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Alkylation-Reduction of Carbonyl Systems. IV. The Convenient and 
Selective Synthesis of Simple and Complex Aromatic Hydrocarbons by 

Phenylation-Reduction of Aldehydes and Ketones

Stan S. Hall* and Frank J. McEnroe

Carl A. Olson Memorial Laboratories, Department of Chemistry, Rutgers University, Newark, New Jersey 07102

Received August 8, 1974

Simple and complex aromatic hydrocarbons are conveniently prepared from aldehydes and ketones by tan
dem phenylation-reduction. By this procedure benzyl alkoxides, generated in situ by phenylation, are reduced by 
lithium-ammonia-ammonium chloride to the corresponding aromatic hydrocarbons. Complex aldehydes and ke
tones, containing structural features or other functional groups which might not be compatible with the reaction 
conditions, were subjected to the phenylation-reduction sequence to explore the limits of this simple synthetic 
procedure as an efficient and selective synthesis of rather complex molecular structures. These structural features 
or functional groups included steric hindrance, terminal olefins, isolated double bonds, a,/?-unsaturated carbonyl 
systems, an a,/3,7 ,5-unsaturated ketone system, a,/3-unsaturated aldehyde systems containing isolated double 
bonds, a cross-conjugated ketone, a cyclopropane ring, aromatic systems, and heterocycles.

This laboratory innovated the concept of tandem alkyla
tion-reduction of aromatic carbonyl systems as a conve
nient method of preparing aromatic hydrocarbons by the 
lithium-ammonia reduction of benzyl alkoxides generated 
in situ by alkylation.1 The mechanistic and selective syn
thetic utility of the procedure was then demonstrated for 
the synthesis of aromatic hydrocarbons and alcohols by the 
alkylation-reduction of benzylidene ketones and al
dehydes.2 Herein we report the extension of this conve
nient procedure for the selective synthesis of simple and 
complex aromatic hydrocarbons in excellent isolated yields 
by the phenylation-reduction of appropriate aldehydes and 
ketones.

The general procedure, which is carried out in the same 
reaction vessel and consumes only a few hours, is to gener
ate a benzyl alkoxide in a metal-ammonia reaction vessel3 
by the addition of the aldehyde or ketone to phenyllithium, 
prepared in situ from bromobenzene and excess lithium, in 
ether. Ammonia is subsequently distilled into the vessel, 
and then the resulting dark blue mixture is cautiously 
quenched with ammonium chloride.4

The primary objective of this study, after first demon
strating the feasibility of the procedure with simple al
dehydes and ketones, was to test the method using al
dehydes and ketones containing structural features or 
functional groups which may or may not be compatible 
with the conditions. By so doing, we would explore the pos
sible limits of this simple synthetic procedure as a selective 
method of preparing complex aromatic hydrocarbons

which might be difficult to elaborate by conventional 
methods.

Table I contains a listing of the aldehydes and ketones 
that were subjected to this procedure. The carbonyl com
pounds were carefully selected to include the following 
structural features or functional groups: steric hindrance,5 
terminal olefins,6 isolated double bonds, a,/?-unsaturated 
carbonyl systems, an n,/3,7 ,5-unsaturated ketone system (a
1,3-diene system7 after phenylation-reduction), a,/3-unsat
urated aldehyde systems containing isolated double bonds 
(one of which is a 1,4-diene system8 after phenylation-re
duction), a cross-conjugated ketone, a cyclopropane ring,9 
aromatic systems,10 and heterocycles9“’11—features and 
groups that might interfere with or be vulnerable to these 
metal-ammonia conditions.

Careful inspection of the products listed in Table I re
veals that almost all of these structural features or func
tional groups were compatible with the conditions of the 
procedure. The only carbonyl compound that resisted re
duction, after phenylation, was menthone (3), which is 
probably due to steric interactions.5’12 An example of over- 
cohol,13 a 1,3-diene system still remains which is vulnerable 
and reduces, as one would predict,7 by 1,2-addition to the 
less substituted double bond. The phenylation-reduction 
of two n,/?-unsaturated ketones, piperitone (7) and 4-cyclo- 
hexyl-irans-3-buten-2-one (8), led to mixtures of the cor
responding olefin and aromatic hydrocarbon, a result 
hexyl-frarcs-3-buten-2-one (8), led to mixtures of the corre
sponding olefin and aromatic hydrocarbon, a result which 
did not change substantially by varying the amount of lith
ium used for the reduction step. The only carbonyl com
pound found to be completely incompatible with the reduc
tive conditions was methyl 2-thienyl ketone. Phenylation- 
reduction of this ketone, which is not included in Table I,

271



272 J. Org. C hem ., Vol. 40, N o. 3, 1975 Hall and McEnroe

Table I
Phenylation-Reduction of Aldehydes and Ketones

(— % Yield —\ (— % Yield —̂

Carbonyl compd
Phenylation-reduction

product
Analy- Iso-
ticala lated6 Comments Carbonyl compd

Phenylation-reduction
product

Analy- Iso-
ticala latedb Comments

10 30
°  A n a ly z e d  b y  g lp c  (%  o f  v o la t ile s ). b Iso la te d  b y  co lu m n  ch ro m a to g ra p h y . c T h e  p h é n y la tio n  step  w as p e rfo rm e d  at ca. - 7 8 ° .d T h is  resu lt 

w as n o t  a ltered  b y  u s in g  an en orm ou s ex cess  o f  lith iu m  (560 m g, 80 m g -a t o m s ) .c U sin g  th e  n orm a l a m ou n t o f  lith iu m  (280 m g, 40 m g -a to m s ) 
or a large excess  (560 m g, 80 m g -a to m s ) y ie ld e d  an a ro m a tic  h y d ro ca rb o n  fra c t io n  (8 3% ) and  3 -p h e n y l- l-p -m e n th e n -3 -o l  (1 7 % ). T h e  
a ro m a tic  h y d ro ca rb o n  fra c t io n  w as an in sep a ra b le  m ixtu re  (60 :40 ) o f  3 -p h e n y l- l-p -m e th e n e  (27a) an d  3 -p h e n y l-p -m e n th a n e  (27b). L ess 
lith iu m  (140 m g, 20 m g -a to m s ) y ie ld e d  th e  sam e a ro m a tic  h y d ro ca rb o n  m ixtu re  (3 0 % ) an d  3 -p h e n y l- l-p -m e n th e n -3 -o l  (7 0 % ). 1 T h e  use o f  
v ariou s a m ou n ts  o f  lith iu m  (140 m g, 20 m g -a to m s ; 280 m g, 40 m g -a to m s ; 420 m g, 60 m g -a to m s ; or 560 m g, 80 m g -a to m s ) y ie ld e d  the  sam e 
p ro d u c t  28 w h ich  w as an in sep a ra b le  m ixtu re  (6 5 :35 ) o f  l -c y c lo h e x y l-3 -p h e n y l- fr a n s -l -b u te n e  (28a) an d  l -c y c lo h e x y l-3 -p h e n y lb u ta n e  (28b). 
e U sin g  th e  norm al a m o u n t o f  lith iu m  (280 m g, 40 m g -a to m s ) y ie ld e d  a m ixtu re  (3 0 :70 ) o f  l - ( 2 ,6 ,6 -t r im e th y l- l -c y c lo h e x e n - l -y l ) -3 -p h e n y l-  
trans- 1 -bu ten e  and  29. L ess  lith iu m  (140 m g, 20 m g -a to m s ) resu lted  in  th e  a b o v e  m ixtu re  (6 0% ) as w ell as the  a lco h o l 41 (4 0 % ). E x ce ss  
lith iu m  (420 m g, 60 m g -a to m s ) led  to  29 e x c lu s iv e ly . h T h e  a ld eh y d e  w as a co m m e rc ia l sa m p le  o f  c itra l.

led to a com plex mixture which was difficult to purify and 
characterize, but the data on the crude product material 
did indicate that the thiophene ring was being des
troyed. llb-e

T he yields, analytical (glpc) and isolated (colum n chro
matography), listed in Table I are impressive. Generally, 
the only side product o f  the sequence is the benzyl alcohol 
which seems to result when the intermediate benzyl alkox- 
ide is splattered on the walls o f the reaction vessel and is 
not in solution during the quench. The contaminant benzyl 
alcohol, when present, is efficiently removed by column

chromatography. In a few examples minor products were 
detected which stemm ed from the phenylation step; these 
side reactions were effectively minimized by perform ing 
this operation at low tem perature14 (ca. —78°) and are 
noted in Table I.

Perhaps the most interesting mechanistic implications o f 
this study are those involving the phenylation-reduction  o f 
the a^-unsaturated carbonyl com pounds. W ith these sys
tems the reduction o f the intermediate benzyl alkoxide 42 
(see Scheme II).m ust proceed through the anion 43 which 
in almost every example protonates exclusively at the ben-
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Scheme I

CsHjLi
EtjO

L i - N H :I L i - N H ,

CsHjCOjNa N H ,C1

Scheme II

Rj Ri

R,
46

zylic position, trapping anion 43a, yielding the olefin 44. 
The net result is the selective introduction of a double 
bond 3 to an aromatic ring, a difficult task using classical 
methods. Only in two examples, 7 and 8, does some proton
ation of anion 43b occur yielding the styrene 45 which 
would be rapidly reduced15 to the aromatic hydrocarbon 
46.

As a result of this study it appears that phenylation-re- 
duction is a uniquely viable procedure for the efficient and 
selective synthesis of rather complex aromatic hydrocar
bons. By the proper selection of the requisite carbonyl sys
tem, challenging organic structures can be rapidly assem
bled.

Experimental Section16

General Comments. The entire reaction sequence was per
formed under a static prepurified nitrogen atmosphere which is 
connected by a T tube to the assembly and to a soda-lime drying 
trap (then on to an oil bubbler). All glassware was oven-dried, 
cooled to room temperature in a large box desiccator, and then 
quickly assembled. Phenyllithium was generated in situ in the 
metal-ammonia reaction vessel3 from bromobenzene and lithium 
in ether. Anhydrous ether was used directly from freshly opened 
containers. Lithium wire (0.125 in., 0.01% Na, Ventron Corp.) was 
hammered to a foil, cut into small pieces, and rinsed in petroleum 
ether just prior to use. Anhydrous ammonia was distilled into the 
reaction vessel. Gas chromatographic analyses (glpc) were per
formed on a Hewlett-Packard Model 7610A high-efficiency chro
matograph (flame detector) using a 4 ft X 6 mm (all glass) 4% sili
cone gum rubber 7JCC-W-982 (methylvinyl) on 80-100 HP Chro- 
mosorb W (AW, DMCS) column. Purification of the product by 
column chromatography was accomplished on Woelm neutral alu
minum oxide (activity grade I or II) by elution with petroleum 
ether. Further purification, sometimes necessary for satisfactory 
elemental analyses, was accomplished using a Buchi kugelrohr 
bulb-to-bulb distillation apparatus at reduced pressure. All boiling 
points are uncorrected. The assigned structure of each product is 
consistent with the spectral data and composition analysis. The 
phenylation-reduction of 3-heptanone (1) is described, in detail, to 
illustrate the general procedure.

Phenylation-Reduction of 3-Heptanone (1). 3-Phenylhep- 
tane (21). Into a metal-ammonia reaction vessel3 containing a 
stirred mixture of 280 mg of lithium (40 mg-atoms, ca. 25 pieces 
which had been hammered to a foil) in 10 ml of anhydrous ether 
was slowly added a solution of 790 mg (5.0 mmol) of bromobenzene 
in 7 ml of ether. After 1 hr a solution of 285 mg (2.5 mmol) of 3- 
heptanone (1) in 8 ml of ether was slowly added and the mixture 
was stirred for an additional 1 hr. Ammonia (ca. 25 ml) was care
fully, to prevent excessive splattering, distilled into the mixture 
and, once the dark blue color of the mixture was established,17 ca. 
3 g of ammonium chloride was cautiously added18 (ca. 5 min) to 
discharge the blue color and the ammonia was allowed to evapo
rate. After the residue had been partitioned between aqueous 
NaCl and ether, the organic phase was dried (MgS04), filtered, 
concentrated at water aspirator pressure at 40-50°, and then ana
lyzed (glpc). Following column chromatography 422 mg (96%) of
3-phenylheptane (21) was obtained as a colorless oil: bp 69-71° 
(1.2 mm); ir (film) 3030, 2960, 2930, 1450, and 690 cm-1; nmr (60 
MHz, CC14) <5 7.37-6.84 (5 H, m), 2.61-2.09 (1 H, m), 1.88-1.35 (4
H, m), 1.35-0.99 (4 H, m), and two overlapping perturbed triplets 
centered at 0.82 (3 H, t, J  = 7 Hz) and 0.73 (3 H, t, J  = 7  Hz); 
mass spectrum mie (relative intensity) 176 (M+, 13), 147 (20), 119
(30), 105 (8), 91 (100), and 77 (5).

Anal. Calcd for C13H20: C, 88.57; H, 11.43. Found: C, 88.31; H,
11.37.

2- Phenyloctane (22). Treatment of 2-octanone (2) as described 
above yielded 22 (88%) as a colorless oil: ir (film) 3030, 2960, 2930, 
1450, and 695 cm-1; nmr (60 MHz, C C I 4 ) 6 7.18 (5 H, apparent s),
2.66 (1 H, apparent sextet, J = 7  Hz), 1.83-1.38 (2 H, m), a doublet 
centered at 1.22 (3 H, d, J = 7  Hz) superimposed on an apparent 
broad singlet with fine splitting centered at 1.24 (8 H, broad s), 
and a perturbed triplet centered at 0.87 (3 H, t); mass spectrum 
m/e (relative intensity) 190 (M+, 9), 175 (10), 105 (100), 91 (13), 77
(6), and 43 (6).

Anal. Calcd for Ci4H22: C, 88.35; H, 11.65. Found: C, 88.29; H, 
11.49.

3- Phenyl-p-menth-3-ol (23). Treatment of menthone (3) as 
described above, except that the phenylation step was run at ca. 
-78 °, yielded 23 (99%) as a colorless oil: bp 97-98° (1.2 mm); ir 
(CC14) 3625, 3500, 3035, 2925, 1600, 1490, 1445, and 690 cmr1; nmr 
(60 MHz, CDCls) & 7.58-7.11 (5 H, m), 2.22-1.82 (1 H, m), 1.82-
I. 46 (7 H, m) on which is superimposed two broad singlets (which 
disappear when D20  is added) centered at 1.60 (0.66 H, -OH) and
1.46 (0.34 H, -OH) which represent two geometric isomers, an ap
parent triplet centered at 1.28 (1 H, t, J = 7 Hz), and a complex set 
of lines from 0.97 to 0.62 (9 H, m) which appears to be three major 
overlapping doublets («7=7 Hz) and three minor overlapping dou
blets («7 = 7 Hz) representing two geometric isomers present in a 
ratio of about 2:1; mass spectrum m/e (relative intensity) 232 (M+, 
26), 217 (2), 214 (2), 147 (100), 120 (12), 105 (18), 91 (6), 77 (9), and 
41 (9).

Anal. Calcd for C,6H240: C, 82.70; H, 10.41. Found: C, 82.77; H,
10.37.
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5-Phenyl-l-hexene (24). Treatment of 5-hexen-2-one (4) as de
scribed above yielded 24 (94%) as a colorless oil: ir (film) 3070, 
3030, 2960, 2930, 1642, 1603, 1492, 1450, 985, 900, 750, and 690 
cm-1; nmr (60 MHz, CC14) 5 7.20 (5 H, apparent s), 6.18-5.48 (1 H, 
m), 5.18-4.97 (1 H, m), 4.92-4.75 (1 H, m), 2.72 (1 H, apparent sex
tet, J = 7 Hz), 2.20-1.52 (4 H, m), and 1.23 (3 H, d, J = 7 Hz); 
mass spectrum m/e (relative intensity) 160 (M+, 7), 145 (5), 118 
(58), 105 (100), 91 (31), and 77 (13).

Anal. Calcd for C12H16: C, 89.94; H, 10.06. Found: C, 89.79; H,
10.34.

2- Methyl-6-phenyl-2-heptene (25). Treatment of 6-methyl-
5-hepten-2-one (5) as described above yielded 25 (90%) as a color
less oil: ir (film) 3030, 2960, 2930, 1600, 1495, 1450, 750, and 690 
cm-1; nmr (60 MHz, CC14) 5 7.21 (5 H, apparent s), 5.30-4.92 (1 H, 
m), 2.69 (1 H, apparent q, J  = 7 Hz), a broad singlet at 1.68 (3 H, 
s) superimposed on a broad multiplet at 2.15-1.58 (4 H, m), 1.51 (3 
H, broad s), and 1.23 (3 H, d, J  = 7  Hz); mass spectrum m/e (rela
tive intensity) 188 (M+, 65), 118 (100), 105 (93), 91 (47), 77 (14), 69 
(17), 55 (23), and 41 (26).

Anal. Calcd for C14H20: C, 39.29; H, 10.71. Found: C, 88.98; H,
10.66.

3- Phenyl-4(8)-p-menthene (26). Treatment of (-l-)-pulegone 
(6) as described above yielded 26 (85%) as a colorless oil: ir (film) 
3070, 3035, 2925, 1603, 1490, 1450, and 690 c m '1; nmr (100 MHz, 
CDCI3) d 7.37-6.98 (5 H, m), 4.13-4.00 (0.3 H, m Ph-Ctf-, equa
torial proton), 3.84-3.60 (0.7 H, m, Ph-CH - axial proton), ca. 
2.60-2.10 (2 H, complex m), ca. 2.10-1.10 (5 H, complex m) on 
which are superimposed three sharp singlets at 1.73, 1.72, and 1.71 
(3 H, CH3C = , configurational and conformational isomers), and 
three sharp singlets at 1.45, 1.44, and 1.42 (3 H, CH3C = , configu
rational and conformational isomers), and 0.86 (3 H, d, J = 5.5 
Hz); mass spectrum m/e (relative intensity) 214 (M+, 100), 199
(42), 171 (35), 157 (16), 143 (47), 129 (29), 115 (14), 91 (30), and 77
(8).

Anal. Calcd for C16H22: C, 89.65; H, 10.35. Found: C, 89.39; H,
10.20.

Mixture 27. 3-Phenyl-l-p-m enthene (27a) and 3-Phenyl-p- 
menthane (27b). Treatment of piperitone (7) as described above, 
except that the phenylation step was run at ca. —78°, yielded 27 
(78%) as a colorless oil: bp 120-121° (1.2 mm). Careful analysis of 
the 100-MHz nmr spectrum of this oil indicated that it was a 60:40 
mixture of 3-phenyl-l-p-menthene (27a) and 3-phenyl-p-men- 
thane (27b). The mass spectrum confirmed this conclusion. The 
mixture, which indicated one peak by glpc analysis, could not be 
separated by column chromatography or distillation. The third 
product of this reaction was 3-phenyl-l-p- menthen-3-ol (17%). 
The above results were not altered by using an enormous excess of 
lithium (560 mg, 80 mg-atoms). Less lithium (140 mg, 20 mg- 
atoms) yielded the mixture 27 (30%) and the above alcohol (70%).

Mixture 28. l-Cyclohexyl-3-phenyl-trans-l-butene (28a) 
and l-Cyclohexyl-3-phenylbutane (28b). Treatment of 4-cyclo- 
hexyl-trans- 3-buten-2-one (8) as described above yielded 28 (94%) 
as a colorless oil: bp 95-97° (1.1 mm). Careful analysis of the 60- 
MHz nmr spectrum of this oil indicated that it was a 65:35 mixture 
of l-cyclohexyl-3-phenyl-frares-1-butene (28a) and 1-cyclohexyl-
3-phenylbutane (28b), which was confirmed by the mass spec
trum. The mixture, which indicated one peak by glpc analysis, 
could not be separated by column chromatography or distillation. 
Various quantities of lithium (140 mg, 20 mg-atoms; 420 mg, 60 
mg-atoms; or 560 mg, 80 mg-atoms) did not alter the above result.

1 - (2,6,6-Trimethyl-1 -cyclohexen-1 -y l) -3-phenylbutane
(29). Treatment of /J-ionone (9) as described above, except that ex
cess lithium (420 mg, 60 mg-atoms) was used to avoid a mixture of 
29 and l-(2,6,6-trimethyl-l-cyclohexen-l-yl)-3-phenyl-trans-1- 
butene, yielded 29 (98%) as a colorless oil: bp 95-98° (1.2 mm), ir 
(film) 3070, 3035, 2930, 1605, 1495, 1450, 755, and 690 cm“ 1; nmr 
(60 MHz, CCI4) d 7.21 (5 H, apparent s), 2.98-2.34 (1 H, apparent 
sextet, J = 7 Hz), and two broad multiplets from ca. 2.10 to 1.60 
(6 H, m) and from ca. 1.60 to 1.20 (4 H, m) on which are superim
posed a singlet at 1.48 (3 H, s) and a doublet at 1.27 (3 H, d), and 
0.91 (6 H, s); mass spectrum m/e (relative intensity) 256 (M+, 12), 
241 (5), 123 (100), 118 (92), 105 (34), 95 (27), 91 (23), 81 (32), and 
41 (25).

Anal. Calcd for Ci9H28: C, 88.99; H, 11.01. Found: C, 88.96; H,
11.07.

2,6-Dimethyl-4-phenyl-2,5-heptadiene (30). Treatment of 
phorone (10) as described above yielded 30 (93%) as a colorless oil: 
bp 80-84° (1.2 mm), ir (film) 3070, 3030, 2975, 2925, 2730, 1600, 
1488, 1445, 870, 730, and 690 cm“ 1; nmr (60 MHz, CC14) 5 7.09 (5 
H, apparent s), 5.21 (2 H, d, J = 9  Hz, with fine splitting of ca. 1.2

Hz), 4.30 (1 H, t, J  = 9 Hz), and four overlapping singlets at 1.73 
(3 H, s), 1.72 (3 H, perturbed s), 1.70 (3 H, s), and 1.69 (3 H, per
turbed s); mass spectrum m/e (relative intensity) 200 (M+, 100), 
185 (68), 157 (65), 145 (48), 143 (68), 129 (34), and 91 (37).

Anal. Calcd for C15H20: C, 89.94; H, 10.06. Found: C, 89.95; H,
10.01.

1-Cyclopropyl-l-phenylethane (31). Treatment of cyclopro
pyl methyl ketone (11) as described above yielded 31 (91%) as a 
colorless oil: bp 119-121° (760 mm); ir (film) 3080, 3035, 3010, 
2970, 2930, 2880, 1605, 1490, 1450, 1015, 810, 750, and 690 cm“ 1; 
nmr (220 MHz, CCI4, with and without TMS) <5 7.25-7.00 (5 H, m),
I. 95 (1 H, quintet, J  = 7 Hz), 1.32 (3 H, d, J = 7 Hz), 1.02-0.73 (1
H, m), 0.61-0.30 (2 H, m), and 0.25-0.02 (2 H, m); mass spectrum 
m/e (relative intensity) 146 (M+, 27), 131 (31), 118 (98), 117 (76), 
105 (100), 91 (70), 77 (42), 51 (34), and 39 (42).

Anal. Calcd for C11H14: C, 90.35; H, 9.65. Found: C, 90.26; H,
9.71.

1-Phenylundecane (32). Treatment of 1-undecanal (12) as de
scribed above yielded 32 (91%) as a colorless oil: bp 92-94° (1.1 
mm); ir (film) 3035, 2970, 2930, 2860, 1455, and 690 cm“ 1; nmr (60 
MHz, CCI4) 5 7.08 (5 H, apparent s), 2.55 (2 H, perturbed t ,J  = l  
Hz), 1.9-1.4 (2 H, m), 1.27 (16 H, broad s), and 0.89 (3 H, per
turbed t); mass spectrum m/e (relative intensity) 232 (M+, 8), 92 
(50), 91 (100), 69 (62), 55 (34), 43 (42), and 41 (53).

Anal. Calcd for C i7H28: C, 87.86; H, 12.14. Found: C, 87.86; H, 
12.07.

I- Phenyl-2-methylpentane (33). Treatment of 2-methyl-l- 
pentanal (13) as described above yielded 33 (83%) as a colorless oil: 
bp 60-62° (1.2 mm); ir (film) 3035, 2960, 2930, 2880, 1604, 1495, 
1450, 720, and 690 cm-1; nmr (60 MHz, CCI4) d 7.09 (5 H, apparent 
s), 2.64 (1 H, d of d, J = 13 and 6 Hz), 2.27 (1 H, d of d, J = 13 and 
7 Hz), a broad multiplet from ca. 2.0 to 1.4 (1 H, m), 1.4-1.05 (4 H, 
m), and a doublet at 0.82 (3 H, d, J  = 6.5 Hz) superimposed on a 
perturbed triplet at 0.88 (3 H, t); mass spectrum m/e (relative in
tensity) 162 (M+, 24), 119 (2), 92 (100), 91 (48), and 43 (44).

Anal. Calcd for C12Hi8: C, 88.82; H, 11.18. Found: C, 88.78; H,
II . 08.

II - Phenyl-l-undecene (34). Treatment of 10-undecen-l-al
(14) as described above yielded 34 (99%) as a colorless oil: ir (film) 
3075, 3040, 2920, 2865, 1640, 1605, 1495, 1450, 900, and 690 cm "1; 
nmr (220 MHz, CC14) S 7.23-6.91 (5 H, m), 5.82-5.59 (1 H, m),
5.00-4.77 (2 H, m), 2.55 (2 H, t, J = 7  Hz), 2.00 (2 H, apparent q, J 
= 7 Hz), 1.68-1.48 (2 H, m), and 1.45-1.14 (12 H, broad s); mass 

spectrum m/e (relative intensity) 230 (M+, 11), 131 (16), 117 (16), 
104 (63), 105 (18), 92 (48), 91 (100), 69 (37), 55 (19), and 41 (27).

Anal. Calcd for C i7H26: C, 88.63; H, 11.37. Found: C, 88.36; H, 
11.63.

a -(2,6,6-Trimethyl- 1-eyclohexen-l -yl)toluene (35). Treat
ment of /3-cyclocitral (15) as described above yielded 35 (99%) as a 
colorless oil: ir (film) 3070, 3035, 2965, 2935, 2870,1605,1495,1450, 
and 690 cm-1; nmr (60 MHz, CCI4) <5 7.17 (5 H, broad s), 3.49 (2 H, 
broad s), 2.30-1.92 (2 H, broad m), a complex multiplet at 1.91-
I. 60 (2 H, m), 1.53 (3 H, broad s), 1.28 (3 H, t, J  = 7  Hz), and 0.92 
(6 H, s); mass spectrum m/e (relative intensity) 214 (M+, 75), 199 
(100), 143 (14), 123 (43), 105 (15), and 91 (46).

Anal. Calcd for Ci6H22: C, 89.65; H, 10.35. Found: C, 89.35; H, 
10.34.

l-Phenyl-3,7-dimethyl-2,6-oetadiene (36). Treatment of ci- 
tral (16), which is a mixture of neral and geranial, as described 
above yielded 36 (90%) as a colorless oil: ir (film) 3070, 3035, 2970, 
2925, 1445, 715, and 685 cm-1; nmr (60 MHz, CCI4) f> 7.19 (5 H, 
broad s), 5.57-4.97 (2 H, complex m), 3.33 (2 H, broad d, J  = 7.4 
Hz), 2.23-1.98 (4 H, m), 1.69 (6 H, broad s), and 1.60 (3 H, broad 
s); mass spectrum m/e (relative intensity) 214 (M+, 91), 199 (4), 
145 (98), 129 (49), 123 (83), 91 (69), 69 (100), and 41 (49).

Anal. Calcd for Ck;H22: C, 89.65; H, 10.35. Found: C, 89.30; H,
10.27.

4- (2,6,6-Trimethyl-1 -cyclohexen-1 -yl) -2-m ethyl-1 -phenyl- 
trans-2-butene (37). Treatment of Ci4-aldehyde (17) as de
scribed above yielded 37 (93%) as a colorless oil: bp 95-97° (1.1 
mm); ir (film) 3035, 2965, 2920, 2860, 1601, 1492, 1450, 720, and 
690 cm“ 1; nmr (220 MHz, CC14) 6 7.25-6.93 (5 H, m), 5.09 (1 H, t, J 
= 12 Hz), 3.21 (2 H, s), 2.69 (2 H, d, J  = 12 Hz), 2.00-1.86 (2 H, 
m), 1.68-1.36 (4 H, m) on which are superimposed two singlets at
1.53 (3 H, s) and 1.51 (3 H, s), and 0.95 (6 H, s); mass spectrum m/e 
(relative intensity) 268 (M+, 100), 253 (17), 225 (8), 198 (4), 177 
(92), 123 (46), 121 (38), 107 (35), and 91 (60).

Anal. Calcd for C2oH2s: C, 89.49; H, 10.51. Found: C, 89.31; H,
10.49.

l-(4-terf-Butylphenyl)-3-phenyl-2-methylpropane (38).
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Treatment of 3-(4-£er£-butylphenyl)-2-methyl-l-propanol (18) as 
described above yielded 38 (99%) as a colorless oil: ir (film) 3090, 
3070, 3035, 2975, 2925, 2860, 1601, 1490, 1450, 1260, 722, and 689 
cm-1; nmr (60 MHz, CCI4) b 7.18 (5 H, broad s) superimposed on 
an AB pattern with the first doublet centered at 7.31 (2 H, d, J =
8.5 Hz) and the second at 7.06 (2 H, d, J = 8.5 Hz), 2.92-2.54 (1 H, 
m), 2.44 (2 H, d, J  = 7.5 Hz), 2.26-1.78 (2 H, m), 1.29 (9 H, s), and 
0.82 (3 H, d, J  = 6.2 Hz); mass spectrum m/e (relative intensity) 
266 (M+, 58), 251 (67), 175 (34), 162 (13), 147 (48), 132 (13), 119 
(28), 105 (12), 92 (47), 91 (100), 57 (5), and 41 (25).

Anal. Calcd for C20H26: C, 90.17; H, 9.84. Found: C, 89.89; H, 
9.75.

p-Methoxydiphenylmethane (39). Treatment of p-anisal- 
dehyde (19) as described above yielded 39 (96%) as a colorless oil: 
ir (film) 1610,1586,1510,1495,1240,1172,1030, 830, 790, 760, 718, 
and 690 cm-1-; nmr (60 MHz, CCI4) b 7.19 (5 H, s), an AB pattern 
with the first doublet centered at 7.07 (2 H, d, J  = 9 Hz) and the 
second at 6.76 (2 H, d, J  = 9  Hz), 3.86 (2 H, s), and 3.65 (3 H, s); 
mass spectrum m/e (relative intensity) 198 (M +, 100), 197 (40), 
183 (12), 167 (30), 121 (28), and 91 (12).

Anal. Calcd for C^H^O: C, 84.81; H, 7.12. Found: C, 84.83; H,
7.10.

2-Benzylfuran (40). Treatment of furfural (20) as described 
above, except that the phenylation step was run at ca. —78°, yield
ed 40 (93%) as a colorless oil: ir (film) 1595, 1505, 1492, 1450, 1065, 
1001, 710, and 690 cm-1; nmr (60 MHz, CCI4) a multiplet at 6 
7.22-6.97 (1 H, m) on which is superimposed a singlet at 7.14 (5 H, 
s), 6.22-6.05 (1 H, m), 5.92-5.77 (1 H, m), and 3.86 (2 H, s); mass 
spectrum m/e (relative intensity) 158 (M+, 100), 129 (65), 115 (23), 
103 (4), 91 (9), and 81 (19).

Anal. Calcd for CnH10O: C, 83.52; H, 6.37. Found: C, 83.76; H,
6.51.
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4-Homoisotwistane (tricyclo[5.3.1.03’8]undecane) (3), 6,7-exo-trimethylenebicyclo[3.2.1]octane (4), and ho
moadamantane (5), together with several, as yet unidentified tricycloundecanes, were discovered to be intermedi
ates in the adamantane rearrangement of 2,3-exo-tetramethylenenorbornane (1) and 2,3-trimethylenebicyclo-
[2.2.2]octane (2). 13C nmr spectroscopy was the main tool in the structure determination of 3 and 4. The structure 
of 4 was further confirmed by comparison with an independently synthesized authentic specimen. Br0nsted acids 
(trifluoromethanesulfonic acid and sulfuric acid) were found to catalyze the rearrangement of these tricyclounde- 
cane precursors with almost quantitative yields of the products, the -catalysis being milder and more specific than 
that by aluminum halides. A high yield synthesis of 3 was accomplished by a selective rearrangement of 2 cata
lyzed by sulfuric acid. An outline of the reaction scheme was deduced from the product studies of these Br0nsted 
acid catalyzed rearrangements.

Acid-catalyzed isomerization of polycyclic saturated hy
drocarbons to adamantanes (so-called adamantane rear
rangement) has been widely studied since the discovery of 
the reaction by Schleyer.1 Elucidation of the mechanism of 
the reaction, however, seems to have been less fruitful, ex
cept for the results by Whitlock2 and Schleyer3 on CioHie 
rearrangement, when compared with many successful syn
thetic approaches in which a number of precursors has 
been found to give diamonoid molecules in good yields.4 
The difficulty involved in mechanistic studies will be fully 
understood by considering the abundance of isomeric poly
cycloalkanes5 which may take part, to the degree their rela
tive stabilities and reactivities will allow, in the rearrange
ment consisting of a complex network of competitive and/ 
or consecutive reaction pathways. We also have been inter
ested in the problem and studied mainly the rearrange
ment of Cn tricyclic hydrocarbons.

Only two tricycloundecane precursors, 2,3-exo-tetra- 
methylenenorbornane ( l )6“9 and 2,3-ercdo-tetramethylene- 
norbornane,9 were hitherto known to undergo adamantane 
rearrangement.10 However no intermediate had been iden
tified12 until the existence of 4-homoisotwistane (3)14 was 
established by Schleyer13 in the rearrangement of 1, and 
independently by us15 in the rearrangement of 1 and 2,3- 
trimethylenebicyclo[2.2.2]octane (2), under aluminum 
chloride catalysis.

Now two further intermediates in the rearrangement of 1 
and 2 were isolated and characterized. One was identified

as homodamantane (5), which had been looked for but in 
vain in tricycloundecane rearrangements.12-13 The other 
was determined by 13C nmr spectroscopy to be one of four 
possible tricycloundecane isomers including 5,6-exo-tri- 
methylenebicyclo[3.2.1]octane (4). Three other possibilities 
than 4 was unambiguously excluded by an independent 
synthesis of an authentic 4.

Br0nsted acids (trifluoromethanesulfonic acid and sulfu
ric acid) were found to be effective catalysts for the rear
rangement of Cn tricyclic hydrocarbons. Indeed the sulfu
ric acid catalyzed isomerization of tetrahydro-Binor-S to 
diamantane16 was the only example of Br0nsted acid catal
ysis of the adamantane rearrangement of hydrocarbons. Al
though trifluoromethanesulfonic acid gave almost similar 
intermediate distributions as, but more slowly catalyzed 
the rearrangement than, aluminum chloride, sulfuric acid 
catalysis was fairly specific with respect to both reactant 
and product. Thus 2 was isomerized to 3 in a high yield in 
the presence of sulfuric acid.17

Slow catalysis by Brpnsted acid made easier the study of 
time-conversion relationships in the rearrangement. Fur
ther isomerizations of isolated intermediates revealed the 
presence of some quasi-equilibriums. These results led us 
to draw an outline of the rearrangement scheme.

4-Homoisotwistane (3). Isomerization of 1 with 20 mol 
% of aluminum chloride in methylene chloride for 20 min at 
ambient temperature gave, together with a small amount of 
methyladamantanes, 45% 3 and three other major compo
nents in the amount of 23, 18, and 6%, respectively (run 1, 
Table I). The ir, 'H nmr, and mass spectra did not tell 
much about the structure of 3, except that molecular ion 
peak with relative intensity of 100 in the mass spectrum 
suggested a reasonably symmetrical cage structure. The 13C 
nmr spectra of 3 showed the presence of eight different 
kinds of carbon atoms and the absence of methyl group in 
the molecule. Of the possible 70 tricycloundecanes contain
ing neither three- nor four-membered rings,5 only two iso
mers, 3 and 6, are consistent with the above 13C nmr spec
tra.

The structure 3 seems to explain better the methylene 
carbon resonance in an abnormally high field (15.2 ppm) 
than the alternative, 6, does. Thus the methylene carbon 
resonance was assigned to 5-carbon atom in 3, based on the 
calculated value (15.8 ppm) for the atom. The effect of 
3(a)- and 4(e)-methyl group (or corresponding methylene 
groups in the fused ring system) on the chemical shift
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Table I
Distribution of Intermediates in the Rearrangement of Tricycloundecanes11

R u n R e a c ta n t

R e a c t io n  

t im e ,  h r

P r o d u c t f  %c
U n k n o w n

A

1 - M e t h y l -

a d a m a n ta n e

U n k n o w n

B

U n k n o w n

C

2 - M e t h y l -  

a d a m a n ta n e 4  1 3 "

U n k n o w n

Dd 2d
U n k n o w n

E 5

Aluminum Chloride
1 ie 0.3 0 . 6 2 . 4 23.0 17.6 0 . 6 6 . 1 44.7 3 . 8 1 . 2

1 . 0 96.0 4 . 0

2 2e 0 . 2 29.2 14.6 5 . 1 44.4 3 . 5 1 . 2

1 . 0 96.3 3 . 7

Trifluoromethanesulfonic Acid

3 lf 0 . 1 4.3 2.8 7 4 . 5 18.4
1 . 0 1 . 5 0.3 23.8 17.1 1 . 7 1 . 7  0 . 6 45.0 5.3 1 . 5

24 2 . 6 6.8 18.9 15.6 6 . 0 6.8 37.2 2.8 2 . 1

4 2e 1.0 2.8 5.0 1.5 29.2 21.5 17.5 2 0 . 2

24 2 . 2 1.6 19.3 16.6 2 . 4 5.4 46.9 3.2 2 . 2

5 2f 1.0 0 . 3 1.0 8.1 16.6 1 . 4 3.9 60.2 4.4 2 . 3

24 2 . 3 6.3 18.5 16.2 5 . 9 5.9 36.6 3.0 2 . 1

6 3f 1.0 0 . 5 1.6 10.3 19.6 3 . 2 4.1 51.8 4.5 2 . 3

6.0 1 . 0 4.4 15.7 18.9 4 . 6 6.2 41.1 3.6 2 . 6

24 2 . 4 5.3 19.6 16.8 5 . 8 6.5 36.3 2.8 1 . 8

100 1 0 . 0 20.3 12.5 8.0 25.2 5.5 15.0 1.3 1 . 2

7 4/ 5.0 1 . 7 2.1 7.3 7.5 2.5 53.4 24.2 0 . 7

38 1 . 8 10.0 13.7 11.9 11.6 18.8 26.6 2.0 1 . 5

Sulfuric Acid

8* 2 2 38.3 20.7 28.7 8 . 9

7 3.5 93.5 2.8
° 200 mg of reactant in 10 ml of methylene chloride at reflux, unless otherwise noted. b Yields of the intermediate mixtures as well as the 

final products (methyladamantanes) were always quantitative. Products are analyzed by conventional vpc and aligned in the order of the 
increasing retention time. See, however, footnote d. c That of the vpc peak area. d 3, unknown D, and 2 could not be separated from each 
other by the usual vpc, but on a Golay column, from which proportions of 3, unknown D, and 2 were calculated. e With 0.2 molar equiv to 
reactant of AICI3. The reaction was run at ambient temperature. 7 With 4.0 molar equiv of CF3SO3H. * With 1.0 molar equiv of CF3SO3H. 
h 500 mg of 2, 3.2 ml of carbon tetrachloride, and 5 g of 95% sulfuric acid were stirred at ambient temperature. The reaction was heteroge
neous, carbon tetrachloride layer being analyzed. The product was accompanied by some tarry materials, and the yield of crude 3 on isola
tion amounted to 81%.17

change of 1-carbon atom in chair form cyclohexane (26.9 
ppm) has been calculated as —5.4 and -0 .3  ppm, respec
tively.18 A rational assumption that the additivity of chem
ical shifts in polycycloalkanes such as adamantane19 also 
holds for 3 enabled us to calculate the chemical shift of the
5-carbon atom: 26.9 — 2 X 5.4 -  0.3. A good agreement be
tween the observed and the calculated values indicates the 
existance of a trisubstituted cyclohexane partial structure 
and, hence, the structure 3 for the compound. The struc
ture was later confirmed by the comparison of melting 
point and 13C nmr spectrum with those described in the lit
erature.13,14

6,7-exo-Trimethylenebicyclo[3.2.1]octane (4). The
sixth peak (6.1 %) in run 1 (Table I) was isolated and found 
to be homogeneous on several vpc columns. A large scale 
experiment allowed the separation and purification of the 
component on a preparative vpc. The 13C nmr spectrum of 
the compound showed the presence of seven different 
kinds of carbon atoms among which three kinds had a rela
tive spectral intensity of one. All of these three carbon 
atoms exhibited triplet absorptions in the off-resonance 
proton decoupled spectrum. Absence of methyl group was 
also indicated. The isomers5 corresponding to the spectra 
are limited to four compounds: 4, its endo- trimethylene 
isomer (endo- 4), and 2,4-exo- and -endo- ethanobicv- 
clo[3.3.1]nonane (exo- 7 and endo- 7, respectively).

Since it is quite difficult to assign to the compound any 
of the four structures only by spectral method owing to the 
paucity in data for reference compounds, unequivocal syn

thesis seemed to be the shortest approach to the problem. 
We chose to synthesize 4 at first because no authorized 
route was established for the ever unknown 7’s, and be
cause endo- 4 might have little chance to be trapped as an 
intermediate owing to the relative instability. Synthesis of 
4 was started by obtaining 6,7-exo-trimethylenebicy- 
clo[3.2.1]octan-3-one (8) by the application of the method 
of Jefford, et al. ,20 to 5,6-exo-trimethylenenorborn-2- 
ene.21 The ketone 8 was also obtainable, as a mixture with
6,7-exo- trimethylenebicyclo[3.2.1]octan-2-one and higher 
homologous ketones, on the ring expansion22 of 5,6-exo- tri- 
methylenenorbornan-2-one23 by diazomethane. W olff- 
Kishner reduction24 of 8 gave an authentic 4. Spectral 
properties, refractive index, and retention times on some
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v p c  c o lu m n s  o f  t h u s  s y n t h e s iz e d  4 w e r e  in  c o m p le t e  a g r e e 

m e n t  w it h  t h o s e  o f  t h e  is o la t e d  in t e r m e d ia t e  u n d e r  e x a m i 

n a t io n .

Homoadamantane (5). T h e  l a s t  e lu t e d  c o m p o n e n t  i n  

t h e  r e a c t io n  m ix t u r e  o f  r u n  1  w a s  id e n t if ie d  a s  h o m o a d a 

m a n t a n e  (5 )  b y  c o m p a r is o n  w it h  a n  a u t h e n t ic  s p e c im e n  

( r e t e n t io n  t im e s  o n  v p c ,  m e lt in g  p o in t ,  a n d  s p e c t r a l  p r o p e r 

t ie s ) .  5 h a s  e s c a p e d 1 2 ’ 1 3  f r o m  t h e  s c r u t in y  o f  r e s e a r c h e r s  

p r o b a b l y  b e c a u s e  o f  i t s  s c a r c i t y  i n  r e a c t io n  m ix t u r e s .

Unknowns. S t r u c t u r e s  o f  t h e  c o m p o u n d s  f r o m  o t h e r  v p c  

f r a c t io n s  w e r e  le f t  u n d e t e r m in e d .  T h i s  is  m a i n l y  b e c a u s e  

t h e y  a r e  m ix t u r e s .  C a p i l l a r y  ( G o l a y )  c o lu m n  v p c  r e v e a le d  

t h e  p r e s e n c e  o f  m u l t ip l e  c o m p o n e n t s  in  t h e m :  u n k n o w n  A ,  

t h r e e ;  u n k n o w n  B ,  t h r e e  a t  t h e  v e r y  b e g in n in g ,  a n d  t w o  in  

t h e  l a t e r  s t a g e , o f  t h e  r e a r r a n g e m e n t ;  a n d  u n k n o w n  C ,  f o u r .  

E a c h  o f  u n k n o w n  D  ( T a b l e  I ,  f o o t n o t e  d )  a n d  E  g a v e  o n ly  

o n e  p e a k  a ls o  i n  G o l a y  v p c .  M a s s  s p e c t r a  a r e  t h e  o n l y  i n f o r 

m a t io n  a v a i l a b l e  t o  u s  o n  t h e s e  c o m p o n e n t s  a t  p r e s e n t ,  

w h ic h  w e r e  m e a s u r e d  o n  a  c o m b in e d  G o l a y  v p c - m a s s  s p e c 

t r o m e t e r .  A l l  o f  t h e  t w e lv e  c o m p o n e n t s  g a v e  a  m o le c u la r  

io n  p e a k  o f  m / e  1 5 0  w it h  c o r r e c t  is o t o p ic  a b u n d a n c e  c o r r e 

s p o n d in g  t o  C n H i g . 2 5  I t  w a s  a ls o  p o s s ib le  b y  G o l a y  v p c -  

m a s s  s p e c t r o m e t r y  t o  e s t a b l is h  t h e  id e n t it ie s  o f  e a c h  c o m 

p o n e n t s  f r o m  d if f e r e n t  p r e c u r s o r s ,  1 - 4 .

1 H  n m r  s p e c t r a  w e r e  t a k e n  o n  e a c h  o f  t h e  is o la t e d  u n 

k n o w n  f r a c t io n s  ( A ,  B ,  C ,  a n d  E )  t o  s h o w  t h a t  t h e  r e s o 

n a n c e  w a s  e n t ir e l y  a b s e n t  in  o le f in ic  p r o t o n  r e g io n s  f o r  t h e  

u n k n o w n s .  T h e s e  s p e c t r o s c o p ic  e v id e n c e s  in d ic a t e  t h a t  n o  

a p p r e c ia b le  d is p r o p o r t io n a t io n  h a d  o c c u r r e d  u n d e r  p r e s e n t  

r e a c t io n  c o n d it io n s .

Trifluoromethanesulfonic Acid Catalyzed Rear
rangement of 2,3-exo-Tetramethylenenorbornane (1) 
and 2,3-Trimethylenebicyclo[2.2.2]octane (2). O n e  o f

t h e  r e a s o n s  w h y  w e  w e r e  s u c c e s s f u l  in  t h e  d e t e c t io n  o f  i n 

t e r m e d ia t e s  i n  a d a m a n t a n e  r e a r r a n g e m e n t s  w o u ld  l ie  in  

t h e  u s e  o f  m i l d e r  c a t a l y s t  s y s t e m  t h a n  h a d  b e e n  u s e d  so  

f a r . 4 A s  a n  e x t e n t io n  o f  t h i s  r e a s o n in g ,  i t  m ig h t  b e  p o s s ib le  

t o  d e t e c t  a  l a r g e r  n u m b e r  o f  in t e r m e d ia t e s  b y  m a k in g  u s e  

o f  s t i l l  m i l d e r  c a t a l y s t  s y s t e m s .  S e le c t io n  o f  t h e  c a t a l y s t  

m a y  b e  m a d e  a m o n g  B r p n s t e d  a c id s ,  t r i f l u o r o m e t h a n e s u l 

f o n ic  a c id ,  t h e  s t r o n g e s t  e v e r  e x is t e d ,  b e in g  t r ie d  a t  f i r s t .

T r i f lu o r o m e t h a n e s u lf o n i c  a c id  in  r e f l u x in g  m e t h y le n e  

c h l o r id e  w a s  f o u n d  t o  c a t a ly z e  t h e  r e a r r a n g e m e n t  o f  1  a n d

2 .  C o n t r a r y  t o  o u r  e x p e c t a t io n s ,  t h e  d is t r ib u t io n  o f  i n t e r 

m e d ia t e s  i n  t h e s e  r e a c t io n s  w a s  a lm o s t  t h e  s a m e  a s  i n  t h o s e  

c a t a ly z e d  b y  a l u m in u m  c h lo r id e .  H o w e v e r ,  a  fe w  c h a r a c t e r 

i s t i c  f e a t u r e s  a r e  t o  b e  n o t e d .  T h e  c a t a l y s t  h a s  a  v e r y  lo w  

a c t i v i t y  i n  g iv in g  r is e  t o  m e t h y la d a m a n t a n e s .  C o m p a r is o n  

o f  r u n s  1  a n d  3  s h o w s  t h a t  a l t h o u g h  b o t h  r e a c t io n s  p r o c e e d  

s i m i l a r l y  u p  t o  t h e  d is a p p e a r e n c e  o f  1 , f u r t h e r  r e a c t io n  o f  

t h e  in t e r m e d ia t e s  is  v e r y  s lu g g is h  u n d e r  t r i f l u o r o m e t h 

a n e s u lf o n ic  a c id  c a t a l y s is .  T h e  c a t a l y s t  a ls o  c l e a r l y  d e m o n 

s t r a t e d  t h e  d if f e r e n c e  b e t w e e n  t h e  r e a c t iv it ie s  a n d  t h e  

r e a c t io n  p a t h w a y s  i n  1  a n d  2 . 1  w a s  s o  u n r e a c t iv e  i n  t h e  

p r e s e n c e  o f  1 . 0  m o la r  e q u iv  o f  t h e  c a t a l y s t  t h a t  i t  w a s  i m 

p r a c t i c a b le  t o  s t u d y  t h e  r e a c t io n  w it h  t h is  a m o u n t  o f  t h e  

c a t a l y s t .  2  g a v e  a  n e w  c o m p o n e n t  ( u n k n o w n  E )  a n d  a n  i n 

c r e a s e d  p r o p o r t io n  o f  u n k n o w n  D  ( r u n  4 ) ,  w h ile  n o n e  w a s  

o b s e r v e d  w it h  1 .

Trifluoromethanesulfonic Acid Catalyzed Rer- 
rangement of the Isolated Intermediates (3 and 4).
T r e a t m e n t  o f  t h e  is o la t e d  in t e r m e d ia t e s ,  3  a n d  4 , w it h  t r i 

f l u o r o m e t h a n e s u lf o n ic  a c id  r e v e a le d  a n  in t e r e s t in g  f e a t u r e  

o f  t h e  r e a r r a n g e m e n t .  T h e  in t e r m e d ia t e  d is t r ib u t io n s  in  

t h e  r e a c t io n  o f  3  a t  1  h r  a n d  2 4  h r  ( r u n  6 ) a r e  a lm o s t  id e n t i 

c a l  w it h  t h o s e  o f  1  a t  1  h r  a n d  2 4  h r  ( r u n  3 )  a s  w e l l  a s  t h o s e  

o f  2  w it h  4 .0  M  c a t a l y s t  a t  1  h r  a n d  2 4  h r  ( r u n  5 ) ,  r e s p e c 

t iv e l y .  T h e  r e a c t io n  o f  4  ( r u n  7 )  g a v e  a  l i t t l e  d if f e r e n t  i n t e r 

m e d ia t e  d is t r ib u t io n  a t  t h e  b e g in n in g  o f  t h e  r e a c t io n ,  b u t  

t h e  p r o p o r t io n  o f  u n k n o w n s  A ,  B ,  C ,  a n d  D ,  3 ,  a n d  5  i n  r u n  

7  a t  s u f f i c i e n t l y  lo n g  r e a c t io n  t im e  ( 3 8  h r )  i s  i n  q u it e  a  g o o d  

a g r e e m e n t  w it h  t h a t  o f  t h e  c o r r e s p o n d in g  c o m p o n e n t s  i n  

t h e  r e a c t io n  o f  3  a t  a  lo n g  r e a c t io n  t im e  ( r u n  6 , 2 4  h r )  a s  

w e l l  a s  t h o s e  o f  t h e  s a m e  c o m p o n e n t s  i n  t h e  lo n g  r e a c t io n  

o f  1  a n d  2 .

Sulfuric Acid Catalyzed Rearrangement of 2,3-Tri- 
methylenebicyclo[2.2.2]octane (2). A Convenient Syn
thesis of 4-Homoisotwistane (3). S u l f u r i c  a c id  w a s  a ls o  

f o u n d  t o  c a t a ly z e  t h e  r e a r r a n g e m e n t .  T h e  c a t a l y s is ,  h o w 

e v e r ,  w a s  f a i r l y  s p e c if ic  w it h  r e s p e c t  t o  r e a c t a n t  a n d  p r o d 

u c t .  U n d e r  t h e  r e a c t io n  c o n d it io n s  s t u d ie d  ( T a b l e  I ,  f o o t 

n o t e  h ) ,  o n l y  2 w a s  is o m e r iz e d ,  w h ile  1 ,  3, a n d  4 w e r e  q u it e  

u n r e a c t iv e .  S u b s t i t u t io n  o f  c a r b o n  t e t r a c h l o r id e  i n  r u n  8  

f o r  m e t h y le n e  c h lo r id e  d id  n o t  c h a n g e  t h e  p r o d u c t  d i s t r i 

b u t io n  a t  a l l ,  b u t  g a v e  a  l i t t l e  in f e r io r  y i e l d  o f  3 a c c o m p a 

n ie d  b y  a n  in c r e a s e d  a m o u n t  o f  t a r r y  m a t e r ia l s .  T h e s e  r e 

s u l t s  le d  u s  t o  e s t a b l is h  a  c o n v e n ie n t  s y n t h e s is 1 7  o f  3 w h ic h  

o t h e r w is e  c o u ld  b e  o b t a in e d  s o  f a r  o n l y  w it h  d i f f i c u l t y . 1 3 - 1 5  

F o r m a t i o n  o f  u n k n o w n  E  a n d  a n  in c r e a s e d  p r o p o r t io n  o f  

u n k n o w n  D  a t  t h e  b e g in n in g  o f  t h e  r e a c t io n  ( r u n  8 , 2  h r )  

a r e  i n  c o m m o n  w it h  t h e  r e a c t io n  o f  2  c a t a ly z e d  b y  a  s m a l l  

a m o u n t  o f  t r if lu o r o m e t h a n e s u lf o n ic  a c id  ( r u n  4 , 1  h r ) ;  b u t  

t h e  a b s e n c e  o f  u n k n o w n s  A  a n d  B  a n d  4 i n  r u n  8  i s  t o  b e  

n o t e d .

Discussion
T r i f lu o r o m e t h a n e s u lf o n i c  a c id  d o e s  n o t  s e e m  to  h a v e  

b e e n  e x a m in e d  a s  a  c a t a l y s t  i n  t h e  a d a m a n t a n e  r e a r r a n g e 

m e n t  o f  t r i c y c l i c  h y d r o c a r b o n s .  S u l f u r i c  a c id  w a s  s u c c e s s 

f u l l y  u s e d  f o r  h y d r i d e  t r a n s f e r  r e d u c t i o n - r e a r r a n g e 

m e n t s , 1 4 ’26  b u t  o n l y  a  s in g le  e x a m p le 16  c a n  b e  c it e d  f o r  t h e  

s u l f u r ic  a c id  c a t a l y s is  o f  a d a m a n t a n e  r e a r r a n g e m e n t .  A s 

p e c t s  o f  t r if l u o r o m e t h a n e s u l f o n ic  a c id  c a t a l y s is ,  e s p e c ia l ly  

c o n c e r n in g  t h e  p r o d u c t  d is t r ib u t io n s ,  a r e  f u n d a m e n t a l l y  

id e n t ic a l  w it h  t h o s e  o f  a l u m in u m  c h l o r id e  c a t a l y s is ,  a l 

t h o u g h  u s e  o f  t r if l u o r o m e t h a n e s u l f o n ic  a c id  le d  t o  t h e  d e 

t e c t io n  o f  a  n e w  is o m e r ,  u n k n o w n  E ,  i n  t h e  r e a c t io n  o f  2  

( r u n  4 ) . H o w e v e r ,  t h is  a p p a r e n t  d if f e r e n c e  v a n is h e s  i f  w e  

e x p e c t  u n k n o w n  E  to  a p p e a r  m id w a y  b e t w e e n  2  t o  3  a n d  t o  

d is a p p e a r  q u i c k l y  u n d e r  t h e  in f lu e n c e  o f  s t r o n g e r  c a t a ly s t ,  

a l u m in u m  c h lo r id e .

S u l f u r i c  a c id  s h o w s  a  l i t t l e  d if f e r e n t  c a t a l y t ic  a c t i v i t y  

f r o m  t h o s e  o f  a l u m in u m  c h lo r id e  a n d  t r i f l u o r o m e t h a n e s u l 

f o n ic  a c id  ( r u n s  2 , 4 , a n d  8 ). A b s e n c e  o f  u n k n o w n  A  a n d  B  

a s  w e ll  a s  4  in  r u n  8  in d ic a t e s  t h a t  t h e s e  t h r e e  c a n  b e  

f o r m e d  f r o m  3  u n d e r  a l u m in u m  c h lo r id e  a n d  t r i f l u o r o 

m e t h a n e s u lf o n ic  a c id  c a t a ly s is ,  b u t  a r e  n o t  u n d e r  t h e  i n f l u 

e n c e  o f  s u l f u r ic  a c id .  D if f e r e n c e  b e t w e e n  t h e  a c t iv it ie s  o f  

s u l f u r ic  a c id  a n d  o t h e r  t w o  c a t a ly s t s  is  b e t t e r  d e m o n s t r a t e d  

in  t h e  f o r m a t io n  o f  m e t h y la d a m a n t a n e s  f r o m  3 .  A l u m in u m  

c h lo r id e  a n d  t r if lu o r o m e t h a n e s u lf o n ic  a c id  g a v e  m e t h -  

y l a d a m a n t a n e ,  a l t h o u g h  t h e  r e a c t io n  w a s  v e r y  s l u g g is h  w it h  

t h e  l a t t e r  c a t a l y s t ,  w h ile  s u l f u r ic  a c id  d id  n o t .  O n  t h e  o t h e r  

h a n d ,  t h e  f a c t  a ls o  s u g g e s t s  f a s t e r  r e a c t io n s  o f  1  a n d  2  t o  3  

t h a n  t h a t  o f  3  t o  m e t h y la d a m a n t a n e s .

I t  is  to  b e  n o t e d  t h a t  1  a n d  2 g a v e  a  s i m i l a r  d is t r ib u t io n  

o f  in t e r m e d ia t e s  o n  p r o lo n g e d  r e a c t io n .  T h e s e  p r o p o r t io n s  

o f  in t e r m e d ia t e s  a r e ,  i n  t u r n ,  q u it e  s i m i l a r  t o  t h o s e  i n  t h e  

f u r t h e r  is o m e r iz a t io n  o f  e it h e r  3  o r  4 . A n  e x p l a n a t io n  f o r  

t h e  r e s u lt s  w o u ld  b e  t h a t  t h e  p r o d u c t  d is t r ib u t io n  w a s  t h e  

s a m e  a s  i n  t h e  f u r t h e r  is o m e r iz a t io n  o f  o n c e  f o r m e d  3 , a n d  

t h is  in d ic a t e s  t h a t  3  w o u ld  b e  o n e  o f  t h e  k e y  in t e r m e d ia t e s  

i n  t h e  w h o le  s e q u e n c e  o f  t h e  r e a r r a n g e m e n t .  T h a t  4 w a s  

f o r m e d  f r o m  3 ,  b u t  n o t  d i r e c t l y  f r o m  1 o r  2, i s  m o s t  p r o b a 

b le  in  v ie w  o f  a n  a lm o s t  e x c lu s iv e  f o r m a t io n  o f  3  f r o m  2  

( r u n  8 ) , s lo w  f o r m a t io n  o f  3  f r o m  4 ( r u n  7 ) ,  a n d  in c r e a s e  o f
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t h e  a m o u n t  o f  4  a f t e r  1  o r  2  h a d  d is a p p e a r e d .  A n  o u t l in e  o f  

t h e  r e a c t io n  s c h e m e  m a y  b e  d r a w n  b a s e d  o n  t h e s e  r e s u lt s .

T h e  r e a c t a n t s  1  a n d  2  a r e  q u i c k l y  a n d  i r r e v e r s ib l y  c o n 

v e r t e d  v ia  u n k n o w n s  t o  3  w h ic h  t h e n  s lo w ly  is o m e r iz e d  to  

f i n a l  m e t h y la d a m a n t a n e s .  T h e  r e a r r a n g e m e n t  o f  3  is  i n 

d e e d  s o  s lo w  u n d e r  B r p n s t e d  a c id  c a t a l y s is  t h a t  w e  m a y  r e 

g a r d  3  t o  b e  i n  q u a s i - e q u i l i b r i u m s  w it h  4 ,  5 ,  a n d  s o m e  u n 

k n o w n s ,  t h e  e q u i l ib r i u m s  s lo w ly  le a k in g  t o  g iv e  m e t h y la d a 

m a n t a n e s .  1  is o m e r iz e s  t o  3  w it h  t h e  in t e r m e d ia c y  o f  u n 

k n o w n s  A ,  B ,  a n d  C ,  w h ic h ,  i n  t u r n ,  a r e  in  e q u i l i b r i u m  w it h

3 . 2  is o m e r iz e s  t o  3  v ia  u n k n o w n  E ,  a n d  t h e n  v ia  u n k n o w n  

D  w h ic h  is  a ls o  i n  e q u i l i b r i u m  w it h  3 .  I t  i s  n o t  c le a r  a t  p r e s 

e n t  w h e t h e r  o r  n o t  t h e r e  e x is t  a n y  d ir e c t  r o u t e  f r o m  2  to  

u n k n o w n  D  a n d  t h a t  f r o m  u n k n o w n  E  t o  3 .  4  is  m o s t  p r o b 

a b l y  f o r m e d  f r o m  a n d  i n  e q u i l ib r i u m  w it h  3 .  I t  is  n o t e w o r 

t h y  t h a t  s u l f u r ic  a c id  f a i l s  to  s e t  u p  t h e  e q u i l ib r i u m s  b e 

t w e e n  3  o n  o n e  h a n d ,  a n d  4 , u n k n o w n  A ,  o r  u n k n o w n  B  o n  

t h e  o t h e r .

T h e  s c h e m e  is  q u it e  o b s c u r e  b e t w e e n  3  a n d  m e t h y la d a 

m a n t a n e s .  W h a t  is  c e r t a in  a t  p r e s e n t  is  t h e  in t e r m e d ia c y  o f  

5 .  3  g iv e s  r is e  t o  a n d  is  i n  e q u i l i b r i u m  w it h  5 ,  a s  s h o w n  b y  

M a je r s k i  i n  h is  is o m e r iz a t io n  o f  h o m o a d a m a n t - 4 - y l  c a t io n  

t o  3  a n d  2 - m e t h y l a d a m a n t a n e 1 4  a s  w e l l  a s  i n  o u r  e x p e r i 

m e n t s . 2 7  I t  s e e m s  t o  h a v e  b e e n  b e l ie v e d  t h a t  5  is  t h e  im m e 

d ia t e  p r e c u r s o r  t o  m e t h y la d a m a n t a n e s  i n  v ie w  o f  t h e  f a c i le  

is o m e r iz a t io n  o f  5  t o  m e t h y la d a m a n t a n e s .613’1 3 ’ 1 4 ’2 8  P r e s e n t  

e x p e r im e n t s  c o u ld  n o t  d e m o n s t r a t e  w h e t h e r  o r  n o t  t h e  i m 

p l i c i t  a l le g a t io n  w a s  c o r r e c t ,  n o r  p r o v e  t h e  p r e s e n c e  o f  a n y  

p a t h w a y s  f r o m  3  t o  m e t h y la d a m a n t a n e s  w it h o u t  t h e  i n t e r 

m e d ia c y  o f  5 .
P r e s e n t  r e s u lt s  a r e  t o  b e  c o n s id e r e d  a s  a  d e m o n s t r a t io n  

o f  t h e  c o m p le x it y ,  r a t h e r  t h a n  t h e  c le a r  e lu c id a t io n ,  o f  t r i -  

c y c lo u n d e c a n e  r e a r r a n g e m e n t s .  S t r u c t u r e s  o f  u n k n o w n s  

a n d  e q u i l ib r i u m s  a s  w e l l  a s  r a t e  c o n s t a n t s  s h o u ld  b e  d e t e r 

m in e d  b e f o r e  t h e  p r o b le m  h a s  b e e n  s o lv e d .  H o w e v e r  i t  is  

s t i l l  e v id e n t  f r o m  o u r  in c o m p le t e  s t u d ie s  t h a t  3  is  o n e  o f  

t h e  la r g e s t  e n e r g y  m i n i m a  o n  t h e  t r ic y c l o u n d e c a n e  r e a r 

r a n g e m e n t  s u r f a c e . 1 3

Experimental Section

All melting and boiling points are uncorrected. Infrared spectra 
were obtained for neat samples on a Hitachi 215 spectrophotopie- 
ter. :H nmr spectra were obtained on a Varian T-60 instrument 
using deuteriochloroform as solvent. All chemical shifts are re
ported in parts per million downfield from an internal TMS stan
dard (<>). 13C nmr spectra were obtained at 15.1 MHz on a Varian 
NV-14 spectrometer. Mass spectra were measured on a Hitachi 
RMU-6D spectrometer with 75-eV ionization voltage. The vpc was 
accomplished on a Shimazu GC-4B-PTF chromatograph employ
ing columns (V4 in. X 6 ft) packed with 60-80 mesh Chromosorb W 
containing 30% silicone SE-30, Carbowax 20M, Apiezon L, or 
DEGS. Golay vpc was done on a Perkin-Elmer 700 instrument 
using columns (0.01 in. X 150 ft) packed with Apiezon L or silicone 
SE-30 and operated between 60 and 70°. Golay vpc-mass spec
trometry was made with a combination of JEOL JGC-20-KP gas 
chromatograph and JMS-D100 mass spectrometer. Preparative 
vpc was done on a Varian Aerograph 700 instrument. Elemental 
analyses were made on an automatic Yanagimoto CHN MT-2.

Materials. Trifluoromethanesulfonic acid is a commercial prod
uct of 3M Co. Methylene chloride was dried over anhydrous calci
um chloride and distilled immediately before use. 2,3-Trimethy- 
lenebicyclo[2.2.2]octane (2) was prepared17 by hydrogenation of 
the Diels-Alder adduct29 of cyclopentadiene and cyclohexa-1,3- 
diene and purified on the preparative vpc. Homoadamantane (5) 
was synthesized according to the method of Stetter.30 4-Homoiso- 
twistane (3) was obtained by the rearrangement of 2,3-trimethyl- 
enebicyclo[2.2.2]octane (2) catalyzed by sulfuric acid.17 An au
thentic specimen of 6,7-exo-trimethylenebicyclo[3.2.1]octane (4) 
was prepared by the application of the established synthesis of bi- 
cyclo[3.2.1]octan-3-one20 to 5,6-exo-trimethylenenorborn-2-ene21 
as described below.

4-Homoisotwistane (3). A mixture of 50 g (0.33 mol) of crude 2, 
320 ml of carbon tetrachloride, and 500 g of 95% sulfuric acid was 
stirred at ambient temperature for 7 hr. The organic layer was sep
arated, and the sulfuric acid layer was extracted once with 100 ml 
of carbon tetrachloride. The combined organic layer and carbon 
tetrachloride extract were washed successively with each 100 ml of 
water, saturated sodium bicarbonate solution, and water and then 
dried over anhydrous calcium chloride. Carbon tetrachloride was 
evaporated off under slightly reduced pressure, and the residue 
was fractionally distilled in vacuo through a 1-ft Vigreux column. 
The fraction boiling at 92-94° (16 mm) gave 40.5 g (81%) of crude 
3, mp 55-58°. The purity of crude 3 thus obtained was 94%, as cal
culated from the area ratio in the Golay vpc. Slow sublimation [60° 
(19 mm)] gave an analytical sample: mp 62-63° (lit. mp 56-58,14
57-59,14 66.6-67013); ir 2925, 2890, 2870, 2850, 1480, 1465, 1450, 
1440, 1340, 975, 940, 895, 845, cm-1; XH nmr d 1.0-2.0 (complex m); 
13C nmr (multiplicity, rel intensity) 15.2 (t, 1), 24.8 (d, 1), 26.3 (t, 
1) 27.1 (t, 1), 30.9 (d, 2), 31.9 (t, 2) 32.2 (t, 2), 33.1 (d, 1); mass spec
trum m/e (rel intensity) 150 (100, M+), 122 (39), 121 (39), 109 (12), 
108 (16), 107 (19), 93 (27) 81 (27), 80 (46), 79 (40), 67 (35), 55 (18), 
41 (40).

Anal. Calcd for CnHis: C, 87.92; H, 12.08. Found: C, 87.8; H,
12.2.

3,4-Dichloro-6,7-exo-trimethylenebicyclo[3.2.1]oct-2-ene.
To a mixture of 26.8 g (0.2 mol) of 5,6-exo- trimethylenenorborn- 
2-ene,21 40 g (0.74 mol) of sodium methoxide, and 150 ml of petro
leum ether was added with efficient stirring 126 g (0.65 mol) of 
ethyl trichloroacetate at 0° over a period of 3 hr. The mixture was 
stirred at —5 to 0° for a further 4 hr and then allowed to warm 
gradually to ambient temperature overnight with continuously 
stirring. The reaction mixture was poured onto an equal volume of 
ice-water and the resulting mixture was set aside to separate an 
organic layer, the aqueous layer being extracted four times with 
ether. The combined organic layer and ether extracts were washed 
with saturated sodium chloride solution and dried over anhydrous 
sodium sulfate. After removal of the solvent under slightly dimin
ished pressure at room temperature, the residue was fractionally 
distilled to give 22.5 g (50%) of 3,4-dichloro-6,7-exo-trimethylene- 
bicyclo[3.2.1]oct-2-ene: bp 138-140° (5 mm); n 2 5 6 D 1.5320; ir 
2945, 2850, 1620 (C=C), 1320, 1050, 958, 798, 693 cm^1; ‘ H nmr 5 
0.9-3.0 (m, 12), 4.15 (d, 1, J  = 3 Hz, CHC1), 6.12 (d, 1, J = 7 Hz, 
C=CH ): mass spectrum m/e (rel intensity) 218 (3), 216 (4), 115 
(14), 114 (9), 113 (41), 112 (17), 77 (29), 69 (100), 68 (15), 67 (19), 
41 (14).

Anal. Calcd for Cu Hi4C12: C, 60.85; H, 6.50; Cl, 32.65. Found: C, 
60.5; H, 6.6; Cl, 32.8.
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3-Chloro-6,7-exo-trimethylenebicyclo[3.2.1]oct-2-ene. To a
cooled suspension of 6.45 g (0.17 mol) of powdered lithium alumi
num hydride in 150 ml of ether and 450 ml of tetrahydrofuran was 
added dropwise with stirring a solution of 20.6 g (0.095 mol) of
3,4-dichloro-6,7-exo- trimethylenebicyclo[3.2.1]oct-2-ene obtained 
above over a period of 30 min. After the addition was completed, 
the reaction mixture was heated under gentle reflux for 22 hr. Any 
residual lithium aluminum hydride was decomposed by wet ether, 
and the resulting mixture was poured onto ice-water. The organic 
layer was separated, and the aqueous layer was, after acidification 
with 10% hydrochloric acid, extracted with ether (100 ml X 5). The 
combined organic layer and ether extracts were washed with satu
rated sodium chloride solution and dried over anhydrous sodium 
sulfate. Evaporation of the solvent followed by fractional distilla
tion gave 11.8 g (68%) of 3-chloro-6,7-exo-trimethylenebicy- 
clo[3.2.1]oct-2-ene: bp 77-79° (2 mm); n 2 5  b d  1.5223; ir 3045, 2935, 
2855, 1640 (C=C), 1465, 1310, 1035, 957, 830, 680 cm“ 1; ‘ H nmr S 
0.8-2.8 (m, 14), 6.0 (d, 1, J = 7 Hz, C=CH ); mass spectrum m/e 
(rel intensity) 182 (25), 115 (35), 114 (44), 113 (100), 112 (91), 79
(56), 77 (48), 69 (30), 67 (30), 41 (27).

Anal. Calcd for CnH15Cl: 73.32; H, 8.28; Cl, 19.40. Found: C, 
72.5; H, 8.1; Cl, 19.4.

6.7- exo-Trimethylenebicyclo[3.2.1]octan-3-one (8). To 80 
ml of 98% sulfuric acid cooled in an ice bath was added with effi
cient stirring 7.3 g (0.04 mol) of 3-chloro-6,7-exo-trimethylenebi- 
cyclo[3.2.1]oct-2-ene in one portion, and the mixture was stirred at 
ambient temperature overnight. The reaction mixture was poured 
onto cracked ice and extracted three times each with 150 ml of 
ether. The ether solution was washed with water, dried over anhy
drous sodium sulfate, and concentrated. The residue was distilled 
to give 3.6 g (55%) of 8: bp 75-77° (0.5 mm); rc25-6D 1.5031; 
ir 2945, 2850, 1710 (C = 0 ), 1465, 1410, 1210, 1065, 825 c m -1; 
1H nmr S 0.7-2.5 (m); mass spectrum m/e (rel intensity) 164 
(74, M +), 121 (54), 120 (86), 95 (100), 79 (57), 68 (44), 67 (82), 41
(62).

Anal. Calcd for CnHigO: C, 80.44; H, 9.82. Found: C, 80.8; H,
10.2.

Ring Expansion of 5,6-exo-Trimethylenenorbornan-2-one. 
An Alternative Route to 8. To a cooled mixture of 30 g (0.2 mol) 
of 5,6-exo-trimethylenenorbornan-2-one,23 50 g (0.23 mol) of N- 
methyl-Af-nitroso-p-toluenesulfonamide, 60 ml of 95% ethanol, 
and 4 ml of water was added dropwise with gentle stirring a solu
tion of 6 g of potassium hydroxide in 20 ml of 50% aqueous etha
nol. The rate of addition was adjusted so that the temperature was 
maintained at 10-20°. After the addition was completed, the solu
tion was stirred for an additional 30 min, acidified with 2 N  hydro
chloric acid, and extracted with petroleum ether. The organic layer 
was dried over anhydrous sodium sulfate, concentrated, and dis
tilled. The fraction boiling at 77-79° (1 mm) gave 3.6 g (11%) of a 
mixture consisting of two components, as analyzed on the vpc. The 
first-eluted component (relative abundance 74%) was identical in 
all respects (ir and mass spectra and vpc retention times) with the 
authentic 8 obtained above.

The second component was assigned the structure of 6,7-exo- 
trimethylenebicyclo[3.2.1]octan-2-one on the basis of the method 
of synthesis22 and the following properties: ir 2945, 2855, 1710 
(C = 0 ), 1470, 1450, 1420, 1240, 1090, 1030, 915, 780 cm“ 1; mass 
spectrum m/e (rel intensity) 164 (23, M+), 136 (12), 123 (25), 120 
(100), 107 (16), 93 (20), 92 (23), 91 (27), 80 (33), 79 (68), 77 (27), 67
(40), 53 (20).

Anal. Calcd for Cn H160: C, 80.44; H, 9.82. Found: C, 80.3; H,
10.1.

6.7- exo-Trimethylenebicyclo[3.2.1]octane (4). A mixture of
3.3 g (0.02 mol) of the ketone 8, 14 ml of 80% hydrazine hydrate, 11 
g (0.2 mol) of potassium hydroxide, and 110 ml of diethylene glycol 
were heated under reflux for 3 hr. Water and excess hydrazine hy
drate were then distilled off and the heating was continued under 
reflux (210°) for a further 5 hr.24 After being cooled, the reaction 
mixture was poured onto cold water and extracted five times each 
with 100 ml of petroleum ether. The combined extracts were 
washed with saturated sodium chloride solution, dried over anhy
drous sodium sulfate, and concentrated. The residue was distilled 
to give 2.4 g (80%) of 4: bp 63-65° (2 mm); n 22D 1.4967; ir 2930, 
2860, 1460, 1340, 1300, 1290, 1230, 1120, 1070, 970, 918, 870 cm“ 1; 
’ H mnr S 0.9-2.3 (m); mass spectrum m/e (rel intensity) 150 (51, 
M+), 135 (13), 108 (24), 93 (22), 91 (19), 79 (50), 67 (82), 55 (25), 53
(37), 41 (100); 13C nmr (multiplicity, rel intensity) 20.2 (t, 1), 28.1 
(t, 1), 32.5 (t, 2), 34.1 (t, 2), 34.8 (t, 1), 41.4 (d, 2), 47.9 (d, 2).

Anal. Calcd for CUH18: C, 87.92; H, 12.08. Found: C, 87.9; H.
12.1.

Acid Catalyzed Rearrangement o f Tricycloundecanes. A
20-ml two-necked erlenmeyer flask was equipped with a reflux 
condenser connected to a calcium chloride tube which was con
nected to a nitrogen cylinder through a T-shaped joint, one end of 
which was connected for nitrogen pressure release to a glass tube 
dipped by half an inch into liquid paraffin. After the flask was 
thoroughly flashed with nitrogen stream, an appropriate amount 
of the catalyst and 5 ml of methylene chloride were added. The 
mixture was stirred at ambient temperature until complete disso
lution of the catalyst resulted; to the mixture was added with stir
ring a solution of 200 mg (1.33 mmol) of tricycloundecane in 5 ml 
of methylene chloride. The reaction was started and run under a 
nitrogen atmosphere at specified temperature, while aliquots (each 
100 m) were withdrawn and quenched by cold water. A part of the 
methylene chloride layer was taken and, without drying, subjected 
to vpc analysis. The amount of the catalyst used was 36 mg (0.267 
mmol) for AICI3 and 200 mg (1.33 mmol) or 800 mg (5.32 mmol) for 
CF3SO3H. Reactions were run at ambient temperature when alu
minum chloride was used, and under reflux when trifluoromethan- 
esulfonic acid was used.

In case 95% sulfuric acid was used as catalyst, 5 g of sulfuric acid 
was placed in the flask to which was added 500 mg (3.33 mmol) of 
a tricycloundecane in 3.2 ml of solvent (carbon tetrachloride or 
methylene chloride). The reactions were run at ambient tempera
ture. Interruption of stirring allowed separation of the organic 
layer, from which aliquots were withdrawn for vpc analysis after 
quenching by cold water.
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T h e  s y n t h e s is  a n d  th e  s t u d y  o f th e  in t r a m o le c u la r  c y c liz a t io n s  o f  e th y l 3 -[ 3 -p h e n y l-3 -( 2 ' -p ip e r id o n y l) ] p r o p io n -  
a te  (3), 2 -( 3 -b r o m o p r o p y l) -2 -p h e n y lg lu t a r im id e  ( 1 7 ) ,  a n d  2 -( 2 -b r o m o p r o p y l) -2 -p h e n y lg lu t a r im id e  (18 )  a re  d e 
s c r ib e d . A lt h o u g h  b o th  N  a n d  O  a lk y la t io n s  a re  p o ss ib le , o n ly  th e  O -a lk y la t e d  p ro d u c ts  w ere o b se rv e d .

T h e  s y n t h e s is  o f  5 - p h e n y l - 2 , 9 - d i k e t o - l - a z a b i e y c I o -

[ 3 . 3 . 1 ] n o n a n e  ( 1 ) ,  a  b r id g e d  a n a lo g  o f  a m in o g lu t é t h im id e

(2 ) ,  w a s  u n d e r t a k e n  i n  o r d e r  t o  in v e s t ig a t e  t h e  s t e r ic  r e 

q u ir e m e n t s  o f  t h e  a n t ie p i l e p t ic  a c t io n  o f  d r u g s  c o n t a in in g  

t h e  u r e id e  o r  im id e  m o ie t y .

1 2

T h e  i n i t i a l  a p p r o a c h  t o  t h e  s y n t h e s is  o f  1  in v o lv e d  t h e  

s y n t h e s is  o f  e t h y l  3 - [ 3 - p h e n y l - 3 - ( 2 ' - p i p e r i d o n y l ) ] p r o p i o n -  

a t e  ( 3 ) .  I t  w a s  p r o p o s e d  t h a t  a  b a s e - c a t a l y z e d  in t r a m o l e c u 

l a r  a t t a c k  b y  t h e  a m id e  n it r o g e n  o n  t h e  e s t e r  f u n c t io n  

w o u ld  y i e l d  1 .

D i e t h y l  2 - p h e n y l g l u t a r a t e  (4 )  w a s  c o n v e r t e d  t o  d ie t h y l  

2 - c y a n o e t h y l - 2 - p h e n y l g l u t a r a t e  (5 )  v ia  c y a n o e t h y la t io n .  

H y d r o g e n a t io n  o f  5  y i e l d e d  t h e  p r i m a r y  a m in e  6  w h ic h  w a s  

c o n v e r t e d  w it h o u t  p u r i f i c a t io n  to  t h e  d e s ir e d  la c t a m  e s t e r

3 .  T r e a t m e n t  o f  3  w it h  a  v a r i e t y  o f  b a s e s  ( s o d iu m  h y d r i d e ,  

p o t a s s iu m  t e r t -  b u t o x id e ,  t h a l lo u s  e t h o x id e ,  s o d iu m  h y 

d r o x id e ,  a n d  s o d iu m  e t h o x id e )  i n  v a r io u s  s o lv e n t  s y s t e m s  

( d im e t h y l f o r m a m id e ,  d im e t h o x y e t h a n e ,  d ie t h y l  e t h e r )  

f a i l e d  t o  y i e l d  t h e  d e s ir e d  b i c y c l ic  g l u t a r im id e  1 .  T h e  p r o d 

u c t  is o la t e d  w a s  id e n t i f ie d  a s  3 - [ 3 - p h e n y l - 3 - ( 2 ' - p i p e r i d o n -  

y l ) ] p r o p io n i c  a c id  ( 7 ) .  T h i s  p r o b a b l y  r e s u l t s  f r o m  t h e  i n i t i a l

4 , R ' =  H ;  R  =  C O ,E t  3, R  =  C 0 2E t

5, R ' =  C H 2C H 2C N ;  R  =  C 0 2E t  7, R  =  C 0 , H

6 , R '  =  C H 2C H 2C H 2N H 2; R  =  C O ,E t

f o r m a t io n  o f  8  v ia  in t r a m o l e c u l a r  O - a c y l a t io n  f o llo w e d  b y  

h y d r o l y s is  d u r in g  is o l a t io n  to  g iv e  t h e  a c id  7 .

O

8

A t t e m p t s  t o  c y c l iz e  c o m p o u n d  7  t o  t h e  d e s ir e d  g l u t a r i 

m id e  1  u n d e r  v a r io u s  c o n d it io n s  ( a c e t ic  a n h y d r id e ,  a c e t ic  

a n h y d r id e  a n d  p y r id in e ,  t h io n y l  c h l o r id e ,  d ic y c lo h e x y l c a r -  

b o d i im i d e ,  a n d  p o ly p h o s p h o r ic  a c id )  y i e l d e d  o n l y  s t a r t in g  

m a t e r ia l .

W e  p r e v i o u s ly  r e p o r t e d 3  t h e  l ig h t - c a t a l y z e d  a d d it io n  o f  

h y d r o g e n  b r o m id e  to  N -  a l l y l g l u t a r i m i d e  (9 )  t o  y i e l d  N -  ( 3 -  

b r o m o p r o p y D g l u t a r im id e  ( 1 0 ) .  I f  a  s m a l l  a m o u n t  o f  a c e t ic  

a c id  w a s  a d d e d  t o  t h e  r e a c t io n  N -  ( 2 - b r o m o p r o p y l ) g l u t a r i -  

m id e  ( I I )  w a s  o b t a in e d .  A t t e m p t s  to  c y c l iz e  1 0  t o  t h e  C -  

a l k y l a t e d  b i c y c l i c  s y s t e m  f a i le d .

9, R  =  C H — C H ,

10, R  =  C H 2C H 2B r

11, R  =  C H B r C H 3

A n  a lt e r n a t e  a p p r o a c h  t o  t h e  s y n t h e s is  o f  1  in v o lv e d  a  

b a s e - c a t a l y z e d  in t r a m o l e c u l a r  a l k y l a t io n  o f  2 - ( 3 - b r o m o p r o -  

p y l ) - 2 - p h e n y ! g l u t a r im id e  ( 1 7 ) .  W e  a n t ic ip a t e d  t h a t  t h e  a d 

d it io n  o f  a  s u it a b l e  b a s e  w o u ld  le a d  t o  t h e  a b s t r a c t io n  o f  

t h e  r e l a t iv e l y  a c id i c  im id e  p r o t o n  a n d  t h e  r e s u l t i n g  a n io n  

c o u ld  a f f o r d  n u c l e o p h i l ic  d is p la c e m e n t  o f  t h e  p r i m a r y  b r o 

m id e  o f  t h e  p r o p y l  s id e  c h a in  t o  y i e l d  t h e  d e s ir e d  c o m 

p o u n d  1 .

P h e n y l a c e t o n i t r i l e  w a s  a l lo w e d  to  r e a c t  w it h  a l l y l  b r o 

m id e  a n d  s o d iu m  h y d r i d e  in  d im e t h y l f o r m a m id e  t o  y i e l d  

2 - a l l y l p h e n y l a c e t o n it r i l e  ( 1 2 ) .  C y a n o e t h y l a t io n  o f  1 2  y i e l d 

e d  2 - a l l y l - 2 - c y a n o e t h y l p h e n y l a c e t o n it r i l e  ( 1 3 )  f o llo w e d  b y  

h y d r o l y s is  t o  y i e l d  t h e  d ia c i d  1 4  w h ic h  w a s  c o n v e r t e d  to  2 -  

a l l y  1 - 2 - p h e n y l g l u t a r ic  a n h y d r id e  ( 1 5 )  w it h  r e f l u x in g  a c e t ic
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R'
12, R =  H; R' =  CH2C H = C H 2; R" =  CN
13, R =  CH2CH,CN; R' =  CH ,CH =CH 2; R" =  CN
14, R =  CH2CH2C02H; R' =  CH2C H = C H 2; R" =  C02H

15, X =  0 ; R =  CH2C H =C H 2
16, X =  NH; R = CH2C H = C H 2
17, X =  NH; R =  CH2CH2CH2Br
18, X =  NH; R =  CH2CHBrCH3
22, X =  NH; R =  CH2CH2CH2OH

anhydride. Treatment of 15 with concentrated ammonium hydroxide afforded 2-allyl-2-phenylglutarimide (16) in 
good yield. Light-catalyzed addition of hydrogen bromide3 to compound 16 gave 2-(3-bromopropyl)-2-phenylglutari- 
mide (17). Addition of a trace of acetic acid or the use of water-saturated toluene as the solvent for the addition yielded 2-(2-bromopropyl)glutarimide (18).

Treatment of compound 18 with sodium hydride in di- methylformamide led to the formation of a product with an empirical formula consistent with either 3-keto-6-phenyl-
8-methyl-9-oxa-A1’2-2-azabicyclo[4.3.0]nonane (19) or 2,8- diketo-5-phenyl-7-methyl-l-azabicyclo[3.2.1]octane (20).The ir spectrum in chloroform showed strong absorp
tions at 1710 (C = 0 ) and 1625 cm-1 (OC=N-) and in KBr at 1695 and 1615 cm-1, respectively. The nmr spectrum in deuteriochloroform showed a three-proton doublet at 8  

1.46, a complex multiplet of six protons between 5  1.80 and 2.90, and a one-prôton multiplet centered at 8  4.50. Struc
ture 20 was eliminated as a possibility on the basis of ir

19 20 21

data (1625 cm-1) which indicated the presence of a carbon- nitrogen double bond. In addition, in 20 the proton Hb 
would be expected to occur further upfield than 8  4.50. However, in 19 this would be a reasonable absorption for 
Ha. This assignment is supported by the report that the proton Hc in compound 21 also occurs at 8  4.50;3 therefore, the ir and nmr data support structure 19. Compound 19 slowly decomposes to a white gum if allowed to stand in the atmosphere.

In a similar manner, treatment of 17 with sodium hydride in benzene yielded a colorless gum which was purified using column chromatography. The ir spectrum showed absorptions at 3400 (-OH), 3210 (-NH), and 1680 cm' 1 
(C=0). The nmr spectrum in chloroform showed one exchangeable proton at 8  2.76 (-OH) and a broad singlet at 88.97 (imide H). On the basis of these data and elemental 
analysis the compound was identified as 2-phenyl-2-(3- hydroxypropyDglutarimide (22). Isolation of this product suggests that base treatment leads to the formation of the
O-alkylated bicyclic derivative 23 which is then opened during chromatography on the slightly acidic silica gel to yield the primary alcohol 22.

Experimental Section4
Diethyl 2-Cyanoethyl-2-phenylglutarate (5). About 10 drops 

of a solution of acrylonitrile (5.76 g, 0.109 mol) in 25 ml of tert- 
butyl alcohol was added to a solution of diethyl 2-phenyIglutarate 
(16.56 g, 0.062 mol) in 25 ml of tert- butyl alcohol. To this mixture 
was added sodium hydride (0.456 g of a 57% suspension, 0.019 mol) 
all at once. The remainder of the acrylonitrile solution was added 
droowise with stirring and the resulting yellow reaction mixture 
was stirred at 25° for 8 hr. To this mixture was added 50 ml of 
H2O, after which the solution was made acidic with 10% HC1, ex
tracted with 3 X 100 ml of ethyl acetate, and dried (MgSCb), and 
the solvents were removed to give a cloudy yellow, viscous oil. Dis
tillation afforded the desired product: 12.10 g (0.038 mol, 62%); 
165-170° (0.8 mm); nmr (CDClg, 1% TMS) 8 1.12-1.36 (t, 6, 
-CH 2CH3), 2.20-2.48 (m, 8, -CH 2CH2-), 3.46-3.96 (m, 4, 
-OCH2CH3), 7.28-7.40 (m, 5 H, aromatic); ir (neat) 2980, 3020, 
2250,1735, 1600,1200 cm -1.

Anal. Calcd for C18H23NO4: C, 68.12; H, 7.30; N, 4.41. Found: C, 
68.33; H, 7.51; N, 4.63.

Ethyl 3-[3-Phenyl-3-(2'-piperidonyl)]propionate (3). A solu
tion of diethyl 2-cyanoethyl-2-phenylgIutarate (5, 20.0 g, 0.063 
mol) in 125 ml of glacial acetic acid was hydrogenated at 50 psi 
(initial pressure) over P t02 for 6 hr in a Parr shaker. The contents 
of the flask were filtered and the acetic acid was removed in vacuo 
to yield a clear viscous oil which was then heated to reflux in anhy
drous toluene for 4 hr. The toluene was then removed in vacuo 
leaving a pale green oil which was chromatographed on 300 g of 
Brinkman silica gel (70-325 mesh) and eluted with ethyl acetate- 
benzene (2:1). The desired compound 3 was obtained as a clear col
orless oil which crystallized immediately upon standing. Recrystal
lization from diethyl ether yielded 11.0 g (0.040 mol, 64%) of pure 
white needles: mp 90-91°; nmr (CDCI3, 1% TMS) 8 1.10-1.30 (t, 3, 
-CH2CH3), 1.60-2.40 (m, 8, CH2CH2), 3.10-3.40 (br m„ 2, 
-CH 2NH), 3.85-4.25 (q, 2, OCH2CH3), 6.60-6.80 (br s, 1, NH), 7.25 
(s, E, aromatic); ir (KBr) 3250, 2960, 1730, 1665 (shoulder), 1610, 
1490,1200 cm -1.

Anal. Calcd for C i6H2iN0 3: C, 69.79; H, 7.68; N, 5.08. Found: C, 
70.03; H, 7.91; N, 5.38.

3-[3-Phenyl-3-(2'-piperidonyl)]propionic Acid (7). Ethyl 3- 
[3-phenyl-3-(2'-piperidonyl)]propionate (3) (2.0 g, 0.008 mol) was 
heated and stirred with 10 ml of 10% NaOH until the reaction mix
ture became homogeneous. The solution was extracted with ethyl 
acetate and the aqueous layer acidified with 10% HC1. The acidic 
solution was saturated with NaCl, extracted with 3 X 50 ml of 
ethyl acetate, and dried (MgSOJ, and the solvent was removed to 
yield 1.62 g (0.0064 mol, 80%) of a white solid. Recrystallization 
(ether-methanol) yielded colorless prisms: mp 158-160°; nmr 
(CD3OD) 8 1.50-1.75 (m, 2, -C H 2CH2NH), 1.85-2.20 (m, 6, 
-C H 2CH2COOH + PhCCH2), 3.10-3.40 (m, 2, -CH 2NH), 7.40 (s, 
5, aromatic); ir (KBr) 3300, 3100-2700,1715,1600,1240 cm "1.

Anal. Calcd for C14H17NO3: C, 67.99; H, 6.92; N, 5.66. Found: C, 
67.81; H, 7.04; N, 5.93.

2-Allylphenylacetonitrile (12). To NaH (14.4 g, 0.6 mol) in 
200 ml of dimethylformamide (DMF) was added phenylacetoni- 
trile (70.3 g, 0.6 mol) in 100 ml of DMF dropwise while stirring the 
suspension. On addition the reaction mixture became deep red. 
After the addition the suspension was stirred for an additional 15 
min. Allyl bromide (72.6 g, 0.6 mol) in 75 ml of DMF was then 
added dropwise after which the reaction mixture was refluxed for 5 
hr. Crushed ice (800 g) was added, the mixture was extracted with 
3 X 250 ml of ethyl acetate and dried (MgSCb), and the solvent 
was removed to afford 96.4 g of a thick brown oil. Distillation 
yielded the desired product: 68.2 g (0.434 mol, 72.5%); bp 80-84° 
(1.0 mm) [lit.6 bp 122-126° (12 mm)]; nmr (CDCI3, 1% TMS) 8 
2.50-2.76 (d, 2, -C H 2CH =CH 2), 3.50-4.00 (m, 1, benzylic H), 
4.90-6.16 (m, 3, -C H =C H 2), 7.40 (s, 5, aromatic); ir (neat) 3110, 
3100, 3060, 2260,1650,1610,1450, 990, 930 cm“ 1.

2-Allyl-2-cyanoethylphenylacetonitrile (13). Sodium hy
dride (0.5 g) was dissolved in 200 ml of anhydrous tert-butyl alco
hol and to this was added 2-allylphenylacetonitrile (12, 28.2 g,
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0.179 mol) in 50 ml of tert- butyl .alcohol. Immediately upon addi
tion the reaction mixture darkened. Acrylonitrile (19.0 g, 0.36 mol) 
in 100 ml of tert- butyl alcohol was then added slowly, dropwise, 
with stirring. The reaction mixture became exothermic and was 
maintained at 40-50° with a water bath for 2 hr. The reaction mix
ture was then made acidic with 50 ml of 10% HC1 and diluted with 
250 ml of HjO. The aqueous solution was extracted with 3 X 250 
ml of ethyl acetate and dried (MgS04), and the solvent was re
moved to yield a viscous brown oil. This oil was distilled to yield
13.3 g (0.063 mol, 35%) of the desired product: bp 142-150° (0.4 
mm) [lit.6 bp 200-202° (18 mm)]; nmr (CDCI3, 1% TMS) b 2.24- 
2.60 (m, 4, -CH 2CH2CN), 2.68- 2.88 (d, 2, -C H 2CH =CH 2), 5.00- 
L.10 (m, 3, CH2CH =CH 2), 7.50 (s, 5, aromatic); ir (neat) 3120, 
3100, 3010, 3060, 2970,1650,1610,990, 935, 760,690 cm“ 1.

Anal. Calcd for Ci4H14N2: C, 79.97; H, 6.71; N, 13.32. Found: C, 
80.18; H, 6.49; N, 13.14.

2-Allyl-2-phenylglutaric Anhydride (15). To 50 ml of an
aqueous solution of KOH (10.6 g, 0.2 mol) was added 10.0 g (0.047 
mol) of 2-allyl-2-cyanoethylphenylacetonitrile (13). The reaction 
mixture was refluxed 48 hr, acidified with 10% HC1, extracted with 
3 X 100 ml of ethyl acetate, and dried (MgS04), and the solvent 
was removed to give 11.6 g of a pale yellow oil (98.3%). This oil was 
refluxed in 25 ml of acetic anhydride for 2 hr. The mixture was 
cooled and the excess volatile reactants were removed in vacuo to 
give a dark, viscous, orange oil. The oil was dissolved in ethyl ace
tate and decolorized with charcoal. Filtration and distillation 
yielded 8.62 g (0.037 mol, 80%) of the desired product: bp 142-144° 
(0.4 mm); nmr (CDCI3, 1% TMS) b 2.30-2.42 (m, 2,
-CH 2CH=CH2), 2.52-2.82 (m, 4, -CH 2CH2-), 4.90-6.00 (m, 3, 
-CH 2CH =CH 2), 7.25-7.40 (m, 5, aromatic); ir (neat) 3100, 3055, 
2960,1810,1765,1640,1060, 915, 750, 685 cm“ 1.

Anal. Calcd for C i4H i40 3: C, 73.02; H, 6.14. Found: C, 73.12; H,
6.28.

2-Allyl-2-phenylglutarimide (16). An aqueous solution of 
NH4OH (58% solution, 18.3 g, 0.52 mol) and 30.0 g (0.13 mol) of 2- 
allyl-2-phenylglutaric anhydride (15) were slowly heated to reflux. 
The water was allowed to distil and heating was continued until 
the initially clear light yellow solution began to darken (ca. 3 hr). 
The reaction mixture was cooled to 25° to yield a thick tarry mate
rial. This material was distilled to give 23.0 g (0.098 mol, 76%) of a 
clear, viscous oil: bp 158-160° (0.2 mm) [lit.5 bp 191-193° (5 mm)]; 
nmr (CDC13, 1% TMS) 5 2.20-2.80 (m, 6, CH2CH =CH 2 + 
-CH 2CH2), 4.80-5.90 (m, 3, -CH 2CH2), 7.20 (s, 5, aromatic), 9.20 
(s, 1, imide H); ir (CHC13) 3400,1710,1645,1175, 915 cm“ 1.

Anal. Calcd for C14H15N 02: C, 73.34; H, 6.59; N, 6.10. Found: C, 
73.43; H, 6.81; N, 6.03.

2-(3-Bromopropyl)-2-phenylglutarimide (17). Into a solution 
of 100 ml of anhydrous toluene and 0.25 g of benzoyl peroxide was 
placed 1.00 g (0.004 mol) of 2-allyl-2-phenylglutarimide. The reac
tion mixture was irradiated with a Westinghouse sunlamp (275 W, 
110-125 V) while HBr was bubbled through the solution. Irradia
tion and HBr addition was continued for 15 min after which time 
the solution was purged with N2. The toluene was removed leaving 
a thick orange oil which was dissolved in 50 ml of ether and placed 
in a refrigerator. Crystallization occurred on standing overnight to 
yield 1.10 g (0.0035 mol, 82.5%) of a solid. Recrystallization (ether) 
gave white needles: mp 95-97°; nmr (CDC13, 1% TMS) 5 1.65-2.60 
(m, 8, ring H’s + -CH 2CH2CH2Br), 3.18-3.40 (t, 2, -CH 2Br), 7.30 
(s, 5, aromatic), 9.60 (s, 1, imide H); ir (CHC13) 3390, 2980, 1700- 
1720, 1340, 1260,1170 cm“ 1.

Anal. Calcd for Ci4H16N 02Br: C, 54.20; H, 5.19; N, 4.51. Found: 
C, 54.40; H, 5.30; N, 4.78.

2-(2-Bromopropyl)-2-phenylglutarimide (18). If wet toluene 
was used in the procedure for 17, compound 18 was obtained. Re
moval of the toluene after the addition of HBr to 2.30 g (0.01 mol) 
of 2-allyl-2-phenylglutarimide afforded a viscous brown oil which

was dissolved in hot ethyl acetate. On cooling, a light-brown solid 
formed which was filtered, washed with cold ehher, and dried to 
give 2.75 g (0.009 mol, 90%) of 18. Recrystallization (ether-ace
tone) produced white crystals: mp 159-160°; nmr (CDC13, 1% 
TMS) S 1.50-1.60 (d, 3, J = 6 Hz, -HCBrCH3), 2.10-2.80 (m, 6, 
ring H’s + -CH 2CHBr-), 3.90-4.05 (m, 1, -CH 2CHBrCH3), 7.20 (s, 
5, aromatic), 10.40 (s, 1, imide H); ir (KBr) 3210, 1720, 1690, 1360, 
1260,1200,1180 cm -1.

Anal. Calcd for Ci4Hi6N02Br: C, 54.20; H, 5.19; N, 4.51. Found: 
C, 54.26; H, 5.07; N, 4.80.

Reaction o f 2-Phenyl-2-(3-bromopropyl)glutarimide with 
Sodium Hydride. In 125 ml of anhydrous benzene was dissolved
2.0 g (0.0065 mol) of 2-phenyl-2-(3-bromopropyl)glutarimide and 
to this was added 0.24 g (0.01 mol) of NaH [washed free of mineral 
oil with petroleum ether (bp 60-68°)] all at once. Immediately 
upon addition, H2 began to evolve and the reaction mixture was al
lowed to stir at room temperature for 24 hr. The reaction mixture 
was then filtered (solid identified as NaBr) and the solvent re
moved to yield a viscous orange-brown oil. This oil was chromato
graphed on 50 g of Brinkman silica gel (70-325 mesh) and eluted 
with ethyl acetate-benzene (1:1). Chromatography yielded 1.10 g 
(0.0045 mol, 69%) of 2-phenyl-2-(3-hydroxypropyl)glutarimide
(22), a low-melting, hygroscopic white solid: mp 76-78°; nmr 
(CDCI3, 1% TMS) b 1.13-2.50 (m, 8, CH2CH2), 2.76 (br s, 1, disap
pears with addition of D20, OH), 3.43-3.63 (t, 2), 7.33 (s, 5, aro
matic), 8.80-9.13 (brs, 1, imide H); ir (KBr) 3400, 3210, 1680, 1340, 
1175 cm-1.

Anal. Calcd for Ci4Hi7N0 3: C, 67.99; H, 6.92; N, 5.66. Found: C, 
67.79; H, 6.79; N, 5.55.

3-Keto-6-phenyl-8-methyl-9-oxa-A1’2-2-azabicyclo[4.3.0]- 
nonane (19). In 30 ml of anhydrous DMF was placed 1.55 g (0.005 
mol) of 2-(2-bromopropyl)-2-phenylglutarimide. Directly to this 
mixture was added 0.21 g (57% suspension, 0.005 mol) of NaH and 
the solution was stirred for 24 hr. The DMF was then removed in 
vacuo to leave a tan residue. This was partially dissolved in H20  
and immediately extracted with ether (3 X 50 ml). The ethereal 
extract was dried (Na2S04) and the solvent removed to yield a 
white solid (0.52 g, 0.0023 mol, 46%). Recrystallization (ether) 
yielded thin colorless needles: mp 164-166°; nmr (CDC13, 1% 
TMS) b 1.45-1.55 [d, 3, J  = 6 Hz, -OC(CH)CH3], 1.85-2.90 (m, 6, 
CH2), 4.30-4.85 [m, 1, -OC(CH3)H], 7.30 (s,' 5, aromatic); ir 
(CHCI3) 3030, 2960,1710,1625,1230, 950 cm“ 1.

Anal. Calcd for Ci4HlsN 02: C, 73.34; H, 6.59; N, 6.10. Found: C, 
73.50; H, 6.76; N, 6.15.
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cis,trans- Bicyclo[6.1.0]non-4-enes have been prepared via two different routes and photoisomerized to the 
“ parallel” and “perpendicular” isomers of trans,trans- bicyclo[6.1.0]non-4-enes. Structures for these isomers were 
confirmed and assigned by chemical and spectral means. Most noteworthy properties of these isomers include dis
tortion from true perpendicularity in the “ perpendicular” isomer and apparent severe distortion from planarity of 
the “ parallel” isomer’s double bond. The latter property apparently facilitates a remarkable thermal cis-trans 
isomerization of an isolated double bond. A comparison of the ultraviolet spectra of the two isomers also supports 
the postulated interaction between the cyclopropane and the tv bond. Other chemistry of these isomers is dis
cussed.

The consequences of cyclopropane ring interactions with proximate reacting centers and unsaturated groups have evoked considerable experimental and theoretical study. In an attempt to probe yet another facet of such interactions, 
we undertook syntheses of the “parallel” (1) and “perpendicular” (2) t r a n s , t r a n s -  bicyclo[6.1.0]non-4-enes. Molecu-

la , R =  Cl 2a, R = Cl
b, R =  H b, R = H

lar models of these two isomers showed that the -w and the transannular cyclopropane bonds possessed a common axis 
and that these two bonds were in extremely close proximity 
to each other. Thus, as viewed from the perspective offered by molecular models, the structural features of these iso
mers might provide a unique opportunity to study interactions between cyclopropanes and alkenes (as well as other 
alkene derived products) as a function of two closely related and possibly optimum geometries.

Effects of geometry and distance have been noted on 
through-space cyclopropane-alkene interactions in other systems (e . g . ,  3-5).3 In contrast to these previous studies,

ly indicative of transannular interactions. By contrast, 6 is 
relatively unremarkable in its chemical reactivity.

Synthesis. Cyclization Approach. Since the t r a n s -  alk
ene moiety was expected to be the most reactive component of the desired structures, we focused on synthetic ap
proaches in which its formation would be the final step. Al
though an isomerization of the cis isomer 9 appeared to be

Y

9a. R = Cl; Y =  H
b. R =  Cl: Y =  D
c. R =  H: Y =  H

the simplest approach, the low yields obtained by Cope and Whitesides in the synthesis of t r a n s , t r a n s -  1,5-cycloocta- 
diene (6 or 7) made this approach initially less desirable.An apparently attractive alternative was found in an ad
aptation of Bestman’s symmetrical alkene synthesis.5 This synthesis involves the oxidation of diphosphonium ylides 
by molecular oxygen (Chart I). Under favorable circum-

3 4 5

the interfunctional distances of 1 and 2 appeared to be significantly shorter. In addition, the parallel orientation of 
the p orbitals and the cyclopropane ring in 1 forces maximum possible interactions between these two structural entities.

A hint at the potential importance of such orientation- distance factors can be found in a previous study by Cope and Whitesides.4 In this study, photochemical isomeriza
tion of the CU2CI2 complex of c i s , c i s -  1,5-cyclooctadiene (6)

6 7 8
formed a product in low (1- 2%) yield which was assigned 
the 1,5 - t r a n s , t r a n s -  cyclooctadiene structure. Although these authors were unable to determine whether their product was 7, 8, or a mixture of both, they did note chemi
cal instability and ultraviolet spectral properties apparent-

Chart I

PPh, PPh;, PPh;, H H H

stances the ylide-aldehyde reacts intramolecularly more rapidly than further oxidation or intermolecular reaction can occur. The appropriate precursor 13e was prepared in a number of steps (Scheme I) from 13b. Compound 13b was
S ch em e I

13a. X =  CO,C(CH:1);1
b. X = CO,CH:1
c. X =  CPLOH
d. X = CH.OTs
e. X =  CH2I
f. X =  CH2P+(Ph)3X~ 
g X =  CO,H
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in turn synthesized by addition of dichlorocarbene to the 
corresponding trans unsaturated ester.6 Simultaneous high 
dilution addition of 13e and 2 equiv of sodium methylsul- 
finyl methide to oxygenated dimethyl sulfoxide yielded a 
single product of the desired molecular weight in 22% 
yield.7 The general structure of this product was estab
lished via ozonolysis to 13g. This ozonolysis product was 
identical in all respects with a product obtained by chromic 
acid oxidation of 13c.

In order to establish the stereochemistry of the cycliza- 
tion product, 13a6 was deuterated by exchange with 
(CH3)3COD-(CH3)3COK. This product was transesterified, 
the tetradeuterio dimethyl ester was then carried through 
steps outlined in Scheme I, and the resultant tetradeuterio 
diylide 14b was cyclized to 9b as described above. A 13C 
satellite nmr spectrum was obtained on the olefinic protons 
of this product and this spectrum revealed a coupling con
stant J  c 13-H,C12-H of 11.5 Hz. Comparison of this coupling 
constant with coupling constants obtained for other normal 
and medium-sized rings8 established that the cyclization 
product had the cis stereochemistry about the double bond. 
Chemical confirmation of this assignment was obtained 
from the observed total unreactivity of the cyclization 
product toward 1,3-dipoles such as phenyl azide.9 Final 
proof of structure was obtained by the reaction of the cycli
zation product 9b with 1 mol of dichlorocarbene to give 15. 
This product was identical in all respects with one pre
pared directly from 16.

Formation of alkenes via the Wittig reaction ordinarily 
yields a stereochemical mixture.10 Although it is difficult to 
predict the composition of such mixtures, the trans isomer 
is most frequently the major product. To the extent, how
ever, that stereochemistry is governed by angle stain and/ 
or steric crowding in the transition state (or intermediate) 
17, molecular models seemed to indicate a preference for

17

the desired trans isomers. From our observed results it is 
clear that these factors do not dictate stereoselectivity in 
this cyclization. This result is all the more interesting in 
view of the fact that a mixture of 1 and 2 (vide infra) was 
unaltered in composition (although partially destroyed) 
when subjected to the cyclization reaction conditions.

Compound 9 could be prepared more efficiently by con
trolled selective addition to the more reactive trans double 
bond of 16. Thus, addition of dichlorocarbene or diazo
methane (followed by photolysis) yielded 9a and 9c,11 re
spectively. The more cumbersome oxidative cyclization 
route did make 9b available and this compound proved to 
be exceptionally useful, as will be described subsequently.

Isomerization Approach. Since the results of the oxi
dative cyclization suggested that any nonstereospecific alk- 
ene formation might also yield 9, we reconsidered the pos
sibility that 9 could be photochemically isomerized to the 
desired structures 1 and 2. The two major problems with 
this approach were the prospects for low yields (vide 
supra) and the lack of a stable complex between 9 and cu
prous chloride. After some experimentation it was found

that a preformed cuprous chloride complex was unneces
sary. Observations concerning this procedure and its.appli- 
cation to the synthesis of trans- cyclooctene have already 
been published.12 In brief, the cuprous chloride functions 
both as a sensitizer for the isomerization and also displaces 
the equilibrium by virtue of the greater stability of the 
complex with the more strained trans- alkene.

Irradiation of 9a and cuprous chloride at 2537 Â in hex
ane for 27 hr produced a mixture which had three compo
nents with similar glc retention times. Extraction of this 
mixture with aqueous silver nitrate left the major compo
nent behind in the organic phase. This component was 
shown to be identical with starting material 9a. Addition of 
aqueous ammonia to the silver nitrate solution liberated 
the two minor products in 43% yield. These two minor 
products were present in a 5 to 1 ratio before and after the 
silver nitrate extractions. They were separated by prepara
tive glc and shown by mass spectroscopy to be isomeric 
with 9a. Gross structure and the location of the double 
bond were confirmed by ozonolysis. In a similar manner 
isomerization of 9c gave a mixture of two silver nitrate sol
uble isomers in 20% yield. These isomers which were pres
ent in a 7 to 1 ratio were also separable by preparative glc.

In order to distinguish between 1 and 2, the major isomer 
from 9a was converted to its epoxide and submitted for X- 
ray diffraction analysis.13 This analysis established struc
ture 18 for the epoxide and proved that the prédominent

isomer was 2a. Thè most interesting structural feature re
vealed by the X-ray analysis is the deviation from true per
pendicularity of the two three-membered rings. This devia
tion apparently results from minimization of transannular 
repulsions between Ha and Ht,. The resultant angle be
tween the planes of the two three-membered rings is thus 
70.3° instead of 90°. It is likely that similar factors pertain 
to 2.14

Addition of the Simmons-Smith reagent converted 2a to 
19. The same product was obtained by addition of dichloro-

ci

Cl

19
carbene to the major product from 9c. In this way both 
major products were assigned the “ perpendicular” struc
ture and the ‘ parallel” structure was attributed to the 
minor isomers.

Chemical and Spectral Properties. The fact that 1 
and 2 (in contrast to 9) are soluble in aqueous silver nitrate 
confirms the presence of strained trans double bonds in 
both of these compounds.15 Also, in another reaction char
acteristic of olefinic strain, both 1 and 2 reacted extremely 
rapidly with phenyl azide.9 The resultant triazolines were 
not characterized but photochemically converted to the 
corresponding aziridines 20 and 21. Further important in-
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Table I
Olefinic Vicinal Coupling Constants 
of the Tetradeuterated Trans-Fused 

Bicyclo[6.1.0]non-4-ene Isomers

Compound / H_cl3= clz_H>

9b (cis) 11.5
22 (trans-parallel) 11.0
23 (trans-perpendicular) 16.5

coplanar, we believe that the reduced coupling constant for 
22 indicates the presence of noncoplanar olefinic C H 
bonds.

D D

Two possible conformations for nonplanar strained dou
ble bonds have been proposed, discussed, and experimen
tally observed in the literature. The first of these, exempli
fied by structure 24, retains the sp2 hybridization and re
sults in a skewing of the substituents.16®  ̂ The second of 
these, 25, involves the rehybridization of the two olefinic

carbons and retains the eclipsed arrangement of the subst
ituents. 16c"e Formation of either structure 24 or 25 would 
effectively move the ir bond further away from the cyclo
propane ring and thereby diminish interaction between the 
tt bond and the internal cyclopropane ring bond. Since such 
repulsions are almost certainly greater in the case of the 
parallel form, it is not surprising that the parallel isomers 
show a much greater tendency to relieve such interactions. 
Although the w-a interactions may be smaller in structure 
25, it appears that transannular HaHb interactions are 
much less severe in 24. Unfortunately, the available data do 
not allow a distinction between 24 and 25. It is also impos
sible to relate quantitatively the magnitude of the devia
tion to the observed coupling constants.

Structures I and 2 are much more stable than their diene 
analogs 6 or 7. They were indefinitely stable when kept at 
—20° in a dilute hexane solution and reasonably stable in 
solution at room temperature under nitrogen. It was hoped 
that the forced close proximity of the ir bond and the cyclo
propane might force forbidden 2 + 2 cycloadditions. In
stead, at elevated temperatures, the parallel isomer lb  was 
slowly converted to the cis,trans isomer 9c. For example, 
when lb  was heated at 138° for 84 hr, glc analysis indicated 
31% conversion to 9c. The extent of isomerization was not 
effected by the presence of quinoline which indicates that 
the isomerization is not acid catalyzed. By contrast, 2b and 
9c were unchanged when heated at this temperature for the 
same period of time.17 The facility of this unprecedented 
thermal isomerization of an isolated double bond lends

chemical support to the postulated weakened, distorted ir 
bond depicted in 24 (or possibly 25).

The photochemistry of 1 and 2 was also briefly investi
gated for signs of internal cycloaddition. The irradiation at 
2537 A of a mixture of la and 2a in hexane for 22 hr re
sulted in conversion to the cis,trans isomer 9a along with 
the formation of considerable gray polymer. No starting 
material or other volatile products were formed. Similar 
treatment of 9a resulted in neither change nor polymer. A 
final attempt at cycloaddition in this system with aziri- 
di ies 21 and 20 was made. It is known that aziridines un
dergo thermal conrotatory ring opening to azomethine yl- 
ides. Although such intermediates might have added across 
the cyclopropane ring bond to give products such as 26 and

Ph Ph
26 27

27, both 20 and 21 were recovered unchanged when heated 
at 138° for 60 hr.

In order to further assess the nature of the transannular 
interaction, vacuum ultraviolet spectra were obtained for 
lb, 2b, and 9c. These spectra are reproduced in Figure 1 
along with, for purposes of comparison, trans- cyclooctene. 
From these spectra it can be seen that the parallel form lb 
has the longest wavelength maximum and that both the 
a-<r* and 7r-7r* absorption bands are considerably broad
ened for the parallel form. The shift to longer wavelengths 
appears to be indicative of transannular resonance stabili
zation in the excited state. A similar observation has been 
made by Cram in the paracyclophane series (28) where m 
and n are small (e.g., when m = n = 2).19 It is interesting



to note that shifts to longer wavelengths in the paracyclo- 
phane series were also associated with broadened bands 
and decreased absorption intensities.

The properties of 1 are thus vastly different from the 
perpendicular isomer 2 or other analogous irans-alkenes. 
The difference appears attributable to the transannular re
pulsions between the it bond and the cyclopropane ring. 
These repulsions distort the ir bond and thus greatly alter 
its chemical reactivity. Further studies on these and related 
distorted alkenes should clarify the precise nature of the 
distortion process and the chemical consequences of such 
distortions. Finally, it is apparent that the unique features 
of the trans.trans arrangement present in these compounds 
offer many opportunities for chemical study of previously 
unavailable molecular arrangements.20

Registry No.— la, 36217-82-0; lb, 36217-84-2; 2a, 36217-81-9; 
2b, 36217-83-1; 6, 1552-12-1; 9a, 36217-85-3; 9a oxide, 53447-31-7; 
9b, 53447-32-8; 9c, 36217-86-4; 13b, 53384-96-6; 13c, 53432-89-6; 
13d, 53384-97-7; 13e, 53384-98-8; 13f (X = I), 53384-99-9; 13f (X = 
Cl), 53385-02-7; 13g, 36217-87-5; 15, 53447-33-9; 16, 5259-71-2; 18, 
36217-88-6; 19, 53447-34-0; 20, 53385-00-5; 21, 53447-36-2; 22, 
53447-35-1; 23, 53447-37-3; phenyl azide, 622-37-7; sodium methyl- 
sulfinyl methide, 15590-23-5; cuprous chloride, 7758-89-6; p- 
methoxyphenyl azide, 2101-87-3; di-teri-butyl traras-4-octene-l,8- 
dioate, 53432-90-9; di-feri-butyl 2,2,7,7-tetradeuterio-irans-4-oc- 
tene-l,8-dioate, 53385-01-6; triphenylphosphine, 603-35-0; sodium 
iodide, 7681-82-5; p-toluenesulfonyl chloride, 98-59-9; dimethyl 
£rans-4-octene-l,8-dioate, 32456-97-6; sodium trichloro- 
acetate, 650-51-1.

Miniprint Material Available. Full-sized photocopies of the 
miniprinted material from this paper only or microfiche (105 X 
148 mm, 24X reduction, negatives) containing all the miniprinted 
and supplementary material for the papers in this issue may be ob
tained from the Journals Department, American Chemical Society, 
1155 16th St., N.W., Washington, D. C. 20036. Remit check or 
money order for $4.00 for photocopy or $2.00 for microfiche, refer
ring to code number JOC-75-284.
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Synthesis of Some c i s -  and t r a n s -2-Dimethylaminomethyl Cyclic Amines
and Related Diamines1
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The preparation of N,N, 2,2-tetramethyl-l,3-propanediamine, cis- and trans- 2-(dimethylaminomethyl)cyclo- 
hexylamine, and i-exo- dimethylaminomethyl-2-eredo- norbornanamine has been accomplished by the Mannich 
reaction on the appropriate carbonyl compound, followed by oximation and reduction. The reactions of methacro- 
lein and 3-methylene-2-norbornanone with methylhydrazine gave pyrazolines whose methiodides were reduced to 
N,N, 2-trimethyl-l,3-propanediamine and 3-endo -dimethylaminomethyl-2-endo- norbornanamine, respectively.

The dedeuteration of acetone-d6 has been shown to be 
catalyzed bifunctionally by the monoprotonated form of 
./V,./V-dimethyl-l,3-propanediamine.2’3 Examination of 
models of the transition state of the rate-controlling step in 
the reaction showed that in the two most stable conformers 
the carbon-l-nitrogen bond from the diamine was approxi
mately eclipsed with a carbon-2-hydrogen or carbon-2-

carbon-3 bond. The greatly increased bifunctional catalytic 
activity of both the cis and trans isomers of 2-(dimethylam- 
inomethyl)cyclopentylamine experimentally demonstrated 
the importance of conformational effects.2’3 To study such 
effects in more detail we have synthesized several addition
al conformation ally constrained derivatives of Ai,IV -di
methyl- 1,3-propanediamine and also two 1,4-diamines.
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Results
The method used previously for the preparation of the 

2-(dimethylaminomethyl)cyclopentylamines, in which the 
Mannich reaction is used to introduce a dimethylami- 
nomethyl substituent into a carbonyl compound that is 
then transformed to its oxime and reduced,3 was used to 
prepare N,N, 2,2-tetramethyl-l,3-propanediamine and the 
2-(dimethylaminomethyl)cyclohexylamines, which were 
obtained as a mixture containing about 60% of the major 
and 40% of the minor isomer. After separation by fractional 
crystallization of the oxalate salts, the major product was 
assigned the cis and the minor one the trans configuration 
on the basis of their pmr spectra. The carbon-1 proton of 
the cis isomer, which should be largely equatorial, absorbed 
at about 0.5 ppm lower field than the carbon-1 proton of 
the trans isomer, which should be largely axial.48 In the 
presence of the shift reagent Eu(fod)35 the widths at half
height for the carbon-1 proton peaks were ca. 12 and ca. 30 
Hz for the cis and trans isomers, respectively. The peak for 
the largely axial carbon-1 proton of the trans isomer is 
broadened by two large axial-axial vicinal coupling con
stants, whereas the peak for the largely equatorial carbon-1 
proton of the cis isomer is much less extensively split.

Application of the same method of synthesis to 2-norbor- 
nanone as the starting material gave, as the product of the 
first step, the 3-(dimethylaminomethyl)-2-norbornanone
(1) that has been shown by Krieger to be exo.6 This stereo
chemical assignment is supported by pmr measurements 
using a shift reagent. Oximation of the ketone and lithium 
aluminum hydride reduction gave 3-exo -dimethylami- 
nomethyl-2-endo -norbornanamine (2). The pmr peak for

NH,
2

the carbon-2 proton was split with coupling constants of 
about 1, 4.5, and 4.5 Hz. The latter two coupling constants 
are plausible for vicinal exo-bridgehead coupling and exo- 
endo coupling.415’7 The coupling constant of ca. 1 Hz proba
bly arises from long-range splitting by the exo proton on 
carbon-6. If the new primary amino group had been exo the 
carbon-2 proton peak would have been split by the carbon- 
3 proton with a coupling constant of about 7 Hz and by no 
other coupling constant larger than 3 Hz.4b-7

Since the synthesis of 2 gave no clearly observable 
amount of a cis isomer, we devised a stereospecific synthe
sis to obtain such a compound. The required groups would 
be held cis by being in a five-membered ring, whose cleav
age would be the last step of the reaction. The preparation 
of A/,AI,2-trimethyl-l,3-propanediamine was used as a 
proving ground for this new stereospecific synthesis. By 
analogy to the reaction of a-methylene ketones with meth- 
ylhydrazine to give pyrazolines,8’9 methacrolein was trans
formed to l,4-dimethyl-2-pyrazoline (3), which was methy
lated with methyl iodide at its saturated nitrogen atom.10 
Lithium aluminum hydride reduction of the resulting pyra- 
zolinium salt 4 gave the desired diamine in 19% yield (not 
optimized).

When this method of synthesis was applied to 3-methy-

Me

C H ,=C C H O
MeNHNH,

Me

J k
c h 2 c h  
\ / /  

Me— N— N

Mel

Me

CHcOH rMe— N— N

LiAlH4

Me
I

Me,NCH2CHCH2NH2

Me

lene-2-norbornanone, lithium aluminum hydride reduction 
of the pyrazolinium salt 5 gave 15% 3-endo- dimethylami- 
nomethyl-2-emio- norbornanamine (6) and 22% of the 
product 7 in which only the double bond had been reduced.

The latter was the only product obtained (in 46% yield) 
when 5 was reduced with sodium cyanoborohydride in 
methanol at about pH 4. The C-2 proton peak for 6 was a 
doublet of doublets (J = 9.5, 4.5 Hz). The larger of these 
coupling constants shows that 6 must be a cis isomer and 
very probably an endo cis isomer.4b’7 The smaller coupling 
constant, which is too large for any possible long-range cou
pling or for bridgehead-endo vicinal coupling in the nor- 
bornane series, is perfectly plausible for bridgehead-exo 
vicinal coupling.

We believe that the pyrazoline route we have used may 
prove to be a rather general method for the stereospecific 
synthesis of derivatives of cis -(2-aminomethyl) cyclic 
amines.

Also prepared was o -(dimethylaminomethyl)benzylam- 
ine, which was synthesized from o -cyanobenzyl bromide by 
reaction with dimethylamine followed by sodium borohy- 
dride-Raney nickel reduction.11

Reductive méthylation of the appropriate primary-terti
ary diamines was used to prepare o -bis(dimethylami- 
nomethyl)benzene, which has been made in other w a y s , 1 2 ’1 3  

and N,N,N',N', 2,2-hexamethyl-l,3-propanediamine.
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10.$. S cp". one Clf.S protcrll, ).6) (d or d. J. 10.5,

2 cps. the o~har ClI.S proton). 3.lI2 (', on. Cjb_), ).)4

(s. the other c.a.,:s I ••nd broad .bsorption rrQ;:ll I.)) to

)·50 ppll·

~. Ca!cd for CloHhli.I: C. 40.8); H. b.51;

If. 9.52. I"ound: C. 1l0.6]; H. 6.6); II, 9.25.

A aolution Dr 4.)4 g (0.015 "'oIl or 5 and 1. 7 g

(0.0271101) or aodiWII c,.llnoborohydride in-1OO lII1 or

_t~nol at about pi! 4.4 ~ stlrred ror 4.5 br at roo:a

te-.per.tW'e. then corlClentr.tllld. added to ... ter. Ilnd. _de

bulc ..1th 1 1:1 sod.iWl hJrdrOJtid.. Several .xtr'ction"

..ah etbillr. concentratIon••n4 rocryatall1ptl«18 t ..Olll

ethanol--_t.hllnol gave 2 g (46%) or 7, 1J' .nd pIU' ldentical

to that obta1.ned u described 10 the-preC.d1.ng paragraph.

.2- (Ot.ath,.lalll1D~thyl )ben~OIlltrlle.--Drop.. i ... addition

of 4.0 g (0.2ei!. l.llOlI or .2-c,.Mobonql brOlllid8 in 150 ml or

ben.ne to about 100 g or cold. dt.lltbylaaino va.a followed b1

) hr or sti1'l'l.og at roOD te:aperature. After reao..al or a

..hite preciplt.te by fntr.tltc:1 tba aolutltc:1 ..as concllln

tr.ted Ilnd ..euUIII dll1tilled to gl" 25.5 g (78%~ or

..2-(dtr.thy1&1111D~tbyllbenllonitrlle: bp 62--6) (0.14 lIlIlll;

1J' (neat) 22)0 (a, 055). l600 (", aronatlc c=-=cl. )0)0 and

)070 (1I, nc.aUc C-H), 2960 (_). 2950 (III). 2ebo (a), 282S
r_), 2m (Ill), 1480 ("", 1.450 (II), 1)55 [1111. 1250 (III), 1180

(_), 1155 (.. ). 1100 (wI. 10)S (a), 850 (.. ). 857 ("), 770

hi. and n8 (.. ); par (CDCl.. ) 02.29 (I. 0, ca.lil. ).04

(1.2. C.D.l, and 7.2··7.E', PPllI (III. 4, U'OIHtic c.:l; exaClt

malla or par.nt lon. calcd 100.10004, found 160.10027.

this l1quld on • 12-rt ClolWlrl CCll:lta1D1.nC 2~ ~1tol and.

5% pota.,i.. ~droxiu on Chr..oa~b-' at 1550 .holled two

ovarlepplng ~'Ica, or ..hleh the flrat .... 50% larger thaD

tbe a.cood. When the (lX.late ,ale. were er,.atalUud rre.

9:1 _thanol __water thlll ••1t at the lMJar bOl:lllr Ol']'ltalllS4ld

flr.t. Repeated cryetall1u.t1oo or tbe re_in1ng ••1t a1..Uure

rre. .the.no1 ga.,e the pure s.lt or the lII!nor uc.er. on.
amtnea ""'re liberated frOl:l thai:' onl.t.e .. lth potaulw.

hydroxlcl.e. 'Itle -Jar 130MI' 13 tenn to be S1!-2-(dl.etby1

am1n~tl'Q'lIc,.eloheql'mine, pc' (CDCl.) II 2.12 (a. 6. C&81.

).00 (lBUltlplet about 12 eps "id. at halt-Might, 1, H-l),

1.0--2.1 ppm (III, Nl); enct lII&a. of parent ion. oaled

150.10204, tound. 150.10278. The lI1.Jlar iI_r _a teken to be

.!.£..!D!.-2· {<l1JItetI'Q'18Jo1.Dcoetbyl )c,.eloheql&D1De: p.. (CDel.1

02.12 (•• 6. C&N), 2.0--2.6 (a • ..v). I!-l a.nd Clf.H}. 0.9-

2.0 ppca (Ill, N11); in the presence OC 8'U(fod). the H~l peak

h.d a "ldth .t half-height or )0 opa.

lan!.l. Calcd tor CoM.ClIf., c, 69.17; H, 12.90; N, 17.9).

Pound: C, 68.8); H. 1).0); H, 11.61.
)-:!.!S!-01..all tb]'laalnCOl!ltb]'l-2-norbor'nllncme. --Thta compo\Uld

..•• _de fr.. 2-norbornanone b]' the ~.&lVlleb "actIon.·

Althouc,h the pIl' spectra in chlorOCDnl'1S Ilnd ben_l:I.-j....,..

eWlsUtent "lth the structure asalgoed pr.Yloual}'.· the]' .dclad

no evidence tor It. HOlIOyer. 1.n tbll pre••llce or .nClugh U.u
than 0.] "'01 per =01 Clf cOl!lpoll1ldl B'u(fod). to .hitt the

6·protc.l peak: for the d1Jlllllth;rlalllino group to 0 6.90 the,.. lOU

a I-protan broadaoed doublet (J = 12 cpe) of d.oubllta (J 2

1 c~) at 0 S.99. a I-protOll broadeneel trIplet (JN7 opa) at

o 4.S7, • I-protem bra-d. (6 cps at hal..t-baight) .1oSl.t at

0).51. and a l-proton doubl.lllt (J .. 12.5 cpe) Ott doublets

(J" 8 cpa) .t 02.82. in 'dditlon t.o the large IIIl1tlplet

str.toh.ing trOPl I) 1.0 to 2.5 pplll. Slne. thll coupling canatMt

01' 12.S cpa h pl.us ible only 1'01' gelllinal coupllnlli 10 tile

prlllll.nt c .... e. and s10ce the pe'k: due to et 1eaat etle or tM

9)0 (I), 975 (.. ), 525. 765. and 105 elll~l (III'); p!llr' (OaO)'·

I) 1.)9 (d, ). J co 6.5 epa, GlkC) , ).)7 (a. one ClL-N) ,

).52 (•• t~ other C1is ll). ).))--4.50 (III, Ca.CH). and

6.1) PP"' (bra-d s, I, "SClil.
~r-tnyhm~oilro?rla"'l.n!.uA,uspen.ion

or 33 & (0.1)7 201) or 1.1.4-trtMthyl·2-nrallol.1nlWl

IodIde .nd 7.9 & (0.2 1Il01) or llti'llUPI alWllinu. h.)rlirUe in

400 1Il1 or ether was refluxed for two d.ys snd "ork.d up

1'1 the uSUlil lIlAJ1.ne:,. O!stil1ation s.va 2.97 £ (19$) or

2-_tlill·)-dl.methylaa1oo;.ro;:..,la~1oa: bp 141--142°
(ltt. h 145--lS00 I; lr (neat' 3Z75 ,:,\d 3350 e:--' (II;;.);

pm' (CDCls J 0 0.6'1 [d, J, c~Cl. 1.)2 Is, 2, ;;11.), 1.6)

[Ill. 1. CjiIC)..l. 2.11 [Ill. 2. ::.iI:a~j!II.). 2.17 (a. 0, Cll.t;U.

lind 2.~2 pp.lll (ID. 2, C:J.lIll.l; eltect lIlllaa 01' p-.ront lon,

cllled 116.1)137. !'"und 116.1)148.

!!.Il!..!. Cal.:d ~or C.nHN.. : C, 62.01; a. 1).66;

:i,24.11. ?OWl.;!: C. b1.)o; ii. 1).76; li, 24.0').
4·:-\ethll-) .4-d!aptrlc,.clof5 .2.1.v··' -2-dec';M.--

.l. solution of 20 g eO.lb4 1Il,,1) ~~ )-:oethyIen--2-nor

born':'IOl'le· in 100 1I1 or _t~ol wss adoed <ll'o.....ls. to

14.0 (; (0.)2 11101) or I'Illth,.lhydrazine 1:1 80 -.l or .,t:w.n,ol

a:ld refluxed !'or ) hr. '!'he solvent end eltcesa .. th,.l

hydraz10e were rellloved at rlld\lced ,lreso\ll'll IlnO :Ohe resldue

vaC\lWll dlst111ed to ;;1"" 20.l g (oZ.• ) or cl.ar )"el101ol

Uquld ;.rod."ct; bp 56--5ao (0.21·-v.~2 _Ii 1r (neat) nQ

liH 'bsorption. 2955 Is), 2875 (III), 28)0. 2730 (.. ), 16)0

{lI, :=/il. 111.)0 (al. 1250, 1220, 1191. llbO I"), UJ7,

112) (IDI. 1102. 95), 9)2 (.. I. 90s (II), 009. e)Z ("I, 807

(sl ••nd 75y e=-l (.. ); pm' (CDCl:.) I) 2.72 [•• ), C,lb} and

aosor?tlon frolll 11 otter protons spre'd trOl!l 1.17 to 2.67

PPl'l; \lY m&X l!!-haxane I 255 tI:Il. (9S:' ethano1J 246 nIlI.

':his hYP"oc~OlIIic shitt is 10 tM r.nge or those ob,erved.

.. lth 'OM other- pyr.:r.;311.Jl.. on &otna, trOll D-Qaptane to

ethanol and .... t.r.
ao

g- (D1lIIeth1"lalll1oOlOllth;;Jllben~lUine.--A 101ution o!'

).15 g o!' SodlU111 ':loro~dride 10 12 Illl 01' 6.1S aquooua aodlwa

h,)'drodde ...... added dro....i.e to 1).) g (O.oa) .a1} OC

.!l:-{d1Jolath;;Jla:01o_tl1:Jl )b.nllonitrl.1e anel 5 & Ott Ran.,. nlekel

In 40 .1 of "",thanol. ...rtar the e"olut1oo 01' h;rdrogeo had

stopped. the solution _. tUtered, concentre-ted., 'nd about

h'l!' o!' 1t accidental 1,. apUled. 'Tr'e.tlDl!nt or th.r.l'Il&inder

with 9 g or pousshllll hydtoa:lde caWled the aeparatlon or

about 5 B or an oU that wall distilled to Ihe 4. 1I1 or
..2-(d1leeth11a:o!n'*'th,.1)ben~lallline: bp 61.5--62:" (0.2 .:a)1

lr (neat) )260. JJ50 (", !'IR.J, ]ObO. )010 (". sp·-eS). 2915,

294.0. 28S5. 2610, 2760 (1ft, Ipa_C~fI, l590 ("I. 1450 (1'),

1)50 (III), 1255,_~178 (nd, 1100 {.. I, 1050 {IIII, 1025 (,), 850,

755, 'nd 74.0 etll lllll; pmr (CDCl,,) ~ 1.81 (s. 2, llJi.),

2.20 (.!I, 0, CIbN), ].4) (a, 2. Clf.), ].64 (s. 2, Ca.). and

7.1)-·7.)8 ppll (a, 4, U'O*ltl.c clf:).

&D.!.l. or the hydrochloride. Caled tor ClOH1 ....C1.:

O. 50.04; H. 1.bS; lI, 11.81. PO.u:ld, C. 50.0). H. ?btu

N, l1.S).
In another rUll in ..hJ,ch pOm' Quality aodlu. bOZ'oh;J'drlcs.

was W1ed the product obt.ined cont.1nad 18" starting

1Il.terial. but th4 ,.iald _a 65% (corNot.d ror tbe apwolt]').

1,1t,~·,ll·.2.2-Hex.aaath:r1-1.).prOpaD8di_1ne.·-TO<1.0 IIIl

(0.25 _alJ or ...... 98. !'orJIic .cid .....dd.d 4.6ll. 15 (0.0]S7 ..al)

or .!i.!i.2,2-tetraaath]'1-1,)-propaoe41ul.na .10..1,. "lth. 00011l:lg

and ,tirr1ng. Atter 11 III (0.14 1II0l) ot )7% rorlll&1doah1de bald.

been add.d the .01utiOll w.. refluud 1'01' IS hlo. cool.4,

aCid11'1&d 10Iith )6 ml of 4.M hydl'och.lorio .oiel, Ilnd evapor.t.el

to dr]'neas. SO:i.Utl.ClIl or tha rO.llidUill in 20 IIIl at watel' and.

treat_nt ..1tb 20 d. or 18 .M sodllUl b,1drolUdoa c.Ila.1t: an 011

to alllpar.t.. 'IbII oU _I eOlllbined .. ith two lS-.l bell_tie

extr'ot. or the aqu.GUS l.,.ar. dried o.,.r pota"iu. c&JObonat.,

and dl.tll1.el through. lJ-elll VlgreU1 c01_ to 151.,. ).55 IlI1

(6]%1 or li,li.1i:·,ji'.2,Z-heA&lllllth11·1,)-propanadlallline:

t1lCl nOQaQulftlent h;rdl'ogen .t~ or the _tbylene pu<t <:I

tbll d~tby1'a1n_th;r1croup 'bould be .b1te.d abOIl" u

IlNeb as that t01' tbe diaetb,11u1nQ hy<ll'og,en u._. the

pe'ks at 05.'19 and 2.82 ppre INlIt arhe tr_ these two

hy<1rog.n at~. the]' 'pl1t the pu. tor the ,,101.oal ~

h}'drogen atOll on carbOll-) ot the ring s,.stee 1.nto tbe

apparent "rip1et ".n at (I 4..57 p~. U' thla I:Q'dr.lI atllll'

ware '''0 ita pea••hould .1'0 be .pllt b,. t!:la .101D&l

bridg.be.d hydroro atOG 1I1th a coupll.og eonat&Qt or )--4-,.
cpa. Ifo 'dditional spUtting or this zaapUUliIo cOllld be

'.en 10 OUI' IlpectrUlll, ..hioh Ie conaatent with. coupling

eon.tant in the range 0-~2 cpa to be e;q:.eoted tor Yioinal

'pUtt1.ng bet_.n a bridgehead h]'drog.o ate. and an .odo

h,.drogen ate..·b

Reactloa or )4.0 II (0.200 .al) or )""1a&!-dt.llthy1"'!no

_tbyl-2-norbornanone 10Iltb 14 g (0.20 ~1) or bydroqr...1De

h,.<1roc!\lorlde o.,rnight at 1'00111 telllperature. tollowed by

treatlllllnt ..1th 8 15 10.20 1Il0ll of aod.iUIII !lydl'O"ide ga.e )0 g

(82%) or a 1dl.1te powd.r; lip (after rlCr}'.ta11itat1OC1 trQII

_tban01) 184--19l·; i:' (ezo) )050. )175 (s. 011). 294S.
2910. 2850, 2620, 2775 (all '. CHI. 161;') (1I, C"N). 14)0

(a. CR.). 1279. 12S0 (.. ). llbS (II!~ 1100, la.,2 (.. ), 1012

(1111. 9)) (', 1(01. 912, and 820 Clll (a); p.- (CDCla ) .ho...d

peaks at II 2.25 and 2.)5', attrlbuted to thll el1Mtb]'1.III1no

protoas or ':JIl Md .nti 1a~ra. and otmr abaorptloa rrc

1.0 to ).6 PPII (tbe .olution baille dilute bacause or the

10'" e01ublllt) l:I! tbe 0Jl:t.): .xeot .... or parent 100,

ce-lcd. 162.l4lB9. round 182.1422).

&!!!1. Ca10d ror ClOH1.H.0: C, 65.90; H. 9.9S;
II, lS.)7. FO\IDd: C. oS.&9; H. 9.'16; If, 15.12.

)""!.!2-D1aatbJ la.a1nc.lll tbJ1-2-:g!g-n01"bOl'OanUin•• p-

A .01utioo ot 7.1 g (0.0]9 1II01l ot the ox1Jae or )"'!.A2
d1Jll<lth;;Jla",!nolllO!lthyl-2-norbornanone· ..as rarlWC1d 10Iith 0.0 15

(0.151101) of ll.thlU111 du.lmlll h,.dride in 700 11.1 of ethar

'Ihe IIlO!lthladlu (5) w... IIl&de frOll ).47 g (0.O2.l1ll01)

ot th1a p,.-ralloline ~5 1111 ot benun. by add1ne 2 III ot
_thyl ladlde In 1'1 III or Nn&e1M dtopvU. vith coolina.

Artar , • .,.r.l hour. at 1'00II temperature rUtratlon and

raerystalUz.at1~ frc.:! ISl!thanol ga.,. 4.34 15 (6S$) or
IS6thiodl4e; IIIf) 115--178.; 11' (r.BI') 2940. Zo70 (a, CH),

Ib20 (II, C-"l, l420 (III, c.';.), 1290. 1205 (III), 12)5, 1120

(11).1098 (ID), 1057, 1010, 992. 955, 945 (.. I, 810 (m),

800. 76) , .. ), e-od 6)6 CIll- 1 ,~); ?:ar (O-Olla 0 ).)1 (s, ),

one Cli~"), ).48 (•• ). the other ::.:b~). 3.56--4.3) til. 2.

Cli.MI, and broad ab,o:opt1on !'rOll> }.O to ).)) ppa.

)-.!.l1!lB:-Dl.aeth,.1"l.nOlOltthyl-2~-oorbornan""1na.-

Gradua1 addition of )6 g 10.12) 11011 of this llI8thio<tl4a S
to 9.5 g (0.251101) or l1th.iUIII al\UllinWl bJ'drUe in 600"';1

ot ether "as toUo..d. b,. 56 hr of reflU-'ing Ullder nitrosen.

....tter additioo or lO IIll. ot' w.ter, 10 ml 01' 15:' .queous

,odiUla h;fdrcn.1de, and )0 III o!' ..ater "'tth 'gU.tlon. tho

.ther layar ..u upar.t.d 'l'ld the rea idUill extr.cted "ith

.ther. COI\c':ltratlOl:1 Ilnd .acuW!l dist111atlc:wl of the .ther

.olutlon, gave ].$ g 01' gat.rial ..hose glpc ,howed It to

be 'bout 90s p:u'tl. 01pc pur1flcat1Wl 00 a 12-ft. 20;1:

lIIannitol, 5% potulHIlI hydroltlde. Chro;1losorb P col= save

pure )~-dL!leth,.laa1oo_thyl-2~-norbornana",in.:

11' (n..t) )JOO. ))70 ('II. ~!':a). 2945 (a). 2ebS. 2050, 2810,

2760 (a, Or.). 1590 (.. I, 450 {lII, C?i.I. 1370, 1)50 (.. ).

1290. 1202. 1190. 1162:, I1OS. 1050 ("I. 1022 e.l. Ilnd 855

e:l- 1 {1II1; JaIl' (COCl,,1 I) ).B (d or d, 1, J " 9.5. 4.5 cp.t,

Clr.!~1 J, 2.18 (s. 0, C.I6 If ) , a..nd 1.1-·2.9 PPIII [Ill. 131;

exact l<ae, of ~he parent lon, c.lcd 1bB.16264. round

108.162B).
'itle ather-l.naoluble Olllt.rl.1 rrc::n thll I1thiu.a

a1u:11nwt hydr1de Nld\lctlon ..u. ea:tr.ctad "ith .... rill

IMthanol . ..!'ter .e ..r.l rtIcrrataUiz.atloas rrOD 1:1

nethanol--etnanol these .a:tr'cts y1.lded 7.&4 g (22") or

bp 162°; lr (neatJ 2970. 29ll.5. 2655. 2620. 2760 (s. CR),

14S0 (II). 1]75. 1)50. l)CO ('0<1. 1':55. 1150 (1111. 1120,. -.11eo (-d, lC47 (sl. .nd 847 elll (Ill); plllZ' {Cix:l.J OO.ea

(•• 6, Clf".C) , 2.12 (s, 4. Ctia), and 2.27 PPIO (s, 12.

Cll"MI, euct ..... ot parent Ion. caled 158.11828, round:

158.17648.

&!!l. Clllcd ror C.Il.. l;.: O. 08.29; H, 14..01;

rI. 17.70. Po>md, C, 08.11; H. 14.18; II. 17.90.

Altl'toU£h _ be.,.. rOllnd nn report or thD .ynthe.Ls or
pro;>erti" or th1a c_po~, lts perchlorate haa been

patented for us. aa. propel1llnt. u

.!l:-8h (dl.mettQ'18JllinOllll!t!'l11 )ben..ne. ··gsaent1allr the

aame procedureu dUcrlbed 1n the pr.c.ding section was

appl1ed to 19.J g (0.098 lD01) 01' 82% pure .s!.-(d1Jroetby1

ulno_th,.llbenql..1M to obte1n 15.5 g or 66% pu.-. (by

glpe) ..2-b1a (d1Mth11"l.nooaat~1)ben..n.. Reer,.ata.l1ha

t101'1 or the h;rdrQChlori4e and: regeneration or the bu.

a....e 12.) & 01' 95% pure I!I&tarlal: bp 90--%.50 (8 _).

ir (n..t I )060. )OIS (". ar_tic CH). 2970. ~o, 285S •

2815 (s. epa_eM). 111S0 (', CH.). 1)50 (_. CH.), 1]00 ("I,

1252, 1177 (Ill). 1152, 1100 I"), lC47 (II). 1027. 848, and

7S2 Clll-1 (s); p.. (CDCl,,) I) 2.21 (•• 12.5, CL), ).51

(a, ".0, CJj.), and 7.0--7.5 ppa (lit, 4.1, C,!Oi lIOD0p8rchlor

at., "hit. neacU.1 1'1'_ 1'.0. lip 16a--189·.

.6a!l. or the lIIOflop&rehlor.t•. Clllcd tor Cu Hu lf.CI0.:

C. 49.2); H. 7.2); Cl, 12.11. PO\lrld: C, 4.9.12; H, 7.10;

Cl, 12.29.
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Log y, where y  = c w/c g, with e w being the concentration of a compound in dilute aqueous solution at 25° and 
c g the concentration in the gas phase in equilibrium with the aqueous solution (both in moles per liter), is defined 
as the intrinsic hydrophilicity of a compound. Values for 292 compounds are listed, and parameters for a bond 
contribution correlation and a group contribution correlation are determined. Major deviations from the correla
tions arising from distant polar interactions (interactions between halogen, oxygen, nitrogen, or sulfur substitu
ents separated by more than one carbon atom) are observed. The significance of such deviations and of the rela
tive magnitudes of the group contributions is discussed.

The hydrophilic and hydrophobic character of com
pounds2’3 is commonly discussed in terms of data on sys
tems involving an aqueous phase and some other liquid 
phase. Such data, which include water solubilities and dis
tribution coefficients between water and some other sol
vent,4'5 have been quite useful. They depend on differences 
in free energy (or of enthalpy or some other property) of 
the molecules of a compound when they are surrounded by 
water molecules and when they are surrounded by mole
cules of the other solvent. Hence they depend not only on 
the nature of the compound in question and on the nature 
of water but also on the nature of the other solvent in the 
system in question. The interpretation of data may be sim
plified somewhat if we consider the difference in free ener
gy of molecules of a given compound when they are sur
rounded by water and when they are surrounded by noth
ing, that is, when they are in the gas phase. We shall con
sider the tendency of a molecule to go from the gas phase to

dilute aqueous solution to be a measure of its intrinsic hy
drophilic character.

In order to discuss the relationship between molecular 
structure and the intrinsic hydrophilic character of com
pounds in quantitative terms we have carried out correla
tions in terms of structural additivity schemes. Such 
schemes have been used in correlations of enthalpies of for
mation, entropies, and other thermodynamic properties.6-8 
These correlations have been largely restricted to the prop
erties of compounds in the gas phase. They would be more 
useful if they were extended to the common solvents in 
which most reactions are run. Such extensions would con
sist of correlations concerning transfer processes between 
tiie gas phase and the solvents of interest. Butler and co
workers pointed out long ago that the free energy of trans
fer of organic compounds from the gas phase to aqueous so
lution is an approximately additive function of the groups 
present in the compounds.9-11 Pierotti, Deal, and Derr



treated about 340 cases, including 71 in which water was 
the solvent, by an empirical equation that may be applied 
to any compound in any solvent (when the appropriate pa
rameters have been determined).12 Although this equation 
is reasonably economical with parameters in its application 
to solvents, in general it is less so when applied to any one 
solvent. The 15 homologous series of compounds whose ac
tivity coefficients in water were correlated required 30 dis
posable parameters. A group contribution scheme of the 
Benson type6’8 would cover all these compounds and many 
more with only 24 parameters. For this reason and because 
of the increased number of reliable data that have become 
available in recent years, we have correlated activity coeffi
cients in the gas phase relative to aqueous solution using 
both a bond contribution and a group contribution scheme. 
Not only will such correlations aid in understanding hydro- 
phobic bonding2’3 and in predicting equilibrium constants 
for chemical reactions, they will also be useful in studies of 
the loss of flavor components from largely aqueous foods,13 
the transfer of pesticides and other compounds between 
various bodies of water and the atmosphere, and in other 
ways. In addition, when either the vapor pressure or the 
water solubility of a difficultly soluble organic compound is 
known, the other may be estimated from such correlations.

Results
We have tried to correlate values of log 7 for various 

compounds, where 7 is the activity coefficient in the ideal 
gas phase relative to infinitely dilute aqueous solution. As 
shown in eq 1, 7 is taken to be equal to the concentration of

r  =  c ¥/ c g ( 1)

the compound in a dilute aqueous solution divided by its 
concentration in the gas phase that is in equilibrium with 
that solution. When the compound and water are not very 
soluble in each other, c w may be taken as the water solubil
ity and c g as the vapor pressure of the compound. We have 
made 7 dimensionless by expressing c w and c g in moles per 
liter. Data at 25° were used and water solubilities were 
used only for compounds whose water solubility is 1.0 M  or 
less, except for ethyl formate (1.2 M).

The values of log 7, log cw, log cg, and P  (where P is the 
vapor pressure in millimeters; log cg = log P — 4.269) we 
used and the appropriate literature references are listed in 
Table IV.14 The values of 7 cover a range of about 1010.

The bond contribution scheme used is similar to that of 
Benson and Buss, in which certain groups such as cyano, 
nitro, and carbonyl are treated as atoms. Thus the contri
bution of the C-CN bond includes implicitly the contribu
tion of the carbon-nitrogen triple bond of the cyano group, 
and the H-CO bond contribution includes half the contri
bution of the carbon-oxygen double bond. Olefinic, acetyl
enic, and aromatic carbon are denoted C(|, Ct, and Car, re
spectively. The contribution for a C j-H  bond (or for any 
Cd-X bond) includes one-fourth of the contribution for the 
carbon-carbon double bond, and any Cr  X contribution 
contains half the triple bond contribution. However, the 
Car-H  contribution does not include a Car= C ar contribu
tion. The latter was kept separate so as to simplify the 
treatment of data on nonbenzenoid aromatic compounds. 
For example, log 7 for naphthalene is equal to eight times 
the Car-H  contribution plus 11 times the Car= C ar contri
bution, and log 7 for pyridine is equal to five times the Car-  
H contribution plus four times the Car= C ar and two times 
the Car= N ar contribution. The 34 bond contributions ob
tained by least-squares treatment of data on 263 com
pounds are listed in Table I. The 263 values of log 7 calcu
lated from these contributions, which are listed in Table
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Table I
Bond Contributions to the Logarithms of Activity 

Coefficients in the Gas Phase Referred to 
Aqueous Solution“

6
Bond Contribution Bond Contribution

C-H - 0.11 Car-Br 0.21
C -F -0 .5 0 Car-NCV 1.83
c - c i 0.30 Car”"C -0 .7 4
C -B r 0.87 Car-S 0.53
C -I 1.03 Car CO4 1.14
C—CNC 3.28 Car=Care 0.33
c - n o 2° 3.10 c  — N ev~'ar x ’  ar 1.64
C -O 1.00 C d—H -O .IS '
C-S 1.11 c d- c i 0.16/
C-N 1.35 Cd- C d 0.48/
c - c 0.04 c d- c o 4 2A2f
c - c o 4 1.78 C t—EF 0.00
c - c d 0.15 ' CO-H 4 1.19
c - c / 0.64 c o - o 4 0.28
C ^ a r 0.11 O-H 3.21
Car-H - 0.21 S-H 0.23
C qt Cl -0 .1 4 N-H 1.34

“ At 25°. b C without a subscript refers to a carbon atom bound by 
single bonds to four other atoms except in CN. c The cyano and 
nitro groups are treated as univalent atoms. d The CO group is 
treated as a divalent atom.e The bond denoted — is the'cr+ + w bond 
in an aromatic ring. 1 This contribution includes one-fourth the 
contribution of the carbon-carbon double bond(s). 6 This contri
bution includes one-half the contribution of the carbon-carbon 
triple bond.

IV,14 differed frcm the experimental values with a standard 
deviation of 0.41. The deviations from about 40 additional 
values of log 7, some of which had not been located when 
the parameters listed in Table I were calculated but some 
of which had been left out of the least-squares treatment 
because of their highly deviant nature, tended to be larger 
than this. Most of the larger deviations were of the types 
that will be rationalized in our discussion of the group con
tribution correlation.

The group contribution scheme we used is similar to that 
of Benson and coworkers.6’8 In most cases a group is taken 
to contain one polyvalent atom and the monovalent atoms 
bonded to it, but the group is characterized by the nature 
of the atoms to which it is attached as well as those it con
tains. Thus a methylene group attached to two oxygen 
atoms is different from one attached to a carbon and an 
oxygen atom. Our notation for group contributions, which 
is [CH2(0 )2] and [CH2(C)(0)] for the two groups just re
ferred to, for example, differs from that of Benson and co
workers in that the atoms contained in the group are not 
parenthesized. We feel that the notation [C(H)2(0 )2] 
makes it less obvious that additional contributions are re
quired for the oxygen atoms but not for the hydrogen 
atoms. The value of log 7 for methyl ethyl ether, for exam
ple, is taken to be the sum of the four contributions 
[CH3(0)], [0(C)2], |CH2(C)(0)|, and [CHs(0)]. Instead of 
the symbol Cb for benzenoid carbon6-8 we have used Car to 
include the carbon atoms in the rings of polynuclear aro
matic and certain hetaromatic compounds as well. For ex
ample, log 7 for pyridine is set equal to SfCajHIC ar)z] + 
2[CarH(Car)(Nar)] + [Nar(Car)2]. As in the case of the bond 
contribution scheme, Cd and Ct refer to olefinic and acetyl
enic carbon, respectively. Since any Cd must be attached to 
another Cd and any Ct to another Ct, the Cd or Ct at the 
other end of the multiple bond is not included in the nota-
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Table II
Group Contributions to the Logarithms of Activity 

Coefficients in the Gas Phase Referred to 
Aqueous Solution“

Group Contribution Group Contribution

CHgiX)6 -0 .6 2 c(c)3(o) 0.78
c h 2(c )2 -0 .1 5 c h 2(o )2 -2 .5 4
c h (c )3 0.24 c h (c )(o )2 —1.35“
C (C )4 0.71 CH2(Cd)(0 ) —0.57“
c h ^ c Hc J -0 .1 9 c h 2(c )(c o ) -0 .1 5
c n ( c \ ( c j 0.29 c jo x c j . -0 .43
C (C )3( C J 0.93 C j C O ) ( C j 2 —0.84c
CH2(C)(Cd) -0 .23 CdH(CO) 0.28
CH2(Cd)2 -0 .31° CHO(Y)f 3.23
CH2(C)(Ct) -0 .2 9 “ co(c)2 4.03
CdH2 -0 .41 co(c ) (c j 4.26“
CdH(C) 0.22 co(c)(o) 4.09
cd(c)2 0.67 co(cj(o) 4.57“
C dH(Cd) 0.18 CH2(C)(S) - 0.02
cd(c)(cd) 0.86 C j s ) ( c j 2 —0.25“
C tH 0.00* c h 2(c )(n ) -0 .0 8
C t(C) 0.96" c h 2c n (c X 3.43

0.11 c h 2n o 2(c H 3.27
c„(c)(c„), 0.70 c h n o 2(c ) / 3.53“
C J C J / 0.47 0.11*
c h f 2(c ) 0.70c C „ (C )(C „ )(N ar) 0.59
c h 2c i (c ) 1.05 c ^ o 2( c J / 2.19
c h c i2(c ) 1.33 OH (C) 4.45
CC13(C) 0.80° O H (C j 4.45;
CHC1(C)2 1.46 o(c)2 2.93
CH2Cl(Cd) 0.61° o(c)(cJ 1.25“
CdHCl 0.05“ o(c) (co) -0 .53
C t CKc J , 0.18“ SH(C) 1.56
CH2Br(C) 1.10 S H (C J 1.56J
CHBr (C)2 1.58“ s(c)2 2.35
C a rB rte J , 0.49 s(c)(c„) 2.30“
CH2I(C) 1.14 n h 2(c ) 4.15
c h i (c )2 1.57c n h (c )2 4.37
c h 2 (C )(0) -0 .13 n (c )3 4.14
c h (c )2(o ) 0.12 N „ ( C J , 3.06

“ At 25°. 6 X  is C, 0 , N, CO, Cd, Car, Ct, or S .“ Based on only one 
log y value. d This is one of a set of contributions whose sum was 
determined by a considerably larger set of log y values but for which 
only the minimum number of log y  values required for separation 
into individual contributions was available. e This refers to a 
carbon atom common to two fused aromatic rings, such as C-9 in 
naphthalene. It may not be applicable to the carbon atoms joined 
by single bonds in biphenyl, for example. 1 Y is C, 0 , Cd, or Car. 
s Nitro and cyano groups are treated as univalent atoms. h Assigned 
the same value as [CarHiCarL]. ' Assigned the same value as 
[0H(C)]. J Assigned the same value as [SH(C)j.

tion for the group contribution. Thus the contribution of 
an olefinic methylene group is written [C(iH2] rather than 
[CdH2(Cd)].

The values of certain group contributions must be as
signed arbitrarily.6’8 Most such assignments were made in 
the same way used by Benson and coworkers; e.g., 
[CH3(0)], [CH3(C0)], [CH3(N)], etc., were all assigned the 
same value as [CH3(C)]. We also followed their practice of 
treating certain groups, such as cyano, nitro, and carbonyl, 
as if they were atoms.

Many of the deviations observed in the bond contribu
tion correlation may be thought of as arising from interac
tions between polar bonds. When the polar bonds involve a 
common atom, such interactions are included automatical
ly in a group contribution. The interaction between the two

Table III
Distant Polar Interactions in Various Types 

of Compounds“

Compounds) Interaction Compound Interaction

P yrazines -2 .2 6 c is -C H C l= C H C l 0.76
RO-<Jj-(J?-OR -1 .5 8 ClCH2CH2Br -0 .7 2
HQCH2CH(OH)CH2OH -7 .0 5 BrCH2CH2Br - 0.66
HOCH2CH2OH -3 .0 2 MeCHBrCH2Br -0 .6 5
(c i c h 2c h 2)2s -1 .53 BrCH2CH2CH2Br -0 .61
p - h o c 6h 4n o 2 1.12 C1CH2CH2CH2C1 -0 .5 7
c i3c c h c i2 - 1.12 CI3CCCI3 -0 .5 6
h 2n c h 2c h 2n h 2 - 1.00 iraw s-C H C l= C H C l 0.46
MeCHClCH2Cl -0 .9 8 /*-C6H4B r2 0.27
C12CHCH2C1 -0 .95 />-HOC6H4Br 0.26
c i 2c h c h c i2 -0 .92 o -C 6H4C l2 0.19
p -HOC6H4CHO 0.83 m -C 6H4Cl2 -0 .0 9
c i c h 2c h 2c i -0 .83 P-C6H4C12 -0 .0 7

° Values of (log ylobsd -  (log ylcaicd, with the latter being ob
tained from the group contribution scheme.

carbon-oxygen bonds involving the central carbon atom of 
ir.ethylal, for example, is included in the [CH2(0)2] group 
contribution. However, early regression analyses convinced 
us that interactions between more widely separated polar 
bonds were producing marked deviations from our group 
contribution correlation. To ignore such interactions would 
reduce the quality of our correlation and make the values 
of the parameters depend significantly on the particular set 
of compounds for which log y  values were available. We 
therefore decided to obtain contributions for such distant 
polar interactions or to neglect data upon which such inter
actions might have a significant effect. Most distant polar 
interactions of a given type appeared in only one of the 292 
compounds for which we had log y  values. Also, a number 
of group contributions appeared in sets of compounds no 
larger than the number of parameters to be determined. 
Compounds of either of these types were deleted from the 
set before the regression analysis because the analysis 
would be trivial in such cases. Analysis of the remaining 
212 log y  values gave two distant interaction parameters 
and 49 group contributions (not counting some assigned ar
bitrarily). From these parameters the log y  values may be 
calculated with a standard deviation of 0.12, which may not 
be very much larger than the average experimental uncer
tainty. The 49 group contributions are listed in Table II 
with the contributions assigned arbitrarily and 20 addition
al contributions calculated from data that had not been in
cluded in the least-squares treatment. Since these latter 
contributions are based on small sets of log y  values of the 
same size as the set of contributions being determined (the 
set size being 1.0 in most cases), they are less reliable than 
those obtained from the overdetermined system.

The only distant polar interactions (numbers that must 
be added to the group contributions to obtain log y  values) 
that appeared in more than one compound, and hence the 
only ones calculated by a least-squares treatment, were the 
interaction of the two nitrogen atoms in a pyrazine ring and 
the interaction of two alkoxy groups attached to adjacent 
saturated carbon atoms. These are the first two entries in 
Table III. The other distant polar interactions or sets of 
distant polar interactions occurred in only one compound 
each and are therefore listed with the formula of the com
pound in Table III.

Most of the larger interactions seem qualitatively under
standable in terms of the structures of the compounds in
volved. Glycerol and ethylene glycol are internally hydro
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gen bonded in the gas phase. Hence their hydroxy groups 
do not gain as much hydrogen bonding on going into aque
ous solution and their log y  values are smaller than would 
be expected from [OH(C)] and [CH2(C)(0)] values derived 
from data on monohydroxylic alcohols, for which internal 
hydrogen bonding is impossible. The third largest interac
tion, that found in pyrazines, may also be explained in 
terms of hydrogen bonding, which we assume is the main 
reason that pyridine and most other azines are much more 
water soluble than benzene. That is, the large positive 
value of [Nar(Car)2] listed in Table II, which arises from 
data on pyridine derivatives, is a reflection of the ability of 
the pyridine nitrogen atom to accept hydrogen bonds from 
water. The hydrogen-bonding ability of these nitrogen 
atoms, like that of other basic atoms of a given type, is 
known to be decreased by electron-withdrawing substitu
ents.15 The value of log K  for hydrogen bonding of 3- and
4-substituted pyridines to p- fluorophenol in carbon tetra
chloride at 25° decreases by 0.24 for each pK  unit by which 
the basicity in water at 25° decreases.15 Each nitrogen 
atom in pyrazine is about 4.8 pK  units more weakly basic 
than the nitrogen atom in pyridine.16 These numbers seem 
large enough to make it plausible that weak hydrogen 
bonding to the two nitrogen atoms of pyrazines (relative to 
hydrogen bonding to the nitrogen atom of pyridine) ac
counts for much of the distant polar interaction listed for 
pyrazines. A qualitatively similar effect would be expected 
for ethylenediamine, but since the amino groups in ethyl- 
enediamine are only about 1.0 pK  unit weaker than the one 
in ethylamine16 it is not surprising that the distant polar 
interaction is smaller than for pyrazines. The interactions 
for /3-diethers and for the saturated polyhalides and 2,2'- 
dichlorodiethyl sulfide may be rationalized qualitatively in 
the same way. Interpretation of the relative magnitudes of 
these interactions is probably complicated by the following 
facts. (1) Some of the halides are probably of such low ba
sicity that they are so little involved in hydrogen bonding 
with water that further decreases in basicity have little ef
fect. (2) Some of the compounds, such as those with dichlo- 
romethyl groups, may be acidic as well as basic participants 
in hydrogen bonding. (3) The strength of hydrogen bonding 
depends on the polarity as well as the acidity and basicity 
of the interacting species. (4) Some of the interactions list
ed may contain major experimental errors.

The largest positive distant polar interaction, for p- ni- 
trophenol, is probably also attributable largely to hydro
gen-bonding effects. The nitro group probably interacts 
with water largely by acting as a base in hydrogen bonding. 
With the hydroxy group, however, hydrogen bonding to 
water with the group acting as an acid must be important. 
The p- hydroxy substituent acts as an electron donor and 
increases the basicity of the nitro group and the p-nitro 
substituent acts as an electron withdrawer and increases 
the acidity of the hydroxy group. Thus the nitro and hy
droxy groups in p- nitrophenol may interact more strongly 
with water than do the nitro and hydroxy groups in nitro
benzene and phenol, respectively. The same argument ex
plains the smaller but still positive interaction observed 
with p- hydroxybenzaldehyde.

We do not understand why the interactions listed for the
1,2-dichloroethylenes are positive (although the value for 
the more polar cis isomer would be expected to be more 
positive, as observed).

Intrinsic hydrophilic character is more simply under
stood in terms of molecular structure than is the hydrophil
ic character measured by water solubility or distribution 
coefficients. Since a hydroxy group can participate as both 
an acid and a base in hydrogen bonding whereas an ether

eal oxygen atom can participate only as a base, alcohols 
should ordinarily be considerably more hydrophilic than 
isomeric ethers. In agreement with expectation y for n- 
butyl alcohol is more than 100 times as large as y for its 
isomer diethyl ether. In contrast, the solubilities of the two 
compounds differ by less than 20%; n-butyl alcohol is al
ready so strongly hydrogen bonded in the organic phase 
that it does not gain as much hydrogen bonding on going 
into aqueous solution as it otherwise would.

Although the relative magnitudes of the group contribu
tions in Table II tend to agree with common notions con
cerning structural effects on hydrophilic character, with 
the contributions for oxygen- and nitrogen-containing 
groups tending to be larger than those for hydrocarbon 
groups, it should be remembered that some of the numbers 
are the results of arbitrary assignments. In the following 
discussion we shall consider only points that are indepen
dent of such assignments. Some of the contributions reflect 
the kind of polar interactions already discussed in connec
tion with Table III. For example, although [CH2(C)(0)] is 
essentially equal to [CH2(C)2], [CH2(0 )2] is more than two 
units smaller. Each of the two atoms lowers the basicity 
and, hence, the hydrogen-bonding ability of the other. Nei
ther of the oxygen atoms is in the CH2(0 )2 group, as the 
carbon and hydrogen atoms are, but since the CH2(0 )2 is 
the only group uniquely characteristic of a compound with 
two oxygen atoms bonded to the same methylene group, 
the interaction appears in the [CH2(0 )2] contribution.

The fact that [S(C)(Car)] is about equal to [S(C)2] where
as [0(C)(Car)] is considerably smaller than [0(C)2] reflects 
the much greater ability of a phenyl group to withdraw 
electrons, by a resonance interaction, from an oxygen atom 
to which it is bonded than from a sulfur atom. The fact 
that [0(C)(CO)j is still smaller than [0(C)(Car)] reflects the 
greater electron-withdrawing power of a carbonyl group.

In applying the group contributions in Table II to com
pounds in which significant distant polar interactions seem 
possible, the magnitudes of such interactions may be esti
mated from the interactions listed in Table III. Although 
the group contribution scheme is to be preferred when the 
required group contributions have been (or can be) deter
mined, the less precise bond contribution scheme presently 
covers a significantly larger number of possible compounds.

A brief and preliminary account of this investigation will 
appear in a forthcoming book.17
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The relative facility of an acid in catalyzing the isomerization of methylpentanes to 2,2-dimethylbutane and n- 
hexane and the simultaneous deprotonation of carbonium ion intermediates is used to define a selectivity param
eter, kiao/kex =  I/E, characteristic of the medium. I/E is used to rank Lewis acids in HBr, HC1, HF, HSO3F, and 
CF3SO3H. Data for two I/E scales, one for exchange with isopentane and the other for exchange with methylcy- 
clopentane, are reported.

The choice of an acid catalyst for a hydrocarbon reaction 
is to a large extent governed by qualitative observations 
rather than quantitative information about existing possi
bilities. This situation exists because the relative acid 
strength of important acids is often unknown and because 
firm information about the stability of ionic intermediates 
in most acids is virtually unavailable.

To help clarify the issues recent work, notably that of 
Professor R. J. Gillespie and his colleagues, has aimed at 
determining Hammett acidity function values, H0, for sys
tems employing SbF5 as a Lewis acid.1-3 Using nitro aro
matics as indicators, he has shown that some acids have 
about 108 times the protonating ability of 100% H2SO4. 
Acids in this range are generally useful for paraffin-olefin 
alkylation, paraffin isomerization, and certain types of 
cracking reactions. Using similar techniques we are in the 
process of extending Gillespie’s measurements to other 
acids, but of added importance, we have developed a new 
procedure to classify acids according to the manner in 
which they stabilize or interact with alkyl carbonium ions.

Our procedure is aimed at giving us quantitative infor
mation about the nucleophilicity of a given acid solution. 
Specifically it tells us if an alkyl cation can rearrange with 
or without deprotonating during its lifetime in the acid. It 
should be noted that the nucleophilicity of an acid system 
is not necessarily directly related to its acidity as a Br^nst- 
ed acid, a property more properly evaluated by an H 0 type 
measurement.

This information is acquired by simultaneously reacting 
a hydrocarbon which contains an essentially uniform distri
bution of tritium around its skeleton with another molecu
lar weight but unlabeled hydrocarbon over any acid cata
lyst. A “ perfect” acid will allow all isomerizations to occur 
without hydrogen exchange while a “ poor” acid, which is

unable to stabilize the ion, will tend to induce faster ex
change than isomerization. The ratio of isomerization to 
exchange rate constants, k ,s„/k ex or I/E, is defined as a se
lectivity parameter which permits the ranking of all strong 
acids. This parameter should be useful until alternate ex
change mechanisms become important. At very high acidi
ties direct protonation and displacement may become sig
nificant but it is not a serious factor through 2 M  SbF5-  
HSO3F solutions which have Ho values > —18.

Strategical Approach to the Problem
In order to obtain the selectivity parameter, it is first 

necessary to prepare a suitably labeled hydrocarbon. This 
was done by contacting 2- or 3-methylpentane with 98% 
H2SO4 containing tracer quantities of T2O (1 mCi/ml) for 
several days. In this acid, the methylpentanes isomerize 
without undergoing chain branching rearrangements and 
exchange all protons except the tertiary hydrogen.4- 13 The 
labeled methylpentanes were diluted with unlabeled meth
ylpentanes and mixed with isopentane (mixture 1) or 
methylcyclopentane (mixture 2).

Since it is known that during the isomerization of meth
ylpentanes to an equilibrium mixture of all isomers there is 
a rapid equilibration of 2-methylpentane, 3-methylpen
tane, and 2,3-dimethylbutane which is followed by a slower 
conversion of this mixture to 2,2-dimethylbutane and n- 
hexane4’14’15 we choose the rate of the latter process, k iso, 
as a measure of the isomerization activity of the acid.

We also measure the rate of depletion of radioactivity in 
the total hexane fraction. The isomerization and overall ex
change processes are both assumed to follow first-order ki
netics and the rate constants are obtained from log concen
tration or radioactivity us. time plots. In the more reactive 
acid systems there is substantial uncertainty in the rate
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constants because they are based on only one or two data 
points at high conversion levels.

All reactions were initiated with a small but constant 
amount of tert- butyl chloride. Some systems were unable 
to rapidly attain a steady-state ion concentration and for 
these the rate constants are crudely estimated from initial 
conversion data only. For most of the systems studied, 
however, an error of less than ±10% of the reported rate 
constants is estimated.

The ratio, k\sJkeXt is the selectivity parameter. A perfect 
acid would exhibit a ratio of °° while a “ poor” acid would 
have a value of zero. Before proceeding further, it is appro
priate to consider a general reaction coordinate diagram for 
the possible isomerization, exchange, and cracking reac
tions the ions are likely to undergo (Scheme I).

Scheme I
General Scheme Leading to Isomerization, Exchange, 

and Cracking via Olefins or Alkycyclopropanes

CRACKED
PRODUCTS

SOLVATED CRACKED
PRODUCTS

Hexane isomerization can take place with or without H+ 
exchange, exchange being more prevalent in more nucleo
philic media. Exchange occurs through alkenes or alkylcy- 
clopropane intermediates.25 A potentially bothersome side 
reaction is cracking which involves a bimolecular reaction 
of the same intermediates and carbonium ions.16’17 It is 
possible to exchange without cracking if the concentrations 
of ions and intermediates are both low.

It is important to note that the relative isomerization 
and exchange rates are both assumed to go through a com
mon carbonium ion intermediate. The ratio k iso/k ex is as
sumed to reflect the properties of the medium and should 
be independent of physical factors like stirring rates and 
the heterogeneity of the system.

These considerations apply to the major paths for isom
erization and exchange and are consistent with many stud
ies in H9SO4.4 13 Exchange by other routes has been con
sidered but are believed to make only a minor contribution 
to the data. One alternate path involves the isomerization 
of a tertiary tritiated ion to a secondary ion, hydride ab
straction to this site, and then detritiation by hydride 
transfer from the tertiary position. A second involves direct 
proton displacement reactions on the paraffins.

The first path is believed to be of little importance be
cause it depends on a bimolecular reaction involving an ex
tremely low concentration of secondary ions. The second 
path would require an increase in exchange rate with acid 
strength but with the possible exception of some concen
trated SbF5 solutions there is little reason to support this 
mechanism in the acidity range being studied.

We arbitrarily use k\so/kex as the selectivity parameter. 
It might be better to use k ;go/(ft ex + k crack), but the select
ed ratio ought to be a fair indicator of acid character, espe
cially where side reactions are minimized and we choose to 
handle our data in this way.

Experimental Conditions
R e a c t io n s  have been c a rr ie d  o u t b etw een —93 a n d  + 2 3 ° .  A p 

p ro x im a t e ly  e q u a l v o lu m e s o f th e  h y d ro c a rb o n s  a n d  a c id s  w ere

Table I
Low-Temperature Isomerization in Acid Systems 

£-C5H1 2  + 3 -CH3C5HH*

Acid Tt °C Siso> hr_1 “

0 .5  M  S b F 5—H S 0 3F - 7 8 0 . 0 2

2  M  S b F 5—H S O 3 F - 7 8 0 . 0 2

0 .5  M  T a F - - H S O :iF - 7 8 0 .0 3

2  M  T a F 5—H S O 3 F - 7 8 0 .0 4

0 .5  M  N b F 5- H S 0 3F - 7 8 0 .0 3

2  M  N b F 5—H S O 3 F - 7 8 0 .0 3

0 .5  M  A l B r 3- H B r - 7 8 0 . 0 2

2  M  A l B r 3- H B r - 7 8 0

0 .5  M  A l C l g - H B r - 9 3 0

“ Is o m e riz a t io n s  a re  o f ty p e  A  o n ly .

u se d  a n d  is o m e riz a t io n  a n d  e xch a n g e  w ere fo llo w e d  b y  p e r io d ic a lly  
w ith d ra w in g  s a m p le s  fo r a n a ly s is  o n  a  r a d io a s s a y in g  gas c h ro m a to 
g ra p h  sy ste m . I n  e v e ry  r u n  th e  re a c t io n  w as in it ia t e d  w ith  a  s m a ll 
a m o u n t  o f t e r t  -b u t y l  c h lo r id e  w h ic h  w as p re d is s o lv e d  in  th e  h y 
d ro c a rb o n s . T h e  c o n c e n tra t io n  o f  t e r t  -b u t y l  c h lo r id e  in  th e  a c id  
w as 0 .1 2  M . W h e n  u s in g  l iq u id  H B r  o r H C 1  a se rie s  o f  e x p e rim e n ts  
o f  v a r y in g  d u ra t io n  w as m a d e , e ach ru n  p r o v id in g  one p o in t  fo r th e  
k in e t ic  a n a ly s e s .

R e a c t io n  w as c o n d u c te d  in  a  se rie s o f s m a ll  H a s t e llo y  C  ve sse ls 
w h ic h  w ere c o m p a tib le  w ith  the a c id s  s tu d ie d . T h e  a c id s  c h a ra c 
te rize d  in  t h is  p ro g ra m  a re  A l B r 3- H B r ,  A I C I 3- H C I ,  H F ,  S b F s - H F ,  
T a F s - H F ,  N b F 6- H F ,  H S O 3F ,  S b F 5- H S 0 3F ,  T a F 5- H S 0 3F ,  
N b F 6- H S 0 3F ,  C F 3S 0 3H ,  S b F 5- C F 3S 0 3H ,  T a F 5- C F 3S 0 3H ,  a n d  
N b F 5- C F 3S 0 3H .

M e a s u re m e n ts  w ere m a d e  a t  se v e ra l m o la r  c o n c e n tra t io n s  o f the 
L e w is  a c id . T h e  ra n g e  w as n o r m a lly  0 .5 -2 .0  a lth o u g h  5 M  S b F s -  
H F  so lu t io n s  w ere a lso  stu d ie d . T h e  L e w is  a c id s , A l B r 3 a n d  S b F s ,  
w ere d is t il le d  in  g la ss  e q u ip m e n t  b e fo re  use. A lu m in u m  c h lo r id e  
w as s u b lim e d  in  a n  N 2 a tm o sp h e re  a n d  T a F s  a n d  N b F s  w ere u t i 
liz e d  as re c e iv e d  fro m  th e  O z a r k -M a h o n in g  C o . A n h y d r o u s  H B r  
a n d  H C 1  (M a th e s o n ) w ere use d  a s re c e iv e d . H y d ro g e n  f lu o r id e  w as 
d is t il le d  in  a n  a l l  ste e l a p p a ra tu s  a n d  H S 0 3F  w as d is t il le d  in  g la s s 
w are. T r if lu o ro m e th a n e s u lfo n ic  a c id  w as d is t il le d  in  g la ssw a re  a n d  
c o n d u c t iv it y  m e a su re m e n ts  in d ic a t e d  it  h a d  2 m o l %  w ate r. A s  in 
d ic a te d  in  th e  te x t th e re  is  so m e u n c e r t a in t y  a b o u t  th e  s t a b il it y  o f 
C F 3S 0 3H  a n d  th e  s o lu t io n s  c o n ta in in g  L e w is  a c id s .

Results and Discussion
It has been indicated that when 3-methylpentane isom- 

erizes there are some rearrangements which occur relative
ly easily and others which occur more slowly. For this work 
we distinguish between the reactions which lead to the rel
atively rapid equilibration of 2-methylpentane, 3-methyl
pentane, and 2,3-dimethylbutane, which will be called type 
A isomerizations, and the isomerization of this mixture of 
isomers to n-hexane and 2,2-dimethylbutane, type B. Type 
B isomerization rates are used in the selectivity parameter,
h iso/hex-

t y p e  o f i s o m e r i z a t i o n :  d e f i n it io n s  

2 - M C 5 3 - M C 5 ^  2 , 3  - D M C 4 A

2 - M C 5 +  3 - M C 5 +  2 , 3 - D M C 4 n - C 6 +  2 , 2 - D M C 4 B

Type A isomerizations at low rates were found in all HC1, 
HBr, and HSO3F systems at —78 or —93° (see Table I). 
Type B isomerizations, however, were negligible and the 
exchange rates were also relatively slow. These experiments 
provide base case or background information for higher 
temperature studies but are not used in further assessing 
the acid solutions.

The same systems and additional ones based on HF and 
CF3SO3H have been studied at ambient conditions. Both 
the isomerization and exchange rates are listed in Table II, 
and an example of the approach to isomerization and ex
change equilibrium in 2 M  SbF5-H S 0 3F is shown in Figure 
1. Both reactions reached equilibrium in less than 2 hr. At
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Table II
Isomerization and Exchange in Acid Systems, 23°

i-C5H12 + (3 -CH3C5HH)*

Acid "B" Aso. h r' 1 Ax. h1" 1 HE

0 . 7  M  A l B r 3- H B r > 1 . 1 0 . 2 5 > 4 . 3

2  M  A l B r j - H B r » 0 . 6 0 . 0 2 > 3 5 / 1

1 . 9  M  A l C l j - H C l > 0 . 8 0 . 2 5 > 3 . 3

1 . 6  M  A I C I 3- H C I > 1 . 6 0 .2 4 > 6 . 6

0 .4 5  M  A 1 C 1 3- H C 1 1 . 1 0 .7 4 1 . 5

0 . 3 7  M A I C I 3- H C I 0 0 .2 6 0

H F 0 0 .0 3 0

0 .5  M  S b F 5- H F 1 . 7 6 0 . 6 8 2 . 6

2  M  S b F 5—H F 2 . 4 2 0 .6 9 3 . 5

5 M  S b F 5—H F 2 .9 8 1 . 8 4 1 . 6

0 .5  M  T a F 5- H F 0 .7 6 0 .5 6 1 . 3 5

2 .0  M  T a F 5- H F 0 .5 8 0 .0 7 8 .2 9

0 .5  M  N b F j - H F 1 . 3 7 2 . 5 2 0 .5 4

H S O 3 F 1 . 4 2 > 3 . 3 4 0 .4 2

2  M  S b F 5—H S 0 3F 1 . 4 2 0 .7 9 1 . 8 0

2  M  T a F j - H S O g F 0 . 7 2 0 .6 2 1 . 1 6

C F j S O j H 0 > 5 . 9 2 0

2 M  S b F 5—C F 3S O 3H 2 . 6 8 0 .6 2 4 . 2 5

2 M  T a F 5—C F 3S O 3 H “ 4 .8 9 4 .7 6 1 . 0 3

2  M  N b F j —C F 3S 0 3 H a 2 . 5 9 > 4 . 4 9 < 0 . 5 8

a U n id e n t if ie d  p ro d u c ts  fo rm e d  in  t h is  a c id .

Time, hr. Time, hr.

Figure 1 .  Is o m e r iz a t io n  a n d  e xch a n g e  e q u il ib r iu m  re a ch e d  r a p id ly  
in  2  M  S b F s - H S O a F .  R S A  or re la t iv e  s p e c if ic  a c t iv it y  is  a  m e a su re  
o f  th e  r a d io a c t iv it y  o f th e  sa m p le .

this time the average C6 molecule had a relative specific activity (RSA) of 0.057 counts/molecule while an average naphthene, methylcyclopentane or cyclohexane, had an 
RSA of 0.047. If we assume that there are 13 exchangeable 
protons in CrHm and 11 exchangeable protons in the alicy- clic compounds, we find the average counts per proton to be nearly identical in both sets of molecules, (0.00438 
count/H)C6H14 and (0.00427 count/H)C6H12. Thus, all exchangeable protons have been equilibrated.

The data indicate a wide range in behavior of the acid systems varying from 2 M  AlBr3 in HBr in which ions 
isomerize more readily than they exchange to HF and CF3SO3H in which exchange is faster. It might be noted that our estimate of k  is0 for 2M  AlBr3-HBr is very low because the system was at equilibrium at the time of sampling. Nevertheless, little detritiation of the hexanes had occurred in this time or in more prolonged experiments.

The data in Table II can be regrouped to compare the se
lectivity parameter, H E ,  when SbF5, TaF5, and NbF5 are 
added to HF, HSO3F, and CF3SO3H (see Table III). When this is done, we find that SbF5, TaF5, and NbF5 lead to the same ordering of 0.5 M solutions in HF and 2 M  solutions in HSO3F and CF3S03H. In all of these, isomerization with 
solutions containing SbF5 proceed with less exchange than

Table III
Selectivity Parameter, I / E

HFa HF& HSO3F& CF3SO3H&

S b F 5 2 . 6 3 . 5 1 . 8 4 . 3

T a F s 1 . 4 8 .3 1 . 2 1 . 0

N b F 5 0 . 5 < 0 . 5

N o n e 0 0 0 .4 0

“ 0 . 5 M M X „ . » O M M X , , .

Table IV
Isomerization and Exchange in HSO3F, 23°

MCP + (3-Methylpentane)*

Lewis acid, M îso *ex I/E

S b F 5, 2 2 .0 1 . 6 1 . 2

T a F 5, 2 0 .8 0 . 9 0 .9

N b F 5, 2 0 .7 1 . 0 0 . 7

occurs with TaF5 and NbFs. The ordering of the acids is apparently proportional to the acidity of the systems as 
measured on the H 0  scale,18“20 which indicates that 
SbF5-HF is about 2 units more acidic than TaF5-HF which in turn is slightly more acidic than NbF5-HF.

The 0.5 M  solutions of TaFg-HF are nearly saturated 
and ought to reflect a maximum acidity at ambient conditions. Hence it is extremely interesting to find that the selectivity parameter increases when an excess of TaFs is 
added. It is known that TaF5 dissolves in HF far beyond its 
solubility limit when the acids are mixed in the presence of hydrocarbons. This indicates that some complex of TaF5 and organic matter, probably a soluble carbonium ion- TaF6 salt, is formed. The presence of this material evidently serves the useful purpose of mainly deaccelerating the 
exchange reaction and the system behaves as though it 
were more acidic and less nucleophilic.Why this is so is a matter of speculation. A plausible rea
son for the small effect on isomerization is that the soluble salt exerts a common ion effect on the alkyl cation concen
tration, i . e . ,  reduces it. This would be consistent with the 
apparent drop in k ¡ s o  from 0.76 to 0.58 hr-1 in proceeding 
from 0.5 to 2.0 M  TaF5-HF. Not easily understandable, 
however, is the larger drop in the rate of exchange. One might have expected that an increased concentration of 
TaF6~ would augment the exchange and further studies of this phenomenon are planned.

The Selectivity Parameter Is Compressed by Meth
ylcyclopentane. The preceding data were obtained with 
mixture I. In Table IV are shown comparable data obtained with mixture II where methylcyclopentane, MCP, is used in place of isopentane. It was expected that MCP would 
function as a cracking inhibitor and prevent cracking reactions which make it difficult to interpret some of the kinetic information in the prior experiments. MCP did suppress 
cracking but surprisingly led to generally faster isomerization and exchange rates than were found when isopentane was used. The I / E  ratios lie in the same order as before but 
the ratio is reduced markedly. The reduction stems from the relatively more rapid increase in the rate of exchange.

The selectivity parameters obtained with both hydrocarbons are compared in Table V. It might be expected that using MCP will lead to an increase in the total concentra
tion of ions dissolved in the acid because the methylcyclo- pentyl ion normally appears to be more stable than any of the alkyl ions.21“23 If this is so, there might be a concomi
tant increase in isomerization rates, in counterion and ole-
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Table V
Selectivity Parameter Is Affected by the Hydrocarbon

2 M SbFj- 2 M TaFj-
Hydrocarbon HSO3F HSO3F

Isopentane 1.8 1.2
Methylcyclopentane 1.2 0.9

Table VI
Selectivity Parameter of 2 M  Acid Solutions0

Acid I/E

A lB r3-H B r >35
T aF 5-H F 8.3
AICI3-H CI 8 est.
SbF5—CF3SO3H 4.3
SbFj-H F (3.5)
SbF5-HS03F 1.8
TaF5-HS03F 1.1
TaF 5—CF3SO3H 1.0
NbFj-CFjSOjH 0.6

0 Obtained with the ¿-C5H12- 3-MC5* mixture.

Table VII
Selectivities of 0.5 M  Acid Solutions“

Acid h e

(0.7) A lB r3-H B r 4.3
SbF5-H F 2.6
A lC lj-H C l 1.5
TaF5-H F 1.4
NbF5-H F 0.5

0 Obtained with the ¿-C5H12- 3-MC5* mixture.

fin concentrations, and a reduction in acidity of the solu
tion. The latter effects would tend to accelerate exchange. 
Thus, both isomerization and exchange rates should in
crease upon raising the ionic strength and this is seen in the 
data. For example, the isomerization rate constant in 2 M 
SbF5-HS03F increased from 1.41 to 2.00 hr-1 when isopen
tane was replaced with MCP. Offsetting increases in the 
exchange rate led to the compression in Table V.

Ranking the Acids. In Table VI, the selectivity parame
ter for 2 M  solutions of the acids listed in Table II is tabu
lated. The ordering indicates that AlBr3-HBr provides the 
best ion stabilizing medium. As there is no simple relation
ship between this composite property and proton activity 
one cannot say that AlBr3-HBr is also the strongest 
Bn/msted acid. In Table VII a shorter comparison of 0.5 M 
solutions is shown.

Although both of the comparisons indicate that AlBr3-  
HBr provides the most stabilizing acid, the data in these 
tables should be used with care. Reasons for caution are 
that some of the systems are heterogeneous and there are 
large differences in solution properties of the Brr/>nsted 
acids. In some cases the data may be biased by cracking or 
the fact that some of the acids may be inherently unstable.

These problems clearly exist for A1C13-HC1 where sight 
glass studies indicate there is virtually no solubility of 
A1C13 in HC124 and its concentration in hydrocarbons is 
likewise known to be low. This system is certainly hetero
geneous and if reaction occurs in different phases it might 
affect the selectivity parameter. Similarly CF3S 03H -M X„ 
systems may rate highly but the prolonged stability of

Figure 3. Equilibrium 2.2-DMC4 not obtained with NbFs-HF.

CF3S03H is uncertain. In particular, during isomerization 
with TaF5-CF3S03H a number of low molecular weight 
and unidentified products were produced and conclusions 
on these systems are tentative.

Another concern is that cracking reactions occurred to 
varying degrees with AlBr3-HBr, A1C13-HC1, SbF5-HF, 
TaFs-HF, and NbFs-HF during the reactions of isopen
tane and 3-methvlpentane. Cracking was severely reduced 
in later work with methylcyclopentane, and the trends es
tablished with isopentane have been generally repeated but 
full comparisons are not yet available.

In spite of these problems an indication that the selectiv
ity parameter provides more than a qualitative comparison 
of the acids may be obtained by examining the apparent 
catalyst life of the 0.5 M solutions of SbF5, TaFr„ and NbFs 
in HF (see Figure 2). These acids had selectivity parame
ters of 2.6, 1.4, and 0.5 and both the SbF5 and TaF5 solu
tions had sufficient catalyst life to allow isomerization to 
approach equilibrium. (With SbFs the product distribution 
is slightly distorted because of cracking which tends to se
lectively remove the reactive components leaving an excess 
of 2,2-dimethylbutane and n -hexane.)

Of more significance, however, is the observation that in 
the NbF5 solution, rapid initial isomerization was followed 
by nearly immediate cessation, the reaction stopping with 
25% 2,2-dimethylbutane in the product whereas about 50% 
should be present at equilibrium. In HF alone, there is es
sentially no formation of 2,2-dimethylbutane under compa
rable conditions; see Figure 3.

These results may be taken to mean that following sol
volysis of the initiator, t -C4H9CI, one generates an alkyl 
ion with increasing stability in the acids: HF < NbFs-HF < 
(TaF5-HF, SbF5-HF). In HF, perhaps because its acidity 
is lower than the other acids, the initial butyl ion concen
tration appears to be immediately lowered and whatever C6 
ions form do not have sufficient “ freedom” or reactivity to 
undergo the skeletal rearrangement to a 2,2-dimethylbutyl 
ion. In NbF5-HF, the Cfi ions first formed do undergo this
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rearrangement, but a side reaction which evidently de
stroys the active isomerizing intermediate must occur si
multaneously because of the severe change. In TaF5-HF 
and SbF5-HF the stability of the intermediates is evidently 
prolonged because of the relatively smoother and continual 
isomerization to equilibrium which is found.

Thus, there is a clear distinction between Lewis acids in 
HF which have a high selectivity parameter and allow 
isomerization to 2,2-dimethylbutane and those with low 
values where the catalyst becomes deactivated. If the com
parison can legitimately be made between different acids, 
HF, HSO3F, CF3SO3H, HC1, and HBr, the selectivity pa
rameter may provide the first consistent scale for a quanti
tative comparison between the strong acids. As such, it 
should complement acidity function studies (H0) currently 
being carried out in these and other laboratories on the 
strong acid systems. At this time the ordering in Tables VI 
and VII is unique in providing the first comparison of 
AlBr3-HBr, AICI3-HCI, the older strong acid systems, and 
a variety of other acids which are of current interest as “ su
peracids,” “ magic” acids, and generally strong acid media.

Registry No.—AlBr3, 7727-15-3; HBr, 10035-10-6; A1C13, 7446-
70- 0; HC1, 7647-01-0; HF, 7664-39-3; SbF5, 7783-70-2; TaF5, 7783-
71- 3; NbF5, 7783-68-8; HSO3F, 7789-21-1; CF3SO3H, 1493-13-6; 
isopentane, 78-78-4; methylcyclopentane, 96-37-7.
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Selectivity parameter measurements of 2 M  mixtures of Lewis acids in Br^nsted acids are reported. Overlap
ping comparisons of inorganic bromides and fluorides in HBr rank the acids as AlBr3 > GaBr3 > TaFs > BBr3 > 
BF3, TiF4, HfF4. Lewis acids are found to exhibit their acidity more easily in HF than in HBr. Two scales, 
(1/E)i.c5 and (I/E)mcp, are found to correlate with one another. They also relate to H0 measurements within a 
given Br^nsted acid but Hq values with different Br0nsted acids do not permit an estimate of the ion stabilizing 
properties of the system.

It has recently been proposed that strong acids can be 
characterized by their ability to stabilize carbonium ions.1 
The ratio of two reactions of methylpentanes, namely the 
rate of isomerization to 2,2-dimethylbutane and n- hexane 
divided by the rate of exchange of protons with isopentane 
or methylcyclopentane, is defined as the selectivity param
eter, (///?),.c 5 or (//£J )m c p , which measures the ion stabi
lizing capacity of the acid.

The I/E ratio is an empirical kinetic parameter offering 
insight into the overall or inherent ability of an acid to per
mit the rearrangement of ions with a minimum of proton 
transfer from the ion or a protonated alkyl cyclopropane in
termediate to the acid. It does not measure the position of 
an ion ^  olefin + H+ or H+-R-cyclopropane — H+ + R- 
cyclopropane equilibrium, but one would expect that these 
shift increasingly to the left as I/E increases.

The initial work provided I/E values for AlBr3-HBr, 
AICI3-HCI, and SbFs, TaF5, and NbF5 in HF, CF3SO3H, 
and HSO3F. Although this permits an immediate ranking

of the acid systems with respect to ion stability it is not 
clear if it provides a real comparison of the acid strength of 
the Lewis acids since different Br0nsted acids were used as 
solvents. Thus, while AlBr3-HBr has a larger I/E than 
SbFs-HF or SbF5-HS03F, one may ask if this reflects the 
fact that AlBr3 is a stronger acid than SbF5 or if HBr is a 
less nucleophilic solvent which provides a better medium 
than HF or HSO3F. One means of answering this is to de
termine I/E with the same Lewis acids in both HBr and 
HF or other solvents. Thus, one of the objectives of the cur
rent work was to obtain overlapping comparisons of the se
lectivity parameter and hence the relative strength of 
Lewis acids in HBr and HF. Another objective was to eval
uate a wider range of systems than previously studied and a 
third objective was to compare the (I/E),.c 5 and ( / / J 5 ) m c p  

scales more closely. Finally, it was hoped that the I/E 
scales could be related to H q (Hammett acidity function) 
measurements which should provide a measure of proton 
activity where such data are available.
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Table I
Selectivity Parameter in 2 M  Acid Mixtures

Cj * 3-MCj* MCP ♦ 3-MC5*

Acid kiso, hr' 1 "ex- hr_1 H e ^iso^, hr *ia„- te' ‘ *ex- hr"1 I/E lkUo>A.

Solvent: HBr
A lB r3 » 0 . 6 0.02 >35 vf > 2 .46 0.65 > 3 .8 vf
GaBr3 >2.7 1.05 > 2.6 > 3 0.39 0.44 0.9 > 4
T aF 5 0.028 0.16 0.17 ~ 3.7 0.024“ 0.21 0.11“ 1.9
B B r3 0 ? 0 0.26 0.00.15“ 0.31 0.005“ 0.12
T iF 4 0 0.32 0 0
b f 3 0 0.16 0 0
HfF4

Solvent: HF
0 0.06 0 0

T aF 5 0.58 0.07 8.29 vf 0.72 0.34 2.1 vf
0.55 0.20 2.8 vf

SbF5 2.42 0.69 3.5 vf > 2 .84 1.89 > 1 .50 vf
> 2 .59 1.75 > 1.48 vf

B F3 >5.50 > 4 .24 1.30 vf (0.004) 0.35 0.01 2.1
0.026“ 0.07“

T iF 4 > 0 .03 5“ 0.96 0.036“ > 2 .8 0.001“ 0.49 0.002“ 0.08
HfF4 0.035“ 2.76 0.013“ 2.8 0.0006“ 0.69 0.0009“ 0.05

Solvent: HC1
GaCl3 1.39 0.25 5.6 > 5 .2
AICI3 8 (est) 0.47 0.32 1.5
BC13 0 0.16 0 0

a Estimated by assuming feiso 
1820 (1951)). vf, very fast.

— %o(&iso)A, as reported in AICI3-HCI at 100° (B. L. Evering and R. C. Waugh, Ind. Eng. Chem.,

Experimental Section
The experimental conditions were slightly different from those 

previously reported.1 The current reactions were carried out in 10- 
or 45-ml Hastelloy C reactors with about 1:3 hydrocarbon to acid 
volume ratios. Two molar mixtures or solutions of Lewis acids in 
hydrogen halides were prepared on the assumption of ideal behav
ior of the components. Sufficient hydrogen halide was used to en
sure the presence of a liquid HX phase in all experiments. As be
fore, a 0.12 M  solution of tert- butyl chloride in the hydrocarbon 
was used to initiate the reactions.

Commercially available BCI3, BBr3, BF3, TiF4, HfF4, GaCl.s, and 
GaBr3 without further purification as well as the TaFs and SbFs 
previously employed were used in this work. Selectivity parame
ters were obtained in HBr, HF, and HC1. Most of the reactions 
were run with both isopentane and methylcyclopentane.

Results
A composite of the selectivity parameters obtained in 2 

M  solutions or mixtures of Lewis acids in HBr, HF, and 
HC1 in this and prior work is reported in Table I. The table 
lists k jso, the rate constant for the conversion of an equilib
rium mixture of 2-MC5, 3-MC5 and 2,3-DMC4 to 2,2-DMC4 
and n -C@; k ex, the constant for proton exchange between 
the tritium labeled Cg reactants and unlabeled i -  C5 or 
MCP; HE which is k lso/kex-, and (biso)A, the rate constant 
for the conversion of 3-MCs to 2-MC5.

Because of the range of activity of the systems studied, 
all of these parameters have been utilized in ranking and 
characterizing the acids.

Discussion
(A) Relative Strength of Lewis Acids. In HBr. The

relative strengths of many strong Lewis acids are unknown 
although various orders have been proposed. A good review 
of the extent and limitations of acidity estimtes is provided 
by Satchell and Satchell2 and a summary of information on 
the metal fluorides has been made by Haartz and McDan
iel.3 The HE scale may permit a more extensive compari
son but until now has not allowed a direct comparison of

fluorides with other halides because of differences in the 
solvent.

To avoid this problem, HBr was chosen as the common 
solvent for' investigating a series of metal bromides and 
fluorides. HBr was picked because thermodynamic consid
erations suggested that metal fluorides would be stable and 
not undergo fluoride-bromide exchange. This is primarily 
because metal-fluoride bonds are stronger than metal-bro
mide bonds. Metal chlorides were not studied in HBr be
cause in many instances they are known to rapidly ex
change. It should be noted that HF could not be used as a 
common solvent for the bromides because of the immediate 
formation of metal fluorides.

The Lewis acids studied include GaBr3, BBr3, TaF5, 
HfF4, BF3, and TiF4 in addition to AlBr3 which was inves
tigated earlier. Experiments were also attempted with SbF5 
but mixing was extremely poor owing to its apparent inso
lubility in HBr and its high viscosity, so that no meaningful 
results were obtained. The solubility of the Lewis acids in 
HBr was not determined so that the I/E characterization 
of the formal 2 M  “ solutions” is very possibly that of satu
rated solutions in the majority of cases. Solubility determi
nations would be extremely valuable but would require 
considerably different equipment than was available for 
this work. In any case, the systems reported were all well 
mixed.

The relative acidity of the Lewis acids in HBr lies in the 
order AlBr3 > GaBr3 > TaFs > BBr3 > (TiF4, BF3, HfF4). 
This order is deduced by sequentially using the data in 
Table I as criteria. First, we use the (I/E) m c p  and ( H E ) h c6 
ratios. Next we utilize kiso which is the rate constant of the 
slowest rearrangement, and then we turn to ( f e i s o ) A ,  the rate 
constant for the facile isomerization of 3-MC5 to 2-MC5.

This clearly orders the acids from AlBr3 to TiF4. The 
error in determining any of the rate constants increases 
with the rapidity of reaction and is estimated at less than 
±10% where k is between 2 and 0.05 hr-1. It becomes very
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Table II
Ion Stability Is Proportional to Acid Strength in HBr

Rel [ R+1 k [ Ex / R + 11S0 MCP ex norm

AlB r3 > 2.46 1 0.65 1
GaBr3 0.39 0.16 0.44 4.2
T aF 5 0.024 0.010 0.21 32.0
B B r3 0.0015 0.0006 0.31 794.0

large with faster reactions and little quantitative signifi
cance should be placed on such values. In considering the 
AlBr3 data in i-C 5, the kiSO value is certain to be much larg
er than 0.6 and (7/E),-_c5 much larger than 35, the problem 
being that the shortest interval used to estimate the kinet
ics was twice as long as in the other experiments and the 
conversion too high to permit a more useful determination. 
The AlBr3 data in MCP offer a much better idea of its acid
ity relative to the other acids.

The isomerization rate constants should reflect the
steady-state ion concentrations developed in the MX„- 
solutions:

-H Br

R* ^  H* + R= (1)
or

R* ^  H* + R — <^j (2)

HBr + MX„
*i *2

JT-M X„Br-_ H*||MX„Br". (3)
B C

The ions should be in equilibrium with olefins or alkylcy- 
clopropanes with the proton activity being governed by the 
equilibria of eq 3. Presumably, the solvated proton may 
exist in either a tight ion pair, B, or solvent separated ion 
pair, C, no distinction being made in this work. The con
centration of B and C ought to measure the Br</>nsted acid
ity of HBr-M X„ but since K 2 may be a function of the 
anion as well as of the solvent, and B and C may react at 
different rates, it seems unwarranted to take the relative 
isomerization rates as more than a qualitative indication of 
acidity. Nevertheless, it is interesting to analyze the isom
erization and exchange data to search for inherent changes 
in ion stability with acid strength. This may be done by as
suming the isomerization rates are proportional to the total 
ion concentration in HBr and normalizing the data in 
Table I, to obtain the relative concentration of ions formed 
with the various Lewis acids. From these values and the 
measured exchange rates the relative rates of exchange or 
deprotonation per ion can be calculated. These values are 
given in the last column of Table II and when they are 
compared with the ion concentrations in column 3 it is 
clear that ion stability is proportional to the total ion con
centration or the acid strength.

The ordering of TiF4, BF3, and HfF j is less certain than 
the other Lewis acids in HBr. One might attempt to place 
these in accord with the decreasing exchange rate but as 
acidity decreases one expects two opposing factors to be
come important. These are that the ion concentration 
should decrease as acidity drops, suggesting a lower ex
change rate, but the basicity of the medium simultaneously 
increases and this should augment the exchange. It is diffi
cult to decide which is most significant and hence ordering 
solely on the HBr exchange data is unreliable.

(B) Relative Strength in HF. Consideration of the HF 
solutions enables one to order the metal fluorides. Again, 
some of the mixtures are heterogeneous while others may 
be homogeneous. The 2 M  mixture of TaF5 far exceeds its 
solubility which is ca. 0.5 M  but the 2 M  SbF5 solution

Table III
Apparent Acidity Deduced from Ion Stabilizing Ability 

of Lewis Acids in HBr and HEa

HBr ( / / e )mcf HF (I/E)MCP

A lB r3 > 3 .8
GaBr3 0.9
T aF 5 0.11 T aF 5 2 .1- 2.8
B B r3 0.0005 SbF5 > 1 .5 ?

(B F 3 ) b f 3 (0 .0 1 -0 .0 7 )
^ T iF 4V T iF 4 0.002
'H fF 4 ' HfF4 0.0009

“ 2 M  mixtures or solutions.

should be homogeneous. As noted previously, the presence 
o: excess TaF5 led to a reversal of the ion stabilizing capa
bility of SbF5 and TaFs which was deduced from I/E 
values on more dilute and fully homogeneous solutions. 
The list which follows is thus subject to limitations im
posed by the presence of more than one phase and the se
lectivity parameter is subject to the unknown influence of 
the excess Lewis acid.

The ion stabilizing ability of the metal fluorides de
creases in the series TaFs, SbFr,? > BF3 > TiF4 > HfF4. 
The list is again gleaned primarily from the {I/E )m c p  and 
(I/E)i_ c6 ratings of the acids. If the HF data in Table I are 
probed as was done with HBr to relate isomerization activi
ty to the rate of exchange per ion one finds that the ex
change is again inversely proportional to the ion concentra
tion. The relative ion stability in HF-TaF5 as opposed to 
HF-SbF5 is uncertain and changes between the isopentane 
and methylcyclopentane systems, but carbonium ions ap
pear to be much more stabilized in these solutions than in 
BF3, TiF4, or HfF4-HF.

Since SbF5 leads to a much more active isomerization 
catalyst than TaF5 the data raise the question of why the 
ion stability in TaF5-HF appears as high as it does. This 
might be because 1/E is artificially high due to the unsus
pected trapping of intermediates by the excess solid which 
could otherwise enter exchange reactions or alternatively 
because I/E in SbF5-HF is too low. This could be caused 
by a rapid proton displacement reaction on the paraffins 
but it is difficult to assess this possibility at this time.

The BF3-HF system appears to be substantially weaker 
than TaFs-HF. In the experiments with isopentane, isom
erization and exchange both appeared to proceed at very 
high rates. However, the apparent isomerization is very 
likely due to the occurrence of fast polymerization and 
cracking reactions of Cg ions and Cg olefins rather than to a 
unimolecular ionic rearrangement. The polymerization
cracking or disproportionation reactions are known to 
occur in this acid.4 Their existence is indicated by the fact 
that large amounts of isobutane were formed along with the 
isomeric hexanes.

The relatively acidity of HF-BF3 is better assessed from 
(I/E )mcv and the isomerization rate in this system. (7/ 
- E ) m c p  is very low and kiso is about two orders of magni
tude lower than TaFs-HF. The BF3-HF system provides 
an example of earlier predictions, namely, that low values 
of the selectivity parameter would be conducive to destabi
lization of ions, formation of olefins or alkylcyclopropanes, 
and subsequent coupling of these products with carbonium 
ions. The apparent acidities of the Lewis acids in HBr and 
HF as .deduced from {I/E)-Mcp are shown in Table III.

TaF5 offers the most important overlap between I/E de
terminations in HBr and HF. The general behavior of these 
systems is also shown by a comparison of the {k iso)A data in 
Table I of BF3, TiF4, and HfF4 in HF and HBr.
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Table IV
Some Physical Properties of the Liquid Hydrogen Halides

Property HC1 Ref HBr Ref HF Ref

Mp, °C -114.25 a -86 .92 a -89 .37 g
Bp, °C -85 .09 a -66 .78 a 19.51 h
Entropy of vaporization, eu 20.5 a 20.4 a, d 6.117 g
D ielectric  constant 14.3 at b 7.33 at e 175 at

158.9°K 187.1°K 200°K
11.3 at 134 at

188.1°K 231°K i
111 at

246°K
Specific conductance, 3.5 x 10"9 c 1.4 x  IO"10 f 1.4 x  10"5 i

ohm"1 cm "1 at —85°C a t —83.6°C at —15°C
a W. F. Giaugue and R. Wiebe, J. Amer. Chem. Soc., 50, 101 (1928). b R. W. Swenson and R. H. Cole, J. Chem. Phys., 22, 284 (1954). c G.

Glocker and R. E. Peck, J. Chem. Phys., 4, 658 (1936). d J. R. Bates, J. O. Halford, and L. C. Anderson, J. Chem. Phys., 3, 531 (1935).
e N. L. Brown and R. H. Cole, J. Chem. Phys., 21, 1920 (1953). f M. E. Peach and T. C. Waddington, J. Chem. Chem. Soc., 2702 (1963). 
e J- H. Hu, D. White, and H. L. Johnston, J. Amer. Chem. Soc., 75, 1232 (1953). h R. L. Jarry and W. J. Davis, J. Phys. Chem., 57, 600 
(1953). ‘ K. Fredenhagen and J. Dahmlos, Z. Anorg. Chem., 178, 272 (1929). 1K. Fredenhagen and G. Cadenbach, Z. Anorg. Chem., 178, 
289(1929).

The isomerization activity of TaF5 is markedly lower in 
HBr than in HF. Thus, (&iSo)i-c5 is 0.028 hr-1 in HBr and 
0.58 hr-1 in HF. Similarly, (&jso)MCP is 0.024 hr-1 in HBr 
and (0.55-0.72) hr-1 in HF. This behavior suggests that it 
is more difficult for a Lewis acid to function as an acid in 
HBr than in HF. One reason might be that HBr is more 
acidic and less nucleophilic than HF, thus rendering it 
more of a discriminating solvent than HF. Another and 
perhaps more important factor is that there is a large dif
ference in solvation properties of liquid HBr and HF pri
marily because of differences in the dielectric constant. 
Table IV contains some of the physical properties of the 
liquid hydrogen halides.

The order of magnitude difference in the dielectric con
stant would be expected to facilitate the separation of ion 
pairs in HF whereas dissociation in HBr is highly unlikely 
except within polar cavities that might exist like micelles in 
solution. Thus, the apparent loss of acidity in HBr may be 
related to differences in degree of dissociation due to the 
bulk solvent properties.

The solvent properties of liquid HBr are similar to those 
of liquid HC1. In view of this and even though we have no 
direct comparison of Lewis acids in HBr and HC1 it seems 
reasonable to compare the I/E values within these acids di
rectly. On this basis we conclude that GaCl3-HCl, ( / /  
F ' ) m c p  =  5 .6 ,  is an exceptionally strong acid system.

The I/E values also indicate that BBr3-HBr is more aci
dic than BCI3-HCI or BF3-HBr from which we infer the 
Lewis acidity of BBr3 is greater than BC13 or BF3, but the 
relative strengths of the latter are uncertain. The results 
are consistent with other qualitative estimates of the acidi
ty of the boron halides.5(C) (I/E)i_c6 and (I/E)mcv Rank Acid Systems. It has 
already been observed that the exchange rates are a prod
uct of competing factors, changing concentration, and 
changing reactivity, and thus are not simply related to acid 
strength. Nevertheless, there are some important points to 
be learned from the changes in both the isomerization and 
exchange rates found in i- C5 and MCP.

With the stronger acids, AlBr3-HBr, TaFs-HBr, TaF5-  
HF, and SbF5-HF one generally finds an increase in 
( êx)MCP vs. (kex)i.c5. One also finds equivalent or slightly 
accelerated isomerization rates, (&iso)M CP ^  (&iso)i-C5- This 
behavior had previously been found with SbF5-H S 03F and 
TaFs-HSCLF,1 and had been explained by assuming that 
reaction with methylcyclopentane leads to the formation of 
a higher concentration of ions than is obtained with isopen-

Figure 1. Correlation between the selectivity parameter in MCP 
and i -C5.

tane. The cations are assumed to be intermediates in isom
erization and hence a high rate is found in spite of the fact 
forming a high salt concentration necessarily lowers the 
acidity. The effect of the latter should be to accelerate the 
exchange.

These effects are found with the stronger acids. In the 
weaker acids, BF3-HF, TiF4-HF, and HfF4-HF, the major 
effect of using MCP is to lower both the isomerization and 
exchange rates, the isomerization rate being most de
pressed. This implies that although these acids are strong 
enough to support the relatively stable MCP+ ion, they are 
too weak for less stable tertiary alkyl cations. The observa
tions are consistent with the view that the rate-determining 
step shifts from ion formation via hydride transfer to ionic 
rearrangement processes as acidity increases.

The (I/E)i.c 6 and (I/E) m c p  values are compared in Fig
ure 1 where the logarithms of the ratios obtained in HBr, 
HF, HC1, and HS03F solutions are plotted against one an
other. The nonlinearity of the graph indicates that al
though some relationship exists it is not a simple free-ener-
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gy relationship. This is not surprising since the change 
from isopentane to methylclopentane has already been sur
mized to change a number o f factors. More important is 
that the graph indicates that I /E  in any acid may be com
pared with I /E  in any other acid as an index o f the relative 
strength and ion stabilizing capacity o f the system. In other 
words, the graph supports the proposal that I /E  be used to 
rank acid systems.

I /E  and Hc>: A Limited Correlation. How do acidity 
scales determined by H 0 compare with the ranking o f the 
same acids via the selectivity parameter? In Table V and 
Figure 2 comparative data for homogeneous HF, HSO3F,

Table V
- " 0° < '/E>(-c5

HF 11.2-11.7 0
2 M  SbF5—HF 15.3 3.5
2 M  TaF5—HF, sat. 13.5 8.29
HSO3F 14.5-15 0.42
2 M  SbFj-HSOjF >18 1.80
2 M  TaF5—HSO3F 16.7 1.16
CF3S03Hc 13 0
2 M  SbF5—CF3S03H >18 4.25
2 M  TaF5-C F 3S03H 16.5 1.03
2 M  NbF5—CF3SO3H <0.58
0.5 M  SbF5—HF 15.1 2.60
0.5 M  TaFs—HF 13.5 1.35
0.5 M  NbF5-H F, sat -1 3 .5 6 0.54

0 Ho values were determined using indicators proposed by, R. J. 
Gillespie and T. E. Peel, Advan. Phys. Org. Chem.. 9, 1 (1971); 
J. Amer. Chem. Soc., 93, 5083 (1971); 95, 5173 (1973). 6 From con
ductivity: H. H. Hyman, L. A. Quarterman, M. Kilpatrick, and J. 
J. Katz, J. Phys. Chem., 65, 123 (1961). c The CF3SO3H used was 
an aged acid.

Figure 2. The selectivity parameter follows Ho in a given acid.

late in such a way as to permit measurements on one scale 
to uniquely define those on the other. This raises the im
mediate question o f which scale is best suited for evaluat
ing catalytic systems and which scale is best suited for eval
uating acid strength. The apparent correlation of ( I /E  c 5 
with ( I /E ) m c p  described in the last section suggests that 
the I /E  scales may provide a more consistent means of 
characterizing different acid systems than H 0, but they

Table VI
Lewis Acidity Orders

Order M ethod R e f

BF 3 >  TaF5 > NbF5 >  TiF,, > PF5 >  SbF3 >  WF6 » Solvent extraction of ArH*MF„, 6
SiF4 ~  CrF3

A sF5 ~ BF3 > PF3 ~ WF6 > NbF5 ~  TaF, >  SiF4 ~ Solubility of Lewis acid 7
CrF3

SbF5 >  AsFs > BF3 >  PF5 Decomposition of complex 8
AsF 5 > PF5 > BF3 Displacement reaction 9
BF3 =  SbF5 =  AsF5 = PF5 > GeF4 >  TeF 6 >  InF, > Salt formation 10

SeF4

A sF3 >  BF3 >  SiF4 >  AsFs > p f 3 F" transfer from SF6' 1 1
AsF5 >  PF5 >  BF3 > SiF4 >■ AsF3 >  SF4, SF5 Ion cyclotron spectroscopy 3
SbF5 >  TaF5 >  NbFs;B F , > TiF 4 >  HfF4 Selectivity parameter 1
SbF5 >  TaF5 -  NbF5 Conductivity 12
SbF5 ~ PF5 >  BF3 Solvolysis constants salt formation 13
SbF5 >  AsF5 = BF3 > PF5 = SnF4 =  ReF6 =  WF. = Solubility, salt formation 14

MoFe = VF5 >  IFS = TeFs = GeF4 =  TaF5 = NbF5 
> SeFj =  SiF4 = TiF( > SbF3 =  A1F3 = CrF3 = 
BeF2

and CF3SO3H systems are shown. It would obviously be de
sirable to have a more extensive set of data to better estab
lish the relationships but it seems clear that I /E  is a com 
plex function o f H 0 and the specific acid medium. Con
versely, H  0 is also not a unique function o f I / E .

Figure 2  suggests that in a given medium the selectivity 
parameter is linearly related to acidity measured by H 0 
and hence a linear free-energy correlation exists. The main 
point, however, is that we now have an added scale to use 
in evaluating acidic systems. The two scales do not corre-

have the drawback of not being easily related to proton ac
tivity.

The relative acidities o f metal fluorides determined in 
these studies may be compared with Lewis acidity orders 
from previous investigations. This is done in Table VI.

The data indicate a general agreement in the ranking to 
be deduced from a large variety o f techniques. It is not our 
intention to review these studies but simply to indicate 
that the selectivity parameter is quite consistent with a 
large body of information.
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Summary

Selectivity parameter measurements have been made on 
a series of 2 M  mixtures of metal bromides and fluorides in 
HBr and HF. The Lewis acids have been ranked in the 
order AlBr3 >  GaBr3 >  TaF5 >  BBr3 >  BF3, TiF4, and 
HfF4 in HBr and TaFs SbFs? > BF3 >  TiF4 >  HfF4 in HF. 
The order is based on the ability of the system to support 
isomerization relative to proton exchange. It is subject to 
the unknown effect of comparing homogeneous with heter
ogeneous systems, and the fact that the selectivity parame
ter for SbF5 and TaF5 in HF inverts as the concentration of 
the Lewis acid increases is an unresolved puzzle.

The Lewis acids tend to exhibit a higher selectivity pa
rameter in HF than in HBr. This is attributed mainly to 
the enormous difference in dielectric constant and hence 
dissociative tendencies in the solvents. This overcomes the 
fact that HBr is more acidic than HF and therefore is a 
more discriminating rather than a leveling solvent.

The ( / /£ ) ; .  c r, scale was found to be related to ( I / E ) m c p . 
with measurements being compared in different Bn/msted 
acids. This suggests that these scales may provide a basis 
for comparing the acidity or at least the catalytic activity of 
Lewis acids in varied media like HBr, HF, and H S0 3F.

The I / E  scale in any one acid appears to correlate with 
H  o but since the correlation depends on the solvent one 
cannot use I / E  to predict H 0  in an unknown solvent or,

v ice  versa , one cannot use H 0 to infer the ion stabilizing
properties o f the acid.

R e g is t r y  N o .— H B r , 11035-10-6 ; A lB r 3, 77 27 -1 5 -3 ; G aB r3,
13450 -88 -9 ; T a F 5, 7 7 8 3 -7 1 -3 ; B B r 3, 10 294-33-4 ; T iF 4, 7783-63-3 ;
B F 3, 76 37 -0 7 -2 ; H fF 4, 1 3 709 -52 -9 ; H F , 76 64 -3 9 -3 ; S b F 6, 77 83 -7 0 -2 ;
HC1, 76 47 -0 1 -0 ; G a C l3, 13 450 -90 -3 ; A1C13, 74 46-7 0-0 ; BC13, 10294-
34 -5 ; H S 0 3F, 77 89 -2 1 -1 ; C F 3S 0 3H ; 1493-13-6 ; N b F s , 77 83 -6 8 -8 .
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An investigation about the kinetics of the solvolysis of 2-bromo-2-methylpentane (1) in DMF was conducted 
using different titration procedures, following distributive extraction between CC14 and water, and gas chroma
tography. The reaction picture allowed division into distinct phases. The last of these is dominated by an autoca- 
talytic second-order elimination with a notable Saytzeff character (94%) for which kinetic parameters could be es
timated. The initial phase shows a remarkable instantaneous release of titrable bromide until a given level is 
reached; this is attributed largely to the formation of un-ionized species, probably ion pairs. Elimination in this 
phase has a less pronounced Saytzeff orientation (40-50% terminal olefin) and is thought to be mostly a secon
dary process, probably succeeding to the formation of a cationic intermediate (RDMF)+ by solvent substitution. 
Radiobromide experiments showed a rapid incorporation of 82Br into a CCl4-extractable form, which was com
pletely inhibited by growing C er-, and a slower one which remained unaffected.

Solvolysis in aprotic media of alkyl halides and related 
compounds, carrying good leaving groups, has, on the 
whole, received only little attention. With a few exceptions, 
the scanty data available2-3 have been obtained in view of 
an extension of solvent-reactivity correlations. In view of 
the well-established properties of DAS4 (substantial ioniz
ing power, high nucleophilicity and basicity, etc.) a more 
probing investigation was justified.

In 1957 Ross and Labes3b determined some first-order 
rate constants for the hydrogen halide production from t  - 
BuCl, dimethylneopentylcarbinyl chloride, and t-BuBr in 
DMF (and iV-methylpropionamide). Kornblum and Black

wood3a had already noted a halide ion production by sever
al alkyl halides in DMF. Among these was t  -BuBr, but also 
there were Mel and benzyl bromide, the latter two being 
unable to decompose by elimination. In neither study has 
an elucidation o f the elimination or of the salt-forming 
mechanism been attempted.

In this paper the decomposition of 2-bromo-2-methyl- 
pentane (1) in dimethylformamide (DMF; C25 36.7) is de
scribed, as studied by (a) different distributive extraction 
procedures, using carbon tetrachloride and water, and (b) 
gas chromatography. Radiobromide incorporation has been 
followed under comparable conditions.



308 J. Org. Chem., Vol. 40, No. 3, 1975 Anteunis and Peeters

Experimental Section

Materials. D im e th y lfo rm a m id e  (D M F , F lu k a  P u riss) w as d ried  
o n  M o le cu la r  S ieves 4A  (M e rck ) and  fra c t io n a te d  in vacuo (5  m m ) 
fro m  P 2O 5 (M e rck  p .a .), as d e scrib e d  b y  R itch ie  and  M e g e r le .5 A  
sp e c if ic  co n d u c t iv ity  b e lo w  4 X  10 - 7  m h o  w as used  as th e  crite r ion  
for  the co lle c t io n  (u n d e r  d ry  n itrogen ) o f  th e  u sab le  fra ct ion s . 2 - 
B ro m o -2 -m e th y lp e n ta n e  (1 ) w as gen era ted  (b p  7 0 ° (100  m m )) 
fro m  2 -m e th y l-2 -p e n ta n o l an d  P B r 3 at —2 0 “ . T h e  a lco h o l itse lf 
was p rep a red  b y  G rign ard  rea ction  from  p ro p y l b ro m id e  an d  a ce 
ton e . O th er reagents w ere  ava ilab le  c o m m e rc ia lly  an d  p u r ifie d  b y  
sta n d a rd  m eth od s .

Methods. K in e tic  m ea su rem en ts  w ere m a d e  b y  an a lyzin g  a li
q u o ts  ( 1 - 2  m l) taken  at a p p ro p r ia te  t im es fro m  th e  th erm osta ted  
re a ctio n  m ixtu re  (u su a lly  6 5 -2 0 0  m l), co n ta in e d  in  a c lo se d  vessel. 
T h e  c ru d e  sam p lin g  w as d o n e  w ith  a  syrin ge  th ro u g h  an in ert s e p 
tu m , a n d , a fte r  q u en ch in g  at 0 ° ,  a k n ow n  a m o u n t ( 1  o r  2  m l) w as 
w ith d ra w n  w ith  a ca lib ra ted  p ip e t  an d  tra n sferred  to  a m ixtu re  o f  
5 m l o f  C C I4 a n d  10 m l w ater a t  0 “ (m e th o d  A ). A fte r  en erg etic  and  
p ro lo n g e d  sh ak in g , th e  p hases w ere sep a ra ted  b y  cen trifu g in g  
(3 000  rp m ).

In som e e x p er im en ts  th e  sam p le  w as first  a d d e d  to  th e  sam e 
a m o u n t  o f  C C I4 an d  the m ixtu re  was stored  at 0 “ for  5 m in  b e fo re  
e x tra c tio n  w ith  w ater (m e th o d  B ). T h is  a llow ed  th e  r e co m b in a t io n  
o f  s om e  D M F -so lv a te d  sp ec ies  th a t  are su b je c t  t o  ra p id  h y d ro lys is , 
b u t  it le ft  u n a ffe cte d  th e  in org a n ic  b ro m id e  w h ich  had  been  
fo rm e d . L o n g er  re s id e n ce  t im es  d id  n o t  im p ro v e  th e  resu lts. In i
t ia lly  0 .05  M  a q u e o u s  N a O H  was used  in stead  o f  w ater, b u t  th is 
w as fo u n d  t o  b e  su p erflu ou s .

Titration Procedures. B o th  b ro m id e  an d  h y d ro g e n  io n s  w ere 
titra ted  p o te n tio m e tr ica lly  w ith  a q u eou s A g N O j an d  N a O H . F or 
d ilu te  so lu tio n s  th e  en d  p o in t  was esta b lish ed  b y  G ran  lin ea riza 
t io n .6

O le fin  d e te rm in a tio n s  in th e  orga n ic  layer w ere som etim es  c a r 
ried  o u t  b y  an a d a p ta tio n  o f  th e  m e th o d  o f  C o lter  a n d  J o h n s o n ,7 

con s is t in g  in th e  a d d itio n  o f  b ro m in e  (1 o r  2 m l o f  0 .200  M  a q u e 
ou s K B r - K B r 0 3, 5 m l o f  a ce tic  a cid , an d  2 m l o f  6  IV su lfu r ic  a c id  
per 5 -m l sa m p le ), co n v ers ion  o f  the  excess  in to  io d in e  w ith  a q u e 
ou s  K I  (5 m l, 1 N) ,  an d  titra tion  w ith  0.1 N  th io su lfa te  a fter  30 
sec. W ith  a ctu a l sa m p les fro m  th e  rea ction  m ixtu res, a s ta b le  end  
p o in t  c o u ld  n o t  b e  o b ta in e d , p ro b a b ly  d u e  to  th e  p resen ce  o f  u n 
rea cted  tert ia ry  a lk y l b ro m id e . T h is  o f  cou rse  severe ly  lim its  the  
q u a n tita tiv e  in terp re ta tion  o f  these  results, as o le fin  c o n c e n tra 
t ion s  m ay  have been  u n d erestim a ted  b y  as m u ch  as 1 0 -2 0 % . Im 
p ro v e m e n t  on  th e  cu rre n t p ro ce d u re  has n o t  b een  u n dertak en , 
h ow ever , as o n ly  se m iq u a n tita tiv e  use w as m a d e  o f  these  resu lts in 
co n firm in g  a tren d  esta b lish ed  b y  o th er  m eans.

Gas Chromatographic Determinations. S e p a ra tio n  o f  th e  o le 
fin s  w as e ffe c te d  on  a 6 -m  co lu m n  filled  w ith  17% A p ie z o n  L  on  
G a s -C h ro m  P  (8 0 -1 0 0  m esh ) at 5 0 ° , using h y d rogen  as th e  e luen t. 
B e fo re  th e  analysis, th e  sam p le  w as fra c tio n a te d  a t  w a ter -ta p  v a c 
uu m , th ro u g h  a sm all V ig reu x -lik e  co lu m n , fo r  20  se c  (w h en  o n ly  
p r o d u c t  d is tr ib u tio n  w as t o  b e  d e te rm in e d ). T o  m easure  o le fin  
y ie ld s , cy c lo h e x e n e  w as a d d e d  as an in tern a l s ta n d a rd . In these  
cases, fra c t io n a t io n  had  t o  be  p ro lo n g e d  fo r  3 m in to  ensure  q u a n 
tita tiv e  tra n sfer  o f  th e  stan d ard . S in ce  th is  resu lted  in th e  d is t illa 
tion  o f  a m in or  p a r t  o f  th e  su bstra te , w h ich  w as fo u n d  to  sh ow  
som e d e co m p o s it io n  on  th e  co lu m n , th e  m e th o d  cou ld  n o t  b e  c o n 
fid e n t ly  used  to  d e term in e  low  rea ction  y ie lds . B e fo re  an d  a fter  the  
trea tm en t, sa m p les w ere  stored  in liq u id  n itrogen .

Radiobromide Incorporation. 82B r -  w as co m m e r ica lly  a v a il
ab le  from  S C K  (M o l, B e lg iu m ) as an a q u eou s  so lu tion  o f  a m m o 
n iu m  b ro m id e . T h e  orig in a l so lu tion  (4  m l) w as e v a p o ra te d  to  near 
d ryn ess  (a p p ro x im a te ly  0 . 1  m l) an d  a sto ck  so lu tio n  w as m a d e  b y  
a d d it io n  o f  1 m l o f  D M F . O f  th is, a m ou n ts  o f  2 0 -1 0 0  (e x c e p t io n a l
ly  500) ¿d w ere a d d e d  to  65 m l o f  D M F  so lu tion  in a ctu a l e x p e r i
m ents. T h e  extra  a m o u n t o f  w ater thus in tro d u ce d  in to  th e  re a c 
t io n  m ed iu m  m ay b e  est im a ted  as 3 0 -1 5 0  p p m , the  low er value 
b e in g  re la ted  to  th e  m ore  im p o rta n t resu lts at h igh  sp e c if ic  a c t iv i
ty. T o ta l a c t iv ity  a m o u n te d  to  a p p ro x im a te ly  0 .08  /¿C i/m l in all e x 
p erim en ts.

E x ce p t  fo r  th e  a d d it io n  a n d  u ltim a te  assay  o f  ra d ioa ctiv e  m a te 
rial, th e  d esign  o f  th e  e x p er im en ts  w as id en tica l w ith  th a t  o f  the 
a b o v e  k in e tic  runs fo llo w e d  b y  d istr ib u tiv e  e x tra c tio n  be tw een  
w ater an d  CCI4.

T h e  sa m p les  w ere c o u n te d  in a w e ll-ty p e  sc in tilla t ion  d e te c to r , 
e q u ip p e d  w ith  a N a l crysta l (T ra ce r la b  P -2 0  C ). C orre sp o n d in g  o r 
ga n ic  and  a q u eou s  sam p les w ere  a lw ays c o u n te d  in im m ed ia te  s u c 
cession , th e re b y  o b v ia t in g  th e  need  fo r  c o rre c t io n s  fo r  82B r  d eca y , 
as o n ly  a ct iv ity  ra tios  w ere w an ted . T h e se  w ere  o b ta in e d  from  the

m ean  o f  three  d e term in a tion s  a fter  co rre c t io n  fo r  d e a d  t im e  an d  
fo r  v o lu m e  d iffe ren ces .

E x p e r im e n ts  w ere carried  o u t  w ith  su b stra te  c o n ce n tra tio n s  o f  
a p p ro x im a te ly  0.1 M,  w ith  a n d  w ith o u t  a d d it io n  o f  N a B r  (a p 
p ro x im a te ly  0 .2  M).

Treatment of Kinetic Data. G en era lly , th e  re a ctio n  p ic tu re  o b 
ta in ed  w as t o o  c o m p le x  to  b e  am en a b le  to  k in e tic  an alysis. In  so m e  
e x p er im en ts , how ever, sta n d a rd  k in etic  an alysis  w as u sed  to  sh ow  
tren d s  or  to  estim a te  som e  rate  con stan ts .

D o m in a n ce  o f  a u toca ta ly tic  rea ction s  w as d e m o n stra te d  b y  p lo t 
t in g  log  x/ (a -  x ) against tim e, w h ere  a is th e  in itia l su b stra te  
c o n ce n tra tio n  an d  x is the  b ro m id e  ion  co n ce n tra tio n , as c a lc u la t 
ed  fro m  th e  titra tion  resu lts, w h ich  c lea rly  d if fe r s 8 -10  fro m  th e  tru e 
[3 r~ ].

W h e n  excess B r is a d d ed , th e  a b ove  co n s id e ra tio n  a p p lies  o n ly  
to  a lesser ex ten t. D issoc ia tion  o f  th e  fo rm e d  H B r w ill p ro b a b ly  b e  
su p p ressed  to  a h igh  d egree . C on seq u en tly , e s t im a tio n  o f  fc2,Br- 
w as here  ca rried  o u t  on  the  basis o f  p s e u d o -fir s t -o rd e r  k in etics , 
w h ich  a llow ed  easy  corre c tio n  fo r  tru e fir s t -o rd e r  so lvo lysis .

T h e  v a lu es sta ted  have n o t  b een  co rre c te d  fo r  in co m p le te  d is so 
c ia tio n  o f  N aB r. A  c ru d e  estim a te , b a sed  on  a p u b lish e d  va lu e  o f  
pRdiss1 1  an d  a s im p le  D e b y e -H ü c k e l co rre c t io n  lead s to  a =  0.87.

Results

Reaction Picture. The reaction has been studied under 
varying conditions of initial substrate concentration (in the 
range 0.07-0.5 M )  and temperature.

Figure 1 exemplifies the general appearance of the 
course o f solvolysis as followed by bromide titrations 
(method A) and gc. The notable concurrence of both types 
of measurements indicates that elimination is the sole net 
process of the main part o f the reaction. The striking varia
tion of the olefin distribution during the reaction, however 
(Figure lb ), implies that in fact several d iffe ren t e lim ina 
tion  mechanisms are operative. We found that generally, 
three consecutive phases could be distinguished: (a) the 
initial phase, characterized by the occurrence of an almost 
instantaneous release of titrable bromide followed by a 
rapid levelling off, manifesting at most a small rise in con
centration o f the same, and by a rather unexpectedly high, 
though falling, initial percentage of terminal olefin (2:50%
2 -methyl-l-pentene); (b) a phase of transition, where bro
mide production appears to be resumed and which may in
clude a first-order elimination as the major feature, with a 
regiospecificity of approximately 40% 1-olefin; (c) the auto
catalytic phase, where the data are reasonably well amena
ble to treatment by autocatalytic kinetics. In this last case 
a pronounced Saytzeff orientation is noted.

The Autocatalytic Elimination (Phase c). In view of 
the now well-known basicity of halide ions in aprotic 
media, limiting E2-type eliminations, caused by Br“-, and 
most probably HBr2"“, too, are not unexpected, as these 
ions are generated in the solution. Comparable reactions 
have recently been studied12 and were identified as E2C, as 
designated by Winstein, Parker, and their coworkers.12a

At a  C l0iSubstr of approximately 0.46 M  our present data 
are reasonably well in agreement with autocatalytic kinet
ics from 25 to 90% conversion at 30 and at 45° and from 45 
to 90% at 60°. In fact, perfect agreement is not likely be
cause o f the fact that the titration results are not really 
proportional to C Rr- and because o f the expected impor
tance of HBr^T ions and the attendent elimination reac
tion.

Estimates for k K2,30 o f the reaction
Br" + RBr — »- olefins + Br" + HBr

have been obtained, by use o f method A and H+ titration, 
the reaction mixture containing, besides 1  (Co 0 .1  M ), 
also NaBr (C 0 ~  0..I-0.2 M ) .  The estimated mean of 3.8 X
1 0 - 4  sec- 1  mol- 1  compares well with the rate constant o f 
related E2C reactions of halide ions in DMF and ace
tone. 1211'13 It is in accord also with the apparent rate con-
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Figure 1. (a ) C ou rse  o f  so lv o ly s is  o f  1 (Co =  0.47  M )  in D M F  at 
3 0 .0 ° , as m easu red  b y  b r o m id e  t itra tio n  a n d  gc  (o le f in  d e te rm in a 
t io n s ). (b ) A tte n d e n t  o le fin  d is tr ib u tio n  (g c ).

Figure 2. (a ) C ou rse  o f  so lvo lysis  o f  1 ( C 0 =  0 .088  M )  in D M F  at 
3 0 .0 ° , as m easu red  b y  B r~  an d  H + t itra tion , (b ) A tte n d e n t  o le fin  
d is tr ib u tio n  (g c ).

stant ^E2,app,30 = 1.4 X 10- 4  sec- 1  mol- 1  for the autocataly- 
tic phase of solvolysis (C0,i = 0.46 M ), taking into account 
incomplete dissociation o f HBr etc. Addition of 10~ 2 M  pic
ric acid does not affect the reaction rate.

The regiospecificity for this phase was determined by 
adding an even more substantial amount of NaBr (CNaBr ~  
0.5 M, Ci = 0.1 M ). An essentially constant product orien
tation of 16.1 ±  0.5% 1-olefin was obtained over the whole 
course of reaction (and was equally unaltered by addition 
o f 10- 2  M  picric acid).

Conceivably, when smaller substrate concentrations 
(e . g of the order o f 0.1 M )  are used, the relative impor
tance of the autocatalytic part of the reaction in solvolysis 
is decreased and its dominance is postponed. These condi
tions evidently are more convenient for the study o f the 
genuine solvolytic phenomena.

The Initial Phase (Phase a). This part of the reaction 
picture offers some rather unusual features; v i z . , an imme
diate and fast rise of titrated bromide, suddenly followed 
by a very marked leveling off (Figure 2a). This aspect is 
most readily observed at lower temperatures, e .g . , 30°. In 
the experiments at 45° its occurrence is reduced to a 
“ shoulder” and can only be conjectured at 60°. The use of 
substrate concentrations in a range of 0.07-0.1 M  allows 
the observation of an almost constant level o f apparent 
C Br-, for more than 200 min (!) as evidenced by Figure 2 a. 
Under these conditions, t h i s  s t e a d y - s t a t e  Cbf-  a m o u n t s  t o  
m o r e  t h a n  2 0 %  o f  t h e  t o t a l  b r o m i d e ,  although its absolute 
value remains of the order o f 0.02-0.025 M  in all experi
ments. However unusual, these results stand not alone in 
the literature. Winstein, e t  a l . , 14 gave a cursory descrip
tion of an analogous albeit less pronounced phenomenon, 
observed after dissolving t -  BuBr in acetone, however, 
without explanation. The similarity o f the substrate and 
the dipolar aprotic character of the solvent induce us to be
lieve that in these media this behavior is of some generali
ty-

On the supposition that acid production itself could in 
any way have brought about the leveling off, picric acid was 
added, which at the concentration used (10- 2  M ),  is com
pletely dissociated.9 In fact, the image o f the experiment is 
greatly changed. Bromide titration now shows a slow, linear 
increase, although still starting at a level of 0.007 M  which

Figure 3. C ou rse  o f  so lv o ly s is  o f  1 (C0 =  0.10  M )  in D M F  at 3 0 .0 ° , 
in  th e  p resen ce  o f  0.01 M  p icr ic  acid . T h e  low er cu rve  represen ts  
resu lts ob ta in e d  b y  m e th o d  B  (5 -m in  res id en ce  tim e in C C I4, p rior  
to  w ater  e x tra c t io n ); th e  u p p er  cu rve  rep resen ts  resu lts ob ta in ed  
b y  m e th o d  A  (im m e d ia te  d istr ib u tiv e  e x tra c tio n  w ith  a w a te r -C C U  
m ixtu re ).

seems to have been formed instantaneously, right at the 
start o f the solvolysis. The lowering (from 22 to 7%) is more 
suggestive for a salt effect than for inhibitory action.

A refined extraction method was then devised (method
B) whereby the samples were given a residence time of 5 
min in CCI4 before extraction with water. Figure 3 (lower 
curves) establishes that the instantaneous release o f titra
ble bromide is due, not to HBr or its ionization products, 
b u t  t o  s o m e  s p e c i e s  a b l e  t o  r e c o m b i n e  in  a  m e d i u m  o f  lo w  
i o n i z i n g  p o w e r  while being subjected, on the other hand, to 
immediate hydrolysis during water extraction. It would ap
pear to us that some kind of ion pair is the species most 
likely to display this behavior. In the course o f the reaction, 
part o f the recombinable bromide may well be present as 
free ions, provided a cationic solvolysis product is formed 
simultaneously. The lower curve may then be identified 
with the total elimination. Its sigmoidal shape and the low 
initial rate suggest that, at least in this phase o f the reac
tion, the elimination consists largely, if not wholly, o f a sec
ondary process. The important primary process may then 
be thought of as a first-order substitution by the solvent to
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Figure 4. In co rp o ra t io n  o f  a d d e d  82B r~  in to  a C C h -e x tra c ta b le  
fo rm  d u rin g  B r“ -in d u ce d  E 2  e lim in a tion  o f  1 in D M F  at 30 .0 °  (C o  
=  0 .097  M;  CNaBr =  0 .207 M;  a p p ro x im a te ly  0.08  jjC i 82B r /m l) . 
R e la t iv e  a ct iv it ies  o f  C C I4 an d  w ater layers a fter  d is tr ib u tiv e  e x 
tra ctio n  w ere co rre c te d , as sh ow n , fo r  su b stra te  d e co m p o s it io n .

yield a cationic intermediate o f probable structure RDMF+
(2)15^18

2: RDMF+ -  R\ ^ CH\ NMe2 —  R\ 0 /C H N jM e 2

This is in accordance with the observation of Kornblum 
and Blackwood3d that halide ion was liberated from methyl 
iodide and from benzyl bromide in DMF.

In fact, several of our own experiments demonstrate that 
acid and olefin production are lagging behind bromide for
mation. In a consistent manner, titration for Br~ gave high
er results than acid determinations. Figure 2a shows an 
outstanding example. Olefin titrations, though less quanti
tative, confirm these data. Noteworthy is the fact that, in 
all cases studied, the resuming o f apparent bromide pro
duction coincided with the disappearance of any apprecia
ble difference in analysis results.

Olefin distribution o f this phase is shown in Figure 2b. 
Starting at approximately 50% l-ene, this value is slowly 
lowered to 46% l-ene at the end of the phase. By compara
ble determinations with 10- 2  M  picric acid added (Co,Substr 
= 0.096 M ), an essentially constant amount of 41% (41.1 ±  
0 .8%) was found. This value may be attributed reasonably 
well to the elimination of intermediate 2. The true regio- 
specificity may be somewhat higher still, as even here a 
contribution of the autocatalytic Br_ -induced elimination 
is to be expected. 19 The initial product orientation in ab
sence o f any addition suggests that at the very start of the 
solvolysis still another elimination mechanism could be op
erative, endowed with a regiospecificity close to Hofmann 
direction! This characteristic probably excludes a straight
forward E l20’21 mechanism, which moreover would not be 
inhibited by increase of acid concentration or o f ionic 
strength.

To our knowledge the only previous record of a product 
distribution attending solvolytic elimination in a dipolar 
aprotic solvent was made by Parker and coworkers, who 
noted 50% l-ene for the elimination of te rt- pentyl bromide 
in acetone at 50°.22

The Intermediate Region. In view of the foregoing dis
cussion it is doubtful that this region should be considered 
as a phase with proper identity. Indeed, it is more likely 
that the apparent resuming of bromide production is noth
ing but the visible continuation of a process which was pre
viously concealed by the superposition of the initially high 
level of ion-pair concentration. This interpretation is corro

AC T IV

_1_______________ I_______________ I_______________ I------------------------L _
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Figure 5. In co rp o ra tio n  o f  a d d e d  82B r "  (a p p ro x im a te ly  0 .0 8  /xC i/ 
m l) in to  a C C U -ex tra cta b le  fo rm , du rin g  so lv o ly s is  o f  1 (C o  =  0 .080  
M )  in D M F  at 30 .0 °.. In d ica ted  are the re la tiv e  a ct iv it ies  o f  th e  
layers a fter  d is tr ib u tiv e  ex tra ction , w ith  C C I4 and  w ater, o f  s o lv o l 
ysis sam p les. T o ta l a ct iv ity  a d d e d  p er v o lu m e  w as a lm o st  equ al, 
b u t, d u e  t o  d e ca y , “ c h e m ica l”  co n ce n tra tio n  o f  a d d e d  B r "  w as a p 
p ro x im a te ly  2 X 10 - 7  M  (a ), 1 X  10 " 6 M  (b ) , a n d  5 X  1 0 " 6 M  (c )  in 
su ccess ive  exp erim en ts.

borated by fitting o f the data of Figure 1 to first-order ki
netics. In a log (a — x )  us. t  plot this “ phase” is well ap
proximated by a straight line, which after extrapolation in
tersects with the ordinate at a value only slightly above log 
a. ~

Radiobromide Incorporation Experiments. We have 
performed some experiments in order to examine the incor
poration of radiobromide into a form which is to be found 
in the CCI4 phase after distributive extraction with CCI4 

and water of solvolyzing DMF samples. The peculiar re
sults, shown in Figure 5, may be used to shed some light on 
the possible pathways of solvolysis. A tentative explanation 
may be offered on the basis of the well-known Winstein 
ionization scheme24

*1 *3 *5
RBr v—- R*Br" R*llBr" ; —» R+ + Br"

k2 *4 *6

In contrast to the situation in most protic media, recombi
nation of the dissociated ions (/efi) may well be a very fast 
reaction, owing to the enhanced nucleophilicity of halide 
ior_s.4a’b This should allow a rapid incorporation o f 82Br~, 
especially if k 4 is not too small. Unhampered continuation 
o f this process, however, would bring the major part o f the 
activity in a CCVextractable form after a short time, and 
this is not the case. If, however, the original quasiequili
brium value of carbenium ion concentration is very small, 
as can be postulated reasonably (k f] large!), the progress of 
solvolysis and the production of Br" by an independent 
way will soon inhibit radiobromide incorporation automati- 
cal.y. Indeed, if a quasiequilibrium between the compo
nents o f the Winstein scheme is assumed, it follows that 
[R+] = fe5[R+||Br-]/M Br-] =* [RBr]/[Br- ].

The rate of incorporation of 82Br_ is then proportional to 
[RBr][82Br_]/[Br_ ] or roughly to l/[Br~]. This is in accord 
with the much lower initial incorporation rates, in case ra
diobromide of lower specific activity was used (Figure 5b 
anc c) as this corresponded to a higher “ chemical”  bromide 
concentration.

Radiobromide addition to solvolysis mixtures (Figure 5) 
also discloses a more gradual incorporation at a lower rate, 
independent of the exceptional uptake at high specific ac
tivity and uninhibited by the growing bromide concentra
tion. Even in reaction mixtures with 0.2 M  NaBr present, 
the incorporation of 82Br_ is nearly linear with time, after 
correction for the decreasing substrate concentration (Fig
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ure 4). These results may be explained by the occurrence of 
some sort of exchange reaction at the level of, e.g., the sol
vent-separated ion pair. In fact, the concentration of any 
ion pair can be expected to be proportional to that of the 
substrate and the 82Br-  activity in the water soluble form 
remains almost at a constant level for the duration of the 
experiment.

Summary and Conclusions
We believe to have demonstrated unambiguously that 

the main initial solvolysis product of 2 -bromo-2 -methyl- 
pentane in DMF consists o f a cationic substitution product 
RDMF+ (2), which consequently is eliminated to yield 2- 
methylpentenes with a regiospecificity o f more than 40% 
terminal olefin (25% Hofmann elimination if corrected for 
statistical factors). In the course of solvolysis, the autocata- 
lytic second-order eliminations, with Br~ and probably 
HBr2_ as basic reagents, become the dominant reactions, 
at least in the concentration range studied. In accord with 
work on related reactions a pronounced Saytzeff orienta
tion is found (94% including correction for statistical fac
tors).

At low ionic strength the existence of yet another elimi
nation mechanism is suspected.

The first phase of solvolysis is attended by the rapid for
mation of appreciable quantities of water-extractable 
species, the major part of which is tentatively identified as 
ion pairs. As none of the classical procedures used allows 
the determination of total solvolysis (i.e., elimination plus 
substitution), no clear distinction can be made between 
these and RDMF+ (2), whose formation may also be readi
ly reversible during its stay in CC14 solution (procedure B).

82Br experiments indicate, among other things, that ion
ization and dissociation reactions in the system studied 
were fast and reversible to a great extent.

Registry No.—1, 4283-80-1.
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A  novel com pensation m ethod, based on potentiom etric detection of B r - , has been used to m easure in it ia l so l
vo lysis  rates of R M e 2C B r  in  D M F  (R  =  M e, E t , P r)  w ith  fa ir  precision. Influences of substrate structure and of 
io n ic strength are com parable to the same in  p ro tic  solvents. R ate  enhancem ent by added azide and lower a c tiv a 
tion energies was noted however. Com plete absence of io n ic  additives gave rise to an unforeseen 1 7 %  enhance
m ent of the expected rate. Th e se  data  have been com bined w ith those obtained in  the foregoing paper to allow  
elaboration of a schem e for the so lvolysis of P r C M e 2B r  (1) in  D M F . T h e  possible pathw ays are d iscussed in  the 
lig h t of the a va ila b le  evidence. I t  is  concluded th a t free carbenium  ions are m ec h a n istica lly  u n im p o rtan t, whereas 
d ifferent k in d s  of ion p airs are p ro bab ly essential interm ediates. Som e un -io n ize d  w ater-extractable species, 
form ed a b u n d a n tly  at d issolution of the substrate, do not lie  on the m ain  reaction path. Before an a u to catalytic  
E 2  m echanism  w ith B r -  (and H B r 2~) becomes predo m inant, the m ajor process is  constituted b y su b stitu tio n  b y 
the solvent, p ro bab ly at the solvent-separated io n -p a ir  stage, and subsequent e lim in a tio n  of the ca tio n ic su b stitu 
tion p ro duct (7).

There exist many marked differences between protic and 
dipolar aprotic solvents (DAS), liable to be relevant for 
their role in solvolytic reactions.3 In the foregoing paper, 1 
results have been described pertaining to the DMF solvoly
sis o f 2-bromo-2-methylpentane (1). Conventional methods 
or adaptations thereof were used to disclose the existence 
o f several reaction phases, including the dominance o f sub
stitution by the solvent as a primary process and the imme
diate initial presence of relatively large amounts of ion 
pairs, suggestive of their possible importance as reaction 
intermediates. Since direct assessment of total solvolysis 
had proved impossible, no distinction could be made be
tween extractable ion pairs and the (ionic) substitution 
product.

The present paper describes the elaboration o f a method 
able to measure the formation of ionized bromide as distin
guishable from any ion pairs, as it is based on potentiomet
ric detection o f its concentration in the solvent itself. It has 
been used to measure initial solvolysis rates of a few “ sim
ple” tertiary alkyl bromides. An attempt is made to derive 
a solvolysis scheme for 1 in DMF, from a combination of 
these results with data previously obtained1 and from cal
culations based upon them.

Experimental Section
Principle of the Potentiometric Method. T h e  apparatus is 

com posed of two id en tica l therm ostated vessels w hich were fille d  
w ith an equal am o unt of the same m ed ium , pro vided w ith  an id e n 
t ic a l electrode system  and connected through an electrolyte bridge. 
O ne of these serves as a reaction vessel. A s the reaction proceeds, 
ions are liberated, to w hich the electrode system  responds, and the 
potential d ifference is detected. A d d itio n  of concentrated titra n t 
to the other vessel allow s restoration of the o rig in a l balance, a llow 
ing the evaluatio n  of the progress of the reaction in  the proper u n 
d isturb ed m edium .

The Electrode System. A s the m ethod was conceived to follow 
brom ide ion pro duction, the electrode system  chosen consists of a 
s ilve r electrode in  contact w ith  a solution contain ing  0.001 M  
A g B r 2- .4 T h e  s ta b ility  constant of th is  com plex has been m easured 
by a potentiom etric t itra t io n  m ethod, as described p rev io u sly ,5 
and found to be 0.3 X 1 0 16 and 1 X 10 16 m ol- 2  l .2 at 30 and 6 0 °, re 
spectively . I t  is re a d ily  calculated that the in it ia l C  Ag+ at 3 0 ° 
am o unts to 4 X 10 -7  M . T h u s  ca ta lysis  by s ilv e r ion is in s ig n if i

cant, the m ore so as th is  concentration is s t ill  s u b s ta n tia lly  lowered 
soon after the reaction sets in .6

Evaluation of the Method. A p a rt from  the fact th a t the m eth
od fu lf ills  a need b y d eterm in ing  the brom ide ion produced in  the 
solvent, it  possesses several advantages. I t  exh ib its  a true sp e c ific i
ty , a ch a racteristic  of a potentiom etric m ethod, thus en abling  m ea
surem ents to be carried  out in  the presence of other ions, even h a 
lide ions. A s it  is a com pensation m ethod, an exact know ledge of 
the value of the s ta b ility  constant of the A g B r 2_ is not needed, 
provided it  rem ains of the sam e order. E v e n  if  strong com plexation 
wit.a A g + would occur, th is  can at m ost m ake the m ethod in s e n s i
tive, but once m easurem ents can be perform ed, no error is in tro 
duced. T h e  sole assum ption w hich has to be m ade is th a t of the 
p h ysica l e q u a lity  of both solutions. A s a m atter of fact, th is  cannot 
be exactly  so, as o n ly  one of them  receives the substrate. A t  sm a ll 
concentrations however, the organic com pounds are not suspected 
to have a m arked  influence on the ion a ctiv it ie s. A  fu rth er o b jec
tion m ay be found in  the nonequivalency of the counterions, but as 
in  cu r  case the m ethod was o n ly  used for bro m ide concentrations 
up to 3 X  10 -3  M , th is  m ay be safely ignored.

. A p p lic a tio n  of the m ethod m ay p ro bab ly be extended to the de
term in atio n  of other halid e  ions (even other anions) in  D M F  and 
in  other solvents such as D M S O , H M P T ,  a ceto n itrile , and even a l
cohols, as suggested b y literature values of s ta b ility  constants of 
the corresponding com plexes7 and the general u s a b ility  of s ilve r 
electrodes in  m ost8 solvents. T h e  m ost serious lim ita tio n  of the 
m ethod in  its  present form , resides in  a ce rta in  slowness of re
sponse of the electrodes (1 m in  for a 1 0 -m V  ju m p ), in terferin g  w ith 
the m easurem ent of fast reactions. I t  cannot be rem oved b y low er
ing the substrate concentration in d e fin ite ly , as 10 -5  M  is the lower 
lim it  of concentrations that can be detected w ith  the desired sw ift
ness.

Description of the Apparatus. T h e  w ater-jacketed reaction 
and titra t io n  vessels, of id en tica l construction and volum e (50 m l), 
possess a co n ica l side w all and flat bottom  to p e rm it m agnetic s t ir 
ring. T h e y  are provided w ith five necks of appropriate size to allow  
insertion  of electrodes, electrolyte bridge, nitrogen in le t, a n d  if  
needed a c a p illa ry  buret tip . T h e  substrate is added by in je ctio n  
through a septum  of s ilicone rubber.

T h e  sa lt bridge is fille d  w ith a saturated solution  of N a N O a in  
D M F . L iq u id  ju n c tio n  is established through the spacing between 
the ground conical in n er surface of the b rid g e ’s stem  and the 
ground tip  of a glass rod, closing it  from  the in sid e.

Electro d es consist of a s ilve r strip  (0.5 cm 2; 0.5 m m  th ick ) weld
ed to a p la tin u m  wire. T h e y  are activated b y d ip p in g  in  7 N  N H O g 
w ith some N a N O g  added. A t  f irst contact w ith  the m ed ium , con
ta in in g  10 ~ 3 M  A g B r2- , an adaption period of 1 0 - 1 5  m in  is re-
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Figure 1. Comparison of experimental data (ref 1, Figure 3) on the 
solvolysis of 1 in DMF at 30.0° with the calculated total solvolysis 
(i .e ., total elimination plus solvent substitution). The data were 
obtained in the presence of 0.01 M  picric acid.

quired, to obtain a residual potential difference of the order of 1 
mV between both electrodes. As this disparity was shown to be de
pendent on Car-, the electrodes are placed, at regular intervals, in 
the same vessel to allow comparison in the course of a kinetic run.

Measurement of potential differences was effected by means of a 
Radiometer Copenhagen Type PHM 22 p pH meter, as a coarse in
dicator and as an amplifier of high-input impedance, coupled to a 
recording electrometer Heath EUW-301, thus allowing recording 
with a precision of better than 0.03 mV if needed. A Leeds and 
Northrup No. 7645 potentiometer was employed to measure and to 
compensate the initial disparity between the electrodes.

Determination of Reaction Rates. The reaction is started by 
injection of an approximately known amount of substrate into the 
solvent in the reaction vessel, containing, besides 10" 3 M  AgBr2", 
any additions desired. To obviate the effect of a certain sluggish
ness of the electrodes, addition of excess titrant is always made in 
advance, and the moment at which equality is reached, noted from 
the recording.

At the end of the run (usually not more than 3% conversion) 2- 
ml samples are collected and bromide ion is determined by poten- 
tiometric titration with aqueous AgNOa, after alkaline hydrolysis.

First-order rate constants were directly calculated from the 
slopes of In (a — x ) us. t  plots, where a is the initial substrate con
centration and x  is the bromide concentration in the titration ves
sel as derived from the known addition of titrant (0.5 M  NaBr in 
DMF). No correction was applied for incomplete dissociation of 
HBr, as it was shown previously that the initial reaction corre
sponds largely to substitution in which no acid is produced. 1 From 
experimental tests, where formation of HBr was simulated, it was 
deduced that even the hypothesis of total elimination would lead 
to rate constants higher by only 2-3%.

Materials. Purification of the solvent and synthesis of 2-bromo- 
2 -methylpentane have been previously reported.1

feri-Butyl bromide and iert-amyl bromide were obtained 
through reaction of the corresponding alcohol with PBrg at -20° 
and purified by fractionation under reduced pressure. All bro
mides were redistilled under reduced pressure immediately prior 
to use.9

Reliability of the Method. The method was empirically tested 
by titration in both vessels with the same titrant and comparison 
of the amounts needed to restore potential equilibrium. In the 
range of 2 X 10"4-3 X 10” 2 M  the mean deviation was 0.8%. As 
every kinetic determination was made on the basis of at least 10  
data points, it is felt that the precision obtained is still increased 
by the statistical distribution. The values of the standard devia
tions in the case of multiple determinations (v id e  in fr a ) support 
this treatment.

Calculation of Total Solvolysis. An approximate calculation of 
total solvolysis was performed on the basis of a system composed 
of first-order and a second-order autocatalytic reaction

kiA — ► X + Y

k2
A + X ' ---- *• X + X ' + Z

where A is the substrate, Y and Z are reaction products which may

Table I
Initial Rate Constants for Bromide Ion Production from RMe2CBr in DMF

Entry R T em p , c C 0, “ M A dditives ü I06kv  sec"1

l Me 25.0 0.0390 2.3i
2 Me 25.0 0.0412 2 .1 7
3 Me 30.0 0.0375 4.28
4 Me 30.0 0.0385 4.2,
5 Et 25.0 0.0332 5.2g
6 Et 25.0 0.0482 5-li
7 Et 25.0 0.0482 5.18
8 Et 30.0 0.0342 8.57
9 Et 30.0 0.0345 C» co

 
.

1 0 Pr 24.8 0.0261 5.67
1 1 Pr 27.4 0.0323 7.1«
1 2 Pr 29.9 0.0292 9.5g
13 Pr 30.0 0.0317 9.67
14 Pr 29.9 0.0331 9.67
15 Pr 30.0 0.0468 9.60
16 Pr 30.0 0.0468 9.8g
17 Pr 30.0 0.0470 9.60
18 Pr 30.1 0.1160 9.6„
19 Pr 45.0 0.0448 47.9
2 0 Pr 60.0 0 .0 2 0 2 262
2 1 Pr 60.0 0.0207 245
2 2 Pr 30.0 0.0320 9.2g
23 Pr 30.2 0.0336 9.87
24 Pr 30.0 0.0890 l l . l t
25 Pr 30.0 0.0898 0.2 M  2,6-lutidine 10.9,
26 Pr 30.0 0.0309 0.1 A4 NaNOs 11.34
27 Pr 30.0 0.0325 0.0195 M  NaN3 16.0
28 Pr 30.0 0.0340 0.060 M  NaNs 40.1
29 Pr 30.0 0.0409 0.075 M  NaN3 46.7
30 Pr 30.0 0.0356 0.093 M  NaN3 52.2
31 Pr 30.0 0.0345 0.060 M  NaNg + 

0.100 M  NaNOg
38.6

“ In the presence of 0.010 M picric acid, except for iruns 22, 23
(0.004 M)  and 24, 25 (no picric acid added).

or may not be identical, and X' represents the active reagent (e.g., 
Br") in equilibrium with X, which summarizes all species in the 
same equilibrium (e.g., HBr + Br" + %HBr2~ etc.).

If a constant ratio a = Cx'/Cx is assumed, the system gives rise 
to the differential equations dx/df = dy/di + dz/di = k\(a — x) + 
k2(a -  x)ax or dx/{a -  x )(l + rax) = kidt, if k2/ki = r and where a 
=  C a, initial and x, y, and z  represent concentrations of the species 
X, Y, and Z, and dy = dx/ (1 + rax). On integration these yield

[ 1 / ( 1  +  rota)] I n  [ ( 1  +  rax)a/{a -  x ) ]  =  kxt

a n d

y  =  ( 1 / r )  In  (1 +  ra x )

allowing calculation of x, y, and z = x — y. In the calculation of 
solvolysis (in presence of 0.01 M  picric acid) the following values 
of the rate constants were utilized: k r = 1.0 X 10" 5 sec" 1 (instead 
of 0.97 X 10" 5 sec-1, to account for the small rise in ionic strength 
in the course of the reaction) and k2 = 4.0 X 10" 4 1. mol- 1  sec- 1 .1

It should be noted that in reality a is not a constant ratio and 
that it is not known with any certainty, due to the as yet incom
plete knowledge of the ionization equilibria of HBr in DMF. An
other difficulty resides in the probable importance of HBr2"  as a 
major ionization product and its importance as a kinetic base, for 
which the corresponding rate constant k 2,HBr2-  cann°t be estimat
ed. Some measurements on the HBr equilibrium and the provi
sional assumption k2,Bi- = k2,HBr2- allow a crude estimate of a = 
«Br- + aHBr2- k2,HBr2-/k2,Br~ to made. This value was altered by 
trial and error until the simulated curve remained between the 
limits set by the titration results (see Figure 1). The chosen value 
was 0.55, well within the range of the values estimated on the
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Figure 2. Taft-Hammett correlation for initial solvolysis rates of 
RMe2CBr in DMF (0.01 M  picric acid added) for R = Me, Et, Pr.

above assumptions (time average over the reaction course deter
mined by direct estimation was found to be 0.47).

In spite of the seeming arbitrariness we feel confident that the 
procedure followed will not lead to large deviations from reality, as 
in the interval considered the total solvolysis is determined to the 
extent of 80-100% by the more accurately known first-order reac
tion. Also, bromide ion is initially the most important base formed 
and is suspected to remain so for appreciable time. Thus, the slope 
of the calculated curve fits the experimental course of the reaction 
very well, once the elimination becomes the sole net reaction.

Results

Reaction Rates. With the exception of two runs, all ex
periments have been executed in the presence of added pic
ric acid. Apart from its promotion of electrode response, it 
was felt that the values obtained in this way are more likely 
to reflect the true rate constant in the course of the reac
tion, when acidity and ionic strength will have attained 
comparable levels. They also are directly related to the ex
periments in the preceding paper, 1 where addition o f 1 0 - 2  
M  picric acid has been used.

Choice o f substrate, reaction conditions, and the ensuing 
rate constants are summarized in Table I. Only data per
taining to the first 2-3% of the conversion have been con
sidered for calculation. A second-order contribution to the 
total rate can be estimated to be at most 1 % and therefore 
has not been corrected for.

The only value that allows comparison with literature 
data is for f-BuBr at 25.0°. It compares favorably with that 
reported by Kornblum and Blackwood10 (2.3s X  10- 6  sec-1) 
and by Ross and Labes11 (2.6 X  10- 6  sec-1 ). It was expect
ed that our value (2.24 X  10- 6  sec-1 ) would be lowest as our 
measurements are confined to the first 3% of the reaction, 
thus excluding any important second-order contribution. 
Cook and Parker12 obtained a high value (3 .3 7  X 1 0 -6  
sec-1 ) which can hardly be ascribed to the presence of 0 .1 2  
M  NEt4C1 0 4 , as we found only a 17% increase on addition 
o f 0.100 M  N aN 03 in the solvolysis of 1.

Influence of Substrate Concentration. Variation of 
substrate concentration by a factor 4 had no statistically 
significant effect on rate constants. The mean value of k x 
for runs 12-1813 (R = Pr; temperature 30°) was found to be 
(9.66 ±  0.12) X 10- 6  sec- 1  with substrate concentration 
ranging from 0.0292 to 0.1160 M.

Activation Energy. The activation energy E a for the 
solvolysis of 1 was calculated to be 90.4 ±  0.8 k j mol-1 , as
suming a linear log k x vs. l / T  relation. The following acti
vation parameters were found: AH *  = 87.9 ±  0.8 kJ mol- 1  
and AS* = —52 ±  4 J K - 1  mol-1 . The data o f Ross and 
Labes11 allow calculation of the same parameters for t- 
BuBr to give 87.4 k j mol- 1  and —59 J K - 1  mol- 1  and the 
rate difference is thus shown to be ascribable to an entropy

effect only. The activation enthalpy in DMF is lower by a 
few kilojoules per mole than the corresponding parameter 
in pure protic solvents, 14 but comparable to it in mixed 
protic-aprotic solvents, 14 e.g., dioxane-water and acetone- 
water. It may be noted in this connection that the aprotic 
solvents cited are known to possess nucleophilicity and 
could possibly participate in the transition state. We note 
in this context the difference in the corresponding values 
fcr acetonitrile15 and for nitromethane; 16 93.3 and 83.7 kJ 
mol-1 , respectively; the former is known to be a much 
weaker nucleophile.

Influence of Substrate Structure. Although three sub
strates evidently represent too small a choice to prove the 
existence o f a linear relationship, it was thought worth
while to represent our results in the form o f a Taft correla
tion (Figure 2). Derived p* values are —3.6 and —3.1 at 25 
and 30°, respectively. They compare very well with the 
value —3.29 obtained by Streitwieser17 from a huge amount 
of data with respect to the solvolysis of tertiary alkyl ha
lides in 80% ethanol. It is customary to take similar values 
as an indication of appreciable development of positive 
charge on Ca in the transition state. 17,18

Influence of Added Acid and of Ionic Strength. Re
duction o f the picric acid concentration from 0.010 to 0.004 
M  resulted in a decrease in reaction rate of at most 3%. 
This clearly demonstrates that acid catalysis can safely be 
excluded. That the eventual decrease is to be seen as an 
ionic strength effect is corroborated by the 17% increase 
noted, after addition of 0.1 M  N aN 03.

A similar salt effect is in accord with the theoretical ex
pression derived by Bateman19 for the reaction of a neutral 
molecule and characterized by a dipolar transition state

In (ki / k u 0) =  (8TTNe2/1 0 0 0 D kT )U2Z 2dod

where e is the charge of the electron, D  the dielectric con
stant, k the Boltzmann constant, Z  the fractional charge on 
each pole, d the distance between them, and a = 0.509 In
10. Insertion o f the data yields Z2d = 0.97 Á, a reasonable 
value, comparable to 0.78-0.82 Á found by Bateman for t- 
BuBr in 90% acetone. 19

Solvolysis in Absence of Added Picric Acid. Extrapo
lating from results at different ionic strength, a value o f 9.5 
X  10- 6  sec- 1  should have been expected for the in it ia l  sol
volysis rate constant of 1 at 30° in the pure solvent. The 
rates observed (with and without lutidine added) are 17% 
higher instead! Because of the simultaneous peculiarity of 
the product distribution, described in the preceding paper, 
we are inclined to interpret this difference as due to a sepa
rate reaction which seems to be inhibited at higher ionic 
strength.

Effect of Added NaN3. Addition of sodium azide to sol- 
vclyzing mixtures has been used in the past to exclude the 
possibility of nucleophilic solvent assistance.20 It has gener
ally been assumed that when the strongly nucleophilic 
azide ion failed to enhance the reaction rate, participation 
of the solvent as a reagent had to be excluded also.

Runs 27-31 show in a convincing way that this is not the 
case in DMF even for a tertiary alkyl halide. Figure 3 shows 
a plot of fei,N3-/fti,o c.s'. (Cisja]sj3 Cpicricacid),^ 1 where &i,N3- 
is the pseudo-first-order rate constant in the presence of 
azide ion.

The curve obtained is reminiscent o f those presented by 
Sr.een and coworkers22 to provide proof for the ion-pair 
theory of SN2 reactions. A comparable analysis will not be 
attempted here, as we have no precise knowledge of the ion 
association equilibria and some conductivity measurements 
on azide solutions incite us to caution. Anyway, it seems 
probable that azide ion participates in a second-order reac-
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Figure 3. Influence of added sodium azide on bromide ion produc
tion from PrMe2CBr (Co ~ 0.03 M ;  0.01 M picric acid added) in 
DMF at 30.0°.

tion with the tertiary substrate 1 and o f which about 30- 
50% may be considered Sn 2 ! This cannot, o f course, be 
used to prove solvent participation, but it emphasizes its 
possibility.

General Remarks. The initial solvolysis of simple terti
ary alkyl bromides in DMF strongly resembles the analo
gous reactions in protic solvents in many of its features,
e.g., the dependence on substrate structure and on ionic 
strength. On the other hand, though no conclusive evidence 
was given, nucleophilic interaction between solvent and 
substrate would well fit the picture.

Solvolysis of 2-Bromo-2-methylpentane. Comparison 
of Calculated Solvolysis with Other Experimental 
Data. The potentiometric compensation method, described 
in this paper, readily follows the evolution of bromide ion 
concentration. As a consequence o f the production of acid 
attending elimination and of incomplete ionization of HBr, 
it is only at the start o f the solvolysis that the Br_ concen
tration can be taken to be equivalent to the total reaction 
rate. A direct comparison o f the experimental data is there
fore excluded except for the first minutes o f the reaction. 
Even so, an interesting conclusion can be drawn with re
gard to the presence of appreciable amounts of “ ion pairs” 
at the onset of the solvolysis. Further comparison is better 
attempted by use o f the calculated course of reaction based 
on the determined or estimated rate constants. Figure 1 
summarizes some results with respect to the solvolysis of 
approximately 0.1 M  1 in DMF at 30° and with 0.01 M  pic
ric acid added, as described in the previous paper. 1

Curves a and b are based on titration data obtained after 
a distributive extraction with CCl4-water, curve a prior to 
and curve b after a 5-min residence time in CC14. Curve b 
was thought to represent total elimination while curve a 
stood, in addition, for any extractable solvolysis product, 
ionic intermediate, and extractable ion pairs included. To 
this picture is added the calculated curve c, denoting elimi
nation plus formation o f an ionic substitution product 
RDMF+ (7) .23

This juxtaposition allows further insight into the details 
o f the solvolysis, as now the evolution of the concentration 
o f 7 can be viewed separately from that o f possible ion 
pairs. This is shown more clearly in Figure 4 which repro
duces (a) the evolution of C7, (b) C“extractable ion pairs”, (c) 
the first-order contribution to solvolysis, and (d) the part 
of the former curve corresponding to elimination.

In the previous paper1 the existence of the cationic inter
mediate 7 has been anticipated. Figure 4 discloses that it is 
the principal, if not the only, initial solvolysis product. It 
accumulates till a maximum value o f 4% of the substrate 
concentration. The rate of its decomposition to olefins in

Figure 4. Analysis of the first-order component in the solvolysis of 
1 in DMF at 30.0°. All curves are calculated from the data referred 
to in Figure 1.

creases steadily until most of the intermediate has disap
peared.

Another notable feature is the continuous decrease of the 
amount of extractable “ ion pairs,”  which is highest at very 
short reaction times. It cannot be estimated with confi
dence how much of it remains after the disappearance of 7, 
but it seems to be established that the rate of decrease is 
slowed down considerably from about that moment. Both 
features will be commented upon separately in the fol
lowing paragraphs.

The Substitution Product RDMF+ (7) and Its De
composition. Instead of the proposed structure, 7 might be

, R . ,CH Me 
RBMF+ = \ q-^ '

viewed as a solvated carbenium ion. Later in this paper, 
however, more evidence will be presented to show the rela
tive unimportance o f dissociated carbenium ions in the 
overall scheme. The existence of similar substitution prod
ucts has already been assumed by Kornblum and Black
wood10 after observing halide ion production in DMF solu
tions o f methyl iodide or benzyl bromide.24 The formation 
o f stable salts between solvent and alkyl halides has also 
been described for DMSO .25 Moreover, nucleophilic partic
ipation o f DMF is really not surprising, considering the role 
attributed to less nucleophilic molecules such as p- dioxane 
and acetone in the solvolyses o f 2-octyl brosylate in 75% di- 
oxane-water26 and 80% acetone-methanol,27 respectively.

Comparison of the slope o f curve d and the correspond
ing values of C 7 (a ) in Figure 4 clearly counterindicates a 
first-order decay of 7. Indeed, the latter curve reaches a 
maximum at approximately 125 min whereas curve d is 
steepest somewhere around the 200-min point. Therefore, 
kinetic involvement of a reaction product, e.g., o f the bro
mide ion, is highly probable. If we take [Br_ ] to be propor
tional to the total solvolysis, the product [C7] [Br—] has a 
maximum at 180 min and [C7][Br- ]2 even at 195 min, both 
much better in accord with the behavior of curve d.

One can think of several reasonable mechanisms, in ac
cord with the facts known so far.

1. E2 Decomposition of 7 with Br_ . This mechanism 
would be reminiscent of E2 eliminations of “ onium” com-

7 + B r' — *• olefins + DMF + HBr

pounds. These mechanisms are known to be subject to in
ductive control, attended by a typical Hofmann orienta
tion . 28 Delocalization of positive charge, as in 7, would be
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expected to deemphasize this trend, so that there is no ob 
vious disagreement with an observed product distribution 
o f 41-46% terminal olefin.

2. First-order Elimination of the Corresponding Ion 
Pair 6. The situation depicted here will be kinetically 
equivalent to the former in a number of cases.

k ,
7 + Br" 71 [Br" — *■ olefins + HBr + DMF

k
6

If k _ »  k ' the concentration o f the ion pair and conse
quently the elimination rate are determined by the product 
[6][Br- ]. This version finds support in the surmise that at 
least a substantial fraction o f the ion pairs disappeared si
multaneously with 6 . If on the other hand the decomposi
tion of the ion pair is much faster than its formation, it will 
not be found in measurable quantities, but the kinetic 
order of the elimination will remain the same with respect 
to 7 and Br- . First-order elimination o f 6 could very well 
take place via an “ internal” mechanism akin to Ei.

H+

CIO... ̂J 1
R-H+ Br- R+ll Br-
t X
|(E2cy\  
r~-~or \

I +8r (or HBr2 1 \

I \
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Figure 5. Solvolysis scheme for PrMe2CBr in DMF.

H^Br +

M e V  H 
Me

Of course, a second-order dehydrobromination of 6 or 
some other third-order process cannot be excluded.

Olefin distribution studies do not allow us to choose be
tween the cited alternatives, as none is expected to possess 
an outspoken Saytzeff regiospecificity.28

Nature of the Ion Pairs. A most remarkable finding 
was the impressive amount of nonionic water-extractable 
species, 1 present in the solvolyzing DMF solution. Appar
ently, these particles hold strongly to the solvent mole
cules, as even addition to excess CC14 only results in a rela
tively slow recombination. In the course of the distributive 
extraction they are carried into the aqueous phase, where 
they are hydrolyzed subsequently.

It would appear to us that solvent-separated ion pairs 
are the most likely candidates to show this behavior. Part 
of these may be RDM F+||Br-  (6 ), as suggested above, pos
sibly along with R+||Br-  (3). Neither of these, however, can 
be responsible for the large amount present at the very 
start o f the reaction! In a solution of 0.1 M  I, this totals 6-  
7% in presence of 0.01 M  picric acid, against 22% in absence 
of any additive. As the solvolysis rate is not substantially 
different, it seems excluded that it is due to any ion pair 
which is to be considered as lying on the reaction path(s) 
leading to solvolysis. If that were the case, solvolysis kinet
ics would evidently be expected to be greatly influenced by 
the extent of its initial accumulation and by its subsequent 
diminution. Although satisfactory evidence is still wanting, 
we would like to retain, as a possible structure, the dipolar 
complex of the alkyl halide (or corresponding intimate ion 
pair) with a solvent molecule (5). The responsible dipole- 
dipole interactions may be expected to be appreciably 
weakened by increasing ionic strength, thus providing an 
explanation for the influence o f added picric acid on the 
ion-pair concentration and for its relatively fast decrease in 
the course of the reaction.

Another indication for the existence of a side branch of 
the main pathway is to be found in in  the rap id  transfer of 
in it ia l ly  incorporated 82B r to a water-extractable fo rm . 1 
A rate constant for this process is estimated to be at least 
60 times greater than that of the solvolysis itself. This 
suggests that it relates to a transfer to an undissociated 
form and adds further credibility to the existence of the al

ready proposed species 5. In fact it is quite plausible that in 
both cases the formation of the same water-extractable 
species is concerned, for which the structure of a dipolar 
complex was proposed. One more comment can be made, 
viz., upon the extra amount of initial solvolysis and the 
higher proportion of terminal olefin observed in total ab
sence of ionic additives. 1 Both phenomena could possibly 
be ascribed to a direct elimination o f 5, appreciable only at 
the start o f the reaction. For the proposed structure a way 
of elimination is readily conceived with the associated sol
vent molecule acting as a base. The transition state might 
resemble the structure

Pr

..¿N Me

»Me

The ensuing syn elimination would account for a probable 
Hofmann orientation (possibly 70-100% 1-ene) .28

A Hypothetical Solvolysis Scheme for PrMe2CBr in 
DM F. Based on all presented evidence, we will attempt to 
sketch a solvolysis scheme (Figure 5) as a means o f showing 
more clearly the emerging facts and to pinpoint some of the 
remaining question marks. Where alternative paths are 
available and no definite choice could be made, all were 
drawn in dashed lines. Some Sn 2  reactions thought to pos
sess a common intermediate were also indicated. The pres
ence o f the species 5 and 6 is thought to be essential for the 
explanation offered, although the structures presented for 
them have no very firm foundation yet. The description 
which follows refers to the solvolysis of 1 in DMF under the 
conditions of our experiments, but up to a certain point 
probably to tertiary alkyl halides in general.

Following dissolution of the substrate, a very fast dy
namic equilibrium is set up between the different species of 
the Winstein scheme (1-4 ).29 The “ equilibrium”  concentra
tion of dissociated carbenium ions R + (4) is thought to be 
much lower than in protic media and the amount of solvol
ysis occurring through this intermediate negligible. Solvol
ysis is probably attended by the ion pairs 2 and 3 reaching 
higher concentrations.

Especially at low ionic strength, an important accumula
tion of a nonionic product (5) is noted, to which the tenta
tive structure of a dipolar complex has already been as
signed. A relatively slow elimination of 5, with a high yield 
of terminal olefin may be possible. The concentration of 5
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Table II

Solvolysis Rates of i-BuX (X = Cl, Br) in Different 
Solvents at 25.0°

—log ftj-
Run Solvent X = Cl° X = Br6 -Alog

l h 2o 1.54 0 . 1 1 1.43
2 EtOH—H20  (80 : 20) 5.03 3.45 1.58
3 MeOH 6 . 1 2 4.48 1.64
4 AcOH 6.71 5.52 1.19
5 EtOH 7.07 5.36 1.71
6 MeNOs C

O CO 5.44i 2 .6 8
7 DMF 8.48e 5.64/ 2.84
8 MeCN 8.73* 5.90* 2.83
9 Me2CO 9.9' 7.13' 2 .8

“ A. H. Fainberg and S. Winstein, J. Amer. Chem. Soc. , 78,2770
(1956), except when indicated otherwise. 6 A. H. Fainberg and S. 
Winstein, ibid., 79, 1602 (1957), except when indicated otherwise. 
c Y. Pocker, J. Chem. Soc., 1972 (1960). “  P. B. D. de la Mare, eta l, 
ibid., 2930 (1954). e S. D. Ross and M. Labes, J. Amer. Chem. Soc., 
79, 4155 (1957). f This work. « M. H. Abraham, J. Chem. Soc., 1343 
(1972). h H. M. R. Hofmann, ibid., 6753 (1965). 1 Cited in refg. J S. 
Winstein, S. Smith, and D. Darwish, Tetrahedron Lett., No. lfi,24 
(1959).

decreases rapidly as the reaction proceeds, probably by re
versal of its formation, in answer to the changed environ
ment.

At the same time a more important production of inor
ganic bromide accompanies the formation of the cationic 
product 7, in what may be considered to be the rate-deter
mining step. Product 7 arises probably through collapse of 
the solvent-separated ion pair 3, almost certainly via the 
(likewise solvent-separated) ion pair 6 , which may be in a 
rapid equilibrium with 7. Product 7 accumulates at first 
but undergoes in its turn an elimination reaction in a way 
kinetically dependent on Br-  (or possibly HBr). The in
creasing concentrations of Br“  and HBr2_ cause a reaction 
of steadily growing importance. Being kinetically strong 
bases in DAS, they give rise to autocatalytic E2 with a no
table Saytzeff orientation (16% 1-ene). Especially at high 
substrate concentration, these reactions will ultimately 
dominate the entire solvolysis picture.

The Insignificance of Carbenium Ions as Intermedi
ates. To explain radiobromide incorporation data, it was 
postulated1 that the concentration of free carbenium ions 
decreases rapidly within the first minutes of solvolysis, as a 
consequence o f enhanced ion return caused by the growing 
bromide ion concentration. As an important corollary, it 
follows that the rate of solvolysis, if it occurred by the clas
sical carbenium ion pathway, would simultaneously show a 
dramatic downfall, which is not the case at all.

The Rate-Determining Step of Solvolysis. From the 
incorporation experiments it was concluded that the Win
stein equilibria are presumably composed of reactions 
which are appreciably faster than total solvolysis. 1 There
fore, they are not believed to comprise the rate-determin
ing step. As the intermediacy of dissociated carbenium ions 
is excluded, the step at issue may well be the collapse of an 
ion pair, most probably a solvent-separated one. As a mat
ter of fact, the latter is expected to show sufficient reactivi
ty toward the solvent, almost as much as a free carbenium 
ion. It is likely that in this case the formation of a likewise 
solvent-separated ion pair 7 ||Br~ (6 ) will precede the ap
pearance of 7. Sneen’s description of an intimate ion pair, 
as being merely a compound possessing an extended bond 
with considerable ionic character,22 does not meet universal 
consensus. Yet, the presence of an appreciable amount of 
covalent bonding is generally accepted. Consequently, the

geometry at C„ may be not too remote from the original sp3 
hybridization, and in a tertiary substrate such as 1 , consid
erable steric hindrance to the necessarily back-side substi
tution is to be anticipated. These are however arguments 
which stem from generally accepted ideas, not from experi
mental data.

For solvolysis in protic media, the exact location of the 
rate-determining step is not generally known, although it is 
usually assumed to be included in the Winstein scheme. 
From the analysis o f accurate data on the hydrolysis of t- 
BuCl, Scott and Robertson30 suspected it to be the forma
tion of the solvent-separated ion pair. This suggests that, 
even in our case, where it is not the slowest step, it may still 
be of great importance in determining the steady-state con
centration o f 3 and thereby influencing the observed rate. 
In this connection we wish to point out the remarkable dif
ferences in selectivity toward the leaving group, displayed 
in solvolysis rates, when one turns from protic to DAS 
media. From Table II it can be derived that in general the 
rate ratio ^j-BuBr/^f-BuCi is 15 times greater in the latter. 
The systematic way in which this difference occurs indi
cates a fundamental change. The fact that nucleophilic 
power o f the solvent does not seem to be of much influence 
is not in contradiction with our views, as the collapse of a 
solvent-separated ion pair is not expected to show much se
lectivity with regard to the solvent. The large effect of a 
change in leaving group (Cl“  vs. Br“ ) can be attributed to 
the position of the equilibrium 2 3, which in DMF lies
undoubtedly more to the left for the chloride ion, due to its 
smaller aptitude for solvation.31

Affinity with Sneen’s Unified Ion-Pair Theory. In 
DMF appreciable and directly measurable quantities of 
different kinds o f ion pairs were shown to be present dur
ing solvolysis of tertiary alkyl bromides. This alone would 
suffice to draw our attention to their potential role in the 
mechanisms involved and in related ones where these sub
strates are used in the same solvent. It appears to us that 
DAS might prove to become the media of choice for the 
study of ion-pair mechanisms.

In 1969 Sneen and Larsen published a unified theory of 
nucleophilic substitutions32 and eliminations33 in which 
they posited ion pairs to be common intermediates in all 
reactions cited, second order and first order alike. Since 
then, though, 'he generality o f concept has been chal
lenged;34 several independent authors have brought for
ward supporting evidence in definite cases.35

Our analysis of the solvolysis of 1 in DMF resembles in 
many points the general scheme for solvolysis as presented 
by Sneen in a recent publication .22 As all evidence pro and 
con has hitherto been obtained by use o f protic (or mixed) 
solvents, our results clearly cannot decide in any issue in 
debate. The fact, however, that in a favorable solvent such 
as DMF solvolytic phenomena can be efficiently described 
in terms of mechanisms which overlap to a large extent 
with the scheme developed by Sneen does support its claim 
to a fundamental generality.

In the same recent review22 Sneen described the proba
ble conditions for the occurrence of a nucleophilic attack at 
the various points of the Winstein scheme. He thereby pre
dicted reaction at the level of the solvent-separated ion 
pair to take place when the incipient carbenium ion center 
is rather stable and possesses a hindered back side. These 
are precisely the characteristics to be expected with 1 as a 
substrate and we are inclined to say that the prediction is 
borne out, at least with DMF as a solvent. Sneen and co- 
workers22 made repeated use of methods in which some nu
cleophilic reagent (especially N3_ ) was added, and the 
reaction rate and selectivity were studied as a function of
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its concentration. Its adaptation for use in DAS is rendered 
difficult by the insufficiently known association equilibria 
o f the mostly ionic reagents, by their enhanced basicity, 
and by the possible reactivity of their ion pairs.

Ion Pairs as Possible Direct Substrates in E2C Reac
tions. Once it is accepted that ion pairs are more likely to 
undergo nucleophilic attack than the undissociated sub
strate, it may be expected that, at least in some cases, they 
are preferred to the latter in elimination reactions also. 
One might wonder if the prevalence of DAS as media for 
E2C reactions should not be ascribed to their proficiency at 
generating ion pairs. Some of the most notable characteris
tics of E2C ,36 such as the absolute trans elimination and a 
“ loose”  transition state, become self-explanatory, when ion 
pairs are considered as the direct substrates.37’38 Research 
in progress in our laboratory indicates that the E2 reaction 
of tertiary alkyl bromides with bromide ion is competitive
ly inhibited by added azide ion.

Registry No.— 1, 4283-80-1.
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K inetics of the O xidative Cleavage of a-Phenylbenzoins by 
Alkaline Hypobromite in Aqueous D ioxane1
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Oxidative cleavage of a-phenylbenzoins [Ar1Ar2C(OH)COAr ,J by hypobromous acid to give benzophenones and 
benzoic acids has been studied kinetically in alkaline 50 vol. % aqueous dioxane. The effect of ring substituents on 
the rate at 25° gives p values of +2.8 for the a values on Ar:! and +2.3 for the sum of a values on Ar1 and Ar2. A 
mechanism is postulated, which involves the formation of hypobromite ester of substrate followed by a rate-de
termining attack of hydroxide ion on the carbonyl carbon to give the products.

Several papers were published on the oxidation of alco
hols by halogen to carbonyl compounds.2-4 The workers in the mechanistic studies of these reactions were interested mainly in speculation of the transition state, attacking 
agents, and their relative reactivities. There are a number of evidences2 that the halogen oxidation of alcohol in acidic solutions occurs v i a  a rate-determining abstraction of a-

hydride ion by molecular halogen. On the other hand, for 
the oxidation by alkaline hypohalite, the intermediacy of hypohalite ester of substrate was postulated in some oxida
tions of alcohols, i . e . ,  the oxidation of alcohols3 and the oxidative decarboxylation of a-hydroxycarboxylic acids.4The oxidative decarboxylation of a-hydroxycarboxylic acids by alkaline hypohalite in an aqueous solution was re-
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Table IPseudo-First-Order Rate Constant k 0 b s a  for the Reaction of a-Phenylbenzoin with Bromine in AlkalineAqueous Dioxane (50 vol. %) at 25°

M

[N  aOH ] a, a 

M

<n4
*obsd ,

sec“^ M

CN aOH ] a*Q 

M
I® kobsd 

sec“l

0 .10 0 0 .1 0 0 6.04 0 .1 0 0 0.350 13.0
0 .1 0 0 0 . 1 1 0 7.11 0 .1 0 0 0.500 13.2
0 .10 0 0.125 1 0 . 1 0 .2 0 0 0 .2 0 0 12.4
0 .10 0 0.150 13.6 0.500 0.500 31.2
0 .10 0 0 .2 0 0 1 2 .8

“ Added concentration.

Table IIRelative Rate ( k r e \ ) a  of the Reaction of Substituted a-Phenylbenzoins [(p-Y-C6H4)(p-Z-C6H4)C(OH)- COlCgH  ̂ W-p)] with Bromine in Alkaline Aqueous Dioxane (50 vol. %) at 25°
Substituents

Registry no. Y z w kr e l “

4237-46-1 H H H 1
53432-76-1 Cl H H 3.73
53432-77-2 Cl Cl Cl 37.9
53500-16-6 H Cl Cl 14.0
53432-78-3 Cl Cl MeO 1.78
53432-79-4 H Cl MeO 0.460
53432-80-7 H MeO Cl 0.987
4338-69-6 H H MeO 0.178

53432-81-8 H Me Me 0 . 1 2 1

a ferei = fe2(substituted)/fe2(unsubstituted). See eq 2.

ported4 to have a mechanism4*1 which involves an inter
mediate such as A.

0 0

— C -^ C -r O -
/ V

V
Br

-H — C— C— R
/  \

0^ 0 — Ac

H— Br 
B

Donnelly and O’Donnell5 reported that some a-ketols 
reacted with bromine in acetic acid to give the correspond
ing ketones and postulated a mechanism involving a six- 
membered cyclic transition state such as B because of the 
suppression of reaction by acetylation of hydroxy group 
and the necessity of the a-carbonyl group for the reaction.

The authors found that the bromine oxidation of a-ke- 
tols (ft'-phenylbenzoins) occurs also in alkaline solutions 
and is base catalyzed. The present paper describes our ki
netic studies by means of glc and analysis, o f the reactant or 
product to speculate a mechanism for this reaction.

Results
Products. The reaction of a-phenylbenzoins [ArxAr2C- 

(OH)COAr3, 1] with bromine in alkaline aqueous dioxane 
at 25° gives the corresponding benzophenones (Ar1 Ar2- 
C = 0 )  and benzoic acids (Ar3COOH) in good yields. Simi
lar results were obtained with the oxidation of a-phenyl- 
benzoin by ferf-butyl hypochlorite in feri-butyl alcohol 
containing sodium fert-butoxide at 25°, while the treat
ment of a-phenylbenzoin with molecular bromine in dry 
benzene gives no benzophenone.Rate. The rates o f the reaction of «-phenylbenzoins with
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Figure 1. The effect of [NaOH]a on the rate of oxidative cleavage 
of a-phenylbenzoin by hypobromous acid in 50 vol. % aqueous di
oxane at 25°; [Br2]a = 0.100 M. Subscript a means added concen
tration.

Figure 2. The plot of log k le\ against <r(Ar3) for the oxidative 
cleavage of a-phenylbenzoins [APA^CtOPO-COAr3] by hypobro
mous acid in 50 vol. % aqueous dioxane at 2 5 ° :  ♦, Ar1 = Ar2 = p - 
Cl-CeH4; a , Ar1 = Ph, Ar2 = p- C1-C6H4; •, Ar1 = Ar2 = Ph; v, 
Ar1 = Ph, Ar2 = p- Me-C6H4; □, Ar1 = Ph, Ar2 = p- MeO-C6H4. 
Open circle values were obtained from the intercepts in Figure 3.

a mixture o f bromine and sodium hydroxide in 50 vol. % 
aqueous dioxane ( 1  vol. o f dioxane mixed with 1 vol. of 
water) at 25° were measured by following a-phenylben- 
zoins or benzophenones by means of glc. Bromine (0.1-0.5 
M )  and sodium hydroxide (0.1-0.5 M )  are much more in 
excess to the equivalent amount of substrate (0.005 M ) so 
that the pseudo-first-order plots were linear up to 50-75% 
conversion.

v  =  kotedU] (!)

The kinetic data are listed in Table I. The value of k Qbsd 
is proportional to the added concentration of bromine, 
[Bra]«, when added sodium hydroxide concentration, 
[NaOH]a, was equal to [B^Ja-

v  =  fe2[l][Br2]a (2)
As shown in Figure 1, the rate constant increases with in

creasing concentration of added sodium hydroxide at lower 
basicity, while it holds constancy at higher basicity.

Substituent E ffects. The rates for some para-substitut
ed a-phenylbenzoins [Ar1Ar2C(OH)-COAr3] were mea
sured in 50 vol. % aqueous dioxane at 25°. The results are 
summarized in Table II. Relative rates [k 2 (substituted)/ 
k 2 (unsubstituted)] are plotted against Hammett’s <r. The 
effect of substituents on the acyl side [<r(Ar3)] is shown in 
Figure 2; the plot which uses the sum of cr’s for substituents 
on the carbinol side (Ar1 and Ar2) is shown in Figure 3. As
suming that the effect of substituent in Ar1 and Ar2 on 
p(Ar3) is negligible, the lines in Figure 2 were drawn to 
have the same slope. The lines in Figure 3 were drawn on 
the similar assumption. The intercept values at a = 0 in
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Figure 3. The plot of log k ,e\ against ofAr1) + otAr2) for the oxi
dative cleavage of a-phenylbenzoins [AHAHC^HJ-COAr3] by hy- 
pobromous acid in 50 vol. % aqueous dioxane at 25°: ♦, Ar3 = p- 
CI-C6H4; •. Ar3 = Ph; A, Ar3 = p- Me-CgPLt; O, Ar3 = p- MeO- 
CsHi. Open circle values were obtained from the intercepts in Fig
ure 2 .

Figure 2 were plotted as open circles in Figure 3; they were 
linear and justify the above assumption. The intercept 
values in Figure 3 were plotted in Figure 2 similarly and 
gave a straight line. These correlations give p values o f +2.8 
for a values on Ar3 and +2.3 for the sum of a values on Ar1 
and Ar2 [crfAr1) +  <x(Ar2)].

Discussion

The oxidative cleavage of a-phenylbenzoin is favored by 
the presence o f base. Added bromine can exist, e.g. , in the 
forms Br2, HOBr, OBr- , and Br3- , whose contents depend 
on the basicity o f the solution.

Br2 + OH" —^  HOBr + Br" (3)
*4

HOBr + OH' ^  OBr- + H20 (4)
*5

Br2 + Br" ===*= Br3" (5)

The equilibrium constants K 3 ([HOBr][Br- ]/[Br2][OH- ] 
= 9.6 X 105) 4b'6 and K 4 ([OBr- ]/[HOBr][OH- ] = 2.1 X 
lQ5)4b,6 are iarge ancj constant K 5 ([Br3- ]/[Br2][Br- ] = 
16) is fairly small, so that added bromine should be most 
converted to hypobromous acid (HOBr), when [Br2]a is 
nearly equal to [NaOH]a, and HOBr should be converted to 
OBr-  when [Br2]a < [NaOH]a.

Bell-shaped pH-rate profiles were reported in the oxida
tive decarboxylation of a-hydroxycarboxylic acids by hypo
bromous acid .4 Barker4d and Pink4b>c interpretated these 
phenomena by assuming that HOBr is a sole effective oxi
dant; i.e., the rate increases with increasing concentration 
o f HOBr at lower pH and decreases with increasing conver
sion o f HOBr to inert OBr-  at higher pH.

Our results on the oxidation o f a-phenylbenzoin by hy
pobromous acid in alkaline aqueous dioxane (Figure 1 ) are 
different from the case of a-hydroxycarboxylic acids; i.e., 
the rate constant increases with increasing concentration of 
added NaOH at lower basic solution, while it holds con
stancy at higher basic solution. This suggests that the rate 
should be proportional to [OBr- ]; i.e., [OBr- ] increases 
with increasing added NaOH at lower basicity and becomes 
constant at higher basicity.

However, hypobromous acid, but not OBr- , should be a 
more effective oxidant for this reaction of a-phenylbenzoin 
because o f the following reasons: (i) the oxidative cleavage 
of a-ketols proceeds by ieri-butyl hypochlorite in te rt- 
butyl alcohol containing sodium iert-butoxide or by acetyl 
hypobromite in acetic acid,5 where hypohalite ion (O X- )

cannot be formed; (ii) ions of Br3-  and OBr-  are inert in 
the oxidation of alcohols2’3 and a-hydroxycarboxylic acids;4 
(iii) the treatment of a-phenylbenzoin with molecular bro
mine in dry benzene does not yield the cleavage products. 

Consequently, the rate should be expressed as

v =  fe[l][OBr-]

=  Wf4[l][H OBr][OH-] (6)

This suggests that the mechanism involves the participa
tion of one molecule each o f 1 and HOBr and of OH -  in a 
rate-determining step. These facts can be explained by a 
mechanism such as Scheme I.

Scheme I
K 7

ANA^CiOHlCOAr3 + HOBr ------- -
1  f a s t

Ar1Ar2C(OBr)COAr3 + H20  (7)
2

feo
2 + OH' -----Ar1Ar2C = 0  + Ar3C 02H + Br’  (8)

slow

Hypobromite ester 2 formed by equilibrium 7 o f sub
strate 1 with hypobromous acid4 is attacked by hydroxide 
ion on the carbonyl carbon to give products. In this scheme, 
if eq 8 is a slow step, the rate should be expressed as

v =  (fcgA7/[H ,0 ])[l][H O B r][O H -] (9)

which is consistent with our observation (eq 6 ).
The observed large p value o f +2.8 for the substituents 

on Ar3 is consistent with a nucleophilic attack o f a base on 
the carbonyl carbon. Similar results (p = +2 -3 ) were re
ported in the nucleophilic reactions of benzoyl com 
pounds. 7 Electron-attracting groups on Ar1 and Ar2 should 
facilitate the formation of 2 (step 7) and an attack of hy
droxide ion on the carbonyl group. The large p value of 
+2.3 for the substituents on Ar1 and Ar2 suggests that step 
8 involves a transition state as 5 in Scheme II, where the a

Ar2

Ar1— C— C— Ar1

/  V\
Br

Scheme II

Y  .pH
Ar1— C— C— Ar:l

of \
Br

Ar1'

A r  OH

I I
-Ç + C— Ar Br

0 0

carbon is carbanion-like. Hydroxide ion attacks the carbon
yl carbon to give complex 5, which has a carbanion-like 
property at the a carbon, and then bromide ion and benzo
ic acid are eliminated to give benzophenone. The transition 
states may be more polarized forming species Ar1 Ar2C-OBr 
and Ar3COOH. But it is difficult at present to decide which 
is the transition state.

An alternative transition state is the one involving a cy
clic intermediate 6 , which should give a p(Ar4, Ar2) value 
lower than the observed p because of the decrease o f the 
carbanion-like property of the a carbon.
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Physical Properties of cv-Phenylbenzoins [(p-Y-C6H4)(p-Z-C6H4)C(OH)-CO(C6H4-W-p)] andElemental Analyses of New Compounds
Substituents % ca lc d  % found

Table III

Y z w M p, °C c H O C l M ol form ula c H O C l

H H H 84.0-85.2 (lit .10a 83-85)
Cl H H 83.5-85.0 (lit.10b 84)
Cl Cl Cl 139-140 61.33 3 .3 5 8.17 27.15 C20H13O2CI3 61.67 3 .3 7 9.78 26.41
H Cl Cl 114-116 67.24 3.95 8.96 19.85 C20H14O2Cl2 67.33 3 .9 7 8.72 19.24
Cl Cl MeO 130-133 65.13 4.16 12.39 18.31 C2iH160 3C12 65.02 4.08 11.63 18.15
H Me Me Liq 83.51 6.37 10.11 c 22h 20o 2 83.27 6.39 9.83
H H MeO 105-107 79.22 5.70 15.08 C2iH180 3 79.30 5.81 14.93
H Cl MeO Liq 71.49 4.80 13.60 10.05 c 21h17o 3ci 71.48 4.98 13.54 9.78
H MeO Cl 93-94 71.49 4.80 13.60 10.05 c 2iH17o 3ci 71.22 4.80 13.42 9.88

Scheme II is similar to E2 elimination. The substituent 
effect on the rate of E2 elimination of HBr from /3-arylethyl 
bromides (p = +2.14)8 is fairly close to the observed values 
(+2.3). Further, a similar mechanism was suggested in the 
alkali cleavage of a-hydroperoxy ketone.9a

A r -  O H

I /
A r 1— C — C — A r '

6

because o f the following reasons, (i) The cleavage with al
kali alone, which proceeds at ca. 60°, cannot occur in our 
conditions (at 25°). (ii) The reaction o f 8 with HOBr would 
be fast, while the observed rate depends on the concentra
tion o f HOBr. If the reaction o f HOBr with 8 , which is in a 
mobile equilibrium with 7b, were a slow step, the rate 
would be suppressed by produced Ar3COOH in the equilib
rium. (iii) No abnormal product (RCOOH) was detected, 
which was obtained in a considerable yield in the case of 
the cleavage with alkali alone.9b

Donnelly’s mechanism should be excluded at least in an 
alkaline solution, since it cannot explain the rate law and 
substituent effect.

Other mechanisms, which involve the formation o f inter
mediates such as 7a and 7b formed by the equilibrium of 1

OH

Ar*Ar2C—COAr3 A r1A r2C(OH)— C—A r3

0 _ O-

7a 7b

with hydroxide ion followed by an attack of hypobromous 
acid, cannot explain the observed substituent effects de
scribed below, although they may lead to the observed rate 
eq 6 . The observed p values are much larger than those pre
dicted from the correlation o f pK a o f substrate with a, 
where K a is an equilibrium constant for 1 ^  7a + H+. An 
electrophilic attack of hypobromous acid would decrease 
further the p values. Moreover, the mechanism involving an 
intermediate 7a would require that p(AH + Ar2) > p(Ar3). 
The mechanism involving an intermediate 7b which is 
formed by the OH " attack on the carbonyl carbon would 
require also a smaller pfAr1 + Ar2) value than observed be
cause o f the insulation o f Ar1 and Ar2 from the carbonyl 
group by the a carbon and an electrophilic attack of hypo
bromous acid.

Sharp and Miller98 reported on the alkali cleavage of a- 
substituted benzoins in aqueous methanol at ca. 60°, 
suggesting the mechanism

OH O
I II

Ph— Ph 
1 (R \ OH

OH
I

Ph— C  + PhCO,H
I

R
8 PhCHOH + PhCOzH 

R

9

Carbanion 8 or benzhydrol (R = Ar, 9) should not be an in
termediate in the oxidative cleavage by hypobromous acid

Experimental Section
Materials. Para-substituted a-phenylbenzoins were prepared 

by treatment10 of phenyl- and p- chlorophenylmagnesium bromide 
with corresponding substituted benzils (p- Z-C6H4-CO-CO- 
C6H4-W -p). They were purified by recrystallizations from n- hex
ane when they were solid and by column chromatography (silica 
gel-benzene) when they were liquid. The substituents, melting 
points, and elemental analyses for new compounds of a-phenyl- 
benzoins [(p- Y-C6H4)(p -Z-C6H4)C(OH)-CO(C6H4-W-p)] are 
listed in Table III. They were identified by ir spectra.

Products. or-Phenylbenzoin (0.6 g) was treated with a mixture 
of bromine (0.1 M) and sodium hydroxide (0.1 M) in 50 vol. % 
aqueous dioxane (1 vol. of dioxane mixed with 1 vol. of water) (100 
ml) at 25° for 3 hr. The reaction mixture was extracted with ben
zene and washed with aqueous Na2S203 and water. Benzophenone 
(0.3 g, 80%; mp 163-161°) was obtained from the organic layer and 
was identified by melting point, glc, and ir spectra which were con 
sistent with those of the authentic sample. A Hitachi K-53 gas 
chromatograph with a flame ionization detector was used with a 
column packed with DEGS (13%) on Chromosorb W at the tem
perature increasing by 10°/min from 140 to 225° or SE-30 (3%) on 
Chromosorb W at the temperature increasing by 10 °/min from 200 
to 280° with N2 as a carrier gas in a flow rate of 45-50 cm3/min. 
Benzoic acid (0.07 g, 30%) was obtained from the aqueous layer by 
extraction with benzene after acidifying with aqueous HC1; mp 
122°. Other para-substituted a-phenylbenzoins (Ar'Ar2C- 
(OH)COAr3) yielded corresponding benzophenones (Ar1Ar2C =0) 
by the similar treatments. The products were identified by glc 
analysis in comparison with the authentic samples which were of 
commercial source or were prepared from the corresponding ben- 
zhydrols.

Similar results have been obtained with the oxidative cleavage 
of a-phenylbenzoin with i-BuOCl in £-BuOH containing £-BuONa 
at 25°. Products were benzophenone and £er£-butyl benzoate. On 
the other hand, the treatment of a-phenylbenzoin (0.1 g) with mo
lecular bromine (0.3 g) in dry benzene (5 ml) gave no benzophene 
but two other products (ca. 5%, unknown).

Kinetics. The rate of oxidation of a-phenylbenzoins (3.0-4.0 X
10- 3  M ) by a mixture of excess bromine (0.1-0.5 M) and NaOH 
(0.1-0.5 M ) at [NaOH]a > [Br2]a »  [substrate]0 was measured by 
means of glc analysis of the remaining a-phenylbenzoins or pro
duced benzophenones, where subscripts a and 0 mean added and 
initial concentrations, respectively.

A kinetic procedure was as follows. A mixture of appropriate
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amounts of NaOH and Br2 was thermostated at 25°. The reaction 
was started by addition of a-phenylbenzoin. At appropriate time 
intervals, aliquots were taken out and extracted with benzene. The 
contents of a-phenylbenzoin and benzophenone were measured by 
glc with a column packed with SE-30 as stated above. The plot of 
log ([substrate]o/[substrate]) against time gives a straight line up 
to 50-75% conversion. The data were reproducible to within 5%.
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H om oconjugation E ffects in the D iels-A ld er Reaction of 
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A kinetic study of the substituent effect on the diene reactivity of 1 -(substituted phenyl)-3,4-dimethylene- 
pyrrolidines in the Diels-Alder reaction was carried out. It was found that electron-withdrawing groups increased 
the rate of reaction and electron-donating groups decreased the rate. Hammett correlations of this substituent ef
fect were obtained with a n values in three solvents: methylene chloride, dimethyl sulfoxide, and tetrahydrofuran. 
A determination of the relative frontier orbital energies of these exocyclic dienes indicated that the effect of the 
substituent on the rate of the Diels-Alder reaction was primarily through a homoconjugative interaction. This in
teraction altered the LUMO energies of the diene causing a novel substituent effect on the reaction rate.

The effect of spiroconjugation and homoconjugation on 
the chemical reactivity and the electronic spectrum of spir- 
arenes is currently of considerable interest.1 "4 It has been 
found that two seemingly independent ir systems with a 
specific stereochemical relationship interact through a spa
tial mode such that the energies of the respective HOMO’s 
and LUM O’s are influenced. It is well known5" 10 that the 
HOMO and LUMO energies o f the reactants in the Diels- 
Alder reaction can be used to predict both the reactivity 
and regioselectivity of this reaction. Recently Semmelhack, 
et a l . , 1 1  have attempted to explain diene reactivity in the 
Diels-Alder reaction through spiroconjugative effects. In 
this paper, we have investigated the effect of homoconjuga
tion on the diene reactivity of l-(substituted phenyl)-3,4- 
dimethylenepyrrolidines in the Diels-Alder reaction.

Kinetic Study

The 1-(substituted phenyl)-3,4-dimethylenepyrrolidines
( 1 ) were allowed to react with acrolein (2 ) to give the corre
sponding Diels-Alder adducts (3) in quantitative yield (de
termined by nmr). The concentrations o f the reactants at 
any given time during the reaction o f the exocyclic dienes 
with acrolein were determined by means of nmr spectrosco
py. The reaction which is shown below is uncomplicated by 
side reactions. The rate of reaction was usually followed by

1 3

observing the change in chemical shift of the aldehyde pro
ton in going from acrolein to the Diels-Alder product. 12 
This change in chemical shift was 4-8 Hz depending on the 
solvent used and afforded distinct integrations of the area 
o f each peak. In the cases where the change in chemical 
shift was not large enough to give a complete separation of 
the reactant and product aldehyde proton peaks, the reac
tion was followed by the disappearance o f the vinyl peaks 
(i5 5.55) of the diene and the aldehyde proton peaks were 
used as the internal standard.

It was found that a plot of log ([acrolein],/[diene] t ) vs. 
time for all dienes used yielded a straight line. This linear 
relationship indicates that the reaction is second order 
overall, first order with respect to acrolein and the diene. 
The rate constant o f the reaction was determined from the 
slope of the straight line as follows.

rate constant (fc) = 2.303 x  slope x  60 se c /m in  
[a cro le in ] t=0 -  [d iene ] f=0

Hydroquinone was used as an inhibitor o f the polymer
ization of the reactants in the reaction. The concentration 
of hydroquinone used was usually 0.01-0.02 M . It was 
found that the concentration of hydroquinone had no ef
fect on the observed rate constant of this reaction.

The possibility that charge-transfer interaction between 
the aryl group of the diene and acrolein could have an ef
fect on the observed rate constant was investigated. The 
reaction of l-(p-methoxyphenyl)-3,4-dimethylenepyrroli- 
dine with acrolein was carried out with varying concentra-
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Effect of Concentration Changes on the Rate Constant of the Reaction of
l-(p-Methoxyphenyl)-3,4-dimethylenepyrrolidine with Acrolein in Methylene Chloride at 33'

Table I

/ ----------------------C oncn , M----------------------- N Rate constant,a*&
[A cro le in  ) . _  „ / [ d i e n e ]  . n . ,  . ~i i

E- V  i - o  A cro le in  D iene M 1 m in 1

2 .0 : 1 .0 0.905 0.453 2.14 0.13
3.6:1.0 1.78 0.500 2.09 0.08
5.1:1.0 2.59 0.506 2.13 0 . 1 1
7.6:1.0 4.30 0.564 2.17 0.09

° Average of three kinetic runs. b The rate constants were determined from kinetic runs that were followed to 70-80% completion. Also, the 
changes in concentration had no effect on the observed rate constants when the kinetic runs were followed to 20-40% completion.

Table II
Rate Constants for the Reaction of 1-(Substituted phenyl)-3,4-dimethylenepyrrolidines with Acrolein inMethylene Chloride at 33°

Substituent R egistry no.

Rate constant,

M * m in  ̂, 102 fe

/■---------C oncn , M
D iene

---------“N
A crole in io 2 s d R e l rate

/>-COOEt 50872-60-1 3.50 0.471 1.84 1.67
p -Cl 32515-69-8 3.27 0.500 1 .8 6 0.069 1.57
/>-c h 3 50872-61-2 2.83 0.497 1.78 0 .0 2 2 1.35
wz-OCH3 50872-63-4 2.78 0.495 1.82 0.054 1.33
H 50521-41-0 2.45 0.513 1.87 0.075 1.17
w-CHj 50872-62-3 2 .2 0 0.489 1.81 0.065 1.05
p -  n (c h 3)2 50872-58-7 2.16 0.487 1.81 0.047 1.03
p -  o c h 3 50872-59-8 2.09 0.500 1.78 0.080 1 .0 0

“ Average of three kinetic runs for all dienes except l-(p-carboethoxyphenyl)-3,4-dimethylenepyrrolidine for which one kinetic run was 
made.

tions o f acrolein. Using an argument similar to Andrews 
and Keefer, 13 the rate constant should decrease in magni
tude with increasing acrolein concentration if charge-trans
fer formation is taking place. It was found that the ob
served rate constants were essentially unchanged by in
creasing the initial dienophile to diene concentration to 
eightfold (Table I). Thus, it appears that no significant 
charge-transfer formation between acrolein and the aryl 
substituent took place.

These Diels-Alder reactions were carried out on a pre
parative scale under conditions similar to the kinetic study 
for three dienes (l-phenyl-3,4-dimethylenepyrrolidine, 1- 
(p-methoxyphenyl)-3,4-dimethylenepyrrolidine, and l-(p - 
methylphenyl)-3,4-dimethylenepyrrolidine), and the ad
ducts were isolated in near-quantitative yields (90- 
95% ) . 14 The nmr spectra of the isolated adducts were in 
agreement with the nmr spectra obtained from the kinetic 
study. The adducts were stable in a deuteriochloroform so
lution for several days at room temperature.

Hammett Relationship
Kinetic studies o f the substituent effect on the rate of 

reaction of l-(substituted phenyl)-3,4-dimethylenepyrroli- 
dines with acrolein were carried out. In this diene system, 
the substituent is removed from direct conjugation with 
the diene portion o f the molecule by a methylene group. All 
previous studies of the effect o f substituents on the rate of 
the Diels-Alder reaction have employed substituents in di
rect conjugation with the diene. 15'16 In these prior studies, 
the observed effect of substituents of the diene on a normal 
electron demand Diels-Alder reaction was that electron- 
donating groups increase the rate of reaction and electron- 
withdrawing groups decrease the rate.

The substituent effect observed in this study, however, 
showed that electron-withdrawing groups increased the 
rate of reaction and electron-donating groups decreased the 
rate o f reaction (Figure l ) .17 This substituent effect was

Figure 1. Diels-Alder reaction of l-(substituted phenyl)-3,4-di- 
methylenepyrrolidines with acrolein in methylene chloride: (•) 
p-Cl; (X) p-N(CH3)2; (■) m-OCH3.

observed in three solvent systems, methylene chloride, di
methyl sulfoxide, and tetrahydrofuran (Tables II and III). 
Hammett relationships were obtained for the reaction in 
these three solvents using van Bekkum’s a n values18 (Fig
ure 2). These Hammett relationships had similar p values 
and gave good correlation coefficients (Table IV). The 
magnitudes (0.294-0.440) of these p values compared favor
ably with the p value of —0.685 found for the reaction of 1- 
(substituted phenyl)-l,3-butadienes with maleic anhydride 
in dioxane. 16 These small p values preclude the possibility 
o f a zwitterion intermediate15 and support a transition 
state with small ionic character.

Homoconjugative Effects on Diene Frontier Orbitals
It has been shown5“10 that the chemical reactivity can 

often be predicted from the frontier orbital energies of the 
diene and dienophile in the Diels-Alder reaction. Conse
quently, this approach was used to investigate this novel
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Rate Constants for the Diels-Alder Reaction of l-(Substituted phenyl)-3,4-dimethylenepyrrolidines with
Acrolein in Tetrahydrofuran at 35°

Table III

Substituent Registry no. Solvent

Rate constant,0 ^ -------------C onen , M--------------\

m in "* , 10^k D iene A cro le in  10^ SD R e i rate

p -Cl THF
H THF
p -  o c h 3 THF
p - N*(CH3)3 53352-46-8 DMSO
H DMSO
P-OCH3 DMSO

A vera ge  o f  three  k in etic  runs. b R e la tiv e  rates in  T H F . c

1.25 0.338 1.24 0 .0 2 1.336

1.06 0.333 1.28 0.03 1 .13b
0.941 0.378 1.13 0.04 1 .0 0"
9.08 0.136 0.435 0.13 2 . 0 2 c
6.03 0.1795 0.551 0 . 1 1 1.34°
4.50 0.0591 0.133 0.13 1 .0 0c

rates in D M S O .

substituent effect on the diene reactivity in the Diels-Alder 
reaction between l-(substituted phenyl)-3,4-dimethylene- 
pyrrolidines and acrolein.

Since the experimental HOMO and LUMO energies are 
not available for the dienes in this study, INDO calcula
tions were used to obtain relative frontier orbital ener
gies. 19 The INDO calculations20’21 predict an occupied 
frontier orbital arrangement in which the highest occupied 
molecular orbital (HOMO-1) of the 1 -(substituted phenyl)-
3,4-dimethylenepyrrolidines has mostly aniline character 
and the highest occupied molecular orbital with mostly 
diene character (HOMO-2) is of lower energy than HOMO- 
1 (Table V). They also predict an unoccupied frontier or
bital arrangement in which the lowest unoccupied molecu
lar orbital (LUMO-2) has mostly diene character and the 
lowest unoccupied molecular orbital with mostly aniline 
character (LUMO-1) is of higher energy than LUMO-2 
(Table V ) .22

The INDO calculations yielded a trend in the frontier or
bital energies of the dienes in which the orbital energies sit
uated mostly on the aniline portion o f the molecule 
(HOMO-1) were lowered by electron-withdrawing substitu
ents and raised by electron-donating substituents. The ef
fect of the aniline substituents on the HOMO-2 and 
LUMO-2 energies of the diene was not large enough to be 
seen with the INDO calculations (Table V). This is not sur
prising when one considers the distance between the sub
stituent and the diene portion of the molecule.

In determining the diene reactivity, however, the ener
gies of HOMO-2 and LUMO-2 are more important than 
the energies of HOMO-1 and LUMO-1 since they represent 
the orbitals of the diene portion of the molecule that are di
rectly involved in the Diels-Alder reaction. Consequently, 
the relative trends in the frontier orbital energies of the 
diene portion of the molecule were determined by a pertur
bation molecular orbital treatment of the l-(substituted 
phenyl)-3,4-dimethylenepyrrolidines. In this treatment23 
the relative energies of the frontier molecular orbitals of 
the l-phenyl-3,4-dimethylenepyrrolidine were determined

Table IV
Hammett Relationship of the Diels-Alder Reaction of1-(Substituted phenyl)-3,4-dimethylenepyrrolidines with Acrolein

Solvent
P

value Intercept
Corr
c o e f f

N o. o f  
points

Methylene
chloride

0.440 -0.00068 0.983 7

Dimethyl
sulfoxide

0.294 -0.050 0.951 3

Tetrahydro
furan

0.344 -0.0081 0.993 3

from an orbital interaction diagram of the frontier orbitals 
o f aniline and cisoid 1,3-butadiene. A similar approach has 
been used by Simmons and Fukunaga1 and Hoffmann, et 
a l.,2 to predict the electronic spectra and chemical reactiv
ity of spirarenes. The orbital interaction diagram of the 
frontier orbitals for aniline and cisoid 1,3-butadiene was 
constructed from the molecular orbitals determined by 
INDO calculations and experimental HOMO and LUMO 
energies.

It is apparent from the orbital interaction diagram for 
aniline and 1,3-butadiene (Figure 3) that the interaction 
between the HOMO of aniline and the LUMO of the diene 
is the strongest. Since electron-withdrawing groups lower 
the HOMO energy o f aniline, they will cause a weakening 
of the HOMO aniline-LUMO diene interaction and the re
sulting LUMO-2 o f the l-(substituted phenyl)-3,4-dimeth- 
ylenepyrrolidines will be of lower energy than the LUMO-2 
of 1 -phenyl-3,4-dimethyIenepyrrolidine. By similar analy
sis, electron-donating substituents on aniline will increase 
the energy of the LUMO-2 of the l-(substituted phenyl)-
3,4-dimethylenepyrrolidines relative to the unsubstituted 
case. The effect of the aniline group on the HOMO energy 
of the diene was neglected because o f the large energy sepa
ration between the HOMO-2 of the diene and the LUMO-1 
of the aniline.

Table VOrbital Energies (au) of l-(Substituted phenyl)-3,4-dimethylenepyrrolidines from INDO Calculations
Substituent Registry no. HOMO-2° bHOMO-1 LUMO-lC LUMO-2'

/>-COOH 53352-47-9 -0.452 -0.373 0.124 0.113
m  -OCH3 -0.446 -0.358 0.173 0.126
H -0.445 -0.355 0.171 0.126
m-CHj -0.444 -0.355 0.162 0.126
/J-OCH3 -0.446 -0.347 0.169 0.125
/ 1-NHCH3 53352-48-0 -0.443 -0.320 0.170 0.127

“  H igh est o c cu p ie d  m o lecu la r  o rb ita l w ith  m ostly  d ien e  ch a ra cter. b H ighest o c cu p ie d  m o lecu la r  o rb ita l w ith  m ostly  a n ilin e  ch aracter. 
c L ow est o c cu p ie d  m o le cu la r  o rb ita l w ith  m ostly  a n ilin e  ch aracter. d L ow est o c cu p ie d  m o le cu la r  orb ita l w ith  m ostly  d ien e  ch a ra cte r .
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Figure 2. Hammett relationship for the Diels-Alder reaction of 
l-(substituted phenyl)-3,4-dimethylenepyrrolidines and acrolein 
in methylene chloride.

4.65 eV 
(-3.28 eV)

-10.37 eV 
(-7.7 eV)

3.91 eV 
(-3.36 eV)

-12.41 eV 
(-9.07 eV)

Figure 3. Orbital interaction diagram for INDO molecular orbitals 
of aniline and cisoid 1,3-butadiene (experimentally determined 
orbital energies are given in parentheses).

Frontier orbital theory predicts that the rate of the 
Diels-Alder reaction should increase as the energy differ
ence between the frontier orbitals of the diene and dieno- 
phile decreases. Since electron-withdrawing substituents 
on the aniline cause a decrease in the energy o f the aniline 
HOMO, these groups through homoconjugation of aniline 
and the diene portions of the molecule decrease the energy 
of the LUMO-2 relative to the l-phenyl-3,4-dimethylene- 
pyrrolidine case. Consequently, this decrease in LUMO-2 of 
the diene causes a stronger orbital interaction to take place 
between the HOMO of acrolein and the LUMO-2 of the 
diene, thus increasing the rate of Diels-Alder reaction. By 
similar analysis, electron donating on the aniline would de
crease the rate of reaction relative to 1-phenyl-3,4-dimeth- 
ylenepyrrolidine. This theoretical prediction is in direct 
agreement with the experimentally observed substituent 
effect.

Conclusion
In all prior frontier orbital studies of substituent effects 

on the diene reactivity of a normal electron demand Diels- 
Alder reaction, the effect of the substituents has been in
vestigated through the HOMO energies (electron-donating 
groups increasing the rate and electron-withdrawing groups 
decreasing the rate). Sustmann24 has indicated that the in
teraction between LUMO dienophile and HOMO diene is 
the dominant frontier orbital interaction and that the in
teraction between LUMO diene and HOMO dienophile can 
be neglected in determining the diene reactivity in such a 
Diels-Alder reaction. In this study, the unique substituent 
effect on the diene reactivity is caused by altering the 
LUMO energies of the diene through homoconjugation in 
contrast to Sustmann’s suggestions.24 Consequently, sub
stituents which affect the energy of LUMO diene can have

an important effect on the rate o f a normal electron de
mand Diels-Alder reaction.

Experimental Section
Materials and Apparatus. A water bath was maintained at 

±0.01° by means of a Haake E-51 temperature controller. All ki
netic measurements were made on a Varian A-60 spectrometer. 
The accuracy of the nmr integrations was ±2.0% for the Varian A- 
60 and ±5.0% for the Perkin-Elmer R-24. Certified ACS dimethyl 
sulfoxide and tetrahydrofuran obtained from Fisher Scientific Co. 
were used without further purification. The methylene chloride 
(bp 40° (760 mm)) and acrolein (bp 52.5° (760 mm)) were distilled 
directly before use. All l-(substituted phenyl)-3,4-dimethylene- 
pyrrolidines were prepared according to the procedure reported.14 
These dienes were recrystallized in ether-petroleum ether and 
sublimed immediately before use. A 1-ml glass luer tip tuberculin 
syringe made by Becton-Dickinson was used for the measurement 
of solvent volumes. The accuracy of this syringe was determined to 
be ±0.01 ml with HjO. Weighings were carried out on an analytical 
balance with an accuracy of ± 0.0001 g.

Kinetic Procedure. Two different experimental procedures 
were used depending on the solubility of the diene.

Procedure I. An appropriate amount of the diene was weighed 
in a nmr tube. This nmr tube was placed, along with an air-tight 
vessel containing a quantitative amount of acrolein in the reaction 
solvent, into the constant temperature water bath and allowed to 
equilibrate. The bath was maintained at the nmr probe tempera
ture. The nmr probe temperature was monitored by the use of a 
methanol solution. The variation found in the probe temperature 
was less than ±0.3°. An appropriate amount of the preheated reac
tion solvent (measured with a 1 .0-ml syringe) was then added to 
the nmr tube and a timer was started. Solvation time was between 
30 and 60 sec and was taken into account by subtracting one-half 
of the magnitude cf the solvation time from the actual time the 
reaction was started. However, neglecting this, solvation time had 
no effect on the observed rate constant. During the solvation of the 
diene, the nmr tube was kept in the water bath, after which time it 
was placed directly into the nmr probe. The rate of this Diels- 
Alder reaction was determined by the integration of the appropri
ate nmr signals. Four or five integrations were taken at each time 
and the average value used. Usually six or seven determinations 
were made during each kinetic run and the reaction was followed 
to 70-80% completion. The volume of the reaction solution was de
termined by calibration of the nmr tubes. The length of the nmr 
tubes was calibrated with known volumes of solvent. This method 
was found to have an accuracy of ± 1 %.

Procedure II. This procedure was used for dienes whose solva
tion time was large enough to affect the rate constant. In this case 
the appropriate amount of acrolein was placed in an air-tight 10 - 
ml volumetric flask and the appropriate amount of the diene dis
solved in the reaction solution in a second air-tight 1 0 -ml volumet
ric flask. The two separate solutions were brought to the reaction 
temperature and then mixed together. Three nmr tubes were filled 
with the reaction mixture and the reaction was followed by inte
gration of the appropriate nmr peaks.

Method of Calculations. It is well known27 that the area of an 
nmr absorption is proportional to the nuclei contributing to it. 
Thus, the area of the aldehyde peak of acrolein is proportional to 
the amount of acrolein present and the area of the aldehyde peak 
of the Diels-Alder adduct is proportional to the amount of adduct 
present. Using this rationale the amounts (moles) of reactants and 
adduct present in the reaction mixture at any given time were de
termined as follows.

Case I. The rate of reaction was determined by the change in 
chemical shift of the aldehyde proton. Let the moles of acrolein at 
any given time ( f ) oe M  Let the initial moles of acrolein ( f  = 0) 
be M  Ao- Let the area of aldehyde proton absorption of acrolein be 
A a. Let the area of aldehyde proton absorption of Diels-Alder ad
duct be A p. Then:

Nip, _  Tl a 
M ao A v + A a

M. = M
A 4

AO A p + A a
(1)

From the stoichiometry of the chemical reaction it can be seen that 
for every mole of acrolein reacted a corresponding mole of the
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diene must react. Let M  d equal the moles of diene at any given 
time (t ). Let the initial moles of diene (t = 0) be M do- Therefore:

M d =  Mdo -  (Ma0 -  M a ) (2 )

Case II. The rate of reaction was determined by the disappear
ance of the vinyl proton absorption (t> 5.55) of the diene. Let A dv 
be the area of vinyl proton absorption of the diene (2 H). Let A AP 
be the area of aldehyde proton absorptions of acrolein and Diels- 
Alder product (1 H). Then:

Therefore:

M d

MD()

Md =  MD0

Apy MA o 
2A ap Mdo

/  Apy MA0\
\ 2Aap Afpo/

2A ,
-M AO

M a — m ao(m do m d )

(3)

(4)

Since the Diels-Alder reaction was carried out under constant 
volume conditions, the molar concentration ratios of the second- 
order rate equation are equal to their mole ratios (eq 5-9). Thus,

[ ATd  o l î  = 0 [M Al, ([Ma(11î=o [Mdo]̂ )̂
[MAO]t=oLm d Jî 2.303

[Afpo] t=o _  MDn 
[•4̂ Ao]t=o MA0

[ M j t  M a
[MD]t MD

iop- 44ppMA ([M An]t=fl -  [MD0]t=n)ftt 
ë M m M 0 2.303

44a _  ([M Ao]t=o [MD0] t=0)fcf 
MD 2.303 log M̂,DO

(5)

(6)

(7)

(8) 

(9)

integration of the appropriate nmr signals during the course of this 
Diels-Alder reaction allows one to determine the corresponding 
rate constant. The rate constant was determined from the rate 
equation (9) by plotting log M A/M D us. time. The slope of this 
line which is equal to

([M A0]t=o [Mppjt.p^
2.303

was determined by a least-squares regression analysis.28
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Peri di-ieri- butylnaphthalenes have been photolyzed to afford hemi-Dewar isomers. Kinetic parameters for 
the thermal isomerization of the latter class of compounds have been obtained. Mass spectral data, including ap
pearance and ionization potentials, have been obtained for the peri-crowded naphthalenes as well as their un
strained isomers.

In order to examine the conflict between steric bulk and 
aromatic character that is built into the 1 ,8 -di-feri-butyl- 
naphthalene system 1 , a series of photochemical and mass 
spectral experiments were undertaken in our laboratories. 1 
The precedents for this work were developed in similar 
studies with the o -di-feri- butylbenzene system 2 .2

1 2

The seminal experiment in photochemistry and also in 
the field of aromatic valence isomers was that of van Tam- 
elen and Pappas2b \yho converted 1,2,4-tri-tert-butylben- 
zene (3) to its Dewar isomer 4 by irradiation with Vycor-fil- 
tered uv light. Subsequent to that discovery, a systematic 
photochemical and synthetic research effort has succeeded 
in preparing and/or interconverting Dewar benzene, pris- 
mane, and benzalene isomers.

The structure proof o f 11 is based on its nmr ( te r t-butyls 
at ô 1.00, 1.13, 1.30, and 1.40; benzylic H at 3.91, vinyl H at
6.10, 2 aromatic H ’s at 6.89 and 7.08) which compares well 
with that o f S. Further, thermal isomerization (vide in fra  ) 
of 1 1  afforded 10  allowing us to discount any more deep- 
seated rearrangement. Our study continued with tri-te rt - 
butylnaphthalene 12 which afforded isomer 13 under our 
standard conditions.

In the naphthalene field, the preparation of valence iso
mers has been largely a synthetic endeavor, and has to date 
afforded hemi-Dewar naphthalenes 5 and 6 and naphth- 
valene 7.3 There has been a long history o f naphthalene 
photochemistry none of which has afforded valence iso
mers.4 The most crowded naphthalene photolyzed hereto
fore was octamethylnaphthalene (8 ) which reacted with 
oxygen to form adduct 9 but exhibited no trace of valence 
isomer.5

That the more heavily substituted ring was the one that 
isomerized was discerned from the nmr spectrum which 
had one less aromatic ferf-butyl and one more aromatic hy
drogen than that of 11. Within the limits of analysis, we 
were unable to detect isomer 14. We have no satisfactory 
explanation o f this selectivity.

The multiplicity of the rearrangement o f 10 was exam
ined with the triplet quenchers piperylene and ferrocene 
(E t 59 and 43 kcal/mol). No effect on the isomerization pro
cess was detected .7 The bromo-tert-butyl derivative 15 
was studied8 with the presumption that the “ heavy atom” 
effect9 might allow triplet formation and perhaps some dif
ference in photochemistry. However, the valence isomer 16 
was the sole product obtained, with no evidence for 17 or 
any other valence isomer discernable.

In our laboratory, the experiments were performed with 
the tetra-teri-butylnaphthalene 10.6 Irradiation in either 
cyclohexane or hexane using a Hanovia 450 W medium 
pressure lamp with Pyrex filter afforded a photoisomer 11 
in 95% yield with a 5% remainder of 10. This mixture is a 
photostationary state since 1 1 , purified by chromatography 
and recrystallization, afforded the same 95:5 composition 
upon irradiation.

The thermal reversal of the Dewar isomers was studied 
in some detail. 10 The rate constants for the rearomatization
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Table IRate Constants, Half-Lives, and Activation Parameters for the Thermal Reversion of 11
-i

T em p , °C Rate constant, sec t , hr
1/2

38“ 70
50 1.07 ± 0.19 x 10' 5 18.3
65 5.8 ± 0.8 x 10' 5 3.4
70“ 2

80 2.6 ± 0.4 x 10' 4 0.75

E, 24.0 ± 3.8 kcal/m ol
Log A 11.3 ± 2.4

a Half-lives at these temperatures were computed for easy com-
parison to data for other valence isomers.

Table II
AP and IP Data for tert-Butylnaphthalenes (eV)

Isom er AP IP A

1 2 7.14 9.58 2.44
24 7.76 10.36 2.60
25 7.68 10.30 2.62

of 11 were determined using nmr integration. The results 
are presented in Table I. Comparable half-lives were ob 
served for isomers 13 and 16. These indicate a higher bar
rier to aromatization than that for the less substituted ana
log 5 (1 1 / 2  4 hr, 38°) and a similar barrier to that of 6 (1 1/2

1.5 hr, 70°). One factor in the higher energy can be assigned 
to the effects o f ferì- butyl rotation. In the aromatic com
pound 1 0 , the barrier to free rotation is 6 kcal/mol,6a deter
mined at an nmr coalescence temperature of —137°. The 
comparable hindrance to rotation in the Dewar isomer 11 
cannot be determined at the lowest temperature of opera
tion of the spectrometer, therefore presumably less than 
that of 1 0 .11

The adiabatic isomerization o f electronically excited va
lence isomers to electronically excited states of parent aro
matics has been observed recently. Naphthvalene 7 upon 
flash photolysis affords triplet naphthalene, 12 while an
thracene valence isomer 18 affords singlet anthracene 19 
upon excitation. 13 Similar experiments performed by Pro-

18 19
fessor Turro’s group at Columbia with 1 1  and 16 did not 
yield observable aromatic excited states, presumably be
cause these states have a dark pathway, namely valence 
isomerization, available for energy consumption.

From the excited states of photochemistry we turn to 
those of mass spectroscopy to obtain one datum desired in 
the 1 ,8 -di-ieri -butylnaphthalene series: the calorimetric 
strain energy as a comparison to that of the 0 -dibutylben- 
zenes. We chose a mass-spectroscopy method developed by 
Arnett. 14 He compared the increment in energy between 
the appearance potential of the molecular ion and the ion
ization potential for the M -  15 peak. When the incre
ments in unstrained di-ierf-butylbenzenes were compared 
to the increments of o-di-tert-butylbenzenes, it was noted 
that the strained cases required ~ 1  eV less energy which in 
kcal/mol compares quite favorably to the strain energy de
termined by calorimetry. The assumption implicit in these 
experiments was that a crowded te rt- butyl group in 1,2,4- 
tri-te rt- butylbenzene (2 0 ) loses a methyl group to form a

Table IIIMass Spectra (70 eV) of t e r t -Butylnaphthalenes
Probable R e l Probable R e l

Peak assignm ent intensity Peak assignm ent intensity

1,4 1,3,8
240 M+ 76 296 M* 10 0

225 M - c h 3 10 0 281 M - c h 3 36
183 M - /-Bu 14 240 M - isobutylene 8

169 10 239 M - /- Bu 38
167 10 238 M  - isobutane 5
165 10 237 7

226 10
1,3 225 49
240 M + 75
225 M - CHS 10 0 1,3,5,8
183 M  - t-  Bu 5 352 M * 10 0
169 5 337 M  - c h 3 44
167 6 297 16
165 8 296 M  - isobutylene 66

295 M  - /-Bu 9
1,3,6 294 M  - isobutane 1 2
296 M* 10 0 281 75
281 M - CH3 82
239 M  - /-Bu 2 1,3,6 ,8

352 M " 10 0
1,3,5 337 M  - c h 3 19
296 M + 10 0 297 6
281 M - c h 3 55 296 25
239 M - /-Bu 2.5 295 2

294 5
281 25

dimethylbenzyl cation 2 1  which is not significantly more 
crowded than the cation 23 derived from 1,3,5-tri-teri-bu
tylbenzene (2 2 ). Thus, any difference in energy for the loss

o f CH3 was assigned to a difference in ground-state energy 
o f the isomers, namely strain energy in the more crowded 
20. This assumption hsn been analyzed more rigorously by 
Jalonen and Pihlaja. 15 With this precedent to encourage us, 
and with the 10 0 0 -fold'greater quantities required for con
ventional combustion calorimetry to discourage us, we de
termined appearance potentials (AP) of the molecular ions 
o f naphthalenes 12, 24, and 25 and ionization potentials

(IP) of their M -  15 fragments. The method of semilog 
plots of ion abundance vs. electron energy with krypton 
and acetone as calibration standards was used. 16 The re
sults are presented in Table II.
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It can be seen that the increments between AP and IP of 

crowded and uncrowded te rt- butylnaphthalenes are essen
tially equal. Thus, the extrapolation o f Arnett’s technique 
to our series breaks down. The rationale for this nonextra
polation is simply that the nonhindered te rt- butyl is par
ticipating in the loss of CH3- presumably because there is 
insufficient relief of strain energy in the loss of methyl from 
a crowded te rt- butyl group. Further, our analysis of nmr 
data has postulated a great deal of nonplanarity in the 
peri-crowded region so that the te rt- butyls are not true 
“ aromatic” te rt- butyls. Thus, their interaction with radical 
cation of the molecular ion would not be the same as “ aro
matic te rt- butyls” and they would not be forming a true 
planar dimethylbenzyl cation as the methyl radical was de
parting. This presumed lack of “ reactivity” of peri te rt- 
butyls finds an interesting parallel in the acid-catalyzed 
reactions discussed in our earlier work.

The routine 70 eV mass spectra in the series produced no 
unusual observations (Table III). We searched carefully for 
evidence of bis elimination of methyl and hydrogen or two 
methyls to form a less-strained ring, but no such peaks 
were observed. This may be contrasted to data obtained for
4.5- dimethylphenanthrene by Dougherty, et a l . 17

E xperim ental Section

Photochemistry. General Procedure. The naphthalene to be 
photolyzed was placed in an 8 in. long reaction vessel (capacity ca. 
150 ml) with a 50/60 ground glass female joint and dissolved in 120 
ml of spectral grade solvent. A water-cooled immersion well with a 
50/60 ground glass male joint (lightly greased with Nonaq stopcock 
grease) containing a Pyrex filter and a 450 W, type L Hanovia 
high-pressure mercury lamp, catalog No. L6', was inserted into the 
reaction vessel and the magnetically stirred solution subjected to 
photolysis. The progress of the photolysis was followed by remov
ing a sample of the photolysate and subjecting it to uv analysis 
(PE-202, hexane), monitoring the disappearance (usually about 48 
hr) of the maximum at ca. 310 nm, which is characteristic of 1,8- 
di-tert- butylnaphthalenes. The uv sample was then returned to 
the reaction vessel. After the photolysis was judged complete, the 
solvent was evaporated under reduced pressure at room tempera
ture and the residue was dissolved in pentane and filtered through 
1 g of activity II neutral alumina contained in a Pasteur pipet 
using pentane as the eluent. The pentane was evaporated at room 
temperature and the residue was used without further manipula
tion for the kinetic runs or other experiments.

2.4.8.10- Tetra-tert-butyltricyclo[4.4.0.02 ’5]deca-3,6 ,8 ,10-te- 
traene, (5,6-Benzo-l,3,7,9-tetra-tert-butyIbicyclo[2.2.0]hexa-
2.5- diene or 1,3,7,9-Tetra-fert-butyl Hemi-Dewar Naphtha
lene) (11). A sample of 0.128 g (0.363 mmol) of l,3,6,8-tetra-£eri- 
butylnaphthalene was photolyzed for 48 hr. At the end of this time 
the hexane was evaporated and the yellow-white solid filtered 
through activity II neutral alumina using pentane as the eluent. 
The pentane was evaporated to yield 0.128 g (100%) of a white 
solid shown by nmr (CCI4) to consist of 95% photoproduct 11 and 
5% starting material. The above solid (0.028 g) was recrystallized 
from a minimum amount of warm (45°) methanol to yield 0.009 g 
(32%, first crop only, the yield was not maximized) of pure (by uv) 
photoproduct: mp 57-58°; ir (CCI4) 3.45, 6.87, 6193, 7.29, 7.42, 9.19, 
and 11.51 n; nmr (CC14) 5 1.00 (9 H, s,Ci-feri-butyl), 1.13 (9 H, s, 
C3-£ert-butyl), 1.30 (9 H, s, C7-ierf-butyl), 1.38 (9 H, s, Cn-tert- 
butyl), 3.91 (1 H, d, J  = 1.5 Hz, methine H), 6.10 (1 H, d, J  = 1.5 
Hz, vinyl H), 6.89 (1 H, d, J  = 1.5 Hz, H7 or Hg), and 7.08 ppm (1 
H, d, J  = 1.5 Hz, H9 or H7); uv max (hexane) 273 (2.83) and 282 
nm (log e 2.82).

Anal. Calcd for C26H4o: C, 88.57; H, 11.43. Found: C, 88.44; H, 
11.41.

The same results were obtained using spectral grade cyclohex
ane as the solvent, or at 5° using hexane as the solvent.

2.4.10- Tri-£ert-butyltricyclo[4.4.0.02 '5 ]deca-3,6,8-I0-te- 
traene (5,6-Benzo-l,3,9-tri-£ert-butylbicylo[2.2.0]hexa-2,5- 
diene or 1,3,9-Tri-tert-butyl Hemi-Dewar Naphthalene) (13). 
A sample of 0.062 g (0.209 mmol) of 1 ,3 ,8-tri-tert-butylnaph- 
thalene was photolyzed for 48 hr. At the end of this time, the hex
ane was evaporated and the yellow oil filtered through activity II 
neutral alumina using pentane as the eluent. The pentane was

evaporated to yield 0.062 g (100%) of a colorless oil shown by nmr 
(CC14) to consist of 90% photoproduct 13 and 10% starting materi
al. Attempts to either induce crystallization or separate the va
lence bond isomer by chromatography were a failure. The tri-tert- 
butyl hemi-Dewar naphthalene had the following spectral charac
teristics: nmr (CC14) <5 1.00 (9 H, s, Ci-fer£-butyl), 1.13 (9 H, s, C3- 
teri-butyl), 1.38 (9 H, s, Cg-terf-butyl), 3.97 (1 H, d, J  = 1.5 Hz, 
methine H), 6.14 (1 H, d, J  — 1.5 Hz, vinyl H), and 6.67-7.17 ppm 
(3 H, m aromatic H); uv max (hexane, 10% naphthalene impurity 
subtracted out) 272 (2.67) and 279 nm (log e 2.60).

7-Bromo-2,4,10-tri-tert-butyltricyclo[4.4.0.03’5]deca- 
3,6,8,10-tetraene (16). A photolysis of 0.055 g (0.2 mmol) of 5- 
bromo-l,3,8-tri-£er£-butylnaphthalene was carried out under ni
trogen. After 15 hr the material was passed through a gram of ac
tivity grade II alumina with hexane elution and yielded 0.050 g 
(91%) of an isomer: ir (CC14) 1100, 1130, 1365, 1385, 1450, 1465, 
1550, 2900 cm-1; nmr (CC14) & 7.08 (1 H, d, Ha of AB quartet, Jab 
= 8.5 Hz), 7.04 (1 H, d, Hb of AB quartet, Jab = 8.5 Hz); 6.15 (1 H, 
d, J = 1.5 Hz), 3.95 (1 H, d, J = 1.5 Hz), 1.40 (9 H, s), 1.18 (9 H, s),
1.09 (9 H, s).

Anal. Calcd for C22H3iBr: C, 70.57; H, 8.35; Br, 21.34. Found C, 
70.59; H, 8.48; Br, 21.21.

Kinetics of the Thermal Reversion of the Hemi-Dewar 
Naphthalenes to Naphthalenes. A sample (0.033-0.50 g) of the 
hemi-Dewar compound was dissolved in 0.35 ml of spectral grade 
CC14 and filtered into an nmr tube. The tightly stoppered nmr 
tube was then placed into a preheated oil bath at the temperature 
the reversion was being studied (50, 65, or 80°). The temperature 
of the oil bath was maintained by a Therm-O-watch temperature 
controller (I2R, Model No.L-621, T = ±0.6°). At various times 
(about every 4-6 hr at 50°, every hr at 65°, and every 10-15 min at 
80°) the nmr tube was removed from the oil bath and as quickly as 
possible placed into ice water for 2 min. The nmr tube was wiped 
free from water ar.d as quickly as possible an nmr spectrum of the 
appropriate region was taken. The ratio of hemi-Dewar naphtha
lene and naphthalene at various times was determined by integra
tion of the appropriate nmr signals. For the tetra-tert- butyl com
pound, the nmr spectral absorptions corresponding to the signals 
of the aromatic protons of the hemi-Dewar compound (6 6.89 and 
7.08) and the signals of the aromatic protons in the naphthalene (6
7.22 and 7.48) were integrated and the ratio of areas was obtained 
after correcting fcr the number of protons. For the tri-te rt-butyl 
compound, the nmr spectral absorptions corresponding to the ole
fin signal (6.14 5) of the hemi-Dewar compound and the signals of 
the entire aromatic region (6 6.67-7.6) were integrated and the 
ratio of areas was obtained after correcting for the number of pro
tons. From these ratios, first-order plots were obtained (7-10 data 
points per run), the best straight line being determined by least- 
squares analysis (using a Compucorp 025 Educator calculator, pro
gram No.8802464). The rate constants and half-lives were then cal
culated from the slope of the straight line. Two runs were done at 
each of the three temperatures and the value of the rate constant 
(and half-life) at a particular temperature was taken as the average 
value of the two runs at that temperature. The average value of the 
rate constant at a particular temperature was then used for the en
ergy of activation calculation. The three data points thus obtained 
were subjected to least-squares analysis (above) to find the equa
tion of the best straight line from whose slope and intercept E a 
and the value of log A were respectively determined.
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Several polycyclic aromatic hydrocarbon derivatives provide infrared fluorescence quantum yields on the order 
of 0.30 in solution. The infrared fluorescers were combined with a peroxyoxalate chemiluminescent system based 
on bis(2,4,6-trichlorophenyl) oxalate to provide solution-phase infrared chemiluminescence with quantum yields 
as high as 0.06 einstein mol-1. The effect of fluorescer concentration on chemiluminescence quantum yield indi
cated the theoretical maximum yield of excited emitter to be 49% with the fluorescer 16,17-dihexyloxyviolan- 
throne. Theoretical considerations relating to infrared fluorescence and chemiluminescence are discussed.

Infrared chemiluminescence, unlike visible chemilumi
nescence, is unlikely to be discovered by accidental obser
vation, and few examples are known. The examples are 
confined to gas-phase reactions which produce vibrational- 
ly excited states, 1 to emission from singlet oxygen,2 and to 
reaction o f violanthrone with singlet oxygen.3

It is well recognized that efficient liquid-phase chemilu
minescence requires the efficient formation of an electroni
cally excited singlet product in a chemical reaction and 
that the excited product must be an efficient fluorescer.4’5 
The modification of a chemiluminescent reaction to pro
duce emission in a specified spectral region is generally dif
ficult, however. Most chemiluminescent reactions produce 
their excited products directly from the energy releasing 
reactants, and it is difficult to modify the structure o f the 
fluorescent product while at the same time retaining the ef
ficient excitation capability of the reactant.6

Peroxyoxalate chemiluminescence, however, differs from 
most chemiluminescent reactions in that the emission spec
trum depends on the fluorescence spectrum of a compound 
which is added independently of the reactants.7-8 Through 
the use of a variety o f fluorescers, emission almost span

ning the visible spectrum has been obtained.7-9 This prop
erty, along with its inherent efficiency, encouraged us to se
lect the peroxyoxalate reaction as the basis for infrared 
chemiluminescence research.

The peroxyoxalate reaction of bis(2,4,6-trichlorophenyl) 
oxalate with hydrogen peroxide and sodium salicylate was 
chosen because this reaction has been shown to provide 
quantum yields as high as 0 .2 0  einstein mol- 1  with the flu
orescer rubrene. 10 A search of the literature for organic in
frared fluorescers failed to reveal an acceptable prospect, 
although several dyes have been reported to luminesce in 
the infrared on fibers, 11 and several red fluorescers have 
spectral distributions extending into the infrared in solu
tion . 12 Two useful criteria are available for fluorescer de
sign. First, the intrinsic probability of radiative transition 
from an excited electronic level increases with the extinc
tion coefficient of the electronic absorption of that level. 13 
Thus, compounds having extinction coefficients above 
about 1 0 4 have a relatively high fluorescence probability. 
Secondly, according to Stokes’ law the emission spectral 
distribution of an organic fluorescer in general approxi
mates the mirror image of the absorption spectrum and
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usually is displaced 50-200 nm toward longer wave
lengths. 14 Thus, organic compounds having first absorption 
bands at wavelengths longer than 650 nm, and with extinc
tion coefficients greater than 1 0 4, are potential infrared flu- 
orescers. In general, compounds having these properties 
will have a rigid structure with a high degree of conjugated 
unsaturation, and polycyclic aromatic hydrocarbon deriva
tives appeared particularly attractive. Advantage was also 
taken of bathochromic spectral shifts produced by substit
uents such as alkoxy13 and phenylethynyl15’16 to extend the 
emission wavelengths o f red fluorescers into the infrared.

Results

Infrared Fluorescers. The compounds investigated as 
fluorescers are illustrated in Chart I, and their absorption 
and fluorescence properties are summarized in Table I. 
Fluorescence spectra and quantum yields were usually 
measured in ethyl benzoate (EB) or o-dichlorobenzene 
(DCB) solutions to facilitate subsequent chemilumines
cence studies, but several fluorescers were measured in 
benzene or (because o f solubility difficulties) in 1,2,4-tri- 
chlorobenzene (TCB). Five o f the 1 1  compounds in the 
table (Ib-d, IV, and VI) are predominately infrared fluo
rescers with emission maxima above 700 nm while the oth
ers provided appreciable red as well as infrared emission.

In the violanthrone series alkoxy substituents in the 
16,17 positions (compounds Ib-d) provided bathochromic 
shifts of approximately 85 nm into the infrared, but had 
relatively little effect on the fluorescence quantum yield. 17 
In the pentacene series substitution by two or four phenyl
ethynyl substituents also produced substantial bathochro
mic shifts as has been discussed separately. 15

For most o f the compounds fluorescence quantum yields 
in the range o f 18-51% were obtained. Solvent effects on 
quantum yield were noted in two cases. With IV a higher 
quantum yield was obtained in benzene than in ethyl ben
zoate or o-dichlorobenzene, and with Id the addition of 
13% te rt- butyl alcohol to dichlorobenzene decreased the 
quantum yield substantially. It is likely that the quantum 
yield o f VI might be considerably higher in another solvent 
than in the 1,2,4-trichlorobenzene actually used, but the 
low solubility of VI prevented such measurements.

Infrared Chemiluminescence. Chemiluminescent 
reactions under several conditions with bis(2,4,6-trichloro- 
phenyl) oxalate (TCPO), hydrogen peroxide, a basic cata
lyst, and six red or infrared fluorescers are summarized in 
Table II. Highest quantum yields o f infrared radiation 
were obtained from diphenylbisanthene (IV) and from vio
lanthrone derivatives lb and Id. Substantially, lower quan
tum yields were obtained unexpectedly from the other vio
lanthrone derivatives. There does not appear to be a 
straightforward correlation between either the fluorescence 
quantum yield or fluorescer structure and chemilumines
cence quantum yield, and the variations obtained may re
sult from decomposition of some fluorescers during the 
course o f reaction. Two fluorescers, III and V, decomposed 
rapidly during chemiluminescent reactions, and reliable 
chemiluminescence emission data could not be obtained. 
The more detailed experiments with fluorescer Id indicate 
that higher quantum yields are obtained in ethyl benzoate 
than in dichlorobenzene and that quantum yields tend to 
decrease with increasing concentrations o f TCPO.

Spectral distributions in chemiluminescence tend to be 
shifted toward longer wavelengths from the normal fluores
cence spectra because o f reabsorption of short-wavelength 
chemiluminescent emission by the fluorescer in the bulk 
solution. Self-absorption in chemiluminescence is mini
mized at low fluorescer concentrations, and it is evident

Chart I
Red and Infrared Fluorescers“

I» III IIIc c c
Ph Ph Ph

V VI
° la (R = H), violanthrone; lb (R = OCH.j), 16,17-dimethoxy- 

violanthrone; le (R = OCH(CH3)2), 16,17-diisopropoxyviolan- 
throne; Id (R = OC6H13), 16,17-dihexyloxyviolanthrone; le (R = 
OCH2CH2O-), 16,17-(l,2-ethylenedioxy)violanthrone; If (R = 
OCOCH3), 16,17-diacetoxyviolanthrone; II, tetrabenzo[de,hi,op, 
sijpentacene; III, 7,8,15,16-dibenzoterrylene; IV, 4,11-diphenyl- 
bisanthene; V, 6,13-bis(phenylethynyl)pentacene; VI, 5,7,12,14- 
tetrakis(phenylethynyl)pentacene.

from the comparison of chemiluminescence and fluores
cence spectra in Figure 1 that singlet emission from the flu
orescer is the source of chemiluminescence radiation.

The effect of fluorescer concentration on chemilumines
cence quantum yield under otherwise constant conditions 
is indicated by the experiments with 16,17-dihexyloxyviol
anthrone (Id) in Table III. A low concentration (0.0010 M ) 
o f bis(2,4,6-trichlorophenyl) oxalate (TCPO) was used in 
the experiments to minimize possible quenching effects of 
TCPO and the reaction by-products on the quantum yield, 
and to minimize consumption o f the fluorescer during the 
reaction. It is evident that the quantum yield increases 
with increasing fluorescer concentration to a limiting value. 
The rate of intensity decay also increases with increasing 
fluorescer concentration at the low concentration levels.

Discussion

Infrared fluorescence requires excited molecules having 
energies below 40.8 kcal mol- 1  (>700 mp). Since the Ein
stein probability for spontaneous emission of dipole radia
tion is proportional to the third power of the excitation en-
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Table I
Absorption and Fluorescence Data

F luorescence dataa

Excitation Emission A bsorbance da ta6

F luorescer Solvent & Viax4 nm C on cn , 10^ M Quantum y ie ld t n a '  nm Wx> nm e

la EB 550 5 0.35 630 607
DCB 550 5 0.36 637

lb EB 600 7.5 0.32 713
DCB 600 7.5 0.29 720 658 40,340
DCB 600 0.5 0.29 720

Ic EB 600 7.5 0.25 715
EB 600 15.0 0.27 720 648 36,630
DCB 600 7.5 0.24 725
DCB 600 15.0 0.26 725

Id EB 600 7.5 0.29 720
EB 600 15.0 0.27 725
DCB 600 7.5 0.26 725 660 43,520
DCB 600 15.0 0.26 725
DCB 9,1%\ 600 10 0.14 736TBA 13%/

Ie EB 600 10 0.34 680 616
DCB 600 7.5 0.32 680
DCB 600 15.0 0.34 680

If EB 550 5 0.67 625 582 40,800
DCB 550 5 0.61 628

II Benzene 600 10 0.51 690 628 43,70(/
DCB 678 10 0.51 678

in Benzene 600 5 0 .2 1 630, 810 750 42,200
IV EB 600 10 0 .1 0 730 694 30,900

DCB 600 10 0 .1 0 736
Benzene 600 5 0.18 720

V Benzene 600 5 0.26 680, 730 668 25,300
VI TCB 600 5 0.08 740, 790 705 26,900

“ Fluorescence was excited at the front surface of the sample using an excitation wavelength as indicated- " EB, ethylbenzoate; DCB, 
dichlorobenzene; TBA, terf-butyl alcohol; TCB, trichlorobenzene. c Spectral emission maxima. d Wavelength used for fluorescence excita
tion. e First absorption band. Absorption data obtained in o-dichlorobenzene, except note/. ' Absorption data obtained in benzene.

A (mp)
Figure 1. Id fluorescence and chemiluminescence emission. Fluo
rescence and chemiluminescence spectra of 16,17-dihexyloxy- 
violanthrone (Id) systems in 90% o-dichlorobenzene-10% tert- 
butyl alcohol at 25°: (O) fluorescence of 6.7 X 10-5  M  Id; (•) 
chemiluminescence from reaction of 0.0010 M  bis(2,4,6-trichloro- 
phenyl) oxalate (TCPO), 0.010 M  H2C>2, 1.67 X 10-4  M  sodium sa
licylate, and 6.7 X 10~ 5 M  Id.

ergy, infrared fluorescers in general would be expected to 
have longer excited state lifetimes and lower emission ef
ficiencies than visible fluorescers. 18 Thus, other factors 
being equal, fluorescent emission at 10 0 0  nm in the in

frared is 8  times less probable than green emission at 500 
nm. Moreover, quenching o f electronic excitation energy in 
internal and external vibrational modes becomes increas
ingly probable as the energy o f the electronic transition ap
proaches the energy o f available vibrational modes. 19 Radi
ative efficiency losses from such internal conversion are 
thus more probable for infrared fluorescers than for visible 
fluorescers. Fluorescence theory thus indicates that the 
combination o f low emission probability and high internal 
conversion probability should act to make infrared fluores
cence relatively uncommon.

Available experimental data bear out these theoretical 
expectations; blue and green fluorescers tend to have high
er quantum yields than red fluorescers even in related 
structural series, and red fluorescers are relatively uncom
mon. In spite of such considerations, however, the data in 
Table I show that moderately efficient fluorescence can be 
obtained in the 690-740 nm (41.4-38.6 kcal mol-1 ) spectral 
range, although the fluorescence quantum yields are well 
below the values near unity available from many higher en
ergy fluorescers.20

The chemiluminescence experiments (Tables II and III) 
combine moderately efficient infrared fluorescers with the 
highly efficient peroxyoxalate chemiluminescent system to 
produce infrared chemiluminescence quantum yields as 
high as 6%. Such quantum yields are high for chemilumi
nescent reactions in general where quantum yields well 
below 1 % are typical,4 but are well below quantum yields 
obtained with blue and yellow fluorescers in peroxyoxalate 
chemiluminescence.7'8
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Table II
Infrared Chemiluminescence“

Quantum6

Fluorescer

C onçu , 

IO4 M

[T C P O ],6
io2 M

[H2Ö2 Iti 
IO2 M [C ata ly st],6 IO3 M Solvent^

Spectra l em ission 

m ax, nm 

FL CL

y ie ld , 

10̂  e in - 

steins m o l-1 Ttf  m in

M ax int,^ 

nm  ml~^

IV 7.0 1 .0 2.5 NaSal 1.33 DCB 736 760 2 . 1 5 .9 168
IV 7.0 2.0 5.0 NaSal 1.33 DCB 736 760 1.2 4 .2 179
if 5.0 1 .0 2.5 NaSal 1.33 DCB 628 643 0.18 5 7 2.0
if 5.0 2.0 5.0 NaSal 1.33 DCB 628 643 0.07 20 2.7
Ie 5.0 1 .0 2.5 NaSal 1.33 DCB 680 680 0.37 85 4.0
Ie 5.0 2.0 5.0 NaSal 1.33 DCB 680 680 0.10 19 4.5
Ic 7.0 1 .0 2.5 NaSal 1.33 DCB 725 735 0.33 33 78
lb 4.5 1.0 2.0 NaSal 1.33 DCB 730 740 3.1 52
lb 1.5 1 .0 2.5 NaSal 1.33 DCB 720 740 2.8 85 37
lb 1.5 2.0 5.0 NaSal 1.33 DCB 720 740 1.1 20 62
Id 2.2 0.5 2.5 NaSal 0.50 DCB 740 2.4 30 31
Id 4.4 1 .0 2.5 NaSal 0.50 DCB 725 760 2.3 71 54
Id 10.0 1 .0 2.5 NaSal 1.33 DCB 730 776 2.9 30 120
Id 10.0 2.0 5.0 NaSal 1.33 EB 725 755 3.6 16 259

° Reactions at 25 ±  1°. 6 TCPO, bis(2,4,6-trichlorophenyl) oxalate. c NaSal, sodium salicylate. d DCB, 90% o-dichlorobenzene-10% tert- 
butyl alcohol; EB, 90% ethyl benzoate-10% £er£-butyl alcohol. e Based on TCPO. 1 Time required for emission of three-quarters of the total 
radiation. * Maximum intensity in microwatts per milliliter of reaction mixture.

Mechanistic Significance and the Yield of the Key 
Intermediate. The mechanism proposed for oxalic ester 
chemiluminescence8 involves the following essential steps 
(eq 1-6). According to this mechanism the chemilumines-

0 0
llll

ROCCOR +  H A  
1

0 0
llll

ROCCOR +  HA -

base

several steps

*■ ó — ò

0  0  

Il II
C— C +  2R0H (1)

base

several steps
k,

nonchemiluminescent (2) 
side reactions

0  0

C— C +  fluorescer

0 — 0

2
0  0

Il IIc— c- -L»
I I

0 — 0

2
0  0

Il II
C— C • fluorescer
I I

o — o
2
fluorescer* — *

0  0

Il II
C— C ■ fluorescer
I I

0 — 0

3

nonchemiluminescent
decomposition

fast
2C0> + fluorescer*

(3)

(4)

fluorescer +  radiation

(5)

(6)

cence quantum yield (Q) will be the product of (a) the yield 
of key intermediate 2 from oxalate ester 1 ( Yki) in compet
ing steps 1 and 2, (b) the yield o f complex 3 from 2 ( YcT) in 
competing steps 3 and 4, (c) the yield of excited fluorescer 
from decomposition o f 3 in step 5 (Yex), and (d) the fluores
cence yield o f the fluorescer in step 6 ( Yfl):

Q =  Yu YcTYexYn

The yield o f complex (Yct ) from competive steps 3 and 4,

Table III
Effect of 16,17-Dihexyloxyviolantrone (Id) Concentration on Chemiluminescence Quantum Yield 

and Reaction Rate“

B d ], IO4 M

2
Quantum  y ie ld , 10 

einsteins m o l- *

Emission^ 

li fe t im e , m in

0.67 2.16 40
1.67 3.50 21
3.33 4.58 21
6.67 6.02 16

10.00 5.94 17

a Reactions of 0.001 M  bis(2,4,6-trichlorophenyl) oxalate, 0.01 M  
H2O2, and 1.67 X 10“ 4 M  sodium salicylate in 87% o-dichloroben- 
zene-13% tert-butyl alcohol at 25 ±  1°. 6 Time required for emis
sion of 75% of the total radiation output.

provided the fluorescer concentration is constant during an 
experiment, will be

Y  feJFLRl
cT fe3[FLR] +  fe4

Thus the quantum yield, Q, in experiments carried out at 
constant fluorescer concentration will be

Q =  Y u Y „ Y t i
*»[f l r ]

fe3[FLR ] +

Inverting this equation one obtains

1 In  -  1 , 1 K  1
“  Yu Y „ Y n  +  YklYexYfI fe3[F L R l

The mechanism thus predicts that under constant reaction 
conditions where Y ki, Y ex, and Y fi are constant, a plot of 
the reciprocal of the quantum yield vs. the reciprocal of the 
fluorescer concentration will give a straight line with an in
tercept of l/Y k iY exYfl, and a slope o f ( l /Y kiY exYfj)(fe4/  
k 3). The ratio k $ /k 4 is then available as the quotient o f in- 
tercept/slope.

A plot of 1/Q vs. 1 /[FLR] for the data o f Table III is 
shown in Figure 2. A satisfactory straight line is obtained 
having an intercept of 14.5 and a slope o f 2.2 X 10~3. The 
quantum yield for the reaction at infinite fluorescer con-
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Figure 2. Relationship of chemiluminescence quantum yield, Q, 
to fluorescer (Id) concentration. Data from Table III.

centration is the reciprocal of the intercept or 0.069 ein- 
stein mol-1 . Since the fluorescence quantum yield under 
the reaction conditions is 0.14, the yield of excited fluo
rescer based on the concentration of TCPO is 0.069/0.14 or 
49%. Since the yield of excited fluorescer in step 5 cannot 
be greater than unity, the yield of 2  must also be at least 
49% under the reaction conditions employed in the experi
ments.

The rate ratio k 3/k  4 obtained from the quotient of inter- 
cept/slope is 6.6  X 103. This high value confirms earlier ex
periments which indicated that the fluorescer acts as a cat
alyst for the decomposition of key intermediate 2 .8

Although the time required for the emission of three- 
quarters of the total radiation is not an accurate measure of 
the reaction rate, the increase in rate o f intensity decay 
with increasing fluorescer concentration between 0.67 X
10-4  and 1.67 X 10- 4  M  suggests that step 3 may in part be 
rate determining at very low fluorescer concentrations. The 
similar decay rates obtained at fluorescer concentrations of
1.67 X 10- 4  M  and higher, however, indicates that step 3 is 
fast relative to step 1  when sufficient fluorescer is present.

Experim ental Section

Materials, o-Dichlorobenzene (Eastman) and tert- butyl alco
hol (Eastman) were fractionally distilled; reagent 98% hydrogen 
peroxide was obtained from BeccoChemical Division, FMC Co. 
The 16,17-disubstituted violanthrones, dihydroxy- and dime- 
thoxy-Ib, diisoproxy-Ic, ethylenedioxy-Ie, and diacetoxy-If were 
obtained from the Organic Chemical Division, American Cyana- 
mid Compound, Bound Brook, N.J. The high melting compounds 
lb and Ie were purified by extraction in a Soxhlet thimble with 
pyridine; the diisopoxy derivative Ic, mp 342°, was purified by 
chromatography on alumina with pyridine-ethyl acetate; recrys
tallization of If from pyridine gave crystals, mp 300°. Hydrocar
bons II,21 V,15 and VI15 were prepared by methods previously de
scribed. Iodine-catalyzed photocyclization of 10,10'-diphen- 
yI[A9'9'<10it 1<yH J-bianthracene] -10,10'-diol afforded 4,11 -diphenyl - 
bisanthene (IV).22 Bis(2,4,6-trichlorophenyl) oxalate, mp 190.5- 
192.5°, was prepared as previously described.8

16,17-Dihexyloxyviolanthrone (Id). To a mixture of 76.7 g 
(0.16 mol) of 16,17-dihydroxyviolanthrone and 153.5 g of potassi
um carbonate in 400 ml of 1,2,4-trichlorobenzene heated to 120° 
was added during 3 hr 133 g (0.81 mol) of n-hexyl bromide. The 
mixture was heated at 120-130° for another 8 hr, cooled, and 
poured into 1.5 1. of water. The solid was separated and washed 
with 1200 ml of refluxing methanol. An absorption spectrum indi
cated that the 46.2 g of product was 80% pure. Recrystallization 
from benzene gave dark maroon crystals, mp 242-243°.

Anal. Calcd for C46H40O4: C, 84.12; H, 6.14. Found: C, 84.06; H,
6.22.

5,12-Dihydroxy-5,12-dinaphthyl-5,12-dihydronaphthacene.
A modification of an earlier method23 gave a diol which had a sub
stantially higher melting point than reported. To 1-naphthylli- 
thium, prepared from 8.69 g (0.042 mol) of 1-bromonaphthalene

Rauhut, Roberts, Maulding, Bergmark, and Coleman

Figure 3. Diagram of spectroradiometer: S.C., sample cell; E.S., 
excitation source; Li + L2, focusing lens; I.F., interference filter; 
F., blocking filter; P.M., photomultiplier.

and 0.56 g (0.08 g-atom) of lithium in 30 ml of anhydrous ethyl 
ether, was added 2.58 g (0.01 mol) of 5,12-naphthacenequinone24 
and 70 ml of anhydrous benzene. The mixture was refluxd for 2 hr, 
then decomposed by the addition of 25 ml of ethanol. Dilution 
with water gave a solid which was recrystallized from xylene. The 
yield of the colorless product, mp 297-299° (lit.23 mp 242°), was
3.75 g (73%); mass spectrum had m/e 514, 512, 496, 480, and 370. 
The single peak at 3572 cm- 1  (CHCI3) established the trans rea- 
tionship of the two hydroxy groups.

Anal. Calcd for CsgHzeOz: C, 88.72; H, 5.05. Found: C, 88.56; H,
5.36.

7,8,15,16-Dibenzoterrylene (III). A previously described23 cy- 
clization of 5,12-dihydroxy-5,12-dinaphthyi-5,12-dihydronaph- 
thacene was followed to obtain III. The crude material was chro
matographed on silica gel with 1,2,4-trichlorobenzene to obtain 
12% of III as a green solid, mp 360°; mass spectrum m/e 476.

Instrumentation. Description. A diagram outlining the essen
tial features of the spectroradiom •'ter is shown in Figure 3. The ex
citation source was a Quartz-Iodine, 40-W tungsten lamp mounted 
vertically inside a housing equipped with a collimating glass lens. 
Provision was made to insert 2-in.-square interference filters into 
the excitation beam to isolate appropriate wavelength regions. The 
sample cuvette (1  cm thick, 22 mm diameter) and collimetor lens 
(1.5 in. diameter, 10 cm focal length) were positioned 40 and 20 
cm, respectively, from the monochromotor entrance slit. A black
ened aluminum tube served as a lens holder and light baffle, to re
duce stray light. The monochromotor was a Jarrell-Ash 0.25-m 
Ebert type with fixed 1-mm interchangeable slits and incorporated 
two gratings blazed at 0.6 and 1.2 ¡i. The S-l response detector was 
a Fairchild-Dumont No. 6911 photomultiplier mounted inside a 
cooled Electro Optics Associates housing assembly No. P.M. 101. A 
Fluke Model 412B and a Keithley Model 414 were used as photo
multiplier power supply and amplifier, respectively. The photo
multiplier was operated at —78° through Dry Ice cooling. Operat
ing the photomultiplier at 1000 V and the amplifier at 10-8  A pro
duced excellent linearity and reproducibility.

Data (amplifier output) were recorded digitally on a United Sys
tems DIGITEC Assembly consisting of a Model 201-N digital volt
meter, Model 661 digital clock, and a Model 611/620 printer sys
tem. Printed, paper tape data were then processed by an S.D.S. 
930 computer programmed with the calibration data.

Calibration. Relative calibration was obtained using a National 
Bureau of Standards lamp; absolute calibration was made by refer
ence to an absolute Roberts-Hirt spectroradiometer.25

Light Measurements. Fluorescence and chemiluminescence 
experiments were carried out as previously described.8
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Stereochem istry o f the Exchange R eaction between  
Lithium  T etrachloropalladate and A lkylm ercury Compounds
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The carbométhoxylation of several <r-bonded organomercurials (derived from the oxymercuration of cyclohex
ene and norbornadiene) in the presence of stoichiometric amounts of lithium tetrachloropalladate and carbon 
monoxide was found to proceed with predominant retention of configuration at carbon. Since the carbométhoxy
lation of alkylpalladium compounds occurs with complete retention of configuration at carbon, therefore the ex
change of palladium for mercury occurs with predominant retention of configuration.

The organometallic exchange reaction is a generally em
ployed method for the generation of transition metal-car
bon a bonds1 and the formation of u-bonded organopalla- 
dium complexes via palladium exchange with organomer
curials has been used extensively in the arylation, méthyl
ation, and carbométhoxylation of olefins.2“5 Alkylmercury 
compounds of known configuration can be readily obtained 
via the solvomercuration of olefins and the stereochemistry 
o f addition to simple olefins is trans.6 The exchange o f pal
ladium for mercury is, ' therefore, a possible method o f 
stereospecifically synthesizing palladium-carbon a-bonded 
complexes. The stereochemistry of the exchange process 
can be determined by trapping the unstable alkylpalladium 
intermediate with carbon monoxide in methanol5 since the 
conversion o f alkylpalladium complexes to esters has been 
shown to proceed with complete retention of configuration 
at the carbon bearing the metal.7 Structural analysis of the 
methyl ester formed would establish the stereochemistry of 
the exchange reaction. (See Scheme I.)

Thus, the carbonylation of alkylmercury compounds l ,8 
2,9 and 3, 10 in the presence of lithium tetrachloropalladate

Scheme I
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R>-
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R;

R:<
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-CCbMe

-HgX +  PdX,

inversion

Pd-
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CO.MeOH
-R2 ----------- - MeO,C-

R,

in methanol was investigated to determine the stereochem
istry o f the exchange process.

Results and Discussion
The carbonylation of trans- 2-methoxycyclohexylmercu- 

ric chloride (1 ) in methanol in the presence of sodium ace
tate was effected by treatment of 1 with lithium tetrachlo
ropalladate and carbon monoxide ( 1  atm) at room tempera
ture. The reaction afforded methyl trans- 2-methoxycyclo- 
hexylcarboxylate (4) 5 in a 7% yield. No attempts were 
made to isolate low-boiling organic products which were re
moved during the work-up. The low yield o f 4 suggests the 
carbonylation did not compete favorably with the decom-
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position of the unstable organopalladium intermediate via 
/3-palladium hydride elimination.

1 +  CO +  MeOH

4

Carbonylation of exo,exo- 3-acetoxynortricyclyl-5-mer- 
curie chloride (2) gave a product mixture consisting o f 64% 
exo,exo- 3-acetoxy-5-carbomethoxynortricyclene (5), 8%
acetoxycarbomethoxynorbornene (6 ), 14% exo,exo- 3-ace- 
toxy-5-chloronortricyclene (7x), 7% exo,endo- 3-acetoxy-5- 
chloronortricyclene (7n), and 6% exo,endo- 3-acetoxy-5- 
methoxynortricyclene (8 ) in a total yield o f 61%.

U 2PdCl4

NaOAc a OMe

CO,Me

CO, MeOH 

Li2PdCl4, NaOAc

7n 8

The exo,exo geometry at the 3 and 5 positions of 5 was 
assigned on the basis o f chemical shift data. It has been 
well documented that in 3,5-disubstituted nortricyclenes, 
endo substitution at the 5 position produces a paramagnet
ic shift o f the 3-endo proton, whereas exo substituents at 
the 5 position have negligible effect on the chemical shift of 
the 3-endo proton .7’9"11 The chemical shift value of the C3 
methine proton (5 4.65) of 5 was almost identical with that 
of the corresponding proton of 7x9 (5 4.62), but upfield of 
the C3 methine proton resonance (5 4.93) o f exo,endo- 3- 
acetoxy-5-carbomethoxynortricyclene (10) owing to the 
“ nearest-neighbor” deshielding effect. The endo methyl 
ester 1 0  was independently synthesized by the carbonyla- 
tion o f the <r-bonded palladium complex 9 obtained from 
treatment of dichloro(norbornadiene)palladium(II) with 
silver acetate. A number of structural investigations have

established that oxypalladation of palladium(II)-diolefin 
complexes proceeds trans with the oxo group exo and the 
metal endo or inside in each case. 12 -15  The structure 10 was 
established on the basis that the analogous methoxyenyl 
complex underwent carbonylation to afford exo,endo- 3 - 
methoxy-5-carbomethoxynortricyclene.7

Nmr and mass spectral analyses showed that 6 had the 
gross structure shown; however, the positions of the ace- 
toxy and carbomethoxy substituents could not be elucidat
ed. The nortricyclyl chlorides 7x and 7n were identified by 
nmr and vpc comparison with authentic samples.9 The nmr 
spectrum of 8 was in good agreement with the assigned 
exo,endo structure; the signal for the proton on the carbon

bearing the acetoxy group (6 5.13) was downfield from the 
corresponding proton resonances in 5 and 7x (<5 4.65 and
4.62, respectively) due to the deshielding of the endo me- 
thoxy group.

The carbonylation of exo,exo- 3-methoxynortricyclyl-5- 
mercuric chloride (3) afforded a 41% yield of a product 
mixture consisting of 34% ex o,exo-3-methoxy-5-earbo- 
methoxynortricyclene ( 1 1 ), 1 0 % methoxycarbomethoxynor- 
bornene (12), 31% exo,exo-3-methoxy-5-chloronortricy- 
clene (13x), 18% exo,endo- 3-methoxy-5-chloronortricy- 
clene (13n), and 5% exo,endo-3,5-dimethoxynortricyclene
(14).

12 13x

Identification of the ester 11 and the chlorides 13x16 and 
13n11 was made by vpc and nmr comparison with authentic 
samples. The exo,endo stereochemistry of the diether 14 
was inferred from nmr chemical shift data which showed 
that the absorption for the proton on the carbon bearing 
the exo methoxy group (0 3.97) was shifted downfield rela
tive to the corresponding proton signal (5 3.32) of exo,exo-
3,5-dimethoxynortricyclene. 16 The norbornene skeleton 
for 1 2  was established by nmr analysis, although the posi
tions o f the methoxy and carbomethoxy substituents could 
not be elucidated.

The absence of endo nortricyclyl methyl esters from 2 
and 3 suggests that the palladium-mercury exchange pro
cess does not involve intermediate carbon-free radicals. 
The reduction o f 2 by sodium borohydride has been shown 
to proceed via radical intermediates. 17 When the reduction 
was carried out with sodium borodeuteride, deuterium was 
shown to be incorporated about equally among the 5-exo 
and 5-endo positions o f 3-acetoxynortricyclene. 17

The predominant retention o f configuration at carbon 
during the carbomethoxylation of 1, 2, and 3 is consistent 
with either a four-center18 bimolecular electrophilic ex
change of palladium for mercury or an oxidative addition 
of organomercury compounds to a palladium(II) species 
with retention of configuration at carbon. The oxidative 
addition o f an organomercury compound to a d 8 transition 
metal complex to form a bimetallic complex containing a 
carbon-transition metal <x bond has been observed in fact, 
for a d 8 rhodium complex. 19

The stereospecific formation of 4 could be the conse
quence of factors extraneous to the reaction mechanism. 
Although an interaction between palladium and methoxy 
could favor the formation of a irans-methoxycyclohexyl- 
palladate intermediate (which upon carbonylation would 
form the trans ester 4), an ether oxygen is a poor nucleo
phile. Extraneous electronic and steric effects are unlikely 
to be responsible for the formation of the exo esters 5 and
11. The “ endo protection” often observed in the norbornyl 
system does not exist here since the nortricyclene skeleton 
possesses C 3„ symmetry. (See Scheme II.)
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The rearranged esters 6 and 12 could arise from three 
possible pathways as illustrated for 2 in Scheme III. Path A 
involves an initial exchange o f palladium for mercury with 
retention of configuration followed by the rearrangement 
of the intermediate alkylpalladium complex in a manner 
reminiscent of the interconversion o f cyclopropylmethyl 
and 3-buten-l-yl Grignard reagents.20 The rearrangement 
may be regarded formally as a cis 8 elimination of a palla
dium alkyl to give the norbornenylpalladium intermediate 
15. Subsequent carbométhoxylation with retention o f con
figuration at carbon7 would afford endo,syn- 2 -carbome- 
thoxy-7-acetoxynorborn-5-ene (6a) as the rearranged ester. 
Alternatively, the exchange of palladium for mercury may 
proceed partially with inversion o f configuration to afford a 
nortricyclylpalladium intermediate which rearranges to the 
norbornenylpalladium complex 16 (path B). Replacement 
of palladium with the carbomethoxy group with retention 
of configuration would give exo,endo-2-acetoxy-3-carbo- 
methoxynorborn-5-ene (6b) as the rearranged ester. In path 
C, a palladium species inserts into a cyclopropane carbon- 
carbon single bond via oxidative addition to give an unsta
ble palladium(IV) intermediate which decomposes to the 
norbornenylpalladium(II) complex 16. Subsequent carbo
méthoxylation would afford 6b as the rearranged ester. In

sertion of d8 complexes of platinum and rhodium into cy
clopropane rings has been observed .21

Nmr double resonance results are compatible with the 
structure 6a. In the nmr spectrum o f 6, a doublet o f dou
blets (-/ = 12.5 Hz, 4.0 Hz) centered at 6 1.54 and a doublet 
of multiplets (J  = 12.5 Hz) centered at 6 ~2.0 may be as
signed to the two methylene protons He and Hb o f 6a, re
spectively, on the basis o f their relative chemical shifts22 
(Figure 1). Irradiation o f Hd (<5 3.15) removed the 4-Hz 
splitting of the He signal. The value o f 4.0 Hz for J  cd is in 
agreement with trans endo-exo coupling constants ob
served for systems o f similar structure.23’24 Since vicinal 
coupling constants between the bridgehead protons and 
the C7 bridge protons in norbornene systems are in the 
range o f 0-2 Hz23’24 and no coupling exists between the C2 
exo proton and the C7 bridge protons, the structure 6b is 
therefore incompatible with the double-irradiation results.

Increasing the carbon monoxide pressure (3 atm) in the 
carbonylation of 3 reduced the formation of the rearranged 
ester 12 to a trace amount. This observation is consistent 
with path A in which the nortricyclylpalladium intermedi
ate can either undergo carbonylation to afford 1 1  or rear
range to a norbornenylpalladium complex to yield 12. In
creasing the carbon monoxide pressure increases the rate at 
which the nortricyclylpalladium complex is trapped, thus 
suppressing the formation of the rearranged ester 12. Nei
ther path B nor path C would exhibit such a carbon mon
oxide pressure effect on the rearrangement.

The nonester products were most likely obtained from 
the decomposition of and nucleophilic displacements on 
the intermediate alkylpalladium complexes.

Experimental Section
Preparation of Di-/j-chloro-bis((i-acetoxyhicyclo- 

[2.2.1 ]hept-2-ene-endo-5ff,27r)dipalladium(II) (9). The prepara
tion of this compound was carried out using a procedure similar to 
that described for the acétoxylation of dichloro(l,5-cycloocta- 
diene)palladium 25 A mixture of 1.0 g (3.8 mmol) of dichloro(nor- 
bornadiene)palladium(II)26 and 0.64 g (3.8 mmol) of silver acetate

Scheme III

16 6b
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Figure 1.

in 200 ml of chloroform was stirred at room temperature for 1  hr. 
The silver salt was removed and the filtrate was concentrated 
under reduced pressure. The residue was triturated with ether and 
the resulting cream-colored complex was collected by gravity fil
tration to afford 0.7 g (1.2 mmol, 63%) of 9. Anal. Calcd for 
C9HiiC102Pd: C, 36.86; H, 3.75. Found: C, 35.52; H, 3.63.

Carbonylation of Di-fi-chloro-bis(6-acetoxybicyclo- 
[2.2.1 ]hept-2-ene-endo-5cr,2ir)dipalladium(II) (9). Formation 
of exo.endo -3-Acetoxy-5-carbomethoxynortricyclene (10). A 
mixture of 0.5 g (0.85 mmol) of 9 and 0.5 g (6.1 mmol) of sodium 
acetate in 12 0  ml of benzene was stirred under an atmosphere of 
carbon monoxide at room temperature for 3 hr. To the resulting 
mixture was added 50 ml of methanol. After 8 hr at room tempera
ture, the reaction mixture was filtered gravimetrically to remove 
palladium metal. The filtrate was concentrated under reduced 
pressure and the residue was extracted with several small portions 
of ether. The combined ether extracts were washed with aqueous 
sodium bicarbonate and dried over magnesium sulfate. Removal of 
ether under reduced pressure gave 0.23 g of an oil which was puri
fied by preparative vpc using a 10 ft X % in. 20% DEGS/Chromo- 
sorb W column to afford 10: nmr (CDCI3) S 4.93 (t, 1, AcOCH),
3.69 (s, 3, OCH3), 2.51 (t, 1, CH30 2CCH), 2.31 (bs, 1), 2.02 (s, 3, 
CH3CO2), 1.90 (m, 1 ), and 1 .3-1.7 ppm (4); mass spectrum (70 eV) 
m/e 210 (M+).

Carbonylation of trans -2-Methoxycyclohexylmercuric 
Chloride (1). To a mixture of 3.57 g (10 mmol) of l8 and 2.0 g 
(24.4 mmol) of sodium acetate in 30 ml of methanol was added a 
solution of 1.77 g (10 mmol) of palladium chloride and 0.85 g (20 
mmol) of lithium chloride in 100 ml of methanol under an atmo
sphere of carbon monoxide. The reaction mixture was stirred at 
room temperature under carbon monoxide for 10  hr and then fil
tered gravimetrically to remove the precipitated metal and salts. 
The colorless filtrate was concentrated under reduced pressure 
and the residue was extracted with several small portions of pen
tane. The combined pentane extracts were washed with aqueous 
sodium bicarbonate and dried over magnesium sulfate. Removal of 
pentane under reduced pressure afforded 0.13 g (0.7 mmol, 7%) of

a liquid which was identified as methyl trans- 2 -methoxycyclohex- 
ylcarboxylate (4)5 by vpc and nmr comparison with an authentic 
sample: nmr (CDC13) 5 3.68 (s, 3, C02CH3), 3.42 (s, 3, OCH3), 3.42 
(m, 1, CH3OCH), and 2.7-0.8 ppm (9).

Carbonylation of exo,exo-3-Acetoxynortricyclyl-5-mercu- 
ric Chloride (2). The carbonylation of a mixture of 4.37 g (11.28 
mmol) of 2,9 2.0 g (11.28 mmol) of palladium chloride, 1.0 g (23.6 
mmol) of lithium chloride, 2.0 g (24.4 mmol) of sodium acetate, 
and 150 ml of methanol was effected in a manner described above 
to afford 1.4 g of organic products consisting of five components. 
The products were separated by vpc using a 20 ft X % in. 30% 
DEGS/Chromosorb W column. Two of the minor components were 
identified as exo,exo-3-acetoxy-5-chloronortricyclene (7x) (14%) 
and exo,endo-3-acetoxy-5-chloronortricyclene (7n) (7%), respec
tively, by nmr comparison with authentic samples.9 A third nones
ter -product was assigned the structure exo,erado-3-acetoxy-5- 
methoxynortricyclene (8) (6%): nmr (CDC13) 6 5.13 (t, 1, AcOCH),
3.53 (t, 1, CH3OCH), 3.30 (s, 3, OCH3), 2.03 (s, 3, 0 2CCH3), and
2.4-1.3 ppm (6); mass spectrum (70 eV) m/e 182 (M+). The major 
ester product was identified as exo,exo-3-acetoxy-5-carbomethox- 
ynortricyclene (5) (64%); mp 33-34°; nmr (CDC13) <> 4.65 (t, 1 , 
AcOCH), 3.65 (s, 3, C02CH3), 2.56 (bs, 1, HCCO2CH3), 2.38 (bs, 1 ),
2.02 (s, 3, 0 2CCH3), and 1.9-1.3 ppm (5); mass spectrum (70 eV) 
m/e 210 (M+). The minor ester product was identified as acetoxy- 
carbomethoxynorbornene (6) (8%): nmr (CDC13) h 6.26 (dd, 1 , J  = 
6 Hz, 3.8 Hz), 5.92 (dd, 1, J  = 6 Hz, 3 Hz), 4.41 (m, 1, AcOCH), 3.54 
(s, 3, C02CH3), 3.11 (m, 2), 2.81 (m, 2), 2.03 (s, 3, 0 2CCH3), 2.0 (m, 
1), and 1.54 ppm (dd, 1 , J -  12.5 Hz, 4 Hz); mass spectrum (70 eV) 
m/e 210 (M+).

Carbonylation of exo,exo -3-Methoxynortricyclyl-5-mercu- 
ric Chloride (3). Carbonylation of a mixture of 2.0 g (5.6 mmol) of
3, 10 1.0 g (5.64 mmol) of palladium chloride, 0.5 g (11.8 mmol) of 
lithium chloride, and 1.0  g of sodium acetate in 100  ml of methanol 
in the manner described above afforded 0.7 g of organic products 
consisting of five components which were separated by preparative 
vpc using a 20 ft X % in. 30% DEGS/Chromosorb W column. Two 
of the components were identified as exo,exo-3-methoxy-5 -
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chloronortricyclene (13x) (31%) and exo,ercdo-3-methoxy-5-chlo- 
ronortricyclene (13n) (18%), respectively, by nmr comparison with 
authentic samples. 16 A third nonester product was assigned the 
structure exo,endo-3,5-dimethoxynortricyclene (14) (5%): nmr 
(CDC13) 6 3.97 (bs, 1 ), 3.52 (t, 1 ), 3.30 (s, 6), and 2 .2- 1 .2  ppm (6); 
mass spectrum (70 eV) m/e 154 (M+). The major ester product was 
indentified as exo,exo-3-methoxy-5-carbomethoxynortr ¡cyclone
(11) (34%) by vpc and nmr comparison with an authentic sample.7 
The minor ester product was identified as methoxycarbomethoxy- 
nortricyclene (12) (10%): nmr (CDC13) & 6.10 (dd, 1 , J  = 6.1 Hz, 3.8 
Hz), 5.88 (dd, 1, J  = 6.1 Hz, 3.0 Hz), 3.62 (s, 3) 3.25 (s, 3), 3.3-2.6
(4), 1.87 (dm, 1, J  = 12.5 Hz), and 1.44 ppm (dd, 1 , J =  12.5 Hz, 3.8 
Hz); mass spectrum (70 eV) m/e 183 (M+).
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A Stereochemical Study of the Mechanism of the Conversion of 
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Wilkins Reeve,* Robert J. Bianchi, and James R. McKee

Chemistry Department, University of Maryland, College Park, M aryland 20742 

Received March 25, 1974

Two reaction pathways are considered for the reaction of phenyl(trichloromethyl)carbinol (1) with sodium 
methoxide to «-methoxyphenylacetic acid in methanol. Pathway 1 involves the conversion of the carbinol to a di- 
chloro epoxide (2), followed by an Sn 2 attack of the methoxide nucleophile to give a-methoxyphenylacetic acid; 
this pathway involves one stereochemical inversion. The second pathway involves initial formation of the dichloro 
epoxide 2 followed by an intramolecular rearrangement to «-chlorophenylacetate anion and a subsequent attack 
of the methoxid e nucleophile on this anion. This second pathway involves almost complete racemization during 
the 2-hr reaction period used; one step alone (3 going to 4) involves 96% racemization, and, in the next step, race
mization of 4 occurs twice as fast as the conversion of 4 to 5. The second pathway is proven to account for the for
mation of approximately 23% of the final product by the detection of the presence of 20% a-chlorophenylacetic 
acid in the crude rr-methoxyphenylacetic acid and by measuring the kinetics of the reaction of the a-chloro acid 
with methox ide anion. The balance of the reaction proceeds by pathway 1 and this reaction pathway accounts for 
the stereochemistry experimentally observed. Nine per cent inversion of configuration occurs with the balance ra
cemization. Control experiments show that the large amount of racemization is due to the ease with which a- 
methoxyphenylacetate anion racemizes in the methanolic potassium hydroxide reaction medium.

Phenyl(trichloromethyl)carbinol (1) reacts with a wide 
variety o f nucleophiles at 50° in methanolic potassium hy
droxide to form «-substituted phenylacetyl chlorides. 
These are not isolated but usually react with the basic solu
tion to form a-substituted phenylacetate anions. Examples 
include reaction of the carbinol with methoxide to give « -  
methoxyphenylacetic acid2 and with potassium amide in 
liquid ammonia to form a-aminophenylacetic acid .'1 With 
some nucleophiles ring closure occurs; thiourea forms 2 - 
imino-5-phenyl-4-thiazolidinone,4 and cyanamide forms 
alkyl 5-aryl-2-imino-4-oxo-l-imidazolidinecarboximida- 
tes.5 All o f  these reactions occur in yields o f 45-80% of the 
theoretical.

These reactions have been postulated to proceed through 
a dichloro epoxide (2) followed by an Sn 2  attack o f the nu
cleophile on this epoxide. This seems inherently reasonable 
because it is necessary to rationalize somehow the facile 
substitution of the «-hydroxyl group of the starting carbi

nol by the new nucleophile, and it is well-known that hy
droxyl groups themselves are very poor leaving groups in 
SN2 reactions. The hydroxyl group o f phenyl(trichloro- 
methyl) carbinol is even more inert than the hydroxyl 
group of a typical secondary alcohol; it does not react with 
Lucas reagent (concentrated hydrochloric acid containing 
zinc chloride), either under the usual room-temperature 
conditions or after standing at steam bath temperature for 
90 min.

An alternative mechanism involves the dichloro epoxide 
intermediate first rearranging to the a-chlorophenylacetyl 
chloride, which then hydrolyzes and reacts with the nucleo
phile. Phenyl(trichloromethyl)carbinol is known to be 
slowly converted to a-chlorophenylacetic acid in 27% yield 
by 10% aqueous potassium hydroxide at 0 ° . 6 We have 
found the half-life for this reaction to be 16 hr at 0 ° under 
heterogeneous, aqueous reaction conditions. These experi
mental conditions are quite different from those employed
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in carrying out the reactions with the other nucleophiles 
first discussed. Those reactions are carried out in alcohol 
solution at 50° (except the reaction using potassium amide 
in liquid ammonia) and are virtually complete in 2-3 hr. In 
contrast, the reaction of the carbinol 1 with hydroxide ion 
at 0 ° is slower, and if the reaction is carried out under ho
mogeneous conditions in 80% ethanol-2 0 % water at 0 °, the 
half-life is nearly 600 hr (as measured by titration o f ali
quots of the base during the reaction).

We have determined the mechanisms by which phenyl- 
(trichloromethyl)carbinol reacts with methoxide anion in 
methanol solution at 40°. This reaction was chosen for 
study because it is typical of the reactions of strong nucleo
philes with (trichloromethyl)carbinols in alcoholic potassi
um hydroxide solutions at 50°. The 40° temperature and 
the shortened reaction time of 2  hr was chosen to minimize 
racemization reactions. The «-methoxyphenylacetic acid is 
formed in 75% yield when the reaction is carried out at 50° 
for 3-5 hr; the methoxy acid is easily isolated and purified; 
and the stereochemistry of the reaction can be studied and 
used to help elucidate the mechanism. The configurations 
are known o f the optical isomers of the product, a-methox- 
yphenylacetic acid, and of the possible intermediate, a- 
chlorophenylacetic acid.

Pathway 1 (Scheme I) clearly involves one inversion of 
configuration at the a carbon whereas the second pathway 
should require two or three inversions depending on 
whether or not an «-lactone was involved in the replace
ment o f chlorine by methoxide. The first inversion in path
way 2  would result from the opening of the epoxide ring by 
the attack o f the migrating chlorine on the a carbon from 
the side opposite the departing epoxide oxygen. This step 
cannot be studied by itself in methanolic potassium hy
droxide at 40°; however step 3-4 can be studied in metha
nolic potassium hydroxide at 40°, and 96% racemization oc
curs in a 2-hr period. This racemization is several times 
more rapid than the racemization of a-chlorophenylacetate 
anion itself under the same conditions and suggests the 
possibility of a ketene intermediate in going from 3 to 4 
under basic reaction conditions.

Step 4-5 also can be studied by itself. This is a surpris
ingly slow reaction (f i/ 2 = 7 hr) which follows first-order 
kinetics to at least 75% completion. This strongly indicates 
that the rate-controlling step must be «-lactone forma
tion , 7 and in theory there must be two inversions in going 
from 4 to 5. In reality, 96% of the material reacting by path
way 2 has been racemized by the time 4 has been formed, 
and 4 is racemized under the reaction conditions twice as 
fast as it reacts with methoxide ( k i  for racemization is 
0.0038 min- 1  and k i for 4 -*■ 5 is 0.0017 min-1 , both at 40° 
in methanolic potassium hydroxide). Only 3% of the prod

uct 6 , isolated from the 2-hr reaction at 40°, is formed by 
pathway 2 (vide in fra  ), and this combined with the succes
sive partial racemizations listed above reduces to 1 % the 
contribution pathway 2  makes to the final observed optical 
activity o f 6 .

Pathway 2 is demonstrated to account for approximately 
23% of the product by the detection o f 2 0 % o f a-chloro- 
phenylacetic acid in the crude a-methoxyphenylacetic acid 
when the reaction is carried out for 2 hr at 40°. A kinetic 
study of the displacement of chlorine by methoxide (4 —*■ 5) 
at 40° shows the reaction to be sufficiently slow so that the 
formation of 23% of 4 would give rise to the observed 20% 
o f 4 with 3% being converted to 5. (However, at 50° for 15 
hr, almost all o f 4 is converted to 5.)

Accordingly, under the above 40° reaction conditions, 1 
must be converted into products (4 + 6 ) approximately 
23% by pathway 2 with the balance going by pathway 1 . As 
discussed above, most of that going by pathway 2 is 
trapped as 4, and successive partial racemizations along 
this pathway cause the small amount o f 6 formed to be al
most completely racemized.

Experimentally, the final methoxy acid 6 is obtained 
with 9% inversion (91% racemization) and 99% o f this opti
cal activity must be assigned to pathway 1 . The conversion 
of the carbinol 1 to 6 with inversion is consistent with path
way 1. The 91% racemization is attributed to the base-cata
lyzed racemization of intermediate methyl a-methoxy- 
phenylacetate or «-methoxyphenyiacetate anion. Control 
experiments with methyl (R )-(—)-«-methoxyphenylacetate 
confirm this.

Phenyl(trichloromethyl)carbinol was resolved by pre
paring phenyl(trichloromethyl)carbinyl hydrogen succi
nate and resolving this with quinine. The resolved quinine 
salt was converted back to the hydrogen succinate ester, 
and the optically active carbinol was obtained by acid-cata
lyzed hydrolysis of the succinate acid ester. The optically 
pure carbinol ([« ]25D +38°) was shown to have the S con
figuration by converting it in 9% yield to (i?)-(+)-«-m ethyl- 
benzyl alcohol (7) ([« ]25d  +18.6°) of 37% optical purity by 
treatment with lithium and liquid ammonia.8 The rota
tions9 and configurations10 o f the a-methylbenzyl alcohols 
are well-known. Reduction of the levorotatory isomer of 
phenyl(trichloromethyl)carbinol, having an optical purity 
of 54%, gave (S)-7 with an optical purity of 18% under the 
same reaction conditions. The crude 7 as isolated from the 
reduction consisted of 85% a-methylbenzyl alcohol, 11% ft- 
phenethyl alcohol (via styrene oxide), and 4% acetophe
none. The side reactions can cause no inversions of configu
ration and so the S configuration can be assigned with con
fidence to the dextrorotatory phenyl(trichloromethyi)car- 
binol. The large loss in optical purity during the reduction
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is due to part of the earbinol being reduced to acetophe
none. This occurs by an initial dehydrohalogenation of one 
of the chloro carbinols to a chloroacetophenone and the 
subsequent reduction of this to inactive a-methylbenzyl al
cohol.

Experimental Section
Melting points and boiling points are corrected. The infrared 

spectra were recorded on a Beckman 1R-8 infrared grating spectro
photometer and the nmr spectra on a Varian A-60A spectrometer. 
Chemical shift values are expressed as S values (ppm) downfield 
from tetramethylsilane as internal standard. Rotations were mea
sured on a Franz, Schmidt, and Haensch (Berlin S) polarimeter 
with a sodium lamp as a light source. Polarimeter tubes of 2-dm 
length were used; concentration terms are grams of solute per 1 0 0  

ml of solution. Elemental microanalyses were performed by Dr. 
Franz J. Kasler and Mrs. Shelesa L. A. Brew.

Phenyl(trichloromethyl)carbinyl Hydrogen Succinate. 
Phenyl(trichloromethyl)carbinol3 (226 g, 1.0 mol), 120 g (1 . 2  mol) 
of freshly distilled succinic anhydride, and 160 g (2 . 0  mol) of pyri
dine were heated on a steam bath for 24 hr and the hot solution 
was poured into 1 1. of benzene and allowed to cool. The benzene 
solution was washed with 3 N  hydrochloric acid to remove the pyr
idine and then extracted with 5% sodium carbonate solution. The 
sodium carbonate extracts were concentrated on a “ Roto-Vac” to 
remove the emulsified benzene and the clear solution was acidified 
with 6  N  hydrochloric acid to yield 374 g of crude phenyl(trichloro- 
methyljcarbinyl hydrogen succinate. After recrystallization from 
2700 ml of cyclohexane, there was obtained 256 g of the pure mate
rial: mp 108-109°; ir (KBr) 3300-2600 (COOH), 1745 (0 = 0 ), 17Qg 
(C =0), 1440, 1400, 1370, 1345, 1260, 1228, 1185, 1155, 1005, 930- 
900, 860, 790, 775, 740, 695, 670, 625, and 610 cm“ 1; nmr (CH2C12) 
6 1 1 . 2  (s, 1, COOH), 7.4 (m, 5, C6H5), 6.3 (s, 1 , CH(CC13)), 2.7 (s, 4, 
- C H 2 C H 2 - ) .

A nal. Calcd for C12Hn0 4Cl3 : C, 44.26; H, 3.41; Cl, 32.67. Found: 
C, 44.31; H, 3.50; Cl, 32.40.

Resolution of Phenyl(trichloromethyl)carbinyl Hydrogen 
Succinate. Phenyl(trichloromethyl)carbinyl hydrogen succinate 
(125 g, 0.38 mol), 125 g (0.30 mol) of quinine (N.F.), mp 162-166°, 
and 1300 ml of ethyl acetate were heated on a steam bath until 
nearly complete solution had taken place and then filtered to re
move insoluble particles. After standing for 2 days at room tem
perature the crude phenyl(trichloromethyl)carbinyl hydrogen suc
cinate quinine salt [122 g, mp 149-152°, [a]25D —82° (c 1.06, 
EtOH)] was filtered and the last traces of ethyl acetate were 
pressed out with a rubber dam. The quinine salt was dissolved in
3.5 1. of ethyl acetate; after standing for 1 day at room tempera
ture, 71 g of the crystalline quinine salt was obtained: mp 155- 
156°; [a]26D —66° (c 1.01, EtOH). The 3.5 1. of the ethyl acetate 
mother liquor was placed in a cold room overnight and an addi
tional 18 g of crude quinine salt ([«]26D —72°) was obtained. Three 
further recrystallizations of a 5-g sample of the quinine salt with 
an [«]25d  of —66° from ethyl acetate gave products with rotations 
of —63.7, —64.0, and —63.7°, respectively.

The ethyl acetate mother liquor from the precipitation of the le- 
vorotatory quinine salt of phenyl(trichloromethyl)carbinyl hydro
gen succinate was reduced in volume from 1300 to 400 ml, cooled 
to 0 ° overnight, filtered to remove a slight precipitate, and then 
evaporated to dryness on a steam bath. The residue, which con
tained the other diastereoisomer, was a dark brown, tacky material 
which could not be induced to crystallize but was satisfactory for 
the preparation of l- phenyl(trichloromethyl)carbinyl hydrogen 
succinate having an optical purity of 53%.

The phenyl(trichloromethyl)carbinyl hydrogen succinate qui
nine salt ([« ]26d  —66°) was converted to (S)-(+)-phenyl(trichlo- 
romethyl)carbinyl hydrogen succinate by dissolving 79 g (0.12 
mol) in 300 ml of hot ethanol and slowly adding this solution with 
stirring to 300 ml of 1 N  hydrochloric acid and an equal amount of 
ice. A white solid formed which made stirring difficult. The solid 
was removed by decantation and dissolved in benzene. The aque
ous solution was extracted twice with 500-ml portions of benzene 
and the combined benzene solutions were washed with water, 
dried (MgS04), and concentrated to a clear, glassy material (36 g, 
90%). A small portion was recrystallized from cyclohexane to give
(S)-( + )-phenyl(trichloromethyl)carbinyl hydrogen succi
nate: mp 6 6 - 6 8 °; [a]25D +62° (c 2.1, EtOH). The ir and nmr spec
tra were the same as for the racemic compound.

(S)-(+)-Phenyl(trichloromethyl)carbinol. To 36 g (0.11 
mol) of (S)-(+)-phenyl(trichloromethyl)carbinyl hydrogen succi

nate dissolved in 1 2 0  ml of glacial acetic acid was added 1 0 0  ml of 
water and 16 ml of concentrated hydrochloric acid. The mixture 
was refluxed in an oil bath for 6  hr and cooled, an equal amount of 
water was added, and the resultant solution was extracted with 
two 500-ml portions of carbon tetrachloride. The combined carbon 
tetrachloride extracts were washed twice with sodium bicarbonate 
solution and twice with water, dried (Mg.S04), and concentrated to 
yield 17.1 g (69% yield from the acid ester, 15% from the racemic 
earbinol) of (S)-(+)-phenyl(trichloromethyl)carbinol: bp 149- 
151° (14 mm); [a]£5D +38° ( c  5.0, EtOH). The ir and nmr spectra 
were the same as for the racemic compound.

In the same manner the impure quinine salt of the (R  )-(—)- 
phenyl(trichloromethyl)carbinyl hydrogen succinate was convert
ed to 20 g of (R  )-(-)-phenyl(trichloromethyl)carbinol: [a]25D 
—20.6° (c 10.1, EtOH); this rotation corresponds to an optical pu
rity of 53%.

Reduction of (S)-(+)-Phenyl(trichloromethyl)carbinol to 
(JJ)-(+)-a-Methylbenzyl Alcohol. To a stirred solution of 5 g 
(0.022 mol) of (S)-(+)-phenyl(trichloromethyl)carbinol ([a]25D 
+38°) in 1500 ml of liquid ammonia was added 1 g (0.14 g-atom) of 
lithium metal that had been cut into small pieces. After about 1.5 
min the blue color appeared, and 24 g (0.3 mol) of ammonium ni
trate dissolved in 2 0 0  ml of liquid ammonia was added to destroy 
any unreacted lithium metal and also to destroy the lithium amide 
formed during the reaction. The liquid ammonia was allowed to 
evaporate and to the dark residue was added 2 0 0  ml of 2  yV hydro
chloric acid. The acid solution was extracted with two 100-ml por
tions of ether; the combined extracts were washed with three por 
tions of water, dried (MgS04), and distilled to give 0.25 g (9% 
yield) of (R)-(+)-a-methyIbenzyl alcohol: bp 84-85° ( 8  mm); 
[a]25D +18.6° (c 5.0, toluene). The literature value11 for (S)-(—)- 
a-methylbenzyl alcohol is [a]27D —50.6° (c 3, toluene). The nmr 
spectrum showed the product to consist of 85% a-methylbenzyl al
cohol, 11% /3-phenethyl alcohol (v ia  styrene oxide), and 4% aceto
phenone.

Conversion of i S)-( + )-Phenyl(trich)oromethyl)earbinol to 
(R)-(—)-a-Methoxypheny!acetic Acid. Over a 90-min period,
4.9 g (0.088 mol) of potassium hydroxide dissolved in 100 ml of 
methanol was added to a stirred solution of 5 g (0.022 mol) of ( S ) -  
(+)-phenyl(trichloromethyl)carbinol ([a]25D +38°) in 35 ml of 
methanol. The temperature was maintained at 40-42°. After the 
addition was complete, the reaction mixture was stirred for an ad
ditional 30 min. The solution was then cooled, the precipitated po
tassium chloride Filtered off, and the alkaline methanol solution 
diluted with an equal volume of water and extracted with three 
100-ml portions of ether. The combined ether extracts were dried 
(MgS04), concentrated, and distilled to yield 2.63 g (53% recovery) 
of (S)-(+)-phenyl(trichloromethyl)carbinol having the same rota
tion as the starting material. The aqueous alkaline solution was 
acidified to pH 1 with dilute hydrochloric acid, extracted with 
three 1 0 0 -ml portions of ether, and dried (MgS04); the ether was 
evaporated to give a residue of 0.6 g. This was dissolved in 2 0  ml of 
chloroform and extracted with three 1 0 -ml portions of water to re
move mandelic acid. The chloroform solution was dried (MgS04) 
and evaporated to give 0.51 g (13.5% yield, or 29% allowing for re
covered earbinol) of a-methoxyphenylacetic acid. This was recrys
tallized (decolorizing carbon) from 15 ml of cyclohexane. There 
was obtained 0 . 2 1  g of ( R )-(—)-a-methoxyphenylacetic acid: mp
67-68° [lit. 65-66° for R- ( - ) , 12 71-72° for R S 13]; [a]25D -13.1° (c
4.1, EtOH) [lit. 12 [a]20D -150.7° (c 0.57, EtOH)]. The [a]25D of 
—13.1° is equal to an optical purity of 8.7%. The nmr and ir spectra 
were identical with spectra of authentic a-methoxyphenylacetic 
acid.

In the same manner, 5 g of ( R )-(—)-phenyl(trichloromethyl)car- 
binol ([a ]25D —20.6°) was converted to 0.22 g of (S  )-(+)-«-methox- 
yphenylacetic acid, mp 64-65°, with an [a]25D of +18° (c 4.0, 20% 
ethanol).

In another experiment 5 g of racemic phenyl(trichlorometh- 
yl)carbinol was allowed to react with methanolic potassium hy
droxide as above, but the crude acid fraction (1.3 g) was studied by 
nmr to determine the amount of «-chlorophenylacetic acid pres
ent. The a-CH signals (CC14) for the a-chloro acid, mandelic acid, 
and the a-methoxy acid occur at <5 5.27, 5.13, and 4.65, respectively, 
and the observed area ratios are 2 0 :1 2 :6 8 .

In another experiment, 5 g of racemic phenyl(trichlorometh- 
yl)carbinol was allowed to react with stronger methanolic potassi
um hydroxide (containing 6 . 6  g of base, 0 . 1  mol) as above except at 
50°. The reaction mixture was stirred at this temperature for 3 hr 
after the addition of base was completed and was then allowed to 
stand overnight at 50°. Under these conditions all of intermediate
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chloro acid was converted to the methoxy acid. The crude acid was 
obtained as an oil which set up to a crystalline solid, mp 53-58° 
(3.35 g, theory 3.65 g), and its nmr spectrum was that of the pure 
a-methoxy acid. The a-CH nmr signal was at 6 4.65, and the a-CH 
signals of the mandelic acid ( 6  5.13) and of the a-chloro acid (5 
5.27) were too small to be measured.

Raeemization of Methyl (R)-{-)-a-Methoxyphenylacetate. 
A methanolic solution of potassium hydroxide was prepared by 
dissolving 6.7 g (0.12 mol) of potassium hydroxide in 200 ml of 
methanol. To this stirred solution at 40° was added, dropwise over 
a period of 1.3 hr, 1 g (0.0055 mol) of methyl (R)-(—)-a-methoxy- 
phenylacetate in 70 ml of methanol. The ester had an [a]25D of 
—88.5° (c 2.5, acetone) and was prepared by methylating (ii)-(—)- 
mandelic acid with methyl iodide and silver oxide. 14 The literature 
value for this ester is [a]24D —89.1° (c 1.11, acetone) . 15 The mix
ture was stirred an additional 30 min at 40° and was then cooled 
and diluted with an equal volume of water. The solution was satu
rated with potassium chloride and extracted with two 1 0 0 -ml por
tions on ether to remove any unreacted ester. The aqueous solu
tion was acidified with dilute hydrochloric acid to pH 1 and ex
tracted with three 1 0 0 -ml portions of ether; the combined ether ex
tracts were dried (MgSC^) and evaporated to give 0.81 g of residue 
(89% yield). This a-methoxyphenylacetic acid was dissolved in cy
clohexane, treated with decolorizing carbon, and chilled overnight 
near 0°. There was obtained 0.34 g of a-methoxyphenylacetic acid: 
mp 65-66°; [a]25D -25.6° (c 4.0, EtOH). This represented a 17% 
retention of optical activity. 12 The nmr and ir spectra were identi
cal with spectra of the authentic a-methoxyphenylacetic acid.
(R)-(— )-a-Chlorophenylacetyl Chloride. The following new 

preparation of the chloro acid chloride is a modification of Coil’s 
procedure16 for preparing the chloro acid from mandelic acid. 
Thionyl chloride (44 g, 0.374 mol) was dissolved in 200 ml of car
bon tetrachloride, the solution was cooled to 5°, and 27 g (0.374 
mol) of dimethylformamide was added over a 1 0 -min period so the 
temperature did not exceed 7°. After stirring for 30 min in an ice 
bath, 20 g (0.135 mol) of (S)-(+)-mandelic acid [[a]27D +152.9° (c
19.7, EtOH); mp 126-133°] was added at such a rate that the tem
perature did not exceed 7°; the reaction mixture was stirred at 4- 
7° for 1 hr and then allowed to warm up to room temperature dur
ing the next 2 hr. The resultant solution was poured over 200 ml of 
ice and quickly shaken. The carbon tetrachloride layer was sepa
rated, washed a second time with 2 0 0  ml of ice water, dried 
(MgSOi), concentrated, and distilled to give 17 g (77% of theory) of 
( R )-(—)-chlorophenylacetyl chloride: bp 85-88° (2 mm); [a]31D 
-160° (c 20.4, CC14) [lit. 17 bp 120° (23 mm); lit. 17 [a]17D +158° (c 
6 , CS2 ) for dextrorotatory isomer].

The [a]31D rotation of —160° corresponds to an optical purity of 
65% as determined by adding a 5-g sample to 50 ml of cold water 
and allowing the solution to stand overnight at room temperature. 
The (R )-(—)-a-chlorophenylacetic acid obtained had an [a]30D of 
-122.3° (c 14.3, EtOH) and a melting point of 58-60° [lit. 18 mp 
60-61°; lit. 18 [a]12D —191° (c 3.35, benzene)]. The chloro acid chlo
ride gave the following spectral data: ir (neat) 3070, 3040, 2980, 
1810, (C =0), 1780, 1500, 1460, 1180, 1045, 1005, 980, 840, 790, 760, 
and 700 cm-1; nmr (CCI4 ) 5 7.35 (s, 5, Ph), 5.56 (s, 1, a-CH).

Reaction of (R)-(-)-a-Chlorophenylacetyl Chloride with 
Methanolic Potassium Hydroxide. A 5-g (0.026-mol) sample of 
the chloro acid chloride ([a]31D —159°, 65% optical purity) was 
added dropwise over a period of 90 min to methanolic potassium 
hydroxide prepared by dissolving 6  g (0.106 mol) of potassium hy
droxide in 100 ml of methanol. The temperature was maintained 
at 40°. After the addition was completed, the reaction mixture was 
stirred for an additional 30 min. The solution was then cooled with 
ice, diluted with an equal volume of water, acidified to pH 1 with 
dilute hydrochloric acid, and extracted with three 1 0 0 -ml portions 
of ether. The ether was dried (MgSITi) and evaporated to give a re
sidual oil (4.3 g) which solidified on standing to give crystals, mp 
65-75°. This was shown to be 95% a-chlorophenylacetie acid and 
5% a-methoxyphenylacetic acid by comparing the nmr signals 
(DCCI3 ) at <5 5.35 (-CHC1-) and 4.71 (-C//OCH 3-). The [a]33D of 
the mixture was -4.1° (c 14.4, EtOH) [lit. 18 -191° (c 3.35, ben
zene)] corresponding to over 96% raeemization.

A n a l . Calcd for C3H7 O2CI: C, 56.3; H, 4.1; Cl, 20.8. Calcd for 
C8H70 2 (0CH3): C, 65.0; H, 6.03. Found: C, 56.39; H, 4.38; Cl,
19.98.

Raeemization of (S)-(+)-a-Chlorophenylacetic Acid. The
acid [1.1 g, [a]31D +37.5° (20% optically pure) ] 19 was dissolved in 
25 ml of methanol containing 1 g of potassium hydroxide and ther- 
mostated at 40° for 3 hr. The acid mixture was isolated as before 
by acidification and extraction with ether. The oily acid was dis

solved in chloroform and washed with water to remove mandelic 
acid. There was obtained 1 g of recovered acid analyzing (nmr) for 
84% a-chloro acid and 16% a-methoxy acid, [a]32D +18.5°. This 
corresponds to 50% raeemization at 40° in 3 hr, equal to a first- 
order k  of 3.8 X 10-3 min“ 1.

Kinetic Measurements with a-Chlorophenylacetic Acid.
Ten 2-ml aliquots from a solution of 2.14 g of a-chlorophenylacetic 
acid and 1.85 g of potassium hydroxide in 50 ml of methanol, ther- 
mostated at 40°, were titrated with 0.1 N  hydrochloric acid over a
13-hr period. The log of the fraction of unreacted chloro acid was 
plotted against time. A linear plot was obtained with 1 1 /2  equal to 
7 hr and a first-order k  of 1.7 X 10 - 3  min“ 1. From this the calcu
lated values for the extent of the reaction at various times are 1 2 % 
in 75 min and 19% in 2 hr. Seventy-five minutes is the average time 
of reaction for a-chlorophenylacetic acid formed from the carbinol 
in the 2-hr reaction described above consisting of 90-min addition 
time followed by 30-min additional reaction time.

Methyl phenyl(trichloromethyl)carbinyl ether was pre
pared by allowing 30 g (0.13 mol) of racemic phenyl(trichlorometh- 
yl)carbinol to react with 60 g (0.42 mol) of methyl iodide in 100 ml 
of anhydrous ether and 36 g (0.16 mol) of silver oxide for 12 hr 
with stirring at room temperature. There was obtained 19 g (80% 
yield) of methyl phenyl(trichloromethyl)carbinyl ether: mp 54-55° 
[lit. 20 mp 58°]; nmr (CCI4) 5 7.48 (m, 5, CgHs), 4.60 (s, 1, >CH-), 
and 3.38 (s, 3, -OCH3).

Registry No.—(S)-(+)-l, 53432-38-5; (S)-(+)-l hydrogen succi
nate, 53432-41-0; (S)-(+)-l hydrogen succinate quinine salt, 
53432-42-1; (!?)-(—)-l, 53432-39-6; (R )-{—)-l hydrogen succinate, 
53432-43-2; ( R ) - ( —)-l hydrogen succinate quinine salt, 53432-44-3; 
(±)-l, 53495-27-5; (R)-(-)-3, 53432-40-9; (fl)-(-)-6 , 3966-32-3; 
(S)-(+)-6 , 26164-26-1; (R) - ( - ) - 6  Me ester, 32174-46-2; (/?)-(+)-7, 
1517-69-7; succinic anhydride, 108-30-5; quinine, 130-95-0; ( R ) -  
(—)-mandelic acid, 611-71-2; (S)-(+)-mandelic acid, 17199-29-0; 
( R ) - ( —)-a-chlorophenylacetic acid, 43195-94-4; (S)-(+)-a-chloro- 
phenylacetic acid, 29125-24-4; racemic a-chlorophenylacetic acid, 
39266-56-3.
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Treatment of anisoles 3 with phosphorus trichloride in the presence of catalytic amounts of anhydrous stannic 
chloride provides a convenient route to a variety of methoxy-substituted arylphosphonous dichlorides. Stannic 
chloride has been proven superior as a Friedel-Crafts catalyst for this reaction as compared to the previously re
ported use of aluminum chloride, ferric chloride, or zinc chloride. Substituent directive effects of polysubstituted 
anisoles have also been investigated.

The introduction of the phosphonous dichloride moiety 
(PCD into aromatic rings has been a topic of study for 
nearly 100 years. 1 Despite improvements in isolation and 
purification procedures, the Friedel-Crafts reaction of 
phosphorus trichloride with aromatic rings in the presence 
of an aluminum chloride catalyst remains a difficult, time- 
consuming, poor yield process2  (eq 1). In cases where the 
aromatic ring is substituted by an ortho-para-directing 
group (alkyl, halogen, etc.), the reaction proceeds to yield 
the corresponding arylphosphonous dichloride, although 
the ortho-para-product ratios for substitution have been 
suspect due to lack of vigorous spectral methods of identifi
cation. 3

In contrast, where the aromatic ring is substituted by a 
meta-directing group (NO2 , C (= 0 )R , etc.), the reaction 
fails completely; where the ringj is substituted by a strongly 
activating group (NR2 ), no catalyst is required. 4

In cases where the aromatic ring is activated by OR, the 
overall reaction scheme is less well-defined. The reaction of 
diaryl ethers with phosphorus trichloride in the presence of 
aluminum chloride gives the para-substituted phosphonous 
dichlorides5 (no ortho substitution found) (eq 2 ).

Ph— O— Ph +  PC13 Ph— O H ^ } - P C l 2 (2)

Where the reactant has been an a lk y l aryl ether, how
ever, the literature gives conflicting results. Michaelis6 and 
Kunz7  both reported that anisole, upon treatment with 
phosphorus trichloride and so-called “ commercial” alumi
num chloride, affords p- anisylphosphonous dichloride. 
Repetition of the reaction with freshly prepared aluminum 
chloride is reported to give the phenylphosphorodichlori- 
dite (eq 3).

PCI3
F re sh  ̂  A1C13

(3)

Other investigators have since found that this apparently 
straightforward reaction is useful for the preparation of p- 
anisylphosphonous dichloride. 8 In our hands, however, only 
the phosphorodichloridite (resulting from cleavage of ,the 
methyl ether followed by attack of phosphorus trichloride)

could be isolated, despite repeated attempts with alumi
num chloride. 9

Clearly, a milder, more selective procedure for the intro
duction of the PC12 group into alkyl aryl ethers was desir
able. The use of “ deactivated” aluminum chloride (partial
ly hydrated) was reviewed by Kosolapoff, 10  but no precise 
description of its preparation was given. Attempts to pre
pare AICI3 • X  H20  (by allowing anhydrous aluminum chlo
ride to stand in air for several minutes up to several hours) 
gave a catalyst which was ineffective in the reaction under 
study (eq 3).

Since aluminum chloride is known to cleave alkyl aryl 
ethers, 1 1  a weaker Lewis acid catalyst was considered. Two 
reports of the use of zinc chloride1 2  and ferric chloride1 3  as 
catalysts for the reaction of anisoles with phosphorus tri
chloride have previously appeared, despite claims to the 
contrary. 14  However, neither author investigated the scope 
of the reaction. Poor yields, large amounts of undistillable 
residues, and formation of triaryl phosphines limited the 
use of these catalysts in preparation of arylphosphonous 
dichlorides to only two substrates, anisole1 3  and 1,3-di- 
methoxybenzene1 2 ’ 1 3  (eq 4).

CH3 CE,
0  0

R -  OCH3; catalyst ZnCl2

Both zinc chloride and ferric chloride give nonhomo- 
geneous reaction mixtures, a fact which may contribute to 
isolation and purification problems. To avoid these dif
ficulties, an alternative Friedel-Crafts catalyst was uti
lized. Stannic chloride1 5  (anhydrous, organic soluble) in the 
presence of phosphorus trichloride and anisole 1 gave a 91%

CH3
0

+  PCI3

1

ch 3
0

yield of phosphonous dichloride, no ether cleavage (and 
subsequent formation of phenylphosphorodichloridite), 
and a minimum of undistillable residue. 1 6 '1 7
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Table I
Phosphonous Dichlorides 4 from Anisóles 3

A n is ó le

C a ta ly s t  Y ie ld , 0
b

C o m p d  X  Y  Z  ( r x n  t ím e )  % P hosphonous  d ic h lo r id e

3a OCH, H H

3b SCH3 H H

3c OCH3 2-CHj H

SnCl4 91 4-CH3OCsH.r  (4a)
(76 hr)

FeCl3 31
(44 hr)

SnCl4 36 4-CH3SCgH4- (4b)
(80 hr)

FeClj 19
(60 hr)

SnCl4 68 4-CH30-3 -C H 3-C 6H3- (4c)
(16 hr)

3d OCH3 2-OCH3 H

3e OCH3 3-OCHj H

SnCl4 26 3-CH30-4 -C H 30 -C 6H3- (4d)
(15 hr)

FeCl3 
(24 hr)

FeCl3 29 2-CH30 -4 -0 C H 3-C 6H3- (4e)
(14 hr)

3f OCH3 3-CH3 H SnCl4 71 4-CH30-2 -C H 3-C 6H3- and
(49 hr) 4-CH3-2-CH 30 -C eH3-

(1:1) (4f)

3 g OCH, 2-OCH3 4 -OCH3 FeCl,
(40 hr)

26 2,4,5-CH30 -C sH2- (4g)

3h OCH3 2-CH3 3-CHj SnCl4
(96 hr)

72 4-CH30-2 ,3-C H 3-C fiH2- (4h)

3i OCH3 2-CH3 4-CH3 SnCl4 50 2-CH30-3 ,5 -C H 3-C GH2- (4i)
(40 hr)

FeClj 
(60 hr)

3j OCH3 2-CH3 3-OCHj SnCl4 31 2,4-CH30-3 -C H 3-C 6H2- (4j)
(72 hr)

3k OCH3 3 -C 2H5 H SnCl4 71 4-CH30 -2 -C 2Hs-C 6H3- and
(85 hr) 2-CH30 -4 -C 2H5-C cH3

(1:1) (4k)

B p , ®C. ( m m )  N m r  (C C 1 4  o r  C D C l^ )

74-78 3.78 (s, 3), 6.90
(0.05)c (dd, 2, J  =  9 

and 2 Hz), and 
7.75 ppm (t, 2,
J  =  9 Hz)

98-103 2.5 (s, 3), 7.15
(0 .0 2 ) (dd, 2, J  =  9 

and 2 Hz), and 
7.7 ppm (t, 2, 
J  =  9 Hz)

103-106 2.3 (s, 3), 3.9 (s,
(0.07) 3), 6 .8  (dd, 1, J  

=  9 and 2 Hz), 
and 7.5-7.9 ppm 
(m, 2 )

112-115 3.75 (s, 3), 3.80
(0.4) (s, 3), 6 .8  (dd, 1, 

J  =  9 and 2 Hz), 
and 7.0-7.5 ppm 
(m, 2 )

114-118 3.80 (s, 3), 3.85
(0.05) (s, 3), 6.3 (dd, 1,
mp 46—7"* J  =  4 and 2 Hz), 

6.5 (dd, 1 , J  =  
9.2 Hz), and 7.8 
ppm (dd, 1, J  — 
10, 4 Hz)

93-97 2.4 (s, 3, 4-CH3

(0 .1 ) isom er), 2 .6  (d, 
3, J  =  3 Hz, 2- 
CH3 isom er), 3.8 
(s, 3, 2-CH3 iso 
m er), 3.9 (s, 3, 
4-CH3, isom er), 
6.6-7.05 (m, 4), 
and 7.7-8.2 ppm 
(m, 2 )

136-140 3.9 (s, 9), 6.5 (d,
(0.04) 1, J  =  6 Hz), 

and 7.48 (d, 1, 
J  =  3 Hz)

108-111 2.1 (s, 3), 2.5 (s,
(0.09) 3), 3.8 (s, 3), 

6.75 (d, 1, J  =  9 
Hz), and 7.88 
ppm (dd, 1 , J  =
9 and 3 Hz)

1 1 0 - 1 2 0 2.35 (s, 6), 3.9 (s,
(0.05) 3), 6.7 (d, 1, J  =  

6 Hz), and 7.6 
ppm (d, 1, J  =  4 
Hz)

128-137 2.15 (s, 3), 3.8 (s,
(0.4) 6), 6.75 (d, 1, J  

= 8 Hz), and 
7.75 ppm (dd, 1, 
J = 8 and 3 Hz)

94-100 1.0-1.4 (m, 6),
(0 .1 ) 2.3-3.2 (m, 4), 

3.7 (s, 3), 3.8 (s,
3) , 6 .5-7.0 (m,
4) , 7.6-8.1 (m, 2)
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A n is o le

„  ç  a ta ly s t  Y ie ld , 0

C o m p d  X  Y  Z  ( r x n  t im e )  % P hosphonous  d ic h lo r id e
b

B p , °C  ( m m )  N m r  ( C C I4  o r  C D C l^ )

31 OCH3 3-(CH3) 2CH H

3m OCHj 3-(CH3)3C- H

3n 0 - m-C 4H9 H H

3o OC2H5 H H

3p 0 - « -C 3Hv H H

SnCl4 55 4-CH30-2-(C H 3),CH-C6H3- and 95-96
(148 hr) 2-CH30-4 -(C H 3) 2CH-C6H3- (0.05)

(1:3) (41)e

SnCl4 26 2-CH30-4 -(C H 3) 3C -C gH3- (4m) 103-110
(88 hr) (0 .1 0 )

SnCl4 72 4-ii-C 4H90 -C 6H4- (4n)
(114 hr)

107-110
(0 .1 0 )

FeCl, 55 4-C oH50 -C 8H4- (4o) 78-87
(133 hr) (0.10V

SnCl4 72 4- »! - C, H vO- C .-H (4 p ) 92.8
(90 hr) (0.10)

1.0-1.4 (m, 12), 
2 .6 -3 .2 (m, 2 ),
3.8 (s, 3), 3.9 (s,
3) , 6.7-7.1 (m,
4) , and 7.7-8.2
(m, 2 )

1.3 (s, 9), 3.9 (s,
3), 6 .8 , 7.3 (m,
2), and 7.8 
ppm (dd, 1, J  =
8 and 4 Hz)

0.8-2.0 (m, 7), 4.0 
(t, 2, J =  7 Hz), 
7.0 (dd, 2, J  = 
9.2 Hz), and 7.9 
ppm (t, 2, J  9 
Hz)

1.4 (t, 3, J  = 7 
Hz), 4.05 (q, 4,
J  — 7 Hz), 7.0 
(dd, 2. J  =  9.1 
Hz), and 7.8 ppm 
(t, 2, J  =  9 Hz)

1.0 (t, 3, ,J =  7 
Hz), 1.8 (sextet. 
2, J  =  7 Hz),
3.9 (t, 2, J  m 7 
Hz), 7.0 (dd, 2,
J  =  9.2 Hz), and 
7.8 ppm ft, 2,
J  -  9 Hz)

“ Figure refers to distilled, pure material. “ Satisfactory elemental analyses (±9.3%) were obtained for all new compounds. ' Lit.8 bp 
140-141° (11 mm). d Lit..13 bp 175-180° (12-15 mm). e Careful distillation effected separation of the isomer present in larger amount; nmr of
2 -CH30 -4-(CH3)2CH-C6H3-: 1.35 (d, 6 , J  = 7 Hz), 2.95 (sextet, 1, J  = 7 Hz), 3.9 (s, 3). < Lit.23 bp 266°.

This reaction has been extended to include a variety of 
substituted anisoles Table I). In several cases, ferric chlo
ride was also used as the catalyst for comparative purposes. 
Structures of the phosphonous dichlorides were readily de
termined from the nmr spectra,18 combustion analyses, and 
conversion19 to the corresponding phosphonic dichlorides

3

5, phosphinic acids 6,'and hydrolysis of the phosphonic di
chlorides to the free phosphonic acids 7 (Table II).

An examination of the directive effects of the methoxyl 
groups suggests a logical pattern for electrophilic attack by 
phosphorus trichloride on the ring. The parent anisole 3a 
gives only substitution para to methoxyl. No ortho substi
tution has been observed.20 A similar result is obtained 
with o- methylanisole (3c). Introduction of the phospho
nous dichloride moiety occurs only para to the methoxyl 
group. No substitution is seen at the positions ortho to 
methoxyl or para to methyl.21

In contrast, m -methylanisole (3f) undergoes reaction at 
both the positions ortho and para to methoxyl (para and

ortho to methyl, respectively) in approximately equal 
amounts.

This suggests that the meta-methyl group may be hin
dering attack ortho to methyl by the rather bulky electro-
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Table II
Phosphinic Acids 6 and Phosphonic Acids 7 from Phosphonous Dichlorides 4

Phosphonous
dichloride

4
Phosphonic acid*3 

6
mp, °C  

7
Nmr (DMSO-d ) of phosphonic acid 

0

4 a 1 1 2 - 1 1 4 6 1 6 8 - 1 6 9 ° 3 .7 0  (s , 3 ), 6 .9 5  (dd, 2 ,  J =  9 an d  3 H z ) , 7 .6 8  (dd, 2 ,  J =  1 3  a n d  9 H z ) , and

6a 7 a 10 .8  p p m  (s , 2 , p o s it io n  v a r ia b le )

4b 1 0 5 - 1 0 6 1 6 8 - 1 6 9 2 .6  (s , 3 ), 7 . 3 - 8 . 0  ( m ,4 ) ,a n d  1 1 . 0  p p m  (p o s it io n  v a r ia b le )

6b 7b
4 c 6 8 - 7 0 1 8 3 - 1 8 4 2 .2  (s , 3 ), 3 .8  (s , 3 ), 7 .0  (dd, 1 ,J =  9 a n d  3 H z ) , 7 .5 5  (ddd, 1  ,J =  1 2 ,  9 , a n d

6c 7 c 1 . 5  H z ) , 7 .5 0  (dd, 1 ,J =  1 2  a n d  2 H z ) , a n d  10  p p m  (s , 2 , p o s it io n  v a r ia b le )

4d 1 3 8 - 1 3 9 3 .7 5  (s , 6 ), 6 . 9 - 7 . 5  (m , 3 ), 1 0 .3  (s , 1 ,  p o s it io n  v a r ia b le ) ,  a n d  7 .5  p p m

6d 7d (d, 1  ,J =  540 H z )4

4e 1 4 7 - 1 4 8 " 1 6 3 -  1 6 3 .5 ' 2 .7  (s , 6 ), 6 . 4 - 6 . 7  (m , 2 ) , 7 .5 5  (dd, l ,J  =  16  a n d  9 H z ) , a n d  1 0 .5  p p m  (s , 2 ,

6e 7e p o s it io n  v a r ia b le )

4f O C
O ! O C
O CJ
l

1 8 5 - 1 8 6 ' ' 2 .5 5  (s , 3 ), 3 .9 0  (s , 3 ), 6 . 7 5 - 7 . 0  (m , 2 ) , 7 .8  (dd, 1  ,J =  16  a n d  9 H z )  and

1 5 4 - 1 5 5 ' 1 6 0 -  1 6 1 1 9 .6  p p m  (s , 2 ) ; 2 .3  (s , 3 ), 3 .7 5  (s , 3 ), 6 . 6 - 7 . 0  ( m , 2 ) , 7 . 5  ( d d , l , J  =  1 5  and

6f 7f 8 H z ) ,a n d  10 .6  p p m  (3 ,2 )*

4g
2 .1 0  (s , 3 ), 2 .4 7  (s , 3 ), 3 .8 0  (s , 3 ), 6 .8 0  (dd, 1 ,  J  =  9 a n d  3 H z ) , 7 .6 5  (dd, 1  ,J =4h 1 4 1 - 1 4 2 1 6 7 - 1 6 8

6h 7h 1 3  a n d  9 H z ) ,  and 8 .8  (s , 2 ,  p o s it io n  v a r ia b le )

4 i 1 5 0 - 1 5 1
6 i

4 j 1 4 0 - 1 4 1 16 8 2 .0  (s , 3 ) , 3 .6 5  (s , 3 ) , 3 .7 5  (s , 3 ), 6 .7 0  (dd, 1 , J  =  8 a n d  3 H z ) ,  7 .5  (dd , 1  ,J =
6j 7 j 14  an d  8 H z ) , a n d  8 .4  p p m  (s , 2 , p o s it io n  v a r ia b le )

4k
41

1 .4  (s , 9 ), 3 .9  (s , 3 ) , 7 . 0 - 7 . 2  (m , 2 ) , 7 . 4 - 7 . 8  ( m , l ) , 8 . 0  (s , 1 ,  p o s it io n4m 1 6 4 - 1 6 6
6m v a r ia b le ) ,  a n d  7 .7  p p m  (d, 1  ,J =  545 H z ) 4

4n
4o 1 1 8 '

a Satisfactory elemental analyses (±0.3%) were obtained for all new compounds. 6 Lit.23 mp 113-114°. c Lit.23 mp 158°. Anal. Calcd for 
C7H7O4P: C, 44.75; H, 4.78. Found: C, 44.67; H, 4.85. d Spectrum of phosphinic acid. e Lit.12 mp 160-161°. Anal. Calcd for CgHuO^P; C, 
47.51; H, 5.44. Found: C, 47.74; H, 5.25. < Lit.12 mp 165-166°. Anal Calcd for C8H n05: C, 44.06; H, 5.05. Found: C, 44.31; H, 5.13. * Iso
mers could be fractionally crystallized apart; mp for 2 -CH3-4-CH3O-C6H3PO2H2. Anal. Calcd for CsHnCbP: C, 51.70; H, 5.92. Found: C, 
51.65; H, 5.97. h Isomers could be fractionally crystallized apart; mp for 2 -CH3-4-CH3O-C6H3PO3H2 . Anal. Calcd for CsHnCLP: C, 47.5; 
H. 5 .44 . Found: C, 47 44; H, 5.50. ‘ Isomers could be fractionally crystallized apart; mp for 2 CH3O-4-CH3-C6H3PO2H2. Anal. Calcd for 
CsHnCbP: C, 51.70; H, 5.92. Found: C, 51.65; H, 5.92. > Isomers could be fractionally crystallized apart; mp for 2 -CH3O-4 CH3-C6H3PO3- 
H2. Anal. Calcd for CsHnOiP'. C, 47.51; H, 5.44. Found: C, 47.46; H, 5.57. * Nmr spectra for 2 -CH3-4-CH3O-C6H3PO3H2 and 2-CH30-4- 
CH3-C6H3PO3H2, respectively.' Lit.23 mp 115°.

phile (presumably PCl2+SnCl5_ ) sufficiently to force some 
reaction to the position ortho to methoxyl (para to methyl).

To study the influence o f steric hindrance in this reac
tion, three other meta-substituted anisoles were subjected 
to the reaction conditions with results consistent with the 
increased hindrance at the meta position. Successively in-

CH3 
O

+  PC13 

R
3k, R = Et 

1, R = ¡-Pr 
m, R = f-Bu

CH3

m, 0% 100%

creased hindrance at the meta position eventually gives 
substitution only ortho  to methoxyl as in 4m.

An exception to this trend appeared, however, when 2,3- 
dimethylanisole was subjected to the reaction conditions. 
Based on analogy with 3f, 3k, 31, and 3m, it was expected 
that approximately equal quantities o f the two isomeric 
phosphonous dichlorides would be formed. Instead, only 
one isomer was formed, i.e., the isomer with the phospho
nous dichloride group para to methoxyl! 22-23

The Friedel-Crafts procedure described herein provides 
a convenient method for the preparation of arylphospho- 
nous dichlorides. A rational prediction o f product distribu
tion is also possible. The reaction appears reasonably gen
eral for methoxy-substituted aromatic rings which do not 
contain electron-withdrawing groups.

Experimental Section24
General Procedure for Preparation of Arylphosphonous 

Dichlorides. A. SnCl4 Catalyst. A solution of 0.1 mol of the ani- 
sole, 0.30 mol (26 ml, 41 g) of phosphorus trichloride, and 2 ml of 
anhydrous stannic chloride was refluxed under dry nitrogen for the 
specified length of time. An extra 1-2 ml of stannic chloride was 
added every 12-18 hr. The mixture was concentrated under re
duced pressure, and the residue was rapidly distilled at high vacu
um. The clear oils obtained were redistilled slowly through a 10 in. 
Vigreux column. Separation of unreacted starting material (if 
present) and other low-boiling substances was effected near room 
temperature (0.05-0.3 mm). The desired product was collected at a 
much higher temperature [80-140° (0.05-0.3 mm)] and was suffi
ciently pure for elemental analysis.
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B. FeCl3 Catalyst. The same ratio of reactants as in (A) was 
used with 2.0 g of anhydrous ferric chloride instead of stannic chlo
ride. Work-up consisted of filtration of the reaction mixture 
through Celite after the specified reaction time. The Celite was 
washed thoroughly with benzene, and the combined filtrates were 
concentrated under reduced pressure. The residue was vacuum 
distilled according to procedure A.

The phosphonous dichlorides were converted to the phosphonic 
acids by adaptation of the method of Amonoo-Nizer, Ray, Shaw, 
and Smith.25

A solution of 0.1 mol of the phosphonous dichloride in 200 ml of 
methylene chloride was cooled to —70° under nitrogen with me
chanical stirring. A solution of 0.1 mol of dimethyl sulfoxide in 50 
ml of methylene chloride was added dropwise at such a rate that 
the temperature remained below —50°. The solution was warmed 
to room temperature and then concentrated under reduced pres
sure to leave clear, slightly yellow oils or low-melting solids. These 
phosphonic dichlorides could be vacuum distilled or merely treat
ed with enough acetone and water to solubilize the product. Heat
ing the solution on the steam bath, followed by slow cooling, gave 
high (80-90%) overall yields of phosphonic acids. In cases where 
isomer mixtures were used, the slow rate of cooling was essential to 
isomer separation.

The phosphinic acids were prepared by treating 1-2 g of phos
phonous dichloride with enough water ( ~ 1 0  ml) and acetone to 
provide a homogeneous solution. Heating the solution on the 
steam bath was followed by slow cooling to give 60-80% yields of 
phosphinic acids.

(10) G. M. Kosolapoff, ref 2, p 223.
(11) H. S. Mason, J. Amer. Chem. Soc., 69, 2241 (1947); J. M. Bruce and F.

K. Sutcliffe, J. Chem. Soc., 4435 (1955); G. R. Pettit and D. M. Piatak, 
J. Org. Chem., 25, 721 (1960).

(12) I. S. Protopopov and M. Ya.Kraft, Zh. Obshch. Khim., 34, 1446 (1964); 
33, 3050 (1963).

(13) M. P. Viout, J. Rech. Cent. Nat. Rech., No. 28, 15 (1954); M. P. Viout 
and P. Rumpf, Bull. Soc. Chim. Fr., 768 (1957).

(14) G. M. Kosolapoff, ref 2, p 223.
(15) Stannic chloride has been used as a Friedel-Crafts catalyst for the 

preparation of 2-thienyl phosphonous dichloride but not for preparation 
of any benzenoid phosphonous dichlorides. See M. Bentov, L. David, 
and E. D. Bergman, J. Chem. Soc., 4750 (1963).

(16) Reaction mixtures often precipitated some crystalline, hygroscopic 
complex, presumably (SnCI4-PCI3), which could be filtered off without 
difficulty before product isolation.

(17) In view of the utility of stannic chloride as a catalyst for the reaction 
under study, another mild, organic soluble catalyst candidate, titanium 
tetrachloride, was studied in one case. Using the same conditions as 
those used with stannic chloride, titanium tetrachloride was found to 
catalyze the conversion of anisole 3a to p-anisyl phosphonous dichlo
ride 4a in approximately 50% yield after a reaction time of 64 hr.

(18) The nmr spectra of the phosphonous dichlorides, phosphinic acids, and 
phosphonic acids prepared were very diagnostic in determining patterns 
of substitution. The -PCI2, -P 02H2, and -P 03H2 groups are all strongly 
deshielding, and protons ortho to them were found between S 7.5 and 
8.0, a full ppm lower field than protons ortho to methoxyl, methyl, or hy
drogen. Coupling constants between ring protons and phosphorus did 
not follow a consistent pattern, apparently altered by steric and elec
tronic factors; however, coupling between ortho and meta protons and 
phosphorus was routinely observed. No coupling between para protons 
and phosphorus could be seen. Proton-proton ring coupling constants 
were normal, 8-10 Hz for ortho and 1-3 Hz for meta. For example, p- 
anisylphosphon c acid gave a completely interpretable spectrum.

Registry No.—3a, 100-66-3; 3b, 100-68-5; 3c, 578-58-5; 3d, 91- 
16-7; 3e, 151-10-0; 3f, 100-84-5; 3g, 135-77-3; 3h, 2944-49-2; 3i, 
6738-23-4; 3j, 5673-07-4; 3k, 10568-38-4; 31, 6380-20-7; 3m, 33733-
83-4; 3n, 1126-79-0; 3o, 103-73-1; 3p, 622-85-5; 4a, 19909-85-4; 4b, 
53534-47-7; 4c, 53534-48-8; 4d, 53534-49-9; 4e, 53534-50-2; 4- 
CH30-4f, 53534-51-3; 2-CH30-4f, 53534-52-4; 4g, 53534-53-5; 4h, 
53534-54-6; 4i, 53534-55-7; 4j, 53534-56-8; 4-CH30-4k, 53534-57-9;
2-CH30-4k, 53534-58-0; 4-CH30-41, 53534-59-1; 2-CH30-41, 
53534-60-4; 4m, 53534-61-5; 4n, 53534-64-8; 4o, 53534-62-6; 4p, 
53534-63-7; 6a, 53534-65-9; 6b, 53534-66-0; 6c, 53534-67-1; 6d, 
53534-68-2; 6e, 53534-69-3; 4-CH30-6f, 53534-70-6; 2-CH30-6f, 
53534-71-7; 6h, 53586-52-0; 6i, 53534-72-8; 6j, 53534-73-9; 6m, 
53534-74-0; 7a, 21778-19-8; 7b, 46061-42-1; 7c, 53534-75-1; 7d, 
53534-76-2; 7e, 53534-77-3; 4-CH30-7f, 53534-78-4; 2-CH30-7f, 
53534-79-5; 7h, 53534-80-8; 7j, 53534-81-9; SnCl4, 7646-78-8; 
FeCl3, 7705-08-0; PC13, 7719-12-2.
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Synthesis of 5,8,11-Dodecatriynoic Acid and Its Use in the Synthesis of 
Arachidonic Acid and Related Acids
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The preparation of 5,8,11-dodecatriynoic acid via a Grignard coupling of l-bromo-2,5-hexadiyne and 5-hexy- 
noic acid is described. The triynoic acid has been used as an intermediate in a new synthesis of arachidonic acid 
and of novel methyl-branched arachidonic acids.

The standard approach for the synthesis of arachidonic 
acid, all-c is  -5,8,11,14-eicosatetraenoic acid (4), has been 
the preparation of long-chain polyacetylenic compounds 
followed by the selective hydrogenation of the acetylenic 
bonds to cis olefins. Two variations, among others, o f this 
approach which have been adopted for the synthesis o f ara
chidonic acid involve (a) the coupling of a Cm and a C9 
fragment1 and (b) the coupling of a C14 and a C6 frag
ment.3-5

We now wish to report a new synthesis of arachidonic 
acid which involves the coupling o f a Cg fragment with a 
novel C 12 fragment, 5,8,11-dodecatriynoic acid (2).

The C12 acid 2 was prepared by bromination of 2,5-hexa- 
d iyn-l-ol6 with phosphorus tribromide to give 1 -bromo-
2,5-hexadiyne (1) which was then coupled with 5-hexynoic 
acid in the presence of ethylmagnesium bromide and cu
prous ion (see Scheme I). The acid 2 was then coupled with

Scheme I

4

the Cs fragment, l-bromo-2-octyne .7 under the same Gri
gnard conditions, to give 5,8,11,14-eicosatetraynoic acid (3) 
which was selectively reduced to arachidonic acid (4), ac
cording to literature procedures.3

The triynoic acid 2 , which is very sensitive to air oxida
tion, was purified by low-temperature recrystallization and 
can be stored for several months at —40° when kept in an 
inert (argon) atmosphere.

The intermediate 2 has also been used for the prepara
tion o f 15-methyl- and 16-methylarachidonic acids, com
pounds 6 and 8 respectively, two novel alkyl-branched fatty 
acids (see Scheme II).

The allylic bromide 5 was prepared by bromination of 
cis- and trans- 3-methyl-2-octen-l-ol8 with phosphorus tri
bromide. The acetylenic bromide 7 was prepared by the hy- 
droxyalkalation o f 3-methyl-l-heptyne9 followed by bromi
nation with phosphorus tribromide.

Scheme II

These two bromo compounds were individually coupled 
with 2 under the Grignard conditions described above to 
give polyacetylenic intermediates, which were extremely 
unstable and difficult to purify. The crude acetylenic prod
ucts were treated with silver nitrate in aqueous ethanol to 
remove excess acid 2 , followed by recrystallization at —1 0 ° 
to give unstable, low-melting solids. The nmr spectra of 
these acetylenic acids were consistent with the assigned 
structures. These partially purified acids were immediately 
hydrogenated over Lindlar catalyst to the tetraenoic acids 
6 and 8 which were easily purified by column chromatogra- 
phy.

The 15-methyl acid 6 was obtained as a mixture of cis- 
trans isomers at the C 14 double bond. The original alcohol,
3-m ethyl-2-octen-l-ol,8 was obtained as a 4:1 transxis iso
meric mixture and the final tetraenoic acid 6 was assumed 
to have predominantly the trans configuration at the 14-15 
double bond, although this point was not conclusively 
proven.

Experimental Section
All melting points were taken on a Thomas-Hoover capillary 

melting point apparatus and are corrected. The ir spectra were re
corded with either a Beckman IR-9 or a Perkin-Elmer 137 spectro
photometer. The nmr spectra were recorded with a Varian T60, 
A-60, or HA-100 instrument in deuteriochloroform. Absorption 
peaks are recorded in parts per million downfield from an internal 
standard (TMS). All reactions were carried out under argon. All 
Grignard reagents were prepared immediately before use and were 
standardized by titration.

l-Bromo-2,5-hexadiyne (1). To a solution of 10.9 g (116 mmol) 
of crude 2,5-hexadiyn-l-ol6 in 175 ml of ether (cooled to 5°) was 
added, via syringe, 4.35 ml (12.4 g, 46 mmol) of phosphorus tri
bromide (PBr,2). The mixture was stirred at 3-10° for 6 hr. After 
pouring into ice water, the aqueous phase was extracted well with 
ether. The ether extracts were combined, washed with saturated 
bicarbonate, brine, dried (Na2S04), concentrated, and distilled 
(cautiously) through a short-path column to yield 9.6 g (53%) of J 
as a colorless oil, bp 40-43° (0.3 mm). The compound darkens rap
idly and should be used as soon as possible after distillation: ir 
(neat) 3240 (C=CH) 1405, 1310, 1210 cm- 1  (no absorption due to 
OH); nmr 8 2 .12  (t, 1 H, C=CH), 3.52 (q, 2 H, C=CCH2C=C),
3.93 (t, 2 H, CH2Br).

5,8,11-Dodecatriynoic Acid (2 ). To a solution of 10.98 g (98 
mmol) of 5-hexynoic acid in 100 ml of THF, cooled to 5°, was
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added dropwise 116 ml (196 mmol) of a 1.69 M  solution of ethylm- 
agnesium bromide in THF. The solution was allowed to warm to 
room temperature over 1 hr and 500 mg of cuprous cyanide 
(CuCN) was added. After stirring 20 min, a solution of 7.7 g (49 
mmol) of 1 in 40 ml of THF was added dropwise over 30 min. The 
reaction was stirred for 5 hr at room temperature and an addition
al 500 mg of CuCN was added. After stirring for a total of 22 hr, 
the mixture was poured into 300 ml of 3 N  H2SO4 and 100 g of ice. 
After extraction with ether, the organic phase was concentrated in 
vacuo. The residue was dissolved in ether and the ether solution 
washed with Versene10 several times to remove copper, washed 
with water, dried (MgSC>4), and concentrated to yield a brown oil. 
The oil was dissolved in a mixture of ether and petroleum ether 
(bp 30-60°) and stored overnight at —40°. The crystalline product 
was recrystallized three times at —30° from ether-petroleum ether 
to yield 3.0 g (30%) of 2, mp 51-53°. The triynoic acid was sensitive 
to air as judged by coloration and lowering of melting points. An 
analytical sample was prepared by recrystallization from hexane at 
-15° to give beige plates: mp 57-58°; ir (KBr) 3295, 3285 
(G^CH), 1710, 1690 (0 = 0 ), 920 cm '1; nmr b 1.80 (m, 2 H, 
CH2Ctf2GH2), 2.07 (t, 1  H, C=CH), 2.25 (dist. t, 2 H, 
C=CCH2CH2), 2.47 (t, 2 H, CH2C =0), 3.13 (m, 4 H, 
C=CCH2C=CCH2C=C), 10.77 (s, 1 H, C02H).

Anal. Calcd for Ci2HI20 2: C, 76.58; H, 6.43. Found: C, 76.43; H, 
6.61.

5,8,11,14-Eicosatetraynoic Acid (3). To a solution of 3.95 g (2 1 
mmol) of 2 in 30 ml of THF at 3° was added dropwise 37.2 ml (42 
mmol) of a 1.13 M  solution of ethylmagnesium bromide in THF. 
The mixture was stirred at room temperature for 1.5 hr and 150 
mg of CuCN added. After stirring for 20 min, 2.65 g (14 mmol) of 
l-bromo-2-octyne7 was added and rinsed in with 5 ml of THF. The 
mixture was then stirred for 18 hr with an additional 150 mg of 
CuCN added after 6 hr. The product was isolated in the same 
manner as that described for 2 , and was recrystallized from isopro
pyl alcohol to give 2.70 g (64%) of 3. An analytical sample was pre
pared by recrystallization from i-PrOH at —10°. The acid was ob
tained as beige plates: mp 80.5-82° (lit.3b mp 81-82°); ir (CHCI3) 
3400-2500 (broad OH), 1715; nmr b 0.90 (dist. t, 3 H, CH3), 1.38 
(hr m, 6 H, (CH2)3CH3), 1.85 (m, 2 H, CH2CH2C =0), 2.03-2.37 
(br m, 4 H, CH2Ctf2C=C), 2.49 (t, 2 H, CH2C02), 3.15 (m, 6 H, 
C=CCH2C=C), 10.85 (s, 1 H, C02H).

Anal. Calcd for C2oH24 02: C, 81.04; H, 8.16. Found: C, 81.18; H,
8.25.

l-Bromo-3-methyl-cis,trans-2-octene (5). To a solution of
19.0 g (135 mmol) of 3-methyl-cis,trans- 2-octen-l-ol8 in 400 ml of 
ether, cooled to 5°, was added, via syringe, 9.8 ml (14.3 g, 53 
mmol) of PBr3. The reaction was stirred at 3-10° for 5 hr, and the 
product isolated following the procedure given for 1. Distillation of 
the crude product yielded 19.6 g (71%) of 5 as a colorless oil: bp
50.5-51.5° (0.7 mm); ir (neat) 1605, 1460, 1375, 1205 cm- 1  (no ab
sorption due to OH); nmr b 0.90 (dist. t, 3 H, CH3CH2), 1.30 (br m, 
6 H, CH2CH2CH2), 1.70 (d, 3 H, CH3C=C, J  = 2 Hz), 2.03 (dist. t, 
2 H, CH2C=C), 4.00 (d, 2 H, CH2Br), 5.50 (t, 1 H, C=CH).

Anal. Calcd for C9Hi7Br: C, 52.70; H, 8.35. Found: C, 53.03; H,
8.30.

15-Methyl-14-cis,ti-ans-eicosaen-5,8,ll-triynoic Acid. To a
solution of 12.4 g (66 mmol) of 2 in 120 ml of THF, cooled to 0°, 
was added dropwise 132 ml (132 mmol) of a 1.0 M  solution of eth
ylmagnesium bromide in THF. The mixture was warmed to room 
temperature and stirred for 4.5 hr and then 400 mg of CuCN was 
added. After stirring 20 min, a solution of 9.02 g of 5 in 50 ml of 
THF was added dropwise. The mixture was then stirred for 17 hr, 
with an additional 400 mg of CuCN added after 6 hr. The reaction 
was worked up as described for 2 to give 20.5 g of crude product. 
The crude product was dissolved in 60 ml of absolute EtOH and 
added to a solution of 22 g of AgN03 dissolved in 25 ml of H20  and 
225 ml of absolute EtOH to precipitate the silver salt of 2. The 
mixture was filtered through Hyflo and the filtrate was diluted 
with an equal volume of water and extracted twice with a 1 :1  mix
ture of ether-pentane. The combined organic extracts were washed 
three times with water, once with brine, dried (MgSOV), and con
centrated to give 12.5 g of orange oil. The oil dissolved in pentane 
and recrystallized at -10°. The product was filtered quickly 
through a prechilled funnel and recrystallized from ether-pentane 
at 5° to give 3.8 g of a gummy yellow solid (low melting) which was 
dried under high vacuum. The product should be stored under 
argon at —40° to prevent decomposition. The product was too un
stable to obtain a satisfactory elemental analysis: ir (neat) 3500- 
2400 (br OH), 1710 (C =0), 1410 cm“ 1; nmr b 0.89 (dist. t, 3 H, 
CH3CH2), 1.45 (br m, 6 H, CH2CH2CH2CH3), 1.60 (s, 3 H,

CH3C=C), 1.85-2.68 (m, 8 H, CH2CH2CH2C02, CH2C=C), 2.88 
(d, 2 H, C=CHCH2C=C), 3.13 (t, 4 H, C=CCH2C=CCH2C=C, 
J  = 2 Hz), 5.02 (t, 1 H, olefin proton).

15- Methyl-5,8,ll-cis-14-cjs,trans-eicosatetraenoic Acid (6). 
To a solution of 870 mg (2.7 mmol) of 15-methyl-1 A-cis,Irons-t\co- 
saen-5,8,ll-triynoic acid in 25 ml of absolute EtOH was added 300 
mg of Lindlar catalyst followed by 0.1 ml of quinoline. Immediate
ly, the mixture was reduced under a slight positive pressure of hy
drogen. The reaction took up 213 ml of H2 in 7500 sec; theoretical 
uptake (corrected), 206 ml. The mixture was filtered through hyflo 
and concentrated in vacuo. The residue was dissolved in ether, 
washed with cold 1 N  HC1, brine, dried (MgSOi), and concentrat
ed to give 827 mg of crude product as a gold colored oil. Chroma
tography on a 21 X 1.3 cm column of silica gel, using ether in hex
ane (the percentage of ether was gradually increased from 0 to> 
16%) as eluent, gave 689 mg (79%) of 6 as a lightly colored oil. A 
small amount was rechromatographed to give the analytical sam
ple: ir (neat) 3550-2550 (br OH), 1710 (C =0) cm-1; nmr b 0.87 
(dist. t, 3 H, CH2CH3), 1.26 (br m, 6 H, CH2CH2CH2CH3), 1.60 
(s, 3 H, CH3G=C), 1.69 (t, 2 H, CH2 CH2C02), 2.02 (m, 4 H, 
CH2C=C, C=CHCH2 CH2), 2.35 (t, 2 H, CH2C02), 2.81 (br m, 6 
H, 3 X C=CCH2C=C), 5.09 (t, 1 H, CH3C=CH), 5.35 (m, 6 H, 3 
X CH=CH), 10.5 (br s, 1 H, C02H).

Anal. Calcd for C2iH34 02: C, 79.19; H, 10.76. Found: C, 78.81; H,
10.51.

4-Methyl-2-octyn-l-ol. To a solution of 28.g (254 mmol) of 3- 
methyl-l-heptyne9 in 1 1. of THF, cooled to 0°, was added drop- 
wise 145 ml (230 mmol) of a 1.6 M  solution of n- butyllithium in 
hexane. After stirring for 45 min, 10.5 g (350 mmol) of p -formalde
hyde (dried over P9O5) was added. The reaction was stirred for 1 
hr at room temperature, heated to 45-50° for 3 hr, cooled, and con
centrated in vacuo to a volume of 300 ml. The concentrated solu
tion was poured into 1200 ml of saturated NH4CI solution and ex
tracted with ether. The ether extract was washed with saturated 
NH4CI, dried (MgSfH), and concentrated. Distillation of the crude 
product gave 17.6 g (50%) of 4-methyl-2-octyn-l-ol as a colorless 
oil: bp 59-62° (0.3 mm); ir (CHC13) 3615 (free OH), 3700-3250 
(bonded OH), 2240 (C=C), 1460, 1380 cm"1; nmr b 0.91 (dist. t, 3
H, CH2CH3), 1.15 (d, 3 H, CHCH3), 1.43 (br m, 6 H, 
CH2CH2CH2), 2.07 (br s, 1 H, OH), 2.18-2.60 (br m, 1 H, 
CHC=C), 4.76 (s, 2 H, CH2OH).

Anal. Calcd for C9H,60: C, 77.09; H, 11.50. Found: C, 76.23; 
76.38; H, 11.51,11.50.

l-Bromo-4-methyl-2-octyne (7). To a solution of 17.6 g (127 
mmol) of 4-methyl-2-octyn-l-ol in 200 ml of ether, cooled to 5°, 
was added, via syringe, 4.7 ml (13.8 g, 51 mmol) of PBr3. After stir
ring at 3-10° for 5.5 hr, the product was isolated following the pro
cedure given for the isolation of 1. Distillation of the crude product 
gave 13.73 g (57%) of 7, as a colorless oil: bp 45-46° (0.35 mm); ir 
(neat) 2240 (C=C), 1460, 1210, 610 (CBr) cm“ 1 (no absorption due 
to OH); nmr b 0.91 (dist. t, 3 H, CH3), 1.13 (d, 3 H, CH3 CH), 1.40 
(br m, 6 H, CH2CH2CH2), 2.42 (br m, 1 H, CH), 3.93 (s, 2 H, 
CH2Br).

Anal. Calcd for C9Hi5Br: C, 53.22; H, 7.44. Found: C, 52.97; H,
7.34.

16- Methyl-5,8,ll,14-eicosatetraynoic Acid. To a solution of
11.2 g (59.5 mmol) of 2 in 110 ml of THF, cooled to 0°, was added 
120 ml (119 mmol) of a 0.99 M  solution of ethylmagnesium bro
mide in THF. After warming to room temperature, the mixture 
was stirred for 4 hr, and then 350 mg of CuCN was added. After 
stirring 20 min, a solution of 6.91 g (34 mmol) of 7 in 45 ml of THF 
was added dropwise. The mixture was stirred for 17 hr with an ad
ditional 350 mg of CuCN added after 6 hr. The reaction was then 
worked up in the manner described for 2 to give 17.7 g of crude 
product, which was treated with 20 g of AgN03 as described above 
for the 15-methylenetriynoic acid. The crude product which was 
obtained was recrystallized from ether-pentane to give 4.6 g (44%) 
of 16-methyl-5,8.11,14-eicosatetraynoic acid, as a low-melting, un
stable solid. The product was hydrogenated as soon as possible 
after isolation to avoid decomposition: ir (neat) 3500-2550 (br 
OH), 1710 (C =0), 1400 cm“ 1; nmr b 0.91 (dist. t, 3 H, CH2CH3),
I. 13 (d, 3 H, CH3CH), 1.40 (br m, 6 H, CH2CH2CH2), 1.87 (q, 2 H, 
CH2CH2C02), 2.07-2.70 (m, 5 H, CH2CH2CH2C02, CHC=C),
10.97 (s, 1 H, OH).

16-Methyl-5,8,ll,14-eicosatetraenoic Acid (8). To a solution 
of 670 mg (2.13 mmol) of 16-methyl-5,8,ll,14-eicosatetraynoic 
acid in 15 ml of absolute EtOH was added 650 mg of Lindlar cata
lyst and 0.20 ml of quinoline. Immediately, the mixture was re
duced under a slight positive pressure of hydrogen. The reaction 
took up 188 ml of hydrogen in 6800 sec; theoretical uptake (cor
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rected), 230 ml. Following the procedure given for the purification 
of 6, 340 mg (53%) of 8 was obtained as a lightly colored oil, after 
chromatography. A small amount was rechromatographed to give 
the analytical sample: ir (neat) 3450-2450 (broad OH), 1690 
(C =0) cm-1; nmr 6 0.88 (dist. t, 3 H, CH2CH2), 0.94 (d, 3 H, 
CHCH3), 1.27 (br m, 6 H, 3 X CH2), 1.72 (q, 2 H, CH2CH2C02),
2.12 (t, 2 H, C=CCH2CU2), 2.20 (br s, 1 H, CHC=C), 2.38 (t, 2 H, 
CH2 C02), 2.82 (br m, 6 H, 3 X C=CCH20=C), 5.06-5.46 (m, 8 H, 
4 X CH=CH), 11.15 (br s, 1 H, C02H).

Anal. Calcd for C21H34O2: C, 79.19; H, 10.76. Found: C, 79.09; H,
10.96.
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Studies of selected coupling methods for attachment of amino acid derivatives to cis- and frans-4-aminocyclo- 
hexanecarboxylic acid have shown diethylphosphoryl cyanide to be an effective coupling reagent. iV-ieri-Butyl- 
oxycarbonyl-frrms-4-aminocyclohexanecarboxylic acid (3a) was converted, using diethylphosphoryl cyanide, to 
dipeptide 4a by condensation with L-valine methyl ester. Dipeptide 4a was transformed by deprotection and cou
pling with N-tert-butyloxycarbonyl-L-aianine to tripeptide 6a. Similar transformations were effected using the 
N-ieri-butyloxycarbonyl derivative 3b of cis-4-aminocyclohexanecarboxylic acid. Other coupling procedures in
vestigated were the carbodiimide, p-nitrophenyl active ester, and symmetrical anhydride methods; these methods 
were less satisfactory for effecting coupling to the above cyclohexaneamino acids.

The quinomycins1 are a group of depsipeptide antibiot
ics that possess a depsipeptide lactone system intercon
nected by a 1,4-dithiane ring as shown for echinomycin (1). 
Our interest in the synthesis of quinomycin model systems 
that have a cyclohexane ring substituted for the aithiane 
moiety has resulted in an investigation of methods for at
tachment o f amino acid derivatives to the simple model 4- 
aminocyclohexanecarboxylic acid (2 ).

Qxc-*-

Me O

D-Ser-»-Ala-

-MeVal

MeVal-----

A la ■*- D-Ser Q xc

NH,

co2h

0  Me
l.Qxc = 2 -quinoxalinecarbonyl

2 a, trans
b, cis

Interest in the preparation of peptide derivatives o f 1 - 
aminocyclopentane- and 1 -aminocyclohexanecarboxylic 
acids was prompted by the reported2 cytotoxic activity of 
the former substance. Amino acid derivatives were at
tached to the above cycloalkylamino acids by application of 
the acid chloride,33 carbodiimide,3a_c symmetrical anhyd

ride,3d and oxazolone3d methods. Amino acids also have 
been attached to cyclohexylamine by use of active esters.4

In this study, trans- 4-aminocyclohexanecarboxylic acid 
(2 a )5 was chosen as an appropriate model, since in the qui
nomycins the dithiane amino acid moiety has, in the 2,5 po
sitions, amino and carboxyl groups in a trans relationship; 
studies were made also on the corresponding cis isomer 2 b. 
Conversion of 2 to the N -te rt-  butyloxycarbonyl derivative 
3 was effected by standard procedures.6 Initial attempts to 
couple glycine ethyl ester or L-alanine methyl ester to 3 
using N ,N ’- dicyclohexylcarbodiimide7 with or without 
added 1-hydroxybenzotriazole8 were not successful. Similar 
failures employing the carbodiimide method in coupling 
reactions with cycloalkylamino acids have been ob
served.3^ 9

Diethylphosphoryl cyanide recently has been shown9 to 
be an effective coupling agent in peptide synthesis. Of sig
nificance, condensation of cyclohexylamine with benzoic 
acid was reported to give N - cyclohexylbenzamide in good 
yield using diethylphosphoryl cyanide, while none of the 
desired amide was obtained by the carbodiimide method.

Treatment o f N -te rt-  butyloxycarbonyl-irans- 4-amino- 
cyclohexanecarboxylic acid 3a with L-valine methyl ester 
and diethylphosphoryl cyanide in dimethylformamide gave
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dipeptide 4a in 67% yield. In a similar manner, N-tert- 
butyloxycarbonyl-m- 4-aminocyclohexanecarbonyl-L-va- 
line methyl ester (4b) was prepared in a yield of 64% from 
3b. Glycine ethyl ester was coupled to the cis isomer 3b to 
give dipeptide 5 in a yield of 56% using the above method.

Boc-NH

CO,H
3a, trans 
b, cis

Boc-NH

CO-Val-OMe
4a, trans 

b. cis

Boc-NH

CO-Gly-OEt
5

Removal of the N-tert- butyloxycarbonyl group in dipep
tides 4a or 4b with trifluoroacetic acid and subsequent cou
pling of N-tert- butyloxycarbonyl-L-alanine to the cyclo
hexyl amino group, using diethylphosphoryl cyanide, gave 
tripeptides 6a and 6b in yields of 44 and 47%, respectively.

Boc-NH Boc-Ala-NH

CO-Val-OMe CO-Val-OMe
4a, trans 6a, trans

b.cis b, cis

Tripeptide 6a thus represents a cyclohexane model of the 
tripeptide sequence containing the dithiane moiety present 
in the quinomycins.

Limited studies on application of the p- nitrophenyl ac
tive ester method10 "and the symmetrical anhydride meth
od311 for attachment of amino acid derivatives to 3 have 
shown the above methods to be unpromising. Thus, the p - 
nitrophenyl ester of 3b was observed not to couple to any 
appreciable extent with glycine ethyl ester in dimethylfor- 
mamide. Addition of imidazole4 to the reaction mixture 
caused reaction to occur; however, dipeptide 5 was ob
tained in a yield of only 20%. In the second method studied, 
reaction of 3b with pivaloyl chloride gave the correspond
ing symmetrical anhydride11 of 3b, which upon reaction 
with L-valine methyl ester gave dipeptide 4b in 10% overall 
yield. Efforts to maximize the yields obtained by the above 
two methods were not pursued further.

This study establishes that diethylphosphoryl cyanide is 
the reagent of choice for the attachment of amino acid de
rivatives to cis- or trans- 4-aminocyclohexanecarboxylic 
acid. Further studies on the preparation of quinomycin 
model systems containing the above cyclohexane amino 
acids are underway.

E xperim ental Section
Melting points were determined on a Thomas-Hoover capillary 

apparatus and are uncorrected. Infrared spectra were recorded on 
a Beckman IR-20A spectrophotometer. Nmr data were obtained 
with a Varian A-60 or XL-100 nmr spectrometer. Mass spectra 
were measured on a Hitachi Perkin-Elmer RMU-6E mass spectro- 
metrometer. Tic data were measured on Brinkmann precoated sili
ca gel plates in chloroform-methanol-acetic acid (85:10:5). Evapo
rations in vacuo were carried out with a Buchler rotary evapora
tor. Elemental analyses were performed by M-H-W Laboratories, 
Garden City, Mich.

N-tert-Butyloxycarbonyl-trans-4-aminocyclohexanecar- 
boxylic Acid (3a). To a solution of 1.43 g (10 mmol) of trans-4- 
aminocyclohexanecarboxylic acid6 and 0.80 g (20 mmol) of magne
sium oxide in 30 ml of dioxane-water (1:1) was added 2.15 g (15 
mmol) of tert-butyloxycarbonyl azide and the mixture was stirred 
at 45° overnight. Magnesium oxide was removed by filtration and 
washed with 50 ml of water. The filtrate was extracted with ether 
(3 X 25 ml), acidified with solid citric acid at 0°, and extracted

with ethyl acetate (3 X 30 ml). The ethyl acetate solution was 
dried over anhydrous sodium sulfate and evaporated in vacuo. The 
residue was recrystallized from ethyl acetate-petroleum ether (bp 
60-90°) to give 1.56 g of white crystals (64%): mp 147-150°; nmr 
(CDCI3) 5 3.5 (br s, cyclohexyl H4), 2.6-1.5 (m, cyclohexyl except 
H4), 1.45 (s, £eri-butyl).

Anal. Calcd for C12H2iN04: C, 59.2; H, 8.71; N, 5.76. Found: C, 
59.18; H, 8.84; N, 5.57. .

N-tert- Butyloxycarbonyl-cis-4-ami nocyclohexaneearbox- 
ylic Acid (3b). A solution of 2.86 g (20 mmol) of cis- 4-aminocyclo- 
hexanecarboxylic acid5 was treated as above for 3a to give 3.95 g of 
white solid (81%), mp 163-168°. The solid was recrystallized from 
ethyl acetate: mp 167-169°; nmr (DMSO-dg) 6 6.65 (d, 1 H, NH), 
3.35 (s, 1 H, cyclohexyl H4), 2.4 (s, 1  H, cyclohexyl Hi), 2.0-1.2 (m, 
17 H, cyclohexyl except H4 and H4 and tert- butyl).

Anal. Calcd for Ci2H2iN0 4: C, 59.2; H, 8.71; N, 5.76. Found: C, 
59.40; H, 8.66; N, 5.66.

N-tert- Butyloxycarbonyl- trans -4-aminocyclohexanecar- 
bonyl-L-valine Methyl Ester (4a). To an ice-cold solution of 0.98 
g (4.0 mmol) of N-tert- butyloxycarbonyl-irans- 4-aminocyclohex
anecarboxylic acid and 0.86 g .(4.4 mol) of L-valine methyl ester 
hydrochloride in 10 ml of dimethylformamide was added 0.72 g 
(4.4 mol) of diethylphosphoryl cyanide9 and 0.84 g (8.4 mmol) of 
triethylamine. The reaction mixture was stirred for 1 hr at 0° and 
for 3 hr at room temperature. The solution was diluted with water 
and extracted with ethyl acetate. The ethyl, acetate extract was 
washed with 10% sodium bicarbonate, 10% citric acid, and water 
and dried over anhydrous sodium sulfate. The solvent was evapo
rated in vacuo to give 0.95 g (67%) of while solid: mp 183-186°; R f 
0.51; M 21d  —15.4° (c 1.8, ethanol); nmr (CDCI3) 5 6.05 (m, NH), 
4.55 (m, NH and a-H, 2 H), 3.72 (s, OCH3, 3 H), 3.40 (m, cyclohex
yl H4, 1 H), 2.5-1.1 (m, cyclohexyl protons, valyl methine), 1.45 (s, 
tert- butyl), 0.9 (q, valyl isopropyl), last three peaks integrated to 
24 protons. An analytical sample was prepared by recrystallization 
from ethyl acetate-petroleum ether (bp 60-90°): mp 185.5-187.5°.

Anal. Calcd for C18H32N20 4 (356.4): C, 60.7; H, 9.03; N, 7.85. 
Found: C, 60.6; H, 8.81, N, 7.52.

N-tert-Butyloxyear bonyl-c/s-4-aminocye lohexaneearbon- 
yl-L-valine Methyl Ester (4b). (a) Diethylphosphoryl Cyanide 
Method. To an ice-cold solution of 0.98 g (4.0 mmol) of N-tert- 
butyloxycarbonyl-cis- 4-aminocyclohexanecarboxylic acid and 
0.86 g (4.4 mmol) of L-valine methyl ester hydrochloride in 10 ml 
of dimethylformamide were added 0.72 g (4.4 mmol) of diethyl
phosphoryl cyanide9 and 0.84 g (8.4 mmol) of triethylamine. The 
reaction mixture was stirred for 1 hr at 0° and for 3 hr at room 
temperature. The solution was diluted with 10 ml of water and ex
tracted with ethyl acetate (3 X 10 ml). The ethyl acetate solution 
was washed with 10% sodium bicarbonate, water, 10% citric acid, 
and water and dried over anhydrous sodium sulfate. The solvent 
was evaporated in vacuo to give 1.13 g of white solid. The white 
solid was recrystallized from ethyl acetate-petroleum ether to af
ford 0.91 g (64%) of white crystals: mp 129-131°; R f 0.78; [a]21D 
-10.6° (c 2, DMF); nmr (CDCI3) 5 6.4 (d, 1 H, N-H), 4.9 (d, 1 H, 
NH), 4.8 (m, 1 H, o-hydrogen), 3.7 (m, 4 H, 0 -methyl, cyclohexyl 
H4), 2.5-1.5 (m, 10 H, cyclohexyl except H4, valyl methine), 1.45 (s, 
9 H, te rt-butyl), 0.9 (q, 6 H, valyl nonequivalent isopropyl).

Anal. Calcd for C17H32N20 4: C, 60.6, H, 9.05; N, 7.86. Found: C, 
60.6; H, 9.25; N, 7.76.

(b) Symmetrical Anhydride Method. A stirred and cooled so
lution of 0.98 g (4.0 mmol) of tert- butyloxycarbonyl-cts -4-amino- 
cyclohexanecarboxylic acid and 0.40 g (4.0 mmol) of triethylamine 
in dry benzene was treated with 0.48 g (4.0 mmol) of pivaloyl chlo
ride. The solution was stirred at 0° for 2 hr and then stirred over
night at room temperature. The solution was filtered and the fil
trate was evaporated under reduced pressure. Petroleum ether (bp 
30-60°) was added and the solution was allowed to stand in a re
frigerator for 3 days. A solid (0.51 g) was collected by filtration; an 
nmr spectrum showed this material to be the symmetrical anhy
dride. This solid, which did show a second minor spot in tic, was 
not further purified for use in the next step of the reaction.

To an ice-cold mixture of 0.18 g (1.1 mmol) of L-valine methyl 
ester hydrochloride and 0 .12  g of triethylamine in benzene was 
added the above anhydride. The reaction mixture was stirred at 0° 
for 1 hr and at room temperature overnight. The solvent was re
moved in vacuo and the residue was triturated with 10% sodium 
bicarbonate, 10% citric acid, and water to give 0.15 g (yield 10%) of 
4b, mp 131-132°.

N-tcrt- Bu tyloxy carbonyl-e/s-4-am inocyclohexanecarbon-
ylglycine Ethyl Ester (5). To a precooled solution of 0.49 g (2.0 
mmol) of N-teri- butyloxycarbonyl-cis-4-aminocyclohexanecarb-
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oxylic acid in 10 ml of dimethylformamide were added 0.36 (2.2 
mmol) of diethylphosphoryl cyanide, 0.31 g (2.2 mmol) of glycine 
ethyl ester hydrochloride, and 0.42 g (4.2 mmol) of triethylamine. 
The reaction mixture was stirred for 1 hr'at 0° and 3 hr at room 
temperature. The solution was diluted with 10 ml of water and ex
tracted with ethyl acetate (2 X 10 ml). The ethyl acetate solution 
was washed with 10% sodium bicarbonate, water, 10% citric acid, 
and water and dried over anhydrous sodium sulfate. The solvent 
was evaporated in vacuo to give 0.57 g of an oil. The oil was crys
tallized from ether-petroleum ether (bp 60-90°) to give 0.36 g 
(56%) of white crystals: mp 224-226°; Rf 0.77; nmr (CDCI3) 5 6.9 
(m, 1 H, .NH), 5.05 (d, 1 H, NH), 4.2 (q, 2 H, ethyl ester methy
lene), 3.95 (d, 2 H, a-hydrogens), 3.7 (br s, 1 H, cyclohexyl H4),
2.5-0.9 (m, 21 H, cyclohexyl except H4, tert- butyl, and ethyl ester 
methyl).

Anal. Calcd for C1SH28N2O5: C, 58.5; H, 8.59; N, 8.53. Found: C, 
58.6; H, 8.49; N, 8.37.

Attempts to prepare 5 using the TV, TV'-dicyclohexylcarbodi- 
imide-l-hydroxybenzotriazole method8 were unsuccessful.

7V-tert-Butyloxycarbonyl-L-alanyl-trans-4-aminocyclohe- 
xanecarbonyl-L-valine Methyl Ester (6a). N-tert- Butyloxycar- 
bonyl-trans- 4-aminocyclohexanecarbonyl-L-valine methyl ester 
(0.89 g, 2.5 mmol) was dissolved in 5 ml of trifluoroacetic acid. 
After 1 hr, the solvent was removed in vacuo. To the residue was 
added 5 ml of dimethylformamide, 0.27 g (2.7 mmol) of triethyl
amine, and 0.48 g (2.48 mmol) of N-tert- butyloxycarbonyl-L-ala- 
nine. The solution was cooled to 0° and 0.42 g (2.58 mmol) of 
diethylphosphoryl cyanide and 0.27 g (2.7 mmol) of triethylamine 
were added. The reaction mixture was stirred for 1 hr at 0° and 
overnight at room temperature. The solution was diluted with 
water and extracted with ethyl acetate. The organic phase was 
washed with 10% NaHCOs, water, and 10% citric acid. The ethyl 
acetate was removed in vacuo to give 0.64 g of a white solid which 
was recrystallized from ethyl acetate-ether to give 0.47 g (44%) of 
6a: mp 216-218°; R f 0.57; [« ]21D -33.5° (c 1.5, ethanol); nmr 
(CDCI3) <5 6.35 (m, 2 H, NH), 5.3 (d, 1 H, NH), 4.52 (m, 1 H, «-hy
drogen), 4.10 (m, 1 H, «-hydrogen), 3.70 (s superimposed on m, 4 
H, 0- methyl and cyclohexyl H4), 2.3-1.0 (m, valyl methine and cy
clohexyl excluding H4), 1.42 (s, tert- butyl), 1.32 (d, alanvl methyl),
0.91 (q, valyl isopropyl), integration for last four peaks totals 28 
hydrogens.

Anal. Calcd for C21H37N3OS: C, 59.0, H, 8.72; N, 9.83. Found: C, 
58.8; H, 9.06; N, 9.62.

TV-tert-Butyloxycarbonyl-L-alanine-cis-4-aminocyclohex- 
anecarbonyl-L-valine Methyl Ester (6b). N-tert- Butyloxycar- 
bonyl-cis- 4-aminocyclohexanecarbonyl-L-valine methyl ester 
(0.71 g, 2.0 mmol) was dissolved in 3 ml of trifluoroacetic acid and 
allowed to stand overnight. The solvent was removed in vacuo, the 
residue was dissolved in 10  ml of dimethylformamide, and 0 .21 g 
(2.1 mmol) of triethylamine and 0.38 g (2.0 mmol) of N-tert- butyl- 
oxycarbonyl-L-alanine were added. The solution was cooled to 0° 
and 0.33 g (2.0 mmol) of diethylphosphoryl cyanide and 0.21 g (2.1 
mmol) of triethylamine were added. The reaction mixture was 
stirred at 0° for 1 hr and at room temperature overnight. The mix
ture was diluted with water and extracted with ethyl acetate (3 X 
10 ml). The ethyl acetate extracts were washed with 10% sodium 
bicarbonate, water, and 10% citric acid. The organic phase was 
dried over anhydrous sodium sulfate and concentrated in vacuo to 
give 0.40 g of an oil (47%). This oil was crystallized from ethyl ace
tate-cyclohexane to give white crystals: mp 146-148°; Rf 0.78; 
[« ]21D -  12.6° (c 2.0, DMF); nmr (CDCI3) 6 6.4 (d, 1 H, NH), 6.1 
(d, 1 H, NH), 4.9 (d, 1H, NH), 4.7-3.8 (m, 3 H, «-hydrogens, cyclo
hexyl H4), 3.70 (s, 3 H, methyl ester), 2.5-1.9 (m, 2 H, valyl meth
ine, cyclohexyl Hi), 1.7 (br s, 8 H, cyclohexyl excluding Hj and 
H4), 1.45 (s, 9 H, tert- butyl), 1.35 (d, 3 H, alanyl methyl), 0.90 (q, 6 
H, valyl isopropyl).

Anal. Calcd for C21H37N3O6: C, 59.0; H, 8.72; N, 9.83. Found: C, 
59.3; H, 8.57; N, 9.60.

p-Nitrophenyl TV-iert-Butyloxycarbonyl-trans-4-amino- 
cyclohexanecarboxylate. To a precooled solution of 0.96 g (3.95 
mmol) of TV-tert-butyloxycarbonyl-frans-4-aminocycIohexane- 
carboxylic acid and 2.20 g (15.8 mmol) of p-nitrophenyl in 5 ml of 
dimethylformamide was added 0.90 g (4.35 mmol) of TV, N'-dicyclo-

hexylcarbodiimide. The reaction mixture was stirred overnight at. 
room temperature following which the dicyclohexyl urea was re
moved by filtration and the filtrate was evaporated in vacuo at, 
40°. The residue was crystallized from ethanol to give 0.67 g of' 
white crystals (62%): mp 156-158°; Rf 0.76; nmr (CDCI3) S 1.8 (q, 4
H, nitrophenyl), 4.5 (d, 1 H, NH), 3.4 (s, 1 H, cyclohexyl H4), 2.7-
I. 4 (m, 18 H, cyclohexyl except H4j tert-butyl).

Anal. Calcd for CigH24N206: C, 59.3; H, 6.63; N, 7.76. Found: C, 
59.2; H, 6.68; N, 7.48.

p-Nitrophenyl TV-tert-Butyloxycarbonyl-cis-4-aminocy- 
clohexanecarboxylate. To an ice-cold solution of 0.97 g (4.07 
mmol) of N-fert-butyloxycarbonyl-cis-4-aminocyclohexanecar- 
boxylic acid and 2.28 g (16.4 mmol) of p-nitrophenol in 40 ml of 
ethyl acetate was added 0.92 g (4.5 mmol) of TV,TV'-dicyclohexylcar- 
bodiimide and the reaction mixture was stirred overnight at 0°. 
TV.TV'-Dicyclohexylurea was removed by filtration and the filtrate 
was evaporated in vacuo to give an oil that slowly crystallized. Re- 
crystallization from anhydrous ethanol gave 1.71 g (80%) of prod
uct: mp 132-134°; Rf 0.74; nmr (CDCI3) <5 1.8 (q, 4 H, nitrophenyl),
3.6 (br s, 1 H, cyclohexyl H4), 2.7 (br s, 1 H, cyclohexyl Hi), 2.4-1.6 
(m, 8 H, cyclohexyl), 1.45 (s, 9 H, ieri-butyl).

Preparation of JV-teri-Butyloxycarbonyl-cis-4-aminocy- 
clohexanecarbonylglycine Ethyl Ester (5) by the Active 
Ester Method. To a solution of 0.73 g (2 mmol) of p-nitrophenyl 
N-tert-butyloxycarbonyl-cis-4-aminocyclohexanecarboxylate and
0.28 g (2 mmol) of glycine ethyl ester hydrochloride in 5 ml of 
DMF was added 0.21 g (2 mmol) of triethylamine. After stirring 
overnight, tic analysis of the reaction mixture indicated little reac
tion to have occurred. Imidazole (2.0 g) was added and the reaction 
mixture was stirred for 7 hr at which time tic analysis showed the 
reaction to be complete. The reaction mixture was diluted with 
ethyl acetate and the organic phase was washed with 10% 
NaHCOg, 10% citric acid, and water. The organic phase was dried 
over anhydrous magnesium sulfate and concentrated in vacuo to 
give 0.23 g of an oil. The residue was recrystallized from ether-pe
troleum ether (bp 60-90°) to yield 0.13 g (20%) of 5, mp 125-128°. 
Tic comparison of this material with a sample of 5 prepared above 
showed identical Rf values.
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5-Bromo-l,3-dimethyluracil (la) reacted with equimolar sodium cyanide in dimethylformamide (DMF) to 
give 6-cyano-l,3-dimethyluracil (2a), which was also obtained from 6-chloro-l,3-dimethyluracil (4) by the same 
treatment as above. Compound 2a was readily converted to 5-cyano-l,3-dimethyluracil (3) when heated with a 
catalytic amount of sodium cyanide in DMF. The mechanism for these cine substitutions was shown by deute
rium-exchange experiments to involve an addition-elimination process. Furthermore, a variety of N-substituted
6-cyanouracils (2b,c and 14a,c) and N-substituted 6-carbamoyluracils (12a-c) were prepared by the reaction of
5-bromouracils (la -c and 13a,c) with sodium cyanide in DMF or 50% aqueous ethanol.

The chemistry of 5-substituted uracils3 bearing an elec
tron-withdrawing group at the 5 position, e.g., 5-nitro-,4 5- 
formyl-,5 and 5-carboxyuracils,6 has been already studied 
by many investigators. We previously reported the synthe
sis of 5-cyanouracil derivatives7 and the hydrolysis8 and re
duction9 of their cyano group. Meanwhile, 6-cyanouracil 
derivatives are very interesting in potential biological ac
tivity as orotic analogs. However, synthesis of such 6-cya
nouracils has not been widely done yet. Only Ueda, et al.,10 
reported the formation of the 6-cyanouridine derivative to
gether with the 5-cyano relative by treatment of the 5-bro- 
mouridine derivative with 5 equiv of sodium cyanide. In 
this paper, we report that treatment of 5-bromouracils and
6-cyanouracils with sodium cyanide causes cine substitu
tion to give 6-cyanouracils and 5-cyanouracils, respectively.

5-Bromo-l,3-dimethyluracil (la) was selected as a model 
compound for examining of the mode of reaction of 5-bro- 
mouracil derivatives with sodium cyanide. At first, la was 
treated with a large excess of sodium cyanide in dimethyl
formamide (DMF) at 80° for 2 hr to afford the known11 5- 
cyano-l,3-dimethyluracil (3) in 68% yield. When la was, 
however, allowed to react with an equimolar sodium cya
nide in DMF at room temperature for 2 hr, the sole product 
which we could isolate in high yield was not 3, but 6-cyano-
1,3-dimethyluracil (2a). The structure of 2a was fully sup
ported by its spectral and elemental analyses. The proton 
magnetic resonance (pmr) spectrum of this compound in 
deuteriochloroform (CDCI3) showed a sharp singlet (1 H) 
at 5 6.30, corresponding to the absorption for the C-5 pro
ton (5 5.73) of 1,3-dimethyluracil but did not show an ab
sorption for the C-6 proton (t> 7.98) as observed in 3. The 
infrared (ir) spectrum indicated a weak CN peak at 2240 
c m '1, unlike a strong CN peak of 3 at 2220 cm” 1. The opti
mum condition for the synthesis of 2a from la was the use 
of equimolar sodium cyanide with la at room temperature 
in DMF as a solvent.

By the way, Liebenow, et al.,12 obtained 3 in 73% yield 
by treating 6-chloro-l,3-dimethyluracil (4) with excess po
tassium cyanide in dimethyl sulfoxide (DMSO) at 90-110°. 
In our laboratory, however, compound 4 gave 2a in high 
yield when the reaction was carried out with equimolar so
dium cyanide in dry DMF at room temperature for 2 hr. 
Although 2a was not converted to 3 in the absence of sodi
um cyanide, the desired 3 was obtained by treating 2a in 
DMF at 80° with a catalytic amount of sodium cyanide. On 
the contrary, the conversion of 3 to 2a was unsuccessful 
under the same conditions as above. Furthermore, it was 
found that occurrence of the reaction was greatly depen
dent on the reaction medium; in an aprotic polar solvent

such as DMF and DMSO, the conversion proceeded, but in 
a protic polar solvent such as water and ethanol, alterna
tive reactions occurred to give 6-carbamoyl-l,3-dimethyl- 
uracil (12a) and ethyl imidate (15a),13 respectively. From 
these results, it appeared that the reaction of la and 4 with 
sodium cyanide proceeds by the following steps: fla  and 4) 
— 2a — 3a (Scheme I).

Scheme I

0

4

Because of the low reactivity of the 5-bromine atom, 5- 
bromouracils undergo substitution with amines14 or base- 
catalyzed hydrolysis15 under drastic conditions only. How
ever, recent studies have revealed that 5-bromouracils can 
be easily debrominated with sulfur-containing reagents 
such as NaSH,16 Na2S03,17 NaHSC>3,18 and cysteine.19 The 
mechanism of the above reaction most likely involves an 
addition-elimination mechanism, initiated by nucleophilic 
attack of an anion at the C-6 position, followed by forma
tion of the 5,6-dihydrouracil intermediate, and then remov
al of the bromine.16’193 In this connection, two possible 
mechanisms for the cine substitution of la to 2a are sug
gested:20,21 one is an addition-elimination (A-E) mecha
nism, as described above, and another is an elimination- 
addition (E-A) mechanism via deprotonation at the C-6 
proton of the uracil ring and formation of a hetaryne. He- 
taryne formation has been well investigated in halogeno- 
heterocyclic aromatic compounds by Kauffmann21 and van 
der Plas.22 In crder to elucidate the mechanism, la was 
treated with sodium cyanide using DMF-D20  (10 equiv of 
D20  to la) as a solvent. Although an intermediate addition 
product could not be detected, the final product was 6-
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cyano-5-deuterio-l,3-dimethyluracil (5) in which 85% of 
the hydrogen was exchanged with deuterium at the C-5 po
sition, as indicated by integration of its diminished C-5 hy
drogen peak in the pmr spectrum. The participation of 
D2O in this reaction reasonably supports the A-E mecha
nism rather than the E-A mechanism. That is, if the E-A 
mechanism were involved, the addition of D20  (H20), a 
good protonating agent for the carbanion precursor 6 of py- 
rimidyne (7), would inhibit the reaction.23 Actually D20 
had no influence on the reaction and a deuterium atom was 
incorporated into the C-5 position. Thus, the mechanism 
would be as follows: the initial nucleophilic attack by cya
nide occurs at C-6 to give a carbanion 8, which forms the 
5,6-dihydro intermediate 9 by abstraction of a deuterium 
(proton) from D20  (H20), and, at last, dehydrobromina- 
tion of 9 gives 5 (2a) (Scheme II).

The mechanism for conversion of 2a to 3 was then stud
ied. Thus 2a was allowed to react with a catalytic amount 
of sodium cyanide in the presence of 10 equiv of D20  to 
yield 5-cyano-6-deuterio-l,3-dimethyluracil (11), in which 
84% of C-6 hydrogen was exchanged with deuterium. D20  
(H20) was also concerned in this conversion as well as in 
the reaction of la to 2a. In view of the above, we presumed 
that the most likely mechanism for this reaction might in
volve a 1,2 addition, initiated by a nucleophilic attack of 
cyanide at C-5, followed by abstraction of a deuterium 
(proton) from D20  (H20) at C-6. Then, hydrogen cyanide 
would be removed from the resulting 5,6-dihydrouracil in
termediate 10 to give 11 (3) (Scheme III).

Fox, et al., once proposed24 such a mechanism involving 
an initial “ C-5 attack” to account for the exchange of H-6 
for deuterium in 5-halogenouracils, but they have with
drawn it recently.25 The present case involving “ C-5 at
tack” is therefore the first example of an A-E mechanism 
and is rather unusual in uracil derivatives compared with 
that caused by “ C-6 attack.”

We have investigated the reaction of N-substituted 5- 
bromouracil derivatives with sodium cyanide in more detail 
and the results are summarized in Table I. The reactions 
are classified into three types according to the presence or 
absence of a substituent at N-l or/and N-3. In the case of 
type I, 1,3-disubstituted 5-bromouracils 1, alkylated in 
both 1 and 3 positions, gave good yields of 1,3-disubsti
tuted 6-cyanouracils 2 when allowed to react with equimo
lar sodium cyanide in DMF at room temperature (method 
A). When the reaction was carried out in refluxing 50% eth
anol instead of DMF, 1,3-disubstituted 6-carbamoyluracils 
12, where the cyano group was further hydrolyzed, were ob
tained (method B). It is reasonable to assume that the reac
tion proceeds by way of 2 and an imidate 15, because of the 
fact that 2a readily formed an imidate 15a when la in etha
nol solution was subjected to the action of a catalytic

0

CN“ — N’AO ^ N

H

•CN 
CN 

D(H) 
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CHjN' CN

D(H)
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11(3)

amount of an alkali; the resulting 15a underwent base-cat
alyzed hydrolysis to afford 12a. 1-Substituted 5-bromoura
cils 13 having no substituent at the N-3 position were then 
subjected to the reactions of methods A and B to give 1- 
substituted 6-cyanouracils 14 only (type II). Compound 14 
failed to give an imidate under the same conditions as de
scribed in the formation of 15a, and this would be the rea-

0

son why 14 was no longer hydrolyzed to 6-carbamoyl com
pounds. As to 3-substituted 5-bromouracils (example, 3- 
substituent; H, CH3, and C4H9) which are not alkylated at 
N -l, the desired 6-cyano compound was not obtained but 
only salt formation between these acidic N (l)-H  and sodi
um cyanide was observed (type III).

As described above, the reaction between N-substituted 
5-bromouracils and sodium cyanide is greatly influenced by 
the presence of substituents at N -l and N-3; properties of 
substituents such as steric hindrance and electron attracti- 
vity have no marked influence on the reaction.

Experimental Section
Melting points were determined on a Yanagimoto micro melting 

point apparatus and were uncorrected. Pmr spectra were deter
mined on a 60-Mc Hitachi Perkin-Elmer R-20B spectrometer 
using CDCI3 as a solvent and tetramethylsilane as an internal ref
erence. Ir spectra were obtained with a Hitachi 215 instrument as 
KBr pellets.

Formation of 6-Cyano- (or Carbamoyl-) uracils. General 
Procedure. Method A. To a stirred suspension of the 5-brom- 
ouracil derivative (0.005 mol) in 10-15 ml of DMF was added a so
lution of NaCN (0.29 g, 0.006 mol) in 0.5 ml of water and the mix
ture was stirred at room temperature . After the reaction was com
plete, the mixture was poured into ca. 100 ml of chilled water. De
pending on the solubility of the product in the solvent, the 6-cyano 
compound was either isolated by filtration or extracted with 
CHCI3, dried, and evaporated in vacuo. The resulting crude prod
uct was recrystallized (see Table I).

Method B. A mixture of the 5-bromouracil derivative (0.005 
mol) and NaCN (0.29 g, 0.006 mol) was refluxed in 20 ml of 50% 
aqueous ethanol. After the reactants were dissolved, refluxing was 
continued for a further 1-2 hr. The solution was evaporated to dry
ness in vacuo and the residue was triturated with 50 ml of cold 
water and acidified with HC1. The precipitate was collected by fil
tration and recrystallized (see Table I).

5-Cyano-l,3-dimethyluracil (3). (a) A mixture of 1 . 1  g (0.005 
mol) of 5-bromo-l,3-dimethyluracil (la) and 0.58 g (0.012 mol) of 
NaCN in 1 ml of DMF was heated at 80-90° for 2 hr. The solvent 
was evaporated in vacuo. To the residue was added 5 ml of water 
and the precipitate was collected by filtration, giving 0.76 g (92%) 
of the crude product, mp 162-164°. Recrystallization from ethanol 
afforded colorless needles: mp 165° (lit. 11 mp 165°); ir v max 2220 
(CN), 1720, and 1650 cm“ 1 (C =0); pmr (CDC13) 6 3.54 (3 H, s, 
NCH3), 3.40 (3 H, s, NCH3), and 7.98 ppm (1 H, s, 6-CH).

Anal. Calcd for C7H70 2N3: C 50.91; H, 4.27; N. 25.45. Found: C, 
50.93; H, 4.28; N, 25.54.
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Table I
Formation of N-Substituted 6-Cyano- (or Carbamoyl-) uracils from 5-Bromouracils with Sodium Cyanide

R

method A

'CN

T y p e  I  

0

C I I jN ^ Y

R

1

C O N IL

T y p e  I I

Spectral data

Pmr, b
Starting
material R Method a

Time,
hr Product

Yield,
%

Mp, C (solvent) 
of recrystn)

6, ppm 
(5-CH)

Ir, cm * 
(C=N) Formula c

Calcd (found) 

H N

la c h 3 A 2 2a 9 5 1 6 8 - 1 7 0 6 . 3 4 2 2 4 0 c 7h 7o 2n 3 5 0 .9 1 4 .2 7 2 5 .4 5
( E t O H ) ( 5 1 .0 5 4 .3 0 2 5 .7 2 )la c h 3 B 2 12ac 86 2 3 8 -2 3 9 5 .8 1 C 7 H g 0 3 N 3 4 5 .9 0 4 .9 5 2 2 .9 4
(M e O H )" ( 4 6 .10 5.14 2 2 .7 6 )lb C 6H n A 24 2b 94 2 0 9 - 2 1 1 6 .2 7 2 2 3 5 C i 2 H i 5 0 2 N 3 6 1 .7 8 6 .4 8 1 8 .0 2
( E t O H ) (6 1 .4 9 6 .4 4 1 7 .5 0 )lb c 6h „ B 3 12b 93 1 7 9 - 1 8 0 5 .6 5 c 12h )7o 3n 3 5 7 .3 5 6 .8 1 1 6 .7 2
(h 2o ) (5 7 .2 9 6.84 16 .9 0 )lc c 6h 5 A 1 2c 86 20 5 6 .3 8 2 2 5 0 C i 2H 90 2N 3 6 3 .4 3 3 .9 9 18 .4 9

(E t O H ) (6 3 .2 5 4 . 1 1 1 8 .3 9 )lc C eH 5 B 2 12c 90 2 7 4 - 2 7 5 5 .9 2 C u H jA N j 5 8 .7 7 4 .5 2 1 7 . 1 4
(M e O H ) (5 8 .9 8 4 .5 6 1 6 .8 3 )13a c h 3 A 5 14a 53 2 2 8 - 2 2 9 6 .3 6 2 2 4 0 c 6h 5o 2n 3 4 7 .6 8 3 .3 4 2 7 .8 1

B 2 93 (h 2 o ) (4 7 .5 4 3 .3 2 2 7 .9 4 )13c C eH 5 A 6 14c 69 2 4 2 - 2 4 5 6 .4 2 2 2 5 0 C , jH 70 2N 3 6 1 .9 7 3 .3 1 1 9 .7 1
(E t O H ) (6 1 .9 0 3 .3 2 1 9 .5 8 )

“ See Experimental Section. b Solvents: 2a-c, C D C I 3 ; 12a-c and 14a, c, DM SO-rig. c Alternate synthesis reported: K. A. Chkhivadze, 
N. E. Britikova, and O. Y. Magidson, B io l .  A k t .  S o e d i n . , 22 (1965) [C h e m . A b s t r . ,  63,18081a (I960)]. d Lit. mp 239° (H2 0).

(b) To a solution of 0.83 g (0.005 mol) of 6-cyano-l,3-dimethyl- 
uracil (2a) in 5 ml of DMF was added 30 mg (0.6 mmol) of NaCN. 
The mixture was heated at 80-85° for 5 hr and the solvent was re
moved by evaporation. To the residue was added 50 ml of cold 
water and the precipitate was filtered, washed with water, and re- 
crystallized from ethanol to give 0.5 g (67.5%) of colorless needles 
of 3..

6-Cyano-l,3-dimethyluracil (2a) from 6-Chloro-l,3-dimeth- 
yluracil (4). To a stirred solution of 0.87 g (0.005 mol) of 4 in 10 
ml of DMF26 was added 0.29 g (0.006 mol) of NaCN. The reaction 
mixture was maintained at room temperature for 2  hr and poured 
into ca. 100 ml of ice-water. The precipitate was filtered, washed 
with cold water, and recrystallized to give 0.7 g (8 8 %) of the prod
uct 2a, which was identified by ir and pmr spectra and mixture 
melting point with an authentic sample prepared from 5-bromo-
1,3-dimethyluracil.

6-Cyano-5-deuterio-l,3-dimethyluracil (5). To a solution of
1.1 g (0.005 mol) of 5-bromo-l,3-dimethyluracil (la) in 15 ml of 
DMF26 was added 0.9 ml (0.5 mol) of D20 and 0.29 g (0.006 mol) of 
NaCN with stirring at room temperature. The reaction mixture 
was treated as described above for the preparation of 2a to give
0.83 g of 5; the pmr spectrum (CDCl:i) showed that 85% of H-5 ex
changed with deuterium; the remainder of the spectrum was iden
tical with that of 2a; ir v max 2290 cm- 1  (C-D).

5-Cyano-6-deuterio-l,3-dimethyluracil (11). To a solution of
0.83 g (0.005 mol) of 6-cyano-l,3-dimethyluracil (2a) in 10 ml of 
DMF20 were added 0.9 ml (0.05 mol) of ILO and 30 mg (0.0006 
mol) of NaCN. Work-up of the reaction product was the same as in 
the reaction of 2a to 3, to give 0.80 g of 11; pmr (CDCI3 ) showed 
that 84% of H - 6  exchanged with deuterium; the remainder of the 
spectrum was identical with that of 3; ir v max 2290 cm- 1  (C-D).

Ethyl 6-(l,3-Dimethyl-2,4-dioxo-l,2,3,4-tetrahydro)pyrimi- 
dylimidate (15a). (a) A mixture of 0.83 g (0.005 mol) of 2a and
0.028 g (0.0005 mol) of potassium hydroxide in 10 ml of ethanol 
was refluxed for 1 hr. After neutralization with hydrochloric acid, 
the solution was evaporated in  v a c u o  and the residue was triturat
ed with 1 ml of cold water. Filtration then gave 0.90 g (85%) of 15a.

An analytical sample was recrystallized from ligroine: mp 98-100°; 
ir v max 3330 cm- 1  (NH); pmr (CDCI3) 5 1.39 (3 H, t, J  = 8  Hz, 
CH2CH3), 3.38 (6  H, s, 2NCH3), 4.35 ( 2  H, q, J  =  8  Hz, OCH2), 
and 5.81 ppm (1 H, s, 5-CH).

A n a l . Calcd for C9H13O3N3 : C, 51.17; H, 6.20; N, 19.90. Found: 
C, 50.89; H, 6.00; N, 20.06.

(b) Compound 2a was treated with 0.1 equiv of sodium cyanide 
instead of potassium hydroxide by the same procedure as de
scribed above to give 15a in 63% yield, identical with a sample pre
pared in method a.

6-Carbamoyl-l,3-dimethyluracil (12a). (a) A suspension of 
0.49 g (0.0025 mol) of 15a in 5 ml of a 5% aqueous solution of sodi
um hydroxide was refluxed for 10 min. The soluton was neutral
ized with hydrochloric acid and concentrated in  v a c u o . The resid
ual solid was washed with cold water to give 0.48 g (52%) of the 
crude product. Recrystallization from methanol gave the colorless 
needles of 12a.

(b) A mixture of 0.83 g (0.005 mol) of 2a and 0.025 g (0.0005 mol) 
of sodium cyanide in 10 ml of water was refluxed for 1 hr. After 
neutralization with hydrochloric acid, the solution was evaporated 
in  v a c u o  and the residue was triturated with cold water. Filtration 
then gave the crude product of 12a in 71% yield, identical with a 
sample prepared in method a.

Registry No.—la, 7033-39-8; lb, 53293-08-6; lc, 53369-64-5; 
2a, 49846-86-8; 2b, 53293-09-7; 2c, 53293-10-0; 3, 36980-91-3; 4, 
6972-27-6; 5, 5S293-11-1; 11, 53293-12-2; 12a, 2019-20-7; 12b, 
53293-13-3; 12c, 53369-65-6; 13a, 6327-97-5; 13c, 53369-66-7; 14a, 
53293-14-4; 14c, 53293-15-5; 15a, 53293-16-6; NaCN, 143-33-9.
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Linear Benzoadenine. A Stretched-Out Analog of Adenine
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The synthesis of 8-aminoimidazo[4,5-g]quinazoline (1), an extended or “stretched-out” version of adenine 
which is given the descriptive name itn-benzoadenine, is reported. The synthesis involves the elaboration of 7- 
chloro-4-quinazolone (6) to imidazo[4,5-g]quinazolin-8-one (11) in four steps, followed by thiation to 8-mercap- 
toimidazo[4,5-g]quinazoline (12) and subsequent replacement of the thiol function by ammonia to yield the lin- 
benzoadenine isomer 1. The aralkyl derivatives of 1, e.g., 8-amino-l- and 3-benzylimidazo[4,5-g]quinazoline (17 
and 16), which are necessary to serve as uv models in assigning the structure of nucleoside and nucleotide targets 
and to direct further substitution, were obtained indirectly via benzylation of 8-methylthioimidazo[4,5-g]quina- 
zoline (13). The structure assignment of the 3-benzyl isomer was checked by an unambiguous synthesis, and its 
value as a uv model was confirmed by spectral comparison with 8-amino-3-cyclohexylaminoimidazo[4,5-g]quina- 
zoline (30). A general comparison of the uv spectra of various 8-methylthio- and 8-aminoimidazo[4,5-g]quinazo- 
line derivatives in neutral, acidic, and basic solution indicates that first protonation occurs mainly on the imidaz
ole ring of the methylthio compounds and on the quinazoline ring of the amino compounds.

There has been considerable interest in the synthesis of 
analogs of the naturally occurring nucleic acid bases and 
their corresponding nucleosides, nucleotides, and coen
zymes.1 In the course of our continuing study of the role of 
purines and pyrimidines in nature, we questioned what 
properties might be associated with compounds in which 
the pyrimidine ring and the imidazole ring of the purine 
system are separated by a benzene ring to form an extend
ed or “ stretched-out” purine model. Compounds such as 1 
and la would be expected to have 1,N6 binding sites similar 
to those in adenine and adenosine, stronger ir-bonding 
characteristics, and larger spatial requirements. The physi
cal and biological properties of compounds 1 and la and 
their congeners hold considerable interest since they are 
previously unknown and since differences in their behavior 
in relation to the corresponding naturally occurring ade
nine compounds might be relatable to defined geometrical 
changes.

In this paper we describe the synthesis, structure proof, 
and properties of the linear benzolog of adenine, 8-amino- 
imidazo[4,5-g]quinazoline (1), for which we suggest the de
scriptive name /¿n-benzoadenine.2 This name is capable of 
easy adaptation to derivatives related to adenosine, adenyl
ic acid, adenosine 5'-diphosphate, and the like. In the fol
lowing paper we discuss the preparation of the structural 
isomers of 1, 9-aminoimidazo[4,5-/]quinazoline (2) and 6- 
aminoimidazo[4,5-/i]quinazoline (3), which are the proxi-

NH2

5 4 R

2

1, R = H
la, R =  /S -D -ribofuran osyl

mal and distal isomers of benzoadenine, respectively.2 We 
feel justified in using the term “ benzo” in the trivial names 
of these three compounds because only when the addition
al ring is central does it contain no nitrogens and is accord
ingly “ benzo.”

A review of the literature reveals only several cases 
where tricyclic heterocyclic systems related to 1 have been 
described. For none of the compounds was their prepara
tion based on the criterion that they might be biologically 
active as purine surrogates. Taylor and Sherman synthe
sized diamino compound 4 during the course of work on

nh 2
1

NHR
1

f x
'h r 'N

|
ch3

5, R = H, CHO, C0CH:i
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pteridine compounds.3 Derivatives of 5 were synthesized 
and discussed on the basis o f their relationship to tetra- 
substituted pyridines.4

We approached the synthesis o f the Zin-benzoadenine 1 
with the view that its preparation should be relatively sim
ple and amenable to large batch scale-up. At first inspec
tion, three possible routes to this ring system seem viable: 
the fusion o f a pyrimidine ring onto an appropriately sub
stituted benzimidazole (Scheme I); the construction of an 
imidazole moiety onto a disubstituted quinazoline (Scheme 
II); or the annelation of a tetrasubstituted benzene ring to 
form both heterocyclic rings simultaneously (Scheme III).

Scheme I

noquinazolone 10  could be effected by either catalytic hy
drogenation or treatment with Raney nickel and hydrazine 
hydrate.7 Ring closure proceeded readily in formic acid to 
give imidazoquinazolone 11. Treatment of 1 1  with phos
phorus pentasulfide in pyridine afforded the corresponding 
thio compound 12. Compound 12 was converted to l in -ben
zoadenine 1 (8-aminoimidazo[4,5-g]quinazoline) upon 
heating in ammonia-saturated butanol in a sealed tube at 
2 0 0 °.

This compound (1) proved to be extremely insoluble in 
water and nonacidic organic solvents such as chloroform, 
acetonitrile, dimethylformamide, and dimethyl sulfoxide. 
This insolubility imposed experimental problems in assess
ing the reactivity of the compound. In particular, com
pound 1 did not react with alkylating reagents such as ben
zyl bromide or methyl iodide under normal reaction condi
tions. This was especially inconvenient since it was neces
sary to determine the preferred sites o f alkylation and to 
prepare alkyl derivatives of 1 which would serve as uv mod
els to aid in the structure assignment o f the nucleoside and 
nucleotide target compounds. Consequently, an indirect 
approach was undertaken. The alkylation o f the very solu
ble methylthio analog (13) o f 1 was investigated. Com
pound 13, easily prepared by the S-methylation of 12, was 
readily convertible to the linear benzoadenine upon treat
ment with butanolic ammonia. It was anticipated that the 
derivatives obtained from the alkylation o f 13 could also be 
easily converted to their respective benzoadenine deriva
tives (Scheme IV).

Scheme III
Scheme IV

The polyfunctional substitution pattern required by 
Scheme III is probably synthetically accessible, although 
further elaboration o f such a highly substituted benzene 
system might be limited because o f the high reactivity in
herent in such a system. The second scheme seemed most 
practical since the construction of monosubstituted quina- 
zolones is well represented in the literature.5 Further elabo
ration to a 6,7-disubstituted quinazoline as required by 
Scheme II appeared quite feasible and this, therefore, was 
the approach that we used.

19,
31,

R = CH2Ph 
R = C6Hn

0

10 ,
2 2 ,
32,

R =  H 
R = CH2Ph 
R = C6H„

11, R = 
23, R = 
33, R =

H
CH2Ph
C6H„

Results and Discussion
Nitration of 7-chloro-4-quinazolone (6 )6 gave a 4:1 mix

ture (nmr) o f the isomeric chloronitroquinazolones 7 and 8 , 
respectively. These isomers were separated by fractional 
crystallization, and the 6,7-disubstituted isomer 7 was ob
tained in 58% yield. The structure assigned to 7 was sup
ported by the nmr spectrum which showed three singlet ar
omatic proton resonances at <5 7.97, 8.28, and 8.53. The nmr 
spectrum of the 7,8-disubstituted derivative 8 showed a 
singlet at 8 8.22 (H-2) and an AB quartet at 5 7.75 and 8.25 
(H-5 and H-6 ). Treatment o f compound 7 with butanolic 
ammonia in a sealed tube at 175° afforded 7-amino-6- 
nitro-4-quinazolone (9) in 98% yield. Reduction to diami-

1 2 , R = H 1, R =  H
24, R = CHvPh 16, R = CH2Ph
34, R = C6H„ 30, R = C6Hu

The reaction c f  the methylthio compound 13 with benzyl 
bromide and potassium carbonate in dimethylformamide 
at room temperature resulted in nearly equal amounts of 
two isomeric benzyl derivatives, 14 and 15. Both isomers 14
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nm

Figure 1. The uv spectra of 8-methylthioimidazo[4,5-g]quinazo-
line and its derivatives in 95% ethanol (------), 0.1 N  HC1 in 95%
ethanol (• —  ), and 0.1 N  NaOH in 95% ethanol (------ ).

and 15 could be converted to their respective amino ana
logs 16 and 17, derivatives of (tn-benzoadenine 1. That the 
two pairs o f benzyl derivatives (14, 15 and 16, 17) had simi
lar spectral properties (as shown by a comparison o f uv 
spectra in Figures 1 and 2) indicated that substitution had 
probably occurred at the anticipated positions, N-3 and 
N -l, o f the methylthiobenzopurine 13. In order to assign 
the structures o f the benzylmethylthio derivatives as those 
indicated in 14 and 15, 3-benzyl-8-methylthioimidazo[4,5- 
g]quinazoline (14) was prepared by an unambiguous syn
thesis.

Direct treatment of chloronitroquinazolone 7 with neat 
benzylamine interestingly afforded lV-benzyl-2-amino-4- 
benzylamino-5-nitrobenzamide (18) as the sole isolable 
product. However, when the reaction was controlled using 7 
with an excess o f benzylamine in butanol as the solvent, the 
desired 7-benzylamino-6-nitro-4-quinazolone (19) was iso
lated. The ring opening of 4-quinazolones resulting from 
nucleophilic attack of neat primary amines to afford either 
anthranilamides or N-3 substituted quinazolones was re
ported some years ago from this laboratory.8 In order to ob
tain further confirmation of the structures assigned to in
termediates 18 and 19, both compounds were converted to 
a dibenzylquinazolone 2 0  identical from both sources, from 
18 by heating with formic acid and from 19 by reaction 
with potassium hydroxide and benzyl bromide in methanol.
3-Benzyl-7-benzylamino-6-nitro-4-quinazolone (2 0 ) was 
also prepared independently from 7 via benzylation to 3- 
benzyl-7-chloro-6-nitro-4-quinazolone (21) followed by 
benzylamine displacement in hot butanol. The quinazolone

nm
Figure 2. The uv spectra of /m-benzoadenine and its derivatives
in 95% ethanol (----- ), 0.1 N  HC1 in 95% ethanol ( ----- ) (0.01 N
HC1 in 95% ethanol for 17), and 0.1 N  NaOH in 95% ethanol 
(- - - -)•

19 was hydrogenated catalytically to the corresponding 
amino compound 2 2 . Cyclization in formic acid yielded 3- 
benzylimidazo[4,5-g|quinazolin-8-one (23), which was then
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Scheme V

14

converted to the corresponding thio compound 24 with 
phosphorus pentasulfide and pyridine. Alkylation o f the 
potassium salt o f 24 completed the unambiguous route to 
compound 14, identical in all its properties with one of the 
alkylation products of methylthioimidazoquinazoline 13. 
Both compounds 14 and 24 were converted to 8-amino-3- 
benzylimidazo [4,5-g] quin azoline (16) upon heating in a 
sealed tube with alcoholic ammonia. This compound (16) 
was debenzylated with sodium in liquid ammonia to afford 
the unsubstituted compound 1 described above (Scheme
V).

The preparation of other possible isomers of 16 and 17 
was also investigated. Thus, 8-benzylaminoimidazo[4,5- 
gjquinazoline (25) was obtained from the reaction o f the 
mercaptoquinazoline type 1 2  with benzylamine in ethanol. 
The preparation and isolation of isomers containing the 
benzyl substituent on either of the quinazoline nitrogens 
proved elusive, probably indicating the decreased stability 
of such compounds. Thus, when 3-benzyl-7-chloro-6-nitro-
4-quinazolone (21) was treated with alcoholic ammonia, the 
corresponding nitroamine 26 was isolated, which was re
duced to 3-benzyl-6,7-diamino-4-quinazolone (27), and this 
was condensed with formic acid to yield 7-benzylimidazo[4,5- 
g]quinazolin-8 -one (28). Subsequent thiation afforded

mercapto derivative 29. Surprisingly, the reaction of 29 
with alcoholic ammonia proceeded with the apparent loss 
o f benzylamine to afford the unsubstituted /¿n-benzoaden- 
ine 1 directly.

The preparation o f the stable benzyl derivatives of 1  was 
important both in determining the mode of alkylation and 
in providing uv models which would be necessary for as
signing the structures of nucleoside derivatives of 1. In this 
latter respect, there was concern that the chromophore in
herent in the benzyl substituents might either mask or 
perturb the uv absorption characteristic for the tricyclic 
ring systems of the substituted benzoadenines. In order to 
verify the usefulness of the benzyl-(in-benzoadenines as 
applicable uv models, a corresponding aliphatic derivative,
8-amino-3-cyclohexylimidazo[4,5-g]quinazoline (30), was 
also made by a route modeled after the syntheses described 
above, namely, from the chloronitro compound 7, by dis
placement with cyclohexylamine (—*31), reduction (-*32), 
condensation (—*33), thiation (-*34), and finally treatment 
with alcoholic ammonia. A comparison of the uv spectra of 
the 3-cyclohexyl derivative 30 and the 3-benzyl derivative 
16 shows that the absorption maxima due to the three 
highest wavelength transitions coincide exactly (Figure 2). 
This supports the usefulness of the two benzyl derivatives
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16 and 17 as applicable uv models and indicates further 
that, for N-substituted /tn-benzoadenines, the spectra will 
be more susceptible to the position of substitution than to 
the type of substitution (e.g., alkyl, aryl, ribosyl) on the 
particular nitrogen.

The uv spectra of the methylthio- and amino-substituted 
imidazo[4,5-g]quinazolines as presented in Figures 1 and 2 
illuminate some interesting electronic features of these 
compounds. It is apparent that the low-energy transitions 
of the Zm-benzoadenines (1, 16, 17, and 30) show only negli
gible shifts in adsorption maxima in neutral or acidic solu
tion. The unsubstituted compound 1 shows a bathochromic 
shift in the long wavelength band in basic solution due to 
deprotonation o f the imidazole ring. In contrast, the three 
low-energy transitions of the methylthio derivatives 13-15, 
which are similar in neutral and basic solution, collapse to a 
broad peak in acidic solution, with a hypsochromic shift of 
the lowest energy absorption maxima observed in neutral 
solution. It is interesting to note that the uv spectrum of 
benzimidazole (35) is essentially unchanged in neutral or 
basic solution. In acidic solution, however, a marked hypso
chromic shift o f the low-energy band is observed, which is 
attributable to protonation on the imidazole ring (35a) .9 In 
contrast, 4-aminoquinazoline (36) exhibits nearly identical 
spectra in acidic, basic, and neutral solution. 10 This has 
been interpreted to represent protonation of the quinazo- 
line ring, preferably at the N-3 position (36a).10b The uv

evidence suggests that like 4-aminoquinazoline, the major 
site of first protonation of the /¿n-benzoadenines is on the 
pyrimidine ring. The methylthio derivatives, however, be
have similarly to benzimidazole, with the major site of first 
protonation on the imidazole ring at positions N -l and N-3.

The favored sites of protonation for the methylthio com 
pound 13 coincide with the favored sites of alkylation (N -l 
and N-3) in the presence of potassium carbonate. For lin - 
benzoadenine 1 , however, the favored sites o f protonation 
and alkylation under these conditions do not necessarily 
coincide. The effect of alkylation at the preferred site of 
protonation (N-7 or N-5) would require the formulation of 
imino tautomers or partially quinonoid structures as shown 
in 37 and 38. Such structures, in which the electronic sys
tem would be highly polarized, would be of relatively high 
energy, and their formation would require large activation 
energies. Alkylation at N -l, N-3, or N8 would not disturb 
the aromatic system. By analogy to adenine, however, one 
would expect the N -l and N-3 positions to be more reactive 
in the presence of alkali carbonate toward alkylating re- 
ageants than the N 8 position . 11 The convenient syntheses

of Zin-benzoadenine 1  by several converging routes, togeth
er with the means of establishing the N position of attach
ment of substituent groups, provide a reliable basis for 
making a series of linear benzoadenine compounds corre
sponding to the adenine-containing nucleosides, nucleo
tides, and, hopefully, polynucleotides and coenzymes.

Experim ental Section
M e ltin g  p o in ts  w ere d e te rm in e d  w ith  a T h o m a s -H o o v e r  c a p il

lary  m e ltin g  ap p aratu s an d  are co rre cte d . T h e  n m r sp ectra  w ere 
re co rd e d  on  V arian  A ssoc ia tes  A -6 0  or A -5 6 /6 0  sp e c tro m e te rs  b y  
M r. R o b e r t  T h r ift  an d  his associa tes  using  te tra m eth y ls ila n e  
(T M S ) as an in tern a l s tand ard . T h e  u ltra v io le t  sp e c tra  w ere  o b 
ta in ed  on  a C ary  M o d e l 15 sp e c tro p h o to m e te r .12 M icro a n a ly se s  
w ere p e r fo rm e d  b y  M r. J o se p h  N em eth  a n d  h is associa tes , w h o  
a lso  w eigh ed  sam p les fo r  th e  q u a n tita tiv e  e le c tro n ic  a b so rp t io n  
sp ectra , an d  by  M id w e s t  M icro la b , L td ., In d ia n a p o lis , In d . M ass 
sp ectra  w ere o b ta in e d  on  a V a r ia n -M A T  C H -5  sp e c tro m e te r  c o u 
p le d  w ith  a 620i co m p u te r  an d  S ta tos  re co rd e r  b y  M r. J. C arter 
C o o k  an d  associa tes. In fra red  sp ectra  w ere d e te rm in e d  on  a P e r- 
k in -E lm e r  337 sp e c tro p h o to m e te r . T h in -la y e r  ch rom a tog ra m s 
w ere run  on  E astm an  ch rom a gra m  sh eet 6060 (s ilica  gel w ith  f lu o 
rescen t in d ica to r).

7-Chloro-6-nitro-4-quinazolone (7) and 7-Chloro-8-nitro-
4-quinazolone (8 ) .  7 -C h lo ro -4 -q u in a zo lo n e 6 (200 g, 1.11 m o l) was 
a d d e d  s low ly  to  a co o le d  so lu tion  o f  c o n ce n tra te d  su lfu r ic  a cid  (400 
m l) a n d  fu m in g  n itr ic  a cid  (400 m l). T h e  resu ltin g  so lu tio n  was 
h ea ted  on  a steam  b a th  fo r  2 hr; then  the c lear so lu tio n  w as p o u re d  
in to  6 1. o f  ice  w ater. T h e  resu lting  p a le  y e llo w  p re c ip ita te  w as f i l 
te red  an d  w ashed  w ith  4 1. o f  w ater. T h e  m ateria l w as d is so lv e d  in 
h o t  a ce tic  a cid  (4 .5  1.). C o m p o u n d  7 cry sta llized  on  c o o lin g  as 
brigh t, y e llo w  p rism s (14 .4  g, 58% ): m p  3 0 0 -3 0 3 ° ; n m r [(C D ^ s S O ] 
d 3.30 (b r , 1, N H ), 7.97 (s, 1), 8.28 (s, 1), 8.53 (s, 1); m ass sp ectru m  
m/e (re l in ten s ity ) 225 (100) a n d  227 (36 ).

Anal. C a lcd  fo r  C 8H 4C IN 3O 3 : C , 42 .59; H , 1.79; N , 18.63; C l,
15.72. F ou n d : C, 42.76; H , 1.79; N , 18.85; C l, 15.68.

T h e  m o th e r  liqu ors w ere co n ce n tra te d  to  1 1. U p o n  co o lin g , a  5:3 
m ix tu re  (n m r) o f  7:8 was re co v e re d  (45  g ). T h e  m a teria l w as d is 
so lv e d  in  1 1. o f  b o ilin g  ace tic  a cid . U p o n  p a rtia l co o lin g  to  ca. 40 ° 
co lo r le ss  crysta ls  o f  c o m p o u n d  8 w ere o b ta in e d  (25  g, 10% ): m p  
> 3 2 0 ° ; n m r [(C D sh S O ] 5 7.75 and  8.25 (A B  q u a rte t , 2, J  =  9 H z ),
8 .22  (s, 1); m ass sp ectru m  m /e  (re l in ten s ity ) 225 (100) an d  227
(36).

Anal. C a lcd  fo r  C 8H 4C 1N 3 0 3: C, 42.59; H , 1 .79; N , 18.63; Cl,
15.72. F ou n d : C , 42 .81; H , 1.82; N , 18.50; C l, 15.72.

7-Amino-6-nitro-4-quinazolone (9). T w o  sea led  tu b es , each
con ta in in g  7 -ch lo ro -6 -n itr o -4 -q u in a z o lo n e  (7, 12.5 g, 0 .056  m o l) in 
a m m o n is -sa tu ra te d  b u ta n o l (80  m l), w ere  h e a te d  fo r  24 hr at 175°. 
U p o n  co o lin g , c o m p o u n d  9 cry sta llized  as y e llo w -o ra n ge  n eed les  
(to ta l 22 .4 g, 98% ). R ecry sta lliza tion  fro m  e th a n o l a f fo rd e d  an an a 
ly tica lly  p u re  sam p le : m p  > 3 2 0 ° ; n m r [(C D 3) 2SO ] 5 7 .20  (s, 1), 7.78 
(s, 1), 8.67 (s, 1); m ass sp ectru m  m/e 206 (M + ).

Anal. C a lcd  fo r  C 8H 6N 4O 3 : C , 46 .61 ; H , 2 .93; N , 27.18. F o u n d : C , 
46 .46; H , 2 .97; N , 27.08.

6,7-Diamino-4-quinazolone (10). A  m ixtu re  o f  10 g (0 .05  m o l) 
o f  7 -a m in o -6 -n itro -4 -q u in a zo lo n e  (9) an d  1 g o f  10%  p a lla d iu m  on  
ca rb o n  w as stirred  in e th an ol (150  m l) u n d er  n itrogen . A  so lu tion  
o f  10 m l o f  99%  h yd razin e  h y d ra te  in e th a n o l (10  m l) w as a d d e d  
d rop w ise  over  1 hr lon ger  an d  th en  h ea ted  ar re flu x  fo r  an oth er  
hou r. E n ou g h  d im e th y lfo rm a m id e  w as a d d e d  (ca. 100 m l) to  d is 
so lve  th e  su sp en d ed  p ro d u ct . T h e  ca ta lyst w as re m o v e d  b y  filtra 
t io n  an d  th e  so lv e n t w as re m o v e d  in  vacuo. U p o n  tr itu ra tion  o f  the 
residu e  w ith  w ater, 7.8 g (91% ) o f  ta n -co lo re d  p ro d u c t  w as o b 
ta in ed . A n  an a lytica l sa m p le  was o b ta in e d  b y  recry sta lliza tion  
from  eth an ol: m p  > 3 2 0 ° ; nm r [(C D 3) 2SO ] 5 6.75  (s, 1), 7.19 (s , 1),
7.72 (s, 1); m ass sp ectru m  m/e 176 (M + ).

Anal, C a lcd  fo r  C g H s ^ O :  C , 54 .54; H , 4 .58; N , 31.80. F o u n d : C , 
54.50; H , 4 .40; N , 31.60.

Imidazo[4,5-g']qumazolin-8-one (11). From 7-Amino-6- 
nitro-4-quinazolone (9). A  m ix tu re  o f  5 g (25  m m o l) o f  9 in fo r 
m ic  a c id  (98% , 200 m l) was h y d ro g e n a te d  at 3 atm  o v er  0 .5 g o f  10% 
p a lla d iu m  on  ca rb o n  for  1 -2  hr. T h e  ca ta ly st  w as re m o v e d  b y  fi l 
tra tion  an d  the so lu tion  w as h ea ted  a t  re flu x  u n der n itrogen  fo r  2 
hr. R em ov a l o f  the  so lv e n t in  vacuo and  rep re c ip ita t io n  o f  th e  resi
due from  w ater  w ith  d ilu te  am m on ia  a f fo r d e d  2.5 g (54% ) o f  c o lo r 
less crysta llin e  11. A n  an a lytica l sam p le  c o u ld  b e  ob ta in e d  b y  r e 
cry sta lliza tion  severa l t im es fro m  w ater: m p  > 3 2 0 ° ; nm r (T F A ) 6
8.82 (s, 1), 9 .20  (s, 1), 9.46 (s, 1), 9 .66  (s, 1); m ass sp ectru m  m/e 186 
(M + ).
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Anal. Calcd for C9H6N40: C, 58.06; H, 3.25; N, 30.09. Found: C, 
58.13; H, 3.39; N, 30.04.

B. From 6,7-Diamino-4-quinazolone (10). A solution of 10 (33 
g, 0.19 mol) in formic acid (500 ml) was heated at reflux under ni
trogen for 2 hr. Removal of the solvent in vacuo and reprecipita
tion of the residue from water with dilute ammonia afforded 33 g 
(94%) of 11 as colorless crystals identical with material prepared in 
part A (ir and tic).

8-Mercaptoiinidazo[4,5-g]qumazolme (12). A mixture of 
compound 11 (6.5 g, 35 mmol), purified phosphorus pentasulfide 
(12 g), and 70 ml of dry pyridine was heated at reflux for 24 hr. 
The solvent was reduced in volume to ca. 20 ml, and the solution 
was poured into 200 ml of boiling water. On cooling, 5.6 g (79%) of 
12 was deposited as yellow crystals. An analytical sample was ob
tained by recrystallization several times from glacial acetic acid: 
mp >320°; nmr (TFA) 6 8.54 (s, 1), 9.04 (s, 1), 9.34 (s, 1), 9.49 (s, 1); 
mass spectrum m/e 202 (M+).

Anal. Calcd for C9H6N4S: C, 53.45; H, 2.99; N, 27.70; S, 15.85. 
Found: C, 53.28; H, 3.16; N, 26.26; S, 15.85.

8-Aminoimidazo[4,5-g']quinazoline (1). A. From 8-Mercap- 
toimidazo[4,5-g-]quinazoline (12). A mixture of 7 g (35 mmol) of 
mercapto compound 12  and 80 ml of ammonia-saturated butanol 
was heated in a sealed tube at 200° for 48 hr. The crystals were fil
tered and washed with ethanol to yield 5.4 g (85%) of 1. The prod
uct was dissolved in 150 ml of water by the addition of formic acid 
and treated with charcoal, and the pH was adjusted to 8 with di
lute ammonia. The yield of beige crystals so obtained was 4.5 g 
(70%). An analytical sample was obtained as the hydrochloride salt 
(crystallization from water-ethanol-ether): mp >320°; nmr (TFA) 
b 8.71 (s, 1), 8.96 (s, 1), 9.26 (s, 1) 9.65 (s, 1); Xmax95%EtOH 237 nm (c 
26,500), 242 (26,700), 258 (14,800), 261 (sh), 298 (sh), 318 (6800), 
332 (9200), 348 (7000); Am„ lli,HCI (95% EtOH) 224 nm (c 24,100), 
234 (22,800), 258 (12,700), 265 (sh), 289 (sh), 302 (sh), 322 (sh), 333
(14,400), 349 (13,700); XmalaiA,Na0H (95% EtOH) 248 nm (t
36,900), 262 (32,600), 270 (34,100), 310 (sh), 322 (7900), 350 (5900), 
365 (sh); mass spectrum m/e 185 (M+ for C9H7N5).

Anal. Calcd for C9H8C1N5: C, 48.77; H, 3.64; Cl, 15.99; N, 31.60. 
Found: C, 48.99; H, 3.46; Cl, 16.20; N, 31.79.

B. From 8-Methylthioimidazo[4,5-g']quinazoline (13). A 
mixture of 8.2 g (40 mmol) of methylmercapto compound 13 and 
80 ml of ammonia-saturated butanol was heated in a sealed tube 
at 200° for 24 hr. The yield of crude 1 was 5.3 g (75%), identical 
with the above material (ir and tic).

C. From 7-Benzylimidazo[4,5-g']quinazoline-8-thione (29). 
A mixture of 29 (0.2 g, 0.7 mmol) and 4 ml of ammonia-saturated 
butanol was heated in a sealed tube at 200° for 24 hr. Upon cool
ing, 1 was deposited as colorless needles (0.127 g, 9%), identical 
with the other preparations (ir and tic).

D. From 8-Amino-3-benzylimidazo[4,5-g']quinazoline (16). 
To a stirred suspension of 16 (0.95 g, 4 mmol) in liquid ammonia 
(30 ml) was added slowly 1 g of sodium (cut in small pieces). The 
slurry was stirred under reflux for 45 min. At the end of this peri
od, ammonium chloride was added slowly until the deep blue color 
of the solution disappeared. The reaction mixture was allowed to 
stand at 25° until the ammonia evaporated. The residue was sus
pended in water (100 ml) and ether (50 ml) and then filtered to af
ford an amorphous solid. Recrystallization from acetic acid-etha
nol yielded light tan crystals of 1 (0.55 g, 86%), identical with the 
other preparations (ir and tic).

8-Methylthioimidazo[4,5-|f]quinazoline (13). Methyl iodide 
(0.17 g, 1.2 mmol) was added to a stirred solution of mercapto com
pound 12 and potassium hydroxide (0.075 g, 1.0 mmol) in metha
nol (10 ml) and water (10 ml). After stirring at 25° for 15 min, 1 
drop of acetic acid was added and the product crystallized slowly. 
Recrystallization from water-ethanol afforded 13 as pale yellow 
needles (0.165 g, 79%): mp 311-314°; nmr (TFA) 6 3.10 (s, 3, 
SCH3), 8.83 (s, 1 ), 9.13 (s, 1 ), 9.22 (s, 1), 9.70 (s, 1 ); Xmax95%EtOH 
240 nm (e 44,500), 284 (7500), 327 (11,600), 341 (10,500), 358 
(7600); Xmax01iV H C1 (95% EtOH) 244 nm (e 21,600), 290 (sh), 299 
(5200), 344 (13,400), 355 (sh); X̂ 0-1 N Na0H (95% EtOH) 255 nm 
(f 40,300), 279 (21,200), 323 (sh), 337 (15,900), 364 (sh); mass spec
trum m/e 216 (M+).

Anal. Calcd for C10H8N4S: C, 55.54; H, 3.73; N, 25.91; S, 14.83. 
Found: C, 55.29; H, 3.65; N, 25.90; S, 14.60.

Alkylation of 8-Methylthioimidazo[4,5-g']qumazoline (13). 
A mixture of 13 (0.4 g, 2 mmol), anhydrous potassium carbonate 
(0.28 g, 2 mmol), and benzyl bromide (0.34 g, 2 mmol) was stirred 
at 25° for 10 hr in dry dimethylformamide (20 ml). The reaction 
mixture was poured into water (150 ml) and upon standing pro
duced a precipitate. This material was filtered, dried, and applied

(in acetic acid) to a silica gel column (80 g) packed in chloroform. 
Elution with chloroform (500 ml) yielded a solution containing 
mainly 3-benzyI-8-methylthioimidazo[4,5-g]quinazoline (14) (tic). 
The solution was evaporated in vacuo and the residue was recrys
tallized from aqueous ethanol to afford 14 (0.235 g, 42%): mp 223- 
225° (identical with authentic material checked by ir and tic). Fur
ther elution with chloroform (500 ml), then 2% ethanol in chloro
form (300 ml), provided a solution containing l-benzyl-8-methyl- 
thioimidazo[4,5-g]quinazoline (15). Evaporation and recrystalliza
tion from aqueous ethanol provided this isomer as colorless nee
dles (0.225 g, 41%): mp 211-212°; nmr (TFA) 6 3.05 (s, 3, SCH3),
5.90 (s, 2 , CH2), 7.52 (s, 5, C6H5), 8.00 (s, 1 ), 8.83 (s, 1 ), 9.17 (s, 1 ),
9.48 (s, 1); Xmax95% Et0H 243 nm (< 40,900), 248 (sh), 284 (7500), 323 
(9600), 348 (10,200;', 366 (8300); Xmax01 WHCI (95% EtOH) 248 nm 
(« 22,200), 298 (5200), 348 (14,100); Xmax° 1WNa0H (95% EtOH) 243 
nm (e 43,800), 248 (sh), 284 (7400), 327 (9900), 348 (10,100), 366 
(7700); mass spectrum m/e 306 (M+).

Anal. Calcd for C17H14N4S: C, 66.64; H, 4.61; N, 18.29; S, 10.46. 
Found: C, 66.80; H, 4.82; H, 18.37; S, 10.53,

3-Benzyl-8-methylthioimidazo[4,5-g-]quinazoline (14). 
Methyl iodide (0.17 g, 1.2 mmol) was added to a stirred solution of 
mercapto compound 24 (0.3 g, 1.0 mmol) and potassium hydroxide 
(0.1 g, 1.5 mmol) in methanol (10 ml) and water (10 ml). After the 
solution was stirred at 25° for 13 min, the product precipitated. 
Crystallization from ethanol provided 14 as colorless needles (0.27 
g, 86%): mp 224-225°; nmr (TFA) 5 3.08 (s, 3, SCH3), 5.87 (s, 2, 
CH2), 7.50 (s, 5, C6H5), 8.53 (s, 1 ), 9.12 (s, 1 ), 9.22 (s, 1 ), 9.50 (s, 1 ); 
Xma*95%EtOH 243 nm (e 56,400), 284 (8800), 329 (13,600), 342
(12,700), 359 (8900); Xmaxo i;VH C1 (95% EtOH) 252 nm (t 29,800), 
289 (6200), 298 (6200), 352 (15,300); Xmax01NNaOH (95% EtOH) 
243 nm (c 59,600), 284 (9700), 329 (13,000), 338 (sh), 359 (8200); 
mass spectrum m/e 306 (M+).

Anal. Calcd for C17Hi4N4S: C, 66.64; H, 4.61; N, 18.29; S, 10.46. 
Found: C, 66.75; H, 4.53; N, 18.07; S. 10.41.

8-Amino-3-benzylimidazo[4,5-g-]quinazoline (16). A. From
3-Benzyl-8-mercaptoimidazo[4,5-g]quinazoline (24). A sealed 
tube containing the mercapto compound 24 (1.0 g, 3 mmol) and 20 
ml of ammonia-saturated ethanol was heated at 150° for 24 hr. 
Upon cooling, light tan needles of 16 were obtained (0.95 g, 90%). 
Recrystallization from dimethylformamide afforded analytically 
pure material (0.70 g, 75%): mp >320°; nmr (TFA) 5 5.83 (s, 2, 
CH2), 7.50 (s, 5, C6H5), 8.43 (s, 1), 8.95 (s, 1 ), 9.22 (s, 1 ), 9.43 (s, 1 ); 
Xmax96%tOH 231 nm (f 34,300), 242 (sh), 260 (13,000), 266 (13,000), 
306 (sh), 319 (6700), 333 (8800), 349 (6700); Xmax01ivHCI (95% 
EtOH) 228 nm (f 23,200), 236 (24,100), 263 (12,200), 271 (10,000), 
321 (8000), 335 (9500), 351 (8500); Xmax01 N Na0H (95% EtOH) 242 
nm (e 26,200), 260 (13,500), 265 (13,500), 306 (sh), 318 (6900), 338 
(9000), 349 (7000); mass spectrum m/e 275 (M+).

Anal. Calcd for Ci6Hi3Ns: C, 69.80; H, 4.76; N, 25.44. Found: C, 
69.84; H, 4.71; N, 25.63.

B. From 3-Benzyl-8-methylthioimidazo[4,5-g']quinazoline 
(14). A sealed tube containing compound 14 (0.12 g, 0.4 mmol) and 
5 ml of ammonia-saturated ethanol was heated at 200° for 24 hr. 
Upon cooling, light tan needles of 16 were obtained (0.08 g, 75%), 
identical with the material described above (ir and tic).

8-Amino-l-benzylimidazo[4,5-gr]quinazoline (17). A sealed 
tube containing 100 mg (0.33 mmol) of l-benzyl-8-methylthioim- 
idazo[4,5-g]quinazoline (15) and 15 ml of ammonia-saturated bu
tanol was heated at 200° for 48 hr. Upon cooling, 25 mg of colorless 
crystals was deposited. The filtrate was evaporated to dryness in 
vacuo. The resulting residue was crystallized from ethanol to af
ford colorless crystals of 17 (45 mg, combined yield 78%): mp 295- 
296°; nmr (TFA) 0 5.88 (s, 2, CH2), 7.52 (s, 5, C6H5), 8.77 (s, 1),
9.15 (s, 1), 9.23 (s, 1), 9.28 (s, 1); Xmax95%EtOH 223 nm (e 26,800), 
242 (33,600), 264 (16,000), 295 (5600), 306 (4400), 327 (6200), 343 
(9300), 359 (8100); Xmax01 N Na« H (95% EtOH) 237 nm (t 38,300), 
264 (19,000), 294 (7700), 306 (6900), 328 (7500), 343 (10,300), 358 
(8500); Xmax01iVH C1 (95% EtOH) 236 nm (e 24,200), 267 (12,700), 
275 (10,400), 299 (6500), 317 (7690), 328 (sh), 336 (10,100),, 352 
(9900), 363 (sh); X̂ 0 01 N HC1 (95% EtOH) 237 nm (r 27,000), 267 
(14,900), 275 (16,600), 313 (10,300), 326.5 (10,000), 343 (9800), 359 
(9160); mass spectrum m/e 275 (M+).

Anal. Calcd for Ci6H13N5: C, 69.80; H, 4.76; N, 25.44. Found: C, 
69.18; H, 4.78; N, 24.98.

Ar-Benzyl-2-amino-4-benzylamino-5-nitrobenzamide (18).
A solution of 7-chloro-6-nitro-4-qulnazolone (1.0 g, 4 mmol) in 
benzylamine (10  ml) containing 2 drops of concentrated hydro
chloric acid was heated at 130° under nitrogen for 24 hr. Upon 
cooling to room temperature, the product crystallized and was fil
tered and washed with ethanol (1.0 g, 59%). Recrystallization from
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dimethylformamide-ethanol afforded 18 as yellow needles (0.9 g, 
53%): mp 209-210°; nmr (TFA) 8 4.17 (s, 4, CH2), 7.04 (s, 1), 7.33 
(s, 10, CeHs), 8.87 (s, 1); mass spectrum m/e 376 (M+).

Anal. Calcd for C21H20N4O3: C, 67.01; H, 5.35; N, 14.88. Found: 
C, 67.09; H, 5.44; N, 14.94.

7-Benzylamino-6-nitro-4-quinazolone (19). A stirred suspen
sion of 7 (10.0 g, 33 mmol) in benzylamine (10 g) and butanol (300 
ml) was heated at reflux under nitrogen for 24 hr. Upon cooling, 
compound 19 was deposited as yellow needles (11.0 g, 81%): mp 
172-173°; nmr [(CD3)2SO] 8 4.68 (d, 2, J  = 6 Hz, CH2), 6.76 (s, 1), 
7.35-7.45 (m, 5, C6H5), 8.02 (s, 1), 8.76 (s, 1), 8.67 (t, 1 , J = 6 Hz, 
NH); mass spectrum m/e 296 (M+).

Anal. Calcd for C15Hi2N40 3: C, 60.81; H, 4.08; N, 18.91. Found: 
C, 61.07; H, 4.15; N, 18.94.

3-Benzyl-7-chloro-6-nitro-4-quinazolone (21). A solution of
7-chloro-6-nitro-4-quinazolone (10 g, 44 mmol), benzyl bromide 
(7.4 g, 44 mmol), and potassium hydroxide [2.8 g (87%), 44 mmol] 
in methanol (250 ml) was heated at reflux for 1 hr. Upon cooling, 
colorless crystals of 21 were collected in two crops (12.4 g, 89%): 
mp 175-177°. One recrystallization from ethanol afforded analyti
cally pure material: mp 175-177°; nmr (TFA) 8 5.61 (s, 2, CH2),
7.45 (s, 5, CeH5), 8.12 (s, 1), 8.88 (s, 1), 9.28 (s, 1); mass spectrum 
m/e (rel intensity) 315 (100) and 317 (37).

Anal. Calcd for CjsHjoCLNsOstC, 57.07; H, 3.19; Cl, 11.23; N, 
13.31. Found: C, 56.79; H, 3.21; Cl, 11.44; N, 13.31.

3-Benzyl-7-benzylamino-6-nitro-4-quinazolone (20). A. 
From 7-Benzylamino-6-nitro-4-quinazolone (19). Benzyl bro
mide (0.65 g, 3.8 mmol) was added to a stirred solution of com
pound 19 (1.1 g, 3.3 mmol) and potassium hydroxide [0.25 g (87%),
3.8 mmol] in methanol (25 ml). The solution was heated under re
flux for 1 hr and then cooled to yield 20 as yellow-orange needles 
(1.2 g, 95%): mp 187-188°; nmr (TFA) 8 4.67 (s, 2, CH2), 5.37 (s, 2, 
CH2), 7.27 (s, 1), 7.33 (s, 5, C6H6), 7.42 (s, 5, C6H5), 9.18 (s, 1), 9.25 
(s, 1); mass spectrum m/e 386 (M+).

Anal. Calcd for C22H18N4O3: C, 68.38; H, 4.69; N, 14.50. Found: 
C, 68.60; H, 4.79; N, 14.61.

B. From JV-Benzyl-2-amino-4-benzylamino-5-nitrobenzam- 
ide (18). A solution of 18 (0.2 g, 0.5 mmol) in 98% formic acid (15 
ml) was heated under reflux for 2 hr. The yellow-orange solution 
was concentrated in vacuo to a small volume and treated with di
lute ammonia, affording 0.19 g (93%) of 20: mp 185-188°, identical 
with the above material (ir and tic).

C. From 3-Benzyl-7-chloro-6-nitro-4-quinazolone (21). A 
solution of 21 (0.5 g, 2 mmol) and benzylamine (0.5 g) in butanol (5 
ml) was heated at reflux 18 hr under nitrogen. Upon standing at 
room temperature, yellow-orange needles of 20 were deposited 
(0.55 g, 87%): mp 178-187°. Recrystallization from ethanol afford
ed material identical with the above preparations (ir and tic): mp 
186-188°.

6-Amino-7-benzylamino-4-quinazolone (22). A solution of 
compound 19 (10 g, 42 mmol) in ethanol (50 ml) and dimethylfor- 
mamide (150 ml) was hydrogenated at 3 atm over 0.2 g of 5% palla
dium on carbon for 2 hr at 25°. The solution was filtered and evap
orated in vacuo to a small volume. Addition of water afforded 
product 22 as a pink solid (8.5 g, 95%). Two recrystallizations from 
hot butanol using decolorizing charcoal gave colorless needles; mp 
293-295°; nmr (TFA) 8 5.83 (s, 2, CH2), 7.13 (s, 1), 7.37 (s, 5, C6H5), 
8.50 (s, 1), 9.15 (s, 1); mass spectrum m/e 266 (M+).

Anal. Calcd for ’Ci5H14N40: 67.65; H, 5.30; N, 21.03. Found: C, 
67.43; H, 5.30; N, 20.90. .

3-Benzylimidazo[4,5-gr]quinazolin-8-one (23). A solution of 
compound 22 (10 g, 0.05 mol) in 98% formic acid (200 ml) was 
heated under reflux for 90 min. The solution was heated with de
colorizing charcoal. Water was added (100 ml) and the solution was 
evaporated in vacuo (ca. 50 ml) until the onset of crystallization. 
Pale yellow crystals were recovered. A second crop was obtained 
from the mother liquors by neutralization with ammonia (total 
yield 9.6 g, 93%). One recrystallization from aqueous dimethylfor- 
mamide gave pale yellow prisms (8.9 g, 86%): mp >320°; nmr 
(TFA) 8 5.88 (s, 2, CH2), 7.57 (s, 5, C6H5), 8.55 (s, 1), 9.18 (s, 1 ),
9.48 (s, 1); mass spectrum m/e 276 (M+).

Anal. Calcd for C16H12N40: C, 69.55; H, 4.38; H, 20.28. Found: 
C, 69.82; H, 4.42; N, 20.28.

3-Benzyl-8-mercaptoimidazo[4,5-g]quinazoline (24). A
stirred slurry of compound 23 (5.0 g, 20 mmol) and purified phos
phorus pentasulfide (8.0 g) in dry pyridine (150 ml) was heated at 
reflux for 18 hr under nitrogen. The solution was poured into boil
ing water (800 ml). Upon cooling, bronze-colored needles of 24 
were obtained (4.1 g, 78%) which were recrystallized from aqueous 
dimethylformamide to afford analytically pure material (2.8 g,

53%): mp >320°; nmr (TFA) 8 5.82 (s, 2, CH2), 7.52 (s, 5, C6H5),
8.28 (s, 1), 9.02 (s, 1), 9.22 (s, 1), 9.33 (s, 1); mass spectrum m/e 292 
(M+).

Anal. Calcd for Ci6H12N4S: C, 65.73; H, 4.14; N, 19.16; S, 10.97. 
Found: C, 65.77; H, 4.33; N, 19.24; S, 11.02.

8-Benzylaminoimidazo[4,5-g]quinazoline (25). A sealed tube 
containing the mercapto compound 12 (0.5 g, 2 mmol), benzylam
ine (0.5 g), and 15 ml of ethanol was heated at 200°. The solution 
was filtered and evaporated to dryness. The resulting solid was 
suspended in water and filtered to yield a pale yellow solid (620 
mg, 92%). Recrystallization from ethanol using decolorizing char
coal afforded 25 as colorless needles: mp >320°; nmr [(CD3)2SO] 8
4.83 (s, 2 , CH2), 7.08-7.50 (m, 5, C6H5), 7.86 (s, 1 ), 8.37 (s, 1 ), 8.48 
(s, 1), 8.65 (s, 1); Amax95%EtOH 227 nm (e 38,200), 236 (sh), 264 
(13,000), 272 (12,200), 322 (sh), 334 (14,000), 351 (11,300); 
Xmax0 1iv H C 1 (95% EtOH) 217 nm (r 34,500), 237 (sh), 265 (7800), 
324 (sh), 338 (19,800), 354 (20,900); Ama*0:1 NNa0H (95% EtOH) 244 
nm (e 42,200), 248 (sh), 270 (sh), 277 (31,400), 324 (12,500), 349 
(9500), 365 (7900); mass spectrum m/e 275 (M+).

Anal. Calcd for C16H13N6: C, 69.80; H, 4.76; N, 25.44. Found: C, 
69.66; H, 4.66; N, 25.33.

7-Amino-3-benzyl-6-nitro-4-quinazolone (26). A sealed tube 
containing 21 (9.0 g, 30 mmol) and 80 ml of ammonia-saturated 
ethanol was heated at 150° for 24 hr. Upon cooling, yellow-orange 
needles of 26 were collected (6.2 g). The mother liquors were con
centrated to give a second crop (0.8 g, combined yield 83%): mp
225-227°. Recrystallization from ethanol afforded an analytically 
pure sample: mp 228-229°; nmr (TFA) 8 5.40 (s, 2, CH2), 7.30 (s, 
1), 7.43 (s, 5, C6H5), 9.03 (s, 1), 9.23 (s, 1); mass spectrum m/e 296 
(M+).

Anal. Calcd for Ci5Hi2N40 3: C, 60.81; H, 4.08; N, 18.91. Found: 
C, 60.65; H, 4.14; N, 18.95.

3-Benzyl-6,7-diamino-4-quinazolone (27). A solution of 26 
(2.0 g, 7 mmol) in ethanol (100 ml) was hydrogenated at 3 atm over 
0.05 g of 5% palladium on carbon during 2 hr at 25°. The solution 
was filtered and concentrated to ca. 30 ml. Water was added and 
the solution was stored at 4° overnight. Light tan needles of 27 
were recovered (1.3 g, 72%): mp 185-193°. The product was dis
solved in ethanol, treated with decolorizing charcoal, and diluted 
with water as above, affording colorless needles: mp 192-193° 
(slightly hygroscopic); nmr (TFA) 8 5.55 (s, 2, CH2), 7.27 (s, 1), 7.42 
(s, 5, C6H5), 8.52 (s, 1 ), 8.98 (s, 1); mass spectrum m/e 266 (M+).

Anal. Calcd for C15H14N4O: C, 67.65; H, 5.30; N, 21.04. Found: 
C, 67.79; H, 5.35; N, 21.04.

7-Benzylimidazo[4,5-g']quinazoline-8-thione (29). A mixture 
of 6.6 g (24 mmol) of 28, 24 g of purified phosphorus pentasulfide, 
and 60 ml of dry pyridine was heated at reflux for 24 hr. The solu- 
and then diluted with water to a volume of 50 ml. The solution was 
evaporated to dryness in vacuo and the resulting solid was dis
solved in hot water. The solution was adjusted to pH 7 with dilute 
ammonia. Upon cooling, 28 was deposited as colorless crystals 
(0.425 g, 75%): mp 246-248°. Recrystallization from ethanol af
forded an analytically pure sample: mp 248-249°; nmr (TFA) 8
5.55 (s, 2, CH2), 7.53 (s, 5, C6H5), 8.72 (s, 1), 9.20 (s, 1), 9.28 (s, 1),
9.63 (s, 1); mass spectrum m/e 276 (M+).

Anal. Calcd for Ci6Hi2N40: C, 69.55; H, 4.38; N, 20.28. Found: C, 
69.76; H, 4.33; N, 20.61.

7-Benzylimidazo[4,5-g]quinazoline-8-thione (29). A mixture 
of 6.6 g (24 mmol) of 28^24,g of purified phosphorus pentasulfide, 
and 60 ml of dry pyridine was heated at reflux for 24 hr. The solu
tion was poured into boiling water (200 ml), and the yellow precip
itate of 29 was collected (5.5 g, 79%). Recrystallization from aque
ous dimethylformamide gave an analytical sample: mp 290-291°; 
nmr ](CD3)2SO] 8 5.98 (s, 2, CH2), 7.34 (s, 5, C6H5), 7.98 (s, 1), 8.67 
(s, 1) 8.78 (s, 1), 9.30 (s, 1); mass spectrum m/e 292 (M+).

Anal. Calcd for Ci6H12N4S: C, 65.75; H, 4.11; N, 19.17; S, 10.97. 
Found: C, 65.44; H, 4.25; N, 19.15; S, 11.24.

7-Cyclohexylamino-6-nitro-4-quinazolone (31). A stirred 
suspension of 7-chloro-6-nitro-4-quinazolone (7 5.0 g, 23 mmol) in 
cyclohexylamine (5.0 g) and butanol (150 ml) was heated at reflux 
under nitrogen for 16 hr. The resulting solution was poured slowly 
into 1.5 1. of boiling water. Upon cooling, yellow-orange needles of 
31 separated (6.1 g, 90%): mp 263-265°; nmr (TFA) 8 1.4-2.3 (br, 
11, CgHn), 7.27 (s, 1), 9.25 (s, 1), 9.28 (s, 1); mass spectrum m/e 
288 (M+).

Anal. Calcd for C14H16N4O3: C, 58.32; H, 5.59; N, 19.43. Found: 
C, 58.19; H, 5.75; N, 19.29.

6-Amino-7-cyclohexylamino-4-quinazolone (32). A solution 
of 31 (2.0 g, 7 mmol) in ethanol (35 ml) and dimethylformamide 
(35 ml) was hydrogenated at 3 atm over 0.05 g of 5% palladium on
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carbon during 1 hr at 25°. The solution was filtered and evapo
rated to a small volume. Addition of water afforded 1.7 g of a color
less solid (95%). Recrystallization from ethanol yielded 32 as color
less needles (1.5 g, 84%). One further recrystallization afforded an 
analytically pure sample: mp >320°; nmr (TFA) 5 1.3-2.3 (br, 11, 
CgHn), 7.18 (s, 1), 8.42 (s, 1), 9.20 (s, 1); mass spectrum m/e 258 
(M+).

Anal. Calcd for C14Hi8N40: C, 65.09; H, 7.02; N, 21.69. Found: 
C, 64.92; H, 6.86; N, 21.51.

3-Cyclohexylimidazo[4,5-gr]quinazolin-8-one (33). A solution 
of 32 (0.85 g, 3.0 mmol) in 98% formic acid (50 ml) was heated at 
reflux for 1 hr. The reaction mixture was treated with decolorizing 
charcoal, diluted with water (50 ml), and concentrated in uacuo to 
a small volume. Dilute ammonia was added to afford 33 as a color
less powder (0.75 g, 85%). Two recrystallizations from ethanol 
yielded colorless prisms: mp 268-270°; nmr [(CD3)2SO] 5 1.2-2.2 
(br, 11, C6Hn), 7.90 (s, 1), 8.01 (s, 1), 8.40 (s, 1), 8.55 (s, 1); mass 
spectrum m/e 268 (M+).

Anal. Calcd for C15Hi6N40: C, 67.15; H, 6.01; N, 20.28. Found: 
C, 67.19; H, 5.95; N, 20.57.

3-Cyclohexyl-8-mercaptoimidazo[4,5-g']qumazoline (34). A
stirred slurry of 33 (0.75 g, 3 mmol) and purified phosphorus pen- 
tasulfide (1.5 g) in dry pyridine (50 ml) was heated 12 hr under re
flux. The resulting dark solution was poured into boiling water 
(600 ml). Upon cooling, 34 separated as a pale yellow precipitate 
(0.55 g, 69%). Two recrystallizations from acetic acid-ethanol 
yielded yellow prisms: mp >320°; nmr [(CDsLSO] 6 1.2-2.2 (br, 11, 
CgHn), 8.08 (s, 1), 8.13 (s, 1), 8.80 (s, 1), 8.90 (s, 1); mass spectrum 
m/e 284 (M+).

Anal. Calcd for Ci5H16N4S: C, 63.35; H, 5.67; N, 19.70; S, 11.27. 
Found: C, 63.09; H, 5.76; N, 19.57; S, 11.45.

8-Amino-3-cyclohexylimidazo[4,5-g]quinazoline (30). A 
sealed tube containing 34 (0.1 g, 0.4 mmol) and 3 ml of ammonia- 
saturated ethanol was heated at 150° for 24 hr. Upon cooling, col
orless needles of 30 were deposited (0.8 g, 85%). Recrystallization 
from hot dimethylformamide afforded analytically pure 30: mp 
>320°; nmr [(CD3)2SO] 5 1 .2- 2.2  (br, 1 1 , C6H „,, 8.62 (s, 1 ), 9.04 (s, 
1), 9.44 (s, 1), 9.56 (s, 1); \ma*95%EtOM 231 nm R 46,700), 242 (sh),. 
260 (sh), 266 (17,100), 307 (sh), 319 (9100), 334 (11,700), 351 
(9100); Xmax01W HC1 (95% EtOH) 225 nm R 32,500), 233 (sh), 260
(13,600), 266 (sh), 307 (sh), 322 (10,200), 336 (13,400), 352 (12,600); 
W 0-1 N Na0H (95% EtOH) 242 nm (sh), 260 R 18,000), 266 (sh), 
307 (sh), 319 (9500), 334 (12,000), 351 (9500); mass spectrum m/e 
267 (M+).

Anal. Calcd for CiSHi7Ns: C, 67.39; H, 6.41; N, 26.20. Found: C, 
67.30; H, 6.45; N, 25.96.
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The synthesis of 9-aminoimidazo[4,5-/]quinazoline (2) and 6-aminoimidazo[4,5-h]quinazoline (3), angular ben- 
zologs of adenine which are given the descriptive names prox -benzoadenine and dist-benzoadenine, respectively, 
is reported. The proximal isomer of benzoadenine 2 is synthesized in several steps from 6-acetamido-4-quinazo- 
lone (14). The distal isomer of benzoadenine 3 is prepared via a related route from 7-chloro-8-nitro-4-quinazolone
(4). The uv spectra of the lin-, prox-, and dist-benzoadenines are discussed in relation to the differing spatial ar
rangements of the three isomers.

We have undertaken the synthesis of a family of struc
tural analogs of adenine in which a benzene ring has been 
“ inserted” between the imidazole and pyrimidine moieties 
to form a “ stretched-out” purine model. In the preceding 
paper, 1 we discussed the synthesis and chemical properties 
o f the linearly extended analog, 8-aminoimidazo[4,5-g]qui- 
nazoline ( 1 ) for which we proposed the name l in -  benzoade
nine. In this paper we describe the synthesis o f the two an

gular isomers of l in  -benzoadenine, 9-aminoimidazo[4,5- 
/Jquinazoline (2) and 6-aminoimidazo[4,5-h]quinazoline
(3 ), for which we propose the descriptive names, prox  -ben
zoadenine (2 ) and d ist -benzoadenine, respectively.2

The similarity of the three isomeric benzoadenines (1-3) 
lies in the fact that they contain binding sites similar to the 
1,N6 binding sites found in adenine and related nucleosides 
and nucleotides. The differences reside (a) in the spatial re-
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3
lationships of the pyrimidine and imidazole rings with re
spect to the central benzene ring and (b) in the extent to 
which internal hydrogen bonding is likely to occur in the 
three isomers. The structural differences may help eluci
date the geometrical restraints placed upon the utilization 
of adenine benzologs as surrogates for naturally occurring 
adenine derivatives in biological systems.

The synthetic method utilized for the preparation of 2 
and 3 was modeled after that employed for the synthesis of 
lin -benzoadenine (l) .1 The construction of the heterocyclic 
system contained in the angular compounds 2 and 3 was ef
fected via the annelation of an imidazole ring onto a disub- 
stituted quinazoline.

Results and Discussion
The nitration of 7-chloro-4-quinazolone,3 as described in 

the previous paper, gave a mixture of two isomeric chloro- 
nitroquinazolines. The minorisomer, 7-chloro-8-nitro-4-qui- 
nazolone (4), was heated with ammonia-saturated butanol 
in a sealed tube to afford the corresponding amine 5. Com
pound 5 was hydrogenated in formic acid to generate the 
diamino compound, and subsequent heating of the reaction 
mixture produced the tricyclic imidazoquinazolone. Treat
ment with phosphorus pentasulfide in refluxing pyridine 
led to the isolation of 6-mercaptoimidazo[4,5-h jquinazo- 
line. The thiation proceeded slowly, requiring 3 days for 
complete reaction, apparently due to the intermediate for
mation of an insoluble complex between phosphorus penta
sulfide and imidazo[4,5-h]quinazolin-6-one. The mercapto 
compound was then converted to dist- benzoadenine, 6- 
aminoimidazo[4,5-/i ] quinazoline (3), by treatment with 
ammonia-saturated butanol.

1. H2-Pd
2. A, KCOOH

3. P2% .-P y
4. NH3-BuOH-A

For the preparation of the proximal isomer of benzoade
nine (2), it was anticipated that 6-chloro-4-quinazolone (6)4 
could be used as a starting material in a route to 2 analo
gous to that described above. Nitration of 6 yielded a single 
product, 6-chloro-5-nitro-4-quinazolone (7) as shown by 
the nmr spectrum, but reaction of 7 with ammonia in buta
nol at 175° led to displacement of nitro rather than chloro, 
with the formation of 5-amino-6-chloro-4-quinazolone (8). 
Conversion of the activated 5-carbon from sp2 to sp3 in the 
transition state must be accompanied by sufficient relief of 
steric compression between the nitro and the coplanar ad
jacent carbonyl and chloro groups as to supervene over the 
sp2 - »  sp3 conversion at the competing activated 6-carbon. 
By contrast, coplanarity of the amino group with the adja
cent carbonyl and chloro groups will be energetically fa
vored in the product 8. Since further nucleophilic displace
ment of the 6-chloro substituent of 8 seemed unfavorable, a 
modified approach was adopted.

Nitration of 6-acetamido-4-quinazolone (9)5 gave 6-acet- 
amido-5-nitro-4-quinazolone (10) as the sole product. The 
acetamido function was hydrolyzed to the corresponding

Figure 1. The uv spectra of lin-, prox-, and disi-benzoadenine in
95% ethanol (---------), 0.1 N  HC1 in 95 ethanol (............), and 0.1 N
NaOH in 95% ethanol (----------).

amine with dilute hydrochloric acid. Reduction of the nitro 
group and subsequent condensation of the diamino inter
mediate with formic acid afforded imidazo[4,5-/]quinazol- 
in-9-one. Thiation with phosphorus pentasulfide in pyri
dine yielded 9-mercaptoimidazo[4,5-/]quinazoline which 
was converted to prox -benzoadenine, 9-aminoimidazo[4,5- 
/ ]  quinazoline (2), by heating in ammonia-saturated buta-

nol. The final conversion could also be effected by treat
ment with hydrazine followed by hydrogenolysis.6

The ultraviolet spectra of benzoadenines 1-3 are shown 
in Figure 1. In general, the spectra of heteraromatic com
pounds can usually be related to absorption properties of 
their carbocyclic analogs.7 Accordingly, lin- benzoadenine 1
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is formally related to anthracene; the angular benzoaden
ines 2 and 3 can be related to phenanthrene. Aromatic sys
tems of the linear type (such as 1) generally exhibit lower 
energy electronic transitions than isomers of the angular 
type (such as 2 and 3).8 Thus, the low energy bands for the 
distal isomer 3 are shifted 30 nm to shorter wavelength rel
ative to the corresponding bands for //'/?-benzoadenine (1), 
and those for the proximal isomer 2 exhibit a hypsochromic 
shift of 10 nm relative to 1. It is apparent that a counter
ring bathochromic effect is occurring in the latter isomer; 
otherwise the shift would have been expected to be greater, 
i.e., closer to that for 3, namely 30 nm. Accordingly, one 
looks for a unique structural basis in 2 to account for the 
comparative electronic absorption data. In compound 2, in
tramolecular hydrogen bonding between N9 and N -l will 
assist in maintaining the NH2 group coplanar with the het
erocyclic ring system, thereby extending the ?r-electron sys
tem and lowering the excitation energy, whereas in com
pounds 1 and 3, the steric interaction between NH2 and the 
peri hydrogen (8-NH2 and 9-H for 1; 6-NH2 and 5-H for 3) 
tends for force the NH2 out of coplanarity, resulting in less 
effective overlap between the lone pair electrons and the ir 
system. Among the three benzoadenines, prox-benzoaden- 
ine 2 is the most ready to give up its imidazole hydrogen, 
exhibiting a pK a in 66% dimethylformamide of 11.4, while 
dist-benzoadenine 3 is least ready to give up its imidazole 
hydrogen, with a pK a of 12.25, and (in-benzoadenine 1 is 
intermediate, pK a = 11.7. This pattern is consistent with 
stabilization by intramolecular hydrogen bonding of the 
anion of 2 and of the free base 3. In addition, the latter (3) 
is also the least ready to protonate, pK a 4.9, vs. 5.2 for iso
mer 2 and 5.6 for isomer 1.

In sequels we shall discuss the ribosidation and the prep
aration of further substituted derivatives of the benzoaden
ines to test various concepts concerning structure and bio
logical activity.

Experimental Section
Melting points were determined with a Thomas-Hoover capil

lary melting apparatus and are corrected. The nmr spectra were 
recorded on Varian Associates A-60 or A-56/60 spectrometers by 
Mr. Robert Thrift and his associates using tetramethylsilane 
(TMS) as an internal standard. The ultraviolet spectra were ob
tained on a Cary Model 15 spectrophotometer.9 Microanalyses 
were performed by Mr. Joseph Nemeth and his associates, who 
also weighed samples for the quantitative electronic absorption 
spectra, and by Midwest Microlab, Inc., Indianapolis, Ind. Mass 
spectra were obtained on a Varian-MAT CH-5 spectrometer cou
pled with a 620i computer and Statos recorder by Mr. J. Carter 
Cook and associates. Infrared spectra were determined on a Per- 
kin-Elmer 337 spectrophotometer. Thin-layer chromatograms 
were run on Eastman Chromagram Sheet 6060 (silica gel with fluo
rescent indicator).

7-Amino-8-nitro-4-quinazolone (5). A sealed tube containing 
4 (1 g, 4.5 mmol) and ammonia-saturated methanol was heated at 
175° for 24 hr. Reduction in volume until the appearance of a pre
cipitate and cooling yielded 0.8 g of 7-amino-8-nitro-4-quinazolone 
(5, 87%). Recrystallization several times from ethanol afforded an 
analytical sample: mp 293—295°; nmr [(CD3)2SOj 6 6.79 (s, 2, dis
appears on D20  shake, NH2), 6.99 and 7.90 (AB quartet, 2, J  — 9 
Hz), 8.05 (s, 1); mass spectrum m/e 206 (M+).

Anal. Calcd for C8H6N40 3: C, 46.61; H, 2.93; N, 27.18. Found: C, 
46.57; H, 3.03; N, 26.91.

Imidazo[4,5-Ii]qumazolin-6-one. A solution of 5 (6.6 g, 32 
mmol) in formic acid (150 ml) was hydrogenated over 0.6 g of 10% 
palladium on carbon at 3 atm for 3 hr. After removal of the cata
lyst by filtration, the solution was refluxed under nitrogen for 2 hr. 
About 50 ml of water was added, and the volume of the solution 
was reduced until a white precipitate appeared. On cooling, 4.7 g of 
white crystals of imidazo[4,5-h]quinazolin-6-one was obtained. 
The mother liquor, on adjustment to pH 8 with ammonia, afforded 
a further 0.1 g (total 4.8 g, 81%). An analytical sample was ob
tained by recrystallization several times from water: mp >320°;

nmr (TFA) 6 8.14 and 8.74 (AB quartet, 2, J  = 9 Hz), 9.37 (s, 1), 
9.60 (s, 1); mass spectrum m/e 186 (M+).

Anal. Calcd for C9H6N40: C, 58.06; H, 3.25; N, 30.09. Found: C, 
58.15; H, 3.30; N, 30.25.

6-Mercaptoimidazo[4,5-h]quinazoline. A slurry of imidazo- 
[4,5-h]quinazolin-6-one (1 g, 5.4 mmol) and phosphorus pentasul- 
fi'de (5.0 g) in dry pyridine (50 ml) was heated at reflux under ni
trogen for 72 hr. After 24 hr the mixture had become clear. The or
ange solution was poured into hot water (175 ml) and allowed to 
stand, with the separation of yellow crystals (0.76 g, 70%). Recrys
tallization from acetic acid-dimethylformamide afforded pale yel
low crystals: mp >320°; nmr (TFA) 5 8.17 and 8.92 (AB quartet, 2, 
J  = 9 Hz), 9.00 (s, 1), 9.47 (s, 1); mass spectrum m/e 202 (M+).

Anal. Calcd for C9H6N4S: C, 53.45; H, 2.99; N, 27.70; S, 15.85. 
Found: C, 53.51; H, 3.25; N, 27.88; S, 15.84.

6-Aminoimidazo[4,5-/i]quinazolme (3). A sealed tube con
taining 6-mercaptoimidazo[4,5-h]quinazoline (0.1 g, 0.6 mmol) 
and ammonia-saturated butanol (10 ml) was heated at 200° for 24 
hr. The reaction mixture was filtered, and the crystals were dis
solved in water by the addition of formic acid and reprecipitated 
with ammonia to yield 0.056 g (50%) of 3 as a white powder. Re
crystallization from acetic acid-ethanol gave analytically pure 
white crystals: mp >320°; nmr [(CD3)2SO] 5 7.80 and 8.42 (AB 
quartet, 2 ,J  = 9  Hz), 8.28 (s, 1), 8.42 (s, 1); Amax95% Et0H 251 nm (e 
40,700), 280 (sh), 295 (9000), 303 (sh), 309 (sh), 315 (sh); 
W 0'1 N HCI (95% EtOH) 255 (35,700), 295 (sh), 307 (7700), 315 
(sh); Xmax0'1NNaOH (95% EtOH) 262 (61,200), 320 (6900); mass 
spectrum m/e 185 (M+).

Anal. Calcd for C9H7N5: C, 58.37; H, 3.81; N, 37.82. Found: C, 
58.10; H, 3.84; N, 37.75.

6-Chloro-5-nitro-4-quinazolone (7). A mixture of 6-chloro-4- 
quinazolone (6,4 5 g, 28 mmol), 10 ml of fuming nitric acid, and 10 
ml of concentrated sulfuric acid was heated on a steam bath for 3 
hr. When the mixture was poured into ice water, 3.4 g of crude yel
low material was obtained. Recrystallization from acetic acid af
forded 1.5 g of 7 as white crystals. Reduction in volume yielded a 
second crop (0.1 g: total 1.6 g, 26%): mp 308°; nmr [(CD3)2SO] 5
7.83 and 8.10 (AB quartet, 2, J  = 9 Hz), 8.23 (s, 1, 2-H); mass spec
trum m/e (rel intensity) 225 (100) and 227 (36).

Anal. Calcd for C8H4C1N30 3 : C, 42.49; H, 1.79; Cl, 15.72; N,
18.63. Found: C, 42.67; H, 1.91'; Cl, 15.60; N, 18.55.

5- Amino-6-chloro-4-quinazolone (8). A sealed tube contain
ing compound 7 (5 g, 22 mmol) and ammonia-saturated butanol 
(70 ml) was heated at 175° for 24 hr. The crystals that separated 
during the course of the reaction were collected and dried to give
3.6 g (83%) of 8: mp 278-279°; nmr [(CD3)2SOJ S 6.72 and 7.55 (AB 
quartet, 2, J  = 9 Hz), 7.19 (br s, disappears on D20  shake, NH2),
7.95 (s, 1); mass soectrum m/e (rel intensity) 195 (100) and 197
(36).

Anal. Calcd for C8H6C1N30: C, 49.12; H, 3.09; Cl, 18.21; N, 
21.48. Found: C, 49.06; H, 2.98; Cl, 18.24; N, 21.51.

6- Acetamido-5-nitro-4-quinazoione (10). 6-Acetamido-4-qui- 
nazolone (9,5 10 g, 48 mmol) was added to a mixture of red fuming 
nitric acid (100  ml) and concentrated sulfuric acid (100  ml) in por
tions such that the temperature did not exceed 10°. The solution 
was stirred 30 min longer at 0-10° and then poured into 1 1. of ice 
water. After refrigeration for several hours, yellow crystals of 10 
deposited and were recrystallized from water (500 ml) to give 5.9 g 
(40%) of pure material: mp 311-312° dec; nmr [(CD3)2SO] 5 2 .1 1  (s, 
3, COCH3), 7.84 and 8.08 (AB quartet, 2, J  = 9 Hz), 8.20 (s, 1, 2- 
H); mass spectrum m ¡e 248 (M +).

Anal. Calcd for C10H8N4O4: C, 48.39; H, 3.25; N, 22.57. Found: 
C, 48.33; H, 3.07; N, 22.72.

6-Amino-5-nitro-4-quinazolone. A mixture of N- acetyl deriv
ative 10 (0.1 g, 0.4 mmol) and 10 ml of 1 IV HCI was heated at re
flux under nitrogen for 2 hr. The solution was reduced in volume 
and, upon cooling red crystals were deposited and recrystallized 
from aqueous ethanol (0.064 g, 75%); mp 310-311°; nmr 
[(CD3)2SO] <5 7.28 and 7.60 (AB quartet, 2, J  = 8 Hz), 8.14 (s, 1, 2 - 
H); mass spectrum m/e 206 (M+).

Anal. Calcd for C8HeN40 3: C, 46.61; H, 2.93; N, 27.18. Found: C, 
46.64; H, 2.88; N, 27.05.

Imidazo[4,5-/]quinazolin-9-one. A mixture of 6-amino-5- 
nitro-4-quinazolor.e (3 g, 16 mmol) and formic acid (100 ml) was 
hydrogenated over 0.3 g of 10% palladium on carbon at 3 atm for 
30 min. The catalyst was removed by filtration, and the solution 
was heated at reflux under nitrogen for 2 hr. The solvent was re
moved in vacuo. The residue was dissolved in water (30 ml), the 
pH was adjusted zo 8 with dilute ammonia, and the solution was 
chilled. The white crystals were deposited and recrystallized from
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water (2.0 g, 69%): mp >320°; nmr (TFA) 5 8.22 and 8.63 (AB 
quartet, 2, J  = 9 Hz), 10.92 (s, 1), 10.97 (s, 1); mass spectrum m/e 
186 (M+).

Anal. Calcd for C9H6N40: C, 58.06; H, 3.25; N, 30.09. Found: C, 
58.06; H, 3.44; N, 30.00.

9-Mercaptoimidazo[4,5-f]quinazoline. Phosphorus pentasul 
fide (2.4 g) was dissolved in pyridine (36 ml) with heating, 0.6 g (3 
mmol) of imidazo[4,5-/]quinazolin-9-one was added, and the mix
ture was heated at reflux for 17 hr. The volume was reduced to 12 
ml by removal of the solvent in vacuo, and the solution was poured 
into boiling water (500 ml). The yellow crystals that were deposit
ed were recrystallized from aqueous dimethyl sulfoxide (0.5 g, 
78%): mp >320°; nmr (TFA) b 8.15 and 8.56 (AB quartet, 2, J  = 9 
Hz), 10.63 (s, 1), 10.91 (s, 1); mass spectrum m/e 202 (M+).

Anal. Calcd for C9H6N4S: C, 53.45; H, 2.99; N, 27.70; S, 15.85. 
Found: C, 53.69; H, 3.00; N, 27.47; S, 15.91.

9-Aminoinndazo[4,5-f]quinazoline (2). A. Via 9-Hydraz- 
inoimidazo[4,5-f]quinazoline. A solution of 9-mercaptoimida- 
zo[4,5-/]quinazoline (1 g, 5 mmol) in hydrazine hydrate (6 ml) and 
methyl cellosolve (4 ml) was heated at 100° for 2 hr. The reaction 
mixture was poured into ethanol (20 ml) and upon cooling, tan 
crystals of 9-hydrazinoimidazo[4,5-/]quinazoline were obtained (1 
g, 100%): mp 225° dec; mass spectrum m/e 200 (M+). The hydrazi- 
no derivative was dissolved in hot methyl cellosolve (300 ml), and 
the solution was refluxed for 2 hr with addition of 2 -ml portions of 
Raney nickel suspension every 20 min. The catalyst was removed 
by filtration, and the volume was reduced to 40 ml. Upon cooling, 
tan crystals of 2 were obtained (0.336 g, 37%). Recrystallization 
from ethanol yielded an analytical sample: mp >320°; nmr 
[(CD3)2SO] b 7.73 and 8.25 (AB quartet, 2, J  = 9 Hz), 8.72 (s, 1), 
8.82 (s, 1 ); Xmax95%EtOH 238 nm (« 19,000), 251 (17,300), 258 
(18,000), 278 (sh), 312 (5900), 324 (9300), 335 (sh), 339 (8500); 
Xmax0 1iV H C 1 (95% EtOH) 229 (11,000), 237 (10,800), 270 (20,500), 
290 (sh), 324 (8600), 335 (sh); Amax01 N Na0H (95% EtOH) 269
(27,700), 296 (4900), 333 (7600), 346 (sh); mass spectrum m/e 185 
(M+).

Anal. Calcd for C9HyN5: C, 58.37; H, 3.81; N, 37.82. Found: C, 
58.20; H, 3.91; N, 37.53.

B. From 9-Mercaptoimidazo[4,5-fjquinazoline. A sealed 
tube containing the mercapto compound (0.5 g, 2.5 mmol) and am
monia-saturated butanol (20 ml) was heated at 220° for 24 hr. The 
crystals were filtered and dissolved in water (10  ml) by the addi
tion of formic acid. Upon adjusting to pH 8 with ammonia, prox - 
benzoadenine was obtained as colorless crystals (0.38 g, 67%), iden
tical with material synthesized in part A (ir, tic).

p l f a  Determinations. In 66% dimethylformamide (34% water) 
the following pKa values were observed: (in-benzoadenine (1), 5.6, 
11.7; prox -benzoadenine (2), 5.2, 11.4; dist -benzoadenine (3), 4.9,
12.25.
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1-Acetylanthraquinone (lb) cyclizes under alkaline conditions to give l-met.hoxy-2,6-aceanthrylenedione (2 b). 
The mechanism of the reaction is discussed.

Anthraquinone (la) is, o f course, the parent substance of 
an extensive family of polycyclic quinones,2 but one of the 
simplest possible members of the family, 2 ,6 -aceanthryl- 
enedione (2a), has never been prepared. This is simply a 
cyclic vinylog of anthraquinone and, as such, might be ca
pable o f reversible reduction to the dihydro or “ vat” form
(3), corresponding to anthrahydroquinone (4).

We have attempted the synthesis of 2a by cyclodehydra
tion of 1 -acetylanthraquinone (lb), but this reaction does 
not succeed under a variety of acidic and basic conditions 
that were tried. The cyanoacetyl derivative ( lc )  might be 
expected to cyclize more easily, but we were unable to pre
pare this compound in working quantities. Bromination of

lb to Id proceeded smoothly, but replacement o f Br by CN 
did not.

We then found that lb is readily cyclized in dimethyl 
sulfoxide containing “ Triton B .”  The product is not, in
deed, 2a, but (as shown by analysis and molecular weight 
determination) a methoxy derivative of it, and since oxida
tion of this product gives a mixture o f 1 -anthraquinonecar- 
boxylic acid (le) and the glyoxylic ester (If), it is evidently 
the 1-methoxy derivative (2b). Two other structures (5b 
and 6b) can be written for a methoxyaceanthrylenedione 
capable of oxidation to le, but neither system is a plausible 
cyclization product of lb, and neither would be capable of 
oxidation to If. In addition, we have synthesized isomer 5b
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0  R

la, R = H
b, R = COCH3
c, R = COCH2CN
d, R = COCH2Br
e, R = COOH
f, R=COCOOCH3
g, R = COCHBr2

3

2a, R — H
b, R =  CH;lO
c, R = OH

OH

and found it to be different from 2b. The synthesis is based 
upon our finding that 1,2-aceanthrylenedione 5a3 bromi- 
nates cleanly in the 6 -position to give 5c (as shown by oxi
dation to le), which readily gives 5b by methanolysis. (Pi
peridine gives 5d.)

The 1,2-dione structures of 5a-d are confirmed by their 
rapid condensation with o-phenylenediamine, eliminating 
two molecules of water to give quinoxalines 7a-d, respec
tively; these are convenient derivatives for characterization 
purposes. The 2,6-dione (2b) does not react in this way.«

N N

5a, R= H
b, R = CH30
c, R = Br
d, R = (CHv)-N

6a, R = H 7a, R = H
b, R = CH;i b, R = CH:iO

c. R = Br
d, R = (CH2)5N

tion of the dihydro form, readily reoxidized to lb by air. 
Reduction o f 2b under these conditions is not reversible, 
but causes degradation of the system.

Experimental Section

In our view, the most plausible explanation for the for
mation o f 2b from lb is that the expected product (2a) 
does form but is not stable under the reaction conditions; 
instead it undergoes nucleophilic methoxylation. The first 
step o f the reaction is evidently loss o f a proton from lb  to 
form the anion (8 ), followed by cyclization to anion 9. Pro
ton transfer then gives the resonance stabilized 1 0 , which 
can eliminate hydroxyl to form the fully conjugated 2a. 
Methoxide attack at the 1-position then gives 11, converted 
to 2b by hydride elimination under the influence of atmo
spheric oxygen.

Under similar conditions, 1,5-diacetylanthraquinone (12) 
cyclizes once, giving 13.

Liebermann and Kardos reported in 19144 that boiling 
KOH attacked 5a to give a hydroxyl derivative, formulated 
as 2c or its tautomer (6a), which formed a dark red methyl 
ether of mp 233°. These properties correspond to those of 
2b, but an attempt to repeat these experiments gave equiv
ocal results, unfortunately, so that it has not been possible 
to make a direct comparison.

1-Acetylanthraquinone (lb), which reacts with hydrazine 
to give the dibenzocinnolone (14), behaves normally on al
kaline hydrosulfite reduction, i.e., it gives a deep red solu

Melting points are corrected.
l-(Bromoacetyl)anthraquinone (Id). A solution of 11.0 g 

(0.043 mol) of 1-acetylanthraquinone (lb)5 in 150 ml of acetic acid 
was stirred on the steam bath during the addition over a 1 -hr peri
od of a solution of 7.8 g (2.5 ml, 0.049 mol) of bromine in 10 ml ace
tic acid. The reaction mixture was heated 15 min longer and then 
cooled and filtered to yield 11.1-12.6 g (79-89%) of buff colored 
solid, mp 188° dec. Additional product was obtainable from the fil
trate by dilution. Crystallization from toluene (26 ml/g) gave an 
84% recovery of white needles, dec 192°.

Anal. Calcd for C16H90 3Br: C, 58.4; H, 2.7; Br, 24.3. Found: C, 
58.6; H, 2.7: Br, 24.1.

l-(Dibromoacetyl)anthraquinone (lg), prepared in the same 
way but with two equivalents of bromine, crystallized as a white 
solid from toluene, dec 189-191°, depressed on admixture with Id.

Anal. Calcd for C16H80 3Br2: C, 47.1; H, 2.0. Found: C, 46.9; H,
2 .0.

l-Methoxy-2,6-aceanthrylenedione (2b). To a solution of 5.0 
g (0.020 mol) of 1 -acetylanthraquinone (lb) in 200 ml of dimethyl 
sulfoxide was added 23 ml of “Triton B” solution (35% benzyltri- 
methylammonium hydroxide in methanol), causing the color to 
change from pale yellow-green to purple. For 2 hr, a gentle stream 
of air was passed through the solution, which turned greenish. The 
product separated upon the addition of 35 ml of acetic acid fol
lowed by 50 ml of methanol. Chilling, filtration, and washing with 
methanol gave 2.1-2.6 g (40-50%) of brick red solid, mp 233-6° 
dec. (Thé attempt to isolate further material from the mother li
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q u o r  w as u n su ccessfu l.) C rysta lliza tion  fro m  p y r id in e  or  a ce tic  a cid  
d id  n o t  a f fe c t  th e  m p .

Anal. C a lcd  fo r  C 17 H 10 O 3 : C , 77.9; H , 3.8; m o l w t, 262. F ou n d : C, 
77.9; H , 3.8 ; m o l w t (m ass sp e c tru m ), 262.

U n d e r  s im ilar  co n d it io n s  1 ,5 -d ia ce ty la n th ra q u in on e  (1 2 )s gave
7 -a ce ty l-l -m e th o x y -2 ,6 -a ce a n th ry le n e d io n e  (13), crysta lliz in g  
from  a ce t ic  a c id  as a b r ick  red  so lid , d e c  2 4 6 -2 5 3 ° .

Anal. C a lcd  fo r  C 19 H 12 O 4: C , 75.0; H , 3.9; m o l w t, 304. F ou n d : C, 
74.9; H , 4.0; m o l w t (m ass sp e c tru m ), 304.

Oxidative Degradation of 2b. T o  a so lu tion  o f  1.0 g o f  2b in 20 
m l o f  h o t  a ce tic  a cid  was a d d e d  a so lu tion  o f  1.0 g  o f  C r 0 3 in a b ou t 
5 m l o f  50%  ace tic  a cid . T h e  resu ltin g  m ix tu re  w as h ea ted  1 0 -1 5  
m in on  th e  steam  b a th , co o le d , d ilu te d , an d  filte re d  to  g ive a m ix 
ture  o f  so lid s  th a t  was d igested  w ith  sod iu m  b ica rb o n a te  so lu tion . 
T h e  s o lu b le  fra c t io n  co n s is te d  o f  0 .16  g o f  p a le  y e llo w  1 -a n th raq u i- 
n o n e ca rb o x y lic  a c id  (le), w h ich  cry sta llized  fr o m  2 -n itro b u ta n e  as 
an o ff -w h ite  so lid  o f  m p  2 8 9 -2 9 3 °  d ec , u n ch a n g e d  on  a d m ix tu re  
w ith  an a u th en tic  sp ecim en . Id e n t ifica tio n  w as co n firm e d  b y  ir 
co m p a riso n . T h e  in so lu b le  fra c t io n  w as in so lu b le  in N a O H  as w ell 
an d  co n s is te d  o f  0.53 g o f  very  pa le  y e llo w  m eth y l 1 -a n th raq u i- 
n o n e g ly o x y la te  (If), m p  2 3 4 -2 4 0 ° . C rysta lliza tion  from  ace tic  a cid  
ra ised  the  m p  to  2 3 8 -2 4 3 ° . It  sh ow ed  th ree  d is t in ct  ca rb o n y l b a n d s  
at 1680, 1712, a n d  1755 c m “ 1.

Anal. C a lcd  fro m  C 17 H i 0O 5: C , 69.4; H , 3.4; 0 ,  27.2; m o l w t, 294. 
F ou n d : C , 69 .5; H , 3.4; 0 ,  27.4; m o l w t (m ass sp e ctru m ), 294.

1 ,2 -A ce a n th ry le n e d io n e  (5a) w as p rep a red  fro m  oxa ly l ch lo r id e  
an d  a n th ra cen e  b y  th e  p ro ce d u re  o f  L ie b e rm a n n  and Z s u ffa . 3 It 
c o n d e n se d  ra p id ly  w ith  0- p h en y len ed ia m in e  in  re flu x in g  p yr id in e  
t o  g ive  th e  ora n ge  q u in o x a lin e  (7a), w h ich  co u ld  be  crysta llized  
fr o m  ch lo ro b e n z e n e  or  p y r id in e , m p  2 4 5 -2 4 7 ° .

Anal. C a lcd  fo r  C 22H 12 N 2: C , 8 6 .8 ; H , 4.0 ; N , 9.2. F ou n d : C, 87.1; 
H , 3.7; N , 9.2.

6-Bromo-l,2-aceanthrylenedione (5c). A  so lu tio n  o f  10.4 g 
(0 .045  m o l) o f  1 ,2 -a cea n th ry len ed ion e  (5a) in 25 m l o f  n it r o b e n 
zene, h e a te d  in  an o il  b a th  to  1 4 0 -1 4 5 ° , w as stirred  w ith  an e f f i 
c ie n t  stirrer w h ile  a so lu tion  o f  2.50 m l (7 .80  g, 0 .049 m o l) o f  b r o 
m in e  in  1 0  m l o f  n itro b e n ze n e  was a d d e d  d ro p w ise  d u rin g  a p e r io d  
o f  a p p ro x im a te ly  1.5 hr. T h e  th ick  m ixtu re  w as h e a te d  an d  stirred  
15 m in  lon ger , c o o le d , a n d  d ilu te d  w ith  a lco h o l to  fa cilita te  th e  f i l 
tra tion , w h ich  gave, a fte r  w ash ing w ith  a little  a lco h o l an d  d ry in g , 
1 1 .0 -1 1 .9  g (8 0 -8 5 % ) o f  tan  p ro d u c t , d e c  ca. 2 5 2 -2 5 6 ° . C rysta lliza 
t io n  fro m  0 - d ich lo ro b e n z e n e  (1.1 m l/g ) gave an 85%  re cov ery , d ec  
2 6 4 -2 6 7 ° . Y e llo w  an a ly tica l sp ec im en s , d e c  ca. 2 6 0 -2 6 4 ° , w ere o b 
ta in e d  b y  cry sta lliza tion  fro m  p yr id in e , a ce tic  a n h y d rid e , or 
m e th o x y e th a n o l.

Anal. C a lcd  fo r  C 16 H 70 2 B r: C , 61 .8; H , 2.3 ; B r, 25.7. F ou n d : C, 
62 .1; H , 2.2; B r , 25.4.

O x id a tio n  w ith  C r 0 3 in  re flu x in g  a ce tic  a c id  gave a g o o d  y ie ld  o f  
1 -a n th ra q u in o n e ca rb o x y lic  a c id  (le), id e n t ifie d  b y  m e ltin g  p o in t , 
m ix tu re  m e ltin g  p o in t , an d  ir com p a rison . 0 - P h en y le n e d ia m in e  
co n d e n se d  ra p id ly  w ith  5c in  b o ilin g  p y r id in e  to  g ive  a q u a n tita 
tive  y ie ld  o f  the  q u in o x a lin e  (7c), w h ich  cry sta llized  fro m  c h lo r o 
b en zen e  or  n itrom eth a n e  as a br ig h t y e llo w  so lid , m p  2 8 9 -2 9 0 ° .

Anal. C a lcd  fo r  C 22H n B r N 2: C , 69.0; H , 2.9; B r, 20.9; N , 7.3. 
F ou n d : C , 69.0; H , 3.0; B r, 20.6; N , 7.3.

6-Methoxy-l,2-aceanthrylenedione (5b). A so lu tio n  o f  s o d i
um  m e th o x id e  w as p rep a red  fro m  1.0 g o f  57%  so d iu m  h y d r id e  b y  
w ash ing w ith  p e tro le u m  ether an d  d isso lv in g  in  50 m l o f  m eth a n o l. 
T o  th is  w as a d d e d  1.00 g (3 .2  m m o l) o f  5c, fo llo w e d  b y  1 5 -2 0  m in  
stirring  at re flu x , co o lin g , d ilu tion , an d  filtra tio n  t o  g ive  0 .70  g 
(83% ) o f  o ra n ge  p ro d u ct , d e c  from  19 0 °. C rysta lliza tion  fro m  a ce tic  
a c id  o r  to lu en e  ra ised  th e  d e c  tem p era tu re  t o  a b o u t  23 0°.

Anal. C a lcd  fo r  C i 7H ioC>3 : C , 77.9; H , 3.8; m o l w t, 262. F o u n d : C , 
77 .8; H , 3.8; m o l w t (m ass s p e c tru m ), 262.

C o n d e n sa tio n  w ith  0 - p h e n y le n e d ia m in e  w as e ffe c te d  b y  15 -m in  
h ea tin g  in  p y r id in e  so lu tio n  on  th e  steam  ba th , g iv in g  th e  oran ge  
q u in ox a lin e  (7b), m p  2 2 7 -2 2 9 °  d ec. C rysta lliza tion  fro m  a ce tic  
a c id  or to lu en e  raised  th e  m eltin g  p o in t  to  22 9 -23 0° d e c .

Anal, C a lcd  fo r  C 23H i 4N 20 :  C , 82 .7; H , 4 .2 ; N , 8.4 . F o u n d : C , 
82 .9; H , 4.1 ; N , 8.3.

6-Piperidino-l,2-aceamthrylenedione (5d). A  m ix tu re  o f  1.5 g 
(4 .8  m m o l) o f  5c an d  1.2 m l (1 .0  g, 12 m m o l) o f  p ip e r id in e  in  50 m l 
o f  e th a n o l w as stirred  at re flu x  fo r  4 hr, ch ille d , a n d  filte re d , y ie ld 
ing  1.4 g (93% ) o f  p u rp le -b ro w n  p ro d u c t , m p  1 9 6 -2 0 1 °  d ec . C rys 
ta lliza tion  fro m  a ce tic  acid  or iso b u ty l a lco h o l ra ised  th e  m e ltin g  
p o in t  to  2 0 2 -2 0 5 ° .

Anal. C a lcd  fo r  C 2 iH 17 N 0 2: C , 80 .0; H , 5.4 ; N , 4.5. F o u n d : C, 
79 .8; H , 5.2; N , 4.2.

Q u in o x a lin e  (7d) was p rep a red  fro m  5d b y  re flu x in g  fo r  0 .5  hr 
w ith  a s ligh t excess  o f  0 - p h en y le n e d ia m in e  in p y r id in e  so lu tio n , 
fo llo w e d  b y  co o lin g , d ilu tion , a n d  filtra tion . T h e  p r o d u c t  w as o b 
ta in ed  in  q u a n tita tiv e  y ie ld , m p  2 1 1 -2 1 7 ° . C rysta lliza tion  from  
m e th y lcy c lo h e x a n e  co n ta in in g  a little  to lu e n e  gave an ora n ge  so lid , 
m p  2 1 7 -2 2 0 ° .

Anal. C a lcd  fo r  C 27H 2 i N 3: C , 83 .7; H , 5.4 ; N , 10.9. F o u n d : C, 
83.4; H , 5.2 ; N , 11.1.

3-Methyldibenzo[de,h ]cinnolone-7 (14) w as p re p a re d  fro m  
lb an d  h y d ra z in e  h y d ra te  b y  re flu x in g  fo r  1  hr in e th a n o l a n d  c ry s 
ta llized  fro m  m e th o x y e th a n o l: m p  2 6 0 -2 6 1 ° .

Anal. C a lcd  fo r  C 16 H 10 N 2O: C , 78.0; H , 4.1 ; N , 11.4. F o u n d : C, 
78 .4; H , 4.0 ; N , 11.5.

Acknowledgment. The authors are grateful to K. Val
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Registry No.—lb, 5 3 336 -60 -0 ; Id, 53336 -61 -1 ; le, 6 0 2 -6 9 -7 ; If, 
5 3 336 -62 -2 ; lg, 5 3 336 -63 -3 ; 2b, 5 3 336 -64 -4 ; 5a, 6 3 7 3 -1 1 -1 ; 5b, 
5 3 336 -65 -5 ; 5c, 53336 -66 -6 ; 5d, 5 3 336 -67 -7 ; 7a, 20 3 -22 -5 ; 7b, 
5 3 4 0 3 -8 5 -3 ; 7c, 5 3 336 -68 -8 ; 7d, 53336 -69 -9 ; 12, 53 3 3 6 -7 0 -2 ; 13, 
53 336 -71 -3 ; 14, 53 336-72-4 ; o -p h e n y le n e d ia m in e , 9 5 -5 4 -5 ; p ip e r i
d in e , 110-89 -4 ; h yd razin e  hyd rate , 10217-52-4 .
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The 270-MHz 1H spectra and the 22.6-MHz 13C spectra have been obtained for azacyclooctane (azocane) and 
its N- methyl and N- chloro derivatives between room temperature and -120°. A coalescence is observed in each 
case at about —95° in the 1H spectra. The 13C spectra remain unchanged throughout the temperature range. The 
results are consistent with a boat-chair conformation in which the nitrogen resides at the BC(1) position on the 
molecular plane of symmetry. Pseudorotation is ruled out as the process responsible for the changes in the ‘ H 
spectra because of the temperature invariance of the 13C spectra. The spectral changes are therefore attributed to 
the slowing of boat-chair/boat-chair ring reversal. For the N-H and N-CH3 systems, nitrogen inversion is fast at 
these temperatures, but for N-Cl the process should be slow on the nmr time scale.

Theory and experiment alike have gravitated to the 
boat-chair ( 1 ) as the favored conformation for cyclooctane

2 3
1

and many of its derivatives.2'3 When one or more methy
lene groups in cyclooctane are replaced with a heteroatom, 
nonbonded and eclipsing interactions are changed consid
erably, so that conformational minima may differ. Nmr 
studies of oxygen derivatives4 have indicated that oxocane 
(one oxygen) exists as a boat-chair with the oxygen in the 
BC(1) position, 1,3-dioxocane exists as a boat-chair with 
the oxygens in the BC(1) and BC(3) positions, 1,3,6-trioxo- 
cane exists as a mixture of twist-boat-chair and twist- 
chair-chair conformations, and 1,3,5,7-tetraoxocane exists 
as a mixture of twist-boat-chair and symmetrical crown 
conformations.

The present study was initiated to examine the confor
mational properties in solution of azacyclooctanes, in which 
one methylene group of cyclooctane has been replaced with 
NR. Such a change in the molecular structure raises a num
ber of questions. (1) What conformation do azacyclooc
tanes assume? (2 ) At what position does the nitrogen atom 
reside? In conformations other than the symmetrical 
crown, there are several distinct positions, in contrast to 
cyclohexane. In the boat-chair (1), for example, the nitro
gen has the choice of five positions. (3) Does the substitu
ent on nitrogen assume an axial-like or an equatorial-like 
position? (4) What dynamic processes operate in the mole
cule? If there is a preference for the boat-chair, which pos
sesses a plane o f symmetry, the molecule may undergo a 
ring reversal process (eq 1 ) very similar to that o f cyclohex-

2 H , R  =  H  
2 M . R = C H :i 
2 C , R  =  C l

ane. By this process, an axial group is interchanged with its 
geminal equatorial counterpart. If the time scale of the nmr 
experiment is responsive to this process, then the protons 
in a given CH 2 group (disregarding for the time being ef
fects o f substituents on nitrogen) will change from enantio- 
topic to diastereotopic, as the temperature is lowered. This 
process does not affect the positional identity o f the vari
ous atoms, as numbered in 1. Pseudorotation, on the other 
hand, averages ring positions as well as substituent identi
ties. A boat-chair can be transformed into another boat-

chair, probably through a twist-boat-chair intermediate, 
with alteration o f positional identity, as in eq 2. In this

manner the nitrogen atom can be moved around the ring in 
an orderly fashion. The substituents are averaged to two 
noninterconverting sets: le, 2e, 3a, 4a, 5a, 4'a, 3'a, 2'e; and 
la, 2a, 3e, 4e, 5e, 4'e, 3'e, 2 'a. Thus, geminal groups are not 
interchanged by pseudorotation. In cyclooctane, only when 
all positions are averaged by pseudorotation and when 
geminal groups are interchanged by ring reversal do all 
protons become equivalent. In azacyclooctanes, the 13C 
spectrum can thus be of use to determine the location of 
the nitrogen. If it is located on the boat-chair plane of sym
metry (positions 1 or 5), the 13C spectrum will not change 
with temperature. If it is located off the plane of symmetry 
(positions 2, 3, or 4), changes will be observed as pseudoro
tation is frozen out. For example, if azacyclooctane should 
exist as the BC(2) form, a dynamic process would be ob
served (see eq 2 ), and at the slow-exchange limit carbons 
3,3' and 4,4' (respectively) would become nonequivalent. 
The I3C spectrum is not sensitive to the process of ring re
versal, so that spectral changes can only derive from hin
dered pseudorotation. A third dynamic process, inversion 
about nitrogen, is also possible in azacyclooctanes. This 
process interconverts the axial and equatorial positions on 
nitrogen without involving the remainder of the ring. Only 
if nitrogen inversion is frozen out can the conformational 
preference of the substituent on nitrogen be determined. If 
the molecule is biased entirely toward one substituent posi
tion, then the spectrum will not be altered as nitrogen in
version is slowed.

In order to answer these questions, we have examined 
the !H spectra at 270 MHz and the 13C spectra at 22.6 MHz 
of azacyclooctane (2H) and its N -methyl (2M) and A1-chlo
ro (2C) derivatives. A high-field, superconducting magnet 
system was necessary to differentiate proton resonances. 
From the temperature dependence o f the *H spectra and 
the temperature independence of the 13C spectra, we con
clude that all these azacyclooctanes exist in the boat-chair 
conformation with the nitrogen at the BC(1) position. Ten
tative conclusions about the location o f the substituents on 
nitrogen are reached.

Results
The 270-MHz JH spectrum of azocane (heptamethyleni- 

mine or azacyclooctane, 2H) at room temperature (Figure
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i---------------------- 1
Figure 1. The 270-MHz i 1H spectrum of azocane (2H, heptamethylenimine) in CHCIF2 as a function of temperature (top to bottom, +19, 
-80 , —107.5°). The room-temperature peaks occur approximately at 5 2.2, 2.8, and 3.4. The calibration bar represents 90 Hz.

1) contains a broad singlet at 5 2,2 for the ten P>, 7 , and 5 
protons. The NH proton falls at 2.8, and the «-methylene 
protons give a second-order triplet at 3.4. As the tempera
ture is lowered, the resonances from the protons on carbon 
broaden. The resonance from the proton on nitrogen 
broadens, moves downfield, and ultimately disappears be
cause o f quadrupolar relaxation and a lower rate of proton 
exchange. At —107.5°, the a-methylene resonance has 
reached the slow-exchange limit as a pair of 1 : 1  multiplets, 
which form essentially an AB quartet (Ac = 0.22 ppm) with 
additional vicinal splitting. The remaining methylene pro-

tons produce a multiplet at higher field, with at least five 
overlapping components, which arise from chemical-shift 
differences of three distinct sets o f diastereotopic geminal 
protons (d, 7 , and 5).

The room-temperature 270-MHz 1H spectrum of N - 
methylheptamethylenimine (2M) is given in Figure 2. The 
methyl singlet occurs at <5 2.3, the a-methylene resonance at
2.5, and the resonances of the remaining protons at 1 .6 . As 
the temperature is lowered to —109°, the methyl and a- 
methylene resonances undergo only slight broadening. The 
resonance of the remaining methylene groups, however,
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i------------------------ 1
Figure 2. The 270-MHz 'H  spectrum of N- methylheptamethylenimine (2M) in CHCIF2 as a function of temperature (top to bottom, +19, 
—80, —109°). The room-temperature peaks occur approximately at <5 1.6, 2.3, and 2.5. The calibration bar represents 90 Hz.

broadens considerably at —80° and becomes a multiplet 
containing at least four components at the slow-exchange 
limit.

A t room temperature, the a-methylene protons of N- 
ch'ioroheptamethylenimine (2C) produce a sharp, well-re- 
solved triplet at 8 3.2 (Figure 3). The two-peak resonance 
from  the remaining methylene groups contrasts with the 
analogous singlet resonances of the NCH 3 and NH com
pounds. Most likely, the electron-withdrawing nature of

the N - chloro group has pulled the resonance o f the ft pro
tons to a lower field (1.9) than that o f the 7  and 8 protons
( 1 .6 ). As the temperature is decreased, all resonances 
broaden. The «-methylene triplet loses its fine structure at 
—80°, and finally becomes a doublet o f unequal intensities 
(about 1:3) at —109°. This result contrasts with the 1:1 
doublet for the NH compound and the singlet for the 
NCH 3 compound. The high-field peaks broaden, merge, 
and resolve intc at least two very broad multiplets. There is
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Figure 3. The 270-MHz 'H  spectrum of N- chloroheptamethylenimine (2C) in CHCIF2 as a function of temperature (top to bottom, +19, 
—80, —109°). The room-temperature peaks occur approximately at 5 1.6, 1.9, and 3.2. The calibration bar represents 90 Hz.

a strong similarity among the 7 , and 5 resonances for all 
three systems at —109°.

The 13C spectra of 2H, 2M, and 2C were examined at
22.6 MHz between room temperature and —120° (Figure
4). The cv-carbon resonances fall at lowest field. The fj, 7 , 
and 5 carbons each give distinct resonances at higher field, 
with the 5-carbon peak recognized by its lower intensity. 
There was essentially no change with temperature over this 
150° range in any o f the spectra.

Discussion
The 13C spectra of all three systems under study (2H, 

2M, 2C) contain four resonances (ignoring the methyl 
peak) in the approximate ratio 2 :2 :2 :1 , and do not exhibit 
changes as the temperature is lowered to —120°. The 1H 
spectra o f the three compounds, on the other hand, pass 
through an exchange process over this same temperature 
range. Because a slowing of pseudorotation should have 
been evident in the 13C spectrum, we can conclude without 
equivocation that the observed changes in the 1II spectra 
are due to a slowing o f ring reversal. Because only four 
peaks are observed in the 13C spectra, the preferred confor
mation, assuming a boat-chair, must either possess a plane 
of symmetry [BC(1) or BC(5)] or undergo rapid pseudoro
tation to produce a plane o f symmetry on the average 
[BC(2) BC(2'), etc.]. The present data do not differen

tiate between these two possibilities. A  similar quandary 
was reached in the oxocane study,4 but the authors favored 
the BC(1) form with a static plane o f sy mmetry. The azo
cane and oxocane data are essentially identical. We like
wise favor the BC(1 ) conformation because it permits the 
largest amount of relief from nonbonded interactions. The 
remarkable similarity between the high-field multiplets in 
the 4H slow-exchange spectra of 2H, 2M, and 2C points 
toward a common conformation. Although no attempt was 
made to measure accurate barriers from the changes in the 
1H spectra, the approximate coalescence temperatures 
(~ —95°) and chemical-shift differences (0.22 ppm  for the a 
protons of 2H) lead to barriers for boat-chair/boat-chair 
ring reversal of about 8-9 kcal/mol.

We do not believe that the spectral changes in any of the 
systems are due to nitrogen inversion. We have previously 
studied this process in the N - methyl and N - chloro cyclic 
¡mines of ring size four through seven.5 It is clear from  our 
earlier investigations that nitrogen inversion or proton ex
change is very rapid in secondary imines such as 2.H, so 
that no spectral changes are expected in the temperature 
range examined in the present study. One can estimate a 
barrier to nitrogen inversion for the N - methyl system from 
data in other ring systems.5 The expected result (~6.5 kc.al/ 
mol) does not correspond to the present observations (8 -9  
kcal/mol). Furthermore, the N - methyl compound is ex-
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Figure 4. (Top) The 22.6-MHz 13C spectrum of heptamethylenimine (2H) at 25°. The peaks lie at 29.0 (0 or 7), 31.8 (5), 32.6 (0 or 7), and
52.0 (a) ppm below TMS. (Middle) The 22.6-MHz 13C spectrum of N- methyl- (2M, left) and N- chloroheptamethylenimine (2C, right) at 
25°. The peaks for 2M lie at 30.0 (0 or 7 ), 31.2 (0 or 7), 31.5 (6), 49.8 (CH3), and 59.8 (a) ppm below TMS. The peaks for 2C lie at 29.5 (0 or 
7), 30.3 (6), 30.7 (0 or 7 ), and 66.5 (a) ppm below TMS. (Bottom) The 13C spectra of 2M (left) and 2C (right) at —120°. The calibration bar 
represents 30 ppm. In collection of the data, a pulse width of 80-100 Msec, a dwell time of 100 Msec, a delay time of Vie Msec, and a total 
sweep width o f 5000 Hz were used. Each spectrum is the average of 512 transients.

pected to exist as a biased equilibrium. The axial BC(1) 
form should be much less favored than the equatorial form, 
since the 1-3 interactions are even greater than in cyclo
hexane.6 Thus, even if nitrogen inversion becomes slow on 
the nmr time scale, the spectrum o f 2M will not be altered.

The situation is much the same as that in N - methylpiperi- 
dine, which exhibits hindered ring reversal7 but gives no 
evidence for hindered nitrogen inversion even though the 
barrier is not excessively low, since the equilibrium lies well 
on the side of the equatorial form .8
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The «-proton resonance of 2H is a well-spaced AB quar
tet (Figure 1). The axial proton at the 2 position of a boat- 
chair is shielded to a greater extent by the 1-2' and 3-4 
bonds than is the 2 -equatorial proton, just as in cyclohex
ane. The 1-equatorial position in the boat-chair is nearly 
eclipsed with the 2 -equatorial position, so that introduction 
of a 1 -methyl group will strongly shield the 2 -equatorial 
proton but have little effect on the 2-axial proton. As can 
be seen from Figure 2, the «-equatorial proton resonance of 2M has indeed moved upfield to a point of superposition 
with the axial proton resonance. This frequency lies very 
close to that o f the high-field (2-axial) resonance in 2H.

The asymmetry o f the «-proton resonance of the N - chlo- 
ro derivative 2C is puzzling. Below —100°, inversion about 
nitrogen bearing a chlorine substituent should be slow.5 
Therefore, if both the axial and equatorial chlorine confor
mations are populated, separate 1H and 13C resonances 
should be observable. One possible explanation of the spec
tral asymmetry of the «-proton resonance thus is the pres
ence o f two conformers. This explanation is unlikely, how
ever, because o f the insensitivity to temperature of the 13C 
spectrum over a range that should have revealed multiple 
conformations, if present. We are not able to provide an ex
planation for the asymmetry of the «-proton resonance in 
the spectrum of the N - chloro compound without invoking 
a second conformation that for some reason is not mani
fested in the 13C spectrum.

To summarize these studies, we have found that the 4H 
and 13C spectra of azocane (azacyclooctane, heptamethy- 
lenimine) and o f its N -  methyl and N - chloro derivatives 
are consistent with the boat-chair conformation, in which 
the nitrogen atom is at the BC(1) position on the plane of 
symmetry. As in the case of oxocane,4 other explanations 
are not excluded. Changes in the 1H nmr spectrum below 
—80° and the lack thereof in the 13C spectrum indicate that 
the process of boat-chair/boat-chair ring reversal becomes 
slow on the nmr time scale, and possesses a barrier o f about
8-9 kcal/mol. There is no evidence for a slowing of pseudo
rotation over this temperature range. Inversion about ni
trogen in the NH and NCH3 molecules appears to be nmr 
fast, although in the latter case the point is moot because a 
biased equilibrium prevails, with the methyl group entirely 
equatorial. The configuration of chlorine is not determined 
with certainty.

Experimental Section
In fra red  sp ectra  w ere  m easu red  on  a B e ck m a n  IR -5  s p e c tr o p h o 

tom eter . P re lim in a ry  an d  rou tin e  n m r sp ectra  w ere re co rd e d  on  
V arian  A ssoc ia tes  T -6 0  or  H ita ch i P e rk in -E lm e r  R 2 0 B  sp e c tro m e 
ters o p e ra tin g  at 60 M H z . A ll 'H  sp ectra  re p o r te d  in  th is p ap er 
w ere  ob ta in e d  at 270 M H z  on  th e  B ru k er H X -2 7 0  e q u ip p e d  w ith  a 
variab le  tem p era tu re  p ro b e .9 T h e  13C sp ectra  w ere o b ta in e d  on  a 
B ru k e r  H F X -1 0  sp e c tro m e te r  o p era tin g  at 22.6 M H z  and 
e q u ip p e d  w ith  a va r ia b le -te m p e ra tu re  p ro b e , b ro a d -b a n d  d e c o u 
p ler, N ico le t  M o d e l 1074 co m p u te r  fo r  d a ta  a cq u is itio n , a n d  D ig i
tal C orp . M o d e l P D P 8 /L  co m p u te r  w ith  T e le ty p e  I /O  fo r  F ou rier

transformation. The 13C spectra were obtained as the free induc
tion decay with broad-band lH decoupling and converted to the 
frequency domain by Fourier transformation. Further details are 
given in the caption of Figure 4. Elemental analyses were per
formed by Micro-Tech Laboratories, Inc., Skokie, 111. 60076.

Heptamethylenimine (2H, azocane, azacyclooctane) was ob
tained from Aldrich Chemical Co. and used without further purifi
cation. Anal. Calcd for C7H15N: C, 74.27; H, 13.36; N, 12.37. 
Found: C, 74.52; H, 13.43; N, 12.32.

7V-IV1 ethyl heptamethylenimine (2M). A solution of formic 
acid (2.12 ml, 56 mmol, Allied Chemical Co.) and heptamethyleni
mine (2 g, 18 mmol) was cooled in running tap water. This mixture 
was added to a 36% formaldehyde solution (1.92 g, 23 mmol, J. T. 
Baker) and heated to 95-100°. When C 02 began to evolve, the 
flask was removed from the heating bath. After the evolution of 
CO2 had ceased, the mixture was heated again for 7 hr at 95-100°. 
To the cooled mixture was added 8 ml of 2 A  HC1, and the water 
was removed by distillation in vacuo. The syrupy yellow residue 
was dissolved in 8 ml of distilled water. To this solution, 8 ml of 
saturated aqueous KOH was added to effect separation of the 
imine. The product was extracted with ether (3 X 20 ml), and the 
ether solution was filtered, washed with brine, dried (MgS04), and 
filtered, and the ether evaporated. The colorless product was puri
fied by distillation: bp 144-146° (760 mm); yield 45%.10 Anal. 
Calcd for C8H i7N: C, 75.52; H, 13.47; N, 11.00. Found: C, 75.70; H, 
13.55; N, 10.98.

N-Chloroheptamethylenimine (2C). Heptamethylenimine (2 
g, 18 mmol) in 50 ml of dry ether was carefully added to A-chlo- 
rosuccinimide (3.85 g, 29 mmol, Aldrich Chemical Co.) in 40 ml of 
dry ether. The mixture was stirred for 1.5 hr and then washed with 
distilled water and 5 N  HC1. The ether layer was filtered, washed 
with brine, dried (MgS04), and filtered, and the ether evaporated. 
The colorless product was purified by bulb-to-bulb distillation: 
yield 58%.10 Anal. Calcd for C7H14NCI: C, 56.94; H, 9.55; N, 9.48. 
Found: C, 56.70; H, 9.50; N, 9.40.

Registry No. 2H, 1121-92-2; 2M, 19719-81-4; 2C, 37546-26-2.
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The reactive sulfur speeies in the sulfur(IV)-propylene oxide reaction is sulfite ion. The reaction is first order 
in sulfite and also first order in propylene oxide under conditions of dilute base in nearly pure water. The reaction 
order with respect to propylene oxide becomes less than one as the propylene oxide concentration is increased. 
These observations are consistent with simple nucleophilic attack by the sulfite ion, and with strongly concentra
tion-dependent activity coefficients for propylene oxide.

Reactions between epoxides and sulfur(IV) generally re
sult in ring opening2 as illustrated by eq 1. If the ring car-

O OH
/  \  l l

— c — c —  + h s o 3‘  — —  C — C -----SOs- (1)

bon atoms in the reactant are substituted unsymmetrically, 
then nonequivalent sites for sulfur(IV) attack exist and ei
ther or both of the isomeric products may be obtained .2 If 
one o f the ring carbon atoms is bound to more bulky sub
stituents than the other, as in propylene oxide, then the 
major product is usually predicted to have the sulfonate 
group in the terminal position owing to smaller steric resis
tance to attack at the terminal carbon atom .2 However, this 
generalization is not valid for every reaction. For example, 
the reactions o f sulfite with styrene oxide and with 1 ,2 - 
epoxyoctane have been reported to give only the corre
sponding 2-sulfonic acids.3 The product of the sulfite reac
tion with propylene oxide, the epoxide of principal interest 
in the present report, has been reported to give only the 
terminal sulfonate4’5 but may give a mixture.6 Even greater 
disagreement exists about the product of the sulfur(IV)- 
epichlorohydrin reaction. A product with a normal termi
nal sulfonate group has been reported,7 but the reaction 
has also been reported8 to give under some conditions ter
minal sulfonate by replacement of the chloride, without 
disturbing the ring. However, this last report has been 
questioned.9

Some very early observations of epoxide reactions with 
sulfite were made, 10 but not much work has been done re
cently.9 One moderately recent study3 was a stoichiometric 
and kinetic investigation of the reaction between sulfite 
and styrene oxide in two phases. It was concluded that sul
fite ion is the reactive sulfur(IV) species and that the reac
tions are first order in sulfite ion; however, an attempt to 
study the reaction between propylene oxide and sulfite in a 
single aqueous phase was not successful because the reac
tion was too fast to study by methods then available.

Owing to our interest in reactions of sulfur(IV) 11 and to 
the absence of detailed kinetic data for reactions of the 
class shown in eq 1, we have studied the sulfur(IV)-propyl- 
ene oxide reaction indicated by eq 2  and have made a few 
observations o f some related reactions.

A
CHSC----- C----- H + S032- + H20

H H
OH H

CH3C------C----- S03" + OH' (2)
I I
H H

Experimental Section
Reagents. Oxygen-free aqueous sodium sulfite solutions and so

dium perchlorate solutions were prepared as described earlier.12

Reagent grade sodium carbonate, sodium hydroxide, perchloric 
acid, ethylene oxide, propylene oxide, propylene sulfide, epichloro- 
hydrin, epibromohvdrin, and deuterium oxide were used without 
purification. The water used for preparation of each solution was 
redistilled from laboratory distilled water and was stored in a poly
ethylene tank.

Rate and Nmr Measurements. Rates of reaction 2 were mea
sured at 4.0, 14.1, and 25.0° in aqueous alkaline solutions of 0.25 M 
ionic strength maintained with NaClOr. The reactant solutions 
were contained in 5- or 10-cm spectrophotometer cells positioned 
in a Beckman ACTA V recording spectrophotometer. The progress 
of each reaction was observed by measuring the absorbance de
crease at 270 nm, where S 032- is the principal absorbing species. 
Propylene oxide was in large excess in each experiment. Each indi
vidual experiment was first order in sulfite and the pseudo-first- 
order rate constant was obtained from a plot of In (A — A „ ), vs. 
time, where A and A „ are the absorbances at 270 nm at a particu
lar time and at completion of the reaction, respectively.

The procedures used in the propylene oxide experiments were 
also used in attempts to measure the rate of reaction of sulfite ion 
with ethylene oxide and with propylene sulfide. These same proce
dures were also used in attempts to measure the rates of reaction 
with epichlorohydrin and epibromohydrin, except the solvent was 
50% ethanol owing to the insolubility of these organic compounds 
in pure water.

A Varian XL-100 spectrometer was used to measure the proton 
nmr spectra of the reactants and products of reaction 2 and of the 
analogous epichlorohydrin reaction in D30  solution.

Results
Reaction Product. We used proton nmr spectra to con

firm that the sulfonate group in the reaction 2  product is 
indeed in the terminal position as expected2 and as assert
ed by some earlier workers.4,5 Our measurement of the 
spectrum of reactant propylene oxide gave an upfield dou
blet assigned to the methyl group. In addition to the up
field doublet, multiplets centered at 75 and 93 MHz down- 
field from the doublet and a poorly resolved multiplet cen
tered at 108 MHz downfield from the doublet were ob
served. The spectrum had the same appearance as spectra 
reported earlier13,14 for propylene oxide. In addition, our 
assignments are in agreement with the earlier ones; 13,14 the 
methyl group resonance is upfield, the resonances for the 
two hydrogen atoms on the other terminal carbon atom are 
at 75 and 93 MHz, and the resonance for the remaining hy
drogen atom is at 108 MHz downfield.

Reaction 2 was allowed to occur in D20  solution under 
conditions of excess sulfite so that all the propylene oxide 
was converted to product. The proton nmr spectrum of the 
resulting solution had the following downfield resonances 
(still referred to the upfield doublet for propylene oxide): a 
doublet centered at 8 MHz assigned to the methyl group, 
multiplets at 113 and 120 MHz assigned to the hydrogen 
atoms on the terminal carbon atom containing the sulfo
nate group, and a multiplet at 190 MHz assigned to the hy
drogen atom on the central carbon atom. The assignment 
o f the downfield multiplet is based on the low relative in
tensity and on the similarity in shape to the analogous mul-
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Table I
Observed Pseudo-First-Order Rate Constants for 
Reaction 2 at 0.25 M  Ionic Strength and 0.005-0.01 

MNaOH

[CjHgO],“ 
mol % sec- 1

tc3H6o :.°
mol %

io3f ,
sec- l

0.534 0.2086 0.192 0.218°
1.08 0.447 0.485 1.49
2.23 1.24 0.980 2.54
3.20 1.44 1.03 2.62
3.44 1.58 2.02 5.64
3.70 1.78 2.06“ 5.83
4.74 1.35 2.06° 5.73
6.12 0.940 2.06i -/ 5.77
7.58 0.759 4.28 9.90
7.89 0.645 5.75 12.6
0.520 0.510 9.78 15.4
1.05 0.672 17.1 14.2
2.16 2.31 27.3 12.6
4.61 3.08 36.8 11.1
5.95 3.22 41.1 10.6
7.37 2.25

“ Mole per cent solvent, considering only propylene oxide and 
water. * Each of the first ten rate constants listed in this column 
was measured at 4.0°. The remaining six were measured at 14.1°. 
c Each of the rate constants listed in this column was measured at 
25.0°. d [OH ' ] was 0.0094 M. e [OH ' ] was 0.00504 M. 1 The reaction 
occurred in an oxygen-free solution.

Table II
Observed and Calculated Values for k° and Activation 

Parameters for k°, Valid in the Limit as [PO] 
Approaches Zero

Hot 25 AS*, eu kcal/mol

0.045 0.108 0.290 2.5S 14.0
" The rate constants are defined by eq 4; the units are (mole frac

tion) ' 1 s e c 1.

tiplet in propylene oxide. We conclude that the hydroxyl 
group in the reaction 2 product is indeed on the central car
bon atom, rather than on the terminal one, because the res
onance assigned to this hydrogen atom shifted farther 
downfield than any of the other peaks, in accord with the 
greater deshielding strength of OH relative to SO:>' or
s o 3h .

We were able to measure an nmr spectrum of epichloro- 
hydrin that agrees with spectra already reported , 15 but the 
products of the reaction of epichlorohydrin with excess sul
fite in D 20  solution apparently include at least two organic 
species. The nmr spectrum of the product mixture is com
plex and is not consistent with complete conversion to any 
one of the three expected products (l-chloro-2-hydroxy-3- 
sulfonic acid,7 l-chloro-3-hydroxy-2-sulfonic acid, or 1,2- 
epoxy-3-sulfonic acid8).

Phase Properties o f the W ater-Propylene Oxide 
System. The salt-free water-propylene oxide system is 
known16 to form two liquid phases at mole fractions of pro
pylene oxide ranging from about 0.17 to about 0.90. The 
two-phase region exists at all temperatures between the 
freezing and boiling points of the liquid. The solids that 
can exist in equilibrium with the liquid phases are pure 
propylene oxide, pure water, and a clathrate compound 
propylene oxide • 17 water. 17 Our visual observations of the 
system show that addition of 0.25 M  NaC104 renders the

MOIt PmClHT PnoerLtNB OXIOS

Figure 1. The relationship between observed rate constant for 
reactioh 2, and mole per cent propylene oxide. The dashed lines 
connect points measured under two-phase conditions.

solvents completely miscible at 25°, but two liquid phases 
remain at temperatures below about 2 0 °.

Rate Measurements. The numerical values o f the 
pseudo-first-order rate constants measured for reaction 2 
are listed in Table I. Each of the rate constants listed in the 
table occurred in a one-phase system and is defined by eq
3. These same rate constants are shown graphically in Fig-

-d  In [S 032- ] /d f  =  k ' (3)

ure 1 , along with some apparent rate constants obtained 
from two-phase systems.

Experimental results listed in Table I show that small 
variations in [OH- ] do not affect the value of k ', although 
experiments in dilute acid solution showed an induction 
period; reaction was slow until the solution became basic 
due to production of OH-  by reaction 2 . Similarly, Table I 
indicates that deoxygenation of the reaction mixture does 
not affect the value of k '. However, solvent phase separa
tion does affect the apparent rate constant, as indicated in 
Figure 1.

Even the data obtained at 25°, all in a one-phase system, 
indicate a complex relation between the pseudo-first-order 
rate constant and the mole per cent18 propylene oxide at 
high mole per cent propylene oxide. However, the data ob
tained at each of the temperatures conform to a first-order 
dependence on propylene oxide at low [PO] .19 The limiting 
slopes obtained from Figure 1  lead to the observed rate 
constants given in Table II, where the rate constant k °  is 
defined according to eq 4. The values of k °  are correlated

- d  In [ S032-] / d t =  fe°[PO] (4)

very well by the absolute rate theory equation, leading to 
the activiation enthalpy and entropy values of 14.0 kcal/ 
mol and 2.5 eu, respectively, for k°.

Some attempts were made to measure the rates o f sulfite 
ion reaction with substrates other than propylene oxide.
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Table III

Observed Pseudo-First-Order Rate Constants for 
Reaction of Sulfite Ion with Ethylene Oxide at 0° in 

Alkaline Aqueous Solution

tC2H4Ol, V 103fk, sec 1

0.091 1.5
0.112 2.3
0.120 2.4
0.188 1.4
0.221 3.9
0.225 3.5
0.296 5.3

The sulfite reaction with propylene sulfide was rapid and 
yielded a polymeric solid that did not dissolve in any of the 
polar or nonpolar solvents we tested. Neither epichlorohy- 
drin nor epibromohydrin was sufficiently soluble in water 
to permit rate measurements in water solution. In addition, 
both these substrates reacted quite rapidly with sulfite. 
However, a rate constant was measured for epichlorohydrin 
at 4° in 50 vol % water-ethanol solution; the rate was first 
order in sulfite, and based on the assumption that the rate 
is also first order in epichlorohydrin, the rate constant was 
about 0.02 M ” 1 sec“ 1 in a solution initially containing 4.88 
X 10“ 3 M  epichlorohydrin, 0.01 M  NaOH, and about 2.30 
X 10“ 3 M  SOa2“ .

The reaction between sulfite ion and ethylene oxide was 
also quite fast and study of the reaction was further com
plicated by the inconvenient volatility of ethylene oxide. 
The ethylene oxide was added to the spectrophotometer 
cell by bubbling the gas into the water solution in the cell. 
The ethylene oxide concentration after completion o f the 
reaction was determined by measuring the absorbance at 
260 nm, using e = 1.09. The initial portions of the reactions 
had already occurred by the time rate measurements were 
started, and the data were only moderately reproducible. 
The data are listed in Table III, where k ’ is defined by eq 3. 
The k ' data are approximately in accord with eq 5, where k 
= 0.02 M ~ 1 sec” 1.

k' =  fe[C2H40] (5)

Discussion
The data at low [PO] are consistent with empirical eq 4. 

A possible minor contributor to the deviation from eq 4 at 
higher [PO] is a dependence on the activity of water; the 
activity of water would be expected to remain approxi
mately constant with small changes in [PO] in nearly pure 
water, but would be expected to decrease slightly as [PO] 
becomes larger. 16 A probable major contributor to the de
viation is the decreasing activity coefficient for propylene 
oxide with increasing [PO], Activity coefficients for propyl
ene oxide and water in the salt-free mixed solvent system 
have been determined at the normal boiling points of the 
system , 16 but have not been determined at any of the tem
peratures employed in the present study. The activity coef
ficient for propylene oxide at the mixed solvent boiling 
temperatures does decrease sharply in the [PO] range 0 - 
0.4, however, and it appears reasonable to assume similar 
behavior at lower temperatures in the presence of dissolved 
salts. We think it is probable that either eq 6 or 7 accurate-

-d  In [S0 32' ] /  s t -  &«po« h2o ^

-d In [S032"]/df = feap0 (7)
ly represents the rate behavior for reaction 2  in the one- 
phase reaction mixtures containing up to 0.41 mol fraction

propylene oxide. The first-order dependence on sulfite ion 
concentration and the negligible importance of terms in
volving bisulfite concentration are well established by our 
work. Our conclusion that sulfite is the reactive sulfur(IV) 
species is in agreement with the conclusion reached from 
the earlier study,3 although the earlier study did involve 
heterogeneous systems and the investigators apparently 
did not realize that SO32”  and HSO3”  are in equilibrium in 
aqueous solutions.

The form of eq 4 is consistent with simple attack of the 
nucleophile sulfite ion upon the terminal ring carbon atom 
o f propylene oxide to give

CT H
I I

c h 3— c — <j:— s o 3-

H H

as the product of the rate-determining step if eq 7 is cor
rect, or to give the final net reaction product if eq 6 is cor
rect.

With respect ‘ o the reactions we studied more briefly 
than reaction 2 , our results with ethylene oxide are not in
consistent with a mechanism analogous to that described 
just above for propylene oxide. The stoichiometric evidence 
for the epichlorohydrin reaction permits no generalization 
except that at least two competing pathways exist for reac
tion with sulfite. The sulfite-induced polymerization of 
propylene sulfide is not surprising; if the initial reaction is 
analogous to reaction 2 , then a mercaptan is formed and 
the mercaptan could act as a nucleophile in attacking an
other propylene sulfide molecule to give a sulfur bridged 
dimer containing another mercaptan group capable of con
tinuing the polymerization. A detailed description o f an 
analogous process for the ethoxide-induced polymerization 
of propylene sulfide has already been presented.20

Registry No.—HS03” , 15181-46-1; propylene oxide. 75-56-9; 
ethylene oxide, 75-21-8.
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Kinetic solvent effects in solvents of relatively low di
electric constants are generally treated in a nonspecific 
manner. Differences in rate are usually reconciled using ei
ther an electrostatic approach1 or the regular solution theo
ry.2 Certain solvents in this category, e.g., chloroform and 
ether, in spite of similar dielectric constant and solubility 
parameter, may, however, exert tremendously different, 
and sometimes opposite, kinetic solvent effects because of 
their different ability to either accept or donate electrons 
to the reactants and/or transition state. In these cases, the 
kinetic solvent effects have to be viewed through specific 
solute-solvent interactions. In this communication, we 
present kinetic data of the aminolysis o f phthalic anhy
dride in solvents o f relatively low dielectric constants, viz., 
cyclohexane, chloroform, diethyl ether and tetrahydrofur- 
an (THF). It is shown that the apparent reaction rate and 
mechanism in these solvents are vastly different. The effect 
o f added acid on the apparent aminolysis rate is shown to 
be dramatically solvent dependent, being catalytic in some 
solvents and inhibitory in others. Opposing solvent kinetic 
effects were also observed when acylation rates of phthalic 
anhydride by diethylamine and morpholine in mixed chlo
roform-cyclohexane solvents were compared. In the reac
tion with diethylamine, the rate increased with the chloro
form content of the solvent, whereas the opposite was ob
served for the acylation reaction with morpholine. The col
lective data, however, can be interpreted in terms of a gen
eralized reaction scheme which takes into account the role 
o f each individual solvent on the reaction steps.

Results and Discussion
The stoichiometry o f the reactions between phthalic an

hydride and diethylamine (Et2NH) in all the solvents stud
ied is as given in eq 1 .

^ "\ ^ C O N E t2

u .
(1)

COOH

In all the solvent systems studied, it was impossible to 
use one single rate expression to describe the entire course 
o f the reaction. Therefore, initial and terminal rate expres
sions were separately determined. Initial rate plots as a 
function of diethylamine concentration are presented in 
Figure 1, and it can be observed, in the amine concentra
tions studied, that the reaction rate was about 1 0 - 1 2 0  
times faster in chloroform and tetrahydrofuran than in

Figure 1. Initial rate plots of -(d[A]/dt)o/[A]0[B]0 vs. [B]0 for the 
reaction between phthalic anhydride and diethylamine in chloro
form ( a ), tetrahydrofuran (▼), cyclohexane (□), and diethyl ether 
(•) at 25°.

ether and cyclohexane. It is also evident that even among 
the initial rates measured, the rate dependence on amine 
concentration was influenced by solvent. The apparent rate 
expressions are presented in Table I.

The terminal rate expressions are even more complex 
than the initial rates because of the participation of the 
reaction product, N ,N - diethylphthalamic acid, in the reac
tion. For example, in chloroform, the terminal rate was 
found to be slower than the initial rate, whereas in tetrahy
drofuran, the reverse was true (Table I). It was also found 
that in any particular solvent, added acetic acid affected 
the acylation rate in a manner similar to that o f added 
phthalamic acid, whereas added acetamide had no effect. 
Apparently, the carboxylic acid group, rather than the 
amide function, in the reaction product caused the effects 
on the observed rate changes.

In the presence o f excess acetic acid the rate of disap
pearance of phthalic anhydride was first order in each sol
vent. The kinetic effects of added acetic acid on the ratio of 
observed pseudo-first-order rate constant over [B]0 are 
shown in Figure 2 . It appears that acetic acid catalyzed the 
reaction in both ether and THF. In ether, at the higher 
concentration of acetic acid, catalysis appeared to level off. 
In cyclohexane, the reaction between phthalic anhydride 
and diethylamine was accelerated at low acetic acid con
centrations but inhibited at high acetic acid concentra
tions. In chloroform, the overall effect was inhibition. No 
simple relationship between the observed rate and acetic 
acid concentration could be formulated in ether and cyclo
hexane. Empirical rate expressions could be written for the 
reaction occurring in chloroform and THF; these are pre
sented in Table I.

Scheme I depicts a series of reactions which can account 
for the kinetic results obtained for the acylation o f dieth
ylamine by phthalic anhydride in all the solvents studied.

378
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Scheme I

*1 k . l B l
B  ^  C  —

k .2 M P ]5

K
B  +  P X

In this scheme A is the anhydride, B the dialkylamine, 
and P the phthalamic acid. C is the reactive intermediate 
which can decompose to re-form the reactants (reaction 2 ) 
or to yield the phthalamic acid either*in a spontaneous 
reaction (reaction 3), in a reaction catalyzed by a molecule 
o f the dialkylamine (reaction 4), or in a reaction catalyzed 
by a molecule o f the phthalamic acid (reaction 5). X  is an 
unreactive complex formed by association o f a molecule of 
amine with one or more phthalamic acid molecules. If a 
carboxylic acid is added to the reaction system, it is be
lieved to participate in reactions similar to those of the 
phthalamic acid, since catalysis by the amide function ap
peared to be negligible.

In the absence o f any evidence for an accumulation of C 
during the course of the acylation, the rate laws which de
scribe Scheme I can be developed by using a steady-state 
approximation. Thus, in the absence of any added acid and 
when [B]0 »  [A]o and [P]o = 0, the initial rate of disappear
ance of anhydride is given by

fej fea +  M g ] i l lfe2 + fc3 + fe4[B]0[A]0[B]0 (2)

The observed initial rate expressions in the solvents stud
ied (Table I) can all be derived from eq 2. The differences 
arise because the relative magnitudes of the rate constants 
differ in the solvents. Thus, in Scheme I, it can be assumed 
that k 3 «  h 4 [B]o in ether, (k 2 +  fe3) »  fe4 [B]o in cyclo
hexane, and kg »  k i  [B]o in chloroform and THF.

From Scheme I, the rate of disappearance o f anhydride 
when [P] ^  0 is given by

~d[Ald t
where

k f l h  +  + k W )
k2 +  fe3 +  f k A[  B]„ + ferJP]

[A]o[B]o (3)

/  =  (1 +  4 P ] ) '1 (4)

Again, the observed data in all solvents for the terminal 
rates or in those cases when acid is added can be derived 
from eq 3; the solvent plays its role in determining again 
the relative magnitudes of the rate constants as well as the 
contribution of the inhibiting equilibrium to the overall 
scheme. Thus, in ether and THF, the catalytic effects 
noted in the presence of small concentrations of P or of 
added acid (which appears in equivalent terms to those of 
P) would be expected when K  [P] «  1 and k 5 [P] as well as 
(k 3 +  k 4 [B]o) was smaller than or comparable in size to k 2.

[Acetic Acid] x 102 (M)

Figure 2. Effects of added acetic acid on &(,bsd/[B]o of reaction be
tween phthalic anhydride and diethylamine in chloroform (a ), te- 
trahydrofuran (▼), cyclohexane (□), and diethyl ether (•) at 25°. 
[A]o 1.3 X 10-4 M  in all solvents.

Since the complexation constant between acetic acid and 
diethylamine in ether is low (K  ~  50 M - 1 ) ,3 the assump
tion o f K  [P] «  1 is valid at low [P], The same situation will 
hold in the case o f THF in which the complexation con
stant is expected to be even lower. When [P] or acetic acid 
concentration is high, the inhibitory effect will begin to be
come significant, and the catalytic contribution of [P] or 
added acid will be diminished (Figure 2). In cyclohexane, 
when high [P] is present, the overall effect is that o f inhibi
tion because the equilibrium constant, K, is much larger.4 
In chloroform, the term k 5 [P] is presumably small and no 
catalysis is ooserved, even at very low acid concentrations.

The formation of nonreactive complexes can also be in
voked in viewing the solvent effects when the acylation 
rates of phthalic anhydride by diethylamine and morpho
line in mixed chloroform-cyclohexane solvents were com
pared (Figure 3). In the reaction involving diethylamine, 
acylation was catalyzed by chloroform. However, in the ac
ylation o f phthalic anhydride by morpholine, an opposite 
solvent effect was observed in that the reaction was drasti
cally inhibited in the presence of chloroform. We have de
termined that morpholine forms both 1 : 1  and 1 : 2  com
plexes with chloroform, with equilibrium constants at 25°

Table ISummary of Observed Rate Expressions for Both Initial and “Terminal” Rates for Reaction between Phthalic Anhydride (A) and Diethylamine (B) in Various Solvents at 25°“
Solvent Initial rate expression ' 1 Terminal1 1 rate expression

C y c lo h e x a n e

E t h e r

C h lo r o f o r m

THF
a [P] = [acetic acid]. Concentrations

0 ,49| A ]0 [b !o + 18.7[A]0[B V  

565|A]„[B]0V (1  + 1.02 x  103[B l0) 

2 8 .2 [ A ]0[ B ]0 

21.2[A ]0[B ]0
in molar units and time is in seconds.

S ee  te x t 

S ee  te x t

25! A ’ B ¡0/( l + lOOOjPj) 

22.8|A]0[B |0 +28O|A]0|P]|Bj0
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rCHClj
Figure 3. Initial observed rate constants vs. volume fraction (<j>) of 
chloroform for the acylation of phthalic anhydride by morpholine 
(•) and diethylamine (O) in mixed chloroform-cyclohexane sol
vent systems.

of 1.05 M “ 1 and 0.29 M ~ 2, respectively. The stability con
stant for complexation between an aliphatic amine such as 
diethylamine with chloroform is likely to have a value of 
about 0.2 M - 1  at 25°.5 In the presence of excess chloro
form relative to the amine concentration, as in the present 
case, the activity of morpholine may be drastically lowered 
through complexation without compensatory solvation of 
the transition state. Thus, the reaction rate is reduced with 
increasing content of chloroform in the reaction medium. 
In the case of the reaction involving diethylamine, the com
paratively weaker solvation of the amine reactant by chlo
roform may be adequately counterbalanced by solvation of 
the transition state involved. Thus, inhibition by chloro
form is not observed.

Experimental Section
Reagents. Unless otherwise specified, all reagents were of re

agent grade. Diethyl ether (ACS) was dried over L1AIH4 and dis
tilled. Chloroform (AR) was washed with distilled water five to six 
times, dried over CaCL overnight, then distilled over phosphorus 
pentoxide, and used immediately. Cyclohexane (AR) was distilled 
over phosphorus pentoxide. Tetrahydrofuran (AR) was dried by 
LiAlH4 and distilled. All purified solvents were stored over molec
ular sieve (Linde 4A). Morpholine was refluxed with KOH pellets 
for 1 hr, fractionally distilled, and then again fractionally distilled 
over sodium. Diethylamine was refluxed with KOH pellets for 1 hr 
and then distilled. The middle fractions were collected and stored 
over KOH pellets. Piperidine was fractionally distilled over KOH 
pellets under nitrogen. The amines were stored under nitrogen in 
closed containers in a refrigerator. Their purity was checked by ti
tration with standard acid. Phthalic anhydride was recrystallized 
from a chloroform-cyclohexane mixture; mp 129-130° (lit. mp 
131.5°). N ,N - Diethylphthalamic acid was prepared according to

Maxim;6 mp 151-152° (lit. mp 153°). Glacial acetic acid was used 
without purification.

Kinetic Procedure. Rates and rate constants for the acylation 
reactions were calculated from changes in ultraviolet absorbance 
at a wavelength where phthalic anhydride was the main absorbing 
species. Measurements were made using Cary 14, Cary 16, and 
Durrum stop-flow spectrophotometers. In the cases when the reac
tions were first order or pseudo first order (in the presence of ex
cess amine), rate constants were calcualted from plots of log (A — 
A  „) against time. Initial rates were calculated from the spe of the 
ae to an absorbance against time plot at a point as close to zero 
time as possible. In these studies an accurate amount (0.01-0.1 ml) 
of a concentrated solution of the amine in the solvent to be studied 
was placed in a 1 cm absorption cell. Three milliliters of phthalic 
anhydride solution in the same solvent was injected into the cell 
through a hypodermic syringe. The instrument recorder was 
turned on after insertion of the needle through the cell compart
ment cover but before injection of the anhydride solution. For the 
studies of effects of acetic acid on the reaction, the proper amount 
of acetic acid was added to the amine before mixing with anhy
dride. The av spectra of the products of the reaction, when differ
ent acids were used as catalysts, were identical. All kinetic studies 
were done at 25°.
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Solvolysis Problems in Chlorinations in Sulfuric Acid

N. C. Deno* and Douglas G. Pohl

C h em is try  D e p a r tm e n t , T h e  P en n sy lv a n ia  S ta te  U n iv e r s ity ,  
U n iv e r s i ty  P a rk , P en n sy lv a n ia  16802

R e c e iv e d  S e p te m b e r  25, 1974

Recently several papers have reported chlorinations in 
50-96% sulfuric acid. Kollonitsch and coworkers used CL 
to chlorinate a-amino acids in 100% H2SO41 and 50% 
H2SO4,2 amines in 100% H2SO4,3 and carboxylic acids in 
H2SO4-H F .3 Minisci and coworkers published a number of 
papers on chlorination of esters, amines, and 1 -chloroal- 
kanes using N- chloro- and N- bromoammonium ions in 
85-96% H2S 0 4.4 Our own group has studied Cl2 and 
R2NHCR chlorinations of carboxylic acids in 85-96%
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Table I
Half-Lives for Solvolyses“ of the Seven Isomeric 

Chlorooctanoic Acids in 84, 90, and 96% H2S 0 4 at 25°

Registry no.

tion 
of Cl

/---------------------
84% H2S04

-Half-:life (hr) at —
90% H0SO.£ 4

----------------- \
96% H2S04

5 3 4 3 1 - 8 1 - 5 2 > 1 0 3 > 1 0 3 > 1 0 3
5 3 4 3 1 - 8 2 - 6 3 > 1 0 3 > 1 0 3 > 1 0 3
5 3 4 3 1 - 8 3 - 7 4 2  x 1 0 2 4 x 1 0

5 3 4 6 6 - 5 2 - 7 5 2 X 1 0 2 1 1 1 . 5

5 3 4 3 1 - 8 4 - 8 6 7 0 5 . 2 1.0
5 3 4 3 1 - 8 5 - 9 7 5 0 5 . 5 0 . 9

1 7 9 5 - 6 2 - 6 8 > 1 0 3 > 1 0 3 > 1 0 3

° The inertness of the 2-C1 and 8-C1 acids was demonstrated by 
nmr monitoring. Using these as standards, disappearance rates 
were determined by periodic dilution of aliquots with ice, ether 
extraction of the acids, esterification with diazomethane, and gc of 
the methyl esters as described in ref 6 and 13.

H2S04,^ 8 ethers6-8 in 85-96% H2SO4, alcohols in 20-70% 
H2SO4,6-9 and alkanes in 84% H2SO4.10

A potential hazard in these chlorinations is that the chlo- 
ro substitutent will selectively solvolyze and the product 
ratios be altered. This paper describes some experiments 
on the solvolysis of chlorooctanoic acids which show that 
the solvolysis of chloro substituents is highly sensitive to 
the H2SO4 concentration and to the position of the secon
dary chloro substituent relative to the carboxyl function.

The rates of solvolysis increase from 84 to 96% H2S04 
(Table I). This acid catalysis can be rationalized in terms of 
acidic species (HsO+, H2S04) pulling off chloride ion. The 
value of —d log k/dH^' is ~1.4 for the 5-, 6-, and 7-chlo- 
rooctanoic acids.11

The solvolysis rates also increase with an increase in dis
tance between chloro substituent and carboxyl group up to 
the 6-chloro (rates for 6-C1 and 7-C1 are equal). This is a re
sult of the positive charge that develops on the carbon 
undergoing substitution. The carboxyl group inhibits the 
formation of this positive charge and protonation of the 
carboxyl12 intensifies this effect.

We regret to state that these results invalidate the con
clusion that chlorination of octanoic acid by Cl2 in 96% 
H 2SO4 gives selectivity for 4-C1 and 8-C1 products.13 The 
apparent selectivity was in fact the result of selective de
struction of the 5-7 chloro products.

This same problem affects (to a lesser extent) other chlo
rination studies. Most of Minisci’s chlorinations were con
ducted in 96% H2S 04. Selective solvolysis must have been 
significant in products derived from reactants such as 
methyl hexanoate and heptanoate so that the selectivity for 
u> — 1 chlorination is greater than the 70-80% reported. In 
our own work, octanoic acid was reported to give 80% 7- 
chlorooctanoic acid in 84% H2S04.6 At 84% H2S04, the 
ratio of RCOOH2+ to RCOOH is about 4 so that higher se
lectivity for o) — 1 chlorination would be expected in 96% 
H2S04 where protonation of octanoic acid is more com
plete. However, this was not found and the selectivity for a> 
— 1 seemed to be much less. It is now clear that the selec
tivity was probably greater, but that this was obscured by 
selective solvolysis. The results of Kollonitsch were on such 
short chains1-3 that selective solvolysis would be unlikely. 
However, extrapolation of Kollonitsch’s conclusions and 
methods to longer chains would excounter selective solvoly
sis problems.

Registry No.—H2SO4, 7664-93-9.
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Improved Procedures for Ethynylcarbinol Hydration 
and Oxime Reduction to Amino Alcohols1
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Because of a need for 3-amino-2-methyl-2-butanol (1) 
and l-(l-aminoethyl)cyclohexanol (2) in other research, we 
considered several routes for their synthesis. Early synthes
es of 1 involved catalytic reduction of the oxime of 3-hy- 
droxy-3-methyl-2-butanone3 and of 2-methyl-3-nitro-2- 
butanol4 over Raney nickel, whereas 2 has been prepared 
in several steps starting from cyclohexanone cyanohy
drin.5-7 As either the yields or the procedures involved in 
the earlier syntheses left much to be desired, we have de
veloped improved procedures for 1 and 2. The chemistry 
used should be readily adaptable to the preparation of 
other amino alcohols.

The starting materials were the readily available ethyn- 
ylcarbinols, R2C(OH)C=CH, 3a and 3b, prepared by reac
tion of acetone and of cyclohexanone, respectively, with 
acetylene.8 Although reference to the hydration of aceyl- 
enes to ketones is frequently made,9 the best yield for the 
preparation of 1 -acetylcyclohexanol by this method that we 
have located in the literature is 69% in a two-step reaction 
of ethynylcyclohexanol with mercuric oxide and sulfuric 
acid.10 We have obtained a 90% yield by a simplified one- 
step process. Similarly, 3-hydroxy-3-methyl-2-butanone 
was obtained from 3a in 80% yield.

The ketones were then converted into the corresponding 
oximes which were hydrogenated over 5% rhodium-on-alu
mina11 to yield the desired 1 and 2 in excellent overall 
yield. This facile high-yield reduction of hydroxy oximes 
over a rhodium catalyst is notable in view of our unsuccess
ful attempts to reduce the same oximes eatalytically over 
platinum or palladium catalysts. In addition, reduction 
procedures involving sodium in liquid ammonia or LiAlH4 
in ether failed to yield the desired amino alcohols in more 
than small yield.

Monoacylation of 1 and 2 on nitrogen was effected in 
over 90% yields by carrying out the acylation with 1 equiv
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of acetic anhydride in absolute ethanol. The effectiveness 
of this method of monoacetylation12 should be noted.

Experimental Section
3-Hydroxy-3-methyl-2-butanone. To a warm vigorously 

stirred solution of 65 g of yellow mercuric oxide in 500 ml of water 
and 90 ml of concentrated sulfuric acid was added dropwise 420.5 g 
(5.0 mol) o f 2-methyl-3-butyn-2-ol8 during 1.5 hr. The mixture was 
then heated to 70° for 30 min, cooled, and filtered through a Celite 
layer. The organic product was extracted into ether and the ether 
layer washed with water and NaHC03 solution. After pouring 
through a layer of MgSC>4 the solvent was removed and the residue 
distilled to yield 409.5 (80%) of 3-hydroxy-3-methyl-2-butanone, 
bp 137.8-139.0° (750 mm).

1-Acetylcyclohexanol. In a similar way 620 g of 1-ethynylcy- 
clohexanol8 was converted into 640 g (90%) of l-acetylcyclohexan- 
ol, bp 100-101° (25 mm).

3-Hydroxy-3-methyl-2-butanone Oxime. To a well-stirred so
lution of 102.1 g (1.0 mol) of 3-hydroxy-3-methyl-2-butanone, 112 
g of hydroxylamine hydrochloride, 400 ml of ethanol, and 50 ml of 
water was added portionwise 80 g of NaOH pellets. After heating 
to reflux for 10 min after the NaOH had all dissolved the reaction 
mixture was cooled and diluted with 500 ml of water, and the 
product isolated by ether extraction. On distillation 90 g (84%) of 
the oxime, mp 86-87°, was obtained.

1-Acetylcyclohexanol Oxime. In a manner similar to the 
above 142 g of 1-acetylcyclohexanol was converted into the oxime 
which was isolated by crystallization from benzene instead of dis
tillation. The product, mp 104-105°, was obtained in 90% yield.

3-Amino-2-methyl-2-butanol (1). A solution of 23.4 g (0.2 
mol) of 3-hydroxy-3-methyl-2-butanone oxime in 125 ml of freshly 
distilled absolute ethanol was shaken with 1.25 g of 5% rhodium- 
on-alumina12 at about 40 psi for 9.5 hr. After removal of the cata
lyst by filtration through Celite, there was obtained 19.0 g (94%) of 
1, bp 59-61° (2 mm), as a colorless oil. The vacuum should be bro
ken through a KOH tower in order to prevent access of CO2 which 
produces a colorless solid immediately on contact with 1. For acet
ylation 10.3 g (0.1 mol) of the freshly distilled amine was dissolved 
in 75 ml of ethanol and treated dropwise with 10.2 g (0.1 mol) of 
acetic anhydride. After refluxing the mixture for 30 min the alco
hol was removed under reduced pressure. Vacuum distillation af
forded a white solid which was recrystallized from benzene-hexane 
to yield 13.3 g (92%) of 3-acetylamino-2-methyl-2-but,anol, mp
83.5-84.5°. This compound proved identical with that prepared 
previously by Liang13 by the hydrolysis of 4,5,5-trimethyloxazoli- 
done to 1 followed by acetylation essentially as above.

Anal.14 Calcd for C7H15NO2: C, 57.9; H, 10.4. Found: C, 58.1; H,
10.3.

l-(l-Aminoethyl)cyclohexanol (2). A solution of 31.4 g (0.19 
mol) o f 1-acetylcyclohexanol oxime in 150 ml of freshly distilled 
ethanol was reduced for 48 hr at 60-65° over 5% rhodium-on-alu
mina at 40-50 psi. The reaction mixture was worked up as for 1 to 
yield 25.7 g (90%) of 2, bp 150-153° (40 mm), sensitive to CO2. For 
acetylation 21.5 g (0.14 mol) of 2 in 100 ml of ethanol was treated 
with 15.4 g (0.15 mol) of acetic anhydride as in the case of 1. After 
isolation as above there was obtained the acetylamino compound 
which distilled at 138-140° (4.5 mm). The solid distillate was re
crystallized from acetone-benzene to yield 24.6 g (90%) of 1-(1- 
acetylaminoethyl)cyclohexanol: mp 107-108°; nmr (CDCI3) 5 1.14 
(d, 3 H, CHCHo), 1.50 (m, 10 H, cyclohexyl protons), 1.99 (s, 3 H, 
COCH3), 3.27 (s, 1 H, OH), 4.00 (m, 1 H, CHCH3), and 6.70 (m, 1 
H, NH); ir (KBr) 3.00 (NH and OH) and 6.10 M (> C = 0 ).

Anal.14 Calcd for CIOHi9N0 2: C, 65.0; H, 10.2; N, 7.6. Found: C, 
64.9; H, 10.4; N, 7.5.

Registry No.— 1, 6291-17-4; 2, 3183-55-9; 3a, 115-19-5; 3b, 78-
27-3; 3-hydroxy-3-methyl-2-butanone, 115-22-0; 1-acetylcyclohex
anol, 1123-27-9; 3-hydroxy-3-methyl-2-butanone oxime, 7431-25- 
6; hydroxylamine hydrochloride, 5470-11-1; 1-acetylcyclohexanol 
oxime, 53336-53-1; 3-acetylamino-2-methyl-2-butanol, 53336-55-3; 
l-(l-acetylaminoethyl)cyclohexanol, 53336-54-2.
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9b-(4-Chlorophenyl)-l,2,3,9b-tetrahydro-5Ji- 

imidazo[2,l-a]isoindol-5-one in Tetrahydrofuran
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The lithium aluminum hydride (LiAlH4) reduction of 
the 9b-aryl-l,2,3,9b-tetrahydro-5ff-imidazo[2,l-a]isoin- dol-5-ones (la and lb) in refluxing diethyl ether has been 
reported to give the l-aryl-l,2,3,4,5,6-hexahydro-2,5-ben- zodiazocines (2a and 2b)1'4 and 2-(2-aminoethyl)-l-phenyl- isoindole (3)3.

R

la, R =  H
b, R =  Cl

R

2a ,R = H
b, R =  Cl

We have carried out the LiAlH4 reduction of 1 in te
trahydrofuran (THF) at 20-25° and found that the reaction leads to different products. In the present report, our 
findings with 9-(p-chlorophenyl)-l,2,3,9b-tetrahydro-5H- 
imidazo[2,l-a]isoindol-5-one (lb) are given.5Compound lb was treated with LiAlH4 in THF at 20- 
25° and then hydrolyzed with aqueous sodium hydroxide. After standing for about 4 hr at room temperature, the 
mixture was dried with anhydrous Na2S04  to give a compound with ir and nmr spectrum in agreement with the phthalimidine (4). The same phthalimidine was obtained 
when lb was hydrogenated in the presence of platinum.When the reduction was carried out as above and treated 
immediately after hydrolysis with anhydrous Na2S04 , a labile solid compound A, isomeric with 4, was isolated in 95% 
yield.
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Table I

13 C-Nmr Chemical Shifts

Compd

10
Pprr b, c Ppm Ppm Ppm Pprr

21.5
45.3

53.4
59.3 
60.0
60.4 
63.2
64.1
64.6
68.8
69.1 

103.0 
141.8 
150.6

5
9a

1'
4'
8
5a
7
2' , 6'*  
3 ',5 '*  
6*
9*
9b
3
2

48.4
49.5

51.0
59.5 
60.4
63.6 
64.3
65.1
68.8
69.7
98.1
98.8

139.5
144.6

9a*
5a*

11
4'
8
2' , 6'*
7
3 ',5 '*  
6*
9*
9b
5
3
2

49.3
49.9

63.2

60.9 
64.7

65.4 
116.1 
148.5

1'
1

2,6
2' , 6'*
4
3,5 
3 ',5 '*
4 '
C -a
N(CH3)2

53.0
64.0
to

65.0 
94.6

127.7
138.1
154.1

2 ',3 ',4 '

5 ',6'
1
5
4
NCH,

51.7
64.5

to
65.0

107.9
136.8
147.9 
154.0

1'
2 ',3 ',4 '

5 ',6'
2
5
4
NCH,

° The solvent was DMSO-de/CHCls. See ref 11 for experimental procedure. 6 The assignment of those C atoms marked with an asterisk 
(*) is uncertain. c The 13C nmr of toluene and chlorobenzene were used as references to assist in these assignments. d The 13C nmr of tetra- 
hydrofuran and IV-methylpyrrolidine were used as references to assist in these assignments.

Cl

Pto2 

‘  H,
lb

The ir spectrum of A gave an NH or OH band at 3.10 n 
and no absorption in the carbonyl region. The nmr spec
trum in DM SO -de gave two sets o f 2 H multiplets between 
ò 2.6 and 3.2, a broad singlet at 3.40, à 2 H quartet6 cen
tered at 5.60, and 8 aromatic protons. On treatment with 
D 20 , the 1 H singlet at 5 3.40 exchanged and the 2 H quar
tet at 5.60 collapsed to a 1 H singlet at 5.62.

To account for the above data, we considered A to have 
either structure 5 or 6 . Compound 5 is obtained by direct

Cl

reduction of the carbonyl group in 1 b, whereas 6 is a tauto
meric form of 6-p-chlorophenyl-3,4,5,6-tetrahydro-2,5- 
benzodiazocin-l(2//)-one (7), an intermediate proposed4 in 
the diethyl ether-LiAlH 4 reduction of lb  to 2b.

When A was dissolved in T H F -H 2O (9:1), a solvent sys
tem approximating that which gave 4, and maintained at 
room temperature for ca. 20 hr, it was transformed into 4. 
The rearrangement o f 5 (compound A) to 4 has previously 
been reported by Sulkowski.7

The formation of 4 may proceed by a hydration-dehy
dration pathway via the dihydroxyisoindoline (8a). The 
same type of intermediate (8 b) has been proposed by Met- 
lesics8 to account for the formation of the dechloro analog 
of 4 from o-benzoylbenzaldehyde and ethylenediamine in 
aqueous alcohol.

R

-H..0

Structure 5 is more consistent with the nmr spectrum, 
whereas the formation of 4 from A in T H F -H 20  is better 
explained by structure 6 . To distinguish between these 
structures, we turned to a 13C nmr investigation. The two 
most significant C atoms for study in these compounds, C-5 
and C-9b, are in such dissimilar environments that com
parison o f A with relevant model compounds should distin
guish the structures. The model compounds selected for 
comparison with A were lb , 9, 10, and 11.

The 13C nmr of A gave the C-5 and C-9b carbon atom 
signals at 98.1 and 98.8 ppm upfield from CSZ. The relevant 
13C signals (circled atoms) in the model compounds were 
found at Î03 ppm in lb , 11J3.1 ppm in 9, 94.6 ppm in 10, 
and 107.9 ppm in 11.
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Com parison o f  these values with A clearly establishes 5 
as the correct structure.9'10 The 94.6-ppm C atom in 10 is in 
an environm ent similar to C-5 in 5 and can be related with 
the 98.1-ppm  signal in A. The 103-ppm C atom signal in lb 
is in an environment similar to C-9b in 5 and can be related 
with the 98.8-ppm signal in A. The 116.1-ppm C atom in 9 
and the 107.9-ppm C atom in 11 are related to C-5 and C- 
9b, respectively, in 6 and are sufficiently different from the 
signals in A to eliminate 6 as a possible structure.

Experimental Section11

Lithium Aluminum Hydride Reduction o f 9b-p-Chloro- 
pHenyl-l,2,3,9b-tetrahydro-5if-imidazo[2,l-a]isoindol-5-one
(lb ). A stirred mixture of 1.68 g (0.044 mol) of LiAlH4 and 100 ml 
of dry THF, maintained under N2, was cooled to an internal tem
perature of 15° and treated dropwise (10 min) with a solution of
10.0 g (0.035 mol) of lb  in 75 ml of THF while maintaining the 
temperature at 20-25°. Approximately 5 min after addition was 
complete, the mixture was cooled to an internal temperature of 10° 
and treated dropwise in turn with 2 ml of H20, 5 ml of 15% NaOH, 
and 5 ml of H20  while maintaining the temperature below 15°. 
The resultant mixture was allowed to stand for ca. 4 hr at room 
temperature and then treated with 10 g of anhydrous Na2S04 and 
filtered. The salts were washed with 25 ml of anhydrous THF and 
the combined filtrate was concentrated in vacuo at a water bath 
temperature of 35°. The resultant solid was stirred in anhydrous 
diethyl ether and filtered to give 8.1 g (80%) of 2-(2-aminoethyl)-
3-(p-chlorophenyl)phthalimidine (4): mp 83-85° (Et20-hexane); 
it (KBr) 2.95 (NH2), 5.87 m (C = 0 ); uv (95% EtOH) maxima 225 
mM (t 23,800), 253 (3000) and279 (1700); nmr (CDC13) 6 1.20 (2 H, 
NH2, D20  exchangeable), 3.7 (HA), 2.6-3.1 (HB + 2HC, ABC2 m, 
HCHaHbCHcHcNH2), 5.52 (1 H, s, ArCHAr) 6.85-7.95 (8 H, m, 
aromatic H).

Anal. Calcd for C16H15C1N20: C, 67.0; H, 5.3; Cl, 12.4; N, 9.8. 
Found: C, 67.1; H, 5.3; Cl, 12.3; N, 9.8.

The reduction was repeated as above through the hydrolysis 
stage. The resultant mixture was treated immediately after hydrol
ysis with 10 g of anhydrous MgS04. The mixture was stirred for ca. 
5 min, and then filtered. The salts were washed with 25 ml of an
hydrous THF and the combined filtrate was concentrated in vacuo 
at a water bath temperature of 35° to give 9.6 g (95%) of 9b-p-chlo- 
rophenyl-l,2,3,9b-tetrahydro-5H-imidazo[2,l-o]isoindol-5-ol (5): 
mp 133-135° (lit.7 mp 144-146° dec or 135°); ir (KBr) 3.05-3.10 M 
(NH, OH); nmr (DMSO-dg) 5 2.6-3.2 (4 H, 2 sets of multiplets, 
NCH2CH2N), 3.40 (1 H, broad s, D20  exchangeable, NH), 5.60 (2 
H, q, 1 H, D20  exchangeable, OH, C9H), 6.80-8.05 (8 H, CgH4, 4- 
ClCeH4); uv (95% EtOH) maxima 224 mp (e 19,400), 249 (3000), 
and 281 (1850); 13C nmr in Table I.

Anal. Calcd for C16H15C1N20: C, 67.0; H, 5.3; Cl, 12.4; N, 9.8. 
Found: C, 67.1; H, 5.2; Cl, 12.3; N, 9.7.

Hydrogenation o f lb. A mixture of 14.2 g (0.05 mol) of lb, 0.30 
g of platinum oxide, and 150 ml of glacial acetic acid was placed in 
a Parr hydrogenation bottle and then attached to a Parr hydroge
nation apparatus. The bottle was evacuated and then filled with 
hydrogen to a total pressure of 50 psi. After 3.0-hr agitation at 
room temperature, the hydrogen uptake (1 equiv of H2) ceased. 
The catalyst was filtered off and the filtrate concentrated in vacuo. 
The residue was treated with 2 N  NaOH until the aqueous phase 
had pH 9. It was then extracted with chloroform, dried with anhy
drous MgS04, filtered, and concentrated to give 12.2 g (85%) of 4, 
mp 84-85°. This substance gave ir and nmr spectrum identical 
with 4 prepared by LiAlH4 reduction of lb.

Conversion of 5 to 4. A solution of 1.0 g of 5 in 25 ml of THF- 
H20  (9:1) was stirred for ca. 20 hr at room temperature. The tic 
analysis (CHCI3-C H 3OH, 9:1) revealed that 5 had been converted 
into a new substance. The solvent was removed in vacuo to give
0.91 g of a substance that gave ir and :H nmr and mp (83-85°) 
identical with 4 obtained in the LiAlH4 reduction of lb.

1-( p-Chlorophenyl )-1-phenyl-AT,AT-dimethylmethy lamine 
(9). A solution of 10.4 g (0.05 mol) of 4-chlorbenzhydrol, 30 ml of 
thibnyl chloride and 150 ml of dry chloroform was stirred and re
fluxed until gas evolution (HC1, S 02) had ceased. The solvent was 
removed in vacuo and the crystalline residue dissolved in 150 ml 
of dry tetrahydrofuran, cooled in an ice bath, and treated dropwise 
with 50 ml of 2 N  dimethylamine (0.10 mol) in tetrahydrofuran. 
The mixture was allowed to stand at room temperature for ca. 7 
days and then concentrated in vacuo. The residue was treated

with 100 ml of 5 N  HC1 and 50 ml of benzene. The acid layer was 
separated, cooled in an ice bath, and treated with 50% KOH until 
the aqueous phase had pH 9.0. The mixture was extracted with 50 
ml of toluene, dried with anhydrous MgS04, filtered, and concen
trated in vacuo to give 3.1 g (25%) of 9 as a viscous oil: ir (CHC13) 
no OH bond; R f 0.6 (CHCI3-CH 3OH, 98:2).

Anal. Calcd for C15H,6C1N: C, 73.5; H, 6.5; Cl, 14.5. Found: C, 
73.3; H, 6.6; Cl, 14.3.

3-Methyl-2-phenyloxazolidine (10). A mixture of 13.1 g (0.123 
mol) of benzaldehyde, 9.2 g (0.123 mol) of N- methylethanolamine 
and 50 ml of benzene were stirred and refluxed in a flask with a 
Dean-Stark water separator until the water level in the separator 
remained constant {ca. 1 hr). The mixture was distilled to give
17.1 g (85%) of 10: bp 55° (1.0 mm); ir (CHCI3), no C = 0  bond; tic 
[CHCI3-CH 3OH (98:2)], one component; lit.12 bp 110-115° (18 
mm).

Anal. Calcd for C10Hi3NO: C, 73.6; H, 8.0; N, 8.6. Found: C, 
73.8; H, 7.9; N, 8.4.

l-Methyl-2-phenylimidazolidme (11). A mixture of 10.6 g 
(0.10 mol) of benzaldehyde, 7.5 g (0.10 mol) of A-methylethyl- 
enediamine, and 50 ml of benzene were treated as in the prepara
tion of 9 to give 13 g (80%) of 11: bp 100° (1.0 mm); ir (CHCI3), no 
C = 0  bond; tic [CHCI3-CH 3OH (98:2)], one component.

Anal. Calcd for Ci0Hi4N2: C, 74.0; H, 8.7; N, 17.3. Found: C, 
74.3; H, 8.8; N, 17.2.
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Although alkyl esters o f  sulfuric and sulfonic acids have 
been well studied and utilized as alkylating reagents,1”3 
there are few studies on alkylation reaction by alkyl esters 
o f  phosphorus oxy acids. We have previously shown that a 
trialkyl phosphate is an excellent reagent for the TV- alkyla
tion o f pyrim idines4 and im idazoles.5 W e have now extend
ed the investigation to the TV- alkylation o f purines. R eac
tions were perform ed by heating a mixture o f  a purine and 
an excess o f  the ester, and the products were isolated 
through extraction and recrystallization. The results are 
summarized in Table I.

Thus, reactions o f  xanthine (1) with esters (a, b, d, e) 
brought about substitution at the 1, 3, and 7 positions to 
form  1,3,7-trialkyl- and 3,7-dialkylxanthines. Theophylline
(2) was alkylated especially sm oothly to furnish the corre
sponding 7-alkyl derivative in high yields. The reactions 
also revealed the following general order o f  alkylating 
power among phosphorus oxy acids; phosphate >  phospho
nate >  phosphinate. M éthylation o f theobrom ine (3) and 
its ethyl analog (4) also took place easily at the 1 position to 
give 5 and 8, but we were unable to ethylate these two com 
pounds. The selective méthylation at the 1-position o f 3,7- 
dialkylxanthine may be attributed to  the steric hindrance 
at the position or the lowered reactivity o f  ethyl esters.5 
Similar results in alkylation have been obtained in alkyl es
ters o f  sulfur oxy acids.1'2

In the case o f  adenine (9), the preferential alkylation at 
the 3-position was observed to generate 3-alkyladenine (10,
12). Alkyl esters o f  sulfur oxy acids2’3 and alkyl halides6-7

R2— P= 0
R:> /

a. R1 =  R2 =  R3 =  OMe d, R> =  R2 =  R3 =  OEt
b. R1 =  R2 =  OMe; R3 =  Me e. R1 =  R2 =  OEt; R3 = Et
c. R1 =  OMe; R2 =  R3 = Me f, R> =  OEt; R2 =  Et; R3 = Ph

R3
1, R> =  R2 = R3 =  H
2, R1 =  R3 =  Me; R2 =  H
3, R1 =  H; R2 =  R3 =  Me
4, R1 =  H; R2 =  R3 =  Et

NH,

R
9. R = H

11. R =  Et

5, R1 =  R2 =  R3 =  Me
6, R1 =  R2 =  R3 =  Et
7, R1 =  R3 = Me; R2 =  Et
8 , R> = Me; R2 =  R3 =  Et

NHZ

R
10, R =  Me
12. R =  Et

also have been reported to produce 3-alkyladenine pref- 
erentialy, whereas the reaction o f alkyl halide with 9 in the 
presence o f  a base or with a sodium salt o f  9 have been 
known to afford 9-alkyl derivative as a major product.

Those results indicate that the present procedure using 
alkyl esters o f  phosphorus oxy acids, especially a trialkyl 
phosphate, may be very useful for TV- alkylation o f purines.

Experimental Section
Uv and ir spectra were measured with Hitachi-3T, and Jasco IR- 

G spectrometers, respectively. Proton nmr spectra were recorded

Table IReactions of Purines with Alkyl Esters of Phosphorus Oxy Acids
Pur ini;, P Ester, E Mole ratio, I;./P React, temp React. time, hr Product Yield, ,

Xanthine (1) a 5 190 1.5 1 ,3,7-Trim ethylxanthine (5)“ 50
b 5 190 2.5 5 51
d 3 200 10.0 1,3,7-Triethylxanthine (6) 22

3,7-Diethylxanthine (4) 25
e 2 200 10.0 6 37

4 39
Theophylline (2) a 1.3 180 1.0 5 90

b 1.3 190 5.0 5 98
c 1.3 190 11.0 5 82
d 3 180 1.3 7 -E th y l-1,3-dimethylxanthine (7) 79
e 3 180 4.0 7 70
f 3 210 2.0 7 90

Theobrom ine (3) a 6 190 1.5 5 79
b 3 190 11.0 5 77
d 6 190 12.0 No reaction

3.7 -D iethyl- a 3 180 16.0 3 ,7-D iethyl-1-m ethylxanthine (8) 72
xanthine (4) b 5 190 16.0 8 65

d 5 190 15.0 No reaction
Adenine (9) b a 1 140 2.0 3-Methyladenine (10) 45

b 1 140 9.0 10 61
d 1 140 4.0 3-Ethyladenine (12) 30

9-Ethyladenine (11) 15
e 1 140 13.0 12 13

11 10
a Caffeine. 6 DMF was used as a solvent in the reactions.
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on a Hitachi-Perkin Elmer R-20 spectrometer with a dilute solu
tion in deuterochloroform, and tetramethylsilane as an internal 
standard.

Materials. Commercially available xanthine, theophylline, 
theobromine, and adenine, as well as trimethyl and triethyl phos
phates were used without further purification. Dimethyl methyl- 
and diethyl ethylphosphonates were prepared quantitatively via 
Arbuzov reactions using the corresponding trialkyl phosphites and 
alkyl iodides.10 Methyl dimethyl- and ethyl ethylphenylphosphi- 
nates were obtained by the procedure of Reinhardt, et al. ,11 and 
Steininger,12 respectively. Reaction conditions are listed in Table
l. The following preparations are typical.

Alkylation of Xanthine (1). A. With Trimethyl Phosphate 
(a). A mixture of 1 (3.0 g, 0.02 mol) and a (14.0 g, 0.1 mol) was re
fluxed with stirring. The light-boiling substances were removed 
from the resulting clear solution under reduced pressure to give a 
residue, which was then dissolved in chloroform, and the solution 
was neutralized with an aqueous solution of sodium hydrogen car
bonate. Evaporation of the solvent from the organic solution gave 
caffeine (5) as crystals: 1.90 g (50%); mp 223-234° (tetrahydrofu- 
ran-diethyl ether) (lit.13 mp 235°); Xmax (H2O) 272 nm (log e 4.04) 
[lit.13 Xmax (H20) 272 nm (log f 4.03)j.

B. With Triethyl Phosphate (d). Compound (1) (3.25 g, 0.02 
mol) and d (11.68 g, 0.06 mol) afforded the following two products 
after preparative thin layer chromatography (2-mm thickness, Sili
ca gel G according to Stahl, E. Merck, Darmstadt, West Germany) 
of the chloroform extract, which was obtained from the reaction 
mixture in a manner similar to that mentioned above. A mixture of 
ether and ethanol (15:1) was employed as a developing solvent.

3.7- Diethylxanthine (4): 1.1 g (25%); R f 0.5; mp 179-182° 
(H20) (lit.14 mp 183°); ir (KBr) 3150 (w), 2980 (m), 1680 (s), 1540 
(m), 1445 (w), 1275 (w), 1220 (w), 1030 (m), and 850 (m) cm-1; nmr 
(CDCI3) 5 8.90 (s, 1, NH), 7.50 (s, 1, ring H), 4.25 (q, 2, CH2), 4.10 
(q, 2, CHZ), 1.50 (t, 3, CH3), and 1.32 (t, 3, CH3).

1.3.7- Triethylxanthine (6): 1.1 g (22%); Rf 0.8; mp 108-111° 
(H20) (lit.15 mp 111°); ir (KBr) 3100 (w), 2980 (w), 1700 (s), 1650 
(s), 1545 (m), 1450 (m), 1230 (w), 1050 (w), 1020 (w), 875 (m), and 
750 (m) cm-1; nmr (CDC13) 5 7.45 (s, 1, ring H), 3.7-4.5 (complex
m, 6, 3 CH2) and 1.0-1.6 (complex m, 9, 3 CH3).

Ethylation of Theophylline (2) with d. A mixture of 2 (3.46 g, 
0.02 mol) and d (10.50 g, 0.06 mol) was heated at 180° for 1.3 hr. 
The reaction mixture was treated in a manner similar to the meth- 
ylation of 1 to give 3.12 g (79%) of 7-ethyl-l,3-dimethylxanthine
(7): mp 148-149° (ethanol) (lit.2 mp 152-153°); ir (KBr) 3100 (w), 
2980 (w), 1700 (s), 1650 (s), 1545 (m), 1480 (m), 1220 (m), 1190 (m), 
1020 (w), 970 (m), and 740 (m) cm-1; nmr (CDC13) 5 7.46 (s, 1, ring 
H), 4.35 (q, 2, CH2), 3.62 (s, 3, NCH3), 3.45 (s, 3, NCH3)and 1.55 
(t, 3, CH3). _

Methylation of 3,7-Diethylxanthine (4) with a. Compound 4 
(1.0 g, 0.005 mol) was treated with excess of a to produce 0.8 g 
(72%) of 3,7-diethyl-l-methylxanthine (8): mp 96° (sublimed); ir 
(KBr) 3100 (w), 1700 (s), 1650 (s), 1545 (m), 1490 (m), 1230 (m), 
1000 (m), and 750 (m) cm-1.

Anal. Calcd for Ci0Hi4N4O2: C, 54.04; H, 6.35; N, 25.21. Found: 
C, 54.25; H, 6.18; 24.42.

Alkylation of Adenine (9). A. With a. A mixture of 9 (1.50 g, 
0.01 mol) and a (1.40 g, 0.01 mol) in dimethylformamide (10 ml) 
was refluxed for 2 hr. The reaction mixture was allowed to stand 
overnight to yield crystals which was dissolved in aqueous sodium 
hydrogen carbonate and the solution was concentrated to dryness. 
Extraction of the residue with ethanol and evaporation of the sol
vent afforded 3-methyladenine (10) as crystals: 0.75 g (45%); mp 
300° (water) (lit.16 mp 302°); Xmax (H20 ) 274 nm (log c 4.17) [lit.16 
Xmax (H2p) 274 nm (log e 4.21)].

B. With d. Adenine (1.50 g, 0.01 mol) and d (2.0 g, 0.01 mol) 
were refluxed in dimethylformamide (8 ml) for 4 hr. The solvent 
was evaporated under reduced pressure to give a residue, which 
was then dissolved in aqueous hydrogen carbonate and concentrat
ed as much as possible. The resulting residue in ethanol was chro
matographed on alumina (2 cm X 30 cm, 300 mesh, neutral). Elu
tion with a mixture of ethyl acetate and methanol (10:1) gave 0.2 g 
(15%) of 9-ethyladenine (11): mp 193° (ethyl acetate-ether) (lit.17 
mp 194-195°); Xmax (H20) 260.0 nm (log e 4.13) [lit.17 Xmax (H20) 
262 nm (log e 4.15)].

Subsequent elution with the same solvent afforded 0.5 g (30%) 
of 3-ethyladenine (12): mp 229-232° (lit.16 mp 233°); Xmax (H20)
274.5 nm (log X 4.15) [lit.16 Xmax (H20 ) 273 nm (log e 4.04)].

Registry No.— 1, 69-89-6; 2, 58-55-9; 3, 83-67-0; 4, 53432-04-5; 
5, 58-08-2; 6, 31542-50-4; 7, 23043-88-1; 8, 53432-05-6; 9, 73-24-5;

10, 5142-23-4; 11, 2715-68-6; 12, 43003-87-8; a, 512-56-1; b, 756-
79-6; c, 14337-77-0; d, 78-40-0; e, 78-38-6; f, 2227-43-2.
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From “ lignum vitae” , the heartwood of Guaiacum o ff ic i
nale, King and Wilson1 isolated and identified nine lignans 
including furoguaiacin [as the dimethyl ether ( 1 )] and 
methylfuroguaiacin [as the ethyl ether (2)]. Until recently,

2, R =  Me; R '=  Et

7, R =  COzEt
8,  R =  CH,OH
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when a third member named furoguaiacidin was isolated 
(as the diethyl ether) by Majumder and Bhattacharyya2 
from the same source, these were the only known examples 
of lignans possessing the furan heterocycle system.

We now report a short synthesis o f 2,5-bis(4-ethoxy-3- 
methoxyphenyl)-4-methoxymethyl-3-methylfuran (3), the 
structure proposed for furoguaiacidin diethyl ether. Alkyla
tion of ethyl 4-ethoxy-3-methoxybenzoylacetate (4) with 
a-bromo-4-ethoxy-3-methoxypropiophenone (5) using so
dium hydride gave the diketo ester (6 ) which, without iso
lation, was converted to the required furan, ethyl 2,5-bis(4- 
ethoxy-3-methoxyphenyl)-3-methylfuran-4-carboxylate
(7). Reduction of this ester with lithium aluminum hydride 
gave the alcohol (8 ) which on alkylation with methyl io
dide-sodium hydride in dimethoxyethane gave the prod
uct, furoguaiacidin diethyl ether (3) with physical con
stants (mp, nmr, ir, uv) in excellent agreement with those 
reported.

Experimental Section
Nmr spectra were measured in deuteriochloroform solution with 

tetramethylsilane as internal standard.
Ethyl 4-Ethoxy-3-methoxybenzoylacetate (4). A previously 

described procedure3 was modified by using sodium hydride in
stead of sodium ethoxide and reducing the reaction time from 60 
hr to 30 min: nmr 8 1.23 (t ,3 H ,J  = 7 Hz, -C 0 2CH2CH3), 1.47 (t, 3
H, J = 7 Hz, ArOCH2CH3), 3.87 (s, 3 H, OCH3), 3.90 (s, 2 H, CH2),
4.13 (q, 2 H, J = 7 Hz, ArOCH2CH3), 4.17 (q, 2 H, J = 7 Hz, 
-C 0 2CH2CH3), 6.75-7.57 (m, 3 H, ArH).

a-Bromo-4-ethoxy-3-methoxypropiophenone (5) was crys
tallized from methanol and had mp 72-73° (lit.4 76-77°); nmr 5
I. 47 (t, 3 H, J  = 7 Hz, ArOCH2CH3), 1.85 (d, 3 H, J = 6.5 Hz, 
CH3CHBr), 3.88 (s, 3 H, OCH3), 4.16 (q, 2 H, J  = 7 Hz, Ar- 
OCH2CH3), 5.29 (q, 1 H ,J  =  6.5 Hz, CH3CHBrCO), 6.78-7.62 (m, 
3H, ArH).

Ethyl 2,5-Bis(4-ethoxy-3-methoxyphenyl)-3-methylfuran-
4-carboxylate (7). Sodium hydride (122 mg, 57% oil dispersion) 
was added with stirring to absolute ethanol (50 ml) under nitrogen, 
followed by a solution of the keto ester 4 (770 mg) in the same sol
vent (25 ml). This mixture was stirred for 15-20 min, and a solu
tion of the bromo ketone 5 (830 mg) in ethanol (25 ml) was added 
dropwise. The flask was then stoppered and stirred at room tem
perature for 3 days. Hydrogen chloride gas was bubbled through 
the reaction mixture for 20 min at 0°, then the resulting dark solu
tion refluxed for 1 hr, poured into water (300 ml), and extracted 
with chloroform. Removal of the solvent and crystallization of the 
dark residue from methanol gave the furan ester (7) as pale yellow 
prisms (550 mg): mp 113-115°; nmr 8 1.32 (t, 3 H, J -  7 Hz, 
-C 0 2CH2CH3), 1.47 (t, 6 H, J = 7 Hz, ArOCH2CH3), 2.38 (s, 3 H, 
CH3), 3.92 (s, 6 H, OCH3), 4.14 (q, 4H, J = 7 Hz, ArOCH2CH3),
4.33 (q, 2 H, J = 7 Hz, -C 0 2CH2CH3), 6.83-7.57 (m, 6 H, ArH).

Anal Calcd for C26H3oOy: C, 68.70; H, 6.65. Found: C, 68.80; H,
6.68.

2,5-Bis(4-ethoxy-3-methoxyphenyl)-4-hydroxymethyl-3- 
methylfuran (8). A solution of the ester 7 (149 mg) in ether (15 
ml) was added with stirring to lithium aluminum hydride (ca. 0.5 
g) in ether (30 ml) at 0° under nitrogen. The mixture was allowed 
to reach room temperature on standing overnight, then decom
posed by addition of ethyl acetate, then water until coagulation oc
curred. The solution was decanted, dried (MgSOd, and evaporated 
to yield the alcohol 8, crystallized from methanol as colorless nee
dles: mp 147-148°; nmr 8 1.45 (t, 6 H, J  = 7 Hz, ArOCH2CH3),
2.03 (br s, 1 H, -OH), 2.25 (s, 3 H, CH3), 3.88 (s, 6 H, OCH3), 4.09 
(q, 6 H, J = 7 Hz, ArOCH2CH3), 4.62 (s, 2 H, CH2OH), 6.80-7.52 
(m ,6 H, ArH).

Anal Calcd for C^HsaOe: C, 69.88; H, 6.84. Found: C, 69.80; H,
6.90.

Furoguaiacidin Diethyl Ether (3). To a stirred solution of the 
alcohol 8 (547 mg) in dry 1,2-dimethoxyethane (25 ml) was added 
methyl iodide (10 drops) and sodium hydride (ca. 10 mg, 57% oil 
dispersion) under nitrogen. More methyl iodide (25 drops) was 
then added and the mixture stirred overnight at room tempera
ture. Removal of the solvent under reduced pressure gave a yellow- 
green crystalline residue, which was dissolved in chloroform, 
washed with water, and dried. Removal of the colored impurity 
was effected by preparative tic (silica gel, Merck PF 254+366)

using benzene-acetone (9:1) to give furoguaiacidin diethyl ether
(3) as colorless prisms (290 mg) from methanol: mp 133.5-135° 
(lit.2 mp 135°); X(C2H5OH) 258 nm (log 4.47) and 324 (4.16); nmr 8
1.45 (t, 4 H ,J  = 7 Hz, ArOCH2CH3), 2.27 (s, 3 H, CH3), 3.45 (s, 3 
H, -CH 2OCH3), 3.92 (s, 6 H, ArOCH3), 4.12 (q, 4 H, J  = 7 Hz, Ar- 
OCH2CH3), 4.40 (s, 2 H, CH2OCH3), and 6.83-7.37 (m, 6 H, ArH).
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Edward M. Engler* and Vishnu V. Patel

IBM Thomas J. Watson Research Center, Yorktown Heights, 
New York 10598

Received July 24, 1974

In 1964, Mayer and Gebhardt2 reported a simple one- 
step synthesis of l,3-dithiole-2-thione (1) which involved 
the addition o f sulfur and carbon disulfide to sodium acety
lide (eq 1). This procedure was subsequently extended with

X

1, R =  H; Y =  X =  S
2, R =  C6H5; lY ,=  S e ;X i= S
3, R = CH3; Y = Sel; X =  S

the preparation of 5-phenyl-l,3-thiaselenole-2-thione (2).3 
We report here the anomalous reaction that occurs in the 
attempt to prepare the parent compound of 2  by this meth
od.

Treatment of sodium acetylide with selenium and carbon 
disulfide gave, in addition to the expected product, 1,3-thi- 
aselenole-2-thione (4), four other related compounds iden
tified as 1, l,3-cithiole-2-selone (5), l,3-thiaselenole-2-sel- 
one (6 ), and l,3-diselenole-2-thione (7). In a similar reac
tion, sulfur and carbon diselenide reacted with sodium 
acetylide to give the same products as well as 1,3-diselen- 
ole-2-selone (8 ). Table I lists the relative percentages o f the 
products formec in these two reactions. The products were 
easily separated by chromatography on silica gel (5% 
CHCI3 in CCI4). Relative to 1, the introduction o f selenium 
into the ring reduces the retention time on the column, 
while replacement o f the thiocarbonyl in 1 with a seleno- 
carbonyl increases it. In a compound such as 6 , the seleni
um in the carbonyl has a greater effect on the retention 
time than in the ring, and this material is eluted after 1 .
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Table I
Relative Per Cent Composition

Notes

Reaction Relative % composition0

NaC—CH 1 Y' fX'> 2. IT 0 -®
1

0 - *
4

^ST
5 6

Ô -
Se

7
^Se

8

Y = Se; X = S 22 70 5 2 1 0

Y = S; X = Se 1 1 15 25 8 50
“ Approximate values based on 

tography.
amounts of material isolated after chromatography and from analysis by high-pressure liquid chroma-

Table II
Spectroscopic Properties

Measurement 1 4 7 5 6 8

Ir (CC14, cm '1) 1070, 1100 1060, 1095 1040, 1086 960 940 920
Nmr (5, rei to TMS, 7.17 7.26. 7.80 7.92 7.35 7.42, 8.01 8 .1 0

CDCI3)
Uv-visible, A (e) (hexane) 430 (100)

l / AP = 7 . 5  Hz) 
440 (100) 455 (100) 530 (300)

(JAB = 7.5 Hz) 
548 (270) 555 (400)

360 (11,000) 368 (15,500) 377 (12,100) 402 (11,800) 410 (13,100) 413 (14,100)
275 (1000) 285 (2600) 290 (1850) 295 (1000) 305 (1500) 318 (1200)
230 (5500) 245 (10,700) 254 (9100) 233 (4700) 252 (6100) 264 (7200)

The identification of the products in these reactions fol
lows from their spectroscopic properties (Table II), mass 
spectra, and elemental analyses.4 The ir, nmr, and uv-visi- 
ble data, collected on compounds 1 and 4-8 (Table II), dis
play remarkable additive trends for the successive intro
duction o f selenium into 1 , which shifts the spectroscopic 
absorptions to lower energies. Compound 1 was identified 
in comparison with literature values for this material. 1 ’5 
Compounds 7 and 8 could be prepared by independent 
routes: addition o f selenium and carbon diselenide to sodi
um acetylide provided 8 , while treatment o f 8 with P4S 10 
gave 7.

Two plausible mechanisms for the formation of the prod
ucts listed in Table I are outlined in Scheme I. Pathway A 
involves ring closure of 9, followed by addition and removal 
o f H +, and ring opening to give 10 in which a mixing of sul
fur and selenium atoms has occurred. Alternately, the in
terconversion o f 9 and 10 could be accomplished by the se

ries of steps outlined by pathway B .6 The formation of only 
one product in the case of phenyl substitution (2 , eq 1 ) 
lends support for the two proposed mechanisms. The sub
stituent effectively blocks the interconversion o f 9 and 10. 
This was further tested by treating sodium methylacetylide 
with selenium and carbon disulfide, which also yielded only 
one product, identified as 5-methyl-l,3-thiaselenoIe-2- 
thione (3).

Since pathway A involves removal o f H + from the neu
tral ring closed product 4, the preparation of 1 (eq 1) was 
carried out in the presence of 8 in order to check for the 
formation o f mixed sulfur-selenium products. Analysis of 
the product mixture showed the expected presence o f 1 
(~95% of the product mixture), as well as 4 (~4%) and 7 
(~ 1 %). No 8 could be detected in the product mixture. 
While these results cannot rule out the operation of path
way B, no mixing of sulfur and selenium to give 4 and 7 
would have strongly weighed against pathway A.

Scheme I

pathway A/
S H H
1! - C C

Se“ Se— C— S III III
1

« V  C
-cs2 III

C C
C
III

1 -CSSe 1
s Se CSSe S_

c C V s
H H I: “

pathway B

/ \
Se SH

C
III
c

/

SH

S
10

c Se
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The reactions reported here provide an excellent oppor
tunity to study the comparative reactivities and properties 
of sulfur and selenium in organic compounds. Furthermore, 
1 and 4-8 are of interest as potential 6 ir-pseudo-aromatic 
systems in which each ring heteroatom contributes an elec
tron pair as illustrated by the resonance structure l l .7 Syn
thetically, these compounds have gained attention as inter
mediates in the preparation o f tetrathiofulvalene deriva
tives ( 1 2 ) which have recently been reported to form highly 
conducting charge-transfer salts.8 -11

Experimental Section
General. Elemental analyses were performed by Galbraith Lab

oratories, Knoxville, Tenn. Molecular ion values (m/e) reported for 
compounds containing selenium are based on 80Se. Some of the se
lenium compounds involved in the synthetic procedures described 
herein (e.g., CSe2 and KLSe) are extremely toxic and difficult to 
control, and appropriate precautions should be exercised in han
dling such materials.

Reaction of Sodium Acetylide with Selenium and Carbon 
Disulfide. A 1-1., three-necked flask, equipped with an efficient 
mechanical stirrer, Dry Ice condenser, and gas inlet for acetylene 
was placed in a Dry Ice bath and 300 ml of ammonia added. While 
acetylene was being bubbled through the ammonia, 4.6 g of sodium 
(0.2 g-atom) was added in small portions. After the sodium had 
reacted, the Dry Ice bath was removed, and 200 ml of anhydrous 
ether and 15.8 g of powdered selenium (0.2 g-atom) were added 
with vigorous stirring. The ammonia was allowed to evaporate and 
300 ml of acetonitrile added. Carbon disulfide (15.2 g, 0.2 mol) in 
100 ml of ether was added dropwise over 1 hr. The reaction was 
stirred for 1 hr more, and acidified with 10% aqueous HC1. The 
mixture was then extracted several times with ether12 and dried 
(MgS04) and the ether removed. The remaining tarry material was 
extracted with several portions of hot methylcyclohexane1,1 from 
which crystallized 2.8 g of a yellow-orange solid. Column chroma
tography (3 ft, silica gel column, 5% CHCI3 in CCI4 eluent) on this 
material easily separated five products which were further purified 
either by recrystallization (hexane) or sublimation. Characteriza
tion of the products is based on their ir, nmr, and uv-visible spec
tra (see Table II), mass spectra, and elemental analyses4 and they 
are the following. l,3-Dithiole-2-thione (1): yellow solid; mp 49.5° 
(lit. 48.4°,1 50°4); m/e 13.4; l,3-Thiaselenole-2-thione (4): yellow 
solid; mp 60.5°; m/e 182; l,3-Dithiole-2-selone (5): orange solid; 
mp 59-60°; m/e 182; l,3-Thiaselenole-2-selone (6): orange solid, 
mp 80-81°; m/e 230; l,3-Diselenole-2-thione (7): yellow solid; mp 
83-84°; m/e 230.

Reaction of Sodium Acetylide with Sulfur and Carbon Di- 
selenide. The same experimental conditions as described above 
were followed. However, extreme care should be taken due to the 
high toxicity and foul smell of carbon diselenide.14 On a 0.2 mol 
preparative scale, 1.5 g of a red solid was isolated from which were 
separated compounds 1 and 4-7 and also l,3-diselenole-2-selone
(8): red solid; mp 113.5-114°; m/e 278 (see Table II for ir, nmr, and 
uv-visible data).

Reaction of Sodium Acetylide with Selenium and Carbon 
Diselenide. The same experimental conditions as described above 
were followed to give 8 in yields varying from 10 to 25%.

Reaction of l,3-Diselenole-2-selone (8) with P4S10. To 0.275 
g of 8 (1 mmol) in 15 ml of benzene was added 1.0 g of P4S10 
(Pfaltz and Bauer) with stirring, and the solution was refluxed for 
3 hr. Work-up consisted of filtering, adding ether, washing with 
NaHC03, and drying (MgS04). Evaporation of the ether gave a 
yellow-brown solid which was placed on a short silica gel column, 
and eluted with 5% CHCI3 in CC14 to give a bright yellow solid 
identified as l,3-diselenole-2-thione (7) in 25% yield.

Reaction of Sodium Methylacetylide with Selenium and 
Carbon Disulfide. The same experimental conditions as de
scribed above were followed to give, on a 0.2 mol preparative scale,
6.5 g of 5-methyl-l,3-thiaseIenole-2-thione (3) (25% yield) as a yel
low-orange solid: mp 34-35°; ir (CDCI3) 1060 cm-1; nmr (6, rel to 
TMS, CC14) 2.28 (3 H, doublet), 7.20 (1 H, quartet), Jaiiyiic = 1.5 
Hz; m/e 196.

Reaction of Sodium Acetylide with Sulfur and Carbon Di
sulfide in the Presence of 8. The same experimental conditions 
as described above were followed on a 0.1 mol preparative scale, 
except that during the addition of carbon disulfide, 8 (0.1 g) was 
also added. High-pressure liquid chromatography revealed the 
presence of three products which were subsequently separated by 
column chromatography (5% CHCI3 in CC14, silica gel) and identi
fied by their ir and nmr spectra as 1 (~95% of product mixture), 4 
(~4%), and 7 (~1%).

Acknowledgment. We thank D. Green for helpful dis
cussions.

Registry No.— 1, 930-35-8; 3, 53555-43-4; 4, 1120-65-6; 5, 
53555-44-5; 6, 53555-45-6; 7, 53555-46-7; 8, 53555-47-8; sodium 
acetylide, 1066-26-3; selenium, 7782-49-2; carbon disulfide, 75-15- 
0; carbon diselenide, 506-80-9; sulfur, 7704-34-9; sodium methyl
acetylide, 10486-71-2.

References and Notes
(1) Presented in part at the 168th National Meeting of the American Chemi

cal Society, Atlantic City, N.J., Sept 1974, Abstract ORGN-76.
(2) R. Mayer and B. Gebhardt, Chem. Ber., 97, 1298 (1964); R. Mayer, B. 

Hunger, R. Prousa, and A. K. Muller, J. Prakt. Chem., 35, 294 (1967).
(3) R. Mayer and A. K. Muller, 2. Chem., 4, 384 (1964).
(4) Satisfactory elenental analyses for C, H, S, and Se were found for all 

new materials.
(5) F. Challenger, E. A. Mason, E. C. Holdsworth, and R. Emmott, J. Chem.

Soc., 292 (1953).
(6) We thank a referee for suggesting this very plausible alternate pathway.
(7) For a review see H. Prinzbach and E. Futterer, Advan. Heterocycl. 

Chem., 7, 39 (1S66); and E. Campaigne and R. D. Hamilton, Quart. Rep. 
Sulfur Chem., 5, 275 ( 1970).

(8) F. Wudl, D. Wobschall, and E. J. Hufnagel, J. Amer. Chem. Soc., 94, 
670 (1972); F. Wudl and E. W. Southwick, J. Chem. Soc., Chem. Com
mun., 254 (1974).

(9) J. Ferraris, D. O Cowan, V. Walatka, Jr., and J. H. Perlstein, J. Amer. 
Chem. Soc., 95, 948 (1973); J. P. Ferraris, T. O. Poehler, A. N. Bloch, 
and D. O. Cowan, Tetrahedron Lett., 2533 (1973).

(10) L  B. Coleman, M. F. Cohen, D. J. Sandman, F. G. Yamagishi, A. F. Gar- 
ito, and A. J. Heeger, Solid State Commun., 12, 1125 (1973).

(11) E. M. Engler and V. V. Patel, J. Amer. Chem. Soc., 96, 7376 (1974).
(12) Some difficulty was experienced in distinguishing the water-ether layer 

during the extraction step. An alternate work-up procedure has been 
developed by Dr. F. Wudl, Bell Laboratories, Murray Hill, N.J., which in
volves extraction of the acidified reaction mixture with a lighter-than- 
water liquid-liquid extractor, and extraction with hexane over a period of 
several hours.

(13) No rearrangement was observed upon refluxing 4 in methylcyclohexane 
for 1 day.

(14) L. Henriksen and E. S. S. Krinstiansen, Int J. Sulfur Chem., A., 2, 13 
(1972); D. J. G. Ives, R. W. Pittman, and W. Wardlaw, J. Chem. Soc., 
1080(1947).

A  S im ple Synthesis o f  7 -B isa b o len e

D. John Faulkner* and Lawrence E. Wolinsky

Scripps Institution of Oceanography,
La Jolla, California 92037

Received March 12, 1974

To pursue our research on the biosynthesis o f marine 
natural products, we were obliged to synthesize 7 -bisabo- 
lene. Our choice of synthetic strategies was limited because 
we required the capability o f incorporating isotopic labels 
during the penultimate stages o f the synthesis. We ex
plored the only previous stereoselective synthesis o f 7 -bisa- 
bolene1 but could not repeat a key reaction to our satisfac
tion. We have therefore devised a simple synthesis of 7 -bis- 
abolene based on the Claisen rearrangement. Hexadeu- 
terio-7 -bisabolene was also prepared by this route.

4-Methyl-3-cyclohexen-l-one (1), prepared from p-cre- 
sol by the method o f Braude and W ebb ,2 was treated with
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isopropenylmagnesium bromide in tetrahydrofuran solu
tion at 0° to obtain the allylic alcohol (2) in 43% yield. The 
use of isopropenyllithium in this reaction caused the for
mation of 4-methyl-2-cyclohexen-l-one, which then under
went various side reactions. The alcohol 2 was converted 
into the corresponding vinyl ether 3 in 74% yield using the 
mercuric acetate catalyzed transetherification reaction.3 
Pyrolysis o f the allyl vinyl ether 3 resulted in an almost 
quantitative conversion to the aldehyde 4 via the Claisen 
rearrangement.

Since the mercuric acetate catalyzed transetherification 
reaction was not reproducible, we investigated the possibil
ity of combining the transetherification and pyrolysis reac
tions in order to remove the allyl vinyl ether 3 as it was 
formed and drive the transetherification reaction to com 
pletion. Acid catalyzed transetherification reactions4 gave 
poor yields o f the aldehyde 4 since the product underwent 
further reactions. The best conditions we found for this se
quence involved heating the allylic alcohol 2  with 1 0  equiv 
of ethyl vinyl ether in the presence o f 1  equiv of mercuric 
acetate and 2 equivalents of anhydrous sodium acetate 
under an argon atmosphere in a sealed tube at 1 0 0 ° for 16 
hr.5 Under these conditions an 81% yield of the aldehyde 4 
was isolated after distillation. A Wittig reaction between 
the aldehyde 4 and isopropyltriphenylphosphonium ylide 
gave 7 -bisabolene (5) in 45% yield.

The existence o f two geometrical isomers of 7 -bisabolene (5a and 5b) has generally been ignored by previous investi
gators. The two 7 -bisabolenes, isomeric about the tetrasub- 
stituted olefinic bond, may be designated as (£ ) -7 -bisabo- 
lene (5a) and (2 )-7 -bisabolene (5b). The formation of both 
aldehydes 4a and 4b is a predictable outcome of the Cla
isen rearrangement. Thus our synthetic 7 -bisabolene (5) 
was a mixture o f both geometrical isomers in the ratio 60: 
40. The (E )- and (Z )-7 -bisabolenes may be separated by 
vpc on a 6 -ft column of 2% Carbowax 20M or by spinning- 
band distillation. We have not found any spectral feature 
which permitted a structural assignment of the two stereo
isomers.

The hexadeuterio-7 -bisabolenes (6a and 6b) were pre
pared by the reaction of the aldehyde 4 with hexadeuter-

ioisopropyltriphenylphosphonium ylide (7), which was, in 
turn, prepared from hexadeuterioisopropyl alcohol via hex- 
adeuterioisopropyl iodide.6 Only two peaks in the mass 
spectrum o f hexadeuterio-7 -bisabolene (M+ 210, C5H3D6 
75) differ from those o f 7 -bisabolene (M+ 204, C5H9 69) 
but this difference is sufficient to allow the detection of un- 
labeled 7 -bisabolene in a hexadeuterio-7 -bisabolene car
rier,7 permitting its use in biosynthetic studies.

Experimental Section
Nmr spectra were obtained on Varian HR-220, T-60, or EM-360 

spectrometers; infrared spectra on a Perkin-Elmer 700 spectrome
ter. Boiling points are uncorrected. Gas chromatographic analyses 
were performed on a Hewlett-Packard 402 instrument.

4-Methylcyclohex-3-enone (1) (The method of Braude and 
Webb2). A solution of redistilled p-methoxytoluene (61 g, 0.5 mol) 
in anhydrous ethyl ether (300 ml) was added to liquid ammonia 
(800 ml). After 15 min, small pieces of lithium wire (13.2 g, 1.9 
equiv) were added over a 30-min period. Stirring was continued for 
15 min, then ethanol (96.5 g, 2.1 mol) was added dropwise. Fol
lowing addition of alcohol, the blue color disappeared and the am
monia was allowed to evaporate overnight. Ice (375 g) was added to 
residue, followed by a little water. The mixture was extracted with 
ether. The combined ether extracts were washed with water and 
concentrated to approximately 200 ml. The ether layer was stirred 
overnight with aqueous 2M  oxalic acid (200 ml). The ether layer 
was separated, washed successively with sodium bicarbonate and 
water, dried over sodium sulfate, and distilled to obtain 4-methyl-
3-cyclohexenone as a clear oil: bp 70-73° (20 mm), lit2 bp 74° (17 
mm); yield 49.6 g (89%); ir (film) 1720, 785 cm-1; nmr (C C I4 ) b 1.80 
(s, 3 H), 2.42 (s, 4 H, broad), 2.73 (s, 2 H, broad), 5.21 (t, 1 H).

4-Isopropenyl-4-hydroxy-l-methylcyclohexene (2). Magne
sium metal shavings (3.645 g, 0.15 g-atom) were placed in a 250-ml
3- neck round-bottom flask equipped with a reflux condenser, a 
mechanical stirrer, and an additional funnel. The system was 
flushed with nitrogen for 15 min before addition of tetrahydrofur
an (5 ml). A small volume of 2-bromopropene was added to the 
stirred solution. Glass chips were placed in the flask to help ini
tiate the reaction. Once the reaction had started, the remainder of 
the bromide (18.1 g, 0.15 mol) in tetrahydrofuran solution (50 ml) 
was added. The reaction mixture was kept at <20° throughout ad
dition. After approximately 1 hr, the brown solution was cooled to 
0° with an ice-salt bath and the cyclohexenyl ketone (11.0 g, 0.1 
mol) was added dropwise. The temperature was kept below 5° 
throughout addition. The reaction mixture was stirred for 3 hr at 
room temperature. The solution was poured into ice-cold ammo
nium chloride solution and extracted with ether. The extracts were 
combined and dried over anhydrous sodium sulfate and distilled to 
give 4-isopropenyl-4-hydroxy-l-methylcyclohexene: bp 85° (1 
mm); yield 6.5 g (43%); ir (film) 3450,’l650, 1450, 1380, 910 cm“ 1; 
nmr (CC14) 5 1.71 (s, 3 H), 1.80 (s, 3 H), 2.42 (s, 1 H), 4.72 (s, 1 H),
4.95 (s, 1 H), 5.25 (t, broad, 1 H); high resolution mass spectrum 
M + 152.1200, CioHigO requires 152.1201.

4-Isopropenyl-l-methyl-l-cyclohexen-4-yl Vinyl Ether (3)
(cf. Church, et al.3). 4-Isopropenyl-4-hydroxy-l-methylcyclohex- 
ene (2, 3.450 g, 22.6 mmol), mercuric acetate (7.20 g, 22.6.6 mmol, 
freshly recrystallized from ethanol containing a trace of acetic 
acid), and ethyl vinyl ether (200 ml, freshly distilled from sodium 
metal) were boiled under reflux for 48 hr under a nitrogen atmo
sphere. The mixture was cooled, glacial acetic acid (0.5 ml) was 
added, and the mixture was again stirred for 24 hr at room temper
ature. An equal volume of petroleum ether (30-60°) was added and 
the solution was washed with 5% potassium hydroxide solution (2 
X 200 ml) and water (200 ml), then dried over anhydrous potassi
um carbonate. The petroleum-ether mixture was evaporated to a 
small volume (10 ml) which was placed on a 1 X 2 in. column of 
neutral alumina. Elution with petroleum ether (150 ml) afforded
4- isopropenyl-l-methyl-l-cyclohexen-4-yl vinyl ether: yield 2.96 g 
(74%); ir (film) 1635, 1185 cm“ 1; nmr (CC14) 5 1.69 (s, 3 H), 1.75 (s, 
3 H), 1.90 (s, broad, 4 H), 2.21 (multiplet 2 H), 3.89 (d, 1 H, J = 4 
Hz), 4.25 (d, 1 H, J  = 4 Hz), 4.90 (s, 2 H), 5.20 (t, 1 H), 6.08 (double 
doublet 1 H, J  = 14, 4 Hz).

4-Methyl-l-(l'-propanalethylidene)-3-cyclohexene (4a, 4b).
4-Isopropenyl-l-methylcyclohex-l-en-4-yl vinyl ether (2.96 g, 16 
mmol) was dissolved in dry toluene (10 ml) and heated at 110° for 
2 hr, after which thin layer chromatography showed disappearance 
of the vinyl ether. Kugelrohr distillation of the product gave the 
pure aldehyde, 4-methyl-l-(T-propanalethylidene)-3-cyclohexene:
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bp 96° (0.1 mm); yield 2.53 g (86%); ir (film) 2740, 1725, 740 cm“ 1; 
nmr (CC14) 6 1.65 (s, 6 H), 2.39 (s, 4 H, broad), 2.68 (3, 2 H), 5.28 (t, 
1 H), 9.70 (d, 1 H); high resolution mass spectrum M + 178.1359, 
C12H18O requires 178.1358. The aldehyde consisted of a 41:59 ratio 
of stereoisomers as determined by vpc (1% OV-1).

4-Methyl-l-(l'-propanalethylidene)-3-cyclohexene (4a, 4b). 
Alternate Method. 4-Isopropenyl-4-hydroxy-l-methylcyclohex- 
1-ene 2 (2.50 g, 22 mmol), ethyl vinyl ether (10 ml, 180 mm), mer
curic acetate (6.39 g, 20 mmol) and anhydrous sodium acetate (2.46 
g, 30 mmol) were sealed in a thick glass ampule under an argon at
mosphere. The mixture was heated to 100° for 15 hr. The mixture 
was then cooled, petroleum ether (30-60°) (50 ml) was added, and 
the solution was washed with 5% potassium hydroxide solution (2 
X 100 ml) followed by water (2 X 100 ml). The organic phase was 
separated and dried over anhydrous sodium carbonate and solvent 
evaporated. Short-path distillation of the oily residue yielded a 
clear sweet-smelling oil, 4-methyl-l-(T-propanalethylidene)-3- 
cyclohexene, identical with the material synthesized in the two- 
step procedure: yield 2.10 g (82%).

7 -Bisabolene (5a, 5b). A 100-ml round-bottom 3-neck flask 
equipped with a magnetic stirrer, a reflux condenser, and a rubber 
septum was flushed with nitrogen to ensure dryness. Isopropyltri- 
phenylphosphonium iodide8 (669.3 mg, 1.55 mmol) was added. 
Dry tetrahydrofuran (5 ml) was added, and the solution was cooled 
to 0°. n-Butyllithium (0.68 ml, 1.50 mmol, 2A4) was added drop- 
wise to obtain an intense-red-colored solution which was stirred at 
0° for 30 min. A solution of the aldehyde (267 mg, 150 mmol) in te
trahydrofuran was added. The solution was stirred at 40° for 30 
min, then at room temperature for 3 hr. The mixture was poured 
onto ice-water and extracted with petroleum ether (30-60°). The 
hydrocarbon layer was washed several times with water and dried 
over sodium sulfate. The solvent was evaporated, yielding a clear 
oil (200 mg). The oil was purified by preparative thin layer chro
matography on silica gel PF-254 to obtain a hydrocarbon whose 
spectral properties were identical to those of a commercial sample 
of y-bisabolene9: yield 150 mg (49%); ir (CCI4) 1680, 1460, 1380, 
1240, 1180, 1160, 1120,'940 cm“ 1; nmr (CC14) 5 1.56 (s, 3 H), 1.62 (s, 
9 H), 2.01 (s, 6 H), 2.23 (m, 2 H), 2.68 (s, 2 H), 5.10 (t, 1 H), 5.27 (2, 
1 H); high resolution mass spectrum M+ 204.1884, C15H24 requires 
204.1878. The synthetic mixture consisted of a 60:40 mixture of 
stereoisomers, as determined by vpc on 1% OV-1. The spectral 
data were in close agreement with published values.10

l,l,l,3,3,3-Hexadeuterio-2-propyltriphenylphosphonium 
Iodide (7). A solution of acetone-de (20 g, 0.31 mol) in anhydrous 
ether (25 ml) was added dropwise to a cooled slurry of lithium alu
minum hydride (6.07 g, 0.16 mol) in anhydrous ether (75 ml) and 
the mixture was stirred for 30 min at 0°. Dropwise addition of 
water (5 ml) was followed by dropwise addition of 15% sodium hy
droxide solution (6 ml) and finally water (18 ml). A granular pre
cipitate was removed by filtration and the ether extract dried over 
sodium sulfate.

The dried solution was added to a stirred solution of o-phenyl- 
ene phosphochlorite (50.4 g, 0.29 mol) and dry pyridine (22.9 g, 
0.29 mol) in ether (400 ml) at 0°. The mixture was allowed to stand 
for 18 hr at 25°. Pyridine hydrochloride was removed by filtration 
and the solvent evaporated in vacuo to yield an oil. Distillation of 
the oil gave hexadeuterioisopropyl-o-phenylene phosphite: yield 
45 g (77%); bp 54° (1 mm); ir (film) 3100, 2250, 1600 cm-1; nmr 
(C C I4 ) 5 4.17 (d, 1 H), 7.08 (s, 4 H); high resolution mass spectrum 
M+ 204.0825, C9H5D6O3P requires 204.0822.

Iodine (50.4 g, 0.1 mol) was added to a solution of the phosphite 
(20.4 g, 0.1 mol) in dichloromethane (400 ml). The solution was 
stirred for 15 hr at 25° and then extracted with 5% sodium hydrox
ide solution (400 ml), 5% sodium bisulfite solution (200 ml), and 
saturated sodium chloride solution (200 ml). The dichloromethane 
layer was dried over anhydrous sodium sulfate and the solvent 
then carefully distilled at atmospheric pressure. The rfesidue was 
distilled to obtain hexadeuterioisopropyl iodide: yield 13.9 g (79%); 
bp 88°; ir (film) 2950, 2250 cm-1; nmr (CC14) 5 4.23 (s, 1 H). This 
material rapidly decomposes and was used without further purifi
cation.

The iodide (13.9 g, 79 mmol) and triphenylphosphine (20.43 g, 
78 mmol) were heated together to 100°. The melt was stirred for 15 
hr at 100° using an efficient reflux condenser to prevent loss of the 
iodide. The salt was allowed to cool and washed with petroleum 
ether. The crude product was recrystallized from ethanol (100%) to 
obtain white crystals of hexadeuterioisopropyltriphenylphospho- 
nium iodide: yield 15.1 g (45%); mp >200° dec; nmr (CDCI3) 5 4.95 
(d, 1 H), 7.40 (s, 5 H), 7.85 (s, 10 H).

Hexadeuterio-7 -bisaboIene (6). A 2.2 M solution of n-butylli- 
thium in hexane (2.88 ml, 6.36 mmol) was added to a stirred solu
tion of hexadeuterioisopropyltriphenylphosphonium iodide (2.80 
g, 6.40 mmol) in tetrahydrofuran (25 ml) under an argon atmo
sphere at 0°. After stirring for 30 min at 0°, a solution of the alde
hyde (1.13 g, 6.36 mmol) in tetrahydrofuran (20 ml) was added. 
The reaction was worked up according to the procedure for 7-bisa- 
bolene to obtain hexadeuterio-7-bisabolene as a clear oil: yield 547 
mg (41%); high resolution mass spectrum M+ 210.2255 C15H18D6 
requires 210.2254.
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Communications
A seco-Germacradienolide from L iatris p ycnostach ya

Summary: Discovery and structure determination of the 
first seco-germacradiene pycnolide, a 2,3-seco-l(10),4,5- 
germacradienolide from L ia tr is  pycnostachya  (Michx.) 
Kuntze, is reported.

Sir: Germacradienes play a crucial role in biogenetic 
schemes leading to many other classes of sesquiterpenes, 1 
particularly those which, like the germacranes, are heavily 
represented in nature as sesquiterpene lactones. We now 
report discovery of the first seco-germacradiene pycnolide 
as a minor lactonic constituent of L ia tr is  pycnostachya 
(Michx.) Kuntze.

Pycnolide (la), C20H 28O62 { [ a ] 22D  +39.8° (c 1.1, CHCI3), 
ir 3400, 1765, 1720 and 1650 cm “ 1), is an angeloyl ester (see 
characteristic peaks in Table I) and an a-methylene 7 -lac
tone of the type shown in la (typical signals for H-6 , H-7, 
H-13a, and H-13b3 whose relationship was established by 
spin decoupling). Other functional groups are two primary 
hydroxyls (AB quartet of H-2, two proton singlet o f H-3, 
both shifted downfield on acetylation to lb), and two dou
ble bonds of type -C (C H 3)= C H - (two additional vinyl 
methyls, two vinyl proton signals at 5.30 and 5.52 ppm, the 
latter superimposed on the signal of a proton on the carbon 
carrying the angelate). The remaining two nmr signals re
vealed the presence o f a methylene group (C-9); hence pyc
nolide contains no ring other than that of the lactone.

The above conclusions were corroborated by the 13C nmr 
spectrum which exhibited the expected two carbonyl sin
glets (169.7, 166.8), four vinyl singlets (C-10, C-4, C -l l ,  C- 
2' at 142.7, 135.9, 132.3, 127.2), three vinyl doublets (C-3', 
C-5, C -l at 138.8, 128.9, 121.6), one vinyl triplet (C-13, 
123.3), doublets of C -6  and C -8  (74.6, 71.3), triplets of C-3, 
C-2, and C-9 (66.3, 58.7, 41.9), doublet of C-7 (47.7), and 
four methyl quartets (20.3, 15.8, 15.6, 14.0).4

MnC>2 oxidation of la gave the conjugated monoal
dehydes 2a and 2b and the dialdehyde 2c. The accompa-

2a. R, = CHO; R, =  CH,OH 3a, R =  H
b. Ri =  CH,0H; R, =  CHO b’ R =  Ac
c, Rb R2 =  CHO

nying downfield shifts of H -l (in 2a) and H-5 (in 2b) per
mitted unambiguous determination of the entire sequence 
C-3 through C -2  by double resonance, thus establishing the 
carbon skeleton as that o f a 2,3-seco-l(10),4,5-germacradi- 
enolide. Hydrolysis of la (NaOMe, MeOH, room tempera
ture, 10-12 hr) furnished 3a in whose nmr spectrum the 
H -8  multiplet, formerly at 5.52 ppm, had undergone the ex
pected diamagnetic shift, whereas the signal near 5.3 ppm 
(H -6 ) had not been affected significantly and was still spin-

Table I: The 270-MHz Spectrum of Pycnolide (CDC13)°

H -l 5.30 tbr (6) H-9b 2.16 dd (15, 6)
H-2 4.12 (AB) H -13a 6.36 d (2.8)
H-3 4.06 H-13b 5.70 d (2.6)
H-5 5.52 dbr (9.5) H-14 1.73 b r 6
H-6 5.35 dd (9.5, 5.3) H-15 1.83 b rc
H-7 3.10 m H -3 ' 6.1 m
H-8 5.52 ddd (8.5, 6, 2) H -4 ' 1.93 dq
H -9a 2.45 dd (15, 8.5) H -5 ' 1.83 br

“ Frequencies in ppm downfield from TMS. Figures in parenthe-
ses are coupling constants in Hz. b Coupled to H -l. c Coupled to 
H-5.

coupled to H-5. Hence the lactone rings of la and 3a were 
closed to C-6 .6

E  stereochemistry around the 1,10 and 4,5 double bonds 
was evident, in te r alia, from the chemical shifts of the al- 
dehydic proton in 2b (9.50 ppm ) 7 and the C-10 methyl sig
nal in 2a (2.26 ppm ) .8 The absolute configuration at C -8  
was established as R by applying Horeau’s method9 to 3b 
(14.2% optical yield). Since Jeg in 3a and 3b is 9 Hz, the 
lactone ring must be trans-fused (models). If the usual as
sumption is made that the C-7 side chain is (3, H -6  is /J as 
well. Thus the stereochemistry of pycnolide at C-6 , C-7, 
and C -8  is the same as that deduced for all germacranolides 
and guaianolides isolated previously10 from L ia tr is  species.

It is interesting that, contrary to the situation prevailing 
in other classes of seco-terpenoids, the oxidation states of 
both C-2 and C-3 (or C-153) o f pycnolide are lower than 
what they must have been prior to ring cleavage.
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Hybrid Hydride{Sodium cyanoborohydride]
Sodium cyanoborohydride, 
agent which is:

NaBH3CN, is a unique reducing o oIl II
PhCHr C-C-OH +

•Stable in aqueous acid to pH 3 
•Highly soluble in a variety of solvents 
•Hydrolyzed 108-fold slower than NaBH4 Reductive Alkylation

NH<Br NaBH3CN 
CH3OH, 25° *

Sodium cyanoborohydride is a very mild, versatile reagent 
that w ill reduce a variety of organic functional groups with 
remarkable selectivity, as illustrated below:

Reduction of Carbonyl Compounds

NaBH3CN 
CH3OH, 25°

O
PhCH,CH-C-OH

NH,

OCH-C-SPh NaBH3CN
O C2H5OH, AcOH, 25°

Reductive Displacement of Halides

A  NaBH3CN _ A
Ph-CH-CH-CH2Br HMPA, 70° Ph-CH-CH-CHj

CH,OHi 1 Deoxygenation (Modified Wolff-Kishner)

o  o
CH j-C-(CH ,)j-C-0(CH j)6CN 1) p-TsNHNHj _

2) NaBHjCN 
DMF-sulfolane 
100“

O
ch3[ch;)4-c-°(chz]6cn

The most useful application of NaBH3CN is the selective 
reduction of the iminium ion ( X = fO .  Thefo llow ing are some 
specific reductions, all of which involve an intermediate im
inium ion.

Reduction of Oximes

The stability and reactivity of the cyanoborohydride ion in 
aqueous systems at pH 6-8 indicate the potential for carrying 
out ¡mine reductions and carbonyl aminations on complex 
biological systems. For example, the imino linkage between
11-c/s-retinal and the lipoprotein, opsin, was recently reduced 
with NaBH3CN under mild conditions (aqueous, pH 5, 3°).

NOH
NaBHjCN

CH3OH, HCI, 25°
For a complete list of references, please send for a detailed 
technical information bulletin. The follow ing are leading
references:

Reduction of Enamines

N' O
CHjC=CH-C-OC,H

NaBH3CN
CH3OH, HCI, 25° N O

CH,CHCH,-C-OC?Hs

R.F. Borch, M.D. Bernstein, and H.D. Durst, J. Amer. Chem. 
Soc., 93, 2897 (1971).

R.O. Hutchins and D. Kandasamy, ibid., 95, 6131 (1973); and 
references cited therein.

C.F. Lane, Synthesis, 1975, in press.

Reductive Amination 15,615-9 Sodium cyanoborohydride............... 6.3gt $4.25
10g $5.50; 50g $22.50; 62.8gt $27.50

H1,160-2 Hexamethylphosphoramide..................100g $4.65
(HMPA) 500g $16.30

13,200-4 p-Toluenesulfonhydrazide................100g $11.25
(p-TsNHNH2) 186.2gt $18.00

D15,855-0 Dimethylformamide (DMF)......................1kg $5.65
3kg $11.25

T2,220-9 Tetramethylene sulfone.........................100g $4.45
(sulfolane) 500g $12.95
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