------------- > /•------------- pi,r

G ro u n d
s ta te

Io n
rad ica l

G ro u n d
s ta te

Io n
rad ica l

G ro u n d
s ta te

Io n
rad ica l

G ro u n d
s ta te

Io n
rad ica l

0.644 0.753 0.632 0.487 0.474 0.484 0.495 0.463

0.592 0.573 0.677 0.696 0.536 0.585 0.656 0.459

0.673 0.819 0.527 0.272 0.486 0.507 0.468 0.365

interest in terms of its influence upon the fragmenta
tions of these compounds.

Scheme I outlines the paths which are common to the 
ring systems studied. The facile one-step loss of HCN 
(m/e 27) is typical of these compounds and is substan
tiated by metastable ions. The 3-methylimidazo- 
[l,5-a]pyridine loses CH3CN to a much greater extent 
(Z37 8.9%) than it loses HCN (237 2.82%). Thus, 
bonds 1-26 and 3-4 are cleaved more readily than the
1-9 and 2-3 bonds.

(1) W . W . P a u d le r  a n d  L . S. H e lm ick , Chem. C om m un ., 377 (1967); W . W . 
P a u d le r  a n d  J . E . K u d e r , J .  Org. Chem ., 32 , 2430 (1967).

(2) H . B udzik iew icz , C. D je ra ss i, a n d  D . H . W illiam s, “ In te rp re ta t io n  of 
M ass  S p e c tra ,”  H o ld en -D ay , In c ., S an  F ran c isco , C alif., 1964, p p  225-25S .

(3) S. D . S am ple, D . A. L ig h tn e r , O. B u c h a r t ,  a n d  C . D je rass i, J . Org. 
Chem ., 32 , 997  (1967).

(4) W . W . P a u d le r  a n d  T . J .  K ress, p re se n te d  a t  th e  1st In te rn a tio n a l 
C ongress of H e te ro cy c lic  C h em is try , A lb u q u e rq u e , N . M ., J u n e  1967; J .  
H elerocycl. C hem ., 4, 547 (1967).

(5) A. L . J en n in g s , J r . ,  a n d  J .  E .  B oggs, J .  Org. Chem ., 29, 2065 (1964).
(6) F o r  th e  sak e  of c la r ity  in  th e  d iscuss ion , a ll c o m p o u n d s  a re  n u m b e red  

as  show n  in  s tru c tu re s  5.

in agreement with the observed fragmentation pat
terns.

The loss of HCN from the imidazo [1,2-a jpyridine 
(I) and from the imidazo[l,2-a]pyrimidine (III) might 
be predicted from the lengths of the 1-9 and 2-3 bonds 
in the ion radicals of these two compounds. These 
bonds possess much more single-bond character than 
the clearly doubly bonded atoms 1 and 2.

The cleavage of bonds 1-9 and 3-4 to afford the ion 
radical 6 (Scheme I) is also predicted by the length of 
the 3-4 bond (c/. Table I), which has a considerable 
amount of single-bond character.

In the case of the imidazo[l,5-a]pyridine (II), one 
can envision loss of HCN to occur by either cleavage 
of bonds 1-9 and 2-3 or by rupture of bonds 1-2 and 
3M. Since we have now shown that the latter process 
predominates, we would expect that the 2-3 bond pos
sess much more double-bond character than the 1-2 
bond. Table I clearly shows this to be the case.
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C h a r t  I

4

S c h e m e  I®

R , - H .R , - C H ,

R ,- C H 3i R ,- H ;

R , - H , R , - H

m*

6

• For structures I and II, Y =  CH; for structure III, Y = N.

The fragment 7 loses HCN to yield the species 8. 
This process can be envisioned to occur via  the ring- 
expanded ion radical 7'.

If such a ring expansion occurs, prior to HCN loss, 
we would anticipate the species 8 to appear with equal 
intensity at m /e  64 and 65 in the 3-deuteroimidazo- 
[l,2-a]pyridine. This has, in fact, been shown to be 
the case.

Ions 6 and 6' fragment further by processes identical 
with those observed in the mass spectra of 2-halopyr- 
idines and of 2-halopyrimidines (loss of either CN or 
C2H2, etc.).

The ion 6' can rearrange to 9' prior to loss of HCN 
to form the ion 10. The formation of 9' is strongly sup
ported by the fact that ion 6' obtained from the 5- 
methyl compounds loses HCN to the same extent as 
all of the other monomethyl compounds with the methyl 
groups substituted in the six-membered ring. Also, 
the ratios of species 9 to 10 is essentially constant within 
a given series of compounds. Thus, the formation of 
the ring-expanded ion 9' is strongly implied.

Fragmentations Typical of Methyl-Substituted Com
pounds. A. Methyl Groups Substituted on the 
Five-Membered Ring.—The generally most pronounced 
process typical of polyazaindenes substituted in the 
five-membered ring with a methyl group involves the 
loss of a hydrogen atom to form the species 11 (c/.

Scheme II). These ions can ring expand to form the 
bicyclic systems represented by 11'. The loss of HCN 
from these ions affords the species 12 (substantiated 
by a metastable transition). This ion fragments 
further by loss of C2H2 to afford the pyridyne ion 6. 
Thus, this ion is formed by two different paths (c/. 
Scheme I also), both of which are substantiated by 
metastable ion peaks.

Depending upon the ring system, the loss of HCN, 
described in Scheme I, can also occur in these methyl 
derivatives. The ion radical 13 (m /e  105) is indeed 
observed in the cases studied (c/. Scheme II). This 
ion loses a hydrogen atom (supported by a metastable 
ion peak) to afford the species (C7H6N)+. This may 
well have the structure 12, if 13 undergoes the trans
formation in eq 1.

The m /e  105 ion radical 13 could, potentially, lose 
CH3CN to afford a m /e  64 ion 8. However, among the 
monomethyl compounds with the substituent in the



V o l .  S3, N o .  4, April 1968 M a s s  S p e c t r a  o f  S o m e  D i -  a n d  T r i a z a i n d e n e s  1 3 8 1

Scheme II

“ Similar fragmentations occur in the 3-methylimidazo[l,2-o]pyridine as well as in the 3-methylimidazo[l,5-a]pyridine.

Scheme III
CH

] '  b  -(0i -  0 *

25 26
° The six-membered ring methyl derivatives of the imidazo[l,2-a]pyridines and pyrimidines fragment similarly.

five-membered ring, this species is only present in the 
mass spectrum of the 3-methyhmidazo[l,5-a]pyridine. 
Consequently, it must arise from another path which 
is specific for this compound.

In fact, the 3-methylimidazo[l,5-a]pyridine under
goes two fragmentation paths which are not observed 
in the other methylpolyazaindenes described in this 
paper.

The formation of the m/e 92 ion 14 (or 14') must re
sult from a hydrogen migration from the methyl group 
to either the bridgehead nitrogen atom or the carbon 
atom at position 5 (only the former alternative is 
shown in Scheme II). This species can ring expand 
to form the azatropylium ion 14' which in turn can lose 
C2H2 and HCN to form the ions m/e 66 (15) and m/e 
65 (16), respectively. The latter can stabilize itself 
somewhat by loss of a hydrogen atom to form the cyclo- 
pentadienyl ion radical 8.

The second fragmentation path typical of the 3- 
methylimidazo[l,5-a]pyridine involves the loss of C2H2 
from the parent ion radical to afford the bicyclic 
system 17 which in turn loses a hydrogen atom to

afford 18. This species may well ring expand to 
afford the ion 18' which then loses C2H2 to afford the 
pyridyne ion 19. The latter step is substantiated by 
the presence of a metastable transition.

B. Methyl Groups Substituted on the Six- 
Membered Ring.—During the discussion of the frag
mentations described in Scheme I, we pointed out that 
the loss of HCN is the most pronounced process that 
occurs in these electron-impact reactions. The presence 
of methyl groups in the six-membered ring opens some 
additional avenues for fragmentation (s). Thus, ion 
20 forms what we believe to be the ring-expanded ion 
radical 21. This ion radical loses a hydrogen atom to 
form the species 22. The loss of a hydrogen atom from 
7 to afford the ion 23 is substantiated by a metastable 
transition. This ion can be envisioned to undergo a 
ring expansion to afford the bicyclic system 24, which 
loses HCN to yield the ion 22, Scheme III. This pro
cess is again substantiated by a metastable transition.

Species 25 results from loss of a hydrogen atom from 
the parent ion radical. This species then loses HCN 
to afford the ion 24 possibly v ia  the ring-expanded
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Figure 1.—Mass spectrum of imidazo [1,2-a] pyrimidine.

Figure 2.‘—Mass spectrum of 3-deuterioimidazo[l,2-a]pyrimidine.

Figure 3.'—Mass spectrum of 5-deuterioimidazo[l,2-a]pyrimidine.

species 26. Alternately, the sequence 25 —► 23 —► 24 
is also feasible.

I t is of interest to note that the loss of any of the 
methyl groups in the monomethylpolyazaindenes dis
cussed in this paper is essentially nil. This is in con
trast to the relatively facile loss of methyl groups in 
the various methylpyridines and methylquinolines 
during electron bombardment, and might be inter
preted as being due to the large contribution of resonance 
structures such as 5. These contributions would tend 
to facilitate loss of a hydrogen atom from the methyl 
group, rather than loss of the methyl group itself.

Experimental Section7
The experimental portion of this paper is described in tabular 

form (Tables II-V ) in the following section. Only peaks rep
resenting 1%  or more of the total ion current are generally listed. 
The masss pectra of imidazo[l,2-a]pyrimidine, 3-deuterioimid- 
azo[l,2-a] pyrimidine, and 5-deuterioimidazo[ 1,2-a] pyrimidine 
are represented in Figures 1, 2, and 3, respectively.

(7) A ll c o m p o u n d s  d esc rib ed  in  th i s  p a p e r  h a v e  b ee n  p re p a re d  b y  know n  
m e th o d s  (ref 1 a n d  2, a n d  p ap e rs  c ited  th e re in ) . T h e  m ass s p e c t ra  w ere ob
ta in e d  w ith  a  H ita c h i P e rk in -E lm e r R M U -6 E  m ass  sp e c tro m e te r . T h e  
io n iz a tio n  p o te n tia l  used  w as 80 eV a n d  th e  in le t  sy s te m  te m p e ra tu re  w as se t 
a t  180°.

T a b l e  II

P a r e n t  C o m p o u n d s

Im id azo  [1,2-a]- Im id azo  [1,5-a]- Im id a z o [ l ,2 -a ] -
-— •— pyriidine— ■—> ,-------- pyrii l in e -------- > ------pynmid in e -------

m /e % S3, Species® % S3, Species“ % S3, Species®

120 2.19
119 3.05 2.68 28.58 III
118 35.08 I 29.88 i i 2.06
118 1.46 0.81
93 1.30
92 2.81 0.85 10.09 7
91 8.66 7 10.16 7 1.18
90 1.59 1.93
79 1.10 2.10 6
78 11.23 6 5.49 6
68 1.26
66 3.32
65 1.83 2.44 9.25 8
64 5.61 8 10.77 8 2.52 27
63 4.09 27 7.12 27 0.55
62 1.46 2.24
61 1.02
59.5 1.68 p2 +
59 1.59 p2 + 1.52 p2 +
53 1.42 2.86
52 2.81 2.44 2.77
51 3.66 2.03 1.26
50 1.46 1.22
41 2.07 2.13 2.61
40 1.83 1.22 8.20
39 3.48 3.86 5.88
38 3.17 4.27 6.09
37 1.95 2.03 1.98

» See Schemes I, II, and III.

T a b l e  III

F i v e - M e m b e r e d  R i n g  M e t h y l  C o m p o u n d s

5 -M eth y lim id azo - 1 -M eth y lim id azo - 3 -M e th y lim id azo - 
^ - [ l ,2 - a ]p y r id in e —> <— [ 1 ,5-a] p y rid in e—> r----- [l,5 -o ]p y rid in e  >

m / e % S3 Species® % S3, Species® % S3, S pecies“

133 1.64 1.86 1.15
132 15.36 I 19.59 II 11.99 I I
131 19.95 11, IT 12.06 11, IT 7.82 11, IT
106 4.04 17
105 1.20 13 5.77 13 2.82 13, 18, 18
104 1.40 12 13.61 12 1.69 12
92 2.92 14, 14'
91 8.92 7,7'
79 4.39 19' 9.28 19' 3.78 19
78 6.98 6 5.57 6 2.22 6
77 1.00 2.27 1.82
76 1.44
66 2.79 p2 + 1.34 p2 + 7.25 15, P 2 +
65 5.42 16
64 1.40 0.62 4.17 8
63 1.60 1.44 4.74 27
62 1.88
52 3.39 4.54 2.48
51 4.40 5.98 3.34
50 1.60 3.09 1.88
41 2.19 0.52 1.56
40 1.80 3.00
39 5.00 2.16 6.93
38 2.59 1.44 3.28
37 1.40 0.82 1.43

“ See Schemes I, II, and III.
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Table IV
Six-Membered R ing Methyl Compounds

5-Methylimidazo- 5-Methylimidazo- 7-Methylimidazo-
-—[1,2-a]pyridine'1—. -— [l,5-a]pyridine—. .-— [l,2-a]pyrimidine—.

m/e % 237 Species6 % S37 Species6 % S37 Species6
134 2.19
133 2.68 2.70 25.86 III
132 25.48 I 26.97 II 3.43 25, 26
131 14.27 25, 26 4.42 25, 26
130 1.02
118 1.84
107 1.34
106 1.02 2.93 7, 7'
105 1.53 7 ,7 ' 3.76 7, 7 ' 2.39 23, 24
104 3.82 23, 24 7.63 23, 24
94 1.24
93 1.69 6', 9, 9
92 1.02 6', 9, 9' 2.87 6', 9, 9 ' 3.00 m/e 93 -  H
91 2.55 to/« 92 —H 1.66 m/e 92—H 0.75
80 2.19
79 1.53 2.65 4.97 8, 20, 21
78 2.55 8, 20, 21 6.32 8, 20, 21 1.39 22
77 3.06 22 4.11 22
76 1.27 1.50
67 1.79
66. 5 1.24 P 2 +
66 2.55 P 2+ 2.21 P 2 + 2.29 10
65 2.21 10 2.61 10 2.69
64 1.78 1.90 1.04
63 2.04 3.45
62 0.76 1.50
53 2.04 1.06 3.88
52 3.31 3.89 5.47
51 3.57 4.53 3.23
50 2.04 2.78 1.50
42 1.27 1.00 1.00
41 1.27 1.00 1.59
40 1.78 1.00 3.18
39 4.33 4.53 4.28
38 2.04 2.76 1.50
37 1.27 1.24 0.75
“ 6-Methyl, 7-methyl, and 8-methyl are very similar. 6 £

Schemes I, II, and III.

Registry No.—I, 274-76-0; I, 3-CH3, 5857-45-4; 
I, 5-CHg, 933-69-7; I, 6-CH3, 874-38-4; I, 7-CH3) 
874-39-5; I, 8-CH3, 874-10-2; II, 274-47-5; II, 1-CHS, 
6558-62-9; II, 3-CHs, 6558-63-0; II, 5-CH3, 6558-64-1; 
III, 274-95-3; III, 7-CH3, 6558-66-3; III, 3-deuterio, 
15823-28-6; III, 5-deuterio, 15823-29-7.

M a s s  S p e c t r a  o f  S o m e  D i -  a n d  T r i a z a i n d e n e s  1 3 8 3

Table V
Metastable I ons

m*
(experi
mental)

m*
(theo
retical) mi m.

Parent Compounds
Imidazo[l,2-a]pvridine 70.1 70.18 118 91

51.6 51.56 118 78
45.0 45.01 91 64

Imidazo [1,5-a] pyridine 70.1 70.18 118 91
51.6 51.56 118 78
45.0 45.01 91 64

Imidazo[l,2-a]pvrimidine 71.1 71.12 119 92
45.9 45.92 92 65

Five-Membered Ring Methyl Compounds 
3-Methylimidazo [1,2-a] pyridine 130.0 130.01 132 131

103.0 103.01 105 104
83.5 83.52 132 105
82.6 82.56 131 104

1-Methylimidazo [1,5-a] pyridine 130.0 130.01 132 131
103.0 103.01 105 104
83.6 83.52 132 105
82.6 82.56 131 104
59.5 59.44 105 79
58.5 58.50 104 78

3-Methylimidazo [1,5-a] pyridine 130.0 130.01 132 131
103.0 103.01 105 104
82.6 82.56 131 104

Six-Membered Ring Methyl Compounds 
5-Methylimidazo[l,2-a]pyridine 130.0 130.01 132 131

103.0 103.01 105 104
82.6 82.56 131 104

6-Methylimidazo [1,2-a] pyridine 130.0 130.01 132 131
103.0 103.01 105 104

7-Methylimidazo [1,2-a] pyridine 130.0 130.01 132 131
82.5 82.56 131 104

8-Methylimidazo [1,2-a] pyridine 130.0 130.01 132 131
5-Methylimidazo [1,5-a] pyridine 130.0 130.01 132 131

103.0 103.01 105 104
83.5 83.52 132 105
82.6 82.56 131 104
58.0 57.94 105 78
57.0 57.01 104 77
46.0 45.92 92 65

7-Methylimidazo [1,2-a] pyrimi- 131.0 131.01 133 132
dine 105.0 104.69 133 118

84.5 84.48 133 106
83.5 83.52 132 105
59.0 58.88 106 79
47.0 46.84 93 66
45.9 45.92 92 65
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The bromination and amination of the l,X-naphthyridines are reported. The bromination of 1,5-naphthyri- 
dine gave the 3-bromo- and the 3,7-dibromo-l,5-naphthyridine. The 3-bromo-, 8-bromo-, and 3,8-dibromo-
1,6-naphthyridines were obtained from 1,6-naphthyridine. The 1,7-naphthyridine afforded the 5-bromo and 
the 3,5-dibromo derivatives. The 3-bromo- and the 3,6-dibromo-l,8-naphthyridines were obtained from 1,8- 
naphthjnidine. The Chichibabin amination of the 1,5-, 1,6-, and 1,8-naphthyridines yielded the 2-amino 
derivative in each case. The 1,7-naphthyridine gave the 8-amino compound.

The development of facile syntheses1-3 of 1,5-,
1,6-, 1,7- and of 1,8-naphthyridine has made it pos
sible to study their electrophilic and nucleophilic sub
stitutions in some detail.

We now wish to report the results of bromination and 
of amination experiments of the l,X-naphthyridines.

Bromination Studies.—Some time ago, Eisch4 de
scribed a novel method for the introduction of bromine 
into nitrogen heterocyclic compounds. This method 
involves the formation of a bromine-heterocyclic 
compound complex, which, by treatment with pyridine, 
is “decomposed” to afford a halogenated derivative of 
the heterocyclic compound. In this fashion, 3-bromo- 
quinoline, 3,8-dibromoquinoline, 3,6-dibromoquinoline, 
and 3,6,8-tribromoquinoline were obtained, the mono- 
bromoquinoline being by far the major product. The 
bromination of isoquinoline by this procedure afforded 
the 4-bromoisoquinoline in satisfactory yield.

1.5- Naphthyridine.—The bromination of 1,5-naph- 
thyridine (1) by the Eisch procedure afforded a three- 
component mixture which was separated by column 
chromatography into unreacted starting material and 
amonobromo- and a dibromo-l,5-naphthyridine. The 
pmr spectrum of the monobromo compound (27% 
yield) showed the presence of an ABX proton system 
similar to that of the starting material. In addition 
to this pattern, an AB system (c/. Table I) was also 
present. The size of the coupling constant and the 
chemical shifts of HA and of HB clearly identified the 
compound as the 3-bromo-l,5-naphthyridine (5).

The dibromo compound obtained in 10% yield ex
hibited a pmr spectrum (c/. Table I), which was con
sistent only with 3,7-dibromo-l,5-naphthyridine (6).

Czuba5 brominated 1,5-naphthyridine in a sealed 
tube at 135° in H2SO4-SO3, and obtained 7-10% of
3-bromo- and 30-35% of 3,7-dibromo-l,5-naphthyri- 
dine. The physical properties of our compounds are 
identical with those prepared by the Czuba method.

1.6- Naphthyridine.—The bromination of 1,6-naph
thyridine (2) via  its bromine complex gave, in addition 
to unreacted starting material, two monobromo- and 
one dibromo-l,6-naphthyridine. The pmr spectra 
were analyzed in a manner similar to that described 
for the 1,5-naphthyridine products and are recorded 
in Table I. These data clearly identified the compounds 
as the 3-bromo- (7, 18%), 8-bromo- (8, 23% yield), 
and 3,8-dibromo-l,6-naphthyridine (9, 11%).

(1) W . W . P a u d le r  a n d  T . J . K ress, J .  Org. Chem ., 3 2 , 832 (1967).
(2) T . J . K re ss  a n d  W . W . P au d le r , Chem. C om m un ., 3  (1967).
(3) W . W . P a u d le r  a n d  T . J .  K ress, J .  Org. Chem ., 3 1 , 3055 (1966).
(4) J . J . E isch , ib id ., 2 7 , 1318 (1962).
(5) W . C zu b a , Rocz. Chem ., 3 7 , 1589 (1963).

1.7- Naphthyridine.—The “decomposition” of the 
bromine complex of 1,7-naphthyridine (3) afforded only 
two bromine-containing products. Elemental analyses 
identified these compounds as a monobromo and a 
dibromo derivative of 1,7-naphthyridine. Examination 
of the pmr spectral data of .these two compounds (c/. 
Table I) permitted the identification of the compounds 
as the 5-bromo-l,7-naphthyridine (10) and the 3,5- 
dibromo-l,7-naphthyridine (11), respectively. Whereas 
the monobromo compound was formed in 25% yield, 
the dibromo compound was obtained in only 2% yield.

1.8- Naphthyridine.—The bromination of this naph
thyridine (4) afforded by far the lowest yield of bromo 
products of any of the l,X-naphthyridines. Thus, 
only 5% of the monobromo and 0.5% of the dibromo 
compound was obtained. The pmr spectra of the 
substances (c/. Table I) identified them as the 3-bromo
(12) and the 3,6-dibromo compounds (13), respectively.

Amination Studies.—The Chichibabin amination of 
quinoline and of isoquinoline is reported to afford the
2- (and some 4-) amino and the 1-amino compounds, 
respectively.6 The application of this amination re
action to the 1 ,X-naphthyridines became of some special 
interest for the 1,6- and the 1,7-naphthyridines since 
these compounds present, a p r io r i, two different sites 
for nucleophilic attack.

1.5- Naphthyridine.—The amination with sodium 
amide of 1,5-naphthyridine (1) has been described by 
Hart,7 and the structure of the product, formed in 78% 
yield, has been shown to be the 2-amino-l,5-naph- 
thyridine (14). We were, however, unable to duplicate 
this amination under the conditions described by 
Hart. We have now repeated this reaction under 
conditions which we employed for all of the other 
l,X-naphthyridines (potassium amide in liquid am
monia at room temperature) and have obtained the
2-amino-l,5-naphthyridine (14) in 33% yield. The pmr 
spectral data of this compound are reported in Table II 
and agree with the assigned structure.

1.6- Naphthyridine.—When the reaction conditions 
used for the amination of 1,5-naphthyridine (1) were 
employed on the 1,6-naphthyridine, there was obtained 
a monoamino compound whose pmr spectrum is void 
of the deshielded H2 proton present in the starting 
material. The H5 “singlet” was still present in the 
amination product. Table II describes the remaining 
features of the pmr spectrum of this compound which 
are in agreement with the assigned structure, 2-amino-
1,6-naphthyridine (15).

(6) F . W . B erg s tro m , J .  Org. C hem ., 3, 411 (1937).
(7) E . P . H a r t ,  J .  Chem. Soc., 1879 (1954).
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T a b l e  I
N m r  S p e c t r a l  D a t a  o f  S o m e  B r o m o n a p h t h y r i d i n e s

--------- C hem ica l sh if ts  ( r ) ----------------------* /---------------------------------- C o up ling  c o n s ta n ts , cps-
C om pd° Ha H« H» H e He h 7 H» J 2,3 J  2,4 J  3,4 J i ,  8 J m J e,7 J b,8 Je, 7 Je ,8 J l ,  8

3 -B ro m o - l ,5 -n a p h th y r id in e  (5) 1 .0 4 1 .4 4 1 .0 4 2 .3 7 1 .6 3 2 .0 0 .9 4 .3 2 .0 8 .6
3 ,7 -D ib ro m o - l ,5 -n a p h th y r id in e  (6) 1 .0 3 1 .4 5 1 .0 3 1 .4 5 2 .0 2 .0
8 -B ro m o - l ,6 -n a p h th y r id in e  (8) 0 .8 3 2 .4 0 1 .7 0 0 .8 3 1 .0 2 4 .0 1 .5 8 .3
3 -B ro m o - l ,6 -n a p h th y r id in e  (7) 0 .9 7 1 .7 0 0 .8 0 1 .2 2 2 .1 2 1 .5 0 .8 0 .8  . . . 6 .0
3 ,8 -D ib ro m o - l ,6 -n a p h th y r id in e  (9) 0 .8 4 1 .5 4 0 .8 9 1 .0 0 2 .0
5 -B ro m o - l ,7 -n a p h th y r id in e  (10) 0 .9 5 2 .3 1 1 .5 7 1 .2 0 0 .5 7 4 .0 1 .5 8 .5 1 .0
3 ,5 -D ib ro m o - l ,7 -n a p h th y r id in e  (11)& 0 .9 1 1 .6 6 1 .3 3 0 .5 7 2 .0 b
3-B rom o- 1 ,8 -n a p h th y rid in e  (12) 0 .9 0 1 .6 7 1 .8 9 2 .5 0 0 .9 0 2 .0 8 .0 2 .0 . . .  4 .0
3 ,6 -D ib ro m o - l ,8 -n a p h th y r id in e  (13) 0 .9 1 1 .7 3 1 .7 3 0 .9 1 2 .0 2 .0

“ CDCI3 solutions. b This spectrum was obtained with the aid of the C-1024 time averaging computer (Technical Measurements 
Grp.) and the J 2>4 coupling constant could only be estimated, while the Jt,a coupling constant was only indicated as present by the peak 
widths.

T a b l e  II
N m r  S p e c t r a l  D a t a  o f  S o m e  A m i n o n a p h t h y r i d i n e s

C o m p d a Ha Ha
-C h em ica l sh ifts  ( r ) -  

H i H e He Ha Hs J 2,ï J  2,4 Ja, 4
—C o up ling  c o n s ta n ts , cps— 

J4,8 Je ,8 Je ,7 J6,8 J e ,7 Je ,8 J 7,8
2 -A m in o - l,5 -n a p h th y rid in e  (14) . . .  2 .8 3 1 .5 4  . . .  1 .0 2 2 .0 4 1 .5 8 .................... 7 .0 0 .5 4 .0 1 .5  9 .0
2 -A m in o - l,6 -n a p h th y rid in e  (15) . . .  2 .4 0 1 .4 2  0 .5 2  . . . 1 .0 8 1 .7 4 .................... 9 .6 0 .5 0 .8  0 .5 6 .9
8 -A m in o - l ,7 -n a p h th y r id in e  (16) 1 .0 2  2 .1 0 1 .7 5  2 .8 2  2 .3 0 4 .0  1 .9  8 .2 7 .0
2 -A m in o - l,8 -n a p h th y rid in e  (17) . . .  2 .6 7 1 .7 0  1 .4 9  2 .3 1 1 .1 7 .................... 9 .5 8 .0 1 .7 5 .3

0 DTFAA solutions.

T a b l e  III
T o t a l  x - E l e c t r o n  D e n s i t i e s  o f  t h e  N a p h t h y r i d i n e s

/--------------------------------------------------------------------------------------------P o sitio n ------------------------
C om pd 1 2 3 4 5 6 7 8

1,5-Naphthyridine (1) 1.42 0.79 0.99 0.89 1.42 0.79 0.99 0.89
1,6-Naphthyridine (2) 1.44 0.77 1.02 0.83 0.77 1.41 0.86 1.04
1,7-Naphthyridine (3) 1.41 0.78 0.98 0.86 0.99 0.89 1.38 0.81
1,8-Naphthyridine (4) 1.45 0.78 1.02 0.85 0.85 1.02 0.78 1.45
2,6-Naphthyridine 0.79 1.38 0.89 0.99 0.79 1.38 0.89 0.99
2,7-Naphthyridine 0.75 1.41 0.86 1.02 1.02 0.86 1.41 0.75

1.7- Naphthyridine.—-The sole amination product of
1.7- naphthyridine was a monoamino derivative whose 
pmr spectrum is void of the H8 singlet of the starting 
material. The pmr spectrum (Table II) showed the 
typical ABX system expected for H2, H3, and H4. 
In addition to this, an AB system ascribed to H5 and 
H6 was also present. We consequently conclude that 
this compound is 8-amino-l,7-naphthyridine (16). The 
structure of this compound was also proven by its 
unequivocal synthesis from 2,3-diaminopvridine via  
the Skraup reaction. This reaction afforded a com
pound whose physical properties were identical with 
those of the amination product of 1,7-naphthyridine. 
This reaction sequence is outlined in Scheme I,8 p 
1386.

1.8- Naphthyridine.—The amination of 1,8-naphthyri- 
dine (4) again afforded only one monoamino compound. 
The pmr spectrum (Table II) of this crystalline ma
terial was in agreement with that reported by Wibberly 
and Hawes9 for the oily product which they obtained 
from the decarboxylation of 2-amino-l,8-naphthyridine-
3-carboxylic acid. The analysis of the pmr spectrum 
of the amino compound identified it as the 2-amino-
1.8- naphthyridine (17).

Discussion of the Substitution Reactions.—We have 
recently described10 the development of a HMO ni

(8) I t  is of in te re s t  to  p o in t o u t  t h a t  W. C zu b a  [Rocz. Chem ., 41, 289 
(1967)] h as  sh o w n  th a t  one  of th e  p ro d u c ts  of th e  S k ra u p  re a c tio n  on  3,5-d i- 
am in o p y rid in e  is th e  3 -a m in o -l,5 -n a p h th y rid in e .

(9) E . M . H aw es a n d  D . G . W ib b e rly , J .  Chem . Soc., Sect. C, 1564 (1967).
(10) W . W . P a u d le r  a n d  T . J .  K ress, “ S om e A sp ec ts  of th e  C h e m is try  of 

M ono- a n d  D ia z a n a p h th a le n e s ,”  1st I n te rn a t io n a l  C ongress of H e te ro c y c lic
C h em is try , A lb u q u erq u e , N . M ., 1967, in  press.

trogen parameter (an = a ° c  +  1.1/3°) for a series of 
nitrogen heterocyclic compounds. This parameter 
was based on the polarographic half-wave reduction 
potentials of a large number of heterocyclic compounds. 
The total x electron densities, calculated with the aid 
of this parameter, for the various naphthyridines are 
tabulated in Table III.11

These ground-state data suggest that electrophilic 
substitution should occur at position 3 in all of the 1,X- 
naphthyridines. Since the total x-electron densities 
at the 8 position in the 1,6- and the 5 position in the
1.7- naphthyridine are slightly higher than the cor
responding 3 positions, these positions are also ex
pected to be subject to electrophilic attack.

Except for the lack of detection of any 3-bromo-
1.7- naphthyridine all of the expected monobromo (com
pounds 5, 7, 8, 10, 12) and dibromo-l,X-naphthyridines 
(compounds 6, 9, 11, 13) were identified.

The total x-electron densities recorded in Table III 
predict nucleophilic substitution to occur at position 
2 of the l,X-naphthyridines. In addition to this 
position, the 5 position in the 1,6- and the 8 position 
in the 1,7-naphthyridine appear to be possible sites for 
nucleophilic substitution.

With the exception of 1,7-naphthyridine which 
formed the 8-amino compound exclusively, all of the 
other l,X-naphthyridines were aminated at C2.

The use of total x-electron densities to predict the 
sites of substitution in aromatic compounds are gen-

(11) See R . G . S h ep h erd  a n d  J .  L . F e d ric k , A dvan . Heterocycl. C hem ., 4 , 
146 (1965), fo r a n  ex cellen t rev iew  concern ing  th e  r e a c tiv i ty  of az in es  
w ith  nucleoph iles.
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erally only suitable if there are fairly large numerical 
differences between the positions under consideration. 
If the differences are small, these ground-state con
siderations become less applicable and one must utilize 
nonground state calculations.

More sophisticated MO calculations might account 
for the absence of any 3-bromo-l,7-naphthyridine in 
the electrophilic substitution reactions and the 5- 
amino-1,6- as well as 2-amino-l,7-naphthyridine in the 
nucleophilic substitution reactions. The semiempirical 
rules based on resonance theory described by Shepherd 
and Fedrick11 which deal with the Chichibabin ami- 
nation and related reactions unfortunately do not 
permit one to account for the facile formation of the
2-amino-l,6-naphthyridine and the lack of formation of 
any 5-amino derivative other than a possible sta
bility difference between an ortho,ortho-qum oid& l and a 
para,para-quinoidal transition state. Moreover, the 
preferred formation of 8-amino-l,7-naphthyridine over 
the 2-amino-l,7 compound cannot be predicted by 
these rules.

Experimental Section12
General Animation Procedure.—To a dry Carius tube (2 X 60 

cm) was added 25 ml of liquid ammonia, followed by a crystal of 
ferric chloride, and 1.05 g (53 mg-atoms) of freshly cut potassium 
metal. After the evolution of hydrogen had ceased (about 30 
min), 1.09 g (8.45 mmol) of naphthyridine and 1.14 g (11.3 mmol) 
of potassium nitrate were added simultaneously. The tube was 
sealed and allowed to stand at room temperature with occasional 
shaking for 8 days. The cooled tube was opened and a benzene- 
ethanol (1:1) solution (25 ml) was added in small portions. 
When the ammonia had evaporated (about 1 hr), water (25 ml) 
was added, and the organic solvents were removed in vacuo. 
The aminonaphthyridines were then treated as described below.

2-Amino-l,5-naphthyridine (1).—Removal of the organic 
solvents gave a dark brown gummy solid which was sublimed 
at 160° (0.1 mm) yielding 365 mg (33%) of white cubes, mp 196- 
198 (lit.13 204-205°).

(12) T h e  n m r  sp e c tra  w ere  o b ta in e d  w ith  a  V a ria n  A -60 sp e c tro m e te r  
T h e  p u r i ty  of th e  co m p o u n d s w ere  a sc e r ta in e d  b y  th in  la y e r  c h ro m a to g ra p h y  
(s ilica  g e l G , e th e r ) . T h e  m ass  s p e c tra  w ere  d e te rm in e d  w ith  a  H ita c h i 
P e rk in -E lm e r  R M U -6 E  m a ss  s p e c tro m e te r  w ith  th e  l iq u id  sa m p le  in jec tio n  
u n it  a t  200° a n d  th e  io n iz a tio n  v o lta g e  a t  80 eV . E le m e n ta l an a ly ses  w ere 
p erfo rm e d  b y  M rs . K . D eck e r  of th is  d e p a rtm e n t .

2-Amino-l,6-naphthyridine (14).—Removal of the organic 
solvents gave a brown solid which was filtered, dried, and sub
limed at 200° (0.1 mm) affording 402 mg, mp 238-240°, of 
colorless cubes. One additional sublimation did not alter the 
melting point.

Anal. Calcd for C8H,N3: C, 66.19; H, 4.86; N, 29.95. 
Found: C, 66.26; H, 4.81; N, 29.29.

8-Amino-l,7-naphthyridine (16).—Evaporation in vacuo of the 
mixture afforded a brown solid which was collected, dried, and 
sublimed at 180° (0.1 mm) to give 446 mg (56%) of pale yellow 
prisms, mp 165-166°.

Anal. Calcd for C8H,N3: C, 66.19; H, 4.86; N , 28.95. 
Found: C, 65.98; H, 4.80; N, 29.05.

2-Amino-l,8-naphthyridine (17).—The organic solvents were 
removed leaving a brown gum and water. Continuous extraction 
with chloroform (24 hr) gave, after removal of the organic layer, 
a yellow oil which could be converted into a semisolid gum 
after trituration with ether. Heating of the gum at 200° (0.1 
mm) gave 350 mg (30%) of pale yellow cubes, mp 141-142°, on 
the wall of the test tube.

Anal. Calcd for C8H,N,: C, 66.19; H, 4.86; N, 28.95. 
Found: C, 66.25; H, 4.92; N, 28.75.

General Bromination Procedure.-—To an efficiently stirred 
solution of 1.30 g (10 mmol) of naphthyridine in 60 ml of carbon 
tetrachloride was added 2.16 g (12 mmol) of bromine in 6 ml of 
carbon tetrachloride, and the mixture was refluxed for 1 hr. 
Pyridine (0.79 g, 10 mmol) in 10 ml of carbon tetrachloride was 
added over a period of 1 hr to the refluxing solution, and the 
mixture was heated for an additional 12 hr, cooled, and filtered. 
The collected solid was digested with 10% sodium hydroxide 
(100 ml) for 1 hr, and the resulting solution was extracted with 
chloroform. The chloroform solution and the carbon tetra
chloride reaction solution were combined and evaporated in  vacuo, 
affording, in each case, a tan solid which was chromatographed 
on alumina (Brockman grade III) and eluted with 5% ethyl 
acetate in carbon tetrachloride. The various bromonaphthyri- 
dines were then treated in the following manner and are reported 
in the order in which they were eluted from the chromatography 
column.

Bromo-l,5-naphthyridines. 3,7-Dibromo-l,5-naphthyridine
(6) was obtained as needles (306 mg, 10%) from ethanol, mp 
239-240° (lit.6 240-241°). 3-Bromo-l,5-naphthyridine (5), a 
white solid (574 mg, 27%), was recrystallized as needles from 
cyclohexane, mp 106-107° (lit.6 107-107.5°). A total of 576 
mg (43%) of starting material, 1,5-naphthyridine (1), was re
covered.

Bromo-1,6-naphthyridines. 3 ,8-Dibromo-l ,6-naphthyridine
(9).—The white solid (318 mg, 11%) was recrystallized twice 
from ethanol affording needles, mp 187-189°.

(13) W . C zu b a , Ree. Trav. C h in . P a y s-B a s, 82 , 988 (1963).



Anal. Calcd for C8H,N2Br2: C, 33.36; H, 1.40; N, 9.73. 
Found: C, 33.39; H, 1.37; N, 9.63.

3-Bromo-l,6-naphthyridme (7) (372 mg, 18%) was recrystal
lized twice from cyclohexane giving white crystals, mp 125-126°.

Anal. Calcd for C8H5N2Br: C, 45.96; H, 2.41; N, 13.40. 
Found: C, 45.95; H, 2.45; N, 13.23.

8-Bromo-l,6-naphthyridine (8).—Evaporation of the solvent 
gave 473 mg (22.6%) of fine cottony needles from cyclohexane, 
mp 84-86°.

Anal. Calcd for C8H5N2Br: C, 45.96; H, 2.41; N, 13.40. 
Found: C, 45.96; H, 2.51; N, 13.12.

1,6-Naphthyridine (2).—A total of 160 mg (12%) of starting 
material was recovered.

Bromo-l,7-naphthyridines.—The same conditions were used 
as in the general procedure but the amounts were as follows:
1,7-naphthyridine (3), 343 mg (2.6 mmol); bromine, 700 mg 
(3.90 mmol); and pyridine, 240 mg (3.0 mmol).

3,5-Dibromo-l,7-naphthyridine (11).—White crystals [mp 
149-151°, mass spectral molecular weight, 288, with the char
acteristic 1:2:1 ratio (two mass units apart) indicating the pres
ence of two bromine atoms; P, m/e 288 (100%)], were obtained 
in a 27% (16 mg) yield.

Anal. Calcd for C8H4N2Br2: C, 33.36; H, 1.40; N, 9.73. 
Found: C, 33.06; H, 1.26; N, 9.48.

5-Bromo-1,7-naphthyridine (10).—The white solid was sub
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limed at 40° (0.1 mm) affording 140 mg (25%) of small fine 
needles, mp 69-70°.

Anal. Calcd for C8H5N Br: C, 45.96; H, 2.41; N, 13.40. 
Found: C, 45.90; H, 2.57; N, 13.15.

1,7-Naphthyridine (3).—A total of 61 mg (18%) of starting 
material was recovered.

Bromo-l,8-naphthyridines. 3-Bromo-l,8-naphthyridine (12). 
—The white solid was sublimed at 100° (0.1 mm) giving 50 mg 
(4.8%), mp 155-156°, of the monobromo derivative.

Anal. Calcd for C8H5N2Br: C, 45.96; H, 2.41; N, 13.40. 
Found: C, 45.90; H, 2.35; N, 13.30.

3,6-Dibromo-l,8-naphthyridine (13).—The material obtained 
from the chromatographic column was sublimed at 150° (0.1 
mm) affording 6 mg (0.5%) of a wrhite solid, mp 300°.

Anal. Calcd for C„H4N2Br2: C, 33.36; H, 1.40; N, 9.73. 
Found: C, 33.16; H, 1.30; N, 9.48.

8-Amino-l,7-Naphthyridine (16) by the Skraup Reaction.— 
The previously described procedure1 for the preparation of 1,8- 
naphthyridines was employed except that 2,3-diamino- instead 
of 2-aminopyridine was used. The residue obtained on evapora
tion of the chloroform extract of the basic reaction mixture, on 
recrystallization from ethanol, gave 400 mg of a white solid 
(mp 168-169°). A mixture melting point of this solid with 
the amination product of 1,7-naphthyridine was not de
pressed.

F l u o r i n a t i o n  o f  N i t r o a r o m a t i c  A m i n e s  i n  L i q u i d  H y d r o g e n  F l u o r i d e
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A general synthetic procedure has been found for the preparation of previously unreported nitroaromatic di- 
fluoramines. Nitroaromatic monoamines, such as picramide and its analogs, have been converted in high yield 
into the corresponding difluoramines in liquid hydrogen fluoride and in some cases in organic solvent, such as 
acetonitrile. Nitroaromatic diamines and triamines undergo similar fluorination reactions. Dinitro-substi- 
tuted anilines fluorinate in good yield but the amine fluorination is accompanied by ring fluorination ortho to the 
difluoramino group. This reaction and general considerations of aromatic radical stabilization provide evidence 
for a radical mechanism operating in the fluorination reaction. In addition an unexpected product was obtained 
in the fluorination of l,3-dinitro-2,4,6-triaminobenzene, which gave only a small amount of the corresponding 
trisdifluoramine and a major yield of l,3-dinitro-2,4,6-tris(difluoramino)-l,2,3,4,5,6-hexafluorocyclohexane. 
Coupling rather than direct fluorination was obtained with pentafluoroaniline, which yielded bis(pentafluoro- 
phenyl)difluorohvdrazine by a radical mechanism. The nitroaromatic difluoramino group between adjacent 
nitro groups was subject to attack by nucleophiles, such as ammonia and water. The synthesis, reaction, and 
properties of this novel class of compounds are discussed.

There have been relatively few reports of attempts to 
fluorinate amines by direct elemental fluorination.2 
Among the problems encountered in the direct fluorina
tion of amines are the lack of a suitable solvent medium 
and decomposition of the reactants owing to the activity 
of the fluorine. At the least, formation of amine hy
drogen fluoride salts can occur as fluorination proceeds, 
which has on several occasions effectively blocked fur
ther reaction. It was felt that, to circumvent these 
problems, weakly basic amines would be less susceptible 
to salt formation and, if already substituted with nega
tive groups, they would be less susceptible to oxidation. 
It also appeared that fluorination in solution would 
work best, provided reasonable solvation of the starting 
material and product could be obtained. Since picra
mide did not form a salt with hydrogen fluoride, it was 
chosen as an example of a weak base and was fluorinated 
in liquid hydrogen fluoride, which is an excellent sol-

Cl) P re s e n te d  a t  th e  154 th  N a tio n a l M ee tin g  of th e  A m erican  C hem ica l 
S ocie ty , C h icago , 111., S e p t 1967.

(2) F o r  rev iew s on  flu o rin a tio n  of o rg an ic  co m p o u n d s, see R . S tep h e n s  
a n d  J . C . T a tlo w , Q uart. Rev. (L o n d o n ), 16, 57 (1962); J . M . T e d d er, 
A dvan . F lu o rin e  C hem ., 104 (1960).

vent for many nitroaromatic amines. 1-Difluoramino-
2,4,6-trinitrobenzene was obtained in good yield, lead
ing us to study the direct fluorination of a variety of 
nitroaromatic amines to the corresponding nitroaro-

-CH3, -OCH3, -NO,

matic difluoramines, a class of compounds not pre
viously reported. Subsequent research revealed that 
some organic solvents, particularly acetonitrile, were 
useful in many cases and provided media for selective 
fluorinations in solution, a technique not often possible 
to use.

Results and Discussion
The use of HF as a solvent for direct elemental fluori

nation of amines is unique and offers several advantages. 
Anhydrous HF is an excellent solvent for most amines
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and amides. Whereas the amines used in this work are 
not basic enough to allow salt formation, they are 
easily solvated. In addition HF allows the use of a 
much higher concentration of fluorine than that used 
with organic solvents. The low boiling point of HF 
(19°) provides for its easy removal during the reaction 
work-up.

Fluorination of nitroaromatic amines can be carried 
out in acetonitrile, sulfuric acid, and acetic acid, as well 
as in HF. Anhydrous HF and acetonitrile are the pre
ferred solvents since they give a cleaner reaction and 
high yields. Although acetonitrile and fluorine react, 
the products are volatile and are removed during the 
reaction work-up. The choice of solvent depends upon 
the nature of the amine to be fluorinated. Whereas
2,4,6-trinitroaniline and its derivatives can be fluori
nated in HF, acetonitrile, or acetic acid without a 
significant variance in yield, 2,4- and 2,6-dinitroaniline 
must be fluorinated in acetonitrile, since fluorinations 
in HF result in complete decomposition. These com
pounds are basic enough so that partial or complete 
protonation of the amino group occurs in HF and attack 
on the aromatic ring occurs. The basic mononitro- 
anilines and aniline cannot be fluorinated in any solvent; 
in all cases the starting material is destroyed. On the 
other hand, tetranitro- and pentanitroaniline must be 
fluorinated in HF; in acetonitrile they are not soluble 
and no reaction occurs. The solvent properties of HF 
probably account for its success in these cases. 1,5- 
Diamino-2,4-dinitrobenzene and 3,5-diamino-2,4,6-tri
nitrotoluene were consistent with these solvent corre
lations in that they were more soluble and were best 
fluorinated in acetonitrile. The only anomaly found 
was 1,3,5-triamino-2,4-dinitrobenzene, which could be 
fluorinated in HF but not in acetonitrile. This can be 
partially explained by the insolubility of the compound 
in acetonitrile; it is easily soluble in HF. In general, 
acetonitrile is suitable where solubility of the starting 
material presents no problem. Anhydrous HF can 
be used in cases where protonation of the amino group 
does not occur.

A typical reaction procedure consists of dissolving or 
suspending the nitroaromatic amine in a suitable sol
vent and passing a mixture of fluorine in nitrogen 
through the reaction solution until it becomes lightly 
colored, after first passing through a dark colored stage. 
In a few cases the product is insoluble and will precipi
tate. At this point the solvent is removed, leaving the 
difluoramino compound in crude state. Finally, puri
fication is by recrystallization or by liquid chroma
tography using silica gel as the substrate.

When HF is used as solvent, the fluorinations are 
carried out in a Kel-F apparatus. When the solvent 
is acetonitrile, either glass or Kel-F equipment can be 
used. The conditions for the fluorination of each com
pound vary, depending upon the solubility, ease of 
fluorination, etc., of the compound in question. Spe
cific reaction conditions are given in the Experimental 
Section.

In most instances the desired difluoramino compounds 
were obtained in good yield. It can be seen from the 
Experimental Section that nitroaromatic monoamines 
were easily fluorinated and gave in all but one case 
stable difluoramino derivatives. Although difluor- 
aminopentanitrobenzene was prepared and isolated

in crystalline form, it decomposed in air or under nitrogen 
within a few minuses. Its structure was confirmed by 
nmr spectroscopy.

In contrast tc nitroaromatic monoamines, the 
diamines and triamines gave only low yields of difluor
amino compounds, along with decomposition products.
2.4- Bis(difluoramino)-l,5-dinitrobenzene could be pre
pared but had to be separated from its 3-fluoro and 6- 
fluoro derivatives. When this fluorination was run in 
acetonitrile both the 3- and 6-fluoro compounds were 
present; fluorination in HF yielded only the 6-fluoro 
product as a trace impurity. Fluorination of a com
pound with completely substituted positions, such as
3.5- diamino-2,4,6-trinitrotoluene, gave a low yield of 
the bisdifluoramino product. Fluorination of 1,3,5- 
trinitro-2,4-diaminobenzene and l,3,5-trinitro-2,4,6-tri- 
aminobenzene provided only trace amounts of aromatic 
difluoramino products; these were detected by 19F 
nmr spectra of the reaction products, but no compound 
could be isolated. 1,3,5-Triamino-2,4-dinitrobenzene 
(I) gave anomalous results not conforming to the pat
terns established by our other reactions. Fluorination 
of I was unsuccessful in acetonitrile. However, fluori
nation in HF gave a small amount of 1,3,5-tris 
(difluoramino)-2,4-dinitrobenzene (II) and, as the 
major product, the unexpected compound 1,3,5-tris- 
(difluoramino) - 2,4 - dinitro -1,2,3,4,5,6 -hexafluorocyclo-

hexane (III). Since the more basic character of di- 
nitroanilines was used as the rationale for their in
ability to be fluorinated in HF, it is surprising that I 
could be successfully fluorinated. Further, the oc
currence of the cyclohexane compound (III) as the 
major product can only be explained as an addition 
reaction after initial fluorination. Fluorinated de
composition products often were present in reaction 
mixtures in this work, but this was the only case in 
which a stable ring-fluorinated compound was obtained. 
Although it is known that benzene can react with 
fluorine in the gaseous state to give perfluorocyclo- 
hexene,3,4 and with COF3 to give partially fluorinated 
cyclohexane,5 the present case appears to be the first 
instance of ring saturation by fluorine in a liquid 
medium.

2,2'4,4,,6,6,-Hexanitrodiphenylamine afforded an ex
ample of a nonbasic secondary amine. Fluorination 
in acetonitrile gave the desired 2,2',4,4',6,6'-hexanitro- 
diphenylfluoramine but the fluorination did not proceed 
in HF. It decomposes within a few days when stored

(3) N . F u k a h a ra  a n d  L. A. B igelow , J .  A m er. Chem . Soc., 63, 2792 (1941 ).
(4) A. R . G ilb e tt  a n d  L. A. B igelow , ib id ., 72, 2411 (1950).
(5) J .  A. O live r a n d  R . S tev en s. J .  Chem. Soc., 5491 (1965).
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at room temperature but is stable for several months at 
- 1 8 ° .

Pentafluoroaniline provided an example of a nonbasic 
aromatic amine not containing a nitro group. Fluori
nation of this compound yielded as the major product 
the coupled compound bis(pentafluorophenyl)difluoro- 
hydrazine (VI) and a trace of pentafluorodifluoramino- 
benzene (V).

The fluorination of 2,4,6-trinitroacetanilide was 
studied briefly to determine whether substituted amines 
offered any advantage in yield and cleanliness of reac
tion over free bases. Fluorination in HF afforded
l-difluoramino-2,4,6-trinitrobenzene in 60-75% yield. 
The reaction proceeded in the same manner as with 
picramide and no special advantages were noted. 
However, it is believed that N-acetyl derivatives can 
be used in place of the parent amine with no loss of ef
ficiency.

The rate and completeness of these fluorinations in 
solution have not permitted the isolation of intermediates 
for mechanism studies. Also, whether the fluorination 
reaction is a radical process or a direct attack of ele
mental fluorine by an ionic process has not been possible 
to determine definitely. However, since considerable 
evidence has been reported substantiating a radical 
mechanism for other fluorination reactions and satis
factorily answers all questions arising in the present 
work, we favor it at this time. For example, the 
fluorination of picramide and of other analogs would 
take place through abstraction of the amine hydrogen 
by fluorine radical, followed by fluorination, and a 
second hydrogen abstraction and fluorination.

Similarly ring fluorination always occurs by a radical 
reaction when the position ortho to the amino group is 
unsubstituted. Thus, Vlla-c when fluorinated gave 
the normal difluoramino derivatives, VHIa-c, plus 
significant quantities of o-fluoro products, IXa-c.

Vila, R = H V illa , R = H IXa, R = H
b, R =  F b, R = F b, R = F
c, R = NH2 c, R = NF2 c, R = NF2

Fluorination of the ortho positions can occur through 
the reaction of intermediate stabilizing radicals such as 
X  or XI shown below with fluorine followed by ab
stractions of the ortho hydrogen and continued fluorina

tion of the amine group. The radical mechanism is 
further supported by the fact that bis(pentafluoro- 
phenyl)difluorohydrazine (VI) is the major product 
from the flucrination of pentafluoroaniline (IV). This 
product undoubtedly arises from coupling of two hexa- 
fluoroanilyl radicals. Although no coupling products 
were observed in nitroaromatic amine fluorinations, it 
seems reasonable that the greater stability of the cor
responding radical intermediates, more delocalization of 
the radical site, and possible steric interferences would 
not favor the coupling reaction.

Whereas the radical mechanism is favored, the direct 
attack of elemental fluorine upon the amines giving rise 
to stable anions such as X II should not be discounted.

NHe

A reaction scheme similar to that for the radical mecha
nism is quite possible. It is consistent with all ques
tions arising from this work except for the presence of 
the one coupled product (VI).

A short study of the reactions of nitroaromatic di
fluoramino compounds was carried out using 1- 
difluoramino-2,3,4,6-tetranitrobenzene (XIII) as a 
model compound. When 2 equiv of ammonia were 
allowed" to react, the product was tetranitroaniline 
(XIV). Addition of an excess of ammonia to XIII 
gave l,3-diamino-2,4,6-trinitrobenzene (XV). Thus

the difluoramino group is more easily displaced than 
nitro by nucleophilic attack. It was also found that the
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nitroaromatic diiluoramino groups were slowly hy
drolyzed by water. When l-difluoramino-2,4.6-tri
nitrobenzene was dissolved in 75% aqueous aceto
nitrile and the increase in picric acid was followed by 
ultraviolet analysis, it was found that at ambient tem
perature the diiluoramino group was slowly hydrolyzed. 
Hydrolysis was essentially complete after 12 days.

The nmr spectra of the aromatic difluoramines have 
very sharp NF2 peaks occurring in the <p —60 to 
— 68 region. The range of chemical shifts was found 
to be quite narrow, and substitution influenced the 
degree of shift only by a small amount. For com
parison, the nmr data of the aromatic difluoramines is 
listed in the experimental section. It can be seen that 
when an NF2 group occurs between two nitro groups, 
the range of chemical shift is <p —61.3 to —63.5, whereas 
an NF2 group between a fluoro and a nitro group gives 
shifts in the ¡p —62.6 to —63.4 region. When the 
NF2 group is flanked by a nitro group and a proton, the 
range is <p —65.8 to —68.3. This generality, along 
with splitting patterns, has been found useful for the 
identification of mixtures of products from fluorination 
reactions involving nitroaromatic amines. Definite 
splitting patterns occur between diiluoramino groups 
and ortho substituents. The coupling constant for di- 
fluoramino groups and fluorine atoms is about 21 cps 
and for protons about 2 cps. In one case, l,3-bis(di- 
fluoramino)-2,4-dinitrobenzene, coupling occurs be
tween diiluoramino fluorines and a proton in the m eta  
positions five bonds removed; a value of about 1 cps 
was determined for this interaction.

Experimental Section
Melting points and boiling points are uncorrected. Ele

mental analyses were determined by Stanford University Micro- 
analytical Laboratory. Infrared spectra were run on a Perkin- 
Elmer Infracord spectrophotometer, and nmr analyses were per
formed on a Varian HA-100 spectrometer. All r and ip values 
for the nmr spectra are reported with respect to tetramethylsilane 
and fluorotrichloromethane as internal standards. Since many 
of the compounds prepared in this work are derivatives of tri
nitrobenzene, they possess the characteristics of high explosives. 
Although no hazardous incidents have occurred in the present 
work, we advise that these compounds be handled with caution. 
The use of plastic in place of metal equipment is recommended.

l-Difluoramino-2,4,6-trinitrobenzene.—A 2.0-g sample of
2,4,6-trinitroaniline was dissolved in 50 ml of anhydrous HF in 
a Kel-F reactor and fluorinated by bubbling a stream of 60% F2 
in N2 (62 cc/min) through the solution for 3 hr at -5 -0 ° .  As 
the fluorination proceeded a yellow solid precipitated from the 
reaction mixture. The solvent was removed by entrainment in 
N2, leaving a yellow crystalline solid. This was immediately 
taken up in CH2C12 and treated with NaF; the solvent was re
moved, leaving 2.04 g of crude l-difluoramino-2,4,6-trinitro- 
benzene (crude yield, 88%). This was further purified by means 
of a silica gel column using chloroform as eluent. Elution of the 
desired compound was detected by spraying a spot of eluate on 
filter paper with a 0.1% solution of N,N,N',N'-tetramethyl-p- 
phenylenediamine dihydrochloride (TMPDA reagent) in 50% 
methylene chloride and ethanol.6 The spot turned blue im
mediately and slowly changed to yellow over a 2-min period. 
Removal of solvent yielded 1.73 g of l-difluoramino-2,4,6-tri
nitrobenzene as a light yellow crystalline solid, mp 69°, yield 
75%. Anal. Calcd for C6H2N40 6F2: C, 27.27; H, 0.77; N, 
21.21. Found: C, 27.22; H, 0.89; N, 20.91.

Picramide can also be fluorinated in acetonitrile and acetic acid 
in yields of 74 and 64%, respectively.

l-Difluoramino-2,6-dinitrobenzene.—A 0.6-g sample of 2,6-

(6) A method developed by M. J. Cziesla, Naval Ordnance Station,
Indian Head, Md., private communication, Feb 21, 1964.

dinitroaniline was dissolved in 15 ml of acetonitrile and was 
fluorinated at —10 to —5° with a stream of 15% fluorine in ni
trogen for 55 min or until the color of the solution changed from 
orange to yellow. The reaction solution was then poured into 15 
ml of diethyl ether and treated with activated charcoal, and the 
solvent was evaporated, leaving 0.81 g of an orange semisolid. 
This was taken up in 2 ml of chloroform and passed through a 
silica gel column using chloroform as solvent. The eluate col
lected gave a blue to yellow test with the TMPDA reagent.6 The 
solvent was then removed in vacuo, leaving 0.39 g of a yellow 
crystalline solid, mp 76-80°. Recrystallization from a 50% 
chloroform-hexane mixture yielded light yellow needles, mp
91-93°. This compound was identified as l-difluoramino-2,6- 
dinitrobenzene by nmr, infrared, and elemental analyses. Anal. 
Calcd for C6H3F2N30 4: C, 32.86; H, 1.38; N, 19.18. Found: 
C, 32.61; H, 1.53; N, 19.19.

3-Difluoramino-2,4,6-trinitrotoluene.—A 0.50-g sample of 3- 
methyl-2,4,6-trinitroaniline dissolved in ~ 4 5  ml of anhydrous 
hydrogen fluoride was fluorinated with a stream of 46% fluorine 
in nitrogen (56 cc/min) for 30 min at —4 to —6°; a yellow solid 
precipitated during the fluorination. The solvent was removed, 
leaving a yellow crystalline solid. This was dissolved in chloro
form, filtered to remove a small amount of insoluble material, and 
treated with sodium fluoride; the solvent was removed in vacuo, 
leaving 0.51 g of a yellow crystalline solid, mp 105-107°. Re
crystallization from a chloroform-hexane mixture yielded 0.45 
g (78% of theory) of a light yellow crystalline solid, mp 111°, 
which was identified as 3-difluoramino-2,4,6-trinitrotoluene by 
elemental analyses and infrared and nmr spectra. Anal. Calcd 
for C-H4F2N40 6: C, 30.22; H, 1.45; 20.15. Found: C,
30.22; H, 1.35; N, 20.11.

When acetonitrile was used as solvent for this fluorination at 
— 5°, the product was obtained in a 61% yield.

l-Difluoramino-2,4-dinitrobenzene.—Fluorination and isola
tion procedures were the same as for l-difluoramino-2,6-dinitro
benzene. The product was a light yellow liquid which contained 
about 10% l-difluoramino-6-fluoro-2,4-dinitrobenzene. Anal. 
Calcd for a 9:1 mixture: C, 32.60; H, 1.32; N, 19.02. Found:
C, 32.72; H, 1.45; N, 18.90.

l-Difluoramino-5-fluoro-2,4-dinitrobenzene.—Preparative pro
cedure was the same as for l-difluoramino-2,6-dinitrobenzene. 
The product was a light yellow crystalline solid, mp 51°. An 19F 
nmr spectrum showed the presence of a trace amount (<5%) of 
l-difluoramino-5,6-difluoro-2,4-dinitrobenzene. Anal. Calcd for 
C6H2F3N30 4: C, 30.37; H, 0.85; N, 17.73. Found: C, 
30.09; H, 0.95; N, 17.80.

3-Difluoramino-2,4,6-trinitroanisole.—Reaction procedure was 
the same as that for 3-difluoramino-2,4,6-trinitrotoluene. The 
product was obtained in 77% yield as a yellow liquid. Anal. 
Calcd for C7H4F2N40 7: C, 28.58; II, 1.36. Found: C, 
28.03; H, 1.35.

l-Difluoramino-2,3,4,6-tetranitrobenzene.—Reaction proce
dure was the same as that for l-difluoramino-2,4,6-trinitrobenzene 
except that no external cooling was used (bp HF, + 19°). The 
product was obtained in 75% yield as a yellow crystalline solid, 
mp 84°. Anal. Calcd for C6HF2N60 8: C, 23.32; H, 0.33; 
N, 22.66. Found: C, 23.45; H, 0.60; N, 22.86.

When the fluorinaticn was run in acetonitrile at 0° a yield of 
only 30% was obtained.

Difluoraminopentanitrobenzene.—Reaction procedure was the 
same as that for picramide except that no external cooling was 
used. The product was stable only in solution and could be de
tected by its nmr spectrum. When solvent was removed under 
nitrogen, large orange crystals appeared; however, after a few 
minutes these became an orange viscous oil.

3,5-Bis(difluoramino)-2,4,6-trinitrotoluene.—Reaction proce
dure was the same as that used for l-difluoramino-2,6-dinitro
benzene. The product was obtained in 10% yield as a yellow 
crystalline solid, mp 143-145°. Anal. Calcd for C7H3F4N50 6: 
C, 25.56; H, 0.91; N, 21.28. Found: C, 25.39; H, 1.00;
N, 21.41.

3-Difluoramino-5-chloro-2,4,6-trinitrotoluene.—Reaction pro
cedure was the same as that used for l-difluoramino-2,6-dinitro
benzene. The product was obtained in 16% yield as a yellow 
crystalline solid, mp 149-153°. Anal. Calcd for C7II3C1F2- 
N40 6: C, 26.88; H, 0.97; N, 17.93. Found: C, 27.27; II, 
1.19; N, 18.18.

2,2',4,4',6,6 '-Hexanitrodiphenylfluoramine.—Reaction pro
cedure was the same as that used for l-difluoramino-2,6-dinitro
benzene. The product was obtained in 54% yield as an orange
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crystalline solid, mp 102-105° dec. Anal. Calcd for CuH«- 
FN ,012: C, 30.26; H, 0.85. Found: C, 30.69; H, 0.98.

Fluorination of l,5-Diamino-2,4-dinitrobenzene.—A 1.50-g 
sample of l,5-diamino-2,4-dinitrobenzene was suspended in a 50 
ml of acetonitrile and fluorinated at 0° with a stream of 20% 
fluorine in nitrogen (58 cc/min) for 105 min or until all of the solid 
starting material had dissolved and the solution turned light 
yellow. The reaction mixture was then poured into 100 ml of 
diethyl ether and treated with sodium fluoride, and the solvent 
was removed in vacuo, leaving 2.70 g of an orange liquid. This 
was dissolved in 1 ml of benzene and passed through a silica gel 
column using benzene as solvent. The eluate which was collected 
gave a positive difluoramino test with the TMPDA reagent. 
The solvent was removed, leaving 0.53 g of a light yellow semi
solid. Recrystallization from a solution of 40% ether in hexane 
yielded 0.42 g of a yellow crystalline solid, mp 85° to 93°. An 
nmr spectrum of the solid showed that it consists of approxi
mately 60% l,5-bis(difluoramino)-2,4-dinitrobenzene, A, and 
40% l,5-bis(difluoramino)-2,4-dinitro-6-fluorobenzene, B. A 
trace of l,5-bis(difluoramino)-2,4-dinitro-3-fluorobenzene was 
also present.

The two major components were separated and purified by 
passing the mixture through a silica gel column using a solution 
of 40% benzene in hexane as eluent. Product B eluted first, 
closely followed by A. However, they could be differentiated 
by using the TMPDA reagent, since product A gave a darker 
yellow spot than product B. Removal of solvent left pure sam
ples of 0.24 g of A, mp 112°, and 0.16 g of B, mp 122°. Both 
products could be recrystallized from a 50% mixture of chloro
form in hexane. Anal. Calcd for C6H2F4N4O4 (A): C, 26.67;
H, 0.75; N, 20.76. Found: C, 26.42; H, 0.75; N, 21.17. 
Anal. Calcd for CeHFsNA (B): C, 25.02; H, 0.35; N, 
19.45. Found: C, 25.01; H, 0.44; N, 19.59.

Fluorination of l,3,5-Triamino-2,4-dinitrobenzene.—A 0.8 g 
sample of 1,3,5-triamino-2,4-dinitrobenzene was dissolved in 40 
ml of anhydrous HF and fluorinated at — 38° with a stream of 70% 
fluorine in nitrogen for 115 min or until the color of the reaction 
solution changed from orange to light yellow. The solvent was 
removed by entrainment in nitrogen, and the resulting green 
liquid was taken up in methylene chloride; this was treated with 
activated charcoal and the solvent was removed in vacuo, leaving
I . 12 g of a light green liquid. This liquid was dissolved in chloro
form and passed through a silica gel column using chloroform as 
solvent. The eluate was collected in two portions; one (A) gave 
a blue to yellow test with the TMPDA reagent, and the second 
portion (B) gave a spot which remained blue. Removal of sol
vent from A left 0.09 g of a light yellow solid, mp 46-53°. Re
crystallization from a chloroform-hexane mixture gave a light 
yellow crystalline compound melting at 54-56°; this was 1,3,5- 
tris(difluoramino)-2,4-dinitrobenzene. Anal. Calcd for CeH- 
F6N50 4: C, 22.44; H, 0.31; N, 21.82. Found: C, 22.18; 
H, 0.39; N, 22.20.

Evaporation of the solvent from fraction B left 1.02 g of a pale 
blue liquid which was tentatively identified as l,3,5-tris(difluor- 
amino) -2,4 - dinitro -1,2,3,4,5,6- hexafluorocyclohexane arising 
from the saturation of the benzene ring of product A by fluorine. 
Elemental analysis and infrared and nmr spectra support this 
conclusion. Anal. Calcd for C0HF12N5O4: C, 16.56; H, 
0.23; N, 16.10. Found: C, 16.91; H, 0.2; N, 15.57.

An 19F spectrum of this product in C D C I 3 showed the data 
listed in Table I.

Nmr Data for Aromatic Difluoramino Compounds.—Listed 
below are the nmr data for the difluoramino nitroaromatic com
pounds synthesized in this work. The spectra were run on a 
Varian HA-100 spectrometer and all ip and r values are reported 
with respect to CFC13 and TMS, respectively. Where no desig
nation of splitting pattern is mentioned, the signal is a singlet.

l-D ifluoram ino-2,4-dinitrobenzene showed an absorption at 
<p - 6 6 .9  (-NF2). l-D ifluoram ino-2,4-dinitro-6-fluorobenzene

T a b l e  I
P eak , <p A ssignm en t R e la tiv e

— 23.9, multiplet 1,3,5-NF2 6
111.5, doublet of multiplets 6-CF 1
128.1, broad singlet 1,5-CF 2
151.0, triplet 3-CF 1
157.9, broad singlet 2,4-CF 2

had signals at <p —62.6 (-NF2), doublet, J n f .f  = 22 cps; +102.3 
(-F), triplet of doublets, J f .n f  = 21 cps, J f .h  = 10 cps. 1-Di- 
fluoramino-2,4-dinitro-5-fluorobenzene had signals at ip —65.8 
(-NF2); +103.2 (-F), multiplet; r 1.21 (-H, 3), doublet, 7 
cps; 2.04 (-H, 6), doublet to triplets, J h ,f  = 10 cps, J h ,n f  = 
~ 1 .5  cps. l-Difluoramino-2,4-dinitro-5,6-difluorobenzene had 
signals at v  -6 2 .7  (-NF2), doublet, J Nf .f  = 21 cps; +126.5 
(-F, 5), doublet, J f .f  = 21 cps; +123.9 (F, 6), quartet, J  = 
21 cps. l-Difluoramino-2,6-dinitrobenzene showed absorptions 
at <p —63.5 (-NF2); t 2.02 (H, ring). l-Difluoramino-2,4,6- 
trinitrobenzene had signals at <p —62.1 (-NF2); t 1.08 (H, ring).
l,5-Bis(difluoramino)-2,4-dinitrobenzene showed absorptions at 
ip —68.3 (-NF2); r 1.51 (H, 3), quintet, J h .n f  = ~ 1  cps; 1.35 
(H, 6), quintet, J h .n f  = ~ 2  cps. l,5-Bis(difluoramino)-2,4- 
dinitro-6-fluorobenzene had signals at <p —63.4 (-NF2), doublet, 
J n f .f  = 21.5 cps; +104.2 (-F), quintet, J f .n f  = 21.5 cps; 
r 2.72 (-H), singlet. l,5-Bis(difluoramino)-2,4-dinitro-3-fluoro- 
benzene had signals at ¡p —67.4 (-NF2), singlet; 102.6 (-F), sin
glet. 3-Difluoramino-2,4,6-trinitrotoluene had signals at p
— 62.8 (~NF2); t 7.42(-CH3); 1.48 (-H, ring). 3-Difluoramino-
2.4.6- trinitroanisole showed absorptions at <p —61.8 (-NF2);
t 5.96 (-CH3); 1.50 (-H, ring). l-Difluoramino-2,3,4,6-tetra- 
nitrobenzene had signals at <p —61.3 (-NF2); r 1.22 (-H, ring). 
l-Difluoramino-2,3,4,5,6-pentanitrobenzene, 3-difluoramino-5- 
chloro-2,4,6-trinitrotoluene, and 3,5-bis(difluoramino)-2,4,6-tri
nitrotoluene had signals at <p —62.0 (-NF2), —62.5 (-NF2), 
and —62.5 (-NF2), respectively. l,3,5-Tris(difluoramino)-
2,4-dinitrobenzene showed absorptions at <p —63.5 (-NF2, 1);
— 68.2 (-NF2, 3, 5). N-fluoro-l,l',2,2',3,3'-hexanitrodiphenyl- 
amine had a signal at ip —15.4 (-NF).

Registry No.—Hydrogen fluoride, 7664-39-3; aceto
nitrile, 75-05-9; II, 15892-90-7; III, 15815-99-3; 
XIII, 15733-90-1; l-difluoramino-2,4-dinitrobenzene, 
15733-91-2 ; 1 -difluoramino-2,4-dinit ro-6-fluorobenzene, 
15733-92-3 ; l-difluoramino-2,4-dinitro-5-fluorobenzene, 
15733-93-4 ; l-difluoramino-2,4-dinitro-5,6-difluoroben- 
zene, 15734-01-7; l-difluoramino-2,6-nitrobenzene, 
15733-94-5; l-difluoramino-2,4,6-trinitrobenzene, 15733-
96-7; l,5-bis(difluoramino)-2,4-dinitrobenzene, 15733-
95-6 ; 1,5 - bis (difluoramino) - 2,4 - dinitro - 6 - fluoroben-
zene, 15733-97-8; l,5-bis(difluoramino)-2,4-dmitro-
3-fluorobenzene, 15733-98-9; 3-difluoramino-2,4,6- 
trinitrotoluene, 15734-02-8; 3-difluoramino-2,4,6-tri- 
nitroanisole, 15733-99-0; l-difluoramino-2,3,4,5,6-pen- 
tanitrobenzene, 15734-00-6; 3-difluoramino-5-chloro-
2.4.6- trinitrotoluene, 15735-52-1; 3,5-bis(difluoramino)-
2.4.6- trinitrotoluene, 15816-00-9; 2,2',4,4',6,6'-hexa-
nitrophenylfluoramine, 15816-01-0.
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Phosphorus pentafluoride is shown to react with primary amines to give a variety o: products depending upon 
the amine, solvent, and reaction conditions. An adduct was isolated from aniline, 2,6-dimethylaniline, and 
re-propylamine but could not be isolated from 2,6-diethylaniline or isopropylamine under the mildest conditions 
employed (0-10°) in heptane or benzene. Disproportionation of the adduct from aniline and re-propylamine in 
the presence of phosphorus pentafluoride gave the corresponding amine hexafluorophosphate salt and diaza- 
diphosphetidine. Disproportionation of the adduct from more hindered amines such as 2,4-dimethylaniline,
2,6-dimethylaniline, and 2,6-diethylaniline gave the corresponding amine hexafluorophosphate salt and amino- 
phosphorus tetrafluoride. Addition of triethylamine (or other tertiary amine) to the reaction of primary amines 
with phosphorus pentafluoride causes formation of diazadiphosphetidines from hindered as well as unhindered 
amines, with formation of the tertiary amine hexafluorophosphate salt. The infrared and 19F nmr spectra are 
discussed for certain of the products. Dehydrofluorination of ammonia-phosphorus pentafluoride with tri
ethylamine or diisopropylethylamine-phosphorus pentafluoride gives small yields of phosphonitrilic fluorides 
but the major product is an incompletely dehydrofluorinated oil.

This paper reports that portion of a general study 
of the dehydrofluorination of metalloid fluoride- 
amine systems involving the reactions of phosphorus 
pentafluoride with primary amines. Phosphorus pen
tafluoride is known to be a strong Lewis acid and thus 
to form adducts with Lewis bases.2 These adducts are 
generally less stable than the corresponding boron 
trifluoride adducts possibly because of crow'ding around 
the phosphorus atom in the hexacoordinated state. 
The literature on phosphorus pentafluoride, as thor
oughly reviewed by Schmutzler,3’4 contains very 
little on the reaction of phosphorus pentafluoride and 
primary amines in marked contrast to the well-studied 
reactions of primary amines with phosphorus penta- 
chloride.5 Several primary amine adducts of phos
phorus pentafluoride were reported6 as curing agents 
for epoxy resins but synthetic and structural details 
are lacking. Phosphorus pentafluoride has been re
ported recently7 to react with secondary amines ac
cording to eq 1. Tertiary amines form adducts with

RiNH +  PF5 — >-
R2NPF4 or (R2N)2PF3 +  R2NH2 +PF<t  (1)

phosphorus pentafluoride but these are often highly 
dissociated.2

Our research shows that phosphorus pentafluoride 
reacts with primary amines (at times in the presence 
of a tertiary amine) to give 2,2,2,4,4,4-hexafluoro-2,2,4,4- 
tetrahydro-1,3- diorgano -1,3,2,4 - diazadiphosphetidines 
(I), hereafter termed the cyclic dimer for simplicity, 
aminophosphorus tetrafluorides (II), and amine hexa
fluorophosphate salts (HI), depending upon re
action conditions described later. There were in
dications that products such as (RNH)BPF5_n and 
RNH3+PF5NHR~ may be formed but these were not

(1) (a) J .  J . H a rr is  a n d  B . R u d n e r , J .  A m er. C hem . Soc., 90, 515 (1968), 
is  co n sid e red  p a r t  I . (b) J .  J .  H a rr is  a n d  B . R u d n e r , A b s tra c ts , 147 th  N a 
tio n a l M ee tin g  of th e  A m erican  C hem ica l S oc ie ty , P h ila d e lp h ia , P a ., A p ril 
1964, p  25L . (c) T o  w hom  in q u iries  sh o u ld  b e  ad d ressed .

(2) E . L . M u e tte r tie s , T . A. B ith e r , M . W . F arlo w , a n d  D . D . C offm an , 
J .  Inorg . N ucl. Chem ., 16, 52 (1960).

(3) R . S ch m u tz le r, A dvan . F luorine Chem ., 5 , 3 1 -287  (1965).
(4) R . S ch m u tz le r, A ngew . Chem. In te rn . E d . E ng l., 4 , 496 (1965).
(5) R . A. S haw , B . W . F itz sim m o n s , a n d  B . C . S m ith , Chem . Rev., 62, 247 

(1962).
(6) L . C . C ase  a n d  W . E . W h ite , P olym er P rep rin ts , 6, 564 (1965).
(7) D . H . B row n, G . W . F ra s e r , a n d  D . W . A . S h a rp , J .  Chem. Soc., Ser. A ,  

171 (1966).

rnhpf4 rnh3+pf8"
h in

characterized. The cyclic dimer (R = Ph) was also 
formed by dehydrofluorination of aniline-phosphorus 
pentafluoride with the adduct of boron trifluoride 
and diisopropylethylamine.

Amine hexafluorophosphate salts are wrell known, 
although there are surprisingly few7 reports of such 
salts of primary amines. There are no reports of pri
mary aminophosphorus tetrafluorides in the literature. 
The cyclic dimer is well knowm for the corresponding 
phosphorus chlorine compounds5 and there have been 
scattered reports of the fluorinated cyclic dimer. The 
fluorinated cyclic dimer has been prepared previously 
by (1) the reaction of phosphorus pentafluoride with 
heptamethyldisilazane,8 (2) the fluorination of the 
chlorinated dimer,9 or (3) the reaction of trimethyl- 
amine, methylamine, and phosphorus pentafluoride.9 
Procedure 3, which is analogous to our reactions using 
triethylamine, has not appeared in the published lit
erature and became known to us after our research 
was completed.4

Results
A.—The reaction of phosphorus pentafluoride with 

primary amines is not so straightforward as the reaction 
of boron trifluoride with primary amines. Whereas 
boron trifluoride and amines almost invariably give 
the simple adduct,10 the product isolated from the re
action of phosphorus pentafluoride and primary 
amines depends upon the amine and reaction conditions 
employed.

Isolation of the adduct required the proper combina
tion of reaction time, temperature, and poor solvent for

(8) R . S ch m u tz le r, Chem. C om m ., 19 (1965).
(9) P . H aase m a n n , P h .D . D is se r ta tio n , T e ch n isch e  H ochschu le , S tu t tg a r t ,  

G e rm an y , 1963.
(10) N . N . G reenw ood  a n d  R . L . M a r tin , Q uart. Rev. (L o n d o n ), 8 , 1 

(1954).
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the adduct, rapid addition of phosphorus pentafluoride, 
and/or less than stoichiometric quantities of phos
phorus pentafluoride. The reaction with aniline was 
studied in some detail. At 6° the adduct was formed 
with very little side reaction upon either slow or rapid 
addition of phosphorus pentafluoride to the reaction 
mixture. However, at 25° rapid addition of phosphorus 
pentafluoride was necessary to minimize reaction of the 
adduct with excess aniline. Reaction of the adduct 
with aniline is postulated to occur according to eq 2 
and 3.

RNH2• PF5 +  RNH2 — >- RNH3 +RNHPF6-  (2)
3RNH2 -PF5 +  RNH2 — >- 2RNH3 +PF6-  +  (RNH)2PF3 (3)

The aniline adduct could not be isolated when a 
marked deficiency of phosphorus pentafluoride was 
added and if the mixture was stirred several hours 
before work-up. Similarly the isolated aniline adduct 
was shown to react at 25° with excess aniline. The 
aniline adduct was similarly reactive when stirred at 
25° in phosphorus pentafluoride which appeared to 
catalyze its disproportionation according to eq 4.

PFs
6 RNH2 -PF5 — >- (RNPF3 ) 2 +  4RNH3 +PF6- (4)

n-Propylamine also reacted according to eq 4 in 
excess phosphorus pentafluoride. The impure adduct 
was isolated when a stoichiometric quantity of phos
phorus pentafluoride was used. Side reactions ac
cording to eq 2 and 3 were indicated. No adduct was 
isolated from the isopropylamine; reactivity ac
cording to eq 2 or 3 was indicated.

The hindered amines 2,6-diethyl- or 2,6-dimethylani- 
line reacted in a more straightforward manner. Al
though no adduct could be isolated from 2,6-diethylani- 
line, a product postulated to be the adduct was formed 
from 2,6-dimethylaniline by using a deficiency of 
phosphorus pentafluoride, a poor solvent for the adduct 
(heptane), and a short reaction time, and immediate 
separation of the adduct. Both amines reacted with 
either an excess or a deficiency of phosphorus pentafluo
ride according to eq 5. The adduct from these highly

2RNH2 +  2PF5 — > RNH3 +PF6-  +  RNHPF4 (5)

hindered amines then is not reactive toward excess 
amine, probably because of steric effects. Cyclic 
dimer is not formed even when the reaction mixture 
is refluxed for several hours. Failure to isolate the 
cyclic dimer does not arise from steric instability of 
the cyclic dimer since the cyclic dimers are formed in 
high yield in presence of tertiary amines as described 
later. Consequently, the lack of cyclic dimer forma
tion must indicate an inability of the intermediate 
anilinophosphorus pentafluoride to react with itself 
or with adduct to form cyclic dimer.

B.—Mixtures of primary amines and tertiary amines 
(usually triethylamine) in benzene react with phos
phorus pentafluoride according to eq 6. The reaction, 
as indicated by isolation of triethylammonium hexa- 
fluorophosphate and soluble dehydrofluorination prod
uct, is almost quantitative. Small quantities of
2RNH2 +  4Et3N +  6 PF5 ---->

(RNPF3 ) 2 +  4Et3NH+PF6-- (6 )

partially dehydrofluorinated product RNHPF4 were 
found at times. The cyclic dimer is formed from all

primary amines investigated even those with high 
steric requirements. Unhindered primary amine phos
phorus pentafluoride adducts give, in nearly quanti
tative conversion, approximately equal quantities of 
cyclic dimer and higher condensation products. By 
contrast, the hindered 2,6-diethylaniline gives nearly 
quantitative yield of cyclic dimer. The greater yield 
of cyclic dimer from the sterically hindered amines 
reflects either the greater steric resistance to the for
mation of larger rings or linear chains or steric resis
tance to the condensation of the cyclic dimer with ex
cess amine according to eq 7. Thus cyclic dimer

R
I

/ N\
f 3p p f 3

tt

R

R

RNH, —►
N J i

F;,p; P—NHR
\  /

R
R R

À  /■
1

F\  / N\
’ P------

V ”1
\ \

R N

R R

dimer

(7)

(R = Ph) was shown to react with aniline to give higher 
condensation products. By contrast the cyclic dimer 
from 2,6-diethylaniline was recovered unchanged after 
being refluxed in benzene with excess 2,6-diethylani
line.

A detailed study of the efficiency of different tertiary 
amines was not made. Triethylamine was used in 
most instances. The relatively low melting point of 
the by-product triethylammonium hexafluorophosphate 
was a disadvantage in some instances since the salt 
served as a solvent for the dehyrofluorination product. 
In this respect diisopropylethylamine, which forms a 
much higher melting salt, gave much less trouble. 
Presumably other tertiary or secondary amines would 
function as *he dehydrofluorinating agent.

C. —Dehydrofluorination was caused by amine com
plexes of other metalloid fluorides. Thus aniline phos
phorus pentafluoride is dehydrofluorinated by the 
adduct of diisopropylethylamine boron trifluoride to 
give the cyclic dimer and other dehydrofluorination 
products.

D. —An attempt to dehydrofluorinate the o-phenyl- 
enediamine phosphorus pentafluoride adduct with 
triethylamine phosphorus pentafluoride, to give phos- 
phobenzimidazole derivatives of type IV analogous to 
borabenzimidazole derivatives, was not successful. 
Although dehydrofluorination occurred, no well-defined 
aromatic products could be isolated.

IV

E.—-Dehydrofluorination of ammonia-phosphorus 
pentafluoride with either the triethylamine or diiso
propylethylamine adducts of phosphorus pentafluoride
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gives somewhat variable results. At times small yields 
of phosphonitrilic fluorides (NPF2)n are obtained. 
However, the main product is an oil not readily sep
arated from the by-product Et3NH+PF6 salt. This 
oil had strong absorption at 1280-1250 and at 910-930 
cm-1. The oil likely contained incompletely dehydro- 
fluorinated NH3-PFS products, perhaps of the type 
-(-NHPF3-)-. Since intermediate products of the type 
NH2PF4 may be volatile, more vigorous reactions in 
sealed systems is indicated.

Discussion
In summary the reaction of phosphorus pentafluoride 

with primary amines is relatively complex, particularly 
for nonhindered amines. The complexity of the re
actions as described is probably due at least in part 
to the manner in which the reactions were run since 
the phosphorus pentafluoride was added to the amine, 
meaning that excess amine was present during most 
of the reaction. The reaction products from aniline, 
e.g., adduct or cyclic dimer, were shown to be re
active to excess aniline. Similar reactivity of other 
primary amines such as n-propylamine was indicated. 
Thus revising the experimental setup so that primary 
amine is not present with the reaction products should 
give more straightforward results. Thus amine might 
be added slowly to a solution of the phosphorus penta- 
fluoride-tetrahydrofuran adduct (or other suitable 
source of phosphorus pentafluoride).

No attempt was made to prepare and identify prod
ucts of the type (RNH)JPF6 -  „. However products of 
this type were indicated to be present in reactions in
volving nonhindered amines such as aniline. Pre
vious research7 with secondary amines had indicated 
substitutions on the phosphorus of only one and two 
amino groups. The less hindered primary amines 
may give higher substitution and should be a fruitful 
area for further study.

Properties

A. 2,2,2,4,4,4-Hexafluoro-2,2,4,4-tetrahydro-l,3-or- 
gano-l,3,2,4-diazadiphosphetidine (Cyclic Dimer).—
The cyclic dimers (RNPF3)2 were solids (except where 
R =  n-propyl) sufficiently volatile to be purified by 
sublimation at reduced pressure. Sublimation of 2,6- 
disubstituted phenyl derivatives left negligible residue, 
but less hindered phenyl derivatives left resinous ma
terials of higher molecular weight. The more hindered 
derivatives were thus more resistant to rearrangement 
to higher molecular weight products. This is con
sistent with the greater yields of cyclic dimer, compared 
with higher molecular weight resinous products, isolated 
from the preparations from 2 ,6-disubstituted anilines. 
The cyclic dimers in which R is aromatic could also be 
purified readily by recrystallization from dried aromatic 
solvents, such as benzene, in which they were only 
sparingly soluble at room temperature. The solubility 
of the products in polar solvents such as tetrahydro- 
furan was greater, but these were not used for crystal
lization because of their tendency to pick up moisture 
which reacts with the cyclic dimer. The compounds 
reported, except for the more volatile R =  n-propyl 
one, did not fume and could be handled in air. How
ever, exposure to air had to be brief since the products

were attacked by atmospheric moisture. Analytical 
samples were handled under nitrogen. The melting 
points and volatilities are indicated in Table I.

T able I
M elting P oint and Volatility of Cyclic D imers (RNPF3)2

No. R Mp, °C
Sublimation température“ or 

bp, °C (mm)
1 c6h 5 198-205 Sublimes at 110-130(0.4)
2 2,4-Me2C6H3 164-168 Sublimes at 140-150(0.4)
3 2,6-Me2C6H3 255-257 Sublimes at 130(0.05)
4 2,6-Et2C6H3 151-152 Sublimes at 125(0.025)
5 W-C3H7 4-7 Boils at 41 (4)

6 <-C4H9 70-72
Boils at 70-72(21) 
Sublimes at 70 (4)

“ The sublimation temperature refers to the bath temperature.

The chemical reactivity of the cyclic dimers was not 
studied in detail. However, the steric requirements 
of the organic group affected their stability. Thus 
cyclic dimer (R =  Ph) reacted with aniline to form 
higher condensation products while cyclic dimer (R =
2,6-Et2C6H3) did not react with excess 2,6-diethylani- 
line.

B. Aminophosphorus Tetrafluorides.—The amino- 
phosphorus tetrafluorides (RNHPF4) had about the 
same volatility as the parent amine. Except where R 
is 2 ,6-diethylphenyl or 2 ,6-dimethylphenyl they decom
posed to cyclic dimer (and other products) and amine 
hexafluorophosphate too rapidly for satisfactory analy
sis to be obtained. Small amounts of a product be
lieved to be anilinophosphorus tetrafluoride were 
formed in the reaction with aniline, but this product 
was not characterized except by its infrared spectrum 
and is not included in Table II. The aminophos
phorus tetrafluorides were readily soluble in aromatic 
or aliphatic hydrocarbon solvents and did not fume in 
air, except where R = f-C3H7. However, they were 
hydrolyzed slowly and exposure to atmospheric moisture 
was minimized. Properties are listed in Table II.

T able II
M elting P oint and Volatility of Aminophosphorus 

T etrafluorides (R N H P F 4)
Sublimation temperature“ or

No. R Mp, °C bp, °C (mm)
1 2,4-Me2C6H3 32-34 Boils at 42-44(0.5)
2 2,6-Me2C6H3 60-62 Sublimes at 60 (0.5)
3 2,b-Et2C6H3 15-17 Boils at 63(0.5)
4 ¿-C3H7 Boils at 37(750)

“ Sublimation temperature refers to bath temperature.

C. Adducts and Salts.—Several amine-phosphorus 
pentafluoride adducts were prepared as intermediates 
during the course of the investigation. The amine- 
phosphorus pentafluoride adducts were of somewhat 
limited stability and their isolation where bulky amines 
were used was not possible. Although the adducts were 
not well characterized and analyses were obtained in 
only a few instances, their identification as adducts is 
believed to be adequate, based on (1 ) the infrared 
spectra of the products as discussed in that section and
(2) the stoichiometry of the reaction system. The 
adduct was considered to be formed only if no other 
products were present except unreacted amine and 
both amine and adduct were present in the correct
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weight ratio. Disproportionation of the adduct yields 
salt and dehydrofluorination products; hence the 
absence of these indicates the adduct formed has not 
reacted further. The primary amine adducts were 
slightly soluble to somewhat soluble in aromatic sol
vents. They did not fume in the atmosphere but did 
decompose; thus they could not be stored in glass be
cause of severe etching.

The stability of the adducts which could be isolated 
was dependent upon the method of preparation and 
purity. A well-washed adduct of aniline (a) could be 
partially recovered after 6 hr of reflux in benzene and 
was only slightly decomposed on several days’ storage 
while a sample (b) prepared in excess phosphorus 
pentafluoride decomposed in 2 days to salt and cyclic 
dimer. The adducts rearranged upon heating. The 
aniline adduct (b), for example, gave salt and cyclic 
dimer, when heated to 120° at reduced pressure. How
ever, another sample of the aniline adduct (a) gave 
salt and a product postulated to be PhNHPF4 when 
heated. Similarly the adduct from n-propylamine 
formed salt and dehydrofluorination products when 
heated.

A number of amine hexafluorophosphates were iso
lated as by-products during these reactions. These 
salts were not completely characterized by analysis 
although they were analyzed for the PF6~ group by 
the Nitron reagent. The characterization as salts is 
warranted by these analyses and the following points: 
(1) infrared analysis as described in à following sec
tion, (2) solubility in water and insolubility in hydro
carbon, and (3) stoichiometry of the reaction. The 
salt was considered to be formed only if a corresponding 
quantity of characterized dehydrofluorination products 
was isolated. Their physical properties are given in 
Table III.

T a b l e  III
P r o p e r t ie s  o f  Am in e - P h o s p h o r u s  P e n t a f l u o r id e  Ad d u cts  

a nd  A m in e  H e x a f l u o r o p h o s p h a t e  S a lts 
No. Amine Adduet Salt
1 c 6h 6n h 2

2 2,4-Me2C6H3NH.
3 2,6-Me2C6H3NHi

4 2,6-Et2C6H3NHi
5 o-C6H4(NH2)2
6 n-C3H7NH2

7 Et3N
8 ¿-Pr2EtN
9 ¿-PrNH2

Mp 175-210° 
dec

Not isolated 
Discolors at 200°, 

mp 235-240° 
dec

Unstable 
Mp 126-140°
Mp 110-120°, 

very
hygroscopic

Unstable
Unstable
Unstable

Mp 250°, sublimes at 
220° (1 atm); 140- 
160°(0.5 mm)

Mp 194-198°
Mp 207°, sublimes at 

160-180 (0.5 mm)

Mp 152-172°

Mp 187-183°

Mp 85-88° 
Mp 195-204° 
Mp 165-172°

l9F Nmr spectra.—The preference of compounds of 
the type (RNPX3)„ to exist as dimers rather than as 
trimers or tetramers as found, for example, for the 
phosphonitrilic compounds, raises interesting questions 
about the cyclic bonding orbitals used by the phos
phorus atom. Formation of the cyclic phosphorus- 
nitrogen bonds from one axial and one equatorial bond 
from the ordinary pentacovalent phosphorus trigonal 
bipyramid would give a strain-free N-P-N bond 
angle of 90°. The three fluorine atoms should be at

two equatorial and one axial positions and be readily 
distinguished by 19F nmr analysis. Similarly, forma
tion of the cyclic bonds from two equatorial phosphorus 
orbitals (which would introduce considerable strain) 
would leave one equatorially and two axially substi
tuted fluorines, again distinguished by 19F nmr spec
troscopy. The analogous dimer (MeNPCl3)2 has the 
former configuration.11 However, the cyclic dimers 
examined had only a single 19F band indicating that the 
phosphorus fluorine bonding orbitals are being rapidly 
equilibrated. The phosphorus fluorine coupling con
stants for the cyclic dimers are shown in Table IV.

T a b l e  IV
P-F C o u p l in g  C o n st a n t s  f o r  D im e r s  (RNPF'3)2

R P-F, cps
n-C3H, 897.2
C6H5 918.2
2,4-Me2C6H3 914.0
2,6-Me2C6H3 900

The coupling constants are intermediate between the 
normal equatorial phosphorus-fluorine12 coupling con
stant of 950-990 cps and the normal axial coupling 
constant found near 800 cps. Thus it is reasonable 
to expect that a rapid equilibration of the phosphorus- 
fluorine bonding orbitals is occurring. The figures 
above are similar to that reported at 25° for the ali
phatic cyclic compound (CH2)4PF3, 915 cps.13 In 
this instance rapid equilibration of the bonding orbitals 
was postulated to explain the fluorine equivalence.

The 19F spectra of 2,6-Et2C6H3NHPF4 contained 
three doublets, one twice as intense as the other two. 
The more intense set was spaced at 940 cps while the 
weaker doublets were spaced at 730 cps. The more in
tense set at 940 cps indicates two equivalent equatorial 
fluorine atoms. The weaker doublets at 730 cps indi
cate that the axial fluorines are not equivalent. It 
may be that the axial fluorine atoms are rendered 
slightly nonequivalent by the geometry of the 2,6- 
diethylanilino group attached to the phosphorus atom 
since rotation may be somewhat hindered. A satis
factory spectrum of 2,6-Me2C6H8NHPF4 was not ob
tained because of insufficient solubility at room temper
ature.

Infrared Spectra.—The spectra were run in halo- 
carbon from 5000 to 1330 cm-1 and from 1330 to 625 
cm-1 in Nu;ol for crystalline products and on neat 
film for liquid products on a Beckman IR-5A calibrated 
with polystyrene film.

The varying products, i.e ., R3NH+PF6_, RNH2-  
PF6, RNHPF4, and (RNPF3)2, reported here have in
frared spectra which are quite useful in characterizing 
the products formed. The most significant bands 
were those in the NH and P-F regions as discussed 
for each class of compound in the following paragraphs.

The major infrared bands of the cyclic dimer are 
shown in Table V. The most important indication of 
dehydrofluorination to the cyclic dimer was the com
plete absence of bands in the 3200-cm-1 region which 
would indicate presence of NH bonds. All the cyclic 
dimers contained four very strong absorptions, two

(11) L. G. Hoard and R. A. Jacobson, J . Chem. Soc., Ser. A, 1203 (1966).
(12) R. Schmutzler, ibid., 4551 (1964).
(13) E. L. M utterties, W . Mahler, and R. Schmutzler, In o rg . Chem ., 2, 

613 (1963).
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T a b l e  V
M a j o r  I n f r a r e d  B a n d s “ o f  C y c l i c  D i m e r s  (RNPF3)2

R-
2 ,4 -D i- 2 ,6 -D i 2 ,6 -D i
m e th y l- m e th y l- e th y l-

P h e n y l p h e n y l p h e n y l p h e n y l n- P ro p y l f-B u ty l

1590 m 
1490 ms 1500 ms 1470 ms 1460 m
1280 s 1282 d, s 1270 ms 1265 ms 1282 m 1245 ms

1235 ms 1230 ms 1220 ms 1220 s 
1175 ms

1190 ms

1136 ms 1112 ms 1115 ms 1160 m 1136 m
1080 s 1070 ms 1071 ms 1075 ms 1050 m 1052 m

1040 ms 1030 m
962 s 967 s 978 m 975 m 975 s 941 s
911 s 919 s 932 s 942 s 922 s 917 s

928 s 876 ms
826 s 824 s 830 ms 830 s 841 s 840 ms
793 s 775 s 792 s 800 s 799 s 807 s

781 s 777 s 781 ms
754 m 732 m 747 ms 736 ms
693 m 722 m 718 m 713 ms

° Absorptions are given in cm-1; earbon-hydrogen absorptions 
at 2800 and 1420 cm-1 have been omitted.

between 980 and 910 cm-1 and two between 850 and 
790 cm-1. The absorptions are undoubtedly associ
ated with the phosphorus- -fluorine and perhaps the 
phosphorus-nitrogen bonds. Detailed analysis of the 
spectra is not attempted here, but it should be noted 
that the highest of these bands, near 980 cm-1, is at 
somewhat higher frequency than the upper limit of 
940 cm-1 reported for the phosphorus-fluorine ab
sorptions in a large number of pentacovalent phos
phorus fluorine compounds.14 These authors did not 
include the pentacovalent but tetracoordinated phos- 
phonitrilic fluorides which have phosphorus-fluorine 
absorptions at 980 cm-1.15 If the cyclic dimers 
follow the absorption patterns of other pentacovalent, 
pentacoordinated phosphorus compounds, the phos
phorus-nitrogen ring frequency is probably near 980 
cm-1. However, the infrared spectrum of (MeNPCl3)2 
shows only a single strong band, previously suggested16 
to be the phosphorus-nitrogen ring vibration, located 
at 847 cm-1, in the region from 980 to 790 cm-1. 
Thus one might assign the phosphorus-nitrogen ring fre
quency in the compounds reported here to the band 
found near 830 cm-1 . Since this frequency is in the 
absorption region of phosphorus-fluorine bonds, ex
tensive coupling would be expected; so it may not be 
meaningful to consider separate phosphorus-nitrogen 
and fluorine-phosphorus absorptions for this system.

Assignment of the ring phosphorus-nitrogen vibra
tions to strong bands appearing at somewhat higher 
frequencies is possible, if one would accept the premise 
that the ring bond strength is considerably influenced 
by the ability of the nitrogen atom to donate its elec
trons to the ring. This premise would seem to be 
established17 by the effect of amine base strength on 
dimer formation and stability and reported delocali
zation of the nitrogen lone pair for (Cl3PNMe)2,16 
but is contradictory to findings that there is no de- 
localization of the nitrogen atom lone pair for (F3-

(14) R . A . C h it te n d o n  a n d  L . C . T h o m a s , Syectroch im . A c ta , 21, 861 
(1965).

(15) A. C . C h a p m a n  a n d  N . L . P a d d o c k , J .  Chem . Soc., 635  (1962).
(16) A . C . C h a p m a n , W . S. H o lm es, N . L . P a d d o c k , a n d  H . T . Searle , 

ib id ., 1825 (1961).
(17) I .  N . Z h m u ro o a  a n d  B . S. D ra c h , Z h . Obshch. K h im .,  39, 1441 (1964).

PNMe)2.8 From the effect of base strength on dimer 
stability we would assign the phosphorus-nitrogen 
ring vibrations to a very strong absorption at 1220 for 
N-propyl, to 1135 for N-f-butyl whose ring strength 
might be weakened by steric factors, and to bands in 
the 1110-1075-cm” 1 region for the N-aromatic de
rivatives where the nitrogen atom should be much 
less basic. These latter assignments are somewhat 
intermediate between absorptions expected for com
plete double-bond character as in the phosphonitrilic 
fluorides18 which have ring frequencies at 1287-1439 
cm-1 and that expected for phosphorus-nitrogen 
single bonds19 and are thus reasonable since one might 
expect significant contributions from structures such as
V. In addition to the bands mentioned above, a strong

RN—p = f 3
I
P—N—R

~ +
Fs"

V-

doublet at 1230 and 1270 cm"1 was found in the case 
when R was 2,4-dimethylphenyl, 2,6-dimethylphenyl, 
and 2,6-diethylphenyl.

The aminophosphorus tetrafluorides were readily 
characterized by their lack of absorption in the NH2 
region near 1600, coupled with a sharp absorption 
near 3350 cm-1, characteristic of a single N-H bond. 
The 3350-cm-1 band in the 2,4-dimethylphenyl and
2,6-diethylphenyl derivatives appeared as a very sharp 
doublet (readily distinguishable from the much broader 
NH2 doublet in the same region). Since the compounds 
were indicated to be pure by vpc, the splitting must be 
caused by positional isomerization of the NH group 
with respect to the remainder of the molecule, which 
is caused perhaps by restriction of the phenyl group 
rotation by its ortho substituent. The aromatic 
aminophosphorus tetrafluorides had absorption bands 
in common at 1260, 1040, and 940 and a very intense 
band at 860 cm-1. The isopropyl derivative had 
bands at 1110 and 940 and a very strong band at 860 
cm-1. The 1260-cm_1 band is probably derived from 
phenyl nitrogen stretching vibrations, whereas bands 
at 940 cm-1 and 860 are derived from phosphorus 
fluorine vibrations. However, the band at 1040 cm-1 
(or 1110 cm-1 for the isopropyl derivative) seems to be 
of too high frequency to be derived from the phosphorus- 
fluorine vibrations and would most likely be assigned 
to the nitrogen-phosphorus vibration. Assignment 
of the band to this bond indicates considerable double
bond character to the nitrogen phosphorus bond. The 
double-bond character would be sensitive to the 
basicity of the amine, since more strongly basic amines 
should increase the double-bond character of the ni
trogen-phosphorus bond. Thus the absorption fre
quency changes from 1040 (for aromatic compounds) 
to 1110 cm-1 (for an aliphatic product). The prin
cipal absorption bands are shown in Table VI.

The infrared spectra of the amine hexafluorophos- 
phate salts had several distinctive characteristics. 
The most important band was a very strong absorption 
at 860-810 cm-1 which, upon sample dilution, gave a

(18) A . C . C h a p m a n , N . L . P a d d o c k , D . H . P a in e , H . T . S earle , a n d  D . R . 
S m ith , J .  Chem . Soc., 3608 (1960).

(19) A . B . B u rg  a n d  J .  H en ers , J .  A m er . Chem . Soc., 87, 3092 (1965).
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T a b l e  V I

M a j o r  I n f r a r e d  B a n d s “ o f  A m i n o p h o s p h o r u s  T e t r a f l u o r i d e

-Amine-
2 ,6 -D ie th y l- 2 ,6 -D im e th y l- 2 ,4 -D im e th y l- Iso p ro p y l

an ilin e an ilin e an ilin e am in e

3400 m 3350 m 3400 m 3420 m
3360 m 3350 m
1270 m 1265 m 1265 m 1178 s
1205 m 1218 ms 1225 m 1160 ms
1115 m 1101 s 1130 m 1136 m
1052 s 1042 s 1043 vs 1108 s
1032 ms 1028 s
941 s 948 s 941 vs 940 vs
857 vs 863 vs 860 vs 845 vs
820 ms 810 s 845 s
801 m 780 s 782 m 794 m
760 m 
749 m

“ Absorptions are given in cm-1; carbon-hydrogen bands at 
2800 and 1420 cm-1 have been omitted.

single maximum between 840 and 828 cm-1. Al
though the other products reported here also had ab
sorptions in this region, tlic.se were less intense and were 
composed of several bands. Also present was a weaker, 
but still strong band at 741-747 cm-1. Each of these 
bands has been reported20 to be characteristic of the 
PF6~ anion. The primary amine salts had absorp
tions at 1600 cm-1 characteristic of NH3 groups and a 
strong absorption in the nonbonded N-H stretching 
region at 3200 cm-1, which could not be resolved by 
sample dilution. The salts had none of the bonded 
N-H absorptions from 2500 to 2800 cm-1 usually 
present in amine salts, since the large hexafluorophos- 
phate anion is capable of only weak coordination to the 
amine.

The primary amine phosphorus pentafluoride ad
ducts were readily distinguished from the hexafluoro- 
phosphate salts at two points in the spectra. The 
N-H absorption at 3200 cm-1 could be resolved into 
a doublet for the adduct, but not for the salt. Again 
although the adducts had strong absorptions in the 
830-900-cm” 1 region, as did the salt, these absorptions 
gave several peaks when the sample was diluted. The 
spectra of the amine salts and adducts are listed in 
Tables VII and VIII.

Experimental Section
Reagents.—Phosphorus pentafluoride was obtained during the 

early stage of this research by the decomposition at 160-180° 
of Phosfluorogen (p-chlorophenyldiazonium hexafluorophosphate) 
from Ozark-Mahoning Co. More recently it was obtained in 
cylinders from Ozark-Mahoning Co. or the Matheson Co. 
Diisopropylethylamine was obtained from Aldrich Chemical 
Co. Depending upon volatility amines were distilled from potas
sium hydroxide pellets onto calcium hydride either in an at
mosphere of N2 or at reduced pressures. Solvents such as benzene 
or heptane were in situ by azeotroping them in the reaction 
flask, then cooling under Nj.

Procedure.—Standard laboratory three-necked flasks and 
Trubore stirrers were used. The reaction vessel was thoroughly 
flushed with dry N2 and vented only to dry N2. During phos
phorus pentafluoride addition the flask was vented to a N2 
stream through a mineral oil bubbler which served to indicate 
phosphorus pentafluoride absorption by the reaction mixture. 
All filtrations were done in sintered-glass pressure funnels under 
N2.

In a typical experiment 50 ml of benzene was distilled from 
300 ml of benzene contained in a 500-ml flask. After the flask

(20) R . D . P eacock  a n d  D . W . A. S h a rp , J .  Chem . Soc.. 2762 (1959).

T a b l e  V I I

M a j o r  I n f r a r e d  B a n d s “ o f  P h o s p h o r u s  

P e n t a f l u o r i d e - A m i n e  A d d u c t s

A niline 2 ,6 -D im e th y la n ilin e n -P ro p y lam in e

3250 d, m 3270 d, m 3290 s
3110 w 2525 s
1600 w 1505 m
1575 m 1560 m 1640 s

1600 s
1475 mw 1510 m
1495 mw
1320 s

1295 s
1080 m 1173 m 1190 m
920 s 1098 m 1050 m
892 vs 1037 m 1018 m
848 s 939 s 862 s, sh
835 s 892 vs 840 vs
812 s 872 vs 748 s
798 vs 820 vs
766 m 770 m

715 m
692 s

Absorptions are given in cm *; carbon-hydrogen bands
2800 and 1420 cm-1 have been omitted.

and contents had cooled the amine was transferred to the 
flask by pipetting under the benzene in the N2-flushed flask. 
The flask contents were then stirred rapidly while phosphorus 
pentafluoride was admitted at a rate that gave slow or no gas 
evolution at the exit bubbler. It was necessary to cool the 
flask at this time since the reaction is quite rapid and exothermic. 
After phosphorus pentafluoride addition was completed the flask 
was warmed to reaction temperature (except in a few instances 
where the mixture was filtered cold). After reaction was com
pleted the system was flushed with N2 to remove excess phos
phorus pentafluoride and the reaction mixture was filtered. 
Generally, the solvent-insoluble solids contained salt or adduct 
while the filtrate contained dehydrofluorination products and/or 
excess amine.

Reaction of Aniline and Phosphorus Pentafluoride. A. In 
Absence of Tertiary Amine.—Aniline was treated with phos
phorus pentafluoride under different conditions as listed in Table 
IX. It is apparent from Table IX that the initial adduct is 
reactive toward either aniline or phosphorus pentafluoride.

A sample of the cyclic dimer 2,2,2,4,4,4-hexafluoro-2,2,4,4- 
tetrahydro-l,3-diphenyl-l,3,2-4-diazadiphosphetidine was anal
yzed.

Anal. Calcd. for C,2H,oN2P2F6: C, 40.25; H, 2.78; N, 7.82; 
P, 17.30; F, 31.83. Found: C, 40.04; H, 2.89; N, 7.73; P, 
17.46; F, 31.66.

The adduct was also analyzed.
Anal. Calcd. for C,H7NPF5: N, 6.57; P, 13.9; F, 43.4. 

Found: N, 6.39; P, 14.1; F, 43.4.
Analyses21 of the anilinium hexafluorophosphate for the hexa

fluorophosphate anion indicated 60.77% PF6~ (theory, 60.63%).
The stability of the adduct depended upon its method of prep

aration and purity. Adduct contaminated with salt was re
covered from refluxing benzene. However, adduct prepared with 
a deficiency or equal quantity of phosphorus pentafluoride de
composed according to eq 4 in the text when refluxed in benzene 
or heated at reduced pressure. (This conclusion is tentative 
since PhNHPF4 was inferred from the spectra and volatility 
but not analyzed; salt PhNH3+PF6_ was isolated and analyzed.) 
Adduct prepared in excess phosphorus pentafluoride decomposed 
to salt and cyclic dimer when refluxed in benzene, heated in 
N2 at 165°, or heated at reduced pressure to 120°. Apparently 
small quant ities of residual aniline (or phosphorus pentafluoride to 
which the analytical methods and spectra are not sensitive) 
changes the stability and mode of decomposition of the adduct.

Refluxing 0.35 g (0.001 mol) of (PhNPFik with 0.1 g (0.00107 
mol) of aniline in 25 ml of benzene for 2 hr left 0.45 g of benzene- 
soluble solids containing none of the starting cyclic dimer.

B. In Presence of Triethylamine.—Aniline (8.4 g, 0.07 mol) 
and triethylamine (18.2 g, 0.181 mol) in 250 ml of benzene were

(21) H . E . A ffsp rung  a n d  V. S. A rcher, A n a l. Chem ., 35, 976 (1963).
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T a b l e  V I I I

M a j o r  I n f r a r e d  B a n d s “ o f  A m i n e  H e x a f l u o r o p h o s p h a t e  S a l t s

n -P ro p y l- Is o p ro p y l i-B u ty l- T r ie th y l 2 ,4 -D im e th y l-  2 ,6 -D im e th y l- 2 ,6 -D ie th y l-
a  m in e am in e am in e am in e A niline an ilin e  an ilin e an ilin e

3270 ms 3270 ms 3250 m 3200 s 3210 s 3200 s 3210 s 3200 s
1600 ms 1605 s 1610 m 1580 s 1590 m 1640 m 1620 ms

1515 m 1590 m 1590 ms
1492 m 1493 s 1490 s 1497 s

1300 s
1210 s 1215 ms 1190 mw
1160 m 1140 ms 1168 m
1135 m 1062 ms 1088 m 1040 m 1100 m 1100 m

1009 m 1030 s 990 m
985 m 985 m 862 s 862 s
822 vs 835 vs 832 vs 840 vs 828 vs 833 vs 830 s 830 vs
753 m 740 m 740 m 740 m 740 m 740 m 770 m 742 m

685 m 740 m
1 Absorptions are given in cm'_1; carbon-hydrogen bands at 2800 and 1420 cm-1 have been omitted.

T a b l e  IX
R e a c t i o n  o f  A n i l i n e  w i t h  P h o s p h o r u s  P e n t a f l u o r i d e

S u b se q u e n t reac tio n
T im e, m in tim e , m in

A niline, g P Fs (te m p e ra tu re , °C ) ( te m p e ra tu re , °<C) P ro d u c ts

25.6 Deficient 15 (0) None Adduct 45.6 g, 100%; recovered aniline 6.0 g
10.2 Equal 10 (0-5) 10(5) Adduct 20.4 g, 90%; 1 g of others
33.6 Equal 30(0) 8 hr (25) Adduct 64.7 g, 82%; 6.3 g of oils, aniline +  others

1.02 Equal 60 (5) None Adduct 2.3 g, 100%
10.2 Deficient 2.5 h r (25) 8 hr (25) 5.8 g of PhNH8+PFe~, 11.2 g of soluble products, pos

sibly PhNH3+PF6PhNH and (PhNH)2PF3
1.02 Equal 3 (25) None Adduct 2.2 g, 92%
5.1 Excess 10(0) 10 (0) Adduct 85%; decomposed in 2 days to dimer and salt

10.2 Excess 30 (25) 8 hr (25) PhNH3+PFG 15.2 g, 86%; cyclic dimer 5.6 g, 86%

treated with phosphorus pentafluoride at 25° giving 42.2 g 
(0.172 mol, 95% yield) of insoluble white solids, mp 80°, tri- 

ethylammonium hexafluorophosphate, and 14.4 g of (PhNPF3)„ 
dehydrofluorination product. The latter was sublimed to give
7.8 g (0.0218 mol, 48.5% yield) of cyclic dimer. The remaining 
product (6.6 g) could not be distilled at 0.5 mm to 225°. Ebullio
scopio molecular weight of the residue was 703. The infrared 
spectrum of the residue indicated weak NH and PP4 bands, per
haps as end groups.

Analysis of triethylammonium hexafluorophosphate for the 
hexafluorophosphate anion indicated 58.50% PF6~ (theory, 
58.87%).

Reaction of the Adduct of Aniline and Phosphorus Penta
fluoride with Diisopropylethylamine Boron Trifluoride.—A
stirred solution of 38.6 g (0.196 mol) of diisopropylethylamine 
boron trifluoride in 250 ml of benzene was allowed to react at 
25-35° with 20.0 g (0.0197 mol) of aniline phosphorus penta
fluoride from a solids addition funnel. Recovered were 43.4 g 
of insoluble solids, mainly diisopropyiethylammonium tetra- 
fluoroborate22 (0.200 mol, 100+% yield) and 11.9 g of crude 
dehydrofluorination product (PhNPF3)„. Purification gave
4.5 g (0.0126 mol, 25% yield) of cyclic dimer. The remaining 
product was higher molecular weight oils.

Reaction of 2,4-Dimethylaniline and Phosphorus Pentafluo
ride. A. In Absence of Tertiary Amine.—Reaction of 9.78 g 
(0.0806 mol) of 2,4-dimethylaniline with excess phosphorus 
pentafluoride in 250 ml of benzene followed by 4 hr of refluxing 
gave 10.4 g (0.0389 mol, 96.7% yield) of benzene-insoluble 2,4- 
dimethylanilinium hexafluorophosphate and 8.7 g (0.0384 mol, 
95.5% yield) of crude 2,4-dimethylanilinophosphorus tetra- 
fluoride. Distillation of the crude material at 60° (5 mm) gave 
5.0 g (0.022 mol, 55% yield) of 2,4-dimethylanilinophosphorus 
tetrafluoride.

Anal. Calcd for C8Hi0NPF4: N, 6.17; P, 13.64; F, 33.46. 
Found: N, 6.24; P, 13.74; F, 32.75.

The distillation residue contained 2,4-dimethylanilinium 
hexafluorophosphate, cyclic dimer described below, and an oil, 
bp 140° (0.1 mm). The oil was not characterized but had an 
infrared spectrum consistent with the structure (ArNH)2PF3.

Analysis of 2,4-dimethylanilinium hexafluorophosphate for the 
hexafluorophosphate group indicated 54.74% PF8-  (theory, 
54.26%).

B. In Presence of Triethylamine.—Reaction of 10.9 g 
(0.09 mol) of 2,4-dimethylaniline and 18.2 g (0.181 mol) of tri
ethylamine in 125 ml of benzene with phosphorus pentafluoride 
at 25° gave 42.4 g (0.172 mol, 95% yield) of triethylammonium 
hexafluorophosphate and 20.0 g of benzene-soluble liquid-solids. 
Heating the latter at 0.5 mm caused distillation of a small 
quantity of 2,4-dimethylanilinophosphorus tetrafluoride (see 
above) at 42-44°. At 140-150° there was sublimed 15.8 g 
(0.0382 mol, 85% yield) of 2,2,2,4,4,4-hexafluoro-2,2,4,4-tetra- 
hydro-l,3-bis(2,4-dimethylphenyl)-l,3,2,4-diazadiphosphetidine.

Anal. Calcd for Ci6Hi8N2P2F6: C, 46.39; H, 4.38; N, 6.76; 
P, 14.96; F, 27.52; mol wt, 414.3. Found: C, 46.38; H, 
4.56; N, 6.99; P, 14.94; F, 27.48; mol wt, 413 (ebullioscopic).

Reaction of 2,6-Dimethylaniline with Phosphorus Penta
fluoride. A. In Absence of Tertiary Amine.—A solution of
9.8 g (0.081 mol) of 2,6-dimethylaniline in 150 ml of benzene 
was allowed to react at 25° with phosphorus pentafluoride, then 
refluxed for 5 hr. Recovered were 10.8 g (0.0405 mol, 100% 
yield) of benzene-insoluble 2,6-dimethylanilinium hexafluoro
phosphate, subliming unchanged at 160-180° (0.5 mm), and
8.9 g (0.0392 mol, 97% yield) of 2,6-dimethylanilinophosphorus 
tetrafluoride. There was no evidence for formation of the com
pletely dehyrofluorinated cyclic dimer.

Anal. Calcd for C8H10NPF4: C, 42.30; H, 4.44; N, 6.17; 
P, 16.64; F, 33.46. Found: C, 42.75; H, 4.61; N, 6.15; 
P, 16.35; F, 33.47.

Analysis of 2,6-dimethylanilinium hexafluorophosphate for 
the hexafluorophosphate anion indicated 54.42% PF6_ (theory, 
54.26%).

Stopping the reaction of 9.8 g (0.081 mol) of 2,6-dimethyl
aniline in 125 ml of benzene with phosphorus pentafluoride while 
absorption was rapid and filtering immediately gave 5.7 g 
(0.0207 mol, 26.6% yield) of solid 2,6-dimethylaniline phosphorus 
pentafluoride adduct. The filtrate in which solids had formed 
soon after filtration gave, after standing 6 hr, 6.1 g (0.0228 mol, 
28% yield) of 2,6-dimethylanilinium hexafluorophosphate and
5.8 g (0.0255 mol, 31.5% yield) of crude 2,6-dimethylanilino
phosphorus tetrafluoride. Apparently the adduct is somewhat(22) J .  J .  H a rr is , In o rg . Chem ., 6 , 1627 (1966).
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soluble in benzene and disproportionates upon standing. Re
peating the above reaction in heptane at 15° gave 7.0 g (0.0254 
mol, 31%) of heptane-insoluble adduct. The filtrate contained 
only 6.73 g (0.0556 mol) of unreacted 2,6-dimethylaniline. 
The adduct, being heptane insoluble, precipitates immediately 
and further reaction was stopped.

2. In Presence of Triethylamine.—Addition of phosphorus 
pentafluoride to 14.1 g (0.121 mol) of 2,6-dimethylaniline and
26.4 g (0.26 mol) of triethylamine in 250 ml of benzene until its 
absorption was complete at room temperature, followed by 
refluxing for 3 hr, gave a tan oil and a clear supernatant liquid. 
The reaction mixture, cooled without stirring, formed a solid 
cake from the bottom oil and 15.2 g of long white needles in the 
top layer. Refluxing the oil with fresh benzene gave recovery of
6.5 g of additional product for a total recovery of 21.7 g (0.0525 
mol, 86.5% yield) of 2,2,2,4,4,4-hexafluoro-2,2,4,4-tetrahydro-
I, 3-bis(2,6-dimethylphenyl)-l,3,2,4-diazadiphosphetidine.

Anal. Calcd for C,6H18N2P2F6: C, 46.39; H, 4.38; N, 6.76;
P, 14.95; F, 27.52; mol wt, 414.3. Found: C, 46.97; H, 4.61; 
N, 6.47; P, 15.07; F, 27.03; mol wt, 398 (ebullioscopic).

The dimer sublimed leaving no appreciable residue; hence 
significant quantities of higher molecular weight products were 
absent. The solid formed when the bottom layer oil from the 
reaction was cooled to room temperature gave 62.3 g (0.253 mol, 
100% yield based on 2,6-dimethylaniline) of triethylammonium 
hexafluorophosphate.

Reaction of 2,6-Diethylaniline with Phosphorus Pentafluoride. 
A. In Absence of Tertiary Amine.—Phosphorus pentafluoride 
was added at 25° to 9.5 g (0.0637 mol) of 2,6-diethylaniline in 
250 ml of benzene until it s absorption was complete, then the 
mixture was refluxed 4 hr. Recovered from the filtrate was 7.9 g 
(0.031 mol, 97% yield) of 2,6-diet.hylanilinophosphorus tetra- 
fluoride.

Anal. Calcd for Ci2Hi4NPF4: C, 47.06; H, 5.53; N, 5.49; 
P, 12.14; F, 29.78. Found: C, 47.06; H, 5.83; N, 5.81; P,
II. 86; F, 30.09.

Also formed was 9.4 g (0.0318 mol, 100% yield) of white ben
zene-insoluble solids (2,6-diethylanilinium hexafluorophosphate). 
Analysis of the salt for the hexafluorophosphate anion indicated 
49.45 % PF6 -  (theory, 49.11 %).

Reacting 2,6-diethylaniline at 10° with a deficiency of phos
phorus pentafluoride in either benzene or heptane for 10 min 
followed by immediate filtration gave the same products as above. 
The rapid formation of solid 2,6-diethylanilinium hexafluoro
phosphate in the filtrate from the reaction indicated that a soluble 
adduct may have formed but rapidly disproportionated.

B. In Presence of Triethylamine.—Treating 17.0 g (0.114 
mol) of 2,6-diethylaniline and 25.3 g (0.25 mol) of triethylamine 
in 250 ml of benzene with phosphorus pentafluoride at room 
temperature followed by 6 hr of reflux gave a two-layer system. 
Removal of volatiles from the top layer left 25.4 g (0.054 mol, 
94% yield) of yellow crystals, crude 2,2,2,4,4,4-hexafluoro-
2.2.4.4 - tetrahydro -1,3 - bis(2,6 - diethy lphenyl) -1,3,2,4 - diazadi - 
phosphetidine. These formed white crystals when sublimed at 
120-140° (0.025 mm) or recrystallized from benzene.

Anal. Calcd for C2oH26N2P2F6: C, 51.07; H, 5.57; N, 5.96; 
P, 13.17; F, 24.24; mol wt, 470.9. Found: C, 51.55; H, 
5.60; N, 6.00; P, 13.29; F, 24.42; mol wt, 466 (ebullioscopic).

The bottom layer cake was mainly triethylammonium hexa
fluorophosphate containing cyclic dimer and a small amount of 
unreacted 2,6-diethylaniline.

No reaction occurred when 1.65 g (0.0035 mol) of the cyclic 
dimer (2,6-Et2C6H6NPF3)2 was refluxed with 0.45 g (0.003 mol) 
of 2,6-diethylaniline for 4 hr in benzene.

Reaction of Phosphorus Pentafluoride with o-Phenylenedi- 
amine. A. In Absence of Triethylamine.—Phosphorus penta
fluoride, when added to 25 g (0.232 mol) of o-phenylenediamine 
in 125 ml of chlorobenzene formed 53.6 g (0.23 mol) of o-phenyl 
enediamine phosphorus pentafluoride. A 1:1 adduct was in
dicated by reaction stoichiometry and analysis.

Anal. Calcd for C6H8N2PF6: C, 30.90; H, 3.46; N, 12.01; 
P, 12.90; F, 40.73. Found: C, 29.58; H, 3.73; N, 11.30; P, 
12.76; F, 38.73.

These figures, although somewhat unsatisfactory in regard to 
product purity, definitely indicate the product to be a 1:1 
adduct.

B. In Presence of Triethylamine.—Reagents were used in 
the proper stoichiometry to give l,3-dihydro-2,2,2-trifluoro-
1,3,2-benzodiazaphosphate.

A mixture of 50 g (0.463 mol) of o-phenylenediamine and 96.3

g (0.926 mol) of triethylamine in 250 ml of chlorobenzene was 
treated with 185 g (1.47 mol) of phosphorus pentafluoride. As 
the reaction progressed solids formed and redissolved, immiscible 
layers formed, then solids reappeared. The solids finally formed 
contained all but traces of the reaction products. By infrared 
spectra they contained triethylammonium hexafluorophosphate 
and aromatic species. Separation of the aromatic product was 
not achieved in chloroform, benzene, dioxane, diethyl ether, 
triethylamine, or tetrahydrofuran used separately or in combina
tions. Only a fraction sublimed to 210° (0.5 mm) and the subli
mate did not show separation into definite products. Repeating 
the experiment using sufficient triethylamine to form a benzo- 
diazaphosphate as the repeating unit of polymer IV gave similar 
results.

Reaction of Phosphorus Pentafluoride with n-Propylamine. 
A. In Absence of Tertiary Amine.—A mixture of 7.3 g (0.122 
mol) of re.-propylamine in 125 ml of benzene was treated with 
phosphorus pentafluoride at 25°, then refluxed 6 hr. Filtering 
the mixture gave 13.4 g (0.065 mol) of re-propyiammonium hexa
fluorophosphate. Removing benzene from the filtrate left a 
liquid product distilling at 40-100° (20 mm) to give a two-layer 
distillate and 0.7 g of still residue. The top layer contained 1.0 
g (0.0035 mol, 17% yield) of 2,2,2,4,4,4-hexafluoro-2,2,4,4- 
tetrahydro-l,3-ci-re-propyl-l,3,2,4-diazadiphosphetidine.

Anal. Calcd for CcHi4N2P2F6: C, 24.84; H, 4.86; N, 9.66; 
P, 21.35; F, 39.29. Found: C, 25.00; H, 5.21; N, 9.75; P, 
21.29; F, 39.19.

The bottom layer was an oil containing NH and PF4 or PFi 
infrared bands, perhaps from linear species containing PrNH 
or PF4 end groups.

A similar reaction of 3.6 g (0.061 mol) of re-propylamine in 100 
ml of heptane at 10° with a deficiency of phosphorus penta
fluoride gave 5.0 g of very hygroscopic heptane-insoluble solids. 
The filtrate yielded 2.0 g of liquid product. These solids, when 
heated at 1 mm of pressure, were molten at 80°, gave 0.5 g of 
liquid distillate at 90-115°, and resolidified at 110°. The solid 
product was r.-propylammonium hexafluorophosphate. The 
distillate, not identified, was similar, by infrared analysis, to the 
liquid product from the filtrate, and distilled at 25-75° (1 mm). 
Cyclic dimer was not present in the liquid product from the re
action nor in the liquid distillate from pyrolysis of the solids. 
The original insoluble solids presumably contained adduct which 
decomposed when heated to salt and other products.

B. In Presence of Triethylamine.—A mixture of 7.18 g 
g (0.121 mol) of re-propylamine and 25.5 g (0.25 mol) of triethyl
amine in 125 ml of benzene was treated at 0° with phosphorus 
pentafluoride, then allowed to warm to room temperature. 
Filtering the mixture followed by removal of benzene from each 
fraction gave 60.0 g (0.243 mol, 97% yield) of triethylammonium 
hexafluorophosphate and 12.0 g of benzene-soluble liquid. 
The benzene-soluble liquids formed a two-layer system. Distilla
tion gave 6.3 g (0.0217 mol, 36% yield) of cyclic dimer. Further 
distillation gave 2.0 g of liquid, bp 90-105° (0.8 mm), free from 
infrared bands in the N-H regions but showing absorption at 
1620 cm-1 indicating a C =C  or C =N  group. Dehydrofluorina
tion may have occurred at the aliphatic carbon atom. Anal
ysis indicated a ratio of (PrN)3P2F4.

Reaction of Phosphorus Pentafluoride with Isopropylamine.— 
A soluion of 17.3 g (0.293 mol) of isopropylamine in 125 ml of 
benzene was treated at 25° with phosphorus pentafluoride until 
its absorption was complete. Filtering the mixture gave 23.7 
g of wet filter cake indicated by infrared analysis to contain 
isopropylammonium hexafluorophosphate and other products. 
The solids were heated to 190° (0.5 mm), then slurried in benzene, 
filtered, and dried to obtain an analytical sample of the salt. 
Analysis for the hexafluorophosphate anion indicated 70.74% 
PFe-  (theory, 70.69). Removal of solvent from the two-layer 
filtrate left 16 g of viscous oil which consisted of a mixture of 
products (not identified). Similar results were obtained when 
addition of phosphorus pentafluoride was stopped before its 
absorption was completed. In neither instance were there indica
tions of formation of the adduct or cyclic dimer. The infrared 
spectrum of the oil was consistent with a formula of the type 
RNH3+PF5N H R - since it contained absorptions of the -NH 3+ 
group, NH group, and absorptions intermediate between PF6_ 
and RNH2 PF5.

Reaction of 0.7 g of isopropylamine in heptane at —20° until 
absorption was complete gave 1.4 g of heptane insolubles indicated 
by infrared to be impure adduct. When heated to 100° the 
adduct formed f-PrNH3+PF6~ and other products.



1400 A delm an The Journal of Organic Chemistry

Reaction of Phosphorus Pentafluoride with f-Butylamine in 
Presence of Triethylamine.—A mixture of 6.98 g (0.0955 mol) of 
f-butylamine and 19.4 g (0.181 mol) of triethylamine in 250 ml 
of benzene was treated with phosphorus pentafluoride at 10° 
until absorption was complete, then refluxed 5 hr. Filtering 
the mixture gave 45.9 g (0.186 mol, 97% yield) of insoluble 
triethylammonium hexafluorophosphate, whereas removal of 
volatiles from the filtrate at 10 mm left 8.8 g of solids. These 
were sublimed to give 6.0 g (0.0188 mol, 40% yield) of 2,2,2,4,4,4- 
hexafluoro-2,2,4,4-tetrahydro-l,3-di-t-butyl-l,3,2,4-diazadiphos- 
phetidine.

Anal. Calcd for C8Hi8N2P2F6: N, 8.81; P, 19.47; F, 35,83. 
Found: N, 8.33; P, 19.56; F, 35.58.

Dehydrofluorination of the Adduct of Ammonia and Phos
phorus Pentafluoride.—The adduct of ammonia and phosphorus 
pentafluoride28 was prepared by several procedures: (1) the
addition of phosphorus pentafluoride to ammonia dissolved 
in ethyl ether at —78° or at 25°, (2) addition of phosphorus 
pentafluoride to liquid ammonia at —78° until its absorption 
was complete, and (3) alternate addition at room temperature of 
ammonia and phosphorus pentafluoride to an evacuated flask 
until a desired quantity had formed. Finally the flask was kept 
in an atmosphere of pliosphorus pentafluoride for several hours 
to ensure that no (NH3)2PF5 formed.23 Procedure 3 gave material 
with the “cleanest” spectrum. Warning: The powdery adduct, 
even when handled in the hood, at times caused a choking feeling 
and tightness around the throat. This feeling lasted from 1-8 
hr in two workers in the vicinity. Due caution in handling is 
advised.

The adduct formed above was treated with quantities of 
triethylamine or diisopropylethylamine-phosphorus pentafluoride 
stoichiometrically or in slight excess of that required for dehydro-

(23) S. Jo h n so n , P h .D . D is se r ta tio n , P u rd u e  U n iv e rs ity , L a fa y e tte , 
In d . ,  1952.

fluorination to phosphonitrilic fluorides using benzene, diethyl 
ether, tetrahydrofuran, pyridine, or mixtures as solvent at room 
to reflux temperatures. Insolubility of the adduct was a problem 
when benzene was used for the solvent but small yields of phos
phonitrilic fluorides (trimer, tetramer, and pen tamer) were found. 
No phosphonitrilic fluorides were formed when pyridine, diethyl 
ether, or tetrahydrofuran was the solvent. The principal product 
with each solvent was an oil not readily separated from the by
product tertiary amine hexafluorophosphate salt. Although 
some concentration of the oil was obtained by centrifugation, 
analysis was not meaningful. The oil had very strong infrared 
bands at 1280-1250 and 910-930 and weaker bands at 3350 cm-1. 
Possibly polymeric products of the type (-N il PFj-)„ were formed 
The dehydrofluorination of ammonia phosphorus pentafluo
ride is evidently quite complex. There were indications of other 
types of products. For example, distillation of the solvent in 
one instance gave a fraction with a strong phosphine odor and a 
strong infrared band at 2400 cm-1, characteristic of phosphines.

Analyses were from these laboratories, Galbraith Laboratories, 
and Schwai'zkopf Microanalytical Laboratories. Nmr analyses 
were made by Varian Associates.

Registry No.—Al, 15199-01-6; A2, 15893-20-6;
A3, 15893-21-7; A4, 15893-23-9; AS, 15893-24-0;
A6, 15893-22-8; Bl, 15893-25-1; B2, 15893-26-2;
B3, 15893-27-3; B4, 15893-28-4; Cl (adduct)/15261-
57-1; C3 (adduct), 15893-30-8; C5 (adduct), 15893-
31-9: C6 (adduct, 15893-32-0; Cl (salt), 12077-62-2; 
C2 (salt), 12239-94-0; C3 (salt), 12239-95-1; C4 
(salt), 12239-97-3; C6 (salt), 12239-90-6; C7 (salt), 
12239-93-9; C8 (salt), 12239-96-2; C9 (salt), 12239-
91-7; ¿-butylamine hexafluorophosphate, 12239-92-8; 
phosphorus pentafluoride, 7647-19-0; aniline, 62-53-3.
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The noncatalyzed addition of highly fluorinated perhalo ketones to substituted olefins containing allylic hydro
gen atoms leads to 3,4-unsaturated alcohols. The ketones act as strong electrophiles, with significant steric 
effects. The reaction mechanism offered involves a four-membered, cyclic dipolar intermediate, rather than a 
concerted mechanism previously postulated. This is based on data such as (a) interception of the intermediate 
by a very sensitive (difunctional) trapping agent, allyl glycidyl ether, which leads to a homopolymer of the latter, 
(b) formation of the adduct of /3-pinene without rearrangement, and (c) an appreciable solvent effect. Impli
cations of these findings in 1,5 hydrogen shifts, olefin additions, and concerted reactions are discussed.

The uncatalyzed addition reactions of highly fluori
nated perhalo ketones to substituted olefins containing 
allylic hydrogen atoms generally lead to the formation 
of 3,4-unsaturated alcohols (2-alkenylcarbinols).

This was first demonstrated by D. C. England1 in 
reaction of perfluorocyelobutanone with propylene 1.

CF2
=C/  XCF2 +  CHv=CHCH, 

\  /  
cf2

cf2— cf2
/  /  

HOC— CF2

ch2ch= ch2
1

Davis2 and Knunyants and Dyatkin3'4 showed that 
hexafluoroacetone (HFA) or sî/m-dichlorotetrafluoro-

(1) D . C . E n g la n d , J .  A m er. Chem. Soc., 83, 2205 (1961).
(2) H . R . D av is , A b s tra c ts , th e  140 th  N a tio n a l M ee tin g  o f th e  A m erican  

C h em ica l S o c ie ty , C h icago , 111., S e p t 1961, p  25M .
(3) I .  L. K n u n y a n ts  a n d  B . L . D y a tk in , B u ll. A cad . S c i. U S S R , D iv. 

C h e m . S c i . (E n g . T ra n s i .) ,  329 (1962).
(4) B elg ian  P a te n t  625,425 (1962).

acetone (DCTFA) reacted similarly. Middleton6 and 
Gambaryin, et a l.,6 extended the reaction to allylic 
compounds containing more polar groups (a-methyl 
styrene, methyl methacrylate, allyl methyl ether).

In this paper are reported results of uncatalyzed reac
tions of HFA and DCTFA with various allylic olefins 
which were carried out under comparable conditions. 
Qualitative comparisons are made of the effects of 
structure and solvent on reactivity and product charac
ter. Reaction mechanism is considered, as well as 
implications for other systems.

General Procedure

The reactions were carried out under the mildest 
conditions which led to appreciable conversion into

(5) W . J .  M id d le to n , C e n tra l R esea rc h  D e p a r tm e n t, D u  P o n t, u n p u b 
lished  w ork .

(6) N . P . G am b a ry in , E l. M . R o k h lin a , a n d  Y u . V. Z e ifm an , B u ll. A k a d .  
S c i., U S S R , D iv. Chem . S c i. (E n g . T rrn s l.) ,  8, 1425 (1985).
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T a b l e  I
U n c a t a l y z e d  A d d i t i o n  R e a c t i o n s  o f  H e x a f l u o r o a c e t o n e  o r  si/ to- D i c h l o r o t e t r a f l u o r o a c e t o n e

w i t h  V a r i o u s  U n s a t u r a t e d  C o m p o u n d s

P ressu re ,
T im e, psi (au t., %  conversion B p, °C

F lu o ro  k e to n e C oreactant® T e m p , °C hr au to g en o u s) in to  a d d u c t (m m ) n»D R ef11
Hexafluoroacetone Propylene 150' 2.5 440 17 97-98 A

9 67 95-98 1.33451' 3, 6
Isobutylene RT <24 aut. 97 113-115 1.3485(i 3 ,6
2-Butene (cis- +  tram-) 160 10 aut. rs*'c>e 113 9
Cyclohexene 160 10 aut. ~ 3 .7 / 73 (29) 1.3920'' 9
3,3-Dimethylbutene-l 150' 1 2480 <1
2,4,4-Trimethylpentene-l 70' 10* aut. 95 58-60 (9) 1.3768

(diisobutylene)
Octene-1* 100' 2 aut. 75 71-73 (0.6) M
a-Methylstyrene <40 4 aut. 80 110-112(22) 1.4440
/3-Pinene 35 2» aut. 80 108-112(24) 1.4162*' G

(mp 33-34)
Allyl chloride 165' 4 600 3 64-65 (50) 1.3700* C
2-Chloropropene-l 164' 4 490 10-20 53-55(50) 1.3658* B
Allyl methyl ether 100 20 aut. Estd 80 (to secondary 6

products)
Allyl glycidyl ether* 75' 1 40 >90 (of AGE)

+  100 3 (to polymer) K, L
Methyl methacrylate11 150' 40 aut. 8-14 73(8.5) 1.3725 5

165 6 aut. 16 110-112(58) 1.3725
Methacrylonitrile1 165' 4 640 3 (impure) 50-56(72) 1.3739*'
a-Methylvinyl methyl 0-35 1 aut. >85 65-67(36) 1.3530 J

ether
Styrene 130-165 6 415-450 >90 (of styrene) N

<1 (of HFA)
(to polymer)

sj/m-Dichlorotetra- 2,4,4-Tri methylpentene-1 66-71 5 1 atm 50 116(28) 1.4261 D, E
fluoroacetone F

a-Methylstyrene 60 60 1 atm 62 86-89(0.6) 1.492-» 4
0-Pinene

OtO1 24“ 1 atm 62 150-155(23) H
a-Pinene 100 1 1 atm <1 I
Allyl glycidyl ether 100 1 1 atm <5 L
Camphene 35 24 1 atm <1

“ Equimolar ratios were used except where specified. b Capital letters indicate description in the Experimental Section. Numbers 
are literature references. ' The reaction temperatures were held for 1 hr. If no reaction was evident, the temperature was raised by 
25° and held for another hour. J n20d. • Another 5% conversion into diadduct was obtained. 1  About 5% total conversion took 
place, of which 75% was monoadduct, 25% was diadduct.9 » Pressure drop occurred after 0.5-hr heating. h Run in the presence of 
phenyl glycidyl ether. i n 2 io. > n 26d. * 0.2 mol of AGE/0.1 mol of HFA. ' Similar results were obtained with a 2:1 HFA/MAN 
mole ratio. m n21 d . “ Heat was evolved within a few minutes.

product. That is, a 1 :1  molar mixture of fluoro ketone 
and olefin was shaken in a sealed stainless steel tube, 
under nitrogen and in the presence of hydroquinone, at 
a given temperature for a period of time (1 hr). If 
no reaction occurred (no pressure drop, no exotherm), 
the temperature was raised 25° and the tube shaken 
from another hour. This procedure was repeated 
if necessary to a temperature of 165°. For the latter, 
the temperature was held for 4-6 hr, the tube cooled, 
and the nongaseous products characterized. Specific 
details are given in Table I and in the Experimental 
Section.

This technique gave a set of “ minimum conversion 
temperatures,” which may be considered as a relative 
measure of reaction rates. Although these results 
are qualitative, they have the advantage of being 
obtained under conditions reflecting kinetic control.

Results
The adducts are listed in Table I. Analytical data 

are included in the Experimental Section.
It is evident that HFA is more reactive than DCTFA.
In Chart I, the terminal olefins are listed in order 

of reactivity toward adduct formation. Groupings have

C h a r t  I
R e l a t i v e  O r d e r  o f  R e a c t i v i t y  o f  HFA w i t h  O l e f i n s *

H2C=C(CH3)OCH3 
H2C=C(CH,)C,H6

H U < V )  Opinene)

H2C=C(CH3)CH3
H2C=C( CH3 )CH2C( c h 3 )3
H2C=CH(CH2)5CH3
H2C=CHCH2OCH39

ro o m  te m p e ra tu re
------------------ >- >80%

4 h r

h 2c= c h c h 3
H2C=C(CH3)COOCH3
H2C=C(C1)CH3

h 2c= c h c h 2ci I
H2C=C(CH3)CN|

165°

4 h r
<3%

H2C=CHC(CH3)s
“ Listed in order decreasing reactivity. b Reference 6; secon

dary products obtained.

been made where differentiation of reactivity is not 
conclusive. It is apparent that electrophilic attack of 
the HFA or DCTFA dominates the rate-determining 
sten of the reaction. Thus, reaction proceeded the
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1

Figure 1.—Suggested approach and planar four-membered cyclic dipolar intermediate resulting from HFA and allylic olefins.

most rapidly when the olefinic double bond was asym
metrically substituted and heavily loaded with groups 
which were strongly electron donating. Isobutylene, 
a-methylvinyl methyl ether, a-methyl styrene, and 
/3-pinene reacted rapidly (5-120 min) with HFA near 
room temperature or below; octene-1 or propylene 
reacted much more sluggishly (several hours at 100- 
150°); allyl chloride or methyl methylacrylate reacted 
still more slowly, requiring 150-165°, whereas meth- 
acrylonitrile reacted extremely slowly, even at 165- 
180°. 2-Chloropropene-l was more sluggish than pro
pylene but not so sluggish as allyl chloride.

On the other hand, reaction of HFA or DCTFA with 
symmetrically substituted olefins was very slow, un
like the reactivity of such electrophilic reagents as 
chlorine, bromine, or sulfenyl halides.7’8 Thus cis-  
or ¿rans-2-butene or cyclohexene reacted extremely 
slowly, even at 165-180°,9 and a-pinene also appeared 
unreactive (see Table I). Therefore, steric effects in 
addition with HFA or DCTFA appear to be significant. 
The importance of steric effects is also seen by the 
low reactivity of DCTFA with camphene or a-pinene, 
and for HFA with 3,3-dimethylbutene-l.

Reaction Course and Mechanism.—In the formation 
of the adducts, one possibility, an insertion reaction 
with an allylic hydrogen, analogous to reactions of 
saturated aliphatic R-H with HFA in a free-radical 
chain reaction10 may be ruled out, for the reaction 
of HFA with butene-1 led to the linear rather than to a 
branched adduct.11

Further, insertion with a vinylic hydrogen followed 
by a hydrogen shift seems very unlikely, based on 
the generally low reactivity of vinylic hydrogen and on 
the resistance to adduct formation of 3,3-dimethyl
butene-l or camphene.

Thus the reaction course may best be categorized (as 
pointed out by Davis,2 Knunyants and Dyatkin,3 
and Gambaryan, et a l.6) as a 1,5-hydrogen shift, ac
companied by a double-bond shift, with the over-all 
electron redistribution as indicated in structure 2.

FaC. /CH* 
FaC—Ç C— Rl

q> C '- Rî
' ' K  W

The realization that a double-bond shift occurred led 
to the suggestion3,12 that the reaction mechanism is 
concerted and involved a six-membered cyclic transi
tion state 3.13

F3Cx / CH2 \
f 3c— g

o

Ç— R1 

C— R2
"'H'' R3

This mechanism is particularly appealing, as other 
noncatalyzed 1,5-hydrogen shifts involving olefins, 
for example, with maleic anhydride148, or keto esters,14b 
are believed to proceed by such a mechanism. Argu
ments for the concerted mechanism have been primarily 
based on the high stereospecificity and lack of rear
rangement in the reaction products.14,16

In our work, the simple adducts from 0-pinene and 
HFA or DCTFA were also formed, without appreciable 
(less than 1%) rearrangement. This would, at first 
glance, also support the view of the concerted mech
anism.

Other data, however, led us to conclude that adduct 
formation proceeds through a dipolar, four-membered, 
cyclic intermediate 4 (Figure l),18 followed by proton 
migration.

These data are as follows.
(A) Reaction of HFA with an allylic compound con

taining another reactive functional group (epoxide) 
did not give the simple adduct, but a polymeric poly-

(7) F o r  rev iew  of ev idence  fo r e lec tro p h ilic  c h a ra c te r  of h a lo g en s  o r  s u l
fen y l h a lid e  in  ad d itio n s  to  olefins, see P . B. D . d e  L a M a re  a n d  R . B o lton ,

E le c tro p h ilic  A d d itio n  to  U n s a tu ra te d  S y s te m s ,”  E lse v ie r  P u b lish in g  Co., 
N e w  Y o rk , N . Y ., 1966, pp-75  a n d  115.

(8) See re f  7 : (a) p  168; (b) p  92; (c) p  244; (d) p  32.
(9) W . H o n sb e rg , E la s to m e rs  D e p a r tm e n t, E .  I .  D u  P o n t  de  N em o u rs  

a n d  C o ., p e rso n a l c o m m u n ic a tio n , 1965.
(10) E .  G . H o w a rd , P . B . S a rg ean t, a n d  C . G . K re sp a n , J . A m er  Chem . 

Soc., 89, 1422-1430  (1967).
(11) P . B . S a rg e a n t , C e n tra l  R esea rc h  D e p a r tm e n t, D u  P o n t, p e rso n a l

c o m m u n ic a tio n , 1964.

(12) (a) N . P . G a m b a ry a n , E m . R o k h lin , Y u . V. Z e ifm an , C. C h in g -Y u n , 
a n d  I . L . K n u n y a n ts , Angew . Chem. In te rn . E d . E ng l., 5, 947 (1966). 
(b) C . G . K re sp a n  a n d  W . J .  M id d le to n  in " F lu o r in e  C h e m is try  R e 
v iew s,”  P . T a r r a n t ,  E d ., M arce l D ek k e r , In c ., N ew  Y o rk , N . Y ., 1967.

(13) D a v is  p o s tu la te d  a  s ix -m em b ered  cyc lic  in te rm e d ia te , b u t  no  d e ta ils  
w ere  g iv e n .2

(14) (a) R . K . H ill a n d  M . R a b in o v itz , J .  A m er. Chem . Soc., 86, 965 
(1964), a n d  e a rlie r  references  q u o te d  th e re in , (b) R . T . A rno ld  a n d  P . 
V eerav ag u , ib id ., 82 , 5411 (1960), a n d  references  th e re in .

(15) W . J .  M id d le to n , J . Org. C hem ., 30, 1395 (1965).
(16) A  fo u r-cen te red , cyclic, d ip o la r in te rm e d ia te  has  been  su g g es ted  in  

o th e r  a d d itio n  re ac tio n s .8,12b
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H2C=CHCH2OCHiCH-----CH2

H
CH2— C—CH2. 

F ,C . /  / + \
y — o' |

Fscr o
c h 2— c

H
6

F3CV /

H
c h 2— c - c h 2.

/  0  0  
> — o -  \  I

F3C; CH2 CH2
\ r

H

epoxideide |

H ,
OCH2C+

c h 2
I

0
I

c h 2ch ==c h 2

Figure 2.—Reaction of allyl glycidyl ether with hexafluoroacetone, suggested route.

ether. This polymer did not rise from direct reaction 
of epoxide with the HFA nor by reaction of epoxide with 
the usual bis(trifluoromethyl)carbinol adduct. There
fore the polymer probably resulted by trapping of an 
intermediate.

(B) From the trapping reaction conditions and the 
character of the polymeric product, the intermediate 
should have appreciable ionic character.

(C) Support for the ionic character of the inter
mediate is also given by (1) the electrophilicity of the 
HFA in the reaction, (2) the strong dependence of 
rate on electron-donating capacity of the substituents,
(3) the high reaction rate with some olefins, compared 
with “ concerted” 1,5-hydrogen-shift reactions, and
(4) an appreciable solvent effect.

(D) Evidence that the intermediate is cyclic is 
seen (1) in the reaction characteristics (C1-C3) above, 
which are also characteristic of certain 1,2-cycloaddi
tion reactions of olefins and which apparently pass 
through a four-membered cyclic intermediate, (2) by 
granting the ionic character of the intermediate, the 
absence of a Wagner-Meerwein type of rearrangement 
in formation of the HFA-/3-pinene adduct, and (3) 
by assuming an equilibrium between the reactants and 
the intermediate, the lack of rearrangement of un
reacted as-butene-29 or 3,3-dimethylbutene-l.

A detailed discussion follows.
A. Interception of a Reaction Intermediate.—HFA

reacted readily with allyl glycidyl ether (AGE) (5,

Figure 2) in the presence of a trace of antioxidant, 
under mild conditions, in the dark, to give low polymers. 
With a 2:1 AGE/HFA mole ratio, heating at 75-100° 
for 3 hr, and an autogenous pressure of 40 psi, 95% of 
the AGE and about 28% of the HFA were converted 
into a viscous liquid product, mol wt 1085, which con
tained six to eight AGE units and one HFA unit. Ir 
and nmr spectral data indicated almost complete loss 
of carbonyl and epoxy groups, low terminal double
bond content, formation of some associated hydroxyl 
and internal double bonds, and that the high aliphatic 
ether content was maintained (see Experimental Sec
tion, part K).

With a lower initial AGE/HFA ratio (1:1), polymer 
in lower conversion was again formed, mol wt 919, 
which had an AGE/HFA ratio of 3:2 (see Experimental 
Section, part K).

The polymers would not have resulted by direct reac
tion of the fluoro ketone on the epoxide group, for HFA 
does not react with phenyl glycidyl ether (C6H5OCH2-
1 I
CH2—CH2—O) under these reaction conditions.

Also, the polyethers would not have resulted from an 
initial 1,5-hydrogen-shift reaction, followed by a sec
ondary reaction of the ¡yem-perfluorodimethylcarbinol 
group with the epoxide group (an SnI substitution of 
the epoxide by a neutral species17), for reaction of such

(17) C. K . Ingold, “ S tructu re  and  M echanism  in Organic C hem istry ,”
Cornell U niversity  Press, 1953, pp  343, 344.
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an alcohol (the isobutylene-HFA adduct) with allyl 
glycidyl ether does not take place under these con
ditions. Also, in the reaction of HFA with octene-1 
in the presence of phenyl glycidyl ether, the adduct of 
HFA and octene-1 was formed by a 1,5-hydrogen shift 
as usual, but no product involving the phenyl glycidyl 
ether was found (see Experimental Section, part N). 
This experiment also shows that the first epoxy ring 
opening in the HFA-AGE reaction was intramolecular.

These results are quite different from that obtained 
by reaction of HFA with allyl methyl ether. Thus 
Gambaryan, et a l.,6 under roughly equivalent conditions 
obtained, at a somewhat lower rate, the products 10 
and 11, expected from the usual adduct 9 resulting 
from a 1,5-hydrogen shift.

H,G
CH

COCH3
/ \

H H

100° 
20 hr

F3Cx / CH\
F3CC <jH

OH CH0CH3

HFA

9

diadduct 10 (60%) +
f 3gx / ch2x

F3CC CH2 +  11 (18%)3 ,
N0— CHOCH3

B. Ionic Character of the Intermediate from the 
Trapping Reaction.—In the HFA-AGE reaction, it 
appears that a cationically initiated polymerization 
took place. Thus, with anionic initiation the 1 :1  
copolymer with HFA would have formed.183 Also, 
the low nucleophilicity of the r/em-perfluorodimethyl 
carbinol anion has been demonstrated.183

Free-radical polymerizations of epoxides to form 
low polymers are known, but are difficult to initiate.18*3’19 
Thus, with di-f-butyl peroxide initiator, phenyl glycidyl 
ether at 145-155° for 4 hr formed a low molecular weight 
polymer in 8% conversion, with 92% recovered ether.18b 
Also, if free-radical propagation was involved, some 
HFA would be expected to be incorporated along the 
polymer chain.10 Further, hydroquinone inhibitor was 
present.

Under these conditions a biradical intermediate ap
pears too unreactive20 to initiate epoxy polymeriza
tions.

The suggested reaction course is shown in Figure 2. 
After initiation to form the cyclic dipolar intermediate 6, 
reaction proceeds by intramolecular attack of the car- 
bonium ionic center on the epoxy oxygen. (Perhaps 
the six-membered cyclic transition state for this step 
encourages this reaction course rather than the 1,5- 
hydrogen shift.) Epoxy ring opening then may lead to 
the more stable (secondary) carbonium ion 7. This 
mode of attack predominates in acid-catalyzed ring 
openings of substituted epoxides.21’17 The latter car
bonium ion then reacts with other epoxide groups 
available in the solution. The increased incorporation 
of HFA in the second example may have resulted from

(18) (a) N . L . M ad iso n , P o ly m e r P re p r in ts , 152nd N a tio n a l M ee tin g  o f  
th e  A m erican  C hem ica l S ocie ty , N ew  Y ork , N . Y ., S ep t 1966, p  1099; (b) 
A. O tu , M . O kano , a n d  R . O da, B u ll. Chem. Soc. J a p .,  37 , 570 (1964).

(19) A. E . G urg io lo , “ R ev iew s in  M ac ro m o lecu la r C h e m is try ,’" Vol. I, 
1966, p p  39—193; see p 124.

(20) P . B a r t le t t  a n d  L. K . M o n tg o m e ry , J .  A m er. Chem. Soc., 86 , 628 
(1964), a n d  references  q u o te d  th e re in .

(21) H . C . C h itw ood  a n d  B . T . F reu re , ib id ., 68, 680 (1946).

secondary reaction of excess HFA with the pendant 
allyl groups in the polymer 8 (Figure 2). However, 
further work is necessary to determine the polymer 
structure in detail.

In the propagation, step, it appears that a conven
tional cationic step is involved. This is suggested 
by the reaction of HFA with a mixture of AGE and 
phenyl glycidyl ether. In this case, some phenyl 
glycidyl ether was incorporated in the polymer. 
When the AGE, phenyl glycidyl ether, and HFA were 
present in the reactant mixture in a 1 : 1 : 1  mole ratio, 
the resulting ratio in the polymer was 4:1:2.4 (see 
Experimental Section, part L). This further supports 
the view that the reaction is stepwise, and that the 
initial intermediate has ionic character, and against 
the view that the epoxy group in AGE participates 
in the HFA-allyl group reaction in a concerted fashion.

The difference in activity of the epoxy groups in AGE 
and in phenyl glycidyl ether may also involve the former 
being within the “ solvation sphere,” and perhaps more 
advantageously oriented for reaction with the dipolar 
cyclic intermediate.

These results, then, may be considered as supporting 
evidence that “ intimate” ion pairs22 resulting from cis  
additions can exist as intermediates8' with the attached 
epoxy group intercepting the initimate ion pair before 
the latter reaches the solvent-separated, ion-pair stage.

In any case, the utility of this type of trapping agent 
for detecting an intermediate as well as demonstrating 
its ionic character is shown.

C. Substituent Effects and Ionic Character of the 
Intermediate.—It was previously mentioned that the 
effects of substituents on the rate of formation of the 
HFA adducts show typical electrophilic behavior for 
the HFA. This usually suggests a carbonium ion 
mechanism.7 However, such substituent effects are 
also qualitatively similar to those in 1,2 cycloadditions 
of 1,1,2,2-dichlorodifluoroethylene to olefins,20,23 which 
are believed to proceed via  a two-step mechanism 
through a cyclic “ biradical” intermediate23 (thus re
sembling at least geometrically the four-membered di
polar ion intermediate postulated for the HFA-ole- 
fin reactions).

A biradical intermediate does not appear to be in
volved in the HFA-olefin reactions, based on (a) the 
interception of the intermediate with an epoxy group 
(as mentioned above), (b) the slower reaction of HFA 
with 2-chloropropene than with propylene (the reverse 
would be expected for a biradical intermediate, for the 
chlorine atom, by electron delocalization, should sta
bilize the biradical20), and (c) the lack of ring-opened 
products (which have been observed in peroxide- 
catalyzed reactions of /3-pinene with chloroalkanes24,26).

The great differences in rate of adduct formation for 
olefins with electron-donating vs. electron-withdrawing 
substituents (see Chart I) are characteristic of reactions 
involving carbonium ion intermediates.7

The high reaction rate for many of the olefins with 
HFA has not been observed for previously described

(22) S. W in ste in  a n d  G . C . R o b in son , ib id ., 80 , 169 (1958).
(23) P . D . B a r t le t t ,  G . W allb illick , a n d  L. K . M o n tg o m e ry , J .  Org. Chem ., 

32, 1290 (1967), a n d  ea rlie r  references.
(24) D . M . O lroyd , G . S. F ish er, a n d  L . A . G o ld b la tt, J .  A m . Chem. Soc., 

72, 2407 (1950).
(25) G . D u  P o n t, R . D u lon , a n d  G . C lem en t, B u ll. Soc. C him . F t., 257 

(1951).
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D ie lec tric B T F M D C N E D ie ls-A ld e r
c o n s ta n t T O N E “ +  p -M S, +  T B V S ,6 reactions,® D C T F A 11 +  D IB ------ --------

S o lv en t (20°) h  (10») %  co n v n %  convn %  convn*’ k ,  (10s)/
CH2C12 9.08 1600 55.0 18 290 +  40
EtOAc 6.40 330 83.0 10 160
Et^O 4.34 2.8 2 30
e c u 2.24 2.3
Cyclohexane 2.07 0.04 ~ 0 .5 ~ 8
CH2C12/C6H2 40,000 <7 —30
CH2CI2 /EUO 570 6
CH2C12/CC14 24

0 Tetracyanoethylene with p-methoxystyrene. Data of Wiley,33 0.10 M  in p-MS, 0.006 M  in TONE, 25°. b cfs-l,2-Bis(trifluoro- 
methyl)-l,2-dicyanoethylene with ¿-butyl vinyl sulfide (data of Proskow, el al.3i). Reactant concentration was 10% (w/v) of solution, 
25°. Reaction rate estimated by disappearance of the charge-transfer complex. c See ref 33. d si/m-Dichlorotetrafluoroacetone with 
2,4,4-trimethylpentene-l: 0.6 M  DCTFA, 1.0 M  DIB, 25 ±  2° (see also Experimental Section, part F). • Conversion into adduct at
20 hr. 1  Calculated as second-order rate constant.

uncatalyzed 1,5-hydrogen-shift reactions believed to 
proceed in concerted fashion.1413'26-29

/3-pinene 13

As examples, the reaction of /3-pinene with a ketone 
containing a reactive carbonyl group (methyl pyruvate
12) to form the 3,4-unsaturated alcohol 13 was reported 
to require 96 hr at 165° to reach equilibrium (55% 
conversion).1413 Also, the reaction of /3-pinene with 
acrylonitrile took 4 hr at 235° to attain 42% conversion 
into the adduct.26 On the other hand, the /3-pinene- 
HFA reaction proceeded in high conversions in a few 
minutes at 25°. (The reaction of acetylene dicarboxylic 
ester with isopropylideneamine to give a diene amine 
by a 1,5-hydrogen shift proceeded under mild condi
tions, and a 1,4 dipolar intermediate was postulated. 
No direct evidence for the mechanism was presented.)30

Apparently, the HFA-olefin reactions proceed as 
readily as the analogous Diels-Aider reactions (HFA 
with isobutylene vs. HFA with isoprene31). This is 
unusual in other systems when relative rates of 1,5- 
hydrogen shifts vs. Diels-Alder cyclization are com
pared.28,29

The carbonyl group of HFA is electron deficient be
cause of the electron-withdrawing effect of the tri- 
fluoromethyl groups, and so would resemble a weakly 
polarized olefinic group. This is supported by the 
low nucleophilic activity of HFA.10,12 Thus, 1,5-hy
drogen shifts in HFA-allylic olefin reactions would be 
expected to occur with similar difficulty to the above- 
described “ concerted” rearrangements.

The reaction of DCTFA with 2,4,4-trimethylpen
tene-l (diisobutylene) proceeded slowly enough to 
readily follow the reaction at room temperature. It was

(26) C. J .  A lb ise tti, N . G . F ish e r, M . J .  H ogsed , a n d  R . M . Jo y ce , J .  
A m er. Chem . Soc., 7 8 , 2637 (1956).

(27) A. G . S m ith  a n d  B . L . Y a te s , J .  Org. Chem ., 3 0 , 2067 (1965).
(28) J .  W o lensky , B . C ho llar, a n d  M . D . B a ird , J .  A m er. Chem. Soc., 8 4 ,  

2775 (1962).
(29) J .  R oss, A. I. G e b h a r t, a n d  J .  F . G e rech t, ib id ., 68, 1373 (1946).
(30) R . H u isg en  an d  K . H erb ig , A n n . Chem ., 688, 98 (1965); see  also  

R . H u isg en , M . M o rik aw a , D . B reslow , a n d  R . G rash ey , Chem . B er., 10 0 , 
1602 (1967).

(31) W . L in n , J. Org. Chem ., 2 9 , 3111 (1964).

observed, qualitatively, that an appreciable solvent 
effect existed, probably larger than that expected for 
concerted reactions.

Thus, Diels-Alder reactions are reported to show 
very small solvent effects, with rates slower in the more 
polar solvents (acetone, acetic acid) than in chloroform 
or carbon tetrachloride and with maximum differences 
in reaction rate in these solvents being ca. sevenfold.32,33

On the other hand, the reaction of DCTFA with di
isobutylene (DIB) in various solvents led to the results 
shown in Table II (see Experimental Section, part F). 
The solvent effects on the rate through this representa
tive group differed by about 30-fold, and rates increased 
with increased polarity of the medium. The relative 
effects of methylene chloride, ethyl acetate, and diethyl 
ether on reaction rate were considerably smaller than 
those observed in the 1,2-cycloaddition reactions of p -  
methoxystyrene (¡d-MS) with tetracyanoethylene, by a 
factor of about 100. On the other hand, the relative 
effects of these solvents on the DCTFA-DIB reaction 
were about the same as those found in the 1,2-cyclo
addition reaction of cf.s-l,2-bis(trifluoromethyl)-l,2- 
dicyanoethylene with f-butylvinyl sulfide.34 In the 
latter, strong evidence existed for a four-membered 
cyclic zwitterion intermediate.34

D. Evidence for a Cyclic Intermediate.—If an 
intermediate with considerable ionic character of the

type described above existed in extended form, skeletal 
rearrangements would be expected for molecules capable 
of Wagner-Meerwein rearrangements, such as /3- 
pinene, camphene, or neohexene-1.

In the reaction of DCTFA with /3-pinene, high con
versions and essentially quantitative yields of a mono
adduct were obtained under mild conditions.

The nmr and ir spectra of the high boiling fraction 
indicated only one product, the 3,4 internally double- 
bonded adduct having only one vinylic hydrogen 
(see Experimental Section, parts G and H). That

(32) L . J .  A ndrew s a n d  R . M . K eefer, J .  A m er. Chem . Soc., 77, 6287 
(1955).

(33) D . W . W iley , to  b e  p u b lish e d .
(34) S. P ro sk o w , H . E . S im m ons, a n d  T . L . C a irn s , ib id ., 88 , 5254 (1966).
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D C T F A

F2CI

Bornylene derivative 16 
(4j 5-iinsaturated alcohol)

Figure 3.—Reaction of /3-pinene with DCTFA.

is, the adduct was the one expected from /3-pinene by a
1,5-hydrogen shift w ithou t skeletal rearrangement 15 
(Figure 3).

The same result was obtained on examining the un
distilled reaction product. Therefore this adduct did 
not arise by secondary thermal reactions. Also equiv
alent results were obtained in reaction of /3-pinene with 
HFA (see Table I and the Experimental Section, part
G). The vpc and nmr spectral data indicate that less 
than 1 %  of the rearranged product is present.

We presume that /3-pinene-HFA reaction proceeds by 
the same mechanism as that for the AGE-HFA reaction. 
This assumption is supported by the high reactivity of 
/3-pinene toward adduct formation. The product ex
pected if skeletal rearrangement had occurred, 16, 
would be the one expected if reaction occurred either 
by “ nonclassical” carbonium ion mechanism or by 
rapidly equilibrating “ classical” ions.36 The lack of 
skeletal rearrangement indicates neither of these.

,8-Pinene has been used frequently as a probe for 
carbonium ion intermediates1413’16'16 for Wagner-Meer- 
wein-type rearrangements or ring-opening reactions 
occur overwhelmingly with this reactant under solvo- 
lytic conditions or with most acid catalysts which or
dinarily lead to carbonium ions.86

(35) H . C. Brown, K . J . M organ, an d  F . J . Chloupek, J . A m e r .  Chem.
Soc., 87, 2137 (1965).

Although it is recognized that occurrence or nonoc
currence of skeletal rearrangement in reaction of bicyclic 
compounds is per se not a criterion for the presence or 
absence of mesomeric or classical cation intermediates,37 
usually the extent of rearrangement can be accounted 
for by considering the degree of kinetic control of the 
reaction rate. In the /3-pinene systems, however, the 
reported rearranged products are those expected with 
either thermodynamic or kinetic control. As a result, 
lack of skeletal rearrangement in /3-pinene reactions 
has been taken as practically conclusive evidence for a 
concerted mechanism.

On the other hand, hydrogen chloride may be added 
to the double bond of either a -  or /3-pinene in nonpolar 
or weakly polar nonsolvolyzing solvents (hydrocar
bons, diethyl ether) at reduced temperatures ( — 70 to 
— 15°), to give the same “ pinene hydrochloride,” 
with very little skeletal rearrangement.38 This reac
tion has long been considered to involve carbonium 
ions as intermediates.8

Brown and Liu, in additions of HC1 or DC1 to a -  
fenchene, apobornylene, or camphene also observed a 
very low level of rearrangement (^ 10%), in ethyl

(36) J .  B erson  in  “ M o lec u la r R e a rra n g e m e n ts ,”  P . d e  M ay o , E d ., I n te r 
sc ience  P u b lish e rs , In c ., N ew  Y o rk , N . Y ., 1963, p  186.

(37) See ref 36, p p  136-137.
(38) J .  L . S im onsen , “ T h e  T e rp e n e s ,”  Vol. I I ,  C am b rid g e  U n iv e rs ity  

P ress, L o n d o n , 1940, p p  172, 202.
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ether or methylene chloride solvents at 0 to —78°.39 
Additions were also shown to be czs.39 41 42 43

Other olefin addition reactions in which rearrange
ments do not occur are hydroborations,40,41 oxymercura- 
tions,42,43 sulfenyl halide additions,44 45 and' acid-catalyzed 
hydrations.45,7d In all of these cases intermediates 
obtained by c is  additions have been suggested.8

The addition of chlorine in common solvents to 
strained bicyclic olefins also appears to proceed by a 
cis  addition.46 47 48 De La Mare and Bolton suggest that 
such reactions proceed through a transition state or 
intermediate with considerable carbonium ionic char
acter, with a structure similar to that suggested above 
the HFA-olefin reactions. They also suggest that such 
a transition state or intermediate lies earlier on the 
reaction path than the carbonium ion intermediate, 
and that each intermediate may react directly to 
form a product.8b,c

The lack of rearrangement with such intermediates 
may be related to geometrical limitations to orbital 
interpretration. In the case of HFA-olefins, the car
bonyl group and the double bond of the olefin ap
proach in parallel planes, orthogonal to the direction 
of the covalent bond to be formed, to get ir-orbital 
overlap, and the substituents on the olefin remain es
sentially coplanar through the transition state and in 
the intermediate 4 (Figure 1). This is shown in 17 
for DCTFA with /3-pinene. Drieding models indicate 
(for either exo or endo addition) that the resulting orien
tation for the potentially migrating C—C bond is cer
tainly not coplanar, let alone coaxial, with the 
C+— 0 “-directed bond in the intermediate.

Therefore orbital penetration is very low, and the 
rate of skeletal rearrangement in the /3-pinene moiety is 
small compared with the 1,5-hydrogen shift.

Winstein and coworkers47,48 have shown that even 
in the presence of ionizing solvents and bases at least as 
strong as H20 (solvolyzing systems), if the geometry is 
unfavorable for bond delocalization in the carbonium 
ion, then rearrangement occurs after the rate-determin
ing ionization step. Note that the /3-pinene-HFA re
action was carried out neat, in a low polarity medium,49 *

(39) H . C . B ro w n  a n d  K . T . L iu , J .  A m er. Chem. Soc., 89, 3900 (1967). 
a n d  a lso  ea rlie r references.

(40) G . Zw eifel a n d  H . C . B row n, ib id ., 86 , 393 (1964).
(41) H . C . B row n, “ H y d ro b o ra tio n ,”  W . A. B en jam in , In c ., N ew  Y ork ,

N . Y ., 1962.
(42) T . G . T ra y lo r  an d  A. W . B ak e r, J .  A m er. Chem. Soc., 86 , 2746 (1963).
(43) H . C . B row n, J .  H . K aw ak am i, a n d  S. Ik eg am i, ib id ., 89, 1525 (1967).
(44) See ref 36, p p  161-162.
(45) P . R iesz , R . W . T a f t ,  J r .  a n d  R . H . B oy d , ibid., 82, 4729 (1960).
(46) S . J .  C ris to l, F . R . S te rm itz , a n d  P . S. R am se y , ib id ., 78, 4939 (1956).
(47) S. W in ste in  a n d  D . T rifa n , ib id ., 74, 1151 (1952).
(48) S. W in ste in , B . K . M orse , E . G ru n w a ld , H . W . Jones, J .  C orse, 

D . T rifa n , a n d  H . M arsh a ll , ib id ., 74, 1127 (1952).
(49) C a rl B ro ck  of th e  O rchem  D e p a r tm e n t, D u  P o n t, has  fo u n d  th e

a p p a re n t  d ie lec tric  c o n s ta n t of 2 0 %  H F A —H 2O in  to lu en e  to  b e  2.47 a t  25°.

in which intimate ion pairs would be encouraged and 
with relatively high-directed bond character.22

Discussion
A. —If the above-described mechanism has validity, 

noncatalyzed reactions of HFA with nonallylic olefins 
could proceed through the same intermediate. This 
view appears to have support in the reaction of HFA 
with styrene, in which low molecular weight polystyrene 
is rather slowly formed and most of the polymer con
tains no HFA end group (Experimental Section, part N).

Thus the cyclic dipolar intermediate may be formed 
first, followed by polymerization via  cationic initiation. 
Support for the cationic mechanism is (1) propagation 
in the presence of hydroquinone (not biradical)60a and
(2) the rather sluggish rate coupled with low molecular 
weight (high chain transfer to monomer).60a

Another example is the reaction of HFA and DCTFA 
with dienes in the Diels-Alder reaction. These oc
curred extremely readily below 0°.31 Therefore they 
may be considered two-step reactions in which the first 
step involves the formation of the four-centered dipolar 
ion (the ion stabilized by allylic resonance), followed 
by ring closure through ion-pair collapse.

A similar situation probably exists for the vinyl 
ethers, with the formation of oxetanes.12b,60b

B. —The cylic intermediates to the adducts formed 
from HFA and allylic olefins (like those of l,2-bis(tri- 
fluoromethyl)-l,2-dicyanoethylene and electron-rich al- 
kenes34), would be formed in accordance with the Hoff- 
mann-Woodward selection rules, which predict that 
noncatalyzed concerted four-membered cycloadditions 
(no intermediate) are disfavored thermal processes, 
and, on the other hand, discrete four-membered cyclic 
intermediates are permitted.51

Previous workers showed that addition of electro
philic polar reagents to strained bicyclic systems (HC1, 
oxymercuration) proceed in an exo fashion, even with 
g'em-dimethyl groups in the 7 position of bornene sys
tems.39,43 In the addition of HFA to /3-pinene, molecu
lar models (Drieding) show no appreciable steric prob
lems with either an exo or an endo  approach. With an 
exo addition in this case, support is offered for the view 
that a nonclassical ion is not necessary to explain the 
exo addition in these systems.39

General Conclusions
A. —A four-centered cyclic dipolar intermediate is 

present in addition reactions of HFA or DCTFA with 
nonhindered olefins, including strained bicyclic olefins, 
and this intermediate can directly participate in reac
tions with nucleophilic groups.

B. —Attempts are often made to determine the ex
istence of a reaction intermediate by “ trapping” the 
intermediate. Results may be negative, however, if 
the potentially reactive group is present only in the 
solvation sphere. Positive results may be obtained 
by using appropriate polyfunctional reagents. Allyl 
glycidyl ether appears to be particularly useful in 
noncatalyzed reactions, and also indicates the polarity 
of the intermediate.

(50) (a) C . W a l ing, ib id ., 66, 1602 (1944); (b) H . R . D av is , U . S. P a te n t 
3 ,164,610 (1965).

(51) R . H offm ann  a n d  R . B . W oo d w ard , J . A m er. Chem. Soc., 87, 2045 
(1965).
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C. —A reaction is often considered concerted by a 
demonstration of lack of skeletal rearrangement in the 
reaction products. This has been considered par
ticularly strong evidence if the alternative mechanism 
involves a “ carbonium ion” intermediate for which rear
rangement is the rule.

This work indicates, however, that in reactions which 
appear to involve cis  additions no skeletal rearrange
ment need be expected. This also implies that an 
intermediate is formed which is cyclic and had existed 
for a negligible period in the open-chain form.20,34

D. —As the above conclusions pertain specifically to
1,5-hydrogen shift (thermal addition) reactions of ole
fins with asymmetric dienophiles (such as formalde
hyde, sulfur trioxide, chloral), these reactions, pre
viously considered concerted,1411 should be reexamined, 
using appropriate polyfunctional trapping reagents.

Experimental Section62
A. Preparation of the Adduct of HFA with Propylene

[CH2=CHCH2C(CF3)2OH].—Hydroquinone (0.1 g) was placed in 
a dry 300-cc stainless steel shaker tube, which was flushed with 
nitrogen and cooled to —70°, and HFA (83 g, 0.5 mol, Orchem 
Department, E. I. du Pont de Nemours and Co., used with
out further purification) and propylene were introduced (21 g, 
0.5 mol). The tube was then sealed, shaking was started, and 
the temperature was brought up in stages. Thus, at 50°, the 
autogeneous pressure was 250 psi, with no pressure drop or exo
therm observed over a 1-hr period. The temperature was then 
raised to 75°, and pressure reached 310 psi; at 130° it was 375 
psi, and at 125° it was 400 psi. At 150° a slow pressure drop was 
observed (440 —*■ 435 psi), and so the tube was shaken at this tem
perature for 2.5 hr. The tube was then cooled and vented, and 
18 g (17% conversion) of the adduct was obtained (see Table I).

B. Preparation of the Adduct of HFA with 2-Chloropropene-l 
[CH2=C(C1)CH2C(CF3)20H ].—2-Chloropropene-l (38 g, 0.5 
mol, Columbia Organic Chemicals Co., used directly), hydro
quinone (0.1 g), and HFA (83 g, 0.5 mol) were allowed to react 
as in part A (see also Table I). No pressure drop was observed 
until the internal temperature reached 164°, whereupon it was 
held at this temperature for 4 hr. The rather steady rate of pres
sure drop at 164° of about 20 psi/hr indicates that the reaction 
is not appreciably reversible at these temperatures.

About 60 g of liquid products were obtained which on a single 
distillation through a 24-in. platinum gauze spinning-band column 
gave ca. 12.0 g (10%) composed principally of the adduct; in
frared absorption (CCU) included bands at 2.9 (sharp, —OH) and 
at 6.1 m (—C=CH2); nmr peaks were at 5 5.48 (1.9 H, multiplet, 
>C =C H 2), 3.86 (1 H, broad, O—H), and 2.98 (1.9 H, singlet, 
—CH2— ).

Anal. Calcd for CeHsCIFeO: C, 29.70; H, 2.07; Cl, 14.64; 
F, 47.00. Found: C, 30.41; H, 2.57; Cl, 14.06; F, 45.51.

C. Preparation of the Adduct of HFA with Allyl Chloride 
[CHC1=CHCH2C(CF3)20 H ].—Allyl chloride (38 g, 0.5 mol, East
man White Label), HFA (83 g, 0.5 mol), and hydroquinone (0.01 
g) reacted as in part A with no pressure drop observed even 
at 165° for 4 hr (600 psi developed). The tube was then cooled, 
and 40 g of nonviscous liquid was obtained. Distillation gave 3 
g (3%) of the adduct; infrared absorption (CCh) showed bands 
at 2.8 (OH), 8.1, 8.6, 9.3, 13.9 (C—F), and 6.0 n (C=C).

Anal. Calcd for C6H5C1F60: C, 29.70; H, 2.07; Cl, 14.64. 
Found: C, 29.72; H, 2.18; Cl, 14.35.

D. Preparation of the Adduct of 2,4,4-Trimethylpentene-l 
(Diisobutylene) and Dichlorotetrafluoroacetone (DCTFA) 
[(CH3)3CCH2C(==CH2)CH2C(CF2C1)20H ].—DCTFA (28 g, 0.14 
mol, Allied Chemical Co.), cooled in ice, was mixed with 11 g 
(0.10 mol) of diisobutylene (Phillips Chemical Co., pure grade).

(52) B oiling  p o in ts  a re  u n co rrec ted . T h e  p ro to n  n u c lea r m a g n e tic  reso
n a n c e  s p e c tra  w ere o b ta in e d  on  a  V arian  A ssociates A -60 n m r sp ec tro m e te r , 
a n d  ch em ica l sh if ts  a re  re p o rte d  in  p a r ts  p e r  m illion  dow nfield  from  in te rn a l 
te tra m e th y ls ila n e . S p e c tra  w ere d e te rm in ed  on  10%  so lu tio n s  in  ca rb o n  
te tr a c h lo r id e  un less o th e rw ise  in d ica ted . In f ra re d  s p e c t ra  w ere o b ta in ed  on 
a  P e rk in -E lm e r  In f ra c o rd  a n d  ca lib ra te d  w ith  p o ly s ty re n e . T h e  3 ,3-di- 
m e th y lb u te n e -1  w as o b ta in e d  from  S in c la ir C h em ica l Co. a n d  th e  m e th - 
a c ry lo n itr i le  w as o b ta in e d  from  th e  V is tro n  C orp .

The solution was then heated to reflux in a flask fitted with a 
magnetic stirrer, reflux condenser, and thermometer. The 
internal temperature rose from 57 to 70° over a 5-hr period. On 
one distillation, 16 g (50%) of essentially the adduct was obtained 
(see Table I); the infrared absorption (CCh) included a peak at
2.9 n (OH); the nmr peaks (neat) were at 8 5.15 (2 H, singlet, 
= C = C H 2), 3.65 (1 H, singlet, —OH), 2.80 (2.0 H, singlet, 
—CH2—C(CF„)2—), 2.05 (2.3 H, singlet, —CH2—), and 0.90 
(9.1 H, singlet, —C(CH3)3); the nmr peaks (CCh) of diiso
butylene starting material were at 8 4.80, 4.60 (2 H, two broad 
singlets, = C = C H 2), 1.90 (2 H, singlet, —CH2), 1.76 (3 H, 
multiplet, —CH3), and 0.90 (9 H, singlet, —C(CH3)3).

The nmr spectra of the product corresponded with the ex
ternally double-bonded structure. The peak intensity ratio 
for the external double-bond structure was calculated to be 
1:2:2:2:9, and that for the internal double-bond structure was 
calculated to be 1:1:2:3:9. (The ratio actually found was 1:2: 
2:2.3:9.1.)

Anal. Calcd for CnlLcChFiO: Cl, 23.66. Found: Cl, 
23.08.

E. Reaction of Diisobutylene (DIB) and DCTFA at Room 
Temperature. Search for Biproducts, Intermediates by Nmr.—
Reaction was carried out by dissolving 0.2 g of the olefin in 0.3 
g of DCTFA at —70° in an nmr tube and quickly bringing the 
tube in the spectrometer to room temperature. The nmr data 
for the DIB and the adduct were identical with the higher tem
perature case. If the cyclic ether adduct is formed to any extent, 
the peak due to —C—(CH3)3 compared to that due to H2C = C <  
should increase from the initial 9:2 ratio. Also the ratio of peaks 
due to —CH2—C(CF2C1)2/H 2C = C <  should become >1. The 
initial ratio of the 0.9- to 4.7-ppm band was 4.8 (theory 4.5). 
The 2.9- to 5.2-ppm band ratio was 1.08 (theory 1.0). These 
ratios remained essentially constant over a period of 48 hr at room 
temperature, with conversion into the adduct rising to 55%. 
Also, there was no evidence of complex formation between the 
DIB and the DCTFA by band splitting, chemical shift, or solu
tion color.

F. Reaction of DIB with DCTFA. Effect of Solvent on 
Reaction Rate.—Qualitative comparisons were obtained by ob
serving the intensity of the infrared absorption band associated 
with the —C(CF2C1)2—OH group in the adduct (2.82 p in cyclo
hexane and methylene chloride, 2.90 in in ethyl acetate, 3.05 n 
in diethyl ether). The band intensity was related to adduct 
concentration by comparison with solutions of known concentra
tion. The reactions were carried out in the following way. 
DCTFA (1.19 g) was added to 1.12 g of DIB in the solvent tested 
so as to give 10.0 ml of solution (0.6 M  DCTFA, 1.0 M  DIB). 
Mixing was carried out below —70° in the presence of 0.001 g of 
hydroquinone. The solvents were reagent grade, dried with 
Linde Molecular Sieve 5A, and duplicate runs were made. After 
mixing, samples were withdrawn with a syringe and compared 
in the same infrared cell. Initial data were taken 5 min after the 
mixing operation. Conversion differences between duplicates 
were less than 10%.

G. Preparation of the Adduct of HFA and (3-Pinene.—/3-
Pinene [bp 65-66° (23 mm), 13.8 g, 0.1 mol, containing 10% a-

HFA-d-pinene adduct

pinene by nmr63], hydroquinone (0.1 g), and HFA (17 g, 0 1 mol) 
reacted as in A. The tube was brought up to room temperature 
with shaking for 2 hr. Ca. 25 g of colorless, nonviscous liquid 
was obtained. On standing, large crystals (~ 3  g) slowly formed. 
About 18 g of the liquid phase was distilled to give 9 g of the ad
duct which crystallized on standing, mp 33-34°, the same value 
as that of the crystals which originally separated (see Table I). 
Infrared absorptions (CC14) were found at 2 9 (sharp, —OH),
7.8-9.0, 9.8, 13.9, 14.8 (C—F), 6.1 (vw, C =C ), and 12.3 M (w, 
HRiC=CR 3R2).64 No peak was found near 14.3 /r, characteristic 53 54

(53) “ H ig h  R eso lu tio n  N M R  S p ec tra  C a ta lo g ,”  V a rian  A ssocia tes, P a lo  
A lto , C alif., 1962, en trie s  no . 274 a n d  272.

(54) L . J .  B e llam y , “ T h e  In f ra re d  S p e c tra  o f C om plex  M olecu les ,”  J o h n  
W iley  a n d  S ons, In c ., N ew  Y ork , N . Y ., 1958, p p  51, 52.
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of C—H stretching in cis —CH=CH— structures of the nor- 
bornene type.54 The nmr peaks (CCh) at 8 2.97 (1 H, broad, 
-—OH), 5.60 (1 H, broad, —CH=C—), 2.64 [2 H, singlet, —CH2- 
—C(CF3)2—], 1.30, (3.1 H, sharp singlet, —CH3), and 0.84 (3 
H, sharp singlet, —CH3) indicate only a single product, the sim
ple adduct without rearrangement.

Thus the peak at 8 of 2.97 ppm was proved due to the —OH 
group, as it disappeared on shaking with D20 . The peak at 8
5.60 ppm had an area equivalent to one vinylic proton, and is the 
only peak downfield of the 2.97-ppm peak. The magnitude and 
shift direction is as expected for a product with an a-pinene 
skeleton (see also discussion on reaction of /3-pinene with DCTFA). 
The peaks at 8 0.84 and 1.30 ppm, attributed to the gem-methyl 
groups, are essentially at the same positions as the gem-dimethyl 
groups of a-pinene, supporting further the location of the double 
bond in the adduct (the gem-dimethyl peaks in /3-pinene are at 
8 0.70 and 1.20 ppm and in p-anisyl bornylene are at 8 0.80 and 
0.92).66 Vpc indicated purity of over 98% based on relative 
area of the peaks and total volume of collected products. This 
indicates that negligible reaction or dissociation of the adduct oc
curs on the vpc column.55 56 57 * *

With this information about the product stability in hand, 
examination of the vpc of the undistilled, unheated crude product 
(and correcting for the separated crystals) indicated the unre
arranged adduct to be present in about 81% conversion, 99% 
yield, with four more volatile impurities present in about 1% 
total concentration.

Anal. Calcd for Ci3H16F60 : C, 51.66; H, 5.30; F, 37.75. 
Found: C, 51.31; H, 5.32; F, 37.46.

H. Reaction of /3-Pinene with DCTFA.—Mixing 14 g (0.10 
mol) of /3-pinene with an excess of DCTFA (35 g, 0.17 mole) at

— 70° and warming slowly resulted in an exothermic reaction, 
and the temperature rose to 0° within a few minutes. After 1 
day at room temperature the solution was distilled, giving 21 g 
(66%) of the adduct (see Table I).

The infrared spectrum indicated the presence of an internal 
double bond similar to that in a-pinene derivatives, i.e., absorp
tion (CCh) at 6.05 (vw, C =C) and 12.6 p  ( w )  (CH out-of-plane 
deformation of trisubstituted ethylenes).64 Also there was no 
peak near 14.3 p which is characteristic of norbornene [CH stretch
ing of cis CH=CH54] . Other peaks were at 2.95 (OH), 8.3-9.8 
(s), and 14.6 p  ( w )  [—C(CF3'h—OH]. The nmr analysis (CCU) 
supported this conclusion; i.e ., only one methynyl proton was 
present [8 5.7 (1 H, broad)], with the chemical-shift magni
tude and direction expected on substituting a —C(CF3)2—OH 
group for H (8 5.7 for the adduct compared to 8 5.15 for a-pinene, 
vs. 8 6.0 for norbornene).67 Other nmr peaks were at 8 3.3 (1 H, 
broad, —OH), 2.8 (1.8 H, multiplet, —CII2 exo), 1.31 (2.8 H, 
singlet, —CH3), and 0.86 (2.9 H, singlet, —CH3). The position of 
the gem-dimethyl groups support the a-pinene structure in the 
product.

The column holdup and residue was identical with the distilled 
adduct in viscosity and infrared spectrum. No unexpected in
frared peaks were observed for the forerun.

Anal. Calcd for C13H16C12F40: F, 22.68. Found: F, 
22.29.

I. Treatment of a-Pinene with DCTFA.—On mixing a-pinene 
with DCTFA at room temperature for 20 hr, only a slight reac
tion occurred. That is, traces of absorption in the infrared 
(CCh) at 5.75, 6.05, 7.95, 8.1 (shoulder), 11.45, and 11.65 p indi

(55) W. F . E rm a n  a n d  T. J. F la u t t ,  J. Org. Chem., 27, 1526 (1962).
(56) R u n s  w ere  ca rried  o u t  o n  th e  P e rk in -E lm e r M od el 154 w ith  a  s ta in 

less s tee l co lum n  len g th  of 2 m , 0 .25-in . o .d ., p ac k ed  w ith  2 0 %  fluo roa lky l 
p y ro m e lli ta te  on  G as C hrom  R , 6 0 -8 0  m esh . T h e  h e liu m  flow r a te  w as 10 
cc /7 .4  m in ; th e  v ap o rize r te m p e ra tu re  w as 210° a n d  th e  co lum n te m p e ra tu re  
150°. S im ila r p a t te rn s  w ere seen  on silicon  gum  n itr ile  X L -6 0  on G as C hrom  
R  a t  a  co lum n  te m p e ra tu re  of 125° a n d  a  v ap o riz e r  te m p e ra tu re  of 175°. 
T h e  re te n tio n  tim e , u n d e r  th e  fo rm e r co n d itio n s , w as 10.45 m in  (98 .0%  of 
to ta l)  w ith  th e  im p u rity  a t  8 .3  m in  (1 .5 %  of to ta l) .

(57) I n  th e  series C H j= C H C H 2C 7H,8, C H ^ C H C H j O H ,  C H i= C H -
C H iN H s, a n d  C H ^ C H C H j B r ,  th e  chem ica l-sh ift v a lu es  fo r th e  m e th y n y l
hy d ro g en s  a re , re sp ec tiv e ly , 5 5 .80, 6 .0 , 5 .92, a n d  6.05  p p m .6*

cate presence of small amounts of an externally double-bonded 
adduct, particularly in the residue after distillation.

J. The Adduct of HFA and a-methylvinyl methyl ether
[CH3OC(=CH2)CH2C(CF3)2OH] was obtained by using reaction 
conditions given in part A (see Table I). Infrared analysis 
(CCU) showed absorptions at 2.95 (mod.,68 associated OH), 6.0 
(H2C = C = ), and 7.8 (s), 8.0 (s), 8.3 (s), 8.7 (s), 9.3 (s), and 9.7 
p (s) (C—F). Bands at 10.1 p (mod.), 10.7 (mod.) were present in 
the original ether but were of low intensity. New bands were 
also found at 13.7 p (mod.) and 14.9 p (mod.). Missing from 
the original ether were the bands that appeared at 6.2 (mod.),
9.2 (s), and 12.7 p (s). No appreciable differences in spectra 
were observed whether the analysis was run neat or as a 1 % solu
tion in CCh (association by internal hydrogen bonding). The 
nmr peaks (neat) were at 8 5.15 (1 H, broad, —OH), 4.3 (2.1 H, 
multiplet, >C =C H 2), 3.7 (3.2 H, singlet, CH3—O), and 2.85 
[2.1 H, singlet, —CH^-CiCFa),—].

Anal. Calcd for CjHsFeCh: C, 35.30; H, 3.36; F, 47.90. 
Found: C, 35.79; H, 3.54; F, 47.22.

K. The Reaction of HFA with allyl glycidyl ether (AGE) was 
carried out according to the procedure in part A using 23 g (0.2 
mol) of AGE [Snell Chemical Co., bp 76° (53 mm)], 0.2 g of 
hydroquinone, and 17 g (0.1 mol) of HFA. At 75-79°, a slow 
pressure drop was observed (pressure fell from 40 psi to 35 psi in 
1 hr). The rate of pressure drop was slightly greater at 100°; 
after 3 hr the pressure was 15 psi. The clear viscous product was 
placed in a spinning-band column under vacuum to constant 
weight to remove unreacted material.

The residue after removing volatiles (HFA, AGE) was a vis
cous liquid (27 g) with bp >150° (1 mm) and mol wt 1085 (boiling 
point elevation in benzene). The elemental analyses indicate a 
minimum HFA content of 14, 16, and 13 mol %, respectively, or 
1 mol of HFA/6.1-6.7 mol of AGE (minimum mol wt 862-897).

Anal. Calcd for 1 mol of (C3H60)/6 .5  mol of (C6Hio02) or 
CizHesOuFe: C, 55.6; H, 7.15; F, 12.6. Found: C, 55.33;
H, 6.98; F, 12.64.

By ebulliometry the mole ratio would be 1 mol of HFA/8 mol of 
AGE. The infrared spectrum (neat and in carbon tetrachloride) 
indicated the loss of some double bond (3.2 p) and epoxy content 
(11.8 p) from the AGE and loss of the carbonyl group of the HFA 
(5.4 p). Also, hydroxyl groups, intermolecularly associated, 
were formed (2.9-3.1 p). The product was not soluble in 5% 
aqueous sodium hydroxide. This information, coupled with the 
high aliphatic ether content which was maintained (9.0 p), and 
increased —CH— absorption (7.2 p), suggests the formation of 
dioxane and/or polyethylene glycol units associated with the 
hydroxyl groups.

A new absorption at 14.0 p supports the idea of chains contain
ing at least three aliphatic carbon atoms, expected if the HFA 
added t6 the allyl double bond (also phenyl glycidyl ether did not 
react with HFA under these conditions).

Stronger absorption at 5.9 p (still weak) suggests the formation 
of new internal double bonds. These double bonds could arise 
in a termination step.

The nmr spectrum also indicated the complete loss of the 
epoxide group by loss of a multiplet (relative area 2) at 8 2.5

i------------- 1
(>C—CII2—0 ) and by loss of a multiplet (relative area 1) 

at 8 3.0 (—CH—C (0)<).
Also, the nmr analysis indicated formation of ethylene glycol 

ether groups and some disappearance of the terminal allylic 
double bond [ratios of band areas of 8 5.7 (multiplet, >  C—

i
C H =C <), 5.2 (multiplet, >CH2= C —C < ), 3.95 (multiplet,

I I
C=C —CH2—O—), and 3.5 (multiplet, —O—CH2C—O—) were

l
I .  1:2:2.1:4.9, whereas initial ratios for AGE were 1:2:2.1:2.2, 
respectively].

In the run in which the AGE/HFA mole ratio was 1:1, and 
which gave a polymer with AGE/HFA ratio of 3:2, the loss of 
allylic and epoxy groups and formation of internal olefin were also 
indicated in the nmr. The relative band areas for 8 5.7, 5.2, 
3.95, 3.5 were 14:2:2.6:4.9. The nmr spectrum also exhibited 
a broad multiplet, 8 2.4-3.0 (relative area ca. 1), which suggests 

I
>C =C H  structures.

I

(58) M o d e ra te .
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Other characteristics of the latter run were 13 g of product 
obtained, mol wt 919 (ebullioscopic), and product insoluble in 
5 % NaOH. From the elemental analyses, the polymer contained 
41, 42, and 38 mol % of HFA, respectively. Thus the product 
had an equivalent weight of 330-356, with an AGE/HFA mole 
ratio of 1.67-1.44 (3:2). The ir spectrum indicated relatively 
more OH (3.0 y.) and C-F (8.0 y) content than in the first run.

Anal. Calcd for 3 mol of AGE/2 mol of HFA (CiJLoFiiOs): 
C, 42.7; H, 4.35; F, 33.8. Found: C, 42.54; H, 4.47; F, 
31.98.

L. Terpolymerization of HFA with AGE and Phenyl Glycidyl 
Ether.—AGE (11.0 g, 0.1 mol), phenyl glycidyl ether (15.0 g, 
0.1 mol), hydroquinone (0.01 g), and HFA (17 g, 0.1 mol) were 
allowed to react according to the procedure given in part A. The 
temperature was raised to 100° for 2 hr. A slow pressure drop 
was observed over this time period (40 psi —*■ 30 psi). The tem
perature was raised to 115° for 3 hr more. This was ac
companied by a further pressure drop to 15 psi. The tube was 
cooled and vented. Approximately 37 g of slightly viscous, light- 
colored liquid was obtained, which on distillation under nitrogen 
at reduced pressures in a platinum gauze-filled spinning-band still 
gave the following fractions: (1) 2.4 g, bp 40-70° (1.5-2.0 mm) 
(pot 90-100°, bath 120-140°); (2) 12.1 g, bp 70-78° (1 mm) (pot 
120-150°, bath 150-158°); and (3) residue 15.5 g, very viscous, 
light amber liquid.

The residue was further heated in a rotating evaporator at 
150° (1 mm) for 30 min. This residue (13 g) was still light amber, 
but was now a rather hard solid at room temperature. Its 
cryoscopic molecular weight (in benzene) was 1063. The infra
red spectrum (5% in CCI4) showed a weak, broad absorption 
band at 2.9-3.0 (associated —OH), a strong band at 8.1 (C—F), 
and moderately strong bands at 6.15, 6.60, 9.4 and 14.6 y  char
acteristic of the phenyl group. The band intensities of the latter 
corresponded to a 15% concentration by weight of phenyl glycidyl 
ether in the residue. Bands at 8.6 and 8.8 (strong) and 10.6 y  
(weak, ether groups) were also present.

From the analyses, an average of 2.4 mol of HFA/1 mol of 
phenyl glycidyl ether/4 mol of AGE is present in the polymeric 
residue. The calculations from the elemental analyses alone, 
or per cent of fluorine plus infrared estimates of phenyl glycidyl 
ether content give minimum molecular weights which agree 
very well with each other and with the observed molecular weight 
(996 vs. 1006 vs. 1063).

Anal. Calcd for 2.5 mol of HFA/1 mol of PGE/4 mol of AGE 
(C8,H10„F3„O25): C, 47.6; H, 4.9; F, 27.95. Found: C, 
48.26; H, 4.74; F, 27.23.

M . Reaction of HFA with Octene-1 in the Presence of Phenyl 
Glycidyl Ether.—Octene-1 (11 g, 0.1 mol, Phillips Chemical Co., 
pure grade), phenyl glycidyl ether (distilled, {30 g, 0.2 mol), 
hydroquinone (0.01 g), and HFA (17 g, 0.1 mol) were allowed to 
react according to procedure A. The tube was held at 75° for 
1 hr. The internal pressure reached 15 psi, and there was no 
pressure drop. The inside temperature was then raised to 100° 
for 2 hr. The gauge pressure fell to zero (atmospheric) within 1 
hr. The tube was cooled and vented. The product was a clear, 
nonviscous liquid (51 g). The infrared spectrum of the crude 
product (5% in CC14) greatly resembled straight phenyl glycidyl 
ether, but with increased absorption at 2.9-3.0 and at 7.7 y, 
indicating that some adduct was formed.

On distillation, the fractions were (1) 12.1 g, bp 35-53° (0.7 
mm), almost all at 52-53° (0.7 mm); (2) 7.5 g, bp 53-71° (0.7 
mm); (3) 20.7 g, bp 71-73° (0.6 mm); and (4) 1.6 g of residue, 
clear, nonviscous liquid.

The infrared spectrum of fraction 1 showed the bands expected 
for the HFA-octene adduct, i.e., 2.8 (fairly weak, OH), 6.6, and 
doublets at 6.7, 6.8 (fairly weak, C =C), 8.0 8.6 (very strong, 
C—F), and 10.1, 10.6 (mod., —CH=CH—), and 14.1 y  
(moderate, C—F). This fraction, although not redistilled to re
move small amounts of low boiling material, gave an elemental

analysis which supported this structure. The boiling point was 
in the expected range from the literature value for the 1-nonene- 
HFA adduct.3

Anal. Calcd for CnH,6FeO: C, 45.37; H, 5.99; F, 42.70. 
Found: C, 49.50; H, 5.90; F, 38.0.

The infrared spectra of fractions 3 and 4 were exactly those of 
phenyl glycidyl ether. Fraction 2 was a mixture of the adduct 
and phenyl glycidyl ether.

Thus about 27 of the original 30 g of phenyl glycidyl ether were 
recovered, and about 50% of the octene and HFA were converted 
into adduct. There was no evidence for secondary products 
which might result from reaction of the adduct with phenyl 
glycidyl ether.

N. Reaction of HFA with Styrene.—Styrene (64 g, 0.5 mol, 
Eastman White Label) and hydroquinone (0.01 g) were placed 
in the 300-cc bomb, and HFA (99 g, 0.6 mol) was added under 
nitrogen as in procedure A. Shaking was started below 0°, and 
the tube was then heated at 130° for 1 hr. An appreciable exo
therm was observed during this period indicating a slow reaction, 
and the pressure rose to 370 psi. However, there was no pres
sure drop, which indicated a negligible reaction of the HFA. The 
internal temperature was then raised to 150° for 1 hr. Again an 
exotherm was evident, but again no pressure drop was observed 
(415 psi). The internal temperature was raised to 165° for 4 
hr, and again the exotherm, but no pressure drop, was observed 
(450 psi). The tube was cooled, and 72 g of a stiff gel were re
moved. This gel was soluble in benzene, and slightly soluble in 
acetone. The product was treated with three successive 250-ml 
portions of acetone in an Osterizer, and the extracts were com
bined and distilled at 40-50 mm. About 10 g of styrene were 
recovered, bp 25° (40-50 mm). The distillation residue was 
dried in a vacuum oven at 70° for 14 hr. It was a gummy, 
tacky solid (2 g) with mol wt 629 (cryoscopic, benzene). The 
inherent viscosity (0.25% in benzene) was 0.023. The elemental 
analyses indicate 83-86 wt % styrene, or eight to nine molecules 
of styrene present for every molecule of HFA, and a formula 
weight of 894. The infrared spectrum showed bands at 2.8 
(weak, —OH), 5.95 (C=C), and 8.2 and 8.6 y  (strong, C—F).

Anal. Calcd for (CsH8)8(C3F60 ) or CeiHnFsO: C, 80.5; 
H, 6.5; F, 11.5. Found: C, 80.48; H, 6.58; F, 10.79.

The acetone-insoluble residue (59 g) was a stiff, brittle plastic.
Anal. Calcd (for polystyrene) C8H8: C, 92.3, H, 7.7. 

Found: C, 90.0; H, 7.6; F, 2.3.
After reprecipitation out of benzene with acetone in an Oster

izer, the infrared spectrum was that of polystyrene, and the F 
content dropped to less than 0.4%. The ebullioscopic molecular 
weight in benzene was 6700 ±  700. Thus both fractions ex
hibited a lower molecular weight than calculated for one HFA 
end group (0.4% by weight of HFA per chain in the higher 
molecular weight fraction would lead to a molecular weight of 
ca. 25,000). This is a much higher chain-transfer level than is 
found in free-radical-initiated styrene polymerizations.

Registry No.—Adduct A, 646-97-9; adduct B, 
15735-54-3; adduct C, 15735-55-4; adduct D, 15735-
56-5; adduct G, 15735-57-6; adduct H, 15816-02-1; 
adduct J, 15735-58-7; HFA, 684-16-2; AGE, 106-
92-3; phenyl glycidyl ether, 122-60-1; octene-1,
111-66-0; styrene, 100-42-5.
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The reactivities in dimethyl sulfoxide of a series of amines (piperidine, 2-methylpiperidine, and trans-2,6-di- 
methylpiperidine) toward fluoro-2,4-dinitrobenzene or fluoro-2-nitrobenzene are reported and compared with 
those already reported for fluoro-4-nitrobenzene in the same solvent or chloro-2,4-dinitrobenzene in benzene. It 
is found that the piperidine:2-methylpiperidine:irans-2,6-dimethylpiperidine rate ratios are closely similar to 
oneanother in the four series of reactions (about 1:2 X 10~3:3 X 10“6, respectively). Moroever, the ortho-, para 
activation ratio varies little and randomly (from 0.86 to 2.0) upon changing the nucleophile. These facts are 
interpretable in terms of a nearly tetrahedral transition state in which steric inhibition of resonance of the o-nitro 
group is not pronounced. Therefore, the large drop in rate observed on introducing 2- or 6-methyl groups in 
the piperidine reagent must be attributed primarily to steric compression of the amine moiety against the ben
zene carbons and hydrogens in the transition state. The ultraviolet spectra show that steric inhibition of reso
nance is very marked for all reaction products of the 2-nitro series, varies widely from one member to another in 
the 2,4-dinitro series, and is absent from all members of the 4-nitro series. The lack of correlation of reaction 
rates and resonance stabilization of the reaction products is also explained.

A large amount of information is available con
cerning the activation by the nitro group in nucleo
philic aromatic substitution.3’4 Concerning the ortho: 
p a ra  activation ratio, the values found in the various 
reactions are thought3 to reflect a fine balance among 
several factors which are recognized as (a) the induc
tive effect of the nitro group (whereby ortho activation 
is expected to prevail) and (b) proximity effects. Thus, 
an ortho: p a ra  ratio smaller than unity in reactions with 
anionic nucleophiles is attributed to inhibition of 
resonance of the o-nitro group in the transition state 
owing to steric repulsions3 and to repulsions between 
like charges.3’5 In the reactions with protic amines, 
where the ortho: p a ra  ratio is greater than unity, this 
effect is thought to be overwhelmed by that of hydro
gen bonding411 between an ammonium proton and the
o-nitro group in the transition state. The “ hydrogen
bonding” idea has been tested experimentally,6 while no 
systematic study concerned with the “steric” or with 
the “repulsions between like charges” idea has ever 
appeared.

In the course of related work on the reactivity of 
fluoro-4-nitrobenzene with piperidine, 2-methylpiperi
dine or ¿rans-2,6-dimethylpiperidine in dimethyl sulf
oxide (DMSO) we have recently discovered that, 
although the reactivity range spanned by the amines 
is greater than 104, the insertion of a second nitro 
group in the ortho position to the substrate (fluoro-
2,4-dinitrobenzene) does not drastically alter the pat

(1) S u p p o rte d  b y  C onsig lio  N az io n a le  de lle  R icerche , R o m a .
(2) T o  w hom  in q u irie s  con cern in g  th is  p a p e r  sh o u ld  b e  add ressed .
(3) J .  F . B u n n e t t  a n d  R . J .  M o ra th , J .  A m er. Chem. Soc., 77 , 5051 (1955).
(4) F o r  re c e n t co n tr ib u tio n s , see  (a) S. D . R oss an d  M . F in k e ls te in , J .  

A m er. Chem. Soc., 85, 2603 (1963); (b ) N . E . S b a rb a t i, J .  Org. Chem ., 30, 
3365 (1965); (c) A. M . P o r to , L . A ltie ri, A. J . C a s tro , a n d  J .  A. B rieu x , J .  
Chem . Soc., Ser. B , 963 (1966); (d ) J .  B o u rd o n , D . F ish er, D . R . K ing , a n d  J .  
C . T a tlo w , Chem. C om m ., 65 (1965); (e) J . B o u rd o n , D . R . K ing , a n d  J . C. 
T a tlo w , Tetrahedron, 23 , 1347 (1967); (f) H . S u h r, A n n .  701, 101 (1967). (g) 
C . W . L . B evan , J .  H irs t ,  a n d  S. J .  U n a  [N igerian  J .  S c i., 1, 27 (1966) J a re  
co n cern ed  w ith  m eta  a c tiv a tio n .

(5) M . F . H aw th o rn e , J .  A m er. Chem. Soc., 76 , 6358 (1954).
(6) C h lo rin e  is d isp laced  fa s te r  from  chloro-4- th a n  from  ch lo ro -2 -n itro - 

b en z en e  b y  a  te r t ia ry  am in e  like  tr ie th y le n e d ia m in e  in  b en z y l a lco h o l43
w hereas th e  rev e rse  re a c tiv i ty  o rd e r  is fo u n d  w hen  th e  nucleo p h ile  is  a  secon
d a ry  am in e  like  p ip e r id in e .43 S u ch  an  in v e rs io n  of th e  re a c tiv i ty  o rd e r  has
been a t t r ib u te d  to  h y d ro g en  b o n d in g  in  th e  t ra n s i t io n  s ta t e  fo r th e  reac tio n
of th e  seco n d a ry  am in e  w ith  th e  o rM o -su b stitu ted  s u b s t ra te . I t  is in te re s t
ing, how ever, t h a t  ch lo rin e  is d isp la ced  m u c h  fa s te r  fro m  ch lo ro -2 -n itro -
benzene th a n  from  th e  para  iso m er b y  a  n o n p ro tic  am in e  like  p y rid in e  in
d im e th y l su lfo x id e .4*

tern of relative rates.7 These results seemed to sug
gest7 that there is no pronounced steric inhibition of 
resonance of the o-nitro group in the transition state.

However, the two series of reactions had been car
ried out in two different solvents, DMSO for fluoro-4- 
nitrobenzene7 and benzene for fluoro-2,4-dinitroben- 
zene.8 As the kinetics of reactions of this kind are 
dramatically altered on changing the solvent from 
DMSO to benzene (vide in fra ), it seemed of interest to 
investigate the reactivities of both fluoro-4-nitroben- 
zene and fluoro-2,4-dinitrobenzene in the same solvent. 
Moreover, in order to appraise directly the influences 
of the steric requirements of the nucleophile on the 
o rth o :para  activation ratio by the nitro group, we de
cided to investigate the reactivity of fluoro-2-nitro- 
benzene toward piperidine, 2-methylpiperidine, or 
(rans-2,6-dimethylpiperidine.

It seemed also of interest to investigate whether a 
correlation between reaction rate and resonance 
stabilization of the reaction products, like that re
ported9 for certain aromatic nucleophilic substitution 
reactions, holds for the present reactions as well. To 
this end the ultraviolet spectra of the reaction products 
were obtained and are utilized here as a criterion to 
qualitatively estimating resonance stabilization.

Results

The choice of DMSO as a solvent in which to com
pare the reactivities of our substrates was demanded 
by the fact that the reactions of fluoro-4-nitrobenzene 
with sterically hindered piperidines are too slow in 
benzene to be followed conveniently.10 Moreover, 
while the displacement of fluorine from some fluoro- 
nitrobenzenes by protic amines displays complex 
kinetics,11 this is not so in DMSO where clean second- 
order kinetics are observed.12

Rate data for the reactions of piperidine, 2-methyl- 
piperidine, or irans-2,6-dimethylpiperidine with fluoro-

(7) F . P ie tra  a n d  F . D e l C im a, Tetrahedron Lett., 4453 (1966).
(8) F . P ie t r a  a n d  F . D el C im a, ib id ., 1925 (1966).
(9) F . H a w th o rn e  a n d  D . J .  C ram , J .  A m er. Chem . Soc., 74, 5859 (1952).
(10) T h e  reac tio n  b e tw e en  f lu o ro -4 -n itro b en ze n e  0 .05  M  a n d  2 -m e th y l

p ip e rid in e  0.9 M  in  b en z en e  a t  100° p roceeded  to  on ly  a b o u t  15%  in  40 days .
(11) (a) F . P ie t r a  an d  A. F a v a , Tetrahedron L ett., 1535 (1963); (b) F . 

P ie t r a  a n d  D . V ita li, ib id ., 5701 (1966).
(12) H . S u h r, Ber. B unsenges. P h y sik . Chem ., 67, 893 (1963).
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Figure 1.-—-The curves represent ultraviolet absorption spectra 
for the following compounds: I, N-4-nitrophenyl-ris-2,6-dimeth- 
ylpiperidine; II, N-4-nitrophenyl-irans-2,6-dimethylpiperidine; 
III, N-4-nitrophenyl-2-methylpiperidine; IV, N-4-nitrophenyl- 
piperidine; V, N-2,4-dinitrophenylpiperidine; VI, N-2,4- 
dimtrophenyl-2-methylpiperidine; VII, N-2,4-dinitrophenyl- 
2ra»s-2,6-dimethylpiperidine ; VIII, N-2,4-dinitrophenyl-cfs-2,6- 
dimethylpiperidine; IX, N-2-nitrophenylpiperidine; X, N-2- 
nitrophenyl-2-methylpiperidine; XI, N-2-mtrophenyl-irans-2,6- 
dimethylpiperidine.

2,4-dinitrobenzene or fluoro-2-nitrobenzene in DMSO 
are reported in Table I. Formation of N-2,4-dinitro- 
or N-2-nitrophenylamines was quantitative (see the 
Experimental Section). Excellent kinetic plots were 
obtained up to 90% reaction completion in each case.

T a b l e  I
S e c o n d - O r d e r  R a t e  C o e f f i c i e n t s  f o r  t h e  R e a c t i o n s  o f  

F l u o r o - 2 ,4 - d i n i t r o b e n z e n e  o r  F l u o r o - 2 - n i t r o b e n z e n e  

w i t h  V a r i o u s  P i p e r i d i n e s  i n  DMSO
F lu o ro -2 ,4- F luoro-2 -

A m ine, d in itro b en z en e , n itro b en zen e , T em p , k, m o l” 1
M M  M °C 1. s e c " 1

Piperidine
2.08 X 10-6 9.8 X 10-» 25 628
4.16 X 10“6 1.96 X 10-' 25 636
5.18 X 10“3 3.11 X 10-" 25 1.59 X 10-»
3.26 X 10"» 3.26 X 10“4 25 1.61 X 10-»

2-Methylpiperidine
4.90 X 10~4 1.96 X 10“6 25 0.64
1.17 X 10-» 1.87 X 10~6 25 0.69

0.791 5.40 X 10-» 25 3.62 X 10-«
0.500 5.30 X 10-* 25 3.58 X 10-«

£rans-2,6-DimethyIpiperidine
1.42 X 10-* 6.75 X 10“3 25 0.010
3.34 X 10-» 6.75 X 10-3 25 0.012

0.397 7.00 X 10-» 70 1.02 X IO“6
0.589 7.25 X 10-» 70 9.18 X 10-«
0.589 7.25 X 10-* 80 1.54 X 10-«
0.589 7.25 X 10-» 100 4.02 X 10“6

Relative rates at a common temperature, and some 
activation parameters are reported in Table II for the 
substrates investigated here as well as for fluoro-4-

nitrobenzene.7 As the data for the latter compound 
were reported as a short communication,7 some more 
experimental details are included in the Experimental 
Section for this compound as well.

The ultraviolet spectra of the N-substituted piperi
dines resulting from the reactions reported in Table II, 
together with those of N-4-nitrophenyl-czs-2,6-dimeth- 
ylpiperidine,7 and N-2,4-dinitrophenyl-cfs-2,6-dimeth- 
ylpiperidine,8 are shown in Figure 1.

Discussion

Rate Data.—The reactions reported here are first 
order with respect to the amine, which means that there 
is no evidence for the existence of intermediates along the 
reaction path.11’13 However, according to widely ac
cepted ideas,13 nucleophilic aromatic substitutions of this 
kind can be visualized as two-step processes in which 
formation of the intermediate is rate determining.

There are some interesting points to be noted from 
the data of Table II. (a) The reactivity range 
spanned by the three amines in the reactions with any 
single substrate encompasses a factor of more than 104 
(columns 3, 7, and 11). (b) The patterns of relative
rates for the reactions of each substrate with the three 
amines are fairly similar to one another (columns 3, 
7, and 11). (c) The o r th o : p a ra  activation ratio
varies very little with changing amine (around unity) 
and without a definite trend. It is in fact 1.6, 2.0, 
and 0.86 for reactions with piperidine, 2-methylpi- 
peridine, and tran s-2 ,6-dimethylpiperidine, respectively 
(calculated from data in columns 2 and 6).

Finally, another interesting point emerges from the 
comparison of data of Table II with those already 
published.8 (d) The pattern of relative rates found 
for the reactions of chloro-2,4-dinitrobenzene in ben
zene (1, 7.5 X 10~4, and 4.7 X 10~6 for piperidine,
2-methylpiperidine, and tran s-2 ,6-dime thylpiperidine, 
respectively)8 is not drastically different from that 
pertaining to the corresponding reactions of fluoro-
2,4-dinitrobenzene in DMSO (Table II).

Point a is a reflection of a large increase in steric 
compression in the transition state on increasing the 
bulk of the nucleophile. In fact, from an electronic 
point of view the substitution of methyl for hydrogen 
in the nucleophile should, if anything, increase the rate 
of reaction.

It is also clear that the above-discussed steric com
pression in the transition state cannot involve to any 
great extent the 2-nitro group. It is in fact easily 
recognizable that the trends observed in the rates 
(points b and c) cannot arise from a balance between 
steric compression involving the 2-nitro group in the 
transition state and such factors as (1) inductive 
effect being greater from the ortho than from the p a ra  
position,3 (2) inhibition of resonance of the 2-nitro 
group in the reagents,3 and (3) “ built-in-solvation.” 3 
Let us suppose in fact that steric compression involving 
the 2-nitro group in the transition state does increase 
steeply on going from piperidine to tra n s-2 ,6-dimethyl- 
piperidine in the reactions of Table II. Then factors 
1 and 2 cannot run in parallel opposition simply be
cause they are independent of the nucleophile. There 
is no obvious reason, also, why the importance of “ built-

(13) J. F. Bunnett and R. H. Garst. J .  A m e r . C h em . S o c ., 87, 3875 (1965).
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T a b l e  I I

S e c o n d - O r d e r  R a t e  C o e f f i c i e n t s , R e l a t i v e  R a t e s  (w i t h  R e s p e c t  t o  t h e  F a s t e s t  A m i n e  f o r  E a c h  S u b s t r a t e ) , a n d  

S o m e  A c t i v a t i o n  P a r a m e t e r s  f o r  R e a c t i o n s  o f  V a r i o u s  P i p e r i d i n e s  w i t h  
N i t r o - S u b s t i t u t e d  F l u o r o b e n z e n e s  i n  D M S O  a t  2 5 °

/--------------------F lu o ro - 2 -n itrobenzene------------------------ /--------------------- F lu o ro -4 -n itro b en zen e°--------------------- * F lu o ro -2 ,4 -d in itro b en zen e
k, m o l-1 AH -P , A S  4-, k , m o l-1 AH -$-t AjS 4-, k s m o l-1

A m ine 1. s e c “ 1 kTe\ k c a l/m o l eu  1. s e c " 1 &rel k c a l/m o l eu  l. s e c " 1 fcrel

Piperidine 1.60 X 10*“2 1 1.01 X 10~2 1 8.0& - 4 3 6 630 1
2-Methylpiperidine 3.60 X 10"6 2.2 X lO”3 1.76 X 10“5 1.7 X 10~3 0.65 1.0 X lO“3
¿rans-2,6-Dimethyl-

piperidine 6 .0  X lO“7' 3 .7  X 10~6 12 - 4 8  7 X 10-’ « 6 .9  X 10"' 11 - 5 1  0.011 1.7 X lO“6
0 Data from ref 7. b Recalculated from rate data of ref 30. A<S + =  —15.4 eu, as reported in ref 30, is the result of a misprint or 

of an error in the calculation. '* Extrapolated from data at higher temperatures.

in-solvation” should be augmented upon increasing 
the bulk of the nucleophile.14

Finally, consideration of point d suggests that the 
steric compression in the transition state of the re
actions of Table II does not involve the leaving group 
to any considerable extent.

The above conclusions have been based on rate data 
at a single temperature. Systematic investigation of 
the temperature dependence of the rates has not been 
considered necessary because of the very wide ranges 
of reactivity spanned either by the nucleophiles with 
each substrate (point a) or by the substrates with re
spect to the same nucleophile [fluoro-2,4-dinitrobenzene 
is more than 104-fold faster than the other two sub
strates (Table II)]. Under such conditions a drastic 
change, due to temperature variation, of the trends 
observed among the data in Table II is conceivable only 
if the range of temperature covered is so wide that it 
may even be inaccessible experimentally in the solvent 
used (DMSO). On the other hand it may be noted 
that the reactions of /mns-2,6-dimethylpiperidine with 
fluoro-2- or fluoro-4-nitrobenzene have similar activation 
parameters (Table II, lower row).

We are now in a position to draw some conclusions 
about the structure of the transition state for the re
actions of Table II. The tetrahedral intermediate 
proposed by Bunnett13 for aromatic nucleophilic sub
stitution appears to be a good model for the transition 
state. In such a transition state repulsive interactions 
involving the 2-nitro group and the leaving group can 
be minimized as the 2-nitro group can adapt itself 
between the entering and the leaving group thus at
taining coplanarity (or nearly so) with the benzene 
ring. The large drop in rate observed in the reactions 
of Table II on going from piperidine to 2-methylpiperi- 
dine and from this one to ¿rans-2,6-dimethylpiperidine 
must then be attributed mainly to increased repulsive 
interactions between the nucleophile and the benzene 
ring carbons and hydrogens in the transition state.

The above observations are relevant to the problem, 
thus far little considered, of defining the conformation 
of the transition state. Thus, the present findings 
show that the preferred conformation of the transi
tion state in the reactions of o-nitro-substituted sub-

(14) F a c to rs  1 to  3  m u s t a lso  b e  of lim ited  co n cern  here . As fo r fa c to r  1, 
i t  seem s rea so n ab le  to  assu m e  t h a t  th e  in d u c tiv e  effec t of th e  2 -n itro  vs. th a t  
o f th e  4 -n itro  g ro u p  is  s im ila r to  t h a t  fo u n d  in  th e  case  of 4- an d  2 -ch lo rin e ,15 
i .e ., o n ly  7 :1 .  F a c to r  2 is  lik e ly  to  b e  of l i t t l e  concern  ow ing  to  th e  sm all size 
of flu o rin e .16 In  a n y  ev e n t, th e  c o p la n a r  g eo m e try  is  essen tia l to  th e  t ra n s i
t io n  s ta te ,  w hen  th e  n itro  g ro u p  m u s t a c c e p t e lec tro n s  from  th e  nucleoph ile , 
b u t  n o t  fo r th e  o -n itro p h en y l h a lid e  m olecu le . F a c to r  3  m u s t b e  of red u ced  
im p o rta n c e  ow ing to  th e  h ig h  p o la r ity  of th e  so lv en t used  (D M S O ).3

(15) D a ta  fo r ch lo rin e  a re  re p o r te d  a n d  d iscussed  b y  J .  F . B u n n e t t  and  
R . E . Z ah le r, Chem. Rev., 4 9 , 315 (1951).

(16) B . C ap o n  a n d  N . B . C h a p m an n , J .  Chem. Soc., 600  (1957).

strafes with all three amine reagents is one in which the 
piperidine carbons áre turned away from the o-nitro 
group (if there is one as in the present case) and the 
ammonium hydrogen is turned toward o-nitro, avail
able for hydrogen bonding. Thus, the various ef
fects (inductive, hydrogen bonding, steric inhibition of 
resonance, etc.) of an o-nitro group can operate 
equally well with piperidine as with tran s-2 ,6-dimethyl- 
piperidine.

Whereas the present results obviously aid in clar
ifying why in the reactions of protic amines the ortho: 
p a ra  activation ratio is usually greater than unity, 
they have no very direct bearing on the question of 
what determines the ortho : p a ra  ratio in the reactions 
with alkoxide reagents.3’4 This is due exactly to the 
fact that hydrogen bonding in the transition state 
holds the piperidine carbons away from the o-nitro 
group.

However, owing to the fact that c is-2 ,6-dimethyl- 
piperidine is only six times less reactive than its trans  
isomer toward chloro-2,4-dinitrobenzene in benzene8 
(clearly, if the preferred conformation of the transition 
state is that pictured above, a methyl group must be 
closer to the o-nitro group in the case of the cis- than 
in that of the tran s-am in e) our results cast a little 
doubt17 on the argument3 that the difference in the 
orth o: p a ra  ratio, with methoxide or ethoxide reagents, 
between fluoro- and chloronitrobenzenes is attributable 
primarily to steric inhibition of resonance of the o- 
nitro group in the transition states of the reactions 
of o-chloronitrobenzenes.

Perhaps the importance of the “repulsions between 
like charges” idea6 (see above) is even greater than was 
thought in the past.3 However, even the latter idea 
alone is insufficient to rationalize consistently all the 
material published.

It is our opinion that a systematic investigation of 
reactions of anionic nucleophiles, in which steric 
effects are clearly defined, would be warranted.

Recently Crampton and Gold18 and, independently, 
Servís19 have discovered that, on mixing picryl methyl 
ether with methoxide in DMSO-methanol mixtures, 
addition of methoxide is faster to nuclear position 3 
than to position 1, while the latter process gives the

(17) A  p re req u is ite  to  o u r  a rg u m e n t is, how ever, t h a t  th e  re la tiv e  position  
of tr a n s i t io n  s ta te  a n d  in te rm e d ia te  a lo n g  th e  re a c tio n  c o o rd in a te  is th e  sam e 
fo r re ac tio n s  of b o th  an io n ic  a n d  n e u tra l  nucleoph iles. I f  H a w th o rn e ’s 
a rg u m e n t5 is va lid  acco rd in g  to  w h ich  th e  t r a n s i t io n  s ta te s  fo r  re ac tio n s  of 
an ion ic  nucleoph iles is m o re  re a g e n tlik e  th a n  th o s e  fo r re a c tio n s  of n e u tra l 
nucleoph iles, o u r  re su lts  h a v e  a n  even less d ire c t b ea rin g  to  th e  p ro b le m 3’4 
of w h a t d e te rm in es  th e  ortho:para  ra t io  in  th e  re a c tio n s  of an io n ic  nucleo
philes.

(18) M . R . C ra m p to n  an d  V. G o ld , ib id ., Ser. B , 893 (1966).
(19) K . L . S ervis, J .  A m er. Chem. Soc., 8 9 , 1508 (1967).
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thermodynamically more stable product. Crampton 
and Gold18 suggested that the slowness of the reaction 
at position 1 is due to steric compression in the transi
tion state and wrote, “The implied importance of 
these steric effects suggests that Meisenheimer com
plexes themselves are unlikely to be good models for 
the transition state of nucleophilic aromatic substitu
tion reactions for systems containing o-substituents.” 
We must urge against acceptance of the above gen
eralization.18 In fact, our results, obtained for re
actions of orf/io-substituted compounds (with only one 
ortho group) in which steric effects are well defined, can 
be rationalized only if a nearly tetrahedral structure, 
like that attributed to Meisenheimer complexes, is 
assumed for the transition state.

Resonance Stabilization of the Reaction Products.—■ 
A qualitative estimate of the relative resonance sta
bilization among the reaction products of the reactions 
of Table II can be obtained by examination of the 
ultraviolet spectra in Figure 1.

These spectra clearly show that the three series of 
compounds (4-nitro, 2-nitro, and 2,4-dinitro) fall into 
three different classes. The 4-nitro series shares the 
common characteristic of having a high intensity band 
(e) at Amax 380-390 m p. The intensity of absorption 
(«) increases slightly, but consistently, on going from 
the less to the more bulky amine (Figure 1). In 
sharp contrast the 2-nitro series exhibits very low ab
sorption in the region 300-450 m̂ . .Methyl and di
methyl compounds present the lowest intensity with
out a pronounced maximum of absorption (Figure 1). 
The features of the spectra belonging to the 2,4-dinitro 
series diverge from those of the other two series; here 
the intensity of absorption («) decreases steadily from 
a very high value for the piperidine derivative to a 
very low one for the cis-2,6-dimethyl piperidine com
pound (Figure 1).

The spectra of the 4-nitro series in benzene (Figure 1) 
resemble closely those of 4-nitroaniline20 and of its 
N-methyl and X-ethyl derivatives20 in ethanol. There
fore, steric inhibition of ( > +X = C i — C4= X C 2~) 
resonance, which has been excluded for the last com
pounds,20 should also be absent from all the X-4- 
nitrophenylpiperidines of Figure 1.21,22

The very low absorptions of the compounds be
longing to the 2-nitro series, compared with those of 
the 4-nitro series (Figure 1), cannot be attributed 
only to the shorter transition moments in the former 
series. In fact 2-nitroaniline exhibits a definite ab
sorption band in ethanol which is much stronger 
(e 5.2 X 103, Amax 404 m/x)20 than that of any of the
2-nitro amines of Figure 1. The logical conclusion21 
is that in the series of X-2-nitrophenylpiperidines of 
Figure 1 there is pronounced steric inhibition of 
(> +X =C i — C2 =X02_) resonance. It seems also 
reasonable to assume that steric strain is relieved by 
rotation from planarity of both the C5H10X - and the 
—-X02 group. The latter point is appreciated more

(20) M . J .  K am le t, H . G . A do lph , a n d  J . C. H offsom m er, J .  Am er. Chem. 
Soc., 86 , 4018 (1964).

(21) W e a re  aw a re  of th e  u lt ra v io le t sp e c tra l changes  th a t  p -n itro an ilin e s  
u n d erg o  on ch a n g in g  from  a  n o n p o la r  a p ro t ic  so lv en t like  ca rb o n  te tr a c h lo 
r id e  to  e th a n o l.22 H ow ever, su ch  changes a re  sm all en o u g h  th a t ,  fo r th e  
p re se n t pu rp o ses , w e can  safe ly  co m p are  o u r  u lt ra v io le t  sp e c tra  in  benzene 
w ith  o th e rs  in  e th an o l.

(22) (a) J . H . P . U tle y , J .  Chem. Soc., 3252 (1963); (b) M . J .  K am le t, 
Israe l J .  Chem ., 1, 428 (1963).

clearly by examination of the spectra of the com
pounds of the 2,4-dinitro series (Figure 1). Ac
cording to the results obtained for 2,4-dinitroaniline 
and its X-methyl and X-ethyl derivatives,20 the ab
sorption band of Figure 1 for X-2,4-dinitrophenyl- 
piperidine should be assigned to the ( > +X = C i —►  
C4= X 0 2- ) transition, while (> +X =C i —►  C2= X 0 2~) 
resonance should be sterically inhibited. In fact, not 
even an inflection marks the position of the ( > +N =  
Ci —►  C V -X (V ) transition in the spectrum of X-
2,4-dinitrophenylpiperidine (Figure 1). Moreover, as 
band half-widths at half-height are about equal on 
both sides of the maximum of absorption (Figure 1), 
overlapping of absorption on the longer wave length 
side due to the (> +X =C i —►  C2= X 0 2~) transition 
can be excluded. These findings suggest then that 
the 2-nitro group is completely out of the plane of the 
benzene ring in X-2,4-dinitrophenylpiperidine.

It is also of interest that a change from 2,4-dinitro
aniline to its X,X-dimethyl or X,X-diethyl derivatives 
results in steric enhancement of (>+N =C i —►  C4=  
X02- ) resonance,20 as evidenced by the increase in the 
absorption attributed to the (> +X =C i —*■ C4= X 0 2_) 
electronic transition.20 Here, on the contrary, going 
from X-2,4-dinitrophenylpiperidine to its dimethyl 
(tran s or cis) derivatives produces pronounced steric 
inhibition of (> +X =C i —►  C4= X 0 2~) resonance. In 
fact, a sharp decrease of intensity of absorption (e) 
is observed on going from X-2,4-dinitrophenylpipcri- 
dine to its dimethyl (trans or cis) derivatives (Figure 
1). A likely explanation is that in the cases of X-2,4- 
dinitrophenyl-cfs-2,6-dimethy]piperidine or of its iso
mer the amino moiety has such large steric require
ments that, besides rotating the o-nitro group out of 
the plane of the benzene ring, it is itself rotated from 
planarity. That the u-nitro group is sterically in
volved in inhibiting conjugation of the amino nitrogen 
in the latter compounds is also shown by the fact that 
in the 4-nitro series (Figure 1) there is no steric in
hibition of (> + X = C 4 —►  C4= X C 2_) resonance.

Lack of Correlation of Reaction Rate and Resonance 
Stabilization of the Reaction Products.—-Hawthorne 
and Cram have studied9 the competitive reaction of 
L-(+)-a-phenylethylamine with DL-2-(sec-butyl)-4,6-di- 
nitrochlorobenzene to give (—)-DL-2-(sec-butyl)-4,6- 
dinitro-X-(L-a-phenylethyl) aniline and the ( + ) - ll 
diastereomer. The latter diastereomer is slightly 
more stabilized by resonance (as judged from ultravio
let spectra) and is formed 1.22 times as fast as the 
former one.9

Such a correlation apparently does not hold for the 
reactions investigated in the present work. As shown 
above, while steric inhibition of resonance is absent in 
all reaction products of the 4-nitro series and increases 
markedly in the other two (2-nitro and 2,4-dinitro) on 
increasing the bulk around the amino nitrogen in the 
nucleophile, we have found that the patterns of rela
tive rates (encompassing a factor greater than 104) 
in the three series of reactions are similar to one 
another. Moreover, the ortho : p a ra  ratio varies little 
and without any definite trend.

It can be argued that this apparent disagreement is 
due to the fact that in Cram’s work9 two ortho sub
stituents are present, one of which has a tetrahedral 
geometry. Thus, while the steric interactions in the
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reaction products can be released in the transition 
state owing to the favorable geometry of the nitro 
group (our case), this is not possible in the reactions 
studied by Cram.9 In the tetrahedral transition state 
of these reactions the ammonium proton is turned to
ward the o-nitro group, which probably does not undergo 
steric inhibition of resonance, while the 2-sec-butyl 
group, also due to its tetrahedral geometry, must 
interfere sterically with the entering group even in 
the transition state.

Perhaps the results of our work suggest that the 
subtle difference between the rates of the reactions 
studied by Cram9 originates from steric repulsions in 
the transition state involving the entering group and 
the 2-sec-butyl group at a greater extent than the 2- 
nitro group. This is an interesting question that re
mained thus far unsolved (see the discussion by 
Hammond and Hawthorne).23

Experimental Section
Melting points were taken on a Kofler apparatus and are 

uncorrected.
Materials. DMSO (Erba) was fractionally distilled (N2 

atmosphere, column as described below for 2-methylpiperidine, 
20 mm, reflux ratio 8°1). Central cuts were collected and redis
tilled at 20 mm over calcium hydride (N2 atmosphere) before 
use. Fluoro-2-nitrobenzene (Fluka) was fractionally distilled 
(18 mm, N2 atmosphere). Fractions containing less than 0.1% 
total impurities (vpc,24 Apiezon on Chromosorb W 80-100 mesh, 
135°, retention time 7 min) were used. Fluoro-4-nitrobenzene 
(Schuchardt) and fluoro-2,4-dinitrobenzene (Fluka) were recrys
tallized several times from absolute ethanol. Piperidine (Erba) 
was refluxed over sodium metal for several hours and then dis
tilled under an N2 atmosphere. Fractions containing less than 
0.1% total impurities (vpc,24 20% 1-hydroxyethyl 2-heptade- 
cenyl glyoxalidine on 60-80 mesh KOH-washed Chromosorb W, 
80°) were used. Commercial 2-methylpiperidine (Eastman, 
White Label) was fractionally distilled under N2 atmosphere 
(column 3 ft X 3A in. packed with Fenske glass helices 1/i0 in. 
and equipped with a thermostated jacket, 100 mm, 60°, reflux 
ratio 35:1) and redistilled under reduced pressure over Na-K 
alloy before use. After this treatment, vpc24 (column as before 
for piperidine, 88°) did not show any contamination, trans-
2.6- Dimethylpiperidine after three fractional distillations under 
the conditions already reported8 (reflux ratio 40:1) did not show 
any contamination (retention times in vpc,24 under the conditions 
already reported,8 were 15 and 10 min for the trans and the cis 
isomer, respectively). N-2-Nitrophenylpiperidine, mp 78° (lit.25 
81°), N-4-nitrophenylpiperidine, mp 103-104° (lit.25 105.5°), N- 
2,4-dinitrophenylpiperidine, mp 95-95.5° (lit,.25 92°), and N-2,4- 
dinitrophenyl-2-methylpiperidine, mp 72-73° (lit-.26 67°), were 
prepared by standard procedures. N-2,4-Dinitrophenyl-/rons-
2.6- dimethylpiperidine and its cis isomer wrere those used in a 
previous work.8
N-2-Nitrophenyl-2-methylpiperidine, obtained as orange needles, 

mp 27-27.5° (lit.27 75°), picrate mp 142-143 from ethanol (lit.27
141-142°), was prepared by the reaction of fluoro-2-nitrobenzene 
with 2-methylpiperidine. The pure materials (in a molar ratio 
of 1:2 of fluoro compound over amine) were sealed in a pyrex 
tube and heated at 100° for seven days. Then the reaction mix
ture was poured into ice water and a red-brown viscous oil was 
separated. Pic28 (benzene) of this material showed a yellow band 
at Rt 0.8 which gave yellow crystals the melting point of which 
did not rise over 27-27.5° after several recrystallizations from

(23) G . S. H am m o n d  a n d  M . F . H a w th o rn e  in  “ S te ric  E ffec ts  in  O rgan ic  
C h e m is try ,”  M . S. N ew m an n , E d ., J o h n  W iley  a n d  Sons, In c ., N ew  Y ork , 
N . Y ., 1956, p  195.

(24) A P e rk in -E lm e r M od el 810 gas c h ro m a to g ra p h  w ith  6 f t  X  Vs in. 
co lum ns, a  f lam e-ion iza tion  d e te c to r , a n d  a  flow r a t e  of 25 cc of N 2/m in  w as 
used.

(25) E . L e llm an n  a n d  W . G eller, B er ., 21 , 2281 (1888).
(26) O. L. B ra d y  a n d  F . R . C ro p p er, J .  Chem . Soc., 507 (1950).
(27) O. M e th -C o h n , R . K . S m alley , a n d  H . S u sc h itz k y , ib id ., 1666 (1963).
(28) P re p a ra t iv e  la y e r  c h ro m a to g ra p h y  w as ca rried  o u t  o v e r a  2-m m -

th ic k  s ilica  gel la y e r a c tiv a te d  a t  110° fo r 1 hr.

petroleum ether (30-50°). The yield was 75%. The same ma
terial was obtained in 80% yield from the reaction of the same 
reagents in DMSO (fluoro compound 0.1 M , amine 1.4 M, tem
perature 25°, reaction time 5 days). The pmr spectrum29 
supported the proposed structure showing absorption attributed 
to the three-proton (doublet, 8 0.87, J  = 6 cps) of the methyl 
group, the six-proton (broad absorption, centered at 6 1.6) of 
both the 0- and the 6-methylene groups, the three-proton (com
plex pattern, 8 2.4-3.4) of both the «-methylene and the methine 
groups, and the four-proton (complex pattern centered at 6 7.25) 
of the aromatic ring. Anal. Calcd for Ci2Hi6N20 2: C, 65.4;
H, 7.3; N, 12.7. Found: C, 65.5; H, 7.6; N, 12.7.

N-2-Nitrophenyl-/rans-2,6-dimethylpiperidine was prepared by
the reaction of fluoro-2-nitrobenzene with lrans-2,6-dimethyl- 
piperidine. The two reagents (in a molar ratio 1:2 of fluoro 
compound over amine) were sealed in a pyrex tube and heated 
at 100° for 5 days. The reaction mixture was then poured into 
ice water and the solid that separated out was purified by pic28 
(benzene). The yellow band at Rt 0.8 gave orange crystals which, 
after recrystallization from petroleum ether (30-50°), melted 
at 52.5-53.5°. The yield was 70%. The pmr spectrum29 
supported the proposed structure showing absorption attributed 
to the six-proton (doublet 8 0.90, J  = 6.5 cps) of the methyl 
groups, the six-prot-on (broad absorption centered at 6 1.6) of 
the methylene groups, the two-proton (broad absorption centered 
at 8 3.4) of the methine groups, and the four-proton (complex 
pattern 8 6.9-7.6) of the aromatic ring. Anal. Calcd for CisHis- 
N20 2: C, 66.6; H, 7.7; N, 11.9. Found: C, 66.7; H, 7.8; 
N, 11.9.

N-4-Nitrophenyl-2-methylpiperidine, mp 61.5-62.5° (lit.30
59.5-60.0), was prepared by the reaction of fluoro-4-nitrobenzene 
with 2-methylpiperidine by the last method above. Recrystal
lization from methanol gave yellow crystals (yield 85%) which did 
not show a sharp melting point. However, the pmr spectrum29 
of this material remained unchanged after sublimation at 50° 
(5 X 10~4 mm) and afforded yellow crystals with a sharp melting 
point (61.5-62.5°). The pmr spectrum29 supported the proposed 
structure showing absorption attributed to the three-proton 
(doublet, 8 1.2, J  = 6.3 cps) of the methyl group, the six-proton 
(broad absorption centered at 8 1.7) of both the 0- and the 8- 
methylene groups, the three-proton (complex pattern, 8 2 .8^.4) 
of both the a-methylene and the methine groups, and the four- 
proton (A2X2 system,31 8A 8.07, 8x 6.74, J  a x  = 9.3 cps) of the 
aromatic ring. Anal. Calcd for Ci2HigN20 2: C, 65.4; H, 7.3; 
N, 12.7. Found: C, 65.5; H, 7.5; N, 12.6. Only a few details 
were reported about the preparation of N-4-nitrophenyl-as-2,6- 
dimethylpiperidine.7 We add now that the solvent, dry DMSO, 
and unreacted amine were removed in vacuo at 100° after re
action . The remaining yellow solid showed three yellow bands on 
pic28 (glacial acetic acid) at Rt 0.1, 0.4, and 0.9. Band Rt 0.1 
corresponded to the compound mentioned above, mp 147-149°. 
In the pmr spectrum29 the A2X2 system,31 attributed to the aro
matic protons is characterized by 8a 8.05, Sx 6.69, and J ax =
9.6 cps. The proposed structure is now fully supported by double 
resonance experiments which show that the absorption at 8
I. 817 is attributable to the methylene groups. Thus, the broad 
absorption at 5 4.217 becomes a well-defined quartet attributable 
to a methine coupled with a methyl group (J  = 6.3 cps) on 
irradiation at 8 1.81.

Kinetics.—The reaction kinetics were followed by measuring 
the increase in absorbance at the absorption maximum (Figure 
1) of N-4-nitro-, N-2-nitro-, or N-2,4-dinitrophenylamines (406 
and 350 m/x for N-2-nitrophenyl-2-methylpiperidine and N-2- 
nitrophenyl-b’ans-2,6-dimeth3dpiperidine, respectively). A Beck
man DU spectrophotometer equipped with a thermostated 
cell compartment was used. At the chosen wavelengths, the 
absorption due to both the reagents and other reaction products 
was negligible. Beer’s law plots were determined at the absorp
tion maximum of each compound (in benzene-DMSO mixtures 
for the N-4-nitro- and N-2-nitro series; in DMSO for the other 
one). Straight lines passing through the origin were obtained 
in all cases (up to 6 X 1CU4 M  compounds, which was the highest

(29) A  V arian  n m r  s p e c tro m e te r  M o d el D A -6 0 IL  w as used . D e te rm in a 
tio n s  w ere  ru n  on  10%  so lu tio n s  in C D C b  w ith  T M S  as  a n  in te rn a l s ta n d a rd  
a t  28°.

(30) H . S uh r. A n n .,  689, 109 (1965).
(31) A s th e  in te rn a l chem ica l s h if t exceeds 30 cps, th e  A2X 2 sy s te m  (“ A ” 

refers  to  th e  p ro to n s  in  ortho p o s itio n  to  th e  n itro  g ro u p ) can  b e  a d e 
q u a te ly  d escribed  b y  firs t-o rd e r an a ly s is . See J .  M a r t in  a n d  B . P . D ailey  
J .  Chem. P h ys., 37 , 2594 (1962).
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concentration used). In all cases the absorption spectrum (over 
the 300-4o0-m/i range) of the reaction mixture after several 
half-lives corresponded within 2% to the “mock” infinity pre
pared by the appropriate N-nitrophenylamine. To achieve 
this result it was necessary to exercise extreme care in the purifi
cation of the reacting amines. This was essential in the reactions 
of fluoro-2-nitrobenzene or fluoro-2,4-dinitrobenzene with excess 
of the more bulky amines. Thus, if less hindered amines were 
present as impurities, the experimental infinity was substantially 
higher than the “mock” one. This is because the less hindered 
amines are more reactive (Table II) and give final products 
with higher molar absorbance (Figure 1).

In the case of slow reactions, samples of the reaction mixture 
were sealed under nitrogen into Pyrex tubes which were then 
placed at the desired temperature and cooled at room tempera
ture; the content was diluted (50-'to 2500-fold) with benzene and 
immediately transferred into a stoppered cuvette for the spectral 
analysis (the absorbance was determined against that of benzene- 
DMSO solutions of the same composition; 10-mm matched 
quartz cuvettes were used). The combined processes of cooling 
and diluting the sample with benzene practically stopped the re
action. In the case of more rapid reactions, carried out at 25°, 
the solutions of the two reagents were mixed and then samples of 
the reaction mixture were withdrawn at time intervals by means 
of a pipet in an atmosphere of dry N2 and diluted with benzene 
as above. In the case of very rapid reactions, 100-300 /ul of 
the appropriate amine solution was added to 3 ml of the solution 
of the appropriate fluoronitro compound contained in a 10-mm 
stoppered quartz cuvette in the spectrophotometer cell compart

ment. In this instance mixing was ensured by stirring the solu
tion while adding the amine and, when possible, by vigorously 
shaking the cuvette after the process of mixing the reagents. 
The reverse process of adding 100-300 #d of the solution of 
fluoronitro compound to 3 ml of the amine solution gave the 
same rate values.

Rate coefficients were calculated by first-order plots when a 
large excess of amine was used, and by second-order plots in 
other cases. The stoichiometry used in the calculations was, in 
all cases, that shown by the equation below for the reaction of 
fluoro-2,4-dinitrobenzene with piperidine.

(0 2N)2C«H,F +  2C5H10NH =
(O2N)2C6H3NC5Hi0 +  C5H,„NH2+F -

Ultraviolet Spectra.—Ultraviolet spectra over the range 300- 
450 m*i were determined in benzene solutions (Figure 1) using a 
Beckman DU spectrophotometer with matched 10-mm, 
stoppered quartz cuvettes. Concentration never exceeded 4 X
10-4 M  (Beer’s law was obeyed in benzene as well).
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This paper summarizes and integrates the conclusions of the four succeeding papers which present experimental 
details on decompositions of hydroperoxides. Purely thermal decompositions ty  homolysis to alkoxy and hy
droxy radicals have been experimentally approached but never fully attained. All decompositions of hydroper
oxides are induced to a greater or lesser degree by metals or other sources of free radicals. The induced reactions 
are simple in principle; they depend mostly on competitions between nonterminating and terminating interac
tions of peroxy radicals (eq 3 and 4 below), competitions among two hydrogen abstractions by alkoxy radicals 
(from hydroperoxides or from reactive solvents in eq 2 and 9), and cleavage of alkoxy radicals by eq 7. These 
competitions depend on the hydroperoxide, solvent, and temperature. Decompositions induced by catalytic 
quantities of several metal salts are similar except for the participation of both metal and hydroperoxide in radical 
production. The complex kinetics of metal-catalyzed decompositions are ascribed to extensive association of 
metal salts and soaps in organic solvents and the constantly changing coordination of oxygen-containing com
pounds with the metals as the decompositions progress.

Traditionally, thermal decompositions of hydro
peroxides, metal ion catalyzed decompositions, and 
decompositions by free-radical initiators have been 
treated as separate phenomena; yet all of these in
volve hydroperoxides in the presence of free radicals 
and are subject, to some extent,3-5 to a concomitant 
radical-induced chain decomposition. The nature of 
this induced chain has been elucidated previously for 
simple cases.6-8 This series of papers explains more 
complex aspects of this chain decomposition and shows

(1) P a r ts  I I - V :  R . H ia t t ,  et a!., J .  Org. Chem ., S3, 1421, 1428, 1430,
1436 (1968). E q u a tio n s  a re  n u m b e red  co n secu tiv e ly  in  p a p e rs  I -V .

(2) T o  w hom  all c o rre sp o n d en c e  sh o u ld  be a d d re ssed  a t  B ro ck  U n iv e rs ity ,
S t. C a th e r in e s , O n ta rio , C an a d a .

(3) C . W alling , “ F re e  R ad ica ls  in  S o lu tio n ,”  J o h n  W iley  a n d  S ons, In c .,
N ew  Y o rk , N . Y ., 1957, p  504.

(4) S. W . B enson , J .  Chem . P h y s ., 40 , 1007 (1964).
(5) W . H . R ic h a rd so n , J .  A m er. Chem . Soc., 8 7 , 1096 (1965).
(6) R . H ia t t ,  J .  C lip sh a m , a n d  T . V isser, C an. J .  C hem ., 42 , 2754 (1964).
(7) D . B. D e n n y  a n d  J .  D . R o sen , Tetrahedron, 20 , 1137 (1962).
(8) A . F a c to r , C . A. R usse ll, a n d  T . G . T ra y lo r , J .  A m er . Chem . Soc ., 8 7 ,

3692 (1965).

how it operates as a unifying factor for all homolytic 
decompositions of hydroperoxides.

This report summarizes conclusions based on our 
own investigations and those of previous workers, and 
suggests some of their applications for autoxidations of 
hydrocarbons.

Free-Radical-Induced Decompositions
Background.—Hydroperoxides of all types are par

ticularly labile toward attack by free radicals. An 
understanding of this destructive process, which is 
basic to our investigation, is facilitated if the initiating 
radicals are not generated by the hydroperoxides them
selves. Decompositions of f-Bu02H in benzene or 
chlorobenzene at 20-60°, initiated by di-f-butylperoxy 
oxalate (DBPO),4,3 2,2,-azobis(2-methylpropionitrile) 
(ABN),9 and photolysis of hypochlorites5 6 have eluci
dated a general mechanism. In the simplest instance,

(9) J .  R . T h o m as , ibid., 87, 3935 (1965).
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where initiator generates an alkoxy radical directly 
(R is often, but not necessarily, ¿-Bu •), eq 1-5 apply.

DBPO — 2RO- +  2C02
Ri =  rate of initiation = 2ki [DBPO] (1)

RO- +  R 02H — >- ROH +  R 02- (2)

2R02- — >  2RO • +  0 2 (3)

2R02* — ^  R 02R ■ }■ 0 2 (4)

— d[R02H]/di = 2fc[DBPO](l +  h / h )  = i?s(l +  h /k t) (5)

Under the conditions specified above, the chain 
length (equal to 1 +  k s /h )  is about 11. However, in 
other solvents or with other tertiary hydroperoxides, 
the reaction appears to be much more complex.10 
For nontertiary hydroperoxides, a quite different mech
anism has been proposed11 (eq 6) analogous to the base-

RiR2HC02H +  -OH — >- H20  +  RiR2C02H — >
RiR2C = 0  +  -OH +  H20  (6)

catalyzed decomposition.12 Our own investigations 
are reported in parts II and III.1

¿-Butyl hydroperoxide was decomposed at 100° in the 
gas phase or in benzene by radicals generated from 
¿-Bu202 or sec-Bu202. Decompositions initiated by 
DBPO were carried out in acetic acid, ¿-butyl alcohol, 
and Nujol at 35-45° and also in refluxing n-heptane, 
cyclohexane, and n-pentane. Decompositions of pri
mary and secondary hydroperoxides by DBPO were 
carried out at 45° in benzene.

Tertiary Hydroperoxides. The Viscosity of the 
Medium.—The chain length for radical-induced de
composition, according to eq 3-6, depends on the ratio 
of nonterminating to terminating interactions of peroxy 
radicals (k3/k A) . If the initial result of interaction of 
two peroxy radicals is a pair of alkoxy radicals (+  
oxygen) in a solvent cage, the ratio k3/ k i  is controlled 
by the rate of diffusion out of the cage, and should be 
inversely proportional to the viscosity of the solvent. 
The expected relationship was observed for chain 
lengths of ¿-Bu02H decompositions in benzene at 25- 
100°, a 2.5-fold change in solvent viscosity corresponding 
to an apparent activation energy of 2.3 kcal/mol for 
diffusion. Chain lengths as high as 50 (in the gas 
phase at 100°) and as low as 1 (in Nujol at 35°) were 
found. However, other factors also affect chain 
lengths.

Cleavage of Alkoxy Radicals.—Decomposition of 
¿-Bu02H at 100° in benzene, carbon tetrachloride, or 
gas phase, or at 45° in ¿-butyl alcohol or acetic acid 
did not obey the simple rate expression of eq 5 when the 
initial concentration of ¿-Bu02H was less than 0.2 M  
(as it was for most measurements). Over-all chain 
lengths (here dependent on [¿-Bu02H]) as low as 1.5 
were found and products included up to 27% acetone. 
Yields of oxygen, where measured, were as low as 25% 
of theory.

These differences between theory and experiment 
are due to cleavage of ¿-butoxy radicals (eq 7). As

i-BuO------>  CH3COCH3 +  CH3- (7)

( 10) I n  n e a t ¿-Bu O îH , d ec o m p o s itio n  b y  D B P O  h a d  a  g ra d u a lly  d ec reasing  
ch a in  le n g th , n ea rin g  1 a t  5 0 %  conv e rs io n : P . D . B a r t le t t ,  p r iv a te  com 
m u n ic a tio n , 1964.

(11) A . R o b e rtso n  a n d  W . A . W a te rs , J .  Chem . Soc., 1578 (1948).
(12) A. G . D av ie s, “ O rgan ic  P e ro x id e s ,”  B u tte rw o r th  an d  C o. L td . ,  L on 

d on , 1961, p  183.

Walling and Wagner13 have shown, cleavage is favored 
in protic solvents over H abstractions such as re
action 2. Cleavage of ¿-BuO- becomes competitive 
at low [¿-BuO.H], even in benzene at higher tempera
tures, and then oxygen is partly scavenged by methyl 
radicals. Participation of CH3- or CH302- in rapid 
termination reactions reduces chain lengths. When 
cleavage is the rate-determining step for termination, 
eq 8 applies. Experimentally determined rate laws

— d[R02H]/di = iJife[i-Bu02H]/2fc, (8)

for less than 0.2 M  ¿-Bu02H at 100° (excepting those 
in the gas phase) closely approximate eq 8.

Protection of Hydroperoxides from Radical Attack.— 
Decompositions in alkanes, refluxed to expel oxygen, 
had chain lengths lower than corresponding runs in 
benzene, although alkoxy cleavage and yields of ace
tone were minimal. The maximum effect occurred 
in refluxing n-heptane where ¿-Bu02H appeared to be 
untouched by initiating radicals. Similar effects were 
observed in the gas phase on addition of cyclopentene 
or isobutane vapor. The results are readily explained 
as increasing competition for RO- by solvent (SH) 
(eq 9) and the rapid terminations available to S-

RO- +  S H — >■  ROH 4- S • (9)

(eq 10). Substantial quantities of the mixed peroxide

S- +  R 02- -— >- S02R (10)

S02R were isolated from products of decomposition in 
refluxing cyclohexane. Alkanes did not exert a pro
tective effect at 170° probably because the mixed 
peroxides thermally decompose at that temperature.

Decompositions in the Gas Phase.—In the absence 
of added free-radical initiators, 3-27% ¿-Bu02H de
composed in the gas phase at 100° in 15 hr, the time 
ordinarily used for induced decompositions. The 
lowest values were obtained using new or base-washed 
vessels. This surface-catalyzed reaction was thought 
to contribute about 10% -to the total decomposition 
in ordinary vessels with added radical initiators, but 
was too erratic for meaningful corrections to be made. 
The rate expression for homogeneous induced de
compositions is given in eq. 11. This relation cor-

— d[t-Bu02H] /At = k(R0'/*[t-Bu0 2H]'A-i (11)

responds for unit order in [¿-Bu02H] to the expression 
expected for the chain decomposition if termination 
results only from random combination of alkoxy radi
cals. When decomposition was induced by sec- 
Bu202, no significant amount of ¿-Bu202 was found in 
the products, suggesting that MeO- or Me02- was in
volved in most terminations. Other products in
cluded 1-10%  acetone, 90-95% ¿-BuOH, and 30-50% 
of the theoretical amount of 02.

Primary and Secondary Hydroperoxides.—Decom
positions of sec-butyl hydroperoxide by DBPO in 
benzene had a chain length of 1.0 at 45° and yielded 
about 50% each of sec-butyl alcohol and methyl ethyl 
ketone. At 100°, some acetaldehyde and acetic acid 
also appeared. Where measured at 45°, oxygen yields 
were 75-80% of theory. We interpret these results 
to mean that induced decompositions of nontertiary

(13) C. Walling and P. J. Wagner, J .  A m e r .  C h e m . S o c ., 86, 3368 (1964).
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hydrope rox ides  a t 45° d if fe r  fro m  those o f ¿ -B u02H  
o n ly  in  th a t  th e  in te ra c tio n  o f tw o  p r im a ry  o r secondary 
pe ro xy  rad ica ls  a lm ost a lw ays  te rm in a te s  th e  chain.

2RiR2HC02 • -—>- [?] —>
R^HCOH + RiR2C=0 + 02 (12)

W e do n o t k n o w  w h a t happens in  th e  so lve n t cage, 
b u t  be lieve  th a t  free a lko xy  rad ica ls  are n o t fo rm ed  
the re  (p a rt I I I 1). R esu lts  fro m  m e ta l-ca ta lyze d  de
com positions o f sec-Bu02H  a t 45° in d ica te  th a t  tw o  
sec-B u02- rad ica ls  y ie ld  sec-Bu20 2 abou t 3 %  o f th e  tim e .

D B P O -in d u ce d  decom positions o f n -b u ty l,  te tra ly l,  
and  cyc lo p en te n y l hydroperox ides a t 45° had  o ve r-a ll 
cha in  leng ths  o f 0 .6 -0 .7 . F o r n -B u 0 2H  th is  p ro b a b ly  
resu lted  fro m  some ra d ic a l a tta c k  on th e  P rC H O  p ro 
duced fro m  h yd ro pe ro x id e  decom position . F o r the  
others, a b s tra c tio n  o f a lly lic , ra th e r th a n  h y d ro p e ro x id ic , 
H  m ay  have co n s titu te d  te rm in a tin g , cha in -sho rten ing  
reactions.

In  benzene a t 100° sec-buty l hyd ro pe ro x id e  was 
decomposed b y  f-b u to x y  rad ica ls , p rod uc in g  va ria b le  
am ounts  o f ke tone and  a lcoho l and v e ry  l i t t le  oxygen. 
T h is  reac tion  p ro b a b ly  in v o lv e d  a tta c k  a t b o th  the  
in d ica te d  bonds in  H (M e )C 0 2(E t ) H  b y  a lk y lp e ro xy  or 
a lk o x y  rad ica ls  as w e ll as induced  ox ida tions. S tud ies 
o f th is  reaction  are co n tin u in g . M u c h  o f th e  d if 
ference between the  45 and 100° resu lts  seems to  be 
due to  differences in  ra te  o f p ro d u c tio n  o f in it ia t in g
i-B u O - rad ica ls  (p a rt I I I 1). A b ove  100°, p r im a ry  
and  secondary hydroperox ides seem to  have undergone 
rad ica l-induced  decom positions4 w ith  longer cha in  
leng ths  (p a rt V 1).

R esu lts  o f induced  decom positions o f sec-B u02H  
in  th e  gas phase a t 1 0 0 ° were com p lica ted  b y  surface- 
ca ta lyzed  decom positions o f the  h yd ro pe ro x id e  (p a rt 
I I P ) .

Implications for Autoxidations.— T h is  section con
siders th e  im p lic a tio n s  o f p a rts  I I  and I I I 1 fo r th e  o x i
d a tio n  o f hydrocarbons, f ir s t  w ith  respect to  m ak in g  
and  keeping hydroperox ides as p r im a ry  o x id a tio n  
p rod uc ts  and th e n  w ith  respect to  ra tes o f o x id a tio n  
as a fu n c tio n  o f s tru c tu re . T h e  genera liza tions be low  
a p p ly  to  alkanes and a lkylbenzenes. T h e y  are te n 
ta t iv e  and  sub jec t to  la te r  revis ion . O u r experience 
w ith  a lly lic  hydroperoxides is too  lim ite d  to  inc lude  
alkenes in  th is  discussion.

T h e  p re p a ra tio n  o f hydroperox ides b y  a u to x id a tio n  
depends on a balance between close ly re la te d  cha in  re 
actions. H ig h  concentra tions o f a lkanes n o t o n ly  as
s ist syn thesis b u t  re ta rd  decom position . W ith  a l
kanes th e  m a x im u m  p ro te c tiv e  e ffect is fo u n d  a t abou t 
1 0 0 ° ; w ith  a lky lbenzenes i t  is fo u n d  a t low e r te m 
pera tures. K in e t ic  chain  leng ths fo r  b o th  synthesis 
and  decom position  are greatest fo r  (-a lk y l h yd ro pe ro x 
ides u nd e r co nd itions  w here l i t t le  cleavage o f a lko xy  
rad ica ls  occurs. C h a in  leng ths are shortes t w ith  
p r im a ry  and  secondary hydroperox ides because o f the  
h ig h  a c t iv i ty  o f th e  corresponding  pe roxy  rad ica ls  in  
cha in  te rm in a tio n .

In  ox id a tio n s  o f hydrocarbons, reactions o f peroxy 
rad ica ls  w ith  subs tra te  are desirab le  and cha in  te rm in a 
tio n s  shou ld  be m in im ize d . T h ree  sets o f com pe ting  
reactions are the re fo re  cruc ia l. T h e  f ir s t  co m p e titio n  
is be tw een th e  reac tion  o f pe roxy  rad ica ls  w ith  h y d ro 
ca rbon  ( to  g ive  hyd ro pe ro x id e ) and  th e ir  reactions w ith

each o th e r (to  g ive  a lk o x y  rad ica ls  o r cleavage p rod uc ts  
o r chain  te rm in a tio n ). T h is  choice can be co n tro lle d  
b y  th e  conce n tra tio n  o f hyd ro ca rb on  and th e  ra te  o f 
cha in  in it ia t io n , b u t  u s u a lly  th e  ra te  o f in it ia t io n  has 
to  be h ig h e r th a n  o therw ise  desirab le  to  o b ta in  a use fu l 
ra te  o f reaction .

T h e  o th e r tw o  sets o f com pe ting  reactions correspond 
to  th e  tw o  com pe titions  discussed above. In te ra c t io n  
o f pe roxy  rad ica ls  m a y  be te rm in a tin g  o r n o n te rm in a t
ing  (eq 3 and  4) and the  a lk o x y  rad ica ls  m a y  cleave o r 
react w ith  hyd ro ca rb on  (eq 7 and 9). ¿ -B u toxy ra d i
cals are th e  m ost s tab le  (-a lko xy  rad ica ls  to w a rd  c leav
age1 4 -1 6  and so a ll o the r b ranched hyd ro ca rb on s  w i l l  
g ive  m ore  cleavage effects th a n  isobutane.

These considera tions ind ica te  th a t  in  o x id a tio n s  o f 
hydroca rbons  to  hydroperoxides th e  longest k in e tic  
chains w i l l  be ob ta ined  when a tta c k  on th e  te r t ia r y  
hyd rogen  a tom s is m ax im ized  and cleavage o f a ny  te r 
t ia ry  hyd rogen  atom s is m ax im ized  and  cleavage o f 
any  te r t ia ry  a lko xy  rad ica ls  is m in im ize d . W hen  
secondary (o r p r im a ry )  hydrogen  atom s are in v o lv e d  
in  o x id a tio n  in  so lu tion , long  chains can be o b ta in ed  
o n ly  w ith  v e ry  reac tive  C - H  bonds (fa s t p rop a g a tio n ) 
o r lo w  ra tes o f cha in  in it ia t io n  (m in im u m  cha in  te rm in a 
tio n ) . O u r resu lts  a d m it th e  p o s s ib ility  th a t  th e  la s t 
re s tr ic tio n  m a y  n o t a p p ly  in  gas phase o x id a tio n s  i f  
th e  te rm in a tin g  e ffic iency in  in te ra c tio n s  o f secondary 
a lk y lp e ro x y  rad ica ls  proves to  be low .

E xce p t w here these re s tr ic tio n s  can be avo ided , 
m os t com m erc ia l ox id a tio n s  m u s t be s h o rt-ch a in  p ro 
cesses in  w h ich  fa ir ly  h ig h  p ro p o rtio n s  o f c h a in - in it ia 
t io n  and ch a in -te rm in a tio n  p rod uc ts  co n tam ina te  th e  
ch a in -p ropaga tion  p roducts . Use o f acetic  acid, w a te r, 
o r o th e r h y d ro x y lic  (even p o la r) so lvents  w i l l  fa v o r 
cleavage o f a lk o x y  rad ica ls. These considera tions 
suggest th a t  a d d itio n a l d a ta  on c o m p e titive  reactions 
o f o the r te r t ia ry  and  a few  secondary pe roxy  and  a lko xy  
rad ica ls  in  o x ida tions  w o u ld  be use fu l in  su pp lem en ting  
th e  few  d a ta  availab le .

T h e  decreasing p ro te c tiv e  e ffect o f a lkanes on h y 
droperoxides ( R 0 2H ) a t h ig h  tem pe ra tu res  is ascribed 
to  fo rm a tio n  o f d ia lk y l peroxides ( R 0 2S) fro m  th e  
so lven t (S -H )  and  re in it ia t io n  o f chains b y  th e  R 0 2S. 
F o rm a tio n  o f R 0 2S shou ld  also occur in  o x id a tio n s  as 
th e  te m p e ra tu re  increases and  th e  oxygen pressure 
decreases enough to  p e rm it c o m b in a tio n  o f R 0 2 • 
w ith  R - rad ica ls . W hen  th e  h y d ro ca rb o n  serves as 
so lven t, im m e d ia te  o r delayed in it ia t io n  b y  R 20 2 

corresponds to  cha in  p rop ag a tion  b y  a lk o x y  rad ica ls  
to  p roduce  alcohols as p r im a ry  p roduc ts . B o ric  acid  
has been m ost usefu l in  s ta b iliz in g  a lcohols in  ox ida 
tio n s  a t lo w  oxygen pressures . 17 I t s  fu n c tio n  m a y  
the re fo re  be th e  s im p le  e s te rifica tio n  and  s ta b iliz a 
t io n  o f a lcohols, poss ib ly  u n re la te d  to  any  special 
e ffect o f b o ric  ac id  on hydroperoxides.

Metal-Catalyzed Decompositions

Background.— T h e  lite ra tu re  on m e ta l io n  ca ta lyzed  
decom positions is im m ense and d iverse  b o th  in  experi
m en ta l cond itions  and op in ions a b o u t th e  o p e ra tive

(14) F . D . G reen e , M . L . S av itz , H . H . L a u , F .  D . O ste rh o lz , a n d  W . N . 
S m ith , J .  A m er. Chem . Soc., 8 3 ,  2196 (1961).

(15) J .  K . K och i, ib id ., 8 4 ,  1193 (1962).
(16) C . W alling  a n d  A. P ad w a , ib id ., 8 5 ,  1593 (1963).
(17) F . B ro ick  a n d  H . G ro sem an , Erdoel K ohle, 1 8 ,  360 (1965).
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m echanism s. A m on g  th e  reactions w h ic h  appear to  
in v o lv e  free rad ica ls  are those (w h ich  we c a ll s to ich io 
m e tric ) in  w h ich  each m e ta l ion  decomposes o n ly  one 
o r tw o  m olecules o f h yd ro pe ro x id e  and o thers (c a ta ly 
t ic )  in  w h ic h  m an y  h yd ro pe ro x id e  m olecules are de
composed.

T o  de te rm ine  th e  m echanism s o f c a ta ly t ic  decom po
s itions  and  th e  p o ss ib ilit ie s  fo r  c o n tro llin g  th e ir  p ro d 
ucts, we ca rrie d  o u t experim ents, d e ta ile d  in  p a r t  I V 1, 
on decom positions o f n -b u ty l,  sec-buty l, ¿-butyl, and 
a -cu m y l hyd rope rox ides  in  chlorobenzene, m ix tu re s  
o f chlorobenzene w ith  acetic  ac id  o r a lcohols, and  re
flu x in g  a lkanes, a t 0 -99° . C o b a lt ca rboxy la tes  were 
the  m os t fre q u e n tly  used ca ta lys ts , b u t  iro n  p h th a lo cya - 
n ine, acety lacetona tes o f C O 11, C O 111, F e11, F em , 
M n I ! , V 111, and  CeIV, and  N uodex  so lu tions  (octo - 
ates) o f lead, copper, v a n a d iu m , and  manganese were 
also tested.

The Role of the Metal Ion.— T h e  p rod uc ts  o f decom 
pos ition  o f hyd rope rox ides  b y  c a ta ly t ic  am ounts  o f 
m e ta l ions are so s im ila r  to  those fro m  ra d ica l-in d uce d  
reactions ove r a w ide  range o f so lvents and tem pera 
tu res  and so l i t t le  a ffected  b y  th e  choice o f m e ta l 
ca ta lys t, th a t  th e  m echan is tic  s im ila r ity  seems u n 
questionable . W e  conclude  th a t  th e  m e ta l io n  acts 
p r im a r i ly  as an in i t ia to r  v ia  one-e lectron  tra n s fe r w ith  
hydroperoxides. E q u a tio n  13 and  14 (where M  is

M »+1 +  RO- +  O H -J (13)
2R 02H — >- RO- +  R O r +  H20

M "+1 +  R 02H — >- \ (14)
M" +  R 02- +  H+ ]

m eta l ion  and  w here  O H -  and  H +  m a y  n o t be fo rm ed  
as free ions, b u t  as p a r t  o f th e  m e ta l- lig a n d  com plex) 
p ro v id e  th e  cyc le  w h e re b y  one m e ta l io n  m a y  d e s tro y  
m uch  m ore  h y d ro p e ro x id e . 18

T h e  rad ica ls  fo rm ed  in  eq 13 and  14 in it ia te  th e  in 
duced chains discussed above. F o r n o n te r t ia ry  h y 
droperoxides o r fo r  ¿-Bu 0 2H  in  p ro tic  so lvents, the  
chains m a y  be v e ry  sh o rt, b u t  th e  p rod uc ts  are th e  
same as in  th e  absence o f m e ta l ions. M e ta l ions m ay  
be in v o lv e d  in  th e  c h a in -te rm in a tin g  steps b u t  ra d ic a l-  
rad ica l reactions seem to  be th e  m os t im p o r ta n t rou te .

Rates of Decomposition.— R ates o f decom position  
o f n -B u 0 2H , a -cu m y l 0 2H , and  ¿-Bu02H  b y  coba lt 
ca rboxy la tes  in  chlorobenzene were p ro p o rt io n a l to  
th e ir  cha in  leng ths in  D B P O -in d u ce d  decom positions. 
R a tes were f ir s t  o rde r in  [R 0 2H ]  and  [C o ]; w ith  10 - 4  

M  coba ltous 2 -e th y l hexanoate  (C oO et2) a t  45°, th e  
h a lf- life  o f ¿ -B u02H  was 1.3 m in . R e ta rd a tio n  b y  
m ill im o la r  q u a n tit ie s  o f m a te ria ls  w h ic h  s tro n g ly  com 
p lex  m e ta l ions (ca rb o xy lic  acids, 1 , 1 0 -p h e na n th ro lin e , 
acetylacetone, o r tr im e th y le n e te tra m in e ) suggested 
th a t  com p lex ing  o f h yd ro pe ro x id e  w ith  th e  m e ta l ion  
preceded eq 13 o r 14. S m all am ounts  o f H 20  o r t- 
B u O H  d id  n o t a ffe c t th e  ra te , b u t, in  2 :3  ¿ -B u O H - 
P h C l o r 2 :3  ¿ -P rO H -P h C l, reactions were o n ly  ' /  sooth 
as fa s t as in  chlorobenzene alone, as i f  th e  ove rw he lm ing  
concen tra tions o f a lcoho l were co m p e ting  w ith  h y d ro -

(18) W h ile  o th e r  cyc les a re  conceivab le , th e y  a re  in c o n s is te n t w ith  th e  
p ro d u c ts  fo u n d  w ith  o th e r  w ell-es tab lish ed  re a c tio n  p a t te rn s .  M e ta l io n -  
free -ra d ica l in te ra c t io n s  a re  im p o r ta n t  in  som e s to ic h io m e tr ic  d ec o m p o s itio n s  
(p a r t  I V 1) ,  b u t  c a ta ly t ic  q u a n t it ie s  of m e ta ls  do  n o t  u su a lly  co m p e te  suc
cessfu lly  w ith  so lv en t, h y d ro p e ro x id e , o r  o th e r  rad ica ls .

perox ide  m olecules fo r  b on d in g  sites on th e  m e ta l ion . 
In  1 : 1  A c O H -P h C l, decom positions were v e ry  slow. 
R a tes in  alkanes were a b o u t th e  same as in  ch lo ro 
benzene.

K in e tic s  fo r  reactions in  a lkanes o r m ix tu re s  o f 
p ro tic  so lvents  w ith  P h C l were com plex as m ig h t be 
expected.

Solubility of Metal Catalysts and Autoretardation.—
I n  a d d itio n  to  th e  fo rego ing m a jo r  reactions o f m e ta l- 
ca ta lyzed  decom positions, a u to re ta rd a tio n  a lw ays  ap
peared sooner o r la te r. T h e re  was m ore  in  a lcoho l 
m ix tu re s  and a lkanes; in  re flu x in g  n -pen tane  i t  oc
cu rred  so s m o o th ly  th a t  th e  re ac tio n  fa lse ly  appeared 
to  be th ird  o rde r in  hyd rope rox ide . C le a r ly  th e  ca t
a ly s t becomes dea c tiva ted  as m a te ria ls  are fo rm ed  
w h ic h  com plex and e v e n tu a lly  p re c ip ita te  i t .  These 
m a te ria ls  are v o la tile  and are fo rm ed  in  s u ffic ie n t 
q u a n t ity  to  in s ta n t ly  d ea c tiva te  added c a ta ly s t. W e 
suspect th a t  fo rm ic  ac id  o r fo rm a ld e h yd e  is th e  ch ie f 
o ffender.

P eroxide  decom positions w h ich  are f ir s t  o rde r in  
m e ta l ion  are rare. D e p en d in g  on so lven t, c a ta ly s t 
concen tra tion , and  te m p e ra tu re  th e  a p p a re n t o rde r 
ranges fro m  0.05 to  3. T h is  fe a tu re  has led  o th e r in 
ve s tig a to rs 5,19,20 to  propose in tr ic a te  schemes fo r  
m e ta l-ca ta lyze d  decom positions. A  s im p le  exp lana
tio n , docum ented  in  p a r t  I V , 1 is th a t  m os t m e ta l 
ca ta lys ts  are associated to  va rio u s  degrees in  o rganic 
so lvents.

Decompositions by Lead and Magnesium.— W e
fo u n d  th a t  lead nap h th en a te  (a N uodex  s o lu tio n , 
presum ed to  be P b 11) ca ta lyzed  s low  decom position  
o f ¿ -B u0 2H , y ie ld in g  p rod uc ts  in d is tin g u is h a b le  fro m  
those ob ta ined  w ith  m ore  a c tive  ca ta lys ts . V a n  
Leeuwen and  cow orkers21 re po rte d  a c a ta ly t ic  e ffect 
o f M g 11 on decom positions o f te tra lin  h yd ro pe ro x id e  
a t 120°. T h e ir  a rgu m en t th a t  M g 11 does n o t in it ia te  
chains is based on th e  dub ious  a ssum p tion  th a t  the  
h yd ro pe ro x id e  was unde rgo ing  th e rm a l h o m o ly t ic  
scission a t th a t  te m pe ra tu re  (p a r t V 1). S ince th e  
p a r t ic ip a tio n  o f P b 11 o r M g 11 in  eq 13 and  14 seems 
m ost u n lik e ly , we suggest th a t  these resu lts  a rise  fro m  
n on rad ica l reactions or, l ik e  those o f some base-cat
a lyzed  decom positions ,7 fro m  tra ce  im p u r it ie s  in  th e  
ca ta lys ts .

Metal-Catalyzed Autoxidations.— In  m e ta l io n  ca ta 
lyzed  a u tox ida tio ns , acetic  acid  is a good so lve n t fo r 
th e  m e ta l ca ta lys ts  and  p rov ides  a des irab le  m o d e ra to r 
fo r  th e  m e ta l-h yd ro p e ro x id e  re ac tio n . W h e n  th e  
o b je c tive  is to  in it ia te  chains, ra th e r  th a n  to  decompose 
hyd rope rox ide , th e  ra te  o f ra d ica l p ro d u c tio n  in  acetic  
acid  leads to  longer chains and  m ore  e ffic ie n t use o f 
in it ia to r .  O n  th e  o th e r hand , a m ix tu re  o f h y d ro 
peroxides and m e ta l ca ta lys ts , added to  nea t s ty rene , 
do n o t g ive  e ffic ien t p o ly m e riz a tio n , n o r does i t  g ive  
a long  la s tin g  o r e ffic ien t a u to x id a tio n , w hen added 
to  chlorobenzene so lu tions o f po ly isop rene , th o u g h  th e  
co m b ina tio n  is in i t ia l ly  e ffe c tive . 22

T h e  p resent w o rk  ind ica tes  th a t  th e  chances fo r  
e ffec ting  cha in  decom positions o f hyd rope rox ides  to  
s in g le  p ro d u c ts  b y  c a ta ly t ic  am ounts  o f m e ta l ions seem

(19) H . B erg e r a n d  A . F . B ickel, T rans. F araday Soc., 5 7 ,  1325 (1961).
(20) M . H . D e a n  a n d  G . S k irrow , ib id ., 5 4 ,  849 (1958).
(21) H . B . V an  L eeuw en , J .  P . W ib a u t, A . F .  B ickel, a n d  E . C . K o o y m an , 

R ec. Trav. C h im .,  7 8 ,  667 (1959).
(22) U n p u b lish ed  w ork  in  th e se  la b o ra to r ie s .
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sm a ll and  th a t  the re  w o u ld  be l i t t le  hope fo r  c o n tro l 
o f p rod uc ts  fro m  a u to x id a tio n  o f h yd ro ca rb o n  b y  
choice o f th e  r ig h t  m e ta l ca ta lys t. H ow eve r, v a n a d iu m  
and  m o lyb d e n u m  salts ca ta lyze  n on rad ica l reactions 
o f hyd rope rox ides  w ith  alkenes to  g ive  epoxides , 23 

and  the re  are several exam ples o f su b s ta n tia l p ro p o r
tio ns  o f b o ric  ac id  a lte rin g  th e  a lco h o l-ke to n e  ra tio  in  an 
a u to x id a tio n .

T h e rm a l D ecom pos itions

B ackg ro un d .— T h e  d if f ic u lty  o f m easuring  tru e  ra tes 
o f th e rm a l hom olys is  o f hyd roperox ides is a ttes ted  b y  
th e  m an y  a tte m p ts  w h ic h  were la te r  fo u n d  to  have 
fa ile d . 4 R a tes were to o  fas t, a c tiv a tio n  energies too  
low . P re v io u s ly  we have had  some success24 in  re 
d uc ing  th e  ra d ica l-in d uce d  decom pos ition  th a t  u s u a lly  
accom panies th e rm a l decom position  b y  decom posing 
ve ry  d ilu te  so lu tions  o f ¿ -Bu02H  in  benzene. T h is  
approach  has been con tinued  in  p a r t  V . 1

¿-Butyl H yd ro p e ro x id e .— S o lu tions o f 0.001 M  to  
0.26 M  ¿ -Bu02H  in  to luene  were decomposed a t 100- 
215°; s im ila r  b u t  less extensive  stud ies were done w ith  
benzene, cumene, n -heptane, and  cyclohexane. I n  
to luene  a t 180° th e  m easured firs t-o rd e r ra te  constan t 
fo r  decom position  a t 0.001 to  0.02 M  ¿ -Bu02H  was 
a b o u t 2.2 X  10- 6/sec, and  had  an a pp a re n t a c tiv a tio n  
energy o f 43 kca l a t 170 to  190°. A  4 0 %  y ie ld  o f 
b ib e n z y l (based on ¿-Bu02H  decomposed) showed th a t  
a t  least 4 0 %  o f th e  reac tion  was hom olys is , and  set a 
lo w e r l im it  fo r  7cls o f 1 X  10- 5/sec. D ecom pos itions

<-Bu0 2H  •— ^ i - B u O -  +  -O H  (15)

y ie lde d  a p p ro x im a te ly  5 0%  each o f acetone and  t-  
b u ty l a lcoho l, no 0 2, b u t  sm a ll am ounts  o f CO  and C 0 2. 
S m all am ounts  o f acetone were a m ild  c a ta ly s t fo r  th e  
decom position .

A t  in i t ia l  concen tra tions above 0.02 M ,  f irs t-o rd e r 
ra te  constants increased in  p ro p o rt io n  to  [¿-Bu02H]o'/2 
as is com m on fo r  th e rm a lly  induced  decom positions. 
Y ie ld s  o f ¿ -butyl a lcoho l were h ig h e r and o f b ib e nzy l, 
low er. A t  100° unexp la ined  fa c to rs  caused th e rm a l 
decom position  2 0  tim es as fa s t as expected fro m  ex
tra p o la t io n  o f ra tes a t 170-190°.

D ecom pos itions  o f 0.02 M  ¿ -Bu02H  in  benzene a t 
180° had  ra tes s im ila r  to  those in  to lu e n e ; in  cumene 
th e  ra tes were fo u r  tim es  as fas t, a ltho u gh  a 5 0%  y ie ld  
o f b ic u m y l showed th a t  hom o lys is  was o ccu rrin g  to  
th e  same e x te n t as in  to luene  (and, the re fo re , fo u r 
tim es  as fa s t). Y ie ld s  o f 28%  c u m y l a lcoho l and o n ly  
5 .8%  acetophenone posed an in te re s tin g  p rob lem , since, 
i f  these had  cu m y lo xy  rad ica ls  as th e  com m on p recursor, 
th e  y ie ld s  shou ld  be in  reverse ra tio . Seem ing ly u n 
l ik e ly  reactions such as co up lin g  o f c u m y l and  h y d ro x y l 
rad ica ls  o r a tta c k 25 b y  c u m y l rad ica ls  on ¿-Bu02H  
have  to  be reconsidered.

(23) N . I n d ic to r  a n d  W . F . B rill, J .  Org. Chem., 30, 2074 (1965); also 
u n p u b lish e d  w ork  in th e se  la b o ra to rie s .

(24) R . R . H ia t t  a n d  W . M . J .  S tra c h a n , J .  Org. Chem., 28, 1893 (1963).
(25) W . A. P ry o r , Tetrahedron Lett., 1201 (1963).

PhMe2C • +  (-B uO JI---->- ¿-BuO- +  PhMe2COH (16)

D ecom pos itions  in  a lkanes a t 170-180° appeared 
to  be la rg e ly  induced , even a t th e  low es t in i t ia l  con
ce n tra tio ns  o f i -B u 0 2H . In  b o th  a lky lbenzenes a nd  
alkanes, R O - and  H O - rad ica ls  fro m  h om o lys is  o f th e  
peroxide  re a d ily  p roduced  so lve n t rad ica ls . I n  a lk y l-  
benzene so lvents, these rad ica ls  were th e  least re a c tive  
and  m ost p le n t ifu l rad ica ls  and  th e y  com b ined  w ith  
each o th e r to  g ive  b ibenzy ls . H o w eve r, in  a lkanes, th e  
a lk y l rad ica ls  were to o  re ac tive  to  accum ula te . W ith  
h yd ro pe ro x id e  th e y  p roduced  a lk y lp e ro x y  ra d ica ls ; 
these scavenged th e  a lk y l rad ica ls  to  g ive  m ixe d  
R 0 2S, b u t  a t 180° these peroxides decom posed and 
induced  m ore  decom position .

Decompositions of Other Hydroperoxides.— Some 
decom positions o f 7i -B u 0 2H , sec-B u0 2H , and  a -c u m y l 
0 2H  in  to luene  a t 170-182° gave ra tes fro m  tw o  to  
th ree  tim es  as fa s t as those fo u n d  fo r  ¿ -B u0 2H . Y ie ld s  
o f b ib e n zy l showed th a t  these were a t least 1 7 -4 0 %  
hom olysis. F ro m  o th e r p rod uc ts  2 1%  o f n -B u O -, 
4 5 %  o f sec-BuO -, and  6 0%  o f a -c u m y l-0  ■ rad ica ls  
are es tim a te d  to  cleave in  to luene  a t 182° (50%  t-  
B u O - in  th e  p rev iou s  section).

Implications for Autoxidation.— These resu lts  show 
th a t  be low  150° u n im o le cu la r hom o lys is  o f sa tu ra te d  
hydroperox ides does n o t occur s u ffic ie n tly  ra p id ly  to  be 
a p o te n tia l source o f free rad ica ls. P ra c t ic a lly , th is  
l im ita t io n  is u n im p o r ta n t because fa s te r rou tes  to  
rad ica l p ro d u c tio n  are u s u a lly  a va ila b le  (b im o le c u la r 
decom positions o f hyd rope rox ides 26 and  th e ir  reac tions  
w ith  c a rb o n y l com pounds , 27,28 a lkenes , 2 9 -3 1  surfaces, 
and trace  m eta ls . T h e o re tic a lly , th e  l im ita t io n  is 
im p o r ta n t because o f th e  carelessness w ith  w h ic h  some 
w orke rs  have  discussed u n im o le cu la r decom pos itions  
w ith o u t considering  th e  co factors  in vo lve d .

Registry No.— n -B u ty l hyd ro pe ro x id e , 4813-50-7; 
sec-bu ty l hyd rope rox ide , 13020-06-9; ¿ -buty l h y d ro 
peroxide, 75-91-2; a -cu m y l hyd ro pe ro x id e , 80-15-9.
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Three factors account for deviations from the simplest pattern for the radical-induced decomposition of 
Z-Bu02H (reactions 1-4 in part I): (1) variation in the ratio of terminating to nonterminating interactions of 
2Z-Bu02- with the viscosity of the medium; (2) competition between the propagation and cleavage reactions of 
Z-BuO- radicals; and (3) competition between hydroperoxide and solvent for Z-BuO- radicals. Reactions in the 
gas phase illustrate all three factors. In solution cleavage is important at high temperatures and low concentra
tions of Z-butyl hydroperoxide (as in 0.1 M  Z-Bu02H in benzene or CC14 a t 100°) or in hydroxylic solvents (AcOH 
or i-BuOH) at moderate temperatures. Attack on alkane solvents increases with increasing temperature. Chain 
lengths of 1 to 50 are observed. Both cleavage and solvent participation result in shorter chains and complex 
kinetics.

I n  benzene o r ch lorobenzene a t 25 -50° , f -B u 0 2H  is 
c lea n ly  decomposed b y  a lk o x y  rad ica ls  to  90%  ¿-BuO H, 
10%  /-B 112O 2, and 100%  0 2. T h e  ra te  o f decom posi
t io n  is a b o u t ten  tim es  th e  ra te  o f in i t ia t io n  and is 
independent o f th e  co nce n tra tio n  o f (-B 11O 2H . 1 2 A f te r  
considering  th e  fre e -ra d ica l-g en e ra tin g  efficiencies o f 
the  in it ia to rs  used and th e  s ta b il ity  o f i -B u 0 2H  in  th e  
absence o f in it ia to rs , th is  paper deals w ith  induced  
decom positions in  several so lvents  a t 45-100° and in  
th e  gas phase a t 100°. W e show  th a t  cha in  leng ths  
and p rod uc ts  v a ry  and th a t  k in e tic s  m a y  be com plex, 
b u t th a t  th e  resu lts  can be ra tio n a liz e d  in  te rm s  o f a 
few  co m p e ting  reactions.

Experimental Section
Materials.—Z-Bu02H (90%) obtained from Lucidol Corp. 

was vacuum distilled to 99+ %  purity (by iodometric ti
tration). sec-Bu20 2 and Z-Bu02CeHn (C6Hn = cyclohexyl) were 
prepared by the methods of Mosher and coworkers.3 sec-Bu20 2 
was shown to be pure by iodometric titration and by glpc. The 
¿-BuChCeHu contained about 5% of an unidentified contaminant. 
Z-Bu20 2 obtained from the Matheson Co. was shown to be pure 
by glpc. Di-Z-butyl peroxyoxalate (DBPO) was prepared by the 
method of Bartlett and coworkers.4

The solvents used were Matheson Chromatograde, refluxed 
and distilled from CaH2 before use. Isobutane, n-butane, cyclo
pentane, and cyclopentene were Phillips research grade, used 
without further purification.

Analytical Procedures. Iodometric Titrations.—Z-Bu02H, 
sec-Bu20 2, and DBPO were titrated iodometrically. In the basic 
technique the sample is added to a mixture of -~20 ml of 90:10 
¿-PrOH-HOAc; about 1 g of N al is added; and the mixture is 
refluxed to hasten reaction and exclude air. For hydroperoxides, 
refluxing the mixture for 2-3 min gave quantitative liberation of
I2. DBPO liberated only 60% of the theoretical amount of I2, 
but did so consistently when the amount to be analyzed was kept 
below 0.05 mmol. Dialkyl peroxides gave no titer under these 
conditions.

Di-sec-alkyl peroxides could be titrated quantitatively if a 
small amount of metal ion was added. Thus, sec-Bu20 2 liberated 
100 ±  2% of the theoretical iodine when the 20 ml of N a l-  
HOAc-f-PrOH mixture contained 2 pi of a Nuodex solution of 
iron octoate and reflux time was extended to a t least 5 min. 
Similarly, FeSO.1, FeCl3, and Nuodex copper octoate were equally 
effective catalysts, while use of Nuodex solutions of cobalt or 
manganese octoate gave no I2. f-Bu20 2 liberated no iodine even 
with higher concentrations of iron octoate and reflux times up to

(1) (a) P a r t  I :  R . H ia t t ,  T . M ill, a n d  F . R . M ay o , J .  Ora. Chem ., 33,
1416 (1968). E q u a tio n s  1 -16  a p p e a r  in  p a r t  I .  (b) T o  w hom  a ll co rre 
sp o n d en ce  sh o u ld  b e  ad d re ssed  a t  B ro ck  U n iv e rs ity , S t. C a th e rin e s , O n ta rio , 
C a n a d a .

(2) R . H ia t t ,  J .  C lip sh am , a n d  T . V isser, C an. J .  C hem ., 42 , 2754 (1964).
(3) F . W elch , H . R . W illiam s, a n d  H . S. M o sh e r, J .  A m er. Chem . Soc., 7 7 ,  

551 (1955).
(4) P . D . B a r t le t t ,  E . B enz ing , a n d  R . E . P in co c k , ib id ., 82 , 1762 (1960).

20 min. /-Butyl cyclohexyl peroxide gave a maximum of 43% 
of the theoretical amount of iodine under these conditions.

Gas Chromatography.—Most analyses of reacted solutions 
were made using the Wilkens Model 90 or 350 gas chromato
graphs with thermal conductivity detectors and 10-ft columns 
of either 20% Carbowax 20M or 20% diisodecyl phthalate on 
Chromosorb P. Z-Bu20 2 was eluted without decomposition, but 
other peroxides and hydroperoxides were decomposed in the 
injector cavity or on the column. Solutions containing hydro
peroxides were usually reduced to alcohols with triphenyl- 
phosphine6 (Ph3P) before glpc analysis.

sec-Bu20 2 and /-Bu0 2C6IIh were analyzed on a Wilkens gas 
chromatograph with a flame ionization detector (“ Hi-Fi” ) where 
they were eluted without decomposition from a 5-ft column of 
2% diisodecyl phthalate on Chromosorb P. The low-loaded 
column permitted use of a low temperature (70°), thereby mini
mizing decomposition. In one instance a solution of Z-BuOH, 
Z-Bu20 2, and /-Bu02C6Hii in cyclohexane was analyzed by a 
combination of fractional distillation, quantitative ir analysis, 
and glpc.

Procedures for Reactions.—Most reactions in solution were 
carried out in a series of eight or nine sealed Pyrex ampoules, 
initially degassed, or with an air atmosphere as indicated in text. 
Ampoules were immersed in a constant-temperature bath and 
withdrawn at suitable intervals for iodometric and glpc analysis. 
Some ampoules were fitted with break-seals and opened on a 
vacuum line so that the amount of evolved gases could be esti
mated and samples analyzed by mass spectrometry. For solu
tion reactions carried out under reflux, a cell consisting of a 50-ml 
bulb sealed to a condenser was immersed in a bath 10-15° warmer 
than the reflux temperature of the solvent. The solution of 
hydroperoxide was brought to reflux and reaction was started by 
addition of the initiator.

Gas phase experiments were carried out in 100-ml Pyrex 
bulbs with break-seals and capillary inlet tubes. Peroxide and 
hydroperoxide were added to the evacuated bulbs from a tared 
syringe. Hydrocarbons were added to some runs by vacuum 
distillation from a calibrated bulb. Formaldehyde was added in 
the form of paraformaldehyde. After being heated for ap
propriate time intervals, the bulbs were connected to the vacuum 
line and opened, and the contents were distilled into small liquid 
nitrogen-cooled traps which were then cut out of the line. Less 
volatile hydrocarbons were distilled with the hydroperoxide. 
Evolved gases were transferred to a gas buret with a Toepler 
pump, then analyzed using a Cu-CuO combustion furnace.

Where large amounts of butanes were present, the bulb contents 
were fractionally distilled under high vacuum at —80°. Blank 
experiments showed no significant loss of hydroperoxide under 
these conditions.

Thermal Decompositions of Initiators and of /-Bu02H

I t  was necessary to  measure ra tes and efficiences o f 
ra d ica l p ro d u c tio n  b y  some o f o u r in it ia to rs  before 
cha in  leng ths  o f induced  decom positions cou ld  be 
eva lua ted . T h e  p o s s ib ility  o f some th e rm a l decom po-

(5) L . H o rn e r  a n d  W . J u rg le i t, A n n . Chem ., 5 9 1 ,  139 (1955).
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T a b l e  I
R ates and P roducts op D ecom positions o f  I nitiators

■ D  ecom posi tion°- -Yields on perox ides decom posed , %•
Temp, °C S o lv en t [RîOîIo, M lO^fci, sec 1 % A cM e f-BuOH Î-BU2O2 S— S6-'

¿-Bu20 2
100 c 6h 6 0 .0 0 6 6 0 .0 8 7 5 62 9 6 1 .6
100 c 6h 6 0 .2 4 5 0 .1 0 2 70 29 68 2 0 6
100 PhMe 0 .2 6 4 0 .0 6 8 2 2 2 100 '

sec-Bu20 2
100 PhMe 0 .1 0 0 .2 7 83 2 3 '
100 PhMe 0 .0 2 7 0 .2 7 75 2 5 '
100 Gas phase 0 .0 0 0 8 0 . 1 5 ' 7 - 8 2 /

Di-i-butyl Peroxyoxalate (DBPO)
2 5 .0 i-BuOH 0 .0 8 1 .8 3 7 0 10"
3 7 .8 R-C5H 12 0 .0 0 8 1 0 .1 39 0 77 5 . 4 29
8 1 .5 c 6h 12 0 .0 0 6 92 6 2 '

° Apparent first-order rate constant and extent of decomposition over which it was measured. b~e Products of radical coupling: 
toluene,6 bibenzyl,' CioH^/ (C6H,i)2.' /  Average of seven runs. » See ref 7.

sition of ¿-Bu02H under the experimental conditions 
also had to be checked.

Decompositions of Initiators in the Absence of 
Hydroperoxides. ¿-Bu20 2.—At and above 100°, t- 
B u 20 2 gave convenient rates of initiation. In toluene 
at 100°, the first-order rate constant for decomposition 
of ¿-Bu20 2 was found6 to be 6.8 X10_7/sec, and the 
efficiency of radical production was 100% (measured 
by the yield of bibenzyl). This rate constant was 
used for calculation of chain lengths for induced de
compositions in both gas phase and solution, although 
in some of the induced runs the disappearance of t- 
B u 20 2, as measured by glpc, was faster (see below). 
Typical results are shown in Table I.

Di-f-Butyl Peroxyoxalate.—DBPO was used to ini
tiate runs at 80° and below. Rate constants for the 
thermal decompositions of DBPO at several temper
atures in benzene and cumene have been given by 
Bartlett and coworkers.4 We found the same rates in 
n-pentane and in ¿-BuOH. DBPO has been shown 
to give about 5% ¿-Bu20 2 by a cage reaction in solvents 
of moderate viscosity (pentane, benzene, HOAc) at 
35-45°.7 8 In /-BuOH and in Nujol, cage recombination 
accounted for 10 and 76%, respectively, of the radicals 
formed. For this work we assumed an initiator effi
ciency of 100% minus the per cent yield of f-Bu20 2 for 
the particular solvent.

sec-Bu20 2.—Some runs at 100° were initiated by 
sec-Bu20 2. Pryor, et al.,s have shown that this per
oxide initiates the polymerization of styrene at 80° 
about as rapidly as f-Bu20 2 does. We have measured 
rates of decomposition at 100° in toluene and in the 
gas phase (Table I) using both glpc and a modified 
iodometric titration for peroxide analysis. Rates 
were first order in peroxide, and about four times as 
fast in solution as for the decomposition of f-Bu20 2, 
but the efficiency of radical production in solution, as 
measured by the yield of bibenzyl, was only 25%. 
Analysis of the other products of decomposition (Table 
I) gave an unexpected 25-30% hydrogen gas, which 
might be explained by a concerted decomposition of the

(6 ) T h is  v a lu e  is close to  th e  v a lu e  (5 .0  ±  2 .5) X 10-7/s e c  o b ta in e d  b y  
e x tra p o la tio n  from  th e  130-150° g as  p h ase  d a ta  of L . B a t t  a n d  S. W . B enson  
[J . Chem . P h y s ., 3 6 ,  895 (1962)].

(7) R . H ia t t  a n d  T . G . T ra y lo r , J .  A m er. Chem . Soc., 8 7 ,  3766 (1965).
(8 ) W . A. P ry o r , D . M . H u s to n , T .  R . F isk e , T . L . P ick e rin g , an d  E .

C iuffa rin , ib id ., 86 , 4237 (1964).

kind discovered by Mosher and Durham9 for primary 
hydroperoxy hemiacetals.

— ► 2AcEt +  H2

The gas phase decomposition of sec-Bu20 2 was first 
order, but only 2.7 times as fast as decomposition of t- 
B u 20 2 : kA =  1.8 X 10~6/sec. The faster rate in so
lution suggests more chain decomposition due to the 
higher concentrations used.

Decomposition of ¿-Bu02H in the Absence of Ini
tiators.—Thermal decompositions of ¿-Bu02H in solu
tion are treated extensively in part V. At 100° or 
below, 0.1 I  f-Bu02H decomposed less than 1% in 2 
days, a negligible contribution to the induced decom
positions which usually lasted no longer than 15 hr.

Early experiments showed low but erratic rates of 
decomposition, 4-12% in 15 hr, in the gas phase at 
100°. In subsequent work with a second batch of 
purified hydroperoxide, rates were considerably higher,
6-27% in 15 hr. Using new vessels or vessels which 
had been treated with NaOH10 narrowed the range to
4.4-10.2%. (An average rate of decomposition for 
0.007 M  ¿-Bu0 2H was 3.6-7.9 X 10~7 mole/1. min.“1). 
Addition of cyclopentene (which should have quenched 
any radical chain decomposition) had no effect. This 
higher rate is apparently connected with surfaces and 
with otherwise indistinguishable differences between 
batches of hydroperoxide. It was not caused by the 
presence of ¿-Bu20 2 as an impurity; as will be shown, 
about 10% f-Bu20 2 would be required to give the 
average rates above.

Induced Decompositions of f-Bu02H in Solution

Decompositions at >0.2 M  in Benzene at 100°.—
At concentrations of f-Bu02H above 0.2 M  ¿-Bu20 2- 
induced decompositions gave ¿-BuOH, 0 2, and, pre
sumably, f-Bu20 2;n yields of acetone were negligible. 
The rate of decomposition was independent of [t- 
Bu0 2H] to at least 50% decomposition. The rather

(9) H . S. M o sh e r a n d  L . J .  D u rh a m , ib id ., 8 2 ,  4537 (1960), a n d  p reced ing  
p ap e rs .

(10) H e a te d  w ith  10%  N a O H  fo r 30 m in  a t  100°, r in se d  re p e a te d ly  w ith  
w a te r, a n d  oven  d ried .

(11) T h e  c o n c e n tra tio n  of th e  in i t ia to r , w ith in  th e  a c c u ra c y  of th e  g lpc  
an a ly ses , rem a in ed  c o n s ta n t, as  if a ll te rm in a tio n s  g av e  f-BuzOz.

Me^ 

EU
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wide variation in chain length, 23-32 in Table II, was 
” probably due to some “thermal” decomposition at 

these high concentrations of hydroperoxide.

T able I I
¿-Bu20 2-Induced Decompositions o p  f-Bu02H

in Benzene a t  100°
Y ields on ¿-BuCbH

[¿-BluOalo, [i-BuO jH ]o, C hain --------- decom posed , % -
M M le n g th “ A cM e ¿-BuO H 02

0.246 0.878 30.0
0.251 0.554 32.0 100
0.247 0.199 23.3 4 82

(sec-Bu20 2)
0.248 0.506 126
“ Moles of ¿-Bu0 2H destroyed/mole of initiating radicals. 

b Average for first 2 hr, corrected to 25% efficiency of sec-Bu20 2.

The principal difference between these results and 
those previously reported2 for decompositions initiated 
by DBPO in benzene or chlorobenzene at 25 to 45° 
is the longer chain length, paralleled by the lower vis
cosity of benzene at 100°:

specific viscosity at 35° _  ^ 
specific viscosity at 100° ~~

chain length at 100° _  _
chain length at 35°

The factor 2.7 corresponds to an activation energy for 
escape of alkoxy radical pairs from the cage to continue 
the chain (eq 3la) which is 3.5 kcal/mol higher than 
for their cage reaction with each other to give f-Bu20 2 
(eq 4la).

A more striking example of viscosity control is 
thermal decomposition at 35° of 0.03 M  DBPO in 
Nujol containing 0.1 M  ¿-Bu02H. The result, no 
hydroperoxide decomposed, is due partly to competition 
by the Nujol for alkoxy radicals but mostly to a vis
cosity effect. (DBPO itself is no more than 24% 
efficient in producing free radicals in this very viscous 
medium,7 and we infer that few, if any, alkoxy radical 
pairs, if produced by interactions of 2f-Bu02-, would 
escape from the solvent cage.)

sec-Bu20 2 was used to initiate one decomposition in 
benzene at 100° (Table II). Products were not 
analyzed, but the results prove that some pairs of sec- 
BuO • radicals are able to escape from the solvent cage. 
The indicated initial chain length, 12, depends too 
much on the uncertain efficiency of the initiator (vide 
supra) to permit comparison with runs initiated with 
f-Bu20 2.

Decompositions with Cleavage of f-BuO • Radicals.—
Decompositions of 0.1 M  ¿-Bu02H at low concentra
tions (0.1 M ) in solvents without reactive hydrogen 
gave up to 30% yields of acetone as cleavage products. 
Reaction chains wrere short and the kinetics complex. 
These results and their implications are discussed 
below.

Low Concentrations of ¿-Bu02H in Benzene at 100°.
—The results of ¿-Bu20 2-initiated decompositions of 
0.02-0.1 M  i-Bu02H in benzene are slwnvn in Table III. 
Runs were generally carried to 50-100% decomposi
tion of ¿-Bu0 2H and 2.5-5% decomposition of ¿-Bu20 2. 
The products included acetone (but no methanol), 
f-BuOH, CO, C02, and a small amount of 0 2. Relative 
yields of acetone and i-BuOH wrere dependent on the

T able I I I
I nduced Decompositions of ¿-Butyl H ydroperoxide 

with H igh Cleavage of ¿-Butoxy R adicals“
k db X Y ie ld s  on  ¿-BuChH

[I]»,“ 1 0 7, [¿-BuOzHJo, C h a in —decom posed , % -------
M s e c -1 M Ien g th c A cM e <-BuOH  t-Bu:

In Benzene at 100°, Initiation by i-Bu20 2
0 .246<i 0.096 15.9
0.245" 7.16 0.091 13.3 20 79
0.241'' 6.86 0.081 27 75
0.245 0.021 5.14
0.0510" 0.098 20.1
0.0196" 0.100 15.8
0.0103" 0.120 7.0
0.247* 11.2 0.093 12.8
0.247* 0.026 4.7
0.048* 0.094 9.3
0.0071» 0.0083 0

In CO., a t 100°, Initiation by i-Bu20 2
0.210« 0.0868 11.2
0.0498« 0.0818 11.6
0.0425« 21.7 0.0733 11.2 12
0.0466« 19.2 0.0182 4.1 13
0.0133« 0.0389 9.7

In Acetic Acid a t 45°, Initiation by DBPO
0.0164« 0.137 1.57' 25 68 7

In f-BuOH a t 45°, Initiation by DBPO
0.0232« 0.202 1.11' 17 14
0.0409« 0.117 0 .54 '
“ Initial concentration of initiator. b Apparent average r

constant for disappearance of initiator. '  Initial chain length 
calculated using R-, = 2 X 6.86 X 10-7 [i-Bu2O2]0 from third 
experiment unless otherwise indicated. " In sealed tubes in 
absence of air. * In sealed tubes in presence of air. '  Average 
chain length for complete decomposition of initiator.

concentration of ¿-Bu02H, since f-BuO- could either 
cleave or abstract hydrogen from the hydroperoxide. 
Some ¿-BuOH appears to be formed by reaction of t- 
BuO- radicals with a radical-benzene adduct, but 
this reaction becomes important only at very low con
centrations of ¿-Bu0 2H.

For individual runs, plots of long [£-Bu02H] vs. 
time were linear to at least 80% decomposition. For 
the several runs, eq 17la applies. Chain lengths thus

— dk-Bu02H] /d t = AF-BinCh] ~ I [¿-Bu02H] (17)

were proportional to [¿-Bu02H] and those in Table III 
were calculated from initial rates determined graphi
cally. The concentration of f-Bu20 2, determined by 
glpc, also decreased (Table III), showing that interac
tion of f-butylperoxy radicals was not the sole termina
tion reaction.12

To see how much termination, if any, resulted in 
formation of f-Bu20 2, some decompositions at 100° in 
benzene were initiated by ABN (Table IV). The 
fast decomposition of ABN at 100° (half-life about 
7 min)13 precluded rate measurements but products 
were determined. Ampoules were heated for 100 
min and analyzed by titration for residual f-Bu02H 
and by glpc after the hydroperoxide had been reduced 
with Ph3P. Over-all chain lengths and yields of acetone 
varied with [f-Bu02H], as in runs initiated by t-

(12) T h is  dec rease  w as on ly  a  few  p e r  c e n t of th e  to ta l  c o n c e n tra tio n  of 
i-B u 2 0 2  a n d  h ad  neg lig ib le  effect on  th e  r a t e  of in i t ia tio n  d u rin g  a  ru n , b u t  it 
w as s ig n ifican tly  d iffe re n t from  ru n s  a t  h igh  c o n c e n tra tio n s  of i-B uC hH  w here 
fi-BrnOa] rem a in ed  c o n s ta n t w ith in  th e  a c c u ra c y  of th e  ana ly sis .

(13) J .  P . V an  H ook  a n d  A. V. T o b o lsk y , J .  A m er. Chem . Soc., 80 , 780 
(1958).



1 4 2 4  H ia t t , M il l , I r w in , and  C a stlem an T h e  J o u r n a l  o f  O r g a n i c  C h e m i s t r y

T a b l e  IV
D e c o m p o s i t i o n s  o f  í-Bu0 2H b y  ABN i n  B e n z e n e 0  a t  100°

IOS [Ri]o, — a [i-B uO ,h ] .-------- Y ields on  I-B uO sH d ecom posed , % b-
[ABNJo m o l/l. s e c - 1 [ í-B u O íH k  M 1.2 [A B N  Jo [A cetone ], [i-B uiO slt

0 .0 0 8 2 8 3 . 0 0 .2 6 3 1 4 .1 7 .1 5 . 0
0 .0 0 8 2 8 3 . 0 0 .1 3 2 8 . 5 12 4 . 4
0 .0 0 1 6 6 0 . 6 0 .1 3 4 1 4 .4 18 4 . 4

° In 0 2-saturated sealed tubes for 100 min, 14 half-lives for ABN. 6 Remainder of i-BuO- was in f-BuOH. Analyses of these three 
products accounted for 99% of original i-Bu02H in each run.

BU2O2, but in each run the yield of ¿-Bu20 2 ac
counted for 4.4-5% of the ¿-BuO • groups from de
composed hydroperoxide. This number provides an
other measure of the ratio of nonterminating to termi
nating interactions of 2f-Bu02- radicals (k3/k i)  in ben
zene at 100°, since all hydroperoxide decomposes 
through i-Bu02-radicals; 100/4.4 = 22, in fair agree
ment with the chain lengths (23 to 32) found at high 
concentrations of ¿-Bu02H.

Some unexpected effects of oxygen were found in 
reactions initiated by ABN and ¿-Bu20 2. A solution 
of 0.1 M  £-Bu02H and 0.01 M  ABN in benzene, re
fluxed to remove any 0 2 that might be formed during 
decomposition, underwent no change in peroxide titer 
over many hours. For the decompositions in Table 
IV, ampoules were sealed in an atmosphere of 0 2. 
Apparently the Me2CCN radical does not attack 
hydroperoxides efficiently, but the corresponding peroxy 
or alkoxy radical does.

On the other hand, oxygen retarded the f-Bu20 2- 
initiated runs in benzene, the effect being most pro
nounced at the lowest initial concentrations of ¿-Bu02H 
(Table III). Initially degassed runs with 0.02 M  [t- 
BuO2H]0 showed marked autoretardation as the re
action proceeded, and 0 2 was produced by the decompo
sition. This effect was not found in any other solvent, 
or in the gas phase, and may be due to formation of 
phenols. We found that ampoules of 0.27 M  t- 
Bu20 2 in benzene sealed in an air atmosphere and heated 
for 15-20 hr at 100° developed a small hydroperoxide 
titer. Apparently some of the methylperoxy radicals 
which are formed abstract H- from benzene (or from 
¿-BuOC6H6 •) to form Me02H. Production of small 
quantities of methyl hydroperoxide would lead to 
artificially high titers for [¿-Bu02H] in runs of low 
[¿-Bu0 2H]o. The Me02H might retard the induced 
decomposition as well.

In CCI4 at 100°.—Because the complex results re
ported above seemed related to the formation of methyl 
radicals, and because Walling and Wagner14 reported 
less cleavage of ¿-BuO- radicals in CC14 than in ben
zene, we carried out some ¿-Bu20 2-initiated decompo
sitions of ¿-Bu02H in CC14. With 0.08 M  ¿-Bu02H, 
the yield of acetone was about half that in benzene 
(Table III) (confirming Walling and Wagner’s results), 
and so our work was not carried very far. Chain 
lengths and kinetics for decomposition were similar to 
those found in benzene.

In Acetic Acid and in ¿-BuOH at 25-45°.—In addi
tion to a reported retardation of DBPO-induced de
composition by ¿-BuOH,15 we observed (part IV) similar 
retardations of the (Con)-catalyzed decomposition of 
¿-Bu02H in alcohols and in acetic acid at 25-45°.

(14) C . W a lling  a n d  P . J .  W ag n er, J .  A m er. Chem . Soc., 86 , 3368 (1964).
(15) T . G . T ra y lo r , p e rso n a l co m m u n ic a tio n , 1965.

The decompositions in ¿-BuOH and in AcOH, sum
marized in Table I, were carried out to check these 
results and determine the products. Decomposition 
of DBPO, a convenient initiator at these temper
atures, was carried to completion and only prod
ucts and over-all chain lengths of decomposition 
were determined. In both solvents yields of acetone 
were comparable with those in benzene at 100° but 
chain lengths were shorter, 1.5 or less.

Discussion.-—All the reactions discussed in the pre
ceding section have large yields of acetone, low yields 
of oxygen where measured, and complex rate expres
sions. All of these features are associated with the 
generation of methyl radicals, their scavenging of 
oxygen, and their participation in termination reactions 
such as16 those in eq 18 and 19 which are apparently

Me- +  í-BuOí - ----> M e02 i-Bu (18)

O 2 /-B u 0 2-
Me- -— >- M e02- ------- >  CH20  +  ¿-BuOH +  0 2 (19)

much faster than attack by Me- on ¿-Bu02H. To 
the extent that each Me- radical produced takes part 
in one of these termination reactions, the cleavage of
i-BuO- to Me- radicals becomes rate-controlling for 
termination and, as pointed out in part I la (eq 8),

— d[Z-Bu02H]/d/ = Rifcfli-BuOjH] /2fc7 (8)

close to that determined experimentally in benzene 
and in CC14.17

That basic features of the induced decomposition 
mechanism18 are retained even in these more complex 
situations is shown by the results with ABN in ben
zene at 100°. Here the kinetics are complex, but the 
yield of i-Bu20 2 is nearly constant, independent of 
chain length and initiator efficiency. The ratio of 
nonterminating to terminating interactions of 2R 02-, 
fc3/fc4, though no longer the same as the chain 
length (to which other terminations contribute), can 
be measured by the yield of £-Bu20 2.

The low chain lengths in ¿-BuOH may be due partly 
to its high viscosity relative to benzene or acetic acid, 
which would increase the proportion of terminating to 
nonterminating interactions of 2¿-Bu02- radicals. 
However, we have a measure of this effect in the rela
tive proportions of ¿-BuO • radicals which escape when 
produced by thermal decomposition of DBPO (95% 
in benzene or acetic acid, 90% in ¿-BuOH at 45°7) 
and it is slight.

(16) F . H . S eubo ld , F . F . R u s t, a n d  W . E . V au g h an , J .  A m er . Chem . Soc.. 
73, 18 (1951).

(17) S ince  re a c tio n  o rd e rs  in  in i t ia to r  a n d  h y d ro p e ro x id e  w ere  a lw ay s  
s lig h tly  less th a n  one, eq 7 is p ro b a b ly  th e  m a jo r , b u t  n o t  th e  on ly , te rm in a 
tio n . W h e n  eq  4 co n tro ls  te rm in a tio n , th e  o rd e r  in  [Í-BUO2H 3 ap p ro a c h e s  
zero  (eq  5). W hen  M e* ra d ic a ls  do  n o t  te rm in a te  b u t  a b s t r a c t  h y d ro g en  
fro m  Í-B 11O 2H , th e n  reac tio n  o rd er a p p ro ac h es  V 2 in  R i .  A c o m p le te  so lu tio n  
of th e  s te a d y -s ta te  e q u a tio n  is too  com plex  to  b e  u sefu l.

(18) S. W . B enson , J .  Chem . P h ys., 40 , 1007 (1964).
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T a b l e  V
I n d u c e d  D e c o m p o s i t i o n s  o f  ¿-B u 0 2H  i n  R e f l u x i n g  A l k a n e s

Temp, °C Solvent [D B PO lo, 1XI [I-BuO:H]o, M Chain length“ S— O H , % b-c S = 0 ,  % M
9 8 .6 r e - H e p t a n e ' 0 .2 5 4 0 .0 7 9 7 '—*1)
8 1 .5 C y c l o h e x a n e 0 .0 1 6 9 0 .1 0 4 0 .9 7 7 0  ( 5 5 / ) 17 ( 3 2 ' )
8 1 .5 C y c l o h e x a n e 0 .0 6 1 0 .0 9 8 0 .8 4
8 1 .5 C y c l o h e x a n e 0 .0 1 2 0 0 .0 9 1 0 .8 3 99 11
8 1 .5 C y c l o h e x a n e 0 .0 0 8 1 0 .0 4 1 9 0 .4 7
8 1 .5 C y c l o h e x a n e 0 .0 2 0 5 0 .0 2 8 5 0 .3 8 69  ( 6 9 ' ) 29  ( 2 9 ' )
3 7 .8 71- P e n t a n e 0 .0 1 1 2 0 .1 9 6 5 .9 »
3 7 .8 n - P e n t a n e 0 .0 0 7 6 0 .1 1 8 2 .9 * P r e s e n t 40

“ [i-Bu02H decomposed]/2[DBPO], Reactions were carried out to complete decomposition of DBPO, 30 hr at 37.8°, 0.5 hr at 
81.5°. 6 Products by glpc in % of <-Bu02H decomposed; many are secondary products (see text). c Alcohol derived from solvent. 
d Ketone derived from solvent. * Initiated by i-Bu20 2. '  By glpc before reduction of product mixture with Ph3P. » Initial chain
length; average chain length for complete decomposition of DBPO = 2.9. h Initial and average chain length: 2.7% AcMe, 89% 
I-BuOH, and 8.5% i-Bu20 2.1

Walling and Wagner14 have observed that solvents 
influence the propensity of ¿-BuO- to cleave rather 
than abstract hydrogen from a substrate. We find 
also that, at least in benzene, cleavage is more tem
perature-dependent than abstraction. More novel is 
the large effect of a few methyl radicals on the induced 
decomposition of ¿-Bu02H.

Solvents with Reactive Hydrogen. Refluxing Al
kanes.—In gas phase oxidations at 100°, induced de
composition of i-Bu02H is retarded by some hydro
carbons. We suspected that alkyl radicals, resulting 
from hydrogen abstraction by (-BuO •, might act like 
methyl radicals resulting from cleavage of ¿-BuO • radi
cals. We have tested this hypothesis by investigating 
decomposition products of ¿-Bu02H in alkane solvents 
at several temperatures. These solvents were refluxed 
in an effort to expel oxygen and prevent autoxidation 
during the reaction.

i-Bu02H (0.1 M ) was stable almost indefinitely in the 
presence of 0.28 M  ¿-Bu20 2 in refluxing n-heptane (98.6°), 
although chain lengths in benzene at 100° (Table I) 
were about 15. In DBPO-initiated decompositions 
in cyclohexane (81.5°) and in ?i-pentane (37.8°), 
protection by the solvent was less complete. Chain 
lengths in Table V are based on initial and final 
hydroperoxide titers after complete decomposition 
of DBPO.19 The formation of alkyl hydroperoxides 
in some runs (see below) complicates the interpretation 
of these numbers, but it is clear that chains are longer 
at lower temperatures and higher initial concentrations 
of f-Bu02H.

The products included i-BuOH and significant 
yields of ¿-Bu02S (where SH is solvent). Yields of 
acetone were small; 0 2 was not measured. N o  sol
vent dimers were produced, though these were found 
when DBPO was decomposed in the absence of t- 
Bu0 2H (Table I).

Products determined by glpc analysis are shown 
in Table VI. Most of the alcohols and ketones shown 
are not the primary products but the pyrolysis prod
ucts, during gas chromatography, of solvent peroxides,20

(19) F o r  tw o  of th e  ru n s  in  n -p e n ta n e , th e  re a c tio n  m ix tu re  w as sam p led  
a t  sev e ra l p o in ts  a n d  re s id u a l R O 2 H  w as d e te rm in ed  b y  t i t r a t io n  a n d  b y  su b 
tra c tin g  a  c a lcu la ted  t i t e r  fo r u ndecom posed  D B P O . In  one  o f th e se  th e  
ch a in  le n g th  w as c o n s ta n t th ro u g h o u t th e  re a c tio n . I n  th e  o th e r, th e  in itia l 
ch a in  le n g th  w as h ig h e r th a n  th is  b u t  dec reased  d ra s tic a lly  a s  th e  ru n  p ro 
ceeded , so  t h a t  th e  o ver-a ll ch a in  le n g th  w as th e  sam e . W e do  n o t u n d e r
s ta n d  th e se  resu lts .

(20) T h e se  d id  n o t a r ise  from  a ir . D eco m p o sitio n  of D B P O  in refluxing  
a lk an es  in  th e  ab sen ce  of f-B uO aH  g av e  o n ly  olefins a n d  so lv en t d im ers  
(T a b le  I ) .  In  on ly  one  case  w as m o re  oxygen fo u n d  in  so lv en t p ro d u c ts  th a n

i-Bu02S and S02H (S is solvent). For example, 
combination of quantitative ir with glpc data showed 
that the true products of the last run with cyclohexane 
were 75% /-BuOJIii, 10% ¿-Bu20 2, and 11% cyclo
hexene; yields are on DBPO decomposed to show 
that 96% of radical termination products are accounted 
for. Refinement of our glpc techniques gave for the 
second cyclohexane run, carried to 100% decomposi
tion of hydroperoxide via successive additions of DBPO, 
60% i-Bu02C6Hn, 13% cyclohexanol, and 6.5% cyclo
hexanone.
’ Some solvent hydroperoxide was also formed. This 

claim rests on finding some cyclohexanone and cyclo
hexanol when reaction was carried to completion, and, 
in runs not carried to completion, on a shift in cyclo- 
hexanone-cyclohexanol ratio depending on whether 
the solutions had, or had not, been reduced with Ph3P 
prior to glpc analysis under pyrolytic conditions.

g lpc^ Q ftoO  +  QHnOH

C6Hu0 2H
Ph3p C6Hu C6HnOH

n-Heptane at 170°.—Although n-heptane completely 
protected 0.1 I  ¿-Bu02H from induced decomposition 
at 100° (Table V), it did not prevent decomposition 
at 170°. Figure 1 shows that added i-Bu20 2 enhanced 
the rate of disappearance of titratable hydroperoxide 
over that for the normal thermal decomposition and 
that this action persisted long after the initial i-Bu20 2 
should have been completely decomposed (half-life6 
about 8 min at 170°). A chain length of 6 was cal culated 
by comparison of initial thermal and induced rates. 
In benzene at 170°, the thermal decomposition of t- 
Bu02H had been only slightly affected by added t- 
Bu20 2 (part V). The products from the heptane runs 
were not analyzed.

Discussion.—Although a thorough understanding of 
induced decompositions of hydroperoxides in alkanes 
would require more product studies (including a method 
for distinguishing between different kinds of hydro
peroxides in reacted solutions), the results above permit 
us to define the important features. Most interesting 
is the maximum stabilizing effect of alkanes near 100°. 
This effect probably results from the preferential re-
w ould  h av e  com e from  decom posed  ¿-BUO2H ; h e re  th e  D B P O  w as in tro d u ced  
in to  th e  refluxing  so lu tio n  of ¿-BuChH a n d  cy c lo h ex an e  in  1 m l of a ir - sa tu 
ra te d  so lv en t. In  a ll o th e r  ru n s  i t  w as a d d e d  a s  a  so lid  to  th e  refluxing  m ix
tu re .
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Figure 1.—Decompositions of 0.02 M  ¿-Bu02H in n-heptane 
at 170°

ac tion  o f R O  ■ rad ica ls  w ith  so lve n t instead  o f w ith  
h yd ro pe ro x id e , and is o f course dependent on  [R 0 2H ].

A t  low e r tem pera tu res , m ore  R O - rad ica ls  a tta c k  
h yd ro pe ro x id e  because o f th e  h ig h e r a c tiv a tio n  energy 
fo r  so lve n t a t ta c k . 21 M u c h  above 100°, te rm in a tio n  
p rod uc ts  such as R 0 2S and o le fin  accelerate decom po
s it io n  o f hyd rope rox ide , o ffse ttin g  th e  re ta rd in g  e ffect 
o f th e  so lven t. T h e  s itu a tio n  is fu r th e r  confused b y  
th e  fo rm a tio n  o f a lk y l hydroperox ides, p ro b a b ly  fro m  
so lve n t rad ica ls  and  oxygen fo rm ed  fro m  in te ra c tio n  
o f 2 ( -B u 0 2 • rad ica ls  (eq 20 and 9) fo llo w e d  b y  cha in

S- +  0 2— >-S02- (20)
RO- +  SH — ROH +  S- (9)

te rm in a tio n  (eq 2 1  o r 10). T h e  h ig h  y ie ld s  o f S 0 2R
S- -f- RO- — >- ROH +  olefin (21)

S- +  ROj — >- S02R (or R 0 2H +  olefin) (10)

show  th a t  i -B u 0 2 • rad ica ls  are th e  p re d o m in a tin g  ra d 
icals in  these system s and e ffe c tiv e ly  scavenge S- 
rad ica ls . T h is  conclusion  agrees w ith  o u r ow n u n 
p ub lished  esr resu lts  and those o f T h o m a s . 22

Gas Phase Decompositions of ¿-Bu02H by 
Free-Radical Initiators

Decompositions Initiated by i-Bu20 2 at 100° Rates.—
I n  a ty p ic a l gas phase m ix tu re  o f 0 .004  M  / -B u 0 2H  
and  0.001 M  f-B u 20 2, i -B u 0 2H  decomposes to  th e  ex
te n t o f 2 5 -3 0 %  in  15 h r  a t 100°. T a b le  V I  sum m arizes 
th e  effects o f in i t ia l  concen tra tions  o f (-B u 20 2 on  ra tes 
o f decom pos ition  o f i -B u 0 2H . In  these ru ns  conve r
sions o f ¿ -B u02H  va rie d  fro m  11 to  6 2 %  and o f t- 
B u 20 2, fro m  2 to  4 % .

A lth o u g h  b o th  th e  ra d ica l-in d uce d  and th e rm a l 
decom positions c o n tr ib u te  to  th e  m easured ra tes o f 
d isappearance o f i -B u 0 2H , no co rrec tions  fo r  th e  
th e rm a l ra te  have  been app lied  here because o f th e  
e rra tic  n a tu re  o f these reactions and  o u r la c k  o f a f irm

(21) S h o r te r  ch a in  le n g th s  in  cyc lohexane th a n  in  p e n ta n e  m a y  re s u lt 
p a r t ly  from  m u c h  m o re  ra p id  in i t ia tio n  b y  D B P O  a t  81 .5° th a n  a t  37 .8°. 
H ow ever, th e  v e ry  s h o r t  ch a in s  w ith  slow  in i t ia tio n  b y  ¿-B112O 2 in  n -h e p ta n e  
a t  98 .6° show  th a t  th e  r a te  of in i t ia tio n  is less im p o r ta n t  th a n  te m p e ra tu re  in 
co n tro llin g  ch a in  len g th s .

(22) J .  R . T h o m as , J .  A m er . Chem. Soc., 87, 3935 (1965).

T a b l e  VI
E f f e c t s  o f  t- a n d  sec-Bu20 2 o n  R a t e s  o f  G a s  P h a s e  

D e c o m p o s i t i o n s  (Rar) o f  ¿ -B u t y l  H y d r o p e r o x i d e  a t  1 0 0 °°

Run Time, [BuiOilo, [i-•BuCbHJo,

%
conver
sion of

R i , a
m ol/i.
min

R h p ,
mol/1.

min
Chain
length.

no. min initial u x M f-BuChH X 107 X 10* R s r / R i

69A 495 0.918
¿-BU2O2 

0.622 37 0.75 4.6 6 . 1
69B 495 0.952 0.663 41 0.78 5.5 7.0
65A 900 0.862 0.79 51 0.70 4.0 5.7
65B 900 0.925 1.58 62 0.75 6 . 6 8.8
65C 900 0.926 2.58 35 0.76 1 0 .0 13
69C 495 0.986 3.17 18 0.80 1 2 .0 15
67 A 1120 0.466 4.25 . 22 0.380 8.4 26
67B 1120 1 .1 0 4.39 33 0.90 13 15
67C 1120 1.74 4.31 43 1.4 16 12
67D 1120 3.11 4.53 52 2.5 21 8.4
67E 1120 4.36 4.20 67 3.6 25 6.7
65 D 900 0.938 4.82 24 0.77 13.0 17
69D 495 0.964 8.84 11 0.79 19.0 24
65E 900 0.921 11.0 21 0.75 25.0 33
69 F 495 0.958 14.86 13 0.78 38.0 49

86M 929 0.960
sec-Bu20 2 

8.91 39 2.1 37.0 18
860 944 0.927 8.99 29 2.0 28.0 14
“ Calcd from data in Table I: R\ = 2fcd[Bu20 2]o, where k,i = 

6.8 X 10”7 sec_1(i'/J = 283 hr) for i-Bu20 2 and id = 18 X 10-7 
sec_1(i‘/ 2 = 107 hr) for sec-Bu20 2.

basis fo r  such corrections. F o r m os t expe rim en ts  in  
T a b le  V I  we used a sing le  sam ple o f i -B u 0 2H  w h ic h  
gave th e rm a l ra tes th a t  are g ene ra lly  a b o u t 1 0 %  o f th e  
induced  ra tes in  experim ents h a v in g  com parab le  
a m oun ts  o f hyd rope rox ide .

A  lo g - lo g  p lo t o f th e  ra te  o f h y d ro p e ro x id e  decom 
p o s itio n  vs. [(-B u20 2]o (runs  6 7 A -E , T a b le  V I )  gave a 
good s tra ig h t lin e  w ith  a slope o f 0.5. T h e  p lo t  o f 
change in  ra te  w ith  average co n ce n tra tio n  o f £ -B u 0 2H  
(runs 6 9 A -F  and  6 5 B -E )  showed m arked  d e v ia tio n  
fro m  lin e a r ity  (to o  fa s t) a t  th e  h ighest co nce n tra tio n s . 
These d a ta  cou ld  be f it te d  a bo u t e q u a lly  w e ll to  lines  
w ith  slopes o f 0.5 and 1 . T h u s  th e  o v e r-a ll ra te  law  
fo r  th e  induced  decom pos ition  takes th e  fo rm  o f eq 1 1

flap = fciiiilV^ROOHl'A-i ( l i )

and
chain length = Rn-p/R, = fc[i-Bu02H] V!“V2fcd[i-Bu20 2] ‘A (22)

A t  th e  h ighest co nce n tra tio n  o f h yd ro p e ro x id e  used 
(a lm o st 0.015 M  in  69F ), each i-B u O  • ra d ic a l de
composes 40-45  h yd ro pe ro x id e  m olecules, w a ll ca
ta ly s is  accou n tin g  fo r  th e  o th e r 5 -10 .

P ro d u c ts .— Because so l i t t le  m a te r ia l was a va ila b le  
fro m  each ru n , analyses fo r  p rod uc ts  and  fo r  re m a in in g  
h yd ro pe ro x id e  were done on d u p lic a te  runs. I n  a ty p ic a l 
e xpe rim ent, 1.26 m m o l o f ¿ -B u02H  was 5 5 .6%  decom 
posed in  950 m in  (b y  i-B u 20 2 in i t ia l ly  0.888 m l i ) ,  
g iv in g  84 .6%  i-B u O H , 4 .5 %  acetone, and  3 2%  0 2. 
I n  general, y ie lds  o f acetone were 5 -1 0 % . M o re  th a n  
9 0%  o f th e  f-b u to x y  rad ica ls  fo rm ed  was accounted  fo r  
in  analyses as A c M e  o r i-B u O H , b u t o n ly  a th ir d  to  a 
h a lf  o f th e  th e o re tic a l a m o u n t o f oxygen was lib e ra te d . 
T h e  rem a inde r m ig h t be accounted fo r  b y  re ac tio n  w ith  
m e th y l rad ica ls  to  g ive  C 0 2.

T h e  y ie ld  o f f-B u 20 2 ( th e  o n ly  te rm in a tio n  p ro d u c t 
w hen ( -B u 0 2H  is decomposed b y  D B P O  a t 4 5 ° ) 2
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was es tim a ted  us ing  sec-Bu20 2 as th e  in it ia to r .  I n  a 
close d u p lica te  o f ru n  69D  (T a b le  V I ) ,  0.93 m l  sec- 
B u20 2 and 8 . 8 6  m M  ¿ -B u02H  were heated fo r  several 
h a lf- live s  o f th e  in it ia to r .  A l l  th e  ¿ -B u02H  decom 
posed w ith  an es tim a ted  average chain- le n g th  o f 1 0 . 
A lth o u g h  0.45 m M  y ie ld  o f ¿-Bu20 2 is expected fro m  the  
a m o u n t o f cha in  in it ia t io n  (see be low ), g lpc ana lysis 
showed o n ly  0.05 m M  ¿-Bu20 2 to  be fo rm e d . 23 T h us  
fo r  these s h o rt chains, few  te rm in a tio n s  re su lt fro m  
in te ra c tio n s  o f 2 /-B u 0 2- rad ica ls . T h e  s ig n if ica n t 
y ie ld  o f acetone (and  m e th y l rad ica ls ) suggests an 
a lte rn a te  ro u te . A  lo w  te rm in a tio n  tendency o f 21- 
B u 0 2- in  th e  gas phase is cons is ten t w ith  th e  lon g  
chains fo u n d  a t  h ig h  [¿ -B u0 2H ]  (T a b le  V I ) .

Initiation Efficiency of sec-Bu20 2 in the Gas Phase.— 
T h e  f irs t  experim ents w ith  sec-Bu20 2 and  ¿-Bu02H  
were done to  estab lish  th a t  sec-BuO- cou ld  be gener
a ted s a tis fa c to r ily  in  the  gas phase and th a t  i t  w o u ld  
in it ia te  a cha in  w ith  ¿ -B u0 2H . T h e  tw o  runs (runs 
8 6 M  and O in  T a b le  V I )  gave ra tes o f d isappearance 
o f h yd ro pe ro x id e  som ew hat fa s te r th a n  com parab le  
experim ents us ing  ¿-Bu20 2. W ith  65E  as com parison  
(and co rre c tin g  fo r  a firs t-p o w e r dependence on h y d ro 
perox ide  concen tra tions) we fo u n d  th a t  ¿ -B u02I I  
d isappears 1.5 tim es  as fa s t in  8 6 M  and 1.8 tim e s  as 
fa s t in  8 6 0 . In  th e  gas phase, sec-Bu20 2 decomposes 
a bo u t 2.7 tim es  as fa s t as ¿-Bu20 2 (T a b le  I ) .  I f  the  
tw o  peroxides are e q u a lly  e ffic ie n t in  ra d ica l p ro d u c tio n  
and se lf-d e s truc tio n , we w o u ld  expect (2 .7 ) 1/2 o r
1 .6 - fo ld  g rea te r ra te  fo r  th e  reac tion  w ith  secondary 
perox ide . T h is  fa c to r  o f 1.6 (perhaps o n ly  b y  co inc i
dence) is re m a rk a b ly  close to  th e  expe rim en ta l va lue , 
and  s tro n g ly  suggests th a t  th e  lo w  e ffic iency o f sec- 
B u 20 2 in  to luene  was due to  d is p ro p o rtio n a tio n  o f p a irs  
o f sec-BuO -s in  so lve n t cage a n d /o r  induced  decom po
s it io n  o f th e  peroxide .

Retardation by Added Hydrocarbons.— A d d it io n  
o f hydroca rbons  to  th e  gas phase decom positions de
creased th e  cha in  leng ths  o f induced  decom positions 
in  p ro p o rt io n  to  th e  conce n tra tio n  o f added m a te ria l 
and its  r e a c t iv i ty 24 25 to w a rd  a lk o x y  rad ica ls . T h e  
cha in  le n g th  fo r  2.0 m M  ¿ -B u02H  w ith  1.0 m M  t- 
B u20 2 (a b o u t 15 w ith  no a d d itiv e , T a b le  V I )  was 
a b o u t 1.0 w hen 29 m M  cyc lopen tene  was added. T h e  
same e ffec t was achieved w ith  a b o u t 250 m M  o r 270 
m M  isobutane .

W hereas resu lts  are in  accord w ith  reactions in  so
lu t io n , th e y  are p a r t ic u la r ly  in te re s tin g  because th e y  
suggest th a t  re m o va l o f a hyd rogen  a to m  fro m  h y d ro 
perox ide  ( 0 2H )  b y  an a lk o x y  ra d ic a l is v e ry  m uch  fas te r 
th a n  fro m  h yd roca rbons  h a v in g  hydrogens w ith  bond  
s treng ths  equa l to  o r low e r th a n  th a t  o f ¿ -buty l h y d ro 
perox ide  [H ° d ( 0 2- H )  =  90 k c a l], cyc lopen tane  o r 
isobutane  [H ° D(C -H )  ~  91 ], and cyc lopen tene  [a l- 
ly l ic  H ° d (C -H )  7 8 ] .26 In  these reactions, a c tiv a 
t io n  energies fo r  a b s tra c tio n  are n o t a co ns ta n t fra c tio n  
o f bond  s tre ng th , be ing  a m uch  sm a lle r fra c tio n  fo r  
R 0 2- H  th a n  fo r  C -H .  T h u s  even a t lo w  co ncen tra 
tio ns  ( 1 % ) in  the  gas phase, h yd ro pe ro x id e  can com 
pete e ffe c tiv e ly  fo r  a lk o x y  rad ica ls .

(23) W h ile  d u rin g  th e  tim e  of re a c tio n  (a b o u t one  half-life  fo r ¿-BusOs) a n y  
i-B u 2C>2 fo rm ed  w ill a lso  h a v e  p a r t ia l ly  decom posed , c lea rly  th e  a m o u n t re 
m ain in g  w ill b e  at least h a lf of th e  to ta l  p ro d u ced .

(24) P . G ra y  a n d  A. W illiam s, Chem . Rev., 5 9 ,  270 (1959).
(25) S. W . B enson , J .  Chem . E duc ., 4 2 ,  5021 (1965).

Comparison of Gas and Liquid Phase 
Decompositions

O u r m easurem ent o f ra tes, ch a in  leng ths, and p ro d 
uc ts  o f decom positions o f hyd rope rox ides  and the  
effects o f a lkanes on these show th a t  th e  basic fea tures 
o f the  gas phase' and l iq u id  phase reactions are th e  
same. B o th  reactions in v o lv e  the  tw o  p a irs  o f com 
p e tin g  reactions, te rm in a tin g  and  n o n te rm in a t in g  re
actions o f pe ro xy  rad ica ls  (eq 3 and  4) and p ro p a g a tio n

2RO- +  0 2 (3)

/
2i-ROa-

\
R*02 +  0 2 (4)

and cleavage o f ¿-alkoxy rad ica ls  (eq 9 o r 2 and  7).

RR'R"CO  • +  SH (or R 0 2H ) ---->-
RR 'R "C OH  +  S- (or R 0 2-) (9 or 2)

RR 'R"CO  • — >- R 'C O R " +  R- (7)

In te ra c tio n s  o f ¿ -B u02- rad ica ls  in  th e  l iq u id  phase 
p roduce m ore  free ¿-BuO ■ rad ica ls  and  less te rm in a t io n  
as th e  te m p e ra tu re  increases. T h is  e ffec t m a y  be due 
e ith e r to  th e  decreasing v isc o s ity  o f th e  so lve n t o r to  
th e  h ig h e r a c tiv a tio n  ene rgy 22 fo r  eq 3 over eq 4 o r to  
b o th . I n  th e  gas phase where th e re  is no so lve n t cage, 
te rm in a tio n  b y  2 (-B u 0 2- rad ica ls  becomes n eg lig ib le : 
th e  same k in e tic  o rde r fo r  te rm in a tio n  as fo r  genera tion  
o f ¿-BuO • rad ica ls  m u s t lead to  ra tes dependent on the  
f irs t  pow er o f in it ia to r ,  b u t th e  ra te  is c le a r ly  dependent 
on [ in it ia to r  ] 1/!.

I f  te rm in a tio n  is b y  tw o  free ¿-BuO- rad ica ls  as in

2i-BuO- — >■ ¿-Bu20 2 (23)

then  eq 24 can be w r it te n  as show n. T h is  m echan ism

— d[i-Bu02H] /At =  fcdi-BuOMKfti/^fed1/* (24)

m a y  a p p ly  a t h ig h  conce n tra tio n s  o f ¿ -B u02H  where 
cleavage o f ¿-BuO • is suppressed, b u t i t  does n o t a p p ly  
when chains are sho rt. U s in g  d a ta  fro m  ru n  69F 
(T a b le  V I )  to  solve eq 24 fo r  k 2 g ives ~ 4 0 0  l . /m o l  sec, 
a reasonable v a lu e . 26

T h e  second set o f co m p e ting  reactions is g iven  in  
eq 9, 7, and 2 o f a lk o x y  rad ica ls . T h e  re a c tio n  in  eq 
2  tends to  co n tin ue  th e  decom pos ition  cha in  b u t eq 
9 and  7 te n d  to  te rm in a te  th e  chains a t o r be low  100° 
because th e y  p roduce  a lk y l rad ica ls . W hereas these 
a lk y l rad ica ls  are capable o f a b s tra c tin g  h yd ro pe ro x id e  
hyd rogen  to  co n tin ue  decom pos ition  chains, th e  re la 
t iv e ly  la rge  s teady-s ta te  co n ce n tra tio n  o f ¿ -B u0 2 • 
ra d ica ls 27 p rov ides  a ready  te rm in a tio n . T h e  co m p e ti
t io n  between p ro p a g a tio n  (eq 2) and cleavage (eq 7) 
depends on th e  co nce n tra tio n  o f h yd ro p e ro x id e  (es
se n tia l fo r  p rop ag a tion ) and  th e  e ffect o f re ac tio n  
m ed ium  on cleavage. C leavage is least fa vo re d  in  the  
gas phase14 and m ost fa vo re d  in  p o la r h y d ro x y lic  
so lvents  w ith o u t re ac tive  h yd ro ge n  a to m s . 14-28

(26) A ssum ing  k u  =  107 b ased  on  2 i-B uO  • reac tin g  V ioth a s  f a s t  a s  th e y  
escape  fro m  th e  so lv en t cage.

(27) R . H ia t t  a n d  T . G . T ra y lo r , u n p u b lish e d  w ork .
(28) J .  D . B ac h a  a n d  J . K o ch i, J .  Org. C hem ., 3 0 ,  3272 (1965).
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T w o  exam ples illu s tra te  th e  a p p lic a tio n  (re a lly  
th e  fo u n d a tio n ) o f these genera liza tions. In  experi
m en ts  a t a b o u t th e  same i-B u 0 2H - f -B u 20 2 ra tio , cha in  
len g th s  in  th e  decom pos ition  o f h yd ro pe ro x id e  are 
a b o u t th e  same a t 100° in  th e  gas phase (ru n  6 5D  in  
T a b le  V I )  and  in  benzene s o lu tio n  (0.0196 M  f-B u 20 2 ex
p e r im e n t in  T a b le  I I I ) .  D e sp ite  th e  4 -fo ld  h ig h e r con
ce n tra tio n s  in  s o lu tio n , 1 0 -3 0%  o f th e  ¿-BuO • rad ica ls  
cleave com pared to  o n ly  5 -1 0 %  in  th e  gas phase. A t

h ig h e r co nce n tra tio n s  o f ¿ -B u02H  cleavage o f ¿-BuO- 
rad ica ls  becomes u n im p o r ta n t com pared  to  p ro p a g a tio n , 
and  th e  k in e tics  and  th e  p rod uc ts  change and  resem ble 
th e  l iq u id  phase re a c tio n  a t 45°.

Registry No.— f-B u 0 2H , 75-91-2; sec-Bu20 2, 4715- 
28-0; ¿-Bu 0 2C 8H u , 15619-54-2.
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Decompositions of Primary and Secondary Hydroperoxides

R . H i a t t , 10 T . M i l l , K . C . I r w i n , a n d  J. K . C a s t l e m a n  

Stanford Research Institute, Menlo Park, California 

Received June 28, 1967

Radical-induced decompositions of primary and secondary hydroperoxides at 45° in benzene have chain 
lengths of 0.7-1.4. However, at 100° in benzene solution or in the gas phase the reaction is more complex, 
involving both peroxy and carbon radicals, and gives little or no oxygen. At 45° alkoxy radicals preferentially 
attack the peroxy hydrogen atom instead of the hydrogen in these peroxides; at 100° attack must occur on both 
positions. Interactions of two nontertiary peroxy radicals are almost always terminating. They appear to react 
mostly by a concerted, nonradical decomposition of intermediate R20 4.

P r im a ry  o r secondary hyd rope rox ides  are in te rm e 
d ia tes in  m a n y  im p o r ta n t a u to x id a tio n s  such as those 
o f to luene, te tra lin , and cyclohexane. T h e  routes 
b y  w h ich  these are decomposed to  usefu l p ro d u c ts  are 
o f m ore  general in te re s t th a n  th e  reac tions  o f te r t ia ry  
hyd rope rox ides  described in  p a r t  I I . lb W e expected 
th a t  fre e -ra d ica l-ind u ced  decom positions o f p r im a ry  
and  secondary hyd roperox ides w o u ld  d iffe r  fro m  those 
o f te r t ia r y  h yd ro p e ro x id e  fo r  tw o  reasons. (1) T e r
m in a tin g  in te ra c tio n s  b y  d is p ro p o rtio n a tio n  o f tw o  
p r im a ry  o r secondary pe ro xy  rad ica ls  appear to  be m uch  
fa s te r1 2' 3 th a n  in te ra c tio n s  o f tw o  te r t ia r y  p e ro xy  ra d 
icals. T he re fo re  cha in  leng ths  o f decom positions in 
v o lv in g  th e  fo rm e r pe ro xy  rad ica ls  shou ld  be sh o rt 
(eq 12). (2) T o  the  e x te n t th a t  a -hyd rog e n  a tom s

2R 1R2HCO2 • — R ^ H C O H  4- R ,R ,C = 0  +  0 2 (12)

in  p r im a ry  and  secondary hyd rope rox ides  ra th e r  th a n  
th e  p e ro xy  h yd ro ge n  a tom s are abs trac ted , then  
h y d ro x y l rad ica ls  m a y  become th e  cha in  c a rr ie r (eq
6 ). T h is  re p o rt describes decom positions o f n -b u ty l,

R iR2H C 02H +  -OH — 5- (H20  +  )R,R2C 02H — >-
R lR2C = 0  +  OH (6)

sec-buty l, 3 -cyc lo pe n ten y l, and  a - te t ra ly l h yd ro p e ro x 
ides b y  D B P O  in  benzene a t 45° and  o f sec-bu ty l 
h yd ro p e ro x id e  b y  f-B u 20 2 in  benzene and  in  th e  gas 
phase a t 1 0 0 °.

Experimental Section
a-Tetralyl and cyclopentenyl hydroperoxides were prepared 

by air oxidation of the hydrocarbons and respectively recrystal- 
ized or vacuum distilled to 95+  % purity (by reflux iodometric

(1) (a) P a r t  I :  R . H ia t t ,  J . M ill, a n d  F . R . M ay o , J .  Org. C hem ., 33,
1416 (1968). E q u a tio n s  1 -16  a p p e a r  in  p a r t  I . P a r t  I I :  R . H :a t t ,  T .
M ill, K , C . Irw in , an d  J .  K . C a s tle m a n , ib id . , 33, 1421 (1968). E q u a tio n s  
17 -24  a p p e a r  in  p a r t  I I .  (c) T o  w hom  all co rre sp o n d en c e  s h o u ld  be 
ad d re s s e d  a t  B ro ck  U n iv e rs ity , S t. C a th e r in e s , O n ta r io , C a n a d a .

(2) G . A. R usse ll, J .  A m er. Chem. Soc., 77 , 4583 (1955).
(3) J .  A. H o w ard  a n d  K . U . In g o ld , C an. J .  C hem ., 44, 1119 (1966).

titration, part I I Ib). n-Bu02H (92%) and sec-Bu02H (94+% ) 
were prepared by the methods of Mosher and coworkers.4 
Other materials, analytical procedures, and procedures for 
decompositions were as described in part I I . lb

¿-BuO • -Induced Decompositions of p -  and 
sec-Hydroperoxides in Benzene at 45 and 100°

T h e  resu lts  w ith  ¿ -B u02H  in  p a r t  I I lb ra ised th e  
ques tion  o f w h e th e r in te ra c tio n  o f tw o  p r im a ry  o r 
secondary so lve n t p e ro xy  rad ica ls  w o u ld  also p roduce  
a lk o x y  rad ica ls  (eq 3, p a r t  I la) capab le  o f c o n tin u in g  
the  cha in . R a d ica l-in du ce d  decom positions o f p r i
m a ry  and  secondary hyd rope rox ides  in  benzene were 
th e re fo re  in ve s tiga te d .

T a b le  I  shows cha in  leng ths, i .e . ,  — A [R 0 2H ] /  
— A2 [ in it ia to r ] ,  and  p rod uc ts  o f th e  D B P O -in d u c e d  de
com pos itions  o f one p r im a ry  and  th ree  secondary h y d ro 
peroxides in  benzene a t 45°; oxygen  e v o lu tio n , w here  
m easured, was 7 5 -8 0 %  o f th e o ry  fo r  sec-B u0 2H . F o r
3 -cyc lo pe n ten y l and  sec-bu ty l hyd rope rox ides , th e  o n ly  
ones fo r  w h ic h  th e  k in e tics  were m easured, — d [R 0 2H ] /  
d f °c [D B P O ]. T h e  o ve r-a ll re su lt corresponds to

T a b l e  I
D B P O - I n d u c e d  D e c o m p o s it io n  o f  P r im a r y  a n d  S e c o n d a r y  

H y d r o p e r o x id e s  in  B e n z e n e “ a t  4 5 °
[R 02H]o, [DBPO]o, C h ain /■— P ro d u c ts , % -----■.

ROîH M M le n g th 1' R O H “ R = O d O j

n-Butyl 0 .2 1 7 0 .0 8 6 2 0 .7 0 53 1 4 e
sec-Butyl 0 .2 7 2 0 .0 9 8 1 .0 50 4 6
sec-Butyl 0 .2 2 1 0 .1 1 8 0 . 9 7 6
3-Cyclopentenyl 0 .1 2 4 0 .0 1 0 0 0 .7 2
a-Tetralyl 0 .0 9 2 0 .0 5 5 0 .7 2

° Solutions were degassed, sealed in ampoules, and heated for 
450 min or ten half-lives of the initiator. b Corrected for cage 
effect of DBPO; cf. part I I .Ib c Alcohol from R, based on decom
posed R 02H. d Aldehyde or ketone from R, based on decomposed 
R 02H. * Also butyric acid, not determined quantitatively.

(4) F . W elch , H . R . W illiams» a n d  H . S. M o sh e r, J .  A m er . Chem . Soc ., 77,
551 (1955).
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T a b l e  II
¿-B u 2C>2- I n d u c e d  D e c o m p o s it io n  o f  sec-Bu02H i n  B e n z e n e  a t  100°

•R eac tan ts, m ol/1.----------------- %  R O 2H  C h a in  ,■-------------------------P ro d u c ts ,& %■
Time, min [sec-Bu02H]o [î-B uîO î Jo decom posed le n g th 0 sec-B uO H A c E t

402 5 0 .1 8 7 0 4
2671 0 .1 8 3 0 .1 8 6 39 0 .9 8 65 35
28 3 8 0 .1 8 4 0 .1 8 0 39 1 .5 C 0 35 0 . 1
28 9 0 0 .1 8 0 0 .1 7 7 4 5 1 .4 44 4 8 2
7 2 0 2 0 .1 8 0 0 .1 7 7 71 1 .1 35 41<*

“ Calculated from measured changes in concentrations of both peroxides. 6 As percentage of hydroperoxide decomposed. c Calcu
lated from AROzH/Al-BuOH. d Also 4% acetaldehyde and 13% acetic acid.

eq 1 2  p lus some o x id a tio n  b y  th e  oxygen evo lved  o f the  
a lcoho l and  a ldehyde  fo rm ed .

A lth o u g h  a bo u t 5 %  ¿-Bu20 2 based on decom posed 
D B P O  orig ina tes  b y  cage re co m b in a tio n  o f ¿-BuO- 
rad ica ls  fro m  D B P O , no sec-Bu20 2 co u ld  be detected 
when th e  decom pos ition  p ro d u c ts  fro m  sec-B u02H  
were exam ined b y  com b ined  fra c tio n a l d is t il la t io n  and  
in fra re d  techniques. sec-Bu20 2 (2 .5% ) w a s  fo u n d  w hen 
0.3 M  sec-B u02H  in  benzene was co m p le te ly  decom 
posed b y  coba ltous oc toa te  and  th e  p rod uc ts  were 
ana lyzed b y  flam e io n iz a tio n  gas ch ro m a to g ra ph y .

balances on sec-bu ty l g roups were gen e ra lly  lo w  b y  
25% , and, where m easured, o n ly  27 and  0 %  oxygen 
were found .

Discussion

One o f th e  m a jo r  ob je c tive s  o f th is  w o rk  was to  ga in  
some de ta ile d  know ledge a b o u t th e  e x te n t to  w h ic h  
in te ra c tio n s  o f p r im a ry  and  secondary p e ro xy  rad ica ls  
lead to  te rm in a tio n  v ia  a conce rted  R u sse ll- typ e  m ech
anism 6 (eq 1 2 a) o r b y  d is p ro p o rtio n a tio n  o f caged 
a lk o x y  rad ica ls  (eq 1 2 b ).

2RR'CH02* KRTHC—04—CHRR'5

0

RR'c/ \
A  o

\ /rRR'HC—0 ^  
k[2RO) + 0^ RRUCOH + RR'C=0 + 02

(12a)

(12b)

I f  o u r in te rp re ta t io n  o f m e ta l-ca ta lyze d  decom positions 
is co rre c t (p a r t IV ) ,  th e  y ie ld  fro m  ra d ica l- in d u ce d  de
com pos itions  shou ld  be a bo u t 3 % .

O f g rea te r in te re s t was th e  b eh a v io r o f a p r im a ry  
o r secondary h yd ro p e ro x id e  a t 1 0 0 ° w here several co r
respond ing  h yd roca rbons  have  been ox id ized , sec- 
B u ty l  hyd ro pe ro x id e  was chosen fo r  th is  purpose, 
and  some resu lts  o f ra te  m easurem ents and  p ro d u c t 
analyses are p resented in  T a b le  I I .

These experim ents  a t 100° are characte rized  b y  
e rra tic  k e to n e -a lco h o l ra tio s  and  cha in  leng ths  and 
essen tia lly  no oxygen p ro d u c tio n . S ince th e  p rod uc ts  
fo u n d  in  T a b le  I I  exclude th e  p o s s ib ility  o f re ac tio n  o f 
m uch  o f th e  expected oxygen, some o f th e  analyses 
m us t be fa u lty ;  e .g ., some o th e r h yd ro pe ro x id e  m ay  
have rep laced sec-B u02H  in  th e  t i t r a t io n .

Decompositions of sec -B u 0 2H  at 100° 
in the Gas Phase

I n  th e  gas phase a t 100°, 9 -1 9 %  o f 0.009 M  sec- 
B u 0 2H  decom posed in  15 h r  in  P y re x  in  the absen ce  o f  
f r e e -r a d ic a l in i t ia to r s .  T h is  e rra tic  th e rm a l decom po
s itio n , a b o u t tw ice  as fa s t as fo r  ¿ -B u02H  in  s im ila r 
c ircum stances , 2 was reduced to  a b o u t o n e -fifth  th a t  
ra te  (9 -1 6 %  in  70 h r)  b y  add ing  5 a tm  o f ethane, w h ich  
is p ra c tic a lly  in e r t  to  a lk o x y  ra d ic a l a tta c k  a t 1 0 0 °.

W ith  0.006 M  added ¿-Bu20 2, th e  ra tes o f d isappear
ance o f 0.004 M  sec-B u02H  ( in  5 a tm  o f e thane) 
were cons ide rab ly  fa s te r th a n  in  th e  absence o f 
in i t ia to r  (8 0 -9 0 %  in  70 h r)  and  ch a in  leng ths  es tim a ted  
fro m  A R 0 2H /A f-B u O H  were 2 .7 -3  fo r  fo u r  re p lica te  
runs. K e to n e -a lc o h o l ra tio s  were 1 . 6 : 3 ;  m a te r ia l

T h e  sh o rt cha in  leng ths  a t 45° (0 .7 -1 .0 ) estab lish  
o n ly  th a t  no m easurable p ro p o r t io n  o f fr e e  rad ica ls  is 
p roduced  in  eq 12 a t th is  te m pe ra tu re . T h e  good 
oxygen y ie ld  and  close to  50%  y ie ld s  o f a lcoho l fro m  
p r im a ry  and secondary hyd rope rox ides  in  benzene a t 
45° are also cons is ten t w ith  eq 12 (w ith o u t d is t in 
gu ish ing  between 1 2 a and  1 2 b) b u t  n o t w ith  a n y  im 
p o r ta n t c o n tr ib u t io n  fro m  eq 6 . T hus, th e  D B P O - 
induced  decom position  a t 45° occurs (as fo r  te r t ia ry  
hyd roperox ides) b y  a b s tra c tio n  o f th e  p e ro xy  hydrogen  
a to m , 6 and n e a rly  e ve ry  in te ra c tio n  o f th e  re su ltin g  
p r im a ry  o r secondary pe ro xy  rad ica ls  leads to  te rm 
in a tio n , in  m arked  co n tra s t to  in te ra c tio n s  o f te r t ia ry  
pe ro xy  rad ica ls  w h ich  te rm in a te  o n ly  once in  e ig h t to  
te n  in te ra c tio n s  a t 45 ° . 7

In  th e  100° decom positions, p a r t ic u la r ly  in  th e  gas 
phase, th e  cha in  leng ths  exceed u n ity  and  th e  k e to n e - 
a lcoho l ra tios  are h ig h e r th a n  a t 45°. A l l  th e  m a te r ia l 
balances a t 100° are u n s a tis fa c to ry . A t  45°, the  
D B P O  decomposes ra p id ly  and  th e  re la t iv e ly  h ig h  con
c e n tra tio n  o f sec-B u0 2 • rad ica ls  favo rs  th e ir  in te ra c tio n  
(eq 12). A t  100°, th e  ¿-Bu20 2 decomposes v e ry  s low ly , 
a p p a re n tly  fa v o rin g  reactions w h ic h  are f irs t  o rde r in  
sec-B u02- [induced  o x id a tio n  o f perox ide  decom posi
t io n  p rod uc ts  o r a tta c k  o f th e  a  C - H  bond  in  sec-B u02H

(5) G . A. R usse ll, J .  A m er. Chem . Soc., 7 9 , 3871 (1957).
(6) T h e  cha in  le n g th s  of less th a n  one  fo u n d  fo r n -b u ty l cy c lo p en te n y l, 

a n d  te tr a ly l  hy d ro p ero x id es  p ro b a b ly  a r ise  from  a t ta c k  of som e R O * rad i
cals on a lly lic  hy d ro g en s  in  th e  la t t e r  tw o  cases a n d  on  p ro d u c t n -P rC H O  
from  n -B u O iH . T h e  rad ica ls  th u s  p ro d u ced  m a y  te rm in a te  w ith o u t d e s tro y 
ing  h y d ro p ero x id e  a n d  lead  to  w as te  of in i t ia to r .

(7) R . H ia t t ,  J .  C lip sham , a n d  T . V isser, C an. J .  Chem ., 4 2 ,  2754 
(1964).



(w ith  fo rm a tio n  o f ke tone  as in  eq 6 ) ]. Because o f th e  
a pp a re n t in tru s io n  o f a reac tion  such as eq 6 , we do n o t 
y e t  k n o w  w h e th e r to  a t t r ib u te  a n y  o f th e  increased 
cha in  le n g th  a t 100° to  escape o f free R O - rad ica ls
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fro m  eq 12b. C la r ify in g  experim ents are in  p ro 
gress.

Registry No.— ti-B u 0 2H , 4813-50-7; sec-B u0 2H , 
13020-06-9; a - te t ra ly l h yd ro pe ro x id e , 771-29-9.
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i-Butyl hydroperoxide has been decomposed by a variety of cobalt salts and compounds of other metals (Fe, 
V, Mn, Ce, and Pb). In chlorobenzene or alkanes at 25-45° half-lives for decomposition of 0.1 M  ¿-Bu02H by 
10~4 M  catalyst ranged from 1 to 10 min. Products included approximately 88% ¿-BuOH, 11% i-Bu20 2, 1% 
acetone, and 93% 0 2. Decompositions in alcohol-chlorobenzene mixtures yielded more acetone but were only ca. 
one-hundredth as fast as in pure chlorobenzene. Reactions in all solvents were subject to autoretardation owing 
partly to formation of aldehydes and carboxylic acids and partly to changes in the catalyst which caused its 
eventual precipitation. Decompositions of a-cumyl, n-butyl, and sec-butyl hydroperoxides were normally one- 
fourth to one-tenth as fast as those of f-Bu02H. n-Bu02H and sec-Bu02H yielded 70% 0 2 and the corresponding 
alcohol and aldehyde or ketone in a ratio of about 2. The results suggest that these reactions are essentially the 
same as free-radical-induced decompositions but are initiated by metal ion-hydroperoxide interactions. Generally 
speaking the choice of metal ion, as long as it can undergo a facile one-electron redox reaction, has little influence 
on either products or rates of decomposition except in the presence of olefins.

M e ta l ion  ca ta lyzed  decom positions o f h yd ro p e r
oxides are im p o r ta n t in  m e ta l ion  ca ta lyzed  a u to x i-  
da tions  o f hydrocarbons. W h ile  i t  is g ene ra lly  agreed 
th a t  these a u to x id a tio n s  are in it ia te d  b y  rad ica ls  
generated fro m  io n  hyd ro pe ro x id e  in te ra c tio n s , 2,3 th e  
in te ra c tio n s  them selves and  th e  m echanism s b y  w h ich  
use fu l p ro d u c ts  arise fro m  th e  hyd roperox ides are p o o rly  
unde rs tood  desp ite  num erous in v e s tig a tio n s . 4 T h is  
re p o rt shows how  m e ta l-ca ta lyze d  decom positions are 
re la te d  to  free -rad ica l-induced  decom positions (p a rts  
I I lb and  I I I lc). O n ly  a b o u t a th ir d  o f o u r experim ents 
are repo rted .

Experimental Section
Materials.—Hydroperoxides and chlorobenzene were obtained 

and purified by the methods described in parts I I Ib and I I I .10 
n-Pentane, cyclohexane, n-heptane, and 2,2,4-trimethylpentane 
were Matheson Coleman and Bell “ Chromatograde” reagents, 
refluxed for 6 hr over CaH2 and distilled.

Cobaltous stearate (CoSt2) and cobaltous 2-ethylhexanoate 
(CoOct2) were prepared by the methods of Dyer® and of Void.6 
An aqueous solution of the sulfate was added to a neutralized 
ethanol solution of the carboxylic acid and the precipitate was 
collected and dried at 90° in vacuum. Infrared absorptions of 
the compounds at 1708 cm-1 revealed that they contained 15-20% 
of the free carboxylic acid, as did the cobaltous stearate ob
tained from K & K Laboratories. Two reprecipitations of the 
salts with acetone from a hexane solution gave acid-free catalysts 
(less than 0.5%) of decreased solubility in chlorobenzene and a 
higher then theoretical amount of cobalt (Table I). Cobaltic 
stearate (CoSt3), prepared by treatment of a solution of CoSt2 1 2 3 4 5 6

(1) P a r t  I :  R . H ia t t ,  T . M ill, a n d  F . R . M ay o , J .  Org. Chem ., 3 3 ,  1416
(1968). E q u a tio n s  1 -16  a p p e a r  in  p a r t  I .  (b) P a r t  I I :  R . H ia t t ,  T .
M ill, K . C . Irw in , a n d  J . K . C as tle m a n , ib id ., S 3 ,  1421 (1968). E q u a tio n s  
17-24  a p p e a r  in  p a r t  I I .  (c) P a r t  I I I :  R . H ia t t ,  T .  M ill, K . C . Irw in ,
a n d J .  K . C as tle m a n , ib id ., 3 3 ,  1428 (1968). E q u a tio n s  12a a n d  b a p p e a r  in 
p a r t  I I I .  (d) T o  w hom  all co rresp o n d en ce  s h o u ld  b e  ad d re ssed  a t  B rock  
U n iv e rs ity , S t.  C a th e r in e s , O n ta rio , C an a d a .

(2) N . U ri, N a tu re  1 7 7 ,  1177 (1956).
(3) E . T . D en iso v  a n d  N . M . E m an u e l, U sp. K h im .,  2 9 ,  1409 (1960).
(4) R efe re n ce  3 co n ta in s  a  usefu l su m m a ry  of w ork  to  1960. T h ia  re p o rt 

conside rs  som e m o re  rec e n t in v e stig a tio n s .
(5) E . D y e r , K . R . C a rle , a n d  D . E . W e im an , J .  Org. Chem ., 2 3 ,  1464 

(1958).
(6) R . D . V oid a n d  G . S . H a tt ia n g d i , I n d .  E n g . Chem ., 41 , 2311 (1949).

T a b l e  I
A n a l y s e s  o f  R e p r e c i p i t a t e d  C o b a l t  S a l t s

.--------------------- %  co b a lt---------
S a lt E x p e rim e n ta l“ T h e o ry

Cobaltous laurate 15.05 12.88
Cobaltous stearate 10.59 9.42
Cobaltous 2-ethylhexanoate 20.50 17.06
Cobaltic stearate 14.04 6.89
CoC036 49.08 49.55

• Analyses were by West Coast Analytical Laboratory by both 
polarography and reduction to metal. 6 Baker reagent grade.

in acetic and stearic acids with an excess of H20 2, also contained 
free acid which was removed as above.

The high percentage of cobalt in these compounds indicated 
their formula to be [Cc(RC02)2]x[Co(RC02)(0H )]1/.6 The 
analysis of the cobaltic stearate showed it to be nearer CoOSt 
than CoSt3.

Cobaltous acetylacetonate (CoA2) was obtained from K & K 
Laboratories and dried at 60° under vacuum. Cobaltic acetyl
acetonate (CoA3) was prepared by oxidation of the cobaltous 
salt with H20 2 in the presence of excess acetylacetone and re- 
crystallized. V111, Fe111, Ni11, Mn11, and Ce11 acetylaceton- 
ates, vanadous octoate, and cobalt salicylalethylenediimine were 
obtained from K & K Laboratories and used without further puri
fication.

Iron phthalocyanine (FePCN) was obtained from the Pigment 
Colors Division of Du Pont.

Lead naphthenate (PbNap2) manganous octoate, and cupric 
octoate were Nuodex solutions, 24, 8, and 8%, respectively, by 
weight in metal.

Procedures.—Reactions in mixtures of chlorobenzene with 
protic solvents were started by syringing 0.2-3 ml of neat 
hydroperoxide into 20 ml of the catalyst-containing solution 
immersed in a constant-temperature bath. Reactions in alkanes 
were refluxed to exclude oxygen from the air and expel that 
produced by the peroxide decomposition. Flasks were immersed 
in a bath 10-15° warmer than the reflux temperature of the 
solvent. Boiling chips were used to minimize superheating.

Rates of decomposition were measured by pipetting aliquots 
into a stop bath of 1:10 AcOH—i-PrOH and determining residual 
hydroperoxide by reflux iodometric titration (part I I lb).

For most analyses of products a gas chromatograph with 
thermal conductivity sensing was used. Columns were packed 
with a 20% loading of Carbowax 20M or dideeyl phthalate on 
Chromosorb P. Residual hydroperoxides were reduced to al
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cohols with triphenylphosphine (Ph3P) before analysis; un
reduced dialkyl peroxides, except ¿-Bu20 2, were decomposed to 
mixtures of alcohols and ketones in the column. Dialkyl per
oxides were preserved on columns with only 2% loading of didecyl 
phthalate, and were analyzed using a chromatograph with flame 
ionization detection. Evolved gases were trapped and analyzed 
by a mass spectrometer.

Decompositions in Chlorobenzene

f-Butyl Hydroperoxide Rates and Products.—i-Bu-
0 2H  (0 .1 -0 .2 M ) in  chlorobenzene a t 25° was e n tire ly  
decomposed b y  m ill im o la r  am ounts  o f a v a r ie ty  o f 
ca ta lys ts  in c lu d in g  coba ltous stearate, 2 -e th y lh e x - 
anoate, acetylacetona te , and sa licy la le th y len e d iim in e , 
co b a ltic  steara te , iro n  p h th a lo cya n in e , a ce ty lace ton - 
ates o f V i n , M n 11, CeIV, and  N uodex  p repara tions  
(octoates o r naph thena tes) o f C o11, M n 11, P b 11, 
and  V m . T im es  fo r  decom pos ition  in  T a b le  I I  
va rie d  fro m  a fe w  m in u te s  fo r  c o b a lt ca rboxy la tes  o r 
F e P C N  to  several days fo r  coba ltous sa licy la le th y len e 
d iim in e  o r P b  n ap th e na te  (a t 50°). E ach  m ole o f th e  
m ore a c tive  ca ta lys ts  decom posed m ore  th a n  1 0 0 0  m o l 
o f hyd ro pe ro x id e  before  becom ing deac tiva ted .

T a b l e  I I

R a t e s  a n d  P r o d u c t s  o f  M e t a l  I o n  C a t a l y z e d  
D e c o m p o s i t i o n s  o f  0.1 M  i-Bu02H i n  C h l o r o b e n z e n e

T em p , C oncn , <‘A, ✓------------P ro d u c ts , % a-
°c C a ta ly s t m  M m in i-B u O H ¿-BU202 A cM e

22.7 CoSta 26 27 86.6 12.7 0.5
25 CoOct2 10 5 87.8 11.8 0.5
25 FePCN 4.7 7 84.7 14.6 1
25 CoA2 500 14 87.8 11.5 0.5
25 CoSal 71 366 85.1 13.7 1

|CoOct2\ 1025 10 86.5 13.1 0.5[HOAc / 5.5
45 CoSta 6.5 7.5 89.3 9.2 1.5
45 CoSta 26 2.1 89.4 9.1 1.5
45 CoSta 190 <0.3 88.6 9.8 1.5
45 CoOct2 10 1.3 89.0 8.8 2
50 PbNap2 265 250 88.7 9.2 2
a Mole % based on f-BuO groups found. Total ¿-BuO products 

found ranged from 96 to 102% of ¿-Bu02H decomposed.

A t  ro om  te m p e ra tu re  cu p ric  oc toa te  (N uodex  so lu
t io n )  and  th e  acety lacetona tes o f N i11, C o111, and  
F e 111 were in e r t7 to w a rd  ¿ -B u0 2H . F e A 2 decom 
posed o n ly  h a lf  a m ole  o f h yd ro pe ro x id e  pe r m ole  o f 
ca ta lys t.

T h e  p ro d u c ts  o f th e  cha in  decom positions (T a b le  I I )  
a t  25° were a p p ro x im a te ly  8 6 %  ¿-BuO H, 12%  ¿-Bu20 2, 
0 .5%  acetone, and  93%  0 2 (based on x/ 2 0 2 fro m  each 
¿-Bu 0 2H ) ,  independen t o f th e  c a ta ly s t o r th e  ra te  o f 
decom position . N o  m e tha n o l was fo u nd . G lp c  ana l
ysis in d ica te d  some fo rm a ld eh yde  (n o t es tim a ted  
q u a n t i ta t iv e ly ) ; D ean  and  S k irro w 8 fo u n d  3 .8%  under 
s im ila r  cond itions . D ecom pos itions  a t 45° gave o n ly  
9 %  f-B u 20 2, a ltho u gh  th is  perox ide  was s tab le  und e r th e  
cond itio n s  o f th e  reac tion .

Kinetics of Decomposition.— Some a u to re ta rd a tio n  
occurred in  a ll decom positions, b u t th e  least occurred  
in  reactions ca ta lyzed  b y  co ba lt ca rboxy la tes  o r  iro n

(7) C u p ro u s  s a lts , of cou rse , d o  red u c e  h y d ro p ero x id es  [J. K . K och i, J .  
A m er. C kem . Soc., 8 5 ,  1958 (1963)] a n d  can  g iv e  long -chain  d ecom positions  if 
a lk y l ra d ica ls  a re  p re s e n t in  th e  sy s te m  to  re d u ce  C u 11 b ac k  to  C u 1. 
R ic h a rd so n  [ibid., 88, 975 (1966 )], w hile confirm ing  o u r  re s u lts  a t  2 5 ° , h as  
show n t h a t  cu p ric  o c to a te  w ill oxid ize hy d ro p ero x id es  a t  50°.

(8) M . H . D ean  a n d  G . S k irrow , T rans. F araday Soc., 5 4 ,  849 (1958).

p h tha locya n in e . F o r  th e  la t te r , p lo ts  o f log  [ f -B u 0 2H ]  
vs. t im e  were lin e a r to  a t least 70%  decom position , 
w ith  slopes p ro p o rtio n a l to  c a ta ly s t concentra tion . 
W ith  [£-Bu 0 2H  ]0 va rie d  fro m  0.05 to  0.5 M  and  w ith  0.01 
to  0.45 m M  c a ta ly s t, th e  ra te  expression was f irs t  o rde r 
in  each re a c ta n t w ith in  e xpe rim e n ta l e rro r (eq 25 where

— d[i-Bu02H ]/di =  fe[i-Bu02H] [M] (25)

M  =  C oS t2, C oS t3, C o O c t2 o r F e P C N ). T a b le  I I I  
shows th e  second-order ra te  co ns ta n ts 9 and  o v e r-a ll 
a c tiv a tio n  energ ies .fo r these ca ta lys ts . T h e  ra te  con
s ta n ts  fo r  C oS t2 and  C oS t3 were v e ry  s im ila r ; th e  ra te  
a t w h ich  a s o lu tio n  in i t ia l ly  c o n ta in in g  C oS t2 o r C oS t3 

became a s teady-s ta te  e q u ilib r iu m  m ix tu re  o f coba ltous 
and  c o b a ltic  ( in d ica te d  b y  th e  co lo r change on a d d itio n  
o f Z-Bu 0 2H ) was too  fa s t to  m easure us ing  a C a ry  spec
tro p h o to m e te r. F o r  C o O c t2 in  ch lorobenzene, R ic h 
a rdson 10 has show n th e  e q u ilib r iu m  to  be a b o u t 55%  
coba ltous and  45%  co ba ltic . F e P C N  also u nd e rw e n t 
a ra p id  co lo r change fro m  deep green to  l ig h t  ye llow .

T a b l e  I I I

R a t e  C o n s t a n t s  a n d  A c t i v a t i o n  E n e r g i e s  f o r  

D e c o m p o s i t i o n s  o f  H y d r o p e r o x i d e s  i n  C h l o r o b e n z e n e

Temp, R in
°C ROaH“ C a ta ly s t6 k f E*

25.0 CoOct2 23.2 ±  1.5 12'45.0 81.6 ±  5.5
22.7 CoSta i  ,m d 22
45.0 f-Bu 21.9 ±  1.1
45.0 CoSt2 17.1 ±  1.2

0.0 FePCN 11.0 ± 0 .8 922.5 37.7 ±  0.1
23.5 ra-Bu <CoOct2 5.2*
45.0 CoSta 3.1 ±  0.2
45.0 a-Cumyl CoOct2 21d
° Initial [R02H] varied from 0.05 to 0.5 M. b [Catalyst] varied 

from 0.013 to 0.45 m Ji. c Second-order rate constants (eq 25) in 
units of liter/mole/second. d Only one run.

D ecom pos itions  ca ta lyzed  b y  C o A 2 gave cu rve d  p lo ts  
o f log  R -B u 0 2H ]  v s . tim e . T h e  sharp  decrease in  
in i t ia l  ra te  had  no o rd e r ly  re la tio n s h ip  to  decreasing 
[¿-Bu 0 2H ]  b u t was re la te d  to  th e  o x id a tio n  o f th e  in i
t ia l  coba ltous com p lex to  th e  a p p a re n tly  m uch  less 
a c tive  C oA 2+. D e te rm in in g  C o 11 conce n tra tio n s  
sp e c tro p h o to m e trica lly , and  ra tes and  h yd ro pe ro x id e  
co nce n tra tio n  t i t r im e t r ic a l ly  fro m  p a ra lle l runs, gave a 
ra te  expression

— d[i-Bu02H ]/di = fc[i-Bu02H][Con ]Vi

Retarders and Autoretardation.— D ecom pos itions  
were re ta rded  b y  a d d itio n  o f m ill im o la r  am o u n ts  o f 
m a te ria ls  w h ich  s tro n g ly  com plex m e ta l ions. These 
inc luded  ca rb o xy lic  acids, aldehydes, E D T A , t r ie th y l-  
ene te tram ine, 1 ,1 0 -p he na n th ro lin e , and acetylacetone. 
Some ty p ic a l effects are show n in  T a b le  IV .  0 2, H 20 ,  
and  0.1 M  ¿-BuO H were n o t re ta rde rs  (a lth o u g h  th e  
fa d in g  o f th e  deep b lue  co lo r o f C oO ct2 so lu tion s  on 
a d d itio n  o f H 20  in d ica te d  a q u a tio n  o f th e  com plex). 
Io n o l (2 ,6 -d i- f-b u ty l-p -c re s o l)  re ta rd e d  F e P C N -ca ta -

(9) T h e  a p p ro x im a te ly  10%  u n c e r ta in ty  in  th e se  c o n s ta n ts  w as en tire ly  
ra n d o m  a n d  a p p a re n tly  re su lte d  from  a d v e n tit io u s  im p u ritie s . I n  o n e  in 
s ta n c e  ca re less h an d lin g  of th e  P h C l s o lv e n t cau sed  rea c tio n s  in  i t  to  p roceed  
a b o u t  h a lf  a s  fa s t as  u su a l. O rd in a r ily  ra te s  w ere fa ir ly  rep ro d u c ib le  an d  
a re  in  good ag re e m e n t w ith  th o se  of R ic h a rd s o n .10

(10) W . H . R ic h a rd so n , J .  A m er. Chem. Soc ., 8 7 ,  1096 (1965).
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T a b l e  IV
E f f e c t s  o f  R e t a r d e r s  o n  D e c o m p o s i t i o n s  

o f  0.1 M  i-Bu02H i n  C h l o r o b e n z e n e

R e ta rd e r  C oncn , m M

0.1 mM  CoOct2 a t 25°
None
HOAc 3.2
CF3C 02H 3.6
EDTA1' c
PrCHO 10

0.08 mM  CoSt2 at 45°
None
Stearic acid 44
HOAc 5.4
1,10-Phenanthroline 13
Triethylenetetramine 6

k ia X  10*. s e c -1

2.3
1.1
0.66

<0.1
'—'0

1.4
0.5
1.0
0.5
0.18

° Pseudo-first-order rate constant. 6 Ethylenediamine-tetra- 
acetic acid disodium salt. c PhCl solution of CoOct2 shaken with 
the solid disodium salt and filtered before addition of i-Bu02H.

ly ze d  decom positions b u t n o t those ca ta lyze d  b y  co b a lt 
com pounds.

T h e  a u to re ta rd a tio n  o f n o rm a l ru ns  w h ic h  occurred  
a fte r  6 0 -8 0 %  decom pos ition  (p r io r  to  v is ib le  c a ta ly s t 
p re c ip ita tio n )  was caused p a r t ly  b y  fo rm a tio n  o f car
b o x y lic  acids (de tected  b y  i r  ana lys is o f rec la im ed  ca ta 
ly s ts  in i t ia l ly  ac id -free) and  p a r t ly  b y  u n id e n tifie d  
v o la tile  p roduc ts , w h ich , i f  ac id ic , were in  to o  lo w  a con
c e n tra tio n  to  be detected b y  i r  ana lys is o r t i t r a t io n .  
P ro b a b ly  a th ird  fa c to r  was decrease in  c a ta ly s t so lu
b i l i t y  d u r in g  th e  runs, a lth o u g h  p re c ip ita t io n  o f th e  
c a ta ly s t was u s u a lly  n o t e v id e n t u n t i l  several hours 
a fte r  decom pos ition  was com plete.

Other Hydroperoxides.— R eactions ca ta lyzed  b y  
C o S t3 o r  C oO ct2 showed th a t  w -B u ()2H  decomposed 
a b o u t one -e igh th  as fa s t and a -cu m y l h yd ro pe ro x id e  
a b o u t o n e -fo u rth  as fas t, respec tive ly , as ¿ -B u02H  in  
chlorobenzene (T a b le  I I I ) .  R eactions o f n -B u 0 2H  
were s tro n g ly  au to re ta rde d  b y  fo rm a tio n  o f n -P rC H O  
(o r b u ty r ic  ac id  i f  0 2 was n o t swept o u t).

Discussion.— A  d is t in c tio n  m u s t be m ade between 
c a ta ly tic  decom position , in  w h ich  each m e ta l io n  
decomposes m an y  hundreds o f h yd ro pe ro x id e  m ole
cules, and  w h a t we sha ll labe l s to ich io m e tric  reactions, 
in  w h ich  th e  ra tio  is nearer 1 : 1 . C a ta ly t ic  decom po
s itions , ty p if ie d  here b y  reactions in it ia te d  b y  coba lt 
ca rboxy la tes  o r iro n  ph tha locya n in e , seem fa ir ly  s im 
ple. T h e  u n ifo rm ity  o f p rod uc ts  and  th e  b im o lecu - 
la r  ra te  expressions suggest a ra d ica l-in d uce d  decom 
p o s itio n  o f th e  usua l ty p e  in it ia te d  b y  m e ta l io n -  
h yd ro pe ro x id e  in te ra c tion s . T h e  reactions in  eq 13 
and  14 are w id e ly  accep ted 3 w here  M  is  a m e ta l io n  and

M" +  R 0 2H — M n+1 +  RO- +  O H - (13) 
M n+1 +  R 0 2H — M” +  RO,- +  H+ (14)

ligands. C a ta ly s t d im ers and  h yd ro pe ro x id e  complexes 
are te m p o ra r ily  le f t  in  abeyance. I f  th is  is fo llo w e d  
b y  an induced  ch a in  (eq 2, 3, and  4 in  p a r t  I la), an 
expression fo r  d isappearance o f h yd ro p e ro x id e  can be 
deve loped (eq 26). A ssum ing  a s teady s ta te  fo r  R O -
— d[R 02H]/dI = fci3[R02H] [M11] +

M R 0 2H] [M111] +  h lR O •] [R02H] (26)

and  ra p id  c y c lin g  o f th e  m e ta l io n , eq 27 and  28 a p p ly .
fa3[R02H] [M11] =  fcu[R02H] [MHI] (27)

— d[R 02H] /di = (2k3/k . +  3)[Mn ] [R02H] (28)

Since M 11 +  M m  =  M 0, eq 29 can be w r it te n . 
—d[R02H] = W k t  +  3) k n k u  [M]o[ROjH] (29)

a t  K 13 “ t”  rCl4

F o r i -B u 0 2H  decom positions, k 3/ k i ,  th e  ind u ce d  ch a in  
len g th  a fte r  in it ia t io n ,  can be ca lcu la ted  fro m  th e  ra t io  o f 
a lcoho l a nd  perox ide  p roducts , since th e  re la tio n sh ip  in

o,. „. , „ [i-BuOH], +  [acetone] f /ons
2ka/ki +  3 = --------[i-Bu20 2] f----------  (30)

eq 30 exists where f  ind ica tes  fin a l co n ce n tra tio n . F ro m  
ty p ic a l exam ples in  T a b le  I I ,  fc3/fc4 =  8 . 8  a t 45° ( in  good 
agreem ent w ith  resu lts  fro m  D B P O -in d u c e d  decom posi
tio ns ) and  6.0 a t 25°. T h is  ra t io  can now  be used to  
ca lcu la te  th e  expected y ie ld  o f 0 2 (n o t 1 0 0 % , since 
each in i t ia t in g  cyc le  produces a m olecule  o f H 20 )  (eq 31).

% 0 2 = 100(2fc3/A4 +  2)/(2k3/ h  +  3) = 95% a t 45° (31)

T h e  slow er ra tes o f decom position  o f n -B u 0 2I l  and  
a -cu m y l 0 2H  agree w e ll w ith  th e ir  sh o rte r ind u ce d  ch a in  
leng ths.

T h e  k in e tic  s im p lic ity  o f th e  decom positions in  P h C l 
(e xc lu d in g  those ca ta lyzed  b y  C oA c 2 w h ic h  w i l l  be d is 
cussed la te r)  m akes a m ore  com plex scheme unneces
sary. C a ta ly s t d im ers o r h ig h e r aggregates, p roposed 
b y  some w o rke rs 1 0 -1 2  to  exp la in  th e  com p lex  k in e tics  
fo u n d  in  o th e r so lvents, p ro b a b ly  o b ta in  in  ch lo ro 
benzene . 10 H ow eve r, th e  degree o f aggrega tion  m u s t 
rem a in  fa ir ly  co ns ta n t over th e  co n ce n tra tio n  range 
used. C om p lex ing  between c a ta ly s t and  h y d ro p e r
ox ide 8-10- 12 m a y  occur p r io r  to  eq 13 and  14, b u t i t  
appears to  have no im p o r ta n t consequences o th e r th a n  
th e  re ta rd a tio n  caused b y  o th e r m a te ria ls  w h ic h  also 
fo rm  s tro ng  complexes w ith  th e  c a ta ly s t . 1 3 -1 6

T h e  a pp a re n t u n im p o rta n ce  o f m e ta l io n  reac tions  
w ith  a lk o x y  o r p e ro xy  rad ica ls  in  o u r expe rim ents  m u s t 
be la rg e ly  due to  the  lo w  concen tra tions  o f th e  c a ta ly s t. 
M u c h  la rg e r concen tra tions  are needed to  revea l such 
re ac tio ns . 16-17 H ow eve r, th e  s to ic h io m e try  o f th e  F e A 2-
i-B u 0 2H  re ac tio n  is p ro b a b ly  exp la ined  b y  eq 32 ra p id ly

i-BuO■ 4- FeA2 — >  FeA2+ +  i-BuO~ (32)

fo llo w in g  eq 13 (F e m  is in e r t  to  h yd ro pe ro x id es ). 
C oba ltous  ion  appears to  re a c t w ith  (-B uO - m uch  
less ra p id ly . D ecom pos itions  o f i -B u 0 2H  u n d e r con
d it io n s  w here  o n ly  one va lence s ta te  o f c o b a lt is ac
t iv e  [C o (O A c) 3 in  H O A c  a t 25° o r K 2Co E D T A  in  
H 0 A c - H 20 ] 8,lla have  a p p ro x im a te ly  1 :1  s to ich io m 
e try . A p p a re n tly  und e r these co n d itio n s  R 0 2H  com 
petes e ffe c tiv e ly  w ith  C o 11 fo r  R O  ■.

Decompositions in Other Solvents

Some m e ta l-ca ta lyze d  decom positions were ca rrie d  
o u t in  a lkanes and  in  a lcoho l-ch lo robenzene  m ix tu re s .

(11) (a) W . H . R ic h a rd so n , J .  A m er . Chem . Sec ., 8 7 ,  247 (1965 ); (b) W . 
H . R ic h a rd so n , J .  Org. Chem ., 3 0 ,  2804 (1965).

(12) Y. K a m iy a , S. B e a to n , A . L a fo rtu n e , a n d  K . U . In g o ld , C an, J .  
Chem ., 4 1 ,  2020 (1963).

(13) T h is  com plex ing  p ro b a b ly  a c c o u n ts  fo r th e  effec t o f Io n o l as  w ell. 
P h en o ls  h a v e  b ee n  show n  to  com plex  s tro n g ly  w ith  p h th a lo c y a n in e lik e  com 
p o u n d s .14 Io n o l sho u ld  n o t a ffec t th e  rad ic a l ch a in  s ince  g a lv an o x y l, a  ra d i
cal s im ila r to  th e  one p ro d u ced  from  Io n o l, a t ta c k s  i-B uC hH  to  g ive  th e  u sual 
in d u ced  d ec o m p o s itio n .16

(14) P . G eorge , R . L . J .  L y s te r , a n d  J .  B e t tle s to n e , J .  B io l. Chem ., 2 3 6 ,  
3246 (1961).

(15) J .  C . M cG o w a n  a n d  T . P ow ell, J .  Chem . Soc., 238 (1960).
(16) J .  K . K o ch i, J .  A m er. Chem . Soc., 8 4 ,  1193 (1962).
(17) W . J .  d eK le in  a n d  E . C . K o o y m an , J .  Catal., 4, 626 (1965).
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T a b l e  V
M e t a l - C a t a l y z e d  D e c o m p o s i t i o n s  o f  0 . 1 - 0 . 3  M  H y d r o p e k o x i d e s  i n  R e f l u x i n g  A l k a n e s

R  in  R O jH
C o n en  of ------------------------------- P ro d u c ts , % ---------------

c a ta ly s t ,  m M [fcijo,® s e c " 1 R O H » R = O i> R jO / S— OH* S = 0 * 0 2
With CoOct2 in n-Pentane at 37.8°

¿-Bu 6.4 0.011 91 8 9 6 90
sec-Bu 6.4 0.0011
sec-Bu 25 0.0055 61 36 3 70
n-Bu 25 0.0055 67 33 70

With Codeia in Cyclohexane at 81.5°
/-Bu 5.7 0.021 88 2 ID 22 14 22
a-Cumyl 6.5 0.020 95 5 31 16
sec-Bu 6.5 0.0053 50 40 12 8
n-Bu 6.3 0.0052 65 24 16 5

With CoOct2 except as Noted*- / in n-Heptane at 98.6°
i-Bu 6.5 >0.037
i-Bu 5.6 >0.024
sec-Bu 6.5 0.01 49 31
sec-Bu 81 64 27
sec-Bu 12/ 0.004 63 23
sec-Bu 14» 0.0007 45 42

“ First-order rate constants calculated from time for 5% decompositions. 6 Alcohol, ketone or aldehyde, or dialkyl peroxide from 
hydroperoxide in mole % based on RO groups found. * Alcohol or ketone from solvent. d C6HnOr-i-Bu. « CoA2. /  MnOctj. 
» VOctj.

W e reasoned th a t  m e ta l ions m ig h t p la y  a m ore  v a rie d  
and  in flu e n c ia l ro le  in  these m edia, w here ra d ic a l- in 
duced chains are sh o rt, th a n  in  p u re  chlorobenzene. 
R eactions in  a lkanes were re fluxed  to  expel 0 2 and  p re
v e n t a u to x id a tio n .

Decompositions in Refluxing Alkanes. Decomposi
tions in n-Pentane.— D ecom pos itions  o f n -B u 0 2H , 
sec-B u0 2H , and  f -B u 0 2H  b y  0.1 m l  C oO ct2 in  re flu x in g  
pentane a t 38° d iffe red  l i t t le  in  in i t ia l  ra tes o r p rod uc ts  
(T a b le  V ) fro m  com parab le  decom positions in  ch lo ro 
benzene. R a te  expressions were f ir s t  o rde r in  h y d ro 
perox ide  and  a p p a re n tly  second o rde r in  co b a lt a t  con
ce n tra tio ns  o f C oO ct2 th a t  were < 0 .1  m i l /  b u t tended  
to  lesser dependence a t h ig h e r concen tra tions. In i t ia l  
ra tes fo r  ¿ -B u02H  were o n ly  one-e igh th  as fa s t w hen
1.6 M  cumene was added.

D ecom pos itions  o f < -B u02H  showed severe a u to 
re ta rd a tio n . P lo ts  o f 1 / [R 0 2H ] 2 aga ins t t im e  were 
linear, g iv in g  th e  appearance o f a th ird -o rd e r reac tion  
in  hyd roperox ide . H o w eve r, in i ta l  ra tes (ca lcu la ted  
fro m  th e  rec ip roca l square p lo ts ) were p ro p o rt io n a l to  
[R O 2H ] 0. W e suspect th a t  a s im ila r  a u to re ta rd a tio n  is 
the  basis fo r  D y e r ’s c la im 5 th a t  decom positions o f te t-  
ra lin  hyd ro pe ro x id e  b y  C oO ct2 in  cyclohexane are 
second o rde r in  hyd rope rox ide , and  th a t  these reactions 
are re a lly  f ir s t  order.

Decompositions in Higher Boiling Alkanes.— In  re
flu x in g  cyclohexane, n -he p ta iie , o r  tr im e th y lp e n ta n e , 
k in e tic  ana lys is o f i -B u 0 2H  decom positions was pre
c luded  b y  b o th  v e ry  ra p id  decom position  and  ra p id  
d e a c tiva tio n  o f th e  ca ta lys t. I n  a ty p ic a l cyclohexane 
ru n , w ith  0.1 M  ¿ -B u02H  and  0.057 m M  C oO ct2, 4 4 %  
o f the  h yd ro pe ro x id e  was decomposed in  th e  f ir s t  2 0  sec 
(the  m in im u m  tim e  necessary to  rem ove a sam ple fo r  
t i t r a t io n )  and o n ly  1 2 %  m ore  decomposed d u r in g  the  
n e x t 30 m in . M o re  c a ta ly s t added a t  th is  p o in t was 
in s ta n t ly  dea c tiva ted  w ith  o n ly  s lig h t re d u c tio n  o f h y 
d roperox ide  concen tra tion . D ecom pos itions  o f a -cu - 
m y l 0 2H  were also s tro n g ly  au to re ta rded . E s tim a tes  
o f in i t ia l  ra tes (T a b le  V )  fo r  these hydroperoxides are 
a lm os t c e rta in ly  low . D ecom pos itions  o f n -B u 0 2H  and

sec-B u03H  were s low er in i t ia l ly  b u t  showed l i t t le  a u to . 
re ta rd a tio n .

T h e  p ro d u c t d is tr ib u t io n  (where m easured) was re la 
t iv e ly  insens itive  to  th e  n a tu re  o f th e  c a ta ly s t. T a b le  
V  shows thay C oO ct2, MnOcfi>, and  V O c t3 a ll gave 
a bo u t th e  same p ro p o rtio n s  o f sec-BuO H and  m e th y l 
e th y l ke tone  fro m  sec-B u0 2 in  re flu x in g  n -heptane .

S ig n if ica n t y ie lds  o f ox id ized  so lve n t m olecules were 
obta ined . These were m os t c a re fu lly  in ve s tig a te d  
fo r  reactions o f i -B u 0 2H  in  cyclohexane, w here th e y  
accounted fo r  a b o u t h a lf o f th e  oxygen  lib e ra te d  fro m  
decomposed hydroperox ide .

P roduc ts  lis te d  in  T a b le  V  are a com posite  fro m  
several runs ana lyzed  b y  d iffe re n t m ethods and  fu l ly  
described in  p a r t I I . lb I n  m os t analyses th e  m ixed  
perox ide  p y ro lyze d  and  o n ly  a lcoho l and  ke tone  were 
observed. W a te r  was n o t m easured q u a n tita t iv e ly . 
I t  p ro b a b ly  accounts fo r  th a t  oxygen n o t found  
elsewhere. P roduc ts  o f runs n o t ca rrie d  to  com 
p le tio n  p ro b a b ly  con ta ined  some cyc lo h exy l h y d ro 
peroxide. (G lpc  analyses o f p ro d u c t m ix tu re s  in  
w h ich  residua l hyd ro pe ro x id e  had  been reduced to  
a lcoho l b y  P h3P gave m ore  cyc lohexano l and  less 
cyclohexanone th a n  analyses in  w h ic h  res idua l h y d ro 
perox ide  was p y ro lyze d  in  th e  ch ro m a to g ra ph .)

Discussion.— T h e  p rod uc ts  o f decom positions in  
n -pen tane  agree n ice ly  w ith  th e  scheme proposed fo r  
reactions in  chlorobenzene, m od ified  s lig h t ly  b y  some 
ra d ica l a tta c k  on  so lvent. F o r i-B u 0 2H  such a tta c k  
produces som ew hat sh o rte r induced  chains, low e r 
y ie lds  o f 0 2 and  i-B u 20 2, and  some p rod uc ts  o f pen tane  
o x id a tio n . T h e  re la tions  show n in  ec 13, 14', 2, and 
12 suggest th a t  in  decom positions o f sec-B u02H  and  
n -B u 0 2H , th e  y ie lds  o f a lcoho l, ke tone, o r a ldehyde, 
and  0 2 correspond to  decom pos ition  o f th ree  perox ide  
m olecules pe r m e ta l cycle (eq 33).

sec-Bu02H +  M”  — > sec-BuO- +  M in  +  OH-  (13)

sec-Bu02H +  Mm  +  OH” — »
sec-Bu02- +  M n  +  H20  (14')

sec-BuO- +  sec-Bu02H — > sec-BuOH +  sec-BuOj- (2)
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2sec-Bu02 ■ — > sec-BuOH +  AcEt +  Oj (12) 

3sec-Bu02H — >• 2 sec-BuOH +  AcEt +  Oa +  H2O (33)

I n  re flu x in g  cyclohexane o r heptane, ra d ica l a tta c k  
on  so lve n t becomes m ore  im p o r ta n t and  a v a r ie ty  o f 
new  com p e ting  reactions are in tro d u ce d  (p a r t I I lb ). 
A lth o u g h  o u r d a ta  are inadequate  fo r  a fu l l  analysis, 
a s im p le  conclusion  emerges: th e  ro le  o f c a ta ly t ic  
am ounts  o f m e ta l ions is la rg e ly  l im ite d  to  th e  p r im a ry  
processes o f hyd rope rox ide  d e s tru c tio n , th a t  is, to  
eq 13 and  14. S ince th e  p rod uc ts  o f decom positions 
d if fe r  l i t t le  fro m  those ob ta ined  fro m  perox ide  in it ia te d  
decom positions (p a r t I I lb ), m e ta l io n -ra d ic a l reactions 
m u s t n o t com pete e ffe c tive ly  w ith  th e  o th e r reactions 
above a t low  concen tra tions o f m e ta l ions. T h is  con
c lus ion  app lies even to  th e  p ro d u c tio n  o f ¿ -butyl 
cyc lo h exy l perox ide  w h ic h  o th e rs 18 have proposed to  
arise v ia  eq 34 and  35. Since th e  s teady-s ta te  con-

CeHn- +  M ln — M 11 +  C6H „ + (34)

CeHn + +  (-Bu02H ---->- CeHnCW-Bu +  H+ (35)

ce n tra tio n  o f ¿ -bu ty lpe roxy rad ica ls  in  th e  system  is 
n e a rly  equal to  th a t  o f M 111, 19 th e  ra d ic a l-ra d ic a l 
c o m b in a tio n  ro u te  is e q u a lly  l ik e ly  and less co m p li
cated.

T h e  re la tiv e  ra tes o f decom pos ition  o f th e  d iffe re n t 
hydroperox ides in  alkanes are n o t re a d ily  expla ined. 
I n  n -pen tane  (as in  chlorobenzene) th e y  are in  reason
able  agreem ent w ith  th e  cha in  leng ths fo r  ra d ica l- 
induced  decom position , b u t th is  d iffe rence between 
te rtia r ie s  and n o n te rtia r ie s  persists in  re flu x in g  cyc lo 
hexane o r heptane, w here th e  ra d ica l cha in  c o n tr ib u 
t io n  m u s t be v e ry  sm all.

T h e  reason fo r  th e  s tr ik in g  d iffe rence in  degree o f 
a u to re ta rd a tio n  between te r t ia ry  and n o n te r t ia ry  
hydroperoxides is unce rta in . W e te n ta t iv e ly  suggest 
th a t  fo rm ic  acid, w h ic h  can be p roduced  fro m  b o th  t-  
B u 0 2H  and  a -cu m y l 0 2H  b u t n o t n -B u 0 2H  o r sec- 
B u 0 2H , is generated in  su ffic ie n t q u a n t ity  to  p re c ip i
ta te  th e  c a ta ly s t as inso lub le  co ba lt fo rm a te .

D ecom pos itions  in  A lco h o l-C h lo ro be n zen e  M ix tu re s . 
— D ecom pos itions  o f ¿ -Bu02H  b y  C oO ct2 in  2 :3  
a lc o h o l-P h C l m ix tu re s  were severely a u to re ta rde d  b y  
d e a c tiva tio n  and p re c ip ita tio n  o f th e  ca ta lys t. 0.001 M  
CoOcG was necessary fo r com plete  decom position  
(98%  in  24 h r) o f 0.1 M  hyd roperox ide . In i t ia l  ra tes 
( to  th e  accuracy m easurable) were o n ly  Viooth as fas t 
as in  p u re  ch lorobenzene20 and  y ie lds  o f acetone were 
m uch  g rea te r (Tab les V I  and V I I ) .  D ecom pos itions  
o f sec-B u02H  showed l i t t le  a u to re ta rd a tio n  and  p ro d 
uc ts  (T a b le  V I )  d iffe red  l i t t le  fro m  reactions in  ch lo ro 
benzene.

F o r  ¿-Bu 0 2H , th e  effects o f la rge  am ounts  o f t-  
B u O H  on rates and  p rod uc ts  are s im ila r  to  those fo u n d  
in  free rad ica l-in d uce d  decom positions (p a r t I I lb) and 
m u s t be p a r t ly  due to  th e  same fa c to r, the  enhanced 
ra te  o f cleavage o f ¿-butoxy rad ica ls. H o w eve r, th e  
observed d ifference in  in i t ia l  ra tes is m uch  g rea te r th a n  
can be exp la ined  b y  in h ib it io n  o f th e  rad ica l-in d uce d  
ch a in  (w h ich  cou ld  accoun t fo r  a fa c to r  o f 8 - 1 0  a t 
m os t). I t  suggests th a t  a lcoho l a ffects th e  ra te  o f

(18) M . S. K h a ra sc h  a n d  A . F o n o , J .  Org. Chem ., 24 , 72 (1959).
(19) J .  R . T h o m a s , J .  A m er. Chem , Soc., 87, 3935 (1965).
(20) A t 0.1 m M  C o ; ra te s  in  a lco h o l-ch lo ro b en ze n e  m ix tu re s  w ere  n o t

s im p ly  re la te d  to  [C o], b u t  w ere  n e a re r  second  o rd e r  th a n  firs t.

T a b l e  V I

D e c o m p o s i t i o n s  o f  0.1 M  B u02H b y  2 mM  CoOct2 i n  
2:3 A l c o h o l - C h l o r o b e n z e n e  M i x t u r e s  a t  25°

Ifci]o X  10’,“ .----------------P ro d u c ts ----------------- -
B uO sH  S o lv e n t s e c -1 Rz02& R O H h R = 0 & S = O c

(-Bu02H (-BuOH-PhCl 2.5 5.6 8.7
i-BuOjH i-PrOH-PhCl 1-2 0.8 ~100 101
sec-Bu02H t-PrOH-PhCl 9.2 57 37 36

“ Average pseudo-first-order rate constant calculated a t 5% 
decomposition. b Dialkyl peroxide, alcohol, or ketone from hy
droperoxide in % based on RO groups. c Ketone from solvent in 
% based on hydroperoxide decomposed. Totals greater than 
100% reflect lack of precision in glpc analyses.

m eta l io n -h y d ro p e ro x id e  reactions, poss ib ly  b y  com 
p e tin g  fo r  lig a n d  sites in  the  m e ta l io n  com plex.

In  z '-P rO H -P h C l a n e a rly  clean re d u c tio n  o f ¿ -B u 0 2H  
to  ¿-BuO H ob ta ins. B o th  th e  cleavage o f ¿-BuO- 
and  th e  in te ra c tio n s  o f 2¿-B u02- are suppressed, pos
s ib ly  b y  th e  reactions in  eq 36 and  37. sec-B u02H

¿-BuO • +  f-PrOH — >- (-BuOH +  Me2COH (36)

Me2COII +  (-Bu0 2- — >  (-Bu02H +  AcMe (37)

does n o t reduce c lean ly  u nd e r id e n tic a l co nd itio n s , 
p ro b a b ly  because in te ra c tio n s  o f 2sec-B u02-, be ing  
m uch  fa s te r th a n  those o f 2¿-B u02- (p a r t I I lb), com 
pete b e tte r  w ith  o th e r reactions.

Complex Kinetics in Metal-Catalyzed 
Decompositions

T a b le  V I I  sum m arizes ty p ic a l k in e tic  d a ta  o b ta in ed  
b y  us and  o thers. T h e re  is a rem a rkab le  agreem ent 
on ra tes o f re a c tio n  and on th e  fo rm  o f th e  ra te  ex
pressions w here  these are com parab le . Some inves
tig a to rs  have he ld  o u r v iew , th a t  m e ta l-ca ta lyze d  
decom positions are essen tia lly  free -ra d ica l-ind u ced  de
com pos itions  in it ia te d  b y  m e ta l io n -h y d ro p e ro x id e  
in te ra c tio n s . O thers concerned w ith  th e  c o m p le x ity  
o f th e  k in e tic  expressions have proposed m ore  com plex 
schemes .8’10’21 W e  suggest ins tead  th a t  th e  com p lex  
k in e tics  are s im p ly  a re fle c tio n  o f th e  m e ta l c a ta ly s t’s 
la c k  o f tru e  s o lu b il ity  in  o rgan ic  so lvents. T h u s , 
T a b le  V I I  shows th a t  m os t o f the  a b n o rm a litie s  are in  
th e  ra te  dependence on m e ta l io n ;22 reactions are 
f irs t  o rde r in  h yd ro pe ro x id e  (o r n e a rly  so) regardless o f 
cond itions . F u rth e rm o re , th e  re ac tio n  o rde r in  m e ta l 
io n  is sensitive  to  so lve n t and  tem pe ra tu re . T h e  
la t te r  is m os t v iv id ly  dem ons tra ted  b y  decom positions 
o f ¿-Bu 0 2H  b y  C oO ct2 in  chlorobenzene. R ic h a rd 
son’s10 resu lts  a t  2 0 ° agree v e ry  w e ll w ith  ours a t  25°; 
y e t a t 0° (w here  h is o rde r in  [C o ] va ries  betw een 0.05 
and  1.5 depend ing  on th e  co nce n tra tio n  o f C o O c t2), 
th e  ra te  he ob ta in s  us ing  0 . 2  m M  C o O c t2 is less th a n  
o n e -te n th  o f th a t  p red ic ted  fro m  o u r resu lts  a t 45 and  
25°. W e have fo u n d  a s im ila r  n o n lin e a r te m p e ra tu re  
dependence fo r  reactions ca ta lyzed  b y  C o A 2 a t  45, 25, 
and  0°. R eactions w h ic h  are f irs t  o rde r in  m e ta l ion  
have o ve r-a ll E a’s  o f 9 -1 2  kca l. Those  w ith  h ig h e r 
orders have E J s  o f 17-22 kca l. T h u s  i t  appears th a t  
ca ta lys ts  in  “ s o lu tio n ”  m ay  e x is t as fa ir ly  la rge  aggre
gates even a t concen tra tions o f 0.1 m M .  In c rea s ing

(21) H . B e rg e r a n d  A . F .  B ickel, T rans, F araday Soc ., 6 7 ,  1325 (1961).
(22) R a d ica l-in d u ced  deco m p o s itio n s  m a y  h a v e  com plex  k in e tic s , a s  w ell, 

u n d e r  c e rta in  co n d itio n s  ( p a r t  I I ) ,  b u t  n e v e r  in  o u r  expe rience  h a s  th e  o rd e r  
in  in i t ia tin g  species b ee n  g re a te r  th a n  u n ity .
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T a b l e  VII

R a t e s  o f  D e c o m p o s i t i o n  o f  0.01-0.1 M  H y d r o p e r o x i d e s  a n d  R e a c t i o n  O r d e r s  i n  M e t a l  I o n s  

a s  F u n c t i o n s  o f  S o l v e n t  a n d  T e m p e r a t u r e

T e m p , [M e ta l ion], ki,a sec *’
R ef °C S o lv en t C a ta ly s t xnM X 10« n’’ tf

i-Bu02H
d 20 PhCl CoOct2 8.5 2.3 ~ 1

9 25 PhCl CoOct2 10 2.3 1 12 45
9 25 2:3 f-BuOH-PhCl CoOcte 30 0.11 > 1
h 35 1:1 HOAc-H 20 K2CoEDTA 4440 0.038«-/ 1 +  2 19.8 50
9 38 n-Pentane CoOck 9.5 11 2
d 50 HOAc Co(OAc)2 1040 0.14 1.3 19.7 70
i 55 HOAc Co(OAc)2 1000 0.20 1.4

a-Cumyl 0 2H

j 25 H20 FeSO, 4 ' 1.1 1 11.1 0
9 45 PhCl CoOct2 9 1.9 1 12*
k 50 1:1 HOAo-PhCl CoSt2 100 0.14 1.5-2 22.3 60
1 101 Nonane CoPalm2m 100 3.2 1 9.4 67

a-Tetralyl 0 2H
n 49.7 Tetralin CoOleate, 24 0.04 1.7 17 34
0 50 PhCl CoDecanoatei! 20” 1.0” 1
2 50 1:1 HOAe-PhH Co(OAc)2 200 0.9 2
r 50 Xylene CoOct2 10 0.77 2 17.4 25-77

a h  = ra te /[R 02II]. b Order in metal ion. 0 Calcd from k, a t t and U- This clearly has no precise meaning when n at t ^  n a t ¿2 
but conveniently indicates the thermal coefficient of the rate. * See ref 10. « At [i-BuO2H]0 =  0.11. 1 Stoichiometric decompositions. 
» This work. * See ref 3. * See ref 8. ’ J. W. Fordham and H. L. Williams, J. Amer. Chem. Soc., 72, 4465 (1950). * From E. A. 
Kuz’mina, V. A. Shushunov, and M. K. Shchennikova [Khim. Perekisnykh Soedin. Akad. Nauk SSSR, Inst. Obshch. i  Neorgan. Khirn., 
231 (1963); Chem. Abstr., 60, 14, 360 (1964)] who agree that reactions are first order in [Co] but do not give actual rates. 1 H. Hoch 
and H. Kropf, J. Prakt. Chem., 16,113 (1962). m Cobaltous palmitate. n J. Tomiska, Colled. Czech. Chem. Commun., 27,1549 (1962). 
0 A. Y. Kamiya, S. Beaton, A. Lafortune, and K. U. Ingold, Can. J . Chem., 41, 2034(1963). p [M] chosen arbitrarily in order to evalu
ate ki from Ingold and coworkers’0 bimolecular rate constant, K , = rate/[Co] [R02H]. « Reference 12; see also A. E. Woodword and
R. B. Mesrobian, J . Am. Chem. Soc., 75, 6189 (1953). '  See ref 5.

th e  te m p e ra tu re  decreases th e  aggregate size (and  in 
creases th e  e ffe c tive  c a ta ly s t c o n ce n tra tio n ), re su ltin g  
in  an  e x tra o rd in a r ily  la rge  E &. C onsiderab le  fu r th e r  
w o rk  w o u ld  be needed to  p ro v id e  m ore  th a n  th is  q u a li
ta t iv e  e v a lu a tio n  o f th e  s itu a tio n .

R e g is try  N o .— ¿-Bu02H , 75-91-2; a -C u m y l 0 2H , 
80-15-9; r-B u0 2H , 4813-50-7; sec-B u0 2H , 13020-06-9.

A ckno w le dg m e n t.— M r .  B r ia n  G u ilb e r t assisted in  a 
p o rt io n  o f th e  experim enta l w o rk .
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Solutions of 0.01-0.26 M  ¿-butyl hydroperoxide in toluene have been thermally decomposed at 100-215°. Prod
ucts included ¿-butyl alcohol, acetone, methane, CO, C02, bibenzyl, benzaldehyde, and benzyl alcohol in yields 
varying with temperature and peroxide concentration. At initial concentrations below 0.02 M, decompositions 
of hydroperoxide were first order; nevertheless, even a t 0.001 M  peroxide, at least 30% of the total decomposi
tion at 180° was induced decomposition. Acetone is a mild catalyst of thermal decomposition. The rate con
stant for homolytic cleavage of the 0 - 0  bond at 170-215° is about 1015-Se~i3,m/R T . At 100°, extraneous unex
plained factors caused a thermal decomposition 20 times as fast as expected from this relation. The absence of 
methanol in the products excludes a previously postulated rearrangement of ¿-butylperoxy radicals at 180°. Less 
detailed studies in benzene, cumene, n-heptane, and cyclohexane showed that these decompositions are largely 
radical induced in the nonaromatic solvents and are mostly homolytic in aromatic ones. Some decompositions of 
dilute solutions of n-Bu02H, sec-Bu02H, and a-cumyl hydroperoxide in toluene at 170-180° gave rates two to 
three times as fast as those found for ¿-Bu02H. From the products of decomposition, 21% of the ra-BuO- and 
60% of the a-cumyl-O- radicals are estimated to cleave in toluene at 182°. About 50% of the ¿-BuO- radicals 
cleave under these conditions. The absence of cumene in the products from decompositions of 1.4 M  a-cumyl 
hydroperoxide in toluene at 125 and 139° shows that a previously proposed reaction, PhCH2- -(- a-cumyl 0 2H 
— cumene +  PhCH20 2H, does not occur. This research probably pushes to its limits the technique of in
creased dilution as a means for measuring the uncomplicated homolytic decomposition of ¿-Bu02H. There are 
methods for monitoring hydroperoxide concentration at much higher dilution, but they, like the iodometric 
method of analysis, do not distinguish between the hydroperoxide originally present and that possibly produced 
from the solvent. Analyses for products, on which a postulated mechanism must ultimately rest, become ex
ceedingly tenuous a t 0.001 M  hydroperoxide.

T h e  th e rm a l decom pos ition  o f hydroperoxides, u n 
lik e  th a t  o f d ia lk y l peroxides o r p e ro xy  esters, is com 
p lex . R a te  constan ts  fo r  deco m po s itio n  in  s o lu tio n  de
pend  s tro n g ly  on  co n ce n tra tio n , on th e  n a tu re  o f the  
hyd ro pe ro x id e , and  on th e  cha rac te r o f th e  so lven t, even 
in  th e  absence o f kn o w n  c a ta lys ts  such as acids, bases, 
ce rta in  m e ta l ions, and  o le fins . 2 E ve n  fo r  i -B u 0 2H , the  
best-behaved o f th e  class, a tte m p ts  to  m easure ra tes fo r  
th e rm a l hom o lys is  o f th e  0 - 0  bond, have  g iven  a c tiv a 
t io n  energies w e ll be lo w 3 th a t  ca lcu la ted  fo r  th e  re a c tio n 4

R 0 2H — > RO- +  -OH (15)

and  have show n u nexp la ined  ra te  effects in  the  presence 
o f oxygen 5 and  o f p resum ab ly  innocuous so lven ts .6 

P ro b a b ly  th e  m ost serious c o m p lic a tio n  is th e  induced  
decom position , in  w h ic h  rad ica ls  a ris ing  fro m  spon ta 
neous hom olys is7 o f the  0 - 0  bond  o r fro m  o th e r sources 
a tta c k  th e  hyd ro pe ro x id e  (see eq 2 and  3). T hus , in

RO • (HO •) +  R 0 2H — >- ROH (HOH) +  R 0 2• (2)

2R02- — >- 2RO • +  0 2 (3)

chlorobenzene s o lu tio n  a t  140°,3 o r u n d ilu te d  a t 100° , 8

i -B u 0 2H  decomposes a lm os t q u a n t ita t iv e ly  to  ¿ -B uO II 
and  oxygen. B e low  100°, w here th e  h yd ro pe ro x id e  is

(1) (a) P a r t  I :  R . H ia t t ,  T . M ill, a n d  F . R . M ay o , J .  Org. Chem ., 33,
1416 (1968). E q u a tio n s  1 -16  a p p e a r  in  p a r t  I .  (b ) P a r t  I I :  R . H ia t t ,
T . M ill, K . C . I rw in , a n d  J .  K . C as tle m a n , ib id , 33, 1421 (1968). E q u a tio n s  
17—24 a p p e a r  on  p a r t  I I .  (c) P a r t  I I I :  R . H ia t t ,  T . M ill, K . C . Irw in , 
a n d  J .  K . C as tlem a n , ib id ., 33, 1428 (1968). E q u a tio n  12a a n d  b a p p e a r  in 
p a r t  I I I .  (d ) P a r t  IV : R . H ia t t ,  K . C . Irw in , a n d  C . W . G o u ld , ib id .,
33, 1430 (1968). E q u a tio n s  2 5 -3 7  a p p e a r  o n  p a r t  IV . (e) T o  w hom  a ll cor
re sp o n d en ce  s h o u ld  b e  a d d re sse d  a t  B ro ck  U n iv e rs ity , S t.  C a th a r in e s ,
O n ta r io , C a n a d a .

(2) C . W alling , " F re e  R a d ic a ls  in  S o lu tio n ,”  J o h n  W iley  an d  S ons, In c .,
N ew  Y o rk , N . Y ., 1957, p  504.

(3) E . R . B ell, J .  H . R a ley , F . F . R u s t, F . H . S eubo ld , a n d  W . E . V au g h an ,
D iscussions  F araday Soc., 10, 242 (1951).

(4) S. W . B enson , J .  Chem . P h y s ., 40 , 1007 (1964).
(5) B . K . M orse , J .  A m er. Chem . Soc., 79 , 3375 (1957).
(6) C . W a lling  a n d  L . H e a to n , ib id ., 87 , 38 (1965).
(7) W e  rea lize  t h a t  "h o m o ly sis”  is  a m b ig u o u s  in  th e  sense t h a t  all of th e ir  

rea c tio n s  u n d e r  d iscuss ion  a re  h o m o ly tic  (free rad ica l)  in  c h a ra c te r . B y  
"h o m o ly s is”  w e m e an  s p o n ta n e o u s  h o m o ly tic  c leav ag e  of th e  0 - 0  b o n d , an d  
" in d u c e d ”  re fe rs  to  a n y  o th e r  fo rm  of deco m p o sitio n .

(8) N . A . M ila s  a n d  D . M . S u rg en o r, ib id ., 68, 205 (1946).

th e rm a lly  stab le , induced  decom pos ition  has rece ived  in 
tens ive  s tu d y  and  is now  w e ll unde rs tood  (p a r t I I l b ) . 9' 10

W e re in ves tig a ted  th e rm a l hom o lys is  in  th e  hope o f 
( 1 ) e s tab lish ing  some re liab le  ra tes and  a c tiv a tio n  
energies, (2 ) d e te rm in in g  effects o f so lvents  on these, 
and  (3) e xp lo rin g  effects o f s tru c tu re  on th e rm a l hom o l
ysis o f some s tru c tu ra lly  s im p le  hyd rope rox ides  and on 
cleavage o f a lk o x y  rad ica ls  a t e levated  tem pera tu res . 
P rev ious w o rk  showed th a t  induced  decom pos ition  is 
m in im ize d  a t v e ry  lo w  in i t ia l  conce n tra tio n s  o f h y d ro 
perox ide . 11 W e  have extended th is  w o rk  to  even lo w e r 
in i t ia l  concen tra tions and  to  a v a r ie ty  o f so lvents, 
p a y in g  ca re fu l a tte n tio n  to  b o th  ra tes and  p rod uc ts  o f 
decom position .

E xp e rim e n ta l S ection
Analyses.—Hydroperoxides were titrated iodometrically, us

ually by the method described in part I I , lb which gave consistent 
blank titers of 0.0008 mequiv. For concentrations of R 0 2H 
below 0.002 M , 1 ml of a freshly prepared saturated aqueous 
solution of KI was substituted for the solid N al. Blanks were 
then less than 0.0001 mequiv.

Products of decomposition were analyzed by glpc on a Carbo- 
wax 20M column after reduction of any residual hydroperoxide to 
alcohol with Ph3P. Gaseous products were analyzed by mass 
spectroscopy.

Rate Measurements.—For kinetic runs, seven to nine Pyrex 
ampoules (10 mm) containing 2-3 ml of a dilute solution of 
hydroperoxide were degassed, sealed under vacuum, and im
mersed in a constant temperature bath for appropriate lengths of 
time; then residual hydroperoxide was titrated iodometrically. 
For some product studies, 20 ml of hydroperoxide solution was 
degassed and sealed under vacuum in a 100-ml bulb provided 
with a break-seal. Despite the differences in available vapor 
space between these runs and those in ampoules, no difference 
in percentages of products was observed. Thus, gas phase 
decomposition did not contribute significantly to the reaction.

D ecom pos itions  o f ¿ -B u02H
S o lve n t P u rity .-—-Even reagent o r  ch ro m a to g ra de  

so lvents c o n ta in  im p u r it ie s  w h ich  a ffe c t perox ide
(9) R . H ia t t ,  J .  C lip sh am , a n d  T .  V isser, C an. J . C hem ., 42 , 2754 (1964).
(10) A. F a c to r , C . A . R u sse ll, a n d  T . G . T ra y lo r , J .  A m er . Chem . Soc ., 87 , 

3692 (1965).
(11) R . H ia t t  a n d  W . M . J .  S tra c h a n , J .  Org. C hem ., 28 , 1893 (1963).
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T h e r m a l  D e c o m po sit io n  o f  ¿-Bu0 2H in  A r o m a tic  S o l v e n t s

T em p, li-BuChHjo, k\ X  10i, -------- Y ields b ased  on  R O 2 H  decom posed , % ---------
°c m ol/1. s e c -1 A cM e i-B u O H s—s° S—O H 6 S—oc

In Toluene
100.0 0.0161 0.0057 '-'-'I 87 31 29 46
172.5 0.0012 0.92 48
181.5 0.025 2.69 46 47 41 26 7.3d
192.6 0.021 8.3 52 48 30
204.5 0.010 15.2 45 8 < 0.5
204.5 0.027 18.0 62 36 43 21 4
214.9 0.011 32.4 70 28 51 6 < 0.5

In Benzene
172.5 0.022 4.64« 62 22 3
172.3 0.022 1.09
182.6 0.021 3.1

In Cumene
182.6 0.021 8.1 50 50 50 28 5.87
182.6 0.040 9.6
182.6 0.090 14.3 36 64 47 8.3

In Toluene with Added Material
181.2 0.025 2.81 0.026 M  ¿-BuOH added
181.2 0.025 3.30 0.026 M  AcMe added
181.5 0.022 3.40 34 g
181.5 0.025 4.36 37 h

“ Products from solvent were bibenzyl from toluene, biphenyl from benzene, and bicumyl from cumene. b Products from solvent were 
benzyl alcohol from toluene and a-cumyl alcohol from cumene. c Products from solvent were benzaldehyde from toluene and aceto
phenone from cumene. d Also 32% CH4, 0.5% CO, 0.04% C 02, 41% H20, no 0 2. « Solvent not treated with CaH2. /  Also 13% a-
methylstyrene. » Fresh ¿-Bu02H added to a decomposed mixture of 0.25 M  i-BuOjH in toluene. h Ampoules packed with broken 
Pyrex tubing to increase surface area sevenfold.

decom position . W a llin g  and  H e a to n 6 fo u n d  exces
s ive ly  ra p id  decom pos ition  o f f -B u 0 2H  in  ch lo rin a te d  
a rom a tic  hydrocarbons. W e fo u n d  th a t  a lip h a tic  
hydrocarbons were p a r t ic u la r ly  bad, th e  h a lf- life  o f 
f-B u 0 2H  in  n -hep tane  a t 100° be ing  less th a n  3 h r. 
F ra c tio n a l d is t il la t io n  w ith  o r w ith o u t th e rm a l decom 
p o s itio n  o f 2 ,2 '-a z o b is (2 -m e th y lp ro p io n itr ile )  (A B N )  in  
th e  so lven t was ine ffec tive . B y  acc iden t i t  was 
d iscovered th a t  re flu x in g  th e  so lven t over C a H 2 be
fo re  d is t il la t io n  rem oved th e  c a ta ly t ic  agent, a lth o u g h  
th e  so lven t com pos ition  as d e te rm ined  b y  g lpc  was 
unchanged. W ith  th is  tre a tm e n t th e  h a lf- life  o f /-B u - 
0 2H  in  n -hep tane  a t 100° was a b o u t 1000 h r. I n  
benzene a t 180° th e  h a lf- life  was increased fo u rfo ld . 
T h e  sa tu ra tio n  o f so lvents w ith  w a te r had  no dele terious 
effect. W ith o u t u nd e rs ta n d in g  th e  resu lts  o f th is  
tre a tm e n t, we are convinced  o f its  e fficacy . 12

T h e rm a l D e co m p o s itio n  o f ¿-BuQ2H  in  A ro m a tic  
S o lvents . R e su lts .— T a b le  I  shows th e  ra tes and 
p rod uc ts  o f th e  th e rm a l decom position  o f ¿ -B u02H  
in  to luene, benzene, and  cumene a t 100-215°. A t  170 
and 180°, ra tes o f decom position  were f ir s t  o rde r in  
hyd rope rox ide  to  a t least 9 0 %  decom pos ition ; th e y  
were th e  same in  benzene and to luene  and s lig h t ly  
h ighe r in  cumene.

A  p lo t o f f irs t-o rd e r ra te  constan ts  and  p rod uc ts  a t 
180° as a fu n c tio n  o f [f-B u O 2H ] 0 (F igu re  1) c lea rly  
shows a change in  m echan ism  o f decom pos ition  a t 
0 .02-0 .03  M .  T h e  re la tiv e  in s e n s it iv ity  o f k& to  
[¿-Bu O 2H ]0 be low  th is  co nce n tra tio n  suggests th a t  here

(12) P o ssib le  c a ta ly s ts  in c lu d e  tr a c e  am o u n ts  o f th io ls , ac id s , a n d  m e ta l 
ions. S ince  e x tra c tio n  of b en z en e  w ith  aq u e o u s  N a O H  b efo re  u se  w as a b o u t
ha lf as  effec tive  as t r e a tm e n t  w ith  C aH i, ac id s  o r  th io ls  a re  good  possib ilitie s .
A u to ca ta ly s is  in  th e  th e rm a l d ec o m p o s itio n  of s ily l pe rox ides  in  ch lo ro b en zen e
re su lts  from  g e n e ra tio n  o f HC1 b y  re a c tio n  of ra d ica ls  w ith  th e  s o lv e n t:
R . H ia t t ,  C an. J .  Chem ., 42, 985 (1964).

the  reac tion  is la rg e ly  a tru e  h om o lys is . 13 T h e  ra te  
constan ts  are a b o u t h a lf as large as p re v io u s ly  repo rted  
ra te s 11 in  benzene a t 180°. A n  A rrh e n iu s  p lo t  fo r  runs 
a t 170-190° gives an E & o f 43 ±  1 k c a l/m o l, in  good 
agreem ent w ith  the  va lue  ca lcu la ted  b y  Benson . 4 * 

T h e  A  fa c to r, 1016-1, is reasonable fo r  a f irs t-o rd e r re
action .

R esu lts  above and  below  th is  o p t im u m  tem pe ra tu re  
range were less conclusive. I n  to luene  a t 100° the  
ra te , m easured over 3 m on th s  (a b o u t one h a lf- life ) , 
was c lean ly  f ir s t  order, b u t k i  was 2 0  tim es  th a t  e x tra p 
o la ted  fro m  the  decom positions a t 170-190°. A t  
190-215° firs t-o rd e r ra te  constan ts  were m ore sensitive  
to  in i t ia l  conce n tra tio n  (T a b le  I ) .  A lso , p lo ts  o f log  
[R 0 2H  ] vs. t im e  became s lig h t ly  cu rved  a fte r  one h a lf-  
life . F o r  0.01 M  f -B u 0 2H  in  to luene  a t 205-215° 
( fro m  fci fo r  th e  f irs t  h a lf- life ) , E a was o n ly  34.5 k c a l/  
m ol.

C loser s c ru tin y  o f the  180° re a c tio n  b ro u g h t o u t some 
com p lica tions. F irs t, the re  appeared to  be some de
com pos ition  on the  P y re x  w a lls . In c rea s ing  th e  sur
face to  vo lu m e  ra tio  sevenfo ld  b y  f i l l in g  th e  am poules 
w ith  crushed P y re x  tu b in g  increased th e  firs t-o rd e r 
ra te  co ns ta n t b y  6 0%  (T a b le  I ) .  A  v e ry  sm a ll a m o u n t 
o f added acetone in  0.02 M  /-B u O T I in  to luene  in 
creased k u  s ig n if ic a n tly  (T a b le  I ) .  D ecom posing  0 . 0 2  

M  ¿ -B u02H  in  the  to ta l reacted s o lu tio n  fro m  a p rev ious 
ru n  caused a s im ila r  increase14 in  fc15. T hus , decom po-

(13) A dd ed  0.003 M  i-B u 2C>2 to  0 .025 M  i-B uC hH  in  b en z en e  a t  170° de
com posed  a n  a v e ra g e  o f on ly  1.2 m olecu les of h y d ro p e ro x id e  p e r  m olecule 
of d ia lk y l p e ro x id e  d ecom posed , a  ch a in  le n g th  of 0.6.

(14) A d d itio n  o f sm all a m o u n ts  of i-B u O H  d id  n o t  a ffec t th e  th e rm a l de
co m p o sitio n . A tte m p ts  to  d ecom pose  0 .02  M  ¿-BuChH  in  ¿-B uO H  a s  so lv en t 
re su lted  in  exp losion  of th e  a m p o u le  m in u te s  a f te r  i t  w as  p u t  in  a n  180° oil 
b a th .  A n am p o u le  of 0 .02  M  f-B u 0 2 H  in  2 0 %  i-B u O H -8 0 %  ben zen e  ex
p lo d ed  a f te r  2 h r  in  a  170° b a th .
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0.001 0 .003  0.01 0 .03  0.1 0.3
£t- 8u0 2H j o> mol t/ lit er

Figure 1.—-Rate constants and products of decomposition of 
i-Bu02H in toluene at 182°.

benzyl ra d ica l a tta c k  on th e  o x yg en  o f ¿ -B u0 2H .
(3) A t  215°, fo r  [¿-BuO2H ]0 =  0.01 M ,  decom pos ition  
is n e a rly  a ll b y  spontaneous hom olys is . (4) T h e  
reac tion  a t  100° is p a r t ly  induced  b u t a t  least 3 0 %  is 
a b im o le cu la r hom olys is  in  w h ic h  h y d ro p e ro x id e  re 
acts w ith  th e  w a lls , w ith  so lven t, w i th  its e lf, o r w ith  
some o th e r species to  p roduce  rad ica ls.

D ecom pos itions  a t 180°.— A b ove  0.02 M ,  increases 
in  [ f -B u 0 2H ]o  re su lt in  low e r y ie lds  o f b ib e n zy l and  
h ig h e r [¿ -B u O H ]/[a ce to n e ] ra tio s  (F ig u re  1). T h e  
h ig h e r co nce n tra tio n  o f ¿ -B u02H  th u s  fa vo rs  (-B uO  • +
i-B u 0 2H  f-B u 0 2- +  ¿-BuOH (eq 2) over o th e r fa tes 
fo r  th e  i-b u to x y  rad ica l. D e co m p o s itio n  p ro b a b ly  
occurs la rg e ly  b y  an induced  cha in  o f th e  usua l typ e , 
0 2 be ing  p roduced  b y  in te ra c tio n  o f 2 ( -B u 0 2- rad ica ls  
and  scavenged b y  benzy l (o r m e th y l)  rad ica ls . (Y ie lds  
o f benzaldehyde shou ld  be a good index to  th is  k in d  o f 
re ac tio n .) C h a in  leng ths m u s t be a t least 4 -5 , since 
decom pos ition 4 is 3/ 2 (o r 4/ 3) o rde r in  [ f -B u 0 2H ] ,

A t  [¿-Bu O2H ]0 <  0 . 0 2  M ,  m os t ¿-BuO- rad ica ls  
a b s tra c t fro m  to luene  o r cleave, since ¿ -B uO H /ace tone  
ra tio s  are re la t iv e ly  insens itive  to  [¿-BuO2H ]0 (F ig u re  1) 
and  are in  good agreem ent w ith  those fro m  ¿-Bu20 2 de
com positions (T a b le  I I ) .  T h u s  th e  re le v a n t co m p e ti
t io n  a t these concen tra tions o f ¿-Bu 0 2H  is

s itions  a t 180° (a t least a t 0.02 M )  are s lig h t ly  au to - 
c a ta ly t ic , and  th e  s tra ig h t lin e  p lo ts  o f log  [R 0 2H ]  
vs. t im e  re su lt fro m  a com pensa to ry  e ffect o f a u to c a ta ly 
sis and  decom pos ition  g rea te r th a n  f ir s t  order.

D iscu ss io n .— O u r ana lysis o f these com plex resu lts  
(assum ing th a t  th e y  are v a lid ) 16 is based on  th e  p rod 
uc ts , h ow  these change w ith  [¿-BuO2H ] 0, and  how  
th e y  com pare  w ith  p rod uc ts  o f ¿-Bu20 2 decom posed in  
s im ila r  c ircum stances (T a b le  I I ) .  T h e  a rgu m en t is 
based m o s tly  on th e  resu lts  in  to luene, since these are 
th e  m os t com prehensive, b u t  fin d ing s  in  o th e r so lvents 
are used w here a pp rop ria te . T h e  resu lts  be low  sug
gest th e  fo llo w in g . ( 1 ) A t  180° fo r  [¿-BuO2H ]0 >  0.03 
M ,  decom pos ition  proceeds m a in ly  b y  a ¿ -B uO --in 
duced reac tion  o f the  usua l typ e . (2) A t  180° fo r  
[¿-BuOTIJo >  0.025 M ,  hom olys is  accounts fo r  4 0 -7 0 %

T a b l e  II
P r o d u c t s  o f  T h e r m a l  D e c o m p o s i t i o n  o f  ¿ -B U 2O 2 i n  T o l u e n e “

T em p . [i-BU2C>2]o, Yields based on ¿-BU2O 2 decomposed, %
°C mol/1. Acetone i-B u O H (P h C H ,) ,

100 0 .2 9 4 100
1 7 1 .5 0 .0 2 4 4 52 4 7 8 0
1 8 1 .5 0 .0 3 4 8 58 39 67
1 8 1 .5 “ 0 .0 3 7 3 57 39 60

“ All runs were carried to more than eight half-lives except the 
first, for which decomposition was 18% in 71 hr. The ampoules 
in the last run were filled with crushed Pyrex tubing.

o f th e  reac tion , so th a t  th e  tru e  k i  a t 182.6° is a p p ro x i
m a te ly  1 X  10 - 6  sec-1 . T h e  re s t o f th e  re a c tio n  is 
m a in ly  sh o rt cha in  induced  decom pos ition  in v o lv in g

(15) P o ssib ly  su rface  c a ta ly s is  is re sponsib le  fo r th e  fa s te r  th a n  expected  
re su lts  a t  100°. T h e  ex p e rim en ts  w ith  p ac k ed  vessels  in d ic a te  t h a t  su rface  
effects, th o u g h  p re s e n t , a re  sm all a t  180°. T h e  slow er th a n  exp ec ted  ra te s  
a b o v e  200° cou ld  m ean  s im p ly  t h a t  te m p e ra tu re s  in  th e  reac tio n  vessels d id  
n o t a t ta in  b a th  te m p e ra tu re  d u rin g  th e  re la tiv e ly  s h o r t  re a c tio n  tim es. H ow 
ev e r, th e  log p lo ts  fo r in d iv id u a l ru n s  show ed  no  ev id en ce  of a n y  ‘ w arm  u p ”  
p e rio d . M o reo v er, th e  r a te  c o n s ta n ts  fo r deco m p o s itio n s  of a -c u m y l h y d ro 
p e ro x id e 16 in  cu m en e  o r in  b en z en e  show  th e  sam e S -shaped  A rrh en iu s  p lo t a t  
so m ew h a t low er te m p e ra tu re s .

(16) G . H . T w igg , G . W . G o d in , H . C . B a iley , a n d  J .  H o lden , Erdoel 
K ohle , 15, 74 (1962).

PhCH.

•B u O (in d u ced d eco m p o sitio n )

bibenzyl (termination)

(38)

(39)

T h e  su b s ta n tia l y ie lds  o f b ib e n zy l show th a t  a la rge  
fra c tio n  o f th e  hyd ro pe ro x id e  decomposes v ia  hom olys is . 
T h e  questions are (1) how  m uch, i f  any , d isappears b y  
a benzy l ra d ica l-in d uce d  decom position , and  (2 ) w h a t 
is its  m echanism . T h e  discussion be low  shows th a t  
the re  is no s im p le  answer fo r  e ith e r question .

I f  a ll h y d ro x y l rad ica ls  (w h ich  can o n ly  be fo rm ed  
b y  hom olys is) a b s tra c t hydrogen , th e n  th e  y ie ld  o f 
w a te r (41%  a t [¿-BuO2H ]0 =  0.02 M ,  T a b le  I )  is 
id e n tic a l w ith  th e  a m o u n t o f hom olysis. T h is  sup
p o s itio n  seems sound in  v ie w  o f th e  a c t iv i ty  o f -O H , 
th e  a v a ila b il i ty  o f th e  so lvent, and  th e  lo w  s teady- 
s ta te  co nce n tra tio n  o f o th e r rad ica ls  w ith  w h ic h  i t  
m ig h t couple, b u t the  a c tu a l y ie ld  o f H 20  is su b je c t 
to  considerable expe rim en ta l u n c e rta in ty .

A  b e tte r  c r ite r io n  fo r  hom olys is  is th e  y ie ld  o f id e n t i
fiab le  p rod uc ts  o f ra d ic a l- ra d ic a l te rm in a tio n . F o r 
[¿-Bu O2H ] 0 <  0 . 2  I  we cou ld  f in d  o n ly  a b o u t 50%  
[4 0 -4 5 %  (P h C H 2) 2 and 7 %  P h C H O 17] . 18 T h is  w o u ld  be 
acceptable evidence fo r  50%  hom olys is  excep t fo r  the  re
su lts  o f th e  ¿-Bu20 2 pyro lyses. A t  180° in  to luene  th is  
p resu m ab ly  w e ll-behaved  m a te r ia l gave o n ly  6 0 -7 0 %  o f 
id e n tif ia b le  ra d ica l te rm in a tio n  p rod uc ts  (a ll b ib e n z y l) . 
W e do n o t unde rs tand  w h y  th e  y ie ld  o f b ib e n z y l fro m  
¿-Bu20 2 decreased w ith  increas ing  te m p e ra tu re  (T a b le
I I )  b u t are re lu c ta n t to  ascribe th e  decrease to  induced  
decom position . P oss ib ly  i t  is due to  some as y e t u n -

(17) T h o u g h  P h C H O  is a  p ro d u c t of in d u c ed  d ec o m p o s itio n , i t  m u s t also 
b e  a  p ro d u c t of a te rm in a tio n  reac tio n  b e tw e en  P h C H 2 0  * a n d  som e o th e r  
ra d ic a l ( X - ) ,  e.g., P h C H z O - - X  - - X H  +  P h C H O .

(18) O th e r  possib le  te rm in a tio n  p ro d u c ts  looked  fo r but not fo u n d  in c lu d ed  
e th a n e , e th y lb en ze n e , xy lenes, f-B uO C H 3, C H aO H , a n d  t a r r y  res idues. W e 
could  n o t b e  s u re  a b o u t  th e  ab sen ce  of o th e r  i-b u ty l  e th e rs , b u t ,  s in ce  ~ 9 7 %  
of ¿-BuO  g ro u p s  w as a c c o u n te d  fo r in  o th e r  p ro d u c ts , th e ir  y ie ld  cou ld  n o t be 
s ig n ifican t. I t  seem s m o s t u n lik e ly  t h a t  a n y  of th e  b en z y l a lcoho l re su lts  
from  co up ling  of 'O H  a n d  P h C H i* .
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discovered products of CH3- radicals; the yield of these 
parallels the termination-products gap, and our ma
terial balance for them was not good.

Since ¿-Bu02H can give only half as many methyl 
radicals as ¿-Bu20 2, we might accept 15-20% as the 
amount of undiscovered termination products, thus 
setting 30% as the lower limit for induced decomposi
tion of the hydroperoxide.

The mechanism of the induced decomposition de
pends on whether benzyl radicals abstract hydrogen 
from ¿-Bu02H as Benson4 asserted, or attack at oxygen 
to form benzyl alcohol directly, as Twigg, et a l.,16 sug
gested.19 The yield of PhCH2OH, though curiously 
insensitive to [¿-BuO2H]0 (Figure 1), is less informative 
than the yield of a-cumyl alcohol (or the a-cumyl 
alcohol/acetophenone ratio) when ¿-Bu02H is decom
posed in cumene20 (Table I). Cleavage of cumyloxy 
radicals to acetophenone and methyl is known to pro
ceed more readily than the cleavage of ¿-BuO- ;21 
yet, while yields of acetone and ¿-BuOH were about 
equal, five to six tim es as much cum yl alcohol as aceto
phenone was formed. Thus the bulk of the cumyl 
alcohol cannot be formed from cumyloxy radicals.

Translated to the results in toluene, this suggests 
that, while some of the benzyl alcohol is undoubtedly 
formed from benzyloxy radicals (since some benzalde- 
hyde is also produced), most of it is not. The alterna
tives are that it is formed by coupling of benzyl and 
hydroxyl (which has already been ruled out) or that it 
is formed directly by attack of benzyl- on ¿-Bu02H 
(eq 40).

P h C H 2- +  i-B u O iH  — >- P h C H 2O H  +  t-B u O - (40)

In accepting the reaction in eq 40 as the mechanism, 
we are not suggesting that the benzyl radical is unable 
to abstract hydrogen from ¿-Bu02H. Most probably 
it does, but owing to the low steady-state concentrations 
of radicals, the reverse reaction (eq 41) occurs more

i-BuOj- +  P h C H 3 — >- i-BuOJI +  P h C H 2- (41)

duced reaction accounts for less than half of the de
composition, the observed deviation from first-order 
kinetics is small.

D ecom pos itions  a t 205-215° and  a t 100°.—The low
yields of oxidized solvent show that induced decom
position was minimal at 205-215° when [¿-BuO^Jo = 
0.01 M . At 215° the yield of bibenzyl was only 51%, 
but by extrapolation from Table II, bibenzyl yields 
expected from ¿-Bu20 2 would be no higher. An as
sumed E a of 43 kcal and a Ay at 180° of 1 X 10-6 sec-1 
gives 31 X 10-5 sec-1 for ki at 215°, in excellent agree
ment with the experimental value.

At 100° the rate (much faster than predicted) and 
the high yields of benzaldehyde and benzyl alcohol 
imply an induced decomposition. However, there is 
a 31% yield of bibenzyl. Less than y 2oth of this can 
arise from unimolecular homolysis if the Arrhenius 
parameters obtained at higher temperatures are cor
rect. Instead it must come from an externally as
sisted homolysis, perhaps catalyzed by the walls. The 
results on surface effects at 180° (Table VI) show 
that a wall-catalyzed reaction can yield almost as 
much bibenzyl as the unimolecular homolysis. How
ever, low temperature homolyses of hydroperoxides are 
too confused and complex to allow any definite an
swers at this time. Hydroperoxides may react bi- 
molecularly with another hydroperoxide,23-26 with a 
ketone,28-27 with , an olefin,6,28 perhaps even with sol
vent,16,29 to produce radicals. Our own results are 
paradoxical if the formation of benzaldehyde as well as 
of bibenzyl is counted as chain termination. Further 
work is indicated.

R earrangem ents  o f P e roxy  R ad ica ls .—The rear
rangement of ¿-Bu02- has been proposed to explain 
the formation of CH3OH and acetone in gas phase 
oxidations of isobutylene,30 rather than the alternate

CH3

t-BuOs- — >- CH3—C—O—O—CH3 -— >- acetone +  CH30-

frequently than any other reactions of (-Bu02- radi
cals, leading to an induced chain.22

The rate expression for the induced part of the de
composition, according to the proposed mechanism in 
eq 42 is 3/ 2 order in hydroperoxide, but, since the in-
— d[i-BuOjH] /d! =

fci5[£-Bu02H] +  M W fe d 'A  [£-Bu0 2H] V* (42)

(19) T h e  w ork  of W . A . P ry o r , A. L ee, a n d  C . E . W i t t  [J. A m er . Chem . 
Soc., 86, 4229 (1964)] su g g ests  t h a t  below  100° ra d ic a l d isp la cem en ts  on  0 - 0  
b o n d s  a re  in fre q u e n t. H o w ev er, a t  170-190° th e  s itu a tio n  a p p e a rs  to  b e  d if
fe ren t.

(20) T h is  a rg u m e n t a ssu m es  t h a t  m e ch an ism s  in  cu m en e  a n d  to lu en e  a re  
s im ila r, a s  is  in d ic a te d  b y  o u r  re s u lts  a n d  th o se  of T w igg  a n d  co w o rk ers .16

(21) S ee ref 2 , p p  503 -505 . T o  m a k e  su re  of th is  p o in t , w e decom posed
0.02 M  a -c u m y l h y d ro p e ro x id e  in  to lu en e  a t  182° a n d  fo u n d  1.6 tim es  as 
m u ch  ac e to p h en o n e  a s  a -c u m y l a lco h o l in  th e  p ro d u c ts  (see below ).

(22) T h e  fo rm a tio n  of h e te ro cy c les  in  th e  g a s  p h a s e  o x id a tio n  of hexane  
[C. F . C u llis , A. F isk , A. S aeed , D . L . T r im m , Proc. R o y . Soc. A 289, 402 
(1966)] a t  275° is ana lo g o u s. R e a b s tra c tio n  of H ‘ u n d o u b te d ly  occu rs , b u t  
th e  on ly  re a c tio n  to  effec t a n  ir re v e rs ib le  ch a n g e  is th e  rad ic a l d isp la cem en t 
on  oxygen.

. 0 /  / 0 2H
ch3ch< J t ^ ch2ch3 — *- ch3ch<

CH,CH,' ch2ch2- 'CHCH.

/ ° \
ch3— CTT T H — CH3 +  -OH

ch2— ch/

interaction of 2i-Bu02- radicals to give 2i-BuO- radi
cals (which cleave to CH3- and acetone) and 0 2. The 
absence of methanol in the products of our decomposi
tions shows that this rearrangement does not occur in 
solution at 180°. However, this may not be signifi
cant, since in the gas phase concentration factors favor 
intramolecular reactions over their intermolecular 
alternatives.31

D ecom pos itions  o f ( -B u 0 2H  in  A lip h a tic  H y d ro 
carbons.—Thermal decompositions of 0.01-0.02 M  
¿-Bu0 2H in cyclohexane and in n-heptane at 170° gave 
substantially the same first-order rate constants as 
reported by Bell, et a l.3 (Table III). Even at those 
low concentrations, rate constants were dependent on

(23) D . E . V an  S ickle, F .  R . M ay o , a n d  R . M . A rlu ck , J .  A m er. Chem. 
Soc., 87, 4832 (1965).

(24) J .  L . B o llan d , T rans. F araday Soc., 46, 358  (1950).
(25) E . T . D en iso v , F iz. K h im .,  38, 2085 (1964).
(26) E . T . D en iso v , V. V. K h a ra to n o v , a n d  E . N . R a s p u p o v a , K in e t. 

R a ta l.,  6, 981 (1964); Chem . A b str ., 62, 11657 (1965).
(27) V on K . U b e rre ite r  and  W . R a b e l, M akrom ol. C hem ., 68, 12 (1963).
(28) E .  T . D en iso v  a n d  L .  N . D en iso v a , D okl. A k a d . N a u k  S S S R ,  157, 907 

(1964).
(29) V. L . A n to n o v sk ii, E . T . D en iso v , a n d  L . V. S o ln tsev a , K in e t. R a ta l., 

6, 815 (1965); Chem . A bstr ., 64, 1923 (1966).
(30) (a) V . Y a. S h te rn , " T h e  G a s -P h a se  O x id a tio n  a n d  H y d ro c a rb o n s ,"  

tra n s la te d  b y  M . F . M u llin s , T h e  M acm illan  C o., N ew  Y o rk , N . Y ., 1964, 
p  463 -466 . (b) A. P . Z eelenbe rg  a n d  A . F . B ickel, J .  Chem . Soc., 4014 (1961).

(31) A. F ish , Q uart. Rev., 18 , 243 (1964).
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T a b l e  III
D e c o m p o s i t i o n  o f  J-Bu0 2H i n  A l i p h a t i c  H y d r o c a r b o n s

[i-Bu02H]o, k i X 105, — Yields based on RO2H decomposed, %------
Solvent Temp, °C mol/1. sec-1 AcMe f-BuOH s—s° S— OH” S— O'

Cyclohexane 1 0 0 .0 0 .0 2 1 0 .0 1 2 1 .5 * 80 0 59 9
1 7 2 .0 0 .0 1 0 1 0 .8
1 7 2 .0 0 .0 2 5 9 . 6
182 0 .0 1 9 Some* 85 0 66 3 . 3
1 7 2 .0 0 .0 2 4 7 . 3

n-Heptane 1 7 2 .0 0 .0 2 2 4 . 3 '
1 7 2 .0 0 .0 4 6 1 4 .1

Octane 1 6 9 .0 0 .0 5 7 . 0 /

° The product from solvent was bicyclohexyl. b The product from solvent was cyclohexanol. e The product from solvent was 
cyclohexanone. * Acetone largely obscured by cyclohexane on glpc; quantitative estimation not attempted. * With 0 .0 0 3 7  M  2-Bu202 
added; initial rate from part I I . lb f  Taken from Bell, et al.3

T a b l e  IV
D e c o m p o s i t i o n s  o f  <*-Cu m y l  O2H, n-Bu02H, a n d  sec-B u02H i n  T o l u e n e

[R 0 2H]o, k  1 X 10s, ----- Yields based on RO2H decomposed, %-----------------------------,
Temp, °C mol/1. sec"1 R = O a ROH4 PhCHO PhCHîOH (PhCIDD

a-Cumyl O2H
1 8 2 .3 0 .0 2 1 4 6 . 4 5 51 32 5 . 2 21 17

139 1 .4 3 ' 28 65 7 . 6 7 .1 0 '

125 1.0 0 .9 ' 25 56 5 .6 11 0'

n-B uC hH

1 7 2 .0 0 .0 1 1 6 2 .2 *
1 7 2 .0 0 .0 3 0 0 4 .2 *
1 7 2 .0 0 .0 6 3 8 6 .4 *
1 8 2 .3 0 .0 0 6 0 3 .2 *
1 8 2 .3 0 .0 1 1 2 4 .8 * 16 6 3 ' 3 9 30

1 8 2 .3 0 .0 1 9 3 16 62

sec-B uO iH

1 7 2 .0 0 .0 2 7 2 .6 5
1 8 2 .3 0 .0 1 2 7 4 . 9 12 20 4 0
1 8 2 .3 0 .0 1 8 6 22 3 3 /

“ Ketone or aldehyde“ from hydroperoxide radical. 6 Alcohol from hydroperoxide radical. '  Estimated from times for 9 0 %  decom
position. d ( — 2[R02H]/dOo/[R02H]o. '  No carboxylic acid. f Also 19% CH3CHO.

[¿-Bu O 2H ]0 and  th e ir  10 -15 -fo ld  increase ove r those in  
benzene o r to luene  suggests s tro n g ly  th a t  h o m o ly tic  
decom pos ition  accounts fo r  l i t t le  o f th e  hyd rope rox ide  
d isappearance. N o  oxygen o r o th e r gas was produced, 
b u t  large q u a n titie s  o f oxygenated  so lve n t molecules 
w ere  found . D eco m p o s itio n  in  cyclohexane gave 
cyclohexanone and  cyc lohexano l, b u t n o  b icyc loh e xy l. 
C yclohexene m ay have been p roduced  in  sm a ll  quan
t i t ie s , 32 b u t  was n o t a m a jo r  p rod uc t.

I n  ra d ica l-in d uce d  decom positions o f i -B u 0 2H , 
(p a r t I I lb), we fo u n d  th a t  sm all am ounts  o f ¿-Bu20 2 had  
a p ronounced  e ffect (T a b le  I I I ) .  In  co n tra s t to  th e  
e ffec t o f added i-B u 20 2 in  benzene, th e  ra te  enhance
m e n t was la rge  and  pers is ted  long  a fte r  m os t o f th e  t-  
B u 20 2 shou ld  have decomposed.

T h e  p reva lence o f com p lex ing  between h yd ro pe ro x 
ides and  a ro m a tic  so lvents  has re ce n tly  been docu
m en te d . 33 W e  have expected to  ascerta in  w h a t e ffect 
th is  w o u ld  have on th e  ra te  o f h o m o ly tic  cleavage o f 
th e  0 - 0  bond  b y  co m paring  th e rm a l ra tes in  to luene  
w ith  those in  n o n a ro m a tic  hydrocarbons. H ow eve r, 
because o f th e  c o m p le x ity  o f th e  th e rm a l decom po
s it io n  in  a lkanes a t 170-180° i t  is u n lik e ly  th a t  a 
h o m o ly t ic  ra te  can be m easured und e r these cond itions .

(32) W e w ere  u n a b le  to  effect a  p ra c t ic a b le  g lpc  se p a ra t io n  of tr a c e  
a m o u n ts  of cyclohexene from  cy c lohexane . As l i t t le  a s  0 .1 %  b ic yc lohexy l 
cou ld  h a v e  been  o b serv ed . W e h a v e  found  b icy c lo h ex y l w hen  o th e r  free  
rad ic a l in i t ia to rs  h a v e  b ee n  decom posed  in  cy c lohexane , b u t  n ev e r  w hen  
¿-BuChH  h as  also  been  p re se n t in  th e  so lu tio n  (p a r t  I I lb).

(33) C . W alling  a n d  L . H e a to n , J .  A m er . Chem . Soc., 87, 38 (1965).

T h e  c o n tro llin g  fa c to r appears to  be fo rm a t io n  o f 
th e rm a lly  unstab le  peroxides w h ic h  decom pose to  g ive  
degenerate cha in  b ran ch in g  (p a r t I I lb ). A t  100° these

f-Bu02- +  S- — >  i-Bu02S — >■ i-BuO- +  SO- (43)

peroxides are re la t iv e ly  s tab le  and c o n tr ib u te  l i t t le  
to  ra d ica l-in d uce d  decom position .

Decomposition of a-Cumyl Hydroperoxide in Toluene

T h e  resu lts  o f decom position  o f 0 . 0 2  M  a -c u m y l 
h yd ro pe ro x id e  in  to luene  a t  182° (T a b le  IV )  were 
needed to  s u b s ta n tia te  th e  conclusions o f th e  p re 
ceding  section. T h e  decom positions a t h ig h  concen
tra tio n s  and  lo w  tem pera tu res  were done in  o rd e r to  
in ve s tig a te  c la im s b y  S hushunov and  cow orke rs , 34 

w ho p os tu la ted  the  re ac tio n  in  eq 44 because th e y  re-

PhCMe2*- +  PhCMe20 2H — >-
PhCMe2*02H +  PhCMe2 • (44)

covered 14C -labe led  cum ene fro m  d ecom pos ition  o f 
I 4C -labe led  a -cu m y l hyd rope rox ide  in  un la be le d  cu
mene. W e reasoned th a t  decom pos ition  o f th e  same 
co nce n tra tio n  o f a -c u m y l 0 2H  in  to luene  shou ld  y ie ld  
cumene i f  such a m echanism  were o pe ra tive . W e 
fo u n d  n o  cum ene on th e  m os t sc rupu lous  e xa m in a tio n  
o f th e  p roducts . E x a m in a tio n  o f these a u th o rs ’

(34) M . R . L eonov , B . A . R ed o sh k in , a n d  V. A. S h u sh u n o v , Z h . Obhsch.
K h im .,  32, 3959 (1962).
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e xpe rim e n ta l techn iques convinces us th a t  th e y  were 
m is led  b y  incom p le te  separa tion  o f decom pos ition  
p rod uc ts  fro m  th e  so lvent.

Decompositions of m-Bu0 2H and sec-Bu02H in 
Toluene at 170-180°

T h e rm a l decom positions o f d ilu te  so lu tions o f n -  
B u 0 2H  and  sec-B u02H  in  to luene  were ca rried  o u t to  
de te rm ine  th e  e x te n t o f hom o lys is  and  to  ga in  some in 
fo rm a tio n  on cleavage reactions o f p r im a ry  and  secon
d a ry  a lk o x y  rad ica ls  u n d e r these cond itions . A l
th o ug h  b o th  hyd rope rox ides  were s lig h t ly  co n ta m i
na ted  w ith  th e ir  p a re n t a lcohols, th is  was n o t expected 
to  in v a lid a te  th e  resu lts . R a te  constan ts  and  p ro d 
uc ts  are show n in  T a b le  IV .

D ecom pos itions  o f n -B u 0 2I I  were a u to c a ta ly t ic , 
even a t 0.01 M  in  to luene. P lo ts  o f per cen t o f R 0 2H  
vs. t im e  were lin e a r, and th e  firs t-o rd e r ra te  constan ts  
in  T a b le  I V  are ca lcu la ted  fro m  th e  in i t ia l  ra tes o f 
hyd rope rox ide  decom pos ition  d e te rm ined  fro m  such 
p lo ts . V a lues o f k x so de te rm ine d  were a p p ro x im a te ly  
p ro p o rtio n a l to  [n -B u 0 2H ] 1/2 and  suggested induced  
decom position, a lth o u g h  th e  ra tes o f low est in i t ia l  
conce n tra tio n  and  th e  y ie lds  o f b ib e n zy l were n o t m uch  
d iffe re n t fro m  those fo r  i -B u 0 2H  u nd e r s im ila r  c ir 
cumstances.

A u to ca ta lys is  fo r  ra -B u 0 2H  was n o t su rp ris in g  in  
v ie w  o f th e  M o sh e r35 re a c tio n  fo r  p r im a ry  h yd ro pe ro x 
ides, b u t th e  absence o f b u ty r ic  ac id  in  th e  p roduc ts

(35) H . S. M o sh e r a n d  L . J . D u rh a m  J .  A m er. Chem . Soc. 82, 4537 (1960).

/ 0 ^ ° \  / RRCHAH + RCHO —
E 0/  H K

RC02H +  RCHO +  H2

appeared to  e lim in a te  a n y  la rge  c o n tr ib u t io n  fro m  th is  
reac tion . T h e  evo lved  gases were n o t ana lyzed.

sec-B u02H  gave reasonab ly  good firs t-o rd e r p lo ts  
fo r  decom position  and  gave as m uch  o r m ore  b ibe nzy l 
as n -B u 0 2H  d id .

I n  p ro d u c t stud ies on co m p le te ly  decomposed so
lu tio n s , o n ly  79%  o f n -B u O  residues and  74%  o f sec- 
B uO  residues fro m  th e  respective  hydroperox ides were 
accounted fo r. U p  to  21%  n -B u O - rad ica ls  cou ld  
have been lo s t th ro u g h  cleavage to  P r  • +  C H 20  ■. sec- 
B u O  • rad ica ls  can cleave in  tw o  ways. W h ile  th e  p ro 
d u c tio n  o f m ethane in  th e  th e rm a l decom pos ition  o f sec- 
B u 20 2 in  to luene  a t 100° (p a r t I I lb) suggests th a t  a t 180° 
C H 3- rad ica ls  and E tC H O  are be ing  fo rm ed , we were 
unab le  to  fin d  th e  expected p rop io n a ld éh yd e  o r carbox
y l ic  acids in  the  p roducts . T hus , the re  appear to  be 
m a n y  o p p o rtu n itie s  fo r  fu r th e r  e xpe rim e n ta l w o rk  on 
th e rm a l decom position  o f p r im a ry  and  secondary h y d ro 
peroxides, b u t l i t t le  p o s s ib ility  o f o b ta in in g  clean re
actions and h ig h  y ie lds  o f sing le  p roducts .

Registry No.— ¿-Bu 0 2H , 75-91-2; ¿-Bu20 2, 110-05-4; 
a -cu m y l 0 2H , 80-15-9; n -B u 0 2H , 4813-50-7; s- 
B u 0 2H , 13020-06-9.
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The synthesis of l,5,6-triphenyltricyclo[3.1.0.02'6]hexan-3-one (I) from l-(l,2,3-triphenylcycloprop-2-enyl)-3- 
diazopropan-2-one (II) is described. Upon heating I  rearranges quantitatively to 3,4,5-triphenylphenol. In 
base, I readily gives 4,5,6-triphenylbicyclo[3.1.0]hex-3-en-2-one (IV). Upon irradiation with ultraviolet light I 
rearranges almost exclusively to 2,4,5-triphenylphenol, whereas IV gives substantial amounts of both 3,4,5-tri
phenylphenol and 2,4,5-triphenylphenol. Compound I reacts with méthylmagnésium iodide to give 3-methyl-
l,5,6-triphenyltricyclo[3.1.0.02’6]-3-hexanol (V).

Since 1961 th e  in tra m o le c u la r c y c liz a tio n  o f “ car- 
benes” 4 has been used to  synthes ize  a n um b er o f s tra in e d  
r in g  com pounds. W e w ish  to  re p o rt on such a syn 
thesis o f l,5 ,6 - tr ip h e n y ltr ic y c lo [3 .1 .0 .0 2,6 ]hexan-3-one 
( I )  and some o f i ts  reactions. M asam une  and co
w o rke rs 6 have  com m un ica ted  th e  resu lts  o f extensive  
stud ies on an analogous com pound, 1 ,6 -d ip h e n y l-  
tr ic y c lo [3 .1 .0 .0 2’6 ]hexan-3-one, and  th e  n ex t low e r 
hom olog, 1 ,5 -d ip h e n y ltr ic y c lo  [2.1.0.02'5 ]pentan-3-one.

C om pound  I I ,  ( l,2 ,3 -tr ip h e n y lc y c lo p ro p -2 -e n y l)a c e tic

(1) P re lim in a ry  c o m m u n ic a tio n s  of th is  w ork  h a v e  b ee n  p u b lish e d : A .
S m all, J .  A m er. Chem. Soc., 86 , 2091 (1964); A . M . S m all, Chem . C om m un ., 
243 (1965).

(2) T h is  co m p o u n d  w as p rev io u sly  n am ed  4 ,5 ,6 - tr ip h e n y ltr ic y c lo -  
[2.1.1.0®»6]hexan -2 -one b u t  re n a m e d  to  follow  th e  IU P A C  ru le s  a s  p o in te d  o u t  
b y  M e in w a ld .3

(3) J .  M ein w ald  a n d  J . K . C ran d a ll, J . A m er. Chem . Soc., 88 , 1292 (1966).
(4) T h e  firs t ex am p le  o f su ch  a  cy c liza tio n  w as re p o rte d  b y  G . S to rk  a n d  

J . F ic in i, ib id ., 83 , 4678 (1961).
(5) (a) S. M asa m u n e , ib id ., 86, 735 (1964); (b ) S. M asam u n e , Tetrahedron

Lett., 945 (1965); (c) S. M a sa m u n e  a n d  N . T . C aste llu cc i, Proc. Chem . Soc., 
298 (1964). (d) S. M asa m u n e , et a l., Tetrahedron Lett., 193 (1966).

acid, was p repared  in  good y ie ld  b y  th e  h yd ro lys is  
o f th e  crude reac tion  p ro d u c t fro m  tre a tm e n t o f t r i -  
p h e n y lcyc lo p ro p e n y l b ro m id e  w ith  e th y l b rom oace ta te  
in  th e  presence o f z inc in  re flu x in g  benzene-ether. 
I t  had  th e  ty p ic a l u v  spectrum  o f a d ip h e n y lcyc lo - 
propene doub le  bond 6 and  th e  in fra re d  spec trum  and 
ana lysis also suppo rted  th e  proposed s tru c tu re  (see 
E x p e rim e n ta l Section).

C om pound  I I I ,  l- ( l,2 ,3 - tr ip h e n y lc y c lo p ro p -2 -e n y l) -
3 -d iazopropan-2-one, was syn thes ized  fro m  th e  acid  
ch lo rid e  o f I I  and d iazom ethane  in  th e  usua l m anner. 
I t s  spectra  and ana lysis su ppo rted  its  s tru c tu re . W hen  
th is  d iazo ke tone  was tre a te d  w ith  copper in  re flu x in g  
benzene, a good y ie ld  o f com pound  I  was ob ta ined  
a fte r ch ro m a to g ra ph y . T h e  s tru c tu re  o f I  was in d i
cated b y  analysis and b y  spectra l and chem ica l p rop 
erties. T h e  in fra re d  spec trum  showed a ca rb o ny l

(6) R . B reslow  a n d  C . Y uan , J .  A m er. Chem . Soc., 80, 5991 (1958), a n d
s u b se q u e n t p ap e rs  b y  R . B reslow  a n d  cow orkers.
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b an d  a t 1750 c m - 1  ty p ic a l o f a five -m em bered  r in g  
ke tone .7 T h e  u lt ra v io le t spectrum  showed a shou lde r a t 
243 m ¡x (log e 4.23). T hus, th is  com pound shows a 
s tro ng  chrom ophore , ty p ic a l o f o th e r d ip h e n y lb ic y c lo - 
b u ty l  d e r iv a tiv e s .8 T h e  in te n s ity  o f the  u lt ra v io le t 
abso rp tio n  is n o t su rp ris in g  in  v ie w  o f th e  large am o u n t 
o f 7r characte r in  th e  1 -3 -ca rbon  b ridge  o f b icyc lo 
bu tanes . 9 T h e  n m r spectrum  and  ana lysis also agreed 
w ith  th e  proposed s tru c tu re , show ing  o n ly  a 15-p ro ton  
m u lt ip le t  centered a t 7.2 fo r  th e  phe n y l hydrogens, a 
o ne -p ro ton  s ing le t a t 3.2 fo r  th e  bridgehead hydrogen , 
and a tw o -p ro to n  s ing le t a t 2 . 6  p p m  fo r  th e  m e th y l
ene hydrogens. In  com parison  1 ,6 -d ip h e n y ltr ic yc lo - 
[3.1.0.02'6 ]hexan-3-one has the  fo llo w in g  chem ica l s h if t  
va lues : phe n y l, 7 .1 ; bridgehead hydrogens, 3.4 and 
3.2; m e thy lene  hydrogens, 2 . 0  p p m .5b Since S il- 
ve rs te in  and B ass le r10 ind ica te  a ch em ica l-sh ift change 
o f 0.35 p p m  fo r  add ing  a p h e n y l ¡3 to  a m e thy lene  group, 
th e  n m r spectra  o f th e  tw o  tr ic y c lic  com pounds agree 
ra th e r closely.

F u r th e r  evidence fo r  the  s tru c tu re  o f com pound  I  
are th e  fo llo w in g  reactions. U p o n  m e ltin g  o r hea ting  
b r ie fly  a t 180° th is  com pound rearranges q u a n ti
ta t iv e ly  to  3 ,4 ,5 -tr ip h en y lp h en o l, id e n tif ie d  b y  com 
parison  w ith  an a u th e n tic  sample. T h e  rearrange
m e n t s im p ly  invo lve s  a bond  re o rg an iza tio n  to  th e  ke to  
fo rm  o f th e  pheno l w h ich  th e n  tau tom erizes. T h is

re ac tio n  cou ld  have  been p red ic ted  fro m  the  fa c i l i ty  
and m echanism  o f th e  th e rm a l rearrangem ent o f b i
cyc lobu tane  and s im p le  d e r iv a tiv e s . 9,11 S ta b iliz a tio n  
b y  the  p h e n y l su b s titu e n ts  o f th e  tra n s it io n  s ta te  fo r  
th is  reac tion  shou ld  also enhance th e  re a c tiv ity . M a -

(7) K . N a k an ish i, “ In f ra re d  A b so rp tio n  S p ec tro sc o p y ,”  H o ld en -D ay , In c ., 
S an  F ran c isc o , C alif., 1962, p  42.

(8) F o r  exam ple, l ,5 -d ip h en y ltr icy c lo [2 .1 .0 .0 2,5]p en tan -3 -o n e  show ed  Amax 
242 m u  (log e 4 .1 6 ) ,^  l,6 -d ip h e n y ltr ic y c lo [3 .1 .0 .0 ?»6]hexan -3 -one  show ed 
Amax 255 m ft (log e 4.08) ,6b a n d  m e th y l l,3 -d ip h en y lb icy c lo b u tan e -2 -ca r-  
b o x y la te  show ed  Amax 270 m/* (log <• 3 .95 ).6b

(9) See M . P o m e ra n tz  a n d  B . W . A b rah am so n , J .  A m er. Chem , Soc., 88, 
3970 (1966), a n d  references c ited  th e re in .

(10) R . M . S ilv e rste in  a n d  G . C. B assler, “ S p e e tro m e tric  Id e n tif ic a tio n  of 
O rg an ic  C o m p o u n d s ,”  1st ed, J o h n  W iley  a n d  Sons, In c ., N ew  Y ork , N . Y ., 
1962, p  83.

(11) See K . B . W ib erg  a n d  J . M . L a  v an ish , J .  A m er. Chem . Soc., 88 , 5272 
(1966), a n d  re fe rences  c ite d  th e re in .

samune6c has also observed th e  fac ile  th e rm a l isom eriza 
t io n  o f l,6 -d ip h e n y ltr ic yc lo [3 .1 .0 .0 2,6 ]hexan-3-one to
3 ,4 -d ipheny lpheno l.

I n  th e  presence o f base the  t r ic y c lic  ke tone  rearranges 
re a d ily  to  4 ,5 ,6 -tr ipheny lb icyc lo [3 .1 .0 ]hex-3 -en -2 -one .
( IV ) .  T h is  re ac tio n  can ta ke  place b y  th e  m echanism  
show n in  Scheme I .  T h e  d r iv in g  fo rce  fo r  th e  re ac tio n  
is re lie f o f s tra in  and fo rm a tio n  o f the  p h e n y l and  car
b o n y l con juga ted  doub le  bond.

S c h e m e  I

T h e  s tru c tu re  o f IV  was ascerta ined fro m  its  spectra l 
and pho tochem ica l p roperties. I t s  ca rb o ny l b and  a t 
1690 cm - 1  in  th e  in fra re d  and its  Amax 281 m ^  (log 
e 4.14) in  th e  u lt ra v io le t are in  th e  reg ion  expected fo r  
a 3 -pheny lcyc lo pe n t-2 -e n -l-o ne . 12 T h e  n m r spec trum  
also agreed w ith  the  s tru c tu re  (see E x p e rim e n ta l Sec
tio n ) . T h e  lo w  va lue  ( J  =  4 cps) o f th e  co u p lin g  
constan t between the  cyc lo p ro p y l p ro to n s  suggests 
th a t  these tw o  hydrogens are ¿raws. 13 T h is  w o u ld  
m ean th a t  in  th e  r in g  opening o f com pound  I ,  the  cyc lo 
p ro p y l an ion  is p ro to n a te d  before i t  has a chance to  
ep im erize . 14 T h is  is n o t su rp ris in g  in  v ie w  o f the  
h ig h  exchange vs. race rn iza tion  ra te  o f cya nocyc lop ro - 
panes15 and th e  stereospecific opening in  base o f 1,5- 
d ip h e n y ltr ic y c lo [2 .1 .0 .0 2,6 ]pentan-3-one to  a b ic y c lo 
b u ty l d e r iv a tiv e .6b

U ltra v io le t  ir ra d ia tio n  o f com pound  I V  in  a P y rex  
vessel gave a sm all am o u n t o f ac id ic  m a te ria l w h ich  
was n o t characterized, a 50%  y ie ld  o f crude 2,4,5- 
tr ip h e n y lp h e n o l, and a 20%  y ie ld  o f crude 3 ,4 ,5 -tr i
pheny lpheno l. B o th  p roduc ts  were characte rized  b y  
com parison  w ith  samples prepared b y  a d iffe re n t rou te . 
T h is  pho tochem ica l b ehav io r is re a d ily  exp la ined  on 
th e  basis o f th e  m echanism  proposed b y  Z im m e rm an  
fo r  th e  rearrangem ent o f 6 ,6 -d ip h e n y lb icyc lo [3 .1 .0 ]- 
hex-3-en-2-one and re la ted  com pounds . 16 T h e  p h o to -

(12) See exam ples in  C . F . H . A llen a n d  J . A. V anA llen , ib id ., 77 , 2315 
(1955); P . Y a te s, N . Y oda, W . B row n, a n d  B . M an n , ib id ., 80 , 202 (1958); 
B . E is te r t  a n d  A. L a n g b e in , A n n .,  678, 78 (1964).

(13) J . D . G ra h a m  a n d  M , T . R ogers, J .  A m er. Chem . Soc., 84 , 2249 
(1962).

(14) T h e se  co n s id e ra tio n s  le ad  to  th e  te n ta t iv e  fo rm u la tio n  of th e  s te re o 
c h e m is try  of IV  as

(15) H . M . W alb o rsk y , A. A. Y oussef, a n d  J . M . M o tes , J .  A m er. Chem. 
Soc., 84 , 2466 (1962).

(16) H . E . Z im m e rm an  a n d  D . I . S ch u s te r, ib id ., 84 , 4527 (1962), an d  
la te r  p ap e rs .
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ch em is try  o f a s im ila r  com pound, 1 ,3 ,4 ,5 -te trapheny l- 
b icyc lo  [3.1.0]hex-3-en-2-one has been s tu d ie d  b y  D u r r . 17 

T h e  fa c t th a t  th is  com pound  gives a 9 1%  y ie ld  o f 2,3,4,6- 
te tra p h e n y lp h e n o l where p h e n y l m ig ra tio n  has n o t 
occurred is again n o t su rp ris in g  in  te rm s o f the  Z im 
m erm an m echanism . T h us  th e  s im ila r ity  o f these 
pho tochem ica l rearrangem ents also lends su p p o rt to  th e  
s tru c tu re  proposed fo r  IV .

In  co n tra s t to  the  pho tochem ica l b ehav io r o f the  
b icyc lic  ketone IV ,  th e  t r ic y c lic  ke tone I  undergoes 
rearrangem ent a lm o s t e xc lus ive ly  to  2 ,4 ,5 -tr ip h e n y l- 
phenol. M asam une  and coworkers have proposed and 
su bs ta n tia ted  a m echanism  fo r  th is  p ho tochem ica l re
ac tion  in  th e  case o f 1 ,6 -d ip h e n y ltr ic yc lo  [3.1.0.02,6]- 
hexan-3-one.5d

K e to ne  I  reacts ty p ic a lly  w ith  m é thy lm agnés ium  
iod ide  to  g ive  th e  corresponding  te r t ia ry  a lcoho l (V ) 
whose spectra  and ana lysis agreed w ith  its  s tru c tu re . 
C om pound I  also gives d e riva tive s  w ith  h y d ro xy la m in e ,
2 ,4 -d in itro ph e nyh yd ra z ine , to sy lh yd ra z in e , and b ro 
m ine in  carbon te tra ch lo rid e , b u t these p roduc ts  were 
n o t fu l ly  characterized.

Ph Ph

W e do n o t in te n d  to  explore  th e  ch e m is try  o f the  
t i t le  com pound fu rth e r.

E xp e rim e n ta l S ection
The nmr spectra were run on a Varian A-60 spectrometer in 

deuteriochloroform with tetramethylsilane as an internal stan
dard. Ultraviolet spectra were determined either on a Beckman 
DK or Cary 14 spectrophotometer with 95% ethanol as the sol
vent unless otherwise indicated. Infrared spectra were taken as 
potassium bromide disks on either a Beckman IR-9 or Perkin- 
Elmer Infracord. Melting points are uncorrected.

(l,2,3-Triphenylcycloprop-2-enyl)acetic Acid (II).—Triphenyl- 
cyclopropenyl bromide was prepared by the method of B reslow 
and Chang18 and recrystallized from acetonitrile before use.

In a 200-ml, three-necked flask equipped with stirrer, pressure 
equalizing dropping funnel, and reflux condenser topped with a 
calcium chloride tube was placed 11 g (0.17 g-atom) of small 
pieces of zinc which had been sandpapered and then cut and 
rolled. The system was flamed out and 35 ml of solvent (20 ml 
of dry benzene and 15 ml of anhydrous diethyl ether) was added. 
In the dropping funnel was placed 20 ml (30 g, 0.18 mol) of 
ethyl bromoacetate (Eastman Kodak) in 20 ml of benzene and 
10 ml of ether. An iodine crystal was added to the stirred 
mixture which was heated to reflux. Part of the ethyl bromo
acetate solution was added and the reaction mixture turned 
cloudy after 10 min. Then 5.93 g (0.017 mol) of triphenyl- 
cyclopropenyl bromide was added. The remainder of the ethyl 
bromoacetate solution was added over the course of 30 min. 
The mixture was allowed to reflux for 3-5 hr. During this time 
the ether was allowed to evaporate. The homogeneous reaction 
mixture was poured into water and 6 N  hydrochloric acid added 
to dissolve the zinc salts. The reaction mixture was extracted 
three times with ether; the combined ether layers were washed 
to neutrality with water, dried over magnesium sulfate, filtered, 
and removed under reduced pressure to give a reddish oil. This 
was hydrolyzed directly with 20 g of potassium hydroxide in 
250 ml of methanol by refluxing for 100 min. The mixture was

(17) H . D u rr , Tetrahedron L ett., 5829 (1966).
(18) R . B reslow  a n d  H . W . C h an g , J .  A m er . C hem . Soc ., 83 , 2374 (1961).

poured into water and filtered to collect the fairly insoluble acid 
salt. The filtrate was extracted two times with ether (discarded), 
then neutralized with hydrochloric acid and extracted three 
times with ether which was combined and washed with water, 
dried over magnesium sulfate, filtered, and removed under 
reduced pressure. The acid obtained in this manner was com
bined with the acid obtained by stirring the acid salt overnight 
with 30 ml of concentrated hydrochloric acid, pouring the mix
ture into water, extracting with ether, and washing, etc. The 
crude solid was recrystallized from 50 ml of ethanol to give 3.6 
g (59%) of pale yellow crystals, mp 182-184 dec. The yield of 
acid can be improved slightly by running the reaction under 
nitrogen. A sample, recrystallized for analysis from ethyl ace
tate, was colorless and had mp 183° dec.

The infrared spectrum showed a carbonyl band at 1730 and a 
cyclopropene band at 1835 cm-1. The ultraviolet spectrum had 
Xma* 330 (log e 4.39), 313 (4.47), and a shoulder at 300 m/x (4.34).

Anal. Calcd for C23H180 2: C, 84.63; H, 5.56. Found: C, 
84.65; H, 5.55.

l-(l,2,3-Triphenylcycloprop-2-enyl)-3-diazopropan-2-one (III).
—Compound II, (l,2,3-triphenylcycloprop-2-enyl)acetic acid, 
was covered with excess oxalyl chloride and allowed to stand 
overnight at room temperature. The excess oxalyl chloride was 
removed under reduced pressure; the resulting solid was dis
solved in dry benzene which was then removed under reduced 
pressure. The acid chloride, dissolved in dry benzene or ether, 
was added to a stirred solution of a 2-mole excess of diazomethane 
in ether. The addition (using 1 g of acid chloride in 10 ml of 
benzene) took about 0.5 hr and the mixture was allowed to stand 
at room temperature for 2 hr. Removal of the solvent under 
reduced pressure (do not heat) gave the diazo ketone which was 
used directly in the synthesis of I. A sample was purified for 
analysis by recrystallization from carbon tetrachloride. The 
infrared spectrum showed strong peaks at 2120 (diazo compound), 
1820 (cyclopropene), and 1650 cm-1 (carbonyl). The ultra
violet spectrum in dioxane had Xma* 330 mu (log e 4.42), 313 
(4.50), and 227 (4.59) and a shoulder at 299 mm (4.41), The 
nmr spectrum had a 15-proton multiplet centered at 7.5 (phenyl 
hydrogens), a one-proton singlet at 5.1 (methine hydrogen), and 
a two-proton singlet at 3.3 ppm (methylene hydrogens).

Anal. Calcd for C24HI8N20 : C, 82.26; H, 5.18; N, 8.00. 
Found: C, 82.05; H, 5.21; N, 7.91.

l,5,6-Triphenyltricyclo[3.1.0.02'6]hexan-3-one (I).—A 150-ml, 
three-necked flask was flamed out and equipped with a reflux 
condenser, dropping funnel, and nitrogen inlet tube. To the 
flask was added 30 ml of benzene and 0.9 g of copper powder and 
the system flushed with nitrogen and brought to reflux. Positive 
nitrogen pressure was maintained throughout the period of 
heating. In the dropping funnel was placed 0.992 g of the crude 
diazo compound III , dissolved in 30 ml of benzene. This was 
dropped into the refluxing benzene over a period of 10 min and 
refluxed for 1 hr more. The solution was cooled and filtered 
free of copper; the benzene was removed under reduced pressure. 
Chromatography on Fisher alumina (80-200 mesh) gave, in 
benzene, 0.51 g (57%) with mp 155.5-156° and 0.068 g (7%), 
with mp 148-156°. A sample prepared for analysis by recrystal
lization from ethyl acetate had mp 155-157°. The compound 
rapidly resolidified at its melting point. The infrared spectrum 
showed a strong carbonyl band at 1750 and a weaker peak at 
1710 cm-1. The ultraviolet spectrum (dioxane) showed a 
shoulder at 243 m>i (log t 4.34). The nmr spectrum had a 15- 
proton multiplet centered at 7.2 (phenyl hydrogens), a one- 
proton singlet at 3.2 (bridgehead hydrogen), and a two-proton 
singlet at 2.6 ppm (methylene hydrogens).

Anal. Calcd for C21H180 : C, 89.42; H, 5.63; mol wt, 322. 
Found: C, 89.24; H, 5.68. mol wt, 318 (thermoelectric osmom
eter).

Thermal Reaction of 1,5,6-Triphenyltricyclo[3.1.0.02-6]hexan-
3-one (I).—A 40-mg sample of the tricyclic ketone was heated 
for 1 min under nitrogen in a test tube immersed in an oil bath 
at 180°. The sample quickly melted and resolidified. The prod
uct had mp 227-229. A mixture melting point with an authentic 
sample of 3,4,5-triphenylphenol19 which had mp 227-229° was 
228-230°. An infrared spectrum was identical with the infrared 
spectrum of authentic 3,4,5-triphenylphenol.

(19) P re p a re d  b y  th e  m e th o d  of A . S m ith  [Chem. B er., 26 , 65 (1893)] as 
m odified  b y  J .  B . G a rn e r  [Am er. Chem . J . ,  31 , 143 (1904 )]; B . P ra g e r , et d l., 
“ B e ils te in s  H a n d b u c h  d e r O rg an isch e r C h em ie ,” V ol. V I, 4 th  ed, Ju liu s  
S p rin g er, B e rlin , G e rm an y , 1923, p  721 ; V ol. V I I I ,  p  220.
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Rearrangement of I to 4,5,6-Triphenylbicyclo[3.1.0]hex-3-en-
2-one (IV).—To 15 ml of purified dioxane and 10 ml of water was 
added 1.0 g (0.003 mol) of tricyclic ketone I and 1.0 g (0.025 mol) 
of sodium hydroxide. The resulting mixture was refluxed for 
1 hr, then poured into water. The water layer was extracted 
three times with ether which was washed with w'ater, dried over 
magnesium sulfate, filtered, and removed under reduced pres
sure to give an oily solid which was recrystallized from ethanol to 
give 0.77 g with mp 150-152° and 0.06 g with mp 149-153°. 
These crops were recombined and recrystallized to give 0.70 g 
(70%) of colorless, feathery crystals, mp 155-156°. A sample 
recrystallized for analysis had mp 157-158°. The compound 
is not stable on silica gel and is sensitive to light.

The compound had a carbonyl band at 1690 cm-1 in the 
infrared and a peak at 1.68 ^ in the near infrared. In the ultra
violet it showed Xmax 281 m/j (log e 4.14). The nmr spectrum 
showed a 15-proton multiplet centered at 7.1, a one-proton 
doublet with some fine structure (J = 1 cps) centered at 5.9 
(vinyl proton), a one-proton doublet with some fine structure 
(J =  4 cps) at 3.1 (cyclopropyl proton), and a one-proton pair 
of doublets (J — 1 cps, J  = 4 cps) at 2.7 ppm (cyclopropyl 
proton).

Anal. Calcd for C,4H 180 : C, 89.42; H, 5.63; mol wt, 322. 
Found: C, 89.15; H, 5.68; mol wt, 324 (thermoelectric osmom
eter).

Photoreaction of IV.—A solution of 0.295 g of IV in 590 ml of 
60% dioxane-water in a Pyrex gas bubbler was flushed with 
nitrogen for 45 min. The system was irradiated in a Srinivasan- 
Griffin reactor containing 2537-A lamps for 14 hr. The reaction 
mixture was reduced in volume to 100 ml by reduced pressure 
distillation. Water was added and the resulting mixture ex
tracted three times with ether. The ether was extracted with 10% 
sodium carbonate, acidification of which gave 0.027 g of oil 
which was not characterized further. The ether was washed 
with water, dried over magnesium sulfate, filtered, and removed 
under reduced pressure. Treatment of the resulting oil with 
ethanol gave 0.027 g (9%) of 3,4,5-triphenylphenol, mp 221- 
225. Chromatography of the remainder of the material on 
alumina gave 0.147 g (50%) of crude 2,4,5-triphenylphenol which 
on recrystallization from petroleum ether (bp 30-60°) gave 
0.090 g with mp 97.5-100° and 0.032 g (11%) of 3,4,5-triphenyl- 
phenol, mp 195-205°, which on recrystallization from aceto
nitrile gave 0.011 g, mp 222-224°. The triphenylphenols were 
characterized by infrared and mixture melting point determina
tions. Thin layer chromatography revealed that the purified 
sample of 2,4,5-triphenylphenol contained a trace of 3,4,5- 
triphenylphenol.

Photoreaction of I.—The photoreaction of 0.290 g of this com
pound was run the same way as that of compound IV except 
that it was photolyzed for 22 hr. A slight residue formed (<1% ) 
which was not characterized. A work-up similar to that for the 
photoreaetion of IV gave no acidic fraction. Treatment of the 
other fraction with ethanol gave 0.143 g (49%) of starting ma
terial, mp 155.5-156.5° (identified by mixture melting point 
and infrared determination). There was left 0.146 g (50%), 
mp 87-90°, whose infrared spectrum was identical with that of
2,4,5-triphenylphenol. Recrystallization from petroleum ether 
gave 0.085 g, mp 113-114°. A mixture melting point with 
authentic 2,4,5-triphenylphenol of mp 114.5-115°*° was 113.5- 
115°.

A thin layer chromatogram of the crude reaction product re
vealed that only starting material and 2,4,5-triphenylphenol 
were present in large amounts. There were several spots showing 
traces of other components one of which had the same Rt value 
as 3,4,5-triphenylphenol. Control reactions, run under the same 
conditions of temperature, time, concentration, and work-up, 
revealed that without ultraviolet light neither I nor mixtures of 
I and 2,4,5-triphenylphenol gave the presumed 3,4,5-triphenyl
phenol. The other trace spots were present after the photolysis 
of 2,4,5-triphenylphenol under the same conditions (but not the 
spot for presumed 3,4,5-triphenylphenol).

Preparation of 2,4,5-Triphenylphenol. 4-Hydroxy-3,4,6-tri- 
phenylcyclohex-2-en-l-one.—To a 1-1. round-bottomed, three- 
necked flask equipped with a mechanical stirrer was added

(20) S am p les  of 2 ,4 ,5 - tr ip h en y lp h en o l show  v a r ia b le  m e ltin g  p o in ts  de
p e n d in g  o n  th e  r a te  of h ea tin g . R a p id  h ea tin g  re su lts  in  co n s id e rab ly  low er 
m e ltin g  p o in ts . A ll sam p les , ev e n  th o se  w h ich  h a v e  b ee n  th o ro u g h ly  d ried , 
sh o w  so m e b u b b lin g  on m e ltin g . W e h a v e  n o t in v e s tig a te d  th is  p h en o m en o n  
fu r th e r.

52 g (0.25 mol) of benzoin, 100 ml of absolute methanol, 
100 ml of absolute ethanol, 200 ml of ethylene glycol, and 29 
g (0.50 mol) of sodium methoxide. The mixture was stirred until 
it turned brown. Then 30 g (0.21 mol) of freshly prepared
3- phenyl-3-buten-2-one21 dissolved in 250 ml of ethanol was 
added dropwise. As the vinyl compound was added everything 
dissolved giving a deep reddish purple color. After 14 hr of 
stirring the reaction mixture was orange and a precipitate had 
formed. The reaction mixture was poured into a large excess of 
water and ether and filtered. This gave 50 g (70%) of product, 
mp 198-201°. A sample recrystallized from ethyl acetate for 
analysis had mp 212.5-214.5°.

Its infrared spectrum showed a carbonyl band at 1660 cm-1. 
The ultraviolet spectrum ir. dioxane had Xma„ 282 mya (log c 4.26).

Anal. Calcd for C24H20O2: C, 84.68; H, 5.92. Found: C, 
84.39; H. 5.92.

(2,4,5-Triphenyl)phenyl Acetate.—To 2.4 g (0.007 mol) of
4- hydroxy-3,4,6-triphenylcyclohex-2-en-l-one, mp 206-209°, was 
added 25 ml of acetic anhydride and 5 drops of concentrated 
sulfuric acid. The mixture was refluxed for 10 min, then poured 
into water. The resulting mixture was extracted three times with 
ether which was washed with water, 10% sodium carbonate, and 
water and then dried over magnesium sulfate, filtered, and 
removed under reduced pressure. This gave 2.8 g (109%) of 
product smelling of acetic acid, mp 153.5-155°. A sample re
crystallized for analysis from ethanol had mp 154.5-155.5°. 
The infrared spectrum showed a carbonyl band at 1750 cm-1. 
The ultraviolet spectrum had Xmax 244 m/i (log « 4.57). The nmr 
spectrum showed a 17-proton multiplet (phenyl hydrogens) at
7.3 and a three-proton singlet (methyl hydrogens) a t 2.1 ppm.

Anal. Calcd for C26H20O2: C, 85.69; H, 5.53. Found: C, 
85.93; H, 5.70.

2,4,5-Triphenylphenol.—To 1.0 g (0.0028 mol) of acetate was 
added 50 ml of ethanol and 1.5 g (0.026 mol) of potassium hy
droxide. The mixture was boiled for 15 min on the steam bath 
and allowed to cool slowly to room temperature. The reaction 
mixture was poured into water, neutralized with hydrochloric 
acid, extracted three times with ether which was washed with 
water, dried over magnesium sulfate, filtered, and removed under 
reduced pressure to give 1.0 g (110%) of product, mp 102-104°. 
One recrystallization from petroleum ether gave colorless crys
tals, mp 93-94° .20 The infrared spectrum showed a peak at 
3600 cm-1 (hydroxyl). The ultraviolet spectrum showed Xmax 
308 mya (log 3.97) and 250 (4.61). The nmr spectrum showed 
a 17-proton multiplet centered at 7.0 (phenyl hydrogens) and a 
one-proton singlet at 1.4 ppm (phenolic hydrogen).

Anal. Calcd for C24H,80 : C, 89.42; H, 5.63. Found: C, 
89.23; II, 5.58.

3-Methyl-l,5,6-triphenyltricyclo[3.1.0.02’6]-3-hexanol (V).—To 
the Grignard reagent prepared from 1.25 g (0.01 mol) of methyl 
iodide and 0.25 g (0.01 g-atom) of magnesium in 20 ml of an
hydrous ether was added dropwise with stirring 0.300 g (0.00093 
mol) of tricyclic ketone I dissolved in 5 ml of benzene. The 
resulting mixture was stirred 2 min longer and poured into water. 
The mixture was extracted three times with ether which was 
washed, dried over magnesium sulfate, filtered, and removed under 
reduced pressure to give a yellow solid, mp 70-160°. The 
material was taken up in benzene (some material did not dis
solve) and chromatographed on Fisher alumina. Elution with 
benzene gave 0.234 g of crude solid which on recrystallization 
from petroleum ether gave 0.075 g (24%) mp 84-90°. The melt
ing point depends on the rate of heating. The infrared spectrum 
showed a peak in the hydroxyl region.

The nmr spectrum showed a 15-proton multiplet centered at
7.2 (phenyl hydrogens), a one-proton singlet at 2.8 (methine 
hydrogen), a two-proton singlet at 2.2 (methylene hydrogens), 
and a three-proton singlet at 1.5 ppm (methyl hydrogens). 
Apparently, the hydroxyl peak was so broad that it could not 
be detected.

Anal. Calcd for C25H220: C, 88.72; H, 6.55. Found: C, 
88.51; H, 6.68.

Registry No.—I ,  1731-34-6; I I ,  15707-53-6; I I I ,  
15707-48-9; IV ,  15707-49-0; V , 15746-00-6; 4 -h y - 
d ro xy -3 ,4 ,6 -tr ip h e n y lcyc lo h e x -2 -e n -l-o n e , 15707-50-3; 
(2 ,4 ,5 -tr ip h e n y ])p h e n y l acetate, 15707-51-4; 2 ,4 ,5-
tr ip h e n y lp h e n o l, 1731-36-8.

(21) W . W ilson  a n d  Z-Y . K y i, J .  Chem. Soc„  1321 (1952).
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Several reactions are discussed. In the presence of silver benzoate, triethylamine, and ethanol, l-( 1,2,3-tri- 
phenylcycloprop-2-enyl)-3-diazopropan-2-one (lb) rearranges to two isomers of ethyl (l,2-diphenylcyclobut-2- 
enyl)phenylacetate (6a and b). Thermally, (l,2,3-triphenylcycloprop-2-enyl)acetyl azide (8b) rearranges to 
the corresponding isocyanate which was trapped with either dimethylamine or ethanol. With ultraviolet light 
the azide follows a different pathway.

I n  th e  course o f o u r stud ies on th e  t i t le  rearrangem ents 
M asam une  and  cow orkers pub lished  severa l co m m u n i
ca tions 3 on a s im ila r  to p ic . T h is  paper w i l l  s u b s ta n tia te  
and  add to  th e  conclusions d ra w n  b y  h is g roup. T h e  
e legant w o rk  o f M asam une  has show n th a t  th e  p ro d u c t 
o f rearrangem en t o f 1 - ( 1 ,2 ,3 - tr ip h e n y l cyc lo p rop -2 -e n y l) -
3 -d iazopropan-2-one  (lb) in  th e  presence o f s ilv e r ox ide  
is to  ( l , 2 -d ip h e n y lc y c lo b u t-2 -e n y l)p h e n y la ce tic  ac id  (2 ) 
and n o t to  th e  te n ta t iv e ly  assigned s tru c tu re , (1 ,2 ,4 -tr i-  
p h e n y lcyc lo b u t-2 -e n y l)a ce tic  a c id 1 (3a). H e  also dem -

PhN__ .Ph

Y
R C H -Ç -C H N ,  

O

Ag,0

la, R =  H 
b,R=Ph

CH2C02R

3a, R = H
b, R= CH2CH3

ons tra ted  th a t  fo r  l-(2 ,3 -d ip h e n y lc y c lo p ro p -2 -e n y l)-3 - 
d iazop ropan -2 -one (la) in te rm e d ia te s  in  th e  reac tion  
were l,2 -d ip h e n y ltr ic y c lo [2 .2 .0 .0 2,6 ]hexan-3-one (4a)4 
a n d /o r  p h e n y l (2 -p h e n y lcyc lo b u t-2 -e n y l)ke te n e  (Sa).6

(1) A  p re lim in a ry  co m m u n ic a tio n  of p a r t  of th is  w ork  ap p e a re d  in  A. 
Sm all, J .  A m er . Chem. Soc., 86 , 2091 (1964).

(2) A b s tra c te d  in  p a r t  fro m  th e  M a s te r ’s th e s is  of S. T a n g , U n iv e rs ity  of 
C o n n ec tic u t, J u n e  1966.
I (3) (a) S. M a sa m u n e  a n d  N . C . C aste llu cc i, Proc. Chem . Soc., 298 (1964); 
(b) S. M asa m u n e  a n d  K . F u k u m o to , Tetrahedron L ett., 4647 (1965); (c) 
N . C . C aste llucci, M . K a to , H . Z enda, a n d  S. M asam u n e , Chem. C om m un., 
473 (1967).

(4) A  referee  h as  suggested  2 ,4 -d ip h e n y ltr ic y c lo (2 .2 .0 .0 .2-8]h exan -3 -one (i) 
a s  a n  a l te rn a t iv e  s tr u c tu r e  to  4 a . W ith  th e  in fo rm a tio n  a v a ilab le , th e  a u 
th o rs  c a n n o t u n eq u iv o cab ly  dec ide  b e tw e en  i a n d  4 a ;  th e  n m r  d a t a ^  a n d

I
th e  re su lts  of th e  a p p lic a tio n  of O ccam ’s R a z o r  to  th e  m e ch an ism  of fo rm a
tio n  seem  m o re  co m p a tib le  w ith  4a .

(5) F o r  conven ien ce  on ly  one  m e m b er of each  dl p a ir  is d raw n .

o
4a, R =  H 

b,R=Ph
5a,R =H  

b, R = Ph

In  a d d itio n  to  th e  s ilv e r oxide  cond itio n s  fo r  th e  W o lf f 
rea rrangem en t o f lb, s ilv e r benzoate, tr ie th y la m in e , 
and  abso lu te  e thano l have also been u t iliz e d . 6 U n d e r 
th e  la t te r  cond itions  th e  rearrangem en t also takes place 
and a 4 8%  y ie ld  o f crude ester 6a is iso la ted . T h e  ester 
was characte rized  b y  spectra, w h ic h  were s im ila r  to  the  
corresponding  acid , and analysis. I n  s tro ng  base th is  
ester is converted  in to  a new  isom eric  com pound, 6b. 
A n  n m r spectrum  o f the  crude re ac tio n  p ro d u c t fro m  the  
W o lf f  rearrangem en t ind ica tes  th a t  6a and b are present 
in  th e  ra t io  o f ro u g h ly  2 :1 . U n d e r th e  reac tion  cond i
tio n s  b o th  6a (co n ta in in g  some 6b) and 6b rem a in  es
s e n tia lly  unchanged so th a t  6b m u s t arise fro m  an in 
te rm ed ia te  and n o t fro m  6a.

T h e  in fra re d  and  u lt ra v io le t spectra  o f 6a and b are 
v e ry  s im ila r. H ow ever, th e  fa c t th a t  th e y  are d iffe re n t 
com pounds is evidenced in  p a r t ic u la r  b y  th e  n m r  spec
tra . F irs t, th e  ch em ica l-sh ift va lues fo r  th e  va rious 
g roups are dec ided ly  d iffe re n t fo r  th e  tw o  com pounds. 
In  fa c t, a w eak a bso rp tion  fo r  th e  e th y l g roup  in  6b can 
be seen c lea rly  in  th e  spectrum  o f im p u re  6a. M o re 
over, th e  abso rp tio n  fo r  th e  e th y l g rou p  in  th e  tw o  com 
pounds is dec ided ly  d iffe re n t. F o r  com pound 6a th is  
abso rp tio n  is a s im p le  A 2X 3 p a tte rn , whereas fo r  com 
pound  6b th e  p a tte rn  is th a t  fo r  an A B X 3 system  (see 
E x p e rim e n ta l S ection). T h u s  th e  d iffe r in g  a sym m e try  
o f th e  tw o  m olecules affects th e  n m r p a tte rn  fo r  the  
e th y l g roup. T h e  conclusion  d ra w n  fro m  th e  spectra l 
and  chem ica l d a ta  is th a t  th e  tw o  com pounds m u s t be 
racem ic d iastereom ers d iffe r in g  in  th e  co n fig u ra tio n  o f 
th e  carbon  a  to  th e  ca rb o n y l g roup.

T h e  p re fe re n tia l fo rm a tio n  o f 6a can be expla ined b y  
a stereoselective reac tion  o f e ith e r 1 ,2 ,6 - t r ip h e n y lt r i-  
cyc lo [2 .2 .0 .0 2,6)hexan-3-one (4b) (pos tu la ted  in  ana logy

(6) M . S. N ew m an  a n d  P . F . B eal, J .  A m er. Chem. Soc., 7 i ,  5163 (1950).
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to  M asam une ’s f in d in g s3*3) o r the  corresponding ketene 
5b  w ith  e thano l. These reactions are dep ic ted  in  
Scheme I . 5

S c h e m e  I

4b
c h 3c h 2o h

Ph / hH Ph Ph / h Ph H

' c f - Y  + V r - V
CO,C2H5 C02C

6a
major product

C02C2H5 
6b

minor product

CHjCHjOH CHjCHjOH
or 4b ------------5b ---------------- ► 6a +  6b

I n  a d d itio n  to  th e  evidence w h ic h  M asam une has 
presented fo r  th e  s tru c tu re  o f com pound 2  and re la ted  
com pounds3*3 is th e  rearrangem ent o f 6 b in  acid  to  com 
pound  7 in  9 1 %  y ie ld .

A ss ignm en t o f th e  s tru c tu re  o f 7 rests on its  spectra  
and  analysis. T h e  in fra re d  spectrum  ind ica tes  a 7 - 
lac tone  (ca rb o ny l band  a t 1780 cm -1 ) w h ile  th e  u lt ra 
v io le t  spectrum  shows the  loss o f th e  phen y l-co n jug a te d  
doub le  bond  (o n ly  end a bso rp tion ). T h e  n m r spectrum  
subs tan tia tes  s tru c tu re  7. I n  p a rtic u la r, besides the  
p h e n y l abso rp tion , the  low est fie ld  a bso rp tion  was ex
pected to  be th a t  fo r  p ro tons  on  the  carbon a  to  th e  
ca rb o n y l g roup. T h is  abso rp tion , o ccu rrin g  a t 4.4 ppm , 
is a o n e -p ro to n  s in g le t ra th e r th a n  th e  com plex spectrum  
expected fo r  th e  lactone  derived  fro m  3b.

Because o f the  en ligh te n in g  ch em is try  o f lb ,  th e  reac
tio n s  o f ( l,2 ,3 -tr ip h e n y lc y c lo p ro p -2 -e n y l)a c e ty l azide 
(8 b ) were s tud ied. D u r in g  th e  course o f o u r inve s tiga 
tio n , M asam une  and cow orkers re p o rte d 3*3' 0 on  the  
th e rm a l and pho to reac tions  o f (2 ,3 -d iph e ny lcyc lo p ro p -
2 -eny l) a ce ty l azide (8 a). O u r w o rk  p rov ides  a series o f 
com pounds w h ich  undergo analogous reactions b u t u n 
fo r tu n a te ly  do n o t shed any  a d d itio n a l l ig h t  on  th e ir  
mechanisms.

T h e  azide 8 b was p repared  fro m  (1 ,2 ,3 -tr ip he n y lcyc lo - 
p ro p -2 -e n y l)a ce ty l ch lo ride  and sod ium  azide .7 T h e

R' CH2R
8 , R=C N 3

II
O

8a,R ' =  H 
b,R ' =  Ph
9 ,  R =  N =C =0;R ' =  Ph

0
II

10, R =  NHCN(CH3)2; R' =  Ph
0

11, R =  NHCOCH2CH3; R' =  Ph

azide rearranged th e rm a lly  in  re flu x in g  benzene to  th e  
corresponding isccyanate  9, w h ich  cou ld  be tra p p e d  
w ith  d im e th y la m in e  to  g ive  N ,N -d im e th y l-N '- ( l ,2 ,3 -  
tr ip h e n y lc y c lo p ro p -2 -e n y lc a rb in y l)u re a  ( 1 0 ) and w ith  
e thano l to  g ive  tw o  p roducts , e th y l N - ( l,2 ,3 - tr ip h e n y l-  
cyc lo p ro p -2 -e n y lca rb iny l)ca rb a m a te  (11) and  3 ,4 ,5 -tr i-  
p h e n y l-2 -py rido n e  ( 1 2 ) .9 T h e  s tru c tu res  o f 1 0  and 11 
were s tra ig h tfo rw a rd ly  assigned on th e  basis o f th e

Ph

H

12. R =Ph, R '= H
13, R =  H, R '=Ph

ty p ic a l d ipheny lcyc lop ropene  chrom ophore  in  th e  u l
tra v io le t spectrum , n m r and in fra re d  spectra , and 
analysis. T h e  s tru c tu re  o f 1 2  was assigned on  the  
basis o f th e  in fra re d  peaks a t 3450 (N — H )  and 
1630 c m - 1  ( C = 0 ) ,  u lt ra v io le t abso rp tio n  a t Xmax 326 
m y  (log e 3.92) and 255 (4.33), and analysis. T h e  
spectra  are q u a lita t iv e ly  s im ila r to  those re p o rte d  fo r
3 ,4 -d iph e ny l-2 -p y rid o ne 3b and 5 ,6 -d ip h e n y l-2 -p y rid o n e 10 

and to  those fo r  4 ,5 ,6 -tr ip h e n y l-2 -p y rid o n e  (see be low ). 
T h e  m echanism  o f p y rid o n e  fo rm a tio n  in  a s im ila r  case 
has been discussed b y  M asam une . 30

P h o to lys is  o f 8 b in  anhyd rous e the r gave cons ide rab ly  
d iffe re n t resu lts. Besides in tra c ta b le  ta rs , th e re  was 
ob ta ined  4 ,5 ,6 -tr ip h e n y l-2 -p y rid o n e  (13). Some 9 was 
also p resent (p resum ab ly  fro m  th e rm a l rearrange
m e n t o f th e  azide) w h ich  could  be tra p p e d  w ith  e th 
anol to  g ive  a v e ry  low  y ie ld  o f 11. I r ra d ia t io n  o f 9 
d id  n o t g ive  any  13. T h e  s tru c tu re  o f 13 was in d ica te d  
b y  its  spectra  and ana lysis (see E x p e rim e n ta l Section) 
and its  id e n t ity  w ith  a sample p repared  b y  a d iffe re n t 
ro u te . 11 N o  in te rm e d ia te  was detected  in  th is  re
ac tion  b y  re m o v in g  a liq uo ts  and ta k in g  n m r and  in 
fra re d  spectra. M asam une 30 has discussed th e  m ech
anism  o f th is  reac tion  w ith  8 a as s ta r t in g  m a te ria l.

E xp e rim e n ta l S ection
The nmr spectra were run on a Varian A-60 spectrometer in 

deuteriochloroform with tetramethylsilane as an internal stan
dard. Ultraviolet spectra were determined either on a Beckman 
DK or Cary 14 spectrophotometer with 95% ethanol as the sol
vent unless otherwise indicated. Infrared spectra were taken 
as potassium bromide disks or smears on either a Beckman IR-9 
or Perkin-Elmer Infracord. Melting points are uncorrected.

Rearrangement of l-(l,2,3-Triphenylcyclopropenyl)-3-diazo- 
propan-2-one (lb) to (l,2-Diphenylcyclobut-2-enyl)phenylacetic 
Acid (2) in Dioxane-Water.—The diazo ketone lb , prepared 
from 1.5 g (0.0046 mol) of (l,2,3-triphenylcycloprop-2-enyl)- 
acetic acid,8 9 was dissolved in 35 ml of purified dioxane and added 
dropwise with stirring to 0.300 g (0.0013 mole) of silver oxide, 
0.510 g (0.0048 mol) of sodium carbonate, and 0.300 g (0.0019 
mol) of sodium thiosulfate dissolved in 30 ml of water main

(7) T h e  ch lo rid e  w as p re p a re d  in  th e  u su a l m a n n e r ,8 th e  az id e  b y  th e  
m e th o d  of W . M . Jo n es , M . H . G rasley , a n d  W . S. B rey , J r . ,  J .  A m er. Chem . 
Soc., 86 , 2754 (1963).

(8) See p a p e r  I  in  th is  series, A. S. M o n ah an , J .  Org. Chem ,, 33, 1441 
(1968).

(9) A referee  has suggested  3,5,6- o r 3 ,4 ,6 -tr ip h en y l-2 -p y rid o n e  as a l te rn a 
tiv e  s tru c tu re s . A lth o u g h  th e  3,4,5 a r ra n g e m e n t of p h en y ls  is n o t e s ta b 
lished  b y  o u r  d a ta , i t  is th e  m o s t likely  on m e ch an is tic  g ro u n d s  a n d  in  v iew  
of M asa m u n e ’s w ork  w ith  8 a .3b>d

(10) A. D . C am p b ell a n d  K . D . R . S tev en s, J .  Chem . Soc., 949 (1956).
(11) T h e  sy n th es is  w as p a t te rn e d  a f te r  th e  p y rid o n e  sy n th es is  of C . 

H au se r an d  C . J .  E b y , J .  A m er. Chem. Soc., 79 , 728 (1957).
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tained at 50-60° with an oil bath .12 The addition took 0.5 hr, 
and the reaction mixture was heated an additional 0.5 hr. The 
reacion mixture was filtered and the filtrate extracted three 
times with ether. The basic filtrate was then acidified with 
dilute nitric acid and extracted three times with ether. The 
ether was washed with water, dried over magnesium sulfate, 
filtered, and removed under reduced pressure to give 0.487 g of 
oil. Treatment with ethanol gave 0.174 g (11%) of colorless 
crystals of 2 , mp 175-179, and a second crop of 0.219 g (14%), 
mp 152-168°.

The ether ext racts of the original filtrate were combined, washed 
with water, dried over sodium sulfate, filtered, and removed 
under reduced pressure to give 1.09 g of dark oil. This nonacidic 
material was run through the reaction again using the same 
quantities of dioxane-water and inorganic reagents and heating 
at 70-80° for 5.5 hr. Work-up as above gave 0.202 g (13%) of 
2, mp 165-171°.

A sample of 2, recrystallized for analysis from ethanol, had 
mp 178.5-180°; ultraviolet, Xmax 257 mp (log e 4.12); infrared, 
1710 cm-1 (C = 0 ); nmr, 8 10.1 (s, 1, acid hydrogen), 7.2 (m, 
15, phenyl hydrogens), 6.2 (somewhat broads, 1, vinyl hydrogen),
4.6 (somewhat broad s, 1, tertiary hydrogen), 3.4 (d, 1, J  = 14 
cps, methylene hydrogen), 2.6 (d, 1, J  = 14 cps, methylene 
hydrogen).

Anal. Calcd for C24H20O2: C, 84.68; H, 5.92. Found: C, 
84.42; H, 5.78.

Rearrangment of lb to 6a and fib in Ethanol.—To 1.5 g (0.0043 
mol) of lb suspended in 60 ml of absolute ethanol was added 
several drops at a time over a period of 1.5 hr, 0.6 g of silver 
benzoate dissolved in 6 ml of triethylamine. Most gas evolution 
ceased after the first 0.5 hr. The reaction mixture was stirred 
an additional 1.5 hr, poured into water, extracted three times 
with ether, washed three times with hydrochloric acid, then 
three times with water, dried over magnesium sulfate, filtered, 
and removed under reduced pressure to give a red oil. The oil 
was chromatographed on silica gel to give 0.756 g (48%) of 
colorless crystalline 6a, mp 100-106°.

A sample, recrystallized for analysis from ethanol, had mp
98.5-126°; ultraviolet, Xmal 256 (log e 4.13); infrared, 
1730 cm-1 (C = 0 ); nmr (in addition there were very weak 
peaks of fib), 8 7.3 (m, 16, phenyl hydrogens), 6.5 (t, 1, J  = 1 
cps, vinyl hydrogen), 4.7 (s, 1, tertiary hydrogen), 3.9 (q, 2, 
J  = 7 cps, methylene of ethyl), 2.7 (q, 1, J  = 1 cps, J  = 13 
cps, ring methylene hydrogen), 0.9 (t, 3, J  = 7 cps, methyl 
hydrogens), 3.5 (d, 0.5, J  =  1 cps, upperfield part of quartet 
due to other ring methylene hydrogen). The lower field portion 
of the latter absoption is hidden by the quartet a t 3.9 ppm.)

Anal. Calcd for C26H24O2: C, 84.75; H, 6.57. Found: C, 
84.90; H, 6.50.

To 0.075 g of 6a was added 25 ml of ethanol containing 6 g of 
dissolved potassium hydroxide. The mixture was allowed to 
stand 1 day at room temperature, then poured into water. The 
water layer was extracted three times with ether which was 
washed with water, dried over magnesium sulfate, filtered, and 
removed under reduced pressure. The resulting solid was re
crystallized from ethanol to give 0.045 g, mp 130-132°, and a 
second crop of 0.022 g, mp 95-99°. The first crop, 6b, re- 
crystallized for analysis from ethanol, had mp 132.5-136°. 
Admixture with 6a gave mp 94-124°. The ultraviolet had Xmax 
259 mn (log e 4.18); infrared identical with that of 6a except that 
peak at 1200 cm-1 was stronger; nmr, 8 7.4 (m, 15, phenyl 
hydrogens), 6.2 (t, 1, J  =  1 cps, vinyl hydrogen), 4.2 (q of d, 
2, J  = 7 cps, J  = 3 cps, methylene of ethyl group), 3.4 (d of 
d, 1, J  =  16 cps, ./ = 1 cps, ring methylene hydrogen) and 1 . 1  
(t, 3, /  =  7 cps, methyl of ethyl group).

Anal. Calcd for C26H24O2: C, 84.75; H, 6.57. Found: C, 
84.84, 84.60; H, 6.59, 6.63.

The nmr spectrum of the crude reaction product from another 
run of the rearrangement of lb (acidic material was removed from 
the ether solution by extraction wih 10% sodium carbonate) was 
taken. The ratio of the peaks for the methine protons was 
roughly 2 :1  6a/6b.

Attempted Equilibration of 6a and 6b under Wolff Rearrange
ment Conditions.—To a flask was added 0.103 g of 6b, 0.040 g 
of silver benzoate, 4 ml of ethanol, and 0.4 ml of triethylamine. 
Since heat was necessary to keep 6b in solution, the mixture was

(12) See W . E . B a c h m a n n  a n d  W . S. S tro v e , Org. R eactions, 1, 51 
(1942).

refluxed for 0.5 hr and then allowed to stand at room temperature 
for 2.5 hr during which time a solid precipitated. The reaction 
mixture was worked up in the same way as the run with compound 
lb except that any acidic material was removed by extraction 
of the ether solution with two portions of 10% sodium carbonate. 
The nmr spectrum of the crude product was identical with that 
of the starting material. No peaks for compound 6a could be 
detected.

A 0.102-g sample of 6a, which by integration of the vinyl and 
methine hydrogens in the nmr spectrum indicated a ratio of 
6a/6b of 2.2 (±0 .2): 1, was mixed with 0.040 g of silver benzoate, 
4 ml of ethanol, and 0.4 ml of triethylamine. The mixture was 
warmed to get the solid into solution, then allowed to stand at 
room temperature for 3.5 hr. After a work-up as for 6b, the 
nmr spectrum showed a ratio of 6a/6b of 2 .1 ( ± 0 .2 ): 1 .

Rearrangement of 6b to Lactone 7.—To 1.011 g (0.00274 mol) 
of compound 6b, mp 135-136°, was added 100 ml of acetic acid, 
30 drops of water, and 11 drops of sulfuric acid. The mixture 
was refluxed for 6 hr and poured onto ice. The resulting mixture 
was extracted three times with ether, which was washed with 
water, 10% sodium carbonate, and water, dried over magnesium 
sulfate, filtered, and removed under reduced pressure to give 
an oily solid. This was recrystallized once from ethanol to give 
0.71 g of 7, mp 129-131°, and 0.126 g, mp 126-131°, or a total 
of 0.845 g (91%).

A sample, recrystallized for analysis from ethanol, had mp 
135-137°; ultraviolet, only end absorption; infrared, 1780 
cm-1 (C = 0 ); nmr, 8 7.0 (m, 15, phenyl hydrogens), 4.4 (s, 1, 
tertiary hydrogen), 2.6 (m, 4, methylene hydrogens).

Anal. Calcd for C24H2o02: C, 84.68; H, 5.92. Found: C, 
84.40, 84.49; H, 5.70, 5.86.

(l,2,3-Triphenylcycloprop-2-enyl)acetyl Azide (8b).—The acid 
chloride1 from 0.40 g (0.0012 mol) of (1,2,3-triphenylcyclo- 
prop-2-enyl)acetic acid, prepared in the usual manner,8 was dis
solved in 8 ml of dry acetone and cooled in an ice bath. To the 
cold solution was rapidly added 0.080 g (0.0012 mol) of sodium 
azide dissolved in a minimum amount (about 0.5 ml) of water. 
The solution was stirred for 1 hr and poured into ice-cold water. 
The resulting mixture was extracted with ether which was washed 
once with water, dried over magnesium sulfate at 0°, filtered, 
and removed under reduced pressure to give 8b: infrared, 
2130 (N = N ), 1710 (C = 0 ), and 1800 cm-1 (cyclopropene); 
nmr, 8 7.2 (m, 15, phenyl hydrogens), 3.2 (s, 2, methylene 
hydrogens). The compound rearranged slowly at room tempera
ture to the corresponding isocyanate 9.

N,N-Dimethyl-N'-(i,2,3-triphenylcycloprop-2-enylcarbinyl)- 
urea (10).—An ether solution of 8b [from 0.3 g of (1,2,3-tri- 
phenylcvcloprop-2-enyl)acetic acid] was added dropwise to 4 
ml of stirred refluxing benzene over the course of 30 min. The 
solution was refluxed for 20 min more and cooled in an ice bath, 
and anhydrous dimethylamine passed through for 1 hr. Ether 
was added to the solution which was washed with water to remove 
excess dimethylamine, then dried over magnesium sulfate, filtered, 
and removed under reduced pressure to give 0.294 g of yellow
011. Crystallization from ethyl acetate gave a first crop of 0.044 
g of colorless 8b, mp 118-119°, and a second crop of 0.122 g of 
yellow crystals, mp 116-120°. The total yield was 0.116 g 
(49%).

A sample prepared for analysis had mp 120-120.5°; ultraviolet, 
Xmax 330 m î (log t 4.32), 315 (4.41), sh 299 (4.34); infrared, 
3400 (N -H ), 1800 (cyclopropene), 1620 cm-1 (C = 0 ); nmr, 
8 7.4 (m, 16, phenyl hydrogens and N -H ), 4.3 (broad s, 2, 
methylene hydrogens), 2.6 (s, 6, methyl hydrogens).

Anal. Calcd for C25H24N20 : C, 81.52; H, 6.52; N, 7.60. 
Found: C, 81.63; H, 6.73; N, 7.85.

Ethyl N-(l,2,3-Triphenylcycloprop-2-enylcarbinyl)carbamate 
(11) and 3,4,5-Triphenyl-2-pyridone (12).—A dry ether solution 
of 8b (from 0.41 g of acid chloride) was added dropwise to 8 ml 
of refluxing, stirred, dry benzene over the course of 20 min. 
After the addition was complete, the benzene-ether solution was 
refluxed for an additional 25 min. The solvent was evaporated 
and a yellow oil obtained: ultraviolet, Xma* 330 m î (log t 4.27), 
317, 299; infrared, 2275 cm -1 (isocyanate). Absolute ethanol 
(25 ml) was added to the oil and the resulting solution allowed to 
stand at room temperature for 15 hr. The solvent was removed 
under reduced pressure to give 0.43 g of brown solid. By frac
tional crystallization from benzene and ethanol, there was ob
tained 0.29 g (64%) of 11, mp 114-116°, and 0.029 g (8%) of 12, 
mp 317-320. Another run gave 70% 11, mp 115-116°, and 6%
12.



A sample of 11, prepared for analysis by recrystallization from 
ethanol, had mp 117.5-118°; ultraviolet, Amax 330 irpi (log e 
4.33), 314 (4.43), sh 299 (4.36); infrared, 3300 (N-H), 1800 
(cyclopropene), 1690 cm-1 (C = 0 ); nmr, 8 7.4 (m, 16, phenyl 
hydrogens and N -H ), 4.3 (d, 2, J  = 5 cps, methylene attached 
to ring), 4.0 (q, 2, J  = 7 cps, methylene of ethyl), 1.1 (t, 3, 
J  =  7 cps, methyl of ethyl).

Anal. Calcd for C»HMN 02: C, 81.30; H, 6.28; N, 3.79. 
Found: C, 81.12; H, 6.32; N, 3.75.

A sample of 12 prepared for analysis by recrystallization from 
acetone had mp 323.5-325°; ultraviolet, Xmax 326 my (log e 
3.92), 255 (4.33); infrared, 2450 (N-H), 1630 cm“1 ( 0 = 0 ) .

Anal. Calcd for C23H 17NO: C, 85.42; H, 5.30. Found: C, 
85.39; H, 5.38.

Photolysis of Azide 8b.—An anhydrous ether solution (200 ml) 
of 8b (from 0.35 g of acid chloride) was irradiated in a quartz 
cell under positive nitrogen pressure. A Srinivasan-Griffin re
actor with 2537-A lamps was used as a light source. The dis
appearance of the azide bands in the infrared spectrum was 
complete after 6 hr. After allowing some solvent to evaporate, 
there was obtained0.025gof colorless fluffy crystals, mp 272-275°; 
a second crop gave 0.013 g, mp 268-271 ° ; a third crop gave 0.008 
g, mp 267-271°. The total yield of 4,5,6-triphenyl-2-pyridone 
(13) was 0.046 g (14%). A mixture melting point with 13, mp 
276-277°, prepared by a different route (see below), was 275- 
276°. The infrared spectra of the two samples were also identi
cal.

A sample prepared for analysis by recrystallization from ace
tone had mp 276-277°; ultraviolet, Amax 326 m/r (log e 3.91), 
259 (4.25); infrared, 2450 (N-H), 1635 cm“1 (C = 0 ).

Anal. Calcd for C23H„NO: C, 85.42; H, 5.30; N, 4.33. 
Found: C, 85.31; H, 5.30; N, 4.14.

The remainder of the reaction mixture was evaporated to a 
yellow oil, whose infrared showed a band at 2270 cm-1 (iso
cyanate). Absolute ethanol was added to the oil and after 4 days 
was removed under reduced pressure. The resulting gum was 
chromatographed on Fisher adsorption alumina giving 0.005 g 
(2%) of 11, mp 115-117°. The rest of the material was an 
intractable red gum.

Photolysis of l,2,3-Triphenylcycloprop-3-enylcarbinyl Iso
cyanate (9).—An anhydrous ether solution of 8b (from 0.385 g of 
acid chloride) was added dropwise to 20 ml of refluxing dry 
benzene over the course of 5 min. I t  was then refluxed an
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additional 1 hr. The solvents were evaporated under reduced 
pressure to give a brown oil whose infrared spectrum showed a 
band at 2270 cm-1. The oil was dissolved in 200 ml of anhydrous 
ether and photolyzed for 6 hr. The solvent was evaporated 
leaving an oil which showed a peak a t 2270 cm-1 (isocyanate). 
Absolute ethanol was added to the oil and the solution allowed 
to stand at room temperature for 4 days. By filtering, 0.032 g 
(9%) of 12, mp 315-318°, was obtained. Chromatography of 
the remaining material on Fisher adsorption alumina gave 5% 
(0.020 g) of 11, mp 116-118°. The rest of the material was an 
intractable red gum.

No pyridone could be obtained before treating the reaction 
mixture with ethanol.

Preparation of 4,5,6-Triphenyl-2-pyridone (13).u—To 75 g of
stirred polyphosphoric acid was added 3.6 g (0.025 mol) of
3-phenyl-3-oxopropanenitrile and 5.0 g (0.025 mol) of deoxy- 
benzoin. The mixture was stirred for 5 min and then heated 
and stirred on a steam bath for 30 min during which time the 
reaction mixture turned red. Another 5 g of deoxybenzoin was 
added and the mixture heated at 135-145° in an oil bath for 35 
min. The mixture was pcured onto 300 g of ice. To this was 
added 200 ml of ether, and the mixture was stirred for 0.5 hr. 
The mixture was filtered to give a solid which on recrystallization 
from acetone gave 0.037 g (0.48%) of 13, mp 276-277°.

R e g is try  N o .— lb ,  15707-48-9; 2 , 15983-99-0; 6 a, 
15983-93-4; 6 b, 15983-94-5; 7, 15983-95-6; 8 b ,
15983- 96-7; 10, 15983-97-8; 11, 15983-98-9; 12,
15984- 00-6 ; 13, 15984-01-7.
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Reactive Interm ediates in the Bicyclo[3.1.0]hexyl and Bicyclo[3.1.0]hexylidene  
System s. I V .1 T h e Free-R adical Chlorination and Chloroform ylation of

B icy clo[3. 1 .0]hexane
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Received September 25, 1967

Free-radical chlorination of bicyclo[3.1.0]hexane (I) using ¿-butyl hypochlorite results in substitution at C-2 
(78%) and C-3 (22%). Radical chloroformiyation of I using oxalyl chloride generates, after esterification,
2-carbomethoxy- (16%) and 3-carbomethoxybicyclo[3.1.0]hexane (12%) derivatives, as well as rearrangement 
products methyl A2-cyclopentenylacetate (36%) and 4-carbomethoxycyclohexene (33%).

O u r in te re s t in  b ic y c lo [3 .1 .0 ]h e x y l ca rb o n iu m  ions1,3 

and b icyc lo [3 .1 .0 ]h e xy lid e n e  b iv a le n t ca rbon  in te r 
m ed iates4 led  us q u ite  n a tu ra lly  to  a cons ide ra tion  o f 
b ic y c lo [3 .1 .0 ]h e x y l free -rad ica l in te rm ed ia tes . H y 
drogen a b s tra c tio n  fro m  b icyc lo [3 .1 .0 ]hexane  ( I )  ap
peared to  be a s tra ig h tfo rw a rd  m e thod  o f genera tion  o f 
b ic y c lo [3 .1 .0 ]h e x y l free rad ica ls . A b s tra c tio n  o f a 
h yd ro ge n  a to m  fro m  C-3 m ig h t p roduce  free ra d ica l I I ,

(1) P a r t  I I I :  P . K . F reem an , F . A. R ay m o n d , a n d  M . F . G ro stic , J .  Org.
C hem ., 3 2 ,  24 (1967).

(2) U n d e rg ra d u a te  researc h  p a r t ic ip a n ts , s u p p o r te d  b y  N a tio n a l S cience 
F o u n d a tio n  G ra n ts  N S F  G -21900 an d  N S F  G -16215.

(3) P . K . F reem an , M . F . G rostic , a n d  F . A. R a y m o n d , ib id ., 3 0 ,  771 
(1965).

(4) P . K . F re e m a n  a n d  D . G . K u p e r , ib id ., 3 0 ,  1047 (1965).

3

6
I II III

analogous to  th e  tr ish o m o cyc lo p ro p e n y l ca rb o n iu m  
io n , 5 w h ile  a b s tra c tio n  a t C-2 m ig h t genera te  ra d ic a l 
I I I ,  analogous to  a b ic y c lo b u to n iu m  io n  in te rm e d ia te . 6 

W e chose to  consider fre e -ra d ica l h a logena tion  us ing

(5) (a) S. W in ste in , E . C . F r ie d r ic h , R . B ak e r, a n d  Y .- I  L in , T etra 
hedron, 621 (1966). (b ) S . W in ste in  a n d  J .  S o n n en b erg , J .  A m er. Chem . Soc., 
8 3 ,  3235 (1961); 8 3 ,  3244 (1961). S. W in s te in , ib id ., 8 1 ,  6524 (1959). S. 
W in ste in , J .  S o nnenberg , a n d  L . d e  V ries, ib id ., 8 1 ,  6523 (1959).

(6) M . S. S ilver, M . C . C aserio , H . E . R ice, a n d  J .  D . R o b e rts , ib id ., 8 3 ,  
3671 (1961).
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¿-buty l h y p o c h lo rite , w h ic h  proceeds u t i l iz in g  th e  t- 
b u to x y  ra d ic a l as th e  cha in  c a rr ie r , 7 and th e  lesser kn ow n

RH +  i-BuO- — >  R- +  i-BuOH 

R- +  i-BuOCl — >- RC1 +  i-BuO •

c h lo ro fo rm y la tio n  re a c tio n ,8 - 1 2  fo r  w h ic h  th e  ra d ica l 
sequence in  Scheme I  has been p roposed .8

S c h e m e  I

I  (COCl)2 — 2-COC1
hv

and/or (COCl)2 — >  Cl- +  -COCOC1
II -COC1— > -C l- + C O  

■COCOC1— > C 1- +  2CO
RH +  C l------>- R- +  HC1

R- +  (COC1).. — >  RCOC1 +  -COC1

A  d iffe re n t v ie w  o f th e  tra n s fe r step is fa vo re d  b y  
R unge 9 and b y  T re ib s  and  O rttm a n n  ( fo r  o x a ly l b ro 
m ide ) , 11 w ho  su p p o rt a tw o -s te p  process, in  sp ite  o f 
evidence presented aga inst th is  a lte rn a t iv e .8 A d d i
t io n a l research on th is  p o in t w o u ld  appear to  be w o r th 
w h ile .

R- +  (COX)2 — >- RCOCOX +  X- 
RCOCOX — >- RCOX +  CO

R esu lts

T h e  p h o to c h lo r in a tio n  o f b icyc lo [3 .1 .0 ]hexane  was 
accom plished b y  irra d ia t io n  o f m ix tu re s  o f b icyc lo -
[3 .1 .0 ] hexane (1 0%  m ole  excess) and ¿ -buty l h y p o 
ch lo rite . T h e  y ie lds  o f m onoch lo rides va rie d  fro m  24 
to  42% . T h e  re ac tio n  m ix tu re s  were analyzed b y  va p o r 
phase ch ro m a to g ra ph y , us ing  an 8 - f t  co lum n  o f tr is -  
(cyanoe thoxy) propane, and showed peaks w ith  re ten 
t io n  tim es  correspond ing  to  s u b s titu t io n  a t C -2 and 
C-3 on th e  b icyc lo [3 .1 .0 ]hexane  r in g  ske le ton : tra n s -
3-ch lo rob icyc lo  [3.1.0 ]hexane ( IV a ) /a s -3 -c h lo ro b ic y c lo -
[3 .1 .0 ] hexane (V a) a n d /o r  ¿ rans-2 -ch lorob icyc lo [3 .1 .0 ]- 
hexane (V Ia ) /a s -2 -c h lo ro b ic y c lo  [3 .1 .0 ]hexane ( V i la )  
in  an average ra tio  o f 7 : 7 1 : 2 2  (T a b le  I ) .  T h e  tra n s -3

T a b e e  I
P h o t o c h l o r in a t io n  o f  B ic y c l o [3 .1 .0 ]h e x a n e  

w it h  í- B tjtyl  H y p o c h l o r it e

Y ield , -— Composition of the monochloride fraction—
R u n % trans-  3 cis-3 trans-  2 cis- 2

1 24 7% 15 % 5 5 % 2 3 %
2 35 7 14 57 22
3 4 0 7 14 57 22
4 34 7 14 56 2 3

5 30 6 14 57 23

6 35 6 14 57 23

7 4 2 . 5 8 13 56 23

(7) C . W a lling  a n d  B . B . Jack n o w , J .  A m er. Chem . Soc., 82 , 6108 (I9 6 0 ).
(8) M . S. K h a ra sc h , S. S. K an e , a n d  H . C . B row n , ib id ., 64, 1621 (1942); 

64, 333 (1942). M . S. K h a ra s c h  a n d  H . C. B row n , ib id ., 64, 329 (1942); 62, 
454 (1940).

(9) F . R u n g e , Z . E lektrochem ., 60 , 956 (1956); 66 , 779 (1952).
(10) M . T . A h m ed  a n d  A. J .  Sw allow , J .  Chem . Soc., 3918 (1963).
(11) W . T re ib s  a n d  H . O r ttm a n n , N aturw issenscha ften , 46 , 85 (1958).
(12) A. I . G ersh en o v ich  a n d  A. K . M ik h a ilo v a , S in te z  i  Svoistva M ono- 

merov, A k a d . N a u k  S S S R ,  In s t .  N e ftek h im . S in tesa , Sb . R abot lS -o i [Dvenadt- 
sa to i\ K o n f. po Vysokolom oïekul. Soed in ., 216 (1962); cf. Chem. A bstr ., 62, 
6404d (1965).

and c is - 2  ch lorides were id e n tif ie d  b y  com parison  o f 
th e ir  in fra re d  and n m r spectra  w ith  those o f a u th e n tic  
samples . 1 C om parison  o f th e  in fra re d  spectra  o f th e  
m a jo r  com ponent (7 1% ) w ith  th e  spectra  o f tra n s -2- 
and m -3 -c h lo ro b ic y c lo  [3.1.0 jhexane p re v io u s ly  re
corded 1 dem onstra ted  th a t  th e  m a jo r  com ponent was 
p r in c ip a lly  th e  tr a n s - 2  ch lo rid e  accom panied b y  a 
sm a lle r a m o u n t o f c is -3  ch lo rid e  in  a ra tio  o f 57 :14  
(base-line ca lcu la tio n  using th e  747 c m - 1  cfs-3 ch lo ride  
b and ). A 2-C y c lo p e n te n y le a rb in y l ch lo rid e  ( V i l l a )  and
4-ch lorocyclohexene ( IX a )  have  re te n tio n  tim es  on the  
tr is (cya n o e th o xy ) p ropane co lum n  corresponding  to  
those fo r  tra n s -3 and  tra n s - 2  ch lo ride , re spective ly , b u t 
were fo u nd  n o t to  be present b y  in fra re d  analyses o f the  
in d iv id u a l com ponent peaks.

b,X =

VII

Cl
COCI

[ > -  CXx
VIII IX

c, X = CO,CHj
d, X = CN

C h lo ro fo rm y la tio n  o f b icyc lo [3 .1 .0 ]hexane  was car
rie d  o u t b y  ir ra d ia tio n  o f an e q u im o la r s o lu tio n  o f o xa ly l 
ch lo rid e  and b icyc lo [3 .1 .0 ]hexane . T h e  15 -1 8%  y ie ld  
o f acid  ch lorides, w h ich  was ob ta ined , was converted  
in to  a m e th y l ester fra c tio n  b y  tre a tm e n t w ith  m e thano l 
and p y rid in e . I t  was possible to  separate tw o  unsa tu 
ra ted  com ponents in  su ffic ie n t p u r i ty  fro m  th e  com plex 
m ix tu re  o f m e th y l esters b y  v a p o r phase ch rom atog 
ra p h y  fo r  id e n tif ic a tio n . In fra re d  and n m r spectra l 
com parison w ith  a u th e n tic  samples dem onstra ted  th a t  
these tw o  com ponents were 4 -carbom ethoxycyc lohexene  
( IX c )  and m e th y l A 2-cyc lop en te ny la ce ta te  ( V I I I c ) .  
A lth o u g h  th e  m e th y l ester fra c tio n  resisted a ll a tte m p ts  
to  achieve sa tis fa c to ry  re so lu tio n  o f a ll com ponents on a 
v a r ie ty  o f vp c  co lum ns, adequate re so lu tio n  o f 4 -carbo
m ethoxycyclohexene, m e th y l A 2-cyc lopen teny lace ta te , 
and th e  re m a in ing  ca rbom ethoxyb icyc lo [3 .1 .0 ]hexanes 
was accom plished b y  a c o m b in a tio n  o f hyd ro ge n a tio n  
o f th e  m e th y l ester fra c tio n  over p a lla d iu m  on carbon, 
a re ac tio n  w h ich  leaves th e  b icyc lo [3 .1 .0 ]hexane  skele
to n  in ta c t, and use o f a 2 5 -ft C a rbow ax 1500 co lum n. 
V a p o r phase ch ro m a to g ra ph ic  ana lysis o f th is  reduced 
m e th y l ester fra c tio n  and n m r and in fra re d  spec tra l com
parison  w ith  s tandards revealed th a t  th e  o r ig in a l ester 
fra c tio n  had  th e  com pos ition  3 6%  m e th y l A 2-cyc lo - 
pen teny lace ta te  ( V I I I c ) ,  3 3%  4 -ca rb om e th oxycyc lo 
hexene ( IX c ) ,  and 10%  ¿rans-3-carbom ethoxy-, 2 %  
cfs-3 -ca rbom e thoxy-, 6 %  ¿raws-2 -ca rb o m e th o xy -, and 
10%  c fs -2 -ca rbom ethoxyb icyc lo [3 .1 .0 ]hexane  ( IV c -  
V I I c ) .

D iscuss ion

In  com paring  th e  ¿ -buty l h y p o c h lo r ite  ch lo r in a tio n  
w ith  th e  c h lo ro fo rm y la tio n , one is f irs t  s tru c k  w ith  th e  
la rge  degree o f rearrangem en t p roduc ts  ( V U Ib ,  IX b )  
fo rm ed  in  th e  la t te r  reac tion . T h e  rearrangem ent 
p a thw ays  lead ing  to  these p rod uc ts  w o u ld  appear to  be 
analogous to  p re v io u s ly  repo rted  examples o f 8  fission



in cyclopropylcarbinyl free-radical systems.13’14 How
ever, in addition to fission of bonds a and b in cyclo
propylcarbinyl radical X, (3 fission at bond c in X  or a in
3-bicyclo[3.1.0]hexyl radical X I might produce cyclo- 
pentenylmethyl and 4-cyclohexenyl derivatives (Scheme
II). There are, however, no products in either the

S c h e m e  II

®  6 -
' b

X XI

/  \
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chlorination or chloroformylation reactions, which cor
respond to the acyclic or monocyclic, cyclopropyl free- 
radical intermediates of Scheme II. In addition the 
double bond in the cyclopentenylmethyl radical formed 
in this manner is in the A3 and not the A2 position. It 
is possible that a small amount of A3 isomer may have 
gone undetected in the A2-cyclopentenyl product, 
however. Walling, Cooley, and coworkers15 have 
recently demonstrated the preference of 5-hexenyl and 
analogous free radicals for cyclization to five-membered 
ring systems. Although this raises the question as to 
whether the 4-cyclohexenyl radical might be formed in 
the above manner, it seems unlikely that the resonance 
stabilized hexadienyl free radical of Scheme II would 
undergo ring closure to either of the cyclohexenyl or 
cyclopentenylmethyl radicals pictured, since the anal
ogous resonance-stabilized intermediate formed by 
treatment of allyl chloroacetate with tri-n-butyltin 
hydride does not cyclize.16 Thus the simplest rational
ization of product formation in both the chlorination 
and chloroformylation reactions involves hydrogen 
abstraction at C-2 and C-3, followed by (3 fission of the 
cyclopropane ring, in the case of chloroformylation, as 
pictured in Scheme III. Slaugh has found that the 
generation of A2-cyclopentenylmethyl free radical
(XIII) by thermal decomposition of ¿-butyl A2-eyclo- 
pentenylperacetate in the presence of p-cymene or 
benzotrichloride resulted in a 1,2-vinyl rearrangement 
producing the 4-cyclohexenyl radical (XV), whereas 
similar reactions utilizing ¿-butyl 4-cyclohexenylper- 
carboxylate gave no evidence of rearrangement prod
ucts.16 In agreement with the latter finding, Wilt and

(13) T .  A . H a lg ren , M . E . H . H o w d en , M . E . M ed o f, a n d  J .  D . R o b e rts , 
J .  A m er. Chem . Soc., 89, 3051 (1967); L . K . M o n tg o m e ry  a n d  J .  W . M a tt ,  
ib id ., 89, 3050, 934 (1967); L . K . M o n tg o m e ry , J .  W . M a t t ,  a n d  J .  R . 
W e b ste r, ib id ., 89, 923 (1967); D . J .  P a te l ,  C . L . H a m ilto n , a n d  J .  D . R o b 
e rts , ib id ., 87, 5144 (1965); D . E . A p p leq u is t a n d  J .  A. L a n d g reb e , ib id ., 
86, 1543 (1964); E . E . H u y se r  a n d  J .  D . T a lia fe rro , J .  Org. C hem ., 28, 3442 
(1963); E .  R en k , P . D . S h a fe r, W . H . G ra h a m , R . H . M a z u r , a n d  J . D . 
R o b e rts , J .  A m er . Chem . Soc., 83, 1987 (1961).

(14) C . W a llin g  a n d  P . S. F red ric k s , ib id ., 84, 3326 (1962); C . W a lling  and  
M . F . M a y a h i , ib id ., 81, 1458 (1959).

(15) C . W a lling , J . H . C ooley , A. A. P o n a ra s , a n d  E . J . R ac a h , ib id ., 88, 
5361 (1966).

(16) L . H . S laugh , ib id ., 87 , 1522 (1965).
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S c h e m e  III

XIII XIV XV

I i i
VIII VI,VII IX

Levin17 found no evidence for rearrangement of the 4- 
cyclohexenyl free radical produced by decarbonylation 
of 4-cyclohexenylcarboxaldehyde. It appears, then, 
that some equilibration of A2-cyclopentenylmethyl and
2-bicyclo[3.1.0]hexyl free radicals may be established 
during the chloroformylation reaction, but equilibration 
of the 4-cyclohexenyl and 2-bicyclo[3.1.0]hexyl radical 
intermediates seems unlikely. Furthermore, our results 
lend support to the mechanistic alternative suggested by 
Slaugh for rearrangement of the cyclopentenyl radical 
XIII to cyclohexenyl radical XV via  bicyclohexyl inter
mediate XIV.

Since the chlorination and chloroformylation reac
tions have been carried out at reaction temperature 
ranges which were not too divergent (ca. 70-85° and
70-100°, respectively), the greater degree of rearrange
ment in the case of chloroformylation appears to be 
most simply explained on the basis of a smaller transfer 
constant relative to that for the reaction of radical XIV  
with ¿-butyl hypochlorite. This necessarily leads to the 
presentation of the fate of the radical intermediate 
formed by hydrogen abstraction at C-2 in terms of 
classical radicals XHI XIV, and XV (Scheme III), 
rather than in terms of a single nonclassical radical such 
as XVI.18

XVI

Basing our analysis of product formation on Scheme 
III, we find no evidence for C-l or C-6 abstraction. 
This is not surprising in view of the relative reactivities 
of cyclopentane and cyclopropane to hydrogen abstrac
tion by -OtBu and - Cl as reported by Walling.14 The 
total lack of free-radical bridgehead substitution in 
these reactions of bicyclo[3.1.0]hexane provides a 
substitution pattern similar to that found for norbor- 
nane19 and bicyclo[2.1.1]hexane,20 rather than bicyclo-
[2.2.0] hexane21 and bicyclo[l.l.l]pentane22 (Table II). 
An interesting facet of the chlorination and chloro
formylation of bicyclo (3.1.0 ]hexane is the preference

(17) J .  W . W ilt and A. A. L evin, J. Org. Chem ., 27 , 2319 (1962).
(18) T h is p icture is con sisten t w ith  th e results of a stu d y  of radical inter

m ediates generated b y  free-radical addition  of m eth yl m ercaptan  to  b icyclo-
[3 .1 .0 ] hexene-2: P . K . Freem an, M . F. G rostic, and F. A. R aym ond , unpub
lished results, U n iversity  of Idaho.

(19) E . C . K ooym an  and G . C. V egter, Tetrahedron, 4, 382 (1958).
(20) R . Srinivasan and F . I . Sonntag, J .  A m er. Chem . Soc., 89, 407 (1967).
(21) R . Srin ivasan and F . I . S onntag, Tetrahedron Lett., 603 (1967).
(22) K . B . W iberg and D . S. Connor, J .  A m er. Chem . Soc., 88, 4437  

(1966).
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T a b l e  I I
F r e e - R a d i c a l  S u b s t i t u t i o n  P a t t e r n s  

i n  S o m e  B i c y c l o a l k a n e s

Substrate

X'25%

R ea cn  co nd itions

Cl2, hv, CH2C12, 42°

Ref

a

225602)
^^^7856(85)

Cl2, hv, CC14, 77° • b

Cl2, hv c

i-BuOCl, hv, 0° d

¿-BuOCl, hv, 70-85° This work
(C10CC0C1, hv, 70-100°)

“ See ref 19. 6 See ref 20. ‘ See ref 21. d See ref 22.

for C-2 over C-3 hydrogen abstraction. Correcting for 
the fact that substitution at C-2 is favored statistically 
over C-3, the ratio of C-2/C-3 hydrogen abstraction 
(per hydrogen) for -OtBu is 1.8:1, while chloroformyla
tion gives a C-2/C-3 abstraction ratio (per hydrogen) 
of 3.6:1. The preference for C-2 over C-3 abstraction 
occurs in spite of the electron-withdrawing polar effect 
of cyclopropane,23 which should promote C-3, rather 
than C-2 abstraction24 for electrophilic radicals such as 
•OtBu26 and -Cl.24’26 The resonance effect of the 
cyclopropane ring must, therefore, be responsible for 
the preference for hydrogen abstraction at C-2. Since 
electrophilic radicals are involved in both reactions, the 
transition state for abstraction would be expected to be 
polarized conferring some carbonium ion character upon 
the developing hydrocarbon fragment, which should 
contribute to a preference for C-2 abstraction.1,3 In 
this regard, it is interesting that inspection of a Dreiding 
model reveals that the 2-bicyclohexyl free radical can 
achieve the bisected conformation (XVII) preferred for 
cyclopropylcarbinyl free radicals with excess charge 
Çi >  O27 by puckering C-3 toward the cyclopropane 
ring to form a boat-shaped conformation. In fact, 
little conformational adjustment would be required for 
production of XVII, since the most stable conformation 
for the starting hydrocarbon, bicyclo[3.1.0]hexane, 
appears to be a boat-shaped structure.28 On balance, 
a boat conformation for free radical XVII also appears 
to relieve nonbonded interactions more effectively, 
relative to a planar cyclopentane configuration, than 
the conformation obtained by puckering C-3 in the 
opposite direction (XVIII).29 30 31

(23) T. L. Braw n, J .  A m er. Chem . Soc., 80, 6489 (1958).
(24) G . A. R ussell and A. Ito , ibid., 85, 2983 (1963); G. A . R ussell, A. Ito , 

and R . K onaka, ibid., 85, 2988 (1963).
(25) H . Sakurai and A. H osom i, ibid., 89, 458 (1967).
(26) G . A. R ussell and R . C. W illiam son, Jr., ibid., 86 , 2357 (1964).
(27) G . A. R ussell and H . M alkus, ibid., 89, 160 (1967); N . L. Bauld, 

R. G ordon, and J. Zoeller, Jr., ibid., 89, 3948 (1967).
(28) W insteir. and cow orkers53 h ave presented nmr spectral ev idence for a 

preferred b oa t conform ation for both  cis- and ¿rons-3-bicyclo[3.1.0]hexyl 
d erivatives. W e h ave com e to  a sim ilar conclusion  as a result of considera
tion  of nm r d ata  of £ran$-2-bicyclo[3.1.0]hexyl su b stra tes .1’* I t  th us seem s  
entirely likely  th a t th e  m ost stab le  conform ation  for th e  parent hydrocarbon, 
bicyclo [3 .1 .0 ]h exan e, is also th e  b oa t form.

XVII XVIII

In addition to a consideration of the preference for 
C-2 over C-3 hydrogen abstraction in both chlorination 
and chloroformylation, a comparison of the difference 
in the apparent selectivities for C-2/C-3 hydrogen 
abstraction for -OtBu (1.8:1.0) and -Cl (3.6:1.0) is of 
interest. Since the reaction temperature ranges for 
chlorination and chloroformylation are not too widely 
different, and since the selectivity of the i-butoxy radical 
appears to be insensitive to temperature changes be
tween 40 and 135°,30 the differences in selectivity for the 
abstracting radicals are due to their inherent character
istics. The fact that • OtBu appears to be less selective 
than CT, in contrast to the usual order observed,31’32 
suggests that Cl • may not be the only H-transfer agent 
involved in chloroformylation or that • Cl may be com- 
plexed with oxalyl chloride.32

One final feature of Table I is particularly intriguing. 
The 2 :1 ratio of c is -3 /tra n s-3  substitution found, in 
spite of the steric blocking of cis  approach by the cyclo
propane methylene, provides a hint that anchimeric 
assistance to as-C-3 hydrogen abstraction, analogous to 
that observed in the solvolysis of the ds-3-tosylate,5 
may play a role. Further experimentation along this 
line is in progress.

Experim ental S ection 33

Preparation of Bicyclo[3.1.0]hexane.—Bicyclo[3.1.0]hexane 
was prepared by the method of Simmons and Smith.34 The 
infrared spectra exhibit the typical bicyclo[3.1.0]hexyl high 
energy C-H stretching frequencies at 3055, 3025, and 2995 cm-1 
and a cyclopropyl absorption band a t 1022 cm-1. The nmr spec
trum shows high field cyclopropyl methylene protons in the 
region t 9.60-10.00 and a complex absorption for the other eight 
protons in the region t  8.00-9.23.

Chlorination of Bicyclo[3.1.0]hexane with ¿-Butyl Hypochlorite. 
—A mixture of bicyclo[3.1.0]hexane (2.50 g, 30.5 mmol) and t-  
butyl hypochlorite35 (3.00 g, 27.6 mmol) was irradiated with a 
General Electric sun lamp until a gentle reflux was obtained. 
Upon completion of the spontaneous reaction the mixture was 
irradiated for an additional period of 2-3 min to ensure completion 
of the reaction (reaction temperature ca. 70-85°). The reaction 
mixture (5.31 g) was analyzed by vpc using a 30-ft copper column 
of 30% Carbowax 1500 on Chromosorb P at 135°. The over-all 
yield of monochlorides was calculated to be 34% on the basis of 
vpc data. The area of the chromatogram representing the 
monochlorides in a known amount of reaction mixture was

(29) C o n fo rm a tio n  X V I I  re lieves th e  n o n b o n d ed  in te ra c t io n s  b e tw e en  th e  
h y d ro g en s  a t  cfs-C-4 a n d  syn-C -6  a n d  (rans-C -4  a n d  C -5 , a n d  in c reases  in te r 
ac tio n  b e tw e en  h y d ro g en s  a t  C - l  a n d  C -2 , w h ile  co n fo rm a tio n  X V I I I  
ac h iev es  th e  converse .

(30) W . A. P ry o r , “ F re e  R a d ic a ls ,”  M cG raw -H ill B ook  C o ., N ew  Y ork , 
N . Y ., 1966, p  167.

(31) C. W a lling  a n d  W . T h a le r , J .  A m er. Chem. Soc., 83 , 3877 (1961); 
G . A. R usse ll, ib id ., 80 , 4997 (1958).

(32) G . A. R usse ll, ib id ., 80 , 4987 (1958).
(33) In f ra re d  sp e c tra  w ere  d e te rm in e d  as  p u re  liq u id s  using  P e rk in -E lm e r  

M odels 137 a n d  237 sp ec tro p h o to m e te rs . N m r sp e c tra  w ere ru n  in  ca rb o n  
te tra c h lo r id e  w ith  te tra m e th y ls ila n e  as th e  in te rn a l re fe rence  using  a  V arian  
A ssociates A -60 n m r sp ec tro m e te r . G as  ch ro m a to g ra p h ic  a n a ly se s  w ere p e r
fo rm ed  using  e i th e r  an  A ero g rap h  M od el A -700 o r  M o d el A -90-P  c h ro m a to 
g rap h , a n d  helium  w as used  as th e  c a rr ie r  gas. E le m e n ta l a n a ly se s  w ere p e r 
fo rm ed  b y  G a lb ra i th  M ic ro a n a ly tic a l L a b o ra to r ie s , K noxv ille , T e n n ., an d  
b y  M ax  3 e rn h a rd t ,  M ik ro a n a ly tisc h e s  L a b o ra to r iu m , M ax -P Ia n c k  I n s t i tu te ,  
M iilhe im , G e rm an y .

(34) H . E . S im m ons a n d  R . D . S m ith , ib id ., 81 , 4256 (1959).
(35) H . M . T e e te r  a n d  E . W . Bell, Org. S y n .,  32 , 20 (1952).



compared with the peak areas of known amounts of 4-chlorocyclo- 
hexene. Numerous vpc columns were tested and the one which 
was found to be most satisifactory for analysis of this mixture 
of chlorides was an 8-ft aluminum column of 13% trisfcyano- 
ethoxy)-propane (TCEP) on HMDS-treated Chromosorb W. 
Vpc analysis using this column, coupled with spectral comparison 
with authentic samples,1 gave the following reaction composition 
in one typical run (see Table I): 7% irares-3-chlorobicyclo-
[3.1.0] hexane, 14% cfs-3-chlorobicyclo[3.1.0]hexane, 57% trans-
2-chlorobicyclo[3.1.0]hexane, and22% cfs-2-chIorobicyclo[3.1.0]- 
hexane. The compounds had the following retention times on 
the TCEP column at a column temperature of 70° and a flow 
rate of ca. 60 ml/min: /rares-3-chlorobicyclo[3.1.0]hexane, 10.0 
min; cfs-3- and irares-2-chlorobicyclo[3.1.0]hexane, 12.1 min; 
cfs-2-chlorobicyclo[3.1.0]hexane, 16.0 min. A2-CycIopentenyl- 
carbinyl chloride and 4-chlorocyclohexene had retention times 
corresponding to those for trans-3 and tram-2 chloride, respec
tively, but were found not to be present by infrared analysis of 
the individual peaks. The percentage of cfs-3-chlorobicyclo-
[3.1.0] hexane in irans-2-chlorobicyclo[3.1.0]hexane was de
termined by infrared analysis (base-line calculation at 747 
cm-1).

Chloroformylation of Bicyclo[3.1.0]hexane.—A mixture of 19.2 
g (0.151 mol) of oxalyl chloride and 12.4 g (0.151 mol) of bicyclo-
[3.1.0] hexane was irradiated, under nitrogen, with a General 
Electric sun lamp, held approximately 1 in. from the reaction 
flask, for 46 hr. The reaction mixture was stirred during this 
period with a magnetic stirring bar; the heat from the sun lamp 
caused the reaction mixture to reflux gently (reaction temperature 
was ca. 70-100°). After the irradiation period was complete, 
the reaction mixture was distilled and 3.40 g (15.6% yield), bp 
75-120° (30 mm), of acid chlorides was obtained. The acid 
chlorides were converted into methyl esters by treatment with 
methanol and pyridine.

The use of a 25-ft Carbowax 1500 vapor phase chromatographic 
column allowed the partial resolution of two of the seven com
ponents ultimately determined to be present. Infrared compari
son with authentic samples demonstrated that these two com
ponents, the two most abundant products, were methyl A2- 
cyclopentenylacetate and 4-carbomethox3'cyclohexene. I t was 
discovered that hj^drogenation of the methyl ester product 
fraction over palladium-on-carbon catalyst reduced the cyclo- 
pentene and cyclohexene esters and that the corresponding 
saturated products had somewhat shorter retention times on a 
25-ft Carbowax 1500 column. The combination of reduction and 
use of the Carbowax column allowed a separation of the cyclo
pentane and cyclohexane esters from the bicyclo[3.1.0]hexane 
esters and determination of product composition: 36% methyl 
A2-cyclopentyIacetate, 33% 4-carbomethoxycyclohexane, 10% 
cfs-2-carbomethoxybicyclo[3.1.0]hexane, 6% tram-2-carbome- 
thoxybicyclo[3.1.0] hexane, 2% efs-3-carbomethoxybicyclo[3.1.0]- 
hexane, 10% f,rans-3-carbomethoxybicyclo[3.1.0]hexane, and 
3% unidentified component. In two additional experiments, 
subjection of bicyclo[3.1.0]hexane and a mixture of methyl 
A2-cyclopentenylacet,ate and 4-carbomethoxycyclohexene to the 
reduction conditions demonstrated that conditions sufficient for 
complete reduction of the unsaturated esters left the bicyclo-
[3.1.0] hexane skeleton intact.

cis- and irans-2-Cyanobicyclo [3.1.0] hexane.—To a stirred 
mixture of potassium cyanide (1.6 g, 25 mmol) in 2.6 ml of 
aqueous acetone (54% water by volume) was added 1.0 g of cis 
and iraras-2-chlorobicyclo[3.1.0]hexane (60:40). After 30 hr of 
stirring, the reaction mixture was diluted with about 10 ml of 
water and the nitriles were extracted with several 15-ml portions 
of ether. After drying over anhydrous magnesium sulfate, 
the ether was removed at reduced pressure, using a rotary evapo
rator, to yield 1.03 g of crude product. Vpc analysis using a
10-ft aluminum column of 25% Carbowax 1500 on Chromosorb 
P (flow rate ca. 60 ml/min. and a column temperture of 150°) 
showed the crude product to be 52% nitriles, 27% alcohols, and 
21% residual chlorides. The nitriies were shown to be trans-2- 
eyanobicy clo [3.1.0] hexane, 4-cyanocyclohexene and cis-2-cyan- 
bicyclo[3.1.0]hexane in the ratio of 48:7:45. The retention times 
were 16.3, 18.7, and 20.9 min, respectively, on the 10-ft Carbo
wax 1500 column, using the flow and temperature listed above.

Anal. Calcd for CiIEN: C, 78.48; H, 8.46. Found for cis-2 
nitrile: C, 78.35; H, 8.49. Found for tram-2 nitrile: C, 78.43; 
H, 8.60.

The nmr spectrum of the frans-2-cyanobicyclo[3.1.0]hexane 
shows typical high field absorption for cyclopropane methylene
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(t 9.30-10.00) for trans isomers, a complex splitting pattern for 
six protons in the region r  7.60-8.90 and a doublet centered at
7.13 (J  = 7.1 cps). The infrared spectra show typical bicyclo-
[3.1.0] hexane1’3 C-H stretching frequencies at 3070, 3030, and 
3000, a cyclopropyl absorption band at 1025, and a nitrile 
absorption band at 2250 cm-1.

The nmr spectrum of cfs-2-cyanobicyclo [3.1.0]hexane shows 
typical high field absorption for cyclopropane methylene (r 
9.23-9.63) for cis isomers, a complex splitting pattern for six 
protons in the region 7.69-8.82 and a sextet for the proton a to 
the cyano group in the region 6.78-7.30. The infrared spectra 
show typical bicyelo[3.1.0]hexane C-H  stretching frequencies 
at 3000, 3030, and 3070, a cyclopropyl absorption band at 
1025, and a nitrile band at 2250 cm-1. The 3030-cm-1 band is 
enhanced in the cis isomer relative to that for the trans isomer. 
The infrared spectra of 4-cyanocyclohexene show high energy 
C—H stretching frequency at 3030, a C = C  band at 1650, and a 
nitrile band at 2250 cm-1.

The alcohols were identified as irares-2-bicyclo[3.1.0] hexanol, 
«s-2-bicyclo[3.1.0] hexanol, and 4-hydroxycyelohexene in the 
ratio of 55: 9: 36. The alcohol fraction exhibited two peaks on a
10-ft Carbowax 1500 column (flow rate ca. 60 ml/min, column 
temperature 150°). The retention times for the two peaks were
10.6 and 11.4 min corresponding to those for trans- and cfs-2 
alcohols in a ratio of 55:45. The infrared spectrum of the 55% 
peak showed it to be frans-2-bicyclo[3.1.0]hexanol when com
pared with the spectrum of an authentic sample. The infrared 
spectrum of the 45% peak showed it to be predominantly 4- 
cyclohexenol. Since the 45% peak could not be collected pure, 
the amount of 4-cyclohexenol was determined from the mixture 
of all three alcohols collected from an XF-1150 column as one 
peak. Using the C = C  band at 1650 cm-1 and the 735-cm-1 
bands, the amount of 4-cyclohexenol in the mixture was deter
mined to be 36%.

Preparation of cf.s-3-Cyanobicyclo[3.1.0]hexane. A. In
Acetone.—To a stirred mixture of 2.3 g (35 mmol) of potassium 
cyanide in 35 ml of acetone was added 3.5 g (30 mmol) of cis- 
and /ran.s-3-chlorobicyclo[3.1.0]hexane (76:24). The reaction 
was stirred at room temperature for 8 hr and vpc analysis on a
10-ft copper column of 25% nitrile silicone fluid XF-1150 on 
Chromosorb P (flow rate ca. 50 ml/min, column temperature 
150°) showed no sign of reaction. The reaction was refluxed 
for 8 hr, after which the salts were filtered off and the acetone 
was removed by evaporation at reduced pressure to yield 4.45 g 
of crude material containing some acetone. Vpc analysis of the 
recovered material on the 10-ft XF-1150 column showed it to 
be cis- and irares-3-chlorcbicyclo[3.1.0] hexane having the same 
ratio (76:24) as in the starting material.

The recovered material was added to 45 ml of aqueous acetone 
(80% water by volume) containing 3.0 g (46 mmol) of potassium 
cyanide. After 35 hr of heating at reflux, the reaction mixture 
was extracted with ether and the ether layer was dried over 
anhydrous magnesium sulfate. Evaporation of the solvents 
at reduced pressure yielded 1.65 g of crude product. This 
product showed residual chloride (33%) (in the ratio of 41:39 
for cis,trans), m-3-bicyclo[3.1.0]hexanol (27%), and cfs-3-cyano- 
bicyclo[3.1.0]hexane (40%). The cfs-3-bicyclo[3.1.0]hexanol 
was identified by retention time on an XF-1150 column and the 
identification of the cis-3-ey inobicyclo[3.1.0] hexane is described 
below.

B. In Aqueous Acetone.—To a stirred mixture of 9.00 g 
(0.14 mol) of potassium cyanide in 13.5 ml of 60% aqueous 
acetone was added 6.00 g of cis- and irans-3-chlorobicyclo[3.1.0]-. 
hexane (74:26). After heat, ng at reflux for 3 days, the reaction 
mixture was diluted with 25 ml of water and extracted several 
times with 20-30-ml portions of ether. The ether extracts were 
dried over anhydrous magnesium sulfate and the ether was 
removed under reduced pressure yielding 4.80 g of crude ma
terial. Vpc analysis of the crude material on the 10-ft XF-1150 
column (flow rate ca. 60 o l/m in , column temperature 150°) 
showed it to be 21% unreacted 3 chlorides (97:3 for trans,cis), 
7% cfs-3-bicyclo[3.1.0]hexanol, and 72% cfs-3-cyanobicyclo-
[3.1.0] hexane. The crude material was distilled on an 18-in. 
semimicro spinning-band distillation column to yield 2.52 g of 
a mixture containing cis- and trans-3 chlorides, cfs-3 alcohol, and 
cfs-3 nitrile, bp 80-105° (53 mm), and 1.05 g of cis-3 nitrile 
forced over by reducing the pressure. The cfs-3-cyanobicyclo-
[3.1.0] hexane was further p trifled by collecting it from a 10-ft 
XF-1150 column, for infrared, nmr, and carbon-hydrogen 
analysis.
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Anal. Calcd for C,H9N: C, 78.48; H, 8.46. Found: C, 
78.36; H, 8.42.

The structure of the one 3-cyanobieyclo[3.1.0]hexane isomer 
obtained was determined by nmr and infrared analyses. The 
nmr spectrum exhibits typical high field absorption (r 9.20-9.60) 
for a bicyclo[3.1.0]hexane derivative substituted with an electro
negative cfs-3 substituent, a complex band for two tertiary protons 
on a cyclopropane ring in the region r  8.38-8.75, a complex 
splitting pattern for four methylene protons in the region 7.50-
8.05, and a complex splitting pattern for the proton a to the 
nitrile group in the region 6.86-7.30. The splitting pattern for 
the two methylene protons (r 9.20-9.60) of the cyclopropane 
ring, as well as being shifted downfield relative to the parent 
hydrocarbon, falls into the same splitting pattern as those for 
the analogous protons of the cis-3 alcohol, cis-3 methyl ether, and 
the cis-3 thioether. The splitting pattern for the four methylene 
protons (t 7.50-8.05) is similar to the pattern found for the same 
protons in the cis-3 alcohol and cis-3 methyl ether. These 
splitting patterns mentioned for the cis-3 isomers are quite 
different from those found in the corresponding trans isomers.

The infrared spectra show typical bicyclo[3.1.0]hexyl C-H 
stretching frequencies at 3005, 3040, and 3070, a cyclopropyl 
absorption band at 1030, and a nitrile band at 2230 cm-1. The 
3040-cm -I band is the strongest band of the three C-H stretching 
frequencies and this reinforces the cis-3 assignment based on nmr 
spectral analysis.1'3

Preparation of cis- and frans-2-Carbomethoxybicyclo[3.1.0]- 
hexane.—To 771 mg (7.2 mmol) of nitriles (as-and trans-2 nitrile 
and 4-cyanocyclohexene, 27:63:10) and 230 mg of methyl alcohol 
was added 260 mg of dry hydrogen chloride without cooling. 
Upon placing in an ice bath, the reaction mixture solidified. 
After several hours the imino ether hyrochlorides were hydrolyzed 
to the methyl esters by adding an excess of water and stirring 
for several hours. The esters were extracted with ether and the 
ether extracts were washed with 0.1 N  NaOH to extract any acid 
formed during isolation of the products. After washing with 
distilled water, the ether extracts were dried over magnesium 
sulfate. Removal of the ether yielded 0.63 g of methyl esters. 
Analysis of the esters using a 30-ft aluminum column of 25% 
Carbowax 1500 (flow rate ca. 60 ml/min, column temperature 
130°) showed three peaks in the ratio of 73:20:7 with retention 
times of 34.4, 36.8, and 38.7 min. The peaks were identified as 
¿rans-2-carbomethoxybicyclo[3.1.0]hexane, cfs-2-carbomethoxy- 
bicyclo[3.1.0]hexane, and 4-carbomethoxycyclohexene, respec
tively.

Anal. Calcd for C8Hi202: C, 68.56; H, 8.63. Found for cis-2 
ester: C, 68.44; H, 8.62. Found for trans-2 ester: C, 68.45; 
H, 8.61.

The nmr spectrum of ci's-2-carbomethoxybicyclo[3.1.0]hexane 
shows high field absorption ( t  9.40-9.90) for cyclopropane methyl
ene, a complex splitting pattern for six protons in the region 
7.80-9.00, a complex splitting pattern for the trans-2 proton (a 
to the carbomethoxy group) in the region 6.92-7.35, and a 
O-methyl singlet at 6.37. The infrared spectra show typical 
bicyclo[3.1.0]hexyl C—H at 3070, 3035, and 3005, a cyclopropyl 
band at 1020, an ester C = 0  band at 1730, and a C—O band in 
the region 1140-1200 cm-1. The 3035-cm_1 band is enhanced 
relative to the analogous band in the trans epimer.

The nmr spectrum of frans-2-carbomethoxybicyclo[3.1.0]- 
hexane shows typical high field absorption (r 9.37-10.00) for 
cyclopropane methylene of frans-2-bicydo [3.1.0] hexyl deriva
tives, a complex splitting pattern for six protons in the region 
7.74-8.92, a doublet centered at 7.23 ( /  =  7.8 cps), and a O- 
methyl singlet at 6.37. The doublet at r  7.23 is characteristic 
of frans-2-bicyclo[3.1.0]hexyl derivatives. The infrared spectra 
show typical bicyclohexyl C—H stretching frequencies at 3000, 
3030, and 3070, a cyclopropyl band at 1020, an ester C = 0  band 
at 1730, and the C—O band in the region 1140-1200 cm-1.

Preparation of cis- and £rans-3-Carbomethoxybicyclo[3.1.0]- 
hexane.—The imino ether hydrochloride was prepared by adding 
160 mg of dry hydrogen chloride to a mixture of 494 mg of cis-3- 
cyanobicyclo[3.1.0]hexane and 150 mg of methanol in an ice 
bath. After the imino ether hydrochloride had solidified, about 
6 hr, it was hydrolyzed to the methyl esters by adding an excess 
of water. The esters were extracted with ether and the ether 
layer was washed with several milliliters of 0.1 N  NaOH and 
a few milliliters of distilled water and then dried over anhydrous 
magnesium sulfate. Evaporation of the ether yielded 400 mg of 
the bicyclic esters. Analysis using a 30-ft aluminum column of 
25% Carbowax 1500 on Chromosorb P  (flow rate ca. 60 ml/min, 
column temperature 155°) showed two peaks at 25.0 and 28.0 
min in the ratio of 73:27 for cis- and frans-3-carbomethoxybicyclo-
[3.1.0]hexane.

The nmr spectrum of the £rans-3-carbomethoxybicyclo[3.1.0]- 
hexane shows high field absorption (t 9.48-10.08) for cyclopropane 
methylene, a complex splitting pattern for two tertiary protons 
on a cyclopropane ring in the region 8.50-8.87, a complex splitting 
pattern for five protons in the region 7.35-8.40, and an O-methyl 
singlet at 6.42. The cis-3 proton undoubtedly contributes to 
the lower part of the t  7.35-8.40 region. The infrared spectra 
show typical bicyclo[3.1.0]hexyl C—H stretching frequences 
(for trans isomers) at 3000, 3030, and 3070, an ester C = 0  at 
1740, C—O band at 1100-1210, and a cyclopropyl absorption 
band at 1020 cm-1.

The nmr spectrum of the a's-3-carbomethoxybicyclo [3.1.0]- 
hexane shows a high field absorption ( t  9.40-10.15) for cyclo
propane methylene, a complex splitting pattern for the two 
tertiary protons on a cyclopropane ring in the region 8.57-8.95, 
an absorption band for the four C-2 and C-4 protons at 7.6- 8.3, 
a complex splitting pattern for the trans-3 proton a to the carbo
methoxy group in the region 6.88-7.40, and an O-methyl singlet 
at 6.41. The infrared spectral show typical bicyclo[3.1.0]hexyl 
C—H stretching frequencies (for cis isomers) at 3000, 3035, and 
3070, an ester C = 0  band at 1745, a C—O band at 1160-1220, 
and a cyclopropyl band at 1030 cm-1.

I t  is surprising that the methylene protons on the cyclopropyl 
ring have such unusually high absorption in the case of the cis 
isomer. The structural assignment was based on the enhance
ment of the 3030-cm_1 band in the infrared spectra for the cis 
isomer and the fact that the absorption for the C-3 proton (a 
to carbomethoxy) occurs at higher field in the trans-3 epimer. 
This is ascribed to the anisotropic shielding effect of the cyclo
propane ring36 which would be expected to shield the cis-C-3 
proton. Shielding of the cis-C-3 proton has been noted for all
3-bicyclo[3.1.0]hexyl epimeric pairs studied so far.37 Finally 
the nmr spectrum of the isomer assigned as cis is identical with 
the nmr spectrum published by Gassman and Zalar for cis-3 
methyl ester, and, in addition, the infrared spectra of cis-3 and 
trans-3 methyl esters prepared by this procedure match those 
obtained in Professor Gassman’s laboratory.38
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1777-47-5; V d , 15733-78-5; V ic ,  15733-77-4; V Id ,  
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Acknowledgment.— T h e  a u tho rs  g ra te fu lly  a cknow l
edge th e  generous su p p o rt o f th is  w o rk  b y  th e  A ir  
Force  O ffice o f S c ien tific  Research (A F -A F O S R -3 4 -6 5 ).

(36) K . T o r i  a n d  K . K ita h o n o k i, J .  A m er. Chem . Soc., 87 , 386 (1965).
(37) F . A. R ay m o n d , P h .D . T h e sis , U n iv e rs ity  of Id a h o , 1965.
(38) P . G . G assm an  a n d  F . V . Z a lar, Tetrahedron L ett., 44 , 3251 (1964). 

W e th a n k  P ro fesso r G assm an  fo r p ro v id in g  us w ith  in fra re d  sp e c tra  of cis- 
a n d  fran s-3 -carb o m eth o x y b icy c lo  [3 .1 .0 ]hexane .
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Synthesis o f Pentacyclo[4.3.0.02’5.03i8.04,7]nonane (Homocubane) 
and Som e of Its Derivatives1

G e o r g e  L. D u n n , V in c e n t  J .  D iP asquo , and  J o h n  R. E. H oover

Smith Kline & French Laboratories, Research and Development Division, Philadelphia, Pennsylvania

Received September 6, 1967

Homocubane-4-carboxylic acid (6) has been prepared by two routes both of which utilize a Favorskii-type ring 
contraction of an a-halo ketone to generate the homocubane skeleton. In the preferred route, ketone 5, formed 
by photochemical ring closure of the Diels-Alder adduct, 4, of cyclopentadiene and a-bromocyclopentadienone, 
gave acid 6 (in nearly quantitative yield) when heated with aqueous alkali. In the alternate route, ketone 7, 
when heated with solid sodium hydroxide in benzene, gave a mixture of ring cleaved acid 8a and the desired 
Favorskii product 9a which was dehalogenated with lithium i-butyl alcohol to give acid 6. The latter was con
verted into the aminomethyl derivative 13, into the amine 14, and into the parent hydrocarbon, homocubane 
(17). When ketone 7 was heated either with an aqueous solution of potassium hydroxide or with solid potas
sium hydroxide in benzene, acid 8a was essentially the sole product. Nmr double resonance studies were carried 
out on ester 8b.

D u r in g  an in v e s tig a tio n  o f th e  b io log ica l a c t iv i ty  o f 
a v a r ie ty  o f cage com pounds i t  became necessary to  
devise a synthesis o f m on o sub s titu te d  pen tacyc lo - 
[4 .3 .0 .02,5.03'8.04'7]nonanes. Soon a fte r we began our 
w o rk  Scherer and cow orkers2 repo rte d  the  synthesis o f 
a p o ly c h lo rin a te d  com pound co n ta in in g  th is  ske le ton, 
fo r  w h ic h  th e y  suggested th e  t r iv ia l  nam e “ hom o
cubane.”  S ince th e n  several re p o rts3a-i have described 
th e  synthesis and reactions o f va rio us  su b s titu te d  
hom ocubanes. W e w ish  to  re p o rt now  th e  resu lts  o f 
o u r in ve s tig a tio n s  on th e  synthesis o f th e  p a re n t h y d ro 
carbon, hom ocubane,4 and some o f its  m on o sub s titu te d  
d e riva tive s .

F a v o rs k ii- ty p e  r in g  c o n tra c tio n  o f an a p p ro p ria te  
ha lopen tacyc lodecanone has been used successfu lly  to  
generate hom ocubane ca rb o xy lic  acids co n ta in in g  
halogen a tom s and o th e r fu n c tio n a l g roups.3a,b Since 
th e  re qu is ite  halopentacyclodecanones are co nve n ie n tly  
prepared b y  pho tochem ica l cy c liz a tio n  o f a D ie ls -A ld e r  
add u c t, whose endo s te reochem is try  pos itions  tw o  
ca rb o n -ca rbo n  doub le  bonds close enough to g e th e r to  
a llo w  in te rn a l cy c liz a tio n  to  ta ke  place, w e used th is  
app roach  in  tw o  s im ila r  s y n th e tic  schemes.

T h e  f ir s t  sequence was based u pon  th e  fa c t th a t  cyc lo 
pen tad iene  reacts w ith  cyc lopen tad ienone  in  a D ie ls -  
A ld e r  re ac tio n  to  g ive  ew do-d icyc lopen tad ien -l-one.6,6 
B y  us ing  an a -ha locyc lopen tad ienone7 in  th is  ty p e  o f 
re ac tio n  we ob ta ined  a -b ro m o  ke tone  4, w h ic h  was u l t i 
m a te ly  tra ns fo rm e d  in to  hom ocubane-4-ca rboxy lic  acid
(6) (Scheme I ) .

O u r second ro u te  to  th e  hom ocubanes (Scheme I I )  
u t i liz e d  po lyha lopentacyclodecanones, w h ich  are re a d ily

(1) A  p re lim in a ry  c o m m u n ic a tio n  d escrib in g  a  p o rtio n  of th is  w ork  has 
a p p e a re d : G . L. D u n n , V. J .  D iP asq u o , a n d  J . R . E . H oover, Tetrahedron  
Lett., 3737 (1966).

(2) K . V. S cherer, J r . ,  R . S. L u n t , I I I ,  a n d  G . A. U ngefug , A b s tra c ts , 
147 th  N a tio n a l M ee tin g  of th e  A m erican  C h em ica l S ocie ty , P h ila d e lp h ia , P a ., 
A pril 1964, p  23N .

(3) (a) P . E . E a to n  a n d  T . W . Cole, J r . ,  J .  A m er. Chem. Soc., 86 , 3157 
(1964); (b) K . V. S cherer, J r . ,  R . S. L u n t , I I I ,  a n d  G . A. U ngefug , Tetra
hedron Lett., 1199 (1965); (c) K . V. S cherer, J r . ,  G . A. U ngefug , a n d  R . S. 
L u n t , I I I ,  J . A m er. Chem. Soc., 88, 2859 (1966); (d) K . V. S cherer, J r . ,  an d  
R . S. L u n t , I I I ,  ib id ., 88 , 2860 (1966); (e) W . G . D a u b e n  a n d  D . L . W ha len , 
Tetrahedron Lett., 3743 (1966); (f) W . G . D a u b e n  a n d  D . L. W h a len , J .  
A m er . Chem. Soc., 88 , 4739 (1966); (g) C. G . C h in , H . W . C u ts , a n d  S. 
M asa m u n e , Chem. C om m un., 880 (1966); (h) P . v o n  R . S ch leyer, J . J .  H a rp e r, 
G . L . D u n n , V. J .  D iP a sq u o , a n d  J .  R . E . H oover, J .  A m er. Chem. Soc., 89, 
698 (1967); (i) G . C . B a rb o ra k  a n d  R . P e t t i t ,  ib id ., 89, 3080 (1967).

(4) D a u b e n  a n d  W h a len  (see re f  3e) also  h a v e  sy n th es iz ed  h om ocubane, 
b u t  b y  a n  e n t ire ly  d iffe ren t ro u te .

(5) K . H a fn e r  a n d  K . G oliasch , B er., 94, 2909 (1961).
(6) C . H . D e P u y , M . Isak s , K . L . E ilers , a n d  G. F . M orris , J .  Org. Chem., 

29, 3503 (1964).
(7) P . E . E a to n  a n d  T . W . Cole, J r . ,  J .  A m er. Chem . Soc., 86 , 962 (1964).

prepared8-10 from the stable tetrachlorocyclopentadi- 
enone ketals. The known tetrachloro ketone 7, first 
prepared by Yates and Eaton,9 provided a convenient 
starting point. The intermediate polyhalohomocu- 
banes obtained by this sequence may then be dehalo
genated to give the required product.

Of the two approaches, the pathway outlined in 
Scheme I was the more satisfactory. Bromo ketone 
1 was prepared by brcmination of 2-cyclopentenone 
followed by dehydrobromination of the intermediate
2,3-dibromocyclopentanone with triethylamine. The

(8) P . E . E a to n , P h .D  D is se r ta tio n , H a rv a rd  U n iv e rs ity , C am bridge , 
M ass., 1960.

(9) P . Y a te s  a n d  P . E a to n , Tetrahedron, 12, 13 (1961).
(10) G . W . G riffin  a n d  A . K . P rice , J .  Org. Chem ., 29, 3192 (1964).
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S c h e m e  II

structure of 1 is supported by its ultraviolet spectrum 
which shows a bathochromic shift11 of 20 m/t from the ab
sorption peak of 2-cyclopentenone and by the ap
pearance of a single vinylic proton in its nmr spectrum.12 
Allylic bromination of 1 with N-bromosuccinimide gave 
dibromoenone 2 in good yield. Dehydrohalogenation of 
2 with triethylamine at low temperature generated the 
extremely reactive 2-bromocyclopentadienone which 
immediately condensed with the cyclopentadiene 
present in the reaction mixture to form the Diels-Alder 
adduct 4 in low yield.13 The expected endo stereo
chemistry14 of 4 was confirmed by its ready photo
chemical cyclization to 5. When 5 was treated with 
hot aqueous alkali, acid 6 was obtained in almost 
quantitative yield. The nmr spectrum of 6 shows a 
singlet15 (5 1.72) for the bridge methylene which would 
be expected for its symmetrical structure.

In the alternate route to homocubanes (Scheme II), 
tetrachloro ketone 7, when heated with solid sodium 
hydroxide in boiling benzene, gave a mixture of three 
acids shown by glpc to be present in the ratio 11:8 :1 . 
The two major components16 were separated by Florisil 
column chromatography of their methyl esters. The 
ester present in larger quantity (55%) was hydrolyzed

( 11)  L . F. Fieser and M . Fieser, Steroids, 19 (1959).
(12) C. H. DePuy, C. E . Lyons, and L. B . Rodewald [«/. Chem . E ng . D ata , 

11, 102 (1966)] reported that the nmr spectrum of 2-cyclopentenone showed 
a /3-vinylic proton at 8 7.63 (sextet) and an a-vinylic proton at 6 .1 1  (sextet). 
Compound 1  shows a  triplet at 8 7.86 which is the expected pattern based on 
D ePuy’s results.

(13) The low yield encountered in this step apparently is due to the forma
tion of a by-product which we assume has structure 3 since the infrared spec
trum of the crude reaction product showed carbonyl absorption at 5.50 m 
(see ref 7) in addition to the peaks at 5.88 and 6.35 n  expected for 4.

(14) See J .  G. M artin and R . K . Hill, Chem . Rev., 61, 537 (1961), for a 
review of the stereochemistry of the Diels-Alder reaction.

(15) The half-height width of the methylene peak is 2.5 Hz compared to 
1  Hz for T M S. Any coupling between the bridge methylene protons and the 
adjacent bridgehead methines is therefore probably less than 1H z.

(16) The minor acid component (5%) remains unidentified.

to give a tetrachloro acid (8a) (see discussion below). 
The second major ester component (9b) was shown to 
be the product of a Favorskii-type ring contraction 
from analytical and spectral information. Since the 
ring contraction of 7 can proceed in either of two direc
tions, the parent acid of ester 9b, shown by glpc on 
several columns to be a single compound, may have 
structure 9a or 11. It has been assigned structure 9a

Cl-

\ /

\

Cl

-Cl

COOH
11

on the basis of the following evidence. When this acid 
was dechlorinated with lithium ¿-butyl alcohol, a semi
solid acidic product was obtained which was homo
geneous by glpc though its nmr spectrum indicated the 
presence of some olefinic acid, presumably a result of 
ring fission. The mixture was treated with bromine, a 
gummy precipitate was removed, and the residue was 
subjected to repeated fractional sublimation. A small 
sample of a pure acid was obtained and was shown by 
comparison of physical and spectral properties to be 
identical with homocubane-4-carboxylic acid (6) ob
tained earlier (Scheme I).

Acid 6 was converted (Scheme III) into the amino- 
methyl derivative 13 by lithium aluminum hydride 
reduction of amide 12. Amine 14 was obtained from 6 
v ia  a Curtius reaction. When 6 was subjected to a 
Hunsdiecker reaction (Cristol modification)17 in carbon

S c h e m e  III
g  Curtins reaction ,

1. SOCI,
2. NH3-H 20

NH,OC'

\  ' 7

12

LiAlH,

NH,CH.

r 7

NH;y

14

S T ' 7

\
+

Br" Cly

7

15 16

Li-(CH3)3C0H
THF

13 17

tetrachloride the glpc of the product showed it to be a 
1 :1  mixture of two components. Although the com
ponents were not separated and individually identified 
it seems likely that they were 4-bromohomocubane 
(15) and 4-chlorohomocubane (16). The chloro com
pound 16 could have been formed by attack of the 4-

(17) S. J .  Cristol and W. C. Firth, Jr ., J .  Org. Chem ., 26, 280 (1961).
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Figure 1.—Nmr spectrum (100 MHz) of tetrachloro ester 8b in 
CDCls.

Figure 2.—Nmr spectrum of 8b with irradiation of the H,, H8
peak.

homocubyl radical on the solvent (CC14).18 Indirect 
support for this assumption follows from the lithium 
(-butyl alcohol dehalogenation of the mixture. Glpc 
of the reaction product after dehalogenation showed a 
single component which was isolated in low yield and 
shown to be penta yclo[4.3.0.02'5.03’8.04,7]nonane (17), 
homocubane. This hydrocarbon, a very volatile solid, 
showed a simple infrared spectrum with no significant 
absorption between 3.6 and 7.3 p. Its nmr spectrum 
was identical with that reported by Dauben,3e though 
our melting point was slightly higher.

The formation of 9a as the only product of Favorskii 
ring contraction of 7 was rather surprising, though 
Scherer and coworkers19 have reported a similar result 
with a ketone closely related to 7. Examination of a 
molecular model of 7 shows that the C-5 chlorine is 
almost eclipsed with the C-2 hydrogen giving rise to 
some torsional strain and nonbonding interaction. 
However, the C-7 chlorine is conformationally skewed  
with respect to the C-l hydrogen and apparently has 
no nonbonded interactions as severe as that shown by

(18) F . W . B ake r, H . D . H o ltz , a n d  L . M . S to ck  [J . Org. C h e m ., 28, 514 
(1963 )] h av e  show n  t h a t  b ro m in a tiv e  d e c a rb o x y la tio n  of b icy c le  [2 .2 .2]- 
o c ta n e -l-c a rb o x y lic  ac id  u n d e r  th e  co n d itio n s  su g g es ted  b y  C ris to l in  ca rb o n  
te tra c h lo r id e  leads to  a  m ix tu re  of th e  1-chloro (6 8 % ) a n d  1 -b rom o (32% ) 
d e riv a tiv e s . T h e se  a u th o rs  su g g es t t h a t  th e  chloro  d e r iv a tiv e  m a y  b e  fo rm ed  
b y  a t ta c k  of th e  1-bicyclo [2 .2 .2]o c ty l rad ic a l on  ca rb o n  te tra c h lo r id e .

(19) T h e se  in v e s tig a to rs  (see re f  3b) show ed  th a t  ii w as th e  exc lusive  p ro d 
u c t  of r in g  c o n tra c tio n  o f i. In  th is  case th e  exc lu siveness w as a t t r ib u te d

to  th e  p resen ce  of a  sev ere  n o n b o n d in g  in te ra c t io n  in  i  b e tw e e n  th e  C-7
ch lo rin e  a n d  an  oxygen  o f th e  k e ta l  w h ich  cou ld  b e  re liev ed  u p o n  going
to  ii b u t  n o t  to  i t s  isom er.

the C-5 chlorine. It is possible then, that the torsional20 
and nonbonded strains on the C-5 chlorine may be 
relieved as the ring contraction proceeds, with gradual 
lengthening of C-5 carbon-chlorine bond and with angle 
change, thus favoring formation of 9a over 11.

The tetrachloro acid, obtained as a major by-product 
from the reaction of ketone 7 with solid sodium hy
droxide in boiling benzene, also was obtained almost 
exclusively (94%) when 7 was heated either in aqueous 
alkali or in benzene containing solid potassium hy
droxide.21 Elemental analysis (see the Experimental 
Section) and the nmr spectrum of its methyl ester, 
which showed a 1 H singlet at 5 4.27 indicative of a 
proton in a -CHC1 grouping, indicated that this acid 
was a product of Haller-Bauer cleavage of ketone 7 
and therefore mus: have structure 8 or 18.

18a,R=H
b,R =  CH3

Scherer and coworkers22 have shown that Haller- 
Bauer ring cleavage of octachlorohomocubanone pro
ceeds with over-all retention of configuration; i.e ., both 
the carboxyl group and the proton are inside the cage. 
By analogy we have depicted the two alternatives, 8 
and 18, as the products resulting from ring cleavage 
with retention of configuration. Double resonance 
studies of ester 8b (or 18b) were carried out at 100 
MHz23 to determine the direction of ring opening. 
The 100-MHz nmr spectrum of 8b (or 18b) is shown in 
Figure 1. The additional multiplicity in the H-9a, 
H-9b doublets at 8 1.58 (1 H) and at 2.71 (1 H)24 and 
the H-7 peak at 8 4.27 (1 H, -CHC1) in 8b indicated the 
presence of weak spin-spin coupling. The spectrum 
also shows a sextet at 8 3.6-3.3 (2 H) and a broad peak 
at 3.25-3.05 (2 H). Irradiation of the 8 3.25-3.05 peak 
(Figure 2) caused the two upfield doublets and the 
downfield singlet to sharpen considerably, while the 
sextet collapsed to an AB quartet ( J a b  = 7 Hz). 
Irradiation of the 6 3.6-3.3 sextet produced no observ
able change in the two upfield doublets or the downfield 
singlet. Irradiation of the 8 4.27 peak caused a slight 
change in the 8 3.25-3.05 peak only. These results are 
readily interpreted in terms of the structure shown 
above for 8b with the assignments indicated on the spec
trum (Figure 1), but not for the alternate structure 
18b. If the structure were 18, irradiation of the bridge-

(20) S ch leyer [ / .  A m er. Chem. Soc., 89, 701 (1967)] h a s  d iscu ssed  re c e n tly  
th e  im p o r ta n c e  o f con sid e rin g  to rs io n a l effec ts in  th e  s te re o c h e m is try  of 
a t ta c k  a n d  d e p a r tu re  in  n o rb o rn a n e  d e riv a tiv e s .

(21) G . W . K en n e r , M . J . T . R o b in so n , C . M . B . T y lo r , a n d  B . R . W e b s te r  
[J. Chem. Soc., 1756 (1962)] o b ta in e d  d iffe re n t p ro d u c ts  w h en  so d iu m  h y 
d ro x id e  w as s u b s t i tu te d  fo r p o ta ss iu m  h y d ro x id e  in  a  s tu d y  of th e  H a lle r -  
B a u e r  c leav ag e  of fluorenone.

(22) K . V. S cherer, J r . ,  G. A. U ngefug , a n d  M . G . L y , A b s tra c ts , 153rd 
N a tio n a l M ee tin g  of th e  A m erican  C hem ica l S ocie ty , M ia m i B each , F la ., 
A p ril 1967, p  0 9 .  T h e  X -ra y  d a ta  re p o r te d  a t  th is  m e e tin g  in d ic a te d  th a t  th e  
co n fig u ra tio n  of th e  r in g  c leav ed  ac id  w as o p p o s ite  to  t h a t  firs t p o s tu la te d  b y  
th e se  w orkers  (see re f  3b).

(23) W e a re  g ra te fu l to  J a p a n  E le c tro n  O p tic s  L a b o ra to ry , M edfo rd , 
M ass ., fo r p e rfo rm in g  th e  d o u b le  re so n an ce  ex p e rim en ts.

(24) T h e  low  field  d o u b le t (5 2.71) has  b ee n  te n ta t iv e ly  ass ig n ed  to  th e  
m e th y le n e  p ro to n  (H -9a) s y n  to  th e  C -6 , C -7 ch lo rines . T h e  n m r  sp e c tra  of 
som e d ih a lo n o rb o rn en es  [P . M . S u b ra m a n ia n , M . T . E m e rso n , a n d  N . A . 
L eB el, J .  Org. Chem ., 30, 2624 (1965)] show ed  a  la rg e  dow nfie ld  d isp la cem en t 
of th e  b r id g e  m e th y le n e  p ro to n  s y n  to  exo halogens.
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head protons H-l, H-8 should have shown that they 
are coupled only to the bridge methylene and H-2, H-3 
protons and not to the -CHC1 proton. We have con
sidered only vicinal coupling to be important in the 
appearance of the spectrum. Though some small long 
range coupling between H-7 and H-9b might be expected 
and indeed might exist we have no real evidence to 
support it here.

The nmr spectrum of bromo ketone S showed a mul- 
tiplet (1 H) at 8 -^2.4, about 0.5 ppm upheld from the 
closest methine resonance. We have assigned this peak 
to proton 7 and in our preliminary communication we 
discussed in some detail our reasons for favoring this 
assignment. We noted also that this peak was about 
0.13- 0.15 ppm upheld from the methine signals of the 
parent hydrocarbon. Tetrachloro ketone 7 shows no 
upheld methine signals. This apparently anomalous 
behavior of protons a to a carbonyl in caged systems 
also has been noted by Stedman and coworkers.25

The mass spectrum of homocubane (17) shows a low 
intensity molecular ion peak of relative abundance 
(RA) 13 at rn /e  118 and a base peak (RA, 100) at m /e  
117, corresponding to loss of one hydrogen. The 
second most intense peak (RA, 39) in the spectrum was 
at m /e  91 which might be attributed to the tropylium 
ion, generated from 17 by loss of a hydrogen and

acetylene. The mass spectra of other cage systems, 
both structurally similar with26 and structurally differ
ent from27 homocubane also have shown a signihcant 
peak at m /e  91 suggestive of a tropylium ion. The 
spectrum of homocubane contains almost all the peaks 
shown in the mass spectrum of cycloheptatriene, which 
has been postulated to dissociate to the tropylium ion 
on electron impact.28

Experimental Section29

2-Bromo-2-cyclopentenone (1).-—A solution of bromine (160 g, 
1 mol) in CCh (500 ml) was added dropwise during 45 min to a 
cold (0°) solution of 2-cyclopentenone (82 g, 1 mol) in CC14 
(500 ml). After stirring 5 min at 0° a solution of triethylamine

(25) R . J .  S te d m a n  a n d  L. S. M iller, J .  Org. Chem ., 32, 35 (1967); R . J .  
S ted m an , p r iv a te  c o m m u n ic a tio n , S m ith  K lin e  a n d  F re n c h  L ab o ra to rie s . 
P h ila d e lp h ia , P a ., 1967.

(26) (a) W . L. D illing , H . P . B rae n d lin , a n d  E . T . M cB ee , Tetrahedron, 
23, 1211 (1967); (b) W . L . D illing  a n d  M . L . D illing , ib id .. 23, 1225 (1967).

(27) (a) R . C . F o r t ,  J r . ,  a n d  P . v o n  R . S ch leyer, Chem. Rev., 64, 286 (1964); 
(b) C . C u p as , P . v o n  R . S ch leyer, a n d  D . J . T re ck e r, J r . ,  J .  A m er. Chem. 
Soc., 87, 917 (1965).

(28) S. M ey erso n , J . D . M cC o llum , a n d  P . N . R y la n d e r , ib id ., 83, 1401 
(1961).

(29) M e ltin g  p o in ts  w ere  d e te rm in e d  in  o p en  ca p illa ry  tu b e s  using  a  
T h o m a s -H o o v e r  U n im e lt a p p a ra tu s  a n d  a re  co rrec ted . U ltra v io le t sp e c tra
w ere d e te rm in e d  in  9 5 %  e th a n o l using  a  C a ry  M od el 14 reco rd in g  sp ec tro 
p h o to m e te r . In f ra re d  s p e c tra , un less in d ic a te d  o the rw ise , w ere  o b ta in e d  in
N u jo l m u ll u sing  a  P e rk in -E lm e r  In f ra c o rd ; in fra re d  sp e c tra  in  so lu tio n  w ere
d e te rm in ed  on  a  P e rk in -E lm e r  M od el 521 g ra t in g  s p e c tro p h o to m e te r . N m r 
s p e c tra  w ere o b ta in e d  in  d eu te rio ch lo ro fo rm  so lu tio n  (un less in d ic a te d  o th e r 
wise) on a  V a rian  A -60 sp e c tro p h o to m e te r  u s ing  T M S  as in te rn a l s ta n d a rd . 
M ass sp e c tra  w ere o b ta in e d  on  a  H ita c h i P e rk in -E lm e r R M U -D  sp e c tro m e te r  
o p e ra te d  b y  M o rg an -S ch affe r C o rp ., M o n tre a l, C a n a d a . G lpc  w ere  p e r
fo rm ed  on a n  F  & M  M od el 700 g as  ch ro m a to g ra p h  eq u ip p ed  w ith  a  th e rm a l 
c o n d u c tiv ity  d e te c to r . A ll so lv en ts  used  in  a n h y d ro u s  re a c tio n s  w ere  d ried  
ov er L in d e  4A  M o lec u la r S ieve. T e tra h y d ro fu ra n  w as d rie d  ov er a  m ix tu re  
of 4A a n d  13X  sieves. M ag n es iu m  su lfa te  w as used  as  d ry in g  a g e n t for 
o rgan ic  e x trac ts .

(210 ml, 151 g, 1.5 mol) in CCU (500 ml) was added dropwise 
during 45 min while maintaining the temperature at 0°. When 
the addition was complete, the mixture was stirred at room 
temperature for 2 hr, then the precipitated triethylammonium 
bromide was filtered and washed well with CC14. The combined 
filtrate and washings were extracted with dilute HC1 and with 
water and then dried. The solvent was removed at 40° in vacuo 
and the residue was distilled to give 82 g of 2-bromo-2-cyclo- 
pentenone (1), bp 52-56° (0.3 mm), which solidified in the re
ceiver. One recrystallization from ether-hexane gave 68 g 
(42%) of 1 as colorless plates: mp 39-39.5°; ultraviolet maxi
mum at 238 mp (e 8470); infrared absorption at 5.91 (C = 0 ) and 
6.32 p (C =C ); and nmr peaks at S 7.86 (1 H triplet, /  = 3 
Hz) and at 2.88-2.43 (4 H multiplet).

Anal. Calcd for CsHsBrO: C, 37.30; H, 3.13; Br, 49.63. 
Found: C, 37.31; H, 3.11; Br, 49.32.

endo-2-Bromo-3a,4,7,7a-tetrahydro-4,7-methanoinden-l-one 
(4).—A mixture consisting of 2-bromo-2-cyclopentenone (1) 
(80 g, 0.50 mol), N-bromosuccinimide (98 g, 0.55 mol), azobis- 
isobutyronitrile (ABIN) (2.5 g), and 1 1. of CC14 was heated at 
reflux. Additional 1-g portions of ABIN were added after 3 
and 7 hr and then reflux was continued for a total of 24 hr.30 
The mixture was cooled to room temperature, and the suecin- 
imide was filtered and washed with CC14. The combined filtrate 
and washings were extracted with 5% aqueous NaHC03 solution 
and with water and then dried. The solvent was evaporated at 
25° in vacuo to give 118 g of crude 2,4-dibromo-2-cyclopentenone 
(2)31 as a dark liquid.

A solution of the dibromoenone 2 (118 g) in anhydrous ethyl 
ether (2 1.) was added dropwise during 2 hr to a solution of 
freshly distilled cyclopentadiene (570 ml) and triethylamine 
(145 ml, 105 g, 1.04 mol) in anhydrous ether (1 1.) cooled to 
— 10°. The temperature was maintained between —10 and 0° 
during addition. The mixture was stirred for 15 min, the pre
cipitated triethylammonium bromide (75 g, 82%) was collected 
and washed with ether. The combined filtrate and washings 
were extracted with dilute HC1, water, 5% aqueous NaHCCh, and 
water and then dried. Evaporation of the ether in vacuo gave 
137 g of residual oil. Thin layer chromatography on silica gel 
G with benzene showed four components. The residue was dis
solved in hexane (900 ml), decanted from some insoluble gum 
and chromatographed on neutral alumina (6 lbs, Woelm, activity 
grade I). Elution with hexane (12 1.) gave some dicyclopenta- 
diene; elution with benzene (32 1.) gave 31 g of 2-bromo-3a,4,7,- 
7a-tetrahydro-4,7-methanoinden-l-one (4); elution with 1:1 
benzene-chloroform (10 1.) gave another 5 g of 4. Further 
elution with benzene-chloroform or chloroform gave mixtures 
of desired product and what we presume to be 2,4-dibromo-3a,- 
4,7,7a-tetrahydro-4,7-methanoinden-l,8-dione (3) based on a 
strong peak at 5.50 p in its infrared spectrum.

The combined solids from the benzene and 1:1 benzene- 
chloroform eluates (36 g) were recrystallized from petroleum ether 
(30-60°) to give 32.8 g (29%) of 4: mp 56-57°; ultraviolet maxi
mum at 246 mp (« 6000); infrared absorption at 5.75 (C = 0 ) and 
6.27 p (C =C ); and nmr peaks at S 7.56 (1 H doublet, /  = 2.8 
Hz), at 3.52-3.18 (2 H multiplet), at 3.18-2.75 (2 H multiplet), 
and at 1.71 (2 H complex triplet).

Anal. Calcd for Ci„H9BrO: C, 53.36; H, 4.03; Br, 35.50. 
Found: C, 53.38; H, 4.03; Br, 35.87.

5-Bromopentacyclo[5.3.0.03.5.03.9.04.8]decan-6-one (5).—A 
solution of ketone 4 (24 g, 0.103 mol) in ethyl acetate (1 1.) was 
irradiated with a 450-W Hanovia medium pressure mercury 
vapor lamp for 32 hr in a Pyrex immersion photolysis apparatus. 
The solvent was removed in vacuo and the dark residue was 
heated with boiling petroleum ether (400 ml). A small amount 
of insoluble dark solid was removed by filtration; the filtrate 
was treated with Darco and then cooled in a freezer. The desired 
product 5 was collected as colorless crystals (19 g, 79%): mp 
39^0°; ultraviolet spectrum showed end absorption only; 
infrared absorption at 5.56 (m), 5.60 (sh), 5.63 (s), 5.67 
(s), and 5.70 (s) p ( C = 0 );32 and nmr peaks at 5 3.68-2.72 (6 H

(30) T ic  of th e  re a c tio n  a f te r  1 h r  show ed  th e  p resen ce  of u n re a c te d  s ta r t 
ing  com p o u n d  1. T h e  a b o v e  co n d itio n s  w ere  n ecessa ry  to  fo rce  th e  reac tio n  
to  com p letion .

(31) B ecau se  2 te n d e d  to  p o ly m eriz e  on  d is ti lla tio n  i t  w as used in  th e  n ex t 
s te p  w ith o u t pu rifica tio n .

(32) S im ila r c a rb o n y l m u ltip lic ity  has  b ee n  n o te d  in o th e r  caged k etones  
a n d  has  b ee n  a t t r ib u te d  to  c o m b in a tio n  b a n d s  a n d /o r  F e rm i reso n an ce :
P . E . E a to n  a n d  T . W . Cole, J r . ,  J .  A m er. Chem . Soc., 86, 3157 (1964); P . 
E . E a to n  an d  T . W . Cole, J r . ,  ibid., 86, 962 (1964).
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multiplet) at ^ 2 .4  (1 H multiplet), and an AB pattern centered 
a t 8 1.79 (broad singlet with w1/ 2 = 3 Hz,33 J a b  ~  11 Hz).

Anal. Calcd for CuH9BrO: C, 53.36; H, 4.03; Br, 35.50. 
Found: C, 53.18; H, 4.05; Br, 35.19.

Pentacyclo[4.3.0.02 6.03'8.04 ,]nonane-4-carboxylic Acid (6).—A 
solution of ketone 5 (21 g, 0.093 mol) in hot 30% aqueous KOH 
(350 ml) was heated at reflux for 4 hr. After cooling to room 
temperature, the solution was extracted with ether and then 
acidified with dilute HC1. The mixture was extracted with ether, 
the combined extracts were dried, treated with Darco, and then 
evaporated in vacuo to give 15 g (99%) of 6, mp 92-93°. A 
sample (600 mg) was further purified by vacuum sublimation at 
80-90° (1 mm) to give 500 mg of the acid: mp 93-95°; infrared 
absorption at 5.96 n (acid C = 0 ) ; and nmr peaks at 8 11.45 
(1 H singlet, COOH), at 3.72-3.05 (7 H multiplet), and at 1.72 
(2 H singlet).

Anal. Calcd for C10H 10O2: C, 74.06; H, 6.21. Found: C, 
74.12; H, 6.17.

4,5,7,8-Tetrachloropentacyclo[5.3.0.02 5.03'9.04•*] decan-6-one
(7).34— A solution of 2,3,3a,7a-tetraehloro-3a,4,7,7a-tetrahydro-
4,7-methanoinden-l-one (10 g, 0.035 mol) in 400 ml of ethyl 
acetate was irradiated for 1.5 hr with a 450-W Hanovia mercury 
vapor lamp in a quartz immersion photolysis apparatus. The 
solvent was evaporated by heating in vacuo to give 9.7 g of crude 
solid which was sublimed at 90-120° (1 mm) to give 7.9 g (79%) 
of ketone 13: mp 113-115° (lit.34 113.5-114.5°); infrared ab
sorption (CH2CI2) at 5.52 n (C = 0 ); and nmr peaks at 5 3.91- 
2.96 (4 H multiplet) and an AB quartet with A at 2.54 and B at 
1.91 ( J a b  = 13 Hz).

Reaction of 4,5,7,8-Tetrachloropentacyclo[5.3.0.02'5.0.3904'8]- 
decan-6-one (7) with NaOH in Benzene.—Ketone 7 (14.2 g,
0.05 mol) was added in one portion to a stirred suspension of 
powdered NaOH (10 g, 0.25 mol) in 1125 ml of benzene and 
the mixture was heated at reflux under a Dean-Stark trap 
overnight. After cooling to room temperature 500 ml of water 
was added and the mixture was agitated vigorously for a few 
minutes. The dark aqueous layer was separated, the benzene 
layer was washed with water, and the washings were combined 
with the original aqueous layer. Two methods of isolation rvere 
used.

Method A.—The aqueous solution was cooled (5-10°) and the 
pH was adjusted to 5-7 with concentrated HC1. Using a pH 
meter (Beckman Zeromatie) the solution was carefully adjusted 
to pH 3.5 by dropwise addition of 2 N  HC1. If the pH drifted 
above 3.65 it was readjusted to 3.5. When the pH no longer 
rose above 3.65 (after 30 min) the precipitated solid was collected 
to give 3.5 g (26%) of 5,6,7-trichloropentacyclo[4.3.0.02J 0 3.'8.- 
04'7]nonane-4-carboxylic acid (9a), mp 212-214°. One recrystal
lization from aqueous methanol gave colorless prisms: mp 214- 
216°; infrared absorption at 5.90 ¿1 (acid C = 0 ) ; and nmr peaks 
(DMSO-d6) at 5 3.70-3.34 (4 H multiplet) and an AB quartet 
with A at 2.14 and B at 1.80 ( J a b  = 13.5 Hz).

Anal. Calcd for CwHjClA: C, 45.23; H, 2.66; Cl, 40.06; 
neut equiv, 265. Found: C, 45.13; H, 2.89; Cl, 40.39; neut 
equiv, 265.

Acidification of the filtrate to pH <0.5 gave 10 g of acidic 
product which was shown by glpe,36 after treatment with ethereal 
diazomethane, to consist of 8% closed acid 9a and 92% open 
acid 8a.

Method B.—Alternatively, the aqueous layer was acidified to 
a pH <0.5 with concentrated HC1 and extracted with ether to 
give a mixture of acids. In a typical experiment 40 g of tetra- 
chloro ketone 7 gave 33 g of crude acid mixture. A portion of 
the mixture (31 g) was esterified with ethereal diazomethane.36 
The esters were separated by column chromatography on Florisil 
(1 kg). Elution with 1:3 benzene-hexane gave 16 g (38%) of 
ester 8b: mp 134-135°; infrared absorption at 5.76 u (ester 
C = 0 ) ; and nmr peaks at 8 4.27 (1 H broad singlet), at 3.90 (3 H 
singlet), at 3.6-3.28 (2 H multiplet), at 3.28-3.02 (2 H multiplet), 
and an AB quartet with A at 2.71 and B at 1.58 ( J a b  = 12 Hz).

Anal. Calcd for CnH.oChOi: C, 41.81; H, 3.19; Cl, 44.88. 
Found: C, 41.86; H, 3.19; Cl, 44.60.

(33) T h e  h a lf-h e ig h t w id th  (w 1/ 2) of T M S  w as 1 H z.
(34) W e h a v e  used  a  m od ifica tio n  of th e  p ro ced u re  describ ed  b y  P . Y a te s  

a n d  P . E a to n , Tetrahedron, 12, 13 (1961).
(35) G as  ch ro m a to g ra p h ic  a n a ly se s  w ere  c a rried  o u t  a t  190° on a  4 -f t 

co lu m n  of 10%  S E -30  on  D ia to p o r t  S.
(36) G lp c  of th e  es te rified  m ix tu re  show ed  t h a t  i t  c o n ta in ed  5 %  u n k n o w n

m a te r ia l, 4 0 %  e s te r  9b , a n d  5 5 %  es te r  8b.

Elution with 1:1 tenzene-hexane gave 8.7 g (24%) of ester 
9b, mp 62-63°. Sublimation at 50° under high vacuum raised 
the melting point to 63-64°. An infrared absorption peak was 
located at 5.80 ¡i (C = 0  ester); and nmr peaks were at 8 3.82 
(-OCH3, singlet) and 4.10-3.42 (multiplet, 7 H) with an AB 
quartet having A at 2.34 and B at 1.83 ( J a b  = 13 Hz).

Anal. Calcd for CuHsChA: C, 47.26; H, 3.24; Cl, 38.05. 
Found: C, 47.26; H, 3.30; Cl, 38.22.

4,5,6,7-Tetrachlorotetracy:lo[4.3.0.02'5.03'8]nonane-4-carboxylic 
Acid (8a).—A solution of ketone 7 (1.0 g, 3.5 mmol) in a mixture 
of 30% aqueous KOH (20 ml) and dioxane (7.5 ml) was heated 
at reflux for 4 hr. The mixture was cooled and extracted with 
ether. The aqueous layer was then acidified with concentrated 
HC1, extracted with ether and the combined extracts were washed 
with water and dried. The tan solid remaining after evaporation 
of the solvent was dissolved in ether, the solution was filtered 
to remove a small amount of insoluble material and then the 
filtrate was evaporated in tacuo to give 1 g (94%) of off-white 
solid, mp 212-215°.

A portion of the acid was esterified with ethereal diazomethane 
and analyzed by glpc on a 6-ft column of 5% SE-30 at 200°. 
The chromatogram showed 2% of an unknown component, 4% 
of ester 9b, and 94% of ester 8b.

Two recrystallizations from methanol-water gave colorless 
crystals, mp 2 1 4 - 2 1 6 ° .  Glpc33 of an esterified sample showed 
10 0 %  8a; an infrared absorption peak appeared at 5 .8 1  n 
(C = 0 , acid), and nmr peaks (pyridine) were at 8 5 .29  (1 H 
broad singlet), a t 3 .70 -3 .4 8  (2 H multiplet), and at 3 .4 8 - 3 .0 1  
(2 H multiplet) with an AB quartet having A at 2 .6 2  and B at
1 .4 6  ( J a b  =  12  H z ).

Anal. Calcd for Ci9H8CL02: C, 39.77; H, 2.67; Cl, 46.96; 
neut equiv, 302. Found: C, 40.03; H, 2.81; Cl, 47.13; neut 
equiv, 298.

The acid also was prepared by alkaline hydrolysis of ester 8b 
obtained in method B above. Samples of the acid obtained from 
the two routes were shown to be identical upon comparing their 
physical and spectral properties.

4-Amino-5,6,7-trichloropentacyclo [4.3.0.02 5.03 .04 ■’] nonane
(10).—A solution of acid 9a (5.0 g, 0.019 mol) in 75 ml of thionyl 
chloride was heated at reflux for 2.5 hr, the solution was evapo
rated in vacuo, the residue was taken up in benzene and evapo
rated again to give 5.1 g of solid acid chloride. This was taken 
up in 160 ml of acetone, the solution was cooled in an ice bath, 
and then a solution of sodium azide (1.53 g, 0.024 mol) in 15 ml 
of water was added. After stirring in the cold for 15 min the 
mixture was diluted with 240 ml of water. The turbid mixture 
was extracted with ether and the combined dried extracts evapo
rated at 25° in vacuo to give 4.4 g of azide. The azide was dis
solved in 35 ml of benzene and the solution heated at reflux for 
1 hr. Removal of the solvent in vacuo yielded 3 g of isocyanate. 
A solution of the isocyanate in a mixture of tetrahydrofuran 
(120 ml) and concentrated HC1 (30 ml) was heated at reflux for 
1 hr and then heated in vacuo to remove the THF. The aqueous 
residue was diluted with water (75 ml), basified with 10% aqueous 
NaOH, and extracted with ether. Treatment of the dried ethereal 
solution with ethereal HC1 precipitated 2.0 g (38%) of 10 hydro
chloride. The hydrochloride was purified by recrystallization 
from ethanol-ether: mp 192-195° dec; nmr peaks (D20-DC1)37 
at 8 3.98-3.52 (4 H multiplet) and an AB quartet with A at 
2.38 and B at 1.93 ( J a b  = 13 Hz).

Anal. Calcd for C9H9CI4N: C, 39.60; H, 3.32; Cl, 51.95; 
N, 5.13. Found: C, 39.69; H, 3.24; Cl, 51.98; N, 5.15.

A sample of the free base 10 was prepared by basification of an 
aqueous solution of the hydrochloride, the precipitate was 
collected and recrystallized from hexane, mp 89-91° dec; in
frared absorption (CHCI3) appeared at 2.90 and 2.95 (-N H 2 
stretching) and at 6.20 ¡j (-N II2 bending).

Anal. Calcd for C9H8C13N: C, 45.70; H, 3.41; Cl, 44.97;
N, 5.92. Found: C, 45.69; H, 3.36; Cl, 45.17; N, 5.80.

Dechlorination of 5,6,7-Trichloropentacyclo[4.3.0.02 5.03 8.04'7]-
nonane-4-carboxylic Acid (9a).—To a solution of 9a (10.6 g,
O. 04 mol) in dry THF (200 ml) containing ¿-butyl alcohol (23 
ml, 0.24 mol) was added finely cut pieces of lithium wire (3.3 g, 
0.48 mol). Within a few minutes the mixture began to reflux 
spontaneously. As the reaction subsided (15 min) external 
heat was applied to maintain reflux for 15 min. A 12-ml quantity 
of ¿-butyl alcohol and 1.7 g of finely cut lithium wire were

(37) 3 -T rim e th y ls ily l- l-p ro p a n e su lfo n ic  ac id  so d iu m  s a lt  w as used  as  in 
te rn a l s ta n d a rd .
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added and the mixture was heated at reflux for 3 hr to complete 
the reaction. The mixture was cooled, poured into an ice-water 
mixture (1 1 .) and after the excess lithium had decomposed the 
aqueous solution was extracted with 'Aher. The aqueous layer 
was separated, acidified with concentrated HC1, and extracted 
with ether. The dried ether layer was evaporated in vacuo to 
give 5.2 g of a semisolid acid mixture. Although glpc showed 
a single peak, nmr data indicated the presence of unsaturation.

A portion of the acid mixture (1.8 g) was treated with bromine 
in carbon tetrachloride, the precipitated solid filtered and the 
filtrate evaporated. The filtrate residue (1.6 g) was twice re
crystallized from petroleum ether to give 0.70 g of crude acid. 
Repeated fractional sublimation finally gave a pure sample of 
acid (40 mg), mp 91.5-93°. This acid was shown by spectral 
comparisons and mixture melting point to be identical with the 
homocubane-4-carboxylic acid (6), obtained by the alternate 
route (Scheme I).

Pentacyclo [4.3.0.02 5.03 8.04 7]nonane-4-carboxamide (12).—A 
solution of acid 6 (5.0 g, 0.031 mol) in 25 ml of thionyl chloride 
was heated at reflux for 1 hr and then allowed to stand overnight 
at room temperature. The thionyl chloride was removed by 
heating in vacuo, the crude acid chloride was dissolved in 15 ml of 
THF and added dropwise (3 min) to 75 ml of cold concentrated 
NH4OH. After stirring 1 hr, the mixture was diluted with 25 
ml of water and the precipitate was collected, mp 261-263°. 
Recrystallization from 1:1 acetonitrile-isopropyl alcohol gave
3.8 g (76%) of off-white crystals: mp 261-263°; infrared ab
sorption at 2.95, 3.10, 6.00, and 6.19 ¡i'< and nmr peaks (CF3- 
COOH) at S 3.90-3.18 (7 H unsymmetrical doublet) and at
1.85 (2 H singlet).

Anal. Calcd for C10H 11NO: C, 74.51; H, 6 .88; N, 8.69. 
Found: C, 74.65; H, 7.06; N .8.74.

Pentacyclo[4.3.0.02'5.03 8.04'7]nonane-4-methylamine (13) Hy
drochloride.—Amide 12 (3.0 g, 0.0186 mol) was added portion- 
wise (1 hr) under nitrogen to a slurry of lithium aluminum hy
dride (3.04 g, 0.08 mol) in 400 ml of hot THF. The reaction 
was heated at reflux for 46 hr, cooled in ice and the excess lithium 
aluminum hydride decomposed by cautious addition of water 
(4 ml) followed by a saturated aqueous Na2S04 solution. The 
white suspension was filtered through a Celite pad and the 
filtrate evaporated to a small liquid residue in vacuo. The residue 
was dissolved in ether, a small amount of water was separated 
and then the dried organic solution was treated with ethereal 
HC1 to give 1.5 g (44%) of 13 hydrochloride as a colorless solid. 
Recrystallization from 1:1 isopropyl alcohol-ethyl acetate gave 
1.0 g of crystalline hydrochloride: mp >300°; infrared absorp
tion at 6.20 (sh), 6.27, 6.36, 6.62 /*; and nmr peaks (D2O-DCI) 
at 5 3.42-2.98 (9 H unsymmetrical doublet) and at 1.67 (2 H 
singlet).

Anal. Calcd for CioHuClN: C, 65.39; H, 7.68; Cl, 19.30; 
N, 7.63. Found: C, 65.54; H, 7.65; Cl, 19.03; N, 7.54.

4-Aminopentacyclo[4.3.0.02'5.03’8.04’7]nonane (14) Hydro
chloride.—A solution of acid 6 (11.6 g, 0.072 mol) in thionyl 
chloride (50 ml) was allowed to stand for 18 hr at room tempera
ture then heated a t reflux for 1 hr. Excess thionyl chloride 
was removed in vacuo and the remaining liquid acid chloride was 
dissolved in acetone (60 ml), cooled to 0-5°, and treated with a 
solution of sodium azide (7.5 g) in water (75 ml). After stirring 
a t 0-5° for 30 min the mixture was diluted with water (800 ml) 
and extracted with benzene, and the combined extracts were 
dried. The benzene solution was heated at reflux for 1 hr, the 
solvent was removed in vacuo and the residual isocyanate was 
heated in a refluxing mixture of tetrahydrofuran (500 ml) and

concentrated HC1 (120 ml). The solution was concentrated to 
0.25 volume in vacuo, diluted with water (300 ml), and extracted 
with ether. The aqueous solution was basified with 10% aqueous 
NaOH solution and extracted with ether. The combined dry 
extracts were treated with excess ethereal HC1 and the precipitate 
was collected (8 g). Recrystallization from isopropyl alcohol- 
ethyl acetate gave 5.3 g of 14 hydrochloride, mp 188-190° dec. 
The mother liquor yielded a second crop upon further cooling 
(1.5 g), mp 188-190° dec, to give a total of 6.8 g (56%); infrared 
absorption appeared at 6.29 and 6.39 ¡i; and nmr peaks (D20 -  
DC1) were at S 3.68-3.17 (7 H multiplet) and at 1.73 (2 H singlet).

Anal. Calcd for C9HI2C1N: C, 63.72; H, 7.13; N, 8.26; 
Cl, 20.90. Found: C, 63.78; H, 7.19; N, 8.13; Cl, 20.71.

Pentacyclo[4.3.0.02 5.03'8.04’7]nonane (Homocubane) (17).—A 
solution of bromine (2.5 g, 0.0156 mol) in 25 ml of CC14 was 
added dropwise (1 hr) to a solution of acidó (2.50 g, 0.0152 mol) 
in 65 ml of boiling CCI4 containing red mercuric oxide (2.50 g, 
0.0115 mol). When addition was complete the mixture was 
heated at reflux for 2 hr, cooled to room temperature and then 
filtered. The filter cake was washed with CCI4 and the combined 
filtrate and washings were extracted with five 25-ml portions of 
10% aqueous NaOH. The dried (CaS04) organic solution was 
concentrated to ~ 2  ml, diluted with pentane, and then chro
matographed on 75 g of neutral alumina (Woelm, activity grade 
I) in pentane. The initial pentane eluates gave 1.2 g of liquid as 
a mixture of 4-chloro- (16) and 4-bromohomocubane (15).38

A portion of the mixture (0.5 g) was dissolved in 15 ml of dry 
THF containing ¿-butyl alcohol (0.42 g, 5.7 mmol), then finely 
cut pieces of lithium wire (0.08 g, 11.4 mmol) were added. The 
mixture was heated at reflux for 1.5 hr, cooled to room temperature 
and poured onto 150 g of crushed ice. After the excess lithium 
had decomposed, the mixture was extracted with pentane. The 
combined dried pentane extracts were distilled until no further 
volatile distillate collected. The residue39 was taken up in a few 
drops of warm methanol, then cooled in ice to give a colorless 
solid, 50 mg. A second crystallization from methanol gave 17 
as a colorless, volatile solid: mp 107.5-108.5° (sealed capillary); 
infrared absorption peaks (CCI4) a t 3.41, 7.82, 8 .0 1 , 8 .12 , 8.42, 
10.85, 11.24, and 11.42 yu; and nmr peaks at S 3.40-3.00 (8 H
unsymmetrical doublet) and at 1.69 (2 H singlet). The mass
spectrum shows principal peaks at m /e 118, 117, 115, 103, 91, 
78, 77, 65, 63, 53, 52, 51, 50, 39, and 27.

Anal. Calcd for C9H10: C, 91.47; H, 8.53. Found: C, 
91.19; H, 8.47.

Registry No.—1, 10481-34-2; 4, 10481-35-3; 5, 
15844-10-7; 6, 15844-05-0; 8a, 15892-95-2; 8b,
15892-96-3; 9a, 15892-97-4; 9b, 15892-98-5; 10,
15892-99-6; 10 HC1, 15893-00-2; 12, 15844-06-1;
13 HC1, 15844-07-2; 14 HC1, 15844-09-4; 17, 15844-
08-3.
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to Miss M. Carroll and her staff for the elemental 
analyses.

(38) G lpc  a t  100° on  a  6~ft co lum n  of 5 %  S E -3 0  on  C h ro m o so rb  W  show ed  
th a t  tw o  co m p o n en ts  w ere  p re se n t in  a  1 :1  ra tio , w ith  r e te n tio n  tim es  of 5.6 
an d  9 .0  m in .

(39) G lpc  of th e  re s id u e  u n d e r  th e  c o n d itio n s  of ref 38 show ed  i t  to  
c o n ta in  a  sing le  c o m p o n en t of r e te n tio n  t im e  2.3  m in  a lo n g  w ith  som e s o lv e n t .



1460 L a n d g r e b e  and  B osch The J o u rn a l o f O rganic C h em istry
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Eight 1-arylcyclopropyl acetates 5 were prepared and subjected to hydrolysis with 0.1 A  hydrochloric acid in 
SO wt % aqueous dioxane at 40, 55, and 70°. With the exception of the hydrolyses at 40° of those acetates sub
stituted with electron-withdrawing groups, all compounds gave nonlinear first-order plots (production of acetic 
acid) which could be analyzed in terms of normal A'2 hydrolysis to cyclopropanol 6 in competition with ring 
opening to an unstable intermediate which breaks down to propiophenone 7. The structure of the intermediate 
was tentatively assigned as hydroxyacetate 8 on the basis of the product study and rate meaurements on model 
compounds.

Although the acid-catalyzed opening of various sub
stituted cyclopropanols is now well documented,2,3 the 
extent to which such a reaction might intervene during 
the acidic hydrolysis of a simple cyclopropyl carboxylate 
has not been previously determined and should be of 
considerable interest. In view of the often quoted 
similarity between the cyclopropane ring and a double 
bond, it is of interest to note that the preferred path for 
acid hydrolysis of enol esters involves slow addition of 
water across the double bond followed by alkyl-oxygen 
cleavage,4 5 6 a result which suggest that ring cleavage 
during the hydrolysis of cyclopropyl esters might be 
important.

In the following study eight l-arylcyclopropvl ace
tates have been prepared and the rates of acid-catalyzed 
hydrolysis measured at several temperatures.

R e su lts

All the cyclopropyl esters of general structure 5 were 
synthesized from the substituted acetophenones 1 ac
cording to the general procedure described by Freeman® 
and outlined in Scheme I.

Kinetic measurements of the hydrolyses of acetates 
5 with ca. 0.1 N  hydrochloric acid in 50 wt % aqueous 
dioxane were carried out at several temperatures by 
following the rate of production of acetic acid. At 40° 
all the substituted esters except acetates 5b and 5c, in 
which an electron donor is located in the p a ra  position, 
followed good pseudo-first-order kinetics (Table I). 
A simple extrathermodynamic relationship between log 
(relative rate) and the Hammett a values was found 
and exhibited a slope of — 0.108.6,7

Acetates 5b and 5c at 40, 55, and 70°, and all other 
acetates at temperatures above 40° (except 5e at 55°) 
displayed non-first-order behavior as indicated in 
Figure 1  for the p-tolyl ester 5b at 70°. A rational 
kinetic scheme capable of explaining these results con
sists of a direct hydrolysis path fc2, involving the normal 
acyl-oxygen cleavage step, in competition with a two- 
step sequence which results in initial cleavage of the

S c h e m e  I

COCH3
(CH,),NH,HC1 

(C H ,0)„ C2HsOH

1

C0CH2CH2N(CH3)2-HC1 OH" N ,H ,H ,0

C2H/3H

(PbOAc),

C H A ,

a, X = H
b, X = p-CH3
c, X =  p-CHsO
d, X = m-CH30

e, X =  m-N02
f, X = p-Br
g, X =  p-Cl
h, X = m-Br

T a b l e  I
R a t e  D ata  f o r  t h e  A cid  H y d r o l y ses  o f  1-A r y l c y c l o pr o p y l  

A c e t a t e s  i n  50 W t  %  A q u e o u s  D io x a n e “ a t  40 °

Substituent
No. of 
runs

«11») X
io«

k x 
10s b-d Rel rate

H (5a) 4 4 .6 9 4 .7 9 1.000
m-CH30  (5d) s 4 .5 6 4 .4 9 0 .9 3 7
v-Cl (SB) 2 4 .4 3 4 .3 5 0 .9 0 8
p-Br (5f) 3 4 .4 1 4 .3 3 0 .9 0 4
m-Br (5h) 3 4 .5 7 4 .0 8 0 .8 5 2
m-N02 (5e) 5 3 .8 7 3 .9 8 0 .8 3 1

4e 1 5 .5 8 ' 1 5 .5 3 '
“ Ca. 0.1 N  in hydrochloric acid. b Average deviation for 

several runs is ±  1%  except for to-N 02 (5e) for which it is ±  1 .5 % . 
'  Units of sec-1. d Units of mol l. -1 sec-1. 8 55°.

cyclopropane ring to intermediate A which undergoes 
hydrolysis. A similarity in the values for k 2 and k 3 re-

(1) T a k e n  from  th e  P h .D . D is se r ta t io n  of W . L . B . S u p p o r t of th is  w ork  
b y  a  g r a n t  from  th e  U n iv e rs ity  of K an sas  G en e ra l R esea rc h  F u n d  is g ra te 
fu lly  acknow ledged .

(2) (a) C . H . D e P u y , F . W . B re itb e il, a n d  K . P . D e B ru in , J .  A m er. Chem. 
Soc., 88 , 3347 (1966); (b) C . H . D e P u y  a n d  F . N . B re itb e il, ib id ., 85 , 2176 
(1963).

(3) P . S. W h a rto n  a n d  T . I .  B a ir , J .  Org. C hem ., 31 , 2480 (1966).
(4) J .  A. L a n d g reb e , ib id ., 30, 2997 (1965).
(5) (a) J .  F reem an , ib id ., 28 , 885 (1963); (b) ib id ., 29, 1379 (1964).
(6) T h e  H a m m e tt  re la tio n sh ip  fo r a c id -c a ta ly z e d  h y d ro ly s is  of ben zy l 

a c e ta te s  in 6 0 %  ac e to n e  in  w a te r  a t  40° has  a  p v a lu e  of — 0 .053 .7
(7) E . T o m m ila  an d  C . N . H inshelw ood , J .  Chem . Soc., 1801 (1938).

b y /

HjO+ +  5 — ——► CH3C02H +  X ° H +  CH3CH2C0Ar
Ar

6 7

suits in the type of behavior indicated in Figure 1. 
Assumption that the three steps are essentially irrever
sible under the reaction conditions (see Discussion) and
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solution of the appropriate differential equations leads 
to the following expression in which x  is the fraction of 
reaction.

x =  1  +  T— —l ----- , [(fc, -  -  fee-*«] (1 )

Values of k\, k 2, and k3 were chosen by a GE-625 com
puter so as to obtain the best possible fit of the equation 
to the actual plot of the raw data. The x2 function 
minimized by the computer was found to be rather sen
sitive to variations in k 2 and fc3 but insensitive to k x; 
thus, values for k 2 and k3 became constant after only
5-10 iterations while values for k x continued to fluctu
ate markedly even after 40 iterations. Computed 
values of k 2 and k 3 are listed in Table II.

T a b l e  II
C o m p u t e d  R a t e  C o n st a n t s  f o b  t h e  H y d r o l y ses  o f  

1-Ar y lc y c l o pr o py l  A c e t a t e s  w it h  0.1 W H y d r o c h lo r ic  
A cid  in  50 W t  %  A q u e o u s  D io x a n e

S eco n d -o rd er A verage  
-—co n s ta n ts “—' d ev ia tio n  (db) R el ra te s

N o . of T em p , kz X kz X k z X kz X — (70°)-----•
S u b s t itu e n t ru n s °C 104 10* 104 104 kz kz

p-C H aO  (Sc) 2 70 8 .6 5 8 .6 5 0 .1 4 0 .1 4 1 .14 1 .01
2 55 4 .6 0 4 .4 8 0 .1 9 0 .3 2

p-C H a (5b) 2 70 7 .9 0 7 .9 0 0 .1 2 0 .1 2 1 .0 4 1 .01
3 40 1 .0 2 1 .0 2 0 .0 8 0 .0 8

H  (Sa) 5 70 7 .6 0 7 .8 2 0 .2 2 1 .0 0 1 .0 0 1 .0 0
m -CH aO  (5d) 2 70 8 .1 9 8 .4 0 0 .1 0 0 .1 1 1 .0 8 1 .0 7
P -C l (Sg) 2 70 6 .3 2 5 .7 3 0 .0 8 0 .5 1 0 .8 3 0 .7 3
p -B r (5f) 5 70 7 .4 3 7 .9 2 0 .3 3 0 .6 2 0 .9 8 1 .01
m -B r (Sh) 3 70 5 .9 8 5 .9 8 0 .1 1 0 .1 1 0 .7 9 0 .7 7
m -N O a (Se) 3 70 6 .9 2 7 .4 0 0 .4 0 0 .6 1 0 .9 1 0 .9 5

B Units of 1. mol-1 sec-1.

Although there is some scatter in a plot of log k 2 vs. 
Hammett c  for the data at 70°, the slope lies between 
the extreme limits of —0.06 and —0.24.

Activation parameters calculated for k 2 from the data 
in Tables I and II are listed in Table III.

T a b l e  III
A c t i v a t i o n  P a r a m e t e r s  f o r  f e “

S u b s t itu e n t A ff * ,  k c a l/m o l A S * ,  eu

p-CH30  (5c ) 1 6 .9 - 2 3
p-CHa (5b) 1 3 .9 - 3 2
H (5a) 1 9 .0 - 1 8
m-CHaO (5d) 2 0 .0 - 1 4
P - C l  (5g) 1 8 .4 - 1 9
p-Br (5f) 1 9 .5 - 1 6
m-Br (5h) 1 8 .4 - 1 9
m-NO. (5e) 1 9 .7 - 1 5

a Determined from data at 40 and 70° except for 5c for which 
data at 55 and 70° were used.

Products identified after partial hydrolysis of several
1-arylcyclopropyl acetates at two temperatures are 
listed in Table IV.

Discussion

The data of Table I clearly indicate that at 40° those
1-arylcyclopropyl acetates substituted with electron- 
withdrawing groups undergo hydrolysis in complete 
accord with the classical A '2 mechanism.8 That elec
trophilic ring cleavage was unimportant under these

(8) A . A. F rost and R . G. Pearson, “ K inetics and M ech anism ,” 2nd
ed, John W iley  and Sons, Inc ., N ew  Y ork, N . Y ., 1963, p 319.

Figure 1.—Hydrolysis of l-(p-tolyl)cyclopropyl acetate with 0.1 
N  hydrochloric acid in 50 wt % aqueous dioxane at 70°.

T a b l e  IV
P r o du cts  D e t e c t e d  a f t e r  A cid  H y d r o l y sis  o f  

1-A r y lc y c l o pr o py l  A c e t a t e s  i n  50 W t  %  A q u e o u s  D io x a n e  
f o r  4 .5  H a lf- l iv e s “

N o n lin e ar
T e m p , first-order Cyclopropanol Propiophenone

Substituent °C plot 6 7

p - C H a O  (5 c ) 70 + + +
40 + + +

H  ( 5 a ) 70 + + +
40 — + ?

P - C l  (5g) 40 - + -
m -B r (5h) 70 + + +
m - N O í  ( 5 e ) 40 - + -

“ Residual starting material was detected in all experiments.

circumstances was confirmed by the absence of pro- 
piophenone 7 among the products (Table IV).

For acetates 5b and 5c in which an electron donor was 
present on the aromatic ring or for all esters at elevated 
temperatures, the kinetic behavior illustrated in Figure 
1 was observed and could be analyzed by the scheme 
previously presented in which a dual path for the pro
duction of acetic acid was envoked. An important ob
servation consistent with the propsed kinetic scheme 
was that only under circumstances which resulted in 
nonlinear first-order kinetics was the presence of ketone 
7 noted among the products (Table IV).

Although the electrophilic opening of cyclopropanol 
6 might conceivably account for the production of a 
portion of ketone 7,9-11 this process does not affect the 
rate of production of acetic acid and is therefore not di
rectly related to the observation of unusual kinetic be
havior. The proposed path kx,k2 not only accounts for 
the observed rate data but demands the presence of 
ketone 7 as a product.

The nature of intermediate A must be deduced in
directly since it does not accumulate under the reaction 
conditions. Acid-catalyzed opening of the ring of

(9) R in g  open ing  of l- (p - to ly l)c y c lo p ro p a n o l w ith  5 N  p e rch lo ric  ac id  in 
6 0 :4 0  (v /v )  d io x a n e -w a te r  a t  50° occu rs w ith  a  r a te  c o n s ta n t of 1.01 X  
10-*  s e c -1.10 T h u s , i t  seem s u n lik e ly  t h a t  u n d e r  th e  co n d itio n s  fo r th e  p ro d 
u c t s tu d y  on 5 b  a t  40°, m o re  th a n  a  sm all fra c tio n  of th e  p ro p io p h e n o n e  could 
h av e  been  ac co u n ted  fo r b y  rin g  o pen ing  of th e  alcoho l.

(10) R . A. K le in , P h .D . D is se r ta tio n , Io w a  S ta te  U n iv e rs ity , 1965.
(11) l-(p -C h lo ro p h e n y l)c y c lo p ro p a n o l a n d  l- (p -m e th o x y p h e n y l)c y c lo 

p ro p an o l p re p a re d  from  th e  co rresp o n d in g  a c e ta te s  b y  red u c tio n  w ith  
lith iu m  a lu m in u m  h y d rid e , w hen  s u b je c te d  to  hy d ro ly s is  u n d e r  th e  cond i
tio n s  used  in  th e  p ro d u c t s tu d y , p ro d u ced  on ly  a  tra c e  of th e  co rrespond ing  
p rop iophenones .
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acetate 5 with subsequent or simultaneous attack by- 
water would result in the formation of hydroxyacetate 
8, or via  an elimination reaction, enol acetate 9. A

Physical constants and analytical data for the cyclopropyl 
acetates are presented in Table V. Spectral data are summarized 
in Table VI.

OAc ^OAc

CH3CH2CAr CH3CH=C
■ ArOH Ar

8 9

model enol acetate, 1-p-anisyl-l-aeetoxypropene, was 
prepared from the corresponding ketone and found to 
undergo acid-catalyzed hydrolysis (55°) in aqueous 
dioxane with a rate constant one-fourth that of the k3 
hydrolysis constant of l-(p-anisyl) cyclopropyl acetate 
under the same conditios. This result implies that 
intermediate A is probably the labile hydroxyacetate 
8.12'13 The over-all kinetic scheme is summarized below.

y , s — CH3C02H +  7 
HaO+ +  5 t

*  CH3C02H +  6 ^  slow

It should be noted that the small relative rate range 
for the fc2 values is associated with a substantial com
pensation of activation enthalphy and entropy values 
(Table III).14

Experimental Section15
l-Arylcyclopropyl acetates (5) were prepared from the corre

sponding acetophenone via the Mannich reaction,16 followed by 
neutralization of the resulting /3-dimethylaminopropiophenone 
hydrochloride with 1 N  sodium hydroxide, treatment of the 
crude amine with 90-100% hydrazine hydrate,17 oxidation of the 
pyrazoline with lead tetraacetate,6'18 and thermal decomposition 
to the cyclopropane.5 The crude intermediate pyrazoline was 
isolated by crystallization and rapid filtration under nitrogen. 
Those 1-arylcyclopropyl acetates obtained as solids were crystal
lized from n-pentane.

I t  was noted that 3-p-anisyl-A2-pyrazoline was quite air 
sensitive. Exposure to air resulted in a vigorous exothermic 
reaction.

If precautions were not taken to neutralize the hydrochloride 
of /3-dimethylamino-TO-nitropropiophenone with a layer of ether 
present, considerable polymeric material formed. The ether 
solution of free amine was used directly in the next step. Total 
polymerization could not be avoided during the neutralization of 
the hydrochloride of /3-dimethylamino-p-nitropropiophenone 
consistent with observation by K nott19 * 47 and Nobles and Burck- 
halter.20

(12) N ew m an  a n d  S m ith ,13 h av in g  fo rm ed  th e  c a rb o n y l a d d itio n  p ro d u c t 
of n -b u ty lm ag n e siu m  b ro m id e  a n d  ac e tic  a n h y d r id e  a t  —70°, w ere  u n a b le  to  
iso la te  a n y  h y d ro x y  e s te r  even  th o u g h  th e  s a lt  w as ca re fu lly  h y d ro ly z ed  a t  
- 10°.

(13) M . S. N ew m an  a n d  A. S. S m ith , J .  Org. Chem ., 13, 592 (1948).
(14) J .  E . Leffler a n d  E . G ru n w a ld , “ R a te s  a n d  E q u ilib r ia  of O rgan ic  

R e a c tio n s ,” J o h n  W iley  a n d  Sons, In c ., N ew  Y o rk , N . Y ., 1963, p  315.
(15) M e ltin g  p o in ts , ta k e n  o n  a  T h o m a s -H o o v e r  ca p illa ry  m e ltin g  p o in t 

a p p a ra tu s , a re  co rrec ted . B oiling  p o in ts  a re  u n co rrec ted . E le m e n ta l an a ly 
ses w ere  p e rfo rm ed  b y  G a lb ra i th  L a b o ra to r ie s , K noxv ille , T e n n ., o r  on  an  
F  & M  M odel 185 C ,H ,N -A n a ly ze r. A ll in fra re d  sp e c tra  w ere  o b ta in ed  in 
ca . 10%  ca rb o n  te tra c h lo r id e  so lu tio n  in  a  0 .05-m m  so d iu m  ch lo rid e  cell on 
a  B ec k m an  IR -8  d o u b le -b eam  reco rd in g  sp e c tro m e te r  w ith  a  6101-cm  - 1 p ea k  
from  p o ly s ty re n e  vs. a i r  as  a  c a lib ra tio n  p o in t. N u c le a r m a g n e tic  resonance  
s p e c tra  w ere  o b ta in e d  on a  V a ria n  A -60 o r  A -60A  as  a  s o lu tio n  in  ca rb o n  
te tra c h lo r id e  c o n ta in in g  te tra m e th y ls ila n e . C hem ica l sh ifts  a re  d e s ig n a ted  
b y  th e  r  scale .

(16) C . E . M axw ell, “ O rgan ic  S y n th ese s ,” Coll. Vol. I l l ,  J o h n  W iley  a n d  
S ons, In c .,  N ew  Y o rk , N . Y ., 1955, p  305.

(17) S. G . B eech, J . H . T u rn b u ll, a n d  W . W ilson , J .  Chem . Soc., 4686 
(1952).

(18) T h e  use of te m p e ra tu re s  in  excess of 25° o r  th e  p resen ce  of ac e tic  
a n h y d r id e  in  th e  le ad  te t r a a c e ta te  g re a t ly  red u ce d  th e  y ie ld  of 4.

(19) E . D . K n o tt ,  J .  Chem. Soc„  1190 (1947).

T a b l e  V
P h y s i c a l  C o n s t a n t s  a n d  A n a l y s e s  o f  

1 -A r y l c y c l o p r o p y l  A c e t a t e s

S u b s t itu e n t M p , °C
------- C

c
alcd,

H
70------- .------ F o

N  C
u n d , % -  

H N
H  (5a) O il“
p-C H a (5b) 3 4 -3 5 .5 7 5 .7 6 7 .4 2 7 5 .9 8 7 .4 8
p-C H aO  (5c) 3 6 .8 -3 7 .7 6 9 .8 8 6 .8 4 7 0 .2 3 7 .0 6
m -CHaO (5d) O il6 6 9 .8 8 6 .8 4 7 0 .8 8 7 .0 0
m -N O a (5e) 8 4 .3 -8 6 .3 5 9 .7 2 5 .0 1 6 .3 3  5 9 .6 6 5 .0 5  6 .3 8
p -B r (5f) 5 7 .5 -5 9 .5 5 1 .7 9 4 .3 5 5 2 .0 9 4 .5 1
P -C l (Sg) 6 7 .0 -6 9 .4 6 2 .7 2 5 .2 6 6 3 .0 3 5 .3 0  .
m -B r (5h) O ilc 5 1 .7 9 4 .3 5 5 1 .5 9 4 .3 4  .

“ Bp 63-70 0 (0.40-0.45i mm); lit.6bp 68-70° (0.4 mm). 6 Bp
98° (0.40 mm) and 109° (0.75 mm). e Bp 100° (0.68 mm).

T a b l e  VI
S p e c t r a l  D a t a  o n  1 -A r y l c y c l o p r o p y l  A c e t a t e s “ 

S u b s t itu e n t

H (5a) Nmr: 2.57-2.90, m, 5 H; 8.12, s, 1 H; 8.75-8.92,
m, 4 II

Infrared: 3033, 1748, 1369, 1243, 1204, 1026, 990 
p-CH3 (5b) Nmr: 2.67-8.11, m, 4 H; 7.73, s, 3 H; 8.12, s, 3 H; 

8.80-9.00, m, 4 H
Infrared: 3029, 1747, 1370, 1349, 1240-1180,

1100, 988
p-CH30 (5 c )  Nmr: 2.52-3.38, m, 4 H; 6.26, s, 3 H; 8.11, s, 3 H; 

8.83-9.03, m, 4 H
Infrared: 3010, 2950, 2840, 1750, 1613, 1517, 

1368, 1349, 1300, 1246, 1204, 1175, 1030, 986 
to-CH30  (5d) Nmr: 2.71-8.44, m, 4 H; 6.33, s, 3 H; 8.12, s, 3 H; 

8.79-8.95, m, 4 H
Infrared: 3006, 2941, 2837, 1755, 1605, 1587,

1457, 1370, 1234, 1205, 1047, 1026 
to-N 02 (5e) Nmr: 1.77-2.68, m, 4 II; 8.00, s, 3 H, 8.60-8.80, 

m, 4 H
Infrared: 3090, 1759, 1532, 1354, 1369, 1242,

1207
p-(Br(5f) Nmr: 2.50-2.92, m, 4 H ; 8.08, s, 3 H, 8.72-8.90, 

m, 4 H
Infrared: 3015, 1751, 1495, 1368, 1240, 1204, 

1097, 1026, 1010
p-Cl (5g) Nmr: 2.75, s, 4 H; 8.06, s, 3 H, 8.75-8.95, m, 4 H

Infrared: 3017, 1753, 1499, 1370, 1241, 1203,
1100, 1026, 1015, 997

m-Br (5h) Nmr: 2.41-2.97, m, 4 H; 8.10, s, 3 H; 8.68-8.90, 
m, 4 H

Infrared: 3024, 1741, 1566, 1480, 1451, 1411, 
1366, 1338, 1240-1190, 1070, 1024, 990 

0 Nmr data indicate the cnemical shift (r  scale), multiplicity, 
and integrated area. Infrared absorptions are expressed in cm-1.

l-(p-Anisyl)cyclopropanol was prepared from 1-p-anisylcyelo- 
propyl acetates by treatment of the acetate in ether with excess 
lithium aluminum hydride followed by an aqueous work-up. 
The nmr spectrum of the alcohol, mp 62-63°, showed a complex 
multiplet at 3.07 (4 H), a singlet at 6.28 (3 H), a broad singlet 
at 6.68 (1 H), and a complex multiplet a t 9.06 (4 H), Infrared 
peaks occurred at 3600, 3500-3150, 3002, 2952, 2833, 1614, 
1516, 1247, 1220, 1178, 1038, 1011, and 827-734 cm"1.

Anal. Calcd for CuTLsCh: C, 73.15; H, 7.37; O, 19.48. 
Found: C, 72.92; II, 7.41; 0 ,  19.68.

l-(p-Chlorophenyl)cycloprcpanol, mp 68-69°, was prepared 
from the acetate in the manner described above. The nmr 
spectrum showed a complex multiplet a t 2.83 (4 H), a broad 
singlet at 6.30 (1 H), and a complex multiplet a t 9.00 (4 H). 
Significant peaks in the infrared spectrum occurred at 3600,

(20) L . N . N obles an d  J  H . B u rc k h a lte r , J .  A m er . P h a rm . Soc., S e i. E duc
47 , 77 (1958).
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3530-3130, 3091, 3010, 1498, 1222, 1100, 1013, 866, and 820- 
734 cm-1.

Anal. Calcd for CeH9C10: C, 64.11; H, 5.38. Found: C, 
63.94; H, 5.33.

1-p-Anisyl-l-acetoxyprcpene was prepared by passing ketene 
through molten p-methoxypropiophenone (100 g, 0.61 mol, 
Aldrich) for 15.5 hr with 10 drops of concentrated H2S04 as cata
lyst. Two washings with aqueous base and several with water fol
lowed by an ether work-up gave a viscous brown liquid which was 
distilled on a 14-in. wire, spiral column to give a high-boiling 
fraction, bp 115-150° (0.4 mm), which was recrystallized twice 
from n-pentane and twice from ethanol. The product, mp 
49-50°, gave an nmr spectrum which showed a complex multiplet 
at 2.98 (4 H), a quartet a t 4.36 (1 H, J  = 7 cps), a singlet at 
6.28 (3 H), a singlet at 7.73 (3 H), and a doublet at 8.36 (3 N, 
J  = 7 cps). Significant peaks in the infrared spectrum were 
found at 3000, 2936, 2838, 1760, 1611, 1509, 1465, 1441, 1368, 
1313 (sh), 1307, 1282, 1247, 1206, 1175, 1111, 1040 (sh), 1027, 
834, and 814 cm-1.

Anal. Calcd for C12Hi40 3: C, 69.88; H, 6.84; O, 23.27. 
Found; C, 69.61; H, 6.78; 0 ,23 .50 .

Acid hydrolysis (0.1 N  HC1) at 55° in 50 wt % aqueous di- 
oxane resulted in a pseudo-first-order constant of 1.086 X 10 ~i 
sec-1.

1-p-Anisyl-l-acetoxy propane.— I -p-Anisyl-1-propanol (21 g, 
0.126 mol), prepared by the addition of p-methoxyphenyl- 
magnesium bromide to propionaldehyde, and dimethylaniline 
(45.9 g, 0.378 mol, Eastman) in ether (150 ml) were stirred at 
5° while acetyl chloride (29.7 g, 0.378 mol) was added dropwise. 
The solution was maintained at reflux for 62 hr and worked up 
in the usual manner with ether and water to give the desired 
product, bp 94-96° (0.31 mm). The nmr spectrum showed a 
complex multiplet at 2.74-3.31 (4 H), a triplet a t 4.43 (1 H, 
J  = 7 cps), a singlet at 6.32 (3 H), a singlet at 8.07 (3 H), a 
multiplet a t 8.05-8.43 (2 H), and a triplet at 9.17 (3 H, J  = 7 
cps).

Acid hydrolysis (0.1 N  HC1) at 40° in 50 wt % aqueous di- 
oxane resulted in a pseudo-first-order constant of 1.025 X 10-3 
sec-1.

Kinetic Procedure. At 40°.—Approximately 0.001 or 0.002 
mol of ester weighed to the nearest 0.0001 g was placed into a 
clean, dry 25-ml volumetric flask to which an acid solution (25 
ml), vide infra, was introduced with a volumetric pipet, and the 
total volume was estimated to the nearest 0.01 ml via calibration 
marks on the neck of the volumetric flask. Corrected acid and 
ester concentrations were calculated at 40°, and the stoppered 
flask was immersed in a constant temperature bath. Aliquots 
(ca. 1 ml) of known volume to 0.0001 ml were withdrawn at 
intervals of 1 hr, diluted with 25.00 ml of distilled water and 
titrated with a standardized solution of sodium methoxide in 
methanol to a phenophthalein end point.

At 55 and 70°.—When the ester and acid had been combined, 
ca. 1.4-ml portions were sealed in 100-mm test tubes packed in 
ice and the sealed tubes were then immersed in a constant tem
perature bath. At the appropriate time interval a tube was re
moved from the bath, cooled for several minutes in water, and 
broken. An accurate aliquot was treated as previously indicated. 
Intervals of 7.5-30 min were used.

The acid solution was prepared by the addition of the ap
propriate volume of dry hydrogen chloride to equal weights of 
p-dioxane (purified by passage through Woelm, acid-washed 
alumina (I) and distillation from sodium) and water so as to 
give an ca. 0.1 M  acid solution. Standardization was accom
plished with a solution of sodium methoxide (Matheson Coleman 
and Bell) in anhydrous methanol. The latter was standardized 
with potassium hydrogen phthalate.

All titrations were performed with a 5-ml self-filling buret 
(readable to 0.001 ml) with a stoppered reservoir. Three drops 
of a solution of 1 g of phenolphthalein in 50 ml of ethanol and 50 
ml of water were used. The polyurethane insulated constant 
temperature bath was maintained at ± 0.0 1° with a solid-state 
electronic thermostating circuit.

Calculations.—The derivation of eq 1 is given below. If we 
let cyclopropyl ester =  B, intermediate ester = A , and 
acetic acid = C, the differential equations which describe the 
indicated kinetic system are as follows.

A

fa
B -------> C

g f  = - ( f a  +  fa)B

~  =  faß -  ksA at

g £  =  f a ß  +  fa -4

(2)

(3)

(4)

Integration of eq 2 and introduction of the initial conditions 
that B = Bo a t t = 0 gives

B  = Boe-'fa+^R

Substitution of this value for B  into eq 3, application of the 
integrating factor ek3‘, and introduction of the condition that 
A =  0 at t = 0 leads to the following solution to the linear 
differential equation.

A = [B0fa/(fa — fa — fa)] [e- <fa+fa>‘ — e- fa‘]

Substitution of the values for A  and B  into eq 4, separation of 
variables, integration, and introduction of the condition that 
C = 0 at t = 0 gives

C = B„ +  [B0/(fa +  fa -  fa)] [(fa -  fa) e- <fa+fa>' -  fae-**]

The fraction of reaction, X  = C/B0 is then equal to eq 1.
Typical pseudo-first-order rate data are given in Table VII for 

the hydrolysis of l-(m-bromophenyl)cyclopropyl acetate in 50 
wt % aqueous dioxane at 40.00 ±  0.02° in the presence of 0.1119 
M  hydrochloric acid. The initial ester concentration was 0.05302 
M . All pseudo-first-order runs were followed to ca. 25% reaction 
except for l-(m-nitrophenyl)cyclopropyl acetate which was 
only followed to ca. 15% reaction.

T a b l e  VII
T im e, T ite r , L n T im e, T ite r , L n

sec ml» la / ( a  -  x )] see m l“ [a /(a  -  x )I

3,600 3.220 0.0200 25,200 3.365 0.1231
7,440 3.240 0.0336 28,931 3.380 0.1343

11,140 3.268 0.0530 32,500 3.404 0.1527
14,400 3.292 0.0699 39,600 3.442 0.1824
18,000 3.314 0.0856 43,290 3.461 0.1976
21,680 3.332 0.0987 46,860 3.488 0.2196

64,800 3.580 0.2985
“ 0.03399 N  sodium methoxide in methanol; k = 4.016 X 10-5

sec 1.

Typical non-first-order data are given in Table V III for the 
hydrolysis of l-(p-tolyl)cyclopropyl acetate in 50 wt % aqueous 
dioxane at 40.00 ±  0.02° in the presence of 0.12026 M  hydro
chloric acid. The initial ester concentration was 0.06646 M .

T a b l e  VIII
Time, Titer, % Time, Titer, %

sec ml“ hydrolyzed sec ml“ hydrolyzed
3 ,6 2 4 3 .4 3 7 0 .7 9 3 2 ,3 7 0 4 .0 6 2 3 3 .8 9
7 ,3 2 6 3 .5 3 0 5 .7 1 3 9 ,6 3 0 4 .1 2 2 3 7 .0 1

1 0 ,9 4 0 3 .7 0 0 1 4 .7 0 4 3 ,2 0 0 4 .1 4 0 3 9 .6 7
1 4 ,4 2 0 3 .8 4 4 2 2 .3 1 4 6 ,9 5 0 4 .1 7 8 3 9 .9 7
1 8 ,0 9 6 3 .9 2 0 2 6 .3 3 5 0 ,4 0 0 4 .2 0 3 4 1 .2 9
2 1 ,5 6 0 3 .9 5 8 2 8 .3 4 5 4 ,1 1 0 4 .2 4 4 4 3 .4 6
2 5 ,2 1 5 3 .9 9 5 3 0 .3 0 5 7 ,6 0 0 4 .2 6 6 4 4 .6 3
2 8 ,7 7 0 4 .0 3 0 3 2 .1 5
° 0.03405 N  sodium methoxide in methanol.

Registry No.—5a, 16031-49-5; 5b, 16031-50-8;
5c, 16031-51-9; 5d, 16109-33-4; 5e, 15973-63-4;
5f, 16031-52-0; 5g, 16031-53-1; 5h, 15973-64-5;
l-(p-anisyl)cyclopropanol, 15973-65-6; l-(p-chloro- 
phenyl)cyclopropanol, 16031-54-2; 1-p-anisyl-l- 
acetoxypropene, 16031-56-4; 1-p-anisyl-l-acetoxypro- 
pane, 16031-55-3.



1464 G r u n d m a n n , F rom m eld , F lo r y , and  D atta The J o u rn a l o f O rganic C h em istry
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D im esitylfurazan Oxide1
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Contrary to earlier reports, mesitonitrile oxide (1), under very specific conditions, may form a dimer for which 
the structure of dimesitylfurazan oxide (4) was ascertained by mass spectrum, chemical degradation, and an 
independent synthesis. Sterical considerations require the dimerization of 1 to 4 to proceed via a nitrosocarbene 
intermediate.

It was reported in earlier communications that aro
matic nitrile oxides sterically hindered by substituents 
of appropriate size in ortho,ortho position will not un
dergo the spontaneous dimerization to furazan oxides 
(furoxans, 1,2,5-oxadiazole 1-oxides), generally charac
teristic of nitrile oxides.1,2 At temperatures above 
100°, these nitrile oxides rearranged neatly to the corre
sponding isocyanates.

The remarkable stability of mesitonitrile oxide (1), 
for instance, was demonstrated by the successful 1,3- 
dipolar cycloaddition to 2,3-dimethylbutene-2 (2), an 
extremely unreactive olefin. Heretofore, tetrasubsti- 
tuted ethylenes were generally considered inert toward 
nitrile oxides.3 During the reaction of 1 with 2 which 
required refluxing for 21 hr in an excess of the hydrocar
bon, besides a 18% yield of 4,4,5,5-tetramethyl-3- 
mesityl-4,5-dihydroisoxazole (3) and a major amount of 
mesityl isocyanate, 12% of a dimer of 1, melting at 130°, 
was obtained. The same dimer was formed in approxi
mately the same yield when 1 was refluxed for 24-48 hr 
with a petroleum fraction, free of olefins, boiling at 
~ 6 5°. The main product under these conditions was 
mesityl isocyanate. The formation of the dimer is re
stricted to a rather narrow temperature range; at 50° 1 
remained mostly unchanged over comparable reaction 
times, while at temperatures above 75°, the rearrange
ment to the isocyanate predominates. If 1 was heated 
quickly to reflux in an inert higher boiling solvent, such 
as ligroin (bp 100-110°) or toluene, an almost quantita
tive conversion to mesityl isocyanate was observed.215

For reasons of analogy, it seemed obvious to assume 
that the dimer had the structure of a dimesitylfurazan 
oxide (4), were it not for extreme steric hindrance in
volved in the direct head to head combination of two 
molecules of 1 to 4. Further doubt on the furazan oxide 
structure was cast by the impossibility of deoxygenating 
the dimer to the corresponding furazan (1,2,5-oxadi
azole) by means of trivalent phosphorus compounds, a 
reaction generally applicable to all furazan oxides in
vestigated so far.4

Therefore, the less sterically hindered structures 5, 6, 
or 7 had to be considered too. Structures 5 and 6 would 
both result from a head to tail dimerization of 1, while 7 
would require 1,3-dipolar cycloaddition of 1 to mesityl 
isocyanate, shown to be present in the reaction mixture. 
Formula 7 was ruled out by an independent synthesis. 
Mesitonitrile oxide (1) added mesidine to form mesito-

(1) P rev io u s  c o m m u n ic a tio n : C . G ru n d m a n n  a n d  R . R ic h te r , J .  Org.
Chem ., 33, 476 (1968).

(2) (a) C . G ru n d m a n n  a n d  J .  M . D ean , A ngew . Chem ., 76 , 682 (1954); (b) 
C . G ru n d m a n n  a n d  J . M . D ean , J .  Org. C hem ., 30 , 2809 (1965); (c) C . G ru n d 
m a n n , Fortschr. Chem . Forsch., 7 , 62 (1966).

(3) R . H u isgen , A ngew . C hem ., 75, 604 (1963).
(4) C. G ru n d m a n n , Chem . B er., 97 , 575 (1964).

A r-C -N -^O  4- (CH3)2C=C(CH3)2 
1 2

A r-C ------C(CH3)2

N ^ C ( C H 3)2

A r-C ---- C—Ar Ar—C -C —Ar
Il II — > Il H
N'-O-'-N^ 0  HN NH

Ar—CO—CO—Ar 
10

A r- C - C - A r
I! II

HON NOH 
11

H0N=C(C1>—(Cl)C=NOH +  2ArMgBr

J K
A r-C ----- N-K) A r-Ç  N A r-Ç ----- Ar

N -^ /C -A r  N ^ C - A r  NVq / C = 0

5 6

1 +  H2N—Ar — » A r-C -N H -A r

NOH
8

O

li©

A r- C - C - A r
Ar—C---- C—Ar

II
V

4 N

A©

7

CICOOEtf

R—Ç—N = 0 
l a

J
Arx  /N O

/ C=C\ON Ar
12

13

Ar = 2,4,6-trimethylphenyl

N-mesitylamidoxime (8).6 Compound 8 reacted with 
ethyl chloroformate under ring closure directly to 7. 
The synthetic product was different from the dimer. 
The infrared spectrum of the dimer is complex (as is that 
of known diarylfurazan oxides6), all major bands are 
compatible with structure 4. Since nothing is known 
about the spectrai differences between the furazan 
oxides and the ring systems 5 and 6, no valid conclusions 
can be drawn.

The mass spectrum shows, in addition to the parent 
peak (322), major peaks at 306, 262, 161, and 145. The 
first one, corresponding ro loss of one oxygen, is indica-

(5) C . G ru n d m a n n  a n d  H .-D . F ro m m e ld , J .  Org. C hem ., 31 , 157 (1965).
(6) (a) N . E . B o y er, G . M . C ze rn iak , H . S. G u tk o w sk y , a n d  H . R . S y n d e r , 

J .  A m er . Chem . Soc., 77 , 4238 (1955); (b) J .  H . B oyer, U . T oggw eiler, a n d  
G . A. S to n e r , ib id ., 79 , 1748 (1957).
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tive of a heterocyclic N-oxide,7 thus ruling out structure
6 . The peak at 262 corresponds to loss of the fragment 
N20 2 (60) which is only compatible with the furoxan 
structure 4 for the dimer, while the peaks at 161 and 145 
corresponding to mesitonitrile oxide and mesitonitrile 
are of no diagnostic value. Under the same conditions, 
diphenylfurazan oxide shows a strictly analogous pat
tern with strong peaks at P-16 and P-60.

Reduction of the dimer with zinc and acetic acid did 
not produce the mesitildioxime (11), as expected from 
analogous experience with other diarylfurazan oxides,8 
but a base C20H24N2, which turned out to be mesitildi- 
imine (9). Contrary to the other known ketimines, 
the compound is surprisingly stable to hydrolysis, but 
treatment with boiling 2 N  sulfuric acid converted it 
neatly into mesityl diketone (10) (mesitil), identical 
with a specimen prepared according to the literature.9 10

Finally, the structure of the dimer was proved by an 
independent synthesis. Mesitylmagnesium bromide re
acted with dichloroglyoxime to mesitildioxime (1 1 ), a 
compound which cannot be obtained by oximation of
10.10 Dehydrogenation of 11 with sodium hypobromite 
gave dimesitylfurazan oxide (4) identical with the dimer 
of I.

Although furazan oxide formation from nitrile oxides 
is probably the longest known reaction of this class of 
compounds, it is still the least understood mechanisti
cally. 1,3-Dipolar cycloaddition is ruled out, since it 
violates the principle of maximum gam in <r bonding in
variably found valid in all of the many other types of 
such cycloadditions. Furthermore, 1,3-dipolar cyclo
addition, being firmly established as a concerted (four- 
center, “ no mechanism” ) addition11 is virtually impos
sible for steric reasons in the case of mesitonitrile oxide. 
We are, therefore, inclined to assume that the formation 
of the furazan oxide might occur'—at least in this case— 
in a multistep reaction by the dimerization of the nitrile 
oxide to 1 ,2-dinitrosoethylene 1 2 , involving the meso- 
meric structure la with carbene character as first sug
gested by Huisgen. The transient intermediate 12  re
arranges then via  the dipolar structure 13 to the furazan 
oxide 4.

Studies of Stuart-Briegleb models which are supposed 
to represent a close approximation to the actual spatial 
requirements or organic molecules indicate that even in 
the case of the sterically hindered mesitonitrile oxide 
such a route would still be possible, 12 although the in
termediate 12  could only exist in the tran s  configuration. 
Nevertheless, 4 is a very rigid structure with both aro
matic rings twisted severely out of plane with the furazan 
ring. Even in diphenylfurazan oxide both aromatic 
rings, although they may rotate freely, cannot be 
brought simultaneously in one plane with the hetero
cyclic ring. One would, therefore, expect little differ

(7) A . C h a tte r je e , P . L . M a ju n d e r , a n d  A. B . R a y , Tetrahedron L ett., 159 
(1965); T . A . B ry ce  a n d  J .  R . M axw ell, Chem . C om m un ., 206 (1965).

(8) J .  V. R . K a u fm a n  a n d  J . P . P ic a rd , Chem . Rev., 59, 429 (1959).
(9) R . C . F u so n  a n d  T . C orse, J .  A m er. Chem . Soc., 60, 2066 (1938).
(10) E . P . K o h le r a n d  R . B a ltz ly , ib id ., 64, 4015 (1932).
(11) R . H uisgen , A ngew . Chem ., 75 , 742  (1963).
(12) I t  m u s t b e  n o te d , how ever, t h a t  co m p le te ly  v a lid  conclusions c a n n o t 

b e  d ra w n  fro m  th e se  s tu d ie s , since th e  a p p ro p r ia te  b u ild in g  b locks  fo r som e
of th e  s tru c tu re s  u n d e r  co n s id e ra tio n  do  n o t y e t  ex ist, e.g., fo r — C ^ N —> 0
o r = N —►O in  a  f ive -m em bered  ring . B u t  th e  ab o v e  co n s id e ra tio n s  a re  s till 
v a lid  fo r m e sito n itr ile  w hich  can  b e  b u il t  a n d  is c e rta in ly  less crow ded  as  1 
as  fa r  a s  th e  C  a to m  in v o lv ed  is concerned . D im e sity l-1 ,2 ,5 -oxad iazo le  can  
b e  c o n s tru c te d , a n d  i t  is easily  seen  on th e  m ode l t h a t  th e  ad d itio n a l oxygen 
a t  N 2 p re s e n t in  4, ad d s  l i t t le  if a n y th in g  to  th e  s te r ic  req u irem en ts .

ence in the ultraviolet spectra of both compounds; the 
observed data, however, are in the right direction, 
showing a hypsochromic shift of the first band of 4 as 
compared with diphenylfurazan oxide.

In conclusion, the formation of dimesitylfurazan oxide 
from mesitonitrile oxide might be the first experimental 
evidence for Huisgen’s mechanism, since no other path
way suggested so far for this dimerization could over
come the steric restrictions of this case.

Experimental Section13
Reaction of Mesitonitrile Oxide with 2,3-Dimethylbutene-2.—

Mesitonitrile oxide (2.0 g) and 2,3-dimethylbutene-2 (4 ml) were 
heated for 12 hr to 64°, then refluxed (71°) for an additional 9 
hr. The reaction mixture, diluted with 200 ml of cyclohexane, 
was chromatographed through a column of basic aluminum oxide 
(Woelm). The filtrate and the cyclohexane washings contained 
only mesityl isocyanate identified as reported earlier.2b Benzene 
extracted from the column a fraction (345 mg) which yielded 
after recrystallization from methanol 240 mg (12%) of dimesityl
furazan oxide (4), mp 129-130°. Further extraction with 
benzene-ether (50:1) gave a fraction (550 mg, 18%) of 4,4,5,5- 
tetramethyl-3-mesityl-4,5-dihydroisoxazole (3), mp 71°, after 
recrystallization from petroleum ether (bp 35-45°).

Anal. Calcd for Ci6H22NO: C, 78.32; H, 9.45; N, 5.71; 
mol wt, 245. Found: C, 78.17; H, 9.50; N, 5.64; mol wt, 
240 (osmometric, acetone).

Dimesitylfurazan Oxide from Mesitonitrile Oxide.—Mesito
nitrile oxide (1.61 g) and 30 ml of ligroin,14 bp 60-65° (the mini
mum amount to afford a homogeneous reaction mixture at the 
boiling point), were refluxed for 48 hr with exclusion of moisture. 
The reaction mixture was filtered from small amounts of insolu
bles, if necessary, then the solvent removed by distillation and 
the residue subjected to vacuum sublimation in a cold finger 
apparatus, cooled with Dry Ice and acetone. At 0.01 mm and 
40-65° bath temperature, all mesityl isocyanate collected at the 
condenser within 2-3 hr. The residue was dissolved in methanol 
(5 ml) and kept overnight at —10°, whereby 320 mg (20%) of 
dimesitylfurazan oxide (4) separated. After two recrystallization 
from methanol colorless shiny leaflets were obtained, mp 133°.

Anal. Calcd for C20H22N2O2: C, 74.51; H, 6.88; N, 8.69; 
mol wt, 322. Found: C, 74.67; H, 7.05; N, 8.61; mol wt, 
314, 321 (osmometric, acetone or chloroform).

The ultraviolet spectrum of 4 (in ethanol) showed bands at 
Xmax 273 m/i (° 11,000) and diphenyfuroxan (inethanol) showed 
bands a" Xma* 283 m î (e 5700).6b

The mass spectra of 4 and diphenylfurazan oxide were de
termined with the Associated Electrical Industries double focus
ing mass spectrograph MS 9, 8000 V, 70 eV, temp <250°.

Mesito-N-mesitylamidoxime (8).—Mesitonitrile oxide (0.5 g) 
and mesidine (0.5 g) were refluxed in methanol (20 ml) for 5 min. 
Upon gradual dilution with H20 , the amidoxime crystallized. 
One recrystallization from methanol yielded 550 mg of pure 8, 
mp 202-203° dec.

Anal. Calcd for CI9H24N20 : C, 76.99; H, 8.16; N, 9.45. 
Found: C, 77.25; H, 8.30; N, 9.22.

3,4-Dimesityl-4,5-dihydro-l,2,4-oxadiazolone-5 (7).—Com
pound 8 (190 mg) and ethyl ehloroformate (0.7 ml) were re
fluxed for 3 hr in chloroform (20 ml). After evaporation of the 
solvent the residue crystallized on addition of methanol and 
scratching, 140 mg of 7, mp 155-156°, were obtained after one 
recrystallization from methanol.

Anal. Calcd for C2oH22N20 2: N, 8.69. Found: N, 8.75.
Mesitildiimine (9).—Dimesitylfurazan oxide (771 mg) was 

dissolved on the steam bath in acetic acid (40 ml) and H20  
(8 ml), 8 g of zinc granules (50 mesh) added, the reaction mix
ture stirred for 4.5 hr at 80-90°, filtered hot, and the undissolved 
metal washed with 12 ml of acetic acid water (5:1). After addi
tion of 50 ml of II20 , 24 mg of neutral by-products separated 
overnight at 0° and were removed by filtration. The filtrate

(13) M e ltin g  p o in ts  w ere  d e te rm in e d  w ith  th e  F is h e r - J o h n s  m e lting  p o in t 
a p p a ra tu s  a n d  a re  u n co rrec ted . M icro a n a ly ses  w ere  b y  G a lb ra i th  L a b o ra 
to ries , K noxv ille , T e n n .

(14) C o m m ercia lly  a v a ila b le  S kelly so lve  B w as red istilled  a n d  th e  frac tio n  
bo iling  w ith in  th e  ab o v e  g iv en  lim its  w as used.
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was evaporated at the water pump to dryness from a 60° water 
bath and the residue distilled again to dryness twice after adding 
each time 26 ml of H2O in order to complete the removal of 
acetic acid. The residue dissolved mostly at room temperature 
in 50 ml of 2 N  hydrochloric acid. Again, insoluble neutral prod
ucts were filtered, and the filtrate was oversaturated with con
centrated ammonia, whereupon a crystalline precipitate of 9 
(642 mg, 76%) was obtained. After repeated recrystallizations 
from ligroin slightly yellowish compact prisms, mp 182-183°, 
were obtained.

Anal. Calcd for C20H24N2: C, 82.14; H, 8.27; N, 9.58;
mol wt, 292. Found: C, 81.95; H, 8.25; N, 9.38; mol wt, 
291 (osmometric, acetone).

Mesitildiimine was also obtained in 66% yield from mesitil- 
dioxime (11) by the same procedure. The reduction of di- 
mesitylfurazan oxide with sodium and ethanol gave 9 in 59% 
yield. Compound 4 was not affected by tin(II) chloride in boiling 
methanol or by heating with an excess of tri-n-butylphosphine 
for 3 hr to 140°.

Heating 9 (148 mg) with acetic anhydride (4 ml) for 4 hr to 
100° yielded on cooling N,N'-diacetylmesitilidiimine (148 mg, 
78%). After recrystallization from methanol, pale yellow needles, 
mp 264°, were obtained.

Anal. Calcd for C24H2SN20 2: C, 76.56; H, 7.50; N, 7.44; 
mol wt, 376. Found: C, 76.27; H, 7.67; N, 7.26; mol wt, 
379 (osmometric, chloroform).

N,N'-Dibenzoylmesitildiimine was obtained in 36% yield by 
benzoylation of 9 with benzoyl chloride and pyridine in the 
usual manner. After crystallization from ether, it melted at 
247°.

Anal. Calcd for C34H32N2O2: C, 81.57; H, 6.44. Found:
C, 81.74; H, 6.59.

Hydrolysis of Mesitildiimine,—Mesitildiimine (0.3 g) was 
heated on the steam bath for 3 hr with 30 ml of 2 N  sulfuric acid 
whereby a yellow solid precipitated gradually from the solution. 
After cooling, the formed product was filtered and washed with 
water (0.25 g, 85%). One recrystallization yielded pure mesitil
(10), mp 122°, identical with an authentic specimen.9 Com
pound 10 was further characterized by oxidation with sodium 
peroxide to mesitoic acid according to the procedure given in the 
literature.10

Mesitildioxime (11).—A solution of mesitylmagnesium bromide 
was prepared from bromomesitylene (80 g), ethylene bromide (40

g), and magnesium turnings (17.5 g) in tetrahydrofuran (100 ml). 
To avoid precipitation of the Grignard compound 150 ml of tetra
hydrofuran was added on completion of the reaction. With ice 
cooling, a solution of dichloroglyoxime (16 g) in tetrahydrofuran 
(150 ml) was then added dropwise within 2 hr. After the re
action mixture was left overnight at 25°, 300 ml of the solvent 
were removed by distillation and the residue was decomposed with 
ice and saturated ammonium chloride solution. The precipitated 
1 1  was filtered off and was washed thoroughly with dilute hydro
chloric acid and H2O. The dioxime has a strong tendency to 
adsorb inorganic salts. The crude 11 (22 g, 70%) was recrystal
lized from dioxane or, preferably, acetic acid, mp 310° dec. 
A dioxime of structure 11 can occur in several stereoisomers; 
it has not been ascertained whether this material was uniform 
in this respect.

Anal. Calcd for C20H24N2O2: C, 74.04; H, 7.46; N, 8.64. 
Found: C, 73.96; H, 7.60; N, 8.42.

Dimesitylfurazan Oxide from Mesitildioxime.—Mesitildioxime 
(3.2 g) was dissolved in warm pyridine (100 ml) and 1 N  sodium 
hydroxide (100 ml). Water (50 ml) was added, and the solution, 
which must remain clear, cooled quickly to 5°. Within 30 min, 
a cold solution of 1.6 g of bromine in 100 ml of 2 N  sodium hy
droxide was added with stirring. After 2 hr, the precipitate was 
filtered and washed with water. The dimesitylfurazan oxide (4) 
thus obtained (2.4 g, 75%, mp 130°) was almost pure. One 
recrystallization from ethanol yielded a product, mp 132°, 
which did not depress the melting point of a specimen prepared 
from mesitonitrile oxide. The infrared spectra of both samples 
were strictly superimposable.

Registry No.—3, 16031-57-5; 4, 16031-58-6; 7,
16031-59-7; 8, 16031-60-0; 9, 16031-61-1; 10, 4746-
81-0; 11, 16031-52-2; N,N'-diacetyImesityldiimine
16031-64-4; N,N'-dibenzoylmesityldiimine, 16031-63-3’
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cation was in part supported by Public Health Service 
Research Grant IROIGM 12977-01 of the National 
Institutes of Health, Bethesda, Maryland. The authors 
are further indebted to Mr. J. R. Boal for the mass 
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A series of ethylene thioketals was prepared by the reaction of 1,3-cyclohexanediones and phloroglucinol with 
ethanedithiol. The uv spectra and physical properties of these compounds are discussed.

In the reaction between 5,5-dimethyl-l,3-cyclo- 
hexanedione and ethanedithiol the bisthioketal, 13,13- 
dimethyl -1,4,8,11 - tetrathiadispiro [4.1.4.3 ]tetradecane, 
was isolated. It was noted that compound 4 pos
sessed ultraviolet absorption at 246 myu which was 
similar to values reported for acyclic mercaptols. 
The absorption for cyclic thioketals can be ascribed to 
resonance interactions as proposed by Fehnel and Car
mack.2

The distance between the 1,3-diaxial sulfur atoms 
in 4 is relatively close to that between sulfur atoms 
in the thioketal ring. This suggested the possibility 
of the occurrence of 1,3-diaxial sulfur interactions as 
well as the interactions present within the thioketal 
ring.

A series of mono-, di-, and triethylene thioketals
(1) T a k e n  in  p a r t  from  th e  d is s e r ta tio n  p re se n te d  b y  J .  L . D iebo ld , 1964,

to  th e  G ra d u a te  School of th e  U n iv e rs ity  of K an sas  in  p a r t ia l  fu lfillm en t of
th e  re q u ire m e n ts  fo r  th e  P h .D . D egree.

was synthesized and the ultraviolet spectra studied 
to determine if 1,3-diaxial and 1,3,5-triaxial sulfur 
orbital interactions do exist. The observed maxima 
and extinction coefficients are given in Table I.

The results indicate that there is no marked inter
action between 1,3-diaxial sulfur atoms since the long 
wavelength absorption at 246 m  ̂ remains constant 
for the series of thioketals studied. The additive effect 
in the molar extinction coefficients are approximately 
the values which would be expected with multiple 
chromophores. However, a proportionately larger 
increase in the molar extinction coefficient was ob
served on the introduction of a second thioketal group
ing /3 to the first in the parent compound 1,4-dithi- 
aspiro[4.5]decane (1). A simple additive effect would 
give an extinction coefficient of ~630 but the observed 
values were 748, 729, and 728, respectively, for 2,

(2) E . A. F eh n e l an d  M . C a rm ack , J . A m er. Chem . Soc., 71, 84 (1959).



T a b l e  I

U l t r a v i o l e t  A b s o r p t i o n  S p e c t r a “

/— l,2 -D ic h lo ro e th a n e ft— ^—A c e to n itr i le “—- 
r— -----------C o m p d ---------------- * A, m /i ed A, m/r

Vol. S3, N o . 4, A p r i l  1968

° Recorded on a Bausch and Lomb Spectronic 505. 6 Reagent 
grade. '  Spectrograde. d Molar extinction coefficient. * We are 
indebted to M. P. Mertes for a sample. 1 243 m/i (« 283).

3, and 4, thus indicating a deviation of approximately 
15% from the theoretical value.

When a third thioketal, compound 5, was introduced 
¡3 to the other two, it appears that the chromophoric 
increment is about the predicted value obtained by 
adding the values for the dithioketal and the mono- 
thioketal. Support for the presence of a definite 
effect upon the introduction of a second thioketal /3 
to the first is given by the values recorded for the
1,4 isomer, 6. The value for the extinction coefficient 
in 1,2-dichloroethane is 662 which is a deviation of 
only 32 from the calculated value as compared to 128 
in the 1,3 isomer, 2.

The assumption that the axial sulfur atoms can 
interact requires the cyclohexane ring to remain in a 
true chair or certain boat conformations. The very 
close approach of the 1,3-diaxial sulfur atoms and 
their large bulk could cause distortion of the cyclo
hexane ring. This possibility is increased by the in
troduction of methyl 1,3-nonbonded interactions as 
would occur in 4. The appearance of only one signal

d

for the pem-dimethyl group in the nmr spectrum of 
4 could indicate such distortion results in the equal
ization of the environments of the methyl groups. 
The most likely conformation would then be a twist 
or skew-boat in which the sulfur atoms are at a max
imum distance from each other. The nmr signal is 
not sufficient proof of the presence of a twist form,

since the possibility exists that the thioketal sulfur 
atoms could modify the magnetic susceptibility of one 
of the methyl groups enough to cause both methyl 
peaks to be superimposable or the signal could be due 
to rapid ring inversion.

The 1,3,5-trisubstituted system (5) would be ex
pected to have the possibility of resonance stabiliza
tion in the 1,3,5-triaxial form owing to an overlap of the 
sulfur orbitals. However, the steric crowding of the 
sulfur atoms may cause ring distortion which would 
prevent orbital overlap. It is apparent that no ma
jor interaction of sulfurs other than that within the 
thioketal occurs in this system.

It was possible to oxidize 4 to the corresponding 
tetrasulfone in the presence of trifluoroperoxy acetic 
acid. A similar attempt to oxidize 5 to the corre
sponding hexasulfone failed to go to completion, but 
produced a mixture having nine to eleven oxygens 
present per molecule.

Experimental Section3
1,4,8,1 1  -Tetrathiadispiro [4.1.4.3]tetradecane (2).—Boron 

trifluoride etherate (6.33 g, 0.0446 mol) was added during 1.5 hr 
to a stirred solution of 2.5 g (0.0223 mol) of dihydroresorcinol 
and 4.2 g (0.0446 mol) of ethanedithiol in 60 ml of tetrahydro- 
furan at room temperature. After 2 days the solution was diluted 
with 250 ml of hot water and the white crystalline precipitate 
was collected. Recrystallization from isopropyl ether gave 1,4,8,-
ll-tetrathiadispiro[4.1.4.3]tetradecane in a 80% yield: mp
158-158.5°; for uv data see Table I; nmr, S 3.28 (Ha see struc
ture 4), 2.73 Hb, 1.93 Hc.

Anal. Calcd for Ci0Hi6S4: C, 45.41; H, 6.10; S, 48.49.
Found: C, 45.45; H, 6.12; S, 48.28.

l,4,8,ll-Tetrathiadispiro[4.1.4.3]tetradecan-13-ol (3).—Boron 
trifluoride etherate (3.78 g, 0.0265 mol) was added during 15 min 
to a stirred solution of 1.70 g (0.0133 mol) of dihj'drophloro- 
glucinol and 2.5 g (0.0265 mol) of ethanedithiol in 20 ml of glacial 
acetic acid at room temperature. After 1 day the product was 
collected. The residue from the evaporated mother liquor and 
the product were both washed with hot water to remove any 
starting material. Recrystallization from 1,2-dichloroethane 
gave 2 g of white crystalline l,4,8,ll-tetrathiodispiro[4.1.4.3]- 
tetradecan-13-ol in a 54% yield: mp 208-209°; for uv data see 
Table I; nmr, 5 3.31 Ha, 2.66 Hb.

Anal. Calcd for C,0H 16S4O: C, 42.82; H, 5.75; S, 45.73. 
Found: C, 43.04; H, 5.89; S, 45.70.

13,13-Dimethyl-l,4,8,ll-tetrathiadispiro [4.1.4.3] tetradecane 
(4).—Boron trifluoride etherate (5.63 g, 0.0396 mol) was added 
during 30 min to a stirred solution of 4.15 g (0.0441 mol) of 
ethanedithiol and 5 g (0.0357 mol) of 5,5-dimethyI-l,3-cyclo- 
hexanedione in 75 ml of glacial acetic acid and heated to 70°. 
After 1 day the product was collected. Concentration of the 
filtrate gave a total yield of 3 g (29%) of 13,13-dimethyl-l,4,8,ll- 
tetrathiadispiro[4.1.4.3] tetradecane. Recrystallization from gla
cial acetic acid gave white needles: mp 176.5-177°; fcr uv data 
see Table I; nmr, 5 3.28 Ha, 2.68 Hb, 1.98 Hc, 1.15 Ha.

Anal. Calcd for C,2II2„S4: C, 49.27; H, 6.89; S, 43.84.
Found: C, 49.33; Id, 6.75; S, 43.66.

l,4,8,ll,14,17-Hexthiatrispiro[4.1.4.1.4.1]octadecane (5).—■ 
Phloroglueinol (5.0 g, 0.0308 mol) and 8.69 g (0.0924 mol) of 
ethanedithiol were dissolved in 75 ml of glacial acetic acid to 
which was added 17.46 g (0.123 mol) of boron trifluoride etherate 
during 15 min. The solution wTas magnetically stirred at room 
temperature for 24 hr and the product collected. Five successive 
filtrations gave more product from the filtrate upon standing. 
The combined yield was 0.87 g (8%). Recrystallization from
1,2-dichloroethane gave white crystals: mp 287-287.5°; for
uv data see Table I; nmr, S 3.28 Ha, 2.70 Idb.

(3) M e ltin g  p o in ts  w ere  o b ta in e d  on  a  c a lib ra te d  T h o m a s -H o o v e r  U n im e lt 
a n d  a re  co rrec ted . N m r d a ta  w ere  reco rd ed  on  a  V a rian  A sso c ia te s  M odel 
A -60 s p e c tro m e te r  using  te tra m e th y ls ila n e  a s  a n  in te rn a l s ta n d a rd  a n d  using 
te tra m e th y ls ila n e  as  an  in te rn a l s ta n d a rd  a n d  u sing  CD CIa as  th e  so lv en t. 
M icro a n a ly ses  w ere  p erfo rm ed  b y  D rs. G . W e iler a n d  F . B . S tra u ss , O xford, 
E n g lan d , a n d  H uffm an  M ic ro a n a ly tica l L a b o ra to r ie s , W h e a trid g e , Colo.
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Anal. Calcd for C12H18S6: C, 40.64; H, 5.12; 3, 54.25. 
Found: C, 40.76; H, 5.04; S, 54.06.

13,13-I)imethyl-l,4,8,ll-tetrathiadispiro[4.1.4.3] tetradecane
1 .1 .4.4.8.8.1 1 .1 1 - Octaoxide.—Trifluoroperoxyacetic acid was pre
pared by adding trifluoroacetic anhydride (84 ml, 0.398 mol) 
during 15 min to a stirred, ice-cold solution of 15 ml of chloro
form and 14 ml (0.50 mol) of 90% hydrogen peroxide. After 
20 min this solution was added during 30 min to a stirred, ice- 
cold suspension of 2.0 g (0.00684 mol) of 13,13-dimethyl-l,4,8,11- 
tetrathiadispiro[4.1.4.3]tetradecane, 7 g (0.049 mol) of disodium 
hydrogen phosphate and 20 ml of chloroform. The slurry was 
refluxed for 12 hr and poured into 500 ml of ice-water and 100 ml 
of chloroform. The heterogeneous solution was made neutral 
with sodium bicarbonate and shaken. Filtration and washing 
with chloroform and water gave 1.91 g of white microcrystal
line 13,13-dimethyl-l,4,8, ll-tetrathiadispiro[4.1.4.3] tetradecane
1.4.4.8.8.11.11- octaoxide (66%), mp 260-280° with sintering. 
The addition of methanol caused two crystalline modifi

cations having different solvent properties to separate: methanol 
soluble, mp 230-245° with sintering; methanol insoluble, mp 
260-280° with sintering. Their infrared spectra (KBr) were 
different in the 700-950-cm-1 region, but identical at 1125 and 
1335 cm-1, indicative of a sulfone.

Anal. Calcd for C,2H2oS40 8: C, 34.27; H, 4.79; S, 30.50. 
Found: C, 34.86; H, 5.09; S, 30.42.

Registry No.—1, 177-16-2; 2, 7490-36-0; 3, 15856-
34-5; 4, 15732-74-8; 5, 15814-64-9; 6, 311-37-5;
13,13-dimethyl-l ,4,8,11-tetrathiodiaspiro [4.1.4.3 jtetra- 
decene 1,1,4,4,8,8,11,11-octaoxide, 15814-66-1.
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tutes of Health, Grant NB 02733, and by the Parke- 
Davis Co.
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A number of mono- and dialkylsubstituted cyclohexenes have been prepared and subjected to hydroboration 
under carefully controlled conditions. The alcohol product distributions, obtained on basic peroxide oxidation 
of the intermediate alkylborane mixtures, are used to assess the source of the steric effects involved in the addi
tion of borane to the cyclohexenyl systems. I t  is found that in the 1-substituted 4-t-butylcyclohexenes, except 
the 1,4-di-i-butyl compound, there is a preference for addition cis to the 4-f-butyl group. This is attributed to 
a more prominent steric effect imposed by the axial 4-hydrogen, the effect of which is greater at the 2 position 
than at the 1 position, and the axial 5-hydrogen, the effect of which is greater at the 1 position than the 2 posi
tion. These steric effects are enhanced on substitution of methyl for hydrogen a t these positions or by the use 
of bulky hydroborating agents. Alkyl groups in the 3 position give rise to direct steric effects, effects due to 
distortion about C3, and inductive effects. The anomalous results obtained in the hydroboration of 1,4-di-i- 
butylcvclohexene are attributed to steric effects imposed by specific rotational conformations about the Ci-i-butyl 
carbon bond, an effect which is also present in 1-isopropylcyclohexenyl systems. The results are discussed in 
terms of the proposed distortion of the 4-i-butylcyclohexene system by Rickborn and Lwo, and the applicability 
of the Garbisch model for additions to substituted cyclohexenes in which torsional angle effects in going to the 
transition state are considered to be important.

Numerous studies of the addition of a variety of 
reagents to simple substituted cyclohexenes have been 
reported in the literature. However, very few ex
haustive kinetic and stereochemical studies involving 
these reactions have been carried out. Kwart and 
Miller4 have measured the second-order rate constants 
for the addition of 2,4-dinitrobenzcnesulfenyl chloride 
to a number of 4-mono- and 4,5-disubstituted cyclo
hexenes. These authors stated “the effect of the sub
stituents of the 4-monosubstituted cyclohexenes on 
the rate of addition of 2,4-dinitrobenzenesulfenyl 
chloride is predominantly electronic in nature.” 4 A 
portion of the data of Kwart and Miller is included in 
Table I for comparison with the relative rates of other 
addition reactions.

Rickborn and Lwo5 have measured the rates and 
determined the stereochemistry of epoxidation of re
motely substituted alkyl cyclohexenes (see Table I). 
These authors suggest “ that the effects of remote

(1) (ft) A ck n ow ledgm en t is m a d e  to  th e  d o n o rs  of th e  P e tro le u m  R esea rch
F u n d , ad m in is te re d  b y  th e  A m erican  C h em ica l S ocie ty , fo r p a r t ia l  s u p p o r t 
of th is  w ork  (P R F  1225-A1, 3). (b) T a k e n  from  th e  P h .D . T hesis  of F . M .
K ., U n iv e rs ity  of N o tre  D am e , 1966. (c) P re se n te d  in p a r t  a t  th e  153rd
N a tio n a l  M ee tin g  of th e  A m erican  C hem ica l S ocie ty , M iam i B each , F la ., 
A p ril 1967.

(2) A lfred  P . S loan  R esea rc h  F ellow , 1967-1969.
(3) N a tio n a l S cience F o u n d a tio n  P re d o c to ra l Fellow , 1963-1965; L ub rizo l 

F e llow , 1965-1966.
(4) H. K w a r t a n d  L. J .  M iller, J .  A m er. Chem . Soc., 83, 4552 (1961).
(5) B. R ic k b o rn  a n d  S. Y . Lw o, J .  Org. Chem ., 30, 2212 (1965).

T a b l e  I
R e l a t iv e  R a t e s  o f  A d d it io n s  

to  4 -S u b s t it u t e d  C y c l o h e x e n e s

2 ,4 -D in itro b en zen e -
sulfenyl chloride Epoxidation at Diimide reduction

30° ° 25° 5 at 80° c

0 100 100 100

8 1 .2 81 ( 5 3 .6 %  
trans 
p ro d u c t)

90  4

9
8 9 .7 94 (3 9 .5 %  

trans
95

product)
° See ref 4. 4 See ref 5. c E. W. Garbisch, S. M. Schildkraut, 

and D. M. Patterson, J. Amer. Chem. Soc., 87, 2932 (1965). 
d Data derived from the 1-¿-butyl cyclohexene and l-i-butyl-4- 
methylcyclohexene.

alkyl groups are primarily steric rather than inductive 
in nature.” The results for 4-methylcyclohexene 
were rationalized on the basis of a rate retarding steric 
effect contributed by the conformation with the a x ia l  
methyl group. In order to explain the results of 
epoxidation of 4-(-butylcyclohexene, Rickborn and 
Lwo5 invoked an unspecified distortion of the cyclo
hexene system by the bulky ¿-butyl group.

Consistent with the observation of Rickborn and 
Lwo on the stereochemistry of epoxidation of 4-i-
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butylcyclohexene (1), LeBel and Ecke6 observed that 
epoxidation of l-methyl-4-f-butylcyclohexene (2) af
forded a mixture of the 1-methyl-frans- and - c is - i- t-  
butylcyclohexene oxides in an approximate ratio of 
45:55.

R
i ? v .

R
1

+  y

1, R  =  H 61.5% 39.5%
2, R  =  CH3 55% 45%

Bowman and coworkers7 have investigated the 
epoxidation of 1- and 3-p-menthene with perbenzoic 
acid. Epoxidation of 1-p-menthene (3) yields the
1-methyl-cfs- and -¿rans-4-isopropylcyclohexene oxides 
in a 3:2 ratio whereas 3-p-methene (4) yields the 1- 
isopropyl-cts- and -irans-4-rnethylcyclohexene oxides 
in a 2:3 ratio.

4 60% 40%

Garbisch and coworkers8 have investigated the re
duction of cyclic, exocyclic, and acyclic olefins with 
diimide. Based on the assumption that the transition 
state for diimide reduction probably occurs fairly 
early along the reaction coordinate, these authors have 
proposed a model that suggests that the major factors 
which contribute to the observed reactivity differences 
are due to torsional strain, bond angle bending strain 
and a-alkyl substituent effects, with the assumption 
that steric factors (nonbonded repulsions) involved are 
likely to be small and hence were ignored. Calcula
tions based on this model predict the relative reac
tivities of olefins with a remarkable degree of success, 
usually within a factor of 2.

Garbisch’s model as applied to the analysis of the 
stereochemistry of attack on the cyclohexene ring 
system is illustrated in Figure 1. Approach of a rea
gent from side A (trans with respect to R ") leads to a re
duction of angle r, thus increasing the eclipsing strain 
between R and H, and an increase in angle r ' leading 
to a reduction in the eclipsing strain between R ' and 
H'. Attack from side B results in opposite changes 
in t and r '  and in the eclipsing strain energies. When 
R = R ' = H, this model does not predict a preference 
for attack at either side A or B, whereas when R or It' 
are more bulky than H, attack would be expected to 
occur from sides B and A, respectively.

(6) N . A . L eB el a n d  G . G . E c k e , J .  Org. C hem ., 30, 4316 (1965).
(7) R . M . B ow m an , A. C h am b ers , a n d  W . R . Ja c k s o n , J .  Chem. Soc., Sect. 

C, 612 (1966).
(8) See T a b le  I , fo o tn o te  c.

Figure 1.—Garbisch model for additions to substituted cyclo
hexenes.

The Garbisch model does not adequately explain the 
stereochemical results of Rickborn and Lwo.5 The 
observed trend in the relative rates for epoxidation and 
diimide reduction9 of 4-methyl and 4-f-butylcyclo- 
hexene relative to cyclohexene are not predicted by the 
Garbisch model although the changes in relative rates 
are within the sensitivity limits of the calculations.

Discussion

The nature of the steric effects giving rise to the 
trends observed in the data in Table I are not obvious 
and cannot be deduced from the reactions described 
thus far because of the symmetry of the attacking 
reagent (diimide), the intermediate (episulfonium ion 
in the addition of 2,4-dinitrobenzenesulfenyl chloride), 
or the final product (epoxide). In order to assess the 
steric factors operating in these reactions it is necessary 
to employ a sterically demanding, unsymmetrical rea
gent. The addition of borane to an olefin is uniquely 
well suited for such an investigation. The addition 
proceeds in a reasonably concerted, cis  fashion10,11 and 
subsequent oxidative work-up with alkaline hydrogen 
peroxide produces an alcohol in nearly quantitative 
yield in which the hydroxyl occupies the same site on 
the carbon atom that was occupied by the boron atom. 
The analysis of the products of hydroboration reactions 
can therefore be carried out on the much more easily 
handled alcohols rather than on the more reactive bor- 
anes. Furthermore, the hydroboration reaction has 
been shown to be quite sensitive to steric factors con
tained within the olefin12-14 and the bulk of the hy- 
droborating agent.15

In order to evaluate more critically the steric ef
fects generated by remote alkyl groups in substituted 
cyclohexenes we have undertaken a study of the hy
droboration of substituted cyclohexenes. The stereo
chemical results outlined in this paper are for the re
action of the substituted cyclohexene with an excess of 
borane in tetrahydrofuran to give predominantly 
(~95%) the monoalkylborane (see Experimental Sec
tion for the details of the analysis). Relativly few ex
amples of the hydroboration of substituted cyclohex
enes have been reported in the literature. These

(9) I t  m ig h t b e  a rg u e d  t h a t  th e  t ra n s i t io n  s ta te  fo r ep o x id a tio n  occurs 
co n s id e rab ly  fu r th e r  a long  th e  re a c tio n  co o rd in a te  a n d  th u s  th e  G a rb isch  
m ode l is n o t ap p licab le . H ow ever, th e  s im ila r i ty  of th e  re la tiv e  ra te s  a n d  
s te re o ch em istry  of a d d itio n s  p re se n te d  in  T a b le  I  in d ic a te  a  co n s id e rab le  
deg ree  of s im ila r ity  ex ists  d e sp ite  th e  w idely  d iffe re n t ty p e s  of reag e n ts .

(10) H . C . B row n, “ H y d ro b o ra tio n ,”  W . A. B en jam in , In c ., N ew  Y ork , 
N . Y ., 1962, p 130.

(11) W . G . W oods a n d  P . L . S tro n g , J .  A m er. Chem . Soc., 88 , 4667 (1966).
(12) (a) N . N ussim , Y . M a z u r , a n d  F . S on d h e im er, J .  Org. Chem ., 29, 1120 

(1964); (b) L . C ag lio ti, G . C ainelli, G . M a rn a , a n d  A. S elva , Tetrahedron, 20, 
957 (1964); (c) A. H a u se r  a n d  C . P illa r , J .  Org. Chem ., 27, 2914 (1962).

(13) G . Zw eifel a n d  H . C . B row n, J .  A m er. Chem. Soc., 86 , 393 (1964).
(14) W . C ocker, P . V. R . S h an n o n , a n d  P . A. S ta m la n d , Tetrahedron Lett., 

1409 (1966).
(15) H . C . B ro w n  a n d  G . Zw eifel, J .  A m er . Chem . Soc., 82, 3222 (1960); 

83 , 1241 (1961).
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cis
tra n s

Figure 2.—Positions of attack by boron in the hydroboration of 
4-i-butylcyclohexene.

CH3 pH 3 38.8

Figure 3.—Positions of attack by boron in the hydroboration of 
. 4,4-dimethylcyclohexene (7).

examples will be discussed in the appropriate sections 
of this article.

Hydroboration of 4-Substituted Cyclohexenes.16—
The results from the hydroboration of 4-f-butylcyclo- 
hexene (1 ) are presented in Figure 2; the arrows 
indicate the position of attack by boron and the 
percentages indicate the average values for the extent 
of attack by boron at the indicated positions as de
termined from several independent experiments. The 
c is /tra n s  ratios (relative to the 4-f-butyl group) for 
attack at the 1 and 2 positions are indicated beside the 
figure. The over-all c is /tra n s  ratio relative to the
4-f-butyl group is 55:45, a slight, but nonetheless 
distinct, favoring of attack cis to the 4-f-butyl group. 
Closer inspection of the results presented in Figure 2 
reveals that most of the stereochemical discrimination 
is at position 2. In fact, tran s  is very slightly favored 
at position 1 . These stereochemical results are not 
predicted by the Garbisch model, and are consistent 
with the epoxidation results of Rickborn and Lwo5 who 
observed a 60.5:39.5 c is /tra n s  epoxidation ratio for 1 .

The stereochemical preferences for attack at posi
tions 1  and 2 in 1 are essen tia lly  identical (within ex
perimental limits) with those observed with 1 -methyl-
4-f-butylcyclohexene (2), l-ethyl-4-f-butylcyclohexene
(5), and l-methyl-5-f-butylcyclohexene (6) (see Table
II). The c is /tra n s  ratios for attack at the 2 position 
of 2 and 5 are 62.2:37.8 and 64.7:35.2, respectively, 
compared to 61.5:38.5 for 1 . According to the 
Garbisch model, addition of borane to 2 and 5 should 
occur preferentially from the cis  side (relative to the
4-i-butyl group). To this extent the prediction is 
correct. However, considering the changes in the 
prediction in going from 1 to 2 and 5, we might have 
expected a greater preference for attack cis to the t- 
butyl group than observed in going from 1 to 2 and 5 
in that the CH3-H and C2H5-H eclipsing interactions

(16) Subsequent to the completion of this study, J .  Klein, E . Dunkelblum, 
and D. Avrahami [J. Org. Chem ., 32, 935 (1967)] reported the results of the 
hydroboration of 4-methylcyclohexene which gave a mixture of cis-3- (28%), 
trans-3- (27% ), cis-4- (20%), and irans-4-methylcyclohexyl alcohol (25%). 
This product distribution does not correlate well with the steric model de
veloped in this paper. However, the product analysis is very difficult, re
quiring a partial separation of the alcohols followed by oxidation to the cor
responding ketones for analysis, and the figures given might well suffer in 
accuracy from the procedure used in the analysis. We also attempted to 
analyze the products derived from the hydroboration of 4-methylcyclo
hexene but were never completely successful.

T a b l e  I I

S t e r e o c h e m i s t r y  o f  A t t a c k  b y  B o r a n e  
o n  S u b s t i t u t e d  C y c l o h e x e n e s

Compd

1
2
5
6

Substituents c is - l/tra n s -1

R = R, = H 48.1/51.9
R = CH3; R i =  H 
R = C2H5; R i =  H 
R = H; R ,  = CH3 49.3/50.7

cis-2 /tra n s-2

61.5/38.5
62.2/37.8
64.7/35.3

in 2 and 5 should be greater than the H-H eclipsing 
interaction in 1 in which no stereochemical preference 
is expected. Again, it is interesting to note the sim
ilarity in the stereochemical results of hydroboration 
and epoxidation of 2, the epoxidation leading to an 
approximate 55:45 c is /tra n s  ratio.6

The results of the hydroboration of l-methyl-5-i- 
butylcyclohexene (6) are also presented in Table II. 
The c is /tra n s  ratio for attack at the 1 position in 6 
is within experimental limits of the same value for 1. 
In the case of 6, the Garbisch model would have pre
dicted a preference for trans addition relative to the
5-/-butyl group.

The excellent internal consistency of the results 
obtained with 1, 2, 5, and 6 indicates that we are 
dealing with steric effects imposed by the 4-i-butyl- 
cyclohexenyl system itself, and does not involve steric 
interactions between the 1- and 2-alkyl groups and 
adjacent hydrogens on the ring.17 Inspection of a 
molecular model of an undistorted half-chair form of
4-i-butylcyclohexene does not reveal an obvious basis 
for rationalizing the over-all c is /tra n s  attack ratios. 
The axial hydrogens on carbons 4 and 5 (circled in 
Figure 2) might be expected to exert some steric in
fluence on the relative amounts of attack at the 1 and 
2 positions on each side of the cyclohexene ring. It 
therefore appears that Rickborn and Lwo’s suggestion 
of a distorted 4-f-butylcyclohexene system5 is necessary 
to rationalize the results.

Several distorted cyclohexene systems are con
ceivable. Such possibilities include a boat confor
mation and a pseudo-half-chair or “sofa” confor
mation. Thermodynamic calculations indicate that 
the boat conformation is less stable than the chair 
conformation by 2.7 kcal/mol,18 and that the “sofa” 
conformation is less stable than the chair conformation 
by 1.2 kcal/mol.19 Thus neither of these forms seems 
reasonable for the present system. A more reasonable 
possibility is that the bulky ¿-butyl group sterically 
interacts with the methine hydrogen attached 
to C4 causing a distortion of the bond angles about C4. 
This type of distortion is similar to the “gem-dialkyl” 
effect of Thorpe and Ingold20 although in this case the

(17) I t  is in te re s tin g  to  n o te  t h a t  th e  s im ila r ity  of th e  re su lts  o b ta in e d  
from  1, 2 , 6, an d  6 also  in d ica tes  t h a t  th e  tra n s i t io n  s ta te s  fo r  th e  a d d itio n  of 
b o ra n e  to  th e  d i- an d  tr i s u b s ti tu te d  d o u b le  b onds m u s t b e  q u ite  sim ilar, 
o the rw ise  g re a te r  s te reochem ica l preferences shou ld  b e  ev id en t d u e  to  d if
fe ren t degrees of re h y b rid iza tio n  of ca rb o n s  1 an d  2 in  th e  tra n s i t io n  s ta te .

(18) C . W . B ec k e tt , N . K . F reem an , an d  K . S . P itz e r , J . A m er. Chem. 
Soc., 70, 4227 (1948).

(19) R . B u c o u rt an d  D . H a in a u lt, B u ll. Soc. C him . F r ., 1366 (1965).
(20) R . M . B eesley, C . K . In g o ld , a n d  J . F . T h o rp e , J .  Chem. Soc., 107, 

1080 (1915); C . K . In g o ld , ib id ., 119, 305 (1921). See a lso  E . L. E liel, 
“ S te re o ch em istry  o f C a rb o n  C o m p o u n d s ,”  M cG raw -H ill B ook  C o ., In c ., 
N ew  Y o rk , N . Y ., 1962, p  197.
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Figure 4.—Positions of attack by boron in the hydroboration of 
3,5,5-trimethylcyclohexene (8).

distortion is due mainly to a single, very bulky group. 
Such a distortion would force the axial C4 hydrogen 
(H4a) (see Figure 2) closer to the center of the cyclo
hexene ring and should then shield the double bond 
from attack more than its C5 axial hydrogen (H5a) 
counterpart. The effect of H4a should be felt more at 
C2 than at C4 owing to the closer proximity of H4a to 
C2 than to Ci. Experimentally this is observed with 1 
giving rise to a trans 2 :1 ratio of 44:56. The effect 
of H5a should be felt more at Ci than C2. Again this 
is experimentally observed with 1 giving rise to a cis 1:2  
ratio of 43:57.

Substitution of either H4a or H5a by methyl should 
enhance the steric interaction effects of these positions. 
Substitution of methyl for H4a does result in a greater 
preference for attack at the 1 position. For example 
in the hydroboration of 4,4-dimethylcyclohexene (7) 
the 2 :1 ratio is 38.8:61.2 (Figure 3) compared to 
43:57 cis to Fl4a in 1. This value for 7 undoubtedly 
is not a true reflection of the effect of the 4-axial 
methyl group in that hydroboration trans to this group 
also occurs, which should favor position 2, thus tending 
to reduce the apparent effect of the C4 axial methyl 
group.

A more informative, but more complex, case is il
lustrated by the results of the hydroboration of 3,5,5- 
trimethylcyclohexene (8) (see Figure 4).21 Because 
of the severe 1,3-diaxial methyl interaction (3.7 kcal/ 
mol in cyclohexane22), 8 can be considered as capable 
of existing essentially only in the conformation illus
trated for 8 in Figure 4. The axial 5-methyl group 
severely h inders attack c is to itself, giving a c is /tra n s  
ratio of 16:84 compared to the corresponding ratio 
of 45:56 for H4a in 1. Furthermore, the 2 to 1 position 
attack ratio cis to the axial 4-methyl group in 8 is 
21:79 compared to the value of 44:56 in 1, however 
there is also an increase in the extent of attack at po
sition 1 tran s  to the axial-5 methyl group. This is 
not consistent solely with the steric effects outlined in 
the foregoing paragraphs. It appears that the 3- 
methyl group is exerting an inductive effect which 
leads to increased attack by boron at C2. Evidence 
in support of this idea is derived from the hydrobora
tion results of 3-methylcyclohexene (see later discus
sion).

Increasing the steric bulk of the attacking borane is 
reflected in increased steric interactions with groups

(21) K le in  a n d  cow orkers  h a v e  a lso  exam ined  th e  p ro d u c t d is tr ib u tio n  
d eriv ed  fro m  th e  h y d ro b o ra t io n  o f 7 (see re f  16). T h e ir  re su lts  a re  il lu s tra te d  
below  a n d  ag ree  q u ite  fa v o ra b ly  w ith  o u r  resu lts .

pTT CH3

zSk 16
/

34 47
CH,

(22) N . A. A U inger a n d  M . A. M iller, J .  A m e r .  C h em . S o c ., 83 , 2145 (1961).

Figure 5.—Positions of attack by boron in the hydroboration 
of 4-i-butylcyclohexene with 2,3-dimethyl-2-butylborane (a) and 
i-butylcyclohexylborane (b).

32.2

Figure 6.—Position of attack of boron in the hydroboration of 3- 
methyl cyclohexene.

in the 4 and 5 axial positions. Hydroboration of 1 
by 2,3-dimethyl-2-butylborane (thexylborane23) re
sulted in a rather slow reaction to give the isomer dis
tribution indicated in Figure 5a. The c is /tra n s  ratio 
has increased slightly (57.9:42.1) relative to the hydro
boration of 1 with borane (55:45), however the dis
crimination between the 1 and 2 positions has increased 
dramatically (compare with Figure 2). Hydrobora
tion of 1 in a 2 :1 olefin-borane ratio resulted in a rather 
slow formation of dialkylborane. The isomer distri
bution percentages presented in Figure 5b were de
termined by quenching the hydroboration reaction 
mixture with methanol, analyzing the amount of mono- 
and dialkylboron derivatives present by UB mag
netic resonance followed by correcting the gross isomer 
distribution values for the amount of product formed 
by hydroboration of 1 to the monoalkyl stage (from 
Figure 2). In this instance a greater selectivity is 
observed than with 2,3-dimethyl-2-butylborane.

Hyroboration of 3-Alkylcyclohexenes.—The torsional 
angle effect model for additions to 3-alkylcyclohexenes 
would lead to the prediction that attack tran s  to the
3-alkyl group would be disfavored on the basis of 
eclipsing strain energies induced by changes in the 
angle r. The results for the hydroboration of 3- 
methylcyclohexene (9) are presented in Figure 6.

These results are not in agreement with the torsional 
angle affect model prediction but are more consistent 
with a direct steric effect by the alkyl group. The 
interpretation of the results obtained with 9 is difficult 
owing to the possible existence of two conformations 
for 9 with the methyl in pseudo-axial or pseudo-equato
rial positions. Talaty and Russell24 have calculated a 
— A G  value for the methyl in the cyclohexenyl system 
of 0.49 kcal/mol corresponding to approximately 
29% of the pseudo-axial conformer at0°. As we have 
no measure of the relative rates of hydroboration cis

(23) H . C . B row n  a n d  G . Zw eifel, ib id ., 85, 2066 (1963).
(24) E . R . T a la ty  a n d  G . A. R usse ll, ib id ., 87, 4867 (1965).
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Figure 7.—Positions of attack by boron in the hydroboration of 
3-i-butylcyclohexene in the most favorable conformation.

11

Figure 8.—Positions of attack by boron in the hydroboration of 
1 ,6-dimethylcyclohexene.

and tran s  relative to the methyl group in the two con
formations further interpretation of the results is not 
possible.

A further interesting observation can be made re
garding the results given in Figure 6. The ratio of 
attack at the 1 and 2 positions (54:46) relative to 
H4a (circled in Figure 6) cis to the methyl group is 
slightly less than the similar ratio in 1 (57:43) despite 
the added steric effect of the methyl group. This 
observation can be explained by invoking an inductive 
effect by the 3-methyl group resulting in a greater ex
tent of attack by boron at C2.25 A similar effect 
is noted in Figure 4 for the attack at positions 1 and 2 
trans to the ax ia l 5-methyl group.

The results of the hydroboration of 3-f-butylcyclo- 
hexene (10) are given in Figure 7. 3-f-Butylcyclo- 
hexene should be a nearly conformationally homogeneous 
system, and the conformation that one must consider 
is that with the ¿-butyl group in a pseudo-equatorial 
position. The steric effect of H3a is over-weighed by 
the steric effect of H3a (see Figure 7). The increased 
steric prominence of H3a in 10 compared to 9 is prob-

(25) S im ila r re su lts  h a v e  been  o b ta in e d  w ith  acyclic  olefins. A s o n e  in 
creases th e  size o f th e  a lk y l g ro u p  bo n d ed  to  e th y len e  v e ry  l i t t le  c h a n g e  in  
th e  d ire c tio n  of a d d itio n  of b o ra n e  is n o te d  (see ref 10, p p  114 a n d  117). 
F u r th e rm o re , h y d ro b o ra t io n  of 3 ,3 -d im eth y lcy c lo h ex en e  leads to  a n  e q u iv a 
le n t e x te n t of in tro d u c tio n  of b o ro n  to  b o th  po s itio n s: H . C . B ro w n  a n d
G . Z w eifel, J .  A m er. Chem . Soc., 83, 2544 (1961).

CH (CH,)2CH.
c h - c h 2 
t  t
7 93

CH=CH,
f  t
6 94

(CH3)3< \  J *>5001:
CH-CHy  ■ ■
t  t
6 94

-CH,

T h e o re tic a l s u p p o r t fo r th e  p resen ce  o f an  in d u c tiv e  effec t is p ro v id e d  b y  
ex te n d e d  H üekel ca lcu la tio n s : R . H offm ann , J .  Chem . P hys., 39, 1397
(1963). As A12 (d ifference in  c h a rg e  d en s ity  b e tw e en  C i a n d  C 2 of th e  o le
fins) decreases, th e  d isc rim in a tio n  in  a t ta c k  (assum ing  t h a t  th e  tra n s i t io n

-0.3803

“ .0110

-03730

-0.0291

0.3693 

0.0440

s ta t e  occu rs  ea rly  a lo n g  th e  reac tio n  c o o rd in a te  such  th a t  th e  tr a n s i t io n  
s ta t e  h ig h ly  resem b les  th e  g ro u n d  s ta te )  sho u ld  a lso  d im in ish . C o m p a riso n  
o f th e  o b se rv ed  h y d ro b o ran io n  re s u lts  w ith  th e  c a lcu la tio n s  in d ic a te s  t h a t  
in  th e  sim p le  acyclic  olefins th e  s te r ic , fav o rin g  te rm in a l p ro d u c t, a n d  in 
d u c t iv e  effects, fav o rin g  in te rn a l p ro d u c t, effec tive ly  cancel.

Figure 9.—Positions of attack by boron in the hydroboration of 
1,4-di-i-butyl cyclohexene.

ably due to bond angle distortions about C3, forcing 
H3a into a position capable of shielding attack at C2, 
similar to the distortion about C4 in 4-f-butylcyclo- 
hexene in which the effect of H4a is greater than that 
of H5a.

In addition to the steric effects of H3a and H5a in 10 
the ¿-butyl group also obviously leads to an additional 
steric effect shielding the side of the ring cis  to the ¿- 
butyl group. This would appear to be due to a pre
ferred rotational conformation of the ¿-butyl group 
with respect to the substituents bonded to C3 such that 
a staggered conformation exists about the C3-f-butyl 
central carbon atom bond as is illustrated in Figure 7. 
In this conformation one of the methyl groups of the 
¿-butyl group is syn-axial producing a severe steric 
shielding of the side of the ring cis  to this methyl group 
(or the ¿-butyl group). The effect of this syw-axial- 
methyl group of the ¿-butyl group appears to be slightly 
greater than the steric shielding of the pseudo-axial 
Co methyl group in 3,5,5-trimethylcyclohexene. A 
similar rotational conformational effect must be in
voked for the isopropyl and ¿-butyl groups appearing 
in the 1 position of cyclohexene (see later discussion on 
the hydroboration of 1.4-di-f-butylcyclohexene); how
ever, the ¿-butyl group in the 4 position is too far away 
from the site of the reaction to produce a direct steric 
effect.

H y d ro b o ra tio n  of 1 ,6 -D im ethy lcyclohexene .—In a
final test of the applicability of the torsional angle 
affect model, we prepared 1,6-dimethylcyclohexene (11) 
and subjected it to hydroboration. Owing to the CH3-  
CH3 eclipsing strain developed by attack at side A of 11, 
the torsional angle affect model would predict that 
attack would peferentially occur from side B. Ex
perimentally, attack at side A is observed to pre
dominate (see Figure 8). The c is /tra n s  attack ratio, 
relative to the 6-methyl group, of 40.2:59.8 in 11 
compares favorably with the c is /tra n s  attack ratio at 
position 1 in 9 (36.2:63.8) indicating that the predom
inant factor operating in 11 is the steric effect of the
6-methyl group in the two conformations which are 
possible.

H y d ro b o ra tio n  of 1 ,4 -D i-f-bu ty lcyclohexene .—Of the
systems studied in the present work, only the results of 
the hydroboration of 1,4-di-f-butylcyclohexene26 (12) 
(see Figure 9) are not in accord with our steric model 
or the Garbisch model. The introduction of a 1 -¿- 
butyl group in place of hydrogen or ethyl, in 1 and 5, 
respectively, should not alter the conformation of the 
cyclohexene ring system and hence the effects of the
4-f-butylcyclohexenyl system. The effect produced 
by the 1-¿-butyl group must be a consequence of extra- 
cyclic conformational steric effects produced by this 
group.

(26) D . J . P a s to  a n d  F . M . K le in , Tetrahedron Lett., 963 (1967).
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Conformational studies of 1-butene27 have indicated 
that the preferred conformations involve eclipsing of 
the methylene C-H and C-CH3 bond with the double 
bond. Incorporating the preferred 1-butene confor
mations in the structure of l-ethyl-4-f-butylcyclo- 
hexene (5) gives conformations 13 and 14 (a third con
formation is possible similar to 14 in which the methyl 
group is eclipsed with the other C6 hydrogen). The

Figure 10.—Positions of attack by boron in the hydroboration of 
1-p-menthene (3) and 3-p-menthene (4).

13 14
C-H bonds of C6 are positioned such that severe 
eclipsing between the methylene C-H and methyl 
bonds of the ethyl group occurs. As the eclipsing 
strain energy is least in 13, compound 13 should be 
the preferred conformation. In this conformation the 
ethyl group does not offer steric resistance to attack 
at either side of the cyclohexene ring and hence the 
results obtained with 5 should be the same as obtained 
with the parent system (1) or the 1-methyl derivative
(2). With 1,4-di-f-butylcyclohexene, however, main
taining eclipsing of one of the methyl groups with the 
double bond produces two CH3-H eclipsing interactions 
with C6. A slight rotation about the CH-butyl carbon 
bond relieves the two severe CH3-H eclipsing inter
actions, and, in what appears to be the most favorable 
rotational conformation, places one of the f-butyl 
methyls syre-axial, cis  to the 4-Cbutyl group (see 15) 
giving rise to a substantial steric shielding of that side 
of the cyclohexene ring. The magnitude of this steric 
effect is quite large; 12 gives only a monoalkylborane 
in a relatively slow reaction and does not react with
2,3-dimethyl-2-butylborane.

Although we were not successful in preparing 1- 
isopropyl-4-i-butylcyclohexene, the steric effects of the 
group in the 1 position can be inferred from the work of 
Shumway and Barnhurst28 and Katsuhara and co
workers29 which is illustrated in eq 1 and 2. It should

(27) A. A . B o th n e r-B y , C . N aa r-C o lin , an d  H . G u n th e r , J .  A m er. Chem. 
Soc., 84, 2748 (1962).

be noted that the hydroboration of 3 is consistent with 
our ring substituent steric effect model, involving a 
slight distortion about C4 caused by the isopropyl 
group, and that the hydroboration of 4 is not consistent 
with this model but compares favorably with the re
sults obtained with 1,4-di-f-butylcyclohexene. (One 
should also note that the stereochemical results for the 
hydroboration of 3 and 4 almost exactly parallel the 
epoxidation stereochemistry results with 3 and 4 .7 
This indicates the operation of similar steric effects 
in both reactions.) The results derived with 4 (see 
Figure 10) may be explained on the basis of a rotational 
conformational effect with 16 being the most favorable 
rotational conformation providing steric hindrance to 
attack at the double bond cis  to the 4-methyl group.

The results presented in this paper indicate that in 
the hydroboration reaction steric factors imposed by 
remote functional groups play the predominant role 
in determining the stereochemistry of attack on the 
olefin, and that torsional angle effects as predicted by 
the Garbisch model are not important. This directly 
implies that very little rehybridization of the sp2 
olefinic carbon atoms has occurred in the transition 
state and hence the transition state for the hydrobora
tion reaction must occur very early along the reaction 
coordinate.

Comparison of the kinetic and stereochemical data 
for the diimide reduction and epoxidation of these 
same olefins would indicate that the stereochemistry 
of attack on these olefins is also controlled by steric 
effects of remote functional groups and not by torsional 
angle effects.

Experimental Section
Preparation of Olefins. 4-i-Butylcyclohexene was obtained 

from Professor E. L. Eliel’s research group.
l-Meîhyl-4-i-butylcyclohexene was prepared following the 

procedure of DePuy and King30 involving the addition of methyl- 
magnesium iodide to 4-f-butylcyclohexanone followed by de
hydration with iodine.

l-Ethyl-4-i-butylcyclohexene.—This compound, prepared from 
10 g (0.065 mol) of 4-i-butylcyclohexanone on treatment with 
0.07 mol of ethylmagnesium iodide, was dehydrated by distilla
tion from 1 g of iodine. The distillate was dissolved in 
150 ml of hexene and flushed successively through 20 X  15 cm 
Woelm activity II  alumina and 21 X  2 cm Fluorisil columns.

(28) D . K . S h u m w ay  a n d  J . D . B a rn h u rs t ,  J .  Org. Chem ., 29, 2320 (1964).
(29) J . K a ts u h a ra , H . W a n a ta b e , K . H a sh im o ta , a n d  M . K o b ay ash i, B ull. 

Chem . Soc. J a p .,  39, 617 (1966).
(30) C . H . D e P u y  a n d  R . W . K ing , J .  A m er. Chem . Soc., 83, 2743 (1961).
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Final purification by distillation provided 8 g (74%) of l-ethyl-4- 
¿-butylcyclohexene, bp 75° (15 mm).

Anal. Calcd for C12H22: C, 86.67; H, 13.33. Found: C, 
86.64; H, 13.25.

1.4- Di-Z-butylcyclohexene was prepared by the procedure of 
Stolow and W ard.31

l-Methyl-5-i-butylcylohexene.—A solution of 20 g (0.12 mol) 
of 4-1-butyl-o-cresol (Aldrich Chemical Corp.) in 100 ml of glacial 
acetic acid was hydrogenated at room temperature on a Parr 
apparatus in the presence of 1 g of platinum oxide at an initial 
hydrogen pressure of 50 psi. The theoretical amount of hydrogen 
was taken up in 4 hr. The solution was poured into 150 ml of 
water and was extracted three times with 70-ml portions of 
ether. The combined ether extract was washed three times with 
50-ml portions of water, twice with 50-ml portions of saturated 
sodium bicarbonate solution, and once with 50 ml of 10% hydro
chloric acid solution, and dried over anhydrous magnesium 
sulfate. The solvent was removed on the flask evaporator, 
giving 17.4 g (84%) of soapy white crystals.

The mixture of isomeric 2-methyl-4-(-butylcyclohexanols was 
dehydrated in the presence of 0.2 go f iodine by refluxing for 
5 hr followed by distillation. The olefin mixture was dissolved 
in 30 ml of pentane, washed with aqueous saturated sodium 
thiosulfate, dried over magnesium sulfate, and isolated by distil
lation at 69-80° (19 mm).

Analysis by glpc indicated the mixture contained three com
ponents in a ratio of 1:1.5:1.4. A portion of the mixture was 
separated on a Beckman Megachrom preparative gas chromato
graph on a 48 m X 1.5 cm l,2,3-tris(d-cyanoethoxy)propane 
column. The latter two fractions thus collected gave nmr spectra 
consistent with the desired olefin, however the spectra of these 
two compounds were almost superimposable. Each spectrum 
displayed singlets at —0.86 (9 H, ¿-butyl) and —1.63 (3 H, 
methyl), and a broad adsorption at —5.49 ppm (1 H, vinyl). 
Decoupling the methyl from the vinyl proton served to sharpen 
the vinyl peak of each spectrum, but did not reveal sufficient 
differences between the vinyl peaks to enable distinguishing 
the isomers. Final distinction between the compounds was made 
by analysis of their hydroboration products indicating that the 
second of these two olefins was l-methyl-5-f-butylcyclohexene.

3-Methylcyclohexene was purchased from Aldrich Chemical 
Co. and was purified by distillation.

3-f-Butylcyclohexene.—Under a stream of nitrogen, 25 g 
(0.13 mol) of cis-2-f-butyleyclohexyl acetate (obtained from 
Professor E. Eliel) was pyrolyzed at 450° by dripping through a 
50 cm X 2 cm, glass helices-packed column. The product, col
lected in Dry Ice-acetone cold traps, was taken up in 30 ml of 
ether, washed three times with 20-ml portions of water and twice 
with 15-ml portions of saturated sodium bicarbonate solutions 
and was dried over anhydrous magnesium sulfate. The solution 
was filtered, and the solvent was removed on the rotary flash 
evaporator. Distillation gave 4 g (23%) of a clear, colorless, 
liquid, bp 55.5-57° (15 mm) (lit.32 170.5° (746 mm)). Consider
able unreacted acetate was also recovered.

4.4- Dimethylcyclopexene was purchased from Aldrich Chemical 
Co. and purified by distillation.

3,5,5-Trimethylcyclohexene was prepared according to the 
procedure of Sneen and M atheny.33

A mixture of 50 g (0.36 mol) of isophorone, 56.5 ml of 85% 
hydrazine hydrate, and 30 g (0.46 mol) of potassium hydroxide 
pellets was dissolved in 150 ml of ethylene glycol and refluxed 
for 4.6 hr. The reaction mixture was distilled directly. The 
organic phase of the distillate was separated from the aqueous 
phase by decantation, and was distilled from a few small pieces 
of sodium metal (0.2 g) through a 12-cm Vigreaux column. 
The material distilling at 120-135° was redistilled at 133-134°, 
giving 15 g (33%) of a mixture of 70% 2,4,4-trimethylcyclo- 
hexene and 30% 3,5,5-trimethylcyclohexene. A portion of this 
mixture was separated by preparative glpc on a 9.2 m X 0.6 
cm adiponitrile column, giving pure 3,5,5-trimethylcyclohexene 
and 2,4,4-trimethylcyclohexene. The nmr spectrum of the 3,5,5- 
trimethylcyclohexene agrees with that reported by Sneen and 
M atheny.33

1 ,6-Dimethylcyclohexene.—To a stirred solution of methyl 
magnesium iodide in ether, prepared by the addition of 79.5 g

(31) R . B . S to low  a n d  J . A. W a rd , J .  Org. Chem ., 31 , 964 (1966).
(32) H . L. G oering , R . S. R eeves , a n d  H . H . E sp y , J .  A m er. Chem. Soc., 

78 , 4926 (1956).
(33) R . A. S neen  a n d  N . P . M a th e n y , ib id ., 86 , 5503 (1964).

(0.56 mol) of methyl iodide to 12.2 g (0.51 g-atom) of magnesium 
turnings in ether, was added slowly 50 g (0.45 mol) of 2-methyl- 
cyclohexanone in 200 ml of dry ether. After addition of the 
ketone, the mixture was refluxed 16 hr and then hydrolyzed with 
100 ml of saturated ammonium chloride solution. The ether 
layer was decanted and the aqueous phase was extracted three 
times with 70-ml portions of ether. The combined ether extract 
was washed with 50 ml of saturated sodium thiosulfate solution, 
dried over anhydrous magnesium sulfate, and filtered. The sol
vent was removed on the rotary flash evaporator. The crude 
product (50 g, 88%) was distilled, bp 65-68° (15 mm) (lit.34 
cfs-l,2-dimethylcyclohexanol, bp 95.7 (53 mm); trans-1,2- 
dimethylcyelohexanol 86.8° (52 mm)).

To a solution of 6.4 g (0.05 mol) of the product (a mixture of 
the cis and the trans isomers) in 30 ml of dimethjdaniline at 0° 
was slowly added 7.1 ml (0.10 mol) of acetyl chloride. After 
all of the acetyl chloride has been added, the mixture was stirred 
at room temperature for 1 hr and on a steam bath for 3 hr. 
The solution was then cooled, poured onto 20 g of ice in 50 ml 
of 10% hydrochloric acid solution, and extracted three times 
with 35-ml portions of pentane. The combined pentane extract 
was washed with 20 ml of 10% hydrochloric acid solution and 
dried over anhydrous magnesium sulfate. After solvent re
moval in vacuo, 6.35 g (75%) of acetate was isolated.

Under a gentle stream of nitrogen, 12.8 g (0.075 mol) of the 
acetate was pyrolyzed by dropping slowly through a 2 cm X 50 
cm glass helices packed column heated to 450°, collecting the 
effluent from the bottom of the column in Dry Ice-acetone 
traps. The product was pcured into 20 ml of water and extracted 
with 60 ml of ether. The ether solution was washed twice with 
20 ml of water, once with 20 ml of saturated sodium bicarbonate 
solution, and once with 20 ml of saturated sodium chloride solu
tion, and dried over anhydrous magnesum sulfate. After re
moval of the solvent, the residue was distilled at 124-136° 
(750 mm) (lit.34 1 ,6-dimethylcyclohexene, bp 130.3-130.7° (745 
mm); 1,2-dimethylc>clohexene, bp 136.2° (745 mm); 2-methyl- 
methylenecyclohexane, bp 124.5 (745 mm)). Analysis by glpc 
showed this to be a mixture of approximately equal amounts of 
three components. Based on the results of Froemsdorf, ct al.,3S 
these components are assigned the structures of 2-methylmethyl- 
lenecyclohexane, 1 ,2-dimethylcyclohexene, and 1 ,6-dimethyl
cyclohexene . The lack of adequate resolution impeded separation 
in large amounts. The mixture of olefins was used directly in the 
hydroboration studies in that only 1 ,6-dimethylcyclohexene is 
capable of giving rise to the isomeric 2,3-dimethylcyclohexanols, 
the products required for the desired stereochemical analysis.

Preparation of Compounds for Use as Glpc Standards. 3- and 
4-(-Butylcyclohexyl Acetates.—Direct analysis of a mixture of
3- and 4-f-butylcyclohexyl alcohols (obtained from Professor E. 
Eliel) could not be accomplished by our available glpc techniques. 
The alcohols (0.2 g) were converted into the corresponding ace
tates by treatment with acetic anhydride (1 g) and pyridine 
(0.25 g). The pure acetates w’ere isolated by pouring the reaction 
mixture into 10 ml of cold water and extraction with ether. The 
ether extracts were washed with 10% hydrochloric acid and 
dried over anhydrous magnesium sulfate. The solvent was 
removed under reduced pressure and the residues were purified 
by distillation in a micromolecular still. The pure acetates 
were used to determine the relative response ratios.

The crude alcohol mixtures from the hydroboration of 4- t-  
butylcyclohexene were treated with a tenfold excess of acetic 
anhydride and pyridine in ethereal solution and aliquots of this 
solution were analyzed directly by glpc. The quantitiveness 
of the procedure was demonstrated by acetylating a known 
mixture of the cis- and trans-3- and -4-f-butylcyclohexyl alcohols 
followed by glpc analysis and comparison of the results with the 
starting composition.

2-Methyl-5-(-butylcy;lohexanols were obtained as a mix
ture of the isomers after hydroboration of l-methyl-4-i-butyl- 
cyclohexene. Preparative separation of the two isomers by 
column chromatography or glpc could not be achieved.

The mixture of isomers was distilled, bp 60° (0.7 mm), and 
analyzed by nmr. Two peaks appear in the carbinol region of 
the spectrum, a broad peak at —3.07 ppm (axial carbinol proton) 
and a sharper peak at —3.79 ppm (equatorial carbinol proton). 
Planimeter integration of these two peaks gave the ratio of the

(34) T . D . N e v it t  a n d  G  S. H am m o n d , ib id ., 76 , 4124 (1954).
(35) D . H . F ro em sd o rf, C. H . C ollins, G . S . H am m o n d , a n d  C . H . D eP u y , 

ibid., 81 , 643 (1959).
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alcohols in this mixture. This known ratio was then used in calcu
lating the response ratio for glpc analysis.

Anal. Calcd for C„H220 : C, 77.58; H, 13.02. Found: C, 
76.96; H, 13.32.

2-Ethyl-5-i-butylcyclohexanols were obtained as a mixture 
of the isomers upon hydroboration of l-ethyl-4-f-butylcyclo- 
hexene. Separation of the isomers by column chromatography 
or glpc could not be achieved.

The mixture of isomers was distilled on a microdistillation 
apparatus, bp 100° (12 mm). The nmr spectrum of the mixture 
shows two peaks in the carbinol region, one at —3.07 ppm, 
assigned to the axial proton, and at —3.82 ppm, assigned to the 
equatorial proton. As these isomers could not be separated by 
glpc, the analysis had to be carried out by nmr, comparing the 
areas of the two carbinol proton peaks mentioned above.

Anal. Calcd for C12H24O: C, 78.20; H, 13.12. Found: C, 
78.45; H, 13.13.

2,5-Di-l-Butylcyclohexanols.—The separation, identification 
and analysis of the 2,5-di-i-butyleyclohexanols has been described 
separately.46

irans-2-Methyl-as-4-i-butylcyclohexanol and irans-2-methyl- 
lrans-4-i-4-l-butylcyclohexanol were obtained from Professor 
Jiri Sicher.

cis- and trans-3- and cis- and ¿rans-2-i-butylcyclohexanols were 
obtained from Professor E. L. Eliel.

4,4-Dime thy Icy clohexanol.—A mixture of 15 ml of Dowex 
1 X 7.5 cation exchange resin (washed with sodium hydroxide), 
10 ml of methanol, 7.2 g (0.1 mol) of isobutyraldehyde, and 7.0 
g (0.1 mol) of methyl vinyl ketone was refluxed for 8 hr with 
stirring.36 Distillation of the crude product gave 5.8 g (47%) of
4,4-dimethyl-2-cyclohexen-l-one, bp 92-96 (30-35 mm).

A solution of 4 g (0.032 mol) of 4,4-dimethyl-2-cyclohexen-l-one 
in 30 ml of glacial acetic acid and 6 ml of concentrated hydro
chloric acid was hydrogenated on a Parr apparatus in the presence 
of 0.2 g of platinum oxide. When 2 molar equiv of hydrogen had 
been taken up, the sample was removed and poured onto 50 ml 
of ice and was extracted with four 75-ml portions of ether. The 
combined extract was dried over anhydrous magnesium sulfate 
and the solvent was removed under reduced pressure. The 
residue was refluxed for 4 hr wfith 10 ml of 15% aqueous ethanolic 
sodium hydroxide, poured onto 20 g of ice, and extracted with 
two 30-ml portions of ether. The extract was dried over anhy
drous magnesium sulfate, and the ether was removed under 
reduced pressure. The residue was distilled giving pure (by 
glpc) 4,4-dimethylcyclohexanol, bp 102 (22 mm) (lit.37 83.5-
83.8 (15 mm).

3.3- Dimethylcyclohexanols was prepared according to the 
procedure of Doering and Beringer.38

3.3- and 4,4-Dimethylcyclohexyl Acetates.—The 3,3- and 4,4- 
dimethylcyclohexanols were converted into the acetates em
ploying the procedure outlined for the 3- and 4-f-butylcyclo- 
hexanols to facilitate analysis by glpc.

cis-Rich 2,4,4-Trimethylcyclohexanol.—A mixture of 38 
ml of Dowex 1 X 7.5 cation exchange resin (base-washed), 35 
ml of methanol, 18 g (0.25 mol) of isobutyraldehyde, and 21 g 
(0.25 mol) of ethyl vinyl ketone was refluxed with stirring for 
19 hr. The solution was poured into 550 ml of water and was 
extracted with 100 ml of ether. The aqueous phase was saturated 
with sodium chloride and was extracted with ether. The com
bined ether extract was washed with 25 ml of saturated sodium 
chloride solution, dried over anhydrous magnesium sulfate, and 
concentrated on the rotary flash evaporator. Distillation through 
a 50-cm spinning band column afforded 2.58 g (7.5%) of 2,4,4- 
trimethyl-2-cyclohexen-l-one, bp 79.5 (18 mm) (lit.39 190 
(760 mm)).

A solution of 6.5 g (0.047 mol) of 2,4,4-trimethyl-2-cyclo- 
hexen-l-one in 5 ml of methanol was added to a suspension of 
0.3 g of platinum oxide and subjected to hydrogenation with 
the absorption of 1 equiv of hydrogen. The solution was filtered 
and the methanol was removed by distillation. Distillation of 
the product at 70-71° (12 mm) (lit.40 87-89° (30 mm)) afforded
5.2 g (75%) of saturated ketone.

The saturated ketone was reduced following the procedure of 
Eliel and Doyle.41 A mixture of 5.6 g (0.04 mol) of 2,4,4-tri-

(36) E . D . B e rg m a n n  a n d  R . C o rre t t ,  J .  Org. Chem ., 23 , 1507 (1958).
(37) E . L. E liel a n d  C . A. L u k a ch , J.  A m er. Chem . Soc., 79, 5986 (1957).
(38) W . von  E . D o erin g  a n d  F . M . B eringer, ib id . , 71, 222 (1949).
(39) K. v o n  A uw ers, A n n ..  420, 110 (1919).
(40) M . Y a n a g ita  a n d  S. In a y a m a , J .  Org. C hem ., 19, 1724 (1954).
(41) E . L. E liel a n d  T . W. D oyle, Org. S y n . ,  in  press.

methylcyclohexanone, 175 ml of 2-propanol, 14 ml of trimethyl- 
phosphite, and 50 ml of “Henbest catalyst” 44 was refluxed for 
23 hr. The mixture was then stripped of 2-propanol and ace
tone under reduced pressure, diluted with 200 ml of water, 
and extracted with three 100-ml portions of ether. The ether 
extracts were combined, washed with water, and dried over 
potassium carbonate. After removal of the solvent on the rotary 
flash evaporator, the residue was distilled at 62° (16 mm) giving 
5 g (89%) of alcohol, free of ketone by ir analysis and 95% pure 
by glpc. The nmr spectrum displays, in addition to the higher 
field absorption, a slightly broadened peak at —3.76 ppm, 
attributed to the equatorial carbinol proton, and a very broad, 
low-intensity absorption at —2.97 ppm due to the carbinol 
proton of the trans isomer, present as a minor impurity (~ 3%  
by glpc).

Anal. Calcd for CsHjgO: C, 76.00; H, 12.70. Found: C, 
75.80; H, 12.76.

trans-Rich 2,4,4-Trimethylcyclohexanol.—An ether solution of 
0.5 g (3.6 mmol) of 2,4,4-trimethylcyclohexanone was added 
to an ether suspension of lithium aluminum hydride and 
stirred for 1 hr at room temperature. The mixture was hydrolyzed 
with 10 ml of 10% hydrochloric acid solution and filtered. The 
ether was separated, washed with 10 ml of 10% hydrochloric acid 
solution, dried over anhydrous magnesium sulfate, and filtered. 
The solvent was removed on the rotary flash evaporator, and the 
residue was distilled on a microdistillation apparatus, bp 60-70° 
(16 mm) (lit.43 192-193° (760 mm)).

Glpc analysis of the product revealed it was a two-component 
mixture. The minor component (14%) is cfs-2,4,4-trimethyl- 
cyclohexanol, and the major (86%) product is assigned the 
structure of trans-2,4,4-trimethylcyclohexanol. The latter com
pound was not obtained free of the other isomer. The nmr spec
trum of the sample displays a broad peak at —2.97 ppm.

cis- and lrans-3,3,5-trimethylcyclohexanol were obtained from 
Professor E. Eliel.

trans,cis-Rich 2,3-dimethylcyclohexanol was prepared accord
ing to the procedure of Ulery and Richards.44

trans,<rans-2,3-Dimethylcyclohexanol.—An attem pt to prepare 
fraras,irans-2,3-dimethylcyclohexanol by reduction of cfs-2,3-di- 
methylcyclohexanone35 with the “ Henbest catalyst” 44 failed, 
producting instead a mixture containing only cis,trans- and 
cfs,cfs-2,3-dimethylcyclohexanol.45

Hydroboration of the Substituted Cyclohexenes.—The sub
stituted cyclohexenes were subjected to hydroboration in tetra- 
hydrofuran at 0° for 30 min employing a 1:2 olefin :borane- 
tetrahydrofuran ratio. The reaction mixtures were hydrolyzed 
and oxidized by the addition of a 50% excess of 20% sodium 
hydroxide and 30% hydrogen peroxide. After stirring at room 
temperature for 30 min the oxidized reaction mixtures were 
extracted three to five times with ether. The ether extract was 
dried over magnesium sulfate and concentrated by distillation 
employing a short Vigreaux column. The resulting ether solu
tions were analyzed directly by glpc, except in cases where prior 
acetylation was necessary, employing Carbowax columns at 
appropriate temperatures.

The results obtained with the individual olefins are indicated 
in the results and discussion section. Generally, several runs 
were made with each olefin, the values given being the average 
average values with an average deviation of generally less than 
0.5%.

Determination of the Extent of Hydroboration.—Aliquots 
from several of the hydroboration reaction mixtures were removed 
and quenched with excess methanol. The samples were concen
trated under reduced pressure and analyzed by nB magnetic 
resonance. All samples tested contained less than 5% dialkyl 
borinate as indicated by the intensity of the peak at —53 ppm,

(42) A m ix tu re  of ir id iu m  trich lo rid e , h y d ro ch lo ric  ac id  a n d  w a te r; c f. 
Y . M . Y . H a d d a d , H . B . H en b e s t, J .  H iesb an d s , a n d  T . P . B . M itc h e ll, 
Proc. Chem . Soc., 361 (1964).

(43) O. W a llach  a n d  A . S ch eu n e rt , A n n .,  324, 106 (1902).
(44) H . E . U le ry  a n d  J . H . R ic h a rd s , J . A m er. Chem. Soc., 86 , 3113 (1964). 

D e ta ils  o f th e  m o d ifica tio n s  m a y  b e  fo u n d  in  th e  P h .D . D is se r ta t io n  of F .K ., 
U n iv e rs ity  of N o tre  D am e , 1967.

(45) I n  v iew  of th e  f a c t t h a t  th e  trans ,irons-2 ,3 -d im eth y lcy c lo h ex an o l 
could  n o t b e  o b ta in e d  in  su ffic ien tly  p u re  fo rm  in  o rd e r  to  d e te rm in e  th e  r e 
q u ired  a c c u ra te  g lpc resp o n se  ra tio , a  resp o n se  ra t io  w as used  correspond ing  
to  o th e r  cis- an d  fro n s-3 -m eth y lcy c lo h ex an o l sy s tem s . T h e  e rro r in tro 
duced  is be lieved  to  b e  less th a n  5 %  of th e  final c a lc u la te d  com position  
percen tages.
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relative to boron trifluoride etherate, relative to the alkyl 
boronate peak at —32 ppm.

Registry No.—1. 2228-98-0; 2, 3419-74-7; 5,
15822-49-8; 6, 15822-50-1; 7, 14072-86-7; 8, 933-12-0; 
9, 591-48-0; 10, 14072-87-8; 11, 1759-64-4; 12,
5009-02-9; 2-methyl-5-i-butylcyclohexanol, 15822-55-6;

2-ethyl-5-i-butylcyclohexanol, 15822-56-7; cfs-2,4,4-
trimethylcyclohexanol, 15822-57-8.
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1,3-B rid ged  A rom atic System s. I I I .1,2 Ring-O pening Reactions 
of gem -Dihaloacetoxycyclopropanes
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Reactions of hydrazine with dihalocyclopropanes derived from eis-2-buten-2-ol acetate, frans-2-buten-2-ol 
acetate, I-cyclohexenyl acetate, and 1-cyclooctenyl acetate are described. A duality of mechanism is established 
for such reactions leading, in certain cases, to 3,4- and 3,5-disubstituted pyrazoles. The effect of stereochemistry 
and the effect of ring size on the course of reaction is considered.

We have previously reported211 that the reaction of 
dichlorocyclopropanes derived from enol acetates with 
hydrazine constitutes a new and useful synthesis of 
pyrazoles. Direct evidence for the reaction sequence 
shown in path A of eq 1 vras provided by the observed 
formation of 3,5-pyrazoles with dichlorocyclopro-
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panes derived from the enol acetates of desoxybenzoin 
and cyclododecanone. Howrever, the formation of 
small quantities of the 3,4-substituted pyrazole 9 
from 7, in addition to the 3,5-metacyclophane 8, 
suggested that4 an alternate mechanism, as shown in

(1) S u p p o rte d  b y  th e  N a tio n a l S cience F o u n d a tio n  G ra n t  G P -6169X .
(2) F o r  p rev io u s  p ap e rs  in  th is  series, see (a) WT. E . P a rh a m  a n d  J . F . 

D oo ley , J .  A m er. Chem. Soc., 89 , 985 (1967); (b) W . E . P a rh a m  a n d  J . K . 
R in e h a r t ,  ib id ., 89 , 5668 (1967).

(3) T a k e n  in  p a r t  from  th e  P h .D . th e s is  of J . F . D oo ley , U n iv e rs ity  of 
M in n e so ta , 1967.

(4) C h lo ro  k e to n es  of ty p e  3 a n d  5 a re  k n o w n  to  g ive  3,5- a n d  3 ,4 -d isub - 
s t i tu te d  p y razo les , resp ec tiv e ly , b y  rea c tio n  w ith  h y d ra z in e . Cf. K . V. 
A uw ers  a n d  H . B roche , B er., 55, 3880 (1922), a n d  K . W . A uw ers a n d  R . 
H u g e l, J .  P ra k t. Chem ., [2] 143, 157 (1935).

path B of eq 1, may be operative. A study of the 
reactions of cyclopropanes 15a, 15b, 19b, and 20 with

O
II

OCCHs

6

NH;NH,

(tCH2)Iò)

l -N
+

8
>49%

(2)

hydrazine has now provided convincing evidence for the 
duality of mechanism as shown in eq 1, and the re
sults of this study constitute the subject of this report.

Treatment of butanone (10) With isopropenyl 
acetate (11) and p-toluenesulfonic acid afforded a 
mixture6 of isomeric enol acetates (eq 3) which were 
separated by preparative vapor phase chromatography. 
The cis  isomer 12 wras obtained pure; however, 13 
and 14 were not completely separated by glpc, and the 
mixture containing 77% of 13 and 23% of 14 was used 
in subsequent reactions.

O
« ch,=c(ch3)ocochv  CH3> c/C H 3 +

i K  N jc o cHj
11 12

CH3\ n_ ^ O C ° C H 3 l K n_  /OCOCH3
CW u  +  --------  (3)
13

H/  ^CHoCH,

The configurations of 12 and 13 were assigned on the 
basis of long-range coupling between the protons in 
the methyl groups, the differences in chemical shift 
for the /3-olefinic protons, and comparison with model 
compounds. In this case homoallylic coupling between

(5) F . G . Y oung , J .  A m ir .  Chem. Soc., 72 , 3635 (1950).
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the methyl protons which are separated from one 
another by five bonds (four single bonds and one double 
bond) is observed. Numerous reports have shown 
that the magnitude of J M is in the order of 0.5-2.0 
cps.6-8 Furthermore, the magnitude of this coupling 
is larger when the two methyl groups are tran s-  
oriented about the double bond than when they are 
c is-oriented.9 The observed sizes of J  i,4 for 12 (1.10 
cps) and 13 (1.50 cps) correspond to the assigned con
figurations. The proton resonance of the cis-f3- 
olefinic proton in enol acetates is reported10’11 to occur 
downfield from that of the tran s  proton. This obser
vation corresponds to the assigned configurations of 12  
and 13. The nmr spectra of 12  and 13, together with 
those of model compounds, are summarized in Table I 
(Experimental Section).

Reaction of 12 with phenyl(trichloromethyl)mer- 
cury in refluxing benzene solution gave cis-l-acetoxy-
2,2-dichloro-l, 3-dimethyl cyclopropane (15a) in 72% 
yield. Reaction of 15a with excess hydrazine gave 
a mixture of pyrazoles (96% yield) composed of 3,5- 
dimethylpyrazole, 16 (83%), and 3,4-dimethylpyr- 
azole, 17 (17%). The isolation of these two pyra
zoles from this reaction is consistent with the duality 
of mechanism shown in eq 1. Similarly, treatment of 
the cvclopropanes derived from the mixture of 13 and 
14 with hydrazine gave a mixture of pyrazoles (98% 
yield) composed of 16 (74%), 17 (5%), and 3-ethyl- 
pyrazole, 18 (21%). These results, together with

H ^CO CRs ~ - 2— V 
C1 Cl

15a

(4)

those observed previously211 for ¿raws-l-acetoxy-2,2- 
dichloro-l,3-diphenylcyclopropane, suggest a preference 
for ring opening as shown in path A of eq 1 for tran s-  
substituted gfem-dihaloacetoxycyclopropanes.

H3C OCOCH3 

Cl Cl

15b

H,C OCOCH3

nh2nh2

H^CH2CH3 
Cl Cl

16 +  17 +

The explanation for this preference is not obvious at 
this time; however, significant differences in reaction 
rates for halocyclopropanes with subtle structural 
variations have been reported previously.12-14

(6) J .  T . P in k e y  a n d  S. S te rn k e ll, Tetrahedron L ett., 275 (1963).
(7) E . B . W hipp le , J .  Chem . P h y s ., 35, 1039 (1961).
(8) A. A. B o th n e r-B y , C . N aa r-C o lin , a n d  H . G u n th e r , J .  A m er. Chem. 

Soc., 84, 2748 (1962).
(9) J . H . R ic h a rd s  a n d  W . F . B each , J .  Org. Chem ., 26, 623 (1961).
(10) J . J .  R iehl, J . M . L ehn , a n d  F . H e m m e rt, B u ll. Soc. C him . F r., 224 

(1963).
(11) H . O. H ouse  a n d  V. K ra m a r , J .  Org. Chem ., 28, 3362 (1963).
(12) L. S k a tte b ^ l, ib id ., 31, 1554 (1966).
(13) S. T . C ris to l, R . M . S equev ia , a n d  C. H . D e P u y , J .  A m er. Chem. Soc., 

87, 4007 (1965).
(14) W . E . P a rh a m  a n d  R . J . S perley , J .  Org. Chem ., 32, 924 (1967).

An alternative mechanism to those shown in eq 1 
for the formation of pyrazoles from acetoxycyclo- 
propanes could involve prior ionization of a carbon- 
chlorine bond, with subsequent or concerted collapse 
of the cyclopropyl cation as shown in eq 6.15,16 A study 
of the reaction of 19a and 19b with hydrazine was made

OR
I

R— CH—£ — R

/ ° \
Cl Cl

OR

R— CH— C— R

0
Cl

©Ì
Cl

OR
I

R— CH=C— C— R
1 ©
Cl

NH.NH,
(6)

in order to evaluate this reaction sequence. Reaction 
of 19a at the O-R function, unlike that of 19b, cannot 
occur with hydrazine, since there is no carbonyl group 
present. On the other hand, if the reaction involves 
prior ionization of the C-Cl bond, then both 19a and 
19b would be expected to react with hydrazine. As 
will be discussed subsequently, reaction of 19b with 
hydrazine in ethanol was exothermic, and there was no 
unchanged 19b after an 8-hr reaction period at the reflux 
temperature. However, 19a does not react with 
hydrazine at an observable rate under these conditions, 
and was essentially unchanged after 8 hr. These

OR

19a, R =  C2H5 
b, R =  CCH3

0

results suggest that pyrazole formation is the result of 
initial attack of hydrazine at the carbonyl carbon of 1 
as shown in eq 1.

In order to examine the effect of ring size on the yield 
and course of this synthesis, the reaction of cyclo
propanes derived from several cyclic enol acetates was 
studied. Treatment of 1-cyclooctenyl acetate with 
phenyl(trichloromethyl)mereury gave l-acetoxy-9,9- 
dichlorobicyclo[6.1.0]nonane (20) in 80% yield. Reac
tion of 20 with hydrazine gave a mixture of 3,5-[6]- 
pyrazolophane (21) and 2H-cyclooctapyrazole (22) in an

over-all yield of 55% (eq 7). The isomeric pyrazoles 
were not separated by vapor phase chromatography, 
absorption chromatography, or distillation. The rela
tive quantities of each isomer was estimated by the

(15) W . E . P a rh a m , H . E . Reiff, a n d  P . S c h w a rtz e n tru b e r , J .  A m er . Chem. 
Soc., 78, 1437 (1956).

(16) W . E . P a rh a m  a n d  E . E . Schw eizer, Org. R eactions, 13, 55 (1963).
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integrated ratio of peak areas of the annular protons in 
the nmr spectrum of the mixture. On this basis, the 
over-all yields of isomers were estimated to be 15% of
21 and 40% of 22. The picrate of the major product
22 was obtained pure and was shown to be identical 
with an authentic sample.

1 - Acetoxy-7,7-dichlorobicyclo [4.1.0 jheptane (19b) 
gave 4,5,6,7-tetrahydroindazole (23) in 40% yield by 
reaction with hydrazine (considerable amounts of tarry 
materials were also formed). Molecular models suggest

O

23

that the 3,5 bridge of the planar pyrazole system could 
accommodate no less than six carbon atoms without 
severe bending strain. Attempts to detect the presence 
of 24 or 25 in the product mixture were unsuccessful.

Whether a 3,5- or a 3,4-substituted pyrazole is formed 
by reaction of cyclopropanes of type 1 (eq 1) with 
hydrazine is thus seen to be a consequence of whether 
bond a or bond b is broken in the incipient intermedi
ate 2. Breaking the bond labeled a can be accompanied 
by synchronous loss of chloride to yield 3 directly, and 
appears to be favored. Breaking bond b, on the other 
hand, gives a carbanion (4) which must undergo pro
tonation and elimination. When the two R groups in 
compound 1 represent a tetramethylene or bexamethyl- 
ene bridge, reaction path A would lead to a strained 
seven- or nine-membered ring, and path B appears to 
be more competitive.

The study of the scope of this synthesis and its ex
tension to other 1,3-bridged aromatic heterocycles is 
presently under consideration.

E x p erim en ta l S ec tio n 1718a

cis- and ir<ms-2-Buten-2-ol Acetate (12 and 13).—A mixture of 
cis- and irans-2-buten-2-ol acetate and l-buten-2-ol acetate was 
obtained from 2-butanone as previously described.6 Preparative 
gas chromatography1815 of the mixture [bp 110 - 120° (760 mm), 
n26D 1.4065] on a Beckman Megachrom preparative gas chro
matograph (24 ft, 2.5 in. o.d., 25% Carbowax 20M on Chromo- 
sorb W, 95°) gave pure ci's-2-buten-2-ol acetate (n17 18 19 20D 1.4172, 
4% yield), a pure mixture of (25% yield) of irans-2-buten-2-ol 
acetate (77%) and l-buten-2-ol acetate (23%), a number of 
fractions of intermediate composition.

(17) A ll m e ltin g  p o in ts  a re  co rrec ted .
(18) (a) T h e  n u c lea r m ag n e tic  re so n an ce  sp e c tra  w ere o b ta in e d  a t  60 M e 

using  a  V arian  A ssociates M odel A -60 sp e c tro m e te r  w ith  1%  te tra m e th y ls i-  
la n e  (T M S ) as  a n  in te rn a l s ta n d a rd . U nless o th e rw ise  s ta te d , all sam p les  
w ere  ru n  in  d ilu te  ca rb o n  te tra c h lo r id e  so lu tion , (b) W e w ould  like  to  th a n k  
D r. W illiam  C . Jo h n so n  a n d  M arle n  E . V an  O v e rb ek e  of th e  M in n eso ta  
M in in g  a n d  M a n u fa c tu r in g  Co. fo r effec ting  th is  s ep a ra tio n .

The nmr spectrum of 12 showed peaks for CH3 (doublet of 
quartets, t 8.39, J  — 3.5 and 1.1 cps, wt 3), a-CH3 (quintet, 
r  8.20, J  = 1 . 1  cps, wt 3], OCOCH3 (singlet, t 8.00, wt 3), and 
= C H  (quartet, r  4.92, J  = 7.0 cps, wt 1).

The nmr spectrum of the mixture of 13 (77%) and 14 (23%) 
showed peaks for CH3CH: (triplet, r  8.94, J  = 7.0 cps), CH3—• 
CHt - (quartet, partially obscured, r 7.90, J  ~  7.0 cps), B— 
CH3 (doublet of quartets, t  8.55, /  = 6.7 and 1.5 cps), CH3 
(quintet, r 8.20, /  = 1.1 cps), OCOCH3 (singlet, t  7.93) = C H 2 
(triplet, ABX2 with protons nearly equivalent, r 5.35, J  = 1.0 
cps), and = C —H (quartet, r 5.00,’/  = 7.0 cps).

The stereochemistry of 12 and 13 was assigned on the basis of 
magnitude of the homoahylic coupling constants, the chemical 
shift of the (3-olefinic proton of the enol acetate, and comparison 
with model compounds (see discussion and Table I).

cis-1 -Acetoxy-2,2-dichloro-1,3-dimethylcyclopropane (15a).—A 
mixture of cfs-2-buten-2-ol acetate (5.00 g, 0.040 mol) and 
phenyl(trichloromethyl)mercury (18.38 g, 0.646 mol, 15% 
excess) in benzene (50 ml) was stirred at the reflux temperature 
under dry nitrogen for 48 hr. The mixture was cooled and filtered 
to give phenylmercuric chloride (13.95 g, 97%). The filtrate 
was concentrated to give a yellow oil (15.46 g, n22d 1.4825). 
Distillation of this material gave 15a [5.89 g, 72%, bp 45° 
(0.25 mm), n22D 1.4562].

Anal. Calcd for CtR oCWA: C, 42.67; H, 5.12; Cl, 35.98. 
Found: C, 42.74; H, 5.01; Cl, 36.08.

The infrared spectrum of 15a follows: rem (2940 cm-1), >>c-o 
(1755 cm-1), gem (1450, 1395, 1385 cm-1), xc-o-c (1235 and 
1198 cm-1), and xc-ci (860 cm-1). The nmr spectrum of 15a 
follows: CHZ (doublet, r  8.78, J  = 3.0 cps, wt 1), CH3 (singlet,
r  8.49, wt 3), cyclopropyl H  (quartet, r  8.45, J  = 6.0 cps, wt 1), 
and OCOCHz (singlet, t  7.96, wt 3).

Reaction of ci.s-l-Acetoxy-2,2-dichloro-l,3-dimethylcyclopro- 
pane (15a) with Hydrazine.—Hydrazine (95%, 3.62 g, 0.108 
mol) dissolved in ethanol (20 ml) was added dropwise to a 
solution of 15a (4.71 g, 0.024 mol) in ethanol (20 ml), and the 
solution was heated at the reflux temperature for 16 hr. Sodium 
hydroxide (4.32 g) was added, and the mixture heated at the 
reflux temperature for 1 hr. The mixture was cooled and ex
tracted with four 50-ml portions of ether. The dry (MgSCh) 
extract was concentrated (rotary evaporator) to give 2.20 g 
(96% yield) of a mixture of 3,5-dimethylpyrazole and 3,4-di- 
methylpyrazole as a white crystalline solid, mp 75-86°.

The nmr spectrum of the product showed the following ab
sorptions: CHi (singlet, r  8.07), CH3 (singlet, r  7.83), CH3
(singlet, r  7.80), C = CH 3 (singlet, t  4.35), N—C H =  (singlet, 
r 2.83). The integrated peak areas of the annular protons were 
in the ratio of 32:6.5.

Fractional crystallization of the mixture of 16 and 17 from 
petroleum ether (bp 60-68°) gave 1.32 g (58% yield) of 16 (mp
104.5-105.0°). The pyrazole 16 was identical (melting point, 
mixture melting point, and infrared spectrum) with an authentic 
sample of 3,5-dimethylpyrazole prepared (71% yield)19 from 
acetylacetone and hydrazine sulfate.

Further crystallization from the mother liquors afforded 0.31 g 
(14%) of a solid mp 62-75°, which was identified as a mixture of 
16 and 17 by thin layer chromatography. The mother liquor was 
concentrated to give 0.22 g of a red oil, n26d 1.5080, which was 
identified by thin layer chromatography to be a mixture of 16 
and 17. Preparative thin layer chromatography of this material 
gave 21 mg of 17, mp 52-53°. This product was identical (melt
ing point and mixture meltir g point) with the pyrazole obtained 
(mp 54-55°) by treatment of 3-hydroxymethylene-2-butanone 
with hydrazine.20

irans-l-Acetoxy-2,2-dichloro-l ,3-dimethylcyclopropane (15b) 
and l-Acetoxy-2,2-dichloro-l-ethylcyclopropane (14).—A mixture 
of 13 (77%) and 14 (23%) (8.89 g, 0.078 mol) and phenyl- 
(trichloromethyl)mercury (34.00g, 0.086mol)in benzene (70 ml) 
was heated at the reflux temperature for 48 hr. The mixture 
was cooled and filtered to give phenylmercuric chloride (23.10 
g, 86%). The filtrate was concentrated on a rotary evaporator 
to give 13.3 g of an oil. The oil deposited an additional 3.23 g 
(12%) of phenylmercuric chloride when allowed to stand a t room 
temperature. The mixture was washed with 50 ml of petroleum 
ether (bp 60-68°) and filtered. The filtrate was concentrated 
to give 9.89 g of a yellow oil, w2Sd 1.4755. Distillation of the

(19) R . H . W iley  a n d  P . E . H exner, “ O rgan ic  S y n th ese s ,”  Coll. V ol. IV , 
J o h n  W iley  a n d  S ons, In c ., N ew  Y o rk , N . Y ., 1963, p  351.

(20) O. D iels  a n d  K . U berg , B er., 49, 162 (1916).
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C om pound a
--------------- S u b s titu e n t-

ß ß X
C hem ica l s h if t of 
/3-olefinic p ro to n

H om oally lic  coup ling  
c o n s ta n t ( J i,i)

12 CHS c h 3 H OAc
Chemical shift 

4.92 1 . 10
13 c h 3 c h 3 H OAc 5.00 1.50
cis-2-Bromo-2-butene9 c h 3 c h 3 H Br 1 . 12
irans-2-Bromo-2-butene c h 3 c h 3 H Br 1.59
cis-l-Heptenolocetate10 H c 5h u H OAc 4.76
¿rons-1-Heptenol acetate H C6Hn H OAc 5.32
cfs-l-Propenol acetate11 H c h 3 H OAc 4.70
fraras-l-Propenol acetate H c h 3 H OAc 5.29
ns-3-Pentenol acetate11 c 2h 6 c h 3 H OAc 4.87
Zraíis-3-Pentenol acetate c 2h 5 c h 3 H OAc 5.1

product gave 4.44 g (29%) of a mixture of 15b and 16. Vapor 
phase chromatography of this product [20% Carbowax 20M 
on Chromosorb W, 80-100 mesh, (100°)/2 min, temp program 
(100-200°)/10 min] showed only one peak, retention time 11.5 
min.

Anal. Calcd for C7H i0C12O2: C, 42.67; H, 5.12; Cl, 35.98. 
Found: C, 42.77; H, 5.29; Cl, 35.93.

The infrared spectrum of the product follows: ĉyclopropane
(3030 cm"1), f C H s (2980 and 2920 cm“1), vc-o (1755 cm"1), 
and cc-o-c (1235 and 1200 cm-1). The nmr spectrum of the 
product follows: CH, (singlet, r  8.73), CH, (doublet, t  8.91, 
J  = 3.0 cps), CHsCH, (triplet, t  8.89, J  = 9 cps), CH,CH, 
(quartet, r  8.45, /  = 5 cps) and OCOCH, (singlet, r  8.27 and 
singlet, r  7.93).

Reaction of 15b with Hydrazine.—A solution of hydrazine 
(95%, 0.53 g, 16.4 mmol) in ethanol (10 ml) was added drop- 
wise to a solution of the mixture of 15b and the dichlorocyclo- 
propane derived from 14 (0.72 g, 3.66 mmol) in ethanol (10 ml). 
The mixture was heated at the reflux temperature for 24 hr. 
Sodium hydroxide (0.66 g, 16.40 mmol) in water (10 ml) was 
added and the solution heated at the reflux temperature for 1 
hr. The solution was cooled and extracted with four 25-ml 
portions of ether. The dried (MgSCh) ether extracts were con
centrated on a rotary evaporator to give 0.35 g (98%) of a mix
ture of 16 (74%), 17 (5%), and 18 (21%). The relative amounts 
of pyrazoles were estimated from the ratio of the integrated 
peak areas of the annular protons in the nmr spectrum. The 
nmr spectrum of the product showed complex splitting in the t

6-10 portion of the spectrum .16 The aromatic region of the 
spectrum showed the following absorptions: 18, 5 H (doublet,
r  2.80, J  =  2 cps) and 4 H (doublet, r  4.17 J  = 2 cps) with 
equal peak areas; 16, 4 H (singlet, t 4.40): 17, 5 H (singlet, t  

2.90). The chemical shift of the annular proton absorptions were 
identical with those of authentic samples of 16 and 17.

Attempted Reaction of l-Ethoxy-7,7-dichlorobicyclo[4.1.01- 
heptane (19a) with Hydrazine.—A solution of21 19a (1.00 g,
4.8 mmol) and pentamethylbenzene (0.50 g), which was 
used as a reference compound, in ethanol (10 ml), was treated 
with a solution of hydrazine (95%, 0.69 g, 21.5 mmol) in etha
nol (5 ml), and the mixture stirred at 25° for 2 hr. The quantity 
of 19a was monitored by vapor phase chromatography (5% 
silicone oil DC710 on Chromosorb W, 80-100 mesh, 100°) by 
comparing the relative area of the peaks for 19a (21.6 min) and 
pentamethylbenzene (14.4 min). No decrease in the concentra
tion of 19a could be observed. The mixture was heated at the 
reflux temperature for 8 hr, but only a small decrease in 19a was 
observed.

1-Cyclooctenyl Acetate.—1-Cyclooctenyl acetate [bp 87° 
(3.3 mm), n2*D 1.4688; l i t .22 bp 73° (3.4 mm), n26d 1.4705] was 
prepared (97% yield) from cyclooctanone as previously de
scribed.22 The nmr spectrum of the product follows: CH,
(broad, r  8.20-8.50), OCOCH, (singlet, r  7.96). CH,— C = C  
(broad, r  7.50-8.10), = C — H  (triplet, r  4.72, J  = 8.0 cps).

l-Acetoxy-9,9-dichlorobicyclo[6.1.0]nonane (20).—1-Cyclooc- 
tenyl acetate (16.80 g, 0.10 mol) and phenyl(trichloromethyl)- 
mercury (51.50 g, 0.13 mol) were stirred in dry benzene (140 ml) 
under an atmosphere of dry nitrogen at the reflux temperature 
for 48 hr. The mixture was cooled and filtered to give phenyl-

(21) W . E . P a rh a m , R . W . S oeder, J . R . T h ro c k m o rto n , K . K u n c l, an d  
R . M . D o d so n , J .  A m er . Chem. Soc., 87, 321 (1965).

(22) N . J .  L e o n ard  a n d  F . H . O w ens, ibid., 80, 6039 (1959).

mercuric chloride (34.32 g, 85%). The filtrate was concen
trated on a rotary evaporator to give an orange oil (36.72 g, 
n25D 1.5118). Distillation of the oil gave 20 [19.98 g, 80%, bp
92-94° (0.10 mm), n ud 1.4945].

Anal. Calcd for CuH i6C120 2: C, 52.60; H, 6.43; Cl, 28.23. 
Found: C, 52.65; H, 6.35; Cl, 28.40.

The infrared spectrum of the product follows: f c h ,  (2910,
2850 cm-1), f c - o  (1759 cm-1), f c h 2 (1470 and 1370 cm-1), 
f c - o - c  (1200 cm-1). The nmr spectrum (CDCh) of 20 follows: 
CH, (broad, r  8.48) and OCOCHS (singlet, r  7.92).

Reaction of l-Acetoxy-9,9-dichlorobicyclo[6.1.0]nonane (20) 
with Hydrazine.—A solution of hydrazine (95%, 2.66 g, 0.079 
mol) in absolute ethanol (5 ml) was added dropwise to a solution 
of 20 (6.60 g, 0.026 mol) in absolute ethanol (20 ml), and the 
mixture heated at the reflux temperature for 2 hr. The mixture 
was cooled to room temperature and filtered to give hydrazine 
hydrochloride (1.46 g, 41%, mp 87-90°; l i t .23 mp 89°). A 
mixture melting point with an authentic sample of hydrazine 
hydrochloride was undepressed, mp 87-90°. The filtrate was 
concentrated on a rotary evaporator to give 5.78 g of an orange 
oil, ra25n 1.5159. Chromatography of this product on silica gel 
gave, after elution with ethyl acetate, a clear oil (2.15 g, 55%, 
n 23D  1.5388) which was subsequently identified as a mixture of 21 
and 22. Distillation of the oil gave a clear viscous liquid [bp
106-107° (0.010 mm), r a 20D  1.5393]; hydrochloride, mp 189- 
194°; picrate mp 19.0-130.5°.

Anal. Calcd for C9H 14N2: C, 71.95; H, 9.39; N, 18.65. 
Found: C, 71.79; H, 9.10; N, 18.79.

Anal. Calcd for C9H 16N2C1: C, 57.90; H, 8.10; N, 15.01; 
Cl, 18.99. Found: C, 57.70; H, 7.74; N, 14.73; Cl, 19.20.

The infrared spectrum of the oil follows: N -H  (3170 cm-1), 
CH2 (2620-2840 cm-1), and C = N  (1670 cm-1). The ultraviolet 
spectrum showed EtOH 222 m/j (log e 3.6), reported24 for
3.5- dimethylpyrazole 225 m¡i (log« 3.8). The mass spectrum 
of the oil exhibited a molecular ion peak at m/e 150; calcd for 
CgHuNi 150. The nmr spectrum of the product follows: CH, 
(broad, r 8.60-9.00, wt 8), CH,—C = C  (complex multiplet, 
r  7.90-8.30, wt 4), and = C —H (singlet, r  2.68 and singlet t 
3.67). The composition, 21 (27%) and 22 (73%), was estimated 
from the ratio of the integrated peak area of the annular protons 
at 2.68 and r  3.67.

Although vapor phase chromatography on three different 
columns did not resolve 21 and 22, thin layer chromatography of 
the product on silica gel G (90% ethyl acetate, 10% methylene 
chloride) showed, after development with iodine, two distinct 
spots. Fractional crystallization of the picrate (mp 129.0- 
130.5°), obtained by treatment of the mixed pyrazoles with 
picric acid, gave pure 2H-cyclooctapyrazole picrate, mp 134- 
135° [mixture melting point with an authentic sample (mp
133.5- 134.5°) was 133.5-134)]. Attempts to obtain the picrate 
of 21 pure by the crystallization of the mixed picrate were suc
cessful.

2H-Cyclooctapyrazole (22).—A solution of hydrazine (95%, 
19.84 g, 0.58 mol) in ethanol (100 ml) was added dropwise to a 
solution of 2-hydroxymethylenecyclooctanone (46.76 g, 0.31 
mol) prepared in 74% yield as previously described,26 dissolved 
in ethanol (200 ml). The resulting yellow solution was heated

(23) P h y sica l C o n s ta n ts  of In o rg a n ic  C o m p o u n d s , “ H an d b o o k  of C hem is
t r y  a n d  P h y s ic s ,"  T h e  C hem ica l R u b b e r  C o., Vol. 46, C lev e lan d , O h io , 1965, 
p  B-179.

(24) A . W . L . M osby , J .  Chem . Soc., 3997 (1957).
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at the reflux temperature for 15 hr, and the cooled solution was 
poured into water (500 ml). The resulting mixture was extracted 
with three 150-ml portions of ether. The combined ether 
extracts were dried (MgS04) and concentrated on a rotary evapo
rator to give 70.0 g of a clear liquid, n2Sd 1.4468. Distillation of 
the liquid gave 2H-cyclooctapyrazole (29.70 g, 64%) as a clear 
viscous oil [bp 128-129° (0.10 mm), n 25D 1.5332], The oil crys
tallized upon standing overnight to give a white solid, mp 45°.

Anal. Calcd for C9H i4N : C, 71.95; H, 9.39; N, 18.65. 
Found: C, 71.67; H, 9.33; N, 18.51.

The infrared spectrum of the product follows: ?n- h (3150 
cm-1), " - c h  (3050 cm-1), r c H ,  (2900-2850 cm-1), v c - n  (1590 
and 1575cm-1). The nmr spectrum of 22 follows: CHz (broad, t  
8.53, wt 12), CHz—C = C  (complex multiplet, t  7.38, wt 4), 
= C (H )—N (singlet, r  2.85, wt 1) and N-H  (broad, r  3.34, wt 1). 
The ultraviolet spectrum of 25 showed Et0H 222 m^ (« 
13,950).

Crystalline 2H-cyclooctapyrazole picrate (mp 133.5-134.0°) 
was recovered in 77% yield after treatment of 22 with picric 
acid solution.

Anal. Calcd for Ci5H i7N50 ,: C, 47.49; H, 4.52; N, 18.46. 
Found: C, 47.32; H, 4.53; N, 18.19.

l-Acetoxy-7,7-dichlorobicyclo[4.1.0]heptane (19b). A.— 1-
Cyclohexenyl acetate (18.80 g, 0.135 mol) and phenyl(tri- 
chloromethyl)mercury (74.95 g, 0.188 mol) were stirred in 
benzene (200 ml) at the reflux temperature for 48 hr. The re
action mixture was cooled to room temperature and filtered to 
give phenylmercuric chloride (50.5 g, 86%). The filtrate was 
concentrated on a rotary evaporator and the residue was distilled 
to give 19b [22.56 g, 75%, bp 128-131° (0.80 mm), to25d  1.4892].

Anal. Calcd for CaHnCkCb: C, 48.45; H, 5.42; Cl, 31.79. 
Found: C, 48.52; H, 5.43; Cl, 31.43.

The infrared spectrum of the product follows: »>c h s (2920
and 2850 cm-1), »c-o (1755 cm-1), and vc-o-c (1220 cm-1). 
The nmr spectrum of 19b follows: OCOCH3 (singlet, r 7.98) 
and CHz (broad, t  7.50-8.83).

B.—A solution of 1-cyclohexenyl acetate (8.00 g, 0.057 mol) 
and sodium trichloroacetate (32.50 g, 0.114 mol) in 1,2-di- 
methoxyethane (125 ml) was heated at the reflux temperature 
for 5 hr. The solution was concentrated on a rotary evaporator.

Distillation of the residue gave 19b [2.24 g, 18%, bp 93-108° 
(1.4 mm), n 25D  1.4918]. The infrared spectrum of the product 
was essentially identical with a sample of 19b prepared as de
scribed above.

Reaction of l-Acetoxy-7,7-dichlorobicyclo[4.1.0]heptane (19b) 
with Hydrazine.—Hydrazine (95%, 2.72 g, 0.081 mol) dis
solved in ethanol (10 ml) was added dropwise with cooling to a 
solution of 19b (4.00 g, C.018 mol) in ethanol (20 ml). The 
mixture was heated at the reflux temperature for 1 hr, cooled to 
room temperature, and poured into water (50 ml). The solution 
was extracted with three 50-ml portions of ether. The dried 
(MgS04) ether extracts were concentrated to give 0.68 g of a 
red oil, w 24d  1.5592. The nmr spectrum of the product follows: 
CHz (broad, r  8.28), CHz—C = C  (complex r  7.42), a n d = C —H  
(singlet, r  2.84). This suggested that the product was impure
4,5,6,7-tetrahydroindazole.

The aqueous layer from the extraction was acidified with 6 N  
HC1 solution, and extracted with three 50-ml portions of ether. 
The dried (MgS04) ether extracts were concentrated to give 30 
mg of black tarry material which was ultimately discarded.

The aqueous layer was adjusted to pH 7 with dilute sodium 
hydroxide solution and extracted with three 50-ml portions of 
chloroform. The water layer was saturated with solid potassium 
carbonate and extracted with 50 ml of chloroform. The combined 
chloroform extracts were dried (MgS04) and concentrated to 
give slightly impure 26 (0.90 g, 41%, mp 65-70°; l i t .25 mp 79.0- 
79.5°). The nmr spectrum of the product follows: CHz and 
CHz—C—C (broad, t 7.4-9.0), = C —H (singlet, r  2.70). The 
infrared spectrum of the product was essentially identical with 
that of an authentic sample21 of 26, and a mixture melting point 
of the product with authentic 26 was undepressed.

Registry No.—12, 15984-02-8; 13, 15984-03-9; 15a, 
15984-04-0; 15b, 15984-05-1; 19b, 15984-06-2; 20, 
14605-45-9; 21, 15984-08-4; HC1 of 21, 15984-09-5; 
22, 15984-10-8; HC1 of 22, 15984-11-9; picrate of 22, 
15984-12-0.

(25) C. A in sw o rth , “ O rgan ic  S y n th ese s ,” Coll. Vol. IV , J o h n  W iley  an d  
S ons, In c .,  N ew  Y o rk , N . Y ., 1963, p  536.

A lu m in a-C atalyzed Reactions of Hydroxyarenes and H ydroarom atic Ketones.
I. Reactions of 1-N ap h th o l w ith  M eth an olla
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The alumina-catalyzed reactions of 1 -naphthol (I) with excess methanol were studied as a function of tempera
ture (275-550°) and catalyst acidity. Three types of reactions were observed: (a) ether formation, (b) ring 
methylation, and (c) self-condensation of I. Formation of 1-methoxynaphthalene (type a) is significant only 
at 275-300° over catalysts of low acidity. At 350-550° the predominant reaction (60-95%) is ring methylation 
with concurrent elimination of the arenolic group to give the following main products (maximal yields of 12-30 
mol %): 1,2-dimethylnaphthalene, 1,2,4- and 1,2,7-trimethylnaphthalenes, 1,2,4,7-tetramethylnaphthalene,
and 1,2,3,4,6-pentamethylnaphthalene. Smaller amounts of 2-methylnaphthalene, 1,2,3-trimethylnaphthalene,
1,2,3,4-tetramethylnaphthalene, and 1 ,2,3,4,6,7-hexamethylnaphthalene are also produced. Up to 420° the 
average depth of methylation was found to increase with increasing acidity of the alumina. Oxygen-containing 
compounds are formed in yields of 35-60% a t 275-300°, but are not found above 420°. They include 2- and
4-methyl-l-naphthols, 2,4-dimethyl-l-naphthol, l-oxo-2,2-dimethyl-l,2-dihydronaphthalene, and l-oxo-4,4-di- 
methyl-l,4-dihydronaphthalene. The preferential methylation of I  at C-2 and C-4 observed at 275-300° is in 
agreement with reactivity indices for the molecule, as calculated by the HMO method. At 470-550° I  under
goes some self-condensation to give perylene. Spectral properties of isolated compounds are reported. An 
unambiguous synthesis of 1,2,4,7-tetramethylnaphthalene was developed.

The alumina-catalyzed reaction of phenol with meth
anol is employed as a convenient method for the prep
aration (in 67% yield) of hexamethylbenzene (II).2

(1) (a) T h is  in v e s tig a tio n  w as su p p o rte d  b y  R esea rch  G ra n ts  N o . CA -5969 
fro m  th e  N a tio n a l C an c e r I n s t i t u te  a n d  N o . G M  12730 from  th e  N a tio n a l 
I n s t i t u t e  of G en e ra l M ed ica l Sciences, U . S. P u b lic  H e a lth  S erv ice, (b) O n 
le a v e  fro m  th e  D e p a r tm e n t of C h em is try , W e izm a n n  I n s t i t u te  of Science, 
R e h o v o th , Is ra e l, (c) R esea rc h  A ss is ta n t 1964-1967.

(2) N . M . C u llinane , S. J .  C h a rd , a n d  C . W . C . D aw k in s , “ O rgan ic  
S y n th e s e s ,"  C oll. Vol. IV , N . R a b jo h n , E d ., J o h n  W iley  a n d  Sons, In c ., N ew  
Y o rk ,  N . Y ., 1963, p p  520, 521.

This reaction was first reported by Briner, Pliiss, and 
Paillard,3 who worked with a flow system m ainly  at 
410-430° and used a large excess of methanol (relative 
to phenol) in the influent mixture. Compound II was 
similarly obtained3 when phenol was replaced with o- or 
p-cresol, 3,5- or 4,5-dimethylphenol, or resorcinol. 
However, benzene did not react with methanol under

(3) E . Briner, W . P liiss, and H . Paillard, H elv. C him . A c ta , 7 , 1046 (1924).
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the same conditions.4 5 These results indicate that the 
phenolic group plays an essential role in the methylation 
reaction. Cullinane and Chard6 studied the phenol- 
methanol reaction at milder temperatures and with 
nearly equimolar concentrations of the reactants. Low 
temperatures (200°) favored the formation of anisole, 
whereas the main products at 345° were o- and p-cresol, 
xylenols, and some polymethylphenols plus a small 
amount of II. It thus appears that the formation of II 
is a stepwise reaction involving oxygen-containing in
termediates. More recently, Landis and Haag6 re
ported that the product of the reaction at 400° contains 
in addition to II, about 9% of pentamethylbenzene. 
They also claimed that pentamethylbenzene is readily 
converted into II by reaction with methanol under the 
same conditions.7 Briner, et a l . ,3 and Pliiss8 found that
1- and 2-naphthols (but not naphthalene) react with 
excess methanol at 420-450° to produce a mixture 
of alkylnaphthalenes. With the exception of a single 
tetramethylnaphthalene, however, no individual com
pounds were isolated from these reactions.

This paper is concerned with a study of the alumina- 
catalyzed reaction of 1-naphthol (I) with methanol as 
functions of reaction temperature and catalyst acidity. 
Since recent studies by Pines, et a l . .9 Tung and Mc- 
Ininch,10 and Maclver, et a l . ,11 have shown that the 
direction and/or the rate of alumina-catalyzed reactions 
are dependent on catalyst acidity, three different types 
of alumina were used. Catalyst A (sodium-free) was 
obtained by hydrolysis of purified aluminum isopro- 
poxide. It has been classified as strongly acidic since it 
shows high activity for the skeletal isomerization of 
cyclohexene9 and for the cracking of cumene and 1-hexene 
above 400°.10 Catalyst B (Harshaw alumina, con
taining ca. 0.4% sodium) has been classified as weakly 
acidic since it is effective for the isomerization of 3,3- 
dimethyl-l-butene to 2,3-dimethylbutenes but is in
effective for isomerizing the latter to 2-methylpentene, 
or of cyclohexene to methylcyclopentene.9 Catalyst C 
(Houdry alumina, containing ca. 0.4% sodium) was 
classified as virtually nonacidic at temperatures below 
350° where it showed little effectiveness for the isomer
ization of 3,3-dimethyl-l-butene.9 In the present 
study, however, catalyst C exhibited considerable ac
tivity for methylation at 420-550°. Catalysts were 
preactivated by an identical procedure (see Experi
mental Section). The crystalline phases present in the 
three catalysts were reported9 to be rj, y ,  and y  plus x, 
respectively. Reactions were conducted in nitrogen 
atmosphere, in a flow system containing a fixed catalyst 
bed, at several temperatures in the range of 275-550° 
and with a molar ratio of methanol to 1-naphthol in the 
influent of 10:1 in most experiments. Products were 
isolated from the effluent mixtures by preparative gas 
chromatography and were identified by a combination

(4) A check in  o u r  la b o ra to ry  show ed  th a t  to lu en e  likew ise does n o t  re a c t 
u n d e r  s im ila r cond itions .

(5) N . M . C u llin an e  a n d  S. J . C h a rd , J .  Chem . Soc., 821 (1945).
(6) P . S. L an d is  a n d  W . O. H aag , J .  Org. Chem ., 28, 585 (1963).
(7) W e h a v e  been  u n a b le  to  confirm  th is  c la im  in o u r  la b o ra to ry . D e ta ils  

w ill b e  re p o rte d  in  a  la te r  p a p e r.
(8) W . P liiss, Helv. Chem . A cta , 8 , 507 (1925).
(9) H. P in es  a n d  W . O. H aag , J .  A m er. Chem. Soc., 82, 2471, 2488 (1960); 

83, 2847 (1961); H . P ines  a n d  C . N . P illa i, ibid., 82, 2401 (1960); 83, 3270, 
3274 (1961); K . W a ta n a b e , C. N . P illa i, a n d  H . P ines, ib id ., 84, 3934 (1962); 
H . P in es  a n d  J .  M an assen , A d va n . C atal., 16, 49 (1966).

(10) S. E . T u n g  a n d  E . M c ln in c h , J .  C atal., 3, 229 (1964).
(11) D . S. M a c lv e r , W . H . W ilm o t, a n d  J . M . B ridges, ibid., 3, 502 (1964).

Figure 1.—Relative extents of formation of (a) methyl-substi- 
tuted naphthols plus oxo compounds (broken curves) and (b) 
methyl-substituted naphthalenes (continuous curves) over cat
alysts A, B, and C, as functions of temperature. Data at 325° 
(not given in Table I) are also included.

of infrared and pmr spectral methods, as well as (in 
many cases) by direct comparison with authentic refer
ence samples. Quantitative analyses of the reaction 
mixtures were conducted by means of gas chromatog
raphy. Data obtained are presented in Table I.

R e su lts

As seen from the table there are four types of prod
ucts formed by the reaction of 1-naphthol with meth
anol in the range of temperatures studied: naphthyl 
ethers (III and IV), methylated naphthols (V-VII), 
methylated oxodihydronaphthalenes (VIII-X), and 
methylnaphthalenes (XII-XXV). Ether formation is 
observed in limited yields (up to 16 mol %) only at low 
temperatures (not >350°). The relative importance of 
this reaction decreases with increased acidity of the 
catalyst (c f . expt 1-3 and also 4-6, catalyst acidity 
A >  B >  C). However, the main reaction at 275-300° 
is ring methylation (largely, if not entirely, at the 2 and 
4 positions) without loss of the oxygen atom from the 
molecule (see compounds V-X). Smaller amounts of 
certain methylated naphthalenes (particularly 1,2-di
methyl, 1,2,4-trimethyl, and 1,2,3-trimethyl, in order 
of decreasing yield) are also produced. As the reaction 
temperature is increased above 300° the yield of oxygen- 
containing products falls essentially to zero (attained at 
ca. 420°) whereas the yield of methylnaphthalenes in
creases rapidly to a maximum of ca. 75-95% at 420-470° 
(see Figure 1). This trend is observed over all of the 
catalysts, though the maximum yield of oxygen-con
taining compounds is attained at a lower temperature 
(possibly <275°) for catalyst A than for the less acidic 
catalysts B and C. It might be noted that in the low- 
temperature range (especially at 275-325°) the yield of 
methylnaphthalenes is also highest with catalyst A. 
The characteristics of the curves in Figure 1 imply that 
methyl-substituted naphthols and oxo compounds are 
probable intermediates in the formation of methyl
naphthalenes.

As the reaction temperature is increased from 275 to 
550° the composition of the methylnaphthalene product 
changes. In over-all result the average number of 
C-methyl groups per naphthalene or hydronaphthalene
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r in g  increases fro m  ca. 1 (a t 275°) to  a m a x im u m  o f 3 -4  
(a t 420°) and th e n  a p p a re n tly  decreases again. P re f
e ren tia l fo rm a tio n  o f specific p o lym e th y ln a p h th a le n e  
isom ers, p a r t ic u la r ly  1,2-d i-, 1,2,4- and 1 ,2 ,7 -tr i-,
1 ,2 ,4 ,7 -te tra -, and  1 ,2 ,3 ,4 ,6 -pen tam e thy l com pounds, 
occurs. A t  th e  same t im e  lesser a m oun ts  o f n a p h th a 
lene, th e  tw o  m on o m ethy lna p h tha len es , and  th e  p o ly - 
m e thy ln ap h th a len e s  w ith  s u b s titu e n ts  in  th e  2,7, 1,2,3,
1 ,2 ,3,4, 1 ,2 ,6 ,7 (?), and  1 ,2 ,3 ,4,6 ,7 pos itions  (as w e ll as 
possible sm a ll a m oun ts  o f hep ta - and  o c ta m e th y l com 
pounds, fro m  ru n  13 o n ly ) are fo rm ed . C om parison  o f 
th is  lim ite d  a rra y  o f m e thy ln ap h th a len e s  ob ta ined  w ith  
th e  large n u m b e r o f th e o re tic a lly  possib le  isom ers ( 1 0 , 
14, 32, 14, 10 fo r  d i, t r i - .  te tra -, pen ta -, and  h e xa m e th y l- 
naphthalenes, respec tive ly ) c lea rly  ind ica te s  th a t  an 
o rien ted  and se lective  p a th w a y  o f m e th y la tio n  is in 
vo lved .

T h e  necessary presence o f th e  a reno lic  g roup  fo r  ef
fe c tin g  r in g  m e th y la tio n  o f I  was established b y  a 
separate series o f expe rim ents  in  w h ic h  m e tha n o l so lu 
tio n s  o f 2 -m e th y l-, 1,2 -d im e th y l- , and  1 ,2 ,4 -tr im e th y l-  
naph tha lenes were sub jected  to  th e  same co nd itions  as 
em p loyed  in  exp t 16. N o  reac tion  was observed in  any  
o f these experim ents. R ecovery  o f s ta r t in g  m a te ria ls  
was 9 2 -9 5% . I n  a no th e r expe rim en t, a p o rtio n  o f th e  
to ta l p ro d u c t m ix tu re  fro m  e xp t 14 was d isso lved in  
m e thano l (five  p a rts  b y  w t) ,  and  th e  s o lu tio n  was passed 
over c a ta ly s t A  a t 420°. N o  change in  com pos ition  o f 
the  p ro d u c t m ix tu re  was found . These resu lts  also 
in d ica te  th a t  (a t leas t up  to  470°) a m e th y la te d  n aph 
tha lene, once fo rm ed , does n o t isom erize, dem e th y la te , 
o r undergo in te rm o le c u la r m e th y l g roup  tra ns fe r. I t  
also appears th a t  th e  h ig h  degree o f o r ie n ta tio n  selec
t i v i t y  in  th e  r in g -m e th y la t io n  process is ascribab le  to  th e  
in fluence  o f th e  a reno lic  g roup.

Discussion

I t  is w e ll k n o w n 12 th a t  arenols are m ore  s tro n g ly  ad
sorbed on ch ro m a to g ra ph ic  a lu m in a  th a n  are the  corre
spond ing  arenes o r a lky la renes. W ith  o u r c a ta ly s t the  
same re la tiv e  a d so rba b ilitie s  were found . T hus , th e  
m e th y la te d  naph tha lenes were la rg e ly  effused fro m  the  
ca ta lys t bed d u r in g  th e  ru n  p roper, w h ile  res idua l 
am ounts  re ta ined  on th e  ca ta ly s t surface were easily 
desorbed b y  w ash ing  w ith  benzene. O n th e  o th e r 
hand, unreacted  I  and  its  m e th y l d e riva tive s  ( V - V I I )  
rem ained to  a large e x te n t adsorbed on th e  benzene- 
washed ca ta lys t, fro m  w h ic h  th e y  could  be rem oved b y  
p ro longed e x tra c tio n  w ith  b o ilin g  acetone. B y  ana logy 
w ith  th e  a lu m in a  ch em iso rp tion  o f hyd rogen  ch lo ride  
and  a m m on ia  th e  a dso rp tio n  o f I  m a y  be v izu a lize d  as 
o ccu rrin g  on ac id -base  ( io n -p a ir) s ites13 w ith  th e  p ro to n  
a ttached  to  th e  basic s ite  and th e  n a p h th o x y  an ion  to  an 
a d jacen t ac id ic  site . A lte rn a t iv e ly  I  m a y  undergo non - 
d issoc ia tive  a dso rp tio n  b y  means o f th e  O H  g roup  w ith  
re su lta n t w eaken ing  o f th e  O H  b o n d . 14 O rie n ta tio n  o f 
the  a ro m a tic  r in g  o f I  on th e  c a ta ly s t surface in  the  
m e th y la tio n  re ac tio n  w i l l  be considered la te r.

I n  Scheme I  are presented ca lcu la ted  re a c t iv ity  in 
dices (^ -e le c tro n  densities, qT', supe rde loca lizab ilitie s ,

(12) H . H . S tra in , “ C h ro m a to g rap h ic  A d so rp tio n  A n a ly s is ,” In te rsc ien ce  
P u b lish ers , In c .,  N ew  Y o rk , N . Y ., 1942, p p  14, 15, 92.

(13) J .  B . P eri, J .  P h y s . C hem ., 69, 231 (1965); 70, 1482, 3168 (1966); 
B . D . F lo c k h a r t ,  C . N accaeh e , J . A. N . S co tt , a n d  I t .  C . P in k , Chem. Com - 
m u n ., 238 (1965).

(14) J .  R . J a in  a n d  C. N . P illa i, Tetrahedron L ett., 675 (1965).

S c h e m e  I

M o l e c u l a r  D i a g r a m s  o f  1 - N a p h t h o l  ( N e u t r a l ) a n d  
1 - N a p h t h o x y  A n i o n : ^ - E l e c t r o n  D e n s i t i e s  (q , ) a n d

S u p e r d e l o c a l i z a b i l i t i e s  f o r  E l e c t r o p h i l i c  A t t a c k

(S r ,  IN U n i t s  o f  /3o- 1 )

Neutral Anion
Q1.935 01.792

0.993 JU 944 0.988 Jo.921
l.OlOf^ ^ SVS|U0 21S|1,056 1.024 {  ^ 'Th042̂ S'l1,125
0.9981 Jo.999 Jo.996 0.997 L jtO.999 lo.993

1.007 1.040 1.019 1.100

1 r

Ql.069 02.206
0.990 JU 959 0.973 Jo. 874

0.917T [0.754 11-059 1.033f NTo.893 jl-564
0.872' 0.867 L  >10.702 1 AC JOMO

1.036 1.170 1.146 1.644

Sr Sr

<S’r) fo r  e le c tro p h ilic  a tta c k  a t th e  va rio us  p os itions  in  I  
and in  1 -na ph th o xy  an ion. D a ta  were ob ta in ed  b y  
use o f s im p le  H u c k e l m o le cu la r o rb ita l th e o ry  and  the  
param eters a o  =  a 0 +  2.0/30, S c - 6  =  0 .8 fi0 fo r  the  
n e u tra l m olecule 15 and  a o  = a 0 +  do, d c-o  =  do fo r  the  
anion. N o  change in  th e  orders o f th e  ind ices was ob
served fo r  sm a ll changes in  th e  param eters. One sees 
th a t  m o n o m e th y la tio n  shou ld  be m ore  fa c ile  in  th e  
oxygen-bearing  r in g  w here a tta c k  w o u ld  be pre fe rred  
a t th e  oxygen a to m  and a t C - 2  and  C-4, especia lly  i f  I  
is in  th e  ion ized  fo rm . S u b s titu t io n  in to  th e  second 
r in g  shou ld  be p re fe rred  a t  C -5  and  C-7 in  th e  an ion , as 
w e ll as, perhaps, a t C - 8  in  th e  n e u tra l m olecule. Since 
these ca lcu la tions  do n o t ta ke  in to  accoun t th e  entrop ies 
o f a c tiv a tio n  fo r  s u b s titu t io n  a t  th e  va rio u s  pos itions, i t  
is to  be expected th a t  th e  d a ta  m u s t be m od ified  in  
o rde r to  be o f s u ita b ly  p re d ic t iv e  va lue . T w o  m a jo r 
e n tro p y  fac to rs  can be re a d ily  v isua lized . These in 
vo lve  ( 1 ) p e r i  e ffects16 and (2 ) effects o f o r ie n ta tio n  o f 
th e  substra te  w ith  respect to  th e  c a ta ly s t surface. 
F a c to r  1 m a y  serve to  d im in ish  m a rk e d ly  s u b s titu tio n  
a t C - 8  due to  th e  presence o f th e  p e r i  oxygen  a to m  a t  
C - l . O n  th e  o th e r hand , fa c to r  2  m a y  serve to  low er 
th e  e n tro p y  o f a c tiv a tio n  p a r t ic u la r ly  fo r  s u b s titu tio n  
a t C - 2  (and  p oss ib ly  a t  C -8 ) i f  th e  n a p h th o l m olecule  o r 
an ion  were adsorbed in  a v e rt ic a l co n fig u ra tio n . 17 I f  
one assumes th a t  th e  m e th y la tin g  agen t is confined to  
th e  surface laye r, th e n  th e  observed m e th y la tio n s  a t 
C-4, C -6 , and C-7 w o u ld  seem to  im p ly  th e  adso rp tio n  
o f a s ig n if ica n t percentage o f m olecules in  a fla tw ise  
c o n fig u ra tio n . 17 On th e  o th e r hand , th e  gross p re 
dom inance  o f 2 -m e th y l- l-n a p h th o l over th a t  o f 4 -m e th - 
y l- l-n a p h th o l a t tem pe ra tu re s  u p  to  350° con tras ts  w ith  
th e  closeness o f ca lcu la ted  re a c t iv ity  ind ices fo r  th e  2  

and 4 pos itions  and th e  k n o w n  s tro n g ly  p re fe re n tia l 
e le c tro p h ilic  a tta c k  a t C -4  fo r  m os t reactions occu rrin g  
in  s o lu tio n . 18 Such preference fo r  2 s u b s titu t io n  in  the  
present re ac tio n  m ig h t be ascribed  e ith e r to  v e r t ic a l

(15) A. S tre itw ieaer, “ M o lecu la r O rb ita l T h e o ry  fo r O rg an ic  C h em is ts ,” 
J o h n  W iley  a n d  S ons, In c ., N ew  Y o rk , N . Y ., 1961, p p  117—135.

(16) V. B a la su b ra m a n iy a n , Chem. Rev., 66, 567 (1966).
(17) C o m p a re  C . H . G iles, T . H . M acE w an , S. N . N ak h w a , a n d  D . S m ith , 

J .  Chem . Soc., 3973 (1960), a n d  L . R . S n y d er, J .  Chromatog., 16, 55 (1964), 
fo r v a ry in g  g eom etries  of ch ro m a to g ra p h ic  a d s o rp tio n  of ph en o l.

(18) L . F . F iese r a n d  M . F ieser, “ In tro d u c tio n  to  O rgan ic  C h e m is try ,” 
D . C . H e a th , B oston , M ass., 1957, p  480.
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a d so rp tio n  o f I  to  a m a jo r  e x te n t or, a lte rn a t iv e ly , to  th e  
in te rv e n t io n  o f a cyc lic  tra n s it io n  s ta te  in v o lv in g  one 
m olecule  o f fla tw ise -adsorbed  n a p h th o l, one m olecule  o f 
m e thano l, and  a sing le  ac id ic  s ite  on th e  c a ta ly s t surface, 
as show n in  eq 1. T h e  la t te r  m echanism  fo r  ortho  m e th -

B
H©

B A
H© :QHe

V
A = acidic site; B = basic site

ly a t io n  w o u ld  seem to  have m uch  in  com m on w ith  the  
C la isen reac tion  o f a lk y la t in g  sod ium  phenoxide w ith  
an a c tive  h a lid e , 19 th e  T iffe n ea u  rearrangem en t fo r  
ortho  h y d ro x y m é th y la t io n  o f a benzy lm agnes ium  ha lide  
w ith  fo rm a ld e h yd e , 19 and  the  a lu m in u m  phenoxide 
ca ta lyzed  ortho  a lk y la t io n  o f phenols . 20

A lth o u g h  O -m e th y la tio n  o f I  m ig h t be expected to  be 
fa s te r th a n  C -m e th y la tio n , com bined  y ie lds  o f 1 -m eth - 
o xyna ph tha lene  and l-m e th o x y - 2 -m e th y ln a p h th a le n e  
a t  275-300° are m uch  low e r th a n  those o f 2 -m e th y l- l-  
n a p h th o l. T h is  re su lt m a y  be due to  th e  re v e rs ib ility  
o f th e  O -m e th y la tio n  reac tion 5,21,22 a n d /o r  to  extensive 
sh ie ld ing  b y  th e  c a ta ly s t surface o f th e  oxygen a tom  
fro m  a tta c k  b y  th e  m e th y la tin g  agent. R in g  m é th y la 
t io n , on  th e  o th e r hand, is essen tia lly  irre ve rs ib le  und e r 
th e  same e xpe rim e n ta l co n d itio n s . 23 A lth o u g h  eq 1 
has been w r it te n  fo r  a p re lim in a ry  io n iza tio n  step, i t  m ay  
be th a t  th e  process o f io n iza tio n  is concerted w ith  th a t  o f 
m é th y la tio n . E ith e r  ty p e  o f m echanism  cou ld  also 
serve to  g ive  4 -m e th y l- l-n a p h th o l i f  A  were, instead, 
loca ted  in  th e  p ro x im ity  o f C -4  as show n in  eq 2.

-S>

A
B

A

(19) C. C. P rice , Org. Reactions, 3 , 1 (1946).
(20) R . S tro h , R . Seydel, a n d  W . H a h n , “ N ew er M e th o d s  of P re p a ra t iv e  

O rg an ic  C h e m is try ,”  Vol. I I ,  W . F o e rs t, E d ., A cadem ic  P ress  In c ., N ew  
Y o rk , N . Y ., 1963, p p  337-359 . See especia lly  A. J .  K o lka , J .  P . N a p o litan o , 
A. H . F ilb ey , a n d  G . G . E cke, J . Org. Chem ., 22, 642 (1957).

Successive m e th y la tio n  a t C - 2  and  C -4  w o u ld  g ive  2,4- 
d im e th y l- l-n a p h th o l; w h ile  repeated m e th y la tio n  a t 
e ith e r C - 2  o r C -4  w o u ld  lead to  l-o x o -2 ,2 -d im e th y l- l,2 -  
d ih yd ro n a p h th a le n e  ( IX )  o r to  l-o x o -4 ,4 -d im e th y l- l,4 -  
d ih y d ro n a p h th a le n e  (X ) ,  re spective ly . T h e  ro les o f 
th e  oxygen-bearing  com pounds I I I ,  V , V I ,  V i la ,  I X ,  
and  X  as possible in te rm e d ia tes  in  th e  fo rm a tio n  o f 
m e thy ln ap h th a len e s  were s tud ied  separa te ly  u nd e r re 
a c tio n  cond itions . T h e  resu lts  and  th e ir  m echan is tic  
s ign ificance are presented in  subsequent papers . 22,23 

N o  n a p h th o ls  o r oxod ihyd ronaph tha lenes  w ith  m e th y l 
su b s titu e n ts  in  th e  u n s u b s titu te d  r in g  o f I  w ere  iso la ted . 
A s in d ica te d  in  la te r  w o rk , 23 how ever, such in te r 
m ed iates are presum ed to  be p resent in  th e  re ac tio n  
m ix tu re  above 300° b u t to  have life tim e s  w h ic h  are too  
sh o rt to  a llo w  iso la tio n  b y  o u r procedure.

T h e  exact n a tu re  o f th e  m e th y la tin g  agen t has n o t 
been established. I n  eq 1 and 2 adso rp tio n  o f th e  
m e tha n o l to  an ac id ic  s ite  on th e  c a ta ly s t is show n as 
o ccu rrin g  th ro u g h  co o rd in a tion  o f a n on b on d in g  e lec tron  
p a ir  on  th e  a lcoho lic  oxygen . 14 A lth o u g h  i t  is also in 
d ica ted  th a t  th e  m e th y la tio n  process is a concerted  one, 
one canno t exclude th e  p o s s ib ility  o f p re lim in a ry  fo rm a 
tio n  o f a m e th y l ca rbon ium  ion . In a sm u ch  as m e th 
ano l undergoes d ehyd rogena tion  to  fo rm a ld e h yd e  and 
carbon  m onox ide 3 d u r in g  th e  re ac tio n  and  th e  o v e r-a ll 
process o f c o n ve rtin g  a n a p h th o l in to  a m e th y la te d  
naph tha lene  invo lve s  re du c tion , one m ig h t also consider 
th a t  fo rm a ld e h yd e  o r h y d ro x y m e th y l ca rb o n iu m  ion  
(® C H 2O H ) is th e  a c tive  e le c tro p h ilic  a gen t . 24 A lth o u g h  
no h y d ro x y m e th y l com pounds were iso la ted  fro m  o u r 
reac tion  m ix tu re s , i t  is kn o w n  th a t  h y d ro x y m e th y lb e n - 
zenes are re a d ily  conve rted  in to  m ethylbenzenes over 
a lu m in a  a t 400°.21

A t  470-550° th e  reaction  m ix tu re  con ta ins  a s ig n if i
ca n t a m o u n t (3 .7 -4 . 8  m o l per 100 m o l o f I  used, 
i .e . ,  7 -1 0 %  y ie ld )  o f pery lene  fro m  condensa tion  o f tw o  
m olecules o f I .  A lso  a t these h ig h  tem pe ra tu res  ap
p rec iab le  ca rb o n iza tion  occurs.

T h e  reference com pound 1 ,2 ,4 ,7 -te tra m e th y ln a p h - 
tha lene  ( X X I )  was synthesized b y  an unam biguous 
m ethod . F irs t  F r ie d e l-C ra fts  su cc in o y la tio n  o f to lu 
ene28,26 gave |3 -(4 -m e th y lb e nzo y l)p rop ion ic  acid, con
ve rte d  in to  its  e th y l ester. T h e  p os ition  o f succ inoy la 
t io n  was estab lished b y  obse rva tion  o f th e  p m r spectra  
o f these tw o  p roduc ts , each o f w h ic h  showed o n ly  an 
A B  q u a rte t a t ca. 5 7.5 fo r  th e  a ro m a tic  p ro tons. T h e  
ester was th e n  tra ns fo rm e d  in to  X X I  in  an  o v e r-a ll 
y ie ld  o f 23%  fo r  s ix  steps, one o f w h ic h  p roduced  th e  
kn ow n  y -(4 - to ly l)v a le r ic  a c id — free o f m e ta  isom e r2 7 -2 9

(21) E . I . H e ib a  a n d  P . S. L and is , J .  C atal., 3, 471 (1964).
(22) P a r t  I I :  J .  S h a b ta i, L . H . K lem ra , an d  D . R . T a y lo r , J .  Org. C hem ., 

33, 1489 (1968).
(23) P a r t  I I I :  J . S h ab ta i, L. H . K le ram , an d  D . R . T a y lo r , ib id ., 33, 1494 

(1968).
(24) R . C . G reen le r, J .  Chem . P h y s ., 37, 2094 (1962). W e a re  in v e s t ig a t in g  

su ch  p ossib ilitie s  a t  th e  p re s e n t tim e .
(25) E . B. B a rn e t t  a n d  F . G . S an d ers , J .  Chem. Soc., 434 (1933).
(26) S. D ev , J .  In d ia n  Chem. Soc., 25 , 315 (1948).
(27) (a) O ur effo rts  to  p re p a re  th is  ac id  b y  F rie d e l-C ra f ts  re a c tio n  o f 

T -v a le ro la c to n e  w ith  to lu en e  e i th e r  acco rd in g  to  th e  p ro c e d u re  of P h ill ip s24 
o r  to  t h a t  of C h a u d h u r i24 g av e  a  m ix tu re  of m eta  a n d  para  iso m e rs  a s  d e te r 
m ined  b y  p m r  ana ly sis , ( t )  C y c liza tio n  of th e  m ixed  s a tu r a te d  isom eric  
a c id s28 g av e  b o th  X X I X  a n d  l-o x o -4 ,6 -d im e th y l- l,2 ,3 ,4 - te tra h y d ro n a p h -  
th a len e , s e p a rab le  b y  v p c . T h e  p m r  sp e c tru m  of th e  l a t te r  k e to n e  d iffers 
from  t h a t  of X X IX  p rin c ip a lly  in  th e  a ro m a tic  reg ion  w h e re  i t  sh o w s  tw o  
o v e rlap p in g  signals a t  5 6 .8 -7 .2  fo r  p ro to n s  a t  C -5  a n d  C-7 a n d  a  d o u b le t 
(5 7.82, J  =  8  cps) fo r th e  p ro to n  a t  C-8.

(28) D . D . P h illip s , J .  A m er. Chem . Soc., 77, 3658 (1955).
(29) N . C h a u d h u ri, S c i. C ult. (C a lc u tta ) , 18, 442 (1953).
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T a b l e  I I

C o m p a r a t i v e  P r o p e r t i e s  o p  M e t h y l - S u b s t i t u t e d  N a p h t h a l e n e s  I s o l a t e d  f r o m  R e a c t i o n  M i x t u r e s

Position (s) of
methyl

substituent(s) Expt no.° rv4
.-------------- Mp, °C-

Found Lit.c
/----------- Picrate mp,

Found
°c--------— .

Lit.c
'------- Styphnate mp, °C------

Found Lit.c
None12 14,19 1.00 80-80.5 80.2
1* 8-19 1.77 Liquid - 3 0 .8
2d 8-19 1.65 34-35 34.4 115-117 116-117
l,2d 6-10 3.08 Liquid - 1 . 6 130-132 131 142-143.5 143.5
1,2,3« 12,13 4.74 27.5-28 27-28 142.5-143 142.5
1,2,4" 10,16 4.52 54-55 54r-55 147-148 148 123-124 123.5
1,2,7" 10,16 3.85 Liquid 13/ 129-131 129-131 158-159 159
1,2,3,4« 12,14 8.89 107-107.5 107 182-183 182-183
1,2,4,7"'s 16 6.95 46-47 146-147
1,2,3,4,6« 13,16 12.70 85-86 85 175-176 176
1,2,3,4,6,7« 12, 16 20.60 143-145 145 190-191 190.5
“ Experiments from which methyl-substituted naphthalenes were isolated. b Retention volume, relative to naphthalene as internal 

standard, on a Bentone-Apiezon column (see text); helium flow rate, 85 cc/min; temperature, 170° for mono- and dimethylnaphthalenes 
and 200° for all others. c Unless otherwise indicated, data are from ref 31a. " Identified by direct comparison with an authentic sam
ple. * Structure assigned on the basis of the physical properties given as well as of infrared and pmr spectra. > See ref 32. » See ref 30.

(see E x p e rim e n ta l S ection). T h e  p m r and in fra re d  
spectra  were in  agreem ent w ith  th e  assigned s tru c tu re  
o f 1 ,2 ,4 ,7 -te tram e th y ln a ph th a le ne  {v id e  in f r a ) .  T h e  
phys ica l p rope rties  o f o u r hyd ro ca rb on , how ever, were 
d iffe re n t fro m  those repo rte d  b y  Colonge and  G rim a u d  
fo r  a p ro d u c t (derived  fro m  in i t ia l  F r ie d e l-C ra fts  a lk y l
a tio n  o f to luene  b y  means o f e th y l 2 -m e th y l-2 -p e n te n - l-  
oate) to  w h ic h  th e y  ascribe s tru c tu re  X X I  w ith o u t 
adequate p ro o f . 30

Experimental Section
Apparatus, Catalysts, and Procedure.—Reactions were carried 

out in a flow system consisting essentially of a vertically mounted 
75 cm X 1.6 cm (i.d.) stainless steel tube, provided at the top 
with a constant-rate dropping funnel and connected at the outlet 
to a series of coolers and traps. The reactor tube was heated 
with a furnace (60 cm in length), equipped with three separately 
controlled heating coils, which by proper adjustment provided 
an isothermal zone 45 ±  3 cm in length. The temperature of 
this zone was measured to an estimated accuracy of ± 3 ° .

In  each run there was employed 80 g of fresh alumina catalyst 
in the form of a bed 40 cm long and situated in the isothermal 
zone. Catalyst A was prepared9 by hydrolysis of freshly distilled 
aluminum isopropoxide with excess distilled water at 85-95°. 
The precipitate was washed thoroughly with distilled water, 
filtered, dried at 120° for 36 hr, powdered, and compressed in 
the form of Vs-in. pellets. Catalyst B (Harshaw Chemical 
Co., Cleveland, Ohio, Grade AL-0104 alumina, '/s-in. pellets) 
and catalyst C (Houdry Process Corp., Philadelphia, Pa., 
hard alumina, Grade HA-100, cylindrically extruded '/s-in. 
pellets) were obtained commercially.

The catalyst bed was activated in situ before each experiment 
by heating at 650° for 16 hr in a stream of dry nitrogen. The 
desired reaction temperature was then established and absolute 
methanol (60-70 ml) was passed over the catalyst for 30-35 min. 
This was followed by the dropwise addition of a mixture of the 
reactants, viz. 1-naphthol (14.4 g, 0.1 mol) and absolute metha
nol (32 g, 1 mol), over a period of 2 hr. Finally, an additional 
portion of methanol (10 ml) was passed through the reactor. 
A constant flow of nitrogen (22 cc/min) was maintained through
out the experiment. In most cases liquid product started to 
appear in the first, water-cooled trap only after the lapse of 
20-25 min. At the end of the reaction the catalyst was washed 
with benzene (50 ml) to elute remaining methylnaphthalenes, 
and was then removed from the tube and treated with boiling

(30) J. C olonge and E . G rim aud [Compt. Rend., 231, 580 (1950); Bull. 
Soc. Chim. Fr., 857 (1951)] synth esized  a hydrocarbon of m p —3° 
(p icrate m p 151°, styp h n ate  mp 118°), to  w hich th ey  assigned th e  structure  
of 1 ,2 ,4 ,7 -tetram ethy lnap h th a len e. T h is assignm ent was based on th e  un
proved assu m p tion  th a t F r ied el-C rafts a lkylation  of to luene b y  m eans of 
eth y l 2 -m eth y l-4 -p en ten -l-oa te  gives e th y l 2 -m eth y l-4 -(4 -to ly l)p en tan oate . 
I t  seem s likely th a t th ese authors synth esized , instead, either an isom eric 
tetram ethy lnap h th a len e or a m ixture of isom ers (c/. ref 27a).

acetone to complete extraction of the more strongly adsorbed 
naphthols. Combined condensates and extracts were evaporated 
to remove solvents. The organic product was separated from a 
water layer, dissolved in ether, and washed with 10% aqueous 
sodium hydroxide and then with water. The alkaline extract 
was acidified with hydrochloric acid and extracted with ether. 
Evaporation of the ether solutions gave a neutral fraction and 
an acidic one.

For the neutral products from expt 1-9 separation of compo
nents was effected on an 8 ft X 3/ 8-in. (o.d.) column packed with 
60-80 mesh acid-washed Chromosorb P impregnated with 10% 
Bentone-34 and 5% Apiezon L. The carrier gas was helium. 
The column temperature was 170° for oxohydronaphthalenes, 
naphthalene, and mono-, di-, and trimethylnaphthalenes and 
200° for polymethylnaphthalenes. For acidic products separation 
was conducted through the combined use of two columns, one 
(6 ft X 0.25-in.) packed with 10% Apiezon L on Chromosorb P 
and the other (5 ft X 3/ 8-in.) packed with 10% Carbowax 20M 
on the same support. In expt 10-19 the neutral fraction was 
first distilled at 0.5 mm. The distillate (bp <160°) was then 
examined by vpc as before. The same columns were used for 
quantitative analysis of the reaction mixtures.

The distillation residues from runs 14-19 were subjected to 
liquid-solid chromatography on a column (40 cm X 3.2 cm) 
of Alcoa F-20 alumina by means of cyclohexane and then benzene- 
cyclohexane (1:1 v /v ) as eluents. Total weights of eluted 
products were determined (see footnote i, Table I), but these 
compounds were not analyzed further. A yellow zone with a 
strong greenish fluorescence was separated from the column and 
extracted with hot chloroform. Evaporation of the extract 
and recrystallization of the residue from ethanol-chloroform 
gave perylene, yield determined by direct weight.

D ata on the analytical results for the various runs are pre
sented in Table I. The estimated absolute error in vpc per
centages, as based on repeated analyses of the same product 
mixture and of synthetic mixtures, is ±0-0 .7%  for each com
ponent. The reproducibility of results, as determined by repeat
ing experiments under identical reaction conditions, is ±0-1 .5%  
(absolute) for each component.

Identification of Individual Components.—Hydrocarbons X I-  
XIV, XVII, XVIII, X X I, and perylene (mp 272-274°, lit.31b 
273-274°) were identified by direct comparison (in various 
combinations of melting point, mixture melting point, relative 
retention volume (rv) in vpc, infrared, and pmr spectra) with 
authentic reference samples and their derivatives (c/. Tables II 
and III). I t might be noted that 1,2,4- and 1,2,7-trimethyl- 
naphthalenes (XVII and XVIII) show three different signals 
of equal areas for methyl protons in their pmr spectra. The 
reference compounds in these cases were synthesized from puri
fied samples of 1,4- and 2,7-dimethylnaphthalenes, respectively, 
by successive steps of chloromethylation and reduction.32 If 
the third methyl group actually occupied any ring position other 
than C-2 or C-l, respectively, only two different methyl proton

(31) E. H . R odd, “ C hem istry of Carbon C om pounds,” Vol. I IIB , E lsevier  
Publishing Co., A m sterdam , 1956, (a) pp 1286-1288, (b) p 1505.

(32) W. R ied and H . Bodem , Chem. Ber., 91, 1354 (1958).
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T a b l e  III
P roton  M a g n e t ic  R e so n a n c e  C h a r a c t e r is t ic s  o f  S o m e M e t h y l -S u b s t it u t e d  N a p h t h a l e n e s “

P o sitio n s  of ---------------M e th y l p ro to n s ------
m e th y l g ro u p s  $, p p m ;b re la tiv e  a rea s

------------------------------- A ro m a tic  p ro to n s -------------------------------
5, p p m  (m u ltip lic ity ) ; J ,  cps, a ss ig n m e n t; re la tiv e  a rea s

1,2 (XIV)
1.2.3 (XVI)
1.2.4 (XVII)

2.33, 2 .4 1 ;'0 .9 :1  6 .9 -8 .0 m
2.31, 2.39, 2.54; co. 1:1:1 7 .2 -8 .0 m
2.31, 2.41, 2.51; ca. 1:1:1 6.94 s, H-3; 7 .1 -7 .6  m, ß protons at C-6 and C-7; 7 .6-8 .0  m, a protons at C-5

and C-8; ca. 1:2:2
1.2.7 (XVIII) 
1,2,3,4 (XIX)

1.2.4.7 (XXI)'1 

1,2,3,4,6 (XX II)

2.25, 2.32, 2.38; ca. 1:1:1 
2.31; 2.51; 1:1

2.20, 2.30, 2.41; 1:1:2

2.31, 2.48, 2.50; co. 2 :1 :2 '

6 .8-7 .7  m
Symmetric A2B2 system centered at 7.59; 7 .1-7 .5  m, 0 protons at C-6 and C-7;

7 .7-8.1 m, a protons at C-5 and C-8; 1:1 
6.79 s, H-3; 7.01 (doublet of doublets) J  = 8.5 and J  — 1.5, H-6; 7 .4-7 .7  m," 

H-5 and H-8; 1:1 :1 .9
7.10 (doublet of doublets) ,7 = 8.8 and J  = 2.0, H-7; 7 .5-7 .9  m / H-5 and H-8 ;

1:2
1,2,3,4,6,7 (X X III) 2.36, 2.42, 2.55; ca. 1:1:1 7.65 s, a protons at C-5 and C-8

“ Solvent, CCl). Relative areas of methyl aromatic protons are in good agreement with assigned structures. b All appear to be 
singlets, but overlapping is extensive in some cases. c I. C. Lewis [J. Phys. Chem., 70, 1667 (1966)] reports methyl proton signals at
2.47 and 2.57 for this compound in the same solvent. d Marked changes occur in this spectrum (others not investigated) on changing 
the solvent to CDC13; observed data, 5 2.37, 2.49, 2.54—areas 1 :2 :1 ;  plus entire aromatic region shifted downfield by ca. 20 cps. The 
change in relative areas of the three methyl proton signals is consistent with the presence in the molecule of four magnetically dis
tinguishable methyl groups. ' This region consists of a doublet at 5 7.60 (J  ~  8 cps) for the proton at C-5 and a superimposed singlet at 
6 7.57 for that at C-8. f The ratio of areas for the signals at 2.48 and 2.50 is based on visual observation of the spectrum. s This 
region consists of a doublet at S 7.77 (J  ~  9 cps) for the proton at C-8 and an adjacent broadened singlet at S ca. 7.63 for that a t C-5.

signals should be observed.33 2,7-Dimethylnaphthalene (XV) 
was not isolated but was identified only by rv (direct comparison 
with authentic samples of all possible dimethylnaphthalenes).

1,2,3-Tri- (XVI), 1,2,3,4-tetra- (XIX), 1,2,3,4,6-penta- 
(XXII), and 1,2,3,4,6,7-hexamethylnaphthalenes (XX III) were 
identified by pmr and infrared spectra and by comparison of 
melting points of the hydrocarbons and their picrates with litera
ture values. The pmr spectrum of X IX  clearly shows an A2B2 
pattern for protons in the unsubstituted ring and two singlets 
(of equal areas) for two sets of equivalent methyl groups. The 
infrared spectrum in the 1650-2000-cm_1 region (measured in 
CS2) shows a typical pattern for an orf/io-disubstituted benzene 
ring,34 i.e., singlets at 1693 and 1740 cm-1, a doublet at 1793 
and 1818 cm-1, and a triplet at 1887, 1912, and 1939 cm-1. 
The infrared spectrum of XVI shows the same pattern (1686, 
1743, 1786, 1811, 1890, 1910, and 1937 cm -1) plus one other band 
(1713 cm-1), possibly owing to the lone hydrogen in the methyl- 
substituted ring. X X II shows (intensities: s = strong, m = 
medium, w = weak) 769 m cm-1, 810 s, 872 s, 1045 m, 
1187 m, 2930 s; r“ cl3 1384 s cm“1, 1452 s, 1517 s, 1595 m, 
1629 m, 1721 w, 1760 w, 1907 w. X X III has 865 s cm-1, 
1003 m, 2930 s, 2950 s; r®«13 1378 s cm“1, 1447 s, 1502 m, 
1590 m, 1705 m, 1772 w.

The pmr spectrum of X X II shows features characteristic of 
the presence of two aromatic protons in a vicinal a,0 arrangement 
on the ring and of one other aromatic proton in an a position. 
Only three isomeric structures, 1,2,3,4,6-, 1,2,3,5,6-, and 2,3,4,-
5,6-pentamethylnaphthalenes, are consistent with this spectral 
evidence. The presence of strong CH out-of-plane deformation 
bands at 810 (for two adjacent free hydrogen atoms) and 872 
cm-1 (lone aromatic hydrogen)35 in the infrared spectrum corro
borates these possible assignments. A final choice was made on 
the basis of the pattern of absorption bands (1721, 1760, and 1907 
cm-1) in the 1650-2000-cm-1 region which is consistent with the 
presence of all of the aromatic hydrogen atoms in one ring (1,2,4- 
trisubstituted benzene) as occurs in the 1,2,3,4,6 isomer, but is 
inconsistent with the presence of two aromatic hydrogen atoms 
in one ring and one in the other (i.e., for superposition of bands 
from a pentasubstituted benzene and a 1,2,3,4-tetrasubstituted 
benzene) as occur in the other two possible isomers. The pmr 
spectrum of X X III shows features of three equally intense 
methyl proton signals and a singlet for two unoccupied a positions 
in the ring. Again three isomeric structures, 1,2,3,4,6,7-,
1,2,3,5,6,7-, and 2,3,4,5,6,7-hexamethylnaphthalenes, are con
sistent with this evidence. The infrared spectral pattern for

(33) Cf. C . M ac L e a n  a n d  E . L . M ack o r, M ol. P h y s ., 3 , 223 (1960).
(34) C . W . Y oung , R . B. D uV a ll, a n d  N . W rig h t, A n a l. Chem ., 33 , 709 

(1951); D . H . W hiffen , Spectrochim . A c ta , 7 , 253 (1955).
(35) N . B . C o lth u p , L . H . D a ly , a n d  S. E . W ib erley , “ In tro d u c tio n  to  

In f ra re d  a n d  R a m a n  S p ec tro sc o p y ,”  A cadem ic  P ress  In c ., N ew  Y o rk , N . Y ., 
1964, p p  231, 232; J .  G . H aw k in s , E . R . W a rd , a n d  D . H . W hiffen , Spectro
ch im . A c ta , 10, 105 (1957).

X X III (medium band at 1705 and a much weaker band at 1772 
cm-1) is typical of a 1,2,4,5-tetrasubstituted benzene ring (as 
occurs in the 1,2,3,4,6,7 isomer), but is inconsistent with the 
presence of a pentasubstituted ring (as occurs in each of the other 
possible isomers). Corroborating the assignment is also the 
presence of a single strong band (at 865 cm-1) for a lone aromatic 
hydrogen. One might also note that bands at 870 and 881 cm-1 
in the infrared spectrum of XX I are apparently due to the lone 
hydrogens at C-3 and C-8, while a strong band at 810 cm-1 can 
be assigned to the two adjacent hydrogens at C-5 and C-6.

The tentative assignment of the last two peaks in the chro
matogram from expt 13 to hepta- and octamethylnaphthalenes 
is based on a comparison of retention volumes of compounds 
X II-X X III on a silicone rubber column with their reported 
boiling points and extrapolation of the results to those of the 
two higher components. The unidentified components were 
found to have proper boiling ranges for the assigned structures, 
i.e., 350 ±  10 and 365 ±  10° (760 mm), respectively.

1-Methoxynaphthalene was isolated from expt 4: rv =  5.1 at
170° (see Table I II , footnote b); pmr spectrum: singlet, 3 H 
(5 3.86) methoxy group; multiplet, 7 H (6.5-8.3) aromatic 
protons; identical in infrared spectrum and rv with an authentic 
sample. l-Methoxy-2-methylnaphthalene was isolated from 
expt 4: pmr spectrum: singlet, 3 H (5 2.40) aromatic methyl 
group; singlet, 3 H (3.84] methoxy group; multiplet, 6 H 
(7.0-8.2) aromatic protons; r”“,1 1247 (Ar-0 stretch) and 1092 
cm-1 (Me-O).36 Some of this ether was refluxed with pyridine 
hydrochloride37 to give 2-met,hyl-l-naphthol. 2-Methyl-l- 
naphthol was isolated from expt 5: mp 63.5-64° (lit.38 39 63-64°);

3620 cm-1 (OH); pmr spectrum (in CS2): singlet (5 2.17) 
methyl group, singlet (5.02) OH, and multiplet (6.9-8.1) aro
matic protons; identical with a synthetic sample. 4-Methyl-l- 
naphthol was isolated from expt 3 and 5: mp 83-85° (lit.37 
85°); pmr spectrum (in CDCL): slightly split singlet, 3 H
(5 2.56, J  = 1 cps) methyl group; singlet, 1 H (5.42) OH; 
AB quartet centered at 5 6.84, 2 H (A5Ab =  26 cps, J ab =  7.5 
cps)3S but with apparent long-range splitting (J ~  1 cps) in the 
downfield half—probably protons at C-2 and C-3; multiplet, 
2 H (7.3-7.7) probably protons a t C-6 and C-7; multiplet, 2 H 
(7.7—8.4) probably protons at C-5 and C-8; identical with a 
synthetic sample. 2,4-Dimethyl-l-naphthol was isolated from 
expt 3 and 5: mp 81-83° (lit.37 82-83°); pmr spectrum: two
singlets, 3 H each (6 2.22, 2.51) methyl groups; singlet, 1 H 
(4.80) OH; singlet, 1 H (6.63) proton at C-3; multiplet, 4 H

(36) L . J ,  B ellam y , “ T h e  In f ra re d  S p e c tra  of C om plex  M olecu les ,”  2 nd  
E d ., M e th u e n  a n d  Co. L td ., L o n d o n , 1958, p p  115-117.

(37) N . P . B u ü -H o i a n d  D . L a v it, J .  Chem . Soc., 2776 (1955).
(38) M . T ish le r, L. F . F ieser, a n d  N . L . W end le r, J .  A m e r . Chem. Soc., 62 , 

2866 (1940).
(39) L . M . J a c k m a n , “ A p p lic a tio n s  of N u c le a r  M a g n e tic  R eso n an c e  

S pec tro sco p y  in  O rgan ic  C h e m is try ,”  P e rg am o n  P re ss  In c .,  N ew  Y o rk , 
N . Y ., 1959, p p  89, 90.
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(7.2-8.2) aromatic protons at C-5 to C-8; identical with a syn
thetic sample.

l-Oxo-2,2-dimethyl-l,2-dihydronaphthalene (IX) was isolated 
fromexpt6: pmr spectrum: singlet, 6 H (5 1.24) methyl groups; 
AB quartet centered at 5 6.25, 2 H (A 5Ab = 17 cps, J  — 9.5 
cps)39 protons at C-3 and C-4; multiplet, 3 H (7.0-7.7) protons 
at C-5, C-6, and C-7; multiplet, 1 H (7.8-8.2) proton at C-8;

690 m cm -1, 790 s, 890 m, 994 m, 1305 m, 1468 m, 1600 m, 
1684 s, 2880 m; rv = 2.4 at 170°; identical with a synthetic 
sample. I t might be noted that the CH out-of-plane deformation 
frequency (at 790 cm-1) for the four adjacent aromatic hydrogens 
is considerably higher than tha t of o-xylene (742)40a or of 1,2,3,4- 
tetrahydronaphthalene (742).40b This may result from the 
combined conjugation effects of the carbonyl group and the 
double bond in IX. A weaker shift in the same direction was 
found for o-methylstyrene (772).41

l-Oxo-4,4-dimethyl-l,4-dihydronaphthalene (X) was isolated 
fromexpt 3 and 6: mp 70-71° (lit.42 69.5-70.5°); pmr spectrum:
singlet, 6 H (5 1.43) methyl groups; AB quartet centered at 5 
6.55, 2 H (A6ab = 33 cps, 7 ab = 10 cps)39 protons at C-2 and 
C-3; multiplet, 3 H (7.0-7.6) protons at C-5 to C-7; multiplet, 
1 H (7.8-8.2) proton at C-8; 770 s, cm-1, 843 s, 1039 m,
1093 m, 1158 s, 1309 s, 1379 m, 1401 m, 1471 s, 1484 m, 1604 s, 
1665 s, 2985 s, 3033 m; r \  = 4.1 at 170°; identical with a 
synthetic sample. The CH out-of-plane deformation frequency 
(at 770 cm“1) for four adjacent hydrogens falls between that of 
IX and that of o-xylene.

Analytical Methods.—Elemental analyses were performed by 
Micro-Tech Laboratories, Skokie, 111. Pmr spectra were ob
tained by means of a Varian Associates A-60 spectrometer. 
Tetramethylsilane was used as an internal reference and, unless 
otherwise noted, carbon tetrachloride was used as a solvent. 
Infrared spectra were obtained by means of a Beckman IR-7 
spectrophotometer. Solutions in CS2 or CHCla (6-10% by wt) 
were examined in a cell of 0.1-mm thickness and pure liquids 
were examined directly between NaCl plates.

Source and Synthesis of Reference Compounds. A. Oxygen- 
Containing Compounds.—2-Methyl-1 -naphthol43•44 and 1-oxo-
4,4-dimethyl-l,4-dihydronaphthalene42 were prepared by reported 
procedures. 1-Methoxynaphthalene (Distillation Products) was 
purified by distillation i n  v a c u o . I t  was converted in to 4-methoxy- 
1-naphthaldehyde37 [pmr spectrum: singlet (5 3.67) methoxy
group; AB quartet centered at 5 c a .  6.85 (A 6Ab  ~  64 cps, J a b  =
7.5 cps)39 probably protons at C-2 and C-3, but with the down- 
field half overlapping a multiplet (7.1-7.7), probably protons at 
C-6 and C-7; multiplets (7.8-8.2 and 9.1-9.4) probably protons 
at C-5 and C-8; singlet (9.97) aldehyde group] which was re
duced to l-methoxy-4-methyl-naphthalene37 [pmr spectrum: 
slightly split singlet, 3 H (5 2.46, J  = 0.8 cps) aromatic methyl 
group; singlet 3 H (3.64) methoxy group; AB quartet centered 
at 5 6.65, 2 H (A 5 a b  = 35 cps, J a b  = 7.5 cps)39 44 but with apparent 
long-range splitting (J = 0.8 cps) in the downfield half—probably 
protons at C-2 and C-3; multiplet, 2 H (7.1-7.5) probably pro
tons at C-6 and C-7; multiplet with secondary splitting (J  = 
0.8 cps) 1 H (7.5-7.9) and multiplet 1 H (8.1-8.5) probably pro
tons at C-5 and C-8]. Demethylat.ion of this ether37 gave 4- 
methyl-l-naphthol (VI).

To a stirred, ice-cold solution of 109.5 g (0.64 mol) of 1- 
methoxy-4-methylnaphthalene in 350 ml of methylene chloride 
was added 261 g of anhydrous stannic chloride and then (dropwise) 
110 g (0.7 mol) of dichloromethyl re-butyl ether.45 The stirred 
solution was allowed to attain room temperature and then was 
poured onto ice. The organic phase (plus extracts of the aqueous 
phase with the same solvent) was washed successively with 5% 
aqueous sodium bicarbonate solution and water, dried, and 
evaporated: yield 112 g (88%) of l-methoxy-4-methyl-2-naph-
thaldehyde; mp 88-90° (after crystallization from ethanol); pmr 
spectrum, singlet, 3 H (5 2.60) methyl group; singlet, 3 II 
(4.05) methoxy group; multiplet, 5 H (7.3-8.3) aromatic protons; 
singlet, 1 H (10.42) aldehyde group; lit.37 mp 90°.

According to published directions37 the immediately foregoing 
aldehyde was converted first into l-methoxy-2,4-dimethylnaphtha-

(40) A m erican  P e tro leu m  I n s t i tu te ,  R esea rc h  P ro je c t 44, “ In f ra re d  S pec
tra l  D a ta ,” S p e c tra  N o. (a) 310, (b ) 463 a n d  1422.

(41) H . P ines  a n d  J .  S h a b ta i, J .  Org. Chem ., 26, 4220 (1961).
(42) R . T . A rno ld , J . S . B u ck ley , a n d  J .  R ic h te r , J .  A m er. Chem . Soc., 69, 

2322 (1947).
(43) M . F . H a w th o rn e , J .  Org. Chem ., 22, 1001 (1957).
(44) T . L. Y arb o ro  a n d  C . K a r r , ib id ., 24, 1141 (1959).
(45) A. R ieche , H . G ross, an d  E . H ô ft, Chem . Ber., 93 , 88 (1960).

lene [pmr spectrum: singlet (6 2.25) probably methyl at C-2; 
slightly split singlet (2.41, J  ~  1 cps) probably methyl at C-4; 
singlet (3.66) methoxy group; singlet (6.82) proton at C-3; 
multiplet (7.0-8.3) aromatic protons in unsubstituted ring] and 
then into 2,4-dimethyl-l-naphthol.

l-Oxo-2,2-dimethyl-l,2,3,4-tetrahydronaphthalene.—To a cold 
(10-15°), stirred mixture of 24.6 g (0.17 mol) of 1-tetralone 
(Aldrich Chemical Co.), 59.5 g (0.42 mol) of methyl iodide, and 
100 ml of benzene in an atmosphere of nitrogen was added in 
portions over a period of 30 min a mineral oil dispersion of sodium 
hydride (6.7 g, 0.28 mol). The mixture was stirred at 55-60° 
for 5 hr, refluxed for 1 hr, stirred at room temperature overnight, 
and then poured into excess methanol. The residue from evapo
ration of solvents was extracted with ether. The ether extract 
was washed successively with water, 10% aqueous sodium 
carbonate solution, and water and then distilled: yield 21 g 
(71%); bp 88-89° (1 mm); re24D 1.5395 [lit.46bp 124-126° (11 
mm); re25d 1.5388]; at 1690 c m '1 (strong, C = 0 ) ; pmr 
spectrum: singlet, 6 H (i 1.12), methyl group; two triplets,
4 H (1.84 and 2.87, J  = 6 cps) dimethylene group; multiplet, 
3 H (6.9-7.5) aromatic protons at C-5, C-6, and C-7; multiplet, 
1 H (7.8-8.2) proton at C-8. These spectra were identical with 
those of an authentic sample made by a different method.46

l-Oxo-2,2-dimethyl-l,2-dihydronaphthalene (IX).—A mixture 
of 15.1 g (0.087 mol) of the preceding ketone, 19.6 g (0.11 mol) 
of N-bromosuccinimide, 58 ml of carbon tetrachloride, and 0.2 
g of benzoyl peroxide was refluxed in an atmosphere of nitrogen 
for 5 hr. The cooled mixture was filtered to remove precipitated 
succinimide and evaporated to remove solvent . The residue was 
refluxed with 150 ml of 10% ethanolic potassium hydroxide for 
45 min and the solvent was again evaporated. This residue was 
treated with -water and extracted with ether. Distillation gave
9.8 g (65%) of IX , bp 72-74° (0.4 mm), re25n 1.5725 (lit.46 re24n 
1.5705).

B. Hydrocarbons.—Perylene was commercially available 
(Aldrich Chemical Co.). Purified samples of naphthalene, all 
mono- and dimethylnaphthalenes, and four trimethylnaphtha- 
lenes, were available from previous studies.47 Reported pro
cedures were followed for the syntheses of 1,2,4- and 1,2,7- 
trimethylnaphthalenes.32 1,2,4,7-Tetramethylnaphthalene was 
synthesized by the following series of steps.

4-(4-Tolyl)-3-penten-l-oic Acid (XXVII).—^-(4-Methylbenzoyl)- 
propionic acid25-26 [pmr spectrum, singlet (5 2.39) methyl group, 
symmetric A2B2 multiplet centered at 5 3.02 (A5Ab = 29 cps, 
J ab/ASab — 0.2)48 dimethylene group, a slightly altered AB 
quartet centered at S 7.58 (A5Ab = 38 cps, J ab = 8 cps)39 aro
matic protons, singlet (11.06) carboxylic acid] was converted 
into ethyl /3-(4-methylbenzoyl)propionate, mp 42-44° (lit. 
42-43.5°), by a reported procedure:26 1735 (ester) and 1795 
cm-1 (ketonic C = 0 ) ; pmr spectrum, triplet (6 1.19, J  = 7 cps) 
methyl moiety of ester group, singlet (2.32) aromatic methyl 
group, symmetric A2B2 multiplet centered at S 2.87 (A5Ab = 31 
cps, J Ab/A5Ab ~  0.2)48 dimethylene group, quartet (5 4.07, 
J  = 7 cps) methylene moiety of ester group, and an AB quartet 
centered at 5 7.49 (ASab = 38 cps, J ab = 8 cps)39 aromatic pro
tons.

To a rapidly stirred cold (0°) solution of 30 g of this ester in 
a mixture of 100 ml of dry benzene and 100 ml of anhydrous 
ether was added dropwise a 1 molar equiv of methyl- 
magnesium iodide in ether. After removal of most of the ether 
by distillation, the remaining mixture was refluxed for 1 hr by 
itself and then further with added dilute sulfuric acid. Extraction 
of the organic layer with excess aqueous sodium hydroxide and 
acidification of the aqueous extract yielded 17.6 g (63%) of 
crude unsaturated acids, presumably a mixture of 4-(4-tolyl)-4- 
penten-l-oic acid (XXVI) and XXVII: 810, 828 (2 vicinal
aromatic II, trisubstituted ethylene), 901 (C = C II2), and 1720 
cm-1 (C—O). The pmr spectrum (vide infra) indicated the 
presence of ca. 25-30% XXVI and 70-75% XXVII therein.

A sample of the mixed unsaturated acids in absolute ethanol 
was hydrogenated at 1 atm pressure by use of prereduced Adams 
platinum catalyst until the original faster rate of reaction due 
to the presence of XXVI49 had terminated. The partially satu
rated mixture of acids was crystallized from carbon tetrachloride

(46) E . N . M arv e ll a n d  A. O. G eiszler, J . A m er . Chem . Soc., 74, 1259 (1952).
(47) L. H . K lem m  a n d  A. J .  K o h lik , J .  Org. Chem ., 28 , 2044 (1963).
(48) H . S u h r, “ A n w endungen  d e r  k e rn m ag n e tisc h en  R eaonanz in der 

o rgan ischen  C h em ie ,”  S p ringer-V erlag , B erlin , 1965, p p  67, 68.
(49) See, fo r exam ple, L. H . K lem m  a n d  R . M a n n , J .  Org. Chem ., 29, 900 

(1964).
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to give prisms of XXVII: mp 83-85°; 808 and 1715 cm-1;
pmr spectrum: singlet, 3H  (5 1.95) vinylic methyl group; singlet, 
3 H (2.25) aromatic methyl group; doublet, 2 H (3.16, J  =  7 
cps) methylene group; triplet, 1 H (5.85, J  = 7 cps) vinylic 
proton; distorted AB spectrum, 4 H (6.8-7.4) aromatic protons; 
singlet, 1 H (12.25) carboxylic acid group. Small splittings (ca.
1 cps) were observable in all pmr signals except that at 6 2.25 
and possibly those in the aromatic region.

Anal. Calcd for C12H140 2: C, 75.76; H, 7.42. Found: C, 
75.96; H, 7.49.

By difference, the pmr spectrum of XXVI (as ascertained from 
the mixed acids) is found to be a singlet (8 2.25) aromatic methyl 
group which presumably overlaps the upheld half of an A2B2 
multiplet centered at ca. 8 2.4 for the dimethylene group, 
doublet (5.10, J  = 15 cps) vinylic methylene group, multiplet 
(6.8-7.4) aromatic protons, and singlet (12.4) carboxylic acid 
group.

l-Oxo-2,2,4,7-tetramethyl-l,2,3,4-tetrahydronaphthalene
(XXX) .—Hydrogenation of 14 g of preceding mixed unsaturated 
acids until nearly an equimolar quantity of hydrogen had been 
absorbed gave 13 g (92%) of '/-(4-tolyl)valeric acid27“ (XXVIII):

807 (two vicinal aromatic H) and 1710 cm-1 (C = 0 ); pmr 
spectrum, doublet (8 1.22, J  — 7 cps) aliphatic methyl group, 
singlet (2.25) aromatic methyl group superimposed on multiplet 
(1.5-2.9) for other aliphatic protons, singlet (6.97) aromatic 
protons, singlet (11.74) carboxylic acid group. This saturated 
acid was cyclized to l-oxo-4,7-dimethyl-l,2,3,4-tetrahydro- 
naphthalene (XXIX) by the method of Phillips:28 815 and 
825 (aromatic C-H) and 1690 cm-1 (C = 0 ); pmr spectrum: 
doublet, 3 H (8 1.30, J  = 7 cps) methyl group at C-4; singlet
(2.26) methyl group at C-7, superimposed on complex absorption 
at 8 1.5-3.2—total 8-9 II; singlet, 2 H (7.09) protons at C-5 and 
C-6; singlet (7.64) proton at C-S.2711

To a cold (10°), stirred mixture of 8.5 g (0.049 mol) of ketone
X X IX , 7.5 ml (0.12 mol) of methyl iodide, and 29 ml of benzene
in an atmosphere of nitrogen was added a mineral oil dispersion of 
sodium hydride (7.2 g, 0.3 mol). The mixture was stirred and 
refluxed for 7 hr, whereupon the theoretical amount of hydrogen 
had been evolved. The reaction mixture was poured into excess 
methanol. The residue from evaporation of the solvents was 
extracted with ether. The dried ether solution was distilled to 
give 8 g (81%) of XXX: bp 86-89° (0.15 mm); r“ 7 820 (aro
matic C-H) and 1685 cm-1 (C = 0 ); pmr spectrum: two singlets,
ca. 6 H (8 1.08, 1.16) gem-methyl groups at C-2; doublet, ca. 
3 H (1.29, J  = 7 cps) methyl group at C-4; singlet, ca. 3 H
(2.26) methyl group at C-7, superimposed on complex multiplet 
ca. 3 H (1.5-3.3) for ring protons at C-3 and C-4; pseudo-doublet,
2 II (7.13, 7.16) protons at C-5 and C-6; singlet, 1 H (7.72) 
proton at C-8.

An analytical sample was obtained as a light yellow liquid, 
bp 88-89° (0.1 mm), n23D 1.5250.

Anal. Calcd for Ci4Hi80 : C, 83.12; H, 8.97. Found: C, 
83.21; H, 9.08.

l-Hydroxy-2,2,4,7-tetramethyl-l,2,3,4-tetrahydronaphthalene
(XXXI) .—To a stirred solution of 1 g of sodium borohydride in 
20 ml of absolute ethanol was added, dropwise, 6 g of ketone
XXX. Stirring was continued for 2 hr, and then the mixture 
was poured into 55 ml of 9% aqueous acetic acid. An ether 
extract of the mixture was washed with aqueous sodium bi

carbonate and then with water, dried, and evaporated to give a 
liquid which rapidly solidified. Crystallization from pentane 
gave 4.5 g (74%) of prisms: mp 81.5-83.5° (raised to 85-86° 
on further recrystallization); j>£2* 820 (aromatic C-H), 3620 and 
3650 (OH); pmr spectrum: two singlets, 6 H (8 0.74, 1.04), 
gem-methyl groups at C-2; doublet (1.20, J  = 7 cps) methyl 
group at C-4, singlet (2.23) methyl group a t C-7—which overlap 
complex absorptions in the region of 5 1.1-3.2; doublet (4.19, 
J  = 8 cps) OH; multiplet, 2 H (6.7-7.2) and broad singlet, 1 H 
(7.31) aromatic protons.

Anal. Calcd for Ci4H20O: C, 82.30; H, 9.87. Found: C, 
82.17; H, 9.80.

1,2,4,7-Tetramethylnapkthalene (XXI).—A powdered mixture 
of 1.7 g of the preceding carbinol and 2 g of freshly fused potassium 
bisulfate was heated in a distillation apparatus at reduced pres
sure to give 1.1 g of distillate, bp 122-124°, shown to be a mix
ture of products (probably tri- and tetramethyldihydronaphtha- 
lenes) by means of vpc, infrared, and pmr analyses. A mixture 
of this distillate, 1.43 g of 2,3-diehloro-5,6-dicyanoquinone 
(DDQ), and 20 ml of benzene was refluxed for 1 hr, cooled, treated 
with 20 ml of petroleum ether (bp 30-60°), and filtered to remove 
the reduced quinone. The filtrate was chromatographed by 
means of 15 g of Woelm neutral alumina and benzene-petroleum 
ether (1:1 v /v ) as eluent. Vpc analysis of the 610 mg of liquid 
which remained on evaporation of the effluent showed the pres
ence of 74% of X X I, 11% of mixed trimethylnaphthalenes, and 
unidentified components therein. Preparative vpc gave XXI 
as prisms: mp 46-47°; r ^ 7 810 s cm-1, 870 s, 881 m, 1015 m, 
1035 m, 1172 m, 2930 s, 2950 s, 2980 m, 3020 m; >£“cl1 1382 s, 
1440 s, 1515 s, 1606 s, 1623 s.

Anal. Calcd for Ci4HI6: C, 91.25; H, 8.75. Found: C, 
91.19; H, 8.87.

The picrate formed bright orange needles from absolute ethanol, 
mp 146-147°.

Anal. Calcd for C2oHi9N307: C, 58.11; H, 4.63; N, 10.17. 
Found: C, 57.93; H, 4.76: N, 10.66.

R e g is try  N o .— I ,  90-15-3; I X ,  16020-15-8; X ,  
16020-16-9; X X I ,  16020-17-0; X X I  p ic ra te , 16020-
18-1; X X V I I ,  16020-19-2; X X X ,  16020-20-5; X X X I ,  
16020-21-6; m e tha n o l, 67-56-1; l-m e th o x y -4 -m e th y l-
2 -nap h tha lde h yde , 16020-22-7; l-o x o -2 ,2 -d im e th y l- l,2 ,-
3 .4- te tra h yd ro n a p h th a le n e , 2,977-45-9.

A ckno w le dg m e n ts .— T h e  a u th o rs  w ish  to  th a n k  
P rofessor H e rm a n  P ines o f N o rth w e s te rn  U n iv e rs ity  
fo r  h e lp fu l discussions o f th is  w o rk , D r .  C. E . K lo p fe n - 
s te in  o f th is  la b o ra to ry  fo r  ca lcu la tions o f th e  H M O  
re a c t iv ity  ind ices, P rofessor E l l io t  M a rv e ll  o f O regon 
S ta te  U n iv e rs ity  fo r  a sample o f l-o x o -2 ,2 -d im e th y l-
1.2.3.4- te tra h y d ro n a p h th a le n e  fo r  co m p a ra tive  p u r 
poses, H a rsh aw  C hem ica l Co. (C leve land , O h io) 
fo r  p e lle tiz a tio n  o f ca ta ly s t A , and D r . C . M a cL e a n  o f 
K o n in k l i jk e /S h e ll L a b o ra to r iu m , A m ste rd a m , fo r  a 
com parison  sp ec tru m  o f IX .
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The alumina-catalyzed reactions of l-oxo-2,2-dimethyI-l,2-dihydronaphthalene (IX), l-oxo-4,4-dimethyl-l,4- 
dihydronaphthalene (X), and 1-methoxynaphthalene (III)  were studied at 320-420° in the presence of excess 
methanol. At 350° IX  undergoes smooth reduction-rearrangement, to form 1,2-dimethylnaphthalene in 84-98% 
yield (based on IX  converted) in a reaction which has a low requirement for catalyst acidity. The reactions of 
X are distinctly dependent on catalyst acidity; 1,2,3,4-tetramethylnaphthalene and 1,2,3,4,6-pentamethyl- 
naphthalene are main products (78-85 mol %) in the presence of strongly acidic alumina, whereas 1,1,3-tri- 
methyl-l,2-dihydronaphthalene is formed as main product (>70%  yield based on X converted) over weakly 
acidic catalysts. At 280-350° I II  yields oxygen-containing compounds (1-naphthol, methylated 1-naphthols,
IX, and X) and methylnaphthalenes of the same array as obtained from 1-naphthol (I). Over weakly acidic 
catalysts at 280-350° the conversion of III  is considerably lower than that of I, but this difference decreases with 
increasing catalyst acidity. At 420° over strongly acidic alumina the product distributions from III  and I are 
nearly identical. Mechanistic aspects of the reactions are discussed.

I n  the  p reced ing  p ap e r2 i t  was show n th a t  1 -naph tho l 
( I )  reacts w ith  m e thano l a t 350-550° in  th e  presence o f 
a lu m in a  ca ta lys ts  to  fo rm  re la tiv e ly  s im p le  m ix tu re s  o f 
m e thy lnaph tha lenes . A t  275-300°, on th e  o th e r hand, 
th e  re ac tio n  p ro d u c t con ta ins  3 5 -6 0 %  o f oxygen- 
c o n ta in in g  com pounds, w h ich  inc lud e  2 -m e th y l-  and
4 -m e th y l- l-n a p h th o ls , 2 ,4 -d im e th y l- l-n a p h th o l, 1-me
th o xyn a ph th a le n e  ( I I I ) ,  l-o x o -2 ,2 -d im e th y l- l ,2 -d ih y -  
d ronaph tha lene  ( IX ) ,  and l-o x o ^ 4 ,4 -d im e th y l- l,4 -d i-  
h yd ro na p h tha len e  ( X ) . 3 T h e  p resent s tu d y  is con
cerned w ith  a lu m in a -ca ta lyze d  reactions o f m e thano l 
w ith  com pounds I I I ,  IX ,  and X  in  an e ffo r t to  c la r ify  
th e  roles o f th e  la t te r  as possible in te rm e d ia tes  in  the  
r in g -m e th y la tio n  process and to  deve lop m ethods o f 
p re p a ra tio n  fo r  selected p o ly  me t  h y  ¡naphthalenes.
C a ta lys ts  em p loyed  in  th e  s tu d y  were A  (pure  a lum ina , 
ob ta ined  b y  h yd ro lys is  o f a lu m in u m  isop ropox ide ) , 2 

C (H o u d ry  h a rd  a lu m in a ) , 2 and D  (a lu m in a  derived  
fro m  po tass ium  a lu m in a te ) . 4 T h e  appara tus  and p ro 
cedure were s im ila r to  those em p loyed  p re v io u s ly . 2 

R eactions were ca rried  o u t in  a n itro g e n  a tm osphere 
a t tem pe ra tu res  o f 280-420°. A  fresh p o r t io n  o f 
a lu m in a  ca ta lys t was used fo r  each experim ent. T he  
m o la r ra t io  o f m e tha n o l to  I I I ,  IX ,  o r X  was 52:1  
in  a ll runs. In d iv id u a l com pounds were iso la ted  fro m  
th e  p rod uc ts  b y  p re p a ra tiv e  gas ch ro m a to g ra ph y  and 
id e n tif ie d  b y  a c o m b in a tio n  o f in fra re d  and p m r spectra l 
m ethods as w e ll as, in  m os t cases, b y  conversion in to  
d e riva tive s  o r b y  com parison w ith  reference samples 
synthesized b y  independent means. Q u a n tita t iv e  ana l
ysis o f reac tion  p rod uc ts  was ca rried  o u t b y  means o f gas 
ch rom a tog raphy .

R eactions o f l -O x o - 2 ,2 - d im e th y l- l ,2 -d ih y d ro n a p h - 
tha lene  ( IX ) .— A s seen fro m  T a b le  I ,  essen tia lly  o n ly  
one p ro d u c t, 1 ,2 -d im e thy lna p h tha len e  ( X IV ) ,  is

(1) (a) T h is  in v e s tig a tio n  w as su p p o rte d  b y  R esea rc h  G ra n ts  N o. C A -5969 
from  th e  N a tio n a l C an c er I n s t i t u te  a n d  N o . G M  12730 fro m  th e  N a tio n a l 
I n s t i tu te  of G enera l M ed ica l Sciences, U . S. P u b lic  H e a lth  S erv ice, (b) O n 
le av e  from  th e  D e p a r tm e n t of C h em is try , W e izm an n  In s t i tu te  of S cience, 
R eh o v o th , Is rae l, (c) R esea rc h  A ss is ta n t, 1964-1967.

(2) P a r t  I :  L . H . K lem m , J .  S h ab ta i, a n d  D . R . T a y lo r , J .  Org. C hem ., 33, 
1480 (1968).

(3) F o r  s im p lic ity , co m p o u n d s an d  c a ta ly s ts  a re  d e s ig n a ted  b y  th e  sam e 
R o m a n  n u m e ra ls  a n d  c a p ita l le tte rs , resp ec tiv e ly , as  used  in  p a r t  I . 2

(4) H . P ines  a n d  W . O. H aag , J .  A m er. Chem. Soc., 82, 2471 (1960).

ob ta ined  fro m  reac tion  o f I X  a t 350° over th e  w eak ly  
ac id ic 4 ca ta lys ts  D  and C (e xp t 1 and 2). A t  th is  
te m pe ra tu re  a h ig h e r o v e r-a ll convers ion  o f I X  is 
ob ta in ed  w ith  the  s tro n g ly  a c id ic 4 ca ta lys t A  (e xp t 3), 
b u t th e  p ro d u c t contains, in  a d d itio n  to  X IV ,  sm all 
am ounts  o f 2 -m e th y ln a ph th a le n e  ( X I I I ) ,  1 ,2 ,3 -tr i- 
m e thy ln ap h th a len e  ( X V I ) ,  and 1 ,2 ,4 -tr im e th y ln a p h - 
tha lene  ( X V I I ) .  X I V  rem a ins th e  p re d o m in a n t p ro d 
u c t a t 420° w ith  e ith e r ca ta lys t C o r A  (e xp t 4 and 5), 
b u t the  y ie ld  o f tr im e th y ln a p h th a le n e s  is  som ewhat 
increased.

T h e  fo rm a tio n  o f 1 ,2 -d im e thy lna p h tha len e  fro m  I X  
invo lve s  the  processes o f oxygen e lim in a tio n  and 
ske le ta l rearrangem ent. C o n ce iva b ly  e ith e r process 
m ig h t occur firs t, o r the  tw o  cou ld  occur s im u ltaneous ly . 
A  p a r t ic u la r ly  a ttra c tiv e  m echanism  is p resented in  
Scheme I  where ke tone  I X  is dep icted  as undergo ing  
in i t ia l  re du c tion  (b y  hyd rogen  tra n s fe r fro m  a reduc ing  
agent such as m e tha n o l o r fo rm a ld eh yde ) 2 to  ca rb ino l 
X X X I I ,  w h ich  subsequently  undergoes d eh yd ra tio n  
w ith  a tte n d a n t n eo p e n ty l-typ e  rearrangem en t o f a 
m e th y l g roup  fro m  C-2 to  C - l .  I n  Scheme I  th e  de
h yd ra tio n -re a rra n g e m e n t is represented as a concerted 
process w ith  aspects o f 7  p a r t ic ip a tio n 5 and o f anchi- 
m eric  assistance b y  th e  m ig ra tin g  m e th y l g roup. T he  
fo rm a tio n  o f a ca rb o n iu m  io n  in te rm e d ia te , in  a step
wise process w here in  b o th  th e  h y d ro x id e  ion  and (sub
sequently ) th e  p ro to n  are lo s t fro m  C - l,  is  also possible 
(c/. stud ies on d e h y d ra tio n  o f n eo p en ty l a lcoho l over 
a lu m in a ) . 5 A lth o u g h  X X X I I  cou ld  n o t be detected 
in  th e  reac tion  p roducts , i t  was fo u n d  th a t th is  ca rb ino l 
(synthesized separa te ly  in  9 7 %  y ie ld  b y  b o ro h yd rid e  
re d u c tio n  o f I X )  does, indeed, undergo  fac ile , q u a n tita 
t iv e  convers ion  in to  X I V  und e r th e  co nd itio n s  o f e xp t 2. 
A l ly l ic  rearrangem ent o f X IV a  to  X I V  shou ld  occur 
re ad ity  b y  p ro to n  tra n s fe r on th e  c a ta ly s t surface.

A lte rn a tiv e ly , rearrangem en t m ig h t precede reduc
tio n , as show n in  Scheme I I .  T h e  m echanism  is 
analogous to  th a t  proposed b y  M a rv e ll  and M ag o on 6 

fo r  the  d ienone -pheno l rearrangem ent o f I X  in  su lfu ric

(5) H . P ines  a n d  J .  M anassen , A dvan . Catal., 16, 80 (1966); C . N . P illa i 
an d  H . P ines, J .  A m er. Chem . Soc., 83, 3274 (1961).

(6) E . N . M arv e ll a n d  E . M agoon , ib id ., 76, 5118 (1954).
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T a b l e  I
A l u m in a -C a t a l y z e d  R e a c t io n s  o f  

1-O x o -2 ,2-d im e t h y l - 1 ,2 - d ih y d r o n a p h t h a l e n e  (IX) 
in  t h e  P r e s e n c e  o f  M e t h a n o l0

S c h em e  III
S u p e r d e l o c a l iz a b il it ie s  fo r  E l e c t r o p h il ic  A t t a c k  in  IX 

a n d  X(Sr, in  U n it s  o f  0o- l )°

Ql.12
E x p t  no . 1 2 3 4 5 0.78

C a ta ly s t D C A C A 0.90[rf#sŜ ' 7r P'CHj 0.83 f
R e a c tio n  te m p , °C 350 350 350 420 420

074 0.761C o n v e rs io n  of IX , m ol % 75 84 100 100 100
P ro d u c t  co m p o n en t,6 m ol % 0.93 0.90

2 -M e th y l-N  (X I I I ) <0.1 0.1 4 .6 4 .5 4 .0
1 ,2 -D im e th y l-N  (X IV ) 7 4 .5 8 3 .5 8 4 .0 7 4 .0 7 6 .0

° See ref 8.1,2 ,3 -T rim e th y l-N  (X V I) <0.1 0.2 6.0 4 .9 10.2
1 ,2 ,4 -T rim e th y l-N  (X V II) <0.1 1 .7 1 .3 2.8
U n id en tif ie d 0 (2 .8 )  (5 .3 )  (5 .8 )

° Starting materials used in each experiment were 2 g (0.012 
mol) of IX  and 20 g (0.63 mol) of methanol. 6 Calculated on 
the basis of 100 mol of starting IX  (including unreacted mate
rial). Differences between conversion and total product figures 
represent losses due to carbonaceous deposits on the catalyst. 
N =  naphthalene. c Percentage by weight of total product. 
Includes unidentified chromatographic peaks and nondistillable 
residues.

S c h e m e  I

IX

-H,0

XlVa

XIV
A = acidic site; B =  basic site (on the alumina surface) 

S c h e m e  II

H3C4k , 0 Q 1 . 2H
DH. XIV

a c id -a c e tic  a n h y d rid e ,7 except th a t  A  is considered 
to  be an ac id ic  s ite  on th e  a lu m in a  surface ins tead  o f a 
p ro to n  in  so lu tion . A lso , th e  heterogeneous process 
leads to  h yd ro ca rb o n  X IV ,  w h ile  th e  hom ogeneous 
process gives, instead, 3 ,4 -d im e th y l- l-a c e to x y n a p h - 
tha lene  b y  ré in tro d u c tio n  ( fro m  th e  so lven t) o f an 
oxygen fu n c tio n  a t a p o s itio n  p a r a  to  th e  o r ig in a l O H .

1 ,2 ,3 -T rim e th y ln a p h th a le n e  m ig h t re su lt fro m  in i t ia l  
d ire c t e le c tro p h ilic  a tta c k  o f a m e th y l g roup  a t C-3 
o f I X  (see ca lcu la ted  s u p e rd e lo ca liza b ility  va lues in  
Schem e I I I 8) fo llo w e d  b y  re d u c tio n -re a rra n g e m e n t o f 
th e  h y p o th e tic a l in te rm e d ia te  l-o x o -2 ,2 ,3 - t r im e th y l- l , 2 - 
d ih y d ro n a p h th a le n e  in  th e  same m anner as show n in  
Scheme I  o r Scheme I I ,  o r fro m  in i t ia l  rea rrangem en t o f 
I X  to  2 ,3 -d im e th y l- l-n a p h th o l (o r its  an ion), m é th y la 
t io n  a t C-2, and  f in a l ly  re d u c tio n -re a rra n g e m e n t as 
before. Several m echan is tic  pa thw ays , each o f lo w

(7) E . N . M arvell and A. O. Geiszler, J .  A m er . Chem . Soc., 74 , 1259 (1952).

p ro b a b ility , cou ld  account fo r  th e  sm a ll y ie ld s  o f 2 -  
m e th y ln a p h th a le n e  and o f 1 ,2 ,4 -tr im e th y ln a p h th a le n e .

R eactions o f l-O x o -4 ,4 -d im e th y l- l,4 -d ih y d ro n a p h -  
tha le n e  (X ).— A s seen fro m  T a b le  I I  th e  m a in  p rod uc ts  
fo rm ed  b y  th e  re a c tio n  o f com pound X  w ith  m e tha n o l 
o ve r c a ta ly s t A  (e xp t 6 -9 ) are 1 ,2 ,3 ,4 -te tra m e th y ln a p h - 
tha lene  ( X I X )  and 1 ,2 ,3 ,4 ,6 -pen tam e thy lnaph tha lene  
( X X I I ) .  These com ponents are free fro m  isom ers. A t  
320° X I X  is th e  m a jo r p ro d u c t, b u t its  re la tiv e  y ie ld  
decreases whereas th a t  o f X X I I  increases w ith  in 
creasing re a c tio n  te m pe ra tu re , up  to  375°. A t  420° a 
s ig n if ica n t a m o u n t o f 1 ,2 ,3,4,6,7 -h e xa m e th y ln a p h th a - 
lene ( X X I I I )  and sm all am ounts o f h ep ta - and  oc ta - 
m e thy ln ap h th a len e s  (T a b le  I I ,  fo o tn o te  d )  are also 
fo rm ed . A t  375° (e xp t 8 ) th e  re a c tio n  can be con
v e n ie n tly  em p loyed  as a m e thod  fo r  th e  p re p a ra tio n  
o f X X I I ,  since th e  la t te r  is eas ily  freed  (b y  d is t il la t io n )  
fro m  th e  sm a ll am ounts  o f low e r m e thy ln ap h th a len e s  
present.

A t  320° w ith  th e  w e a k ly  ac id ic  ca ta lys ts  C  and  D  
th e  re a c tio n  is  s tr ik in g ly  d iffe re n t fro m  th a t  fo u n d  w ith  
ca ta ly s t A . l , l ,3 -T r im e th y l- l ,2 -d ih y d ro n a p h th a le n e  
( X X X I I I )  is  th e  m a in  p ro d u c t ob ta ined , whereas X I X  
and  X X I I  are fo rm ed  in  o n ly  lo w  y ie ld s  w ith  ca ta ly s t 
C  (e xp t 10) o r  in  trace  am ounts w ith  c a ta ly s t D  (e xp t 
11). A t  420°, on  th e  o th e r hand, X X X I I I  is  p roduced  
in  lo w  y ie ld s  w h ile  X I X  is  th e  m a in  com ponen t and 
sm a lle r am ounts  o f X X I I  (e xp t 12 and 13) are also 
fo rm ed . T h is  gross change in  p ro d u c t co m pos ition  
m a y  be ascribed to  m arked  increase in  th e  a c id it ie s  o f 
ca ta lys ts  C  and D  w ith  increase o f te m p e ra tu re . 2

A  p la u s ib le  m echan is tic  p a th w a y  fo r  convers ion  o f X  
in to  X I X  and  X X I I  is presented in  Scheme IV .  F irs t  
i t  is assumed th a t  X  is tra ns fo rm e d  to  a com m on in te r 
m ed ia te  V i le  (o r V l lb )  b y  a m echanism  analogous to  
th a t  proposed b y  A rn o ld , e t a l . , 9 fo r  th e  d ie n on e -p h en o l 
rearrangem en t o f X  in  s u lfu r ic  a c id -a ce tic  a n h y d rid e  
s o lu tio n  to  g ive  3 ,4 -d im e th y l- l-a c e to x y n a p h th a le n e . 
I n  th e  p resent case, how ever, A , an a c id ic  s ite  on the  
ca ta ly s t surface, assumes th e  ro le  o f a p ro to n  (v id e  
s u p r a )  and th e  oxygen fu n c tio n  is  n o t ace ty la ted . 
Indeed , in  e xp t 10, conducted  a t 320° w ith  th e  w e a k ly  
ac id ic  c a ta ly s t C  (T a b le  I I ,  fo o tn o te  e), a sm a ll a m o u n t 
o f n a p h th o l V l l b  was iso la ted . In  th e  presence o f a 
m ore  ac id ic  ca ta lys t, how ever, deso rp tio n  o f V l l b  
o r i ts  an ion  V i le  m a y  n o t occur to  a n y  apprec iab le  
e x te n t (c/. th e  s tro ng  adso rp tio n  o f 1 -n a p h th o l on  
a lu m in a ) . 2 Ins te a d , th is  adsorbed subs tra te  shou ld  
be re a d ily  susceptib le  to  fu r th e r  m e th y la tio n  a t th e  2  

and 7 p os ition s 2 to  g ive  h ighe r hom ologs o f I X .  Such

(8) F o r  m e th o d  of ca lcu la tio n , see re f  2. T h e  p a ra m e te rs  used  fo r I X  an d  
X  w ere  ho  =» 1.0, fcc-0  “  1.0; c f  A . S tre itw ie se r, J r . ,  “ M o lec u la r O rb ita l 
T h e o ry ,”  J o h n  W iley  a n d  S ons, In c ., N ew  Y o rk , N . Y ., 1961, p  123.

(9) R . T . A rn o ld , J .  S. B uck ley , a n d  J .  R ic h te r , J .  A m er. Chem. Soc., 69, 
2322 (1947).
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T a b l e  II
A lu m in a -C a t a l y z e d  R e a c t io n s  o f  1-O x o -4,4-d im e t h y iM ,4 -d ih y d r o n a p h t h a l e n e  (X) w ith  M e t h a n o l “

Expt. no. 6 7
Catalyst A A
Reaction temp, °C 320 350
Conversion of X, mol % 
Product component,5 mol %

98 100

(XXXIII) 3.7 2.0

1,2-Dimethyl-N (XIV) 1.0
1,2,3-Trimethyl-N (XVI) 2.4 2.8
1,2,4-Trimethyl-N (XVII) 0.7 0.9
1,2,3,4-Tetramethyl-N (XIX) 49.2 35.8
1,2,3,4,6-Pentamethyl-N (XX II) 34.5 45.2
1,2,3,4,6,7-Hexamethyl-N (X X III)
Others' (5.4) (3.7)

8 9 10 11 12 13
A A C D C D

375 420 320 320 420 420
100 100 76 41 92 73

1.3 Trace 54.5 37.2 4.5 5.2

2.9 0.5
3.4 0.8 Trace 3.5 3.4
0.6 0.8

11.5 13.2 9.0 Trace 50.4 40.3
71.6 64.4 4.6 26.1 18.9

Trace 13.0
(2.0) (5.2)" (9.7)« (8.6) (6.6) (6.0)

“ Total quantities of 2 g (0.012 mol) of X and 20 g (0.63 mol) of methanol were used as starting materials in each experiment. 5 See 
footnote b, Table I, but for starting X (rather than for IX). c Percentage by weight of total product. I t  includes unidentified chro
matographic peaks and nondistillable residues. " Product contains 2.7 mol % of heptamethylnaphthalene and 1 mol % of octa- 
methylnaphthalene, as based on gas chromatographic data only. « Of this total 23% is 3,4-dimethyl-l-naphthol (VHb).

S c h em e  IV

A A

in te rm e d ia te  ketones ( X X X I V  and  X X X V )  were n o t 
iso la ted . H ow eve r, th e y  w o u ld  be expected to  undergo 
ra p id  re d u c tio n -re a rra n g e m e n t unde r th e  expe rim en ta l 
co nd itions  in  ana logy w ith  I X  (v id e  s u p r a ) . T h e  sm all

a m o u n t o f X V I  m ay  arise b y  m é th y la tio n  a t C-2 
fo llo w e d  b y  re du c tio n -re a rra n g e m e n t (Scheme I I I ) .

I n  Scheme IV  (and  again in  Scheme V ) im p lic a tio n s  
on  th e  u n ce rta in  n a tu re  o f th e  a c tive  m e th y la tin g  
species have been avoided. T h e  sym bo l C H 3O H  
is used m ere ly  to  denote th a t  m e tha n o l is th e  u lt im a te  
source o f th is  e le c tro p h ilic  species.

S c h em e  V

T h e  o pe ra tio n  o f Scheme I V  requ ires th e  presence 
o f a ca ta lys t o f s u ffic ie n tly  h ig h  a c id ity  in  o rde r to  
in it ia te  th e  o v e r-a ll process. A t  320°, th e  v e ry  w ea k ly  
ac id ic  c a ta ly s t D  w o u ld  appear to  be unab le  to  e ffect 
m olecu la r rearrangem en t o f X ,  w h ile  th e  som ewhat 
m ore  acid ic ca ta lys t C  can do so to  a lim ite d  ex ten t. 
U n d e r th e  fo rm e r cond itio n s  a lm ost a ll o f th e  X  w h ich  
reacts  is conve rted  in to  X X X I I I ,  p oss ib ly  v ia  Scheme
V . I n  ana logy w ith  th e  a c tio n  o f a lu m in o h yd rid e s  in  
s o lu tio n , 10 i t  is  assumed th a t  an a lu m in a  ca ta ly s t w ith  
su ffic ie n tly  s trong  basic sites can in i t ia l ly  fu rn is h  a 
h y d r id e  io n  to  th e  a,/3 -unsaturated ke tone  X  (or, 
a lte rn a tiv e ly , a b s tra c tio n  o f a p ro to n  m a y  fo llo w  reduc
t io n  o f th e  C = C  bond ). F u r th e r  m e th y la tio n  and 
re d u c tio n  shou ld  g ive  th e  in te rm e d ia te  ca rb ino l 
X X X V I I  w h ich  cou ld  be d eh yd ra te d  w ith o u t ske le ta l 
rearrangem ent to  X X X I I I . 5 A s  a p a r t ia l te s t o f th is  
m echanism  th e  reac tion  o f th e  sa tu ra te d  ketone

(10) H . O. H ouse , “ M o d ern  S y n th e t ic  R e a c tio n s ,”  W . A. B en jam in , In c .,
N ew  Y o rk , N . Y ., 1965, C h a p te r  2.
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T a b l e  III
A l u m i n a - C a t a l y z e d  R e a c t i o n s  o f  I - M e t h o x y n a p h t h a l e n e  (III)  a n d  1 - N a p h t h o l  (I) w i t h  M e t h a n o l “

Expt no. 14 15 16 17 18 19
Substrate III I III I I II I
Catalyst C C C C A A
Reaction temp, °C 280 280 350 350 420 420
Conversion of I II  or I, mol % 32 55 56 78 98 100
Product component,6 mol % 

1-Methoxy-N (III) (68.0)' 4.8 (44.0)' 1.0 (1.6)'
l-Methoxy-2-methyl-N (IV) 0.1 0.3 Trace
1-Naphthol (I) 2.4 (45.0)' 1.3 (22.0)'
2-Methyl-l-naphthol (X)d 5.5 14.5 7.2 10.3
l-Oxo-2,2-dimethyl-1,2-dihydro-N (IX) 3.6 4.4 2.2 1.6
1- and 2-methyl-N (XII, X III) 1.5 0.6 1.9 3.4 2.8 3.1
1,2-Dimethyl-N (XIV) 12.1 17.0 21.0 23.6 15.7 15.5
1,2,3-Trimethyl-N (XYI) 0.5 0.9 0.7 1.7 4.1 4.0
1,2,4-Trimethyl-N (XVII) 1.8 3.5 5.7 8.0 5.8 5.7
1,2,7-Trimethyl-N (XVIII) 1.2 2.0 4.3 6.4 21.5 18.0
1,2,4,7-Tetramethyl-N (XXI) 0.3 1.8 4.7 7.8 16.9 15.6
1,2,3,4,6-Pentamethyl-N (XXII) 0.7 1.8 4.5 15.6 18.7
Others' 1.0 2.5 4.1 6.0 11.4/ 15.1»
Unidentified6 (1.5) (1.7) (1.0) (3.5) (3.0) (3.5)

“ Total quantities of 0.012 mol of III  (or I) and 20 g (0.63 mol) of methanol were used as starting materials in each experiment. 
6 See footnote b, Table I, but for starting III  or I  (rather than for IX). '  Unreacted starting material. d Includes small amounts of 
4-methyl-l-naphthol. '  Includes 2,4-dimethyl-l-naphthol, l-oxo-4,4-dimethyl-l,4-dihydronaphthalene, and other methylnaphthalenes. 
/  Includes 3.3 mol % of 1,2,3,4,6,7-hexamethylnaphthalene (X X III). » Includes 5.6 mol % of X X III. h See footnote c, Table I.

X X X V I  in  th e  presence o f m e thano l was s tud ied  unde r 
th e  co nd itions  o f e xp t 10. X X X V I  gave a p ro d u c t 
w h ich  conta ined  X X X I I I  as th e  m a in  com ponent 
(7 8%  y ie ld , based on  X X X V I  conve rted). T h e  s tru c 
tu re  o f X X X I I I  was established b y  spectra l m ethods 
and b y  a ro m a tiza tio n  to  1 ,2 ,3 -tr im e th y ln a p h th a le n e  
(9 3%  y ie ld )  upon  re flu x in g  w ith  a benzene s o lu tio n  o f
2 ,3 -d ich lo ro -5 ,6 -d icyanobenzoqu inone  (D D Q ). I f  th e  
lone m e th y l g roup  had  been loca ted  a t C - l  ra th e r th a n  
a t C -2  ( in  X X X V I I )  the  a rom atized  p ro d u c t shou ld  
have been 1 ,2 ,4 -tr im e th y ln a ph th a le ne , instead.

I t  is apparen t th a t  X  could  serve as a conven ien t 
p recu rsor fo r  th e  syn thesis o f X X X I I I  on a p re p a ra tive  
scale. M o re o ve r, X  shou ld  be usefu l as a substra te  
fo r  e va lu a tio n  o f th e  re la tiv e  a c id ities  o f a lu m in a  ca ta 
ly s ts , 4 as ad judged  b y  p ro d u c t com positions u nd e r the  
cond itio n s  o f th e  experim ents  in  T a b le  I I .

R eactions o f 1 -M e tho xyn a ph th a le n e  ( I I I ) . — T a b le  
I I I  sum m arizes th e  resu lts  o f a co m p a ra tive  s tu d y  o f 
th e  reactions o f m e thano l w ith  I I I  and w ith  1 -naph tho l 
( I ) .  T h e  h ighe r convers ion  o f I  and some d ifferences 
in  the  com pos ition  o f p roduc ts  in  e xp t 15, 17, and  19, 
as com pared w ith  p rev ious  resu lts , 2 are due to  th e  use 
o f h ighe r ra tio s  o f c a ta ly s t-n a p h th o l and o f m e th a n o l-  
n a p h th o l in  th e  present s tu d y. U n d e r cond itio n s  o f 
lo w  a c id ity  (ca ta lys t C, 280-350°) I I I  y ie lds  an a rra y  
o f o xygen-con ta in ing  com pounds, e.g ., I ,  V , and IX ,  
and m e thy lnaph tha lenes  closely s im ila r to  th a t  ob
ta in e d  fro m  I .  H ow ever, th e  y ie ld s  o f in d iv id u a l 
com ponents and th e  d ep th  o f m é th y la tio n  in  th e  reac
tio n s  w ith  I I I  are m a rk e d ly  low er th a n  those w ith  I  
(c/. e xp t 14-17). T h e  fo rm a tio n  o f 1 -naph tho l in  
e xp t 14 and 16 shows th a t  I I I  undergoes d é m é th y la tio n  
a t re ac tio n  cond itions. F u rth e r, the  fo rm a tio n  o f o n ly  
trace  am ounts  o f l-m e th o xy -2 -m e th y ln a p h th a le n e  ( IV )  
and th e  absence o f o th e r p rod uc ts  c o n ta in in g  a m e tho xy  
g roup  ind ica tes  th a t  I I I  is n o t m e th y la te d  p e r  se. 
M o re  lik e ly , I I I  is f ir s t  cleaved on th e  a lu m in a  surface 
(w ith  o r w ith o u t th e  in te rv e n t io n  o f a no the r chem ical 
e n t ity )  to  g ive  I  o r its  anion, w h ich  th e n  reacts in  the

usual m anner. T h e  s ig n if ic a n tly  low er convers ion  o f 
I I I  a t 280-350° im p lie s  th a t  th e  cleavage re ac tio n  o f 
I I I  is slow  com pared to  m é th y la tio n  o f I .  A lte rn a 
t iv e ly , b u t less lik e ly , I I I  m ay  f ir s t  rearrange  to  2 - 
m e th y l- l-n a p h th o l in  a step w h ich  proceeds a t a slow er 
ra te  th a n  subsequent m é th y la tio n .

O ver ca ta lys t A  a t 420°, th e  p ro d u c t com pos itions  
fro m  I I I  and I  are n ea rly  id e n tic a l (c/. exp t 18 and 19). 
T h is  is consis ten t w ith  th e  expected increase in  th e  
ra te  o f cleavage o r o f rearrangem en t o f I I I  w ith  in 
creased ca ta ly s t a c id ity  and h ig h e r te m pe ra tu re . I t  is 
a ppa ren t th a t  a t such co nd itions  th e  p re p a ra tio n  o f 
m e thy ln ap h th a len e s  b y  th e  a lu m in a -ca ta lyze d  m é th y la 
t io n  process can proceed w ith  equal fa c i l i ty  fro m  e ith e r 
I  o r I I I  as a substra te .

E x p e rim e n ta l S ection 11

Apparatus, Catalysts, and Procedure.—The apparatus and 
experimental procedure were essentially the same as previously 
employed,2 except that experiments were carried out on a smaller 
scale and the catalyst-substrate and methanol-substrate ratios 
were higher than those used in the study of 1-naphthol.2 For 
each run 35 g of fresh alumina catalyst was used in the form of 
a bed 18 cm long and supported in the isothermal section of the 
reactor. In addition to the previously described catalysts A 
(from aluminum isopropoxide) and C (Houdry hard alumina)2 a 
third alumina catalyst (D) was also used. D was prepared by 
solution of aluminum (99.9% pure) in aqueous potassium hy
droxide, neutralization of excess alkali with nitric acid, and, 
finally, precipitation of aluminum hydroxide with carbon di
oxide.4 All catalysts were activated in situ as previously.2 
The influent consisted of a solution of III , IX , or X (0.012 mol) 
in methanol (20 g, 0.63 mol) and was introduced into the re
actor at a uniform rate over a period of 2 hr. Products were 
processed and analyzed as before.2

Isolation and Identification of Reaction Products.—1-Naphthol, 
methylated 1-naphthols (V-VIIa), 1-methoxynaphthalene, and 
methylnaphthalenes (X II-X IY , X V I-X IX , X X I-X X III) were 
identified by comparison of pmr and infrared spectra, as well as 
vpc retention volumes, with those of authentic samples.2

(11) U nless o th e rw ise  n o te d , a n a ly tic a l m e th o d s  fo r v p c  a n d  fo r in fra re d
a n d  p m r  sp e c tra  w ere  th e  sam e as in  ref 2. U ltra v io le t s p e c tra  w ere  m ea
su red  b y  m eans of a  C a ry  M od el 11 sp e c tro p h o to m e te r .
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3,4-Dimethyl-l-naphthol (Vllb) was isolated by gas chroma
tography of the combined acidic fractions of several runs made 
under the conditions of expt 10. I t  was recrystallized from 
80% ethanol: mp 121-122.5° (lit.7mp 120-122°); pmrspectrum 
(in CDCb), two singlets, 3 H each (5 2.32, 2.45) methyl groups; 
broad singlet, 1 H (5.1) OH; singlet, 1 H (6.52) proton at C-2; 
multiplet, 4 H (7.1—8.3), aromatic protons at C-5 to C-8; 
[intensities: (s) strong, (m) medium] 758 s, cm-1, 838 m, 
1081 m, 1087 m, 1151 m, 1226 s; r“ cl! 1357 m cm "', 1366 m, 
1390 s, 1464 m, 1521 m, 1600 s, 1630 m, 2945 m, 3030 m, 3610 
s; identical in the spectral patterns with an authentic synthetic 
sample;9 converted into 2-bromo-3,4-dimethyl-l-naphthol, mp
101-102° (lit.9 mp 101.5-102.5°). The infrared absorption 
bands of V llb at 758 and 838 cm-1 are assigned to CH out-of- 
plane deformation of the vicinal hydrogens in the unsubstituted 
ring and of the lone hydrogen at C-2, respectively.

l,l,3-Trimethyl-l,2-dihydronaphthalene (XXXIII) was isolated 
as a colorless liquid by preparative vpc from the products of 
expt 10 and 11: bp 249° (751 mm) by micromethod;12 13 ?i20d
l .  5536; pmr spectrum, singlet, 6 I I  (6 1.22) geminal dimethyl 
group; broadened singlet, 3 H (1.86) vinylic methyl group; 
broadened singlet, 2 H (2.08) methylene group; broadened 
singlet, 1 H (6.13) vinylic proton; and multiplet, 4 H (6.7- 
7.3) aromatic protons; 752 s cm“1, 760 m, 843 m, 887 m, 
1047 m, 1142 m; 1365 m cm“1, 1447 s, 1489 s, 1662 m, 2920
m, 2980 s; X®*°H 263 mM (log « 4.10), 269 (4.11).

Anal.'3 Calcd for CuHi,: C, 90.64; H, 9.36. Found: C, 
90.31; H, 9.27.

The CH out-of-plane deformation of the four vicinal aromatic 
hydrogens of X X X I I I  shows a characteristic splitting (bands at 
752 and 760 cm-1). Similar doublets at ca. 735 and 753 cm-1 
are observed in the spectra of 1,2,3,4-tetrahydronaphthalenes 
which possess an unsubstituted aromatic ring.14 The similarity of 
the ultraviolet absorption spectrum of X X X I I I  to that of 1,2- 
dihydronaphthalene (partially resolved maxima at ca. 260 and 
265 m/i, log e ca. 4),15 but shifted bathochromically by 3-4 m^, 
is consistent with conjugation of the carbon-carbon double bond 
with the benzenoid ring and with the location of a methyl sub
stituent on this double bond. The C = C  stretching vibration 
at 1662 cm-1 corroborates these structural assignments since 
its position is normal for a conjugated, trisubstituted double 
bond (i.e., v somewhat less than 1670 cm-1) and its intensity is 
enhanced compared to that of a nonconjugated double bond.16

Aromatization of XXXIII.—According to a general procedure,17 
a solution of 172 mg (1 mmol) of preceding X X X I I I  and 0.5 g 
(2.2 mmol) of 2,3-dichloro-5,6-dicyanobenzoquinone in 50 ml of 
dry benzene was refluxed for 5 hr. The reaction mixture was 
diluted with petroleum ether (bp 30-60°), filtered, and chro
matographed on Woelm neutral alumina with petroleum ether- 
benzene (1:1 by vol) as eluent. Evaporation of the effluent left 
162 mg (93%) of 1,2,3-trimethylnaphthalene, identified by

(12) R . L . S h rin er, R . C. F u so n , a n d  D . Y . C u rtin , “ T h e  S y stem a tic  
Id en tif ic a tio n  of O rgan ic  C o m p o u n d s ,” 4 th  ed , Jo h n  W iley  a n d  S ons, In c ., 
N ew  Y ork , N . Y ., 1956, p  32.

(13) A nalyzed  a t  th e  W e izm ann  I n s t i t u te  of Science, R eh o v o th , Is rae l.
(14) “ S a d tle r  S ta n d a rd  In f ra re d  S p e c tra  C a ta lo g ,” S p e c tra  N o. 8215, 8217, 

8219, 8221.
(15) W. H uckel, E . V evera , a n d  V. W orffel, Ber., 90, 901 (1957).
(16) L. J .  B ellam y , “ T h e  In f ra re d  S p e c tra  of C om plex  M olecu les ,"  2nd 

ed, M e th u e n  a n d  C o., L td .,  L o n d o n , E n g la n d , 1958, p p  34-52 .
(17) E . A. B rau d e , L . M . J a c k m a n , R . P . L in stead , an d  G . Low e, J .

Chem. Soc., 3123 (1960).

direct comparison of its infrared spectrum and vpc retention 
volume with those of a reference sample.2

Reaction of l-Oxo-4,4-dimethyl-l,2,3,4-tetrahydronaphthalene 
(XXXVI) with Methanol.—A solution of 0.8 g of l-oxo-4,4- 
dimethyl-l,2,3,4-tetrahydronaphthalene9 [pmr spectrum, singlet 
(6 1.30) geminal methyl groups; symmetric A2B2 multiplet 
centered at 5 2.23 (A6ab = 39 cps, / ab/A5ab ^  0.2)18 dimethylene 
group; multiplet (6.9~7.6) aromatic protons probably at C-5 to 
C-7; multiplet (7.7-8.0) aromatic proton probably at C-8] in 8 
g of methanol was passed over catalyst C at 320° under conditions 
identical with those in expt 10, Table II. Conversion of the 
ketone was 68%. The total reaction product (0.55 g, excluding 
starting materials) was found by vpc to contain 78% by weight 
of X X X III, plus unidentified components.

l-Hydroxy-2,2-dimethyl-l,2-dihydronaphthalene (XXXII).—
To a stirred solution of 0.85 g of l-oxo-2,2-dimethyl-l,2-dihydro- 
naphthalene2 in ethanol was added (over a period of 10 min) a 
suspension of 0.1 g (excess) of sodium borohydride in the same 
solvent. The mixture was stirred for 2.5 hr, and the solvent 
was evaporated in vacuo. The residue was treated with water, 
left overnight, and then extracted with ether. Evaporation of 
the dried ether extract gave 0.84 g (97%) of viscous, colorless 
liquid, 98% pure as determined by vpc with a stationary phase 
of 550-DC silicone oil (10% by wt) on Chromosorb W at 150° and 
high helium flow rate (>200 cc/min). Preparative vpc gave a 
chromatographically pure sample: ti25d 1.5665; pmr spectrum, 
two singlets, 3 H each (5 0.95, 1.00) geminal methyl groups; 
broadened doublet, 1 H (5 2.84, J  = 6 cps) proton at C - l; broad
ened doublet, 1 H (5 4.28, J  = 6 cps) OH proton; AB sys
tem, 2 H (6a 5.62, 5b 6.22, / ab = 9.5 cps) vinylic protons at 
C-3 and C-4; multiplet 4 H (6.7-7.5) aromatic protons; r“ 7 
697 m cm-1, 751 m, 770 s, 779 s, 790 s, 836 m, 948 m, 999 s, 
1027 m, 1048 s, 1360 m, 1376 s; <£”c,i 1468 s, and 1487 s 
cm-1; 2878 m cm-1, 2936 m, 2973 s, 3035 m, 3490 m,
3604 m.

Anal.'3 Calcd for C12H hO: C, 82.72; H, 8.10. Found: C, 
82.91; H, 8.18.

Dehydration of XXXII on Alumina.—A solution of 0.6 g of 
X XXII in 6 g of methanol was passed (at constant rate over a 
period of 35 min) through a column containing 25 g of catalyst 
C at 350°. This was followed by 50 ml of benzene. The com
bined organic effluent was separated from water, dried, and evapo
rated to leave 0.5 g (93%) of 1,2-dimethylnaphthalene, free of 
isomers as based on vpc with a stationary phase of Bentone 34 
(10% byw t) and 550-DC silicone oil (5%) on Chromosorb W; 
identical in infrared spectrum and vpc retention volume with a 
reference sample.

R e g is try  N o .— I l l ,  2216-69-5; V l lb ,  16020-34-1; 
I X ,  16020-15-8; X ,  16020-16-9; m e thano l, 67-56-1; 
X X X I I ,  16020-36-3; X X X I I I ,  16020-37-4; X X X V I ,  
2979-69-3.

A ckno w le dg m e n t.— T h e  a u tho rs  w ish  to  th a n k  D r .
C . E . K lo p fe n s te in  o f th is  la b o ra to ry  fo r  ca lcu la tio n  o f 
th e  H M O  re a c t iv ity  ind ices in  Scheme I I I .

(18) H . S u h r, “ A n w endungen  d e r  k e rn m a g n e tisc h e n  R eso n an z  in  der 
o rgan isch en  C h em ie ,” S p ringer-V erlag , B erlin , 1965, p p  67, 68.

(19) A nalyzed  b y  M icro -T ech  L a b o ra to r ie s , S kok ie , 111.
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The alumina-catalyzed reactions of methanol with 1-naphthol (I), 2-methyl-l-naphthol (V), 4-methyl-l-naph- 
thol (VI), and 2,4-dimethyl-l-naphthol (V ila) were studied under comparable conditions at 350-420°. Quanti
tative identity in the composition of methylnaphthalenes from I and V indicates that méthylation of I  at C-2 is 
a primary step with no major influence on the extent of subsequent substitution. The reactions of VI and V ila 
are highly selective and give 1,2,4-trimethylnaphthalene and 1,2,4,7-tetramethylnaphthalene as main products 
(combined yields, 61-87 mol %). A general, sequential pathway is proposed for formation of polymethyl- 
naphthalenes from 1-naphthols. D ata on the composition of the total methvlnaphthalene product from I at 
different reaction temperatures are used to estimate the relative over-all extents of ring methvlation a t C-2, C-4, 
and C-7.

A s an extension o f research on a lu m ina -ca ta lyzed  
reactions o f hydroxyarenes and h yd ro a ro m a tic  ke
tones , 2' 3 a co m p a ra tive  s tu d y  was m ade o f th e  reac
tio n s  o f m e tha n o l w ith  1 -n a p h th o l ( I ) ,  2 -m e th y l- l-  
n a p h th o l (V ), 4 -m e th y l- l-n a p h th o l ( V I) ,  and 2,4- 
d im e th y l- l-n a p h th o l ( V i la ) ,  respective ly . T h e  experi
m e n ta l and a n a ly t ic a l procedures were essen tia lly  the  
same as described p re v io u s ly . 2,3 R eactions were 
ca rried  o u t a t tw o  selected tem pera tu res, 350 and 420°, 
over ca ta ly s t A  (pu re  a lum ina , ob ta in ed  b y  h yd ro lys is  
o f a lu m in u m  isopropoxide) and ca ta lys t C  (H o u d ry  
h a rd  a lum ina , w h ich  conta ins ca. 0 .4 %  o f sod ium ) . 2 - 4  

I n  th e  te m pe ra tu re  range s tud ied  A  is d is t in c t ly  m ore  
ac id ic  th a n  C . 2,3

A s seen fro m  T a b le  I  th e  com pos ition  o f m e th y l-  
naph tha lene  p roduc ts  fo rm ed  b y  th e  re ac tio n  o f V  w ith  
m e tha n o l va ries w ith  reac tion  te m p e ra tu re  and ca ta lys t 
used. H ow ever, in  a ll cases (exp t 1 -4 ) th e  d i-, penta-, 
and hexam ethy lnaph tha lene  fra c tio n s  consist o n ly  o f 
one isom er each, v iz . 1,2- ( X IV ) ,  1,2,3,4,6 -  ( X X I I ) ,  
and  (w here  present) 1,2,3,4,6 ,7- ( X X I I I ) ,  respective ly . 
T h e  y ie ld  o f X I V  is h ighe r w ith  ca ta lys t C  th a n  w ith  A , 
w h ile  y ie lds  o f X X I I  and X X I I I  are h ighe r w ith  the  
m ore  s tro n g ly  ac id ic  A . T h ree  tr im e th y ln a p h th a le n e s ,
1,2,3- ( X V I ) ,  1,2,4- ( X V I I ) ,  and 1,2,7- ( X V I I I ) ,  and 
twro te tra m e thy lna p h tha len e s , 1,2,3,4- ( X I X )  and
1,2,4,7- ( X X I ) ,  are also fo rm ed. A m on g  th e  fo rm e r 
X V I I I  is th e  m a jo r  com ponent w ith  A  (e xp t 3 and 4), 
whereas X V I I  p redom inates w ith  C (e xp t 1 and  2). 
X X I  is th e  m a jo r te tra m e th y l isom er w ith  e ithe r 
ca ta lys t. W ith  A  th e  com pos ition  o f m e th y ln a p h - 
tha lene  p rod uc ts  fro m  V  is closely s im ila r  to  th a t  fro m  I  
(cf. e xp t 3 and 11; 4 and 12). T h is  re su lt is consistent 
w ith  p rev ious observations th a t  m e th y la tio n  o f I  
produces V  as th e  p red om in an t iso lab le  m e th y la te d  
n a p h th o l und e r m ild  reac tion  cond itions  (275 -3500) 2 
and  ind ica tes  th a t  up  to  420° m e th y la tio n  o f I  occurs 
m ore  re a d ily  a t C -2 th a n  a t any  a lte rn a tiv e  r in g  posi
t io n  (v id e  in f r a ) . 1 2 3 4

(1) (a) T h is  in v e stig a tio n  w as su p p o rte d  b y  R esea rc h  G ra n ts  N o . CA -5969 
fro m  th e  N a tio n a l C an c e r I n s t i t u te  a n d  N o . G M  12730 fro m  th e  N a tio n a l 
I n s t i t u te  of G enera l M ed ic a l Sciences, U. S. P u b lic  H e a lth  S e rv ic e , (b) On 
le av e  fro m  th e  D e p a r tm e n t  of C h em is try , W e izm a n n  I n s t i t u te  of S cience, 
R e h o v o th , Is rae l, (c) R esea rc h  A ss is ta n t, 1964-1967.

(2) P a r t  I :  L . H . K lem m , J . S h a b ta i, a n d  D . R . T a y lo r , J .  Org. Chem ., 
33, 1480 (1968).

(3) P a r t  I I :  J .  S h a b ta i, L. H . K lem m , a n d  D . R . T a y lo r , ib id ., 33, 1489 
(1968).

(4) F o r  s im p lic ity , co m pounds a n d  c a ta ly s ts  a re  d e s ig n a ted  b y  th e  sam e 
R o m a n  n u m e ra ls  a n d  ca p ita l le tte rs , resp ec tiv e ly , as  used  in  p a r t  I . 2

O n th e  o th e r hand, th e  com pos ition  o f m e th y ln a p h - 
tha lene  p rod uc ts  fo rm ed  fro m  4 -m e th y l- l-n a p h th o l 
(V I)  o r 2 ,4 -d im e th y l- l-n a p h th o l ( V i la )  d iffe rs  m a rk e d ly  
fro m  th a t  p roduced  fro m  I  o r V . (a) N o  1 ,2 -d im e th y l-  
naph tha lene  is found , b u t th e  isom eric  1 ,3 -d im e th y l- 
naph tha lene  is fo rm ed  in  sm a ll y ie ld  ins tead, (b) 
O n ly  a sing le  tr im e th y ln a p h th a le n e , i .e . ,  th e  1,2,4 
isom er ( X V I I ) ,  is produced. I n  fa c t, a t 420° w ith  th e  
w e a k ly  ac id ic  ca ta lys t C (e xp t 5  and  9) th e  re a c tio n  
can be co n ve n ie n tly  em p loyed  as a p re p a ra tiv e  m e thod  
fo r  X V I I  (60-66  m o l % ). (c) Y ie lds  o f 1,2,4,7-
te tra m e th y ln a p h th a le n e  ( X X I )  are n o ta b ly  h ig h e r 
fro m  V I  o r V i l a  (40 m o l %  a t 420° w ith  A , cf. e xp t 
6  and  10), w h ile  y ie lds  o f th e  p e n ta m e th y l ( X X I I )  and 
h e xa m e th y l ( X X I I I )  com pounds are s lig h t ly  h ig h e r 
th a n  those fro m  I  o r V . T hus, th e  in i t ia l  in tro d u c t io n  
in to  I  o f a m e th y l g roup  a t C -4  fosters th e  fo rm a tio n  
o f 1 ,2 ,4 -tr im e th y l-  and 1 ,2 ,4 ,7 -te tra m e th y ln a p h th a l-  
enes, w h ile  a t th e  same tim e  i t  co m p le te ly  in h ib its  th e  
p a thw ays  to  1 ,2 -d im e th y l-  and 1 ,2 ,7 -tr im e th y ln a p h - 
thalenes.

I n  Schemes I  and I I  are dep ic ted  ty p ic a l proposed 
p a thw ays  fo r  th e  fo rm a tio n  o f m e thy ln ap h th a len e s  
fro m  re ac tio n  o f m e tha n o l w ith  1 -n a p h th o l, as based
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T a b l e  I
A l u m i n a - C a t a l y z e d  R e a c t i o n s  o f  2 - M e t h y l - 1 - n a p h t h o l  (V), 4 - M e t h y l - 1 - n a p h t h o l  (VI), 

a n d  2 , 4 - D i m e t h y l - 1 - n a p h t h o l  (V ila) w i t h  M e t h a n o l “

E x p t no . 1 2 3 4 5 6 7 8 9 10 l l b 12b
S ta r t in g  n a p h th o l V V V V V I V I V ila V i la V i la V i l a I I
C a ta ly s t c c A A c A c A C A A A
R e a c tio n  te m p , °C 350 420 350 420 420 420 350 350 420 420 350 420
C onvers ion ,0 m ol %
P ro d u c t c o m p o n en t ,d m ol %

65 98 76 100 100 100 86 95 100 100 87 100

1.2- D im ethyl-N ®  (X IV )
1.3- D im e th y l-N

2 3 .5 3 0 .5 1 8 .2 1 5 .7
1 .3 1 .1 4 .5 3 .4 1 .5 1 .5

1 8 .0 15.

1,2,3 -T rim e th y l-N  (X V I) 1 .7 1 .9 4 .6 4 .0 4 .5 4.
1,2,4 -T rim e th y l-N  (X V II) 8 .4 1 2 .5 5 .2 5 .8 6 0 .3 2 2 .4 5 1 .0 3 6 .1 6 6 .2 2 0 .3 5 .3 5.
1 ,2 ,7 -T rim e th y l-N  (X V II I ) 6 .0 1 0 .4 8 .5 1 8 .2 8 .2 18.
1 ,2 ,3 ,4 -T e tram e th y l-N  (X IX ) 1 .4 3 .0 3 .2 3 .0 2 .2 1 .9 2 .5 2 .9 1 .6 2 .4 3 .6 3 .
1 ,2 ,4 ,7 -T e tram e th y l-N  (X X I) 7 .2 1 2 .6 8 .0 1 5 .8 2 0 .1 3 9 .4 1 2 .3 2 9 .2 2 0 .4 4 0 .3 7 .9 15.
1,2,3,4,6 -P e n ta m e th y l-N  (X X I I ) 3 .2 8 .1 1 0 .5 1 8 .4 8 .6 2 0 .1 3 .6 1 0 .8 9 .2 2 1 .0 1 0 .2 18.
1 ,2 ,3 ,4 ,6 ,7 -H ex am e th y l-N  (X X I I I ) T ra c e 1 .4 5 .5 0 .1 6 .6 1 .6 0 .2 7 .5 1 .3 5 .
O thers 1 0 .3 9 .5 9 .8 9 . 2 ' 1 .0 7 .7 ° 1 .5 6 .0 * 22.0* 9 .:
U nidentified* (3 .5 ) (9 .0 ) (4 .8 ) (3 .0 ) (4 .4 ) (0 .5 ) (1 1 .7 ) (8 .5 ) (0 .5 ) (0 .6 ) (4 .5 ) (3.1

“ A mixture of 0.0125 mol of the naphthol and 20 g (0.63 mol) of methanol was used as starting material in each experiment. This 
solution was introduced into the reactor at a uniform rate during a period of 2 hr. h Small changes from previous data2 in the composi
tion of products formed are ascribed to differences in the naphthol-catalyst and the naphthol-methanol ratios used. c Conversion of 
the naphthol. d Calculated on the basis of 100 mol of starting naphthol (including unreacted material). Differences between con
version and total products formed represent losses due to unrecoverable deposits on the catalyst. e N is naphthalene. ? Includes 3.8 
mol % of heptamethylnaphthalene (XXIV) and 1.7 mol % of octamethylnaphthalene (XXV), as based on gas chromatographic data 
only. « 1-Methylnaphthalene, 2.0; XXIV, 3.9; and XXV, 1.8 mol %. * XXIV, 3.9; XXV, 2.1 mol %. ’ Includes 10.6 mol % of
V. » Includes XXIV, 3.8; XXV, 1.9 mol %. k Percentage by weight of total product. I t  includes unidentified chromatographic 
peaks and nondistillable residues.

S c h e m e  II

on th e  d a ta  repo rte d  in  p reced ing  papers2’3 and the  
resu lts  o f th e  p resent s tu d y . I t  is  assumed th a t  a ll 
oxyge n-co n ta in in g  species are adsorbed on th e  surface 
o f th e  a lu m in a  ca ta ly s t where m e th y la tio n  b y  an elec
tro p h ilic  species and processes o f m o lecu la r rearrange
m e n t ( r)  a rid  re d u c tio n -re a rra n g e m e n t (R r )  occur. 
F o r s im p lic ity  a ll n a p h th o lic  com pounds are represented 
as anions (adsorbed to  ac id ic  sites) and  th e  p e rtin e n t 
e lec trom eric  s h if t  in v o lv e d  in  each step o f r in g  m e th y la 
t io n  is  shown. F o r each n a p h th o x id e  io n  the re  is a 
co rresponding p ro to n  adsorbed to  a basic site  (n o t 
show n). M e th y la tio n  is  accom panied b y  th e  o ve r-a ll 
loss o f w a te r. T h e  oxygen  fu n c tio n  is  considered to  be 
th e  ancho ring  g roup  fo r  adso rp tion , b u t  a d s o rb a b ility  
shou ld  be enhanced b y  s im u ltaneous fla tw ise  o r ie n ta tio n  
o f th e  a rom a tic  system  w ith  a tte n d a n t in te ra c tio n  o f th e  
^ -e le c tro n ic  system  w ith  th e  p o la riz in g  surface. I f  th e

m e th y la tin g  species is confined to  th e  surface layer, 
such fla tw ise  adso rp tio n  w o u ld  be essentia l fo r  m e th y la 
t io n  a t p os itions  o th e r th a n  C-2. M e th y ln a p h th a le n e s  
fo rm ed  w o u ld  be la rg e ly  d isp laced fro m  th e  ca ta lys t 
surface b y  the  m ore  s tro n g ly  adsorbed o xyge n-co n ta in 
in g  e n tit ie s  ( in c lu d in g  m e thano l).

A s in d ica te d  in  Schemes I  and I I  r in g  m e th y la tio n  
proceeds stepwise, w ith o u t loss o f th e  oxygen  fu n c tio n , 
a t C-2, C-4, and C-7 pos itions  w h ic h  are fa vo re d  fo r 
e le c tro p h ilic  s u b s titu tio n  and are n o t s te r ic a llv  h in 
dered . 2 In s e rt io n  o f a second m e th y l g roup  a t C -4 
o r a t C -7 is fo llow ed  b y  rea rrangem en t to  3 ,4-d im e th y l6 

and 6 ,7 -d im e th y l d e riva tive s , re sp e c tive ly  (Scheme I I ) .  
O n th e  o th e r hand, in s e rtio n  o f a second m e th y l g roup  
a t C-2 te rm in a te s  th e  m e th y la tio n  process w ith  the  
fo rm a tio n  o f a l-o x o -2 ,2 - d im e th y l- l ,2 -d ih y d ro n a p h - 
tha lene  d e riv a tiv e . C om pounds o f th is  ty p e  serve as 
im m e d ia te  precursors o f th e  f in a l m e th y ln a p h th a le n e  
p rod uc ts  b y  undergo ing  e lim in a tio n  o f th e  ke to  oxygen 
and  m ig ra tio n  o f one o f th e  gem ina l m e th y l g roups 
fro m  C-2 to  C - l .  Possible, d e ta ile d  m echanism s fo r  
th e  m e th y la tio n , reduc tion , and  rearrangem en t p roc 
esses were considered p re v io u s ly . 2,3 T h e  average num 
ber o f m e th y l su bs titu e n ts  in tro d u ce d  in to  the  
naph tha lene  system  depends on th e  reac tion  tem pera 
tu re , th e  ca ta lys t a c id ity , and th e  m e th a n o l-n a p h th o l 
ra tio  used . 2 F o r an in d iv id u a l n a p h th o l m olecule the  
exact n um b er o f su bs titu e n ts  m a y  depend on th e  
s tre n g th  o f th e  p a r t ic u la r  ac id ic  s ite  to  w h ic h  th e  
substra te  is adsorbed, on  th e  o r ie n ta tio n  o f th e  r in g  
system  re la tiv e  to  th e  c a ta ly s t surface, and f in a l ly  on 
th e  p ro x im ity  and o r ie n ta tio n  o f th e  m e th y la tin g  
species.

O n ly  one sequentia l p a th w a y  ( th a t o f d im e th y la tio n  
a t C -2 fo llo w e d  b y  re du c tio n -re a rra n g e m e n t, R r )  is 
v isu a lize d  fo r  fo rm a tio n  o f X IV .  T h is  sequence is 
represented b y  th e  n o ta tio n  2,2 ,R r , w here th e  num bers 
re fe r to  th e  pos itions  o f m e th y la tio n  on  the  ring . 
T w o  pa thw ays , e ith e r successive m é th y la tio n s  a t C-2, 
C-4, C - 2  o r a t C-4, C-2, C-2 and th e n  re d u c tio n -

(5) R efe ren ce  3, S chem e IV ,
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rearrangem en t are possible fo r  fo rm a tio n  o f X V I I .  
These a lte rn a tive s  are sym bo lized  b y  (2 ,4 ) ,2 ,R r ,  where 
th e  num bers in  parentheses re fe r to  a llow ed  p e rm u ta 
tio n s  in  th e  m é th y la tio n  sequence. A na logous ly , tw o  
rou tes (2 ,7 ),2 ,R r  w o u ld  lead to  X V I I I .  A s th e  d ep th  
o f m é th y la tio n  increases th e  n um b er o f possible p a th 
w ays increases m a rke d ly . T hus, the re  are th ree  routes
4,4 ,r,2 ,2 ,/? r and (2 ,4 ),4 ,r,2 ,i2 r to  X I X ;  s ix  rou tes 
(2 ,4 ,7),2 ,R r  to  X X I ;  12 rou tes 4 ,4 ,r(2 ,7),2 ,I2 r, (2 ,4),- 
4 ,r,7 ,2 ,/2 r, (4,7),4,r,2,2,Æ r, and ( 2 ,4 ,7 ) ,4 , r ,2 , I2 r to X X I I ;  
and 30 rou tes to  X X I I I .  E ach  ro u te  invo lves  the  
com m on steps o f . . .  2 , . . .  ,2 ,R r , i .e . ,  m é th y la tio n  a t C-2 
a t some preceding stage, a second m é th y la tio n  a t C-2 
a t a p e n u ltim a te  stage, and f in a l ly  re d u c tion -rea rran g e 
m e n t to  1 ,2 -d im e th y ln a p h th a le n e  o r its  r in g -m e th y la te d  
d e riv a tiv e . T hus, th e  process 2 ,2 ,R r , w h ich  leads to  
X I V ,  m ay  be considered the  s im p lest ty p ic a l rou te . 
T h e  o bse rva tion  th a t  l-o x o -2 ,2 - d im e th y l- l ,2 -d ih y d ro -  
naph tha lene  ( IX )  is a lm ost e xc lus ive ly  conve rted  in to  
X I V  und e r reac tion  co nd itio n s 3 is consis ten t w ith  th is  
p a th w a y . M oreove r, th e  se lective convers ion  o f 1-oxo-
4 ,4 -d im e th y l- l,4 -d ih y d ro n a p h th a le n e  (X )  in to  X I X  and 
X X I I 3 lends credence to  th e  p a thw ays  4 ,A ,r ,2 ,2 ,R r  
and 4 ,4 ,r ,(2 ,7 ),2 , ifr . O n th e  o th e r hand, the  m a in  
ro u te  to  X I X  fro m  I  is p ro b a b ly  2 ,4 ,4,r ,2 ,R r  and th a t 
to  X X I I  is p ro b a b ly  2 ,(4 ,7 ),4 ,r,2 ,Îîr  o r 2 ,4 ,4 ,r,7 ,2 ,i2r 
(o r a co m b ina tio n  o f these). T here  are n ine  m e th y l-  
naphthalenes w h ich  m ig h t be expected on th e  basis o f 
th e  fo rego ing general pa thw ays. These correspond to  
a ll possible com b ina tions  fo r  th e  in tro d u c t io n  o f ze ro - 
tw o  m e th y l g roups a t each o f th e  pos itions  C -4  and 
C-7. P rod u c ts  X IV ,  X V I I - X I X ,  and  X X I - X X I I I  
correspond to  seven o f these poss ib ilities . T h e  rem a in 
in g  tw o  shou ld  be 1 ,2 ,6 ,7 -te tram e th y ln a ph th a le ne  
( fro m  d im e th y la tio n  a t C -7 b u t no m é th y la tio n  a t 
C -4) and 1 ,2 ,4 ,6 ,7 -pen tam e thy lnaph tha lene  ( fro m  d i
m e th y la tio n  a t C -7 and m o n o m e th y la tio n  a t C -4). 
V p c  ana lysis o f m ixed  m e th y ln a p h th a le n e  p roduc ts  
fa ile d  to  reveal th e  presence o f a second p e n ta m e th y l- 
naph tha lene , in  a d d itio n  to  th e  1,2,3,4 , 6  isom er ( X X I I )  
found . H ow ever, a th ird , u n id e n tifie d  te tra m e th y l-  
naph tha lene , in  a d d itio n  to  th e  1,2,3,4 ( X IX )  and
1,2,4,7 ( X X I )  isomers, was re a d ily  de tected b y  th is  
m ethod. T e n ta t iv e ly , th is  isom er ( X X )  has been as
signed th e  1 ,2 ,6 ,7 -su b s titu tio n  p a tte rn 6 on th e  basis o f 
the  preceding m echan is tic  considerations.

W hereas m ost o f th e  low er precursors requ ired  b y  the  
proposed m echanism , i .e . , com pounds V - X ,  were iso
la ted  fro m  th e  p roduc ts  a t 2 75 -300°,2 o n ly  v e ry  sm a ll 
am ounts (ca. 1 %  b y  w e igh t) o f th e  precursors o f h igher 
m e thy lnaph tha lenes  are in d ica te d  a t th is  m ild  te m 
pera tu re . T h e  fo rm a tio n  o f such in te rm ed ia tes  ap
p a re n t ly  requ ires som ew hat h ighe r tem pe ra tu re , where 
convers ion  in to  m e thy ln ap h th a len e s  is fast. C h ro m a 
tog ram s o f th e  p rod uc ts  ob ta in ed  a t 300-350° showed 
a n um ber o f sm a ll peaks in  th e  range o f t r i -  and te tra -  
m ethy lnaph tha lenes. S ince a p re p a ra tiv e  sam ple en
riched  in  these m in o r com ponents gave ca rb o n y l ab
s o rp tio n  in  th e  in fra re d  reg ion  (ca. 1690 c m -1 ), i t  is 
possible th a t  these peaks are due to  th e  h ig h e r pre
cursors.

O n th e  basis o f th e  proposed general m echanism  i t  is 
possible to  app rox im a te  th e  re la tiv e  o v e r-a ll extents  
o f m é th y la tio n  o f 1 -n a ph th o l a t C -2 , C -4, and C-7 b y

(6) R efe re n ce  2, T a b le  I .

c a lcu la tin g  th e  to ta l n um b er o f su b s titu e n ts  a t C - l  
p lus C-2, C -3 p lus C-4, and C - 6  p lus  C-7, respective ly , 
in  a ll p ro d u c t com ponents . 6 F o r exam ple, o ve r c a ta ly s t 
A, a t 300° th e  ra tio  o f o ve r-a ll m é th y la tio n  a t th e  2, 4, 
and 7 pos itions  found  b y  th is  m e thod  is 1 .0 :0 .2 :0 .0 2 ; 
a t 350° th e  corresponding ra tio  is 1 .0 :0 .3 6 :0 .2 0 ; a t 
420° i t  is 1 .0 :0 .4 6 :0 .3 1 ; and a t 470° i t  is 1 .0 :0 .3 1 :0 .35 . 
T h e  change in  th e  ra tio s  re flects th e  g rad ua l increase in  
the  e x te n t o f m é th y la tio n  a t C-4 and C-7 re la tiv e  to  th a t  
a t C -2  up  to  420°, a te m pe ra tu re  a t w h ic h  m a x im a l 
d ep th  o f m é th y la tio n  is a tta ine d . A  possib le  cause fo r  
the  decrease in  re la tiv e  e x te n t o f m é th y la tio n  a t C-4 
above 420° is th a t  enhanced th e rm a l o u t-o f-p la n e  and 
in -p lane  deflections o f th e  hyd rogen  a t C -5  m a y  s te ri-  
ca lly  h in d e r approach o f th e  m e th y la tin g  agent to  th e  
p e r i  ( i .e ., to  th e  C-4) p o s itio n .7

T h e  im p o rta n ce  o f p e r i  in te ra c tio n s  in  th e  m é th y la 
t io n  o f nap h th o ls  is illu s tra te d  b y  th e  p ra c tic a l absence 
o f s u b s titu t io n  a t C-5 and C - 8  in  th e  reactions o f I ,  V , 
V I ,  and V i la .  L a c k  o f m é th y la tio n  a t th e  5 p o s itio n  
is especia lly  s ign ifica n t in  v ie w  o f th e  h ighe r ca lcu la ted  
s u p e rd e lo ca liza b ility  fo r  e le c tro p h ilic  a tta c k  a t C -5 
th a n  a t C-7 in  I . 2 A t  275-350° n e ith e r 5- n o r 7- 
m e th y l- l-n a p h th o l is fo rm ed  fro m  I .  On th e  o th e r 
hand, th e  la ck  o f reac tion  a t C -5  a t h ighe r tem pe ra 
tu re  (350-550°) w here p o ly m e th y la tio n , in c lu d in g  a tta c k  
a t C-7, takes p lace can be essen tia lly  a ttr ib u te d  to  the  
s te ric  in te rfe rence  o f a m e th y l s u b s titu e n t7 in tro d u ce d  
a t C -4 in  an e a rlie r step.

T h e  resu lts  o f th e  reactions o f 4 -m e th y l- l-n a p h th o l 
(V I)  and 2 ,4 -d im e th y l- l-n a p h th o l ( V i la )  are fu l ly  
consis ten t w ith  th e  proposed m echanism . Since m é th 
y la t io n  occurs to  a lesser o ve r-a ll e x te n t a t C -4  th a n  
a t C -2  ( fo r  th e  in i t ia l  p recu rsor I ) ,  th e  p re lim in a ry  
in tro d u c t io n  o f a m e th y l s u b s titu e n t a t th e  fo rm e r posi
t io n  fa c ilita te s  th e  fo rm a tio n  o f 1 ,2 ,4 -tr im e th y ln a p h - 
tha lene  ( X V I I )  and 1 ,2 ,4 ,7 -te tram e th y ln a ph th a le ne  
( X X I ) .  A t  th e  same tim e  th e  presence o f th e  4- 
m e th y l g roup  in  V I  and V i l a  excludes th e  p o s s ib ility  
o f reaction  sequences lead ing  to  1 ,2 -d im e th y l- and 1,2,7- 
tr im e th y ln a p h th a le n e s . T h e  fo rm a tio n  o f X V I I  as 
m a in  p ro d u c t in  e xp t 5 and 9 ind ica tes  th a t  ove r th e  
w e a k ly  ac id ic  ca ta ly s t C a t 420° a secon d  m é th y la tio n  
o f V I  o r V i l a  a t C-2 occurs to  a la rge r e x te n t th a n  a 
second m é th y la tio n  step a t C-4 o r th a n  a f irs t  one a t 
C-7. O n th e  o th e r hand, the  h ig h  y ie ld  o f X X I  in  
exp t 6  and 1 0  shows th a t  in  th e  presence o f th e  s tro n g ly  
ac id ic  ca ta ly s t A  a t 420° m é th y la tio n  occurs to  a large 
e x te n t a t C-7 p r io r  to  a second ( te rm in a l)  m é th y la tio n  
a t C-2. W ith  l-o x o -4 ,4 -d im e th y l- l,4 -d ih y d ro n a p h th a - 
lene (X )  as su bs tra te 3 over A , th e  g radua l change w ith  
te m pe ra tu re  o f re la tiv e  o ve r-a ll e x te n t o f m é th y la tio n  
a t C -2 and C-7 (as based on  com parison o f y ie lds  o f 
X I X ,  X X I I ,  and  X X I I I )  can also be noted . T h e  
ra tio s  o f m é th y la tio n  a t th e  2 and 7 pos itions , in  th is  
case, are 4 .9 :1  a t 320°, 3 .6 :1  a t 350°, 2 .3 :1  a t 375°, 
and 2 .0 :1  a t 420°.

I t  was show n p re v io u s ly 6 th a t  fo r  reac tion  o f I  be low  
420° va lues fo r  average d e p th  o f r in g  m é th y la tio n  and 
fo r  m ole  percentage convers ion  are h ig h e r w ith  th e  pure  
a lu m in a  ca ta ly s t A  th a n  w ith  th e  so d ium -co n ta in in g  
ca ta lys ts  B  o r C. These gross d ifferences p ro b a b ly  
arise fro m  a h ig h e r co nce n tra tio n  o f s tro n g ly  ac id ic  
sites on th e  surface o f A  th a n  on e ith e r o f th e  o th e r

(7) V. B a la s u b ra m a n iy a n , Chem . Rev., 66, 567 (1966).
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ca ta lys ts .8' 9 A t  420-470°, how ever, these va lues tend  
to  converge fo r  ca ta lys ts  A  and C. A  m arked  increase 
in  the  c a ta ly tic  a c t iv i ty  o f a lu m in a  fo r  hyd ro ca rb on  
reactions has been observed to  occur above 400° and 
has been ascribed to  th e  convers ion  o f passive ac id ic  
sites in to  a c tive  ones . 10 I n  th e  present case th e  p ro 
d u c tio n  o f ac tive  sites fo r  th e  m e th y la tio n  process m ay  
be especia lly large on ca ta ly s t C  fo r  tem pera tu res  
above 400°. H ow eve r, i t  shou ld  be no ted  th a t  A , B , 
and C do n o t show e q u iva le n t c a ta ly tic  p roperties  
even in  th is  te m pe ra tu re  range, since d ifferences in  the  
d is tr ib u t io n  o f m e th y la te d  naph thalenes and in  iso
m eric  com positions s t i l l  p e rs is t .6 T h is  m ay  be due to  
nonequ iva lence in  th e  n a tu re  and geom etric  a rrange
m ents o f a c tive  sites on A  and C, w ith  a tte n d a n t d if fe r
ences in  o r ie n tin g  influences on  th e  adsorbed sub
stra tes.

T h e  fo rm a tio n  o f several m in o r p ro d u c t com ponents, 
v iz . naph tha lene  ( X I ) ,  1 -m e th y ln a ph th a le n e  ( X I I ) ,
2 -m e th y ln a p lith a le n e  ( X I I I ) ,  2 ,7 -d im e thy lna p h tha len e  
(X V ) ,  and 1 ,2 ,3 -tr im e th y ln a p h th a le n e  ( X V I ) ,  canno t 
be accounted fo r  b y  th e  proposed general m echanism . 
D ire c t re d u c tio n  o f th e  n a p h th o lic  g roup  in  I ,  V I ,  and V  
w ou ld , how ever, lead to  X I ,  X I I ,  and  X I I I ,  respec
t iv e ly . I n  fa c t X I I  (free fro m  X I I I )  was fo u n d  as a 
m in o r p ro d u c t fro m  V I  (T a b le  I ,  fo o tn o te  g). T h e  
sm a ll y ie ld  o f 1 ,3 -d im e thy lna p h tha len e  fro m  2,4-

(8) H . P ines  a n d  W . O. H aag , J .  A m er . Chem . Soc., 82 , 2471 (1960).
(9) J . B . P e r i, J .  P h y s . Chem ., 69, 231 (1965).
(10) S. E . T u n g  a n d  E . M c ln in c h , J .  C atal., 3 , 229 (1964).

d im e th y l- l-n a p h th o l (e xp t 7 and  8 ) ind ica tes  th a t  the  
same ty p e  o f reac tion  occurs. A n a log o us ly  X V  co u ld  
be de rived  fro m  an in te rm e d ia te  2 ,7 -d im e th y l- l-n a p h -  
th o l (n o t e xp e rim e n ta lly  de tected). T h e  low  y ie lds  o f 
X I - X I I I  and X V  fro m  reactions o f I 2 up  to  550° im p ly  
th a t  sequentia l m e th y la tio n  steps proceed in  p re fe r
ence to  d ire c t re d u c tio n  o f th e  n a p h th o lic  g roup . A  
d iffe re n t p a th w a y  is lik e ly  fo r  th e  fo rm a tio n  o f X V I ,  
w h ich  is th e  m a in  b y -p ro d u c t in  th e  re ac tio n  o f m e th 
ano l w ith  l-o x o -2 ,2 -d im e th y l- l ,2 -d ih yd ro n a p h th a le n e
( I X ) . 3 A s no ted  p re v io u s ly  I X  m a y  be m e th y la te d  
a t C -3  before re d u c tio n -re a rra n g e m e n t occurs . 3

E xp e rim e n ta l S ection
Apparatus, Materials, and Procedure.—The apparatus and 

experimental procedure were essentially the same as described 
previously.2.3 For each run 35 g of fresh alumina catalyst (A, 
from aluminum isopropoxide; or C Houdry hard alumina)2 was 
employed and the methanol-naphthol molar ratio was 50:1 
(methanol, 0.63 mol; naphthol, 0.0125 mol). The methyl- 
naphthols V, VI, and V ila (about 99% pure, as based on chro
matographic analysis) were synthesized by the methods given 
previously.2 Product components (Table I) were isolated by gas 
chromatography and were identified by comparison of their 
pmr and infrared spectra, as well as their relative chromato
graphic retention volumes, with those of pure reference samples.2 
Gas chromatographic analysis of methylnaphthalene products 
was effected by means of a modified Bentone-34 column; and that 
of acidic (naphtholic) fractions, by means of Bentone-34 and 
Carbowax 20M columns.

R e g is try  N o .— M e th a n o l, 67-56-1 ; I ,  90-15-3; V , 
7469-77-4; V I ,  10240-08-1; V I I ,  4709-20-0.

Electrophilic Substitution in Acenaphthene and Related Compounds.
I. Monobromination
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Isomer distribution in the bromination of acenaphthene has been determined for a variety of conditions and 
reagents. A wide variation was found in the per cent of ortho product. Isomer distributions for 1,8-dimethyl- 
naphthalene, perinaphthane, and pleiadane were similar to those for acenaphthene using similar procedures.

T here  has been considerable  recen t in te re s t2 "-6 in  th e  
reactions o f acenaphthene ( 1 ) and th e  re la te d  1 ,8 -  
d im e th y ln a p h th a le n e  (2 ). E le c tro n ic  considera tions

(1) T o  w hom  en q u iries  sh o u ld  b e  ad d re ssed  a t  L a  T ro b e  U n iv e rs ity , 
B u n d o o ra , V ic to ria , A u stra lia .

(2) E . B erliner, D . M . F a lc ione , a n d  J . L . R iem en sch n e id er, J .  Org. 
Chem ., 30, 1812 (1965).

(3) F . V ernon  a n d  R . D . W ilson , Tetrahedron, 21 , 2719 (1965).
(4) M . M . D a sh ev sk ii a n d  Z. P . M a le v a n n a y a , Z h . Organ. K h im .,  1, 1272 

(1965).
(5) L . I . D en iso v a , N . A . M o ro zo v a , a n d  A .I .T o lc h i lk in ,i6 id . ,2 ,  27 (1966).
(6) L . I .  D en iso v a , N . A . M o ro zo v a , V. A . P la k h o v , a n d  A . I .  T o ch ilk in , 

ib id ., 2 , 30 (1966).

suggest e le c tro p h ilic  a tta c k  w o u ld  lead to  a m ix tu re  o f
3- and  5 -su b s titu te d  acenaphthenes o r th e  corresponding
2- and 4 -su b s titu te d  1 ,8 -d im e thy lnaph tha lenes .

(M olecu lar d im ensions7' 8 suggest th a t  s u b s titu t io n  
ortho  to  th e  e thy lene  b rid ge  in  acenaphthene  m ig h t n o t 
be as s te r ic a lly  h indered  as 2 -s u b s titu t io n  in  1 ,8 -d i-  
m e th y  (naphtha lene .

W hereas i t  has been k n o w n 9 th a t  reasonable (ap
p ro x im a te ly  2 0% ) y ie ld s  o f 3 -n itroacenaph thene  can be 
separated fro m  5 -n itroacenaph thene  a fte r  th e  tre a tm e n t 
o f acenaphthene w ith  n it r ic  ac id  in  acetic  a nh yd rid e , 
u n t i l  re ce n tly  no in v e s tig a tio n  had  been m ade in to  
isom er p ro p o rtio n s  in  m o n o s u b s titu tio n  reactions o f 
acenaphthene. E le c tro p h ilic  s u b s titu t io n  in  1 ,8-d i- 
m e th y ln a p h th a le n e  has been assumed to  e n te r th e  4

(7) H . W . W . E h rlich , A cta  C ryst., 10, 699 (1957).
(8) M . B . J am e so n  a n d  B. R . P en fo ld , J .  Chem . Soc., 528 (1965).
(9) G . T . M o rg an  a n d  H . A. H a rriso n , J .  Soc. Chem . In d . ,  49, 413T  

(1930).



p o s itio n . 2’10' 11 A n  in fra re d  in v e s tig a tio n 6 has recently- 
been m ade o f th e  re a c tio n  p roduc ts  in  th e  h a logena tion  
o f acenaphthene in  m e th a n o l and in  9 0%  acetic  acid , 
b u t  some po lyha loacenaphthenes m a y  also have  been 
present.

A c c u ra te  in fo rm a tio n  on  isom er p ro p o rtio n s  in  m ono
s u b s titu t io n  reactions o f  1 and 2  is needed since th e  
p ro d u c ts  re p o rte d  to  be iso la ted  on  d is u b s t itu t io n  
(e ith e r b y  fu r th e r  re a c tio n  on  th e  h yd ro ca rb o n  o r b y  
subsequent re a c tio n  w ith  an a lre ad y  iso la ted  m onosub- 
s t itu te d  com pound) are som etim es unexpected  on  elec
tro n ic  and s te ric  considera tions. F o r exam ple, such 
cons ide ra tions w o u ld  suggest th a t  a 5 -ha loacenaphthene 
w o u ld  undergo fu r th e r  e le c tro p h ilic  s u b s titu t io n  a t th e  
8  p os ition . H ow eve r, 5 -ch loroacenaphthene  is re 
p o rte d 9 to  y ie ld  considerable am ounts  o f th e  3 -n itro  
com pound  on  tre a tm e n t w ith  n it r ic  acid  in  acetic  a n h y 
d rid e , to  c h lo r in a te 12 in  th e  6  p o s itio n , and to  a c y la te 13 

in  th e  3 and 8  pos itions . 5 -B rom oacenaphthene  is 
re p o rte d 9,13 to  g ive  a 28%  y ie ld  o f th e  3 -n itro  d e r iv a t iv e  
w hen tre a te d  w ith  n it r ic  ac id  in  acetic  a n h y d rid e  b u t to  
a ffo rd 3 th e  6 -n itro  d e r iv a t iv e  w hen n it ra te d  in  acetic  
ac id , to  b ro m in a te 14 in  th e  3 p o s itio n , and  a c y la te 13 in  
th e  3 and 8  pos itions . 5 -Iodoacenaph thene  is re p o rte d 15 

to  iod o na te  fu r th e r  in  th e  3 p o s itio n . A l l  these resu lts  
are based on  p ro d u c t is o la tio n  and  th e  in te rm e d ia te
5-ha loacenaphthene  was n o t a lw ays iso la ted  in  th e  
d ih a lo ge n a tio n  reactions. N o  resu lts  appear to  be 
a va ila b le  fo r  fu r th e r  s u b s titu t io n  in  3-ha loacenaph- 
thenes. T h e  b ro m in a tio n 16 o f 4 -b ro m o -1 ,8 -d im e th y l-  
n aph tha lene  a p p a re n tly  gives o n ly  2 ,4 -d ib ro m o -l,8 - 
d im e th y ln a p h th a le n e .

W e are a t present u n d e rta k in g  a de ta ile d  in ve s tig a 
t io n  in to  th is  s itu a tio n  and th e  recen t re p o r t6 o f a few  
resu lts  on  th e  ha lo ge n a tio n  o f acenaphthene p ro m p ts  us 
to  re p o rt o u r o w n  ra th e r m ore  d e ta ile d  s tu d y  on  th e  
b ro m in a tio n  o f acenaphthene, 1 ,8 -d im e th y ln a p h th a le n e , 
p e rin a p h th a n e 17 (3) and p le iadane 18 (4). F u r th e r  in -
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v e s t i g a t i o n s  a r e  i n  p r o g r e s s  o n  d i s u b s t i t u t i o n  r e a c t i o n s  
a n d  o n  t h e  t  e l e c t r o n  d i s t r i b u t i o n  i n  a c e n a p h t h e n e .

R esu lts  and D iscuss ion

W e  c h o s e  t o  i n v e s t i g a t e  b r o m i n a t i o n  b e c a u s e  t h e  
r e a g e n t s  a n d  c o n d i t i o n s  a r e  r e l a t i v e l y  e a s y  t o  s t a n d a r d 
iz e  a n d  t h e  p r o d u c t s  c a n  b e  a n a l y z e d  b y  v a p o r  p h a s e  
c h r o m a t o g r a p h y .  S i n c e  a  c o n s i d e r a b l e  n u m b e r  o f  
e n t i t i e s  h a v e  b e e n  u s e d  a s  b r o m i n a t i n g  r e a g e n t s  a n d  
s o l v e n t s  e m p l o y e d ,  w e  i n v e s t i g a t e d  a  r a n g e  o f  s u c h  p r o -

(10) W . J .  M itc h e ll , R . D . T o p so m , a n d  J .  V au g h an , J .  Chem . Soc,, 2526
(1962) .

(11) L . I . D en iso v a , N . A . M o ro so v a , V. A . P lak h o v , a n d  A. I . T o ch ilk in , 
Z h . Obshch. K h im .,  34, 519 (1964).

(12) G . L . A v o y an  a n d  Y u . T . S tru c h k o v , Z h . S tru k t. K h im .,  2, 67 (1961).
(13) D . V . N ig h tin g a le  a n d  R . M . B rooker, J .  A m er. Chem . Soc., 72, 5539 

(1950).
(14) G . L . A v o y an  a n d  Y u . T .  S tru c h k o v , Z h . S tru k t. K h im .,  3, 605 (1962).
(15) G . N . Z a k h a ro v a , R . L . A v o y an , a n d  Y u . T . S tru c h k o v , ib id ., 4, 928

(1963) .
(16) G . J .  H u tc h in so n  a n d  R . D . T o p so m , u n p u b lish e d  re su lts .
(17) 2 ,3 -D ih y d ro p h en a len e .
(18) 7 ,8 ,9 ,10-T e tra h y d ro c y c lo h e p ta  [d ,e ]n ap h th a len e .

cedures us ing  acenaphthene. W e k e p t th e  in i t ia l  con
ce n tra tio ns  o f acenaphthene and  b ro m in a tin g  species 
a p p ro x im a te ly  cons tan t th ro u g h o u t to  a id  com parison. 
C o n d itio n s  were such th a t  o n ly  p a r t o f th e  acenaphthene 
was b ro m in a te d  and  d is u b s t itu t io n  was detected  in  o n ly  
one case. R esu lts  are show n in  T a b le  I  in  w h ic h  th e  
ortho  p ro d u c t (3 -b rom oacenaphthene) is show n as a 
percentage o f th e  to ta l m on o su b s titu te d  m a te r ia l. W e 
fo u n d  no evidence fo r  4 s u b s titu tio n , in  agreem ent w ith  
p rev ious  w o rk e rs ,6 b u t  tests  w ith  a u th e n tic  4 -b ro m o - 
acenaphthene in d ica te d  i t  had  a s im ila r  re te n tio n  t im e  
to  th e  5 -brom o isom er and tra ce  a m oun ts  w o u ld  th u s  
n o t be detected b y  o u r procedure . H o w eve r, a n y  such 
sm a ll a m oun ts  w o u ld  h a rd ly  a ffe c t o u r resu lts .

T a b l e  I
B r o m i n a t i o n  o f  A c e n a p h t h e n e “ a t  20°
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C ond i
tio n

B ro m in a tin g
a g e n t S o lv en t

%  ortho 
p ro d u c t  in 

m o n o b ro m in a tio n

1 Br2 HOAc 3.46
2 BrPy2OAc HOAc-Py 3.6
3 Br2 Py 4.9
4 NBS DMF 5.0
5 BrPy2N 0 2 Py 5.9
6 Br2 c h 3n o 2 5.9 '
7 Br2 DMF 6.3
8 Br2 CC14 8 . l d

9 BrOAc CCh 9.5
10 IBr CC14 10.6
11 HOBr 25% aqueous HOAc 24.0 '
12 HOBr 25% aqueous dioxane 32.4
“ Acenaphthene, 0.005 mol; brominating species, 0.0025 mol. 

b Not significantly changed by trace amounts of added iodine or 
water. c Contained a trace amount of iodine. d Not significantly 
changed by a trace amount of added iodine. ' Some disubstitu
tion detected. Run contained either 0.23 mol of perchloric acid 
or 0.02 mol of sodium acetate and gave comparable results.

T h e  resu lts  show a v a r ia t io n  in  per cent o f ortho  
p ro d u c t fro m  3 .4 %  w ith  b rom ine  in  acetic  a c id  to  32 .4%  
w ith  hypo b ro m ou s  acid  in  aqueous d ioxane. T h is  
m arked  dependence o f p ro d u c t com p o s itio n  on  reagents 
and so lvents  used m a y  be use fu l to  he lp  choose th e  best 
co nd itio n s  fo r  a v o id in g  o r a id in g  ortho  a t ta c k  in  re la te d  
com pounds (b u t see be low ).

O u r resu lts  fro m  b ro m in a tio n  o f acenaphthene w ith  
h ypo b ro m ou s  ac id  in  acetic  ac id  are som ew ha t less 
m e a n in g fu l th a n  th e  o thers  in  T a b le  I  since n o t a ll  th e  
acenaphthene im m e d ia te ly  d isso lved and  some d ib ro -  
m in a tio n  resu lted . S im ila r  resu lts  o b ta in e d  in  an 
aceta te  b u ffe r o r  in  th e  presence o f p e rch lo ric  ac id  are 
in te re s tin g , nevertheless, since th e  percentage o f p a r a  
b ro m in a tio n  in  d ip h e n y l has been re p o rte d 19 to  change 
fro m  4 6%  (0.2 M  p e rch lo ric  ac id ) to  7 9%  (0.02 M  
so d ium  acetate) u n d e r these cond itions .

F u r th e r  com m ents on  some o f th e  b ro m in a tio n s  are 
p e rtin e n t. N itro m e th a n e  was chosen since th e  c h lo r i
n a t io n  o f to luene  in  th is  so lve n t is re p o rte d 20 to  g ive  th e  
low es t percentage (34% ) o f ortho  ch lo ro to lu en e  in  a 
series o f reactions w ith  m o lecu la r ch lo rin e  in  va rio u s  
m edia. I n  acetic  ac id  a cons ide rab ly  la rg e r (60% ) 
y ie ld  o f th e  ortho  isom er was o b ta in ed . O u r figures 
show th e  oppos ite  o rde r. N -B ro m o su cc in im id e , w h ic h  
is m ore  u s u a lly  em p loyed  fo r  th e  side cha in  b ro m in a tio n

(19) P . B . d e  la  M are  a n d  J . L . M axw ell, J .  Chem. Soc., 4829 (1962).
(20) L. M . S to ck  a n d  A. H im oe , Tetrahedron L ett., 9 (1960),



o f a lk y l a rom a tics  in  th e  presence o f a ra d ic a l in i t ia to r  
such as benzoy l perox ide , can also be used21 fo r  nuc lea r 
b ro m in a tio n  in  p o la r so lvents . I t  has been suggested22 

to  be a source o f b ro m o n iu m  ions w hen used in  d im e th y l-  
fo rm am ide . H o w eve r, o u r resu lts  suggest th a t  th e  
b ro m in a tin g  agen t is l ik e ly  to  be m o le cu la r b rom ine  
ra th e r th a n  a p o s itiv e  species.

W e selected co n d itio n s  1, 4, 8 , and  12 (T a b le  I )  as 
be ing  re p re sen ta tive  and  used these fo r  s im ila r  p ro d u c t 
ra t io  stud ies on  1 ,8 -d im e th y ln a p h th a le n e  (2 ), p e ri- 
naph thane  (3), and  p le iadane  (4 ). T h e  resu lts  are 
sum m arized  in  T a b le  I I .
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T a b l e  II
C o m pa r iso n  o f  t h e  P e r c e n t a g e  ortho B r o m in a t io n  

u n d e r  V a r io u s  C o n d it io n s  a t  20°
Conditions 
(T a b le  I) 1

---------- C o m p d -----------
2 3 4

i 3.4 4.4 4.0 5.3
4 5.0 6.3 3.6 5.5
8 8.1 4.6 6.4 5.3

12 32.4 29.8 38.8 38.4

S u rp ris in g ly , com pounds 2, 3, and 4 show l i t t le
v a r ia t io n  in  percentage ortho  b ro m in a tio n  u n d e r th e  
f ir s t  th ree  cond itions . T h e  a m o u n t o f th e  ortho  isom ers 
ob ta ined  w ith  h yd ro b ro m o u s  acid  in  aqueous d ioxane  
(c o n d itio n  1 2 ) is re m a rk a b ly  h ig h  in  re la tio n  to  th e  
expected increase in  s te ric  h in d ra n ce  to  such s u b s titu 
t io n . Some increase in  s tra in  in  th e  tra n s it io n  s ta te  fo r  
p a r a  s u b s titu t io n  wTo u ld  be expected in  2, 3, and 4 
com pared to  acenaphthene ( 1 ) because o f in te ra c tio n  
w ith  th e  p e r i  h yd ro ge n  and  th is  m a y  p a r t ly  o ffse t th e  
e ffect a t th e  ortho  pos ition .

W e also ra n  c o m p e tit iv e  experim ents  w ith  pa irs  o f 
com pounds to  com pare  ra tes o f b ro m in a tio n . T h e  
percentage o f isom eric  p rod uc ts  was n o t s ig n if ic a n tly  
a lte red  fo r  any  one com pound  in  th e  presence o f 
ano the r. C ons ide ring  th e  to ta l a m o u n t o f m onobro - 
m in a tio n  and a rb it r a r i ly  assigning a ra te  o f u n ity  to  
p e rina p h tha n e  we fo u n d  th a t  th e  ra tes o f b ro m in a tio n  
in  acetic  ac id  (c o n d it io n  1 ) were acenaphthene >  
pe rina p h tha n e  >  p le iadane  >  1 ,8 -d im e th y ln a p h th a le n e  
in  th e  ra tio  9.74 >  1.00 >  0.56 >  0.24. A  s im ila r  o rde r 
was o b ta in ed  fo r  c o n d it io n  12 in  th e  ra tio  3.18 >  1 >  
0.66 >  0.46. T h e  m ore  se lective  b ro m in a tin g  cond i
tio n s  gave a g rea te r spread as expected.

E x p e rim e n ta l S ection
Reagents.—Acenaphthene (mp 96°), 1,8-dimethylacenaph- 

thene (mp 61-62°), perinaphthane23 (mp64.5°), and pleiadane24 
(mp 57-58°) were recrystallized samples tested for purity by vpc.

The hydrocarbon (0.04 mol) in acetic acid (200 ml) was al
lowed to react with bromine (0.04 mol) in acetic acid (50 ml) 
over 6 hr with stirring at room temperature in the absence of 
light. The mixture was poured into water (500 ml) and the mix
ture then extracted with three 25-ml portions of benzene. The 
benzene layer was washed with water and dried over anhydrous 
sodium carbonate. Distillation under reduced pressure followed 
by recrystallization from pentane-ethanol gave 5-bromoace-

(21) S. D . R oss, M . F in k e ls te in , a n d  R . C . P e te rse n , J .  A m er . Chem . Soc., 
80 , 4327 (1958).

(22) S. W in ste in , L . G o o d m an , a n d  R . B o sch an , ib id ., 72, 2311 (1950).
(23) I .  K . Lew is a n d  R . D . T o p so m , A u s t. J .  C hem ., 18, 923 (1965).
(24) R . C . G ilm o re  a n d  W . J . H o rto n , J .  A m er . Chem . Soc ., 73, 1411 

(1951).

naphthene,26 mp 53-53.5° (Anal.“  Calcd for C^HgBr: Br,
34.33. Found: Br, 34.52); 4-bromo-l,8-dimethylnaphtha-
lene,10 mp 31-31.5° (Anal. Calcd for CufinBr: Br, 34.04. 
Found: Br, 33.76); 6-bromoperinaphthane, mp 24-25° (Anal. 
Calcd for CisHnBr: Br, 32.40. Found: Br, 32.62); 7-
bromopleiadane, mp 26.5-27°) (Anal. Calcd for CuHi3Br: Br,
30.66. Found: Br, 30.65).

Authentic samples of 3- and 4-bromoacenaphthenes and 3- 
bromo-l,8-dimethylnaphthalene were available from other 
work.10-25

Bromine, acetic acid, carbon tetrachloride, dimethylform- 
amide, dioxane, pyridine, and nitromethane were purified by 
standard methods and fractionated before use. Iodine mono
bromide was a commercial sample titrated against sodium thio
sulphate. Bromine dipyridine nitrate27 had mp 76-77°. Bro
mine dipyridine acetate was prepared28 in solution before use.

Bromination.—The general procedure (conditions 1-8, 10) 
was to place the hydrocarbon (0.005 mol) in 10 ml of the chosen 
solvent in a reaction vessel containing the brominating entity 
(0.0025 mol in 5 ml of solvent) in a second chamber. The vessel 
was immersed in a thermostated bath at 20° for 20 min and the 
brominating solution then added to the stirred hydrocarbon solu
tion over 30 min. Reaction was continued for a further 30 
min. The contents of the reaction vessel were then shaken with 
benzene (20 ml) and sodium sulfite solution (10 ml, 10%). The 
benzene layer was washed with water and dried over anhydrous 
sodium carbonate, and the solvent was evaporated. The residue 
was analyzed by vpc. Three experiments were conducted for 
each set of conditions and three vpc analyses made on each prod
uct. The results shown in Table I represent the average values 
of the nine determinations for each, but significant variation was 
not found in individual analyses. Bromine acetate (condition 
9) was prepared29 by adding bromine (1 ml) in carbon tetra
chloride (20 ml) over 30 min to a suspension of silver acetate (4 g) 
in the same solvent (160 ml). The mixture was then shaken for 
90 min and the precipitated silver bromide removed. The solu
tion was titrated against sodium thiosulfate. The bromine ace
tate solution (0.0025 mol, 25 ml) was added to acenaphthene 
(0.005 mol) in carbon tetrachloride (25 ml) and the reaction other
wise was carried out as above.

The hypobromous acid solution for runs 11 and 12 was prepared 
from bromine, water, and silver sulfate and distilled under re
duced pressure. I t  was standardized against sodium thiosul
fate. The acenaphthene (0.005 mol) was dissolved in 75 ml 
of the chosen solvent and the hypobromous acid (0.0025 mol) 
made up to 100 ml. The acenaphthene was not completely dis
solved initially when acetic acid was used and the reaction mix
ture was therefore allowed to stand overnight before the products 
were isolated. Some dibromination was detected (vpc). The 
acenaphthene was completely dissolved when dioxane was used 
as a solvent and no dibromination occurred.

Gas Chromatography.—A Pye “ Argon” gas chromatograph 
with an Sr-90 ionization detector was used for the analyses. The 
columns were packed with 10% poly(ethylene glycol) adipate or 
7.5% polyethylene adipate-2.5% Apiezon L (for bromo-1,8- 
dimethylnaphthalenes) and used at a temperature of 175°. The 
products from the bromination of each hydrocarbon gave three 
peaks. The first peak was readily identified as unchanged hy
drocarbon. The compound corresponding to the third and major 
peak was isolated and shown to be a monobromo hydrocarbon in 
each case, and further identified with the known 5-bromoace- 
naphthene and 4-bromo-l,8-dimethylnaphthalene in these in
stances. The generally small intermediate peak obtained in the 
bromination of acenaphthene was identified with an authentic 
sample of 3-bromoacenaphthene and the other intermediate peaks 
assumed to be the corresponding ortho isomers by analogy and by 
noting their marked increase in each case when hypobromous acid 
was used as a brominating agent. Authentic samples of 4- 
bromoacenaphthene and 3-bromo-l,8-dimethylnaphthalene had 
longer retention times than the minor peaks obtained in the
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(25) A . F isch er, W . J . M itch e ll, J . P ac k e r, R . D . T o p so m , a n d  J .  V au g h an , 
J .  Chem. Soc., 2892 (1963).

(26) A n aly ses  b y  th e  M ic ro a n a ly tic a l L a b o ra to ry  (D r. A. D . C am pbell) 
o f th e  U n iv e rs ity  of O tago .

(27) M . I . U sh a k o v , V. O. C h is to v , a n d  N . D . Z elinsk ii, B er., 68B , 824 
(1935).

(28) R . A . Z in g ara  a n d  W . B . W itm e r, J .  P h y s . C hem ., 64, 1705 (1960).
(29) S. G . L e v in e  a n d  M . E . W all, J .  A m er . Chem . Soc., 81 , 2826 (1959).



bromination of the corresponding hydrocarbons. I t  was also 
shown that side chain brominated products produced by use of 
N-bromosuccinimide in carbon tetrachloride in the presence of 
benzoyl peroxide, gave peaks with different retention times. 
(1-Bromoacenaphthene decomposed on the column to give 
acenaphthylene.)

The chromatograph was calibrated directly with mixtures of 
the hydrocarbons and their para bromo derivatives and with 3- 
bromoacenaphthene. I t was shown that 3- and 5-bromoace- 
naphthenes gave equal responses and equivalent result for the 
other pairs of bromo isomers was shown by checking the results
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with a gas chromatograph with a gas density balance as a de
tector.
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The rate of formation of anthraquinone from 2-(2'-deuteriobenzoyl)benzoie acid is less than the rate for the 
protium analog, kB/ko  varying from 1.28 in 97% sulfuric acid to 1.20 in 104% sulfuric acid. The product anthra
quinone retains from 56 to 62% of one deuterium. The mechanistic implications of these results are discussed.

Iso to p e  effects in  a ro m a tic  s u b s titu t io n  processes 
have  been exam ined fo r  m an y  reac tions  b y  tw o  d iffe re n t 
approaches. O n  th e  one hand  th e re  are d ire c t com 
parisons o f th e  ra te  o f re a c tio n  o f a p ro t iu m  com pound 
and o f i ts  d e u te r iu m  analog. M a n y  exam ples ty p ic a lly  
show l i t t le  o r no isotope  e ffe c t . 4 5 F o r exam ple, in  th e  
n it ra t io n  o f n itrobenzene-d 56 7 8 &h A d  is 1 . 0  to  w ith in  
a b o u t 5 % ; s im ila r  resu lts  have  been re p o rte d  b y  D e  la  
M a re , D u n n , and H a rv e y 6 fo r  th e  b ro m in a tio n  o f 
benzene and benzene-de- I n  o th e r s itu a tio n s , how ever, 
th e re  is observed a su b s ta n tia l d e u te r iu m  iso tope  e ffect 
( f c n / f c D  »  1) ■ These s itu a tio n s  have  been characte rized  
as ones in  w h ic h  th e  re m o va l o f th e  a ro m a tic  hyd ro ge n  
is ach ieved b y  a genera l base in  th e  ra te - l im it in g  s te p .7,8 

I n  s t i l l  o th e r cases in te rm e d ia te  va lues fo r  /cu/fco have  
been ob ta in ed . These resu lts  have  been in te rp re te d  as 
in d ic a tin g  th a t  th e  ra te  o f p ro to n  loss fro m  th e  W h e la nd  
in te rm e d ia te  is o f a bo u t th e  same m a g n itu d e  as the  
reversa l o f th e  a tta c k  o f th e  s u b s titu t in g  species u pon  
th e  a ro m a tic  co m p o un d . 9

T h e  secondary isotope effects w h ich  accom pany th e  
fo rm a tio n  o f th e  W h e la nd  in te rm e d ia te  are gene ra lly  
sm all. B e r lin e r  and S chue lle r10 have  concluded th a t  
in  th e  b ro m in a tio n  o f b ip h e n y l th e  fo rm a tio n  o f th e  
W h e la nd  in te rm e d ia tes  is ra te  l im it in g  w ith  a secondary 
e ffec t o f k n/ k D =  1.15. M o re  re ce n tly  H e lg s tra n d  and 
L a m m 11 have  observed th a t  th e  secondary iso tope  e ffect

(1) P rev io u s  p a p e r: D . S. N o y ce  a n d  P . A. K itt le , J .  Org. Chem ., 32, 2459 
(1967).

(2) S u p p o rte d  in  p a r t  b y  G ra n ts  G -13125 a n d  G P-1572  from  th e  N a tio n a l 
S cience F o u n d a tio n .

(3) N a tio n a l S cience F o u n d a tio n  C o o p e ra tiv e  G ra d u a te  Fellow , 1961- 
1962; N a tio n a l In s t i tu te s  of H e a lth  P re d o c to ra l F ellow , 1962-1963.

(4) I t  is n o t th e  p u rp o se  of th is  d iscussion  to  a t te m p t  to  p re s e n t a  co m p re 
h en s iv e  rev iew . F o r  le ad ing  references a n d  a n  excellen t d iscussion  th e  read e r 
is re fe rre d  to  th e  rev iew s b y  M e la n d e r  ( " Is o to p e  E ffec ts  on  R e a c tio n  R a te s ,”  
R o n a ld  P ress, N ew  Y ork , N . Y ., 1960), b y  Z o llinger (“ A d v an ces  in  P h y sica l 
O rg an ic  C h e m is try ,"  Vol. I I ,  V. G old , E d ., A cadem ic  P ress  In c .,  N ew  Y o rk , 
N . Y ., 1964, pp  163-200), a n d  b y  H a le v i ("P ro g re ss  in  P h y sica l O rg a n ic  
C h e m is try ,”  Vol. I , S. G . C ohen , A. S tre itw ie se r, J r . ,  a n d  R . W . T a f t ,  E d ., 
In te rsc ie n c e  P u b lish e rs , In c ., N ew  Y o rk , N . Y ., p p  109 -221 ).

(5) T . G . B o n n er, F . B ow yer, a n d  G . W illiam s, J .  Chem. Soc., 2650 (1953).
(6) P . B . D . D e la  M are , T . M . D u n n , a n d  J . T . H a rv ey , ib id ., 923 (1957).
(7) H . Z ollinger, Helv. C him . A c ta , 38 , 1597 (1955).
(8) E . G ro v en s te in , J r . ,  a n d  D . C . K ilb y , J . A m er . Chem . Soc., 79, 2972 

(1957).
(9) S. F . M aso n  a n d  P . G. F a rre ll, N ature , 183, 250 (1959).
(10) E . B erlin e r a n d  K . E . S chueller, Chem. In d .  (L o n d o n ), 1444 (1960),

in  th e  azo co up lin g  re a c tio n  o f p -ch lo robenzened i- 
azon ium  io n  w ith  tr im e tho xybe n zen e  is inverse , fcT/fc H 
=  1.13. V e ry  re ce n tly  K resge  and C h ia n g 12 also 
re po rte d  an inverse  secondary iso tope  e ffec t in  th e  
a ro m a tic  h yd ro ge n  exchange o f trim e tho xybe n zen e , 
k u / k u  =  0.90. S tre itw ie s e r13 has p o in te d  o u t th a t  o n ly  
m odest secondary effects are to  be expected in  th e  
fo rm a tio n  o f th e  W h e la nd  in te rm e d ia te  as a re s u lt o f 
th e  co un te rba lan c in g  influences o f th e  change in  
h y b r id iz a t io n  and  o f h yp e rco n ju g a tio n . T h e  resu lts  o f 
K resge and C h ia n g 12 and o f H e lg s tra n d  and  L a m m 11 

suggest th a t  th e  re s u lta n t o f these in fluences w i l l  
g ene ra lly  be a v e ry  sm a ll inverse  e ffect. T h is  is con
s is te n t w ith  th e  resu lts  o f B a tts  and  G o ld . 14

P a rt ic u la r ly  p e r t in e n t to  th e  p resent d iscussion are 
th e  resu lts  o f S chu b ert and h is  s tuden ts  on th e  m echa
n ism  o f th e  d e ca rb o n y la tio n  o f a ro m a tic  a ldehydes 15 

w h ic h  showed th a t  p ro to n  a tta c k  on  th e  a ro m a tic  r in g  
o f m es ita ldehyde  o r o f 2 ,4 ,6 -tr iisop ro py lbe n za ld eh yde  
was n o t so le ly  th e  ra te - lim it in g  step, b u t  th a t  th e  
d ecom pos ition  o f th e  W h e la nd  in te rm e d ia te  was p a r t ly  
ra te  l im it in g .  E v id e nce  fo r  th is  was adduced fro m  th e  
observed iso tope  e ffect w ith  m es ita lde h yd e -a -d  and  th e  
so lve n t iso tope  effect.

T h e re  are stud ies o f d e u te r iu m  iso tope  effects in  
a ro m a tic  a c y la tio n  reactions o f th e  F r ie d e l-C ra fts  ty p e , 
w h ich  have  been o f th e  second-type, c o m p e tit iv e  expe ri
m ents. D e n ne y  and K le m c h u k 16 have  re p o rte d  th a t  
th e  c y c liz a tio n  o f 2 - ( 2 '-d e u te r io p h e n y l) benzo ic acid  to  
fluo renone  u n d e r a v a r ie ty  o f co n d itio n s  shows an 
iso tope  e ffec t as m easured b y  th e  d e u te r iu m  c o n te n t o f 
th e  p ro d u c t. Jensen has re p o rte d 17 th a t  benzene-d6 is 
b enzoy la ted  1 . 6  tim es  m ore  s lo w ly  th a n  benzene; th a t  
to luene-4 -d i shows k u / k j ,  o f 2.4 on  b en zo y la tio n  in

(11) E . H e lg s tra n d  a n d  B . L a m m , A rk . K em i,  20, 193 (1960).
(12) A. J . K resge  a n d  Y . C h iang , J . A m er. Chem . Soc., 89 , 4411 (1967).
(13) A . S tre itw ie se r, J r . ,  R . H . Jag o w , R . C . F a h e y , a n d  S. S u zu k i, ib id ., 

80 , 2326 (1958).
(14) B . D . B a t ts  a n d  V. G old , J . Chem . Soc., 4284 (1964).
(15) W . M . S c h u b e rt a n d  R . E . Z ah ler, J .  A m er. Chem. Soc., 76, 1 (1964); 

W . M . S c h u b e rt a n d  H . B u rk i t t ,  ib id ., 78 , 64 (1956); W . M . S c h u b e r t  a n d
P . C. M y h re , ib id ., 80, 1755 (1958).

(16) D . B. D e n n e y  a n d  P . P . K lem ch u k , ib id ., 80 , 3285, 6014 (1958).
(17) E x p e rim e n ts  b y  F . R . J en sen  a re  re p o r te d  in  " F r ie d e l-C ra f ts  a n d  

R e la te d  R e a c tio n s ,”  Voi. I l l ,  P a r t  2, G . A. O lah , E d ., In te rsc ie n c e  P u b 
lishers, In c ., N ew  Y o rk , N . Y ., 1964, p p  1017 a n d  1028.
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benzoyl ch lo rid e  s o lu tio n ; and th a t  th e re  is a k in e tic  
isotope e ffect in  th e  b en zo y la tio n  o f naph tha lene .

In  o rde r to  ga in  m ore  in s ig h t in to  th e  la te r  stages o f 
th e  convers ion  o f o -benzoylbenzo ic ac id  in to  a n th ra 
qu inone  we have  d e te rm ine d  b o th  th e  k in e tic  isotope  
e ffect and th e  p ro d u c t com p o s itio n  fo r  th e  cy c liz a tio n  
o f 2 - ( 2 '-deu te riobenzoy l)benzo ic  ac id  und e r a v a r ie ty  
o f cond itions .

E xp e rim e n ta l S e c tio n 18

2-Deuteriochlorobenzene.—In a 1-1., three-necked, round- 
bottomed flask, equipped with a pressure-equalized addition 
funnel, a stirring bar, and a condenser, was placed 28 g of mag
nesium turnings. The entire system was flushed carefully with 
dried nitrogen while warming. Through the third neck, ether 
(50 ml) dried over lithium aluminum hydride, was distilled 
directly into the flask. To complete the drying process 10.9 g, 
of ethyl bromide was added slowly. The remainder of the ether 
(500 ml) was distilled in and 191 g of o-bromochlorobenzene19 was 
added slowly. After an additional 1 hr of stirring at room tem
perature, deuterium oxide (50 g) was added dropwise and cau
tiously. Working up in the usual fashion afforded 57.3 g (50%) 
of pure 2-deuteriochlorobenzene: bp 129-130° (spinning-band 
column), ra20d  1.5237 (lit.20 bp 129.7-130.4°, t i 26d  1.5210.

2- (2 '-D eut eriob enzoy 1 )b enzoic Acid.—The Grignard reagent 
was prepared from 8.75 g of magnesium and 37.5 g of 2-deuterio- 
chlorobenzene in 75 ml of tetrahydrofuran following the procedure 
of Ramsden, et cl.2'

Occasional heating was required to maintain the reaction. 
The clear brown solution of 2-deuteriophenylmagnesium chloride 
was diluted with 170 ml of dry tetrahydrofuran and added slowly 
to a solution of 44.5 g of phthalic anhydride in 300 ml of tetra
hydrofuran. After addition was complete, the resulting sus
pension was stirred at room temperature 1.5 hr, then heated 
under reflux 1 hr.

After cooling, most of the tetrahydrofuran was removed with 
a rotary evaporator. To the sticky, yellow residue was added 
300 ml of cold water followed by enough concentrated hydro
chloric acid to make the solution acidic. A yellow oily layer 
separated and was taken up by extraction with three portions of 
ether. The combined clear yellow ether layer was washed well 
with saturated sodium chloride solution, then extracted with 
three 120-ml portions of 10% sodium carbonate. The clear 
yellow combined aqueous extracts were boiled twice with charcoal 
and filtered (very little of the color was removed), cooled, and 
acidified with cold, concentrated hydrochloric acid. A light beige 
solid separated and was extracted with three 100-ml portions of 
ether. (A very intractable emulsion was encountered in these 
extractions.) The combined ether layers were filtered, washed 
with sodium chloride solution, and dried over sodium sulfate. 
After filtering, the ether was removed and the solid residue taken 
up in 200 ml of cold chloroform. Filtration removed a small 
amount of insoluble phthalic anhydride and evaporation of the 
chloroform gave 51.5 g of an ivory-colored solid, mp 122-130°.

This crude material was divided into four batches. Each batch 
was separately dissolved in the minimum amount of methylene 
chloride and pipetted onto a fresh 200 g column of silica gel wet 
packed in 2% methanol in methylene chloride. Elution with 
the same solvent mixture gave a combined total of 41.6 g (61.5%) 
of off-white material, mp 126-128°. Recrystallization from 40% 
benzene in cyclohexane yielded 37.6 g (55.5%) of 2-(2'-deuterio- 
benzoyl)benzoic acid as white platelets, mp 127.5-128.5°.

(18) M e ltin g  p o in ts  w ere  d e te rm in e d  in  a  H ersh b e rg  a p p a ra tu s  ex c ep t as 
n o te d . In f ra re d  s p e c tra  w ere ta k e n  using  a  P e rk in -E lm e r M odel 137 In f ra -  
cord.

(19) o -B rom och lo robenzene w as pu rified  b y  ca re fu l d is ti lla tio n  th ro u g h  a  
90-cm  sp in n in g -b a n d  co lum n . A  c e n te r  c u t bo iling  a t  72° (9 m m ) w as col
lec ted . V ap o r p h a s e  c h ro m a to g ra p h y  (silicon o il co lum n  a t  142°) show ed  
th is  m a te r ia l to  b e  hom ogeneous excep t fo r a  tr a c e  im p u r ity  w h ich  h a d  th e  
sam e  re te n tio n  tim e  a s  p -  o r  ra-b rom och lo robenzene. A u th e n tic  1%  so lu 
tio n s  of th e se  isom ers in  th e  d is tille d  o -b rom och lo robenzene w ere p re p a re d  
a n d  an a ly z e d  b y  v p c . C o m p a riso n  of th e  re la tiv e  p ea k  h e ig h ts  w ith  th e se  
ch ro m a to g ram s  show ed  t h a t  th e  t r a c e  im p u r ity  p re s e n t in  o -b rom och lo ro 
benzene  a m o u n te d  to  no  m o re  th a n  0 .1 % .

(20) J .  D . R o b e rts , D . A. S em enow , H . E . S im m ons, J r . ,  a n d  L. A . C arl-  
sm ith , J .  A m er . Chem. Soc., 78, 601 (1958).

(21) H . E . R am sd e n , A . E . B a lin t, W . R . W h itfo rd , J .  J .  W a lb u rn , a n d
R . C serr, J .  Ory. Chem ., 22, 1202 (1957).

An analytical sample, mp 128-129°, was prepared by four re
crystallizations from benzene-cyclohexane and sublimation at 
100° (0.05 mm).

Anal. Calcd for Ci4HgD 03: 10.00 atom % excess D.
Found:22 9.50 atom % excess D.

2- Chloro-6-deuteriotoluene.—Freshly distilled 3-chloro-2- 
methylaniline was converted into 2-bromo-6-ehlorotoluene by 
the procedure of Carpenter and Easter:23 bp 68-69° (4 mm) [lit.23 
bp 60° (3 mm)], n20D 1.5790 (lit.23n20D 1.5791). The conversion 
of 2-bromo-6-chlorotoluene into 2-chloro-6-deuteriotoluene was 
carried out as described for the preparation of 2-deuteriochloro
benzene. The yield of material, bp 67° (35 mm), nKd 1.5257, 
was 77%.

3- Deuterio-2-methylbenzhydrol.—The Grignard reagent was 
prepared from 5.15 g of magnesium and 27.0 g of 2-chloro-6- 
deuterioto'uene in 50 ml of dry tetrahydrofuran, initiated with a 
few drops of ethyl bromide and maintained at reflux for 1.5 hr. 
To the Grignard solution was added slowly 22.5 g of freshly dis
tilled benzaldehyde in 35 ml of tetrahydrofuran.

After cooling, the suspension was hydrolyzed with 200 ml 
saturated ammonium chloride solution. Organic material which 
separated as a yellow upper layer was extracted with three por
tions of ether. The combined ether extracts were washed several 
times with brine and dried over sodium sulfate. Filtration 
followed by removal of ether with a rotary evaporator produced 
an oily yellow semisolid. Recrystallization of this material from 
300 ml of petroleum ether (30-60°) gave 29.8 g (71%) of ivory- 
colored prisms, mp 90.0-92°. Further recrystallization includ
ing two treatments with Norit gave pure 3-deuterio-2-methyl- 
benzhydrol as brittle clumps of white prisms, mp 90.5-92° (lit.21 
mp 90.5-91.0°).

The C-D band at 4.45 n is clearly visible in the infrared spec
trum of this material. In contrast, the spectrum of 2-methyl- 
benzhydrol is completely free of absorption in this region. The 
two spectra also show subtle differences in the fingerprint region 
and in the intensity of the two strong bands at 6.7 and 6.9 ¿i.

2-Benzoyl-6-deuteriobenzoic Acid.—Chromium trioxide (40 g, 
0.4 mol) was stirred into a mixture of 350 ml of glacial acetic 
acid, 10 ml of concentrated sulfuric acid and 100 ml of water. To 
this solution was added 11.92 g (60 mmol) of 3-deuterio-2-methyl- 
benzhydrol in several portions. After the initial exothermic reac
tion subsided, the reaction mixture was heated under reflux 8.5 
hr, cooled, and poured over 500 g of ice. Sodium bisulfite was 
added to destroy excess chromium trioxide. The solution was 
further diluted with 2 1. of cold water and extracted with two 
500-ml portions of ether. The combined ether extracts were 
washed carefully with water to remove residual chromium salts. 
The concentrated ether extracts were extracted with 125 ml of 
10% sodium bicarbonate and the basic solution was cooled and 
acidified with concentrated hydrochloric acid to give a white 
solid. One recrystallization from 30% benzene in cyclohexane 
yielded 6.4 g (47%) of white crystals of 2-benzoyl-6-deuterio- 
benzoic acid, mp 124.5-126.5°. An additional recrystallization 
provided material melting at 127-128.5°. The infrared spectrum 
of this material differed substantially from that of 2-(2'-deuterio- 
benzoyl)benzoic acid as well as from that of ordinary o-benzoyl- 
benzoic acid.

1-Deuterioanthraquinone.—In a 100-ml flask was placed 2.5 g 
of 2-benzoyl-6-deuteriobenzoie acid and 20 ml of concentrated 
sulfuric acid. The resulting clear solution was protected with a 
calcium chloride drying tube and magnetically stirred while 
heated to 100° for 4 hr. The reaction mixture was then cooled 
and poured over 1Q0 g of ice to give a woolly, voluminous tan 
solid. To coagulate the solid, this aqueous suspension was 
heated to boiling for a few minutes. After cooling, the solid 
was collected by suction filtration and washed well with several 
portions of hot water, then with dilute ammonium hydroxide, 
and again with hot water. The crude product was dried in the 
oven and recrystallized from toluene. A second recrystallization 
gave 2.05 g (90%) of 1-deuterioanthraquinone as long, silky 
needles, mp 284-286° (Kofler hot stage, corrected).

Three recrystallizations from toluene followed by drying (78° 
at 0.1 mm) and sublimation (135° at 0.05 mm) provided an 
analytical sample, mp 285-286° (hot stage).

(22) D e u te riu m  an a ly se s  w ere b y  J .  N e m e th , U rb a n a , 111., unless o therw ise  
in d ic a te d .

(23) M . S. C a rp e n te r  a n d  W . M . E a s te r , J .  Org. Chem ., 20, 401 (1955).
(24) S. W . K a n to r  a n d  C . R . H au ser, J .  A m er. Chem. Soc., 73 , 4122 (1951).
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Anal. Calcd for C14H7DO2: 12.50 atom % excess D.
Found: 12.30 atom % excess D (98.5%) (an independent mass
spectral analysis gave a value of 98.4%).25

This experiment also serves to establish that deuterioanthra- 
quinone is stable under the experimental conditions for its forma
tion and does not suffer loss of deuterium.

Kinetic Procedures. General Method.—All kinetic runs were 
conducted in “ twinned pairs” using 1-cm quartz cells mounted 
within the cell compartment of a Beckman DU spectrophotom
eter equipped with dual thermospacers. For any given run, 
solutions of 2-(2'-deuteriobenzoyl)benzoic acid and o-benzoyl- 
benzoic acid in the appropriate sulfuric acid were prepared just 
before use (as described below). The acid used to make these 
solutions was always withdrawn by pipet from the same batch 
of sulfuric acid which had been previously standardized. Acid 
used for the reference cell was likewise removed from the same 
batch of sulfuric acid for any given run. All three cells were then 
placed in the Beckman compartment and allowed to equilibrate 
for 20-25 min. Changes in optical density due to absorption of 
the product anthraquinone were recorded in the usual fashion by 
taking readings at appropriate intervals, first of the 2-(2'-deu- 
teriobenzoyl)benzoic acid solution and then of the o-benzoyl- 
benzoic acid solution. The wavelength used varied in the range 
269-281 m/r depending on the strength of the sulfuric acid sol
vent. Infinity points were taken after (at least) 10 half-lives.

Calculation of the Data.—Raw optical density data were con
verted into per cent unreacted and were plotted vs. time. The 
first-order plots remained linear to at least 90% reaction. Rate 
constants were obtained from slopes of lines in the usual fashion.

Preparation of Solutions.—Stock amounts of the kinetic acids 
were prepared by diluting 30% fuming sulfuric acid to the desired 
concentration with sulfuric acid. Ordinary reagent grade sul
furic acid was used without further purification. All kinetic 
acids were titrated in triplicate using approximately 1 N  sodium 
hydroxide which had been freshly standardized against potassium 
acid phthalate.

Stock solutions of 2-(2'-deuteriobenzoyl)benzoic acid and 0- 
benzoylbenzoic acid were prepared by weighing out approxi
mately 1.7 mg of each material in 100-ml volumetric flasks. 
Filling to the mark with chloroform provided solutions close to
7.5 X 10-5 M . Just before a kinetic run, a 1-ml aliquot of each 
solution was withdrawn and pipetted into a separate 10-ml volu
metric flask. The chloroform was then evaporated in a gentle 
stream of dry nitrogen, and both flasks were dried for a short time 
in the oven before being filled to the mark with stock sulfuric 
acid of the desired concentration. After being thoroughly shaken 
these sulfuric acid solutions were transferred to 1-cm cells by 
means of a pipet. The concentration of the solutions used for 
kinetic runs was thus approximately 7.5 X 10-4 M .

Analysis of Standard Mixtures.—Approximately 20 mg of pure 
anthraquinone and 40 mg of pure 1-deuterioanthraquinone were 
accurately weighed into a small flask. The mixture was dissolved 
in benzene to assure homogeneity. After evaporation of the 
benzene in a stream of dry nitrogen, the anthraquinone was sub
limed to give a sample for mass spectral analysis. Mass spectra 
were obtained at low ionizing voltages (10-15 V)26 and the parent 
peaks were used to calculate the percentage of 1-deuterioanthra
quinone present. Table I presents results of five determinations.

T a b l e  I
A n a l y s is  of S t a n d a rd  M ix t u r e s  o f  A n t h r a q u in o n es  

% 1-deuterioanthraquinone by 
weight 62.9 60.6 63.6“

% 1-deuterioanthraquinone by ---------- ---------- -
mass spectra 63.0 61.2 64.2,63.4,64.1
“ This sample was sublimed in three successive fractions and 

each analyzed.

Product Isolation.—Approximately 1 g of 2-(2'-deuterio- 
benzoyl)benzoic acid was weighed out into a 25-ml volumetric 
flask. The flask was filled with sulfuric acid of the appropriate 
concentration and placed in an oil bath at 70°. After a period 
of time corresponding to 10-12 half-lives, the flask was removed 
from the bath and cooled, and the contents were poured over ice.

(25) T h e  m ass sp e c tra  w ere d e te rm in ed  w ith  a  C E C  M odel 21-103 C  m ass
s p e c tro m e te r  eq u ip p ed  w ith  an  ion  m u ltip lie r . W e th a n k  M iss  S. F i r th  for
o b ta in in g  th e  m ass  sp e c tra .

The precipitate was filtered and washed thoroughly with water, a 
small amount of ammonia, and then again with water. The 
dried anthraquinone was crystallized from toluene, and sublimed 
to give a sample for mass spectral analysis.

A further control experiment in which a sample of 1-deuterio
anthraquinone was heated with fuming sulfuric acid showed no 
loss of deuterium.

R esu lts  and  D iscuss ion

K in e t ic  M e a su rem e n ts .— T h e  resu lts  o f a series o f 
k in e tic  m easurem ents are presented in  T a b le  I I .  A b ove  
1 0 0 %  s u lfu r ic  acid , th e  k in e tic  isotope  e ffec t /chA d 
rem ains n e a rly  constan t. B e low  100%  s u lfu r ic  acid  
th e  va lue  fo r  &h A d  g ra d u a lly  increases. H o w eve r, 
co n c u rre n tly  th e  ra te  o f fo rm a tio n  o f a n th ra q u in o n e  
rem a ins n e a rly  cons tan t fro m  97 to  100%  s u lfu r ic  acid , 
and  is som ew hat h ighe r in  fu m in g  s u lfu r ic  acid . I n  
9 7%  s u lfu r ic  acid  (a t 70°) o-benzoylbenzo ic acid  is 
s u b s ta n tia lly , b u t n o t e n tire ly , conve rted  in to  th e  
la c to l ca rb o n iu m  ion . I t ,  the re fo re , appears th a t  th e  
k in e tic  isotope effects be low  1 0 0 %  s u lfu r ic  a c id  are 
m ed ia ted  b y  a secondary isotope e ffect on th e  e q u ilib 
r iu m  fo rm a tio n  o f the  la c to l ca rbon ium  ion .

T a b l e  II
R a t e  o f  C y c l iz a t io n  o f  o- B e n z o y l b e n z o ic  A cid  and

2-(2 -D e u t e r io b e n z o y_l )b e n z o ic  A cid  a t  70 .0°

Run
wt %
H.SOi

lCKA-obA,
s e c -1

1 ORobad , 
sec-1 kn/ko

A v erage
¿hA d

1 97.13 1.27 0.987 1.29
2 97.13 1.28 0.998 . 1 . 2 8 1.28 ±  0.02
3 97.13 1.26 0.998 1.26
4 98.18 1.46 1,20 1.22 1.22
5 98.18 1.45 1.20 1.21
6 99.23 1.56 1.35 1.16 1.16
7 99.23 1.56 1.34 1.16
8 100.3 1.53 1.39 1.10
9 100.3 1.56 1.38 1.13 1.13 ±  0.03

10 100.3 1.61 1.39 1.16
11 101.3 1.98 1.66 1.19 1.19 ±  0.01
12 101.3 1.97 1.67 1.18
13 101.3 1.97 1.65 1.19
14 102.1 2.39 2.03 1.18 1.18
15 102.9 2.98 2.45 1.22
16 102.9 2.85 2.40 1.19 1.20 ±  0.02
17 102.9 2.90 2.41 1.20

P ro d u c t Is o la tio n .— C y c liz a tio n  o f 2 -(2 '-d e u te r io - 
benzoyl) benzoic acid  g ives a m ix tu re  o f a n th ra qu ino n e  
and 1 -deu te rio a n th ra qu ino n e . T h e  percentage o f 1- 
d e u te rio a n th ra qu ino n e  fo rm ed  in  e ig h t d if fe re n t su l
fu r ic  acid  m ed ia  is g iven  in  T a b le  I I I .

T a b l e  III
P e r c e n t a g e  o f  1 - D e u t e r io a n t h r a q u in o n e  in  

A n t h r a q u in o n e  P ro d uct  M ix t u r e s

%
w t  % H iSO i l-D e u te r io a n th ra q u in o n e

97.13 56.6
98.18 57.5
99.23 58.3

100.3 59.2
101.3 60.0
102.1 60.7
102.9 61.2
104.9 62.6
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I t  is to  be no ted  th a t th e  fra c tio n  o f d e u te riu m  re
ta ined  increases sm o o th ly  fro m  9 7%  s u lfu r ic  ac id  to  
105%  su lfu ric  acid. T h is  is in  co n tra s t to  th e  b eh a v io r 
o f th e  measured k in e tic  isotope effects discussed above.

In  e va lua tin g  th e  sign ificance o f these resu lts  i t  is 
w o rth w h ile  to  consider f ir s t  th e  p o s s ib ility  th a t  fo r 
m a tio n  o f the  W h e la nd  in te rm e d ia te  is ra te  l im it in g  and  
fo llow ed  b y  a fa s t collapse to  p roducts . T h is  p ic tu re  
o f th e  reaction  sequence is incons is ten t w ith  th e  gen
e ra lly  accepted conclusion  th a t  the re  is n o t a s u b s ta n tia l 
isotope effect in  th e  fo rm a tio n  o f th e  W he land  in te r 
m ed iate. W ere th is  p ic tu re  co rrec t th e  ra tio  (&iH'D/  
&iHD') ( H 'D  su pe rsc rip t sign ifies a tta c k  a t th e  h y d ro 
gen s ite ; H D '  supe rsc rip t s ignifies a tta c k  a t the  
d eu te riu m  s ite ) w o u ld  have to  v a ry  fro m  1.3 to  1.6, 
v e ry  m uch  la rg e r th a n  a n y  p re v io u s ly  observed secon
d a ry  iso tope  effects in  th e  a ro m a tic  s u b s titu t io n  p ro 
cess.

T hus , we conclude th a t  these k in e tic  and p ro d u c t 
isotope  effects dem onstra te  th a t  decom pos ition  o f th e  
W h e la nd  in te rm e d ia te  is p a r t ia lly  ra te  l im it in g . D e n 
ney  and K le m c h u k 16 have concluded th a t  th is  same 
s itu a tio n  ob ta ins  in  th e  fo rm a tio n  o f fluorenone fro m
o-phenylbenzoic  acid.

C onsider th e  s itu a tio n  sum m arized  in  C h a rt I .

C h a r t  I

T h e  ra te  o f fo rm a tio n  o f deu te ra ted  a n th ra qu ino n e  
fro m  2 - ( 2 '-de u te rio be n zoy l) ac id  m ay  be d ire c t ly  ob
ta in e d  b y  m a k in g  use o f th e  know ledge  o f th e  fra c tio n  
o f d e u te riu m  re ta in ed  in  th e  p ro d u c t an th ra qu ino n e . 
C o rrec tin g  th e  observed to ta l ra te  o f fo rm a tio n  o f

a n th ra qu ino n e  in  th is  fash ion  leads to  th e  resu lts  ta b 
u la te d  in  co lum n  2 o f T a b le  IV .  T h is  ra te  is g iven  b y  
eq 1 in  w h ich  i t  is to  be no ted  th a t  th e  ra te  constants

fcob.dH' D =  fclH,D/C3H' D/ ( f c 2H'D +  f c H' D) ( 1 )

in v o lv e  o n ly  in d ire c t and secondary iso tope  effects. 
T h is  ra te  o f re ac tio n  m a y  fu r th e r  be com pared w ith  
th e  ra te  o f fo rm a tio n  o f o rd in a ry  a n th ra q u in o n e  fro m  
benzoylbenzo ic acid  (s ta tis t ic a lly  co rrected b y  fa c to r 
o f 2) w ith  th e  resu lts  g iven  in  co lum n  4 o f T a b le  IV .  I t

T a b l e  I V

D e r i v e d  I s o t o p e  E f f e c t s

O, b,
10< 10*

i.H 'D  i,H 'D i 1HO' i !HD' ,------------- — C--------------- N
k P ' D +  ¡¡..H'D +  k P ™ V A HH >A t HH

W t %  H jSO . s e c -1 s e c -1 fcH'D k ™ '

9 7 . 1 3 0 . 5 6 0 . 4 3 1 .1 3 1 . 4 8
9 8 . 1 8 0 . 6 9 0 . 5 1 1 .0 6 1 . 4 3
9 9 . 2 3 0 . 7 8 0 . 5 6 0 . 9 9 4 1 . 3 9

1 0 0 .3 0 . 8 2 0 . 5 7 0 . 9 5 7 1 .3 9
1 0 1 .3 1.00 0.66 0 . 9 9 0 1 . 4 8
102.1 1 . 2 3 0 . 8 0 0 . 9 7 1 1 . 5 0
1 0 2 .9 1 .4 8 0 . 9 0 0 . 9 8 0 1 . 5 5

“ Rate of formation of deuterioanthraquinone. b Rate of for
mation of ordinary anthraquinone. c Average in region 99-103% 
H2S 04, 0.978 ±  0.01.

is to  be no ted  th a t  th e  re su ltin g  isotope  e ffect is v e ry  
sm a ll and s lig h t ly  inverse ; in  th e  reg ion  betw een 99 
and 103%  s u lfu r ic  acid, &hA d is 0.978 ±  0.01.

S im ila r ly , th e  fra c tio n  o f o rd in a ry  a n th ra qu ino n e  
ob ta in ed  fro m  2 - ( 2 '-deu te rio be n zoy l)be n zo ic  ac id  a llows 
c a lcu la tio n  o f th e  ra te  o f re ac tio n  a t th e  d e u te riu m  site  
(co lu m n  3, T a b le  IV . )  T h is  ra te  (eq 2 ) now  represents

fcobsd™ ' =  fclHD'f a  H D '/ffe H D ' +  ^ H D ')  ( 2 )

a co m b ina tio n  o f secondary isotope effects (/lth d ' and 
fc2HD') in  th e  fo rm a tio n  o f th e  W h e la nd  in te rm e d ia te  
and its  revers ion  to  its  p recursor. I n  a d d itio n  the  
im p o r ta n t p r im a ry  isotope e ffect in v o lv e d  in  th e  de
com pos ition  o f th e  W h e la n d  in te rm e d ia te  to  p roducts  
(k 3l u y ) is encompassed in  th e  ra tes g ive n  in  co lu m n  3 o f 
T a b le  IV .  T h e  isotope e ffect in v o lv e d  is ca lcu la ted  in  
co lum n  5 in  T a b le  V , and  is 1.46 ±  0.05.

T hus, th e  secondary isotope effects are n eg lig ib le ; 
a p r im a ry  isotope e ffect is ope ra tive , and  hence, th e  
decom position  o f th e  W h e la nd  in te rm e d ia te  is p a r t ia lly  
ra te  lim it in g .

R e g is try  N o .— A n th ra q u in o n e , 8 4 -6 5 -1 ; 2 -(2 '-de u - 
te rio b e n zo y l) benzoic acid , 15733-67-2; 2 -ch loro -6-deu- 
te rio to lue n e , 15733-68-3; 2 -benzoy l-6 -deu te riobenzo ic  
acid , 15733-69-4; 1 -de u te rio an th raq u in o ne , 7302-30-9;
o-benzoylbenzo ic acid , 85-52-9.
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W hereas severa l w orkers have  s tu d ie d  th e  e ffect o f 
s u b s titu e n ts  on  th e  b a s ic ity  o f th e  n itro g e n  in  q u in o 
lin e , 2' 3 v e ry  l i t t le  w o rk  has been re po rte d  on  th e  tra n s 
m iss ion  o f s u b s titu e n t effects to  o th e r re ac tio n  sites in  
th e  q u in o lin e  nucleus. One such s tu d y  was conducted  
b y  I l lu m in a t i ,  w ho , a long  w ith  severa l cow orke rs , 3’4 

in ve s tig a te d  th e  ra tes o f m e th o xy  d e c h lo r in a tio n  o f 2 - 
and  4 -ch lo ro q u ino lin e s  w ith  s u b s titu e n ts  in  va rio us  
pos itions  b o th  in  th e  he te ro cyc lic  r in g  and in  th e  carbo- 
c yc lic  r in g . S ince th is  re ac tio n  invo lve s  n uc le o p h ilic  
a tta c k  d ire c t ly  on  th e  r in g , th e  H a m m e tt s u b s titu e n t 
constan ts  are <r~ va lues.

In  o rde r to  e va lua te  th e  a p p lic a b il ity  o f th e  H a m m e tt 
e q u a tio n  to  th e  transm iss ion  o f s u b s titu e n t effects in  
q u in o lin e  us ing  a re a c tio n  w here  n o rm a l a  va lues cou ld  
be em p loyed , we exam ined a series o f s u b s titu te d  
q u in o lin e c a rb o x y lic  acids. T w o  sets o f acids were 
s tud ied , q u in o lin e -2 -c a rb o x y lic  acids ( I )  s u b s titu te d  
in  th e  4, 6 , and  8  pos itions  and q u in o lin e -4 -e a rb o xy lic  
acids ( I I )  s u b s titu te d  in  th e  2 p os ition .

I  I I

R esu lts  and  D iscuss ion

pK & V a lues.— These va lues were de te rm ined  b y  po- 
te n tio m e tr ic  t i t r a t io n .  T h e  so lven t em p loyed  was 
44.25%  (w /w )  aqueous e thano l. T h e  va lues ob ta in ed  
are g iven  in  T a b le  I .  C o rrec tions were m ade fo r  th e  
m ed ium  e ffect and th e  res idua l liq u id - ju n c t io n  e rro r .6

D a ta  U sed  in  C o rre la tion s .— A  com prehensive th e o ry  
fo r  c a lcu la tin g  s u b s titu e n t constan ts  in  a rom a tic  sys
tem s was suggested b y  D e w a r and G risd a le . 6 A c 
co rd ing  to  th is  th e o ry , th e  a co ns ta n t fo r  a s u b s titu e n t 
a t p o s itio n  i  w hen th e  re a c tio n  s ite  is a t p o s itio n  j is 
g ive n  b y  eq 1 w here  r,j is th e  d is tance  ( in  benzene C -C

o-ij =  F /m  +  A/ga (1)

bond  leng ths) betw een p os ition s  i  and  j ,  and  is th e  
fo rm a l charge a t p o s itio n  j p roduced  b y  a tta c h in g  th e  
- C H 2_ g roup  a t p o s itio n  i. F  is a m easure o f th e  fie ld

(1) A b s tra c te d  in  p a r t  from  th e  P h .D . D is se r ta t io n  of C. W . D o n a ld so n , 
U n iv e rs ity  of P en n sy lv a n ia , P h ila d e lp h ia , P a ., 1967.

(2) A. A lb ert, R . J . G o ldacre , a n d  J .  P h illip s , J .  Chem. Soc., 2240 (1948); 
W. K . M iller, S. B . K n ig h t, a n d  A. R oe, J .  A m er. Chem. Soc., 72, 4763 
(1950); S. B . K n ig h t, R . H . W allick , a n d  J . B ow en, ib id ., 76, 3780 (1954); 
S. B . K n ig h t, R . H . W allick , a n d  C . B alch , ib id ., 77, 2577 (1955); A. B ryson , 
ib id ., 82, 4871 (1960); M . C h a rto n . J .  Org. Chem ., 30, 3341 (1965).

(3) E . B ac iocch i a n d  G . I l lu m in a ti, Gaze. C him . l i a i ,  87, 981 (1957).
(4) G . I l lu m in a ti  a n d  G . M arin o , J .  A m er. Chem. Soc., 80, 1421 (1958); 

E . B ac iocch i, G . I llu m in a ti,  a n d  G . M arin o , ibid., 80, 2270 (1958); M . L. 
Belli, G . I llu m in a ti,  a n d  G . M arin o , Tetrahedron, 19, 345 (1963).

(5) R . G . B a te s , “ D e te rm in a t io n  of p H ,"  J o h n  W iley  a n d  S ons, In c .,  N ew  
Y o rk , N . Y ., 1964, p  223.

(6) M . J .  S. D ew ar a n d  P . J . G risdale , J .  A m er. Chem . Soc., 84, 3548 
(1962).

T a b l e  I
p Ä „  V a l u e s  o f  Q u i n o l i n e c a r b o x y l i c  A c i d s  i n  44.25% ( w / w )  

A q u e o u s  E t h a n o l  a t  25 ±  0.1°
Acid No. p K , na Av dev*

Quinoline-2-carboxylic 1 4.95 5 2 .8
4-Aza 2 3.69 4 4.7
4-Chloro 3 4.28 5 3.7
4-Methoxy 4 6.29 4 2.4
6-Methyl 5 5.14 4 0 .5
8-Nitro 6 4.15 4 2.4

Quinoline-3-carboxylic 7 4.59 4 1.1
Quinoline-4-carboxylic 8 4.42 5 3.2

2-Bromo 9 3.38 5 3.6
2-Chloro 10 3.37 7 11.9
2-Hydroxy 11 3.46 5 9.3

“ Number of determinations. 6 In parts per thousand.

e ffect caused b y  th e  e le c tr ic  d ip o le  o f th e  s u b s t itu e n t-  
su bs tra te  bond , and M  is a measure o f th e  v - in d u c t iv e  
resonance e ffect o f th e  s u b s titu e n t. F  and  M ,  and  
u lt im a te ly , the re fo re , 0^ ,  can be expressed in  te rm s  o f 
a m and  ap fro m  th e  benzene series. T h is  is co nve n ie n t 
because th e re  are w e ll-es tab lished  va lues o f a m and a v ?  
T h e  a p p ro p ria te  re la tion sh ip s  fo r  tw o  fused s ix-m em - 
bered rin g s  were d e rived  b y  B a r l in  and  P e rr in , 8 and  i t  
was these re la tion sh ip s , a long w ith  th e  <rm and  <rv va lues 
o f M c D a n ie l and  B ro w n , w h ich  we used to  ca lcu la te  
s u b s titu e n t constan ts  fo r  use in  o u r co rre la tions . 
M c D a n ie l and  B ro w n  do n o t g ive  a <rm va lu e  fo r  th e  aza 
g ro u p ; so th e  va lu e  used was th a t  o f B a r l in  and  P e rr in . 9 

T a b le  I I  g ives th e  c  constan ts  w h ic h  we em p loyed  in  o u r 
co rre la tio n  stud ies.

C o rre la tion s .— T h e  u n m o d ifie d  H a m m e tt equ a tion  
was app lie d  to  these tw o  sets o f acids (see eq 2). T h e

P K  =  - p a  +  p K °  (2)

re a c tio n  co n s ta n t (p ), th e  s ta n da rd  d e v ia t io n  (s), th e  
co rre la tio n  coe ffic ien t ( r ) , and th e  regression in te rc e p t 
(p K °  ca lcd) were ca lcu la ted  us ing  th e  fo rm u la e  g iven  
b y  Ja ffé . 10 W e  app lied  eq 2 to  th e  d a ta  fo r  4-aza-,
4 -ch lo ro -, 6 -m e th y l- , 8 -n itro - , and u n s u b s titu te d  q u in o - 
lin e -2 -c a rb o x y lic  acids and fo u n d  p =  1.782, s =  0.063, 
and r  =  0.996. T hus , th e  confidence le ve l is  g rea te r 
th a n  99% .

T h e  regression in te rc e p t (p K °  ca lcd) was 5.00. T h is  
com pares fa v o ra b ly  w ith  th e  observed v a lu e  o f 4.95 fo r  
th e  p T fa o f q u in o lin e -2 -ca rb o x y lic  acid .

T h e  d a ta  fo r  4 -m e th o x yq u in o lin e -2 -ca rb o x y lic  ac id  
were n o t in c lu d e d  in  th e  c o rre la tio n  because th e  p K & 
fo r  th is  ac id  was m uch  h ig h e r th a n  expected. T h e  
m e th o x y  g roup  has a p o s itive  <jm va lu e  (e lec tron  w ith 
d ra w in g ) and  so th is  ac id  w o u ld  be expected to  be 
s tro ng e r th a n  th e  u n s u b s titu te d  acid . O n  th e  o th e r

(7) D . H . M cD an ie l a n d  H . C . B row n, J .  Org. Chem ., 23, 420 (1958).
(8) G . B . B a rlin  a n d  D . D . P e rr in , Q uart. Rev., 20, 82 (1966).
(9) G . B . B a rlin  a n d  D . D . P e rr in , ib id ., 20, 92 (1966).
(10) H . H . Ja ffé , Chem . Rev., 53, 191 (1953).

COoH
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T a b l e  II
S u b s t i t u e n t  C o n s t a n t s  U s e d  i n  C o r r e l a t i o n s

COOH R ela tio n sh ip  fo r
S u b s t itu e n t p osition a c a lcu la tin g  <rij b ”mC m
H 2 or 4 0.00 0.00 0.00
4-Aza 2 2 4 & m 0.73 0.73
4-Chloro 2 2 4 <Tm 0.373 0.373
4-Methoxy 2 2 4 G m 0.115 0.115
6-Methyl 2 2 6 0.58 a m -0 .0 6 9 -0 .0 4 0
8-Nitro 2 2 8 0.35 <7-m -(- 0.35 <rp 0.710 0.778 0.521
2-Bromo 4 1 3 O’ m 0.391 0.391
2-Chloro 4 1 3 O’ m 0.373 0.373
2-Hydroxy 4 1 3 <Tm 0.121 0.121

“ In order to use the available relationships for calculating an, the reaction center (j) has been designated the 1 position or the 2 posi
tion. Thus, the carboxyl group in quinoline-4-carboxylic acids is said to be at the I position, and the position of a substituent (i) is 
designated accordingly. b Reference 8. c Reference 7, except for the value of am for the aza group which is from ref 9.

hand, its  a v va lu e  is neg a tive  (e lec tron  d o n a tin g ). 
W hen  its  <r;j va lu e  is ca lcu la ted  fo r  transm iss io n  fro m  
the  4 p o s itio n  to  th e  h e te ro a tom  in  q u in o lin e , i t  is fo u n d  
to  be —0.415, in d ic a tin g  a v e ry  s tro n g  e lec tron  donor. 
I t  is possible, the re fo re , th a t  th e  4 -m e th o xy  g roup  
increases th e  b a s ic ity  o f th e  n itro g e n  to  such an e x te n t 
th a t  th e  ac id  exists in  th e  z w itte r io n ic  fo rm  ( I I I ) ,  and

I II

th e  p K & va lu e  de te rm ine d  in  o u r s tu d y  w o u ld  represent 
loss o f a p ro to n  fro m  n itro g e n  ra th e r  th a n  fro m  th e  
ca rb o xy l g roup . T h is  conclus ion  is con firm ed  b y  th e  
fa c t th a t,  w hen  th e  in fra re d  spectra  o f a ll th e  acids were 
s tud ied  in  th e  so lid  s ta te  in  K B r ,  o n ly  th is  acid  d id  n o t 
show an a bso rp tio n  b and  in  th e  1725-16S0-cm _1 region. 
F u r th e r  evidence fo r  fo rm  I I I  m a y  be o b ta in ed  b y  com 
p a rin g  th e  p K a o f th e  ac id  w ith  th a t  o f 4 -m e th o x yq u in - 
o lin e  w h ic h  is re p o rte d  to  be 6.65, in  w a te r, a t 2 5 ° .11 
T h is  com pares w e ll w ith  th e  va lu e  o b ta in ed  fo r  th e  
acid  (6.29) since th e  e le c tro n -w ith d ra w in g  2 -ca rb oxy la te  
g roup  w o u ld  be expected to  lo w e r th e  pK a. W h en  th e  
d a ta  fo r  4 -m e th o x yq u in o lin e -2 -ca rb o x y lic  ac id  were 
inc lud e d  in  th e  co rre la tio n , i t  was fo u n d  th a t  p =  2.308, 
s  =  0.656, and r  =  0.772. These va lues in d ica te  a poo r 
co rre la tio n .

T h e  d a ta  fo r  q u in o lin e -4 -c a rb o x y lic  acids were 
insu ffic ie n t fo r  a s ta tis t ic a l s tu d y . T h e  p K & o f 2- 
h y d ro x y q u in o lin e -4 -c a rb o x y lic  ac id  was n o t in c lu d e d  in  
th e  co rre la tio n  because o f th e  p ro b a b ili ty  th a t  th is  acid  
exists in  th e  ke to  fo rm  ( I V ) . E v id e nce  th a t  th is  is th e

case is p ro v id e d  b y  th e  in fra re d  spec tru m  o f th e  so lid  
ac id  in  K B r .  T h e  sp ec tru m  has a v e ry  s tro n g  am ide  
band  a t 1658 c m -1 . O n ly  th ree  acids were ava ila b le , 
the re fo re , in  th e  q u in o lin e -4 -c a rb o x y lic  ac id  series. 
T w o  o f these had  c lose ly re la te d  ch lo ro  and  b rom o

(11) M . C h a rto n , J .  A m er. Chem . Soc., 86 , 2033 (1964).

groups, and a s ta tis t ic a l s tu d y  o f these d a ta  w o u ld  n o t 
have  m uch  m ean ing. A  re ac tio n  co n s ta n t was ca lcu
la ted , how ever, b y  s u b s titu t in g  th e  a p p ro p ria te  d a ta  fo r
2 -b ro m o q u in o lin e -4 -ca rb o xy lic  ac id  in  eq 2. B y  th is  
means, i t  was fo u n d  th a t  p =  2.7. M o re  d a ta  are 
necessary before  an adequate  conclus ion  can be d raw n.

T a u to m e rism .— I t  is recognized th a t  the re  is a pos
s ib i l i ty  th a t  a ll o f these acids can ex is t to  some e x te n t in  
z w itte r io n ic  fo rm s  such as I I I .  T w o  g roups o f w orke rs  
have  exam ined th e  p rob lem s in v o lv e d  in  a p p ly in g  the  
H a m m e tt e qu a tion  to  ta u to m e r ic  system s . 1213 K a -  
b a c h n ik 12 13 showed th a t  th e  d isso c ia tio n  constan ts  o f 
ta u to m e r ic  acids fo llo w  th e  H a m m e tt e qu a tion  o n ly  
w hen th e  ta u to m e ric  e q u ilib r iu m  is s tro n g ly  sh ifte d  
to w a rd  one o f th e  fo rm s. O u r resu lts  in d ic a te  th a t  
th is  e q u ilib r iu m  is sh ifte d  to w a rd  th e  n e u tra l fo rm . 
A s a fu r th e r  te s t o f th e  p redom inance  o f th is  fo rm , a 
c o rre la tio n  s tu d y  was a tte m p te d  us ing  o u r p A a va lues 
fo r  th e  set o f 2 -acids, and s u b s titu e n t constan ts  fo r  
transm iss ion  to  th e  1 p o s itio n  ra th e r  th a n  th e  2  p o s itio n  
o f th e  q u in o lin e  r in g . I t  was fo u n d  th a t  p =  1.742, 
s =  0.371, and  r  =  0.933. T h us , th e  co rre la tio n  is 
poor, c o n firm in g  o u r conclusion  conce rn ing  th e  n e u tra l 
n a tu re  o f th e  acids.

T h e  va lues o f p fo r  4 -s u b s titu te d  qu in o lin e s  in  50%  
aqueous e thano l and in  w a te r were re p o rte d  to  be 6.15 
and 5.72, re sp e c tive ly . 14 I n  th e  q u in o lin e -2 -ca rb o xy lic  
acids, i f  io n iz a tio n  were o c c u rr in g  a t th e  n itro g e n  a tom , 
th e  va lu e  o f p shou ld  be com parab le  w ith  th e  va lues 
o b ta in ed  fo r  th e  4 -su b s titu te d  qu ino lines . T h e  fa c t 
th a t  p is m uch  lo w e r (1.7) ind ica te s  th a t  th is  is n o t the  
re a c tio n  w h ic h  is ta k in g  p lace . 15

E xp e rim e n ta l S ection
Preparation of Acids.—Quinoline-2-carboxylic acid, quinoline-

4-carboxylic acid, and 2-hydroxyquinoline-4-carboxylic acid were 
obtained from commercial sources, recrystallized to constant 
melting point, dried under reduced pressure, and analyzed. All 
the other acids were prepared according to reported methods 
and similarly purified and analyzed. 4-Azaquinoline-2-car- 
boxylic acid (quinoxaline-2-carboxylic acid) was prepared by the 
method of Maurer and Boettger,16 4-chloroquinoline-2-carboxylic 
acid by the method of Spath,17 and 8-nitroquinoline-2-carboxylic

(12) H . H . Ja f fe ' a n d  R . W . G ard n e r , ib id ., 80 , 319 (1958); H . H . Jaffé 
a n d  H . L . Jones, A dvan . H eterocycl. Chem ., 3, 209 (1964).

(13) M . I .  K a b ach n ik , T . A. M a s tru k o v a , A. E . S h ipov , a n d  T . A. 
M e le n ty ev a , Tetrahedron, 9 , 10 (1960).

(14) M . C h a rlto n , J .  Chem . Soc., 5884 (1964).
(15) W e th a n k  th e  referee  fo r th is  su ggestion .
(16) K . M a u re r  a n d  B . B o e ttg e r , B er., 71B , 1383 (1938).
(17) E . S p a th , M onatsch . Chem ., 42 , 89 (1921).
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acid by the method of Roth and Erlenmeyer.18 6-Methyl- 
quinoline-2-carboxylic acid19 was prepared by a method similar 
to that described by Kaslow and Stayner20 for the synthesis of 4- 
methylquinoline-2-carboxylic acid. 4-Methoxyquinoline-2-car- 
boxylic acid21 was prepared by the methylation of kynurenic acid 
with diazomethane. 2-Bromoquinoline-4-carboxylic acid22 and
2-chloroquinoline-4-carboxylic acid23 1 were prepared by the action 
of phosphorus halides on the 2-hydroxy acid.

pKz Values.—The pK„ values were determined by potentio- 
metric titration. pH Values were measured between 30 and 70% 
neutralization using a Beckman Expandomatic pH meter. The 
electrodes were standardized before each determination in 
aqueous buffers, and the standardization was checked following 
completion of the titration. A correction was applied to the pH 
values for the medium effect and the residual liquid-junction

(18) R . R o th  a n d  H . E rlen m ey e r, H elv . C him . A c ta , 37 , 1064 (1954).
(19) C . A. B u eh le r a n d  S. P . E d w ard s , J .  A m er. Chem . Soc., 74, 977 (1952).
(20) C . E . K aslow  a n d  R . D . S ta y n e r , ib id ., 67, 1716 (1945).
(21) E . B es th o rn , B er., 64, 1330 (1921).
(22) S. N a k a n o , Y a k u g a ku  Z a ssh i, 80 , 1515 (1960).
(23) K . N . C am p b ell a n d  J .  F .  K erw in , J .  A m er. Chem. Soc., 68, 1837 

(1946).

error. The value for this correction (0.18 pH unit) was obtained 
for 44.25% ethanol by interpolation using values given by Bates6 
for other aqueous ethanol solvents. A correction was also made 
for hydrogen ion activity. The temperature of the solutions was 
maintained at 25.0 +  0.1° by measuring the pH of the solutions in 
a jacketed beaker through which was pumped water from a con
stant-temperature bath. The average of values for six to nine 
points in one titration constituted one determination.

R e g is try  N o .— 1 ,93-10-7 ; 2 ,8 79 -65 -2 ; 3 ,15733-82 -1 ; 
4, 15733-83-2 ; 5, 15733-84-3; 6 , 15733-85-4; 7, 6480- 
6 8 - 8 ; 8 , 486-74-8; 9, 15733-87-6; 10, 5467-57-2; 11, 
15733-89-8 ; q u in o lin e , 91-22-5.

A ckno w le dg m e n ts .— W e  w ish  to  th a n k  M iss  Susan 
T a te lb a u m  fo r  th e  p re p a ra tio n  o f 8 -n itro q u in o lin e -2 -  
ca rb o xy lic  acid . A p p re c ia tio n  is expressed to  th e  
U n iv e rs ity  o f P e nn sy lva n ia  and  to  th e  N a tio n a l Science 
F o u n d a tio n  fo r  fin a n c ia l assistance to  C harles  W . 
D ona ldson .

T h e Reactions of /3-Dicarbonyl Com pounds w ith  Tetrak is(dim eth ylam in o)titan iu m

H arold  W e in g a r t e n  and  M alcolm  G . M il e s  
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(3-Dicarbonyl compounds (RCOCHjCOR') have been found to react with tetrakis( dime thy lamino)titanium to 
give complexes, enamine amides, enamine esters, ketenamines, and the previously unknown dienediamines and 
dienetriamines depending on the nature of the R and R ' groups.

T h e  a m in a tio n  o f c a rb o n y l c o n ta in in g  o rga n ic  com 
pounds b y  B ( N R 2) 3, P (N R 2) 3, A s(N R 2) 3, and  T i ( N R 2) 4 

has re c e n tly  been th e  su b je c t o f severa l papers . 1 - 6  I n  
th e  reac tions  w ith  a ldehydes, ketones, and c a rb o xy lic  
acids, th e  re la tiv e  o rd e r o f re a c t iv ity  has been fo u n d  to  
be T i ( N R 2) 4 »  A s (N R 2) 3 >  P (N R 2) 3. B ( N R 2) 3 and  
P (N R 2) 3 re ac t w ith  /3-diketones and /3-keto esters 
y ie ld in g  enam ino  ketones and  /3-enam ino esters o r 
am ides, re sp e c tiv e ly . 1,6 T h is  paper presents th e  resu lts  
o f a s tu d y  o f th e  reactions o f th e  m uch  m ore  re a c tive  
T i ( N R 2) 4 w ith  some re p re sen ta tive  /3-diam ides, /3- 
d iesters, /3-ketam ides, /3-keto esters, and  /3-diketones.

R e su lts  and  D iscu ss io n

T e tra k is (d im e th y la m in o ) t ita n iu m  reacts  w ith  /3-di
c a rb o n y l com pounds accord ing  to  eq 1 , 2, and 3, where 
th e  n a tu re  o f th e  p ro d u c ts  o b ta in e d  depends u po n  th e  
su b s titu e n ts  R  and  R ' and th e  ra tio  o f T i( N M e 2) 4 to  
c a rb o n y l com pound. R eactions o f a ll o th e r a m in a tin g  
agents s tu d ie d  w ith  /3 -d ica rbony l com pounds s top  a t 
th e  enam ine ( I I ) .  H o w eve r, w ith  T i( N M e 2) 4, tw o  new  
classes o f com pounds, 1,3 -d iene -1,3 -d iam ines ( I I I )  and 
1 ,3 -d iene -1 ,1 ,3 -triam ines ( I I I ,  R '  =  N M e-.), can be 
fo rm ed .

N ,N ,N ',N '-T e tra m e th y lm a lo n a m id e  and d im e th y l 
m a lo na te  b o th  re ac t w ith  T i( N M e 2) 4 to  y ie ld  deep red 
com plexes ( I ,  R  =  R '  =  N M e 2 and R  =  R ' =  O M e , 
re sp e c tive ly ). These com plexes are analogous to  th e  
d ih a lo -  and  d ia lko xyb is ((3 -d ike ton a to ) t i ta n iu m  com -

2CH
: c - o

2\
R'-

;c=o
+  Ti(NMe¿)4

[C H ^  jTi(NMe2)2 +  2HNMe2 (1)

* >2C H ^

R "-'

:c-NMe2

:c=o
+  T i0 2 (2)

H +  j/2Ti(NMe2)4
R"CH*

JX;-NMe2
CHC  +  / 2T i02 +  HNMe2 (3)

j;C—NMe*

m

pounds , 7 - 1 1  and  th e ir  s tru c tu re  and  p rop e rtie s  w i l l  
p re se n tly  be th e  su b je c t o f a no th e r paper.

M e th y l acetoacetate  and N ,N -d im e th y la c e to a c e ta - 
m id e  re a c t w i th  T i [N ( C H 3) 2 ] 4 to  y ie ld  m e th y l 3 -(d i-  
m e th y la m in o )c ro to r.a te  ( I I ,  R  =  C H 3 and  R '  =  
O C H 3) 12 and  3 -(d im e th y la m in o )-N ,N -d im e th y lc ro to n -

(1) P . N e lson  a n d  A. P e lte r , J .  Chem . Soc., 5142 (1965).
(2) H . W e in g a rte n  a n d  W . A . W h ite , J .  A m er. Chem . Soc., 88 , 850  (1966).
(3) W . A. W h ite  a n d  H . W e in g a rte n , J .  Org. Chem ., 32, 213 (1967).
(4) H . W e in g a rte n  a n d  W . A . W’h ite , ib id ., 31, 4041 (1966).
(5) H . V. H irsch , Chem. B er., 100, 1289 (1967).
(6) R . B u rg ad a , A n n . C h im ., 8 , 347 (1963).

(7) D . C. B ra d le y  a n d  C. E . H o llow ay , Chem. C om m un ., 284 (1965).
(8) J .  A. S. S m ith  a n d  E . J .  W ilk in s , J .  Chem . Soc., Ser. A ,  1749 (1966).
(9) M . C ox, J .  L ew is, a n d  R . S. N y h o lm , ib id ., 6113 (1964).
(10) M . Cox, R . J . H . C la rk , a n d  H . J .  M illedge, N a tu re , 212, 1357 (1966).
(11) R . C . F a y  a n d  R . N . L ow ry , Inorg . N u c l. Chem . L e tt., 3 , 117 (1967).
(12) Cf. th e  rea c tio n s  of P ( N R î)s a n d  B (N R î)3 w ith  /S-keto e s te rs  g iv en  

in  re f  1 a n d  6.
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T a b l e  I

C o m p o u n d  (no.)

/(CH3)2Nv
<?—O]

HOf. jTi[N(CH,)s]a

\(CH 3)2N " h

Y ield ,0 -̂---------------C alcd ------
%  C  H  N
75 4 2 .2  6 .5  7 .0

B is (d im e th y la m in o )b is (d im e th y lm a lo n a to ) tita n iu m  (1)

-A n a l ,  % —  

T i C  

1 2 .1  4 2 .4

—F o u n d —  
H  N

6 .8  7 .3

T i

12.0

M ol B p  (m m ), 
wt* °C

398 ±  87 -89  
1 (m p)

nMD N m r0 (t)

(s) 5 .3 9 , 6 .4 0 , 
6 .6 1  (bd)d.® 
(1:6:6)

/ ch3o. \
> - ° l

HC4_ jTi[N(CH3)a]a
,c—o f

\CHac r  /

84 4 8 .0  8 .4  1 8 .7  1 0 .7  4 7 .5

B is (d im e th y la m in o )b is (N ,N ,N ',N '- te tr a m e th y lm a lo n a m id a to ) t i ta n iu m  (2)

8 .4  1 8 .7  1 0 .5  458 =b 119-120
101 (m p)

(s) 5 .7 4 , 6 .3 0  
(b d ), 7 .3 0  
(1:6:12)

,•—Ir ,  c m “ 1 d—. 
7c-o 7c-c 
1643 1614

1574 1539

N (C H 2) 2 50 5 8 .7  9 .1  9 .8  5 8 .4  9 .0  1 0 .0

C H i— ¿ = C H — C O iC H ,
M e th y l 3 - (d im e th y la m in o )c ro to n a te  (3)

N (C H s)! 51 6 1 .5  1 0 .2  1 8 .4  6 1 .9  9 .9  1 8 .1

CH s— C = C H — C O N (C H i)2 
3 -(D im e th y la m in o )-N ,N -d im e th y lc ro to n a m id e  (4)

N (C H i) i  N ( C H j)2 77 6 5 .6  1 1 .5  2 2 .9  6 5 .1  1 1 .8  2 2 .9

C H2=t—CH=C—N (CH,) !
N ,N ,N ',N 'N " ,N " - H e x a m e th y l - l , l ,3 - b u ta d ie n e t r ia m in e  (5)

N (C H j) 2 64 7 4 .0  1 1 .8  6 .6  7 4 .3  1 1 .3  6 .6

(C H sB C — ¿ = C H — C O C (C H ,)s
3 -(D im e th y lam in o )-2 ,2 ,6 ,6 “te tra m e th y l-3 -h e p te n -5 -o n e  (6)

N (C H s)2 75 3 5 .7  3 .0  6 .0  3 5 .4  3 .1  6 .4

CFn—  ¿ = C H — C O C F s
2 -(D im e th y la m in o )- l,l ,l ,5 ,5 ,5 -h e x a flu o ro -2 -p e n te n -4 -o n e  (7)

N(CH3)2 N(CH3)2 70 70.1 11.7
CHa=C —C H = i—CHa
N ,N ,N 'N '-T e tra m e th y l-1 ,3 -p e n ta d ie n e -2 ,4 -d ia m in e  (8)

1 8 .2 6 9 .9  1 1 .4  1 8 .2

N (C H s)i N (C H j) 2 70 7 7 .8  9 .2  1 3 .0

C H 2 = C — C H = C — C 8H 5
N .N .N 'jN '-T e tra m e th y l- l-p h e n y l- l .S -b u ta d ie n e - l ,3 -d ia m in e  (9)

7 7 .4  9 .2  1 3 .0

143

156

183

211

235

154

216

5 0 (0 .1 5 ) 1 .5250 (s) 5 .0 6  (bd ), 
6 .2 3 , 7 .5 5 , 
7 .7 0  ( 1 :3 : 3 :6)

94 (0 .4 ) 1 .5451 (a) 5 .2 9 , 7 .1 8 , 
7 .5 4 ,  7 .5 7  
(1 :6 :3 :6 )

43 (0 .4 ) 1 .5129 (d) 5 .8 8 , 6 .0 2 ;  
(m ) 6 .2 7 ; (a) 
7 .3 7 , 7 .4 1 , 
7 .5 4
( 1 :1 : 1 :6 :6 : 6 )

49 (0 .2 ) 1 .4 9 1 7 (a) 4 .3 1 , 7 .3 3 ,  
8 .7 6 , 8 .9 0  
(1 :6 :9 :9 )

48 (4) 1 .4212 *H (q) 4 .2 2 , JFB. 
— 0 .5  e p a , 
7 .5 7 , J f h  =  
0 .8  cps (1 :6 ) 

19F  (h e p te t)  6 6 .1  
p p m , J f h  =
1 .0  epa; (a)
7 7 .6  p p m  (1 :1)1

55 (1 .2 ) 1 .5 1 0 8 (s) 5 .4 6  (b d ); 
6 .2 8  (b d ); (m ) 
6 .4 2 ;  (a) 7 .4 0 , 
7 .4 6 ;  (d) 8 .9 0  
( 1 : 1 : l : 6 : 6 : 3 ) a

8 2 (0 .3 ) 1 .5 6 5 3 (m ) 2 .3 6 , 3 .0 0 ; 
(m ) 4 .9 2 ,  6 .2 0 ; 
(d) 6 .2 3 ; (a) 
7 .4 8 , 7 .6 3

1694

1617

1645

1674

(5:1:1:1:6:6) 
(m ) 2 .3 6 , 3 .0 0 ;

(d) 4 .8 2 ;  (s,bd) 
5 .9 0 ;  (?)* 6 .1 7 ; 
(s) 7 .4 1 , 7 .4 7  
(?)»*(5:1:1:1:6:6);,*

1590

1577

1620

1544

1588

1630

1615

° No special effort was made to optimize yields. h Molecular weights were determined by mass spectroscopy. c Benzene solvent, 
TMS internal standard except where otherwise stated. d PhCN solvent. In benzene solution the OMe and NMe2 adsorption have 
approximately the same chemical shifts. e bd, unusually broad peak, t  CFCb as external standard. 0 Neat material. h Multi
plicity uncertain. * Position uncertain. > Two isomers present in 4:1 ratio. * CeD6 solvent. 1 Cryoseopy in benzene.

am ide ( I I ,  R  =  C H 3 and  R ' =  N M e 2), respec tive ly . 
R e a c tion  o f th e  c ro ton a m id e  w ith  excess T i [N ( C H 3) 2 ]4 

gives N ,N , N ',N ,,N " ,N " -h e x a m e th y l- l,1 ,3 -b u ta d ie n e -  
tr ia m in e  ( I I I ,  R '  =  N M e 2 and  R "  =  H ) .  T h e  same 
p ro d u c t is o b ta in e d  fro m  m e th y l 3 -(d im e th y la m in o )-  
c ro tona te , th e  re a c tio n  p roceed ing  stepw ise v ia  th e  
am ide.

/3-diketones w h ic h  have  no hydrogens on  th e  a -ca rbon  
o f th e  R  o r  R '  g roups re ac t w i th  T i [N ( C H 3) 2 ]4 to  g ive  
enam ino ketones. F o r  exam ple, d ip iv a lo y lm e th a n e  
and hexa fluo roace ty lace tone  re a c t to  fo rm  3 -(d im e th y l-  
a m in o ) ^ ,2 ,6 ,6 -te tra m e th y l-3 -h e p te n -5 -o n e  ( I I ,  R  =  
R '  =  ¿ -buty l) and  2 -(d im e th y la m in o ) - l, l, l,5 ,5 ,5 -h e x a -  
fluo ro -2 -pen ten -4 -one  ( I I ,  R  =  R '  =  C F 3), respec tive ly .

H ow eve r, /3-diketones w ith  hydrogens on  th e  a -ca rbon  
a to m  o f eiuher th e  R  o r  R '  g roups re ac t v ig o ro u s ly  w ith  
T i [N ( C H 3) 2 ] 4 to  g ive  th e  p re v io u s ly  u n k n o w n  1,3-diene-
1,3 -d iam ines in  good y ie ld . A ce ty la ce to ne  and benzoyl- 
acetone fo rm  N ,N , N N '- t e t r a m e th y l - 1,3-pentad iene-

2,4 -d ia m in e 13 ( I I ,  R "  =  H  and  R '  =  C H S) and  N ,N ,-  
N ^ N '- te t r a m e th y l- l - p h e n y l- l^ -b u ta d ie n e - l,  3 -d iam ine  
( I I I ,  R "  =  H  and R '  =  C 6H 6), respec tive ly . S im ila r 
reactions were fo u n d  to  ta k e  place, on  th e  n m r scale, 
w ith  d im edone and  1 -ace ty lcyc lohexanone.

T h e  phys ica l and a n a ly t ic a l p rop e rtie s  o f th e  com 
pounds p repared  are co llec ted  in  T a b le  I  and  are a ll 
cons is ten t w ith  th e  assigned s tru c tu res . T h e  7 c=o and 
7 c=c bands fo r  th e  com plexeswere assigned a fte r  B ehnke  
and  N a k a m o to . 14

A d d it io n  o f T i [N ( C H 3) 2 ]4 to  th e  /3 -d ica rbony l com 
pounds a lw ays gave an in tense  red  c o lo ra tio n  in d ic a tin g  
chelate  fo rm a tio n  w h ich  has been proposed as th e  f irs t  
step in  th is  ty p e  o f re a c tio n . 1 T h is  co lo r faded  ra p id ly  
fo r  th e  reactions o f th e  t i ta n iu m  am ide  w ith  m e th y l

(13) T h e  reac tio n  of te tra k i8 (d ira e th y la m in o ) ti ta n iu m  w ith  fe rric  a c e ty l 
a c e to n a te  w as also  fo u n d  to  g ive  N ,N ,N / ,N '- te tra m e th y l- l ,3 -p e n ta d ie n e -2 ,4 -  
d iam ine .

(14) G. T . B eh n k e  a n d  K . N a k a m o to , Inorg . Chem., 6, 433 (1967).
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acetoacetate, hexa fluo roace ty lace tone , and  th e  /1-d ik e 
tones w ith  hyd ro ge n  on  th e  « -ca rb on  o f th e  I t  o r  R / 
g rou ps , 15 a ll o f w h ich  reacted ra p id ly  a t a m b ie n t te m p e r
atures. H o w e ve r, fo r  th e  o th e r reactions w h ic h  re
q u ire d  h e a tin g  u n d e r re flu x  fo r  va rio u s  leng ths  o f tim e , 
th e  co lo r pers isted  u n t i l  th e  re a c tio n  neared its  com ple
t io n . F u rth e rm o re , fo r  th e  slow est re ac tio n , d ip iv a lo y l-  
m ethane  w ith  T i [N ( C H 3)2]4, th e  n m r spec tru m  showed 
a s ing le t a t  r  4 .0  and tw o  m u lt ip le ts  in  th e  f-b u ty l 
reg ion , as expected fo r  a /3-diketone t i ta n iu m  com 
p le x , 7 - 1 1  w h ic h  s lo w ly  decreased in  in te n s ity  as th e  
spectra  o f th e  p ro d u c t grew . T h us , th e  decom pos ition  
o f th e  /3 -d ic a rb o n y l- t ita n iu m  com plex is p ro b a b ly  th e  
ra te -d e te rm in in g  step o f th e  reac tion . T h e  m echanism  
proposed is analogous to  th a t  o u tlin e d  elsewhere1,4 and 
w i l l  n o t be discussed fu r th e r  here.

I n  o n ly  one exam ple  s tu d ie d  was evidence fo r  th e  
fo rm a t io n  o f m ore  th a n  one geom etric  isom er ob ta in ed . 
T h e  n m r spec trum  o f N ,N ,N ',N '- te t r a m e th y l- l -p h e n y l-
1 ,3 -b u ta d ie n e -l,3 -d ia m in e , as g iven  in  T a b le  I ,  showed 
th e  presence o f tw o  isom ers in  th e  ra tio  4 :1 . C e rta in  
o f th e  peaks fo r  th e  isom ers p resent in  lo w  co n ce n tra tio n  
were p a r t ia lly  h id d e n  lea d in g  to  u n ce rta in tie s  in  th e  
m u lt ip l ic i t y  o f one o f th e  peaks and th e  chem ica l s h if t  
o f ano the r. T h e  isom ers are a p p a re n tly  p resent in  th e ir  
th e rm o d y n a m ic  e q u ilib r iu m  co ncen tra tions  since a d d i
t io n  o f a tra ce  o f acetic  acid  led to  coalescence o f th e  
separate spectra  in to  one set o f broadened peaks and 
a d d it io n  o f s tro ng  base, T i [N ( C H 3)2]4, regenerated th e  
o r ig in a l spectra  w ith  no change in  re la tiv e  concentra 
tio n .

E xp e rim e n ta l S ection
Synthesis.—All the compounds were synthesized in an atmo

sphere of dry nitrogen. Analyses for C, H, N, and Ti were per
formed in the Physical Sciences Center, Central Research De
partment, Monsanto Co.

Bis(dimethylamino )bis(dimethylmalonato /titanium.—A solu
tion of tetrakis(dimethylamino)titanium (2.24 g, 0.01 mol) in 
20 ml of ether was added slowly, with stirring, to a solution of 
dimethyl malonate (2.64 g, 0.02 mol) in 20 ml of ether. After 
removal of the solvent deep red crystals were obtained which were 
recrystallized from pentane.

Bis(dimethylamino)bis(N,N,N',N'-tetramethylmalonami- 
dato/titanium.—A solution of tetrakis(dimethylamino/titanium 
(2.24 g, 0.01 mol) in 20 ml of ether was slowly added, with 
stirring, to a mixture of N,N,N',N'-tetramethylmalonamide 
(3.16 g, 0.02 mol) in 20 ml of ether. After removal of the solvent, 
deep red crystals were obtained which were recrystallized from 
pentane.

Methyl 3-(Dimethylamino)crotonate.—A solution of tetrakis- 
(dimethylamino)titanium (1.12 g, 0.005 mol) in 10 ml of ether 
was added dropwise, with vigorous stirring, to a solution of 
methyl acetoacetate (1.16 g, 0.01 mol) in 10 ml of ether. On 
addition of the titanium compound a deep red coloration was

(15) A lth o u g h  th e  in i tia l deep  red  co lo r w as ra p id ly  lo s t a f te r  th e  in i t ia l
a d d itio n  of /3-diketone, th e  so lu tio n  slow ly  d a rk e n e d  as  th e  a d d itio n  w as con
tin u e d , p re su m a b ly  ow ing  to  th e  fo rm a tio n  of 3ide p ro d u c ts  co n ta in in g
la rg e  ch rom ophores.

obtained which rapidly disappeared on stirring to leave an orange 
solution. After the addition was complete, stirring was con
tinued for 2 hr and the reaction mixture was then left standing 
overnight. The titanium dioxide, which slowly separated out, 
was filtered off and the solvent was removed. Distillation of the 
remaining oil gave the colorless product.

3-(Dimethylamino)-N,N-dimethylcrotonamide.—A solution of 
tetrakis(dimethylamino)titanium (1.57 g, 0.007 mol) in 10 ml 
of ether was slowly added, with stirring, to a solution of N,N- 
dimethylacetoacetamide (1.61 g, 0.0125 mol) in 10 ml of ether 
and the resulting deep red solution was heated under reflux for 
48 hr. The solvent was then removed and distillation of the 
remaining oil gave the pale yellow product. A small amount 
(10%) of N ,N ,N ',N ',N '',N "-hexam ethyl-l,l,3-butadienetri- 
amine was also isolated as a distillation forerun.

N,N,N',N',N",N"-Hexamethyl-l,l,3-butadienetriamine.—A 
solution of tetrakis(dimethylamino/titanium (0.9 g, 0.004 mol) 
in 10 ml of ether was slowly added to a solution of 3-(dimethyl- 
amino)-N,N-dimethylcrotonamide (1.17 g, 0.0075 mol) in 10 ml 
of ether and the resulting deep red solution was heated under 
reflux for 96 hr. The solvent was then removed and distillation 
of the residue gave the colcrless product.

3-(Dimethylamino)-2,2,6,6-tetramethyl-3-hepten-5-one.—A 
solution of tetrakis(dimethylamino)titanium (1.34 g, 0.006 mol) 
in 10 ml of ether was slowly added, with stirring, to a solution of 
dipivaloylmethane (1.84 g, 0.01 mol) in 10 ml of ether and the 
resulting deep red solution was heated under reflux for 5 days. 
The solvent was removed and distillation of the residue gave the 
pale yellow product.

2- (Dimethylamino )-1,1,1,5,5,5-hexafluoro-2-penten-4-one.—
A solution of tetrakis(dimethylamino/titanium (1.2 g, 0.0054 
mol) in 10 ml of ether was slowly added, with stirring, to a solu
tion of hexafluoroacetylacetone (2.08 g, 0.01 mol) in 10 ml of 
ether and the resulting orange-red solution was left standing 
overnight. The white precipitate which formed was filtered off, 
the solvent was removed, and the residual oil was distilled to give 
the pale yellow product.

N,N,N',N'-Tetramethyl-1,3-pentadiene-2,4-diamine.—A solu
tion of tetrakis(dimethylamino)titanium (1.5 g, 0.0067 mol) in 
10 ml of ether was slowly added, with stirring, to a solution of 
acetylacetone (0.6 g, 0.006 mol) in 10 ml of ether and the result
ing deep red solution15 was left standing for 12 hr. The precipi
tate of titanium dioxide, which slowly formed, wyas filtered off 
and the solvent was removed. Distillation of the remaining oil 
gave the colorless product.

N,N ,N ' ,N '-T etramethyl-1-phenyl-1,3-butadiene-l ,3-diamine.
—A solution of tetrakis(dimethylamino/titanium (1.2 g, 
0.0053 mol) in 10 ml of ether was slowly added, with stirring, to 
a solution of 1-benzoylacetone (0.81 g, 0.005 mol) in 10 ml of 
ether and the resulting deep red solution15 * was left standing for 12 
hr. The precipitate of titanium oxide, which slowly formed, was 
filtered off and the solvent was removed. Distillation of the re
maining oil gave the colorless product .

Infrared Spectra.—A Beckman IR-4 was used and the spectra 
of the liquids were obtained using thin films and sodium chloride 
windows. The spectra of the complexes were obtained from 
Nujol mulls.

Nuclear Magnetic Resonance Spectra.—A Varian A-60 
spectrometer was used for the nmr measurements. Chemical 
shifts are believed to be accurate to ±0.02 ppm and the coupling 
constants to ± 0 .2  cps. The 19F magnetic resonance measure
ments were performed on a Varian A-56/60. Chemical shifts 
are believed to be accurate to ±0.1  ppm and coupling constants 
to ± 0 .2  cps.

R e g is try  N o .— 1, 12239-98-4; 2, 12239-99-5; 3, 
15895-69-9; 4, 15895-70-2; 5, 15895-71-3; 6 , 15895-75- 
7 ; 7, 15895-72-4; 8 , 15895-73-5; 9, 15895-74-6.
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Methods for the preparation of trityllithium are described and compared; yields to 100% have been realized. 
Trityllithium and benzophenone react in tetrahydropyran to furnish the para-condensation product p-(diphenyl- 
methyl)diphenylhydroxymethylbenzene (1); no normal addition is observed. Evidence for the instability of the 
pentaphenylethoxide ion is presented, based on the reactions of phenyllithium with benzopinacolone and methyl 
triphenylacetate; in both cases cleavage involving elimination of the trityl group is observed and triphenylmeth- 
ane and triphenylcarbinol are usually obtained.

T h is  s tu d y  o f th e  p re p a ra tio n  and  reactions o f t r i -  
t y l l i th iu m  is an extension  o f ea rlie r in ve s tig a tio n s  w ith  
th e  reagen t . 2 T r i t y l l i t h iu m  has been em p loyed  as a 
p ro to n -a b s tra c tin g  reagent, as in  th e  p re p a ra tio n  o f 
enolates . 3 I t s  u t i l i t y  fo r  th is  purpose is due to  th e  
d if f ic u lty  w ith  w h ic h  th e  reagen t p a rtic ip a te s  in  add i
t io n  reactions.

In  o u r e a rlie r w o rk , p re p a ra tio n  o f t r i t y l l i t h iu m  b y  
d ire c t re ac tio n  o f t r i t y l  ch lo rid e  w ith  l i th iu m  a ffo rded  
y ie lds  o f th e  reagen t up  to  7 0%  in  1 ,2 -d im ethoxye thane  
(D M E )  as so lven t. Y ie ld s  were d e te rm ined  b y  meas
u r in g  tr ip h e n y la c e tic  ac id  fo rm ed  fo llo w in g  ca rbona tion . 
T h e  ch ie f d isadvan tage  o f th is  p re p a ra tiv e  m e thod  is 
th e  c o m p e titive  se lf-condensa tion  o f th e  reagen t p ro 
duc ing  th e  p -(d ip h e n y lm e th y l) tr ip h e n y lm e th y lb e n z e n e  
anion. W e have  re fined  th e  o r ig in a l techn ique  o f 
m e ta la tio n  o f tr ip h e n y lm e th a n e  w ith  b u ty l l i th iu m , 4 5 

m a k in g  th e  reac tion  q u a n tita t iv e  us ing  te tra h y d ro fu ra n  
o r te tra h y d ro -2 -m e th y lfu ra n  as so lvent.

A  v a r ie ty  o f o rg a n o lith iu m  reagents can be used to  
e ffect th e  m e ta la tio n  and th e ir  ra tes o f reac tion  w ith  
tr ip h e n y lm e th a n e  have  been m easured . 6 I n  a d d itio n , 
o th e r m ethods fo r  th e  p re p a ra tio n  o f t r i t y l l i t h iu m  are 
now  k n o w n . 6’7 W e  recom m end th e  b u ty l l i th iu m  ex
change p rocedure  in  p reference to  th e  o th e r m ethods 
b y  v ir tu e  o f th e  h ig h  and re p roduc ib le  y ie lds , th e  sh o rt 
reaction  periods, and th e  absence o f side p roducts . 
I f  th e  exchange is ca rrie d  o u t a t ro om  tem pe ra tu re , 
excess b u ty l l i th iu m  is ra p id ly  consum ed b y  re ac tio n  
w ith  te tra h y d ro fu ra n .6’8 I f  b u ty l l i th iu m  is p repared  
using l i th iu m  in  a so lve n t such as te tra h y d ro fu ra n , an 
excess o f l i th iu m  shou ld  be avoided because o f reduc ing  
n a tu re  o f th e  m ix tu re . W e have no ted  th a t  benzophe
none is reduced b y  th e  a c tio n  o f l i th iu m  in  te tra h y d ro 
fu ra n  to  fo rm  b o th  b en zo hyd ro l and benzop inaco l. 9

W e a tte m p te d  to  condense th e  b u lk y  t r i t y l l i t h iu m  
reagent w ith  several o th e r large m olecules. T h e  reac
t io n  w ith  benzophenone seemed s ig n if ica n t since th is  
ke tone  has no eno lizab le  hyd rogen  a tom s to  re ac t w ith  
th e  reagen t . 10 N e ith e r  t r i ty ls o d iu m  n o r th e  t r i t y l

(1) N a tio n a l S cience F o u n d a tio n  U n d e rg ra d u a te  R esea rc h  P a r tic ip a n t.
(2) P . T o m b o u lia n , J .  Org. Chem ., 24, 229 (1959).
(3) H . O. H ouse  a n d  B . M . T ro s t,  ib id ., 30 , 1341 (1965).
(4) H . G ilm an  a n d  R . V. Y oung , ib id . , 1, 315 (1936).
(5) R . W aack  an d  P . W est, J .  A m er. Chem . Soc., 86, 4494 (1964).
(6) P . T . L a n sb u ry  a n d  R . T h e d fo rd , J .  Org. Chem ., 27, 2383 (1962); 

H . G ilm an  a n d  B . J .  G a j, ib id ., 28, 1725 (1963).
(7) J .  J . E isch  a n d  W . C. K ask a , ib id . , 27, 3745 (1962).
(8) A fte r 1 h r  a t  room  te m p e ra tu re , 7 1 %  of b u ty l li th iu m  in itia lly  p re sen t 

h as  d isap p e a red : H . G ilm an  a n d  B . J .  G a j, ib id ., 22 , 1165 (1957). T r i ty l
li th iu m  is  re m a rk a b ly  s ta b le  in  d ie th y l e th e r  [H . G ilm an , A. H . H au b e in , a n d  
H . H a rtz fe ld , ib id . , 19, 1034 (1954)], a l th o u g h  i t  is  m u ch  less B table in  t e t r a 
h y d ro fu ra n .7

(9) T h e  an o m a lo u s  rea c tio n  of b en z a ld eh y d e  w ith  t r i ty ll i th iu m  in  th is
m ix tu re  is  p ro b a b ly  d u e  to  th e  sam e  p ro p e r ty .2

GO) C f. re ac tio n  w ith  cyc lo h ex an o n e2 a n d  w ith  o th e r  ketones.*

G rig n a rd  reagent condenses w ith  benzophenone; w ith  
tr i ty ls o d iu m  a co lo r change is observed b u t no p roduc ts  
are n o ted , 11 w h ile  th e  G rig n a rd  reagen t reduces the  
ke tone to  benzop inaco l. 12 I n  th e  p resent w o rk  using 
te tra h y d ro p y ra n  as so lven t, t r i t y l l i t h iu m  was found  
to  react w ith  benzophenone to  fo rm  p -(d ip h e n y l-  
m e th y l)d ip h e n y lh y d ro x y m e th y lb e n z e n e  ( 1 ). N o  ev i-

0 C6H5 C6Hs

(C6H5)3CLi +  C6H5CC6H5 H- C— C—OH

C6Hs c6h 5

dence fo r  any  o th e r a lcoho l was fo u n d  fo llo w in g  chro 
m a tog ra ph ic  separa tion  o f th e  re ac tio n  p roducts . 
C ondensation  o f th e  t r i t y l  reagen t a t th e  p a r a  p os ition  
has been p re v io u s ly  n o te d : se lf-condensa tion  y ie lds  
p -(d ip h e n y lm e th y l) tr ip h e n y lm e th y lb e n z e n e , 2 and  t r i 
ty ls o d iu m  is repo rte d  to  re ac t w ith  e th y l benzoate in  
th e  presence o f tr ip h e n y la lu m in u m  to  fu rn is h  p -(d i-  
p h e n y lm e th y l)  benzophenone . 13 A  ca re fu l exam ina tio n  
o f th e  ca rb o na tio n  p ro d u c t o f th e  t r i t y l l i t h iu m  reagent 
showed no evidence fo r  th e  para -condensa tion  p ro d u c t, 
p -(d ip h e n y lm e th y l)  benzoic acid , w h ic h  shou ld  be easily 
de tec tab le  b y  in fra re d  ana lysis in  th e  presence o f t r i 
pheny lace tic  acid . C hem ica l s tru c tu re  p ro o f fo r  a l
coho l 1 was ob ta ined  b y  fo rm ic  ac id  re d u c tio n  to  th e  
k n o w n  p -b is (d ip h e n y lm e th y l)  benzene, w h ic h  was also 
prepared  fro m  p -b is (d ip h e n y lh y d ro x y m e th y l)  benzene 
b y  redu c tion . S u p p o rtin g  sp ec tra l evidence fo r  the

1 HC°9̂  (C6H5)2CH<^>CH(C6H5)2 
2

H C O O H

(C6H6)C <P>C(C6H5)a
OH OH 

3

proposed s tru c tu re  fo r  a lcoho l 1 in c lud e d  in fra re d  
a bso rp tio n  bands s im ila r  to  those o f tr ip h e n y lc a rb in o l 
and mass spec tra l d a ta  w h ic h  estab lished th e  m o lecu la r 
w e ig h t and  inc lud e d  peaks due to  fra g m e n ta tio n  on 
e ithe r side o f th e  p a ra -su b s titu te d  r in g . T h is  chem ica l 
re a c t iv ity  o f a p a r a  p o s itio n  in  t r i t y l l i t h iu m  is consis
te n t w ith  th e  evidence fo r  h ig h  charge on th e  p a r a  
p o s itio n  o f t r i t y l l i th iu m .  Sandel and F re e d m a n 14 

concluded fro m  p m r stud ies th a t  in te re le c tro n  repu ls ion
(11) W . S ch lenk  a n d  E . B e rg m an n , A n n .,  464 , 1 (1928).
(12) W . E . B ac h m an n , J .  A m er. Chem . Soc., 53, 2758 (1931).
(13) G . W ittig  a n d  O. B ub , A n n .,  666, 113 (1950).
(14) V. R . S an d e l a n d  H . H . F reem an , J .  A m er. Chem. Soc., 85, 2328 

(1963).
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causes d ispers ion  o f charge to  the  e x trem ities  o f the  
ion  re s u ltin g  in  h ig h  charges on th e  m eta  (0.08 u n it  o f 
charge) and p a r a  (0.13 u n it)  pos itions.

R e a c tio n  o f t r i t y l l i t h iu m  w ith  benzophenone a t a 
p a r a  p o s it io n  on one r in g  is th u s  s tro n g ly  favo red  over 
re ac tio n  a t th e  benzy l pos ition . T h e  la t te r  w o u ld  
re su lt in  th e  s te r ic a lly  crow ded pen tap he n y le th ox id e  
io n ; no evidence fo r  an h yd ro lys is  p ro d u c t o f th is  ion  
was detected. T o  o b ta in  fu r th e r  evidence fo r  th e  
s ta b il ity  o f such an ion , th e  re a c tio n  between p h e n y l- 
l i th iu m  and  benzopinacolone was exam ined ca re fu lly . 
M osh e r and H u b e r15 16 17 18 in ve s tiga te d  th is  system  and  
no ted  th a t  th e  m a in  p rod uc ts  were tr ip h e n y lm e th a n e  
and tr ip h e n y lc a rb in o l, w ith  traces o f benzophenone. 
I n  a n um b er o f tr ia ls  w ith  th is  reac tion , o u r observations 
agree w ith  those above. W ith  an excess o f p h e n y l- 
l ith iu m , th e  o n ly  p rod uc ts  are tr ip h e n y lm e th a n e  and 
tr ip h e n y lc a rb in o l. I n  th e  case o f inverse  a d d itio n  a t 
— 65° w ith  an excess o f benzopinacolone, sm a ll am ounts 
o f tr ip h e n y lm e th a n e  and tr ip h e n y lc a rb in o l are ob ta ined , 
a long w ith  th e  s ta r t in g  m ate ria ls . N o  o th e r c ry s ta llin e  
p rod uc ts  were iso la ted ; no evidence was fo u n d  fo r 
benzophenone o r a lcoho l 1 . T hus , i f  fo rm ed  in i t ia l ly ,  
th e  pen tap he n y le th ox id e  io n  (4) undergoes ra p id  
e lim in a tio n  o f th e  t r i t y l  an ion. (E lim in a t io n  p oss ib ly  
occurs b y  d ire c t d isp lacem en t w ith o u t th e  fo rm a tio n  o f 
a lko x id e  4.) A d d it io n  o f 1 m o l m ore  o f p h e n y ll ith iu m  
occurs p re fe re n tia lly  w ith  th e  m ore  re ac tive  ketone, 
benzophenone, so th a t  no apprec iab le  q u a n titie s  o f 
benzophenone accum ula te  in  th e  m ix tu re .

I n  several s im ila r  systems, cleavage reactions have 
been no ted . In s ta b il i t y  due to  s te ric  c row d in g  has 
been established in  th e  po lyph e ny le th an e  series. Pen- 
tapheny le thane , a ltho u gh  n o t so re ac tive  as hexa- 
pheny le thane , is s p lit  b y  th e  a c tion  o f heat, hydrogen  
iod ide , sod ium -p o tass iu m  a llo y , and b ro m in e . 16 W e 
v e rifie d  these observations b y  e xam in ing  th e  a c tion  o f 
b rom ine , N -b rom osucc in im ide , and ch lo rine  on pen ta - 
p he n y le th a n e ; o n ly  cleavage p rod uc ts  were obta ined . 
P o lyp he n y le th o x id e  ions are s im ila r ly  unstab le , es
p e c ia lly  unde r basic cond itio n s  when s te ric  s tra in  
m a y  be re lieved  b y  e lim in a tio n  o f a s ta b ilize d  leav ing  
g roup. S od ium  1 ,1 ,2 ,2 -te trapheny le thox ide  decom 
poses to  fu rn is h  benzophenone and d ip h e n y lm e th a n e . 17 

T h e  m e th y l G rig n a rd  reagent reacts w ith  benzopina
colone to  y ie ld  th e  a d d itio n  com pound acetophenone 
and th e  cleavage p ro d u c t tr ip h e n y lm e th a n e . 18 S im i
la r ly , l i th iu m  a lu m in u m  h y d rid e  tre a tm e n t o f benzo
p inaco lone  in  p y r id in e  resu lts  in  extensive  decom posi
t io n , fo rm in g  tr ip h e n y lm e th a n e  and benzy l a lcoho l, 
p resu m ab ly  v ia  a 1 ,2 ,2 ,2 - te tra p h e n y le th o x id e  io n  in te r 
m ed ia te . 19 I f  th e  le a v in g  group  in  such crow ded sys
tem s is bonded a t a no th e r site , th e  tendency  fo r  c leav
age is decreased and b ridged  p en ta p he n y le th ox id e

(15) W . L. H u b e r , P h .D . T hesis, U n iv e rs ity  of D e law are , 1950.
(16) W . E . B ac h raan n , J .  A m er. Chem. Soc., 55, 3005 (1933).
(17) P . J .  H am rick , J r . ,  a n d  C . R . H au ser, ib id ., 81, 2096, 3144 (1959). 

T h e  c o n d e n sa tio n  of so d iu m  d ip h e n y lm e th id e  w ith  b en zo p h en o n e  w as found  
to  in v o lv e  a  rap id  rev e rs ib le  c o n d e n sa tio n ; in s ta n ta n e o u s  ac id ifica tion  of th e  
m ix tu re  fu rn ish ed  1 ,1 ,2 ,2 -te trap h en y le th a n o l, b u t  g ra d u a l ac id ifica tio n  re 
s u lte d  in  th e  reco v e ry  of s ta r t in g  m a te ria ls . See a lso  W . G . K o fro n , W . R . 
D u n n a v a n t , a n d  C . R . H au ser, J .  Org. Chem ., 27, 2737 (1962).

(18) W . A. M oshe r, T . H . F a irb a n k s , J r . ,  a n d  L . J . P ru c in o , A b s tra c ts , 
126 th  N a tio n a l M eetin g  of th e  A m erican  C h em ica l S ocie ty , N ew  Y ork , 
N . Y ., S e p t 1954, p  9 1 -0 .

(19) P . T . L a n sb u ry , J .  A m er. Chem. Soc., 83, 429 (1961). E lim in a tio n  of
th e  t r i t y l  an io n  w as estab lish ed  b y  tra p p in g  w ith  ben zy l ch lo rid e  to  fo rm
1 ,1 ,1 ,2 - te tra p h e n y le th a n e ; see re f  6.

ions are m uch  m ore stab le . F o r  instance, 9,10,10- 
tr ip h e n y l-9 ,1 0 -d ih y d ro -9 -p h e n a n th ro l (5) is fo rm ed  in  
h ig h  y ie ld  using  p h e n y ll ith iu m . 20 * A lth o u g h  in e r t  to  
p h e n y llith iu m , th is  p e n ta p he n y le th an o l ana log m a y  be 
decomposed b y  tre a tm e n t w ith  po tass ium  h y d ro x id e  in  
e th an o l to  y ie ld  th e  ke tone  6 .21 E v idence  th a t  th is  is a

base-cata lyzed re ac tio n  was ob ta in ed  b y  m easuring  
decom pos ition  ra tes in  P y rex  and q u a rtz  tubes. T h e  
h a lf- life  o f a lcoho l 5 a t 275° is 7.5 m in  in  a P y re x  tu b e  
and 60 m in  in  a q u a rtz  tube.

T h e  recen t re p o rt22 o f th e  condensation  o f p h e n y l
l i th iu m  w ith  tr ip h e n y la c e tic  acid  o r m e th y l t r ip h e n y l-  
acetate to  fo rm  pen ta p he n y le th an o l p ro m p te d  us to  
in ve s tig a te  th is  system  unde r a v a r ie ty  o f cond itions . 
I t  is now  c lea r23 th a t  th e  com pound o r ig in a lly  re po rte d  
as p en ta p he n y le th an o l (m p  143-144°) is a c tu a lly  
a lcoho l 1 (m p 141-142°), a lth o u g h  we were unab le  to  
iso la te  a n y  a lcoho l 1 fro m  th e  reac tion . A  com b ina 
t io n  o f ch ro m a to g ra ph ic  techn iques and  q u a n tita t iv e  
in fra re d  m ethods was em p loyed  to  ana lyze  th e  re ac tio n  
p roducts . T h e  reac tion  o f tr ip h e n y la c e tic  ac id  w ith  
excess p h e n y ll ith iu m  y ie lds  m a in ly  tr ip h e n y lc a rb in o l

O
*

(C6H6)3CC +  C6H6Li — >- (C6H5)3CH +
\

OH
OH OH
I I

(C6H5)3COH +  (C6H5)2C = 0  +  (C6H5)2C------C(C6H5)2

and trip h e n y lm e th a n e , w ith  some benzophenone and 
benzopinacol. Because o f v a ria tio n s  in  th e  y ie lds  o f 
th e  p rod uc ts  ob ta ined , th e  re ac tio n  o f m e th y l tr ip h e n y l-  
acetate w ith  p h e n y ll ith iu m  was also inve s tiga te d . 
Once aga in  th e  resu lts  were in  accord w ith  p red ic 
tio n s  based on th e  reac tion  o f p h e n y ll ith iu m  w ith  benzo
p inaco lone, except th a t  some con juga te  a d d it io n  and 
se lf-condensa tion  were observed. W ith  excess p h e n y l-

(C6H5)3CC02CH3 +  C6H5Li —*

(20) R . C . F u so n  a n d  P . T o m b o u lia n , ib id ., 79, 956 (1957).
(21) W . A . M o sh e r a n d  M . L. H u b e r , ib id ., 73 , 795 (1951).
(22) G . A. O lah , C . U . P i t tm a n , J r . ,  E . N a m a n w o rth , a n d  M . B . C om isa- 

row , ib id ., 88, 5571 (1966).
(23) G . A . O lah , p r iv a te  c o m m u n ic a tio n .
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l i th iu m , no benzopinacolone o r benzophenone was 
fo u n d  and th e  o n ly  p rod uc ts  iso la ted  were ke tone  7 
(1 6 % ), tr ip h e n y lm e th a n e  (3 9 % ), h yd ro ca rb on  8  (6 % ), 
and  tr ip h e n y lc a rb in o l (6 9% ). W hen  th e  p h e n y ll ith iu m  
reagent was n o t in  excess, some s ta r t in g  m a te r ia l was 
recovered (25% ) a long w ith  th e  re ac tio n  in te rm e d ia tes  
benzophenone (3 .3 % ) and benzopinacolone (3 1 % ); t r i 
p heny lm e thane  (2 4 % ), ke tone  7 (4 .8 % ), and t r ip h e n y l
ca rb in o l (31% ) were also found . Some y e llo w  p o la r 
ca rb o n y l com pounds were present, p ro b a b ly  in te rm e 
d ia tes in  th e  fo rm a tio n  o f ke tone  7 . 21 T h e  m a te r ia l 
balance ind ica tes  th a t  no s ig n if ica n t re ac tio n  p ro d u c t 
has been unde tec ted  in  th e  ana lysis. These fin d ing s  
are co m p le te ly  cons is ten t w ith  th e  re ac tio n  p a th w a y  
described above and  lend  fu r th e r  s u p p o rt to  th e  h y 
pothesis concern ing  th e  in s ta b il i ty  o f th e  p e n ta p h e n y l- 
e thox ide  ion .

E x p e rim e n ta l S ection
Melting points are corrected. Microanalyses were performed 

by Clark Microanalytical Laboratory, Urbana, 111., and Spang 
Microanalytical Laboratory, Ann Arbor, Mich. Infrared spectra 
were measured in carbon disulfide solution (unless otherwise indi
cated) with Beckman IR-5 and IR-12 spectrophotometers.

Ethereal solvents were distilled from lithium aluminum hydride 
into the reaction flask. An argon atmosphere was employed in 
all trityllithium reactions. Purification of the argon was ac
complished best by passing it through a benzophenone-lithium 
ket.yl mixture in the ether used for the reaction.

Preparation of Trityllithium.—A summary of the methods 
and conditions is presented in Table I. Results with com
mercial butyllithium seemed to be slightly less reproducible than 
those in which the butyllithium was prepared by direct reaction 
of lithium with butyl chloride in the reaction solvent.

T a b l e  I
Y i e l d s  o f  T r i t y l l i t h i u m

E xcess of R ea c tio n T em p , Y ield ,
B uL i, % S o lv e n t“ tim e , h r °C %

150 THF 2 — 25 to 25 100
50 TH2MF 24 25 100
25 THP 20 25 90

300 DME 1.5 25 50
50 TH2,5DMF 8 15 11
30 Dioxane 3 15 1 4

“ THF is tetrahydrofuran, TH2MF is tetrahydro-2-methyl-
furan, THP is tetrahydropyran, DME is 1,2-dimethoxyethane, 
TH2,5DMF is tetrahydro-2,5-dimethylfuran.

Yields of trityllithium were determined by weighing the tri- 
phenylacetic acid formed following carbonation of the reagent.2 
Fractional crystallization of many samples of the carbonation 
product did not reveal the presence of an acid other than tri- 
phenylacetic acid, as indicated by infrared analysis.

p-(Diphenylmethyl)diphenylhydroxymethylbenzene (1) by Re
action of Trityllithium with Benzophenone in Tetrahydropyran.— 
In a typical experiment, trityllithium was prepared from 6.13 
g (25.1 mmol) of triphenylmethane and a 10% excess of 
n-butyllithium in 50 ml of tetrahydropyran at 15° during a 3-hr 
reaction period. To the reagent, 2.36 g (13.0 mmol) of solid 
benzophenone was added. After 9 hr a t 21-25°, dilute hydro
chloric acid was added to the deep red mixture. The organic 
layer was removed by methylene chloride extraction. Following 
distillation of the solvents, the yellow oily product was subjected 
to chromatography on Alcoa F-20 alumina. Triphenylmethane 
(3.88 g) and p-(diphenylmethyl)triphenylmethylbenzene (0.40 
g) were obtained in the early fractions. Elution with ether fur
nished the alcohol 1 (1.85 g, 33% yield based on benzophenone), 
mp 130-135°. Recrystallization from hexane furnished the 
analytical sample, mp 141-142° with decomposition. (The 
crystalline alcohol has a marked tendency to trap benzene and 
carbon tetrachloride; removal of these solvents in vacuo is slow.)

Anal. Calcd for C32H260 : C, 90.10; H, 6.14. Found; C, 
89.87,90.35; H, 5.90, 6.50.

The infrared spectrum closely resembles that of triphenylcar
binol, with the addition of bands at 2880 (benzylic C-H ), 1022, 
840, 805, 732, 662, 607, and 510 cm-1. The mass spectrum24 25 ex
hibited a parent peak (M) at m /e 426; other principal peaks oc
curred at m/e 409 (M — OH), 349 (M — C6H5), 271 (M — 
2C6H5), and 259 [M — (CeHs^CHj. The pmr spectrum24 had 
peaks for aromatic hydrogens at 7.26 and 7.19 (24 H), for a 
benzylic hydrogen at 5.53 (1 H), and for an hvdroxyl proton 
at 2.77 (1H ).

Stability of Alcohol 1 to Base.—The effects of a variety of bases 
on the alcohol 1 were examined. Decomposition was detected 
by infrared analysis of the reaction products recovered from the 
base treatment. No decomposition was detected after (1) heat
ing at 305° for 5 min in a soft glass tube, (2) heating to 255° for 4 
min with powdered potassium hydroxide, (3) boiling for 16 hr in 
ethanol with sodium ethoxide, and (4) stirring with an excess of 
butyllithium at 25° for 2 days in hexane.

Reduction of Alcohol 1 with Formic Acid.—A 0.105-g sample of 
the alcohol 1 was heated under reflux with 0.5 ml of toluene and 
3.0 ml of 98% formic acid for 4 hr. Removal of the solvent fur
nished 0.074 g of solid with mp 163-170°. Crystallization from 
hexane or sublimation yielded needles, mp 176-177°. Mixture 
melting point determinations and infrared comparisons of this 
hydrocarbon with authentic p-bis(diphenylmethyl)benzene (2) 
showed the two to be identical.

p-Bis(diphenylhydroxymethyl)benzene (3) was prepared by 
treatment of 2.20 g (0.0113 mol) of dimethyl terephthalate with 
excess (0.06 mol) phenyllithium in 100 ml of ether for 20 hr at 
reflux temperature. The crude diol product (5.07 g) was crystal
lized from benzene, mp 167-170° (lit.26’26 mp 170-171°, 175°). 
Infrared maxima (fluorocarbon midi) were at 2.89 (OH) and 12.1 
\jl (para-substituted benzene).

p-Bis(diphenylmethyl)benzene (2) was prepared by boiling 
0.92 g of the above diol with 7 ml of 98% formic acid and 3 ml of 
toluene for 8 hr. Removal of the solvent produced the hydro
carbon, mp 175.5-177° (lit.27 mp 171°). The infrared spectrum 
resembled that of triphenylmethane with the addition of bands 
at 1022, 842, 793, 719, and 510 cm -1.

The reaction of phenyllithium with benzopinacolone was re
peated over 20 times with a variety of conditions and solvents. 
Product analysis employed gas-liquid partition and column 
chromatographic techniques, plus infrared analysis.

In a typical reaction at 30°, 1.20 g (2.9 mmol) of benzopina
colone dissolved in 20 ml of benzene was added to an excess (50 
mmol) of phenyllithium in 30 ml of ether. The mixture turned 
first yellow, then dark red-brown. After 1.5 hr, hydrolysis was 
effected by addition to an ice-ammonium chloride mixture. 
Chromatographic separation of the products furnished triphenyl
methane, triphenylcarbinol, and a trace amount of benzopina
colone. No other crystalline compounds were obtained; infrared 
analysis of the crude reaction product as well as chromatographic 
fractions^id not indicate the presence of other materials. In 
similar reactions, gas-liquid partition chromatographic analysis 
did not disclose any additional compounds.

In an experiment involving inverse addition, 13 mmol of 
phenyllithium in 10 ml of ether and 20 ml of toluene was slowly 
added to 3.70 g (10.5 mmol) of benzopinacolone in 60 ml of 
toluene while the mixture was held in a Dry Ice bath at —65°. 
After 15 min, the mixture was added to dilute acetic acid. The 
crude reaction product was treated with a benzene-ligroin mix
ture and filtered. The insoluble fraction was unchanged benzo
pinacolone. The filtrate was concentrated and subjected to 
chromatography on alumina. (Infrared analysis of this fraction 
indicated an alcoholic component in addition to the ketone.) 
Triphenylmethane, benzopinacolone, and triphenylcarbinol were 
isolated in small quantities as crystalline compounds; no other 
crystalline components were obtained and no evidence for benzo-

(24) T h e  m ass sp e c tra  w ere  m easu red  on a n  H ita c h i R M U -6 A  in s tru m e n t 
w ith  a  so u rce  te m p e ra tu re  of 200°. W e a re  in d e b te d  to  M r. R o n a ld  H ite s  of 
th e  M a ssa c h u se tts  I n s t i t u te  of T ech n o lo g y  fo r  th e se  s p e c tra l d e te rm in a tio n s . 
T h e  p m r  sp e c tru m  w as d e te rm in ed  in  d eu te rio ch lo ro fo rm  so lu tio n  on a  
V arian  A ssociates A56-60 sp e c tro m e te r . C hem ica l sh if ts  a re  re p o rte d  in  
p a r ts  p e r  m illion  dow nfield  from  T M S . W e a re  in d e b te d  to  M r. S tev en  
B ea re  of th e  U n iv e rs ity  of I llino is  fo r th is  d e te rm in a tio n .

(25) G . J . S loan  a n d  W . R . V au g h an , J .  Org. Chem ., 22 , 750 (1957).
(26) R . A. B enkese r a n d  W . S ch roeder, J .  A m er . Chem . Soc., 80, 3314 

(1958).
(27) E . D . B e rg m an n , ib id ., 75 , 2761 (1953).
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phenone was found. Trace amounts of phenolic oils and a car
bonyl compound (absorption at 1735 cm-1) were found in milli
gram quantities in the last (polar) fractions.

Attempted Halogenation of Pentaphenylethane.—The proce
dure of Bachmann16 was followed, using bromine in carbon tetra
chloride solution, and the products were examined by infrared 
analysis. No materials other than trityl bromide and dibromo- 
diphenylmethane were indicated. The action of N-bromosuc- 
cinimide in carbon tetrachloride solution furnished no crystalline 
products. Only cleavage products were identified following 
photochlorination28 with chlorine in carbon tetrachloride solution.

Decomposition of 9,10,10-Triphenyl-9,10-dihydro-9-phenan- 
throl (5).20—Small amounts of alcohol 5 were heated in both 
Pyrex and quartz tubes under a nitrogen atmosphere in an oil 
bath at 275°. Progress of the decomposition was followed by 
quantitative infrared spectroscopy, measuring the carbonyl band 
in the product (6). Observed half-lives were 7.5 and 60 min, 
respectively, in the Pyrex and quartz tubes. Essentially com
plete conversion to o-(a,a-diphenyl-o-tolyl)benzophenone (6) was 
observed in a Pyrex tube held at 300° for 30 min. The ketone 6 
was isolated and identified by its melting point, 173-175° (lit.21 
mp 178-179°), and the infrared spectrum which exhibited typical 
benzophenone-type absorption bands a t 1669, 1314, 1283, 1263, 
and 928 cm-1, aliphatic CH absorption at 2900 cm-1, and aro
matic CH bands at 760, 753, 729, and 698 cm”1.

Reaction of Triphenylacetic Acid with Phenyllithium.—In a 
typical reaction (one of three), 1.508 g (5.24 mmol) of triphenyl
acetic acid (three times crystallized from toluene) dissolved in 180 
ml of ether was added to phenyllithium prepared from 7.4 ml (70 
mmol) of bromobenzene. After stirring at 25° for 3 hr, the red- 
brown mixture was added to ice and water. Triphenylacetic acid 
(0.305 g) was recovered from the water layer. Removal of the 
organic solvent left 1.62 g of a yellow semisolid which furnished 
0.42 g of crystals, mp 140-161°, upon treatment with ligroin 
(bp 30-60°). Infrared analysis indicated this to be mainly 
triphenylcarbinol, which was isolated from some of the runs 
(mp 160-166°). Crystallization of this impure material from 
benzene furnished a small amount of benzopinacol, mp 183-185°. 
Benzophenone and triphenylmethane were readily identified in 
the crystallization residues, but no other reaction products were 
indicated.

In the other runs, the same products were identified, although 
the yields were not consistently reproducible, but in no case was 
any evidence for alcohol 1 found.

Methyl triphenylacetate was prepared conveniently from tri- 
phenylacetyl chloride and methanol. Triphenylacetic acid, 
thionyl chloride, and hexane were boiled for 3 hr and the solvent 
was distilled below 80°. Methanol was added and the mixture 
was heated under reflux for 18 hr. Removal of the solvent fol
lowed by crystallization furnished 3.69 g (79% yield) of methyl 
triphenylacetate, mp 185-187°. An additional crystallization

(28) R . E . L o v in s  a n d  L . J .  A ndrew s, J .  Org. Chem ., 29, 487 (1964).

gave a sample with mp 187.5-189° (lit.28 mp 185-187°). The 
infrared spectrum exhibits ester absorption a t 1743 and 1222 
cm -1.

Reaction of Methyl Triphenylacetate with Phenyllithium.
A.—To a solution of phenyllithium prepared from 0.100 mol of 
bromobenzene and 0.190 g-atom of lithium in 75 ml of ether was 
added 1.33 g (4.43 mmol) of the ester (mp 187.5-189°) as a slurry 
in 75 ml of ether. The resulting deep red mixture was stirred at 
23° for 2 hr before hydrolysis was effected by addition to ice. 
Methylene chloride extraction furnished the crude product which 
was subjected to chromatographic analysis on activated Alcoa 
F-20 alumina. Analysis of the fractions employed gas-liquid 
partition chromatography (SE-30 on glass beads) and quantita
tive infrared spectroscopic techniques. In addition to biphenyl, 
the following reaction products were obtained (yields are based on 
the ester): triphenylmethane, 0.426 g (39%); p-(diphenyl- 
methyl)triphenylmethylbenzene (8), 0.062 g (6%); o-biphenylyl 
triphenylmethyl ketone (7), 0.308 g (16%); triphenylcarbinol, 
0.721 g (69%). No evidence for the presence of benzopina- 
colone, benzophenone, benzopinacol, or alcohol 1 was found. 
Products were identified by comparison with known samples.

When the reaction was repeated using four times as much ester 
(67 mmol of phenyllithium and 10.3 mmol of ester), essentially 
the same results were obtained.

B.—A freshly prepared solution of phenyllithium (17 mmol) 
was cooled to —70°. A slurry of 1.79 g (5.97 mmol) of methyl 
triphenylacetate was added in 100 ml of ether; no color change 
was observed. The stirred mixture was allowed to warm up to 
20° during 1.5 hr and after 1 hr at 23° hydrolysis was effected with 
a mixture of ice and hydrochloric acid. Product analysis was by 
the same techniques as above: recovered ester, 0.456 g (25%); 
triphenylmethane, 0.344 g (24%); benzophenone, 0.036 g 
(3.3%); benzopinacolone, 0.646 g (31%); o-biphenylyl tri
phenylmethyl ketone (7), 0.125 g (4.8%); triphenylcarbinol, 
0.498 g (31%). Infrared analysis did not indicate the presence of 
any other alcoholic compounds, except for trace amounts in the 
last polar fractions which were yellow oils with phenolic odors; 
carbonyl absorption bands (1701 and 1672 cm-1) were also 
present.

R e g is try  N o .— Benzophenone, 119-61-9; te tra h y d ro -  
p y ra n , 142-68-7; 1 ,15591-47-6 ; t r i ty U ith iu m , 733-90-4; 
p h e n y ll ith iu m , 591-51-5; benzopinaco lone, 466-37-5; 
tr ip h e n y la c e tic  acid , 595-91-5; m e th y l tr ip h e n y la c e ta te , 
5467-21-0.

A ckn o w le d g m e n t.— T h e  e a rly  phases o f th is  research 
were su ppo rted  b y  a F re d e rick  G a rdn e r C o tt re l l  G ra n t 
fro m  th e  Research C o rp o ra tio n .

(29) A. G . B rook  a n d  H . G ilm an , J . A m er. Chem . Soc., 76, 77 (1954).



Vol. 83 , N o . 4 , A p r i l  1968 Isomerization of the Diethylbenzenes 1513

The Isom erization o f the Diethylbenzenes Using Zeolite C atalysts1
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Partially multivalent metal cation exchanged, partially decationized Type Y zeolites catalyze the isomeriza
tion of diethylbenzenes. The absence of stable zeolite catalyst-reactant complexes permits the ready forma
tion of 1,2,4-triethjlbenzene through the transalkylation of the diethylbenzenes. This isomer, which has not 
been reported in previous studies with Lewis acid catalysts, dealkylates to the equilibrium distributions of the 
diethylbenzene isomers. The formation of complexes between Lewis acid catalysts and alkyl aromatics depends 
upon the ring position of the alkyl groups and has likely influenced previously reported reaction mechanisms. 
No isomerization occurs with zeolite catalysts in the absence of transalkylation. The equilibrium product dis
tribution at 170° consists of approximately 50 mol % transalkylate: the diethylbenzene fraction contains 
about 5% ortho, 62% meta, and 33% para isomers and the triethylbenzene fraction consists of 31% 1,2,4 and 69%
1,3,5 isomers.

D esp ite  th e  large vo lu m e  o f w o rk  pub lished  on th e  
isom eriza tion  o f th e  d ie thylbenzenes, i t  is s t i l l  n o t c lear 
w h a t p a r t tra n s a lk y la tio n  p lays  in  th e  fin a l isom er 
d is tr ib u t io n . A lle n  and  Y a ts  have dem onstra ted  th a t  
th e  isom eriza tion  o f a lk y la ro m a tic s  invo lve s  b o th  in t ra 
m olecu la r and in te rm o le cu la r rearrangem ents, th e  re l
a tiv e  co n tr ib u tio n s  o f w h ic h  depend u pon  th e  s tru c tu re  
o f the  a lk y la ro m a tic . 2’3 O lah, e t a l . , a t t r ib u te  th e  isom 
e riza tion  o f d ie thy lbenzenes so le ly to  a sequence o f 
in tra m o le cu la r 1 , 2  s h ifts  even th o u g h  tra n s a lk y la tio n  
accounts fo r  as m uch  as 40 m ol %  o f th e  p ro d u c ts . 4 

O n th e  o th e r hand, Unseren and W o lf have shown th a t
1 , 2  sh ifts  can o n ly  com pete  w ith  tra n s a lk y la tio n  and 
th a t e thy lbenzene  tra n sa lky la te s  m ore  ra p id ly  th a n  i t  
isom erizes .5 I t  is im p o r ta n t to  no te  th a t  a ll p rev ious 
in ve s tiga tio ns  fa ile d  to  iso la te  and  apprec ia te  th e  im 
po rtance  o f th e  1 ,2 ,4 -tr is u b s titu te d  isom er in  th e  tra n s 
a lk y la t io n  p roducts .

I t  is genera lly  agreed th a t  th e  a lk y la t io n  o f a rom a tic  
hydrocarbons and  th e  re la ted  isom e riza tion  and  tra n s 
a lk y la t io n  o f th e  a lk y l-s u b s titu te d  a rom a tics  w ith  ac id ic  
ca ta lys ts  in v o lv e  e lec tron -de fic ien t in te rm ed ia tes , i .e . ,  
ca rb o n iu m  ions. T h is  s tu d y  was u nd e rtake n  w ith  th e  
o b je c tive  o f c lose ly fo llo w in g  th e  com pos ition  o f th e  
tra n s a lk v la te d  p ro d u c ts  d u r in g  th e  isom eriza tion  o f 
d ie thylbenzenes w ith  a c ry s ta llin e  ca ta ly s t derived  
fro m  T y p e  Y  zeolite. I t  was hoped th a t  th e  d a ta  w o u ld  
reveal th e  re ac tio n  p a th  o f th e  isom e riza tion  and  sub
sequently  shed lig h t  on th e  re ac tio n  m echanism  and th e  
n a tu re  o f th e  in te rm e d ia te  species.

R esu lts

P rev ious w o rk  has show n th a t  th e  ca ta ly s t used in  
th is  s tu d y , p a r t ia lly  m u lt iv a le n t ca tion  exchanged, p a r
t ia l ly  decation ized T y p e  Y  zeo lite  possesses u nu su a lly  
s tro ng  c a ta ly t ic  a c t iv i ty  fo r  th e  a lk y la t io n  o f a rom a tic  
hydrocarbons w ith  lo w  m o lecu la r w e igh t o le fins .6 M in 
eral ac id  p rom o ted  and  nonp rom o ted  am orphous s ilic a -  
a lu m in a  ca ta lys ts  requ ire  h ighe r te m pe ra tu re  fo r  the  
tra n s a lk y la tio n  o f a lk y l-s u b s titu te d  a rom a tics  th a n  fo r

(1) P a p e r  p re sen ted  a t  th e  152nd N a tio n a l M ee tin g  o f th e  A m erican  
C hem ica l S ocie ty , N ew  Y o rk , N . Y ., S ep t 1966.

(2) R . H . A llen, L . D . Y a ts , a n d  D . S. E rley , J .  A m er. Chem. Soc., 82, 4853 
(1960).

(3) R . H . A llen, ib id ., 82, 4856 (1960).
(4) G . A. O lah , M . W . M ey e r, a n d  N . A. O v e rch u k , J .  Org. Chem ., 29, 2313 

(1964).
(5) E . U nseren  a n d  A. P . W olf, ib id ., 27, 1509 (1962).
(6) T o  be  p u b lish ed . P a p e r  p re sen ted  b y  P . E . P ic k e rt a t  th e  M ee tin g  of 

th e  A m erican  I n s t i t u te  of C hem ica l E n g in eers , C o lum bus, O hio, M a y  16, 
1966.

a lk y la t io n . O n th e  o th e r hand, th e  zeolite  c a ta ly s t is 
s u ffic ie n tly  a c tive  to  ca ta lyze  isom e riza tion  and  tra n s 
a lk y la t io n  reactions unde r a lk y la t io n  cond itions . P ro d 
uc ts  r ic h  in  th e  m e ta -substitu ted  isom ers are fre q u e n tly  
ob ta ined , m uch  th e  same as w ith  p rom o te d  Lew is  acid  
ca ta lys ts .

I n i t ia l  experim ents w ith  d ie thy lbenzenes were car
ried  o u t to  d e te rm ine  a t w h a t te m p e ra tu re  isom e riza tion  
occurs in  th e  absence o f tra n s a lk y la tio n . X e ith e r  isom 
e riza tio n  n o r tra n s a lk y la tio n  o f p -d ie thy lbenzene  oc
cu rred  a t 50°. A t  100°, 2 m o l %  o f th e  d ie th y lb e n 
zene was tra n s a lk y la te d  to  e thy lbenzene  and  t r ie th y l
benzene, b u t no isom e riza tion  occurred even a fte r  a re
a c tion  tim e  o f 24 h r. T h e  tr ie th y lb e n ze n e  fra c tio n  
con ta ined  o n ly  one isom er, th e  1,2 ,4 -trie thy lbenzene . 
W h e n  th e  te m p e ra tu re  was raised to  150° fo r  16 h r, 30 
m o l %  o f th e  d ie thy lbenzene  was tra n s a lk y la te d , accom 
pan ied b y  1 0 %  isom e riza tion  o f th e  d ie thy lbenzene  
fra c tio n . Close exam ina tio n  o f th e  tra n s a lk y la te d  p rod 
uc ts  revealed th e  existence o f tw o  tr is u b s t itu te d  iso
mers, th e  1,2,4- and th e  1 ,3 ,5 -trie thy lbenzenes, and  th a t  
th e ir  re la tiv e  concen tra tions v a rie d  th ro u g h  th e  course 
o f th e  reaction . These in i t ia l  resu lts  showed th a t  isom 
e riza tio n  does n o t ta ke  p lace in  th e  absence o f tra n s 
a lk y la t io n  and in d ica te d  th a t  1 ,2 ,4 -tr ie thy lbenzene  was 
th e  p r in c ip a l re ac tio n  in te rm e d ia te . I t  is s ig n if ic a n t 
th a t  th is  isom er has n o t been re po rte d  in  p rev ious  in 
ve s tig a tion s  o f th e  isom e riza tion  and  tra n s a lk y la tio n  o f 
d ie thylbenzenes.

P rod u c t d is tr ib u t io n s  ob ta in ed  in  th e  isom eriza tion  o f
0- d ie thy lbenzene  a t  170°, ove r a pe riod  o f 100 h r, are 
sum m arized in  T a b le  I .  T h e  in i t ia l  p ro d u c ts  were 
e thylbenzene and 1 ,2 ,4 -trie thy lbenzene . N o  increase 
in  th e  am ounts  o f p a r a  and  m eta  isom ers occurred, be
yo n d  those in  th e  s ta r t in g  m a te ria l, u n t i l  th e  concen
tra t io n  o f th e  1,2,4 isom er reached a b o u t 3 -4  m o l %  
o f th e  reaction  m ix tu re  a fte r  a re ac tio n  period  o f a bo u t
1 -  2 h r. D u r in g  th e  course o f th e  reac tion , th e  concen
tra t io n  o f 1,2,4 isom er in  th e  tr is u b s titu te d  fra c tio n  de
creased fro m  100 to  34% , th e  balance being  th e  1,3,5 iso
m er. T h e  o ve r-a ll co nce n tra tio n  o f th e  fo rm e r isom er 
passed th ro u g h  a m a x im u m  o f 13 m o l %  o f th e  reaction  
m ix tu re  to  i ts  e q u ilib r iu m  va lu e  o f 9 m o l % . T h e  ex
te n t  o f tra n s a lk y la tio n  a t  e q u ilib r iu m  was a b o u t 50 m o l 
%  and  was ob ta ined  in  a p p ro x im a te ly  24 hr.

T h e  pure  p a r a  isom er tra n s a lk y la te d  to  a bo u t equ i
l ib r iu m  d is tr ib u t io n  (T a b le  I I )  in  a b o u t th e  same tim e  
as th e  pure  ortho  isom er. T h e  in i t ia l  p rod uc ts  were 
e thy lbenzene and, again, th e  1 ,2 ,4 -tr is u b s titu te d  iso-
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T a b l e  I
T h e  I s o m e r i z a t i o n  o f  o- D i e t h y l b e n z e n e  a t  1 7 0 °

•P ro d u c t d is tr ib u tio n , m ol % - ---------------------------------. -̂--------------------’Iso m e r d is tr ib u tio n  (norm alized)-
-D ie th y lb en ze n e - /—T rie th y lb e n z e n e —. -D ie th v lb en ze n e - —̂T n e th y lb e n z e n e —,

T im e E th y lb e n z e n e O m V 1,2,4 1,3,5 O m V 1,2,4 1,3,5

0 0 9 3 . 2 5 . 9 0 . 9 0 0 9 3 . 2 5 . 9 0 . 9
1 . 5  min 0 . 6 9 2 . 6 5 . 1 1 . 1 0 . 6 0 9 3 . 7 5 . 2 1 . 1 100 0

5 min 0 . 8 9 1 . 9 5 . 6 0 . 8 0 . 9 0 9 3 . 5 5 . 7 0 . 8 100 0
20 min 1 . 4 90 . 6 5 . 7 0 . 4 1 . 9 0 9 3 . 7 5 . 9 0 . 4 100 0

40 min 1 . 6 9 0 . 1 5 . 7 0 . 7 1 . 9 0 9 3 . 4 5 . 9 0 . 7 100 0

60 min 2 . 5 86 .8 6 . 0 1 . 8 2 . 7 0 . 2 9 1 . 8 6 . 3 1 . 9 9 4 . 3 5 . 7

2 hr 4 . 2 8 1 . 0 8 . 5 1 . 4 4 . 6 0 . 4 8 9 .2 9 . 3 1 . 5 9 2 . 1 7 . 9

4 hr 8 . 6 70 . 8 1 1 . 4 1  6 6 . 7 0 . 9 8 4 . 5 1 3 . 6 1 . 9 8 8 . 0 1 2 . 0

7 hr 1 1 . 8 5 9 . 7 1 4 . 2 2 . 2 9 . 6 2 . 5 7 8 . 4 1 8 . 7 2 . 9 7 9 . 5 2 0 . 5

23  hr 24 . 6 1 2 . 9 2 7 . 8 9 . 7 1 3 . 1 1 2 . 0 2 5 . 6 5 5 . 1 1 9 . 3 5 2 . 1 4 7 . 9

32  hr 2 3 . 3 6 . 5 3 1 . 9 1 2 . 6 1 0 . 9 1 4 . 8 1 2 . 7 6 2 . 5 2 4 . 7 4 2 . 4 5 7 . 6

47 hr 2 4 . 5 3 . 9 3 1 . 1 1 4 . 8 8 . 9 1 6 . 8 7 . 8 6 2 . 5 2 9 . 7 3 4 . 6 6 5 . 4

7 1  hr 2 0 . 5 3 . 1 3 2 . 8 1 5 . 7 9 . 4 1 8 . 4 6 . 0 6 3 . 5 3 0 . 4 3 3 . 8 6 6 . 2

1 00  hr 2 0. 4 3 . 1 3 3 . 1 1 5 . 9 9 . 2 1 8 . 2 6 . 0 6 3 . 4 3 0 . 5 3 3 . 6 6 6 . 4

T a b l e  I I

T h e  I s o m e r i z a t i o n  o f  p - D i e t h y l b e n z e n e  a t  1 70 °
r  !• , i,. j? / . . _ i ;__i\

T im e E th y lb e n z e n e O m V 1,2,4 1,3,5 O m V 1,2,4 1,3,5

0 0 0 0 100 0 0
0 . 5  min 0 . 4 0 0 9 9 . 5 0 . 2 0 0 0 100 100 0

2 min 0 . 3 0 0 9 9 . 5 0 . 3 0 0 0 100 1 00 0

5 min 0 . 6 0 0 99. 0 0 . 4 0 0 0 100 100 0
1 0 min 0 . 9 0 0 98 .4 0 . 7 0 0 0 100 100 0
20 min 1 . 3 0 0 . 1 9 7 . 7 1 . 0 0 0 0 . 1 99.9 100 0

30 min 2 . 3 0 0 . 4 9 5 .6 1 . 7 0 0 0 . 4 99.6 100 0
60 min 3 . 0 0 0 . 6 9 3 . 8 2 . 6 0 0 0 . 6 99.4 100 0
2 . 5  hr 5 . 7 0 . 3 1 . 7 8 6 . 3 5 . 2 0 . 8 0 . 3 1 . 9 9 7 . 7 8 7 . 5 1 2 . 5

4 hr 1 0 . 4 0 . 3 2 . 7 7 8 . 4 7 . 0 1 . 2 0 . 4 3 . 3 9 6 . 3 8 5 . 9 1 4 . 1
6 hr 1 1 . 9 0 . 7 3 . 9 7 3 . 0 8 . 4 2 . 1 0 . 9 5 . 0 9 4 . 1 7 9 . 7 2 0 . 3

22 hr 2 2 . 7 1 . 6 1 5 . 3 3 9 . 0 1 1 . 4 1 0 . 1 2 . 9 2 7 . 3 69.8 5 3 . 1 4 6 . 9
46 hr 2 1 . 7 3 . 4 2 4 . 8 2 4 . 1 1 0 . 5 1 5 . 4 6 . 5 4 7 . 5 4 6 . 0 4 0 . 6 5 9 . 4
54 hr 2 2 . 0 4 . 1 2 7 . 0 2 1 . 5 9 . 7 1 5 . 6 7 . 8 5 1 . 2 40 . 9 3 8 . 2 6 1 . 8
70 hr 2 0. 9 3 . 8 3 0 . 5 1 8 . 1 9 . 6 1 7 . 1 7 . 2 5 8 . 2 3 4 . 6 3 6 . 1 6 3 . 9

1 00  hr 2 0 . 0 2 . 8 3 2 . 9 1 8 . 0 8 . 3 1 8 . 1 5 . 2 6 1 . 4 3 3 . 5 3 1 . 4 6 8 . 6

mer; the 1,3,5 isomer appeared only when a substantial 
amount of the 1,2,4 isomer had been formed. As before, 
the concentration of the 1,2,4 isomer in the trisub- 
stituted fraction decreased from 100 to 31 mol %, 
while the over-all concentration passed through a max
imum of about 1 1 - 1 2  mol % before reaching its equi
librium concentration of 8 mol %. The close simi
larity between the transalkylation and isomerization 
of the ortho and p a ra  isomers suggests that the forma
tion of the 1,2,4 isomer may be the rate-controlling step.

The isomerization of the m eta  isomer (Table III) was 
considerably more rapid than that of the ortho and 
p a ra  isomers and was essentially complete after 30 hr 
yielding the same isomer distributions. The shorter 
time required to obtain this equilibrium distribution 
was probably due to starting closer to the final com
position, the m eta  isomer constituting over 60% of the 
mixture. Again transalkylation occurred to the extent 
of 50 mol % of the diethylbenzenes and led to the 
appearance of ethylbenzene and triethylbenzenes. 
However, with the m-diethylbenzene, the 1,2,4- and the
1,3,5-triethylbenzenes appeared essentially at the same 
time and initially closer to their equilibrium distribution. 
The reversibility of the transalkylation-isomerization 
reaction was demonstrated by using 1,3,5-triethylben
zene and ethylbenzene as starting materials (Table IV).

The products were the diethylbenzene isomers in equi
librium distribution.

That the isomerization mechanism involved the 
formation of transalkylated products was further shown 
by repeating the isomerization of the ortho isomer in the 
presence of added ethylbenzene and triethylbenzene 
(Table V). If transalkylation contributed to isom
erization, an increase in rate should result. If, how
ever, the mechanism involved 1 ,2  shifts, a decrease in 
rate due to dilution of the reactant should occur. As 
expected, after 4 hr the disubstituted fraction of the 
reaction mixture from the pure ortho isomer contained 
84.5% ortho, while that from the reaction mixture with 
added transalkylation products contained 76.7% ortho. 
Thus the isomerization rate was increased by the pres
ence of the transalkylation products.

Discussion
Considerable evidence has been assembled which 

suggests that the mechanism of carbonium ion forma
tion with zeolite catalysts is fundamentally different 
from that of conventional Lewis acid and Brpnsted acid 
catalysts. It has been postulated that hydrocarbon 
molecules are polarized by the strong electrostatic fields 
surrounding positively and negatively charged sites
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T a b l e  III
T h e  I s o m e r i z a t i o n  o p  ot- D i e t h y l b e n z e n e  a t  1 7 0 °

■Product d is tr ib u tio n , m ol % ------------------------------------ % <■---------------------Iso m e r d is tr ib u tio n  (n o rm a lize d )------- --------------->
----------D ie th y lb e n z e n e ------------ > ,—T rie th y lb e n z e n e —- ✓-----------— D ie th y lb e n z e n e ------— —. /—T rie th y lb e n z e n e —>

T im e E th y lb e n z e n e 0 m V 1,2,4

0 0 0 100 0 0
2 min 0 0 100 0 0
5 min 0 . 1 0 . 1 9 9 . 3 0 . 3 0 . 2

20 min 0 . 3 0 . 2 98 .8 0 . 4 0 . 2
40 min 0 . 9 0 . 7 9 6 . 5 1 . 1 0 . 3

2 hr 0 . 9 0 . 7 9 5 . 7 1 . 9 0 . 3
3 hr 2 . 7 1 . 4 9 0 . 1 2 . 4 0 . 9

20 hr 1 3 . 1 2 . 3 6 1 . 0 7 . 6 4 . 4
22 hr 1 5 . 3 1 . 8 5 8 . 2 8 . 5 4 . 3
3 1  hr 1 8 . 2 3 . 2 3 5 . 9 1 7 . 6 8 . 6
76 hr 1 8 . 9 2 . 9 3 2 . 9 1 7 . 3 8 . 5

T a b l e  IV
T h e  T r a n s a l k y l a t i o n  of  E t h y l b e n z e n e  and

1 , 3 , 5 - T r i e t h y l b e n z e n e  at  1 7 0 °
D ie th y ib en ze n e

— P ro d u c t  d is tr ib u tio n , m ol %■ -----* isom er
T r ie th y l- d is tr ib u tio n

E th y l- ,—D ie th y ib e n z e n e —- ,— b e n z e n e -—̂  , -(re la tiv e ) ----- s
T im e  benzene o m P 1,2,4 1,3,5 0 m p
0 min 4 8 . 2 0 0 0 0 5 1 . 8
1  min 4 8 . 0 0 0 . 1 0 . 2  0 5 1 . 8
2 min 4 7 . 7 0 0 . 6 0 . 4  0 5 1 . 2
4 min 4 6 . 8 0 0 . 5 0 . 4  0 . 1 5 2 . 1
5  min 46 . 4 0 0 . 9 0 . 5  0 . 3 5 1 . 8

1 0 min 4 5 . 0 0 1 . 5 1 . 0  1 . 5 5 1 . 9
30 min 4 1 . 5 0 . 1  2 . 9 1 . 6  1 . 2 5 2 . 7 1 29 16
60 min 3 7 . 5 0 . 3  4 . 7 2 . 6  2 . 0 5 2 . 8 1 16 9

2 hr 3 3 . 5 0 . 8  1 0 . 7 5 . 5  3 . 2 46 . 4 1 1 3 7
3 hr  2 2 . 0 1 . 7  2 4 . 5 1 0 . 9  6 . 7 3 4 . 3 1 14 6
4 hr  1 5 . 5 2 . 4  2 8 . 6 1 3 . 2  9 . 1 3 1 . 2 1 1 2 6
5 hr  1 3 . 5 2 . 5  3 1 . 5 1 4 . 5  1 0 . 0 2 7 . 9 1 1 3 6
8 hr 1 4 . 3 2 . 7  3 2 . 4 1 4 . 3  1 0 . 4 2 5 . 9 1 1 2 5

l Oh r  1 3 . 5 2 . 5  3 2 . 3 1 4 . 8  1 1 . 1 2 5 . 7 1 1 3 6

1,3,5 O m p 1,2,4 1,3,5

0 0 1 00 0 0 0
0 0 100 0 0 0
0 0 . 1 99.6 0 . 3 1 00 0
0 . 2 0 . 2 99.4 0 . 4 50 50
0 . 6 0 . 7 98 . 2 1 .1 3 0 . 8 6 9 . 2
0 . 7 0 . 7 97 .4 1 . 9 2 7 . 3 7 2 . 4
3 . 5 1 . 5 9 5 . 9 2 . 6 2 6 . 8 7 3 . 2

1 1 . 6 3 . 3 8 6 . 1 1 0 . 7 2 7 . 5 7 2 . 5
1 1 . 8 2 . 6 84. 9 1 2 . 4 2 6 . 7 7 3 . 3
1 6 . 6 5 . 6 6 3 . 4 3 1 . 0 3 4 . 0 6 6 . 0
1 9 . 5 5 . 4 6 2 . 0 3 2 . 6 3 0 . 4 69. 6

influence the reaction mechanism significantly. The pre
ponderance of meto-substituted products with large, non- 
catalytic amounts of the halide-containing catalysts has 
been explained on the basis of the greater stability of the 
m eta  compared with similar ortho and p a ra  a com
plexes.8,9

The experimental data obtained in this study show 
that starting with any one of the three diethylbenzene 
isomers, the same product distribution was obtained, 
demonstrating conclusively that equilibrium had been 
reached. The extent of transalkylation, at equilibrium, 
was the same for each isomer. The product consisted 
of about 20 mol % ethylbenzene, 53 mol % diethyl
benzenes, and 27 mol % triethylbenzenes. The differ
ence in concentration between the ethylbenzene and 
triethylbenzene fractions from the theoretical 1 :1  molar 
ratio is explained by the transalkylation of some of the 
ethylbenzene to diethylbenzenes and benzene; the lat
ter was lost from the system at reaction temperature. 
The diethylbenzene fraction at equilibrium consisted of

T a b l e  V

T h e  I s o m e r i z a t i o n  o f  o- D i e t h y l b e n z e n e  w i t h  A d d e d  T r a n s a l k y l a t i o n  P r o d u c t s  a t  1 7 0 °
■Product d is tr ib u tio n , m ol % ——  ----------------------------. ,--------------------- Iso m e r d is tr ib u tio n  (n o rm a lize d )-------------------
--------D ie th y lb en ze n e------------ « ,—T rie th y lb e n z e n e —, ✓-------------- D ie th y ib e n z e n e -------------- * /—T rie th y lb e n z e n e —•

T im e E th y lb e n z e n e O m p 1,2,4 1,3,5 0 m p 1,2,4 1,3,5

0 7 . 9 7 5 . 9 4 . 0 0 . 7 0 1 1 . 5 9 4 . 2 4 . 9 0 . 9 0 100
1  min 9 . 8 7 4 . 1 4 . 1 0 . 8 0 . 3 1 0 . 0 9 3 . 8 5 . 2 1 . 0 2 . 9 9 7 . 1
5 min 1 0 . 4 7 2 . 8 4 . 2 0 . 8 0 . 7 1 1 . 1 9 3 . 5 5 . 4 1 . 0 5 . 7 9 4 . 3

1 0  min 1 0 . 9 7 2 . 5 4 . 0 0 . 9 0 . 7 1 1 . 0 9 3 . 7 5 . 2 1 . 1 6 . 3 9 3 . 7
60 min 1 0 . 9 68.9 6 . 4 1 . 2 2 . 6 1 0 . 0 9 0 . 0 8 . 4 1 . 6 2 0 . 5 7 9 . 5

2 hr 1 1 . 8 6 3 . 0 8 . 5 2 . 0 5 . 0 9 . 7 8 5 . 7 1 1 . 5 2 . 7 3 4 . 0 6 6 . 0
4 hr 1 7 . 0 4 8 . 5 1 1 . 9 2 . 7 1 0 . 0 9 . 7 7 6 . 7 1 8 . 9 4 . 3 5 0 . 8 4 9 . 2
7 hr 1 8 . 6 3 6 . 3 1 6 . 9 3 . 5 1 3 . 4 1 1 . 5 6 4 . 1 29 . 8 6 . 2 5 3 . 9 4 6 . 1

23  hr 2 0 . 8 1 3 . 0 2 7 . 0 1 0 . 1 1 3 . 3 1 5 . 3 2 5 . 7 5 3 . 4 1 9 . 9 4 6 . 4 5 3 . 6
30  hr 1 8 . 9 9 . 7 2 9 . 8 1 1 . 5 1 2 . 4 1 7 . 8 1 9 . 0 5 8. 4 2 2 . 6 4 1 . 0 5 9 . 0
46 hr 2 0. 4 5 . 7 3 0 . 0 1 4 . 3 1 0 . 4 1 9 . 1 1 1 . 4 6 0 . 0 2 8 . 6 3 5 . 3 6 4 . 7
70 hr 1 8 . 8 4 . 0 3 0 . 5 1 6 . 1 1 0 . 3 2 0 . 2 7 . 9 6 0 . 3 3 1 . 8 3 3 . 8 6 6 . 2

94 hr 1 8 . 8 2 . 9 3 2 . 2 1 7 . 8 9 . 5 1 8 . 8 5 . 4 60 . 9 3 3 . 6 3 3 . 6 66. 4

associated with the crystal lattices to give quasi-carbo- 
nium ion intermediates which then react in character
istic fashion.7 Thus the zeolite catalysts are partic
ularly suitable for alkylbenzene isomerization since the 
strong complex formation between alkylaromatics and 
acid catalysts, such as those found with hydrogen 
halide-promoted Lewis acids, is not observed. These 
complexes play an important role in alkylation and 
isomerization reactions with acidic catalysts and likely

(7) P . E . P ic k e rt, J . A. R ab o , E . D em p sey , a n d  V. S ch o m ak er, P r o c . I n i e r n y
C ongr. C a ta ly s is ,  3 rd , A m s te r d a m , 1 9 6 4 , 1 , 714 (1965).

about 6% ortho, ^>2% m eta , and 32% p a ra  and the tri- 
substituted fraction of about 32% 1,2,4 and 68% 1,3,5 
isomers. That the isomerization of the diethylbenzenes 
proceeds via  a transalkylation mechanism is supported 
by the following observations. (1) Isomerization does 
not take place in the absence of transalkylation.
(2) The rate of isomerization is increased by the addition 
of transalkylation products. (3) The isomer distri
bution in the diethyibenzene fraction formed initially

(8) S. U . C ho i a n d  H . C. B row n , J .  A m er. Chem. Soc., 88 , 903 (1966).
(9) H . C . B row n  a n d  J .  J . M elch io re , ib id ., 87 , 5269 (1965).
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from the reaction of 1,3,5-triethylbenzene and ethyl
benzene is that found in the final isomer distribution.

The intermolecular isomerization of the diethyl
benzenes can be satisfactorily explained by a 1 ,1 -di- 
phenylethane-type intermediate. Such an intermediate, 
proposed by Streitwieser10 and Pines, 11 would not be at 
variance with the data of Unseren6 and its existence was 
substantiated by the recent12 isolation of diarylalkanes 
from the disproportionation products of alkylbenzenes. 
No catalyst aging was observed in our studies which 
precludes the presence of ethylene as an interme
diate. If ethylene were an intermediate, sec-butyl- 
benzenes would have been formed with similar zeolite 
catalysts containing 0.5 wt %  Pd as is found in the 
alkylation of benzene with ethylene using such cat
alysts. The presence of diarylalkane intermediates 
provides a satisfactory explanation of the experimental 
results obtained in our studies.

The only possible products from the transalkylation 
of o-diethylbenzene with a diarylalkane-type inter
mediate are 1,2,4-triethylbenzene and ethylbenzene 
as shown in eq 1. The absence of the 1,2,3 isomer is

presumably due to steric considerations and the re
maining positions on the aromatic ring are equiva
lent. From the p a ra  isomer (eq 2) it can be seen that 
the only products are again ethylbenzene and 1,2,4-

triethylbenzene, since all four unoccupied positions 
on the aromatic nucleus are equivalent. This is con
sistent with the experimental data shown in Tables I 
and II. Starting with the ortho and p a ra  isomers, 
the trisubstituted fraction initially consists exclusively 
of the 1,2,4-triethylbenzene. However, it is impor
tant to note that with the m eta  isomer both the 1,2,4- 
and the 1,3,5-triethylbenzenes can be formed as il
lustrated in eq 3. Two of the three available positions

on the aromatic ring of the m eta  isomer are equivalent 
and lead to the formation of the 1 ,2,4-triethylbenzene, 
while the third position accounts for the formation of 
the 1,3,5-substituted product. The data from the 
experiment starting with the m eta  isomer (Table III) 
showed both trisubstituted isomers appearing at ap
proximately the same time. The concentration of the
1,3,5 isomer in the triethylbenzene fraction increased 
more rapidly starting with the m-diethylbenzene than 
with the ortho and p a ra  isomers. Starting with o- 
and p-diethylbenzenes, no 1,3,5 isomer appeared 
before a significant amount of m-diethylbenzene had 
been formed. Both these points indicate that the 1,3,5 
isomer is directly derived from the m-diethylbenzene, 
although the rate of transalkylation was significantly 
more rapid with the ortho and p a ra  isomers. After 
about 2 hr with this latter compound, approximately 5%  
of the reaction mixture consisted of triethylbenzenes, 
whereas 1 % was formed from the m-diethylbenzene.

It is now possible to describe an isomerization re
action scheme, based on a transalkylation mechanism, 
consistent with the experimental data and which does 
not require a 1,2-shift step. This scheme is sum
marized in eq 4.

Et

(10) A. S tre itw ie se r  a n d  L . R ie f, J .  A m e r . Chem . Sac ., 86 , 1988 (1964).
(11) H . P in es  a n d  J .  T . A rrig o , ib id ., 80 , 4369 (1958).
(12) R . M . R o b e rts , E . K . B ay lis , a n d  G . J .  F o n k en , ib id ., 85 , 3454 (1963).
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The data in Table V show that, in the reaction 
(transalkylation) of the 1,3,5-triethylbenzene and 
ethylbenzene, the amount of the m-diethylbenzene 
was greater than that of the 1,2,4-triethylbenzene. 
This indicates that m-diethylbenzene was the pre
cursor of this latter compound in this reaction. The 
diethylbenzene fraction was initially richer in the m eta  
isomer than the final equilibrium distributions of 
1 : 1 2 :6, o rth o -m eta -para , since it is the only product 
of the dealkylation of the 1,3,5 compound as indicated 
in eq 4. The products obtained from the transfer of 
an ethyl group to the ethylbenzene reactant should 
be in equilibrium distribution, which is again richer in 
the m eta  isomer. The experimental results support 
these conclusions within the accuracy of the analytical 
measurements.

That the 1,2,4-triethylbenzene has not previously 
been reported4,13 as one of the products of transalkyla
tion using metallic halide catalysts is simply explained 
by the greater stability of catalyst complexes of m eta  
derivatives. For example, the equilibrium leading to 
the formation of the 1,3,5-triethylbenzene as shown 
in eq 5 is shifted far to the right, 13 particularly when 
large, noncatalytic amounts of Lewis acid catalysts 
are employed.
(l,2,4-Et3C.Hs ■ H )+ B F ,- ^  l,2,4-Et3C,H, ^=±:

1,3,5-EtjC.H, (l,3,5-Et3C«H3-H)+BF4-  (5)
The product distributions of both the isomerization 

and transalkylation reactions always agree with cal
culated thermodynamic equilibria with the molecular 
sieve zeolite catalyst. This indicates the absence of 
the stable catalyst-reactant intermediate complex 
frequently observed with conventional acid catalysts.

(13) A. P . L ien  a n d  D . A . M cC au ley , J .  A m er. Chem . Soc., 7 5 , 2407 
(1953).
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Experimental Section
The di- and triethylbenzenes were obtained from the Aldrich 

Chemical Co., Milwaukee, Wis., and were used without further 
purification. The o-diethylbenzene contained 93% ortho, 6% 
meta, and 1% para; the m- and p-diethylbenzenes and the 1,3,5- 
triethylbenzene were all 99% pure.

The reactions were carried out in a 100-ml flask, fitted with a 
water-cooled condenser and a magnetic stirrer. The crystalline 
catalyst was synthesized from Type Y zeolite with a SiCh/AkOs 
molar ratio of 5.0 by partial multivalent cation exchange (40% 
Ce3+) and partial decationization (50%). The balance of the 
cations was sodium. The preparation and pertinent properties 
of this material have been previously reported.6 Five grams of 
catalyst were used/0.5 mol of reactant and the reaction temper
atures were maintained using a constant-temperature oil bath. 
Samples were removed periodically and analyzed on a Perkin- 
Elmer 154 D vapor fractometer. The fractometer was equipped 
with a 150-ft m-bis(m-phenoxyphenoxy)benzene-coated (modified 
by 20% Apiezon L) capillary column and a hydrogen flame ion
ization detector. The 1,2,4-trialkylbenzene was characterized 
by both ir and uv analyses.

Retention times of ethylbenzene, diethylbenzenes, and triethyl
benzenes are given in Table VI.

T a b l e  VI
R e t e n t i o n  T i m e s  o f  E t h y l b e n z e n e , D i e t h y l b e n z e n e s , 

a n d  T r i e t h y l b e n z e n e s

C o m p d  R e te n tio n  tim e ,“ m in

Ethylbenzene 3.7
o-Diethylbenzene 5.8
m-Diethylbenzene 5.5
p-I) ¡ethylbenzene 5.6
1.2.4- Triethylbenzene 11.2
1.3.5- Triethylbenzene 10.0

“ At 150°; He, 30 psi.

Registry No.—Ethylbenzene, 100-41-4; o-diethyl
benzene, 135-01-3; m-diethylbenzene, 141-93-5; p -  
diethylbenzene, 105-05-5; 1,2,4-triethylbenzene, 877-
44-1; 1,3,5-triethylbenzene, 102-25-0.

L o n g -R a n g e  E ffects in  th e  A lk y la tio n  o f  B e n z e n e  w ith  D ic h lo r o a lk a n e s 1
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The results obtained from alkylation reactions on benzene with two series of primary chloro-containing di
chloroalkanes are interpreted on the basis of a long-range effect of the reference primary chloro group on the 
reaction of the second chloro group. Benzene was alkylated with l,X-dichlorooctane (i.e., a mixture of the 1,1 
through 1,8 isomers) using a boron trifluoride-hydrogen fluoride catalyst (a system specific for alkylation of 
secondary halides). The relative reaction rates for the 1,3, 1,4, 1,5, 1,6, and 1,7 isomers and the composite rate 
for the secondary monochlorooctanes were 1, 9.9, 23.2, 36.8, 49, and 73, respectively. The products were 7-, 6-,
5-, and 4-phenyl-l-chlorooctanes in a ratio 53:29:14:4, which was independent of the degree of dichloride con
version. The 1,1, 1,2, and 1,8 isomers did not react. The aluminum chloride catalyzed alkylation of benzene 
with a series of a,«-dichloroalkanes was also examined. The rate of reaction was in the order of 1,4-dichloro- 
butane > 1,6-dichlorohexane >  1,5-dichloropentane >  1,3-dichloropropane and was generally slower than that of 
1-chlorohexane. The higher members of this series gave the greatest amount of rearranged products from the 
initial reaction, but this was always less than the corresponding 1-chloroalkane. 1,4-Dichlorobutane is a special 
case in which anchimeric assistance by one chloro group in the ionization of the other is responsible for an in
creased reaction rate.

In our previously reported work on the alkylation of 
benzene with 1 ,2-dichloroalkanes using aluminum chlo
ride, it was observed that the adjacent primary chloride 
had a profound effect in determining the products of re
action.2 This report describes our work on systems in

(1) P re s e n te d  a t  th e  154 th  N a tio n a l M e e tin g  of th e  A m erican  C hem ica l 
S ocie ty , C h icago , III., S e p t 1967.

(2) D . L . R an s le y , J .  Org. Chem ., 3 1 , 3595 (1966).

which the two chloro groups are farther apart. We 
have studied the effect of one chloro group on the re
action rate and products from reaction of the second 
chloro group. Special emphasis has been placed on the 
change of the effect with distance between the two 
chloro groups and on a comparison with the monochlo- 
roalkane reaction. Two alkylation systems have been 
used in this work. The alkylation of benzene with
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l,X-dichlorooctane3 using a hydrogen fluoride-boron 
trifluoride catalyst has been examined. Further, the 
aluminum chloride catalyzed alkylation of benzene 
with a series of a,w-dichloroalkanes has been studied and 
compared with similar reactions of l-chloroalkanes.

I. The Alkylation of Benzene with l,X-Dichloro- 
octane.—The radical chlorination of 1-chlorooctane was 
taken to about 20% conversion in order to maximize 
the amount of dichlorooctane. The dichlorooctane 
fraction, when analyzed by vapor phase chromatog
raphy (vpc), showed the presence of eight compounds 
in the ratio 2.0:5.7:12.2:16.9:17.8:18.6:20.6:4.9.4'5 
These were presumed to be the 1,1 through 1,8 isomers, 
respectively.

Although it has been claimed5 that the isomers elute 
from “ boiling point” columns (such as the one used in 
this work) in order of increasing distance between the 
chloro groups, we wished to verify this observation.6 
The 1 ,1 , 1 ,2 ,1,4,1,5, and 1,8 isomers were either synthe
sized or purchased. These isomers did, indeed, elute 
in “ numerical order,” and did correspond to the first, 
second, fourth, fifth, and eighth peaks, respectively. 
It therefore, seemed reasonable to assume that the 
third peak was the 1,3 isomer and the sixth and seventh 
peaks were the 1,6 and 1,7 isomers.

The alkylation of benzene was carried out by adding 
2 mol of liquid hydrogen fluoride to a cold solution of 
0.2 mol of l,X-dichlorooctane in 4 mol of benzene. 
Boron trifluoride was bubbled through the well-stirred 
mixture at about 4 ml/min at 0°.

Under these conditions, the 1,1, 1,2, and 1,8 isomers 
did not react. This was demonstrated by the addition 
of external vpc standards. Hence, the 1,1, 1,2, and 1,8 
isomers (together with the 1 % 1 -chlorooctane contami
nant) could be used as internal vpc standards.

No reaction occurred for the first 30-35 min. The 
reaction then proceeded smoothly, although the reaction 
rates were different for each isomer. The rates of re
action for the various isomers were in the order 1,7 >
1,6 >  1,5 >  1,4 >  1,3.

The products of reaction were identical and showed 
identical distribution in each sample taken at various 
time intervals throughout the reaction. The products 
were 7-, 6-, 5-, and 4-phenyl-l-chlorooctane in the 
approximate ratio 53:29:14:4.

The reaction of each dichlorooctane isomer was 
shown to be first order in dichloride in the presence of 
excess benzene and hydrogen fluoride. The accuracy 
of the kinetic measurements for the 1,6 and 1,7 isomers 
was not great for these rather fast reactions. It was 
convenient to compare the log ([RChjo/fRCh],)7 
values for each isomer in each sample of several runs 
in order to establish a relative rate scale for the reactive 
isomers. Taking the rate constant for the 1,3 isomers 
(h ,t)  as unity, we observed /c13 = 1, /;14 =  9.9, fc15 =
23.2, k i 6 36.8, k\^ =  49.

(3) X  in d ica tes  a  ch lo ro  g ro u p  on  each  ca rb o n , i.e ., a  m ix tu re  of 1,1-, 
1 ,2-, . . ., a n d  1 ,8 -d ich lo ro o c tan e  isom ers.

(4) B efo re  d is ti lla tio n  th e  ra t io  of p ro d u c ts  w as 2 .0 :6 .1 :1 1 .8 :1 5 .6 :1 6 .8 : 
1 8 .5 :1 9 .8 :9 .4 . T h is  is s lig h tly , b u t  s ig n ifican tly , a t  v a r ia n c e  w ith  th e  w ork  
of C o lebou rne  a n d  S te rn .5

(5) N . C o leb o u rn e  a n d  E . S. S te rn , J .  Chem . Soc,, 3599 (1965).
(6) C o leb o u rn e  a n d  S te rn 5 iso la ted  th e  isom ers b y  p re p a ra tiv e  v p c  a n d  

u sed  n m r  to  d is tin g u ish  be tw een  th e  isom ers. I t  w as n o t c lea r to  us how , for 
in s ta n ce , 1,4- a n d  1 ,5 -d ich lo ro o c tan e  cou ld  b e  re a d i ly  d is tin g u ish e d  b y  n m r.

(7) [RCh]o =  d ich lo rid e  (o r m o n och lo ride ) co n c e n tra t io n  a t  tim e  zero ;
[R C b ]i =  d ich lo rid e  c o n c e n tra tio n  a t  tim e  t.

The same reaction was run in competition with a 
mixture of 1-, 2-, 3-, and 4-chlorooctanes8 (the 1-chlo
rooctane not reacting). In an example the first-order 
rate constants (sec-1) obtained by direct measurement 
were k mono =  5.8 X lO“ 3, ^  = 4.1 X 10 -3,A;1i6 =  2.92 X 
10- 3 , kifi =  1.73 X HU3 , fci,4 =  7.95 X lO“ 4, 
fci.3 =  7.12 X 10_£, the very slight (but detectable) rate 
differences of the isomeric monochlorooctanes being 
ignored, a composite value being used in this study.

Further control reactions were also run. The re
action of 1,5-dichlorooctane alone was shown to be first 
order in dichloride and gave the same products and 
distribution as did l,X-dichlorooctane. No isomeri
zation of the dichlorooctane occurred prior to alkyla
tion.

A mixture of 7-, 6-, 5-, and 4-phenyl-l-chlorooctane 
(37.9, 36.7, 20.5, and 5.0%, respectively) was subjected 
to the reaction conditions, but the rate of isomerization 
was very slow.

The reaction of a 1-, 2-, 3-, and 4-chlorooctane mix
ture or of 2-chlorooctane yielded identical products for 
reactions of equal duration. However, gradual product 
isomerization from 29.6, 34.3, and 36.2% of 2-, 3-, 
and 4-phenyloctane initially to 39.6, 31.8, and 28.6%, re
spectively, after 6.5 hr was observed.

II. The Alkylation of Benzene with a,u-Dichloro- 
alkanes.—The aluminum chloride catalyzed alkylation 
reactions of benzene with 1,3-dichloropropane, 1,4- 
dichlorobutane, 1,5-dichloropentane, and 1,6-dichloro- 
hexane have been studied. Product distribution and 
rate characteristics have been examined and compared 
with similar reactions of l-chloroalkanes.

The products from the reactions of the dichloroal- 
kanes are readily predictable from previous studies of 
these or similar29 systems or the corresponding 
dibromides.10 The reactions were carried out with 5 
mol % aluminum chloride at 0-5° in excess benzene 
for 2 hr. The product distribution for each reaction 
is shown in Chart I.

The products are formed via  an initial reaction which 
proceeds without rearrangement (path A, Chart I) or 
with rearrangement (path B). Computation of the 
amount of product formed via  path A (as opposed to 
path B) is complicated by the subsequent reactions of the 
initially formed phenylchloroalkanes. Further exam
ination of the reactions of these compounds under 
similar conditions was undertaken. It was assumed 
that the phenylchloroalkanes would behave as reactants 
in the same manner as when formed in the a,co-di- 
chloroalkane reactions. Therefore, one may proportion
ate the products between paths A and B.

3-Phenyl-l-chloropropane (I) gave the diphenyl- 
propanes, III, IV, and V, in the ratio 23.5:72.2:4.3. 
Since I yields 23.5% III and 4.3% V while forming 
72.2% IV, it is inferred that 16.0% III and 3.0% V 11 
would be formed via  path A during formation of 51.8%
IV. 5-Phenyl-l-chloropentane (XII) was isolated from 
the reaction of 1,5-dichloropentane and its behavior 
under alkylation conditions examined on a small scale. 
Approximately the same amount of XIV as the

(8) O b ta in e d  b y  m o n o c h lo rin a tio n  of n -o c tan e .
(9) K . M . S h ad m a n o v , D okl. A k a d . N a u k  Uz. S S R ,  N o . 11, 37 (1957); 

Chem. A bstr ., 5 3 ,  5 2 1 4 / (1959).
(10) H . N ozak i, M . O k azak i, N . Y am a e , Y . N ish ik aw a , T . H is id a , an d

K . S isido, J .  Org. Chem ., 30, 1303 (1964).
(11) 5 1 .8 /7 2 .2  X  22.3  =  16.



Vol. SS, No. 4, April 1968 A lk y la tio n  o f  B e n z e n e  w it h  D ic h lo r o a lk a n es  1519

1,3-dichloropropane

C1(CH2)3C1

C h a r t  I
P r o d u c t s  f r o m  t h e  A l k y l a t i o n  o f  B e n z e n e  w i t h  <*,« - D i c h l o r o a l k a n e s

1,5-dichIoropentaneÇeH5

4>- CH3CHCH2C1 

CeHs ^

A C6K5CH2CHCH3

n

IH, 22.3%

C6H5(CH2)3C1 --------* CH3CH2CH(C6H5)2

1,19.8%

I

IV, 51.8% 

1,4-dichlorobutane

C1(CH2)4C1 4

1*
QH5(CH2)4C1 -  

VI, 30.1%

V, 4.2%

ÇsH5

CH3CHCH2CH2C1 

VII, 2.7%

v m , 54.0%

/

« • a ?
IXa IXb

IX, 12.0%

c c o
IXc

C1(CHJ5C1

CeH5

CH3CH(CH2)3C1

XV, 7.1%

1,6-dichlorohexane

XVI, 4.5%

c6h 5

C1(CH2)6C1 CH3CH(CH2)4C1

c h 3

c h 3
XX, 1.8%

CH3

C6H5(CH2)6C6H5 CH3CH(CH2)4C6H5 C6H5CH(CH,)2CHC6H5 

XXI,5.5% XXH,U.6% XXin,0.6%

sum of diphenylpentanes X V  and XVI was formed. 
This would suggest that all XV and XVI were formed 
via  path A. This is consistent since the closure of 4- 
phenyl-l-chloroalkanes is known to proceed with ease2’12 
and with little diphenylalkane formation. Compound 
XVII yielded 36.4% XIX, 31.4% XXI, and 25.5%
XXII. The conclusion is that 2% X X II is formed 
via  path A.

In Table I there is listed the proportion of products 
formed via  paths A and B which is also compared with 
the amount of unrearranged (i.e., amount of 1 -phenyl- 
alkane) and rearranged product from the identical re
action of the corresponding 1 -chloroalkane.

Attempts were made to compare the rates of reactions 
of the dichloroalkanes with that of the monochloral- 
kanes. However, the early experiments showed no 
reactions to which any kinetic order could be assigned. 
It appeared that there was gradual deactivation of the 
catalyst throughout each run. The deactivation effect 
was not the same for each reactant. It is possible that 
the catalyst is deactivated by complexing with the 
reaction products thereby accounting for the difference 
in degree of the deactivation effect.

Competition rate studies were then examined. To 
facilitate analysis 1 -chlorohexane was used as the stan
dard monochloroalkane, and any small differences be
tween the C3, C4, Co, and C6 chloroalkanes were ne
glected. The competition reactions of 1-chlorohexane 
with each dichloroalkane were carried out separately

(12) A . A . K h a la f  a n d  R . M . R o b e rts , J .  Org. C hem ., 31 , 89 (1966).

T a b l e  I
R e a r r a n g e m e n t  i n  t h e  A l k y l a t i o n  o f  B e n z e n e  

w i t h  M o n o -  a n d  D i c h l o r o a l k a n e s

R e a c ta n t

1-Chloropropane
1.3- Dichloropropane 
1-Chlorobutane
1.4- Dichlorobutane 
1-Chloropentane
1.5- Dichloropentane 
1-Chlorohexane
1.6- Dichlorohexane

P a th  A 
u n re a rra n g e d

44.4
90 .&  (71.6) 
36.0
96.1' (96.1)
40.5
66.8*(50.7)
32.5
47.4' (45.4)

P roducts,®  w t %  
P a th  B 

re a rra n g e d

55.6 
7 .5 (0 .0 )

60.6
2 .7 (2 .7 )

59.5
23.4(1 .6)
67.5
49.8(39.6)

A m biguous

1.9(28.4) 

1.2(1 .2) 

9.8(47.7) 

2.8(15.0)
® Figures in parentheses show results when subsidiary phenyl- 

chloroalkane experiments are ignored. b I, 19.8%; IV, 51.8%; 
III, 16.0%; V, 3.0%: total 90.6%. ‘ VI, 30.1%; VIII, 54.0%; 
IX, 12.0%: total 96.1%. * XII, 43.6%; XV, 7.1%; XIV,
11.6%; XVI, 4.5%: total 66.8%. ' XVII, 26.6%; XIX, 13.3%; 
XXI, 13.3%; XXU, 5.5%; XXII, 2.0%: total 47.4%.

and with a mixture of all four dichloroalkanes. In 
each reaction it was observed that the ratio of the log 
[RCbJo/IRCb]«7 function remained constant throughout 
the run. The treatment given, therefore, was that of 
a reaction first order in dichloroalkane (or monochloro
alkane), the deviation being ascribed to catalyst deac
tivation. In this manner an estimate for the relative 
first-order rate constants was achieved. Setting the 
first-order rate constant (fci,3) for the 1,3-dichloropro- 
pane reaction as unity, the relative rates were k i,3 =  1 , 
k \ r4 = 108, k i . i  =  24, k \ , t  — 45, k mono =  50.
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The value given for k h3 is little more than an estimate, 
owing to the errors introduced by competition exper
iments with reactants with vastly different rates.

Discussion
In this work an attempt has been made to isolate 

the effect of a primary chloro group on the reaction of a 
second chloro group in the same molecule. Particular 
emphasis has been placed on the effect as a function of 
the number of carbons separating the two chloro 
groups.

It may be observed that in both systems the rate of 
reaction of dichloroalkanes increases as the distance 
between the two chloro groups is increased but is slower 
than the corresponding monochloroalkane. The ex
ception to these generalizations is the reaction of 1,4- 
dichlorobutane.

In the HF-BF3-catalyzed reactions, the products 
from l,X-dichlorooctane show a strong tendency for 
phenyl attachment at secondary positions most distant 
from the unreactive primary chloride. In contrast, 
the monochloroalkanes form products with random 
phenyl attachment to the secondary carbons.

The a,co-dichloroalkanes undergo initial reaction with 
less rearrangement than the corresponding monochloro
alkanes, the difference decreasing as the distance be
tween the chloro groups is increased.

These generalized observations may be interpreted 
as being due to an electron-withdrawing influence of the 
reference primary chloro group on the reaction of the 
other chloro group. As the distance between the two 
chloro groups is increased, the influence is decreased.

The alkylation reaction involves ionization of a chloro 
group with generation of at least a partial positive 
charge. This would be a higher energy process in the 
presence of an electron-withdrawing influence. Re
arrangement in reactions of the a,co-dichloroalkanes 
would necessitate transfer of at least a partial positive 
charge to a carbon closer to the unreacted chloro group. 
This process would also be energetically less favorable 
when the influence of the chloro group is stronger. In 
contrast, rearrangement away from the primary chloro 
group in the reaction of l,X-dichlorooctane is favorable. 
By this process the destabilizing influence of the unre
active primary chloride is decreased.

The reaction of 1,4-dichlorobutane is considered to 
be a special case. This reaction does not fit into the 
general pattern of a gradual rate change in the a,w - 
dichloroalkane series. Further, the reaction rate is 
faster than the primary monochloroalkane and gives 
less rearranged product than would be anticipated on 
the basis of the above interpretation. It is believed 
that ionization of 1,4-dichlorobutane occurs with anch- 
imeric assistance of the remaining chloro group, thereby 
generating a five-membered cyclic chloronium ion. 13-16 
After alkylation on benzene the favored phenyl par
ticipation2 in ionization of the remaining chloro group 
assists in maximizing the amount of product formed via  
the unrearranged route. This sequence may be pictured 
as shown. 13 14 15 16

(13) P . E . P e te rso n  a n d  G. A llen, J .  A m er. Chem. Soc., 88, 3608 (1963).
(14) P . E . P e te rso n  a n d  E . V. P . T a o , J .  Org. Chem ., 29 , 4503 (1964).
(15) P . E . P e te rso n , C . C asey , E . V. P . T a o , A. A g ta ra p , a n d  G . T h o m p so n , 

J . A m er. Chem . Soc., 87, 5163 (1965).
(16) P. E . P e te rso n  a n d  J .  E . D u d d ey , ib id ., 88, 4990 (1966).

Evidence for similar chloronium ion formation has 
been demonstrated by Peterson.13-16

It is observed that 1 ,6-dichlorooctane reacts more 
slowly than the secondary monochlorooctanes and that
1 ,6-dichlorohexane reacts more slowly than 1 -chloro- 
hexane and gives less rearranged products. It is there
fore apparent that the influence of the reference primary 
chloro group is effective at least six methylene groups 
removed from the reaction site.

The closest analogies to this observation are the 
studies of Peterson and his coworkers15 and of Steven
son and Williamson.17 Peterson observed that there 
was a gradual change in reaction rate for the addition 
of trifluoroacetic acid to Cl (CH2)nCH—CH2 as n  is in
creased. He observed that the chloro group has an in
fluence at distances 1 1  carbons removed, although he 
attributed the magnitude of this influence to be a facet 
of his particular system. Stevenson and Williamson 
observed a gradual change in pK  for a series of cyano- 
amines, with the functional groups separated by as many 
as five methylene groups.

Both of these groups of workers interpret their results 
as due to a long-range inductive effect of the 
chloro and the cyano group, respectively. As a test of 
their theory they plot log (log F u — log F s) (where F u =  
the function for the unsubstituted case and F3 for the 
substituted case) against the number of methylene 
groups separating the substituent from the critical 
reaction site. This treatment has been widely dis
cussed and largely accepted.13-26 Both research groups 
find linear correlations. An attenuation factor for the 
change in the effect per methylene may therefore be 
reached. Attenuation factors of 0.3 to 0.5518-28 have 
been previously used or calculated. Stevenson and 
Williamson find 0.5 to be the attenuation factor and 
Peterson 0.65.

A similar treatment may be used for the rates of re
action of the l,X-dichlorooctane series. A good linear 
plot was obtained using the data for the monochlorooc- 
tane and the 1,3-, 1,4-, 1,5-, 1,6-, and 1,7-dichlorooc- 
tanes.29 The attenuation factor was found to be 0.58.

(17) G . W . S tev e n so n  a n d  D  W illiam son , ib id ., 80, 5943 (1958).
(18) C . G . D erick , ibid., 33, 1181 (1911).
(19) I . L a n g m u ir , Chem . Rev., 6, 451 (1929),
(20) G . E . K . B ra n c h  a n d  M . C alv in , ‘‘T h e  T h e o ry  of O rg an ic  C h e m is try ,” 

P re n tic e -H a ll , N ew  Y o rk , N . Y ., 1941, p  245.
(21) J .  C . M cG o w an , Chem . In d .  (L o n d o n ), 632 (1948).
(22) B . M . W e p ste r, Rec. Trav. C h im ., 71 , 1171 (1952).
(23) D . P e te rs , J .  Chem. Soc., 2654 (1957).
(24) S. S o low ay  a n d  A. L ip sch itz , J .  Org. C hem ., 23 , 613 (1958).
(25) J .  C . M cG o w an , J .  A p p l . Chem ., 10, 312 (1960).
(26) R . W . T a f t ,  J r .  in  ‘‘S te ric  E ffec ts  in  O rg an ic  C h e m is try ,” M . S. 

N ew m an , E d ., J o h n  W iley  a n d  S ons, In c .,  N ew  Y o rk , N . Y ., 1956, p  592.
(27) M . J .  S. D ew ar, J .  Chem. Soc., 463  (1949 ); 2329 (1950).
(28) H . H . Jaffé , J . Chem. P h y s ., 21, 415 (1953).
(29) T h e re  is no  ev id en ce  fo r an c h im eric  a s s is ta n c e  in  th e  re a c tio n  of 1,4- 

d ic h lo ro o c tan e . I n  th is  ca se  th e re  is p ro b a b ly  a sso c ia tio n  of th e  excess h y d ro 
gen fluo ride  w ith  th e  p r im a ry  ch lo ro  g ro u p . I n  th is  w a y  th e  u n sh a v e d  elec
tro n s  a re  n o t  av a ila b le  fo r p a r t ic ip a tio n  in  th e  io n iz a tio n  of th e  seco n d a ry  
ch lo ro  g roup . T h e  b e h a v io r  of 1 ,4 -d ic h lo ro b u tan e  is d iffe re n t b ec a u se  of th e  
p resen ce  of o n ly  c a ta ly t ic  am o u n ts  o f a lu m in u m  ch lo rid e .
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Similarly, the same treatment could theoretically be 
applied to the a,co-dichloroalkane series. However, the 
accuracy of the data is not great and provides only a 
three-point plot. That a linear plot is not obtained 
cannot be taken as being very meaningful.

Such studies as the one presented here inevitably 
have a bearing on the controversial question of the 
mechanism of transfer of the effect of the chloro group. 
The case for the mechanism being due to a field effect 
has been presented by Dewar.30 The arguments for a 
purely inductive transfer apparently is more acceptable 
to many chemists. 13-28 The value of the Kirkwood- 
Westheimer31 treatment of the first and second dis
sociation constants of saturated dicarboxylic acids can
not be discounted. Further, more recent investigations 
have explained long-range effects as field effects32 or 
have detected negligible inductive effects for groups 
separated by more than two carbon atoms.33’34

Until a reliable quantitative treatment of field effects 
has been developed, the dispute will remain. Although 
long-range effects have been adequately demonstrated 
in our systems, the mode of transfer of the influence 
cannot be decided upon on the basis of our work.

Experim ental Section

Benzene w as s t ir re d  th o ro u g h ly  tw ice  w ith  5 w t %  c o n c e n tra te d  
su lfu ric  ac id  a n d  w ash ed  w ith  w a te r ,  1 0 %  so d iu m  b ic a rb o n a te , 
a n d  w a te r .  A fte r  p a r t ia l ly  d ry in g  o v e r m ag n e s iu m  su lfa te  th e  
b e n ze n e  w as re fluxed  w ith  a n d  th e n  d is til le d  fro m  ca lc iu m  h y d rid e  
im m e d ia te ly  b e fo re  u se .

l,X-Dichlorooctane.— In to  a  1-1. tu rb o m ix e r ,  f i t te d  w ith  a  gas 
in le t  a t  th e  b o t to m  a n d  w ith  a  w a te r-co o led  co n d en se r , w as 
p lac ed  561 g  (3 .77  m o l)  of 1 -c h lo ro o c ta n e . N itro g e n  w as p a sse d  
th ro u g h  th e  so lu tio n  fo r  15 m in  a n d  th e n  c h lo rin e  w as p a sse d  a t  
a p p ro x im a te ly  443 m l/m in  fo r  36 m in  w ith  a  su n  la m p  to  cause  
in i t ia t io n .  A fte r  f lu sh in g  w ith  n itro g e n  fo r  30 m in , th e  re a c tio n  
m ix tu re  w as w ash ed  w ith  w a te r ,  1 0 %  so d iu m  b ic a rb o n a te , w a te r ,  
a n d  d ried  o v e r m ag n e s iu m  s u lfa te .  T h e  p ro d u c t  w as d is tilled  
th ro u g h  a  9 in . X  1 in . co lu m n  p a c k e d  w ith  g lass  h e lices; th e  
p o r t io n  b o ilin g  a t  1 1 2 -1 1 9 °  (15 m m ) w as u sed  in  o u r  w o rk .

T h is  m a te r ia l,  a f te r  d is t il la t io n , w as a n a ly z e d  on  a  200 f t  X 
' / i 6 in .  S F -9 6  c o a te d  c a p illa ry  co lu m n  in  a  P e rk in -E lm e r  800 
c h ro m a to g ra p h  a t  110°. U n d e r  th e se  c o n d itio n s  th e  c o m p o sitio n  
fo r  th e  1,1- th ro u g h  1 ,8 -d ic h lo ro o c tan e , in  o rd e r , w as 2 .0 , 5 .7 , 
12 .2 , 16 .9 , 17 .8 , 1 8 .6 , 2 0 .6 , a n d  4 .9 % ;  a n d  th e  re la tiv e  r e te n tio n  
tim e s  in  m in u te s  w ere  9 .9 , 1 0 .5 , 11 .4 , 1 2 .4 , 1 3 .3 , 14 .2 , 14 .5 , a n d
18 .5 , re sp e c tiv e ly . T h e  p ro d u c t  c o n ta in e d  1 .2 %  1 -ch lo ro o e tan e .

T h e  1 ,1 , 1 ,2 , 1 ,4 , 1 ,5 , a n d  1,8 iso m ers  w ere  id en tif ie d  b y  
sp ik in g  w ith  a u th e n t ic  m a te ria ls  p re p a re d  a s  fo llow s.

1 .1- Dichlorooctane.— T h e  p ro d u c t  fro m  th e  re a c tio n  of 1- 
o c ta n a l  w ith  p h o sp h o ru s  p e n ta c h lo r id e  h a d  a  9 .9 -m in  re te n tio n  
t im e .

1 .2 - Dichlorooctane.— T h e  a d d it io n  of ch lo rin e  to  1 -octene  
w ith  s ta n n ic  c h lo rid e  as c a ta ly s t  g a v e  a p ro d u c t  w ith  a  10 .5 -m in  
re te n tio n  t im e .

1 .4 - Dichlorooctane.— T re a tm e n t  o f 7 -o c ta n o ic  la c to n e  w ith  
l i th iu m  a lu m in u m  h y d r id e  y ie ld e d  a  c o m p o u n d  w h ic h  u p o n  
t r e a tm e n t  w ith  th io n y l c h lo rid e  a n d  p y r id in e  g av e  a  p ro d u c t  w ith  
a 12 .4 -m in  re te n tio n  t im e .

1.5- Dichlorooctane.— T h e  h y d ra tio n  of d ih y d ro p y ra n  to  a- 
h y d ro x y te tra h v d ro p y ra n  w as fo llow ed  b y  s a l tin g  o u t  w ith  
p o ta s s iu m  c a rb o n a te  a n d  e th e r  e x tra c tio n . T h e  d ry  e th e r  so lu 
t io n , w h e n  t r e a te d  w ith  m o re  th a n  a  2  m o l e q u iv  of n -p ro p y l-  
m ag n e siu m  b ro m id e , y ie ld e d  a c o m p o u n d 35 w h ic h , a f te r  t r e a tm e n t

(30) (a) M . J . S. D ew ar a n d  P . J . G risd a le , J .  A m er. Chem . Soc., 84 , 3539 
(1962); (b) M . J . S. D ew ar a n d  A. P . M a rc h a n d , ib id ., 88 , 354 (1966).

(31) J . E . K irk w o o d  a n d  F . H . W esth e im er, J .  Chem . P h ys., 6, 506, 513 
(1938).

(32) H . D . H o itz  a n d  L . M . S to ck , J .  A m er. Chem . Soc., 86, 5188 (1964).
(33) H . O . H o o p e r  a n d  P . J .  B ra y , J .  Chem. P h y s .,  3 3 , 334 (1960).
(34) H . S p iesecke  a n d  W . G . S ch n e id er, ib id ., 3 5 , 731 (1961).
(35) R . P a u l, B u ll. Soc. C him , 2 , 311 (1935).

w ith  th io n y l c h lo rid e  a n d  p y r id in e , y ie ld e d  a  m a te r ia l  w ith  a
1 3 .3 -m in  re te n tio n  t im e .

1,8-Dichlorooctane.— A ld rich  C h e m ic a l C o . 1 ,8 -d ic h lo ro o c tan e  
h a d  a  re te n tio n  tim e  of 18.5 m in .

T h e  p ro d u c ts  of th e se  re a c tio n s  a n d  th e  in te rm e d ia te s  g ave  
n u c le a r  m a g n e tic  re so n an c e  (n m r)  sp e c tra  c o n s is te n t w ith  th e ir  
s t ru c tu re s .

Alkylation of Benzene with l,X-Dichlorooctane.— In to  a  1-1. 
p o ly e th y le n e  b o t t le  f i t te d  w ith  a  m ec h n ica l s t i r r e r ,  g as in le t  
tu b e ,  a n d  sa m p lin g  p o r t  w as p la c e d  0 . 2  m o l of 1 ,X -d ic h lo ro -  
o c ta n e  a n d  312 g (4 m o l) of b e n z e n e . T h e  m ix tu re  w as cooled 
in  ice  a n d  40 m l of liq u id  h y d ro g e n  flu o rid e  a d d e d . T o  th e  
s t i r r e d ,  cooled  m ix tu re  w as a d d e d  b o ro n  tr if lu o rid e  g as a t  a b o u t  
4  m l/m in  be lo w  th e  su rfa c e  of th e  m ix tu re . S am p les  w ere  ta k e n  
a t  v a r io u s  t im e  in te rv a ls  b y  p ip e t  a f te r  s t i r r in g  w as m o m e n ta r ily  
in te r ru p te d  to  p e rm it  th e  h y d ro g e n  flu o rid e  to  s e t t le .  E a c h  
sa m p le  w as w ash ed  w ith  w a te r ,  d i lu te  p o ta s s iu m  h y d ro x id e , an d  
w a te r  a n d  th e n  d r ie d  o v e r m a g n e s iu m  su lfa te .

Identification of Products from Reaction of 1 ,X-Dichlorooctane. 
7-Phenyl-l-chlorooctane show ed  n m r 36 b a n d s  a t  3 .32  ( t ) ,  2 .61 
(q ) ,  1 .59  (m ), a n d  1.2 (d ) .  M a ss  sp e c tru m  sh o w ed  p a re n t  p e a k  
a t  224 a n d  a  m a jo r  p e a k  a t  105. In f ra re d  sh o w ed  p r im a ry  
c h lo rid e  a n d  m o n o su b s ti tu te d  p h e n y l.

6-Phenyl-l-chlorooctane sh o w ed  n m r  b a n d s  a t  3 .3 2  ( t ) ,  2 .35  
(m ), 1.59 (m ), a n d  0 .7 6  ( t ) .  M a ss  sp e c tru m  sh o w ed  p a re n t  
p e a k  a t  224 , a  m a jo r  p e a k  a t  119, a n d  a  sm a lle r  p e a k  a t  195.

4-Phenyl-l-chlorooctane.— T h e  p ro d u c ts  fro m  th e  re a c tio n  of 
l ,X -d ic h lo ro o c ta n e  w ere  t r e a te d  w ith  3 w t %  a lu m in u m  ch lo rid e  
a t  0 °  fo r  10 m in . T h e  4 -p h e n y l- l-c h lo ro o c ta n e  w as co m p le te ly  
e lim in a te d  h a v in g  b e en  c o n v e r te d  w ith  a  sm a ll a m o u n t  of th e
5- p h e n y l- l-c h lo ro o e ta n e , in to  1 -b u ty lte tr a lin  a n d  cis- a n d  trans- 
l -p ro p y l-3 -m e th y l te t r a l in .  T h e  re a d y  c lo su re  of 4 -p h e n y l- l-  
c h lo ro a lk a n e s  to  te t r a l in s  h a s  b e en  w ell e s ta b lish e d . 2 ' 12 T h e
6 - a n d  7 -p h e n y l-1 -c h lo ro o c tan e s  re m a in e d  e sse n tia lly  u n c h a n g e d .

Mass spectral analysis of th e  m ix tu re  sh o w ed  a  p a r e n t  p e a k  a t
224 a n d  p e a k s  a t  209 ( - C H 3), 195 ( - C H 3C H 2), 181 ( - C H 3C H 2- 
C H 2), 167 ( - C H 3C H 2C H 2C H 2), 147 ( - ( C H 2)3C1), 133 ( - ( C H 2)4- 
C l) ,  119 ( - ( C H 2)5C1), a n d  105 ( - ( C H 2 )6C1). T h is  a c c o u n ts  fo r 
a ll m a jo r  p e a k s  a b o v e  100 w ith  e x ce p tio n  of o n e  a t  159 (n o t 
c h lo rin e  c o n ta in in g )  a n d  a  sm a ll o n e  a t  188 (p o ss ib ly  ch lo rin e  
c o n ta in in g ) . I n  q u a li ta t iv e  fa sh io n  th is  a n a ly s is  b e a rs  o u t  th e  
a ss ig n m e n ts  g iv en .

Alkylation of Benzene with « ,w-Dichloroalkanes.— I n to  a  500- 
m l, th re e -n e c k e d  flask  f i t te d  w ith  a  s t i r r e r ,  th e rm o m e te r ,  an d  
d ry in g  tu b e  w as p la c e d  0 .3  m ol of th e  d ich lo rid e  in  300 m l -of 
b e n ze n e . T h e  s t i r r r e d  m ix tu re  w as coo led  in  ice ; th e n  2 g (0 .015  
m o l) of a lu m in u m  c h lo rid e  w as a d d e d  in  o n e  p o r t io n .  A  m ild  
e x o th e rm  e n su e d , b u t  th e  o v e r-a ll  re a c tio n  te m p e ra tu r e  w as 5 
± 3 ° .  A fte r  2 h r  th e  re a c tio n  w as te rm in a te d  b y  th e  a d d it io n  
of cold  5 %  h y d ro c h lo ric  a c id . T h e  o rg an ic  p h a se  w as w ash ed  w ith  
w a te r , d i lu te  so d iu m  b ic a rb o n a te , a n d  w a te r  b e fo re  d ry in g  
o v e r m ag n esiu m  su lfa te .

A n a ly se s  w ere  p e rfo rm e d  o n  a  10 f t  X  0 .2 5  in . 2 0 %  C a rb o w ax  
20 M  o n  C h ro m o so rb  W  co lu m n  in  a n  A 350 A e ro g ra p h  c h ro m a to 
g ra p h . A fte r  so lv e n t re m o v a l u n d e r  re d u ce d  p re ssu re , la rg e r  
sa m p le s  w ere  in je c te d  in to  th e  co lu m n  a n d  th e  m a jo r  c o m p o n e n ts  
w ere  t r a p p e d  a n d  id en tified  b y  sp e c tro sco p ic  m e th o d s .

Product Identification. From 1,3-Dichloropropane.— P ro d u c t  
I  w as id e n tic a l w ith  th e  p u rc h a se d  a u th e n t ic  m a te r ia l  (E a s tm a n  
C h em ica l C o .) .  P ro d u c t  IV  sh o w ed  n m r 36 b a n d s  a t  2 .4 2  ( t )  
a n d  1.85 (q ) ; m ass  sp e c tra l  (m s) p a r e n t  p e a k  a t  196; c o rre c t 
in fra re d  (ir)  sp e c tru m . P ro d u c t  I I I  a n d  V  w ere  id e n tic a l  w ith  
p ro d u c ts  p re v io u s ly  r e p o r te d . 2

From 1,4-Dichlorobutane.— P ro d u c t  V I  sh o w ed  n m r  b a n d s  
a t  3 .3 9  ( t ) ,  2 .5 6  ( t ) ,  a n d  1 .72  (m ); m s p e a k  a t  168; ir  show ed  
m o n o su b s ti tu te d  p h e n y l a n d  p r im a ry  c h lo rid e . P ro d u c t  V I I  
show ed  n m r  b a n d s  a t  3 .2  (m ), 1 .9  (m ), a n d  1.22 (d ); m s p a re n t  
p e a k  a t  168, m a jo r  p e a k  a t  105, p e a k  a t  153; ir  sh o w ed  m o n o 
s u b s ti tu te d  p h e n y l a n d  p r im a ry  c h lo rid e . P ro d u c t  I X a  (dodeca- 
h y d ro tr ip h e n y le n e )  sh o w ed  n m r  b a n d s  a t  2 .2 5  (s) a n d  1.7 
( s ) ;  u v  272 m ^ ; m s p a re n t  p e a k  24 0 ; ir  id e n tic a l  w i th  t h a t  p re 
v io u sly  r e p o r te d .37 P ro d u c t  V I I I  w as id e n tic a l w ith  a u th e n tic  
m a te r ia l.

(36) In te g ra ls  c o rrec t w ith in  5 %  of t h a t  fo r assigned  s tr u c tu r e  (a ro m atic  
p ea k  o m itte d ) :  s =  sin g le t, d  =  d o u b le t, t  == tr ip le t ,  q  =  q u a rte r , an d  
m  =  m u ltip le t.

(37) “ C a ta lo g  of In f ra re d  S p e c tra  D a ta ,”  A m erican  P e tro le u m  I n s t i tu te  
R esea rch  P ro jec t-4 4 , C h em ica l T h e rm o d y n a m ic s  C en te r, T exas  A & M , 
C ollege S ta tio n , T exas, S eria l N o. 2267.
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From 1,5-Dichloropentane.—Product XII showed nmr bands 
at 3.33 (t), 2.52 (t), and 2.6 (m); ms parent peak at 182; ir 
showed monosubstituted phenyl and primary chloride. Product 
XIII showed nmr bands at 3.32 (t), 2.58 (m), 1.63 (m), and 1.22 
(d); ms parent peak at 182, large 105 peak, 167 peak; structure 
confirmed by ir. Products XIV and XV had ir spectra identical 
with those previously reported;“ ms and nmr were consistent. 
Product XVI showed nmr bands at 2.47 (m), 1.5 (m), and 1.18 
(d); ms parent peak at 224, 209 peak; it was consistent.

From 1,6-Dichlorohexane.—Product XVII was identical with 
purchased material (Ash Stevens Co.). Product XVIII showed 
nmr bands at 3.3 (t), 2.55 (q), 1.56 (m), and'1.17 (d); ms parent 
peak at 196, 181 peak; ir showed monosubstituted phenyl.

Products XXI, XIX, and XX had ir spectra identical with those 
previously reported;13 nmr and ms were consistent.

Registry No.—Benzene, 71-43-2; 7-phenyl-l-chloro- 
octane, 15733-57-0; 6-phenyl-l-chlorooctane, 15733-
58-1; III, 1081-75-0; VI, 4830-93-7; VII, 13556-61-1; 
IXa, 1610-39-5; XII, 15733-63-8; XIII, 15733-64-9; 
XVI, 6443-80-7; XVIII, 13556-57-5.
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1-Dodecene and ¿mras-6-dodecene alkylate benzene in the presence of aluminum chloride-hydrogen chloride 
at 35-37° to give similar isomer distributions of phenyldodecanes. At that temperature the alkylation reaction 
is accompanied by isomerization of the products to a certain equilibrium distribution that is different from the 
isomer distribution in the absence of product isomerization. Alkylation at 0° or below suppresses product 
isomerization and results in an isomer distribution that depends on the position of the double bond in the olefin. 
Attenuation of aluminum chloride with nitromethane prevents product isomerization even at the reflux tempera
ture of benzene. Alkylation with both olefins in benzene solution in the presence of aluminum chloride-nitro- 
methane results in widely different isomer distributions which approach each o:her if the alkylation reaction is 
carried out in nitromethane solution. These results are explained in terms of formation of secondary carbonium 
ions with relative stabilities and reactivities that are affected by the solvent and the mobility of the negative ion 
in the ion pair.

Alkylation of aromatic compounds with various 
alkylating agents in the presence of strong Friedel- 
Crafts catalysts such as aluminum chloride has long 
been known to be accompanied by isomerization and 
transalkylation. 1-5  This is especially important in 
the investigation of substrate selectivity and orienta
tion of alkyl groups in di- and polyalkylation. The 
extent of this isomerization and disproportionation, 
which alters the product distribution, is determined by 
the severity of the reaction conditions, namely the 
strength and amount of the catalysts, the temperature, 
and the time of the reaction. The same question also 
occurs in the alkylation of benzene with long-chain a  
olefins where the products initially formed undergo ex
tensive isomerization in the presence of excess aluminum 
chloride.6,7 Thus, Nenitzescu has concluded that the 
Friedel-Crafts alkylation leading to the formation of 
phenylalkanes is a kinetically controlled reaction, but 
the subsequent isomerization of phenylalkanes is a 
thermodynamically controlled reaction leading to the 
most stable isomer, which is not always identical with 
the phenylalkane formed from the most stable car-

(1) H . C . B row n  an d  C . R . S m oo t, J . Amer. Chem. Soc., 78 , 6255 (1956); 
H . C . B row n  a n d  H . J .  U n g k , ibid., 78 , 2182 (1956); H . C . B row n  a n d  B . A. 
B o lto , ibid., 81 , 3320 (1959).

(2) K . L . N elson , J . Org. Chem., 21 , 145 (1956).
(3) R . H . A llen  a n d  D . Y a ts , J . Amer. Chem. Soc., 83 , 2799 (1961).
(4) D . A. M c C a u la y  in  “ F r ie d e l-C ra f ts  a n d  R e la te d  R e a c tio n s ,”  V ol. I I ,  

G . O lah , E d ., In te rsc ie n c e  P u b lish e rs , In c .,  N ew  Y o rk , N . Y ., 1964, C h a p te r  
24.

(5) G . A . O lah , S. H . F lood , a n d  M . E . M o ffa t, J . Amer. Chem. Soc., 86, 
1060 (1964); G . A. O lah , S . J . K u h n , a n d  S. H . F lo o d , ibid., 84 , 1688 (1962); 
G . A . O lah , J .  C . L a p ie rre , a n d  H . S ch re ier, J . Org. Chem., 31 , 1268 (1966); 
G . A . O lah  a n d  J . A. O lah , ibid., 32 , 1612 (1967).

(6) R . D . S w isher, E . F . K ae lb le , a n d  S. K . L iu , ibid., 26 , 4066 
(1961).

(7) A. C . O lson, Ind . Eng. Chem., 62, 833 (1960).

bonium ion.8 The situation is also somewhat compli
cated by the fact that isomerization of the initial prod
ucts can be shifted beyond thermodynamic equilibrium 
by an excess of BF3 • HF or A1C13 • HC1 which often re
sults in the formation of only the product whose in
termediate complex with the catalyst is the most stable 
one.9 Therefore, it is of interest to find out if the 
phenylalkanes obtained from the alkylation of benzene 
with a long-chain a  olefin such as 1 -dodecene in the 
presence of aluminum chloride come to equilibrium as a 
result of their isomerization by the strong catalyst, and 
if this equilibrium distribution differs from the initial 
isomer distribution obtained in the absence of product 
isomerization. It is also of interest to find out if the 
intermediate carbonium ions also come to equilibrium 
before they attack benzene and if this equilibrium dis
tribution differs from the final equilibrium distribution 
obtained as a result of isomerization of the products 
themselves.

Results

Since alkylation with aluminum chloride proceeds 
rapidly only after an incubation period during which 
the so-called red oil forms,10 the reaction was run in the 
presence of a small amount (about 20% of the catalyst) 
of a catalyst layer from a previous alkylation of the 
same system. At 35c and using 0.12 mol of the 
catalyst/mol of the olefin, both 1 -dodecene and tran s-
6-dodecene afforded nearly identical isomer distribu-

(8) C . D . N en itzescu , Rev. Roumaine de Chim., 9 , 5 (1964).
(9) D . A. M cC a u le y  a n d  A. P . L ien , J . Amer. Chem. Soc., 74 , 6246 (1952).
(10) K . L . N e lson  a n d  H . C . B ro w n  in  " C h e m is try  o f P e tro le u m  H y d ro 

ca rb o n s ,” V oi. I l l ,  B. T . B ro ck s , E d ., R e in h o ld  P u b lish in g  C o rp ., N ew  
Y ork , N . Y ., 1955, C h a p te r  56.



tions including about 32% 2-phenyldodecane and 
31% 5 and 6 isomers. We define this as a distribution 
ratio of 32:31. However, a small amount of 2-phenyl- 
decane added along with the olefin showed extensive 
isomerization to its internal isomers, indicating that the 
phenyldodecanes could also have isomerized after their 
formation. Under similar conditions but at 0-5° for 
30 min, the 2-phenyldecane tracer remained unchanged 
indicating the absence of any product isomerization as 
well.11 The a-olefin product under these conditions 
had a significantly higher distribution ratio, 44:20, 
while the internal olefin was very much lower, 18:53. 
However, when stirring was continued for an additional 
hour at the same temperature, isomerization appeared 
in both the 2-phenyldecane and the product phenyl
dodecanes and was essentially complete after another 
hour. Further lowering of the temperature (to —15°) 
completely prevented product isomerization even after 
several hours of stirring. 12 In spite of the low tem
perature, alkylation was essentially complete within a 
few minutes, as evidenced by the absence of the olefin 
in the glpc analysis of the mixture, but nevertheless ex
tensive isomerization occurred at earlier stages in the 
reaction since all of the secondary phenyldodecanes 
were formed.

Product isomerization was also prevented at the 
higher temperature (35-37°) by alkylation with a re
cycled catalyst phase instead of fresh A1C13 • HC1. This 
also resulted in widely different distribution ratios for
1-dodecene and ¿nms-6-dodecene (42:25 and 26:43, 
respectively) indicating that the isomer distribution of 
the product depends on the position of the double bond 
in the starting olefin.

The alkylation reaction was also accompanied by the 
formation of some Ci2 paraffins which were isolated by 
distillation and analyzed by mass spectroscopy and gas- 
liquid partition chromatography. Their amount and 
type were found to depend on the temperature of the 
reaction. Thus at 0° only a 2% yield of dodecanes was 
obtained of which 67% was n-dodecane and 33% 
branched isomers. At 35° a 6% yield of the paraffin was 
obtained of which only 5.5% was n-dodecane and 94.5% 
was branched.13 The greater formation of paraffins at 
the higher temperature resulted in a slight decrease in 
the yield of the product alkylbenzenes (83 vs. 87%). 
In addition to the paraffins, the reaction was also ac
companied by the formation of a small amount of an 
unsaturated material (3.6%) whose analysis by mass 
spectroscopy showed it to have the molecular formula 
CkH2„-8. ’

Attenuation of aluminum chloride with nitro- 
methane14 also prevented product isomerization both in 
benzene and in nitromethane solutions. Even at the 
reflux temperature of benzene, no evidence for the isom
erization of the secondary alkylbenzenes could be ob
served. This resulted in the same type of isomer dis
tribution as was obtained from alkylation with alu
minum chloride at low temperatures, or with a recycled

(11) P ro d u c t  iso m eriza tio n  can  also b e  su p p ressed  b y  use of sm aller 
a m o u n ts  of a lu m in u m  ch lo rid e .6

(12) N o rm a l hexane  w as a d d e d  to  th e  reac tio n  m ix tu re  to  p re v e n t  th e  
b en z en e  fro m  freezing .

(13) R ed u c tio n  of th e  a lk y la t in g  a g e n t to  para ffin  has  a lso  been  o b served  
in  th e  a lk y la t io n  of b en z en e  w ith  decy l, dodecy l, a n d  h ex ad ecy l ch lo rid e  in  
th e  p resen ce  of a lu m in u m  ch lo rid e  a t  7 0 ° : T . M azo n sk i a n d  A . H opfinger, 
P rzem ysl C hem ., 40, 453 (1961); Chem . A bstr ., 62, 3 9 5 7 / (1965).

(14) L . S chm erling , In d .  E ng . Chem ., 40 , 2072 (1948).
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catalyst phase at 35°, where the position of the double 
bond was a factor in the isomer distribution of the 
product. The results of all these alkylations are re
corded in Table I where it is seen that in benzene solu
tion and in the absence of any product isomerization 
the a  olefin invariably afforded greater amounts of the 
2 isomer (distribution ratio 44:20) while the internal 
olefin afforded greater amounts of the 5 and 6 isomers 
(distribution ratio 18:53). This difference in the be
havior of the two olefins due to the position of the 
double bond was largely eliminated by alkylating in the 
presence of excess nitromethane where both reactants 
were present in solution in nitromethane (7:1). Under 
these conditions both olefins afforded almost identical 
distribution ratios (approximately 27:35) which were 
significantly different from the 32:31 ratio obtained 
from alkylation with aluminum chloride under condi
tions of product isomerization.

Alkylation with aluminum chloride-nitromethane in 
benzene solution was not accompanied by paraffin 
formation as was the case with aluminum chloride. 
The absence of paraffins, however, was not accompanied 
by a corresponding rise in the yield of alkylbenzenes. 
Instead, a small decrease was observed (78%) owing to 
a greater formation of a high-boiling material whose in
frared analysis showed it to be primarily p- and m-di- 
alkylbenzenes (12.1 and 12.65 t±, respectively) in the 
ratio of 5:1. The yield of the product was further re
duced (68%) by alkylation in nitromethane solution 
owing to the smaller concentration of benzene.

Discussion

It is evident from the above experimental facts that 
alkylation of benzene with any long-chain olefin in the 
presence of aluminum chloride at 35° or higher produces 
the same isomer distribution regardless of the position 
of the double bond in the original olefin. This is, how
ever, the result of the rapid and efficient isomerization 
of the products themselves rather than the intermediate 
carbonium ions coming to equilibrium. Thus at 0° or 
below, and in the absence of any product isomerization,
1-dodecene and tmws-6-dodecene give widely different 
isomer distributions depending on the position of the 
double bond in the chain. This is similar to alkylation 
with anhydrous hydrogen fluoride in the absence of 
n-hexane where the alkylation reaction appeared to be 
too fast to permit the intermediate carbonium ions to 
come to equilibrium. One major difference from HF 
alkylations is that addition of n-hexane at 0 or 35° made 
no difference in the isomer distribution of the product, 
indicating that the reaction takes place exclusively in 
the catalyst phase. Consequently, the intermediate 
carbonium ions could not be brought to equilibrium by 
this method. 15

Alkylation with A1C13 ■ CH3NO2 produces essentially 
the same results as alkylation with aluminum chloride 
at lower temperatures in that the products under these 
conditions do not undergo any isomerization16 and, 
therefore, they reflect the concentration of the second
ary carbonium ions prior to alkylation. Consequently, 
the isomer distribution of the final product depends on

(15) H . R . A lul a n d  G . J . M cE w an , J .  Org. Chem ., 32, 3365 (1967).
(16) A lu m in u m  c h lo r id e -n itro m e th a n e  is  a lso  in c a p a b le  of effecting 

iso m e riza tio n  of cy m en es : G . A. O lah , S . H . F lo o d , S. J .  K u h n , M . E . 
M o ffa t, a n d  N . E . O v erch u ck , J . A m er. Chem . Soc., 86 , 1046 (1964).

A lk y la tio n  of B e n z e n e  w it h  D o d e c en es  1523
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T a b l e  I
-A m ount, mol-

trans-  6- 2 -P h en y l- N itro  T em p , T o ta l
1 -D odecene d odecene decane B enzene m e th a n e A lC li“ “C tim e , m in 2 -F h en y l 3 -P h en y l 4 -P h e n y l 5 -:, 6 -P h en y l

0.3 3.0 0.037 35-37 45 31.8 20.8 17.2 30.2
0.15 0.01 3.0 0.02 35-37 45 31.9 18.5 17.6 32.0

38.5* 22.0 19.5 20.0*
0.3 0.01 3.0 0.037 0-5 30 44.0 

100.0*
22.1 14.2 19.7

90 36.9 20.9 16.8 25.4
55.8* 16.8 15.7 11.7

150 31.0 20.6 18.9 29.5
39.5* 21.4 22.8 16.3

0.15 0.01 3.0 0.02 0-5 30 18.1
100.0*

12.3 16.9 52.7

0.3 0.01 3.0 0.037 -15* 360 43.0
100.0*

21.9 14.5 20.6

0.3 0.01 3.0 0.037* 35-37 30 41.7
100.0*

19.8 13.2 25.3

0.15 0.01 3.0 0.037* 35-37 30 26.0
100.0*

15.4 15.6 43.0

0.15 3.0 0.08/ 0.037 35-37 60 40.9 20.7 14.4 24.0
0.15 0.01 3.0 0.08/ 0.037 65 90 42.9

100.0*
19.1 15.0 23.0

78 60 41.8
100.0*

20.6 14.7 22.9

0.15 0.01 3.0 0.08/ 0.037 35-37 60 23.2
100.0*

17.3 17.8 41.3

0.15 0.01 0.5 4.0* 0.037 35-37 60 27.9
100.0*

19.5 18.6 34.0

0.15 0.5 4.0* 0.037 35-37 60 26.1 18.3 19.1 36.5
0.15 3.0 0.074» 35-37 120 57.0 21.5 9.0 12.5

« In addition, 20% by weight of red oil from a previous alkylation of the same system was added. * Analysis of the added 2-phenyl- 
decane to detect product isomerization. * Amount of he 5 isomer only since the 6 isomer is not possible with the phenyldecanes. 
* n-Hexane was added to prevent the benzene from freezing. * Only a recycled catalyst phase from a previous alkylation of the same 
system was used in this experiment. / No red oil was added when nitromethane was used. » The catalyst used in this experiment was 
A1C12 HS04.

the position of the double bond in the chain and, there
fore, on the point at which the proton enters the alkylat
ing agent. The condition of equilibrium among the 
carbonium ions is almost achieved by alkylating in 
nitromethane solution where the alkylation reaction is 
sufficiently slowed down to permit greater isomerization 
in the alkylating agent. However, complete equilib
rium in nitromethane was apparently not quite achieved 
and 1-dodecene continued to give slightly greater 
amounts of the 2 isomer than frans-6-dodecene (27.9 
vs. 26.1%) and slightly smaller amounts of the 5 and 6 
isomers (34.0 vs. 36.5%). This is in contrast to the 
effect of n-hexane on alkylations with hydrogen fluoride 
where complete equilibrium was readily achieved re
sulting in the same isomer distribution regardless of the 
point at which the proton enters the chain.15 This is 
probably due to the solvation of the intermediate ions 
by the polar solvent, nitromethane, which affects their 
relative stabilities and their rates of isomerization 
across the chain.

The product from alkylation with both olefins at or 
near equilibrium conditions in nitromethane solution 
shows about the same amount for all the isomers ex
cept the 2-phenyl isomer which is invariably greater 
than the 3 isomer. At lower temperatures the inherent 
stability of the 5 and 6 isomers (which was also ob
served in hydrogen fluoride alkylations) becomes more 
magnified, and their amount rises to 52.7%.15 Still, 
however, the amount of the 2 isomer is greater than the 
3 isomer which probably indicates that the 2-carbonium 
ion reacts with benzene more rapidly than the 3-car-

bonium ion. The excess of the 2 isomer over the 3 
isomer was also observed in some hydrogen fluoride 
alkylations, but it disappeared upon lowering the 
polarity of the medium by addition of n-hexane.15 
Apparently solvation of the intemediates by a polar 
solvent such as benzene or nitromethane reduces the 
differences in their stabilities and concentrations which 
permits greater formation of the 2-phenylalkane. Re
moval of this stabilization by addition of n-hexane 
magnifies the differences in these stabilities which 
raises the concentrations of the internal isomers suf
ficiently to nullify the steric advantages of the 2 isomer.

The excess of the 2 isomer over the internal phenyl- 
alkanes also occurs under conditions of product iso
merization such as aluminum chloride-hydrogen chlo
ride and benzene at 35-37°. Under these conditions 
the phenyldodecanes are at equilibrium as evidenced 
by the fact that both 1-dodecene and irans-6-dodecene 
afford the same isomer distribution as the equilibrium 
distribution reported by Swisher, et a l,6 The amount 
of 2-phenylalkane at equilibrium is twice the amount of 
the 5 or 6 isomers and 50% greater than the 3 isomer. 
This is probably due to greater solvation of the inter
mediate alkylarenonium ion by the extremely polar 
phase (the red oil) of the reaction mixture. In the 
alkylbenzenonium ion derived from the 2-phenylalkane, 
the positive charge of the ion is located near the end 
of the chain which permits more efficient solvation by 
the catalyst phase. As the charge enters the middle of 
the chain, the ion is more efficiently shielded from the 
solvent by its alkyl groups. Therefore, alkylation of



benzene with 1 -dodecene results in greater amounts of 
the 2-phenylalkane both in the absence as well as 
presence of product isomerization. In the first case, it 
is due to greater reactivity of the intermediate carbo- 
nium ion toward benzene, and in the second case, it is 
due to greater solvation of the intermediate alkylareno- 
nium ion by the catalyst phase.

Although the isomer distribution of the primary prod
uct obtained with AlCh ■ HC1 at 35° is altered by the 
concurrent isomerization of the phenylalkanes, it ap
pears that the intermediate carbonium ions do not come 
to equilibrium prior to their reaction with benzene at 
that temperature. Thus, when a recycled catalyst 
phase is used instead of fresh aluminum chloride, prod
uct isomerization is prevented and the two olefins,
1 -dodecene and frans-6-dodecene, no longer afford the 
same isomer distribution.

Comparison of the product from alkylation in the 
presence of hydrogen fluoride with those from alkylation 
in the presence of aluminum chloride at 0 ° shows the 
first to be closer to equilibrium conditions.15 Thus
1-dodecene and ¿raws-6-dodecene afford 18.5 and 10.6%, 
respectively, of the 2 isomer in the presence of hydogen 
fluoride and 44.0 and 18.1%, respectively, in the pres
ence of aluminum chloride. This is probably due to the 
effect of the negative ion of the ion pair on the rate of 
isomerization of the positive ion across the chain.17 
This effect of the mobility of the negative ion on the rate 
of isomerization was also observed by alkylation of ben
zene with 1 -dodecene in the presence of AlCVHSCh 
which resulted in the highest distribution ratio obtained 
in this series of alkylations (57:13).18 Further work on 
this point is in progress in this laboratory.

Since intermolecular hydride abstractions occur more 
readily with stronger acids such as aluminum chloride- 
hydrogen chloride, 19 one may also expect them to occur 
more readily in intramolecular abstractions where the 
carbonium ion abstracts a hydride from a carbon atom 
at some distance from the positive charge which, if it 
occurs to any significant degree, woud result in greater 
isomerization. The fact that greater isomerization 
occurs at 0 ° with 1 -dodecene and hydrogen fluoride 
than with aluminum chloride argues against such long- 
range isomerization occurring to a significant degree. 
In any event the rate of isomerization of the interme-

(17) F ro m  th e  p o in t of v iew  of th e ir  c a ta ly t ic  a c t iv i ty  in  th e se  re a c tio n s  
th e  m o s t im p o r ta n t d iffe rences b e tw e en  H F  a n d  A IC b -H C l a re  (a) th e  d if
ference  in  th e ir  a c id ity  a n d  (b ' th e  d iffe rence  in  th e  m o b ility  of F "  an d  
A1CU" ions. T h e  H a m m e tt  a c id ity  fu n c tio n , Ho, fo r an h y d ro u s  H F  is —10 
a n d  t h a t  fo r A lC b -H C l is a b o u t  —15, w h ich  m ak es  th e  la t te r  a  m uch  
s tro n g e r  ac id . T h e  a c id ity  of h y d ro g en  fluoride, how ever, can  b e  v aried  
ov er a  v e ry  w id e  ra n g e  (6 po w ers  of 10) b y  a d d itio n  o f ce rta in  L ew is ac id s 
such  as B F 3, N bF s, o r  S bFs w h ich  ra ise  th e  ac id ity  of th e  so lv en t. A lso th e  
a d d itio n  of c e r ta in  s a lts  su ch  a s  N a F  o r  K F  low ers  i t s  a c id ity . T h is  p ro p e r ty  
of h y d ro g en  fluo ride  so lu tio n s  p e rm its  th e  s tu d y  of th e  effec t, if  a n y , of th e  
a c id ity  of th e  m ed ium  on th e  iso m e riza tio n  o f th e  p o s itiv e  ch a rg e  ac ro ss  th e  
cha in  of th e  seco n d a ry  ca rb o n iu m  ion . E x p e r im e n ts  w ith  v a r io u s  c a ta ly s t  
sy s tem s  such a s  H F - B F 3, H F - K F ,  a n d  H F - K B F 4 fa iled  to  show  a n y  re la
tio n  b e tw e en  th e  ac id  s tr e n g th  of th e  c a ta ly s t  a n d  th e  iso m er d is tr ib u tio n  of 
th e  p ro d u c t if th e  reac tio n  is ca rried  o u t u n d e r  co n d itio n s  w h ich  do  n o t p e rm it 
p ro d u c t iso m eriza tio n . T h e  re su lts  of th is  w ork  w ill b e  re p o rte d  in  th e  
n e a r  fu tu re .

(18) I t  is in te re s tin g  to  n o te  vhat w -propy l ch lo ride  has been  re p o rte d  to  
a lk y la te  ben zen e  in  th e  p re sen ce  of d ic h lo ro a lu m in u m  su lfa te  w ith  no 
iso m eriza tio n  of th e  n -p ro p y l g ro u p : A. V. T o p c h iev , B . A. K ren tse l, an d
L . N . A n d reen , D okl. A k a d . N a u k  S S S R ,  92 , 781 (1953); Chem . A bstr ., 49, 
3039 (1955). S u b se q u e n t w o rk  on  th e  a lk y la tio n  of b en z en e  w ith  8 -m e th y l-  
1 -nonene show ed  t h a t  u n d e r  th e se  co n d itio n s  of m in im u m  iso m e riza tio n  th e  
p o s itiv e  ch a rg e  b a re ly  reach es  th e  e ig h th  ca rb o n  a to m  of th e  cha in , w hile  
u n d e r  co n d itio n s  of m a x im u m  iso m e riza tio n 15 i t  w inds up  a lm o s t exclusively  
on it .  T h e  re s u lt of th is  w o rk  w ill b e  re p o r te d  in  a fu tu re  c o m m u n ic a tio n .

(19) H . P ines  a n d  N . E . H offm an , re f  4, C h a p te r  28, p  1215.
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diate cations is not sufficient to bring them to equilib
rium under ordinary conditions.

The formation of the paraffins occurs under con
ditions which permit disproportionation and trans
alkylation. Evidence has been obtained to show that 
it occurs after the formation of alkylbenzene.20 This 
is in accord with the fact that the alkylation reaction is 
much faster than hydride abstraction21 so that almost 
all the carbonium ions are converted into alkylbenzene. 
At higher temperatures and in the presence of the strong 
acid aluminum chloride-hydrogen chloride the product 
is converted to the alkylarenonium ion (I) which may 
equilibrate with a localized it complex (II) 10'22 23“ 24 or 
dissociate to an alkyl cation (III) and benzene. The 
ir complex isomerizes to the other w complexes,25 
which rearrange to the a complexes and finally lose a 
proton to form the rearranged phenylalkanes.6 The 
alkyl cations (III) also isomerize by rapid hydride 
shifts and either realkylate benzene or, to a much 
smaller extent, abstract the tertiary hydrogen of a 
molecule of alkylbenzene. The new phenylalkyl cation
(IV) rearranges to VI by way of a phenonium-type 
intermediate26 (V) which then either abstracts another 
hydride to form the rearranged alkylbenzene or 
alkylates benzene to form a high-boiling product. 
These reactions are summarized in Chart I written for 
the 2-phenyldodecane isomer.

Some of the alkyl cations (III) undergo skeletal 
isomerization in a manner similar to that reported by 
Peterson, et a l . ,27 and subsequently appear as iso
paraffins. The failure to observe ¿-alkylbenzene in the 
gas-liquid chromatogram is due to its vulnerability to 
attack by the strong acid.28 29 30 Under the influence of 
AICI3-HCI the alkyl cations (III) may abstract a 
hydride ion from a carbon atom of an alkylbenzene 
molecule other than the benzylic one.19 This is more 
likely to occur with the internal phenyldodecanes where 
the tertiary hydrogen atom is surrounded by two large 
alkyl groups. The new phenylalkyl cation undergoes 
isomerization and then cyclization to form the indanes 
and tetralines (C 7!H 2k_s) which have frequently been 
observed29,30 or postulated20 as by-products of these 
reactions.

Experimental Section
Materials.—1-Dodecene, irans-6-dodecene, and benzene were 

obtained as described previously.15 Aluminum chloride was 
Fisher reagent grade and nitromethane was obtained from East
man Organic Chemicals. 2-Phenyldecane was obtained from 
Dr. R. D. Swisher of the Monsanto Co.

Alkylation with Aluminum Chloride.—The alkylation reaction 
was carried out at 35-37° by adding 0.3 mol of 1-dodecene to 
3.0 mol of dry benzene which had previously been saturated 
with dry hydrogen chloride and mixed with 0.037 mol of an-

(20) A. M e tz g e r a n d  C . U hlig , T enside, 3 , 6 (1966).
(21) F . E . C ondon  a n d  M . P. M u tu sz a k , J .  A m er . Chem . Soc., 7 0 , 2539 

(1948).
(22) H . C. B row n a n d  H . J u n g k , ib id ., 7 7 , 5579 (1955); H . C. B row n  an d  

C . R . S m o o t, ib id ., 7 8 , 2176 (1956).
(23) L . M . S to ck  a n d  H . C . B ro w n , A dvan . P h y s . Org. C hem ., I ,  42, (1963).
(24) G . O lah  an d  N . O v erch u ck , J .  A m er. Chem . Soc., 8 7 , 5786 (1965).
(25) A. S tre itw iese r, J r . ,  W . D . Schaeffer, a n d  S. A n d read es , ib id ., 8 1 , 1115 

(1959).
(26) R efe ren ce  4, p  1065.
(27) A . H . P e te rso n , B . L . P h ilip s, a n d  J .  J . K elly , I n d .  E ng . Chem ., 4, 261 

(1965).
(28) F . A. D rah o w zal, re f  4, C h a p te r  17, p  448.
(29) P . W . F lan a g an , M . C . H am m in g , a n d  F . M . E v a n s , J .  A m er. Oil 

C hem ists' Soc., 4 4 , 30 (1967).
(30) A . A. K h a la f a n d  R . M . R o b e rts , J .  Org. Chem ., 3 1 , 89 (1966).
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C h a r t  I

CH3— CH— CH2Q,H19

O CH— CE2C9H19 A ic if

n

m

I-"

3-, 4-, 5-, 6-carbonium ions

3, 4, 5, 6 7t complexes

i
3, 4, 5, 6 a complexes

i
3-, 4-, 5-, 6-phenylalkanes

CH3—CH—CHjCjHji

è
c ,2h 26 +  CH3— Ç— CH2CyHI9

Ò
IV

t
CH3— HQ—-€ H — C9H19

9
V

CH3—CH2— Ç—CjHu CH3— CH2—CH— C9H[9

H -

VI

hydrous aluminum chloride and about 1 ml of a red oil from a 
previous alkylation. After separation of the catalyst complex 
phase from the alkylated liquor, the latter was quenched by 
adding water, washed with 5% NaOH solution followed by water, 
and dried. A small sample was analyzed by gas-liquid chro
matography using a Barber-Colman Model 20 chromatograph 
equipped with Sargent SR recorder with a coupled integrator. 
The column used for the analysis was 150 ft X 0.02 in. stainless 
steel coated with SE-30 silicon gum rubber. Another column of 
the same dimensions but coated with m-bis[m-(m-phenoxy- 
phenoxy)phenoxy]benzene31 was also used. The excess benzene 
was removed on a water bath, and the rest of the mixture was 
distilled in a 2-ft packed column under vacuum. After a small 
amount of benzene ( n 2SD 1.4930) had been removed, the first 
fraction boiled at 85-115° (15 mm), n2in 1.4335 (2.8 g or 6%). 
It was passed through a column of silica gel to remove any un
saturated impurities and then examined by glpc rapid scan mass 
spectrometry. The spectrometer used was Consolidated Electro
dynamics Corp. (CEC) conventional mass spectrometer, model 
21-130, modified for rapid scanning. The glpc separation was 
made on a 200 ft X 0.02 in. d capillary column coated with 10% 
didecyl phthalate (DDP). Six major peaks appeared and ac
counted for about 95% of the entire chromatogram. The boiling 
points of the various components were computed from their 
retention times and were found to lie between 205 and 215° 
(n-dodecane bp 215°). The effluent from the glpc column was 
passed through the continuous capillary inlet of the mass spec
trometer where each of the six peaks was found to be a paraffin 
with the molecular formula Ci2HM- The last peak (5.5% of the 
chromatogram) showed a fragmentation pattern similar to 
published data.32 It had a parent peak (P) at m/e 170 (Ci2H26) 
in addition to groups of peaks differing by 14 (CH2) mass units.

(31) C om m o o ly  kn o w n  as  poly-w i-phenyl e th e r  (seven -ring ) a n d  o b ta in ed  
from  M o n sa n to  R e sea rc h  C o rp ., D a y to n , O hio.

(32) “ M ass  S p ec tra l D a ta ,”  A m erican  P e tro le u m  I n s t i t u te  R esea rc h  
P ro je c t  N o . 44 ; S p e c tra l N o . 404, 981, 1028, 1598.

The peak at m/e 155 (P — CH3) was absent, which is char
acteristic of straight-chain paraffins.33 The identification of 
this component as n-dodecane was further supported by the use 
of an authentic sample of the straight-chain paraffin. The other 
five components which eluted before n-dodecane also showed 
parent peaks of n-dodecane, as well as a strong peak at m/e 155 
(P — CII3). Some of the components showed prominent peaks 
at even mass numbers (142, 126, 112, 98) which is characteristic 
of two side chains and a higher degree of branching.33 These 
branched dodecanes, however, could not be assigned individual 
structures due to the lack of model compounds. The same result 
was confirmed by simple glpc analysis using an 18 ft X 0.25 in. 
id column packed with Carbowax-silver nitrate. The n-dodecane 
peak was well resolved and was identified by use of an authentic 
sample. The other peaks eluted before the n-dodecane but were 
less well resolved.

The main fraction of the product boiled at 128-136° (2 mm) 
( n 25D 1.4807), and the yield was 62 g or 83% of theoretical. A 
sample of the product was analyzed by conventional mass 
spectrometry using the major ion fragments to represent various 
isomer species, i.e., m/e 105 (2-phenyl), 119 (3-phenyl), 133 
(4-phenyl), 147 (5-phenyl), and 161 (6-phenyl).34 The parent 
molecular ion peak (P) for all the above isomers was observed 
at m/e 246. The spectrum also contained a small amount (3.6%) 
of a component whose P appeared at m/e 244 (C„H2„_8).20'29'30

When the reaction was carried out at 0°, small samples from 
the reaction mixture were withdrawn at definite intervals, 
quenched with water, washed with 5% sodium hydroxide solution 
and water, and finally analyzed by gas-liquid partition chroma
tography for the isomer distribution of both the phenyldecanes, 
present to detect product isomerization, and the product phenyl- 
dodecanes. The column, SE-30 silicon gum rubber, and the 
procedure were as above. The yield of this reaction was 87% of

(33) J .  H . B ey n o n , “ M ass  S p e c tro m e try  a n d  I t s  A p p lic an  to  O rgan ic  
C h e m is try ,”  E lsev ier, A m ste rd a m , 1960, p  329.

(34) R efe ren ce  32, S p ec tra l N o. 1743-1747.
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theoretical. At temperatures below 0° about 100 ml of n-hexane 
was added to prevent the benzene from freezing.36

The same procedure was followed for the alkylation of benzene 
with ircms-6-dodeeene. The olefin (0.15 mol) was mixed with 
0.01 mol of 2-phenyldecar.e, and the alkylation reaction was 
completed as above. The mixture was worked up as usual and 
the analysis of the product appears in Table I. The yields were 
similar to those obtained with 1-dodecene.

Alkylation in the Presence of Aluminum Chloride-Nitro- 
methane.—Benzene (2.5 mol) was added to the yellowish 
solution prepared by dissolving 0.037 mol of anhydrous alu
minum chloride in 0.08 mol of nitromethane. The temperature 
was kept at 35-37°, and a mixture of 0.15 mol of 1-dodecene 
and 0.01 mol of 2-phenyldecane in 0.5 mol of benzene was 
added over a period of 15 min. The mixture was stirred for 45 
more minutes and was quenched with water and washed with di
lute HC1,10% NaOH solution, and water. The product was ana
lyzed by glpc and distilled as usual. The yield was 28.5 g or 
78%. Infrared analysis of the residue (7.3 g) showed it to be 
mainly p- and m-dialkylbenzene in the ratio of 5:1 (12.1 and 
12.65 y, respectively).

The same procedure was followed for the alkylation reactions 
in nitromethane solution. A mixture of 0.15 mol of 1-dodecene, 
0.01 mol of 2-phenyldecane, and 0.1 mol of benzene was added 
to a solution of 0.037 mol of anhydrous aluminum chloride in 
4.0 mol of nitromethane and 0.4 mol of benzene maintained 
at 35-37°. Stirring was continued for 1 hr, and the reaction 
mixture was quenched with 10 g of ice and extracted three times

(35) S pecial a lk y la t io n s  w ere  ca rried  o u t a t  0 a n d  35° in  w hich  n -hexane , 
in  c o n tra s t  to  h y d ro g en  fluo ride  a lk y la tio n s , w as show n  to  h a v e  no effect on 
th e  isom er d is tr ib u tio n  of th e  p ro d u c t.

with 200 ml of n-hexane. The combined hexane extracts were 
washed with dilute hydrochloric acid, water, 10% sodium hy
droxide solution, and finally water. The solution was dried 
with anhydrous magnesium sulfate, and the solvent was removed 
on a water bath. The product was analyzed for isomer distribu
tion and then distilled as above. The yield was 68% of theoreti
cal.

Alkylation with Dichloroaluminum Sulfate.—This catalyst 
was prepared according to the directions of Topchiev, el oh36 
Ground AlCU-HSO, (0.074 mol) and anhydrous benzene (3.0 
mol) were placed in the alkylation flask. The temperature 
was raised to 35°, and a mixture of 0.15 mol of 1-dodecene and 
0.01 mol of 2-phenyldecane was added. Stirring was continued 
for 2 hr after which time an oily layer appeared at the bottom of 
the flask. The mixture was allowed to stand overnight before it 
was quenched with water and acidified with dilute HC1. The 
organic layer was washed successively with dilute HC1, water, 
dilute alkali, and finally water. The product was then analyzed 
by glpc and distilled as usual. The yield was 27.5 g or 75%.

Registry No.—Benzene, 71-43-2; 1-dodecene, 112-41- 
4; frans-6-dodecene, 7206-17-9; aluminum chloride, 
7446-70-0.

Acknowledgment.—Mr. Minor T. Jackson and Mr. 
Donald A. Wallace of the Central Research Department 
of the Monsanto Co. carried out the mass spectral analy
sis.

(36) A . V. T o p c h iev , S . V. Z avgo rodn ii, a n d  V. G . K ry u c h k o v a , “ A lk y la 
tio n  w ith  O lefins,”  E lse v ie r P u b lish in g  C o ., A m s te rd a m , 1964, p  141.
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H id ek i Sakurai, H isayoshi Y amamori, and M akoto K umada 

Department of Synthetic Chemistry, Kyoto University, Sakyo-ku, Kyoto, Japan  

Received November 7, 1967

The first carbon-functional organotrisilanes, 1- and 2-(dichloromethyl)heptamethyltrisilane, have been pre
pared from the corresponding chloroheptamethyltrisilanes with a-dichloromethyllithium. l-(Chloromethyl)- 
heptamethyltrisilane as well as (chloromethyl)pentamethyldisilane were also prepared by in situ coupling of 
bromochloromethane with the corresponding chlorosilanes. Aluminum chloride catalyzed reactions of 1- and
2-(dichloromethyl)heptamethyltrisilane were examined. Both compounds undergo intramolecular rearrange
ment followed by a redistribution reaction. Nmr spectral data are reported for several chloromethyl- and di- 
chloromethyl-substituted silanes.

Recently considerable attention has been directed 
toward a study of the organopolysilanes.2 However, 
no carbon-functional organotrisilane except vinyl- 
heptamethyltrisilanes3 has been known to date. We 
now report the synthesis and aluminum chloride cata
lyzed rearrangement of the first examples of the carbon- 
functional organotrisilanes, 1- and 2-(dichloromethyl)- 
heptamethyltrisilane.

Many procedures for preparing carbon-functional 
silanes or disilanes4 * cannot be extended to higher poly
silanes because of extensive silicon-silicon bond cleav
age. These procedures involve halogenation or other

(1) (a) A lu m in u m  C h lo rid e -C a ta ly ze d  R e a c tio n s  of O rganosilicon  
C om pounds. V. (b) F o r  p a r t  IV , see H . S ak u ra i, K . T o m in ag a , T . W a ta -  
nabe , a n d  M . K u m ad a , Tetrahedron Lett., 5493 (1966).

(2) F o r  p e r t in e n t rev iew s, see (a) H . G ilm an , W . H . A tw ell, a n d  F . K . 
C artledge , A dvan . O rganom etal. Chem ., 4 , 1 (1966); (b ) M . K u m a d a  and  
K . T a m ao , ib id ., in  p ress; (c) H . S ak u ra i, J .  Soc. Org. S y n . Chem. J a p . ,  25, 
555, 642 (1967).

(3) H . S ak u ra i, K . T o m in ag a , a n d  M . K u m a d a , B u ll. Chem . Soc. J a p .,  39, 
1279 (1966).

(4) C . E a b o rn , “ O rganosilicon  C h e m is try ,”  B u tte rw o r th  a n d  Co. L td .,
L ondon , 1960, p  377.

substitution reactions on carbon. Alternatively, nu
cleophilic substitution reaction on a silicon atom would 
be a preferred route to the carbon-functional organo
polysilanes. The (dichloromethyl)heptamethyltrisil- 
anes were thus prepared by the reaction of the corres
ponding chloroheptamethyltrisilanes with a-dichloro
methyllithium.

Recently the reaction of polychloromethane with 
n-butyllithium in tetrahydrofuran at low temperature 
has been shown to lead to the formation of a new class 
of organolithium reagents, the a-chloroalkyllithium 
compounds.6 It was reported that the action of n -  
butyllithium on methylene chloride at —65° afforded 
dichloromethyllithium in high yield and this reagent 
served as an intermediate in the preparation of some 
dichloromethyl-substituted compounds.6

(5) (a) H . H ean ey , O rganom etal. Chem . Rev., 1 , 27 (1966); (b) G . K ob rich , 
et a l., A ngew . Chem ., 79 , 15 (1967); (c) D . F . H oeg , D . L. L usk , a n d  A. L. 
C rum bliss, J . A m er. Chem. Soc., 87 , 4147 (1967), a n d  re fe rences  c ite d  th e re in .

(6) G . K o b rich , K . F lo ry , an d  W . D risch e l, A ngew . Chem ., 76 , 536 
(1964).
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T a b l e  I

P r o p e r t i e s  o f  N e w  C o m p o u n d s

B p, °C  (m m ) 7l20D d»4
---------- M R d-

C alcd F o u n d
------- C alcd ,

C
%-------•

H
✓-------- F o u n d ,

C
, % -------- *

H

78 (4)
104-105 (10)

1.4993  
1.5009

0 .9858
0.9946

8 1 .8
8 1 .8

8 1 .0
80 .9

35 .14
35 .14

8 .1 2
8 .1 2

35 .2 4
34 .99

8 .2 5
7 .9 2

C o m p o u n d

Cl2CHSi (C H3 )2Si (C H3 )2Si (CH3 )3
(CH3)3SiSi(CH3)Si(CH3)3

CHC12
ClCH2Si(CH3)2Si(CH3)2Si(CH3)3 50 (4) 1.4842

(Dichloromethyl)heptamethyltrisilanes together with 
the known (dichloromethyl)pentamethyldisilane7 were 
prepared successfully by the following route.8

n -B u L i R R '(C H j)S iC l
CH2C12------->  ChCHLi------------ >-

T H F
RR'(CH3)SiCHCl2

la, R = (CH3)3SiSi(CH3)2; R' = CH3
b, R = R' = (CH3)3Si
c, R = (CHa)aSi; R' = CH3

Physical properties of these compounds are listed in 
Table I.

It has been described in the literature9 that the chlo- 
romethyl-substituted methylsilanes undergo Lewis acid 
catalyzed rearrangement resulting in migration of a 
methyl group from silicon to adjacent carbon.

CH3
(CH3)3SiCH2Cl (CH3)2Si— CH2 - >  (CH3)2SiCH2CH3

X \  1Cl) \c\ Cl

\ ic i2

An interesting example involving two successive and 
discrete intramolecular rearrangements of lc with 
anhydrous aluminum chloride has been reported pre
viously from this laboratory.7

In the present study, we have also examined an alu
minum chloride catalyzed rearrangement of la. It was 
expected to obtain a rearranged compound like 3 by the 
following reactions.

AlCla
(CH3)aSiSi(CH3)2Si(CHa)2CHCl2---->

la °°
AlCla

(CHa)3SiSi(CH3)2CHClSi(CH3)2C l----►
2 0-400

Si(CHa)a

Cl(CH3)2SiCHSi(CH3)2Cl
3

When a catalytic amount of anhydrous aluminum 
chloride was added to 4a at about 0°, a vigorous exo
thermic reaction took place. By raising the reaction 
temperature to about 40° and employing a larger 
amount of the catalyst, the second exothermic reaction 
occurred. The reaction products were isolated by 
simple distillation from the mixture. However, con
trary to our expectation, the reaction product (83.0% 
yield) was found to be a mixture consisting of four com
ponents, two of which were identified as tris(tri-

(7) M . K u m a d a  a n d  M . Ish ik aw a , J .  O rganom etal. Chem ., 1, 411 (1964).
(8) A f te r  th is  m a n u sc r ip t h a d  b ee n  co m p le ted , w e rece ived  a  p a p e r  of 

W . R . B am fo rd  a n d  B . C . P a n t, J .  Chem . Soc., Sect. C, 1470 (1967), in  w hich  
(d ic h lo ro m e th y l) tr im e th y ls ila n e , ( tr ic h lo ro m e th y l) tr im e th y ls ila n e , a n d  re 
la te d  co m p o u n d s h a v e  b ee n  p rep a re d  b y  th e  a d d itio n  of n -b u ty l li th iu m  to  a  
m ix tu re  of c h lo ro tr im e th y ls ila n e  a n d  c e rta in  ch lo ro a lk an es  in  te tr a h y d ro -  
fu ra n  a t  —120°.

(9) (a) See re f  4, p  434; (b) R . W . B o tt ,  C. E a b o rn , a n d  B . M . R u sh to n ,
J .  O rganom etal. Chem ., 3 , 455 (1965).

0.8942 77.0 76.8 40.04 9.66 40.30 9.78

methysilyl)methane10 (4) and tris(dimethylclorosilyl)- 
methane11 (5) by comparing retention times of glpc 
with those of the corresponding authentic samples. 
This mixture gave 4 as a single product by methylation 
with methylmagnesium bromide in good yield (86.4%). 
Determination of the chlorine content of the mixture 
by alkaline titration indicated that the mixture had two 
hydrolyzable chlorine atoms in a molecule on an average. 
These facts suggest that other unidentified components 
must be bis(trimethylsilyl)dimethylchlorosilylmethane
(6) and bis(dimethylchlorosilyl)trimethylsilylmethane
(7) .

AlCla
3  -->- [(CHa)aSilaCH +  [Cl(CH3)2Si]3CH +

4 5
[(CH3)3Si]2CHSi(CHa)2Cl +  [Cl(CH3)2Si] 2CHSi(CH3)3 

6 7
C H aM gB r

mixture--------- >  [(CH3)3Si]3CH

Accordingly, the rearranged product must undergo 
aluminum chloride catalyzed redistributions rather 
readily under the present reaction condition. This un
expected facile redistribution has been confirmed further 
by an experiment on the aluminum chloride catalyzed 
redistribution starting from an equimolar mixture of
4 and 5 at 70°. After 9 hr it was disclosed that the mix
ture was also composed of 4, 5, 6, and 7.

AlCla
[(CHa)aSi]aCH +  [Cl(CH3)2Si]3C H --- >- 4 4-5 +  6 +  7

Essentially the same results were obtained from the 
aluminum chloride catalyzed reactions of lb; 4 was 
produced as the final product by methylation.

AlCla
(CH3)aSiSi(CHa)Si(CHa)a--- ►

I 0°
CHC12

C H aM gB r
4 +  5 +  6 +  7 ---------- >- [(CH3)3Si]aCH

Attempts to isolate an intermediate like 2 has 
failed because of high reactivity of the intermediate 
itself toward aluminum chloride (see Experimental 
Section).

It seems noteworthy that 5 as well as the rearrange
ment mixtures from la and lb are rather inert toward 
methylmagnesium bromide. Reflux for 20 hr was not 
sufficient for completing the methylation; additional 
refluxing (20-30 hr) was required. It seems reasonable 
that the low reactivity of these compounds might be 
due to steric crowding of atoms.12

Synthetic routes have been also examined which pro
vide a general way to the chloromethyl-substituted 
polysilanes. (Chloromethyl)pentamethyldisilane was 
successfully prepared by photochlorination of methyl-

(10) R . L . M e rk e r  a n d  M . J . S co tt , J .  A m er . Chem . Soc., 85 , 2243 (1963), 
J .  O rganom etal. C hem ., 4 , 97 (1965).

(11) See re f  lb .
(12) H . S a k u ra i, T . W a ta n a b e , a n d  M . K u m a d a , J .  O rganom etal. Chem ., 

9, 11 (1967).
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Cl;, h* C H jM g R r
(CH3)„Si2Cl6- „ ------->  (C1CH2) (C H3 )„_ iSi2Cl6-  „ --------- >

ClCH2Si2(CH3)5
n = 3, 4

chlorodisilanes13 followed by methylation. However, 
obviously this method cannot be applied to higher 
polysilanes.

Methoxymethyl-14 15 and thiomethoxymethyl-substi- 
tuted16 silanes were prepared by the in  s itu  Grignard 
method from ehloromethyl methyl ether and chlo- 
romethyl methyl sulfide, respectively. Accordingly, 
in  situ  Grignard reaction of bromochloromethane with

CH3YCH2C1 +  ClSiR.3 +  Mg — CH3YCH2SiR3 
Y = O, S

chloropentamethyldisilane was examined but none of 
the expected compound was formed. Only partial 
success (16-18% yield) was achieved by the coupling 
reaction of bromochloromethane and chloropenta
methyldisilane with lithium metal. A new carbon- 
functional organotrisilane, (ehloromethyl) heptamethyl-

BrCH2Cl +  ClSi2(CH3)5 +  Li — s- ClCH2Si2(CH3)3

trisilane, was prepared in low yield by this method 
(Table I).

Nmr spectral data for these new compounds together 
with previously known ehloromethyl- or dichloromethyl- 
substituted methylsilanes are recorded in Table II.

T a b l e  II
N u c l e a r  M a g n e t i c  R e s o n a n c e  S p e c t r a  o f  C h l o r o m e t h y l -  

a n d  D ic h l o r o m e t h y l - S u b s t i t u t e d  S i l a n e s “
S ilane  (no .) r  va lues

(CH3)3SiCH2Cl (1)
(CH3)3SiSi(CH3)2CH2Cl (2)
(CH3)3SiSi(CH3)2Si(CH3)2CH2Cl6

(?)
(CH3)3SiCHCl2 (4)

1 2 3
(CH3)3SiSi(CH3)2CHCl2 (5)
(CH3)3SiSi(CH3i2Si(CH3)2CHCl2i'

(6)
[(CH3)3Si]2Si(CH3)CHCl2c (7)

“ These spectra were determined in carbon tetrachloride solu
tion with cyclohexane as an internal standard. Chemical shifts 
are converted to r values taking 1.43 ppm as the signal differences 
between cyclohexane and tetramethylsilane. A Jeol JNM-C-60 
H nmr spectrometer was employed. b Assignments of H2 and H3 
are tentative. c Only two kinds of proton peaks were observed; 
see ref 3.

9.86 (H1), 7.30 (II2)
9.87 (H1), 9.84 (H2), 7.19 (H3)
9.88 (H1), 9.86 (H2), 9.80 (H3), 

7.17 (H4)
9.73 (H1), 4.86 (H2)
9.75 (H>), 9.67 (II2), 4.74 (H3)
9.86 (H>), 9.80 (H2), 9.71 (H3), 

4.64 (H4)
9.78 (H1), 9.78 (H2), 4.57 (H3)

Experimental Section
Materials.—Chloropentamethyldisilane and 1-chlorohepta- 

methyltrisilane were prepared from hexamethyldisilane and 
octamethyltrisilane, respectively, by the procedure described 
before.11 2-Chloroheptamethyltrisilane was prepared from 2- 
phenylheptamethyltrisilane.16 Tris(trimethylsilyl)methane10 and 
tris(dimethylchlorosilyl)methane11 were prepared by Watanabe 
in this laboratory. Trimethylchlorosilane was generously sup
plied by the Tokyo Shibaura Electric Co. Ltd. Methylene

(13) M . K u m ad a , J . N a k a jim a , M . Ish ik aw a , a n d  Y. Y am a m o to , J . Org. 
Chem ., 23 , 292 (1958).

(14) M . K u m a d a , M . Iah ik aw a , a n d  K . T a m ao , J .  O rganom etal. Chem ., 5, 
226 (1966).

(15) H . S ak u ra i, M . K ira , a n d  M . K u m a d a , Chem. C om m un., 889 (1967).
(16) M . K u m a d a , M . Ish ik aw a , a n d  S. M aed a , J . O rganom etal. Chem ., 2,

478 (1964).

chloride and bromochloromethane were purchased and used after 
distillation.

Preparation of (Dichloromethyl)pentamethyldisilane.—A mix
ture of 400 ml of tetrahydrofuran (freshly distilled from lithium 
aluminum hydride), 100 ml of dry ether, and 9.0 g (0.1 mol) of 
dichloromethane was cooled to —78° and 0.065 mol of «-butyl- 
lithium in 100 ml of ether was added slowly. After the addition, 
the mixture was stirred 40 min and 16 g (0.1 mol) of chloro
pentamethyldisilane was added in one portion. The mixture was 
kept at —78° for 2 hr with stirring and then allowed to warm up 
gradually to room temperature. The reaction mixture was dis
tilled under reduced pressure. After fractional distillation 
through a column packed with glass helicoils, 8 g (0.037 mol, 57% 
yield) of (dichloromethyl)pentamethyldisilane was obtained as a 
pure colorless liquid (homogeneous on glpc), bp 75-78° (17 mm). 
This compound exhibits an identical ir spectrum and the same 
retention times on glpc as a sample prepared by a different route.7

Preparation of l-(Dichloromethyl)heptamethyltrisilane (la).— 
A mixture of 400 ml of dry tetrahydrofuran and 29.5 g of dichloro
methane (0.35 mol) was cooled to —78° and 0.08 mol of n- 
butyllithium was added slowly over 60 min. After a total of 
100 min elapsed, 14.5 g of 1-chloroheptamethyltrisilane (0.06 
mole) dissolved in 10 ml of tetrahydrofuran was added over a 
30-min period. After work-up as above, la was obtained as a 
pure colorless liquid in 35% yield.

Preparation of 2-(Dichloromethyl)heptamethyltrisilane (lb).— 
Essentially by the same procedure as for la, lb was prepared 
from 2-ehloroheptamethyltrisilane in 50% yield.

Reactions of la with Anhydrous Aluminum Chloride.—To 8.5 
g (0.031 mol) of la, stirred and protected from moisture, was 
added anhydrous aluminum chloride in small portions with cool
ing by ice bath. A vigorous, exothermic reaction took place. 
After a total of about 20 mg of aluminum chloride was 
added, no further noticeable change accurred at ice-bath 
temperature with an addition of catalyst. Then an addi
tional 60 mg of catalyst was added and the mixture was 
warmed gradually. At about 40°, a second exothermic re
action took place vigorously. When the reaction subsided, 
gentle heat was applied with an additional 450 mg of aluminum 
chloride. The mixture was stirred at 60-80° for 8 hr and was 
flash distilled under reduced pressure to separate the products 
from the catalyst. A crystalline material, bp 53-62° (1 mm), 
was obtained, yield 7 g (83%). This material consists of four 
components (on glpc), two of which were identified as tris(tri- 
methylsilyl(methane and t,ris(dimethylchlorosilyl)methane. The 
mixture was analyzed by titrating the hydrolyzable chlorine 
(bonded to silicon atoms) and so estimated to contain 27.23% 
(weight %)of chlorine. This figure corresponds to 2.1 chlorines 
in a molecule assuming that the mixture had the same molecular 
weight on an average as la (273.43). By refluxing with a 0.1-mol 
solution of methylmagnesium bromide in ether, 6 g (0.022 mol) 
of the mixture gave after work-up 4.5 g (0.019 mol) of tris(tri- 
methylsilyl)methane, 96-102° (20 mm).

Attempts to Isolate an Intermediate in the Reaction of la with 
Aluminum Chloride.—To 3.8 g of la was added a total of 180 
mg of anhydrous aluminum chloride essentially by the same 
procedure as above except for additional warming. To this 
mixture, 1 ml of acetone was added to deactivate the catalyst.17 
The mixture was then flash distilled under reduced pressure to 
give 2 g of the mixed product boiling at 30-45° (4 mm). An 
examination by glpc disclosed that the mixture was composed of 
six components, four of which had the same retention times as 
those of the product from la with aluminum chloride (vide supra). 
Another peak was identified as the starting material. Methyla
tion of the mixture gave 1 g of product, boiling up to 38° (4 mm). 
It consists mainly of tris(trimethylsilyl)methane with some 
higher boiling products. The ir spectra of this mixture exhibited 
bands at 1040 and 800 cm-1 in addition to those observed for 
tris(trimethylsilyl)methane. These observations suggest the 
existence of an intermediate such as (CH3)3SiCHClSi(CH3)2- 
Si(CH3)3 (after methylation); however, no further attempt to 
isolate the compound was made because of an extensive de- 
compositon on gas chromatographic separation.

Reaction of lb with Anhydrous Aluminum Chloride.—2- 
(Dichloromethyl)heptamethyltrisilane (2.5 g, 0.01 mol) was 
subjected to the reaction with 100 mg of anhydrous aluminum 
chloride essentially by the same procedure to give 1.5 g of a mix-

(17) H . S ak u ra i, K . T o m in ag a , a n d  M . K u m a d a , B u l l .  C h em . S o c . J a p . .
39, 1820 (1966).
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ture boiling at 65-72° (2.5 mm). The mixture exhibited a 
gas chromatogram almost identical with that for the reaction 
product of la, with slight differences in relative peak areas. 
The mixture gave tris(trimethylsilyl)methane with a small 
amount of an unidentified compound by methylation. The 
latter compound had OH absorption at 3400 cm-1 (silanol), 
being presumably ((CHalsSikCHSfiCHakOH.

Aluminum Chloride Catalyzed Redistribution between 4 and 5. 
—In a 50-ml three-necked flask fitted with an air-tight stirrer, 
a calcium chloride tube, and a stopper, 2 g (0.0095 mol) of 4,
2.5 g (0.0095 mol) of 5, and 0.3 g of freshly sublimed aluminum 
were placed. The mixture was heated at 70-80° for 9 hr and 
was flash distilled to give 2.5 g of crystalline materials boiling 
at 70-115° (24 mm). The product was found to consist only of 
the same four components as those of the reaction mixture from 
la or lb. The relative peak area of 4:6:7:5 (on silicone DC 
550) was 1:9.3:11:2.4.

Preparation of (Chloromethyl)pentamethyldisilane.—To 3.0
g (0.43 g-atom) of dispersed lithium metal in 100 ml of dry ether 
was added 33 g (0.2 mol) of ehloropentamethyldisilane in one 
portion at 0° under a nitrogen stream and then 25 g (0.19 mol) 
of bromochloromethane was added over a period of 30 min.

After the addition was complete, the mixture was stirred for 2 
hr at 0°. The mixture was then kept at room temperature over
night and hydrolyzed with saturated ammonium chloride 
solution. After work-up, the mixture was fractionated to give 6 
g (18%) of (chloromethyl)pentamethyldisilane, 12 g of bis(penta- 
methyldisilanyl) ether, and 7 ml of mixture containing bis(penta- 
methyldisilanyl)methane, decamethyltetrasilane, and other un
identified materials. The (chloromethyl)pentamethyldisilane 
thus obtained was identified by comparing its ir spectrum and 
gas chromatogram with those of authentic sample.

Preparation of l-(Chloromethyl)heptamethyltrisilane.-—By the 
same procedure as above, 12 g of a mixture containing mainly 
l-(chloromethyl)hep:amethyltrisilane was obtained from 2 g 
(0.28 g-atom) of lithium, 15 g (0.066 mol) of 1-chloroheptamethyl- 
trisilane, and 40 g (0.3 mol) of bromochloromethane. Pure 1- 
(chloromethyl)heptamethyltrisilane was isolated from the mix
ture by preparative glpc.

Registry No.—1, 2344-80-1; 2, 5181-46-4; 3, 15816-
06-5; 4, 5926-38-5; 5, 15816-03-2; 6, 15816-04-3; 7,
15816-05-4.
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The reaction of trichloroacetyl chloride with 2-picoline N-oxide gives 2-pyridylmethyl chloride and carbon 
dioxide in high yields. This is shown to be a result of a reaction of the expected trichloroacetate ester with chlo
ride ion. The formation of pyridyl chlorides from trichloroacetyl chloride and the corresponding alcohols is a 
general reaction.

The concerted decompositions of the (-butyl per esters 
of acids such as pivalic,2'3 phenylacetic,2-4 and trichloro
acetic2 seem to be well-established processes. If such 
behavior is general for any X -0  bond homolysis, then 
the incorporation of such a structural feature into an 
acyloxy side chain should serve as a useful method for 
making the difficult choice between intramolecular 
radical-pair and ion-pair reactions. When the radical 
path is operative, nearly quantitative amounts of car
bon dioxide should be obtained no matter how efficient 
the cage combination, which might explain the normal 
products, is proposed to be.

We have recently6 applied this criterion to the cleav
age of the -N-O - bond in the rearrangement of the 
anhydro bases thought to be involved in the reaction

of 2-picoline N-oxide with acid anhydrides. The re
sults of this study indicated that this cleavage was 
ionic since the carbon dioxide yields were not signifi
cantly increased on going from acetic to phenylacetic 
or trichloroacetic anhydride as reagent. During the

(1) F ellow  of th e  K osc iusko  F o u n d a tio n  on leave  from  P o lite ch n ik a  
W roclaw ska , P o lan d , 1966-1937.

(2) P . D . B a r t le t t  a n d  R . R . H ia t t ,  J . A m er. Chem . Soc., 80 , 1398 (1958).
(3) T . K oen ig  a n d  W . D . B rew er, Tetrahedron Lett., 2773 (1965); T . 

K oen ig  a n d  R . W olf, J .  Am er. Chem. Soc., 89 , 2948 (1967).
(4) R . N eu m a n  a n d  J . B eh a r, ib id ., 89, 4549 (1967).
(5) T . K oen ig , ib id ., 88 , 4045 (1966).

course of these investigations we also examined the re
action of 2-picoline N-oxide with trichloroacetyl chlo
ride. This reaction gave the qualitatively conflicting 
result that carbon dioxide is produced in high yield at 
a fairly rapid rate. We now wish to report the results 
of further studies of this reaction which indicate that 
trichloroacetate esters are susceptible to displacement 
by chloride ion under these relatively mild conditions.

Results and Discussion

When trichloroacetyl chloride is added into a re
fluxing chloroform solution of 2-picoline N-oxide (2 M ),  
a rapid evolution of carbon dioxide (20% yield in 1 hr) 
occurs. The nmr spectrum of the solution after 1 hr 
shows the presence of the 2-picolylmethyl trichloro
acetate ester (I) (singlet at 5.8 ppm) in about 40% 
yield. An additional singlet is also present at 5.1 
ppm and continued reflux of the original solution 
leads to continued carbon dioxide formation and a de
crease in the 5.8-ppm singlet accompanied by an in
crease in the 5.1-ppm peak. After a 12-hr reflux, the 
carbon dioxide yield is 83% and the trichloroacetate 
ester is nearly completely consumed. The nmr spec
trum of the final solution indicated the new product to 
be present in 70% yield. The isolated yield of this 
compound is 30-40% after distillation. The product 
was identified as a-chloro-2-picoline (II) by its spectral 
properties, boiling point, and picrate.

The ester I, obtained in pure form from 2-pyridyl- 
carbinol and trichloroacetic anhydride, gives II and 
carbon dioxide on treatment with hydrogen chloride, 
followed by reflux in chloroform or acetonitrile. When
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2-pyridylcarbinol is treated with trichloroacetyl chloride, 
in refluxing chloroform, II is again the product. These 
results are summarized in Scheme I.

S c h e m e  I 
CCIaC0Cl(2Jtf)

Two explanations for this rapid substitution process 
are readily apparent; direct displacement by chloride 
(path A), or attack of the chloride at the carbonyl fol
lowed by loss of the trichloromethyl anion (path B).

cie ,
p a th  A f 1  +  c c b c o a 0

N ST^C H iCl

-C O 2

■N@ ^ C H 2

h  e  / / C l  
O - c C  

x c h

''CH2OCCI 

H

Il +  CCl3e

T a b l e  I
R a t e s  o f  D e c a r b o x y l a t i o n  o f  T r i c h l o r o a c e t i c  A c id

T e m p , C oncn , t f  2 ,b
R u n S o lv en t °c B asea M m in

1 CHCls Reflux Pyridine 0.2 720
2 CHCL 50 Pyridine 1.0 435
3 CHCls 51 Pyridine 2.0 173
4 CHCh 50 Triethyl-

amine
1.0 200

5 CH„CN 30 Pyridine 2.0 57
6 (CH3)2SO 30 Pyridine 1.0 18

° Amine-acid ratio, 1:1. 6 Time for one-half of the calculate 
amount of carbon dioxide to be evolved.

plex formation since the infrared spectrum of a 0.2 M  
solution of the acid and pyridine in chloroform shows no 
free pyridine to be present; a 10% excess of pyridine 
can be easily observed (ring band, 1570 cm-1). This 
concentration dependence is in contrast to the first- 
order rates usually reported7 8 for trichloroacetate salt 
decomposition.

At high concentrations, the decarboxylation of 
trichloroacetic acid in the presence of amines is thus 
rapid enough to account for the observed behavior of 
the ester hydrochloride by path A though path B is not 
rigorously ruled out. When the N-oxide acid chloride 
reaction is carried out in dilute solution (0.2 M ), the 
ester II is obtained in 65% yield even after reflux for 
16 hr.

This substitution reaction with trichloroacetyl chlo
ride also occurs with 3-pyridylcarbinol and 4-pyridyl- 
carbinol and benzyl alcohol in the presence of pyridine. 
However, the 3- and 4-pyridylmethyl chlorides poly
merized extensively to give mostly water-soluble tars. 
Picrates of the corresponding chlorides were obtained 
from the product mixtures after filtration of the tarry 
material. 2-Pyridylmethyl acetate does not react with 
chloride ion under these conditions.

These results indicate that trichloroacetyl chloride 
can act as a chlorinating agent in a fashion similar to 
thionyl chloride with added amines. The rapid rate 
of carbon dioxide formation by this complicated pro
cess makes the use of the trichloromethyl side chain a 
less unambiguous probe for radical vs. ionic cleavage of 
X -0  bonds. The present results, however, finally 
serve to reinforce the previous conclusion that the re
action of picoline N-oxides with acid chlorides and 
anhydrides does not involve radical-pair intermediates.

Initial control experiments indicated that the rate of 
decarboxylation of trichloroacetic acid was considerably 
slower in refluxing chloroform than the carbon dioxide 
formation in the N-oxide reaction (run 1, Table I).6 
This seemed to rule against path A. However, the 
trichloroacetate ester of phenol was found to be unre- 
active in the presence of pyridinum hydrochloride in 
boiling acetonitrile. This seems to rule against path B.

Reinvestigation of the decarboxylation of trichloro
acetic acid with tertiary amines showed that the rates 
of these reactions depend on both the solvent and con
centration (Table I). This is not due to a weak com-

(6) T h e  re su lts  c f T a b le  I  a re  p re lim in a ry . A m o re  c o m p le te  a c c o u n t of 
th e  re a c tio n  o f tr ich lo ro ac e tic  ac id  w ith  am in es  in  th e se  so lv en ts  w ill b e  
p u b lish e d  w ith  d a ta  on th e  re a c tio n  of N -ox ides w ith  tr ich lo ro ac e tic  a n h y 
d rid e  in  a c e to n itr ile , w h ich  g ives a n o th e r  v a r ia tio n  of th e  ex p ec ted  b eh a v io r. 
P y r id in e  N -ox ide  does n o t  re a c t w ith  tr ic h lo ro a c e tic  a n h y d r id e  in  reflux ing  
ch lo ro fo rm  b u t  re ac ts  ra p id ly  in  a c e to n itr ile  a t  0 -3 0 ° .

Experimental Section
Infrared spectra were obtained using a Beckman IR-5 spectro

photometer. Nuclear magnetic resonance spectra are reported 
relative to tetramethylsilane, used as an internal standard, with 
a Varian A-60 spectrometer. All solvents were distilled before 
use. Trichloroacetic anhydride was obtained from K & K 
Laboratories and was distilled, bp 49° (0.5 mm). Trichloro
acetyl chloride was obtained from the acid by the method of 
Bosshard .* All melting points and boiling points are uncorrected. 
Analyses were obtained from Berkeley Analytical Laboratories, 
Berkeley, Calif.

Pyridylmethyl Trichloroacetates.—In a typical run, trichloro
acetic anhydride (33.3 g, 0.1 mol) was added to 100 ml of re-

(7) L . C la rk , J .  P h y s . Chem ., 6 3 , 99 (1959); G . H a ll  a n d  F . V erhoek, 
J .  A m er. Chem . Soc., 6 9 , 613 (1947); L . C la rk , J . P h y s . Chem ., 6 4 , 1758 
(1960); H . P a tw a rd h a n  a n d  A. N . K a p p a n n a , Z . P h y s ik . Chem . (L eipzig), 
A 1 6 6 , 51 (1933).

(8) H . B o ssh a rd , R . M o ro y , M . S chm id , a n d  H . Z o llinger, H elv. Chim . 
A cta , 4 2 , 175 (1959).
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T a b l e  II
A n a l y t i c a l  D a t a

------------------C alcd , % --------------------------- s '---------------------------F o u n d , %■
D e r iv a t iv e M p , °C C H C l N c H C l N

Trichloroacetate picrate 34.76 1.88 22.00 11.58
2-ester 119-120.5 35.02 1.78 21.74 11.36
3-ester

Chloride picrate
141-143

40.41 2.54 9.94 15.71
35.08 1.64 21.76 11.32

2-chloride 148-150“ 40.57 2.39 10.03 15.52
3-chloride 129-1316 40.55 2.47 9.82 15.44
4-chloride 143-144“ 40.60 2.37 10.15 15.42

4-Trichloroacetate HC1 126 dec 33.11 2.42 48.60 4.82 33.19 2.29 48.68 4.73
“ Lit.9 mp 152-153°. h T. Itai and H. Ogura [./. Pharm. Soc., Japan, 75, 296 (1955)] give mp 130.5-132°. ‘  H. Mosher and J. Tes- 

sieri [ J .  Amer. Chem. Soc., 73, 4925 (1951)] give mp 146-147°.

fluxing carbon tetrachloride containing 2-pyridylcarbinol (10.9 g, 
0.1 mol). The resulting solution was cooled after 1 hr and 
neutralized with bicarbonate at 0°, dried, and distilled yielding 
the ester I as an unstable oil, bp 109-110° (0.5 mm). Its nmr 
spectrum in deuteriochloroform showed a singlet at 5.5 (two 
protons) and multiplets centered at 7.5 (three protons) and 8.6 
ppm (one proton). Its infrared spectrum in carbon tetrachloride 
showed carbonyl absorption at 1755 cm-1. A picrate was ob
tained (Table II), which could be recrystallized from benzene.

The procedure for the 3-pyridylmethyl trichloroacetate was 
identical. This compound, however, decomposed on attempted 
distillation. The nmr spectrum of the carbon tetrachloride 
solution after neutralization showed a singlet at 5.4 (two protons) 
and multiplets centered at 7.5 (two protons) and 8.4 ppm (two 
protons). Addition of a weighed amount of dioxane and in
tegration of the nmr peaks indicated the ester was formed in 86% 
yield. The infrared spectrum of this solution showed carbonyl 
absorption at 1745 cm-1. A picrate was obtained which was 
recrystallized from benzene (Table II).

In an identical experiment, a carbon tetrachloride solution of 
the 4-isomer was obtained (85% yield by nmr). This compound 
also decomposed on attempted distillation. A hydrochloride was 
obtained which was purified by sublimation (Table II).

2-Picoline N-Oxide and Trichloroacetyl Chloride.—Trichloro- 
acetyl chloride (11 g, 0.066 mol) was added rapidly to a refluxing 
solution of chloroform (25 ml) containing freshly distilled 2- 
picoline N-oxide (5.45 g, 0.05 mol). The reaction was carried 
out in a closed system with a gas buret attached. Gas evolu
tion was immediately observed and was followed as a function 
of time. After 21 hr, 1000 ml (80%) of gas had been evolved. 
The gas was identified as carbon dioxide in separate experi
ments by absorption on ascarite and by its mass spectrum.

Extraction of the product solution with cold bicarbonate fol
lowed by distillation gave a colorless oil [bp 75-77° (12 mm), 
30-40% yield] which turned pink after a few minutes and solidi
fied to a red solid after a few hours. The compound was identi
fied as a-chloro-2-picoline (II) by its picrate (Table II) and its 
nmr spectrum which showed a singlet at 5.1 (two protons) 
and multiplets centered at 7.5 (three protons) and 8.6 ppm (one 
proton). The nmr spectrum after the bicarbonate wash indicated 
the chloride to be present in 70% yield using dioxane as an in
tegration standard.

2-Pyridylmethyl Trichloroacetate Hydrochloride Reaction.—
Dry hydrogen chloride gas was passed through a solution of the 
ester I (2.42 g, 0.01 mol) in acetonitrile at 0°. A white hydro
scopic solid precipitated under these conditions and the infrared 
spectrum of this solid in chloroform showed carbonyl absorption 
at 1760 cm-1 and a broad absorption from 2000-2500 cm-1. 
This material was refluxed in acetonitrile (0.02 M ) for 3 hr 
giving 220 ml of gas and chloride II (75% yield by nmr; picrate, 
mp 150-151° undepressed).

Pyridylcarbinol-Trichloroacetyl Chloride Reactions.—In a
typical run, trichloroacetyl chloride (2.31 g, 0.010 mol) was 
added to a refluxing solution of acetonitrile (50 ml) and 2- 
pyridylcarbinol (1.11 g, 0.01 mol) in a closed system with a 
gas buret attached. Gas evolution was immediately apparent 
and was 50% complete in 12 min. After 90 min, the evolved gas 
was 230 ml (92%) and refluxing was discontinued. The nmr 
spectrum of the resulting solution indicated that the chloride 
was present in 70% yield. A picrate was obtained (mp 148-150°, 
undepressed, Table II).

The procedure for the reaction with 3- and 4-pyridylcarbinols 
was identical. The gas evolution occurred at similar rates and 
to greater than 90% yield in both cases. The product solutions 
contained a large amount of solid, but picrates of the correspond
ing chlorides were obtained after filtration (Table II).

Rates of Trichloroacetic Acid Decarboxylation.—The rates of 
decarboxylation of trichloroacetic acid were determined in a 
fashion similar to the above procedures. Stirred solutions of 
the acid were equilibrated at the temperature of the run in a 
closed system with a gas buret attached. The amine was 
added rapidly and the volumes vs. time noted.

Registry No.—2-Picoline N-oxide, 931-19-1; trichloro
acetyl chloride, 76-02-8; I, 15645-81-5; I (picrate), 
15893-35-3; 11,4377-33-7; 3-pyridylmethyl trichloro
acetate, 15645-81-5; 3-pyridylmethyl trichloroacetate 
picrate, 15645-49-5.
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The reaction of either methane-, benzene-, or acetylthiosulfenyl chloride with allene was studied. In all cases 
allylic chlorides of the general structure I, CH2=C(SR)CH2C1, were found to be the primary monoadducts. 
Diadducts of the general structure IV, RSCH2(C1)C(SR)CH2C1, were formed. With the exception of the acetyl
thiosulfenyl chloride adducts, the monoadducts rearranged to the vinylic chlorides II, C1HC=C(SR)CH3; the 
diadducts IV decomposed rapidly with the loss of HC1. As a consequence of this decomposition, products of the 
general structure III, CH3(C1)C(SR)CH2C1, were produced. From the reaction of acetylthiosulfenyl chloride 
and tetramethylallene only the dehydrohalogenated product VI, 2,4-dimethyl-3-acetylthiosulfenyl-l,3-penta- 
diene, was isolated.

The mechanistic course of electrophilic additions 
to allene seems to follow one of two paths depending on 
the nature of the reactant.3 Addends such as hydrogen 
halides add with the formation of a vinylic carbonium 
ion intermediate, resulting in Markovnikov oriented 
addition products. In contrast, a completely reversed 
adduct orientation has been observed with interhalogen 
compounds, i.e ., BrCl. Apparently the formation of a 
bromonium ion and subsequent nucleophilic attack of 
the chlorode ion on the terminal sp3 carbon takes place 
(Scheme I).

S c h e m e  I
X

—-HX - >■ CH3C=CH2 ^  CH3(UcH2

h 2c= c= ch2
I Br Br

/ +Y  a -  IL- » h 2c— c= ch2 C1CH2C=CH2

The episulfonium ion intermediate postulated for 
sulfenyl chloride additions to olefins4 suggests a p r io r i  
a similar intermediate in additions to allene. Thus, 
the addition mechanism would be expected to be 
analogous to that of interhalogens (Scheme I). In
deed, the addition of 2,4-dinitrobenzenesulfenyl chlo
ride to allene has been reported to give 2-(2,4-dinitro- 
benzenethio)-3-chloro-l-propene.6 However, similar 
additions to 1,2-cyclononadiene or 1,2-cyclodecadiene 
apparently resulted in the opposite adduct orienta
tion, i.e ., the vinylic chloride.6 This discrepancy 
and the recently recognized strong dependence of 
sulfenyl chloride-olefin adduct orientation on steric7 
as well as electronic effects8'9 initiated the present 
study.

Results and Discussion

Methane-, benzene-, or acetylthiosulfenyl chloride 
were slowly added to a five- to tenfold excess of allene 
in methylene chloride. Methane- and benzenesulfenyl 
chloride reacted spontaneously at —30°, whereas re-

(1) T o  w hom  in q u iries  sh o u ld  b e  d ire c ted .
(2) A n a ly tica l R esea rc h  D iv ision .
(3) K . G riesb au m , A ngew . Chem. In te rn . E d . E ng l., 5 , 933 (1966), a n d  re 

ferences th e re in .
(4) N . K h a ra s c h  in  “ O rg an ic  S u lfu r C o m p o u n d s ,”  Vol. 1, N . K h a ra sch , 

E d ., P e rg am o n  P re ss  In c .,  N ew  Y o rk , N . Y ., 1961, p p  375-396 .
(5) T . L . J a c o b s  a n d  R . N . Jo h n so n , J .  A m er. Chem. Soc., 82 , 6397 (1960).
(6) W . R . M o o re  a n d  R . C . B e rte lso n , J . Org. Chem ., 27 , 4182 (1962).
(7) W . H . M u e lle r  a n d  P . E . B u tle r , J .  A m er. Chem. Soc., 88 , 2866 (1966).
(8) W . H . M u e lle r  a n d  P . E . B u tle r , Chem. C om m un., 646 (1966).
(9) W . H . M u e lle r  a n d  P . E . B u tle r , J .  Org. Chem ., 32, 2925 (1967).

action times up to 2 hr were necessary with acetyl
thiosulfenyl chloride at the same temperature. After 
it was recognized that the primary products from meth
ane- and benzenesulfenyl chloride were quite labile at 
ambient temperature, the solvent was removed under 
vacuum at —10° and the residue analyzed immediately 
by nmr spectroscopy. This was less critical with 
acetylthiosulfenyl chloride adducts.

Sulfenyl Chloride-Allene Adducts.—The above de
scribed additions afforded four principal products 
(I-IV). Their relative product distributions obtained 
are summarized in Table I.

The data show an initial product distribution, i.e ., 
analyzed within 30 min after the addition was com
pleted; values in brackets represent the “final” 
product distribution. This latter distribution was 
reached at —20° within 72 hr with the methanesulfenyl 
chloride adducts and after several weeks with the ben
zene- and acetylthiosulfenyl chloride adducts. From 
these data it becomes apparent that there are two pri
mary products, the monoadduct I and the diadduct IV 
(Scheme II). Both compounds are quite stable if R 
represents an acetylthio group. In fact, the stability 
increases depending on R in the following order: CH3
<  CsHs«  CH3C(0)S.

RSC1
+

h2c= c= ch2

SR
I

ClCILœibSR2ÇCI-

Cl
IV

S c h e m e  II 
R
I

Â
H2C— C=CH2

V

1
SR

SR

C!CH” CCH3 
II (cis and trans)

Jhci

SR

C1CH,C=CH2 cich2cch3

Cl
m

The structure of adduct I is consistent with a product 
formed by nucleophilic ring opening of the episulfonium 
ion by the chloride.7 The possibility of an allylic 
carbonium ion intermediate cannot be ruled out; 
however, a significant contribution by a carbonium 
ion appears unlikely in view of the recently observed
1,2 addition of sulfenyl chlorides to 1,3-dienes8 and, 
more importantly, the exclusive tran s  addition to 
acenaphthylene.7
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T a b l e  I
SULFENYL C h LO RID E-A l LENE ADDUCTS

-------------------- %  p ro d u c t d is tr ib u tio n “,b
S R S R S R S R

— R e a c ta n ts —---------------------- ' 1 1 1 1
R S C l, M ole  ra tio , C 1 C H ,C = C H , C 1 H C = C C H , C 1C H ,C (C 1)C H . C lC H iC (C l)C H iS R

R C aH i/R S C l I I I  c is a n d  trans I l l IV

CHr- 10 67 [6] 8 [70] 9 [20] 10 [0]
c 6h 5- 5 75 [9] 0 [64] 3 [15] 17 [2]
CH3C(0)S- 10 85 [78] 0 [3] 0 [5] 10 [10]

« From semiquantitative nmr analysis within 30 min after reaction; the balance (co. 5%) to 100% remains unidentified. b The values 
in brackets are obtained after postisomerization at —20°.

T a b l e  II
N m r  P a r a m e t e r s  o f  A l l e n e - S u l f e n y l  C h l o r i d e  P r o d u c t s

•C hem ical sh if t ,“ p p m ---------------------------------------- . -----------C o up ling  c o n s ta n t, cps-
No. Structure

Ha SR
R Ha Hb H» R Ia.b J  a.c •fb.c

I
1 1

HbC=CCH2Clc
c h 3
c 6h 5

0II

4 .87dt6 
5.25t

5 .40qt 
5 .58t

4 .16bd 
4 .02dd

2.25s
7.25m

1.60
<0.3

~ 0 .6
0.48

1.92
1.20

Cl
c h 3c s— 5 .65dt 5.73m 4 .23dd 2.48s 0.63 0.60 1.25

II
J

HaC=CCH3 (trans) 
1 b 

SR
H„C=CCH3 (cis)

1 1 b 
Cl SR 
SR

c h 3
c 6h 5

c h 3
c 6h 5

5.72qt 
5 .93qt

5.91qt 
6 .24qt

1.99d
1.89d

1.97d
1.62d

2.24s
7.18m

2.27s
7.18m

1.20
1.37

1.50
1.47

HaC=CCH3,i
1 b

c h 3 6.04qt 2. lOd 2.24s 1.00
1 b 

Cl 
SR

III CH3C(C1)CH2C1
b a

c h 3
c 6h 5

0
II

c h 3c s

3.92s
3.77s

1.92s
1.85s

2.25s
~7 .2m

SR
3.77s 1.94s 2.48s •

IV
1

RSCH2C(C1)CH2C1
b a

c h 3
c 6h 5

0

c h 3c s
0
II

c h 3c s

4.12s
3.93s

3.28s
3.68s

2.27s
~7 .2m

Ha SR
4.18s 3.57s 2.48s

VI
1 1

HC=CC=C(CH3)2
b j c* 4.57dqt 5 .02dqt 2 .10bsc 

1.82*s
2.33s 2,45 0.90 1.45

I
c h 3

“ Abbreviations are s = singlet, d = doublet, t = triplet, qt = quartet, m = multiplet. b Since / a,b = A,c, proton Ha appears as a 
quartet. The small magnitude of Ja,c results in partially resolved signals for Hb and H„. Ha appears as a double triplet and Hc as a 
broadened doublet. c He appears as a broad singlet owing to unresolved coupling with Ha and Hb. d Registry no.: 15893-18-2.

The formation of diadduct IV from I may not in- 
involve an episulfonium ion. In any case, the adduct 
orientation is electronically controlled and in accord 
with similar additions of sulfenyl chlorides to vinyl 
ethers10 or vinyl sulfides.11 If R represents methyl or 
phenyl then diadduct IV is quite labile and decomposes 
with elimination of HC1. While its characteristic 
nmr signals disappear those of adduct III increase at 
a proportional rate. Its formation is due to HC1 ad
dition to compounds I and II (Scheme II).

The structural assignments of compounds I, III, 
and IV are based on nmr evidence primarily. In 
several cases, particularly in the S-methyl series, 
structural confirmation was obtained by subsequent 
independent synthesis.

(10) A. S en n in g  a n d  S. O. L aw esson, T e tr a h e d r o n , 19 , 695 (1963); A c ta
C h e m . S c a n d . ,  15, 1203 (1961); M . J .  B a ld w in  a n d  R . K . B row n , C a n . J .
C h em ., 45, 1195 (1967).

The nmr spectrum of the methanesulfenyl chloride 
adduct I is typical of the series (Table II) and gives 
strong support for the assigned adduct orientation. 
The terminal methylene group bearing chlorine is a par
tially resolved double doublet at 4.16 ppm and is coupled 
allylically to the strongly deshielded terminal olefin 
protons at 4.87 and 5.40 ppm. The field position of the 
methylene protons is strong evidence for the terminal 
chlorine group. A terminal methylene group bearing 
an S-methyl group would be expected to resonate at 
ca. 0.8 ppm upfield.12

Further support for the terminal disubstituted ole- 
finic structure is supplied by characteristic infrared 
bands at 1605 (C==C stretching13a), 3105 (=C H 2

(11) W . H . M ueller, u n p u b lish e d  d a ta .
(12) P . E . B u tle r  a n d  W . H . M u elle r , Tetrahedron L ett., 19, 2179 (1966 ).
(13) L . J .  B e llam y , “ T h e  In f ra re d  S p e c tra  of C om plex  M o lecu les ,”  J o h n

W ile y  a n d  S ons, In c .,  N ew  Y o rk , N . Y ., 1959: (a) p  35; (b ) p  51; (c) p  36.
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stretching136), and 862 cm-1 (=CH 2 out-of-plane 
hydrogen deformation136).

The nmr spectra of the S-methyl compounds III 
and IV consist of three singlets (Table II) with in
tensities and field positions identical with those of 
independently synthesized samples. Product IV was 
obtained from the reaction of 2 equiv of either methane- 
or acetylthiosulfenyl chloride with allene. The di
adduct formed from the latter sulfenyl chloride proved 
quite stable at ambient temperature, whereas the 
methanesulfenyl chloride diadduct decomposed rapidly 
even at —20° with the evolution of gaseous HC1 and 
black tar. Hydrogen chloride addition to the S- 
methyl analog of II, whose independent synthesis is 
described below, produced a product identical with
III.

Rearrangement of Monoadduct I.—As indicated 
above, there is a correlation between the stability of 
adducts I and IV with the electronic character of R. 
A similar relationship had been found previously for 
the propensity for rearrangement of sulfenyl chloride 
adducts from olefins7’9 and conjugated dienes.8 This 
has been attributed to the relative electron availability 
on the sulfur atom toward Srn displacement of the re
spective /3-chlorides. The same factors may be en- 
voked to provide a rationale for the stability or ease 
of formation of the intermediate carbonium ion 
(Scheme III) postulated for the rearrangement of 
adduct I to compound II.

S c h e m e  III

H2C=CCH2CI

I

1

H+
r  sr  i

I ,
CH3CCH2C1

I
H. .SR Ck /S R

c = e
cr  ch3 W  CH:

II, trans II, cis

The kinetically controlled product of this acid- 
catalyzed rearrangement is the cis  isomer of II. At a 
low conversion level (ca . 20% rearranged), compound 
cis  II was the exclusive product if R was phenyl. When 
R = methyl, a 4 :1 c is /tra n s  ratio was observed at the 
same conversion. When adduct I, however, had re
arranged to the extent of >90% a 1 :1  and 3:2 tr a n s /  
cis  isomer ratio was observed with R being phenyl and 
methyl, respectively. This represents the equilibrium 
mixture of the two isomers since the same ratio was 
obtained independently from the acid-catalyzed isom
erization of the pure frans-S-methyl compound, II. 
This compound was available from the addition of 
methanesulfenyl chloride to methyl acetylene.

Infrared analysis indicated the trisubstituted olefin 
for II. Characteristic peaks are at 1605 (C =C  
stretching) and 795 cm“ 1 (=CH — out-of-plane hydro
gen deformation).130

The nmr data confirmed this structural assignment. 
The allylic methyl hydrogens of the tran s  isomer II 
exhibit a doublet at 1.99 ppm coupled trans to the 
vinylic proton (J  =  1.20 cps) which appears as a 
quartet at 5.72 ppm. The cis  isomer shows a doublet 
for its methyl hydrogens at 1.97 ppm which is coupled 
to the cis  oriented vinylic hydrogen (J = 1.50 cps). 
Its signal appears as a quartet at 5.91 ppm.

The anti-Markovnikov adduct orientation and 
tran s  stereochemistry are assigned by analogy to similar 
additions with dimethylphosphorylsulfenyl chloride14 
or dimethylaminosulfenyl chloride.15 The dependence 
of product orientation on solvent has recently been re
ported.16 In general, tran s  addition of sulfenyl chlo
rides to acetylenes has been assumed.16’17

Acetylthiosulfenyl Chloride-Tetramethylallene Ad
duct.—To our knowledge the reaction of 2,4-dinitro- 
benzenesulfenyl chloride with cyclic allenes6 is the 
only previously reported example of such additions to 
substituted allenes. It is quite surprising that this 
addition should result in Markovnikov oriented mono
adducts, i.e ., the opposite adduct orientation as now 
observed in several cases with allene. Ring opening 
of an episulfonium ion intermediate on the vinylic 
carbon or a vinyl carbonium ion as postulated for hy
drogen halide additions (Scheme I) does not offer an 
attractive explanation, particularly since little evi
dence for the occurrence of carbonium ion intermediates 
was found throughout our previous work on sulfenyl 
chloride additions to olefins7 and dienes.8

Tetramethylallene was thought to provide a con
venient model reagent to study the effect of terminal 
substituents on the adduct orientation. Acetylthio
sulfenyl chloride was chosen as the addend since it had 
afforded the most stable adducts with allene. Al
though the addition reaction appeared to proceed in a 
normal fashion, the subsequent product elucidation be
came unexpectedly complicated. The reaction mix
ture rapidly evolved HC1 at ambient temperature. 
Compound VI (Scheme IV) was the sole identifiable 
product and was isolated in ca. 80% yield.

The structure of the diene VI was revealed by its 
nmr spectrum (Table II). A singlet at 2.10 ppm ap
pears for the vinylic methyl group, and a more shielded 
singlet at 1.82 ppm of twice the intensity represents 
the two terminal methyl groups. Two double quartets 
at 4.57 and 5.02 ppm are characteristic for the non
equivalent terminal methylene protons.

The nmr spectrum of the crude product mixture at 
low temperature is quite complex containing a number 
of methyl group signals. Signals pertinent for com
pound VI indicate its presence in this crude product and 
some of the additional methyl group singlets are con
sistent with structure V ; however, a definite assignment 
was not possible. In view of the questionable inter
mediacy of the expected primary adduct V, an ad
ditional pathway for the formation of product VI has 
to be considered (Scheme IV). Expulsion of a proton 
from either an episulfonium ion or carbonium ion inter-

(14) W . H . M ueller, R . M . R u b in , a n d  P . E . B u tle r , J .  Org. Chem., 31, 
3537 (1966).

(15) W . H . M u elle r  a n d  P . E . B u tle r , /3-C hlo roalky lsu lfenam ides, ibid., 
in  press.

(16) V. C alò , G . M ellon i, G . M o d en a , a n d  G. S co rrano , Tetrahedron Lett.. 
49 , 4399 (1965), a n d  references  th e re in .

(17) N . K h a ra sch  a n d  C . N . Y ian ios, J .  Org. Chem ., 29 , 1190 (1964).
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S c h e m e  IV

CH-3\ .CH,

CH.
,c = c = c .

N )H 3
+  CH3CSSCI

!

CH->

0
II

scch3
1

o  1  
II

scch3
1
s

Â V CH* ch3 I ch3
C - C

^ÇH 2
< > C —C

c e /  \ çh2
1

H H .

SCCH,

\  I
,c= c - g

CH I'n ch3
Cl

-HCI

CH

0
II

SCCH,

I
,c= c- c= ch2

I
CH,

VI

mediate provides an alternate mechanism for the for
mation of VI. A significant contribution of an allylic 
carbonium ion structure to the intermediate in this 
special case is conceivable, particularly in view of 
previous work with acetylthiosulfenyl chloride.9 It 
had been found that the withdrawing effect of the 
acetyl group tends to destabilize a positive charge on 
the sulfur atom in an episulfonium ion, thus contribut
ing to the development of an electron deficient center 
on an alkyl-substituted carbon atom. This resulted 
in predominant Markovnikov addition to isobutylene.

Although the present result in the case of tetra- 
methylallene does not rigorously exclude the possibility 
of Markovnikov addition (i.e ., vinylic chloride) to 
alkyl-substituted allenes, it is consistent with the nor
mal adduct orientation observed with the parent 
allene.

Experim ental Section

Method of Analysis.—Nuclear magnetic resonance spectra 
were obtained on a Yarian A-60 spectrometer. Neat samples 
containing tetramethylsilane as an internal standard were used 
unless stated otherwise.

Infrared spectra were recorded on a Beckman Model IR-10 
infrared spectrophotometer.

Starting Materials. Unsaturates.—The allene used was a 
Matheson product of +99% purity. It contained ca. 0.8% 
propene and traces of propane. Tetramethylallene (ca. 98% 
pure) was obtained from Columbia Organic Chemicals Co.

Methanesulfenyl Chloride.—Its previously reported prepara
tion18 from dimethyl disulfide and sulfuryl chloride was slightly 
modified by omitting tetrachloroethane as a solvent. The dis
tilled methanesulfenyl chloride was obtained in ca. 90% yield 
and +98% purity. Its nmr spectrum shows a singlet at 2.91 
ppm.

Benzenesulfenyl Chloride.—Freshly distilled sulfuryl chloride 
(20.3 g, 0.15 mol) was slowly added at ambient temperature to a 
solution of 32.7 g (0.15 mol) of diphenyl disulfide in 100 ml of

(18) H . B rin tz in g e r , K . P fa n n s tie l, H . K o d d eb u sch , a n d  K . K ling , B er.,
83, 87 (1950).

CH2CI2 (dry) containing 3 ml of pyridine.* 83 19 After completion 
of the addition, the solution was stirred for an additional hour 
and then the solvent was removed at ambient temperature (12 
mm). Subsequent distillation of the residue afforded 33 g 
(76% yield) of the dark red benzenesulfenyl chloride: bp 49° 
(4 mm); nmd 1.613 [lit.20 nwd 1.610).

Acetylthiosulfenyl Chloride.—The chlorination of diacetyl 
disulfide afforded acetylthiosulfenyl chloride of ca. 99% purity.9 
The only impurity present was the starting disulfide.

General Method of Addition of Sulfenyl Chlorides to Un
saturates.—To an approximately 50% solution of the unsaturate 
in methylene chloride, the sulfenyl chloride was slowly added 
at such a rate to keep the reaction mixture at —30 to —40°. 
Anhydrous conditions and a nitrogen atmosphere were main
tained. Approximately a 9 M  excess of the unsaturate was used 
for the selective synthesis of monoadducts. Diadducts were ob
tained from stoichiometric amounts of reactants. Addition of 
methane- and benzenesulfenyl chloride to the unsaturates was 
strongly exothermic and instantaneous. After removal of most 
of the solvent at ca. —10° (2 mm) the crude product mixtures 
were analyzed immediately by nmr spectroscopy. Similar addi
tions using acetylthiosulfenyl chloride were found to be much 
slower. In case the reaction mixtures were kept for 2 hr at — 30° 
after the addition was completed. The reaction mixtures were 
then allowed to warm to room temperature, and the solvent was 
removed on a rotary evaporator.

The crude product mixtures were analyzed by nmr. Essentially 
quantitative consumption of the sulfenyl chlorides was observed. 
Product distributions and nmr parameters of the individual 
adducts are summarized in Tables I and II, respectively.

l-Chloro-2-methylthiD-l-propene (Irans II).—Addition of 
methanesulfenyl chloride to methylacetylene according to the 
above procedure afforded the trans adduct II in >95% selectivity 
together with <5% of the isomeric l-methylthio-2-chloro-l- 
propene. Distillation ur.der vacuum yielded the trans adduct 
II, bp 58° (32 mm).

Anal. Calcd for C4H7SCI: C, 39.18; H, 5.71; S, 26.15. 
Found: C, 39.09; H, 5.S8; S, 26.04.

1.2- Dichloro-2-methylthiopropane (III).—Gaseous HCI was 
bubbled through l-chlorc-2-methylthio-l-propane (II) and the 
conversion was followed by nmr analysis. After the reaction was 
completed, the product was briefly degassed at reduced pressure. 
The tan, liquid compound slowly darkened (24 hr at room tem
perature); however, no sign of decomposition was observed in its 
nmr spectrum.

Anal. Calcd for C^gSC^: C, 30.20; H, 5.09; S, 20.16. 
Found: C, 30.31; H, 5.18; S, 19.95.

trans-cis Isomerization of l-Chloro-2-methylthio-l-propene
(II).—Gaseous HCI was introduced into pure trans adduct II 
until 5-10% of II was converted into the HCI adduct III. The 
isomerization of trans into cis adduct II was then followed by 
nmr analysis. Within 8 hr at room temperature, equilibrium 
was reached at a cis/trans ratio of 2:3.

2-Acetylthiosulfenyl-3-chloro-l-propene (I).—Acetylthio
sulfenyl chloride was added to allene as described in the general 
procedure. Distillation of the crude product under vacuum 
afforded pure monoadduct I, bp 64-65° (0.02 mm).

Anal. Calcd for C5H7S20C1: C, 32.87; H, 3.86; S, 35.10. 
Found: C, 32.59; H, 3.79; S, 35.63.

1.2- Diacetylthiosulfenyl-2,3-dichloropropane (IV).—Addition 
of 2 equiv of acetylthiosulfenyl chloride to allene according to 
the general procedure resulted in the diadduct IV. It was not 
possible to distil the oily product, however, small amounts of 
volatile impurities were removed with nitrogen bubbling at room 
temperature (ca. 10~4 mm).

Anal. Calcd for C7H10S4O2CI2: C, 25.84; H, 3.01; S, 39.42. 
Found: C, 25.67; H, 3.01; S, 40.01.

2,4-Dimethyl-3-acetylthiosulfenyl-l ,3-pentadiene (VI).—• 
The addition of acetylthiosulfenyl chloride to tetramethylallene 
was carried out as described in the general procedure. The 
crude product evolved IiCl at room temperature which was 
facilitated by decreased pressure and moderate heating (ca. 
60°). Once a constant vacuum could be maintained distillation 
became possible. The dehydrohalogenated product VI was at
tained in ca. 80% yield at bp 63-64° (5 X 10~3 mm).

(19) N . K h a ra se h , U . S. P a te n t  2 ,929,820 (1960); Chem. A bstr ., 54, 15318 
(1960).

(20) I. B. D oug lass, K . R . B row er, a n d  P . I . M u rr in , J .  A m er. Chem . Soc., 
74 , 5770 (1952).
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Anal. Calcd for C9H14S20: C, 53.42; H, 6.97; S, 31.69. 
Found: C, 52.96; H, 6.90; S, 31.90.

Registry No.—Aliéné, 463-49-0; methanesulfenyl 
chloride, 5S13-48-9; benzenesulfenyl chloride, 931-59-9; 
acetylthiosulfenyl chloride, 3250-24-3; I (R = CH3), 
15893-05-7; I (R =  C 6H5), 15893-06-8; I (R = 
CH,COS), 15893-07-9; II (R = CH3) (tra n s), 15893-
08-0; II (R = C 6H5) (tra n s), 15893-09-1; II (R =

CH3) (c is ) , 15893-10-4; II (R = C 6H5) ( c m ) ,  15893-11- 
5; III (R = CH3), 15893-12-6; III (R = C 6H6), 
15893-13-7; III (R = CH3COS), 15893-14-8; IV 
(R = CH3), 15893-15-9; IV (R = C 6H5), 15893-16-0; 
IV (R = CII3COS), 15893-17-1; VI, 15822-80-7.
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Evidence provided by nmr, mass spectrometry, ultraviolet, infrared, and pK a measurements on dibenzene- 
sulfonylhydrazine has been evaluated in the effort to distinguish between the symmetrical and unsymmetrical 
formulations possible for this substance. A clear-cut distinction on the basis of these physical lines of evidence 
alone has not been found possible. However, on mild oxidation it is shown that di(phenylsulfonyl), 11, is pro
duced in good yield. The formation of this oxidation product, which could not have arisen from the unsym
metrical structure 2 except by an unprecedented rearrangement of a benzenesulfonyl group, is regarded as proof 
of the originally proposed structure 1. The structure proof for 11, based on elemental analysis, molecular weight 
determination, nmr, ir, Raman, and mass spectral evidence, appears to contradict earlier statements in the litera
ture that such azo compounds are synthetical^ unstable.

Several groups of workers4-6 have reported a prep
aration alleged by Curtius4 to be 1, the summetrically 
substituted N,N'-bisbenzenesulfonylhydrazine, by re
acting benzenesulfonyl chloride with hydrazine in 
alkaline solution.5’6 However, the only evidence pre
sented in support of their proposed structure was an 
elemental analysis and a molecular weight determina
tion. The possibility that the unsymmetrical isomer 
2 had been formed was not considered by these early 
workers.

c 6h 5so 2

^)n n h 2

CeHsSOjNHNHSOiCeHs C6H5S02
1 2

Recent results reported by Smith and Hein6 for 
analogous sulfone-hydroxamic acid reactions suggest 
the need to consider the alternative structure 2. 
A clear distinction in the behavior of corresponding 
sulfonyl and carbonyl derivatives undergoing acyla
tion reactions has been demonstrated. Thus, Smith 
and Hein7 showed that, whereas acylation of sulfone- 
hydroxamic acids proceeded by oxygen substitution, 
further substitution occurred at nitrogen faster than
O-acylation of the unsubstituted hydroxamic acid.

(1) T h is  n am e  is chosen  to  b e  c o n s is te n t w ith  th e  n o m e n c la tu re  u sage  se t 
fo r th  in  C hem ical Abstracts. H ow ever, th e  com m on n am e  azo b isd ia ren esu l-  
fones ap p e a rs  to  b e  so m ew h a t e s ta b lish ed  in  th e  l i te ra tu re .2

(2) H . B ock, Angew . Chem ., 77 , 472 (1965), see re f  3. T h is  re fe ren ce  w as 
k in d ly  supp lied  b y  a  v e ry  kno w led g eab le  referee.

(3) T h e se  reac tio n  co n d itio n s  w ere  v e ry  s im ila r to  th o se  em p loyed  com 
m on ly  in  th e  D ie ls -A ld e r  co n d e n sa tio n  re a c tio n s  of c y c lo p en ta d ien e  w ith  
az o b isd ifo rm ate  es te rs . See fo r ex am p les  (a) J .  G . K u d e rn a , U . S. P a te n t  
2 ,802,012 (1957); (b) J . G . K u d e rn a , J .  W . S im s, J .  F . W ik stro m , a n d  S. B. 
S olow ay, J .  A m er. Chem. Soc., 81 , 382 (1959); (c) O. D iels, J .  H . B lum , an d  
W . R o ll, A n n .,  443 , 242 (1925); (d ) J .  C . J . M ack en z ie , A. R o d g m a n , an d  
G . F . W rig h t, J .  Org. Chem ., 17 , 1666 (1952); (e) A . R o d g m a n  an d  G . F . 
W rig h t, ib id ., 18, 465 (1953).

(4) T . C u rtiu s  a n d  F . L o ren zen , J .  P ra k t. Chem ., 58, 166 (1898).
(5) K . F . J en n in g s , J .  Chem . Soc., 1172 (1957).
(6) O. H in sb erg , Ber., 27 , 601 (1894).
(7) P . A. S. S m ith  an d  G . E . H e in , J .  A m er. Chem . Soc., 82 , 5731 (1960).

Finally, in these laboratories,8 it has been established 
that the reaction of sulfonehydroxamic acids with 
toluenesulfonyl chlorides results exclusively in the 
N,N-bis(toluenesulfonyl)hydroxylamine.

The only basis for a choice between structures 1 
and 2 has been proposed by Grammaticakis9 in studies 
of the absorption of a,/3-disubstituted hydrazines in 
the visible and ultraviolet. He has claimed, in effect, 
that uv spectral similarities between benzenesulfon- 
amide and the Curtius product, dibenzenesulfonyl- 
hydrazine, can be construed to support structure 1.

Results and Discussion

Ultraviolet Spectra.—In reexamining the basis of 
Grammaticakis’ deduction, the spectral characteristics 
of dibenzenesulfonylhydrazine were compared with 
those of benzenesulfonamide (3) and dibenzenesulfon- 
imide (4) (see Figure 1). It will be noted that all 
three spectra possess a shoulder on the short wave 
length side of Xmax. Furthermore, the Xmax positions 
and intensities are almost identical in all three cases. 
Clearly the strong similarity in the spectral features 
of the imide 4 and the amide 3 tends to vitiate the 
Grammaticakis argument in support of structure 1. 
His interpretation, which makes the implicit assump
tion that the presence on the nitrogen atom of only a 
single acyl or sulfonyl group is responsible for the 
observed relationship in the uv characteristics of the 
Curtius product and benzenesulfonamide (3), is ob
viously unfounded. Thus, formula 2 is still admis
sible on the basis of the uv evidence as a possible 
structure of dibenzenesulfonylhydrazine.

Mass Spectroscopy.—For this purpose the homol
ogous di-p-toluenesulfonylhydrazine (la) was em
ployed. The objective again was to determine whether

(8) B . E . J . S ch u ltz , M . S. T hesis, U n iv e rs ity  o f D e la w are , 1963.
(9) P . G ram m aticak is , B u ll. Soc. C h im . F r., 93 (1953).
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b en z en esu lfo n - d ib en zen esu lfo n y l d ib en zen esu lfo n - 
am id e  (3) h y d ra z in e  (1) im id e  (4)

Xmax m ft.

Figure 1.

a clear distinction was possible between the symmetrical 
and unsymmetrical formulations of the structure of 
this product. Figure 2 presents that portion of the 
mass spectrum obtained for the interval from m /e  50 
to the parent peak at 340. Expectedly, the masses 
below 200 are far more abundant (the scale m /e  
190-340 has been magnified ten times).

This spectrum must be examined in terms of what 
masses could be anticipated to appear in greater rel
ative abundance for each of the structural alterna
tives. Thus, for the (homologous) structure 1, the 
fragment 5, arising from symmetrical cleavage at the 
N-N bond, could have been anticipated (or some re
lated fragment possessing several hydrogens more or

CH3 2n h |

5, m/e 170

less). For the unsymmetrical homolog of 2, the frag
ment 6 representing the cleavage of the N-N bond 
could be anticipated (or some related fragment pos
sessing one or more additional hydrogens).

(ch3- ( ^ ) - S O ^ N

6, m/e 324

However, the actual findings are not in clear-cut, 
exclusive agreement with either expectation, and can
not therefore be regarded as a decisive basis for dis
tinction between the alternative structures 1 and 2. 
Thus, peaks are found at m /e  172 (relative abundance 
15%) and m/e 326 (0.1%). The m /e  326 peak could 
be construed to be in support of both alternatives since it 
could also have arisen as a rearrangement product 
of structure 1.

Other peaks that are to be noted in the spectrum can 
be reconciled as fragmentation products of either 
structure. For instance, the relatively intense peaks- 
at m /e  155 and 139 are to be correlated with the frag
ments 7 and 8, sulfone and sulfoxide moieties. Peaks

7, m/e 155(30%) 8, m/e 139(21%)

at m /e  245 and 310 can be identified with the fragments 
9 and 10  which could conceivably have originated 
from either precursor (1 or 2).

CH3 ( Q ) —SCI— ( O ) — ch3 

9, m/e-245 (7%)

+

| c h 3- ^ — s o 2s o 2— ^ — c h 3J

10, .m/e 310(1%)

Nmr Spectroscopy.—In acetone solution in the A-60 
the hydrazine derivative from benzenesulfonyl chloride 
displayed a muitiplet of relative area 5 centered near 
7.75 ppm (phenyl protons) and a poorly resolved peak 
near 8.82 ppm of relative area 1 (N-H protons). The 
corresponding p-tolyl derivative, examined in the 
100-Mc instrument, showed the aromatic protons as a 
clearly defined AB quartet and the N-H protons ap
peared downfield as a relatively sharp singlet.

These observations would suggest that the true 
structure of the Curtius compound possesses a highly 
acidic N-H proton. This is confirmed by measure
ment of the pAa (6.45), but, again, it is not possible 
to deduce with any confidence whether this fact is in 
better agreement with either of the alternatives being 
considered.

Hydrogen Bonding.—In dilute carbon tetrachloride 
solution it was possible to identify both an intra- 
molecularly bonded N-H at 3300 and a free N-H at 
3390 cm-1. In dilute tetrahydrofuran the intra
molecular bond disappeared (as usual) and an inter- 
molecular bond (to the THF) at 3350 cm-1 replaced it. 
A Av value of 90 cm '1, however, can be reconciled with 
either of the hydrogen bonded versions of 1 or 2, as 
seen in Scheme I.

S c h e m e  I
I n t r a m o l e c u l a r  H B o n d i n g  

0 °v I
t H . 0  „ . V /

a

H5C6— S—hr V-SN v o /

1
O H- Î  A H

H A — S' K
N -N

h a s o / H

Structure Proof via  Synthesis.—Two approaches 
were undertaken in the effort to establish the structure 
of the Curtius product through the use of common 
preparative procedures and structural transformations. 
The first attempt was directed toward an independent 
synthesis of structure 2 through the route outlined in 
Scheme II.

S c h e m e  I I

C6H5NH2 +  C6H5S02CI CsHjNHSChCsHs

4
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Figure 2.—Mass spectrum of dibenzenesulfonylhydrazine.

T a b l e  I
R eacn  T e m p e ra tu re ,

no. Nitrosating agent Compd reacted Solvent "C Product Ref
1 H N02 +  HC1 (C6H6S02)2NH Water 0 (C6HsS02)2NH a
2 H N 02 +  dry HC1 (C6H6S02)2NH C2H6OH 0 (C6H6S02)2NH a
3 H N02 +  dry HC1 (C6H5S02)2NH DMSO6 0 (C6HsS02)2NH c
4 H N02 +  dry HC1 (C6HsS02)2NH DMF11 0 (C6H5S02)2NH c
5 H N02 +  dry HC1 (C6H5S02)2NBr DMSO 0 (C6H5S02)2NH c
6 H N02 +  dry HCI (C6H5S02)2NBr DMF 0 (C6HsS 02)2NH c
7 Isoamyl nitrite +  dry HCI (CsHsS02)2NBr Ether 40 (C6H5S02)2NH e
8 Isoamyl nitrite +  dry HCI (C6H5S02)2NH Ether 0 -4 0 (CsH5S02)2NI1 e
9 Nitrosyl sulfuric acid (C6H5S02)2NH Water 0 (C6H5S02)2NH a , e

° W. W. Hartman and L. J. Roll, “Organic Syntheses,” Coll Vol. II, John Wiley and Sons, Inc., New York, N. Y., 1943, p 460. 
b DMSO was dried over a molecular sieve and distilled under vacuum. c N. Kornblum, et al., J .  Amer. Chem. Soc., 78, 1497 (1956); 
N. Kornblum and J. W. Powers, J .  Org. Chem., 22, 455 ( 1957). d DMF was dried over calcium hydride and distilled. * N. Levin and 
W. H. Hartung, “Organic Syntheses,” Coll Vol. I ll, John Wiley and Sons, Inc., New York, N. Y., 1955, p 191; W. H. Hartung and 
J. C. Munch, J .  Amer. Chem. Soc., SI, 2262 (1929); W. H. Hartung and F. Crossley, “Organic Syntheses,” Coll Vol. II, John Wiley 
and Sons, Inc., New York, N. Y., 1943, p 363.

Dibenzenesulfonimide (4) was prepared by a method 
analogous to that of Dykhanov.10 The structure of 4 
was in complete agreement with its nmr spectrum 
showing a phenyl proton multiplet of relative area 10 
at 7.42-8.25 ppm and an N-H peak of relative area 1 
at 11.1 ppm. However, all attempts to convert it 
into the N-nitroso derivative through route a or b 
failed. The various attempts, both successful and 
unsuccessful, made to carry out each of the steps in 
Scheme II summarized in Table I (see Experimental 
Section).

The second effort was directed at transforming the 
Curtius compound to a product which could be un
equivocally identified, and its structure related to that 
of the starting material by means of the nature of the 
transforming reaction. It has been pointed out2 that 
other investigators have attempted to oxidize the hy
drazine derivative 1 in the effort to obtain the corre
sponding azo compound and have reported decomposi
tion of the presumed reaction product even at —50°. 
In our hands, however, this objective could be accom
plished in ideal fashion through the use of bromine at 
refluxing ethanol temperatures.

The proof of the structure of 11 then clearly estab
lishes the structure 1 for its hydrazine precursor, un
less the obtuse assumption be made that structure 2 
could be transformed to 11 via  oxidative rearrange
ment of a benzenesulfonyl group in the unsummetrical 
hydrazine. The migration of groups, which normally 
show high migration tendency in passing from one

(10) N . N . D y k h a n o v , Z h . O bshch . K h im . ,  29 , 3602 (1959); C h em . A b s tr .,

54, 19577A (1960).

nitrogen to the other in unsymmetrically disubstituted 
hydrazines, has recently been reviewed by Lemal.11 
However, the substrates and reaction conditions under 
which such rearrangements can be effected are quite 
different than those which bring about formation of 11. 
Moreover, the rearrangement of a benzenesulfonyl 
group in a 1,2 shift of this nature will be recognized 
as quite unprecedented.11

Br2
1 ------C6H5S02N = N S 0 2C6H5 +  2HBr

E T O H
' 11

Proof of Structure and Characterization of Di(phenyl- 
sulfonyl) diimide. A. Analysis.—The elemental anal
ysis involving direct determination of the elements (C, 
H, O) and ebullioscopic determination of molecular 
weight (mol wt, 299 vs. 310 calcd) are completely con
sistent with a dehydrogenation product of 1, rather 
than some dimeric oxidation product. The possibility 
that the oxidation of 1 may have proceeded to the 
azoxy  stage is ruled out by the direct determination of 
the oxygen content of 11 (see Experimental Section).

B. Nmr Data.—-The spectrum consisted of only 
phenyl protons in the usual multiplet relationship 
at ca. 7.7-8.0 ppm. This is again in accord with the 
assigned structure 11.

C. Ir Data.—The spectrum was devoid of an -N-H  
absorption and had instead a prominent and very

(11) D . M . L em al, F . M enger, a n d  E . C o a ts , J .  A m e r .  C h em . S o c ., 86, 2395
(1964).
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E l e m e n t s  o f  C o m p a r i s o n  a n d  C o n t r a s t  i n  t h e  M a s s  S p e c t r a “ o f  t h e  S u b s t r a t e  H y d r a z i n e

a n d  i t s  O x i d a t i o n  P r o d u c t

T a b l e  I I

•D ib enzenesu lfony lhyd raz ine  (1)----------------------------------------------- ■ -----------------------D i(p h en y lsu lfo n y l)d iim id e  (!!)■
R e la tiv e 6

a p p ro x im a te
in te n s ity m /e P o ssib le  id e n tity P o ssib le  id e n tity m /e

R ela tiv e 6
a p p ro x im a te

in te n s ity

0.3 313 Ion molecule reaction of P Missing
0.4 312 P Missing
0.2 282 P -  (NH)2 p -  n 2 282 48
4 250 P -  (2N +  20 +  2H) P -  (2N +  20) 250 7

Missing P -  (SO +  2N) 234 99
0.7 218 P -  (S02NHNH) Missing
3 171 Cleavage (C6H5S02NHNH + ; C6H5S02NN +  2H) Ion-molecule reaction? 171 29

100 142
or rearrangement product 

C6H6S02H + Ion-molecule reaction 142 15
14 141 c6h 5so 2+ 141 100
43 125 c6h 5s o + 125 36

“ Spectra were obtained with a direct injection probe on the CEC 21-103C mass spectrometer. For compound 1 the results recorded 
are from runs with probe temperatures of 180-210°. For compound 11 which was thermally (relatively) unstable the probe temperature 
was approximately 100°. The usual isotope peaks are not listed in this comparison table. 6 The peaks of compounds 1 and 11 are not 
to be compared to each other in any absolute sense since their recorded spectra were not run under precisely the same conditions. For 
instance, under exactly the same conditions the 142 peak of 11 is only ca. 1/20 as intense as that from 1.

sharp band at 1575 cm-1 known12 to be characteristic 
of the disubstituted azo grouping.

The presence of this band, which we and others12 
have shown to be absent in the ir spectrum of azobis- 
diformamide, azobisisobutyronitrile, and diisopropyl 
azobisdiformate, would suggest that at least part of 
the composition of 11 has the cis  structure about the 
•—-N=N— bond ; otherwise, as in the cases of the other 
symmetrically substituted azo  compounds, the •—-N= 
N— (unconjugated) stretch would be infrared inactive. 
(See Raman spectra below). The occurrence of an at
tractive sulfone-sulfone interaction stabilizing the 
c is  configuration (11a) is apparently quite unique. 
The analogous carbonyl and cyano bearing substit
uents on the azo group are mutually repulsive and 
exist exclusively in the trans configuration.120

It must also be noted that the ir spectrum of 11 
does not of itself exclude an azoxy structure, but the 
intense 1575-cm~1 band makes this structure much less 
probable in consideration of the great variety of un- 
symmetrical azo compounds correlated with this ab
sorption by LeFevre and coworkers.12

D. Raman Spectrum.—The azo (unconjugated) 
stretch in 11 is also strongly active in the Raman 
spectrum at 1576 cm-1. This observation affords 
direct support for the presence of tran s  configura
tion material in the composition of the oxidation 
product. Furthermore, azobisdiformamide and di
isopropyl azobisdiformate also show very strong ab
sorptions at 1575 cm-1 in the Raman spectrum, which 
establish for both of these structures the symmetrical 
tran s  configuration about the double bond arrived at 
tentatively by LeFevre and coworkers130 on the basis 
of other measurements.

Judging roughly from the ratio of intensities of the 
-SOs-  band at 1150 cm-1 and the 1576-cm-1 absorp
tion, the oxidation product was comprised of two- 
thirds tran s  and one-third cis. This is further born out 
by direct petrographic microscope examination of the 
oxidation product, showing two types of crystals in the

approximate ratio confirmed by these Raman band 
intensities.

E. Mass Spectrum.—In seeking verification of the 
structure of 11 a comparison of its spectrum with that 
of the precursor hydrazine proved to be most informa
tive (see Table II).

The relatively weak intensity peak at m /e  282 in 1 
is explained as the product of extrusion of -NH-NH-, 
as commented on earlier in connection with the spec
trum of di-p-toylsulfcnylhydrazine (see above). This 
is one of the strongest peaks in the spectrum of 11 in 
the same mass range. The ready expulsion of nitrogen 
from the parent ion of azobisarylsulfone to give the 
bis ion (see Scheme III) accounts for the total absence 
of P in the spectrum of 11 and represents just what one 
would have expected of a molecule of its structure. 
That is to say, in view of the ir and Raman spectral 
evidence demonstrating the interaction that stabilizes 
the cis  structure 11a, the large extent of formation of 
the bis ion is made understandable.

S c h e m e  III
O

o ^ t /  :j> C6H5 

c6h^ n = n

O 0  
\ /

CcH —  S— o — S— C6H5

1 1 a bis ion; m/e 282

The second most abundant peak of 11 in this mass 
range is actually missing in the spectrum of 1, namely, 
m /e  234. This must represent the alternative manner 
of recombination of radical ion fragments produced in 
the nitrogen extrusion from 11a accompanied by ex
pulsion of SO.

° -  f  ..0* . ^C6H5
J3

C6H5 "N=N"
1 1 a

O 0
\ /

C6H5— s — 0 —c6h5 

m/e 234

(12) (a) R . J . W . L e F e v re , M . F . O ’D w yer, a n d  R . L. W e rn e r, Chem. In d .  
(L o n d o n ), 378 (1953); (b) R . J . W . L e F e v re , M . F . O ’D w yer, a n d  R . L. 
W ern e r, A u st. J .  Chem ., 6, 341 (1953); (c) R . J . W . L e F e v re , C. G . L eF ev re , 
a n d  W . T . O h, ib id ., 10, 218 (1957).

The most abundant peak of 1 may be correlated with 
the occurrence of intramolecular hydrogen bonding 
(identified above for 1) which cannot occur in 11.
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Thus, with the formation of m /e  142, a cleavage product 
can also be regarded as a rearrangement result. Azo 
compound 11 forms this ion at only V2oth the relative

CM ¿4 —►  [C6H5S02H]+ + C6H5S02NNH

h '  X so2c6h5 |h+

1 m/e 171

intensity under very similar spectrometer conditions. 
In all likelihood what is presumably the same (but 
much less abundant) peak derived from 11 is formed 
as the result of a molecule-ion interaction involving 
the unusually abundant peak m /e  141 (C6H5S02+). 
The ready thermal decomposition which 11 undergoes, 
a property shared by most azo compounds, could be 
responsible for its observed facility in forming ion- 
molecule interaction products.

Finally, it must be mentioned that many of the 
fragment ions supporting the assigned azo structure 
of 11 are the same as those observed for the hydrazine 
1. However, it must also be emphasized that the large 
difference in the abundance of the m /e  142 ion (a factor 
of 20 under similar spectrometer conditions) eliminates 
the presence of the hydrazine as an impurity in any 
significant amounts, as does the absence of the 312 and 
P ions.

F. Other Lines of Evidence.—It seemed desirable 
to test the proposed structure of 11 by means of chemi
cal reactivity studies. Efforts were made to reduce 
it to the parent hydrazine 1 without success. When 11 
was subjected to hydrogenation with finely divided 
platinum or platinum on charcoal, at 3 atm in alcoholic 
solvent, the starting material was recovered unchanged. 
Evidently the bulky sulfonyl substituents on the azo 
center of unsaturation prevents its adsorption on the 
catalyst, the necessary preliminary step to hetero
geneous hydrogenation.

The attempt to reduce 11 to 1 by purely chemical 
means, such as zinc in acid solution, failed to produce 
the desired reaction and resulted instead in products 
representing sulfone-nitrogen cleavage. The ir spec
trum of this product mixture showed neither an N-H 
band at ca. 3430 cm-1 to identify the hydrazine, nor 
the —-N=N— band at 1575 cm-1, characteristic of the 
starting material. It is also clear from this result 
that the unsymmetrically substituted hydrazine 2 was 
not present in the complex reduction product obtained.

A further indication of the steric hindrance to re
activity of the azo group in 11 that is afforded by the 
bis sulfone substituents was realized in attempts to 
utilize it as a Diels-Alder dienophile. Analogous 
azobisdiformate esters have been shown to undergo 
reaction rather readily, using typical dienes such 
as cyclopentadiene. However, using reaction condi
tions (see Experimental Section) which usually yielded 
good conversions with azobisdiformates, the reaction 
of 11 with cyclopentadiene failed completely. The 
unconverted starting material was recovered nearly 
quantitatively.

To the best of our knowledge 11 is a new composition 
of matter and is the first example of a stable class of 
compounds possessing the azobisdisulfone structure. 
Further studies of the properties, methods of prepara

tion and reactions of this class of substances are cur
rently in progress in these laboratories.

Experimental Section
All melting points were taken with a Fisher-Johns hot-stage 

apparatus and are essentially uneorreeted.
N.N'-Bisbenzenesulfonylhydrazine (1) was prepared accord

ing to the method of Hinsberg.6 Recrystallization from glacial 
acetic acid gave white needles, mp 236-237° (lit.6 ca. 245°).

Dibenzenesulfonimide (4).—Benzenesulfonyl chloride (1.1 
mol) was added dropwise over a period of 2 hr to a solution of 
benzenesulfonamide (1.0 mol) in 880 ml of 5% NaOH in water. 
The pH of the reacting solution was maintained throughout at 
ca. 7.2 by discreet additions of 5% NaOH. When addition was 
completed, stirring was continued for 30 min and 100 ml of 
40% NaOH run into the mixture. The charge was then stirred 
and cooled to 15“ and the sodium salt of 4 permitted to precipitate 
under stirring. In various runs, between 0.6 and 0.9 mol of the 
sodium salt was obtained in several runs by filtration. After 
taking up in water, boiling, and cooling, a sample of the salt 
melted above 260° with decomposition. Addition of slightly 
more than 1 equiv of 36% HC1 at 25° to a solution of 1 mol of 
sodium salt in 300 ml of H2O gave the free imide 2, which is 
nearly insoluble in water at pH 2. On recrystallization from 
ethanol-water solution, a white crystalline product was obtained, 
mp 157-159° (lit.9 157-158°).

N-Bromodibenzenesulfonimide.—A solution of 20 g of 4 
(ca. 0.10 mol) in 4 g of NaOH and 30 ml of H20  was cooled by 
addition of 20 g of ice. The flask was surrounded by an ice 
bath and under vigorous (magnetic) stirring 6 ml of bromine was 
added all at once. Stirring was continued for 5 min longer and 
the precipitate collected on a fritted-glass filter. It was washed 
with cold water until free of bromide. The product (25-g yield) 
after drying in a desiccator at 40° melted at 120-122°.

Anal. Calcd for CjiHioSzCfiNBr: Br, 21.27; Found: Br,
20.34.

The infrared spectrum showed no N-H bands in the char
acteristic frequency regions.

Attempted Preparations of N-Nitrosodibenzenesulfonimide.—
The experiments are summarized in Table I.

Di(phenylsulfonyl)diimide.—A solution of 0.2 g of 1 in 25 ml of 
ethanol was brought to reflux with stirring and 3 ml of bromine 
was added dropwise over 1 hr. Reflux was continued for 1 hr 
after addition was completed. The reflux condenser was then 
removed and the solvent permitted to boil away until the volume 
wa reduced to less than 5 ml. When a few drops of water was 
added to the cooled residue, a crystalline product separated, 
mp 188-193°. On recrystallization from ethanol-H20 , the pure 
product resulted, mp 193-194° with fuming and decomposition. 
Upon infrared analysis (KBr pellet) of the product, the most 
characteristic band was observed at 1575 cm-1 (—N = N —).

Anal. Calcd for C.iH.oNfiSzO,,: C, 46.15; H, 3.20; N, 8.97; 
S, 20.51; 0 , 21.07. Found: C, 46.21; H, 3.12; N, 8.92; 
S, 20.31; O, 21.04.

Reaction of N-Bromodibenzenesulfonimide in Liquid Ammonia.
—Anhydrous liquid NH3 (100 ml) was introduced into a 500-ml, 
three-necked flask equipped with mechanical stirrer and a Dry 
Ice condenser. Freshly cut sodium (4.72 g) was converted into 
sodamide in the usual fashion through use of a small amount of 
ferric nitrate. When the blue color had disappeared, the N- 
bromodibenzenesulfonimide (35.0 g) was added portionwise. 
After addition was completed, the mixture was stirred for 6 
hr, the cooling condenser was removed, and the excess ammonia 
was vented. On working up the residue only dibenzenesulfon
imide could be isolated.

N,N'-Bis-p-toluenesulfonylhydrazine (la) was prepared accord
ing to the directions of Jennings.6 Recrystallization from 
acetone-water solution afforded a product of mp 217-218° as 
white needles (lit.6 219-220°).

Reduction of 11.—A solution of 0.2 g of 11 in 15 ml of ethanol 
was charged in a round-bottom, three-necked flask equipped with 
reflux condenser and magnetic stirrer. To this was added in 
small portions at 30-40° powdered zinc (0.1 g, total) and concen
trated HC1 (4 ml, total) allowing sufficient time between addi
tions of both of these reagents for foaming to subside. After 
addition was completed, the temperature was raised to reflux 
and held there for 0.5 hr. The solution was now cooled and 
filtered, and the solvent was stripped under reduced pressure,
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leaving a viscous liquid residue which resisted repeated attempts 
at crystallization. The ir spectrum of this residue showed 
neither a band at ca. 3430 nor at 1575 cm-1, and thus contained 
neither 1 or 11 in significant amounts.

Attempted Condensation of 11 with Cyclopentadiene.—A solu
tion of 0.6 g (ca. 0.002 mol) of 11 and 0.150 g (ca. 0.002 mol) of 
freshly prepared cyclopentadiene in anhydrous ether was main
tained at 15-20° for 24 hr under nitrogen with magnetic stirring.3 
Upon stripping all volatiles at the water pump up to steam bath 
temperatures slightly more than 0.6 g of a solid remained which 
had an ir spectrum nearly identical with that of the starting 
compound 11.

Mass Spectra.—That of N,N'-bis-p-toluenesulfonylhydrazine 
was taken on an Atlas double focus high resolution instrument 
(Atlas Mess and Analysentechnik GMBH Bremen) through 
the courtesy of Dr. C. Djerassi at Stanford University, Stan
ford, California, while one of us (H. K.) was in residence as 
visiting professor of Chemistry in 1964. Direct introduction of 
the sample was possible with this instrument and consequently 
pyrolytic decomposition could be avoided. The spectra of N,N'- 
bisbenzenesulfonylhydrazine and of compound 11 were recorded

under conditions specified in Table II through the courtesy of 
Dr. W. B. Askew, for which we are most grateful.

Nmr spectra were determined with either a Varian A-60 or 
Varian HR-100 instruments.

H bonding data were taken with a Perkin-Elmer Model 337 
grating infrared spectrometer.

pXa measurements were obtained by use of a Sargeant Model 
D recording titrator.

Ebullioscopic determinations of the molecular weight of 11 
were carried out in benzene solution with benzyl as a standard 
and using an instrumental design described in the literature.13 
Four determinations were made with the results ranging from 
298-299, compared to calculated 310.

Registry No.—1, 6272-36-2; 3,98-10-2; 4,2618-96-4; 
11a, 15815-54-0; lib, 15815-55-1; N-bromodibenzene- 
sulfonimide, 15815-56-2.

(13) R . V. B o n n a r, M . D im b a l, a n d  F . H . S tra ss , ‘‘N u m b e r  A v erag e  
M o lec u la r W e ig h t,”  In te rsc ien ce  P u b lish ers , In c ., N ew  Y ork , N . Y ., 1958.
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The polar addition of hydrogen bromide, hydrogen chloride, and the corresponding deuterio halides to 7-nor- 
bornenone (1) has been carried out. The products cannot be reconciled with an intermediate involving inter
action between the protonated carbonyl group and the x electrons of the ethylenic system. The major product 
is the result of cis-exo addition with the rearranged exo product occurring to a much smaller extent. The im
portance of steric, bridging, and torsional effects in controlling the stereochemistry are considered.

The stereochemistry of the electrophilic addition 
of hydrogen halides to olefins has received considerable 
attention.1-8 It has become apparent that the trans  
addition of a hydrogen halide to an a,/3-unsaturated 
carboxylic acid is the result of a 1,4 addition and is 
not related mechanistically to the reaction of an 
isolated olefin.9 It has also become apparent that the 
stereochemical course of addition to an isolated olefin 
is not a simple function of t  complexes and steric effects. 
The occurrence of ion pairs or complexes leading to a 
preference for cis addition, unless torsional strain effects 
are unfavorable, is now recognized.3,7

The norbornene system has occupied a place by 
itself in these investigations owing to the importance, 
if any, of the delocalized “nonclassical” carbonium ion 
or the “windshield wiper effect” 10 in determining the 
stereochemistry of electrophilic additions. Steric 
effects alone cannot account for all of the exo prod- 
ucts2,4,5 since the hydrochlorination of bornylene and

(1) P . K . F reem an , F . A. R ay m o n d , a n d  M . F . G ro stic , J .  Org. Chem ., 29, 
1625 (1964).

(2) S. J . C ris to l, J .  C . M o rrill, a n d  R . A. S anchez , ib id ., 3 1 , 2719, 2726, 
2733, 2738 (1966), an d  p rev io u s  p a p e rs ; S. J .  C ris to l a n d  R . C ap le , ib id ., 
31, 2741 (1966).

(3) M . J . S. D ew ar a n d  R . C. F ah e y , Angew . Chem ., In te rn . E d . E ngl., 3, 
245 (1964), a n d  references  c ited  th e re in .

(4) H . K w a r t a n d  J . L. N yce, J .  A m er . Chem. Soc., 86, 2601 (1964).
(5) J .  K . S tille, F . M . S o nnenberg , a n d  T . H . K in s tle , ib id ., 88 , 4922 

(1966).
(6) H . C . B row n  a n d  K .-T . L iu , ib id ., 89 , 466, 3898, 3900 (1967), a n d  

re fe rences  c ite d  th e re in .
(7) P . v o n  R . S ch leyer, ib id ., 89, 3901 (1967).
(8) R . C . F a h e y , Chem. C om m un., 1 8 , 936 (1967), a n d  p rev io u s  pap e rs .
(9) R . C ap le , a n d  W . R . V au g h a n , Tetrahedron Lett., 4067 (1966), 

a n d  references  c ited  th e re in .
(10) H . C. B row n, A b s tra c ts , 139 th  N a tio n a l M ee tin g  of th e  A m erican  

C h em ica l S ocie ty , S t, L ou is, M o ., M arch  21, 1961, p  2 -0 ;  ‘‘N on-C lass ica l 
In te rm e d ia te s ,” O rgan ic  R ea c tio n  M ech an ism s C onference, B ro o k h av e n , 
N . Y ., S e p t 5, 1962.

apobornylene also produces exo adducts.6 The occur
rence of a delocalized structure in the transition state 
of the proton-addition step also seems unlikely in view 
of the recent results of Brown6 and Schleyer.7

We have investigated the hydrohalogenation, and 
deuteriohalogenation, of 7-norbornenone (1) in the 
hopes that we would be able to examine the stereo
chemical course of addition when a classical secondary 
norbornyl cation was involved. Attack of a proton on 
the double bond of 7-norbornenone (1) should produce 
a carbonium ion which is reluctant to rearrange as the 
rearranged carbonium ion involves a juxtaposition of 
positive changes. Likewise delocalization of the <r 
electrons of the C-l, C-6 bond in the transition state of

1

the proton-addition step would seem less important 
here as compared to the norbornyl cation. If this is 
true, then it is possible that neither the nonclassical 
carbonium ion nor the equilibrating classical ions would 
be involved in the product-controlling attack of the 
halide ion.

Results

The polar hydrobromination, and deuteriobromina- 
tion, of 7-norbomenone (1) was carried out in methylene 
chloride saturated with hydrogen bromide, or deuterium 
bromide, at 0°. The reaction was complete within
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15 hr, and the crude adducts were recovered in 85% 
yields. The polar hydrochlorination in methylene 
chloride of this deactivated olefin however was very 
slow, less than 10% in 7 days at 0°, and the addition 
was carried out using 37% hydrochloric acid. The 
aqueous solution for the deuteriochlorination was 
generated by hydrolyzing dichlorodimethylsilane.11 
The mixtures were shaken vigorously for ca. 48 hr, 
and the adducts were recovered by extraction in 55-65% 
yields. Product analyses were made by nuclear mag
netic resonance (nmr) and vapor phase chromato
graphic (vpc) techniques.

1 2, X = Br 3, X = Br
4, X = Cl 5, X = Cl

Only two major products in the ratio of 85:15 were 
observed in the hydrobromination of 7-norbornenone 
(1). These products are the unrearranged exo hydro
bromide 2 and the rearranged exo adduct 3. No other 
adducts could be detected by thin layer chromatography, 
vpc, or by nmr. This product ratio does not change 
as the reaction time is reduced, the same ratio of 
2/3 being observed at 40% reaction. Furthermore, an 
authentic sample of exo-3-bromonorcamphor (3) is 
stable under the reaction conditions. The presence of 
hydroquinone also does not alter the product distribu
tion. It is felt, therefore, that kinetically controlled 
adducts resulting from a polar addition are being 
observed. Essentially the same product ratio is ob
tained when the addition is carried out in 48% hy- 
drobromic acid although the per cent recovery was 
only 50%.

The configurational assignments for 2 and 3 were 
made by nmr.12 13 14 15 The signal for HA in ezo-2-bromo-7- 
norbornanone (2) occurs as a triplet, J  =  5.8 cps, at 
5 4.3. This multiplet is consistent with the assigned 
configuration13-15 where Jobsd =  'A  (J a s  and Juans) and 
where there is no detectable coupling with the bridge
head hydrogen. This averaging effect for J cis and J trans  

is confirmed in the nmr analysis of the deuterio bromide 
discussed shortly. The signal for H A in e;ro-3-bromo- 
norcamphor (3) occurs as a doublet, J  = 3.0 cps, at 
5 3.8 with finer splitting being less than 0.5 cps. This 
is in agreement with the reported spectrum for 3 16 and 
a spectrum obtained by us on an authentic sample.

The addition of deuterium bromide confirms the 
cis-exo  nature of the addition to produce 2. The 
triplet for HA in 2 collapses to a clean doublet in 6, 
J a s  =  8.8 cps. This is the value expected for a cis-en do  
vicinal coupling17 and confirms the nature of the “decep-

1 6, X = Br 7, X = Br
8, X = Cl 9,X = C1

tively simple spectrum” of the endo hydrogen HA in 
2 as described by Flautt and Erman.13,18 The multiplet 
for Ha in 7 is unchanged as one would predict for 
deuterium at the sy n -C-7 position.

The results from the hydrochlorination are similar. 
The exo hydrochlorides, 4 and 5, are obtained in a 
ratio of 93:7. The product ratio again does not vary 
even when the reaction is carried to 13% completion 
in 19% hydrochloric acid. The multiplet for Ha in 
4 is again a “deceptively simple” triplet, J  =  4.6 cps, 
at 5 4.2. The triplet collapses to a doublet, J  =  8.5 
cps, in the labeled adduct 8.

Discussion of Results

It was initially hoped that appreciable endo products 
would be observed in the hydrohalogenation of 7- 
norbornenone (1). An endo isomer conceivably could 
result from the interaction between the protonated 
carbonyl group and the ir electrons of the double bond. 
It has recently been shown by nmr studies that such an 
interaction can occur leading to the delocalized struc
ture 10.19 There is also some indication, LCAO-MO 
calculations and ultraviolet data,20 for an interaction 
of the 7r-carbonyl system of 7-ketonorbornene (1) with 
the Tr-ethylenic system although the sodium borohydride 
reduction of this ketone does not involve delocaliza
tion.21 Likewise the products observed in this study 
are not derived from the protonated structure 10.

X1®
— *■ en d o  products

10

The hydrohalides are consistent with those derived 
from exo protonation of the carbon-carbon double bond 
in 1. Attempts to promote interaction between the t  
systems of 1 by catalyzing the addition with aluminum 
bromide or aluminum chloride lead to increased polym
erization and no detectable change in the product 
distribution.

The exo/endo  product ratios observed in this in
vestigation differ from those observed in solvolysis 
studies.22-24 These differences are expected6 owing to 
the presence of intimate ion pairs in the solvolysis 
work. Thus the acetolysis of the endo- and exo-7- 
ketonorbornyl tosylates produces considerable endo

(11) W . H . G re iv e  a n d  K . F . S po rek , J.  C h em . E duc ., 43, N o. 7, 381 (1966).
(12) C h em ica l s h if ts  a re  re la tiv e  to  te tra m e th y ls ila n e  on 60 -M c in s tru 

m en t.
(13) T . J .  F la u t t  a n d  W . F . E rm a n , J.  A m e r . C h em . Soc., 8 5 ,  3212 (1963).
(14) A. L . T h o m as , R . A. S chneider, an d  J . M ein w ald , ib id .,  89, 68 (1967).
(15) R . J .  A b rah am  a n d  H . J . B e rn s te in , C a n . J.  C h e m .,  39, 216 (1961).
(16) J . M einw ald , Y. C . M einw ald , a n d  T . N . B ak e r, J .  A m e r .  C h em . Soc., 

8 5 ,  2513 (1963).
(17) F . A. L . A n e t, C a n . J .  C h e m .,  39, 789 (1961).

(18) F o r  o th e r  exam ples, see re f  14.
(19) S. W in ste in , Chem. E ng. N ew s, 54 (A pril 3, 1967).
(20) E . I . S n y d er an d  B. F ran zu s , J .  A m er. Chem. Soc., 86 , 1166 (1964).
(21) H . C. B row n  a n d  J . M uzzio , ib id ., 88, 2811 (1966).
(22) P . G . G assm an  a n d  J .  L . M arsh a ll, ib id ., 8 8 , 2822 (1966); ibid., 8 7 , 

4648 (1965).
(23) P . G . G assm an  a n d  J . L . M arsh a ll , Tetrahedron L ett., N o. 46, 4073 

(1965).
(24) M . H a n a c k  a n d  J . D o lde , ib id .. N o. 3, 321 (1966).
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acetates but no rearranged acetates22,23 owing to the 
early coordination of acetic acid with the developing 
ion pair.

The formation of the unrearranged hydrohalide as 
the primary product supports the classical character 
of the 7-ketonorbornyl cation 1 1.22,23 The extent to 
which rearrangement does occur would seem to be more 
consistent with the relief of angle strain involved in 
placing the trigonal carbonyl carbon in the ethylene 
bridge than with a nonclassical intermediate involving a 
partial delocalization of the C-l, C-6 a electrons. The 
internal angle at C-7 is about 96.5° compared to about 
104° at C-2.25 Although the observed major cis-exo  
adduct can be explained in this system as being derived 
from a transfer to the least-hindered side of the double 
bond, it must be emphasized that hydrogen chloride 
also adds to bornylene and apobornylene to yield exo 
adducts.6 Furthermore, the concerted four-centered 
addition mechanism for the electrophilic addition of 
hydrogen chloride to certain norbornene systems has 
recently been considered to be less likely than a mecha
nism involving a carbonium ion intermediate.6 If 
similar considerations are applicable here, the exo 
approach of the proton and the exo approach of the halide 
ion, as a complex with hydrogen halide, are probably 
independent steps although the stereochemical control 
of approach may be governed by a common factor.

An alternate explanation to account for the stereo
chemistry is the torsional strain factor. Similar in
terpretations have been used to explain why, although 
there is preference for cis addition of a hydrogen halide,3 
in certain olefins the trans addition product is the major 
adduct.26-28 Both steps in the addition involve a 
conversion of a sp2-hybridized carbon into a sp3-hy- 
bridized carbon. Approach from the exo side proceeds 
with relief of torsional strain in the transition state as 
compared to endo approach where eclipsing will occur 
between the bridgehead carbon-hydrogen bond and 
the adjacent carbon-hydrogen bond on the ethylene 
bridge. The importance of torsional effects in control
ling the stereochemistry of attack in norbornane deriva
tives has recently been discussed by Schleycr.29 The 
effect is indicated by the exo attack of bromide ion on 
the 7-ketonorbornyl cation 11 to produce 2.

The stepwise addition of deuterium bromide to 7- 
norbornenone (1) is outlined in Scheme I. The mecha
nism is consistent with the other known facts concerning 
the electrophilic addition of a hydrogen halide to an 
olefin.3,30 -  32 It must be pointed out that the clean

(25) P. Laszlo  an d  P. v on  R . S ch leyer, J .  A m er . Chem. Soc., 86, 1171 (1964)'
(26) G. S. H am m o n d  a n d  T . D . N e v it t ,  ib id ., 77 , 1594 (1955).
(27) J . V. S m irn o v -Z am k o v  a n d  G . A. P isk o v itin a , U kr. K h im . Z h .,  28, 

531 (1962).
(28) R . C. F a h e y  an d  R . A. S m ith , J .  A m er. Chem. Soc., 86, 5935 (1964).
(29) P . v o n  R . S ch leyer, ib id ., 89 , 701 (1967).
(30) P. B . D . d e  la M a re  a n d  R . B o u lto n , “ E lec tro p h ilic  A d d itio n s  to  

U n s a tu ra te d  S y ste m s ,”  E lse v ie r P u b lish in g  C o., N ew  Y ork , N . Y ., 1966.
(31) B . C ap o n , M . J . P e rk in s , an d  C . W . R ees, “ O rgan ic  R e a c tio n  M ech a

n ism s, 1965,”  J o h n  W iley  a n d  S ons, L td ., L ondon , 1966, p  104 ff.
(32) K . F u k u i, B ull. Chem. Soc. J a p .,  39, 498 (1966).

Scheme I
F low  D iagram for  the E lectrophilic  Addition  of D B r to 1

collapse of the triplet for the proton on the carbon
bearing bromine upon addition of deuterium bromide 
means that a 6,2-hydride shift must be occurring to an 
undetectable extent.

Experimental

Materials.—7-Norborner.one (1) was synthesized by the oxida
tion of bicyclo[2.2.1]hept-2-en-a?i/)'-7-ol33 according to the proce
dure of Bly.34 Deuterium bromide was generated by the addi
tion of deuterium oxide, 99.8% (Columbia Organic Chemicals 
Co., Inc.) to Eastman phosphorus tribromide. The deuterium 
bromide was trapped and distilled into reagent methylene chloride 
from a Dry Ice-acetone trap. An aqueous solution of deuterium 
chloride was formed by the hydrolysis of dichlorodimethylsilane 
(Dow Chemical Co.) according to the procedure of Greive and 
Sporek.11 The aqueous solution of approximately 20% deuterium 
chloride was removed and separated from the polymeric silicone 
oil layer by means of a syringe.

Analytical.—Nuclear magnetic resonance spectra were obtained 
using a Varian Associates Model A-60 spectrometer using tetra- 
methylsilane as an internal standard. Gas chromatographic 
analyses were performed on an Aerograph A90-P3 instrument 
using 20% silicone GE (5 ft X 0.25 in.), 20% Carbowax 20M 
(10 ft X V» it'.), and 10% fhtorosilicone QF-1 (5 ft X 0.25 in.) 
columns. Microanalyses were performed by Galbraith Labora
tories, Inc., Knoxville, Tenn.

Addition of Hydrogen Bromide to 7-Norbomenone (I).—7- 
Norbornenone (1), 2.9 g (27 mmol), was dissolved in 200 ml 
of reagent methylene chloride and saturated with anhydrous 
hydrogen bromide (Matheson Co., Inc.) at 0° in a bubbler trap. 
The acid solution was tightly stoppered and allowed to stand 
for 36 hr at 0°. After the addition, the excess hydrogen bromide 
and methylene chloride were removed by gentle heating on a 
hot plate. Fresh methylene chloride was added, and the solution 
was dried over anhydrous magnesium sulfate. Removal of the 
solvent under vacuum yielded 4.3 g (85%) of hydrobromides and 
no starting ketone as indicated by nmr and vpc. The retention 
times on the fluorosilicone column at 125° were 14 and 18 min 
for the minor and major hydrobromides, respectively. The re
tention time of the minor adduct was indistinguishable from a 
sample of ezo-3-bromonorcamphor (3) obtained by the bromina- 
tion of norcamphor (Aldrich Chemical Co.). The purified 
product ratio was essentially identical with the original as in
dicated by both nmr and vpc. Shorter runs and the addition 
of deuterium bromide were carried out in a similar fashion. 
Attempts to separate the adducts by preparative vpc were 
unsuccessful owing to the thermal instability under autoprep 
conditions (Aerograph A-700, silicone SE-30 (20 ft X 1 / 8 in.),

(33) P . S to ry , J .  Org. Chem ., 26 , 289 (1961).
(34) R . K . B ly  a n d  R . S. B ly , ibid.., 28, 3165 (1963).
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195°). These additional unidentified decomposition products 
could readily be detected by nmr and by vpc under the analytical 
conditions given above.

Ana!. Calcd for C7H9BrO: C, 44.47; H, 4.80; Br, 42.27. 
Found: C, 44.69; H, 5.00; Br, 42.32.

Addition of Hydrogen Chloride to 7-Norbomenone (1).—To
7-norbornenone (1), 3.0 g (28 mmol), in a test tube was added 
40 ml of concentrated (37%) hydrochloric acid. The tube was 
sealed and shaken vigorously for 48 hr at room temperature. 
The tube was opened and extracted with two 100-ml portions of 
ethyl ether. The ethereal extracts were combined and washed 
well with water and dried over anhydrous magnesium sulfate. 
The ether was removed under vacuum, and the dark residue was 
distilled to yield 2.3 g (58%), bp 52-56° (0.4 mm). Partial

additions were carried out in 19% hydrochloric acid and shorter 
reaction times. The addition of deuterium chloride as a 20% 
solution in deuterium oxide was carried out in 9 days. As with 
the hydrobromides the major adduct was unstable under auto- 
prep conditions. The retention times on a 5-ft QF-1 fluorosilicon 
column were 8.5 and 12 min for the minor and major adducts, 
respectively.

Anal. Calcd for C7H9C10: C, 58.14; H, 6.28; Cl, 24.52. 
Found: C, 57.94; H, 6.42; Cl, 24.74.

Acknowledgments.—We are indebted to the Re
search Corporation and the Graduate School of the 
University of Minnesota for support of this work.
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The intramolecular cyclization of cyclooct-4-cfs-ene-l-carboxylic acid chloride (1) proceeds by cis addition to 
produce 2-exo-chlorobicycIo[3.3.1]nonan-9-one (2) as the principal product in a variety of solvents and in the 
absence of added Lewis acid catalysts. In the presence of catalytic quantities of aluminum chloride, the addi
tion proceeds predominantly trans to produce 2-eredo-chlorobicyclo[3.3.l]nonan-9-one (3) as the major product. 
Under more polar conditions (e.g., 5%  solution of boron trifluoride etherate in diglyme), cyclization occurs with 
loss of hydrogen chloride to produce principally bicyclo[3.3.1]non-2-en-9-one (4). These results are compared 
with the course of hydrogen halide addition to olefins. Structure elucidation of the chloro ketones 2 and 3 was 
based upon spectral analysis, X-ray crystal analysis, and the contrasting behavior of each isomer to base. In 
refluxing methanolic potassium hydroxide the exo isomer 2 undergoes elimination to bicyclo[3.3.1]non-2-en-9-one 
(4), while the endo isomer 3 suffers fragmentation to the potassium salt of cyclooct-4-ene-l-carboxylic acid (6).

Although limited examples of the Friedel-Crafts 
addition of acid chlorides to olefins to produce chloro 
ketones can be cited, knowledge of the stereochemistry 
of these additions is completely lacking.1 In the 
examples studied, either the stereochemistry of the 
chloro ketone products was not determined, or the struc
ture of the products was not amenable to stereochemical 
elucidation.1 Indeed, stereochemical resolution of the 
chloro ketone products from the addition of acid chlo
rides to simple acyclic or cyclic systems may be in
conclusive, since the initially formed products would 
probably undergo rapid enolization and epimerization 
under the conditions employed for the reaction. For 
this reason we chose to investigate the intramolecular 
cyclization of cyclooct-4-as-ene-l-carboxylic acid chlo
ride (1). Intramolecular addition of the acid chloride 
function to the olefin function of 1 would produce a 
bicyclic ketone which could not undergo enolization. 
If cyclization of 1 could be effected without loss or 
epimerization of the chloride function from the initially 
produced chloro ketone, the stereochemistry of addition 
could be ascertained at least for this system.

Results

We were able to find reaction conditions for cycliza
tion of 1 which stereoselectively produced either 2-exo-

(1) (a) F o r  a  rev iew  of acy l h a lid e  ad d itio n s  to  a lkenes , see G . A. O lah , 
E d ., “ F rie d e l-C ra f ts  a n d  R e la te d  R e a c tio n s ,’’ Vol. I ,  In te rsc ie n c e  P u b 
lishers, J o h n  W iley  a n d  S ons, In c ., N ew  Y ork , N . Y ., 1963, p p  129-133 ; (b) 
H . W ieland  a n d  L . B e tta g , B er.t 55, 2246 (1922); (c) J .  R . C a tc h , D . F . 
E llio t, D . H . H ey , a n d  E . R . H . Jo n es , J .  Chem. Soc., 278 (1948), a n d  re fe r
ences c ited  th e re in ; (d) R . H . C arro ll a n d  G . B . L. S m ith , J .  A m er. Chem . Soc., 
55, 370 (1933); (e) E . M . M cM ah o n , J .  N . R o p er, J r ., W . P . U te rm o h len , 
J r . ,  R . H . H asek , R . C . H a rr is , a n d  J .  H . B ra n t , ib id ., 7 0 , 2971 (1948); 
(f) J . C o longe a n d  K . M o sta fa v i, B ull. Soc. C him . F t ., (5), 6, 335, 342 
(1939).

chlorobicyclo [3.3.1 ]nonan-9-one (2) (c is  addition) or
2-endo-chlorobicycIo [3.3.1 ]nonan-9-one (3) ( trans addi
tion) without epimerization of the initially produced 
chloro compound or prevalent dehydrohalogenation. It 
is noteworthy that bicyclo [4.2.1 [nonane derivatives 
(i.e ., 5a and 5b), which would have been formed by 
the converse addition of acid chloride to the olefin 
moiety, were not produced under these conditions.2,3

In initial experiments, treatment of a 5% solution of 
l 4 in 5% boron trifluoride etherate-diglyme at 100° 
effected cycloaddition of the acid chloride function 
but with almost complete loss of hydrogen chloride. 
Thus, bicyclo [3.3. l]non-2-en-9-one (4), the structure of 
which was verified by comparison with an authentic 
sample,5 was produced in 53% yield while only small 
quantities of the chloro compounds 2 (5%) and 3 
(3%) were formed under these conditions. An appreci
able quantity (10%) of methyl cyclooct-4-ds-ene-l- 
carboxylate was also produced, undoubtedly by esterifi
cation of methanol (generated by acid cleavage of the 
diglyme) with the acid chloride 1. When the acid chlo-

(2) I n  th is  reg a rd , i t  is in te re s tin g  to  c o m p are  th e  cy c liza tio n  of 1 w ith  th e  
so lvo lysis  of cyc looet-4 -ene- 1 -m e th an o l d e r iv a tiv e s . U n d e r  co n d itio n s  of 
k in e tic  con tro l, b ic y c lo [3.3.1 Jno n an e  d e r iv a tiv e s  a re  p ro d u ced  a lm o s t exclu
s ively  from  th is  la t te r  so lvo lysis  re a c tio n .3 U n d e r  m ore  v ig o rous  co n d itio n s , 
th e  in itia lly  p ro d u ced  b icyclo  [3.3.1 ]n o n an e  d e r iv a tiv e s  a re  a p p a re n tly  
e q u ilib ra te d  to  sig n ifican t q u a n tit ie s  of b icyclo  [4.2.1 Jn o n an e  co m p o u n d s.3a

(3) (a) W . K rau s , W . R o th e n w o h re r, W . K a ise r, a n d  M . H an a c k , Tetra
hedron L ett., 1705 (1966); M . H an ack  a n d  W . K aise r, Angew . Chem ., 76, 
572 (1964); Angew . C hem ., In te rn . E d . E ng l., 3, 583 (1964); (b) A. C . Cope, 
D . L. N ea ly , P . S chem er, a n d G . W ood, J .  A m er. Chem . Soc., 87, 3130 (1965); 
(c) H . F e lk in , G . L e N y , C. L ion , W . D . K . M acrosson , J . M a r tin , a n d  W . 
P a rk e r , Tetrahedron Lett., 157 (1966); (d) K . H . B ag g a ley , J .  R . D ixon, 
J .  M . E v a n s , a n d  S. H . G ra h a m , Tetrahedron, 23 , 299 (1967).

(4) (a) P re p a re d  in  8 6 %  yie ld  b y  t r e a tm e n t  of cyc looct-4 -c is-ene-l-car- 
boxy lic  a c id 4b w ith  oxaly l ch lo ride; (b) K . Z iegler a n d  H . W ilm s, A n n .,  567, 
1 (1950).

(5) C . S. F o o te  a n d  R . B . W oodw ard , Tetrahedron, 20, 687 (1964).
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ride was heated at 83-84° in ethylene dichloride solution 
for 16 hr in the absence of an added catalyst, exo-2- 
chlorobicyclo [3.3.1 ]nonan-9-one (2) was the principal 
product of the cyclization reaction. The latter ketone, 
produced in 41%  yield, was accompanied by the endo  
isomer 3 (16%) and a small quantity of the olefinic 
ketone 4 (5%). When benzene, monoglyme, tri- 
chloroethane, or acetic acid was employed as solvent, 
the yields of products 2, 3, and 4 were decreased, but 
the ratio of olefin/e x o  isomer 2 / endo isomer 3 was not 
altered significantly (see Experimental Section). The 
remaining products were dimeric or polymeric in 
nature. An appreciable quantity of methyl cyclooct-4- 
m-ene-l-carboxylate also was produced when mono
glyme or diglyme was employed as solvent.

On the other hand, treatment of 1 with catalytic 
quantities of aluminum chloride in monoglyme or 
diglyme at 88 and 100°, respectively, for 16 hr afforded 
the endo epimer 3 as the principal product (20-26%). 
The exo epimer 2 was produced in 6-8% yield and the 
olefin 4 in 18-19% yield. Products of intermolecular 
condensation were increased in the presence of alu
minum chloride catalyst.

The following two experiments established that the 
ketone 3 was produced directly from the acid chloride 
1 and not by aluminum chloride catalyzed epimerization 
of 2 or by addition of hydrogen chloride to the olefin 4. 
These experiments also indicate that the olefin 4 was 
produced directly from 1 and not by aluminum chloride 
catalyzed dehydrohalogenation of 2.

5b, 0% 3,20%

(1) When a solution of the exo-chloro epimer 2 was 
heated in benzene or in diglyme with aluminum chloride 
(see Experimental Section), starting ketone 2 was 
recovered in 77 and 84% yields, respectively. Only 
trace amounts of the olefin 4 and no detectable quanti
ties of the epimeric chloro ketone 3 were observed under 
these conditions. (2) Treatment of the olefin 4 with 
aluminum chloride under the same conditions in the 
absence or presence of added hydrogen chloride led to 
93 and 91% recoveries of starting olefin, respectively. 
The chloro ketones 2 and 3 were produced in 0.4 and 2%,

respectively, from the latter reaction but were ac
companied by at least four other isomeric chloro ketones, 
produced in 2, 2, 1, and 0.3%, respectively. Since the 
reaction product from the cyclization of 1 is devoid of 
these latter chloro ketones, the probability that even 
a small portion of the en d o  isomer 3 is produced from 
the olefin 4 under the conditions described here seems 
remote.

Structure Elucidation of Ketones 2 and 3. Mass 
spectral data and elemental analyses established the 
empirical formula C9H13OCI for the two cyclization 
products 2 and 3. The infrared spectra of ketones 2 and 
3 displayed carbonyl absorption at 5.79 and 5.78 n, 
respectively, in excellent agreement with the values
5.80 and 5.77 n recorded for the parent bicyclo [3.3.1]- 
nonan-9-one5 and bicyclo [3.3.1 ]non-2-en-9-one8 struc
tures, respectively. In contrast, the 2-chlorobicyclo- 
[4.2.1 ]nonan-9-one epimers (5a), which might have 
resulted from reverse addition of the acid chloride to 
the olefin, should show absorption at no greater than 
5.72-5.75 n for a nonstrained five-membered ring 
ketone.6-9

The basic ring skeleton and the positions and stereo
chemistry of the chloro functions in 2 and 3 were implied 
from the characteristic behavior of each isomer to 
base. The epimer 3, on treatment with refluxing 2 M  
methanolic potassium hydroxide, suffered cleavage 
to potassium cyclooct-4-cfs-ene-l-carboxylate10 (87%) 
and potassium cyclooct-3-as-ene-l-carboxylate10 (4%). 
In contrast, under the same conditions, the epimer 2 
underwent dehydrochlorination to the olefin 4. The 
fragmentation of 3 to 6 is apparently rapid compared to 
the dehydrochlorination of 2 to 4. Thus, a mixture of 
2 and 3 on treatment with potassium ¿-butoxide in 
wet ¿-butyl alcohol at room temperature led to quantita
tive fragmentation of 3, while the epimer 2 was re
covered unchanged. In fact, the latter treatment 
represents an excellent procedure for isolation of the 
exo  epimer free of the en do  isomer.

That the fragmentation product 6 was produced 
directly from 3 and not from the olefin 4 (which might 
have been formed by initial dehydrochlorination of the 
conformer 3b) was confirmed by the observed stability 
of 4 to the same basic conditions. Thus, the olefin 4, 
after treatment for 16 hr with refluxing 5 M  methanolic 
potassium hydroxide was recovered unchanged.11’12

The remarkable ease with which the e n d o -chloro 
ketone undergoes ring scission can be interpreted as an 
exemplification of the general rule that fragmentation 
reactions proceed with greatest facility when the bonds

(6) T h u s  th e  p a re n t b icyclo  [4.2.l]n o n a n -9 -o n e 7iS a n d  th e  isom eric  7 -m e th - 
y lb ic y c lo [4 .2 .1 ]n o n a n -9 -o n es9 d isp la y  ca rb o n y l a b s o rp tio n  a t  5.75 n, th e
1- m e th y l a n d  1 ,5 -d im eth y l d e r iv a tiv e s 9 a t  5 .73  n, a n d  th e  2 -m e th y l d e r iv a 
t iv e 9 a t  5.72 ¡X.

(7) C . D . G u tsc h e  a n d  T . D . S m ith , J .  A m er. Chem . Soc., 8 2 , 4067 (1960).
(8) G . O p itz  a n d  H . M ild en b erg er, A n n .,  6 5 0 , 115 (1961).
(9) C . D . G u tsc h e  a n d  J . E . B ow ers, J .  Org. Chem ., 3 2 , 1203 (1967).
(10) Is o la te d  a f te r  ac id ifica tio n  as  th e  free  ac id s  6 a n d  7, resp ec tiv e ly , an d  

iden tified  as th e  m e th y l es te r  d e r iv a tiv e s . T h e  es te rs  w ere  co m p ared  to  
a u th e n tic  specim ens, th e  sy n th ese s  of w h ich  a re  desc rib ed  b y  W . F . E rm a n  
a n d  H . C. K re tsc h m a r, J . A m er. Chem. Soc., 8 9 , 3842 (1967).

(11) F ac ile  b rid g e  fission seem s to  b e  a  c h a ra c te r is tic  p ro p e r ty  of b icyclo - 
[3.3.1 ]nonan-9-ones c o n ta in in g  an  ea sily  e lim in a ted  fu n c tio n a l g ro u p  in  th e
2-  endo p o s itio n .12 In  c o n tra s t, 2 -ea:o -substitu ted  b icyclo  [3.3.1 ]n o nan -9 -ones  
u n dergo  e lim in a tio n  to  p ro d u ce  th e  co rresp o n d in g  b icyclo  [3.3.1 ]non-2-en-9- 
ones a p p a re n tly  a t  a  slow er r a te  th a n  th e  b r id g e  fission of th e  co rre sp o n d in g  
2-endo  iso m e rs .12

(12) (a) J . M a r tin , W . P a rk e r , a n d  R . A. R ap h a e l, J .  Chem. Soc., 289 
(1964); (b) G . L . B u c h a n a n  an d  G . W . M cL a y , Tetrahedron, 2 2 , 1521 (1966).
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being broken are approximately parallel and coplanar.13 
In the chair conformation (3a) of the endo-chloro 
isomer the C-1,9 bond and the equatorial C-Cl bond 
are perfectly parallel and coplanar. The initially 
produced intermediate anion 8a, then, would be expected 
to collapse readily to the acid 6. The production of a 
small quantity of the cyclooct-3-m-en-l-carboxylic 
acid (7) could be explained by a competitive protonation 
at C-l concerted with bond scission to produce the 
intermediate chloro acid 9. This acid could then 
undergo elimination to 6  and 7. The collapse of 8a to 6 
apparently is a lower energy process than elimination of 
HC1 from the boat conformer 3b.

COOH

Even when the exo epimer 2 assumes a boat conforma
tion (2b) the equatorial C-Cl bond is not coplanar 
with the C-1,9 bond, and fragmentation would not be 
anticipated. On the ocher hand, when 2 assumes the 
chair conformation 2a, the axial C-Cl bond is ideally 
oriented for dans-diaxial elimination.14

2a

monoclinic needles of this isomer exist in the twin-chair 
conformation.16'17 That the two epimers 2 and 3 also 
show preference for the twin-chair conformation in solu
tion was indicated from the infrared C-H stretching 
frequency and nmr spectrum of each.

Fully saturated bicyclo[3.3.1]nonane compounds 
exhibit abnormal C-H stretching frequencies in the 
region of 2985-2995 cm-1 ascribed to interaction of 
the C-3 and C-7 endo-hydrogen atoms of the twin-chair 
conformer of the bicyclo[3.3.1]nonane skeleton.3a'17a b 
In correspondence, the isomers 2 and 3 show C-H 
stretching frequencies at 2995 and 2985 cm-1, re
spectively.

In the nmr spectrum of the exo-chloro ketone 2, 
the C-2 proton appears at r 5.46 as a multiplet of 
total band width 10.5 Hz, typical of an equatorial 
proton of a cyclohexane in the chair conformation.12b'18 
In the nmr spectrum of the endo-chloro ketone 3, 
the C-2 proton appears as a multiplet of greater total 
band width (24Hz)12bi18 and at higher field (r 5.78)12bi19 
as expected for an axial proton of a cyclohexane in 
the chair conformation. By decoupling the C-l 
proton, apparent splittings of 4.9 and 12.0 Hz were de
termined for J  (C-2-H, C-3-e.ro H) and J  (C-2-H, 
C-3-endo H), respectively, in agreement with the as
signed structure.121118'20 An apparent splitting of 5.2 
Hz for J  (C-2-H, C-3-e.ro H) and J  (C-2-H, C-3-endo
H) was in accord with the equatorial assignment for the 
C-2 proton in structure 2.12b'18’20

Discussion

The mode of cycloaddition of the acid chloride 1 is 
reminiscent of the ionic addition of hydrogen bromide to 
aryl-substituted olefins.21 Dewar and Fahey21 have ob
served that the ionic addition of hydrogen bromide to 
acenaphthalene or 1 -phenylpropene proceeds predomi
nantly cis, the ratio of cis to trans product decreasing in 
going from nonpolar to polar solvents. The trans 
adduct was shown to be a primary product of ionic addi
tion and was not produced by a secondary isomerization

(16) T h is  o b se rv a tio n  is in  acco rd  w ith  p rev io u s  re p o rts  t h a t  fu lly  s a tu 
ra te d  b ic y c lo [3 .3 .1 ]n o n an e  co m p o u n d s ex ist in  th e  tw in -c h a ir  c o n fo rm a tio n .17 
I t  is n o te w o rth y  th a t  in tro d u c tio n  of a n  s p 2 ca rb o n  a t  th e  1 -carbon  b rid g e  
(th e re b y  rem o v in g  a  1 ,4 -h y d ro g en -h y d ro g en  in te ra c t io n  in  th e  b o a t  con
fo rm a tio n  [i.e., i vs. ii]) does n o t a l te r  th e  c o n fo rm a tio n  of th e  biejfclo[3.3.11- 
n o n an e  s tru c tu re  in  th e  c ry s ta l form .

Ì Ü

Final confirmation of the structure 2 was made by 
X-ray diffraction. Webb and Becker15 have shown that

(13) (a) C . A. G ro b  in  " T h e o re tic a l O rg an ic  C h e m is try ”  (p ap e rs  p re sen ted  
to  th e  K èk u lé  S y m posium  o rgan ized  b y  T h e  C hem ica l S ocie ty , L ondon , 
S e p t 1958), B u tte rw o r th s  P u b lic a tio n s  L td .,  L o n d o n , 1959, p  114 IT; (b) 
C. A. G ro b  a n d  W . B a u m a n n , H elv. C him . A cta , 38, 594 (1955); C. A. G rob , 
E xperien tia . 13, 126 (1957); (c) R . B . C la y to n , H . B . H en b e s t, a n d  M . S m ith , 
J .  Chem. Soc., 1982 (1957), an d  references c ited  th e re in ; (d) D . H . G u sta fso n  
a n d  W . F . E rm a n , J .  Org. Chem ., 30, 1665 (1965), a n d  references cited  
th e re in .

(14) (a) D . H . R . B a rto n , E x p e r ie n tia ,  6, 316 (1950); (b) see a lso  E . L. 
E liel, " S te re o c h e m is try  of C a rb o n  C o m p o u n d s ,” M cG raw -H ill B ook  Co., 
In c ., N ew  Y o rk , N . Y ., 1962, p p  219-234 .

(15) N . C . W ebb  a n d  M . R . B ecker, J .  Chem . Soc, Sect. B , 1317 (1967).

(17) (a) W . A. C . B row n, G . E g lin to n , J . M a r tin , W . P a rk e r , a n d  G . A. 
S im , Proc. Chem. Soc., 57 (1964); W . A. C . B ro w n , J . M a r tin , an d  
G . A. S im , J .  Chem. Soc., 1844 (1965), a n d  references  c ited  th e re in ; (b) G. 
E g lin to n , J . M a r tin , a n d  W . P a rk e r , ib id ., 1243 (1965).

(18) (a) A. H assn e r a n d  C. H e a th co ck , J .  Org. Chem ., 29, 1350 (1964); 
(b) N . S. B h ac ca  a n d  D . H . W illiam s, " A p p lic a tio n s  of N M R  S pec tro sco p y  
in  O rgan ic  C h e m is try ,”  H o ld e n -D a y , In c .,  S an  F ran c isc o , C alif., 1964, p p  47, 
48, 136-138.

(19) L . M . J a c k m a n , "A p p lic a tio n s  of N u c le a r  M a g n e tic  R eso n an c e  
S p ec tro sc o p y  in  O rgan ic  C h e m is try ,” P e rg am o n  P ress, L td ., L on d o n , 1959, p 
116.

(20) I t  m u s t b e  em phasized  th a t  th e se  a re  o n ly  a p p ro x im a te  couplings 
s ince  th e  C -2 -H  a n d  C -3 -H  resonances  a re  s tro n g ly  p e r tu rb e d  b y  m u tu a l 
coup ling  a n d  coup ling  w ith  a d ja c e n t p ro to n s .18b

(21) (a) M . J . S. D ew ar a n d  R . C . F a h e y , J .  A m er. Chem . Soc., 86, 3645
(1963); (b) 86, 2248 (1963); (c) 85, 2245 (1963); (d) 84, 2012 (1962).
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of the initially produced cis isomer or by a radical addi
tion. These results were inconsistent with a simple 
7r-complex mechanism, previously proposed for hydro
gen bromide additions, or a concerted process involving 
a four-centered cyclic transition state. The authors 
proposed instead a mechanism involving a classical car- 
bonium ion formed in the rate-determining step as an 
ion pair with an acid-complexed halide ion. The ion 
pair either collapses to cis product or rearranges to a 
trans ion pair which then produces (rans-addition 
product. Whether rearrangement from cis ion pair to 
trans ion pair occurs faster than collapse of cis ion pair 
to cis product depends upon the structure of the olefin 
involved and the polarity of the solvent system.22'23

In an analogous manner, then, the acid chloride 1 
could interact with the olefin to produce the e.rc-chloro 
ion pair 10. The chloride could be associated with hy
drogen chloride (formed by partial decomposition of the 
acid chloride to the corresponding ketene), with solvent, 
or with aluminum chloride, when the latter catalyst is 
employed. The rate of rearrangement to enclo-chloro 
ion pair 11  relative to collapse to 2 would be affected by 
the degree of association of chloride ion with the species 
mentioned above, the relative bulk of the associating 
species, and the relative stability of the carbonium ion.

10, exo-Cl 11, endo-Cl 12

The production of predominantly endo isomer in the 
presence of aluminum chloride and predominantly exo 
isomer in the absence of aluminum chloride is consistent 
with this mechanistic picture. Complex formation with 
aluminum chloride should lead to more rapid dissocia
tion and rearrangement of ion pair 10 . In fact, dis
sociation in this instance could be concerted with at
tack of AIC14-  of Cl“ from the endo side of the mole
cule.23 Conversely, in the absence of aluminum chlo
ride, ion pair 10 might be expected to collapse to exo 
isomer faster than dissociation or rearrangement to 1 1 .

Also consonant with the observed stereochemical 
course of addition, however, is the proposal that chloride 
ion adds from the least-hindered side of the completely 
dissociated ion 1224 in the absence of complexing agents

(22) F o r  an  an a ly s is  of cis vs. trans  e lec troph ilic  ad d itio n s  to  o th e r  olefin 
sy stem s , see references  c ited  in  fo o tn o te  21, ref 15-18, 20, 21, 2 3 ; in  W . F. 
E rm a n , J .  Org. Chem ., 32, 765 (1967), fo o tn o te  21; a n d  in  sev e ra l a r t ic le s  by  
C ris to l: S. J . C ris to l, T . C. M orrill, a n d  R . A. S anchez , ib id ., 31, 2719, 2726, 
2733 (1966); S. J .  C ris to l an d  R , C ap le , ib id ., 31, 2741 (1966).

(23) T h e  q u es tio n  arises a s  to  w h e th e r  p a r t  of th e  endo p ro d u c t is g en e r
a te d  b y  a t ta c k  of ch lo ride  ion on th e  ir com plex i (p a r t ic u la r ly  in  th e  p resence  
of AlCla). A lth o u g h  th is  p o ss ib ility  c a n n o t b e  overru led  w ith o u t fu r th e r  
ex p e rim en ta tio n , th e  x com plex i c e rta in ly  c a n n o t p la y  an  im portan t ro le  in 
p ro d u c t fo rm a tio n  in  th e  ab sen ce  of a d d e d  c a ta ly s t  s ince th e  c is-a d d itio n  
p ro d u c t p red o m in a te s  u n d e r  th e se  cond itio n s . O nly  exo p ro d u c t w ould  be 
a n t ic ip a te d  from  an  a t ta c k  of a  ch lo rid e  ion  species on  th e  x com plex  i.

Î

(24) I n  an a lo g y , so d iu m  b o ro h y d rid e  red u c tio n  of b icyclo  [3.3.1 ]nonan -2 - 
o n e  occurs p re d o m in a n tly  from  th e  exo s id e  to  g iv e  2-endo-hydroxyb icyclo - 
[3.3.1 [n o n a n e .3,5

to give cis product. Complex formation between the 
carbonyl function and aluminum chloride might steri- 
cally retard attack from the exo side of the molecule 
and lead to endo product. These and other influencing 
factors on the course of stereochemical addition to the 
present model make obvious the necessity for further 
studies on other systems in order to fully elaborate the 
mechanism of acyl halide additions to olefins.

Finally, the synthetic contribution of this work 
should be recognized. Of various preparations of bi
cyclo [3.3.1 jnonane derivatives,6'6'12,17b,c'25 the cycliza- 
tion of the readily prepared acid chloride 1 represents 
one of the simplest laboratory approaches to these struc
tures. It is the only method, in fact, which produces 
significant quantities of readily separated 2-e.-co-.sub- 
stituted isomers of this bicyclic system. The solvolysis 
of the latter derivative should give us a better insight 
into the chemistry of carbonium ion intermediates of 
type 12 .

Experimental Section

Melting points were determined on a Thomas-IIoover capil
lary apparatus or on a micro hot stage and are corrected; boiling 
points are nncorrected. Infrared spectra were recorded on a 
Perkin-Elmer 421 spectrophotometer or a Perkin-Elmer Model 
137 infrared spectrophotometer as indicated. Nuclear magnetic 
resonance spectra were run on a Yarian HA-100 spectrometer 
using tetramethylsilane as an internal reference. Chemical shifts 
are recorded as ppm on the t scale, with coupling constants as 
hertz (Hz). Nuclear magnetic resonance data are recorded in 
the order: chemical shift, multiplicity where s is singlet, d
doublet, t  triplet, and m multiplet (coupling constant), integra
tion (interpretation). Microanalyses were performed by T. 
Atanovieh and associates of these laboratories and by Spang 
Microanalytical Laboratories, Ann Arbor, Mich. The 
monoglyme and diglvme solvents were freshly distilled from 
calcium hydride before use. Gas chromatography retention 
times are recorded relative to air.

Cyclooct-4-cis-ene-l-carboxylic Acid Chloride (1 ).—To 190.4 g 
(1.235 mol) of cyclooct-4-cis-ene-l-carboxylic acid41’ was added 
dropwise with stirring 200 g (1.576 mol) of oxalyl chloride under 
a nitrogen atmosphere at such a rate that the temperature was 
maintained between 26 ard  30°. After the addition was com
plete, the reaction mixture was stirred an additional 18 hr at 
room temperature. The excess oxalyl chloride was removed by 
evaporation at 40° (25 mm), and the residue was distilled 
under vacuum. Cyclooct-4-cfs-ene-l-carboxylic acid chloride 
(1), 185.5 g (86%), was obtained as a colorless liquid: bp 92° 
(4.6 mm); infrared (Infracord), X"™' 5.58 /r (C = 0 ), 6.08,
14.2 /r (crs-olefin); nmr spectrum (10% in CCfi), t 4.38, m, 
2 H (C-4 and C-5 protons), T 7.25, m, 1 H (C-l proton), T
7.4-9.0, m, 10 H (C-2, C-3, C-6, C-7, C-8 protons).

Anal. Calcd for C9H,,OCl: C, 62.6; H, 7.6; Cl, 20.5.
Found: C, 62.9; II, 7.4; Cl, 19.3.

Cycloaddition Reaction of Acid Chloride (1 ). A. Absence of 
Catalyst.—A solution of 10.0 g (0.058 mol) of acid chloride 1 
in 15 ml of ethylene dichloride, bp 83-84°, was heated at reflux 
for 72 hr. The warm reaction mixture was poured into 100 ml 
of warm water (40-50°) and stirred at this temperature for 1 hr. 
The mixture was cooled to 27° and extracted with three 35-ml 
portions of ether. The combined ether layers were washed with 
three 50-ml portions of water, dried, and solvent evaporated 
to yield 9.2 g of light brown liquid. The liquid was distilled in 
a modified Hickman still to afford 6.340 g of colorless liquid, 
bp 90-110° (0.1 mm). Gas chromatographic analysis on a 10 
ft X 0.25 in. column packed with 20% ethylene glycol succinate 
polymer on 60-80 mesh Chromosorb W-IIMDS at 200° with a 
flow of 60 cc of helium per min showed the presence of 2-exo- 
chlorobicyclo[3.3.1 ]nonan-9-one (2 ) (65%, relative retention 
time 28.9 min), 2-en.do-chlorobicyclo[3.3.1]nonan-9-one (3) 
(24%, relative retention rime 14.5 min), bicyclo[3.3.1]non-2- 
en-9-one (4) (7%, relative retention time 5.8 min). Samples

(2 5 )  S. B rew is an d  P. R . H u g ie s ,  Chem. C o m m u n ., 6 (1966).
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of 2, 3, and 4 were collected by preparative glpc under the condi
tions described above, and their identities were established by 
nmr and infrared spectral comparisons with authentic specimens 
prepared as described under separate headings below.

When other solvents were employed, comparable results were 
obtained. The solvent, temperature, and yield of each product 
is listed in order for each run. The reaction period (72 hr) and 
work-up conditions were identical with those described above: 
(1) benzene, 80°; 2, 34%; 3, 13%; 4, 4%; (2) monoglyme, 
83°; 2, 39%; 3, 9%; 4, 4%; methyl eyclooct-4-cfs-ene-l- 
carboxylate, 9%; (3) 1,1,2-trichloroethane, 113°; 2, 41%; 3, 
20%; 4, 3%; (4) acetic acid, 118°; 2, 27%; 3, 15%; 4, 7%; 
unidentified acetate, 25% .

B. In Diglyme Using Boron Trifluoride Etherate As Catalyst. 
Preparation of Bicyclo[3.3.1]non-2-en-9-one (4).—To a solution 
of 50.0 g (0.29 mol) of acid chloride 1 in 11. of anhydrous diglyme 
was added 50 ml of boron trifluoride etherate. This mixture was 
heated at 100° under a nitrogen atmosphere for a period of 72 
hr. To the cooled solution (26-27°) was added dropwise 100 ml 
of water. The mixture was further diluted with 2 1. of water 
and stirred for 1 hr. The precipitated liquid was extracted with 
four 200-ml portions of ether. The combined ether extracts 
were washed with two 100-ml portions of water, dried over MgS04, 
and evaporated to yield 32.0 g of brown liquid. Gas chromato
graphic analysis on a 10 ft X '/< in. column packed with 20% 
GE-SF-96 silicon oil on 60-80 mesh Chromosorb W-HMDS at 
200° with a flow of 60 cc of helium per min showed the presence 
of olefin 4 (65%) (relative retention time 3.3 min), methyl 
cyclooct-4-c?s-ene-l-carboxylate (17%) (relative retention time 4.0 
min, identified by comparison with an authentic sample10), 
chloro ketone 3 (5%) (relative retention time 5.7 min), chloro 
ketone 2 (7%) (relative retention time 7.0 min) and an unidenti
fied compound (6%) (relative retention time 9.5 min). The liquid 
was dissolved in 200 ml of 10 % methanolic potassium hydroxide 
solution, and this mixture was heated at reflux for 3 hr. The 
solution was diluted with 200 ml of water and extracted with 
three 100-ml portions of ether. The combined ethereal extracts 
were washed with three 50-ml portions of water, dried, and the 
ether removed under reduced pressure to afford 21.2 g (53%) 
of light yellow solid, mp 90-96°. Sublimation of this solid at 
70° (25 mm) gave 10.0 g (25%) of 4 as colorless needles, mp 
95-98° . The nmr and infrared spectral properties and glpc reten
tion time of this material were identical with an authentic speci
men of 4 prepared by the method of Foote and Woodward.6 
The 2,4-dinitrophenylhydrazone derivative, on recrystallization 
from ethanol-ethyl acetate, had mp 193-194° (lit.6 mp 194.5- 
195.5°).

C. Using Aluminum Chloride As Catalyst. Preparation of
2-endo-Chlorobicyclo [3.3.1] nonan-9-one (3).—A mixture of 
10.0 g (0.058 mol) of cyclooct-4-cfs-ene-l-carboxylic acid chloride 
(1) and 0.050 g (0.0004 mol) of aluminum chloride in 30 ml of 
diglyme was heated under a nitrogen atmosphere at 100° for 
16 hr. The mixture was cooled to 26-27° and 100 ml of water 
was added dropwise with stirring over a 10-min period. The mix
ture was stirred an additional 1 hr and was extracted with three 
100-ml portions of ether. The ethereal extract was washed with 
three 50-ml portions of water, dried, and the ether evaporated 
to afford 8.502 g of dark brown liquid. The liquid wras distilled 
in a modified Hickman still to yield 6.058 g of colorless liquid, 
bp 90-105° (0.1 mm). Gas chromatographic analysis on a 10 
ft X 0.25 in. column packed with 20% Reoplex-400 on 60-80 
mesh Chromosorb W-HMDS at 200° with a flow of 60 cc of 
helium per min showed the presence of 4 (30%, relative retention 
time 2.2 min), 2 (14%, relative retention time 8.0 min), 3 (33%, 
relative retention time 4.5 min). Samples of the olefinic ketone 
4 and the eao-chloro ketone 2 were collected by preparative glpc, 
and their identity was established by nmr and infrared spectral 
comparisons with samples prepared under the respective headings. 
A sample of the endo-chloro ketone 3 was collected by preparative 
glpc as colorless needles: mp 65-66.5° (20% yield); infrared 
(Perkin-Elmer 421), v (5% CS2) 2985 cm“ 1 (abnormal C-H 
stretching), 1729 (strong), 1713 (weak) (C = 0 ); nmr (10% 
CCh), r  5.78, m (total band width 24 Hz), 1 H (C-2-exo pro
ton). Irradiation of the C-l proton indicated J  (H-2, H-3-exo) =
4.9 Hz; J  (H-2, H-3-endo) =  12.0 Hz.

Anal. Calcd for C9H„OCl: C, 62.6; H, 7.6; Cl, 20.5.
Found: C, 62.7; H, 7.9; Cl, 19.8.

When monoglyme was employed as solvent under the same 
conditions, the yields of 2, 3, and 4 were 33, 14, and 30%, re
spectively.

Preparation of 2-e:to-Chlorobicyclo[3.3.1]nonan-9-one (2).—A 
solution of 8.0 g of the crude product (before distillation) from 
cyclization of 1 as described in procedure A, above, and 10.0 g 
of potassium i-butoxide in 100 ml of wet ¿-butyl alcohol was stored 
at 26-27° for a period of 16 hr. The mixture was diluted with 
100 ml of water and extracted with three 100-ml portions of 
petroleum ether (bp 41-45°). The combined petroleum ether 
extracts were washed with water (50 ml), 5% hydrochloric acid 
(50 ml), and three 100-ml portions of water and dried over 
magnesium sulfate. Removal of solvent under reduced pressure 
afforded 3.0 g of 2 (34% yield based on starting acid chloride 1) 
as colorless needles, mp 64-67°. Recrystallization from acetone 
afforded 2 as colorless needles: mp 70-72°; infrared (Perkin- 
Elmer 421), v (10% in CS2), 2995 cm-1 (abnormal C-H stretch
ing), 1732 (weak), 1728 (strong), 1707 (weak) (C = 0 ); nmr 
(10% CCI4), r  5.46, m (total band width 10.5 Hz), 1 H (C-2-  
endo proton).

Anal. Calcd for C„H130C1: C, 62.6; H, 7.6; Cl, 20.5.
Found: C, 62.6; H, 7.6; Cl, 20.3.

Treatment of Bicyclo[3.3.1]non-2-en-9-one (4) with 10% 
Methanolic Sodium Hydroxide Solution.—A solution of 250 mg 
(0.0018 mol) of 4, mp 95-98°, in 30 ml of 10% methanolic 
sodium hydroxide solution was heated at reflux under a nitrogen 
atmosphere for a period of 16 hr. The mixture was cooled to 
26-27°, diluted with 50 ml of water, and extracted with three 
25-ml portions of ether. The combined ethereal layers were 
washed with three 25-ml portions of water, dried, and the solvent 
evaporated to afford 187 mg (75%) of starting 4 as colorless 
prisms, mp 97-99°. The identity was further established by nmr 
and infrared spectral comparisons with an authentic specimen.4 A 
mixture melting point with an authentic specimen (mp 95-98°) 
showed no depression (94-99°).

Treatment of 2-ezo-Chlorobicyclo[3.3.1]nonan-9-one (2) with 
10% Methanolic Sodium Hydroxide Solution.—A solution of 
250 mg (0.0014 mol) of exo-chloro ketone 2, mp 67-69°, in 30 
ml of 10% methanolic sodium hydroxide solution was heated at 
reflux under a nitrogen atmosphere for a period of 16 hr. Work
up as above afforded 183 mg (95%) of keto olefin 4 as colorless 
prisms, mp 95-98°. The identity was confirmed by spectral 
comparisons and mixture melting point with an authentic 
specimen,6 as above.

Treatment of 2-endo-Chlorobicyclo(3.3.1]nonan-9-one (3) with 
10% Methanolic Sodium Hydroxide Solution.—A solution of 
250 mg (0.0014 mol) of chloro ketone 3 in 30 ml of methanolic 
sodium hydroxide was heated as above. The cooled mixture 
was diluted with 50 ml of water and the neutral products ex
tracted with three 25-ml portions of ether. The ethereal layers 
were combined, washed with three 25-ml portions of wTater, 
dried, and the solvent evaporated to afford 15 mg of light yellow' 
liquid. The basic layer was cooled to 0-5° and acidified with 
concentrated hydrochloric acid. The resulting liquid was ex
tracted with two 50-ml portions of ether. The ethereal solution 
was washed with three 25-ml portions of water and dried over 
magnesium sulfate. Evaporation of the ether afforded 203 mg 
(91%) of light yellow liquid: infrared (Infracord), X 3 ^  m
(carboxyl OH), 5.91 (carboxyl C = 0 ) . The liquid was dissolved 
in 25 ml of ether and treated with 50 ml of 2% ethereal diazo
methane at 0° for 3 hr. The excess diazomethane was destroyed 
by addition of 15 ml of 10% hydrochloric acid; the ethereal layer 
was washed with 10 ml of 10% hydrochloric acid, two 20-ml 
portions of water, 25 ml of 10% sodium bicarbonate, and three 
20-ml portions of water and dried. Evaporation of ether and 
short-path distillation afforded 166 mg of colorless liquid: bp 
50-60° (0.5 mm); infrared (Infracord), X5.75, 8 .1-8 .6 ¡i (ester), 
6.08, 13.35, 14.0 (efs-olefin). Gas chromatographic analysis on 
a 150-ft capillary column packed with polyphenyl ether and 
programmed from 100 to 180° with a heating rate of 5° per min 
with a helium flow of 20 cc per min showed the presence of 
methyl cyclooct-4-as-ene-l-carboxylate (6a, 95%, relative reten
tion time 14.62 min), methyl cyclooct-3-a's-ene-l-carboxylate 
(7a, 5%, relative retention time 14.26 min). The infrared and 
nmr spectra and the glpc retention times of each were identical 
with authentic samples10 of the esters 6a and 7a.

Treatment of 2-cxo-Chlorobicyclo[3.3.1]nonan-9-one (2) with 
Aluminum Chloride in Benzene.—A mixture of 1.00 g (5.8 X 
10“ 3 mol) of 2, mp 67.5-69°, and 0.50 g (3.8 X 10~3 mol) of 
aluminum chloride in 50 ml of benzene was heated at reflux 
under a nitrogen atmosphere for a period of 16 hr. The cooled 
mixture (26-27°) was poured into 200 ml of ice-water. The ben
zene layer was partitioned, washed with three 25-ml portions of
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water, and dried and solvent removed under reduced pressure 
to afford 800 mg (80% recovery) of crystalline solid. Glpc 
analysis on a 10 ft X 0.25 in. column packed with 20% GE-SF-96 
silicon oil on 60-80 mesh Chromosorb W-DMCS at 200° and 
helium flow of 65 cc/min indicated the presence of 2 (96%), 
trace quantities of 4, and several unidentified peaks. No evidence 
for the eredo-chloro epimer 3 was observed. A sample of 2 
collected by preparative glpc showed mp 70-72°. A mixture 
melting point with an authentic specimen of 2, mp 67.5-69°, 
showed no depression, mp 67.5-69.5°.

Treatment of 2 with Aluminum Chloride in Diglyme.—A mix
ture of 1.00 g (5.8 X 10-3 mol) of 2, mp 67-69°, and 10 mg (7.5 
X 10“6 mol) of aluminum chloride in 3 ml of diglyme was 
heated under a nitrogen atmosphere at 100° for 16 hr. After 
work-up as above there was isolated 840 mg (84% recovery) 
of 2 as colorless crystals, mp 69-71°; there was no depression of 
melting point on admixture with an authentic specimen of 2 .

Treatment of Olefin 4 with Aluminum Chloride in Diglyme. 
—A mixture of 1.47 g (1.08 X 10-2 mol) of 4 and 20 mg (1.5 X
10-4 mol) of aluminum chloride in 5 ml of diglyme was heated 
at 100° for 16 hr. After work-up as above there was isolated 
1.37 g (93% recovery) of 4 as colorless crystals, mp 94-98°. 
A mixture melting point with the starting material 2 , mp 97-99°, 
showed no depression, mp 94-98°.

Treatment of 4 with Hydrogen Chloride-Aluminum Chloride 
in Diglyme.—A solution of 1.00 g (7.4 X 10-3 mol) of 4 and 
20 mg (1.4 X 10-4 mol) of aluminum chloride in 5 ml of diglyme, 
saturated with gaseous hydrogen chloride, was heated at 100° 
for 6 hr. After work-up as above there was isolated 870 mg of 
soft crystals. Glpc analysis on a 10 ft X V# in. column packed 
with 20% Reoplex on 60-80 mesh Chromosorb W-DMCS at 
200° with a helium flow of 60 cc/min showed 2 (91%, relative 
retention time 4.3 min), the chloro ketone 3 (2%, relative reten
tion time 10.0 min), four unidentified chloro ketones: relative 
retention times 11.3 min (2%), 11.7 (2%), 12.8 (1%), 13.0 
(0.3%) and 2 (0.4%, relative retention time 18.0 min).

Registry No.—1, 15973-61-2; 2, 16031-45-1; 3, 
16031-46-2; 4, 4844-11-5; 6a, 16031-48-4; 7a, 15973-
62-3.
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Equilibrations of the double bonds in methyl re-alkenyl- and cyclohexenylcarboxylates and ethers have been 
studied. Iron pentacarbonyl in hydrocarbon solvents at reflux (125-150°) or with ultraviolet light at 20° was 
used to catalyze isomerization. Distribution of the double bonds to all possible positions is found with this cata
lyst system. For example, the equilibrium distribution of methyl octenoate isomers is 2-octenoate, 18%;
3-octenoate, 8%; 4-octenoate, 21%; 5-octenoate, 24%; 6-octenoate, 29%; and 7-octenoate, 1%. Equilibration 
of methyl pentenyl isomers gave the distribution 1-pentenyl, 86%; 2-pentenyl, 5%; 3-pentenyl, 8%; and 4-pen- 
tenyl, 1%. These data are rationalized on the basis of two main effects: (a) the inductive electron-withdrawal 
destablization effect of the carbomethoxy and methoxy groups and (b) the conjugative stabilization effects of 
these groups. The net effect of a carbomethoxy group on the stability of an a,ß isomer is approximately that of 
an alkyl group. A methoxy group stabilizes an a,ß isomer by a factor of 10 compared to an alkyl group. The 
relatively low percentages of ß,y isomers found in both series are explained by the inductive destabilization 
effect of the -C H 2C 02CH3 and -C H 2OCH3 groups.

Several transition metal compounds have recently 
been used as extremely efficient isomerization agents of 
n-olefins.2 For example, Asinger and coworkers3 have 
described the double bond isomerization of 1-undecene 
to an equal distribution of internal isomers by iron 
pentacarbonyl catalyst at 50° for 1 hr in the presence 
of ultraviolet light. Other workers4,6 have shown that 
the mixture of isomers from iron carbonyl catalyzed 
isomerizations closely parallels the theoretical thermo
dynamic equilibrium values. The use of iron carbonyls 
to catalyze the isomerization of unsaturated alcohols to 
aldehydes and ketones has been reported.6,7 Enol 
alcohols formed in these isomerizations are irreversibly 
converted into their carbonyl forms, precluding a study 
of olefin equilibrium in those systems. We wished to

(1) P re se n te d  in  p a r t  a t  th e  153rd  N a tio n a l M ee tin g  of th e  A m erican  
C hem ica l S ocie ty , M iam i B each , F la ., A p ril 9 -1 4 , 1967, A b s tra c ts , p  01 5 9 .

(2) F o r  u p - to -d a te  d iscussions on  th e  m echan ism  of olefin iso m eriza tio n  b y  
tr a n s i t io n  m e ta l c a ta ly s ts , see R . C ram er a n d  R . V. L in d sey , J r . ,  J .  Am er.
Chem. Soc., 88, 3534 (1966), a n d  M . O rch in , A dvan . Catal., 16, 1 (1966).

(3) (a) F . A singer, B. F ell, a n d  K . S chräge, Chem. B er., 98, 372 (1965); (b) 
ib id ., 381 (1965).

(4) M . D . C arr, V. V. K an e , a n d  M . C. W h itin g , Proc. C hem . Soc., 408
(1964).

(5) T . A. M an u e l, J . Org. Chem ., 27 , 3941 (1962).
(6) G . F . E m erso n  a n d  R . P e t t i t ,  J . A m er. Chem. Soc., 84 , 4591 (1962).
(7) R . D am ico  a n d  T . J . L ogan , J . Org. Chem ., 32 , 2356 (1967).

use iron carbonyl catalysts for the isomerization of 
functionally substituted olefins under conditions of 
reversible equilibrium. By a comparison of the relative 
percentages of olefin isomers at equilibrium, the effect of 
the functional group on the relative stability of the 
various olefin isomers can be ascertained.

Almost four decades ago, Ivon and Linstead and 
collaborators8 investigated the effects of carbonyl and 
cyano groups on three carbon atom olefin equilibria as 
depicted in eq 1. Their results show that the carbonyl

RCH2CH2C H =C H X  ¿ ± :  RCH2C H =CH C H 2X (1 ) 
1 2 

R = alkyl
X = C02R, C02H, CN, COR'

or cyano substituents favor isomer 1 over isomer 2 by a 
factor of 2- 1 1 : 1 . Under the basic isomerization con
ditions employed, migration of the double bond further 
down the chain in 2 is extremely slow due to the low 
acidity of the unactivated allylic hydrogen atoms com
pared to the hydrogen atoms adjacent to the substituent 
in 2.

(8) R e c e n tly  d iscussed  b y  D . J . C ram , “ F u n d a m e n ta ls  of C a rb a n io n
C h e m is try ,” A cadem ic  P ress  In c ., N ew  Y ork , N . Y ., 1965, p p  201-202 .
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Time,b — Positional isomer, %c---------- ------- —' Recovery, Purity;
Entry11 Substrate hr 1 2 3 4 5 6 7 % %

1 C5H„CH=CHC02CH3 24 18.1 8 .1  20.4 23.6 28.5 1.5 92“ 97
(20.2) (9 .6 )

2 CH2=CH(CH2)5C02CH3 72 17.8 7 .3  20.8 24.2 28.7 1.2 88“ 97
(16.5) (8 .2 )

3 COaCH, 72/ 88.8 3 .6 7 .6  ..................... 95 98

4 CQiCrç, 48“
(87)
88.9

(~ 5 )
3 .8 7 .3  ..................... 96 98

5 Q - co2ch3 72 86.8 4 .4 8 .8  ..................... 95 99

0 Isomerization method A at 125° was used exclusively for these reactions. b The reaction time needed to reach equilibrium is re
ported. e Octenoate isomer percentages were determined by oxidative cleavage; cyclohexenyl isomer percentages were determined by 
quantitative gas chromatography. Values in parentheses for both series were determined by nmr analyses. d Per cent purity of 
samples was determined by gas chromatography. ‘ Recovery percentages were calculated after distillation. < Addition of 30% excess 
Fe(CO)s and continued refluxing for 3 days after this time did not change the isomer percentages reported. “ A temperature of 150° 
was used for this reaction. h Registry no.: 1, 2396-85-2; 2, 15766-90-2.

In an equilibrium system of the type shown in eq 1 the 
difference in stability between 1 and 2 is due to the 
difference in stabilizing effects of an X group and a 
-CH2X group; however, it is difficult to explain this by 
any one factor. The major problem is that while the 
a,8 isomer is influenced by conjugative and inductive 
interactions with the functional group, the 6,y isomer 
is mainly affected by the inductive effect of the -CH2X 
moiety. Thus, a question of whether 1 is favored over 2 
owing to conjugative stabilization of 2 becomes apparent. 
To examine this question we have isomerized olefinic 
ethers9 and esters with iron pentacarbonyl catalyst to 
equilibrium mixtures o: isomers where the double bonds 
are distributed to all possible positions. In such sys
tems, the isomers in which the double bonds are located 
at least two carbon atoms from the functional groups 
are very similar to unsubstituted internal olefins. Com
parison of the relative stability of these isomers with 
the isomers in which the double bonds are located next 
to, or one carbon atom removed from, the functional 
group gives an accurate evaluation of the effect of the 
functional group on the equilibria in question.

Results
Several acyclic and cyclic unsaturated esters and 

ethers have been prepared and isomerized with iron 
pentacarbonyl. Equilibria of the type shown in eq 2 
and 3 have been studied.

0  O
II II

C5HuCH=CHCOCH3 5=5: C4H9CH=CHCH2COCH3

0

C3H7CH=CHCH2CH2COCH3 ^  5-,6-,7-octenoates (2)

Two methods of isomerization with iron pentacar
bonyl were used. One method consists of refluxing the 
substrate in octane or nonane solvent at 125-150° with

(9) A b rie f  d e sc rip tio n  of iso m e riza tio n  of u n s a tu ra te d  e th e rs  w ith  iron  
p e n ta c a rb o n y l h as  p rev io u sly  b ee n  rep o rte d . N o  a t t e m p t  w as m a d e  to  s tu d y  
th e  eq u ilib riu m  d is tr ib u tio n  in  th is  s tu d y . P . W . Jo lly , F . G . A. S tone , 
an d  K . M ackenz ie , J .  Chem. Soc., 6416 (1965).

10-20 mol % of iron pentacarbonyl for periods of 24-96 
hr. The catalyst is added in increments of 5-10% 
during isomerization. We will refer to this isomeriza
tion procedure as method A. The alternative method 
employs iron carbonyl with ultraviolet irradiation, 
similar to the method developed by Asinger2 for the 
isomerization of n-olefins. A 200-W high pressure 
mercury lamp at 20° with 3-5% iron carbonyl in pen
tane solvent gave complete isomerization within 0.25 to 
8 hr with the compounds studied (method B). The 
results from the isomerization of unsaturated esters and 
ethers are given in Tables I and II. The effect of 
alkenyl chain length on the equilibrium mixtures of 
methyl alkenyl ethers is shown in Figure 1.

The time necessary to reach equilibrium was deter
mined by gas chromatography and infrared spectral 
analysis of the reaction solutions. For example, gas 
chromatographic analysis of the isomerization reaction 
of methyl 2-octenoate (entry 1 , Table I) showed four 
peaks on a 10-ft 20 M Carbowax column at 125°. When 
the relative ratios of these four peaks reached constant 
values, the isomerization reaction was stopped. Simi
larly, the isomerization mixture from methyl 7-octeno- 
ate (entry 2, Table I) indicated four gas chromatography 
peaks which attained the same relative ratios as the 
peaks from the 2-octenoate isomer. Addition of excess 
iron pentacarbonyl and continued heating did not 
change the relative ratio of these peaks. Verification 
that an equilibrium distribution of double bonds had 
been reached was obtained by oxidative cleavage and 
nmr analysis of each isomerization mixture.

The isomerization of methyl 1- and 4-pentenyl ethers 
was followed by gas chromatography in a similar 
manner and by infrared spectral analyses. Relative 
intensities of the infrared peaks attributable to trans 
and cis a,/3-unsaturated ethers10 at 935 and 1250 cm-1, 
respectively, compared to trans olefin absorption at 965 
cm-1 were used to determine when equilibrium was 
established.

During isomerization the change (if any) in iron 
carbonyl infrared peaks was noted. Under the thermal 
method of isomerization the bands at 2000 and 2020 
cm-1, attributable11 to Fe(CO)6, did not shift nor did

(10) H . R . W a rn e r  a n d  W . E . M . L a n d s, J .  A m er. Chem. Soc., 85, 60 
(1963).

(11) C . G . B arrac lo u g h , J . Lew is, a n d  R . S. N y h o lm , J . Chem. Soc., 2582 
(1961).
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T im e, ------ P o sitio n a l isom er, % c--------- ■> R ec o v e ry , P u r i ty ,1
Entry-^ S u b s tra te h r 1 2 3 4 % %

l CH30(CH 2)3C H =C H 2 3 85« 5 c l 90 97
2 CH3OCH=CH( CH2)2CH3 1 84« 6 9 l 91 98

3 O « * 6 93.5 2.9 3.6 93 98

4 ( 3 - o c i i 5
(95)
95 2.0 3.0 96 98

(95)

» Isomerization method B was used exclusively in these studies. b The reaction time necessary to reach equilibrium is reported. 
« Pentenyl isomer percentages were determined by nmr analyses, cyclohexenyl isomers by gas chromatography on a 150 ft X 0.01 in. 
capillary column coated with polyphenyl ether. This column was purchased from the Perkin-Elmer Corporation. Values in parentheses 
determined by nmr analyses. d Purity percentages were determined by gas chromatography. «Approximately equal percentages of 
cis and trans 1-pentenyl ethers are present in these mixtures. Nmr and infrared spectral analyses were used to calculate the relative 
amounts of cis and trans enol ethers. 1 Registry no.: 1, 1191-31-7; 3, 2699-13-0; 4, 15766-93-5.

AlkenyJ Chain Length

Figure 1 .—Effect of alkenyl chain length on the percentages of 
enol ethers at equilibrium. Terminal alkenyl methyl ethers 
were isomerized by method B in this study.

new peaks appear. During irradiation, both shifting 
and new iron carbonyl peaks were discernible in the 
infrared spectra of the reaction solutions. Under the 
irradiation conditions, a typical spectrum has carbonyl 
peaks at 2085, 2055, 2025, and 2005 cm“1. These 
spectra were independent of the particular ester or ether 
used.

After isomerization was complete the remaining iron 
carbonyl was destroyed by one of three methods. With 
esters, alcoholic ferric chloride oxidation of iron penta- 
carbonyl to ferrous chloride was effective in removing 
the last traces of catalyst. Alternatively, prolonged 
heating of the reaction solution converts essentially all 
iron carbonyls into elemental iron which is simply 
removed by filtration. Esters were then analyzed for 
double bond position, either directly or after distillation. 
This treatment did not affect the ratios of ester peaks in 
the gas chromatograms. The alcoholic ferric chloride 
method could not be used with ethers, due to the lability 
of enol ethers to acidic alcohol. If, however, irradiation 
of the ether reactions was continued long enough, 
insoluble metal carbonyls [Fe2(CO)s„ etc.] were formed 
and separated by filtration. These isolation methods 
gave recoveries of 88-95% of esters and ethers which 
were shown to have purities of greater than 95% by 
various analyses (Tables I and II).

Evidence that a true equilibrium was reached in each 
case rests mainly upon the fact that at least two posi

tional isomers were isomerized to the same equilibrium 
mixture for each type of compound studied. In most 
instances the two extreme positional isomers (e.g., 
entries 1 and 2, Table I) were isomerized.

Analyses of the positional isomers was accomplished 
by oxidative cleavage, quantitative nmr, and gas 
chromatography analyses. Double bond isomers of 
esters were cleaved with permanganate-periodate; the 
resulting acids and acid esters were converted to their 
methyl esters, which were quantitatively analyzed by 
gas chromatography.12 When possible, the percentages 
of a,/3 and (3,7 isomers were calculated from the nmr 
spectra of the isomerized reaction mixtures. Olefinic 
and allylic peaks of the spectra were integrated to 
obtain these percentages. Good agreement with both 
oxidative cleavage and gas chromatography analyses 
was found and is reported in Tables I and II. Quanti
tative gas chromatography analysis was used when 
authentic samples of each positional isomer were avail
able and when each isomer was separable. This was 
only possible in the cyclic series studied.

Discussion

A prime question in this study is the role of the iron 
carbonyl reagent; i.e., whether it is solely a catalyst for 
isomerization or is involved in the formation of stable 
olefin-iron carbonyl complexes. We made several 
observations that indicate stable complexes are not 
formed under our isomerization conditions. First, 
careful examination of the infrared spectra of the reac
tion solutions during the thermal isomerization reac
tions showed no change occurring in the carbonyl peaks 
of Fe(CO)6 at 2000 and 2020 cm“1. If a stable olefin- 
iron carbonyl complex is formed during reaction, a 
separation of these peaks would be expected.13 During 
isomerization method B the carbonyl peaks do shift and 
new bands are observed, but a similar phenomenon is 
found when Fe(CC')5 is irradiated alone. This is due 
to the formation of other iron carbonyl species, such as

(12) T h is  m e th o d  h as  been  re p o rte d  b y  D . F . K u em m ei of th e se  la b o ra 
to ries  [A nal. Chem ., 3 6 , 426 (1964)].

(13) A c o rre la tio n  b e tw e en  th e  e lec tron ic  s tr u c tu r e  of th e  lig an d  a n d  th e  
c a rb o n y l s tre tc h in g  freq u en c ies  in  d ie n e - iro n  tr ic a rb o n y l com plexes h as  been  
d iscussed  b y  R . P e t t i t  a n d  G . F . E m e rso n  [Advan. O rganom etal. Chem ., 1, 11 
(1964)].
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Fe2(CO)9 and Fe3(CO)i2.14a Therefore, the fact that 
new bands are found cannot be taken as evidence that 
an iron carbon-olefin complex was formed. Second, 
the small amount (3-5%) of iron carbonyl necessary to 
establish equilibrium throughout an olefin molecule 
with isomerization method B argues against a specific 
olefin-iron carbonyl species being stable under the 
isomerization conditions. Third, the addition of 
amounts up to 30% of iron pentacarbonyl to mixtures 
which had attained equilibrium did not affect the rela
tive isomer percentages or the high recovery (88-98%) 
of products with purities of greater than 95%. The 
latter observation is strong evidence against stable 
olefin complex formation.14b

The ability of Fe(CO)s to promote isomerization 
effectively under neutral condition is invaluable. 
Under the basic conditions of Ivon and Linstead,8 
Michael addition of solvent to the a,3 isomers was 
found. Other problems associated with basic catalysis 
include elimination and cleavage. Thus, Kesslin and 
Orlando15 found that treatment of butenyl ethers with 
potassium ¡¡-butoxide gives exclusive elimination and no 
isomerization (eq 4). It is apparent, then, that a real 
need existed for an isomerization reagent of the type 
described in this study.
ROCH2CH =CH C H 3 +  i-BuOK — >

CH2= C H —C H = C H 2 +  ROK +  i-BuOH (4)

Our studies were concentrated on n-alkenyl and 
cyclohexenyl esters and ethers. The six-membered 
unsaturated ring system was chosen because this system 
appears to parallel closely its acyclic analog in isomer
ization studies.16 Thus, Boorman and Linstead17 have 
reported that 4% of the cyclic a,¡3 isomer 3 was isomer- 
ized to the /3,y form, while 10% of its acyclic analog 4 
was converted into the unconjugated isomer.

CH3
co2h  ch3ch2ch= c— co2h

3 4
Turning our attention now to the effect of the sub

stituent on the relative double bond stabilities, we wish
(14) (a) F e 2(C O ) 9  is  re p o r te d  [R . K . S heline  a n d  K . S. P itz e r , J .  A m er. 

Chem. Soc., 7 2 , 1107 (1950)] to  h a v e  m a jo r  in fra re d  p ea k s  a t  2034 a n d  2080 
c m - 1  w h ile  F e 3(C O )i2 has m a jo r  a b so rp tio n s  a t  2043, 2020, a n d  1997 c m - 1  

[F. A. C o tto n  a n d  G . W ilk in son , ib id ., 7 9 , 752 (1957)]. In d eed , th e  recom 
m en d ed  p re p a ra tiv e  m e th o d  fo r F e 2 (C O )i is b y  ir ra d ia tio n  of F e (C O ) 5  [R . B. 
K in g  in  “ O rg an o m eta llic  S y n th eses , Vol. I , T ra n s i t io n -M e ta l C o m p o u n d s ,” 
J . J . E isc h  a n d  R . B . K in g , E d ., A cadem ic  P re s s  In c ., N ew  Y o rk , N . Y ., 
1965, p  93 ]; (b) a  re fe re e  h as  suggested  t h a t  iro n  ca rb o n y l com plexes w ith  
a n  oxygen a to m  of th e  es te r  o r e th e r  a n d  th e  d o u b le  b o n d  of th e  a,/3 o r £ , 7  

isom er a n d  t h a t  e lim in a tio n  of h y d ro iro n  c a rb o n y l from  th e se  com plexes 
co n tro ls  th e  re la tiv e  p e rce n tag e s  of a,/3 a n d  £ , 7  isom ers. T h is  ex p la n a tio n  is 
u n a c c e p ta b le  to  us fo r  sev e ra l reasons. I f  th e  r a t e  of fo rm a tio n  of com plexes 
a n d  e lim in a tio n  of m e ta l h y d rid e s  con tro lled  th e  “ eq u ilib r ia ”  of a,/3 a n d  £ , 7  

isom ers w e w ould  expec t changes  in  re la tiv e  p e rce n tag e s  of th e se  isom ers w ith  
th e  a d d itio n  of d iffe re n t a m o u n ts  of iro n  p e n ta c a rb o n y l a n d  in  p ro longed  
reac tio n  tim es . N e ith e r  o n e  of th e se  reac tio n  changes a ffec ted  th e  equ ilib 
riu m  v a lu es  (n o te  e n t ry  3, T a b le  I ) .  A m o s t conv incing  a rg u m e n t a g a in s t 
th e  re fe ree ’s su ggestion  is th e  o b se rv a tio n  t h a t  a ll e q u ilib ria  w ere  es ta b lish ed  
b y  s ta r t in g  from  a t  le a s t tw o  d iffe re n t p o s itio n a l isom ers. I t  w as fu r th e r  
es ta b lish ed  th a t  a  s ta b le  in te rm e d ia te  is n o t  fo rm ed  u n d e r  o u r  isom eriza tion  
cond itio n s . T h e re fo re , th e  e q u ilib riu m  re su lts  re p o r te d  here  a re  th e  th e rm o 
d y n am ic  values.

(15) G .  K esslin  a n d  C . M . O rlan d o , J r . ,  J .  Org. C hem ., 31, 2682 (1966).
(16) I t  is im p o r ta n t  to  choose  a  r in g  in  w h ich  co n fo rm a tio n a l effec ts  a re  

m in im a l. A  s tu d y  of e q u ilib ria  b e tw e en  cycloalk -2 - a n d  -3 -enones show s 
t h a t  fo r a  six -m em b ered  r in g  th e  e q u ilib riu m  com p o sitio n  is 9 9 %  A2 a n d  1%  
A8, w h ile  th e  n in e -m em b ered  rin g  is > 9 9 .7 %  A3 a n d  < 0 .3 %  A2 [N . H eap  
a n d  G . H . W h ith a m , J .  Chem. Soc., Sect. B , 164 (1966)].

(17) E . J .  B o o rm a n  a n d  R . P . L in s te a d , ib id ., 258 , 1935.

to discuss two main factors, the resonance and inductive 
effects of the substituent groups.18 Conjugative inter
actions, whether the substituent group is electron 
releasing (+R) or electron withdrawing ( — R), are 
stabilizing factors. Thus, ether, I9a’b amine,190 and 
sulfide19d substituents (+ R  groups) strongly favor the 
vinyl over the propenyl forms in the equilibria of three 
carbon atom systems, as do the isomerization reactions 
shown in eq 1 which have — R substituent groups. The 
role of —I and +1 groups on olefin equilibria is less 
definitive. Electron releasing alkyl groups, especially 
unbranched groups, have been found to stabilize a 
double bond isomer when attached to the ethylenic 
carbon atom.20 An interesting study21a of the effect of 
electron-withdrawing groups on the equilibria of sulfur- 
substituted, three carbon atom systems shows an in
crease in 6,y isomers with increasing —I effect of the 
groups -SCH3, -SOCH3, and -S02CH3. This increase 
has been rationalized on the basis that an inductive 
withdrawal of electrons destabilizes the a,/3 double 
bonds in these systems.21b In our study the -C 02R 
group is reported22 to have a — R and a —I effect, while 
the -OCH3 group has a + R  and —I effect. We have 
found that the average of equilibrium values from iron 
carbonyl catalyzed isomerization of methyl octenoate 
isomers is 18% 2-(«,/S), 8% 3-OS,7), 21% 4-, 24% 5-, 
29% 6-, and 1% 7- (terminal) octenoates (entries 1 and 
2, Table I). There are several important points to note 
concerning these isomerization results. The conclusion 
reached from the base-catalyzed isomerization of

(18) O th e r  fac to rs  t h a t  can  b e  conside red  a re  s te ric , so lv a tio n , a n d  field 
effects a n d  th e  p o ss ib ility  t h a t  d ifferences in  o p tica l a n d  g eo m etrica l isom ers 
m a y  in fluence  th e  re la tiv e  s ta b i li ty  of p o s itio n a l isom ers. A lth o u g h  an  
in v e s t ig a t io n  of th e se  effects w as n o t u n d e rta k e n , w e do n o t  b e lieve  th a t  th e y  
a re  m a jo r  c o n tr ib u tin g  fac to rs  fo r th e  fo llow ing reasons . In  m olecu les of 
co m p a ra b le  size, su ch  as  th o se  u n d e r  in v e s tig a tio n , w e w ou ld  ex p e c t sm all 
d iffe rences in  s te r ic  fac to rs  b e tw e en  d ifficu lt p o s itio n a l isom ers. T h u s , 
e q u ilib ra tio n  of n -u n d ece n e  iso m e rs 3 y ie ld s  th e  sam e  p e rc e n ta g e  of 2, 3, 4, 
a n d  5 isom ers  d e sp ite  th e  ex p ec ted  d iffe rences in  s te r ic  effects. In  o u r 
sy s tem s  co n fo rm a tio n a l effec ts m a y  b e  im p o r ta n t  fo r d o u b le  b o n d s  isom ers 
in  close p ro x im ity  to  th e  fu n c tio n a l g roups , su ch  as  th e  a ,(3 isom ers. All 
rea c tio n s  w ere  c o n d u c ted  in  h y d ro c a rb o n  so lv en ts  in  w h ich  so lv a tio n  is 
u n im p o r ta n t . C o m p ariso n  of th e  re la tiv e  s ta b i li ty  of cyclic  isom ers to  
acyclic  isom ers is c louded  b y  th e  fa c t t h a t  £ , 7  a n d  7 ,5 cyc lic  isom ers  h a v e  dl 
p a irs  w hich  c o n tr ib u te  a n  e n tro p y  of m ix ing  te rm  (1.38 c a l/d e g  m ol) to  th e  
eq u ilib riu m  in  q u es tio n . I n  a d d itio n , each  cyclic  iso m er ex ists  in  one  geo
m e tr ic a l co n fig u ra tio n  w h ile  th e  acyclic  isom er ex ists  in  tw o . F in a lly , no 
a t te m p t  has b ee n  m a d e  to  d is tin g u ish  b e tw e en  field effects a n d  a in d u c tiv e  
effects. H ow ever, i t  sho u ld  b e  n o te d  t h a t  th e  re la tiv e  ra t io s  of ^ , 7  a n d  7 , 5  

isom ers in  b o th  cyclic a n d  acyclic  es te rs  a re  e ssen tia lly  c o n s ta n t d e sp ite  th e  
d ifferences in  s te r ic  a n d  field effects a n d  o p tic a l a n d  g eo m e trica l isom ers of 
th e se  com pounds. A ssum ing  a ll of th e se  effec ts a re  n o t fo r tu i to u s ly  ba lan ced , 
w e can  reaso n  t h a t  th e y  a re  n o t m a jo r fac to rs  w h ich  in fluence  th e  re la tiv e  
s ta b i li ty  of th e  0 , 7  a n d  7 , 5  isom ers.

(19) (a) T . J . P ro sser, J .  A m er. Chem. Soc., 83, 1701 (1961); (b) C . C. P r ice  
a n d  W . H . S nyder, ib id ., 83, 1773 (1961); (c) C . C . P r ic e  a n d  W . H . S n y d er, 
Tetrahedron Lett., 2, 69 (1962); (d) D . S. T a rb e ll  a n d  W . E . L o v e tt ,  J .  A m er. 
Chem. Soc., 78, 2259 (1956).

(20) F o r  exam p le , see A. S ch rieshe im  a n d  C . A . R ow e, J r . ,  ib id ., 84, 
3160 (1962), fo r th e  eq u ilib riu m  com p o sitio n s  of 2 -m e th y lp e n ten es .

(21) (a) D . E . O ’C o n n o r a n d  W . I . L yness, ib id ., 8 6 , 3840 (1964); (b) 
eq u ilib riu m  co n s ta n ts  b e tw e en  I  a n d  I I  a t  100 a n d  161° a re  58.1 a n d  41.8, 
resp ec tiv e ly , w ith  I I  fav o red . T h e  in d u c tiv e  e lec tro n -w ith d raw a l d e s ta b liz a - 
tio n  of I  can  b e  used  to  ex p la in  th e se  re su lts . M . S a u n d e rs  a n d  E . H . G old,

c h 3 c h 2
+ /  -O H  + ✓

(C H 3) 3N C H = C  ------^  (C H 3) 3N C H 2C

c h 3 c h 3

I  I I

ib id ., 8 8 , 3376 (1966).
(22) T a f t  re p o rts  th e  fo llow ing v a lu es  of =  —0.50 a n d  <ri =  + 0 .2 3  for 

th e  -O C H 3 g roup , a n d  <rjt =  + 0 .2 0  a n d  0 1  — + 0 .3 2  fo r - C O 2R  g roup . 
R . W . T a f t ,  J r .  in  " S te r ic  E ffec ts  in  O rgan ic  C h e m is try ,” M . S. N ew m an , 
E d ., J o h n  W iley  a n d  S ons, In c ., N ew  Y o rk , N . Y ., 1956, p  595.
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methyl 2- and 3-hexenoates23 was that the 2 isomer is 
favored relative to the 3 isomer at equilibrium. Our 
results, in agreement with this conclusion, indicate a 
ratio of 2.5:1 of a,/3 to ¡3,y octenoate isomers when com
plete distribution of double bond isomers is found. 
These results indicate that the relative stability of a,l3 
and f3,y olefinic ester isomers is independent of these 
two isomerization methods. Surprisingly enough, the 
a,¡3 isomer is not the favored isomer when compared to 
the other internal isomers. The average olefin per cent 
of the 4, 5, and 6 octenoate isomers (entries 1 and 2, 
Table I) is ~25% , slightly higher than the 18% ob
served for the a,(3 isomer. Of interest, also, is the 
small amount of f3,y isomer compared to a,(3 or to other 
internal isomers at equilibrium. To explain these data 
we propose that the carbomethoxy group influences the 
position of equilibrium by two main factors, conjugative 
stabilization and inductive electron-withdrawal de- 
stabilization effects. These two effects counterbalance 
one another when the double bond is in the 2 position 
so that the net result is that the a,(3 isomer is compa
rable in stability to the internal isomers not grossly 
influenced by the -C 02CH3 group. Inductive effects 
also appear quite important in influencing the relative 
stability of the other isomers. Thus, the 4, 5, and 6 
isomers are each more stable than the (3,y isomer by a 
factor of 3 (~25:8). This observation can be rational
ized by assuming that the —I destabilization effect is 
transmitted through one methylene unit to the ¡3, y 
isomer, while there is little effect of this group on the 4, 
5, and 6 isomers.24 I t is evident from these results that 
a -CH2CO2CH3 group is not equivalent to an alkyl 
group. Finally, the ratio of a,¡3 to (3,7 isomers can be 
explained by the inductive destabilization effect of the 
-CH2C02CH3 group on the 13,y isomer relative to the 
net stabilizing influence of the -C 02CH3 on the a,(3 
isomer.

To test these proposals further we examined the 
isomerization of methyl cyclohexenyl carboxylate iso
mers (entries 3, 4, and 5, Table I). In this system the 
1 isomer is favored over both the 2 and 3 isomers at 
equilibrium due to the additional stabilization of a 
-CH2 unit at the a-carbon atom. Again, the 7 ,5 (3) 
isomer is favored over the /3,y (2) isomer. Since these 
two isomers have comparable alkyl substitution, the 
difference in stability can be attributed to the destabil
ization effect of the >CHC02CH3 group on the 2 
isomer.

The equilibrium isomer distributions of olefinic ethers 
demonstrate relative resonance and inductive effects. 
Conjugative stabilization of the -OCH3 group is very 
important in these systems because a preponderance of 
the a, ¡3 isomer is formed in each case (Table II and 
Figure 1). In the acyclic compounds the equilibrium 
amount of enol ether varied between 46 and 100% 
depending on chain length, while 95% enol ether is 
formed during isomerization of the cyclohexenyl ethers. 
Examination of the relative amounts of 2 and 3 isomers 
from the isomerization of n-pentenyl and cyclohexenyl 
isomers (Table II) indicates that the inductive de-

(23) G . A . R . K on , R . P . L in stead , a n d  G . W . G . M ac len n an , J .  C hem . 
Soc., 2452, 2454  (1932).

(24) T h e  d is tr ib u tio n  of th e  4, 5, a n d  6 isom ers in d ic a te s  t h a t  a  p ro g ress iv e  
d im in ish in g  of th e  - C O 2C H 3 in d u c tiv e  effect is in  ev idence . A lth o u g h  w e 
fa v o r  th is  ex p lan a tio n , o th e r  fac to rs , su ch  as  th e  ch a n g e  in  th e  a lk y l su b 
s t i tu e n t ,  m a y  cau se  th is  isom er d is tr ib u tio n .

stabilization of the >CHOCH3 group is important. 
The ratio of 3 isomer to 2 isomer is 1.5 to 1 in both 
series of compounds. Although the percentages of 3 
and 2 cyclohexenyl isomers are small (3-3.6:2-2.9) it is 
significant that, starting with the 2 isomer (entry 3, 
Table II), more 3 than 2 was present when the equilib
rium was reached.

Figure 1 shows the effect of alkenyl chain length on 
the per cent of a,(3 (enol) isomer at equilibrium. An 
increase in percentage of internal isomers and a decrease 
in a,(3 isomer with increasing number of possible internal 
isomers is evident from the graph. A ratio of enol 
ether to each internal ether (excluding f3,y) of ~ 1 0 :1 
can be obtained from these data and from the pentenyl 
ethers’ equilibrium values. Therefore, replacement of 
an alkyl group with a methoxy group at a vinyl carbon 
atom increases the stability of this isomer by 1.5 
kcal.25 26

Qualitatively, the inductive and resonance effects of 
the carbomethoxy and methoxy groups on olefin stabil
ity, as determined from this work, can be summarized. 
A carbomethoxy group influences the stability of an a,f3 
isomer by opposing conjugative stabilization and induc
tive destabilization; the net effect of the -C 02CH3 unit 
is comparable to the inductive stabilization of an alkyl 
group. A -CH2C02CH3 group inductively destabilizes 
an olefin isomer by a factor of ~ 3  compared to an alkyl 
group. A methoxy group stabilizes an a,¡3 isomer by a 
factor of 10, while a -CH2OCH3 destabilizes a 8,y isomer 
by ~1.5:1 compared to an alkyl group.26

Experimental Section27
Methyl 2-Octenoate.—This compound was prepared by metha

nol-sulfuric acid esterification of 2-octenoic acid (Aldrich Chemi
cal Co.). After the normal work-up, distillation at 42-A4° 
(1.4 mm) afforded the product in 98% purity by gas chromatog
raphy analysis. Oxidative cleavage analysis12 of the double bond 
positions of this product showed that 89% was in the a,0 form 
and 11% was in the 13,y form.

Anal. Caled for CgEfieCb: C, 69.19; H, 10.32. Found: C, 
68.9; H, 10.2.

An nmr spectrum has peaks centered at r  3.3 (1 H, 0 vinyl 
proton), 4.4 (1 H, a vinyl proton), 6.4 (3 H, —CO2CH3), 7.9 
(2 H allylic CFL), 8.7 (8 H, alkyl CH2), and 9.1 (3 H, alkyl 
CH3). In addition, a small peak at r  7.15, characteristic of the 
allyl protons adjacent to the carbomethoxy group in the 0 , y  
isomer, was discernible.

Methyl 7-Octenoate.—A solution of 20.0 g (0.089 mol) of
8-bromooctanoic acid (Sapon Laboratories, Oceanside, N. Y.) 
and 32 g (0.29 mol, 50% excess) of potassium ¿-butoxide in 250 
ml of ¿-butyl alcohol was refluxed for 3 hr. The mixture was

(25) C a lcu la ted  from  AF  — — R T  In K . A v a lu e  of 5 .75 k ca l co n ju g a tiv e  
s ta b i li ty  (co. 2.25 k ca l re la tiv e  to  m e th y l)  h as  been  ass igned  to  th e  m e th o x y  
g ro u p  (see fo o tn o te  27 in  C . D . B ro ad d u s , J .  A m er. Chem. Soc., 8 7 , 3705
(1965)).

(26) T h e se  g en e ra liz a tio n s  ag ree  w ell w ith  th e  re p o rte d  <ri a n d  h r  e ffec ts  of 
th e se  g ro u p s  (c/. re f  22). T h e y  a re  a lso  co n s is te n t w ith  th e  <t i  re p o rte d  
v a lu es  [M . C h a rto n , J .  Org. Chem ., 2 9 , 1222 (1964)] of th e  -C & C C h C H j a n d  
—C H sO C H s g ro u p s w h ich  a re  + C .17  a n d  + 0 .0 7 ,  re sp ec tiv e ly . U sing  th e se  
v a lu es  w e a re  te m p te d  to  m a k e  m o re  q u a n t i ta t iv e  co m p ariso n s  of o u r  re su lts  
w ith  th e se  re p o rte d  a v a lues . H ow ever, th e  re c e n t l i te r a tu r e  desc rib es  th e  
in fluence  of s u b s t ra te  [M . C h a rto n , J .  Org. Chem ., 30, 557 (1965)], s o lv e n t 
[R. W . T a f t ,  E . P rice , I. R . F ox, I . C . Lew is, K . K . A ndersen , a n d  G . T . 
D av is , J . A m er. Chem . Soc., 8 5 , 7C9 (1963) ], a n d  o th e r  fac to rs  o n  b o th  c r  a n d  
Vi v a lu es  w h ich  m a y  m a k e  such  com p ariso n s  in v a lid .

(27) B oiling  p o in ts  a re  u n co rrec ted . In f ra re d  s p e c tra  w ere  o b ta in e d  on 
h y d ro c a rb o n  so lu tio n s  in  a 0 .015-m m  cell w ith  a  P e rk in -E lm e r  In f ra c o rd  o r  a  
M od el 21 s p e c tro p h o to m e te r . G as ch ro m a to g ra p h ic  se p a ra t io n s  w ere  m a d e  
on  a  10 f t  X  0.25  in . co lum n  p ac k ed  w ith  2 0 %  C arb o w ax  20M  on 6 0 -8 0  
m esh, ac id -w ash ed  C h ro m o so rb  W , un less o th e rw ise  in d ic a te d . N u c le a r  
m a g n e tic  re so n an ce  sp e c tra  w ere d e te rm in ed  in  ca rb o n  te tr a c h lo r id e  or 
d e u te ra te d  ch lo ro fo rm  so lu tio n s  w ith  a  V a rian  M odel H A -100  o r  A -60 spec
tro p h o to m e te r  u sing  te tra m e th y ls ila n e  a s  a n  in te rn a l s ta n d a rd .
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cooled, acidified with sulfuric acid, diluted with water, and 
extracted with ether. The ether layer was evaporated under 
reduced pressure and the residue acid esterified with a solution 
of 2 ml of sulfuric acid and 35 ml of methanol. Distillation at 
43-45° (0.45 mm) afforded 7.3 g (43%) of product which was 
98% of one component by gas chromatography analysis; the 
nmr spectrum showed peaks at r  4.3 (1 H, = C H —■), 5.1 (2 H, 
= C H j), 6.4 (3 H, — CO2CH3), 7.8 (2 H, —CH2C02—), 8 .2-8.7 
(8 H, allylic CH2 and C—CH2), and 9.1 (3 H, C—CH,).

Anal. Calcd for C<iHi602: C, 69.19; H, 10.32. Found: C, 
69.0; H, 10.2.

Methyl 1-Cyclohexene-l-carboxylate.—The method of Bailey 
and Baylouny28 was used to prepare the ester in 57% yield: 
bp 47-50° (2 mm) (lit.28 bp 86° (15 mm)); nmr spectrum, r  3.2 
(1 H, = C H —), 6.5 (3 H, —C 02CH3), 7.9 (4 H, allylic CH2), 
and 8.5 (4 H, C—CH2).

Methyl 2-Cyclohexene-l-carboxylate.—Metalation29 of cyclo
hexene with n-butylsodium followed by carbonation and diazo
methane esterification afforded the ester: bp 65-67° (7.5-8.0 
mm) (lit.29 bp 78-80° (20 mm)); nmr spectrum, r  4.3 (2 H, 
C H =C H ), 6.4 (3 H, —C 02CH3), 7.0 (1 H, C = C —CH—C 02—), 
and 7.9-8.6 (6 H, allylic CH2 and C—CH2).

Methyl 3-Cyclohexene-l-carboxylate.—A stirred mixture of 
22 g (0.2 mol) of 3-cyclohexene- 1-carboxaldehyde (Columbia 
Organic Chemicals Co., Inc.) and 57 g (0.25 mol) of silver oxide30 
was heated at 50° for 2 hr and then maintained at room tempera
ture for 12 hr. The mixture was acidified with concentrated 
hydrochloric acid, filtered to remove silver chloride, extracted 
with ether, and the ether layer evaporated to yield unpurified
2-cyclohexene-l-carboxylic acid. The acid was esterified with 
methanol-sulfuric acid and, after work-up, distilled at 48-49° 
(4.5 mm) (lit.28 bp 80-82° (23 mm)). A total of 14 g (50%) of 
ester was recovered; the nmr spectrum gave signals at r 4.4 (2 
H, C H =C H ), 6.4 (3 H, — C02CH3), 7.55 (1 H, —CH—C 02—), 
and 7.7-8.3 (6 H, allylic CH2 and C—CH2).

n-Hexyl allyl ether was purchased from Peninsular Chem- 
Research Inc., Gainesville, Fla.

Methyl 1-Decenyl Ether.—Using the procedure of Warner 
and Lands31 for the preparation of a similar compound, the 
alkenyl ether was prepared from decanal, methanol, and hy
drogen chloride to produce methyl 1 -chlorodecyl ether followed 
by elimination of hydrogen chloride with dimethylaniline. The 
product mixture was distilled at 45-55° (0.45 mm) to yield a 
mixture of dimethylaniline and methyl 1-decenyl ether. Final 
purification of the ether was accomplished by column chroma
tography on neutral alumina (Alupharm Chemicals, New 
Orleans, La., activity grade 2) using pentane as an eluent.31 
A gas chromatogram of the product showed 50% cis-, 50% 
trans-decenyl ethers; the nmr spectrum32 gave signals at 3.8 and
4.3 (1 H, a-vinyl H of trans and cis isomers), 5.55 and 5.8 (1 H, 
/3-vinyl H of trans and cis isomers), 6.55 and 6.80 (3 H, —OCH3 
of cis and trans isomers), 8.15 (2 H, allylic CH2), 8.4-8.8 (12 H, 
C—CH2), and 9.1 (3 H, C—CH3).

Methyl 1-Pentenyl Ether.—Methyl 1-chloropentyl ether was 
prepared from pentanal, methanol, and hydrogen chloride ac
cording to the procedure of Warner and Lands.31 The chloro 
ether was dehydrochlorinated by reaction with syw-collidine. 
Removal of sym-collidine hydrochloride by filtration, followed 
by distillation of the ether at 99-114° (760 mm), afforded the 
product which was purified by column chromatography on alu
mina using pentane as an eluent. A gas chromatogram showed 
the product was approximately 90% pure and consisted of 52% 
cis and 42% frans-methyl 1 -pentenyl ether. The product con
tained pentanal ( ~ 8%) as the major impurity. An nmr spec
trum was in accord with the structure.

Methyl 4-Pentenyl Ether.—A mixture of 4.8 g (0.2 mol) of 
sodium hydride and 20.0 g (0.2 mol) of 4-penten-l-ol (Chemical

(28) W . J . B ailey  a n d  R . A. B ay lo u n y , J . A m er. Chem. Soc., 8 1 , 2126 
(1959).

(29) U sing  th e  p ro ced u re  of A. A. M o rto n  a n d  R . A. F in n eg a n , J .  P olym er  
Sci., 3 8 , 19 (1959). W e th a n k  D r. D . M u ck  of th e se  la b o ra to r ie s  fo r p ro v id in g  
us w ith  a  sam p le  of 2 -cy c lo h ex en e -l-ca rb o x y lic  ac id .

(30) P re p a re d  b y  th e  m e th o d  of E . C am p a ig n e  a n d  W . M . L eS u e r in  
“ O rgan ic  S y n th ese s ,”  Coll. V ol. IV , N . R a b jo h n , E d ., J o h n  W iley  a n d  Sons, 
In c ., N ew  Y ork , N . Y „  1963, p p  919-921 .

(31) H . R . W a rn e r  a n d  W . E . M . L an d s, J .  Am er. Chem. Soc.. 88 , 60 
(1963).

(32) T h e  n m r  sp e c tra  of a lk e n y l e th e rs  h a v e  b ee n  an a ly z e d  b y  W a rn e r  a n d
L a n d s ,31 T . J .  P ro sse r (lin'd., 8 3 , 1701 (1961)], a n d  C . D . B ro a d d u s  [ibid., 8 7 ,
3706 (1965)].

Samples Co., Columbus, Ohio) in 30 ml of hexane diluent was 
stirred at reflux under an argon atmosphere for 3 hr. After 
the mixture was cooled, 37 g (0.26 mol, 30% excess) of methyl 
iodide was added dropwise (exothermic reaction) over 25 min 
and then heated to reflux for 2 hr, cooled, poured into water, 
and extracted with ether. The separated ether layer was dried 
with 3-Á molecular sieves and distilled at 41-42° (35 mm) to 
yield 12.4 g (54%) of methyl 4-pentenyl ether which had a gc 
purity of 98%; the nmr spectrum showed peaks at r  4.3 (1 H, 
= C H —), 5.1 (2 H, H2C = ), 6.7-6.9 (5 H, CH2—0 — and 
—0 —CH,), 7.95 (2 H, allylic CH2), and 8.4 (2 H, C—CHS).

Methyl 5-hexenyl, 9-decenyl, and 10-undecenyl ethers were 
prepared in essentially the same manner as the 4-pentenyl ether. 
Gc purities were in each case greater than 98%. Nmr spectra 
were in accord with the indicated structures.

Methyl 2-Butenyl Ether.—This compound was prepared to 
determine the nmr position of an allylic methylene group adjacent 
to a methoxy function in an n-alkenyl ether. Preparation in the 
normal manner afforded a product of bp 78-78.5° (760 mm) which 
had a gc purity of ~99% ; the nmr spectrum showed peaks at 
r  4.4 (2 H, C H =C H ), 6.2 (2 H, —0 —CH2—C = C ), 6.7 (3 H, 
—OCH3), and 8.3 (3 H, = C —CH3).

1- Cyclohexen-l-yl methyl ether was prepared in 73% yield and 
95% gc purity by acid-catalyzed elimination of methanol from 
cyclohexanone dimethyl ketal using the method described33 
for the preparation of 1 -cyclohexen-l-yl ethyl ether. The enol 
ether distilled at 39-42° (15 mm); the nmr spectrum gave signals 
at r  5.7 (1 H, vinyl H), 6.65 (3 H, —OCH3), 8.05 (4 H, allylic 
CH2), and 8.5 (4 H, C—CH2).

2- Cyclohexen-l-yl Methyl Ether.—Using the procedure de
scribed for the preparation of methyl 4-pentenyl ether, this 
compound was prepared in 60% yield: bp 129-139° (760 mm); 
gc purity of 91% with a major impurity of 5% methyl cyclohexyl 
ether; the nmr spectrum gave signals at r  4.32 (2 H, vinyl H),
6.4 (1 H, = C —CH—O—), 6.75 (3 H, OCH3), 8.05 (2 H, allylic 
CH2), and 8.4 (4 H, C—CH2).

3- Cyclohexen-l-yl Methyl Ether.—Prepared from 3-cyclo- 
hexen-l-ol (Columbia Organic Chemicals Co., Inc.,) by the 
sodium hydride-methyl iodide method, this compound was 
distilled at 37-43° (18 mm) and shown to have a gc purity of 
only 71%. The mixture contained 24% of methyl cyclohexyl 
ether that was formed due to the starting alcohol containing 30% 
cyclohexanol impurity. Distillation of the alcohol did not sepa
rate cyclohexanol from 3-cyclohexen-l-ol. This impurity did 
not interfere with gc or nmr analyses of isomerized 3-cyclohexen- 
1-yl methyl ether. A gc collected sample of the ether had the 
following nmr spectrum: r  4.5 (2 H, vinyl H), 6.6-6.75 and 
—0 —CH—, (4 H, — OCH3), and 7.8- 8 .7 (6 H, allylic CH2 and 
C—CH,).

Thermally Induced Iron Carbonyl Catalyzed Isomerizations 
of Alkenyl Esters.—These isomerization reactions were all con
ducted in a similar manner. The isomerization of methyl 2- 
octenoate (entry 1 , Table I) is given as an example. A solution 
of 5 g (0.032 mol) of methyl 2-octenoate and 0.32 g (0.22 ml, 
0.0016 mol, 5 mol %) of iron pentacarbonyl in 30 ml of octane 
was refluxed (~125°) under argon in a three-necked, 50-ml 
Bantamware (Kontes Glass Co., Vineland, N. J.) flask equipped 
with a rubber septum in one side arm. The reaction mixture 
turned dark within minutes after it reached 125° and black 
deposits of metallic iron were soon noted. Samples (1 ml) were 
withdrawn at 2, 5, 17, and 22 hr reaction times by the use of a 
hypodermic needle through the rubber septum. Infrared spectra 
of these samples were examined for peaks in the regions of iron 
carbonyl (1950-2050 cm), ester carbonyl (1720-1740 cm-1), and 
vinyl CH deformation (890-1000 cm-1) frequencies. During 
the course of the reaction no changes in the iron pentacarbonyl 
peaks (2000, 2020 cm-1) were noted; the conjugated carbonyl 
peak (1740 cm-1) decreased and a trans olefin peak34 a t 965 cm-1 
became visible. After 17 hr of refluxing, the carbonyl and olefin 
peaks did not change in position or intensity. The iron penta
carbonyl peaks diminished noticeably in intensity during the 
17 hr of reflux, and additional (10%) catalyst was added. 
Refluxing for 5 hr more did not change the infrared peaks. 
The samples were also analyzed by gas chromatography. Four 
peaks were separable on the gas chromatograph. After 22 hr

(33) A. Jo h a n n is s ia n  an d  E . A k u n ian , B u ll. U niv. É ta t R .S .S .  A rm énie , 
No. 5 , 235, 245 (1930); Chem. A bstr., 2 8 ,  921, 922 (1931).

(34) K . N ak an ish i, " In f r a r e d  A b so rp tio n  S p ec tro sc o p y — P ra c t ic a l ,” 
H o ld en -D ay , In c ., S an  F ranc isco , C alif., 1962.
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the ratios were 3.84:3.00:1.00:1.22. The reaction mixture was 
cooled, filtered to remove metallic iron, and treated with 2.9 g 
(0.0182 mol) of ferric chloride in 20 ml of 95% ethanol. Gas 
evolution (CO) was noticed. This mixture was stirred for 2 hr, 
poured into salt water, and extracted with pentane. Distillation 
of the pentane extract, with tridecane added as a chaser solvent, 
yielded a fraction of bp 71-85° (18-20 mm) which contained 
octane, ester isomers, and tridecane. This mixture weighed 
5.1 g, of which 4.1 g (92% recovery after correction for aliquot 
samples) was ester isomers as determined by quantitative gc. 
The ratio of gc peaks remained constant before and after ferric 
chloride treatment and distillation. An nmr spectrum showed 
peaks at 3.2 (/3-vinyl H, 2 isomer), 4.35 (a-vinyl H, 2 isomer), 
4.7 (vinyl H, internal isomers), 6.45 (-CO2CH3), 7.15 (C = C - 
CH2-CO2-), and other normal peaks of olefin ester internal 
isomers. Integration of the aforementioned peaks showed 20.2% 
of the 2 isomer and 9.6% of the 3 isomer. The mixture was 
analyzed by oxidative cleavage (Table I) to obtain the per cent 
of other internal isomers and to substantiate the nmr result.

An alternative in the work-up involved leaving out the ferric 
chloride treatment and destroying most of the Fe(CO)s catalyst 
by heating. In these cases the product was analyzed directly 
after filtration to remove metallic iron. Analyses of isomerized 
mixtures by gas chromatography were checked by preparing 
known molar concentration solutions of standards. For example, 
a prepared mixture of methyl cyclohexene carboxylate isomers 
containing 43.8% of the 1, 22.7% of the 2, and 34.5% of the 
3 isomer was shown by gas chromatography to have 46.2% 
of 1-, 21.3% of 2-, and 32.5% of 3-cyclohexene carboxylates.

Irradiation Induced Iron Carbonyl Catalyzed Isomerization of 
Alkenyl Ethers.—An example of these reactions is the isomeriza
tion of methyl 4-pentenyl ether. To a solution of 1.0 g (0.01 
mol) of methyl 4-pentenyl ether in 135 ml of deoxygenated pen
tane, was added 0.1 g (0.07 ml, 5 X 10-4 mol, ~ 5  mol %) of

iron pentacarbonyl. The solution was irradiated with a 200-W 
high pressure mercury lamp (Type S, 654A-36 Hanovia lamp, 
Engelhard Hanovia, Inc., Newark, N. J .) with argon bubbling 
through the solution for a 3-hr period. At 1-hr intervals, the 
irradiation was stopped and 3-ml samples were withdrawn and 
analyzed by infrared and gas chromatography after removal of 
most of the pentane by distillation. Infrared bands at 6.0,
8.0, and 10.7 n indicated that within 1 hr most of the starting 
material had been converted into methyl cis and trans 1 -pentenyl 
ethers. Analysis by gas chromatography showed two peaks of 
relative area 1:2.66. After 3 hr, an additional 5% of iron penta
carbonyl was added and the solution irradiated for 3 more 
hr. No change in infrared or gas chromatography analyses 
was detected after this period. The mixture was filtered to 
remove insoluble metal carbonyls and pentane solvent was 
removed by distillation. The total of 900 mg (~97% ) of un
purified product was recovered. Gas chromatography analysis 
of this product indicated 97% of this mixture was methyl pentenyl 
ether isomers.

During some of the reactions a dark film was deposited on the 
immersion well of the reactor, decreasing the transmittance of 
ultraviolet light. The isomerization reactions were stopped when 
this occurred, the well was cleaned with sulfuric acid, and the 
reactions were continued.

Registry No.—Iron pentacarbonyl, 13463-40-6.
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The potential antihypertensive, (±)-l-deaza-l-thiareserpine (10), is described by way of its seven-step synthesis 
from the methyl ester of (±)-2a-methoxy-3/3-hydroxy-5-ene-7-keto-l,2,3,4,7,8-ci.'s-9a:,10a-octahydro-l/3-naph- 
thoic acid, 4,3,4,5-trimethoxybenzoyl chloride (5), and 6-methoxy,3-(2-aminoethyl)benzo[f>]thiophene (3).

Reserpine, isolated from Rauwolfia serpentina Benth, 
has been used clinically for a number of years as an 
antihypertensive. Its adverse side effects, together 
with our continuing interest in the field of sulfur-con
taining pharmaceuticals, has prompted our synthesis 
of a modified reserpine in which the indole nitrogen is 
replaced by the thianapthyl sulfur, viz. 1-deaza-l- 
thiareserpine (10).

The brilliant total synthesis of the natural reserpine 
molecule by Woodward and his coworkers1 2 formed the 
basis of our synthetic development. Advantage was 
taken of other more recent work3 to reduce the number 
of individual steps in our total synthesis of thiareser- 
pine.

Since the benzo [6 Jthiophene molecule follows closely 
much of the electrophilic substitution chemistry of 
indole,4 it was anticipated that the reactions to effect

(1) (a) P re se n te d  in  p a r t  a t  th e  154 th  N a tio n a l M ee tin g  of th e  A m erican
C hem ica l S ocie ty , C h icago , 111., S e p t 1967. (b ) T o  w hom  all co rre
sp o n d en ce  shou ld  b e  a d d re ssed  a t  th e  I n s t i t u te  of B io logy  a n d  M ed ic ine , 
D e p a r tm e n t of C h em is try , (c) A b s tra c te d  in  p a r t  from  th e  M a s te r ’s D is
s e r ta tio n  of G . P . N illes a n d  th e  D o c to ra l D is se r ta t io n  of R . L. T itu s .

(2) R . B . W oodw ard , F . E . B ad e r, H . B ickel, A. J . F rey , a n d  R . W . K ier- 
s te a d , Tetrahedron, 2 , 1 (1958).

(3) F o r  exam p les  see E . S c h li ttle r  in  “ T h e  A lk a lo id s ,”  Vol. 8, R . H . F .
M an sk e , E d ., A cadem ic  P ress  In c ., N ew  Y o rk , N . Y ., 1965, C h a p te r  13.

condensation of the molecules shown in Scheme I 
would proceed without difficulty and yield intermedi
ates of unambiguous structures.

Thus, our initial synthetic attempts were directed 
toward the preparation of the previously unknown 
6 - methoxy - 3 - (2-aminoethyl)benzo [b Jthiophene (3). 
Earlier work in our laboratories indicated that a feasible 
synthesis of this amine would be difficult by direct 
replacement of intermediate substituents on the 
thianapthene nucleus.5 Therefore, the desired pre- 
cusor, 3, was formed by building the thiophene ring 
onto the benzene ring (Scheme II). Ethyl 4-chloro-
3-ketobutyrate was treated with m-methoxybenzene- 
thiol in pyridine to form the sulfide, 1, which on ring 
closure with polyphosphoric acid and subsequent 
ammonolysis gave a mixture of 6-methoxy- and 4- 
methoxythianapthenes in a 20:1 ratio. Separation 
of the isomers was accomplished by fractional crystal
lization. The structure of the desired amide, 2, 6- 
mehtoxy-3-thianaphthyl acid, was established by hy
drolysis to its corresponding acid, followed by Raney

(4) G. V. Zyl, C. J . B redew eg , R . H . R y n b ra n d t , a n d  D . C. N eck ers , C an. 
J .  Chem ., 4 4 , 2283 (1966).

(5) R . L. T i tu s , D o c to ra l D is se r ta tio n , M ich ig an  S ta te  U n iv e rs ity , E a s t  
L ansing , M ich ., 1964.
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S c h e m e  I

6

1. 03
2. H20
3. CHjNj

OTMB

nickel desulfurization to yield /3-(methoxvphenyl)buty
ric acid, whose nmr spectrum showed a doublet at r
8.7 (J  = 7Hz) for the branched methyl group. Oxi
dation of the latter acid formed the known p-anisic 
acid. The 6-methoxy- and 4-methoxy-3-thianapthyl- 
acetic acids formed by saponification of the correspond
ing amides were submitted for evaluation as plant 
growth stimulants. The 4-methoxy compound was 
found to be only slightly less active than indole-3- 
acetic acid in Avena species. The 6-methoxy isomer 
was inhibitory at concentrations up to 10 ~5 M  at which 
concentration it was slightly active as a growth pro
moter.6

Lithium aluminum hydride reduction of 2 failed to
(6) C o m p le te  d e ta ils  concern ing  th e se  co m pounds a s  w ell as  o th e r  3 ,6- and

3 ,4 -d i8 su b stitu ted  th ia n a p h th e n e s  a re  desc rib ed  in  a p u b lica tio n : R . D .
S ch u e tz  an d  R . L. T i tu s  J .  Heterocycl. C hem ., 4, 465 (1967).

S c h e m e  II

1

1. PPA
2. NH.0H
3. Fractional 

crystallization

CH30'
xr,CH(CH)CH2C02H

yield the amine5 3 ; however, on treatment with 
borane-tetrahydrofuranate7 a practicable yield of 3 
was obtained.

Compound 4 prepared by Woodward’s procedure2 
was treated with 5 to yield the diester acid 6 as shown 
in Scheme I. A previous publication8 had shown the 
feasibility of forming 7 (R = H) directly from 6 by 
ozonolysis. Application of this process led to the 
aldehyde 7 (R = H). It was characterized as 
the previously unknown 2,4-dinitrophenylhydrazone. 
Treatment of 7 (R = H) with diazomethane led to the 
triester 7 (R = CH3), which was condensed with 3 
to give an imine. The imine on reduction with sodium 
borohydride readily gave the lactam 8 via internal am- 
monolysis. The formation of a 1,2,3,4-tetrahydro- 
benzothieno [2,3-c ]pyridine system via a Pictet-Speng- 
ler-type condensation (11) was ruled out on the basis 
of elemental analysis (the desired lactam 8 has C-H

13

(10.091:1); structure 11 has C-H (10.626:1, found 
10.133:1), stability of the yellow imine precursor in 
solution and a previous report9 that condensations of 
this type lead to the desired system. A Bishler- 
Napieralski-type ring closure of the amide followed by 
treatment with perchloric acid gave the highly fluores
cent (±)-l-deaza-l-thia-3,4-dehydroreserpine perchlo
rate (9). When subjected to reduction by zinc in 
perchloric acid, the desired (±)-l-deaza-l-thiareserpine 
(10) resulted. I t was shown to be homogeneous by 
thin layer chromatography on alumina. That the C-3

(7) H . C. B row n  a n d  P . H eine , J .  A m er . Chem . Soc., 86, 3566 (1964).
(8) J .’ W e ich e t, K . P elz , a n d  L. B làha , Collect. Czech. Chem. C om m un., 

26, 1529 (1961).
(9) J . J irk o v sk y  a n d  M . P ro tiv a , ib id ., 28, 2577 (1963).
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hydrogen possessed the /3 configuration was shown by an 
extension of the work of Wenkert10 and Protiva.9 
Wenkert found that epiallo yohimbanes, such as 
reserpine, do not have an absorption at 2740 cm-1, 
while the alio systems (i.e., the C-3 epimer) do. Pro
tiva9 in his synthesis of (±)-l-deaza-l-thiadeserpidine 
showed this system also lacked this absorption, while 
the C-3 epimer (a hydrogen) absorbed at 2760 cm-1. 
The infrared spectrum of (±)-l-deaza-l-thiareserpine 
does not have this absorption. Further support of 
the stereochemistry comes from a publication by 
Vellux,11 that zinc-perchloric acid reduction of the 
immonium salt in his synthesis of reserpine led ex
clusively to the C-3 hydrogen being /3 oriented.

By obtaining this “thiareserpine” in an over-all yield 
at 0.2% it is hoped that a new useful pharmaceutical is 
at hand. Work toward establishing its pharmacologic 
response will be undertaken and reported subsequently.

Experimental Section
Melting points were taken with an electrothermal melting point 

apparatus calibrated with furnished standards. Ultraviolet 
spectra were determined on a Beckman DK-2A instrument in 
95% ethanol. Infrared spectra were run on a Perkin-Elmer 237B 
grating spectrophotometer.

Ethyl 4-(m-Methoxyphenylmercapto)-3-oxobutyrate (1).—-A 
mixture of 35.8 g (0.256 mol) of m-methoxybenzenethiol12 in 
180 ml of pyridine cooled to 0° was treated in a dropwise manner 
with 41.9 g (0.256 mol) of ethyl 4-chloro-3-ketobutyrate main
taining the reaction temperature below 25-30°. After heating 
to 70-80° for 10 min and then recooling, the reaction solution 
was adjusted to pH 5 with 6 N  hydrochloric acid. The resulting 
oil was separated and combined with the ether extracts (two 
50-ml portions) of the aqueous layer. Removal of the solvent 
gave 62.4 g (0.233 mol, 91.0%) of the crude product.

Ethyl <5-(4)-Methoxythianaphthyl-3-acetate.—A mixture of 30.6 
g (0.114 mol) of crude 1, 50 ml of 85% orthophosphoric acid, 
and 100 g of phosphorus pentoxide in 200 ml of chlorobenzene 
was refluxed for 3 hr. The chlorobenzene was decanted and re
placed with 200 ml of benzene, and the mixture underwent re
flux for 3 hr. The combined aromatic solvents were washed 
successively with 10% sodium bicarbonate (50 ml) and water 
(two 50-ml portions). Removal of the solvents gave 25.6 g 
(0.120 mol, 90.5%) of the mixed esters which were used directly 
in the next step of the synthesis.

<5-(4)-Methoxythianapthyl-3-acetamide (2).—The mixed esters, 
17.0 g (0.0692 mol), were stirred continuously for 7 days in 400 
ml of concentrated ammonium hydroxide at room temperature. 
The gummy amide was crystallized from hot ethanol and re- 
crystallized to yield 4.82 g (0.0218 mol, 31.7%), mp 192-193°, of 
the pure 6-methoxy isomer as the less soluble product. Chroma
tography of the mother liquor residue, from the above fractional 
crystallization, on a 3 X 45 cm alumina column (Matheson 
activated alumina, 80-200 mesh, dried at 200° for 18 hr) after 
elution with chloroform and collection in 50-ml fractions gave the
4-methoxy isomer in fractions 10-13. I t  was recrystallized from 
a small amount of ethanol to give 0.24 g of product, mp 199-200°. 
Desulfurization of the 6-methoxy product with Raney nickel in 
the usual manner, followed by oxidation of the product with 
potassium permangamate, gave only p-anisic acid (by melting 
point determination and infrared analysis) as the product.

Anal. Calcd for C „H „02NS: C, 59.72; H, 5.01; N, 6.36; 
S, 14.47. Found for 6-methoxyamide: C, 60.21; H, 5.14; 
N, 6.22; S, 14.37. Found for 4-methoxyamide: C, 59.83; H, 
5.08; N, 6.47; S, 14.42.

6-Methoxy-3-(2-aminoethyl)benzo[6]thiophene (3).—To a cold 
(0°) stirred 1 M  solution of boran-tetrahydrofuranate (Metal 
Hydrides, Inc., Beverly, Mass., 40 ml, 0.040 mol) was added
1.10 g (5.00 mmol) of 2 in a single portion under nitrogen

(10) E . W e n k e rt an d  D . K . R o y ch a u d h u ri, J .  A m er. Chem. Soc., 7 8 , 6417 
(1956).

( U )  L- V elluz, G. M u lle r, R . Jo ly , G. N om iné , J , M a th ie u , A. A llais, 
J .  W a rn a n t, an d  J . V ails, B ull. Soc. C him . Fr., 673 (1958).

(12) H . C. G o d t a n d  R . E . W an n , J .  Org. Chem ., 2 6 , 4050 (1961).

pressure. Following 8 hr of refluxing, the reaction mixture was 
set aside at room temperature for 16 hr and then 20 ml of 6 A 
hydrochloric acid was carefully added to the mixture. Removal 
of the tetrahydrofuran under reduced pressure, basification to a 
pH of 10 with 5 M sodium hydroxide, extraction with three 
50-ml portions of ether, and removal of the ether gave the desired 
amine. The amine was distilled to yield 0.636 g (3.08 mmol, 
61.4%), bp 130-140° (0.3 torr), n 26°D 1.5964. The amine was 
protected from atmospheric carbon dioxide by storage under 
nitrogen. A picrate was prepared in the usual manner and 
recrystallized three times from ethanol, mp 177-178°.

Anal. Calcd for C„Hi6N4SOg: C, 46.78; H, 3.69; N, 12.84; 
S, 7.35. Found: C, 46.60; H, 4.26; N, 12.77; S, 7.31.

(±  )-2a-M ethoxy-3(3- (3' ,4' ,5 '-trimethoxybenzyloxy)-5-ene-7- 
keto-1,2,3,4,7,8-ds-9a:-10o:-octahydro-l/3-naphthoic Acid Methyl 
Ester (6).—From 0.500 g (1.98 mmol) of 42.13 0.701 g (1.50 
mmol, 79.0%) of 6 was prepared, employing the method of 
Veichet, Pelz, and Bldha.8 The product had bands at Xmax 
217 mM (e 38,300) and 268 mM (« 10,900).

(±)-l-Deaza-l-thia-2,3-seco-3-oxoreserpine (8).—A 224-mg 
(0.500 mmol) quantity of 6 was ozonized in 10 ml of anhydrous 
methylene chloride using 1% O3 in O» and employing 5% aqueous 
potassium iodide as an external indicator. The reaction mixture, 
following ozonolysis, was purged with dry nitrogen for 10 min 
and then heated at reflux for 45 min, under nitrogen, with 2 ml 
of water containing 0.01 g of hydroquinone. After separating the 
layers and extracting the aqueous layer with two 5-ml portions 
of methylene dichloride, ~jhe solvents were combined and dried 
with sodium sulfate. A 2,4-dinitrophenylhydrazone prepared 
at this point was recrystallized three times from ethanol, mp 
128-131°.

Anal. Calcd for CfflHuOiiN«: C, 51.88; H, 4.97. Found: C, 
51.60; H, 5.10.

The methylene chloride solution of 7 (R = II) was cooled to 
0° and treated with a slight excess of ethereal diazomethane. 
After 10 min, half of the solvent was removed at reduced pressure 
under nitrogen. After recooling to 0°, a solution of 104 mg (0.503 
mmol) of 3 in 1.4 ml of benzene was added in a single portion. 
After 10 min the yellow orange solution was treated at 0° with 
19.0 mg (0.500 mmol) of sodium borohydride in 2 ml of an
hydrous methanol during a period of 5 min. Acetic acid was 
added (two drops) and all solvents were removed under nitrogen 
at water pump pressure and finally with an oil pump at 0.01 
torr. The thoroughly dried lactam 8 was purified by repetitive 
precipitation from ethyl acetate by adding ether to yield 240 mg 
(0.374 mmol, 74.8%), mp 145-148° dec (sealed capillary). 
The ultraviolet spectrum showed Xmnx at 214 m/i (e 51,100), 244 
shoulder (15,600), and 267 (15,600).

Anal. Calcd for C33H3A 0NS: C, 61.76; H, 6.12; S, 5.00. 
Found: C, 61.51; H, 6.07; S, 4.67.

(±)-l-Deaza-l-thia-3,4-dehydroreserpine Perchlorate (9).— 
A solution of 100 mg (0.156 mmol) of 8 in 2 ml of freshly distilled 
phosphorous oxychloride was heated at 65° under nitrogen for 
45 min. After removal of the solvent at water pump pressure, 
the reaction mixture was taken to dryness at 0.01 torr. The 
residue, dissolved in 4 ml of acetone, was treated with 3.5 ml of 
0.1 N  perchloric acid. The acetone was removed under a reduced 
nitrogen atmosphere and the aqueous suspension was extracted 
three times with 5-ml portions of chloroform. After drying the 
combined extracts with sodium sulfate, the solvent was removed 
to dryness. The residue was triturated with ether and collected 
to yield 101 mg (0.140 mmol, 89.8%) of 9. For analysis it 
was recrystallized from ethanol-acetone, 5:1, mp 203-205° dec 
(sealed capillary). The infrared spectrum (KI pellet) showed
Xmax at 1720 (C = 0 )  a n t 1600 mji (C = N < ); the ultraviolet 
spectrum showed XmSx at 213 mM (t 44,800), 269 (19,300), 382 
(9780).

Anal. Calcd for C33H3A 3NSCI: C, 54.80; H, 5.29; N, 1.94; 
S, 4.43. Found: C, 54.28; H, 5.53; N, 2.07; S, 4.64.

(±)-l-Deaza-l-thiareserpine (10).—A 111-mg (0.153 mmol) 
quantity of 9 was dissolved in a mixture of 5 ml of acetone and
1.5 ml of 0.7 N  perchloric acid along with sufficient tetrahydro
furan to form a clear soluticn. The mixture was stirred and heated 
at 70° under nitrogen, and 0.15 g of zinc dust was added. After 
10 min of reaction a second 0.15-g portion of zinc dust was added 
and this addition was repeated after another 10 min of reaction.

(13) T h is  m a te r ia l w as id e n tic a l b y  m e ltin g  p o in t  d e te rm in a tio n  a n d
in fra re d  sp ec tru m  w ith  t h a t  rep o rted .
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Following another 10 min of reaction the characteristic fluores
cence of the immonium salt (9) had almost disappeared and the 
reaction mixture was cooled to room temperature. After filtra
tion and basifying to a pH of 9 with concentrated ammonium 
hydroxide, 10 ml of chloroform was added. The layers were 
separated and the aqueous layer was extracted twice with 5-mI 
portions chloroform. The chloroform extracts were combined, 
dried with sodium sulfate, filtered, and evaporated under a 
reduced nitrogen atmosphere. The residue (71 mg) was triturated 
with 10 ml of boiling ethanol, filtered hot, and concentrated to 
3 ml. With constant stirring, 15 ml of ether was added and the 
resulting precipitate (54 mg, 0.086 mmol, 56%) of (± ) - l-  
deaza-l-thiareserpine was collected. A small quantity (-̂ >1 mg) 
was subjected to thin layer chromatography on Woelm activity 
II alumina elution with a mixture of chloroform-methanol- 
benzene (10:3:1)) and showed a single dark spot (Rt 0.65)

under ultraviolet light. Recrystallization from ethanol-ether 
(9:1) gave an analytical sample (21 mg), mp 188-1910 (sealed cap
illary), of fine, pure white crystals. The infrared spectrum of 
thiareserpine (CHCh) showed absorption a t 3032, 2930, 2860, 
1735, 1590, 1505, 1465, 1420, 1340, 935, 800, 720, 680 cm“1. 
The ultraviolet spectrum had Xma* at 213 m^ (e 58,700), 231 
shoulder (27,100), 244 shoulder (20,200), 267 (22,200).

Anal. Calcd for C33H39O9NS: C, 63.34; H, 6.28; N, 2.24. 
Found: C, 63.08; H, 6.75; N, 2.53.

Registry No.—4-Methoxythianaphthyl-3-acetam- 
ide, 14679-05-1; 6-methoxythianaphthyl-3-acetamide, 
14679-06-2; 3, 14679-07-3; picrate of 3, 14679-49-3;
2,4-dinitrophenylhydrozone of 7 (R = H), 14679-08-4; 
8, 14745-99-4; 9, 14679-09-5; 10, 14679-10-8.

T h e  S y n th e s is  o f  T h ree  F u lly  A ce ty la ted  A ld o b io u ro n ic  A cid  M e th y l E sters , In c lu d in g
6 -0 - (M e th y l  2 ,3 ,4 - tr i-0 -a c e ty l  -a -D -g lu co p y ra n o sy lu r o n a te )-  

te tra -0 -a ce ty l-/3 -D -g lu co p y ra n o se
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6-O-a-D-Glucopyranuronosyl-D-glucose (isomaltouronic acid) is a possible moiety in the capsular polysaccharide 
of Diplococcus pneumoniae Type II. The synthesis of its fully acetylated methyl ester starting from 0-isomaltose 
octaacetate is described. Improvements in the syntheses of the fully acetylated methyl esters of 6-0-/3-D-gluco- 
pyranuronosyl-D-glucose (gentiobiouronic acid) and 4-O-a-D-glucopyranuronosyl-D-glucose (maltouronic acid) 
are also reported.

The structure of the capsular polysaccharide of 
Diplococcus pneumoniae Type II has been under in
vestigation for some time.2-6 It is known that this 
antigenic capsular polysaccharide, S-II, contains ter
minal as well as intercatenary glucuronic acid residues. 
Recent additional findings6 concerning the structure 
of S-II have clarified much about the type of linkages 
involved in this polysaccharide as well as some of the 
anomeric configurations. Still, the anomeric con
figuration of the intercatenary, presumably 1-6 
linked, glucuronosylglucose is still open to question. 
Comparison of the inhibition of the antigen-antibody 
precipitation in the S-II-anti S-II system by isomal
touronic acid and gentiobiouronic acid could yield 
information about the anomeric configuration of this 
linkage. Similarly, the inhibition of the same system 
by maltouronic and cellobiouronic acids could shed 
light on the immunological importance of the anomeric 
configuration of the terminal glucuronosyl linkage.

The terminal uronic acid in S-II behaves unex
pectedly, in that, although the molecule has terminal 
cellobiouronic acid units,6 rabbit serum obtained 
against a synthetic antigen containing this acid as 
terminal side chains will not agglutinate cells of D. 
pneumoniae Type II, although this serum will aggluti
nate cells of D. pneumoniae Type III or VIII,7 even 
though the latter two types only have intercatenary

(1) C hem ica l F o u n d a tio n  F ellow , 1967-1968.
(2) M . H eid e lb erg er a n d  J . A dam s, J .  E x p tl. M ed ., 103, 189 (1956).
(3) M . H eide lberger, ib id ., I l l ,  33 (1960).
(4) K . B u tle r  a n d  M . S tac ey , J .  Chem. Soc., 1537 (1955).
(5) P. A. R eb e rs, E . H u rw itz , M . H eid e lb erg er, a n d  S. E s tr a d a -P a r r a ,  J .  

Bacleriol., 83, 335 (1962).
(6) S. A. B a rk e r, P . J .  S om ers, a n d  M . S tacey , Carbohyd. R es., 3 , 261 

(1967).
(7) W . F . G oebel, J .  E x p tl. M ed ., 72, 33 (1940).

cellobiouronic ac id .8-10 I t  ap p ears  th a t  th e  im m uno
logical specificity  a t tr ib u ta b le  to  th e  te rm in a l acid group  
in  S-II does n o t seem  to  be v e ry  sensitive  to  th e  fac t 
th a t  th e  acid is g lycosid ically  lin k ed  to  glucose b y  a 
3  linkage.

W ork  on th e  serological in h ib itio n  rea c tio n  now  in  
p rogress in  co llabo ration  w ith  D r. M . H eidelberger, 
m ig h t be expected  to  shed  lig h t on  th is  p o in t an d  will 
be rep o rted  elsew here.

T h e  sy n th esis  of 6-O -a-D -glucopyranuronosyl-D -glu- 
cose (isom altouron ic acid), w as in it ia te d  s ta r t in g  from
6-0- [a-D -glucopyranosyl ]-/3-n-glucopyranose oc taace
ta te  (d-isom altose o c taa ce ta te )  ( 1 ) w hich w as ob 
ta in ed  from  th e  acid reversion  of glucose follow ing th e  
m e th o d * o f  W olfrom  an d  T h o m p so n .11 I t  w as de- 
ac e ty la ted  an d  t r i ty la te d  a t  th e  6 '  p o sition  in  p y rid in e  
so lu tion . W ith o u t fu r th e r  iso lation , i t  w as th e n  
ac e ty la te d  an d  th e  resu ltin g  h e p ta -0 -ace ty l-6 '-0 - 
tr ity liso m a lto se  (2 ) w as iso la ted  b y  ch ro m a to g rap h y  
on  silica gel in  61.5% yield. T h e  n m r sp e c tru m  in d i
ca te d  th a t  2 w as a m ix tu re  of a  an d  3  anom ers, a 
finding th a t  w as expected , as tr i ty la t io n  in  p y rid in e  
p rio r to  ace ty la tio n  w ould  cause anom eriza tion . 
D e tr ity la tio n  of 2 by  b rief tr e a tm e n t in  acetic  acid 
w ith  1 m ol equ iv  of hyd ro g en  b ro m id e 12 gave 
l,2 ,3 ,4 ,2 ',3 ',4 '-h e p ta -0 -a c e ty liso m a lto se  (3) in  83% 
yield. T h e  h e p ta a c e ta te  3 w as th e n  oxidized w ith  
p o ta ss iu m  p e rm a n g an a te  in  acetic  acid, an d  th e  ca r-

(8) R . D . H o tch k iss  a n d  W . F . G oebel, J .  B io l. Chem ., 121, 195 (1937).
(9) R . E . R eeves  a n d  W . F . G oebel, ib id ., 13 9 , 511 (1941).
(10) J .  K . N . Jo n es  a n d  M . B .  P e rry , J .  A m er. Chem. Soc., 79 , 2787 (1957).
(11) M . L. W olfrom  a n d  A. T h o m p so n , M ethods Carbohyd. Chem ., 2, 316 

(1963)
(12) N . R o y , P h . D . D is se r ta tio n , S ta te  U n iv e rs ity  C ollege of F o re s try , 

S y racuse , N . Y ., 1967.
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1 , R = CHîOAc 
(ß 1-O-acetyl)

2, R = CIRO trityl
3, R = CH2OH
4, R =  COOCHa
5, R = COOCH3 

(ß 1-O-acetyl)

6, R = CH2OAc; R' =  Ac
7, R = CH,0 trityl; R ' = COC6H5
8, R = CHiOH; R ' =  COC.IR
9, R = COOH; R ' = COC6H5 

10, R = COOCH3; R ' = COC6H5

11  12 , R = CH20  trityl
13, R = CH2OH
14, R = COOCH3 (/3 1-O-acetyl)

boxylic acid produced was directly esterified with 
diazomethane to give methyl hepta-O-acetylisomal- 
touronate (4) in 58% yield, showing that acetyl mi
gration13 in l,2,3,4,2,,3',4,-hcpta-0-acetylisomaltose is 
insignificant under these conditions. This compound, 
a mixture of the a and ft anomers, could not be induced 
to crystallize. Consequently, 4 was converted into 
the 1-bromo derivative, hepta-O-acetylisomaltouronosyl 
bromide methyl ester, which was treated with silver 
acetate in benzene according to Wolfrom and Fields14 
to give crystalline methyl hepta-0-acetyl-/3-D-isomal- 
touronate (5) in 66% yield.

The synthesis of maltouronic acid, 4-O-a-D-gluco- 
pyranuronosyl-D-glucose, was first reported by Hira- 
saka,15 who subjected benzyl /3-maltoside to catalytic 
oxidation. That the C-6', rather than the C-6, po
sition was attacked, may probably be attributed to 
steric hindrance of C-6 by the phenyl group at C-l. 
Since the removal of small amounts of the C-6 oxidized 
material may prove cumbersome, and since the pres
ence of such an impurity might cloud results of im
munochemical tests, we used an alternative route for 
the preparation of 11 analogous to that used by Lind- 
berg and Selleby16 for the preparation of cellobiouronic 
acid. l,6-Anhydro-4-0- a-D-glucopyranosyl-/3-D-glu- 
copyranose hexaacetate was prepared via phenyl 
/3-maltoside by the procedure of Lindberg.17 The 
hexaccetate (6) was deacetylated, monotritylated, and 
then benzoylated to yield crystalline 1,6-anhydro-
4-0-(6'-0-trityl-a-D-glucopyranosyl)-/3-D-glucopyranose 
pentabenzoate (7) in 54% yield. Next, 7 was reduc- 
tively detritylated with hydrogen over palladium black 
to give, after purification by chromatography over 
silica gel, l,6-anhydro-2,3,2',3',4'-penta-0-benzoyl- 
maltose (8) as colorless needles in 92% yield. When 
8 was oxidized with potassium permanganate in glacial 
acetic acid, the product, 1,6-anhydropenta-O-ben- 
zoylmaltouronic acid (9), was obtained in crystalline 
form, also in 92% yield. Reaction of 9 with diazo

methane yielded crystalline methyl 1,6-anhydropenta-
O-benzoylmaltouronate (10). Treatment of 9 with 
sodium methoxide and subsequent acid-catalyzed 
hydrolysis of the deacetylated 9 with aqueous 0.5 N  
sulfuric acid gave a product from which amorphous 
maltouronic acid was isolated in 48% yield by cellulose 
chromatography. Its rotation is in excellent agree
ment with the one reported previously, while the de
rived methyl hepta-0-acetyl-/3-D-maltouronate (11) 
also has constants in close agreement with the ones 
reported.18 Of course it has previously been estab
lished that, especially in hexuronosyl hexoses, the 1,6- 
anhydro bridge may be opened without hydrolysis 
of the intersaccharidic linkage.16,19’20

Gentiobiouronic acid was first synthesized by 
Hotchkiss and Goebel.21 These workers obtained the 
aldobiouronic acid by Koenigs-Knorr condensation 
of methyl acetobromoglucuronate with 1,2,3,4-tetra-
0-acetyl-/3-D-glucose. The synthesis reported here 
starts from 6 -0 -  [,3-D-glucopyranosyl ]-n-g!ucose (gentio- 
biose) and takes a course analogous to that of our 
synthesis of isomaltouronic acid. Gentiobiose was 
monotritylated in pyridine solution. The reaction 
could be conveniently followed by thin layer chroma
tography on Avicel microcrystalline cellulose.22 After 
the completion of the reaction, the compound was 
acetylated in situ and purified by chromatography on 
silica gel to give l ,2 ,3 ,4 ,2 ',3 ',4 '-h e p ta -0 -a c e ty l-6 '-0 -  
tritylgentiobiose (12) in 55% yield as a  mixture of the 
anomeric acetates, as shown by its nmr spectrum. 
Detritylation of 12 was achieved by brief treatment 
with 1 mol equiv of hydrogen bromide12 to give crystal
line l,2,3,4,2',3',4'-hepta-0-acetylgentiobiose (13), a 
mixture of anomers as shown by its nmr. Potassium 
permanganate oxidation of 13 in acetic acid solution 
gave hepta-O-acetylgentiobiouronic acid which was 
esterified directly with diazomethane to yield crystal
line methyl hepta-O-acetylgentiobiouronate in 50% 
yield. The material, although crystalline, was shown 
by nmr spectroscopy to be a mixture of anomeric 
acetates. Treatment of this ester with hydrogen 
bromide in acetic acid, followed by reaction of the 1- 
bromo derivative with silver acetate in benzene,14 
gave, in 50% yield, crystalline methyl hepta-O- 
acetyl-d-n-gentiobiouronate (14) identical in melting 
point and optical rotation with that obtained by Hotch
kiss and Goebel.21

A few comments concerning the nmr spectra of some 
of the intermediates are in order. The spectrum of ¡3- 
isomaltose octaacetate (1) with its H-l showing as a 
doublet at t 4.2 (Jii2 = 8 Hz) had signals for six protons 
in the region 7 5.7-6.4. Obviously they were two H-6', 
two H-6, H-5', and H-5 protons. On the basis of 
higher deshielding effect of an -OAc compared to an 
-O-glycosyl group, the broad signal at r 5.8 was as
signed to two H-6' protons and that at 6.23 was as
signed to two H-6 protons. When the 6'-0-acetyl 
group was removed, as in the hepta-O-acetate 3, the 
signal at r 5.8 of compound 1 shifted to 6.38, un
doubtedly owing to the removal of this more de-

(13) B . H e lfrich  a n d  W . K le in , A n n .,  455, 173 (1927); R . U . L em ieux  an d  
J .  P . B a re tte , J .  A m er. Chem. Soc., 80 , 2243 (1958).

(14) M . L, W olfrom  a n d  D . L. F ie ld s, T a p p i, 40, 335 (1957).
(15) Y . H ira sa k a , Y agugaki Z assh i, 83, 960 (1963); Chem. A bstr ., 60, 4232 

(1964).
(16) B . L in d b e rg  a n d  L. S elleby, A cta  Chem. Scand ., 14, 1051 (1960).
(17) B . L in d b erg , ib id ., 6, 941 (1952).

(18) G. G . S. D u tto n  a n d  K . N . S lessor, Can. J .  Chem ., 4 2 , 1110 (1964).
(19) E . M o n tg o m e ry , N . K . R ic h tm y e r , a n d  C. S. H u d so n , J . Am er. 

Chem. Soc., 6 5 , 1848 (1943).
(20) T . E . T im ell a n d  N . R o y , Carbohyd. R es., in  p ress.
(21) R . D . H o tch k iss  a n d  W . F . G oebel, J .  B io l. Chem ., 116, 285 (1936).
(22) M . L. W olfrom , R o sa  M . d e  L e d erk rem e r, a n d  G . S chw ab , J . C hrom a- 

tog., 22 , 474 (1966).
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shielding moiety. The anomeric acetates of methyl 
isomaltouronate (4) showed doublets centered at 
t 3.76 and 4.33 for a and /3 diastereoisomers, respec
tively, in close resemblance to the heptaacetate 3 
which is also a mixture of two anomers. In addition, 
the H-5' of 4 was shifted downfield to r 5.7 ( J 4tS =
10.5 Hz) owing to the deshielding effect of the -COOMe 
group. The CH3 of the methyl ester, appearing as a 
sharp singlet at r 6.28, was overlapped with the two 
H-6 protons and the H-5 proton in about the same 
region. The spectrum of methyl hepta-0-acetvl-/3- 
D-isomaltouronate showed only one anomeric hydrogen 
as a doublet at r 4.35 (Ji,2 = 8.5 Hz).

The spectra of the gentiobiose series could be ex
plained on a similar type of reasoning. The spectrum 
of l,6-anhydro-6'-0-tritylpenta-0-benzoylmaltose (7) 
showed five benzoyl groups, one trityl group, and a 
two-proton signal at r 6.60 along with other peaks. 
The signal at r 6.60, which was assigned to two H-6' 
hydrogens (shielded bjr the trityl group), was shifted 
to 6.16 when the trityl group was replaced by hy
drogen as in compound 8. The hydroxy compound 
8 and the acid 9 which were crystallized from ether, 
showed exactly 1 mol of ether of crystallization in 
their nmr spectra. The acid 9 gave an ester with 
diazomethane which also gave a characteristic signal 
for the methyl ester in the nmr spectrum. Pure 
methyl hepta-O-acetylmaltouronate had a signal for 
H-l at r 4.20 as a doublet (Ji,2 = 8 Hz) and a singlet 
for the methyl ester at 6.23.

Experimental Section23
l,2,3,4,2',3',4'-Hepta-0-acetyl-6'-0-tritylisoinaltose (2).— 

Crystalline /3-isomaltose octaacetate (1, 10 g) was deacetylated 
with 0.03 N  sodium methoxide in methanol for 2 hr. The re
action mixture was concentrated to dryness and pyridine was 
distilled off twice under vacuum. The residue was taken up in dry 
pyridine (200 ml) and tritylated with 15 g of tritylchloride with 
stirring for 3 days. Acetic anhydride (40 ml) was added and 
after 3 days the mixture was poured into ice water (1.5 1.) with 
stirring. The solid material was collected by filtration, dried 
under vacuum, dissolved in a small volume of benzene, and added 
to the top of a column of silica gel (400 g, Merck Darmstad 
0.05-0.2 mm) which was eluted with benzene-ether (2:1). 
After removal of some triphenylcarbinol and higher tritylated 
derivatives there was obtained amorphous 8 g (61.5% yield) of 
1 ,2 ,3,4,2 ',3 ',4 '-hepta-O-acetyl-6 '-O-tritylisomaltose (2), [a] 20d

+  100.2° (c 1 , chloroform).
The nmr spectrum showed two doublets for H -l, centered 

around r  3.68 and 4.26, indicating the presence of both a- and 
/3-acetates. The spectrum had a general resemblance to 1 and 
also confirmed the presence of one trityl group in the molecule.

Anal. Calcd for C45H50O18: C, 61.50; H, 5.73. Found: C, 
61.72; H, 5.68.

l,2,3,4,2',3',4'-Hepta-0-acetylisomaltose (3).—A solution of 2 
(4.5 g) in acetic acid (30 ml) was treated for 2 min with a solu
tion of hydrogen bromide (0.4 g) dissolved in acetic acid (10 ml), 
while shaking vigorously. The mixture was immediately filtered 
through a sintered glass funnel into ice water (300 ml), and the 
heptaacetate was extracted with four 100-ml portions of chloro
form. The extract was washed with water, saturated sodium 
bicarbonate, and, again, water. The solution was dried over 
magnesium sulfate and concentrated to dryness; the product 
was purified by chromatography on silica gel using benzene- 
ether (20:60). The pure l,2,3,4,2',3',4'-hepta-0-acetyliso-

(23) A ll m e ltin g  p o in ts  a re  co rrec ted . N m r  sp e c tra  w ere  ta k e n  in  C dC lj 
on a  60 -M c V aria n  In s tru m e n t using  te tra m e th y ls ila n e  as  an  in te rn a l re fe r
ence. E le m e n ta l a n a ly se s  w ere  p e rfo rm e d  b y  th e  S ection  on  A n a ly tica l 
Services a n d  In s tru m e n ta t io n  of th is  la b o ra to ry , fo r w h ich  w e w ish to  express 
o u r  g rad itu d e .

maltose (3) was obtained in a yield of 2.7 g, [<x]20d +117.8° (c 
0.7, chloroform).

Anal. Calcd for C26H36O18: C, 49.06; H, 5.70. Found: C, 
49.10; II, 5.66.

6 -0 -(M e th y l 2 ,3 ,4 -tri-O -a ce ty l-a -D -g lu co p y ran o sy lu ro n a te )- 
te tra-0 -acety l-/3 -D -g lucopyranose  (5 ).—To a solution of 3 (1.9 g) 
in acetic acid (20 ml), finely powdered potassium permanganate 
(1.3 g) was added slowly with stirring at room temperature for 
5 days, at which time thin layer chromatography on silica gel 
G (benzene-ether-acetic acid, 33:66:2.5) showed the reaction 
to be nearly complete. Excess permanganate was destroyed with 
sodium oxalate, and the mixture was poured into water (250 ml). 
The acid was extracted with five 80-ml portions of chloroform, 
and the extract was washed with water, dried over magnesium 
sulfate, and concentrated to a white amorphous foam. This 
product was esterified in methanol solution with diazomethane in 
ether and purified by chromatography over silica gel, using 
benzene-ether (1 :2 ), to yield methyl hepta-O-acetylisomaltouro- 
nate (4 , 1.15 g) as an anomeric mixture of the acetates as revealed 
by the nmr spectrum. The material could not be induced to 
crystallize. Consequently, 4 (0.6 g) was dissolved in 32% 
hydrogen bromide in glacial acetic acid (10 ml) and the mixture 
shaken at room temperature for 7 min. Chloroform was added 
and the solution was washed thrice with water, dried over sodium 
sulfate, and concentrated to dryness. I t was taken up in dry 
benzene (50 ml), and silver acetate (6 g) was added. Stirring 
was continued for 16 hr after which solids were removed by 
filtration through Celite, and the filtrate was concentrated to 
dryness. The product was then purified by chromatography 
over silica gel, using benzene-ether (1:1) as the eluent. From 
ethanol, pure 6-0-(methyl 2,3,4-tri-O-acetyl-a-D-glucopyranosyl- 
uronate)tetra-0-acetyl-/3-D-glucopyranose (5 ) was obtained as 
fine needle-shaped crystals: mp 169-170°; [<x] 20d  +96.1°
(c 0.5, chloroform).

The nmr spectrum showed a signal for H-l at t  4.35 and the 
signal at 6.28 for the methyl ester.

Anal. Calcd for C27H36O19: C, 48.80; H, 5.46. Found: C, 
48.66; H, 5.41.

l,6-Anhydropenta-0-benzoyl-6'-0-tritylmaltose (7).—A 6.7-g 
sample of 1 ,6-anhydromaltose hexaacetate17 (6) was deacetylated 
in 0.03 N  barium methoxide. The product was dissolved in 
pyridine (140 ml) and trityl chloride (5.7 g) was added. After 
3 days benzoyl chloride (16 g) was added while cooling, and the 
reaction mixture was left a t room temperature overnight. 
Methanol (10 ml) was added, and after 0.5 hr the solution was 
concentrated at 40° under vacuum to about 30 ml. Chloroform 
(200 ml) was added, and the solution was washed thrice with 
water and dried over magnesium sulfate. Concentration, followed 
by dissolution of the residue in ethyl acetate (30 ml) and ethanol 
(100 ml), gave crystalline l ,6-anhydropenta-0 -benzoyl-6'-0 - 
tritylmaltose (7), mp 230-231°. From the mother liquor, an 
additional 2 g was recovered after chromatography over silica 
gel (benzene-ether, 7:3) for a total yield of 6.8 g (54%) of 7, 
[ a ] 20d  +49° (c 1.0, chloroform).

Anal. Calcd for CeJ+sOii: C, 72.78; H, 5.18. Found: C, 
72.67; H, 5.22.

l,6-Anhydro-2,3,2',3',4'-penta-0-benzoylmaltose (8).— 
Palladium chloride (1.2 g) was added to a solution of the trityl 
compound 7 (6.2 g) dissolved in dioxane (150 ml, purified by 
passage through a column of aluminum oxide, Brockman Grade 
I) and the suspension was stirred under hydrogen at atmospheric 
pressure for 18 hr. Silver carbonate (4 g) was added and the 
solids were removed by filtration. The filtrate was concentrated 
and chromatographed over silica gel using chloroform-ether 
(9:1) as the eluent. After pooling of the correct fractions, they 
were concentrated and dissolved in ether. Crystallization was 
almost immediate. A yield of 4.8 g (92%) of l,6-anhydro-2,3,2',- 
3',4'-penta-0-benzoylmaltose was obtained: mp 136-138°;
[a]20d +53.6° (e 0.85, chloroform). The nmr spectrum showed 
the presence of exactly 1 mol of ether of crystallization. Trityla- 
tion of 8 yielded the original 6'-0-trityl derivative 7.

Anal. Calcd for C M U O ,/)-(C + I+ : c ,  66.66; H, 5.48.
Found: C, 66.53; H, 5.66.

1,6-Anhydropenta-O-benzoylmaltouronic Acid (9).—The 
detritylated compound 8 (4.6 g) dissolved in glacial acetic acid 
(45 ml) was oxidized with potassium permanganate (3 g) for 3 
days as described for 4. The product, which was obtained as a 
colored syrup (4.3 g, 92%), was purified by chromatography over 
silica gel, using chloroform-ether-acetic acid (3:3:0.2) as the 
eluent. From ether, crystals were obtained which contained
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1 mol of ether of crystallization, as shown by its nmr spectrum. 
The 1 ,6-anhydropenta-O-benzoylmaltouronic acid (9) has mp 
152-153°, [ « ] 20d  +46° (c 0.4 chloroform).

Anal. Calcd for C4,H380 16-0(C2H5)2: C, 65.66; H, 5.19.
Found: C, 65.98; H, 4.90.

Treatment of 9 with diazomethane in the usual fashion gave 
the methyl ester (10 ), mp 169-171°.

4-0- (M ethyl 2,3,4-tri-O-acetyl-a-D-glucopyranosyluronate )- 
tetra-0-acetyl-/3-D-glucose (11).-—The crystalline acid 9 (3.5 g) 
was debenzoylated in 0.05 N  sodium methoxide solution (60 ml) 
for 2 hr. The solution, after neutralization with Amberlite IR-120 
exchange resin, was freed from methyl benzoate. The deacetylated 
product was heated at 95-100° in 0.5 N  aqueous sulfuric acid 
for 12 hr. After neutralization with barum carbonate, and 
removal of cations by ion exchange, the product was isolated 
by chromatography over cellulose, using ethyl acetate-acetic 
acid-water (18:7:8) as the eluent to yield 650 mg (48%) of
4-O-a-D-glucopyranuronosyl-D-glucose (maltouronic acid), [«]20d 
+  115° (c 0.17, water). Dutton and Slessor18 have reported 
[ « ] 20d  +116° for this acid. The derived 4-0-(methyl 2,3,4-tri- 
O - acetyl-«-]) - glucopyranosyluronate )tetra - O- acetyl-0-D - glucose
(1 1 ), prepared by esterification of maltouronic acid with diazo
methane followed by acetylation with sodium acetate and acetic 
anhydride and crystallization from ethanol, had mp 199-200°, 
[a]20d  +71° (c 0.72 chloroform).

Anal. Calcd for C27H36O19: C, 48.80; H, 5.46. Found: C, 
48.95; H, 5.58.

1,2,3,4,2',3',4 '-Hepta-O-acetyl-6 '-O-trity lgentiobiose (12).—  
Gentiobiose (8 g) was tritylated in pyridine solution and then ace- 
tylated in situ as described in the preparation of 2. The hepta-O- 
acetyl-6'-0-tritylgentiobiose (12) (12.5 g) obtained had [«]20d 
+38° (c 1.5, chloroform). The nmr spectrum showed the pres
ence of both anomeric acetates.

Anal. Calcd for CisHsoOig: C, 61.50; H, 5.73. Found: C, 
61.66; H, 6.03.

l,2,3,4,2',3',4'-Hepta-0-acetylgentiobiose (13).—In order to 
remove the trityl group from 12 (9 g) it was dissolved in acetic

acid (60 ml) and treated with 1 equiv of hydrogen bromide exactly 
as described in the preparation of 3. After purification by silica 
gel chromatography as described for 3, the pure 1,2,3,4,2',3',4'- 
hepta-O-acetylgentiobioise (13), was crystallized from ethanol 
yielding 5.4 g (83%): mp 162-167°; [a]1 2»d +24.7° (c 1.0 chloro
form).

Anal. Calcd for C+HjeOig: C, 49.06; H, 5.70. Found: C, 
49.01; H, 5.81.

6 -0 -(M eth y l-2 ,3 ,4 -tr i-0 -ace ty l- /3 -D -g lu co p y ran o sy lu ro n a te )-  
te tra-0 -acety l-/3 -D -g lucopyranose  (1 4 ).—Gentiobiose heptaacetate 
13 (4 g), was dissolved in acetic acid (40 ml) and oxidized with 
potassium permanganate (2.7 g) exactly as described in the prep
aration of 4. Direct esterification of the acid with diazomethane 
in ether gave 1.91 g (50%) of the desired 6-0-(methyl 2,3,4-tri- 
0-acetyl-(3-D-glucopyranosyluronate)tetra-0-acetyl-D-glucopyran- 
ose after purification by silica gel chromatography (benzene- 
ether, 1 :2 ): mp 200- 201° (after crystallization from methanol); 
M “ d —1.5° (c 1, chloroform).

Anal. Calcd for C27H36O19: C, 48.80; H, 5.46. Found: C, 
48.52; H, 5.36.

The above methyl ester, albeit crystalline, was still a mixture of 
anomeric acetates. I t  was therefore treated with hydrogen 
bromide, followed by silver acetate in benzene, as described for 
5 to give 6-0-(methyl 2,3,4-tri-0-acetyl-/S-n-glucopyranosyl- 
uronate)tetra-0-acetyl-/3-D-glucose (14), in 50% yield: mp
200- 202°, [a] 20d - 1 1 ° (c 0.1 , chloroform).

Registry No—2, 15811-22-0; 3, 15811-23-1; 5, 
15811-24-2; 7, 15811-25-3; 8, 15811-26-4; 9, 15811-
27-5; 10, 15856-56-1; 11, 4079-39-4; 12, 15811-29-7; 
13, 15811-30-0; 14, 15811-31-1.
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By the application of known methods, especially intramolecular substitution reactions, pregnenolone has been 
converted into 18,19,20«- and 18,19,20/3-trihydroxypregn-4-en-3-one. These compounds are possible metabo
lites from the perfusion of adrenal glands with progesterone.

The ability of adrenal tissue to oxygenate steroids 
at the angular methyl groups (C-18 and C-19) is well 
known.2 Steroids functionalized at either of these 
positions have been isolated from adrenal tissue211-'1 or 
formed by the action of adrenal preparations on exog
enous steroidal substrates.2e-g These substances have 
been of considerable interest as a result of their in
trinsic biological activity (aldosterone, for instance), 
their role in hormone biosynthesis (19-hydroxy 
steroids), and the chemical challenge inherent in their 
preparation. This challenge has been met by the

(1) C o n tr ib u tio n  N o. 39 from  th e  R esea rc h  I n s t i t u te  fo r M ed ic in e  a n d  
C h em is try . F o r  N o. 38, see M . M . P e c h e t a n d  H . F . K o h le r, J .  C lin . Invest., 
in  press. A  p re lim in a ry  d esc r ip tio n  of th is  w ork  w as p re se n te d  a t  th e  149 th  
N a tio n a l M ee tin g  of th e  A m erican  C hem ica l S ocie ty , C h icago , A pril 1965, 
A b s tra c t, p  4N .

(2) (a) S. A. S im pson , J . F . T a i t ,  A. W e tts te in , R . N eh e r, J . v o n  E uw ,
O. S ch in d le r, a n d  T . R e ich s te in , Helv. C him . A c ta , 37 , 1163 (1954); (b) 
R . N e h e r  a n d  A. W e tts te in , ib id ., 39, 2062 (1956); (c) R . N eh er, F olia  
E ndocrinologia  (P isa ), 8 , 55 (1960); (d) F . G . P ero n , Endocrinology, 69, 39 
(1961); (e) H . L e v y  a n d  S. K u sh in sk y , A rch. B iochem . B iophys ., 55, 290
(1955); (f) P . S. C hen , H . P . Schedl, G . R osen fe ld , a n d  F . C . B a r t te r ,  Proc. 
Soc. E x p tl. B io l. M ed ., 97 , 683 (1958); (g) F . G . P ero n , Endocrinology, 70, 
386 (1962).

development of several methods3 for the selective 
functionalization of “unactivated” carbon atoms.

Although steroids substituted at either C-18 or 
C-19 are well known and now, for the most part, easily 
available, the occurrence of steroids functionalized at 
both angular methyls has not yet been reported. (Al
lusion has been made to functionalization at C-18 of a
19-substituted steroid. The nature of the products 
was not disclosed.36) We now report the synthesis 
of the isomeric 18,19-disubstituted pregnanetriols 
la and lb. This synthesis was undertaken as a portion 
of our continuing program of synthesis of 18- and 19- 
substituted steroids4 and to provide standard ma
terials for a program of adrenal perfusion. Compound

(3) (a) D . H . R . B a rto n , J .  M . B ea to n , L . E . G eller, a n d  M . M . P ech e t, 
J .  A m er. Chem . Soc., 82 , 2640 (1960); (b) P . B u ch sch a ch e r, M . C e re g h e tti , 
H . W ehrli, K . S chaffner, a n d  O. Jeg er, Helv. C him . A c ta , 42 , 2122 (1959); 
(c) G . C ainelli, M . L . M ihailo v ic , D . A rigon i, an d  O. Jeg er, ib id ., 42 , 1124 
(1959); (d) C h . M ey s tre , K . H eusler, J . K a lv o d a , P . W e ilan d , G . A n n er, a n d  
A. W e tts te in , E xp erien tia , 17, 475 (1961); (e) E . J . C o rey  a n d  W . R . H e rtle r , 
J .  A m er. Chem. Soc., 80, 2903 (1958); (f) M . A k h ta r , A d va n . Photochem ., 2, 
263 (1964); (g) K . H eu s le r a n d  J . K a lv o d a , A ngew . Chem. In te rn . E d . E ng l., 
3 , 525 (1964).

(4) R . H . H esse  a n d  M . M . Pechet» J . Org. Chem ., 30 , 1723 (1965).
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1 was chosen as a synthetic goal, since, in our experi
ence, C-20-reduced metabolites are often isolated 
after lengthy perfusion of the adrenal gland.5

OH

b, 20/3

S c h e m e  I 

OAc

OAc

4a, 20a, R =H  
b, 20/3, R = H  
5, 20/3, R =  NO

9a, 20a, R=NO 
b, 20/3, R =  NO

10a, 20«, R' =  NOH; R2 =  H;R3 =  OH 
b, 20/3, R' =  NOH; R2 =  H; R3 =  OH

11a, 20a, R' = \ _ lr ; R2 +  R3 =  -O  UH

b,20AR'=<oH; R2 + R3=-o-

The key intermediate in each series was the corre
sponding 6,19-oxido-20-18-lactone 2, which contains 
the requisite A4-3-keto system as well as potential 
hydroxyl groups at 18, 19, and 20. This compound 
was prepared from the readily available diacetates 3a 
and 3 b6 by the application of methods developed in 
these and other laboratories. Reaction of the diace
tate 3 with hypobromous acid7 gave the bromo alco-

(5) W e a t t r ib u t e  th is  to  re d u c ta se s  p re s e n t in  th e  b lood  used  fo r p e rfu s io n ; 
c/. R. V. S h o rt, J .  Endocrinology  (L o n d o n ), 16, 415 (1958).

(6) P. W ie lan d  a n d  K . M iesch e r, Helv. C kim . A c ta , 32, 1922 (1949).

hoi 4, which on irradiation in the presence of lead 
tetraacetate and iodine8d was converted into the epoxide 
6 (Scheme I). The same epoxide was readily prepared 
by irradiation of the nitrite 5 in the presence of io
dine.8 Controlled saponification of 6 to remove the
3-acetate, followed by oxidation and /3 elimination,7b 
gave the A4-3-keto compound 7. Alkaline hydrolysis 
of 7 gave the alcohol 8, which on treatment with ni- 
trosyl chloride afforded the nitrite 9. Irradiation33 
of 9 afforded the oxime 10, which was treated with 
nitrous acid9 to give the hemiacetal 11. This com
pound was, without isolation, oxidized with chromium 
trioxide in acetone10 to give the desired intermediate 2.

It now remained to adjust the oxidation level of 
the substituents at C-6 and C-18. It is at this point 
that the synthesis of the isomeric triols la  and lb 
diverged.

Treatment of the oxidolactone 2a with zinc and 
acetic acid7b gave the 19-hydroxy compound 12 
(Scheme II). Reduction of this gave a material,

S c h e m e  II

2b

la

(7) (a) Y. U eno, J .  P harm , Soc. (J a p a n ) , 72, 1622 (1952); (b ) M . A k h ta r  
a n d  D . H , R . B a rto n , J . A m er. Chem . Soc., 86, 1528 (1964).

(8) M . A k h ta r , D . H . R . B a r to n , a n d  P . G . S am m es, ib id ., 86 , 265 (1964); 
87, 4601 (1965).

(9) S. G . B rooks, R . M . E v a n s , G . F . H . G reen , J . S. H u n t ,  A . G . Long, 
B . M oo n ey , a n d  L . J . W y m an , J .  Chem . Soc., 4614 (1958).

(10) K . B ow den  I . M . H e ilb ro n , E . R . H . Jo n es , a n d  B . C . L . W eedon , 
ib id ., 39 (1946).



presumably the tetrol 13, which was difficult to isolate 
and purify because of inconvenient solubility properties. 
Oxidation of 13 with manganese dioxide11 might have 
been expected to afford the desired triol la. In 
practice, however, the reaction was extremely slug
gish, and this approach was abandoned when it was 
found that model 3,19-dihydroxy-A4 steroids were in
completely and only with great difficulty oxidized by 
manganese dioxide. As an alternative, 2 a was con
verted into the cyclic ethylene ketal 14 and reduced 
with lithium aluminum hydride to give the diol 15a. 
Treatment of 15a with toluene-p-sulfonic acid removed 
the protecting group but apparently effected a con
comitant cyclodehydration to give a nonhydroxylic 
compound formulated as 16. The diacetate 15b, 
however, underwent an uncomplicated deketalization 
to give the A4-3-keto diacetate 17, which on treatment 
with zinc and acetic acid gave the 18,21-diacetate of 
the desired triol la. Hydrolysis under mild conditions 
proceeded cleanly to give the unprotected triol la.

The observation in these laboratories that 3-hydroxy- 
A4-6,19-oxido steroids are slowly12,13 but cleanly con
verted into the 3-keto compounds by dichlorodi- 
cyanoquinone (DDQ)14 made it possible to shorten 
this somewhat circuitous route (vide supra) during 
the preparation of the remaining triol lb. Reduction 
of the appropriate oxidolactone 2b with lithium alumi
num hydride gave a mixture of triols, which on oxi
dation with DDQ afforded the oxidodiol 18. Happily, 
this compound was stable to acetic acid (vide supra) 
and upon reduction with zinc in that medium gave 
the desired triol lb.

Experimental Section
All melting points were obtained on the Kofler hot stage. 

Optical rotations are reported for 0.5-1% solutions in chloroform 
unless otherwise stated. Microanalyses were performed in the 
laboratories of Dr. Alfred Bernhardt, Max Planck Institute, 
Mulheim (Ruhr), Germany. All compounds had appropriate 
and unexceptional infrared spectra.

5a-Bromopregnane-3/3,6/3,20a:-triol 3,20-Diacetate (4a).—A 
stirred solution of 3/3,20a-dihydroxypregn-5-ene 3,20-diacetate 
(3a) (1 g) in dioxane (12 ml) containing aqueous perchloric acid 
(0.5 ml, 3%) was treated with N-bromoacetamide (950 mg, added 
in three portions at 10-min intervals). The reaction mixture was 
stirred for a further 30 min in the dark and then poured into ice 
water and treated with aqueous sodium sulfite (10%). The 
product was extracted into methylene chloride, which was then 
washed u'ith sodium bicarbonate and water, dried, and concen
trated in vacuo. Crystallization from petroleum ether (bp 30- 
40°) and methylene chloride gave the title compound (500 mg), 
mp 160-166°. The analytical specimen had mp 160-166°, 
[a]d -4 9 .5 ° .

Anal. Calcd for C25H3905Br: C, 60.12; H, 7.81; O, 16.03; 
Br, 16.04. Found: C, 60.24; II, 7.62; O, 15.94; Br, 16.14.

5«-Bromopregnane-3/3,20«-diol 6/3,19-Epoxide 3,20-Diacetate
(6a).—A stirred solution of the bromohydrin 4a (1 g) in dry ben
zene (75 ml) containing lead tetraacetate (2.5 g) and iodine (1.14 
g) was irradiated for 17.5 hr using a 200-W lamp. After irradia
tion, the mixture was poured into water and the product ex
tracted into ether. The organic extract was washed with aqueous 
sodium thiosulfate (10%) and water, dried, and evaporated to 
dryness. The title compound 6a was crystallized from methanol 11 12 13 14
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(11) F . S o n d h e im er a n d  G . R o sen k ran z , E xp erien tia , 9, 62 (195S).
(12) T h e  reac tio n  ca rried  o u t in  i -b u ty l a lcoho l w as in c o m p le te  a f te r  24 h r; 

c o m p are  w ith  re f  13.
(13) S. H . B u rs te in  a n d  H . J .  R ingo ld , J .  A m er. Chem . Soc., 86 , 4952 

(1964).
(14) D . B u rn , V. P e tro w , a n d  G . O. W e sto n , Tetrahedron Lett., N o . 9, 14 

(1960).

(730 mg), mp 193-205°. The analytical sample had mp 203.5- 
206°, [a]o -7 .5 ° .

Anal. Calcd for C25H370 5Br: C, 60.36; H, 7.46; O, 16.10. 
Found: C, 60.36; H, 7.69; O, 16.33.

5a-Bromopregnane-3/3,20a-diol 6/3,19-Oxide 20-Acetate.—A
solution of the 3,20-diacetate 6a (7.6 g) in ethanol-water (3.9 1., 
3:1) containing sodium hydroxide (630 mg) and methanol (63 
ml) was allowed to stand at 5° for 16 hr. After the addition of 
acetic acid, the mixture was concentrated to dryness in vacuo, 
partitioned between methylene chloride and water, and the 
organic phase filtered and taken to dryness. The residual solid 
was recrystallized from cyclohexane-methylene chloride to give 
the title compound in two crops: (i) 3 g, mp 198-204°, and (ii)
2.3 g, mp 192-204°. The analytical sample had mp 202-206°, 
[a]D - 10°.

Anal. Calcd for CisIbsChBr: C, 60.66; H, 7.69; O, 14.07; 
Br, 17.78. Found: C, 60.68; H, 7.67; O, 14.11; Br, 17.70.

20«-Hydroxypregn-4-en-3-one 6/3,19-Oxide 20-Acetate (7a).— 
A solution of 5a-bromopregnan-3/3,20a-diol 6/3,19-oxide 20- 
acetate (5.3 g) in acetone (300 ml) was treated with an excess 
of Jones reagent.10 After 5 min, the excess oxidant was de
composed with methanol and the mixture partitioned between 
methylene chloride and half-saturated salt solution. After the 
usual work-up, a crude product was obtained which was dis
solved in a solution of potassium acetate in methanol (500 ml) 
and heated under reflux for 0.5 hr. The solution was cooled, 
taken to dryness, and the residue partitioned between methylene 
chloride and water. The organic layer was worked up as usual 
to afford the title compound 7a in two crops: (i) 1.4 g, mp
133-138°, and (ii) 2.7 g, mp 132-138°. The analytical sample 
crystallized from methanol had mp 142-143°, [o-]d  —107°, 
x r >H 239 mM (t 13,900).

Anal. Calcd for C23H32O4: C, 74.19; H, 8.60; O, 17.20.
Found: C, 73.83; H, 8.55; O, 17.33.

20a-Hyroxypregn-4-en-3-one 6,19-Oxide (8a).—A solution of 
the 20-acetate 7a (3.6 g) in methanol (175 ml) containing potas
sium hydroxide (5 g) was allowed to stand at room temperature 
for 2.5 hr. The mixture was then concentrated in vacuo a t 50° 
and partitioned between methylene chloride and water. The 
usual work-up afforded the title compound 8a, which crystallized 
from cyclohexane-methylene chloride (2.4 g), mp 146-151°. 
The analytical sample had mp 154-155°, [« ]d  —110°, X“ ‘ ° H 240 
m/u (e 13,500).

Anal. Calcd for C2ill3o0 3: C, 76.36; H, 9.09. Found: C, 
76.26; H, 9.18.

20«-Hydroxypregn-4-en-3-on-18-oic Acid 6/3,19-Oxide 20—’•18- 
Lactone (2a).—A solution of the 20-hydroxy compound 8a 
(500 mg) in pyridine (15 ml) was treated with an excess of 
nitrosyl chloride. The solution was then poured into ice water 
and extracted with methylene chloride. The organic extract 
was washed exhaustively with water, filtered, and taken to 
dryness to afford the 20-nitrite 9a as a crystalline solid. This 
compound was not further characterized but was processed im
mediately as below.

The crude nitrite 9a was dissolved in dry toluene and irradiated 
(200-W lamp) at room temperature for 2 hr. The solvent was 
then removed and the crude product redissolved in acetic acid 
(68 ml) and water (12 ml). The solution was heated to 70° and 
treated with sodium nitrite (500 mg) for 2 min. Ice was then 
added and the mixture partitioned between half-saturated salt 
solution and methylene chloride. The organic phase was washed 
with saturated sodium bicarbonate, dried, and concentrated to 
dryness. The crude hemiacetal 11a was then dissolved in acetone 
(80 ml) and treated with an excess of Jones reagent.10 After 5 
min, the excess oxidant was decomposed with methanol and the 
reaction mixture partitioned between methylene chloride and 
water. After the usual work-up, the product 2a was obtained 
from methanol (176 mg), mp 230-285°. An analytical specimen 
had mp 282-288° (crystal change at 250°), [« ] d  —129°, X,“ '°H
237.5 mu (e 14,900).

Anal. Calcd for C2,H260 ,: C, 73.68; H, 7.60. Found: C, 
73.89; II, 7.75.

5«-Bromopregnar.e-3/3,6/3,20(3-triol 3,20-Diacetate (4b).—A 
solution of 3/3,20/3-dihydroxypregn-5-ene 3,20-diacetate (3b, 1 g) 
in dioxane (12 ml) containing perchloric acid (0.5 ml as above) was 
treated with N-bromoacetamide (950 mg, added in four portions 
at 10-min intervals). The reaction mixture was stirred at room 
temperature for an additional 30 min and then worked up as 
above to afford the litle compound 4b which was crystallized
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from cyclohexane-methylene chloride (570 mg): mp 162-165°; 
[a]D -23 .1°  (lit.15 mp 163-164°; [<*]d  -2 3 ° ).

5a-Bromopregnane-3/3,20/3-diol 6,19-Oxide 3,20-Diacetate 
(6b).—A stirred solution of the bromohydrin 4b (1 g) in dry 
benzene (77 ml) containing iodine (1.2 g) and lead tetraacetate 
(2.5 g) was irradiated (200-W lamp) overnight at room tempera
ture. After the usual work-up [vide supra), the title compound 
6b was obtained from methanol (500 mg): mp 169.5-171.5°, 
[a]D +20.8° (lit.15 mp 164-165°, [«)d +21°).

Alternate Preparation of 6b.—A solution of the bromohydrin 
4b (1 g) in pyridine (25 ml) was treated with excess nitrosyl 
chloride at 0°. Ice was added to decompose excess nitrosyl 
chloride. On dilution of the reaction mixture with water the 
nitrite separated as a solid. I t  was collected, washed with water, 
dissolved in benzene (500 ml), and the solution dried over sodium 
sulfate. Iodine (0.24 g) and pyridine (0.1 ml) were added and 
the mixture was irradiated (500-W lamp) for 1 hr. The usual 
work-up (vide supra) afforded 6b (375 mg) identical in all 
respects with the material described above.

5a-Bromopregnane-3/3,203-diol 6,19-Oxide 20-Acetate.—A 
solution of the diacetate 6b (2.5 g) in ethanol-water (625 ml, 
3:1) containing sodium hydroxide (1.9 g) was allowed to stand 
overnight at 5°. Acetic acid was then added and the mixture 
worked up as usual to afford the title compound crystallized 
from methanol (2.4 g). The analytical specimen had mp 60, 
100,191-195°; [<*]d +16.3°.

Anal. Calcd for GsIEsChBr: C, 60.66; H, 7.69; Br, 17.58. 
Found: C, 60.66; H, 7.63; Br, 17.67.

20+Hydroxypregn-4-en-3-one 6/3,19-Oxide 20-Acetate (7b).— 
A solution of the monoacetate from above (2.15 g) in acetone 
(150 ml) was treated with excess Jones reagent.10 After 15 
min, the excess oxidant was decomposed with methanol and the 
reaction mixture worked up as usual. The crude product was 
dissolved in methanol (250 ml) containing potassium acetate 
(12.5 g) and the solution heated under reflux for 0.5 hr. The 
usual work-up afforded the title compound 7b, which was crystal
lized from methanol (1.1 g), mp 200-207°. The analytical speci
men had mp 205-206°, [<*]d —39°.

Anal. Calcd for C23H32O4: C, 74.19; H, 8.60; O, 17.20. 
Found: C, 74.06; H, 8.76; 0 ,17.51.

20/3-Hydroxypregn-4-en-3-one 6,19-Oxide (8b).—A solution of 
the monoacetate 7b (1 g) in a mixture of methanol (15 ml), 
ethanol (15 ml), and tetrahydrofuran (10 ml) containing potas
sium hydroxide (1.5 g) was allowed to stand at room temperature 
overnight. The usual work-up afforded the title compound 8b, 
which was recrystallized from cyclohexane-methylene chloride 
(720 mg), mp 202-211°. The analytical specimen had mp 207- 
211°, [ a ]D  -116°.

Anal. Calcd for CiflaoOs: C, 76.36; H, 9.09. Found: C, 
76.23; H, 9.21.

20/3-Hydroxypregn-4-en-3-on-18-oic Acid 6/3,19-Oxide 20—»-18- 
Lactone (2b).—A solution of the alcohol from above (8b, 1 g) 
in pyridine (10 ml) was treated at 5° with an excess of nitrosyl 
chloride. The product crystallized on addition of water and was 
recrystallized from hexane to give the crude nitrite 9b (0.8 g), 
mp 150-162°. The solution of this nitrite (0.75 g) in toluene 
(200 ml) was irradiated (200-W lamp) for 1 hr. The solvent 
was then removed in vacuo and the crude product chromato
graphed on alumina. Elution with 1 % methanol in methylene 
chloride gave the crude oxime 10b. The oxime was, without 
further purification, dissolved in acetic acid (5 ml) and the 
solution treated with sodium nitrite (200 mg) in water (2.5 ml). 
After 5 min, the reaction mixture was worked up as usual and 
the crude product redissolved in acetone (3 ml). The acetone 
solution was treated with an excess of Jones reagent.10 After 
5 min, the excess oxidant was decomposed with methanol and 
the reaction mixture worked up in the usual way to afford the 
title compound 2b crystallized from ether (190 mg), mp 255-258°. 
The analytical specimen had mp 255-258°, [<*]d  —158°.

Anal. Calcd for CnHkO*: C, 73.65; H, 7.65; O, 18.64. 
Found: C, 73.87; H, 7.59; O, 18.68.

19,20a-Dihydroxypregn-4-en-3-on-18-oic Acid 20-*-18-Lactone
(12 ).—A solution of the oxidolactone 2a (360 mg) in acetic acid 
(70 ml) was heated under reflux and treated with zinc dust (5 g, 
added in three portions at 5-min intervals). The zinc dust was 
removed by filtration and washed with methylene chloride. The 
combined organic portions were taken to dryness and partitioned

(15) J .  K a lv o d a , K . H eu sle r, H . U eberw asse r, G . A nner, a n d  A. W e tts te in , 
H tlv . C him . A c ta , 46, 1361 (1963).

between water and methylene chloride. The methylene chloride 
was then washed with sodium bicarbonate, dried, and concen
trated in vacuo. The title compound 12 was obtained on crystal
lization from methanol (256 mg), mp 205-240°. An analytical 
sample had mp 243-248°, [a]u +85.2°, XmaJt 242 m/» (« 17,000).

Anal. Calcd for C21H28O4: C, 73.25; H, 8.14. Found- C 
73.01; H, 8.27.

2Oa-Hydroxypregn-4-en-3-on-18-oic Acid 6/3,19-Oxide 20-» 18- 
Lactone 3-Ethylene Ketal (14).—A mixture of the oxidolactone 
2a (575 mg), p-toluenesulfonic acid (26 mg), and ethylene glycol 
(16 ml) was slowly distilled under vacuum (2 mm) until 8 ml of 
distillate had been collected. The reaction mixture was then 
cooled, treated with 7% aqueous sodium bicarbonate, and 
partitioned between methylene chloride and water. The organic 
phase was dried and evaporated. The residual solid was re
crystallized from methanol to give the title compound 14 (350 
mg), mp 198-215°. An analytical sample had mp 206-220°; 
[a ]D  -3 5 .5 ° .

Anal. Calcd for C23H3o0 6: C, 71.50; H, 7.77. Found: C, 
71.41; II, 7.67.

18,19,20a-Trihydroxypregn-4-en-3-one 18,20-Diacetate.—A
solution of the ketal 14 (620 mg) in tetrahydrofuran (10 ml) was 
added slowly to a stirred slurry of lithium aluminum hydride 
(700 mg) in tetrahydrofuran (20 ml). The mixture was heated 
under reflux for C.5 hr after addition was complete. Water was 
then cautiously added and the product isolated with methylene 
chloride. The crude product was allowed to stand overnight in 
acetic anhydride (20 ml) and pyridine (23 ml). The mixture 
was then taken to dryness and the residue partitioned between 
methylene chloride and water. The methylene chloride was 
dried and concentrated to afford an oil (760 mg), which resisted 
attempts at crystallization.

A solution of the above crude material (760 mg) in acetone (40 
ml) containing p-toluenesulfonic acid (40 mg) was allowed to 
stand at room temperature for 2 hr. The reaction mixture was 
then treated with aqueous sodium bicarbonate and concentrated 
to dryness. The crude product was partitioned between methy
lene chloride and water. The organic phase was removed, dried, 
and evaporated. The resultant oil, which resisted attempts at 
crystallization, was chromatographed on alumina (35 g). Elution 
with 2% acetone in methylene chloride afforded an oil (431 mg), 
the infrared spectrum of which revealed a band at 1660 cm-1 
(a,/3-unsaturated ketone). This crude material was dissolved 
in acetic acid (100 ml). The solution was heated under reflux 
and treated with zinc dust (7.0 g, added in six portions at 2.5- 
min intervals). After the usual work-up, the crude product was 
chromatographed on alumina (35 g). Elution with acetone and 
methylene chloride gave the title compound (260 mg). An 
analytical sample had mp 183-186°, [a]D +117°, X“'°H 242 
m p  (c 15,500).

Anal. Calcd for CasHbA: C, 69.44; H, 8.33. Found: C, 
69.60; H, 8.42.

18,19,20«-Trihydroxypregn-4-en-3-one (la).-—A solution of the
18,20-diacetate of the title compound (200 mg) in methanol 
(45 ml) containing potassium hydroxide (1 g) was allowed to 
stand at room temperature for 3 hr. The reaction mixture was 
then neutralized with dilute acetic acid, concentrated to small 
bulk, and partitioned between half-saturated salt solution and 
ethyl acetate. The organic portion was dried and evaporated 
to afford the crude product. An aliquot (85 mg) was then 
chromatographed on silica gel (15 g). Elution with 8-15% 
methanol in methylene chloride gave the title compound la  
(64 mg), mp 235-250°. The analytical sample had mp 241-250°, 
[a]d +131°, X“ '°H 243 m p  (e 14,400).

Anal. Calcd for C21H32O,: C, 72.37; H, 9.25; O, 18.36. 
Found: C, 72.04; H, 9.52; O, 18.28.

18,20/3,Dihydroxypregn-4-en-3-one 6,19-Oxide (18).—A solu
tion of the oxidolactone 2b (400 mg) in dry, freshly distilled 
tetrahydrofuran (25 cc) was treated with lithium aluminum 
hydride (400 mg). The suspension was heated under reflux for
2.5 hr and then worked up as usual. The crude mixture of 
triols was, without further purification, dissolved in i-butyl 
alcohol (30 cc) and treated with dichlorodicyanoquinone (310 
mg). After storage for 24 hr at room temperature, the reaction 
mixture was worked up as usual14 to afford the title compound 
18 (210 mg). An analytical specimen had mp 99-100, 158-160, 
175-176°; [ « ] d  -162°; x"'°H 238 mp (e 12,700).

Anal. Calcd for C^ILkA :  C, 72.79; H, 8.73; O, 18.47. 
Found: C, 73.14; H, 8.71; O, 17.99.
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18,19,20/3-Trihydroxypregn-4-en-3-one (lb).—Zinc dust (75 
g) and sufficient 3 N  HC1 to make a paste were heated on the 
steam bath for 30 min. The zinc was filtered off, washed with 
water and ethanol, and the resulting cake ground in a mortar un
der ethanol. The powdered zinc was then suspended in dilute 
acetic acid, filtered, and washed with water and acetic acid.

A solution of the 6,19-oxido compound (350 mg) in acetic acid 
(10 cc) was heated with vigorous agitation on the steam bath. 
Zinc, prepared as above, was then added (7 g, in portions over 
13 min). The reaction mixture was cooled, filtered, and worked 
up as usual to afford the crude product, which was chromato
graphed on silica gel (30 g). Elution with 8-16% methanol in 
methylene chloride gave the title compound lb recrystallized 
from methylene chloride-ether (220 mg), mp 194-197°. An

a n a ly tic a l  sa m p le  h a d  m p  1 9 8 -2 0 4 ° , [a] D + 7 8 ° ,  243 m p
(« 14,000).

Anal. Calcd for C21Hi20 4: C, 72.37; H, 9.25; O, 18.36. 
Found: C, 72.32; H, 9.35; O, 18.22.

Registry No.—la, 15833-26-8; lb, 15833-27-9; 
2a, 15833-28-0; 2b, 15833-29-1; 4a, 15833-30-4;
6a, 15833-31-5; 5a-bromopregn-3/3,20a-diol 6/3,19-
oxide 20-acetate, 15833-32-6; 7a, 15833-33-7; 7b, 
15833-34-8; 8a,' 15833-35-9; 8b, 15856-42-5; 12,
15833-40-6; 14, 15833-37-1; 18,19,20a-trihydroxy-
pregn-4-en-3-one 18,20-diacetate, 15833-38-2; 18,
15833-39-3.

A R ea rra n g em en t R e a c tio n  o f  17 -a -H y d ro p ero x y p reg n a n -2 0 -o n es

J. N. G a r d n e r , 1 F. E. C a r l o n , a n d  O. G no j

Natural Products Research Division, Schering Corporation, Bloomfield, New Jersey 07003

Received October If, 1967

17a-Hydroperoxy-16/3-methylpregnan-20-ones have been found to rearrange to l7a-oxa-D-homopregnan-20- 
ones upon acetylation or treatment with mineral acid. The structure, stereochemistry, and mode of formation 
of the products are discussed.

Although the preparation of 17a-hydroperoxypreg- 
nan-20-ones hits been described,2 their acylation has not 
been reported. While attempting the acetylation of 
17 a-hydroperoxy-16/3-met hyl-5 a-pr egn an-3/3 -ol-20-one
3-acetate (I) with a pyridine-acetic anhydride mixture, 
we were surprised to find that the crude product ab
sorbed in the ultraviolet, having a band at Xmax 278 mp.

Chromatographic analysis revealed the presence of 
several materials and an investigation of their nature 
was undertaken.

Chromatography of the mixed acetates failed to 
resolve the mixture into its components and it was 
therefore subjected to hydrolysis with excess potassium 
hydroxide in aqueous methanol at room temperature. 
From the resulting mixture of alcohols three crystalline 
materials, II, III, and IV, were readily obtained by 
partition chromatography. Their structures were 
assigned on the basis of the following evidence.

VII,R = COCH3
The major product (II), obtained in ca. 25% yield, 

had an ultraviolet absorption maximum at 278 m^ (e
(1) A u th o r  to  w hom  co rresp o n d en ce  sho u ld  b e  ad d re ssed  a t  H o ffm an n -L a  

R oche , In c ., N u tle y , N . J . 07110.
(2) E . J . B ailey , D . H . R . B a r to n , J . E lk s, a n d  J . F . T e m p le to n , J .  Chem. 

Soc., 1578 (1962).

5900) and analyzed for C22H34O3, whereas infrared 
maxima at 1700 and 1620 cm-1 indicated the presence 
of a conjugated carbonyl group. As the Criegee rear
rangement of hydroperoxide esters is a well-documented 
reaction,3 a typical example being the conversion of the 
decalin hydroperoxide benzoate V into the isomeric 
compound VI (eq 1), it was apparent early in the 
investigation that structure II was mechanistically

OOCOC6H5

V

(1)

logical and fitted much of the available evidence. 
Although no good model could be found for the chro- 
mophore in II, the observed absorption did not seem 
inconsistent with such a structure. The nmr spectrum 
of II (see Table I) was also in agreement with the pro-

T a b l e  I
N m r  D a t a “

C-16 C -18 C-19
—C hem i 

C-21
cal sh ift-

C-6
C o m p d M e M e M e M e 17-O H 17-O M e 3-O A c M e
h 1.90 1.02 0.77 2.14
XVIII 1.98 1.06 0.98 2.22 2.04 1.64
i n 0.66 1.25 0.77 2.20 4.15

0.77
XIX 0.68 1.25 0.95 2.20 4.15 1.98 1.58

0.77
IV 0.93 1.08 0.75 2.13 3.22

1.04
XV 0.77 1.25 0.77 2.13 3.12

0.90
0 Expressed in parts per million.

(3/ E . S. G ould, “ M echanism  and Structure in Organic C hem istry,"  H olt,
R inehart, and W inston, Inc ., N ew  Y ork, N . Y ., 1959, p 633.
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posed structure, with the exception that the resonance 
at 1.02 ppm which had to be ascribed to the C-18 methyl 
group was clearly too far upheld for methyl on carbon 
bearing oxygen. In addition, II did not undergo reac
tions typical of an enol ether or of an a/3-unsaturated 
ketone (for example, it was unaffected by mineral acid 
or zinc in acetic acid).

Attention was now directed to compound III, ob
tained in ca. 10% yield. This material did not absorb 
in the ultraviolet, analyzed for C22H36O4, and had a single 
carbonyl absorption at 1730 cm-1. On acetylation 
it yielded a monoacetate (VII) which had an infrared 
absorption at 3450 cm-1 showing that it still contained 
hydroxyl. These data were all consistent with struc
ture III whose genesis via the Criegee rearrangement is 
obvious. The nmr spectrum was also in agreement. 
Notably the resonance at 1.25 ppm assigned to the C-18 
methyl was in an acceptable position, and the only band 
in the spectrum which could not be unequivocally 
assigned was that at 4.15 ppm. This was tentatively 
ascribed to the proton of the hydroxyl group at 17, and 
it was shown that the band was absent from the spec
trum after exchange with deuterium oxide. The stereo
chemistry at 17 remained unknown at this time.

The relationship of II to III was firmly established 
when it was discovered that III was converted into II 
on treatment with dilute mineral acid. This at once 
suggested that the anomalous position of the C-18 
methyl resonance in the nmr spectrum of II was due to 
diamagnetic shielding by the 16 double bond. This 
conclusion was supported by an examination of models 
which revealed that the relative positions of the methyl 
group and the double bond were similar to those in 
other compounds where such shieldings have been 
reported.4 In view of these developments it seemed 
reasonable to account for the lack of reactivity of the D 
ring in II as being due to contributions from canonical 
forms such as VIII and IX.

As the structure of II seemed fairly secure on the basis 
of the evidence cited, degradation was undertaken. 
Reaction with osmium tetroxide yielded a mixture of 
glycols (X) which had spectral properties in accord 
with the proposed structure. In particular the C-18 
methyl resonance occurred at 1.25 ppm and, as in III, 
there was a peak at 4.10 ppm assignable to the 17- 
hydroxyl. Reaction of X with lead tetraacetate, 
followed by alkaline hydrolysis, gave a methyl ketone
(XI) which was converted into its 3-acetate (XII) with 
acetic anhydride in pyridine5 (eq 2). An attempted 
iodoform degradation of XI to X III was inconclusive, 
the lactone being formed in too small a yield to be ob-

(4) R . R . F ra se r , Can. J .  C hem ., 40, 78 (1962).
(5) T h e  n m r  ab so rp tio n  of th e  C -18 m e th y l g ro u p  in  X I I  is w o r th y  of com 

m e n t a s  i t  o ccu rs a t  1.00 p p m , th e  sam e po s itio n  as  in  I I .  E x a m in a tio n  of 
m odels re v ea ls  t h a t  if a  h y d ro g en  b o n d  is fo rm ed  b e tw e en  th e  1 3 a -h y d ro x y l 
an d  th e  16-carbony l, th e n  th e  la t te r  g ro u p  is in  a  p o s itio n  to  d ia m ag n e tica lly  
sh ie ld  th e  C -18 m e th y l. A lth o u g h  th e  h y d ro g en  b o n d  p o s tu la te d  w ould  fo rm  
p a r t  of a  sev en -m em b ere d  ring , th e  p ro p o sed  ex p la n a tio n  is s u p p o r te d  b y  th e  
fa c t t h a t  in  X IV , w h ere  th e  ca rb o n y l g ro u p  is a b s e n t , th e  th re e  m e th y l 
g roups  on  2 a rb o n  b ea rin g  oxygen  lie in  th e  ra n g e  1 .12-1 .25  p p m .

Pb(OAcV

XI, R =  H
XII, R =  C0CH3

(2)

(3)

tained pure. An authentic sample of the lactone (XIII) 
was therefore prepared6 and both it and XII were 
treated withe xcess methylmagnesium iodide followed 
by acetic anhydride-pyridine, affording thereby the 
same product, the triol acetate XIV (see eq 3). The 
structure of II is thus firmly established.

The third rearrangement product (IV), obtained 
from I in ca. 1% yield, was now examined. The com
pound analyzed for C23H38O4, it had an infrared absorp
tion band at 1725 cm-1, and its nmr spectrum (see 
Table I) contained a band at 3.22 ppm ascribable to a 
methoxyl group. These data suggested that the com
pound might be a methyl ether of III, a hypothesis 
which was supported by its conversion into II on treat
ment with dilute mineral acid. An explanation of the 
formation of IV was then sought and it was thought 
that it might have been formed from III when the 
methanolic hydrolysis mixture of the crude rearrange
ment product was acidified with acetic acid. Com
pound III was therefore warmed with methanolic acetic 
acid and an isomeric ether (now assigned structure XV) 
was isolated. This material was identical with IV in 
chromatographic mobility, but whereas its infrared and 
nmr spectra showed similarities to those of IV, there 
were also profound differences. It was especially 
notable that in the nmr spectra (see Table I) of III and 
XV the C-18 methyl resonances occurred at 1.25 ppm 
whereas in IV this resonance was at 1.08 ppm. An 
examination of models of 17a-oxa-D-homopregnan-20- 
ones indicates that in a compound with a 17/3-acetyl 
group the C-18 methyl should be diamagnetically 
shielded by the 20-ketone, whereas a 17a-acetyl group 
should have relatively little effect at C-18. As the 
C-18 methyl resonance in IV is shifted upheld relative

(6) S. Rakhifc a n d  M . G u t, J .  Org. Chem ., 29, 229 (1964).
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to the usual position for methyl on carbon bearing oxy
gen, IV was tentatively assigned the 17/3-acetyl struc
ture. If this is correct, III and XV should have the 
more stable 17«-acetyl configuration, in which the acetyl 
group is equatorial. These assignments were then 
confirmed by showing that IV yields XV in high yield 
on treatment with methanolic acetic acid.

The aforegoing stereochemical arguments are sup
ported by examination of the positions of the resonances 
due to the 16/3-methyl group in the nmr spectra of III, 
IV, and XV. In IV the doublet ascribed to this group 
is centered at 0.99 ppm whereas in XV, evidently as the 
result of diamagnetic shielding by the 17a-acetyl group, 
this resonance is centered at 0.83 ppm. In III the 
doublet in question is observed at even higher field than 
in XV (0.71 ppm) an effect that is perhaps due to the 
influence of hydroxyl vs. methoxyl on the preferred 
rotational position of the 17«-acetyl group.

Before discussing the mechanism of the rearrange
ment, some further facts about the reaction and its 
products may be cited. It was found that if the 
acetylation of I was conducted with a limited amount of 
acetic anhydride and methanol was then added to the 
reaction mixture, the yield of IV could be raised to 22%. 
In contrast, if a large excess of anhydride was used, II 
was obtained in 62% yield and neither III nor IV could 
be isolated, while the best yield of II (ca. 80%) was 
obtained by acetylation of I with p-toluenesulfonic 
acid-isopropenyl acetate. Rearrangement of I could 
also be accomplished by treatment with perchloric acid 
in dioxane, and in this case II was isolated in 40% yield, 
together with a 14% yield of the 17-ketone XVI. It 
was also found that IV and XV yield III on treatment 
with trifluoroacetic acid in aqueous tetrahydrofuran, 
but prolonged exposure to these conditions can result in 
the formation of II.

When the hydroperoxide XVII was used as the sub
strate for the rearrangement, the reaction took the

expected course and XVIII and XIX were isolated. 
However, with 17a-hydroperoxy-5-pregnen-3/3-ol-20-

XIX

one the major product isolated was 5-androsten-3/3-ol-
17-one acetate, together with a small amount of 5- 
pregnene-3/3,17a-diol-20-one 3-acetate. In this case 
the crude reaction product had an ultraviolet absorption 
maximum at 262 npt, but we were unable to isolate the 
compound containing this chromophore as it appeared 
to decompose during chromatography. I t was ob
served that variation of the amount of acetic anhydride 
used had no detectable effect on the course of this reac
tion.

The D-homo products isolated from the rearrange
ments discussed are most easily rationalized in terms of 
a Criegee rearrangement3 of the intermediate XX 
leading via XXI to XXII and XXIII (see eq 4). This

explanation defines neither the species which gives rise 
to XX nor the nature of Y in XXII. In addition, XX 
may undergo an alternative decomposition to yield the 
17-ketone XXIV (eq 5), and the extent to which either

XXIV

process predominates is evidently largely dependent on 
the nature of the substituent at 16. When a 16/3-methyl 
group is present (XX, R = CH3), the compression 
between this and the C-18 methyl group results in ring 
enlargement being the favored reaction. When the 
reaction is brought about with strong acid, XX pre
sumably arises by protonation of the hydroperoxy 
function and subsequent loss of water. Likewise, it 
seems logical to assume that under acetylation condi
tions the acetate of the hydroperoxide forms and de
composes to XX. We have, however, been unable to 
detect the presence of this acetate. The formation of 
IV in ca. 20% yield, when methanol is added to an 
acetylation of I in which a limited amount of acetic 
anhydride is used, would appear to indicate that the 
reactive intermediate is present in appreciable amounts 
up to the time the methanol is added. Further, it is 
known that a steroidal 10/3-hydroperoxyacetate has a 
carbonyl absorption at 1775 cm-1 in the infrared;7 yet, 
examination of acetylations of I prior to quenching 
failed to detect any carbonyl absorption in this region. 
In addition, the thermodynamically unstable ether IV 
was originally isolated from a reaction mixture which 
had been quenched with water prior to coming into

(7) 3 .  L . S h ap iro , T . L e g a tt ,  a n d  E . P . O live to , T etrahedron L e tt., 663 
(1964).
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contact with methanol, suggesting that traces of the 
intermediate even survived water treatment. (That 
IV was not formed in this last experiment from II or III 
was established by showing that these compounds were 
stable in the presence of methanol and potassium hy
droxide, and II was also shown to be stable in acidic 
methanol.) If XX does arise from the acetate of the 
hydroperoxide, then during the rearrangement of I, Y 
in XXII should be acetate prior to alkaline hydrolysis 
and epimerization to yield III. However, our inability 
to resolve the mixture of acetates prior to hydrolysis has 
left this point undetermined, and we have, therefore, no 
direct evidence for the formation of the acetate of the 
hydroperoxide, although its intermediacy does seem to 
offer a plausible explanation of the observed results.

Experimental Section
Melting points were determined on a Kofler hot-stage micro

scope. Ultraviolet data refer to solutions in methanol, infrared 
data to Nujol mulls and rotations to approximately 1% solutions 
in dioxane. Nmr spectra were measured at 60-Mc for solutions 
in deuteriochloroform with tetramethylsilane as internal standard.

17a-Hydroxyperoxy-160-methyl-5a-pregnan-30-ol-2O-one Ace
tate (I).—Sodium hydride (50% in oil; 3.75 g) was dissolved at 
room temperature in a mixture of ¿-butyl alcohol (50 ml) and 
dimethylformamide (75 ml). Dimethylformamide (125 ml) was 
added, the solution was cooled to —25° and a solution of 160- 
methyl-5a-pregnan-30-ol-2O-one acetate (25 g) in tetrahydrofuran 
(60 ml) was added in one lot. A brisk stream of oxygen was 
blown through the solution while maintaining the temperature 
at —25°, and the reaction was monitored by thin layer chro
matography using the system benzene-methanol (99:1). After 
25 min when only a trace of starting material was detected, the 
solution was acidified with acetic acid. The product (28 g) was 
isolated by dilution with water and filtration. I t  was virtually 
homogeneous on thin layer chromatography. Two crystalliza
tions from acetone-hexane gave an analytical sample: mp 170- 
173°; [a]n +63.9°; > w  3300, 1750, 1700, and 1250 cm"1.

Anal. Calcd for CVHmO,: C, 70.90; H, 9.42. Found: C, 
71.12; H, 9.38.

Acetylation of 17a-Hydroperoxy-160-methyl-5c*-pregnan-30-ol- 
20-one 3-Acetate. A. With Excess Acetic Anhydride.—The
hydroperoxide (I) (1.22 g) in pyridine (7 ml) and acetic anhydride 
(3.5 ml) was left at room temperature for 18 hr. The mixture 
was poured into water and the crude product was isolated by 
extraction with ethyl acetate. The solvent was evaporated, 
and the residue hydrolyzed in a nitrogen atmosphere at room 
temperature for 1 hr with excess potassium hydroxide in aqueous 
methanol. The reaction mixture was acidified with acetic acid, 
and the product was precipitated by addition of water. After 
drying at 50°, this material was chromatographed on Chromo- 
sorb (100 g) in ligroin-propylene glycol, fractions of 30 ml being 
collected. Fractions 32-64 afforded 16-methyl-17a-oxa-D-homo- 
5a,16-pregnen-30-ol-2O-one (II) (649 mg). The analytical sam
ple, crystallized from acetone-hexane, had mp 159-162°: 
[a]D —79.5°; Vm&x 1700 and 1620 cm“1; Xma% 278 m^ (e 5900). 
A second crystalline modification, mp 128-132°, was also ob
tained on some occasions.

Anal. Calcd for t+H sTh: C, 76.26; II, 9.89. Found: C, 
75.99; H, 9.96.

B. With a Limited Amount of Acetic Anhydride.—The
preceding experiment was repeated with the quantity of acetic 
anhydride reduced to 610 mg.

Fractions 23-32 a ffo rd ed  1 7 a-m e th o x y -1 6 0 -m e th y l-1 7 a -o x a - 
D -hom o-5a-pregnan-3/3-ol-20-one (IV) (112 m g ) w h ich  c ry s ta l
lized  fro m  e th e r -h e x a n e  a n d  h a d  m p  1 2 8 -1 3 5 ° . S ev e ra l re- 
c ry s ta lliz a tio n s  g av e  a n  a n a ly tic a l  sa m p le : m p  1 4 2 -1 4 5 ° ;
[a]D —3 0 ° ; rma* 3500 a n d  1725 c m -1 .

Anal. Calcd for C23H3304: C, 72.97; H, 10.12. Found: C, 
72.54; H, 10.44.

Fractions 38-54 afforded II  (333 mg).
Fractions 67-78 yielded 160-methyl-17a-oxa-D-homo-5a,17- 

isopregnane-30,170-diol-2O-one (III) (112 mg). This material 
crystallized from ether-hexane and had mp 173-178° with a 
change of crystal form in the range 130-150°. Two crystalline

modifications with distinctly different infrared absorption spectra 
were encountered: [<*]d — 42.5°; rmax 1730 cm“1.

Anal. Calcd for C22II36O4: C, 76.26; H, 9.89. Found: C, 
75.99; H, 9.96.

C. With a Limited Amount of Acetic Anhydride and Sub
sequent Addition of Methanol.—The hydroperoxide I  (2.44 g) 
in pyridine (14 ml) and acetic anhydride (1.22 g) was left at 
room temperature for 18 hr. The reaction mixture under a 
nitrogen atmosphere, was diluted with excess potassium hydrox
ide in methanol and maintained at room temperature for 1 hr. 
Water was added and the product was isolated by extraction 
with ethyl acetate and chromatographed as in method A. Frac
tions 28-40 afforded IV (490 mg) and fractions 48-58 yielded II 
(625 mg).

16/3-M ethyl-17a-oxa-D-homo-5a:, 17-isopregnane-30,170-diol- 
20-one 3-Acetate (VII).—The diol I II  (110 mg) was acetylated 
in pyridine-acetic anhydride at room temperature for 18 hr. 
Water was added and the product was isolated by extraction with 
ethyl acetate and crystallized from aqueous ethanol to yield the
3-acetate (VII) (40 mg): mp 127-130°; [a ]D  —46°.

Anal. Calcd for C24II33O5: C, 70.90; H, 9.42. Found: C, 
70.80; H, 9.43.

Treatment of III with Mineral Acid.—The diol I I I  (50 mg) in
methanol (2 ml) was treated with a few drops of 2 N  hydrochloric 
acid and left at room temperature for 48 hr. The product was 
precipitated by addition of water and chromatographed in 
ligroin-propylene glycol on Chromosorb (25 g ) to yield I I  (10 
mg) identical with an authentic specimen as evidenced by mix
ture melting point and ultraviolet and infrared spectra.

16C-Methyl-l7a-oxa-D-homo-5o!-pregnane-3/3,16f,17f-triol-20- 
one (X).—The olefin II  (717 mg) in ether (30 ml) and pyridine 
(1 ml) was treated with a solution of osmium tetroxide (500 mg) 
in ether (15 ml). The mixture was stored in the dark for 3 days 
when the precipitate (1.25 g) was isolated by filtration and washed 
with ether. This material was dissolved in ethanol (125 ml) 
and 2% sodium metabisulfite solution (100 ml) was added. 
The reaction mixture was heated under reflux for 1.25 hr, 
filtered, and concentrated by boiling. I t  was then cooled and 
the product isolated by extraction with ethyl acetate. The 
resultant gum (shown by thin layer chromatography in chloro
form-ethyl acetate 4:1 to be a mixture of two materials) was 
crystallized from aqueous ethanol to yield X  (127 mg). Re
crystallization from the same solvent gave an analytical sample: 
mp 166-177°; [<x]d —87°; vma,x 1700 cm“1; nmr, 0.77 (C-19 
methyl), 1 .1  (160-methyl), 1.24 (C-18 methyl), 2.26 (C-21 
methyl), and 4.08 ppm (17-hydroxyl).

Anal. Calcd for C22H3605-H20: C, 66.30; 11,9.61. Found: 
C, 66.36; H, 9.78.

13,17-Seco-5a-androstane-30,13a-diol-16-one (XI).—A solu
tion of the triol (X) (981 mg) and lead tetraacetate (1.96 g) in 
chloroform (50 ml) was stirred at room temperature for 3.5 hr. 
The chloroform solution was washed with aqueous ethylene glycol 
and with water, and then dried over sodium sulfate. Evapora
tion of the solvent gave an oil which was treated with excess 
potassium hydroxide in aqueous methanol at room temperature 
for 1.5 hr. The reaction mixture was poured into dilute aqueous 
acetic acid and the product was isolated by extraction with di- 
chloromethane. This material was chromatographed in toluene- 
propylene glycol on Chromosorb (50 g) and crystallized from 
acetone-hexane to yield X I (144 mg), mp 187-200°. A further 
crystallization gave an analytical sample: mp 190-204°; [<*]d 
— 7.9°; I'm, 1700 cm“1.

Anal. Calcd for C19H32O3: C, 73.98; H, 10.46. Found: C, 
74.00; H, 10.09.

13,17-Seco-5n-androstane-30,13a-diol-16-one 3-Acetate (XII).
•—The diol (XI) (80 mg) was acetylated in a pyridine-acetic 
anhydride mixture at room temperature for 18 hr to yield 34 mg of 
the 3-acetate (XII): mp 151-154° after two crystallizations
from acetone-hexane; [a]D —26°; rmax 3500, 1710, and 1270 
cm“1; nmr, 0.73 (C-19 methyl), 1.00 (C-18 methyl), 1.94 (30- 
acetate), and 2.10 ppm (C-16 methyl).

Anal. Calcd for C21H34O4: C, 71.96; H, 9.75. Found: C, 
71.92; H, 9.72.

16-Methyl-13,17-seco-5a-androstane-30,13a, 16-triol 3-Acetate
(XIV) from XII.—The ketone X II (250 mg) in tetrahydrofuran 
(50 ml) was added to an excess of methylmagnesiumi odide in 
ether. The mixture was stirred 2.5 hr at room temperature, 
then poured into aqueous ammonium chloride solution. The 
product was isolated by filtration, dried, and acetylated in a
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pyridine-acetic anhydride mixture at room temperature for 18 
hr to yield XIV, mp 190-194° after two crystallizations from 
acetone-hexane: [a]d —32°; >>max 1750 cm-1; nmr, 0.77 (C-19 
methyl), 1.12, 1.17, 1.25 (C-18 methyl and 16,16-dimethyl), 
and 2.00 ppm (3/3-acetate).

Anal. Calcd for C22H3804: C, 72.09; H, 10.45. Found: C, 
71.97; H, 10.66.

From 17-oxa-5a-androstan-3/3-ol-16-one Acetate (XIII).—The
lactone (X III)6 (60 mg) in tetrahydrofuran (10 ml) was added to 
an excess of methylmagnesium iodide in ether. The product 
was isolated, acetylated, and crystallized as described above to 
yield XIV (8 mg), mp 188-192°, identical with the product 
obtained from X II as evidenced by mixture melting point and 
infrared absorption.

Treatment of IV with Mineral Acid.—The methyl ether IV 
(63 mg) in tetrahydrofuran (8 ml) was treated with a few drops of 
2 N  hydrochloric acid, and the solution was warmed on the 
steam bath for 1 hr. The product was precipitated by addition 
of water and crystallized from acetone-hexane to yield II (29 mg) 
identical with an authentic specimen.

17/3-M ethoxy-16/3-methyl-17a-oxa-D-homo-5a, 17-isopregnan- 
3/3-ol-20-one (XV). A. From IV.—A solution of IV (88 mg) in 
methanol (6 ml) containing a few drops of acetic acid was warmed 
on the steam bath for 3 hr. Addition of water and crystallization 
of the resultant precipitate from acetone-hexane gave XV 
(45 mg): mp 180-192°; [«]d - 110°; 3550, 3450, 1750, and
1730 cm“1.

Anal. Calcd for C23H38O4: C, 72.97; H, 10.12. Found: C, 
73.05; H, 10.28.

B. From III.—A solution of III  (110 mg) in methanol (5 ml) 
containing a few drops of acetic acid was warmed on the steam 
bath for 3 hr. Water was added, and the product was isolated 
by extraction with ethyl acetate and chromatographed in ligroin- 
propylene glycol on Chromosorb (36 g), fractions of 15 ml being 
collected. The material in fractions 12—18 was crystallized from 
acetone-hexane to yield XV (18 mg), mp 178-188°.

Rearrangement of I with Perchloric Acid.—The hydroperoxide 
I  (3 g) suspended in dioxane (80 ml) and perchloric acid (70%; 
8 ml) was stirred at room temperature for 18 hr. The product 
was precipitated with water and hydrolyzed and chromatographed 
as described for the rearrangement using acetic anhydride- 
pyridine. In addition to II  (1.02 g), there was isolated from 
subsequent chromatogram fractions XVI (307 mg), mp 153-156° 
after crystallization from acetone-hexane. This material was 
identical with an authentic sample of 16S-methyl-5a-androstan- 
3/3-ol-17-one ,8

Rearrangement of I with Isopropenyl Acetate p-Toluene- 
sulfonic Acid.—The hydroperoxide I (5.2 g) suspended in acetic 
acid (150 ml) and isopropenyl acetate (20 ml) was stirred at 
room temperature for 18 hr with p-toluenesulfonic acid (520 
mg). The crude product was isolated by dilution with water and 
extraction with ethyl acetate. I t was hydrolyzed and chro
matographed as described for the rearrangement using acetic 
anhydride-pyridine to yield II  (4.05 g).

Treatment of IV with Aqueous Trifluoroacetic Acid.—The 
methyl ether IV (1.06 g) in tetrahydrofuran (45 ml) and water 
(5 ml) was treated with trifluoroacetic acid (1 ml) and left at 
room temperature for 60 hr. The reaction mixture was poured 
into water, and the precipitate was isolated and crystallized 
from ether-hexane to yield III  (630 mg), mp 168-173°.

(8) P . d e  R ug g ie ri, C . F e r ra r i ,  a n d  C . G andolfi, Gazz. C him . J ta l. 9 1 , 672
(1961).

6,16-Dimethyl-17a-oxa-D-homo-5,16-pregnadiene-3/S-ol-20-one
3-Acetate (XVIII).—6, 16/3-D imethy 1-17a-hydroperoxy-5-pregnen- 
3/3-ol-20-one9 (3.1 g) was acetylated in a pyridine-acetic an
hydride mixture for 18 hr at room temperature. The mixture of 
acetates was crystallized twice from aqueous methanol to yield 
XVIII (1.03 g), mp 175-178°. Four further crystallizations 
from methanol gave an analytical sample with mp 180-183°; 
H d -1 6 9 °; Ama* 278 mM; (t 6200); rmax 1740, 1700, 1630, and 
1250 cm -1.

Anal. Calcd for C25H36O4: C, 74.96; H, 9.06. Found: C, 
74.90; H, 9.17.

6,16/3-Dimethyl-17a-oxa-D-homo-17-iso-5-pregnene-3/3,17/3- 
diol-20-one 3-Acetate (XIX).—The mother liquors from the 
first two crystallizations of XVIII were hydrolyzed with excess 
potassium hydroxide in aqueous methanol at room temperature. 
The crude product was chromatographed in ligroin-propylene 
glycol on Chromosorb (140 g), fractions of 50-ml volume being 
collected. The gum in fractions 53-72 (481 mg) was acetylated 
in the usual manner, and the product was crystallized from 
aqueous ethanol to yield XIX: mp 149-153°; ymax 3450, 1720, 
and 1250 cm-1.

Anal. Calcd for C2SH380 6: C, 71.74; II, 9.15. Found: C, 
71.39; H, 8.78.

Rearrangement of 17<*-Hydroperoxy-5-pregnen-3/3-ol-20-one.2
—The hydroperoxide (1 g) was acetylated in a pyridine-acetic 
anhydride mixture a*, room temperature for 18 hr. The crude 
product, which had a band at Amal 262 mn (e 500-1000), was 
chromatographed on Chromosorb (130 g) in heptane-methyl 
Cellosolve, fractions of 25 ml being collected.

Fractions 25-39.—This material (800 mg), which on paper 
chromatography in heptane-methyl Cellosolve appeared to be 
homogeneous and to absorb in the ultraviolet, was hydrolyzed 
in aqueous methanol at room temperature with excess potassium 
hydroxide. The product was chromatographed on Chromosorb 
(75 g) in ligroin-propylene glycol. The material in fractions
19-33, which likewise appeared to be homogeneous and to absorb 
in the ultraviolet, was crystallized from hexane-ether and then 
from aqueous methanol to yield 5-androsten-3/3-ol-17-one (155 
mg) identical with an authentic specimen. (Subsequent at
tempts to isolate the compound containing the chromophore 
failed due to its apparent decomposition.)

Fractions 40-60.—This material (275 mg) was hydrolyzed in 
aqueous methanol at room temperature with excess potassium 
hydroxide. The product was crystallized from methanol to give
5-pregnene-3/3,17a-dicl-20-one (70 mg) identical with an authentic 
specimen.

Registry No.—I, 15815-49-3; II, 15815-51-7; III, 
15815-50-6; IV, 15811-05-9; VII, 15811-04-8; X, 
15811-06-0; XI, 15811-07-1; XII, 15811-08-2; XIV, 
15811-09-3; XV, 15811-10-6; XVIII, 15811-11-7; 
XIX, 15811-12-8.
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6-C-|S-D-Glueopyranosyldiosmetin and 8-C-/3-D-glucopyranosyldiosmetin have been isolated from citrus species 
and their structures determined from nmr and other spectral data. In addition, 2"-0-/3-D-xylosylvitexin, a 
di-C-glycosylapigenin, and a di-C-glycosyldiosmetin have been obtained. The chemical shifts of acetyl methyl 
bands in the nmr spectra of various acetylated C-glycosyl compounds are discussed. It is shown that these 
shifts as well as other spectral and chromatographic data can be used to determine the position of substitution 
of the glucosyl residue.

C-Glycosylflavones have been found in about twenty 
different plant families.2,3 Earlier publications4-6 dealt 
briefly with the occurrence of these compounds in 
citrus fruits (Rutaceae), where they accompany a 
large array of other flavonoids, principally 0-glyco
sides and O-permethylflavones. For the most part 
the C-glycosylflavones of Citrus occur in very low con
centration and are difficult to isolate. We obtained 
the compounds described here by chromatographing 
crude peel extracts on columns of silicic acid developed 
with chloroform-methanol or ethyl acetate-methanol.

Compound I, mp 267-268°, was found both in 
lemons (C. limon) and oranges (C. sinensis). Its 
ultraviolet spectra in neutral ethanol and with various 
added diagnostic reagents (Table I) establish it as a 
flavone. Comparison of these spectra with those of 
some commonly occurring flavone aglycones (see 
Chart I and Table I) indicates that it is derived from 
diosmetin. Since I moves faster than diosmetin on 
paper chromatography in aqueous solvents or on paper 
electrophoresis in aqueous sodium borate (Table II), 
it can be assumed that a glycosyl residue is present in 
the molecule. Nevertheless, prolonged treatment of 
the compound in hot 3 N  hydrochloric acid fails to re
lease any sugar, but leads instead to a slow, partial 
conversion into a different glycosylflavone (II).

Compound II, mp 243-245°, is a natural constit
uent of lemons, but was not found in oranges. Its 
ultraviolet spectra are almost indistinguishable from 
those of diosmetin and I. I t migrates faster than I 
on paper chromatography or electrophoresis and, when 
heated in acid, undergoes partial conversion into I. 
Both I and II yield isovanillic acid as a product of 
alkaline hydrolysis.

It is clear that we have in hand a pair of isomeric C- 
glycosylflavones, one of which is a 6-C-glycosyl de
rivative, the other an 8-C-glycosyl derivative. This 
conclusion is based (a) on the obvious presence of a 
glycosyl residue, (b) on its failure to be released by acid 
hydrolysis, and (c) on the interconversion of I and II 
in acid solution. Analogous Wessley-Moser inter
conversions of 6- and S-C-glycosyl isomers have been 1

(1) A L a b o ra to ry  of th e  W e ste rn  U til iz a tio n  R esea rc h  a n d  D ev e lo p m en t 
D iv is ion , A g ricu ltu ra l R esea rc h  S erv ice, U . S. D e p a r tm e n t of A g ricu ltu re .

(2) (a) J .  C hop in  in  “ A c tu a lité s  d e  P h y to c h im ie  F o n d a m e n ta le ,” 2nd  
Series, C . M en tz e r, E d ., M asso n  e t  C ie., E d ite u rs , P a ris , 1966, p  44 ; (b) 
H . W a g n e r in  " C o m p a ra tiv e  P h y to c h e m is try ,”  T . S w ain , E d ., A cadem ie 
P ress In c ., N ew  Y ork , N . Y ., 1966, p  309.

(3) J . B . H a rb o rn e , “ C o m p a ra tiv e  B io c h em istry  of th e  F la v o n o id s ,” 
A cadem ie  P ress  In c ., N ew  Y o rk , N . Y ., 1967.

(4) R . M . H o ro w itz  a n d  B . G en tili, Chem. In d .  (L o n d o n ), 498 (1964).
(5) R . M . H o ro w itz  a n d  B . G en tili, ib id ., 625 (1966).
(6) J . C hop in , B . R ou x , a n d  A. D u rix , Com pt. R end ., 259 , 3111 (1964).

observed before, for example, in vitexin and isovitexin4 
or orientin and isoorientin.7

The remaining structural questions have to do with 
the identification, configuration, and point of attach
ment of the glycosyl residue. Because of the very small 
amount of material on hand, it was impractical to 
ozonize or otherwise oxidize the flavone portion of the 
molecule to obtain the free sugar. However, in cases 
where the identity of the sugar residue of C-glycosyl 
compounds has been clearly established, it has always 
been found to be j8-D-glucosyl. That this holds for 
compounds I and II is indicated by nmr data, which 
also show the configuration and point of attachment 
of the glucosyl residue.

Table III catalogs the band positions of the ali
phatic acetyl methyl groups of various acetylated 8- 
and 6-C-glucosylflavones (groups A and B, respectively) 
and of a number of miscellaneous acetylated C-glucosyl 
compounds (group C). The acetyl bands of the 8-sub- 
stituted flavones form a pattern quite distinct from 
that of the acetyl bands of the 6-substituted and mis
cellaneous group. Thus, in 8-C-glucosylflavones both 
the 2"-0-acetyl band (5 1.70-1.73) and the 6"-0- 
acetyl band (5 1.90-1.95) occur at consistently higher 
field than they do in the other groups of compounds 
(5 1.77-1.83 for the 2"-0-acetyl in groups B and C and 
1.98-2.04 for the 6 "-0-acetyl in groups B and C). 
There is, in fact, essentially no difference in the spectra 
of the group B and C compounds in spite of wide varia
tions in structure. The distinct character of the spec
tra of the group A compounds must be due to some 
special structural feature, most likely the proximity of 
the glucosyl residue to the B ring of the flavone.

The unusually high field position of the 2"-0- 
acetyl band in the various compounds listed in Table 
III is due primarily to shielding by the aromatic A 
ring to which the glycosyl residue is linked, since this 
acetyl is situated mainly in the diamagnetic region 
above or below the plane of the A ring5,8,9 (see Figure 1). 
The slightly greater shielding of the 2 "-O-acetyl in 
group A compounds compared with group B and C 
compounds is of some diagnostic value and can be ex
plained on the assumption that the 2 "-O-acetyl in 
group A is shielded not only by the A ring of the flavone 
but to some extent by the B ring. The greater shield
ing of the 6"-0-acetyl in group A can be accounted for 
on the assumption that it lies in the diamagnetic region

(7) B . H . K o ep p en , C . J . B. S m it, a n d  D . G . R oux , Biochem . J . ,  83, 507 
(1962).

(8) W . E . H illis  a n d  D . H . S. H o rn , A u st. J .  Chem ., 18, 531 (1965).
(9) R . A. E a d e , W . E . H illis, D . H . S. H o rn , a n d  J . J . H . Sim es, ib id ., 18, 

715 (1965).
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T a b l e  I
U l t r a v i o l e t  A b s o r p t i o n  S p e c t r a  (Xma* i n  m u )  o f  F l a v o n e s , C - G l y c o s y l f l a v o n e s , 

a n d  T h e i r  A c e t y l  D e r i v a t i v e s “

Compd I n  E tO H 6 I n  E tO H -N a O A c “ I n  E tO H -N a O H d I n  E tO H -A lC L '

I 252, 272, —290, 343 281, —320, —370 270, —303, —385 259, 280, -2 9 6 , 355, - '380
I heptaacetate (la)
II

~260, 319 
253, 272, 344 280, —318, —376 271, —302, —390 259, 281, —295, 358, - '380

II  heptaacetate (Ila)
III

—258, 320 
272, 333 281, 384 281, —334,400 279, 306, 349, —382

IV 274, 335 283, 385 283, —337, 404 282, 305, 350, —380
IV peracetate (IVa)
V

258, 298, —312 
—257, 274, 344 283, —315, —385 269, —280, —400 —265, 282, —300, 357, —380

V peracetate (Va) 
Apigenin (VI)

—257, 314 
269, 335 277, —300, 380 277, -3 2 9 , 399 278, 303, 345, —382

Apigenin triacetate (Via) 
Luteolin (VII)

254, 299
255, 268, ~295, 350 269, —277, —325, 392 267, —335,406 273, —300, —332, 426

Luteolin tetraacetate (Vila) 
Chrysoeriol (VIII)

—254, 259, 298 
252, 270, 346 278, —321, 395 265, 335, 410 263, 278, —296, 359, - 385

Chrysoeriol triacetate (V illa) 
Diosmetin (IX)

240, —260, 308 
252, 269, 344 278, —321, —362 271, —302, —382 261, 278, —295, 358, - -'383

Diosmetin triacetate (IXa) 
Vitexin (X)

—255, 318 
270, 333 280, —300, 384 281, —333,400 278, 305,346, —382

Vitexin heptaacetate (Xa) 
Isovitexin (XI)

254, 398, —310 
273, 336 280, —300, 383 280, —333, 404 281, 305, 349, —380

2' '-0-/3-D-Xylosyl vitexin (X II) 271, 332 280, —305, 386 281, -3 3 3 , 400 278, 305, 346, —380
“ The symbol — indicates either a shoulder or band of relatively low intensity. 6 Absolute ethanol. “ Fused sodium acetate. d One 

drop of 1% aqueous sodium hydroxide added to a 3-ml cuvette. • Excess crystalline aluminum chloride.

T a b l e  II
M i g r a t i o n  o f  F l a v o n e s  a n d  C - G l y c o s y l f l a v o n e s  o n  P a p e r  C h r o m a t o g r a p h y  a n d  E l e c t r o p h o r e s i s

✓ ----------------------------------------------------------------- R f  v a lu e  in ------------------------------------------------------------------.

C o m p d 10%  H O  Ac 30%  H O  Ac
n -B u O H -H O A c -m O

(2 0 :6 :1 5 )
E tO A c -H C C L H -m O

( 1 0 :2 :3 ) “
E le c tro p h o re tic

m ig ra tio n 6

I 0.13 0.42 0.58 0.39 0.48
i i 0.30 0.61 0.68 0.47 0.75
i n 0.65 0.74 0.62 0.39 1.86
IV 0.50 0.68 0.55 0.15 1.80
V 0.39 0.64 0.52 0.13 1.35
Apigenin (VI) 0.03 0.28 0.94 0.87 0.30
Diosmetin (IX) 0.02 0.23 0.90 0.86 0.08
Vitexin (X) 0.20 0.46 0.63 0.43 1.00
Isovitexin (XI) 0.39 0.63 0.72 0.51 1.31
2"-0-/3-D-xylosylvitexin (XII) 0.65 0.74 0.62 0.39 1.88
Vicenin-2 (X III) 0.47 0.65 0.55 0.18 1.80
Orientin (XIV) 0 .12 0.38 0.42 0.28 1.15
Isoorientin (XV) 0.27 0.56 0.55 0.38 1.50

“ Upper phase. 6 In 0.1 M  aqueous sodium borate, ca. 900 V, 2 0 ^0  mA, ca. 3 hr, Whatman No. 1 paper. The migrations are given 
relative to vitexin =  1 .00.

of the B ring of the flavone nucleus. Models show 
this to be a likely conformation (see Figure 1). Since 
any similar shielding can obviously be ruled out in 
groups B and C, the 6 "-O-acetyl band of these com
pounds occurs at the “normal” position (5 1.98-2.04), 
i.e ., the same position as the 6-O-acetyl band of simple 
glucose derivatives such as D-glucose 2,3,4,6-tetra
acetate (5 2.03).10

(10) T h e  ass ig n  m e n ts  in  T a b le  I I I  fo r th e  ac e ty l b a n d s  of D -glucose 2,3 ,4 ,6-
te t r a a c e ta te  a r e  b a s e d  on a  co m p ariso n  of th e  s p e c t ra  of v a r io u s  p a r t ia l ly
a c e ty la te d  g lu co ses  (u n p u b lish e d  d a ta ) .

A consequence of the interaction of the 2"- and 
6 "-O-acetyl groups with the B ring and C-7 substituent 
in 8-substituted flavones is that these compounds ex
hibit hindered rotation about the C-l"-C-8 bond. 
Even at temperatures as high as 30-40° they appear 
to exist largely in two principal rotational conforma
tions,11 as discussed earlier by Eade and coworkers.9 
The existence of the conformers, which is markedly 
temperature dependent, is evidenced in the nmr spec
trum at 35° by the splitting or broadening of the bands 
of certain aromatic protons and acetyl groups, partic
ularly the 6"-O-acetyl group (Table III). Since the 
glycosyl portion of the group B and C compounds has 
a smaller rotational barrier, their spectra are generally 
sharp in all regions, with the possible exception of the 
slightly broadened 2"-0-acetyl band.

A further point of difference between the spectra of 
the acetylated 8-O-glucosylflavones and the other 
acetylated C-glueosyl compounds lies in the band posi-

(11) O ne of th e se  is th e  c o n fo rm a tio n  show n  in  F ig u re  1; in  th e  o th e r  th e  
g lucosy l re s id u e  is  r o ta te d  180° a b o u t  th e  C - l " - C - 8  b o n d .
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C o m p d  3 5

I ll ,  X II OH

IV, X III OH
I Va OAc
V OH
Va OAc
VI OH
Via OAc
VII OH
V ila OAc
V ili OH
V illa OAc
IX OH
IXa OAc
X OH
Xa OAc
XI OH
X la OAc
XIV OH
XlVa OAc
XV OH
XVa OAc
XVIa OAc
XVIIa OMe

XVIIIa OMe

X lX a OMe

XXa
XXIa
XXIIa OMe
X X IIIa OAc OAc
XXXIIa OAc
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C h a r t  I

F l a v o n e  S u b s t i t u t i o n  P a t t e r n s

6

Glycosyl
Peracetylglycosyl
Glycosyl
Peracetylglycosyl

Glu
AC4GIU

Glu
Ac4Glu

A c4G1u
Ac4Glu

RO-

Glu, R = H  
A c4G1u , R = A c

OH

OH
OAc
OH
OAc
OH
OAc
OH
OAc
OH
OAc
OH
OAc
OH
OAc
OH
OAc
OH
OAc
OH
OAc
OAc
OMe

OMe

OMe

OAc
OMe
OMe
OMe
OAc

HO-~<

HO O -X y lo sy l 

Glycosyl
Peracetylglycosyl
Glycosyl
Peracetylglycosyl

Glu
A c4G1u

Glu
A c4G1u

A c4G1u
A c4G1u

OMe

MeO OMe

A c4G1u
A c4G1u

OH
OAc

OH
OAc
OMe
OMe
OH
OAc

OH
OAc
OH
OAc

OH

OH
OAc
OMe
OMe
OH
OAc
OH
OAc
OH
OAc
OMe
OMe
OH
OAc
OH
OAc
OH
OAc
OH
OAc
OMe
OMe

OMe

OMe

OAc
OMe
OMe
OAc
OMe

tions of the 3”- and 4"-0-acetyl groups. In the 8- 
substituted flavones these bands occur in two discrete 
ranges, 5 2.01-2.03 and 2.08-2.10, respectively, while 
in the 6-substituted and miscellaneous compounds 
they overlap or occur very close together in the range 
8 2.03-2.08. Since the 4"-0-acetyl lies near the axis 
of rotation of the glucosyl ring, it should be relatively 
insensitive to the rotational conformation of the 
molecule. In the 8-substituted flavones the signal at 
8 2.08-2.10 is a sharp singlet and is, therefore, assigned 
to the 4,,-0-acetyl. The band at 8 2.01-2.03 is usu
ally broadened or split and is assigned to the 3 "-0- 
acetyl. Furthermore, models show that in one of the 
principal postulated conformations the 3 ''-O-acetyl

is likely to be shielded to some extent by the B ring.12'13
Using the band positions of the various sugar 

acetyl groups and sharpness of the spectra as criteria 
for determining the point of substitution, we conclude

(12) T h e  sam e  a s s ig n m e n ts  fo r th e  3 " -  a n d  4 " -0 - a c e ty ls  h a v e  b ee n  g iv en  
b y  E a d e , H illis, H o rn , a n d  S im es9 b u t  th e  co n v e rse  a ss ig n m e n ts  a re  g iv en  b y  
H illis  a n d  H o rn .8

(13) T h e  sp e c tru m  of th e  isoflavone, p u e ra r in  h e x a a c e ta te  (X X X Ia ) ,  ap 
p ea rs  to  b e  of a  “ h y b r id ”  n a tu re , in  w h ich  th e  2 " -0 - a c e ty l  s ig n a l con fo rm s to  
th e  g ro u p  A  p a t te rn  w hile  th e  3 " - ,  4 " - ,  a n d  6 " -0 - a c e ty l  s ignals  con fo rm  to  
th e  g ro u p  B , C  p a t te rn .  M odels  show  t h a t  th e  2 " - 0 - a c e ty l  g ro u p  is rou g h ly  
e q u id is ta n t from  th e  B rin g  in  8 -s u b s t itu te d  flavones o r  iso flavones, b u t  th e  
o th e r  a c e ty l g ro u p s  a re  m u ch  fu r th e r  rem o v ed  from  th e  B rin g  in  8 -substi- 
tu te d  iso flavones th a n  in  8 -s u b s t itu te d  flavones. I t  is a lso  of in te re s t  t h a t  
th e  6- a n d  8 - s u b s t itu te d  flavanones , h em ip h lo in  h e p ta a c e ta te  (X X X a )  a n d  
isohem iph lo in  h e p ta a c e ta te  (X X IX a ) ,  a re  re p o r te d  to  g iv e  c lose ly  s im ila r 
sp ec tra .



1574 Gentili and Horowitz The Journal of Organic Chemistry

XXVa, Ri = OMe; R2= Ac; R3 = OAc

RO
XXVIIa, R = Ac 

XXVIIIa, R = Me
r 2

AcO.
r i i

AX - v j V - O A c

Ri"
AcO 0

XXIXa, R i= H ; R2 = Ac4Glu 
XXXa, Ri = Ac4G1u; R 2 = H

that compound I is an 8-substituted diosmetin and 
compound II is a 6-substituted diosmetin. The close 
correspondence in the acetyl band positions of la  
and Ila  with those of the other compounds in their 
respective groups, all of which are C-d-D-glucosyl de
rivatives, leads us to infer that they too are <7-/3-d- 
glucosyl derivatives. Were this not the case one 
might expect to find perceptible differences in the spec
tra as a result of epimeric configurations in the sugar. 
In any case, the large coupling constant (10 Hz) of 
H -l"  in compound Ila  (Table III) confirms the /3 
configuration of the glucosyl radical and the equatorial 
configuration of the C-2" acetoxyl group.

The nmr data in Table IV show the band positions 
of the aromatic and methoxyl protons in the acetyl 
derivatives of II, vitexin, isovitexin, and several simple 
flavones. The latter compounds—apigenin, acacetin, 
luteolin, chrysoeriol and diosmetin—give characteristic 
spectra that are useful in identifying C-glucosyl com
pounds derived from them. Comparison of the chem
ical shifts in Table IV shows, in agreement with the 
ultraviolet data of Table I, that compound II is de
rived from diosmetin, while the absence of an H-6 
resonance confirms that it is 6 substituted.14

The problem of distinguishing 6- and 8-(7-glucosyl 
isomers can be solved, as outlined above, by examining 
the chemical shifts of either the acetyl or aromatic 
protons. When only a small amount of compound is 
available the acetyl protons, because of greater signal 
strength, generally give more reliable information

(14) T h e re  w as a n  in su ffic ien t q u a n t i ty  of l a  a v a ila b le  to  d e te rm in e  reli
ab le  v a lu e s  fo r th e  a ro m a tic  p ro to n s . T h e  m e th o x y l p ro to n s  in  l a  occur a t
fi 3.93.

than do the aromatic protons, which sometimes 
cannot be discerned above the background. Con
firmatory evidence can be obtained by comparing 
Rf values of the corresponding 6- and 8-C-glucosyl- 
flavones. In the solvents listed in Table II the 6- 
substituted compounds invariably migrate more rapidly 
than the corresponding 8-substituted compounds, and 
the same applies for paper electrophoresis in sodium 
borate solution.15-17 According to these criteria com
pounds I and II can again be assigned as the 8 and 6 
isomers, respectively. We conclude that I is 8-CS8-D- 
glucopyranosyldiosmetin and II is 6-C-/3-D-glucopy- 
ranosyldiosmetin.

OMe

I,R=H
Ia,R=Ac

II ,R = H  
Ila, R=Ac

In addition to these monoglucosylflavones we have 
isolated small quantities of flavones that appear to 
contain more than one glycosyl residue. Compound 
III, obtained as a gum from orange peel, yields xylose 
and vitexin together with a small amount of isovitexin 
when hydrolyzed with acid or hemicellulase. Its 
ultraviolet spectra (Table I) are the same as those of 
2' '-O-d-D-xylosylvitexin,5 as are its Ri values in several 
solvents and rate of migration on paper electrophoresis 
(Table II). 2 "-0-/3-D-Xylosylvitexin was isolated pre
viously from Vitex lucens as a crystalline solid. The 
present compound, which was not obtained entirely 
pure, is believed to consist mainly of 2"-0-/3-D-xylo- 
sylvitexin mixed with a small proportion of a glyco- 
sylisovitexin.

Compound IV was isolated from lemon peel as a 
crystalline solid, mp 233-236°. Its ultraviolet spec
trum and spectral shifts are closely similar to those 
of apigenin, vitexin, and isovitexin. It migrates more 
rapidly than any of these compounds on paper chro
matography in strongly aqueous solvents or on paper 
electrophoresis in aqueous sodium borate. When 
heated in hydrochloric acid it gives no sugar and does 
not isomerize appreciably. These results point to the 
presence of two C-glycosyl residues, which, because 
of the apparent lack of isomerization, are likely to be 
identical and located at the 6 and 8 positions of the

(15) C th e r  exam ples, n o t g iv en  in  T a b le  I I ,  a re  c y t is o s id e /iso c y tiso s id e 1’18 
a n d  8 w erti8 i n / i 8 0 sw e rtis in .17

(16) J .  C hop in , M . L . B o u illan t, a n d  A . D u rix , C om pt. R end ., 260, 4850 
(1965).

(17) M . K o m a tsu , T . T o m im o ri, a n d  M . I to , Chem . P h a rm . B u ll. (T o k y o ), 
15 , 263 (1967); M . K o m a tsu  a n d  T . T o m im o ri, Tetrahedron Lett., 1611 (1966).
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T a b l e  III
C h e m i c a l  S h i f t  o f  A c e t y l  M e t h y l  a n d  B e n z y l i c  ( H - l " )  P r o t o n s  o f  A c e t y l a t e d  C - G l u c o s y l  C o m p o u n d s

i n  D e u t e r i o c h l o r o f o r m “

/---------------------------- C hem ica l s h if t a n d  coup ling  [5, p p m  ( J ,  H z) ]----------------------------
Compd 4"-OAo 3"-OAc 6"-OAc 2"-OAc H-l" Ref6

8-Substituted Flavones (Group A)
Vitexin heptaacetate (Xa) 2.09 2.01 1.91« 1.73 4.98(10) 5
Cytisoside hexaacetate (XVIa) 2.08 2.01 1.92 1.73 d 16
5,7,4'-Tri-0-methylvitexin tetraacetate (XVIIa) 
5,7,4',3” ,4",6' '-Hexa-O-methylvitexin acetate

2.09 1.98 1.93« 1.71 5.25(10)

(XVIIIa)
5,7,4',2",3'',4''-Hexa-0-methylvitexin acetate

1.72 5.06(10) 5

(XlXa) 1.93 5.00(10) 5
Orientin octaacetate (XlVa) 2.09 2.02 1.95* 1.72 6
Bayin hexaacetate (XXa) 2.10 2 .02« 1.90a 1.72 d 8,9
7,4'-Di-0-methylbayin tetraacetate (XXIa) 2.10 2 .01» 1.91a 1.70 d 8,9
8-C-/3-D-Glucopyranosyldiosmetin heptaacetate (la) 2.08 2.02 1.94* 1.71 f
Range for group A (2.08-2.10) (1.98-2.02) (1.90-1.95) (1.70-1.73)

6-Substituted Flavones (Group B)
Isovitexin heptaacetate (XIa) 2.08 2.08 2.04 1.83 4.91(10)
5,7,4'-Tri-0-methylisovitexin tetraacetate (XXIIa) 2.07 2.05 2.02 1.77 5.14(10)
Isoorientin octaacetate (XVa) 2.08 2.08 2.02 1.82 4.85 (9.5)
Keyakinin heptaacetate (X X IIIa) 2.05 2.05 2.01 1.80 5.25 i
6-C-/3-D-G!ucopyranosyldiosmetin heptaacetate (Ha) 2.07 2.07 2.02 1.81 4.86(10)

Miscellaneous C-Glucosyl Compounds (Group C)
C-/3-D-Glucosylbenzene tetraacetate (XXIVa) 
C-/S-D-Glucosyldi-0-methylphloracetophenone

2.04 2.03 1.98 1.78 4.36 8

pentaacetate (XXVa) 2.07 2.07 2.04 1.80 d 17
Mangiferin octaacetate (XXVIa) 2.07 2.05 2.01 1.79 4.92(10)
Aspalathin nonaacetate (XXVIIa) 
3,4,2',4',6'-Penta-0-methylaspalathin

2.06 2.03 2.00 1.78 4.72(9-10) j

tetraacetate (XXVIIIa) 2.09 2.06 2.03 1.78 5.34(9-10) j
Isohemiphloin heptaacetate (XXIXa) 2.03 2.03 2.00 1.80 ~ 5 .4 8
Hemiphloin heptaacetate (XXXa) 2.05 2.05 2.03 1.83 d 8
Combined ranges for groups B and C (2.03-2.08) (2.03-2.07) (1.98-2.04) (1.77-1.83)

Other Compounds
D-Glucose 2,3,4,6-tetraacetate 2.10 2.10 2.03 2.02
Puerarin hexaacetate (XXXIa) 2.07 2.07 2.05 1.72 d 8

° Spectra from this laboratory were determined at 30-35°; spectra quoted from the literature are assumed to be a t about the same 
temperature. Tetramethylsilane was used as internal standard. 6 Numbers are text references. '  This band is split, the other branch 
occurring a t S 2.03. d Not reported. * This band is split, but the other branch was not clearly discernible a t this temperature. > In
sufficient sample was available to discern this proton clearly. » See ref 12. * A detailed temperature study of the splitting of this and
other bands in the spectrum is given in ref 9. * W. E. Hillis, and D. H. S. Horn, Aust. J . Chem., 19, 705 (1966). ’ B. H. Koeppen
and D. G. Roux, Tetrahedron, Lett., 3497 (1965); Biochem. J., 99, 604 (1966).

T a b i ^e  IV
C h e m i c a l  S h i f t  o f  A r o m a t ic  a n d  M e t h o x y l  P r o t o n s  o f  A c e t y l a t e d  F l a v o n e s  i n  D e u t e r i o c h l o r o f o r m “

,---------------------------------------------------------- C h em ica l s h if t a n d  coup ling  (S, p p m  ( J ,  H z )] --------------------------------------
Compd H -3 H -6 H -8 H -2 ' H -6 H -3 ' H -5 ' C H iO

Apigenin triacetate (Via) 6.61 6 .8 6 (2 .5 ) 7 .3 5 (2 .5 ) 7 .8 7 (8 .5 ) 7 .8 7 (8 .5 ) 7 .2 6 (8 .5 ) 7.26 (8.5)
Acacetin diacetate (XXXIIa) 6.55 6 .8 4 (2 .5 ) 7 .3 1 (2 .5 ) 7 .80 (9 ) 7 .8 0 (9 ) 7 .00 (9 ) 7.00 (9) 3.88
Luteolin tetraacetate (Vila) 6.60 6 .8 6 (2 .5 ) 7 .3 6 (2 .5 ) 7.73 (~ 2 .5 ) ~ 7 .7 8 ( ~ 2 .5 ,9 ) 7.36 (9)
Chrysoeriol triacetate (V illa) 6.58 6 .8 3 (2 .5 ) 7 .3 3 (2 .5 ) ~ 7 .3 8 ( ~ 2 .5 ) ~ 7 .4 5  (~ 2 .5 ,9 ) 7 .13 (9 ) 3.90
Diosmetin triacetate (IXa) 6.55 6 .8 3 (2 .5 ) 7 .3 3 (2 .5 ) 7 .5 6 (2 .5 ) 7.71 ( ~ 2 .5 ,8 ) 7 .05 (8 ) 3.90
6-C-/3-D-Glucosyldiosmetin 

heptaacetate (Ha) 6.54 7.33 7 .53 (~ 2 ) 7.71 (~ 2 ,8 .5 ) 7 .0 6 (8 .5 ) 3.90
Vitexin heptaacetate (Xa) 6.70s 6.84s 8 .11 ;7 .95  (~9)« 8 .11; 7 .95  (~9)« 7 .40 (9) 7 .4 0 (9 )
Isovitexin heptaacetate (XIa) 6.65 7.38 7.90 (9) 7.90 (9) 7 .30 (9 ) 7 .3 0 (9 )

“ Tetramethylsilane used as internal standard, temperature 30-35°. 6 Broad, poorly defined band. « H-2' and H-6 ' are nonequival
ent at this temperature.

ap igen in  nucleus. W e te n ta t iv e ly  conclude th a t  IV  is
6.8- di-C'-glycosylapigenin.

A  n u m b e r of flavones th a t  a re  considered  to  be
6 .8-  di-C -glycosyl d e riv a tiv e s  a re  k n o w n .18'19 O ne of 
these , v icen in -2 ,20 o b ta in e d  fro m  V itex  lucens, is

(18) M . K . Seike! a n d  T . J .  M a b ry , Tetrahedron L e tt ., 1105 (1965).
(19) L . H o rh am m er, H . W a g n e r, L . R o sp rim , T . M a b ry , a n d  H . R osier,

ib id ., 1707 (1965).

th o u g h t to  be a  6 ,8-di-C '-glycosylapigenin in  w hich 
th e  glycosyl residues a re  id en tica l. A  ch ro m a to g rap h ic  
com parison  of IV  w ith  v icen in -2  in d ic a te s  p ro b ab le  
id e n ti ty .21 A  n o n cry s ta llin e  C -g lycosy lap igenin  from

(20) M . K . S eikel, J .  H . S. C how , a n d  L . F e ld m a n , P hytochem istry , 5, 439 
(1966).

(21) V icenin-2  w as iso la ted  from  a n  e x t r a c t  o f V itex  lucens  w ood b y  e lu tion  
fro m  a  th in  la y e r  p la te . I t  w as n o t  o b ta in e d  c ry s ta llin e  b u t  i t s  p ro p e rtie s  
co rresp o n d  w ith  th o se  re p o rte d  b y  S eike l a n d  co w orkers80 fo r v icen in -2 .
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lemon peel, isolated recently by Chopin,6 is also con
sidered1 to be identical with vicenin-2.

Compound V was obtained from lemon peel as an 
amorphous solid. Ultraviolet spectral data suggest that 
it is derived from diosmetin, whereas chromatographic 
and electrophoretic data indicate that it has two gly- 
cosyl residues. We regard 6,8-di-C-glycosyldiosmetin 
as a tentative structure for Y. It is probably identical 
with the G'-glycosyldiosmetin reported by Chopin.6

The results described here illustrate again the wide 
distribution of C-glycosylflavones. The presence in 
the lemon of apigenin O-glycoside22 and 6,8-di-C- 
glycosylapigenin, as well as diosmin,23 6-C-glucosyldios- 
metin, 8-C-glucosyldiosmetin, and 6,8-di-O-glycosyl- 
diosmetin are interesting examples of the co-occur
rence of 0- and C-glycosyl derivatives of the same 
flavone. As a result of this and earlier isolation 
studies22-26 it is known that lemons contain at least 
twenty different flavonoids or related compounds. It 
is not clear whether this demonstrates an unusually 
versatile synthetic capacity of the lemon or merely 
reflects the fact that this plant has been scrutinized 
more closely than most.

Experimental Section
Isolation of 8-C-Glucosyldiosmetin (I), 6-C-Glucosyldiosmetin

(II), and 6,8-Gi-C-glycosylapigenin (IV) from Lemons.—The
isolation procedure has been described in detail in an earlier 
publication.24 25 “ Calcium Flavonate Glycoside, Lemon” (a mix
ture of the calcium salts of crude lemon flavonoids)27 in aqueous 
solution at pH 3 was extracted with 1-butanol. Evaporation of 
the 1-butanol extract gave a mixture of glycosides. The mixture 
(6 g) was separated into its constituents by chromatographing 
it on a column of 100 mesh silicic acid (1090 g) developed with 
methanol-chloroform in a stepwise gradient elution. The prog
ress of the elution was monitored by paper chromatography 
(10 % acetic acid) and uv spectra.

Compound I was eluted at a concentration of 10-11% methanol 
in chloroform. I t  followed limocitrin 3-/3-D-glucoside.26 Com
pound II  followed I  at a concentration of 11% methanol. Com
pound IV was eluted at 23-26% methanol, following eriocitrin. 
All three compounds appeared as dark spots on paper chro
matograms under uv light. After assembling fractions and taking 
them to dryness the products were crystallized (see Table V).

T a b l e  V
C o m p d S o lven t M p , °C Y ield , m g

I Methanol 267-268 7
II Methanol 243-245 15
IV Water 233-236 2

Acetyl derivatives la, Ila, and IVa were prepared by allowing 
the compounds to stand in acetic acid-pyridine a t room tempera
ture, followed by evaporation of the reagents under vacuum. 
None of the acetyl derivatives could be obtained in crystalline 
form.

Acid Treatment of Compounds I, II, and IV.—The samples 
were dissolved in ethanol made 3 N  in hydrochloric acid by adding 
the concentrated reagent. The solutions were heated on the 
steam bath and cooled, the precipitates were filtered, and the 
filtrate was extracted with ethyl acetate. The ethyl acetate 
extract and the precipitate were combined and used for paper 
chromatography in these solvents: 10 and 30% acetic acid,

(22) R . M . H oro w itz  a n d  B . G en tili, J .  Org. Chem ., 25, 2183 (1960).
(23) R . M . H o ro w itz , ib id ., 21, 1184 (1956).
(24) R . M . H o ro w itz  a n d  B . G en tili, J .  A m er. Chem . Soc., 82, 2803 (1960).
(25) R . M . H o ro w itz  a n d  B . G en tili, J .  Org. Chem ., 26, 2899 (1961).
(26) B . G en tili a n d  R . M . H oro w itz , Tetrahedron, 20, 2313 (1964).
(27) M a n u fa c tu re d  b y  S u n k is t G row ers, O n ta r io , C alif. R efe ren ces  to  

specific  p ro d u c ts  o r  b ra n d s  does n o t c o n s t i tu te  e n d o rsem en t b y  th e  U . S.
D e p a r tm e n t  of A g ricu ltu re .

butanol-acetic acid-water, and ethyl acetate-formic acid-water 
(see Table II). The chromatograms showed tha t compound I 
was partially converted into II  after 5 hr of heating; compound 
II  was partially converted into I  after 1 hr; and compound IV 
remained essentially unchanged after 1 hr.

Alkaline Hydrolysis of Compounds I and II.—The acetyl deriva
tives la  and I la  (about 5 mg each) were boiled in 40% aqueous 
potassium hydroxide (1 ml) for 45 min. The products were 
worked up in the usual way and chromatographed on paper with 
benzene-acetic acid-water (2:2:1 upper phase). Isovanillic 
acid was identified in both runs by its Ri value (0.54).

Isolation of 6,8-Di-C-glycosyldiosmetin (V) from Lemons.— 
“ Lemon Bioflavonoid Complex” 27 (100 g) was extracted with 
boiling methanol. Evaporation of the methanol gave 63 g of 
crude glycosides. This was dissolved in water (500 ml) and the 
solution adjusted to pH 4.65. Crude fungal hemicellulase28 
(15 g) was added and the mixture kept at room temperature for
3 days. I t  was then extracted with four 50-ml portions of ether 
and ten 50-ml portions of ethyl acetate to remove flavonoid 
aglycones formed by hydrolysis of O-glycosides.

The remaining aqueous layer was concentrated under vacuum 
to a volume of 100 ml and this was diluted with 500 ml of metha
nol. The voluminous precipitate was centrifuged down and 
discarded. The supernatant was taken to dryness and the 
residue (47 g) was dissolved in water (120 ml) and extracted for 
2 days with ethyl acetate in a liquid-liquid extractor. The 
aqueous layer was extracted with fifteen 30-ml portions of 1- 
butanol, the combined butanol extract was taken to dryness, 
and the residue was redissolved in water (40 ml) and reextraeted 
with ten 25-ml portions of 1-butanol. This yielded a residue of
7 g, which was dissolved in 50% methanol (50 ml) and treated 
with 30% aqueous basic lead acetate (20 ml). The filtered pre
cipitate was treated with hydrogen sulfide in the usual way to 
give 2.2 g of partially purified flavonoids. This material was 
further purified on a polyamide column (3.7 X 27 cm) eluted 
with 10-15% aqueous methanol. Evaporation of the eluate 
gave a residue of 0.7 g which was adsorbed in the usual way 
(see experiment below on isolation of I  and I I  from oranges) onto
4 g of 100 mesh silicic acid. The dry powder containing the 
adsorbed flavonoids was slurried with ethyl acetate (25 ml) and 
this was added to the top of a 3.7 X 30 cm column of silicic acid 
prepared in ethyl acetate. The compounds were eluted with 
methanol-ethyl acetate using a stepwise gradient elution.
6,8-Di-C-glycosylapigenin (IV) was eluted when the concentration 
of methanol reached 12%; it crystallized from water (5 mg, mp 
236°). 6,8-Di-C-glycosyldiosmetin (V) was eluted a t a concen
tration of 13% methanol. The assembled fractions containing 
V were taken to dryness and the residue was dissolved in ethanol 
from which it precipitated as a gel (7 mg). Attempts to crystal
lize V and its acetyl derivative Va (prepared in hot acetic an
hydride-pyridine) were unsuccessful.

Isolation of 8-C-Glucosyldiosmetin (I) and 2 ”-0-/3-D-Xylosyl- 
vitexin (III) from Oranges.—“Orange Bioflavonoid Complex, 
Navel” 27 (25 g) was extracted with two 250-ml portions of 
chloroform under reflux and then with hot ethanol (100 ml). 
Evaporation of the ethanol afforded 16 g of crude glycosides. 
The glycosides (10 g) in methanol (100 ml) were adsorbed onto 
100 mesh silicic acid (55 g) by adding the silicic acid in portions 
with shaking and finally evaporating under vacuum a t room 
temperature to a dry powder. The dry powder was shaken with 
100-ml portions of chloroform until the extracts were colorless. 
I t  was then slurried in chloroform and introduced to the top of an
8 X 71 cm column of silicic acid (1750 g) which had been prepared 
as a slurry in chloroform (7000 ml). The compounds were sepa
rated by methanol-chloroform in a stepwise gradient elution.

Compound I was eluted together with a blue fluorescing im
purity at 18-20% methanol. I t  crystallized in very low yield 
from methanol and was identical in every respect (melting point, 
R i,  and ir and uv spectrum) with compound I  obtained from 
lemons.

Compound III , accompanied by a moderate amount of 
naringenin 7-^-rutinoside,2“ was eluted with 24-25% methanol. 
I t  appeared as a dark spot on paper chromatograms under uv 
light. Assembled fractions containing I I I  were extracted with 
several portions of ethyl acetate which removed most of the

(28) C ru d e  p re p a ra tio n s  of th e  en zy m e g iv e  b e t te r  re su lts  in  th e  hy d ro ly s is  
th a n  p u rified  p re p a ra tio n s .

(29) B . G en tili a n d  R . M . H o ro w itz , B u ll. N a t. In s t .  S c i. In d ia ,  N o . 31, 78 
(1965).
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accompanying naringenin rutinoside. Compound III  failed to 
crystallize, even when seeded with crystalline 2"-0-/3-D-xylosyI- 
vitexin obtained from Vitex lucens. I t  was freely soluble in 
water. Compound III  was indistinguishable from 2"-0-/3-d- 
xylosylvitexin on paper chromatography in a variety of solvents 
or on paper electrophoresis (Table II). The two compounds 
were also indistinguishable (R t = 0.18) on polyamide tic using 
nitromethane-methanol (2 : 1 ).

Hydrolysis of 2"-0-/3-D-Xylosylvitexin (III).—A sample of 
compound III  in aqueous 2 N  hydrochloric acid was heated on 
the steam bath for 30 min. The solution was extracted with 
ethyl acetate. Evaporation of the extract afforded a mixture of 
vitexin and isovitexin, as shown by paper chromatography and 
electrophoresis. When the hydrolysis was carried out enzy
matically at pH 4.6 using crude hemicellulase,28 the ethyl acetate 
extract contained mainly vitexin together with a very small

proportion of isovitexin. The presence of xylose in the aqueous 
layers remaining from these hydrolyses was demonstrated by 
paper chromatography.

Registry No.—I, 15822-81-8; la, 15895-78-0; II, 
15822-82-9; Ha, 15895-77-9; III, 11044-10-3; VI, 
520-36-5; Via, 3316-46-9; VII, 491-70-3; Vila, 
1061-93-4; VIII, 491-71-4; V illa, 3162-04-7; IX, 
520-34-3; IXa, 3162-05-8; X, 1397-60-0; Xa, 11040-
83-8; XI, 11044-04-5; XIa, 11044-05-6; XlVa, 
11044-08-9; XVa, 11044-03-4; XVIIa, 11044-09-0; 
XXIIa, 11044-06-7; XXVa, 6980-38-7; XXVIa, 
11044-07-8; XXXIIa, 5892-39-7; D-glucose 2,3,4,6- 
tetraacetate, 10343-06-3.

D ih y d r o iso c o u m a r in s  fro m  a Spororm ia  F u n g u s
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Three dihydroisocoumarins, 3-methyl-6-methoxy-8-hydroxy-3,4-dihydroisocoumarin, 5,7-dichloro-3-methyl-
6-methoxy-8-hydroxy-3,4-dihydroisocoumarin, and 7-chloro-3-methyl-6-methoxy-8-hydroxy-3,4-dihydroiso- 
coumarin, have been isolated from a Sporormia fungus. The structures of the two new chlorinated dihydro
isocoumarins have been established by spectral studies and by chemical conversion.

Sondheimer1 isolated 3-methyl-6-methoxy-8-hy- 
droxy-3,4-dihydroisocoumarin (I) from carrots which 
had developed a bitter taste during storage. Condon, 
et al.,2~t later associated the production of this fungi- 
toxic substance in carrots with alterations in the nor
mal metabolism of the carrot root tissue which they 
felt were possibly induced by the presence of fungi. 
Recently, Aue, et al,,5 have reported the isolation of 
this same compound, which is sometimes referred to as
6-methoxymellein, from a submerged culture of the 
fungus Sporormia bipartis Cain. In our work on the 
metabolic products of Sporormia affinis Sacc., Bomm 
and Rouss, we have isolated not only 6-methoxymel- 
lein (I) but also the closely related halogenated com
pounds 5,7-dichloro-3-methyl-6-methoxy-8-hydroxy-
3,4-dihydroisocoumarin (IV) and 7-chloro-3-methyl-
6-methoxy-8-hydroxy-3,4-dihydroisocoumarin (V).

These findings and those of Aue, et al.;' suggest to us 
that the occurrence of I in fungal infected carrots 
might be due to the fungus itself. The presence of 
I in two Sporormia species may also be noteworthy in 
a chemotaxonomic sense.

For our purposes, the fungus Sporormia affinis was 
grown in submerged culture under standard conditions 
and the metabolic products were isolated after 120 
hr by carbon adsorption followed by chromatography. 
A major product was identical in its physical and chem
ical properties with 6-methoxymellein; its identity was 
confirmed by comparison with an authentic specimen.1

In determining the structure of the two minor chlor
inated metabolites, the nmr and mass spectra of I 
were quite revealing and it is appropriate to discuss 
them at this stage. The various peaks in the nmr 
spectrum are assigned pictorially in formula VIII.

(1) E . S ondheim er, J .  A m er. Chem . Soc., 7 9 ,  5036 (1957).
(2) P . C o n d o n  an d  J .  K u c , P hytopathology, 6 0 , 267 (1960).
(3) P . C ondon  a n d  J .  K u c , ib id ., 52, 182 (1962).
(4) P . C ondon , J . K u c , a n d  M . H . D ra u d t, ib id ., 6 3 ,  1244 (1963).
(5) R . A ue, R . M au li, a n d  R . P . Sigg, E xp erien tia , 22, 575 (1966).

(</“  2-3 cps)

I, R = R ' = R "  = H V III
II, R = CH3; R ' = R "  = H

III, R = CH3; R ' = R "  =  Cl
IV, R = H; R ' = R "  = Cl 
V, R = R "  = H; R ' = Cl

VI, R = CH3; R ' = Cl; R "  =  H 
VII, R = CH3; R ' = H; R "  = Cl

The three-proton doublet at 1.54 ppm (J = 6-7 cps) 
is attributed to the methyl group on the carbon bearing 
a single proton and attached to the electronegative 
oxygen. A doublet at 2.88 ppm is assigned to the 
virtually equivalent methylene protons HB split by 
the single proton HA of the asymmetric center. A 
sharp three-proton singlet at 3.87 ppm is due to the 
methoxy group and the one-proton multiplet at 4.80 
ppm arises from the coupling of the methyl and methy
lene group with the single proton HA. The aromatic 
region contains split signals (J = 2-3 cps typical for 
meia-coupled protons) for two barely separated protons 
at about 6.33 ppm and the exchangeable proton of the 
intramolecularly bonded hydroxyl group is observed 
at 11.33 ppm. The mass spectrum confirms the molec
ular weight by a peak at m/e 208 and contains a number 
of other significant peaks. The most abundant peak 
at m/e 164 (400%) arises because of loss of acetalde
hyde. A metastable peak at 129.3 mass units con
firms this loss from the molecular ion. The loss of 
CH3CO- accounts for the peak at m/e 165 (100%). 
Elimination of CO from the molecular ion of I occurs 
as is evidenced by m/e 180 (9%) but is clearly not a
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significant feature.6 Expulsion of CO from this sys
tem seems to be largely replaced by a fragmentation 
where 29 mass units (CHO) are removed to give the 
peak m /e  179 (49%). Our data are suggestive that 
the hydrogen of this fragment does not seem to come, 
as might be expected, entirely from the phenolic group, 
but may in part also come from the adjacent aromatic 
position. When the adjacent proton is replaced by 
chlorine, as in the case of the other metabolites, the 
loss of CHO is roughly halved while loss of elements 
COC1 is then observed in about the same abundance. 
On the other hand, the data so far available does not 
rule out the sequential loss of CO and Cl.

The second compound isolated from the S p o ro rm ia  
fermentation melts at 225-226° and has a molecular 
formula of C11H10O4CI2 (compound IV). The material 
is optically active and has low solubility in ether but is 
readily soluble in ethyl acetate, chloroform, acetone, 
and the lower alcohols. It can be extracted from its 
chloroform solution by 5% aqueous bicarbonate solu
tion and gives a positive ferric chloride test. It does 
not form a methyl ether with diazomethane but it is 
converted into this derivative by using a mixture of 
sodium hydroxide and dimethyl sulfate. In the in
frared spectrum of the dichloro compound a carbonyl 
peak is observed at 1695 cm-1, whereas in the methyl 
ether of the material, this carbonyl peak is shifted to 
1737 cm-1. These features are consistent with the 
behavior of a substance containing a chelated phenolic 
group.7 The ultraviolet spectrum of compound IV 
shows peaks at 224, 260, and 310 m/i. In alkaline 
solution the low wavelength absorption undergoes 
a bathochromic shift to 244; the peak at 260 is 
obliterated while a large hyperchromic effect is ob
served at 310 m/t. These changes are reversed upon 
neutralization of the alkaline solutions. The ultra
violet absorption characteristics of the compound 
were strongly reminiscent of those of I and the close 
relationship between the two compounds was further 
confirmed by nmr spectral data.

The nmr spectrum of the dichloro metabolite con
tains a doublet at 1.55 ppm (./ = 6-7 cps) assignable 
to a methyl group split by a single proton. Instead 
of a doublet at 2.88 as is observed in the spectrum of I 
there is a multiplet centered at 2.95 ppm. In the 
chloro compound the nonequivalence of the methylene 
protons is enhanced because of the p e r i effect of the 
chlorine atom at the 5 position in the aromatic ring. 
The three-proton signal due to the methoxy group 
appears at 3.92 ppm exactly as with 6-methoxymellein. 
The single proton of the asymmetric center now gives 
rise to a complex multiplet at 4.58 ppm. The extra 
splitting in this case, as opposed to the much less 
complicated multiplet at 4.80 ppm in the spectrum of I, 
again arises because of the enhanced nonequivalence 
of the methylene protons in the dichloro metabolite.

A similar nonequivalent benzylic methylene group 
was observed by McCapra, et a l . f  and Mirrington and 
others9 in their work on monorden and by Van den 
Merwe and his group in their identification of the

(6) J .  P . K u tn e y , G . E ig en d o rf, D . L. D rey e r, a n d  L . A. M itsch e r , C an . 
J .  C hem ., in  p ress.

(7) T . M . M e ije r  a n d  H . S chm id , Helv. Chim . A cta , 31, 1603 (1948).
(8) F . M c C a p ra , A. I. S co tt , P . D e lm o tte -P la q u e e , a n d  N . S. B hacca , 

T etrahedron L ett., 869 (1964).
(9) R . N . M ir r in g to n , E . R itch ie , C . W . S hoppe, S. S te rn h a ll, a n d  W . C . 

T a y lo r , A u s t. J .  Chem ., 19, 1265 (1966).

ochratoxins.10 The mass spectrum of IV, while not 
as definitive as that of I, nevertheless substantiates the 
chlorinated dihydroisocoumarin structure. The molec
ular ion peak at 276, 83% (m /e  215 taken as 100%) 
together with peaks at 278 (56%) and 280 (10%) are 
in good agreement with Beynon’s postulates for doubly 
chlorinated compounds. 11 Large significant peaks at 
233 (38%) and 232 (82%) are attributable to the loss 
of CH3CO- and acetaldehyde which are characteristic 
fragments of the 3-methyldihydroisocoumarin struc
ture. No peak is observed for the loss of CO but there 
are fragments representing the loss of CHO m /e  247 
(16%) and COC1 m /e  213 (14%).

The dechlorination of the aromatic ring of tetracy
cline compounds by catalytic hydrogenation is well 
known.12 It was felt that this technique might be 
used to convert the chlorinated metabolite into 6- 
methoxymellein after first protecting the phenolic 
group as the methyl ether. However, in our hands, 
this approach did not prove fruitful. Another pro
cedure, that of converting the methyl ether of 6- 
methoxy mellein (II) into the corresponding dichloro 
derivative III by direct chlorination was successful. 
Wha'.ley’s method, 13 using a mixture of sulfuryl 
chloride and aluminum chloride, converted II into a 
monochlorinated derivative which we obtained in small 
quantity and believe is the 5-chloro compound VII. 
An older procedure, using sulfuryl chloride together 
with a solution of aluminum chloride in sulfur mono
chloride14 resulted in the chlorination of the two open 
positions of the aromatic ring. The product has an 
identical melting point and infrared spectrum with 
those of the methyl ether III of the natural product.

The monochlorinated metabolite isolated from S . 
affin is fungus is a white, optically active, crystalline 
material which melts at 169-170° and has the empirical 
formula C11H11O4CI. The material is sparingly sol
uble in ether and in 5% bicarbonate solution but 
readily soluble in ethyl acetate, chloroform, and the 
lower alcohols and gives a positive ferric chloride test. 
The ultraviolet spectrum in methanol has peaks at 224, 
272, and 305 m/i. In alkaline solution the lower ab
sorbance peak undergoes a red shift to 230 m/t; the 
peak at 272 m/i exhibits a hypsochromic effect while 
the third absorbance maximum is shifted to 340 m/i 
and in addition displays a hyperchromic effect. As 
in the case of the other two metabolites, all of these 
changes are reversed upon acidification.

The infrared spectrum shows a strong carbonyl ab
sorption at 1645 which is shifted to 1720 cm- 1  upon

(10) K . J . V an  d en  M erw e, P . S. S tey n , a n d  L. T o u rie , J .  Chem . Soc ., 7083 
(1965).

(11) J . H . B ey n o n , "M a s s  S p e c tro m e try  a n d  I t s  A p p lic a tio n  to  O rg an ic  
C h e m is try ,”  E lse v ie r P u b lish in g  C o., A m ste rd a m , 1960, p  298.

(12) C. R . S tephens, L . H . C onover, R . P a s te rn a k , F . A. H och ste in , W . T . 
M o rlan d , P . P . R eg n a , F . J . P ilg rim , K . J . B ru n in g s , a n d  R . B . W o o d w ard , 
J .  A m er. Chem . Soc., 76, 3568 (1956).

(13) J .  S. E . H o lk e r, W . J .  R oss, J .  S ta u n to n , a n d  W . B . W h a lley , J .  
Chem . Soc., 4150 (1962).

(14) O. S ilb e rrad , ib id ., 1015 (1922).
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formation of the methyl ether. The similarities in 
the ultraviolet and infrared spectra of the three me
tabolites indicated that all three are closely related 
structurally. It was felt that the third product had 
the 3-methyldihydroisocoumarin structure with a 
chlorine atom in either the 5 or the 7 position. The 
nmr spectral data clearly indicated that the chlorine 
is in the 7 position and, hence, the structure of the 
product is 7-chloro-3-methyl-6-methoxy-8-hydroxy-3,-
4-dihydroisocoumarin (V). The nmr spectrum of V 
is identical with that of 6-methoxymellein (I) except 
in the aromatic region where V exhibits a one-proton 
singlet at 6.33 ppm. The methylene protons of V are 
virtually equivalent as in I demonstrating the lack of 
a p e r i effect and, hence, the chlorine atom cannot oc
cupy the 5 position.

The mass soectrum of V has large peaks at m/e 
199 (72%) and 198 (108%) {m /e  242 taken as 100%) 
accounted for by loss of CH3CO- and CH3CHO, re
spectively. Presence of metastable peaks at approx
imately 162 and 146 mass units confirm the acetalde
hyde fragmentation. The former accounts for the 
loss of CH3CHO from the molecular ion and the latter 
arises because of the loss of water from the resultant 
fragment (198 — 18) 180 =  146. The excision of
CHO m /e  213 (16%) and COC1 m /e  179 (16%) is also 
noted as in the case of the dihalo compound.

Some difficulty was encountered in forming the 
methyl ether o: V. Use of dimethyl sulfate and sodium 
hydroxide failed to methylate this material although 
these reagents worked satisfactorily with compounds 
I and IV. Refluxing of the material in acetone with 
iodomethane and sodium carbonate18 also failed to 
effect the desired reaction. The methyl ether was 
prepared by the method of Garden and Thomson15 16 
using silver oxide and methyl iodide in chloroform. 
All three metabolites exhibited low potency antifungal 
activity.

E x p e rim e n ta l S ection
Nmr spectra were run on a Varian A60 instrument under 

normal conditions. Mass spectra were run on an AE I MS9 
high-resolution, direct-inlet mass spectrometer.

3-Methyl-6-methoxy-8-hydroxy-3,4-dihydroisocourmarin (I).— 
Sporomia affinis Sacc., Bomm and Rouss (Lederle culture N313), 
was deep-fermented using standard conditions of agitation and 
aeration for 120 hr at 28° on a medium consisting of 2.0 g of 
molasses, 1.5 g of corn starch, 1.0 g of cerelose, 0.75 g of soya 
peptone, 0.5 g of calcium carbonate, and 0.25 g of prograsol17 
per liter of water. The whole mash was filtered and filtrate was 
treated with 10% w /v of charcoal. The charcoal pad was eluted 
with acetone-water (90:10) at pH 2.0 and the eluate concen
trated to the aqueous phase which was extracted with chloro
form. The chloroform extracts were concentrated to a gum which 
was chromatographed over silica gel (Davidson Grade 923) 
using chloroform-hexane (1:1) as developing solvent. The less 
polar fraction from the adsorption column was partitioned over 
diatomaceous earth using the partitioning system hexane-ethyl 
acetate-methanol-water (85:15:15:6). The material eluting 
in the second holdback volume was recrystallized from ether- 
hexane to obtain I in yields of up to 22 mg per liter of mash: 
mp 75.5-76°; M “ d -5 1 .0  ±  3.0 (c 1.50 MeOH) (lit.1 mp 75- 
76°; M 21d -5 6 .0  [c 1.0, MeOH]); Xmax (MeOH) 302 mu (e 
4890), 267 (12,580), and 216 (19,860); > w  (KBR) 1665, 
1630, 1580, 1375, 1245, 1205, 1160, 1115, 1090, 1070, 1038,

(15) G . A. E lle s ta d , H . A. W h a ley , a n d  E . L. P a tte r s o n , J .  A m er. Chem. 
Soc., 88, 4109 (1966).

(16) J .  F . G a rd e n  a n d  R . H . T h o m so n , J .  Chem. Soc., 2483 (1957).
(17) D is til le rs  g ra in  so lub les from  co rn ; P u b lic k e r  In d u s tr ie s , In c ., P h ila 

d e lp h ia , P a .

965, 850, 828, 800, and 707 cm-1; nmr (CDCb) at 5 1.54 (-CH3, 
doublet, J  = 6-7 cps), 2.88 (-CH2- ,  doublet, J  = 6-7 cps), 
3.87 (-OCH3, singlet), 4.80 (>C H -, multiplet), 6.33 (aromatic 
2 H, split singlets, J  = 2-3 cps), and 11.33 (-OH, exchangeable 
singlet).

Anal. Calcd for C11H12O4: C, 63.45; H, 5.81; mol wt, 208. 
Found: C, 63.30; H, 5.69; mol wt, 208 ±  0 (mass spectroscopy).

3-M ethyl-6,8-dimethoxy-3,4-dihydroisocoumarin ( I I ).—The 
methyl ether of I was prepared as described by Sondheimer1 in 
50% yield following recrystallization from ethyl acetate-hexane: 
mp 125-126°; [ a ] “ D -1 5 2  ±  2.8° (c 1.05); Xmax (MeOH) 297 
mM (c 6210), 263 (13,540), and 214 (23,530); xmax (KBR) 1710, 
1600, 1463, 1343, 1250, 1198, 1163, 1115, 1084, 1043, 855, and 
790 cm-1; nmr (CDC13) at S 1.42 (-CH3, doublet, J  = 6-7 cps),
2.80 (-CH2- ,  doublet, J  = 6-7 cps), 3.83 (-OCH3, singlet), 3.90 
(-OCH3, singlet), 4.45 (>C H -, multiplet), 6.33 (aromatic 2 H, 
split singlets, J  = 2-3 cps).

Professor Sondheimer was kind enough to forward us a sample 
of the methyl ether of 6-methoxymellein. The melting point 
and infrared curve of this material were identical with those of II.

5,7-Dichloro-3-methyl-6-methoxy-8-hydroxy-3,4-dihydroiso- 
coumarin (IV).—This metabolite was obtained by following the 
isolation procedure described for I up to the point of extraction 
of the concentrated charcoal eluate with chloroform. The chloro
form extract was back extracted with 10% sodium bicarbonate 
solution. The bicarbonate extract was acidified and extracted 
three times with chloroform. The chloroform extracts were 
dried over anhydrous magnesium sulfate and concentrated to an 
oil which was allowed to stand at room temperature for 3-4 days, 
during which time a solid formed. Trituration of the oil-solid 
mixture with a little ether gave a suspension which could be 
filtered to get the solid residue. Recrystallization from ethyl 
acetate-hexane yielded IV: mp 225-226°; [<*]25d —142.0 ± 2 .8  
(c 1.067, MeOH); Xmax (MeOH) 310 mu (c 5540), 260 (7890), 
and 224 (24,830); Xmax (methanolic 0.1 N  NaOH) 310 mp 
(e 28,060) and 244 mM (e 17,300); »„a* (KBR) 1695, 1575, 1425, 
1410, 1355, 1260, 1115, 1095, 960, 798, 790, 775, and 738 cm“1; 
nmr (CDCb) at 5 1.55 (-CH3-  doublet, J  = 6-7 cps), 2.88 
(-CH2- ,  multiplet), 3.92 (-OCH3, singlet), 4.58 (>C H -, mul
tiplet).

Anal. Calcd for C11H10O4CI2: C, 47.65; H, 3.63; O, 23.10; 
Cl, 25.63; mol wt, 277. Found: C, 48.05; H, 3.44; O, 24.15; 
Cl, 24.95; mol wt, 276 ±  0 (mass spectroscopy).

Yields of the crystalline product were of the order 0.5-1.0 mg 
per liter of mash. In cases where the amount of IV present was 
small and hence it failed to crystallize after 3-4 days as described, 
it was necessary to pass the oil over silica gel. Elution was 
carried out using chloroform-hexane (50:50) and the material 
which was recovered from the fifth through seventh holdback 
volumes was partitioned over diatomaceous earth using hexane- 
ethyl acetate-methanol-water (85:15:15:6). Compound IV 
was eluted in the first three to four holdback volumes, whereas V 
came off in the eighth through eleventh volumes. This was a 
little unexpected since IV is a stronger acid than V and hence 
should be a more polar material.

5,7-Dichloro-3-methyl-6,8-dimethoxy-3,4-dihydroisocoumarin
(III). A. Chlorination of 3-Methyl-6,8-dimethoxy-3,4-dihy- 
droisocoumarin.—In our first attem pt to chlorinate II  we 
followed Whalley’s procedure.9 To a solution of 150 mg (0.67 
mmol) of 3-methyl-6,8-dimethoxy-3,4-dihydroisocoumarin (II) 
in 20 ml of carbon tetrachloride 0.1 ml of sulfuryl chloride was 
added followed by 100 mg of aluminum trichloride. The mixture 
was allowed to stand at room temperature overnight. Work-up 
yielded a yellowish oil which was passed over 10 g of acid-washed 
silica gel by elution with ethyl acetate-hexane (20:80). The 
material which came off in first and second holdback volumes 
was recrystallized from ethyl acetate-hexane to get 25 mg of 
product, mp 119-120°, which gave the elemental analysis of a 
monoehlorinated compound: vmax (KBR) 1725, 1598, 1460,
1425, 1375, 1230, 1205, 1107, 1050, 925, 802, 772, and 750 cm -'.

Anal. Calcd for CwHiaOiCl: C, 56.14; H, 5.07; Cl, 13.83. 
Found: C, 56.70; H, 5.11; Cl, 13.74.

I t  is likely that this material is the compound 5-chloro-3-methyl-
6,8-dimethoxy-3 ,4-dihydroisocoumarin as it is isomeric with 
product VI, although this conclusion has not been verified.

Using the method of Silberrad10 it was possible to obtain the 
desired product in good yield. The chlorinating agent, consisting 
of 1 ml of sulfuryl chloride together with 0.1 ml of sulfur mono
chloride and 10 mg of aluminum trichloride, was first prepared 
to give a reddish mixture. To this, 100 mg (0.45 mmol) of the
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methyl ether of 6-methoxymellein (II) were added directly. 
The crystals dissolved instantly with the evolution of gas bubbles. 
The resulting red solution was evaporated under reduced pressure 
to an oil-solid mixture which was triturated with ether and about 
40 mg of a water-soluble solid were filtered off. The ether solu
tion was concentrated to an oil and chromatographed over 10 g 
of acid grade Woelm alumina and eluted with ethyl acetate-hex
ane (1:10). The material obtained from the first holdback vol
ume weighed 95 mg. After several recrystallizations from ether- 
hexane and ethyl acetate-hexane, 50 mg of white product was 
obtained: mp 81.5-82°; [«]“ n -1 6 0  ±  2.9 (c 1.037, MeOH); 
Xm„  (MeOH) 305 mM (e 1740), 252 (6530), and 220 (33,350); 
xma* (KBR) 1735, 1565, 1455, 1405, 1377, 1337, 1250, 1125, 
1096, 1050, 980, 955, 930, 793, 765, and 747 cm“1; nmr (CDC13) 
a t S 1.55 (~CH3, doublet, J  = 6-7 cps), 2.92 (-CH2- ,  multiplet),
3.97 (-OCH3, singlet), 4.00 (-OCH3, singlet), 4.50 (>C H -, 
multiplet).

Anal. Calcd for C12H 120 4C12: C, 49.48; H, 3.78; Cl, 24.39. 
Found: C, 50.10; H, 3.96; Cl, 24.44.

B. Methylation of 5,7-Dichloro-3-methyl-6-methoxy-8- 
hydroxy-3,4-dihydroisocoumarin.—Approximately 40 mg (0.15 
mmol) of IV were added to 0.3 ml of dimethyl sulfate, and 4 N  
sodium hydroxide was added dropwise until the mixture gave 
an alkaline reaction. The suspension was heated on a steam bath 
for 15 min. Tic on Eastman sheets (type K301R) using hexane- 
ethyl acetate (60:40) indicated that the methyl ether had formed. 
The solution was acidified with dilute HC1 and extracted with 
ether. The ether extracts were dried over anhydrous magnesium 
sulfate and concentrated to an oil which was chromatographed 
over 7.5 g of silica gel to give a nonpolar fraction which, on re- 
crystallization from ethyl acetate-hexane, yielded 20 mg of 
product, mp 81.5-82°. The infrared spectrum of this material 
was identical with that of the product obtained by method of 
Silberrad. The congruency of these materials is conclusive proof 
of the identity of this metabolite since 6,8-dimethoxymellein is 
known.

7-Chloro-3-methyl-6-methoxy-8-hydroxy-3,4-dihydroisocour- 
marin (V).—Submerged fermentation of the S. affinis as de
scribed under the isolation of I was handled in the manner de
scribed up to the point of extraction of the concentrated charcoal 
eluate. The eluate was extracted with ether and the combined 
extracts were concentrated to an oil which was chromatographed 
over acid-washed silica gel and eluted with chloroform-hexane 
(75:25). The material eluting in the seventh through twelfth 
holdback volumes was partitioned over diatomaceous earth using 
the system hexane-ethyl acetate-methanol-water (85:15:15:6). 
The material which came off in the first and second holdback 
volumes consisted of a mixture of I and V. The two materials 
were then separated cleanly by chromatography over silica gel 
using hexane-ethyl acetate (95:5) as eluting solvent. Compound 
I  was obtained from the fifth through seventh holdback volumes; 
V was recovered from the eleventh through thirteenth holdback 
volumes. Following recrystallization from ethyl acetate- 
hexane the yields of crystalline product V were in the range 0.0- 
0.5 mg per liter of mash: mp 170-171°; [« )25d —71.3 ±  5.9 
[c 0.505, MeOH]; Xmax (MeOH) 305 m» (e 680), 272 (12,600), 
and 224 (25,400); Xmax (methanolic 0.1 N  NaOH) 340 m/x 
(e 6420), 272 (25,000), and 224 (29,700); xmax (KBR) 1645, 
1565, 1512, 1423, 1380, 1325, 1285, 1265, 1210, 1205, 1150,

1120, 1093, 1030, 935, 908, 833, 803, 784, 760, and 700 cm -'; 
nmr (CDC13) at S 1.50 (~CH3, doublet, J  = 6-7 cps), 2.88 
(—CH2—, doublet, J  = 6-7 cps), 3.97 (-OCH3, singlet), 4.70 
(>C H -, multiplet), 6.33 (aromatic 1 H, singlet), and 11.17 
(-OH, exchangeable singlet).

Anal. Calcd for C „H „04C1: C, 54.43; H, 4.53; Cl, 14.64; 
mol wt, 242.5. Found: C, 54.48; H, 4.95; Cl, 14.68; mol wt, 
242 ±  0 (mass spectroscopy).

7-Chloro-3-methyl-6,8-dimethoxy-3,4-dihydroisocoumarin (V I).
—Attempts to methylate V using dimethyl sulfate and sodium 
hydroxide solution failed. Since IV was methylated by this 
procedure no trouble had been anticipated. Approximately 70 
mg (0.29 mmol) of V were dissolved in 0.5 ml of dimethyl sulfate 
and 4 N sodium hydroxide was added dropwise until the reaction 
mixture gave an alkaline reaction. The mixture was then heated 
on the steam bath for 15 min and allowed to sit overnight at 
room temperature. Work-up of the suspension yielded a solid 
which was chromatographed over silica gel, and eluted with 
chloroform to yield 40 mg of material, mp 130-131.5° with a 
trace persisting to 135°. The infrared curve of this material 
indicated that the isocoumarin ring had suffered some decomposi
tion. Refluxing of V in acetone with anhydrous sodium car
bonate and an excess of iodomethane for several hours14 resulted, 
upon work-up, in recovery of starting material. The best method 
for the methylation of these chelated phenolic compounds appears 
to be that of Garden and Thomson.15 To a solution of 40 mg (0.16 
mmol) of V in 2 ml of chloroform approximately 100 mg of moist 
silver oxide were added together with 2 ml of iodomethane and 
the suspension stirred at room temperature for 1 hr. Tic and 
ferric chloride testing at this stage showed the reaction to be 
incomplete and another 100 mg of silver oxide and 2 ml of iodo
methane were added and stirring was continued for another hour 
by which time reaction was finished. The silver oxide was 
filtered off to give a colorless solution which on concentration 
yielded white crystals. Recrystallization from ethyl acetate- 
hexane gave 35 mg: mp 160.5-161.5°; [a]“ D —137 ±  10° (c 
0.300, MeOH); Xmax (MeOH) 265 m^ (e 12,610) and 220 m/i 
(c 24,460); xmax (KBR) 1720, 1595, 1450, 1408, 1370, 1353, 
1310, 1262, 1216, 1206, 1185, 1117, 1105, 1064, 990, 933, 912, 
858, 798, and 778 cm-1; nmr (CDC13) at S 1.45 (-CH3, doublet, 
J  = 6-7 cps), 2.83 (-C II2- , doublet, J  = 6-7 cps), 3.95 (2 X 
-OCH3, singlet), 4.47 (>C H -, multiplet), and 6.63 (aromatic 
1 H, singlet).

Anal. Calcd for Ci2H i30 4C1; C, 56.14; H, 5.07; Cl, 13.83. 
Found: C, 56.46; H, 5.02; Cl, 13.71.

R e g is try  N o — I ,  13410-15-6; I I ,  15766-71-9; I I I ,  
15815-77-7; IV ,  15815-78-8; V , 15815-79-9; V I ,  
15815-80-2; V I I ,  15815-81-3.
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The protected nonapeptide, N“-carbobenzoxy-Ne-i-butyloxycarbonyllysylprolylvalylglycyl-N '-i-butyloxy- 
carbonyllysyl-Ne-i-butyloxycarbonyllysyl-N°-tosylarginyl-NG-tosylarginyl-a-aminovaleric acid methyl ester, has 
been synthesized by a stepwise procedure. The nonapeptide corresponds to the sequence of amino acids occur
ring at positions 11-19 in the adrenocorticotropic hormone (ACTH) molecule, but possesses the 5-aminovaleric 
acid as its terminal residue instead of the proline residue occurring at position 19 in the native hormone.

Recent studies carried out in this laboratory1 2 3 4 5 re
vealed that exposure of certain esters of proline, which 
are commonly used in peptide synthesis, to treatment 
with sodium in liquid ammonia, can lead to cleavage 
of the proline ring with the formation of the corre
sponding 5-aminovaleric acid derivative, provided that 
the proline imino group is acylated as in the case of 
peptides containing a proline ester at the C terminus. 
Insofar as this reaction can provide a novel route for 
the preparation of peptides containing a C-terminal
5-aminovaleric acid residue from the corresponding 
proline ester analogs, it was considered of importance to 
undertake the direct synthesis of such peptides which 
can serve as reference compounds in planned future 
studies on this aspect of the sodium-liquid ammonia 
procedures. Being part of a series of synthetic 
studies3-5 on the N-terminal portion of the ACTH 
molecule, this paper describes the synthesis of the 
protected nonapeptide Na-carbobenzoxy-N'4-butyl- 
oxycarbonyllysylprolylvalylglycyl - N' - 1 -  butyloxycar- 
bonyllysyl-Ne-f-butyloxycarbonyllysyl-NG-tosylarginyl- 
NG-tosylarginyl-5-aminovaleric acid methyl ester (IX, 
Figure l).6 In this peptide which corresponds to the 
sequence of amino acid residues occurring at positions
11-19 in ACTH, 5-aminovaleric acid residue is substi
tuted for the proline residue occurring at position 19 
in the native hormone.

5-Aminovaleric acid hydrochloride (I) was readily 
converted into the corresponding crystalline methyl 
ester II by means of 2,2-dimethoxypropane in the 
presence of concentrated hydrochloric acid.7 Com
pound II was coupled in two consecutive steps with 
N“-carbobenzoxy-NG-tosylarginine8 using N-ethyl-5- 
phenylisoxazolium-3'-sulfonate9 for activation of the 
carboxyl group in both steps. The fully protected 
tripeptide N“-carbobenzoxy-NG-tosylarginyl-NG-tosyl- 
arginyl-5-aminovaleric acid methyl ester (IV) ob
tained in this manner, was purified by means of ex
traction and countercurrent distribution in the toluene 
system (K  =  1.04). After catalytic removal of the a -  
carbobenzoxy group from IV, the resulting tripeptide

(1) (a) T h is  w ork  w as su p p o rte d  in  p a r t  b y  a  g r a n t  fro m  th e  U . S. P u b lic  
H e a lth  S erv ice  (G M -02907). A  sch o la rsh ip  from  th e  S o u th  A frican  D e 
p a r tm e n t of A g ric u ltu re  T e ch n ica l S erv ices rece iv ed  b y  one of us (W . O .) 
is g re a tly  a p p re c ia te d .

(2) J . R a m a c h a n d ra n , N ature , 206 , 927 (1965).
(3) C . H . L i, J . M eienho fer, E . S chnabe l, D . C h u n g , T -B . Lo, a n d  J . 

R a m a c h a n d ra n , J . A m er. Chem. Soc., 83, 4449 (1961).
(4) C . H . L i, J .  R a m a c h a n d ra n , a n d  D . C hu n g , ib id ., 86, 2711 (1964).
(5) J . R a m a c h a n d ra n , D . C h u n g , a n d  C . H . L i, ib id ., 87, 2696 (1965).
(6) A ll amino acids, except 5-aminovaleric acid, are of the l configuration.
(7) J . R . R ache le , J .  Org. C hem ., 28 , 2898 (1963).
(8) J .  R a m a c h a n d ra n  a n d  C . H . L i, ib id ., 27, 4006 (1962).
(9) R . B . W oodw ard , R . A. O lofson, a n d  H . M ay e r, J .  A m er. Chem. Soc.,

83, 1010 (1961).

HC1-5-AVA (I)
2 ,2 -d im e th o x y p ro p an e , H C 1 ^7 3 %

Tos
I

Z-Arg-OH +  HCl * 5-AVA-OMe (II) 
8 8 % | n E P S

Tos
I

Z-Arg-5-AVA-OMe (III) 
1 1 . m, Pd 

T os7 8 %  

Tos Tos
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Z-Ârg-Àrg-5-AVA-OMe (IV)
l .  m ,  P d  

6 9 %  ®0 C
Y2. Z -L y s-O N P

BOC Tos Tos
I ! I

Z-Lys—-Arg—Arg-5-AVA-OMe (V)
9 6 %

BOC
P d

BOC Tos Tos

Z-Lys-ONP +  H-Lys—Àrg-Àrg-5-AVA-OMe (VI)
76%j
BOC BOC Tos Tos
I I I I

Z-Lys—Lys—Arg-Arg-5-AVA-OMe (VII)
9 0 % | h 2, P d

BOC BOC BOC Tos Tos
I I I I !

Z-Lys-Pro-Val-Gly-OH +  H-Lys—Lys—Arg-Àrg-5-AVA-OMe 
8 3 % | n E P S  ( V H I )

BOC BOC BOC Tos Tos
I I I I !

Z-Lys-Pro-Val-Gly-Lys—Lys—Arg-Arg-5-AVA-OMe ( IX  )
Figure 1.—Outline of the synthesis of the fully protected non

apeptide N“-carbobenzoxy-N'-f-butyloxycarbonyllysylprolylval- 
ylglycyl-Ne-i-butyloxycarbonyllysyl-Ne-i-butyloxycarbonyllysyl- 
NG-tosyIarginyl-NG-tosylarginyl-5-aminovaleric acid methyl 
ester: 6-AVA, 5-aminovaleric acid; OMe, methoxy; Z, carbo- 
benzoxy; Tos, p-toluenesulfonyl; NEPS, N-ethyl-5-phenylisoxa- 
zolium-3'-sulfonate; BOC, i-butyloxycarbonyl; ONP, p-nitro- 
phenyl.

free base was coupled with N“-carbobenzoxy-N'-i- 
butyloxycarbonyllysine p-nitrophenyl ester10 in two 
subsequent steps to give the fully protected pentapep- 
tide Na-carbobenzoxy-Ne-(-butyloxycarbonyllysyl-Ne-£- 
butyloxy carbonyllysyl-NG- tosylarginyl-N G- tosylargin- 
yl-5-aminovaleric acid methyl ester (VII). Peptide VII, 
which was obtained in amorphous form, behaved as a 
single component (K  =  0.56) during countercurrent dis
tribution in the toluene system and was also homo
geneous by the criteria of paper and thin layer chroma-

(10) R . S chw yzer a n d  W . R it te l ,  H elv. C h im . A c ta , 44 , 159 (1961).
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tography in several solvent systems, both before and 
after removal of the carbobenzoxy group. For the 
condensation of the pentapeptide free base N'-f-butyl- 
oxycarbonyllysyl-Ne-i-butyloxy carbonyllysyl-NG - tosyl- 
arginyl-NG-tosylarginyl-5-aminovaleric acid methyl 
ester (VIII) with the tetrapeptide acid N “-carboben- 
zoxy - Ne - t -  butyloxycarbonyllysylprolylvalylglycine,11 
N  - ethyl - 5 - phenylisoxazolium - 3' -sulfonate was em
ployed once again as carboxyl activating agent to 
give the fully protected nonapeptide IX. Compound 
IX was obtained in crystalline form and was homo
geneous by the criteria of countercurrent distribution 
and thin layer chromatography in several solvent 
systems.

Experimental Section12-16
5-Aminovaleric Acid Methyl Ester Hydrochloride (II).—S-

Aminovaleric acid hydrochloride (I) (4.61 g, 30 mmol) was 
suspended in 200 ml of 2,2-dimethoxypropane, and 15 ml of 
concentrated HC1 was added while stirring at room temperature. 
Stirring was continued at room temperature for a total period of 
17 hr. The intensely colored solution was then evaporated in 
vacuo to produce a dark crystalline mass, which was washed with 
portions of ether until free of any color. The white crystalline 
product (5 g) revealed in paper chromatography in the BPAW 
system the presence of one major spot (Iff 0.67) accompanied 
by a trace of ¿-aminovaleric acid (Rt 0.48). The product was 
dissolved in 40 ml of hot absolute alcohol, and, while still hot, 
80 ml of ethyl acetate were added. Upon slowly being cooled 
to room temperature, the ester (II) separated from the solution 
in the form of long needles. After a few hours at room tempera
ture, 3.65 g (73%) of crystals was obtained: mp 145-146°; 
Rt BAW 0.44, Ri BPAW 0.67 in paper chromatography.

Anal. Calcd for C6H 140 2NC1 (167.6): C, 42.90; H, 8.41; 
N, 8.35. Found: C, 42.93; H, 8.60; N, 8.13.

N“-Carbobenzoxy-NG-tosylarginyl-(5-aminovaleric Acid Methyl 
Ester (III).—N“-Carbobenzoxy-NG-toslyarginine8 13 (6.01 g, 13 
mmol) was dissolved with slight warming in 130 ml of acetonitrile. 
After the solution was cooled in an ice bath, 1.82 ml (13 mmol) 
of triethylamine, followed by 3.63 g (14.3 mmol) of N-ethyl-5- 
phenylisoxazolium-3'-sulfonate (Woodward reagent K ),9 15 was

(11) C. H. Li, D. Chung, and J .  Ramaehandran, J .  A m er . Chem. Soc., 86, 
2715 (1964).

(12) Melting points were determined in a Fischer-Johns melting block 
apparatus and are uncorrected. Microanalyses were performed in the Micro- 
analytical Laboratory of the Department of Chemistry, University of Cali
fornia at Berkeley. Samples for microanalyses were dried for c a . 16 hr in 
an Abderhalden drying pistol with P2O5 under reduced pressure at 77 or 40° 
depending on the melting point of a particular sample. For paper chroma
tography the descending method on Whatman No. 1 filter paper was used. 
The solvents employed were 1-butanol-acetic acid-water (BAW) in a ratio 
of 4:1:1, 1-butanol-pyridine-acetic acid-water (BPAW) in a ratio of 
30:20:6:24, 2-butanol-10% aqueous ammonia (SBA) in a ratio of 85:15, 
and 1-butanol saturated with 0.1% aqueous ammonia (nBA), using the 
lower phase for saturation of the atmosphere in the tank and the upper phase 
for the development of chromatograms. Thin layer chromatography was 
carried out according to the procedure of Stahl.18 The plates were prepared 
by mixing 30 g of silica gel G with 100 mg each of luminescent zinc cadmium 
sulfide and zinc orthosilicate (Du Pont) in 65 ml of water for 30 sec at high 
speed in a Waring Blendor, and pouring the resulting suspension as a uniform 
layer (250 n  thick) on glass plates (20 X 5 cm) by means of an adjustable ap
plicator (Desaga/Brinkmann Instrument Co., Inc., N. Y.). After 1 hr at 
room temperature the plates were kept at 100° for 1 hr and stored over 
anhydrous CaSCh (“Drierite”). In addition to the BAW, BPAW, and SBA 
solvent systems used in paper chromatography a system consisting of chloro
form-methanol mixed in a ratio of 8:2 (CM), was also employed for develop
ment of thin layer plates; thin layer chromatograms were revealed by means 
of the ninhydrin reagent and the chlorine procedure,14 and also by means of 
ultraviolet fluorescence quenching on thin layer plates. Hydrogenolytic 
operations were performed in the presence of an excess of Pd catalyst pre
pared freshly1* from PdCh. A vibro-mixer (Model E l, A. G. Fuer Chemie 
Apparatebau, Zurich) was employed for mixing and the progress of the 
reaction was followed by testing for CO2 in the outlet gas stream. The tolu
ene system (chloroform-toluene-methanol-water mixed in a ratio of 
5:5:8:2), was employed for countercurrent distribution and the distribution 
patterns were determined from the dry weight of material present in aliquots 
taken a t regular intervals over the length of the distribution train.

(13) E. Stahl, Chem . Z tg ., 82, 323 (1958).
(14) H. Zahn and E. Rexroth, Z . A n a l . Chem ., 148, 181 (1955).
(15) R.Wilstatter and E.Waldschmidt-Leitz, Chem. B er., 54, 128 (1921).

added while stirring. The mixture was stirred for 1.5 hr at 0°, 
and then 2.18 g (13 mmol) of compound II, followed by another 
1.82 ml of triethylamine, was added. Stirring was continued for 
another 6 hr in the cold before the temperature of the bath was 
allowed to increase to room temperature. After a total reaction 
period of 23 hr, the solvent was removed in vacuo, and the re
sulting syrup was dissolved in 200 ml of moist ethyl acetate. The 
solution was extracted twice with 80-ml portions of water, fol
lowed by successive extractions with similar portions of 0.1 N  
HC1, water, 5% NaHCCh solution, water, and saturated NaCl 
solution. After the solution was dried over anhydrous NaiSCh, 
the ethyl acetate was removed in vacuo and the product was dried 
over P20 5 to give 6.57 g (88%) of a glassy material: mp 40-45°; 
[a]“ E —1.72° (c 4, methanol). The product was homogeneous 
in paper chromatography in four systems (Ri BAW 0.84, 
R i  SBA 0.86, R t  BPAW 0.82, R t nBA 0.81) as well as in four thin 
layer systems16 [R t  BAW 0.70, R t  SBA 0.64, R t  BPAW 0.75, 
R i  CM (8:2) 0.71],

Anal. Calcd for C27H37O7N5S (575.7): C, 56.32; H, 6.48;
N, 12.16; S, 5.57. Found: C, 56.08; H, 6.28; N, 12.15; 
S, 5.72.

N“-Carbobenzoxy-NG-tosylargmyl-N°-tosylarginyl-5-amino- 
valeric Acid Methyl Ester (IV).—A solution of the protected 
dipeptide (III) (3.0 g, 5.2 mmol) in absolute methanol (60 ml) 
was hydrogenolyzed for 5 hr in the presence of a Pd catalyst 
freshly prepared from 1 g of PdCl2. The resulting solution was 
immediately investigated by means of thin layer and paper 
chromatography, which revealed the presence of a single nin- 
hydrin-positive component in several systems (Ri BAW 0.28, 
R i  SBA 0.31, R t  CM 0.22 in thin layer chromatography, and 
R t  BAW 0.60, R t  SBA 0.68, R i  BPAW 0.67 on paper). As 
soon as it was evident from the CM thin layer system that the 
hydrogenolysis reaction was complete, the catalyst was removed 
by fibration and the methanol removed in vacuo.

A solution of the resulting syrup in 15 ml of acetonitrile was 
added without delay”  to a mixture which was prepared in the 
following manner. N“-Carbobenzoxy-NG-tosylarginine8 (2.41 g,
5.2 mmol) was dissolved in 35 ml of acetonitrile; triethylamine 
(0.73 ml, 5.2 mmol) was added, followed by 1.453 g (5.72 mmol) 
of Woodward reagent K9 a t 0°, and the solution was stirred 
in the cold for 1.5 hr. After addition of the hydrogenolysis 
product, stirring was continued for another hour at 0° and then 
for 24 hr a t room temperature.

At the end of the reaction period, the mixture so obtained was 
evaporated in vacuo to a syrup, the latter was dissolved in 200 ml 
of moist ethyl acetate, and the solution was extracted twice 
with 80-ml portions of water and then with portions (80 cc) of 0.1 
N  HC1, water, 5% NaH C03 solution, water, and saturated NaCl 
solutions.18 After the solution was dried over anhydrous Na2S04, 
the solvent was removed in vacuo; the thoroughly dried product 
was dissolved in methanol (15 ml) and precipitated from anhy
drous ether (600 ml). The precipitate (3.9 g) was subjected to 
countercurrent distribution for 100 transfers in the toluene 
system. From the peak obtained (K = 1.04), 3.59 g (78%) of 
compound IV was recovered: mp 87-91°; [«]24d —6.22° (c 3, 
methanol), Peptide IV was homogeneous in paper chromatog
raphy in three solvents (R t  BAW 0.88, R i  SBA 0.85, R i  BPAW
O. 91) as well as in three thin layer systems [Rt  BAW 0.66, R { 
SBA 0.63, R t  CM (8:2) 0.65],

Anal. Calcd for C40H65O10N9S2 (886.0): C, 54.30; H, 6.26; 
N, 14.23; S, 7.24. Found: C, 54.20; H, 6.01; N, 14.50; 
S, 7.15.

(16) During a repetition of this synthesis, the CM  thin layer system 
revealed the presence of a trace of slower moving, ninhydrin-negative, chlo
rine-positive material. This contaminant could be separated from the mate
rial in the main peak (K  =  0.82) during a 100-transfer countercurrent distri
bution in the toluene system.

(17) During preliminary experiments it was observed that, when chro
matographed immediately after the completion of hydrogenolysis, the 
dipeptide free base behaved as a single ninhydrin-positive component in 
paper and thin layer systems. When the solution obtained after hydro
genolysis was stored at 0°, however, the appearance of 2 minor, faster moving 
ninhydrin-positive spots was noted after thin layer chromatography in the 
CM  system and in particular in the SB A  system, whereas the appearance of 
faster moving ninhydrin-negative material became evident in paper chroma
tography in the BAW  and BPA W  systems. The identity of these materials 
is not known at present.

(18) Extraction with saturated N aC l solution reduced the solubility of the 
peptide in the organic phase, leading to some precipitation of the product. 
This could be avoided by the addition of a  few milliliters of methanol after 
extracting with the saturated N aC l solution.
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N“-Carbobenzoxy-N'-i-butyloxycarbonyllysyl-NG-tosylarginyl- 
NG-tosylarginyl-5-aminovaleric Acid Methyl Ester (V).—Peptide 
IV (3.52 g, 3.97 mmol) was dissolved in absolute methanol (130 
ml) and hydrogenolyzed for 4.5 hr in the presence of Pd catalyst 
prepared freshly from 1.5 of PdCl2. The hydrogenolysis mixture 
was subjected immediately to thin layer chromatography, 
which revealed the presence of a single ninhydrin-positive spot 
in three solvent systems ( R t  BAW 0.23, R t  SBA 0.22, R i  CM 
(8:2) 0.14). Paper chromatography in three solvents also 
revealed the presence of a single component, ( R t BAW 0.67, 
R i  SBA 0.70, R t  BPAW 0.37). As soon as completion of the 
hydrogenolysis reaction was verified by thin layer chromatog
raphy in the CM (8:2) system, the catalyst was removed by 
filtration and the solution was evaporated to dryness in vacuo. 
The product was dissolved directly in a mixture of dimethyl- 
formamide (2 ml) and acetonitrile (14 ml), and, while stirring 
at room temperature, N“-carbobenzoxy-N'-i-butyloxycarbonyl- 
lysine p-nitrophenyl ester10 (2.2 g, 4.38 mmol) was added. After 
48 hr at room temperature, the reaction mixture was precipitated 
from anhydrous ether, and the precipitate (3.76 g) subjected to 
a 140 transfer countercurrent distribution in the toluene system. 
The material recovered from the peak (K  = 0.69) was dissolved 
in 150 ml of chloroform, and the solution extracted successively 
with 50-ml portions of first a 10% citric acid solution followed by 
water and then with a 5% N aHC03 solution until the final aqueous 
phase was colorless (four extractions). After the solution was 
extracted once with water and then with saturated NaCl solution, 
the organic phase was dried over anhydrous Na2S04 and the sol
vent was removed in vacuo. The glassy product (3.37 g) was 
dissolved in methanol and precipitated from anhydrous ether 
(700 ml). A solution of the precipitate in 200 ml of moist ethyl 
acetate was extracted once more with 50 ml of 5% NaHC03 
solution and then thrice with 100-ml portions of water. The 
organic phase was evaporated in vacuo and yielded after drying 
over P20 5 3.06 g (69%) of a colorless glassy product: mp 82-85°, 
[ a ] 23d  — 1 1 .2 °  (c 2 , methanol), homogeneous in paper chromatog
raphy in two solvents (R t  BAW 0.84, R t  BPAW 0.86) as well 
as in thin layer chromatography in three solvent systems [/if 
BAW 0.68, R ,  SBA 0.65, R ,  CM (8:2) 0.61].

Anal. Calcd for C5iH750 13N„S2 (1114.3): C, 55.00; H, 6.79; 
N, 13.84; S, 5.76. Found: C, 54.83; II, 6.87; N, 13.85; S, 
5.57.

N<-i-Butyloxycarbonyllysyl-NG-tosylarginyl-NG-tosylarginyl-5- 
aminovaleric Acid Methyl Ester (VI).—Protected tetrapeptide 
(V) (2.26 g, 2.03 mmol) was dissolved in 100 ml of absolute metha
nol and hydrogenolyzed eatalytically for 4 hr in the presence of 
Pd freshly prepared from 1 g of PdCl2. The catalyst was removed 
by filtration and the solvent was evaporated in vacuo to yield 
1.925 g (96%) of compound VI in the form of a glassy product 
which was homogeneous in paper chromatography in two solvents 
(R i  BAW 0.77, R i  BPAW, 0.89) as well as in three thin layer 
systems [R,  BAW 0.41, R ,  BPAW 0.66, R ,  CM (8:2) 0.25].

The product, after countercurrent distribution for 101 trans
fers in the toluene system, was distributed as a single peak (K  — 
2.06), [ a ] “ D -5 .0 2 °  (c 1.8, methanol).

Anal. Calcd for C„H690 iiNuS2 (980.2): C, 52.67; H, 7.10; 
N, 15.72. Found: C, 52.40; H, 7.10; N, 15.60.

N“-Carbobenzoxy-N'-i-butyloxycarbonyllysyl-N'-i-butyloxycar- 
bonyllysyl-NG-tosylargmyl-NG-tosylarginyl-S-aminovaleric Acid 
Methyl Ester (VII).—To a solution of 1.47 g (1.5 mmol) of 
tetrapeptide free base VI in 7 ml of acetonitrile, was added 0.83 
g (1.65 mmol) of N“-carbobenzoxy-N*-Lbutyloxycarbonyllysine 
p-nitrophenyl ester.10 The mixture was stirred until a clear 
solution was obtained and was then allowed to stand at room 
temperature for 72 hr. The entire reaction mixture was precipi
tated from anhydrous ether (500 ml) and the yellowish precipi
tate (1.84 g) was subjected to countercurrent distribution in the 
toluene system for 150 transfers. The material recovered from 
the peak (K  = 0.56) was dissolved in 15 ml of methanol and pre
cipitated from anhydrous ether (600 ml) to give 1.53 g (76%) of 
peptide V II  in the form of a white amorphous powder, mp 
83-88°, [ a ] 26D —14.3° (c 1.5, methanol). The product behaved 
as a single component in three paper chromatographic systems 
(R i  BAW 0.90, R i  SBA 0.88, R t BPAW 0.92) and was homoge

neous in thin layer chromatography in four solvent systems 
[flf BAW 0.72, Rt SBA 0.66, Ri BPAW 0.69, Rt CM (8:2)
0. 64].

Anal. Calcd for C62H950 16N13S2 (1342.6): C, 55.46; H, 7.13;
N, 13.56; S, 4.77. Found: C, 55.21; H, 7.20; N, 13.51; S,
4.66.

N'-i-Butyloxycarbonyllysyl-N'-/-butyloxycarbonyllysyl-NG-to- 
sylarginyl-NG-tosylarginyl-5-aminovaleric Acid Methyl Ester 
(Vni).—A solution of 0.8 g (0.6 mmol) of the fully protected 
pentapeptide (VII) in 40 ml of methanol was hydrogenolyzed for 
4 hr in the presence of a Pd catalyst prepared from 0.5 g of PdCl2. 
After the suspension was kept at 0° overnight, the catalyst 
was removed by filtration, the solution concentrated to a small 
volume in vacua a t room temperature and the product precipi
tated from anhydrous ether to give 0.65 g (90%) of the free base 
V III as an amorphous powder: mp 95-100°; [a]23d —9.6° (c
1, methanol). Peptide V III behaved as a single component in 
paper chromatography in two solvents (Ri BAW 0.87, Ri SBA
O. 93) as well as in thin layer chromatography in three solvent 
systems [flf BAW 0.53, Rt SBA 0.45, R t CM (8:2) 0.34].

Anal. Calcd for C64H89Oi4Ni3S2 (1208.5): C, 53.70; H, 7.42;
N, 15.05. Found: C, 53.36; H, 7.47; N, 14.89. 

N“-Carbobenzoxy-N‘-i-butyloxycarbonyllysylpropylvalylglycyl-
N'-i-butyloxycarbonyllysyl-N'-i-butyloxycarbonyllysyl-NG-tosylar- 
ginyl-NG-tosylarginyl-5-aminovaleric Acid Methyl Ester (IX). 
—N“-Carbobenzoxy - Ne -1 - butyloxycarbonyllysylpropylvalylgly- 
cine11 (0.323 g, 0.508 mmol) was dissolved in 6 ml of acetonitrile 
with slight warming. While the solution was cooled at 0°,
O. 072 ml (0.51 mmol) of triethylamine followed by 0.143 g 
(0.56 mmol) of Woodward reagent K9 was added and the mixture 
was kept stirring at 0° for 1.5 hr. A solution of V III (0.614 g, 
0.508 mmol) in 10 ml of acetonitrile was added and stirring were 
continued at room temperature for 18 hr. Substantial amounts 
of crystalline material, which started to separate from the re
action mixture several minutes after the addition of VIII, were 
filtered off at the end of the reaction period after the mixture was 
left for a few hours at 0°. After the crystalline fraction was 
washed with some ice-cold acetonitrile, followed by ethyl ether, 
it was dried in vacuo over P2Os. The washing solvents and the 
mother liquor fraction were combined and evaporated to dryness 
and the resulting yellow syrup was dissolved in 70 ml of chloro
form. The solution was extracted successively with 40-ml 
portions of water, a 10% citric acid solution, followed by water, 
and a saturated NaCl solution. The organic phase was dried 
over anhydrous Na2S04 and yielded 0.174 g of material after 
removal of the solvent. The latter fraction was contaminated 
with three minor slower moving chlorine-positive components 
as revealed by thin layer chromatography in the CM system, 
and was purified by means of countercurrent distribution for 100 
transfers in the toluene system. The material recovered after 
countercurrent distribution was combined with the crystalline 
fraction (0.7 g) originally obtained and subjected to another 100 
transfer distribution in the toluene system. A single peak (K  = 
0.34) which closely approached the theoretical distribution 
pattern, was obtained and yielded 0.83 g of material which was 
dissolved in a small volume of methanol (1-2  ml) and became 
crystalline upon cooling and scratching. After some cold ethyl 
acetate was added, the crystalline product was filtered off and 
dried to give 0.82 g (83%) of peptide IX, mp 152-154°, [<*]%> 
—26.9° (c 1, methanol). The product was homogeneous in thin 
layer chromatography in four solvent systems [i?t BAW 0.67,
R, BPAW 0.73, R, SBA 0.61, R, CM (8:2) 0.67],

Anal. Calcd for Cb5H,340 22N 18S2 (1824.2): C, 55.97; H, 7.40; 
N, 13.82; S, 3.51. Found: C, 55.62; H, 7.69; N, 14.08;
S, 3.66.

Registry No.—II, 15764-82-6; III, 15764-83-7; IV, 
15889-52-8; V, 15764-99-5; VI, 15764-84-8; VII, 15815-
82-4; VIII, 15764-85-9; IX, 15889-53-9.
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A primary p-tolylsulfonyl group in certain otherwise acetylated sugars and glycosides can be displaced by di
phenyl phosphate ion in refluxing dimethylformamide. Subsequent removal of protecting groups gives the 
phosphorylated sugar or glycoside. In this way D-glucose 6-phosphate was prepared in low yield and the 
anomeric methyl a- and /3-D-glucopyranoside 6-phosphates in moderate yield (about 35%). In the last-men
tioned case, methyl /3-D-glucopyranoside 6-(monophenyl phosphate) was isolated as an intermediate.

The displacement of a sulfonyloxy group on primary 
as well as on secondary hydroxyl groups in carbohy
drates has led to the formation of a variety of substi
tuted sugars, and the versatility of this general syn
thetic route is continually being exploited. As yet, 
however, the successful introduction of phosphate 
groups by this method does not appear to have been 
described. The present report records modest success 
in this direction, with the displacement of a primary p -  
tolylsulfonyloxy group in otherwise acetylated deriv
atives of /3-D-glucopyranose, methyl /3-D-glucopyrano
side, and methyl a-D-glucopyranoside.

The analogous preparation of phosphorylated sugars 
by displacement of a primary halogen has met with 
varying degrees of success. Silver dibenzyl phosphate 
has been used to prepare a derivative of uridine 5'-phos- 
phate from 5'-deoxy-5'-iodo-2',3'-0-isopropylideneuri- 
dine2 and the same reagent has been used to prepare 
phosphatidic acid derivatives from diacylglycerol 
a-iodohydrins.3 On the other hand, methyl 3,4-di-
0-acetyl-2,6-dideoxy-6-iodo-a-D-glucopyranoside and 
methyl 2,3,4-tri-0-acetyl-6-deoxy-6-iodo-a-D-glucopy- 
ranoside react only very slowly with silver diphenyl 
phosphate4 at 80°. (The products of these reactions 
were not described.) The unacetylated compounds 
readily undergo reaction, but the product is not the re
sult of a simple displacement. Thus, methyl 6-deoxy-
6-iodo-a-D-glucopyranoside and methyl 2,6-dideoxy-6- 
iodo-a-D-glucopyranoside readily yield the correspond
ing 3,6-anhydro derivatives when treated with silver 
diphenyl phosphate.4’6 In the work described herein, 
we have used the fully acetylated derivatives in 
order to avoid this anhydride formation, and have 
carried out the reactions at higher temperatures.

When a sample of l,2,3,4-tetra-0-acetyl-6-0-p-tolyl- 
sulfonyl-/3-D-glucopyranose was refluxed in dimeth
ylformamide with an excess of lithium diphenyl 
phosphate considerable decomposition took place. 
The product which contained esterified phosphate6 in 
a yield of 34%, was subjected to hydrogenolysis and 
hydrolysis and yielded D-glucose 6-phosphate as the 
sparingly soluble hydrated barium salt in a yield of only 
3 to 4%. The other products of the reaction were 
not investigated. The reaction of methyl 2,3,4-tri-
O-acetyl-6-O-p-tolylsulfonyl-a-D-glucopyranoside with 
lithium diphenyl phosphate proceeded more smoothly.

(1) R e se a rc h  C a re e r  D ev e lo p m e n t A w ardee, U . S. P u b lic  H e a lth  Service.
(2) N . A n an d , V. M . C la rk , R . H . H a ll, a n d  A. R . T o d d , J .  Chem . Soc., 

3665 (1952).
(3) L . W . H essel, I . D . M o rto n , A. R . T o d d , a n d  P . E . V erk ad e , R ec. 

Trav. C h im ., 73, 150 (1954).
(4) S. A. B ro o k s  a n d  W . G . O verend , Chem . In d .  (L o n d o n ), 471 (1960).
(5) J .  B . L e e  a n d  M . M . E l  Saw i, Tetrahedron, 12, 226 (1961).
(6) B . N . A m es, M ethods E n zym o l., 8, 115 (1966).

The crude material, containing esterified phosphate in 
58% yield, was converted into the cyclohexylammo- 
nium salt of methyl a-D-glucopyranoside 6-phosphate 
mp 195-205°, [ a ] MD + 60°, in 35% yield. Szabô and 
Szabô7 reported mp 157-159° and [<x]26d + 6 1 °  for 
their anhydrous material. In our laboratory, this 
compound was hydrated, whether prepared by dis
placement as above or by phosphorylation of methyl
2,3,4-tri-O-acetyl-a-D-glucopyranoside following the di
rections of Szabô and Szabô.7

In a similar manner, after the action of lithium di
phenyl phosphate on methyl 2,3,4-tri-0-acetyl-6-0-p- 
tolylsulfonyl-/3-D-glucopyranoside, hydrogenolysis and 
hydrolysis gave a crystalline cyclohexylammonium 
salt in 38% yield. However, this proved to be a salt 
of methyl /3-D-glucopyranoside 6-(monophenyl phos
phate). The removal of both phenyl groups is pre
vented presumably either by steric factors or by poi
soning of the platinum catalyst. Charcoal treatment 
and repetitive addition of fresh catalyst did not effect 
the desired hydrogenolysis, suggesting that the inhibi
tion may be steric. Furthermore, phosphorylation of 
methyl 2,3,4-tri-0-acetyl-/3-D-glucopyranoside with di
phenyl phosphorochloridate followed by hydrogenolysis 
led to the same phospho diester. In contrast to this 
behavior of the acetylated material, the purified deacet- 
ylated product readily underwent hydrogenolysis of 
the sole remaining phenyl group to produce methyl /3- 
D-glucopyranoside 6-phosphate, isolated as its cyclo
hexylammonium salt in 87% yield.

Experimental Section
Thin layer chromatography was run on Avicel plates8 using 

ethyl acetate-acetic acid-water (3:3:1) as irrigating solvent and 
the Hanes-Isherwood spray9 for spot detection. The Rt values 
found were as follows: methyl (3-D-glucopyranoside 6-(mono-
phenyl phosphate), 0.75; methyl /?-D-glucopyranoside 6-phos
phate and methyl a-D-glucopyranoside 6-phosphate, 0.53; 
D-gluccse 6-phosphate, 0.28; and inorganic phosphate, 0.60.

Lithium Diphenyl Phosphate.—Diphenyl phosphoric acid 
(25 g) in water (40 ml) was neutralized (pH 7) with 2 N  lithium 
hydroxide and the solution was evaporated in vacuo. The result
ing white solid was air dried and used without further purification.

D-Glucose 6-(Barium phosphate).—A mixture of 1,2,3,4- 
tetra-O-acetyl-6-O-p-tolylsulfonyl- -̂D-glucopyranose10 (4 g) and 
lithium diphenyl phosphate (6 g, c a . 3 molar equiv) in dry di
methylformamide (10 ml) was heated under reflux. The solids 
rapidly dissolved and after 3 hr the dark mixture was concen

(7) P . S zabô  a n d  L . S zabô , J .  Chem . Soc., 3762 (1960).
(8) M . L. W olfrom , D . L. P a tin , a n d  R . M . d e  L e d e rk rem e r, Chem. In d . 

(L o n d o n ;, 1065 (1964).
(9) C . S. H an es  a n d  F . A. Isherw ood , N ature , 164, 1107 (1949); R . S. 

B a n d u rsk i a n d  B . A xelrod , J .  B io l. Chem ., 193, 405 (1951).
(10) E . H a rd eg g e r  a n d  R . M . M o n ta v o n , Helv. C h im . A c ta , 29, 1199 

(1946).
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trated at reduced pressure. The residual solids were partitioned 
between chloroform and water and the organic layer was washed 
several times with water and then dried with anhydrous sodium 
sulfate. The chloroform was evaporated and the residual syrup 
dissolved in methanol; this solution was treated with charcoal 
and filtered and the charcoal treatment was repeated giving after 
removal of solvent, a bright yellow syrup. This was dissolved 
in 30 ml of 95% ethanol, 2 drops of concentrated hydrochloric 
acid was added, and the material was hydrogenated overnight at 
room temperature and 45 psi using 400 mg of Adams catalyst. 
The catalyst was removed by centrifugation and the solution was 
treated with charcoal and filtered; the hydrogenation was repeated 
with a second portion of catalyst. To the filtered solution (75 ml), 
4 ml of concentrated ammonium hydroxide was added and the 
solution left overnight. The solution was then concentrated in 
vacuo and the residue dissolved in water, treated batchwise 
with Dowex 50 H+ (50 ml), and filtered and 1.2 g of barium 
acetate added. This solution was then evaporated to a small 
volume and seeded with authentic D-glucose 6-(barium phos
phate) heptahydrate to yield 160 mg (3.8%).

Methyl /3-D-Glucopyranoside 6-(Cyclohexylammonium Mono
phenyl Phosphate). A. By p-Tolylsulfonyl Displacement.— 
Methyl 2,3,4-tri-O-acetyl-6-O-p-tolylsulfonyl-0-D-glucopyrano- 
side11 (2 g) and lithium diphenyl phosphate (3.1 g, ca. 3 molar 
equiv) were refluxed in DMF (6 ml) for 2 hr and the mixture 
was worked up with chloroform as described above. Dissolution 
of the syrup in ethyl acetate and addition of petroleum ether 
resulted in the recovery of 200 mg of starting glycoside. The 
mother liquor remaining was concentrated in vacuo and the 
residue dissolved in ethanol the solution was treated thrice with 
charcoal and filtered. This was then shaken overnight with 
hydrogen at room temperture and 3 atm of pressure in the presence 
of 200 mg of Adams catalyst and 2 drops of concentrated 
hydrochloric acid. The catalyst was removed by filtration and 
the hydrogenation was repeated three times, each time with 
fresh catalyst. Acetyl groups were then removed by addition of 
ammonium hydroxide and heating on a steam bath and the 
residue, in aqueous solution, was passed through a column of 
Dowex 50W H + and then treated with excess cyclohexylamine. 
The solution was evaporated and the product crystallized from 
water by the addition of acetone. The yield of air-dried product 
was 650 mg (38%): mp 228° dec, [a ]® D  -2 1 .6 °  (c 1, H20 ).

Anal. Calcd for C19H32N 0 9P (449.4) C, 50.77; H, 7.18; N, 
3.12; P , 6.89. Found:12 C, 50.55; H, 7.25; N, 3.16; P , 6.74.

B. By Phosphorylation with Diphenyl Phosphorochloridate 
Diphenyl phosphorochloridate (1.5 g) was added to dry pyridine 
(14 ml) containing methyl 2,3,4-tri-0-acetyl-j3-D-glucopyranoside13 
(1.6  g) and the solution was left 2 days at room temperature. 
Water (2 ml) was then added and after 0.5 hr the solvent was 
removed in vacuo. The residue was dissolved in chloroform and 
the solution was washed with water, 1 N  sulfuric acid, and then 
again with water and dried (sodium sulfate). The syrup (2.8 g)

(11) J . C o m p to n , J .  A m er. Chem. Soc., 60, 395 (1938).
(12) A nalyses b y  E lek  M ic ro a n a ly tic a l L a b o ra to r ie s , T o rra n c e , C alif.
(13) B . H elferich , H . B red e reck , a n d  A . S chneidm iille r, A n n . Chem ., 458,

111 (1927).

which remained after removal of solvent was dissolved in ethanol 
and shaken overnight with hydrogen a t room temperature and 
3 atm of pressure in the presence of 0.2 g of Adams catalyst. 
The acetyl groups were removed and the product isolated as 
described above to yield 500 mg (22%): mp 225°, [a]“ d

— 21.2° (c 1, H20). This material is chromatographically identi
cal with the above-described substance.

Methyl /3-D-Glucopyranoside 6-(Dicyclohexylammonium phos
phate).—A 0.4-g sample of methyl /S-D-glucopyranoside 6- 
(cyclohexylammonium monophenyl phosphate) in water was 
converted into the free acid using a small column of Dowex 
50W H +. The resulting solution was concentrated in vacuo and 
the residue dissolved in ethanol (30 ml) and hydrogenated over
night at room temperature and 3 atm of pressure using 200 mg 
of platinum oxide. The resulting filtered solution was made 
alkaline with cyclohexylamine and concentrated at reduced 
pressure and the residue was crystallized from water by the addi
tion of acetone. The air-dried product weighed 375 mg (87%): 
mp 185°, [ a ] 20d  -2 5 .6 °  (c 1, H20 )

Anal. Calcd for Ci9H4iN20 9P • y 2H20  (481.5): C, 47.39: H, 
8.79; N, 5.82; P , 6.43. Found: C, 47.14; H, 8.77; N, 5.49; 
P , 6.24.

Methyl a-D-Glucopyranoside 6-(Dicyclohexylammonium Phos
phate ).—Methyl 2,3,4-tri-0-acetyl-6-0-p-tolylsulfonyl-a-D-gluco- 
pyranoside14 (0.85 g) and lithium diphenyl phosphate (1.25 g) 
were refluxed in dimethylformamide (9 ml) for 10 hr. The prod
uct was worked up as described in the displacement reaction on 
the a anomer, except that no starting material was recovered. 
The final air-dried product weighed 300 mg (35%) after crystal
lization from water-acetone, and showed mp 195-205°, [ a ] MD 
+  60° (c 1, H20).

The compound was also prepared by phosphorylation of 
methyl 2,3,4-tri-O-acetyl-a-D-glucopyranoside with diphenyl 
phosphorochloridate following the procedure of Szabo and 
Szabo,’ except that the hydrogenation was performed a t 3 atm 
rather than 1 atm of pressure. The product was obtained in 
66% yield and had melting point and rotation identical with those 
of the product obtained by tosyl displacement. Szabo and 
Szabo obtained anhydrous material with mp 157-159° and 
[ « ¡ » d  +61°.

Anal. Calcd for Ci9H4iN20 9P • V2H20  (481.5) C, 47.39; H, 
8.79; N, 5.82; P, 6.43. Found: C, 47.19; H, 8.80; N, 5.64; 
P , 6.05.

Registry No.— C19H32NO9P, 15764-86-0 ; C19H41N2O9P 
(0-d), 15764-87-1; C 19H 4iN 20 9P(a-D ), 15764-88-2.
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4,6-Dideoxy-4-(/V,jY-dim ethylam ino)-D-talopyranose H ydrochloride1,2

C. L. St e v e n s , R. P. G l in s k i , a nd  K. G . T aylor

Department of Chemistry, Wayne State University, Detroit, Michigan 48202

Received October 13, 1967

Methyl 6-deoxy-2,3-0-isopropylidene-a-i>-mannopyranoside (1) was converted into methyl 6-deoxy-2,3-0- 
isopropylidene-a-D-h/xo-hexopyranosid-4-ulose (2) via a dimethyl sulfoxide-phosphorus pentoxide oxidation. 
Reaction of the 4-ketose derivative with hydroxylamine hydrochloride followed by lithium aluminum hydride 
reduction and iV-acetylation afforded methyl 4-acetamido-4,6-dideoxy-2,3-0-isopropylidene-a-D-talopyranoside 
(9) in high yield. The reduction was stereospecific since less than 2% of the C-4 epimer having the manno con
figuration could be isolated. The major isomer was converted into a number of .V-substituted derivatives in
cluding the crystalline a and 0 isomers of the title compound, 4,6-dideoxy-4-(./V,JV-dimethylamino)-D-talopyranose 
hydrochloride (23 and 24). Molecular rotations, nmr spectra, mixture melting point determinations, mass spectral 
data, X-ray crystallographic data, and degradation studies unambiguously confirm the assigned structures.

A rearrangement of 6-deoxy-2,3-0-isopropylidene- 
4-0-mesyl-a-D-mannopyranoside and related sulfonate 
esters recently was discovered in our laboratory. 
Under conditions expected to give normal displace
ment products with a variety of nucleophiles the 
sulfonate ester yielded ring-contracted products.3-5 
Accordingly, other routes to the D-talo, as well as the 
d-m ann o  configurations were sought. One such re
action sequence involves the preparation of a suitably 
protected 4-oximino derivative of a hexos-4-ulose 
which could then be reduced to one or both of the 4- 
amino sugars having the d-talo  and d-m anno  con
figurations depending on the stereochemistry of the 
reduction step. The synthesis of these potentially 
biologically interesting 4-amino-4,6-dideoxy sugar de
rivatives6 forms the basis of this paper.7

Methyl 6-deoxy-2,3-0-isopropylidene-a-D-mannopy- 
ranoside (1), readily available from our earlier 
work,3 served as the starting material for the prep
aration of ketone 2. The oxidation of the enantiomer 
of compound 1 had been reported earlier by Collins 
and Overend8,9 using chromium trioxide-pyridine. 
Also, the crystalline triacetate 5 was described.8'9 
Recently, Jones, et a l . ,10 have reported the same con
version using ruthenium tetroxide. In our hands,

(1) T h is  re se a rc h  w as s u p p o r te d  b y  th e  N a tio n a l I n s t i tu te s  of H e a lth , 
G ra n t  G M  11520, a n d  th e  M ich ig an  C an c e r F o u n d a tio n .

(2) P re lim in a ry  re s u lts  of th is  w o rk  h a v e  b ee n  p re se n te d  e a rlie r  (C . L. 
S tev en s, R . P . G lin sk i, a n d  K . G . T a y lo r , 152nd N a tio n a l M ee tin g  of th e  
A m erican  C h em ica l S ocie ty , N ew  Y o rk , N . Y ., S e p t 1966, A b s t ra c t  D 16).

(3) C . L . S tev e n s , R . P . G linsk i, K . G . T a y lo r , P . B lu m b erg s , a n d  F . 
S iro k m a n , J .  A m er. Chem. Soc., 88, 2073 (1966).

(4) C . L . S tev en s, R . P . G lin sk i, G . G u to w sk i, a n d  J .  P . D icke rson , Tetra
hedron Lett., 649 (1967).

(5) S. H a n n es ian , Chem. C om m un ., N o . 21, 796 (1966).
(6) (a) C . L . S tev en s, P . B lu m b erg s , F . A. D an ih e r, J . S tro m in g e r, M . 

M a ts u h a s h i, D . D ie tz le r , S. S uzuk i, T . O k azak i, K . S ug im o to , a n d  R . 
O kazak i, J .  A m er. Chem. Soc., 86, 2939 (1964); (b) C . L . S tev e n s , P . 
B lum bergs , a n d  F . A. D a n ih e r, ib id ., 85, 1552 (1963); (c) R . W . W h e a t, E . L. 
R o llin s , a n d  J . M . L e a th e rw o o d , B iochem . B io p h ys . R es. C om m un ., 9 , 120 
(1962); (d) C . L . S tev e n s , P . B lu m b erg s , D . O tte rb a c h , J .  S tro m in g e r, M . 
M a ts u h a s h i, a n d  D. D ie tz le r, J .  A m er. Chem. Soc., 8 6 , 2937 (1964); (e) 
C .-H . L ee  a n d  C . P . S chaffner, Tetrahedron L e tt., 5837 (1966); (f) C . L. 
S tev en s, 154 th  N a tio n a l M e e tin g  of th e  A m erican  C h em ica l S ocie ty , C h icago , 
111., S e p t 1967, A b s tra c t D 23 . T h is  re fe re n ce  d esc rib ed  th e  im p o r ta n c e  of 
4 -am ino -4 ,6 -d ideoxy  su g a rs  in  b io log ica l s y s te m s  a s  w ell as  a n  im p ro v ed  
m e th o d  of d e g ra d a tio n  of 4 -ace tam id o -4 ,6 -d id e o x y  su g a rs  to  d- a n d  L -th reo- 
n in o l a n d  d- a n d  L -a llo th reon ino l o x a la tes . M o re  d e ta ile d  re s u lts  w ill b e  
p u b lish e d  elsew here .

(7) D r. J .  J a rÿ  has  in d ic a te d  in  a  p r iv a te  c o m m u n ic a tio n  a n d  h e  a n d  his 
co -w o rk ers  h a v e  successfu lly  p re p a re d  d e r iv a tiv e s  of m e th y l 4 -am ino -4 ,6 - 
d id e o x y -L -ta lo p y ran o s id e  b y  a d iffe re n t ro u te . N ote A dded in  P roof.—  
T h is  w o rk  h a s  s in ce  a p p e a re d  [J. J a rÿ ,  P . N o v ak , Z. K sa n d r , a n d  Z. S am ek , 
Chem . In d .  (L o n d o n ), 1490 (1967 )]; a lso  cf. S. W . G u n n e r , W . G . O verend , 
a n d  N . R . W illiam s, C arbohyd. R es., 4, 498 (1967).

(8) P .  M . C o llins a n d  W . G . O verend , Chem . In d .  (L o n d o n ), 374 (1963).
(9) P . M . C o llin s  a n d  W . G . O v eren d , J .  Chem. Soc., 1912 (1965).
(10) U . M . P a r ik h  a n d  J .  K . N. Jo n es , C an. J .  Chem ., 43, 3452 (1965).

the chromium trioxide-pyridine reaction of Collins 
and Overend was time consuming, requiring five suc
cessive treatments to give a 30% yield of 91% pure 
4-keto derivative 2.

A modification of a recently reported phosphorus 
pentoxide-dimethyl sulfoxide procedure11 was eval
uated and gave good results. Thus compound 1 was 
oxidized smoothly with phosphorus pentoxide in a 
dimethyl sulfoxide-pyridine mixture to yield ketone 2 
(96% purity by vpc analysis) in 81% yield (Scheme 
I), identical with the product obtained from the re-

S c h e m e  I
P r e p a r a t i o n  o f  D e r i v a t i v e s  o f  M e t h y l

6-DEOXY-2,3-0-ISOPROPYLIDENE-a-D-ZÿXO-PYRANOSID-4-ULOSE ( 2 )

CH3 

)— 0 
(0 * 0'

ÇR

o— "OCH, — 0CH3HO —  0CH3 

1 I
ch3

HO-N
- O 0CH,

3 , R =  H
4, R =  mesyl

l
c h3 

RO J— 0
lORRQ)
V JÌ C H ,
5, R = acetyl

ported chromium trioxide oxidation. Compound 2 
was reduced stereoselectively by sodium borohydride 
in methanol to yield 3, the C-4 epimer of compound 1, 
in 85% yield. The talo derivative 3 (90% purity) was 
contaminated with 2% of 1 and 8% of an unknown 
impurity. Compound 3 was converted into the crystal
line triacetate 5 in 53% over-all yield by selective 
hydrolysis of the 2,3-O-isopropylidene bridge followed 
by acetylation with acetic anhydride in pyridine. The 
physical constants of triacetate 5 were in agreement 
with those reported for its enantiomer.8’9 Compound 
3 was also converted into its crystalline mesylate 4 
in 73% yield by mesylation in pyridine. With these 
results in hand, ketone 2 was converted into its crystal
line oxime derivative 6 in 64% yield. The nmr spec
trum of the oxime (Figure 1) is in agreement with the 
proposed structure. The oxime 6 was reduced with

( l i )  K . O n o d era , S. K ira n o , a n d  N . K a s h im u ra , J .  A m er . Chem . Soc ., 87 , 
4651 (1965).
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excess lithium aluminum hydride in refluxing tetra- 
hydrofuran to afford, in 95% yield, methyl 4-amino-
2,3-O-isopropylidene-a-D-talopyranoside (7) as an oil 
containing a small amount of the d-m anno  isomer 13 
(Scheme II). The crude mixture was converted into

S c h e m e  II
M e t h y l  4 -A cETAMIDO-4,6-DIDEOXY-<*-D-MANNOPYRANOSIDE (14), 

M e t h y l  4 -Am in  o-4, 6-d id e o x  y -« -d- ta l o py r  an  o sid e  
H y d r o c h l o r id e  (1 6 ), a n d  D e r iv a t iv e s

8, R '=H ;
R- =  2,4-dinitrophenyl

9, R' = H; R2 = acetyl
10, R1 = H; R2 =  COOC2Hs

11, R’ =  H; R2 “  CH3(HC1)
12, R1 =  R2 — CH3(HC1)

J

13, RI =  R2=*H
14, R1 =  H, R2 =  acetyl

OCH3
16, R1 =  R2 = R3 ~  H(HC1)
17, R‘ =  R2 =  H;R3 =  acetyl
18, R> =  R2 = acetyl; R3“ H
19, R1 =  H; R2 =  R3 — CH3(picric acid)
20, R1 =  H: R2= R 3 = CH3(CH3I)
21, R1 =  acetyl; R2 =  R3 =  CH3
22, R] -  acetyl; R2 »  R3 -  CH3(HC1)

the IV-acetyl derivatives 9 and 14. By crystalliza
tion, pure D-foZo-4-acetamido derivative 9 was obtained 
in 66% yield. The mother liquor was subjected to 
preparative thin layer chromatography to yield an 
additional 5% of the n-talo  compound 9, as well as 
1.3% of a new IV-acetyl derivative 14 having an in
frared spectrum (chloroform) very similar to that of 
compound 9. The configuration of this component 
14 was established as d-m anno; selective hydrolysis 
of the 2,3-O-isopropylidene protecting group yielded 
methyl 4-acetamido-4,6-dideoxy-a-D-mannopyranoside
(15) . A mixture melting point of this product with 
compound 15 obtained by another route,61 similar to 
that reported by Jarf, Capek, and Kovar,12 was un
depressed and the infrared spectra of both compounds 
were identical. Crude amine 7 was converted into the 
crystalline 4-(2,4-dinitroanilino) derivative 8 in 67% 
yield by the method of Lloyd and Stacey.13

Selective hydrolysis of the 2,3-O-isopropylidene 
group of crude 7 and the IV-acetyl derivative 9 with 
dilute aqueous hydrochloric acid afforded methyl
4-amino-4,6-dideoxy-a-D-talopyranoside hydrochloride
(16) in 63% yield and methyl 4-acetamido-4,6-di- 
deoxy-a-D-talopyranoside (17) in 59% yield. A mix
ture melting point of compound 17 with methyl 4- 
acetamido-4,6-dideoxy-a-D-mannopyranoside (15) was

(12) J .  J a r y ,  K . C ap e k , a n d  J . K o v if ,  Collect. Czech. Chem . C om m un ., 28, 
2171 (1963).

(13) P . F . L loyd  a n d  M . S tac ey , Tetrahedron, 9 , 116 (1960).

CH,

6.

Figure 1—Nmr spectrum of methyl 6-deoxy-2,3-0-isopropyl- 
idene-a-D-Zî/zo-hexopyranosid-4-ulose oxime (6).

CH,

m /e  ra t io .

Figure 2—Mass spectrum of methyl 4-ace tamido-4,6-dideoxy- 
a-D-talopyranoside (17).

m / e  ra tio .

Figure. 3.—Mass spectrum of methyl 4-acetamido-4,6-dideoxy- 
a-D-mannopyranoside (15).

depressed 30°. The mass spectrum of compound 17 
was identical with that of compound 156f (and certain 
other 4-acetamido sugars available in this laboratory) 
except for minor variations in peak intensity (Figures 
2 and 3).

Acetylation of the free base of compound 16 in 
acetic anhydride and pyridine gave triacetate 18. 
The same triacetate 18 was obtained from methyl 4- 
acetamido-4,6-dideoxy-a-D-talopyranoside (17), which 
in turn had been prepared from 2,3-O-isopropylidene 
protected IV-acetyl derivative 9 by selective acid 
hydrolysis. The nmr spectrum of triacetate 18 is 
shown in Figure 4 and the mass spectral comparison 
with the triacetate obtained from m an no  deriva
tive 156f is shown in Figures 5 and 6. Again the 
similarities of the mass spectra are striking. As
signments of the various protons in the nmr spectrum 
are given in the Experimental Section.



1588 S t e v e n s , G l in s k i , and  T aylor The J o u rn a l o f O rganic C h em istry

KHA. CHi 
[ OAc /
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OCK,
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A n )
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6.16 5.1 4.21 3.37  2.14  1.96 1.15 0
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Figure 4.—Nmr spectrum of methyl 4-acetamido-2,3-di-0-acetyl- 
4,6-dideoxy-a-D-talopyranoside ( 18).

CH,

m /e  ra tio .

Figure 5.—Mass spectrum of methyl 4-acetamido-2,3-di-0- 
acetyl-4,6-dideoxy-a-D-talopyranoside ( 18).

CH,

40 80 120 160 200 240 280 320
m /e  ra tio .

Figure 6.—Mass spectrum of methyl 4-aeetamido-2,3-di-0- 
acetyl-4,6-dideoxy-a-D-mannopyranoside.

Further support for the d-talo  configuration of these 
amino sugar derivatives is given by a comparison of 
the molecular rotations of compounds 5, 16, 17, 23, and 
24 with similar compounds of known d-talo  configura
tion (Table I). In general, the molecular rotation of 
pyranose derivatives is not substantially affected by 
replacement of a hydroxyl by an amino group.14-17 
However, a correction factor of —3000° should be ap
plied to the molecular rotation of an a -  or /3-D-hexose 
for comparison with the molecular rotation of a 6- 
deoxy-a- or /3-hexose owing to the asymmetrical 
rotation of the 5,6-exocyclic bond, which does not con-

(14) A. C . R ic h a rd so n  a n d  K . A. M c L a u c h la n , J .  Chem . Soc., 2499 (1962).
(15) H . O gaw a, T . I to ,  S. K o n d o , a n d  S. In o u e , B u ll. A gr . Chem . Soc. 

J a p a n ,  23, 289 (1959).
(16) A . C . R ic h a rd s o n  a n d  H . O. L . F ish e r, J .  A m er. Chem . Soc., 83, 1132 

(1961).
(17) E . E . v a n  T a m e len , J . R . D y e r, H . E . C a r te r , J .  V. P ierce , a n d  E . E , 

D an ie ls , ib id ., 78, 4817 (1956).

T a b l e  I
M o l e c u l a r  R o t a t i o n  C o m p a r i s o n s  

o f  V a r i o u s  A m i n o  S u g a r s

[a]D, deg [M]d, deg
Methyl 4-acetamido-2,3-di-0- +82 (chloroform) +  24,800

acetyl-4,6-dideoxy-a-D-talo- +67.8 (methanol) +20,600
pyranoside (18)

Methyl 2,3,4-tri-0-acetyl-6-de- +76 (methanol) +23,100
oxy-a-D-talopyranoside (5)

Methyl 2,3,4-tri-0-acetyl-6-de- +  73.3 (methanol ) +22,400»
oxy-a-D-talopyranoside' 'd +  75.9 (methanol) +23,100°

Methyl 3-acetamido-2,4-di-0- +  72 (chloroform) +21,800
acetyl-3,6-dideoxy-a-D-talo- 
pyranoside*

Methyl 4-amino-4,6-dideoxy-a- +99.3 (water) +21,200
d talopyranoside hydrocho- 
ride (16)

Methyl 6-deoxy-a-D-talo- +  104 (water) +  18,600°
pyranosidec'd +  102 (water) +  18,200“

+  106 (water) +  18,900“
Methyl 3-amino-3-decxy-a-D- +90 (water) +20,600

talopyranoside hydrochloride7 + 17,60o6
Methyl 2-amino-2,6-dideoxy-a- +84 (water) +  17,900“

D-talopyranoside hydrochlo
ride'

Methyl 3-amino-3-decxy-0-L- +  54 (water) +9,650
allcpyranoside6 + 6,65o6

Methyl /S-L-allopyranoside'.' .. . (water) +  10,900

Methyl /3-L-gulopyranoside'.1 +83.3 (water)
+7,9006 

+  16,200

Methyl 4-acetamido-4,6-dide- +  139.5 (water)
+  13,2006 
+30,600

oxy-a-D-talopyranoside (17)
Methyl 3-acetamido-3,6-dide- +  104 (water) +22,800

oxy-a-D-talopyranoside*
4,6-D.deoxy-4-(Ar,A’-dimethyl- +35 (water) +7,250

amino )-a-D-talopyranose 
hydrochloride (24)

a-D-Talose,.i +68 (water) +  12,200

3-Amino-3,6-dideoxy-c¡-D-talose +41 (water)
+9,2006
+8,200

hydrochloride*
3-Amino-3-deoxy-a-D-talose +  29.5 (water) +9,300

hydrochloride7 +6,3006
a L-Gulose1'1 . . . (water) -11,500

4,6-Dideoxy-4-(Ar,Af-d:methyl- +  11.5 (water)
— 8,5006 
+  2,600

amino )-0-D-talopyranose 
hydrochloride (23)

0-D-Talose'.1 +  13.2 (water) +2,380

6-Deoxy-/3-L-allose'1 . .. (water)
— 7206 

+2,000
° These values have been obtained from those quoted for the 

opposite (d or l ) enantiomers. 6 A correction factor14.18'19 of 
— 3000° has been applied to the d sugars and +3000° to the 
l  sugars. * See ref 8. d See ref 9. * See ref 14. > H. H. Baer,
J. Amer. Chem. Soc., 84, 83 (1962). “ P. M. Collins and W. G. 
Overend, J. Chem. Soc., 3448 (1965). *B. Lindberg and O.
Theander, Acta Chem. Scand., 13, 1226 (1959). * P. A. Levene 
and J. Compton, J. Biol. Chem., 116, 169 (1936). 1 F. J. Bates, 
“Polarimetry, Saccharimetry and the Sugars,” U. S. Government 
Printing Office, Washington, D. C., 1942. k F. Micheel, Chem. 
B a r .  63, 347 (1930). • See ref 18.

tribute to the rotation of the 6-deoxyhexoses; a cor
rection factor of +3000° should be applied also to l- 
hexoses.18’19 This correction factor has been applied to 
the values quoted in Table I and in subsequent com
parisons. The triacetates 5 and 18, the glycoside

(18) D . H . W hiffen , Chem. In d .  (L o n d o n ), 964 (1956).
(19) J . H . B rew ste r, J .  A m er. Chem . Soc., 81 , 5483 (1959).
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s.

Figure 7.-—Nmr spectrum of methyl 2,3-di-0-acetyl-4,6-dideoxy- 
4-(iV,Ar-dimethylammo)-a-D-talopyranoside (21).

16, and the free sugars 23 and 24 compare very fav
orably with similar talo derivatives. There is a dis
crepancy in the comparison of ¿V-acetyl derivative 17 
with methyl 3-acetamido-3,6-dideoxy-a-o-talopyrano- 
side. However, a similar difference in molecular 
rotation between various acetamido derivatives of 
glucose has been noted.14 The molecular rotation of 
the /3-D-free sugar 23 (+2600°), which compares 
favorably with /3-D-talose (—720°), cannot be distin
guished from 6-deoxy-/3-L-allose (+2000°). However, 
the molecular rotation of the 4-aminoglycoside 16 
(+21,200°) is very different from values for methyl 
/3-L-allopyranoside derivatives (+6650, +7900°), but 
is in agreement with various methyl a-D-talopy- 
ranoside derivatives (+17,600 to +18,900°). Simi
larly the 4-aminoglycoside 16 (+21,200°) can be 
distinguished from /3-L-gulopyranoside derivatives 
(+13,200°). Also, the molecular rotation of the a-o- 
free sugar 24 (+7250°) agrees with the values for 
a-D-talo derivatives (+6300 to +9200°) but not at 
all with a-L-gulose (—8500°). Derivatives of either 
or both of these l sugars could have resulted from 
epimerization of C-6 of ketone 2 during oxime forma
tion, before reduction with lithium aluminum hy
dride. This possibility was eliminated by degradation 
of M-acetyl derivative 17 to L-threoninol oxalate,61 
identical in all respects with an authentic sample pre
pared from L-threonine.3f

Methyl 4-amino-4,6-dideoxy-2,3-0-isopropylidene-a- 
D-talopyranoside (7) was converted into the N -  
methylamino hydrochloride derivative 11 by se
quential N-carboethoxylation, lithium aluminum hy
dride reduction, and hydrochloride salt formation in 
an over-all yield of 76%. Furthermore, compound 
7 also gave the A,A-dimethylamino derivative 12 
in 75% yield by reductive methylation followed by con
version into the hydrochloride salt. The isopropyli- 
dene protecting group of compound 12 was selectively 
hydrolyzed to yield methyl 4,6-dideoxy-4-(A,A-di- 
methylamino)-a-D-talopyranoside. The latter com
pound was transformed into the crystalline picrate 
19, methiodide 20, and diacetate 21. The yields of 
picrate 19, methiodide 20, and diacetate 21 from 
starting material 12 were 94, 65, and 54%, respectively. 
Diacetate 21 also formed a crystalline hydrochloride
22. The nmr spectrum of diacetate 21 is shown in 
Figure 7 and further details are given in the Experi
mental Section. A,A-Dimethylamino derivative 12
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Figure 8.—Mutarotation curves of compounds 23 and 24.

was treated with 1.0 N  hydrochloride acid at 95° 
for 20 hr to give a 96% yield of crude free a -  and /?- 
d  sugars 24 and 23. The a  anomer 24 was obtained 
as a residue by extraction of the mixture of a  and /3 
anomers with small portions of hot absolute ethanol 
which removed the more soluble /3 anomer. The 
(8 anomer 23 could be obtained relatively free of the 
a  anomer by slow, careful crystallization from a 
methanol-ethyl ether mixture. The assignment of a 
and /3 configurations (Scheme III) is based on the

S c h e m e  III
4,6-DlDEOXY-4-(iV,iV-DIMETHYl,AMINO)-a- AND

-,8-d - t a l o p y h a n o s e  H y d r o c h l o r i d e .

mutarotation behavior of the two anomers which is 
represented in Figure 8. The pK & of ¡3 anomer 23 
(8.22) is quite high relative to that of the a  anomer 24 
(7.60). Attempts presently are being made in this 
laboratory to relate pK & to conformation through 
various analytical tools (nmr, X-ray crystallography, 
etc.), an area that is currently little understood. As 
a preliminary step to this goal, the structure of 
methyl 4,6-dideoxy-4-(A,A-dimethylamino)-a-D-talo- 
pyranoside methiodide (20) was determined by X-ray 
crystallography and found to exist in the 1C  confor
mation.20 The details of this X-ray analysis and 
those of other derivatives will form the subject matter 
of a future publication.

In summary, a new route to 4-amino-4,6-dideoxy 
sugars has been investigated and found to be suc
cessful. The fact that reduction of the oxime 6 af
fords almost exclusively the d-talo  configuration may 
be ascribed to the steric accessibility of the lower side 
of the molecule as written; the approach of hydride 
to the upper side of the molecule is presumably hin
dered by both the C-6-methyl group and one of the 
methyl groups of the 2,3-O-isopropylidene bridge.

Experimental Section
All melting points were taken on a Thomas-Hoover melting 

point apparatus and are uncorrected. Thin layer chromatog
raphy was performed using silica gel H from Brinkman Instru
ments on 5 X  20 cm glass plates. Preparative thin layer chro
matography was carried out on 20 X 40 cm glass plates coated 
with a 1-mm thickness of silica gel H. The following developing

(20) W e a re  in d e b te d  to  D r. M ilto n  G lick  a n d  cow orkers  of W a y n e  S ta te  
U n iv e rs ity  fo r th e  X -ra y  ana ly sis .
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solvents were used: (a) ethyl ether-re-pentane (1 : 1  v /v ); (b)
ethyl ether. Compounds were detected with a 6 N  sulfuric 
acid spray followed by baking at 110° for 10-30 min. The bands 
on preparative plates were detected by spraying a 1 -in. perpendic
ular band on both sides of the plates with sulfuric acid and baking. 
The bands were followed across the plates to the sprayed portions 
with ultraviolet light (Mineralight, U V S -ll). pK* data were 
determined in aqueous 50% methanol. Vpc analyses were per
formed on an F & M Scientific Corp. instrument (Model 810) fitted 
with a flame ionization detector. The following columns were 
used: (a) 10% Carbowax 20M on Chromosorb W, 2 ft X 0.25
in.; (b) 10% Carbowax 20M on Chromosorb W, 4 ft X 0.25 in. 
Nmr spectra were run in CDCh using a Varian Associates A-60 
spectrometer with tetramethylsilane as an internal standard. 
Pyridine was Merck Reagent Grade, dried over potassium hy
droxide pellets. Microanalyses were performed by Midwest 
Microlab Inc., Indianapolis, Ind.

Methyl 6-Deoxy-2 ,3-O-iso pro pylidene-a'-n-A/xo-hexopyranosid-
4-ulose (2).—Methyl 6-deoxy-2,3-0-isopropylidene-a-D-manno- 
pyranoside (1 , 1.06 g) was dissolved in anhydrous dimethyl 
sulfoxide (4 ml) and dry pyridine (1 ml) and stirred under an 
atmosphere of dry nitrogen. Phosphorus pentoxide (1 g) was 
introduced quickly into the flask and the reaction mixture was 
heated at 60° for 1.5 hr. After it cooled to room temperature, 
dimethyl sulfoxide (2 ml), pyridine (0.5 ml), and phosphorus 
pentoxide (1 g) were added, and the heterogeneous mixture was 
heated at 60° for an additional 1.5 hr. This procedure was re
peated (two to three times) until vpc analysis on column a 
(160°) showed little or no starting material. After the mixture 
cooled to room temperature, anhydrous K2CO3, equivalent to 
the P2O5 present, was added. Water was added dropwise until 
an evolution of gas occurred. Additional water was added 
cautiously until all gas evolution ceased. Then more water 
(10 ml) was added and the resulting homogeneous, dark reaction 
mixture was extracted with five 25-ml portions of re-pentane. 
The re-pentane extracts were dried (K2CO3) and concentrated 
in vacuo to give a crude oil. The oil was azeotroped several times 
with toluene to remove residual pyridine to yield compound 2: 
860 mg (81%); 96% pure by vpc analysis. A small portion was 
purified by preparative vpc on column a (130°). The physical 
constants are as follows: re24d  1.4478; [« ]27d +105° (c 0.71 in 
methanol). The literature8'21 has reported [a] 27d  —107° (ethanol) 
for the corresponding l isomer.

Compound 2 was prepared also by oxidizing compound 1 with 
chromium trioxide-pyridine according to Collins and Overend8.8 
in 30% yield. This method required five successive oxidations 
to obtain compound 2 in 91% purity by vpc analysis.

Methyl 6-Deoxy-2,3-0-isopropylidene-a-n-talopyranoside (3). 
—Sodium borohydride (100 mg) was added in portions over a
10-min period to a vigorously stirred solution of the ketone 2 
(394 mg, 95% purity) dissolved in dry methanol (3 ml) a t 0°. 
Hydrogen evolved, and the solution warmed slightly. The 
reaction mixture was stirred an additional 50 min at room tem
perature. Analysis by thin layer chromatography in system a 
showed complete reaction. The methanol was removed in 
vacuo and water (2 ml) was added. The mixture was heated at 
95° for 1 hr. The aqueous solution was cooled and extracted 
with five 10-ml portions of re-pentane. The re-pentane extracts 
were combined, dried (K2CO3), and concentrated in  vacuo to af
ford compound 3 as a colorless oil, 337 mg (85%). Vpc analysis 
using column a (180°) showed three peaks with retention times of
5.8 (90%), 8.2 (2%), and 10.9 min (8%). These retention times 
correspond to compound 3 (talo), compound 1 (manno), and an 
unknown impurity, respectively. Compound 3 was characterized 
as the mesylate 4 and triacetate 5.

Methyl 2,3,4-Tri-0-acetyl-6-deoxy-a-D-talopyranoside (5).— 
Methyl 6-deoxy-2,3-0-isopropylidene-a-D-talopyranoside (3, 67.5 
mg) was dissolved in methanol (1 ml) containing 2 drops of 
concentrated hydrochloric acid. Analysis by thin layer chro
matography in system a after 15 min showed no starting material 
and one spot at the origin. The solution was neutralized with 
silver carbonate, and the silver salts were removed by filtration 
through Hyflo Supercel. The filtrate was concentrated in  vacuo 
to afford a gum which did not reduce Benedict’s solution. The 
gum was dissolved in pyridine (0.5 ml) and acetic anhydride 
(0.5 ml), and was allowed to stand at room temperature for 2 
days. The solvents were removed in vacuo with repeated azeo-

(21) P . M . C o llins a n d  W . G . O v eren d , J .  Chem . Soc., 3448 (1965).

troping (toluene) to yield an oil which crystallized to give 41.7 
mg (53%) of compound 5, mp 91-93°. Recrystallization from 
chloroform-re-hexane afforded analytical 5: mp 91-91.5°;
[ a ] a D +76° (c 1.13 in methanol). The literature8.8 has reported 
mp 91-92°, —75.9° (c 3.9 in methanol), for the corre
sponding l isomer.

Anal. Calcd for CuH20O8: C, 51.31; H, 6.63. Found: C, 
51.49; H, 6.65.

Methyl 6-Deoxy-2,3-0-isopropylidene-4-0-mesyl-a-D-talo- 
pyranoside (4).—Methyl 6-deoxy-2,3-0-isopropylidene-a,D-talo- 
pyranoside (3, 337 mg, 90% purity) was treated with mesyl 
chloride (0.23 ml) in pyridine (2 ml) at room temperature for 
24 hr. The reaction mixture was poured onto an ice-water 
mixture (100 ml). The resulting precipitate was collected, washed 
well with water, and crystallized from aqueous ethanol to give 
compound 4: yield, 330 mg (73%); mp 112-114° (needles). 
Three additional recrystallizations afforded needles with mp 116- 
117.5°, [a]27d  +20.2° (c 0.8 in methanol).

Anal. Calcd for CnH20O7S: C, 44.58; H, 6.79; S, 10.81. 
Found: C, 44.53; H, 6.61; S, 10.65.

Methyl <5-Deoxy-2,3-0-isopropylidene-a-D -iyxo-hexopyranosid-
4-ulc.se Oxime (6).—Methyl 6-deoxy-2,3-O-isopropylidene-a-o- 
h/xo-hexopyranosid-4-ulose (2, 852 mg, 94% purity) was dis
solved in pyridine-ethanol (1 : 1 , 10 ml) containing hydroxyl- 
amine hydrochloride (900 mg). The mixture was heated under 
reflux for 2 hr, cooled, and evaporated in vacuo, and the residue 
was allowed to stand under 10 ml of water until it crystallized 
(10 hr). Recrystallization from re-hexane yielded compound 6 : 
mp 123-125°; 580 mg (64%). One more recrystallization from 
re-hexane afforded analytically pure material: mp 124.5-126°; 
[a]27D +155.3° (c 1.54 in CH3OH); uv max (C2H5OH) 203 mM 
(e 6000); nmr, 5 1.48 (d, 3, /  = 6 Hz, C-6-CH3), 1.6 [d, 6, 
>C(Ctf3)2], 3.44 (s, 3, C-l-OCtf3), 4.38 (d, 1, J  =  7.5 Hz, 
C-2-H), 4.63 (s, 1, C -l-H), and 4.78 (d, 1, J  =  7.5 Hz, C-3-H) 
superimposed on 4.89 ppm (q, 1, /  = 6 Hz, C-5-H).

Anal. Calcd for Ci„Hi,N0 6: C, 51.94; H, 7.41; N, 6.06. 
Found: C, 52.12; E , 7.40; N, 6.20.

Methyl 4-Amino-4,6-dideoxy-2,3-O-isopropylidene-a-D-talo- 
pyranoside (7).—A solution of oxime 6 (1.0 g) in dry tetra- 
hydrofuran (2 ml) was added dropwise to a stirred suspension of 
lithium aluminum hydride (0.5 g) in tetrahydrofuran (10 ml). 
After the addition was complete (1 hr), the reaction mixture was 
heated under reflux for an additional 20 hr. The reaction mixture 
was cooled to room temperature, and the excess hydride was 
decomposed with ethyl acetate followed by water, care being 
taken not to add a large excess of either reagent. The white 
precipitate was removed by filtration and washed with ethyl ether 
to yield compound 7 as a pale yellow oil, 895 mg (95%). Vpc 
analysis using column a (160°) showed one peak (trailing). 
The oil contained a small amount of the manno derivative 13 
which was not detected at this stage. The oil was used without 
purification for subsequent reactions and characterized as the
2,4-dinitroanilino and the A-acetyl derivatives.

Methyl 4,6-Dideoxy-4-(2,4-dinitroanilino)-2,3-0-isopropyli- 
dene-a-D-talopyranos:de (8).—Methyl 4-amino-4,6-dideoxy-2,3- 
O-isopropylidene-a-D-talopyranoside (7) was treated according to 
the method of Lloyd and Stacey13 to give 8 in 67% yield following 
recrystallization from methanol with mp 138-140°. Recrystal
lization from chloroform-n-pentane and ethanol gave 8 having 
mp 139-140°, [or]27D —20° (c 1.23 in chloroform).

Methyl 4-Acetamido-4,6-dideoxy-2,3-0-isopropylidene-a-i>- 
talopvranoside (9) and Methyl 4-Acetamido-4,6-dideoxy-2,3-0- 
isopropylidene-a-D-mannopyranoside (14).—Impure methyl 4- 
amino-4,6-dideoxy-2,3-O-isopropylidene-a-D-talopy ranoside (7,
634 mg), containing a small amount of the manno isomer 13, 
was treated with acetic anhydride (1 ml) and pyridine (3 ml) at 
room temperature for 0.5 hr. The solvents were removed in vacuo 
with azeotroping (toluene) to give a light brown oil which crys
tallized. Recrystallization from ethyl acetate afforded pure 9: 
yield, 460 mg (61%); mp 149-150°; [<x] 27d  +27.1° (c 0.51 in 
methanol).

Anal. Calcd for C12H2iN 06: C, 55.58; H, 8.16; N, 5.40. 
Found: C, 55.52; H, 8.34; N, 5.70.

An additional 40 mg (5%) of 9, mp 148.5-150°, was obtained 
by repeated crystallizations from the mother liquor. The mother 
liquor was concentrated in vacuo to yield an oil (183 mg). The 
oil was applied to a preparative thin layer plate and developed 
in system b. Removal and processing of the band corresponding 
to the talo isomer 9 yielded another 40 mg (5%) of 9, mp 148.5-
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150°, after recrystallization from ethyl acetate-re-hexane. The 
total yield of compound 9 was 71%.

Processing of the slower running band corresponding to the 
manno derivative 14 afforded 10.46 mg (1.3%), mp 86-92°, 
following crystallization from an ethyl ether-re-hexane mixture. 
An additional recrystallization afforded 4.0 mg of compound 14, 
mp 96-98°, with prior softening at 92°. An infrared spectrum 
(chloroform) was very similar to that of compound 9.

Methyl 4-Acetamido-4,6-dideoxy-a-D-mannopyranoside (15). 
—Methyl 4-acetamido-4,6-dideoxy-2,3-0-isopropylidene-a-D-man- 
nopyranoside (14, 3.03 mg) was dissolved in water (0.5 ml). 
The mixture was brought to pH 3.0 (pH paper) by the addition 
of two drops of 0.1 N  hydrochloric acid. The reaction mixture 
was heated at 95° for 0.5 hr, cooled, and lyophilized to afford a 
white solid. The solid was crystallized from an ethanol-ethyl 
ether-re-hexane mixture to yield compound 15 as needles: 
yield, 1.76 mg (69%); mp 182-183°. A mixture melting point 
with authentic 15,22 mp 184-185°, was undepressed and the 
infrared spectra (KBr) of the two compounds were identical.

Methyl 4-Amino-4,6-dideoxy-a-D-talopyranoside Hydrochloride 
(16).—Methyl 4-amino-4,6-dideoxy- 2 ,3-0- isopropylidene - a - d- 
talopyranoside (7, 249.5 mg) was dissolved in water (5 ml) at 
pH 3.0 (pH paper, hydrochloric acid) and heated at 95° for 2 
hr. The solution was treated with charcoal and concentrated 
in vacuo a t room temperature to yield a hygroscopic semisolid. 
Absolute ethanol was added followed by dry ethyl ether (dropwise 
to the turbidity point) to effect crystallization of compound 7:
154.5 mg (63%); mp 169-170.5° dec. Two recrystallizations from 
an absolute ethanol-dry ethyl ether mixture yielded pure 16 
as needles: mp 177-177.5° dec; [a]27D -|-99.3° (c 0.66 in water); 
p K H 8.45.

Anal. Calcd for C7H,6C1N0 4: C, 39.35; H, 7.55; N, 6.56. 
Found: C, 39.36; H, 7.50; N, 6.75.

Methyl 4-Acetamido-4,6-dideoxy-a-n-talopyranoside (17).— 
Methyl 4-acetamido-4,6-dideoxy-2,3-0-isopropylidene-a-n-talo- 
pyranoside (9, 200 mg) was added to 3 ml of water at pH 3.0 
(pH paper, hydrochloric acid) and heated at 95° for 1 hr. Lyo- 
philization of the solution afforded 17 as a solid: 158 mg (94%); 
mp 166-168° dec, turning brown at 120°. Recrystallization 
from an ethanol-ethyl ether-re-pentane mixture yielded 100 mg 
(59%) of pure 17: mp 182-183° dec, with some softening at 168°; 
[a]27d  +  167.5° (c 0.69 in methanol); [<*]27d +139.5° (c 0.38 in 
water). An infrared spectrum showed Ar-acetyl absorption at 
5.95 re and no O-acetyl absorption. A mass spectrum was essen
tially identical with the mass spectra of other 4-acetamido 
sugars except for minor variations in peak intensity. A mixture 
melting point with authentic manno derivative 15 was depressed.

Anal. Calcd for C,Hi,NOs: C, 49.30; H, 7.82; N, 6.39. 
Found: C, 49.46; H, 7.96; N, 6.26.

Methyl 4-Acetamido-2,3-di-0-acetyl-4,6-dideoxy-«-n-talopy- 
ranoside (18). A.—Methyl 4-acetamido-4,6-dideoxy-a-i>-talo- 
pyranoside (17, 65.5 mg) was dissolved in acetic anhydride 
(0.5 ml) and pyridine (0.5 ml) and allowed to stand at room 
temperature for 18 hr. Processing in the usual manner afforded 
pure 18 [79.3mg (88% );’ mp 135-135.5°; [«]27d +82° (c 0.49 
in chloroform); [<*]27d +  67.8° (e 0.82 in methanol)] after 
one recrystallization from an ethyl ether-re-pentane mixture. The 
mass spectrum of 18 was essentially identical with the mass 
spectra of other triacetates of 4-amino sugars except for minor 
variations in peak intensity. The nmr of compound 18 showed 
S 1.15 (d, 3, J  = 6.8 Hz, C-6-CH3), 1.96 [s, 3, axial22 23 C-4- 
NHC(0)C/+], 2.03 [s, 3, equitorial23 C-3-0C(0)CH3], 2.14 
[s, 3, axial23 C-2-0C(0)Cff3], 3.37 (s, 3, C-1-OC.ff,), ca. 4.2 
(m, 2, C-4-H, C-5-H), 4.62 (broad s, / ,,2 = 0-1 Hz, C-l-H),  
5.1 (d, 1, J  1,2 = 0-1 Hz, J i ,3 = 4 Hz, C-2-H), 5.25 (t, 1, +2,3 = 4 
Hz, Jz.i = 4 Hz, C-3-H), and 6.16 ppm (broad d, 1, C-4-NH).

Anal. Calcd for C13H21NO,: C, 51.48; H, 6.98; N, 4.62. 
Found: C, 51.76; H, 6.98; N, 4.88.

B.—Methyl 4-amino-4,6-dideoxy-a-D-talopyranoside hydro
chloride (16, 15.16 mg) was converted into its free base using 
methanolic Dowex 1 (-OH). The free base was dissolved in pyri
dine (1 ml) and acetic anhydride (2 ml) and allowed to stand at 
room temperature for 14 hr. Processing in the usual manner 
yielded a gum which crystallized: yield, 17.7 mg (84%); mp 
128-132°. Recrystallization from a chloroform-n-hexane mix

(22) A sa m p le  w as g en e ro u sly  p ro v id e d  b y  M r. S. K . G u p ta  of th is  la b o ra 
to ry .

(23) L . D . H a ll, A d va n . Carbohyd. C hem ., 19, 51 (1964).

ture gave compound 18: yield, 12.2 mg (57%); mp 134-136°. 
A mixture melting point determination with a sample of 18 
prepared from A-acetyl derivative 17 was undepressed.

Methyl 4,6-Dideoxy-2,3-0-isopropylidene-4-(M-methylamino)- 
a-D-talopyranoside Hydrochloride (11).—Methyl 4-amino-4,6- 
dideoxy-2,3-0-isopropylidene-a-D-talopyranoside (7, 497 mg) 
was added to a mixture of chloroform (2 ml), water (4 ml), 
and sodium bicarbonate (300 mg) at 0°. Ethyl chlorocarbonate 
(0.5 ml) in chloroform (2 ml) was added dropwise with vigorous 
stirring over a period of 2 hr. The layers were separated and 
the aqueous layer was extracted with two additional 4-ml 
portions of chloroform. The extracts were combined, dried 
(K2CO3), and concentrated in vacuo to yield 10 as a heavy oil. 
Compound 10 was crystalline below room temperature. Without 
purification, the A-carboethoxy derivative (10 ) was treated with 
lithium aluminum hydride (430 mg) in 10 ml of ethyl ether under 
reflux for 12 hr. The reaction mixture was cooled and the excess 
hydride decomposed with ethyl acetate and water, care being 
exercised not to add an excess of either reagent. The inorganic 
salts were removed by filtration and washed well with ethyl ether. 
The combined washings and filtrate were concentrated in vacuo 
to afford an oil. The oil was rendered anhydrous by repeated 
evaporation with absolute ethanol and dissolved in absolute 
ethanol (2 ml) and dry ethyl ether (5 ml). Anhydrous hydrogen 
chloride in isopropyl alcohol was added dropwise with swirling to 
pH 3-4 (pH paper). Ethyl ether and re-pentane were added to in
cipient turbidity to effect crystallization of the amine hydrochlo
ride 11 as dense crystals: yield, 400 mg; mp 174-175° dec; 
[a]ffln +86.2° (c 0.76 in methanol); pAa 7.08. A second crop 
of 60 mg, mp 173-174.5° dec, was also obtained. The total yield 
was 76%.

Anal. Calcd for C„H22C1N0 4: C, 49.33; H, 8.28; N, 5.23. 
Found: C, 49.52; H, 8.50; N, 5.36.

Methyl 4,6-Dideoxy-4-(A,A-dimethylamino)-2,3-0-isopropyl- 
idene-a-n-talopyranoside Hydrochloride (12).—Methyl 4-amino-
4,6-dideoxy-2,3-O-isopropyl idene-a-n-talopyranoside (7, 619.6
mg) was stirred under hydrogen, at atmospheric pressure in 
distilled p-dioxane (2 ml) containing aqueous 36% formaldehyde 
(0.52 ml) and 10% palladium on carbon (500 mg). After 4 
days, vpc analysis using column a (150°) showed no starting 
material (retention time 10.5 min) and two peaks with retention 
times of 3.4 (4%) and 5.1 min (96%). The catalyst was removed 
by filtration using a Hyflo Supercel bed and washed well with 
absolute ethanol The washings and filtrate were combined and 
evaporated in vacuo. The resulting oil was azeotroped twice with 
absolute ethanol (3 ml), dissolved in absolute ethanol (1 ml) and 
dry ethyl ether (3 ml), and adjusted with dry hydrogen chloride 
in isopropyl alcohol to pH 4 (pH paper). Addition of ethyl ether 
to incipient turbidity effected crystallization of the A,A-dimethyl- 
amino derivative 12: yield, 600 mg (75%); mp 196-198° dec. 
Recrystallization using an ethanol-ethyl ether mixture afforded 
540 mg (68%), mp 202-203° dec. A small portion was recrystal
lized from an ethanol-ethyl ether and a methanol-ethyl ether 
mixture to give pure compound 12: mp 205-206° dec; [ a ] 28D 
+90° (c 0.65 in methanol); pAa 6.69.

Anal. Calcd for C ^ C lN C h : C, 51.14; H, 8.58; N, 4.97. 
Found: C, 51.42; H, 8.52; N, 5.18.

Methyl 4,6-Dideoxy-4-(A,A-dimethylamino)-<*-D-talopyrano- 
side Picrate (19).—Methyl 4,6-dideoxy-4-(A,A-dimethylamino)-
2,3-O-isopropylidene-a-D-talopyranoside hydrochloride (12, 100.9 
mg) was heated in water (2 ml) at pH 3.0 (pH paper, hydrochloric 
acid) at 95° for 20 hr. The reaction mixture was cooled and 
lyophilized to yield a yellow hard foam. The foam was dissolved 
in methanol. The solution was placed on a Dowex 1 (-OH) 
column and eluted with methanol. The eluent was concentrated 
in vacuo to yield the free base of compound 19 as a gum. The 
gum was dissolved in absolute ethanol and picric acid (82 mg) 
in ethanol was added. The solvent was removed in vacuo to 
yield a gum which crystallized when triturated under ethyl ether: 
yield, 145 mg (94%); mp 172-174°. Recrystallization from 
hot ethyl acetate afforded material with mp 173-174.5°; [a]27n 
+  62.8° (c 0.88 in methanol); pAa 7.70. Further recrystalliza
tions failed to raise the melting point.

Anal. Calcd for C ^ IS h O ii: C, 41.48; H, 5.11; N, 12.85. 
Found: C, 41.72; H, 5.30; N, 13.46.

M ethyl 4,6-Dideoxy-4-(Ar,Ar-dimethylamino)-a-D-talopyrano- 
side Methiodide (20).—Methyl 4,6-dideoxy-4-(A,A-dimethyl- 
amino)-2 ,3-0 - isopropylidene - a -d - talopyranoside hydrochloride 
(12, 44.84 mg) was hydrolyzed as described in the preparation 
of compound 19 to obtain the free base of compound 19. The



1592 D o e r r , C tjshley , and  F ox The J o u rn a l o f O rganic C h em istry

free base was dissolved in methyl iodide (2 ml) and methanol 
(1 ml) and refluxed for 0.5 hr. Dilution of the reaction mixture 
with ethyl ether after cooling induced crystallization. The prod
uct was recrystallized from a methanol-ethyl ether mixture to 
yield compound 20 as needles: yield, 29.12 mg (65%); mp 234- 
236° dec. Three additional recrystallizations gave a pure 
product having constant mp 238-238.5° dec; [ a ]  29d  +50.7° 
(c 0.523 in methanol).

Anal. Calcd for Ci0H22INO4: C, 34.59; H, 6.40; N, 4.03. 
Found: C, 34.86; H, 6.69; N, 4.10.

Methyl 2,3-Di-0-acetyl-4,6-dideoxy-4-(A,A-dimetliylammo)- 
a-D-talopyranoside (21).—Methyl 4,6-dideoxy-4-(A,A-dimethyl- 
amino)- 2,3 - 0  - isopropylidene -a-v- talopyranoside hydrochloride 
(12 , 200 mg) was hydrolyzed as described in the preparation of 
compound 19 to obtain the free base of compound 19 as a gum, 
121 mg (88%). The gum was dissolved in acetic anhydride (1 
ml) and pyridine (1 ml) and allowed to stand at room temperature 
for 3 days. Removal of the solvents in vacuo with azeotroping 
(toluene) yielded 170 mg of crude solid. Recrystallization from 
hot n-hexane gave 110 mg (54% for two steps): mp84-86°; [ a ] 2,D 

+  107° (c 6.60 in methanol); pAa .5.78; nmr 8 1.44 (d, 3, Js,« = 7 
Hz, C-6-CH3), 2.0 [s, 3, equitorial23 C-2-0C(0)CH3], 2.13 [s, 3, 
axial23 C-3-OC(0)Ctfs], 2.2 [s, 6, -N(CH3)2] , 2.44 (q, 1, J 3A = 3 
Hz, / 4.6 = 5.5 Hz, C-4-H), 3.44 (s, 3, C-I-OCH3), 4.35 (octet, 1, 
J 5,6 = 7 Hz, J 5,4 = 5.5 Hz, C-5-H), 4.73 (d, 1, / 4l2 = 0 Hz, 
J ,,a =  1.2 Hz, C-2-H), 4.79 (s, 1, J,.t = 0 Hz, C-l-ff), and 5.66 
ppm (unresolved q, 1, C-3-H).

Anal. Calcd for Ci3H23N 06: C, 53.97; H, 8.01; N, 4.84. 
Found: C, 54.15; H, 8.26; N, 4.73.

The hydrochloride salt of compound 21, compound 22, had 
mp 209-210° dec.

4,6-Dideoxy-4-(A,A-dimethylamino)-/J-D-talopyranose Hydro
chloride (23), and 4,6-Dideoxy-4-(Ar,Ar-dimethylamino)-«-D-talo- 
pyranose Hydrochloride (24).—Methyl 4,6-dideoxy-4-(A,A-di- 
methylamino) -.2,3 - O -i sopropylidene-a-D-talopyranoside (com
pound 12 , 257.1 mg) was heated at 95° in 1.0 N  hydro
chloric acid (3 ml) for 20 hr. The reaction mixture was treated

with charcoal, cooled, and lyophilized to yield a foam. The foam 
was azeotroped twice with an ethanol-toluene mixture. Crys
tallization of the reaction mixture was accomplished by dissolving 
it ir. hot methanol (ca. 5 ml), cooling, and adding ethyl ether to 
incipient turbidity. As crystals deposited over a period of several 
days, more ethyl ether was added. The yield was 170 mg (96%) 
of a mixture of anomers 23 and 24, as evidenced by a mp 140- 
175° dec. A predominance of the 0 anomer 23 was obtained by 
slow recrystallization from a dilute methanol-ethyl ether mixture 
seeded with the 0 anomer. After two recrystallizations the yield 
was 90 mg (51%): mp 154-156° (slight turbidity in melt, cleared 
at ca. 170°) (one more recrystallization lowered the melting 
point to 152-154°); [a ]2,D ca. 7-*- 21° (0.5 hr) (c 0.5 in water); 
pKa 8 .22.

Anal. Calcd for C8H18C1N04: C, 42.20; H, 7.97; N, 6.15. 
Found: C, 42.46; H, 7.9S; N, 6.42.

The a anomer 24 was obtained by extracting the crude mixture 
of a and 0 anomers, mp 140-175° dec, with several small volumes 
of hot ethanol. The residue was compound 24: mp 180-182° 
dec, with slight softening at 155°; [a]24n 30.8 —► 19.0° (0.75 
hr) — 19.5° (22 hr); pAa 7.60.

Anal. Calcd for C8H 18C1N04: C, 42.20; H, 7.97; N, 6.15. 
Found: C, 41.97; H, 7.84; N, 6.07.

Registry No.—2, 15830-63-4; 4, 15830-64-5; 5, 15830- 
76-9; 6, 15830-65-6; 7, 15830-66-7; 8, 15830-67-8; 9, 
15856-43-6; 11, 15889-54-0; 12, 15830-68-9; 14, 15856- 
44-7; 15,15856-45-8; 16,15830-69-0; 17,15856-46-9; 18, 
15856-47-0; 19, 15830-70-3; 20, 15830-71-4; 21, 15830-
72-5; 22, 15830-73-6; 23, 15830-74-7; 24, 15830-75-8.
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Nucleosides. L . Synthesis of
2,3'-Im ino-l-(2-deoxy-|3-D -threo-pentofuranosyl)thym ine and Related Derivatives1

I ris  L. D oerr , R o bert  J. C u s h l e y ,2 a nd  Jack  J. Fox

Division of Biological Chemistry, Sloan-Kettering Institute for Cancer Research,
Sloan-Keltering Division of Cornell University Medical College, New York, New York 10580

Received October 80, 1967

Reaction of 5'-deoxy-5'-iodo-3'-0-mesylthymidine (3) with silver acetate in methanol afforded the 2,5'-anhy- 
dro derivative of 3'-0-mesylthymidine (4) in good yield which, by treatment with liquid ammonia, gave 2,3'- 
imino-l-(2-deoxy-/3-D-£Areo-pentofuranosyl)thymine (6a). Compound 6a was also prepared from the 2-O-methyl 
derivative 8. Reaction of the 2,5'-anhydro nucleoside 4 with methylamine, hydroxylamine, and hydrazine yielded 
the corresponding cyclic A-methyl, A-hydroxy, and AT-aminc derivatives 6b-d. In the above reactions of 
4 or 8 with amines the 2,3'-imino derivatives 6 formed via the isocytosine intermediate S. The reactions and 
ultraviolet, pita, and pmr data of the 2,3'-imino derivatives 6 are reported and discussed.

Arabinosylcytosine,3 arabinosyl-5-fluorouraciI,4 5 and 
arabinosyl-5-fluorocytosine6 have demonstrated in
teresting biochemical and chemotherapeutic activity.6 
In the synthesis of these biologically active compounds, 
2,2'- anhydro- l-(/3-D-arabinofuranosyl) uracil,7 and 5- 
fluorouracil4 and -cytosine3,8 ( l a  and b, Figure 1) have

(1) (a) T h is  in v e s t ig a t io n  w as s u p p o r te d  in  p a r t  b y  fu n d s  fro m  th e  N a 
tio n a l C an c er I n s t i tu te ,  N a tio n a l In s t i tu te s  of H e a lth , U . S. P u b lic  H e a lth  
S erv ice  (G ra n t  N o . C A  08748). (b) A  p re l im in a ry  re p o r t  of th is  w ork  has  a p 
p e a re d ; see  J .  L . D o e rr  a n d  J .  J .  F ox , J .  A m er. Chem. Soc., 89 , 1760 (1967).

(2) T o  w hom  co rresp o n d en ce  sh o u ld  b e  ad d re ssed : S ection  of P h y s ic a l 
S ciences, Y a le  U n iv e rs ity  Schoo l of M ed ic in e , N ew  H a v e n , C onn.

(3) E . R . W a lw ick , W . K . R o b e rts , a n d  C. A. D ek k e r , Proc. Chem. Soc ., 84 
(1959).

(4) N . C . Y u n g , J .  H . B u rch e n a l, R . F ech e r, R . D u sc h in sk y , a n d  J . J .  F ox , 
J .  A m er . C hem . Soc., 83 , 4060 (1961).

(5) J .  J . F ox , N . M ille r , a n d  I .  W em p en , J .  M ed. Chem ., 9 , 101 (1966).
(6) S. S . C oh en , P rogr. N ucleic  A c id  R es., 5 , 1 (1966).
(7) D . M . B ro w n , A. T o d d , a n d  S. V a ra d a ra ja n , / .  Chem . Soc., 2388

(1956).

been important intermediates. In order to obtain 
pyrimidine nucleosides of modified biological activity, 
the synthesis of the nitrogen isostere (6, Figure 2) of 
2,3' - anhydro -1 -(2-deoxy-/3-n-//ireo-pentofuranosyl) thy
mine9 (2, Figure 1) was undertaken. The chemistry 
of 2 and its derivatives have been studied extensively 
in this and other laboratories.9-11 Our recent chemical 
studies8 on 2-aminopyrimidine nucleosides suggested 
that a 2,2'- or 2,3'-imino nucleoside may conceivably act 
as a chemical precursor for the synthesis of nucleosides 
containing an amino group in the “up” configuration in 
the sugar moiety.

(8) I . L . D o e rr  a n d  J .  J . F ox , J .  Org. Chem ., 32 , 1462 (1967).
(9) A. M . M ich e lso n  a n d  A. R . T o d d , J .  Chem. Soc., 816 (1955).
(10) (a) J .  J .  F o x  a n d  N . C . M ille r , J .  Org. C hem ., 28 , 936 (1963); (b) 

N . M ille r  a n d  J .  J .  F ox , ib id ., 29, 1772 (1964).
(11) J . P . H o rw itz , J .  C h u a , M . A. D a  R ooge, M . N o e l, a n d  I .  L . K lu n d t ,  

ib id ., 31, 205 (1966); J .  A m er. Chem . Soc., 86 , 1896 (1964).
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R=H or F
Figure 1.

We have shown8 that treatment of the known12 13 
2',3'-0-isopropylidene-2,5'-anhydrouridine with liquid 
ammonia at room temperature for 18 hr converted it 
d irectly  into 2,,3'-0-isopropylideneisocytidine. It was 
envisioned that, if a 2,5'-anhydro nucleoside contained a 
leaving group in the “down” configuration in the sugar 
moiety, reaction of such a compound with ammonia 
should lead first to an isocytidine derivative. This 
derivative should then undergo an intramolecular dis
placement reaction by the 2-amino group of the aglycon 
resulting in the formation of a nitrogen bridge analog of 
an anhydro nucleoside.

As a model compound, the 2,5'-anhydro derivative of 
3 '-O-mesyl thymidine (4, Figure 2) was prepared in good 
yield by reaction of the o'-iodo nucleoside (3)9 with sil
ver acetate in methanol. Proof that 4 is a 2,5'-anhy- 
dro nucleoside is shown by the dissimilarity of its melt
ing point, optical rotation, ultraviolet spectral proper
ties, and pmr data (Table I) from the known9'10 2,3'- 
anhydro isomer 7.13 Treatment of 4 with liquid am
monia for 5 days at room temperature yielded a crystal
line product whose elemental analysis agreed with the 
2,3'-imino structure (6a). Proof of structure 6a rests 
on the following data. The ultraviolet absorption 
spectral patterns of 6a under neutral and acidic condi
tions resemble that of l-/3-D-arabinofuranosyl-5-methyl- 
isocytosine (9) (Table II). The pmr spectrum of 6a in 
DMSO-d6 (Table I) shows a broad singlet (1 H) at 5 9.62 
(>NH) and a broad triplet (1 H) at 5.14 (-OH); both 
were exchanged by the addition of D20. As expected 
the H3' signal in 6a is considerably upheld when com
pared with the H3' signal of 2,3'-anhydro-l-(2-deoxy-/3- 
D-//ireo-pentofuranosyl)thymine (2) (Table I).

The methylimino derivative 6b was prepared in al
most quantitative yield by reaction of 4 with methyl- 
amine for 5 days at room temperature. The ultraviolet 
absorption characteristics of 6b were similar to those for 
6a under acid or neutral conditions. No dissociation 
of 6b was observed spectrally in strong alkali. In 
contrast, the imino derivative 6a, which has one dis
sociable proton associated with the pyrimidine, dis
sociates in strong alkali. As discussed below the pmr 
data also supports the methylimino bridge in 6b.

Treatment of the 2,5'-anhydro nucleoside (4) with 
methanolic hydroxylamine or with anhydrous hydra
zine gave the A-hydroxy and A-amino derivatives (6c 
and 6d, II =  OH and NH2, respectively) in high yields. 
It is clear that, in the conversion of 4 -*• 6 by amines, 
the isocytidine derivatives (5) were intermediates.

An alternate route to the synthesis of 6a was

(12) D . M . B row n, A. T o d d , a n d  S. V a ra d a ra ja n , J .  Chem. Soc., 868 
(1957).

(13) I t  s h o u ld  b e  n o te d  t h a t  th e  co nve rs ion  of 3 —► 4 offers in d e p e n d e n t
c o n f irm a tio n  of th e  s tr u c tu r e  of 3. C o m p o u n d  3 h a d  b ee n  p rep are d #  b y
h e a tin g  3 ',5 '-d i-0 -m e s y lth y m id in e  w ith  so d iu m  io d id e  in  d ry  ac e to n e .

JL Bl
a. H H
b. CH3 H
c. OH H
d. NH2 H
e. -N=CH^ H
f. H Ac
q. CH3 Ac
h. OH Ac
i. -NHAc Ac
j. Ac Ac

Figure 2.

achieved. The 2-methoxy derivative 8 was prepared by 
treatment of anhydro nucleoside 4 with hot methanol 
containing triethylamine. Reaction of 8 in liquid am
monia for several days afforded 6a in high yield.

Treatment of the hydrazino derivative (6d) with 
nitrous acid converted it into 6a. Reaction of 6d with 
benzaldehyde in ethanol containing hydrochloric acid 
produced the benzalamino derivative 6e (R =  C6H5- 
C H =N —•).

Treatment of 6a with excess acetic anhydride in 
pyridine at 60-70° for several hours gave an unstable 
diacetyl derivative 6j (not isolated)14 which hydrolyzed 
slowly to the 5'-0-acetate (6f). In similar manner, the 
hydroxylamino derivative 6c also gave an unstable di
acetate which was converted into 6h. The methyl 
analog 6b formed the monoacetate 6g directly, whereas 
the hydrazino derivative 6d gave a stable diacetate 6i. 
All the isolated acetate derivatives (6f-i) were ex
tremely soluble in water.

A comparison of the acetylation reactions of 6a-d 
with the “ uncyclized” l-/3-D-arabinofuranosylisocyto- 
sine (10)15 (Figure 3) is of interest. Acetylation of 10 
afforded a stable crystalline tetraacetate (11) which was 
hydrolyzed in dilute acid (3 hr) at room temperature to 
the known triacetate (12)16 of l-/3-n-arabinofuranosyl- 
uracil. This behavior of 11 is to be contrasted with 
that of the diacetate of 6a which, when treated with 
acid, yields the monoacetate 6f without cleavage of the

(14) T h e  a c tu a l p o s itio n  of th e  V -a c e ty l g ro u p  in  s t r u c tu r e  6 j (F ig u re  2) 
is n o t k n o w n . F o r  conven ience  th e  a c e ty l g ro u p  is d ra w n  on  th e  b rid g e  
n itro g en .

(15) D . M . B row n, D . B . P a r ih a r , A. R . T o d d , a n d  S. V a ra d a ra ja n , ib id ., 
3028 (1958).

(16) D . M . B row n, A. R . T o d d , a n d  S. V a ra d a ra ja n , ib id ., 2388 (1956).
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T a b l e  I I

S p e c t r o p h o t o m e t r i c “ a n d  p K „ h D a t a

p H ' Xmax. e Xm in i EQ/i e p X fl

2,3'-Methylimino- (6b) 0 244, 270 9,450, 8,030 220, 260 6,150, 7,760 2.64
6.9 228, 268-270sh 20,500, 3,360

2,3'-Imino- (6a) 0 240, 266 7,440, 8,100 218, 250 4,850, 7,050 3.33
7.7 and 12 213, 257-269sh 22,700, 4,000

13 267-269sh 3,810
7 N  KOH-* 237 19,800

2,3'-Hydroxyimino- (6c) 0 235, 264-265sh 8,980, 8,640 225 4,460 3.26s
6 . 8 228, 265 20,240, 5,390

14 241, 269 17,200, 11,090 269 10,970
2,3'-Ammoimino- (6d) 0 245, 267 8,760, 8,290 221, 257.5 5,560, 8,106 3.60

6.9 227, 267 20,340, 4,160
Arabinofuranosyl-5-methyl- 0 225, 260 9,130, 8,300 240 6,430 3.80 ±  0.1

isoeytosine (9)/ Water 204, 260,214,228 20,600, 6,740 246 5,910
13 262, 225 7,050 247 5,900
5.6 A  KOH 272-276 4,020 264 3,910

“ Italicized numbers refer to inflections; the term sh after the wavelength value refers to a shoulder. b The apparent pK a values in 
this table are for basic dissociations and were determined spectrophotometrically with an accuracy of ±0.05 pH  units unless otherwise 
indicated. The acidic dissociation observed in the high alkaline region in compounds 6a and 9 were not determined. c The spectrum 
of the above compounds at pH 0 and 7 are those of pure cationic and neutral species, respectively. The spectrum of 6c at pH 14 is 
that of pure anionic species. The spectrum of 6a in 7 IV KOH is mainly that of the anionic species. The spectrum of arabinosyl-5- 
methylisoeytosine (9) in 5.6 N  KOH is that of a mixture of neutral and anionic species. On the addition of concentrated hydrochloric 
acid to the 7 N  and 5.6 N  KOH solutions of 6a and 9, respectively, the acid spectra of these compounds were reconstituted. d The e 
value for 6a in 7 N  NaOH is 1300 at 290 mji (no maximum). Compare with the values for 9 (footnote/). e A second pK a — 9.34 was 
also determined. * In 7 N  KOH 9 showed maxima at 291 and 231 m/r (ratio 231:291 m,u of 16.0), minimum at 267 m/x as previously 
reported.8

2,3,-imino bridge.17 Also, compound 6j is converted 
into 6a in alkali without cleavage of the nitrogen 
bridge. Treatment of 11 with aqueous 1 N  alkali at 
room temperature overnight gave arabinosyluracil (13) 
directly. The conversion of 10 into 13 in 1 A  alkali 
had been noted previously.8 As suggested by the 
pmr spectrum of the tetraacetate of 11 in CDC13 (see 
discussion below), structure 11 (Figure 3) is represented 
in the acetimido rather than in the acetamido tauto
meric form.

A preliminary comparison of the properties of the 
2,3'-imino-bridged nucleosides (6a and 6b) with the 
“ oxygen isostere” 2 is also of interest. All of the 2,3'- 
imino nucleosides were stable under acid and basic con
ditions which would readily cause the 2,3'-anhydro 
nucleoside (2) to react. For instance, 6a and 6b were 
stable in strong aqueous alkali (7 N  KOH) for 3 weeks at 
room temperature. By contrast, anhydro nucleoside 2 
is easily cleaved in 0.1 A  sodium hydroxide (24 hr) to
l-(2-deoxy-/3-D-(/ireo-pentofuranosyl)thymine.9 These 
data shows that an “up” 3'-amino-3'-deoxy nucleoside 
cannot be obtained from the 2,3'-imino nucleosides 
6a-d under alkaline conditions. When the imino- 
bridged nucleoside (6a) was refluxed in 1 A  hydrochloric 
acid for 1 hr, only a small amount of degradation oc
curred, though, after 2 days at reflux temperature, 
glycosyl cleavage was extensive. This slow degradation 
of 6a is to be contrasted with the relatively rapid 
glycosyl cleavage of 2, which occurs within 1 hr under 
similar reaction conditions.9 When either 6a or 2 was 
heated at 65° with liquid ammonia for 4 days, no reac
tion occurred and starting material was recovered.

The ionization constants and spectral data for the 
2,3'-imino derivatives 6a-d along with the related un- 
cyclized derivative 9 are given in Table II. The ultra-

(17) T h e  b eh a v io r  of a c e ta te  11 in  ac id  is to  b e  fu r th e r  c o n tra s te d  to  
th e  b e h a v io r  o f u n a c e ty la te d  10. C o m p o u n d  10 (depend ing  on  c o n c e n tra tio n  
a n d  ty p e  of ac id ) m a y  g iv e  e i th e r  2 ,2 '-a n h y d ro a ra b in o sy lu ra c il o r  iso cy to sin e  
as p rev io u sly  re p o r te d .8

I  1
H0H2C o

"ÓAcN ^ n 
AcOH2C o

HO AcO (AcO @

0

„ A j
o ^ r r

hoh2c o ACOH2C Ov

HO AcO (6

Figure 3.

violet spectra of the neutral and cationic species of 
compounds 6a-d compared with those of derivative 9 
show similarities suggesting the existence of similarly 
conjugated systems in all of these compounds. As ex
pected, the neutral and cationic spectra of the imino 
compounds 6a-d resemble each other more closely 
than they do the spectra of 9. The similarity of the 
neutral and cationic spectra in the imino-bridged com
pounds 6a~d suggest that all of these exist predomi
nantly in the p-quinonoid form (2-amino-4-oxo) as the 
neutral species. One may conclude, further, that pro
tonation of compounds 6a~d occurs on the same site, 
probably on N3.

As expected, the monoacetate derivatives of 6f-h 
possessed ultraviolet spectral patterns similar with that 
of the unacetylated compounds (6a-c). On the other 
hand, the diacetate 6i of the hydrazino derivative ex
hibited different spectra in water, acid, and base when 
it was compared with the unacetylated hydrazino de
rivative 6d.
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When compared with the uncyclized 2-amino nu
cleoside 9, the introduction of a 2,3'-imino bridge into a 
nucleoside (6a-d) produced an acid-strengthening 
effect (Table II). As might be expected, the smallest 
acid-strengthening effect ( — 0.2 pK  units) was exhibited 
by the amino derivative 6d. The “unsubstituted” 
imino derivative 6a and the hydroxy derivative 6c 
showed practically the same drop in pAa (~0.4 p K  units) 
compared with compound 9 (pAa = 3.80). As seen in 
Table II the weakest base in the series is the A-methyl 
derivative 6b (pAa =  2.64) which exhibits a lower pAa 
than its unmethylated analog 6a (pK & =  3.33). The 
lower basicity of the A-methyl derivative 6b vs. 6a may 
be attributed to a decrease of hydrogen bonding to 
water in the cation 6b compared with that in the cation 
6a.

Mention should be made of the second pAa observed 
spectrally under alkaline conditions in the 5-methyliso- 
cytosine nucleosides 6a, 6c, and 9.18 The second dis
sociation in these compounds is attributable to proton 
removal from the aglycon of the neutral species. The 
A-hydroxy derivative 6c has a second pAa at 9.34. 
The second pAa (not determined) of compounds 6a and 
9 is found in the high alkaline range as evidenced by the 
striking ultraviolet spectral changes observed in alkali. 
As seen in Table II the ultraviolet spectrum of the 2,3'- 
imino derivative 6a and that of the uncyclized 5-methyl- 
isocytosine nucleoside 9 in 0.1 A  sodium hydroxide (pH
13) are very different from the spectra observed for 
these compounds in 7 A  and 5.6 A  potassium hydroxide, 
respectively. The similarity of the spectral changes in 
aqueous alkali exhibited by the 2,3'-imino nucleoside 6a 
and the 5-methylisocytosine nucleoside 9 strongly sug
gest a common anion. A representation of this anion is 
shown in Figure 4A. It is noteworthy that the spec
tral curve of 1-methyleytosine (a 4-amino derivative) in 
6 A  sodium hydroxide is identical with that found for 
pH 7-14.19 As expected, the spectrum of the A-methyl 
derivative 6b (which has no dissociable proton on the 
aglycon) is the same in 0.1 A  sodium hydroxide as in 7 A  
potassium hydroxide. Like 6b the aglycon of the A- 
amino derivative 6d did not exhibit a dissociation in the 
ultraviolet in strong alkali.

Proton Magnetic Resonance Data.—The pmr data 
for the nitrogen bridge analogs of anhydro nucleosides 
are listed in Table I and are consistent with the struc
tures assigned. Compounds 6b and 6c were soluble with 
difficulty in all solvents but trifluoroacetic acid (TFA). 
The o'-O-acetates (6f-i) were more soluble and their 
pmr spectra were determined in CDC13 solution. The

(18) A p p re c ia b le  changes  in  th e  u lt ra v io le t  sp e c tru m  of 2 ,3 '-0 - iso p ro p y l-  
id e n e iso c y tid in e , 1 -0 -D -arab ino fu ranosy lisocy to sine , a n d  th e  5 -m e th y liso 
c y to s in e  d e r iv a t iv e  9 u n d e r  v a r io u s  a lk a lin e  co n d itio n s  w ere  re p o r te d  a n d  
d is so c ia tio n  o f th e  iso cy to sin e  m o ie ty  w as suggested .*  T h e  p re s e n t s tu d y  
con firm s th is  h y p o th e sis .

(19) T . U e d a  a n d  J .  J . F ox , J .  A m er. Chem. Soc., 85, 4024 (1963).

nitrogen-bridged compounds gave poorly resolved 
spectra in all cases. The only signal which could be 
resolved was that of the C6-methyl occurring at 5 
1.74-2.09 which showed, in most cases, the charac
teristic J c h s ,h .  ~ 1.0  Hz. The other signals were either 
broad singlets (half-band widths of 4.2-6.0 Hz) or 
broad multiplets. All peaks assigned to -NH or -OH 
were shown to disappear upon addition of D20 to the 
solution.

The A-methyl compound 6b, although sparingly 
soluble in DMSO-d6. did at least show a sharp singlet at 
5 3.14 characteristic of an A-CH 3 resonance. That the 
A-methyl peak in the spectrum of 6b, and also of 6g, 
was unsplit is added proof of the cyclic nature of the 
compounds 6.

The pmr data for the nitrogen bridge compounds can 
be compared with those of 2,3'-anhydro compounds 2 
and 7 and 2,5'-anhydro compound 4 (Table I). The C5' 
protons of 4 form a quartet, an AB subspectrum, S 4.14 
and 4.68 {Jv,b' ~  1.0 Hz, J 5',y  ~  12.5 Hz) which is 
characteristic of 2,5'-anhydro nucleosides.20 On the 
other hand, the 2,3'-anhydro compounds and the nitro
gen-bridged compounds (6) show the CS' protons, when 
discernable, as a doublet (pseudo-doublet), which is 
characteristic of 2,3’- and 2,2'-anhydro nucleosides.20

The H3' chemical shifts for the A-bridged compounds 
(5 ~ 4 .13-4.75 for the average of the Hr and lb- chemi
cal shifts) are found to higher field than the H3- 
chemical shifts for the anhydro compounds (5 5.37- 
5.55) in accordance with the greater electronegativity of 
oxygen vs. nitrogen.

Compounds 6 may be viewed as derivatives of 2,4- 
diaza-6-oxabicyclo[3.2.1]octane (Figure 4B). In an 
attempt to determine the configuration of the A  sub
stituent in the bicyclo system pmr studies on compound 
6g were carried out in CDC13 at various temperatures. 
An extra peak at 5 11.72 was observed which integrated 
for ~0.6 protons and which disappeared upon addition 
of D20. No other extraneous peaks were found, how
ever, and microanalytical and chromatographic data 
indicate that the impurity must be present in very small 
amount. The A-methyl peak at 8 3.33 remained a 
singlet at temperatures from 43 to —60°. Since the 
A-methyl peak did not split at lowered temperature, it 
indicates that the compound exists as a rapidly intercon
verting mixture of exo and endo A-methyl conformers 
owing to rapid nitrogen inversion in the bicyclic sys
tem. Very low energy barriers to nitrogen inversion 
have been found for saturated six-membered hetero
cycles.21 A high percentage of conformers should exist 
at equilibrium with their methyl substituent in the exo  
orientation. The alternate conformer with an endo  
methyl group is disfavored owing to steric hindrance im
posed by interaction with the bulky 4'-hydroxymethyl 
group of the sugar moiety (see Figure 4B).

An indication that the A-methyl substituent occupies 
predominantly the exo orientation is seen in the pmr 
data for 6i. In all other compounds (6) in the series the 
bridge methylene protons (H2') have nearly identical 
chemical shifts. With 6i the two C2' protons occur at 
8 2.49 and 2.99. The proton at 8 2.49 is probably due 
to the H2' on the same side as the bulky >N-NHAc 
moiety and its high-field shift may be due to the aniso-

(20) R . J . C ush ley , u n p u b lish e d  re su lts .
(21) A. T . B o tt in i  a n d  J . D . R o b e rts , J .  A m er. Chem . Soc., 80, 5203 (1958).
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tropic effect of the acetyl group. Diamagnetic effects 
due to neighboring acetyl groups have been reported 
recently.22 The nonequivalence of the two H2' signals 
is not found in the other cases since the anisotropy is 
known to decrease rapidly with distance.23

The pmr data for l-/?-D-arabinofuranosylsocytosine 
(10) and its tetraacetate (11) are also given in Table I. 
Since the C5-methyl group is no longer present, column 
3 contains the chemical shift of H5. An interesting 
effect is seen in the spectrum of 11 in dry DMSO-c4- 
The H5 signal at 8 6.03 has a half-band width of 3.2 Hz 
while the Hf signal has a half-band width of 2.0 Hz. 
Thus there is a long-range coupling of H5 to H3 of about 
0.2-0.4 Hz which vanishes when D20  is added to the 
solution. Cushley, et a l., have reported a long-range 
coupling between H5 and H3 (./ =  1-2 Hz) for pyrimi
dine nucleosides and 1-methyluracil when dry DMSO-d6 
is used as solvent.24 That such a long-range coupling 
is observed in the spectrum of compound 11, and the 
magnitude is smaller than observed previously,24 shows 
that at least part of the compound exists in the imino 
form as depicted in Figure 3.

Experimental Section
General Procedure.—Pmr spectra were determined with a 

Varian A-60 spectrometer fitted with a V-6057 variable-tempera
ture accessory. Chemical shifts (6) are given in parts per million 
(ppm) from internal TMS (DSS for the D20  solutions). Ultra
violet absorption data were determined with a Cary recording 
spectrophotometer, Model 15. The apparent p ifa values were 
determined spectrophotometrically using buffers and techniques 
previously employed.25 Infrared data were obtained using a 
Perkin-Elmer Model 221 spectrophotometer. Paper chromato
grams were determined on Schleicher and Schuell paper No. 597 
(ascending technique) using system A, acetone-chloroform- 
water (5:1:1), or system B, butanol-water-ethanol (40:19:11). 
Melting points of all compounds except 6b were taken on a 
Thomas-Hoover capillary melting point apparatus. The melt
ing point of 6b was taken on a Mel-Temp apparatus. All melt
ing points are corrected. Microanalyses were performed by 
Spang Microanalytical Laboratory, Ann Arbor, Mich. Pmr and 
ultraviolet absorption data are reported in Tables I and II, respec
tively.

2,5'-Anhydro-l-(2-deoxy-3-0-mesyl-(3-D-er?yZ/iro-pentofuranosyl) 
thymine (4).—The 5'-iodo nucleoside 39 (25 g, 0.058 mol) was 
dissolved in 31. of methanol. Silver acetate (75 g) was added and 
the reaction mixture refluxed with stirring for 30 min. The hot 
reaction mixture was filtered using a filter aid of diatomaceous 
earth. Hydrogen sulfide gas was passed through the solution 
until all silver ions were removed. Norit was added to the 
silver sulfide suspension and the mixture was filtered using a 
Filter-aid pad. The colorless filtrate was aerated with nitrogen 
in order to drive off excess hydrogen sulfide. Precipitation of the 
anhydro nucleoside occurred. Filtration afforded 4.5 g, mp 
180-183° dec.

Triethylamine (0.058 mol) was added to the filtrate which was 
then concentrated. An additional 7.3 g, mp 180-183° dec (total 
yield 67%), of 4 was obtained. A sample of 4 was recrystallized 
from 95% methanol. White, hair-like crystals appeared, mp
182-183° dec, M 26d +52° (c 0.4, DMF). The ultraviolet 
absorption properties in water were bands appearing at Xma* 
248 m/x and Xmil> 218 m/u.

Anal. Calcd for C,iH„N20 6S: C, 43.70; H, 4.65; N, 9.27; 
S, 10.62. Found: C, 43.76; H, 4.70; N, 9.16; S, 10.70.

2-0-Methyl-3'-0-mesylthymidine (8).—To a suspension of 
2,5'-anhydro nucleoside 4 (4 g, 0.013 mol) in methanol (1400 ml)

(22) F . A . L . A n e t, R . A. B . B a n n a rd , a n d  L. D . H a ll, C an . J .  Chem ., 41, 
2331 (1963); R . U. L em ieux  a n d  J .  D. S tevens, ibid., 43, 2059 (1965); R . J . 
C ush ley , K . A . W a ta n a b e , a n d  J . J .  F ox, J . A m er. Chem. Soc., 89, 394 (1967).

(23) H . M . M cC onnell, J. Chem . P h y s ., 27 , 226 (1957).
(24) R . J .  C ush ley , I . W em pen , a n d  J .  J . F ox , J .  A m er. Chem. Soc., 90, 

709 (1968).
(25) (a) D . S h u g a r a n d  J . J . F o x , B ioch im . B io p h ys . A cta , 9, 199 (1952);

(b) J . J . Fox a n d  D . S h u g ar, B u ll. Soc., C him . Beiges, 61, 44 (1952).

was added triethylamine (80 ml). The mixture was refluxed for 
3 hr during which time solution occurred. The reaction mixture 
was concentrated in vacuo to an amorphous white powder. 
The powder was crystallized from ethanol (~150 ml) to give 
white needles (3.9 g), mp 130-135°. A sample, on recrystalliza
tion, melted at 135-138°, [a]24D +19° (c 0.6, DM F). The 
ultraviolet absorption properties in water were bands appearing 
at Xmax 254-255 and 227 mu and Xmm 217 and 233 mu- I t  was 
noted that the spectrum of 8 bears a striking resemblance to that 
of 2,2 '-anhydro- l-/3-D-arabinofuranosyl thymine.26

Pmr spectrum in pyridine-ds consisted of H6 (5 8.10, doublet, 
./chj.h. =  1.1 Hz), OH(C-s') (5 7.13, broad peak), Hi- (5 6.48, 
triplet, J \’.v = 7 Hz), H3- (5 5.40, mulitplet), Hj- (8 4.65, 
multiplet), H5.,H5. (8 4.19, broad singlet), -OCH3 (5 3.19, 
singlet), -0 S 0 2CH3 (8 3.45, singlet), H2.,H2. (8 2.82, quartet, 
Jv .v  = 4 Hz), C-CH3 (8 1.93, doublet). Upon addition of 
D20  the peak at 8 7.13 disappeared and the peak at 4.19 became 
a pseudodoublet, Jv ,5- = 3.1 Hz).

Anal. Calcd for Ci2H i8N207S: C, 43.11; H, 5.43; N, 8.38; 
S, 9.59. Found: C, 43.08; H, 5.63; N, 8.26; S, 9.66.

2,3 '-Imino-1-12-deoxy-0-D-Z)ireo-pentofuranosyl)thymine (6a ). 
Method A.—The 2,5'-anhydro nucleoside 4 (0.8 g, 2.6 mmol) 
was allowed to react with liquid ammonia (40 ml) for 5 days at 
room temperature in a glass-lined steel bomb. Evaporation of 
the ammoniacal solution gave a white powder which was shown 
to contain only 6a by chromatographic analysis. The product 
was dissolved in water and purified by absorption on a column of 
Dowex 50 (H+, 100-200 mesh). The column was washed with 
water until the effluent was acid free, then eluted with 2 N  
NH4OH. The ammonia eluates containing ultraviolet absorbing 
material were evaporated to a crystalline residue which was 
recrystallized from 90% ethanol. Compound 6a crystallized as 
white prisms (0.5 g, 84%), mp 245° (sintering) and 265° dec (with 
effervescence), [q ] 26d  +23° (c 0.7, 0.1 N  HC1).

Anal. Calcd for C,0H13N3O3: C, 53.80; H, 5.87; N, 18.82. 
Found: C, 53.54; H, 5.87; N, 19.05.

Method B.—The 2-O-methyl nucleoside (8) (0.6 g, 1.8 mmol) 
was treated with liquid ammonia (40 ml) for 4 days at room tem
perature. Compound 6a was isolated as described in method A. 
White prisms (0.29 g, 72%) were obtained, mp 250° (sintering) 
and 268° dec (with effervescence). The ultraviolet absorption 
spectra in acid and water, ir spectrum, and chromatographic 
properties of the product were identical with those of the com
pound obtained by method A.

2,3 '-M ethylimino-1 - (2-deoxy-/3-D-/7irio-pentofuranosyl)thymine 
(6b).—The 2,5'-anhydro nucleoside 4 (1.2 g, 4 mmol) was allowed 
to react with liquid monomethylamine (40 ml) for 5 days at 
room temperature. The monomethylamine was evaporated and 
a crystalline residue was obtained which by chromatographic 
analysis (systems A and B) showed only one blue fluorescent 
spot. Upon addition of water (20 ml) to the residue crystalliza
tion occurred: 0.9 g (98%) of 6b, mp 265° (sintering) and 295° 
dec (with effervescence). The product on recrystallization from 
water (80 ml) afforded white needles (0.6 g), mp 334° (sintering) 
and 345° dec (with effervescence), [a]26D ~ 0 °  (c 0.7, 0.1 A 
HC1). On evaporation the mother liquor yielded an additional 
0.16 g, mp 270° (sintering) and 278° dec (with effervescence). 
The ir spectra of the low and high melting recrystallized products 
were identical as were their chromatographic properties.

Anal. Calcd for CuH15N30 3: C, 55.68; II, 6.37; N, 17.71. 
Found: C, 55.60; H, 6.32; N, 17.82.

2,2 '-Hydroxyimino-l-(2-deoxy-/3-D-Z)ireo-pentofuranosyl)thy- 
mine (6c).—A methanolic hydroxylamine solution was prepared 
by dissolving hydroxylamine hydrochloride (2.2 g, 32 mmol) in 
methanol (50 ml) containing phenolphthalein as indicator. 
Enough methanolic 1 N  KOH (~40  ml) was added to the solution 
to produce a red color. To the precipitated KC1 suspension a 
solution of hydroxylamine hydrochloride was added until a 
pH of about 7.4 was reached. The potassium chloride was re
moved by filtration.

The above filtrate was immediately added to a suspension of 
the 2,5'-anhydro nucleoside 4 (2 g, 6.6 mmol) in methanol (75 ml). 
Solution of 4 occurred upon reflux. After 2.5 hr of reflux, 
prisms of 6c (1.1 g, 69%) crystallized from the hot solution and 
were removed by filtration. During the melting point determina
tion, the compound darkened a t 200° and decomposed with 
effervescence at 240°. Paper chromatography (system A)

(26) J .  F . C o d in g to n , I .  L! D oerr, a n d  J . J . F ox , J .  Org. Chem ., 29, 558 
(1964).



showed that the mother liquor contained 6c (Ri 0.36) in addition 
to some starting material (4, Rt 0.90). Concentration of the 
mother liquor afforded additional 6c (0.4 g), mp 190° (sintering) 
and 240° dec (with effervescence). Recrystallization of 6c 
from water yielded prisms, mp 262° (sintering) and 274° dec 
(with effervescence), [<*]25d —17° (c 0.7, 0.1 N  HC1).

6c gave an intense dark blue color with ferric chloride solution. 
Aqueous solutions of 6c were slightly blue in color.

Anal. Calcd for C10H 13N3O4: C, 50.20; H, 5.48; N, 17.57. 
Found: C, 50.28; N, 5.42; N, 17.70.

2,3 '-A m inim ino-l-(2-deoxy-d-D -ifireo-pentofuranosyl)thym m e 
(6d).—The 2,5'-anhydro nucleoside 4 (2 g, 6.6 mmol) was allowed 
to react with anhydrous hydrazine (~15 ml) for 1 hr at room 
temperature. During this time solution of 4 occurred. The 
reaction mixture was taken to dryness in vacuo and dissolved in 
water. This mixture was evaporated in vacuo to dryness. The 
residue, which by chromatographic analysis (systems A and B) 
contained only one ultraviolet absorbing spot (6d), was dissolved 
in water and the solution neutralized with 2 N  acetic acid. The 
product was purified by a batchwise treatment with Dowex 50 
(H+, 100-200 mesh). The resin was washed free of acid and 
treated with 2 N  NH4OH. The resin was removed by filtration 
and the ammonium hydroxide filtrate (~200  ml) was evaporated 
to dryness. On trituration with ethanol a white solid (1.3 g, 
77%) was obtained, mp 230° (sintering) and 260° dec (with ef
fervescence). Crystallization from methanol (80 ml) af
forded rodlike crystals (0.8 g), mp 273-275° dec (with 
effervescence), [a ]2SD + 7 ° (c 0.8, 0.1 N  HC1). On further con
centration of the mother liquor an additional 0.26 g, mp 273-276° 
dec, was obtained.

Anal. Calcd for CkH mOjISU: C, 50.41; H, 5.92; N, 23.52. 
Found: C, 50.46; H, 5.89; N, 23.36.

2,3'-Im ino-l-(5-0-acetyl-2-deoxy-/3-D -ilireo-pentofuranosyl)thy- 
m ine (6f).—To the 2,3'-imino compound 6a (0.2 g, 0.9 
mmol) suspended in pyridine (15 ml) was added acetic anhydride 
(5.3 mmol). The reaction mixture was allowed to stand over
night at room temperature. Ethanol was then added to the 
solution and the pyridine was removed in vacuo by repeated 
distillation with water and then ethanol. A glass (containing 
residual acetic acid) was obtained. Paper chromatography (sys
tem A) showed the presence of two ultraviolet absorbing products: 
the diacetate 6j (R t  0.92)27 and the 5'-0-acetate 6f (R i  0.73). 
The glass was dissolved in ethyl acetate and 170 mg of white 
crystals of 6f (mp 240° dec with prior shrinking) slowly ( ~ 1  
day) appeared. (The diacetate 6j remained in the mother liquor 
and was slowly converted into the monoacetate 6 f.)  Recrystal
lization of 6f from ethyl acetate gave rodlike crystals (90 mg), 
mp 260-265°, [a ]26D +35° (c 0.4, water). This product ex
hibited essentially the same ultraviolet spectral data in water, 
acid, and base as 6a (Table I I ) .  Paper chromatography of 6f 
in systems A and B showed one ultraviolet absorbing spot with 
R i  0.80 and 0.64, respectively (nucleoside 6a, R t  0.54 and 0.47).

Anal. Calcd for C12H15N3O4: C, 54.33; H, 5.70; N, 15.84. 
Found: C, 54.38; H, 5.66; N, 15.96.

2,3'-M ethylim ino-l-(5-0-acetyi-2-deoxy-/3-D -ilireo-pentofurano- 
syl)thym ine (6g).—To 2,3'-methylimino 6b (0.15 g, 0.63 mmol) 
suspended in pyridine (35 ml) was added acetic anhydride (1.6 
mmol). The mixture was heated at 75° for 5 hr during which 
time solution of 6b slowly occurred. The reaction mixture was 
allowed to stand overnight at room temperature. The same 
procedure as that described for the isolation of 6f was used. A 
white glass was obtained which was dissolved in ethyl acetate. 
A white amorphous solid, 0.1 g, mp 170-175°, precipitated slowly. 
The product was purified by dissolving in hot ethyl acetate. 
A white amorphous solid (60 mg), mp 175-176°, [«]26d +  10.5° 
(c 0.3, water), precipitated. The product exhibited essentially 
the same ultraviolet spectral data in water, acid, and base as 
6b. Paper chromatography in systems A and B showed one 
fluorescent spot with R t 0.85 and 0.70, respectively (nucleoside 
6b, Ri 0.59 and 0.62].

Deacetylation of 6g occurred readily in alkali. On the addition 
of 1 N  sodium hydroxide to the O-acetate 6g, the nucleoside 6b 
precipitated immediately. This product had the same melting 
point and ultraviolet and infrared data as an authentic sample of
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(27) T h e  fa s t-m o v in g  d ia c e ta te  of Sj s p o t w as e lu ted  w ith  w a te r. T h e  
u lt r a v io le t  s p e c tru m  of th e  so lu tio n  h ad  a  m a x im u m  a t  230  m/x, a n d  a  shou l
d e r  a t  255 m/x. O n  th e  a d d itio n  of ac id  to  th e  so lu tio n , th e  sp e c tru m  chan g ed  
(2 -3  h r)  to  th e  ac id  sp e c tru m  of 6 a  (T a b le  I I ) .  U p o n  th e  a d d itio n  of b a se  to  
th e  aq u e o u s  s o lu tio n  of 6 j th e  sp e c tru m  im m e d ia te ly  ch a n g ed  to  t h a t  of 6a .

6b. Chromatographic analysis of the filtrate showed that 6b was 
the only product.

Anal. Calcd for C13H 17N3O4: C, 55.90; H, 6.14; N, 15.05. 
Found: C, 55.95; H, 6.06; N, 15.14.

2,3 '-Acetylaminoimino-1 - (5-0-acetyl-2-deoxy-+n-f/ireo-pento- 
furanosyl)thymine (6i).—To 2,3'-aminoimino 6d (0.1 g, 0.42 
mmol) suspended in pyridine (15 ml) was added acetic anhydride 
(1.1 mmol). The reaction mixture was stirred at room tempera
ture for 18 hr. The same procedure used in the isolation of the 
monoacetate 6f was followed. A white glass was obtained which 
was dissolved in ethyl acetate. White prisms (76 mg), mp 253- 
257° (prior darkening), crystallized. Recrystallization of 6i 
gave 54 mg, mp 257-262° (prior darkening), [a]25D —84° (c 0.4, 
water). The ultraviolet absorption spectrum in water showed 
a maximum at 223 mju (« 17,350) and an inflection at 260 mu 
(e 4700). The 3-ml aqueous aliquot was acidified with 1 N  
hydrochloric acid, and then made basic with 1 N  sodium hy
droxide. The ultraviolet spectrum in acid showed a maximum 
at 224 mu and a broad shoulder centered at 257 mu- The spec
trum in alkali showed a maximum at 240 mu and a shoulder 
centered at 268 mu- Paper chromatography of 6i in systems 
A and B showed one ultraviolet absorbing spot with R i  0.82 
and 3.69, respectively (nucleoside 6d, Ri 0.45 and 0.44).

Anal. Calcd for CuH.sOsNi: C, 52.17; H, 5.63; N, 17.89. 
Found: C, 52.22; H, 5.54; N, 16.79.

2,3 '-H yroxyim ino-l-(5-0-acetyl-2-deoxy-/3-D -flireo-pentofurano- 
syl)tliym ine (6h).—To 2,3'-hydroxyimino 6c (0 .1  g, 0 .4 2  
mmol) suspended in pyridine (15 ml) was added acetic anhydride 
(1 .1  mmol). The reaction mixture was heated a t 7 5 °  for a few 
hours until solution occurred and then allowed to stand overnight 
at room temperature. The same procedure as that described for 
the isolation of 6f was used. A white glass (containing residual 
acetic acid) was obtained. The ultraviolet spectrum of the glass 
in water had a maximum at 224 mu and an inflection at 255 
mu. In acid the spectrum had a maximum at 224 mu and a 
broad inflection at 2 4 5 -2 5 5  mu. This pattern changed within
1.5 hr to one similar to 6c at pH 0 (Table II). The data suggest 
that the glass contained mainly an unstable diacetate of 6c with 
similar chemical properties to those observed for diacetate 6j. 
The diacetate of 6c was converted into the monoacetate 6h 
under the following conditions. The glass was dissolved in 
ethanol and the solution was allowed to stand overnight at 
room temperature. Short white needles (72 mg), mp 2 1 4 -2 1 9 °  
dec (prior darkening), crystallized. Recrystallization from etha
nol yielded 40  mg, mp 2 2 2 -2 2 7 °  dec (with effervescence, prior 
darkening), [ a ]25 d + 9 °  (c 0 .5 , water). Compound 6h exhibited 
essentially the same ultraviolet spectral data in water, acid, and 
base as 6c (Table II) . Paper chromatography of 6h in systems 
A ar.d B showed one ultraviolet absorbing spot with R t  0 .7 6  
and 0 .5 9 , respectively (nucleoside 6c, Ri 0 .42  and 0 .4 6 ).

Anal. Calcd for C12H 15O6N3: C, 51.24; H, 5.38; N, 14.94. 
Found: C, 51.27; H, 5.56; N, 14.76.

2-V -A cetyl-l-(2 ,3,5-tri-0-acetyl-/3-D -arabinofuranosyl)isocyto- 
sine (11).—To isoeytosine nucleoside 10 (0.4 g, 1.6 mmol) 
suspended in pyridine (20 ml) was added acetic anhydride (8.2 
mmol). The reaction mixture was heated at 55° for 1 hr 
and ihen allowed to stand at room temperature overnight. Al
most complete solution had occurred. Some starting material 
(~10  mg) was removed by filtration. Ethanol (0.2 ml) was 
added and the pyridine was evaporated in vacuo. A syrup was 
obtained. Upon dissolving the syrup in ethanol, while crystals 
(0.5 g, mp 106-110°) appeared. A small sample, on recrystal
lization from water, afforded prisms, mp 108-110°, [a]26D 
+89° (c 0.4, water). Ultraviolet absorption properties in water 
were maxima at 256 mu (« 17,200) and 217 mu (e 10,800), and 
a minimum at 234 mu (e 7200). Compound 11  was unstable in 
acid and alkali and was converted into 1-^-D-arabinofuranosyl- 
uracil or an acetyl derivative thereof (see below).

Anal. Calcd for C17H21N3O9: C, 49.64; H, 5.15; N, 10.21. 
Found: C, 48.96; H, 5.19; N, 10.28.

Hydrolysis of the Tetraacetate 1 1 . A. In Add.—The tetra
acetate 11 (0.1 g) dissolved in 0.08 N  sulfuric acid (25 ml) was 
allowed to react for 3 hr at room temperature. During this 
time the ultraviolet spectra of the reaction mixture changed to 
that of arabinofuranosyluracil (13). The acid solution was 
neutralized with barium carbonate, and the resulting filtrate was 
evaporated to dryness. On the addition of ethanol to the residue, 
triacetate 12  precipitated. The yield of 12  was 36%, mp 127- 
128° (lit.7 mp 129-130°). The ir, pmr, and analytical data of the 
triacetate were identical with those of an authentic sample of 12 .

The J o u rn a l o f O rganic C h em istry
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B. In Alkali.-—The tetraacetate 11 (25 mg) dissolved in 1 N  
sodium hydroxide (3 ml) was allowed to stand overnight at 
room temperature. During this time the ultraviolet spectra 
of the reaction mixture changed to that of arabinosyluracil (13). 
The basic solution was treated with Dowex 50 resin (H+ form) 
and the resulting filtrate was subjected to chromatographic 
analysis using systems A and B. Only one ultraviolet absorbing 
spot corresponding to 13 was detected.

Reactions of 2,3'-Aminoimino Nucleoside 6d. A. Reaction 
with Nitrous Acid.—The 2,3'-aminoimino nucleoside 6d (50 mg, 
0.21 mmol) was dissolved in 70% acetic acid (3 ml). The solu
tion was cooled, sodium nitrite (19 mg) in water (1 ml) was 
slowly added, ar.d the reaction mixture was allowed to stand for 
1 hr. Th imino nucleoside 6a was purified by absorption on a 
column of Dowex 50 (H+, 100-200 mesh). The nucleoside was 
eluted with 2 N  NBUOH, and the ultraviolet absorbing eluate was 
evaporated in vacuo to dryness. The product was crystallized 
from ethanol. Compound 6a (16 mg), mp 250° (sintering) 
and 268° (dec with effervescence), was obtained.

B. Reaction with Benzaldehyde.—A mixture of the 2,3'- 
aminoimino derivative 6d (0.2 g, 0.84 mmol), benzaldehyde 
(0.2 ml), ethanol (10 ml), and three drops of concentrated hy
drochloric acid was refluxed for 15 min. The solution was 
cooled, and concentrated ammonium hydroxide was added until 
a pH of about 8 was reached. Evaporation of the ethanol af
forded a yellowish residue. The residue was first triturated with 
ether and then water was added. A white solid (6e) precipitated 
and was filtered. The solid was crystallized from ethanol. The 
benzal compound 6e was obtained as white rodlike crystals 
(0.12 g, 44%), mp 258-292° dec (with effervescence). Ultra
violet absorption properties in ethanol were maxima at 308 and 
228 mu, inflections at 314 and 246 m^, and a minimum at 269 
mu-

Anal. Calcd for C n H ^ C h : C, 62.57; H, 5.56; N, 17.17. 
Found: C, 62.4=3; H, 5.53; N, 17.23.

Stability of the Imino Bridge. In Alkali.—The 2,3'-imino 
compound (6a, 50 mg) was dissolved in 15 ml of 1 N  NaOH. 
After standing 1 day at room temperature the ultraviolet absorp
tion spectrum remained unchanged. The solution was placed 
on a Dowex 50 resin (H+) and elution with 0.1 N  NH4OH 
followed by evaporation afforded 20 mg of crystals, mp 258-261 ° 
dec. The ir and chromatographc properties were identical with 
those obtained from 6a.

Solutions of 6a or 6b in 7 N  KOH for 3 weeks did not alter the 
uv spectra. (The uv spectrum of 6b in 7 N  KOH was identical 
with the uv spectrum in pH 6.92 solution except that the maxi
mum at 228 mu was masked by buffer absorption.)

In Acid.—The 2,3'-imino derivatives 6a-d  were more stable 
in aqueous acid than the “oxygen isostere” 2 or the uncyclized 
2-amino nucleoside 9 .8

A paper chromatogram of the derivatives 6a-d, 2 , and 2- 
deoxyribose was developed using a butanol-water system (84:14), 
and then spraying with acid cysteine reagent.28 Only the 2,3'- 
anhydro nucleoside 2 (R t 0.37) and 2-deoxyribose (Rt 0.32) gave 
the characteristic pink color with the cysteine reagent. The 
nucleosides 6a-d were visualized using uv determinations and 
gave Ri 0.35, 0.48, 0.29, and 0.28 respectively.

The imino derivative 6a (8.85 mg) was refluxed in 0.1 N  
hydrochloric acid (10 ml). An aliquot (0.05 ml) was removed 
and added to 5 ml of buffer (pH 7, pH 12, and pH 0) the ultra
violet spectrum was taken. After 1.1 hr, the spectra at these 
pHs were almost the same as those reported in Table II. [A 
small increase (6%) in absorption in the 260-npi region was ob
served at pH 12], After 22 hr, the spectra had changed ap
preciably: at pH 7, maxima at 214-218 npi (e 22,000), 270
(4000), and 302 (4300), minima of 257 m/x (e 3800) and 282 
(3700); at pH 12, maxima at 220 mu (e 21,400) and 275 (5000) 
and a shoulder at 300-310 (3000), minimum at 256 mu (e 3900); 
at pH 0, maxima at 227 him (e 13,600) and 267 (9300), minimum 
at 249 m u  (e  7300). After refluxing for 2 days, the uv spectra 
at pH 0 and 7 were essentially the same as the spectra after 
1 day. At pH 12 there was a broad maximum between 275 
and 302 mu in addition to the maximum at 220 mu- The 
above spectral changes indicate tha t some glycosyl cleavage 
had occurred. The 22-hr spectral patterns bore some resem
blance to the spectral patterns of 5-methylisocytosine. 5-Meth- 
ylisocytosine has been prepared previously8 from 1-/3-D- 
arabinofuranosyl-5-methylisocytosine (9). 5-Methylisocytosine 
had ultraviolet absorptions at X“ '," 205 m,u (e 7700) and 263 
(2900), shoulders at 215 and 286; Xmi„ 246 (2300); AC",12 228 
(4350) and 279 (3800); Xmi„ 220 (4130) and 246 (2400); XL« HC1 
221 (5500) and 261 (4000); Am,„ 242 (3100).

I t  is probable that the sugar moiety or a derivative thereof 
remains attached to the 2-amino group thus accounting for the 
different spectral characteristics of the acid hydrolysate of 6a 
and 5-methylisocytosine.

Registry No.—2, 15981-92-7; 4, 15981-78-9; 6a, 
15981-79-0; 6b, 15981-80-3; 6c, 15981-81-4; 6d, 15981- 
82-5; 6e, 15981-83-6; 6f, 16031-78-0; 6g, 15981-84-7; 6h, 
15981-85-8; 6i, 16065-64-8; 7 ,15981-86-9; 8 , 15981-87-0; 
9, 10212-31-4; 10, 10212-30-3; 11, 15981-93-8; 12, 
14057-18-2; 5-methylisocytosine, 15981-91-6.
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The preparation of 8-bromo-9-(2,3,5-tri-0-acetyl-/3-D-arabinofuranosyl)adenme (3) was accomplished by the 
bromination of 9-(2,3,5-tri-0-acetyl-/3-D-arabinofuranosyl)adenine (2). The reaction of 3 with basic nucleo
philes such as sodium methoxide and ammonia effected an intramolecular displacement of bromide to give 8,2'- 
anhydro-8-hydroxy-9-(/3-D-arabinofuranosyl)adenine (9). Displacement of the bromine of 3 by the nonbasic 
nucleophiles, thiourea and sodium azide, gave the 8-thiol and 8-azide. A similar set of reactions was carried out 
starting from 9-(2,3,5-tri-0-acetyl-/3-D-xylofuranosyl)adenine (12). The displacement of bromide from 8-bromo-
9-(2,3,5-tri-0-acetyl-/3-D-xylofuranosyl)adenine (13) by both neutral and basic nucleophiles proceeded normally 
to give the appropriate 8-substituted purine xylofuranoside. There was no evidence for an intramolecular dis
placement of bromide to give 8,3'-anhydro nucleosides.

Enzymic hydroxylation of 6-methylthiopurine by 
hepatic aldehyde oxidase to give 6-methylthio-8-hy- 
droxypurine was described in a recent paper.2 It was 
suggested that such a mechanism may contribute 
significantly to the rapid biological inactivation of 6- 
methylthiopurine in the intact animal. On the basis 
of such a rationale, it might be expected that properly 
chosen 8-substituted derivatives of biologically active 
nucleosides can not be inactivated in this fashion, 
and hence may prove to be more satisfactory than the 
parent compound. 8-Aminoadenosine has been re
ported to be an effective inhibitor of Streptococcus 
fa eca lis  (8043) and sarcoma S-180 ascites cells although 
it caused only slight inhibition of leukemia L-1210.3 
In view of the observed biological activity of 9-(/3-d- 
arabinofuranosyl) adenine4 5 (1) and 9-(/3-D-xylofurano- 
syl) adenine6 7 (11), it was of interest to prepare a 
series of 8-substituted derivatives of these compounds.

A number of papers have appeared recently which 
describe the facile preparation of 8-substituted purines 
and the corresponding nucleosides and nucleotides6,7 
by way of bromination of the 8 position of the adenine 
or guanine derivative. Displacement of the 8-bromo 
group by the appropriate nucleophile gave a variety of
8-substituted nucleosides. Such a general procedure 
appeared to offer a useful route for the preparation of 
the desired xylose and arabinose nucleosides.2

Acetylation of 9-(/3-D-arabinofuranosyl)adenine8 (1) 
at 0° gave crystalline 9-(2,3,5-tri-0-acetyl-/3-D-arabino- 
furanosyl) adenine (2). Bromination of 2 using N- 
bromoacetamide60 produced crystalline 8-bromo-9- 
(2,3,5-tri-O-acetyl-d-D-arabinofuranosyl)adenine (3) af
ter purification via  silica gel chromatography. Treat
ment of 3 with thiourea in ethanol60 displaced the

bromine function to give 6-amino-9-(2,3,5-tri-0-acetyl- 
d-D-arabinosuranosyl)-9H-purine-8-thiol (4) as a crys
talline solid which could be deacetylated easily to give
6-amino-9- (/3-D-arabinofuranosyl) -9H-purine-8-thiol (5).

When the blocked bromo nucleoside (3) was treated 
with methanolic ammonia at room temperature as 
described by Holmes and Robins60 for the preparation 
of 8-bromoadenosine, the product isolated contained 
no bromine and had physical properties which were 
similar to those reported by Ikehara, et aL,6a for 8,2'- 
anhydro-8-hydroxy-9 - (/3-d - arabinofuranosyl) adenine 
(9) prepared from 6-amino-8-hydroxy-9-(5-0-acetyl-
2-0-p-tolylsulfonyl-l3-D-ribofuranosyl)-9H-purine (10).

1, R =  H; X =  H
2, R=Ac; X =H
3, R= Ac; X = Br
4, R =  Ac; X “  SH
5 , R = H;X =  SH
6, R =  Ac; X =  N3
7, R =  Ac; X =  NH2
8, R =  H; X = NH2

t

(1) T h is  w o rk  w as ca rried  o u t u n d e r  th e  au sp ices  of th e  C an c er C hem o
th e r a p y  N a tio n a l S erv ice  C en te r , N a tio n a l C an c er I n s t i tu te ,  N a tio n a l In s t i 
tu te s  of H e a lth , P u b lic  H e a lth  S erv ice, C o n tra c t  N o . P H -43-64-500 . T h e  
o p in io n s  exp ressed  in  th is  p a p e r  a r e  th o se  of th e  a u th o rs  a n d  a re  n o t neces
s a r ily  th o se  of th e  C an c er C h e m o th e ra p y  N a tio n a l S erv ice  C en te r.

(2) T . L . L oo , C . L im , a n d  D . G . Jo h n s , B ioch im . B io p h ys . A c ta , 134, 467 
(1967).

(3) A . B loch , E . M ih ich , C . A. N icho l, R . K . R o b in s , a n d  R . H . W h is tle r , 
Proc. A m e r . Assoc. Cancer R es., 7, 7 (1966).

(4) (a) J .  J . B r in k  a n d  G . A. L eP ag e , Cancer R e s ., 24 , 312 (1964); (b) 
G . A. L e P a g e  a n d  I . G . J u n g a , ib id ., 23 , 739 (1963).

(5) (a) G . A. L e P a g e  a n d  I .  G . J u n g a , ib id ., 25 , 46 (1965); (b) D . B . E llis  
a n d  G . A. L e P a g e , C an. J .  B iochem ., 43, 617 (1965); (c) J .  G . C o ry  a n d  R . J . 
S u h a d o ln ik , B iochem istry , 4 , 1729 (1965).

(6) (a) M . Ik e h a ra , H . T a d a , K . M u n e y a m a , a n d  M . K an ek o , J . A m er. 
Chem . Soc ., 88 , 3165 (1966); (b) R . E . H o lm es a n d  R . K . R o b in s , ib id ., 87, 
1772 (1 9 6 5 ); (c) R . E . H o lm es a n d  R . K . R o b in s , ib id ., 86 , 1242 (1964).

(7) M . Ik e h a ra  a n d  H . T a d a , Chem . P h a rm . B u ll. (T o k y o ) , 15 , 94 (1967).
(8) (a )  E . J .  R e is t ,  A. B en itez , L. G o o d m an , B . R . B ak e r, a n d  W . W . L ee, 

J .  Org. C hem ., 27 , 3274 (1962); (b ) E . J . R e is t , V. J . B a r tu sk a , a n d  L . G ood
m a n , ib id .. 29 , 3725 (1964).

The anhydro nucleoside (9) was hydrolyzed using 
dilute aqueous sulfuric acid. The sugar obtained from 
this acid hydrolysis was identified as arabinose by 
paper chromatography. Thus, the anhydro nucleoside 
must have the 8,2' structure (9).9 This same an
hydro nucleoside (9) was formed when the blocked 
bromo nucleoside (3) was treated with methanolic 
sodium methoxide in an attempt to prepare the 8- 
methoxyadenine arabinoside. Apparently basic nu
cleophiles such as sodium methoxide remove the O-ace- 
tates before any significant displacement of the bromine 
on C-8 occurs. The Sn2 displacement is completely

(9) C o m p o u n d  9 w as id e n tic a l c h ro m a to g ra p h ic a lly  a n d  h a d  a n  in f ra re d
s p e c tru m  s im ila r to  t h a t  of a  sam p le  of 8 ,2 '-an h y d ro -8 -h y d ro x y -9 -(0 -D -
a ra b in o fu ra n o sy l)  a d e n in e  w h ich  w as k in d ly  g iv en  to  us b y  D r . H . T a d a .
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overshadowed by the resulting intramolecular cycliza- 
tion and anhydro nucleoside (9) is the sole product.

Neutral Sn2 reactions which do not remove the
O-acetate proceed in a straightforward fashion. Thus, 
treatment of the bromotriacetate (3) with sodium azide 
in N,N-dimethylformamide (DMF) took place nor
mally to give 8-azido-9-(2,3,5-tri-0-acetyl-/3-D-arabino- 
furanosyl)adenine (6). Deacetylation of the blocked 
azide (6) to give the 8-azido-9-(/3-D-arabinofuranosyl)- 
adenine failed. The product isolated was again the 
anhydro nucleoside (9). Although the blocked azide
(6) was noncrystalline, spectral data, halogen analysis, 
and tic data provided convincing proof that the an
hydro nucleoside formed in this reaction did not come 
from unreacted 8-bromide (3) but must have come by 
the intramolecular displacement of the 8-azide by the 
sugar alkoxide, a somewhat surprising result for such 
mild conditions.

The preparation of 8-amino-9-(/3-D-arabinofuranosyl)- 
adenine (8) was accomplished by hydrogenation of the 
blocked azide (6) to the blocked 8-amine (7) prior to 
deacetylation. Thus, the crystalline 8-amine (8) 
could be prepared in good yield.

By the same general procedure, 9-/3-D-xylofuranosyl- 
adenine10 (11) was acetylated, then brominated to give
8-bromo-9- (2,3,5-tri-O - acetyl - /3 - d  - xylofuranosyl) ade
nine (13) again purified by chromatography. The re-

1 1 , R = X = H
12, R  = Ac; X = H
13, R = Ac; X =  Br
14, R =  H; X = Br
15, R =  Ac; X =  SH
16, R =  H; X = SII
17, R =  H ;X  = OCH,
18, R = H; X = N3
19, R = H; X = NH2

action of 13 with thiourea gave the syrupy 6-amino-
9-(2,3,5-tri-0-acetyl-6 - d  -xylofuranosyl) - 9H - purine- 8- 
thiol (15), which could be deacetylated to give crystal
line 6-amino-9- (/3-d - xylofuranosyl) - 9H - purine- 8 - thiol
(16). Treatment of the blocked 8-bromoxyloside (13) 
with either methanolic ammonia or methanolic sodium 
methoxide at room temperature gave a good yield of
8-bromo-9-(/3-D-xylofuranosyl)adenine (14). There was 
no detectable evidence for any 8,3'-anhydro nucleoside 
formation. Treatment of either the 8-bromoxyloside 
(14) or its triacetate (13) with refluxing methanolic 
sodium methoxide gave 8-methoxy-9-(/3-D-xylofurano- 
syl)adenine (17) again with no evidence for any 8,3'- 
anhydro nucleoside. The preparation of 8-azido-9- 
(/3-D-xylofuranosyl)adenine (18) was accomplished by 
the displacement of 8-bromo-9-(/3-D-xylofuranosyl)- 
adenine (14) by sodium azide in D M F . Hydrogena
tion of the azide gave 8-amino-9-(/3-D-xylofuranosyl)- 
adenine (19).

(10) B . R . B a k e r  a n d  K . H ew son , J .  Org. C hem ., 22 , 966 (1957).

The failure to obtain any 8-3'-anhydro-8-hydroxy-9- 
(d-D-xylofuranosyl) adenine from the 8-bromoxyloside 
(14) is somewhat surprising in view of the exceptional 
ease with which the 8-bromoarabinoside (3) and 8- 
azidoarabinoside (6) were converted into the 8,2'- 
anhydro nucleoside. The ease of formation of 8,2'- 
anhydroarabir.oside using alkaline conditions com
pared with the failure to form an 8,3'-anhydroxyloside 
from the 8-bromoxyloside (14) was also indicated dur
ing the measurement of the ultraviolet spectra of 3 and
14. Thus, the 8-bromoxyloside (14) has a band at 
XmaX13 265 m/i (e 16,700). Holmes and Robins6b report 
a band at XS2xU 264 m u  (« 17,600) for 8-bromoadeno- 
sine. The 8-bromoarabinoside (3) on the other hand 
had an absorption at X̂ ax13 260 m/* (e 13,380), a value 
which indicated a significant conversion into the 8,2'- 
anhydroarabinoside (9).

Examination of molecular models gives no indica
tion of any steric problem to account for the failure 
to form the 8,3'-anhydro bond. The chemistry of 
anhydro nucleosides in the pyrimidine series showed 
similar results. Thus 2,2'-anhydro nucleosides were 
formed inevitably in preference to 2,3'-anhydro nucleo
sides,11 12 although 2,3'-anhydro nucleosides have been 
prepared.I2a The “up” 2'-hydroxyl of arabinopyrimi- 
dine nucleosides is reported to attack the pyrimidine 
C-6, whereas the up 3'-hydroxyl of 2'-deoxyxylopyrimi- 
dine nucleosides does not.12b

Experimental Section13
9-(2,3,5-T ri-0-acetyl-j3-D -arabm ofuranosyl)ad enine (2).— A  

suspension of 2.5 g (9.36 mmol) of 9-(/3-D-arabinofuranosyl)- 
adenine (1) and 4.6 ml (48.8 mmol) of acetic anhydride in 35 ml of 
dry pyridine was stirred at 0° under a nitrogen atmosphere for 
19 hr, then the excess acetic anhydride was decomposed by the 
addition of 2 ml of ethanol. The decomposed mixture was stirred 
for 1 hr at 0°, then was evaporated to dryness in vacuo. The resi
due was dissolved in 40 ml of chloroform and washed with 15 ml 
each of water, saturated aqueous sodium bicarbonate, and water; 
then it was dried and evaporated to dryness in vacuo to give 
3.26 g of product as an orange gum. Two recrystallizations 
from ethanol gave 1.26 g (34%) of white crystals: mp 128.5- 
129.0°; [« P d -1 3 °  (c 0.74, chloroform); X lT“' 259 mM (« 
14,200).

Anal. Caleb for CieHmNsO?: C, 48.9; H, 4.87; N, 17.8. 
Found: C, 48.7; H, 4.61; N, 17.5.

8-Brom o-9-(2,3,5-tri-0-acetyl-/3-D -arabinofuranosyl)adenine 
(3).—A mixture of 3.15 g (8.0 mmol) of 9-(2,3,5-tri-0-acetyl-/3- 
D-arabinofuranosyl)adenine (2) and 3.5 g (22.4 mmol) of N- 
bromoacetamids in 50 ml of chloroform, which had been dried 
over sulfuric acid, was heated at reflux with stirring while 
protected from moisture for 15 hr, then was evaporated to dryness 
in vacuo. The residue was partitioned between 50 ml each of 
ethyl acetate and 10% aqueous sodium hydrosulfite. The organic 
layer was washed with 10 ml of water, then was dried and 
evaporated to dryness in vacuo. The residue was dissolved in 
chloroform, then was applied to a column of silica gel (450 g,
4.9 X 47 cm). Elution with chloroform (500 ml) then ethyl

(11) (a) D . M . B row n , D . B . P a r ih a r , A . T o d d , a n d  S. V a ra d a ra ja n , J .  
Chem. Soc., 3028 (1958); (b) N . C. Y u n g  a n d  J . J , F ox, J . A m er. Chem. Soc., 
8 3 ,  3060 (1961); (c) T . N a ito , M . H ira ta , Y . N a k a i, T . K o b ay ash i, a n d  M . 
K a n a o , Chem. P h a rm . B u ll. (T o k y o ), 1 3 ,  1258 (1965).

(12) (a) J .  F . C o d in g to n , R . F ech e r, a n d  J .  J .  F ox , J .  A m er. Chem. Soc., 
8 2 ,  2794 (1960); [b) J . J .  F ox , N . C . M ille r , a n d  R . J .  C ush ley , Tetrahedron  
L ett., 4927 (1966)

(13) M e ltin g  p o in ts  a re  co rrec ted . T h in  la y e r  c h ro m a to g ra m s  w ere ru n  
o n  s ilica  gel H F  (E . M erck  A -G  D a rm s ta d t) .  P a p e r  c h ro m a to g ram s w ere 
ru n  on  W h a tm a n  N o . 1 p a p e r  b y  th e  descen d in g  te c h n iq u e . S p o ts  w ere d e 
te c te d  b y  v isu a l e x a m in a tio n  u n d e r  a n  u l t r a v io le t  la m p  fo r th e  nucleosides. 
R ed u c in g  su g a rs  w ere  d e te c te d  b y  a n i lin e  c i tra te . T h e  so lv en t sy s tem s  used  
w ere  so lv en t A, c h lo ro fo rm -m e th a n o l ( 9 :1 ) ;  s o lv e n t B , ab so lu te  e th a n o l; 
s o lv e n t C , 6 5 %  aq u e o u s  2 -p ro p a n o l-e th y l a c e ta te  (3 5 :6 5 ).



1602 R e is t , C a l k in s , F is h e r , and  G oodman The J o u rn a l o f O rganic C h em istry

acetate-chloroform (500 ml of 1:3 then 11. of 3:1) removed some 
impurities. Elution with an additional 1 1. of ethyl acetate- 
chloroform (3:1) and finally 4 1. of ethyl acetate gave a total of 
1.01 g (36%) of 3 as pale orange needles: mp 178.5-179.0°; 
[apD  -7 3 °  (c 0.4, chloroform); Xp“x' 262 (e 17,250); Xp*x7 
263 mM (« 15,400); Xp“ x-3 260 mM (e 13,380).

Anal. Calcd for C16H,8BrN507: C, 40.7; H, 3.82; Br, 16.9; 
N, 14.9. Found: C, 40.7; H, 3.98; Br, 16.6; N, 14.5.

6-A m m o-9-(2,3,5-tri-0-acetyl-/3-D -arabinofuranosyl)-9H -purine-
8-thiol (4).—A solution of 614 mg (1.3 mmol) of 8-bromo-9- 
(2,3,5-tri-0-acetyl-|3-D-arabinofuranosyl)adenine (3) and 135 mg 
(1.77 mmol) of thiourea in 30 ml of ethanol was stirred at reflux 
under nitrogen for 18 hr, then was evaporated to dryness in vacuo. 
The residue was partitioned between 30 ml of chloroform and 
10 ml of water. The organic phase was dried, then evaporated 
to dryness in vacuo to give crude product as a yellow foam. 
This material was dissolved in chloroform and applied to a column 
of silica gel (55 g, 1.4 X 36 cm). After elution of some by
products using chloroform (425 ml) and 10% ethyl acetate in 
chloroform (500 ml), product w'as eluted using ethyl acetate- 
chloroform (1:1, 800 ml) and 100% ethyl acetate. The residue 
from these last fractions was a white foam weighing 365 mg 
(86%). Crystallization was effected by dissolving the foam in 
ethanol then allowing the solvent to evaporate to give material 
with mp 176.5-179.5°; [<*]21d -3 9 °  (c 0.40, chloroform); Xp“x‘ 
308 mM (e 23,200), 243 (9360), 222 (12,600); Xp®„7 297 ran 
(e 21,900), 227 (18,300); XpHJ 3 297 mM (e 21,000).

Anal. Calcd for C,eHi9N50,S-C2H60H : C, 45.9; H, 5.35; 
N, 14.9; S, 6.80. Found: C, 45.8; H, 5.13; N, 14.7; S, 6.97.

The nmr spectrum contained a triplet at r  8.75 and a quartet 
a t 6.24, thus demonstrating the presence of ethanol.

6-Am ino-9-(0-D -arabinofuranosyl)-9H -purine-8-thiol (5).—A 
solution of 234 mg (0.55 mmol) of 6-amino-9-(2,3,5-tri-0-acetyl- 
/?-D-arabinofuranosyl)-9H-purine-8-thiol (4) and 33 mg (0.61 
mmol) of sodium methoxide in 15 ml of methanol was stirred at 
room temperature under a nitrogen atmosphere for 15 hr. The 
solution was neutalized with 2 drops of glacial acetic acid, 
then evaporated to dryness in vacuo. The residue was purified 
by means of the lead salt14 to give 96 mg (60%) of product as a 
white solid. Recrystallization from methanol gave 74 mg (45%) 
of white needles: mp 199.5-202.5°; [<*]22d 9° (c 0.40, methanol); 
Xp"x’ 308 mM (e 22,600), 242 (10,500), 222 (11,700); Xp*x7 302 
mM (sh, e 21,500), 297 (22,000), 228 (17,500); XpH„13 296 mM 
(e 2 1 ,200).

Anal. Calcd for CioH13N60 4S -0 .6 ^ 0 : C, 38.7; H, 4.62;
N, 22.6; S, 10.3. Found: C, 39.0; H, 4.92; N, 22.2; S, 10.4.

A thiol titration consumed 93% (based on 0.6 H20 ) of the 
theoretical uptake of iodine.

8,2'-Anhydro-8-hydroxy-9-(|8-D -arabinofuranosyl)adenm e (9). 
—A solution of 0.5 g of 8-bromo-9-(2,3,5-tri-0-acetyl-/3-D- 
arabinofuranosyl)adenine (3) in 15 ml of methanol which had 
been saturated previously with anhydrous ammonia at 0° was 
kept a t room temperature in a Parr bomb for 32 hr. The reaction 
was cooled to 0° then filtered to give 158 mg of pink crystals. 
Recrystallization from water gave 117 mg (42%) of product: 
mp 212.0-212.5° dec; [ a ] 23D —108° (c 0.30, pyridine); Xp”x* 
259 mM (e 12,900); Xp"x7 255 ran 0  13,100); xi".13 259 mM (e 
12,700).

The nmr spectrum had a band at 5 6.42 ( /  = 5 cps) assigned 
to H '- l.

Anal. Calcd for CioH„N504 0.2H20 : C, 44.7; H, 4.27; N,
26.0. Found: C, 44.4; H, 4.14; N, 26.2.

Ikehara, el a!.,6* report mp >190° dec; [ a ] 19D —122° (c 0.75, 
pyridine); Xp"x‘ 260 mp (e 10,800); x2£ 260 mM (e 11,000); 
x i “ 260 ran (e 10,700). The nmr spectrum had a band at 5 
6.50 (J  = 5.4 cps) which he assigned to H '-l.

A 50-mg sample of the cyclonucleoside 9 was heated at reflux 
for 8 hr with 8 ml of 0.1 N  sulfuric acid. The reaction was 
cooled to room temperature and neutralized with Amberlite 
IR-45 (OH- ) to pH 7. Paper chromatography of the product, 
using solvent C as the developing solvent, showed one spot at 
Rribose 0.69 that gave a positive test for reducing sugar with 
aniline citrate. D-Arabinose had a spot at Rnbosa 0.69; D-xylose 
had a spot at Rtibose 0.84.

8-Am ino-9-((3-D -arabinofuranosyl)adenine (8).—To a solution 
of 3.0 g (6.34 mmol) of 8-bromo-9-(2,3,5-tri-0-acetyl-j8-D-arabino-

(14) E . J .  R e is t  a n d  L . G o o d m an , B iochem istry , 3 , 15 (1964).

furanosyl)adenine (3) in 28 ml of dry DMF was added 1.32 g 
(20 mmol) of sodium azide. The resulting solution was stirred 
at 75° for 10 hr, then was evaporated to dryness in vacuo. The 
residue was partitioned between 20 ml each of dichloromethane 
and water. The organic layer was dried then evaporated to 
dryness in vacuo to give 2.9 g of crude 8-azido-9-(2,3,5-tri-0- 
aeetyl-/3-D-arabinofuranosyl)adenine (6) as a syrup: X31™ 4.6 
u (N3); XPt ‘ 279 mu J  15,600); Xp“ x13 264 mM (e 11,400).

Thin layer chromatography using solvents A and B showed one 
main spot with Rt 0.61 and 0.53, respectively. There were 
two trace components with slower R{ values. Bomine analysis 
showed 1.44% Br indicating a maximum of 8.5% starting 
material.

A solution of 1.98 g (4.56 mmol) of crude 8-azido-9-(2,3,5- 
tri-0-acetyl-/3-D-arabinofuranosyl)adenine (6) in 250 ml of 95% 
ethanol was hydrogenated at room temperature for 15 hr using 
1 g of 5% palladium on charcoal. The mixture was filtered 
through a Celite pad and the filtrate was evaporated to dryness 
in vacuo to give 1.76 g of 8-amino-9-(2,3,5-tri-O-acetyl-0-n- 
arabinofuranosyl)adenine (7) as a yellow foam. There was no 
azide absorption at 4.6 u- Tic using solvents A and B showed 
one spot with Ri values of 0.26 and 0.32, respectively.

Treatment of 1.49 g of 8-amino-9-(2,3,5-tri-0-aeetyl-/3-D- 
arabinofuranosyl)adenine (7) with methanolic sodium methoxide 
at 0° for 3 days caused the precipitation of 0.66 g of 8-amino-9- 
(d-D-arabinofuranosyl)adenine (8). The mother liquors after 
the removal of crystalline 8 were neutralized and worked up in 
the usual fashion to give an additional 0.2 g of crystalline product. 
The fractions were combined and recrystallized from 80% aqueous 
ethanol to give 0.71 g (54% over-all yield from 3) of crystals, 
mp 142-145°, which resolidified and remelted at 237.5-240° dec.

The analytical sample [dried at 100° (1 mm) for 16 hr] had 
mp 142.5-146°, resolidifing and remelting at 238-240° dec. I t 
was redried at 152° (1 mm) for 2 hr and had mp 239-241° dec; 
[a]22d  +10° (c 1.0, 2-methoxyethanol); XpHJ  269 m^ (e 13,500); 
Xp»x7 273 mju (e 16,600); XpH„13 275 mM (e 16,800).

Anal. Calcd for Ci0H,4N6O4: C, 42.6; II, 5.00; N, 29.8. 
Found: C, 42.7; H, 5.21; N, 29.6.

9-(2,3,5-T ri-0-acetyl-/3-D -xylo furanosyl)adenine ( 12 ) .— Ace
tylation of 12.0 g (45 mrr.ol) of 9-(/3-D-xylofuranosyl)adenine 
(11 )9 in 285 ml of pyridine using 13.1 ml (128 mmol) of acetic 
anhydride was carried out as described for the preparation of
9-(2,3,5-tri-0-acetyl-/3-D-arabinofuranosyl)adenine (2) to give
15.5 g (88%) of 12  as a white foam: [ a ] 24D —14° (c 0.56, chloro
form); Xp“x' 256 mu (£ 14,750); Xp"x7 258 mu 0  14,750); Xp”x13 
256 mM (e 18,200).

Anal. Calcd for ChH k,N.507-72H20 : C, 47.8; H, 5.01; N,
17.4. Found: C, 47.6; H, 5.05; N, 17.4.

8-B rom o-9-f2,3,5-tri-0-acetyl-(3-i)-xylo furanosyl)ad enine ( 13 ) .  
—A solution of 2.0 g of 9-(2,3,5-tri-0-acetyl-/3-D-xylofuranosyl)- 
adenine (12 ) in 20 ml of dichloromethane was dried by the azeo
tropic distillation of 10 ml of the solvent. The dry solution was 
added to a stirred suspension of 2.5 g (17.4 mmol) of N-bromo- 
acetamide in 350 ml of dry carbon tetrachloride. The reaction 
was stirred under reflux for 16 hr while protected from moisture, 
then it was evaporated to dryness in vacuo. The residue was 
dissolved in 50 ml of chloroform-ethyl acetate (1:1) and was 
extracted with 25 ml each of 10% aqueous sodium bisulfite, 
saturated aqueous sodium bicarbonate, and water; then it was 
dried and evaporated to dryness in vacuo to give 2.53 g of an 
orange gum. The crude product was dissolved in 10 ml of 
chloroform and applied to a column of silica gel (300 g, 1.5 X 30 
cm). The column was eluted with ethyl acetate-chloroform 
(3:1) until all uv-absorbing by-products were eluted (ca. 3 1.). 
Finally elution with ethyl acetate gave 2.0 g (83%) of 1 3  as a 
yellow foam. Further elution with ethyl acetate-methanol gave 
varying amounts of starting material (12 ).

The analytical sample of 8-bromo-9-(2,3,5-tri-0-acetyl-/3-D- 
xylofuranosyl)adenine ( 13 )  from the column was homogeneous 
on tic using ethanol as the developing agent and had a spot at 
Ri 0.6; [a]“d  -8 °  (c 0.4, methanol); Xp"„‘ 263 mM (e 17,400); 
XJiL,7 265 m u  (c 15,700); Xp"x13 265 mM (E 16,000).

Anal. Calcd for Ci6Hi8BrN50 7: C, 40.7; H, 3.82; Br, 16.9; 
N, 14.9. Found: C, 40.8; H, 3.88; Br, 16.9; N, 14.5.

8-Brom o-9-(/3-D -xylofuranosyl)adenine ( 14 ) .—A solution of 
250 mg of purified 8-bromo-9-(2,3,5-tri-0-aeetyl-|3-D-xylofurano- 
syl)adenine ( 13 )  in 20 ml of methanol in a Parr bomb was cooled 
to 0° and saturated with gaseous ammonia. The reaction was 
k ep t at room  temperature for 16  hr, then it was evaporated to
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dryness in vacuo. The solid residue was recrystallized from water 
to give 135 mg (74%) of crystalline product, mp 197.5-198.0°.

The analytical sample had mp 194.5-195.5°; [a]25d —46° (c 
0.5, methanol); X°H„' 263 mM (e 17,700); XSL7’ 13 265 mM (e 
16,700).

Anal. Calcd for Ci0H 12BrN6(V  V A O : c ,  34.3; H, 3.59; 
Br, 22.8; N, 20.0. Found: C, 34.3; H, 4.05; Br, 22.8; N, 
20.0.

6-Amino-9-(2,3,5-tri-0-acetyl-/3-D-xylofuranosyl)-9H-purine-8- 
thiol (15).—A solution of 5.47 g (11.6 mmol) of 8-bromo-9- 
(2,3,5-tri-0-acetyl-|3-D-xylofuranosyl)adenine (13) and 1.2 g 
(15.8 mmol) of thiourea in 200 ml of absolute ethanol was heated 
at reflux under a nitrogen atmosphere for 5 hr. The yellow solution 
was evaporated to dryness in vacuo and the residue was parti
tioned between 15 ml of water and 50 ml of chloroform. The 
chloroform layer was dried and evaporated to dryness in vacuo 
to give 5.2 g of crude blocked thiol (15) as a yellow foam. A 
solution of crude 15 in chloroform was chromatographed on 150 g 
of silica gel. After elution with dichloromethane to remove 
by-products, elution with ethyl acetate gave 2.96 g (66%) of 15 
as a yellow gum: [<x]23d —6° (c 0.5, chloroform); X”“,1 307.5 
mM (e 24,800), 242 (10,000); X fx7’ 13 297 mM (e 22,500).

Anal. Calcd for CieHujNsOjS: C, 45.2; H, 4.50; N, 16.5; 
S, 7.54. Found: C, 44.6; H, 4.38; N, 15.9; S, 7.33.

6-Amino-9-(/9-D-xylofuranosyl)-9H-purine-8-thiol (16). A.—
Deacetylation of 1.38 g (3.24 mmol) of 6-amino-9-(2,3,5-tri-0- 
acetyl-/3-D-xylofuranosyl)-9H-purine-8-thiol (15) was carried out 
using 193 mg (3.56 mmol) of sodium methoxide in 45 ml of 
methanol in the manner described for the deacetylation of the 
arabinoside (5). After purification by means of the lead salt, 
540 mg of crude product was obtained as a yellow gum. Crystal
lization was accomplished by dissolving the gum in 8 ml of metha
nol and diluting with 20 ml of acetonitrile. On cooling 333 mg 
(34%) of product was obtained: mp 238-239° dec; [<*]21d — 69° 
(c 0.4, methanol); X°«' 308 mM (e 24,500), 245 (11,150); X“'” ' 13 
297 mM (£ 23,200).

Anal. Calcd for C10H13N5O4S: C, 40.1; H, 4.35; N, 23.4; 
S, 10.7. Found: C, 40.4; H, 4.44; N, 23.5; S, 10.4.

B.—A solution of 2.87 g (8.28 mmol) of 8-bromo-9-(/3-D- 
xylofuranosyl)adenine (14) and 0.86 g (11.3 mmol) of thiourea 
in 150 ml of absolute ethanol was heated at reflux for 18 hr, then 
evaporated to dryness in vacuo. Purification, by means of the 
lead salt, then crystallization from methanol-acetonitrile (25 ml: 
200 ml) gave 1.13 g (46%) of product, mp 230-232° dec, which was 
identical with material obtained in method A.

8-Methoxy-9-(/3-D-xylofuranosyl)adenine (17).—A solution of
2.2 g (6.35 mmol) of crystalline 8-bromo-9-(/S-D-xylofuranosyl)- 
adenine (14) and 1.21 g (22.3 mmol) of sodium methoxide in 100 
ml of methanol was heated at reflux under a nitrogen atmosphere 
for 17 hr. The reaction was cooled to room temperature,

neutralized with acetic acid, and evaporated to dryness in vacuo. 
Trituration of the residue with 10 ml of ice-cold water gave 1.43 
g of crude product as a tan powder. Recrystallization from 40 
ml of water gave 1.2 g (63%) of crystals: mp 197.5-199.0°; 
[a]23d —63° (c 0 4, methanol); X°“x‘ 261 mu (e 12,850); X“”x7,13 
260 m/i (£ 13,650).

Anal. Calcd for CnHisNsOs VsHsO: C, 43.9; H, 5.16; N, 
23.3. Found: C, 44.2; H, 5.01; N, 22.9.

8-A zido-9-(0-D -xylofuranosyl)adenine ( 18 ) .—To a solution of
2.76 g (7.98 mmol) of 8-bromo-9-(/3-D-xylofuranosyl)adenine (14 ) 
in 35 ml of dry N,N-dimethylformamide was added 1.66 g of 
sodium azide. The resulting solution was stirred for 10 hr at 
75°, then was evaporated to dryness in  vacuo. The residue was 
triturated first with 30 ml of dichloromethane, then with 40 ml 
of water. The resulting residue was recrystallized from 60 ml of 
95% aqueous ethanol to give 1.66 g (67%) of product: mp ca. 
270° dec; [a ]24D —74° (c 0.5, 2-methoxyethanol); X°“x‘ 281 
m/x (e 18,400); X°"x7 281 mM (£ 14,900); X°Hax13 280 mM (e 16,200).

Anal. Calcd for CioH,2N804: C, 39.0; H, 3.92; N, 36.4. 
Found: C, 38.8; H, 4.22; N, 36.1.

8-Am ino-9-(/3-D-xylofuranosyl)adenm e ( 19 ) .—A suspension of
1.48 g (4.8 mmol) of 8-azido-9-((3-D-xylofuranosyl)adenine (18 ) 
and 1.0 g of 5% palladium on charcoal in 325 ml of water was 
stirred at room temperature under a hydrogen atmosphere for 
15 hr. The mixture was filtered through a Celite pad, then the 
filtrate was evaporated to dryness in  vacuo to give 0.7 g (52%,) of 
product as a white solid, mp 150-153°. There was no absorption 
attributable to azide at 4.7 u in the infrared.

Recrystallization from 98% aqueous ethanol gave the analytical 
sample: mp 155-160° dec; [a]22d —51° (c 1.0, 2-methoxy
ethanol); X^y 270 mM (i 13,400); X̂ r7 273 mM U 16,430); 
X̂ 13 275 mu (e 16,400).

Anal. Calcd for CioHnNeCVO^ïW): C, 40.6; H, 5.28;
N, 28.4. Found: C, 40.7; H, 5.37; N, 28.4.

Registry No.—2, 15830-52-1; 3, 15830-53-2; 4,
15830-54-3; 5, 15830-55-4; 6, 15830-56-5; 8, 15830-57- 
6; 9, 13089-44-6; 12, 15830-77-0; 13, 15830-59-8; 
14, 15830-78-1; 15, 15830-60-1; 16, 15830-61-2; 17, 
15830-79-2; 18, 15830-80-5; 19, 15830-62-3.
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DL-l,2-0-Isopropylidene-(I,2/5)-5-acet,amido-3-cyclopentene-l,2-diol (3) has been prepared and has been con
verted, by permanganate hydroxylation and acetylation, into DL-l,2-di-0-acetyl-3,4-0-isopropylidene-( 1,2,5/ 
3,4)-5-acetamidocyclopentane-l,2,3,4-tetrol (4a). Selective removal of either the 0-acetyl groups or the O-iso- 
propylidene group converts 4a into 5 and 6, respectively, each of which is susceptible to glycol cleavage by peri
odate. Treatment of 5 with periodate produces DL-h/zo-4-acetamido-2,3-0-isopropylidenedioxypentanedial 
(11), whereas 6 is converted into DL-rz'6o-4-acetamido-2,3-diacetoxypentanedial (17). DL-l,2-Di-0-acetyl- 
(l,5/2)-5-acetamido-3-cyclopentene-l,2-diol (8) has been hydroxylated with permanganate to produce DL-3,4-di- 
0-acetyl-(l,2,4/3,5)-5-acetamidoeyclopentane-l,2,3,4-tetrol (10). On treatment with periodate, 10 is con
verted into Dir-i!/?o-4-acetamido-2,3-di-0-acetoxypentanediol (21). Treatment of the dialdehydes 11, 17, and 
21 with nitromethane under alkaline conditions leads to the formation of mixtures of partially acetylated deriva
tives of acetamidonitrodideoxyinositols. By catalytic hydrogenation in the presence of Raney nickel T-4, fol
lowed by acetylation, the latter are converted into the corresponding diacetamidodideoxyinositols (inosadi- 
amines). By chromatography on alumina, nine pure compounds were isolated and identified, of which six were 
previously unreported. From the Zj/zo-dialdehyde 11 four inosadiamine hexaacetates were obtained: 4,6-diaeet- 
amido-l,2,3,5-tetra-0-acetyl-4,6-dideoxy-m)/o-inositol (13); d l -2 ,6-diace tamido-1,3,4.5-tetra-0-acetyl-2,6-dide- 
oxy-epz-inositol (14); DL-l,3-diacetamido-2,4,5,6-tetra-0-acetyl-l,3-dideoxy-aKo-mosiix>l (15); and 1,3-diacet- 
amido-2,4,5,6-tetra-0-acetyl-l,3-dideoxy-neo-mositol (16a) or d l -2 ,4-diacetamido-l,3,5,6-tetra-0-aeetyl-2,4-di- 
deoxy-cAzro-inositol (16b). The corresponding monoisopropylidene derivatives were obtained by a minor modi
fication of the procedure; these were DL-4,6-diacetamido-l,5-di-0-acetyl-4,6-dideoxy-3,4-0-isopropylidene-m?/o- 
inositol (13-Ip); DL-2,6-diacetamido-l,3-di-0-acetyl-2,6-dideoxy-4,5-0-isopropylidene-epz-inositol (14-Ip); and 
DL-l,3-diacetamido-2,4-di-0-acetyl-l,3-dideoxy-5,6-0-isopropylidene-neo-inositol (16-Ip-a) or DL-2,4-diacet- 
amido-l,3-di-0-acetyl-2,4-dideoxy-5,6-0-isopropylidene-cùiro-inositol (16-Ip-b). From the u&o-dialdehyde 17 
three inosadiamine hexaacetates were obtained: DL-2,6-diacetamido-l,3,4,5-tetra-0-acetyl-2,6-dideoxy-epi-
inositol (14); DL-l,5-diacetamido-2,3,4,6-tetra-0-acetyl-l,5-dideoxy-TOî/o-inositol (19); and 1,5-diacetamido-
2,3,4,6-tetra-0-acetyl-l,5-dideoxy-epz'-inositol (20a) or di l̂,3-diacetamido-2,4,5,6-tetra-O-acetyl-l,3-dideoxy- 
epi-inositol (20b). From the xy/o-dialdehyde 21 three previously known isomers were obtained: 1,3-diacet-
amido-2,4,5,6-tetra-0-acetyl-l,3-dideoxy-scyHn-inositol (hexaacetyl streptamine, 23): l,3-diacetamido-2,4,5,6- 
tetra-0-acetyl-l,3-dideoxy-myo-inositol (24); and dl-1 ..3-diacetamido-2,4,5,6-tetra-O-acety 1-1,3-dideoxy-riiiro- 
inositol (25). When 14C-labeled nitromethane was used in the condensation reactions, 14C-labeled 13, 14, 15, 
19, 20, 23, and 24 were isolated.

Current interest in the chemistry of cyclohexane 
aminocyclitols is due largely to the occurrence of such 
substances as components of certain antibiotics.2,6 
The inosamines have been investigated in many labora
tories and thirteen of the twenty theoretically possible

(1) (a) S u p p o r te d  in  p a r t  b y  U . S. P u b lic  H e a l th  S erv ice  R e sea rc h  G ra n ts  
A M -07719  a n d  G M -13971  from  th e  N a tio n a l I n s t i tu te s  of H e a lth , (b) T h e  
n o m e n c la tu re  of cyc lito ls  h as  been  u n se ttle d , a n d  m a n y  a u th o rs  h a v e  dev ised  
th e i r  o w n  sy s te m s  fo r in d ic a tin g  co n fig u ra tio n a l re la tio n sh ip s  (see re f  2  b e 
low ). R e c e n tly  a n  in te rn a t io n a l c o m m itte e  u n d e r  th e  au sp ices  of IU P A C  
a n d  IU B  h as  reco m m en d e d  a  se t of ru le s  fo r  cy c lito l n o m e n c la tu re , b ased  
la rg e ly  o n  p ro p o sa ls  b y  D rs . S. J .  A n g y a l a n d  L . A n d erso n . T h e se  recom 
m e n d a tio n s  h a v e  b ee n  a d o p te d  as  official, te n ta t iv e  ru le s  b y  th e  IU P A C / 
IU B  C om m ission  on  B iochem ical N o m e n c la tu re  a n d  b y  th e  IU P A C  C om 
m iss io n  on  N o m e n c la tu re  of O rg an ic  C h em is try . T h e  cyc lito ls  d escribed  in  
th e  p re s e n t s tu d y  a re  n a m ed  b y  th e  A n g y a l-A n d e rso n  sy stem . T h e  recom 
m e n d a tio n s  of th e  J o in t  C y c lito l N o m e n c la tu re  S u b c o m m itte e  p ro v id e  t h a t  
th e  b as ic  m e th o d  of n am in g  a n d  n u m b e rin g  cyc lito ls  sh a ll b e  th e  IU P A C  
R u le s  fo r  N o m e n c la tu re  of O rgan ic  C h e m is try , P a r t  C , as  p u b lish e d  in  P ure  
A p p l .  Chem ., 11, N o . 1 a n d  2 (1965). A d d itio n a l s tip u la tio n s  a re  th e n  g iv en  
to  re so lv e  q u es tio n s  of n u m b e rin g  p re fe re n ce  w h ich  a re  u n iq u e  to  th e  cyc lito ls  
a n d  re la te d  com p o u n d s, a n d  a  m e th o d  fo r d e s ig n a tin g  a b s o lu te  co n fig u ra tio n  
is p ro v id e d . W h e n  th e  IU P A C  o rg an ic  ch e m is try  ru le s  a re  used , as  w ith  
th e  cy c lo p e n ta n e  d e r iv a tiv e s  d iscussed  in  th is  p a p e r, re la tiv e  co n fig u ra tio n  is 
in d ic a te d  b y  a  f ra c t io n a l prefix  (M aq u en n e ) in  w h ich  th e  lo c an ts  (po sitio n a l 
n u m b e rs )  of a ll th e  s u b s t i tu e n ts  o n  o n e  s id e  of th e  p la n e  of th e  r in g  a re  a r 
ra n g e d  in  a scen d in g  o rd e r  in  th e  n u m e ra to r , a n d  th e  lo c a n ts  fo r th e  s u b s t i tu 
e n ts  on  th e  o th e r  s id e  of th e  p la n e  a re  in  th e  d en o m in a to r .

A n  ex cep tio n  to  th e  IU P A C  o rg an ic  ch e m is try  ru le s  is m a d e  fo r co m pounds 
w h ich  m a y  b e  considered  to  b e  d e riv ed  fro m  th e  in o s ito ls  (cyclohexane- 
hexols) b y  re p la c e m e n t of o n e  o r  tw o  of th e  h y d ro x y l g ro u p s  b y  o th e r  u n i
v a le n t  s u b s t i tu e n ts . S u ch  cyc lito ls  a re  n a m e d  a s  s u b s t i tu te d  in o s ito ls ; th e  
in o sad iam in es , fo r exam ple, beco m e x ,2/-d iam in o -2 ,2/-d ideoxy inosito ls . T h e  
r e la t iv e  co n fig u ra tio n  is d e s ig n a ted  b y  th e  prefix  used  fo r th e  p a r e n t  in osito l, 
a n d  th e  p o s itio n s  a re  n u m b e red  a s  in  th e  p a r e n t  inosito l. T h e re  a re  a l te rn a 
t iv e  w ay s  of n u m b e rin g  each  of th e  inosito ls , b u t  re p la c e m e n t of - O H  b y  
—N H 2 m a y  e lim in a te  som e of th e  a l te rn a t iv e s . T h e  a l te rn a t iv e  used  is th e  
o n e  w h ich  g iv es  th e  am in o  g ro u p s  th e  low er n u m b e rs ; e.g., in  th e  p re se n t w o rk  
(see  C h a r t  I I )  th e  am in o  g ro u p s of co m p o u n d  15 a re  n u m b e red  1,3 r a th e r  
th a n  2 ,4  a n d  th e  am in o  g ro u p s  of co m p o u n d  16a a r e  n u m b e red  1,3 r a th e r  
th a n  4 ,6 . O n e  new  n am e  m u s t a lso  b e  m e n tio n e d . T h e  o p tica lly  a c tiv e  a n d  
rac e m ic  in o s ito ls  a re  now  d es ig n a ted  a s  d-, l-  a n d  D L-c/uro-inositol, respec
tiv e ly . T h is  n a m e  is used  in  th e  p re s e n t w ork .

isomers have been synthesized and characterized in the 
past twenty years. On the other hand, only ten of the 
fifty-four theoretically possible diasteroisomeric inosadi
amines have been synthesized.6-9 Our interest in this 
problem has come from synthetic studies in this lab
oratory10’11 on cyclopentane aminocyclitols.

The present communication describes the synthesis 
of several isomeric inosadiamines, starting from cyclo
pentane aminocyclitols. Suitable derivatives of the
5-acetamido-3-cyclopentene-l,2-diols previously re
ported11 have been converted into acetamidocyclo- 
pentanetetrols (see Chart I). Selective derivatization 
followed by periodate oxidation has yielded the corre-

I n  th e  re p re s e n ta tio n  of th e  v a r io u s  co m p o u n d s  in  th e  c h a rts , th e  sam e  
en a n tio m e r is n o t a lw a y s  show n . W e feel t h a t  b y  show ing  th e  c o r re c t con
fig u ra tio n a l re la tio n sh ip s  b e tw e e n  s ta r t in g  m a te r ia l a n d  p ro d u c ts  w e w ill 
a d d  to  th e  c la r ity  of th e  p re se n ta tio n .

(2) S . J .  A n g y a l a n d  L . A nderson , A dvan . Carbohyd. C hem ., 14, 184 
(1959).

(3) P a r t  X :  H . Z. S ab le  a n d  H . K a tc h ia n , Carbohyd. R e s ., 5, 109 (1967).
(4) A u th o r  to  w hom  co rresp o n d en ce  a n d  re q u e s ts  fo r  r e p r in ts  s h o u ld  b e  

ad d ressed .
(5) K . L . R in e h a r t ,  J r . ,  “ T h e  N eo m y c in s  a n d  R e la te d  A n tib io tic s ,"  J o h n  

W iley  a n d  S ons, In c ., N ew  Y o rk , N . Y ., 1964.
(6) (a) M . L . W olfrom , S. M . O lin, a n d  W . F . P o lg lase , J .  A m er . Chem. 

Soc., 72 , 1724 (1950); (b) H . S trau b e -R ie k e , H . A. L a rd y , a n d  L . A n d erso n , 
ib id ., 75 , 694 (1953); (c) K . H ey n s  a n d  H . P au lsen , Chem . B er., 89 , 1152 
(1956).

(7) M . N a k a jim a , N . K u r ih a ra , A. H aseg aw a, a n d  T . K u ro k a w a , A n n .  
Chem ., 689, 243 (1965).

(8) M . N a k a jim a , A . H asegaw a, a n d  F . W . L ic h te n th a le r , ib id ., 669, 75 
(1963).

(9) (a) G . Q u ad b eck  a n d  E . R o h m , Chem. Ber., 89, 1645 (1956); (b ) M . L. 
W olfrom , F .  R ad e ll, R . M . H u sb a n d , a n d  G . E . M c C a s la n d , J .  A m er. Chem. 
Soc., 79 , 160 (1957); (c) F . W . L ic h te n th a le r  a n d  H . O. L . F isch e r , ib id ., 83, 
2005 (1961); (d ) F . W . L ic h te n th a le r , Angew . Chem. In te rn . E d . E ng l., 3 
211 (1964); (e) V. B ro cc a  a n d  A . D an s i, A n n . C him . (R om e) 44 , 120 (1954); 
Chem. A bstr ., 49, 8821 (1955).

(10) A. H aseg aw a a n d  H . Z. S ab le , J .  Org. C hem ., 31 , 4149 (1966).
(11) A. H aseg aw a  a n d  H . Z. S ab le , ib id ., 31 , 4154 (1966).
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Chart I

3-10, R = Ac

sponding trisubstituted pentanedials. The latter com
pounds, on treatment with nitromethane9d’e followed 
by catalytic reduction and acetylation, gave mixtures of 
hexaacetyl rn-inosadiamines. The mixtures were sep
arated by chromatography and fractional crystalliza
tion. Configurational assignments are based on the 
known configuration of the starting materials and the 
chemical shifts of the methyl protons of the acetyl 
groups.8’12-14 Altogether, nine inosadiamines (six of 
them previously unreported) have been characterized. 
Some of the syntheses were repeated with 14C-labeled 
nitromethane, to give specifically labeled inosadiamines.

Results
Selectively Blocked Acetamidocyclopentanetetrols.—

The 5-acetamido-3-cyclopentene-l,2-diolsu 1 and 8 
(Chart I) have yielded three different dialdehydes, as 
shown in Charts I and II. DL-l,2-di-0-acetyl-(l,2/5)-5- 
acetamido-3-cyclopentene-l,2-diol (1) was first trans
formed into the corresponding O-isopropylidene deriva
tive 3; hydroxylation with permanganate, and acetyla
tion then gave a product which could have been either 
4a or b. However, by two reactions not involving 
the asymmetric centers the substance was converted 
into the known pentaacetate11 7, and structure 4a is 
therefore correct. Selective removal of either the 0- 
acetyl groups or the O-isopropylidene group then gave, 
respectively, glycols 5 and 6. In the case of the all- 
tran s  compound DL-l,2-di-0-acetyl-(l,5/2)-5-acetamido-
3-cyclopentene-l,2-diol (8), a previous study11 had 
shown that the di-O-acetylacetamidotetrol produced

(12) R. U . L em ieu x  a n d  R . J . C u sh ley , C an. J .  Chem ., 41, 858 (1963).
(13) (a) F . W . L ic h te n th a le r , Chem . B er., 96, 845 (1963); (b) ib id ., 96, 

2047 (1963); (c) F . W . L ic h te n th a le r  a n d  H . L e in e r t, ib id ., 99, 903 (1966); 
(d) F . W . L ic h te n th a le r  a n d  P . E m ig , Tetrahedron L ett., 577 (1967).

(14) M . N a k a jim a , A. H aseg aw a , a n d  F . W . L ic h te n th a le r , A n n . Chem ., 
680, 21 (1964).

by treatment with permanganate was 10. In order to 
obtain a pure sample of 10, the syrupy crude product 
was converted into the crystalline O-isopropylidene 
derivative 9 which was purified and then hydrolyzed 
with 50% acetic acid to give 10.

Treatment of the glycols with periodate converts 
5 into DL-h/£o-4-acetamido-2,3-isopropylidenedioxypen- 
tanedial (11); 6 is converted into DL-nho-4-acetamido-
2,3-diacetoxypentanedial (17) ; and 10 is converted into 
DL-:rî/Zo-4-acetamido-2,3-diacetoxypentanedial (21) (see 
Chart II).

Inosadiamines from lyxo  Dialdehyde 11.—Treatment 
of the dialdehyde 11 with nitromethane under alkaline 
conditions911 produced a mixture of stereoisomeric de- 
oxynitroinosamines 12 (see Chart II). Attempted 
catalytic hydrogenation of 12 with PtOî, Raney nickel 
(W-2), or 10% palladium on carbon, under various con
ditions, was unsuccessful. Raney nickel T-4, prepared 
according to Nishimura,15 however, was found to be 
effective, as shown by the disappearance of the nitro 
group. The reduced material, after acid hydrolysis of 
the isopropylidene group and peracetylation, was frac
tionated by chromatography. Six different hexa- 
acetylinosadiamine fractions were obtained, apparently 
in pure state, as shown by sharpness of the melting 
points. Configurational assignments were based on 
nmr spectroscopy, by which the numbers of axial and 
equatorial acetoxy and acetamido groups could be 
determined8’12-14 as shown in Table I. These results 
were then compared with the predicted preferred con
formation of each of the products that could have 
arisen from the sequence of reactions employed. Be
cause three new asymmetric centers are created in the 
condensation of a dialdehyde with nitromethane, eight 
inosadiamines could be formed. The configurations

(15) S. N ish im u ra , B u ll. Chem . Soc. J a p . ,  32 , 61 (1959).
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Chart II

13 14 15

OR

NHR
16a

or

OR

RO NHR 
16b

R=A c

T a b l e  I

C h e m i c a l  S h i f t s  o f  A c e t y l  M e t h y l  G r o u p s  o f  I n o s a d i a m i n e s “

HCO

R O -

R O -

RNH— 
HCO 

17

HCO

-O R
R O -

—NHR

HCO
21

T riv ia l P re fe rred -----A cetoxy l p ro to n s -----------------------------• /---------- A ce tam id o  p ro to n s ---------
C o m p d d e s ig n a tio n c o n fo rm a tio n A xial E q u a to r ia l A xial E q u a to r ia l

13 myo-4,6 eaeeee 2.18(3) 1.99 (9) 1.87(6)
14 epi- 2,6 eaeaee 2.20(3) 2.00 (3), 1.93 (3), 1.89 (3) 2.00(3) 1.87(3)
IS alio-1,3 aeaeea 2.21(3) 2.01 (3), 1.98 (6) 2.01 (6)
16a or neo-1,3 eaeeae 2 .2 2 (6) 2.0 1 (6) 1.92(6)
16b chiro-2,4 eaaeee
19 mj/o-1,5 eaeeee 2.16 (3) 2.08 (3), 2.01 (3), 1.97 (3) 1.90 (6)
20a or epi-1,5 eaeaee 2.10  (6) 1.97 (3), 1.88 (3) 1.85 (6)
20b epi-1,3
23 scyllo-1,3 eeeeee 2 .00 (12 ) 1.87(6)
24 raj/o-1,3 eaeeee 2.24(3) 2.01 (3), 2.00 (3) 1.90 (6)
25 chiro-1,3 eaaeee 2.19 (3) 2.00(3), 1.98 (3), 1.97(3) 2.00(3) 1.95(3)

“ Spectra were measured on solutions in CDCI3-C D 3OD (2:1 or 1:1). Values are reported on the 6 scale. Numbers in parentheses 
refer to number of protons.

T a b l e  I I

P r e f e r r e d  C o n f o r m a t i o n s  o f  I n o s a d i a m i n e s

C o n fig u ra tio n R o o t n am e C o n fo rm a tio n

1 ,2,3,4,5,6/0 CÎS- aeaeae or eaeaea
1 ,2,3,4,5/6 e p i - eaeaee
1,2,3,4/5,6 allo- aeaeea or eaeaae
1,2,3,5/4,6 myo- eaeeee
1,2,4,5/3,6 muco- eeeaaa or aaaeee
1,2,3/4,5,6 neo- eaeeae
1,2,4/3,5,6 chiro- aeeeea
1,3,5/2,4,6 scyllo- eeeeee

and conformations of these are indicated in Table II 
and Chart III. The total yield of pure products was 
12% ; so one cannot refer to “principal” or “minor” 
products of the cyclization reaction (see Experimental 
Section). The most abundant product isolated was 
considered to have configuration 13, i.e ., mi/o-4,6, since 
it had one axial acetoxyl group, whereas the other three 
acetoxyl groups and both acetamido groups were equa
torial. The two next most abundant products were as-

signed configurations 14 (DL-epf-2,6) and 15 (dl-a llo -
1,3). A fourth product, 16, mp 296-299°, had two 
axial and two equatorial acetoxyl groups and two equa
torial acetamido groups. This restricts the possible 
configuration to n eo-1,3 (16a) and dl-c7mVo-2,4 (16b) but 
does not distinguish between these two possibilities. 
Two additional products of this reaction have not been 
identified.

In a separate experiment the sequence of reactions 
was altered so that the mixture obtained after reduc
tion of the nitro group was not acidified, but was acet- 
ylated directly to a mixture of monoisopropylidene- 
tetraacetylinosadiamines. From this mixture four 
compounds were purified. Three of these correspond 
to the inosadiamines 13, 14, and 16, since removal of 
the isopropylidene groups followed by peracetylation 
yielded compounds identical with the hexaacetyl de
rivatives previously prepared. The isopropylidene 
derivatives are designated as 13-Ip, 14-Ip, and 16-Ip.

Inosadiamines from ribo  Dialdehyde 17.—Three 
diastereoisomeric inosadiamines were obtained from the
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P o s s i b l e  C o n f i g u r a t i o n s  a n d  T r i v i a l  N a m e s  o f  I n o s a d i a m i n e s  T h a t  C o u l d  B e  D e r i v e d  
f r o m  t h e  T h r e e  D i a l d e h y d e s  U s e d  i n  T h i s  S t u d y

Chart III

HCO

— O- 

— O'

RNH-

>
HCO

n

HCO

R O -  

R O -  

RNH—

HCO
17 eis-1,3

muco-1,3

allo-2,Q

epi-1,5

N N
my o- 4,6 chiro-  2,4

(it (jt
alio -1,5 chiro-1,3

N N
aifo-1,5 epi~ 2,6

epi-1,3 mya-1,5

R =A c

14-Ip

RO NHR 
16-Ip-b

cyclization of the dialdehyde 17 (Chart IV). One of 
these is identical with the product designated as dl-  
e p i-2,6 (14) which was obtained from dialdehyde 11. 
Another product 19 had one axial acetoxyl group and 
all the other acetyl groups equatorial. Of the eight 
possible isomers (Chart III) only m .-m yo -l ,5  can 
assume such a conformation. The third product, 20,

had two each of axial and equatorial acetoxyl groups 
and two equatorial acetamido groups. Two of the 
possible compounds, ep i-1 ,5  (20a) and DL-epi-1,3 
(20b), could exist in this conformation. No further 
decision between these possibilities can be based on the 
available evidence.

Inosadiamines from xylo  Dialdehyde 21.—Three
products were obtained from the condensation of di
aldehyde 21 with nitromethane (see Chart IV). In 
this case, all three of the compounds were previously 
known.6-8 The physical and spectral properties of 
these substances agreed with those reported by the 
earlier workers. The compounds are the scy llo -1,3 
(streptamine),6 the m y o -1,3,7 and the dl-c/m.Vo-1,38 
(structures 23, 24, and 25, respectively; Chart IV).

Validity of use of Chemical Shift of Acetyl Groups 
for Configurational Assignments.—The correlations of 
chemical shift with the axial or equatorial orientation of 
acetoxyl and acetamido groups were established8,12-14 
on the basis of spectra measured on solutions in chloro
form. Most of the new compounds reported here are 
insufficiently soluble in chloroform for the measurement 
of nmr spectra. The values reported in Table I are de-
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HCO

R O - 

R O -  

RNH

HCO
17

HCO

-O R

R O -

C h a p .t  I V

MeNOs
etc .

OR RO '

-NHR

HCO
21

NHR

'O R r h n
\OR

OR

NHR
19

'ORRHNN 
kQR

RO' 'O R
NHR

20b

RQ A—
H î/N i  1/OR 
"IteT“  \  RHN

V
OR

RO OR NHR
23 24 25

R=A c

26
2930

o :

35
36

10

Cyclitols

Carbohydrates «

t i—>—1 I—I

n -9 _

^ -n - r fL

___r-T-rrf~h

□_i—! ! ]—i——

I---- I — r2.10 
S ppm

Figure 1.—Chemical shifts of acetyl protons of acetoxy and 
acetamido groups of carbohydrates and cyclitols. The diagonally 
hatched areas represent equatorial acetamido groups. Point Y 
represents an axial acetamido group in compound 40. The re
maining data refer to acetoxyl groups. The vertical axis in each 
case represents the number of signals observed at the indicated 
chemical shift, and the double arrow marked 10 shows the height 
equivalent to 10 signals in the histogram. A, B, and C indicate 
that the data are derived from spectra measured on solutions in 
CDC13) CDCI3-CD 3OD (2:1), and CDCI3-CD 3OD (1:1), respec
tively. The upper part of the figure shows the influence of mag
netically anisotropic functional groups on chemical shifts of com
pounds with similar configurations. Not shown in the figure are 
the chemical shifts of the C-CH3 group of laminitol (5 1.56 — 
1.58) and the O-CH3 group of bornesitol (5 3.36-3.38).

rived from spectra measured on solutions in a mixed sol
vent, either 2 :1  or 1 :1  (v/v) mixtures of CDCI3 and 
CD3OD. In view of the well-known influence of sol
vent composition on chemical shift, we considered a re
examination of the chemical shifts of acetyl groups in 
the mixed solvents essential. The results of such a 
study are shown in Figure 1. Five fully acetylated 
carbohydrates and fifteen fully acetylated cyclitols (in
cluding aminocyclitols) were studied. A definite sol
vent shift is observed when 2 :1 or 1 : 1  CDCI3-CD 3O D  
is substituted for pure C D C 13. However, the shift is

small and in no case does any ambiguity arise. The 
data for the carbohydrates and the cyclitols are re
ported separately in Figure 1 because the carbohydrate 
derivatives have two types of groups not found in the 
cyclitols, v iz ., anomeric and primary acetoxyl groups. 
The axial anomeric acetoxyl signals are those at lowest 
field,16,17 and the signals of equatorial anomeric acetoxyl 
groups are the only ones that may overlap with the 
“axial” region and may thus cause confusion in the 
assignments. In the case of the cyclitols, Figure 1 
shows that the generalizations previously estab- 
lished8,12-14 are still valid when the mixed solvent is 
used in place of pure CDC13.

The data for laminitol 29 and 2,4,6/3,5-pentahy- 
droxycyclohexanone (scy llo -m s-inosose) 30 (Chart V) 
are given separately because both contain magnetically 
anisotropic groups. S cyllo -m s-inosose contains no axial 
acetoxyl groups but two of the groups give nmr signals 
at 5 2.16, i.e ., in the middle of the “axial” spectral re
gion. This is due to a strong deshielding effect exerted 
by the ring carbonyl group, and these low-field signals 
probably represent the acetoxyl groups adjacent to the 
ring carbonyl. In the case of laminitol, the C-methyl 
group shields some and deshields other acetoxyl groups 
relative to the equatorial acetoxyl groups of myo
inositol. Even so, in spite of the presence of the aniso
tropic group the assignments seem unambiguous. On 
the basis of the results of Lichtenthaler and Emig13d the 
signal at 5 1.89 is assigned to the C(CH3)-acetoxyl 
group. The anisotropic effect of the azido group is seen 
when the data for the azidotriol triacetate 35 are com
pared with those for the acetamidotriol triacetate 36. 
One of the equatorial acetoxyl groups of 35 is deshielded 
by 0.08 ppm relative to 36, whereas the other equatorial 
group and the axial group are unaffected. Similar ob
servations on the effects of anisotropic groups have been 
published recently by Horton, et a l . ,a  and by Cushley,

(16) D . H o r to n , J .  B. H ughes , J .  S. Jew ell, K . D . P h ilip a , a n d  W . N . 
T u rn e r , J .  Org. Chem ., 32, 1073 (1967).

(17) D . H o r to n , W . E . M a s t, a n d  K . D . P h ilipa , ib id ., 32 , 1471 (1967).
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Chart V

R R R
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R R
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R R R

R R
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28
R

R
R

R- R
29

0 . R
R

R "  R 
30

32

38 39
R = OAc; X = NHAc

et a l . is Since the new aminocyclitols listed in Table I 
contain the same type and number of substituents, the 
assignment of configuration based on chemical shifts ap
pears to be safe.

14C-Labeled Inosadiamines.—When the nature of 
the products was established, each of the condensation 
reactions was repeated as described, except that the 
nitromethane was labeled with l4C. The usual pro
cedures then gave a series of specifically labeled inosa
diamines. A similar type of reaction was used by 
Drummond, et a l . ,19 to prepare specifically labeled 
inosamines, which were then deaminated to give labeled 
inositols.

Discussion

The hexaacetyl derivative of the allo-1 ,3-diamine 15 
can exist in two chair conformations in which non- 
bonded repulsions might be assumed to be nearly 
equivalent. The data in Table I suggest, however, that 
one of the conformers predominates, specifically the one 
in which the acetamido groups are axial. Two possible 
explanations of this finding are (a) that the combina
tion of two axial acetamido groups and one axial ace- 
toxyl group is sterically less demanding than are three 
axial acetoxyl groups and (b) that, when the acetamido 
groups are axial, one or both amide hydrogen atoms can

(18) R . J . C ush ley , K . A. W a ta n a b e , a n d  J . J .  F ox, J .  A m er. Chem. Soc., 
89, 394 (1967).

(19) G . I .  D ru m m o n d , J . N . A ronson , a n d  L. A nderson , J .  Org. Chem ., 26, 
1601 (1961).

more easily form hydrogen bonds. This hydrogen 
bonding would then make the “acetamide axial” con- 
former more stable. Study of Dreiding models shows 
that each amide hydrogen atom can approach within 
H-bonding distance of several potential electron-pair 
donors, including the carbonyl oxygen and the nitrogen 
atom of the other acetamido group, as well as the car
bonyl oxygen atoms of adjacent equatorial acetoxyl 
groups. A situation which would be formally analo
gous to a dimeric form of acetic acid or acetamide, i.e ., 
that in which both amide hydrogens would be bonded 
simultaneously to the opposite carbonyl oxygens, ap
pears to be excluded because of interference between the 
acetyl methyl groups. Further experimental work will 
be required to establish whether such hydrogen bonds 
are indeed present, and, if so, what acceptor atoms par
ticipate in the bonding. Similar arguments involving H 
bonding of the acetamide hydrogen atom can be used to 
justify the assignment of a favored conformation for the 
mwco-inosadiamine 40 as shown in Chart V. The three 
myo-inosadiamines reported in Table I could also exist 
in chair conformations with syn-diaxial acetamido 
groups, but these conformations would have five sub
stituents axial and only one equatorial, a most unfavor
able situation. In a related study, Lichtenthaler and 
Leinert130 find that in the case of hexaacetyl-m-inosa- 
triamine-(l,3,5) the “acetamide equatorial” conforma
tion is favored, rather than the axial conformations 
proposed in the present work. The conformation of 
the triamino compound is deduced from the nmr spec-
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trum of a sample dissolved in D20 , whereas in the pres
ent study spectroscopy was carried out on solutions in 
CDCI3-CD 3OD whose polarity is much lower. Un
doubtedly, the aqueous environment would have a 
greater tendency to disrupt intramolecular H bonds, so 
that this stabilizing factor would be absent. Further
more, because of the greater polarity of acetamide 
groups relative to acetoxyl groups, one may postulate 
the existence of a solvent cage of D20  molecules as
sociated with the acetamido groups. Such a solvent 
cage would make these groups much larger than the 
acetoxyl groups, and thus would favor the “acetamide 
equatorial” conformation.

The chemical shifts observed in the case of the ep i-2,6 
isomer 14 are not easy to interpret, since the signals are 
at higher field than those of all the other compounds. 
By elimination of other possibilities we have arrived at 
the conclusion presented, but some reservations may 
be necessary, and the configurational assignment in this 
case, although reasonable, is only tentative.

The cyclopentane cyclitols and aminocyclitols10,11 
are convenient starting materials for the preparation of 
cyclohexane aminocyclitols. The disadvantage of these 
compounds is that so far none of the racemates has 
been resolved. However, methods exist for resolution 
of amino compounds, and this disadvantage can be over
come. The total synthesis of inosadiamines from cyclo- 
pentadiene represents the conversion of a petroleum 
by-product into compounds related to antibiotics, which 
are of potential interest in biological and medicinal 
chemistry. The same approach has been used for pre
paring deoxyinosadiamines,20 and should be a useful 
step in the synthesis of labeled or modified antibiotics.

Experimental Section21

d L-1,2-0-Isopro pylidene-( 1,2/5 )-5-acetamido-3-cyclopentene-
1,2-diol (3).—A 10.4-g (43.2 mmol) sample of DL-l,2-di-0- 
acetyl-(l,2/5)-5-acetamido-3-eyclopentene-l,2-dioln (1) was dis
solved in 100 ml of methanol saturated with dry NH3 and 50 ml 
of absolute ethanol and left overnight at room temperature. 
The solvent and acetamide were evaporated under reduced 
pressure to give the syrupy acetamidodiol 2. The latter was 
stirred 3 days with anhydrous acetone (450 ml), anhydrous 
CuS04 (50 g), and 0.5 ml 98% H2SO4. The green reaction mixture 
was neutralized with saturated methanolic NH3 and filtered. 
Evaporation of solvent gave a syrup which crystallized from 
ether. Recrystallization from ether gave 6.74 g (79%) of plates 
(3), mp 98°. Anal. Calcd for Ci0H,6O3N (197.24): C, 60.89; 
H, 7.67; N, 7.10. Found: C, 60.60; H, 7.52; N, 6.89.

DL-l,2-Di-0-acetyl-3,4-0-isopropylidene-(l,2,5/3,4)-5-acet- 
amidocyclopentane-l,2,3,4-tetrol (4a).—To a solution of 2.8 g 
(14.2 mmol) of 3 in 400 ml of 95% ethanol, 10.5 g of MgSCV 
7H2O was added; then 400 ml of 2% aqueous KMnO-i was added, 
with stirring, over a period of 2 hr at —20°. The mixture was 
then left overnight at room temperature, filtered, treated with 
active carbon, and filtered again. Concentration in a rotary 
evaporator gave an amorphous substance, which was extracted 
with 100 ml of hot absolute ethanol. The ethanolic solution was 
evaporated to a yellow syrup; this was acetylated (10 ml of pyri
dine, 10 ml of acetic anhydride) overnight at room temperature.

(20) A . H aseg aw a a n d  H . Z. S ab le , u n p u b lish e d  d a ta .
(21) M e lt in g  p o in ts  w ere  d e te rm in e d  o n  a  K ofler M icro  h o t  s ta g e  (A. H . 

T h o m a s  a n d  C o.) a n d  a re  co rrec ted . B o iling  p o in ts  a re  u n co rrec ted . N m r 
s p e c t ra  w ere  reco rd e d  w ith  a  V a ría n  A ssocia tes A -60 n m r  sp ec tro m e te r . 
In f ra re d  s p e c t ra  w ere  reco rd e d  w ith  a  P e rk in -E lm e r  M o d e l 237B  sp ec tro 
p h o to m e te r . R a d io a c t iv ity  w as m e asu red  on th in  sam p les  on  s tee l p lan ch e ta , 
w ith  a  N u c le a r-C h ica g o  C orp . M od el 183B co u n te r. M ic ro a n a ly se s  w ere  per
fo rm e d  b y  G a lb ra i th  L a b o ra to r ie s , K noxv ille , T e n n . P ro p o r tio n s  in d ic a te d  
fo r  m ix ed  so lv en ts  re fe r  to  v o lu m e  p e r  v o lu m e  ra t io s . F o r  c h ro m a to g ra p h y , 
M erck  a lu m in u m  ox ide , ac id  w ashed , w as used.

Removal of the reagents by evaporation gave a syrup which was 
chromatographed over A120 3 (60 g, 1.8-cm diameter) with chloro
form to give 2.93 g of crude 4a. Recrystallization from ether 
gave 2.41 g (54%) of colorless needles, mp 108°. Anal. Calcd 
for Ci4H210,N  (315.32): C, 53.32; H, 6.71; N, 4.44. Found: 
C, 53.46; H, 6.58; N, 4.45.

d l -3 ,4-0-Isopropylidene-(l,2/3,4,5)-5-acetamidocyclopentan e-
1.2.3.4- tetrol (5).—Compound 4a (1.267 g, 4.02 mmol) was dis
solved in 50 ml of methanol saturated with NH3 and 10 ml of 
methanol and left overnight at room temperature. Solvent and 
acetamide were evaporated. The crystalline residue was re
crystallized from absolute ethanol-ether to give 5, 675 mg (73%), 
as needles, mp 144-145°. Anal. Calcd for CioHn0 5N (231.25): 
C, 51.94; H, 7.41; N, 6.06. Found: C, 51.84; H, 7.60; 
N, 6.12.

DL-l,2-Di-0-acetyl-(l,2,5/3,4)-5-acetamidocyclopentane-l,2,-
3.4- tetrol (6).-—Compound 4a (860 mg, 3.12 mmol) was dis
solved in 60 ml of 50% acetic acid and heated for 1 hr at 100°. 
Removal of solvent gave a crystalline substance which was re
crystallized from absolute ethanol-ether to yield 508 mg (68%) 
of 6  as colorless needles, mp 133°. Anal. Calcd for C11H17O7N 
(275.27): C, 47.99; H, 6.23; N, 5.09. Found: C, 47.48; 
H, 6.26; N, 5.18.

DL-1,2,3,4-Tetra-0-acetyl-(l,2,5/3,4)-5-acetamidocyclopen- 
tane-I,2,3,4-tetrol (7).—Compound 6 (40 mg, 0.14 mmol) was 
acetylated (2.0 ml of pyridine, 1.0 ml of acetic anhydride, 2 days 
at room temperature) and worked up as usual. Ether (2 ml) was 
added to the syrupy residue, and after standing at —10° for 
several days the product crystallized. Recrystallization from 
ether gave plates (48 mg, 89%), mp 119°. A mixture melting 
point with authentic117 was not depressed, and the infrared spec
tra were identical.

DL-3,4-Di-0-acetyl-l,2-0-isopropylidene-(l,2,4/3,5)-5-acet- 
amidocyclopentane-l,2,3,4-tetrol (9).—To a solution of 2.5 g 
(10.4 mmol) of DL-l,2-di-0-acetyl-(l/2,5)-5-acetamido-3-cyclo- 
pentene-l^-diol11 (8) in 250 ml of 95% ethanol, 7.5 g of MgSOr- 
7H20  was added. The solution was stirred and maintained at 
— 20° for 1 hr while 272 ml of 1% aqueous KMn04 was added. 
After standing overnight at room temperature the mixture was 
filtered; the filtrate was treated with active carbon, refiltered, 
and then concentrated. The amorphous residue was extracted 
with 100 ml of hot absolute ethanol, and the syrupy product 
obtained after evaporation of the ethanol was treated with 450 
ml of anhydrous acetone, 10 g of anhydrous CuS04, and 0.2 ml 
of 98% H2SO4, and stirred for 2 days. The product was worked 
up as usual, and the syrup obtained was chromatographed over 
AI2O3 (80 g, 1 .8-cm diameter) with chloroform to give crude 9 
(1.46 g, 44%). Crystallization from ether gave needles, mp 
147-150°. Anal. Calcd for CuH210 7N (315.31): C, 53.32;
H, 6.71; N, 4.44. Found: C, 53.10; H, 6.58; N, 4.35.

d  l-3 ,4-Di-O-acetyl- (1,2,4/3,5 )-5-acetamidocyclopentane-l ,2 ,-
3.4- terrol (10).—The isopropylidene derivative 9 (150 mg, 0.48 
mmol) was dissolved in 10 ml of 50% acetic acid and heated 
for 2 hr at 100°. After removal of solvents a slightly yellow 
syrup (10) was obtained. Attempts to crystallize this product 
were unsuccessful.

4,6-Diacetamido-l,2,3,5-tetra-0-acetyl-4,6-dideoxy-mj/o-inosi- 
tol (13), DL-2,6-Diacetamido-l,3,4,5-tetra-0-acetyl-2,6-dideoxy- 
epf-inositol (14), DL-l,3-Diacetamido-2,4,5,6-tetra-0-acetyl-l,3- 
dideoxy-oHo-inositol (15), and l,3-Diacetamido-2,4,5,6-tetra-0- 
acetyl-1,3-dideoxy-neo-inositol (16a) or DL-2,4-Diacetamido-
I, 3,5,6-tetra-0-acetyl-2,4-dideoxy-c/uro-inositol (16b).—The acet
amido isopropylidene compound 5 (630 mg, 2.72 mmol) was 
dissolved in 15 ml of water containing 600 mg of N aI04 and the 
solution was left overnight at room temperature. After evapora
tion of water, the residue was extracted with 50 ml of hot ethanol- 
chloroform (1:1). When this solvent was evaporated a yellowish 
syrup (fj/xo-dialdehyde 11) was obtained, which was used without 
further purification for the next reaction. The syrup was dis
solved in 10 ml of absolute ethanol, and 750 mg of nitromethane 
was added. The solution was cooled and maintained between 
0 and —5° while 7 ml of “2% sodium alcoholate” (2 g of Na in 
100 ml of ethanol) was added dropwise over a period of 10 min 
with stirring; the stirring was continued for 2 hr. The mixture 
was then left overnight at 5°. Yellow crystals separated; these 
were dissolved in 100 ml of methanol and the solution was treated 
with Amberlite IRC-50-II+ to remove sodium ions. The solvent 
was evaporated, leaving a yellow syrup 12 whose infrared spec
trum showed absorption at frequencies characteristic of the 
following functional groups: OH (3400 cm“1), N 0 2 (1541 cm-1),
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acetamido carbonyl (1640 cm-1), and isopropylidenedioxy (842 
cm-1). The crude nitro compound 12 was dissolved in 50 ml of 
50% aqueous ethanol; 3.0 g of Raney nickel T-4 catalyst16 was 
added and hydrogen as bubbled through for 2 hr while the solu
tion was stirred and maintained at 60-65°. The solution was 
then made sligtrly acidic by addition of 2 N  HC1 and then hy
drogen was passed in for 5 hr. After removal of the catalyst by 
filtration the solution was acidified with 5 ml of concentrated 
HC1, the solvents were removed, and the residual syrup was 
acetylated. The acetylated product was chromatographed over 
AI2O3 (50 g, 1.0-cm diameter) with chloroform and chloroform- 
ethanol (1:1). The crystalline products obtained from the 
eluates were recrystallized from absolute ethanol or ethanol- 
ether (1:1). The first eluate fraction (20 ml of chloroform) 
yielded 3.5 mg (0.3%) of unidentified needles, mp 250°. A 
second fraction (50 ml of chloroform) gave 20.5 mg (1.8%) of 
unidentified prisms (correct analysis for an inosadiamine hexa- 
acetate); these were transformed into needles at 262-263° and 
melted with sublimation at 300-310°. A third elution (20 ml of 
chloroform-ethanol) gave 604 mg of syrup which was crystallized 
from ethanol-ether. Fractional recrystallization of this product 
from ethanol gave 23 mg (2%) of needles, mp 318-320° dec, 
identified as 15, and 48 mg (4.1%) of prisms, mp 250-255° dec, 
identified as 13. The combined mother liquors of this fraction 
were evaporated to a syrup which was dissolved in 10 ml of 
ethanol-ether and left at 5° for 2 weeks. The crystalline material 
was fractionally recrystallized from ethanol to give 43 mg (3.7%) 
of needles, mp 280-283° dec, identified as 14, and 15 mg (1.3%) 
of needles, mp 296-299°, identified as 16. Elemental analysis 
of 16 was not carried out. Anal. Calcd for C18H26O10N2 (430.4): 
0,50.19; H, 6.09; N, 6.51. Found for 13: 0,50.31; H, 6.21; 
N, 6.59. Found for 14: C, 50.10; H, 6.17; N, 6.60. Found 
for 15 : 0,50.39; H, 6.52; N, 6.70. Found for the unidentified 
prisms: C, 59.28; H, 6.35; N, 6.70.

14C-Labeled Inosadiamines 13, 14, and 15.—The sequence of 
reactions described in the previous section was repeated, radio
active nitromethane22 being used. The amounts of starting 
material were 580 mg of acetamidoisopropylidenetetrol 5 and 
750 mg of 14C-nitromethane. The amounts and measured radio
activity of the products were 13, 45 mg, 3830 cpm/mg; 14, 33 
mg, 4000 cpm/mg; and 15, 18 mg, 3970 cpm/mg.

DL-4,6-Diacetamido-l,5-di-0-acetyl-4,6-dideoxy-2,3-0-iso- 
propylidene-??ii/o-inositol (13-Ip), DL-2,6-Diacetamido-l,3-di-
0-acetyl-2,6-dideoxy-4,5-0-isopropylidene-epi-inositol (14-Ip), 
and DL-l,3-Diacetamido-2,4-di-0-acetyl-l,3-dideoxy-5,6-0-iso- 
propylidene-neo-inositol (16-Ip-a) or DL-2,4-Diacetamido~l,3-di-
0-acetyl-2,4-dideoxy-5,6-0-isopropylidene-c/iiro-inositol (16-Ip- 
b).—The sequence of reactions used in the previous two sections 
was repeated with the modifications noted. Crude hyxo dialde
hyde 11 derived from 580 mg of 5 was dissolved in 15 ml of ethanol 
and treated with 0.7 ml of nitromethane and 0.7 ml of 2% sodium 
methylate. The work-up was carried out as described, except 
that, after removal of the catalyst by filtration, concentrated 
HC1 was not added. Instead the neutral solution was evaporated 
to a syrup which was acetylated as usual (10 ml of pyridine and 
5 ml of acetic anhydride) and the crude product was chromato
graphed over AI2O3 (40 g, 1.8-cm diameter). In each case, re
moval of the solvent gave a syrup which was crystallized by 
addition of ether-ethanol (3:1) and recrystallized from ethanol. 
The first portion of eluate (60 ml of chloroform) gave 35.1 mg of
14-Ip as needles, mp 246-248°, and 16 mg of an unidentified 
substance as needles, mp 235-236°. The second eluate (20 ml of 
chloroform-ethanol, 1:1) gave a residue which was fractionally 
crystallized from ethanol to give 35.6 mg of 13-Ip as needles, mp 
294-296° dec, and 48.2 mg of 16-Ip as needles, mp 283-285°. 
Each of the substances identified had infrared spectra consistent 
with the functional groups present and the nmr spectra were 
correct for compounds with two acetoxyl, two acetamido, and 
two O-isopropylidene methyl groups. Identification was achieved 
as follows. The isopropylidene derivative (15 mg) was dissolved 
in 3 ml of 2 ,V HC1 and heated at 50° for 30 min, the solvent was 
evaporated, and the residue was acetylated as usual. The 
products were crystallized from ethanol-ether and recrystallized

(22) 14C -L abeled  n itro m e th a n e  w ith  a n  in d ic a te d  specific a c tiv i ty  of 240 
^ C i /g  w as o b ta in ed  from  V olk  R ad io ch em ica l C o., Skokie, 111. I n  th e  experi
m e n ts  d escribed  th is  m a te r ia l w as d ilu te d  to  o n e -te n th  th e  specific a c tiv i ty  
b y  a d d itio n  of n ine  p a r ts  of n o n ra d io a c tiv e  n it ro m e th a n e . T h is  d ilu te d  m a
te r ia l w as assum ed  to  h av e  a  specific a c tiv i ty  of 24 g C i/g . T h e  ra d io a c tiv ity  
of th e  p ro d u c ts  is re p o rte d  in  cpm  (co u n ts  p e r  m in u te  a b o v e  b a c k g ro u n d )  
an d  n o t co n v e rted  in to  th e  C u rie  scale.

from ethanol, to give 10-11 mg of substances whose melting 
points and infrared and nmr spectra were identical with those of 
the authentic hexaacetyl compounds 13, 14, and 16.

d  l - 2 ,6-Diacetamido-1,3,4,5-tetra-0-acetyl-2,6-dideoxy-ept-ino- 
sitol ( 14), d  l - 1,5-Diacetamido-2,3,4,6-tetra-O-acetyl-l ,5-dideoxy- 
myo-inositol (19), and l,5-Diacetamido-2,3,4,6-tetra-0-acetyl-
1,5-dideoxy-ejn-inositol (20a) or DL-l,3-Diacetamido-2,4,5,6-te- 
tra-0-acetyl-l,3-dideoxy-ejn-inositol (20b).—The ribo dialdehyde 
17 was prepared from glycol 6 (654 mg, 2.37 mmol) by treatment 
with NalCh (510 mg in 20 ml of water), extraction with hot etha
nol, and evaporation to a syrup as described above. The syrupy 
product was dissolved in 15 ml of absolute ethanol, 600 mg of 
nitromethane was added, and the solution was maintained be
tween 0 and —5° while 7 ml of 2% sodium ethylate was added 
(10 min); stirring was continued for 2 hr and the mixture was 
stored overnight at 5°. The product consisted of a precipitate 
18a and a soluble portion 18b. These were separated by filtration 
and were worked up separately as described above, to give hexa
acetyl inosadiamines. The product derived from 18a was 
chromatographed on AI2O3 (50 g, 1.0-cm diameter) with chloro
form-ethanol (1:1), and the crystalline product was fractionally 
recrystallized from ethanol to give 68.5 mg (6.7%) of needles, 
mp 295-300° dec, identified as 20, and 11 mg (1.1%) of needles, 
mp 280-283°, identical with 14 described above. Chromatog
raphy of the product from 18b on AI2O3 (20 g, 0.8-cm diameter) 
with chloroform (20 ml) gave 144 mg of a syrupy substance which 
was crystallized by addition of 3 ml of ether and 5 ml of ethanol. 
Fractional recrystallization from ethanol gave 44.2 mg (4.3%) of 
needles, mp 297-298°, identified as 19, and an additional 8 mg 
(0.8%) of 14. Anal. Calcd for CishReOioNi (430.4): C, 50.19; 
H, 6.09; N, 6.51. Found for 19: C, 50.25; H, 6.31; N, 6.55. 
Found for 20: C, 50.31; H, 6.28; N, 6.51.

14C-Labeled Inosadiamines 19 and 20.—The sequence of re
actions described in the previous section was repeated, radio
active nitromethane22 being used. The amounts of starting ma
terial used were 486 mg of glycol 6 and 530 mg of nitromethane 
(12.7 /iCi). The amounts and measured radioactivity of the prod
ucts were 19, 30 mg, 3900 cpm/mg and 20, 43 mg, 4600 cpm/mg.

1,3-Diacetamido-2,4,5,6-tetra-0-acetyl-l ,3-dideoxy-sci/Wo-ino- 
sitol (23), l,3-Diacetamido-2,4,5,6-tetra-0-acetyl-l,3-dideoxy- 
myo-inositol (24), and DL-l,3-Diacetamido-2,4,5,6-tetra-0-acetyl- 
l,3-dideoxy-cfiivo-inositol (25).—The xylo dialdehyde 21 was 
prepared from the acetamidocyclopentanetetrol derivative 10 
(315 mg, 1.14 mmol in 7 ml of water) by treatment with NaI04 
(220 mg) in the usual manner. After removal of water the residue 
was extracted with 30 ml of hot chloroform, the solvent was 
evaporated and the syrupy dialdehyde 21 was dissolved in 8 ml 
of absolute ethanol. This solution was treated with nitromethane 
(320 mg) and 2% sodium ethylate as described above, except 
that stirring was continued for 5 hr before storage at 5° overnight. 
The yellow crystals which formed were collected, dissolved in 
methanol (50 ml), and worked up as before. The mixture of 
acetylated inosadiamines was chromatographed on AI2O3 (20 g, 
0.8-cm diameter). The first eluate (chloroform, 30 ml) yielded 
75 mg of syrup which crystallized from ethanol-ether. Recrystal
lization from ethanol gave 30 mg (6.2%) of 25, mp 219°. The 
second eluate (chloroform-ethanol 1:1, 50 ml) gave 90 mg of 
crystals which were fractionally recrystallized from ethanol to 
give 15 mg (3.1%) of needles, mp 245-250°, identified as 23, and 
65 mg (13.2%) of needles, mp 270-271°, identified as 24. The 
infrared spectra of these compounds were identical with those of 
authentic samples.6-8

14C-Labeled Inosadiamines 23 and 24.—The sequence of re
actions just described was repeated, radioactive nitromethane22 
being used. The amounts of starting materials were 250 mg of 
glycol 10, 500 mg of nitromethane (12 /iCi), and 2.3 ml of sodium 
ethylate. The amounts and radioactivity of the products were 
23, 9 mg, 4370 cpm/mg and 24, 48 mg, 4860 cpm/mg.

Acetylation of Cyclitols.—Cyclitols (tetrols and inositols) were 
acetylated as follows. Cyclitol (60-80 mg) was dissolved in 0.3- 
0.4 ml of dry pyridine, 0.2-0.3 ml of acetic anhydride was added, 
and the mixture was left at room temperature for 2 days. The 
reagents were removed at reduced pressure, a few milliliters of 
water were added and the mixture was reevaporated. The 
products were recrystallized from ethanol.

Source of Compounds Used in the Nmr Study. A. Carbo
hydrates.—The five carbohydrate derivatives used were pur
chased from commercial sources as follows: a-D-glucopyranose 
pentaaeetate, mp 114-115°, from Eastman Kodak Chemicals; 
(3-D-glucopyranose pentaaeetate, mp 133-134°, and /3-D-glucos-
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amine pentaacetate, mp 182.5-183.5°, from Sigma Chemical Co.; 
a-D-galactopyranose pentaacetate, mp 94r-98°, and /S-D-galacto- 
pyranose pentaacetate, mp 144^-147°, from Aldrich Chemical Co.

B. Cyclitols.23—mj/o-Inositol hexaacetate 26, mp 217-218° 
(lit.24 216°), was prepared by acetylation of myo-inositol (General 
Biochemicals, Inc., Chagrin Falls, Ohio). epf-Inositol hexa
acetate 27, mp 183-184° (lit.25 26 188°), was prepared by acetylation 
of epf-inositol kindly supplied by Professor T. Posternak. 
Hexa-O-acetyl-scyMo-inositol (28), hexa-O-acetyllaminitol (29), 
penta-O-acetyl-sci/Ho-ms-inosose (30), penta-O-acetyl bornesitol 
(31), and penta-O-acetyl viburnitol (32) were gifts from Professor
T. Posternak. Tetraacetates of DL-(l,2,3/4)-tetrol26a (33), mp
112.5-113.5°, and DL(l,2,4/5)-tetrol26b (34), mp 91.5-92.5° 
(lit.27 * 93°), were prepared by acetylation of the corresponding 
tetrols.26-28 The azidotriol triacetate2611 35, mp 84-85.5°, was 
prepared from the corresponding azidotriol, and the acetamido-

(23) T r iv ia l  n am es  a re  g iv en  fo r m o s t of th e se  com p o u n d s.
(24) E . G . G riffin  a n d  J . M . N elso n , J .  A m er. Chem . Soc., 3 7 , 1556 (1915).
(25) T . P o s te rn a k , H elv. C him . A c ta , 19, 1333 (1936).
(26) P re p a ra t io n  a n d  s tr u c tu r e  p ro o f of th e se  co m p o u n d s w ill b e  desc rib ed

in  s u b se q u e n t p a p e rs  in  th is  se rie s: (a) H . Z. S ab le , H . K a tc h ia n , C . B .
N iew oehner, a n d  S. B . K ad lec , m a n u sc r ip t in  p re p a ra tio n , (b ) H . Z. S ab le  
a n d  A . L . S im onesen , m a n u sc r ip t in  p re p a ra tio n .

(27) G . E . M cC as la n d , S. F u ru ta ,  L. F . J o h n so n , a n d  J .  N . S hoo lery ,
J .  Org. Chem ., 28 , 894 (1963).

triol triacetate 36, mp 157-159°, was prepared by catalytic 
hydrogenation of the corresponding cyclohexene compound, 
“conduramine C-4,” previously reported by one of us.29 Inoso- 
diamines 37, 38, 39, and 40 were described previously.8-29

Registry No.—3, 16019-90-2; 4a, 16019-91-3; 5, 
16019-92-4; 6, 16019-93-5; 9, 16019-91-3; 12, 16019-
95-7: 13, 6730-22-9; 13-Ip, 16019-97-9; C-labeled 13,
16019- 98-0; 14, 16020-12-5; 14-Ip, 16020-13-6; C-la
beled 14, 16019-99-1; 15, 16020-00-1; C-labeled 15,
16020- 01-2; 16a, 16020-02-3; 16b, 16020-03-4; 16a-Ip, 
16020-04-5; 16b-Ip, 16020-05-6; 19, 16020-06-7; 20a, 
16020-07-8; 20b, 16020-08-9; 23, 7380-63-4 ; 24, 6255-
71-6; 25, 16020-11-4.
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The mass spectra of the epimeric 2-methylcyclohexyl-S-methyl xanthates, acetates, and higher esters have 
been examined. By a combination of deuterium-labeling techniques and high resolution mass spectrometry, 
the principal modes of fragmentation of members of these classes have been uncovered. Evidence has been 
found for the existence of an electron impact induced analog to the thermal Chugaev reaction and, although 
ring conformational mobility complicates the interpretation of the experimental data, some stereospecificity 
favoring cis elimination appears to exist. Ring conformational freedom obviates any sound stereochemical 
conclusions in the ester cases. The positional specificity o: the analogous elimination processes in all 
2-methylcyclohexyl-S-methyl xanthates and esters is found to be high (79-85% 1,2 elimination and inde
pendent of the energy of the ionizing electron beam). The corresponding pyrolytic processes have been 
studied in detail in the epimeric d0- and 2-dj-methylcyclohexyl-S-methyl xanthates and acetates and these 
results are contrasted with those from the electron impact studies. In terms of percentage of the total 
elimination process, values found for the portion of the electron impact induced elimination which proceeds 
toward the tertiary center (C-2) are found to be 47% in cis-2-methylcyclohexyl-S-methyl xanthate (5), 90% 
in frans-2-methylcyclohexyl-S-methyl xanthate (6), 42% in cfs-2-methylcyclohexyl acetate (7), and 38% in 
¿nms-2-methylcyclohexy 1 acetate (8). The corresponding losses in the pyrolytic elimination mode are 29% 
in 5, 65% in 6, 9% in 7, and 56% in 8.

In the recent literature3 have appeared numerous 
references to analogies existing between thermal and 
electron impact induced reactions of organic com
pounds.

(1) F o r  p a p e r  C X L I , see J .  D iek m an , J .  B . T h o m so n , a n d  C . D je ra s s i, 
J .  Org. C hem ., 32, 3904 (1967).

(2) F in a n c ia l a s s is ta n c e  (G ra n ts  N o . C A -07195 a n d  A M -04257) fro m  th e  
N a tio n a l I n s t i t u te s  of H e a lth  of th e  U . S . P u b lic  H e a lth  S erv ice  is g ra te fu lly  
ac k n o w led g ed . T h e  p u rc h a se  of th e  A tla s  C H -4  m ass  s p e c tro m e te r  w as 
m a d e  possib le  th ro u g h  N A S A  G ra n t  N sG  81-60.

(3) (a) F . W . M c L a ffe rty  a n d  R . J .  G oh lke , A n a l. C hem ., 31, 2076 (1959);
(b) E .  K . F ie ld  a n d  S . M eyerson , Chem . C om m un ., 474 (1965); (c) S . M ey er- 
so n , R ec . Chem . Progr. (K resg e-H o o k e r S c i. L ib .) , 26 , 257 (1965); (d) F . 
W eiss, A . Is a rd , a n d  G . B o n n a rd , B u l l . Soc. C h im . F r., 2332 (1965); (e) 
J .  H . B ey n o n , R . F . C u r tis ,  a n d  A . E .  W illiam s, Chem . C o m m u n ., 237 (1966);
(f) R . F . C . B row n , W . D . C row , a n d  R . K . Solly , Chem . I n d .  (L o n d o n ), 343
(1966); (g) R . F . C . B ro w n ; D . V. G a rd n e r , J .  F . W . M cO m ie , a n d  R . K . 
S o lly , Chem . C om m un ., 407 (1966); (h) R . F . C . B ro w n  a n d  R .  K . Solly , 
A u s t. J .  C hem ., 19, 1045 (1966 ); (i) M . P . C av a , M . J .  M itc h e ll , D . C .
D e J o n g h , a n d  R . Y . V an  F ossen , Tetrahedron L ett., 2947 (1966); (j) J . L. 
C o tte r  a n d  G . J . K n ig h t, Chem . C om m un ., 336 (1966); (k) E .  K . F ie ld  a n d  
S . M ey e rso n , J .  A m e r . Chem . Soc., 88, 21 (1966); (1) ib id ., 88, 2836 (1966); (m) 
ib id ., 88, 3388 (1966); (n) E .  K . F ie ld  a n d  S . M ey erso n , J .  Org. C hem ., 31,

It has been pointed cut4 * that one of the most gen
eral mass spectrometric hydrogen-transfer processes,6 
the McLafferty rearrangement,6 i.e ., electron impact 
induced /3 cleavage with concomitant transfer of a
7 -hydrogen atom7 (see a b), may, in the case of 
certain esters (c —► d),8 be regarded as the mass 
spectrometric counterpart to the well-known ester

3307 (1966); (o) S . M ey e rso n  a n d  E .  K . F ie ld , Chem . C o m m u n ., 275 (1966); 
(p) J .  G . P r i tc h a rd  a n d  P . T . F u n k e , J .  H eterocyd. C hem ., 3, 209 (1966); (q) 
D . C . D e Jo n g h , R . Y . V an  F ossen , a n d  C . F . B ourgeo is, Tetrahedron L ett., 
271 (1967); (r) J . I ,  Jo n e s  a n d  H . M . P a is le y , Chem . C om m un ., 128 (1967); 
(s) D . F .  L indow  a n d  L . F r ie d m a n , J .  A m er . C hem . Soc ., 89, 1271
(1967).

(4) G . S p ite lle r  a n d  M . S p ite lle r-F rie d m a n n , M o n a tsh ., 95, 257  (1964).
(5) C f. C . D je ra s s i, P ure  A p p l .  C hem ., 9, 159 (1964).
(6) F . W . M c L a ffe rty , A n a l. Chem ., 31, 82 (1959).
(7) F o r  a  d e ta ile d  rev iew , see H . B udzik iew icz , C . D je ra s s i,  a n d  D . H . 

W illiam s, “ M ass  S p e c tro m e try  of O rgan ic  C o m p o u n d s ,”  H o ld e n -D a y , In c . ,  
S an  F ran c isco , C a lif ., 1967, C h a p te r  3.

(8) (a) W . B enz a n d  K . B ie m an n , J , A m e r . Chem . Soc ., 86, 2375 (1964); 
(b) C . D je ra s s i a n d  C . F en se la u , ib id ., 87, 5756 (1965).
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and Chugaev xanthate pyrolyses9 (see 1 —► 2 +  3). 
It should be noted that in ketones (a) the charge 
remains predominantly with the oxygen-containing 
moiety, while in esters (c) of higher alcohols, the 
olefin portion (d) retains most of the charge. In the 
thermally induced process the hydrogen abstraction 
is known to be cis cyclic in nature9 and pyrolytic

reactions have found wide synthetic utility as a 
result of their stereoselectivity. In esters, the acid 
fragment (2) produced is thermally stable, whereas 
that species produced in the xanthate case undergoes 
further decomposition to mercaptan (RSH) and 
carbonyl sulfide.

The over-all similarity in the behavior of esters with 
available /3 hydrogens in the electron impact (c -*■ d) 
and pyrolytic (1 2 +  3) modes of breakdown
prompted us to examine the stereochemical require
ments of the radical-ion process, since nothing is 
known about it in contrast to the extensive body of 
knowledge existing for the thermal reaction.9

Results and Discussion
As some steroidal xanthates were at hand in the 

course of another study,10 the mass spectra of these 
were examined for the presence of peaks correspond
ing to the ionized olefin, the expected fragment if a 
process corresponding to c -*■ d were operating. The 
low-resolution mass spectrum (12 eV) of 5a-cholestan- 
3j3-ol S-methyl xanthate (4) is representative and 
the higher mass portion of it is reproduced in Figure 1. 
In fact, it will be noted that the two most important 
peaks correspond to the ionized olefin (e) and the 
even-electron ion (f) formed by C(3)-0 bond cleav-

f, m/e 371
(9) F o r  le ad in g  re fe ren ces  a n d  a n  ex ce llen t rev iew  of su ch  p y ro ly t ic  

p rocesses, see (a) C . H . D e P u y  a n d  R . W . K in g , Chem . R ev ., 6 0 , 431 (1960); 
(b) H . R . N ace, Org. R eactions, 12, 57 (1962).

(10) W . S . B riggs a n d  C . D je ra ss i, Tetrahedron, 21, 3455 (1965).

Fiq.l (12ev)
19.10
17.19
1528
13.37

J
1146 ?. 
9.55 -
764 I 
5.73 i  
382 f  
1.91 M

Figure 1.—Partial mass spectrum of 5a-cholestan-3/3-ol 
S-methyl xanthate at 12 eV (A.E.I. MS-9 mass spectrometer).

age. Under the instrumental conditions employed 
for the measurements of the spectrum of this com
pound, it is conceivable that the peak at m/e 370 
arose from ionization of olefin produced pyrolytically 
in the ion source of the mass spectrometer. How
ever, the presence of a weak metastable ion at m/e
286.0 (calcd 286.1) corresponding to the process m/e 
478 -*■ m/e 370 established that at least a portion of 
the observed olefinic fragment e resulted by direct 
loss of the elements of xanthic acid from the molecular 
ion.

In the selection of a system in which to study the 
course and stereochemistry of the electron impact 
induced elimination reactions in esters and xanthates, 
primary consideration was given to the need for 
differentiation between cis and trans modes of elimina
tion. Furthermore, sufficiently volatile S-methyl 
xanthates were required to allow introduction of the 
sample into the mass spectrometer at temperatures 
low enough to avoid complications in spectral inter
pretation arising by operation of competing thermal 
processes. The system chosen for this particular 
study was the 2-methylcyclohexyl moiety11 in which 
the ring methyl may be disposed in either a cis or 
trans relationship to the ester or xanthate function. 
Compounds synthesized initially (see Experimental 
Section) were cis- (5) and frans-2-methylcyclohexyl-
S-methyl xanthate (6) and the corresponding cis
(7) and trans acetates (8).

At the outset it was hoped that the mass spectra 
of the two possible olefins formed by 1,2 elimination,

namely, 1-methyl-l-cyclohexene (Figure 2) and 3- 
methyl-l-cyolohexene, would differ significantly,12

(11) H ow ever, a s  w ill b e  p o in te d  o u t  la te r , th i s  sy s te m  su ffers  from  th e  
d isa d v a n ta g e  of r in g  c o n fo rm a tio n a l m o b ility  w h ich  co m p lic a te s  th e  in te r 
p re ta t io n  of th e  r e s u lts .  See also  (a) J .  C aso n  a n d  K .-L . L iau w , J .  Org. 
C hem ., 3 0 ,  1763 (1965); (b) J .  C aso n  a n d  A . I .  A. K h o d a ir , ib id ., 3 2 ,  575 
(1967).

(12) C o n s id e ra tio n  of th e  d iffe rences in  th e  re tro -D ie ls -A ld e r  frag m en ts  
of m e n th - l-e n e  a n d  m e n th -2 -en e  h as  re c e n tly  a llow ed  conc lusions to  be 
d ra w n  reg a rd in g  th e  d ire c tio n  of e lec tro n  im p a c t  in d u c ed  ac e tic  ac id  elim i
n a t io n  in  c a rv o m e n th y l a c e ta te  [see A. F . T h o m a s  a n d  B . W illha lm , J .  Chem. 
Soc., Sect. B ,  219 (1966)].
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Fiq.Z (70 ev)

(Atlas CH-4 mass spectrometer).

thus allowing direct quantitative assessment of the 
preferred direction of elimination in 5-8. However, 
the spectra of these two olefins were found to be 
virtually superimposable.13 Thus, it was necessary 
to turn to deuterium-labeled substrates in order to 
determine unambiguously the course of these elimina
tion processes. The syntheses of the required deu- 
terated compounds are described later.

2-Methylcyclohexyl Xanthates.—The low resolution 
mass spectra of xanthates 5 and 6 determined at 70 
and 14 eV by cold ion source techniques14 are repro
duced in Figures 3 and 4, and in Table I are reported

T a b l e  I
M e t a s t a b l e  T r a n s i t i o n s  

a n d  E l e m e n t a l  C o m p o s i t i o n s  o f  F r a g m e n t s  f r o m  
2 - M e t h y l c y c l o h e x y l - S - m e t h y l  X a n t h a t e s

F o u n d  F o u n d  
fo r fo r
cis- trans-

x a n th a te  x a n th a te
T ra n s i tio n C a lcd (5) (6)

C JI .rA S ,' + « ^ c 7h 12-+ +  C 2H4OS2 45.1 45.2 45.2
(204+ -*■ 96+ +  108)

C 7H ,3+ — c 6h 9+ +  c 2h 4 49.1 49.1 49.1
(97+ —  69+ +  28)

c 7h i3+ — c 4h 7+ +  c 3h 6 31.2 31.2 31.2
(97+ 55+ +  42)

c 7h 12-+ —  c 6h 9+ +  c h 3- 68.4 68.4" 68 .46
(96+ 81+ +  15)

C6H9+ —  c 4h 7+ +  C 2H2 37.3 37.2 37.2
(81+ - »  55+ +  26)

c 6h 9+ —  c 3h 5+ +  c 2h 4 24.3 c 24.3
(69+ —  41+ +  28)

0 This exact mass measurement was run by Dr. J. H. Beynon, 
Imperial Chemical Industries, Manchester, England. 6 This 
extremely strong metastable ion was visible in low-resolution 
mass spectra without logarithmic transfer recording. c Loga
rithmic transfer recording not run to low enough m/e value to 
observe this metastable ion in xanthate 5, but undoubtedly 
occurs by analogy to xanthate 6.

(13) S ee a lso  T . H . K in s tle  a n d  R . E . S ta rk , J .  Org. C hem ., 32, 1318 
(1967).

(14) T h e  co m p o u n d  w as a d so rb ed  on  a c t iv a te d  ch a rc o a l a n d  in tro d u c e d  
u s in g  th e  d ire c t p ro b e  in le t  in to  th e  T O -4  io n  so u rce  (h e a te d  o n ly  b y  th e  
fila m e n t c u r r e n t  t o  ca. 70°) of th e  A tla s  C H -4  m ass  sp e c tro m e te r . A  s im ila r 
te c h n iq u e  u s in g  m o lecu la r s ieves h a s  b ee n  em p lo y ed  b y  E . S ch u m a ch e r a n d  
R . T a u b e n e s t,  H elv. C h im . A c ta , 49, 1439 (1966).

the metastable ions15 and the transitions to which 
they correspond16 for these compounds. For com
parison purposes, the cold ion source spectrum of the 
one aromatic S-methyl xanthate, phenyl-S-methyl 
xanthate (9), previously reported17 from our labora
tory, is shown in Figure 5.

Comparison of the 70-eV mass spectra of xanthates 
5 and 6 with that (Figure 2) of 1-methyl- (or 3- 
methyl-) 1-cyclohexene (the expected products if a
1,2-hydrogen abstraction is operative) shows that 
there is a qualitative correspondence in the region 
m /e  40-96 with the exception of heteroatom-con- 
taining fragments16 19 at m /e  91, 47, and 45 and a peak 
at m /e  69 (C5H 9+)-18,19 The quantitative differences 
are those which would be predicted (see Table I) for 
ions known to arise through further breakdown of the 
m /e  97 ion.

It is quite pertinent to the subsequent discussion of 
the mode of thermal vs. electron impact induced 
elimination to observe that, in the spectra (Figures 
3 and 4) of xanthates 5 and 6, no peaks appear at 
m /e  48 and 60 corresponding to ionized methyl 
mercaptan and carbonyl sulfide, respectively. These 
are the two stable sulfur-containing moieties which 
are produced in the thermal Chugaev reaction and, 
while their absence by no means establishes rigorously 
the complete absence of thermal processes, it does 
indicate that pyrolysis in the ion source before passing 
through the ionizing electron beam does not occur. 
The mass spectrum of the cis xanthate (5) was also 
run under instrumental conditions20 which should 
promote the pyrolytic process and was, in fact, 
virtually superimposable upon those (see Figure 2) of
1-methyl- and 3-methyl-l-cyclohexene, the expected 
pyrolytic products, with the exception of major frag
ments at m /e  60 (COS-+), 48 (CH3SH'+), 47 (CH3S+), 
and 45 (CHS'+). The latter two fragment ions are 
also evident in the cold-source mass spectrum (Figure
3) of xanthate 5. It is clear, therefore, that Figures 3 
and 4 represent true mass spectra of the ionized 
xanthates and not of some pyrolysis products.

The base peak in the 70-eV mass spectra of both 
xanthates 5 and 6 is due to the even-electron ion of 
mass 97 (28.1% S40 in the former compound and 
25.6% S40 in the latter) having the composition 
C7H i3+ bv high resolution mass spectrometry.16

o, m/e 97 m, m/e 204 n, m/e 97
(15) M e ta s ta b le  ions w ere  d e te c te d  w ith  a n  A tla s  C H -4  m ass  s p e c tro m e te r  

in  c o n ju n c tio n  w ith  a  lo g a rith m ic  tr a n s fe r  rec o rd e r . See R . T , A p lin , 
H . B udzik iew icz , H . S . H o rn , a n d  J .  L ederberg , A n a l. C hem ., 37, 776 (1965).

(16) T h e  com p o sitio n  of a ll re le v a n t ions w as es ta b lish ed  b y  h igh  reso lu 
tio n  m easu rem en ts.

(17) J . B . T h o m so n , P . B row n , a n d  C . D je ra s s i, J .  A m er . C hem . Soc ., 88, 
4049 (1966).

(18) T h e  co m p le te  m ass  s p e c tra  of th e  d e u te ra te d  x a n th a te s  a n d  a c e ta te s  
a lo n g  w ith  in te rp re ta t io n s  of th e  im p o r ta n t  f ra g m e n ta t io n  p a th w a y s  w ill be  
p re se n te d  in  th e  d is s e r ta tio n  s u b m it te d  b y  W . S . B . to  th e  G ra d u a te  School, 
S ta n fo rd  U n iv e rs ity , 1967, in  p a r t ia l  fu lfillm en t of th e  re q u ire m e n ts  fo r a  
P h .D . degree .

(19) T o ta l ion  c u r re n t is  re p o r te d  as p e rc e n ta g e  of 24oM+ (all p e a k s) .
(20) T h is  s p e c tru m  w as ru n  o n  a  C .E .C . M o d el 21-103C  m ass  sp ec 

t ro m e te r  e q u ip p ed  w ith  a n  a ll-g la ss  h e a te d  in le t  s y s te m  (200°) a n d  th e  
is a tro n  te m p e ra tu re  m a in ta in e d  a t  250°; io n iz ing  v o ltag e , 70 eV ; io n iz ing  
c u r re n t , 50 /zA.
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C ii3 < 7 0 e v )  F ig .4  (7 0  ev)

Figure 3.—Cold ion source mass spectrum of ci's-2-methylcyclohexyl-S-methyl xanthate (5) at 70 and 14 eV (Atlas CH-4 mass
spectrometer).

Figure 4.—Cold ion source mass spectrum of irans-2-methyIcyclohexyl-S-methyl xanthate (6) at 70 and 14 eV (Atlas CH-4 mass
spectrometer).

This species corresponds to direct loss of an xanthate 
radical from the molecular ion (m) and may be repre
sented by the methylcyclohexyl cation n or a rear
ranged species such as o. In xanthate 9, the cor
responding even-electron species (m/e 77) carries only 
9.4% 2 40 in the 70-eV mass spectrum (Figure 5).

Of particular interest is the fragment ion of mass 96 
(C7H12+) (11.0% 2 «  in 5 and 14.3% 2 4„ in 6). As 
will be noted in Table I, at least some of this species 
arises from expulsion of the elements of xanthic acid 
from the molecular ion m—the electron impact 
analog to the thermal Chugaev reaction. In the 
aromatic xanthate 9 (Figure 5) the analogous elimina
tion process which yields, at least formally, ionized 
benzyne (m/e 76) is much less important (ca. 0.3% 2 40).

The difference in the behavior of the two xanthate 
mass spectra (Figures 3 and 4) upon lowering the 
ionizing voltage is quite striking. Particularly nota
ble in both is that at 14 eV only the molecular ion 
(m/e 204) and the two cleavage ions (m/e 96 and 97) 
remain. As the electron energy is lowered from 70 
to 14 eV, the relative intensity of the m/e 96 peak 
compared with that of the m/e 97 fragment increases 
in both xanthate 5 and xanthate 6; in the latter com
pound the m/e 96 species becomes dominant at 14 eV. 
However, the differing behavior is more readily 
apparent if the ratios (1.3 in 5 and 4.8 in 6) of the 
difference in the percentage total ion current carried 
by these two fragments at 70 and 14 eV are considered. 
The increased ratio is presumably due to the influence

of stereochemical factors and is in the direction to be 
expected for a preferential cis mode of hydrogen 
abstraction.

Before treating the results of deuterium-labeling 
studies, it is interesting to consider briefly the fate 
of the complementary “acid” fragment produced in 
the m /e  96 yielding elimination process. In acetate 
and propionate esters of alcohols having available 
(3 hydrogens in which McLafferty rearrangements of 
the type c —*■ d may occur, the charge is only retained 
by the oxygenated fragment when a double hydrogen 
transfer occurs and an acyloxonium species of type p 
is generated.8 In higher esters (see Table II), the

T a b l e  I I

S u m m a r y  o f  t h e  E f f e c t s '* o f  t h e  A c y l  S i d e  C h a i n  L e n g t h  
o n  t h e  V a r i o u s  C l e a v a g e  M o d e s  i n

iroraS-2-METHYLCYCLOHEXYL ESTERS

6 '

0I.OCR

R Room + R C O îH 2+ m/e 96 m/e 97
R a t io  of 

m /e  9 6 : m /e  97

CH3 (8) 17.5 0.8 21.9
C2H5 (23) 0.5 14.1 2.9 4.9
JI-C3H7 (24) 1.1 14.8 4.0 3.7
n-CiHa (25) 0.3 1.4 16.0* 5.8 2.8
n-C7H15 (26) 0.6 1.5 18.4* 7.4 2.5

° Data from 70 ev spectra, corrected for 13C isotope con
tributions and reported as %229. b Denotes base peak of 
spectrum.



1616 B r iggs  and  D je r a s s i The J o u rn a l o f O rganic C h em istry

FTg.5 [70evl Fia.6 (70 «vl

Figure 5.—Cold ion source of phenyl-S-methyl xanthate (9) at 70 and 14 eV (Atlas CH-4 mass spectrometer). 
Figure 6.—Mass spectrum of irans-2-methylcyclohexyl acetate (8) at 70 and 12 eV (Atlas CH-4 mass spectrometer).

ionized acid itself bears an increasingly greater por
tion of the ion current; however, species of type p 
still carry the greater proportion.

It—C
N ih

p, R =  CH3 or C2H5
Likewise, in xanthates 5 and 6 no species correspond

ing to the ionized xanthic acid molecule (m/e 108) is 
to be found in the low-resolution mass spectra; how
ever, a peak at m /e  109 (S40 0.3%) is visible in both 
spectra and presumably corresponds to the ionized 
protonated acid form (q) analogous to ion p. Shifts 
of this peak observed in the deuterated xanthates are 
consistent with this view; however, owing to the small 
magnitude of the peak, no precise quantitative calcu
lations concerning the source of the second transferred 
hydrogen could be made. It appears, however, that 
most arises from C-3 and C-5 of the 2-methylcyelo- 
hexyl system, since little if any comes from com
pounds specifically labeled with deuterium at C-l, 
C-2, C-2 plus C-6, or C-4. This apparent loss of a
7 -hydrogen atom is analogous to the similar process 
noted in open-chain esters8b in the formation of the 
protonated acid species (p, R = C2H 5) and a mechan
ism of the type m -*• q may be operative.

In Table III are summarized the mass spectrometric 
data obtained for the specifically deuterated xanthates 
(10-19) synthesized to establish the stereochemical 
nature and course of the m /e  96 forming process and 
in Table IV the percentage of hydrogen loss from each

q, m/e 109

ring position is noted for xanthates 5 and 6. For 
comparison purposes, Table V presents an account 
of the pyrolytic results21 obtained for the 2-dj-labeled 
and unlabeled materials.

Inspection of the data summarized in Table IV 
reveals that the electron impact induced elimination 
proceeds primarily by the 1,2 mode, analogous to that 
previously found for cyclic acetates.12’22 Particularly 
striking is the high specificity toward the tertiary 
center which leads to 90% abstraction of the tertiary 
hydrogen atom at C-2, whereas only 2% proceeds 
with elimination of the equally available (c is) second
ary hydrogen at C-6. This is in contrast21 to the 
thermal process (Table V) in which a combination 
of statistical and thermodynamic factors dictates the 
formation of the more highly substituted 1-methyl-l-

(21) W . S . B riggs a n d  C . D je ra ss i, J .  Org. C hem ., 33, 1625 (1968).
(22) C . G . M a cd o n a ld , J .  S . S h a n n o n  a n d  G . S ugow dz , Tetrahedron  

L ett., 807 (1963).
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T a b l e  I I I
S um m a ry  o p  M a ss  S p e c t r o m e t r ic  D ata  Ob t a in e d  f o r  D e u t e r a t e d  2 -M e t h y l c y c l o h e x y l -S -m e t h y l  X a n t h a t e s

C o m p o u n d 6 P e rcen tag e  of one
I d e u te r iu m  loss in

F ,o c s cft fo rm a tio n  of

I T  8 ,------ Iso to p ic  purity,® %------ Io n iz in g ----------P eak s  in  g roup  m/e 95- -100“ M  -  108
da d , ¿2 d , c o n d itio n s0 95 96 97 98 99 100 fra g m e n t8

trans-do (6) 100 A 2.6 37.1 60.3
B 65.2 34.8
C 3.0 49.8 47.2

trans-l-di (10) 1 99 C 1.4 4.1 46.6 47.9 5
trans-2 -d, (11) 2 98 A 35.2 5.7 59.1 90

B 56.4 6.3 37.3 90
trans-2 ,Q,6 -di (12) 3 97 A 0.9 33.6 2.7 62.8 92
trans-ring Me-cL (13) 1 7 92 C 3.4 52.5 44.1 0
trans-S-Me-ds (14) 100 C 3.6 49.1 47.3 100% loss of 3
cis-do (5) 100 A 2.8 28.2 69.0

D 33.4 66.6
cis-l-di (15) 1 99 A 1.4 1.8 27.0 69.8 1
cis-2 -di (16) 5 95 A 0.5 11.2 18.6 69.7 32

D 12.4 25.4 62.2 37
cis-4,4-di (17) 3 97 A 3.1 24.4 72.5 2
cis-6,6-d2 (18) 2 2 90 6 A 0.7 0.7 7.6 13.1 77.9 32
«s-2,6,6-cL (19) 2 4 5 89 A 1.0 2.6 21.8 4.2 70.4 84

° Ionizing conditions: A, cold source,14 70 eV; B, same as A, 14 eV; C, heated gas cartridge inlet system (70°), Atlas CH-4, ion 
source temperature, 145°, 70 eV; D, same as A, 16 eV. b See Experimental Section. c All isotopic purities calculated from molecular 
ion region of spectrum and considered reproducible to ±1%. d These values have been corrected in the best manner possible for 
isotopic contaminants and for 13C isotope contributions and are reported as %2jc£°. e Values are the average of five to twenty 
calculations and are considered reproducible to ±2%.

T a b l e  IV

S u m m a r y  o f  P o s it io n a l  S p e c if ic it y  o f  H y d r o g e n  L oss  i n

F o r m a t io n  o f  m/e 96 F r a g m e n t  I o n s  i n  

X a n t h a t e  M ass  S p e c t r a

,----- P e rcen tag e6 of h y d ro g en  loss from  vario u s  positio n s----- »
C om 
po u n d

R ing
C H , C - l C-2 C-4 C- 6

U n acco u n ted
fo r0

cis (5) a 1 47 2 37 13
trans (6) 0 a 90 a 2 5

“ See text. 6 These figures are the weighted averages of 
results obtained at both high (70 eV) and low (16 and 14 eV) 
electron energies, since little change is noted in the per cent 
transfer from any given position with changing ionizing energy 
(see Table III).

T a b l e  V
S u m m a r y  o f  P y r o l y t ic  S t u d ie s  on 

2 -M e t h y l c y x l o h e x y l -S -m e t h y l  
X a n t h a t e s  a n d  A c e t a t e s “

-------------------P ercen tag e  of olefin m ix tu re 3-

C om pound

OCSCH,

65
29
55 (>98%  d„)
28 (56% do, 44% d,)

35
71
45 (>97%  di)
72 (15% do, 85% di)

trans-dt, (6) 
cis-do (5) 
trans-2 -di (II) 
cis-2 -d, (16)

(V r
trans-do (8) 56 44
cis-do (7) 9 91
trans-2-d, (28) 41 (>97%  do) 59 (100% di)
cis-2-di (34) 5 (22% do, 78% d,) 95 (100% d,)

° Values reported are those obtained for pyrolysis in seasoned 
stainless steel at 250° (xanthates) and 400° (acetates). For a 
full discussion of pyrolysis studies on these compounds, see 
ref 22. b These values are corrected for the contribution of 
isotopic contaminants and any significant quantities of the 
isomeric materials present.

cyclohexene by tertiary hydrogen abstraction only 
65-66% of the time.

From the mass spectral data for the labeled xan
thates (Table III), values for the it and T deuterium 
isotope effects23-26 may be calculated.26 The 7r value 
of 0.64 found for the cis xanthate (5) is somewhat 
lower than the t  value of 0.80 recently measured24 
in this laboratory for the McLafferty rearrangement 
process in the thione ester 20, as would be predicted

(23) F . H . F ie ld  a n d  J . L . F ra n k lin , “ E le c tro n  Im p a c t  P h en o m e n a  a n d  th e  
C h e m is try  of G aseous Io n s ,”  A cadem ic P re s s  In c . ,  N ew  Y o rk , N . Y ., 1957, 
p p  204-217 .

(24) (a) J . K . M acL eod  a n d  C . D je ra ss i, Tetrahedron Lett., 2183 (1966); 
a n d  (b) J . K . M acL eod  a n d  C . D je rass i, J .  A m e r . Chem . Soc., 89, 5182 (1967).

(25) P . N a ta lis , B u ll. Soc. C him . Beiges, 73, 389 (1964).
(26) B y  m a k in g  th e  in i t ia l  rea so n ab le  a ssu m p tio n s  t h a t  th e  e lim in a tio n  

p rocess is u n im o lec u la r a n d  t h a t  th e  iso to p e  effec ts  (b o th  p r im a ry  a n d  
seco n d ary ) a re  “ a d d i tiv e ,” exp ress ions  of th e  fo llow ing ty p e  m a y  be d eriv ed  
fo r cfs-2 -m ethy lcyc lohexy l-5 ,-m e th y l x a n th a te  5 fro m  d a ta  in  T a b le  I I I

o 84 =  P r 27 [%  H (2)] +  P r « r T[%  H (6)] ( i )
0 35 =  P [  % H (2)] (2)
0 32 =  P r a [ % H (6)] (3)

P  =  Trr (4)

w here  P  is th e  p r im a ry  k in e tic  d e u te r iu m  iso to p e  effec t defined  as (p ro b ab ility  
of losing  D  in  th e  d e u te ra te d  c o m p o u n d ) /(p ro b a b il i ty  of lo sing  H  in  th e  non- 
d e u te ra te d  co m p o u n d ); r a(or7) is th e  seco n d a ry  k in e tic  d e u te r iu m  iso to p e  
effect defined  as  (p ro b a b ility  of losing  H  in  th e  d e u te ra te d  com p o u n d ) / (p ro b 
a b ility  of losing  H  in  th e  n o n d e u te ra te d  co m p o u n d ), w ith  th e  d eu te r iu m  
a to m  a t  th e  sam e (a) (C-6) o r 7  p o s itio n ; % H (2 ) a n d  % H (6 ) a re  th e  p e r 
cen tag es  of h y d ro g en  loss fro m  th e se  tw o  p o s itio n s  in  th e  n o n d e u te ra te d  
co m p o u n d ; a n d  t  is d efined23 a s  (p ro b a b ility  of lo s ing  D  in  th e  d e u te ra te d  
c o m p o u n d ) /(p ro b a b il i ty  of losing  H  in  th e  d e u te ra te d  co m p o u n d ). B y  
c o n tra s t  to  so lu tio n  ch e m is try  w h ere  seco n d a ry  iso to p e  effec ts  (&d /& h ) [see 
E .  A. H a le v i, Progr. P h ys. Org. C hem ., 1, 109 (1963)] a re  g en e ra lly  less th a n  
u n ity , m ass  s p e c tra l p rocesses ex h ib it T effec ts  fro m  all p o s itio n s25 w hich  are  
in  th e  ran g e  1 .1 -1 .2 . B y  co m b in in g  e q  2 a n d  3 w ith  eq  1, a  q u a d ra t ic  ex p res
sion  (5) in  te rm s  of P7 re su lts  a n d  th is  u p o n  so lu tio n  y ie ld s  a  v a lu e  fo r r 7  of 
1.16, in  good ag ree m en t w ith  th o se  fo u n d  in  o th e r  sy s te m s . S ince r a  an d

0 .3 5 r 27  +  0 .3 2 r 7 -  0 .84  =  0 (5)
r 7 =  1 . 1 6

r 7  a re  g en e ra lly  of ap p ro x im a te ly  th e  sam e m a g n itu d e , a  va lue  of r «  =  1.16 
m a y  be assu m ed . A ssum ing  t h a t  th e  t o t a l  h y d ro g en  loss fro m  th e  2 a n d  6 
p o s itio n s  is  in d e ed  84 %, v a lu es  of % H (2 ) , % H (6 ) , P , a n d  ir m a y  be ca lcu 
la te d  fro m  eq  2, 3, a n d  4.

% H (2 ) =  4 7 %
% H (6 ) =  3 7 %

P  =  0 .74  
7t =  0 .64
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by analogy24 to other cases in which an ether oxygen 
was introduced into the rearranging side chain. By 
contrast, trans xanthate 6 yields a tt effect of nearly 
unity. The possible mechanistic implications of these 
isotope effect data will be discussed below.

20 21

As opposed to the purely 1,2 mode of elimination 
in the pyrolytically induced reaction, the electron 
impact induced elimination of xanthates also pro
ceeds to a small extent via 1,3 and 1,4 modes as is 
evidenced by the data in Table IV. Such processes 
have been previously noted in monocyclic12,22 and 
triterpene22 acetates and may be dominant when 
structural or stereochemical factors prevent the pre
ferred 1,2-elimination process; thus in friedelan-3-ol 
acetate (21) deuterium labeling has shown22 that none 
of the acetic acid produced originates from a 1,2- 
elimination process. While the mass spectra of the 
m-ring-methyl-rf3 and ¿mns-4,4-d2 xanthates were 
not carried out, inspection of models gives no indi
cation of reasons to expect increased elimination in 
these compounds compared with that of their C-2 
epimers and in the subsequent discussion the per
centage of hydrogen loss from each of these positions 
may be assumed to be equal to or less than that from 
the same position in the epimeric series. In Table IV, 
the last column presumably reflects the joint con
tribution of 1,3-elimination processes from C-3 and 
C-5 and isotope effects. Assuming the latter effects 
to be of approximately the same order of magnitude 
in both series, it is apparent that the amount of 1,3- 
elimination process in the cis xanthate (5) is at least 
twice as great as in isomer 6. This elimination may 
be visualized as proceeding through a five- or seven- 
membered transition state of which m —► t is repre
sentative.

in t

It is noteworthy that while ground-state conforma
tional free-energy arguments27 derived from solution 
chemistry are most certainly not directly applicable 
to the excited states of organic molecules in gas phase 
reactions, such as mass spectral fragmentations, the 
results obtained for the relative importance of the
1,3-elimination mode in the two 2-methylcyclohexyl-
S-methyl xanthates correlate qualitatively with pre
dictions made using ground-state “A” values.27,28

(27) See, fo r  ex am p le , E . L . E lie l, “ S te re o ch em istry  of C a rb o n  C om 
p o u n d s ,”  M cG ra w -H ill B ook  C o ., In c .,  N ew  Y o rk , N . Y ., 1962, p p  234 -239 .

Such calculations predict that at 80° slightly over 
80% of the cis xanthate should exist in chair con
former (5') with the xanthate function axial, the 
required orientation for 1,3 elimination to take place, 
whereas only 5%, of xanthate 6 should exist in the 
corresponding chair conformer (6') at this temperature.

Consideration of the required boat forms gives quali
tatively the same result. It would be predicted in 
the above manner that the 1,4-elimination process 
would also be favored in xanthate 5 over that in 
xanthate 6, but the required spectrum of 4,4-d2- 
trans isomer was not available for comparison.

2-Methylcyclohexyl Acetates and Higher Esters.— , 
Acetates, as one of the most common derivatives of 
alcohols employed in synthetic organic chemistry, 
have been examined previously in terms of mass 
spectrometric behavior.811,22,29,30 These studies indi
cated that major fragment ions result through initial 
expulsion of the elements of acetic acid from the 
molecular ion with charge retention on the resulting 
hydrocarbon fragment811,22,29 when the alcoholic side 
chain is greater than ethyl.

In straight-chain acetates81 and propionates,8b the 
course of this elimination was found by deuterium
labeling studies to be about equally divided between
1,3 (45%, clearly electron impact induced) and 1,2 
(55%, either electron impact or possibly thermally 
induced) processes. In monocyclic acetates, by far 
the most predominant mode of elimination is 1,2 in 
nature.12,22 In fact we found that in 1,2,2,6,6-ds- 
cyclohexyl acetate (22) 83% of the elimination process

22

results in loss of CH3C 02D (the result of the 1,2 mode) 
whereas 17% results in loss of CH3C 02H (1,3 and
1,4 modes). This percentage loss is found to be 
virtually independent of the electron energy em
ployed in the range 12-70 eV.

It was of interest, therefore, to examine this elimina
tion process for the C-2 epimeric methylcyclohexyl 
acetates 7 and 8, in which the availability of specifi
cally deuterated substrates might allow conclusions 
to be drawn regarding the sensitivity of this process 
to the cis or trans orientation of the eliminated /3-

(28) A ssum ing  t h a t  th e  c o n fo rm a tio n a l “ A ” v a lu e  of th e  x a n th a te  fu n c tio n  
is  ro u g h ly  e q u a l to  t h a t  of th e  a c e ta te  g ro u p  (“ A ”  =  ca. 0 .6  k c a l/m o l) , th e  
g o v ern in g  fa c to r  in  d e te rm in in g  th is  v a lu e  bein g  th e  gauche in te ra c t io n  w ith  
a  C - 0  b o n d  in  b o th  cases (see re f  27).

(29) F o r  re c e n t exam p les , see (a) re f  12; (b) E . v . Sydow , A cta  Chem . 
S ca n d ., 19, 2083 (1965); (c) V. I .  Z a re tsk ii , N . S . W u lfso n , V. G . Z a ik in , 
V. N . L eonov , S . N . A n an ch en k o , a n d  I .  V. -T o rg o v , Tetrahedron L ett., 
347 (1956); a n d  (d) S. J . C ris to l, R .  A . S anchez , a n d  T . C . M o rrill, J .  Org. 
C hem ., 32, 2738 (1966).

(30) K . B ie m an n  a n d  J . Seibl, J .  A m er. Chem. Soc., 81 . 3149 (1959).
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hydrogens with respect to the departing acetate 
function. Also, it was thought pertinent to examine 
the effect of lengthening the acid side chain upon the 
course of this elimination.

The low-resolution electron impact mass spectra of 
acetates 7 and 8 were run at 70 and 12 eV and, as the 
spectra of the two compounds are virtually super
imposable at all electron energies, only those of the 
trans isomer (8) are shown (Figure 6). The photo
ionization31 mass spectrum (Figure 7) of 8 was also 
available for comparison and corresponds well to 
the low-voltage electron impact spectrum. In Table 
VI are summarized the metastable ion transitions 
noted in the mass spectra of acetates 7 and 8.

Fig.7 »hotoionizotion (10.19 ®v)
96

1 * ! ĈCH,

68 8|'

(8)
..■100

I56(M*)
43 58 61 (] 72 | i____i______,__ llijl , __00 T4Ö ¡60 IÔO

56.40
49.30
42.20 *O
35.25 I 

o'28.20 5

I4..0 I

Figure 7.—Photoionization mass spectrum of trans-2-methyl- 
cyelohexyl acetate, 10.19 eV.

T a b l e  VI
M e t a s t a b l e  T r a n s i t i o n s  a n d  E l e m e n t a l  C o m p o s i t i o n s  

o f  F r a g m e n t s  f r o m  2 - M e t h y l c y c l o h e x y l  A c e t a t e s

F o u n d F o u n d
for cis fo r trans

a c e ta te a c e ta te
T ra n s i tio n C alcd (7) (8)

CgHieĈ * + -+ C 7Hl2- + +  c 2h 4o2 59.0 59.0 5 9 . 0

(156+ — 96+ 60)
c ,h 1(o +«-> c 4h 8o + +  CsHs 45.4 45.4 4 5 . 5

(114+ -* 72+ +  42)
c 7h I4o + — c 4h 7o + +  c 3h 7 44.2 44.3 4 4 . 2

(114+ — 71+ +  4 3 )
c 7h I4o -+ — C3EUO+ +  c 4h 9 28.4 28.3 28.3

(114+ — 57+ +  57)
c 7h 13+ -  C5H9+ +  c 2h 4 49.1 49.2 49.1

(97+ — 69+ +  28)
c 7h 13+ -  c 6h 8+ +  C2H5 47.6 47.5 47.5

(97+ 68+ +  29)
c 7h 13+ ^ c 4h 7+ +  c 3h 6 31.2 31.3 31.2

(97+ — 55+ +  42)
C7Hl2' + — C6H9+ +  c h 3 68.34 68.4 68.3

(96+ — 81 + +  15)
c 7h 12-+ - C 5H8- + +  c 2h 4 48.2 48.2'

(96+ — 68+ +  28)
C7Hi2' + -  C5H7+ +  c 2h 5 46.7 46.8 46.8

(96+ — 67+ +  29)
c 8h 9+ C4H7+ -f- c 2h 2 37.3 37.2 37.2

(81+ 5 5 + +  26)
c 6h 9+ -  C3H5+ +  c 2h 4 24.3 24.4 24.4

(69+ -* 41+ +  28)
c „h 7+ -  C3H5+ +  C2H2 25.1 25.2 25.2

(67+ 41 + +  26)
a See footnote a in Table I. 6See footnote b in Table I.

' This metastable ion was found in the photoionization mass 
spectrum of acetate 8 (see Table I, footnote a).

Just as previously noted for the xanthates 5 and 6, 
there exists a qualitative correspondence of the frag
ment ion peaks below m/e 100 in the 70-eV spectrum 
(Figure 6) of acetate 8 with those of the expected ion
ized olefinic products, 1-methyl- (or 3-methyl-) 1- 
cyclohexene (Figure 2), with additional peaks at 
m /e  72, 71, 69, 58, 47, and 43. With the exception of 
the m /e  69 fragment (C5H9+) which arises through 
expulsion of ethylene from the even-electron species 
of mass 97 and whose genesis is supported by the 
appropriate metastable ion at m /e  49.1 (Table VI), 
these latter ions are oxygen containing. Except for

(31) W e w ish  to  th a n k  D r . J .  H . B ey n o n  (T a b le  I ,  fo o tn o te  a) fo r th e  
d e te rm in a tio n  of th is  sp e c tru m . Io n iz in g  co n d itio n s  a re  as  follow s: A .E .I .  
M S-9  m ass  s p e c tro m e te r  e q u ip p ed  w ith  a  g lass in le t  sy s te m  a n d  hyd ro g en  
d isch a rg e  p h o to n  la m p ; ion  sou rce  te m p e ra tu re , 50°; ion iz in g  ene rgy , 10.19 
eV  (L y m a n -a  line  of h y d ro g en ). See J .  H . B ey n o n , A . E . F o n ta in e , D . W . 
T u rn e r, a n d  A . E . W illiam s, J .  S c i. In s tr u . ,  44, 283 (1967).

the well-known acetylium ion of mass 43, these arise 
from cleavages in the alcoholic grouping.18

The higher esters of trans- 2-meth y Icy cl oh exan ol, 
viz., ¿rans-2-methylcyclohexyl propionate (23), butyr
ate (24), valerate (25), and octanoate (26), behave in a 
qualitatively similar manner to the acetate (8) in 
respect to cleavages in the alcoholic grouping. Cleav
ages in the acyl side chain in such aliphatic esters have 
been well documented in the literature8*5'32 and suffice 
it to note that esters 23-26 behave in the expected 
manner. Of particular interest in the present study 
is the observation (Table II) that in the mass spectra 
of these esters the proportion of the total ion current 
carried by the even electron ion of mass 97 relative 
to that borne by that of mass 96 regularly increases 
as the acyl carbon chain is lengthened.

In Table VII are collected the mass spectral data in 
the m /e  95-100 region for the deuterium-labeled esters, 
while in Table VIII are summarized the positional 
specificities of hydrogen loss in the formation of the 
m /e  96 peak. It will be noted that the percentage 
hydrogen loss from any one position is virtually 
independent (Table VII) of the experimental con
ditions (hot or cold ion source, high or low energy 
electrons, photoionization, etc.) and this, coupled 
with the observed metastable ion at m/e 59.0 in 
acetates 7 and 8 (Table VI) corresponding to the 
direct loss of acetic acid from the molecular ion, would 
suggest that in this case a purely electron impact 
induced elimination process is being observed. Also 
supporting this view are the differences to be noted in 
the site specificities of the pyrolytic21 (Table V) and 
mass spectrometrically induced (Table VIII) elimina
tion processes.

Most noteworthy are the small differences (Table 
VIII) in behavior exhibited by the cis and trans esters 
as compared with those of the corresponding xan
thates. Also apparent is the independence of the 
specificity of elimination upon acyl chain length, 
as is evidenced by the nearly identical data obtained 
for the trans acetate (8) and the trans valerate (25).

(32) (a) C h a p te r  4 in  ref 7 ; (b) R . R y h a g e  a n d  E . S ten h ag en  in
“ M ass  S p e c tro m e try  of O rgan ic  Io n s ,“  F . W . M cL a ffe rty , E d ., A cadem ic 
P ress  In c ., N ew  Y o rk , N . Y ., 1963, C h a p te r  9.
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T a b l e  VII
S u m m a r y  o f  M a s s  S p e c t r o m e t r i c  D a t a  O b t a i n e d  f o r  D e u t e r a t e d  2 - M e t h y l c y c l o h e x y l  E s t e r s

C o m p o u n d 6

JtajOCR

O  ° ,-------Iso to p ic  p u r ity ,c %-------»
do d \ d i dz

Ionizing®
co n d itio n s

---------------------P eak s  in  g ro u p  m /e
95 96 97 98

95-100*----------------
99 100

P e rc e n ta g e  of one 
d e te r iu m  loss in  

fo rm a tio n  of 
M  -  R C O 2H  

frag m en t«

R = CH3
trans-do (8) 100 . . . E 11.1 84.4 4.5

C 9.6 86.7 3.6
A 9.3 83.7 7.0
F 11.9 82.7 5.4
G 98.8 1.2
H 1.0 96.8 2.2

trans-l-di (27) 1 99 C 1.6 11.7 83.9 2.8 5
trans-2 -di (28) 2 98 E 2.1 38.5 53.9 5.5 35

C 2.2 35.7 57.1 5.0 33
A 5.8 33.2 55.3 5.7 36
F 3.6 39.2 49.6 7.6 37
G 30.4 67.9 1.7 32
H 34.3 62.8 2.9 35

£rans-4,4-d2 (29) 3 97 C 3.2 9.9 83.3 3.6 4
trans-Ofi-di (30) 94 6 E 3.0 45.4 48.3 3.3 44
trans-2,0,0-do (31) 3 97 C 0.7 2.3 79.1 13.7 4.2 84
irans-ring Me-d3 (32) 1 7 92 E 0.9 9.9 84.9 4.3 0
cis-do (7) 100 E 10.3 85.2 4.5

C 8.8 87.4 3.8
cis-l-di (33) 1 99 C 1.4 15.2 79.9 3.5 9
cis-2-di (34) 5 95 E 2.2 43.6 50.8 3.4 38
cfs-4,4-d2 (35) 3 97 C 0.7 3.1 10.5 81.4 4.3 6
cis-0,0-do (36) 2 2 90 6 C 42.1 57.9 37
cis-2,0,0-do (37) 2 4 5 89 C 78.2 18.3 3.5 80

R = -(C H 2)3CH3
trans-do (25) 100 E 5.0 72.0 23.0
trans-l-di (38) 1 99 E 0.7 6.6 72.3 20.4 4
trans-2-di (39) 2 98 E 1.7 30.0 42.1 26.2 39
trans-0,0-do (40) 94 6 E 2.0 36.3 37.8 23.9 47
trans-2,0,0-do (41) 3 97 E 1.2 64.0 12.6 22.2 83
a A-D, see footnote û, Table III; E, same as C, ion source temperature, 175°; F, see ref 20; G, see ref 31; H, same as c,

6 See footnote 6, Table III. c All isotopic contents were calculated from the molecular ion region of the corresponding S-methyl 
xanthates (Table III) and considered to be reproducible to ±1%. d See footnote d in Table III. c See footnote e in Table III.

T a b l e  VIII
S u m m a r y  o f  P o s i t i o n a l  S p e c i f i c i t y  o f  H y d r o g e n  L o s s  i n  

t h e  F o r m a t i o n  o f  m/e 9 6  F r a g m e n t  I o n s  i n  
E s t e r  M a s s  S p e c t r a

,-------------- P ercen tage«  of h y d ro g en  loss---------------«
fro m  v a rio u s  po sitio n s

R in g  U n ac c o u n te d
C o m p o u n d

:^ r ?
R =  c h 3

- C H , C - l C -2 C-4 C -6 fo r

cis (7) a 9 42 5 37 7
trans (8)

R = -CH 2(CH2)2CH3
0 5 38 3 47 7

trans (25) b 4 38 b 45 10
“ These labeled compounds were not available for comparison; 

however, inspection of models gives little reason to expect 
greater loss from the respective positions than recorded for the 
epimeric (a) or stereochemically identical (b) series. b Same 
as footnote a. e Reported values are the averages of numerous 
measurements at high and low electron energies. Minor (if 
any) changes were evident in the percentage loss of hydrogen 
from any given position in the range 12-70 eV.

The differences in positional specificity, albeit 
small, are interesting, since they are in the opposite 
direction to those expected for a preferential cis mode 
of elimination.

From the data in Table VII, r  isotope effects23-26 
for the electron impact induced 1,2-elimination process 
may be calculated26 in the acetates 7 (1.0) and 8 (0.84). 
These values are somewhat lower (greater isotope 
effect) than the v-effect value of 1.0 measured for the 
McLafferty rearrangement process24 in 3-heptanone-
6-di (42), again in accord with expectations when an 
ether oxygen is introduced into the rearranging side 
chain.24

42
From the kinetic isotope effect and site specificity 

data (Tables IV and VIII) for compounds 5-8, some 
information may be derived concerning the mechan
ism cf the electron impact induced elimination process 
in 2-methylcyclohexyl-S-methyl xanthates and esters. 
First, it is important to note that in both the xanthate 
and acetate series, the calculated 7r-effect values are 
consistent with less complete hydrogen transfer (and 
resulting greater asymmetry in the activated com
plex33) when the tertiary hydrogen is in a trans rela
tionship to the departing oxygenated function as 
compared to a cis relationship (see Figure 8), pro-

(33) F .  H . W e sth e im er, C hem . R ev ., 61, 265 (1961).
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vided that a more complete transfer of hydrogen to 
thione sulfur than to carbonyl oxygen is assumed. 
Second, the small magnitudes of the t  effects in all 
cases may be an indication of the low magnitude of 
the maximum isotope effect possible in such mass 
spectral processes, as it is difficult to imagine that two 
such closely related eliminations require both virtu
ally complete (xanthates) and incomplete (acetates) 
transfer of hydrogen in the activated complex. The 
large proportion of the 1,2-elimination process which is 
directed toward the tertiary center in xanthate 6 is in 
accord with a mechanism which requires nearly com
plete transfer of hydrogen to thione sulfur, as the 
stability of tertiary vs. secondary radicals at carbon 
is well known34 and the thermodynamic stability of 
the incipient ionized 1-methyl-l-cyclohexene should 
be slightly greater than that of incipient ionized
3-methyl-l-cyclohexene.

Thus, the observed isotope effect data for both 
xanthates 5 and 6 and acetates 7 and 8 appear con
sistent with a cyclic mechanism such as that previously 
suggested21 for the mass spectral elimination process in 
monocyclic acetates and analogous to that currently 
accepted9 in the pyrolysis of esters and xanthates. 
However, as opposed to the nearly symmetrical dis
position of the itinerant hydrogen envisaged in the 
activated complex of the pyrolytic process,9 the degree 
of hydrogen transfer appears to be much more strongly 
dependent on the nature of the receptor atom in the 
electron impact case, leading to unsymmetrical ex
tremes (such as w+ and x+) of the activated complex 
(see also Figure 8).

s •+ -  _

L H  II L 'H -S-^ cSCHj
> ^ . . 4 dcs: h3 — r S " ' °

s J

-c,HA m /e  96

w, m /e  204 w+

-AHA
m/e 96

Fiq.8

increasing
Figure 8.—Diagram relating position of migrating hydrogen 

in the activated complex to the expected 7r-isotope effect for 
2-methylcycloh3xyl-S-methyl xanthates and acetates.

speculate that the 1,2-elimination process is more 
favorable when the departing hydrogen and oxygen
ated function are in a cis relationship.

•+

43 (cis), R = -N H 2 or-OCH3 y, R =  -N H 2; m/e 74
44 (Irans), R = -N H 2 or-OCH3 z, R = -OCH3; m/e 59

In the xanthates, however, a greater degree of 
stereochemical specificity is evident. Site specificity 
data at the tertiary center (Table V) and ?r isotope 
effect data [0.64 for 5 (trans hydrogen), 1.0 for 6 
(cis hydrogen)] are consistent with a preferred cis 
mode of elimination in this series, analogous to that 
found9 in the thermal case.

Experimental Section35 36 * *
m-2-Methylcyclohexyl-S-methyl Xanthate (5). Procedure 

A.—Practical grade 2-methylcyclohexanol36 was subjected to

Concerning the stereochemical course of the electron 
impact induced elimination process, very little can 
be said in the ester cases owing to the nearly identical 
amounts of elimination toward the tertiary center 
regardless of the stereochemical relationship of this 
hydrogen to the ester function. The failure to ob
serve any specificity may be attributed to ring con
formational freedom and is in accord with the observa
tion that the amides113 and methyl esters1 lb of the 
cis- and h<ms-2,2,6-trimethylcyclohexylacetic acids 
(43 and 44) give nearly equal quantities of the respec
tive McLafferty rearrangement ions (y and z) regard
less of their stereochemical nature. The higher tt iso
tope effect (1.0) found for the cis acetate (7) compared 
with that (0.84) calculated for the trans isomer (8) 
and the greater percentage of the total elimination 
process (85 vs. 79%) which goes by the 1,2 mode in 
the latter compound do, however, tempt one to

(34) See, fo r exam p le , J .  H in e , “ P h y sica l O rgan ic  C h e m is try ,”  2nd  ed , 
M cG raw -H ill B ook C o ., In c .,  N ew  Y o rk , N . Y ., 1962, p p  422, 423.

(35) A ll m e lting  p o in ts  w ere  d e te rm in e d  on  a  T h o m a s -H o o v e r  U n im e lt 
a p p a ra tu s  a n d  a re  u n co rrec ted . In f ra re d  s p e c t ra  w ere d e te rm in e d  w ith  a 
P e rk in -E lm e r M odel 137 In fra c o rd  s p e c tro p h o to m e te r . A ll p re p a ra tiv e  
an d  a n a ly tic a l gas c h ro m a to g ra p h y  w as p e rfo rm e d  on a  V a rian  A erog raph  
M odel 202 in s tru m e n t e q u ip p ed  w ith  th e  v a r io u s  co lu m n s n o te d  in  th is  
s ec tio n . N m r sp e c tra  w ere m e asu red  b y  D r . Lois J . D u rh a m  a n d  M r. 
D o n a ld  M cM illan  on  a  V a rian  A -60 in s tru m e n t, em p lo y in g  d eu te rio ch lo ro - 
fo rm  as  so lv en t a n d  te tra m e th y ls ila n e  (5 0 .00  p p m ) as  in te rn a l reference . 
M ass  s p e c tra  reco rd e d  w ith  a  C o n so lid a ted  E le c tro d y n a m ic s  C o rp . M odel 
21-103C  m ass s p e c tro m e te r20 w ere ru n  b y  M essrs . Jo h n  S m ith  a n d  N elson  
G arc ia . M ass  sp e c tra  m easu red  on a n  A tla s  C H -4  m ass sp e c tro m e te r  w ere 
reco rd e d  b y  D r. A M . D uffield , D r. J . K . M acL eod , a n d  M r. R o b e r t  R oss. 
T h is  m ass s p e c tro m e te r  is eq u ip p ed  w ith  a  T O -4  ion  sou rce  a n d  in s tru m e n ta l 
co n d itio n s  em p loyed  fo r th e  v a r io u s  m e asu re m e n ts  w ere as su m m a rized  in  
ref 14 a n d  fo o tn o te  a  in  T a b le s  I I I  a n d  V I I . T h e  ion iz in g  c u r re n t fo r all 
s p e c tra  d e te rm in e d  w ith  th e  h e a te d  in le t  s y s te m  on  th is  in s tru m e n t  w as 
10 n&. M ass sp e c tra  a n d  h ig h -re so lu tio n  d a ta  reco rd ed  w ith  an  A . E . I . 
M S-9  m ass s p e c tro m e te r  w ere d e te rm in e d  b y  M r. R o b e r t  R o ss. T h e  sam p le  
w as in se r te d  u s ing  th e  h e a te d  in le t  sy s te m  w ith  th e  ion  source  te m p e ra tu re  
a t  200°. T h e  io n isin g  en e rg y  fo r all in s tru m e n ts  w as 70 ev un le ss  o therw ise  
n o te d . All m ic ro an a ly se s  w ere p e rfo rm e d  b y  M essrs . E . M eie r an d  J . 
C on su l. Iso to p ic  c o n te n ts  of a ll d e u te ra te d  d e r iv a tiv e s  a re  su m m a rized  in 
T a b le s  I I I  a n d  V II  of th e  te x t. A ll lo w -vo ltage  m ass s p e c tra  a re  expressed  
a t  n o m in a l e lec tro n  v o lts , w ith  14 eV  on  th e  d ire c t p ro b e  in le t co rrespond ing  
rou g h ly  to  12 eV  on th e  gas ca rtr id g e  in le t on th e  A tla s  C H -4 .

(36) E a s tm a n  K o d ak  N o . P I  132, co n ta in in g  5 0 %  cis  a n d  5 0 %  trans
isom ers, b y  gas ch ro m a to g ra p h ic  an a ly s is , p u rc h a se d  from  E a s tm a n
O rgan ic C hem ica ls , D is til la tio n  P ro d u c ts  In d u s tr ie s , R o ch e ste r, N . Y.
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preparative gas chromatography on a 20% glycerol column 
(20 ft X 0.25 in.) at 97° (conditions A). The isomer having 
the shorter retention time was collected and found to be iden
tical in every respect with a sample of authentic cis-2-methyl- 
cyclohexanol prepared by the catalytic hydrogenation of 
2-methylcyclohexanone using the procedure of Hiickel and 
Hubele.37 Utilizing the method of Djerassi, et al.,3S 100 mg 
of this alcohol (45) was converted into the corresponding
S-methyl xanthate in ca. 70% yield by treating the alcoholate 
salt in refluxing benzene sequentially with a slight excess of 
carbon disulfide and methyl iodide. The crude xanthate was 
purified by gas chromatography on a 15% Apiezon L column 
(5 ft X 0.25 in.) at 160° (conditions B ): XjitJld f,Im 7.7 (CH3S),
8.2 (COC), and 9.5 M (C =S).

Anal. Calcd for C9Hi6OS2: mol wt, 204. Found: mol
ion, 204.

inms-2-Methylcyclohexyl-S-methyl Xanthate (6).— 1-Methyl
1-cyclohexene39 (1.3 g) was hydroborated with oxidative 
work-up according to the in situ procedure of Sondheimer, et al. , i 0  

to produce, in ca. 70% yield, 2-methylcyclohexanol shown by 
gas chromatography (conditions A) to contain less than 2% of 
the cis isomer. This material was further purified by gas 
chromatography to yield ¿raiis-2-methylcyclohexanol (46) 
containing less than 1% of the cis compound. A portion (184 
mg) of this material was converted into the S-methyl xanthate 
6 according to procedure A. The crude xanthate was purified 
by gas chromatography (conditions B) to yield the mass 
spectral and analytical samples: x!i1”id film 7.6, 8.2, and 9.5 /a.

Anal. Calcd for C9H i6OS2: C, 52.90; H, 7.89; mol wt, 204. 
Found: C, 52.73; H, 8.04; mol ion, 204 (by high resolution 
C9HI6OS2).

cis-2-Methylcyclohexyl Acetate (7).4142 Procedure B.—
Alcohol 45 (330 mg, 2.9 mmol) was dissolved in 1.5 ml of 
reagent quality chloroform and 0.4 g (5.1 mmol) of reagent 
pyridine was added. The solution was cooled to 0° with stirring 
and ca a 1.2-fold M  excess (3.5 mmol) of acetyl chloride 
added dropwise. The reaction flask was then stoppered and 
allowed to warm to 25° with continued stirring. After 12 hr, 
the mixture was poured into cold water, extracted with ether, 
washed twice with 10% hydrochloric acid, twice with 5% 
sodium hydroxide solution and twice with cold water, and dried 
for 4 hr over anhydrous magnesium sulfate. The ether was 
evaporated under reduced pressure (20°, 35 mm) and the crude 
ester purified by hot-box distillation (100-120°, 35 mm) and 
subsequent gas chromatography on a 15% Apiezon L column 
(10 ft X 0.25 in.) at 175° (conditions D ): XjiJ“id film 5.7 (C = 0 ),
7.3 (CHjOC-), and 8.0 ¡i (COC).

Anal. Calcd for C9Hi60 2: mol wt, 156. Found: mol ion, 
156.

(rarcs-2-Methylcyclohexyl Acetate (8 ) . 41’42—Alcohol 46 on 
a 20-mg scale yielded by a method identical with procedure B 
15 mg of the desired trans acetate: x!i1"id iilm 5.7, 7.3, and 8.0 /x.

Anal. Calcd for C9Hi60 2: mol wt, 156. Found: mol ion, 
156.

¿raras-2-Methylcyclohexyl propionate (23),42 butyrate (24),42 
valerate (25),42 and octanoate (26)42 were all synthesized from 
alcohol 46 on a 20-mg scale by a method identical with pro
cedure B, but employing the appropriate higher homolog 
in place of acetyl chloride. All were purified by gas chroma
tography employing conditions D, except for octanoate 26 for 
which column temperature was 200°: propionate, X1Ijq“id film
5.7, 7.3, 7.4, and 8.4 ¿1 {Anal. Calcd for CioH i80 2: mol wt, 170. 
Found: mol ion, 170); butyrate, Xiiqa“id film 5.7, 7.3, 7.4, and
8.4 /x {Anal. Calcd for CnH20O2: mol wt, 184. Found: mol

(37) W . H iickel a n d  A . H u b e le , A n n .,  613, 36 (19S8).
(38) C . D je ra ss i, I .  T . H a rr iso n , O. Z a g n ee tk o , a n d  A . L . N u ssb au m , 

J .  Org. C hem ., 27, 1173 (1962).
(39) P u rc h a se d  from  A ld rich  C hem ica l C o ., In c . ,  M ilw au k ee , W is., a n d  

freed  of a  sm all a m o u n t of c o n ta m in a tin g  3- a n d /o r  4 -m e th y l isom ers  b y  
p re p a ra tiv e  gas c h ro m a to g ra p h y  on  a  15%  A piezon  L  co lu m n  (10 f t  X 
0 .25  in .)  a t  100° (co n d itio n s  C ).

(40) M . N ussim , Y . M a z u r , a n d  F . S on d h e im er, ib id ., 29, 1120 (1964).
(41) See a lso  (a) G . A . C . G ough , H . H u n te r , a n d  J .  K en y o n , J .  Chem . 

Soc., 2065 (1926); (b) W . H iickel a n d  K . H a g e n g u th , Chem . B er., 64, 2892, 
2894 (1931); (c) R . T . A rno ld , G . G . S m ith , a n d  R . M . D o d so n , J .  Org. 
C hem ., 15, 1256 (1950); (d) W . J . B ailey  a n d  L . N icho las , ib id ., 21, 854 
(1956).

(42) (a) M . M u ra t ,  A n n . C him . P h y s ., 16, 108 (1909); (b) J . B . 
S en d e re n s  a n d  J .  A bou lenc , A n n . C h im ., 18, 176 (1922).

ion, 184); valerate, Xli1Td film 5.7, 7.2, 8.0, and 8.5 n {Anal. 
Calcd for Ci2H220 2: mol wt, 198. Found: mol ion, 198); 
octanoate, Xjil“id,'!m 5.7, 7.2, 8.0, and 8.5 m {A nal. Calcd for 
Ci5H 280 2: mol wt, 240. Found: mol ion, 240, (wk).

l-di-2-Methylcyclohexyl Esters and S-Methyl Xanthates.—
1- di-2-Methylcyclohexanol was prepared by the reduction43 of
2- methylcyclohexanone44 in dry ethereal solution with lithium 
aluminum deuteride.46 The resulting alcoholic mixture (30% 
cis, 70% trans) was purified by preparative gas chromatog
raphy (conditions A) to give the pure (>99% ) cis- (47) and 
trans- (48) 1-di-alcohols which were converted into the follow
ing requisite derivatives according to procedures A and B: 
irans-l-di-2-methylcyclohexyl-S-methyl xanthate (10), Xl),q"‘d tllm
7.6, 8.2, and 9.4 n {Anal. Calcd for C9Hi5OS2D: mol wt, 205.
Found: mol ion, 205); cfs-l-di-2-methylcyclohexyl-S-methyl
xanthate (15) {Anal. Calcd for C9H iSOS2D: mol wt, 205.
Found: mol ion, 205); irans-l-di-2-methylcyclohexyl acetate
(27) {Anal. Calcd for C9H i50 2D: mol wt, 157. Found: mol 
ion, 157); cfs-l-di-2-methylcyclohexyl acetate (33) {Anal. 
Calcd for C9H i50 2D: mol wt, 157. Found: mol ion, 157); 
(rans-l-di-2-methylcyclohexyl valerate (38) {Anal. Calcd for 
Ci2I12i0 2D: mol wt, 199. Found: mol ion, 199).

frans-2-i/i-2-Methylcyclohexyl Esters and S-Methyl Xan
thate.—2-di-2-Methylcyclohexanol was prepared by the in 
situ deuterohydroboratior. of 1-methyl-l-eyclohexene follow
ing the general procedure of Sondheimer, et a?.,40 employing, 
however, lithium aluminum deuteride45 instead of lithium alu
minum hydride. The resulting alcoholic material (98% trans) 
was subjected to preparative gas chromatography (conditions 
A) and the resulting product ( >99% trans) was employed both 
for the preparation of the required derivatives according to 
procedures A and B and for the subsequent preparation of 
c?'s-2-rfi-2-methyIcyelohexanol. This purified trans-2-di-alcohol 
(49) exhibited in its r.mr spectrum a sharp singlet at 5 1.00 ppm, 
whereas in the unlabeled irans-2-methylcyelohexanol this signal 
appears as a highly distorted doublet { J  = 4 cps) centered 
ca. 1.02 ppm. The S-methyl xanthates exhibited the following 
properties: irans-2-di-2-methylcyclohexyl-S-methyl xanthate
(11), xjjlaxld 7llm 4.7 (CD), 7.6, 8.2, and 9.4 /x {Anal. Calcd for 
C9IIi6OS2D: mol wt, 205. Found: mol ion, 205); trans-2-di-2- 
methylcyclohexyl acetate (28); i 5 1,l,ilm 4.7 (CD), 5.8 (C = 0 ) ,
7.3, and 8.1 n {Anal. Calcd for C9Hif,02D: mol wt, 157.
Found: mol ion, 157); 0'a«s-2-(7i-2-methylcyclohexyl valerate 
(39), *!i®idfilm 4.7, 5.8, 7.3, 7.5, 8.0, and 8.5 M (Anal. Calcd 
for C|2H2i0 2D: mol wt, 199. Found: mol ion, 199).

cfs-2-di-2-Methylcyclohexanol (50). Procedure C.—Greater 
than 99% iraws-2-di-2-methylcyelohexanol (49, 1.4 g, 2% d 0 

and 98% di by calculation from the low-resolution mass spec
trum of S-methyl xanthate 11) was oxidized under Jones con
ditions46'47 to yield 2-di-2-methylhyclohexanone. This ma
terial was then reduced with lithium aluminum hydride in dry 
ether to yield a crude alcoholic mixture (0.9 g, 30% cis, 70% 
trans) which was separated by gas chromatographic con
ditions A to yield the pure cis isomer (50). This carbinol was 
subsequently converted into the required xanthate and acetate 
by application of procedures A and B. The S-methyl xanthates 
exhibited the following properties: cis-2-di-2-methylcyclohexyl- 
S-methyl xanthate (16), X |̂“!d Iiim 4.7, 7.6, 8.2, 9.4, and 9.5 M 
(Anal. Calcd for C9Hi5OS2D: mol wt, 205. Found: mol ion, 
205); cKs-2-di-2-methylcyclohexyl acetate (34), X|id“id ,ilra 4.7,
5.7, and 8.1 y. (Anal. Calcd for C9Hi50 2D: mol wt, 157. 
Found: mol ion, 157).

irans-Methyl-d3-2-methylcyclohexyl Acetate (37) and S- 
Methyl Xanthate (13).— Methyl-d3-l-methylcyclohexene,48 pre-

(43) C f. D . S . N oyce a n d  D . B . D en n ey , J .  A m e r . Chem . Soc., 72, 5743 
(1950).

(44) P u rc h a se d  fro m  E a s tm a n  O rgan ic  C hem ica ls , D is ti l la t io n  P ro d u c ts  
In d u s tr ie s , R o ch e ste r , N . Y.

(45) L ith iu m  a lu m in u m  d e u te r id e  ( > 9 9 .5  %) w as p u rc h a se d  fro m  V en tro n  
C o rp ., M e ta l H y d rid e s  D iv is ion , B ev e rley , M ass.

(46) K . B ow den , I .  M . H e ilb ro n , E . R . H . Jo n es , a n d  B . C . L . W eedon , 
J .  Chem . Soc., 39 (1946).

(47) Jo n es  o x id a tio n , even  th o u g h  som e ac id  is p re s e n t , does n o t  cau se  
s ig n ifican t b ac k  exchange a t  th e  eno lizab le  a  p o s itio n s  d u r in g  th e  n o rm a l 
o x id a tio n  p erio d  (10 m in ). See, a lso , J . F ish m a n , J .  A m e r . C hem . Soc., 87, 
3456 (1965).

(48) W e th a n k  D r. P e te r  B ro w n  of th i s  la b o ra to ry  fo r a  sam p le  o f th i s  
m a te r ia l. See, also , R . A. C o tto n , J . H . F a s sn a e h t, W . D . H o rro ck s , J r . ,  
a n d  N . A. N elson , J .  Chem . Soc., 4138 (1959).
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pared by sequential addition of ¿3-methylmagnesium iodide49 
to cyclohexanone,44 xanthation,50 and pyrolysis, was hydro- 
borated by the in situ method of Sondheinier, et al . , i 0  and gave, 
after oxidative work-up, an alcoholic mixture containing 80% 
of the desired £raus-methyl-d3-2-methylcyclohexanol. This 
material was purified by gas chromatography (conditions A) to 
give trans alcohol (>99% ) (51) which was then treated ac
cording to procedures A and B to yield the required deriva
tives: £ra?is-methyl-rf3-2-methylcyclohexyl-S-methyl xanthate
(13), x!Xid ,ilra 4.5, 7.6, 8.2, and 9.5 M (Anal. Calcd for C9H13- 
OS2D3: mol wt, 207. Found: mol ion, 207); iraras-methyl-d3- 
2 -methylcyclohexyl acetate (32), \m'Xid,ilm 4.5, 5.7 (C = 0 ),
7.3, and 8.1 n (Anal. Calcd for C9Hi30 2D 3: mol wt, 159.
Found: mol ion, 159).

2 ,6,6-d3-2 -Methylcyclohexyl Esters and S-Methyl Xan- 
thates.—2-Methylcyclohexanone was exchanged three times 
with 10% deuteriohydrochloric acid-deuteriophosphoric acid 
solution according to the procedure of Seibl and Gaumann.51 
This exchanged ketone (52) was reduced with lithium tri-f- 
butoxyaluminchydride in dry tetrahydrofuran solution accord
ing to the procedure of Brown52 53 54 * * * to give an alcoholic mixture 
containing 60% of the trans and 40% of the cis isomer. These 
components were separated by preparative gas chromatography 
(conditions A) and converted by application of procedures A 
and B into the xanthates and esters: fran.s-2,6,6-d3-2-methyl- 
cyclohexyl-S-methyl xanthate (12), XiiSid fiIm 4.5, 4.7, 7.6, 8.1,
9.3, and 9.4 ¡j. (Anal. Calcd for C9Hi3OS2D3: mol wt, 207. 
Found: mol ion, 207); £rans-2 ,6 ,6-d3-2 -methylcyclohexyl acetate 
(31), x!iSidtilra 4.6, 4.7, 5.8, 7.3, and 8.1 n (Anal. Calcd for 
C9Hi30 2D3: mol wt, 159. Found: mol ion, 159); trans-2 ,6 ,6 - 
d3-2-methylcyclohexyl valerate (41), x!il“id iilm 4.5, 4.7, 5.7,
7.3, 8.0, and 8.5 (Anal. Calcd for Ci2Ht90 2D 3: mol wt, 201. 
Found: mol ion, 201); c?'s-2 ,6 ,6-d3-2-methylcyclohexyl-S-methyl 
xanthate (19) (Anal. Calcd for C9Hi3OS2D 3: mol wt, 207. 
Found: mol ion, 207); cis-2 ,6,6-d3-2-methylcyclohexyl acetate 
(37), X « d film 4.7, 5.7, 7.3, and 8.0 M (Anal. Calcd for C9H13- 
0 2D3: mol wt, 159. Found: mol ion, 159).

£rons-2-Methylcyclohexyl-S-methyl-d3 Xanthate (14).—trans-
2-Methylcyclohexanol (46) was converted on a 30-mg scale 
into the S-methyl xanthate by the use of procedure A. How
ever, instead of methyl iodide in the final step, ¿3-methyl 
iodide49 was employed: X!iS'dI‘lm 8.1, 9.4, and 9.9 (SCD3).

Anal. Calcd for C9H13OS2D3: mol wt, 207. Found: mol 
ion, 207.

3,3-d2-I-Methyl-1-cyclohexene.—2,6,6-ds-Methyl cyclohexa
none (52) was reduced in dry ethereal solution with a fourfold 
excess of lithium aluminum hydride43 and the crude alcoholic 
mixture (30% cis, 70% trans) converted directly without 
further purification into the S-methyl xanthate by the pro
cedure of Djerassi, et al,3S

The crude xanthate thus obtained (containing a large amount 
of dimethyl trithiocarbonate,63 as an impurity) was pyrolyzed 
over powdered soft glass in a flask equipped with a Vigreux 
column and a nitrogen inlet tube by heating in a Wood’s metal 
bath at 200-210°. The pyrolysate was collected in a Dry 
Ice-isopropyl alcohol cooled trap. After the pyrolysis was 
complete (0.5 hr), the trap was removed and warmed slowly to 
ambient temperature allowing the slow ebullition of most of 
the methyl mercaptan and carbonyl sulfide which were col
lected in addition to the desired olefins. The olefinic fraction 
(ca. 50% 1-methyl-l-cyclohexene and 50% 3-methyl-l-cyclo- 
hexene64 by comparative gas chromatography) was purified 
by gas chromatography (conditions D) to yield the 1-methyl-l-

(49) d 3-M e th y l iod ide  ( > 9 9  % ¿ 3) w as p u rc h a se d  from  M erck  S h a rp e  an d  
D ohm e of C an a d a , L td . ,  M o n tre a l, Q uebec.

(50) R . A . B enkese r a n d  J .  J .  H a z d ra , J .  A m e r . Chem . Soc., 81, 228  (1959).
(51) J . Seibl an d  T . G au m a n n , H elv. C h im . A cta , 46, 2857 (1963).
(52) H . C . B row n a n d  R . F . M c F a rlin , J .  A m er . Chem . Soc., 78, 252 (1956),
(53) T h is  yellow , h ig h ly  od ife rous  o il w as p re s e n t to  a  v a ry in g  e x te n t  in  

a ll S -m e th y l x a n th a te  p re p a ra tio n s  co n n e c ted  w ith  th is  s tu d y  a n d  p re 
su m ab ly  a rises th ro u g h  a n  a lc o h o la te - in itia te d  co n d e n sa tio n  p rocess  w ith  
excess ca rb o n  d isu lfide . V ery  l i t t l e  w as fo rm ed  in  a  b la n k  ex p e rim e n t in  
w hich  th e  a lcoho l w as o m it te d .  I t  w as read ily  s e p a ra b le  b y  gas ch ro m a 
to g ra p h y  (cond itions B) a n d  w as id e n tif ied  in  i t s  in fra re d  (Xmax**1 7.1 an d  
7.6 (C H 3S ), 9 .2  ( C = S ) ,  10.4, 11.4, 11.6, a n d  12.2 n) a n d  h ig h  re so lu tio n  m ass 
sp e c tra  [m ol ion , 138 (CaH6S3+) ;  b a se  p ea k  m /e  91 (C 2H aS 2+, M  — 4 7 )] .

(54) U n d e r  gas ch ro m a to g ra p h ic  co n d itio n s  D , 3 -m e th y l-l-cy c lo h e x en e ,
4 -m e th y l-l-cy c lo h e x en e , a n d  m e th y le n ecy c lo h ex an e  h a d  n e a rly  eq u a l
re te n tio n  tim e s ; hence th is  f ra c t io n  m a y  c o n ta in  m ino r p o rtio n s  of th e  l a t te r
isom ers, if th e y  a re  fo rm e d  u n d e r  th e  p y ro ly t ic  co n d itio n s .

cyclohexene fraction containing less than 1% of the isomeric 
olefin.

This material was examined by infrared, nmr, and mass 
spectral measurements. The low-resolution mass spectrum 
of this material cn comparison with that of the unlabeled com
pound gave the isotopic content 94% d2 and 6% d3.65 The 
infrared spectrum showed Xml"id film 4.6 (CD), 4.8 (CD), and 
6.0 ¡i (C =C , wk). The nmr spectrum of the labeled compound 
showed the same three main structural features as did that of 
the unlabeled olefin: broadened signals centered at & 5.4 ppm 
(1 H) (C=CH), 1.92 ppm (4 H) (C =C H -), and that for the 
remaining seven hydrogens at S 1.63 ppm (CH3C =C  and 
—CH2—); however, in the d2 compound, the signal originally at 
S 1.92 ppm is now centered at 1.85 ppm and integrates to only 
two hydrogens, thus establishing the site of deuteration.

£rans-6,6-d2-2-Methylcyclohexanol and Derivatives.—3 ,3 -¿2- 
1-Methyl-l-cyclohexene (230 mg) was hydroborated according 
to the in situ conditions of Sondheimer, et al . , * 0 and yielded, 
after oxidative work-up, a crude alcoholic mixture (ca. 150 mg) 
containing 90% of the desired ¿rares-ol. This material was 
subjected to preparative gas chromatography (conditions A) 
to give £rans-6,6-d2-2-methylcyclohexanol (53) of greater than 
99% purity: x K d iito 2.9 (OH), 4.5,4.7, 9-10 ¡j. multiplet (CO). 
One portion of this deuterated alcohol was converted into the 
required derivatives (on a 10-mg scale) by procedures A and B, 
while a second portion was treated^to yield the cis isomer. The 
derivatives and properties follow: £raras-6,6-d2-2-methylcyclo- 
hexyl acetate (30), A!iKidfilm 4.5, 4.7, 5.7, 7.3, and 8.1 M (Anal. 
Calcd for C9Hu0 2D2: mol wt, 158. Found: mol ion, 158); 
fraras-6,6-d2-2-methylcyclohexyl valerate (40), A[);gid tilm 4.5,
4.7, 5.75, 7.3, and 8.5 p (Anal. Calcd for Ci2H20O2D2: mol wt, 
200. Found: mol ion, 200).

cfs-6,6-d2-2 -Methylcyclohexanol and Derivatives.—On a 100- 
mg scale, £ra»s-6,6-d2-methyleyclohexanol was oxidized by the 
Jones procedure46'41 and back reduced (procedure C) employ
ing lithium tri-£-butoxyaluminohydride52 in place of lithium 
aluminum hydride in the reduction step. The crude alcoholic 
mixture (40% of the desired cis isomer) was separated by 
preparative gas chromatography (conditions A) to yield the 
desired cis-6,6-d2-2-methylcyclohexanol (20 mg) (54), contain
ing less than 1% impurities. This material was then con
verted into the desired xanthate and acetate by application of 
procedures A and B: cfs-6,6-d2-2-methylcycIohexyl-S-methyl 
xanthate (18) (Anal. Calcd for C9Hi4OS2D2: mol wt, 206. 
Found: mol ion, 206); cfs-6,6-d2-2-methylcyclohexyl acetate
(36) (Anal. Calcd for C9Hi40 2D2: mol wt, 158. Found: mol 
ion, 158).

4-di-4-Hydroxvcyclohexanone Ethylene Ketal (55).—Cyclo- 
hexane-l,4-dione 4-monoethylene ketal (2.28 g), prepared 
according to the methods of Jones66 and Plieninger67 and con
taining less than 1 % of 4-hydroxycyelohexanone ethylene ketal, 
was reduced in dry tetrahydrofuran solution with a slight excess 
of lithium aluminum deuteride.43 The crude product [XjiSid tilm
2.9 (OH) and 4.7 ¡j. (CD)] was used directly in the subsequent 
step.

4-di-4-Tosyloxycyclohexanone Ethylene Ketal (56).—Ketal 
55 (2.4 g) was treated with p-toluenesulfonyl chloride in dry 
pyridine according to the procedure of Micovic and Stojilj- 
kovic68 to yield the crude ketal tosylate (4.0 g; mp 77-78°; 
X|iSid,ilm 4.6 (CD), 5.2 and 6.3 (arom), 6.9 (S 02), 7.4 (CO),
8.5 (S 02), and 8.4-13.5 m (ketal CO bands)). This material 
was used directly without purification in the ensuing displace
ment reaction.

Displacement Reaction on 4-di-4-Tosyloxycyclohexanone 
Ethylene Ketal. 47'59—Tosylate 56 (3.9 g, 0.01 mmol) was dis-

(55) T h e  fo rm a tio n  of <¿,-1 -m ethy l-1 -cy c lo h ex en e  in  th is  p y ro ly t ic  process 
is m o s t in tr ig u in g , s ince  a  d e u te r iu m  re a r ra n g e m e n t is  re q u ire d  fo r  th e  
g e n e ra tio n  of th is  p ro d u c t . A n an a lo g o u s b e h a v io r  w as n o te d  b y  T h o m as  
a n d  W illh a lm 12 in  th e  p y ro ly s is  of a n  isom er m ix tu re  of l,3 ,3 -d 3 -c a rv o m en th y l 
a c e ta te  to  y ie ld  as  one  of th e  p ro d u c ts  3 ,3 -d2-m enth -2 -ene  h av in g  th e  iso to p ic  
c o n te n t 1 9 .5 %  <¿3, 7 1 %  dz, a n d  9 .5 %  d \;  how ever, no  co m m en t on  th is  
an o m a lo u s  re s u l t  w as offered b y  th e se  a u th o rs .  T h e  ex p la n a tio n  offered  b y  
u s22 to  exp la in  th e  re te n tio n  of d e u te r iu m  labe l in  th e  1 -m e th y l-l-cy c lo h e x en e  
fra c tio n  fro m  p y ro ly sis  of c ts-2 -d i-2 -m eth y lcy c lo h ex y l-S -m eth y l x a n th a te  
(16) sh o u ld  a lso  a p p ly  here .

(56) E . R . H . Jo n es  a n d  F . S on d h e im er, J .  Chem . Soc., 615 (1949).
(57) H . P lien inger a n d  H . J .  G rasshoff, Chem . B er., 90, 1973 (1957).
(58) V. M . M icov ic  a n d  A . S to jiljk o v ic , Tetrahedron, 4, 186 (1958).
(59) See (a) W . A. S an d erso n  a n d  H . S . M o sh e r, J .  A m er. Chem . Soc., 

88, 4185 (1966); (b ) ref 46.
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solved in 35 ml of sodium-dried ether and added slowly (under 
nitrogen and with the exclusion of moisture) to a stirred sus
pension of 849 mg (0.02 mmol) of lithium aluminum deuteride 
in 10 ml of dried ether. After the addition was complete (0.5 
hr), the reaction was heated to reflux with continued stirring 
and this condition maintained for 14 hr. After this time, the 
white suspension was cooled and the mixture decomposed with 
saturated sodium sulfate solution followed by solid sodium 
sulfate. The crystalline complex was removed by suction 
filtration through a layer of Celite and washed well with dry 
ether, and the organic layers were stripped under reduced 
pressure (20°, 35 mm) using a rotary evaporator.

The crude oil (2.3 g) was hot-box distilled (80-140°, 35 mm) 
and then subjected to preparative gas chromatography on a 
15% Apiezon L column (5 ft X 0.25 in.) at 130°. Three 
components were found to be present in the approximate ratio 
2:1:4; the first two of these were virtually inseparable under 
these conditions and were collected as a single fraction (523 
mg) for subsequent treatment. The major component (ca. 
1.0 g) was shown to be 2-(l',4',4'-(i3-cyclohexyloxy)ethanol 
(57) by a combination of mass spectrometric, infrared spectral,

and gas chromatographic comparison with authentic unlabeled 
material synthesized according to the procedure of Eliel:60’61 
M+ = m/e 147 (2% d2, 98% d3); x!i°“!dmm 3.0 (OH), 4.6 and
4.8 (CD), and 8.7-10.0 M (CO).

4,4-d,>-Cyclohexanone.62—The crude ketal fraction (523 mg) 
from the displacement reaction (containing 66% of the desired 
cyclohexanone ethylene ketal by gas chromatographic com
parison with authentic material) was hydrolyzed according to 
the procedure or Magerlein and Levin63 to give a ketonic mix-

(60) E . L . E lie l, V. G . B a d d in g , a n d  M . N . R e rick , J .  A m e r . Chem . Soc., 
84, 2371 (1962).

(61) A  s im ila r 1,4 p a r t ic ip a tio n  h a s  re c e n tly  b ee n  re p o r te d  b y  R . A. 
L e M a h ieu  (A b s tra c ts  of P a p e rs , 153rd M e e tin g  of th e  A m erican  C hem ica l 
S ocie ty , M iam i B each , F la .,  A p ril 1967, p  0 -24), w ho  n o te d  t h a t  in  th e  a t 
te m p te d  conve rs ion  of k e ta l  ac id  ch lo ride  o r m ixed  a n h y d r id e  of ty p e  58 to  
th e  b u ty l  k e to n e  w ith  d i-n -b u ty lc a d m iu m , th e  on ly  p ro d u c t is o la te d  on  ac id  
w o rk -u p  w as th e  f ive -m em bered  la c to n e  (59). E v id en ce  fo r th e  in te r 
m ed iacy  of th e  e ig h t-m e m b ered  1 ,4-cyclic d ie th e r  h a s  been  o b ta in e d  a c c o rd 
ing  to  th is  r e p o r t .  I n  th e  p re s e n t case, th e  k e ta l-o p en in g  p rocess m ig h t be

env isioned  a s  p ro ceed in g  th ro u g h  th e  an a lo g o u s e ig h t-m e m b ered  cyclic 
in te rm e d ia te  (60) w hich  is th e n  a t ta c k e d  b y  d e u te r id e  a t  one  of th e  b r id g e 

h ea d  p o s itio n s  y ie ld in g  th e  e th y le n e  g lycol m o n o e th e r  (57); h ow ever, th is  
h y p o th e s is  h as  n o t  y e t  b ee n  confirm ed .

(62) 4 ,4 -d2-C yclohexanone h as  p rev io u sly  b ee n  sy n th e s iz e d  b y  o th e r  
ro u te s :  c f. (a) re f  51 ; (b) J .  B . L a m b e r t,  J .  A m er . Chem. Soc., 8 9 ,1836 (1967). 
H o w e v e r, th e  p re s e n t sy n th es is  gives th e  b e s t iso to p ic  c o n te n t in  th e  final 
p ro d u c t  of a n y  re p o r te d  to  d a te .

(63) B . J .  M ag e rle in  a n d  R . H . L ev in , ib id ., 77, 1904 (1955).

ture (di-cyclohexanone plus A2- and A3-cyclohexenones) which 
was separable by gas chromatography on a 20% Carbowax 
20M column (10 ft X 0.25 in.) at 130° (conditions E). The 
cyclohexanone fraction was recycled until it contained less 
than 1% impurities: yield, 133 mg.

The ¿3-ethylene glycol monether (57, 833 mg) was cleaved by 
the method of Johnson64 to yield l,4,4-d3-cyclohexanol (400 
mg) which was purified by gas chromatography on a 15% 
Apiezon L column (5 ft X 0.25 in.) at 110° (conditions E). 
This material was oxidized under Jones conditions46 to yield 
the crude ketone (216 mg) which was purified by gas chroma
tography employing conditions E above: from both routes, 
kma“id film 4.5 and 4.7 (CD) and 5.8 /u (C = 0 ). Anal. Calcd for 
CeHsOD^ mol wt, 100. Found: mol ion, 100 (97% d2, 3% 
d  i).

4,4-d2-2-M ethylcyclohexanols and D erivatives.—4,4-d2-Cy- 
clohexanone (61, 216 mg) was methylated in dry toluene with 
sodium f-amylate and dimethyl sulfate according to the pro
cedure of Seibl and Gaumann.61 The products from this 
reaction [4,4-d2-cyclohexanone (40%), 4,4-d2-2-methylcycIo- 
hexanone (50%), and 4,4-d2-2,2-dimethylcyelohexanone (10%)] 
were separated by gas chromatography on a 20% Apiezon L 
column (10 ft X 0.25 in.) at 120°. The resulting pure 4,4-d2-2- 
methylcyclohexanone (62, ca. 50 mg; x'A l̂d tllm 4.6, 4.8, and 5.8 
n) was reduced with lithium aluminum hydride in dry ether to 
yield the crude alcoholic mixture (30% cis, 70% trans) which 
was in turn separated into the pure components (63 and 64) by 
gas chromatography (conditions A). Procedures A and B were 
applied to obtain the required xanthates and acetates on a 4-
10-mg scale: ¿rans-4,4-d2-2-m ethylcyclohexanol (63), Xiil",d flIm
3.0, 4.6, and 4.8 ¡i {Anal. Calcd for C7Hi2OD2: mol wt, 116. 
Found: mol ion, 116); trans-4,4-d2-2-m ethylcyclohexyl acetate  
(29), ,iIm 4.6, 4.8, 7.3, and 8.1  ̂ {Anal. Calcd for C9H14- 
0 2D2: mol wt, 158. Found: mol ion, 158); cfs-4,4-d2-2-M ethyl- 
cyclohexanol (64), Xiij“idfilm 2.9, 4.6, and 4.8 m {Anal. Calcd 
for C7Hi2OD2: mol wt, 116. Found: mol ion, 116); cfs-4,4- 
¿j-2-m ethylcyclohexyl-S-m ethyl xanthate (17) {Anal. Calcd 
for CsiHi40S2D2: mol wt, 206. Found: mol ion, 206); cis-4,4- 
¿2-2-m ethylcyclohexyl acetate (35), X]iSid,llm 2.6, 2.8, 5.8, 7.3, 
and 8.0 n {Anal. Calcd for C9Hi40 2D 2: mol wrt, 158. Found: 
mol ion, 158).

I,2 ,2 ,6 ,6-d5-Cyclohexyl Acetate (22) and S-M ethyl Xanthate 
(65).— Cyclohexanone was exchanged three times with 10% 
deuteriohydrochloric acid-deuteriophosphoric acid according 
to the procedure of Seibl and Gaumann,61 then reduced with 
lithium aluminum deuteride in dry ether to yield the crude 
alcohol. This material was purified by preparative gas 
chromatography (conditions E) and converted by procedures 
A and B into the two requisite derivatives: 1,2,2,6,6-d5- 
cyclohexyl-S-m ethylxanthate (65) [Anal. Calcd for C8H9OS2D 5: 
mol wt, 195. Found: mol ion, 195 (1% du 3% d2, 5% d3, 8% 
¿4, 83% ¿ 6)]; l,2 ,2 ,6 ,6 -d 5-cyclohexyl acetate (22), X1j,™idfilm 4.5,
4.7, 5.7, 7.3, and 7.9 ¡j. {Anal. Calcd for CsHsCLDs: mol wt, 
147. Found: mol ion, 147).
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The Chugaev xanthate and ester pyrolysis reactions have been examined in the epimeric cis- and trans-2- 
methylcyclohexyl-S-methyl xanthates and acetates by comparison of results obtained for the unlabeled and 
2-dj-Iabeled substrates. While the olefinie products obtained from the pyrolysis of the trans-2-di xanthate
(6) and acetate (8) exhibit isotopic contents consistent with those to be expected through operation of a 
homogeneous efs-eyclic elimination process, the products from the cis-2-d, xanthate (5) and acetate (7) do not.
In the latter compounds, kinetic deuterium isotope effects (kD/ka) have been calculated (1.0 in S and 0.67 in 
7) and from these values and isotopic content data for the 1-methyl-l-cyclohexene fraction (44% d, in S and 
78% di in 7) possible ionic mechanisms have been proposed for the net trans-elimination process in these 
compounds.

In the course of our investigation3 of the electron 
impact induced elimination of the elements of xanthic 
and acetic acid from the epimeric 2-methylcyclo- 
hexyl-S-methyl xanthates (1 and 2) and acetates 
(3 and 4), we had cause to examine closely the pyroly
sis of the unlabeled compounds and their 2-di-labeled 
analogs (5-8). The present paper records these 
results, which offer an interesting comparison between 
thermolytic and electron impact promoted phe
nomena.

1, R  = -C(S)SCH3; R ' = H 2, R  = -C(S)SCH3; R ' = H 
3, R  = -C(0)CH 3; R ' = H 4, R  = -C(0)CH 3; R ' = H 
5, R  = -C(S)SCH3; R' = D 6, R  = -C(S)SCH3; R ' = D 
7, R  = -C(0)CH„, R ' = D 8, R  = -C(0)CH 3; R ' = D

The pyrolytic elimination reaction in esters4 and 
xanthates4,5 (the Chugaev reaction) is known to 
result in the nearly exclusive abstraction of a cis-p- 
hydrogen atom and such elimination processes have 
found widespread synthetic utility as a result of this 
striking selectivity in the conversion of alcohols to 
olefins. These eliminations have been visualized as 
proceeding4 by a highly concerted mode such as 
9 -*• 10 +  11, in which, in the activated complex, little 
charge separation develops and some double-bond 
character exists between the incipient olefinie carbon 
atoms. This view has been supported by the ob
served substituent and isotope effects.4 In the case

10 11
X = O; R = -CH 3 

or X = S; R = -SCH3
(1) W e a re  in d e b te d  to  th e  N a tio n a l I n s t i tu te s  of H e a lth  fo r f inancia l 

s u p p o r t (G ra n t N o . G M -06840). T h e  p u rc h a se  of th e  A tla s  C H -4  m ass 
s p e c tro m e te r  w as m ade possib le  b y  N A S A  G ra n t  N o. N sG  81-60.

(2) T a k e n  in  p a r t  from  th e  P h .D . d is s e r ta tio n  s u b m it te d  b y  W . S . B . to  
th e  G ra d u a te  School, S ta n fo rd  U n iv e rs ity , 1967.

(3) W . S . B riggs a n d  C . D je ra ss i, J .  Org. C hem ., 33, 1612 (1968).
(4) C . H . D e P u y  a n d  R . W . K in g , Chem . Rev., 60, 431 (1960), a n d  re fe r

ences th e re in .
(5) H . R . N ace , Org. R eactions, 12, 57 (1962), a n d  references  th e re in .

of esters (R = alkyl), the acid fragment 11 is stable, 
while that produced in the pyrolysis of xanthates 
(the unknown xanthic acid) undergoes subsequent 
decomposition to carbonyl sulfide and mercaptan 
(RSH).

While a concerted, m-cyclic mechanism of the 
above type adequately explains the formation of 
the major portion of products in most pyrolytic 
elimination processes, minor quantities of net trans 
elimination do occur.4,6 Such products are readily 
detected in cyclic systems where free rotation about 
carbon-carbon single bonds is precluded and it has 
been proposed that these products of net trans 
elimination may arise through the operation of radical4 
or ionic6-8 mechanisms.

Esters9,10 and S-methyl xanthates8 of the bicyclic 
alcohol borneol (15) give, upon pyrolysis, products 
which can be best explained by invoking ionic inter
mediates9,10 which may undergo subsequent Wagner- 
Meerwein rearrangement before suffering hydrogen 
loss. Thus, bornyl-S-methyl xanthate (16) yields8 
upon pyrolysis in the liquid state not only the expected 
bornylene (17), but also significant quantities of 
camphene (18) (30% optical purity) and tricyclene

(6) E . S . G ou ld , ‘ M ech an ism  a n d  S tru c tu re  in  O rgan ic  C h e m is try ,”  H o lt, 
R in e h a r t  a n d  W in sto n , N ew  Y ork , N . Y ., 1959, p p  500-507 .

(7) S uch  ionic in te rm e d ia te s  h a v e  b ee n  p ro p o sed  b y  G . B e r t i  [ J . A m er. 
Chem . Soc., 76, 1217 (1954)] to  ex p la in  th e  la rg e  a m o u n t (7 0 -7 8 % ) of trans  
e l im in a tio n  w hich  occurs in  th e  liqu id  p h ase  p y ro ly sis  of cw -m eth y l (2 -p h en y l- 
cyclohexyl) su lfite  (12) a n d  b y  S m ith  a n d  co -w orkers [R . T a y lo r , G . G . S m ith , 
a n d  W . W etzel, ib id ., 84, 4817 (1962)] to  a c c o u n t fo r th e  excellen t co rre la tio n  
o b ta in ed  be tw een  &rei fo r th e  p y ro ly sis  (600°K ) of s u b s t i tu te d  p h e n y le th y l 
a c e ta te s  of ty p e s  13 a n d  14 w ith  H a m m e tt  <r+ values .

c6h5 o

ÔH II
^OSOCHa

12

X

0

OCCHs

CHCHs 
X

13
0

< ^ ^ C H * C H 2OCCH3

14
(8) (a) A . M acco ll, ‘‘ K ek u lé  S y m p o s iu m ,”  B u tte rw o r th  a n d  C o . L td .,  

L ondon , 1959, p p  230 -2 4 9 ; (b) fo r a  re c e n t rev iew  of su ch  processes, see 
A. M acco ll, A dvan . P h y s . Org. C hem ., 3, 91 (1965).

(9) C . A . B u n to n , K . K h a le e lu d d in , a n d  D . W h itta k e r , N a tu re , 190, 715 
(1961).

(10) T . S a to , K . M u ra ta , A . N ish im u ra . T . T su ch iv a . a n d  N . W asad a . 
Tetrahedron  23 1791 (19671.
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(19). The low optical purity of the isolated cam- 
phene suggested9 that stepwise decomposition through 
a carbonium ion intermediate was operative. (See 
Scheme I.)

Analogous “quasi-heterolytic processes”8 yielding 
ionic intermediates have been proposed6'8'11 for the 
pyrolysis of alkyl halides; however, the observation of 
significant isotope effects in certain cases has lead 
to some question4 regarding these mechanisms.

Results
Xanthates 1 and 2 and their 2-dx-labeled analogs 

(5 and 6) were pyrolyzed at 250° as described in the 
Experimental Section. In a like manner, acetates 
3 and 4 and their deuterated counterparts (7 and 8) 
were pyrolyzed at 400°. In Table I are summarized 
the percentages of the various olefinic products,12 as 
determined by analytical vapor phase chromatog
raphy and the isotopic content of these products as 
determined by mass spectrometry.

From the pyrolytic data in Table I, values of the 
kinetic deuterium isotope effect (kD/k n )  for the elimi
nation process in xanthates 1 and 2 may be calcu
lated.13 The values of 0.59-0.72 found for the trans 
xanthate (2) are in fairly good agreement with values 
of 0.50-0.59 previously reported4'13 for ester pyrolyses. 
The cis xanthate (1), by contrast, exhibits no sig
nificant isotope effect. Inspection of the isotopic 
content of the olefins produced in the pyrolysis of the 
deuterated xanthates (5 and 6) (Table I) provides 
additional insight into the cause of this anomalous 
behavior.

(11) A. M acco ll a n d  E . S. S w inbou rne , Proc. Chem. Soc., 409 (1960).
(12) T re a tm e n t  of c o n tro l m ix tu re s  of each  of th e  isom eric  m e th y lc y c lo - 

hexenes u n d e r  th e  p y ro ly sis  a n d  w o rk -u p  c o n d itio n s  b o th  n e a t a n d  in  th e  
p resence  of eq u im o la r q u a n tit ie s  of g lac ia l a c e tic  ac id  o r m e th y l m e rc a p ta n  
fa iled  to  p ro d u ce  a n y  s ig n ifican t iso m e riza tio n  as  d e te c te d  b y  s u b se q u e n t 
v a p o r  p h ase  c h ro m a to g ra p h y .

(13) T h e se  v a lu es  w ere ca lc u la te d  b y  a  m e th o d  an a lo g o u s  to  t h a t  of 
D e P u y  a n d  co -w orkers [C. H . D e P u y , R . W . K in g , a n d  D . H . F roem sdo rf, 
Tetrahedron, 7, 123 (1959)]. B y  co n s id e ra tio n  of th e  k in e tic  p rocesses 
(1 a n d  2) fo r th e  u n la b e led  a n d  d eu te r iu m -lab e led  s u b s tra te s , exp ressions 
3 a n d  4 m a y  be w r itte n  re la tin g  th e  ra t io s  of p e rc e n ta g e s  of th e  tw o  olefinic 
p ro d u c ts  a t  a n y  tim e  t  to  th e  ra t io  of th e  r a te  c o n s ta n ts  fo r th e  tw o  d ec o m 
p o s itio n  p a th w a y s , a ssu m in g  t h a t  b o th  e lim in a tio n  p rocesses a re  of th e  sam e 
m o lecu lar o rd er (an d  p re su m a b ly  b o th  u n im o lec u la r in  su ch  p y ro ly s is  
p rocesses).

(% H(2) loss)do (% A >-)j„ == fcHfS, (3)(% H(6) loss)* ( % A3-)* fcH(6)
(% D(2) loss) 2-dl (% A■-)!-* &D(2) (4)(% H(6) loss) 2-dj (% A3-) 2-* &'H(6)

B y  m a k in g  th e  rea so n ab le  a s su m p tio n  t h a t  th e  ra te s  of h y d ro g en  loss from  
C -6 in  th e  do a n d  2-di co m p o u n d s a re  eq u a l (i . e ., &H(6) == &'h (6)), re la tio n s  
3 a n d  4 m a y  be com bined  to  y ie ld  a n  ex p ress ion  (5) defin ing  th e  k in e tic  
d e u te r iu m  iso to p e  effec t (&d /&h) fo r rep la c e m e n t of th e  C-2 h y d ro g en  b y  
d e u te r iu m  in  te rm s  of th e  p e rc e n ta g e  co m p o sitio n  of th e  olefinic m ix tu re  
in  th e  u n la b e led  a n d  d e u te riu m -lab e led  m a te r ia ls .

—  =  ^ p (2> =  (%  A3-)dp X  (%  A1-) 2-dI 
k a  *H(2) (%  A1-)d0 X (%  A8-)2-di

Scheme I

17 16, R = —C(S)SCH3 19

"OR

IS

While the olefins produced from the trans xanthate 
(6) show the expected isotopic contents for operation 
of a concerted, cfs-cyclic elimination process, namely, 
nearly complete retention of deuterium label in the
1-methyl-l-cyclohexene and nearly complete loss of 
label in the formation of 1-methyl-l-cyclohexene, the 
results for the cis xanthate (5) are clearly not in 
accord with predictions. The retention of deute
rium label in 44% of the 1-methyl-l-cyclohexene in this 
latter pyrolysis could be explained, however, by the 
postulation of a carbonium ion6 intermediate of 
type a in one of the decomposition pathways of this 
isomer. This species (a) may either lose a proton or 
deuteron directly or undergo a 1,2-deuteride shift to 
yield the more stable tertiary carbonium ion (b) 
which subsequently loses a proton or deuteron to 
yield the olefinic products. In the activated complex 
leading to the elimination of the tertiary hydrogen in 
xanthate 5, C -0  bond breaking would be the domi
nant process, thus accounting for the lack of any 
observable kinetic deuterium isotope effect with this 
substrate. (See Scheme II.)

5,R = -C (S )S C H 3

Scheme II

However, it should be pointed out that, since these 
pyrolytic studies were carried out in a hot vpc column, 
their degree of homogeneity is not precisely known. 
While a path of type 5 — a —► b —*- products may be 
operating, one cannot say with certainty whether it is
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T able I

Summary o f  P yrolytic Studies o n  2-M ethylcyclohexyl-S-M ethyl X anthates and Acetates

Pyrolysis

------ Percentage o

Ò

f olefin mixture6---------- .

*
Compound conditions« kn/ku

Ji^OCSCH,

U  i
trans-do (2) C 68 32

d 65 35
e 64 36
f 66 34
9 62 38

cis-do (1) d 29 71
f 20 80
9 10 90

trans-2 -d, (6) * } d
f

54 (98% do) 
54

46 (97% d0  
46

0.62
0.59

9 54 46 0.72
. „ , 118% do{ cis-2 -d, (5) j 82% d 28 156% do) 

144% d j
111% do)
189% d j 1.0

f 20 80 1.0
9 10 90 1.0

2,6,6-d, (20) (97% ds) d 60 40
e 50 50

^k^OCCH.
/ 61 39

trans-do (4) h 56 44
9 56 44

cis-do (3) h 9 91
9 6 94
i 58 42

trans-2 -d, (8) { J J J  * } h
9

41 (97% do) 
40

59 (100% di)
60

0 .56
0 .53

h 6 f22 %  rfoi 
178% d j 94 (100% di) 0 .67

9 4 96 0.67
i 50 50 0.72

0 See Experimental Section. 6 These values are corrected for the contribution of any significant quantities of the isomeric 
materials or isotopic contaminants and are considered reproducible to ±1%. 'Unseasoned stainless steel, 250°. d Seasoned 
stainless steel, 250°. ‘ Liquid phase, over powdered soft glass, 200°. > Pyrex tube, 250°. » Pyrex tube, 400°. 4 Seasoned stainless
steel, 400°. * Seasoned stainless steel tube with a deposit of carbonaceous material from ca. 70 pyrolyses, 400°.

occurring as a true vapor phase reaction or on the 
walls of the hot tube as a surface-catalyzed process. 
In fact suggestive of at least partial intervention of 
such surface catalyzed processes is the observed sen
sitivity (Table I) of the product composition to the 
nature of the tube wall (seasoned stainless steel or 
Pyrex glass), to the presence of acidic carbonaceous 
residues, and to higher reaction temperature.6 The 
observed temperature dependence of the anomalous
l-methyl-l-cyclohexene product in the total product 
mixture is, however, not that expected for total op
eration of a high-energy “quasi-heterolytic” process, 
since higher reaction temperature should result in an 
increase in the anomalus product rather than a de
crease as noted in Table I.

The formation of a significant quantity (11%, 
Table I) of 3-methyl-l-cyclohexene in which all the 
deuterium label is lost is not easily accommodated by 
either the normal m-cyclic elimination process or a 
“quasi-heterolytic” process of type 5 -*■ a products, 
and virtually demands the intervention of a surface 
catalyzed variant.

That this rearrangement of type 5 —► b —► products 
is not unique to the pyrolysis under conditions where 
surface catalysis might come into play is shown how
ever by the pyrolysis of a mixture of 2,6,6-d3-2-methyl- 
cyclohexyl-S-methyl xanthates (20) containing cis

(30%) and trans (70%) isomers in the liquid state (see 
Experimental Section). The olefins isolated from 
this pyrolysis [3-methyl-l-cvclohexene (50%) and
l-methyl-l-cyclohexene (50%)] also gave anomalous 
isotopic contents. While the 3-methyl-l-cyclohexene 
fraction was 100% dì, the l-methyl-l-cyclohexene 
produced had isotopic content 94% d2 and 6% do.

The alternative radical process involving homolytic 
fission of the C -0 bond would require a 1,2-hydrogen 
atom shift and would therefore not appear so likely, 
since, although such rearrangements have been postu
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lated14'15 and found15 17 18 to occur in photochemically 
excited species, they are virtually absent in ground- 
state solution chemistry.16-18 Such a radical process 
is, however, not excluded by the experimental evi
dence.

Also pertinent to any discussion of liquid phase vs. 
surface-catalyzed pyrolysis reactions is the observed 
close similarity of percentage of the two olefins 
(Table I) in the pyrolvsate from trans xanthate 2 
irrespective of the pyrolysis conditions (seasoned or 
unseasoned stainless steel or Pyrex tube at 250° or in 
the liquid phase at 200°). The cis xanthate (1), by 
contrast, is more sensitive (Table I) to the nature of 
the pyrolysis conditions, particularly the surface 
employed (Pyrex or stainless steel), and to the presence 
of acidic carbonaceous residues19 which accumu
late after extensive seasoning of the reactor. These 
latter deposits are presumably responsible19 for the 
large proportion of net trans elimination both in 
xanthate 1 and cis acetate 3, possibly through the 
increased intervention of heterogeneous ionic reaction 
paths.

The pyrolyses of cfs-19'20 (3) and ¿rans-2-methyl- 
cyclohexyl acetate20 (4) have been examined previ
ously and the results in Table I are in close agreement 
with the values obtained by these earlier workers. 
Again as for trans xanthate 2, the olefinic ratio from 
trans acetate 4 is nearly independent of the pyrolysis 
conditions, whereas that from cis acetate 3 exhibits 
greater dependence. The presence of carbonaceous 
deposits has a profound effect19 (Table I) on the ratio 
of olefinic products produced in the pyrolysis of 
cis acetate 3, resulting in an up to sixfold increase in 
the amount of 1-methyl-l-cyclohexene, the product 
from net trans elimination, under our experimental 
conditions.

In a manner analogous to that employed13 in the 
xanthate series, values of k0 /k u  for the elimination 
reaction of the acetates 3 and 4 may be determined 
from the pyrolytic data (Table I) for the d 0 and 2-di 
compounds. The values found for this process are 
0.67 and 0.53-0.56, respectively, in fairly good agree
ment with those (0.50-0.59) previously reported in 
the literature.4,13 Particularly interesting is the 
relative constancy of the value of kD/ k K for cis acetate 
3 (Table I) even in the presence of carbonaceous 
impurities.

The close similarity of these pyrolytic kn/ k K values 
for acetates 3 and 4 as opposed to the striking differ
ences exhibited by xanthates I (1.0) and 2 (0.59-0.72) 
might at first suggest that in the acetates the con
certed cfs-cyclic mode of elimination is operative. 
However, examination of the isotopic content of the 
resulting olefinic products (Table I) from the deuter-

ated compounds 7 and 8 does not support this view. 
While the data for the trans acetate (8) are consistent 
with expectations for a homogeneous cfs-cyclic elimina
tion process, the results for the cis acetate (7) are again 
anomalous. In this latter compound, 78% of the
1-methyl-l-cyclohexene produced (6% of the total 
olefinic product) still retains the deuterium label. 
One possible mechanism which might be expected to 
yield such isotope effect and label retention data may 
be visualized as 7 —► ct -► c —► products. An analo
gous 1,2 participation of an axial hydrogen has been 
postulated to account for the 77-fold rate increase in 
the ethanolysis of 2-methylcyclohexyl tosylate on 
passing from the trans to the cis series.21 (See Scheme
III.)

S c h e m e  III

c

The failure of cis xanthate 5 to exhibit an isotope 
effect, interpreted as indicating spontaneous heteroly
sis cf the C -0  bond in the activated complex without 
requiring neighboring deuterium assistance (as was 
invoked in c+ in cis acetate 7), may well be a reflec
tion of the greater acid strength4 (and stability of the 
anionic species) predicted for the unknown xanthic 
acid compared with that of normal carboxylic acids.

Again, as for xanthates 1 and 5, it cannot be stated 
with absolute certainty that these are completely homo
geneous pyrolytic reactions in acetates 3 and 7; how
ever, in this case, the relative insensitivity of the prod
uct ratios (Table I) to tube wall construction (Pyrex or 
coated stainless steel) would suggest that this might be 
so. Particularly reassuring is the observation without 
comment of the analogous rearrangement process22 in 
the pyrolysis of an isomer mixture of l,3,3-d;i-carvo- 
menthyl acetate (21) over glass helices at 400°.

21
(14) (a) G . W . G riffin , J . C oveil, R . C . P e tte rso n , R . M . D odson , an d  

G . C lose, J .  A m er. Chem . Soc., 87, 1410 (1965); (b) H . K ris tin sso n  a n d  G . W . 
G riffin , ib id ., 88, 378 (1966); (c) G . W . G riffin , A. F . M a rcan to n io , H . 
K ris tin sso n , R . C . P e tte rso n , a n d  C . S . I rv in g , Tetrahedron L ett., 2951
(1965).

(15) D . I .  S ch u s te r  a n d  I .  S . K ru ll, J .  A m . Chem . Soc., 88, 3456 (1966).
(16) C . W a lling  in  “ M o lec u la r R e a rra n g e m e n ts ,”  P a r t  1, P . de M ay o , 

E d ., In te rsc ie n c e  P u b lish e rs , In c .,  N ew  Y o rk , N . Y ., 1963, p  416 ff.
(17) L . H . S laugh , J .  A m er . Chem . Soc., 81 , 2262 (1959).
(18) D . Y . C u r tin  a n d  J .  C . K au e r , J .  Org. C hem ., 25, 880 (1960).
(19) S im ila r effec ts  of ac id ic  ca rb o n a ceo u s  res id u es  h av e  b ee n  re p o rte d  b y  

W . J .  B ailey  a n d  L . N icho las  [J . Org. C hem ., 21, 854 (1956)] in  th e ir  p y ro ly sis  
s tu d ie s  o n  c ts-2 -m eth y lcy c lo h ex y l a c e ta te .

(20) R . T . A rno ld , G . G . S m ith  a n d  R . M . D odson , ib id ., 15, 1256 (1950).

Thus it appears that, under the pyrolysis conditions 
employed in this study, the olefinic products from 
effective trans elimination in the 2-methylcyclohexyl-
S-methyl xanthates and acetates may be adequately 
accounted for by postulating, as the major process, 
spontaneous (xanthates) or neighboring hydrogen

(21) (a) W . H tlckel a n d  H . D . S au e rlan d , A n n . ,  592, 190 (1955); (b) 
A. S tre itw ie se r, J r . ,  “ S o lv o ly tie  D isp lac em en t R e a c tio n s ,”  M cG raw -H ill 
B ook C o ., In c . ,  N ew  Y o rk , N . Y ., 1962, p  143.

(22) A. G . T h o m as  a n d  B . W illha lm , J .  Chem . Soc., Sect. B , 219 (1966).
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assisted (acetates) heterolysis of the C -0  bond yield
ing ion pairs, followed by direct proton loss or 1,2- 
hydride shift and subsequent proton loss from the 
cationic species.

E xperim ental S ectio n 23

Preparation of d o -  and 2-di-Labeled Xanthates and Acetates 
(1-8) and 2,6,6-d3-2-Methylcyclohexyl-S-methyl Xanthate (20).
•—These materials were prepared and characterized as described 
earlier.3

Pyrolysis of ¿rais-2-Methylcyclohexyl-S-methyl Xanthate (2) 
and 2,6,6-d3-2-Methylcyclohexyl-S-methyl Xanthate (20) in the 
Liquid Phase.—The crude xanthate (containing a fair amount 
of dimethyl trithiocarbonate as an impurity) was pyrolyzed over 
powdered soft glass in a flask equipped with a nitrogen inlet 
tube and a Vigreux column by heating in a Wood’s metal bath 
at 200-210°.24 1 The pyrolysate was collected in a Dry Ice- 
isopropyl alcohol cooled trap. In each case, the pyrolysate was 
analyzed by vpc on a 15% Apiezon L column (10 X 0.25 in.) 
at 100°.

The pyrolysate from xanthate 20 was separated by prepara
tive vpc employing the above conditions and the material cor
responding in retention time to 3-methyl-l-cyclohexene (or 
rijethylenecyclohexane) was examined by nmr spectroscopy. 
The spectrum of this compound exhibited as its main features 
a signal centered at 6 5.55 ppm (1 H, HC=C) and a closely 
spaced doublet ( J  =  1 cps) centered at 5 0.95 ppm (3 H, -C H 3).

(23) A ll co m p o u n d s w ere  pu rif ied  b y  v a p o r  p h ase  c h ro m a to g ra p h y  (vpc) 
an d  ch a ra c te r iz e d  b y  in f ra re d  s p ec tro sco p y  a n d  m ass  sp e c tro m e try  as 
desc rib ed  in  re f  3 . O lefinic p ro d u c ts  w ere  an a ly z e d  a n d  pu rified  b y  v p c  on 
a V arian  A ero g rap h  M od el 202B  c h ro m a to g ra p h  em p lo y in g  th e  co lu m n s 
lis ted . M ass  s p e c tra  of o lefinic p ro d u c ts  w ere  reco rd e d  b y  D r .  A . M . 
D uffield o n  a n  A tla s  C H -4  m ass  s p e c tro m e te r  e q u ip p ed  w ith  a  M odel T O -4  
ion sou rce  a n d  h e a te d  gas c a rtr id g e  in le t sy s te m  m a in ta in e d  a t  200°. Io n 
iz ing  co n d itio n s  a re  as  fo llow s: io n  so u rce  te m p e ra tu re , 200°; ion iz ing  
v o ltag e , 70 eV ; a n d  io n iz ing  c u r re n t , 10 n A .  N m r sp e c tra  w ere ru n  b y  
D r. Y . K an aza w a  a n d  M r. R . C . R o n a ld  on  a  V arian  A ssociates M odel A-60 
sp ec tro m e te r  in  d eu te rio ch lo ro fo rm  so lu tio n  a n d  u s in g  te tra m e th y ls ila n e  
(5 0 .00) as an  in te rn a l s ta n d a rd .

(24) P y ro ly s is  of x a n th a te  20 co n ta in in g  d im e th y l t r i th io c a rb o n a te  u n d e r  
the se  co n d itio n s  a n d  t h a t  of a  pu rif ied  sam p le  in  th e  ab sen ce  of pow d ered  
so ft g lass a n d  w ith  th e  b a th  te m p e ra tu re  m a in ta in e d  a t  250° y ie ld ed  id e n tic a l 
resu lts .

No signals were apparent for either terminal methylene (5 4.6) 
or cyclopropane hydrogens (d <1.0) in this material, nor was 
evidence found for the presence of cyclopropane hydrogens3 
in the nmr spectrum of the 1-methyl-l-cyclohexene fraction 
from this pyrolysis.

Conditions for All Other Pyrolysis Studies on 2-Methylcyclo- 
hexyl Acetates and S-Methyl Xanthates.—All pyrolyses were 
carried out in a Varian Aerograph Model 202A gas chromato
graph fitted with either a 2 ft X 0.25 in. Greenville Tube, Inc., 
Type 304, W & D stainless steel tube equipped with a small plug 
of Pyrex glass wool at the entrance (and previously seasoned by 
ca. 30 pyrolyses of 10-;ul samples of xanthates and acetates under 
the conditions listed below) or a 2 ft X 6 mm length of no. 
7740 Pyrex tube with a small plug of Pyrex glass wool at the 
entrance. In both cases injector liners of 2-mm Pyrex tube 
were employed. The temperature conditions were as fol
lows: xanthates, injector block 175°, column 250°, detector 
block 150°, helium flow ca. 20-60 ml/min over 5 min, estimated 
contact time with hot zone 0.5-1 min, sample size 2-10 /¿l; 
acetates, injector block 175°, column 400°, detector block 150°, 
helium flow conditions ca. 15-25 ml/min over 5 min, estimated 
contact time with hot zone 0.5-1 min, sample size 2-10 ¿d.

General Procedure.—The sample was injected at the requi
site temperature and minimum flow rate. After 2 min, the 
flow rate was raised uniformly to the maximum value over the 
ensuing 3 min. The pyrolysate was collected in a 4-mm glass 
U-tube with liquid nitrogen cooling. When visible evidence 
of continued pyrolysate flow had ceased, the tube was removed, 
20 pi of anhydrous ether added, and the sample examined 
by analytical gas chromatography on 20% Apiezon L column 
(10 ft X 0.25 in.) at 100°. Preparative gas chromatography 
employing the same conditions yielded the pure isomeric olefins 
whose isotopic contents were determined from the molecular 
ion regions of the 70-eV mass spectra. Olefinic compositions 
were determined by the cut and weigh method on the analytical 
vpc traces.

R egistry N o .— 1, 15288-12-7; 2, 15288-13-8; 3,
15288-14-9; 4, 15288-15-0; 5, 15288-22-9; 6, 15288- 
17-2; 7, 15285-97-9; 8, 15285-91-3; 20, 15296-85-2.
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O zo n o ly sis . X . T h e  M o lo zo n id e  as a n  In te r m e d ia te  in  
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L o is  J. D urham  and  F red  L. G reenw ood115

Department of Chemistry, Stanford University, Stanford, California 94305 

Received November 7, 1967

Low temperature ( —130°) nmr spectral studies of the ozonation mixtures which were prepared from dichloro- 
difluoromethane solutions of the stereoisomers of 2-butene, 2-pentene, and 3-hexene gave evidence for the existence 
of molozonides. The cis molozonides could be observed to decompose at —130° to the usual ozonolysis prod
ucts, whereas the trans molozonides required warming to —100° before they were converted into the usual ozo
nolysis products.

It was Staudinger2 who first made the suggestion that 
the observed alkene-ozone reaction products were 
actually secondary reaction products which arose from 
a primary addition product. By analogy to the mo- 
loxide which at that time was postulated as the pri
mary autoxidation product of alkenes and which was 
formulated as a 1,2-dioxetane, he called the primary

(1) (a) A p re lim in a ry  re p o r t  o n  p a r t  of th is  w o rk  has  been  p u b lish e d :
L . J .  D u rh a m  a n d  F . L . G reenw ood , Chem . C om m un., 843 (1967). (b) F .
G . is in d e b te d  to  th e  C h e m is try  D e p a r tm e n t, S ta n fo rd  U n iv e rs ity , a n d  
p a r t ic u la r ly  to  D r. H . S. M oshe r, fo r th e ir  h o sp ita li ty  a n d  to  th e  P e tro le u m  
R esea rc h  F u n d  of th e  A m erican  C h em ica l S o c ie ty  fo r p a r t ia l  financia l su p 
p o r t  d u rin g  s a b b a tic a l le av e  from  T u f ts  U n iv e rs ity .

(2) H . S tau d in g e r , Ber., 58 , 1088 (1925).

alkene-ozone reaction product a molozonide and 
formulated it as

RCH—CHR
! I

0 ------0 : 0

It was not until 1960 that firm, indirect experimental 
evidence for the existence of the molozonide appeared 
when Criegee and Schröder,3 reported that treatment 
of the ozonation mixture from frans-di-i-butylethylene 
with isopropyl Grignard reagent gave rise to dl-
2,2,5,5,-tetramethylhexane-3,4-diol. Subsequently, it

(3) R . C riegee  a n d  G . S ch rö d er, Chem . B er., 93 , 689 (1960).
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T able I
N mr Spectral D ata for tr a n s  Alkene Ozonation M ixtures '*

A ld eh y d e O zon ide M o lo zo n id e  P ro p a n a l E th a n a l M e th y le n e , M e th y l ,
A lk en e C H O , S6 C H , S C H , 5 CH*, 6 CH«, 5 5 J

—130° Spectra
íraras-2-Butene 9.52 (d) 5.00 (q), 4.90 (q)c 4.12 (q) 1.98 (d) 1 .1 5 (d)
¿rans-2-Pentene 9.62 (s) 4.95 (u) 4.08 (m) 2.38 (u) 2 .0 5 (d) 1.52 (m) 1.27 (d), 0.85 (t)
tra n s - 3-Hexene 4.07 (t) 1.60 (m) 0.90 (t)

— 70° Spectra
írans-2-Butene 9.55 (d) 5.07 (q), 4.98 (q)4 1.97 (d) 1.13(d)
írans-2-Pentene 9.57 (s) 4.98 (m)4 2 .2 7 (q) 1.95 (d) 1.47 (u) 1.22 (d), 0.82 (t)
¿raras-3-Hexene 9.60 (s) 4.93 (t), 4.87 (t)4 2 .2 7 (q) 1.48 (m) 0.80 (t)

» Authentic ozonides of 2-butene and 3-hexene, authentic 3-hexene ozonation oligomer, and aldehydes were used for peak assignments. 
6 All 5  values related to internal Me4Si = 0.00. CHCfiF was used as an internal standard. Abbreviations used were (d) doublet, fm) 
multiplet, (q) quartet, (s) singlet, (t) triplet, (u) unresolved. c Oligomer evidenced by weak absorption on low field side of peak. 
d Marked absorption, which disappeared on recooling the mixture to —130°, on low field side of peak indicated considerable oligomer.

was reported4 5 that a-diols could be isolated from 
a variety of other alkenes by ozonation of the alkene 
in ether solution at —115° and treatment of this 
reaction mixture with the isopropyl Grignard reagent. 
By this reaction sequence with the geometric isomers 
of the lower alkenes, the a-diols which would result 
from the stereospecific cis addition of ozone to the 
trans alkenes were isolated in good yield, but no a-diol 
could be obtained from the cis alkenes. These data 
supported the molozonide as a stable species under 
the proper conditions in the case of trans and a few 
other alkenes. The structure of the trans molozonide 
as a 1,2,3-trioxolane

RHC—CHIt

appears rather well established by the obtention of a-  
diols of the proper configuration3’4 and by the more 
recent nmr spectral study of Bailey, et a l.6 Some 
crude evidence has appeared4*3 that the cis molozonide 
may be formed by the reaction of a cis alkene and ozone, 
and that the cis molozonide was less stable than the 
corresponding trans isomer. Other than this crude 
evidence, however, experimental data supporting the 
existence of the cis molozonide has not been published.

The data that have appeared on the molozonide indi
cate that it can be an observable alkene-ozone re
action product, but the data do not necessarily prove 
that the molozonide is an intermediate in the ozonolysis 
of alkenes. This paper reports the results of low 
temperature nmr spectral studies which support the 
formation of the molozonide as an intermediate in the 
ozonolysis of both cis and trans alkenes.

In these studies the crucial region for observation 
was the methine proton region. The —130° nmr 
spectrum (cf. Table I) of the ozonation mixture which 
was prepared from fraws-3-hexene had one methine 
triplet at 5 4.07 which can be assigned to the trans 
molozonide methine protons. After 7 hr at —130° 
the spectrum of such a solution was identical with the 
spectrum initially recorded. The —130° spectrum 
from ¿rans-2-pentene had a very weak methine absorp
tion at 5 4.95 which may be assigned to ozonide methine

(4) (a) F . L. G reenw ood , J .  Org. C hem ., 29, 1321 (1964 ); (b ) F . L . G reen 
w ood , ibid., 30, 3108 (1965).

(5) P , S . B ailey , J .  A. T h o m p so n , a n d  B . A. S h o u ld ers , J ,  A m er . Chem , 
Soc., 88 , 4098 (1966).

T able I I
N mr Spectra of R eference Compounds'*

A ld eh y d e M e th in e , M e th y len e , M e th y l,
C o m p d C H O , S S Ò

as-3-Hexene
Ethanal 9.42 (q)

5.30 (t) 2.05 (m) 0.98 (t) 
1.83 (d)

Propanal 9.50 (t) 2 .2 0 (q) 0.85 (I)
2-Butene-

ozonide' 5.23 (q), 5.17 (q) 1 .2 7 (d)
3-Hexene

ozonide' 5.03 (t), 4.98 (t) 1.67 (m) 0.95 (t)
3-Hexene

ozonation
oligomer' 5.73-4.83 (u) 1.72 (m) 0.97 (t)
a Spectra of 8% solutions in dichlorodifluoromethane recorded 

at —50°. b Cf. footnote 6, Table I. ' For preparation, cf. ref 6.

by comparison with the methine absorption of au
thentic ozonides (c j. Table II); the principal methine 
absorption was at 5 4.08 (molozonide), and weak ab
sorptions indicative of ethanal and propanal were 
also present. With frems-2-butene the areas of the 
ozonide and molozonide methine peaks indicated 
that these two components were present in the ratio 
1.0:3.1, ethanal was clearly present, and weak absorp
tion on the low-field side of the ozonide methine peak 
indicated a small amount of oligomer. The methine 
absorption of the alkene ozonation oligomer was broad 
and overlapped the ozonide methine absorption, but 
the former extended further downfield than did the 
latter (cf. Table II). The spectra from ¿rans-2-pentene 
and fraws-2-butene did not change as long as the 
ozonation mixtures were kept at —130°. These data 
indicated that these trans molozonides were stable at 
—130°. They also suggest that with a certain portion 
of the smaller alkene molecules the energy liberated 
during the formation of the molozonides could not be 
dissipated sufficiently rapidly in the small molecule 
and into its environment with the result that these 
species continued to react to give ozonolysis products. 
One might expect to observe this phenomenon with 
higher alkenes if the alkene and ozone concentrations 
used for the ozonation were sufficiently high. The 
single molozonide methine quartet that was observed 
with trans-2-butene and the single molozonide methine 
triplet that was observed with trans-3-hexene provide 
additional support for the 1,2,3-trioxolane structure of 
the molozonide.

The decomposition of the molozonide was observed 
by projecting the molozonide methine peak and the
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T a b l e  I I I

N m r  S p e c t r a l  D a t a  f o r  cis A l k e n e  O z o n a t i o n  M i x t u r e s “

A ld eh y d e O zo n id e  M olozo n id e E th a n a l M e th y len e , M e th y l ,
A lkene C H O , a6 C H , 8 C H , 8 C H 3, Ô 8 8

— 130° Spectra
«s-2-Butene 9.50 (u) 5.05 (q), 4.97 (q)c 4.52 (up 1.80 (d) 1.17(d), 1.08(d)
ci's-2-Pentene 9.65-9.56 (m) 4.93 (mp 4.35 (m) Overlapping multiplets

2.02-0.42
«s-3-Hexene 4.95 (t), 4.87 (tV 4.53 (u)' 1 .4 8 (u) 0.80 (u)

— 50° Spectra
«s-2-Butene 5.17 (q), 5.10 (q)“ 1.93 (d) 1.23 (d)
as-2-Pentene 5.70-4.80 (mP 2.27-1.30 (m) 1.27 (d), 0.87 (t)
cts-3-Hexene 5.05 (t), 5.00 (t)“ 1.58 (m) 0.88 (t)

“ d Cf. footnotes, Table I. * Gianni, et al.,,a have observed multiplicity of cis vicinal methine absorption in other cyclic systems.

ozonide methine region on an oscilloscope. With all 
three trans alkenes the molozonide peak did not begin 
to disappear until the mixture was warmed. As the 
temperature of each ozonation solution reached —100° 
the ozonide methine peak began to appear downfield 
from the molozonide peak. The former could be 
observed to increase as the latter diminished, and 
when a temperature of —90° was reached the molozo
nide peak had disappeared completely. The solutions 
were warmed to —70°, and their nmr spectra verified 
the usual6 ozonolysis products of ozonide, aldehyde, 
and oligomer (cf. Table I). The presence of con
siderable oligomer in the ozonation mixtures was indi
cated by marked absorption on the low field side of the 
ozonide methine peak in the —70° spectra and the 
virtual disappearance of this absorption when the 
mixtures were recooled to —130°. This behavior 
may be explained by oligomer coming into and going 
out of solution.

The first spectra at —130° were taken about 30 
min after the start of the ozonation. With all of the 
cis alkenes the two methine absorptions (cf. Table III) 
in the first spectra indicated the presence of both 
ozonide and molozonide; now, however, the molozo
nide methine absorption was at a lower field than in 
the case of the trans molozonides. These ozonation 
mixtures were kept at —130°, and the spectra were 
recorded at various times. The molozonide methine 
absorption diminished as the ozonide methine absorp
tion increased, and the areas of these peaks were used 
to obtain an approximation of the relative amounts 
of ozonide and molozonide in the mixtures. Illustra
tive data are recorded in Table IV. After the dis
appearance of the molozonide methine absorption, the 
ozonation mixtures were warmed to —50° and the 
spectra indicated the presence of ozonide and oligomer. 
Again, the oligomer in each case was indicated by weak 
absorption on the low field side of the ozonide methine 
peak of the —130° spectra, a marked increase in in
tensity of this low field absorption in the —50° spec
tra, and the near loss of this absorption when the 
ozonation mixtures were recooled to —130°. Under 
the usual ozonation conditions, cis alkenes gave 
little aldehyde;6 in these ozonations the only clear 
evidences of aldehyde were those shown in Table III. 
The larger amount of oligomer in these ozonations is 
interesting in light of the fact that cis alkenes on 
ozonation under usual conditions gave rise to little 
oligomer, whereas with trans alkenes oligomer was the 
principal product.6 It has been suggested6 that the

(6) F . L . G reenw ood  a n d  H . R u b in s te in , J .  Org. Chem ., 32, 3369 (1967).

T a b l e  IV
O z o n i d e  / M o l o z o n i d e  R a t i o s  i n  cis A l k e n e

O z o n a t i o n  M i x t u r e s

M in u te s  a f te r  s t a r t
A lkene of o zo n a tio n O z o n id e /m o lo zo n id e

cî's-2-Butene 31 1.00:0.67
68 1 . 0 0 : 0 . 1 1

a's-2-Pentene 39 1.00:1.32
60 1.00:0.75

1 2 1 1 . 0 0 : 0 . 2 0
«s-3-Hexene 25 1.00:0.57

49 1.00:0.09

molozonide is the principal source of the ozonation 
oligomer, and that the different behaviors of cis and 
trans alkenes may be explained by the relative sta
bility of cis and trans molozonides. If the experi
mental conditions were such that the cis molozonide 
were stable for some time, then one might expect 
reasonable amounts of oligomer from the ozonation of 
cis alkenes. The presently reported data support 
this thesis.

The 1,2,3-trioxolane structure for the trans molozo
nide would appear to be rather firmly established. 
There are a number of instances7 where, with cyclic 
compounds having vicinal methine protons, the cis 
isomer absorbs at a lower field than does the trails 
isomer. This pattern is followed uniformly by the 
cis and trans molozonides (cf. Tables I and III). The 
chemical shift of the methine proton of the cis molozo
nide differs from that of the trans isomer by approxi
mately the same amount that has been observed in 
other ring systems.7 This suggests that the cis 
molozonide has the same ring system as the trans 
isomer rather than a ring system of a different size. 
It is not really known, but the a structure might not 
be expected for the cis molozonide which had been 
suggested by Murray, et a l . f  to exhibit the varied 
stabilities which were observed with the cis molozo
nides (cf. Table IV). Simply by analogy with the 
trans molozonide we favor the 1,2,3-trioxolane struc
ture for the cis molozonide.

The data of Table IV indicate some differences in 
stability of the various cis molozonides. The high 
initial ozonide/molozonide ratio which was ob
served with m-2-butene may be explained by con
siderable formation of ozonide during the alkene-

(7) (a) M . H . G ian n i, E . L . S to g ry n , a n d  C . M . O rlan d o , J r . ,  J .  P hys. 
C hem ., 67, 1385 (1963); (b ) D . Y . C u r tin , H . G ru en , Y . G . H end rickson , 
a n d  H . E . K n ip m e y e r , J .  A m er. Chem . Soc., 83, 4838 (1961 ); (c) F . A. L. 
A n e t, ib id ., 84, 7 4 7 (1 9 6 2 ).

(8) R . W . M u rra y , R . D . Y oussefyeh , a n d  P . R . S to ry , ib id ., 89, 2429 
(1967).
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ozone reaction (c/. comments on £rans-2-butene-ozone 
reaction). Once the decomposition of this molozo- 
nide began to be observed, however, it did so at roughly 
the same rate as the cis molozonide of 2-pentene, the 
most stable of the cis molozonides that were studied. In 
considering the stability of the 1,2,.3-trioxolane system, 
two factors may be involved. First, one has a system 
that is inherently unstable. Examination of Briegleb 
models indicates that a steric factor must also be con
sidered. The experimental facts4*3’6 would indicate that 
alkyl groups in a trans configuration in a 1,2,3-trioxolane 
effect no instability in the molecule, and models sup
port the absence of interaction between the alkyl 
groups of such a configuration. With the alkyl groups 
in a cis configuration in such a system, however, 
models suggest interaction of the alkyl groups. This 
interaction becomes of some consequence with two 
ethyl groups, and one might predict that, with cis 
alkenes having groups larger than ethyl, the stability 
of the cis molozonide will be markedly less than that 
observed for the cis molozonide of 3-hexene.

In the studies4 with the trans isomers of 2-butene,
2-pentene, and 3-hexene the a-diols that were ob
tained were entirely of the configuration that one 
would expect from the stereospecific cis addition of 
ozone to the carbon-carbon double bond. The cur
rent studies supported the stereospecific cis addition of 
ozone to both cis and trans alkenes. The methine 
absorptions of the two molozonide stereoisomers were 
quite different (c/. Tables I and III). In the —130° 
spectra that were obtained from the trans alkene ozo
nation mixtures there was no indication of cis molo
zonide methine absorption, and, likewise, in the —130° 
spectra which were obtained from the cis alkene ozo
nation mixtures there was no indication of trans 
molozonide methine absorption.

It has been mentioned previously7 that cis vicinal 
methine protons in cyclic systems absorb at a lower 
field than do trans ones, and the molozonides examined 
in this work follow this pattern. If one assumes that 
the same phenomenon will be exhibited by 1,3-methine 
protons in cyclic systems, then one has an indirect 
method of assigning stereochemical configurations to 
ozonides. In the nmr spectrum of authentic 2- 
butene ozonide6 the peak height of the lower field 
methine quadruplet is about half that of the higher 
field methine quadruplet. In vapor phase chroma
tography of this same ozonide9 the peak area of the 
steroisomer of longer retention time is about half that 
of the stereoisomer of shorter retention time. Thus, 
one may make the assignment that the cis ozonide is 
the one of longer retention time in gas chromatography 
and the one of lower field methine absorption in the 
nmr spectrum. This assignment is in agreement with 
that already made by Murray, et a l .10 A number 
of other instances where the methine absorption of a cis 
ozonide is at lower field than that of the corresponding 
trans isomer have been published.8

If one assumes that peak height and peak area in an 
nmr spectrum are directly proportional, then one can

(9) F . L . G reenw ood , J .  A m er. Chem . Soc., 88 , 3146 (1966).
(10) R . W . M u rra y , R . D . Y oussefyeh , a n d  P . R . S to ry , ib id ., 88 , 3655

(1966 ).

obtain an approximation of the c is /tra n s  ratio of the 
ozonides produced in the presently reported ozonolyses. 
In the —70° spectrum of the fraus-3-hexene ozonation 
mixture and the —50° spectrum of the cfs-3-hexene 
ozonation mixture the methine triplets of the stereoiso- 
meric ozonides were well resolved and of equal heights. 
Thus, where the molozonide is clearly rearranging to 
ozonide in dichlorodifluoromethane solvent each al
kene stereoisomer gave the stereoisomeric ozonides in 
about a 50:50 ratio. In the spectra obtained from 
the 2-butene ozonation mixtures the methine quadru
plets were not completely resolved, but were resolved 
sufficiently well that one could calculate an approxi
mate c is /tran s  ozonide ratio. From the —70° spec
trum of the frans-2-butene the c is /tra n s  ozonide ratio 
was 31:69. From the first —130° spectrum from cis-2- 
butene the c is /tran s  ozonide ratio was 31:69, and, from 
the last —130° spectrum, when nearly all of the molozo
nide had disappeared, the c is/tran s  ozonide ratio was 
33:67. These data may be added to those already 
published9’11 which show that experimental conditions, 
particularly solvent, have a marked effect on the 
c is /tran s  ozonide ratio formed in alkene ozonolyses. 
It is impossible to draw any conclusions about the 
ozonide which was formed in the 2-pentene ozonations. 
If this alkene behaved here as under other ozonation 
conditions,9’12 it gave rise to stereoisomeric pairs of 
three different ozonides. The methine protons of all 
of these absorb in the same region, and it was impos
sible to draw any conclusions from the complex pattern 
of the methine region of the 2-pentene ozonation 
spectra.

Experimental Section
The 2-pentenes and 3-hexenes were API standard samples. 

The 2-butenes (CP grade) and the fluorocarbons were purchased 
from Matheson Scientific Co.

An ozonizer of the type described by Bonner13 at an oxygen 
flow rate of 1.35 l./hr produced 2-3 vol %  ozone. Spectra 
were recorded with a Varian HR-60, Model 4300-B, using a V- 
4331 nmr probe which was equipped with a V-4340 variable- 
temperature modification. The theoretical amount of ozone was 
introduced into an nmr tube, which was immersed in a -130° 
bath, containing 0.30 ml of liquid dichlorodifluoromethane, 0.24 
mmol of alkene, and a small amount of dichlorofluoromethane 
as an internal standard. After the ozonation, helium was bubbled 
through the reaction mixture for 10 min to remove dissolved 
oxygen, and the nmr tube was then transferred to the probe which 
was precooled to —130°. With the cis alkenes, spectra were 
recorded at —130° at intervals until the molozonide methine 
absorption disappeared. The ozonation mixtures were then 
warmed to —50°, and the spectra were recorded at this tempera
ture. With the trans alkenes the spectra were recorded at
— 130°. The molozonide methine peak and the ozonide methine 
region were projected onto an oscilloscope, and the ozonation 
mixtures were warmed slowly to observe the molozonide- 
ozonide rearrangement. The mixtures were then warmed to
— 70° and the spectra were recorded.

Registry No.—frans-2-Butene molozonide, 15981-
77-8; irons-2-pentene molozonide, 15981-76-7; trans-3- 
hexene molozonide, 2028-40-2; cfs-2-butene molozonide, 
15981-73-4; cfs-2-pentene molozonide, 15981-74-5; cis-
3-hexene molozonide, 2946-58-9.

(11) C f. re fe ren ces  c ite d  in  re f  8.
(12) L . D . L o an , R . W . M u rra y , a n d  P . R . S to ry , J .  A m er , Chem . Soc ., 

87 , 737 (1965).
(13) W . A . B o n n er, J .  Chem . E d u c ., 30 , 452 (1953).
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The reaction of arylamines with amyl nitrite in aromatic solvents gives moderate yields of biaryl products. 
Substrate and positional selectivity, as well as the iodine-abstracting ability of the intermediate generated, indi
cate that a phenyl radical is the attacking species. The addition of strong acid to the system results in a change 
in the reaction scheme wherein partial participation of a phenyl cation or diazonium ion is involved. The reac
tion has been adapted for synthetic use to give biaryl products, supplementing the work of previous investigators.

The reaction of aromatic amines with amyl nitrite 
in aromatic solvents gives moderate yields of biaryl 
products.4 While the present investigation, initiated 
to determine the mechanism(s) involved and the syn
thetic scope of the reaction, was in progress, it was re
ported6 that phenyl radicals are involved in this re
action. The nature of the results reported herein 
further supports the intermediacy of radicals and 
complements the proposed mechanistic scheme for the 
course of biaryl formation by diazotization coupling6 
reactions.

To determine optimum reaction conditions, 0- 
chloroaniline was diazotized with a slight excess of 
amyl nitrite in a 30-fold molar excess of benzene. 
Order and method of addition of reagents, temperature, 
and nitrite concentration were varied without affecting 
the biaryl yield (Table I). The choice of conditions was

T a b l e  I
D i a z o t i z a t i o n  o f  o- C h l o r o a n i l i n e  i n  B e n z e n e

Technique®
T e m p e ra tu re ,

°C
T im e,

h r
%

yield

Nitrite added to amine-benzene so4 4 38
Amine added to nitrite-benzene 80 4 40
Nitrite, amine, benzene mixed directly ~27 4 39
Nitrite, amine, benzene mixed directly 80 3 40
Nitrite,' amine, benzene mixed directly 80 3 40

“ 1.2 molar equiv of nitrite present. 6 Solution reflux tempera
ture. c 2.0 molar equiv of nitrite present.

then based on convenience; the reagents were added 
to excess solvent at room temperature and reaction was 
effected at reflux or 120°, whichever temperature was 
lower. Nitrogen evolution, a means of observing the 
decomposition process, ceased within 2 hr.

The extent of nitrogen evolution was measured in two 
reactions to determine whether the limited formation of 
biaryl product was due to incomplete diazotization 
and/or subsequent decomposition of the intermediate. 
In both cases, more than 90% of the theoretical gas 
yield was observed, indicating that the low biaryl 
yield is a result of competition from side reactions.

(1) A p ro tic  refers  to  so lv en ts  t h a t  a re  n o t  p ro to n  dono rs . O th e r  exam ples 
of such  d ia zo tiza tio n  a r e  s u m m a riz e d  b y  D . Y . C u r tin , J . A . K am p m eier, 
a n d  B . R . O ’C onnor, J .  A m er . Chem . Soc., 87 , 863 (1965).

(2) F in a n c ia l s u p p o r t (G ra n t N o . G P -3976) fro m  th e  N a tio n a l S cience 
F o u n d a tio n  is g ra te fu lly  acknow ledged .

(3) N a tio n a l S cience  F o u n d a tio n  G ra d u a te  T ra in ee .
(4) (a) J . I . G . C ad o g an , J .  Chem . «Soc., 4257 (1962). (b) P rev io u s  rep o rts

on  th e  use of th e  m e th o d  in  p re p a ra t iv e  a p p lica tio n s  (c/. re f  4a) is lim ited  to  
re a c tio n s  a t  < 0 .1  m o l sca le . T h is  in v e s tig a tio n  ex ten d s  th e  sca le  to  1 m ol 
w ith  a p p ro p r ia te  m od ifica tions  of co n d itio n s  a n d  iso la tion  tech n iq u es .

(5) J .  I .  G . C adogan , D . A. R o y , a n d  D . M . S m ith , J . Chem . Soc., Sect. C, 
1249 (1966).

(6) C . R iic h a rd t a n d  E . M erz , Tetrahedron Lett., 36 , 2431 (1964).

Utilization of this method for preparative purposes 
(~ 1  M ) was successful. For example, m - and p- 
methylbiphenyl were obtained in 30 and 40% yield, 
respectively, from reaction of the appropriate toluidines 
in benzene. The isomeric chlorobiphenyls were pre
pared in 30% yield from the chloroanilines and a 12% 
yield of 2,5-dimethylbiphenyl was isolated on diazotiza
tion of aniline in p-xylene.

The reaction was conducted in a variety of aromatic 
solvents under the conditions described above. The 
isomer distributions, high ortho and para  and low 
nieta substitution, are characteristic of radical attack7 
(Table II).

T a b l e  II
C o m p o s i t i o n  o f  B i a r y l  P r o d u c t s  f r o m  A p r o t i c  D i a z o t i z a t i o n  

o f  A n i l i n e  i n  S u b s t i t u t e d  B e n z e n e

% ✓---- Substituted biphenyl-----.
Substrate yield 0 m V

Toluene“ 28.8 57.1 28.0 14.0
Nitrobenzene6 36.0 44.9 15.4 39.8
Chlorobenzene6 40.7 55.0 27.5 17.5
Bromobenzene6 47.8 48.1 33.9 17.9
Methyl benzoate6 51.4 18.6 29.7
“ At reflux. 6 At 120°.

Recently, the ability of aryl radicals, generated 
from benzoyl peroxide, to abstract iodine from aryl 
iodides was demonstrated.8 Thus, this is an ad
ditional device to determine the amount of radical 
intermediates generated from the aprotic diazotization 
of an arylamine. The excellent correlation of yield 
of aryl iodide from both aprotic diazotization and aroyl 
peroxide decomposition not only supports the presence 
of phenyl radicals in the amine-amyl nitrite system but 
confirms that these are the major arylating agents 
(Table III). Aryl cations do not display this ab
stracting ability; e.g., decomposition of benzenedia- 
zonium tetrafluoroborate under these conditions does 
not give any iodine abstraction product.9

To determine the nature of the arylating agent 
generated from the diazotization of aniline in the 
presence of an equivalent of strong acid, the isomer

(7) H . Z ollinger, "A zo  a n d  D iaz o  C h e m is try ,”  In te rsc ie n c e  P u b lish e rs , 
In c ., N ew  Y o rk , N . Y ., 1961, p  157.

(8) (a) D . L . B ry d o n  a n d  J .  I .  G . C ad o g an , Chem . C om m ., 744 (1966); (b) 
J .  F . B u n n e t t  a n d  C . C . W am ser, J .  A m er. Chem . Soc., 88 , 5534 (1966).

(9) (a) D ecom position  of b en zen ed ia zo n iu m  te tra f lu o ro b o ra te  w as also 
ca rried  o u t  in  e th y len e  ch lo rid e  a n d  g ly m e  w ith  e i th e r  io d in e  o r  m -chloro- 
iodob en zen e  p re se n t. I n  n o  ca se  w as iodob en zen e  o b se rv ed . H ow ever, from  
th e  reac tio n  in  g ly m e s ig n ifican t a m o u n ts  of th e  e th e r  c leav ag e  p ro d u c ts , 
an iso le  a n d  /3 -m ethoxye thy l p h e n y l e th e r , w ere  o b ta in ed , in d ica tin g  th a t  th e  
ca tio n  becom es free  of th e  g egen ion : P . C a ru so  a n d  L . F r ied m an , u n p u b 
lished  d a ta ,  (b) F o r  exam ples o f a lk y l d ia zo n iu m  ions, see A. T . Ju rew icz , 
J . H . B ay less, a n d  L . F rie d m a n , ib id ., 87 , 5788 (1965).
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T able III
Extent of Iodine Abstraction by Reaction Intermediates“

,---------------------------- %  y ie ld ---------------------------------— >

Precursor 0 - @ - I

(cl_ ^ c o 2)2‘ 76 8 39

Cl—-^^-NHj/AmONO 75 21

“ The ratio of the precursor to iodobenzene was 1.0:22.4. 
b Data from ref 8b.

distributions of biaryl products formed on reaction of 
a variety of precursors in nitrobenzene and bromoben- 
zene were obtained. The reactions studied ranged 
from the decomposition of benzoyl peroxide (radical 
intermediate) to the decomposition of benzenedia- 
zonium tetrafluoroborate (cationic arylating spe
cies).10 In addition, the relative reactivity of sev
eral of these intermediates in benzene-nitrobenzene 
mixtures was determined (Table IV).

T able IV
Relative Reactivity and Isomer Distributions from 

Reactions in N itro- and Bromobenzene at 78°
N itro b ip h e n y ls  B ro m o b ip h en y ls

P rec u rso r ÂNO î / A h O m p O m p

C6H6NH2/AmONO 3.04 5 1 13 36 53 28 19
C6H6N(NO)COCH3 50 13 37 58 25 18
CeH6N2+BF4-/C6H6N“ 2.72 53 14 33 55 26 19
(C6H6C02)2 2.90“ 60 10 30 54 28 18
c6h 6n 2+c i- - h 2o 27 58 15 47 18 35
C6H6NH3+Cl-/AmONO 0.58 25 58 17
C6H6N2+C1- 26 55 19
C6H6N2+BF4- “ 0.35 20 80 0 56 20 24

B Data from ref 10.

Both the relative reactivity and positional selectivity 
of the intermediate generated in the aniline-amyl 
nitrite system compare favorably with the values ob
tained from acknowledged radical sources.11 How
ever, the results obtained from the reaction of aniline 
hydrochloride cannot be easily interpreted. Although 
the relative reactivity (less than unity) and the isomer 
distribution (high meta product) indicate participation 
by a cationic arylating agent, there is only partial 
correspondence with results obtained from the ben- 
zenediazonium tetrafluoroborate decomposition. In
volvement of phenyl radical can partially account for 
this discrepancy. However, it is not possible to com
pute the observed isomer distribution exactly by at
tributing fractions of the phénylation to radical and 
cationic intermediates.12

(10) (a) R . A. A b ra m o v itc h  a n d  J . G . S ah a , Tetrahedron, 21 , 3297 (1965). 
(b) T h e  com p ariso n  of d a ta  fro m  th e  l i te r a tu r e  (c/. re f  10a) w as m a d e  on ly  
w h e re  all re a c tio n  co n d itio n s  w ere  s im ila r. I n  a d d itio n , th e  d ecom position  
of b en z en ed ia zo n iu m  te tra f lu o ro b o ra te  w ith  p y r id in e  a d d e d  w as perfo rm ed  
u n d e r  th e  co n d itio n s  desc rib ed  g iv ing  re s u lts  id e n tic a l w ith  th o s e  re p o rte d .

(11) C . H . W illiam s, " H o m o ly tic  A ro m a tic  S u b s t itu t io n ,”  P e rg am o n  
P re ss  In c ., L o n d o n , 1960, p p  29, 34.

(12) C a lcu la tio n  of th e  th e o re tic a l iso m er d is tr ib u tio n  w as d o n e  b y  using  
th e  p e rc e n ta g e  of para  s u b s t i tu t io n  as a  m e asu re  o f th e  e x te n t of rad ica l 
p a r t ic ip a tio n ; i .e ., no  y ie ld  of para  in d ica te s  a  co m p le te ly  ca tio n ic  process 
(d a ta  fro m  b en zen ed iazo n iu m  te tra f lu o ro b o ra te ) , w hereas  3 6 %  in d ic a te s  a  
p re d o m in a n tly  rad ic a l p rocess (N -n itro so ace tan ilid e ). T h is  ap p ro a c h  g ives 
th e  p a r t i t io n in g  of th e  d ecom position  of ben zen ed iazo n iu m  ch lo ride  a s  43%  
ra d ic a l a n d  5 7 %  ca tio n ic . C a lcu la tio n s  of th e  rem ain in g  isom er p e rc e n ta g e  
o n  th is  bas is  p re d ic ts  ortho, 3 3 % ; m eta, 5 1 % ; a n d  para , 16% . T h is  d ev ia te s  
fro m  th e  o b se rv ed  d is tr ib u tio n  b y  6 % . H ow ever, th is  m e th o d  c a n n o t b e  
a p p lie d  to  th e  re su lts  o b ta in e d  in  b rom obenzene.

Chemical evidence for the intermediacy of phenyl 
radicals is shown by the minor iodine abstracting abil
ity of intermediates generated in the decomposition 
of the diazonium chloride monohydrate13 in the 
presence of m-chloroiodobenzene. In contrast, de
composition of the diazonium tetrafluoroborate shows 
no trace of abstraction product (Table V).

The variation of product composition in the de
composition of N-nitrosoacetanilide, benzenediazonium 
chloride, and benzenediazonium tetrafluoroborate in 
the presence of molecular iodine supplements the 
above observation. Aryl radicals, generated from N- 
nitrosoacetanilide react predominatly with iodine, 
whereas aryl cations, formed from benzenediazonium 
tetrafluoroborate, are insensitive to the added halogen. 
The intermediate(s) generated from benzenediazonium 
chloride give a product composition intermediate be
tween these extremes, showing a significant fraction 
of reaction with iodine (Table VI).

These results are consistent with the mechanism 
postulated for the Gomberg reaction.6 Reaction of 
amyl nitrite with aniline gives diazohydroxide which 
combines with itself to form the diazoanhydride ulti
mately decomposing to yield phenyl radicals. In the 
presence of strong acid, the diazohydroxide is con
verted into the diazochloride which then decomposes 
heterolytically and homolytically to give both radical 
and cation intermediates (Scheme I). The good agree
ment of data from reaction of aniline hydrochloride, 
benzenediazonium chloride, and the hydrated form of 
the diazonium salt support this scheme.

The presence of complex radical intermediates, 
acting as hydrogen-abstracting agents, is neither neces
sitated nor excluded by the available data. How
ever, there is no evidence to suggest that such a species, 
similar to that recently postulated in the decomposition

(13) D ia z o tiz a tio n  of an ilin e  h y d ro ch lo r id e  w ith  a m y l n i t r i te  in  e th e r  w as 
p re su m e d  to  y ie ld  th e  a n h y d ro u s  s a lt . H ow ever, deco m p o sitio n  in  b e n z e n e  
g a v e  in  a d d itio n  to  th e  exp ec ted  p ro d u c ts  (b ip h e n y l a n d  ch lo robenzene ) 
p heno l, d ip h e n y l e th e r , th e  isom eric  ch lo ro b ip h en y ls, a n d  o- a n d  m -p h en y l-  
p heno l. (p -P h en y lp h e n o l w as n o t d e te c te d  u n d e r  th e  an a ly s is  con d itio n s .)  
T h e se  sp u rio u s  p ro d u c ts  com prised  > 6 0 %  of th e  p ro d u c t com p o sitio n  a n d  
w ere  id e n tif ied  b y  a  co rre la tio n  of g as  ch ro m a to g ra p h ic  a n d  m ass  sp e c tra l 
d a ta . T o  m e asu re  th e  a m o u n t of w a te r  p re se n t, fresh ly  p re p a re d  b en z en e 
d ia zo n iu m  ch lo ride  w as d isso lved  in  d e u te r iu m  oxide. D eco m p o sitio n  ta k e s  
p la ce  in  so lu tio n  p re su m a b ly  to  fo rm  p h eno lic  a n d  azo  co up ling  p ro d u c ts  a n d  
h y d ro ch lo ric  ac id . N u c le a r m a g n e tic  re so n an ce  an a ly s is  of th e  m ix tu re  
show s a  com plex  m u ltip le t(s )  c e n te red  a t  r  1.77 w h ich  is a t t r ib u t e d  to  th e  
a ro m a tic  p ro to n s  of th e  d ia zo n iu m  s a lt  a n d  a n y  p ro d u c ts  fo rm e d  in  so lu tio n . 
T h e re  is a lso  a  sh a rp  s in g le t a t  r  5.41 w hich , in  th e  ac id ic  m e d iu m , ca n  b e  
a t t r ib u te d  to  th e  w a te r, pheno lic , a n d  h y d ro ch lo ric  a c id  p ro to n s  in  th e  sys
te m . In te g ra tio n  of th e se  reg ions g ives a n  a ro m a  t i c / “ a q u e o u s”  ra t io  of 
5 .0 0 :2 .0 6 . S ince th e  on ly  so u rce  of p ro to n  in  th e  sy s te m  is  th e  d ia zo n iu m  
sa lt , th e  in te g ra t io n  is s tro n g  ev idence  fo r th e  p resen ce  of th e  h y d ra te ,  w hose  
th e o re tic a l a r o m a t i c / ‘‘aq u e o u s”  ra t io  w ould  b e  5 .0 0 :2 .0 0 .

D eco m p o sitio n  of b en zen ed ia zo n iu m  ch lo rid e  m o n o h y d ra te  in  th e  so lid  
s ta t e  le ad s  to  th e  sam e  p ro d u c ts , w ith  th e  ex cep tion  of b ip h e n y l, w h ich  a re  
ob serv ed  from  deco m p o sitio n  in  b enzene. T h e  p ro d u c t com p o sitio n — ph en o l, 
3 % ; ch lo robenzene , 5 % ; d ip h e n y l e th e r , 1 7 % ; ch lo ro b ip h en y ls , 1 5 % ; a n d  
phen y lp h en o ls , 4 % — is s im ila r to  t h a t  o b se rv ed  in  th e  so lu tio n  re a c tio n . I t  
w as s u b se q u e n tly  fo u n d  th a t  th e  r a t e  of s t ir r in g  of th e  h e te ro g en eo u s  b en - 
ze n e -d ia z o n iu m  io n  m ix tu re  h a d  a  dec id ed  effec t on  th e  y ie ld  of th e s e  p ro d 
u c ts . T h e se  o b se rv a tio n s  su g g es t t h a t  o n ly  re a c tio n  in  th e  so lid  s ta te ,  p r io r  
to  e x tra c tio n  in to  so lu tio n , g ives r ise  to  th e se  a ro m a tic  m a te r ia ls .

T h is  is su p p o rte d  b y  th e  fo llow ing o b se rv a tio n s . D eco m p o sitio n  of b en 
zened iazon ium  ch lo ride , p re p a re d  from  th e  re a c tio n  of p h e n y l is o c y a n a te  an d  
n itro sy l ch lo rid e ,14 u n d e r  th e  sam e  co n d itio n s  show s a  m a rk e d  d im in u tio n  in  
p ro d u c ts  re su ltin g  from  th e  re a c tio n  of p h e n y l ca tio n  a n d  w a te r . F o r  exam 
ple , th e  ra t io  of d ip h e n y l e th e r  to  b ip h e n y l d ro p s  from  4 .0  t o  1.0. (W a te r  
u p ta k e  d u rin g  iso la tio n  of th e  s a l t  can  a c c o u n t fo r th e  o cc u rre n ce  of th e  p ro d 
u c ts .)  M o reo v er, th e se  p ro d u c ts  a re  n o t  o b se rv ed  on d ia z o tiz a tio n  of an ilin e  
h y d ro ch lo rid e  w h ich  invo lves  in  s itu  fo rm a tio n  of th e  d ia zo n iu m  ch lo ride .

(14) W e th a n k  P ro fesso r K . S cherer fo r su p p ly in g  us w ith  e x p e rim e n ta l 
de ta ils .
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E x t e n t  o f  I o d i n e  A b s t r a c t i o n  b y  R e a c t i o n  I n t e r m e d i a t e s “
-------------------------------------------------------% yield-----------------------

T a b l e  V

€ > -ci € H 3 > C H c M
(CeHsCCW 4.0 43 23 17
C6H6N2+C1--H20 41 2.4 6.2 2.0
CeHsNHs+Cl-/AmONO 13 0.4 0.8 1.3
C6H6N2+BF4- 0.0 0.0

“ Precursor/m-chloroiodobenzene/benzene = 1.0:1.0:16.9. i Data of. ref. 8b.

T a b l e  V I

R e a c t i o n  o f  R a d ic a l  a n d  C a t i o n  P r e c u r s o r s  w i t h  I o d i n e “

,--------------------------------------------------------------P ro d u c t com position , %■

P recu rso r %  y ie ld <0>-ci € b € H 3 >
C6H6N(NO)COCH3 18.3 96.2 3.8
c6h 6n 2+c i- - h 2o 66.2 26.2 61.0 12.8
c 6h 6n 2+b f 4- 69.6 94.1 0.1 5.8

“ Benzene/precursor/I2 = 30:1:0.5.

S c h e m e  I

E f f e c t  o f  S t r o n g  A c id  

A m O N O  H C l
C6H5NH2------------>  C6H5N =NO H  — =► C6H5N=NC1 +  (H„0) — >  C6H6N2+C1--(H20 )

1 \  A
diazo ether formation, decomposition from covalent or ionic species 
generation of radical leading to cationic (and radical) intermediates 
intermediates

of N-nitrosoacetanilide,15 16 plays a major function in the 
formation of the aryl radical.

Experimental Section
Reagents.—N. F. grade Mallinckrodt amyl nitrite was used 

without purification.
N-Nitrosoacetanilide was prepared from acetanilide and nitro- 

syl chloride according to the method of DeTar.16
Benzenediazonium chloride and benzenediazonium tetra- 

fluoroborate were prepared from the appropriate aniline acid 
salt by diazotization with amyl nitrite in ethanol. This is a mod
ification of the Knoevenagel preparation of diazonium ion salts.17

m-Chloroiodobenzene was prepared via aqueous diazotization 
of m-chloroaniline in the presence of potassium iodide, a modifica
tion of the method of Lucas and Kennedy18 for the preparation 
of iodobenzene.

Reaction Procedure.—The following general procedure was 
followed in carrying out reactions. Amyl nitrite (1.4 g, 0.012 
mol) was added to a stirred solution of aniline (0.93 g, 0.01 
mol) and 30 ml of aryl solvent in a 50-ml, round-bottom flask 
equipped with a reflux condenser and bubbler. The flask was 
then placed in an oil bath and gradually heated to reflux. When 
a high-boiling solvent or solvent mixture was used, reaction 
temperature was maintained at 120°. Reaction was allowed to 
continue until gas evolution ceased. The mixture was allowed 
to cool and an internal standard was added. Analysis was 
performed via gas-liquid partition chromatography.

The reaction of benzenediazonium chloride, aniline hydro
chloride, and N-nitrosoacetanilide were carried out in the same 
manner, substituting the appropriate reagent for aniline. No 
amyl nitrite was added in the decomposition of benzenediazonium 
chloride.

In the series of reactions run at 78°, temperature control was 
maintained by performing the reactions in a double-walled re

(15) G . R . C h a lfo n t a n d  M . J . P e rk in s , J .  A m er. Chem . Soc., 89, 3054
(1967).

(16) D . F . D e T a r , ib id ., 73, 1448 (1951).
(17) E . K n oevenage l, B er., 23, 2995 (1890).
(18) H . J . L ucas  a n d  E . R . K en n e d y , “ O rgan ic  S y n th e se s ,” Coll. V ol. I I ,  

J o h n  W iley  an d  Sons, In c ., N ew  Y ork , N . Y ., 1943, p  351.

action vessel. Benzene was heated to reflux in the outer jacket, 
providing a constant temperature environment.

Competition Reactions.—Relative reactivity factors were 
obtained by performing the reaction(s) in solvent mixtures 
(~30  ml) which varied in composition.

Iodine abstraction reactions were carried out following the 
general procedure with those reagent concentrations described 
by Bunnett.8b

Synthetic scale reactions were generally carried out in the 
following manner. Amyl nitrite (70 g, 0.59 mol) was added to a 
stirred mixture of aniline (46.5 g, 0.5 mol) and 750 ml of aromatic 
solvent in a 2-1., three-necked flask, fitted with a reflux condenser 
and gas bubbler. The reaction mixture was heated to solvent 
reflux or 120°, whichever temperature was lower, and maintained 
at that temperature until gas evolution ceased.

Larger scale reactions can be performed using this technique. 
However, it is advisable that the specific system be tested at the 
0.1-mol level. The rate of nitrogen evolution is sensitive to the 
specific solvent and amine and may become violent.

The reaction flask was then fitted with a Claisen head and 
condenser and solvent was distilled from the reaction mixture. 
Stannous chloride (200 g, 1.05 mol) in 150 ml of concentrated 
hydrochloric acid was then added to the mixture. The flask was 
then heated on a steam cone overnight. This treatment was 
found to be effective in removing colored by-products.

The mixture was then steam distilled and the organic layer was 
taken up in petroleum ether (30-60°). The extracted material 
was then placed on a rotary evaporator to remove the solvent 
and the residue was vacuum distilled. Isolated yields ranged 
from 12 to 40% of biaryl product.

Analysis.—The products of these reactions were analyzed by 
gas chromatography. Compounds were identified by comparison 
of their retention times to those of authentic materials. In 
some cases further authentication was made by collecting sam
ples via glpc and comparing infrared spectra and melting points.

Analyses were carried out on either a gas chromatography 
instrument constructed at Case Western Reserve or a Varian 
Hy-Fi instrument. The quarter inch columns described below 
were used on the former instrument; the eighth inch columns 
were used on the latter.

Column A was a 5 ft X 0.25 in. copper column packed with
G.E.-SF-96 (20%) on Chromosorb P operated at 210° with a
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He inlet pressure of 32 psi. Column B was a 7 ft X 0.125 in. 
stainless steel column packed with Apiezon L (15%) on Chromo- 
sorb W operated at 210° with a N2 inlet pressure of 15 psi. 
Column C was a 5 ft X 0.125 in. stainless steel column packed 
with SE-30 (5%) on Chromosorb W operated at 167° with a N2 
inlet pressure of 15 psi. Column D was a 10 ft X 0.25 in. copper

column packed with Apiezon L (25%) on Chromosorb W operated 
at 195° with a He inlet pressure of 40 psi.

Determination of product yields was made by comparing 
peak areas with that of an internal standard. Adjustment was 
made for differences in thermal conductivity and applied to correct 
the observed areas.

N o t e s

A protic D ia zo tiza tio n  o f  A n ilin e  
in  th e  P resen ce o f  Io d in e 1,2

L e s t e r  F r i e d m a n  a n d  J a n  F .  C h l e b o w s i u 3

Department of Chemistry, Case Western Reserve University, 
Cleveland, Ohio 1,4106

Received September 5, 1967

The reaction of arylamines with amyl nitrite in 
aromatic solvents has been conclusively demonstrated 
to generate aryl radicals.4 The presence of a radical 
intermediate in this reaction suggested the use of io
dine, which might serve as the radical trap,6 to give a 
facile method for the formation of aryl iodides. When 
aniline was treated with amyl nitrite in benzene in the 
presence of an equivalent of iodine,6 iodobenzene was 
formed in 50% yield with small amounts of biphenyl. 
However, in addition to the expected products, a 
significant amount of p-diiodobenzene was found.7

To investigate the source of the diiodinated product, 
the relative amounts of aniline, iodine, and amyl ni
trite were varied (Table I). When aniline is present 
in excess relative to amyl nitrite, the product composi
tion is insensitive to excess iodine. When amyl ni
trite is in excess the expected increase in diiodinated 
product with increasing iodine concentration is ob
served. Biphenyl formation does not become signifi
cant until less than an equivalent of iodine is present. 
Iodine acts as a more effective radical trap than ben
zene by a factor of ~ 2  X 103.

These results do not, however, uncover the source of 
p-diiodobenzene. Addition of iodobenzene to an 
aprotic diazotization reaction had no effect on the 
yield of diiodinated product. Diazotization of aniline 
hydroiodide and decomposition of N-nitrosoacetanilide 
and benzenediazonium chloride under conditions similar 
to those employed in the reaction system gave no p- 
diiodobenzene (Table II). Since these compounds 
are analogous to either suggested intermediates or 
transient oxidation states in the diazotization se- 1 2 3 4 5 6 7

(1) A p ro tic  re fe rs  to  so lv en ts  t h a t  a re  n o t  p ro to n  dono rs . O th e r  exam ples 
o f  su ch  d ia zo tiza tio n s  a re  su m m a rized  b y  D . Y . C u r tin , J ,  A . K am p m eie r , an d  
B . R . O ’C onnor, J .  A m er. Chem. Soc., 87, 863 (1965).

(2) F in a n c ia l s u p p o r t (G ra n t N o . G P  3976) from  th e  N a tio n a l Science 
F o u n d a tio n  is g ra te fu lly  acknow ledged .

(3) N a tio n a l S cience F o u n d a tio n  G ra d u a te  T ra in ee .
(4) L . F r ie d m a n  a n d  J . F . C h lebow sk i, J .  Org. Chem ., 33 , 1633 (1968).
(5) G . S. H am m o n d , J .  A m er. Chem . Soc., 72 , 3737 (1950).
(6) 1 eq u iv  o f io d in e  =  1/ 2I 2 (127 g).
(7) S m all ( < 1 % )  a m o u n ts  of o -d iiodobenzene w ere  a lso  d e tec te d .

T a b l e  I

P r o d u c t  C o m p o s i t i o n  a s  a  F u n c t i o n  o f  R e a g e n t  R a t i o s

^-------------%  p ro d u c t  co m p n ------------

—R e la tiv e  concn  of re a g e n ts—> %
C sH sN H i A m O N O V 2I 2 y ie ld

2 1 2 5 6

2 1 1 4 7
1 1 1 6 0
1 3 1 7 7
1 1 . 2 3 6 3
1 1 . 2 2 6 0
1 1 . 2 1 6 0
1 1 . 2 0 . 7 3 8
1 1 . 2 0 . 5 4 1

€ h
89 10 1
86 11 3
78 21 1
85 13 2
57 39 4
64 33 3
82 16 2
77 14 9
77 2 21

quence, the iodination process must occur prior to the 
diazotization reaction. Thus, p-iodoaniline is pos
tulated as the precursor of p-diiodobenzene. When 
the isomeric iodoanilines are diazotized under reaction 
conditions, high yields of the respective diiodoben- 
zenes are formed without side products within the 
limits of detection (glpc). Isolation of p-iodoaniline 
from reactions where an excess of aniline relative to 
amyl nitrite was employed conclusively demonstrates 
the intermediacy of this species as precursor of p- 
diiodobenzene.

The direct reaction of aniline and molecular iodine 
cannot account for the formation of p-iodoaniline in 
this system. When an aniline-benzene mixture was 
refluxed for 3 hr with an equivalent amount of iodine, 
iodination of aniline did occur. However, the yield 
was low, and a mixture of isomers (20% ortho, 80% 
para) was obtained. This is not consistent with the 
relatively high yields and isomer distribution of di- 
iodobenzenes (ortho <1%, para  >99%) obtained from 
the diazotization reaction. Iodination of aniline in 
aqueous bicarbonate solution,8 involving hypoiodous 
acid as the iodinating agent,9 gives almost exclusively 
the para  isomer (4% ortho) in high yield. Other 
examples of electrophilic iodination have also shown 
great para  selectivity.10,11 Thus, a cationic species is 
postulated as the iodinating agent in this system. An 
attractive mechanism for the generation of such a spe
cies is the oxidation of iodine by alkoxyl or hydroxyl 
radical. These oxidizing agents are generated in the 
diazotization process and could react with iodine to

(8) R . Q. B rew ste r, "O rg a n ic  S y n th e se s ,"  C oll. V ol. I I ,  J o h n  W iley  a n d  
S ons, In c .,  N ew  Y o rk , N . Y ., 1943, p  347.

(9) R . M . H a n n  a n d  J . B erlin e r, J .  A m er. Chem . Soc., 47 , 1710 (1925).
(10) O. O razi, R . C o rra l, a n d  H . B erte llo , J .  Org. Chem ., 29 , 1101 (1964).
(11) E . B erlin e r, J .  A m er . Chem . Soc., 72, 4003 (1950).
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T a b l e  I I

P r o d u c t s  f r o m  t h e  R e a c t i o n  o f  P o s s i b l e  P r e c u r s o r s  o f  ¡» -D i i o d o b e n z e n e  w i t h  I o d i n e

--------------------------------------------------------%  p ro d u c t co m p n ---------------------

Q - a C H H H 1 C h O>
P recu rso r0 %  y ie ld

C,H6N(NO)COCH3 18.3 96.2 0.0 3.8
c6h 6n 2+c i- / h 2o 66.2 26.2 61.0 0.0 12.8
C6H5NH3 +I - /AmON Ob 64.0 97.6 0.0 2.3
p-IC6H4NH2/AmONO 63.9 0.0 100.0 0.0

“ In the presence of V2I2 in excess benzene. 4 No I2 present.

T a b l e  III
A p r o t i c  D i a z o t i z a t i o n  o f  A r o m a t ic  A m i n e s  w i t h  I o d i n e  P r e s e n t “

R  of ------------------------------------------------------ %  p ro d u c t com pn-
R C .H ,N H 2 S o lv en t %  y ie ld R C tH U RCeHjj R C tH .C l R C .H iC eH s R C .H jI ,

H c c i4 60.7 81 0 4 156
H c 6h 6 58.4 84 2 146
m-CH3 c c u 19.7 43 Trace 20 37e
TO-CII3 C6He 49.5 74 3 2 21“
p-CH3 CC14 48.6 83 1 5 l l d
p-CII3 C6H6 59.8 93 1 0 6d
p-I CCI, 49.8 80 6 14 0
P -1 C6H8 63.9 100 0 0 0

“ RCeHiNHi/AmONO/VîR = 1:1.2:1. 6 p-Diiodobenzene. ' Mixture of 2,3- and 2,5-diiodotoluene. d 2,4-Diiodotoluene.

give alkyl hypoiodite or hypoiodous acid. Alternative 
and/or additional processes are possible.12

Iodobenzene may also be formed by hydrogen ab
straction by p-iodophenyl radical. However, the re
action of aniline, m-toluidine, and p-iodoaniline with 
amyl nitrite and iodine in benzene or carbon tetra
chloride yielded only small amounts of reduction 
product (Table III). At best, less than 1% of the 
iodobenzene formed can be accounted for by this 
scheme.

The above results are consistent with Scheme I. 
Amyl nitrite and an electrophilic iodinating agent 
compete for available aniline. The first process, a 
relatively fast reaction, ultimately gives phenyl radical 
which can react further with either iodine or benzene

S c h e m e  I
I

(12) R eflux ing  eq u iv a le n t a m o u n ts  of a m y l n i t r i te  a n d  io d in e  in  excess 
b en z en e  p ro d u ces  no  iodobenzene. W ith  a n  e q u iv a le n t of ac e tic  ac id  ad d e d  
to  th is  sy s te m , on ly  t r a c e  « 0 . 5 % )  am o u n ts  of iodob en zen e  w ere  d e tec te d . 
N o  p ro d u c t fo rm a tio n  o cc u rre d  w hen  so d iu m  n i t r i te  w as s u b s t itu te d  fo r th e  
a lk y l n it r i te . T h u s , g en e ra tio n  of a n  io d in a tin g  a g e n t b y  re a c tio n  of iod ine  
w ith  a m y l n i t r i te  does n o t occur.

to form either iodobenzene or biphenyl, respectively.18 
Reaction of aniline with the iodinating agent, the gen
eration of which may be dependent on the reaction of 
aniline and amyl nitrite, is a relatively slow process. 
p-Iodoaniline, generated in  situ  from this reaction 
undergoes diazotization with amyl nitrite to then 
yield p-iodophenyl radical. p-Diiodobenzene is formed 
on reaction of this species with iodine.14

The use of this reaction in the preparation of aryl 
iodides is only slightly limited by the competing side 
reaction. The desired product, obtainable in a 50% 
yield, can be easily separated from other materials by 
steam or vacuum distillation. In addition, the re
action of the iodoanilines and toluidines suggests that 
substituted amines may not be subject to this compli
cation. The facility with which the reaction is ac
complished indicates that it is an attractive alternative 
to the classical aqueous diazotization method.16

Experimental Section
Reagents.—N. F. grade Mallinckrodt “amyl” (isopentyl) 

nitrite was used without purification.
N-Nitrosoacetanilide was prepared from acetanilide and 

nitrosyl chloride using the method described by DeTar.16
Benzenediazonium chloride hydrate was prepared from aniline 

hydrochloride by diazotization with amyl nitrite in ethanol. 
This is a modification of the Knoevenagel preparation of diazonium 
ion salts.17

Procedure.—Reactions were carried out in the following 
manner. Amyl nitrite (1.4 g, 0.012 mol) was added to a stirred 
mixture of aniline (0.93 g, 0.01 mol), iodine (1.26 g, 0.005 mol), 
and 30 ml of benzene (or other aromatic solvent) in a 50-ml, 
round-bottom flask equipped with a reflux condensor and gas 13 14 15 16 17

(13) A n a d d itio n a l so u rce  of io d o b en zen e  ca n  b e  a n i lin e  h y d ro io d id e  
fo rm ed  in  s itu  as  a  re a c tio n  b y -p ro d u c t . O n reac tio n  w ith  am y l n it r i te , th is  
m a te r ia l  y ie lds io d o b en zen e  a lm o s t exc lusively  (T a b le  I I ) .

(14) p - Io d o b ip h e n y l is n o t  ob serv ed . I f  th e  c o m p e titio n  fo r p -io d o p h e n y l 
ra d ic a l b e tw e en  b en z en e  a n d  io d in e  is s im ila r to  th a t  o b se rv ed  fo r p h en y l 
rad ica l, on ly  t r a c e  a m o u n ts  of p - io d o b ip h en y l w ou ld  b e  fo rm ed  a n d  w ould 
n o t  b e  d e te c te d  w ith  th e  a n a ly tic a l m e th o d  used.

(15) H . J . L u c as  a n d  E . R . K en n ed y , “ O rg an ic  S y n th e se s ,” Coll. Vol. I I ,  
J o h n  W iley  a n d  S ons, In c ., N ew  Y ork , N . Y ., 143, p  351.

(16) D . F . D e T a r , J .  A m er. Chem . Soc., 73, 1448 (1951).
(17) E . K noev en ag e l, B er., 23, 2995 (1890).



1638 N o tes The J o u rn a l o f O rganic C h em istry

bubbler. The flask was then placed in an oil bath and gradually- 
heated to solvent reflux. The temperature of the oil bath was 
maintained at 100°. Reaction was allowed to continue until 
gas evolution ceased. The mixture was then allowed to cool to 
room temperature, internal standard was added, and analysis 
was performed.

Analysis.—The products of these reactions were analyzed by 
gas chromatography. Compounds were identified by comparison 
of their retention times to those of authentic materials. In some 
cases further authentication was made by collecting samples 
via glpc and comparing the infrared spectra and melting points.

Analyses were carried out on a gas chromatography instrument 
constructed at Case Western Reserve equipped with a 5 ft X 
0.25 in. copper column packed with GE-SF-96 (20%) on Chromo- 
sorb P operated at 210° with a He inlet pressure of 32 psi.

Determination of product yields was made by comparing peak 
areas with that of an internal standard, p-chlorobiphenyl, adjust
ing for molar thermal conductivity difference.

Synthetic Application.—p-Iodotoluene was prepared in 40% 
yield by a modification of the procedure described above. Iodine 
(150 g, 1.18 equiv) and amyl nitrite (140 g, 1.2 mol) were added 
to 1 1. of benzene in a 2-1., three-necked flask equipped with a 
mechanical stirrer and reflux condensor. p-Toluidine (107 g, 1.0 
mol), dissolved in ^200 ml of benzene, was added dropwise 
over a 2-hr period. The reaction is sufficiently exothermic to 
bring the solution to reflux temperature without external heating; 
caution must be exercised in the rate of addition. The rate 
of nitrogen evolution is dependent on the amine and is accelerated 
in the presence of iodine and may become excessively vigorous. 
After allowing the reaction to reflux for an additional 2 hr, the 
mixture was washed with 700-ml portions of 5% sodium bisulfite 
solution, water, 5% potassium hydroxide solution, and water. 
Solvent was removed on a rotary evaporator and the remainder 
was steam distilled. The organic layer was extracted with petro
leum ether (30-60°) and distilled under a vacuum to yield white 
plates, mp 34-35° (lit.18 mp 35°), in 40% yield of >99% purity 
(glpc).

(18) A . E d in g e r  a n d  P . G oldberg , A n n .,  157, 347 (1871).

T h e S y n th eses  o f  S u b stitu te d  
In iid a zo [l,2 -a ]p yr id in es via 
“ Y lid e lik e”  In term ed ia te s

W i l l i a m  W. P a u d l e r  a n d  H y u n  G. S h i n

We now wish to report the syntheses of a number of 
substituted imidazo[l,2-a]pyridines by this method. 
The substances prepared by addition of cyclohexanone 
to compound 2 are represented by the general structure 
given for compounds 4-8. The addition of dimethyl-

4, R = H
5, R = 6 -CH3

6 , R = 7 -CH3

7, R = 8 - CH3

8 , R = 2 -CH3

formamide and phenyl isocyanate to compound 2 
(R = H) affords the imidazo[l,2-a]pyridine-3-car- 
boxaldehyde and -3-carboxanilide, respectively. The 
structure proofs of the various compounds rest upon 
their nmr (see Table I) and mass (see Experimental 
Section) spectra and the usual elemental analyses.

The considerable deshielding effect that the substit
uent in the three position has upon H5 is of some 
interest and also contributes considerably to the struc
ture elucidation of these compounds.

A further point of interest is the observation that the 
protons of the 5-methyl group are the only protons of the 
various isomeric methylimidazo [l,2-a]pyridines that are 
sufficiently acidic to react with phenyllithium to yield, 
after treatment with cyclohexanone, compound 11.

Clippinger Laboratories, Department of Chemistry,
Ohio University, Athens, Ohio 45701

Received November 3, 1967

We have recently described the base-catalyzed pro- 
tium-deuterium exchanges that occur in various 
“polyazaindenes.”1’2 The application of these ob
servations to the syntheses of substituted imidazo- 
[l,2-a]pyridines is outlined by the reaction sequence3,4

The structure proof of this compound rests upon its 
nmr spectrum (the absence of a methyl group) and the 
other identifying features reported in the Experimental 
Section. 3-Methylimidazo[l,2-a]pyridine could, po
tentially, afford a substance analogous to 11. How
ever, under the reaction conditions which give the 
products reported in this Note, no reaction occurs be
tween phenyllithium and the 3-methyl compound, the 
latter being recovered from the reaction mixture. The 
reactivity of the 5-methyl group is reminiscent of 
that of the 2-methyl group in pyridines.3 4 5 6

(1) W . W . P a u d le r  a n d  L . S. H e lm ick , Chem. C om m ., 377 (1967).
(2) W . W . P a u d le r  a n d  L . S. H e lm ick , J .  Org. Chem ., 33 , 1087 (1968).

Experimental Section6

(l-Hydroxycyclohexyl)imidazo[ 1,2-a]pyridines.—To a stirred 
solution of 2.6 mmol of the appropriate imidazo[l,2-a]pyridine

(3) D u r in g  th e  co u rse  of th is  w ork , th e  re a c tio n  of p y r id in e  N -ox ides , u n d e r  
s im ila r re a c tio n  co n d itio n s , w ith  cy c lo h ex an o n e  w as d esc rib ed  a n d  in te r 
p re te d  in  te rm s  of a n  y lid e  in te rm e d ia te :  R . A. A b ra m o v itc h , G . M . S inger, 
a n d  A. R . V in u th a , Chem. C om m un ., 55  (1967).

(4) A. W . J o h n so n  [“ Y iid  C h e m is try  in  O rg an ic  C h e m is try , A series of 
m o n o g ra p h s ,"  V ol. 7, A. T . B lo m q u is t, E d ., A cadem ic  P re s s  In c . ,  N ew  Y o rk , 
N . Y ., 1966, su g g es ts  th e  u se  of th e  te rm  " y l id ” r a th e r  th a n  " y l id e ."

(5) "O rg a n ic  S y n th e s e s ,”  C oll. V ol. I l l ,  J o h n  W iley  a n d  S ons, In c .,  N ew
Y o rk , N . Y ., 1955: R . B . W o o d w ard  a n d  E . C . K o rn fe ld , p  413 ; L . A .
W a lte r , p  757, a n d  elsew here .

(6) M e lt in g  p o in ts  a re  co rrec ted . T h e  n m r  s p e c t ra  w e re  o b ta in e d  w ith  a 
V a ria n  A -60 s p e c tro m e te r  a n d  th e  m ass  s p e c tra  w ere  d e te rm in e d  w ith  a 
H ita c h i P e rk in -E lm e r R M U -6 E  m ass sp e c tro m e te r .
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Nmr Spectral D ata of 
Some Su bstitu ted  lMiDAZ0[l,2-a]pYRiDiNES<*

T able I

■Chemical sh ifts , r
Compd H, Hs Hs Hs H, Hs Substituentsd-e

4C 2.69 1.22 3.23 2.88 2.53
5" 2.92 1.56 3.12 2.72 7.76 (CH3—)
6' 2.76 1.32 3.32 2.77 7.68 (CH3—)
7b 3.10 1.42 3.36 3.18 7.52 (CH3—)
8b' » 0.60 2.18-7 2.63 2.18/ 7 30 (CHs—)
9b 1.67 0.40 2.89 2.45 2.19 0.05 (—CHO)

10b 1.64 0.42 (2.82) (2.70) (2.64) — 0.01 (>NH), 2.80 phenyl protons (multiplet)
IP 2.50 1.98 3.30 2.82 2.58 6.92 (—CH2—)

“ The spin-spin coupling constants of the heterocyclic ring protons are essentially the same as those reported for similar compounds 
(see ref 1 and 2 and references cited therein). Figures in parentheses indicate approximate chemical shifts only because of interference 
with other protons. b Dilute solutions in CDC13. c Dilute solutions in DMSO-d6. d The chemical shifts of the hydroxyl protons ( t 4.92- 
6.82) are not listed for each compound. 6 A complex ten-proton multiplet due to the cyclohexyl protons occurs at approximately r
8.25 ± 0 .1  for compounds 4-8 and 11. 1  Center of a complex two-proton multiplet due to H6 and Hs. 0  In CF3C 02D.

T a b l e  II

A n a l y t i c a l  D a t a  f o r

Various (1-H ydroxycyclohexyl)im idazo[1,2-<i ]py rid in es

C om pd M p , °C F o rm u la c
— —C alcd—  

H

4 189-192 c ,3h 16n 2o 72.19 7.46
5 173-175 c14h 18n 2o 73.01 7.88
6 201-203 c „h 18n 2o 73.01 7.88
7 209-210 c 14iiI8n 2o 73.01 7.88
8 215-217 c 14h 18n 2o 73.01 7.88

11 156-157 c „h 18n 2o 73.01 7.88

in 10 ml of anhydrous ether was added dropwise, under a deoxy- 
genated and dried nitrogen atmosphere, 1.5 ml of a 2.14 M  
solution of phenyllithium in a 70 : 30 mixture of benzene-ether 
(purchased from Alfa Inorganics, Inc., Beverly, Mass.). The 
brown to dark pink reaction mixture was stirred for 10 min 
(extension of the stirring time did not affect the yield of the 
product) and treated with 3 mmol of cyclohexanone in 10 ml of 
anhydrous ether. The color of the mixture changed gradually to 
a yellow-orange. After 30 min, the reaction mixture was treated 
with water and the organic layer was separated and extracted 
with 5% aqueous HC1. The aqueous layer then exhaustively 
extracted with chloroform and washed with 5% HC1. The 
combined acid solution was washed with chloroform and basified 
with solid sodium carbonate to precipitate a solid product (for
8-methylimidazo[l,2-o]pyridine) or oil, that was extracted with 
chloroform. The extract was dried over anhydrous sodium sul
fate, concentrated under reduced pressure, and chromatographed 
on alumina (activity III). Elution with chloroform gave the solid 
product that was purified by recrystallization from dilute ethanol 
or by sublimation. The analytical and physical data are given in 
Table II.

3-Formylimidazo[l,2-a] pyridine. A.—A solution of 660 mg
(5.6 mmol) of imidazo[l,2-n]pyridine in 25 ml of anhydrous ether 
was treated with 3 ml of the phenyllithium solution according 
to the above procedure and with 400 mg of N,N-dimethylform- 
amide in 10 ml of anhydrous ether. The brown reaction mixture 
was stirred until an orange mixture resulted (ca. 1 hr) and water 
was added. The aqueous layer was exhaustively extracted with 
ether, and the combined ether layers were dried over anhydrous 
sulfate and concentrated under reduced pressure to give a yellow 
oily solid. The CHCb-soluble portion of the product was chro
matographed on alumina (activity III). Elution with chloro
form afforded 200 mg (24%) of product (mp 117-119°). The 
product was crystallized from ligroin (bp 95-105°) and sublimed 
[70° (0.4 mm)] to yield colorless needles: mp 117-119°; pmr 
(CDCls), CHO at r 0.05.

Anal. Calcd for C8H6N20-H 20: C, 58.53; H, 4.91; N, 17.06. 
Found: C, 58.60; H, 4.68; N, 16.72; mol wt (mass spectros
copy), 146.

M ol w t
■Analyses, %-------------------------------------- . (mass

N C
— -F o u n d ------

H N
spec tros- 
copy)

Y ield,
%

12.95 71.89 7.45 13.06 216 35
12.17 73.15 7.83 12.44 230 40
12.17 72.93 7.87 12.31 230 48
12.17 73.22 7.90 12.31 230 42
12.17 73.13 8.26 12.20 230 14
12.17 73.22 7.83 12.47 230 35

The semicarbazone was found to have mp 265° dec.
Anal. Calcd for C9H9N60: C, 53.19; H, 4.46; N, 34.47. 

Found: C, 53.09; H, 4.45; N, 34.04.
B. —The reaction was also carried out by a reversed addition 

procedure (addition of the imidazo[l,2-a]pyridine solution into 
the phenyllithium solution) to obtain the aldehyde 9 in 17% 
yield. A reactmn at ice bath temperature gave unreacted 
starting material.

C. —Procedure B was carried out at room temperature by using 
0.01 mol of imidazo[l,2-a]pyridine, 8 ml of a ca. 1.6 M  butyl- 
lithium solution in hexane (purchased from Foote Mineral Co., 
Exton, Pa.), and 0.8 g of N,N-dimethylformamide in 16 ml of 
anhydrous ether to give the aldehyde 9 in 30% yield.

3-Imidazo[l,2-a]pyridinecarboxyanilide (10).—Procedure B 
was adapted by using 1.18 g (0.01 mol) of imidazo[l,2-a] pyridine 
in 15 ml of anhydrous ether, 8 ml of the phenyllithium solution 
diluted with 10 ml of anhydrous ether, and a solution of 1.2 g of 
phenyl isocyanate in 15 ml of anhydrous ether. The green re
action mixture was stirred for 30 min, treated with 10 ml of 
absolute ethanol,7 stirred for 30 min, and treated with water. 
The organic layer was extracted with 5% HC1. Basification of 
the acid solution with solid sodium carbonate gave a yellow 
precipitate that crystallized from ethanol to yield 250 mg (15%) 
of colorless needles: mp 225°; pmr (DMSO-d8), NH at r
-  0.01.

Anal. Calcd for C,4H„N30: C, 70.87; H, 4.67; N, 17.71. 
Found: C, 70.62; H, 4.54; N, 17.73; mol wt (mass spectros
copy) 237.

Chloroform extraction of the aqueous layer separated from the 
reaction mixture, followed by acid-base extraction and chromatog
raphy on alumina eluting with chloroform, gave 0.87 g of the 
starting material.

Registry No.—4,15833-18-8; 5, 15833-19-9; 6,15833-
20-2; 7, 15833-23-5; 8, 15833-24-6; 9, 6188-43-S; 9 semi
carbazone, 15833-21-3; 10, 15833-22-4; 11, 15856-41-4.

(7) D . A. S h irle y  and P . A. R ousse l, J .  A m e r . C h em . S o c ., 76, 375 (1953).
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The reaction of molecular oxygen with indoles and 
compounds containing an indole nucleus to form 3- 
hydroxyperoxyindolenines such as 1 has been described 
in the literature.1 Under the proper conditions the 3- 
phenyl derivatives of 1 (R = aryl) can be converted 
into the pharmaceutically useful 2-aminobenzophenones 
as with 2a.2 3

R  R  R

1 2a, X = NH, NRi 3a, X = NH, NRi
b, X = 0 b, X = 0

The 3-carbanion of an oxindole (2a), which can also 
be represented as the oxy anion of a 2-hydroxvindole 
(3a), might also be expected to react with oxygen to 
form a hydroperoxide 4a or 5. When R is an aryl

4a, X = NH, NRi 
b, X = O

group it should also be possible to convert 4a or 5 into
2- aminobenzophenones. In a similar way the carban- 
ion of a 2-cumaranone (2b or 3b) can form a hydroper
oxide (4b) that can be converted into a 2-hydroxyben- 
zophenone when R in 4b is phenyl.

Several examples of the reaction of oxygen with al
kaline solutions of oxindoles have been reported. From
1,3-dimethyloxindole,3a l,3-dimethyl-5-methoxyoxin- 
dole,3b 3-(2-aminoethyl)-oxindole,30 and 3-oxindole 
propionic acid3d there was obtained the corresponding 
dioxindole analogs. Nothing has been reported on the 
reaction of 2-cumaranones with oxygen.

In the present paper we wish to report our findings 
on the air oxidation of the anions obtained from some
3- phenyloxindoles and 3-phenyl-2-cumaranone.

The sodium salt of 3-phenyloxindole (6a), generated 
by treating a dimethylformamide solution of 6a with 
sodium hydride dispersion, was gassed with a stream

(1) A . G . D av ie s, “ O rgan ic  P e ro x id e s ,”  B u tte rw o r th  an d  Co. L td ., L on 
d o n , 1961, p p  2 7 -3 1 ; B . W itk o p , J .  A m er. Chem . Soc ., 72, 1428 (1950); 
B . W itk o p  a n d  J . B. P a tr ic k , ib id ., 73 , 2196 (1951); 74, 3855 (1952); R . J .  S. 
B eer, T . D o n a v a n ik , an d  A . R o b e rtso n , J .  Chem . Soc., 4139 (1954); F . Y ing- 
H siu eh  C hen  a n d  E . L eete , Tetrahedron Lett., 2013 (1963); H . H . W asserm an  
a n d  M . B . F lo y d , ib id ., 2009 (1963).

(2) S. J . C h ild ress  a n d  M . I .  G lu ck m an , J .  P harm . S c i.,  53, 577 (1964); 
L . H . S te rn b a c h , L. O. R an d a ll, a n d  S. R . G u sta fso n  in  “ P sy c h c p h a rm a - 
co log ica l A g en ts ,”  M . G o rdon , E d ., A cadem ic  P ress  In c ., N ew  Y ork , N . Y ., 
1964, C h a p te r  5.

(3) (a) P . C . J u lia n  a n d  J . P ik l, J .  A m er. Chem. Soc., 57 , 539 (1935); (b)
R . B . L o n g m o re  a n d  B . R o b in so n , Collect. Czech. Chem . C om m ., 32, 2184 
(1 9 6 7 ); (c) K . F ré te r , H . W eissbach , B . R edfield , S. U d en frien d , a n d  B. 
W itk o p , J .  A m er. Chem. Soc., 80, 983 (1958); (d) E . C . K en d a ll a n d  A. O ste r-  
be rg , ib id ., 49 , 2047 (1927).

of air for 52 hr. After processing the reaction there 
was obtained a 77% yield of 2-aminobenzophenone (7a). 
In a similar manner 3-phenyl-5-chloro- (6b) and 3- 
phenyl-5-methoxyoxindole (6c) gave 79% and 68% 
yields of 2-amino-5-chloro (7b) and 2-amino-5-methoxy- 
benzophenone (7c). When the salt of 1-methyl-
3-phenyloxindole (6d) was oxygenated there was ob
tained 7% of 2-methylaminobenzophenone (7d) and in 
addition a 71% vield of l-methyl-3-phenyldioxindole 
(8).

6a, R = H; Ri = H
b, R = Cl; Ri =  H
c, R = OCHs;

Ri = H
d , R = H;

Ri =  CH

7a, R = H ; R, = H
b , R = Cl; Ri = H
c, R = OCH3;

Ri = H
d, R = H;

Ri = CH3

Treatment of a dimethylformide solution of the so
dium salt of 3-phenyl-2-cumaranone (9) with air for 56 
hr gave 5% of 2-hydroxybenzophenone (10) and 52% 
of an acidic C14H10O4 compound. The infrared spec
trum gave strong absorption in the 3 .20- 4 .10-/1 region 
typical of a carboxyl group, but a strong band at 5.80
p. suggested that a lactone or ester carbonyl was pres
ent.4 The ultraviolet spectrum was typical of an is
olated benzene system and the nmr spectrum disclosed 
one exchangeable and nine aromatic protons. Mass 
spectrum confirmed the empirical formula (M = 242) 
and also gave strong peaks at M — 45 and m /e  105 sug
gesting that a -C 02H and C6H5CO- might be present.

Lithium aluminum hydride reduction of this compound 
in refluxing tetrahvdrofuran gave a new weak acid with 
empirical formula C14H12O3. The infrared spectrum of 
this substance disclosed -OH absorption at 2.92 p  but 
lacked any bands in the carbonyl region. The nmr 
spectrum disclosed one exchangeable proton, a broad 
two-proton singlet at 3.92 ppm, and nine aromatic pro
tons. From the mass spectrum strong peaks at M — 31 
(M = 228) and m /e  105 suggested the presence of a 
-CH2OH and C6H5CO- grouping.

The infrared, ultraviolet, and nmr data indicate that 
the C14H10O4 compound is 4-phenyl-l,3-benzodioxan-
4-ol-2-one (11) and the reduction product is 4-phenyl-

(4) L . J .  B ellam y , “ In f ra re d  S p e c tra  of C om plex  M olecu les ,”  J o h n  W iley
a n d  Sons, In c ., N ew  Y o rk , N . Y ., 1958.
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l,3-benzodioxan-4-ol (12). Additional support for 
these structures was obtained by hydrolyzing 11 and 
12 with aqueous acetic acid. In both cases 2-hy- 
droxybenzophenone (10) was obtained.

The apparent presence of a -COOH, -CH2OH, and 
C6H5CO- groups in the mass spectrum of 11 and 12 can 
be explained by a thermal or electronic rearrangement 
of these to 11a and 12a in the mass spectrometer. 
Fragmentation by path A can account for the -COOH 
and -CH2OH groups while path B produces the 
C6H3CO- group.

I |i A 
V ^ O - |- X O H

11a, X = CO 
12a, X — CH2

Since the structures 11-1 la and 12-12a are related to 
each other as ring-chain tautomers it was of interest to 
determine if the anions of the parent acids 11 and 12 
exist in the ring (13a,b) or the chain (14a,b) forms. 
The gross features of the ultraviolet spectra of 11 and 
12 in ethanol and sodium hydroxide-ethanol solution 
were identical. The position and intensity of the band 
maxima were typical of an isolated benzenoid chromo- 
phore rather than that of the benzophenone systems 
14a and b. This establishes that in solution both the

13a, X =  CO 14a, X=CO
b, X =  CH2 b, X=CH2

anion and free acid exist in the ring forms 13a and b. 
The stability of these anions in the ring form may 
account for the unusual lithium aluminum hydride re
duction of 11 to 12 where both C -0 bonds of the 
starting lactone group are left intact.5

Although no detailed study on the mechanism of 
formation of the novel ring system 11 has been carried 
out, it seems possible to comment on this based on the 
analogy with the known mechanism1 of indole anion 
oxidation.

Reaction of the 3-phenyl-2-cumaranone anion 15 with 
molecular oxygen in a manner similar to that reported9 
for other anions can give the hydroperoxide anion 16.

(5) A s u rv ey  of th e  l i te r a tu r e  fa iled  to  u n co v e r a n y  ex am p le  w h ere  a  ca r
b o n a te , cyclic o r open  cha in , has been  red u ce d  w ith  lith iu m  a lu m in u m  hy 
d r id e  o r  o th e r  reduc ing  h y d rid e . B y  a n a lo g y  w ith  th e  h y d rid e  re d u c tio n  of 
e s te rs  a n d  la c to n e  th e  ca rb o n a te s  w ould  b e  expected  to  red u ce  to  alcohols.

(6) H . R . G ersm an n , H . J .  W . N ieu w en h u is, a n d  A. F . B ickel, Tetrahedron  
Lett., 1383 (1963).

Intramolecular attack of the negatively charged oxygen 
on the adjacent carbonyl carbon results in the cyclic 
peroxy anion 17. Bond reorganization of 17 gives the 
oxo carboxylate anion 18 which can react with the 
benzophenone carbonyl to form the cyclic anion 19 or 
lose carbon dioxide to give the 2-hydroxybenzophe- 
none anion 20 (see Scheme I).

Scheme I
Mechanism o f  Oxygen Reaction with the 

3-Phenyl-2-cumaranone Anion

Experimental Section7 8

Synthesis of N-Aryl-oi,-mandelamides.—A mixture of 15.2 g 
(0.10 mol) of DL-mandelic acid, 9.3 g (0.10 mol) of aniline, and 
250 ml of technical o-dichlorobenzene were stirred and refluxed 
in a flask equipped with an extractor for removing water. After 
all the water had been removed the reaction mixture was cooled 
in an icebath. The resultant solid was filtered off and crystal
lized from methanol-water to give 15.1 g (66%) of N-phenyl-DL- 
mandelamide: mp 146-147° (lit.8a mp 148°); ir (KBr), 3.04 
and 3.08 (NH, OH), and 6.01 m (C = 0 ).

In  a sim ilar m anner 15 2  g ( 1 .0  m ol) of DL-m andelic acid , 12 7 .6  
g ( 1 .0  m ol) of p-chloroaniline, and 2000 ml of technical o-di
chlorobenzene gave 17 6  g  (6 7 % ) of N-p-chlorophenyl-DL- 
m andelam ide: mp 16 0 - 16 3 °  (CH3OH-H2O); ir  (KBr), 3 .0 1  and 
3.09 (N H , OH) and 6.00 /i (C = 0 ).

Anal. Calcd for C14Hi2C1N02: C, 64.3; H, 4.6; Cl, 13.4; 
N, 5.4; O, 12.3. Found: C, 64.0; H, 4.5; N, 5.5.

From 152 g (1.0 mol) of DL-mandelic acid, 123 g (1.0 mol) of 
p-methoxyaniline, and 2000 ml of technical o-dichlorobenzene 
there was obtained 206 g (80%) of N-p-methoxyphenyl-DL- 
mandelamide: mp 148-150° (CH30H -H 20); ir (KBr), 3.03 and 
3.07 (NH, OH) and 6.02 M (C = 0 ).

Anal. Calcd for C^HjsNOs: C, 70.0; H, 5.8; N, 5.4; O, 
18.8. Found: C, 69.9; H, 5.7; N, 5.5.

Cyclization of N-Aryl-DL-mandelamides to 3-Aryloxindoles. 
3-Phenyloxindole (6a).—Following the procedure of Bruce and 
Sutcliffe8a there was obtained 2.5 g of crude 3-phenyloxindole 
(6a) from 5.7 g of DL-N-phenylmandelamide. Vacuum sublima
tion (0.5 mm) at 120-130° gave 1.78 g of pure 6a, mp 186-189° 
(lit. mp 191 °8a and 185-187°8b).

(7) M e ltin g  p o in ts  w ere  d e te rm in e d  on  a  T h o m a s -H o o v e r  c a p illa ry  m e lt
ing  p o in t a p p a ra tu s  a n d  h a v e  n o t b ee n  co rrec ted . P ro to n  n m r  s p e c tra  w ere 
o b ta in e d  on a  V a rian  A ssocia tes A -60 s p e c tro m e te r  a n d  a re  reco rd ed  in  p a r ts  
p e r  m illion  (p p m ) from  a n  in te rn a l te tr a m e th y ls i la n e  s ta n d a rd . In fra re d  
sp e c tra  w ere  d e te rm in ed  on  a  P e rk in -E lm e r  In fra c o rd . U ltra v io le t  sp e c tra  
w ere  ca rried  o u t  on  a  C a ry  M odel 15 s p e c tro m e te r . P o te n t io m e tr ic  t i t r a t io n s  
w ere  ru n  on a  M e tro h m  reco rd in g  p o te n tio m e tr ic  t i t r a  to r  M odel E  336. 
M ass  sp e c tra  w ere  d e te rm in e d  o n  a  C o n so lid a ted  E le c tro n ic s  Co. m ass 
s p e c tro m e te r  M odel 21 103C, eq u ip p ed  w ith  a n  a ll-g lass  h e a te d  in le t. S am 
p les w ere  in je c te d  b y  th e  d ire c t in le t  te c h n iq u e  a t  a  so u rce  te m p e ra tu re  of 
a p p ro x im a te ly  250°.

(8) (a) J . M . B ru c e  a n d  F . K . S u tcliffe , J .  Chem . Soc., 4793 (1957); (b)
C. M arsch a lk , B u ll. Soc. C him . F r., 949 (1952).

[X-0HJ+
A X=CO; M -4 5  

X =  CH2; M -31
[C6H5COT+B

m/e 105



1642 N o tes The Journal of Organic Chemistry

3-Phenyl-5-chloroxindole (6b).—To a cold, rapidly stirred 
mixture of 225 ml of concentrated sulfuric acid (96%) and 25 ml 
of fuming sulfuric acid (65% oleum) there was added portionwise 
50 g of DL-N-p-chlorophenylmandelamide. The internal tem
perature was not allowed to exceed 40° during this addition. 
The mixture was stirred an additional 1.5 hr at room temperature 
and then poured onto 1000 g of crushed ice. The solid was 
filtered off and crystallized from CIF30H -H 20  (1:1) to give 43.5 
g of crude 6b, mp 185-187°. Vacuum sublimation (0.5 mm) of 
this material at 150-160° gave 35.4 g of 3-phenyl-5-choroxindole 
(6b): mp 191-193°; ir (KBr), 3.00 (NH) and 5.89 u (C = 0).

Anal. Calcd for CI4H10C1NO: C, 69.0; H, 4.1; Cl, 14.5;
N, 5.7; 0 , 6.6. Found: C, 68.8; H, 3.9; Cl, 14.6; N, 5.8;
O, 6.6.

3-Phenyl-5-methoxyoxindole (6c).—A mixture of polyp hos- 
phoric acid (60 g) and DL-N-p-methoxyphenylmandelamide 
(5.0 g) were stirred and heated at 50° for 1.5 hr. The viscous 
product was then poured into ice water and extracted three 
times with chloroform. The chloroform was washed with satu
rated sodium chloride and dried with magnesium sulfate. Re
moval of the chloroform gave 5.0 g of crude product, mp 80-170°. 
Chromatography of this material on a silica gel column (CHCI3-  
CeHe, 1:1, eluent) gave 1.7 g of 3-phenyl-5-methoxyoxindole 
(6c): mp 195-197° (CH30H -H 20); ir (KBr), 3.01 (NH) and 
5.91 fj. (C = 0).

Anal. Calcd for Ci6H13N 02: C, 75.3; FI, 5.4; N, 5.9.
Found: C, 75.0; H, 5.2; N, 5.9.

An attempt to prepare 6c by the sulfuric acid technique given 
above failed to give any water-insoluble material.

N-Methyl-3-phenyloxindole (6d).—N-Methyl-3-phenyloxindole 
was prepared by the aluminum chloride cyclization of N-methyl- 
a-bromophenylacet anilide. It had mp 120° (lit.88 mp 119.5°); 
ir (KBr), 5.86 (C = 0), 6.18, 6.67, 6.81, 7.26, and 7.43 u; uv, 
\ t '°H 249 m/i (e 8030).

Air Oxidation of the Sodium Salts of 3-Phenyloxindoles. 
A. 3-Phenyloxindole (6a).—To a flask equipped with a mag
netic stirring bar, gas inlet tube, and a calcium chloride drying 
tube there was added 2.5 g (0.012 mol) of 3-phenyloxindole,
1.5 g (0.033 mol NaH) of a 53% sodium hydride mineral oil 
dispersion,9 and 125 ml of absolute dimethylformamide. The 
solution was stirred and gassed with a stream of dry air for 52 hr 
at room temperature. The solution first turned red and then 
yellow. After removal of the solvent in vacuo the residue was 
treated with water and then extracted with chloroform. The 
chloroform layer was dried and concentrated to give 2.4 g of 
oil. Chromatography on silica gel (CHC13 eluent) gave 1.82 g 
(77%) of 2-aminobenzophenone (7a): mp 100-101° (lit.10 mp 
102°); ir (KBr), 2.92 and 3.02 (OH), 6.11 (C = 0), 6.72, 6.85, 
and 7.98 u; uv, x“ °H 236 mM (<s 21,460) and 379 mM (e 5880).

B. 3-Phenyl-5-Chloroxindole (6b).—The procedure used to 
oxidize 6a was followed.

From 5.0 g (0.02 mol) of 3-phenyl-5-chloroxindole, 1.8 g 
(0.04 mol NaH) of 53% sodium hydride mineral oil dispersion, 
and 250 ml of absolute dimethylformamide there was obtained 
6.0 g of oil (contains mineral oil). Chromatography on silica 
gel (CHCI3 eluant) gave 3.6 g (79%) of 2-amino-5-chlorobenzo- 
phenone (7b): mp 96-98° (C6H6-pentane) (lit.11 mp 98-100°) 
uv, X®1™ 238 m/i (e 25,670) and 391 mM {a 12,835).

C. 3-Phenyl-5-Methoxyindole (6c).—The procedure used to 
oxidize 6a was followed.

From 1.5 g (0.006 mol) of 3-phenyl-5-methoxyoxindole, 0.9 g 
(0.02 mol NaH) of 53% sodium hydride mineral oil dispersion, 
and 100 ml of absolute dimethylformamide there was obtained
1.6 g of an oil (contains mineral oil). Chromatography on silica 
gel (CHC13-C6H6, 1 :1  eluent) gave 1.4 g of oil that crystallized 
from ether to give 0.93 g (68%) of 2-amino-5-methoxybenzo- 
phenone (7c): mp 51° (lit.12 51-52°); ir (KBr), 2.92 and 3.01 
(NH2) and 6.12 M (C = 0).

Air Oxidation of the Sodium Salt of l-Methyl-3-Phenylox- 
indole (6d).—To a flask equipped with a magnetic stirring bar, 
gas inlet tube, and a calcium chloride drying tube there was 
added 5.0 g (0.023 mol) of l-methyl-3-phenyloxindole, 1.2 g 
(0.026 mol NaH) of a 53% sodium hydride dispersion, and 300 ml 
of absolute dimethylformamide. The solution was stirred and

(9) M e ta l H y d rid e s  Co., B eve rly , M ass.
(10) K . S uzuk i, E . K . W e isb u rg er, a n d  J . B. W e isb u rg er, J .  Org. Chem ., 

26, 2239 (1961).
(11) G . N . W a lk er, ib id ., 27, 1929 (1962).
(12) L. H . S te rn b a c h , R . I . F ry e r , W . M etles ics , G . S ach , a n d  A. S tem pel, 

ib id ., 27, 3781 (1962).

gassed at ambient temperature with a stream of dry air for 8 
hr. The clear yellow solution was then concentrated in vacuo. 
The residue was neutralized with 2 N  HC1 and then extracted with 
ethyl acetate. The acetate solution was washed with saturated 
sodium chloride, water, and then dried with magnesium sulfate. 
Removal of the solvent gave 5.3 g of oil. Crystallization from a 
pentanemethylene chloride-carbon tetrachloride mixture gave
1.9 g of l-methyl-3-phenyldioxindole (8), mp 137-138°. The 
mother liquor was concentrated to give 4.2 g of oil that contained 
two components with Ri 0.28 and 0.80 (CIICI3-CH3OH, 95:5). 
Chromatography of this mixture through a silica gel column 
(Cells eluent) gave 0.3 g of an oil A (Rf 0.28) and 2.3 g of 8, 
(Rt 0.80), mp 138-141°.

Recrystallization of the 4.2 g of crude 8 from methanol gave
3.9 g (71%) of 8: mp 139-141°; ir (KBr), 2.98 (OH) and 5.81 
u (C =0); ir (CH2C12), 2.83 and 2.96 (LH) and 5.81 M (C = 0);  
nmr (CDCI3), 3.09 (3 H, singlet, CH3) and 4.28 ppm (1 IF, 
singlet, OH); uv, X=‘°H 210 mM (e 30,150), 258 (6300), and 290 
(1230).

Anal. Calcd for C15H13NO2: C, 75.3; H, 5.5; N, 5.9; O,
13.4. Found: C, 74.8; H, 5.5; N, 5.8; O, 13.4.

Crystallization of the oil A from pentane gave 0.27 g (7%) of 
2-methylaminobenzophenone13 (7d): mp 65° (lit.13 66° and 69°); 
ir (CCh), 3.02 (NH), and 6.16 u  (C = 0); u v , X®°h 236 
(e 20,750) and 396 m^ (« 6730); nmr (CDCI3), 2.12 (1 H, singlet, 
N il), 2.88 (3 H, singlet, CII3), 6.58 (2 H, quartet, aromatic H) 
and 7.20-7.82 ppm (7 H, multiplet, aromatic FI).

Air Oxidation of the Sodium Salt of 3-Phenyl-2-Cumaranone
(9).—The 3-phenyl-2-cumaranone (9) was prepared by the pro
cedure of Elderfield and King14 from phenol and DL-mandelic 
acid. It had mp 112-113° (lit.14 mp 110-111°); ir (KBr), 5.57 
M (lactone C = 0 ); nmr (CDCI3), 4.82 (1 H, singlet, -CH) and
7.06-7.50 ppm (9 H, multiplet, CsH5 and CsH4).

To a flask equipped with a magnetic stirring bar, gas inlet 
tube, and a calcuim chloride drying tube there was added 4.0 g 
(0.019 mol) of 9, 200 ml of dry dimethylformamide, and 2.6 g 
(0.014 mol NaH) of sodium hydride as a 53% dispersion in min
eral oil. The pale yellow solution was stirred and dry air was 
bubbled through the solution at room temperature for about 56 
hr. The solution first turned green and then changed back to 
yellow after several hours. The dimethylformamide was removed 
in vacuo. The residue was treated with 25 ml of HC1 and then 
extracted with chloroform. The chloroform was washed with 
saturated sodium chloride solution and water. After drying with 
magnesium sulfate the chloroform was removed to give 6.7 g 
of oil (contains mineral oil). The oil was taken up in methanol 
and treated with water until crystals formed. The substance was 
separated to give 3.60 g of solid, mp 158-167°. Tic on silica 
gel (CHCI3-CH3OH 95:5) revealed two components, {Ri 0.20 
and Rt 0.85). Vacuum sublimation (1.5 mm) at 100° (bath 
temperature) gave 0.150 g of oil {Ri 0.85, trace 0.20), and at 
170° there was obtained an additional 2.70 g of solid, mp 166-169° 
{Ri 0.20). Chromatography of the oil on silica gel (developed 
with CHCI3 and eluted with CHCI3-CH3OH, 95:5) gave 0.110 
g (5%) of 2-hydroxybenzophenone (10): mp 41° (lit.15 39-40°); 
if, 0.85; ir (CC14), 3.10 (OH) and 6.16 M (C = 0); uv, X®‘°H 259 
m/i (e 11,720) and 338 mu (e 4220). Comparison of the infrared 
and ultraviolet spectrum of 10 with those of an authentic sam
ple16 of 2-hydroxybenzophenone showed them to be identical.

The crystalline fraction recrystallized from CCL1-CHCI3 to 
give 2.40 g (52%) of 4-phenyl-l,3-benzodioxan-4-ol-2-one (11): 
mp 170-172°; R s 0.20 (CIICI3-CH3OH 95:5); ir (KBr), 3.20-
4.05 (broad, ionic OH), 5.80 (O-CO-O), 6.72, 7.01, 7.36, 7.82, 
8.12, and 8.93 M; uv, Xraax 218 mM (e 6090) and 282 mM (e 4040) 
in ethanol and Xmax 283 m/i (e 4840) in 5% KOH-ethanol; nmr 
(CDCI3), 6.88 (4 H, single-), 7.21-7.84 (5 H, multiplet), and
9.02 ppm (1 H, exchangeable, OH). The mass spectrum exhibits 
a molecular ion peak at to/ e 242 (Ci4Hi0O4) with abundant frag
ment peaks at m/e 197 (M+ -  HC02), 105 (C6H5CO+), and 77 
(C6H6+). The pK mcs* value17 was 5.5.

(13) H . S ta u d in g e r  a n d  N . R o n , A n n . Chem ., 384, 38 (1911); F . U llm ann  
a n d  H . B le ier, Chem . Ber., 35, 4273 (1902).

(14) R . C. E ld erfie ld  a n d  T . P . K ing , J .  A m er. Chem. Soc., 76, 5439 (1954).
(15) E . M oricon i, W . F . O ’C onnor, a n d  W . F . F o rb es , ib id ., 82, 5454 

(1960).
(16) K  & K  L a b o ra to r ie s , P la in v iew , N . Y.
(17) T h e  v a lu e  of pifm cs*. th e  a p p a re n t  püTa v a lu e  in  a  m ix tu re  of 8 0 %  

m e th y l C elloso lve a n d  2 0 %  w a te r  w as d e te rm in e d  b y  th e  p ro c e d u re  o f S im on: 
W . S im on , Helv. C him . A cta , 41, 1835 (1958).
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Anal. Calcd for C14H10O4: C, 69.5; H, 4.2; O, 26.3. Found: 
C, 69.7; H, 4.3; O, 26.0.

Lithium Aluminum Hydride Reduction of 4-Phenyl-l,3- 
Benzodioxan-4-ol-2-one (11).—A solution of 1.3 g (0.0054 mol) 
of 11 in 25 ml of dry tetrahydrofuran was added dropwise in 
about 0.5 hr to a stirred slurry of 2.0 g (0.05 mol) of lithium alu
minum hydride in 50 ml of tetrahydrofuran. The mixture was 
blanketed with nitrogen and refluxed for 120 hr. After cooling 
in an ice bath the reactants were treated with 4.0 ml of 2 N  sodium 
hydroxide, 6.0 ml of water, and 25 g of anhydrous sodium sulfate. 
The salts were filtered off and washed with tetrahydrofuran. The 
combined filtrates were concentrated to give 0.9 g (73%) of 4- 
phenyl-l,3-benzodioxan-4-ol (12): mp 73-75° (diethyl ether-
pentane); ir (KBr), 2.29 (OH), 3.43, 6.72, 7.92, 8.05, 9.36, and
10.30 m; u v , 230 mM (« 2955), 279 (shoulder, 3200), 283 
(4220), and 289 (shoulder, 3210) in ethanol and XmKt 279 m/i 
(shoulder, e 7050), 283 (7240), and 289 (shoulder, 5440) in 5% 
KOH-ethanol; nmr (CDCI3), 2.43 (1 H, exchangeable, OH), 
3.92 (2 H, broad singlet, O-CH2O), 6.78 (4 H, singlet), and 7.20- 
7.78 ppm (5 H, multiplet). The mass spectrum exhibits a 
molecular ion peak at m/e 228 (ChH^Oj) with abundant fragment 
peaks at m/e 197 (M+ -  CII30 ), 105 (C6H5CO+) and 77 (C6H6+). 
The piCmcs* value17 was 9.5.

Anal. Calcd for C14H14O3: C, 73.7; H, 5.3; 0 ,21 .0 . Found: 
C, 73.6; H, 5.4; O, 21.2.

R e g is try  N  0 .— N-p-Chlorophenyl-DL-m andelam ide, 
10295-53-1; N  - p - m ethoxyphenyl -  d l  - man delamide,
15815-96-0; 6b, 15815-97-1; 6c, 15757-31-0; 8, 15757- 
32-1; 11, 15757-33-2; 12, 15757-34-3.
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In the course of a research project on fluorinated 
derivatives of ethers and thioethers, it became of 
interest to synthesize some chlorinated derivatives of
1,4-thioxane as intermediates. We chose 1,4-thioxane 
because it contains both ether and thioether linkages 
in the ring.

Only a few references to the chlorinated derivatives 
of 1,4-thioxane are noted in the literature. Hau- 
bein3,4 reported the preparation of several chloro- 
thioxanes, among them a trichlorothioxane, but did 
not determine the positions of the chlorine atoms on the 
ring in the case of the trichlorothioxane. By a modifi
cation of the Haubein procedure4 we have recently 
synthesized and identified two trichlorinated deriva
tives of 1,4-thioxane, C4H0OSCI3. When 1,4-thioxane 
is chlorinated in a CC14 solution at 80° and 75 g/hr, 
a white crystalline compound, C4HsOSiCl3, melting at 
58° is isolated in 90% yield. If the rate is increased to 
150 g/hr, a white crystalline compound melting at 53°

is isolated in 93% yield. These compounds are stable 
when kept free of moisture but fume in moist air with 
the elimination of HC1 and have a characteristic ob
noxious odor. They impart slight irritation when in 
contact with the skin.

Aqueous hydrolysis of both compounds yields gly- 
oxylic acid and /3-mercaptoethanol which was isolated 
as dithiane under these conditions.6 The hydrolysis 
products show that all three chlorine atoms were sub
stituted on the same side of the thioxane ring.

H

Since the instability of these compounds made struc
ture determination difficult, desulfurization was de
cided upon as an unambiguous method.

I t was found that an active preparation of Raney 
nickel, Raney nickel “C,”6 could be used to desulfurize 
the trichlorinated compounds without causing hydro- 
genolysis of the chlorine atoms. The compound 
melting at 53° was desulfurized according to the re
action in eq 1.

H

C4H50SC13- ^ -  [CH3CH2OC—chci2]

Cl
O 
II

CHCljCH +  C2H5OH (1 )

The a,a,/3-trichloroethyl ether was not isolated but 
was hydrolyzed in solution. Identification of the hy
drolysis products dichloroacetaldehyde and ethanol 
was taken as proof that the compound melting at 53° 
was 2,3,3-trichlorothioxane.

Desulfurization of the compound melting at 58° 
took place according to eq 2. In this case the heretofore

C4H50C13
Ni(H) Zn

Cl
I

C2H50C-CH2C1
I H jyCl y

CHC1COOH +  C2H5OH

Cl Cl
I I

C2H5OC=CH (2 )

unknown a, a,/3-trichloroethyl ether was hydrolyzed to 
monochloroacetic acid in solution. The desulfuriza
tion products confirmed that the compound melting at 
58° is 2,2,3-trichlorothioxane.

(1) W e a re  in d e b te d  to  th e  U . S. A ir F o rc e  co m m an d  fo r p a r t ia l  s u p p o r t of 
th is  w o rk  u n d e r  C o n tra c t N o . 49(633)-283  m o n ito re d  b y  A R D C .

(2) A ll in q u iries  sh o u ld  b e  ad d re ssed  to  th is  a u th o r  a t  G en e ra l E lec tric  
S ilicone P ro d u c ts  D e p a r tm e n t, W a te rfo rd , N . Y .

(3) A . H . H au b e in , U . S. P a te n t  2 ,766,169 (1956).
(4) A . H . H au b e in , J .  A m er . Chem . Soc., 81, 144 (1959).

The chlorination of 1,4-thioxane at 145° to give 2,3,3- 
trichlorothioxane is consistent with the chlorination

(5) E . S w is tak , Com p. R en d ., 240, 1544 (1955).
(6) C . D . H u rd  a n d  B . R u d n e r , J .  A m er . C hem * Soc., 73, 5157 (1951).
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S c h e m e  I

and thermal dehydrohalogenation of ethyl ether7 
(Scheme I). However, an entirely different mech
anism must be postulated for the chlorination at 80° 
to give 2,2,3-trichlorothioxane. The dichloride IV 
is known to be stable at 80°8 and it is highly unlikely 
that the chlorine atoms a to the sulfur atom would be 
removed in preference to the more active one in the /3 
position (a to the ether linkage). Instead, it is more 
probable that the last step in this reaction is a free- 
radical process with no olefin being formed. Theo
retically, the homolytic cleavage of the hydrogen a 
to oxygen could be anchimerically assisted and the 
resulting radical stabilized by a sulfur bridge (Scheme 
II). This theory is supported by the work of Kwart

S c h e m e  II

a+

and Evans,9 which suggests that sulfur is able to per
form this function with greater facility than oxygen 
and thus causes the radical formed in the position (3 
to sulfur to be more stable.

Experimental Section

Chemicals.—The 1,4-thioxane used in this study was donated 
by the New Product Division of the Thiokol Chemical Corp. 
This compound was freed of peroxides by known procedures and 
distilled. The fraction boiling at 147-150° was used. The 
Raney nickel used in this study was obtained from the E. H. 
Sargent Co. as a 50% nickel, 50% aluminum alloy. It was 
converted into Raney nickel “C” by the method of Hurd.7 
The solvent methyl Cellosolve (ethylene glycol monomethyl 
ether) was obtained from Fisher Chemical Co. and purified by 
distillation. Chlorine gas was obtained from the Matheson Co. 
in cylinders.

General.—All melting points were uncorrected and determined 
on a Fisher-Johns melting point apparatus. Elemental analyses 
were by Galbraith Laboratories in Knoxville, Tenn. All re
actions were carried out in light.

2,3,3-Trichlorothioxane.—To a 1-1. flask fitted with a mechani
cal stirrer, Friedrich’s reflux condenser, thermometer, and coarse 
fritted-glass dispersing device were added 208 g (2.0 mol) of 1,4- 
thioxane and 350 ml of carbon tetrachloride. The mixture was

(7) G. E . Hull and F . M . Ubertini, J .  Otq. Chem ., 1S, 7 15  (1956).
(8) A. H. Haubein, U. S. Patent 2,725,331 (1955).
(9) H. K w art and E . R . Evans, J .  Org. Chem ., 31, 4 13  (1966).

stirred and heated to reflux. The heating was discontinued and 
chlorine gas was introduced at approximately 150 g/hr. When 
approximately 6 mol of chlorine had been added, the reaction 
mixture was kept at —5° until complete precipitation occurred. 
This required 20-24 hr. The white crystalline material was 
filtered and washed with cold ligroin. One recrystallization from 
a 1:5 ethyl ether-ligroin mixture and decolorizing charcoal gave 
290 g (93% yield) of pure triehlorothioxane, mp 53°. Anal. 
Calcd for C4H5OSCI3: 01, 51.25; S, 15.45. Found: 01,51.29; 
S, 15.46.

2,2,3-Trichlorothioxane.—In a procedure similar to the one 
above, 104 g (1.0 mol) of 1,4-thioxane in 300 ml of carbon tetra
chloride was chlorinated as 80° with 225 g of chlorine at a rate 
of 75 g/hr. The reaction mixture worked up in the above manner 
gave 185 g (90%) of white crystals melting at 58°. Anal. 
Calcd for C4H5OSCI3: 01,51.25; S, 15.45. Found: S, 51.60; 
Cl, 15.30.

Hydrolysis of Triehlorothioxane Melting at 53°.—A 10-g 
sample of the triehlorothioxane in 50 ml of water was heated to 
boiling, stoppered, and shaken for 1 hr. Glyoxylic acid was iso
lated from the solution as the 2,4-dinitrophenylhydrazone, mp 
191-192° (lit.10 mp 190° dec), and did not depress the melting 
point of an authentic sample of glyoxylic acid, 2,4-dinitrophenyl
hydrazone. The 1,4-dithiane (mp 110-111°) was sublimed from 
the solution and did not depress the melting point of dithiane 
prepared by an unambiquous route.

The hydrolysis of triehlorothioxane melting at 58° was ac
complished by the above procedure with the same products 
being isolated.

Desulfurization of 2,3,3-Trichlorothioxane in Methyl Cellosolve.
—To a stirred solution of 35 g (0.336 mol) of triehlorothioxane 
(mp 53°) in 500 ml of dry methyl Cellosolve was added 150 g of 
Raney nickel “C.” An ice bath was applied to keep the spon
taneous reaction mixture at 10°. After the exothermic period 
was over, the reaction mixture was gradually heated to 60° 
and kept at this temperature for 12 hr. The Raney nickel 
was decanted and centrifuged in a clinical centrifuge to separate 
the remainder of the nickel. It was observed that the obnoxious 
odor of the triehlorothioxane had disappeared and the product 
had a pleasant odor.

The resulting a,(3,i3-trichloroethyl ether was hydrolyzed to 
give dichloroacetaldehyde and ethanol. The dichloroacetalde- 
hyde was isolated as the 2,4-dinitrophenylhydrazone mp 146- 
150° (lit.11 mp 146°). Further hydrolysis converted the dichloro
acetaldehyde into glyoxal which was isolated as the 2,4-dinitro- 
phenylosazone, mp 317° (lit.12 mp 318° dec), and the bissemicar- 
bazone, mp 270° (lit.13 mp 270°).

Desulfurization of 2,2,3-Trichlorothioxane in Diethylcarbitol. 
—Diethylcarbitol (250 ml) was made anhydrous by predrying 
with sodium sulfate and distilling from sodium ribbon. To this 
was added 100 g of Raney nickel “C” and 10 g of 2,2,3-trichloro
thioxane (mp 58°). The reaction mixture was stirred with a 
mechanical stirrer and let react for 7 days at room temperature. 
The reaction mixture was separated from the Raney nickel as 
above. The desulfurized mixture (50 g) was added to 2 g of 
mossy zinc and refluxed for 1 hr. The zinc chloride was filtered 
off and the filtrated distilled through a Vigreux column. The 
fraction boiling at 120-130° was collected. This fraction fumed 
in moist air, gave positive tests for unsaturation, and was as
sumed to be CH3CH20CC1=CHC1. Hydrolysis of the above 
distillate by refluxing 10 g of it in 10 g of H20  for 1 hr gave mono- 
chloroacetic acid. This was identified as the p-phenylphenacyl 
ester, mp 115° (lit.14 116°), and did not depress the melting point 
of an authentic sample of the p-phenylphenacyl ester of mono- 
chloroacetic acid.

Acknowledgment.—We gratefully acknowledge the 
help of Fred Jones, Clyde Bishop, and Curtis Harper 
who prepared the trichlorothioxanes while graduate 
students at the Carver Research Foundation.

(10) “ Dictionary of Organic Compounds,”  Vol. 3, Oxford University 
Press, New York, N. Y ., 1965, p 1543.

( 1 1)  A. Ross and R . N. Ring, J .  Org. Chem ., 26, 581 (1961).
(12) See ref 10, p 1542.
(13) “ Chemical Rubber Handbook of Tables for Organic Compounds,”  

3rd ed, Chemical Rubber Co. Press, Cleveland, Ohio.
(14) N. Drake and J .  Bronitsky, J .  A m er. Chem . Soc., 52, 3719  (1930).
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It has recently been shown1 that the oxazolone 1 
reacts with dimethyl 3-oxoglutarate (2) to give the 
dihydroresorcinol 3 in 90% yield. This reaction has

4, R =H

been successfully applied in the synthesis of the poly- 
f unctional 6-deoxy-6-demethyltetracycline.2

In the course of an attempted application of this 
reaction to the now completed total synthesis of the 
Amaryllidaceae alkaloid crinine,3 the oxazolone 5 was 
prepared. When this compound was allowed to react 
with dimethyl 3-oxoglutarate (2) and sodium hydride 
in tetrahydrofuran, conditions which previously had 
been used in the preparation of 3, a single crystalline 
product was isolated in 44% yield. This compound 
had the elemental composition (C25H23NO9) of a 1:1 
adduct of oxazolone 5 to dimethyl 3-oxoglutarate as 
required for a dihydroresorcinol derivative of struc
ture 8. In addition, like 3, it gave a brownish ferric 
chloride test. However, a comparison of the ultra
violet spectra between 3 and the condensation product 
seemed to exclude such a possibility. The dihy
droresorcinol 3 had an absorption maximum at 250 
mpi in methanol which was not altered on addition of 
acid but was shifted to 277 m/z on addition of base. 
In contrast, the condensation product from 5 had an 
absorption maximum at 254 m/z in methanol which 
was shifted to 225 m/z on addition of acid but remained 
at 254 m/z when base was added. This showed that the 
new reaction product had to be a considerably stronger 
acid than the dihydroresorcinol 3. The compound 
seemed to be almost completely dissociated in neutral 
methanol, since upon addition of base only very minor 
spectral changes were observed. Upon addition of 
acid, the absorption maximum of the undissociated 
species at 225 m/z was observed. Therefore, it was 
evident that the new compound could not be a de
rivative of a dihydroresorcinol. This information, 
plus that derived from the nmr spectrum, led to the

(1) H. Muxfeldt, J .  Behling, G. Grethe, and W. Rogalkski, J .  Am er. 
Chem . Soc., 89, 4991 (1967).

(2) H. Muxfeldt and W. Rogalski, ib id ., 87, 933 (1965).
(3) H. Muxfeldt, R. S. Schneider, and J .  B. Mooberry, ib id ., 88, 3670

(1966).

assignment of structure 9, with a cyclopentane-1,3- 
dione chromophore, to the condensation product 
from the oxazolone 5.

The nmr spectrum of the new compound, recorded 
in deuteriochloroform, revealed four sharp singlets 
at 5 3.49, 3.66, 3.69, and 3.90 which integrated for 
nine protons and were assigned to the three methyl 
ester groups.4 The multiple peaks assigned to the 
ester protons may be interpreted in terms of an acid- 
base equilibrium and a tautomeric equilibrium of the 
acid which was set up in solution. Eleven protons 
absorbed as a multiplet at 8 7.1-9.8 (ten aromatic 
protons and one amide proton). The integration in 
this area dropped to ten protons upon addition of D20  
due to facile exchange of the amide proton. A broad 
singlet at 8 11.68 (enolic OH) also disappeared on 
addition of D20. This singlet always integrated for 
less than one proton (dissociation). Finally, two sin
glets integrating for one proton each were observed at 
8 4.68 and 3.82. The signal at 8 4.68 was assigned to 
the benzylic hydrogen in 9, and the remaining signal 
at 5 3.82 was assigned to the lone ring hydrogen in the

j  (CH30 2C -C H 2- ) 2C 0

R '02C co 2c h 3 
^OH

O
COCeHs

COzCHa

9, R=2H; R' = CH3 
10,R = 2H;R' = C2H5 
l l j R = —0C H 2O -; R' = C2Hs

cyclopentanedione ring. This proton was exchanged 
more rapidly than the proton at 8 4.68 when 9 was 
treated with alkaline D20.

The structure of 9 was further substantiated by chemi
cal transformations. Compound 9 was saponified with 
barium hydroxide and then decarboxylated with warm 
hydrochloric acid to give the acid 12 in 74% yield. The 
ultraviolet spectrum of 12 is similar to that of cyclo- 
pentane-1,3-dione and distinctly different from the 
corresponding degradation product 41 of the cyclo- 
hexane-1,3-dione derivative 3. On treatment with 1 
equiv of diazomethane, 12 was transformed into its 
methyl ester 13, but both 12 and 13, when treated with 
excess diazomethane, were converted into the enol 
ether methyl ester 15 or its isomer. Further, the 
conversion of the acid 12 into the enol ether 14 pro
ceeded under the conditions described by Wenkert.5

(4) In other solvent systems (methanol-di and DzO-sodium carbonate) 
the esters were never observed as three singlets but rather as four or five lines.

(5) E . Wenkert and D. P. Strike, ib id ., 86, 2044 (1964).



1646 N o tes The Journal of Organic Chemistry

On treatment of 14 with diazomethane, IS was formed 
in high yield. The ultraviolet spectrum of enol ethers 
14 and IS no longer exhibit the bathochromic shift

CO,.R

characteristic of 0-diketones upon addition of base. 
Furthermore, their absorption maximum was different 
from that of the cyclohexane derivative 16.

OCHs

C6H 5'
n h - c o c 6h 5

16

All the reported data are in good agreement with 
structure 9 for the condensation product. The strong 
acidity of 9 and its effect on the pH dependency of 
the ultraviolet spectrum was very similar to the 
behavior of compound 17.6 The only significant

difference being that 17 had an absorption maximum 
at 248 mp (« 21,000) in acidic solution, whereas the 
absorption maximum of compound 9 appeared at 225 
m/z (e 23,000) with a shoulder at approximately 250 
myu. This may be explained best by the assumption 
that tautomer 18 contributed substantially to the 
tautomeric mixture of 9 since 18 appeared to have 
minimal nonbonded interactions. Therefore, it might 
appear to a much larger extent in the equilibrium of 9 
than the corresponding tautomer 19 does in the equi-

C02C(CH3)3
.OH

"C02C2H5 

19

librium of 17. The oxazolones 6 and 7 condensed in 
the same way that oxazolone 5 condensed with di
methyl 3-oxoglutarate (2), and the cyclopentane-1,3- 
dione derivatives 10 and 11 were obtained in 55 and 
35% yields, respectively.

One way of rationalizing the formation of a cyclo
pentane-1,3-dione instead of a cyclohexane-1,3-dione 
is to assume that the oxazolone (for example, 5) is 
first opened by the anion of dimethyl 3-oxoglutarate
(2) to form the /3-keto ester 20. Then 20 could undergo

(6) G . B ü ch i a n d  E . C . R o b e rts , J .  Org. Chem ., 33, 460 (196S). W e
th a n k  th e se  a u th o rs  fo r  c o m m u n ic a tin g  th e ir  d a t a  to  u s  p r io r  to  i t s  p u b lica 
tio n .

c h 3o2c  o 0

W /  NH C02CH3

COCeHs
20

an intramolecular Michael addition to give 9. On 
the basis of the available experimental data other 
reasonable pathways cannot, of course, be excluded.

Experimental Section7

Preparation of Oxazolone 5.—To a solution of 765 mg (4.61 
mmol) of methyl benzoyl formate, bp 85-88° (3.5 mm), and 825 
mg (4.61 mmol) of hippuric acid in 1.4 ml of acetic anhydride and 
10 ml of tetrahydrofuran (distilled from lithium aluminum 
hydride) was added 870 mg (2.3 mmol) of lead acetate trihydrate, 
and the reaction was boiled under reflux for 6 hr and then stirred 
at room temperature for 10 hr. The solution was diluted with 
methylene chloride and washed with water. After drying of the 
organic phase over sodium sulfate and evaporation of the solvent 
in vacuo, 1.58 g of a red oil was obtained, which upon addition 
of ethanol and ether gave 577 mg (33% of theory) of 5: mp 
124-125°; X™r 5.60, 5.70, 5.75, and 6.15 u\ x“S eth,no1, mM 
(«), 365 (33,050), sh 385 (21,000), sh 350 (29,000), and 261 
(14,650).

Anal. Calcd for C,8I1I3X()4: C, 70.35; H, 4.23; N, 4.55; 
mol wt, 307. Found: C, 70.61; H, 4.45; N, 4.88.

The preparation of oxazolone 6 was similar to that described 
for the preparation of the oxazolone 5; the ethyl ester oxazolone 
6 was prepared from 4.44 g (24.7 mmol) of ethyl benzoyl formate 
and 1 equiv each of hippuric acid and lead acetate trihydrate. 
The mixture was boiled under reflux for 19 hr. After crystalliza
tion from ether 2.3 g (29% of theory) of 6 was isolated. A sample 
was recrystallized for analysis from ether: mp 122-123°;

5.55, 5.65, 5.75, and 6.05 x£g elh“01, (<•), 365 (32,800),
sh 385 (21,580), sh 350 (28,400), 261 (13,220), and sh 248
(11,900).

Anal. Calcd for Ci9Hi6N 04: C, 71.02; H, 4.71; N , 4.35; 
mol wt, 321. Found: C, 71.00; H, 4.71; N, 4.34.

Preparation of Oxazolone 7.—A mixture of 1.1 g (4.74 mmol) 
of ethyl piperonyl formate, 844 mg of hippuric acid, 1.80 g 
(4.74 mmol) of lead acetate trihydrate, and 1.45 g of acetic an
hydride was dissolved in 10 ml of tetrahydrofuran and boiled 
under reflux in a manner similar to that described for the prep
aration of the methyl ester oxazolone 5. After work-up, 1.9 g 
of a thick red oil was obtained, which could be partially crystal
lized upon addition of ether. A yield of 580 mg (33% of theory) 
of yellow crystalline 7 was isolated. An analytical sample was 
recrystallized from ether: mp 160-161°; 5.55, 5.65, 5.75,
and 6.13 mM (€>,410 (27,700), 396 (29,150), 334 (10,050),
295 (9,560), 268 (18,300), and 258 (15,220).

Anal. Calcd for CmHisNOb: C, 65.75; H, 4.14; N, 3.83; 
mol wt, 365. Found: C, 65.83; H, 4.09; N, 3.79.

Condensation of Oxazolone 5 with Dimethyl 3-Oxoglutarate.— 
To a solution of 309 mg (1.0 mmol) of 5 and 209 mg (1.2 mmol) 
of dimethyl 3-oxoglutarate dissolved in 10 ml of tetrahydrofuran 
was added 26.4 mg (1.1 mmol) of sodium hydride, and the solu
tion was stirred under a nitrogen atmosphere for 18 hr at room 
temperature. The clear yellow solution was diluted with water 
and the resulting alkaline solution was washed with chloroform. 
The aqueous solution was then acidified and extracted with 
chloroform. This extract was dried over sodium sulfate and 
evaporated. A 364-mg portion of alkali soluble yellow oil was 
obtained, and upon addition of methanol-ether, 217 mg (44% of 
theory) of white crystalline solid 9 was precipitated. The re
maining oil exhibited a maximum at 232 and a shoulder at 260 
m^ in alkaline methanol. A sample of 9 was recrystallized from 
methanol-ether, mp 146-150 °. A dilute solution of 9 in methanol 
gave an immediate orange coloration upon addition of ferric 
chloride: X™; 2.95, 5.7-5.8 (broad), 6.0, and 6.22 \aJ J  HC1-MoOH, 
mM (e), sh 250 (19,250) and 225 (23,000); X";',’v mM
(«), 251 (21,250) and 226 (22,000); X“:°H, mM (e), 255 (25,550) 
and sh 227 (19,600); N‘0H-M*0H, lnM (e), 253 (26,600) and sh
225 (20,900); xr«onilt"e, mM {*), 250 (19,500), and 222 (23,950).

(7) Melting points were taken on a Kofler hot stage.
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Anal. Calcd for C25H23NO9: C, 62.36; H, 4.95; N, 2.91; 
mol wt., 481. Found: C, 62.40; H, 5.08; N, 2.82.

Condensation of Oxazolone 6 with Dimethyl 3-Oxoglutarate.— 
In a manner identical with that described for the reaction of 
oxazolone 5, 878 mg (2.74 mmol) of 6 was allowed to react with 
570 mg (3.28 mmol) of dimethyl 3-oxoglutarate and 75.5 mg 
(3.15 mmol) of sodium hydride. A yield of 1.27 g of a yellow 
oil was obtained which, upon addition of methanol-ether, gave 
746 mg (55% of theory) of 10: mp 140-144°. An analytical 
sample was obtained from methanol-ether: X™' 2.9, 5.7, 5.75, 
5.95, and 6.2 M; ( 4  254 (23,000), and 227 (19,800);

methanol. ^  (i)> 254 (24,900) and sh 227 (19,450); nmr 
(CDCU), S 1.15 (t, J  =  7 cps, 3 H, -0 -C H 2-CH3), 4.1 (q, J  =  7 
cps, 2 H, O-CH2-CH3), 3.52 (s, 3 H, methyl ester), 3.93 (3 H 
methyl ester), 3.76 (s, 1 H, methine), 4.70 (s, 1 H, benzylic 
methine), and 7.2-7.9 (m, 11 H, aromatic and N-H).

Anal. Calcd for C26H25N 03: C, 63.02; H, 5.08; N, 2.82; 
mol wt, 495.5. Found: C, 63.13; H, 5.02; N, 2.74.

Condensation of Oxazolone 7 with Dimethyl 3-Oxoglutarate.— 
A 622-mg (1.7 mmol) sample of 7, 355 mg (2.04 mmol) of di
methyl 3-oxoglutarate, and 46.5 mg (1.95 mmol) of sodium 
hydride were dissolved in 10 ml of tetrahydrofuran. After 3.5 
days at room temperature the mixture was worked up in the usual 
fashion and gave 584 mg of a yellow oil. A yield of 308 mg (34% 
of theory) of a white solid (11) was obtained after crystallization 
from methanol-ether: mp 150-158°; X“ ' 2.9, 5.7, 5.8, 6.0, 
6.25, and 9.7 n; K T " ° \  mn («), 250 (24,570) and sh 290 
(4700); Xlkf ” m',h“01, mu (e), 251 (26,180) and sh 290 (5850); 
nmr (CDCls), 5 1.11 (t, /  =  7 cps, 3 H, 0-CH2-CH3), 4.1 (q, 
J  =  7 cps, 2 H, O-CH2-CH3), 3.57 (s, 3 H, methyl ester), 
3.95 (s, 3 H, methyl ester), 3.77 (s, 1 H, methine), 4.67 (s, 1 H, 
benzylic methine), 5.99 (s, 2 H, methylenedioxy), and 6.7-8.0 
(m, 10 H, aromatic and N-H ).

Anal. Calcd for C27H25NO11: C, 60.11; H, 4.67; N, 2.59; 
mol wt, 539.5. Found: C, 60.03; H, 4.81; N, 2.54.

Hydrolysis and Decarboxylation of 9.—To a solution of 500 mg 
(1.04 mmol) of 9 in 10 ml of hot methanol, 100 ml of a 5% 
barium hydroxide solution in water was added. The mixture 
was heated on a steam bath for 2 hr. During this time a white 
precipitate formed from the initially colorless, homogeneous solu
tion. The mixture was then acidified with 1 N  HC1 and heated 
for an additional 10 min. During this time the acid 12 crystal
lized. After cooling, 270 mg (74%) of 12 was collected, mp 261°. 
An analytical sample was reervstallized from methanol-ether: 
x££ 3.0, 2.7-4.4 (broad), 5.9, 6.15, and 6.22 y, >w°H, (e),
249 (17,550) and 225 (17,550); X ^ f” n",h"01, mM (0 268 (21,500) 
and 225 (15,780).

Anal. Calcd for C20HI7NO5: C, 68.37; H, 4.88; N, 3.98; 
mol wt, 351.4. Found: C, 68.37; H, 4.93; N, 3.93.

Preparation of the Ester Enol Ether 15 from 12.—To a cold 
solution of 130 mg (0.356 mmol) of 12 in 10 ml of ether was 
added a solution of diazomethane (0.80 mmol). Another portion 
of diazomethane was added after 4 hr and the mixture stirred 
at room temperature for 18 hr. The solvent was removed in 
vacuo and a sample of the recovered foam exhibited no batho- 
chromic shift in alkaline methanol. A sample was crystallized 
from ether, mp 142-1440. Recrystallization of 15 from methanol- 
ether gave a 1:1 methanol adduct: mp 83-85°; X“ x' 3.0, 5.8, 
5.92, 6.05, and 6.3 /¿; X“ *h,no', mM («), 243 (20,850) and sh 225
(18.900) ; x ^ i,m'‘h*no,N‘OH, mM « ,  243 (20,850) and sh 225
(18.900) ; nmr (CDCI3), 5 3.22 (AB, J  — 17  cps, 2 H, methyl
ene), 3.75 (s, 6 H, enol ether and methyl ester), 4.02 (s, 1 H, 
benzylic methine), 5.23 (s, 1 H, vinyl), and 7.2-8.0 (m, 11 H, 
aromatic and N-H).

Anal. Calcd for C22H2iNOs: C, 69.95; H, 5.58; N, 3.69; 
mol wt, 379.4. Found: C, 69.89; H, 5.48; N, 3.72.

Preparation of the Acid Enol Ether 14.—A 378-mg (1.08 mmol) 
portion of 12 and 10 mg of p-toluenesulfonic acid was dissolved 
in 75 ml of benzene and 50 ml of methanol and distilled over 
5 hr to a volume of 30 ml. The solution was diluted with ether 
and washed with dilute alkali. The organic phase was dried 
over sodium sulfate and evaporated to dryness under reduced 
pressure to give 41 mg (8% of theory) of the ester enol ether 15, 
mp 140-144°. The alkaline solution was then acidified and 
washed with chloroform. The combined organic extracts were 
washed with water, dried over sodium sulfate, and evaporated 
to give 446 mg (62% of theory) of 14: mp 125-128°; X*B( 2.95,
2.7-4.4 (broad), 5.85, 6.0, 6.3, and 7.35 X”'',1”“01, m/u (e),
243 (19,050) and sh 228 (18,050); X ^ n“ n",h‘"°1, mM (*), 228 
(19,650) and sh 240 (18,900); nmr (D20-NaOD), S 3.0 (d AB

pattern, 2 H, methylene), 3.30 (s, 3 H, enol ether), 3.58 (s, 
1 H, methine), 4.8 (s, HOD), 5.18 (s, 1 H, vinyl), and 7.0-8.0 
(m, 10 H, aromatic).

Anal. Calcd for GsiHmNOs-CHsOH: C, 66.48; H, 5.83; 
N, 3.54; mol wt, 402. Found: C, 66.71; H, 5.54; N, 3.61.

Preparation of the Ester Enol Ether 15 from 14.—To a suspen
sion of 590 mg (1.61 mmol) of the acid enol ether 14 in 10 ml of 
cold ether was added a solution of diazomethane (4.8 mmol). 
Immediately upon addition of the diazomethane the solution 
became homogeneous. After 30 min a white solid crystallized 
from the cold solution. Stirring was continued for 12 hr and the 
excess diazomethane was removed by warming the solution 
slightly under reduced pressure. A 550-mg (86%) portion of the 
ester enol ether 15 was collected and shown to be identical with 
that prepared directly from 12.

Registry No.—5, 15924-08-0; 6, 15924-09-1; 7, 15963-
73-2; 9, 15924-10-4; 10, 15924-11-5; 11, 15924-12-6; 12, 
15924-13-7; 14, 15924-14-8; 15, 15924-15-9.

Acknowledgment.—This work was supported by a 
National Institute of Health Predoctoral Fellowship 
given to Richard S. Schneider and by the National 
Science Foundation (Grant No. GP-6626).

Preparation of Tertiary N,N-Dimethylamines 
by the Leuckart Reaction

R o b e r t  D. B a c h 1

Department of Chemistry, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 02139

Received November 2 4 , 1967

Introduction of alkyl groups into ammonia or a pri
mary or secondary amine by means of certain alde
hydes or ketones, when the reducing agent is ammonium 
formate, is known as the Leuckart reaction.2'3 Later, 
Wallach4 obtained better yields by using a mixture of 
ammonia or substituted amine with formic acid. The 
Leuckart reaction did not come into general use as a 
preparative method until 1936 when Ingersoll and 
coworkers5 reviewed the subject and applied the re
action to the synthesis of a series of substituted /3- 
phenylethylamines. Similarly, Novelli6 showed that 
respectable yields of secondary amines could be ob
tained by the action of N-alkylformamides on some 
substituted acetophenones. When the carbonyl com
pound is formaldehyde, the transformation is termed 
the Clarke-Eschweiler3 method.

The Leuckart reaction applied to the synthesis of 
tertiary amines has found only limited application to 
date. Early examples of the reaction where an aldehyde 
or ketone has been treated with a dialkylformamide 
include the reaction of benzaldehyde with formylpiperi- 
dine to give N-benzylpiperidine,4 and the conversion

(1) (a) N a tio n a l In s t i tu te s  of H e a l th  P re d o c to ra l Fellow , 1964-1967 . (b) 
All co rrespondence  sho u ld  b e  ad d ressed  to  th e  D e p a r tm e n t of C h em is try , 
U n iv e rs ity  of M in n e so ta , M inneapo lis , M in n . 55455.

(2) R . L e u c k a rt, Ber., 18, 2341 (1885); R . L e u c k a r t  a n d  E . B ach , ib id ., 19, 
2128 (1886).

(3) M . L . M oore, Org. Reactions, 5 , 301 (1949).
(4) O. W a llach , A n n .,  343, 54 (1905).
(5) A. W . Ingerso ll, J . H . B row n, C . K . K im , W . D . B ea u ch am p , an d  

G. Jen n in g s , J .  A m er. Chem . Soc., 58, 1808 (1936).
(6) A. N ovelli, ib id ., 61, 520 (1939).
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K e to n e T e r t ia ry  am in e  p ro d u c t
%  y ie ld  of 

am in e
%  y ie ld  of 
m e th io d id e P ic r a te  m p , °C

Cyclopentanone N,N-Dimethylcyclopentylamine 61 176.5-178°
Cyclohexanone N,N-Dimethylcyclohexy lamine 70 61™ 178.5-179.5“
Cycloheptanone N,N-Dimethylcycloheptylamine 55 71 186-18711
Cyclooctanone N, N-Dimethylcy clooctylamine-* 75 197-198'
Cyclodecanone N, N-Dimethylcy clodecylamine 76 145-146°
2-Octanone N,N-1-Trimethylheptylamine 65 59.5-61.5°
Acetophenone N,N,a-Trimethylbenzylamine 58 138-139*
3-Pentanone N,N-Dimethyl-l-ethylpropylamine 38 180.5-181.5»'
Norcamphor endo^-Dimethylaminonorbornane* 70 220-222*

° See Experimental Section for procedure. b Lit.10 177-178°. c Lit.10 175-176°. d M. Mousseron, R. Jacquier, and H. Christol 
[Compt. Rend., 235, 57 (1952)] reported mp 184°. 6 C. G. Overberger, M. A. Klotz, and H. Mark [J. Amer. Chem. Soc., 75, 3186 (1953)] 
reported mp 195.8-197.4°. < Submitted for publication in Org. Syn. 0  A. C. Cope, R. J. Cotter, and G. G. Roller [J. Amer. Chem.
Soc., 77, 3590 (1955)] reported mp 145.8-147.4°. h Anal. Calcd for Ci6H26N407: C, 49.73; H, 6.78; N, 14.50. Found: C, 49.57; 
H, 6.95; N, 14.83. This compound was recrystallized twice from ethanol. All other melting points are reported after one recrystal
lization from ethanol. 1 G. Wittig, R. Mangold, and G. Felletschin [Ann., 560, 116 (1948)] reported mp 137-138°. 1  A. C. Cope, 
N. A. LeBel, H. H. Lee, and W. R. Moore [./. Amer. Chem. Soc., 79, 4720 (1957)] reported mp 180.5-182.5°. k The product is believed 
to be almost entirely the endo isomer. The erafo-amine has a strong band in the infrared at 795 cm-1 which is absent in the spectrum 
of the exo isomer. Furthermore, the exo isomer has a strong band at 1022 cm-1 and a medium band at 820 cm-1, both of which are 
absent in the spectrum of the endo isomer (see ref 17). 1 Reported 218-220° for the endo isomer; see ref 17. " The crude N,N-dimethyl-
cyclohexylamine was converted into its methiodide without purification (see Experimental Section) and had mp 280-281° dec. A. Skita 
and H. Rolfes [Her., 53, 1242 (1920)] reported mp 277°.

of furfural into N,N-dimethylfurfurylamine.3,7,8 Sub
sequently, Bunnett and Marks9 prepared six tertiary 
amines from ketones and dialkylformamides and ob
tained yields ranging from 21 to 54%. However, 
they found that the reactions failed to give tertiary 
amines in the absence of magnesium chloride catalysis.

An all encompassing mechanism for the Leuckart 
reaction has not been reported. Mousseron10 has 
studied the action of formamide and N-mono- and 
N,N-dialkylformamides on cyclopentanones and cy
clohexanones in an effort to establish the mechanism of 
this reaction. As a result of a deuterium-labeling 
study, Rekashera and Miklukhin11 have argued 
against the mechanism proposed by Mousseron. In 
contradiction to the common opinion on the ionic 
mechanism3,10,11 postulated for the Leuckart reaction, 
Lukasiewicz12 has suggested that this reaction and the 
reduction of imines by formic acid take place according 
to a free-radical mechanism.

Our initial efforts in this area were directed toward 
the synthesis of N,N-dimethylcyclooctylamine which 
heretofore had been prepared by a number of less di
rect routes.10,13-15 When cyclooctanone was treated 
with dimethylformamide and formic acid in an auto
clave at 190°, the desired amine was obtained in good

CH3

(7) F . P . N a b e n b a u e r , A b s tra c ts , 9 3 rd  N a tio n a l M ee tin g  of th e  A m erican  
C hem ica l S ocie ty , C h ap e l H ill, N . C ., A p ril 1937; U . S. P a te n t  2 ,185,220 
(1940).

(8) E . A. W e ilm u en s te r a n d  C . N . Jo rd a n , J .  A m er. Chem . Soc., 67, 415 
(1945).

(9) J . F . B u n n e t t  a n d  J . L . M a rk s , ib id ., 71, 1587 (1949).
(10) (a) M . M o u ssero n , R . J a c q u ie r , a n d  R . Z ag d o u n , B u ll. Soc. C him . 

F r., 197 (1952); (b ) ib id ., 596 (1957).
(11) A. F . R e k a sh e ra  a n d  G . P . M ik lu k h in , J .  Gen. Chem . U S S R ,  26 , 2407 

(1956).
(12) A. L ukasiew icz , Tetrahedron, 19, 1789 (1963).
(13) A . C . C ope a n d  W . J .  B ailey , J .  A m er. Chem . Soc., 70 , 2305 (1948).
(14) V. K . Z iegler a n d  H . W ilm s, A n n .,  667 , 1 (1950).
(15) A . C . C ope a n d  L. L . E s te s , J r . ,  J .  A m er. Chem . Soc., 72 , 1128 (1950).

yield (75%). The crude product, isolated after acid 
and then base extraction, was pure to vpc and could 
be used without distillation in subsequent reactions 
(see the Experimental Section for details). The only 
by-product isolated from the reaction was cyclo- 
octanol (10%), in addition to recovered cyclooctanone 
(10%). Optimum yields were obtained in the tem
perature range of 175-190°. Lowering the temperature 
to 160° reduced the yield of tertiary amine, although 
at the lower temperature very little reduction to cy- 
clooctanol occurred. Reaction times of 8-16 hr were 
employed.

The demand for tertiary N,N-dimethylamines as 
synthetic intermediates in the Hofmann elimination 
and the Cope elimination16 prompted us to examine 
the general synthetic utility of this reaction for pre
paring tertiary amines. Our experiments are sum
marized in Table I. The reaction gave a good yield with 
a relatively hindered bicyclic ketone and appears to be 
quite general for cyclic ketones. Its use in the prep
aration of endo-2-dimethylaminonorborane is worthy 
of note since this compound has previously been pre
pared only by a multistep route.17,18 Likewise the 
reaction afforded reasonable yields of tertiary amines 
with methyl ketones. However, as the acyclic ketones 
become more highly substituted, the yields decreased. 
For example 3-pentanone afforded a 38% yield of N,N- 
dimethyl-l-ethylpropylamine, and considerably lower 
yields were obtained with diisopropyl ketone, 4-hepta- 
none, benzophenone, and a-tetralone. However, no 
effort was made to increase the yields in these cases by 
altering the reaction conditions or by the use of Lewis 
acid catalysis.9,10 This reaction appears to be the 
method of choice for the conversion of cyclic and rela
tively unhindered acyclic ketones into tertiary amines 
because of the ease of manipulation and the good 
yields of easily purified products.

(16) A. C . C ope a n d  E . R . T ru m b u ll, Org. R eactions, 11, 317 (1960).
(17) A. C . C ope, E . C ig an ek , a n d  N . A. LeB el, J .  A m er . Chem . Soc., 81 , 

2799 (1959).
(18) W . E . P a rh a m , W . T . H u n te r , R . H an so n , a n d  T . L a h r , ib id ., 74, 5646 

(1952).
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Experimental Section
An Example of a Procedure for the Synthesis of Tertiary 

Amines in Table I. N,N-Dimethylcyclooctylamine.—To a
glass-lined19 high pressure autoclave, arranged for agitation by 
rocking, was placed 100 g (0.79 mol) of cyclooctanone, 100 g of 
90.5% formic acid, and 175 g of dimethylformamide. The 
autoclave was heated at 190°, under autogenous pressure, for 16 
hr. The autoclave was allowed to cool and was vented in a 
hood.

The pale yellow homogeneous solution was slowly added to a 
separatory funnel containing 500 ml of a 10% hydrochloric acid 
solution and the aqueous amine hydrochloride was washed several 
times with ether.20 The aqueous phase was treated with a 
solution of 70 g of sodium hydroxide in 200 ml of water (basic to 
litmus paper) and the N,N-dimethylcyclooctylamine was re
covered by extracting with two 500-ml portions of ethyl ether. 
The ethereal layer was dried (MgSO.i) and the ether was removed 
under reduced pressure to afford 98 g of crude amine as a light- 
colored oil.

The amine was distilled under reduced pressure through a 
short Vigreux column. The product was collected at 63° (3 mm), 
n25d  1.4710 [lit.16 bp 79-80 (6 mm), w25d  1.4706].

Cycloheptyltrimethylammonium Iodide.—In a glass-lined high 
pressure autoclave was placed 56.1 g (0.5 mol) of cycloheptanone, 
64 g of 90.5% formic acid, and 110 g of dimethylformamide. 
The autoclave was heated at 190° for 14 hr and then was cooled 
to room temperature.

The pale yellow solution was slowly added to a separatory 
funnel containing 300 ml of 10% hydrochloric acid solution. 
The aqueous amine hydrochloride was extracted twice with 250- 
ml portions of ethyl ether. The aqueous layer was cooled and 
sodium hydroxide was added until the solution was decidedly 
basic. The N,N-dimethylcycloheptylamine was recovered by 
extracting with two 250-ml portions of ethyl ether. The ethereal 
layer was dried (MgS04) and the solvent was removed, at reduced 
pressure.

The crude amine was converted into its methiodide without 
further purification. Methyl iodide (100 g) was added dropwise 
to a stirred solution of the crude amine in 150 ml of methanol 
maintained at 0°. The ice bath was removed and the reaction 
mixture was stirred 3 hr at room temperature. The yellow solu
tion was then poured into 11. of ethyl ether, filtered, and washed 
with ethyl ether to give 101 g (71.3%) of cycloheptyltrimethyl
ammonium iodide that had mp 263.5-264° dec (lit.21 mp 259°).

Registry No.—I, 15924-18-2; II, 15924-19-3.
(19) W h e n  th e  reac tio n  w as ca rried  o u t  in  a  s ta in less  s tee l h ig h -p re ssu re  

a u to c la v e  w ith o u t th e  u se  of a  g lass liner, th e  y ie ld  of p ro d u c t w as g re a tly  
red u ced  a n d  a  co n s id e rab le  a m o u n t of cyc lo o c tan o l w as o b ta in ed  as  th e  m a jo r 
p ro d u c t.

(20) T h e  com bined  e th e r  la y ers  w ere  d ried  (M gSO i) a n d  th e  e th e r  w as 
rem oved  u n d e r  p re s su re  to  affo rd  21 g of an  a p p ro x im a te ly  1 :1  m ix tu re  of 
c y c lo o c ta n o n e  a n d  cy c looctano l.

(21) R . W ills ta tte r , A n n .,  317 , 204 (1901).

Oxidations of Amines. V. Duality of 
Mechanism in the Reactions of Aliphatic Amines 

with Permanganate1

D .  H .  R o s e n b l a t t , G. T .  D a v i s , L. A . H u l l , 
a n d  G. D .  F o r b e r g

Edgewood Arsenal, Research Laboratories,
Edgewood Arsenal, Maryland 2 1010

Received September 2 1, 1967

The mechanism of permanganate oxidation of 
aliphatic amines, i.e., electron vs. hydrogen atom or 
hydride abstraction in the rate-determining step ki, as 
well as the relative reactivities of aliphatic primary,

(1) P a p e r  n u m b e r IV  of th is  se rie s: W . H . D en n is , J r , ,  L. A . H u ll, an d
D . H . R o s e n b la tt ,  J . Org. C hem ., 32, 3783 (1967).

secondary, and tertiary amines with permanganate ion 
in nearly neutral aqueous solutions are unresolved 
questions of current interest.2’3 Whereas one would 
infer from an early investigation by Vorländer, Blau, and 
Wallis4 that the order of reactivity should be tertiary > 
secondary > primary, Lambert and Jones have quoted 
the opposite conclusions23 from the literature.211 This 
confusion may be the result of a reversal in order of 
reactivity on change from neutral to acidic perman
ganate. Stewart6 has stated that oxidation of tri- 
methylamine by permanganate involves an initial 
attack on the C-H bond adjacent to the nitrogen.

Recognizing the similarity between permanganate 
and chlorine dioxide6 oxidation of aliphatic amines, we 
tentatively propose, for discussion purposes, the mecha
nism in Scheme I for permanganate oxidation of tri-

S c h e m e  I

rn .
slow  +  /

Mn04" +  N(CH3)3 H3C—N +  Mn042~
k -1

c h 3
A

CH3
f a s t  /

A — >■  H + +  H2C ^ N
tC2 %

c h 3
B

c h 3
f a s t  + /

B +  Mn04-  — >- H ,C =N
*• \

c h 3
c

o

C +  H20  — >- H—C—H +  HN(CH3)2

methylamine. The manganate formed in Scheme I 
reacts to give manganese dioxide as in eq 1. This

3Mn042~ +  2H20  — 2Mn04~ +  Mn02 +  4 0 H - (1)

reaction is too fast to enter into the kinetics under the 
pH conditions chosen for this study.3 The product, 
formaldehyde, has been detected. This product is 
analogous to the benzaldehyde obtained by Wei and 
Stewart3 from permanganate oxidation of benzylamine; 
as was shown by these investigators, the reactive amine 
species is the free base.

Our experience with chlorine dioxide in amine oxida
tions6 led us to believe that both a-hydrogen atom 
transfer and electron transfer mechanisms can occur 
simultaneously, depending on the structure of the 
amine, on the oxidizing species, etc. Indeed, benzyl- 
amine, studied by Wei and Stewart,3 is one of the most 
likely amines to react by a-hydrogen transfer, both 
because it is a primary amine (see below) and because

(2) (a) D . G . L a m b e r t a n d  M . M . Jo n es , J .  A m er. Chem . Soc., 88 , 4615
(1966). (b) H . S eh ech te r, S. S . R aw a lay , a n d  M . T u b is , ib id ., 86 , 1701
(1964); H . S ch ec h te r a n d  S. S. R a w a lay , ib id ., 86, 1706 (1964).

(3) M . W ei a n d  R . S te w a r t ,  ib id ., 88, 1974 (1966).
(4) D . V orländer, G . B lau , a n d  T . W a llis , A n n .,  3 4 5 , 261 (1906).
(5) R . S te w a r t in "O x id a tio n  in  O rg an ic  C h e m is try ,”  p a r t  A, K . B . W iberg , 

E d ., A cadem ic P ress In c ., N ew  Y o rk , N . Y ., 1965, p  61.
(6) (a) D . H . R o se n b la tt, A. J . H ay es , J r . ,  B . L . H a rr iso n , R . A. S tre a ty , 

a n d  K . A. M oore, J .  Org. Chem ., 2 8 , 2790 (1963); (b) D . H . R o s e n b la tt ,  L. A. 
H u ll, D . C . D eL u ca , G . T . D av is , R . C . W 'eglein, a n d  H . K . R . W illiam s, 
J .  A m er. Chem . Soc., 8 9 , 1158 (1967); (c) L . A. H u ll, G . T . D av is , D . H. 
R o s e n b la tt ,  H . K . R . W illiam s, a n d  R . C . W eg le in , ib id ., 8 9 , 1163 (1967).
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the free radical formed in the hydrogen transfer process 
is resonance stabilized by the benzene ring.

We determined kinetic rate constants for the oxida
tion of trimethylamine and perdeuteriotrimethylamine 
with permanganate. An isotope effect of 1.84 on the 
ratio of the true second-order rate constants, kn/k-o, was 
observed (Table I). The value of the isotope effect for

T a ble  I
E x peh im en ta l  D ata

A m in e41 k,a 1. m ol 1 sec 1 pXa
(C2H6)3N 3.08 X 101 10.656
(C2H6)2NH 9.44 X 10“1 10.986
(C2Hs)NH2 8.28 X 10~2 10.636
(CH3)3n 3.36 9.92c
(CDs)3N 1.82 10.155c

a k = fcobsd ([H+] +  K J ) / K J the anal, concn. of amine), 
ki =  1.5 k. b H. K. Hall, Jr., J .  Amer. Chem. Soc., 78, 2570 (1956). 
c See ref 6. The pAa of trimethylamine was determined at 0.49 
ionic strength and was found to have the same value that was 
found at 0.2 ionic strength. d Registry no. for these amines fol
low in descending order: 121-44-8, 109-89-7, 75-04-7, 75-50-3,
13960-80-0.

trimethylamine thus lies in the upper part of the range 
usually associated with secondary isotope effects (below
2.0).7 At least two possible explanations may be 
involved for the somewhat high value. (1) The addi
tive secondary isotope effect of nine a hydrogens, 
already great by sheer weight of numbers, is enhanced 
by the nature of the reaction, in that a planar aminium 
cation radical is formed.8 (2) Both hydrogen abstrac
tion and electron abstraction are simultaneously opera
tive, with electron abstraction playing a predominant 
role. Whereas the observation of an isotope effect of
1.84 would not normally rule out rate-determining C-H 
bond cleavage, we believe that the other evidence sup
ports this view. This evidence is the previous observa
tion by Wei and Stewart3 of an isotope effect of 7.0 for 
oxidation of benzylamine by permanganate (thus 
demonstrating that primary isotope effects of amine 
oxidation with permanganate tend to be large) and the 
observation of large secondary isotope effects (1.3 to
1.8)6 in the formation of aminium cation radicals. (In 
the latter instance, the mechanism of electron abstrac
tion was corroborated by independent means.) These 
rationalizations have one element in common, namely 
that the reaction of permanganate with trimethylamine 
must involve electron abstraction and cannot be con
sidered exclusively or even predominantly hydrogen 
transfer.

I t should be noted, furthermore, that, in the reaction 
of ferricyanide2 and nitrous acid9 with tertiary amines, 
electron transfer has been proposed for the former, and 
hydrogen elimination from an N-nitrosoammonium 
intermediate has been proposed for the latter in the 
rate-determining step, but kinetic evidence for the 
proposed mechanisms (i.e., kinetic isotope studies) is 
lacking. I t is thus even more significant that, in the 
present case and in the only other case60 so far subjected 
to the kinetic isotope effect test, electron abstraction

(7) K . B . W ib erg , “ P h y sica l O rgan ic  C h e m is try ,” J o h n  W iley  a n d  S ons, 
In c .,  N ew  Y o rk , N . Y ., 1964, p  354.

(8) S. I . M ille r , J .  P h y s . Chem ., 66, 978 (1962); A. S tre itw ie se r, J r . ,  R . H . 
Jag o w , R . C . F ah e y , a n d  S. S uzuk i, J .  A m er. Chem . Soc., 80, 2326 (1958).

(9) P . A. S. S m ith  a n d  R . N . L oep p k y , ibid., 89, 1147 (1967).

has been found to play an important mechanistic role, 
the extent of electron abstraction vs. hydrogen abstrac
tion depending on the nature of the amine.

Kinetic rate constants for oxidation of the series 
triethylamine, diethylamine, and ethylamine by per
manganate were determined and it was found that the 
order of reactivity for this series is tertiary >  secondary 
> primary (Table I). This order of reactivity is not as 
Lambert and Jones1 inferred, but conforms to that 
observed for chlorine dioxide6 and ferricyanide.10

We believe that this order of reactivity will show most 
pronounced differences when the mechanism is that of 
pure electron abstraction. However, the same order of 
reactivity can prevail for the dual mechanism of electron 
abstraction and hydrogen abstraction. As we have 
previously shown,60 benzyl-f-butylamine reacts faster 
with chlorine dioxide than does benzylamine, and the 
former goes mainly by the electron-abstraction path. 
The general tendency appears to be that electron 
abstraction will dominate the reactivities of tertiary 
amines, but hydrogen abstraction is of increased im
portance as one goes to secondary and then primary 
amines. This may be due to the fact that a sub
stituent on the nitrogen atom will affect the electron 
density of the nitrogen atom to a significantly greater 
degree than it will affect the bond strength of the a- 
carbon-hydrogen bond. Therefore, the relative reac
tivities will mostly reflect the changes in electron density 
at the nitrogen atom rather than the more remote elec
tronic influences on the a-carbon-hydrogen bond. The 
value of the rate constant for electron abstraction will 
thus increase to a greater degree than the value of the 
hydrogen abstraction rate constant with an increase in 
aliphatic substitution on the nitrogen. I t is entirely 
reasonable for an oxidation that proceeds principally by 
hydrogen abstraction for a primary amine to shift to 
one that is much faster and goes almost exclusively by 
electron abstraction as the change is made to secondary 
and then to tertiary amine.

Experimental Section

Kinetics.—The kinetics were followed with a Cary Model 14 
spectrophotometer at 525 m/n. An excess of amine (usually 
about 0.01 M) was permitted to react with 8 X 10-5 M  potassium 
permanganate at 25 ±  1° (0.166 M  phosphate buffers, pH 7.5- 
pH 8.0, and 0.49 ionic strength). These experiments were 
within the very narrow range of conditions under which the Mn-
(IV) invariably produced in such oxidations does not come out as 
a manganese dioxide precipitate11 until after the permanganate 
oxidation is complete. Thus it was possible to follow the strictly 
first-order disappearance of MnCh-  spectrophotometrically. 
This was done by plotting (A — .4») against time. The tri- 
methylamine-dg hydrochloride was obtained from Volk Radio
chemical Co., labeled 99% D.

Isolation of Formaldehyde as the Dimedone Derivative.—In
125 ml of water was placed 0.010 mol of potassium permanganate 
and 0.015 mol of trimethylamine hydrochloride, and the pH was 
adjusted to 8. After 5 min, the solution was filtered and 4.21 
g of dimedone in 1000 ml of hot water was added at pH 11. 
After 30 min, the pH was adjusted to 4.0 and the dimedone 
derivative of formaldehyde, mp 189-190°, was isolated in 19% 
yield (0.84 g).

(10) T . D . P errin e , J .  Org. Chem ., 16, 1303 (1951).
(11) T h e  fa ilu re  of M nO s to  p re c ip ita te  fo r re a so n a b ly  lo n g  p e rio d s  of tim e  

u n d e r  th e se  reac tio n  co n d itio n s  is p ro b a b ly  d u e  to  s ta b i liz a tio n  of d isso lved  
M n (IV ) b y  p h o s p h a te  ions, as  n o te d  b y  R . S te w a r t ( " O x id a t io n  M e c h a 
n ism s: A p p lic a tio n s  to  O rgan ic  C h e m is try ,”  W . A. B en ja m in , In c ., N ew  
Y ork , N . Y ., 1964, p  60).
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A Novel Class of Disulfides.
The S S-2-Acetaminoethyl-0,0-di alkyl 
Thioperoxymonophosphorothionates1

D o n a l d  G. S t o f f e y

Research and Development Center, The Epoxylite Corporation, 
South E l Monte, California 91733

Received October 4, 1967

There is continuing interest in the chemistry of 
cysteamine, 2-aminoethanethiol, particularly in cys- 
teamine derivatives in which the mercapto group has 
been transformed into a disulfide-type linkage.

NH2CH2CH2SX
la, X = SCH2CH2NH22
b, X = S03Na3

O

c, x  = I c h 2c h 2n h 2*

o
d, X = SR3,4

Cysteamine and its derivatives are also among the 
most potent materials offering protection against 
ionizing radiation.6

It is believed that the SS-2-acetaminoethyl-0,0- 
dialkyl thioperoxymonophosphorothionates, where one-

(RO)2PSSCH2CH2NHCCH3
2

half of the unsymmetrical disulfide is 2-acetaminoethyl 
and the other is the good leaving group, 0,0-dialkyl- 
phosphorothioyl, would offer more protection against 
ionizing radiation than cystamine la and would be less 
toxic than 2-aminoethanethiol.

The method of Field, et al,,4 using mercaptans and
2-acetaminoethyl 2-acetaminoethanethiolsulfonate (3) 
was used to prepare 2 (eq 1). The crude product was

For yield data, see Table I. The products had absorp
tion bands in the infrared spectrum for NH (3300 
cm-1), —C (=0)N H — (1655 cm-1, 1550 cm-1), and 
phosphate (980 cm-1). All preparations also yielded 
some tetraalkyl thioperoxydiphosphorothionate (6) 
which arises from the disproportionation of 2. The 
infrared spectra of 6 had bands for phosphate at 980 
cm-1 but no bands for —NH— or —C (=0)N H —: 
The 6 where R = i-C3iI7 is solid and was further 
identified by its melting point.

When 2-aminoethyl 2-aminoethanethiolsulfonate di
hydrochloride was used in place of the acetamino 
compound, only the two symmetrical disulfides, 
cystamine dihydrochloride (7) and 6, were obtained.

(RO)2PSSP(OR)2 NH2CH2CH2SSCH2CH2NH2 -2HC1 
6 7

No reaction was obtained when the Bunte salt of 
cysteamine ( lb )  was allowed to react with 4, even when 
heated at reflux with methanol as the solvent.7

Almasi and Paskucz8 reported the preparation of 
SS - 2,5 - dimethylphenyl - O, O - diethyl thioperoxymono- 
phosphorothionate (8) from diethoxyphosphinothioyl- 
sulfenyl chloride (9) and 2,5-dimethylbenzenethiol, 
and Michalski, et al.,9 reported the preparation of SS- 
butyl-O,O-diethyl thioperoxymonophosphorate (10) 
from butanethiol and diethoxyphosphinylsulfenyl chlo
ride (11). Similar reactions of dialkoxyphosphinyl-

S CH3

(EtO)2PSS— (Q > O
,  II
(EtOhPSSGR,

ch3
8 10

s 0II
(EtO)2PSCl

II
(EtO)2PSCl

9 11

AcNHCH2CH2SSCH2CH2NHAc +  (RO)2PSH — >
II
o
3 4

s
II

AcNHCH2CH2SSP(OR)2 -I- AcNHCH2CH2S02H (1) 
2 5

R = C3H7, ¿-C3H7, or CJR

purified by column chromatography using 200 mesh 
Florisil and the method of Patchett and Batchelder.6

(1) T h is  in v e s tig a tio n  w as s u p p o r te d  b y  C o n tra c t  N o . D A -4 9 -1 9 3 -M D - 
2914 from  U . S. A rm y  M ed ic a l R esea rc h  a n d  D e v e lo p m e n t C om m an d , 
W a lte r  R eed  A rm y  I n s t i t u te  of R esea rch .

(2) E . J . M ills, J r . ,  a n d  M . T . B o g ert, J .  A m er . Chem . Soc., 62, 1173 
(1940).

(3) D . L . K la y m a n , J .  D . W h ite , a n d  T . R . S w eeney, J .  Org. C hem ., 29, 
3737 (1964).

(4) L . F ie ld , T . C . O w en, R . R . C ren sh aw , a n d  A. W . B ry a n , J .  A m er. 
Chem . Soc., 83, 4414 (1961).

(5) A . P ih l a n d  L . E ld ja rn , Pharm acol. Rev., 10, 437 (1958).
(6) G . G. P a tc h e t t  a n d  G . H . B a tch e ld e r, J .  A gr . Food C hem ., 9 , 395 

(1961).

sulfenyl chlorides or dialkoxyphosphinothioylsulfenyl 
chlorides with cysteamine, cysteamine hydrochlo
ride, or sodium 2-aminoethylmercaptide gave only 
the symmetrical disulfides. The unsymmetrical disul
fides formed but disproportionated under the conditions 
of the reaction. Such disproportionations are well 
known in the chemistry of disulfides.10

Experimental Section11
SS-2-Acetaminoethyl-0,0-dialkylmercapto Phosphorodithio- 

ates (2).—A mixture of 13.5 g (0.05 mol) of 2-acetaminoethyl 2- 
acetaminoethanethiolsulfonate,4 0.05 mol of 0,0-dialkylphos- 
phorodithioic acid, and 100 ml of acetone was allowed to stand 
at room temperature for 5 days. Some 2-acetaminoethanesulfinic 
acid had crystallized from the reaction mixture as a white solid. 
The solvent was removed on a rotary evaporator at reduced 7 8 9 10 11

(7) W . L o renz , G e rm a n  P a te n t  1 ,112,068 (F eb  12, 1960).
(8) L . A lm asi a n d  L . P ask u cz , Chem . Rev., 98, 613 (1965).
(9) J .  M ich a lsk i, B. B o reck a , T . K ap eck a , a n d  H . S trze leck a , Rocz. C h em ., 

33, 1255 (1959).
(10) A. J .  P a rk e r  a n d  N . K h a ra sc h , Chem . Rev., 69, 583 (1959).
(11) All m e ltin g  p o in ts  w ere  u n co rrec ted  a n d  w ere  ta k e n  w ith  a  M el-T em p  

a p p a ra tu s .
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T a b l e  I 
S

( RO )2PSSCH2CH2N H Ac
Y ield , .------------C , % -------------. -----------H , % ----------- - -----------N , % ------------ .---------- P , % -----------. .------------ S, %■

R % neD C alcd F o u n d C alcd F o u n d C alcd F o u n d C alcd F o u n d C alcd F o u n d

c 3h 7 22 1.5420 36.24 36.11 6.69 6.77 4.23 4.16 9.34 9.13 29.02 28.83
i-C3H7 27 1.5375“ 36.24 35.95 6.69 6.67 4.23 4.47 9.34 9.16 29.02 29.06
CJI9 39 1.5345 40.09 39.84 7.28 7.39 3.89 3.73 8.61 8.09 26.55 26.55

“ Solidified upon standing, recrystallized from benzene-petroleum ether (mp 40-42°).

pressure to give a pasty solid. This crude product was mixed 
with 25 ml of cyclohexane-benzene 1:1 mixture, filtered, and 
washed with more solvent to separate out the remaining sulfinic 
acid. The solvent was removed from the combined filtrates to 
give an amber oil. This oil was chromatographed on an 18 in. X 
1 in. column filled with 125 g of 200 mesh Florisil. The sample 
was put on and then developed with 400 ml of cyclohexane- 
benzene 1:1, 200 ml of benzene, and then 400 ml of chloroform. 
The cyclohexane-benzene fraction contained the alkylthio- 
peroxy phosphorothionates ,12

The benzene and chloroform fractions were rechromatographed 
as before. The benzene and chloroform fractions were combined, 
and the solvents were removed under high vacuum on a rotary 
evaporator to give the SS-2-acetaminoethyl-O,O-dialkyl thio- 
peroxymonophosphorothionates.

Registry No.—2 (R = propyl), 15790-97-3; 2 (R = 
isopropyl), 15790-98-4; 2 (R = butyl), 15790-99-5.

(12) In  cases w here  R  =  i - C 3H 7, t h e  th io p e ro x y  com p o u n d  w as a  so lid , m p 
9 0 -9 1 °  [lit. 9 0 -9 1 ° , N . I .  Z im b y an k sii, O. A . P r ib , a n d  B . S. D reck , Z h. 
Obshch. K h im .,  3 1 ,  880 (1961)]. A n a l.  C alcd  fo r C 12H 28O4P 2S4: C , 33.79; 
H , 6 .62 . F o u n d : C , 33 .79; H , 6.58.

Kinetics of Hydrolysis of the Tetramethyl Ketal 
of p-Benzoquinone1

R. K. C h a t u r v e d i , J. A d a m s , a n d  E. H. C o r d e s 2

Department of Chemistry, Indiana University, 
Bloomington, Indiana 1+71+01

Received October 17 , 1967

One of the more interesting features of the kinetics of 
hydrolysis of ortho esters is the lack of parallelism 
between substrate reactivity and stability of the cor
responding carbonium ions which are evidently formed 
as the products of the rate-determining step.3 Thus, 
ethyl orthocarbonate is less reactive than ethyl ortho
benzoate which is less reactive than ethyl ortho formate.4 
In fact, ortho esters are generally less reactive than 
ketals. Thus, reactivities are inversely related to the 
expected carbonium ion stabilities within this series. 
This behavior has been suggested to result from con
siderations regarding substrate basicity,4'5 substrate 
stabilization through double-bond-no-bond resonance,6 
and saturation effects.7 In contrast, the rates of 
hydrolysis of acetals and ketals appear to be correlated

(1) S u p p o rte d  b y  G ra n t  A M -08232  from  th e  N a tio n a l I n s t i tu te s  of 
H e a l th .  P u b lic a tio n  N o . 1530 from  th e  D e p a r tm e n t of C h em is try , In d ia n a  
U n iv e rs ity , B lo o m in g to n , In d .

(2) C a re e r  D e v e lo p m e n t A w ard ee  of th e  N a tio n a l In s t i tu te s  of H e a lth .
(3) F o r  a  d iscuss ion  of th is  a n d  re la te d  p o in ts , see E . H . C o rdes , Progr. 

P h y s . Org. Chem ., 4, 1 (1967).
(4) C . A . B u n to n  a n d  R . H . D eW olfe , J .  Org. Chem ., 30 , 1371 (1965).
(5) T . P le tc h e r  a n d  E . H . C ordes, ib id ., 32 , 2294 (1967).
(6) J .  H in e , J .  A m er . Chem . Soc., 85, 3239 (1963).
(7) R . H . M a r tin , F . E . L a m p e , a n d  R . W . T a f t ,  ib id ., 88 , 1353 '1966).

well, for the most part, with stabilities of the derived 
carbonium ions.8,9 However, Kreevoy and Taft have 
observed that the rates of hydrolysis of diethyl ketals 
derived from benzophenone and fluorenone are sub
stantially less than would have been predicted on the 
basis of expected resonance stabilization of the cor
responding carbonium ions.10,11 This behavior was 
rationalized on the basis that as the transition state 
became increasingly stable relative to starting material 
it would be reached progressively earlier and, hence, 
would possess less carbonium ion character and be less 
susceptible to stabilization by resonance.12 A related 
argument has been applied to the kinetics of hydrolysis 
of ortho esters.13 While such arguments certainly will 
have validity in some cases, there seems to be a reason
able limitation to their applicability. Thus, a change in 
substrate structure which would impart additional stabi
lization to the transition state relative to the ground state 
will not alter the transition state structure to such an extent 
that the structural change actually results in a less reactive 
substrate.

We now wish to report an additional apparent lack of 
correlation between carbonium-ion stability and sub
strate reactivity for ketal hydrolysis.

Acid-catalyzed hydrolysis of the tetramethyl ketal of 
p-benzoquinone(3,3,6,6- tetramethoxy -1,4 - cyclohexadi- 
ene) proceeds in two distinct steps, the first reaction 
being about 300 times more rapid than the second. 
The intermediate exhibits a shoulder in the ultraviolet 
spectrum near 235 mg and is almost certainly the mono- 
ketal (6,6-dimethoxy-l,4-cyclohexadien-3-one). The 
product is p-benzoquinone as evidenced by its absorp
tion spectrum and by direct isolation.14 First-order 
rate constants for both the hydrolysis and decomposi
tion of the intermediate in aqueous solution at 25° and 
ionic strength 0.50 are collected as a function of pH in 
Table I. Both reactions are seen to be first order in 
hydrogen ion activity: formation of the mono ketal has 
a second-order rate constant of 650 M ~l sec-1 and the 
hydrolysis of this species a corresponding value of 2.1 
M ~l sec-1. The greater reactivity of the diketal is 
certainly expected since the electron-withdrawing 
properties of the carbonyl function present in the mono- 
ketal should destabilize rhe carbonium ion formed from 
the latter species with respect to that derived from the 
former. What is surprising is that the diketal is about 
an order of magnitude less reactive than 2,2-dimethoxy-

(8) M . M . K reev o y  an d  R . W . T a f t ,  J r . ,  ib id ., 77, 5590 (1955).
(9) T . H . F ife  a n d  L . K . J a o , J .  Org. Chem ., SO, 1492 (1965).
(10) M . M . K reev o y  ar.d  R . W . T a f t ,  J r . ,  J .  A m er. Chem . Soc ., 79, 4016 

(1957).
(11) M . M . K reev o y , Tetrahedron, 5 , 233 (1959).
(12) G . S. H am m o n d , J .  A m er. Chem. Soc., 77, 334 (1955).
(13) R . H . D eW o lfe  an d  J . L . J en sen , ib id . , 85 , 3264 (1963).
(14) B . B e lleau  a n d  N . L . W e in b erg , ib id ., 85 , 2525 (1963).
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T a b l e  I
F i r s t - O r d e r  R a t e  C o n s t a n t s  f o r  H y d r o l y s i s  o f  t h e  

T e t r a m e t h y l  K e t a l  o f  p - B e n z o q u i n o n e  i n  

A q u e o u s  S o l u t i o n  a t  25° a s  a  F u n c t i o n  o f  pH°
'— F o rm a tio n  of in te rm e d ia te — > /—D eco m p o sitio n  of in te rm e d ia te —»

p H
103 A'obsd.

s e c '1 p H
103 I*obad. 

s e c -1

5.60 1.83 3.36 0.987
5.56 1.925 3.36 0.917
5.45 2.52 3.02 2.18
5.12 5.13 2.80 3.47
4.94 7.53 2.79 3.27
4.90 6.30 2.61 4.13
4.77 10.66 2.43 6.86
4.56 15.06 2.42 9.47

° Dilute acetate, and chloroacetate buffers employed in appro
priate ranges of pH. The formation of the intermediate was fol
lowed at 280 rap, its decomposition at 245 m/i.

propane.8,15 The cross-conjugated carbonium ion de
rived from the diketal of p-benzoquinone should cer
tainly be a great deal more stable than that derived 
from 2,2-dimethoxypropane and, hence, one might 
well have expected the former species to be very much 
the more reactive. The explanation for the opposite 
result is not clear. This observation does suggest that 
those factors which account for the related behavior 
observed with ortho esters may be important for the 
determination of reactivities of at least some ketals as 
well.

Experimental Section

We are indebted to Dr. Bernard Belleau for providing a sample 
of p-benzoquinone tetramethyl ketal.14 The sample provided 
was recrystallized twice from petroleum ether (bp 60-80) prior 
to use in kinetic measurements, mp 44°. Kinetic measurements 
were performed speetrophotometrically with the aid of a Zeiss 
PMQ II spectrophotometer equipped with a thermostated cell 
holder through which water from a thermostated bath was con
tinuously circulated. Formation of the reaction intermediate 
was followed at 280 and its decomposition at 245 myu. All reac
tions were carried out at 25°, ionic strength 0.50, in aqueous solu
tion containing 3% acetonitrile. First-order rate constants were 
calculated in the usual fashion and second-order rate constants 
by dividing the first-order constants by the activity of hydrogen 
ions. Values of pH were obtained with the aid of a Radiometer 
PHM 4c pH meter. Distilled water was employed throughout.

Registry No.—Tetramethyl ketal of p-benzylquinone 
1579-103-4.

(15) T h e  d a ta  fo r com p ariso n , o b ta in e d  b y  K reev o y  an d  T a f t8 re fe r to  
50%  d ioxane so lu tions. P rev io u s  w ork  in  th is  la b o ra to ry  (K . K oeh le r, u n 
pub lished  o b serv a tio n s) in d ica te s  t h a t  ra te s  fo r reac tio n s  of th e  ty p e  of 
in te re s t  he re  a re  slow ed b y  a b o u t  a n  o rd e r  of m a g n itu d e  in 50%  aq u e o u s  d i
oxane com pared  w ith  w a te r. T h is  fa c to r  h as  been  em ployed  in a rr iv in g  a t  
th e  in d ica ted  r a te  ra tio .

The Photocycloaddition of Diphenylacetylene to
2,3-Dihydropy ran

H .  M. R o s e n b e r g  a n d  P a u l  S e r v e

A ir  Force Materials Laboratory,
Wright-Patlerson A ir  Force Base, Ohio, 

and Wright Slate University, Dayton, Ohio

Received October 33, 1967

Cyclobutanes are frequently generated in photo
chemical reactions between olefins. Numerous ex
amples of self-addition as well as cycloaddition between

unlike olefins are encountered.1“3 Reports of cyclo
butene formation in the analogous reactions between 
acetylenes and olefins are confined almost exclusively 
to the cycloaddition of alkynes to a.fl-unsaturated 
carbonyl compounds,4-10 most of which require 
sensitization, although the photocycloaddition re
action between dimethylacetylene dicarboxylate and 
norbornene has recently been reported.11 Reports of 
the participation of arylacetylenes in the photochemical 
synthesis of cyclobutenes are rare.10'12

During the course of our investigation of the photo
chemical behavior of acetylenes, we found that di
phenylacetylene reacted smoothly with an excess of
2,3-dihydropyran to yield a 1:1 addition product upon 
irradiation at 2537 A.

The product was characterized as the cyclobutene 
addition product (I), 7,8-diphenyl-2-oxabicyclo[4.2.0]- 
oct-7-ene, on the basis of spectral evidence presented 
in the Experimental Section.

An interesting feature of the nmr spectrum was the 
quartet at r 6.90 instead of the expected octet. Based 
on a molecular model, we interpret this to reflect a 
90° dihedral angle between He-Cs and H5-C5.

In an attempt to gain information regarding the re
active excited species involved in the reaction between 
diphenylacetylene and 2,3-dihydropyran, quenching 
and sensitization experiments were performed. It was 
found that pyrene (triplet energy 48.7 kcal/mol13) 
inhibited the reaction between diphenylacetylene 
(triplet energy 51 kcal/mol14) and 2,3-dihydropyran. 
Equimolar concentrations of diphenylacetylene and 
quencher were used. Since their molar extinction 
coefficients are approximately equal at the excitation 
wavelength (log «4.1 at 2537 A) the quenching effect 
was due to triplet energy transfer rather than absorp
tion of the exciting light by pyrene. On the other 
hand, the reaction conducted in a pyrex vessel and ir
radiated at 3400 A was successfully sensitized by tri- 
phenylene (triplet energy 66.6 kcal/mol13). The 
unsensitized reaction does not occur upon photolysis 
at this wavelength. We conclude that the reaction

(1) A. M u sta fa , Chem . Rev., 51, 1 (1952).
(2) R . O. K a n , “ O rgan ic  P h o to c h e m is try ,” M cG raw -H ill B ook  C o ., N ew  

Y ork , N . Y ., 1966.
(3) D . C. N eckers , “ M ech a n is tic  O rg an ic  P h o to c h e m is try ,” R e inho ld  

P u b lish in g  C orp ., N ew  Y ork , N . Y ., 1967.
(4 ' P . E . E a to n , Tetrahedron L ett., 3695 (1964).
(5 ' R . C riegee a n d  H . F u rre r , Chem. B er., 9 7 , 2942 (1964).
(6i R . C riegee, U . Z irng ib l, H . F u rre r , D . S eebach , a n d  G . F re u n d , ib id . , 

9 7 , 2949 (1964).
(7) D . S eebach , ib id ., 9 7 , 2953 (1964).
(8) R . L . C arg ill, M . E . B eck h am , A. E . S ieb e rt, a n d  J . D o rn , J . Org. 

Chem ., 30, 3647 (1965).
(9) R . A skan i, Chem. B er., 9 8 , 2322 (1965).
(10) S. P . P a p p a s  a n d  B . C . P a p p a s , Tetrahedron Lett., 1597 (1967).
(11) M . H a ra , Y. O d a ira , a n d  S. T . T s u ts u m i, Tetrahedron, 22, 95 (1966).
(12) O. L . C h ap m an  a n d  W . R . A dam s, J . A m er. Chem. Soc., 8 9 , 4243 

(1967).
(13) W . G . H e rk s tro e te r , A. A. L am o la , a n d  G . S. H am m o n d , ib id ., 86, 

4537 (1964).
(14) M . B eer, J .  Chem. P hys., 25, 745 (1956).
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proceeds through the first excited triplet state of di- 
phenylacetylene.15

Experimental Section
The melting point is uncorrected. The nmr spectrum was 

measured in CC14 on a Varian DP-60-IL instrument. The infrared 
spectrum was obtained on a Perkin-Elmer Model 614 spectro
photometer. The uv spectrum was recorded on a Carey Model 
11 spectrophotometer.

7,8-Diphenyl-2-oxabicyclo[4.2.0] oct-7-ene.—Diphenylacetyl- 
ene (2.0 g, 0.11 mol) was dissolved in 80 g (0.98 mol) of 2,3- 
dihydropyran and irradiated in quartz for 24 hr at 2537 A in a 
Rayonet photochemical reactor while exposed to the atmosphere. 
Only one reaction product and no diphenylacetylene could be 
detected by glpc after this time. The reaction mixture was 
freeze dried and the residual syrup was recrystallized from a 
methanol-water solution to give 2.12 g (81.5% based on reacted 
diphenylacetylene) of a white crystalline 1:1 adduct: mp 56- 
58°; ir (CCh), 3040 (aromatic C—H), 2920 (aliphatic C—H), 
1585 (aromatic C=C), and 1100 cm-1 (C—O—C); uv (cyclo
hexane), Xmai  298 m/i; nmr (CCh), r 2.75 (10 H, multiplet, 
aromatic protons), 5.40 (1 H, doublet, Ji.e  =  4.5 cps, Hi), 
6.24 (2 H, multiplet, H3 and UV), 6.90 (1 H, quartet, =
10.5 cps, H6), and 8.40 (4 H, multiplet, H4, H4', H5, and H6').

Anal. Calcd for Ci9Hi80: C, 86.43; H, 6.91. Found: C, 
86.05; H, 7.07.

Registry No.—Diphenylacetylene, 501-65-5; 2,3-di- 
hydropyran, 110-87-2; I, 15895-76-8.

(15) T h e re  is ev idence  th a t  th e  p resen ce  of oxygen is req u ire d  fo r efficient 
g en e ra tio n  of th e  t r ip le t  s ta te  of d ip h e n y lace ty le n e  in  th e  ab sen ce  of sensi
tize r. See R . C . H en so n  a n d  E . D . O w en, Chem. C om m un., 153 (1967).

The Synthesis of 2- and 4-Bromoestradiol1

T o h l e i f  U t n e , R o n a l d  B .  J o b s o n , 
a n d  F r e d e r i c k  W . L a n d g r a f

Merck Sharpe & Dohme Research Laboratories,
Division of Merck & Co., Inc., Rahway, New Jersey

Received September 13 , 1967

Since the 2 and 4 isomers of bromoestradiol (2- and
4-bromo-l,3,5(10)-estratriene-3,17/3-diol) were of inter
est in the cancer program of the Cancer Chemotherapy 
National Service Center of the National Institutes 
of Health,1 they were synthesized in this laboratory. 
The identity and purity of 4-bromoestradiol is of more 
than usual importance since it has served as a standard 
for analyses of microquantities of steroids in biological 
materials and as a model for X-ray crystallographic 
studies for Fourier analyses.2,3 These latter data 
have, in turn, been used for the elucidation of struc
tures such as that of the plant estrogen mirestrol,4 5 6 
as well as for calculations of electronic charge densities 
related to studies of interactions between steroids 
and proteins in biological systems.5,6

(1) S u p p o rte d  b y  C o n tra c t N o . P H -43-62-479 , C an c e r C h e m o th e ra p y  
N a tio n a l S erv ice  C en te r, N a tio n a l I n s t i tu te s  of H e a lth , U . S. P u b lic  H e a lth  
Service.

(2) W . R . S lau n w h ite  a n d  L . N eely , J .  Org. Chem ., 27 , 1749 (1962).
(3) D . A. N o rto n , G . N . K a r th a , a n d  C . T . L u , A c ta  C ryst., 16, 89 (1963); 

17, 77 (1964); a lso  B io p h ys . J .,  5 , 425 (1965).
(4) N . E . T a y lo r , D . C ro w fo o t H o dgk in , a n d  J . S. R o lle tt ,  J .  Chem. Soc., 

3685 (1960).
(5) K . S a u d a ra m  a n d  R . K . M ish ra , Biochem . B io p h ys . A c ta , 94 , 601 

(1965).
(6) B o th  2- a n d  4 -b ro m o e strad io l w ere  fo u n d  in a c tiv e  in  es trogen  a n d

a n t i im p la n ta t io n  te s ts  p e rfo rm ed  in  th e  la b o ra to rie s  of D rs. J . R . B rooks a n d
D . J . P a ta n e ll i  of th e  M erck  I n s t i t u te  fo r T h e ra p e u tic  R esea rch , R ah w ay ,
N . J .  S uch  n e g a tio n s  of h o rm o n a l a c tiv itie s  a r e  in te re s tin g  a n d  possib ly  of

Slaunwhite and Neely2 3 have reported methods for the 
selective preparation of the 2- or 4-bromo isomers of 
estrone and estradiol with bromine in the presence of 
iron powder in high yields (75-90%) and purity. We 
were unable to confirm these results and repeatedly 
obtained intractable mixtures from which only minor 
amounts of monobromo isomers were isolated. The 
formation of the 2 isomer is described by these authors 
as particularly sensitive to subtle factors, such as the 
source of the bromine used, etc.7 They also prepared
4-bromoestradiol by an alternate method in 85% yield, 
treating estradiol with N-bromosuccinimide in re
fluxing carbon tetrachloride. In our hands only 
7.5% was thus obtained and our physical constants dif
fered greatly from theirs. Subsequently we used the 
procedure described below, obtaining yields of 25- 
40% of pure 4-bromoestradiol by treating estradiol 
with an equimolar amount of N-bromoacetamide in 
ethanol at 25°. These conditions correspond to those 
used by Woodward8 or by Schwenk and coworkers9 
for the preparation of 2,4-dibromestradiol or 4-bromo- 
estrone, respectively. However, no 2-bromo isomers 
were isolated by these authors, a point stressed by 
Schwenk and coworkers. From consideration of elec
tronic and steric effects there is, on the balance, no 
obvious reason for such discrimination, if this is an 
electrophilic substitution reaction by a bromonium 
ion. This is illustrated by the fact that nitration of 
estrone with nitric acid give about equal yields of the
2- and the 4-nitroestrone (37 and 40%, respectively).10 
We therefore carefully examined the mother liquor 
from the preparation of the 4-bromoestradiol for the 
presence of the 2 isomer. Guided by thin layer chro
matography a product was isolated which upon purifica
tion proved to be the 2-bromoestradiol, although its 
physical characteristics differed markedly from those 
reported before.2 Chromatography of its diacetate
(V) and fractional precipitation from a solution of its 
sodium salt removed a very persistent impurity (2,4- 
dibromoestradiol). The final yield of analytically 
pure 2-bromoestradiol was usually only about 5.5%, 
primarily because of high losses during the purification 
procedure. The 4-bromo isomer was more easily sep
arated, owing to its relatively low solubility, in yields 
of 25-40%. The indications are, judging from crude 
yields, thin layer chromatograms and nuclear magnetic 
resonance data, that in fact the 2 and the 4 isomer are 
formed in an almost equal ratio (about 3:4). Thus, at 
least in this particular halogenation of a phenolic 
steroid no ortho position appears to be preferred over the 
other, contrary to earlier reports.9

As mentioned briefly there are substantial differences 
between our physical data and earlier ones,2 in fact 
some identities are clearly in doubt.11 The various

v a lu e  in  th e  field of cancer. N o  in fo rm a tio n  h as  as  y e t  b ee n  rece iv ed  b y  us 
from  th e  N a tio n a l I n s t i t u te  of H e a lth .

(7) W e tr ie d  in  v a in  v a r io u s  b ra n d s  o f b ro m in e  s in ce  th e  one  used  b y  th e  
a u th o rs  w as no  longe r a v a ilab le . E le c tro ly tic a lly  re d u ce d  “ I ro n , R e a g e n t, 
P o w d e r” from  M a th e so n  C o lem an  a n d  B ell w as used  b y  us, th e  q u a l i ty  an d  
d ispers ion  of w h ich  cou ld  in fluence  th e  re su lts .

(8) R . B . W oo d w ard , J . A m er. Chem. Soc., 62, 1625 (1940).
(9) E . Schw enk , C . C. C astle , a n d  E . Jo ach im , J .  Org. C hem ., 28, 136 

(1963).
(10) T . U tn e , R . B . Jo b so n , a n d  R . D . B ab so n , ib id ., in  p ress .
(11) A re c e n t ex am p le  of a  d iffe rence b e tw e e n  m o lecu la r b ro m in e  a n d  

N -b ro m o ace tam id e  in  a ro m a tic  s u b s t i tu t io n  rea c tio n s  as  to  iso m e rs  fo rm ed  
h as  been  p re se n te d  b y  S. G ro n o w b z , N . G jos, R . M . K ellog , a n d  H . W y n b e rg , 
ib id ., 32, 463 (1967).
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T able I

M p, °C
[a]MD,

deg
^max>

m/x e

2-Bromoestradio! (I ll)
Ref 12 197-198 +  104 287 (292) 3440 (3230)
Ref 2 15 6 -15 7 +  132 281 2320

Diacetate (V)
Ref 12 166-168 + 4 1 28 2 .5 ,275 1490, 1270
Ref 2 16 2-16 3 +  109 269 530

4-Bromoestradiol (II)
Ref 12 2 13 .5 - 2 15 +  43 283, 288 2220, 2200
Ref 2 207-208 +  129 283 2240

Diacetate (IV)
Ref 12 17 5 .5 - 17 7 .5 +  25 269,277 466,440
Ref 2 143-144 +  103 275 1280

4-Bromoestrone
Ref 2 264-265 +  136 281 2170
Ref 9 281-283 +  147 282, 299 2234,2340

2,4-Dibromoestrone
Ref 2 225-226 +  133 291 (285) 2800
Ref 9 235-237 +  63 285, 293 2900, 3206

2,4-Dibromoestradiol
Ref 2 2 18 -2 19 +  122 291 (286) 2850
Ref 12 223-226 +  66 292 (287) 2800

constants are summarized in Table I,2’9'12 together with 
some pertinent data from the literature, which seem to 
support our values. Of particular note are the dif
ferences in melting points and ultraviolet intensities 
for the 2-bromoestradiol and the strong additional 
ultraviolet maximum for the 4-bromoestradiol (at 
288 m¡j.) as well as the large differences in optical ro
tations (up to as much as 86°). Our bromo isomers 
were both inert toward alcoholic silver nitrate at 25° 
over 2 days and toward alcoholic potassium hydroxide 
at 25° for 3 hr, indicating that the bromine atoms were 
indeed on the aromatic ring.8 Elsewhere10 it has been 
pointed out that in a series of 2- and 4-substituted 
l,3,5(10)-estratrienes the ultraviolet absorption in
tensities enable a facile differentiation of the isomers, 
since those of the 2 isomers were consistently higher 
than those of the 4 isomers, mostly by a factor of two 
to four. As seen above this is also the case for our 2- 
and 4-bromoestradiol, although the ratio of intensities 
at 1.56 is somewhat lower than usual, whereas for the 
corresponding diacetates the ratio is 2.9. Previously 
equal intensities were reported2 for these isomers 
(ratio 1.04), whereas for the diacetates the ratio was 
actually reversed (0.41). Ultraviolet data similar to 
ours were found for small samples prepared via a Sand- 
meyer reaction on the 2- and the 4-aminoestrone methyl 
ether,2’13’14 followed by cleavage of the ether and 
sodium borohydride reduction of the ketone. This 
longer route was less suited for preparative work ow
ing to the small over-all yields.

Despite these unexplainable differences, we believe 
that our products are pure and of the assigned struc
tures, based on data from thin layer chromatography, 
phase solubility analyses, nuclear magnetic resonance 
data, infrared or ultraviolet spectra, elemental analy
ses, and chemical behavior. (Vapor phase chromatog
raphy failed to separate the 2- and 4-bromo isomers.) 
The nmr spectra clearly indicate the structures to be as 
formulated below. In one case a quartet centered at 
r 2.82 ( /  = 8.8 cps) is attributed to the ortho protons 
of the 4-bromoestradiol (II), whereas a pair of singlets

(12) Prepared by us according to Woodward.8
(13) A. J .  Tomson and J .  P. Horwitz, J .  Org. Chem ., 24, 2056 (1959).
(14) S. Kraychy and T. F . Gallagher, J .  B io l. Chem ., 229, 519 (1957).

OH

II +  III i v  +  v
II and IV, X=H; Y =Br
III and V,X=Br; Y =H

at 2.39 and 2.97, without discernible splitting of the 
para protons, is consistent with the 2-bromoestradiol
(III) structure.

Experimental Section

Melting points were taken on a calibrated Thomas-Hoover 
Unimelt apparatus. Ultraviolet spectra were run on a Cary 11 
spectrophotometer, infrared spectra were run on a Perkin- 
Elmer 421 grating spectrophotometer, and nmr spectra were 
determined on a Varian A-60 spectrometer. Chemical shifts are 
reported in t  values relative to tetramethylsilane. Optical rota
tions were measured on a Zeiss photoelectic precision polarimeter.

4-Bromoestradiol (II).—Pure N-bromoacetamide (recrystal
lized from chloroform-hexane) (20 g, 0.145 mol) was added in 
portions over 1 hr at 25° to a stirred solution of 40 g of estradiol 
(I, 0.147 mol) in 2 1. of ethanol dried over molecular sieves. 
A crystalline material was filtered off after 3 hr and the mother 
liquor chilled to 0° to give a total of 25 g of crude 4-bromo
estradiol. A solution of this product in 500 ml of hot chloroform 
was poured onto a 900-g silica gel column (Baker). After cooling, 
elution with chloroform gave 20.6 g (40%), mp 211-215.5°, of 
essentially pure material. Two recrystallizations from methanol 
yielded 13.2 g (25.6%) of analytically pure 4-bromoestradiol 
(II): mp 213.5-215° (lit.2 mp 207-208°); M 25d +43° (1%, 
chloroform) (lit.2 +129°).15 Thin layer chromatography (silica 
gel-chloroform with 5% acetonitrile) showed a single spot (Rt 
0.30), and phase solubility analysis indicated 100% purity. 
Ultraviolet absorptions were at X““°H 283 m/u (e 2220) [lit.2 283 
mji (e 2240)] and 288 mu (e 2200) (lit.2 none reported).15'16 17 The 
infrared spectrum (in Nujol) exhibited bands at 3200 and 3540 
(HO), and 1600 and 1560 cm-1 (Ph). The nmr spectrum (in 
deuteriopyridine) was consistent with the ortho proton structure, 
with a quartet centered at t 2.82 ( J  = 8.8 cps) and a singlet at
9.03 (18-CH3).

A n al." Calcd for C18H230 2Br (351.3): C, 61.54; H, 6.60; 
Br, 22.75. Found: C, 61.40; H, 6.58; Br, 22.46.

Treatment of the 4-bromoestradiol (II) with pyridine and acetic 
anhydride at 25° gave the 4-bromoestradiol diacetate (IV): 
mp 175.5-177.5° (lit.2 mp 143-144°); X“e“H 269 and 277 mp 
(e 466 and 440) [lit.2 275 m ^ (e 1280)]; [<*]d  +25° (1%, chloro
form) (lit.2 +103°). A hydrolytic acetyl determination con
firmed the presence of two acetate groups.

2-Bromoestradiol (III).—By concentration of the mother liquor 
from the separation of the 4 isomer to a volume of 250 ml solids 
weighing 16 g separated overnight. Chromatography of these 
on 400 g of silica gel (Baker) on elution with chloroform with 2% 
acetonitrile gave 12 g of solids, which were acetylated overnight 
at 25° in a mixture of 120 ml of dry pyridine and 120 ml of acetic 
anhydride. Addition of ice water gave a solid which was re
crystallized twice from ethanol to give 7.3 g of 2-bromoestradiol 
diacetate (V): mp 166-168° (lit.2 mp 162-163°); M 26d +41°

(15) Further recrystallizations from methanol did not alter the physical 
data given. As to discrepancies with literature values please see text.

(16) Small amounts of 2- and 4-bromoestradiol prepared v ia  a Sandmeyer 
reaction on the aminoestrone methyl ethers showed ultraviolet data similar 
to ours.

(17) A ll analytical samples were dried at 95° (0.1 mm) for 20 hr.
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(1%, chloroform) (lit.1 2 +109°); X l?H 282.5 and 275 
(e 1490 and 1270) [lit.2 269 m/i (« 530)]. Hydrolysis by stirring 
the suspended diacetate in 70 ml of methanol with 37 ml of a 
10% aqueous potassium hydroxide solution at 25° gave a clear 
solution overnight, which was acidified (pH = 6) and diluted 
with 65 ml of water. The methanol was removed under vacuum, 
the suspension was chilled, and the solids were recrystallized 
from ethanol to yield 4.5 g of crystals, mp 197-198°, in which a 
small impurity (2,4-dibromoestradiol, Ri 0.39) was still present. 
The material was dissolved in 90 ml of ethanol, basified with 0.8 
g of potassium hydroxide in 3 ml of water, and diluted with 90 
ml of water. Fractional precipitation by the cautious addition 
of 12.5 ml of 1 N  hydrochloric acid in five equal increments with 
vigorous stirring gave five crops of material. Three of these, 
samples 2, 3, and 4, were recrystallized from ethanol to give
2.8 g (5.5%) of analytically pure'2-bromoestradiol (III): mp 
197-198° (lit.2 156-157°); M 25d +104° (1%, chloroform) (lit.2 
+  132°).16 Thin layer chromatography (silica gel-chloroform 
with 5% acetonitrile) showed a single spot (Rt 0.34); vapor phase 
chromatography exhibited a single peak. Ultraviolet absorp
tions were at X“'°H 287 m/i (e 3440), shoulder at 292 m#* (e 
3230) [lit.2 281 m/i (e 2320)] .16d« The infrared spectrum (in 
Nujol) exhibited bands at 3620, 3590, and 3260 (OH) and 1600, 
1560, and 1480 cm-1 (Ph). The nmr spectrum (in deuterio- 
pyridine) was consistent with the assigned structure, showing no 
discernible splitting of the para protons and a pair of singlets at 
r 2.39 and 2.97 and a singlet at 9.13 (I8-CH3).

Anal. Found: C, 61.30; H, 6.71; Br, 22.85 (for calculated 
values, see above).

Registry No.—II, 1630-83-7; III, 15833-07-5; IV, 
15833-06-4; V, 15856-39-0.
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Total Synthesis of di-Sabinene, 
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Despite the frequent occurrence of monoterpenes 
possessing the bicyclo[3.1.0]hexane ring system in 
essential oils, synthetic approaches to these substances 
have received little attention. As part of an over-all 
program directed toward the synthesis of mono- and 
sesquiterpenes, we investigated the construction of 
several representative bicyclo[3.1.0]hexanes of the 
sabinane group; sabinene (8),1,2 sabina ketone (9),3 
and cis- and ¿rans-sabinene hydrates (10 and ll ) .4’5 
Sabinene is reported to be present in a wide variety of 
essential oils including savin oil,6 lavandin oil,7 Juni-

(1) J . L . S im onsen , “ T h e  T e rp e n e s ,” Vol. I I ,  2 n d  ed , U n iv e rs ity  P ress, 
C am b rid g e , E n g la n d , 1949, p p  16-23 , a n d  references  th e re in .

(2) E . G u e n th e r, “ T h e  E sse n tia l O ils ,”  V ol. I I ,  D . V an  N o s tra n d  Co., 
N ew  Y o rk , N . Y ., 1949, p p  6 4 -65 , a n d  references  th e re in .

(3) A. G . S h o r t  a n d  J .  R e a d , J .  Chem. Soc., 1415 (1939).
(4) O. W a llach , A n n .,  3 5 7 , 65 (1907); 3 6 0 , 82 (1908).
(5) J . W . D a ly , F . C . G reen , a n d  R . H . E a s tm a n , J .  A m er. Chem. Soc,, 8 0 ,  

6330 (1958).
(6) A. B . B o o th , A m er. P erfum er A ro m a t., 69 , 45 (1957); Chem . A bstr ., 61,

7658 (1957).

perus horizontalis leaf oil,8 and citrus oils9 while sabina 
ketone is reportedly present in lavandin oil.10 Al
though as-sabinene hydrate has not been found in 
nature, the trans isomer represents a small but very 
important part of a number of mint oils.6'11-13

Although Eastman and coworkers6 have reported the 
preparation of cis- and frans-sabinene hydrates from 
naturally occurring sabinene, no total syntheses of any 
of these materials has come to our attention.13a We wish 
to report here the total syntheses of racemic counter
parts of the aforementioned members (8-11) of the 
sabinane group.

Our initial synthetic objective was cfs-sabinene hy
drate (10). Several reports, including an extensive 
investigation by Dauben and Berezin,14 note that 
allylic and homoallylic alcohols react with the Sim- 
mons-Smith reagent16 via participation of the hydroxyl 
function. This interaction results in a product having 
the alcohol function and the newly generated cyclo
propyl ring in a cis relationship to one another. With 
this fact in mind, a synthetic scheme which is quite 
stereoselective can be visualized along lines outlined in 
Chart I.

Chart I

8 9 10,R = CH3;R'=OH
11, R=OH;R' = CH3

The required starting dione 2 was available by either 
of two procedures. The readily available 2-methyl-
2-hepten-6-one (1) was hydroborated with 2 equiv of

(7) I .  C a lv a rn o , Essenze D eriv. A g ru m a ri, 34, 169 (1964); Chem . A b s tr .' 
63, 5443 (1965).

(8) F . M . C o u ch m an  a n d  E . v o n  R udlo ff, C an. J .  Chem ., 43, 1017 (1965).
(9) R . M . Ik e d a , W . L . S tan ley , L . A. R o lle , a n d  S. H . V an n ie r, J .  Food 
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diborane in tetrahydrofuran and the resultant alkyl- 
borane was oxidized with alkaline hydrogen peroxide. 
Oxidation of the crude diol with chromic acid reagent16 
afforded dione 2 in 90% yield. Alternately, the ketone 
could be isolated in moderate yield by ozonation of 
a-terpinene (3) and subsequent reductive work-up.

Treatment of 2 with 2% aqueous sodium hydroxide 
in refluxing ethanol for 4.5 hr afforded cyclopentenone 
4 (70%). Addition of ethereal methyllithium to 
ketone 4 produced the extremely unstable tertiary 
alcohol 6 which resisted attempts at purification: 
xSaL 2.95 m; nmr signals at r 4.79 (C=CH), 8.72 
(HOCCH3), 8.95 (doublet, J  = 7 Hz, CHCH3). The 
crude alcohol, when subjected to a Simmons-Smith 
reaction, decomposed rapidly and no bicyclic product 
(e.g., 10 or 11) could be isolated. On the other hand, 
reduction of cyclopentenone 4 with lithium aluminum 
hydride in ether at room temperature afforded the more 
stable secondary alcohol 5 (90%). This substance 
reacted rapidly with the zinc-copper couple and 
methylene iodide to afford demethyl-cfs-sabinene hy
drate (7) as a woody, camphoraceous-smelling oil. 
This bicyclic material was oxidized smoothly with 
chromic acid reagent to sabina ketone (9 ) in 90% yield. 
An authentic sample of the green, leafy-smelling sabina 
ketone, prepared by the oxidation of sabinene17 (8 —> 9) 
exhibited nmr and infrared spectral data as well as gas 
chromatographic retention time identical with those of 
the synthetic material.

Synthetic sabinene (8) was prepared by treatment of 
sabina ketone (9) with methylene triphenyl phos- 
phorane in dimethyl sulfoxide. The crude oil was 
purified by filtration through a Florisil column and 
evaporative distillation. An authentic sabinene sam
ple17 exhibited spectral data and gas chromatographic 
retention time identical with those of the synthetically 
prepared material.

The final two objectives of the synthetic scheme were 
realized by treatment of sabina ketone (9 ) with ethereal 
methyllithium. This process afforded a mixture con
taining predominantly the two alcohols 10 and 11 
in a ratio of about 8:1, respectively (90% yield). 
The use of methylmagnesium bromide6 in place of 
methyllithium gave substantial increases in bicyclic 
ring decomposition. The two tertiary alcohols were 
separated by gas chromatography. Pure cfs-sabinene 
hydrate, as described by Eastman,18 exhibited spectra 
identical with those recorded for the major component 
of this mixture. In addition, pure trans isomer, as 
described by Eastman,18 exhibited spectra identical 
with those prepared from the minty-smelling synthetic 
material. The gas chromatographic retention time of 
synthetic trans-sabinene hydrate was identical with 
those of a sample isolated from native spearmint and a 
sample generously donated by Dragoco Chemical Co.

Experimental Section19

2-Methyl-3,6-heptanedione (2). A. From 2-Methyl-2-hepten-
6-one (1).—A solution of 50.4 g (0.4 mol) of 1 in 300 ml of tetra
hydrofuran maintained at 0-5° was treated with 400 ml (0.4

(16) K . B ow den, I . M . H e ilb ro n , E . R . H . Jo n e s , a n d  B . C . L. W eedon , 
J .  Chem . Soc., 39 (1946).

(17) F lu k a  C hem ica l Co. su p p lie s  s a b in e n e  w h ich  is on ly  ca. 6 7 %  p u re .
(18) R efe re n ce  2, fo o tn o te  1.
(19) (a) T h e  prefix  dl is o m itte d  from  th e  n am es  of racem ic  su b s ta n c e s ,

(b ) T h e  a p p a ra tu s  d escribed  b y  W . S. Jo h n so n  a n d  W . P . S ch n e id e r [Org.

mol) of 1 M  diborane solution (Vent.ron Corp., Beverly, Mass.) 
over 1 hr.19b The resulting solution was stirred at 0-5° for 1 hr 
and at 25-27° for 3.5 hr, then cooled in an ice bath, and treated 
cautiously with 80 ml of water. With the temperature main
tained at 0-5°, 200 ml of 3 N  aqueous sodium hydroxide w'as 
added followed by 200 ml of 30% hydrogen peroxide over 30 min. 
The reaction was stirred at 0-5° for an additional 1 hr and at 
25-27° overnight. Isolation191 afforded 82.8 g of crude diol 
(containing solvent) which was dissolved in 300 ml of acetone, 
cooled to 0-5°, and treated with 240 ml of Jones reagent16 over 
1 hr. The mixture was stirred an additional 1.75 hr prior to 
addition of 25 ml of isopropyl alcohol. Combined ether extracts 
were washed with several portions of saturated aqueous sodium 
bicarbonate which were back extracted and the total ether was 
washed with brine and dried. Solvent removal and subsequent 
distillation afforded 51.6 g (91%) of dione 2, bp 68-72° (4.5 mm), 
which was shown to be 95% pure by glpc (150°). Material 
purified by redistillation and gas chromatography (150°) 
exhibited the following properties: bp 71-72° (5 mm); n25d
1.4250 [lit.20 bp 79-82° (9 mm); nwo 1.4322]; Xfim‘™ 5.86, 8.60, 
9.19, and 9.80 n; nmr signals at r 7.46 (5 H), 7.94 (3 H, COCH3), 
and 8.95 (6 H, doublet, J  =  7 Hz, CHCH3).

Anal. Calcd for CgHuCh: C, 67.57; II, 9.93. Found: C, 
67.8; H, 10.2.

B. From a-Terpinene.—A stream of ozone-oxygen was 
bubbled through a solution of 17.17 g of a mixture of a -  and y -  
terpinene21 [containing 11.5 g (0.085 mol) of a-terpinene] in 250 
ml of methanol maintained at —78° over 5 hr. The cold 
ozonide solution was slowly added to a mixture of 140 g of 
sodium iodide and 72 ml of acetic acid in 200 ml of methanol and 
stirred overnight at room temperature. The resulting dark 
solution was decolorized with solid sodium bisulfite and neu
tralized with solid sodium bicarbonate. Isolation191 and distilla
tion afforded 9.95 g (83% based on a-terpinene) of dione 2, bp 
70-72° (5.2 mm), which was shown to be 89% pure by glpc 
(150°).

3-Isopropyl-2-cyclopentenone (4).—A solution of 51.6 g (0.36 
mol) of dione 2 in 580 ml of 2% aqueous sodium hydroxide and 
180 ml of ethanol was refluxed under nitrogen19b for 4.5 hr. 
Isolation191 and subsequent distillation afforded 32.2 g (71%) of 
ketone 4, bp 62-64° (2.75 mm) which showed greater than 95% 
purity by glpc (150°). Material purified by redistillation and 
glpc (150°) exhibited these properties: bp 73-74° (4.75 mm); 
w25d 1.4774; X61" 5.84, 6.20, 7.95, 8.50, 10.15, and 11.62 M; 
X=r 228 mM (e 12,500); nmr signals at r 4.25 (1 H, C=CH), 
7.25-7.60 (3 H), 7.65-7.89 (2 II), and 8.85 (6 II, doublet, J  =  7 
Hz, CHCH3) [lit.22 for ketone 4: bp 75-76° (3 mm); ra16D 1.4850; 
X ^ 3.85 and 6.19 n; X®‘a°H 226.5 m  ̂ (e 13,750); nmr signals at 
r 4.22 (1 H), 7.2-7.8 (4 H), and 8.83 (6 H )].

Anal. Calcd for C8Hi20: C, 77.37; H, 9.74. Found: C, 
77.2; H, 9.8.

3-Isopropyl-2-cyclopentenol (5).—A solution of 32.2 g (0.26 
mol) of ketone 4 in 100 ml of anhydrous ether was added over 
15 min to a rapidly stirring, ice cold slurry of 5.0 g (0.13 mol) of 
lithium aluminum hydride in 500 ml of ether. The resulting 
mixture was stirred at room temperature for 2 hr and was de
composed by the cautious dropwise addition of 10 ml of water

S y n .,  30, 18 (1950)] w as used  to  m a in ta in  a  n itro g e n  a tm o s p h e re , (c) I n f ra 
red  s p e c tra  w ere  d e te rm in e d  on  a  P e rk in -E lm e r  M o d e l 137 sp e c tro p h o to m e 
te r ;  u lt ra v io le t sp e c tra  w ere  d e te rm in e d  in  e th a n o l on  a  P e rk in -E lm e r  M odel 
202  s p e c tro p h o to m e te r ; n m r s p e c tra  w ere  d e te rm in e d  in  ca rb o n  te tra c h lo r id e  
[chem ical sh ifts  m e asu red  re la tiv e  to  te tr a m e th y ls ila n e  ( r  10)] w ith  a  V a rian  
M od el H A -100 s p e c tro m e te r  b y  T . J .  F l a u t t  a n d  a sso c ia te s  o f th e se  la b o ra 
to rie s ; g a s - liq u id  p a r t i t io n  c h ro m a to g ra p h y  w as accom plished  w ith  an  
A ero g rap h  M odel 202B  using  a  flow r a t e  of 100 c c /m in  on  a  5 f t  X  0.25  in . 
2 0 %  F F A P  on 6 0 /8 0  C h ro m o so rb  P  co lu m n  a t  th e  te m p e ra tu re  in d ica ted , 
(d) M icro a n a ly se s  w ere  p erfo rm ed  b y  S p an g  M ic ro a n a ly tic a l L a b o ra to ry , 
A nn  A rb o r, M ich , (e) A n h y d ro u s  te t r a h y d ro fu ra n  w as o b ta in e d  b y  d is ti lla 
tio n  from  lith iu m  a lu m in u m  h y d rid e ; a n h y d ro u s  d im e th y l su lfo x id e  w as ob
ta in e d  b y  d is ti lla tio n  from  ca lc ium  h y d rid e , (f) T h e  iso la tio n  p ro ced u re  
co n s is ted  of th o ro u g h  e x tra c tio n  w ith  e th e r , w ash in g  th e  co m b in ed  e x tra c ts  
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so lv en t w as rem oved  from  th e  filte red  e x tra c ts  u n d e r  red u ce d  p re s su re  on  a 
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and 8 ml of 10% aqueous sodium hydroxide. The reaction 
mixture was stirred overnight and filtered, and the solvent was 
removed at reduced pressure to afford 31.8 g (97%) of cyclo- 
pentenol 5. Material purified by distillation exhibited these 
properties: bp 65-67° (3.5 mm); n25d 1.4658; A*1™ 3.00, 6.08,
9.71, 10.29, and 11.75 y, nmr signals at r 4.68 (1 H, C=CH),
5.36 (1 H, CHOH), 5.95 (1 H, OH), and 8.97 (6 H, doublet, 
J  — 7 Hz, CHCH3). Because the material was only moderately 
stable and decomposed on storage after several days, it was con
verted directly into bicyclic alcohol 7 without analysis.

Demethyl-ci's-sabinene Hydrate (7).-—An adaptation of the 
procedure of Dauben and Berezin14 was employed. A nitrogen 
blanketed19b slurry of 7.84 g (0.12 mol) of zinc-copper couple23 
and a crystal of iodine in 60 ml of anhydrous ether was treated 
rapidly with 26.4 g (0.1 mol, 8 ml) of freshly distilled methylene 
iodide. The rapidly stirred mixture was heated at 40° for 0.5 hr. 
A solution of 6.42 g (0.05 mol) of pentenol 5 in 16 ml of ether 
was added dropwise at a rate sufficient to maintain gentle reflux 
without external heat (ca. 0.5 hr). Following addition, the re
action was refluxed for 1 hr, cooled, treated cautiously with 
excess saturated, aqueous ammonium chloride, and filtered. 
The solid was washed well with ether and the resulting filtrate 
was washed with two portions of 10% aqueous sodium carbonate. 
The combined aqueous layers were back extracted, and the 
combined ether layers were washed with brine and dried over 
magnesium sulfate. Solvent removal and subsequent distillation 
afforded three fractions: (1) 0.45 g, bp 25-40° (1 mm), con
taining 9% alcohol 7 by glpc (150°); (2) 0.34 g, bp 40-56° (1 
mm), containing 75% alcohol 7; (3) 4.62 g (66%) bp 56-57° 
(1 mm), containing 95% alcohol 7. This material was purified 
by distillation, bp 60° (1 mm), and glpc (150°): ?i25d 1.4655; 
X*'™ 3.00, 9.49, and 9.75 y, nmr signals at r 5.55 (1 H, multiplet, 
CHOH), 7.90 (1 H, OH), 9.08 (3 H, doublet, J  =  6 Hz, CHCH3),
9.14 (3 H, doublet, J  = 6.5 Hz, CHCH3), 9.32 [1 H, triplet, 
J( C - 6 -endo H, C-l H) = 4.5 Hz, J { C - 6 -endo H, C-6-exo H) =
4.5 Hz, C-6-endo H], and 9.69 [1 H, quartet, J { C - 6 -exo H, C-l 
H) = 7.7 Hz, J ( C - 6 -mdo H, C-6-exo H) =  4.5 Hz, C-6-exo 
H] ,24.25

Anal. Calcd for C9H160: C, 77.09; H, 11.50. Found: C, 
76.9; H, 11.6.

Sabina Ketone (9).—A solution of 4.62 g (0.033 mol) of alcohol 
7 in 75 ml of acetone maintained at 0-5° was oxidized with 9 ml 
of Jones reagent16 over a 15-min period. The resulting solution 
was stirred an additional 10 min at 0-5° and added to brine. 
Several ether extracts were washed with saturated aqueous sodium 
bicarbonate, the aqueous layers were back extracted, and the 
total ether was washed with brine and dried over magnesium 
sulfate. Removal of the solvent and distillation afforded 4.05 g 
(89%) of faint yellow sabina ketone, bp 67-70° (5 mm), ra25d 
1.4654 (lit.3 ra25D 1.4672), which showed 96% purity by glpc 
(150°). Pure material obtained by redistillation, bp 70° (5 mm), 
and glpc (150°) collection exhibited these spectral properties: 
km« 3.30, 5.79, 8.49, 9.79, 10.93, and 12.86 y, nmr signals at 
r 7.70-8.16 (3 H), 8.25-8.70 (2 H), and 8.73-9.20 (9 H). A pure 
sample of sabina ketone prepared by ozonation of naturally 
occurring sabinene17 had an index of refraction of n 25D 1.4645 and 
an infrared spectrum superimposable with the synthetic material.

Anal. Calcd for C9H14O: C, 78.21; H, 10.21. Found: C, 
78.4; H, 10.3.

Sabinene (8).—A slurry of 1.24 g (0.032 mol) of a 61% 
sodium hydride-mineral oil dispersion in 40 ml of dimethyl 
sulfoxide was heated at 70° under nitrogen191" for 1 hr. The re
sulting base solution was cooled to 0-5° and treated with a warm 
solution of 11.9 g (0.033 mol) of methyltriphenylphosphonium 
bromide in 40 ml of dimethyl sulfoxide. The semisolid mixture 
slowly warmed to 25-27° where solution took place. Stirring 
was continued for 20 min at 25-27°, and a solution of 1.30 g of 
74% pure sabina ketone (0.007 mol) in 20 ml of dimethyl sulfoxide 
was added dropwise over 5 min. The resulting dark yellow solu
tion was stirred at 25-27° for 3 hr, and added to water, and the 
product isolated with pentane. Several extracts were combined, 
washed with water and brine, and dried over magnesium sulfate. 
The solvent was removed by distillation and the total crude was 
passed through a chromatographic column containing 100 ml of 
Florisil. One 300-ml pentane fraction was collected and the

(23) R . D . S m ith  a n d  H . E . S im m ons, Org. S y n .,  4 1 , 72 (1961).
(24) S ee W . G . D a u b e n  a n d  W . T . W ip k e , J .  Org. Chem ., 32 , 2976 (1967), 

fo r a  d iscuss ion  of n m r  s p e c tra  of re la te d  b icyclic  com pounds.
(25) IU C  n o m e n c la tu re  h as  b ee n  em ployed , see s tr u c tu r e  7.

pentane removed by distillation to afford 2.9 g of colorless, 
residual oil which on evaporative distillation afforded 880 mg 
(93% material balance) of colorless product, bp 60-70° (16 mm), 
which showed 79% purity by glpc (90°). A sample purified by 
glpc (90°) had the properties n2id  1.4654 [lit.26 bp 69° (30 mm), 
n20D 1.4681]; Xl" 3.29, 6.04, 7.28, 7.37, 9.78, and 11.53 y  
nmr signals at r 5.27, 5.46 (2 H, C=CH 2), 9.10 (3 H, doublet, 
J  =  6 Hz, CHCHs), 9.18 (3 H, doublet, J  =  7 Hz, CHCHs), 
and 9.34 and 9.40 (2 H, C-6 H’s). A purified sample of natural 
sabinene17 exhibited superimposable spectra with those reported 
above.

Anal. Calcd for CioHi6: C, 88.16; H, 11.84. Found: C, 
88.0; H, 11.8.

cis- and frores-Sabinene Hydrate (10, 11).—A solution of 2.94 g 
(0.021 mol) of sabina ketone (88% pure) in 16 ml of ether was 
added over 10 min to 37 ml of a 1.62 M solution of ethereal 
methyllithium and 26 ml of ether contained under a nitrogen atmo
sphere.191" The resulting mixture was refluxed for 1 hr, cooled, 
and poured onto excess ice. Isolation191 afforded 3.30 g (100% 
material balance) of faint green oil composed of solvent, an un
known [17% (10% present in starting material)], irans-sabinene 
hydrate (11, 13%), czs-sabinene hydrate (10, 71%), and sabina 
ketone (9, 1%). A run using 97% pure sabina ketone gave 
11% trans- and 84% cis-sabinene hydrate. The crude prod
ucts were chromatographed on 500 ml of Florisil with glpc (125°) 
monitoring of fractions. Subsequent combination and distilla
tion afforded 680 mg of a mixture of unknown and isomeric 
alcohols 10 and 11 and 550 mg of pure cis-sabinene hydrate (10).

Pure cis isomer 10 exhibited the properties which follow: 
n 25D 1.4632; A"1” 3.00, 7.36, 8.85, 9.50, 10.12, 10.51, and 10.78 
y, nmr signals at r 7.55 (1 H, OH), 8.70 (3 H, HOCCH3),
9.08 (3 H, doublet, J  =  6.3 Hz, CHCH3), 9.12 (3 H, doublet, 
J  = 6.5 Hz, CHCH3), 9.34 [1 H, quartet, J ( C - 6 -endo H, C-l 
H) = 4.0 Hz, J ( C - 6 -endo H, C-6-exo H) = 4.9 Hz, C-6-endo H ], 
and 9.71 [1 H, quartet, J ( C - 6 -exo H, C-l H) = 8.0 Hz, 
J(C-f>-endo H, C-6-exo H) = 4.9 Hz, C-6-exo H ].23 24 25.26 Pure 
cfs-sabinene hydrate as described by Eastman18 exhibited spectra 
identical with those described above.

Anal. Calcd for CnHi80: C, 77.86; H, 11.76. Found: C, 
77.7; H, 11.8.

Pure irans-sabinene hydrate (11) exhibited these spectral proper
ties: X°“ ‘ 2.80, 2.90, 7.23, 8.46, 9.46, 9.71, 10.03, 10.34, 10.86, 
and 10.99 y, nmr signals at t  8.70 (3 H, HOCCH3), 9.03 (3 H, 
doublet, /  = 7 Hz, CHCH3), 9.10 (3 H, doublet, J  =  7.5 Hz, 
CHCH3), 9.62 [1 H, quartet, /(C-6-exo H, C-l H) =  8.1 Hz, 
J( C - 6 -endo H, C-6-exo H) = 5.0 Hz, C-6-exo H], and 9.80 [1 H, 
triplet, J (C-6 -cndo H, C-l H) = 5.0 Hz, J ( C - 6 -endo H, C-6- 
exo H) =  5.0 Hz, C-6 H {endo)} ,24.25 Pure trans isomer as de
scribed by Eastman18 exhibited spectra identical with those 
described above. Glpc retention time (125°) of the synthetic 
11 was identical with those of a sample obtained from native 
spearmint and to a sample obtained from Dragoco Chemical Co.
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Sodium pentafluorophenolate (I) reacts with a series 
of substituted pentafluorobenzenes in dimethylaceta- 
mide (DMAC) yielding 4-substituted nonafluorodi-



Vol. SS, No. 4, Aprii 1968 N otes  1659

phenyl ethers.1 In our continuing studies on the 
synthesis and reactions of perfluorodiphenyl ethers we 
have observed that I reacts with pentafluorobenzoni- 
trile2 to yield either mono- and/or polysubstituted prod
ucts.

4-Cyanononafluorodiphenyl ether (II) was syn
thesized in an 82% yield through the reaction between 
I and pentafluorobenzonitrile in an acetone medium 
(25°). In DMAC as a solvent (70°), an unusual 
abundance of isomeric and polysubstituted products ac
companied the formation of II. When 2.24 equiv of 
I was allowed to react with 1 equiv of pentafluoroben
zonitrile, two polysubstituted products (III and IV) 
were isolated. All reactions carried out in this study 
were monitored by vapor phase chromatographic 
(vpc) analysis. As the reaction proceeded, the con
centration of II and another product V (suspected to be 
the ortho isomer) steadily increased and then diminished 
with further reaction time. Their ratio (II :V, 10:1) 
was relatively constant during the initial stages of the 
reaction. However, as the product III began to ap
pear, this ratio became progressively larger implying 
that V was consumed faster than II. These observa
tions can be rationalized by considering the following 
scheme where ki > k2 and fc4 > h.

We have shown in our previous study1 that in a 
series of monosubstituted pentafluorobenzenes (CeFsX, 
X = H, F, Cl, Br, C6F5, C02Et, and CF3) the CF3 
group was the most activating group towards nucleo
philic reactions with I. In order to assess the activat
ing influence of a CN group, a competitive experiment 
was carried out between pentafluorobenzonitrile and 
octafluorotoluene for I in DMAC (47°). Analysis of 
the p-perfluorodiphenyl ether products in the reaction 
mixture demonstrated the greater reactivity of penta
fluorobenzonitrile [fc(C6F6CN)/fc(C6F5CF3) = 39 (para)]. 
From the ratio of V :II in this experiment, ortho sub
stitution on pentafluorobenzonitrile was estimated to be 
as fast as para substitution on octafluorotoluene.

In order to demonstrate the facile displacement of 
the fluorine atoms ortho to a CN group, 4-trifluoro- 
methyltetrafluorobenzonitrile (VI) was synthesized

(1) R . J . D e  P a sq u a le  a n d  C. T a m b o rsk i, J .  Org. Chem ., 32 , 3163 (1967).
(2) I n  a d d itio n  to  o u r  s tu d y  of p e n ta flu o ro b en z o n itr i le , re c e n t re p o rts  also  

in d ic a te  th a t  a  p o ly flu o ro a ro m a tic  n it r i le  u n dergoes  fac ile  ortho a n d  para  
nucleoph ilic  s u b s t i tu t io n  reac tio n s . See (a) E . F e ls te a d , H . C . F ie ld in g , an d  
B . J . W akefield , J .  Chem. Soc. C, 708 (1966); (b ) R . D . C h am b ers , R . A. S to rey , 
and  W . K . R . M u sg ra v e , F o u r th  In te rn a t io n a l  S y m p o siu m  on  F lu o rin e  
C h e m is try , E s te s  P a rk , C o lo ., J u ly  1967, p a p e r  no . 39.

from 4-hydroheptafluorotoluene by conventional meth
ods. The reaction of VI with I gave the expected 
ortho disubstituted product VII.

1. BuLi, C02

f ig 1 » CF,-/|%CN -U
4. S0C12 VI

The activating effect of a CN substituent was 
further demonstrated by the observation that both 
pentafluorobenzonitrile and compound III were ob
tained when II was allowed to react with anhydrous 
sodium fluoride under stringent reaction conditions 
(DMAC, 110°, 18 hr). This demonstrates the po
tential reversibility of the reaction between penta
fluorobenzonitrile and I. Our recently reported1 re
actions between I and the less reactive substituted 
pentafluorobenzenes were irreversible under these ex
perimental conditions in agreement with the relative 
rate data and the reported mechanistic interpretation. 
Apparently in the reaction between pentafluoroben
zonitrile and I (or the reverse reaction, e.g., II and 
NaF), the CN group can stabilize the rate-determining 
transition state to the extent that reversibility is 
realized.

The observations in this study strongly suggest 
that a CN substituent is a potent activator for ortho 
and para nucleophilic substitution reactions on fluo- 
rinated aromatic compounds.

Experimental Section

The fluoroaromatics in this work were purchased from Imperial 
Smelting Corporation Ltd., Avonmouth, England, and were 
used without further purification. The DMAC was analytical 
grade and dried over a molecular sieve (Linde Molecular Sieve 
5A) prior to use; all other solvents utilized were analytical 
grade. Boiling points and melting points are uncorrected.
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The F19 nmr spectra were recorded on a Varian V-4300-2-DP 
spectrometer at 40 Mcps. Chemical shifts are reported in parts 
per million (ppm) from external trifluoroacetic acid (TFAA). 
Acetone was used as the solvent unless otherwise stated. In
frared spectra were run on a Perkin-Elmer Infracord spectro
photometer as KBr pellets or as liquid films. The vapor phase 
chromatography analysis was done on an F & M Model 500 in
strument using a helium flow of 60 cc/min, a 6 ft X 0.25 in. 
column, 20% Apiezon L on 60-80 mesh Chromosorb W, and 
programmed from 100-275° (21° per minute) after which it was 
held at this temperature. The mass spectra were recorded on an 
AEI MS-9 mass spectrometer.

4-Cyanononafluorodiphenyl Ether (II).—Pentafluorobenzo- 
nitrile (20.0 g, 0.104 mol), sodium pentafluorophenolate (10.4 g, 
0.0520 mol), and 200 ml of anhydrous acetone were stirred at 
room temperature under a helium atmosphere. The reaction was 
followed by periodically withdrawing samples of the reaction 
mixture and analyzing by vpc. After about 3 days, the reactant 
(C6F5CN) and product peaks remained constant. Less than 2% 
of side products were present in this crude reaction mixture. 
The solvent was evaporated and the unreacted pentafluoro- 
benzonitrile was removed by distillation at reduced pressure. 
The residue was triturated with petroleum ether (30-60°) and 
filtered to remove 1.7 g of inorganic salts. The filtrate was con
centrated and deposited an off-white solid which was recrystal
lized from methanol-water (40:3) to yield 12.3 g of a white 
solid, mp 61-62°. Upon further concentration of the mother 
liquor, 4.8 g of additional solid was obtained. This crude 
material was dissolved in petroleum ether (30-60°) and eluted 
from an alumina column with petroleum ether (30-60°). Fur
ther recrystallization (methanol-water) yielded 2.8 g of product, 
mp 59-62° (15.1-g total, 82% yield). A vpc analysis of the 
combined solids showed less than 1% impurity. The infrared 
spectrum of II showed a CN band at 4.4 pt. The I9F nmr spec
trum was consistent with the assigned structure.

Anal. Calcd for CI3F9NO: C, 43.72; F, 47.88; N, 3.92. 
Found: C, 43.73; F, 47.62; N, 3.95.

Reaction of Pentafluorobenzonitrile with Excess Sodium 
Pentafluorophenolate.—Pentafluorobenzonitrile (3.27 g, 0.0170 
mol) and sodium pentafluorophenolate (7.83 g, 0.0380 mol) 
were added to DMAC (100 ml) under an atmosphere of nitrogen. 
The stirred reaction mixture was maintained at 60° for 18 hr, 
allowed to cool, and filtered to remove the inorganic salts. 
The filtrate was then added to 300 ml of distilled water, causing 
a solid to precipitate. The aqueous DMAC solution was de
canted; the solid was washed with water and cold methanol. 
This crude material, 7.9 g, had a melting point range of 130- 
150°. This solid was then stirred in 80 ml of refluxing hexane 
and filtered while hot leaving 3.2 g of an insoluble fraction. 
Recrystallization of this insoluble material from petroleum ether 
(90-120°) yielded 2.9 g (25%) of a white crystalline solid, mp 
184-185°. Structure IV was proposed for this component 
based on elemental and nmr analysis.

Anal. Calcd for C26F„03N: C, 43.82; F, 47.14; N, 2.04. 
Found: C, 43.94; F, 46.85; N, 2.36.

The F19 nmr spectrum of IV exhibited a broad singlet at 70.0 
ppm (area 2) which on an expanded scale showed five distinct 
lines with two more (heptet) barely distinguishable. This 
band was assigned F-l coupled to F-2 and F-2'. At 74.9 ppm 
(area 6) was a three-band multiplet (with fine structure) which 
is believed to be composed of two sets of superimposable doublets, 
F-2 and F-2', the former being more deshielded owing to the 
inductive and anisotropic influences of the cyano group. The 
remaining absorptions, a distorted triplet (area 3) at 83.4 and a 
triplet with fine structure (area 6) at 86.4 ppm, were assigned 
F-3 and F-4, respectively. The experimental coupling constants 
are J  1 2 ,1 2 ' ^  4; J 2 1  ^  21; ^  21; and .123,2'.? 3 cps.

The nmr data indicates that restricted rotation at room tem
perature appears to be negligible owing to the J 1 2  coupling 
symmetry.

The hexane soluble fraction was concentrated and eluted from 
a short alumina column with hexane. Concentration of the 
solvent yielded 3.7 g (41%) of a colorless oil that solidified on 
standing, mp 70-72° (III).

Anal. Calcd for Ci9Fi30 2N: C, 43.78; F, 47.39; N, 2.69. 
Found: C, 43.89; F, 47.01; N, 2.71.

The F19 nmr spectrum of III exhibited a doublet of doublets 
at 55.6 ppm (area 1) assigned F-l (Ji2 ~  21; J u  ~  10 cps), 
a doublet of quartets centered at 71.8 ppm (area 1) assigned 
F-2 (/23l24 ~  4 cps), and a broad multiplet (area 1) centered at

76.1 ppm assigned to F-3. The remaining absorptions at 76.9 
(area 4), 83.0 (area 2), and 85.8 ppm (area 4) were assigned 
F-4-F-4', F-5, and F-6, respectively. Similar with the spectrum 
of IV, the band at 76.9 ppm consisted of two sets of superimpos
able doublets.

The infrared spectra of III and IV indicated CN absorptions 
at 4.44 and 4.49 p, respectively.

Reaction of 4-Cyanononafluorodiphenyl Ether and Sodium 
Fluoride.—In an atmosphere of nitrogen, 4-cyanononafluorodi- 
phenyl ether (1.0 g, 2.8 mmol), anhydrous sodium fluoride (0.18 
g, 2.8 mmol), and 35 ml of DMAC were heated and stirred at 
110° for 18 hr. The reaction mixture was allowed to cool and 
added to 100 ml of distilled water. The resulting mixture was 
extracted with three 30-ml portions of methylene chloride. 
The combined organic extracts were washed three times with 
30-ml portions of water, dried over magnesium sulfate, and con
centrated, yielding 0.9 g of a solid residue. A vpc analysis of this 
residue showed that the mixture consisted of three components 
in the ratio 1:50:2. The components were identified as penta
fluorobenzonitrile, 4-cyanononafluorodiphenyl ether (II), and
2,4-bis(pentafluorophenoxy)-3,5,6-trifluorobenzonitrile (III), re
spectively.

4-Trifluoromethyltetrafluorobenzonitrile (VI).—4-Trifluoro- 
methyltetrafluorobenzoic acid3 (18.0 g, 0.0680 mol) was added 
to thionyl chloride (72.8 g, 0.560 mol) containing 0.3 g of di- 
methylformamide. The solution was heated at reflux tempera
ture for 17 hr. During the first 5 hr, gas evolution was noted. 
The excess thionyl chloride was removed (water aspirator) and 
the remaining residue was distilled to yield 16.0 g (84%) of 4- 
trifluoromethyltetrafluorobenzoyl chloride, bp 70-72° (12 mm). 
The infrared spectrum of the acid chloride exhibited a C = 0  
band at 5.70 m-

The acid chloride was added dropwise to a stirred solution 
of 15 N  ammonium hydroxide (7.0 g) in 40 ml of THF. During 
the addition, the temperature of the reaction mixture was main
tained at —10 to 0°. At the completion of the reaction, the 
white precipitate which formed was filtered (NH4CI). The 
filtrate was concentrated yielding 14.5 g (98%) of the desired 
amide, mp 147-149°. The infrared spectrum of the amide 
exhibited an NH band at 2.95 and 3.15 and C = 0  band at 6.00
n . The amide was used subsequently without further purification.

The amide was converted into 4-trifluoromethyltetrafluoro- 
benzonitrile VI by the procedure described by Marvel and 
Martin.4 The desired product VI, mp 31-32° (37%), was ob
tained and characterized by high resolution mass spectrometry 
and F19 nmr analysis.

Anal. Calcd for CsF7N: mol wt, 242.9919. Found: molwt, 
242.9928.

The F19 nmr spectrum exhibited a triplet at —20 ppm ( /  = 22 
cps), one-half of an AA'XX' pattern at +54.5 and a complicated 
multiplet at 61.4 ppm with relative areas of 3:2 :2, respectively.

2,6-Bis(pentafluorophenoxy)-4-trifluoromethyldifluorobenzo- 
nitrile VII.—Sodium pentafluorophenolate (340 mg, 1.64 mmol) 
was added to 4-trifluoromethyltetrafluorobenzonitrile dissolved 
in 5 ml of DMAC. The reaction, carried out under an atmosphere 
of nitrogen, was stirred and heated at 50° for 24 hr. The solvent 
was distilled under vacuum (water aspirator) and the remaining 
residue (0.55 g) was dissolved in benzene. The benzene solution 
was placed on an alumina column and eluted with a benzene- 
petroleum ether (30-60°) solution (1:1). In this manner a 
yellow oil (0.35 g) was obtained which solidified on standing, 
mp 78-82°. Recrystallization from hexane afforded 0.25 g 
(50%) of the product VII, mp 89-91°.

The product VII was characterized by high resolution mass 
spectrometry and F19 nmr and infrared spectral analysis.

Anal. Calcd for C2oFi5N02: mol wt, 570.9681; Found: mol 
wt, 570.9690.

The F19 nmr spectrum exhibited typical pentafluorophenoxy 
absorptions at 79.1, 82.8, and 85.8 (relative area 4:2:4), a 
triplet at —19.8 (J  =  24 cps, relative area 3), and a quartet of 
quintets at +53.4 ppm ( /  = 1 cps, relative area 2).

The infrared spectrum of both compound VI and VII exhibited 
a weak CN band at 4.45 1 1 .

Registry No.—I, 2263-53-8; II, 15895-67-7; III, 
15963-72-1; IV, 16031-36-0; VI, 15895-68-8; VII, 
16065-60-4.

(3) C . T a m b o rs k i a n d  E . J .  S oloski, J .  Org. Chem ., 31, 746 (1966).
(4) C . S. M a rv e l a n d  M . M . M a r tin , J .  A m er. Chem . Soc., 80, 6603 (1958).
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The conversion of (—)-4-methylisopulegone [(—)-
4-methyl-p-menth-8(9)en-3-one)] (2) into (+)-2-isopro- 
pyl-2-methylsuccinic acid (9a) and the structures of 
the intermediate products are reported. The absolute 
configuration of 2 has been unequivocally established 
by X-ray crystallography of the rubidium salt of the 
half-methyl ester of (+)-2-isopropyl-2-methylsuccinic 
acid (9c). The acid 9a is important since it is a degra
dation product of several terpenes,3 4 5 6 including (+ )- 
camphor,4 (+)-thujone,6 and (+)-sabinene,6 and has 
been used to establish the absolute configuration of 
these and related molecules. We had previously 
arrived at an incorrect assignment of the absolute 
configuration of 2 through a quasi-racemate study in
volving (+)-2-isopropyl-2-methylglutaric acid (11a) 
and (+)-2-isopropylglutaric acid. Since quasi-race
mate formation was observed between these acids, we 
had concluded that the isopropyl groups of these 
two molecules should have opposite configurations.7 
The paucity of material at that time prevented degrada
tion to 2-isopropyl-2-methylsuccinic acid of known 
absolute configuration.8 We have devised and now 
report a successful degradation of 2 which provides 
enough 9a for complete characterization and optical 
rotation studies.

The reaction sequence used in the degradation is 
shown in Scheme I, which includes the alkylation of 
(-f-)-pulegone (1) to (—)-2. The latter was isolated 
and purified as previously reported.7a The structure 
of 2 was confirmed by ir, mass, nmr, and uv spectral

(1) (a) T h is  s tu d y  w as in i t ia te d  b efo re  th e  X -ra y  c ry s ta llo g ra p h y  s tu d ie s  
w ere p u b lish e d .115 (b ) M . R . C ox, H . P . K och , W . B . W h a lley , M . B . 
H u rs th o u se , a n d  D . R ogers , Chem . C o m m u n ., 212 (1967).

(2) (a) M . V. K u lk a rn i , P h .D . T h esis , O k lah o m a S ta te  U n iv e rs ity , 
S til lw a te r, O k la ., M a y  1967. (b) A d d ress  co rresp o n d en ce  a n d  r e p r in t  r e 
q u e s ts  to  th is  a u th o r .

(3) L . A h lq u is t, J .  A sselineau , C . A sselineau , K . S erck -H an ssen , S . S ta ll- 
b e rg -S ten h ag en , a n d  E . S ten h a g en , A r k . K em i,  14, 171 (1959).

(4) J .  P o ra th , ib id ., 1, 525 (1950).
(5) H . E . S m ith , a n d  A. W . G o rd o n , J .  A m er. Chem. Soc., 84, 2840 (1962).
(6) T . N o rin , A c ta  Chem . Scand ., 16, 640 (1962).
(7) (a) E . J . E ise n b ra u n , F . B u ria n , J .  O siecki, a n d  C . D je ra ss i, J .  A m er. 

Chem . Soc., 82, 3476 (1960); (b ) A. F re d g a , Tetrahedron, 8, 126 (1960).
(8) J .  P o ra th , A r k . K em i,  1, 385 (1949); (b ) W . v o n  E . D o erin g , M . R . 

W illc o tt, a n d  M . Jo n es , J .  A m er. Chem. Soc., 84, 1224 (1962); (c) J .  D .
E d w ard s , J r . ,  a n d  N . Ich ik aw a , J .  Org. Chem ., 29, 503 (1964).

data. Catalytic hydrogenation of 2 afforded the 
expected (+)-4-methyl-p-menth-3-one (3). Its con
version into the unsaturated ketone 5 via the crystal
line bromo ketone 4 was also accomplished.7*

S c h e m e  I

U H

-  $ 0
(+>3

B r2

(+>9b, R! =  R, = CH3 
c , R, =  Rb; R, =  CH3

All previous attempts at degrading the unsaturated 
ketone 5 to 9a failed. We therefore sought a degrada
tion route in which we could activate or substitute C-4 
of the unsaturated ketone 5 in such a way that 2-iso- 
propyl-2-methylsuccinic acid could be obtained. Allylic 
bromination of 5 with N-bromosuccinimide in carbon 
tetrachloride yielded an unsaturated bromo ketone. 
This bromination product might be 6a or b. The 
structure 6a was apparent from the nmr spectrum, 
which shows a sharp singlet at r 8.15 (3 H) due to a 
vinylic methyl group, whereas the parent ketone 5 
shows this methyl signal at 8.10 (3 H). The shift is 
attributed to the inductive effect exerted by the bro
mide substituent. The absence of absorption due to 
allylic methylene protons in the r  7.5-8.0 region and 
the survival of the methyl group during bromination 
provide convincing evidence that structure 6a is cor
rect. Additional evidence for the formation of a 
monobromination product is gained from the bromine 
analysis. Oxidation of 6a with alkaline potassium per- 
manganage gave 9a, mp 128-130°, [ « ] 24d  +15° 
(c 0.8, C2H5OH). A mixture of 9a obtained from the 
degradation with an authentic sample of (+)-9a 
showed no depression in melting point.9 The infrared 
spectra of these samples were identical, and the mass 
fragmentation patterns of 9a and 9b confirm the struc
ture assignment to 9a.

(9) W e  a re  g ra te fu l to  D r .  H* E . S m ith  fo r a  sam p le  of ( + ) - 9 a .
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The nmr and ir spectra of 9b support its structure. 
Comparison of 9b with the methyl ester of authentic 
9a through gas chromatography on a Carbowax 20M 
column showed these materials to be homogeneous and 
indistinguishable. It is assumed that oxidation of 6a 
to 9a proceeds through 4-hydroxy-6-isopropyl-3,6-di- 
methyl-2-cyclohexen-l-one (7), since 7 may be pre
pared by treating 6a with a refluxing suspension of 
aqueous calcium carbonate. The crude product 7 
was oxidized with alkaline potassium permanganate 
and gave, as expected, (+)-2-isopropyl-2-methylsuc- 
cinic acid (9a).lb’8 *

The degradation route described in Scheme I is 
deceptively simple but was used only after several other 
attempts at the degradation of the unsaturated ketone 
5 beyond (+)-2-isopropyl-2-methyl-5-oxocaproic acid 
(10a) or 11a had failed. These attempts included 
formation of the enol acetate 12 and the enol lactone 
13 as shown in Scheme II.

S c h e m e  II

(->5

12

(+)-10a,R = H 
(+)-10b, R= CH3

><

13

(+>lla,R = H 
(+)-llb, R=CH3

We believe that these molecules were formed but that 
reaction conditions necessary for their formation were 
too severe to permit the products to survive to isola
tion. The evidence for enol lactone formation was 
the elimination of water on pyrolysis of 10a and also 
the observation of enol lactone carbonyl bands in the 
infrared spectrum of the pyrolysis product of 10a. 
Reaction of the a,/3-unsaturated ketone 5 with iso- 
propenyl acetate catalyzed with p-toluenesulfonic acid 
afforded acetone as expected. Gas chromatographic 
analysis showed eight peaks and, since materials were 
limited, a pure enol acetate was not obtained. There
fore, these reactions were abandoned in favor of those 
in Scheme I. During the course of these studies, we 
repeated the preparation of 10a,b and lla,b, and con
firmed the earlier findings regarding the properties of 
these molecules; in addition, we report nmr and mass 
spectral data for 10b and lib.

Experimental Section10

Isolation and Purification of ( +  )-Pulegone (1).—Distillation 
fractions from oil of pennyroyal11 boiling at 72-75° (0.7 mm) and 
75-80° (0.7 mm) were combined and purified by preparative gas

(10) A  B ec k m an  G C -2A  or a n  F  & M  700 g as  c h ro m a to g ra p h y  a p p a ra tu s
w as u sed . T h e  co lum ns, h ea ted  a t  18 0 -1 9 0 ° , w ere  10 f t  X 0.25 in . a n d  w ere

chromatography at 180° using a column packed with Chromosorb 
W coated with LAC-4R-886. Pulegone (1) was obtained in 98.7% 
purity: bp 74-75° (0.7 mm); a 24D +23° (neat) [lit.12 bp 117° 
(27 mm), «27d +23.6° (neat)]; x2Ss0H 251 m/x (e 7370). Its nmr 
spectrum in CCb showed absorption at r 9.0 (3 H, d), 8.7 (1 
H, d), 8.0 (6 H, s), 8.1 (4 H, s), and 7.6 (2 H, m).

Preparation of (— )-4-Methylisopulegone (2).—The methyla- 
tion of 106 g of 1 was carried out as described12 to give 90 g of 
crude product. Purification by distillation, preparation of its 
semicarbazone, recrystallization of the semicarbazone to yield
26 g of material melting at 200-202°, and regeneration by steam 
distillation in the presence of 52 g oxalic acid yielded 15 g of 2: 
bp 89-93° (12 mm); <*24d -123° (neat); \* « H 294 mm (e 51); 
x£«‘ 3000, 1720, 1650, 1560, 1470, and 1390 cm -1; nmr (CCh), 
r 5.05 (2 H, d), 7.3 to 8.2 (6 H, m), 8.3 (3 H, s), 8.7 (1 H, d),
8.9 (3 H, s), and 9.0 (3 H, d). Its mass spectrum showed ion 
peaks m/e 41 (8.2%), 123 (7.7%), 39 (6.0%), 67 (5.4%), 27 
(4.4%), and 81 (4.2%) and a parent ion peak m/e 166 
(2%).

Preparation of (+)-4-Methyl-p-menth-3-one (3).—Catalytic 
hydrogenation of 14 g of 2 as previously described12 in the pres
ence of 1 g of 10% Pd/C catalyst in 150 ml of 95% ethanol 
resulted in the uptake of 1 equiv of hydrogen within 45 min. 
The catalyst was filtered out and the solvent was evaporated 
and distilled to give 10 g of 3: bp 85-88° (23 mm); o+ d +19°  
(neat); X“ (* 2825, 1710, 1450, and 1375 cm-1; nmr (CCh), t

9.2 (3 H, d), 9.1 (3 H, s), 9.0 (6 H, 2d), 8.4 (1 H, d), 8.2 (1 H, 
d), 8.0 (2 H, s), and 7.5 to 7.85 (4 H, m). Its mass spectrum 
showed a molecular ion m/e 168 (0.6%), and other prominent, 
fragments m/e 55 (10%), 41 (9.6%), 126 (8.2%), 69 (6.8%),
27 (5.1%), and 43 (4.8%).

Preparation of ( —)-2-bromo-6-isopropyl-3,6-dimethylcyclo- 
hexanone (4) was carried out as previously described7“ on 4.6 g 
of 3 to give 6.2 g of colorless product, bp 140-142° (0.9 mm), 
which, after recrystallization from ra-hexane, melted at 79-81°: 
M 24d -1 4 9 °  (c 1.2; CHCla); X“ 1' 1727, 1460, and 1400 cm '1; 
X™so 1712 cm-1. There was no shift in the carbonyl-stretching 
frequency of 3 and 4 when a spectrum taken in DMSO was 
compared with the corresponding one obtained in CCR. The 
nmr spectrum (in CDCh) showed bands at r 9.3 (3 H, s), 9.2 
[3 H, 2d ( /  = 3 cps)], 8.95 [6 H, 2d ( /  = 5 eps)], 7.6-8.5 
(6 H, m), and 4.9 [1 H, d (7 =  5 cps)].

Preparation of (—)-6-Isopropyl-3,6-dimethyl-2-cyclohexen-l- 
one (5).—Dehydrobromination of 1.64 g of 4 as previously 
described7“ gave 0.8 g of 5: [ a ] 24D —81° (c 1.4, in CHC13);
xr*H 235 and 320 mM (log e 4.12 and 1.85); X™4 2950, 1665, 
1550, 1440, and 1380 cm '1; nmr (CC14), r 9.1-9.3 (9 H, s), 8.8 
[1 H, d ( J  =  3.5 cps)], 8.1 (3 H, s), 7.8 (4 H, m), 4.3 (1 H, s). 
The mass spectrum showed most intense peaks m/e 82 (26.5%), 
124 (8.7%), 41 (6.9%), 39 (6.3%), 27 (5.0%), and 109 (3.1%), 
and a molecular ion m/e 166 (0.7%).

( — )-4-Bromo-6-isopropyl-3,6-dimethyl-2-cyclohexen-l-one (6a) 
was prepared by heating N-bromosuccinimide (1.35 g) and 1 g of 
5 in 25 ml of CC14 for 1 hr under a nitrogen atmosphere. The 
hot solution was filtered and the solvent was evaporated. Distil
lation [bath temperature 85° (1.2 mm)] of the residue gave 0.75 
g of 6a: [a]25d -3 7 °  (c 1.1, CHC13); X°“s0 1650, 1430, and 1380 
cm-1. The nmr spectrum (CHCI3) showed bands at t  9.25-9.05 
(9 H, s), 8.75 [1 H, d ( /  = 3.5 cps)], 8.15 (3 H, s), 7.8 (2 H, d), 
and 4.35 (2 H, m). Anal. Calcd for CuHnOBr: Br, 32.65. 
Found: Br, 32.47.

4-Hydroxy-6-isopropyl-3,6-dimethyl-2-cyclohexen-1 -one (7)
was prepared by adding the bromo ketone 6a (0.5 g) to a stirred 
suspension of 2 g of calcium carbonate13 in 20 ml of water; the 
suspension was boiled for 1 hr, cooled, and extracted with ether. 
The ether extract was dried with magnesium sulfate, filtered, 
and concentrated. The viscous liquid (0.250 g) was directly

p ac k ed  w ith  ac id -w ash ed  C h ro m o so rb  W , 6 0 -8 0  m esh , c o a te d  w ith  L A C - 
4R -886  o r C arb o w ax  20M . In f ra re d  sp e c tra  w ere  o b ta in e d  w ith  a  B e c k m a n
IR -5 A  s p e c tro m e te r ; th e  n m r  sp e c tra  w ere  d e te rm in e d  in  CCU o n  a  V a rian  
A -60 s p e c tro m e te r  u sing  te tra m e th y ls ila n e  as  th e  in te rn a l  s ta n d a rd  ( r  10); 
a b b re v ia tio n s  used  a re  d  =  d o u b le t, m  =  m u ltip le t, a n d  s  =  s in g le t. M e lt
ing  p o in ts  w ere  o b ta in e d  in  o pen  tu b e s  w ith  a  T h o m a s-H o o v e r  a p p a ra tu s , 
a n d  a re  n o t co rrec ted . T h e  m ass s p e c tra  w ere  d e te rm in e d  a t  70 eV on  a
C E C  21-103C  m ass sp ec tro m e te r .

(11) S upp lied  b y  F ritz sc h e  B ros ., N ew  Y o rk , N . Y .
(12) C . D je rass i, J . O siecki, a n d  E . J .  E ise n b ra u n , J .  A m er . Chem . Soc., 

8 3 , 4433 (1961).
(13) S. B . S o low ay  a n d  F . B . L a F o rg e , J .  Am er. Chem . Soc., 69 , 979 

(1947).
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oxidized with alkaline potassium permanganate without purifica
tion. Its spectral properties were X°“ 4 3400, 2950, 1650, and 
1050 cm“1; X™30H 235 mg (log e 4.9); nmr (CCh), r 9.1-9.2 
(9 H, s), 8.75 (1 H, d), 8.05 (3 H, s), 7.85 (2 H, d), 6.4 (1 H, s), 
6.1 (1 H, s), and 4.35 (1 H, s).

Permanganate Oxidation of 6a to 9a.—The bromo ketone 6a 
(0.35 g) was added to 3 ml of 6% NaOH and the mixture was 
cooled to 10° with an ice water bath. To the cooled solution was 
added 10 ml of 0.17 M  KMn04, the suspension was stirred over
night and filtered, and the filtrate was acidified with dilute HC1 
and then continuously extracted with ether. The ether layer 
was dried over MgS04, filtered, and concentrated. The crude 
solid product was sublimed at 110° (0.8 mm) to give 150 mg of 
9a. Recrystallization from 95% ethanol gave material melting 
at 128-130°: [a]24D +15° (c 0.8, in ethanol); [a]280 +358°,
[a+60 +345°, [a]248 +276°, [a+32 +131°, [ck]225 +508° (c 0.16, 
CH3OH); CD, [0]275 +6730, [0]m +2977, [0]2OO +4140 (c 0.16, 
CH3OH). The infrared spectrum of 9a showed bands at X̂ ®' 
3000, 1758, 1710, 1440, and 1370 cm-1. The melting point of 
9a was not lowered when it was mixed with an authentic sample.9 
The mass spectrum of 9a showed an intense peak at m/e 69 
(18.6%), 41 (16.0%), 84 (9.0%), 39 (8.2%), 27 (6.6%), 43 
(5.0%), and 114 (1.8%).

The dimethyl ester 9b, prepared by treating 9a with diazo
methane, was distilled at bath temperature 128° (2.3 mm): 
[a]24n +30° (c 0.83, CHCI3); ORD as a positive plain curve 
[a]393 +24°, [a]345 +78°, [<x]29o +208° (c 0.50, CH3OH); X ^4 
2920, 1743, 1550, 1440, 1360, and 1220 cm"'; nmr (CC14), r
8.7-9.2 (9 H, s), 7.9 [1 H, d ( J  = 3 cps)], 7.45 (2 H, s), and 6.3 
(6 H, d). The mass spectrum of 9b showed prominent peaks at 
m/e 15 (4.4%), 26 (2.7%), 27 (7.5%), 28 (2.6%), 29 (7.6%), 
31 (26%), 43 (6.7%), 45 (9.9%), and 46 (4.0%). The molecular 
ion at m/e 202 was not detected.

Permanganate Oxidation of 7.—The oxidation procedure 
previously described was applied to 150 mg of 7 in 2 ml of 6% 
NaOH to which was added 5 ml of 0.17 M  potassium per
manganate solution. The reaction gave 70 mg of 9a, mp 128- 
130°.

( +  )-2-Isopropyl-2-methyl-5-oxocaproic Acid (10a).—The
following mass spectral, infrared, and circular dichroism data 
were obtained for 10a: m/e 43 (9.3%), 55 (8.0%), 27 (6.8%), 
83 (6.7%), 41 (6.6%), and 39 (4.5%); X“ )4 3050, 1710, 1430, 
and 1380 cm”1; f 2gy +231, [#]2&5 +297, [0]232 —264, [0]223 
-9 9  (c 0.31, CH3OH).

( +  )-Methyl 2-Isopropyl-2-methyl-5-oxocaproate (10b).—The
following mass spectral, infrared, optical rotatory dispersion, and 
nmr data were obtained for 10b: m/e 43 (14.1%), 15 (6.0%), 
41 (5.9%), 83 (5.7%), and 55 (4.7%); X™4 2900, 1750, 1720, 
and 1250 cm“1; [a]4oo +32°, [a+75 +40°, [a+50 +56°, [a]32s 
+  96°, [a+oe +152°, [a]26s —134°, and [<x]25o —28° (c 0.60, 
dioxane); nmr (CC14), r 9.25 (3 H, s), 9.05 (6 H, 2d), 8.30 
(1 H, d), 8.20 (2 H, s), 7.95 (3 H, s), 7.80 (2 H, m), and 6.40 
(3 H, s).

(+)-2-Isopropyl-2-methylglutaric Acid (11a).—The following 
mass spectral infrared, and optical rotatory dispersion data were 
obtained for 11a: m/e 69 (18.6%), 41 (16.0%), 84 (9.0%), 39 
(8.2%), 27 (6.5%), and m/e 43 (5.0%); X*®( 3000, 1758, 1710, 
1440, and 1370 cm-1; [a]34o +44°, [aj3o3 +56°, [a]243 +90°  
(c 0.51, dioxane).

( +  )-Dimethyl 2-Isopropyl-2-methylglutarate (lib ).—The
following mass spectral, infrared, rotatory dispersion, and nmr 
were obtained for lib : m/e 43 (14.1%), 15 (6.0%), 41 (5.9%), 
83 (5.7%), 55 (4.7%), and 27 (4.0%); x£54 3000, 1743,1440, and 
1380 cm-1; [a+75 +36°, [a:]33o +52°, and [a]24o +144° (c 0.8, 
CH3OH); nmr (CC14), r 9.1 (3 H, s), 9.0 (6 H, weak s), 7.8-8.4 
(5 H, broad m), and 6.4 (6 H, s).

Registry No.—1, 15815-63-1; 2, 5298-65-7; 3,
15815-65-3; 4, 15815-66-4; 5, 15815-67-5; 6a, 15815- 
68-6; 7, 15815-69-7; 9a, 5033-83-0; 9b, 15815-71-1; 
10a, 15815-75-5; 10b, 15815-72-2; 11a, 15815-73-3; 
lib, 15815-74-4.
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Alternate Precursors in Biogenetic-Type
Syntheses. III.1 A Ring D Indoline Analog 
of the Aporphine Alkaloids. Indole as the 

Alkylating Agent in the Friedel-Crafts Reaction
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a n d  J o h n  S h a v e l , J r .
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In the first2 paper of this series we suggested the 
possible biogenetic conversion of an indole analog of 
norlaudanosoline into an indole analog of morphine. 
Since it is well known that norlaudanosoline also can 
lead to the aporphine alkaloids,3 the logical develop
ment of this theme is the conversion of an indole 
analog of norlaudanosoline into an indole analog of 
an aporphine. Chemically, the preferred method of 
cyclizing the possible biogenetic intermediate 3 seemed 
to be the alkylation of the benzene ring by the 2,3- 
double bond of the indole nucleus. Although the 
alkylation of a benzene ring by an indolenium salt has 
been described by Harley-Mason and Waterfield,4 
these authors also reported that 1-methyltryptamine 
and catechol do not react. However, in our case the 
two reactive centers would be held in a more favorable 
steric relationship.

The tetrahydroisoquinoline 1 was prepared from 
N-(3,4-dimethoxyphenethyl)indole-3-acetamide via a 
Bischler-Napieralski cyclization and reduction. Treat
ment with ethyl formate followed by lithium alu
minum hydride reduction converted 1 into its N-methyl 
derivative (2). Strong acid should now bring about 
hydrolysis of the dimethoxy groups to produce the 
indole analog of norlandanosoline (3) which might

well eyclize under the conditions being utilized for 
hydrolysis. Accordingly, when 2 was refluxed in con
centrated hydrobromic acid, the product isolated 
analyzed for a dihydroxy dihydrobromide indicative 
of hydrolysis followed by cyclization to 4, a ring D 
indoline analog of the aporphine alkaloids. Ultra
violet absorption in acid at 261 mg (e 9300), 268 (1300), 
and 291 (3900) is also consistent4 with the cyclized 
compound 4 and not 3. For further characterization 
4 was converted into its triacetyl derivative 5, whose

(1) F o r  P a r t  I I ,  see  G . C . M orrison , R . O . W a ite , a n d  J .  S h av e l, J r . ,  J .  
Org. Chem ., 32, 2555 (1967).

(2) G . C . M orrison , R . O. W a ite , F . S erafín , a n d  J . S h av e l, J r . ,  ib id ., 32, 
2551 (1967).

(S) B . F ra n k  a n d  G . B lasche , A n n .,  695, 144 (1966), a n d  references th e re in .
(4) J .  H a rley -M aso n  a n d  W . R . W a te rfie ld , Tetrahedron, 19, 65 (1963).
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nmr spectrum showed the four indoline aromatic 
protons at 7.2 ppm as a complex pattern and the proton 
of the diacetoxybenzene at 6.9 ppm as a singlet.

The cyclization of 3 to 4 appears to be the first 
example of participation of the 2,3-double bond of 
indole as the alkylating agent in the Friedel-Crafts 
reaction.

Experimental Section5

The melting points were determined using a Thomas-Hoover 
apparatus which had been calibrated against known standards. 
The infrared spectra were recorded with a Baird Model 455 
instrument in chloroform solutions. The ultraviolet spectra 
were obtained with a Beckman DKI spectrophotometer in 95% 
ethanol solutions. The nmr spectra were determined with a 
Varian Associates A-60 spectrometer in deuterated dimethyl 
sulfoxide solutions unless otherwise noted.

l,2,3,4-Tetrahydro-l-(indol-3-ylmethyl)-6,7-dimethoxyiso- 
quinoline (1).—A solution of 204 g of N-(3,4-dimethoxyphen- 
ethyl)indole-3-acetamide6 in 450 ml of phosphorus oxychloride 
was allowed to stand at room temperature for 20 hr. The re
action mixture was poured into 3 1. of ether. The precipitate 
was rubbed up to a gummy consistency and the supernatant 
was decanted. The gum was then washed with an additional
1.5 1. of ether. The residue was dissolved in 3 1. of ethanol and 
diluted with 500 ml of water and the pH was adjusted to 3 with 
10% sodium hydroxide solution. Sodium borohydride (50 g) 
was added portionwise while the temperature was held at 20- 
30°. After the addition had been completed stirring was con
tinued for an additional 30 min. The pH was adjusted to below 
2 with 20% hydrochloric acid and then above 11 with 40% 
sodium hydroxide solution. After the addition of 1200 ml of 
water, the mixture was extracted with ether. The ether layer 
was dried over sodium sulfate and the solvent was removed. 
Recrystallization of the residue from benzene gave 87 g (45%) of 
a solid: mp 158-159°; 7„1[lx 3440 cm-1 (indole NH); Amai mp 
(«) 221 (43,400), 282 (10,300), and 290 sh (9250). The nmr 
spectrum in deuteriochloroform showed the two aromatic protons 
of the dimethoxybenzene ring at 6.65 (singlet) and 6.85 (singlet) 
ppm. The five aromatic protons of the indole system formed a 
complex pattern between 7.0 and 7.8 ppm.

Anal. Calcd for C20H22N2O2: C, 74.51; H, 6.88; N, 8.69. 
Found: C, 74.50; H, 6.62; N, 8.44.

l,2,3,4-Tetrahydro-l-(indol-3-ylmethyl)-6,7-dimethoxy-2- 
methylisoquinoline (2).—A solution of 30.0 g of 1,2,3,4-tetra- 
hydro-l-(indol-3-ylmethyl)-6,7-dimethoxyisoquinoline in 300 ml 
of ethyl formate was refluxed for 25 hr. On standing there was 
deposited 30 g of a solid which was dissolved in 1 1. of tetra- 
hydrofuran and added to a suspension of 10.0 g of lithium alumi
num hydride in 250 ml of tetrahydrofuran. After the addition 
had been completed stirring was continued for 6 hr. The excess 
hydride was destroyed by the cautious dropwise addition of 
water. The reaction mixture was filtered and the solvent was 
removed. The residue, after recrystallization from benzene- 
Skellysolve B, gave 25.5 g (67%) of a crystalline solid, mp 
125-127°. Further recrystallization gave an analytical sample, 
mp 126-127°.

Anal. Calcd for C21HMN20 2: C, 74.97; H, 7.19; N, 8.33. 
Found: C, 74.88; H, 7.22; N, 8.54.

4,5,6,6a,7,7a,12,12a-Octahydroisoquino-6-methyl[8,8a,l-a,b]- 
carbazole-l,2-diol Dihydrobromide Monohydrate (4).—A solu
tion of 10.0 g of l,2,3,4-tetrahydro-l-(indol-3-ylmethyl)-6,7- 
dimethoxy-2-methylisoquinoline in 150 ml of hydrobromic acid 
was refluxed for 15 hr. The reaction mixture was concentrated 
in  vacuo (100 mm) to 100 ml. On standing there was deposited
2.8 g (20%) of a crystalline solid, mp 247-257°. Concentration 
to 30 ml gave an additional 3.5 g (25%), mp 271-277°. Re- 
crystallization from water gave an analytical sample: mp 260- 
265°; Am„  mu (e) 240 infl (9800) and 291 (5800).

Anal. Calcd for C,9H20N2O2-2HBr H2O: C, 46.74; H, 4.95; 
N , 5.74; Br, 32.73. Found: C, 46.92; H, 5.08; N, 5.99; Br, 
32.55.

(5) M e lt in g  p o in ts  a re  c o rrec ted . T h e  a u th o rs  a r e  in d e b te d  to  M r. A. 
L ew is a n d  h is  associa tes , to  M r. R . P u c h a lsk i fo r th e  s p e c tra l d a ta ,  a n d  to  
M rs . U . Z eek fo r a n a ly tic a l d e te rm in a tio n s .

(6) G . C. M o rriso n , R . O. W a ite , a n d  J . S havel, J r . ,  J .  H eterocyd. Chem .,
3 , 540 (1966).

12-Acetyl-4,5,6,6a,7,7a,12,12a-octahydro-6-methylisoqumo- 
[8,8a,l-a,6]carbazole-l,2-diol Diacetate (5).—To a solution 
of 10.0 g of 4,5,6,6a,7,7a,12,12a-octahydroisoquino-6-methyl- 
[8,8a,l-a,b]carbazole-l,2-diol dihydrobromide monohydrate in 
250 ml of pyridine was added 100 ml of acetic anhydride. After 
standing for 20 hr at room temperature the volatiles were removed 
in vacuo at 50°. Chromatography of the residue on neutral 
alumina gave an oil on elution with methylene chloride. Crystal
lization from benzene-Skellysolve B gave 3.0 g (30%) of a solid, 
mp 182-183.5°. Further recrystallization gave an analytical 
sample: mp 185-186°; Am,« mp («) 248 (11,700), 278 (4000), 
and 288 sh (2800); 7m., 1770 (C = 0 , esters) and 1660 cm-1 
(C = 0 , amide).

Anal. Calcd for CmHmN A u C, 69.11; H, 6.03; N, 6.45. 
Found: C, 69.14; H, 6.15; N, 6.57.

Registry No.—1, 15832-21-0; 2, 15832-22-1; 4, 
15856-51-6; 5, 15832-23-2.

Fluoride-Induced Cleavage of 
the Carbon-Phosphorus Bond in 

Diethyl Triehloromethylphosphonate.
A New Source of Diehlorocarbene and 

Dialkyl Phosphorofluoridates1

J a m e s  P. B e r r y , 2 J a m e s  R .  A r n o l d ,

Department of Chemistry,
■ Northeast Louisiana State College, Monroe, Louisiana 

a n d  A . F .  I s b e l l

Department of Chemistry, Texas A. and M . University, 
College Station, Texas

Received November 2, 1967

Although the carbon-phosphorus bond in dialkyl 
trichloromethylphosphonates is cleaved by warming 
with aqueous alkali,3 it has been reported that in the 
absence of alkali this bond is stable. Refluxing with 
concentrated or aqueous acids,4 alcohols or phenols5'6 
does not affect the carbon-phosphorus bond. The 
reaction of these esters with primary amines was at 
first believed to be a case of carbon-phosphorus bond 
scission,7 but this was later disproved.8

While attempting to prepare diethyl trifluoromethyl- 
phosphonate through halogen exchange by warming 
diethyl trichloromethylphosphonate (I) with potas
sium fluoride, it was noted that a significant quantity 
of chloroform was produced. I t was then discovered 
that the potassium fluoride used was actually the di
hydrate.

Although a little surprising, this was interpreted as a 
carbon-phosphorus bond scission, with the formation 
of the trichloromethide ion (II) and diethyl phosphoro-

(1) P re s e n te d  in  p a r t  a t  th e  153rd  N a tio n a l M ee tin g  of th e  A m erican  
C hem ica l S ocie ty , M iam i, B each , F la .,  A p ril 1967, p  0 2 9 .

(2) T o  w hom  in q u iries  sho u ld  b e  d ire c ted .
(3) I .  S. B enge lsdo rf, J .  A m er. Chem . Soc ., 77 , 6611 (1955).
(4) I .  S. B en g e lsd o rf a n d  L. B . B a rro n , ib id ., 77 , 2869 (1955).
(5) P . C . C ro fts  a n d  I . M . D ow nie , J .  Chem . Soc ., 2559 (1963).
(6) A . W . F ra n k , J .  Org. Chem ., 29 , 3706 (1964).
(7) G . K am a i, D okl. A k a d . N a u k  S S S R ,  55 , 219 (1947); Chem . A b str ., 41, 

5863 (1947).
(8) (a) A . Y a . Y a k u b o v ic h  a n d  V. A. G in sb u rg , ib id ., 82, 273 (1952); 

Chem. A bstr ., 4 7 , 2685 (1953); (b) A . Y a . Y a k u b o v ic h  a n d  V . A. G in sb u rg , 
Z h . Obshch. K h im .,  24, 1465 (1954); Chem . A bstr ., 49, 10834 (1955 ); (c) K . 
C . K e n n a rd  a n d  C . S. H a m ilto n , J .  A m er . Chem . Soc., 7 7 , 1156 (1955); 
(d ) T .-S . T u n g  a n d  S .-T . C h ern , H u a  H sueh  H sueh  P ao, 24, 30 (1958); 
Chem . A bstr ., 53, 3113, 2114 (1959).
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CCl3P(0)(0Et)2 +  K F — ^ K + +  [CC13] -  +  FP(0)(0Et)2 (1)
I II III

fluoridate (III) (see eq 1). In the presence of the water 
of hydration, the trichloromethide ion (II) would 
immediately be hydrolyzed to chloroform9 (eq 2),

[CC13] -  +  H20 ---->  OH- +  CHCh (2)
II

and the diethyl phosphorofluoridate (III) would be 
hydrolyzed with the formation of diethyl hydrogen 
phosphate (IV)10 (eq 3).

FP(0)(0Et)2 +  H20  — > H 0P(0)(0E t)2 +  HF (3)
III IV

The procedure was repeated using anhydrous po
tassium fluoride. Upon warming diethyl trichloro- 
methylphosphonate with anhydrous potassium fluoride 
a good yield of diethyl phosphorofluoridate (III) was 
obtained. Apparently, under mild conditions, and 
in the absence of water, carbon-phosphorus bond scis
sion had again occurred. I t was not clear what the 
other product (s) of the reaction might be because, 
from the stoichiometry of the reaction, the other 
products are the potassium ion and the trichloromethide 
ion (II).

I t has been shown that dichlorocarbene (V) is pro
duced from the trichloromethide ion in several other 
reactions by the loss of chloride ion11 (eq 4). Dichloro
carbene (V) adds readily to olefins to form cyclopro
pane derivatives;11 so the reaction was repeated in 
the presence of cyclohexene and 7,7-dichlorobicyclo-
[4.1.0]heptane (dichloronorcarane) (VI) was isolated 
in 40% yield (eq 5).

[CCljT —*  CT +  CC12 (4)
n  V

CCI2 +  £ j )  — > ( ^ > 0 *  (5)

V VI
Anhydrous sodium fluoride is almost completely in

effective in promoting the cleavage. Lithium fluoride 
and calcium fluoride are completely ineffective. Am
monium fluoride works as well, if not better, than po
tassium fluoride in effecting the scission. Antimony 
trifluoride apparently is somewhat active and silver 
monofluoride produces a rather exothermic reaction 
with diethyl trichloromethylphosphonate resulting in 
carbon-phosphorus bond scission. The carbon-phos
phorus bonds in diethyl dichloromethylphosphonate, 
diethyl chloromethylphosphonate, and diethyl methyl- 
phosphonate are unaffected by warming with anhy
drous potassium fluoride.

If methanol is used as a solvent to increase the 
solubility of the potassium fluoride in diethyl trichloro
methylphosphonate (I) the reaction proceeds quite 
exothermically at room temperature to give diethyl 
methyl phosphate (VII) (eq 6).

CCl3P(0)(0E t)2 +  KF +  MeOH — >- M e0P(0)(0Et)2 (6)
I VII

The mechanism and synthetic applications of this 
cleavage are presently under investigation.

(9) J. H in e  a n d  A. M . D ow ell, J r . ,  J .  A m er. Chem. Soc., 76, 2688 (1954).
(10) N . B . C h a p m a n  a n d  B . C . S au n d ers , J .  Chem . Soc., 1010 (1948).
(11) W . v o n  E , D o ering  a n d  A. K . H offm an , J .  A m er. Chem . Soc., 76, 6162 

(1954).

Experimental Section
Reaction with Potassium Fluoride Dihydrate.—After heating a 

mixture of 51.1 g (0.2 mol) of diethyl trichloromethylphosphonate 
and 46.4 g (0.49 mol) of potassium fluoride dihydrate at reflux 
(71°) for 30 min, 20 g (84%) of chloroform (bp 58-60 (740 mm), 
n25d 1.4437) was distilled from the reaction mixture.

Reaction with Anhydrous Potassium Fluoride.—In a flask 
fitted with a reflux condenser protected by a calcium chloride 
tube 206 g (0.81 mol) of diethyl trichloromethylphosphonate and 
188 g (3.24 mol) of anhydrous potassium fluoride were stirred 
over a steam bath for 60 hr. Distillation from the reaction flask 
gave 108.5 g (86%) of diethyl phosphorofluoridate: bp 80-80.5 
(32 mm); n 27D 1.3710; d l\  1.1399.

Anal. Calcd for CiH.oFCbP: C, 30.78; H, 6.46; F, 12.17; 
P, 19.85. Found: C, 30.78 , 30.83; H, 6.23, 6.24; F, 12.15, 
12.20; P, 19.97, 19.81.

Note: Phosphorofluoridates are known to be extremely toxic. 
At lower concentration their vapors have a myotic effect (pupil 
constriction) on the eye and at higher concentrations they can 
cause respiratory collapse.12

Reaction in Cyclohexene.—In a flask fitted with a reflux con
denser protected by a calcium chloride tube 112 g (0.5 mol) of 
diethyl trichloromethylphosphonate, 58 g (1.0 mol) of anhydrous 
potassium fluoride, and 82 g (0.5 mol) of cyclohexene were stirred 
while heated in an oil bath at 110° for 24 hr. After filtering, 
the precipitate was washed with two 50-ml portions of dry ether. 
The filtrate and washings were combined and the ether and un
reacted cyclohexene were distilled out. The residue was stirred 
with 100 ml of water for 4 hr at 60°. The hydrolysate was ex
tracted with two 50-ml portions of petroleum ether. After drying 
over magnesium sulfate the petroleum ether was removed from the 
combined extracts at 20 mm on a rotary evaporator. Distillation 
of the residue gave 33.0 g (40.0%) of dichloronorcarane, bp 84-85° 
(17 mm), ?i 24d  1.5010.

Anal. Calcd for CvHioCb: C, 50.93; H. 6.11; Cl, 42.96. 
Found: C,50.83,50.93; H, 6.11,6.04; 01,43.01,42.90.

Reaction in Methanol.—Diethyl trichloromethylphosphonate 
(25.6 g, 0.1 mol) was added, dropwise at first, to 11.6 g (0.2 
mol) of anhydrous potassium fluoride, with stirring. When there 
was no apparent evidence of reaction the remainder of the ester 
was run into the flask. In about 2 min the temperature began to 
rise so rapidly that the flask had to be cooled with an ice bath 
to keep the methanol from refluxing at a rate that exceeded the 
capacity of the condenser. When the reaction had subsided heat 
was applied to keep the methanol refluxing for 24 hr. After 
cooling, 50 ml of ether was added, the solids were filtered, and 
distillation of the filtrate gave 13.5 g (80%) of diethyl methyl 
phosphate, bp 104-105° (21 mm), n21n 1.4031.

Registry No.—I, 866-23-9; III, 358-74-7; V, 1605-
72-7; VI, 823-69-8; VII, 867-17-4.

(12) B. C. S au n d ers , “ S om e A spects  of th e  C h e m is try  of O rg an ic  C om 
p o u n d s  C o n ta in in g  P h o sp h o ru s  a n d  F lu o rin e ,” C am b rid g e  U n iv e rs ity  P re s s , 
L ondon , 1957, p  1.

3,5-D ich loro tyrosines. P re p a ra tio n  o f  
D and L F o rm s 1

K e n n e t h  R. B r o d y  a n d  R i c h a r d  P. S p e n c e r

Department of Radiology, Yale University School of Medicine, 
New Haven, Connecticut

Received M ay 3 1, 1967

A n u m b er of references to  3 ,5-dichloro-L -tyrosine 
h a v e  been rep o rte d 2-4 w hich  a re  based  on a  syn thesis

(1) S u p p o rte d  b y  U . S. P u b lic  H e a lth  S erv ice  G ra n ts  CA 06519 an d  
A M 09429.

(2) F . K . B e ils te in , “ H a n d b u c h  d e r  o rgan ische  C h em ie ,” Vol. 14, 2nd  ed, 
P a r t  I , S pringer-V erlag , B erlin , 1951, p  670; P a r t  I I ,  p p  377, 382.

(3) S. B ouch illoux , B u ll. Soc. C him . B io l., 37, 255 (1955).
(4) H o u b en -W ey l’s, "M e th o d e n  d e r  o rg an isch en  C h em ie ,” Vol. 5, P a r t  3, 

G eorg  T h iem e  V erlag , S tu t tg a r t ,  G e rm an y , 1962, p  685.
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described by Zeynek.5 The product obtained had 
been variously described as gray, yellow, or brown and 
as the mono- and dihydrate. A reexamination of the 
procedure was undertaken and we found that the 
products formed by this method varied in both compo
sition and color.

A reproducible synthetic method for 3,5-dichloro- 
tyrosine has been developed. Significant was the ease 
of preparation, coupled with consistent formation of a 
white solid of definite composition. The compound 
formed only as the monohydrate and when prepared 
from L-tyrosine was dextrorotary.

Experimental Section
A 200-ml, three-necked, standard-taper flask was fitted with a 

glass thermometer, a motor-driven glass stirrer in a Teflon-sealed, 
gas-tight stopper in the center neck, and a “T” glass standard- 
taper connection in the remaining neck. One of the “T” open
ings connected to a chlorine gas supply tank was fitted with a 
pressure regulator. The remaining “T” opening was connected 
to a “U” type manometer containing light mineral oil.

A bath containing salt-ice-water was agitated by a magnetic 
stirrer, and completely surrounded the reaction flask up to the 
center neck. A 5-g sample of L-tyrosine powder (J. T. Baker 
Chemical Co.) and 125 ml of propionic acid were well mixed in 
the flask to obtain a fine dispersion. Both the bath fluid and the 
reaction mixture were stirred continuously throughout the run.

The bath temperature was dropped to —10°. Chlorine was 
added to flush out air in the system; this was done by raising 
the thermometer slightly, thus creating an exit vent, for 30 sec. 
The thermometer was replaced in position to again make a gas- 
tight system, and the chlorine regulated to give a manometer 
reading of about 1 cm of mineral oil. In a period of 18 min, the 
flask temperature rose to + 1 ° . At this point the bath mixture 
was adjusted to obtain a flask temperature of 0-5° for a period 
of 2 hr. After about 8 min from the beginning of chlorination, 
the flask contents almost cleared to a single phase; only a few 
crystals remained. Soon thereafter crystals appeared in quantity 
and the mass thickened, but remained sufficiently fluid for agita
tion. After about 10 min from the beginning of chlorination, 
the manometer pressure gradually increased as the chlorine ab
sorption rate diminished. About 3 min later, the chlorine pres
sure reached a maximum or constant value. The chlorine pres
sure in the system was kept at a positive value at all times to 
eliminate the possibility of air or moisture entry through leakage.

Following the 2-hr chlorination period, the “T ” connection 
was quickly removed and replaced with a single-stem standard 
taper reducer. This was coupled to a large, dry glass trap in 
series with a water aspirator. Agitation was continued while the 
system was under vacuum (30 mm). When the volatiles and free 
chlorine were being removed, the temperature dropped and then 
rose again to 5°.

After agitation for one more hour at 5°, the dispersion became 
white in color. The flask contents were then filtered by suction, 
using a fritted glass, Buchner-type, jacketed, filter funnel through 
which ice water circulated. The residue was pressed dry to re
move additional mother liquor. Filtration was continued until 
no more solvent was removed. The residue was washed with two 
5-ml portions of propionic acid at 0° and again suction was 
applied until no more filtrate appeared. The filter cake weighed 
12.4 g and contained an appreciable amount of mother liquor 
and propionic acid.

A. Salting-Out Process.—One-half of this crude residue 
(6.2 g) was dissolved in 62 ml of water at 15° and the small 
amount of insoluble material was filtered off. To the filtrate, 
with agitation, was added 13 ml of an aqueous solution contain
ing 3.3 g of sodium acetate trihydrate. After stirring for 10 min, 
the mixture was refrigerated to 10°, and filtered through a cold 
fritted glass funnel. The residue was washed three times by 
dispersing well each time in an equal volume of water at 0°. 
The residue was sucked dry for 2 hr or more at room temperature 
to constant weight. The pure product obtained weighed 2.5 g 
(67.6% yield). Anal. Calcd for C9H,NC12(V H 20: C, 40.30; 
H, 4.10; N, 5.23; Cl, 26.40. Found: C, 40.35; H, 4.16; N, 
5.27; Cl, 26.34.

(5) E .  Z eynek , Z . P hysio l. Chem ., 114, 275 (1921).

B. Neutralization Process.—The remaining half of the crude 
residue (6.2 g) was dissolved in 25 ml of water at 15° and filtered. 
The filtrate was diluted with 200 ml of water, and then kept at 
5° during subsequent operations. The solution was neutralized 
to pH 8 with 1 N  NaOH with good agitation and again filtered, 
and the filtrate was brought to pH 3 with 1 N  hydrochloric acid. 
Following filtration, the residue was washed by dispersal three 
times in equal volumes of water and sucked dry. Suction was 
continued at ambient temperature to constant weight. A 
white product (2.3 g) was obtained (62.3% yield). Anal. Found: 
C, 40.32; H, 4.13; N, 5.21; Cl, 26.39.

Of the two general processes, the salting-out procedure with 
sodium acetate solution gave slightly higher yields.

The product had a melting point of 225-228° with decomposi
tion (Nalge microscope-type, polarized melting point apparatus). 
Ascending chromatography on Whatman No. 1 paper revealed 
a single ninhydrin-reacting spot at R t 0.59 in 4:1:1 (v /v /v )
1- butanol-acetic acid-water and at R i 0.70 in 130:33:40 (v /v /v )
2- propanol-concentrated HCl-water. There was an ultraviolet
absorbance peak at 305 mp. A sample of 3,5-dichlorotyrosine 
monohydrate allowed to stand under high vacuum at normal 
temperature in the presence of concentrated H2SO4 for 33 days 
showed weight loss corresponding to 1 H20  (calcd: 6.7%;
found: 6.6%). The compound synthesized from L-tyrosine
was dextrorotary, [<*]2Sd +1.16 (c 5, 1 N  HC1), whereas that 
synthesized from D-tyrosine was levorotary [ck]26d —1.13. 
To confirm the purity of the optical isomers, an enzyme system 
was used.6 The large change in optical density at 332 my in 
borate buffer, in the presence of L-amino acid oxidase (Crotalus 
adamanteus venom) and catalase, with the 3,5-dichlorotyrosine 
prepared from L-tyrosine, was indicative of the l  form. The 
compound synthesized from D-tyrosine, under identical test 
conditions, was not reactive.

In place of the propionic acid, glacial acetic acid has also been 
used as an alternative solvent at 20° maximum temperature 
(care must be taken to prevent solidification of the reaction mix
ture by keeping the temperature above 16°). The yield and pur
ity of compounds formed using both solvents were identical. The 
keys to a successful preparation are rigid temperature control 
and the thorough removal of excess chlorine following halogena- 
tion.

Registry No.—3,5-Dichloro-D-tyrosine, 15924-16-0; 
3,5-dichloro-L-tyrosine, 15106-62-4.

Acknowledgment.—The authors are grateful to Dr. 
George Delpierre for the polarimetry measurements.

(6) R . P . S pence r an d  D . B rock , E ndocrinology , 70, 750 (1962).
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1-Phenylcyclopentanecarbonitrile with 

Méthylmagnésium Iodide. Formation of 
Bis(l -phenylcyclopentyl) Ketone1
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Some years ago, in connection with another problem, 
we had occasion to prepare 1-phenylcyclopentyl methyl 
ketone (1). We chose the method of Smith and

CH3M gI
ether

A
ketimine 
(as salt)

HCI
A cxc 6h s

COCHs

(1) T h is  re a c tio n  w as firs t n o ticed  d u rin g  th e  d o c to ra l re sea rc h  of H e rb e r t
P h ilip , a n d  is desc rib ed  in  his D is se r ta tio n , p p  108-109, L o y o la  U n iv e rs ity
(1959). N o  s tr u c tu r a l  a s s ig n m e n t w as m a d e  a t  t h a t  tim e .
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coworkers2 wherein 1 -phenylcyclopentanecarbonitrile 
was treated with methylmagnesium iodide in ether. 
The initial ketimine was hydrolyzed by these workers 
to obtain 1 in 57% yield. Their liquid product and 
its 2,4-dinitrophenylhydrazone and semicarbazone de
rivatives were characterized by elemental analysis. 
Recently, MacKenzie, et al. , 3 made 1 “in good yield” 
by the same process. Their material and its semicar
bazone were apparently the same as Smith’s.

However, in our hands at that time, this reaction 
took another course. We found that when less ether 
was used than that employed by Smith and coworkers,4 
a white solid 2, mp 98.5-99.5°, was observed as the 
major product of the reaction after acidic work-up. 
Lesser quantities of recovered nitrile and 1 were also 
obtained, although our samples of the two aforemen
tioned derivatives of 1 melted far from the reported 
values.

Recently we decided to unravel the apparent mys
tery involved in this process. First, to check the 
structure of 1 , its infrared and nmr spectra were de
termined and found to be consonant with the proposed 
structure. Furthermore, hypobromite oxidation of 1 
led to 1-phenylcyclopentanecarboxylic acid. So the 
structure of 1 does seem secure. Just why the deriva
tives we made melted at different temperatures than 
those reported2'3 is not known. 2,4-Dinitrophenyl- 
hydrazones in particular, however, often exhibit- 
polymorphism, as well as cis, trans stereoisomerism, 
and we suggest such may be the situation here. 
Second, the effect of the concentration of reactants 
was checked. Under concentrated reactant condi
tions, 2 was formed in 42% yield while the yield of 1 
was only 19%. When the more dilute reactant con
centrations employed by Smith were used, however, the 
yield of white solid 2 fell to 4.1% while that of 1 rose 
to 32.3%, with 38.2% of unchanged starting nitrile 
being recovered. Whereas we were unable to dupli
cate Smith’s work any better, it was at least apparent 
that the solid 2 could have been missed under his condi
tions. We then turned to the structure of the white 
solid 2.

This crystalline solid was nitrogen-free and had a 
composition by combustion analysis best fitted to 
C23H26O. The oxygen was apparently carbonyl in 
character from a very sharp and strong absorption at 
5.98 /x. The nmr spectrum was simple, with aromatic 
hydrogens as a sharp multiplet centered at 5 7.18 
(5 H’s) and two upheld multiplets, one at 2.5-1.53 
(4 H’s) and another at 1.53-0.92 (4 H’s) relative to 
internal tetramethylsilane (TMS). These facts and 
others (see Experimental Section), plus the possible 
aberrations involved in the reaction of Grignard re
agents with nitriles, led us eventually to formulate 2 
as bis(l-phenylcyclopentyl) ketone. A search showed 
that this compound had actually been prepared in 1952 
by van Heyningen6 in an attempted acyloin condensa
tion of ethyl 1-phenylcyclopentanecarboxylate. The 
ketone was reported to melt at 93-95° and to have

(2) P . A. S. S m ith , D . R . B aer, an d  S. N . E ge , J . Am er. Chem. Soc., 76, 
4564 (1954).

(3) S. M acK enzie , S. F . M arsocci, a n d  H . C. L am pe, J .  Org. Chem., 30, 
3328 (1965).

(4) E a ch  m e th o d  used co. th re e fo ld  excess G rig n a rd  reag e n t. M acK en z ie  
a n d  cow orkers3 also em p loyed  th re e fo ld  excess G rig n a rd , b u t  no o th e r  in fo r
m a tio n  w as given.

(5) E . v a n  H eyn ingen , J .  Am er. Chem. Soc., 74 , 4861 (1952).

infrared absorptions at 5.94, 9.26, and 9.67 fi. Our re
action product 2 did melt at this temperature, though 
purified samples melted at 98.5-99.5°, and the in
frared spectral agreement was good.

k /' 'C O O C H 2CH3

N a
toluene

A

As might be expected from its hindered nature, 2 
did not form derivatives easily. I t was, however, 
readily reduced to the carbinol 3 with lithium aluminum 
hydride. Attempted cleavage of 2 either by means of

2
LiAlH,

ether
c 6h 5 h 5c 6̂ / \

CHOH 
3

sodamide in refluxing toluene or by the recently de
scribed6 use of potassium f-butoxide in dimethyl sul
foxide failed. The ketone was recovered unchanged in 
each case.

The probable initial step in the formation of 2 in 
this reaction represents an interesting example of what 
has been termed the “reductive displacement” of 
nitriles by Grignard reagents.7 The intermediate 
imino anion 4, undoubtedly involved in the “normal” 
process, can dissociate to some degree to the 1 -phenyl- 
cyclopentyl anion 58 with loss of acetonitrile. Re
action of 5 with the starting nitrile in the usual way 
would then produce 2 via its imine salt (the free imine 
was detected in the reaction, see Experimental Sec
tion). Eventual hydrolysis of undissociated 4 via 
its imine could lead to 1 , the expected product. I t is 
possible that 1 might also result from 5 and the aceto
nitrile liberated from 4. This is improbable, however, 
because acetonitrile is well known to behave poorly in 
ketone syntheses of this type because of its acidic a 
hydrogens.9

The postulated exchange of nitrile and magnesio 
functions in Scheme I has actually been observed on 
occasion, particularly with polyarylacetonitriles.10 For 
instance, propionitrile has been detected in the re
action of diphenylacetonitrile and ethylmagnesium

S c h e m e  I

C H gM gl
ether

- c h 3c n

+ c h 3c n ?

I  hydrolysis

1

+
M g l

5

s ta r tin g
n itr ile /
hydrolysis

(6) P . G . G assm an  a n d  F . V. Z a lar, Tetrahedron Lett., 3031 (1964).
(7) M . S. K h a ra sch  a n d  O. R e in m u th , “ G rig n a rd  R e a c tio n s  of N o n m e ta l-  

lic S u b stan ce s ,”  P ren tice -H a ll , In c ., N ew  Y o rk , N . Y ., 1954, p  779.
(8) T h a t  th is  c a rb a n io n  is re la tiv e ly  ea sily  fo rm ed  m a y  b e  su rm ised  from

th e  m o d e ra te ly  good  (50% ) y ie ld  of 1 -p h en y lcy c lo p e n tan e carb o x y lic  ac id  
o b ta in e d  up o n  ca rb o n a tio n  of th e  so lu tio n  re su ltin g  from  tre a tm e n t  of 
1 -p h en y lcy c lo p en ty l m e th y l e th e r  w ith  so d iu m -p o ta s s iu m  a llo y : G. W .
W h e lan d  a n d  R . D . K leene, J .  A m er. Chem . Soc., 63, 3321 (1941).

(9) P . A. S. S m ith , “ T h e  C h e m is try  of O p en -C h a in  O rgan ic  N itro g e n  C om 
p o u n d s ,” Vol. 1, W . A. B en jam in , In c ., N ew  Y o rk , N . Y ., 1965, p  214.

(10) R efe rence  7, p p  779-782 .
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bromide.11 Triphenylacetonitrile is another well-doc
umented instance, its reaction with benzylmagnesium 
chloride affording a 70% yield of triphenylmethane.12 
In this latter case, as opposed to the present one, the 
intermediate trityl anion apparently was too stable to 
attack the reactant nitrile, so hydrolysis gave hydro
carbon instead of carbonyl product. Even with these 
literature precedents, the present illustration of this 
exchange is nonetheless interesting because it is the 
first monoarylacetonitrile to behave in this manner.

The effect of reactant concentration is also rational
ized by the reaction scheme above. Provided that 
conversion of starting nitrile into 4 is not overly rapid,13 
the subsequent formation of 2 (as its imine salt) would 
be faster in more concentrated solutions because the 
possibility of reaction between 5 and the starting nitrile 
is increased. As more dilute solutions are employed, 
the formation of the imine salt of 2 would correspond
ingly decrease while the conversion of the starting 
nitrile into 4 would correspondingly increase. With 
the route to 2 thus impeded, the process would then 
take the expected path to 1, as found.

Finally, the rates of the various processes in this 
reaction must be rather critically balanced, as attempts 
to find this exchange reaction in homologs of 1-phenyl- 
cyclopentanecarbonitrile uniformly failed.14 15 Only the 
expected methyl ketones were observed as products 
here.

Experimental Section

M e ltin g  p o in ts  a n d  b o iling  p o in ts  a re  u n c o rre c te d  fo r s te m  
ex p o su re . T h e  fo rm er w ere d e te rm in e d  o n  a  c a lib ra te d  F ish e r- 
Jo h n s  b lo ck . T h e  l a t t e r  w ere  ta k e n  d u r in g  sh o r t -p a th  d is til la tio n s  
u n d e r  n o n e q u ilib riu m  co n d itio n s  a n d  m a y  re flec t su p e rh e a tin g . 
In f ra re d  s p e c tra  w ere  o b ta in e d  on  P e rk in -E lm e r  M o d e l 21 a n d  
B e c k m a n  IR -5 A  in s tru m e n ts  a n d  a re  g iv en  in  m ic ro n s  [ ¡ i) .  
N m r s p e c tra  w ere  d e te rm in e d  o n  a  V a r ia n  A -60A  sp e c tro m e te r  
w ith  in te rn a l  T M S  as  a  s ta n d a rd .  G a s - l iq u id  p a r t i t io n  c h ro 
m a to g ra p h y  (g lpc) w as p e rfo rm e d  o n  a n  A e ro g rap h  A -90P  
c h ro m a to g ra p h  u s in g  h e liu m  as th e  c a rr ie r  g a s . M ic ro an a ly ses  
w ere  do n e  b y  M ic ro -T e ch  L a b o ra to r ie s ,  I n c . ,  S k o k ie , 111.

Reaction of 1-Phenylcyclopentanecarbonitrile and Methyl 
Grignard Reagent (Concentrated Reactant Conditions).—1- 
P h e n y lc y c lo p e n ta n e c a rb o n itr ile  [5 .0  g , 29 m m o l, fre sh ly  p re p a re d  
fro m  p h e n y la c e to n itr ile  a n d  1 ,4 -d ib ro m o b u ta n e  u sin g  so d a m id e ;16 
b p  106 .5° (0 .3  m m ); Xn“ ‘ 4 .5 1  (C N ); f i t s  7 .6 -7 .1 3  m  (A r -H ) ,
2 .5 -1 .5  m  (c y c lo p en ty l IP s ) ;  h o m ogeneous in  glpc] in  d ry  e th e r  
(6 .4  m l)  w as a d d e d  o v e r a  5 -m in  p e rio d  to  th e  G rig n a rd  re a g e n t 
p re p a re d  fro m  m e th y l io d id e  (12 .32 g , 5 .54  m l, 88 m m o l) , 
m ag n e siu m  tu rn in g s 16 (2 .14  g , 88 m g -a to m s), a n d  e th e r  (39 m l). 
T h e  m a te r ia l  w as th e n  s t i r r e d  a n d  re flu x ed  18 h r  p ro te c te d  fro m  
m o is tu re . T o  th e  m ix tu re , cooled  to  0 ° , w a te r  (10 m l)  w as now  
a d d e d  d ro p  w ise. A fte r  th is  d eco m p o sitio n  of th e  excess G rig n a rd  
re a g e n t,  th e  to ta l  c o n te n ts  w ere a d d e d  w ith  v ig o ro u s s t ir r in g  to  
ice (100 g) a n d  h y d ro c h lo ric  a c id  (c o n c e n tra te d , 15 m l) .  T h e  
m a te r ia l  fo rm ed  tw o  p h a se s  w ith  a n  in te rp h a se  of a  c ry s ta llin e  
su b s ta n c e . T h e  e th e r  p h a se  w as se p a ra te d  a n d  p ro cessed  se p a 
ra te ly  (see be lo w ). T h e  aq u eo u s  p h a se , co llec ted  to g e th e r  w ith  
th e  so lid  in te rp h a s e , w as re fluxed  a  fu r th e r  18 h r ,  w h e reu p o n  th e  
c ry s ta ls  w ere  re p la ce d  w ith  oil g lo b u les. T h e  coo led  m ix tu re  w as

(11) F . F . B lioke a n d  E . P . T sao , J . A m er. Chem. Soc., 7 6 , 5587 (1953).
(12) P . R a m a r t-L u c a s  a n d  F . S a lm on-L egagneu r, B u ll. Soc. C him . Fr., 

43, 321 (1928).
(13) T h is  is a  rea so n ab le  p ro v iso  in  t h a t  s ig n ifican t n it r i le  is reco v e rab le  

from  th e  reac tio n .
(14) A s a  r a t io n a l is a tio n  of th is  p o in t, i t  m ig h t b e  p o in te d  o u t t h a t  n e i th e r  

th e  1 -pheny lcyc lohexy l ca rb a n io n  n o r  th e  1 -p h en y lcy c lo b u ty l c a rb a n io n  
re a d i ly  re su lte d  from  th e  sam e  ty p e  c leavage ( N a - K  a lloy ) of th e  co rresp o n d 
in g  m e th y l e th e r  t h a t  ea sily  fo rm ed  th e  1 -p h en y lcy c lo p e n ty l ana log . Cf. 
re f  8 a n d  J . W . W ilt, L. L. M a ra v e tz , a n d  J . F . Z aw adzk i, J . Org. Chem., 31, 
3018 (1966).

(15) A . W . W e sto n , J . A m er. Chem. Soc., 68 , 2345 (1946).
(16) B a k e r  a n d  A d am so n  D iv is ion , A llied  C h em ica l C o rp ., C ode 1904.

T h is  m ag n es iu m  w as used  th ro u g h o u t th e  s tu d y  on  a ll th e  n itrile s.

then extracted with benzene (thrice with 50 ml). The benzene 
extracts were combined, washed with aqueous sodium carbonate 
(10%) and then water to neutrality, dried, and stripped free of 
benzene. The oily residue partially crystallized on standing. 
The crystals (2) were separated from the oil and washed with 
cold ethanol. Further crystals were obtained by concentrating 
these ethanol washings.

In this way there was obtained 2, identified as bis(l-phenyl- 
cyclopentyl) ketone, as glistening needles (1.94 g, 42%, mp 94- 
95°). Purification by recrystallization from ethanol proceeded 
easily and with little loss and gave 2 as snow-white needles 
(1.85 g, 40%); mp 98.5-99.5°; XKBr 5.98 (sharp, > C = 0 ) ,
3.31, 3.42, 3.52, 6.28, 6.71, 6.92, 7.7 (broad), 8.2 8.85, 9.30, 
9.46, 9.70, 10.49, 10.72, 10.93, 11.28, 13.2 (broad), 13.91, 
14.33; 5?ms 7.18 (sharp multiplet, Ar-H), 2.5-1.53 m (four cyclo
pentyl H ’s per ring), 1.53-0.92 m (other four cyclopentyl H ’s 
per ring) (lit.6 mp 93-95°; X (medium not stated) 5.94, 9.26, 
9.67).

Anal. Calcd for C23H26O: C, 86.74; H, 8.23. Found: C, 
86.72, 86.97; H, 8.01, 8.21.

The oily portion of the residue was distilled to afford 1.04 g 
(19%) of 1-phenylcyclopentyl methyl ketone (1): bp 115-120° 
(3.0 mm); ra26d 1.5330; X”“ 5.89 and 7.4 (-COCH3), 3.3, 3.4,
3.5, 6.27, 6.71, 6.92, 6.98, 8.19, 8.5, 8.69, 8.93, 9.31, 9.68, 
9.98, 10.36, 10.57, 10.8, 11.0, 13.2, 14.3; S?£| 7.32 m (sharp, 
Ar-H), 2.80-1.40 m (cyclopentyl H ’s), 1.85 s (-COCH3); homo
geneous by glpc (lit.2 bp 142-148° (18 mm), 110° (3 mm); 
n26 d  1.5398).

The 2,4-dinitrophenylhydrazone of 1 was a yellow, micro
crystalline solid, mp 107.5-108° from ethanol (lit.2 mp 145.6- 
146.2°).

Anal. Calcd for C19H20O4N4: N, 15.21. Found: N, 15.45.
The semicarbazone of 1 was also prepared (white microcrystal

line solid from aqueous alcohol, mp 211-215° dec (lit. mp 228.5- 
231° dec,2 228-230° 3).

Anal. ’ Calcd for ChHisON),: N, 17.13. Found: N, 17.55.
The ether phase from the reaction was freed of solvent and 

yielded an oil and a small amount of a semisolid. The latter, 
while not 2 because of differing spectra, nevertheless did afford 
2 upon repeated recrystallization from aqueous alcohol. It was 
probably ketimine salt that escaped hydrolysis (or perhaps the 
free imine). The oil (1.21 g, bp 105° (0.5 mm, n 20D 1.5324) was 
shown to be recovered starting nitrile (24.3% recovery) by spectral 
comparison with starting material.

Hypobromite Cleavage of 1.—Because of the discrepancies 
between the earlier2.3 and present samples of 1 and its derivatives, 
the ketone (0.5 g) was cleaved with excess bromine and sodium 
hydroxide (2 hr on the steam bath). Bromoform was formed as 
a heavy oil which was separated. The aqueous phase was well 
chilled and acidified with hydrochloric acid (using sodium bisulfite 
to remove the excess bromine liberated). The crystalline white 
solid (0.2 g, 40%) that precipitated was 1-phenylcyclopentane- 
carboxylic acid which had a melting point and mixture melting 
point with an authentic sample of 156.5-158° and identical 
infrared spectra (lit.17 mp 158-159°).

Grignard Reaction under Dilute Reactant Conditions.—The 
reaction of 1-phenylcyclopentanecarbonitrile (2.57 g, 15 mmol) 
in dry ether (30 ml) with the Grignard reagent prepared from 
methyl iodide (6.4 g, 45 mmol), and magnesium turnings16 
(1.09 g, 45 mg-atoms) in ether (30 ml) was performed exactly 
as described above. From the ether phase after processing the 
reaction there was isolated starting nitrile (0.98 g, 38.2% re
covery, bp 110- 1 1 1 ° (0.2 mm)), identified by its infrared spec
trum, contaminated slightly with ketone 1. From the aqueous 
phase there was obtained ketone 1 containing a trace of starting 
nitrile (0.91 g, 32.3%, bp 111-112° (0.2 mm)), again identified 
spectrally, as well as crystalline 2 (0.10 g, 4.1%), also identified 
by spectral comparison with the material obtained under more 
concentrated conditions.

Attempted Reactions on 2.—This ketone was relatively inert. 
It could be recovered essentially quantitatively after treatment 
with hot sodium hydroxide in aqueous dioxane, bromine in 
methanol, hot hydrochloric acid, hot 30% sulfuric acid, cold 
concentrated sulfuric acid, and sodamide in refluxing toluene. 
Attempted cleavage of the ketone (4.6 mmol) under nitrogen 
with fresh potassium i-butoxide (35 mmol) in purified dimethyl 
sulfoxide (11 ml) containing water (10 mmol), a recent technique6 
of reputed value in ketone cleavage, gave over 90% recovery of

(17) F . C ase, ibid., 66, 715 (1934).



Vol. 33, No. 4, April 1968 N o tes  1669

2.18 No carbonyl derivatives of 2 could be formed, although at
tempts in this direction were not exhaustive. All these facts 
were of assistance in ascribing the structure given to 2.

Reduction of 2 to Bis(l-phenylcyclopentyl)carbinol (3).— 
Treatment of 2 with excess lithium aluminum hydride in ether 
at room temperature in the usual manner led to alcohol 3 in 
85% yield: mp 97-98° from aqueous ethanol, mixture melting 
point with 2 depressed (69-88°); XKBr 2.92 (O-H), 9.68 and 9.81 
(C-O), 3.31, 3.36, 3.45, 3.55, 6.29, 6.72, 7.27, 7.41, 7.60, 7.8- 
8.1 (broad), 8.32, 9.05, 9.30, 10.0, 10.38, 10.6, 11.3, 13.14, 
14.40; a?SS 7.25 m (sharp, Ar-H), 4.07 s (broad, >CHOH), 1.99 
s (broad, lost in D20 , -OH), 1.83-1.0 m (all cyclopentyl H’s).

Anal. Calcd for C23H280: C, 86.20; H, 8.81. Found: C, 
85.89; H, 8.80.

Reactions of Other 1-Phenylcycloalkanecarbonitriles with 
Methyl Grignard Reagent.—The cyclopropyl, cyclobutyl, and 
cyclohexyl analogs were available from earlier work.19 Small 
scale (ca. 10 mmol) reaction of these with methylmagnesium 
iodide in ether under the concentrated reactant conditions 
described earlier for the cyclopentyl case failed to give products 
analogous to 2 in workable amounts, although traces of unidenti
fied semisolid or solid material was occasionally obtained. The 
ketone products were collected by glpc or Hickman still distilla
tion, so boiling points were not determined. The cyclohexyl 
analog gave 1-phenylcyclohexyl methyl ketone in 26.5% yield, 
mp 31-33°, lit.“ mp 33-35° (Xmelt 5.88, 7.40 (-COCH,)), and 
much recovered nitrile.21 The cyclobutyl member afforded 1- 
phenylcyclobutyl methyl ketone in 31.4% yield (oil, X"“' 5.90, 
7.40, (-COCH3), lit.3 bp 56-57° (0.2 mm)) with some starting 
nitrile again being recovered. Finally, the cyclopropyl example 
yielded 1-phenylcyclopropyl methyl ketone in 29.5% yield (oil, 
X"“* 5.93, 7.40 (-COCH3), 7.80, 8.70, 9.12, 9.72, 13.17, 14.25; 
lit.22 bp 122° (25 mm), lit.23 X“e6t inter alia 5.86, 7.79, 8.70, 
9.12, 9.72, 13.16, 14.24) and, as usual, some starting nitrile. 
In this case an unidentified oil was isolated from the aqueous 
phase. Its properties were much unlike those of 2, however, and 
its spectra suggested that it was a ring-opened derivative of the 
methyl ketone.

Registry No.—1-Phenylcyclopentanecarbonitrile, 77-
57-6; methylmagnesium iodide, 917-64-6; 1, 4046-09-7; 
1 2,4-dinitrophenylhydrazone, 15811-00-4; 1 semicar- 
bazone, 15811-01-5; 2, 15811-02-6; 3, 15811-03-7.

(18) W h e re as  excellen t in  som e less-h in d e red  cases, th is  m e th o d , as  re
p o r te d ,6 g a v e  on ly  a  9 %  c leav ag e  of th e  h in d e red  k e to n e , cam phen ilone .

(19) J .  W . W ilt  a n d  H . P h ilip , J .  Org. Chem ., 24, 616 (1959); J . W . W ilt 
a n d  D . D . R o b e rts , ib id ., 27, 3434 (1962).

(20) G. G . L y le, R . A. C ov ey , a n d  R . E . L y le , J .  A m er . Chem. Soc., 76, 
2713 (1954).

(21) M acK e n z ie , et a l . , z re p o r te d  t h a t  th is  cyc lohexy l hom olog  fa iled  to  
r e a c t w ith  m e th y l G rig n a rd  re a g e n t u n d e r  th e  co n d itio n s  t h a t  th e y  used  fo r 
th e  cy c lo p en ty l case.

(22) S. C . B u n ce  a n d  J . B . C loke, J .  A m er . Chem . Soc., 76, 2244 (1954).
(23) S . E . W ib erley  a n d  S. C . B unce , A n a l. Chem ., 24, 623 (1952).

7,7-Dicarbomethoxycycloheptatrienela

J e r o m e  A . B e r s o n , D o n a l d  R .  H A R T T E R ,lb 
H a r r i e t  K l i n g e r , a n d  P .  W .  G r u b b

Department of Chemistry, University of Wisconsin,
Madison, Wisconsin

Received October SO, 1967

Although substitution of cyano groups at C-7 
shifts the cycloheptatriene (l)-norcaradiene (2) equilib
rium constant in favor of the bicyclic valency tauto
mer,2 this structural feature does not seem to be re
quired for the existence of a stable norcaradiene (c/. 
the 2,5,7-triphenyl derivative3). As a point on the

(1) (a) T h is  w ork  w as s u p p o r te d  in  p a r t  b y  th e  N a tio n a l  S cience  F o u n d a 
t io n  a n d  th e  A ir F o rce  O ffice of S cien tific  R esea rc h , (b ) N a tio n a l In s t i tu te s  
of H e a lth  P o s td o c to ra l Fellow , 1966-1967.

(2) E . C iganek , J .  A m er. Chem. Soc., 8 9 , 1454 (1967).

5 5

1 2

developing but still incompletely understood plot of 
substitution pattern vs. structure in this series, we re
cord the properties of 7,7-dicarbomethoxycyclohep- 
tatriene. The syntheses of this sensitive substance 
and other tropilidene derivatives are carried out by 
methods that should be widely applicable to members 
of this class.

The synthetic approach to the tropilidene ring 
system is by cyclopropanation of a dihydrobenzene, 
essentially as in the method so effectively developed 
by Vogel and his coworkers.4 However, the oxidation 
state of the resulting norcarene, which has been 
adjusted in previous syntheses4 by addition of bromine 
to the double bond and dehydrohalogenation with 
amines or alcoholic alkali, involves procedures that 
are unsuitable to some of the cases of interest to us. 
For example, addition of bromine to norcarenes with 
a syn-7-carbomethoxy group leads either to complex

3a,R=H; X = Y = C02CH3
b , R = CH3;X = Y  = C02CH3
c ,  R =  H;X =  CN;Y = C02CH3

mixtures in the case of 3 a or to a bromolactone rather 
than to the desired dibromide in the case of 3b. Al
though a dibromide, mp 136°, can be obtained from 
the cyano ester 3c with CsHiN +Br3y/HOAc, dehy
drohalogenation leads again to a complex mixture.

7,7-Dicarbomethoxynorcar-3-ene (4), prepared from 
the photolysis of methyl diazomalonate in 1,4-cyclo- 
hexadiene,6 when treated with selenium dioxide in 
aqueous dioxane gives a mixture of the allylic alcohols 
5 and 6 in the ratio 86; 14 as determined by nuclear 
magnetic resonance (nmr) analysis. The same two 
alcohols are obtained (17:83 ratio) by oxidation of the 
isomeric diester 7, prepared from 1,3-cyclohexadiene 
(see Scheme I). Although direct acid-catalyzed de
hydration of these alcohols fails, conversion into 
bromides (PBr8/CCl4) and treatment with sodium 
methoxide gives 7,7-dicarbomethoxycycloheptatriene 
8. Dehydrogenation of 7 (with N-bromosuccinimide in 
CCh), or of 4 (with dicyanodichloroquinone in ben
zene), also gives 8 directly in yields of about 30%, but 
the substance is accompanied by unreacted starting 
material and aromatization product (phenylmalonic 
ester), from which it is difficultly separable. The 
method of choice in this case involves reaction of the 
mixture of alcohols 5 and 6 with p-bromobenzenesul- 
fonyl chloride in 2,6-lutidine at 0-20°. Isolation by 
chromatography gives 8, mp 45-45.5°, in yields of 
25-30%. The synthesis of 3,7,7-trimethylcyclohep- 
tatriene 10, which is much less subject than 8 to aro-

(3) T . M u k a i, H . K u b o ta , T . T o d a , Tetrahedron Lett., 3581 (1967).
(4) E . V ogel, W . W ied em an n , H . K ie fe r, a n d  V . F . H a rr iso n , ib id ., 673 

(1963), a n d  s u b se q u e n t p ap e rs .
(5) F o r  th e  co rresp o n d in g  d ie th y l es te r , see  H . M u sso  a n d  U . B ie th a n , 

Chem. B er., 97, 2282 (1964).
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Scheme I

matization, is accomplished in about 60% yield by the 
direct dicyanodichloroquinone dehydrogenation of 3- 
carene (9).

X > C H , ^  C ^ H l
c h 3 c h 3

9 10

The ultraviolet spectrum [Xma°H 258 m/r (« 3120)], 
of compound 8 corresponds to that of a cyclohepta- 
triene6 7 rather than a norcaradiene, for which absorp
tions in the regions near 235 and 275 mp are expected.2,7 
The nmr spectrum at +35° in CDCU shows absorp
tions of the C-2, C-3, C-4, and C-5 protons as a multi- 
plet between r 3.44 and 3.95, those of the C-l and C-6 
protons as a multiplet (broadened doublet) between
4.9 and 5.3, and those of the methoxyl protons as a 
singlet (wi/2 = ca. 1 cps). At —35°, the methoxyl absorp
tion remains sharp, but the separation between it and the 
center of gravity of the C-l-C-6 absorption decreases by 
about 0.2 ppm. If it is assumed that 8 and its norcara
diene valency tautomer 11 have methoxyl resonances

/ = \ / C 0 2CH3 C02CH3
C02CH3

8 11

with fortuitously close chemical shifts, the upheld 
movement of the C-l-C-6 absorption at low temperature 
could be compatible with a small change in the composi
tion of a rapidly interconverting equilibrium mixture of 
the two isomers. The possibility that the temperature 
effect has some other origin is the subject of a more 
thorough nmr study. It is already clear from the 
present data, however, that the substance exists largely 
as the cycloheptatriene 8.7a

At or above 100° in CDC13 solution, 8 aromatizes to 
dimethyl phenylmalonate (98% yield) in a few hours. 
Since the most plausible mechanism for aromatiza- 
tion involves preliminary cycloheptatriene —► nor
caradiene isomerization,6“8 the facility of aromatiza- 
tion of 8 compared with that of cycloheptatriene (which

(6) Cf. J . A. B erson  a n d  M . R . W illc o tt, I I I ,  J .  A m er. Chem. Soc., 8 8 , 2494 
(1966), a n d  references  c ited  th e re .

(7) J . A. B erson , P . W . G ru b b , R . A. C la rk , D . R . H a r t te r ,  a n d  M . R . 
W illc o tt, I I I ,  ib id ., 8 9 , 4076 (1967).

(7a) N o t e  A dd ed  in  P r o o f .— H . G ü n th e r  a n d  M . G ö rlitz , U n iv e rs ity  of 
C ologne, h a v e  ca rried  o u t  a  lo w -te m p e ra tu re  s tu d y  of th e  n m r  sp e c tru m  
w h ich  p e rm its  d ire c t o b se rv a tio n  o f  b o th  iso m ers. A t —139°, th e  in te rc o n 
v e rs io n  is  s low  enough  to  p re v e n t a v e ra g in g  o f  th e  ch e m ic a l sh if ts . D e ta ils  
w ill b e  g iv en  in  a  s e p a ra te  p a p e r  b y  th e se  a u th o rs , to  w hom  w e a re  in d e b te d  
fo r a d v a n c e  in fo rm a tio n .

(8) W . G . W 'oods, J . Org. Chem ., 2 3 , 110 (1958).

aromatizes very slowly below 300°) is consistent with a 
smaller energy difference between the norcaradiene 
and the cycloheptatriene forms in the dicarbomethoxy 
series (8 ^ 1 1 )  than in the unsubstituted (1 ^  2) case.

Experimental Section9
7,7-Dicarbomethoxybicyclo[4.1.0]hept-3-ene (4).—A mixture of

17.2 g (0.109 mol) of dimethyldiazomalonate10 and 50 g of 1,4- 
cyclohexadiene was diluted to 200 ml with benzene and irradiated 
through a Pyrex filter with a 450-W Hanovia ultraviolet lamp for 
23 hr. Chromatography on neutral alumina gave 21 g of crude 
product which after recrystallization from pentane gave 16.5 g 
of material of mp 66-67°. The nmr spectrum showed absorptions 
for vinyl protons (2 H) at r 4.66 (broad singlet), exo- and endo- 
carbomethoxy protons (6 H) as sharp singlets at 6.35 and 6.45, 
respectively, methylene protons at 7.55 (broad singlet), and 
bridgehead protons at 3.13 (broad singlet).

Anal. Calcd for CnHuCh: C, 62.85; H, 6.71. Found: C, 
63.00; H, 6.64.

7.7- Dicarbomethoxybicyclo[4.1.0]hepten-2-ene (7) was pre
pared in a similar manner from 1,3-cyclohexadiene. It had mp 
40-42° (pentane). The nmr spectrum showed absorptions for 
vinyl protons (2 H) at t 4.08 to 4.67 (complex quartet), exo- and 
endo-carbomethoxy protons as sharp singlets at 6.40 and 6.45 
(6 H), and methylene and bridgehead protons at 7.58-8.52 
(broad multiplet, 6 H).

Anal. Calcd for C11H14O4: C, 62.85; H, 6.71. Found: C, 
62.88; H, 6.74.

7.7- Dicarbomethoxybicyclo[4.1.0]hept-3-en-2-ol (5).—To a 
solution of 4.00 g (19.0 mmol) of 7,7-dicarbomethoxybicyclo-
[4.1.0]hept-3-ene in 40 ml of 50% aqueous dioxane was added 
dropwise over a period of 90 min a solution of 2.23 g (20.0 mmol) 
of selenium dioxide in 30 ml of 50% aqueous dioxane. The mix
ture was stirred at 83° for 20.5 hr, cooled, filtered, diluted with 
ether, and washed with water. The ether layer was dried over 
sodium sulfate, and the solvent was removed to give 3.99 g of a 
viscous yellow oil. Chromatography on 120 g of Woelm basic 
alumina (activity IV) gave 1.45 g of a mixture of allylic alcohols 
(40% yield based on 600 mg of starting material recovered) 
which nmr analysis showed to consist of 14% 7,7-dicarbomethoxy- 
bicyclo[4.1.0]hept-2-en-4-ol (6) and 86% of 7,7-dicarbomethoxy- 
bicyclo[4.1.0]hept-3-en-2-ol (5). Repeated chromatography on 
alumina separated the two isomers, the A2-alcohol (6) emerging 
first.

The A3-alcohol 5 (probably a mixture of C-2 epimers), after 
bulb-to-bulb distillation at 135° (0.2 mm), showed nmr absorp
tions for vinyl protons (2 H) at t  4.44 (broad singlet), a-hydroxyl 
proton (1 H) at 5.57, exo- and endo-carbomethoxy protons (6 H) 
at 6.31 and 6.42 (sharp singlets), methylene protons (2 H) at 
7.43, and bridgehead protons (2 H) at 8.00.

Anal. Calcd for CnHu0 5: C, 58.40; H, 6.24. Found: C, 
58.31; H, 6.36.

7,7-Dicarbomethoxybicyclo[4.1.0]-hept-2-en-4-ol (6) was 
prepared in a similar manner from 7. The mixed allylic alcohols

(9) N m r sp e c tra  w ere  ta k e n  in  CCI, o r C D C I3 so lu tio n s  w ith  th e  V a rian  
A -60-A  o r  H A -100  in s tru m e n ts . C hem ica l s h if ts  a re  r e la tiv e  to  in te rn a l 
te tra m e th y ls ila n e  a t  r  10.00. M ic ro a n a ly se s  a re  b y  S p an g  M ic ro a n a ly tic a l 
L a b o ra to r ie s .

(10) M . R eg itz , Chem. B er., 9 9 , 3128 (1966).
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(24% yield based on recovered starting material) consisted of a 
17:83 mixture of 5 and 6 from which 6 was isolated by chroma
tography. Its nmr spectrum showed absorption for vinyl protons 
at t  3.92-4.57 (2 H) as an AB quartet, a-hydroxy proton (1 H) 
at 6.2, carbomethoxy protons at 6.32 and 6.37 (6 H) as sharp 
singlets, and methylene and bridgehead protons as a broad 
multiplet from 7.1 to 8.5.

Anal. Calcd for C11H14O5: C, 58.40; H, 6.24. Found: C, 
58.55; H, 6.36.

7.7- Dicarbomethoxycycloheptatriene (8).—To a mixture of the 
allylic alcohols (1.34 g, 5.90 mmol, 80% 5 and 20% 6) dissolved 
in 20 ml of dry 2,6-lutidine was added dropwise at 0° a solution 
of 4.50 g (17.7 mmol) of p-bromobenzenesulfonyl chloride in 5 
ml of 2,6-lutidine. After 20 hr at room temperature, the mixture 
was treated with 20 ml of water and extracted with ether. The 
extract was washed successively with 10% hydrochloric acid, 
water, and sodium bicarbonate solution, dried over sodium 
sulfate, and evaporated to give 692 mg of a viscous yellow oil. 
Chromatography on 20 g of Woelm basic alumina (activity IV) 
gave a total of 387 mg of partially crystalline material which 
consisted mainly of 8 contaminated with a few per cent of di
methyl phenylmalonate. Recrystallization from pentane- 
ether gave 322 mg of colorless prisms, mp 45-45.5°. The yield 
based on starting material (112 mg recovered) was 28%.

Anal. Calcd for C11H12O4: C, 63.45; H, 5.81. Found: C, 
63.54; H, 5.87.

The 60-Mc nmr spectrum in CCU showed the C-2, C-3, C-4, 
and C-5 protons as a multiplet from r 3.44 to 3.95, the C-l 
and C-6 protons as an unresolved doublet from 4.90 to 5.30, and 
the six carbomethoxy protons as a sharp singlet at 6.37. The 
spectrum at —35° is described in the discussion section.

3.7.7- Trimethylcycloheptatriene was formed when 1.3 g (9.9 
mmol) of 3-carene was added to a solution of 2.27 g (10 mmol) 
of dichlorodicyanoquinone in 10 ml of dry ether, and the mixture 
was heated at reflux for 30 min. Ether was removed on a rotary 
evaporator. Pentane was added to the residue, the precipitated 
solid was filtered off and extracted with pentane in a soxhlet, 
and the filtrate was evaporated to give 0.83 g of material which 
nnr analysis showed to be about 90% 3,7,7-trimethylcyclo- 
heptatriene 10 contaminated with some 3-carene. Vapor chro
matographic isolation gave pure 10, which had an infrared spec
trum identical with that of an authentic sample.6

Registry No.—4, 15833-41-7; 5, 15833-42-8; 6, 15833-
43-9; 7, 15833-44-0; 8, 15833-45-1.

/3,'y-Unsaturated Acids and Esters by 
Photochemical Isomerization of a ,6 Congeners1,2

R. R. R a n  d o  3 a n d  W. v o n  E. D o e r i n g

Kline Chemistry Laboratory, Yale University,
New Haven, Connecticut 06520, and 

Conant Laboratory,l Harvard University,
Cambridge, Massachusetts 02138

Received August 24, 1967

/3,7-Unsaturated acids and esters have been less 
readily available than their a,;S-unsaturated relatives, 
for which several convenient methods of synthesis are 
available.5,6 Although it is well known that j8,T

(1) T a k e n  in  p a r t  from  th e  d is s e r ta tio n  o f R . R . R a n d o  s u b m it te d  in  p a r 
t ia l  fu lfillm en t of th e  re q u ire m e n ts  fo r th e  P h .D . D eg ree , Y a le  U n iv e rs ity , 
D ec  1966.

(2) T h is  w o rk  w as s u p p o r te d  in  p a r t  b y  R e se a rc h  G ra n t  G P -0959  to  Y a le  
U n iv e rs ity  b y  th e  N a tio n a l S cience F o u n d a tio n .

(3) R . R . R a n d o  expresses h is  g r a t i tu d e  to  th e  N a tio n a l  I n s t i tu te s  of 
H e a lth  fo r th e  aw a rd  of a  p re d o c to ra l fellow ship , 1963-1966 , a n d  a  p o s td o c 
to ra l fellow ship  (H a rv a rd  U n iv e rs ity ) , 1966-1967.

(4) W h e re  in q u irie s  sh o u ld  b e  ad d re ssed .
(5) E . H . R o d d , E d ., " C h e m is try  of C a rb o n  C o m p o u n d s ,”  V ol. 1, E lse v ie r  

P u b lish in g  C o., A m s te rd a m , 1951, p p  624—626; W . S. Jo h n so n , Org. Reac
tions, 1 , 252 (1942).

(6) W . S. W a d sw o rth  a n d  W . D . E m m o n s , J .  A m er. Chem . Soc., 83, 1733 
(1961).

isomers can be brought into equilibrium with their 
a,(3 congeners by catalysis with acid or base,7 8 9 10 this 
method is based on thermodynamic control and 
suffers as a general synthetic method from wide vari
ability with structure of the maximum attainable 
yield.

As a partial solution to the problem of synthesizing 
d,7-unsaturated acids, we offer the photochemical 
isomerization of acyclic a,/3-unsaturated acids or esters. 
This method is analogous to the related isomerization 
of a,d-unsaturated ketones and aldehydes.8-12 The 
work also finds close parallels in the photochemical 
studies on the ionones11 12 and in studies of the photo
chemical behavior of certain conjugated esters by 
Jorgenson.13

The conjugated acids and esters shown in Scheme I 
were irradiated as 2-5% solutions in saturated hydro
carbons, methanol, or in ethyl acetate with an un-

S c h e m e  I
R2 0  R2 O
I 11 I 11

RiCHCH^CHCOA Au R1C=CCH2COA
cis +  trans cis + trans

C o m p o u n d R i R i A

1 c h 3 c h 3 CîHs
2 c h 3 H c h 3
3 H H c h 3
4 7!-G3Hi3 H H
5 7I-C7H15 H H
6 n-CnH.s H H

filtered 450-W Hanovia Type L lamp. Although the 
maximum absorption of the conjugated derivatives 
lies about 210 nm, there is still adequate absorption 
at 253.7 nm mercury line to permit the isomerization. 
With a Pyrex filter, which absorbs irradiation below 
300 nm, there is no isomerization. Typical results 
are shown in Table I.

T a b l e  I
I r r a d i a t i o n  o f  oî,;3 -IJ n s a t u r a t e d  A c i d s  a n d  E s t e r s

R eacn %
C om pd tim e , h r S o lv en t c is /tra n s y ie ld “

1 5 Pentane 85
2 5 Pentane b 85
3 12 Pentane 20c
4 18 Pentane 0.5 94
5 18 Hexane 0.5 95*
6 18 Hexane 0.5 9 5 d ‘‘

“ Based on starting material (% conversion). b Not deter-
mined. e Remaining material isolated as 50% methyl crotonate 
and 30% methyl isocrotonate. d Also carried out in methanol 
with similar results. * This experiment was conducted by Dr. 
S. Safe and is included here with his generous permission.

(7) See, fo r exam ple, E . B o o rm a n  a n d  R . P . L in s te a d , J .  Chem . Soc ., 258 
(1935), a n d  ea rlie r  references, o r  G . K o n , R . P . L in stead , a n d  G . M aclen n en , 
ib id ., 2454 (1932).

(8) N . C . Y an g  a n d  M . J . Jo rg en so n , Tetrahedron Lett., 1203 (1964).
(9) H . W ehrli, R . W enger, K . S chaffner, a n d  O. Jeg e r , H elv. C h im . A c ta ., 

46, 678 (1963).
(10) C . A. M cD ow ell a n d  S. S . S ifn iades, J .  A m er. Chem. Soc., 84, 4606 

(1962).
(11) M . M o u ssero n -C a n e t, M . M o u ssero n , a n d  P . L egend re , B u ll. Soc. 

C him . F r., 1509 (1961).
(12) K . J . C row ley , R . A. S chneider, a n d  J .  M ein w ald , J .  Chem. Soc., Sect. 

C, 571 (1966).
(13) M . J . Jo rg en so n , Chem. C om m un., 137 (1965).
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The reaction proceeded approximately twice as 
rapidly in methanol as in the hydrocarbon solvents. 
In cases where cis,trans mixtures of the products were 
formed it was found that the esters could easily be 
separated by preparative tic on AgNCh-SiCh plates 
using 1 % ether-hexane as the eluent. Since relatively 
large amounts of the cis products are formed, this syn
thetic route affords a reasonable method for obtaining 
the cis as well as the trans isomers.

Upon work-up virtually no remaining conjugated 
a,/3-unsaturated isomers can be detected. When 
ethyl acetate was used as the solvent, not even trace 
amounts of the conjugated isomers could be detected 
(<0.1%) when the reaction was completed. Ethyl 
acetate, of course, filters out any light that the /3,7 
isomers might absorb. The high yield of unconjugated 
isomers depends on the fact that the integrated absorp
tion of the unconjugated isomers above 200 nm is es
sentially zero while that of the conjugated isomers, if 
weak by customary standards, is much greater.14

In a reasonable mechanism, similar to that proposed 
by Yang and Jorgenson8 for the photochemical isomeri
zation of a,/3-unsaturated ketones, it is hypothesized 
that the 7-hydrogen atom migrates to the carbonyl 
oxygen by means of an intramolecular, pseudo-cyclic 
transition state. This hypothesis requires the avail
ability of the ws-geometrical isomer. That this re
quirement can be satisfied photochemically is shown 
in the study of ethyl 4-methyl-2-pentenoate, in which 
photochemical interconversion of the trans and cis iso
mers occurs more rapidly than the formation of the /3,-y

RSCHS

K '
" c = c ;

vC02R'
hr.

S c h e m e  II 

R._

H-
R - 'C < £ jP c-O R ' -'o’-

H

R M
c = c C

R /  ^ C = C  
H-

_fi/O H

'OR'

OR \  /H  
r -^ ^C H 2—C—OR'

isomer. Scheme II illustrates only the type of geometri
cal requirement imposed on the reaction. Whether a 
two-electron concerted process or a radical intermediate 
is involved is not known.

This hypothesis leads to the prediction that examples 
in which a prior isomerization of trans isomer to cis is 
hindered or impossible, the reaction should proceed 
at a very slow rate, if at all. This prediction is borne 
out in an experiment in which methyl 1 -cyclohexene- 
carboxylate is found to be completely inert to photo
isomerization. In this system a cis transition state 
would require the introduction of a prohibitively 
strained trans double bond into a six-membered ring. 
How inviolate this restriction will turn out to be must 
await further testing. I t should be pointed out that 
the restriction does not appear to apply to a,/3-un- 
saturated ketones; at least not in the example un
covered by Wehrli, et aV

(14) H . H . Jaffé and M . Orchin, “ T h eory and P ractice  of U ltr a v io le t
S pectroscop y,"  John W iley  and Sons, Inc ., N ew  Y ork, N . Y ., 1962, pp 2 1 8 -
219.

Experimental Section

Infrared spectra were recorded on a Perkin-Elmer Model 421 
spectrophotometer. Nmr spectra were recorded on a Varian 
Model A-60 analytical nmr spectrometer. The spectra were 
taken in carbon tetrachloride solutions. The cis,trans mixtures 
of the y-methyl esters were separated by preparative tic on 
10% silver nitrate-Adsorbosil I (Si02) with 1 % ether-hexane as 
the eluent. Excellent separations of the conjugated from the 
nonconjugated esters could be effected with either a 5-ft, 20% 
silicon oil column (SP 96) on 60-80 mesh firebrick or on a 
4-m, 15% diethylene glycol succinate on a 40-60 mesh Kiesel- 
guhr column. As the reaction times and work-up procedures 
utlized in the preparations of the 3-decenoic acids, 3-undecenoic 
acids, and 3-hexadecenoic acids were identical, only one procedure 
is included. The photolyses were conducted with an unfiltered 
Hanovia Type L lamp at room temperature. It should be noted 
that the reaction times are quite dependent on the age of the 
lamp in use. For example, trans-2-decenoic acid could be com
pletely converted into the A3 isomers in 2 hr with a brand new 
lamp.

Photolyses. A. Ethyl 4-Methyl-2-pentenoate.—A mixture of 
the cis and trans isomers (trans predominant) was synthesized 
by the method of Wadsworth and Emmons.6 The esters (1.5 g, 
0.011 mol) were dissolved in 125 ml of pentane in a 150-ml 
Pyrex well. A Hanovia quartz immersion well with a Type L 
lamp was set in place and the photolysis was commenced at 
room temperature. An aliquot of the reaction mixture was 
removed after 2 hr of reaction time and analyzed by glpc (silicon 
oil column, column temperature = 120°). A striking buildup of 
the cis conjugated ester was observed to occur. The reaction was 
terminated after a total of 5 hr of reaction time. The pentane 
was removed affording 1.3 g (86% of theoretical yield) of a liquid 
whose nmr and infrared spectra completely identified it as the 
(3,7-unsaturated ester. Distillation of this material afforded 1.2 
g of the ester without leaving behind noticable polymeric residue. 
The reaction product was shown to be homogeneous by glpc 
analysis. The compound showed infrared absorption at yCcu, 
738 cm-1 and nmr absorption at 8.28 (s of relative area 3), 
8.40 (s of relative area 3), 4.75 (m of relative area 1), and 7.1 
ppm (d of relative area 2) on the r scale.

B. Methyl 2-Pentenoate.—A synthetic mixture of cis- and 
(rcms-methyl 2-pentenoate6 was photolyzed as described above 
to afford the methyl 3-pentenoates in the yield reported. The 
products were identified by their nmr and infrared spectra: 
Yccu, 3040, 1740 cm-1; nmr bands, 4.3 (m of relative area 2), 
6.37 (s of relative area 3), 7.1 (m of relative area 2), and 8.32 
ppm (m of relative area 3).

C. Methyl Crotonate.—Methyl crotonate (2.5 g, 0.025 mol) 
was dissolved in 220 ml of dry pentane and photolyzed in the 
normal manner for 12 hr.16 The pentane was removed leaving 2.1 
g (0.021 mol) of a faint yellow liquid. Vapor phase chromatog
raphy of this material on the silicon oil column showed the pres
ence of three compounds isolated in the ratios of 2.5:1.4:1.0. 
The major product proved to be the unreacted starting material. 
The intermediate proved to be the cis isomer, methyl isocrotonate, 
and the minor product proved to be the /3,7-unsaturated isomer, 
methyl 3-butenoate. Methyl isocrotonate was identified by 
comparison with authentic material, whereas methyl 3-butenoate 
was identified by its infrared and nmr spectra: tccu. 1745 cm-1; 
nmr, 4.3 (m of relative area 1), 4.8 (m of relative area 1), 5.05 
(m of relative area 1), 6.4 (s of relative area 3), and 7.1 ppm (d of 
relative area 2).

D. Methyl 1-Cyclohexenecarboxylate.—Methyl 1-cyclo- 
hexenecarboxylate was synthesized by the method of Fichter 
and Simon.16 Photolysis of the ester (3.0 g, 0.021 mol) in 220 
ml of pentane in the usual manner for 7 hr afforded 2.8 g, 0.02 
mol of starting material as deduced from its homogeneity on the 
silicon oil and diethylene glycol succinate columns and its in
frared and nmr spectra.

E. ¿rans-2-Decenoic Acid.—Commercial ¿rons-2-decenoic acid 
(Aldrich Chemical Co.) (4.0 g, 0.021 mol) was dissolved in 220 
ml of pentane and photolyzed in the usual manner for 18 hr. 
Removal of the solvent afforded 3.95 g of a colorless oil whose 
nmr and infrared spectra identified it as being the d.y-unsaturated 
ester(s). An aliquot of this material was esterified with diazo
methane. The methyl esters were analyzed on the silicon oil

(15) P . J . K ro p p  a n d  H . J .  K ra u ss , J .  Org. C hem ., 3 2 , 3222 (1967).
(16) F . F ic h te r  a n d  C . S im on , H elv. C h im . A c ta , 1 7 , 1218 (1934).
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column at column temperature of 120°. One major peak was 
observed having the same retention time as an independently- 
synthesized mixture17'18 of the cis- and trans-P,y esters. A peak 
amounting to 1% of the /3,7 peak was also observed having the 
same retention time as the trans-a,\3 ester. When the photolysis 
was run in ethyl acetate this peak was not observed. That the 
main peak was indeed a mixture of the trans- and cis- @,y isomers 
was shown by preparative tic on AgN03-Si02 eluting several times 
with 1%  ether-hexane. The trans-f),y predominated by a factor 
of 2 over the cis and traveled closest to the solvent front. 
Both isomers were identified by comparing their infrared spectra 
with those of authentic samples, prepared independently.

system in III (R = H) underwent unwanted isomeriza
tion.7

Accordingly, we chose to investigate alternate pro
cedures in the sequence for the formation of the 17/3- 
acetoxy, 17a-ethinyl moiety.

The formation of this moiety during the éthinyla
tion reaction of the ketone II appeared possible since 
an oxyanion may be considered to be a generated 
species and might be available for rapid acylation.

Registry No.—1 (cis), 15790-85-9; 1 (trans), 15790- 
86-0; 2 (cis), 15790-87-1; 2 (trans), 15790-88-2; 3 (cis), 
4358-59-2; 3 (trans), 623-43-8; 4 (cis), 15790-91-7; 4 
(trans), 334-49-6; 5 (cis), 15790-93-9; 5 (trans), 15790- 
94-0; 6 (cis), 2825-68-5; 6 (trans), 929-79-3.

(17) M . N ew m an  a n d  J . J . W o tiz , J . Am er. Chem . Soc., 71, 1292 (1949).
(18) R . P . L in stead , E . G . N o b le , a n d  E . J . B oo rm an , J .  Chem. Soc., 557 

(1933).

i l
N a* C = C H - 

a p ro t ic  
so lv en t

A Concomitant Ethinylation 
and Esterification Reaction

E l l i o t  S h a p i r o , L a w r e n c e  F i n c k e n o r , 
a n d  H e r s h e l  L .  H e r z o g

Natural Products Research Department,
Schering Corporation, Bloomfield, New Jersey

Received September 8 , 1967

The preparation of 10/3-hydroperoxy steroids, such 
as 10/3-hydroperoxy-17a-ethinyl-17/3-hydroxy-4-estren-
3-one (I, R = H), has been reported from these 
laboratories.1 Tests in rats have shown that I (R = 
H) is a potent contraceptive agent acting by a novel 
biological mechanism.2 In view of the marked anti
conception activity ascribed to ethynodiol diacetate
(VI)3 and ethindrone acetate (V, R = CH3CO),4 both 
containing a 17/3-acetoxy function, it was decided to 
prepare the ester analog of I (R = H).

The process used for the preparation of I (R = H) 
(see Scheme I) was considered to be adaptable 
for the preparation of I (R = CH3CO). However, 
neither 3-methoxy-17 a-ethiny 1-2,5(10) -estradien-17/3-ol 
(III, R = H) nor 17a-ethinyl-17/3-hydroxy-5(10)- 
estren-3-one (IV, R = H) were found to be useful sub
strates for acetylation. Although the 17,0-tertiary 
hydroxy was relatively easily esterifiable by hot acetic 
anhydride5 or by acetic anhydride with acid ca
talysis,6 the reactive 3-keto-A6<10) system in IV (R = 
H), essential for the hydroperoxidation, and the diene

(1) (a) E . L . S hap iro , T . L e g a tt ,  a n d  E . P . O live to , Tetrahedron L ett., 663 
(1964); (b) U . S. P a te n t  3 ,280,157 (O ct 18, 1966).

(2) (a) A. S. W a tn ic k , J .  G ibson , M . V inegra, a n d  S. T o lk sd o rf, J .  E ndo
crinol., 33 , 241 (1965); (b) A. S. W a tn ic k , S. T o lk sd o rf, J . K osierow sk i, a n d  
I. A. T a b a c h n ic k , E x c e rp ta  M ed ic a  In te rn a tio n a l C ongress Series N o . I l l ,  
I l n d  In te rn a tio n a l C ongress on  H o rm o n a l S te ro id s, M ila n , M a y  2 3 -28 , 1966, 
P a p e r  N o . 123.

(3) G . P in cu s , C . R . G arc ia , M . P an ia g u a , a n d  J .  S h ep a rd , Science, 138, 
439 (1962).

(4) E . M eers, In te rn . J .  F ertility , 9 , 1 (1964); H . C. W alser, R . R . M ar- 
gulis, a n d  J . E . L a d d , ib id ., 9 , 189 (1964).

(5) (a) L. R u z ick a  a n d  K . H o fm an n , Helv. C him . A cta , 20 , 1280 (1937); 
(b) C. W . S hoppee a n d  D . A. P r in s , ib id ., 26 , 185 (1943). In  th e se  references 
th e  co n fig u ra tio n  of th e  h y d ro x y  fu n c tio n  is /3.

(6) I. I r ia te , C. D je rass i, a n d  H . J . R ingo ld , J .  A m er. Chem. Soc., 81 , 436 
(1959).

Various solvent systems are known for carrying out 
the ethinylation of ketones; these include liquid 
ammonia and ¿-butyl alcohol. We considered that a 
preferred solvent system would be one wherein the 
availability of protons was low or nonexistent so that 
the solvent would react at a slow rate, if at all, with 
the esterification reagent and discharge at a slow rate, 
if at all, the oxyanion of “A.” Dimethylformamide 
was considered to be such a solvent.8

Accordingly, II wTas treated with sodium acetylide9 
in dimethylformamide at room temperature. After 
15 min, acetic anhydride was added to the reaction 
medium. After an additional minute, isolation of the 
reaction product afforded an excellent yield of 3- 
methoxy-17a-ethinyl-2,5(10)-estradien-17/3-ol 17-ace- 
tate (III, R = CH3CO). This concomitant esterifica
tion could also be accomplished with tetrahydrofuran 
as the solvent.10 In our opinion, this method con
stitutes a facile procedure for the esterification of 
the important steroid hormone class which bears the 
17/3-OH-17a-alkinyl grouping.

Proof of structure of III (R = CH3CO) was effected 
by conversion of III (R = CH3CO) with oxalic acid 
into 17a-ethinyl-17/3-hydroxy-5(10)-estren-3-one 17-ace- 
t.ate (IV, R = CH3CO) which then, with hydrochloric 
acid, was converted into the known 17a-ethinyl-17/3- 
hydroxy-4-estren-3-one 17-acetate (V, R = CH3CO).u

In view of the ready esterification via the presumed 
species “A,” it was felt that this same species could 
also be made available for esterification by base treat
ment of III (R = H). However, when III (R = H) 
was treated with potassium i-butoxide in dimethyl
formamide and then with acetic anhydride, the ethinyl

(7) T h e  fo rm a tio n  of I I I  (R  =  C H 3CO) from  I I I  (R  =  H ) u s ing  ace tic  
a n h y d r id e  a n d  p y rid in e  is rep o rte d  in  B r it is h  P a te n t  922,877 (A pril 3, 1963), 
a l th o u g h  no p h y s ica l co n s ta n ts  a re  n o te d . I n  o u r  h a n d s  th e  p ro ced u re  was 
u n s a tis fa c to ry  b ec au se  of s u b s ta n t ia l  loss of th e  d iene  sy s te m  in  r in g  A.

(8) C. B u rgess, D . B u n n , P . F e a th e r , M . H o w a rth , a n d  V. P e tro w  [Tetra
hedron, 22 , 2829 (1966)] re p o r t  e th e rif ic a tio n  w ith  m e th y l io d id e  in  a  soda- 
m id e -liq u id  a m m o n ia  m ed ium .

(9) J . A. C am pbell, J . C. B abcock , a n d  J . A. H ogg, J . A m er. Chem. Soc., 
80, 4717 (1958).

(10) W e w ish to  th a n k  R . G rocela  a n d  N . M u rr ill of th e  P rocess  R esea rch  
D ev e lo p m en t D e p a r tm e n t fo r ca rry in g  o u t th is  ex p e rim en t.

(11) C o m p a re  re f  6, w h ere in  V (R  =  C H 3CO ) w as p re p a re d  from  V- 
(R  =  H ) b y  ac id  es te rif ica tio n  to  1 7 a -e th in y l-3 ,5 -e s trad ie n e-3 ,1 7 -d io l 3,17- 
d ia c e ta te  follow ed b y  ac id  hyd ro ly sis .
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R=H
R=CH3CO

S c h e m e  I

I. V VI

moiety present in III (R = H) was extruded, and 
an excellent yield of the 17-ketone II was obtained.12

The /3,7-unsaturated ketone IV (R = CH3CO), 
which had been obtained by oxalic acid hydrolysis 
of the 17-acetate III (R = CH3CO), was converted by 
oxygenation into 17a-ethinyl-17/3-hydroxy-10/3-hydro- 
peroxy-4-estren-3-one 17-acetate (I, R = CH3CO), 
and thus our principal objective was attained.

Experimental Section13

3-Methoxy-17a-ethinyl-2,5(10)-estradien-17/3-ol 17-Acetate 
(III, R =  CH3CO). A.— 3 -M eth o x y -2 ,5 (1 0 )-e s tra d ien -1 7 -o n e
( I I )  (40 g ) w as d isso lved  in  800 m l of d im e th y lfo rm am id e  a n d  
s t i r r e d  u n d e r  a n  a rg o n  a tm o sp h e re . T o  th e  re a c tio n  m ix tu re  
w as a d d e d  13.41 g  of so d iu m  a e e ty lid e  (2 e q u iv ; 74 .5  m l o f 18%  
so d iu m  a e e ty lid e 14 in  x y len e  fro m  w h ich  th e  x y lene  w as p a r tia l ly  
re m o v e d  b y  c e n tr ifu g a tio n ) ,  a n d  th e  re a c tio n  w as s t i r r e d  a t  room  
te m p e ra tu re ,  u n d e r  a rg o n , fo r 15 m in . W ith  ra p id  a g ita tio n , 
19.78 m l of a c e tic  a n h y d rid e  (1 .5  e q u iv )  w as a d d e d  a n d  s t ir re d  
fo r  1 m in . T h e  re a c tio n  m ix tu re  w as p o u re d  in to  8  1. of w a te r  
c o n ta in in g  240 g  o f so d iu m  c h lo rid e , a n d  th e  re su ltin g  m ix tu re  
w as ra p id ly  a g ita te d  fo r 2  h r ;  th e  p re c ip ita te  w as th e n  se p a ra te d  
b y  f ilt ra tio n  a n d  a ir  d ried  to  y ie ld  a  so lid  w h ich  c o n sisted  essen
tia lly  of I I I  (R  =  CH3CO) as m ea su re d  b y  tic  (silica  gel, ch lo ro 
fo rm -b e n z e n e  3 :1 ) .  C ry s ta ll iz a tio n  fro m  m e th a n o l-w a te r  con
ta in in g  a  tra c e  of p y r id in e  y ie ld e d  2 1  g of a  ye llo w  so lid , m p  
1 6 0 -1 6 5 ° . R e c ry s ta lliz a tio n  fro m  m e th a n o l-w a te r -p y r id in e  
a ffo rd e d  th e  a n a ly tic a l  sa m p le : m p  1 6 7 -1 7 0 °; [<*]d  + 5 8 ° ;
n m r , S (p p m )  (T M S  =  0) 0 .85  (C,3CH3), 1.98 (C„OCOCH„), 
3 .4 8  (C3OCH3 p lu s  CH3OH), 3.71 (C==CH), 4 .6 8  (C 2H ) ;  
Xma* 3 .0 8 , 5 .7 4 , 5 .9 0 , 6 .0 1 , 7 .94 , a n d  8 .2 0  n; Xmax e n d  a b so rp tio n  
o n ly ; x r r “‘ HC1‘ Me0H 239 m M (e 16 ,600).

Anal. C a lc d  fo r C 23H 3o03 1 /,1C H 3O H : C , 7 7 .0 3 ; H ,  8 .6 2 . 
F o u n d :  0 ,  7 7 .2 3 ,7 6 .9 1 ;  H , 8 .4 8 , 8 .36 .

B .— T o  a  so lu tio n  o f 20 g  of I I  in  200 m l of te t r a h y d ro fu ra n  
w as a d d e d  2 0 0  m l of a  su sp en s io n  of 18%  so d iu m  a ee ty lid e  in  
x y len e . T h e  re a c tio n  m ix tu re  w as a g ita te d  a t  2 5 °  fo r 4  h r .  
A n  a liq u o t of 12 m l (a p p ro x im a te ly  600 m g of s te ro id )  w as th e n  
re m o v e d , m ixed  w ith  1 . 6  m l o f a ce tic  a n h y d rid e , a n d  s t ir re d  a t  
room  te m p e ra tu re  fo r 15 m in . A fte r  p o u rin g  in to  ice w a te r  a n d  
e x tra c tin g  w ith  m e th y le n e  c h lo rid e , th e re  w as o b ta in e d  700 m g 
of c ru d e  p ro d u c t,  th e  m a jo r  c o m p o n e n t e x h ib itin g  th e  sam e 
m ig ra tio n  r a te  a s  I I I  (R  =  C H 3C O ) b y  tic  (silica  gel, h e x a n e -

(12) D e -e th in a tio n  to  th e  17 -ketone  h as  been  effec ted  (a) w ith  boiling  
aq u e o u s  a lk a li b y  H . L an g eck er [N aturw issenschaften , 46 , 601 (1959)] an d  
(b ) w ith  p o ta ss iu m  f-b u to x id e  in  i -b u ty l a lcoho l as  c ite d  b y  H . R in g o ld  in 
“ M ech an ism  of A ctio n  of S te ro id  H o rm o n es ,”  C . A. V illee a n d  L . L. E ng le , 
E d ., P e rg a m o n  P ress  In c ., N ew  Y o rk , N . Y ., 1961, p  218.

(13) M e ltin g  p o in ts  w ere  d e te rm in e d  on  a  K ofler b lo ck  a n d  a re  unco r
re c te d . N m r s p e c t ra  w ere m e asu red  w ith  a  V a ria n  A -60A  sp ec tro m e te r . 
R o ta tio n s  a re  in  d io x an e  a t  25° a t  a b o u t  1 %  c o n c e n tra t io n ; in fra re d  sp e c tra  
a r e  from  th e  so lids in  N u jo l, a n d  u ltra v io le t  s p e c tra  a re  of m e th an o l so lu tio n s  
un le ss  o th e rw ise  s ta te d .

(14) A ir R e d u c tio n  C o m p a n y , In c ., M idd lesex , N . J .

a c e to n e  7 :3 ) .  C ry s ta ll iz a tio n  fro m  aq u eo u s  m e th a n o l (w ith  
tra c e  o f p y r id in e )  g av e  I I I  (R  =  C H 3C O ), co m p ariso n  w ith  
p ro d u c t fro m  A  b y  in fra re d  a n d  n m r  s p e c tra  a n d  tic .

17a-Ethinyl-l7/3-hydroxy-5(10)-estren-3-one 17-Acetate (IV, » 
R = CH3CO).— T o  a  su sp en sio n  of 19 g  o f 3 -m e th o x y -1 7 a - 
e th in y l-2 ,5 (1 0 )-es trad ien -1 7 /3 -o l 1 7 -a ce ta te  ( I I I ,  R  =  C H 3C O ) in  
1625 m l o f m e th a n o l a n d  325 m l of w a te r  w as a d d e d  19 g of oxalic  
a c id . T h e  re a c tio n  m ix tu re  w as s t ir re d  a t  ro o m  te m p e ra tu re  fo r 
1.75 h r  (so lu tio n  o c cu rrin g  a t  1.25 h r )  a n d  th e n  p o u re d  in to  16 1. 
of w a te r .  T h e  in so lu b les w ere  co llec ted  b y  f i l t ra tio n , w ash ed  
w ith  w a te r , a n d  d r ie d  in  a ir  a t  30° to  y ie ld  15 g o f so lid  w h ich  
w as p rin c ip a lly  o n e  c o m p o n e n t as m ea su re d  b y  t ic  (silica  gel, 
CHCI3). T h is  so lid  e x h ib ited  no a b so rp tio n  in  th e  u ltra v io le t  
fro m  2 2 0 -3 5 0  m/x a t  a p p ro x im a te ly  0 .0 0 2 5 %  c o n c e n tra t io n , th e  
s ig n ifican t in fra re d  a b so rp tio n  b a n d s  b e in g  Xmax 3 .0 4 , 5 .7 2  , 5 .82 , 
8 .0 2 , a n d  8 .1 5  /x. T h is  so lid  w as u sed  in  th e  n e x t s te p  b ecau se  
a t te m p te d  p u rif ic a tio n  b y  c ry s ta lliz a tio n  o r  s ilica  gel co lu m n  
c h ro m a to g ra p h y  w as unsuccessfu l.

17«-Ethinyl-17/3-hydroxy-4-estren-3-one 17-Acetate (V, R = 
CH3CO). A. From 17a-Ethinyl-17/3-hydroxy-5(10)-estren-3-one 
(IV, R =  H).— A so lu tio n  co n sis tin g  of 1 g o f 17a-eth inyl-17/3- 
hydroxy-5 (10 )-estren -17 /3 -o l-3 -one (IV , R  =  H ) ,  1 .25  m l of 
c o n c e n tra te d  h y d ro c h lo ric  ac id , 180 m l of m e th a n o l,  a n d  2 0  m l 
o f w a te r  w as re fluxed  fo r 0 .5  h r .  T h e  re a c tio n  m ix tu re  w as th e n  
d ilu te d  w ith  1.5  1. of w a te r  to  g ive  a  p re c ip ita te  w h ich  w as col
le c te d  b y  f i ltra tio n  a n d  d rie d . T h is  so lid  o f V (R  =  H )  w as d is
so lv ed  in  3 m l of g lac ial a ce tic  a c id  a n d  1 m l of trif lu o ro a c e tic  
a n h y d r id e , a n d  a llow ed  to  s ta n d  a t  room  te m p e ra tu re  fo r 0 .5  h r . 
T h e  re a c tio n  m ix tu re  w as p o u re d  in to  50 m l of w a te r ,  f ilte red , 
a n d  tw ice  c ry s ta lliz ed  fro m  a c e to n e -h e x a n e  to  y ie ld  1 7 a -e th in y l-  
1 7 fl-hydroxy-4 -estren -3 -one  1 7 -a ce ta te  (V , R  =  C H 3C O ): 
m p  1 6 1 -1 6 3 °; [ « ] d  (C H C 13) - 3 0 . 3 ° ;  Xmax 239 m M (* 16 ,900) 
[ l i t . 1 1 m p  1 6 1 -1 6 2 °; [a ]n  (C H C 13) - 3 3 ° ;  X“ 2 Et0H 240  m M 
(log i  4 .2 0 )] ;  Xmax 3 .0 8 , 4 .7 2 , 5 .7 2 , 6 .0 1 , 6 .1 9 , 8 .0 1 , 8 .1 0 , 8 .2 0 , 
a n d  1 1 . 2 2  /x.

B. From 17a-Ethinyl-17/3-hydroxy-5(10)-estren-3-one 17- 
Acetate (IV, R =  CH3CO).— A  m ix tu re  of 1 g  of 17a-eth inyl-17/3- 
h y d ro x y -5  (10 )-es tren -3 -o n e  1 7 -a ce ta te  (IV , R  =  C H 3C O ),
1.25 m l o f c o n c e n tra te d  h y d ro c h lo ric  a c id , 180 m l o f m e th a n o l 
a n d  2 0  m l o f w a te r  w as b ro u g h t to  reflux  a n d  a llo w ed  to  cool 
to  ro o m  te m p e ra tu re  o v e r a  2 .5 -h r  p e rio d . T h e  re a c tio n  m ix tu re  
w as p o u re d  in to  1.5  1. of w a te r ,  a n d  th e  re su ltin g  so lid  co llec ted  
b y  f il t ra tio n , d rie d , a n d  tw ice  c ry s ta lliz ed  fro m  iso p ro p y l e th e r  
to  y ie ld  V  (R  =  C H 3C O ): m p  1 5 7 -161° [m ix tu re  m e ltin g  p o in t  
w ith  V  (R  =  C H sC O ) fro m  A  1 5 7 -1 6 1 °]; [<*]d  (C H sC 13) - 2 6 . 8 ° ;  
Xmax 239 m /i (e 16 ,300); in fra re d  id e n tic a l w ith  V (R  =  C H 3C O ) 
fro m  A .

10/3-Hydroperoxy-17a-ethinyl-17/3-hydroxy-4-estren-3-one 17- 
Acetate (I, R =  CH3CO).— O x y g en  w as s low ly  b u b b le d  th ro u g h  
a  so lu tio n  of 2 g of 17ai-eth iny l-17 /3 -hydroxy-5 (10 )-estren -3 -one
1 7 -a ce ta te  ( IV , R  =  C H 3C O ) in  a  m ix tu re  of 36 m l o f c a rb o n  
te tra c h lo r id e  a n d  18 m l o f h ex an e  w hile  i r r a d ia t in g  w ith  f lu o res
c e n t l ig h t .  A t 18 h r  a  ye llo w  o ily  so lid  w as re m o v e d  a n d  th e  
o x y g e n a tio n  c o n tin u e d . A t 90 h r  a  w h ite  so lid  (640 m g , 1 sp o t 
t ic ,  silica  gel, 3 :1  C H C l3-E tO A c )  w as co llec ted  a n d  c ry s ta lliz ed  
fro m  m e th a n o l-w a te r  to  y ie ld  1 0 /3 -hydroperoxy-17«-e th iny l- 
17/S -hydroxy-4-estren-3-one 1 7 -a ce ta te  ( I ,  R  =  C H 3C O ): posi-



Vol. SS, No. 4, April 1968 N o t e s  1675

tive  s ta rch  iodide te s t ;  m p  1 7 8 -1 8 1 ° , bubbling; [t*]D —2 9 °; 
Amax 233 m /i (e 15 ,000); Xamx 3 .02 , 3 .05 , 5 .6 9 , 5 .98  (shoulder), 
6 .02 , 6 .07  (shoulder ), 7 .95 , and  8 .0 8  y ; nm r, S (p p m ) (T M S  =  
0 ): 0 .85  (C 13C H 8), 1.98 (C I7O C O C H 3), 3 .47  ( C = C H ) ,  5 .88
(C JH ), 11.28 (C io-O -O H ).

Anal. C a lcd  fo r C 22H 280 6: C , 7 0 .94 ; H , 7 .58 . F o u n d : C , 
7 1 .11 ; H , 7 .45.

Generation of 3-Methoxy-2,5(10)-estradien-17-one (II) from
3-Methoxy-17a-ethinyl-2,5(10)-estradien-17/3-ol (III, R = H).— 
T o  a  so lu tion  con sistin g  of 0 .2  g of I I I  (R  =  H )  in  10 m l of di- 
m eth y lfo rm am id e  u n d e r  n itro g e n  w as a d d e d  0.1 g of p o ta s s iu m  
i-b u to x id e . A fte r 5 m in  a t  room  te m p e ra tu re , 0.11 m l o f ace tic  
a n h y d rid e  w as a d d e d . O ne m in u te  la te r  th e  re ac tio n  m ix tu re  
w as p o u re d  in to  200 m l of w a te r .  T h e  p H  w as a d ju s te d  to  a b o u t 
3 w ith  d ilu te  HC1, a n d  th e  in so lu b le s, w h ich  w ere co llected  b y  
f iltra tio n  a n d  d ried  a t  60° u n d e r  v a c u u m , w eighed  140 m g . T h e  
in fra re d  sp e c tru m  m a tc h e d  t h a t  o f a u th e n tic  II.

Registry No.—I (R = CHaCO), 13236-11-8; III 
(R = CHsCO), 13251-69-9; V (R = CH3CO), 51-98-9.

Acknowledgment.—We wish to thank Mr. Milton 
Yudis and Mrs. Henrietta Marigliano for their aid in 
the nmr interpretations.
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In view of the diminished reactivity of organo
cadmium compounds as compared to lithium or mag
nesium reagents,1 2 it is attractive to consider new 
syntheses of compounds containing functional groups 
which would not survive treatment with the more 
reactive organometallic reagents. Since organocad
mium reagents are known to displace halogens in a 
few instances3 but do not appear to decompose esters,2'4 
we undertook an investigation of the behavior of some 
a-halogenated esters with these reagents. If displace
ment of halogen were to occur in preference to reaction 
at the ester site, the reaction would be potentially 
useful as a synthetic route to more complex acids and 
derivatives.

R ' R '  R '
I I I

R C C 0 2C 2H 5 +  R " C d C l  — >- R C C 0 2C 2H 6 — R C C 0 2H

R , R '  =  H , C H 3, C 0 2C 2H 6 
R "  =  C 6H s, « -C ioH 7

(1) (a) A b s tra c te d  in  p a r t  from  th e  P h .D . T h esis  of J . R . Y ., U n iv e rs ity  
of N ew  H am p sh ire , 1967; (b) P . R . Jo n es  a n d  J . D . Y oung , A b strac ts , 154th  
N a tio n a l M eetin g  of th e  A m erican  C hem ica l S ocie ty , C h icago , 111., S ep t 
1967, p  S94; (c) N a tio n a l D efense  E d u c a tio n  A c t fellow, 1963-1966.

(2) J .  C ason , Chem. Rev., 40, 15 (1947); D . A. S h irley , Org. Reactions, 
8 , 27 (1943).

(3) (a) R . K . S u m m erb e ll a n d  L . N . B au e r, J . A m er. Chem. Soc., 58, 759 
(1936); (b) C . D . H u rd  a n d  R . P . H olysz, ib id ., 72, 2005 (1950); (c) R . C. 
F u so n , S. B . Speck, a n d  W . R . H a tc h a rd , J .  Org. Chem ., 10, 55 (1945); (d)
P . C hancel, B ull. Soc. C him . F r., 228 (1951); (e) D . V. N ig h tin g a le , W . S. 
W agner, an d  R . H . W ise, J .  A m er. Chem. Soc., 75, 4701 (1953); (f) P . R . 
Jo n es  an d  A. A. L av igne, J .  Org. Chem., 25, 2020 (1960); (g) F . N . Jo n es  a n d  
C . R . H auser, ib id . , 27, 3364 (1962); (h) P . R . Jo n es , R . G . N a d e a u , a n d  
G . A. C rosby , A b s tra c ts  A of IU P A C  C ongress, L ondon , 1963, p  267; (i) 
P . R . Jones, C. J . J a rb o e , an d  R . N a d e a u , J .  O rganom etal. Chem ., 8, 361 
(1967).

(4) H . G ross a n d  J . F re ib e rg , Chem. B er., 99, 3260 (1966).

This hypothesis was borne out by experiment to a 
limited extent. We found the reaction to be sensitive 
to the structure of the halo ester, solvent, and tempera
ture, as can be seen from the results summarized in 
Table I. The bromo esters of acetic and propionic acids 
could be converted, respectively, into arylacetic and 
a-arylpropionic acids in yields of 40-62% under certain 
experimental conditions. Bromoisobutyrate did not 
form displacement product in ether or THF but was 
recovered partially or completely. We found no trace 
of a Claisen product, ethyl 2,2,4-trimethyl-3-oxo- 
pentanoate, as reported by Cason and Fessenden5 from 
a similar reaction with the n-butylcadmium reagent in 
benzene.

From the two chloro esters examined, only starting 
material, solvolysis product, or dehalogenative coupling 
products could be isolated.

The striking effect of solvent on the displacement 
was unexpected. Thus the conversion of bromoacetate 
into arylacetic acid was four to five times greater in 
THF than in ether. Under similar reaction conditions 
bromopropionate reacted efficiently in ether but failed 
completely in THF.

Optimum temperature for reactions in THF appears 
to depend on the cadmium reagent. Highest conver
sions with the phenylcadmium reagent in THF were 
realized at ice-bath temperature, while the a-naphthyl- 
cadmium reagent was considerably more reactive at 
room temperature. At least two factors may account 
reasonably for this temperature effect: increased
coupling of phenyl reagent at the higher temperature 
and lower reactivity of the a-naphthylcadmium re
agent, as well as its observed precipitation in THF at 
ice-bath temperature. By-products from the two 
cadmium reagents were biphenyl and naphthalene in 
every case, although the amounts of these hydrocarbons 
were not usually determined.

The reaction with a-halo ketones proceeded similarly, 
but the yields were generally lower than those from 
esters. Deoxybenzoin could be isolated only in 3-31% 
yield from phenacyl bromide and phenylcadmium 
reagent, along with the coupling products, biphenyl 
and 1,2-dibenzoylethane.

To our knowledge, a displacement of halogen in 
simple a-halo esters has not been reported up until 
now. Although Gross and Freiberg4 recently effected 
the displacement of the chloro group in methyl chloro- 
methoxyacetate, this substrate is both an ether and an 
ester; and the replacement of halogen in a-halo ethers 
by organocadmium reagents is well known.3a,3b

C H 30 C H C 0 2C H 3 +  2 C 6H 5C d C l C H 30 C H C 0 2C H 3
I I

C l c 6h 6

Of great interest is an apparent halogen-metal 
exchange, which occurs between diethyl bromomalonate 
and the phenylcadmium reagent. Both malonic ester 
and bromobenzene were isolated in equal amounts, 
roughly 75% yield. Thus the displacement method is 
not applicable to the synthesis of substituted malonic 
acids.

A similar halogen-metal exchange reaction was 
proposed earlier to explain Reformatsky and Claisen 
products from organocadmium reagents.5

(5) J . C ason  a n d  R . J . F essenden , J . Org. Chem ., 22, 1326 (1957).
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Table I

E s te r
•R C (R ') (X )C O O E t--------------- '  -------------C d  re a g e n t------------ • R ea c tio n  te m p e ra tu re  Y ie ld , %

R R ' X R " R a tio 0 S o lv en t (tim e, hr) R C (R ') (R " )C O O H (C îH i)

H H B r a-C i„H 7 1 E th e r R eflux  (10) 16
H H B r a-C i„H 7 2 T H F Ic e  b a th  (10) 9*

H H B r a-C ioH 7 2 T H F R o o m  te m p e ra tu re  (8) 62
H H B r C 6H 5 1 E th e r R eflux  (10) 11
H H B r c 6h 5 2 T H F Ic e  b a th  (10) 5 3 ,4 6
H H B r c 6h 5 2 T H F R o o m  te m p e ra tu re  (8) 26
C H 3 H B r c 6h 5 2 E th e r R eflux  (10) 40, 58
c h 3 H B r c 6h 5 2 T H F Ic e  b a th  (10) 0«, 0 d
c h 3 c h 3 B r CeHs 2 E th e r R eflux  (10) 0«
c h 3 c h 3 B r c 6h 5 2 T H F Ic e  b a th  (10) 0 '
H h C l C 6I I S 2 T H F Ic e  b a th  (10) 0»
c h 3 H C l C ells 2 E th e r R eflu x  (10) 0*

« M o la r  ra tio  o f o rg a n o ca d m iu m  re a g e n t (R " C d C l)  to  h a lo  e s te r . 6 N a p h th a le n e  (8 9 % ) reco v e red . e S ta r t in g  m a te ria l  re co v e red  
(5 0 % ). d 2 ,3 -D im e th y lsu c c in ic  ac id  iso la te d  (1 1 % ). e S ta r t in g  m a te ra l  reco v e red  q u a n ti ta t iv e ly .  ' S ta r t in g  m a te ria l,  b ip h e n y l, a n d  
u n id e n tif ie d  a c id  o b ta in e d . » S ta r t in g  m a te ria l  reco v e red  (3 0 % ) a lo n g  w ith  b ip h en y l. h L ac tic  ac id  iso la te d  a f te r  sap o n ifica tio n .

B r C H ( C 0 2C 2H 5)2 +  C 6H 5C d C l — »
[C lC d C H ( C 0 2C 2H 6)2] +  C 6H 6B r

|  (H iO ,  H + )  

C H 2( C 0 2C 2H 5)2

Sufficient experimental results are lacking at the 
present time to provide a meaningful evaluation of 
substrate, solvent, and temperature effects and their 
relationship to possible mechanisms for the reaction. 
I t is hoped that forthcoming experiments will indicate 
whether the reaction conforms to the addition- 
rearrangement pathway, proposed by Ando for the 
analogous reaction with Grignard reagents.6

Observations to date, however, warrant the view 
that the displacement reaction with organocadmium 
compounds is a potentially valuable route to «-sub
stituted acids and their derivatives from a-bromo 
esters where the site of displacement is primary or 
secondary.

Experimental Section

In f ra re d  a n d  n u c le a r  m ag n e tic  re so n an c e  sp e c tra ,  c o n s is te n t 
fo r  th e  c o m p o u n d s e x a m in e d , a re  on  file in  th e  D e p a r tm e n t  of 
C h e m is try , U n iv e rs ity  of N e w  H a m p sh ire . T h e  fo llow ing  re p 
re se n t  ty p ic a l re ac tio n  a n d  iso la tio n  p ro c ed u re s .

Preparation of the Organocadmium Reagents.— T h e  G rig n a rd  
re a g e n t w as p re p a re d  fro m  e q u im o la r  a m o u n ts  (0 .1  o r  0 .2  m o l, 
a s  n o te d )  o f m ag n esiu m  a n d  o rg a n ic  b ro m id e  a n d  en o u g h  d ry  
e th e r  o r  te t r a h y d ro fu ra n  ( T H F )  to  m a k e  a  1 .0 -1 .5  M  so lu tio n . 
A fte r  a ll o f th e  o rg an ic  b ro m id e  h a d  b een  a d d e d , th e  re ac tio n  
m ix tu re  w as a llo w ed  to  reflux  fo r 0 .5  h r  a n d  w as th e n  filte red  
fro m  excess m ag n esiu m  if a n y  re m a in e d . T h e  c ad m iu m  re a g e n t,  
a ssu m e d  to  b e  th e  u n sy m m e tr ic a l R C d C l o r  A rC d C l, w as p re 
p a re d  b y  th e  a d d itio n  of a n  e q u im o la r  p o r t io n  o f a n h y d ro u s  
c ad m iu m  ch lo rid e  o v e r a p e rio d  of 15 m in . W h en  T H F  w as th e  
so lv e n t , th e  so lu tio n  o f G rig n a rd  re a g e n t w as cooled  to  ro o m  te m 
p e ra tu re  o r  to  ic e -b a th  te m p e ra tu re  b efo re  a d d it io n  of c ad m iu m  
c h lo rid e  w as s ta r te d .  C o o lin g  w as p ro v id e d  d u r in g  th e  a d d it io n . 
I n  e v e ry  case  a  G ilm a n  te s t7 sh o w ed  th e  ab sen ce  o f G rig n a rd  
re a g e n t a s  so o n  a s  a ll of th e  c ad m iu m  ch lo rid e  h a d  b een  a d d e d .

(6) T . A ndo , Y u k i  Gosei K a g a k u  K y o k a i S h i, 17, 777 (1959); Chem. 
A b str ., 64, 44926 (1960).

(7) H . G ilm an  a n d  F . S chu lze , J .  A m er. Chem. Soc., 47, 2002 (1925).

Reaction of a-Naphthylcadmium Reagent with Ethyl Bromo- 
acetate.— T o  0 .2  m ol o f a -n a p h th y l  c ad m iu m  re a g e n t in  T H F  a t  
room  te m p e ra tu re  w as a d d e d  16.7 g  (0 .1  m o l) of e th y l  b rom o- 
a c e ta te  in  15 m l o f T H F .  W h en  a b o u t o n e -h a lf  of th e  b ro m o  
e s te r  h a d  b een  a d d e d , th e  m ix tu re  th ic k e n e d  so t h a t  s t i r r in g  w as 
d ifficu lt. T h e  m ix tu re  w as w a rm ed  o n ly  su ffic ien tly  to  k e ep  it  
sem iflu id . A fte r  8 h r  th e  m ix tu re  w as h y d ro ly ze d  w ith  100 m l 
o f  3 A  h y d ro c h lo ric  ac id . T h e  o rg an ic  p o rtio n  w as re m o v e d , 
c o n c e n tra te d , a n d  sapon ified  b y  p ro lo n g ed  reflux w ith  100 m l of 
10%  so d iu m  h y d ro x id e  in  5 0 %  e th a n o l.  T h e  b as ic  so lu tio n  w as 
t r e a te d  w ith  N o r i t ,  ac id ified  w ith  c o n c e n tra te d  h y d ro c h lo ric  
a c id , a n d  cooled . T h e re  w as o b ta in e d  11.5 g  (6 2 % ) of a -n a p h -  
th y la c e tic  a c id , m p  1 1 0 -1 2 0 ° (re c ry s ta lliz e d  fro m  b e n z e n e -  
lig ro in , m p  a n d  m m p  1 3 0 -1 3 2 °) .

Reaction of Phenylcadmium Reagent with Ethyl Bromo- 
acetate.— A so lu tio n  of 16.7 g (0 .1  m o l) of e th y l  b ro m o a c e ta te  
in  15 m l of T H F  w as a d d e d  d ro p w ise , w ith  s t ir r in g , to  0 .2  m ol 
o f p h e n y lc a d m iu m  re a g e n t in T H F ,  w h ich  w as cooled  in  a n  ice 
b a th .  A fte r  10 h r  a t  ic e -b a th  te m p e ra tu re ,  th e  m ix tu re  w as 
h y d ro ly z e d  w ith  a n  excess of s a tu ra te d  a m m o n iu m  c h lo rid e  a n d  
th e n  s te a m  d is tilled .

A f irs t  f ra c tio n  o f a b o u t  150 m l c o n ta in e d  T H F  ex c lu s iv e ly ; 
e v a p o ra tio n  o n  a s te a m  b a th  le f t  no  re s id u e . A b o u t 400  m l 
m ore  of d is til la te  w as co llec ted ; a d d itio n a l d is t il la te  c o n ta in e d  
no  c a rb o n y l c o m p o u n d  b u t  d id  c o n ta in  b ip h e n y l. B y  e th e r  
e x tra c tio n  of th e  second  d is t il la te  th e re  w as o b ta in e d  8 .6  g (5 3 % ) 
o f e th y l  p h e n y la c e ta te ,  b p  6 6 -7 1 °  (0 .6 -1 .0  m m ), id e n tif ie d  b y  
i ts  sp e c tra ,  p ro p e rt ie s ,  a n d  b y  conversion  in to  «-phenylacetamide, 
m p  1 5 4 -1 5 4 .5 °  a n d  m m p  15 5 -1 5 6 °.

Reaction of Phenylcadmium Reagent with Diethyl Bromo- 
malonate.— A  so lu tio n  o f 23.9 g (0.1 m o l) o f d ie th y l  b ro m o - 
m a lo n a te  in 25 m l of e th e r  w as a d d e d  d ro p w ise , w ith  s t i r r in g ,  to  
0.2 m ol of p h e n y lc a d m iu m  re a g e n t in  re flux ing  e th e r .  A fte r
10 h r  a t  reflux  th e  m ix tu re  w as coo led  in  a n  ice b a th  a n d  
h y d ro ly ze d  w ith  100 m l of 3 A7 h y d ro c h lo ric  a c id . T h e  d a rk
011 (34.1 g )  o b ta in e d  b y  e th e r  e x tra c tio n  w as sh o w n  to  c o n ta in  
d ie th y l  m a lo n a te , b ro m o b en zen e , a n d  a  tra c e  of d ie th y l  b ro m o - 
m a lo n a te . T h e  a m o u n t of d ie th y l  m a lo n a te  w as e s t im a te d  to  be
12 g  (7 5 % ) b y  n m r  a n a ly s is  w ith  to lu e n e  a d d e d  to  th e  sa m p le  as 
a  s ta n d a rd .  A n a ly sis  o f th e  m ix tu re  b y  g lpc  show ed  d ie th y l 
m a lo n a te  a n d  b ro m o b en zen e  to  b e  p re se n t  in  e q u im o la r  a m o u n ts .  
S im ila r  re su lts  w ere  o b ta in e d  w ith  T H F  as th e  so lv e n t.

R e g is try  N o .—«-Naphthylcadmium reagent, 15924- 
34-2 ; phenylcadmium reagent, 15924-35-3; RC(R')-
(X)COOEt (R = R' = H; X = Br), 105-36-2; 
(R = CH3; R ' = H; X = Br), 535-11-5; (R = R ' = 
CH3; X = Br), 600-00-0; (R = R ' = H; X = Cl), 
105-39-5; (R = CH3; R ' = H; X = Cl), 535-13-7.
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A study of the crystal structure of dimethyl oxalate 
showed that the molecule is planar and that the methyl 
group and the carbonyl oxygen are eclipsed.1 A 
comparison of these findings with results obtained in 
the liquid and vapor phases indicates that the most 
stable conformation of the ester group is generally the 
one in which the four atoms constituting the ester 
function (C02C) are nearly coplanar. Furthermore, 
the alkyl group and the carbonyl oxygen prefer to be 
eclipsed.2-6 The dimer of dimethyl malonate, 1,1,2,2- 
tetracarbomethoxyethane, appeared to be an attractive 
molecule for further investigation of conformational 
aspects of the ester group since the ester group in this 
molecule is contained in an unusual molecular environ
ment.

Crystals of the ester were grown from methanol and 
were obtained as hard, colorless, thick plates. The 
crystals selected for mounting were parallelepipeds 
approximately 0.5 mm wide, 0.5 mm long, and 0.4 mm 
thick. The X-ray data were collected around three 
axes using multifilm equi-inclination Weissenberg photo
graphs with Cu Ka radiation at ambient temperatures. 
The crystals were stable in the X-ray beam and no 
decomposition was noted during the time required to 
collect the data. Intensities were measured by com
parison of photographs with a calibrated film strip, 
and 1084 independent reflections were observed. 
Lorentz and polarization corrections were applied, 
interlayer scaling corrections were applied, and the 
data were placed on an absolute scale using Wilson’s 
method.7 The structure factors were then converted 
into E  values.

The crystal data are as follows: monoclinic, mp
137.5-138.5°; a = 6.81 ±  0.02, b = 7.60 ±  0.02, 
c = 12.44 ±  0.02 A; ¡3 = 107.9° ±  0.4°; V = 612. 6 A3. 
The observed density (by flotation in toluene-carbon 
tetrachloride solution) was found to be 1.40 g/cc; 
the calculated value is 1.42 g/cc; Z = 2 .  From 
extinctions, hOl absent with l odd, 0/cO absent with k odd, 
the space group was determined to be P2i/c.

The structure was solved by direct methods using the 
symbolic addition procedure.8 Phase determination was 
routine and the signs of 252 reflections with E values 
greater than 1.0 were readily determined. An E  map 
based on these data clearly revealed the structure. Re
finement was carried out by differential syntheses with

(1) M . W . D oug ill a n d  G . A . Je ffrey , A c ta  C rystallogr., 6, 831 (1953).
(2) G . J . K a ra b a tso s , N . H si, a n d  C . E . O rzech , J r . ,  Tetrahedron Lett., 4639 

(1966).
(3) J .  E . P ie rc y  a n d  S. V. S u b ra h m a n y a m , J .  Chem . P h y s ., 42, 1475 (1965).
(4) R . F . C u rl, ibid., 30, 1529 (1959).
(5) J .  M . O ’G o rm an , W . S h an d , J r ., a n d  V. S ch o m ak er, J .  A m er. Chem . 

Soc., 72 , 4222 (1950).
(6) J .  K . W ilm sh u rs t, J .  M ol. Spectrosc., 1, 201 (1957).
(7) A . J .  C . W ilson , N ature , 150, 151 (1942).
(8) I .  L . K a rle  a n d  J .  K a rle , A c ta  C rystallogr., 16, 969 (1963); J . K a r le  an d  

I .  L. K a rle , ib id ., 21, 849 (1966).

F ig u re  1.— 1 ,1 ,2 ,2 -T e tra c a rb o m e th o x y e th a n e , [6] a x is  p ro je c tio n .

anisotropic temperature factors until R had reached a 
final value of 11.6% for 1084 independent reflections; 
hydrogen atoms were ignored throughout the calcula
tions. All computations were carried out on an IBM 
7072 computer with programs written in Professor
G. A. Jeffrey’s laboratory at the University of Pitts
burgh.

R e su lts  and  D iscu ss io n

The molecule possesses a center of symmetry and 
makes use of this while crystallizing in the monoclinic 
space group, P2j/c. Atomic coordinates with standard 
deviations are listed in Table I, and anisotropic thermal 
factors are recorded in Table II. A view of the molecule 
down the [6] axis is shown in Figure 1.

Least squares planes were calculated for each of the 
five atoms comprising the ester group in terms of 
orthogonal axes, X, Y, and Z'. The plane through 
Cx, C2, C„ Oi, and 0 2 shows that these atoms are 
distributed in the plane

0.9117X +  0.4108F -  0.0103F' =  0.1230

with deviations of 0.008, —0.002, 0.0011, —0.003, and 
—0.014 A, respectively. The five atoms of the second 
ester group, Ci, C4, C5, 0 3, and 0 5, also form a plane and 
the constants are

-0 .5597X  +  0.5676F +  0.6038Z' =  -0 .3316.

The deviations of the atoms from this plane were 
—0.015, 0.006, —0.020, 0.004, and 0.025 A, respectively.

An examination of these data indicates that both of 
the ester groups are planar within experimental error 
and that the bond distances and angles are normal. 
The similarity of these results with those obtained from 
electron diffraction studies5 (vapor phase) and nmr and 
other spectroscopic investigations2-4,6 (liquid phase) 
suggests that the degree of resonance interaction be
tween the alkyl oxygen and carbonyl group is sufficiently



1678 N o t e s The Journal of Organic Chemistry

T able I
P ositional P arameters for 

1,1,2,2-Tetracarbomethoxyethane

Atom X Y Z

o, 0.0167 (5“) -0 .1 8 1 7  (5) -0 .1 6 1 7  (3)
o2 0.1846(5) -0 .3 4 8 6  (4) -0 .0 1 3 9  (3)
0 , 0.3568 (5) 0.1290 (4) 0 .0511(3)
0 4 0.3946 (5) -0 .0 9 3 6  (4) 0 .1729(3)
c, 0.0748 (6) -0 .0 7 4 5  (6) 0 .0280(4)
c 2 0.0865(5) -0 .2 0 5 0  (5) -0 .0 6 2 4  (3)
c, 0.2102(9) -0 .4 8 2 5  (7) -0 .0 9 2 8  (5)
c 4 0.2926(6) 0.0015 (5) 0 .0843(4)
c 6 0.6058 (8) -0 .0 4 0 3  (8) 0.2297 (5)

“ S ta n d a rd  d e v ia tio n s  in  th e  le a s t  s ig n if ican t figures.

T able II
Anisotropic T hermal F actors“

Atom B n B n B n Ul2 B n B n

0 , 5.62 3.45 3.06 0.81 0.04 0.72
o2 5.58 2.13 3.16 0.85 0.06 0.91
0 3 3.96 3.12 4.45 - 0 .6 8 0.93 0.51
o4 3.52 3.31 3.31 - 0 .0 8 0.85 0.23
c. 3.28 1.88 3.14 - 0 .2 2 0.01 0.54
c 2 3.20 2.38 2.85 0.04 0.09 0.31
C3 4.40 5.14 4.43 - 0 .0 8 1.05 - 0 .1 3
c 4 6.99 2.83 4.20 1.18 - 0 .7 4 1.71
c 6 2.99 2.25 2.38 0.33 - 0 .0 1 0.58

“ T h ese  a re  of th e  fo rm  e x p [ — (B u h 2a * 2 +  B 22k 2b * 2 +  B u l2c * 2 
+  2 B n h ka*b*  +  2 B 23klb*c*  +  2 B a h la * c* )).

important to constrain the ester group to a planar 
conformation despite any unfavorable eclipsing inter
actions that may exist.

O C

W  .
c 7  '

o -  C
\  /  

c = o
/  + c

Registry No.—1,1,2,2 - Tetracarbomethoxyethane, 
5464-22-2.
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The Reaction of Benzyne with Indene

Charles F. H uebner  and E llen M. D onoghue

C h em ica l R esearch  D iv is io n , C l  B A  P h a rm a ceu tica l C o m p a n y ,  
D iv is io n  o f  C l  B A  C o rp o ra tio n , S u m m it ,  N e w  J e r s e y

R eceived  O ctober 2 3 , 1 9 6 7

In continuation of a study on the Diels-Alder re
action of indene1 we now wish to report on its reaction 
with benzyne. Indene has been shown to give various 
adducts in which bond formation occurs at the 2,3, 
at the 1,3, or at the 2,7a positions, depending on the 
dienophile. Benzyne reacted in the last mentioned 
fashion with styrene2 and with a-methylstyrene,3 
which are formally ring-opened indenes.

When benzyne was generated in situ in refluxing 
tetrahydrofuran from o-bromofluorobenzene and mag-

(1 )  C . F . H u eb n e r , P . L. S tra c h a n , E . M . D onoghue, N . C ahoon , L . D orf- 
m a n , R . M a rg e riso n , a n d  E . W e n k e rt, J .  Org. Chem ., 32, 1126 (1967).

(2) W . L . D illon , Tetrahedron L ett., 939 (1966).
(3) E .  W o lth u is  a n d  W . C ad y , A ngew . Chem . In te r n . E d . E ng l., 6, 555 

(1967).

nesium4 in the presence of indene, two products, a 
C15H12 (1) and a Ci5H120  (2) species, could be isolated 
by thin layer chromatography. The nmr spectrum at 
60 Me of 1, showing an A2B2 eight-proton signal in the 
aromatic region centered at 422.5 cps, a two-proton 
signal in the benzyl region as a very narrow triplet at
253.4 cps (Wi/2 = 4.0 cps), and a two-proton signal as 
a very narrow triplet at 148.7 cps {W■/, = 3.7 cps), 
indicated a symmetrical molecule. Besides the molec
ular ion peak of m/e 192, a feature of diagnostic value 
in the mass spectrum, was a major fragment at m/e 
115 indicating indenyl ion (C9H7). These data best 
fit the known 9,10-dihydro-9,10-methanoanthracene 
(l)6 whose reported melting point and ultraviolet 
spectrum are identical with ours. The infrared spec
trum of 2 revealed the presence of a hydroxyl group 
at 3568 cm-1 and the nmr spectrum (after exchange with 
deuterium oxide) showed a complex eight-proton signal 
in the aromatic region centered at about 425, a two- 
proton triplet at 253, and a one-proton triplet at 262 
cps. The melting point and ultraviolet spectrum of 2 
are virtually identical with those reported for 9,10- 
dihydro-9,10-methanoanthracen-ll-ol by Meinwald.6 
Identification of our substance as 2 was confirmed by 
comparison with an authentic sample.

A mechanism for the formation of 1 and 2 accounting 
for the unexpected presence of 2 could be advanced 
when it was found that 1 and 2 were not obtained 
when benzyne was generated from either benzenedi- 
azonium-2-earboxylate7 or diphenyliodonium-o-carbox- 
ylate.8 In this view, the carbanionic intermediate 3, 
resulting from reaction of the acidic indene with 4, 
adds to benzyne. The exact nature of this cyclo
addition, whether in one or two steps, is uncertain but 
a carbanionic species must be involved. This is 
followed by reaction of the resulting 5 with water 
leading to 1 and with residual oxygen leading to 2. 
I t is generally held that organometallic compounds 
react with oxygen yielding alcohols via reduction of 
the intermediate hydroperoxide anion by carbanion.9’10

2
(4) N . R ab jo h n , “ O rgan ic  S y n th eses ,”  Coll. Vol. IV , Jo h n  W iley  a n d  Sons, 

In c .,  N ew  Y o rk , N . Y ., 1963, p  965.
(5) W . R . V au g h an  a n d  M . Y osh im ine , J .  Org. Chem ., 22, 7 (1957).
(6) J .  M einw ald  a n d  E . G . M iller, Tetrahedron Lett., 256 (1961). W e  a re  

in d e b ted  to  P ro fesso r M einw ald  fo r a sam p le  of 2.
(7) L . F rie d m a n  a n d  F . M . L ogullo , J .  A m er. Chem. Soc., 85, 1549 (1963).
(8) L . F . F ieser, “ O rgan ic  E x p e rim e n ts ,” D . C . H e a th  a n d  C o ., B oston , 

M ass., 1965, p  312.
(9) J .  D . R o b e rts  a n d  M . C. C aserio , “ B asic  P rin c ip les  of O rgan ic  C hem 

is try ,”  W . A . B en jam in , In c ., N ew  Y ork , N . Y ., 1965, p  344.
(10) E . M ü lle r a n d  T . T ope l, Ber., 72 , 273 (1939).
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It is known that organometallic compounds react with 
benzyne.11 Wittig12 has shown that benzyne gen
erated from o-bromofluorobenzene adds to cyclo- 
pentadiene in Diels-Alder fashion to give 1,4-dihydro- 
1,4-methanonaphthalene. Indene is thought to add 
1,3 to maleic anhydride via the reactive entity, isoin- 
dene (6).13 However, since this occurs only at tem
peratures in the vicinity of 200°,14 the reaction of ben
zyne with indene at 65° would not appear to be of this 
nature.

Experimental Section16
9,10-Dihydro-9,10-methanoanthracene (1) and 9,10-Dihydro- 

9,10-methanoanthracen-ll-ol (2 ).—To a mixture of 4.56 g of 
magnesium turnings and 5 g of indene in 140 ml of tetrahydro- 
furan in a nitrogen atmosphere was added a solution of 30.2 g of 
o-bromofluorobenzene in 90 ml of tetrahydrofuran. After re
fluxing for 3 hr, the reaction mixture was hydrolyzed by the 
cautious addition of 50 ml of water. The precipitated inorganic 
salts were filtered, and the filtrate was dried over magnesium 
sulfate and evaporated. Vacuum distillation of the residue 
yielded three fractions. Fractions one (bp 100-115° (0.15 mm)) 
and two (bp 120-135° (0.15 mm)) which contained some solid 
material were combined (2.5 g) and a 100-mg sample was sepa
rated by thin layer chromatography on silica gel plates developed 
with hexane. The products were eluted with chloroform-metha
nol (1:1). A yield of 70 mg (22%) of the hydrocarbon 1 of R t  0.65 
was obtained as crystals. The mp 155-165° did not change on 
recrystallization from benzene-petroleum ether (30-60°): x£“,iOH, 
271 mM (t 1770), and 278 m^ (<= 2280).

A n a l . Calcd for C15H 12: C, 93.71; H, 6.29. Found: C, 
93.91; H, 6.21.

The crystalline fraction of R t  0.0 consisted of 32 mg (9%) of 
the alcohol 2. After recrystallization from methanol it melted 
at 184-185°: 213 m M (e 67,500), 270 (2960), and 277
(3820). The infrared spectrum was identical with that of a 
sample obtained from Professor Meinwald6 and a mixture melting 
point was not depressed.

A n a l . Calcd for C15H12O: C, 86.51; H, 5.81. Found: C, 
86.35; H, 5.89.

The third distillation fraction (bp 160-200° (0.15 mm)) crystal
lized when triturated with petroleum ether. After recrystalliza
tion from benzene-petroleum ether it melted at 196-198°. Its 
melting point and ultraviolet spectrum are identical with that 
of triphenylene.

A n a l . Calcd for Ci8Hi2: C, 94.70; H, 5.30. Found: C, 
94.68; H, 5.08.

Registry No.—Benzyne, 462-80-6; indene, 95-13-6; 
1, 4448-88-8; 2, 15924-27-3; triphenylene, 217-59-4.
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Drs. E. Sehlittler and G. deStevens for support.

(11) G . W ittig  a n d  W . M erk le , ib id ., 7«, 1491 (1942).
(12) G. W ittig  a n d  E . K n au ss , Chem . B er., 91 , 895 (1958).
(13) J . A. B erson  a n d  G . B . A spelin , T etrahedron , 20 , 2697 (1964).
(14) W . R . R o th , Tetrahedron Lett., 1009 (1964).
(15) N m r s p e c tra  w ere  reco rded  on  a  V a ria n  A -60 in s tru m e n t  fo r d e u te rio - 

ch lo ro fo rm  so lu tio n s  u sing  te tra m e th y ls ila n e  as  a n  in te rn a l s ta n d a rd . M e lt
ing  p o in ts  w ere d e te rm in ed  w ith  a  T h o m a s -H o o v e r  a p p a ra tu s .

A Convenient General Synthesis of Amidines

L e o n a r d  W e i n t r a u b , S t a n l e y  R. O l e s , 
a n d  N o r m a n  K a l i s h

B r is to l-M y e r s  R esearch  L a b o ra to r ie s ,
P ro d u c ts  D iv is io n , H il ls id e , N e w  J e r s e y  0 7 2 0 7

R ece ived  O ctober 24 , 1 9 6 7

The most widely used procedure for the synthesis 
of amidines is the one described by Pinner at the end

of the last century.1 This method involves the prep
aration of an imidate salt by reaction of a nitrile and 
an anhydrous alcohol in the presence of an acid cata
lyst, usually hydrogen chloride. The imidate salt is 
then converted into the amidine by treatment with 
ammonia or an amine in absolute ethanol. Many 
amidines have been synthesized in excellent yield by 
the Pinner procedure, however, like most general 
methods, it has several limitations,2 principally con
nected with the preparation of the imidate salts.3 Per
haps its greatest shortcoming is that the starting nitriles 
are not readily available. In addition, the method has 
had no general application to the synthesis of ortho- 
substituted benzamidines because the necessary imi- 
dates are not formed or are obtained in very poor yield. 
Thus, only poor yields of o-chlorobenzamidine2b and 
l-naphthamidine2b have been obtained and o-toluami- 
dine has not yet been prepared despite several reported 
attempts.2 Also, N,N'-disubstituted amidines can
not be synthesized by the Pinner procedure.

a b so lu te  E tO H
R C N ---------------->

H C l
RC

N H j

\
OEt_ 

Pinner method

CP
R 'R " N H  /■
---------- > RC

NH

NR'R'

Amides are potentially more convenient starting 
materials. N-Substituted and N,N-disubstituted ami
dines may be prepared through intermediate imidoyl 
chlorides obtained by reacting secondary and tertiary 
amides with PC16, POCl3, SOCl2, and C0C12.2 How
ever, these reagents dehydrate primary amides, making 
the procedure useless for unsubstituted amidines.

The O-alkylation of amides to produce imidate salts 
has been achieved with ethyl chloroformate,4 dimethyl 
sulfate,5 and triethyloxonium fluoroborate.6 This pro
cedure, involving electrophilic attack on the amide 
oxygen rather than nucleophilic attack on a sterically 
hindered nitrile carbon, should be superior for the 
preparation of orf/io-substituted benzimidates. Buhner 
prepared methyl benzimidate methosulfate in good yield 
from benzamide and dimethyl sulfate, but he obtained 
only an unspecified yield of a heavy oil with N-methyl- 
benzamide.6 Bredereck and coworkers7 have synthe
sized N,N,N'-trisubstituted and N,N,N',N'-tetrasubsti- 
tuted formamidines and acetamidines by reacting amines 
with the oily adducts formed from dimethyl sulfate and 
the appropriate secondary or tertiary formamides and 
acetamides. Other workers have treated the free imi
date bases with amines and amino acids to prepare ami
dines and amidinelike compounds.5-8 Aside from the 
work of Bredereck, et al., there have been no reports of

(1) A. P in n e r , “ D ie  Im id o a th e r  u n d  ih re  D e r iv a te ,“  R . O p p en h e im , B erlin , 
1892.

(2) (a) F o r  a  re la tiv e ly  re c e n t rev iew  of am id in e  sy n th e s is , see H . S oli in 
H o u b len -W e y l’s, “ M e th o d e n  d e r  o rg an isc h en  C h em ie ,“  4 th  ed , Vol. X I , P a r t  
2, V E B  G eorg  T h iem e  V erlag , S tu t tg a r t ,  1958, p  39. (b) F o r  o th e r  d iscus
sions see P . O xley  a n d  W . F . S h o rt, J . Chem . Soc., 147 (1946); F . C . S chaefe r 
a n d  A. P . K rap ch o , J .  Org. Chem ., 27 , 1255 (1962), a n d  re fe rences  c ited  
th e re in .

(3) T h e  ch e m is try  of im id a te s  has  been  rev iew ed  b y  R . R o g er a n d  D . G . 
N eilson , Chem . Rev., 61, 179 (1961).

(4) W . H ech e lh am m er, G e rm a n  P a te n t  948,973 (1956).
(5) A . B ü h n e r, A n n .,  333 , 289 (1904).
(6) H . M eerw ein , E . B a tte n b e rg , H . G old , E . P fe il, a n d  G . W illfang , J .  

P ra k t. Chem ., 164, 83 (1939).
(7) See H . B redereck , F . E ffenberger, a n d  E . H en se le it, B er., 98, 2754 

(1965), a n d  ea rlie r  p a p e rs  c ited  th e re in .
(8) S. P e te rse n  a n d  E . T ie tz e , A n n .,  623, 166 (1959)
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T a b l e  I 
OEt -i +

R C ^ BF4-

L NHR'J
■Anal.. %■

Y ield , ----- C aled ------- /-------------------------F o u n d ------
R R ' % Mp, °C C H N C H N

c6h 6 H 80.6“ 130-131 45.60 5.11 5.91 46.23 5.41 5.82
o-CH3C6H6 H 80.1 93-94 47.84 5.62 5.58 47.89 5.56 5.58
1-Naphthyl H 97 88-89 54.31 4.91 4.88 53.06 5.34 4.92
o- C íH sO C sH í H 90* 139-141 47.00 5.74 4.98 47.44 5.57 4.85
o-C1C6H5 H 78 101.5-103 39.82 4.08 5.16 39.65 4.22 5.15
c h 3 H c

c6h 5 c h 3 90.1 73-74 47.84 5.62 5.58 47.48 5.49 5.56
« Most of the product precipitated from the CH2C12 solution during the reaction. 6 The starting o-ethoxybenzamide was soluble in 

CH2C12. c The crude imidate was converted into the amidine without isolation. Triethyloxonium fluoroborate was added to acetamide 
below 5° and the mixture was allowed to warm to room temperature overnight. The solvent was removed completely in  vacu o  and the 
residue was treated with absolute alcoholic ammonia.

the direct utilization of imidate methosulfates or fluoro- 
borates for the synthesis of amidines.

We report here that these imidate salts can readily 
be converted into amidines. We find that triethylox
onium fluoroborate9 is distinctly superior to dimethyl 
sulfate for the O-alkylation of amides. For this reason 
we report in the Experimental Section only on the prep
aration of imidate fluoroborates and their conversion 
into amidines. Yields are excellent in both steps 
with triethyloxonium fluoroborate. By comparison, 
yields of the imidate methosulfates and amidines were 
good with benzamide and o-toluamide and fair with 
o-chlorobenzamide (56% yield of o-chlorobenzimidate 
methosulfate and 71% yield of amidine). With N- 
methylbenzamide we, like Bühner,6 were unable to 
obtain a crystalline imidate methosulfate and isolated 
only an oil with a maximum possible yield of 23%. 
When N,N'-dimethylbenzamidine hydrochloride was 
prepared without isolation of the imidate methosul
fate,10 the over-all yield was 15% as compared to 90% 
yields in each step with triethyloxonium fluoroborate. 
In view of these results, triethyloxonium fluoroborate 
is the preferred reagent for the preparation of the 
imidate salt.

O
f  E t ,0 +B F4-

RC—N H R '------------ >-

NR'

RC
/

OEt

s
R " R " 'N H

b f 4-  - - ■ ■■ >

NHR'

RC
/

NR"R'

In the Experimental Section we describe general pro
cedures for the preparation of the imidate fluorobo
rates and the amidines. No attempt has been made 
to optimize the conditions. The imidates and ami
dines are listed in Tables I and II, respectively, and 
variations of individual preparations from the general 
procedures are described in the footnotes to the tables.

T a b l e  II  
NR'

\
NHR''

Y ield , - M p ,  “C ------
R R ' R " % B ase H C l P ic ra te

C .H i H H 7 1 .5 a 166-1686
0 -C H 1 C .H , H H 90e 104 -105d ’8 2 5 8 -2 5 8 . S1 235-236®
1 -N a p h th y l H H 75e 1 5 3 -1 5 4 .54 ,h 226. 5&
o-C !H !O C .H 6 H H 91a 195-196'■* 213—215 '
o-C IC tH i H H 90° 2 8 0 -2 8 2 m 218-220*
C H a H H 78 p 249-2516
C .H s C H , C H i 90e 255-256& 171-1726

“ Calculated as the hydrochloride. b Value agrees with litera
ture. c Caled as the free base. d Purified by sublimation at 80° 
(0.5 mm). ' Caled for CsHioNj: C, 71.61; H, 7.51; N, 20.88. 
Found: C, 71.58; H, 7.50; N, 20.81. '  Caled for CgHuNjCl: C, 
56.31; H, 6.50; N, 16.42. Found: C, 56.51; H, 6.48; N, 16.54. 
» Caled for C14HI3N50,: C, 46.28; H, 3.61; N, 19.28. Found: C, 
46.43; H, 3.70; N, 19.37. h Sublimed at 130° (0.5 mm). » Melt
ing point reported by A. Pinner [B er ., 23, 2942 (1890)] is 218°. 
* Caled for C9H13C1N20: C, 53.87; H, 6.53; N, 13.96. Found: 
C, 54.15; H, 6.82; N, 13.47. 1 Caled for Ci6H15N6Os: C, 45.81; 
H, 3.84; N, 17.80. Found: C, 45.84; H, 4.05; N, 17.75. “ Caled 
for C7H3N 2CI2 : C, 44.01; H, 4.22; N, 14.66. Found: C, 44.13; 
H, 4.35; N, 14.63. » Caled for C13H10N6O,Cl: C, 40.69; H, 2.63; 
N, 18.25. Found: C, 41.21; H, 2.78; N, 18.21. *> Over-all yield 
of amidine picrate based on acetamide.

The imidate fluoroborates are crystalline solids 
which are decomposed by moisture, but are consid
erably more stable than triethyloxonium fluoroborate. 
KBr pellets of these salts exhibit a characteristic 
strong broad absorption from 1020 to 1120 cm-1 which 
is due to BF4-11  and a sharp peak in the region of 
1600-1700 cm-1 due to C = N  stretching.12

(9) F o r  a  d e sc rip tio n  of c u r re n t p ro ced u re s  fo r p re p a ra tio n  a n d  s to ra g e  of 
tr ie th y lo x o n iu m  f lu o ro b o ra te , see H . M eerw ein , Org. S y n . ,  46, 113 (1966).

(10) S ee  re f  c in  T a b le  I .
(11) N . B . C o lth u p , L . H . D a ly , a n d  S. E . W ib erly , “ In tro d u c tio n  to  

I n f r a r e d  a n d  R a m a n  S p ec tro sc o p y ,”  A cadem ic  P ress  In c . ,  N ew  Y o rk , N . Y ., 
1964, p  361.

(12) R e fe re n ce  11, p  283.

Experimental Section

A solution of 0.1 mol of triethyloxonium fluoroborate in 
50 ml of dry CH2CI2 (reagent grade distilled from anhydrous 
CaCh) was added over 5 min at room temperature to a suspension 
of 0.1 mol of the amide in 200 ml of dry CH2CI2. The mixture 
was stirred overnight at room temperature during which time a 
clear solution resulted. The solution was evaporated in  vacu o  
to one-third volume and treated with five volumes of anhydrous 
ether. The precipitated imidate fluoroborate was filtered and 
dried in  va cu o . The salts could be recrystallized for analysis 
from dichloromethane or dichloromethane-ether. The crude 
salts were used in all cases for the amidine preparation.

The amidines were prepared by the procedure described by 
Dox.13 The imidate fluoroborate was stirred at room tempera-

(13) A . W . D ox , "Organic S yn th eses ,”  C oll. V ol. I , John  W iley  and Sons,
In c ., N ew  Y ork, N . Y ., 1951, p 5.
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ture in a tightly stoppered flask with an 8-9% solution of am
monia or methylamine in absolute ethanol containing approxi
mately a 40% excess of amine. After 3 days the mixture was 
evaporated to dryness in  vacu o  and treated with a small volume 
of water. The mixture was made strongly basic with 5 N  NaOH 
and the insoluble oil was extracted into ethyl acetate or ether. 
The oil which remained after evaporation in  vacu o  of the organic 
solvent was either crystallized and purified or converted into the 
hydrochloride. A portion was also converted into the picrate.

Stereospecific Vinyl Halide Substitution. III. 
c i s -  and trans-Vinylenebis(diphenylarsines) 

and Their Rhodium Complexes

A. M. Aguiar, J oel T. M ague, H. J. Aguiar, T homas G.
Archibald,1* and George P rejean lb

C h e m is try  D ep a r tm en t, T u la n e  U n iv e rs ity ,
N ew  O rleans, L o u is ia n a  7 0 1 1 8

R eceived  J u n e  5 , 1 9 6 7

During a study of vinylarsines we reported the 
stereospecific replacement of the vinyl bromides in the 
/S-bromostyrenes by lithium diphenylarsenide (I).2 
This replacement occurred with retention of configura
tion.

We wish to report that lithium diphenylarsenide 
(I) (prepared from triphenylarsine and lithium)2 
reacts with cfs-1,2-dichloroethene (II), in tetrahydro- 
furan solution, to give cfs-vinylenebis(diphenylarsine)
(III) in 61% yield (eq 1).

H v^C l H ^ -A s(C6H5)2
2LiAs(C6H5)2 +  |  — *- Jf +  2LiCl (1)

l  H " X 1  H''^SsAs(C6H5)2
n  m

Treatment of I with trans-1,2-dichloroethene (IV) 
under the same conditions produced only 10% of 
frans-vinylenebis(diphenylarsine) (V). The major 
product isolated was diphenylarsinic acid (VI) (eq 2).

2L1As(C6H5)2 +  Y  X ^ air
x C l ' T i

rv
H-s^AsCCeHs),

(C6H5)2AsOOH +  T  (2)
Vi (C6H5)2As^ H

V, 10%

This is in contrast to the reaction of lithium diphenyl- 
phosphide with cis- and trans-1,2-dichloroethene which 
leads to cis- and irans-vinylenebis(diphenylphosphine), 
respectively, both in excellent yields.3 Changing the 
order of addition of reactants did not greatly alter 
the yields of V and VI.

No trans-diarsine (V) was obtained from the re
action of cis dichloride (II), and no eis-diarsine (III) 
was obtained from the trans dichloride (IV). There
fore an elimination-addition sequence can be excluded 
since a common intermediate such as acetylene or

(1) (a) NASA Predoctoral Fellow, 1964-1967; (b) NDEA Predoctoral Fel
low, 1966-1968.

(2) A. M. Aguiar and T. G. Archibald, J. Org. Chem., 32, 2627 (1967).
(3) A. M. Aguiar and D. J. Daigle, J. Amer. Chem. Soc., 86, 2299 (1964).

chloroacetylene would lead to the same product (s) 
from both isomeric dichlorides. Evidence has been 
obtained supporting the idea that frans-diarsine (V) 
is stable under the conditions employed. This has 
been shown by vpc analysis on a 3% SE-30 column at 
250° using a flame ionization detector.

I t seems that a reaction path lower in activation 
energy than the halide replacement and leading to 
diphenylarsenic acid (VI) (or precursor) is possible 
in the reaction of I with IV. A possible explanation 
could be halogen-metal interchange, which seems to 
occur more readily with lithium arsenides than with 
lithium phosphides. This would be favored with IV 
(over II) due to the trans coplanarity of the halogens 
in IV and consequent ease of elimination (eq 3).

hn  C c l
(CeHsUsLi +  C -C  - v

I----- *c r - *  NH
I

HC=CH + (C6H5)2AsC1 + LiCl (3)

vn
Depending on the order of addition of reagents, 

chlorodiphenylarsine (VII) may or may not react with 
excess I to give tetraphenyldiarsine (VIII) (eq 4).

(C6H s)2AsC1 +  LiAs(C6H 5)2 — ► [(C6Hs)2A s-]2 +  LiCl (4) 
VII I VIII

Both VII and VIII will react with water and air to 
produce VI and work is now' in progress in an attempt 
to elucidate the actual pathway by which VI is pro
duced.

An elimination-addition sequence would involve a 
common intermediate (chloroacetylene) for both the 
cis- and fmns-dichloroethenes and therefore both re
actions would be expected to produce the same or a 
mixture of isomers. In fact, however, gas chromato
graphic analysis of the crude reaction mixtures shows 
that only one diarsine is produced from the cts-dichloro- 
ethene and that it has a distinctly different retention 
time from the one diarsine produced from the trans- 
dichloroethene. Thus the two reactions give dif
ferent, single products with no mixtures of the two 
diarsines being found in the same reaction mixture.

Support for the structure assignments III and V as 
the cis and trans isomers, respectively, comes from 
elemental analysis, infrared and proton nmr spectra, 
and dipole moment measurements. These moments 
are given in Table I along with those of cis- and trans- 
vinylenebis(diphenylphosphine) whose structures have 
previously been established.3 From these data, it is 
clear that the structure assignments made above are 
the correct ones.

T able I
D ipole M oments of

c is -  and <ra7is-((C6H5)2M—C H = C H —M (C 6H5)2)
Isomer M =  P M =» As
c is  1.96 D ±  0.21 1.37 D ±  0.09
tra n s  0.99 D ±  0.09 0.97 D ±  0.09

Further support for these structure assignments 
comes from the differing behavior of III and V when 
allowed to react with rhodium dicarbonyl chloride 
dimer (IX). The reaction of III produces an orange
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monomeric complex (X) containing two diarsine moieties 
and no carbonyl groups which can be readily isolated 
as the tetrafluoroborate salt from methanol. The 
complex has an equivalent conductivity of 79.7 ohm-1 
cm-1 in nitromethane solution (10-3 M) and is thus a 
1:1 electrolyte (typical conductivities for ca. 10~3 
M  solutions of 1:1 electrolytes in nitromethane are in 
the range 80-100 ohm-1 cm-1)-4-6 It thus appears 
to be strictly analagous to those complexes formed 
from IX and ethylenebis(diphenylphosphine)7 and 
cfs-vinylenebis(diphenylphosphine).3’8 We therefore 
also formulate X as a square planar complex of Rh(I) 
containing chelating ligands. This could only be 
possible if the ligand in the complex were in the cis 
configuration. There is, of course, the possibility 
that III is a trans isomer that has isomerized upon 
reaction with IX as has been found to occur when the 
analogous irons-vinylenebis(dimethylarsine) is treated 
with Pd(II).9 However, we feel that this is quite 
unlikely since the dipole moment data show that III 
is undoubtedly the cis isomer at the beginning. (See 
also below.)

By contrast, treatment of V with IX produces a 
very insoluble yellow complex (XI) containing only 
one diarsine moiety per rhodium. The presence of a 
strong band in the infrared at 5.04 n shows that there 
is still one terminal carbonyl group present. Such 
behavior is characteristic of the reactions of non
chelating arsines and phosphines with IX, the usual 
product being /rans-Rh (CO) C1L2 (L = phosphine or 
arsine).10 Thus the production of a carbonyl-con
taining species strongly suggests that V is not capable 
of chelating and is therefore most probably the trans- 
diarsine. Since it is bifunctional, it would be expected 
that both ends would coordinate which would lead to 
a polymeric complex. This is supported by the ex-

ÇO C6H5 h  C Ä
I 1 I I

—Rh—As— C=C—As—
I l i 1Cl C6H5 h  CeH5

treme insolubility of XI. Furthermore, an analogous 
complex is formed from IX and the known trans- 
vinylenebis(diphenylphosphine)3’8 thereby strongly sug
gesting that V is also a trans isomer. The infrared 
spectrum of (XI) shows, in addition to the strong band 
at 5.04, a weak shoulder at ca. 5.00 ¡x. We suggest 
that this is due to a small proportion of cis attach
ment of the diarsine to rhodium in the polymer viz.

ci 
V  I

— As— Rh— CO

As<

The complex cf.s-Rh(CO)Cl(P(C6H5)3)2 has recently 
been reported and it was shown here that the position

(4) C . M . H a rr is  a n d  T . N . L ockyer, J .  Chem . Soc., 3083 (1959).
(5) N . S. G ill a n d  R . S. N y h o lm , ib id ., 3997 (1959).
(6) J .  E .  F e rg u sso n  a n d  R . S. N y h o lm , I n te rn a tio n a l C onference  on 

C o o rd in a tio n  C h em is try , L o n d o n , A p ril 1959, N o . 62.
(7) A . Sacco a n d  R . U go, J .  Chem. Soc., 3274 (1964).
(8) J .  T . M ag u e , D e p a r tm e n t  of C h e m is try , T u la n e  U n iv e rs ity , u n p u b 

lish e d  re su lts .
(9) M . A. B e n n e tt ,  G . J .  E rsk in e , a n d  J .  W ild , u n p u b lish e d  w ork  q u o te d  

b y  W . R . C u llen , P . S . D ah liw a l, a n d  C . J .  S te w a rt, Inorg . Chem ., 6 , 2256 
(1967).

(10) L . V a lla rin o , J .  Chem . Soc., 2287 (1957).

of the carbonyl band was about 0.05 /i lowrer than for 
the trans isomer.11

When V is treated with IX in methanol in the 
presence of tetrafluoroborate ion, only the insoluble 
yellow complex XI is formed and no BF4~ is incorpo
rated into the complex. Thus under the conditions 
employed V does not isomerize to a species capable of 
chelating and hence we conclude that III, which 
produces a chelate complex, must be the cis isomer.

The Journal of Organic Chemistry

Experimental Section

All reactions involving lithium diphenylarsenide were carried 
out in dry apparatus under nitrogen. Tetrahydrofuran was 
dried over calcium hydride and filtered before use. All other 
chemicals were reagent grade and were used as received. In
frared spectra were obtained on Beckmann IR-5A and IR-8 
instruments on potassium bromide pellets and Nujol mulls. 
Proton nmr spectra were obtained on a Varian A-60 instrument 
using deuteriochloroform as a solvent and tetramethylsilane 
as an internal standard. The gas chromatographic studies 
utilized a Micro-Tek instrument with a 3% SE-30 column and 
flame-ionization detector. Conductivity measurements were 
made using a Thomas-Serfass Model RCM15B1 conductivity 
bridge, and dipole moment measurements were determined on 
a General Radio 1615-A capacitance bridge, a Balsbaugh 2TN50 
cell, and a Bausch and Lomb Modified Abbe-type refractometer 
on 10~3 M  benzene solutions. Microanalyses were by Galbraith 
Laboratories, Knoxville, Tenn. All melting points are un
corrected.

Reaction of cis-1,2-Dichloroethene.—In a dry apparatus, 
under nitrogen, was placed 1.2 g (0.0125 mol) of cis-1,2-dichloro- 
ethene in 40 ml of tetrahydrofuran (THF). A THF solution of 
lithium diphenylarsenide2 (25 ml, 0.025 mol) was added slowly. 
The reaction was very exothermic and immediate decolorization 
of the arsenide solution occurred upon contact with the halide. 
When the addition was complete, the slightly yellow solution was 
allowed to cool. Water (1 ml) was added and an exothermic 
reaction occurred with complete decolorization of the solution. 
This hydrolyzed solution was allowed to stand 5 min and the 
solvent was removed on a rotary evaporator. The resulting oil 
was extracted with basic water and a solid formed. Filtration 
and recrystallization from ethanol gave 3.7 g (61%) of c is-  
vinylenebis(diphenylarsine) (III), mp 112-113.

A n a l . Calcd for C26H22As2: C, 64.49; H, 4.55; As, 30.95. 
Found: C, 64.78; H, 4.62; As, 30.60.

Infrared absorptions (KBr) appeared at 3.3 (w), 6.45 (w),
6.8 (m), 7.0 (m), 7.7 (w), 7.9 (m), 8.45 (w), 8.65 (w), 9.3 (m),
9.4 (m), 9.8 (m), 10.0 (m), 11.05 (w), 13.7 (s), and 14.5 (s) n-

The 60-MHz proton nmr spectrum of the cfs-vinylenebis- 
(diphenylarsine) (III) in deuteriochloroform solution showed a 
phenyl proton signal centered at r 2.7 and a vinyl proton singlet 
at 2.55. The relative ratios were 10:1, respectively.

Reaction of t r a n s - l ,2-Dichloroethene.—To 50 ml of a THF 
solution of 1.2 g of ¿nros-l,2-dichloroethene (0.0125 mol) was 
added slowly 25 ml of THF solution of the lithium diphenyl
arsenide (0.025 mol). The reaction was very exothermic and 
decolorization of the arsenide solution occurred. The solvent 
was stripped off and the resulting oil was extracted with aqueous 
base (5% KOI! solution). The oil turned into a semisolid, and 
the water was decanted. Trituration of the semisolid with an 
ethanol-acetone mixture (6:1) gave a solid which was filtered 
off. Recrystallization from ethanol gave a 10% yield of tra n s -  
vinylenebis(diphenylarsine) (V), mp 103-104.

A n a l . Calcd for C26H22AS2: C, 64.49; H, 4.55; As, 30.95. 
Found: C, 64.45; H, 4.65; As, 30.97.

Infrared bands (KBr) were at 3.3 (w), 6.3 (w), 6.8 (m), 7.0 
(m), 7.7 (w), 7.95 (w), 8.45 (w), 8.8 (m), 9.3 (m), 9.4 (m),
9.8 (m), 10.0 (m), 10.2 (m), 11.05 (w), 13.7 (s), and 14.5 (s) /»•

The 60-MHz proton nmr spectrum of a deuteriochloroform
solution of V showed a phenyl proton signal at r 2.6, and a vinyl 
proton singlet at 2.9, with a relative ratio of 10:1.

This compound showed a depressed, mixture melting point 
with the compound prepared from c is-1,2-dichloroethene.

(11) T . B lu m , E . O ppen h e im er, an d  E . O. B erg m an n , J .  A m er . Chem.
Soc., 89 , 2338 (1967).
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D ip h e n y la rse n ic  a c id  w as o b ta in e d  in  6 0 %  y ie ld  b y  ac id ifica tio n  
of th e  a lk a lin e  w a te r  so lu tio n . In f r a r e d  a n d  n m r  s p e c tra  as well 
as m e ltin g  p o in t  a n d  m ix tu re  m e ltin g  p o in t  d e te rm in a tio n s  w ith  
a n  a u th e n t ic  sa m p le  w ere  u sed  to  e s ta b lish  th e  id e n t i ty  o f th is  
p ro d u c t.

Bis(cis-vinylenebis(diphenylarsine))rhodium(I) Tetrafluoro- 
borate Methanol Solvate.—T o  0.1 g (0 .2 6  m m o l) of [R h (C O )2- 
Cl] 2 in  15 m l o f a n h y d ro u s  m e th a n o l u n d e r  n itro g e n  w as a d d e d  
0 .5  g (1 .04  m m o l) o f cis- (C 6H 5)2As C H = C H A s (C 6H5)2 in  10 m l 
of a n h y d ro u s  m e th a n o l.  T h e  y e llo w  o ra n g e  so lu tio n  d a rk e n e d  
im m e d ia te ly  a n d  c a rb o n  m o n o x id e  w as e v o lv e d . T h e  so lu tio n  
w as re fluxed  fo r  5 m in  a n d  a  s to ic h io m e tr ic  a m o u n t  o f N a B F 4 

w as a d d e d . U p o n  a d d in g  ca. 15 m l o f d ie th y l  e th e r  a n d  coo ling , 
b r ig h t  o ran g e  c ry s ta ls  o f X  (0 .4  g , 8 0 % )  fo rm ed . T h ese  w ere  
filte red  off, w a sh e d  w ith  e th e r ,  a n d  d r ie d  in vacuo, m p  238 d ec .

Anal. C a lcd  fo r  C 62H 44A s4R h B F 4-C H 3O H : C , 5 3 .4 7 ; H ,
4 .09 ; A s, 2 5 .1 7 ; F ,  6 .3 8 . F o u n d :  C , 5 2 .7 2 ; H , 4 .0 9 ; A s, 
2 5 .74 ; F ,  5 .9 4 .

T h e  in fra re d  sp e c tru m  (N u jo l m u ll)  sh o w ed  b a n d s  d u e  to  th e  
d ia rs in e , th e  B F 4_ io n , a n d  a  sh a rp  b a n d  of m ed iu m  in te n s i ty  
a t  2 .8 4  n w h ich  c an  b e  a ss ig n e d  to  th e  O -H  s tre tc h in g  fre q u e n c y  
of m e th a n o l. N o  b a n d  in  th e  reg io n  4 .7 5 -5 .6 0  y  w as o b se rv ed  
in d ic a tin g  t h a t  a ll th e  c a rb o n y l g ro u p s  h a d  b e en  d isp la c e d .

Chlorocarbonyl(ira»s-vinylenebis(diphenylarsine))rhodium(I).
B en zen e  so lu tio n s  (ca. 10 m l e a c h )  of 0 .1  g (0 .26  m m o l)  o f 

rh o d iu m  d ic a rb o n y l c h lo rid e  d im e r  a n d  0 .2 5  g  (0 .5 2  m m o l) o f  V 
w ere  c o m b in ed  a t  ro o m  te m p e ra tu re  u n d e r  n itro g e n . Im m e d ia te  
e ffervescence  o c c u rre d  a s  c a rb o n  m o n o x id e  w as e v o lv e d  a n d  th e  
ye llow  so lu tio n  b e ca m e  o ra n g e . S low  a d d it io n  o f d ie th y l  e th e r  
acc o m p a n ied  b y  m ild  a g ita tio n  w ith  a  n itro g e n  s t r e a m  c au sed  th e  
p re c ip ita tio n  of p a le  y e llo w  m ic ro c ry s ta ls  o f X I .  T h ese  w ere 
f ilte red  off, w a sh e d  w ell w ith  h o t  N ,N -d im e th y lfo rm a m id e , a n d  
d r ie d  in vacuo. T h e  com plex  d e co m p o ses w ith o u t m e ltin g  a t  
2 3 5 “ .

Anal. C a lc d  fo r C 27H 22As2O C IR h : C , 4 9 .8 3 ; H ,  3 .4 1 ; C l,
5 .4 5 . F o u n d : C , 4 9 .9 1 ; H ,  3 .4 3 ; C l, 5 .9 7 .

T h e  in fra re d  sp e c tru m  of X I  in  a  N u jo l m u ll sh o w ed , in  a d d i
tio n  to  b a n d s  d u e  to  th e  d ia rs in e , a  s t ro n g  b a n d  a t  5 .0 4  w ith  
a  w eak  sh o u ld e r  a t  5 .0 0  y. I n  a d d it io n ,  th e  s h a rp  “trans" 
b a n d  a t  10.2 h a s  s h if te d  to  10 .35 y w h ile  b eco m in g  w e ak e r a n d  
b ro a d e r .

T h e  com plex  is e x tre m e ly  in so lu b le  in  a ll co m m o n  o rg a n ic  
so lv e n ts  th u s  re n d e r in g  a  m o le c u la r  w e ig h t d e te rm in a tio n  im 
p o ss ib le .

Registry No.—Ill, 15924-20-6; V, 15924-21-7; X, 
15956-79-3.
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The Thermal Isomerization of Abietic Acidla

H i r o s h i  T a k e d a , 11> W a l t e r  H .  S c h u l l e r , 
a n d  R a y  V. L a w r e n c e

Naval Stores Laboratory, lc Olustee, Florida

Received August 28, 1967

It has been reported from this laboratory that levo- 
pimaric acid,2 neoabietic acid,3 and palustric acid,4 on

(1) (a) P re se n te d  a t  th e  153rd  N a tio n a l M eetin g  of th e  A m erican  C h em ica l 
S ocie ty , M iam i B each, F la ., A p ril 1967. (b ) N a tio n a l A cad em y  of Sciences, 
N a tio n a l R esea rch  C ouncil P o s td o c to ra l F ellow , (c) O ne of th e  la b o ra to r ie s  
of th e  S o u th e rn  U til iz a tio n  R esea rch  a n d  D ev e lo p m e n t D iv is ion , A g ric u ltu ra l 
R esea rc h  Service, U . S. D e p a r tm e n t of A g ricu ltu re .

(2) V. M . L oeb lich , D . E . B aldw in , R . T . O ’C onnor, a n d  R . V. L aw rence , 
J .  A m er. Chem. Soc., 77 , 6311 (1955).

Figure 1.—The isomerization of abietic acid at 200°.

heating, isomerize to give abietic acid. The reverse 
reaction, that is, the thermal isomerization of abietic 
acid to give levopimaric and palustric acids, has not 
been reported. The isolation of 1% of neoabietic acid 
from abietic acid which had been heated at 300° for 
20 min was noted.5 It was therefore decided to in
vestigate the isomerization of abietic acid at an elevated 
temperature to determine its behavior in detail.

Samples of pure abietic acid were sealed in glass 
tubes under nitrogen and immersed in a 200° bath. 
Tubes were removed at intervals and the product an
alyzed by means of glpc,6 optical rotation, and ultra
violet absorption spectra. Surprisingly, it was found 
that abietic acid undergoes a rapid isomerization to 
give a final equilibrium mixture of 81% abietic, 14% 
palustric, and 5% neoabietic acid (c/. Figure 1.)

Gas-liquid partition chromatography indicated only 
three peaks in the curve. These peaks were identified 
by means of relative retention times, infrared and 
ultraviolet absorption spectra, and optical rotation. 
The absence of any significant amount of levopimaric 
acid in the final 81%: 14%: 5% isomerization mixture 
was confirmed by the value of the optical rotation of 
the collected palustric and/or levopimaric peak.6

The isomerization of abietic acid was repeated at 
180°. The reaction was found to follow first-order 
kinetics with respect to abietic acid for the first hour 
of the isomerization; k — 3.7 X 10~5 sec-1 at 180° (6/, 
= 5.2 hr).

The isomerization at 200° of palustric, levopimaric, 
and neoabietic acids was then carried out for the first 
time to the point at which no further isomerization 
occurred. I t was found that all four (including abietic 
acid) conjugated dienoic resin acids exhibit the same 
final distribution of the three resin acids, namely 81% 
abietic, 14% palustric, and 5% neoabietic acids. This 
confirms the fact that a true dynamic equilibrium is 
reached among these three acids at 200°.

The acid isomerization of levopimaric acid7 and neo
abietic acid8 at room temperature in the presence of 
mineral acids has been described. The isomerization 
of the four conjugated dienoic resin acids was repeated 
in 0.5 N  ethanolic hydrochloric acid. I t was found that 
all four acids eventually reached the same final dis
tribution of resin acids, namely 93% abietic acid, 4% 
palustric acid, and 3% neoabietic acid. This confirms

(3) V. M . L oeb lich  an d  R a y  V. L aw rence , ib id ., 79 , 1497 (1957).
(4) N . M . Jo y e , J r . ,  a n d  R a y  V. L aw rence , J .  Org. Chem ., 26 , 1024 (1961).
(5) G . C . H a rr is  a n d  T . F . S an d erso n , J .  A m er. Chem. Soc., 70 , 334 (1948).
(6) T . W . B rooks, G. S. F ish er, a n d  N . M . Jo y e , J r . ,  A n a l. Chem ., 37, 1063 

(1965).
(7) D . E . B aldw in , V. M . L oeb lich , a n d  R . V. L aw rence , J .  A m er. Chem. 

Soc., 78, 2015 (1956).
(8) P . F . R itc h ie  a n d  L . F . M c B u rn ey , ib id ., 72, 1197 (1950).
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the fact that a dynamic equilibrium is reached in this 
system involving abietic, palustric, and neoabietic 
acids. The isomerization at 200° probably involves 
catalysis by the carboxylic acid group. The difference 
in temperature (25 vs. 200°) and environment prob
ably accounts for the difference in the composition of 
the final equilibrium mixtures. The palustric acid 
peak was again collected, and, based on the observed 
rotation, it would appear that not more than a trace 
of levopimaric acid is present in the final equilibrium 
mixture. Previous workers7 employing a partition 
chromatographic analytical method at room tempera
ture reported values of 93% abietic, 4% palustric, and 
2% neoabietic acids for the acid isomerization of 
abietic acid under the same conditions.

The acid-induced equilibria of the four conjugated 
dienoic resin acids probably involve a common car
bonium ion.8’9 The results of the isomerization ex
periments show an interesting difference in what might 
be expected in terms of thermodynamic stabilities.

It is interesting to note that the half-lives of the 
four conjugated dienoic resin acids at 200° correlate 
with the absorptivity of the resin acids (fi/„ min; 
absorption at Xmax, my: levopimaric acid, 15, 19; 
palustric 40, 31; abietic 75, 77; neoabietic 120, 
80). It is generally held that the absorptivity of the 
resin acids is related to ring strain.

It is of further interest to note that in the case of 
palustric acid, protonation must occur from the a side 
exclusively at C-9 or else a 9-/3-H abietic and neoabietic 
acid would be formed. No appreciable amounts of 
any unknown peaks were observed in the glpc analyses.

Experimental Section

A ll o p tic a l  ro ta t io n s  w ere  d e te rm in e d  in  9 5 %  e th a n o l a t  c 1.
Thermal Reactions.— A b o u t 0 .2  g  of e a c h  a c id  w as p lac ed  in  a 

g lass  C a r iu s  tu b e .  T h e  a ir  in  e a c h  tu b e  w as re p la ce d  w ith  n i tro 
g e n . T h e  tu b e s  w ere  th e n  se a le d  u n d e r  v a c u u m , su b m e rg ed  in 
a n  o il b a th ,  a n d  h e a te d  a t  2 0 0 °.

Isomerization of Abietic Acid at 200°.— T h e  c h an g e  in  a c id  
c o m p o s itio n  w ith  t im e  is p lo tte d  in  F ig u re  1. O n ly  th re e  p e ak s  
w ere  o b se rv e d  in  th e  g lpc  a n a ly s is  th ro u g h  10.5  h r  (no  d is
p ro p o r tio n a tio n  o b se rv e d ) . T h ese  w ere  id en tif ie d  as m e th y l 
a b ie ta te ,  p a lu s tr a te ,  a n d  n e o a b ie ta te  b y  m ea n s  o f re la tiv e  
re te n tio n  t im e s , in fra re d  a n d  u ltr a v io le t  a b so rp tio n  s p e c tra ,  a n d  
o p tic a l  r o ta t io n .  T h e  v a lu e  fo r  th e  m e th y l p a lu s tr a te  p e a k  w as 
[ a ] 25D + 6 5 .2  ( th e o ry  + 6 8 .4 ) .

Isomerization of Abietic Acid in the Presence of Potassium 
Hydroxide at 2 0 0 ° .— A b ie tic  ac id  w as d isso lv ed  in  m e th a n o l 
c o n ta in in g  p o ta s s iu m  h y d ro x id e  (1 :0 .0 5  m ole r a t io ) .  T h e  so lv e n t 
w as re m o v e d  u n d e r  v a c u u m . T h e  re s id u a l so lid  w as h e a te d  a t  
2 0 0 °  in  th e  u su a l  m a n n e r . T h e  sy s te m  re a c h e d  th e  e q u ilib riu m  
d is t r ib u t io n  in  a b o u t  8 h r .

Isomerization of Palustric, Levopimaric, and Neoabietic Acids 
at 2 0 0 ° .— A  fin a l e q u ilib r iu m  d is tr ib u tio n  of 8 1 %  a b ie tic , 14%  
p a lu s tr ic ,  a n d  5 %  n e o a b ie tic  a c id  w as o b ta in e d  in  a ll cases. 
E sse n tia l ly  no  d isp ro p o r tio n a tio n  w as o b se rv ed  a t  th e  e n d  of 21 .5  
h r  in  th e  case  o f n e o a b ie tic  a n d  le v o p im a ric  a c id s . A to ta l  of 
6 .1 %  of re s in  ac id s  o th e r  th a n  a b ie t ic ,  p a lu s tr ic ,  a n d  n e o ab ie tic  
ac id s  w ere  o b se rv ed  to  b e  p re s e n t  a t  th e  en d  of 24 h r  in  th e  case of 
p a lu s tr ic  a c id .

Acid Isomerization of Abietic, Levopimaric, Palustric, and 
Neoabietic Acids.— A  1% so lu tio n  o f e ac h  of th e  fo u r  c o n ju g a te d  
d ien o ic  re s in  ac id s  w as m a d e  in  a  0 .5  N  e th a n o lic  so lu tio n  of 
h y d ro c h lo r ic  a c id . A liq u o ts  w ere  re m o v e d  p e rio d ic a lly  an d  
p o u re d  in to  w a te r .  T h e  re s in  ac id s  w ere  im m e d ia te ly  e x tra c te d  
w ith  e th e r ,  th e  e th e r  w as s tr ip p e d  off (q u a n ti ta t iv e  y ie ld ) ,  a n d  th e  
re s id u e  w as a n a ly z e d . T h e  m e th y l p a lu s tr a te  p e a k  ex h ib ited

(9) W . H . S ch u lle r , R . N . M oore , a n d  R . V. L aw rence , J .  Am er. C hem . 
Soc., 8 2 , 1734 (1960).

[ a ] 25d  + 6 7 .7 °  ( th e o ry  fo r  m e th y l p a lu s tr a te  is [<*]k d  + 6 8 .4 ° ) .  
T h e  fin a l e q u ilib r iu m  d is tr ib u tio n  fo r a ll fo u r ac id s  (50  h r  a t  
ro o m  te m p e ra tu re )  w as 9 3 %  a b ie tic , 4 %  p a lu s tr ic ,  a n d  3 %  
n e o ab ie tic  a c id s . N o  d isp ro p o rtio n a tio n  w as o b se rv ed  in  a n y  of 
th e  fo u r a c id s .

Registry No.—Abietic acid, 514-10-3.

Oxidation of
3i3-Acetoxy-14a-methyl-5a-cholest-7-ene1

J o h n  C . K n i g h t  a n d  G e o r g e  R . P e t t i t

D e p a r tm e n t o f  C h em is try , A r iz o n a  S ta te  U n iv e r s ity ,
T em p e , A r iz o n a  85281

R eceived  O ctober SO, 1 9 6 7

The susceptibility of 3/3-acetoxy-14a-methyl-5a- 
cholest-7-ene (I) to oxidation by chromium trioxide 
has already been noted, and this property was used as 
a means of removing olefin I from a reaction mixture.2 
At the time oxidation was performed on a microscale, 
and the products were not further investigated. Re
cently, it became necessary to review the reaction in 
more detail, and one of the products has now been 
found to arise by an unusual allylic oxidation.

Small-scale studies showed that oxidation (room 
temperature) of olefin I with chromium trioxide in 
aqueous acetic acid was essentially complete in 1 hr. 
When the reaction was carried out on a larger scale, 
thin layer chromatography (tic) of the crude product 
showed three main spots. Preparative tic (on silica) 
led to three crystalline products, each of which was 
subjected to further purification by the same technique. 
The main product was the expected 7,11-dione II.3 
A thin band close to the leading edge of the diketone (li) 
zone provided saturated ketone III,4 and a third 
zone gave a new compound which showed an infrared 
band at 1670 cm -1, typical of an a,/3-unsaturated ke
tone. The latter substance was not A8-7-ketone IV as 
anticipated. This possibility was eliminated by com
parison with an authentic sample, synthesized by Jones 
oxidation of 8a,9a-epoxy 7a-alcohol Va to ketone Vb 
followed by treatment with zinc in acetic acid.5

A rotatory dispersion curve of the new ketone ex
hibited a positive Cotton effect in methanol, and in 
petroleum ether solution showed all the fine structure 
associated with a A7-6-keto system6 (Figure 1). The 
ultraviolet absorption curve showed a maximum at 245

(1) (a) S te ro id s  an d  R e la te d  N a tu ra l  P ro d u c ts . X L V . F o r  p a r t  X L IV , 
see T . R . K a s tu r i, G . R . P e t t i t ,  a n d  K .A . Jaegg i, Chem. C om m un., 644 (1967). 
(b) T h e  p re se n t co n tr ib u tio n  w as su p p o rte d  b y  P u b lic  H e a lth  S erv ice  R e 
search  G ra n t 1 R O l C A -10115-01 from  th e  N a tio n a l C an c er I n s t i t u te  a n d  b y  
N a tio n a l Science F o u n d a tio n  G ra n t N o. G B -4939.

(2) J . C. K n ig h t, P . D. K lein , a n d  P . A. S zczepanik , J .  B io l. Chem ., 241, 
1502 (1966).

(3) (a) R . B . W oodw ard , D . A. R . B a rto n , A. A. P a tc h e tt ,  D . A. H . Ives , 
a n d  R . B . K elly , J .  Chem. Soc., 1131 (1957); a n d  (b) J . C . K n ig h t, C . D je ra ss i, 
a n d  D . I . W ilk inson , J .  Am er. Chem. Soc., 88, 790 (1966).

(4) J .  C. K n ig h t, J . B elle tire , a n d  G. R . P e t t i t ,  J .  Chem. Soc., Sect. C , 2427 
(1967).

(5) (a) L. F . F ieser, K . N ak an ish i, an d  W . Y. H u an g , J . A m er. Chem . Soc., 
75, 4719 (1953); (b) L. F . F ieser, / .  A m er. Chem. Soc., 75, 4395 (1953).

(6) C . D je rass i, J . C. K n ig h t, a n d  H . B ro ck m an n , J r . ,  B er., 97 , 3118 
(1964). T h is  p a p e r  re p o rts  iso la tio n  of desox y v ip e rid o n e  from  th e  cac tu s  
W ilcoxia  v iperina . T h e  follow ing sp ec tra l d a ta  a re  g iven  fo r 3 /3-aceta te  V ia : 
Xmax 245 m p  (e 13,500); rm&K 1665 c m “ >; n m r, 8 0 .63 (18-M e), 0 .87  (1 9 -M e ) , 
5.71 (7 -H ). E ffec t of th e  1 4 a -m e th y l g roup  on  th e  18- a n d  19 -m e th y l n m r 
signals is briefly  d iscussed  in  ref 3b.
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m/x (« 13,920), and the nmr spectrum exhibited a 
signal at 5.78 due to the a proton of an a,/3-unsaturated 
ketone system. These data corresponded closely with 
those determined for a sample of the acetate of deoxy- 
viperidone (Via).6’7 Accordingly, the new ketone 
was formulated as 3/3-acetoxy-6-oxo-14a-methyl-5 a- 
cholest-7-ene VIb.8

Chromium trioxide oxidation of A7 sterols and tri
terpenoids has not previously been reported to yield a
6-ketone,9 presumably because sterols suffer preferential 
attack at the 14 hydrogen (blocked in this case by a 
methyl group), and the presence of a triterpenoid 4,4-

dimethyl group results in increased steric hindrance 
at C-6. However, such allylic oxidations may be more 
general in scope, and before the advent of preparative 
tic may have escaped detection.

Experimental Section10

Chromium Trioxide Oxidation of 3/3-Acetoxy-14a-methyl-5a- 
cholest-7-ene (I).—A solution of chromium trioxide (1.0 g) 
in acetic acid (40 ml) containing just enough water to ensure a 
clear solution was added to a solution of 3/3-acetoxy-14a-methyl- 
5a-cholest-7-ene (I, 1.0 g) in glacial acetic acid (60 ml). The

(7) Iso la ted  from  th e  ca c tu s  Peniocereus greggii, J . C . K n ig h t a n d  G . R . 
P e t t i t ,  u n p u b lish ed  resu lts.

(8) P re p a ra t io n  of k e to n e  V Ib  affords, in  p rin c ip le , a  ro u te  to  n a tu ra lly  
occu rring  1 4 a -m e th y l s te ro id s  of th e  M a cd o u g a llin  (30 ,6a-dihydroxy-14c£- 
m e thy I-5a-cho les t-8 -ene) ty p e  (c/. ref 3b).

(9) F o r  exam ples of th e  o x id a tio n  of th e  A7-s te ro l a n d  tr i te rp e n e  series, see 
ref 5 a  a n d  b, a n d  also  C. D je rass i, G . W . K rak o w er, A. J . L em in , L. H . L iu , 
J . S. M ills, a n d  R . V illo tti, J .  A m er. Chem. Soc., 80 , 6284 (1958), a n d  refer- 
ences cited  the re in .

(10) A ll so lv en ts  w ere  red istilled , a n d  lig ro in  refers to  a  f ra c tio n  bo iling  a t  
6 0 -7 0 ° . E x tra c ts  of aq u eo u s  so lu tio n s  w ere  d ried  ov er an h y d ro u s  m agnesium  
su lfa te . P re p a ra t iv e  th in  la y e r  c h ro m a to g ra p h y  w as p erfo rm ed  u sing  silica 
gel H F a i (E . M erck , D a rm s ta d t)  in  2 -m m  la y ers  on  200 X  200 m m  p la te s . 
M e ltin g  p o in ts  w ere  o b se rv ed  u sing  a  F ish e r-Jo h n s  a p p a ra tu s  a n d  a re  u n co r
rec ted . T h e  u ltra v io le t (m e th an o l so lu tion , C a ry  s p e c tro p h o to m e te r) , 
in fra re d  (K B r d isks, B ec k m an  IR -1 2 ) , a n d  n u c lea r m a g n e tic  re so n an ce  spec
t r a  (deu terioch lo ro fo rm  so lu tio n  w ith  te tra m e th y ls ila n e  as  in te rn a l s ta n d a rd ,
V arian  A -60), a n d  o p tica l r o ta to ry  d ispers ion  (JA S C O  O R D /U V -5 )  m e asu re 
m e n ts  w ere d e te rm in ed  b y  M iss  K . R eim er. W e also  w ish to  th a n k  Jo h n  
O ccolow itz fo r th e  m ass sp e c tra  (A tla s  C H -4  sp ec tro m e te r) . T h e  m icro- 
an a ly ses  w ere p ro v id e d  b y  D r. A. B e rn h a rd t , M ax  P la n c k  I n s t i t u t ,  M ü lhe im , 
G e rm an y , an d  o p tica l ro ta tio n s  a t  th e  sod ium  n  lin e  (ch lo rfo rm  so lu tio n  a t  
20°) w ere  d e te rm in ed  b y  D r. P . D em oen , Jan sse n  P h a rm a c e u tic a , B eerse, 
B elg ium .

Figure 1.—Rotatory dispersion curves in ligroin solution:
---------, 3/3-acetoxy-6-oxo-14a-methyl-5a-cholest-7-ene (VIb);
• • • •, desoxyviperidone acetate (Via) (3/3-acetoxy-6-oxo-5ff- 
cholest-7-ene) from P en io c ereu s  g re g g ii.’’

mixture was allowed to stand at room temperature for 90 min 
(tic showed no starting material remaining). Following dilution 
with water and extraction with diethyl ether, the extract was 
washed well with water, aqueous sodium hydrogen carbonate, 
and water, dried, and concentrated. The residual yellow oil 
was separated into three zones on four chromatoplates developed 
three times in ethyl acetate-ligroin (15:85). Each of the three 
zones was further purified in the same manner, then recrystal
lized from methanol to give, in order of increasing polarity, (I) 
3/9-acetoxy-7-oxo-14a-methyl-5a-cholestane (III) crystallizing 
in colorless needles [155 mg; mp 118-120° (ketone III did not 
depress the melting point of an authentic sample4 prepared by 
peracid oxidation of olefin I, and their infrared spectra were 
identical)], (2) 3/3-acetoxy-7,ll-dioxo-14a-methyl-5a-cholest-8- 
ene (II) obtained as yellow needles [390 mg; mp 113-115°; Xmax 
271 m/i (e 8253); 1740, 1680 cm“1 (lit.3h mp 116-118°); Xmax
271 (e 8404); 1739, 1681 cm-1)], and (3) 3(3-acetoxy-6-oxo-
14a-methyl-5a-cholest-7-ene (VIb) crystallizing in small colorless 
prisms [80 mg; mp 170-172°; nmr, 0.72 (18-Me), 0.84 (19-Me), 
0.90, 0.94, 1.12, 2.06 (acetate), 4.75 (3-H), 5.78 (7-H); [«]d 
0°; ORD (in methanol, c  0.037), [or] 550 +163, [a]6oo +217°, 
[q+ m +217°, [o+oo +272°, [a] 345 +1140° (peak), [a+ 2 6  0°, 
[a]290 -3153 (inflexion); Xm„  245 mM (e 13,920); > w  1670, 
1615, 1735, 1240 cm-1].

A n a l . Calcdfor CaoEbiA) (456): C, 78.89; H, 10.59. Found: 
C, 78.76; H, 10.55; mol wt (mass spectroscopy), 456.

3+Acetoxy-7-oxo-14a-methyl-5«-cholest-8-ene (IV).—A solu
tion of 1.0 g of 30-acetoxy-7a-hydroxy-8a,9a-epoxy-14a-methyl- 
5a-cholestane (Va was obtained as a by-product from oxidation 
of 3/3-acetoxy-]4a-methyl-.5«-cholest-7-ene (I) with wj-chloro- 
perbenzoic acid in chloroform)4 in acetone was treated (dropwise) 
with Jones reagent11 until an orange tinge was present. The 
solution was diluted with water and extracted with diethyl ether; 
the extract was washed well with water and aqueous sodium 
hydrogen carbonate, dried, and concentrated. The residue was 
chromatographed (column) on silica gel (0.05-0.20 mm, E. 
Merck, Darmstadt). Elution with 19:1 ligroin-ethyl acetate 
gave ketone Vb as a homogeneous crystalline solid (0.8 g) which 
no longer showed hydroxyl absorption in the infrared spectrum, 
but exhibited a strong carbonyl band at 1700 cm"1. Without 
further characterization, ketone Vb was dissolved in acetic acid 
(50 ml) and zinc dust (1.0 g) was added. The mixture was heated 
at reflux for 1 hr, cooled, filtered, and diluted with water. Ex
traction with diethyl ether provided (after washing and concen
trating) a colorless oil which was purified by preparative layer 
chromatography on four plates developed in ethyl acetate- 
ligroin (1:4). The main zone provided 3|3-acetoxy-7-oxo-

(11) K . B ow den , I . M . H eilb ro n , E . R . H . Jo n es , a n d  B . C . L. W eedon, 
J .  Chem. Soc., 39 (1946).
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14a-methyl-5tt-cholest-8-ene (IV) as a solid which crystallized 
from methanol as large flat needles (460 mg): mp 114-
117°; Amal 254 mu, (e 9417); > w  1745, 1660, 1583 cm“1; 
nmr, 5 0.66 (18-Me), 0.80, 0.90, 1.18 (19-Me), 4.70; [« ]d 
+  19.5° (c 1.30); ORD (c 0.06 in ligroin), [a]45o +32°, [<*]4oo 
+94°, («]367 +160° (peak), [«h« 0°, [ahoo —480°, [a]2so —897°, 
[a]260 -2180°.

A n a l . Calcd for C3oH480 3 : C, 78.89; H, 10.59. Found: C, 
78.89; H, 10.62.

Registry No.—I, 5259-20-1; II, 5535-18-2; III, 
14156-34-6; IV, 15963-76-5; VIb, 15963-75-4.

The Reaction of a,/3-Unsaturated Nitriles 
with Concentrated Sulfuric Acid

Albert Zilkha, I srael Barzilay, J acob N aiman, 
and Ben-Ami F e it 1

D e p a r tm e n t o f  O rg a n ic  C h em is try , T h e  H ebrew  U n iv e r s ity ,  
J e r u s a le m , I s ra e l

R eceived  S ep tem b er 20 , 1 9 6 7

Ritter and coworkers2 have shown that the reaction 
between nitriles and branched olefins or tertiary al
cohols in the presence of concentrated sulfuric acid 
led to the formation of N-alkylamides. This reaction 
was further studied,3-9 and the general view3,9 is that 
the reaction proceeds through a carbonium ion, formed 
from the olefin or alcohol which attacks the nitrogen of 
the nitrile group. Hydrolysis and tautomerism of the 
intermediate product leads to formation of the N- 
substituted amide.

Since an unsaturated nitrile contains both a nitrile 
group and a double bond, there is the possibility of 
interaction between these groups. Ritter2f carried 
out such a reaction between acrylonitrile (AN) and 
sulfuric acid in the presence of acetic acid and repre
sented the polymer obtained as polyalanine (I) in the 
absence of any evidence.

H jS 04
CH2=C H C N ------->-

CH2=CHCO[NHCH(CH3)CO]„NHCH(CH3)CN
I

Formation of I is possible if propagation of the 
polymerization is through the o’-carbon atom of the 
nitrile. Magat10 reported the formation of a soluble 
polymer, of unidentified structure, on reaction of 
methacrylonitrile with a large excess of sulfuric acid.

The reaction of a,/3-un,saturated nitriles with con
centrated sulfuric acid seemed therefore to be an inter
esting method for the preparation of amino acids.

(1) A ddress  co rresp o n d en ce  to  th is  a u th o r  a t  th e  D e p a r tm e n t of C hem is
try ,  T h e  U n iv e rs ity , T e l A v iv , Is rae l.

(2) (a) J .  J .  R i t te r  a n d  P . P . M in ie ri, J .  A m er. Chem. Soc., 70, 4045 (1948); 
(b ) J . J .  R i t te r  a n d  J .  K a lish , ib id ., 70, 4048 (1948); (c) F . R . B enson  a n d  
J .  J . R i t te r ,  ib id ., 71, 4128 (1949); (d) L . W . H a rtz e l a n d  J .  J .  R it te r ,  ib id ., 
71, 4130 (1949); (e) R . M . L u ssk in  a n d  J .  J .  R it te r ,  ib id ., 72, 5577 (1950); 
(f) H . P lo u t  a n d  J . J . R i t te r ,  ib id ., 73, 4076 (1951).

(3) E . M . S m oline, J .  Org. Chem ., 20, 295 (1955).
(4) E . T . R o e  a n d  D . S w ern , J .  A m er. Chem . Soc., 77, 5408 (1955).
(5) R  J a c q u ie r  a n d  H . C ris to l, B u ll. Soc. C him . F r., 596 (1957).
(6) C . L. P a r r is  a n d  R . M . C h ris te n so n , J .  Org. Chem ., 25, 331 (1960).
(7) T . C la rk , J . D ev in e , a n d  D . W . D icke r, A b u ra  K a g a ku , 41, 78 (1964).
(8) F . L . R a m p , J .  P o lym . S c i., P a r t A ,  3 , 1877 (1965).
(9) I .  W eil, R . G . G oebel, E . R . T u lp , a n d  A. C ahn , A m er. Chem . Soc. D iv. 

Petrol. C hem ., P reprin ts , 8, 95 (1963); Chem . A bstr ., 62, 1562 (1965).
(10) E . E . M a g a t, U . S . P a te n t  2 ,628,216 (F eb  10, 1953); Chem . A bstr ., 47, 

5129 (1953).

We reinvestigated the reaction between AN and 
sulfuric acid in the presence of acetic acid.2f An in
soluble polymer was formed which on acid hydrolysis 
gave traces of an amino acid which was not alanine.

Owing to the insolubility of the polymer formed un
der these conditions21 we decided to investigate the re
action using excess sulfuric acid to obtain soluble 
polymers.10 In fact under these conditions, a water- 
soluble product was formed. The chromatogram of its 
hydrolyzate showed several spots, among them a 
strong one belonging to /3-alanine.

The effect of various factors on the yield of /3-alanine 
was studied. The low yields obtained prompted us to 
try to find out what happened to the major portion 
of the AN. Distillation of the dilute reaction mix
ture, before hydrolysis, in the presence of 40% sodium 
hydroxide solution, was found to evolve ammonia, 
which was determined quantitatively by titration. 
The origin of the ammonia is from ammonium salts 
or possibly acrylamide, formed by total or partial 
hydrolysis of the nitrile groups, respectively, in the 
presence of sulfuric acid. Under these distillation 
conditions /3-alanine did not evolve ammonia as op
posed to the behavior acrylamide. The amount of the 
ammonia evolved was calculated as the per cent of 
“labile nitrogen” obtained at the end of the reaction, 
out of the initial amount of acrylonitrile introduced.

Increasing the acid concentration from 92 to 98% or 
the molar ratio of concentrated sulfuric acid (98%) to 
AN, increased the yield of /3-alanine (Table I). The 
lowering in yield of /3-alanine and the increase in 
the per cent of “labile nitrogen” at the low sulfuric 
acid concentration seems to be due to the increase in 
the amount of water present, which leads to exten
sive hydrolysis.

T able I
E ffect o f  Various F actors o n  t h e  Y ield o f  /3-Alanine

[Hjsoq/ Acid /3-A lanine "Labile
[AN]» concn, % yield, % nitrogen,” %
1 98 2.5 75.0
2 .5 98 13.5 78.5
6 98 14.3 77.5

11.25 98 17.5 82.0
2 .5 92 5.5
7 .5 92 2.9 96.5

10 92 3.0 97.0
b 5.5 60.0
b 5.2 65.0
c 0.6

“ 150 mmol of AN was used. b AN-chlorosulfonic acid-sulfuric 
acid (1:3:1) was used. c AN-sulfuric acid-acetic acid (1:2.5:1) 
was used.

We investigated the reaction of AN with a mixture 
of sulfuric acid and chlorosulfonic acid hoping to in
crease the yield of /3-alanine by eliminating the water 
present in the reaction mixture. However, the yield 
decreased (Table I), but there was also a decrease in the 
per cent of “labile nitrogen.” We tried also the re
action conditions of Ritter,21 using a mixture of sul
furic acid and acetic acid, but in the presence of the 
latter a large decrease in yield of /3-alanine was ob
served (Table I).

The results of these experiments pointed out that 
the maximum yield of /3-alanine will be obtained using 
concentrated sulfuric acid or by using fuming sulfuric
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T a b l e  II
R e a c t i o n  o f  A c r y l o n i t r i l e  w i t h  O l e u m  (30% S 0 3)

O leum , [O leu m ]/
0 -A lan ine

yield,

a -S u lfo -
0 -am ino-
p rop ion ic

“ L a b ile  
n itro g e n ,’!

m m ol° [A N ] % acid , % %

450 3 2.7 1 . 8
1125 7.5 5.6 6.3 53
1350 9 4.8 2.9 53
1920 1 2 . 8 1.9 1 .1 59

Equivalent to sulfuric acid.

acid. This led us to carry out experiments using 
oleum (30% S03) (Table II).

It is seen that the yield of /3-alanine decreased con
siderably on using oleum instead of sulfuric acid. On 
the other hand, the chromatograms showed the forma
tion in relatively high quantity, of a new amino acid, 
having a smaller Rt than /3-alanine, besides that of very 
small amounts of other amino acids, one of which was 
identified as taurine by an amino acid analyzer. This 
amino acid was identified as a-sulfo-/3-aminopropionic 
acid. It was also obtained using 98% sulfuric acid 
but in very small amounts.

The formation of a-sulfo-/3-amino acids by the re
action of a,/3-unsaturated nitriles with oleum seemed 
to be a general reaction. Thus, with methacryloni- 
trile (MAN) the results in Table III were obtained.

T a b l e  III
R e a c t i o n  o f  M e t h a c r y l o n i t r i l e  w i t h  S u l f u r i c  A c id  

o r  O l e u m

A cid (m m ol)
[A cid ]/
[M A N ]

0-A m ino-
iso b u ty ric

acid
y ie ld , %

cr-Sulfo-
0 -am ino-

iso b u ty r ic
acid

yie ld , %

“ L ab ile
n itro g e n ,”

%

H2S04 (480) 4 3.9 4.3 85
Oleum (1125) 9.4 12.8 8.8 61

The amino acids isolated were identified as /3- 
aminoisobutyric acid and a-sulfo-/3-aminoisobutyric 
acid. The chromatograms showed the presence of 
traces of other amino acids.

In a similar reaction of crotononitrile with concen
trated sulfuric acid, /3-aminobutyric acid was obtained 
in 9.7% yield, whereas with oleum (30% S03), it was 
obtained in 1.2% yield; besides a sulfoamino acid 
was obtained in 3.9% yield which was not isolated. 
This amino acid, by analogy to the other sulfoamino 
acids obtained, seems to be a-sulfo-jS-aminobutyric 
acid.

The infrared spectra of the products obtained be
fore hydrolysis from AN or MAN on reaction with 
concentrated sulfuric acid or oleum did not show the 
characteristic absorption peak for the nitrile group, 
but showed the characteristic absorptions for amide 
groups and for the -S03H group at 1310, 1210-1240, 
and 1045 cm-1. These products on being dried be
came insoluble in water and other solvents. Their 
elementary analysis showed that their composition 
was not constant and differed from batch to batch.

Establishing the Structure of the Amino Acids.—/3- 
Alanine and a-sulfo-/3-aminopropionic acid were iso
lated by ion exchange technique. The structure of 
/3-alanine was proved from melting point and mixture 
melting point determinations, elementary analysis,

chromatography from various solvent mixtures using 
authentic /3-alanine as a marker, its infrared spectrum, 
and formation of its N-carbobenzoxy derivative.

The structure of a-sulfo-/3-aminopropionic acid
(V) was proved as follows. Its elementary analysis 
showed it to have the empirical formula C3H7N05S, 
the same as that of cysteic acid. It was soluble in 
water and had a strongly acid reaction. Potentio- 
metric titration in 0.1 N  sodium chloride solution with 
0.2 N  sodium hydroxide or 0.2 N  hydrochloric acid 
gave a molecular weight of 167 (calcd 169). The 
pK& of the various groups in comparison with cysteic 
acid11 were as follows: cysteic acid, pA^1 = 1.12, 
pK&2 = 1.88, pAa3 = 8.7; a-sulfo-/3-aminopropionie 
acid, pNa1 < 2, pAa2 = 2.8, pAa3 = 8.7. Chromato- 
graphically the amino acid was different from cysteic 
acid. In high voltage electrophoresis (1000 V) using 
a buffer solution (pH 2.6), it migrated in the opposite 
direction to /3-alanine and in the same direction as 
cysteic acid. The migration was smaller than that 
of cysteic acid (2.8 and 5.4 cm, respectively). This 
proves further that the amino acid is acidic, but less 
than cysteic acid.

Now the four sulfoaminopropionic acids (II-V), 
which have the empirical formula C3H7N05S, are pos
sible. Structure II is that of cysteic acid. Struc-

SOsH s o 3h
1

s o 3h SOsH
1

c h 2c h c o o h CH3CCOOH
y

c h c h 2c o o h

\ ih 2

j
c h 2c h c o o h

1

n h 2

1

n h 2

1

n h 2

II III IV V

tures III and IV are those of a-aminosulfonic acids, 
and it is known12 that such amino acids are completely 
unstable in acid solution, and if present could not have 
remained after a long acid hydrolysis. Therefore, the 
structure of the sulfoamino acid is V, namely a- 
sulfo-/3-aminopropionic acid. This amino acid will 
exist mostly in the form of a zwitterion between the 
sulfonic acid group and the amino group, since the 
less acidic carboxyl group is the same distance apart 
from the amino group as is the sulfonic group. That 
is why this amino acid is expected to be less acidic 
than cysteic acid, as found.

The traces of taurine found in some of the acid hy- 
drolyzates may be the result of decarboxylation of 
traces of a-sulfo-/3-aminopropionic acid.

a-Sulfo-/3-aminopropionic acid was prepared previ
ously in low over-all yield using a multistep synthesis 
starting from /3-alanine.13 Our present one-step syn
thesis from AN is simpler. The structures of ß- 
aminoisobutyric acid and a-sulfo-/3-aminoisobutyric 
acid formed from MAN were established using similar 
evidence and reasoning as in the case of the amino 
acids obtained from AN.

Discussion

The reaction of o:,/3-unsaturated nitriles with con
centrated sulfuric acid (or oleum) was shown to lead to 
the formation of a product which on subsequent acid

(11) C . L . A ndrew s a n d  A. S ch m id t, J .  B io l. Chem ., 73, 655 (1927).
(12) P . M oses, P h .D . T h esis, T h e  H eb rew  U n iv e rs ity  of Je ru sa lem , 1959.
(13) A. S chöberl a n d  H . B ra u n , A n n .,  542, 274 (1939); S. G ab rie l, B e r ., 

38, 642 (1905).
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hydrolysis gave a mixture of /3-amino acids and a- 
sulfo-/3-amino acids. The reaction may be schemati
cally shown as in eq 1. This course of the reaction is

R'
1. H jS O t o r  o leum

R C H = C C = N --------------------------->
2. H 2O , h y d ro ly s is

R ' R '

R C H C H C O O H  +  R C H — C O O H  (1)

n h 2 n h 2 s o 3h

different from that given by Ritter.2f The reaction 
between a,/3-unsaturated nitriles and concentrated 
sulfuric acid or oleum is quite complex. The fact that 
a high percentage of the nitrogen of the nitrile group is 
converted into “labile nitrogen” shows that hydrolytic 
(60-95%) reactions of the nitrile groups to ammonia or 
primary amide groups are very prominent, especially 
in the more dilute sulfuric acid solutions. For this 
reason the total yield of amino acids obtained in the 
reaction (after hydrolysis) did not exceed 20%. Be
cause of this the structure of the product of the reaction, 
before hydrolysis, is expected to be very complex, and 
not to have exactly the same structure from batch to 
batch.

The reactions in eq 2^1 may describe the formation 
of /3-alanine from AN in the presence of sulfuric acid. 
I t seems that formation of a carbonium ion on the /3 
carbon atom of AN is a prerequisite for the formation 
of /3-alanine, and it is plausible that this could occur 
under the reaction conditions. This carbonium ion 
may be formed either by electrophilic addition of a 
proton to the double bond or by protonation of the 
nitrile group (eq 2). The /3-carbonium ion can then
5+ S -  H+

C H 2= C H C = N  — >

C H 2C H 2C e= N  o r  C H 2= C H C = N H  -<->  C H 2C H = C = N H  (2) 

add to a free nitrile group of AN. This reaction may 

C H 2= C H C = N  +  C H 2C H 2C N  — s-

c h 2= c h c = n c h 2c h 2c n  c h 2c h = c = n c h 2c h 2c n

(3)
C H 2 = C H C = N  — j-

C H 2= C H C = N C H 2C H = C = N C H 2C H 2C N  (4)

continue. Addition of sulfuric acid to the C =N  
double bond will yield VI, which on subsequent acid 
hydrolysis will give /3-alanine.

c h 2c h = c n h c h 2c h = c n h c h 2c h 2c = n h

¿SO sH OSO3H OSO3H ¿SO3H
V I

Addition of sulfuric acid to the nitrile group and sub
sequent hydrolysis can explain why the hydrolysis 
reaction was so dominant.

The formation of a-sulfo-/3-aminopropionic acid can 
be also explained in terms of electrophilic addition to 
the double bond. In concentrated sulfuric acid, and 
of course in oleum, there exists the electrophilic mol
ecule SO314 which adds to the nucleophilic double 
bond forming a C-S bond, which, contrary to C-O-S 
bonds, is stable to acid hydrolysis. The fact that with

(14) C . K . In g o ld , “ S tru c tu re  a n d  M ech an ism  in  O rg an ic  C h e m is try ,” 
C o rn e ll U n iv e rs ity  P ress, I th a c a ,  N . Y ., 1953, p  299.

oleum the yield of the sulfonic acid increased gives sup
port to the electrophilic addition of the S03 to the dou
ble bond.

«+ a- +
c h 2= c i i c = n  +  s o 3 — >  c h 2c h c = n

I
so 3
VII

The /3-carbonium ion (VII) can add to the nitrile 
group of AN, as described before, leading in a series 
of addition reactions and subsequent hydrolysis to the 
formation of the a-sulfo-/3-amino acid besides /3-alanine.

These mechanisms apply equally well to the forma
tion of the other /3-amino acids and a-sulfo-/3-amino 
acids from a,/3-unsaturated nitriles. They are also 
consistent with the approved mechanism for the Ritter 
reaction,3’9 according to which it is improbable that 
the propagation will proceed through the a-carbon 
atom of the nitrile to give poly-a-amino acids but only 
through the /3-carbon atom to give poly-/3-amino acids. 
However, the formation of products having partial 
structures of polymers or oligomers of /3-amino acids, 
formed by “polymerization” of the a,/3-unsaturated 
nitrile through the nitrile group as shown, is not the 
dominant reaction, since most of the monomer suffers 
hydrolysis of the nitrile groups in the course of the re
action, and only unhydrolyzed nitrile groups can par
ticipate in the poly-/3-amino acid formation.

Experimental Section

Reaction of Acrylonitrile with Sulfuric Acid.— T h e  re a c tio n  
w as c a rr ie d  o u t  u n d e r  a n h y d ro u s  c o n d itio n s  a n d  in  a n  a rg o n  
a tm o sp h e re . R e d is til le d  p u rif ie d  d ry  A N 15 (8 g , 0 .1 5  m o l) w as 
a d d e d  d ro p w ise  w ith  s t i r r in g  to  coo led  c o n c e n tra te d  su lfu r ic  ac id  
(9 8 % , 25 m l) ,  su c h  t h a t  th e  te m p e ra tu re  of th e  re a c tio n  m ix tu re  
d id  n o t  exceed  1 0 ° . T h e  m ix tu re  w as s t i r r e d  a t  ro o m  te m p e ra 
tu r e  fo r  24 h r ,  ice w a te r  w as a d d e d  to  s to p  th e  re a c tio n , a n d  th e  
m ix tu re  w as d ilu te d  to  225 m l so t h a t  th e  a c id  c o n c e n tra t io n  
w as 4 N , a n d  th e  so lu tio n  w as re fluxed  fo r 24 h r  to  a ffec t h y d ro ly 
sis . T h e  h y d ro ly z a te  w as n e u tra liz e d  w ith  so lid  b a r iu m  h y 
d ro x id e  a n d  c en tr ifu g e d  fro m  b a r iu m  su lfa te .  T h e  a m o u n t  o f 
th e  a m in o  ac id s  p re s e n t  in  th e  f i l t ra te  w as d e te rm in e d  b y  p a p e r  
c h ro m a to g ra p h y . T h e  re a c tio n s  w ith  m e th a c ry lo n itr i le  a n d  
c ro to n o n itr ile  w ere  c a rr ie d  o u t  s im ila r ly .

a-Sulfo-j8-aminopropionic Acid.— A c ry lo n itr ile  w as a d d e d  d ro p - 
w ise w ith  s t i r r in g  a t  th e  r a te  o f a b o u t  0 .4  m l e v e ry  h a lf  m in u te  
to  25 m l of o leu m  (3 0 %  SO3) cooled  in  a n  ice b a th .  T h e  te m 
p e ra tu re  ro se  to  a b o u t  70 ° a n d  w as k e p t  th e re  u n t i l  th e  e n d  of 
th e  a d d it io n . T h e  re a c tio n  m ix tu re  w as s t i r r e d  a t  ro o m  te m p e ra 
tu re  fo r  24 h r ,  d i lu te d  w ith  ice w a te r  u n t i l  th e  c o n c e n tra t io n  of 
th e  a c id  w as 5 N , a n d  re fluxed  fo r 24 h r  to  a ffec t h y d ro ly s is .  T h e  
so lu tio n  w as n e u tra liz e d  w ith  th e  c a lc u la te d  a m o u n t  o f so lid  
b a r iu m  h y d ro x id e , a n d  c en tr ifu g e d  fro m  b a r iu m  s u lfa te .  T h e  
s u p e rn a te n t  so lu tio n  w as s t i r r e d  fo r 3 h r  w ith  D o w ex  50W  
( H +, 25 g ) a n d  f ilte re d . T h e  f i l t r a te  w as e v a p o ra te d  to  d ry n e ss  
in vacuo, a n d  a-su lfo -/3 -am in o p ro p io n ic  ac id  c ry s ta lliz e d  o u t  on  
s ta n d in g  u n d e r  a b so lu te  e th a n o l .  I t  w as re c ry s ta lliz e d  fro m  
w a te r -a b s o lu te  e th a n o l to  y ie ld  1.6 g (6 .3 % ): m p  2 5 0 -2 6 0 °  d ec; 
Rt (d e sce n d in g  fro m  b u ta n o l-a c e tic  a c id -w a te r )  0 .1 3  (cy ste ic  
a c id , Ri 0 .1 1 ).  T h e  n m r sp e c tru m  in D 20  sh o w ed  a  d o u b le t  
c e n te re d  a t  3 .5 3  ( - C H 2- )  a n d  a  t r ip le t  c e n te re d  a t  4 .1 5  p p m  
( - C H - ) .  Anal. C a lc d  fo r C 3H 7N 0 5S : C , 2 1 .3 0 ; H ,  4 .1 7 ; 
N , 8 .2 8 ; S , 18 .96 . F o u n d :  C , 2 1 .3 0 ; H ,  4 .1 0 ; N , 8 .6 7 ; S , 
18 .40 .

/3-A lanine.— T h e  D o w ex  re s in  le f t  fro m  th e  iso la tio n  of a- 
su lfo -/3 -am inoprop ion ie  a c id  w as su sp e n d e d  in  1 %  a m m o n ia  
so lu tio n  (120 m l)  a n d  s t i r r e d  fo r 1 h r  to  e x tr a c t  th e  /3-alanine. 
T h e  e x tr a c t  w as e v a p o ra te d  to  d ry n e ss  in vacuo, a n d  th e  /3- 
a la n in e  c ry s ta lliz e d  o u t  o n  s ta n d in g  u n d e r  a b so lu te  e th a n o l.  
I t  w as re c ry s ta lliz e d  fro m  w a te r - d r y  a c e to n e , y ie ld  0 .5  g  (3 .7 % ) . * 515

(15) C . H . B am fo rd  a n d  A. D . Jen k in s , Proc. R oy . Soc. (L o n d o n ) , A 2 1 6 ,
515 (1953).
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Isolation of the Product of Reaction between Acrylonitrile and 
Sulfuric Acid.— T h e  d ilu te d  re a c tio n  m ix tu re  b e fo re  h y d ro ly s is  
w as n e u tra liz e d  w ith  so lid  b a r iu m  h y d ro x id e  a n d  c en tr ifu g e d  from  
th e  p re c ip ita te d  b a r iu m  su lfa te .  T h e  p re c ip ita te  w as e x tra c te d  
w ith  h o t  w a te r .  T h e  f i l t r a te  a n d  e x tr a c t  w ere  c o m b in e d , D ow ex  
50W  (H +, 25 g )  w as a d d e d  to  re m o v e  excess b a r iu m  io n s , if 
p re se n t ,  a n d  o th e r  b a s ic  m a te r ia ls  a n d  th e  m ix tu re  w as s t i r r e d  
fo r  3 h r .  T h e  f i l t r a te  fro m  th e  io n -ex c h an g e  re s in  w as e v a p o ra te d  
to  d ry n e ss  in  va cu o , a n d  th e  re s id u e  so lid ified  on  s ta n d in g  u n d e r  
a b so lu te  e th a n o l.  I n  th e  re a c tio n  b e tw e e n  A N  (0 .1 5  m o l) a n d  
9 8 %  su lfu ric  a c id  (0 .48  m o l) , 9 .8  g  of a  p ro d u c t  w ere  o b ta in e d . 
A n a l . F o u n d : C , 4 5 .0 9 ; H ,  7 .6 4 ; N ,  12 .70 ; S , 1 .6 6 % .

I n  th e  re a c tio n  b e tw e e n  a c ry lo n itr ile  (0 .1 5  m o l) a n d  o leum  
(3 0 %  SO 3) (1 .125  m o l) , 1 0 . 2  g  o f a  p ro d u c t  w ere  o b ta in e d . 
A n a l . F o u n d : C , 3 3 .3 5 ; H ,  5 .4 3 ; N ,  9 .7 0 ; S , 1 2 .9 0 % .

a-Sulfo-jS-aminoisobutyric Acid.— T h e  re a c tio n  m ix tu re  ob 
ta in e d  fro m  m e th a c ry lo n itr i le  ( 8  g , 0 .1 2  m o l) a n d  o leu m  (3 0 %  
SO 3 , 25 m l) , w as d ilu te d  w ith  ice w a te r  to  225 m l a n d  re flu x ed  fo r 
24 h r .  I t  w as n e u tra liz e d  w ith  b a r iu m  h y d ro x id e , c e n tr ifu g e d , a n d  
s t ir re d  w ith  D o w ex  50W  (25 g )  fo r  3 h r .  T h e  f i l t ra te  w as e v a p o 
ra te d  to  d ry n e ss  in  va cu o , a n d  th e  re s id u e  w as d isso lv ed  in  h o t  
e th a n o l ( 1 0  m l)  a n d  p re c ip ita te d  b y  d i lu tin g  w ith  d ry  a c e to n e , 
s c ra tc h in g , a n d  coo ling  in  liq u id  a ir ;  a  c ru d e  y ie ld  o f  2 . 8  g 
(1 2 .7 % ) w as o b ta in e d .  a -S u lfo -/3 -am in o iso b u ty ric  a c id  w as 
re c ry s ta lliz e d  fro m  e th a n o l-a c e to n e :  m p  240° d e c ; Ri 0 .1 6
(d escen d in g  fro m  b u ta n o l - a c e tic  a c id -w a te r ) .  T h e  n m r sp e c 
t ru m  in  D 20  sh o w ed  o n ly  a b so rp tio n s  a t  1.52 ( - C H 3) a n d  3 .45  
p p m  ( - C H 2- ) .  A n a l .  C a lc d  fo r  C 4H 9N O 5S : C , 2 6 .2 3 ; H ,
4 .9 2 ; N ,  7 .65 ; S , 1 7 .49 . F o u n d :  C , 2 6 .3 7 ; H .4 .8 0 ;  N ,  8 .0 0 ; 
S , 17 .95 .

(3-Aminoisobutyric Acid.— T h e  D o w ex  re s in  le f t  fro m  th e  iso la 
tio n  of a -su lfo -/3 -am in o iso b u ty ric  a c id  w as su sp e n d e d  in  1 %  
a m m o n ia  so lu tio n  (150 m l)  s t i r r e d  fo r  1 h r  a n d  f ilte re d . T h e  
f i l t ra te  w as e v a p o ra te d  to  d ry n e ss  in  va cu o , a n d  th e  re s id u e  w as 
e x tra c te d  b y  h o t  a b so lu te  e th a n o l .  T h e  in so lu b le  /3-am inoiso- 
b u ty r ic  a c id  w as filte re d  a n d  w a sh e d  w ith  a c e to n e . A n o th e r  
c ro p  of th e  p ro d u c t  w as o b ta in e d  o n  a d d it io n  o f a c e to n e  to  th e  
f i l t ra te  to  g ive  a  to ta l  y ie ld  o f 0 .2 4  g  (2 % ) .  I t  w as re c ry s ta lliz e d  
fro m  e th a n o l-a c e to n e .

Quantitative Determination of the Amino Acids by Paper 
Chromatography.—T h e  d e sc en d in g  m e th o d  of p a p e r  c h ro m a to g 
ra p h y  w as u se d  a n d  th e  d ev e lo p in g  so lv e n t w as co m p o sed  of 
n -b u ty l  a lc o h o l-a c e tic  a c id -w a te r  (2 5 :6 :2 5 ) .  T h e  c h ro m a to 
g ra m s w ere  sp ra y e d  w ith  0 .5 %  n in h y d r in  so lu tio n  in  8 5 %  a q u eo u s  
a ce to n e . S p o ts  fro m  th e  u n k n o w n  as w ell as fro m  m a rk e rs  w ere  
e lu te d  w ith  7 5 %  a q u e o u s  e th a n o l a n d  th e i r  a b so rb a n c y  a t  565 
my w as m e a su re d .

Registry No.—Sulfuric acid, 76649-93-9; acrylo
nitrile, 107-13-1; methacrylonitrile, 126-98-7; /3-alanine, 
107-95-9; IV, 15924-28-4; /3-aminoisobutyric acid, 
144-90-1; a-sulfo-/S-aminoisobutyric acid, 15924-29-5.

Hydrogenation of Conjugated Diolefins 
with Transition Metal 7r Complexes

Y o s h i o  T a j i m a  a n d  E t s t jo  K u n i o k a

C en tra l R esearch  L a b o ra to rie s , T o yo  R a y o n  C o m p a n y , L td .,  
O tsu , S h ig a , J a p a n

R eceived  A u g u s t 3 1 , 1 9 6 7

It has already been found by Sloan, Matlack, and 
Breslow1 that a number of transition metal compounds 
combined with organometallic derivatives are soluble 
catalysts for the hydrogenation of olefins such as 
cyclohexene, 1-octene, 2-pentene, etc. Transition 
metals in groups IV-VIII, mostly as acetylacetonates or 
as alkoxides, have been found to be active when com
bined with, preferably, a trialkylaluminum compound.

(1) M . F . S loan , A . S. M a tla c k , a n d  D av id  S. B reslow , J .  A m er. Chem.
Soc., 85 , 4014 (1963).

Mono-, di-, tri-, and tetrasubstituted olefins have 
been hydrogenated. They postulated the mechanism 
for the hydrogenation with the soluble catalysts as 
follows.

The reaction of transition metal derivatives with 
aluminum alkyls has as its first step alkylation of the 
transition metal derivative (eq 1). This step is fol
lowed by hydrogenolysis of the metal-alkyl bond 
formed to yield a metal hydride (eq 2), which then 
adds to an olefin forming a new metal alkyl (eq 3). 
Hydrogenolysis of the latter yields saturated hydro
carbon with regeneration of the metal hydride (eq 4).

R 3AI -I- M X „ — >- R 2A1X +  R M X „ _ i (1)

R M X „ _ i +  H 2 — =► R H  +  H M X „ _ i (2 )

> C = C <  +  H M X „ _ i H C ■MX„_i (3)

H - C - C - M X . - 1  +  H 2
I I

• H C — C H  -I- H M X „_ (4)

The hydrogenation of olefins by Ziegler catalysts was 
also investigated by Heck,2 who postulated inser
tion reaction mechanisms of metal complexes. On the 
other hand, selective hydrogenation of conjugated di
olefins, such as butadiene to monoolefins (butene-1, 
butene-2) by pentacyanocobaltate (II) complexes was 
studied by Kwiatek.3

In this paper, hydrogenation of butadiene or isoprene 
by binary catalysts systems of transition metal t com
plexes and organometallic compounds was studied. 
Transition metal tt complexes tried were biscyclo- 
pentadienyl transition metal dichloride (Cp2TiCl2, 
CP2VCI2, and Cp2ZrCl2), 7r-allyl-ir-cyclopentadienyl- 
nickel (CsHsNiCsIH), cyclopentadienyldicarbonylcobalt 
(CpCo(CO)2), and cyclopentadienyldicarbonylchloro- 
iron CpFe(CO)2Cl. Organometallic compounds used 
were organolithium compounds (for example, n-C4H9Li), 
Grignard reagents (for example, PhMgBr), and organo- 
aluminum compounds (AlEt3, A1Bu3).

The results are shown in Tables I—III. In Table I, 
the results of hydrogenation of butadiene by biscyclo- 
pentadienyl transition metal dichlorides are shown. In 
Cp2TiCl2-BuLi (or PhMgBr) catalyst systems, quanti
tative hydrogenation of butadiene to saturated hydro
carbon (butane) was observed, and little unsaturation

T a b l e  I
H y d r o g e n a t i o n  o f  B u t a d i e n e  b y  B i s c y c l o p e n t a d i e n y l  

T r a n s i t i o n  M e t a l  C o m p o u n d s “

C a ta ly s t
C on

version ,
------ C o n te i

C Ì 8 -

i t ,  % ---------
trans-

sy stem % B u tene-1 B u ten e-2 B u tene-2 B u ta n e

C p 2T iC l2-B u L i 1 0 0 . 0 0 0 0 1 0 0 . 0

C p 2T iC l2-P h M g B r 9 9 .0 0 0 . 2 2 .3 97. 5
C p 2V C l2-B u L i 6 2 .2 2 .3 1 3 .9 8 4 .8 0

C p 2V  C l2-P h M g B r 4 3 .1 1 .7 2 6 .1 7 2 .2 0

C p 2Z rC l2- B u L i 0

C p 2Z rC l2-P h M g B r 0

“ T h e  h y d ro g e n a tio n  re a c tio n s  w ere  c a rried  o u t  a t  4 0 -4 5 °  fo r 
15 h r  u sin g  th e  c a ta ly s t  sy s te m  2 m m ol o f C p 2M C l2 (M : T i, V, 
Z r)  a n d  4 .8  m m ol of B u L i (o r 7 m m o l o f P h M g B r)  a n d  50  m l of 
b en zen e  as th e  so lv e n t. T h e  in it ia l  h y d ro g e n  p re ssu re  w as 60 
k g /c m 2; 7  m l of b u ta d ie n e  w as u sed  in  e ac h  e x p e rim e n t.

(2) R . F . H eck , A d v an ces  in  C h e m is try  Series, N o . 49, A m erican  C hem ica l 
S ocie ty , W a sh in g to n , D . C ., 1965, p  181.

(3) J .  K w ia te k  a n d  J .  K . S eyler, A dvances  in  C h e m is try  Series, N o . 37, 
A m erican  C hem ica l S ocie ty , W a sh in g to n , D . C ., 1963, p  201.
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T a b l e  II
S e l e c t i v e  H y d r o g e n a t i o n  o f  I s o p r e n e  b y  

B i s c y c l o p e n t a d i e n y l v a n a d i u m  B i c h l o r i d e "1

/--------------------- C o n te n t, % ------------------------- s
2 -M e th -

C a ta ly s t  sy s te m
C on  v e r -  2 -M e th y l-  
sion , %  1 -b u te n e

2 -M e th y l-
2 -b u te n e

2 -M e th y l-
1 -b u te n e

y lb u -
ta n e

Cp2VCl2-BuLi 100.0 5.8 92.1 2.1 0
Cp2VCl2-PhMgBr 97.8 4.9 93.7 1.4 0

° The hydrogenation reactions were carried out at 95-100° for 
15 hr using the catalyst system 2 mmol of Cp2VCl2 and 4.8 mmol 
of BuLi (or 7 mmol of PhMgBr) and 50 ml of benzene as the sol
vent. The initial hydrogen pressure was 60 kg/cm2; 7 ml of iso
prene was used in each experiment.

T a b l e  III
H y d r o g e n a t i o n  o f  B u t a d i e n e  b y  M o n o c y c l o p e n t a d i e n y l  

T r a n s i t i o n  M e t a l  C o m p o u n d s '*

C a ta ly s t
sy s te m

C on
vers io n ,

% B u tene-1

----- C o n te n t
cis-

B u te n e -2

. % ------
trans- 

B u te n e -2 B u ta n e

CpNiC3H,-AlEt3 72. T> 7.4 30.2 42.3 20.1
CpNiC3H7-PhMgBr 86.4 0.9 41.2 48.0 9.9
CpCo (CO )2-AlEt3 91.7 0.5 40.5 51.4 7.3
CpCo(CO)2-PhMgBr 87.4 4.7 44.2 48.3 2.8
CpFe(CO)2Cl-AlEt2 98.8 2.1 45.6 52.3 0
CpFe(CO)2Cl-PhMgBr 85.3 1 . 0 44.7 44.3 0

° The hydrogenation reactions were carried out at 40-45° for 
6 hr using the catalyst system 2 mmol of CpNiCjHv, CpCo(CO)2, 
or CpFe(CO)2Cl and 4.8 mmol of AlEt3 (or 7 mmol of PhMgBr) 
and 50 ml of benzene as a solvent. The initial hydrogen pressure 
was 60 kg/cm2; 7 ml of butadiene was used in each experiment. 
1 Cyclooligomerization also occurred.

was contained in the reaction products. On the other 
hand, in Cp2VCl2-BuLi (or PhMgBr) catalyst systems, 
selective hydrogenation of conjugated diene to mono
olefin was observed, and further hydrogenation of mono
olefin (butenes) to butane was not observed. In 
Cp2ZrCl-BuLi (or PhMgBr) catalyst systems, no hy
drogenation reaction was observed. In any case of 
Cp2MCl2 (where M is Ti, V, or Yr)-AlEt3 (or A1Bu3) 
catalysts systems, or in any case of Cp2M, Cp2M+X_ 
(where M is Ni, Co, or Fe)-organometallic compound 
(BuLi, PhMgBr, AlEt3, A1Bu3) catalyst systems, no 
hydrogenation reaction was observed.

In Table II, the results of selective hydrogenation of 
isoprene by Cp2VCl2-BuLi (or PhMgBr) catalyst system 
are shown. The reaction products were 2-methyl-l- 
butene, 2-methyl-2-butene (main product), and 3- 
methyl-l-butene. Further hydrogenation of monoole
fins to 2- methylbutane was not observed. In Table III, 
the results of hydrogenation of butadiene by CpNiC3H7 
(or CpCo(Co)2, CpFe(CO)2Cl)-AlEt3 (or PhMgBr) 
catalysts system are shown. Under the reaction condi
tions (reaction temperature of 40-45°, reaction time of 6 
hr), butene-1 and butene-2 were mainly produced, and 
butane constituted only a small portion of the reaction 
products, but by extending the reaction time to 15 hr or 
using a higher reaction temperature further hydrogena
tion of butene to butane occurred and the butane con
tent increased.

From the above experimental results, we presume the 
following: Cp2TiCl2 (or Cp2VrCl2, Cp2ZrCl2) could be 
alkylated by BuLi (or RMgBr) to form a metal-alkyl 
bond which could be hydrogenated to yield a metal 
hydride. Catalytic activity for hydrogenation is 
mostly dependent on the nature of the center element of 
the 7r complex (T />> V »  Zr). The r  complex of titan

ium can catalyze the hydrogenation of monoolefins to 
saturated hydrocarbons, whereas the ir complex of van
adium can catalyze the hydrogenation of conjugated 
dienes to monoolefins, being unable to hydrogenate 
monoolefins to saturated hydrocarbons. The w complex 
of zirconium has no catalytic effect on hydrogenation. 
On the other hand, neither Cp2M nor Cp2M+X_ (where 
M is Ni, Co or Fe) could be alkylated to form a metal- 
alkyl bond. These tv complexes have no catalytic power 
on the hydrogenation. By the reaction of CpNiC3H5 
(or CpCo(CO)2, CpFe(CO)2Cl) and AlEt. (or PhMgBr), 
a metal-alkyl bond would be formed, which would be 
followed by hydrogenolysis to yield the metal hydrides. 
Transition metal compounds of Ni, Co, and Fe them
selves can catalyze the hydrogenation of monoolefins to 
saturated hydrocarbons, but hydrogenation was greatly 
retarded by coordination from the cyclopentadienyl 
ligand.

Experimental Section

The hydrogenation reactions were carried out in an autoclave 
(100 ml), and all opeations were carried out in a nitrogen at
mosphere. In general, 2 mmol of a transition metal tv complex,*
4.8 mmol (or 7 mmol) of an organometallic compound, 50 ml of 
benzene as solvent, and 7 ml of butadiene (or isoprene) were 
taken in the autoclave under a nitrogen atmosphere. Hydrogen 
was then introduced up to 60 kg/cm2. The reactions were carried 
out at 40-45° (or at 95-100°) for 15 hr (or for 6 hr) under strong 
agitation. The products were analyzed by isolation and were 
identified or determined by gas chromatography.

Preparation of Transition Metal tv Complexes.—Cyclopenta- 
dienyldicarbonylcobalt(I), CpCo(CO)2, was prepared4 by treating 
a twofold excess of dicobalt octacarbonyl with cyclopentadiene 
at room temperature. x-Allyl-x-cylopentadienylnickel was pre
pared5 by treating Cp2Ni with allylmagnesium chloride in THF 
under an inert atmosphere. Cyclopentadienyldicarbonylchloro- 
iron(I)CpFe(CO)2Cl was prepared4 by oxidizing cyclopentadienyl- 
tetracarbonyliron (CpFe)2(CO)4 with air in HC1 acidic ethanol- 
chloroform solution.

Cyclopentadienyltetracarbonyliron, (CpFe)2(CO)4; nickelo- 
cene, Cp2Ni;6 biscyclopentadienyltitranium dichloride, Cp2TiCl2;7 
biscyclopentadienylvanadium dichloride, Cp2VCl2; and biscyclo- 
pentadienylzirconium dichloride, Cp ZrCl2,8 were prepared by 
the procedure as described in the literature.

Registry No.—Cp2TiCl2, 1271-19-8; Cp2VCl2, 12083-
48-6; Cp2ZrCl2, 1291-32-3; Cp2NiC3H7, 12107-46-9; 
CpCo(CO)2, 12078-23-8; CpFe(CO)2Cl, 12107-04-9; 
butadiene, 106-99-0; isoprene, 78-79-5.

(4) T . S. P ip er, J .  Inorg . N ucl. Chem ., 1, 165 (1955).
(5) W . R . M cC allan , J .  A m er. Chem. Soc., 83, 1601 (1961).
(6) C . L. H ob b s, B rit ish  P a te n t  733,129 (1955).
(7) G . W ilk inson  a n d  J .  M . B irm ingham , J . A m er. Chem. Soc., 76 , 4281 

(1934).
(8) G . W ilk in son  a n d  F . A . C o tto n , Chem. In d .  (L ondon ), 307 (1954).

Cyclopropanecarboxylic Acid Fluoride.
An Improved Synthesis

R .  E. A. D e a r  a n d  E. E. G i l b e r t

A ll ie d  C h em ica l C orpora tion ,
M o r r is to w n , N e w  J e r s e y  0 7 9 6 0

R eceived  N ovem ber 6 , 196 7

Cyclopropanecarboxylic acid fluoride was reported 
previously1 to be obtained in 30% yield by the action 
of potassium fluoride on cyclopropanecarboxylic acid 
chloride and in 54% yield by allowing the free acid to

(1) M . H a n a c k  a n d  H . E ggenspe rge r, Chem. B er., 96, 1341 (1963).
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react with a mixture of benzoyl chloride and potas
sium fluoride.

We have found that, when 4-chlorobutyryl chloride 
is treated with potassium fluoride at 195-200° in a 
suitable reaction medium such as tetramethylene sul- 
fone, cyclopropanecarboxylic acid fluoride is produced 
directly in 70% yield (eq 1). Since 4-chlorobutyryl

CI(CH2)3C0C1 +  3K F

CH2\  A l
I P c P  +  K H F2 +  2KC1 (1)

ch2/  ^ cof

chloride is easily made from 7-butyrolactone and 
thionyl chloride,2a,b this approach appears to offer a 
practical route to the acyl fluoride and its many de
rivatives.

We have evidence to show that the reaction pro
ceeds in two distinct steps which, at the optimum ele
vated temperature, are practically concerted. First 
there is an exothermic exchange of the acyl halogen 
atom, followed by a base-induced cyclization, to give 
the product observed.

The first step in the reaction is the exchange of the 
acyl halogen for fluorine. This was demonstrated by 
running the reaction at various temperatures. At 
130° the sole product is 4-chlorobutyryl fluoride. 
This product may be recovered and distilled or, simply 
by raising the temperature in the reaction flask to 
190-195°, it may be converted into cyclopropanecarbox
ylic acid fluoride. Below 190° no cyclic product was ob
served. It was further noted that, when 4-chloro
butyryl chloride was added to the potassium fluoride- 
tetramethylene sulfone slurry, an exothermic reaction 
took place, resulting in a temperature rise of about 10° 
in the reaction flask. As no similar increase in tem
perature occured when the acid chloride was mixed with 
the sulfone alone, the results noted above must be 
due to the initial exchange reaction.

Whereas halogen exchange reactions brought about 
by potassium fluoride are well known,2 3'4 its use as a 
base has been more limited. The basic properties of 
potassium fluoride were noted first in 19485 by Nes- 
mayanov and his colleagues, who discovered that the 
reaction in eq 2 did not proceed as anticipated. In-

CCI3COOH +  3K F  CF3COOH +  3KC1 (2)

stead, a base-induced decarboxylation was observed, 
with the formation of chloroform and carbon dioxide. 
Prior to this, it was thought that more powerful 
nucleophiles, such as amines or hydroxides, were re
quired for this type of reaction. Further examples of 
the use of potassium fluoride as a base have been sum
marized recently.6 The second stage of the reaction, 
then, may be written simply as the abstration of an a 
proton, followed by an intramolecular nucleophilic 
displacement, resulting in ring closure (see Scheme I).

(2) (a) W . R ep p e , A n n . Chem ., 596, 1 (1955). (b ) C1(CH2) j C O C 1 is also 
a v a ila b le  from  A ldrich  C h em ica l Co.

(3) M . H u d lic k y , “ C h e m is try  of O rg an ic  F lu o rin e  C o m p o u n d s ,”  T h e  
M acm illan  C o ., N ew  Y o rk , N . Y ., 1962, p  87 ff.

(4) A. K . B a rb o u r , L . J .  B elf, a n d  M . W . B u x to n , A dvan . F luorine  C hem ., 
3 , 181 (1963).

(5) A. N . N esm a y a n o v , K . A . P e c h e rsk a y a , a n d  G . Y. U re ts k a y a , Izv .  
A k a d . N a u k  S S S R ,  Otd. K h im . N a u k ,  240 (1948).

(6) L . R a n d , D . H a id u k e w y c h , a n d  R . J .  D o lin sk i, J .  Org. Chem ., 31 , 1272
(1966).

S c h e m e  I

/CH 2CH2\  /H P )  /CH2CH2\  P' 
Cl ÇVC — Cl C h-<3

P* \  V
H F  F

H F +  K F  —*• K H F2 (b)

It has been suggested7 that potassium fluoride is 
not a strong enough nucleophile to react with an a- 
hydrogen atom, e.g., in adipic acid, but this reasoning 
may not apply here because the a hydrogen is rendered 
relatively acidic by the acyl fluorine atom. The 
importance of the acyl fluorine atom is shown by the 
fact that efforts to cyclize 4-chlorobutyronitrile, 4- 
chlorobutyranilide, and ethyl 4-chlorobutyrate by heat
ing with potassium fluoride were unsuccessful. It is 
interesting to note that 4-chlorobutyronitrile can be 
cyclized by heating with sodium hydroxide8 and that 
a mixture of ethyl 4-iodobutyrates gives good yields 
of ethyl cyclopropanecarboxylate9 when heated with 
sodium hydride, indicating that very strong bases are 
required in the absence of the unique activating in
fluence present in the acyl fluoride. It is also pos
sible that initially there is formed a strong hydrogen 
bond (see eq 3) followed by formation of KHF2 and

H - C - H  +  K F  H—V  +  H ........F K  ^

H - V  +  KH F2 (3)

a carbanion. The incipient carbanion in both cases 
would have resonance stabilization through the eno- 
late form, and could subsequently cyclize. Fluoride 
ions are capable of forming the strongest known hy
drogen bonds,10 i.e., F _ acting as a Lewis base and it 
has been shown11,12 that active methylene compounds 
are suitable donors.

In both reaction schemes the strength of HF2~ 
acts as a driving force in the reaction and its formation 
ties up excess acid, to which the product is sensitive.13

In a brief examination of the ability of other alkali 
metal fluorides to bring about the cyclization, we car
ried out the reaction with cesium fluoride and with 
sodium fluoride. The former, as expected, gave the 
cyclopropanecarboxylic acid fluoride, but only in the 
same yield (70%) as potassium fluoride. Sodium

(7) L . R a n d , W . W a g n e r, P . O . W a rn e r , a n d  L . R . K ov ac , ib id ., 27 , 1034 
(1962).

(8) C . M . M cC lo sk ey  a n d  G . H . C o le m an  in  “ O rg an ic  S y n th e s e s ,” C oll. 
V ol. I l l ,  J o h n  W iley  a n d  S ons, In c .,  N ew  Y ork , N . Y ., 1955, p  221.

(9) B . W . H o rro m  a n d  L . R . S w e tt  (A b b o tt  L a b o ra to r ie s ) , U . S. P a te n t  
2 ,992,269( J u ly  11, 1961).

(10) L . P au lin g , “ T h e  N a tu r e  of th e  C h em ica l B o n d ,”  C o rnell U n iv e rs ity  
P ress , I th a c a ,  N . Y ., 1960, p  460.

(11) A. A lle rh an d  a n d  P . v o n  R . S ch leyer, J .  A m er. Chem. Soc., 85, 1233, 
1715 (1963).

(12) E . LeG off, ib id ., 84, 3975 (1962).
(13) I f  th e  c ru d e  p ro d u c t is le f t to  s ta n d  o v e rn ig h t i t  decom poses to  a  

c e r ta in  e x te n t. T h is  is th o u g h t  to  b e  d u e  to  tra c e s  of H F  ca rr ie d  o v e r b y  
th e  p ro d u c t . A lth o u g h  th e  d ec o m p o s itio n  te m p e ra tu re  of K H F s  is g iven  as  
225°, i t  is a n  eq u ilib riu m  a n d  p ro b a b ly  occu rs  to  a  lim ited  e x te n t a t  200°.
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T able I

P reparation o f  Cyclopropanecarboxylic Acid F luoride and 4-Chlorobutyryl F luoride“

M ole ra t io R ea c tio n R ea c tio n
A cyl ha lide K F /a c y l  ha lid e m ed ium 6 te m p e ra tu re , °C P ro d u c t  (y ie ld , % )

C1(CH2)3C0C1 3 . 8 6 T 195-200 CH2CH2CHCOF (70)

C1(CH2)3C0C1 2 . 4 4 T 195-200 CH2CH2CHCOF (70)

C1(CH2)3C0C1 2 . 4 4 N 195-200 CH2CH2CHCOF

C1(CH2)3C0C1 1 . 9 4 T 195-200 CH2CH2CHCOF (37) +  Cl(CH2)3COF
C1(CH2)3C0C1 2 . 4 4 T 130-140 Cl(CH2)3COF (52)
C1(CH2)3C0C1 4.14“ T 197 Cl(CH2)3COF (40)

Br(CH2)3COCl 6.36 N 19.5-200 CH2CH2CHCOF (23)
Cl(CH2),COCl 2.69 T 195-200 Not identified

Br(CH2)6COCl 3.66 T 195-200
r j '  c h 2= c h (c h 2)3c o f  

H ^ - C O F  F(CH2)5COF

“ The low boiling products were distilled from the reaction vessel as they were formed. Where the products were removed by vacuum 
distillation, a prior reaction time of 1-2 hr was used. 6 T = tetramethylene sulfone; N = N-methylpyrrolidone. '  NaF. ‘'Id e n ti
fied by infrared and nmr spectroscopy and by preparation of the amide, mp 177-178°.

fluoride gave only 4-chlorobutyryl fluoride. This lat
ter result would be expected upon consideration of the 
base strengths of the alkali metal fluorides.14

The scope of the reaction is further illustrated by 
the conversion of 4-bromobutyryl chloride into cyclo- 
propanecarboxylic acid fluoride and by the use of 
various “solvents” for the potassium fluoride. We 
find that tetramethylene sulfone, N-methylpyrroli
done and 7-butyrolactone give satisfactory results, 
although the first is preferred chiefly because its higher 
boiling point minimizes contamination of the product. 
Dimethyl sulfone can be used, but its high melting 
point (109°) is a serious drawback. When nitro
benzene is the reaction medium, even at temperatures 
up to 210°, the major product is the open chain chloro- 
butyryl fluoride, with only minor amounts of the cyclic 
compound. Therefore, the solubility of the metal 
fluoride in the reaction medium appears to be an im
portant factor.

Apparently the reaction is limited to 4-halobutyryl 
halides, since higher homologs do not cyclize readily. 
Thus, 5-chlorovaleryl chloride did not give any cy- 
clobutanecarboxylic acid fluoride and 6-bromohexanoyl 
chloride gave, in low yield, a mixture of three products, 
from which a small amount of cyclopentanecarboxylic 
acid fluoride could be distilled. The other products 
were 6-fluorohexanoyl fluoride and 5-hexenoyl fluoride. 
These results suggest that thermodynamic and energy 
factors govern the course of the reaction.

Experimental Section

Representative procedures for the preparation of cyclo- 
propanecarboxylic acid fluoride and 4-chlorobutyryl fluoride are 
given below. The results of other experiments are given in 
Table I. Tetramethylene sulfone was practical grade, supplied 
by Distillation Products Industries. Potassium fluoride was 
Baker and Adamson (2091), finely ground and dried at 160-170°.
4-Bromobutyryl chloride was purchased from K & K labs; all 
other reagents were obtained from Aldrich Chemial Company.

(14) L . R a n d , J. V. S w isher, a n d  C . J. C ro n in , J .  Org. Chem ., 27, 3505
(1962).

Cyclopropanecarboxylic Acid Fluroide.—A 2-1. three-necked, 
creased flask (Morton type) was fitted with a dropping funnel, 
thermometer, take-off head with condenser, and a high-speed 
blade stirrer. Tetramethylene sulfone (500 ml) was placed in 
the flask and the temperature raised to 195-200°. Dry potassium 
fluoride (159 g, 2.74 mol) was added and followed, with vigorous 
stirring, by 4-chlorobutyryl chloride (100 g, 0.71 mol). The 
rate of addition of the acyl chloride was adjusted so that the 
temperature in the take-off head was maintained between 80 and 
100°. The temperature in the reaction flask rose rapidly to 209° 
and, after a few minutes, a colorless distillate began to collect. 
Total addition of the acyl chloride took 50 min. Thecrudeproduct 
which had collected was distilled through a 6-in. Vigreux column 
to give cyclopropanecarboxylic acid fluoride (44 g, 70.4% of 
theory): bp 81°; ni5n 1.3775. The infrared spectrum of the 
neat liquid showed a strong C = 0  stretching band at 1842 cm-1. 
Hanack1 reports bp 80-81° and C = 0  stretching at 1840 cm-1. 
The 60-MHz pmr spectrum showed two complex multiplets, 
that of the a proton being centered at 6 1.70 ppm from tetra- 
methylsilane. The ¡3 protons were less deshielded and appeared 
at 1.11 ppm. The integrated areas under the multiplets were 
1:4.

4-Chlorobutyryl Fluoride.—In a similar manner 100 g (0.71 
mol) of 4-chlorobutyryl chloride was treated with 100 g (1.73 
mol) of potassium fluoride in tetramethylene sulfone a t 130°. 
An exothermic reaction took place and the temperature rose to 
139°. After the addition of the acyl chloride had been completed, 
the temperature reverted to 130°. The mixture was stirred 
vigorously for 2 hr, but no distillate collected despite the aid of 
a nitrogen sweep. The pressure in the system was reduced to 
about 150 mm, while still maintaining a temperature of 130°. 
A colorless product was collected, which was redistilled to give 
47 g of 4-chlorobutyryl fluoride, bp 60° (100 mm) or 137-139°. 
Its infrared spectra also had a strong C = 0  stretching band at 
1842 cm-1. The 60-MHz pmr spectrum showed three multiplets: 
-CH 2CI at 3.70 ppm from tetramethylsilane, appeared as a 
triplet, with some unresolved fine structure ( J b c c h  — 6.5 Hz); 
-CH 2COF at 2.77 ppm was also a triplet with fine structure 
(>/hcch = 6.5 Hz); -CH 2-  appeared as a pentet with fine struc
ture at 2.16 ppm (./hcch = 6.5 Hz).

Registry No.—Cyclopropanecarboxylic acid fluoride, 
694-02-0; 4-chlorobutyryl fluoride, 15973-66-7.

Acknowledgment.—We are grateful to Professor 
Jerrold Meintvald for helpful discussions and to Dr. 
B. B. Stewart and Mr. R. J. Tepper for assistance with 
the nmr spectra.



Vol. 33, No. 4, April 1968 Notes 1693

The Bromination of Salicylaldimine Chelates 
with N-Bromosuccinimide1

R u d o l p h  W. K l u i b e r

D ep a r tm en t o f  C h em is try , R u tg ers— T h e S ta te  U n iv e rs ity , 
N e w a rk , N e w  J e r s e y  0 7 1 0 2

R eceived  N o vem b er 7, 1 9 6 7

Bis(N-7i-butylsalicylaldiminato)nickel(II) (I, M = 
Ni, R = C4H9, n = 2) has been reported to form 
a dibromide upon interaction with N-bromosuccini- 
mide,2 but some question exists as to whether the sub
stitution occurs at the azomethine carbon3 or at a ring 
phenyl position.4 This substitution is now shown to 
occur on the ring, principally at the 5 position in agree
ment with the reactivity of salicylaldehyde6 and with 
the observed reactivity of the chelated 2,4-pentanedio- 
nates.2,6 Further interaction of the dibromide with 
N-bromosuccinimide also produces a tetrabromide 
which is bis(N-n-butyl-3,5-dibromosalicylaldiminato)- 
nickel(II). These reactions have also been extended 
to the bromination of the kinetically inert complex 
tris(N-methylsalicylaldiminato)cobalt(III) (I, M = 
Co, R = CH3, n — 3].

The structure of these chelates was demonstrated 
by analysis, independent synthesis, and by infrared, 
near infrared-visible, and nmr spectroscopy. The 
infrared data are in agreement with the indicated sub
stitution with characteristic phenyl hydrogen out-of
plane deformation absorptions of proper intensity 
found at 750-760 cm-1 for the unsubstituted Imine 
chelates, at 815-820 cm-1 for the 5-bromo chelates, 
and at 860 cm-1 for the 3,5-dibromo chelates.7 In 
each case a strong absorption attributable to the 
imine C =N  stretching frequency was observed at 
1615-1630 cm-1.4 The spectra of chelates prepared 
by alternate methods were in each case identical. The 
visible-near infrared spectra of these chelates also were 
in each case similar to those previously reported for 
such cobalt(III)8’9 and nickel(II)10 complexes.

The nmr data support the assigned structures with 
the resonances due to the protons ortho and para to the 
oxygen having the proper intensity and, where de
finable, the proper splitting for the indicated sub-

(1) T h is  w o rk  w as s u p p o r te d  b y  th e  R esea rc h  C ouncil of R u tg e rs , T h e  
S ta te  U n iv e rs ity , N ew ark , N . J .

(2) R . W . K lu ib e r , J .  A m er. Chem . Soc., 82, 4839 (1960).
(3) F . ”P .  D w y e r a n d  D . P . M ello r, E d ., "C h e la tin g  A gen ts  a n d  M e ta l 

C h e la te s ,”  A cadem ic  P re ss  In c ., N ew  Y o rk , N . Y ., 1964, p  355.
(4) R . H . H o lm , G . W . E v e re t t ,  J r . ,  a n d  A . C h a k ra v o rty , Progr. Inorg . 

Chem ., 7, 83 (1966).
(5) K . A uw ers a n d  O. B u rg e r, Bex., 37, 3929 (1904); E . W ern e r, B u ll. Soc. 

C him . F t ., 46, 277 (1886).
(6) J . P . C o llm an , Angew . C hem ., In te rn . E d . E ng l., 4 , 132 (1965).
(7) L . J .  B ellam y, " T h e  In f ra re d  S p e c tra  of C om plex  M olecu les ,” 2 nd  ed , 

J o h n  W iley  a n d  S ons, In c ., N ew  Y o rk , N . Y ., 1964.
(8) A . C h a k ra v o rty , K . C . K a lia , a n d  T . S. K a n n a n , Inorg . Chem ., 5 , 1623 

(1966).
(9) H . N ish ik aw a a n d  S. Y a m a d a , B u ll. Chem . Soc. J a p .,  37 , 1154 (1964).
(10) L . Sacconi, P . P a o le tti ,  a n d  G . D e lR e , J .  A m er. Chem . Soc., 79, 4062 

(1957).

stitution. The nickel chelate spectra were all con
centration dependent in agreement with the known 
association of these materials in solution to produce 
mixtures of diamagnetic monomers having a square 
planar configuration around the nickel ion and para
magnetic polymeric species.11,12 This phenomenon is 
particularly evident in the case of the 5-bromo chelate 
in which the azomethine proton resonance is shifted 
0.58 ppm downfield. Such large shifts are attributable 
to spin delocalization in a paramagnetic complex and 
are in agreement with shifts previously observed for 
paramagnetic salicylaldimine complexes.13“ 15 The ef
fect of concentration on the spectra of the unsubsti
tuted and 3,5-dibromonickel chelates is considerably 
less pronounced with the azomethine proton resonance 
being shifted downfield only 0.11 and 0.35 ppm over 
the same concentration range. The large effect found 
for the 5-bromo derivative is probably due to the elec
tron-withdrawing effect of the bromo group which 
leaves the chelated nickel (II) ion more electrophilic. 
The smaller effect noted for the 3,5-dibromo deriva
tive may be due to compensating effects of increased 
electrophilicity of the nickel ion and steric inhibition of 
association by the 3 substituent11 and/or decreased 
nucleophilicity of the oxygen atoms due to electron 
withdrawal. Increasing the temperature of a 0.05 
M  deuteriochloroform solution of the 5-bromo deriv
ative from 38 to 58° also shifts the position of the proton 
resonances, e.g., the azomethine resonance is shifted 
from —670 to —702 cps, suggesting the additional 
presence of paramagnetic “tetrahedral” nickel(II) 
species in these solutions.13,16 Some spectral evidence 
was found for both associated and “tetrahedral” 
species in concentrated benzene solutions of the 5- 
bromo chelate in the form of a very broad but weak 
absorption in the near-infrared region which could be 
resolved into at least two broad peaks with maxima 
centered approximately at 9500 and 7000 cm“ 1 14,17 
characteristic of “octahedral” and “tetrahedral” 
species.

Nmr studies on the brominated cobalt(III) com
plexes showed that in solution, both are diamagnetic 
indicating that no Co(II) species are present and both 
are present only in the sterically favorable trans 
stereochemistry around the octahedral cobalt(III) 
ion.18 Both of these chelates crystalize as solvates 
which are only desolvated with difficulty.

Experimental Section

Bromides of Bis(N-7i-butylsaIicylaldiminato)nickel(II).—Bis- 
(N-n-butyl-5-bromosalicylaldiminato)nickel(II) was prepared by 
mixing together an alcoholic solution of 10 g (0.05 mol) of
5-bromosalicylaldehyde and 12 g (0.10 mol) of n-butylamine and 
an aqueous solution of 6 g (0.025 mol) of nickel chloride hexa- 
hydrate. The product, after isolation by filtration and drying, 
was recrystallized from carbon tetrachloride-petroleum ether 11 12 13 14 15 16 17 18

(11) R . H . H o lm , ibid., 83, 4683 (1961).
(12) H . C . C la rk e , K . M acv ica r, a n d  R . J .  O ’B rie n , C an. J .  Chem ., 40, 

822 (1962).
(13) A . C h a k ra v o rty , J .  P . F en n essey , a n d  R . H . H o lm , In o rg . C hem ., 4 , 

26 (1965).
(14) R . H . H olm , a n d  K . S w a m in a th a n , ib id ., 2 ,  181 (1963); 1 , 599 (1962).
(15) E . A . L a L a n c e tte , D . R . E a to n , R . E . B enson , a n d  W . D . P h ill ip s , 

J .  A m er. Chem . Soc., 84, 3968 (1962).
(16) L . S accon i, J .  Chem . Soc., 4608 (1963).
(17) L . S accon i, M . C iam po lin i, a n d  N . N a rd i, J .  A m er. Chem . Soc., 86, 

819 (1964).
(18) A . C h a k ra v o rty  a n d  R . H . H o lm , Inorg . Chem ., 3 , 1521 (1964).
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(30-60°). The green needles thus obtained,19 mp 193-195° 
[Xmai, 620 m /j (e 95 cm-1 M ~ l ), benzene, 25°, nmr resonances 
(CDCh, 38°, 0.025 M ) ,  -N =C H  ( -6 2 6 ) ,-NCHj, (-2 5 7 ), o-CH 
(-376 ), m ,m -CH, (-4 3 3 ), CH3CH2 (-1 0 0 ), -CH3 ( -5 8  
cps)] were identical in all respects with the dibromide2 prepared 
by the N-bromosuccinimide bromination of bis(N-ra-butyIsali- 
cyaldiminato)nickel(II). This starting chelate had the following 
resonances (CDCI3, 38°, 0.02 M ) :  -N = C H  (-5 7 9 ), NCH2 
(-241 ), o-CH (-3 8 6 ), p-CH (-380 ), m ,m -CH (-4 2 2 , -430), 
CH2CH2 (-100 )i CH3, ( -5 8  cps).

Bis(N - n  - butyl - 3,5 - dibromosalicylaldiminato)nickel(II) was 
prepared by the reaction of 4.1 g (0.01 mol) of bis(N-n-butyl- 
salieylaldiminato)nickel(II) in 30 ml of chloroform with 7.1 g 
(0.04 mol) of powdered N-bromosuccinimide. After 1 hr the 
product was isolated by precipitation with petroleum ether, 
removal of the succinimide by vacuum sublimation at 110°, and 
recrystallization of the crude product from carbon tetrachloride. 
The green tetrabromide, mp 214-216° [XmaJi, 620 mu (« 107 
cm-1 AT“1), benzene, 25°; nmr resonances (38°, CDC13, 0.025 M ) ,  
-NCH, (-556 ), -NCH2 (-246 ), m ,m -CH, (-4 3 0 , -454), 
CH2CH2 (100), -CH3 ( — 60 cps)] was identical with a chelate 
prepared as in the above paragraph using 7 g of 3,5-dibromo- 
salicylaldehyde, 8 g of n-butylamine, and 3 g of nickel chloride 
liGxSrliydr̂ tG

A n a l . Calcd for C22H24Br4N2N i02: C, 36.36; H, 3.33; N, 
3.86; Ni, 8.08. Found: C, 36.54; H, 3.43; N, 3.72; Ni, 7.63.

Bromination of Tris(N-methylsalicylaldiminato)cobalt(III).—- 
To 1.54 g (0.0032 mol) of tris(N-methylsalicylaldiminato)- 
cobalt(III),18 recrystallized from xylene [Xmax, 387, 572 sh, 637 
m/x sh, («8900, 275, —cm“1 M ~ l ), benzene, 25°] in 15 ml of chloro
form was added 1.8 g (0.01 mol) of powdered N-bromosuecin- 
imide. After 2 hr of stirring, the chloroform was removed by 
distillation and the succinimide was removed by sublimation 
at 110° under vacuum to yield 2.34 g (100%) of crude tribromo 
chelate. This was purified by recrystallization from approxi
mately 30 ml of xylene to yield 1.20 g (54% yield) of tris(N-

(19) V. V. Z e len tsov , I .  A. S av ich , a n d  V. B . E u d o k im o v , N auchn . Dokl. 
V ysshei S h ko ly , K h im . i  K h im . Tekhnol, 672 (1958); Chem. A bstr ., 53, 5789 
(1959).

methyl-5-bromosalicylaldiminato)cobalt(III), mp 279-281°, 
identical with an authentic sample,20 mp 283-285° [Xmax, 396, 
575 sh, 648 sh mM (« 8900, 355, — cmr'Af“1), benzene, 25°]. 
The brominated chelate forms a 1:1 solvate with xylene, as 
evidenced by elemental, infrared, and nmr analysis, which was 
only slowly desolvated at 140° under vacuum.

A n a l . Calcd for C32H31Br3CoN30 3: C, 47.79; H, 3.88; N, 
5.22; Co, 7.33. Found: C, 48.26; H, 4.18; N, 5.25; Co, 7.36.

A hexabromide was prepared by the above procedure using 
1.54 g of unbrominated cobalt(III) complex and 3.6 g of N- 
bromosuccinimide. Isolation of the very insoluble product 
as above yielded 2.96 g of crude material and 2.24 g (71%) 
of pure tris(N-methyl-3,5-dibromosalicylaldiminato)cobalt(III) 
recrystallized from xylene and dried at 140° under vacuum. 
Under these conditions the solvent was removed only with great 
difficulty. The chelate also was found to be rather insoluble in 
most common solvents except at high temperatures, and the nmr 
spectrum of this chelate was obtained in a nitrobenzene solution. 
An authentic sample of this material was prepared from 3,5- 
dibromosalicylaldehyde by the method of West21 and melted at 
302-303° dec [Xmax, 395 , 590, 654 sh m  ̂ (« 9400, 430, . . . cm-1 
benzene, 25°].

A n a l . Calcd for C24Hi8BreCoN30 3: C, 30.84; H, 1.94;
N, 4.50; Co, 6.30. Found: C, 31.39; H, 2.16; N, 4.60; 
iU“1) Co, 5.80.

Spectra.—The infrared spectra were obtained using the Nujol 
mull technique, sodium chloride plates, and a Beckman Model 
10 grating instrument. The near-infrared spectra and the visible 
spectra were obtained using a Cary Model 14 spectrometer using 
benzene solutions or Nujol mulls mounted on filter paper. Nmr 
spectra were obtained using deuteriochloroform solutions with 
tetramethylsilane as an internal standard. All spectra were 
recorded using a Varian 60 Mc/sec fixed-frequency instrument 
with the downfield direction being considered as the negative 
direction. Melting points were recorded using a Mel-Temp 
apparatus.

(20) J .  E n d o , N ip p o n  K a g a ku  Z assh i, 65, 428, 667 (1944); Chem . A bstr ., 
42, 1576 (1948).

(21) B . O. W est, J .  Chem. Soc., 4944 (1960).
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