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13960 N-Benzyl tr ifluo ra ie th a n e su lfo n a m id e  purum MP 45-47 (N -B e nzy l-tr ifla m id e ) 
CF3S02NHC7H7 CBHeF3N02S MW 239.22

f3
o=s=oI

NHI
CH2

6

Reagent fo r  a new "G ab rie l"  syn thes is  o f  prim ary amines. 
J .B . Hendrickson e t  a l . , Tetrahedron (1975) 31, 2517

+  CH3(CH2)6Br
K2C03j acetone 

25°, 14 hrs
■CH2-C3H_ /

0  X(CH2)s-C H j

1) NqH, DMF
2) HCl, H20

5 g sF r. 32 .—  US$ 16.00 

25 g sF r. 135.—  US$ 62.50

CH3(CH2)6 NH2
80<fc

+  CF3S02H +

17618 2-B rtm Cfnethyl-l/ 3-d ioxolane p ra c t.  BP, 2 65-67°; riQ° 1.4798 1 I t  = 1.61 kg
C„H7Br02 M i 167.02

Usefu l synthon fo r  the  p re p a ra tion  o f  a , g-unsaturated aldehydes: T.M. Cresp, 
M.V. Sargent, P. Vogel, J.Chem.SoC.Perkin I  (1974) 39;
synthon, fo r  the p re p a ra tion  o f  1 ,4-d ia ldenyde monoacetals: J .F . Le Borgne,
Th. Cuvigny, M. Larcheveque, H. Normant, Tetrahedron L e t t .  (1976) 1379

r~\

T
CH2Br

Ph3P
95°, 36 hrs

0
Ph3PCH2

- 0
,0 ■CHO N2 LiOCH3, CH30H , 25°, 1hr

2) 60°, 4 hrs c C
659b

■CHO

25 ml sF r. 18. 

100 ml sF r. 65.

US$ 9.00 

US$ 32.50

29950 C yclopropyld iphenylsu lfon ium  te tra f lu o ro b o ra te  p ra c t. MP 135-137°
CH2CH2CHS (C6H5) 2 (BFt,) CisHisBFvS MJ 314.15
E xce lle n t reagent fo r  the  sp iroa n n e la tio n  o f  ca rbonyl ccrtpounds. The y l ic e  
de rived  fro n  th is  s a l t  e f fe c ts  many d if fe re n t  s y n th e tic  tran s fo rm a tio n s :
M .J. Bogdanowicz, B.M. T ro s t, Org.Synth. (1974) 54, 27; B.M. T ro s t, Pure 
and Appl.Chem. (1975) 43, 563-585; B.M. T ro s t in  "Organic Sulphur C hem istry", 
ed. by D .J .M .S t ir l in g ,  B u tte rw arths , London (1975) 237-263; B.M. T ro s t, Lee. 
Chem.Res. (1974) 7 , 85

CT'O * d

1 g sF r. 65. US$ 32.50

34640 N ,N '-D i- te r t-b u ty lc a rb o d iim id e  purum >99*(GDC); BP12 48-50°; n^° 1.4298; 1 I t  = 0.80 kg 
(CH3) 3C:N:C(CH3) 3 C9H18N MW 140.25

Synthon; dehydrating reagent; s ta r t in g  m a te r ia l f o r  th e  p repa ra tion  o f  N ,N '-  
d i- te rt-b u ty l-N -m e th y lc a rb o d iim id iu m  te tra f lu o ro b o ra te , a po ten t agent to  
e f fe c t  m olecu lar dehydra tions: K. Hartke e t  a l . ,  L ie b ig s  Ann.Chem. (1972) 762, 
167; R.C. Schnur, E.E. van Tamelen, J.Lm.Chem.Soc. (1975) 97, 464

CH3
ch3—c—CH3

NIICII
NI

ch3—c—ch3
CH3

© Q(CH3)30BFr
013 CH3

CH3—¿ - N = C = N - C - C H j BFf 
CH3 O bC Hj 6 2 %

0  H01CH2U0H
6 4 %

5 m l sF r. 37.—  US$ 18.50

63538 Manganese ( I I I )  ace ta te  p ra c t. (Manganic acetate)
Mn(OCOCH3) 3.2H20  C6H3Mn06. 2H20  MW 268.10

Reagent fo r  the o x id a tio n  o f  o le f in s  and arom atic hydrocarbons: L . F iese r 
M. F ie se r, "Reagents fo r  Organic S yn thes is ", 2 , 263, £ ,  318, 6, 355; John 
W iley and Sons, In c . ;  J .R . G ilm ore, J.M . M e llo r, J.Chem.Soc. (C) (1971) 2355

Mn(0C0CHj)3 + o KBr, AcOH,N2 

70°,8 hrs

^ Y ° C ch3 
I I 0  7S%

50 g sF r. 50.—  US$ 25.00

T r id o m  C h e m ic a l I n c . ,  255 O ser A ve n u e , H auppauge, New J fo rk  1133T , T e le p h o n e  (516 ) 2 7 3 -0 1 1 0 , T e le x  9 6 -7 8 0 7  
E x c lu s iv e  N o r th  A m e ric a n  R e p re s e n ta t iv e  o f  FluSra';5GC‘  (T I? u ^ -^ ra G $ e £ s  a re  a v a i la b le  fro m  s to c k )

- >  2 -^ -5 --v* r- r*
C o n c e rn in g  p r ic e s  o u ts id e  o f  N o r th  A m e ric a  and S w i tz e r la n d ,  p le a s e  c o n ta c t  o u r  l o c a l  a g e n t ;  f o r  Germany 
F lu k a  F e in c h e m ik a l ie n  GmbH, L i l i e n t h a l s t r a s s e  8 ,  D^7910 N e u -U lm *~ T e le p h o n e  (073)  7 4 0 8 8 -8 9 ,  T e le x  712316

■STIfT: ' <4 rs
FL UKA AG , C H - 9 4 7 0  BUCHS x  N 8 J r  f  £JL Z M  fc fc t  -(085) 60 275 , T E L E X  7*1282
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AsymmetricOrganicReactions
Jam es D. M orrison  and 
H arry S. M osher

Now available for the first time in 
paperback—this corrected reprint 
edition is designed as a complete 
course and guide to prior literature 
in the field concentrating on pub
lished research from 1933 through 
1968.
This valuable sourcebook includes 
introduction and background ma
terial plus specific treatments of 
narrow regions within the broad area 
of asymmetric organic reactions.
Ten sections cover:
• reactions of achiral reagents with chiral 

keto esters and w th chiral aldehydes 
and ketones

• various asymmetric addition reactions 
of carbonyl compounds; hydrogen 
transfer fronvchiral reducing agents 
to achiral substrates; asymmetric 
synthesis at hetero atoms

• asymmetric synthesis of amino acids; 
asymmetric rearrangements and elim
ination reactions; and asymmetric 
additions to alkenes

Modern developments in the field 
are based on the classical litera
ture reviewed and analyzed in this 
volume—making it particularly use
ful as a graduate level text supple
ment or reference book for both the 
synthetic and organic chemist.
465 pages (1976) paperback $10.00 
Corrected reprint ed tion. First published 
by Prentice-Hall, Inc. (1971). Reprlntec 
by arrangement with the authors.
LC 75-21608 ISBN 0-8412-0296-6

SIS/American Chemical Society 
1155 16th St., N.W./Wash., D C. 20035
Please send________ copies of Asymmetric
Organic Reactions at $10.00 per book.
□  Check enclosed for $ _________ □  Bill me.
Postpaid in U.S. and Canada, plus 40 cents 
elsewhere.

Name

Address

City State Zip

USEFUL REAGENTS FOR SYNTHETIC ORGANIC CHEMISTS
T R IF L U O R O N IT R O S O M E T H A N E

C F 3NO reacts with primary, secondary and tertiary amines to yield 
corresponding trifluoromethylazo compounds, i.e. R—N = N —C F 3 , which 
undergo photolysis in good yields to form trifluoromethyl derivatives. 

Reference: :
1 . P. G o litz  &  A . de M eije re , A ngew . Chem . In t. Ed. E n g l., 8 5 4 , 16 (1 9 7 7 ) N o . 12 . 

Available from stock:
18640-3 Trifluoronitrosomethane 10g—$50.00; 25g— $100.00

T R IM E TH Y LSILYL IO D ID E
A new reagent has recently appeared on the scene which promises to 

show wide application in organic chemistry. Trim ethylsilyl iodide has 
already been shown to dealkylate esters1 and ethers2 under neutral 
conditions and to convert alcohols into iodides.3

Quantitative dealkylation occurs when alkyl esters are treated with  
trimethylsilyl iodide in an aprotic solvent. The free acid is easily ob
tained by hydrolysis of the trimethylsilyl ester.

Ethers are cleaved in high yields; alcohols give corresponding iodides 
in high yields. For details, check the references listed below.
References
1. M . E . Jung and M . A . Lyster, J. A m  Chem. Soc., 9 9 ,  9 6 9  (1 9 7 7 ) .
2 . M . E . Jung and M . A . Lyster, J. Org. Chem. 4 2 , 3761 (1 9 7 7 ) .
3 . M . E . Jung and P. L . O rnste in , Tet. Le tters . 2 6 5 9  (1 9 7 7 ! .

A vailable from stock *
11957-8 Trimethylsilyl iodide 10g—$ 15.00; 50g—$60.00
34020-8 Hexamethyldisilazane (highest ourity)

10 0g -$1 2 .00 ; 500g—$25.00

E P O X Y S IL A N E S
a-Chloroethyltrimethylsilane1 and Chloromethyltrimethylsilane2 

yield carbanions when treated with s-BuLi in T H F  at -78? The carbanion 
reacts with a carbonyl compound to yield an a,(3-epoxysilane which, 
when hydrolyzed, gives the corresponding ketone in good yields.

The references report a wide variety of carbonyl compounds which 
undergo these reactions including aliphatic, aromatic and steroidal 
substrates.

The a, /3-epoxysilanes, besides being precursors to homologous car
bonyl compounds are convenient intermediates in the syntheses of 
stereospecific olefins via j3-hydroxysilanes,3 vinyl ethers, bromides 
and enamides.4 The simplest a,/3-epoxysilane, epoxyethyltrimethyl- 
silane, can be prepared from vinyltrimethylsilane by reaction with  
perphthalic acid.5

a-Chloroethyltrimethylsilane (1) and chloromethyltrimethylsilane 
(3 ), precursors to the epoxysilane intermediates are both available 
from PCR.

References
1. F . C ooke  &  P. Magnus, J. C. S. Chem . C om m ., 5 1 3  (1 9 7 7 ) .
2 . C . B u rfo rd , F . C ooke , E . Ehlinger, & P. M agnus, J. A m . Chem . S oc., 9 9  4 5 3 6  

(1 9 7 7 ) .
3 . P. F . H u d r lik , D . Peterson & R . J. R ona, J. Org. Chem ., 40 2 2 6 4  (1 9 7 5 )
4 . P. F . H u d r lik , A . M . H u d rlik , R . J. R ona, R . N . M isra &  G . P. W ithers . J. A m . 

Chem . Soc.. 9 9  1 9 9 3  (1 9 7 7 ) .
5 . V. Bazart &  V. M atousak, Coll. Czech. Chem . C om m ., 24 3 7 5 8  

(1 9 5 9 ) .

Available from PCR
11965-1 a-Chloroethyltrimethylsilane 25g—$32.50; 100g—$" 15.00
29070-0 Chloromethyltrimethylsilane 25g—$28.00 ; 100g— $97.00  
29270 6 Vinyltrim ethylsilane 25g— $35.00 ; 100g—$110 .00

P C R  R E S E A R C H  C H E M I C A L S ,  I N C .
P.O. BOX 1778 GAINESVILLE,FLORIDA 32602 (904)376-7522

v v b d ff iif i  n i u i v j i T i W ' T
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Two practical syntheses of hypostrophene (G) beginning with cyclopentadiene (14.6% overall) and cyclopenta- 
none (21.6%) are reported. Both routes converge at the stage of keto ketal 8, which is subsequently photocyclized 
and transformed to diiodide 14. Exposure of 14 to sodium-potassium alloy delivers the title diene. When 6 was 
treated with elemental bromine or iV-bromosuccinimide in aqueous dimethyl sulfoxide, extensive structural rear
rangement occurred with formation of the enda-dicyclopentadiene derivatives 17 and 23, respectively. Under acidic 
conditions, epoxide 26 was similarly isomerized to diol 30, the skeletal rearrangement again involving eight of the 
ten carbon atoms contained :n the hypostrophene framework. A possible correlation between the high-lying a orbit
als present in G, its marked preference for through-bond instead of through-space interaction, and strain relief is 
presented in rationalization of this proclivity for deep-seated structural change.

In molecules such as cubane (1) and pentaprismane (4), 
two identical alicyclic rings are brought together in face-to- 
face proximity within a rigid prismatic molecular framework. 
At least in the case of I (4 remains unknown), such a bonding 
arrangement engenders sizable strain energy2 with resultant 
high chemical reactivity.3 The state of hybridization de
manded by the novel geometry of l 4a is reflected in the high 
acidity of its protons,4b its very low (8.74 e V) first ionization 
potential,5 and its behavior on electron impact.6 Progression 
through the series 1-3 and 4-6 results in substantial strain

4 5 6

amelioration. The pair of internal hydrogens in secocubane
(2) are known to cause outward puckering of the upper and 
lower cyclobutene rings.7 A comparable steric situation likely 
prevails in 5.

The removal of two contiguous lateral bonds in 1 and 4 leads 
to 38 and 6,9 respectively, having pairs of nonconjugated cisoid 
tt orbitals whose inner lobes are tightly compressed. Despite 
their obvious proximity, however, the douole bonds in syn- 
tricyclo[4.2.0.02’5]octa-3,7-diene10 and hypostrophene11 ex
perience vastly more effective through-bond interaction than 
through-space coupling. This results because of the continued 
presence of exceptionally high-lying a orbitals which serve to 
reverse the normal ordering, wherein the out-of-phase linear

0022-3263/78/1943-1287$01.00/0

combination of the two ic orbitals is located at higher energy 
than the in-phase combination.12 Since few known organic 
molecules possess structural and stereoelectronic features 
capable of effectively overriding customary through-space 
interaction, the reactivities of 3, 6, and suitable derivatives 
thereof merit serious experimental investigation.

Although these interesting molecules hold promise as 
possible sources of new theoretical and mechanistic under
standing, they have been subjected to very limited scrutiny, 
apparently due to their relative inaccessibility. It is currently 
recognized that neither diene is capable of (x2s + x2s) pho
tochemical cyclization, since through-bond coupling destroys 
the usual symmetry allowedness of this closure. In contrast, 
the capability of both molecules for sequential degenerate 
Cope rearrangement of low temperatures is not inhibited.9’13 
Therefore, these substances can endlessly interchange two sets 
of carbon atoms with regeneration of the original structures. 
At somewhat more elevated temperatures, 3 is transformed 
into cyclooctatetraene14 and 6 gives rise to an isomeric (CH)io 
hydrocarbon.9

In this and the two accompanying reports,15’16 we have at
tempted to relieve this imbalance through development of 
practical synthetic routes to 6, analysis of its response to 
electrophilic reagents, and investigation of the solvolytic be
havior of appropriately functionalized derivatives of 3 and 
6.

R e s u lts

S y n th e t ic  C o n s id e ra t io n s . Pettit’s original synthesis of 
hypostrophene provides the hydrocarbon in 0.7% yield from 
cyclooctatetraene and is not only costly but also tedious. 
Therefore, the development of rather less expensive and more 
flexible routes to 6 was initially investigated. Two series of 
interconversions were developed to gain access to the pivotal 
intermediate 8 (Scheme I). The first of these began with cy-

© 1978 American Chemical Society 1287



1288 J. Org. Chem., Vol. 43, No. 7, 1978 Paquette, James, and Klein

Scheme I
- 0H /~y

9

clopentadiene,17 nitrosation of which provided dioxime 7.18 
Through sequential transoximation with levulinic acid19 and 
selective ketaiization with ethylene glycol in benzene con
taining p-toluenesulfonic acid,20 this dioxime was efficiently 
converted to 8. Although this sequence is quite satisfactory 
for either small- or large-scale preparations of 8, there remain 
undesirable economic and technical problems in the handling 
of bulk quantities of levulinic acid. These drawbacks were 
totally eliminated through use of cyclopentanone as starting 
material. Conversion to its ethylene ketal21 followed by di- 
bromination with elemental bromine in dioxane208 gave 9. To 
achieve maximum yields in the latter step, 9 should be isolated 
immediately without unnecessary heating during solvent re
moval and used directly. When left at room temperature for 
any length of time, the dibromo ketal is transformed to a dense 
black oil. Dehydrobromination of 9 and in situ dimerization 
were achieved through the use of refluxing sodium methoxide 
in methanol,208 or preferably sodium or potassium teri-bu- 
toxide in tert-butyl alcohol. Partial hydrolysis of 10 to 8 could 
be reproducibly achieved in 95% yield by stirring with hy
drochloric acid in tetrahydrofuran at room temperature for 
2 h. Extension of the reaction time to 4-5 h invariably caused 
drastic reductions in yield.

Upon irradiation of 8 in ether through Pyrex with a Hanovia 
450-W lamp, photoclosure to 11 was routinely realized in 95% 
yield. Although the subsequent hydrolysis of 11 to 12 is 
somewhat capricious and requires careful attention to detail, 
this approach to 12 is vastly superior to that involving direct 
photocyclization of dicyclopentadienone,22 since no photo
chemical side reactions compete. Lithium aluminum hydride 
reduction of 12, treatment of diol mixture 13a with sulfene,23 
and Sn2 displacement with sodium iodide in anhydrous 
hexamethylphosphoramide afforded the nicely crystalline 14 
as a mixture of epimers (Scheme II).

Initially, the conversion of diiodide 14 to hypostrophene was 
effected with sodium-potassium alloy in anhydrous tetra
hydrofuran at room temperature (54% yield). To remove the 
last traces of solvent and some polymerization product, the 
impure 6 was generally sublimed. But contamination with a 
saturated hydrocarbon byproduct of comparable volatility 
persisted. These complications do net arise if ether is origi
nally employed as solvent. Under these conditions, chroma
tography on silica gel (unfeasible earlier) suffices to provide 
pure hypostrophene (61%). Other methods such as those in
volving sodium naphthalenide or sodium phenanthrenide 
suffer from the problem of ultimate separation of volatile 6 
from aromatic compounds and are substantially less desir
able.

These procedures therefore permit the ready production 
of hypostrophene in 14.6% overall yield from cyclopentadiene 
or, more impressively, in 21.6% yield from cyclopentanone.

Scheme II

6  14 13 a , R = -I
~ b, R = S02 CH3

C h e m ica l C o n se q u e n ce s  o f  T h r o u g h -B o n d  In te ra c tio n .
To assess in reasonably systematic fashion the degree of 
control that high-lying a orbitals can exert upon chemical 
reactivity, comparisons with one or more compounds lacking 
through-bond interaction are warranted. For the present 
purposes, homohypostrophene (15) is considered particularly 
attractive because of its close structural similarities to 6. Al
though photoelectron spectroscopic analysis of 15 has yet to 
be reported, this diene lacks laterally fused cyclobutane rings 
and probably is endowed with normal orbital ordering. That 
through-space interaction does dominate in 15 is suggested 
by its closure to homopentaprismane (16a ) upon ultraviolet

16a 15

irradiation in the presence of xanthone or acetone.24 A further 
chemical test in support of this conclusion is found in the 
bromination of 15, which proceeds straightforwardly by 1,4 
addition to give exclusively 16b.25’26

Reaction of 6 at 0 °C in carbon tetrachloride with 1 equiv 
of bromine gave a single oily dibromide (17) in excellent yield. 
The 4H NMR spectrum of 17 displays four olefinic protons, 
thereby ruling out the operation of simple transannular 
chemistry as exhibited by 15. Because reduction of 17 with 
lithium aluminum hydride afforded an isomerically pure 
monobromide, :t became immediately apparent that its 
halogens are situated in differing chemical environments. The 
finding that further dehalogenation with sodium in liquid 
ammonia furnished endo-dicyclopentadiene (19) implicated 
the prior formation of 17 and 18 (Scheme III). The syn ste
reochemical assignment to the 8-bromo substituent in these

Scheme III
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molecules is founded upon the selective reactivity of 18 toward 
dihalocarbenes generated under phase-transfer conditions28 
and upon mechanistic reasoning (vide infra).29 The steric 
shielding which arises with this substitution plan causes 18 
to be subject only to monoaddition with formation of 20a and 
20b under conditions where parent hydrocarbon 19 undergoes 
reaction at both olefinic sites to give 22. Upon reductive de- 
halogenation, 20a and 20b were transformed to the known 
hydrocarbon 21.30

When hypostrophene was treated with iV-bromosuccini- 
mide in wet dimethyl sulfoxide, a reagent known to lead regio- 
and stereospecifically to bromohydrins311 with skeletal rear
rangement occurring only infrequently,313 there was isolated 
only the extensively isomerized bromo alcohol 23. The identity 
of 23 is based upon its formation by hydrolysis of 17 and the 
spectral properties of its more stable acetate derivative 24 (see

Experimental Section). These results are taken as an indica
tion that hypostrophene possesses a powerful latent drive for 
rearrangment that is accompanied by strain release and made 
possible by its electron-rich lateral bonds.

Nonetheless, reagents such as S-borabicyclononane (9- 
BBN),32 m -chloroperbenzoic acid, dibromocarbene, and io- 
domethylzinc iodide engage G in chemical reaction (exo attack 
only) without inducing skeletal isomerization. With 9-BBN, 
the multiplicity of addition could be controlled to give alcohol 
25 in >70% isolated yield. We have directed efforts toward the 
maximization of monoaddition in all instances, but the 70+% 
limit has been repeatedly realized under individually tailored 
experimental circumstances. For example, m-chloroperben
zoic acid in chloroform at 0 °C provided monoepoxide 26 
(73%) and diepoxide 27 (15%). With potassium feri-butoxide 
and bromoform in pentane at —30 °C, there was isolated 77% 
of 28a and 15% of 29a. Simmons-Smith cyclopropanation

*2
28 o , X =  Br 29 a , X = 8r

b, X = H ~ b , X = H

similarly gave a mixture of 28b and 29b, and the need for 
preparative VPC separation substantially lowered the isolated 
yields in this case. Reductive debromination33 of 28a is the 
preferred route to 28b.

No rearrangement products are formed in the above reac
tions due to the absence of mechanistic requirements that 
cationic intermediates intervene. When this is purposefully 
undertaken as, for example, when 26 is dissolved :n 10% 
aqueous perchloric acid at room temperature, rapid conver
sion to the known l-exo-8-syn-diol 30 does occur.

Discussion
An intriguing feature of the conversion of hypostrophene 

to 17 and 23 is the involvement of eight of this hydrocarbon’s 
ten constituent carbon atoms in the skeletal rearrangement. 
We believe that electrophilic attack begins w’ith exo approach 
to generate 31. This intermediate subsequently experiences 
transannular bonding with the normal kinetic preference for
5-ring closure (Scheme IV) to deliver 32. Two sequential cy
clobutane bond cleavages follow. The first phase leading to 
33 is quite likely facilitated by the electron-rich nature of the 
lateral bond and controlled by strain release since the new 
cationic center does not appear to be particularly stabilized 
relative to that in 32. The energetic value of the second phase 
which gives rise to 34 probably lies chiefly in the development 
of allylic resonance, although a further diminution in strain 
also obtains. As a direct consequence of the prevailing sym
metry in 34, nucleophilic capture can take place with equal 
probability at either allylic terminus.

The behavior of epoxide 26 in acidic solution is entirely 
comparable. Here, electrophilic ring opening leads to 31 (X 
= OH) which then proceeds to 30 in che predescribed man
ner.

We have been singularly unsuccessful in our attempts to 
intercept such hypostrophene rearrangements even with most 
reactive uniparticulate electrophiles34 such as TONE and CSI. 
Due to the geometric limits imposed upon intramolecular 
charge annihilation when uniparticulate reagents are involved, 
only the capture of 31 and 33 becomes feasible under such 
circumstances. However, tarry polymeric substances which 
defied characterization were produced with CSI under the 
various conditions examined. TCNE proved unreactive. It is, 
therefore, perhaps more reasonable to view the conversion of 
31 to 34 as a concerted electronic reorganization, although we 
recognize that this hypothesis is based upon negative rather 
than positive evidence. In this interpretation, the synchronous 
flow of electron density which undulates between the two 
“ wafered” cyclopentane rings such that 80% of the carbon 
atoms experience rehybridization can be viewed as the result 
of the extensive air orbital mixing which prevails. Certainly, 
if any barriers to bond making and bond breaking do exist on 
this energy profile, their magnitudes have been greatly re
duced as compared to the situation in 15 and other structur
ally related molecules.

Scheme IV

X
34 33
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E x p e r im e n ta l  S e c t io n

Melting points are uncorrected. Proton magnetic resonance spectra 
were obtained on Varian T-60A and HA-100 spectrometers; apparent 
splittings are given in all cases. Infrared spectra were obtained with 
Perkin-Elmer Model 137 and 467 spectrometers, whereas mass 
spectra were measured with an AEI-MS9 spectrometer at an ioniza
tion potential of 70 eV. Elemental analyses were performed by the 
Scandinavian Microanalytical Laboratory, Herlev, Denmark.

endo-Dicyclopentadienone. A substantial quantity of bisoxime 
7 was prepared in 77% yield by the method of Doering and DePuy.18 
The crude solid obtained by Soxhlet extraction of the reaction mixture 
was used without further purification. Its infrared spectrum was 
identical with that reported.

A mixture of 20 g (105 mmol) of bisoxime 7 in 480 mL of freshly 
distilled levulinic acid and 54 mL of hydrochloric acid was stirred at 
room temperature for 3 h during which time the solids dissolved. The 
orange solution was heated on a steam bath for 3 h, cooled, diluted 
with 1000 mL of water, and extracted with four portions of methylene 
chloride totalling 2000 mL. The combined organic layers were care
fully neutralized with saturated sodium bicarbonate solution, followed 
by washing with 100 mL of 20% sodium hydroxide solution and finally 
with water until color was no longer extracted. The dried solution was 
filtered and evaporated to leave a yellow solid which was purified by 
column chromatography on neutral alumina (benzene elution). There 
was isolated 13.13 g (78%) of dicyclopentadier.one as off-white crystals 
whose spectral properties proved identical with the reported 
data.18

endo-Dicyclopentadienone 8-Ethylene Ketal (8). A. Selective 
Ketalization of endo-Dicyclopentadienone. A solution of 5.10 g 
(31.8 mmol) of endo-dicyclopentadienone, 3.95 g (63.7 mmol) of 
ethylene glycol, and 100 mg of p-toluenesulfonic acid in 50 mL of 
benzene was heated under reflux while water was azeotropically re
moved in a Dean-Stark trap. After 22 h the mixture was cooled, ex
tracted with equal volumes of saturated sodium bicarbonate solution 
and water, and dried. Elution of the filtrate through 10 g of neutral 
alumina and evaporation of solvent gave 5.15 g (81%) of 8 as a white 
solid. This material could be recrystallized from carbon tetrachloride 
to a melting point of 94-95 °C (lit.20a mp 94-95 °C), or used without 
further purification.

B. Partial Hydrolysis of 10. Cyclopentanone ethylene ketal (87% 
yield) and 2,5-dibromocyclopentanone ethylene ketal (96% yield) were 
prepared according to literature procedures.201821

To 2000 mL of dry tert-butyl alcohol was added 141 g (3.6 g-atom) 
of potassium metal portionwise during 1 h under a nitrogen atmo
sphere with mechanical stirring. The mixture was gently refluxed to 
achieve reaction of the last amounts of potassium. To this potassium 
tert-butoxide solution was added 281.28 g (0.98 mol) of 9 dropwise 
under nitrogen. The resultant black mixture was heated gently for 
12 h and diluted with 2000 mL of water. The tert-butyl alcohol was 
removed under reduced pressure and the black aqueous mixture was 
diluted to 500C mL and extracted continuously with diethyl ether to 
give 104 g (86%) of 10 as light yellow crystals. Recrystallization from 
ether gave colorless crystals: mp 91-92 °C (lit.20b mp 92 °C); NMR
6.10-6.33 5Me4si (CDC13) (m, 1), 5.5-5.97 (m, 3), 3.82-4.07 (m, 8), 
3.33-3.62 (m, 1), and 2.58-3.05 (m, 3).

A solution of 60.8 g (0.245 mol) of 10 in a mixture of 96 mL of con
centrated hydrochloric acid and 960 mL o: tetrahydrofuran was al
lowed to stand at room temperature for 2 h and no longer. Water (1 
L) was added and the aqueous mixture was neutralized carefully with 
sodium carbonate. The tetrahydrofuran was removed on a rotary 
evaporator and the aqueous layer was diluted to 1000 mL, extracted 
exhaustively with diethyl ether, and dried. Filtration and evaporation 
gave 49.36 g (100%) of 8 as colorless crystals, mp 94-95 °C.

Pentacyclo[5.3.0.02'5.03’9.04’8]decane-6,10-dione 6-Ethylene 
Ketal (11).20 A solution of 28.6 g (0.14 mol) of 8 in 1500 mL of dry 
benzene was placed in a large Pyrex vessel and irradiated with a 450-W 
Hanovia lamp contained in a quartz immersion well equipped with 
a Pyrex filter for 36 h. Filtration of the resultant yellow solution 
through 10 g of Florisil removed colored impurities and led to the 
isolation of 27.0 g (94%) of 11 as a colorless oil. If desired, crystalli
zation could be achieved at —60 °C from diethyl ether.

Pentacyclo[5.3.0.0.2>5.03’9.04'8]decane-6,10-dione (12). A heter- 
geneous mixture of 2.39 g (11.7 mmol) of 11,110 mL of 10% aqueous 
sulfuric acid, and 20 mL of tetrahydrofuran was heated at 80-90 °C 
for 3 h with stirring. After cooling, the mixture was poured onto 100 
g of ice and carefully neutralized with solid sodium bicarbonate. The 
contents of the flask was diluted to 700 mL with water and extracted 
continuously with methylene chloride. Evaporation of the organic 
phase gave 1.71 g of orange oil, chromatography of which on silica gel

(elution with benzene/ethyl acetate, 4:1) gave 12 as colorless crystals 
(1.42 g, 76%). The physical and spectral properties of 12 coincided with 
those described in the literature.22

This diketone, on standing open to the air, gradually forms a hy
drate which appears as a white powder.

Pentacyclo[5.3.0.02,i\03'9.04’8]decane-6,10-diol (13a). To a stirred 
suspension of 9.9 g (0.26 mol) of lithium aluminum hydride in 300 mL 
of dry tetrahydrofuran under nitrogen was added dropwise a solution 
of 20.7 g (0.13 mol) of 12 in 400 mL of dry tetrahydrofuran. The re
sultant mixture was heated under reflux for 24 h, cooled, and treated 
carefully with 10 mL of water, 10 mL of 15% sodium hydroxide solu
tion, and 30 mL of water. The mixture was suction filtered and the 
solids were leached repeatedly with diethyl ether. The combined or
ganic filtrates were evaporated under reduced pressure to give 19 g 
(90%) of a pale yellow oil. Recrystallization from benzene gave 6.84 
g of colorless crystals: mp 185-197 °C (mixture of epimers); NMR 
¿Me4Si (CDCI3) 2.10 (hr s, 2), 2.68 (m, 4), 2.88 (m, 4), and singlets at
3.98, 4.20, and 4.36 (total 2 H) (the three methine signals appeared 
in the ratio 5:16:4); IR i<max (neat) 3320 cm-1.

6.10- Bis(methanesulfonyloxy)pentacyclo[5.3.0.02’5.03’9.04'8]- 
decane (13b). To a solution of 1.61 g (9.8 mmol) of 13a in 200 mL of 
methylene chloride at 0 °C was added 2.52 g (22 mmol) of triethyl- 
amine under nitrogen. Methanesulfonyl chloride (3.0 g, 29.7 mmol) 
was added dropwise over 30 min at 0 °C and the resultant clear solu
tion was maintained at 0 °C for an additional 20 min before being 
poured into 200 mL of ice water. The aqueous phase was extracted 
with 100 mL of methylene chloride and the combined organic layers 
were washed consecutively with cold 5 N hydrochloric acid (200 mL) 
and saturated sodium bicarbonate solution, prior to drying and 
evaporation. There was obtained 2.68 g (85%) of a white crystalline 
solid, recrystallization of which from ethyl acetate gave colorless 
blades: mp 151.5-153 °C; NMR ¿Me^i (CDCI3) 2.8 (m, 4), 3.02 (s, 6),
3.2 (m, 4), and singlets at 4.74, 4.90, and 5.04 (total 2 H).

Anal. Calcd for C12H16O6S2: C. 44.99: H, 5.03; S, 20.02. Found: C, 
44.93; H, 5.06; S, 19.81.

6.10- Diiodopentacyclo[5.3.0.02-5.03'9.04’8]decane (14). A mixture 
of 200 mg (0.6 mmol) of dimesylate 13b and 1.88 g (12.5 mmol) of so
dium iodide in 4 mL of anhydrous hexamethylphosphoramide was 
heated to 130-140 3C under nitrogen for 2 days. The resultant black 
solid mixture was cooled and treated with 50 mL of water. The sus
pension was extracted with diethyl ether followed by washing of the 
combined organic phases with 6 N hydrochloric acid, water, and 
saturated sodium bicarbonate solution. Drying, filtration, and 
evaporation left 230 mg of orange oil which solidified on standing. The 
diiodide was purified by column chromatography on silica gel (pen
tane elution). The colorless crystals so obtained (216 mg, 90%) were 
recrystallized from petroleum ether: mp 171-173 °C; NMR ¿Me4Si 
(CDCI3) 2.44-3.60 (br m, 8) together with singlets at 3.88, and
4.02 (total 2 H).

Anal. Calcd for Ci0H i0I2: C, 31.28; H, 2.63. Found: C, 31.56; H,
2.77.

Tetracyclo[5.3.0.02-8.03’10]deca-4,8-diene (6). Method A. A dry
250-mL three-neck, round-bottom flask was charged with 2 g (87 
mg-atom) of sodium and 2 g (51 mg-atom) of potassium under ni
trogen. The flask was evacuated to 0.1 mm and the metals were fused 
by heating with a Bunsen burner. The flask was permitted to cool and 
the vacuum was carefully released under nitrogen. The sodium- 
potassium alloy was treated with 50 mL of dry tetrahydrofuran fol
lowed by the drop wise addition of 4.95 g (12.9 mmol) of 14 in 100 mL 
of the same solvent. The resultant gray suspension was stirred for 12 
h and allowed to settle. The supernatant solution was removed by 
syringe and the flask was rinsed with 25 mL of pentane which was 
again removed by syringe. The combined organic layers were suction 
filtered through a pad of Celite to remove inorganic solids and the 
filtrate was carefully concentrated under reduced pressure (80 mm) 
at 10 °C to a volume of 25 mL. The dark solution was diluted to 250 
mL with water and extracted with three 100-mL portions of pentane. 
The combined organic extracts were washed several times with water 
and brine prior to drying. After filtration, the volume of solution was 
reduced to 10 mL as before and the solution was placed ir. a sublimator 
where the remainder of the solvent was removed under vacuum. 
Sublimation of hypostrophene from the resultant orange oil was 
achieved at 25 °C and 0.1 mm with the use of a dry ice cooled cold 
finger to give 890 mg (54%) of 6 as pungent colorless plates. The 
spectra of this hydrocarbon were identical with those described ear
lier.9

Method B. A dry 1-L round-bottom flask was charged with 8.0 g 
of sodium and 8.0 g of potassium. After evacuation, the alloy was 
prepared as described above. After cooling, anhydrous ether (200 mL) 
was added under a nitrogen atmosphere. The resulting mixture was
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stirred magnetically. A solution of 14 (20 g) in 400 mL of ether was 
added dropwise, and stirring was maintained at room temperature 
for 15 h. Workup in the predescribed manner (except washing with 
ether) followed by careful removal of solvent left 5.2 g of a low melting 
solid which was chromatographed on silica gel (pentane elution). The 
amount of hypostrophene recovered was 4.1 g (61%).

Bromination o f Hypostrophene. To an ice-cold solution of 6 (0.5 
g) in 20 mL of carbon tetrachloride was slowly added 0.62 g of bromine 
with a syringe. Stirring was continued for 30 min prior to washing with 
water and drying. Removal of the solvent left 1.12 g (95%) of 17 as a 
pale yellow oil which turned dark green after several hours at room 
temperature: NMR i>Me4Si (CDCI3) 5.92 (m, 2), 5.72 (m, 2j, 3.92 (m,
1) , and 3.70-3.0 (m, 4); m/e calcd 287.9150, found 287.9156.

syn-S-Bromo-endo-dicyclopentadiene (18). A solution of 17 (1.0
g) in 5 mL of anhydrous ether was added dropwise to a stirred sus
pension of lithium aluminum hydride (0.3 g) at 20 °C, cooled to 0 °C, 
and treated sequentially with 0.3 mL of water, 0.3 mL of 15% sodium 
hydrox.de solution, and 0.9 mL of water. The precipitated salts were 
removed by filtration and rinsed well with ether. The filtrate was 
washed with brine, dried, and evaporated to give 0.57 g (80%) of 18: 
NMR 5Me4Si (CDCI3) 5.93 (m, 2), 5.48 (m, 2), 3.92 (m, 1), 3.42-2.40 (m,
5), and 2.27-1.98 (m, 1); m/e calcd 210.0045, found 210.0048.

endo-Dicyclopentadiene (19). To a stirred solution of 0.40 g of 
sodium in 40 mL of liquid ammonia maintained at —78 °C was added 
dropwise 900 mg of 18 dissolved in 10 mL of ether. After 30 min, solid 
ammonium chloride was added to discharge the blue color, the am
monia was allowed to evaporate, water (25 mL) was added, and the 
product was extracted into ether (3 X 20 mL). The combined organic 
layers were dried and evaporated to give 510 mg (92%) of hydrocarbon 
19, the spectral properties of which were identical with those of an 
authentic sample.

Dibromocarbene Addition to 18. To a solution containing 250 
mg of 18, 50 mg of triethylbenzylammonium bromide, 7.6 g of bro- 
moforrn, and 3 mL of benzene was added 1.6 mL of 50% sodium hy
droxide solution and the mixture was stirred at room temperature for 
48 h. Water (10 mL) was added and a small amount of tarry solid was 
removed by filtration. The layers were separated and the aqueous 
phase was extracted with chloroform (3 X 25 mL). The combined 
organic solutions were washed with brine, dried, and evaporated. 
There was obtained 0.4 g of an oil which solidified on overnight storage 
in a refrigerator. Two recrvstallizations from ethanol afforded 250 mg 
(55%) of pure 20a: mp 105-106 °C; NMR ¿M e4Si (CDC13) 6.17 (m, 2),
3.90 (m, 1), 3.30-3.10 (m, 1), 3.10-2.28 (m, 3), and 2.25-1.57 (m, 4).

Anal. Calcd for CuHnBra: C, 34.50; H, 2.90. Found: C, 34.84; H,
3.05.

Dichlorocarbene Addition to 18. The identical procedure was 
followed, except for substitution of bromoform by chloroform. There 
was obtained a 71% yield of 20b, mp 78-79 °C, after two recrystalli
zations from ethanol. The 'H  NMR spectrum of 20b was similar in 
many respects to that of 20a.

Reduction o f 20a. A solution of 20a (200 mg) in 3 mL of ether was 
added dropwise to a solution of sodium metal (300 mg) in liquid am
monia (50 mL) maintained at —70 °C. After 30 min, the excess sodium 
was destroyed by addition of solid ammonium chloride. The ammonia 
was allowed to evaporate, water was carefully added, and the aqueous 
mixture was extracted with ether (3 X 25 mL). The combined organic 
layers were dried and carefully evaporated to leave 70 mg (70%) of 21: 
NMR 6M e4Si (CDCI3 ) 6.15 (m, 2), 3.0-2.15 (m, 4), 1.84-0.71 (m, 6), 
0.61-0.31 (m, 1), and 0.19 to -0.42 (m, l ).29

Dichlorocarbene Addition to 19. A mixture of endo-dicyclo- 
pentadiene (0.70 g), triethylbenzylammonium bromide (50 mg), and 
chloroform (5 mL) was treated with 3.5 mL of 50% sodium hydroxide 
solution and stirred at room temperature for 60 h. Workup in the 
predescribed fashion furnished 1.0 g of 22: NMR SM„4si (CDCI3) 6.04 
(m, 1), 4.42 (m, 1), and 3.05-1.40 (m, 10); m/e calcd 295.9693, found 
295.9696.

syn-8-Brom o-exo-l-hydroxy-eni/o-dicyclopentadiene (23). 
A. By Rearrangement of Hypostrophene. An ice-cold solution of 
hypostrophene (100 mg) in 1 mL of dimethyl sulfoxide was treated 
with 0.2 mL of water and 140 mg of N-bromosuccinimide and stirred 
at 0 °C for 2 h. Saturated sodium bicarbonate solution (20 mL) was 
added, the mixture was extracted with ether (3 X 20 mL), and the 
combined organic layers were washed with brine and dried. Evapo
ration of solvent left 130 mg (74%) of 23 as a colorless oil: NMR ¿Me4Si 
(CDCI3) 5.90 (m, 2), 5.70 (m, 2), 4.09 (m, 1), 3.95 (m, 1), 3.55-3.20 (m,
2) , 3.20-2.95 (m, 1), 2.68-2.45 (m, 1), and 2.40 (br s, 1).

The bromo alcohol was converted to its crystalline acetate 24, mp 
90-91 °C (from pentane-ether, 9:1), for further characterization: 
NMR 5Mi4Si (CDCI3) 6.20-5.55 (m, 4), 4.95 (m, 1), 3.98 (m, 1), 3.60-3.25 
(m, 2), 3.25-3.0 (m, 1), 2.60-2.45 (m, 1), and 2.02 (s, 3).

Anal. Calcd for Ci2Hi3Br02: C, 53.55; H, 4.87. Found: C, 53.61; H,
5.03.

B. Hydrolysis o f 17. A mixture of 17 (500 mg), water (6 mL), ace
tone (12 mL), and calcium carbonate (500 mg) was stirred at 20 °C 
for 24 h. The acetone was removed under reduced pressure, the resi
due was diluted with water and extracted with ether (3 X 25 mL), and 
the combined organic layers were washed with brine and dried. After 
solvent removal, there remained 350 mg (80%) of 23 which also was 
directly converted to its acetate, mp 90-91 °C.

exo-Tetracyclo[5.3.0.02’6.0:l’lo]dec-4-en-8-ol (25). A solution of
2.6 g (20 mmol) of 6 in 40 mL of dry tetrahydrofuran was cooled to 0 
°C under nitrogen and 9-borabicyclononane in tetrahydrofuran so
lution (0.5 M, 40 mL, 20 mmol) was added dropwise during 2 h. The 
resultant mixture was allowed to warm to ambient temperature during
1.5 h and cooled again to 0 °C. Sodium hydroxide solution (15%, 10 
mL) was added, followed by 8 mL of 30% hydrogen peroxide. This 
mixture was stirred for 8 h prior to saturation with potassium car
bonate and separation of the layers. The aqueous phase was extracted 
with 100 mL of ether and the combined organic phases were dried. 
Filtration and solvent evaporation gave a large quantity of yellow oil 
which was chromatographed on Florisil (elution with ligroin-ether). 
Recovered hypostrophone amounted to 0.72 g while later fractions 
yielded 1.58 g (73%) of exo alcohol 25 as a low-melting, semicrystalline 
material. Purification could be achieved by gas chromatography on 
a 6 ft SE-30 column at 110 °C: NMR (>Me4Si (CDCI3) 6.31 (m, 2), 4.20 
(dd, J 8yn = 7 Hz, 1), 3.32 (m, 5), 2.92 (m, 1), 2.15 (dd, J gem = 15, Jayn 
= 7 Hz, 1), 1.89 (s, 1), and 1.56 (m, 1).

The 3,5-dinitrobenzoate of 25, prepared by the customary proce
dure and recrystallized from ether, was obtained as off-white crystals, 
mp 136-137 °C.

Anal. Calcd for C17H14N2O6: C, 59.65; H, 4.12; N, 8.19. Found: C, 
59.76; H, 4.20; N, 8.03.

Epoxidation of Hypostrophene. A solution of 890 mg (6.85 mmol) 
of 6 in 25 mL of chloroform was cooled to 0 °C under nitrogen and a 
solution of 1.18 g (6.85 mmol) of m-chloroperbenzoic acid in 10 mL 
of chloroform was added dropwise during 30 min. The reaction mix
ture was allowed to warm to room temperature with stirring for 12 h 
prior to washing with saturated sodium bicarbonate solution and 
drying. The solvent was evaporated under reduced pressure and the 
resultant yellow oil was taken up in pentane and deposited on a Flo
risil column. Chromatography (elution with pentane) provided 78 mg 
of recovered hypostrophene, 667 mg of monoepoxide 26, and 170 mg 
of bisepoxide 27. The yield of monoepoxide based on recovered 6 was 
73%, while that of 27 was 15%.

The monoepoxide was recrystallized from pentane and obtained 
as colorless crystals: mp 170 °C dec; NMR ¿Me4Si (CDCI3) 6.14 (s, 2), 
2.84-3.44 (br m, 5), 3.36 (s, 2), and 2.64-2.80 (m, 1).

Anal. Calcd for Ci0H10O: C, 82.16; H, 6.90. Found: C, 82.02; H,
6.99.

The bisepoxide when recrystallized from ether was isolated as 
colorless needles which sublimed slowly above 150 °C and decom
posed above 200 °C; NMR 5Me4Si (CDC13) S.51 (s, 4), 3.08 (m, 4), and
2.56 (m, 2).

Anal. Calcd for Ci0H10O2: C, 74.05; H, 6.22. Found: C, 73.80; H,
6.25.

9,9-Dibromopentacyclo[5.4.0.02,6.0:l’ll.08’' 0]undec-4-ene (28a).
A solution of 170 mg (1.31 mmol) of 6 in 5 mL of pentane was cooled 
to —30 °C and 291 mg (2.6 mmol) of potassium tert-butoxide (sub
limed) was added in one portion. The resultant slurry was treated 
slowly while magnetically stirred with 329 mg (1.30 mmol) of bro
moform in 2 mL of pentane. The ten colored suspension was stirred 
under nitrogen for 12 h at room temperature prior to addition of 25 
mL of pentane and 50 mL of water. The layers were separated and the 
aqueous phase was further extracted with 10 mL of pentane. The 
combined pentane extracts were washed once with water and dried. 
Distillation of the pentane at 60 °C through a short Vigreux column 
left a colorless solution (5 mL) which deposited colorless crystals upon 
standing in a freezer overnight. The crystalline precipitate was filtered 
to give 35.5 mg (15%) of bisadduct 29a. Recrystallization from hexane 
gave off-white plates which decomposed between 175 and 205 °C: 
NMR <>Me4si (CDCI3) 3.18 (dd, 4), 2.78 (m, 2), and 2.35 (s. 4).

Anal. Calcd for Ci2H10Br4: C, 30.41; H, 2.13. Found: C, 30.52; H,
2.20.

The mother liquors were evaporated under reduced pressure to give 
a yellow oil from which was sublimed 100 mg of hypostrophene [50-60 
°C (20 mm)] and finally 126 mg (77%) of 28a [60 °C (0.05 mm)] as 
white crystals which turned yellow on standing. Recrystallization from 
pentane provided large, colorless crystals: mp 79-80 °C; NMR ¿Me4Si 
(CDCI3) 6.23 (s, 2), 3.10-3.48 (br m, 4), 3.01 (m, 1), 2.76 (m, 1), and 2.03 
(s, 2).
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Anal. Calcd for CnHi0Br2: C, 43.74; H, 3.34. Found: C, 43.84; H,
3.37.

Pentacyclo[5.4.0.02’s.03>u.o8,lo]undec-4-ene (28b). A. Sim-
mons-Smith Reaction of Hypostrophene. A zinc-silver couple was 
prepared as follows: a mixture of 2 mg of silver acetate in 1 mL of 
glacial acetic acid was heated to boiling and 144 mg (2.2 mg-atom) of 
30 mesh granulated zinc was added in one portion with stirring under 
nitrogen. After 30 s, the acetic acid solution was pipetted from the 
mixture and the couple was washed with 1 mL of fresh acetic acid 
followed by five 1-mL portions of anhydrous diethyl ether. Finally,
1.5 mL of dry diethyl ether was added as the reaction solvent.

The ether suspension of the gray-brown couple was treated with 
100 mg (0.77 mmol) of G. While under nitrogen, a solution of 295 mg 
(1.1 mmol) of diiodomethane in 1.5 mL of ether was added dropwise 
during 10 min. The mixture was refluxed while the progress of the 
reaction was followed by gas chromatography. After 88 h, the mixture 
was cooled to 0 °C and pyridine was added dropwise to precipitate 
zinc salts. After suction filtration, the clear filtrates were again treated 
with pyridine until no more precipitate formed. The mixture was 
filtered and reduced in volume to 1 mL. Preparative gas chromatog
raphy on a 2 ft SE-30 column at 65 °C gave three components: 10 mg 
of recovered hypostrophene, 17 mg (17% yield) of 28b, and 15 mg 
(14%) of 29b. For 28b: NMR 5Me,Si (CDC13) -0.24 (dd, 1), 0.25 (dt, 1),
1.19 (dd, 2), 2.48-3.46 (br m, 6), and 6.28 (br s, 2).

Anal. Calcd for Ch H i2: C, 91.08; H, 8.92. Found: C, 91.48; H,
9.07.

For 29b: NMR 6MetSi (CDC13) -0.33 (dd, 2), 0.36 (dt, 2), 1.42 (dd,
4), 2.36-2.64 (m. 4).

Anal. Calcd for C12H14: C, 91.61; H, 8.39. Found: C, 91.26; H,
8.77.

B. Reductive Debromination o f 28a. A solution of 50 mg (0.165 
mmol) of 28a in 1 mL of dry tetrahydrofuran was treated with 50 mg 
of lithium ware and 0.5 mL of dry tert -butyl alcohol portionwise over 
30 min. After 1 h, a cloudy precipitate had formed and the lithium was 
visibly reacting. After an additional 3 h, the mixture was decanted to 
remove lithium pieces and the solution was diluted with 25 mL of 
water. The aqueous mixture was extracted with two 25-mL portions 
of diethyl ether followed by washing of the combined organic layers 
with water and drying. The mixture was filtered and concentrated 
by distillation through a short Vigreux column (60 °C bath) to a vol
ume of 1 mL. Preparative gas chromatography on a 2 ft SE-30 column 
at 65 °C gave 18 mg (76%) of a colorless oil whose 'H NMR spectrum 
was identical with that of 28b prepared in part A.

exo-l,syn-8-Dihydroxy-endo-dicyclopcntadiene (30). Epoxide 
26 (60 mg) was added to 5.0 mL of 10% perchloric acid. The flask was 
stoppered and the mixture shaken at room temperature for 3 h. 
Neutralization was effected with sodium bicarbonate solution. After 
dilution with brine (150 mL), the solution was continuously extracted 
with methylene chloride for 2 days. The extract was dried and con
centrated to leave 50 mg (76%) of 30 which was directly acetylated 
(90%) to facilitate handling: NMR (¡MeiSi (CDCI3 ) 6.12-5.92 (m, 1), 
5.92-5.73 (m, 2), 5.73-5.57 (m, 1), 4.98 (m, 1), 4.58 (m, 1), 3.57-3.18 
(m, 2), 3.12-2.95 (m, 1), 2.65-2.47 (m, 1), 2.03 (s, 3), and 1.98 (s, 3). 
These compounds exhibited spectra identical with those of authentic 
samples.55
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Acetolysis of exo- and endo-tetracyclo[5.3.0.02’6.03’IO]decan-4-yl tosylates (6b and 8b) in buffered HOAc at 71 °C 
produced 16b (together with 2% of 6c in the endo case), but at rates estimated to differ by a factor of 170 (with 6b 
faster). Comparable solvolysis of the unsaturated exo tosylate 3b (at 25.9 °C) led rapidly to 18b (50%), 19a (5%), 
and 19b (45%), a product distribution quite unlike that obtained from its endo epimer 5b (18b accompanied by 
some polymer formation). These findings demonstrate that the frequently observed ability of a proximate double 
bond to engage in transannular participation has been overridden by lateral a-bond participation. The kinetic and 
product data suggest that the first cation emanating from 5b is classical, while that from 3b is generated with an- 
chimeric assistance and characterized by a delocalization. Whereas acetolysis (71 °C) of exo-cyclopropyl derivative 
10b returned only 20a, its endo counterpart 15b gave a complex acetate product mixture at a rate approximately 
440 times slower. The involvement, of neighboring-group participation could again be implicated for 10b, since in
teraction of the cationic center with the cyclopropane ring is effectively repressed. The rate constants and product 
distributions provide convincing demonstration of the effectiveness with which such anchimeric assistance can ac
celerate and control the ultimate outcome of cationic rearrangements.

Interest in hypostrophene (tetracyclo[5.3.0.0.2’6.03’10]- 
deca-4,8-diene ( l ))1-3 derives chiefly from its structural fea
tures, including its C2V symmetry, the overriding by 
through-bond coupling of direct through-space ir-ir interac
tion,4 and its obvious strain energy. The primary determinants 
of the observed level ordering in 1 are its exceptionally high-

lying lateral a orbitals and their geometric relationship to the 
7t bonds. Such symmetry-enforced indirect interaction be
tween the double bonds should have significant consequences 
on chemical reactivity. This conclusion has received qualita
tive support from the response of 1 to attack by electrophilic 
reagents.1’5

Hoffmann, Molière, and Heilbronner have previously 
presented arguments supporting the notion that the excep
tional unreactivity of 7-norbornyl cation precursors (2) is due 
not to the change in angle strain accompanying their ioniza
tion,6 but to destabilization brought on by the inability of 
proper ribbon orbitals to interact suitably with the carbonium 
ion center.7 This lack of interaction causes 2 to be less stable 
and more difficult to generate than it should otherwise be. At 
issue is whether similar phenomena would be observed in 
carbonium ions derived from 1 and allied structures.

The recent availability of efficient routes to 1 and the 
knowledge that carbocations are particularly sensitive to 
prevailing orbital interactions prompted a detailed kinetic 
study of the solvolytic behavior of a number of hypostrophene 
derivatives. In particular, a series of exo- and endo-p-to- 
luenesulfonate esters have been prepared in which the 
transannular units positioned in close proximity to the leaving 
group vary from saturated ethano through etheno to edge 
cyclopropano. Their acetolysis forms the subject of this re
port.

R e s u lts

S y n th e s is . Oxidation of exo-alcohol 3a, the monohydro- 
boration product of hypostrophene,1 gave ketone 4 which was 
reduced stereospecifically to 5a with lithium aluminum hy
dride (Scheme I). Careful catalytic hydrogenation of 3a led

Scheme I

6 a , R=H 7
b , R =  Ts 
c ,, R =  Ac

8 a,R=H 
lb , R =  Ts

to 6a and subsequently to 8a without complication. Diimide 
reduction of 5a likewise provided 8a.

Although the available 9 1 could be cleanly converted to 10a 
with 9-BBN, the somewhat limited accessibility of this hy
drocarbon led us to develop a preferred route beginning with 
acetate 11. Dichlorocarbene addition to 11 was conveniently 
achieved under phase-transfer conditions. The resulting ad
duct 12 was reduced sequentially with lithium aluminum 
hydride and sodium in liquid ammonia in good overall yield 
(Scheme II). Inversion of hydroxyl stereochemistry to provide 
15a was again achieved via an oxidation-reduction se
quence.

S o lv o ly s is  K in e t ic s . Acetolyses of the endo-tosylates 5b , 
8b, and 15b were examined kinetically in buffered acetic acid 
(0.03 M in NaOAc) through use of the standard ampule 
technique and classical titrimetry. The method previously 
described by Wiberg and Hess8 was utilized with exc-tosylates 
6b  and 10b. We highly recommend this technique in those 
situations where solvolysis is quite rapid or when the ioniza
tion process is complicated by substantial levels of early in
ternal return. Its chief disadvantage, however, is the rather 
larger amounts of tosylate (~200 mg) required for a single run. 
As described in the Experimental Section, a procedural 
modification has been developed in the course of our study 
of 3 b  which has proven reliable at the 20-mg level.

Due to formation of extensive amounts of less reactive 
isomeric tosylates arising from internal recapture of p-to- 
luenesulfonate anion, reliable instantaneous rate constants

0022-3263/78/1943-1293$01.00/0 © 1978 American Chemical Society
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Table I. Rates of Tosylate Solvolysis in Buffered Acetic Acid

Compd
Registry

no. T, °C k, s 1
AH*,

kcal/mol
AS*
eu klei (2 5 .9  ° C )

3b 6 5 0 7 1 -8 7 -6 2 5 .9 4 .1 9  X  I O " 4 1000
5b 6 5 1 3 7 -1 0 -2 5 5 .2 2 .1 2  X  IO ’ 4 21 .2  ±  1 .0 -11 ±  3 20

51 .1 1.46 X  I O " 4
44 .6 7 .0 2  X  IO“ 5
2 5 .9 ° 8 .2  X  1 0 “ 6

6b 6 5 0 7 1 -8 8 -7 25 .9 1 .06  X  I O " 5 25
8b 6 5 1 3 7 -1 1 -3 83 .6 1 .42  X  lO “ 4 2 0 .7  ±  0 .9 - 8 . 5  ±  2 . 5 1

77 .1 8 .4 7  X  IO“ 5
7 1 .0 4 .6 2  X  1 0 “ 5
2 5 .9 ° 4 .3  X  1 0 ~ 7

10b 6 5 0 7 1 -8 9 -8 2 5 .9 1.71 X  IO“ 5 41
15b 6 5 1 3 7 -1 2 -4 8 3 .6 2 .3 3  X  IO “ 4 2 3 .8  ±  0 .5 - 8 . 7  ±  1 . 3 0.6

77 .1  1 .19  X  1 0 ~ 4
7 1 .0  6 .5 2  X  I O '5
2 5 .9 a 2 .7  X  1 0 “ 7

° Extrapolated values based on the activation parameters.

15 a , R =  H 
~  b , R =  Ts

14

for 6b  and 10b could be obtained only through the first 5— of 
reaction. For 3b , the usable range was extendable to 20% 
conversion to products. Under the conditions employed, the 
internal return products were determined to be relatively 
inert. The rate constants given in Table I for these tosylates 
are therefore the k ’s for acetate formation only. In particular, 
they are believed to exclude any significant contributions from 
secondary acetolysis. The remaining three substrates under
went solvolysis according to simple first-order kinetics.

The kinetic data, together with relative rate factors and 
derived activation parameters (where assessable), are sum
marized in Table I.

P r o d u c t  Analysis. Upon preparative scale acetolysis at 71 
°C, end')-tetracyclo[5.3.0.02'fi.0ri'1°]decan-4-yl tosylate (8b ) 
was converted to a mixture of 16b (98%) and 6 c  (2%). Com
parable treatment of the corresponding exo isomer (6b ) led 
exclusively to 16b. Upon lowering the reaction temperature 
for 6b to 25.9 °C, the liberation of p-toluenesulfonate anion 
stopped after 15% acetolysis. The product mixture consisted 
of rearranged tosylate 16c (85%) and the structurally related

acetate 16b. The structural assignment to 16b and 16c is based 
upon their rather characteristic :H NMR spectra (e.g., J 110 
= J7,10 = 1.5 Hz), lithium aluminum hydride reduction of 16b 
to alcohol 16a, and Eu(fod)a induced shifting of the latter. As 
expected of the anti- hydroxyl stereochemistry, the Hi, H7, 
exo-Hg, Hg, and Hi0 protons in 16a experienced the greatest

16 a , R =  H 17
~  b , R =  Ac 

c , R =  Ts

downfield shifting. Also clearly revealed was the geminal 
coupling of exo-Hg with endo- Hg, as well as its vicinal coupling 
to H7 and Hg in accordance with dihedral angle estimates 
gained from molecular models. Additionally, Collins oxidation 
of 16a gave ketone 17 whose intense paired carbonyl absorp
tions at 1780 and 1765 cm-1 compare closely to those of 7- 
norbornanone (1778 and 1740 cm-1).9

The acetolysis of 5b  at 44.5 °C gave 18b along with 30% 
polymer. The solvolytic reaction of unsaturated exo isomer 
3b  (conducted at 25.9 °C) also led to 18b (50%), but produced 
significant amounts of 19a (5%) and 19b (45%) as well. That

18b has the designated doubly unsaturated tricyclic structure 
is based upon its spectral parameters and independent syn
thesis by acetylation of the known alcohol 18a.10 One key 
feature of the 4H NMR spectra of 19a and 19b is the clean 
narrow triplet (J = 1.5 Hz) which arises from the proton on 
carbon bonded to oxygen. That this multiplicity is again 
characteristic of a 7-norbornyl type proton was established 
by catalytic hydrogenation of 19b to 16c. Also, heating of 19b 
in buffered acetic acid at 70 °C for 41 h returned exclusively 
19a.

Whereas the acetolysis (71 °C) of 10b occurred with clean 
conversion to 20a, its endo counterpart 15b gave a more 
complex distribution of products under identical conditions. 
Thus, 10c (8%) and three unsaturated acetates of still unes-
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tablished structure (27, 20, and 5%) were isolated in addition 
to 20a (40%). The great similarity of the downfield sector of 
the XH NMR spectrum of 20a to those of 16b and 19a was 
taken as evidence that a comparable skeletal rearrangement 
had taken place.

D is c u s s io n

Evidence has been accumulated in the foregoing experi
ments that the various exo-substituted hypostrophene de
rivatives are characterized by enhanced solvolytic reactivity. 
Direct comparison of the apparent acetolysis rate constants 
given in Table I provides the following exo/endo rate ratios: 
unsaturated 3 b /5 b  = 51; saturated 6 b /8 b  = 25; and cyclo- 
propanated 1 0 b /1 5 b  = 63 (all at 25.9 3C). Suitable control 
experiments conducted on 6b  and 10b revealed internal return 
to be an important feature of their solvolytic chemistry. In 
contrast, their endo counterparts were not seen to rearrange 
to isomeric tosylates. In view of the typical product distribu
tions which show 16c and 2 0 b  to be formed at least six times 
faster than the acetate products, the true rates of ionization 
for 6 b  and 10b (feion = fesoiv + kmi ret) must in reality be some 
seven times larger than determined experimentally or 74 X 
10~6 and 120 X 10-6, respectively. If internal return to the 
starting tosylates is neglected, as it must be under the present 
circumstances, these exo-sulfonate esters are seen to exhibit 
substantial kinetic enhancement to ionization (170 and 440) 
relative to the endo-saturated and cyclopropanated deriva
tives.

The behavior of 3b  in buffered acetic acid is such that in
ternal return with skeletal rearrangement was again promi
nent, as reflected in the isolation of 19b (45%) at 25.9 °C. But 
this tosylate is also the most reactive of the entire series and 
the true magnitude of kian was more difficult to establish 
conclusively in this instance. Notwithstanding, it is clear that 
acetolysis of the exo isomers is greatly accelerated by neigh
boring-group participation, or the endo isomers are unex
pectedly slow. The former explanation seems the more rea
sonable to us, and the ensuing discussion makes clearer our 
reasons for this choice.

Observations made in earlier work1 suggest that should 3b  
or 5 b  experience simple S^l ionization to cation 21, there can

21 22 18

be expected to follow a rapid energy-releasing cascade to the 
substantially less strained endo-dicyclcpentadienyl frame
work 22 and eventual nucleophilic capture of the latter to give
18. Convincing evidence that the endo substitution plan in 5b 
is conducive to transient generation of 21, as expected, is found 
in its isomerization to 18b. Although the very reactive 3 b  ex
periences partial conversion to 18b as well, there is also formed 
significant amounts of 19a (5%) and 19b (45%) at 25.9 °C. 
Consequently, the customarily overwhelming capability of the 
proximate double bond in 3b  to enter into transannular 
bonding1 has been overridden by an alternative electronic 
realignment involving apparent 1,2-shift of a lateral edge 
bond. The competitive isomerization to 23 is considered to be

H

3 b

H ^O T s

j a
24 25 26

the combined result of an ideal antiplanar stereoelectronic 
arrangement and the effectiveness with which the electron- 
rich lateral cyclobutane bond can dissipate positive charge. 
It is particularly remarkable that the proximate double bond 
in 3b  does not find it possible to control the ionization in its 
entirety since one p7r orbital is tightly compressed to the an
terior of the departing group. However, the isolation of 19a 
and 19b argues against such domination and provides indi
cation that electronic factors within this hypostrophene de
rivative differ from that customarily found in such unsatu
rated molecules as the anti-7-norbornenyl (2 4 ),11 7-norbor- 
nadienyl (25),12 and octahydrodimethanonaphthyl brosylates
(2 6 )13 where through-space interaction is fully operative.

One may now question why the lateral <r bond in 3b  does not 
enter into electronic reorganization as illustrated in 27 to 
provide access to the assumedly more thermodynamically 
stable allylic cation 28 (Scheme III). The reader will un
doubtedly be aware of the fact that demonstration of a rate 
enhancement in solvolysis is good evidence for participation 
in the transition state, but tells nothing about the structure 
of the intermediate cation formed. In the present instance, the 
available data does allow for the possibility that 3 b  ionizes 
with total a anchimeric assistance to produce the nonclassical 
or rapidly equilibrating ion 29 much in the manner charac
teristic of 2-norbornvl and related systems. Although bot
tom-side nucleophilic capture of 29 will lead to 19, it is not 
inconceivable that allylic cation 28 can be formed from 29 after 
the rate determining step and experience subsequent elec
tronic reorganization via 30 and 22 to give products of type 18 
(Scheme III). Unfortunately, no labeling scheme will distin
guish whether 18 arises from 21 or 29. The results make it 
clear, however, that if 29 is the exclusive intermediate of ki
netic control its partitioning between direct conversion to 19 
and further rearrangement in the 28 —► 30 —  22 —► 18 mani
fold is approximately equal.

With the exception of 2% inversion of configuration in 8b , 
the epimeric saturated tosylates 6b  and 8 b  are converted to 
the same product (16 b ), although at widely differing rates. 
The formation of 16 further reveals the proclivity of hypo-

Scheme III

28

X ©

23 19 19 18 22
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strophene derivatives for 1,2-migration of an edge cyclobutane 
bond. If, on the one hand, the position is taken that exo de
rivative 6b  undergoes acetolysis with anchimeric assistance 
and conversion to 31, the rate difference can be attributed in 
large part to «--electron delocalization. Alternatively, if it is 
accepted that the behavior of 6b  is normal and characterized 
by initial conversion to 33, the slower rate of ionization ex-

hibited by 8b  must be attributed to steric inhibition of ion
ization. This analysis would require 6b  to differ phenomeno
logically from its unsaturated and cyclopropanated analogues 
(vide infra), a seemingly unwarranted distinction. More im
portantly, steric factors cannot be chiefly responsible for the 
slow rate of ionization of 8b . Molecular models reveal that the 
pair of endo transannular hydrogens present in 8b and 15b 
and the attendant congestion in the inner sphere of the hy- 
postrophene framework are not greatly different from that 
found in the endo unsaturated derivative 5 b , due principally 
to a reduction in conformational flexibility in the latter. Yet, 
the individual rates exhibited by this trio of endo- tosylates 
differ by only 33-fold, despite the presence of a ir bond and 
cyclopropane ring in close proximity to the ionizing centers 
in 5b  and 15b and the well-established capabilities of such 
groups to inhibit through induction the generation of nearby 
positive charge.14 Consideration of the following ratios of 
acetolysis rate constants (fe.-ib/̂ eb = 40; k^/k ,0b = 25; ksb/kgb 
= 20; k$}y/k 15b = 33; k Hb/kl5h = 1.7; /e6bAiab = 0.6) reveals 
that both the exo-unsaturated and endo-unsaturated tosylates 
experience ionization some 20-40 times more rapidly than 
their saturated or cyclopropanated counterparts. In contrast, 
comparison of the saturated and cyclopropanated compounds 
lacking unsaturation generates ratios close to unity. Internal 
return aside, it therefor? appears that the cations derived from 
3b  and 5b  are stabilized. For the endo example, we attribute 
this to through-bond stabilization of classical cation 21. The 
behavior of the exo system is adequately understood in terms 
of 29.

With the exo-cyclopropyl derivative 10b, efficient con
version to 20a was noted. This behavior necessarily implicates 
34 (or its rapidly equilibrating equivalent) since endo isomer 
15b gives a rather different product profile. The formation of 
several unsaturated acetates, for example, appears to be re
lated to lateral bond cleavage within classical cation 35 to 
deliver 36 and/or 37 (this point remains to be unequivocally 
established). Evidently, the anchimeric assistance in 34 suc
ceeds in repressing this rearrangement with its attendant 
greater release of strain energy.

3 4

The incursion of extensive (T-bond participation during 
ionization of the exo-hypostrophenyl derivatives affords the 
simplest explanation for both the high reactivities and ste
reospecific rearrangements described above. Rate-deter
mining involvement of a lateral cyclobutane bond is appro
priately in accord with highly effective through-bond coupling 
known to prevail in this ring system4’16 and with partial strain 
relief. Before generalizations can be drawn concerning the 
extent to which through-bond interaction can be effective in 
the stabilization of cationic centers, there is a need to consider 
a variety of other structural types whose electronic structures 
are reasonably well characterized. The ensuing paper17 con
stitutes a step in this direction.

E x p e r im e n ta l  S e c t io n

Melting points are uncorrected. Proton magnetic resonance spectra 
were obtained on Varian T-60, A-60A, and HA-100 spectrometers; 
apparent splittings are given in all cases. Infrared spectra were ob
tained with Perkin-Elmer Model 137 and 467 spectrometers, while 
mass spectra were measured with an AEI-MS9 spectrometer at an 
ionization potential o: 70 eV. Elemental analyses were performed by 
the Scandinavian Mieroanalytical Laboratory, Herlev, Denmark.

exo-Tetracyclo[5.3.0.02’6.03'10]dec-4-en-8-ol Tosylate (3b). 
General Procedure for Tosylate Formation. A mixture of the al
cohol (3.4 mmol) and p-toluenesulfonyl chloride (0.7 g, 3.6 mmol) in 
7 mL of dry pyridine was stored in a refrigerator for 24 (exo deriva
tives) or 72 h (endo derivatives). Ice water (50 mL) was added and 
after 10 min (certain of the tosylates crystallized within this time) the 
product was extracted into ether (3 X 50 mL). The combined organic 
layers were washed with cold 10% hydrochloric acid (3 X 75 mL), 
saturated sodium bicarbonate solution, and brine prior to drying and 
solvent evaporation at 0 °C. The residue (oil or crystals) was dissolved 
in a minimum amount of hexane and stirred with charcoal for 30 min 
at 20 °C. After filtration and cooling to 0 °C, the tosylates were ob
tained crystalline and recrvstallized to purity from hexane. In the case 
of 3b, the white crystalline solid melted at 54-55 °C with decompo
sition. The individual 'H NMR spectra showed all tosylates to be 
unrearranged relative to their alcohol precursors.

ejido-Tetracyclo[5.3.0.02’6.03’10]dec-4-en-8-ol (5a). Dry chro
mium trioxide (600 mg, 6 mmol) was added to a magnetically stirred 
solution containing 949 mg (12 mmol) of anhydrous pyridine in 15 mL 
of freshly distilled methylene chloride. The flask was capped with a 
Drierite drying tube and the deep burgundy solution was stirred at 
room temperature for 15 min. A solution of 149 mg (1 mmol) of 3a in 
a few milliliters of dry methylene chloride was added in one portion 
and a tarry black residue immediately formed. After 30 min, the so
lution was decanted into 10 mL of 5% sodium hydroxide solution and 
the residue was rinsed with ether. The combined organic layers were 
washed with two 10-mL portions of 5% sodium hydroxide solution, 
two 10-mL portions of 5% aqueous hydrochloric acid, 10 mL of satu
rated sodium bicarbonate, and 10 mL of brine. Drying of the solution, 
followed by filtration and evaporation of solvent, left 144 mg (97%) 
of ketone 4 as a pale yellow oil: IR rmax (neat) 1730,1392,1343,1259, 
1075, 878, 803, and 739 cm-1; m/e calcd 146.0732, found 146.0734.

The ketone was directly dissolved in 10 mL of anhydrous ether and 
treated with 38 mg (1 mmol) of lithium aluminum hydride followed 
by gentle refluxing under nitrogen for 1 h. The usual workup1 pro
vided 160 mg of white crystals which were purified by sublimation [45 
°C (0.03 mm)] to give 77 mg (51%) of pure 5a: IR Kmax (KBr) 3370, 
1345,1260,1110,1054,1010,815,790,755, and 733 cm“ 1; NMR 6Me4Si 
(CDC13) 6.65 (dd, 1), 6.23 (dd, 1), 4.34 (m, 1), 3.60-2.80 (br m, 6), 
2.52-2.00 (br m, 1), 2.02 (brs, l),and 1.56 (dd, 1); m/e calcd 148.0888, 
found 148.0891.

The 3,5-dinitrobenzoate was prepared by the customary procedure 
and isolated as off-white crystals, mp 155-156 °C (from ether), in 
quantitative yield.

Anal. Calcd for C^HuNaOe: C, 59.65; H, 4.12; N, 8.18 Found: C, 
59.68: H, 4.33; N, 8.12.

Tosylate 5b was isolated as a colorless crystalline solid, mp 77-77.5 
°C.

exo-Tet racyc!o[5.3.0.0;!-r'.03'10]decan-!-ol (6a). A solution of 3a 
(1.40 g) in 75 mL of purified hexane containing 100 mg of 5% palla
dium on charcoal was hydrogenated at atmospheric pressure (vigorous 
magnetic stirring) for 40 min. The catalyst was removed by filtration, 
the solvent was evaporated, and the residue was directly sublimed [55 
°C (10 mm)] to give 1.25 g (89%) of 6a as a waxy colorless solid; NMR35
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¿Me,Si (CDCls) 4.50 (dd, 1), 3.29-2.68 Ibr m, 6), 2.47 (dd, 1), and 
2.00-1.20 (br m, 6); m/e calcd 150.1045, found 150.1047.

The 3,5-dinitrobenzoate was obtained in quantitative yield as 
off-white crystals, mp 135.5-136 °C (from ether).

Anal. Calcd for C17H16N2O6: C, 59.30: H, 4.68; N, 8.14. Found; C, 
59.11; H, 4.80; N, 7.98.

Tosylate 6b was isolated as a colorless crystalline solid, mp 72.5-73 
°C.

endo-Tetracyclo[5.3.0.02’6.03’IO]decan-4-ol (8a). A. Diimide 
Reduction of 5a. A solution of 5a (1.8 g, 12.2 mmol) in 150 mL of 
methanol containing 23.6 g (122 mmol) of potassium azodicarboxylate 
was cooled to 0 °C and treated dropwise with 20.6 ml of acetic acid 
during 1 h. Stirring was maintained at 0 °C until the yellow color 
faded. Then 100 mL of water was added, most of the methanol was 
evaporated, to give 1.7 g (94%) of 8a: IR i'ma5 (KBr) 3320,1110,1062, 
1020, 927, 908, and 890 cm“ 1; NMR ¿Mi,Si (CDCI3) 4.S2 (m, 1),
3.20-2.48 (br m, 7), and 2.28-1.48 (br m, 6); m/e calcd 150.1045, found, 
150.1047.

The 3,5-dinitrobenzoate was obtained as off-white plates, mp 
148-149 °C (from ether).

Anal. Calcd for CnHjgNoOe: C, 59.30; H, 4.68; N, 8.14. Found: C, 
59.17; H, 4.79; N, 8.27.

The tosylate 8b was obtained as a colorless crystalline solid, mp
44.5-45 °C.

B. Oxidation-Reduction of 6a. An 800-mg (5.3 mmol) sample of 
6a was oxidized with 3.2 g (32 mmol) of anhydrous chromium trioxide 
and 4.96 g of pyridine in 80 mL of methylene chloride as described 
above. The resulting ketone (0.71 g) was reduced with 0.18 g of lithium 
aluminum hydride in 15 mL of anhydrous ether and the semicrys
talline product was sublimed to give 420 mg of a waxy colorless solid, 
the spectral features of which proved identical with those of 8a as 
detailed above.

exo-Pentacyclo[5.4.0.02-6.03’n.08'10]undecan-4-ol (10a). A so
lution of 100 mg of 91 in 10 mL of anhydrous tetrahydrofuran was 
cooled to 0 °C under nitrogen and excess 9-borabicvclononane in 
tetrahydrofuran solution (10 mL of 0.5 M; was added dropwise during 
30 min. Oxidative hydrolysis of this reaction mixture as before1 gave 
10a in 60% yield. The alcohol was purified by preparative VPC on a 
30% SE-30 column at 105 °C: IR cmax (neat) 3380,1055,1009, and 900 
cm“ 1; NMR ¿M e,Si (CDC13) 4.69 (dd. 1), 3.24-2.36 (br m. 7), 1.72-1.20 
(br m, 4), 0.30 (dt, 1), and —0.25 (dt, 1).

The 3,5-dinitrobenzoate was obtained as off-white clusters, mp 
148-149 °C (from ether).

Anal. Calcd for CisHigNoOg: C, 60.67: H. 4.53; N. 7.86. Found: C, 
60.43; H, 4.64; N, 7.79.

Tosylate 10b was isolated as colorless crystals, mp 90-92 °C.
9.9- bichloro-exo-pentacyclo[5.4.0.02'6.03'll.08>ln]undecan-4-yl 

Acetate ( 12). A solution of 3a (0 .50 g) and acetic anhydride 10.65 mL) 
in 6 mL of pyridine was stirred at room temperature in a stoppered 
flask for 24 h, poured onto ice, and extracted with pentane (3 X  25 
mL). The combined organic layers were washed with cold dilute hy
drochloric acid, saturated sodium bicarbonate solution, and brine 
prior to drying. Removal of solvent left 0.6 g of 11 whose key 'H NMR 
signals were seen [¿6 .2 5  (m, 2 ), 4 .96  (dd, J = 7 and 2 Hz, 1), and 1.96 
(s, 3)] in CDCI3 solution.

To a solution of 11 (0.6 g) in chloroform was added 50 mg of ben
zyltriéthylammonium bromide and 1.5 mL of 50% sodium hydroxide 
and the mixture was stirred at room temperature for 60 h. Dilution 
with water was followed by extraction with chloroform (3 X 15 mL). 
The combined organic layers were washed with hrine, dried, and 
evaporated to give 750 mg (81.5% overall) of 12: mp 98-99 °C (from 
cyclohexane); NMR ¿Me4s; (CDCI3) 5.50 (dd, 1), 3.45-2.5 (br m, 6),
2.4-2.02 (m, 2), 1.92 (s, 3), and 1.84-1.4 (m, 2).

This material was used directly without purification.
9.9- Dichloro-exo-pcntacyclo[5.4.0.02-s.03’11.08'10] undecan-4-ol 

(13). To a stirred suspension of lithium aluminum hydride 120 mg) 
in 10 mL of anhydrous ether was added dropwise a solution of 12 (700 
mg) in 10 mL of the same solvent. Stirring was maintained at room 
temperature for 1 h before sequential introduction of water (C.12 mL), 
15% sodium hydroxide solution (0.12 mL). and water (0.36 mL). The 
precipitated solids were filtered and rir.sed well with ether. The 
combined filtrates were washed twice with brine, dried, and evapo
rated. There was isolated 560 mg (94%) of 13; NMR ¿Me4Si (CDCI3)
4.65 (dd, 1), 3.12-2.4 (br m, 6), 2.16-1.95 (m, 2), 1.85 (br s 1). and 
1.78-1.35 (m, 4).

This material was likewise utilized without further purification.
Reductive Dehalogenation of 13. To a solut ion of sodium metal 

(0.45 g) in 40 mL of liquid ammonia cooled to -7 5  °C under nitrogen 
was added 0.60 g of 13 dissolved in 5 mL of ether. Stirring was main
tained for 30 min at this temperature before addition of solid am

monium chloride to discharge the blue color. The ammonia was al
lowed to evaporate, the residue was partitioned between water and 
ether, and the aqueous phase was twice reextracted with ether. The 
combined organic layers were dried and evaporated to afford 0.30 g 
(74%) of alcohol 10a, which proved identical with the material pre
pared earlier.

endo-Pentacyclo [5.4.0.02-6.0311.08'10] undecan-4-ol (15a). Al
cohol 10a (322 mg) was oxidized with chromium trioxide-pvridine 
in the predescribed manner to give 78 mg of ketone 14; IR i'max (neat) 
1730 cm-1. Its direct reduction with sodium borohydride (100 mg) 
was carried out in 3 mL of absolute methanol at 0 °C for 10 min. After 
stirring at room temperature for 1 h, the m xture was processed in the 
customary fashion to give 57 mg uf oil which crystallized on standing. 
Preparative gas chromatography on a 6 ft 5% SE-30 column at 110 °C 
gave 31 mg (39%) of 15a as colorless crystals; IR vmax (neat) 3340,1447, 
1347,1330,1312,1298,1110,1062,1035,1010,910.827. and 804 cm "1; 
NMR ¿Me4Si (CDCI3) 4.40 (m, 1). 2.90 (m, 6), 2.52 (m. 2). 2.20 (m. 1), 
1.81 (m, 1), 1.29 (m, 1), 0.42 (dt, 1), and -0.18 (dt, 1).

The dinitrobenzoate was prepared in the usual manner and ob
tained in 93% yield as off-white blades, mp 184.5-185.5 °C (from 
ether).

Anal. Calcd for CigHmNaOg: C, 60.67; H, 4.53; N, 7.86. Found: C, 
60.46; H, 4.50; N, 7.85.

Tosylate 15b did not crystallize and was utilized in the form of a 
colorless viscous oil.

Kinetic Measurements for endo-Tosylates. In the case of 5b, 
8b, and 15b, the usual ampule technique was used. Approximately 
40 mg of tosylate was dissolved in 10 mL of buffered acetic acid (0.03 
M in NaOAc) and transferred in 1.25-mL portions into eight ampules. 
These were sealed and placed simultaneously into a constant tem
perature bath. After 15 min, the first ampule was removed and in
serted immediately into an ice bath. After 2 min, the ampule was 
transferred to a room temperature water bath where it was maintained 
for 3 min. Exactly 1.0 mL of this solution was titrated with 0.0075 M 
perchloric acid in acetic acid to give Vo; V , was taken after 10 half- 
lives. Additional ampules were removed at appropriate time intervals 
and handled comparably. The rate constants were obtained by 
least-squares analysis of In (V„ — Vo/V . — V) vs. time with the aid 
of a Wang computer program.

Kinetic Measurements for exo-Tosylates. The method de
scribed by Wiberg8 was utilized to obtain the solvolysis rates of 6b and 
10b. The tosylate (~200 mg) was dissolved in 1 mL of dry carbon 
tetrachloride. Independently, increasing amounts of accurately 
weighed anhydrous sodium acetate were placed into ten test tubes. 
The final volume in each was adjusted to 8 mL through addition of 
anhydrous acetic acid. After 2 drops of a 1% bromophenol blue solu
tion in acetic acid was introduced to each tube, they were stoppered 
and placed in a constant temperature bath for 15 min. Then a 
0.095-mL portion of the tosylate solution was added to the first test 
tube via syringe and the time for complete indicator change was noted 
(zero time was taken subsequent to addition). The process was re
peated for each test tube, covering a range of 5% reaction. The rate 
constants were then obtained from a least-squares analysis of In 
[ROTs]o/[ROTs]i vs. t.

The following modification was employed for 3b. Approximately 
20 mg of the tosylate was weighed into a vial and 0.1 mL of carbon 
tetrachloride was added. The vial was placed in a constant tempera
ture together with a second vial containing 8 mL of acetic acid and 
2 drops of 1% bromophenol blue in acetic acid. After 15 min, the acetic 
acid was rapidly transferred to the tosylate solution. A timer was 
started, 0.100  mL of a standard NaOAc/HOAc solution (viz., 0.9812  
X  10~3 mmol of NaOAc) was added and the time necessary for com
plete decolorization was noted. A second 0 .100  mL of the NaOAc so
lution was added and the procedure was repeated. This cycle was 
extended to cover 20% of reaction and data analysis was achieved as 
above.

Acetolysis of 8b. A solution containing 0.40 g of 8b ar.d 0.10 g of 
sodium carbonate in 10 mL of glacial acetic acid was heated at 71 °C 
for 40 h. After cooling, neutralization was effected with saturated 
sodium bicarbonate solution. The products were extracted into ether 
(3 X 50 mL) and the combined organic extracts were washed with 
saturated NaHCOa solution and brine before drying and evaporation. 
Analysis of the residue (0.20 g) on a 6 ft X 0.25 in. 10% SE-30 column 
(150 °C) showed the oil to consist of 16b (98%) and 6c (2%). Prepar
ative scale isolation gave the pure components.

For 16b: NMR ¿Me4Si (CDCI3) 4.82 (br s, 1), 2.8-2.05 (br m, 5), 2.00 
(s, 3), and 1.9—1.2 (m, 7); m/e calcd 192.1154, found 192.1150.

Anal. Calcd for C12H160 2: C, 74.96; H, 8.39. Found: C, 74.95; H, 
8.48.

For 6c: NMR ¿M e,Si (CDCI3) 4.83 (m, 1), 3.0-2.05 (br m, 8), 2.00 (s,
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3), and 1.95-1.4 (ra, 4). This oil proved identical with that obtained 
from direct acetylation of 6a.

Acetolvsis o f 6b. A solution of 6b (0.10 g) in 6 mL of glacial acetic 
acid was kept at 71 CC for 25 min. The solvent was removed at 25 °C 
and 0.1 mm to leave a dark residue (0.085 g) which was dissolved in 
warm hexane, filtered to remove p-toluenesalfonic acid, and cooled 
to —20 °C. The precipitated solid was recrystallized twice more from 
hexane to give 0.04 g of pure 16c: mp 80-80.5 °C; NMR ¿mc4Si (CDCI3)
7.78 (d, J = 5 Hz, 2), 7.31 (d, J  = 5 Hz, 2), 4.59 (t, J = 1.5 Hz, 1), 
2.75-2.5 (m, 2), 2.45 (s, 3), 2.38 (br m, 3), and 1.8—1.4 (m, 7); m/e calcd 
304.1133, found 304.1139.

Anal. Calcd for C17H20O3S: C, 67.07; H, 6.62. Found: C, 67.16; H,
6.68.

In a second experiment, a mixture of 6b (0.10 g), anhydrous sodium 
carbonate (0.05 g), and glacial acetic acid was maintained at 71 °C for 
96 h. After the usual workup, there was isolated 0.06 g of 16b as the 
only product.

Sequential Reduction-Oxidation o f 16b. A solution of 16b (0.14 
g) in 5 mL of anhydrous ether was added dropwise to a stirred slurry 
of lithium aluminum hydride (0.055 g) in the same solvent (10 mL). 
After 2 h at room temperature, there followed the usual workup and 
isolation of 0.08 g of 16a. The *H NMR spectrum of this alcohol was 
extensively decoupled prior and subsequent to incremental amounts 
of Eu(fod)3.

Alcohol 16a (0.03 g) was added to a solution of chromium trioxide 
(0.12 g) and pyridine (0.19 mL) in 4 mL of methylene chloride and 
stirred at room temperature for 30 min. The solution was decanted, 
the residue was rinsed twice with ether, and the combined organic 
phases were washed with 5% sodium hydrox:de solution (3 X 20 mL), 
5% hydrochloric acid (3 X 20 mL), and brine Drying and evaporation 
afforded 0.025 g of 17: IR rmax (Nujol) 1780 and 1765 cm-1.

Acetolysis o f 5b. A mixture comprised of 5b (0.40 g), anhydrous 
sodium carbonate (0.20 g), and glacial acetic acid (10 mL) was kept 
at 36 °C for 96 h. After the usual workup, 0.23 g of an oil was obtained, 
VPC analysis of which indicated it to consist of 18b (70%) and poly
meric material (30%). For 18b: NMR r>Me,Si (CDCI3) 6.1-5.8 (m, 2),
5.6-5.45 im, 2). 4.96 (m, 1), 3.4-2.5 (m, 5), 2.17 (s, 3), and 1.7-1.2 (m,
1).

Anal. Calcd for C12H14O2: C, 75.76; H, 7.42. Found: C, 75.70; H,
7.36.

Acetolysis o f 3b. A solution comprised of 3b (0.20 g), anhydrous 
sodium carbonate (0.06 g), and glacial acetic acid (10 mL) was kept 
at 25.9 °C for 1.5 h. After neutralization with sodium bicarbonate 
solution, the products were extracted into ether (3 X 40 mL). The 
combined organic layers were processed in the usual manner to leave 
a mixture of 18b (50%), 19a (5%), and 19b (45%) (combined 'H NMR 
and VPC analysis). The volatile acetates were removed under vacuum 
[25 °C (C.l mm)] overnight.

One half of the residue (0.06 g) consisting of 19b was hydrogenated 
over 10% palladium on charcoal in hexane during 3 h. Filtration and 
evaporation of solvent left 0.025 g of crystalline 16c.

The other half of the residue was dissolved in 5 mL of acetic acid 
containing 0.03 g of sodium carbonate and heated at 70 °C for 41 h. 
After the usual workup, 0.035 g of an oil was obtained whose only 
volatile component was 19a; NMR ¿MeiSi (CDCI3) 6.11 (dd, 1), 5.76 
(dd, 1), 4.83 (br s, 1), 2.95-2.80 (m, 4), 2.7-2.0 (br m, 1), 2.02 (s, 3), and 
1.95-1.3 (m, 2).

Anal. Calcd for C12H14O2: C, 75.76; H, 7.42. Found: C, 75.68; H,
7.69.

Acetolysis o f 10b. Subsequent to heating 0.2 g of 10b, 0.1 g of so
dium carbonate, and 7 mL of acetic acid at 71 °C for 72 h and pro
cessing the reaction mixture in the usual manner, there was isolated 
0.1 g of 20a: NMR dMeiSi (CDC13) 4.73 (br s, 1), 2.7-1.95 (m, 8), 2.00 
(s, 3), 1.90-0.85 (m, 4), and 0.35 to -0.14 (m, 2); m/e calcd 134.1095, 
found 134.1097.

Anal. Calcd for C13H 160 2: C, 74.19; H, 9.34. Found: C, 73.94; H,
9.18.

In a second experiment, a 0.05-g sample of 10b was dissolved in 5 
mL of acetic acid and kept at 71 =C for 30 min. After cooling and 
evaporation of solvent at 20 °C (0.1 mm), there was obtained 0.035 
g of a dark oil which was dissolved in warm hexane and filtered to 
remove p-toluenesulfonic acid. On cooling at —20 °C, there was pre
cipitated 0.03 g of 20b: mp 76.5-77 °C (from hexane); NMR 6y i t4Si 
(CDCI3) 8.1 (d, 2), 7.5 (d, 2), 4.50 (s, 1), 2.65-1.5 (m, 6), 2.46 (s, 3),
1.3-0.90 (m, 4), and 0.3 to —0.15 (m, 2); m/e calcd 316.1133, found 
316.1137.

Anal. Calcd for C18H2o0 3S: C, 68.32; H, 6.37. Found C, 68.04; H,
6.45.

Acetolysis of 15b. A solution of 15b (0.25 g) and anhydrous sodium 
carbonate (0.1 g) in acetic acid (8 mL) was heated at 71 °C for 30 h. 
After the usual workup, 0.15 g of an oil was isolated which contained 
five components in the ratio of 8:40:27:20:5 (6 ft X 0.25 in. 10% SE-30, 
160 °C). The individual components were isolated and the most 
rapidly eluted acetate was shown to be 10c by spectral comparison. 
The major constituent was 20a. The more slowly eluted trio of acetates 
were unsaturated compounds, the structures of which remain to be 
ascertained.
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syn- and cmf¡'-Tricyclo[4.2.0.02-s]oct-7-en-exo-3-ol (5a and 9a) were synthesized by selective hydroboration (9- 
BBN) of the appropriate cyclobutadiene dimer and converted through diimide reduction to their dihydro deriva
tives Ga and 10a. Kinetic analysis and product determinations for the acetolyses of the respective p-toluenesulfon- 
ates were carried out. All four compounds ionize some 50 times more slowly than cyclobutyl tosylate and at closely 
comparable rates. In 5b, no through-space interaction between the x bond and the developing cationic center is 
seen to develop, as predictable from photoelectron spectroscopy data which reveal through-bond coupling to domi
nate. Somewhat unexpectedly, long range electronic transmission through the various a frameworks, if present, 
does not demonstrate itself in enhanced solvolytic behavior. The possible product-determining steps are discussed. 
Finally, comparison of the present data with that available from other cyclobutane-containing sulfonate esters al
lows conclusions to be made concerning the geometric requirements for effective bicyclobutonium ion interven
tion.

The transmission of electronic effects within molecules 
can take place “ through bonds” or “ through space” . The level 
of these interactions is dictated chiefly by structure, geometry, 
and the types of orbitals involved. The extent and conse
quences of through-space interaction have received consid
erable attention and are now reasonably well understood in 
certain cases, but not others.2 One classic example is the 
neutral norbornadiene molecule where the exceptionally fa
vorable interaction of two degenerate it orbitals3 leads to 
lowering of the ionization potential relative to norbornene4 
and facilitation of the photocyclization to quadricyclane.5 A 
similar through-space orbital mixing can occur in certain 
carbocations such as the two-electron 7-norbornenyl system3 
where the net stabilization is reflected in an extremely large 
solvolytic rate enhancement relative to the comparable 7- 
norbomyl derivative.6 That the interacting filled orbital need 
only be rich in p character is evidenced by the solvolytic re
activity of the enc/o-cyclopropyl congener.7

In contrast, through-bond coupling is operational in 1,4- 
diazabicyclo[2.2.2]octane (Dabco).8-9 Its relationship to 4- 
bromoquinuclidine has provided a useful basis for analysis of 
the accelerated solvolytic behavior of the bromide relative to 
a bicyclo[2.2.2]octyl model and its conversion to products via 
a cr-bond (Grob) fragmentation.10

Unlike norbornadiene, the double bonds in hypostro- 
phene11’12 do not interact through space, but are instead ef
fectively coupled through high-lying orbitals within the lateral 
(7 bonds.13 As a consequence, photoclosure to pentaprismane 
does not operate11 and electrophilic additions to this diene 
proceed with extensive skeletal rearrangement.14 Also, 
structurally derived exo-tosylates undergo acetolysis at sig
nificantly enhanced rates.1

OTs OTs
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There are also molecules such as Dewar benzene where 
through-bond and through-space interactions are closely 
competitive.15 Thus, extrusion of the CH2 bridge in norbor
nadiene results in widening of the dihedral angle on the mo
lecular underside and attenuation of direct tt- tt interaction 
such that transmission through the c framework now gains 
considerable importance.

Of particular interest at the present time are the syn- and 
anfi-tricyclo[4.2.0.02’5]octa-3,7-diene3 (1 and 2)16 which

«  ^
1  2

combine fascinating orbital topologies with widely divergent 
geometries. The electronic structures of these cyclobutadiene 
dimers have been of substantial theoretical interest and 
continue to be the subject of controversy.17' 19 Current inter
pretations of their photoelectron spectral features do not at 
all agree on precise orbital assignments. The analysis given 
by Gleiter, Heilbronner, and co-workers assumes a through- 
space interaction of 0.4 eV for the syn isomer.17 But this 
conclusion has been challenged by Bodor et al.19 Seemingly, 
conventional photoelectron spectroscopy may not be capable 
of resolving this dilemma and a different attack on this 
problem must be awaited.

Development of the chemistry of 1 and 2 has not kept pace 
with their theoretical scrutiny. The inability to convert a de
rivative of 1 photochemically to cubane was cited by Criegee 
in 1962.20 At a later date, Nenitzescu and co-workers dem
onstrated that bromination of 2 proceeded without skeletal 
rearrangement to give a mixture of 3 and 4.21 Only by heating

0022-3263/78/1943-1299$01.00/0 © 1978 American Chemical Society
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these tetrabromides with hydrogen bromide in dioxane or 
acetic acid could isomerization be induced.21 Finally, when 
1 and 2 are thermolyzed, both experience cleavage of the pair 
of central a bonds to provide cyclooctatetraene.22 24

In the following, we present a detailed investigation into the 
solvolytic reactivity of four exo-tosylates derived from 1, 2, 
and their dihydro derivatives and the course of the ensuing 
cationic rearrangements. It was anticipated that these de
rivatives might serve as chemical probes into the nature of 
those interactions operational in the vicinity of a cationic 
center ar.d possibly their magnitude.

Results

The stereochemicallv pure alcohols 5a and 9a were prepared 
by selective hydroboration of 1 and 2 with 9-BBN in tetra- 
hydrofuran25 (Scheme I). Expectedly,26 lithium aluminum 
hydride reduction of the derived exo-monoepoxides231’ did not 
result in simple C -0  bond cleavage. The assignment of exo 
stereochemistry follows from steric considerations and 'H 
NMR data. Thus, the >CHOH protons appear as broadened 
triplets due to coupling to the adjacent methylene hydrogens 
and minimal interaction with the bridgehead proton (0 *  90°). 
For verification purposes, 5a was converted to labile ketone 
7 by oxidation with N-chlorosuccinimide and dimethyl sul
fide.27 Its direct hydride reduction afforded endo-alcohol 8 
whose «-hydroxyl proton was seen as a broadened multiplet 
because of added coupling to the bridgehead hydrogen. Ad
ditionally, that olefinic proton in 5a which constitutes the 
finely spaced triplet at 5 6.50 is now downfield shifted (8 6.62) 
as the result of deshielding by the nonbonded electrons on 
oxygen.

Saturated alcohols 6a and 9a could by obtained from their 
monounsaturated precursors by reduction with excess diimide 
generated in situ from dipotassium azodicarboxylate.28 The 
corresponcing tosylates29 and 3,5-dinitrohenzoates30 were 
prepared in classical fashion.

The solvolytic rate constants for these tosylates, as deter
mined in sodium acetate buffered acetic acid, are given in 
Table I. The values are seen to fall within an exceptionally 
narrow range. In each case, slightly less than the theoretical 
amount of acid was liberated. The rate constants were de
termined using the “ infinity titer” observed after 10 half-lives 
and represent the average of two independent runs. The sol- 
volyses were followed through 1.5-2 half-lives and good 
first-order plots were obtained in each instance.

The acetolysis of 5b proceeded efficiently (95% yield) to give 
acetates 11 (85%) and 12 (6%) and two unknown compounds 
(3 and 6%) which could not be adequately separated from 11

Table I. Rates of Acetolysis in Acetic Acid 0.0510 M  in 
______________________ Sodium Acetate_______________________

A H*, ferei
Registry

no. Compd T, °C k(X 105), s“ 1
kcal/ AS*, 
mol eu

(85.2
°C)

65085-72-5 5b 68.2 0.91 ± 0.02 27.2 -2 3.6“
79.0 3.75 ± 0.10
90.0 10.75 ± 0.27

65085-73-6 6b 79.0 0.95 ± 0.04 26.1 —7 1“
90.0 3.05 ± 0.14

100.6 8.97 ± 0.23
65137-66-8 9b 68.2 0.47 ± 0.02 26.2 -6 1.6

85.2 3.04 ± 0.09
100.6 14.82 ± 0.47

65137-67-9 10b 85.2 3.23 ± 0.30 1.7
“ Interpolated values.

to permit identification. The major component has previously 
been obtained as the product of acid-catalyzed HOAc addition 
to semibullvalene and shown to be stable to the solvolysis 
conditions employed.31 The :H NMR spectra of the two 
samples were identical. The structural assignment to 12 is 
based solely upon its proton magnetic resonance spectrum and 
particularly direct comparison with that of 14 formed by se
quential sodium borohydride reduction and acetylation of 
bicyclo[4.2.0]octa-4,7-dien-2-one (13).32 The endo-acetate

exhibits a spectrum very similar to that of 12 except for the 
signal attributable to >CHOAc. The dihedral angle rela
tionships in 14 provides for a high level of spin interaction with 
proximate hydrogens such that a doublet of triplets (J = 10 
and 7 Hz) is clearly visible. In 12, this signal occurs as a narrow 
multiplet.

Comparable buffered acetolysis of 6b gave rise to a five- 
component mixture consisting of 15 (21%), 16 (11%), 17 (11%), 
18 (5%), and 19 (52%) (Scheme II). Subsequent reexposure of 
each acetate to the reaction conditions resulted in no further 
structural change. The four less dominant components had 
been previously prepared in these laboratories33 and were 
individually identified by their VPC retention times and XH

Scheme II
OAc OAc

HOAc 

NaO Ac
+

6  b

OAc

+

17

+

20

1. LiAIH4

2. C r0 3‘ 2 py
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NMR spectra. The spectral features obtained for major 
product 19 corresponded closely to those reported by Hay- 
wood-Farmer and Pincock for the indicated structure.34 Ad
ditional confirmatory evidence of its identity was obtained 
by reduction to the alcohol followed by oxidation to ketone 
20, which displayed the appropriate carbonyl frequency (1740 
cm-11 as well.34

Product studies carried out on unsaturated anti isomer 9b 
showed it to be converted chiefly to the acetate of retained 
structure (21, 33%) and 7-acetoxy-l,3,5-cyclooctatriene (22,

Zt + 0 OAC
9  b 21 2 2

52%). Two more rapidly eluted components were also detected 
(3 and 12%) but were not characterized due to limited acces
sibility and serious peak overlap on attempted preparative 
VPC separation. Both Kroner35 and Huisgen36 have pre
viously established that 22 is in equilibrium with bicyclic 
tautomer 22' (53% at 60 °C). As with the authentic material, 
our sample of this acetate likewise exhibited two methyl sin
glets (~1:1) in the XH NMR spectrum. The reduction of cy- 
clooctatrienone with 9-BBN and subsequent acetylation 
proved to be a serviceable route to 22, although the yield was 
quite low (5%). Resubmission of 21 to the original reaction 
conditions also gave 22. At the same temperature (90 °C), 
syn -acetate 5c was converted somewhat more sluggishly to 
22 as well. These ring openings may be simple thermal rear
rangements, since the temperature involved is sufficiently 
elevated to promote such transformations. The saturated 
acetates 6c and 10c were inert to such treatment.

The product mixture formed upon acetolysis of 10b con
sisted of 17 (66%) and 18 (34%), both of which had been pre
viously identified.

D iscussion

It is seen (Table I) that all four tosylates undergo acetolysis 
at closely comparable rates, the difference between the fastest 
and slowest at 85 °C being merely a factor of 3.6. One might 
advance the argument that the similarities in the kinetic be
havior of the saturated and unsaturated compounds within 
a given stereoisomeric subset may arise because of compen
satory inductive factors operative principally in the latter. 
However, such rationalization appears unsatisfactory for 
several reasons. In unsaturated norbomyl systems such as 2337 
and 24,38 where through-space interaction between the olefinic 
center and reaction site appears to be unimportant, the ad
verse inductive contribution of the ir system leads to rate re
tardations on the order of 5-20. The introduction of another 
intervening carbon atom expectedly ameliorates this effect 
still more. Thus, Bly found that the acetolysis rates of brosy- 
lates 25-27 also fall within a very narrow range, the major 
product in each case being the acetate of retained struc
ture.39

If a destabilizing mechanism of comparable magnitude were 
operative in the 7-tricyclo[4.2.0.02’5]octenyl ring systems, then 
the through-bond and/or through-space contributions to 
enhancement of the rate constants do not exceed a maximum 
of 2 to 3.5-fold. Clearly, such effects are too small to gain sig
nificance.

c h 2

OTs OTs
23

2 5  2 6  2 7

Furthermore, the product studies reveal that no obvious 
interaction occurs between the proximate ir bond in 5b or the 
peripheral cyclobutane bonds in 9b and 10b with the devel
oping electron-deficient reaction center. Formation of the 
bicyclo[4.2.0] octyl acetates 12,17, and 18 in three of the ex
amples can be attributed to disrotatory opening of the ad
joining internal bond44 after ionization to attain maximum 
overlap with the vacant p orbital just produced. The resulting 
homoallylic cation (29) is trapped by acetate principally from

2 3  2 9

the exo direction as a consequence of prevailing steric condi
tions, solvent-separated ion pairing, and the like.

The origin of the bicyclo[3.3.0]octane ring system raises an 
interesting mechanistic question. Since this process occurs 
only when syn geometry is present, it is tempting to relate this 
product-forming step to the suitable orientation of the cy
clobutane Walsh orbitals in the second distal internal bond 
such that its rupture occurs concomitantly with the first (cf. 
30). Subsequent transannular cyclization within 31 would give 
rise to 32.

H
30 31 32

The acetolysis of 6b leads principally to acetate 19. As with 
exo-bicyclo[2.2.0|hex-2-yl tosylate,41 ionization appears to 
be accompanied by lateral carbon-carbon bond migration to 
give initially 33 (Scheme III). In accord with the established 
solvolytic behavior of 38,45 delocalization of the proximal 
cyclobutane a electrons can now be anticipated. Cation 34 is 
not a likely minimum on this potential surface and can be 
expected to experience “ bridge flipping” 46 to arrive at 
trishomocyclopropenyl cation 35 or conversion to square- 
pyramidal ion 37. The latter species has been generated by 
ionization of 36-Cl and 39 and directly observed by NMR
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Scheme III

39 , X = Cl

Table II. Relative Solvolysis Rates
Compd kre\ Ref

spectroscopy.47 In any event, ions 35 and 37 are known to trap 
acetic acid to give 19 as the exclusive product.

The ionization of 9b leads to appreciable amounts of un
rearranged acetate 21, an observation which could be con
strued as a reflection of through-bond stabilization. If one 
were to consider the first-formed secondary carbocation as 
adequately stabilized by such an electronic mechanism, then 
capture of solvent with retention of configuration and without 
structural rearrangement might be expected. But this is not 
the only interpretation demanded by the experimental find
ings. Thermal ring opening of 21, a process shown indepen
dently to occur under the reaction conditions, could account 
for the formation of 22. While this is certainly a source of the 
triene, our observation that the ratio of 21 to 22 does not 
change significantly with time during the initial phases of the 
acetolysis of 9b (VPC analysis) suggests that some 22 probably 
also comes directly from the tosylate.

The relatively low solvolytic reactivity of 6b, 10b, and 
exo-bicyclo[2.2.0]hex-2-yl tosylate compared to cyclobutyl 
tosylate (Table II) very likely has its origins in conformational 
factors. In the simple cyclobutyl example, ionization proceeds 
from the puckered conformation with anchimeric assistance 
provided by the /3,y a bond, the orbital of which attains 
maximum overlap with the developing empty p orbital and 
gives rise to a stabilized bicyclobutonium intermediate.48 In 
the bi- and tricyclic homologues, conformational flexibility 
is greatly reduced and disrotatory opening of the central bond 
concurrent with ionization is prohibited for steric and geo
metric reasons. However, when the leaving group is endo 
oriented, these restraints are not in force, bicyclobutonium 
ions can new intervene, and much of the added steric strain 
should be reflected in the rate constant. The large rate dif
ference separating the endo- and ejro-bicyclo[2.2.0]hex-2-yl 
derivatives (Table II) conforms nicely to this interpretation. 
The somewhat enhanced solvolytic behavior of the secocubyl 
mesylate has been attributed to steric strain release which 
develops upon ionization.48

The rather unreactive nature of the tosylates examined in 
the present study would appear to exclude the likelihood that 
through-bond interactions can be kinetically demonstrated 
as in the case of hypostrophene derivatives.1 Neither can the 
absence of through-space interaction in 5b be attributed to 
dissymmetric orientation of the tt bond with the developing 
cationic center. Winstein earlier found that trifluoroacetate 
40 is ten times more reactive than the anti-7-norbornenyl 
derivative in spite of such dissymmetry.49 In addition, the 
resulting product (41) arises from tt participation. The miti-

40 41

gating factor in the cation derived from 5b is more likely the 
distance between the tt bond and the empty p orbital MINDO 
calculations for hydrocarbon 1 denote the transannular dis
tance between the two closest nonbonded olefinic carbons to 
be 2.93 Á.18 Bly has previously considered 2.8 Á to be beyond 
the range for possible w anchimeric assistance.39

The inefficiency of through-bond coupling in a structural 
framework within which photoelectron spectroscopy suggests 
facile (r-bond relay of electronic effects has been observed on 
one previous occasion. Thus, Haselbach50 and Martin51 have 
determined that 2nft-tricyclo[4.2.1.02'5]nona-3,7-diene (42) 
exhibits through-bond coupling in a manner somewhat com
parable to 1. A chemical consequence of this effect is the ready 
photolytic cleavage of the C1-C 2 bond to give the bisallyl

42 43 44

radical 43.50 Notwithstanding, the 9-tosyloxy derivative 44 
solvolyses eight times more slowly than syn -7-norbornenyl 
tosylate, indicating no accelerating effect due to coupling of 
the reaction center to the cyclobutenyl double bond via C1-C 2 
and Cs-Cf;.02

The present results indicate that through-bond effects 
which are clearly evident upon photoelectron spectral analysis 
of a hydrocarbon system need not necessarily become ap
parent during solvolysis of a suitably functionalized derivative. 
Primary detractants from our more lucid understanding of 
bond assistance effects are steric factors and strain relief, 
which operate along a given reaction pathway. Understand
ably, these can sometimes mask those orbital interaction ef
fects being sought and seriously cloud the mechanistic picture. 
However, a second, more serious complication is inherent to 
the present treatment. In all circumstances, neutral molecules 
have been employed as electronic models for the structurally 
related cations. But the former do not possess the added va
cant p orbital which characterizes the latter. Since this p or
bital is truly the focus of our interest, the parent systems do
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not qualify as true models. This conclusion implies that each 
individual cation should be analyzed by computational 
methods in its own right, without necessary regard for the 
electronic properties o f its hydrocarbon congener. Under these 
circumstances, a more direct correlation with solvolytic be 
havior might be seen.

Experim ental Section

The 2H NMR spectra were obtained with Varian T-60, Varian 
A-60A, and Bruker 90 (FT) spectrometers and apparent splittings 
are given in all cases. The Bruker 90 spectrometer was also employed 
for the recording of 13C spectra. Mass spectral measurements were 
made on an AEI-MS9 spectrometer at an ionizing potential of 70 eV. 
Preparative VPC work was done on a Varian Aerograph A90-P3 in
strument equippped with a thermal conductivity detector. A 6 ft X 
y4 in. column packed with 10% OV-11 on 60/80 mesh Chromosorb G 
at 115 °C was used unless otherwise stated. Microanalyses were per
formed by the Scandinavian Microanalytical Laboratory, Herlev, 
Denmark.

syn-Tricyclo[4.2.0.02’5]oct-7-en-exo-3-ol (5a). To a magnetically 
stirred solution of 1 (2.08 g, 20 mmol) in 50 mL of tetrahydrofuran 
under nitrogen at 0 °C was added dropwise 45 mL of 0.5 N  9-borabi- 
cyclononane in tetrahydrofuran. Stirring was continued for 2 h, 
whereupon 15 mL of 15% aqueous sodium hydroxide solution followed 
by 15 mL of 30% aqueous hydrogen peroxide were added dropwise and 
the solution was allowed to warm to room temperature. The tetra
hydrofuran was evaporated and the aqueous residue was extracted 
with ether (3 X 50 mL). The combined ether layers were washed with 
water (75 mL) and brine (75 mL), dried, and concentrated to leave 
a yellow oil. Chromatography on silica gel (elution with 15% ether- 
pentan?) yielded a solid which was recrystallized from pentane to give 
0.67 g (27%) of 5a as white needles: mp 52-55 °C; NMR 6Me4Si(CDCl3)
6.50 (rr , 2), 4.18 (t, J = 6.0 Hz, 1), 3.40 (m, 2), 2.75 (m, 2), 2.39 (br s, 
1), and 2.40-2.00 (m, 2); calcd for m/e 122.0732, found 122.0733.

Tosylate 5b was prepared in the usual way, mp 61-62 °C, as was 
the 3,5-dinitrobenzoate derivative, mp 127.5-128.5 °C.

Anal. Calcd for C15H12N2O6: C, 56.96; H, 3.83; N, 8.86. Found: C, 
57.10; H, 4.07; N, 8.64.

anti-Tricyclo[4.2.0.02’5]oct-7-en-exo-3-ol (9a). To a magneti
cally stirred solution of 2 (2.08 g, 20 mmol) in 40 mL of dry tetrahy
drofuran at 0 °C under nitrogen was added dropwise 40 mL (20 mmol) 
of 0.5 N 9-borabicyclononane in tetrahydrofuran over 1 h. Workup 
in the predescribed manner yielded 500 mg (25%) of 9a as a clear oil: 
NMR 6Me4Si(CDCl3) 6.32 (nm, 2), 4.21 (t, J = 6.2 Hz, 1), 3.13 (nm, 2),
2.40 (s, 1), and 2.36 (m, 4); calcd for m/e 122.0732, found 122.0733.

Tosylate 9b was prepared in the usual way, mp 62-63 °C, as was 
the 3,5-dinitrobenzoate derivative, mp 151.5-153 °C.

Anal. Calcd for C15H12N2O6: C, 56.96; H, 3.2; N, 8.86. Found: C, 
57.00; H, 3.90; N, 8.88.

syn-Tricyclo[4.2.0.02’5]octan-exo-3-ol (6a). To a magnetically 
stirred solution of 1.8 g (14.8 mmol) of 5a in 150 mL of methanol under 
nitrogen at 0 °C was added 19 g (100 mmol) of dipotassium azodi- 
carboxylate in one portion. To the stirred slurry was added 15 mL of 
acetic acid via syringe and stirring was continued until the yellow color 
of the potassium salt was discharged. The methanol was evaporated, 
the product was taken up in ether (3 X 50 mL), and the combined 
organic layers were washed with saturated sodium bicarbonate so
lution (2 X 100 mL), water (100 mL), and brine (100 mL) before drying 
and evaporation. There was obtained 1.35 g (85%) of 6a as a clear oil: 
NMR ¿Me4si(CDCl3) 4.98 (t, J = 6.0 Hz, 1), 2.93 (m, 4), 2.66 (s, 1), and
2.36 (m, 6); calcd for C3H12O, m/e 124.0888, found 124.0890.

Tosylate 6b was prepared in the usual way, mp 44-45 °C, as was 
the 3,5-dinitrobenzoate derivative, mp 144.0-144.5 °C.

Anal. Calcd for C15¥,u ^206: C, 56.60; H, 4.43; N, 8.86. Found: C, 
56.57; H, 4.50; N, 8.71.

ant/-Tricyclo[4.2.0.02'5]octan-exo-3-ol (10a). To a magnetically 
stirred solution of 1.1 g (9.0 mmol) of 9a in 100 mL of methanol at 0 
°C under nitrogen was added 13.9 g (72 mmol) of dipotassium az- 
idocarboxylate in one portion. Subsequently, 9.7 mL of acetic acid 
was added slowly over 1 h and stirring was continued until the yellow 
color was discharged. Through workup as described above, there was 
isolated 590 mg (53%) of 10a as a clear oil: NMR ¿>Me4Si(CDCl3) 4.26 
(t, J  = 6.0 Hz, 1), 2.88-1.83 (m, 4), 2.65 (m, 6), and 2.01 (s, 1); calcd for 
m/e 124.0888, found 124.0890.

The tosylate (10b) was prepared in the usual way and used directly 
as a clear oil.

syn-Tricyclo[4.2.0.02’5]oct-7-en-en<io-3-ol (8). To a magnetically 
stirred solution containing 218 mg (1.64 mmol) of N-chlorosuccini-

mide in 10 mL of methylene chloride cooled to 0 °C under nitrogen 
was added 102 mg (1.68 mmol) of dimethyl sulfide via syringe. A white 
precipitate formed and the mixture w’as cooled to —23 °C. Alcohol 5a 
(100 mg, 0.82 mmol) in 3 mL of methylene chloride was added in one 
portion and stirring was continued for 2 h, whereupon 84 mg (0.84 
mmol) of triethylamine was introduced. The mixture was allowed to 
warm to room temperature and poured into ether (15 mL) and water 
(50 mL). The aqueous phase was separated and the organic layer was 
washed with water (2 X 25 mL), dried, concentrated, ar.d transferred 
to a 25-mL round-bottom flask. Lithium aluminum hydride (50 mg,
1.3 mmol) was added and the mixture was stirred at room temperature 
for 1 h. Saturated sodium sulfate solution was added dropwise until 
the supernatant liquid became clear and the precipitated aluminum 
salts were filtered and washed amply with ether. The filtrate was dried 
and concentrated to leave 30 mg (30%) of 8 as a clear oil: NMR 
¿Me^ilCDCy 6.62 (nm, 1), 6.40 (nm, 1), 4.16 (m, 1), 3.52 (br d, 2), 2.56 
(m, 2), and 2.17 (m, 2).

Kinetics Procedure. A ~0.02 M solution of tosylate (accurately 
weighed) in 0.0510 N sodium acetate in acetic acid was prepared in 
a 20-mL volumetric flask. Aliquots of this solution were removed and 
sealed in glass ampules which had been washed sequentially with 10% 
hydrochloric acid, 10% ammonium hydroxide, and water, and dried 
at 70 °C overnight. The ampules were simultaneously placed in a 
constant temperature bath and after 10 min the first ampule was re
moved and quenched in ice water. At this point an accurate timer was 
started. The ampule then was allowed to warm to room temperature 
for ~5 min and exactly 1.985 mL of solution was removed via an au
tomatic pipet and titrated with standard perchloric acid :n acetic acid. 
Three drops of bromphenol blue was used as indicator and the end 
point was considered to be reached when the yellow solution turned 
clear. The remaining ampules were removed at appropriately timed 
intervals and treated as above. Points were taken through 1-2 half- 
lives and an infinity titer was taken after 10 half-lives.

Preparative Scale Solvolysis o f 5b. A magnetically stirred solu
tion of 1.0 g (3.63 mmol) of 5b and 530 mg (5.0 mmol) of sodium car
bonate in 25 mL of acetic acid was heated at 90 °C for 18 h (10 half- 
lives). The solution was cooled, poured into 100 mL of water, and 
extracted with ether (3 X 30 mL). The combined ether layers were 
washed with 50-mL portions of 10% aqueous sodium hydroxide so
lution (2X), water, and saturated aqueous sodium chloride solution 
before decolorization with charcoal, filtration through Celite, drying, 
and evaporation. There remained 560 mg (95%) of a clear oil, analysis 
of which by VPC showed four components to be present, two of which 
could be preparatively separated.

The first compound to be eluted was identified as 12 (3.5%): NMR 
¿>Me4Si(CDCl3) 6.34 (nm, 1), 6.14 (nm, 1). 6.03 (d, J = 4.5 Hz, 2), 5.55 
(nm, 1), 3.00 (AA'BB', 2), 2.38 (t with fine splitting, J = 8.0 Hz, 1), and
2.06 (s, 3).

The third component was 11 (85%) as shown by comparison of its 
JH NMR features to those published:31 NMR ¿Me4si(CDCl3) 6.05 (dd, 
J  = 2.0 and 5.5 Hz, 1), 5.80-5.50 (m, 3), 5.40 (m, 1), 3.65 (m, 1), 3.30 
(m, 1), and 2.00 (s, 3); calcd for C10H12O2, m /e  164.0837, found
164.0839.

Two other components (3 and 6%) could not be separated in a pure 
state due to coincidental elution with 11.

Preparative Scale Acetolysis of 6b. A solution of 1.25 g (4.5 
mmol) of 6b and 500 mg (4.7 mmol) of sodium carbonate in 25 mL of 
acetic acid under argon was heated at 90 °C for 63 h (10 half-lives). 
The usual workup yielded 500 mg (68%) of a clear oil which exhibited 
five peaks upon VPC analysis. These were preparatively separated. 
The first two compounds to elute were collected together and shown 
to be 15 (21%) and 16 (11%). The third and fourth components were 
likewise collected together and identified as 17 (11%) and 18 (5%).

The final acetate proved to be 19 (52%): NMR <5Me4si(CDCI3) 4.97 
(d of t, J = 6.46 and 9.00 Hz, 1), 2.67-1.12 (series of m, 10), and 2.00 
(s, 3); 13C NMR (CDC13) 170.36, 79.82.44.23,31.29,27.07,26.69, 26.17, 
23.71, 21.06, and 19.31 ppm.

Preparative-Scale Acetolysis of 9b. A magnetically stirred so
lution of 600 mg (2.18 mmol) of 9b and 500 mg (4.73 mmol) of sodium 
carbonate in 25 mL of acetic acid was stirred at 90 °C under argon for 
26 h (10 half-lives). The usual workup yielded 250 mg (6990) of a clear 
oil containing four components (VPC analysis). The two major 
compounds could be separated. The first was identified as 21 (23%) 
by comparison of JH NMR and VPC retention times with those of an 
authentic sample. The second component was shown to he 22 (65%) 
by comparison of its 'H NMR dara with those of an authentic sam
ple:36 NMR 6Me4Si(CDCl3) 5.95 (m, 2), 5.80 (m, 3), 5.15 (n , 1), 3.15-
3.00 (m, 1), and 2.50 (m, 2); calcd for C10H12O2, m/e 164.0837, found
164.0839.

The two remaining components (5 and 7%) eluted almost simul-
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taneously and could not be obtained in a state pure enough for iden
tification.

Preparative-Scale Acetolysis o f 10b. To a solution of 1.1 g (4.0 
mmol) of 10b in 10 mL of acetic acid under argon was added 424 mg 
(4.0 mmol) of sodium carbonate and the solut.on was stirred at 90 °C 
for 30 h (10 half-lives). The reaction mixture was processed as before 
to leave 500 mg (58%) of a clear oil which was purified by preparative 
VPC. There was isolated a mixture of 17 (66%) and 18 (34%).

endo-2-Acetoxybicyclo[4.2.0]octa-4,7-diene (14). To a solution 
of 200 mg (1.64 mmol) of bicyclo[4.2.0]octa-4.7-dien-2-one (13) in 25 
mL of methanol at —20 °C under argon was added 248 mg (6.5 mmol) 
of sodium borohydride in two 124-mg portions at a 10-min interval. 
The solution was allowed to warm to room temperature, stirred for 
5 h, and poured into 150 mL of water. The aqueous solution was ex
tracted with ether (3 X  50 mL) and the combined ether layers were 
washed with water (2 X  75 mL) and saturated sodium chloride solu
tion (75 mL) before drying and evaporation. The resulting yellow oil 
was dissolved in 5 mL of pyridine, 1.4 g (13.8 mmol) of acetic anhy
dride was introduced, and stirring at room temperature was main
tained for 24 h. The solution was poured into 50 mL of water and the 
water layer was extracted with ether (3 X  30 mL). The combined or
ganic layers were washed with 50-mL portions of water, 10% aqueous 
hydrochloric acid (2X), saturated aqueous sodium bicarbonate so
lution, and saturated aqueous sodium chloride solution prior to de- 
colorization with charcoal, filtration through Celite, drying, and 
concentration. There remained 238 mg (85%) of the acetate as a clear 
oil: NMR oMe4si (CDC13) 6.23 (d, J = 3.0 Hz, 1) 5.70 (m, 2), 4.86 (d of 
t, J = 7.0 and 10.0 Hz, 1), 3.58 (m, 2), 2.82 (m, 2), and 2.07 (s, 3); calcd 
for C10H12O2, m/e 164.0837, found 164.0839

Control Experiments Concerned with the Stability of Acetates 
15-18. A 50-mg (0.09 mmol) sample containing 66% of 15 and 34% of 
16 was dissolved in 2 mL of acetic acid and heated at 90 °C under ni
trogen for 48 h. The solution was poured intc 25 mL of water and ex
tracted with ether (3 X  10 mL). The combined ether layers were 
washed with 15-mL portions of 15% aqueous sodium hydroxide so
lution (2X), water, and brine. Drying and evaporation left 30 mg (66%) 
of a mixture of 5 and 16, the lH NMR spectrum of which was identical 
with that of the starting sample.

The identical treatment of 30 mg (0.18 mmol) of a mixture of 17 and 
18 (66:34) yielded after workup 25 mg (83%) of the unchanged starting 
mixture.

Control Experiments Concerned with the Stability of Acetates
5c and 21. To a solution of 82 mg (0.2 mmol) of 5c in 2 mL of acetic 
acid under argon was added 2.2 mg (0.2 mmol) of sodium carbonate. 
This solution was stirred at 90 °C for 18 h (10 half-lives). The usual 
workup afforded 80 mg (98%) of a mixture of starting acetate (55%) 
and 22 (45%) by integration of the olefinic signals in the 'H  NMR.

Identical treatment of 21 (100 mg, 0.55 mmol) yielded 70 mg (70%) 
of 22.

Control Experiments Concerned with the Stability of Acetates 
6c and 10c. To 100 mg (0.6 mmol) of 6c in 5 mL of acetic acid was 
added 63.6 mg (0.6 mmol) of sodium carbonate and this solution was 
heated for 48 h at 90 °C under argon. Upon workup, 35 mg (85%) of 
starting acetate was obtained. Identical treatment of 10c (200 mg, 1.2 
mmol) yielded 160 mg (80%) of unchanged acetate.

Reductive Cleavage and Oxidation o f 19. A solution of 19 (30 
mg) in anhydrous ether (2 mL) cooled to 0 °C was treated with 19 mg 
of lithium aluminum hydride and stirred at room temperature for 20 
h. Saturated sodium sulfate solution was added dropwise, the pre
cipitate was separated by filtration, and washed thoroughly with 
ether. The combined filtrates were evaporated to leave the alcohol, 
which was taken up in dichloromethane (2 mL) and added to a mix
ture of chromium trioxide (100 mg) and pyridine (158 mg) at 0 °C. 
After 45 min, the reaction mixture was poured into 10% sodium hy
droxide solution and the salts were washed with ether. After further 
ether extraction, the combined organic phases were washed with 10% 
hydrochloric acid, water, and sodium bicarbonate solution before 
drying and evaporation. The resulting pale yellow ketone 20 exhibited 
a carbonyl stretching frequency at 1740 cm-1.34
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Cycloaddition reactions o: dichloroketene and monosubstituted benzaldehydes gave 3,3-dichloro-4-aryloxetan-
2-ones in isolated yields of approximately 20-80%. Benzaldehydes substituted with electron-withdrawing groups 
led to higher yields than benzaldehydes bearing electron-donating substituents. Thermolysis of these /3-lactones 
gave the corresponding /3,/3-dichlorostyrenes jn good yields. Electron-donating groups enhance the rate of decar
boxylation. The kinetics of the process were determined for the parent phenyl system and its three monochloro de
rivatives; the elimination of carbon dioxide is a first-order reaction, probably proceeds in a concerted fashion, and 
involves a highly polarized transition state.

Part A
There is ample documentation that the reactions of di- 

phenylketene with alkenes to produce cyclobutanone deriv
atives take place in a concerted fashion.2 Furthermore, it has 
been demonstrated that diphenylketene behaves in an elec
trophilic manner [i.e., that it reacts from its lowest unoccupied 
molecular orbital (LUMO)].2b Similar conclusions have been 
invoked for cycloadditions involving dichloroketene and 
olefins.2c’3 Another cycloaddition process characteristic of 
ketenes is the formation of 2-oxetanones (/3-lactones) from 
reaction with aldehydes or ketones.4’5 In connection with other 
investigations it was necessary to examine what effects, if any, 
substituents attached to the phenyl ring of benzaldehydes 
would have on the yields of the /3-lactones produced in reac
tions with dichloroketene. In this report the interesting results 
of a study on the cycloadditions of dichloroketene with mo
nosubstituted benzaldehydes (eq 1) are discussed.

A B Cl Cl
la-16a

A priori, the substituent on the phenyl ring could influence 
the cycloaddition process in two ways, as illustrated in 
Schemes I and II.6 In the former case (Scheme I), dichloro
ketene is electrophilic, and electron-donating groups (such 
as X = OCH3) would be expected to lead to increased rates of 
cycloaddition compared to electron-with drawing substituents 
(such as X  = NO2). In the latter case (Scheme II), dichloro
ketene is nucleophilic and electron-withdrawing groups should 
enhance the reactivity of cycloaddition. Of course, it is also 
possible that both types of effects could be operative, de
pending on the nature of the substituent or even that the 
substituents could have virtually no effect on the cycloaddi-

Scheme I

Scheme II 

Cl

tion process. Interestingly, it has been reported that dichlo
roketene cycloadds readily to electron-poor aldehydes (such 
as chloral) ;5a b yet, it does not react with electron-deficient 
alkenes (such as acrylonitrile) even though it undergoes cy
cloaddition very efficiently with electron-rich olefins (such 
as ethyl vinyl ether) .3a’d

In Table I are assembled the identities and locations of the 
substituents attached to the phenyl ring, the important ex
perimental parameters, and the yields of the /3-lactones pro
duced. The yields listed in Table I are isolated yields of crude 
materials. Because of the thermal lability of many of the /3- 
lactones, some of the products were contaminated with small 
amounts of the corresponding /3,/3-dichlorostyrenes. Similarly, 
in some cases it was not possible to remove all of the unreacted 
starting aldehyde by the standard procedure of extraction 
with aqueous sodium bisulfite solution (probably because of 
unfavorable electronic effects impeding the formation of the 
aldehyde/bisulfite addition compound7). Fortunately, by 
integrating the peak areas associated with the NMR signals 
for the aldehyde formyl proton, the (3,/3-dichlorostyrene vinyl 
proton, and the /3-lactone ring proton, the relative amounts 
of these components could be estimated and appropriate 
adjustments could be made to correct the yields of cycload
dition products. The /3-lactones (all of which are oils at room 
temperature except for the nitrophenyl derivatives 8a - 10a, 
nitrile 1 la, and acetate 16a) thus obtained were usually light 
yellow to golden orange in color (even after treatment with 
activated carbon). Attempts to purify the liquid cycloadducts 
by column chromatography using silica gel or by distillation 
at reduced pressure led to substantial amounts of contami
nation of the /3-lactone by the corresponding /3,/3-dichlo- 
rostyrene as a result of concomitant decarboxylation. 
Therefore, the /3-lactones were characterized by their spectral 
properties.8 The infrared spectra showed strong signals at 
approximately 1860 cm-1, which reflect a 25-cm_1 shift to 
higher frequency (because of the field effects of the adjacent

0022-3263/78/1943-1305$01.00/0 © 1978 American Chemical Society
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Entry Compd
Registry

no. X Solventb
Temp,

°C B /A c
ZnCl2,
equiv

Yield,d
%

1 la 22391-10-2 H E 3 1 0 32
2 la H E 3 1 0.5 30
3 la H E 3 1 1 29
4 la H E 3 1 1 35
5 la H E - 7 8 e 1 0 35
6 la H E 24 2 0 41
7 la H E 24 2 1 45
8 la H E 24 2 1 55
9 2a 65086-06-8 2'-CH3 E 3 1 1 19

10 2a 2'-CH3 E 3 1 1 22
11 2a 2'-CH3 E 24 2 0.25 37
12 2a 2'-CH3 M 24 2 0.25 15
13 3a 65086-07-9 3'-CH3 E 3 1 1 24
14 3a 3'-CH3 E 3 1 1 25
15 3a 3'-CH3 E 24 2 0.25 53
16 3a 3'-CH3 P 24 2 0.25 34
17 4a 65086-08-0 4'-CH3 E 3 1 1 26
18 4a 4'-CH3 E 24 2 0.25 44
19 4a 4'-CH3 B 24 2 0.25 33
20 5a 65086-09-1 2'-Cl E 24 1 1 53
21 5a 2'-Cl E 3 1 1 51
22 6a 65103-21-1 3'-Cl E 24 1 1 59
23 6a 3'-Cl E 3 1 1 59
24 7a 22391-11-3 4'-Cl E 24 1 1 52
25 7a 4'-Cl E 24 1 1 59
26 8a 65086-00-2 2 '-N 02 E/M 3 1 0 68
27 8a 2 '-N 02 E/M 3 1 0 85
28 8a 2 '-N 02 E/M 3 1 0.5 73
29 8a 2 '-N 02 E/M 3 1 1 73
30 8a 2 '-N 02 E/M 3 1 2 46
31 9a 65086-01-3 3 '-N 02 E/M 3 1 0 67
32 9a 3 '-N 02 E/M 3 1 0.5 65
33 9a 3 '-N 02 E/M 3 1 1 64
34 9a 3 '-N 02 E/M 3 1 1 71
35 9a 3 '-N 02 E/M 3 1 2 52
36 10a 65086-02-4 4'-N02 E/M 3 1 0.5 65
37 11a 65086-03-5 4'-CN E/M 24 1 0.5 82
38 12a 65086-04-6 2'-OCH3 E 3 1 0 0
39 12a 2'-OCH3 E 3 1 1 0
40 13a 3'-OCH3 E 3 1 0 38
41 13a 65086-05-7 3'-OCH3 E 3 1 0.5 32
42 14b' 4'-OCH3 E 24 1 1 23
43 14b' 4'-OCH3 E 24 1* 1« 17
44 15a 65085-87-2 3'-OCOCH3 E 3 1 0 36
45 15a 3'-OCOCH3 E 3 1 0.5 44
46 16a 65085-88-3 4'-OCOCH3 E 3 1 0 29

0 See eq 1 for reaction. 6 E, ether; M, methylene chloride; P, pentane; B, benzene. c Molar ratio of dichloroketene precursor (di- 
chloroacetyl chloride) to monosubstituted benzaldehyde. d Isolated yields of crude materials; adjusted to correct for the presence 
of small amounts of /3,/3-dichlorostyrenes and unreacted aldehydes; see text. e In this experiment the dichloroketene was generated 
at —78 °C in the absence o f benzaldehyde, then filtered into a solution of benzaldehyde at -7 8  °C, and allowed to gradually warm 
to room temperature, f Only the /3,/3-dichiorostyrene was isolated; see eq 2. * In this experiment the dichloroketene was generated 
by the dechlorination of trichloroacetyl chloride with activated Zn.

dichlorom ethylene unit9) o f  the characteristic /3-lactone car
bonyl absorption frequency o f about 1835 cm _1.4b The 
'H  N M R  spectra displayed singlet absorption signals for the
2-oxetanone ring hydrogen attached to carbon 4 at 5.68-6.53 
ppm , reflecting its benzylic nature and the effects o f  the ad
jacent oxy and dichlorom ethylene groups. T he 13C N M R  
spectra were also in accord with the /3-lactone structures. The 
mass spectra showed relatively small signals for the molecular 
ions; the base peaks generally occurred at the isotopic cluster 
m/e 110, 112, 114 corresponding to the molecular ion o f d i
chloroketene.10 In addition to their spectral properties, 13- 
lactones 8a - l l a  and 16a could be purified by recrystallization 
and, accordingly, were further characterized by consistent 
elemental analyses. Finally, each o f  the /3-lactones was de-

carboxylated to provide the corresponding /3,/3-dichlorosty
renes (see eq 2) which were fully characterized.

Inspection o f the data in Table I clearly reveals that sub
stituent effects are important. For the cycloadditions in
volving benzaldehyde it is seen that the yields o f 3 -lactone 
ranged from 29 to 35% and that the presence o f  freshly fused 
zinc chloride had virtually no effect on the yield o f the product 
(entries 1-5); the yield was increased somewhat by employing 
2 equiv o f  the dichloroketene precursor (entries 6- 8 ). Intro
duction of an electron-donating methyl group on the aromatic 
ring led to slightly reduced yields (19-26% ) o f the corre
sponding /3-lactones relative to those obtained from benzal
dehyde under comparable reaction conditions (entries 9 ,10, 
13, 14, and 17); again doubling the amount dichloloketene
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resulted in higher yields of cycloadduct. Also, in the case of 
the tolualdehydes, it was found that ether is a better solvent 
than methylene chloride, pentane, or benzene (compare en
tires 11,15, and 18 with 12,16, and 19, respectively). With the 
electron-rich p-anisaldehyde the yield of the cycloaddition 
product (only the decarboxylated /3,/8-dichlorostyrene could 
be isolated; see Part B) was about 20% (entries 42 and 43). On 
the other hand, with m-anisaldehyde (which according to 
Hammett a substituent constants should be slightly electron 
deficient relative to benzaldehyde11) the yield of /3-lactone 
formation was 32-38% (entries 40 and 41). Results analogous 
to those obtained for the methoxybenzaldehydes were realized 
with the acetoxybenzaldehydes (entries 44-46). For the 
moderately electron-withdrawing chlorine substituents 
(entries 20-25) the yields of the corresponding isomeric 13- 
lactones were significantly higher (51-59%) than those ob
tained with benzaldehyde. Yields of /3-lactone products were 
further increased (64-85%) by the use of the strongly elec
tron-withdrawing nitro or cyano functionalities (entries
26-37). In these cases it was necessary to utilize a mixed sol
vent system (ether/methylene chloride) in order to circumvent 
solubility problems encountered with ether alone. Again, it 
was observed that the presence of zinc chloride had little effect 
on the yields of /S-lactones (except when 2 equiv were em
ployed).

Clearly, the most striking feature of the data collected in 
Table I is the unmistakable trend that the more electron 
withdrawing the substituent on the benzaldehyde is, the 
higher the yield is for /3-lactone formation. The observed re
activity trend is similar to that established for nucleophilic 
additions to carbonyl groups,12 and suggests that the dichlo- 
roketene is behaving in a nucleophilic manner [i.e., the reac
tion takes place via the highest occupied molecular orbital 
(HOMO) of the dichloroketene and the lowest unoccupied 
molecular orbital (LUMO) of the monosubstituted benzal
dehyde13]. Accordingly, the effects of the aryl substituents on 
the cycloaddition process are represented better by Scheme 
II than by Scheme I.6

A possible explanation for the interesting results obtained 
for the cycloaddition reactions tabulated in Table I is that 
dichloroketene is not the reactive species but rather that the 
chloroacetyldichlcro carbanion initiates the cycloaddition 
process by nucleophilically attacking the aldehyde carbonyl 
group; subsequent or perhaps simultaneous displacement of 
the acyl chloride by the aldehyde oxygen would provide the 
/3-lactone structure (Scheme III).14 In order to test this in
terpretation, dichloroketene was generated at —78 °C in the 
absence of benzaldehyde by the addition of an ether solution 
of triethylamine to an ether solution of dichloroacetyl chloride, 
which resulted in the immediate precipitation of triethylamine 
hydrochloride; the dichloroketene solution was then filtered 
into a solution of benzaldehyde at —78 °C and the reaction 
mixture allowed to warm to room temperature. The 35% yield

Scheme III
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of /3-lactone la  from this experiment (Table I, entry 5) was 
essentially the same as the 32% yield (Table I, entry 1) of la  
obtained when the reaction was carried out according to the 
general procedure (see the Experimental Section). Signifi
cantly, a nearly quantitative yield of the triethylamine hy
drochloride by-product was isolated as the filtration residue. 
Therefore, it appears that dichloroketene is, in fact, the re
active intermediate in the cycloaddition process.

From the information presently available, it is not possible 
to ascertain whether the cycloadditions involving monosub
stituted benzaldehydes and dichloroketene proceed in con
certed or stepwise fashions. There is, of course, compelling 
evidence which indicates that the reactions between ketenes 
and double-bond-containing compounds to give four-mem- 
bered cycloadducts take place in a concerted manner.2'3’15 Of 
the two orbital symmetry-allowed processes (the T2S + „2a 
process15 and the W2S + T2S +  -2S process21*) currently relied 
upon to rationalize the results of ketene cycloadditions, the 
six-electron X2S + X2S + X2S mechanism is particularly well 
suited to rationalize the remarkably sensitive substituent 
effects discovered in the present investigation. In this pictorial 
representation of the transition state (Scheme IV), an orbital 
containing a pair of nonbonding electrons from the ketene 
carbonyl oxygen overlaps with the py orbital of the central 
carbon of the ketene and imparts enhanced electron density 
to the terminal (chlorine-bearing) carbon of the ketene (thus 
providing the resonance hybrid C); overlap of the electron-rich

Cl.
\
/

C—  c = o

Cl

. c — c = o +

Cl
B C

py orbital of the terminal carbon of the ketene with the py 
orbital of the carbonyl carbon of the substituted benzalde
hyde, followed immediately (or simultaneously if the process 
is absolutely concerted) by overlap of the py orbital of the 
carbonyl oxygen of the aldehyde with the pz orbital of the 
central carbon of the ketene, leads to the /3-lactone cycload
duct. The alternative r2s + „2a concerted mechanism15 cannot 
be ruled out; however, it would not appear to be able to ac
count for the observed substituent effects in as satisfying a 
manner as the „2S + r2s + , 2S mechanism does.

P art B

The thermally induced decarboxylation of a /3-lactone is 
a very convenient and efficient synthetic method for the 
stereospecific introduction of a double bond in an organic 
molecule.16 Previous studies have shown for 2-oxetanone itself 
that the thermal decomposition in the gas phase is a first-order 
reaction and produces only ethylene and carbon dioxide; in 
addition, the presence of nitric oxide has no effect on the re
action, implicating a nonradical pathway from reactant to
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Table II. Experimental Conditions and Results for the Preparation of /3,/3-Dichlorostyrenes by the Decarboxylation of 
__________________________________  (3-Lactones“

Compd
Registry

no. X
Temp,

°C
Yield,*

%
Bp,

°C (Torr)
Mp,
°C

lb 698-88-4 H 117 71 53-54 (0.25)“
2b 65085-89-4 2'-CH3 110 73 103-105 (2)
3b 65085-90-7 3'-CH s 95 78 117-125(2)
4b 4714-37-8 4'-CH3 110 70 110-127 (2)d 35-37e
5b 56772-79-3 2'-Cl 165 69 63-64 (0.29)
6b 65085-92-9 3'-Cl 168 66 69-70 (0.32)
7b 5263-17-2 4'-Cl 165 78 71-72 (0.38R
8b 51991-50-5 2 '-N 0 2 120« 21 45-46
9b 65085-93-0 3 '-N 02 175* 73 55-55

10b 5281-22-1 4 '-N 0 2 175* 70 90-92‘
l ib 65085-94-1 4'-CN 175h 86 75—76
13b 65085-95-2 3'-OCH3 87 74 156-158 (3)
14b 41448-64-0 4'-OCH3 24 J 23 85-86 (0.50)* 27-29
15b 65085-97-4 3'-OCOCH3 87 57
16b 65085-91-8 4'-OCOCHs 95 63 33-35

“ See ec 2 for reaction. b Isolated yield (not optimized) of purified material. c Lit. (“ Dictionary of Organic Compounds” , 4th ed,
Vol. 2, Oxford University Press, New York, N.Y., 1965, p 1000) 103-104 °C (15 Torr). d Lit.20« 110 °C (15 Torr). e Lit.20a 40-41 °C. 
f  Lit.20d 138 °C (5 Torr). « In refluxing tetrachloroethylene. h In perchlorobuta-1,3-diene. ' Lit.20' 93-94 °C . J Product isolated directly 
from the cycloaddition reaction (eq 1); see text. * Lit.201 100 °C (12 Torr).

products.17 Furthermore, for substrates wherein the stereo
chemistry o f the reaction could be examined, it was found that 
the decarboxylations are stereospecific cis elim inations.18 
Finally, a few years ago, it was reported that halogenated 2- 
oxetanones are less susceptible toward decarboxylation than 
other 2-oxetanones.19 In the present investigation it has been 
found that the nature and position o f  a substituent on the 
aromatic ring o f a 3,3-dichloro-4-phenyloxetan-2-one exert 
substantial influence on the rate o f  decarboxylation (eq 2).

X X

la —16a l b —16b

As indicated in Part A, for the reaction involving p-m eth- 
oxybenzaldehyde and dichloroketene, only  the /3,/3-dichlo- 
rostyrene 14b was isolated, demonstrating that the interme
diate /3-lactone 14a is extremely susceptible toward decar
boxylation, even at room temperature. On the other hand, it 
was found that for the p-nitrophenyl-substituted /3-lactone 
10a, prolonged heating at 175-180 °C  was necessary to carry 
out to com pletion the decarboxylative conversion to the d e 
sired /3,/3-dichlorostyrene 10b. Clearly, substituent effects are 
very important for the reactions o f  eq 2. The other arvl-sub- 
stituted d-lactones available in this study responded to 
thermal activation with decarboxylation performances within 
the limits mentioned above for 10a and 14a (Table II). In 
all cases (except for the o-nitrophenyl /3-lactone 8a) the 
decarboxylations proceeded sm oothly and provided the 
(3,/3-dichlorostyrenes in good yields. The /3^3-dichlorostyrenes 
were easily purified by distillation and/or chromatography, 
and their structures were established by a com bination o f 
spectral properties.8'20

Qualitatively, the following relative orders o f  susceptibility 
toward decarboxylation for the various families o f  isomeric 
substituents were found: P -O C H 3 »  m -OCHs; P -C H 3 >  m- 
CH 3, o-CH 3; p -C l >  m -C l, o-C l; p - N 0 2 <  m-NOo <  o -N 0 2. 
Furthermore, it was qualitatively observed that p -O C H 3 »  
P -C H 3 >  p -H  >  p -C l »  p -N 0 2.

In order to gain some quantitative insight on the nature o f 
the substituent effects, the kinetics o f  the decarboxylation o f 
the parent phenyl-substituted /3-lactone la  and its three 
m onochlorophenyl derivatives, 5a -7a , were examined in de
tail. The rates o f decarboxylation o f  these materials are o f such 
magnitudes that they can be determined conveniently with 
N M R  spectroscopy by measuring the disappearance o f the 
singlet associated with the proton attached to carbon 4 o f  the 
/3-lactone ring and the appearance o f  the singlet for the vinyl 
proton o f the /3,/3-dichlorostyrene product. Fortunately, for 
la ,b  and 5a ,b -7a .b  the critical XH  N M R  signals were each 
easily recognizable and well separated from one another as 
well as from the signals for the aromatic protons. By 
em ploying this technique it was not necessary to em ploy an 
internal standard; furthermore, the small amounts o f  im 
purities present in the /3-lactone starting materials did not 
interfere with the kinetic analyses. The experimental proce
dure utilized for the rate studies was adapted from the liter
ature.211 The neat 3-lactone, in an N M R  tube, was placed in 
a constant temperature bath, heated for a definite period o f 
time, placed in an ice water bath to quench the decarboxyla
tion reaction, analyzed by recording the N M R  spectrum and 
obtaining multiple integrations o f  the signals for the critical 
protons, and then returned to the constant temperature bath 
for further reaction.

The results o f the kinetics experiments are presented in 
Table III. The first-order rate constants were obtained from 
least-squares plots o f the data. The thermodynamic properties 
(Table IV) o f the decarboxylation reactions were calculated 
from  the Arrhenius equation plots. A  plot o f  the logarithms 
o f the rate constants vs. a+ substituent constants21 gave a 
least-squares line (r = 0.998) with a slope (p value) o f —3.07.22 
T he sign and magnitude o f  p indicate the accum ulation o f 
considerable positive character at the benzylic carbon in the 
transition state of the decarboxylation reaction; the fact that 
a linear correlation o f the rate was obtained with a+ constants 
indicates that substituents can interact via resonance with the 
reactive site. These considerations are suggestive o f  a m ech
anistic interpretation like that shown in Scheme V (illustrated 
with the p-m ethoxyphenyl system). That the dipolar species 
14c is the transition state for the decarboxylation reaction is 
indicated by A S " values (Table IV) which are virtually zero, 
consistent with a concerted unimolecular elimination pro
cess.23 Furthermore, attempts to intercept the dipolar species 
7c with either electron-rich or electron-deficient olefins (n -



Table III. Rate Constants for the Decarboxylation of 
3,3-Dichloro-4-phenyloxetan-2-one and Its Three 

Monochlorophenyl Derivatives at Various
Tem peratures0’6________________________

Preparations and Thermal Decarboxylations of (3-Lactones

Compd X
Temp,

°C
105 k, 
s-1 rc

la H 76 1.92 0.998
la H 82 3.06 0.998
la H 85 3.69 0.998
5a 2'-Cl 104 0.294d 0.997
5a 2'-Cl 130 2.81 0.997
5a 2'-Cl 144 7.61e 0.994
6a 3'-Cl 86 0.222f 0.991
6a 3'-Cl 104 1.03 0.997
6a 3'-Cl 130 7.61 1.000
7a 4'-Cl 72 1.29 0.999
7a 4'-Cl 86 2.52 0.997
7a 4'-Cl 88 2.74 1.000
7a 4'-Cl 98 6.00« 0.989

° See eq 2 for reaction. 6 The estimated precision for the rate 
constants is ±4% or better except as noted.c Correlation coeffi
cient for least-squares plots of rate data. d The estimated preci
sion is ±11%. e The estimated precision is ± 6%. f The estimated 
precision is ±14%. « The estimated precision is ±9%.

Scheme V

butyl vinyl ether or methyl acrylate, respectively) and produce 
the substituted valerolactones 17 were unsuccessful; only the

Y X

17a, X = H ;Y  = C 02CH3 
b, X =  OC4H9;Y  = H

/3,/3-dichlorostyrene 7b was produced in each experi
ment.24,25

In line with the facile decarboxylation of the p-methoxy- 
phenyl /3-lactone 14a are the results for the cycloaddition re
actions of dichloroketene with furfural or thiophene 2-carb-

oxaldehyde. In each case only the decarboxylated materials 
18b and 19b were isolated from the reaction mixtures, re-
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18b, X  = O 
19b, X  = S

fleeting the electron-donating abilities via resonance of the 
heteroatoms. The low yields (9% for 18b and 17% for 19b) are 
also in accord with the electronic effects discussed previously 
in Part A.

The low relative rate of decarboxylation found for the o- 
chlorophenyl /3-lactone is interesting. In order for the aromatic 
system to interact via resonance with the electron-deficient 
benzylic carbon and thus to facilitate the decarboxylation, the 
conformation of the (3-lactone must approach that shown in 
Newman projection I (or its rotational isomer II). For the

meta- and para-substituted substrates, X  in formulas I and 
II is hydrogen; but for the ortho-substituted derivative, X  is 
the substituent, and accordingly additional steric strain is 
imparted to the system. Apparently, this enhanced steric 
hindrance [between the substituent and either the dichloro- 
methylene unit (I) or the (3-lactone hydrogen (II)] is suffi
ciently great so as to drastically diminish any resonance sta
bilization of the transition state; only the electron-with
drawing inductive effect of the chlorine remains operative, and 
therefore the rates of decarboxylation of the o- and m-chlo- 
rophenyl-substituted /3-lactones are quite similar. In contrast 
to the isomeric chlorophenyl-substituted /3-lactones are the 
decarboxylations of the isomeric nitrophenyl derivatives. Both 
the m- and p-nitro systems 9a and 10a were totally unreactive 
when heated for several hours in refluxing tetrachloroethylene 
(bp 120 °C); on the other hand, the o-nitrophenyl compound 
8a underwent decarboxylation under these conditions. 
However, the decarboxylation of 8a was not very clean and 
only a 21% yield of the /3,/3-dichlorostyrene 8b was obtained; 
this result may be compared to the decarboxylations of 9a and 
10a which took place smoothly in hexachlorobutadiene at 
175-180 °C to give the /3,/3-dichlorostyrenes 9b and 10b in 
yields of 73 and 70%, respectively. It should also be noted that 
/3-lactone 8a decomposes to an intractable material merely 
upon standing (even in a freezer), while 9a and 10a are in
definitely stable at room temperature. Perhaps the proximity 
of the o-nitro group to the /3-lactone is responsible for both its 
relatively facile decarboxylation to the (3,/3-dichlorostyrene

Table IV. Absolute and Relative Rates and Thermodynamic Values for the Decarboxylation of 
3,3-Dichloro-4-phenyloxetan-2-one and Its Three Monochlorophenyl Derivatives at 100 °C o i>

jmpd X
I05k,
s-1 r̂el

AH *  
keal/mol

AS*
cal/(mol K) rc

la H 10.4 50 17.4 5.07 X 10“ 4 0.999
5a 2'-Cl 0.208 1 24.7 1.91 X 10“ 1 0.999
6a 3'-Cl 0.647 3 17.1 3.09 X 10-2 1.000
7a 4'-Cl 5.92 28 13.9 2.59 X  1 0 -« 0.982

° See eq 2 for reaction. b Values for the rate constants were extrapolated from the data presented in Table III. c Correlation coefficient 
for least-squares plots of the Arrhenius equation.
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(Scheme VI) and its spontaneous decomposition to unchar
acterized materials.

E xperim ental Section

Materials. Benzaldehyde, o-, m-, and p-chlorobenzaldehyde, o-, 
m-, and p-tolualdehyde, and o-, m-, and p-anisaldehyde were com
mercially available and were distilled before use; o-, m-, and p-ni- 
trobenzaldehyde and p-cyanobenzaldehyce were commercially 
available and were used without prior treatment; m- and p-acetoxy- 
benzaldehyde were prepared and purified according to literature 
methods.28 Dichloroacetyl chloride was commercially available and 
used as received.

General Comments. Melting points, obtained with a Thomas- 
Hoover capillary melting point apparatus, and boiling points are 
uncorrected. ‘H NMR spectra were obtained with a Varian Associates 
T-60 instrument employing deuteriochloroform solutions with in
ternal tetramethylsilane (MeiSi) as reference. 13C NMR spectra were 
obtained with a Varian CFT-20 spectrometer utilizing 'H decoupling 
at 80 MHz and simultaneous 13C observation at 20 MHz; in all cases 
the solvent was deuteriochloroform with internal Me4Si. Infrared 
spectra were recorded with a Perkin-Elmer 457 spectrophotometer; 
liquid samples were measured as neat films, while solid materials were 
measured as approximately 10% solutions in chloroform. Mass spectra 
were obtained with a Du Pont CEC 21104 mass spectrometer operated 
at 70 eV and ambient source temperatures. Ultraviolet spectra were 
recorded on a Carv 14 spectrophotometer. High-pressure liquid 
chromatography was performed with (1) a Waters Associates ALC-201 
HPLC fitted with a 4 ft X  % in. stainless steel column packed with 
Porasil-A using CH2CI2 as solvent or (2) a Waters Associates Prep 500 
system equipped with a PrepPak-500/silica column with 2:1 hex- 
ane/methylene chloride as the solvent system. Gas chromatographic 
analyses and collections were carried out with a Varian Aerograph 
1520 instrument equipped with a 5 ft X  0.25 in. aluminum column 
packed with 20% SE-30 on Chromosorb W.

General Procedure for /J-Lactone Preparation. To a 500-mL 
three-necked round-bottomed flask equipped with an addition funnel 
charged with 15.0 mL (10.89 g, 0.108 mol) of anhydrous triethylamine 
diluted to 50 mL with anhydrous diethyl ether, a mechanical stirrer, 
and a Claisen adapter fitted with a thermometer and an Allihn con
denser whose efflux end was connected to a nitrogen bubbler was 
added 0.100 mol of aldehyde, 100 mL of anhydrous ether, a specified 
amount of fused ZnCb,27 100 mL of anhydrous diethyl ether, 10.0 mL 
(15.32 g, 0.104 mol) of dichloroacetyl chloride, and 20 mL of anhydrous 
diethyl ether. The temperature of the reaction mixture was main
tained at 22-24 °C with a room temperature water bath or at 3-5 °C 
with an ice water bath. With vigorous stirring under a nitrogen at
mosphere the triethylamine solution was discharged dropwise over 
an approximately 1-h period of time. When addition was complete, 
the mixture was stirred for an additional 1 h, after which time the 
reaction was processed by vacuum filtration, the residue was washed 
with diethyl ether, and the combined filtrate and washings were 
washed with water (1 X  50 mL), dried with anhydrous magnesium 
sulfate, and concentrated on a rotary evaporator to provide the crude 
product (contaminated with dichloroketene polymeric materials, 
unreacted aldehyde, and other minor unidentified impurities) which 
was treated with a total of 200 mL of pentane to remove polymeric 
materials. The resulting pentane solution was then washed with H2O 
(1 X  50 mL), saturated aqueous sodium bisulfite solution (4 X  50 mL), 
H2O (1 X  50 mL). and saturated aqueous sodium bicarbonate solution 
(2 X  50 mL), dried over anhydrous magnesium sulfate, stirred with 
activated carbcn, and concentrated on a rotary evaporator to provide 
the desired j-lactone.

For the nitrcphenyl and cyanophenyl systems the reaction solvent 
was 100 mL of methylene chloride and 175 mL of ether in order to 
circumvent the insolubility of the starting aldehyde in ether alone. 
In addition, in the processing of the /1-lactones 8a -lla , 15a, and 16a, 
ether rather than pentane was used because of solubility consider
ations.

General Procedure for Decarboxylation o f /3-Lactones. In a
round-bottomed flask equipped with a condenser and a magnetic 
stirring bar was placed an amount of a /3-lactone. The flask was placed 
in a heated oil bath until NMR/IR spectra revealed that the reaction 
was complete. The djf-dichlorostyrene was then isolated ar.d purified 
by distillation or chromatography.

For the nitrophenyl and cyanophenyl systems the decarboxylations 
were carried out in chlorocarbon solvents (tetrachloroethy.ene for 8a 
and perchlorcbutadiene for 9 a -lla ) since attempts to effect the re
action with the pure materials led only to intractable products.

Registry No.— 18b, 65085-98-5; 19b, 65085-96-3; benzaldehyde, 
100-52-7; 0-chlorobenzaldéhyde, 89-98-5; m -chlorobenzaldéhyde, 
587-04-2; p-chlorobenzaldehyde, 104-88-1; o-tolualdehyde, 529-20-4; 
m-tolualdehyde, 620-23-5; p-tolualdehyde, 104-87-0; o-anisaldehyde, 
135-02-4; m-anisaldehyde, 591-31-1; p-anisaldehyde, 123-11-5; o- 
nitrobenzaldehyde, 552-89-6; m-nitrobenzaldehyde, 99-61-6; p-ni- 
trobenzaldehyde, 555-16-8; p-cyanobenzaldehyde, 105-07-7; m-ace- 
toxybenzaldehyde, 34231-78-2; p-acetoxybenzaldehyde, 878-00-2; 
dichloroketene, 4591-28-0.

Supplementary Material Available: Spectral and analytical data 
for the /3-lactones la-16a and /3,/3-dichlorostyrenes lb-16b (12 pages). 
Ordering information is given on any current masthead page.
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The relative rates of cleavage of ten para-substituted N-methylbenzenesulfonanilides by sodium anthracene in 
tetrahydrofuran at 25 °C were determined. The rates of those with less electronegative substituents (p-dimethyl- 
amino through p-fluoro) give a moderately good correlation with a constants, p = 1.91 (r = 0.987). More strongly 
electron-withdrawing substituents, however, result in a cleavage rate much slower than expected due to reduction 
of the substituent rather than of the sulfonyl group. Electrochemical reduction in acetonitrile solution at a vitreous 
carbon electrode proceeds via an irreversible two-electron process. The peak potentials of all the sulfonamides give 
an excellent correlation with an constants, p = 1.07 V (r = 0.995). Whether this is an eec or ece process is discussed, 
as well as possible causes for the large differences between homogeneous and electrochemical reduction. A suggest
ed value of a" for the p-methanesulfinyl group is +0.54.

Arenesulfonamides of secondary amines have been inves
tigated in considerable detail with respect to their reductive 
cleavage reactions.2-6 Manousek, Exner, and Zuman showed 
that 4-cyanobenzenesulfonamide undergoes electrochemical 
cleavage in aqueous solution at the carbcn-sulfur bond (eq 
l ),5 while Cottrell and Mann observed only S-N cleavage in

ArS02NH2 + 2e + H+ — ArH + "S 0 2NH2
h 2o

— ^ H S 0 3-  + NH3 (1)

electrochemical reduction of several arenesulfonamides in 
acetonitrile.4 They proposed an irreversible, two-electron 
reduction followed by rapid cleavage to two anions (eq 2).

ArS02NR2 - X  ArS02NR22-  — ArSOz-  + - NR2 (2)

Asirvatham and Hawley noted that Cottrell and Mann’s re
sults could also be explained by either the ece mechanism 
shown in eq 3, where the nitrogen- or oxygen-centered radical

ArSOjNR, (A rS O .N R .f — ► ArSO,“  +  -NR.

or ArSO..- +  “ NR. (3)

'I
ArSO +  NR

would be rapidly reduced at a potential less cathodic than that 
of the initial reduction, or by a rate-determining dispropor
tionation process (eq 4).5 Either of these processes would

2(ArSO:NR,)- - ArSO,NR,2- +  ArSO NR,
fast | (4)

ArSOT +  'N R ,

account for the products and n values reported.4 The only 
arenesulfonamide of a secondary amine (N,N- dimethylni- 
trobenzenesulfonamide) examined by Asirvatham and 
Hawley, however, underwent reversible, stepwise reduction, 
yielding the corresponding dianion.5 Cleavage to amine was 
not reported.5

Kovacs and Ghatak reported that sodium-liquid ammonia 
reduction of tosylamides leads primarily to C-S cleavage, 
similar to the results of Manousek et al.,5 but with a minor 
pathway involving S-N cleavage.2 From their data it was not 
possible to ascertain more information on the mechanism of 
cleavage. One might expect that reduction of arenesulfona
mides with arene anion radicals in ether solvents might pro
ceed in a fashion similar to that in liquid ammonia, but our 
earlier work using sodium biphenyl, naphthalene, and an
thracene in tetrahydrofuran (THF) and dimethoxyethane 
(DME) showed only the occurrence of S-N cleavage.3 In ad
dition though we found that the selectivity of cleavage of 
arenesulfonamides in competition experiments was quite 
different for sodium anthracene vs. sodium naphthalene.3 
This observation rules out a disproportionation mechanism 
similar to eq 4 and would be best explained by a mechanism 
similar to eq 3, where the initial electron transfer is rate de
termining. Further study of the relative reactivities of dif
ferent sulfonamides toward sodium anthracene, which would 
have been useful in refining the cleavage mechanism, was 
hampered by poor reproducibility.

In this work we wish to present a study of the relative rates 
of cleavage of a series of IV-methylarenesulfonanilides by so
dium anthracene in THF, a cyclic voltammetric study of the 
redox behavior of the same series of sulfonamides using the 
vitreous carbon electrode in acetonitrile, and a discussion of 
the similarities and differences of these two types of reduc
tion.

0022-3263/78/1943-1311$01.00/0 © 1978 American Chemical Society
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Table I. Relative Rates of Aniline Formation in Sodium 
Anthracene Cleavage, and Peak Potentials for S -N  

_______Reduction of IV-Methylarenesulfonanilides

Sulfon-
anilide“

Registry
no.

Relative
rate6

E vs. SCE 
(Vp

1 (H) 90-10-8 1.0 -2.45
2 (CH3S) 64999-90-2 1.04 -2.33
3 (CH3) 599-62-2 0.54 -2.59
4(F) 360-09-8 0.92 -2.43
5 (Cl) 16358-34-2 1.2d -2.24
6 (Br) 64999-91-3 d -2.26
7 (CH3Ol 16358-36-4 0.19 -2.63
8 [(CH3)2N] 53973-86-7 0.024 -2.71
9 (CH3SO) 64999-92-4 0.63 -2.04 e
10 (CN) 64999-93-5 0.60 -1.76 i
11(N02) 64999-94-6 0.078 - 1.68«
12 (CH3)£ 0A5h

a The para substituent is given in parentheses. b Reproduci
bility was ±5% .c Peak potential was measured in the cyclic vol- 
tammetric scans on 10_3-5 X 10-3 M solutions of sulfonamide in
10-1 M TBAPF6 in acetonitrile at a scan rate of 200 mV/s. d De- 
halogenation occurred in competition with S-N cleavage. e Ex
hibited irreversible peak at —2.73 V as well, f Exhibited reversible 
peak at -2.37 V in addition. « Also exhibited reversible peak at 
-0.86 V. h Relative rate for ¿V-ethyl-p-toluenesulfonanilide was 
used as a reference compound.

Results
Cleavage with Sodium Anthracene. Originally we had 

tried to determine the relative rates of cleavage of different 
sulfonamides by straightforward competition techniques,7 
which worked well in a similar study of the reductive cleavage 
of aryl alkanesulfonates.8 This technique, adding a small 
amount of anion radical solution to a solution containing an 
excess of two or more sulfonamides and determining the 
amount of reaction of each by measuring the yields of the 
different amines, easily showed the great differences in se
lectivity between sodium naphthalene, sodium pyrene, and 
sodium anthracene.3 Attempts to obtain reproducible relative 
rate data with sodium anthracene, however, were unsuccessful 
until it was discovered that the selectivity was very sensitive 
to sodium ion concentration.8 It was found that adding a 
quantity of sodium salt (sodium perchlorate) about equal to 
the total concentration of sulfonamides (ca. 0.2 M) in the 
competition mixture allowed quite reproducible results to be 
obtained. Without this sodium ion buffer not only was re
producibility quite poor, but selectivity between different 
sulfonamides also appeared to be much lower. The poor re
producibility in the absence of sodium buffer is probably a 
result of rapidly changing reaction rates as the sodium ion 
concentration changes from 0 to ca. 0.04 M during the com
petition experiment.

The cause of this effect is almost certainly related to the 
state of ion pairing of the anthracene anion radical in THF. 
Both ESR and conductimetry data have shown that sodium 
anthracene is largely ion paired in THF,10'11 and it is to be 
expected that ion-paired species should be less reactive (and 
therefore more selective) toward elec tron-transfer reactions 
than free ions.12 An attractive explanation for our results 
would be that free anthracene anion radical is present at very 
low sodium anthracene concentrations and cleaves sulfon
amides in a much less discriminating fashion than do ion- 
paired species; buffering with sodium perchlorate merely 
keeps the equilibrium shifted toward ion-paired species 
throughout the competition experiment. On the other hand, 
Bank and Bockrath, through a kinetic analysis of the effect 
of sodium tetraphenylboron on the rate of reaction of sodium 
anthracene with water in THF, ruled out the presence of sig-

<7
Figure 1. Plot of leg of relative rates of sulfonamide cleavage by so
dium anthracene vs. a constants. Least-squares slope for the first 
portion, 1.91; correlation coefficient, 0.987.

nificant amounts of free anthracene ions in concentrations as 
low as 5 X 10-5 M.13 Obviously, further work is necessary to 
define the role of sodium ion in these reactions.

Arenesulfonanilides 1-12 were prepared by standard
R

1, X = H; R = c h 3 7, X == OCH3; R = c h 3
2, X = s c h 3: R = CH3 8, X == N(CH3)2; R = CH3
3. X = CH3; R = CH3 9. X == S(0)CH3; R = CH3
4, X = F; R = c h 3 10, X == CN;R = 1CH,
5, X = Cl; R = c h 3 11, X == NO, ; R = c h 3
6, X = Br; R = c h 3 12, X == CH3 : R = c h 2c h 3

techniques, and their relative rates of reaction with sodium 
anthracene at 25 °C in THF in the presence of 0.04 M sodium 
perchlorate were determined by competition techniques. The 
relative rate data for all but 6 are presented in Table I.

From the data in Table I it can be seen that neither strong 
electron-donating nor electron-withdrawing substituents 
accelerate the rate of cleavage. Indeed, the two least reactive 
compounds (toward cleavage) are those with dimethylamino 
and nitro substituents. For the electron-donating substituents 
(including fluorine), a Hammett plot may be obtained using 
a constants, with a p value of +1.91 (r = 0.987). Use of either 
<rn or a0 gave definitely poorer fits (r = 0.713 and 0.957, re
spectively). No good correlation of the rates of the sulfon
amides with electron-withdrawing substituents could be ob
tained with any of these substituent parameters (see Figure 
1).

The value of o is lower than that observed for either of the 
two steps in S -0  cleavage of aryl methanesulfonates (13) with 
sodium anthracene (ca. +6 for the initial electron-transfer step 
and +3.0 for the product-forming step).8 The initial elec
tron-transfer step in the cleavage of 13 is closest in nature to

13
the rate-controlling step in sulfonamide cleavage, and the large 
difference in reaction constant is striking. In 13 the substit
uent is also insulated from the sulfonyl group by an additional 
oxygen atom, which might be expected to attenuate the sub
stituent effect. Probably the best explanation for the large
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difference in p is that the methanesylfonyl group is inherently 
less easily reducible than an arenesulfonyl group (alkyl 
methanesulfonates are not reduced by sodium anthracene but 
alkyl arenesulfonates are;14 likewise, anthracene anion radical 
readily cleaves arenesulfonanilides,3 but methanesulfonani- 
lides react slowly via a proton-abstraction process15), and thus 
the transition state occurs earlier on the reaction coordinate 
for the sulfonanilide reaction.

In the case of the p-chlorosulfonamide 5 it was shown that 
dehalogenated, uncleaved sulfonamide 1 was present in the 
reaction mixture after the competition experiment was per
formed. This competition between C-Cl and S-N cleavage is 
similar to that observed between C-X and S O cleavage in the 
reaction of halogenated versions of 13 with arene anion radi
cals8 and certainly causes the measured reactivity to be less 
than expected. The bromine-substituted sulfonamide 6 would 
be expected to be more prone to this side reaction and was not 
examined. Pertinent to this is the fact that titration plots 
(yield of amine vs. amount of anion radical added) of 5 and 6 
with sodium anthracene in 1,2-dimethoxyethane (DME) so
lution gave slopes of 0.42 and 0.24, respectively, rather than 
the value 0.5 expected for 1:2 stoichiometry.3 This would 
imply that 5 undergoes some dechlorination prior to S-N 
cleavage, but that the p -chlorobenzenesulfinate ion is fairly 
stable toward further reaction under these conditions. In the 
case of 6 the data are probably best interpreted as indicating 
almost equal reactivity of the C-Br and S-N bonds, with the 
reactivity of the C-Br bond in p-bromobenzenesulfinate ion 
being considerably less reactive. (The nitration plots were 
measured only to about 30% of the total theoretical yield of 
amine. At higher extents of reaction one would expect com
plications due to the buildup of halogenated sulfinate ion and 
increasing amounts of reaction of this with the electron 
donor.)

The other sulfonamides with electronegative substituents 
(9,10, and 11) are also almost certainly undergoing reduction 
of the substituent in competition with the cleavage reaction 
at the sulfonyl center. The cleavage that is observed may be 
occurring by either or both of the mechanisms outlined in eq 
5 and 6. In eq 5, amine anion is produced in competition with 
reduction of the substituent in the initial electron transfer; 
in eq 6, amine anion is generated in a second reduction of the 
substrate which now bears a negatively charged substituent. 
This latter sort of electron transfer would be expected to be 
rather slow since the substituent should now be electron re
leasing. (It has been reported that the a0 constant of a m-nitro 
group changes from +0.70 to about —0.16 upon one-electron 
polarographic reduction.16). A third possibility, use of the 
electron already in the substituent for a subsequent cleavage 
reaction at the sulfonyl center (eq 7), might also be considered. 
In order for this to result in a lesser yield of amine than ex
pected, the cleavage step would either have to have a rate as 
slow as the time scale of the experiment (a few minutes) or be 
in competition with other reactions of the reduced substitu
ent.

Some preliminary experiments carried out on sulfonamide 
11 with the more potent electron donor sodium naphthalene 
are pertinent to the question of the cleavage step of 11. Ti
tration of 11 with sodium naphthalene in DME at 25 °C re
quired ca. 4.7 mmol of anion radical to produce 0.8 mmol of 
N-methylaniline from 1.0 mmol of sulfonamide. Further ad
dition of sodium naphthalene did not increase the yield. A plot 
of yield of amine vs. amount of anion radical added gives a 
rather scattered set of points, but some amine is clearly formed 
after addition of quite small amounts of electron donor. This 
early production of amine would seem to favor the mechanism 
given in eq 5. The continued production of amine and the 
abnormal stoichiometry (the slope of the plot is about 0.2 
rather than the expected value of 0.53) would better fit the

"ŷ 0 ^ s°2n:\
/ R  A r H "

n  ---------►r

Ph

\ ph

{~ ( Q ) ) — S0\ +  -~N
X

(5)

R

Ph

A r H '

A r H "
I ----------
\ Ph

X
\ Ph

A rH
-  " Y — O x s o r -  +  •" N ^

\

R

A r H "
Ph

anions (6)

_ ^ 0 > _ S O 2N ^  —  " Y — © X S Q r
Ph

\

R
products (7)

Ph

mechanism given in eq 6. (Much anion radical is probably also 
used up on a variety of other reduction processes typical of aryl 
nitro groups.17) About all that can be concluded is that the 
pathway of eq 6 almost certainly occurs, but some reaction 
may be occurring via that of eq 5. The process shown in eq 7 
appears very unlikely.

The deep red solution resulting from reaction of 11 with 
about 2 equiv of sodium naphthalene in DME at 25 °C was 
examined by ESR and found to give a rather poorly resolved 
nine-line spectrum. This could be interpreted in terms of 
hyperfine splittings due to one nitrogen (a» ~  9.6 G) and a 
pair of equivalent hydrogens (oh ~  3.2 G). The poor resolution 
and broadness of some of the peaks suggest the presence of 
two or more structurally similar paramagnetic species. Asir- 
vatham and Hawley reported that the hyperfine coupling 
constants for the ion radicals 14 and 15 were on = 9-41G, a0_H

so2n ~ch3 - - o2n - X ^ - s ° r '

14 15

/— x . c h 3
' _0 2N — ( O ) — S°2N,.

x— 7 N ph
16

= 3.33 G, and am_H = 1.06 G, and aN = 10.02 G, a0_ H = 3.33 
G, and am- h = 1-07 G, respectively.5 It would seem reasonable 
that our ESR signal might well be the result of a mixture of 
15 and 16.

C leavage via E lectroch em ical R eduction. The same 
series of sulfonamides was examined by cyclic voltammetry, 
using a vitreous carbon electrode in acetonitrile and tetra- 
n-butylammonium hexafluorophosphate (TBAP?6) as the 
supporting electrolyte. Several other electrode-solvent sys
tems were examined, but this combination seemed superior, 
exhibiting an electrochemical window of +1 to —3.0 V vs. 
SCE.

Most of the sulfonamides showed no electrochemical ac-
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Figure 2. Cyclic voltammogram of Af-methylbenzenesulfonanalide 
in acetonitrile with BTAPF6 (0.2 M) as the supporting electrolyte. 
Scan rate, 200 mV/s; scan direction, negative; initial potential, +1.00 
V; final potential, —2.90 V; range, 1 MA.

Figure 3. Plot of sulfonamide peak potentials vs. nn constants. 
Least-squares slope, 1.07 V; correlation coefficient. 0.995.

tivity until a single irreversible reduction wave was observed 
in the vicinity of —2.0 V vs. SCE. On reversal of the scan, ox
idation peaks could be observed. Through comparison with 
known samples, these peaks could be identified as being due 
to IV-methylaniline and arenesulfinate ions, the expected 
cleavage products. A sample scan for 1 is shown in Figure 2. 
Sulfonamides 5, 6, 9, and 10 exhibited somewhat different 
behavior. The scans of 5 and 6 were rather similar to that of 
1 except that the areas and shapes of the reduction peaks were 
inconsistent with a two-electron process as judged by com
parison with known two-electron reductions.18 Reductive 
dehalogenation was suspected and proved by showing that 
p-bromobenzenesulfinate ion undergoes an irreversible re
duction at a potential very close to that of 6. Therefore, this 
increase in peak area is probably due to overlapping of the
S-N and C -X  reduction waves. The methanesulfinyl- and 
cyano-substituted sulfonamides 9 and 10 also exhibited ir
regularities. The scan of 9 exhibited two irreversible waves at 
—2.04 and —2.73 V. Reversal after the first peak showed the 
usual oxidation waves due to methylaniline and sulfinate salt, 
so this one can be assigned to reductive cleavage of the sul
fonamide group; the peak at the more negative potential is 
probably due to reduction of the methanesulfinyl moiety. The 
cyano compound 10 showed an irreversible peak at —1.76 V 
due to S-N cleavage, followed by a reversible wave at —2.37
V. This is similar to the electrochemical behavior of several 
p-cyanobenzenesulfonamides reported by Cottrell and 
Mann,4 and we attribute the second wave to reversible re
duction of p-cyanobenzenesulfinate icn as did these authors. 
The cyclic voltammogram of the nitro-substituted compound

B

Figure 4. Cyclic voltammogram of A-methyl-p-nitrobenzenesulfo- 
namide in acetonitrile with TBAPF6 (0.2 M) as the supporting elec
trolyte; initial potential, 0.0 V; final potential, —2.0 V; scar, rate, etc., 
as in Figure 2. Peak A, reduction of nitro group; peak B, reductive 
cleavage of S-N bond; and peak C, oxidation of nitrobenzenesulfinate 
dianion radical. Dashed curve is the cyclic voltammogram in presence 
of 0.18 M water.

11 also showed unusual features, but this will be discussed 
later.

The peak potentials for S-N cleavage of the sulfcnanilides 
are given in Table I. In all cases except for those of 5 and 6 this 
peak was shown by means of dc pulse polarographic tech
niques19 and controlled potential electrolysis to have a current 
density corresponding to n = 2. In Figure 3 the peak potentials 
are plotted vs. an. This yields a “ reaction constant” of “ p” =
1.07 V, with an excellent correlation coefficient of C.995. (Al
though plotted in Figure 3, the value for the nitro compound 
11 was not used in determining “p” , for reasons to be discussed 
later.) Correlation of peak potentials with a and <r° gave 
somewhat poorer fits (r = 0.939 and 0.973, respectively). At 
the time of printing, no literature value for the an constant 
for the P-CH3SO group could be found. From our data a value 
of 0.54 can be postulated. This is a reasonable value consid
ering that the methanesulfinyl group is less electronegative 
than is the methanesulfonyl group,20 for which a anp value of
0.686 has been established.21

The nitro-substituted compound 11 undergoes a one-elec
tron reversible reduction at —0.86 V vs. SCE, followed by a 
two-electrcn irreversible wave at —1.68 V. The magnitude of 
the oxidation peaks at —1.1 and —0.45 V are dependent on the 
scan rate and the final potential of the scan. A typical cyclic 
voltammogram of 11 is shown in Figure 4. Addition of water 
(0.18 M) to the system alters the scan by causing oxidation 
peak C to disappear and the position of peak B to shift to a less 
negative potential. When alumina is added peak C reappears 
and B reverts to its original position. Peak C has been attrib
uted to oxidation of the anion radical of p-nitrobenzenesul- 
finate ion (15).5 In the presence of water, protonation of the 
reduced nitro group would seem feasible, and the resulting 
species (17) would not be expected to be oxidized at the same 
potential. Scheme I is proposed to account for the behavior 
of 11 in the presence of a proton donor.

If step 9 is fast and equilibrium lies far to the right, the 
potential necessary for cleavage of the N-S bond should occur 
at a less negative value. In the absence of a proton donor we 
postulate the sequence of steps shown in Scheme II. The 
second irreversible reduction wave was shown to involve the 
transfer of two electrons. Since reduction of p-nitroben
zenesulfinate has been reported to occur at —1.10 V (in DMF), 
it would probably be reduced as rapidly as formed and give 
rise to the observed consumption of two electrons (step 13) 
and the appearance of oxidation peak C on reversal of polar
ity.

The above argument would indicate an eec (e) process for 
electrochemical cleavage of 11, and the question arises as to 
whether this is general for this class of sulfonanilides. It has
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Scheme I

11 *  6 > i r - (8)
- 0.86 V

(•) jJESi
I F ' +  H20  =5=* H0,N— ( C j ) — o0 2N (9)

' — /  'P h
17

17 2-  -> H0,N— \ C j ) — SOT' -  CH3N“ Ph (10)
- 1.55 V X^J

CR.fTPh +  CH;JCN(or H,0)

— ► CH3NHPh +  “ CH.CN (or OH“ ) (11)

Scheme II
e

i i  3 =  > i r -

- 0.86 V

11-  ■■■- e > 0 ,N— ( O ) — s o r  +  CH,N“ Ph ( 12)
- 1.68 V V ^ y

SO, - O N — ( Q ) — s o r  (13)

15

been argued that a distinction cannot be made between an eec 
and an ece mechanism for this sort of reaction,5 but the evi
dence seems fairly good for our interpretation of the electro
chemistry of 11. Two possibilities seem to exist. One is that 
the other sulfonamides are reacting by ece processes, and it 
is fortuitous that the anp constant of NO2- ' is very close to 
that of NO2. This seems rather unlikely. The other is that all 
are undergoing eec reactions, but in the process of introducing 
the second electron into 11 , the first electron is somehow 
“ moved” from its low energy position in the nitro group into 
the vicinity of the sulfonamide group, ana the full inductive 
effect of the nitro group comes into play. This sounds even 
more tortured. If nothing else, our results should serve as a 
warning toward making general conclusions from electro
chemical data obtained from compounds in which nitro groups 
are present.

Com parison o f H om ogeneous and E lectroch em ical 
R eduction. In general, the data obtained from the sodium 
anthracene reactions support the originally proposed mech
anism, and the correlation of reactivities with Hammett a 
constants appears to be typical of these sorts of reactions. Of 
practical significance, there is no benefit in ease of cleavage 
derived from introducing substituents more electronegative 
than hydrogen. Introduction of such substituents merely di
verts a portion of the reaction into reduction of the substituent 
itself, which usually results in making S-N cleavage more 
difficult. In contrast, the vitreous carbon electrode appears 
to be much more selective for reduction of the sulfonamide 
function. In practical terms, even its curious behavior with 
respect to 11 does not impair its usefulness for regenerating 
amine from sulfonamide.

An even more striking difference is the correlation of the 
electrochemical peak potentials with <jn rather than a. Par
ticularly noticeable are the data for the p-dimethylamino 
group, which fall extremely close to the correlation line in both 
Hammett plots; yet, the difference between its a and an con
stants is 0.66 units. We thus feel that there is an important 
difference in reaction mechanism between the two processes. 
One attractive explanation is that while sodium anthracene 
reacts with a normal moderately solvated sulfonamide, where 
the effect of a para substituent will be the usual mix of reso
nance and inductive interactions, the electrochemical results 
are probably attributable to heterogeneous surface phenom-

Table II. Properties of Para-Substituted  
IV-MethylbenzenesuIfonanilides

Substituent Mp, °C Lit. mp, °C

H (1) 79-79.5 79“
CH3S (2) 80-81 b
CH3 (3) 92.5-93.5 94“
F (4) 65.7-66 67c
Cl (5) 95-95.4 b
Br (6) 93-94.5 92d
CH30  (7) 109-110.3 109-110“
(CH3)2N (8) 132-133 132-133/
CH3SO (9) 101.5-102.5 b
CN (10) 113-114 b
NO2 UD 131-132 b
CH3 (12)¿ 84.5-85 87“

0 Z. Rappoport, “ Handbook of Tables for Organic Compound 
Identification” , 3rd ed, Chemical Rubber Publishing Co., 
Cleveland, Ohio, 1967, Table XVIII. b Satisfactory analytical data 
(±0.4% for C, H) were reported for these new compounds. c R. 
Nodzu, T. Osaka, H. Kitano, and K. Fukui, Nippon Kagaku 
Zasshi, 76, 775 (1955); Chem. Abstr., 51, 17793 (1957). d C. S. 
Marvel and F. E. Smith, J. Am. Chem. Soc., 45, 2696 (1923). e S. 
Ji, L. B. Gortler, A. Waring, A. Battisti, S. Bank, W. D. Closson, 
and P. Wriede, ibid., 89, 5311 (1967). < S. J. Shafer and W. D. 
Closson, J. Org. Chem., 40, 889 (1975). * AT-Ethyl derivative.

ena at the graphite electrode. If the main site of interaction 
is the aromatic ring, as might seem reasonable for a vitreous 
carbon electrode, this may disrupt resonance interactions 
between substituent and sulfonyl group, while still allowing 
modest inductive effects.

E xperim ental Section

Materials and Equipment. Tetrahydrofuran (THF) was reagent 
grade and was dried by distillation from lithium aluminum hydride 
and stored under nitrogen. Acetonitrile was spectroscopic grade and 
was dried either with molecular sieves or alumina before use. Gas 
chromatographic (GC) analyses were performed on a Hewlett- 
Packard Model 5750 instrument equipped with flame ionization de
tectors, using a 6 ft X 0.125 in, 10% silicone rubber (UC-W98) on 
Chromosorb W column. Triangular wave stationary electrode cyclic 
voltammetry was performed on a Princeton Applied Research Model 
170 electrochemical system using a three-electrode system fitted with 
a grid to keep the electrodes in the same juxtaposition to maximize 
the reproducibility of the results. A vitreous carbon or a 2-mm di
ameter platinum sphere was used as the working electrode. An 
aqueous saturated calomel electrode was used throughout as the 
reference. A scan rate of 200 mV/s was employed in obtaining the 
cyclic voltammograms. The ESR spectra were obtained using a Varian
V-4502 PER instrument.

Arene anion radical solutions were prepared and handled as 
described previously.3 Their molarity was determined by quenching 
with water and measuring the amount of dihydroarene produced by 
GC.22

Sulfonamides were prepared by standard techniques from com
mercially available sulfonyl chlorides and amines, except in the cases 
noted below. Their properties are described in Table II.

IV-Methyl-p-methanesulfinylbenzenesulfonanilide (9) was 
prepared from the corresponding p-methylthio compound 2 as fol
lows. To 0.60 g (2.04 mmol) of 2 dissolved in 5 mL of dichloromethane 
under a nitrogen atmosphere was added 0.49 g (2.16 mmol) of 85% 
technical grade m-chloroperbenzoic acid dissolved in 5 mL of di
chloromethane. The mixture was stirred at 22 °C for 40 min, and then 
2 mL of 10% aqueous sodium sulfite was added. The mixture was 
washed with 5% sodium bicarbonate solution until the aqueous ex
tracts remained basic. The organic layer was then dried, the solvent 
removed under reduced pressure, and the residual solid recrystallized 
from ethanol, yielding 0.40 g (1.29 mmol, 64%) of white crvstals, mp
101.5-102.5 °C.

IV-Methyl-p-cyanobenzenesulfonanilide ( 12) was prepared 
from the corresponding bromo compound 6 after the manner of 
Friedman and Shechter.23 A mixture of 8 g of 6 (0.024 mol) and 2.45 
g (0.027 mol) of cuprous cyanide was reflexed for 5 h in 20 mL of di- 
methylformamide. The mixture was then poured into a solution of
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Table III. Titration of 
iV-Methyl-p-chlorobenzenesulfonanilide
with Sodium Anthracene in D M E  at 25 °C

Sodium Yield of
anthracene, N-methylaniline,a Amine/electron-

mmol mmol donor ratio
0.308 0.129 0.419
0.532 0.222 0.417
0.720 0.331 0.460
0.910 0.364 0.400

(0.42 ±0.01)b

“ Each sample contained 1.23 mmol of sulfonamide in 10 mL 
of DME. b Average value of ratio.

0.6 g of ferric chloride in 17 mL of 1.7 M hydrochloric acid. Extraction 
with benzene, drying, and concentration yielded a brown material 
which was purified by liquid chromatography on silica gel (dichlo- 
romethane eluent). Recrystallization from ethanol yielded 3.3 g (0.012 
mol, 50%) of tan crystals, mp 113-114 °C.

Sodium p-bromobenzenesulfinate was prepared from p-bro- 
mobenzenesulfonyl chloride after the manner of Whitmore and 
Hamilton.24 A 62% yield of white crystals, mp 370 °C dec, was ob
tained by crystallization from water.

Tetra-n-butylammonium hexafluorophosphate (TBAPFr,) 
was prepared by a modification of the procedure reported by Fergu
son.25 To a stirred solution of 100 g of tetra-n-butylammonium iodide 
in 700 mL of acetone was slowly added a solution of 50 g of ammonium 
hexafluorophosphate in 175 mL of acetone. The resulting solution 
was filtered to remove some of the precipitated ammonium iodide, 
and then ca. 1 L of water was slowly added to precipitate the TBAPF6- 
The resulting salt was collected on a filter funnel and washed several 
times with water. It was then redissolved in 250 mL of acetone along 
with 5 g of ammonium hexafluorophosphate and reprecipitated by 
the slow addition of ca. 150 mL of water. The material was collected 
by filtration and then recrystallized from ethanol-water. The white 
solid was dried under vacuum (0.5 mm) at 100 °C, affording 75 g (72%) 
of product, which was used without further treatment.

Competition experiments were carried out by dissolving a total 
of 0.4 mmol of an IV-methylsulfonamide and the reference compound 
12 in 2 mL of dry THF, which also contained 0.4 mmol of dry sodium 
perchlorate and ca. 0.02 mmol of n -decane, used as an internal stan
dard. The reaction vial was then sealed with a septum and deoxy- 
genated by alternately evacuating and filling with nitrogen. To the 
stirred solution, at 25 °C, was added slowly ca. 0.44 mL of 0.18 M so
dium anthracene solution. After several minutes a few drops of water 
were added, and the mixture was analyzed by GC. All results are the

average of two or more determinations; reproducibility was at least 
±5%.

Titrations of sulfonamides with anion radical solutions were 
carried out in the manner described previously.3 The data for a typical 
titration plot are given in Table III.

Electrochemical experiments were carried out as follows. A so
lution of 0.2 M TBAPFg in acetonitrile was prepared immediately 
before use. Using this solution, an amount of sulfonamide was added 
to give a concentration of 4 X 10-3 M. All measurements were carried 
out under a nitrogen atmosphere and are the average of three or more 
determinations. A reference voltammogram of anthracene was run 
at the start and finish of each series of measurements to ensure against 
any drift in potential. A scan rate of 200 mV/s was employed.
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The halogenation of cyclopropylacetylene (1) with chlorine, bromine, trichloramine (NCI3), and iodobenzene di
chloride (IBD) is reported. Chlorine reacts with 1 primarily by an ionic pathway, while bromine can react by either 
an ionic or radical methanism. IBD and NCI3 were found to react only by a radical process. The reactivity of 1 with 
these halogenating reagents is used to make some statements about the relative energy of the transition states in 
these reactions.

Chlorine (Cl2),la'c bromine (Br2),lb'c trichloramine 
(NCl3),ld’2 and iodobenzene dichloride (C6H5lCl2) (IBD)le'2 
are known to react with olefins and dienes by an ionic or 
radical process under the appropriate reaction conditions. The 
reactions of these halogenating reagents with acetylenes has 
not been studied extensively. Bromine reacts with acetylenes

0022-3263/78/1943-1316$01.00/0

by an ionic mechanism in acetic acid as solvent.4 Nazarov and 
Bergel’son examined the stereochemistry of the radical ad
dition of bromine to a variety of substituted acetylenes.5 They 
found that the cis isomers were favored due to the preference 
of a trans relationship of the bulky substituents in the inter
mediate 3a.6 Poutsma reported that chlorine reacts only by

© 1978 American Chemical Society
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Table I. Halogénation of Cyclopropylacetylene (1)
Halo- ________ Percent composition,d %

Entry Solvent
Mol fraction 

of 1 “
Reaction

conditions6
genating
reagent0

5a or 
5b

6a or 
6b

7a or 
7b

8a or 
8b

1 CC14 0 .0 2 0 2, dark Br2 65 1 0 4 21

2 CC14 0 .0 2 Inhibitor, e dark Br2 64 1 2 3 21

3 CH2C12 0 .0 2 0 2, dark Br2 43 19 4 34
4 CCI4 0.50 N2, UV Br2 44 43 10 3
5 CC14 0.05 N2, UV Br2 61 32 7 0

6 Neat N2, UV Cl2 50 36 6 8
7 CC14 0.05 n 2, UV Cl2 42 43 3 1 2

8 CCU 0.005 n 2, UV Cl2 41 44 5 1 0

9 c-CeH12 0 .1 0 N 2, dark Clo/ 39 48 1 1 2

1 0 c-CsH 12 0 .0 2 N 2, dark c y 35 51 3 11

11 CCU 0 .0 2 0 <>, dark Cl2 37 40 8 15
1 2 CC14 0.05 N 2, UV IBD 91 2 1 6

13 CC14 0.005 N 2, UV IBD 85 2 3 10

14 CC14 0.05 Inhibitor, 0 dark IBD g g g g
15 Neat No, UV NC13 72 14 5 9
16 CC14 0.05 No, UV NC13 73 14 4 9
17 CCI4 0.005 N 2, UV NC13 69 19 8 4
18 CC14 0.05 Inhibitor, e dark NC13 g g g g

° Mole fraction of 1 in solvent before the addition of halogenating reagent. h The temperature of the reaction mixture was - 1 0  to 
—5 °C, except for IBD, which was done at 25 °C. The UV light was from a 275-W General Electric sunlamp.c Bromine was added neat; 
chlorine and NCI3 were added in a CCI4 or CH 2C12 solutions of known molarity; IBD was added as a solid. d Product compositions 
were determined by VPC analysis on at least two separate runs. e The organic inhibitor was 1.0 M 2,6-di-ieri-butyl-4-methylphenol. 
f  Yields of 9.0 and 0.5% of chlorocyclohexane were obtained at 0 .1 0  and 0.02 mol fractions, respectively. Control experiments showed 
that chlorocyclohexane was not formed by direct chlorination of the solvent. * Did not react.

a radical mechanism with 1 -butyne to give tr a n s - 1 ,2 -di- 
chloro-l-butene as the major product3 (85-90% ).

In a recent study of ours2 on the reaction of various halo
genating reagents with vinylcyclopropar.es, we reported that
2 -cyclopropylpropene reacts with chlorine, bromine, and 
trichloramine only by an ionic process, whereas IBD reacts 
primarily by a radical process. Apparently these reagents 
prefer to react by an ionic process because a very stable cy- 
clopropylcarbinyl cation intermediate can be formed. The

X 2 (chain-transfer step)

radical process was indicated by an increase in the ring-opened 
products when the concentration of the radical addend was 
decreased. This dilution effect was observed because the 
equilibrium between the classical cyclopropylcarbinyl (2a) 
and homoallyl (2b) intermediates was competitive with the 
chain-transfer step.

Ionic additions to cyclopropylacetylene (1) would give a 
vinylcyclopropylcarbinyl cation intermediate (4). This ion 
should be nonclassical since a nonclassical vinylcyclopropyl
carbinyl cation has been reported in solvolysis reactions of 
l-cyclopropyl-l-iodoethylene7a and similar substrates.7b As 
far as we can determine, the cation intermediate (4) has not 
been formed by the addition of electrophiles to cyclopro

pylacetylene. Also, we were unable to find a report in the lit
erature of a vinyl radical a to a cyclopropane ring (3b).

In this paper we investigated the halogenation of cyclo
propylacetylene (1) with CD, Br2, NCI3 , and IB E .8 Our pur
pose was to (1 ) identify the products obtained from the ad
dition of electrophiles to 1 , and (2 ) to determine whether these 
reagents react by an ionic and/or a radical process. W e felt that 
a comparison of these data with that reported earlier for vin- 
ylcyclopropanes2 might allow us to make a statement about 
the relative energy of the transition states derived from vin- 
ylcyclopropanes and cyclopropylacetylene with these re
agents.

Results and Discussion

Bromination of 1 under ionic conditions gives 1,2 addition 
(5a and 6a) and ring-opened products (7a and 8a>. The data 
in Table I show that the 1,2 products are favored by ca. 60-75%  
(entries 1 -3 ) . 9 Addition of bromine to 1 under radical condi
tions (entries 4 and 5) gives less ring-opened products than 
bromination under ionic conditions. 10 The increase in c is -  
dibromide 6a relative to tr a n s -dibromide 5a is typical of 
radical brominations of acetylenes5 and is evidence for a 
radical intermediate in this reaction (compare entries 4 and 
5 with 1-3). Molecular chlorine appears to react with 1 pre
dominately by an ionic process since oxygen11 does not inhibit 
the reaction or change the product composition significantly 
(compare entry 11 to 7 and 8 ) . 9-12

W e propose that the chlorinations of 1 with IBD (entries

7a.b3a, R = alkyl 
b, R = cyclopropyl

4, X  = Br, Cl
a X = Br; b, X = Cl
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Figure 1. AG vs. reaction coordinates for the formation of a cyclo- 
propylcarbinyl radical and cation. AAG*i is the energy difference.

12-14) and NCI3 (entries 15-18) occur by a radical pathway 
since there is no reaction when an inhibitor is added to the 
reaction mixture.13 The smaller amount of cis-dichloride 6b 
with NCI3 and IBD compared to cis-dibromide 6a under 
radical conditions (compare entires 12—13 with 4 and 5) is 
probably due to a larger steric effect in 10b than l i b  when 
these intermediates react in the chain-transfer step.14

There is no significant dilution effect when Br2, NC13, or 
IBD is added to cyclopropylacetylene (1) like that observed 
for the addition of radical halogenating reagents to vinylcy- 
clopropanes.2 Possibly equilibration of the radical interme
diates derived from 1 is faster than the chain-transfer step. 
Thus, product ratios from these radical reactions are a func
tion of the reactivity of each intermediate (9a,b -12a,b) and

10a. b

I X 2 (chain-transfer step)

5a,b + 6a,b + 7a,b + 8a,b + X-

a, X  = Br; b, X  = Cl
not the equilibrium concentration as we observed for the in
termediates from vinylcyclopropanes.2

Trichloramine and iodobenzene dichloride readily react by 
a radical pathway with 1, while molecular bromine can react 
by an ionic or radical mechanism under the appropriate re
action conditions. Our previous work showed that only IBD 
could be forced to react with a vinylcyclopropane by a radical 
process.2 This comparison shows that the energy difference 
between the formation of a vinylcyclopropylcarbinyl radical 
and cation (AAG*2, see Figure 2) is net as large as the energy 
difference between the formation of a cyclopropylcarbinyl 
radical and cation (AAG^i, see Figure 1). Conceivably, 
AAG4 i is greater than AAG *2 due to the unusual stability of 
a nonclassical cyclopropylcarbinyl cation intermediate.

E xperim en tal Section

General. Cyclopropylacetylene (1) was prepared from the dibro
mide of vinylcyclopropane as reported by Slobodin.15 Vinylcyclo
propane was prepared from the tosylhydrazone of methylcyclopropyl 
ketone.-6 Trichloroamine17 and iodobenzene dichloride18 were pre
pared as described in the literature. All other reagents and solvents 
were obtained commercially. Ionic conditions were low mole fractions 
of olefin, the absence of light, and added inhibitor.11 Radical condi
tions were high mole fractions of olefin, the removal of oxygen by ni
trogen gas, and ultraviolet light. The light was from a 275-W General 
Electric lamp. When the reaction was complete, the mixture was
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Figure 2. AG vs. reaction coordinates for the formation of a vinyl
cyclopropylcarbinyl radical and cation. AAG*2 is the energy differ
ence.

concentrated to about 0.3 mL at 25 °C on a rotary evaporator. The 
crude product mixture was transferred to an NMR tube, and 20-30 
juL of a 1.0 M solution of benzene in carbon tetrachloride was added 
as a standard. Reaction yields were determined by NMR integration. 
Product ratios were determined by VPC analysis with a Hewlett- 
Packard 5730 flame ionization chromatograph on a 10 ft X 0.25 in 
stainless steel column of 5% SE-30 on 80-100 Chromosorb W.19 Col
lection of products tv  VPC was accomplished with a Varian aerograph 
on a similar column except 12 ft X 0.25 in. NMR spectra were obtained 
on a Varian T-60A spectrometer.

Reaction o f Bromine with 1. To 66 mg (1.0 mmol) of 1 in a 
weighted amount of sohent so as to obtain the mole fraction listed 
in Table I at -1 0  to - 5  “C was added 100 mg of neat bromine. The 
yield by NMR analysis was ca. 50 and 80% under radical and ionic 
conditions, respectively. Product ratios by VPC are reported in Table 
I. The products were collected by preparative VPC and had the fol
lowing retention times on the analytical column: ír76°c = 16,21,24, 
and 35 min for 5a, 6a, 7a, and 8a, respectively. The products had the 
following NMR spectra: 5a (CC14), b 0.92 (m, 4 H), 2.05 (m, 1 H), 6.43 
(s, 1 H); 6a (CC14), 5 0.75 (m, 4 H), 2.63 (m, 1 H), 6.65 (d, J = 1.0 Hz, 
1 H); 7a (CC14), b 2 37-3.07 (m, 4 H), 4.87 (m, 1 H), 6.08 (m, 1 H); 8a 
(CC14), 5 2.72 (m with apparent q of d, J  = 6.0, 2.5 Hz, 2 H), 3.37 (t, 
J  = 6.0 Hz, 2 H), 5 37 (apparent q, J = 6.0 Hz, 1 H), 5.95 (m, 1 H).

Reaction o f Chlorine with 1. To 66 mg (1.0 mmol) of 1 in a 
weighed amount o: solvent (Table I) at —10 to —5 °C was added a
1.8-mL solution of 0.39 M chlorine in carbon tetrachloride. The yields 
determined by NMR analysis varied from 50 to 80%. Product ratios 
were determined by VPC on the analytical column with the following 
retention times: ír52°c = 8.5,11.5,12, and 18 min for 5b, 6b, 7b, and 
8b, respectively. The products gave the following NMR spectra: 5b 
(CC14), b 0.92 (m, 4 H), 2.55 (m, 1 H), 6.18 (s, 1 H); 6b (CCI,), b 0.80 (m, 
4 H), 2.2-2.8 (m, 1 H), 6.17 (d, J = 1.0 Hz, 1 H); 7b (CC14), b 2.1-2.9 
(m, 4 H), 4.8 (m, 1 H), 6.20 (m, 1 H); 8b, b 2.62 (m with apparent q of 
d, J  = 6.0,2.5 Hz, 2 H), 3.60 (t, J  = 6.0 Hz, 2 H), 5.70 (apparent q, J 
= 6.0 Hz, 1 H), 6.10 (m, 1 H).

Small amounts of chlorocyclohexane (0.5 and 9.0% at C.02 and 0.10 
mol fractions, respectively) were obtained when the chlorination was 
carried out in cyclohexane as solvent. Control experiments showed 
that molecular chlorine does not chlorinate cyclohexane under the 
conditions of this reaction (under nitrogen and the absence of light).

Reaction of Trichloramine with 1. The reaction was carried out 
as described above for the chlorination of 1. Trichloramine17 was 
added as a 0.60-M solution in carbon tetrachloride. The reaction 
mixture was stirred for 10 min at —10 to —5 °C and then concentrated 
and analyzed as described above. Analysis by NMR showed yields of 
about 60%. The product ratios are listed in Table I.

Reaction o f Iodobenzene Dichloride with 1. To 66 mg (1.0 
mmol) of 1 in a weighed amount of carbon tetrachloride (Table I) at 
25 °C with stirring was added 190 mg (0.69 mmol) of IBD. The reac
tion mixture was stirred for 15 min and then concentrated and ana
lyzed as described above. Product ratios are listed in Table I.
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Light-induced, free-radical reactions of pentafluorobenzenesulfenyl chloride with methylbenzenes give very high 
yields of pentafluorophenyl benzyl sulfides. With other alkylbenzenes which contain benzylic hydrogens, high 
yields of benzylic sulfides are also obtained along with small quantities of nonbenzylic pentafluorophenyl aralkyl 
sulfides. In all of these reactions, minor amounts of chloroalkylbenzenes and bis(pentafiuorophenyl) disulfide are 
also obtained. In reactions with several alkanes, the major products are usually pentafluorophenyl alkyl sulfides, 
but substantial yields of chloroalkanes and bis(pentafluorophenyl) disulfide are also obtained.

In the past few years, sporadic reports of free-radical re
actions of sulfenyl halides with hydrocarbons have been 
published. The studies to date, which primarily involve re
actions of highly halogenated alkanesulfenyl chlorides2-3 and 
pentachlorobenzenesulfenyl chloride,4-5 show that the course 
of these reactions is highly sensitive to the nature of the or
ganic group of the sulfenyl chloride. For example, the reactions 
of CF3SCI2 and CI3CSCI3 with alkanes contrast sharply: only 
chloroalkanes are derived from the alkane in the CI3CSCI 
reactions, while in the CF3SCI reactions trifluoromethyl alkyl 
sulfides are often the major products. In the few reactions of 
pentachlorobenzenesulfenyl chloride examined, sulfides were 
also major products.4-5 This paper summarizes a study of the 
free-radical substitution reactions of pentafluorobenzene
sulfenyl chloride (1) with alkylbenzenes and alkanes.

Results

The results of the experiments are summarized below and 
are tabulated in Table I. Authentic samples of several of the

sulfide products were prepared by the UV-initiated addition 
of pentafluorobenzenethiol to appropriate olefins (Table II). 
Characterization of new compounds is given in Tables IV and 
V.6

Alkylbenzenes. The light-induced reactions of 1 with ex
cess methylbenzenes, e.g., toluene, 0-xylene, p-chlorotoluene, 
and mesitylene, are long chain free-radical reactions which 
give very high yields of pentafluorophenyl benzyl sulfides (2-5, 
Table I) and HC1, along with very low yields of bis(pentaflu- 
orophenyl) disulfide (6) and a-chlorotoluenes. For example, 
the reaction with toluene gave pentafluorophenyl benzyl 
sulfide (2) in over 95% yield (eq 1).

C6F5SC1 + CH3C6H5 - X -  C6F5SCH2C6H5 + HC1 
1 2

+ (C6F5)2S2 + C1CH2C6H5 (1) 
6
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Table III. Ratio of Pentafluorophenyl Cyclohexyl Sulfide 
(S) and Chlorocyclohexane (Cl) Formed at Various 

Conversions in the Photoreaction of 1 with Cyclohexane: 
______________Analysis by Gas Chromatography

Sample
no.

Time,0
min

Conversion,6
% S/Clc S/Cld

2 2 31 6.68 5.84
3 5 52 7.08 5.94
4 7.75 83 6.45 5.93
5 11 >95 6.83 6.62
6 16 100 6.97 6.44

a Time elapsed after light was turned on. 6 Conversion was 
estimated from the area of the peak for the product (14) of the 
dark reaction of excess 1 and p-methylacetophenone. c These 
ratios were determined from peak areas calculated from the 
product of the peak heights and the widths at half-height. d These 
ratios were determined by weighing the cut-out peaks traced onto 
thick, translucent paper.

With alkylbenzenes containing hydrogens on carbons both 
a  and to the benzene ring, both possible sulfides were ob
tained, with that derived by substitution on the a-carbon 
predominating. Thus, from ethylbenzene, 7 and 8 in a ratio 
of 30:1 were the major products. With cumene, again the major 
products were sulfides 9 and 10 in a ratio of 10:1. Low yields 
of 6, a -  and d-chlorocumene, and «-methylstyrene were also 
obtained.7 Both of these were long chain reactions.

C 6F5SC H (C H 3)C6H 5 c 6f 5s c h 2c h 2c 6h 5
7 8

C6F5SC(CH3)2C6H5 C6F5SCH2CH(CH3)C6H5 
9 10

The reactions with te r t  -butylbenzene, the only case ex
amined of an alkylbenzene with no benzylic hydrogens, and 
diphenylmethane appeared to be slower than the reactions 
just discussed. The respective sulfides (11 and 12) were the 
major products, but much higher yields of 6 and the chlorides 
were obtained than were seen in the reactions discussed 
above.

C6F6SCH2C(CH3)2C6H5 (C6H5)2CHSC6F5
11 12

A lkanes. Light-induced reactions of 1 with excess cyclo
hexane, n -butane, isobutane, and 2,3-dimethylbutane did not 
appear to be as rapid as the reactions with methylbenzenes. 
In all cases but one, the highest yield products were penta
fluorophenyl alkyl sulfides, but the yields of 6 and chlorohy- 
drocarbons were much higher than in the methylbenzene re
actions (Table I). The distributions of products in the cyclo
hexane, n -butane, and isobutane reactions were similar to 
those reported previously for the analogous reactions of 
pentachlorobenzenesulfenyl chloride,5 except that in the re
actions of 1 with n -butane and isobutene, chlorobutyl sulfides 
were also obtained, and in the isobutane reaction, isobutyl
ene10 was formed, all in very small yields.

In one experiment, a cyclohexane reaction (eq 2) was sam
pled periodically to detect any variation in the relative

c-C6H12 + C6F5SC1 c-C6HuSC6F5 + c-CeHnCl

+ (C6F5)2S2 + HC1 (2)

amounts of the sulfide 13 and chlorocyclohexane during the 
course of the reaction. Each withdrawn aliquot was treated 
with excess p-methylacetophenone in order to convert un
reacted 1 to a material (14) which gave a reproducible gas 
chromatography (GC) peak (eq 3). The GC analysis showed 
a small increase in the ratio of 13 to chlorocyclohexane be-

0

C„FSC1 +  CHC c h ;!

1 0

— ► C(iFr,SCH,C CH:1 +  HC1 (3)

14
tween 30 and 10016 conversion of 1 (Table III). In another 
cyclohexane experiment in which a 1:1 molar mixture of 1 and 
6 in an excess of cyclohexane w7as irradiated until 1 was con
sumed, the GC ratio of 13 to chlorocyclohexane at the end of 
the experiment was 7.38, compared to 6.31 for an analogous 
experiment with no added 6.

From the reaction with 2,3-dimethylbutane, the main 
products were pentafluorophenyl 1,1,2-trimethylpropyl sul
fide (19), 2-chloro-2,3-dimethylbutane, and 6. A trace amount 
of the other possible sulfide (20) was also obtained, but none 
of the corresponding chloroalkane, i.e., l-chloro-2,3-dimeth- 
ylbutane, was detected.
C6F5SC(CH3)2CH(CH3)2 C6F5SCH2CH(CH3)CH(CH3)2 

19 20

D iscussion

In free-radical reactions of S-Cl compounds with hydro
carbons studied to date, the fate of the chain-carrying alkyl 
radicals has varied from exclusive C-S bond formation, e.g., 
in the reaction of SC12 with cyclohexane,12 to exclusive C-Cl 
bond formation in the trichloromethanesulfenyl chloride re
actions referred to above.3 All other cases so far studied, in
cluding the reactions of 1, fall between these two extremes, 
giving both chloride and sulfide from the alkyl radical.

The steps in Scheme I have been proposed as the principal 
sources of the major products of sulfenyl halide-hydrocarbon 
free-radical reactions.2’4-5 There is agreement that step e is the 
primary source of chlorohydrocarbon, but both steps f and g 
have been proposed to account for sulfide formation. If step 
f was the sole pathway for forming sulfide, then the ratio of 
sulfide to chlorohydrocarbon should remain constant 
throughout the reaction since both products would derive 
from a single substrate. It is apparent in the cyclohexane re
action examined in this study that some sulfide is being 
formed by a process other than step f (presumably step g) 
since the sulfide/chloride ratio increases somewhat as the 
reaction goes on (Table III). But since the increase is small, 
it is concluded that step g does not contribute importantly to 
sulfide formation. The same conclusion is drawn from the 
cyclohexane experiment done in the presence of a molar 
equivalent of 6; the moderately higher sulfide/chloride ratio 
observed at the end of the reaction suggests relatively small 
involvement of step g.

Results of a previous study of free-radical reactions of

Scheme I
hi

RSC1 

Cl + R'H

RS- + Cl- 

R'- + HC1

(a)

(b)

RS- + R'H R - + RSH (c)

RSC1 + RSH RSSR + HC1 (d)

R ■ + RSC1 -c R'Cl + RS- 

RSR' + Cl-

(e)

(f)

R • + RSSR RSR' + RS- (g)



CF3SCI with a group of alkanes show "hat the preference of 
attack by various alkyl radicals on sulfur vs. chlorine is best 
ordered on a steric basis, assuming that alkyl radicals in
trinsically prefer to attack sulfur, but increasingly settle for 
attack on the more accessible chlorine as they become more 
bulky.2 The same trend is evident in the reactions of 1 with 
alkyl radicals (Table I), but the shift to preference for chlorine 
by the more bulky radicals appears to be less pronounced than 
in the CF3SCI reactions. The extremely high preference for 
attack on sulfur by benzylic radicals suggests that factors other 
thar. steric, e.g., reactivity of the radical, can be important in 
determining the pattern of attack by hydrocarbon radicals 
upon sulfenyl chlorides.

E xperim ental Section

I. Free-Radical Reactions of 1 with Hydrocarbons. A stirred 
solut.on of 1 dissolved in excess hydrocarbon contained in a quartz 
tube [7 X 1.5 in.) was irradiated under nitrogen with a sunlamp until 
the characteristic color of 1 was gone and the evolution of gas ceased. 
The reaction mixture was analyzed quantitatively by gas chroma
tography, and the principal products were identified by (1) compar
ison of retention times with materials of known structure, (2) mass 
spectroscopic examination of peaks in the gas chromatogram, or (3) 
isolation by distillation followed by elemental and proton NMR 
analyses. Details of the experiment are tabulated in Table I. Char
acterization of all new compounds is given in Tables IV and V.6

II. Free-Radical Reactions of Pentafluorobenzenethiol with 
Olefins. A stirred solution of the thiol and olefin contained in a quartz 
tube i7 X 1.5 in) fitted with a dry ice condenser and a magnetic stirrer 
was irradiated under nitrogen with a spiral-shaped, low-pressure 
mercury resonance lamp fitted around the reactor. The adducts were 
isolated by distillation, and structures were established by 'H  NMR 
spectroscopy. The details of these reactions are tabulated in Table 
II.

III. Determination o f the Ratio o f Pentafluorophcnyl Cy
clohexyl Sulfide (13) to Chlorocyclohexane at Various Con
versions in the Photoreaction o f 1 with Cyclohexane. A solution 
of 2.0 mL of 1 and 30 mL of cyclohexane (both freshly distilled) was 
placed in a small Pyrex flask fitted with a magnetic stirrer, a reflux 
condenser, and a syringe adapter. The mixture was irradiated with 
a sunlamp placed 5-6 in from the reactor. Samples (0.5 mL) were 
withdrawn periodically via syringe. Each sample was placed in a test 
tube containing 0.2 mL of p-methylacetophenone and shaken until 
colorless. A 5-gh sample was then examined ty  GC. The results of the 
measurements are given in Table III.

IV. Reaction o f 1 with p-Methylacetophenone. A 5-mL amount 
of 1 was added in small portions to 80 mL of freshly distilled p-
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methylacetophenone with stirring. The color of 1 faded quickly after 
each addition. GC analysis showed the presence of one product. 
Distillation through a small Vigreux still gave 8.40 g (70%) of pen- 
tafluorophenyl p-methylphenacyl sulfide (14), distilling at 116-122 
°C (0.20 mm). Elemental analysis and a *H nmr spectrum data are 
given in Tables IV and V.6

V. Reaction of 1 with Cyclohexane in the Presence of 6 . A
mixture of 0.2 mL (0.31 g, 0.00132 mol) of 1,0.53 g (0.00133 mol) of 
6, and 3 mL of cyclohexane was irradiated as described above for 21 
min. The color of the reaction mixture remained pale yellow during 
the last 5 min of the irradiation period. The mixture w as analyzed by 
GC, and the ratio of the peak areas corresponding to 13 and chloro
cyclohexane was found to be 7.38 (average of two determinations).

For comparison, a mixture of 0.2 mL of 1 and 3 mL of cyclohexane 
was similarly irradiated for 13 min, after which the mixture was es
sentially colorless. The peak area ratio of 13 to chlorocyclohexane was 
found to be 6.31.

VI. Preparation of 1. Compound 1 was prepared by the chlorin
ation of pentafluorobenzenethiol (Peninsular Chem. Research) in 
carbon tetrachloride as described by Sheppard and Foster.13

VII. Gas Chromatography. The GC analyses were done primarily 
with a 6 ft X 0.25 in column packed with 20% SE-30 on 60-80 mesh 
WAWDMCS. Temperatures varied from 50 to 200 °C. The helium 
flow rate was about 100 mL/min.

VIII. Mass Spectroscopy/Gas Chromatography. A Du Pont 
Model 21-490 mass spectrometer interfaced to a Varian Model 1440 
gas chromatograph and a VG 2040 data system was used.

Registry No.— 14, 65015-61-4; p-methylacetophenone, 122-00-
9.

Supplementary Material Available: Tables IV and V of ele
mental analyses and !H NMR spectral data for the r.ew pentafluo- 
rophenyl alkyl and aralkyl sulfides (8 pages). Ordering information 
is given on any current masthead page.
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The reactions of cyclopropenes la -c  with peracid yield isomeric conjugated ketones 2a-c and 3a,b. These con
versions are interpreted in terms of an oxabicyclobutane intermediate. The peracid oxidation of cyclopropenones 
11 and 21 were shown to initially produce CO2 and an acetylene. The latter is converted to other products under the 
reaction conditions.

Considerable recent effort has been directed toward the 
synthesis and chemical characterization of novel small-ring 
heterocyclic systems. 2-Oxabicyclo[1.1.0]butane is the parent 
of one such class of highly strained heterocycles. Although no 
authentic example of this elusive structure has yet been de
scribed in the literature, species of this type have been con
sidered as reactive intermediates in photochemical isomer-

izations of conjugated carbonyl compounds2 and from peracid 
oxidations of cyclopropenes.3"8 In this report, we detail our 
results concerning potential approaches to oxabicyclobu- 
tanes.

Concurrently with published studies, we too have explored 
the peracid oxidation of cyclopropenes. Thus, oxidation of
l,2-diethyl-3-carbethoxycyclopropene (la ) with an excess of

0022-3263/78/1943-1323$01.00/0 © 1978 American Chemical Society
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m-chloroperbenzoic acid (MCPBA) in CH2C12 solution re
sulted in an 85:15 mixture of isomeric conjugated enones 2a 
and 3a. The use of methanol as solvent gave a 91:9 ratio of 
2a /3a , whereas a 90:10 mixture was obtained in cyclohexane. 
However, neither peracetic acid nor peroxybenzimidic acid9 
promoted appreciable conversion of la . Tine structures of the 
enones follow from their spectral characteristics which are 
detailed in the Experimental Section. The NMR data permit 
assignments of double-bond configurations, since the olefinic 
proton should be at lower field for the E isomer relative to the 
Z form.10 The isomeric relationship of 2a and 3a was readily 
confirmed by photochemical equilibration. However, these 
enones did not interconvert under the reaction conditions, 
indicating that the observed ratios reflect kinetic product 
distributions.

The reaction of lb  (in which a hydrcxymethvl group is 
present at C-3) with MCPBA in CH2C12 produced a 65:35 
mixture of 2b and 3b. In methanol the product ratio was 70:30 
and in cyclohexane it was 60:40. Product stereochemistry is 
again assigned by NMR. Photoequilibration experiments 
interrelated the two enones, which were stable to intercon
version under the reaction conditions.

Sterically hindered cyclopropene lc  was examined with the 
idea that its bulky substituents might permit the isolation of 
an unstable intermediate. This strategy has been successfully 
employed in a number of similar situations. However, in the 
case of lc  only conjugated ketone 2c was produced by 
MCPBA oxidation, even when the reaction product was ex
amined at 0 °C. Since certain hindered olefins are epoxidized 
by ozone,11 the ozonolysis of 1,2,3-tri-iert-butylcyclopropene
(Id) was studied at low temperatures in the absence of protic 
materials. Unfortunately, diketone 4, derived from normal 
ozone double-bond cleavage, was the only important prod
uct.

a, R, = Et; R , = C O ,Et; R , = H
b, R, = Et; R 2 = CH ,O H ; R , = H
c, R, = f-Bu; R , = R , = Me
d, R, = R , = f-Bu; R 3 = H
e, R, = Ph: R . = C H .O H ;R , = H
f, R, = Ph; R , = CH2OMe; R , = H

Although concrete evidence has still not been obtained for 
the intermediacy of oxabicyclobutanes 3 in the peracid oxi
dation of cyclopropenes, the production of conjugated car
bonyl compounds is most readily rationalized in terms of the 
formation and spontaneous rearrangement of such species.3̂ 8 
The latter transformation is formally analogous to the bicy
clobutane-butadiene isomerization, which has received con
siderable attention.12 If similar concerted mechanisms obtain 
in these structurally related systems, the proposed oxabicy-

clobutanes must be much more susceptible to thermal rear
rangement than their hydrocarbon analogues. In fact, the 
isomerization of the parent oxabicyclobutane to acrolein is 
predicted2’13 to be ca. 20 kcal/mol more exothermic than the 
bicyclobutane to butadiene conversion when equivalent strain 
energies are assumed for the two strained-ring systems.14 
Nonetheless, estimates of the expected kinetic behavior of 
oxabicyclobutane suggest that it might be an observable 
species.13

The heterocyclic system is more likely to react by acid- 
catalyzed mechanisms, but kinetic8 and product studies7 have 
been used to argue persuasively against intermediates of type 
6 anywhere in the overall conversion of cyclopropenes to 
conjugated carbonyl compounds. However, protonation of 
oxabicyclobutanes could well hasten concerted decomposition 
to protonated enones.4

Friedrich has calculated that the parent oxabicyclobutane 
should display a preference for “ disrotatory” over “ conrota- 
tory” ring opening.4 He has also inferred from product studies 
on le and If that the disrotatory mode leading initially to a 
transoid enone conformer (path a) is preferred over the al
ternate disrotatory process which gives the cisoid enone (path
b). 5These transformations result in geometrical isomers of 
the enone product when R2 ^  R3 in oxabicyclobutane 5. The 
above hypothesis does not appear to satisfactorily accom
modate our results.

In order to follow the stereochemistry of the oxabicyclo
butane ring opening, a knowledge of the structure of this re
active intermediate is required. In the case of la this can be 
predicted to be predominately the exo isomer 5x with some 
confidence. This conclusion is based on the known stereo
chemistry of attack of other sterically demanding reagents on 
cyclopropenes15 and the usual propensity for peracid to ap
proach a cyclic olefin bearing a proximate ester function from 
the side of the molecule away from this polar group.16 The 
rules given above predict 3a as the major enone product from 
5x, whereas experimentally 2a is observed to predominate. 
Note also that the 2 a /3 a  product ratio is not significantly 
different in the three solvents utilized (cyclohexane, CH2C12, 
and methanol).

The stereochemistry of the intermediate from lb  is less 
certain, although there is ample precedence for expecting 
peracid attack cis to the hydroxymethyl group owing to as
sociation by hydrogen bonding prior to reaction.16 This line 
of reasoning predicts preferential formation of the endo- 
oxabicyclobutane 5n in inert solvents. Rearrangement of 5n 
is predicted to yield 2b as the major enone product in agree
ment with the experimental results. However, hydrogen 
bonding between peracid and lb  will not be important in 
methanol and the exo intermediate 5x should predominate 
in this solvent. Accordingly, a reversal in the enone stereo
chemistry would be anticipated. In fact, the 2 b /3 b  product
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distribution is not greatly affected by the nature of the solvent. 
Thus, either the neighboring hydroxy group is not functioning 
as anticipated or the product ratio is not dependent on the 
stereochemistry of the oxabicyclobutane intermediate. In any 
event, the predominance of the E enone for both la and lb 
contrasts markedly with the results for the pair le and I f  
which give major enones of opposite stereochemistry (Z and 
E, respectively).

We conclude that the currently available data do not 
present a consistent pattern for the 2/3 ratios which can be 
rationalized in terms of a preferred decomposition mode for 
the intermediate oxabicyclobutanes. Rather, if such species 
are indeed formed, their product ratios are probably deter
mined by subtle substituent interactions. In fact, typical 
product distributions correspond to rather similar energies 
for the competitive kinetic pathways to isomeric enone 
products; i.e., the reactions are not very stereoselective.

The possibility of photochemicahy isomerizing conjugated 
enones to oxabicyclobutanes has been considered. However, 
ketone 7 does not so react, preferring transformation to the 
isomeric oxetene 8 instead,2 probably from a cisoid confor
mation of the starting enone. Consequently, the photochem
istry of 9, an enone which cannot readily achieve a planar ci
soid conformation, was examined with the hope that the al
ternate cycloaddition mode to an oxabicyclobutane might be 
favored by this conformational distortion. No reaction was 
observed upon prolonged irradiation of 9 through Pyrex, but 
a facile photoconversion occurred upon irradiation through 
quartz. Disappointingly the photoisomer thus obtained was 
shown to be cyclobutanol 10. Such photochemical transfor
mations are, of course, amply precedented.17

Peracid oxidations were also performed on several cyclo
propenones, a rather special class of cyclopropenes.15-18 Thus, 
di-ieri-butylcyclopropenone (11) reacted slowly with an ex
cess of MCPBA to yield di-terf-butylacetylene and ketones 
12, 13, 14, and 15 in a 1:2:5:90:2 ratio. One equivalent of CO2 
was also produced. The carbonyl products suggest the inter
mediacy of oxirene 16, a highly reactive, antiaromatic species 
which is expected to yield stable products via the isomeric 
ketocarbene 17.19 A pathway to oxirene 16 proceeding by way 
of the oxabicyclobutanone 18 was considered prior to the 
identification of di-feri-butylacetylene as a minor product 
from 11. However, the reaction of this acetylene with peracid 
is known to yield ketones 12-15 in a process postulated to 
involve the oxirene intermediate 16.19 Repeating the oxidation 
of the acetylene under the reaction conditions used for the 
cyclopropenone gave ketones 12,13, 14. and 15 in a 3:5:90:2 
ratio. The identity of the product distributions in the two 
oxidation reactions establishes with virtual certainty that the 
acetylene is a key intermediate in the cyclopropenone reaction. 
Furthermore, this description is more in accord with the 
characteristic behavior of cyclopropenones, which are likely 
to suffer nucleophilic attack at the carbonyl group.16 Adduct
19. formed by addition of peracid to cyclopropenone 11, can 
fragment to CCB and di-ferf-butylacetylene either conceitedly 
or by first rearranging to lactone 20. Cyclopropancnes are 
reputed to undergo a related conversion to olefin and CO2.20

8
OH

1

Acetylenes are also produced as side products during the 
peracid oxidation of certain highly hindered cyclopropenes 
by a process which appears to involve an intermediate cyclo- 
propenyl cation.7 (Interestingly cyclopropenone 11 did not 
react with ozone, an electrophilic reagent.)

The MCPBA oxidation of diphenylcyclopropenone (21) 
resulted in a 40:10:50 mixture of diphenylacetylene, benzo- 
phenone. and benzil. Identical treatment of the acetylene 
resulted in partial conversion to the two ketones in a 1:5 ratio, 
essentially as described in the literature.21 An intermediate 
oxirene is again postulated as the key intermediate.

The absence of benzyl phenyl ketone in the product mixture 
from 21 and MCPBA was puzzling in view of a report that the 
oxidation of 21 with basic hydrogen peroxide gave this ketone 
as the major product.22 In fact, duplication of this experiment 
led to a 30:10:40:20 mixture of diphenylacetylene, benzo- 
phenone, benzil, and benzyl phenyl ketone more in agreement 
with the MCPBA results. Submitting cyclopropanone 19 to 
the basic reaction conditions in the absence of hydrogen 
peroxide gave cix-l ,2-diphenylacrylic acid 22 as anticipated.23

MCPBA

MCPBA I * ’
---------► PhC=CPh +  Ph CO +  PhCOCOPh

Ph Ph
21

| h o '

Ph Ph
22

— ► Phf HCOPh

23
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Acid 22 was readily converted to benzyl phenyl ketone in high 
yield by basic hydrogen peroxide. These results account for 
the experimental discrepancies and demonstrate part of the 
route to this ketone. The salt of acid 22 is undoubtedly epox- 
idized to give the glycidic acid salt 23 which decarboxylates 
to benzyl phenyl ketone.

Finally, cycloheptenocyclopropenone (24) was transformed 
by excess MCPBA to a complex mixture containing a 51% 
yield of chlorobenzene and 6% of cycloheptanone as the major 
components. These unanticipated results were not further 
investigated, but the observed products can be rationalized 
in terms of initial acetylene formation. In this instance, the 
very unstable cycloheptyne is postulated to nucleophilically 
add peracid to give the vinyl perester 25 which can proceed 
to the observed products by plausible free-radical pro
cesses.

l-co..

ArCl -ArCl
Experimental Section

General. NMR spectra were recorded for CCI4 solutions on a 
Varian HR-220 spectrometer; infrared spectra were obtained on a 
Perkin-Elmer IR-7 prism spectrophotometer. Commercial ra-chlo- 
roperbenzoic acid was recrystallized from CH2CI2 after which it an
alyzed as >98% peracid.24 Sodium sulfate was used as a drying agent. 
Analyses were performed by Spang Microanalytical Laboratory.

l,2-Diethyl-3-carbethoxycyclopropene (la ). To a mixture of 
10 g of 3-hexyne and 0.1 g of electrolytic Cu at reflux temperature was 
added 50 g of ethyl diazoacetate over a 12-h period. After gas evolution 
ceased, the mixture was distilled to give 7.5 g (55%) of 1,2-diethyl-
3-carbethoxycyclopropene of >95% purity by GLPC: bp 90-95 °C (30 
mm); IR 5.28,5.81,7.35,8.10, and 8.48 pm; NMR 51.14 (t, 6, J = 7 Hz),
1.19 (t, 3, J = 7 Hz), 1.96 (s, 1), 2.42 (q, 4, J = 7 Hz), and 4.01 (q, 2, J 
= 7 Hz).

Anal. Calcd for Ci0Hi6O2: C, 71.39; H, 9.59. Found: C, 71.2; H,
9.5.

Peracid Oxidation of la. A mixture of 0.5 g of la and 2 g (4 equiv) 
of MCPBA in 25 mL of CH2C12 was stirred at 0 °C for 3 h, washed 
successively with solutions of NaHC03, NaHSOs, NaHC03, and dried. 
Solvent removal under vacuum at 0 °C gave 2.1 g (96%) of a mixture 
of two products in a 85:15 ratio by GLPC. Inspection of the crude 
reaction mixture by NMR indicated that the GLPC isolated products 
were the only components. The major component was ethyl (E)-3- 
ethyl-4-keto-2-hexenoate (2a): IR 5.80,5.92. 6.11, and 8.28 pm; NMR
5 0.98 (t, 3, J = 7 Hz), 1.09 (t, 3, J = 7 Hz), 1.29 (t, 3, J = 7 Hz), 2.63 
(q, 2, J = 7 Hz), 2.75 (q, 2, J = 7 Hz), 4.17 (q, 2, J = 7 Hz), and 6.33 (s, 
1).

Anal. Calcd for C10H16O3: C, 65.19; H, 8.75. Found: C, 65.3; H,
8.9.

The minor component was ethyl (Z)-3-ethyl-4-keto-2-hexenoate 
(3a); IR 5.82 (br), 6.08,8.3, and 8.8 pm; NMR b 1.10 (br t, 6, J = 7 Hz),
1.25 (t, 3. J = 7 Hz), 2.51 (br q, 2, J = 7 Hz), 2.57 (q, 2, J = 7 Hz), 4.11 
(q, 2, J = 7 Hz), and 5.56 (t, 1, J = 2 Hz).

Anal. Calcd for C10H16O3: C, 65.19; H, 8.75. Found: C, 65.3; H, 8.7. 
Reaction of la with peracetic acid at 0 °C for 24 h resulted in recovery 
of starting material, as did reaction with peroxybenzimidic acid.9

Peracid Oxidation of la in Methanol. A mixture of 0.5 g of la and 
2 g (4 equiv) of MCPBA in 25 mL of methanol was stirred at 0 °C for
6 h. Addition of 25 mL of CH2C12 and workup as described above gave 
2a (91%) and 3a (9%).

Peracid Oxidation o f la  in Cyclohexane. A mixture of 0.5 g of

la  and 2 g (4 equiv) of MCPBA in 25 mL of cyclohexane was stirred 
at 0 °C for 6 h. After workup as described above the solvent was re
moved under vacuum to give a 90:10 ratio of 2a/3a.

Photoequilibration o f 2a and 3a. Pure samples of 2a and 3a were 
independently irradiated in a Rayonet reactor with 3100-A bulbs until 
an identical ratio of 91:9 of 2a/3a was obtained (6 h).

Acid Stability o f 2a and 3a. Pure samples of 2a and 3a w ere stirred 
with a mixture of 0.5 g of m-chlorobenzoic acid and 0.5 g of MCPBA 
in 25 mL of CH2C12 at 0 °C for 24 h. Workup as described above fol
lowed by GLPC analysis indicated no interconversion of isomers 
under these reaction conditions.

1.2- Diethyl-3-hydroxymethy!cyclopropene (lb ). To a slurry 
of 1 g of LAH in 100 mL of ether in an ice bath was added 1 g of la  in 
ether at a rate to maintain the temperature below 5 °C. Immediately 
after the addition of la, 2 mL of saturated Na2S04 solution was added 
slowly. Filtration and removal of solvent gave 0.5 g (66%) of lb  which 
was 96% pure by GLPC: IR 3.05,5.40,6.9, and 9.9 pm; NMR <5 1.14 (t, 
6, J = 7 Hz), 1.15 (t, 1, J = 7 Hz), 2.43 (q, 4, J = 7 Hz), 3.41 (d, 2, J = 
7 Hz), and 4.20 (s, 1).

Anal. Calcd for C8H140: C, 76.14; H, 11.18. Found: C, 76.0; H,
11.2.

Peracid Oxidation of lb. A mixture of 1 g of lb  and 2 g of MCPBA 
(1.5 equiv) in 20 mL of CH2C12 was stirred for 6 h in an ice bath. After 
workup the solvent was removed under vacuum at 0 °C to give 1.1 g 
(96%) of a mixture of two compounds in a 65:35 ratio. The major 
component was (E)-4-ethyl-6-hydroxy-4-hexen-3-one (2b): IR 2.98, 
5.88, 6.10, and 8.05 pm; NMR b 1.08 (t, 3, J = 7 Hz), 1.18 (t, 3, J = 7 
Hz), 2.18 (q, 2, J = 7 Hz), 2.68 (q, 2, J = 7 Hz), 3.51 (d, 2, J = 6 Hz),
4.50 (s, 1), and 6.72 It, 1, J = 6 Hz).

Anal. Calcd for C8Hi40 2: C, 67.57; H, 9.92. Found: C, 67.3; H,
10.0.

The minor component was (Z)-4-ethyl-6-hydroxy-4-hexen-3-one 
(3b): IR 2.98,5.89,6.11, and 8.15 pm; NMR 51.03 (t, 3, J = 7 Hz), 1.20 
(t, 3, J = 7 Hz), 2.20 (q, 2, J = 7 Hz), 2.70 (q, 2, J = 7 Hz), 4.31 (d, 2, 
J = 6 Hz), 4.73 (s, 1), and 5.65 (t, 1, J = 6 Hz).

Anal. Calcd for CgHi402: C, 67.57; H, 9.92. Found: C, 67.6; H,
9.8.

Oxidation using peracetic acid in an ice bath for 24 h resulted in 
recovery of starting material, as did oxidation with peroxybenzimidic 
acid.

Peracid Oxidation o f lb  in Methanol. A mixture of 0.5 g of lb
and 1 g of MCPBA (1.5 equiv) in 25 mL of methanol was stirred in an 
ice bath for 6 h. Addition of 25 mL of CH2C12 and processing as de
scribed above gave a 2b-3b mixture in a 70:30 ratio (93%).

Peracid Oxidation o f lb  in Cyclohexane. A mixture of 0.5 g of 
lb and 1 g (1.5 equiv) of MCPBA in 25 mL of cyclohexane was stirred 
at 0 °C for 6 h. After workup as described above the solvent was re
moved under vacuum to give a 60:40 ratio of 2b/3b.

Photoequilibration of 2b and 3b. Pure samples of 2b and 3b were 
independently irradiated in a Rayonet reactor with 3100-A bulbs until 
an identical cis-trans ratio of 27:73 was observed (3 h).

Acid Stability of 2b and 3b. Samples of pure 2b and 3b were 
stirred with 0.5 g of m-chlorobenzoic acid and 0.5 g of MCPBA in 25 
mL of CH2C12 for 24 h in an ice bath. Workup and analysis as de
scribed above indicated no interconversion of isomers under these 
reaction conditions.

1.2- Di-tert-butyl-3,3-dimethylcyclopropene (lc ) . To 1 g of
di-tert-butylcyclopropenone25 in 50 mL of ether was added 10.4 mL 
of a 1.15 M MeLi solution. After stirring 2 h, 1 mL of water was added 
and stirring was continued for an additional 2 h. The solution was 
dried and 1 mL of 10% HCIO4 in acetic anhydride was added dropwise 
at 0°C. The solid thus formed was removed by filtration and washed 
with ether. To this material suspended in 100 mL of ether was added
10.4 mL of 1.15 M MeLi solution. After stirring 3 h, 1 mL of water was 
added, the ether solution was dried, and the solvent was removed to 
give 1,2-di-feri-butyl-3,3-dimethylcyclopropene (lc ): IR 5.50, 7.19,
9.58, and 10.0 urn; NMR b 0.98 (s, 6) and 1.21 (s, 18).

Anal. Calcd for Ci3H24: C, 86.59; H, 13.41. Found: C, 86.3; H,
13.7.

Peracid Oxidation o f lc . A mixture of 300 mg of lc  and 600 mg 
(2 equiv) of MCPBA in 10 mL of CH2C12 was stirred at 0 °C for 2 h. 
The mixture was worked up in the usual fashion and the solvent was 
removed under vacuum at 0 °C to give 295 mg (90%) of 2,5,5-tri- 
methyl-3-iert-butyl-2-hexen-4-one (2c), pure by GLPC: IR 5.91, 6.13,
7.18,7.32,9.56, and 10.0 pm; NMR 6 1.15 (s, 9), 1.21 (s, 9), 1.96 (s, 3), 
and 2.16 (s, 3).

Anal. Calcd for Ci3H240: C, 79.53; H, 12.32. Found: C, 79.4; H,
12.4.

Reaction o f l,2,3-Tri-te.rt-butylcyclopropene2E (id ) with 
Ozone. Into a solution of 172 mg of Id in 10 mL of CH2C12 at —78 °C



was bubbled 1 squiv of ozone from a Welsbach ozone generator. After 
bubbling nitrogen through the solution for 30 min, it was allowed to 
warm to room temperature. Removal of the solvent under vacuum 
gave a mixture of two compounds in a 90:10 ratio. The major com
pound isolatec by GLPC (160 mg, 80%) was assigned as 2,2,6,6-tet- 
ramethyl-4-teri-butyl-3,5-heptadione, (4): IR 5.80, 10.0 Mm; NMR 
6 0.97 (s, 9), 1.14 (s, 18), and 4.55 (s, 1); mass spectrum m/e 57 (100), 
85 (60), 128 (13), 141 (7), 156 (2), 169 (3), 183 (7), 184 (7), and 240
(2).

Anal. Calcd for C;5H280 2: C, 74.95; H, 11.74. Found: C, 74.6; H,
H. 7.

Inspection of the reaction mixture by NMR at —78 °C indicated 
that 4 was already formed and no change was observed upon warming. 
A reaction under identical conditions in methanol solvent gave similar 
results.

4-ter£-But>l-2,2-dimethyl-4-penten-3-one (9). A 3-g sample 
of 2,2,5,5-tetramethyl-3,4-hexadione was treated with 12 mL of a 1.7 
M methyllithium solution in 300 mL of ether at room temperature 
and stirred for 2 h. A 5-mL sample of acetyl chloride was added and 
stirring was continued for an additional 3 h. The reaction was 
quenched by the addition of 10 mL of water. The mixture was washed 
with water and a solution of NaHCC>3, and dried. The ether was re
moved by vacuum and the crude material passed through a flow sys
tem pyrolysis tube at 450 °C. The collected 4-fer£-butyl-2,2-di- 
methyl-4-penten-3-one (9) was purified by GLPC and gave: IR 5.95,
6.17, 7.22, 7.38, 7.80, 8.31, 9.61,10.0,11.0, and 11.4 mm; NMR 5 1.13 
(s, 9), 1.19 (s, 9', 5.02 (s, 1), and 5.25 (s, 1).

Photolysis c f  9. A 50-mg sample of 9 was dissolved in 125 mL of 
pentane and irradiated through Pyrex at —78 °C with a Hanovia 
medium-pressure Hg arc. After 12 h the pentane was removed. The 
NMR of the residue indicated only starting material. Irradiation 
through quartz under the same conditions for 30 min gave three 
products by GLPC ir. a 96:2:2 ratio. Collection of the major product 
by GLPC and spectral analysis indicated 1-feri-butyl-3,3-di- 
methyl-2-meth/lenecyclobutanol (10): IR 2.80,2.93,6.05,7.24,7.32,
8.87,10.4,11.2, and 11.6 Mm; NMR S 0.92 (s, 9), 1.07 (s, 3), 1.24 (s, 3),
I. 88 (AB, 2, Ac = 0.4 ppm, J = 13 Hz), 1.75 (s, 1), 4.91 (s, 1), and 5.05 
(s, 1).

Anal. Calcd for CnH2oO: C, 78.51; H, 11.98. Found: C, 78.6; H,
12.0.

Peracid Oxidation o f 11. A mixture of 1 g of 11 and 5.2 g of
MCPBA (4.5 equiv) in 25 mL of CH2C12 was refluxed for 8 h. The 
usual workup give 1.3 g of a mixture of 5 products in a 1:2:5:90:2 ratio 
by GLPC. The first product was identified as di-fert -butylacetylene 
by spectral comparison with an authentic sample.26 The second 
product was identified as 2,3,5,5-tetramethyl-2-hexen-4-one (12) by 
GLPC retention time and mass spectral comparison with an authentic 
sample:19 mass spectrum m/e 154 (9), 139 (8), 97 (87), 83 (45), 69 (22), 
and 57 (100). The third product was identified as 1,2,2-trimethylcy- 
clopropyl tert-butyl ketone (13) by spectral comparison with an au
thentic sample.17 The fourth product was identified as 2,3,5,5-tetra- 
methyl-2,3-epoxy-4-hexanone (14) by spectral comparison with an 
authentic samp e:19 IR 5.91, 7.25, 7.31, 8.0, 11.4, and 12.0 Mm; NMR 
<5 1.36 (s, 3), 1.2S (s, 3), 1.16 (s, 9), and 1.14 (s, 3); mass spectrum m/e 
170 (19), 155 (4C), 138 (1.5), 113 (15), 86 (62), 85 (46), 71 (57), and 57 
(100). The fifth product was identified as 2,2,5,5-tetramethyl-3,4- 
hexadione (15) by spectral comparison with an authentic sample.

An identical experiment was conducted in which a slow stream of 
nitrogen was passed through the reaction mixture. The exiting gases 
were passed through CaSC>4 and a weighed drying tube containing 
Ascarite. The Ascarite gained 28.0 mg in weight which corresponds 
to a 97% yield of C02.

Peracid Oxidation of Di-tert-butylacetylene. A solution of 1 
g of di-f ert-butylacetylene was oxidized under the conditions de
scribed for di-fe'f-butylcyclopropenone to give 12, 13, 14, and 15 in 
a 3:5:90:2 ratio by GLPC (94% total yield).

Reaction o f f 1 with Ozone. A solution of 1 g of 11 in 50 mL of 
CH2C12 at —78 CC was saturated with ozone from a generator until 
a blue color persisted. The color remained for 24 h, after which excess 
ozone was remoced by passing through a nitrogen stream. Warming 
the reaction mixture to room temperature and removal of the solvent 
gave only recovered 19.

Peracid Oxidation o f Diphenylcyclopropenone (21). A mixture 
of 1 g of 2123 and 4.2 g (5 equiv) of MCPBA in 50 mL of CH2C12 was

Peracid Oxications of Cyclopropenes and Cyclopropenones

refluxed for 8 h. Usual workup gave 1.3 g of 40:10:50 mixture of di- 
phenylacetylene, benzophenone, and benzil.

Hydrogen Peroxide Oxidation o f 21. A mixture cf 1 g of 21, 0.5 
g of NaOH, 2 mL of water, and 5 mL of 40% H20 2 in 25 mL of dioxane 
was stirred at room temperature for 24 h. The mixture was poured into 
200 mL of water, acidified with 10% HC1, and extracted with ether. 
Drying and removal of the solvent gave a 30:10:40:20 mixture of di- 
phenylacetylene, benzophenone, benzil, and benzyl phenyl ketone: 
mass spectrum m/e 196 (15). 173 (5), 165 (4), 105 (100), 92 (36), 78 (60), 
51 (48), and 45 (42).

Reaction o f 21 with Base. A mixture of 1 g of 21,0.5 g of NaOH, 
and 2 mL of water in 25 mL of dioxane was stirred for 24 h at room 
temperature. The mixture was poured into water, acidified with 10% 
HC1, and extracted with ether. Solvent removal gave crystalline cis-
1,2-diphenylacrylic acid (22).23

Hydrogen Peroxide Oxidation o f 22. A mixture of 0.5 g of 22,0.5 
g of NaOH, 2 mL of water, and 5 mL of 40% H20 2 in 25 mL of dioxane 
was stirred at room temperature for 24 h. The mixture was poured into 
water, acidified with 10% HC1, and extracted with ether. Drying and 
removal of the solvent gave only benzyl phenyl ketone in 93% 
yield.

Peracid Oxidation of Cycloheptenocyclopropenone (24). A 
mixture of 1 g of 2428 and 5 g (3 equiv) of MCPBA in 50 mL of meth
ylene chloride was stirred at reflux for 8 h. The usual workup gave a 
mixture of six products by GLPC in a 85:10:1:1:2:1 ratio. The major 
component was chlorobenzene (51% yield); the 10% product was cy- 
cloheptanone (6% yield based on starting cyclopropenone).

Registry No.— la, 35920-11-7; lb, 65016-07-1; lc , 65016-08-2; Id, 
23438-08-6; 2a, 65016-09-3; 2b, 65016-10-6; 2c, 65016-11-7; 3a, 
65016-12-8; 3b, 65016-13-9: 4, 65016-14-0; 9, 35373-26-3; 10, 65016- 
15-1; 11,19985-79-6; 12,17325-92-7; 14, 42915-86-6; 21,886-38-4; 24, 
696-47-9; ethyl diazoacetate, 623-73-4; methyllithium, 917-54-4;
2,2,5,5-tetramethyl-3,4 hexadione, 4388-88-9; di-£er£-butylacetylene, 
17530-24-4.
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A 180° rotation about a phenyl-naphthyl bond is expected to be effectively blocked for derivatives of the peri- 
diphenylnaphthalenes, in which steric requirements force the phenyl rings to assume a face-to-face conformation. 
However, surprisingly low rotational energy barriers have been found. The preparation and the measurement of 
the barrier to phenyl ring rotation of a derivative of the highly crowded 1,4,5,8-tetraphenylnaphthalene system is 
described. The barrier for this substance is 14.9 kcal/mol compared with 16.4 kcai/mol determined for 1,8-diphenyl- 
naphthalene; both of these barriers are much lower compared with the 33.5 kcal/mol reported for the stereotopical- 
ly similar [3.4]paracyclophane. The differences are discussed in terms of a rotational transition state having large 
deformations of the naphthalene ring.

Molecular models suggest that the only possible geometry 
for 1,8-diphenylnaphthalene will have the phenyl rings face 
to face, 1, and this has been confirmed by recent x-ray dif
fraction.3 Even in this conformation there is severe crowding 
of the phenyl rings. As a result, the aryl rings would be ex-

binaphthyl, 6, for which a rotational barrier of 22.5 kcal/mol 
was obtained.8 Cram has reported that the [3.3]paracyclo- 
phane, 7, showed no tendency to racemize at temperatures up 
to 240 °C9 and that the [3.4]paracyclophane, 8, racemized only

CO,H

1
pected to have a high barrier to a 180° rotation about the 
aryl-naphthyl bond. Indeed, CPK space-filling models would 
seem to indicate that such a rotation is in fact impossible, 
except by breaking one or more bonds. House and co-workers 
have prepared several derivatives of 1,8-diphenylnaphthalene 
having a substituent at one meta position of each phenyl ring, 
with the expectation that they would be able to isolate cis and 
trans isomers.4 However, it was not found possible to obtain 
separate isomers, and, instead, a single crystalline compound 
was isolated in each case. Subsequent NMR measurements5 
on the derivative, 2, showed that the barrier to rotation was

C(CH3)2OH

slowly at 160 °C.10 The barrier to phenyl ring rotation in the 
latter was calculated to be 33.5 kcal/mol. These two com
pounds provide a striking contrast to derivatives of 1, for 
which similar steric requirements would be inferred.

Several other naphthalene derivatives having different 
types of peri substituents have been recently reported to have 
what seem surprisingly low barriers to rotation about the 
naphthyl-substituent bond.11’12 For example, the barrier to 
rotation of the ten -  butyl group of 9 was <6 kcal/mol and that 
of 10 was estimated at about 6.5 kcal/mol.11

10

only 16.4 kcal/mol, consistent with rapid rotation at room 
temperature.

The 1,8-diarylnaphthalenes may be profitably compared 
with the ortho-substituted biphenyls, for which many exam
ples having rotational barriers high enough to allow separation 
of optical isomers are known, for example, 3 and 4.6 The 
naphthyl derivative, 5, has also been resolved,7 as has a,a'-

CO.H

Br
HO,C

We report here the synthesis and measurement of the ro
tational barrier of the highly strained 11, which has two sets 
of crowded p eri-phenyl groups.

Synthesis and NMR Study o f 11
The synthetic scheme for 11 had 12 as a key intermediate, 

with the m-chlora group intended to serve as a marker which
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would be inert to conditions of the synthetic sequence, but 
which would permit direct functionalization of the aromatic 
ring after construction of the naphthalene framework. In

termediate 12 was synthesized in eight steps starting from 
m -chlorobenzaldehyde and involving preparation of the 
chlorotetraphenylbenzoisofuran, 13, with subsequent Diels- 
Alder addition and aromatization, similar to the synthetic 
routes used previously in preparation of several substituted 
napththalenes including 1,4-diphenylnaphthalene,13 5,10- 
diphenylanthracene,14 and 1,4,5,8-tetraphenylnaphth
alene.15

The chloro group of 12 proved to be highly inert, and 
standard procedures for generating the anion failed. Stirring 
with a solution of n-butyllithium gave no halogen-metal ex
change. No reaction could be induced between 12 and strips 
of lithium metal and no reaction was observed when 12 was 
added to a freshly prepared dispersion of sodium. However, 
when 12 was added to an excess of fine lithium dust (140 mesh) 
under argon with bromobenzene present to activate the metal 
with ether as a solvent, the solution turned to a deep purple 
on heating to reflux. Addition of the organolithium compound 
to acetone in ether gave 11 in 57% yield.

When ring rotation of 11 is slow on the NMR time scale, its 
methyl groups become diastereotopic. The methyl proton 
NMR resonances of 11 at 100 °C were a single sharp peak, 
which, on lowering the temperature, broadened and at 5 °C 
began to separate into two equal signals. Visual matching 
using computer-generated spectra allowed calculation of the 
energy barrier for rotation, AG*, of 14.9 kcal/mol.16

The Rotational Mechanism of p e r i -  
Phenylnaphthalenes

Detailed calculations on the rotational barriers of some 
2,2'-substituted biphenyls have been reported by Westh- 
eimer,17 who showed that the rotational intermediates must 
have geometric deformations local to the interannular bond. 
Important distortions include bending of the ortho substitu
ents away from each other, interannular bond stretching, and 
C-H (crtho) bond compression.

For peri- phenylnaphthalenes, a rotational transition state 
may be visualized in which one phenyl ring must turn to a 
position perpendicular to the adjacent peri- phenyl ring.18 
There are two modes of distortion available to the interme
diate which we believe responsible for the low barriers ob
served. These two modes, which have no analogue in the bi
phenyls, are in-plane and out-of-plane splaying of the peri 
groups. In-plane splaying can occur both by a bending of the 
exocyclic naphthyl-substituent bond which increases the 
C9-C1-substituent angle and by an opening of the C1-C9-C8

angle of the naphthalene nucleus. C1-C9-C8 angle opening 
can be especially effective, because the distance between the 
peri substituents is increased without a concomitant increase 
in crowding between the substituent and the adjacent naph
thyl proton. Out-of-plane splaying would involve displace
ment of the peri substituents (and to a lesser extent, the 
naphthalene atoms Cl and C8) to opposite sides of the 
naphthalene plane.

Recent x-ray investigations19 demonstrate a surprising lack 
of rigidity of the naphthalene ring and show that nonbonded 
interactions between bulky peri substituents are considerably 
relieved by large in-plane and out-of-plane distortions of the 
type described above. The strain energy is effectively absorbed 
by the naphthalene nucleus; this is accomplished by a distri
bution of the strain throughout the framework which includes 
angle bending, bond stretching and compression, and in- and 
out-of-plane nuclear displacements. Distortions are sub
stantial.20-22 In 1,8-diphenylnaphthalene3’22 the C1-C9-C8 
angle is forced open to over 126°, the C9-Cl-phenyl angles 
open to more than 125°, and the naphthyl-phenyl out-of
plane angles are about 2°. Such distortions can become even 
larger. For example, in the related peri-diphenylacenaphth- 
ene, due to a pinching effect at the 4,5 carbon atoms, the 
C1-C9-C8 angle is 129.4°.23 For the extremely crowded
1.8- diiodonaphthalene, the C1-C9-C8 angle exceeds 
130°.24

These x-ray determined structures provide insight into the 
geometry of the rotational transition state of the 1,8-diaryl- 
naphthalenes, although to achieve the more highly strained 
geometry of the rotational intermediate, the distortions must 
be considerably enhanced. Because of the considerable flex
ibility of the naphthalene nucleus, the dramatic lowering of 
the rotational barriers of both 1,8-diphenylnaphthalene and
1.4.5.8- tetraphenylnaphthalene as compared with [3.3]para- 
cyclophane and [3.4]paracyclophane becomes understandable. 
The reason is that the cyclophanes lack the possibility of 
phenyl-phenyl splaying. The low barriers of peri-substituted 
naphthalenes compared with systems 3, 4, 5, and 6 are also 
understandable because in peri-substituted naphthalenes the 
ground-state strain is sufficiently large to allow the transition 
state for rotation to be achieved more readily than for simple 
ortho-substituted biphenyl derivatives, where ground-state 
interactions are small.

The difference between the rotational barriers in 1,8-di
phenylnaphthalene and 1,4,5,8-tetraphenylnaphthalene de
rivatives is also seen as a consequence of the involvement of 
the naphthalene ring distortions in the phenyl ring rotation. 
The tetraphenyl compound has crowding interactions at both 
pairs of peri positions, making this molecule more strained 
than the 1,8-diphenylnaphthalene. The increased strain en
hances the distortion of the naphthalene nucleus and conse
quently facilitates attainment of the rotational transition- 
state geometry. Evidence of this synergistic distortion is shown 
by the ground-state geometries of these two molecules, as 
determined by x-ray diffraction.22 The distribution of the 
distortion is somewhat different in these molecules,22 but the 
tetraphenyl compound has the larger overall phenyl-phenyl 
splaying as shown by the ground-state dihedral angle between 
the two phenyl rings in 1,8-diphenylnaphthalene of 20° and 
that in 1,4,5,8-tetraphenylnaphthalene of about 36°.

A further example consistent with conjoint peri distortion 
and ring rotation is provided by the comparison of the ease 
of racemization of the binaphthyl derivatives, 3,8'-dicar- 
boxy-l,l'-binaphthyl, 20, and 2,2'-dicarboxy-l,l'-b:naphthyl,
21. A cursory inspection of the structural formulas, 20 and 21, 
might lead one to expect rather similar restrictions to a 180° 
rotation about the naphthyl-naphthyl bond. In fact, resolved 
21 shows no change in optical activity after 8 h at 175 °C,25a 
while 20 has a half-life with respect to racemization of only



1330 J. Org. C h e m ., V ol. 4 3 , N o . 7, 1 9 7 8 Clough and Roberts

about 15 min at 50 °C (roughly comparable to a.a'-binaphthyl 
itself).25b However, the ground-state peri crowding in 20 is 
highly conducive to the naphthalene splaying interaction 
necessary for rotation. The low rotational barriers in other 
peri-substituted naphthalene derivatives, such as 9 and 10, 
can be accounted for in the same way.11

Experimental Section
Triphenylcinnamylphosphonium Chloride, 14. Triphenylcin- 

namylphosphonium chloride was prepared by the method of Organic 
Syntheses.26 From 40 g (0.26 mol) of (3-chloropropenyl)benzene and 
92 g (0.35 mol) of triphenylphosphine was obtained 101 g (93%) of 14 
(mp 224-226 °C (lit.27 mp 224-226 °C)) which was used without 
further purification.

l-(3-Chlorophenyl)-4-phenyl-l,3-butadiene, 15. The procedure 
from Organic Syntheses26 for 1,4-diphenyl-l,3-butadiene was slightly 
modified for making the chlorinated derivative. Thus, 630 mL of 0.2 
M lithium ethoxide (prepared from the dissolution of 2.1 g of lithium 
wire in 1.5 L of absolute ethanol) was added with stirring to a solution 
of 50 g (0.121 mol) of 14 and 18.04 g (0.127 mol) of m -chlorobenzal
déhyde in 150 mL of absolute ethanol. A deep red-orange color de
veloped, which faded after the mixture had been stirred at room 
temperature for 45 min. Addition of 600 mL of H2O caused formation 
of precipitate, which was collected and washed with 150 mL of 60% 
aqueous ethanol. The crude diene was stirred with a solution of eth
anol (20 mL) and refdtered to give 21 g (0.C87 mol, 69%) of glossy, 
pale-yellow plates, which melted at 109-110 °C after recrystallization 
from ethanol-isopropyl alcohol and from cyclohexane: NMR b 
(CDCI3) 6 2-7.5 (m); IR (Nujol) 1009, 1092, 770 cm-1; mass spectra 
Calcd for Ci6H13C1 240.0706, 240.0706. Anal. Calcd for Ci6H13C1: C, 
79.83; H, 5.44: Cl, 14.73. Found: C, 79.60; H, 5.56; Cl, 14.46.

1.2- Dibenzoyl-3-(3-chlorophenyl)-6-phenylcyclohex-4-ene,
16. When fhe Diels-Alder reaction of 15 with trans-dibenzoylethylene 
was carried out in gently refluxing isopropyl alcohol for 8 h, only a 
brown oil resulted; however, the product could be prepared in rea
sonable yield under more vigorous conditions. Thus, 18 g (0.075 mol) 
of 15 and 20 g (0.08 mol) of trans-dibenzoylethylene were refluxed 
vigorously (no stirring; bath temperature = 136 °C) in 300 mL of 
isopropyl alcohol for 18 h. The mixture was allowed to cool to 50 °C 
and when the walls of the vessel were scratched with a glass stirring 
rod a white solid precipitated. The solid was removed by filtration at 
50 °C, rinsed twice with 30 mL of warm isopropyl alcohol, then dis
solved in acetone (1.5 mL/1 g) and filtered, and the filtrate was 
evaporated slowly to dryness yielding 15.5 g of 16 (0.033 mol, 44%). 
The infrared spectrum showed the presence of two carbonyl peaks, 
a major peak, at 1680 cm-1, and a minor peak, at 1697 cm-1, both 
different from the starting material peak (1600 cm-1). Repeated re
crystallizations failed to yield a sharply melting material. When the 
reaction was carried out with 24 h of reflux, the product showed almost 
exclusively the 1680-cm-1 peak. Recrystallization from isopropyl 
alcohol-acetone gave a white, crystalline solid (mp 136.5-139.5 °C); 
mass spectra Calcd for C32H25CIO2 476.1542, 476.1543. Aromatization 
of either the product with the two carbonyl peaks (presumably a 
mixture of isomers) or that with the single peak, by the method de
scribed below, gave similar good yields of compounds having identical 
spectra.

1.2- Dibenzoyl-3-(3-chlorophenyl)-6-phenylbenzene, 17. To
a solution of 20.3 g (0.043 mol) of 16 in 130 mL of chloroform stirred 
under reflux was added dropwise (15 min) a solution of 90 mL of 
chloroform containing 4.3 mL of bromine. As the refluxing continued, 
large amounts of HBr were evolved. When tne gas evolution had 
ceased (~30 min), the solvent was removed with a rotary evaporator 
to give a yellow-brown gummy substance which was crystallized by 
stirring overnight with absolute ethanol. Further purification was 
effected by stirring the finely powdered solid with 20 mL of methanol 
for 20 min and washing with 5 mL of methanol to yield 18 g (0.038 mol, 
89%) of a white, crystalline solid which was recrystallized from iso
propyl alcohol-acetone to give opaque rods: mp 150-153 °C; IR 
(Nujol) 1670 cm-1; mass spectra Calcd for C32H21CIO2, 472.1231, 
472.1230.

4- (3-Chlorophenyl)-l,3,7-triphenylisobenzofuran, 13. Zinc dust 
(7 g), activated by stirring with dilute NaOH solution, then washed 
with water and ethanol, was added with stirring to a refluxing solution 
of 7.5 g (15.9 mmol) of 17 and 7 g of NaOH in 165 mL of ethanol. Re
fluxing for short reaction times was found to give only partial con
version. During 6 h of reflux, the solution turned bright yellow-green 
and then faded. The reaction mixture was filtered into 150 mL of 
glacial acetic acid, and 20 mL of water was added to the filtrate. The 
solution was evaporated to about 25 mL, and the heterogeneous 
aqueous mixture was extracted twice with benzene. The combined 
organic portions were filtered through 15 g of anhydrous sodium 
sulfate, evaporated to a syrupy yellow liquid, and left standing over
night to yield 6.5 g (14.2 mmol, 89%) of a brilliant-yellow sc lid having 
a powerful green fluorescence in benzene: mp 174.5-177 °C;IR (Nujol) 
1470, 855 cm-1 (no carbonyl); mass spectra Calcd. for C32H21CIO 
456.1282,456.1281. Anal. Calcd for C32H21CIO: C, 84.11; H, 4.63; Cl, 
7.76. Found: C, 84.23; H, 4.92; Cl, 7.80.

Adduct o f 13 with Acrolein, 18. Freshly distilled acrolein (5 mL) 
was added to a stirring, gently refluxing solution of 6.5 g (14.2 mmol) 
of 13 in 50 mL of benzene. After 30 min, an additional 2 mL of acrolein 
was added. Twenty minutes later, the bright yellow had faded to give 
a nearly colorless solution, and the reaction was stopped. The crude 
mixture was evaporated to dryness and crystallized from 10 mL of 
isopropyl alcohol to give a white product (6 g, 11.7 mmol. 83%); mp 
148-151 °C; IR (Nujol) 1725 cm-1 (carbonyl); NMR 6 (CDC13) 9.3 (m, 
1), 3.4 (m, 1), 2.5 (m. 2), 6.6-6-7.6 (m, 21); mass spectra showed only 
peaks due to the retro-Diels-Alder product, 13. Anal. Calcd for 
C35H2SO2CI: C 81.94, H 4.91, Cl 6.91. Found: C 82.11, H 4.68, Cl
6.86.

5- (3-Chlorophenyl)-l,4,8-triphenyl-2-naphthaldehyde, 19.
Anhydrous, gaseous HC1 was bubbled for 25 min through a stirred 
solution of 7 g (13.7 mmol) of 18 in 50 mL of glacial acetic acid at 0 °C. 
The starting material largely dissolved, yielding a reddish solution. 
The reaction mixture was stirred for an additional hour without 
cooling after the addition of the HC1 was stopped. The chilled mixture 
was filtered and the filtrate was rinsed with 8 mL of cold acetic acid. 
The crude yellow product (5 g, 10.1 mmol, 74%) was contaminated 
with 13. Stirring with a small amount of isopropyl alcohol removed 
most of this impurity. Recrystallization from isopropyl alcohol gave 
light-yellow crystal; of 19: mp 208-210 °C; IR (Nujol) 1683 cm-1 
(aromatic aldehyde); mass spectra Calcd for C35H23CIO 494.1437,194. 
1437.

l-(3-Chlorophenyl)-4,5,8-triphenylnaphthalene, 12. The at
tempted decarbonylation of 19 with tris(triphenylphosphine)rho- 
dium(I) chloride in refluxing benzene resulted only in precipitation 
of the red dimer of the rhodium complex, a result which has been 
observed before with other sterically crowded aldehydes.28 Nitriles 
are reported to stabilize the monomeric rhodium species.28 When 1 
g of 19 was heated at 160-165 °C in 9 mL of benzaldehyde, the reaction 
was judged complete by TLC analysis after 8 min. Chromatography 
of the crude mixture on silica gel with hexane as the eluent afforded 
12 (0.80 g, 80%). Recrystallization from hexane gave clear prisms: mp 
216-217 °C; NMR 6 (CDC13) 7.5 (broad singlet, 4), 7.0 (broad singlet 
19); mass spectra Calcd for C34H23CI 466.1490, 466.1488

Preparation of Carbinol 11. All equipment was dried immediately 
before use in an oven at 150 °C overnight. The reagents were trans
ferred to the reaction vessel in a drybox under argon. A positive 
pressure of argon was maintained in the reaction vessel throughout 
the course of the reaction. A solution of 0.23 g (0.5 mmol) of 12 in 5 
mL of ether was combined with 0.04 g of lithium dust (Alfa Chemical 
Co., 140 mesh) and 2 drops of bromobenzene. The solution was re
fluxed with stirring for 20 min; a deep purple color was observed 2 min 
after the start of refluxing. The mixture was added to a solution of 1 
mL of anhydrous acetone in 10 mL of ether and, after 5 min, was hy
drolyzed. Two successive preparative TLC runs using 15% ether in 
benzene (Rf 0.45) gave 0.14 g (57%) of 11 as clear oil: IR (Nujol) 3590 
cm-1 (O-H stretch); NMR & (CDC13) 7.46 (s, 4), 6.85-7.15 (s, 19), 1.48 
(s, 6), 1.90 (broad s, 1); I3C NMR (in ppm relative to Me4Si, in CDCI3)
31.4 (methyl), 81.0 (hydroxyl carbon); mass spectra Calcd for C37H30O 
490.2293, 490.22965.

Rotational Barrier Measurements. The proton spectra for the 
rotational-barrier measurement of 11 were obtained over a temper
ature range of 70 to —30 °C using a Varian Associates HR-220 NMR 
spectrometer. The temperature was determined for each measure
ment from the peak separations of standard samples of either meth
anol or ethylene glycol. The methyl signal from 11 broadened steadily 
from a sharp singlet at the high-temperature limit to the coalescence 
point at 5 °C. The peak separation reached a maximum of 3.6 Hz at 
—10 °C. The natural line width of the methyl peak was taken to vary 
linearly from 1.1 to 1.5 Hz over the temperature range examined.
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Computer-simulated line shapes were obtained with the program 
C LATU X29 and were visually matched to the experimental spectra. 
From the pre-exchange lifetimes, the free energy of rotation 
was calculated for each measurement using the equation AG* = 
4.575T ( 10.32 + log T -  log K r). Good agreement was obtained, par
ticularly for measurements made in the coalescence region. From the 
values between —11 and +38 °C, a AG* of 14.9 ±  0.2 kcal/mol was 
obtained.

Registry No.— 11, 64682-91-3; 12, 64728-28-5; 13,64682-94-6; 14, 
1530-35-4; 15, 27331-30-2; 16, 64754-24-1; 17, 64728-29-6; 18, 
64682-93-5; 19, 64682-92-4; m -chlorobenzaldéhyde, 587-04-2; 
trans- dibenzoylethylene, 959-28-4.
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Centrosymmetric 1,5-Naphthyridine Derivatives: Synthesis, 
Tautomerism, and Thermal Rearrangements1 S.
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Efficient syntheses of the centrosymmetric 1,5-napthyridine derivatives 2-8 are reported. The 8-methoxy-l,5- 
naphthyridine 14 has been shown to undergo thermal rearrangement to its iV-methyl isomer and thermal dispro
portionation to N.iV-dimethy: and normethvl compounds. Tautomerism in hydroxy-1,5-naphthyridines has been 
investigated by UV spectroscopy in aqueous solution. Under these conditions the compounds studied exist predom
inantly as the pyridone tautomers. A remarkable alkylation reaction of the naphthyridine ring has been observed 
in the course of Lander rearrangement of 8 . It has been found that 8  via its rearranged isomer 4 gives the centrosym
metric ring-methylated compound 5 when heated in the solid state with methyl iodide.

Introduction
In connection with our studies of organometallic coordi

nation polymers that might prove useful as semiconductors,3 
we needed heteroaromatic compounds potentially capable of 
functioning as tetradentate ligands. We were particularly 
interested in obtaining tetradentate analogues of the well- 
known bidentate chelating agent 8-hydroxyquinoline (1). Such 
analogues could be derived on paper by incorporating two 
additional coordination sites across a center of symmetry in 
1 or by substituting naphthyridine to form appropriate 4,8- 
disubstituted 1,5-naphthyridines. In the present work, we 
describe efficient syntheses of the centrosymmetric 1,5- 
naphthyridine derivatives 2- 8. Hydroxynaphthyridines 
throughout this work are shown schematically and named as 
their presumably more stable pyridone (i.e., keto) tautomers,

and evidence is presented that the latter tautomers indeed 
predominate in aqueous solution. Finally, we report novel 
results obtained during thermal rearrangement studies on 
alkoxynaphthyridines.

2, X = O; R' = R2 = H
3, X = S; R' = R2 = H
4, X = O; R1 = Me; R2 = H
5, X = O; R 1 = H; R2 = Me

X
6, X = Cl
7, X = NH2
8 , X  = OMe

0022-3263/78/1943-1331$01.00/0 © 1978 American Chemical Society



1332 J. Org. C h e m ., V ol. 4 3 , N o . 7, 1 9 7 8 Brown and Dewar

Scheme I
O

R
9a, R = H 
b, R = Me

O

10a, R = H
b, R = Me

lia , R 1 = R2 = H; R3 = Et
b, R 1 = R2 = R3 = H
c, R 1 = Me; R2 = H; R3 = Et
d, R1 = R2 = Me; R3 = Et

Scheme II
OMe

9a
1. P C l5/P O C l3

2. NaOM e 
M eOH

CO)
TT 
12 (70%)

OMe DMe

14 (72%)

(+ lia. c. d )
1. H B r

2 . qu ino line
2(81%)

Results and Discussion
Our initial goal was a high-yield synthesis of 1,5-naphthy- 

ridine-4(lH),8(5//)-dione (2). Compound 2 had been prepared 
previously by Brown and Plasz4 in an overall yield of 1% using 
the classical ethoxymethylene malonic ester (EMME) method 
(Scheme I). In this route, 3-nitro-7 -pyridone (9a) was cata- 
lytically reduced to the amine which was then condensed with 
EMME to give the adduct 10a (58%). Thermal cyclization of 
10a gave the naphthyridine 11a in 50% crude yield but only 
4% final yield after purification. Compound 2 was obtained 
by basic hydrolysis of pure ester 1 la followed by thermal de
carboxylation (sublimation) of acid lib . Repeating this work, 
we were not able to improve the procedure by direct hydrolysis 
of the crude ester 11a under basic conditions. However, a 
dramatic increase in the overall yield of 2 resulted when crude 
1 la was hydrolyzed in refluxing HC1. The product from the 
latter reaction, apparently a mixture of l ib  and 2, was re
fluxed with quinoline to give 2 in 31% overall yield from 9a.

We have also synthesized 2 by the somewhat longer route 
shown in Scheme II. 9a was converted into 4-methoxy-3-ni- 
tropyridine (12) which was reduced to the amine and con
densed with EMME to yield the adduct 13. Cyclization to the 
naphthyridine 14 was accomplished by adding 13 in one por
tion to refluxing diphenyl ether or Dowtherm A. Reaction of 
14 with refluxing HBr gave an excellent yield of the acid 1 lb 
which readily decarboxylated to 2 in refluxing quinoline. The 
overall yield of 2 from 9a in this case was consistently 35- 
45%.

The crucial step in the latter synthesis was the thermal

Scheme III

cyclization of 13 to 14. Yields of 14 were found to depend 
critically upon the duration of reaction, the isolated yields at 
various times being 6 (3 min), 38 (17 min), and 65-75% (25 
min). Reaction times significantly longer than 25 min led to 
decreased yields of 14 because of further conversions leading 
to two other products.

The first of these products, isolated in small amounts even 
after 25-30 min, was the thermodynamically more stable 
iY-methyl isomer 11c, identified by comparison with material 
synthesized independently according to Scheme I (9b — 10b 
—» 11c). Thermal rearrangements of the type 14 —» 11c have 
ample precedent in the pyridine5 and quinoline6 series, al
though few examples have been reported for naphthyridines.7 
Studies on methoxypridines8 have shown the rearrangement 
to be an intermolecular process. 11c could arise by intermo- 
lecular reaction involving either 13 or 14, although 14 has to 
be the primary source since after 25 min most of the 13 has 
been consumed.

In addition to this rearrangement, we found that as the 
concentration of 1 lc  in the reaction mixture increased a dis
proportionation involving 14 and 11c became important. 
Thus, when 13 was refluxed with diphenyl ether for 2 h, a re
fractory mixture containing 14,1 lc, and the disproportiona
tion products 11a and lid resulted.9 Refluxing 14 itself with 
diphenyl ether for 6.5 h produced qualitatively similar results, 
except that only traces of 14 remained, a fact facilitating 
separation of the other compounds. In this case, the N,N- 
dimethylnaphthyridone lid could be isolated by selective 
recrystallization followed by gradient sublimation.

The fact that analytically pure 14 did not exhibit a sharp 
melting point suggests that the aforementioned rearrange
ment and disproportionation occur more rapidly in the solid 
state, as might be expected in view of their intermolecular 
nature. Both 14 and its 8-ethoxy analogue10 began melting at 
about 215 °C and were still partially solid at 270 °C.

Reaction of 2 with POCl3 in a sealed tube yielded the 
known4 4,8-dichloro-l,5-naphthyridine 6 (75-82%). Treat
ment of 6 with ammonia in refluxing phenol gave 4,8-di- 
amino-l,5-naphthyridine 7 (50-60%). Finally, 1,5-naphthy- 
ridine-4(li/),8(5H)-dithione 3 was obtained in essentially 
quantitative yield by treating 6 with hydrogen sulfide in re
fluxing aqueous ethanolic potassium hydroxide. Dithione 3 
was stable in the solid state for at least six months but au- 
toxidized slowly in dilute solution (see Experimental Section).
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The poor solubility of 3 in the usual solvents precluded de
termination of its NMR spectrum.

Tautomerism Studies. The 7-hydroxynaphthyridines 2, 
11c, and 14 are capable of pyridone-pyridinol type tautom
erism as depicted in Scheme III. It is well known11 that, except 
in certain special cases, pyridone-type tautomers predominate 
in polar solvents and in the solid phase. The few studies which 
have been carried out on tautomerism in hydroxynaphthyri- 
dines12 have led to similar conclusions. In particular, it has 
been shown12® by UV spectroscopy that 1,5-naphthyridin- 
4(1//)-one (15A) is the major tautomer in polar solvents, while 
the pyridinol tautomer 15B predominates in nonpolar ones.

15A 15 B

We have studied tautomerism in the compounds in Scheme 
III by UV spectroscopy in aqueous solution only. Their UV 
spectra were compared among themselves and with the 
spectra of model compounds containing N- or O-methyl 
groups. Two appropriate models for compound 2 were 4,8- 
dimethoxy-1,5-naphthyridine (8) and l,5-dimethyl-l,5- 
naphthyridine-4(l//),8(5Z/)-dione (4). The 0,0-dimethyl 
compound 8 was easily synthesized by reaction of 6 with so
dium methoxide in methanol. As expected, 8 rearranged 
readily on heating to the isomer N,N- dimethyl derivative 4 
(vide infra). The structures of 8 and 4 were established by 
standard spectroscopic methods and single crystal x-ray 
analysis.13

UV spectral data for all relevant compounds are summa
rized in Table I. The spectrum of the N,N- dimethyl derivative 
4 closely resembles that of 2. Both possess a strong absorption 
maximum at 232 nm and two further maxima between 315 and 
350 nm. Also, both spectra bear a formal resemblance to that 
of the known pyridone tautomer 15A, which has a strong 
maximum at 240 mm and a single maximum at 323 nm. In 
contrast, the UV spectrum of the 0,0-dimethyl derivative 8 
does not resemble that of 2 but instead is quite similar to the 
spectrum of pyridinol tautomer 15B. Both 8 and 15B absorb 
strongly around 225 nm and less intensely at about 284 nm.

0
16

These observations clearly eliminate the dipyridinol tau
tomer 2C and suggest that the dipyridone tautomer 2A pre
dominates in aqueous solution. The data, however, do not 
rigorously exclude the pyridinol-pyridone tautomer 2B. De
spite several attempts, we were not able to synthesize the 
model corresponding to 2B, namely, the N,O-dimethyl de
rivative 16. Nevertheless, if 2B were the major tautomer in 
solution, then a priori one would expect the spectrum of 2 to 
show the characteristic absorption maxima present in the 
spectra of both 4 and 8. In other words 2 should exhibit a band 
in the region 250-300 nm corresponding to the long-wave
length band in the spectrum of 8. This is exactly what happens 
in the case of 14, a compound which has one ring only frozen 
in the pyridinol form. Here there are three bands, at 245, 304, 
and 317 nm, expected for a compound with a pyridinol-pyri-, 
done structure. Consequently, if 14 exists predominantly as

Table I. UV Spectral Data for 1,5-Naphthyridine 
Derivatives

Compd Registry no. Yrnax* frïtt €

15A“ 240 27 200
323 10 600

l5Kb 230 36 100
286 5 940

2 64761-13-3 232 38 500
262 3 200
318 19 600
330 27 400

4 63086-89-5 232 30 700
267 3 000
335 19 600
348 21 300

8 63086-86-2 222 51 400
282 10 000

He 64761-17-7 232 29 200
263 3 800
319 19 400
332 19 600

lid 64761-18-8 232 36 100
265 4 500
319 22 800
333 23 000

14 64761-20-2 221 24 300
245 16 800
304 15 200
317 13 600

0 In H20; ref 12a. b In dioxane; ref 12a.

the pyridone tautomer 14A, then the absence of a prominent 
band around 250-300 nm in the spectrum of 2 is evidence that 
2B is not the principal tautomer in solution. A similar argu
ment can be applied in the case of 1 lc. Its spectrum resembles 
those of 2 and its dipyridone model 4, in possessing only two 
prominent long-wavelength bands, both above 300 nm. The 
spectrum of 1 lc  is, moreover, virtually identical with that of 
the dipyridone lid, the only model for 11c available. It 
therefore seems clear that the predominant tautomer of 1 lc  
in aqueous solution is 1 lc  A.

Thermal Reactions of 8 and Synthesis of 5. We have 
studied thermal reactions of the 0 ,0 -dimethyl compound 8 
under a variety of conditions in sealed ampules. When 8 was 
heated in the solid state for 10 h at 226 °C, the N,N-dimethyl 
isomer 4 was isolated in 62% yield. As expected, the solid-state 
reaction could be catalyzed by methyl iodide (Lander rear
rangement14). Heating 8 with 1 molar equiv of methyl iodide 
(2.5 h/226 °C) gave 4 in 78% isolated yield. Catalysis by methyl 
iodide even allowed the reaction to be carried out in solution. 
Thus, when 8 was heated in diphenyl ether with methyl iodide 
(0.3 molar equiv/20 min/210 °C), 4 was obtained in essentially 
quantitative yield. In the absence of methyl iodide, no 4 was 
detected after 2.5 h at 232 °C.

When 8 was heated in the solid state with methyl iodide (¡0.3 
molar equiv/220 °C) for 12 h instead of 2.5 h, a new compound 
5 was obtained (53%) which had properties similar to those 
of 2. Specifically, 5 sublimed only above 230 °C and possessed 
at least one acidic hydrogen, the material being soluble in base 
and reprecipitated with acid. The IR spectrum of 5 resembled 
closely that of 2 in the region above 1500 cm-1. The UV 
spectrum of 5 in water suggested that it was a dipyridone, the 
principal absorption bands appearing at 240 and 343 nm. 
Elemental analysis showed 5 to be an isomer of 8 and by a 
process of elimination we concluded that it had to be a ring- 
methylated derivative of 2. This was confirmed by its NMR 
spectrum which showed two singlets at <5 2.61 (6 H) and 8.70 
(2 H). Consequently we assigned 5 the centrosymmetric 
structure 3,7-dimethyl-l,5-naphthyridine-4(l//),8(5/7)-dione.
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Table II. Mass Spectral Data for the Crude Product from 
the Reaction of 4 with Methyl-Iodide

m/e Rei intensity

190 85
193 1 0 0
196 35
204 53
207 82
2 1 0 53
218 1 2
2 2 1 24
224 24

We preferred this structure to the isomeric 2,6-dimethyl de
rivative because the signals for two ring protons (6 8.70) re
sembled those for H2,6 (5 8.65) in the spectrum of 2 (see end 
of Experimental Section).

The transformation 8 —* 5 must take place via 4, because 
4 was isolated in good yield from reactions using shorter re
action times. Furthermore, 4 itself gave 5 in comparable yield 
when heated in the solid state with methyl iodide. In contrast, 
no reaction occurred when 4 was heated either in the solid 
state without methyl iodide or with methyl iodide in diphenyl 
ether solution (10 h/225 °C).

It is possible that the reaction 4 —* 5 involves an electro
philic substitution, attack by methyl iodide leading to the 
naphthyridinium intermediate 17 which then undergoes loss 
of a proton and cleavage of the iV-methyl group by iodide. This 
mechanism implies the formation of intermediates such as 
18a-d. A compound to which we have assigned the structure

O Me
I 0 Me

I
H 11 1

E' V S rMe (. + j
r 1

J
V1

Me 0 1
R2 0

17 18a, R' = Me; R2 =
b, R ' = R 2 = Me; R 3 = H
c, R ' = R 3 = Me; R 2 = H
d, R ' = R 2 = R 3 = Me

18a was indeed isolated in erratic amounts, and apparently 
contaminated with 4, when 8 was heated with methyl iodide 
at temperatures somewhat below 225 c C. As the material was 
not isolated analytically pure, its identification must remain 
tentative.15 More importantly, we have clearly detected tri- 
and tetramethylated species (presumably 18b-d) in the mass 
spectrum of crude 5. For example, Table II shows mass spec
tral data for the crude product obtained by heating 4 with 
methyl-da iodide (0.9 molar equiv/13 h/228 °C). The m/e 
190-196 series of peaks is due primarily to 5, the 204-210 series 
to the trimethylated species, and the 218-224 series to the 
tetramethylated species. The absence of prominent peaks 
attributable to dg or d n  species indicates that no compound 
contains more than two CD3 groups and that exchange of the 
N-methyl groups is not significant. The presence of do tri- and 
tetramethylated compounds is evidence that unlabeled 
methyl iodide is produced in the course of the reaction. Pu
rification of this crude mixture gave material containing <5% 
trimethylated compounds and no 18d as shown by mass 
spectroscopy. The NMR spectrum showed the expected sin
glets at 5 2.61 and 8.70 in the peak area ratio of 3.3:2 in good 
agreement with the expectation based on the mass spec
trum.

There appears to be no precedent for carbon alkylation ei
ther in the Lander rearrangement14 or in the closely related 
Hilbert-Johnson reaction.16 The apparent regiospecificity of

the reaction 4 —► 5 seems to rule out an alkylation mechanism 
involving radical intermediates, although this type of evidence 
is not entirely conclusive.17

Electrophilic alkylations of azaaromatic compounds are 
extremely rare.19 An interesting example in the pyridine series 
is the thermal reaction of trityl chloride with 2-pyridone or 
(V-methyl-2-pyridone to yield, in both cases, 5-triphenyl- 
methyl-2-pyridone.20 In view of this, we examined the thermal 
reaction of 2 itself with methyl iodide (4.5 molar equiv/12 
h/228 °C). The crude product contained only traces of mono-, 
di-, and trimethylated species as shown by mass spectroscopy. 
This failure is somewhat curious, given the pyridone result. 
More work will be needed to resolve this anomaly.

Experimental Section
Melting points were determined on a Hoover capillary melting point 

apparatus and are uncorrected. IR spectra were taken on KBr pellets 
on a Beckman IR8  spectrophotometer. NMR spectra were determined 
on either a Varían A-60 or a Perkin-Elmer R-12 spectrometer. Ab
sorptions are reported relative to an internal tetramethylsilane 
standard. Ultraviolet and visible spectra were obtained on a Beckman 
DK-2A spectrophotometer. Solutions of the rather insoluble com
pounds 2, 3, 5, and lid were prepared for UV determination by 
warming a weighed amount of compound in the appropriate solvent 
in a volumetric flask until solution was complete. The solution was 
then allowed to cool to room temperature and made to volume. All 
UV/visible extinction coefficients were corrected for extraneous ab
sorption determined by running the solvent in both cells. Low-reso
lution mass spectra were obtained on a Model 21-491 and high-reso
lution spectra on a Model 21-110 DuPont-Consolidated Electrody
namics Corp. instrument. Gradient sublimations were run at 0.1-mm 
pressure in 9-mm glass tubes heated in a cylindrical oven21 con
structed by Mr. F. C. Máseles. Elemental analyses were performed 
by Galbraith Laboratories, Knoxville, Tenn. Concentrated hydro- 
bromic acid was distilled from stannous chloride dihydrate immedi
ately before use. Predried quinoline was vacuum distilled (20 mm) 
from zinc dust and stored over potassium hydroxide pellets.

3-Nitro--y-pyridone (9a). 7 -Pyridone was nitrated by the method 
of Crowe,22 except that the product was isolated in 55-65% yield in 
two crops: the first by filtration of the original acidic reaction mixture 
which had been poured onto ice and the second by filtration of the cold 
neutralized reaction mixture. Recrystallization from water and drying 
in a desiccator (P2O5) gave yellow microcrystals, mp 275-277 °C (lit.22 
279 °C).

3-Nitro-4-chloropyridinium Hydrochloride. 3-Nitro-4-chlo- 
ropyridine was prepared from 9a by the method of Bishop et al.23 The 
hydrochloride was prepared by bubbling hydrogen chloride gas 
through a stirred cooled ether solution of the chloro compound. The 
resulting moisture-sensitive precipitate was quickly filtered and 
stored in a desiccator in vacuo. Yields were 70-82%.

3-Nitro-4-methoxypyridine (12). The synthesis was a modifi
cation of a procedure of Bijlsma and den Hertog.24 To an ice-cooled 
solution of sodium metal (5.42 g; 0.236 mol) in dry methanol (200 mL) 
was added dropwise with stirring a solution of 3-nitro-4-chloropyri- 
dinium hydrochloride (22.9 g; 0.117 mol) in dry methanol (200 mL) 
over a 1-h period. At the end of the addition, the ice bath was removed 
and the mixture was stirred an additional 1 h. Carbon dioxide gas was 
bubbled through the liquid for 2 0  min and then the mixture was fil
tered. The sodium chloride precipitate was washed several times with 
dry methanol and then discarded. The yellow-tan filtrate was evap
orated to dryness and the residue was boiled with ether and filtered 
to remove a small amount of residual sodium chloride. The ether fil
trate was boiled down to a convenient volume and Skelly B was added 
to the hot solution until turbidity was evident. Refrigeration of the 
solution followed by filtration gave 12 as yellow microcrystals (13 g). 
Two further crops were obtained from the filtrate. Final yield was 16.5 
g (91%), mp 73-75 °C (lit, 25 75 °C).

Diethyl [(4-M ethoxy-3-pyridyl)am ino]m ethylenem alonate
(13). A mixture of 12 (5 g; 0.0325 mol), 10% palladium on carbon (500 
mg), and dry methanol (125 mL) was hydrogenated for 6  h in a Parr 
apparatus at 50 psi. Filtration of the mixture through Celite and 
evaporation of the filtrate yielded the crude amine as a light tan oil 
or solid. The amine was stirred and refluxed in toluene (100 mL) with 
ethoxymethylenemalonic ester (EMME; 7 g; 0.0325 mol) for 24 h and 
then the reaction mixture was evaporated to dryness. The residue was 
dissolved in boiling Skelly B, filtered by gravity, and cooled to room 
temperature. 13 crystallized as fine, white platelets (8.3 g; 87% based
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on 1 2 ), mp 98.5-100 °C, after drying in vacuo. A small amount of this 
material was dissolved in boiling Skelly B and filtered hot through 
a thin pad of Norit A on Celite. Cooling the filtrate yielded an ana
lytical «ample of 13: mp 100-101 °C; mass spectrum m/e 294.1215 
(M+, calcd for Ci4H18N20 5, 294.1216); NMR 1CDCI3) b 1.34,1.39 (6 
H, overlapping triplets, ethyl CH3), 4.03 (3 H, 3, OCH3), 4.29,4.36 (4
H, overlapping quartets, ethyl CH2), 6.95 (1 H, d, J = 5.8 Hz, H5), 8.34 
(1 H, d, J = 5.8 Hz, H6), 8.53 (1 H, s, H2), 8.60 (1, H, d, J  = 14 Hz, 
collapses to singlet on shaking with D20. vinyl CH), 11.00 (1 M, d, J 
= 14 Hz, vanishes on shaking with D20, NH).

Anal. Calcd for C14H 18N9O5: C, 57.14; H, 6.16; N, 9.52. Found: C, 
57.25; H, 6.30; N, 9.34.

Ethyl 8-M ethoxy-1,5-naphthyridin-4( 1H ) -one-3-carboxylate
(14). Diphenyl ether (200 mL) was heated to reflux in a three-necked 
flask fitted with an air condenser and a mechanical stirrer. 13 (4.5 g; 
0.0153 mol) was added to the flask in one portion and the solution was 
refluxed and stirred for exactly 25 min. The dark-brown solution was 
cooled rapidly to room temperature with an air gun and poured into 
Skelly B (200 mL). The resulting precipitate was collected on a fritted 
glass funnel, washed well with Skelly B, and then boiled for several 
hours with benzene to remove residual diphenyl ether and again fil
tered through a fritted glass funnel. Addition c f Skelly B to the ben
zene filtrate yielded variable amounts of the .V-methyl isomer 1 1 c 
(vide infra). The precipitate on the fritted funnel was dried in a vac
uum oven at 80 °C to yield crude 14 2.72 g; 72%) as a tan powder. A 
small portion was twice dissolved in boiling nitromethane, filtered 
hot through a thin pad of Norit A on Celite, and cooled to produce 
analytically pure 14 as white microcrystals which partially melted 
beginning at about 215 °C (see Discussion): mass spectrum m/e 
248.0795 (M+, calcd for Ci2H 12N20 4, 248.0797); NMR (FsAcOH) 5
I. 53 (3 H, t, ethyl CH3), 4.60, 4.68 (5 H, singlet and quartet overlap
ping, respectively, OCH3 and ethyl CH2), 7.94 ( 1  H, d, J = 7 Hz, H7),
9.16 (1 H, d, J = 7 Hz, H6), 9.39 (1 H, s, H2).

Anal. Calcd for Ci2Hi2N20 4: C, 58.06; H, 4.87. Found: C, 57.79; H,
4.99.

l,5-Naphthyridine-4(l£T),8(5ii)-dione (2). A solution of 2.74 
g (0.011 mol) of 14 in 210 mL of concentrated hydrobromic acid was 
stirred and refluxed for 24 h. The resulting dark tan solution was 
evaporated to dryness on a rotary evaporator and the residue re- 
crystallized from a large volume of water. Tan crystals of the acid l ib  
were collected by filtration and dried in a vacuum oven at 100 °C. 
Crude yield was 1.98 g (88%): NMR (F3ACOH) 6 7.92 (1 H, d, J = 6.5 
Hz, H7), 8.99 (1 H, d, J  = 6.5 Hz, H6), 9.48 (1 H, s, H2).

The acid l ib  was ground to a powder and added to quinoline (90 
mL), and the heterogeneous mixture was stirred and refluxed for 10 
h. After cooling to room temperature, the precipitate was collected 
on a fritted glass funnel, washed well with acetone, and dried in vacuo. 
The dried precipitate was dissolved in dilute aqueous sodium hy
droxide on a steam bath to give a tan solution which was filtered hot 
through a thin pad of Norit A on Celite. The cooled filtrate was taken 
to pH 6 with 2 N hydrochloric acid and the resulting precipitate was 
collected on a fritted glass funnel. Acidification of the filtrate to pH 
2  gave a mixture of 2, and l ib  which could be recycled in subsequent 
decarboxylation reactions. The precipitate on the fritted funnel was 
redissolved in dilute aqueous sodium hydroxide on a steam bath and 
then acidified to pH 2 with 2 N hydrochloric acid. The resulting 
precipitate was collected on a fritted glass funnel, washed well with 
water, and dried in a vacuum oven at 100 °C to yield 2 as a white 
powder (1.38 g; 8 8%). Recrystallization from water (3 mL/mg) gave 
white microcrystals: mp >300 °C (sublimes) (lit.4 >300 °C); NMR 
(F3AcOH) 6 7.53 (2 H, d, J = 7 Hz, H37), 8.65 (2 H, d, J = 7 Hz, 
H2,6).

Anal. Calcd for C8H6N20 2 : C, 59.26; H, 3.73; N, 17.28. Found: C, 
57.35; H, 3.55; N, 17.03.

2  was prepared from 11a essentially as described above except that 
hydrochloric acid was substituted for hydrobromic acid in the initial 
hydrolysis step.

Diethyl [(l-M ethyl-4 -oxo-l,4 -d ihydro-3-pyridyl)am ino]- 
methylenemalonate (10b). The compound was prepared from N- 
methyl-3-nitro-y-pyridone 9b26 by the same procedure used to make 
13 from 12. Crude 10b was crystallized by adding Skelly B to a solution 
in hot benzene and cooling to room temperature. Yields were ca. 60% 
tan crystals, mp 131-132 °C; the material was used without further 
purification: NMR (CDCI3) 6 1.30, 1.37 (5 H, overlapping triplets, 
ethyl CH3), 3.83 (3 H, s, NCH3), 4.25,4.34 (4 H, overlapping quartets, 
ethyl CH2), 6.43 (1 H, d, J 5,e = 7-2 Hz, H5), 7.38 (1 H, doublet of 
doublets,27 J 5,6 = 7.2 Hz, J 2,6 = 2 Hz, H6), 7.59 (1 H, d, J = 2 Hz, H2),
8.39 ( 1  H, d, J = 14.5 Hz, collapses to singlet on shaking with D20, 
vinyl CH), 10.89 (1 H, d, J = 14.5 Hz, vanishes on shaking with D20, 
NH).

Ethyl 5 -M eth y l-l,5 -n aph th yrid ine-4 (lH ),8 (5 ff)-d ion e-3 -. 
carboxyate ( l ie ) .  Starting with 10b the procedure was the same as 
that used to prepare 14 from 13, except that the cyclization was per
formed in Dowtherm A and the reaction mixture was refluxed for only 
15 min. Crude 1 lc  was obtained as a tan powder (mp 250-253 °C) in 
ca. 35% yield. An analytical sample was prepared by the method used 
for 14, yielding white microcrystals: mp 262-264 °C; NMR (F3AcOH) 
b 1.58 (3 H, t, ethyl CH3), 4.69, 4.81 (5 H, singlet and quartet over
lapping, respectively, NCH3 and ethyl CH2), 7.42 ( 1  H, d, J = 7.5 Hz, 
H7), 8.55 ( 1  H, d, J  = 7.5 Hz, H6), 9.50 (1 H, s, H2).

Anal. Calcd for Ci2H 12N20 4: C, 58.06; H, 4.87; N, 11.28. Found: C, 
57.86; H, 4.80; N, 11.24.

Ethyl 1,5-Dim ethyl-l,5-naphthyridine-4( I f f )  ,8(51T)-dione- 
3-carboxylate (lid ). Compound 14 (400 mg) was added to refluxing 
diphenyl ether (10 mL) and the solution was stirred and heated for
6.5 h. The reaction was worked up with Skelly B in the usual manner 
and the resulting precipitate was boiled with benzene. Filtration of 
the hot benzene mixture gave 97 mg of precipitate A, shown by IR to 
be a mixture of 11a and lid . The yellow benzene filtrate was filtered 
hot through Norit A on Celite, evaporated to 15 mL, and refrigerated 
to yield 82 mg of precipitate B, shown by IR to be a mixture of 1 lc  and 
lid . Precipitate A was recrystallized from nitromethane (Norit A on 
Celite) to give crude lid  (23 mg) as yellow microcrystals, mp 274-281 
°C. Gradient sublimation at 200 °C yielded an analytical sample as 
white microcrystals, mp 282-283.5 °C; NMR (F3AcOH) b 1.55 (3 H, 
t, ethyl CH3), 4.45-4.95 (8 H, multiple! dominated by broad singlet 
at 4.80, NCH3 and ethyl CH2), 7153 (1 H, d, J  = 7 Hz, H7), 8.57 (1 H, 
d, J  = 7 Hz, H6), 9.17 (1 H, s, H2).

Anal. Calcd for Ci3H 14N20 4: C, 59.53; H. 5.39. Found: C, 59.24; H,
5.36.

4.8- Dichloro-l,5-naphthyridine (6). To a heavy-walled glass tube 
(28-cm long; 2-cm o.d.) was added 2 (335 mg; 0.0021 mol) and phos
phorus oxychloride (20 mL). The tube was sealed and immersed to 
a depth of 4 cm in an oil bath at 175-185 °C. Solid 2  dissolved in about 
6 h to yield a green solution. The tube was cooled and opened, and the 
solution was rinsed out with a little POCl3 and evaporated on a rotary 
evaporator. The green viscous residue was carefully decomposed with 
ice and then neutralized with 2 N aqueous ammonia. The resulting 
gray precipitate was collected and dried in a vacuum desiccator 
(P2O5). The dried precipitate was dissolved in benzene, filtered hot 
through a thin pad of Norit A or. Celite, and evaporated down to a 
convenient volume. Skelly B was added to the hot solution until 
turbidity was evident, and the solution was allowed to cool slowly to 
room temperature and was finally cooled in an ice bath. 6 crystallized 
as white needles (340 mg; 82%), mp (sealed tube) 274-276 °C (lit.4 
278-279 °C).

4.8- Diamino-l,5-naphthyridine (7). The procedure was a mod
ification of that described by Case and Brennan28 for 4-amino-l,5- 
naphthyridine. To a 50-mL, three-necked flask fitted with an efficient 
condenser, a thermometer, and a fritted glass gas inlet tube was added 
warm phenol (20 mL). Ammonia gas passed through a potassium 
hydroxide drying tower was bubbled into the phenol for 1 0  min after 
which 6 (601 mg; 0.003 mol) was added to the flask and the solution 
was heated to 170-180 °C while the gas flow continued. Periodically, 
the white precipitate which formed on the gas inlet tube was scraped 
back into the reaction mixture. After 10 h, the tan solution was cooled, 
basified with 25% aqueous sodium hydroxide, and poured into a 
125-mL flask. Addition of water to the dark-green solution at this 
point occasionally caused the product to precipitate but the following 
procedure was more reproducible. Additional 10% aqueous sodium 
hydroxide was added to the solution to make a final volume of about 
75 mL. The flask was placed in a refrigerator for 18 h and the resulting 
white precipitate was collected and washed twice with ice water. The 
dried precipitate was dissolved in warm 2 N sulfuric acid, filtered, 
cooled, and adjusted to pH 8 with saturated aqueous sodium car
bonate solution. Care must be taken around pH 5-6, since the mixture 
then becomes colloidal and froths. The precipitate was collected, 
washed with ice water, and dried to give 7 as white microcrystals (272 
mg; 56%), mp 252-255 °C (dec). An analytical sample, prepared by 
recrystallization from water, had mp 255-257 °C (dec); NMR (4:1 
Me2SO-d6/CDCl3) b 6.58, 6 .6 8  (6  H, singlet and doublet partially 
overlapping, respectively, J 2i3 = 5.5 Hz, NH2 and H3,7), 8.22 (2 H, d, 
J2.3 = 5.5 Hz, H2>6); UV 7max (H20) 235 (« 37 000), 328 nm (13 600).

Anal. Calcd for CsHgN.,: C, 59.99: H, 5.03; N, 34.98. Found: C, 59.73; 
H, 5.20; N, 34.72.

1,5-Naphthyridine-4(1 J4),8(5i?)-dithione (3). To a 50-mL, 
three-necked flask fitted with an efficient condenser and a fritted glass 
gas inlet tube was added a solution of potassium hydroxide (5 .5  g) in 
ethanol/water (9:1; 35 mL). Hydrogen sulfide gas was passed through 
the solution for 2  h and then the gas flow was shut off while 6 ( 1  g;
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0.005 mol) was added to the flask. The gas f.ow was shut off while 6 
(1 g; 0.005 mol) was added to the flask. The gas flow was resumed and 
the mixture was gently refluxed. White crystalline 6 gradually dis
solved and the mixture turned deep orange. Periodically, the orange 
precipitate which formed on the gas inlet tube was scraped off into 
the reaction mixture. After 12 h, the orange solution was washed into 
a 125-mL flask with water and any orange precipitate was dissolved 
by adding a few pellets of solid potassium hydroxide. The solution 
was filtered and then carbon dioxide gas was passed through the liquid 
for 20 min. Dark orange crystals of 3 were collected on a fritted glass 
funnel, washed with water, and dried in a desiccator (P2O5). The 
yellow filtrate, containing traces of 3, turned colorless in about 25 h 
as the dithione autoxidized. The dried product weighed 940 mg 
(96.4%): mp >300 °C; UV y mal (CH3CN) 246 (sh, < 14 900), 260 
(19 400), 328 (6000). 410 (sh, 7400), 450 nm (13 400). Within 30 h the 
yellowish-orange acetonitrile solution became colorless and exhibited 
the following UV/visible spectrum: 2 2 2  (r 15 900), 238 (sh, 13 500), 
263 (sh, 830C), 318 (9200), 330 (10 500). The latter extinction coeffi
cients were calculated on the assumption that the molecular weight 
of the autoxidized compound remained 194.

Anal. Calcd for C8H6N2S2: C, 49.46; H, 3.11; N, 14.42; S, 33.01. 
Found: C, 49.54; H, 3.07; N, 14.45; S, 32.82.

4,8-Dimethoxy-l,5-naphthyridine (8 ). To a magnetically stirred 
solution of 210 mg (9.13 mmol) of sodium metal in 75 mL of dry 
methanol was added 834 mg (4.19 mmol) of 6 and the mixture was 
heated to reflux. Within 2 h 6 had all dissolved and the reaction was 
thereafter monitored by TLC (silica gel/CHCl3). Refluxing was con
tinued for either 96 h or until the TLC spot corresponding to the 
monomethoxy- monochloronaphthyridine intermediate had vanished. 
The solution was cooled and carbon dioxide gas was passed through 
the liquid for 15 min. The solution was evaporated to dryness and the 
residue dried in a vacuum desiccator (P2Cb,). The dried residue was 
boiled three times with 75-mL portions of acetone, the undissolved 
solid being collected on a fritted glass funnel between each step. The 
combined acetone filtrates were evaporated to dryness and the residue 
was dissolved in boiling benzene. Skelly B was added to the boiling 
solution until turbidity was evident and the solution was allowed to 
cool slowly to room temperature and was finally cooled in an ice bath. 
The resulting white crystals were collected and vacuum dried to give 
692 mg (87%) of 8 , mp 209-212 °C. An analytical sample prepared by 
gradient sublimation at 95 °C melted at 214-216 °C. Crystals grown 
by this method were large enough for x-ray structure determination: 
NMR (FgAcOH) 6 4.64 (6 H, s, OCH3). 8.03 (2 H, d. J = 6.5 Hz. H3.7),
9.36 (2H ,d, J = 6.5 Hz, H26).

Anal. Calcd for Ci0H10N2b 2: C, 63.15; H. 5.30; N, 14.73. Found: C, 
62.97; H, 5.47; N, 14.49.

General Procedures for Thermal Reactions o f 4 and 8. All
solid-state reactions were carried out in sealed ampules totally im
mersed in a wax bath. For solid-state reactions employing methyl 
iodide, the reactants were usually blanketed with a small amount of 
mineral oil to facilitate sealing the ampule. The reactions were worked 
up by washing the ampule contents onto £ fritted glass funnel with 
Skelly B. Reactions in diphenyl ether were run in sealed ampules 
immersed in a wax bath to the level of the liquid in the ampules. The 
latter reactions were worked up by pouring the ampule contents into 
Skelly B and filtering.

Thermal Reactions of 8 . A. Solid State. Compound 8 (280 mg) 
was heated at 226 °C for 1 0  h. The crude product was dissolved in 
boiling benzene and filtered hot through a thin pad of Norit A on 
Celite. Cooling the filtrate yielded white crystalline 4 (174 mg; 62%), 
mp 268.5-272 °C. An analytical sample prepared by gradient subli
mation at 110 °C melted at 273-275.5 °C: NMR (CDC13) 6 4.30 (6  H, 
s, NCH3), 6.43 (2  H, d, J = 8  Hz, H3>7), 7.37 (2 H, d ,J  = 8  Hz, H2,6); 
NMR (F3ACOH) & 4.79 (s, NCH3). (The solution was not concentrated 
enough to distinguish any other peaks. Upon standing, there formed 
in the solution crystals of the bis(triflucroacetate salt) of 4 large 
enough for x-ray analysis.)

Anal. Calcd for Ci0Hi0N2O2: C, 63.15; K, 5.30; N, 14.73. Found: C, 
62.97; H, 5.40; N, 14.62.

B. Solid State with Methyl Iodide. 8  (140 mg) was heated with 
methyl iodide (34 mg; molar ratio = 1:0.33) at 220 °C for 12 h. The 
crude product was boiled with benzene to remove any 4 present and 
then gradient sublimed at 275 °C. The white crystalline sublimate 
was dissolved in warm dilute aqueous sodium hydroxide and the re
sulting violet solution was acidified to pH 2 with concentrated hy
drochloric acid. The precipitate was collected and recrystallized from 
a large volume of water to yield analytically pure 5 (74 mg; 53%): mp 
>300 °C; NMR (F3AcOH) 5 2.61 (6 H, s, CH3), 8.70 (2 H, s, H2>6); UV 
7mal (H2O) 233 (sh, 5 37 400), 237 (sh, 45 700), 240 (51 600), 273 (4300), 
332 (sh, 17 400), 337 (sh, 18 300), 343 nm (23 300).

Anal. Calcd for CioHioN20 2: C, 63.15; H, 5.30; N, 14.73. Found: C, 
62.98; H, 5.40; N, 14.67.

Heating 8  with methyl iodide at temperatures below 225 °C for 12 
h produced complex mixtures of products from which an impure 
compound identified as 18a could be isolated in erratic yields by 
gradient sublimation at 132-150 °C. The material was contaminated 
with 4 and exhibited: mp 228-235 °C; NMR (F3AcOH) 6 2.57 (s), 4.79 
(s), 7.47-7.87 (m), 8.47-8.95 (m), peak area ratios 7:10:3:5.5, respec
tively; UV 7m„  (H20 ) 232 (< 33 600), 267 (3500), 297 (sh, 5000), 325 
(20 000), 338 nm (24 800).

Heating 8  (40 mg) with methyl iodide (34 mg; molar ratio 1:1.14) 
for 2.5 h at 200-220 °C produced 4 (31 mg) which was isolated by 
gradient sublimation at 132 °C and identified by mp, IR. and UV.

C. Solution. Heating 8 (50 mg) in diphenyl ether ( 1  mL) for 2.5 h 
at 232 °C yielded 45 mg of recovered 8  identified by IR.

D. Solution with Methyl Iodide. Heating 8  (45 mg) in diphenyl 
ether with methyl iodide (9 mg; molar ratio 1:0.27) for 23 min at 
210-213 °C yieldec 44 mg of 4 which was identified by IR.

Thermal Reactions o f 4. A. Solid State. Heating 4 (22 mg) for 10 
h at 225 °C yielded 22 mg recovered 4 which was identified by IR.

B. Solid State with Methyl Iodide. 4 (63 mg) was heated with 
methyl iodide (57 mg; molar ratio 1:1.20) for 17 h at 220-226 °C. The 
crude product was boiled with benzene and dried to yield 41 mg of 
material with the IR identical to that of 5. The mass spectrum showed 
traces of tri- and tetramethylated derivatives in addition.

When 4 (52 mg) was heated with methyl-d3 iodide (34 mg; molar 
ratio 1:0.86) for 16 h at 228 °C, the crude product showed the mass 
spectrum given in Table II. Purification of the material by dissolution 
in dilute aqueous sodium hydroxide and reprecipitation with acid 
yielded material with the following properties: mass spectrum m/e 
(relative intensity) 190 (95), 193 (100), 196 (32), 204 (4), 207 (9), 210
(3); NMR (F3AcOH) i 2.61 (s), 8.70 (s), peak area ratios 3.3:2, re
spectively.

C. Solution with Methyl Iodide. Heating 4 (32 mg) with methyl 
iodide (7 mg; molar ratio 1:0.28) in diphenyl ether for 1 0  h at 225 °C 
yielded unchanged 4 (29 mg) which was identified by IR.

Attempted Reaction o f 2 with Methyl Iodide. Heating 2 (46 mg) 
with methyl iodide (182 mg; molar ratio 1:4.5) for 12 h at 228 °C gave 
47 mg of material which was identified as unchanged 2 by IR. The 
mass spectrum of the product showed traces of mono-, di-. and tri- 
methylated species in addition.

Assignment of 'H NMR Spectra. All the naphthyridine deriva
tives with four unsubstituted positions (2 ,3,6 ,7) showed two signals 
for the corresponding CH protons, separated by 1.3-1.5 ppm. These 
were assigned by analogy with 4-pyridone, where the signals for the 
protons adjacent to nitrogen appear downfield by 1.3 ppm relative 
to those adjacent to carbonyl (6 7.92, 6.62, respectively29).

Registry No.—3, 64761-22-4; 5, 63086-87-3; 6, 28252-80-4; 7, 
64761-26-8: 9b, 64761-30-4; 10b, 64761-14-4; 11a, 64761-28-0; lib , 
64761-15-5: 12, 31872-62-5; 13, 64761-16-6; 18a, 63086-88-4; 4-me- 
thoxy-3-pyridinamine, 33631-09-3; ethyl ethoxymethylenemalonate,
87-13-8; 3-nitro-4-chloropyridinium hydrochloride, 54079-68-4; 
methyl iodide, 74-88-4.

Supplementary Material Available. Table III, IR spectral data, 
and Table IV, mass spectral data, for 1,5-naphthyridine derivatives 
and precursors, (7 pages). Ordering information is given on any cur
rent masthead page.
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Intramolecular 1,5-, 1,6-, and 1,7-hydrogen transfers are observed when o-di-n-propylaminosulfonylbenzenedia- 
zonium tetrafluoroborate (la) is decomposed in the system: CuBr2-M e2SO. The reaction competes with the “ Sand- 
meyer-like” aryl bromide formation. The extent of competition is shown, by study of lower homologues, to reflect 
steric effects which are also evident from a comparison of the similar dediazoniation of o-di-n-propylamino- and 
o-dimethylaminocarbonylbsnzenediazonium ions, 8a and 8c, respectively. The stereochemical argument is ampli
fied by the failure of o-n- and -isopropoxycarbonylbenzenediazonium salts to undergo hydrogen transfer. A large 
solvent effect is also evident; the substitution of acetone for Me2SO in decomposition of 8c decreases hydrogen 
transfer from near 90 to about 15%, with a corresponding increase in bromoarene formation. The ultimate products 
of hydrogen transfer are identified and rationalized.

The demethylation of o-(dimethylaminocarbonyl)aryl 
or (Al-aryl-Al-methylaminocarbonyl)aryl diazonium salts by 
intramolecular 1,5-hydrogen transfer in homolytic fashion 
(Scheme I) was probably first recognized in 1954.1 Despite 
extensive study of its mechanism,2 there are still many un
answered questions which merit further work.2b’c It is, how
ever, already apparent that the manner and the medium in 
which the radical a (Scheme I) is generated play an important 
role in product determination,3® and that when R is a substi
tuted aryl, steric influences have been recognized. 1’3b'c 

In connection with a synthetic project, we happened upon 
a related reaction which also involved radical transfer, but to 
a propyl group of a dipropyl sulfonamide (Figure 1). Aston
ishingly, attack occurred at the a, 0. and y  positions! The 6-,
7-, and 8-membered cyclic transition states that were required 
for this reactivity suggested that there were steric and other 
influences not previously recognized in this type of process. 
We have, accordingly, briefly examined some of them. Our 
experimental method comprised adding a dimethylsulfoxide 
(Me230) solution of the o-diazonium tetrafluoroborates to 
CuBr2 in Me2SO, a system which is reported to give bro- 
moaromatics in high yield,4’5 our original goal. The use of 
CuBr2-M e2SO ensured a homolytic reaction, and the high 
concentration could also be expected to minimize rearrange
ment of the alkyl radicals6 prior to oxidation and termination

Scheme I

in products. Since this system had not previously been used 
to generate the analogous carboxamide radicals, we examined 
two of these, and, for reasons which will become clear, we also 
studied the behavior of two esters.

Results
The instantaneous decomposition of o-(dialkylaminosul- 

fonyl)benzenediazonium tetrafluoroborates 1 in CuBr2-dry 
Me2SO at room temperature furnished o-bromobenzenesul- 
fonamides 2 from a Sandmeyer-like7® reaction, along with 
products resulting from transfer of the initially generated aryl 
radical site tc the alkyl side chain.75 These latter products 
included monoalkyl sulfonamides, bromoalkyl sulfonamides, 
and alkenylalkyl sulfonamides (Scheme II), reflecting hy-

Scheme II

0022-3263/78/1943-1337$01.00/0 © 1978 American Chemical Society
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Figure 1.
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Table I. Yield of Products (%)“ from the Decomposition 
of 1 in CuBr2~Me2SO_________________

la, R = lb, R = lc, R
Product n-C3H7 c 2h 5 = c h 3

0-BrC6H4S02NR2 (2) 32 43 75
C6H5S02NHR (3) 20 24 <2

(«-abstraction) 
CeHsSOîNRR' (4) 32 10

(d-bromo)
C6H5S02NRR" (5) 6 3

(enamide) 
C6H5S02NRR"' (6) 7

(7-bromo) 
C6H5S02NR2 (7) 2 4 4

(reduction)
<■ 4a, R' = CH2CHBrCH3; 4b, R' = CH2CH2Br; 5a, R" =

CH=CHCH3; 5b, R" = CH=CH2; 6a, R'" = CH2CH2CH2Br. A 
small amount (1.5%) of CeH5S0 2N(C2H5)CH=CHBr (5d) was 
also isolated from the reaction of lb. Approximately 10-12% of 
“dimeric” ether 3d was formed from lc (see text for discussion). 
The yields reported were determined by preparative Si02 chro
matography or GLC determination against standards.

Scheme IV

CH3 CH3
12(75-85%)

10c 13

was thoroughly and unambiguously identified (Scheme IV). 
A small and variable amount (2-10%) of N-methylbenzamide 
(10c) was detected by GLC. In contrast, decomposition of 8c 
in CuBr2-acetone gave 78% of Sandmeyer product and 14% 
of 10c.

The diazonium salts 14a and 14b, prepared from n- and

^  .CO,R

drogen abstraction from each of the aliphatic carbon atoms. 
A small amount of reduction product, dialkyl benzenesulfo- 
namide 7, was invariably reduced by what must be an inter- 
molecular reaction. The yields of general products are sum
marized in Table I. Ethers were formed from two molecules, 
particularly in the case of lc, by what was probably an ionic 
process. Their characterization was incomplete, but never
theless secure.

The effect of moisture on the reaction was assessed in the 
case of lb , the diethyl homologue. Both N-(fi-bromovinyl)- 
IV-ethylbenzenesulfonamide (5d) and V-ethyl-N-vinylben- 
zenesulfonamide (5b), minor products which formed in dry 
solvent, were not detected using Me2SO containing 0.1% 
moisture. An experiment employing reverse addition of the 
reactants showed that higher bromide concentrations favored 
Sandmeyer product formation over hydrogen transfer.

No Sandmeyer product 9a was detected from decomposi
tion of the dipropyl carboxamide 8a, (Scheme III), nor was 
there any evidence for 1,7-hydrogen transfer. The products 
which were seen were ( mono) N-propylbenzamide (10a) and 
the enamide 11, products of 1,5- and 1,6-hydrogen transfers, 
respectively.

Dimethyl carboxamide 8c gave, in CuBr2-M e2SO, only 11% 
bromide 9c and ca. 75-85% of 2,6-dibenzoyl-2,6-diaza-4- 
oxaheptane (12), which although not obtained in pure form

Scheme III

14a, R = n-C3H, 
b, R = ¡-CjH,

isopropylanthranilate, respectively, gave high yields of 
Sandmeyer product without any evidence for radical transfer 
products. The ubiquitous reduction products were observed 
here just as they were with the sulfonamides and carboxam
ides.

Discussion
As stated in the introductory section. 1,5-intramolecular 

hydrogen abstractions have previously been observed with 
some o-carboxamide radicals. The formation of 4, 5, and 6 
(Table I) constitutes, to the best of our knowledge, the first 
authentic examples of 1,6- and 1,7-hydrogen abstractions by 
an aryl radical.8

Some of the studies by Cohen et al., utilizing isotopically 
labeled 8c showed that the radical transfer step was exceed
ingly rapid9 in terms of conformational motion of some of the 
involved atoms, and we have no reason not to extrapolate their 
conclusions, at least qualitatively, to our system. This being 
so, one can make a case that the ratios of «-, ¡3-, and 7 -ab- 
straction products obtained from la  represent, roughly, the 
conformational preferences of la . Conformational preferences 
were previously invoked in explaining the anomalously low 
reactivity in some intermolecular hydrogen transfers to aryl 
and other radicals.10 The rate at which hydrogen atoms are 
transferred to such a hot aryl radical site9 largely precludes 
attainment of conformational equilibrium during the fleeting 
existence of the radical per se.

S u lfon am ides. It is clear from the yields shown in Table 
I that the hydrogen transfer products dominate the reaction 
of la  and that the Sandmeyer bromoarene 2c prevails with 
the much less encumbered dimethyl homologue. The diethyl 
case, starting with lb , occupies an intermediate position. The 
yield of bromide 2b from it, 43%, may be compared with the 
sum of 2a (32%) and 6a (7%), the latter coming from a 7 -car-
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Table II. Effect of Reaction Conditions on the 
Decomposition of lb

Conditions a'b

Product A B C
2b 54.8 62.8 34.2
3b 26.8 27.8 32.0
4b 12.2 9.3 16.9
5b 4.8 0 14.8
5d 1.5 0 2.2

0 Standard conditions described in "he Experimental Section
(A); used undried Me2SO (B); inverse addition of reactants (C). 
b Values are given in GLC area (%).

bon transfer process not available to lb. On the other hand, 
when considering the minimally crowded dimethyl homologue 
lc, even the a-carbon hydrogen transfer diminishes in im
portance compared to the Sandmeyer path, accentuating a 
picture of steric obstruction to the approach of Br_ with la 
and lb. A preparatively useful yield (60%) of analytically pure 
2c may, in fact, be obtained by one crystallization of its total 
reaction mixture.

Hydrogen transfer in the case of lc gave not the simple 
demethvlation product 3c, but CeHiSCDNiCHs)- 
CH20CH2N(CH,3)0 2SCeH5 (3d) which was readily converted 
to 3c during chromatography. Its formation may be ration
alized in the same way as 12, an entirely analogous product 
from the corresponding carboxamide, which is discussed below 
in the section in carboxamides.

It is quite reasonable that both fundamental reaction routes 
(i.e., leading to Sandmeyer or hydrogen transfer products) 
compete from the same initial aryl radical and not from some 
other unidentified reactive species. Support for this view 
comes from an experiment in which the product ratio was al
tered by reversing the order of reactant addition. In that case, 
CuBr2-M e2SO solution was added slowly to lb in Me2SO, 
limiting the concentration of Br~ in the system. The yield of 
bromoarene 2b dropped from 43 to 27%, while the yields of 3b, 
4b, and 5b increased accordingly, as measured by GLC area 
ratios (Table II). The increase in 5b was the greatest of the 
three, further suggesting a role for Br~ concentration in de
termining the product split from the /3-alkyl radical. We be
lieve that enamides 5a and 5b arise from a /3-carbon radical 
by oxidative elimination either with or without the inter
mediacy of an organocopper species,6’11 although their for
mation from an a-carbon radical similarly cannot be strictly 
ruled out by our data. The ease with which the latter should 
and does suffer either dealkylation or ether formation (see 
below) with the dimethyl homologue, and even more evidently 
with the carboxamide 8c, suggests these latter processes are 
the most important outlets for a-carbon radicals. Their res
onance-enhanced stability resulting from the adjacent ni
trogen10 would also favor continued oxidation by the reagent 
to a-carbenium ions like that postulated in anodic oxidations 
of dimethyl benzamide,12 as suggested in Scheme V.

Dehydrobromination of bromoalkylamides 4a and 4b to the 
enamides 5a and 5b is unlikely in view of the demonstrated 
stability of the former to GLC and silica gel chromatography. 
Vinyl derivative 5b, however, is susceptible to hydrolysis, and 
is not recovered from silica gel chromatography in benzene- 
methanol. Moreover, it is not even detected when the dedia- 
zoniation of lb is performed in Me2SO containing as little as
0.1% water (Table II).

Bromovinyl sulfonamide 5d is an unusual product, owing 
its identification to the power of modern spectroscopic tools. 
Its obviously arises from a double oxidation. We did not find 
double oxidation products from other substrates, and we offer

Scheme V

no insight intc its formation. It was only a minor product, ca. 
1.5%; however, its formation was reproducible.

In summary, the major features of the reactions of sulfon
amides la-c can be related to previous studies of 8c in dif
ferent media, but modified by sensible steric arguments.

How does 8c itself behave in the same medium, and what 
are the differences which are introduced in a larger homo
logue?

Carboxamides. We expected and found steric influences 
based on the differing bond lengths and angles of the > C = 0  
vs. >S 02 bridging groups. The absence of radical attack upon 
the 7-methyl group of the dipropyl carboxamide 8a (cf. 7% 
with la) and the lack of Sandmeyer product from the same 
substrate (cf. 32% with la, 11% with 8c) are clear examples 
(Scheme III). Polar effect differences of the aryl radical13 
cannot be responsible for the latter; the two-carbon insulator 
eliminates any explanation based upon differences in nitrogen 
basicity10 in the former.14 Despite the fact that 1,5-hydrogen 
abstractions are generally favored over 1,6 abstractions on 
steric grounds, 8a shows a reversal in preference of ca. 4:1. This 
reversal in preference strengthens the case for conformational 
control in this fast reaction.

Incidentally, if we reject the hypothesis that the enamides 
result from /3-carbon attack, and are another product of initial 
a-carbon attack, then we would have, in the case of 8a, a re- 
giospecific reaction at the a-carbon site. This seems very 
unlikely in view of the many observations reported above.

Other aspects of the carboxamide reactions deserve men
tion. We suggest that the total lack of a /3-bromoalkyl product 
analogous to 4a reflects greater electron density at the nitro
gen atom which can stabilize transition to an enamide more 
readily than can the nitrogen in sulfonamide la.

The 11% yield of Sandmeyer product 9c in Me2SO contrasts 
with the decomposition of the same substrate in chloride- 
containing aqueous media.2® In that case, 44.6% of o-(N,N- 
dimethyl)chlcrobenzamide was formed. We suspect that the 
solvent plays a more important role than the different nu
cleophile, especially since decomposition of 8c in acetone- 
CuBr2 yields 77.5% of 9c. Zollinger’s group, in studying the 
effect of solvents on dediazoniation, invoked charge transfer 
complex formation with Me2SO in a pre-rate-determining step 
of the decomposition of the p-nitrobenzenediazonium ion.15 
On the other hand, Sandmeyer reaction in Me2SO to form aryl 
chlorides is inferior to the similar aryl bromide synthesis.4

Formation of the “ dimeric” product (12, Scheme IV) from 
decomposition of 8c merits comments, too. Initial examination 
of the reaction by GLC showed a small amount of 9c and 10c 
as the only volatile compounds, contrasting with TLC evi
dence of a major product different from those two. Preparative 
chromatography was accompanied by decomposition, as were 
initial attempts at mass spectroscopy. NMR spectra of the 
total reaction mixture suggested that this major product 
contained singlet aromatic, methyl, and methylene protons 
in integrated ratios of 5:3:2.16a The aliphatic groupings were 
broad, but they sharpened on heating,166 suggesting the 
well-known phenomenon attributed to restricted rotation of 
an N,N- dialkyl amide. Decomposition of 12 became evident 
at 80 °C, and after carrying it to its completion the resulting
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product could be clearly identified at 10c. Particularly diag
nostic for such a dealkylation process is the appearance of the 
lower field ortho aromatic protons, signifying allowed copla
narity of the ring and carbonyl moieties.

At the same time, solvolysis of a sample in methanol-HCl 
was followed by GC-MS, and formation of 10c was shown to 
arise through the intermediacy of 13. Structure 12 was thus 
supported by this chemistry and the 'H  and 13C NMR 
chemical shifts for its methylene group. Further reinforcement 
then came from mass spectroscopy (chemical ionization); a 
strong M + 1 ion (m/e 313) was formed with isobutane as the 
reactant gas. Indeed, even a mass spectrum (field desorption) 
was eventually obtained showing M+ 312. As noted above, 
structures similar to 12 have been formed by anodic oxidation 
of N,N- dialkyl amides.12

The involvement of Me2SO in homolytic dediazoniation has 
recently been demonstrated by the inclusion of an 180  label 
from the solvent into the product.15 A similar occurrence could 
explain the presence of the ether oxygen in 12, although an 
ionic pathway may be more likely in view of the enhanced 
stability of a carbenium ion intermediate. We have adapted 
the ideas of Ross12 and Zollinger15 in describing a plausible 
sequence to 12 (Scheme VI). The attack of Me2SO on car
benium ion d to give e may be followed by bond reorganization 
as pictured, or stepwise, to give alcohol f and the methyl- 
enesulfonium ion g. The former, alcohol f, could be expected 
to yield 12 in reaction with another ion d upon loss of a pro
ton.

Modest amounts of such an ether 3d arose also from lc, as 
indicated by 13C NMR spectra and solvolytic enhancement 
of the yield of 3c. Formation of its higher homolgue from lb 
could also be supported from the 13C NMR spectra of the total 
reaction.

Our last argument for steric effects rests on the failure of 
the ester analogues 14a and 14b to yield radical transfer 
products. No electronic reasons preclude hydrogen abstraction 
from the side chain; in fact, an adjacent oxygen increases re
activity at C„, compared to a hydrocarbon, albeit not as much 
as does an adjacent nitrogen.10 Beyond the a position, all 
electronic distinctions between the esters and amides should 
vanish. Even though rotation may occur freely in the alkox- 
ycarbonyl moiety, we suggest that because of the diazo func
tion, there is little concentration, if any, of a conformer having 
alkyl hydrogens near the proradical site. In *he rapid reaction 
which occurs, hydrogen transfer cannot compete with attack 
by bromide.

Starting materials were made from the corresponding o-nitro acid 
chlorides followed by catalytic reduction over Pt02 in alcohol. The 
only aniline not previously reported was Ar,Ar-di-n-propyl-2-ami- 
nobenzenesulfonamide, bp 148-150 °C (0.1 mm). Anal. Calcd for 
Ci2H2oN202S: C, 56.22; H, 7.86; N, 10.93. Found: C, 56.22; H, 7.76; N, 
10.76.

Me2SO (J. T. Baker) was dried over molecular sieves before use, 
except as noted. All other reagents and solvents were reagent grade 
and were used as received.

Diazonium salts were made according to the general procedure 
reported here for la. A solution of 5.3 g (20.7 mmol) of N,N-di-n- 
propyl-2-aminobenzenesulfonamide in 10 mL of isopropyl alcohol 
and 4 mL of 48% HBF4 (28 mmol) was cooled and stirred at 0-5 °C 
while adding 3.1 mL (23 mmol) of isoamyl nitrite. When crystalliza
tion was essentially complete, generally 10-40 min, 100 mL of ether 
was added, and the crystalline salt was collected and washed with 
ether. After drying in vacuo at ~23 °C, the salt weighed 6.9 g (19.4 
mmol, 94%).

All yields were uniformly high. The JH NMR spectra (Me2SO-dg) 
were as expected; decomposition in the solvent without catalyst was 
shown to occur, but at an inconsequential rate compared to the cat
alyzed reactions (see below).

Dediazoniations were performed according to the general proce
dure, except as noted, reported here for lb. A solution of 190 mg (0.58 
mmol) of lb  in 0.5 mL of Me2SO was added dropwise with stirring to
2.5 mL of Me2SO containing 420 mg of CuBr2 at 17-23 °C. Gas evo
lution was apparent and instantaneous. After 8-10 min, the mixture 
was diluted with methylene chloride, poured into ice and water, and 
worked up in the usual way.

Products. In each case the crude product mixture from a decom
position was studied by NMR spectroscopy, GLC, TLC, and some
times GC-MS. Most yields reported in the text, tables, and Experi
mental Section were obtained either from silica gel chromatography 
on preparative plates or from GLC. They are accurate to ca. 3%. Some 
(e.g., the ethers) are obviously approximations. The individual sec
tions below describe in brief the examination of each product mixture 
and the characterization for each product which was identified.

Dipropyl Sulfonamide la. Preparative plate chromatography 
(95:5 hexane-ethyl acetate) of 205 mg of mixture gave four bands, 
which are described in order of increasing polarity.

Band A: 10.2 mg of 5a; mass spectrum, m/e 239 (M+, 25), 210 (30), 
198 (15), 141 (75), 77 (85), 70 (100); the 'H  NMR (CDC13) spectrum 
showed vinylic protons at 6 4.9 (m) and 6.5 (d).

Band B: 142 mg; contained nearly equal amounts of 2a and 4a and 
~3% of 7a. Rechromatography (benzene) allowed separation of the 
major constituents. 2a: mass spectrum, m/e 321 (M+), 319 (4), 292, 
290 (100), 250,248 (13), 221,219 (63), 157,155 (78). 4a: mass spectrum, 
m/e 321 (M+), 319 (0.4), 292,290 (4), 240 (3), 212 (100), 170 (15), 141
(58), 77 (69); the 'H NMR (CDCI3) spectrum showed a methyl doublet 
at & 1.75 and a methine multiplet at b 4.35; the 13C NMR (CDCI3) 
spectrum showed the methine carbon at 5C 46.75.

The small amount of 7a was identified by GC comparison (mixed 
injection) with an authentic sample; GC-MS, m/e 241 (M+).

Band C: 16.5 mg of 6a; mass spectrum, m/e 321 (M+), 319 (3), 292, 
290 (55), 212 (82), 141 (100), 77 (64); the NMR (CDCI3) spectrum 
showed a triplet at f> 3.40 for -CH2Br; the 13C NMR spectrum (CDCI3) 
showed this carbon at bc 30.42.

Band D: 26.8 mg of 3a; identified by GC comparison (mixed in
jection) with an authentic sample. Mass spectrum, m/e 199 (M +, 5), 
170 (53), 141(59), 77 (100).

Diethyl Sulfonamide lb. Preparative plate chromatography (99:1 
benzene-methanol) of 154 mg gave the following in order of increasing 
polarity.

Band A: 2.9 mg (~1.5%) of N -(/l-bromovinyl)-iV-ethylben- 
zenesulfonamide (5d); mass spectrum, m/e 291 (M+, 10), 289 (M+,
8), 146 [M+ -  (Br + S02), 48], 141 (23), 125 (52), 77 (100). 69 (32).

Band B: 11.3 mg, which upon reexamination by GLC was a gross 
mixture containing all the known products as well as some which were 
not identified.

Band C: 92.6 mg (52%); contained 2b and 4b in ca. 4.5:1 ratio, re
spectively. Rechromatography gave substantially pure samples of 
each. 2b: mass spectrum, m/e 293 (M+), 291 (10), 278 (100), 276 (97), 
221 (58), 219 (56), 157 (52), 155 (53); the if ! NMR (CDC13) spectrum 
showed the aromatic, methylene and methyl protons in the ratio 4:4:6. 
4b: mass spectrum, m/e 293 (M_, 5), 292 (3), 291 (M+, 5), 290 (2), 278
(16), 276 (18), 228 (16), 212 (4), 198 (100), 141 (65), 77 (98); in the 'H 
NMR (CDCD spectrum the BrCHoCH^ signal was found as a single 
line at <5 3.45.
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Band D: 5.2 mg, most of which was nonvolatile. A small amount 
of 7b was identified by GLC comparison with an authentic sample.

Band E: 24.8 mg (24%) of IV-ethylbenzenesulfonamide (3b); 
identified by comparison with an authentic sample.

The enamide 5b was clearly identified by GC-MS and 13C NMR 
spectra of the original crude mixture (mass spectrum, m/e 211 (M+,
0. 2), 185 (9), 170 (31), 141 (46), 77 (100), 51 (off scale); the 13C NMR 
spectrum showed the terminal methylene at 5C 92.6), but it was not 
found after silica gel chromatography. Its yield (3%) was estimated 
from GLC area (%) only.

When the same reaction was repeated identically, except that un
dried Me2SO was used (H20, 1.13 mg/mL by Fisher titration), the 
unsaturated compounds 5b and 5d were undetectable (see Table II). 
The inverse addition reaction, performed by slcwly adding 2.5 mL 
of dry Me2SO saturated with CuBr2 to 190 mg of lb in 1 mL of dry 
Me2SO, gave the full spectrum of products, but in different propor
tions (Table II).

Dimethyl Sulfonamide lc. An aliquot of a preparative scale re
action mixture was crystallized from methanol to give 2c, mp 59-61 
°C, in 60% direct yield; mass spectrum, m/e 265 (M+), 263 (42), 221 
(18), 219 (14), 184 (13), 157 (53), 155 (55), 44 (100); >H NMR (CDC13) 
5 2.86 (s, 6, CH3), 7.3-8.2 (m, 4, aromatic).

Anal. Calcd for C8Hi0BrNO2S: C, 36.37; H, 3.82; N, 5.30; Br, 30.25. 
Found: C, 36.71; H, 3.64; N, 5.31; Br, 30.17. Chromatography of the 
mother liquors (9:1 benzene-methanol) gave an additional 15% of 
2c.

Another experiment was assayed by GLC using octadecane as an 
internal standard. It showed yields of 71,11, and 4.5% for 2c, 3c, and 
7c, respectively. After warming a portion of the total reaction mixture 
at 60 °C in methanol and aqueous HC1 for 60 h, the amount of 3c in
creased. The increase was attributed to hydrolysis of 
C6H5S02N(CH3)CH2- 0 -C H 2N(CH3)S02C6H3, evidence for which 
was a 13C NMR signal at 5C 74.3, which was a triplet according to an 
off-resonance decoupling experiment. The fact that 3c was unde
tectable in the 13C NMR spectrum of the reaction before hydrolysis 
suggests that its observation by GLC represents thermal decompo
sition on the column.

Dipropyl Carboxamide 8a. Distillation of & preparative-sized 
reaction mixture gave pure 11, bp 132-134 °C (4 mm) [lit.18 bp
155-159 °C (13 mm)]; mass spectrum, m/e 203 (M+’ 11). 188 (4), 105 
(100), 77 (4); !H NMR (CDC13) & 0.9 (t, 3, CH3), 1.6 (d, 3, CH3CH =), 
~1.6 (m, 2, CH2), 3.65 (t, 2, CH2), 5.0 (d of q, 1. CHCH3), 6.5 (brd d,
1. NCH), 7.4 (brd s, 5, aromatic).

Anal. Calcd for Ci3H17NO: C, 76.81; H, 8.43; 6.89. Found: C, 76.61; 
H, 8.19; N, 6.59.

Recoveries from preparative thin-layer chromatography were 65% 
of 11 and 17% of 10a [mass spectrum, m/e 163 (M+, 29), 105 (100), 77
(33)], which behaved identically (GLC, TLC, NMR) with an authentic 
sample. A trace of /V./V-dipropylbenzarnide was visible by GLC. No 
other products of significance were detectible hy 'H or 13C NMR 
spectroscopy of the mixture. When the reaction was run by adding 
solid 3a to the CuBr2 solution, a number of other minor products were 
formed in addition to 10a and 11.

Dimethyl Carboxamide 8c. Quantitative GLC showed 2-3% of 
10c and traces of jV,N-dimethylbenzamide, both identical with au
thentic samples, and an 11% yield of bromocarboxamide 9c, identical 
in all respects with a sample prepared from o-bromobenzoyl chloride 
and dimethvlamine: bp 144 °C (3.6 mm); mass spectrum, m/e 229 
(M+), 227 (23), 228, 226 (30), 185, 183 (100), 157. 155 (43), 148 (25), 
76 (81), 75 (70); 3H NMR (CDC13) a 2.8 (s. 3, CH3), 3.1 (s, 3, CH3), 
7.0-7.7 (m, 4, aromatic).

Anal. Calcd for CgHioBrNO: C, 47.3&; H, 4.42; N. 6.14. Found: C, 
47.20; H, 4.48; N, 6.03.

The *H NMR spectrum (CDC13) of the entire crude reaction mix
ture showed signals attributable to 12:5 2.95 (brd s, 3, CH3), 4.65 (brd 
s, 2, CH2), 7.35 (brd s, 5, aromatic); 13C NMR signals for the methyl 
and methylene groups were broad and centered at oc 34 and 77, re
spectively; mass spectrum (chemical ionization, isobutane), m/e 313 
(M+ + 1).

A small portion of the reaction mixture containing an internal GLC 
standard was heated over the weekend at 60 °C in methanol con
taining a few drops of HC1. GLC analysis showed 85.5% of 10c and 11% 
of 9c. A sample of this hydrolysis taken after ~2 h of reaction time 
showed a product whose mass spectrum identified it as 13; mass 
spectrum, m/e 179 (M+, 12), 164 (20), 148 (4), 105 (100), 77 (35). 13 
was absent at the end of the hydrolysis. Decomposition carried out 
in dry acetone instead of Me2SO gave ,?8% of 9c and 14% of 10c, as 
measured by quantitative GLC. Bromoacetone was also formed.

Ester 14a. The product consisted of 11% n -propyl benzoate and 
89% n-propyl o-bromobenzoate (15a), as measured by GLC. Au

thentic 15a was prepared from the corresponding acid chloride: bp 
123 °C (4 mm); mass spectrum, m/e 244 (M+), 242 (7), 202, 200 (58), 
185,183 (100), 157,155 (42), 104 (14), 76 (83), 75 (70).

Anal. Calcd for CioHn Br02: C, 49.41; H, 4.56. Found C, 49.46; H,
4.83.

Ester 14b. GLC measured yields of 6% isopropyl benzoate and 94% 
isopropyl o-bromobenzoate (15b) were obtained from reaction in the 
usual way. Authentic 15b was made from the corresponding acid 
chloride: bp 92 °C (4 mm); mass spectrum, m/e 244 (M+), 242 (21), 
202, 200 (42), 185, 183 (100), 157. 155 (26), 104 (11), 76 (46), 75
(39).
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Examples of the as yet unknown 6/3-imidopenicillinate l(S)-oxides were prepared and the stereochemistry was 
proven unambiguously by x-ray diffraction. These substances were thermodynamically stable with respect to the 
corresponding 1 (ft)-oxides as shown by equilibration via thermal ring opening. The possible significance of these 
results with respect to the biogenetic relationships of penicillins and cephalosporins is discussed.

The biogenesis of the /1-lactam antibiotics, penicillins and 
cephalosporins,1 is now generally recognized to derive from 
Arnstein’s tripeptide, L-or-aminoadipyl-L-cysteinyl-D-valine 
(1), since the bioconversion of this substance to penicillins has 
been reported.2 The isolation of this substance from Ce- 
phalosporium sp. has also been reported.3 The sequence of 
reactions involved in the conversion of 1 into penicillin N (2) 
and cephalosporin C (3) is still unknown; however, two sug-

gestions have been made. Thus, in one case,4 a priori formation 
of monocyclic species (4) is followed in a branched pathway 
by the formation of 2 and 3.5 An earlier alternative, suggested 
by Abraham,6 is the bioconversion of 2 to 3, but, until re

cently,7 this scheme has had little support. The latter is at
tractive, since the in vitro ring expansion of penicillin sul
foxides to deacetoxycephalosporins is the basis of a com
mercial production of these compounds.8 Thus, for example, 
refluxing methyl 6/3-phenoxyacetamidopenicillinate 1(S)- 
oxide (5) in xylene with a trace of acid gives the deacetoxy- 
cephalosporin (7) by way of the sulfenic acid (6).9

An immediate objection that could be raised to this hy
pothesis is that the relatively high temperatures (in the region 
of 100 °C) required to initiate the thermal ring opening (syn 
elimination) of 5 to 6 would hardly be available in vivo. An
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answer to this problem must be sought in the various factors 
which control the thermal stability of penicillin sulfoxides. 
Oxidation of methyl 6/3-phenoxyacetamidopenicillinate (8) 
gives only the (S)-sulfoxide 5, whereas the similar oxidation 
of methyl 6/S-phthalimidopenicillinate (9) yields only the

9, R = Phthalimido

(ft)-sulfoxide 10 (R1 = phthalimido, R2 = methyl).10 Pre
sumably, the NH group of 8 directs the reagent to the 8 face, 
yielding the (S)-sulfoxide, whereas in 9, with no such group, 
the sterically more accessible a face provides the epimeric 
(ft)-oxide.11 Thus, the more readily accessible (S)-sulfoxides, 
at least with 6/3-amido substituents, cf. 2 and 3, are the more 
sterically hindered; however, the demonstrated presence of 
the hydrogen bond between the sulfoxide and the amide side 
chain has been suggested12 as stabilizing these species (5) 
toward the syn elimination to 6.13

Consequently, we argued that if penicillin N-(S)-sulfoxide 
11 were a biointermediate for deacetoxycephalosporin C (13),

a suggestion which is in stereochemical accord with the deri
vation of both penicillins and cephalosporins from chiral 
methyl-labeled valine,14 then some means must exist for 
“ switching o f f ’ this stabilizing H bond. Such a mechanism 
could involve the «-aminoadipyl side chain, via cyclic amidine 
formation, as 12,15 in which the steric overcrowding of the 
sulfoxide might accelerate the ring-opening elimination suf
ficiently to allow its occurrence under physiological conditions. 
To test this hypothesis, it was necessary to prepare a penicillin
(S)-oxide with a 60 side chain containing no NH group and 
to study the facility of ring opening. To date there is no report 
of such compounds.

Condensation of benzyl 6/i-amincpenicillinate l(S)-oxide 
with phthalic anhydride cleanly afforded the phthalamic acid 
14a (R = H) which with DCC gave tne 6«-isoimidopenicillin 
l(S)-oxide (15) instead of the expected 6/3-isoimide 16a (R =

0

14a, R = H  15
b, R = Me

H). Interestingly, a similar sequence conducted on the parent 
benzyl 6d-aminopenicillinate gave the 6/3-isoimido product 
18 via the phthalamic acid 17. Clearly, the epimerization of

0

C-6 during dehydration of the phthalamic acid 14a (R = H) 
is consequent on the presence of the l(S)-oxide function in 
14a (R = H), although it is not clear whether this effect is 
steric or the result of an inductive acidification of the 6a- 
hydrogen.

In order to avoid this unwanted epimerization, we replaced 
the 6a-hydrogen by a methyl group. Thus, the known benzyl 
6/3-amino-6a-niethylpenicillinate16 was oxidized to the (S)- 
sulfoxide 19 ar.d converted sequentially to the phthalamic acid 
14b (R = Me) and the 6/3-isoimide 16b (R = Me). Unfortu
nately, the spectral properties of 16b (R = Me) did not allow

16a, R = H  20
b, R = Me

unambiguous assignment of sulfoxide stereochemistry, which 
was critical since if the proposed hypothesis of instability of 
such 6/3-imido l(S)-oxides were correct then thermal ring 
opening at the ambient temperature of the dehydration could 
possibly have inverted this sulfoxide stereochemistry. If this 
were true, it would require a sulfenic acid intermediate, cf. 6, 
which should be detectable by its known chemistry. Conse
quently, the phthalamic acid 14b (R = Me) was treated with 
DCC in the presence of excess norbornadiene, a reagent known 
to intercept sulfenic acids.17 However, no adduct was found
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and, interestingly, the presence of diene effected a change in 
the mode of ring closure to the imide 20. The origin of this 
effect is unknown. That the sulfoxide 20 is the thermody
namically more stable was shown by its reisolation, un
changed, after prolonged refluxing in toluene. Treatment of 
20 with 2-mercaptobenzthiazole in refluxing benzene gave, 
via trapping of the sulfenic acid, the /3-lactam 21. Reduction

of 20 with phosphorus tribromide gave the corresponding 
sulfide 22 which was reoxidized with peracid to the same 
sulfoxide 20. From this chemical evidence, one would infer 
that the configuration of the sulfoxide in 20 is R based on 
analogy with the known oxidation chemistry of 6/3-phthali- 
midopenicillin esters.18

Removal of the benzyl ester of 20 by catalytic hydrogenol- 
ysis gave the derived acid, which with p-bromoaniline gave 
the amide 23 via the mixed anhydride synthesis. The structure

Br
23

and configuration of 23 was determined by an x-ray diffraction 
analysis, proving the sulfoxide to be in the S configuration. 
Figure 1 is a perspective drawing of the final x-ray model of
23. All bond distances and angles agree well with generally 
accepted values and no abnormally short intermolecular 
contacts were observed save one intermolecular NH—O-S 
distance of 2.87 A. Thus, 23 and therefore 20 and 1Gb (R = 
Me) are first examples of 6/3-imidopenicilhn (S)-sulfoxides. 
They are also the more stable of the epimers at sulfur as shown 
by the equilibration experiments.

In the course of some other work, it was found that pro
longed refluxing of p-nitrobenzyl 6/3-phthalimidopenicillinate 
l(R)-oxide (10, R1 = phthalimido, R2 = p-nitrobenzyl) in 
toluene gave a highly insoluble substance (90%) which proved 
to be the corresponding l(S)-oxide 24, whose NMR spectrum 
showed the presence of two cis-oriented protons at C-5 and 
C-6. This supports the idea that the 6/S-imidopenicillinate

l(S)-oxides are the more stable isomers both in the 6«-methyl 
and the 6a-hydrogen series. The same order of stability ap
parently is also true in the 6«-imidopenicillinates as was 
shown in the work of Spry,19 who demonstrated that the 
equilibrium between the (/?)- and (S)-sulfoxides of methyl
6-epiphthalimidopenicillinate favors the (S)-sulfoxide. An 
extrapolation of this finding is that the order of stability of the 
sulfoxides, 1(S) > 1 (R), is not the result of steric factors, since 
particularly with a 6/3-imido function of the 1(S) series is far 
more hindered, nor is it the result of hydrogen bonding since 
these species contain no such H bond.

With respect to our original hypothesis concerning the 
possible in vivo conversion of 11 to 13 via 12, it is evident from 
the results presented above that a 1(S)-oxide such as 12 is not, 
at least on chemical grounds, a likely, labile, intermediate in 
this hypothetical transformation. In view of the known facil
ity20 of conversion of /3-chloromethylpenams into cephems, 
it therefore seems reasonable to consider the 0-hydroxy- 
methylpenicillin N (25) as an alternative chemically reason
able precursor to deacetoxycephalosporin C in vivo.21

E x p e r im e n ta l  S e c t io n

General Procedures. Melting points were taken on a Thomas- 
Hoover capillary melting point apparatus or on a Kofler Micro Hot 
Stage block and are uncorrected.

Infrared spectra were recorded on a Perkin-Elmer Model 700 in
frared spectrophotometer and were calibrated against polystyrene. 
Nuclear magnetic resonance spectra were obtained on a Varian As
sociates T-60 or a Perkin-Elmer R-20B or R-22 spectrometer. 
Chemical shifts are reported in parts per million (ppm) relative to 
internal tetramethylsilane with the notations giving the multiplicity 
of the signal, the coupling constant if applicable, and the number of 
protons. Spin multiplicity is given by s, singlet; d, doublet; t, triplet; 
q, quartet; and m, multiplet. Mass spectra were determined on a Hi
tachi Perkin-Elmer RMU-6E spectrometer.

Silica gel for column chromatography was Merck silica gel 60, no. 
7734. Analytical thin-layer chromatography was performed on 
Baker-flex silica gel IB-F or Merck precoated silica gel TLC plates 
60F-254. Preparative thin-layer separations were carried out on Merck 
silica gel GF 254 (type 60), no. 7730, on 200 X 200 X 1.25 mm 
layers.

Benzyl 6/3-(o-Carboxybenzamido)penam-3cr-carboxylate 
1/3-Oxide (14a). To a solution of benzyl 6/3-aminopenam-3a-car- 
boxylate 1/3-oxide (223 mg, 0.69 mmol) in dichloromethane (4 mL) 
was added a solution of phthalic anhydride (103 mg, 0.69 mmol) in 
tetrahydrofuran (4 mL). After stirring for 2 h, the solution was con
centrated in vacuo leaving 14a in quantitative yield (320 mg) as a 
white foam: NMR (CDC13) 6 1.08 (s, 3 H), 1.56 (s, 3 H), 4.67 (s, 1 H),
5.21 (s, 2 H), 5.33 (d, J = 4 Hz, 1 H), 6.23 (dd, J  = 4 ,10 Hz, 1 H), 7.40 
(s, 5 H), 7.40-8.05 (m, 5 H), 10.38 (br s, 1 H); IR (CDC13) 3450-2950, 
1780,1740,1720 (br) cm“ 1.

Benzyl 6a-Isophthalimidopenam-3a-carboxylate 1/S-Oxide
(15). To a solution of DCC (143 mg, 0.69 mmol) in tetrahydrofuran 
(4 mL) was added a solution of 14a (320 mg, 0.69 mmol) in tetrahy
drofuran (3 mL), and the resulting solution was stirred at room tem
perature for 18 h and then concentrated to dryness in vacuo. Ethyl 
acetate (5 mL) was added to the residue and the suspended solid re
moved by filtration. The filtrate was concentrated in vacuo and the 
residue was purified by preparative TLC on silica gel (using 1:1 ben
zene-ethyl acetate as eluant; R 0.4), affording 15 in 67% yield (210 
mg) as a yellow syrup: NMR (CDC13) S 1.22 (s, 3 H), 1.71 (s, 3 H), 4.55 
(s, 1 H), 5.05 (d, J  = 1 Hz, 1 H), 5.15 (d, J = 1 Hz, 2 H), 5.25 (d, J = 
1 Hz, 1 H), 7.22 (s, 5 H), 7.45-7.92 (m. 4 H); IR (CHC13) 1810,1780, 
1740, 1710 1695 cm "1.

Benzyl 6/3-(o-Carboxybenzamido)penam-3a-carboxylate (17).
To a solution of 6-APA benzyl ester (61 mg, 0.2 mmol) in tetrahy-
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drofuran (2 mL) was added a solution of phthalic anhydride (30 mg,
0.2 mmol) in tetrahydrofuran (2 mL). After stirring for 105 min, the 
solution was concentrated in vacuo, leaving 17 in quantitative yield 
(90 mg) as a white foam: NMR (CDCI3) b 1.40 (s, 3 H), 1.60 (s, 3 H),
4.43 (s, 1 H), 5.20 (s, 2 H), 5.5-5.92 (m, 2 H), 7.00 (d, J  = 8 Hz, 1 H),
7.35 (s, 5 H), 7.40-8.00 (m, 4 H), 8.77 (br s, 1 H); IR (CHCI3) 3500- 
2950, 1780, 1740, 1700 cm -1.

Benzyl 6(3-Isophthalimidopenam-3a-carboxylate (18). To a
solution of DCC (41 mg, 0.2 mmol) in tetrahydrofuran >5 mL) was 
added a solution of 17 (90 mg, 0.2 mmol), and the resulting mixture 
was stirred at room temperature for 18 h and then concentrated in 
vacuo. Ethyl acetate (5 mL) was added and the suspended solid was 
removed by filtration. The filtrate was concentrated to dryness in 
vacuo, leaving a syrup. Purification by preparative TLC on silica gel 
(using 1:1 benzene-ethyl acetate as eluar.t; Rf 0.5) afforded 18 in 84% 
yield (73 mg) as a yellow syrup: NMR (CDCI3) 6 1.45 (s, 3 H), 1.67 (s, 
3 H), 4.53 (s, 1 H), 5.23 (s, 2 H). 5.60,5.73 (AB q, J Ab = 4 Hz, 2 H), 7.40 
(s, 5 H), 7.65-8.05 (m, 4 H); IR (CHCI3) 1805, 1780, 1735, 1700 
cm-1.

Benzyl 6,3-Amino-6a-methylpenam-3a-carboxylate 15-Oxide
(19). Benzyl 65-amino-6a-methylpenicillinate (106 mg, 0.32 mmol) 
was d.ssolved in dichloromethane (4 mL) and cooled to —15 °C. A 
solution of m-chloroperbenzoic acid (56 mg, 0.32 mmol) in dichloro
methane (2 mL) was added dropwise, and the resulting solution was 
stirred in the cold for 90 min and at room temperature for 40 min. The 
mixture was concentrated in vacuo and the residue was redissolved 
in ethyl acetate. This solution was washed with saturated sodium 
bicarbonate and brine and was dried (MgS04) and concentrated in 
vacuo, leaving 19 in 94% yield (95 mg) as a white foam: NMR (CDCI3) 
b 1.10 (s, 3 H), 1.70 (s, 3 H), 1.75 (s, 3 H), 2.50 (br s, 2 H), 4.55 (s, 2 H, 
H-3 and H-5), 5.10 (d, J = 2 Hz, 2 H), 7.3 (s, 5 H); IR (CHCI3) 3500, 
3410, 1780,1740 cm -'.

Benzyl 65-(o-Carboxybenzamido)-6a-methylpenam-3a- 
carboxylate 15-Oxide (14b). 19 (108 mg, 0.32 mmol) was dissolved 
in dichloromethane (2 mL) and to this solution was added a solution 
of phnalic anhydride (48 mg, 0.32 mmol: in tetrahydrofuran (2 mL). 
The resulting solution was stirred at room temperature for 2 h and 
then concentrated in vacuo, leaving 14b ir. quantitative yield (155 mg) 
as a pale-yellow foam: NMR (CDCI3) b 1.15 (s, 3 H), 1.65 (s, 3 H). 1.95 
(s, 3 H), 4.50 (s, 1 H), 4.85 (s, 1 H), 5.20 (d, J = 2 Hz, 2 H), 7 20 (s, 5 H),
7.20-8 00 (m, 4 H), 9.00 (br s, 1 H); IR (CHCI3) 3500-2900,1780, 1735, 
1700 cm -'.

Benzyl 65-Isophthalimido-6a-methylpenam-3a-carboxylate 
15-Oxide (16b). 14b (155 mg, 0.32 mmol) was dissolved in tetrahy
drofuran (12 mL) and added dropwise to a stirring solution of DCC 
(67 mg, 0.32 mmol) in tetrahydrofuran (20 mL), and the resulting 
mixture was stirred at room temperature for 18 h and then concen
trated in vacuo to dryness. To the residue was added ethyl acetate (5 
mL) and a suspended solid was removed by filtration. The filtrate was 
concentrated in vacuo. Purification of the residue by preparative TLC 
on silica gel (using 1:1 benzene-ethyl acetate as the eluant; R/ 0.2) 
afforded 16b in 48% yield (72 mg) as a pale-yellow foam: NMR 
(CDCI3) b 1.20 (s, 3 H), 1.65 (s, 3 H), 2.00 (s, 3 H), 4.60 (s, 3 H), 5.00 
(s, 1 H), 5.20 (d,J = 2 Hz, 2 H), 7.20 (s, 5 H), 7.40-8.00 (m, 4 H); IR 
(CHCI3) 1790 (br), 1740 cm*1.

Benzyl 65-Phthalimido-6a-methylpenam-3a-carboxylate 
15-Oxide (20) from 14b. 14b (63 mg, 0.13 mmol) was dissolved in 
tetrahydrofuran (4 mL) and was added dropwise to a stirring solution 
containing DCC (27 mg, 0.13 mmol) and norbornadiene (240 pL, 2.6 
mmol) in tetrahydrofuran (7 mL). The resulting solution was stirred 
for 15 h and then concentrated in vacuo To the residue was added 
ethyl acetate (5 mL), and the suspended solid was removed by fil
tration. The filtrate was concentrated in vacuo and the residue was 
purified by preparative TLC on silica gel (using 1:1 benzene-ethyl 
acetate as the eluant; Rf 0.3) affording 20 in 86% yield (52 mg) as a 
white amorphous solid: mp 180-183 °C (dec); NMR (CDCI3) b 1.25 
(s, 3 H), 1.65 (s, 3 H), 2.10 (s, 3 H), 4.70 (s, 1 H). 5.00 (s. 1 H), 5.30 (d, 
J = 2 Hz. 2 H), 7.40 (s, 5 H), 7.60-7.90 (m, 4 H); IR (CHCI3) 1790.1735 
(br) cm-1.

(3i?,4ii)-l-[(l.R)-Benzoxycarbonyl-2-methyI-2-propenyl]-
3-phthalimido-3-methyl-4-(benzthiazole-2-dithio)-2-azetidinone 
(21). A solution of 20 (46 mg, 0.1 mmol) and 2-mercaptobenzthiazole 
(17 mg, 0.1 mmol) in dry benzene (4 mL) was refluxed under nitrogen 
for 3 h and then concentrated in vacuo. P-eparative TLC on silica gel 
(2:1 benzene-ethyl acetate as the eluant: Rf 0.6) afforded 21 in 60% 
yield (37 mg) as a clear, colorless syrup: NMR (CDCI3) b 2.15 (s, 3 H),
2.25 (s, 3 H), 5.05 (s, 1 H), 5.25 (br d, 4 H, -OCHoPh and C=CH 2), 5.50 
(s, 1 H), 7.30 (s, 5 H), 7.30-8.00 (m, 8 H); IR (CHC1,) 1770.1735, (br) 
cm-1. The starting sulfoxide was also isolated in 30% yield (14 mg).

Benzyl 65-Phthalimido-6a-methylpenam-3a-carboxylate (22).

The sulfoxide 20 (40 mg, 0.086 mmol) was dissolved in dry DMF (1 
mL) and cooled under N2 to —5 °C. Phosphorus tribromide (40 fiL, 
5 equiv) was added, and the resulting solution was stirred in the cold 
for 10 min and then poured into saturated sodium bicarbonate (10 
mL). This was extracted with ethyl acetate, and the organic phase was 
washed with 1 N HC1 and saline and dried (MgS04) Concentration 
in vacuo left a syrup *4-3 mg). Purification by preparative TLC on silica 
gel (using 1:1 tenzene-ethyl acetate as the eluant: R/ 0.5) afforded 
22 in 65% yield 25 mg) as a clear, colorless syrup: NMR (CDCI3) 6 1.33 
(s, 3 H), 1.47 (s 3 Hi, 1.95 (s, 3 H), 4.53 (s, 1 H). 5.13 (s, 2 H). 5.50 (s, 
1 H), 7.30 (s, 5 H), 7.68 (m, 4 H).

Benzyl 65-Phthalimido-6a-methylpenam-3ci-carboxylate 
15-Oxide (20) from Oxidation of 22. To a —15 °C solution of 22 (22 
mg, 0.049 mmol) in dichloromethane (1 mL) was added a solution of 
m-chloroperbenzoic acid (8 mg, 0.049 mmol) in dichloromethane (2 
mL). The resulting solution was stirred in the cold for 1 h and then 
at room temperature for 45 min. The solution was washed with sat
urated sodium bicarbonate and saline and then was dried (MgS04) 
and concentrated in vacuo, leaving a foam. Purification by preparative 
TLC on silica gel (using 1:1 benzene-ethyl acetate as the eluant; Rf 
0.3) afforded the sulfoxide 20 in 67% yield (15 mg) as a foam. NMR 
and IR spectra were identical to those for 20 obtained from the 
phthalamic acid 14b.

65-Phthalimido-6a-methylpenam-3a-p-bromocarboxanilide 
15-Oxide (23). To a solution of 20 (255 mg, 0.546 mmol) in glacial 
acetic acid (10 mL) and chloroform (10 mL) was added 255 mg of 
palladium on charcoal. This mixture was shaken mechanically under 
1 atm of H2 at room temperature for 4 h and then filtered. Chloroform 
was removed from the filtrate in vacuo and the remaining acetic acid 
solution was freeze-dried, leaving the acid as a white solid.

To a solution of the acid (75 mg, 0.199 mmol) in dry THF (6 mL) 
was added triethylamine (28 mL, 0.199 mmol) and the resulting so
lution was cooled to —5 °C. Ethyl chloroformate (16 yL. 0.199 mmol) 
was added dropwise to the stirring cold solution, and the resulting 
mixture was stirred in the cold for 15 min and then for 20 min while 
warming to room temperature. The turbid solution was recooled to 
0 °C and p-bromoaniline (34 mg, 0.199 mmol) in THF (0.5 mL) was 
added dropwise. The reaction was stirred at room temperature for 
85 min and then was concentrated in vacuo, leaving a foam. A chlo
roform solution of this product was washed with water, saturated 
sodium bicarbonate, and brine, dried (MgS04), and concentrated in 
vacuo to dryness. Preparative thin-layer chromatography on silica 
gel (1:1 benzene-ethvl acetate as eluant) afforded 23 as an amorphous 
solid (76 mg, 72%): NMR (CDC13) b 1.32 (s, 3 H), 1.55 s, 3 H), 2.13 (s, 
3 H), 4.50 (s, 1 K ), 5.05 (s, 1 H), 7.40 and 7.62 (AB q, J AB = 7 Hz, 4 H), 
7.75 (m, 4 H); IR (CHCI3) 3400, 1805, 1715 cm-1. Crystals for x-ray 
were obtained (mp 210-212 °C) (corrected) from acetone-petroleum 
ether by the “ vapor diffusion” method.

X-Ray Analysis of 65-Phthalimido-6a-methylpenam-3a-p- 
bromocarboxanilide 15-Oxide (23). The crystals of 23 belonged to 
the unambiguously determined space group / )c21212,. Accurate lattice 
dimensions were obtained from a least-squares fit of 15 26 values 
between 35.0° and 45.0°. The cell constants are a = 9.342 (4), b =
13.750 (7), and c = 18.635 A. A calculated (Z = 4) and observed density 
of 1.46 g/cm*1 indicated one molecule of composition C23H2oO,r>N;<SBr 
per asymmetric unit. All unique diffraction maxima with 26 < 114.1° 
were recorded in the 0 scan mode using a computer-controlled four- 
circle diffractometer and graphite monochromated Cu Ko x-rays 
(1.54178 A). Of the 1855 reflections surveyed, 1628 (88%) were judged 
observed [/ > 3<t(I)] after correction for Lorentz pclarization and 
background effects.

A sharpened three-dimensional Patterson22 was readily deconvo
lved  to yield the bromine and sulfur position. A subsequent Fo 
synthesis revealed the rest of the nonhvdrogen atoms. Full-matrix, 
least-squares refinements with anisotropic temperature factors for 
all nonhvdrogen atoms have converged to a standard crystallographic 
residual of 0.050 for the observed reflections. Additional crystallo
graphic details such as the positional and thermal parameters, bond 
distances and angles, and observed and calculated structure factors 
are presented in Tables I-IV (Supplementary Material).

p-Nitrobenzyl 65-Phthalimidopenicillinate l(S)-Oxide (24). 
Toluene (50 mL) was dried by binary distillation for 2 h. Heat was 
removed temporarily and p-nitrobenzyl 65-phthalimidopenicillinate 
l(/?)-oxide (10, R1 = phthalimido; R2 = p-nitrobenzyl , 2.0 g (5 mM), 
was added. The solution was refluxed for 6 h. during which time a 
crystalline and highly insoluble solid was formed. It was Filtered and 
rinsed with acetone and vacuum dried to give the 1 (S)-oxide 24, mp 
204 °C (dec), in 90% vield. Proton NMR (100 MHz, Me2SO-de) 4 1-20 
(s, 3H), 1.51 (s, 3H)'.4.63(s, 1 H;,5.41 (s, 2 H), 5.68 (AB q, 2 H, J =
4.5 and 8.0 Hz), 7.72 (d, 2 H, J = 9.5 Hz), 8.27 (d, 2 H, J = 9.5 Hz) and
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7.88 (ms, 4 H); IR (mull) 1790,1780,1720,1515,1460,1380,1345,1270 
cm "1; I3C NMR (Me2SO-d6, ref Me4Si) 5 17.8, 19.0 (2-CH3), 72.1 
(C-2), 65.9 (C-3), 72.7 (C-5), 56.1 (C-6).23

In the combined solution of the toluene filtrate and acetone rinse, 
a 2-3% solid was recovered, which was identical to an authentic sample 
of the p-nitrobenzyl ester of 3-hydroxyl-3-methyl-7/3-phthalimido- 
cephalosporin.
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Busin, K. O. Martin, and H. S. Levy, 'A Fortran Crystallographic Least 
Square Program", USAEC Report ORNL-TM-305, Oak Ridge National 
Laboratory, Oak Ridge, Tenn., 1965; C. Johnson, “ortep, A Fortran 
Thermal-Ellipsoid Plot Program", U.S. Atomic Energy Commission Report 
ORNL-3794, Oak Ridge National Laboratory, Oak Ridge, Tenn., 1965.

(23) The analysis and interpretation of the ,3C NMR by Dr. D. E. Do-man and 
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An improved synthesis of gem-dichloroaziridines from ¡mines and dichlorocarbene is reported using chloroform, 
sodium hydroxide, and triethylbenzylammonium chloride to generate the dichlorocarbene. The preparation of 
some gem-dichloroaziridines from phenyl(trihalomethyl)mercury reagents is reported and the previous reports 
are examined. The gem-dichloroaziridines prepared under these latter conditions are subject to a phenylmercuric 
halide catalyzed ring-opening reaction. A pyrolysis study delineated the factors controlling the ring-opening reac
tion and demonstrated the synthetic utility of this reaction.

The preparation of gem-dichloroaziridines has been ac
complished by the addition of dichlorocarbene to the car- 
bon-nitregen double bond of an imine. The dichlorocarbene 
in this reaction has been generated from the reaction of 
chloroform, hexachloroacetone, or ethyl trichloroacetate with 
the appropriate base.4 Recently, Seyferth has reported the 
preparation of l,3-diphenyl-2,2-dichloroaziridine in low yield 
using PhHgCBrCE to generate the dichlorocarbene.5 Makosza 
has reported the generation of dichlorocarbene from chloro
form and aqueous sodium hydroxide using a phase-transfer 
agent.6 These phase-transfer catalyzed two-phase reactions 
have been used in a variety of reactions in addition to gener
ating dichlorocarbene. The chemistry of these types of reac
tions has been recently reviewed.7

P h a s e -T r a n s fe r  P r e p a r a t io n s .  We have examined the 
preparation of gem-dichloroaziridines from ¡mines (1) using

C=N—R'
R

1

C H C l 3/ N a O H

T E B A

aqueous sodium hydroxide, chloroform, and triethylbenz
ylammonium chloride (TEBA) as the phase-transfer agent. 
The isolated yields for this catalytic method are contrasted 
to the best yield obtained from the other reported methods

0022-3263/78/1943-1346$01.00/0 © 1978 American Chemical Society
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T a b le  I. P re p a ra t io n  o f  g e m -D ich lo r o a z ir id in e s

Registry no. Compd R R' Catalytic“ Other Time5 Solvent“ Lit.d
3543-98-4 2a Hydrogen Phenyl 74 80«- 40 Hexane f

31528-97-9 2b Ethyl Phenyl 76 56 30 Hexane 1
972-14-5 2c Phenyl Phenyl 72* 63 40 Hexane-EtOAc h

31528-96-8 2d Phenyl Benzyl 72 65' 40 EtOAc 1
31528-95-7 2e Hydrogen 1-Naphthyl 72 44 40 Hexane-EtOAc 1
65016-16-2 2 f Methyl 1-Naphthyl 74 45 50 EtOAc a
25252-58-8 9 88 53 J 180 Hexane“ 5

“ See Experimental Section. b Reaction time in minutes. c Solvent for crystallization. d Literature reference for the best reported 
preparation of the aziridine by other methods. € Normal yields are ~50-60%; see ref 1 .1 R. E. Brooks, J. 0. Edwards, G. Levey, and
F. Smyth, Tetrahedron, 22, 1279 (1966). * Yield of the a-chloroimidoyl chloride 3c. h K. Ichimura and M. Ohta, Bull. Chem. Soc. 
Jpn., 4 0 ,1933 (1967). 1 Normal yields are ~4%; see ref 1.J This yield is based on the carbene.

for the preparation of gem-dichloroaziridines in Table I. In 
all cases the yields are about equal to or superior to the best 
previously reported preparations of gem-dichloroaziridines. 
In addition, the catalytic method has the advantage of being 
quick, convenient, and inexpensive. The reaction is exother
mic and precautions should be taken to maintain the tem
perature at 40 °C in large-scale preparations.3 Graefe has re
ported high yields of phenyl substituted l,3-diphenyl-2,2- 
dichloroaziridines (2a) using the catalytic method at tem
peratures between 0 and 20 °C.8

Longer reaction times failed to significantly improve the 
yields reported in Table I and resulted in lower isolated yields 
of 2b  and 2 f  due to the instability of these aziridines to longer 
reaction times. Aziridine 2 c  was no* stable to the reaction 
conditions and rearranged to the a-chloroimidoyl chloride 3c 
which was isolated in 72% yield. This aziridine could be pre
pared in 71% yield via the catalytic method using lower tem
peratures and a longer reaction period.

Cl

3

P y r o ly s is  S tu d ie s . In our investigations of the synthetic 
utility of gem-dichloroaziridines, it was necessary to deter
mine the thermal stability of some of these compounds. There 
were two isolated reports of pyrolysis reactions in the litera
ture; aziridine 2a afforded 3a in hot toluene (no reported 
yield)9 and 2c was converted to 3c (71% yield) after 1 h in hot 
xylene.10 Of the aziridines in Table I, the pyrolysis of 2a and 
2e were conveniently monitored via NMR spectrometry by 
following the loss of the aziridinyl proton at 5 3.6 and the ap- 
pearence of the benyzlic proton of 3 near 5 5.8. Aziridine 2e 
was quantitatively converted in 4 h while 2a was 83% rear
ranged after 24 h.11 Longer reaction times in the latter reaction 
resulted in significant decomposition. These pyrolysis reac
tions have synthetic utility since quenching the reaction with 
piperidine afforded high yields of the a-chloroamidines 4a and 
4e.

Cl

4a and 4e

The toluene pyrolysis of 2 c  for 1 h afforded a 78% yield of 
3c . The pyrolysis of 2d  and 2 f  was monitored via NMR spec
trometry by following the loss of the aziridinyl methylene and

methyl signals, respectively. Aziridine 2d was quantatively 
converted in 8 h while 2 f  required 3 h and afforded a 1:3 
mixture of 5 and 6 .11 In pyridine, a more polar solvent, the 
pyrolysis of 2 f  required 1 h and a 45:55 mixture of 5 to 6 was 
observed while a 2:3 mixture of the amides corresponding to 
the hydrolysis of 5 and 6 was obtained in water after 15 
min.11

The order of decreasing pyrolysis rates for the 1-aryl sub
stituted gem-dichloroaziridines is 2 c  >  2 f  >  2e >  2a and 
roughly correlates with decreasing strain anc decreasing 
carbonium ion stability. The difference in reactivity between 
2a and 2e is attributed to the greater electron-donating ability 
of naphthyl in stabilizing the transition state since both az
iridines give rise to the same carbonium ion. These data are 
consistent with transition state 7 which is also supported by 
recently reported observation?.12

R
7

P h e n y l(t r ih a lo m e th y l)m e r c u r y  P r e p a r a t io n s . We have 
also examined the synthetic utility of some phenyl(trihalo- 
methyl)mercury reagents as the carbene source in the prep
aration of gem-dichloroaziridines. These thoroughly studied 
Seyferth reagents undergo pyrolysis to yield dihalocarbene 
and the phenylmercuric halide.

PhHgCX3 — PhHgX + XCX

They have been used to prepare gem- dihalocyclopropanes and 
have the advantage of not requiring basic reaction condi
tions.13 Recently, Seyferth et al. have reported the use of these 
reagents for the addition of dichlorocarbene to the C=N , 
C =S, C = 0 , and N = N .14 Seyferth reported the reaction of 
benzylideneaniline(la)withphenyl(bromodichloromethyl)- 
mercury lead to tar formation in benzene15 and a trace of 2a 
and tar in carbon tetrachloride.0 The inability of this reagent 
to convert the imine to the gem-dichloroaziricine was at
tributed by Seyferth to nucleophilic attack of the imine ni-
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Table II. Stability Studies of l,3-Diphenyl-2,2-dichloroaziridine (2a)

NMR analysis

Reactant(s) Conditions Time“ % aziridine % imidoyl chloride

Benzene5 Reflux 48 1 0 0 c d
CCU/PhHgCW r.t.é 48 1 0 0 c d
Benzene/PhHgCl Reflux 24 36 64
DME/PhHgCl r.tT 48 98c 2

Benzene/PhHgBr Reflux 2 1 0 0 d
DME/Nal r.t.* 48 1 0 0 d

° Reaction time in hours. b Similar results were obtained for CCR (48 h) and DME (18 h). c Recovered >85%. d The imidoyl chloride 
could not be detected. e A saturated solution.1 Comparable results were obtained for PhHgBr. * Room temperature.

trogen at mercury giving rise to tar formation. Using a less 
nucleophilic imine such as phenylcarbonimidoyl dichloride
(8 ), Seyferth obtained the tetrachloroaziridine 9 in 53% yield

8 9

based on the mercurial.5 We obtained the same aziridine in 
8 8 % yield using the phase-transfer reaction . 1 1

Our initial attempts to prepare gem-dichloroaziridines from 
the Seyferth reagents involved the pyrolys s of a 1 : 1  mixture 
of la  and phenyl(trichloromethyl)mercury in benzene for 48 
h. The product was a red oil which was identified as the im i
doyl chloride 3a by its NM R spectrum anc by conversion to 
the amide 10a in 22% yield. Using a fourfold excess of the 
mercurial afforded the amide in 6 8 % yield. The isolation of 
the amide strongly suggested the intermediacy of 2a since the 
pyrolysis of 2a to 3a has been established. In hot benzene, 2a 
was stable for 48 h; however, in the presence of phenylmercuric 
chloride, 2a was quantitatively converted to 3a (via NMR) 
establishing the phenylmercuric chloride catalyzed ring 
opening reaction. Consequently, the use of phenyl(trihalo- 
methyl)mercury reagents should be lim ited by the thermal 
stability of the gem-dichloroaziridine and its stability toward 
the phenylmercuric halide produced in the reaction and/or 
the phenyl(trihalomethyl)mercury reagent. The results of 
some stability studies w ith the rather stable aziridine 2a are 
presented in Table II. These results tend to rule out the py
rolysis of phenyl(trichloromethyl)mercury for the preparation 
of these gem-dichloroaziridines.

b e n z e n e
la  + P h — Hg— C C 1 3 ---------— 2a + Ph— Hg— C l

N — R '

b e n z e n e  f t
2 a + Ph— Hg— C l  -----------► P h — C H C 1 — C ^

C l

3i
O

H , 0  II
--------->- P h C H C l C N H R ’

1 0 a

Treatment of phenyl(trichloromethvl)mercury with sodium 
iodide and dry dimethoxyethane (DME) at room temperature 
affords dichlorocarbene16 and circumvents the pyrolytic ring 
opening reaction. Under these conditions, Id  was converted 
to 2d in 98% yield, the highest yield ever reported for a gem- 
dichloroaziridine preparation. Application of this reaction to 
la and le failed to yield the aziridine; however, NMR analysis 
established the presence of the rearrangement products 3a 
and 3e. Chromatography over alumina afforded the amide 10a

in 59% yield. Aziridines 2a and 2e were stable to phenylmer
curic chloride under these conditions; however, it  was estab
lished that the phenylmercuric iodide formed in the reaction 
catalyzed the ring opening.

Seyferth’s attempted preparation of gem-dichloroaziridines 
using phenyl(bromodichloromethyl)mercury required even 
milder conditions than those for phenyl(trichloromethyl)- 
mercury, albeit he reported tar formation and only a trace of 
2a. 5 Based on our high percent conversions of imines la , Id , 
and le  to the corresponding aziridine or their rearrangement 
products with phenyl(trichloromethyl)mercury and the sta
b ility  studies (Table II), we fe lt that these earlier reports 
should be examined. Duplicating this experimental by py
rolysis of a 1 : 1  mixture of phenyl(bromodichloromethyl)- 
mercury and la  in benzene for 2  h afforded phenylmercuric 
bromide (87%) and a dark oil. NM R  analysis of this oil de
tected a strong aziridinyl proton signal at 5 3.58 and the im 
pure aziridine was isolated in 40% yield after several recrys
tallizations from hexane. 1 7  Doubling the concentration of the 
mercurial failed to increase the aziridine yield. Using phen- 
yl(bromodichloromethyl)mercury and Nal at 0  to —10 °C in 
DME also afforded 2a in low yield. Consequently, phenyl- 
(bromodichloromethyl)mercury can be used to prepare 
gem-dichloroaziridines from imines, although the yields are 
relatively low and the isolation and purification of the aziri
dine is considerably more d ifficu lt than the conventional 
methods.

Experimental Section
A l l  m e l t i n g  p o i n t s  a r e  u n c o r r e c t e d  a n d  w e r e  d e t e r m i n e d  o n  a  

M e l - T e m p  m e l t in g  p o in t  a p p a r a t u s .  T h e  n u c l e a r  m a g n e t i c  r e s o n a n c e  

s p e c t r a  w e r e  r e c o r d e d  o n  a  V a r i a n  A s s o c i a t e s  A - 6 0 A  o r  T - 6 0 A  s p e c 

t r o m e t e r  u s i n g  t e t r a m e t h y l s i l a n e  a s  a n  i n t e r n a l  s t a n d a r d .  I n f r a r e d  

s p e c t r a  w e r e  d e t e r m i n e d  in  p o t a s s i u m  b r o m i d e  o n  a  P e r k i n - E l m e r  

1 3 7  s p e c t r o p h o t o m e t e r .  T h e  m i c r o a n a l y s e s  w e r e  p e r f o r m e d  b y  

M i d w e s t  M i c r o l a b ,  L t d . ,  I n d i a n a p o l i s ,  I n d .  T o l u e n e ,  p - x y l e n e ,  a n d  

D M E  w e r e  p u r i f i e d  b y  d i s t i l l a t i o n  f r o m  L i A l P b ,  w h i l e  p y r i d i n e  a n d  

p i p e r i d i n e  w e r e  d i s t i l l e d  f r o m  p o t a s s i u m  h y d r o x i d e  p e l l e t s  p r i o r  t o  

u s e .
Preparation of gem-Dichloroaziridines. General Procedure.

T h e  b a s i c  p r o c e d u r e  o f  M a k o s z a  a n d  W a w r z y n i e w i c z  w a s  u s e d .6 T o  

a  m i x t u r e  o f  i m i n e  ( 0 .0 1  m o l ) ,  c h lo r o f o r m 1 8  ( 8  m L ,  0 . 1 0  m o l)  a n d  

t r i e t h y l b e n z y l a m m o n i u m  c h lo r i d e  ( 0 . 1  g )  i s  a d d e d  a  5 0 %  s o l u t i o n  o f  

s o d i u m  h y d r o x i d e  ( 2 0  m L ) .  T h e  m i x t u r e  is  v i g o r o u s l y  s t i r r e d  v i a  a  

m a g n e t i c  s t i r r e r  f o r  ~ 3 0  t o  6 0  m in  a t  4 0  ° C .  T h e  m i x t u r e  is  e x t r a c t e d  

w i t h  3  X  2 0  m L  p o r t io n s  o f  m e t h y le n e  c h lo r id e ;  t h e  c o m b in e d  e x t r a c t s  

a r e  w a s h e d  o n c e  w i t h  w a t e r  ( 2 0  m L )  a n d  d r i e d  ( M g S C b ) .  T h e  m ix t u r e  

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

i d in e .  T h e  a z i r i d i n e s  a r e  p u r i f i e d  b y  c r y s t a l l i z a t i o n  a n d  t h e  r e a c t i o n  

t im e s ,  y ie ld s ,  a n d  s o lv e n t s  f o r  c r y s t a l l iz a t i o n  a r e  s u m m a r iz e d  in  T a b l e

I.
1-Phenyl-2,2,3,3-tetrachloroaziridine (9). T h e  a b o v e  c a t a l y t i c  

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

m a g n e t i c  s t i r r e r  w i t h  a  h ig h  s p e e d  m e c h a n i c a l  s t i r r e r  a n d  t h e  t e m 

p e r a t u r e  w a s  m a i n t a i n e d  a t  3 0  ° C  b y  e x t e r n a l  c o o l in g .  T o  a  m i x t u r e  

o f  1 0 .2 4  g  ( 0 .0 5 8 8  m o l)  o f  p h e n y lc a r b o n i m id o y l  d i c h lo r id e ,  c h lo r o f o r m  

( 1 0 0  m L ) ,  a n d  ~ 0 . 1  g  o f  T E B A  w a s  a d d e d  a  5 0 %  s o l u t i o n  o f  s o d i u m  

h y d r o x i d e  ( 2 0 0  m L ) .  T h e  r e a c t i o n  w a s  v i g o r o u s l y  s t i r r e d  a n d  t h e
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t e m p e r a t u r e  m a i n t a i n e d  a t  3 0  ° C  f o r  3  h . T h e  m i x t u r e  w a s  e x t r a c t e d  

w i t h  4  X 3 0  m L  o f  m e t h y le n e  c h lo r i d e ;  t h e  c o m b i n e d  e x t r a c t s  w e r e  

w a s h e d  w i t h  w a t e r  ( 3  X 3 0  m L )  a n d  d r i e d  ( M g S 0 4). T h e  m i x t u r e  w a s  

f i l t e r e d  a n d  t h e  s o l v e n t  r e m o v e d  in  v a c u o .  l - P h e n y l - 2 , 2 , 3 , 3 - t e t r a c h -  

lo r o a z ir id in e  c r y s t a l l iz e d  o n  s t a n d in g  o v e r n i g h t  t o  a f f o r d  1 3 . 2 5  g  ( 8 7 % ) , 

m p  3 7 - 4 0  ° C .  R e c r y s t a l l i z a t i o n  f r o m  h e x a n e  a f f o r d e d  t h e  p u r e  a z i r i -  

d i n e ,  m p  3 9 - 4 0  ° C  ( l i t .5 3 8 - 4 0  ° C ) .

1- (1-Naphthyl)-3-methyl-3-phenyl-2,2-dichloroaziridine (2f). 
U s in g  t h e  a b o v e  g e n e r a l  p r o c e d u r e ,  2 f  w a s  o b t a i n e d  in  7 4 %  y ie ld ,  w h ile  

t h e  y i e l d  f r o m  t h e  s o d i u m  m e t h o x i d e - c h l o r o f o r m  m e t h o d 1  w a s  4 5 % : 

m p  1 0 9 - 1 1 0  ° C ;  N M R  ( D C C I 3 ) 5 8 . 3 - 7 . 1  ( m , 12, a r o m a t ic )  a n d  1 . 8  ( s ,

3 ,  C H 3 ).

A n a l .  C a l c d  f o r  C 1 9 H 1 5 C 1 2 N :  C ,  6 9 .5 2 ;  H ,  4 . 6 2 ;  N ,  4 . 2 7 .  F o u n d :  C ,  

6 9 .5 7 ;  H ,  4 .6 9 ;  N ,  4 . 1 9 .

Pyrolysis Reactions. General Procedure. T h e  a z i r id i n e s  ( 0 . 1 - 0 . 5  

g )  w e r e  p la c e d  in  a  t w o - n e c k e d  f la s k  f i t t e d  w i t h  c o n d e n s e r  a n d  s e p t u m  

o r  s t o p p e r .  T h e  c o n d e n s e r  w a s  c o n n e c t e d  t o  a  n i t r o g e n - v a c u u m  d o u b le  

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

m e t h o d . 19  T h e  s o l v e n t  w a s  in t r o d u c e d  v i a  s y r i n g e  t h r o u g h  t h e  s e p t u m  

o r  b y  r e m o v i n g  t h e  s t o p p e r  w h i l e  m a i n t a i n i n g  a  p o s i t i v e  n i t r o g e n  

p r e s s u r e .  T h e  m a g n e t i c a l l y  s t i r r e d  s o l u t i o n  w a s  h e a t e d  a t  t h e  r e f l u x  

t e m p e r a t u r e  o f  t h e  s o l v e n t  a n d  s a m p l e s  w e r e  r e m o v e d  f o r  a n a l y s i s  b y  

s y r i n g e .  T h e  s o l v e n t  w a s  r e m o v e d  f r o m  t h e  r e a c t i o n  m i x t u r e  v i a  t h e  

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

h i b i t e d  t h e  C = N  ( n e a t )  s t r e t c h  n e a r  1 6 7 0  c m - 1  in  t h e  i n f r a r e d  
s p e c t r u m .

2- Chloro-7V,2,2-triphenylacetimidoyl Chloride (3c). U s i n g  t h e  

a b o v e  p r o c e d u r e ,  2 7 1  m g  ( 0 .7 9 7  m m o l)  o f  2c w a s  p y r o l y z e d  f o r  1  h  in  

t o lu e n e .  T h e  s o l v e n t  w a s  r e m o v e d  in  v a c u o  a n d  c r y s t a l l i z a t i o n  o f  t h e  

r e s i d u e  f r o m  h e x a n e  a f f o r d e d  2 l l  m g  (7 8 % )  o f  t h e  c r u d e  p r o d u c t ,  m p  

6 8 - 7 1  ° C .  R e c r y s t a l l i z a t i o n  g a v e  2 0 1  m g  ( 7 4 % )  o f  t h e  p u r e  i m i d o y l  

c h lo r i d e :  m p  69_. 5 - 7 1  ° C  ( l i t . 10  6 7 - 7 0  ° C ) ;  N M R  ( C D D 1 3 ) & 7 . 3  ( m , 

a r o m a t i c ) ;  I R  ( K B r )  1 6 6 0  c m - 1  ( C = N ) .

l-(N,2-Diphenyl-2-chloroacetimidoyl)piperidine (4a). P y 

r o l y s i s  o f  0 .5 0 3  g  ( 0 .0 0 1 9  m o l)  o f  2a in  h o t  t o l u e n e  f o r  2 4  h  f o l l o w e d  

b y  a  p i p e r i d i n e  ( 2  m L )  q u e n c h  a f f o r d e d  t h e  c r u d e  p r o d u c t .  T h e  r e 

a c t i o n  m i x t u r e  w a s  p o u r e d  i n t o  a  1 0 %  p o t a s s i u m  h y d r o x i d e  s o l u t i o n  

( 2 0  m L )  a n d  e x t r a c t e d  o n c e  w i t h  e t h e r  ( 2 0  m L ) .  T h e  e t h e r  e x t r a c t  w a s  

d r i e d  ( M g S C L )  a n d  f i l t e r e d  a n d  t h e  s o l v e n t  r e m o v e d  in  v a c u o .  C h r o 

m a t o g r a p h y  o f  t h e  r e s i d u e  o v e r  a lu m in a  (2 %  E t O A c - h e x a n e )  a f f o r d e d  

0 .3 6 5  g  ( 6 1 % )  o f  t h e  a m i d i n e  4a ( v i a  N M R ) .  C r y s t a l l i z a t i o n  f r o m  

h e x a n e  a f f o r d e d  0 .2 0 5  g  ( 3 4 % )  o f  t h e  c r y s t a l l i n e  a m id in e :  m p  9 3 . 5 - 9 5  

° C ;  I R  ( K B r )  1 6 0 0  c m “ 1  ( C = N ) ;  N M R  ( C C 1 4) <5 7 . 4 - 6 . 5  1 m , 1 0 ,  a r o 

m a t i c ) ,  6 .0 4  ( s ,  1 ,  P h C H ) ,  3 . 3  ( m , 4 ,  C H 2 N ) ,  a n d  1 . 4  ( m , 6 , C H 2).

A n a l .  C a l c d  f o r  C 1 9 H 2 1 N 2 C 1 :  C ,  7 2 . 9 3 :  H ,  6 .7 8 ;  N ,  8 .9 6 . F o u n d :  C ,  

7 2 . 8 8 ;  H ,  6 .6 9 ;  N ,  8 .7 4 .

1-[,V-(1-Naphthyl )-2-chloro-2-phenylacetimidoyl] piperidine
(4e). P y r o l y s i s  o f  2e in  h o t  t o l u e n e  (4 h )  w i t h  p i p e r i d i n e  q u e n c h  a f 

f o r d e d  t h e  c r u d e  a m i d i n e  in  6 3 %  y i e l d  ( v ia  N M R )  v i a  t h e  a b o v e  p r o 

c e d u r e .  C r y s t a l l i z a t i o n  o f  t h e  a m i d i n e  f r o m  h e x a n e  a f f o r d e d  t h e  p u r e  

p r o d u c t  in  3 9 %  y i e l d :  m p  1 0 6 - 1 0 7 . 5  ° C ;  I R  ( K B r )  1 6 0 0  c m - 1  ( C = N ) ;  

N M R  ( C D C I 3 ) 0 8 . 7 - 7 . 2  ( m , 1 2 ,  a r o m a t i c ) ,  6 . 1 6  ( s ,  1 ,  P h C H ) ,  3 . 5  ( m ,

4 ,  C H 2N ) ,  a n d  1 . 5  ( m , 6 , C H 2).

A n a l .  C a l c d  f o r  C 2 3 H 23 N 2 C 1 : C ,  7 6 . 1 1 ;  H . 6 .4 0 ;  N ,  7 .7 2 .  F o u n d :  C ,  

7 6 .0 4 ;  H ,  6 .5 7 ;  N ,  7 .4 0 .

Pyrolysis of 2f. P y r o ly s i s  o f  0 .4 8 7  g  ( 0 .0 0 1 5  m o l)  o f  2f in  h o t  t o lu e n e  

f o r  4  h  fo l lo w e d  b y  a  w a t e r  q u e n c h  a f f o r d e d  0 .4 5 7  g  o f  t h e  c r u d e  a m id e s  

c o r r e s p o n d i n g  t o  t h e  h y d r o l y s i s  o f  5  a n d  6 . C h r o m a t o g r a p h y  o f  t h i s  

m a t e r i a l  o v e r  a l u m i n a  a f f o r d e d  0 . 3 1 9  g  (6 9 % )  o f  t h e  « - c h l o r o a m i d e  

( v ia  N M R )  in  t h e  f r a c t i o n s  e l u t e d  w i t h  h e x a n e  a n d  1 0 %  E t O A c -  

h e x a n e .  T h e  u n s a t u r a t e d  a m i d e ,  0 . 1 0 2  g  ( 2 5 % ) ,  w a s  o b t a i n e d  in  t h e  

E t O A c  f r a c t i o n s .  C r y s t a l l i z a t i o n  o f  t h e  a p p r o p r i a t e  f r a c t i o n s  f r o m  

h e x a n e - E t O A c  a f f o r d e d  0 .0 5 5  g  ( 14 % )  o f  t h e  c r u d e  u n s a t u r a t e d  a m id e  

a n d  0 . 1 7 2  g  ( 3 7 % )  o f  t h e  c r u d e  a - c h l o r o a m i d e .  R e c r y s t a l l i z a t i o n  a f 

f o r d e d  t h e  f o l l o w i n g  a n a l y t i c a l l y  p u r e  s a m p l e s .
N-(l-Naphthyl)-2-chloro-2-phenylpropanamide: m p  1 3 1 - 1 3 1 . 5  

° C ;  I R  ( K B r )  3 3 0 0  ( N — H )  a n d  1 6 5 0  c m - '  ( C = 0 ) ;  N M R  ( C C 1 4) «

8 . 2 - 7 . 2  ( m , 1 2 ,  a r o m a t i c ) ,  8 . 8  ( m , 1 ,  N H ) ,  a n d  2 . 2  ( s ,  3 ,  C H 3 ).

A n a l .  C a l c d  f o r  C i 9H , 6C 1 N O :  C ,  7 3 . 6 7 ;  H ,  5 . 2 1 ;  N ,  4 . 5 2 .  F o u n d :  C ,  

7 3 . 7 9 ;  H ,  5 . 2 1 ;  N ,  4 .4 6 .

N-(l-Naphthyl)-2-phenylpropenamide: m p  1 4 5 - 1 4 6  ° C ;  I R  

( K B r )  3 3 0 0  ( N — H ) ,  1 6 5 0  ( C = 0 ) ,  a n d  1 6 0 0  c m " 1 ( C = C ) ;  N M R  

( C C I 4/ C D C I 3 ) 5  8 . 3 - 7 . 2  ( m , 1 3 ,  a r o m a t i c  a n d  N — H ) ,  5 .7 0  a n d  6 .3 8  ( 2 , 

d ,  C H 2= ,  J  =  1  H z ) .

A n a l .  C a l c d  f o r  C 1 9 H 1 5 N O : C ,  8 3 .4 9 ;  H ,  5 . 5 3 ;  N ,  5 . 1 2 .  F o u n d :  C ,  

8 3 .2 0 ;  H ,  5 .3 6 ;  N ,  5 . 0 1 .

Hydrolysis of 2f. T h e  a z i r i d i n e  a n d  w a t e r  ( 1 0  m L )  w e r e  h e a t e d  o n  

a  s t e a m  b a t h  f o r  1 5  m in  a n d  c o o le d  a n d  t h e  m i x t u r e  w a s  e x t r a c t e d  w it h  

e t h e r .  T h e  e t h e r  w a s  d r i e d  ( M g S C L )  a n d  f i l t e r e d  a n d  t h e  s o l v e n t  w a s  

r e m o v e d  in  v a c u o  t o  a f f o r d  t h e  N M R  s a m p l e .

Reaction of la with Phenyl(trichloromethvl)mercury. A

m a g n e t i c a l l y  s t i r r e d  s o l u t i o n  o f  1 . 0  g  ( 0 .0 0 5 5 2  m o l)  o f  la, 2 . 4 1  g  

( 0 .0 0 6 0 8  m o l)  c f  p h e n y l ( t r i c h l o r o m e t h y l ) m e r c u r y ,  a n d  d r y  b e n z e n e  

( 3 5  m L )  w a s  h e a t e d  a t  t h e  r e f l u x  t e m p e r a t u r e  f o r  4 8  h  u n d e r  a  n it r o g e n  

a t m o s p h e r e .  F i l t r a t i o n  o f  t h e  c o o le d  s o l u t i o n  t h r o u g h  a  m e d i u m  p o 

r o u s  s i n t e r e d - g l a s s  f u n n e l  a f f o r d e d  1 . 6 6  g  ( 8 7 % )  o f  p h e n y l m e r c u r i c  

c h lo r i d e ,  m p  2 3 7 - 2 4 6  ° C .  T h e  s o l v e n t  w a s  r e m o v e d  in  v a c u o  t o  y i e l d  

a  r e d  o i l;  t h e  N M R  s p e c t r u m  o f  t h e  o i l  e x h i b i t e d  a  p e a k  a t  6 5 .8  a s 

s i g n e d  t o  3a ( P h C H ) .  S e v e r a l  d r o p s  o f  w a t e r  w e r e  a d d e d  t o  t h e  r e d  

o i l  a n d  t h e  r e s u l t i n g  m a t e r i a l  w a s  c h r o m a t o g r a p h e d  o v e r  a l u m i n a .  

E l u t i o n  w it h  2 - 1 0 %  E t O A c - h e x a n e  a f f o r d e d  0 .3 0 2  g  ( 2 2 % )  o f  t h e  c r u d e  

a m i d e .  C r y s t a l l i z a t i o n  f r o m  e t h a n o l  a f t e r  s e v e r a l  t r e a t m e n t s  w i t h  

d e c o l o r i z i n g  c a r b o n  a f f o r d e d  0 .2 8 6  g  ( 2 1 % ) o f  t h e  a m id e  10a, m p

1 4 7 - 1 5 0  ° C  ( l i t 20  m p  1 4 6 - 1 4 8  ° C ) .

U s i n g  t h e  a b o v e  p r o c e d u r e ,  0 . 1 8 3  g  ( 1 . 0 1  m m o l)  o f  la, 1 . 5 8  g  ( 3 .9 9  

m m o l)  o f  p h e n y l ( t r i c h l o r o m e t h y l ) m e r c u r y ,  a n d  d r y  o e n z e n e  ( 7  m L )  

a f f o r d e d  0 . 1 6 7  g  ( 6 2 % )  o f  t h e  c r u d e  a m i d e  ( v i a  N M R )  a n d  0 . 1 3 1  g  

( 5 3 % )  o f  p u r e  a m i d e ,  m p  1 4 8 - 1 5 0  ° C .

Preparation of 1-Benzyl-2,2-dichloro-3,3-diphenylaziridine 
(2d) from Phenyl(trichloromethyl)mercury and Sodium Iodide. 
T o  0 .2 0 0  g  ( 0 .7 3 8  m m o l)  o f  Id, 1 . 1 6 4  g  ( 2 .9 4  m m o l)  o f  p h e n y l f t r i -  

c h lo r o m e t h y l ) m e r c u r y ,  a n d  0 .4 8 8  g  ( 2 .2 9  m m o l)  o f  s o d i u m  i o d i d e  in  

a  t w o - n e c k e d  f l a s k  f i t t e d  w i t h  c o n d e n s e r ,  s e p t u m ,  a r d  a  m a i n t a i n e d  

n i t r o g e n  a t m o s p h e r e  w a s  a d d e d  f r e s h l y  d i s t i l l e d  D M E  ( 7  m L )  v i a  

s y r i n g e .  T h e  s o l u t i o n  w a s  s t i r r e d  f o r  8  h  a t  r o o m  t e m p e r a t u r e .  T h e  

D M E  w a s  r e m o v e d  in  v a c u o ,  b e n z e n e  ( 2 0  m L )  w a s  a d d e d ,  a n d  t h e  

m i x t u r e  w a s  f i l t e r e d  t h r o u g h  a  s i n t e r e d - g l a s s  f u n n e l  t o  r e m o v e  t h e  

i n o r g a n i c  p r o d u c t s  ( 1 . 2 7 4  g ) .  T h e  f i l t r a t e  w a s  c o n c e n t r a t e d  in  v a c u o  

t o  ~ 5  m L  a n d  f i l t e r e d  t o  r e m o v e  t h e  l a s t  t r a c e s  o f  t h e  i n o r g a n i c  

p r o d u c t s .  C r y s t a l l i z a t i o n  f r o m  h e x a n e - e t h y l  a c e t a t e  a f f o r d e d  0 .2 5 6  

g  (9 8 % )  o f  t h e  a z i r i d i n e ,  m p  1 1 8 - 1 3 4  ° C .  R e c r y s t a l l i z a t i o n  a f f o r d e d  

0 . 2 4 1  g  (9 2 % )  o f  t h e  a z i r i d i n e ,  m p  1 3 5 - 1 3 7  ° C  ( l i t . 1  m p  1 3 6 - 1 3 7  

° C ) .
Reaction of la with Phenyl(trichloromethyl)mercury and 

Sodium Iodide. A  s o lu t io n  o f  1 3 3  m g  ( 0 .7 3 5  m m o l)  o f  la, 1 . 1 6 5  g  (2 .9 4  

m m o l)  o f  p h e n y l ( t r i c h l o r o m e t h y l ) m e r c u r y ,  0 .4 5 8  ( 3 .0 6  m m o l)  o f  s o 

d i u m  io d i d e ,  a n d  d r y  D M E  ( 7  m L )  w a s  m a g n e t i c a l l y  s t i r r e d  u n d e r  a  

n i t r o g e n  a t m o s p h e r e  f o r  4 8  h . U s in g  t h e  a b o v e  p r o c e d u r e  1 . 0 6  g  (8 9 % ) 

o f  p h e n y l m e r c u r i c  io d i d e ,  m p  2 6 0 - 2 8 0  ° C ,  w a s  o b t a i n e d .  N M R  

a n a l y s i s  o f  t h e  f i l t e r a t e  ( C D C I 3 ) f a i l e d  t o  d e t e c t e d  t h e  a z i r i d i n e ;  

h o w e v e r ,  t h e  p r e s e n c e  o f  t h e  i m i d o y l  c h lo r i d e  w a s  e s t a b l i s h e d .  A d 

d i t i o n  o f  m o i s t  b e n z e n e  a n d  c h r o m a t o g r a p h y  o f  t h e  r e s i d u e  o v e r  

a l u m i n a  a f f o r d e d  1 1 5  m g  ( 6 4 % )  10a v i a  N M R .  C r y s t a l l i z a t i o n  f r o m  

e t h a n o l  a f f o r d e d  4 1  m g  ( 2 3 % )  o f  t h e  p u r e  a m id e ,  m p  1 4 8 - 1 5 0  ° C  ( l i t .20 

m p  1 4 6 - 1 4 8  ° C ) .

Preparation of l,3-Diphenyl-2,2-dichloroaziridine (la) from 
Phenyl(bromodichloromethyl)mercury. A  m a g n e t i c a l l y  s t i r r e d  

s o l u t i o n  o f  0 .4 2 4  g  ( 2 .3 4  m m o l)  o f  la, 1 . 2 8 3  g  ( 2 . 9 1  m m o l)  o f  p h e n y l -  

( b r o m o d i c h l o r o m e t h y l ) m e r c u r y ,  a n d  d r y  b e n z e n e  ( 5  m L )  w a s  h e a t e d  

a t  t h e  r e f l u x  t e m p e r a t u r e  f o r  2  h  u n d e r  a  n i t r o g e n  a t m o s p h e r e .  T h e  

c o o le d  r e a c t i o n  m i x t u r e  w a s  f i l t e r e d  t o  r e m o v e  t h e  c r u d e  p h e n y l 

m e r c u r i c  b r o m .d e  ( 0 .9 2 5  g , 8 9 % , m p  2 7 4 - 2 8 2  ° C ) .  T h e  f i l t r a t e  w a s  

t r e a t e d  w i t h  d e c o l o r i z i n g  c a r b o n  a n d  f i l t e r e d  a n d  t h e  s o l v e n t  w a s  

r e m o v e d  in  v a c u o  t o  a f f o r d  0 .5 9 8  g  o f  a  d a r k  o i l .  T h i s  m a t e r i a l  w a s  

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

o f  0 . 1 0 6  g . T h e  c h lo r o f o r m  w a s  r e m o v e d  in  v a c u o  a n d  t h e  r e s i d u e  

t r i t u r a t e d  w i t h  3 X 1 0  m L  p o r t io n s  o f  h o t  h e x a n e  le a v i n g  a  r e s i d u e  o f  

0 . 1 2 5  g . T h e  c o m b in e d  h e x a n e  f r a c t io n s  w e r e  t r e a t e d  w i t h  d e c o lo r iz in g  

c a r b o n  a n d  f i l t e r e d  a n d  c r y s t a l l i z a t i o n  a f f o r d e d  0 .2 4 7  g  ( 4 0 % )  o f  t h e  

c r u d e  a z i r i d i n e  2a, m p  8 7 - 9 6  ° C .  R e c r y s t a l l i z a t i o n  f r o m  h e x a n e  a f 

f o r d e d  0 . 1 9 3  g  ( 3 1 % )  o f  t h e  p u r i f i e d  a z i r id i n e ,  m p  9 8 - 1 0 0  ° C  ( l i t . 2 0 m p

9 9 - 1 0 0  ° C ) .  S e v e r a l  a d d i t i o n a l  r e c r y s t a l l i z a t i o n s  w e r e  n e e d e d  t o  r e 

m o v e  t h e  l i g h t  y e l lo w  c o lo r  f r o m  t h i s  m a t e r i a l .
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T w e n t y - t w o  trans- a n d  c i s - l - a l k y l - 2 - a r y l ( a l k y l ) - 3 - a r o y I a z i r i d i n e s  h a v e  b e e n  s t u d i e d  b y  u s e  o f  1 H  a n d  1 3 C  N M R .  

T h e  13 C  c h e m i c a l  s h i f t s  o f  t h e  r i n g  c a r b o n s  h a v e  b e e n  t a b u l a t e d ,  a s  w e l l  a s  t h o s e  f o r  t h e  a - N - a l k y l  c a r b o n s  ( s e e  

T a b l e  I ) .  S e l e c t e d  c o u p l i n g  c o n s t a n t s  a r e  r e p o r t e d .  T h e  c h e m i c a l  s h i f t s  o f  t h e  r i n g  c a r b o n s  a r e  c o r r e l a t e d  w i t h  t h e  

p h e n o m e n o n  o f  t h r e e - r i n g  t o  c a r b o n y l  h y p e r c o n j u g a t i o n . 2  I n  a d d i t i o n ,  t h e  e f f e c t  o f  t h e  n i t r o g e n  lo n e  p a i r  u p o n  'J  
( 1 3 C - H )  v a l u e s  a n d  t h e  c a r b o n y l  c a r b o n  c h e m i c a l  s h i f t s  i s  d i s c u s s e d ,  w h i l e  t h e  a - N - a l k y l  c a r b o n  v a l u e s  a r e  r a t i o n a l 

iz e d  in  t e r m s  o f  s t e r i c  c o m p r e s s i o n  e f f e c t s .

A 13C NMR study of representative trans- and ci'.s-l- 
alkyl-2-aryl(alkyl)-3-aroylaziridines has been undertaken. 
While systematic 13C NMR studies of N-unsubstituted alkyl - 
and phenylaziridines have appeared earlier in the literature ,3,4 

no desirable 13C NMR study of the title  compounds has been 
published to date. Work pertaining to the effect of the n itro 
gen heteroatom in cyclic systems has appeared in the litera
ture ,5-9  as well as that of representative 1-azirines. 10 Here we 
have studied the effect of three-ring to carbonyl hypercon
jugation ,2 the effect of the nitrogen lone pair on selected 
coupling constants and the carbonyl group, and the steric 
compression effect (where applicable) in these systems.

The assignments made are based on chemical sh ift con
siderations; signal m ultiplicities from off-resonance decou
pling experiments or from coupled spectra; and qualitative 
considerations of long-range 1 3 C -H  couplings; that is to say, 
the C2 line width is greater than the line width of C3 due to 
three-bond coupling of the C2 to the adjacent (ortho) protons 
of the C2-H  aryl substituent (see Table I and the Experi
mental Section for assignments).

Three-Ring to Carbonyl Hyperconjugation. As revealed 
in Table I, the 13C NMR studies show that the trans isomers 
of arylaroylaziridines (except 11a and 12a) enjoy substantial 
conjugation through their three-membered rings. This is 
borne out by the fact that C2 appears further downfield than 
C3 for la-8a and 10a by 0.5,1 .2 ,0 .7,1.3,1 .2 ,1.3,0.9,0.9, and
1.0 ppm, respectively. The strength of this statement is not 
so much the ~ l-ppm  difference in the values of C3 and C3 but 
the fact that the trend is uniform; i.e., A£ (C2-C 3 ) is always 
greater than zero. (A similar trend is found in the IR and UV 
data.2) In marked contrast, the opposite trend is found in the 

NMR data (see again Table I), such that the ring proton 
attached to C3 is always further downfield in both the trans 
and cis isomers. One plausible explanation for this trend in 
the trans compounds might be the greater anisotropic effect 
by the phenyl group upon the hydrogen cis to it.lla-c Of course,

C h a r t  I .  B o n d  P o l a r i z a t i o n  a l o n g  t h e  o S k e l e t o n  o f  

A r y l a r o y l a z i r i d i n e s  A s s u m i n g  C a r b o n y l  t o  b e  t h e  O n l y  

E l e c t r o n e g a t i v e  S u b s t i t u e n t

O

an alternating polarization effect, such as was invoked in 
six-membered N-heterocyclic compounds by Morishima,llc 
appears applicable here (Chart I). That is to say, Pople,ud 
using the CNDO-SCF molecular orbital calculations, sug
gested that the inductive effect induced by an electronegative 
substituent (here, carbonyl) alternates and attenuates along 
to a skeleton of the arylaroylaziridine three ring. This theory 
appears to be well correlated w ith the H 3 and H 3 ring proton 
values in both the trans- and cis-aziridines (Table I), wherein 
H 3 (oo- ) is always further downfield than H 2 (¿¿¿+). Moreover, 
the fact that the ring hydrogens of trans are further downfield 
than those of the cis can clearly be attributed to the aniso
tropic effect of the phenyl and carbonyl groups lying cis to 
their hydrogens in the trans -aziridines. 1 1 3  Finally, one cannot 
ignore the bond polarization effect of the phenyl group since 
the trans- and cis-l-cyclohexyl-2-methyl-3-(p-phenylben- 
zoyl)aziridines (16a,b) have their C2 protons significantly 
upfield, i.e., ~ 1  ppm, from their respective trans and cis an
alogues, lla,b.llad

W ith respect to three-ring to carbonyl hyperconjugation, 
a brief explanation of the stereochemical requirements is 
warranted. Basically, following the established corollary1 18 , 13  

that the N-alkyl group in the trans series exists preferentially 
syn to the carbonyl moiety, the following conformer may be 
drawn to represent la-8a, 10a, and 11a (see Chart II). In es-
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Table I. Proton and Carbon-13 NMR Parametersd of Selected trans- and cis-l-Alkyl-2-aryl(alkyl)-3-aroylaziridines
0

C a r b o n - 1 3 ,  p p m  f r o m  M e 4 S i

R i R 2 A r

T r a n s

( c i s )

P r o t o n

h 2

, p p m  f r o m  M e 4 S i °  

H 3  H a i> c 2 C 3

C a r b o n y l

C ab c = o

H P h p - P h -

c 6 h 4

la 3 . 1 8 3 . 5 5 2 . 7 2  ( N - H ) 4 3 . 9 4 3 . 4 1 9 4 . 8

M e P h p - P h -

c 6 h 4

2a (2b) 3 . 3 7  ( 3 . 0 5 ) 3 . 5 5  ( 3 . 2 2 ) 2 . 6 7  ( 2 .6 0 ) 4 9 . 6  ( 4 6 .9 ) 4 8 . 4  ( 4 9 .8 ) 3 8 . 8  ( 4 9 .8 )  1 9 3 . 7  ( 1 9 0 . 5 )

E t p - P h -

c 6 h 4

P h 3a (3b) 3 . 5 2  ( 3 . 0 7 ) 3 . 6 2  ( 3 . 2 3 ) 2 . 8 8  ( 2 .6 0 ) 4 8 . 7  ( 4 9 .8 ) 4 8 . 0  ( 5 1 . 2 ) 4 5 . 8  ( 5 5 . 4 )  1 9 4 . 2  ( 1 9 3 . 1 )

B z P h P h 4a (4b) 3 . 6 2  ( 3 .2 ) 3 . 6 2  ( 3 . 3 2 ) 4 . 0 2  ( 3 . 6 7 -  

3 . 9 2 1

4 9 . 3  ( 4 9 .6 ) 4 8 . 0  ( 5 1 . 0 ) 5 4 . 8  ( 6 3 . 7 )  1 9 4 . 8  ( 1 9 2 . 8 )

i - P r p - P h -

c 6 h 4

P h 5a (5b) 3 . 5 8  ( 3 . 1 3 ) 3 . 6 7  ( 3 . 2 8 ) 3 . 0 2  ( 1 . 8 5 ) 4 8 . 5  ( 4 9 .5 ) 4 7 . 3  ( 5 0 . 5 ) 5 0 . 3  ( 6 1 . 6 )  1 9 4 . 7  ( 1 9 3 . 1 )

c - C 6H „ P h P h 6a (6b) 3 . 5 7  ( 3 . 1 2 ) 3 . 6 3  ( 3 . 2 8 ) 2 . 1 2  ( 1 - 2 ) 4 8 . 4  ( 4 9 . 1 ) 4 7 . 1  ( 4 9 .8 ) 5 7 . 7  ( 6 8 .9 )  1 9 4 . 5  ( 1 9 3 . 2 )
e n d o - N o r - P h P h 7a (7b) 3 . 5 0  ( 3 .0 ) 3 . 5 5  ( 3 . 0 7 ) 3 . 0 3  ( 2 . 2 5 ) 4 9 . 0  ( 4 9 .5 ) 4 8 . 1  ( 5 0 .6 ) 6 0 . 7  ( 7 2 . 3 )  1 9 4 . 6  ( 1 9 3 . 2 )

b o r n y h

e x o - N o r - P h P h 8a (8b) 3 . 3 5  ( 3 . 0 2 ) 3 . 4 9  ( 3 .0 6 ) 2 . 7 5  ( 2 . 3 3 ) 4 8 . 3  ( 4 9 .8 ) 4 7 . 4  ( 5 0 . 5 ) 6 4 . 1  ( 7 4 . 1 )  1 9 4 . 6  ( 1 9 3 . 4 )
h o r n y  I e

f - B u P h P h (9b) ( 3 . 4 1 ) ( 3 . 4 1 ) ( - ) ( 4 3 .2 ) ( 4 4 .3 ) ( 5 3 . 7 )  ( 1 9 4 . 0 )
c - C 6H „ P h p - M e -

P h

10a (10b) 3 . 5 7  ( 3 . 1 2 ) 3 . 6 9  ( 3 . 2 8 ) 2 . 1 2  ( 1 - 2 ) 4 8 . 1  ( 4 9 .0 ) 4 7 . 1  ( 4 9 .8 ) 5 7 . 8  ( 6 9 .0 )  1 9 4 . 0  ( 1 9 2 . 7 )

c - C ß H n M e p - P h -

c 6 h 4

1 1 a (1 1 b) 2 . 6 8 ( 2 . 1 1 ) 3 . 3 2  ( 2 .9 4 ) 2 . 1 2  ( - ) 4 2 . 1  ( 4 2 . 7 ) 4 4 . 3  ( 4 6 . 5 ) 5 8 . 0  ( 6 9 .4 )  1 9 4 . 9  ( 1 9 4 . 6 )

M e P - N O 2 -

P h

P h 12a 3 . 5 2 3 . 6 0 2 . 6 2 4 8 . 0 4 9 . 3 3 8 . 6  1 9 3 . 2

c - C ß P - n H p - P h -

c 6 h 4

13 2 . 2 9 2 . 9 3 1 . 7 7 3 5 . 7 3 9 . 8 6 9 . 5  1 9 5 . 6

“  S e e  r e f  1 1 a  f o r  d e t a i l s  o n  h o w  t h e s e  c o m p o u n d s  w e r e  s t u d i e d  b y  1 TT N M R .  b T h e  a  p o s i t i o n  r e f e r s  t o  e i t h e r  t h e  c a r b o n  a t t a c h e d  

t o  n i t r o g e n  o r  i t s  h y d r o g e n ( s ) .  c T h e s e  n e w l y  s y n t h e s i z e d 1 2  i s o m e r i c  a z i r i d i n e s  g a v e  s a t i s f a c t o r y  m i c r o a n a l y s i s .  d C i s  v a l u e s  i n  p a r e n 

t h e s e s .

C h a r t  I I .  C o n f o r m a t i o n  o f  T r a n s  I s o m e r s  in  

N -  A l k y l a r y  l a r o y l a z i r i d i n e s “

C h a r t  I I I .  R e p r e s e n t a t i o n  o f  C a n o n i c a l  S t r u c t u r e s  W h i c h  

S e r v e  t o  R e s o n a n c e  S t a b i l i z e  t h e  C - C  B o n d  C o n j u g a t i o n 0

0

0  A r  =  P h  o r  p - P h - C 6 H 4 ; R  =  H ,  M e ,  E t ,  ¡ - P r ,  c - C 6H , , ,  e t c .  
( a l k y l ) .

s e n c e  t h e  s t e r i c  r e q u i r e m e n t s  d e m a n d  t h a t  t h e  n o d a l  p l a n e  

o f  t h e  p h e n y l  a n d  c a r b o n y l  g r o u p s  b e  o r t h o g o n a l  t o  t h e  p l a n e  

o f  t h e  a z i r i d i n e  r i n g . 2  H e n c e ,  t h e  tr o r b i t a l s  o f  t h e  a t t a c h e d  

g r o u p s  h a v e  t o  b e  f r e e  t o  o r i e n t  t h e m s e l v e s  s o  t h a t  t h e i r  n o d a l  

p l a n e s  a p p r o a c h  a  p e r p e n d i c u l a r  r e l a t i o n s h i p  t o  t h e  p l a n e  o f  

t h e  t h r e e  r i n g  a n d  a  s y m m e t r i c a l  a r r a n g e m e n t  w i t h  r e s p e c t  

t o  t h e  b e n t  b o n d s . 2 ’ 1 4 4 5  F u r t h e r m o r e ,  i t  a p p e a r s  t h a t  t h e  

c o n j u g a t i v e  b e h a v i o r  o f  t h e  t h r e e  r i n g  i s  d u e  t o  t h e  C - C  b o n d  

a n d  c a n  w e l l  b e  r a t i o n a l i z e d  b y  d r a w i n g  c a n o n i c a l  s t r u c t u r e s  

o f  t h e  t y p e  s h o w n  i n  C h a r t  I I I .

I t  i s  w o r t h  n o t i n g  t h a t  t h e  a b i l i t y  o f  t h e  a r y l  r i n g  ( a t t a c h e d  

t o  C 2 ) t o  s u p p o r t  a  p a r t i a l  p o s i t i v e  c h a r g e  i s  m o s t  c r u c i a l .  

W h e n  i r o n s - l - m e t h y l - 2 - ( p - n i t r o p h e n y l ) - 3 - b e n z o y l a z i r i d i n e  

(12a) w a s  e x a m i n e d  b y  1 3 C  N M R ,  C 2  w a s  f o u n d  1 . 3  p p m  u p -  
f ie ld  f r o m  C 3 . A n o t h e r  m o d e l  f o r  c o m p a r i s o n  i n  s u p p o r t  o f  

t h r e e - r i n g  t o  c a r b o n y l  h y p e r c o n j u g a t i o n  i s  t o  l o o k  a t  t h e  tra n s- 
a n d  c : s - m e t h y l  l - i s o p r o p y l - 2 - ( p - b i p h e n y l ) a z i r i d i n e c a r b o x -

y l a t e s  (15a,b) s p e c t r o s c o p i c a l l y  a n d  o b s e r v e  t h e  n e t  c h a n g e  

i n  C 2  a n d  C 3  v a l u e s  i n  g o i n g  f r o m  t r a n s  t o  c i s  r e l a t i v e  t o  t h e  

k e t o n e  a n a l o g u e s  5a,b.16a F o r  t h e  e s t e r s  t h e  b Ad  ( C 2 - C 3 ) v a l u e  

w a s  1 . 3  p p m  v s .  a  5 A 5  ( C 2 - C 3 ) v a l u e  o f  2 . 2  p p m  f o r  t h e  k e t o n e .  

A s  e x p e c t e d ,  t h e  k e t o n e  s h o w s  a  g r e a t e r  c o n j u g a t i v e  e f f e c t  i n  

t h e  t r a n s  i s o m e r ,  o w i n g  t o  i t s  b e t t e r  a b i l i t y  t o  s u p p o r t  a  p a r t i a l  

n e g a t i v e  (<5~) c h a r g e  a t  C 3  ( C h a r t  I I I ) .  T h e  a p p a r e n t  i n f e r e n c e  

f r o m  t h e s e  d a t a  i s  t h a t  i n  12a a n d  15a t h e  C 2 - C 3  b o n d  p o l a r i t y  

i s  s i g n i f i c a n t l y  d i m i n i s h e d  ( C h a r t  I V ) 16 b  w i t h  a  r e s u l t a n t  

d e c r e a s e  i n  t h r e e - r i n g  t o  c a r b o n y l  h y p e r c o n j u g a t i o n .  H o w e v e r ,  

n o t  o n l y  m u s t  e l e c t r o n i c  c o n s i d e r a t i o n s  b e  m e t ,  b u t  a l s o  s t e r i c  

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

b o n y l  h y p e r c o n j u g a t i o n  t o  o c c u r ;  h e r e  t h e  c i s  a n a l o g u e s  a r e  

a  p r i m e  e x a m p l e  o f  t h i s  ( s e e  b e l o w ) .

I n  m a r k e d  c o n t r a s t  t o  t h e  t r a n s  i s o m e r s ,  t h e  c i s - 1 - a l k y l -

2 - a r y l - 3 - a r o y l a z i r i d i n e s  (2b-10b) h a v e  t h e i r  C 2  c a r b o n s  2 . 9 ,
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C h a r t  I V .  f r a n s - A z i r i d i n e s  w i t h  L o w e r e d  C a r b o n y l  

H y p e r e o n j u g a t i o n

R ,  =  p - N 0 2 C 6 H 4 w h e n  R 3 =  P h  r e l a t i v e l y  m i n o r

R 2 =  p - P h C 6 H 4 w h e n  R 3 =  O C H 3

C h a r t  V .  G a u c h e  C o n f o r m e r  o f  

cis-N -  A l k y l a r y l a r o y l a z i r i d i n e s

0.4,1.4,1.0, 0.7,1.1, 0.7.1.1, and 0.8 ppm, respectively, upfield 
from C3 (Table I). Again the trend is uniform; however, now 
A5 (C2-C3 ) is always less than zero. This trend can be a ttr ib 
uted, in part, to diminished three-ring to carbonyl hyper
conjugation. Although a cisoid conformer of the cis isomer may 
be postulated, it is the gauche conformer (Chart V) which has 
been found to be the main, i f  not only, conformer present in 
polar solvent, as revealed by infrared studies, 1 2 ' 1 7 - 1 9  and it  
lacks the ability to hyperconjugate. (Note: in the gauche 
conformer repulsion between the C2 -aryl group and C3 -car
bonyl group w ill not allow for the orbital overlap needed for 
three-ring to carbonyl hypereonjugation.)

E ffect of Nitrogen Lone Pair. An analysis of the chemical 
shifts of carbonyl carbons in the arylarolyaziridines (Table 
I) reveals that a consistent, substantial difference exists be
tween the trans and cis isomers. In pairs 2-8 signals of the 
carbonyl carbons are downfield in the trans isomer compared 
to the cis by 1-4 ppm. In compounds l la ,b , which lack an 
aromatic group at C2, the carbonyl chemical shifts are rather 
similar, which suggest that an aromatic group at C2 is a nec
essary ingredient to observe a substantial effect. The identity 
of the N -R  substituent does not appear to have a sizable effect 
(compare 2,3, and 6 - 8 ), as long as R is attached to the nitrogen 
w ith a primary, secondary, or tertiary carbon. The trans iso
mers 2a -8a  appear rather similar to their carbocyclic ana
logue, trans-\ -(p-pher.ylbenzoyl)-2-pheny[cyclopropane (14) 
(Chart VI), except that 14 has an even more downfield car
bonyl chemical shift. This sim ilarity suggests that the orien
tation of the lone pair is not of major importance. In particular, 
the irons-aziridines, which have the lone pair anti to carbonyl, 
show downfield carbonyl absorptions, compared to the cis- 
aziridines, where carbonyl is syn to the nitrogen lone pair. The 
shielded nature of the chemical shifts in the cis isomers is 
presently believed to be due to anisotropic effect, whereby the 
circulation of electrons in the ir system of one substituent 
shields the other group, and is the case in the cis-aziridines 
because of the shielding effect of the aromatic group at C2. (In

C h a r t  V I .  C a r b o c y c l i c  A n a l o g u e  o f  f r a n s - A r y l a r o y l a z i r i d i n e s

Table II. Stereochemical Dependence of l3C -H  Coupling 
Constants0 in Selected Aroylaziridines

Compd
T r a n s C i s Ja Jp J a' Jp

4 b 1 6 4 1 6 6

5 a 5 b 1 7 2 1 6 7 1 6 2 1 6 3

6 a 6 b 1 7 7 1 6 6 1 6 2 1 6 4

1 0 a 1 7 6 1 6 6

1 1 a 1 7 4 1 6 4

1 2 a 1 7 1 1 6 7

1 5 a 1 5 b 1 8 1 1 6 7 1 7 0 1 6 7

0 J values in hertz.

T a b l e  I I I .  C a l c u l a t e d  v s .  E x p e r i m e n t a l  V a l u e s “  f o r  t h e  

a - J V - A l k y l  C a r b o n  i n  trans- a n d  c z ' s - A r y l a r o y l a z i r i d i n e s

T r a n s C i s N  s u b s t i t u e n t E x p t l C a l c d

2 a 2 b - c h 3
*  3

3 8 . 8  ( 4 9 . 8 ) 3 8 . 8  ( 4 9 . 2 )

3 a 3 b - c h 2c h 3
*  2 3

4 5 . 8  ( 5 5 . 4 ) 4 5 . 0  ( 5 5 . 4 )

4 a 4 b - C H ( C H 3 ) 2 5 0 . 3  ( 6 1 . 6 ) 5 1 . 2  ( 6 1 . 6 )

5 a 5 b - C H . P h
*  2

5 4 . 8  ( 6 3 . 7 ) 5 2 . 3  ( 6 2 . 7 )

6 a 6 b
- £ }

5 7 . 7  ( 6 8 . 9 ) 5 8 . 5  ( 6 8 . 9 )

7 a 7 b Ö *
\'x* * 1

6 0 . 7  ( 7 2 . 3 ) 6 3 . 2  ( 7 3 . 6 )

8 a 8 b
&

6 4 . 1  ( 7 4 . 1 ) 6 3 . 2  ( 7 3 . 6 )

“  C i s v a l u e s i n  p a r e n t h e s e s .

1H NMR, the mutual shielding of aromatic groups near in 
space is rather common, but in 13C NM R such observations 
are less frequent.20-22)

Jennings and co-workers23 have observed a stereochemical 
dependence of 1 3 C-H  coupling constants in diastereomeric 
(Z)-cis- and (E)-trans-oxaziridines. Similarly, lJ (1 3 C-H) 
coupling constants in selected trans- and cis-TV-alkylar- 
laroylaziridines show such a dependence (see Table II)  on the 
orientation of the nitrogen lone pair such that a positive in 
crement is imparted to the coupling constant of nearby 1 3C-H 
for a C -H  bond cis to the lone pair. For 5a, 6a, and 10a-12a  
(all trans) the difference is in agreement w ith these findings 
and the supposition that the preferred conformation is the 
lone pair syn to phenyl. On the other hand, for 4b -6b  (all cis) 
the lJ (1 3C-H) coupling constants are similar, as expected, and 
this indicates that the nitrogen lone pair is anti in orientation 
to both ring protons.

Steric Com pression E ffe ct. The value of the chemical 
shifts of the «-/V-alkyl carbon increases in both the trans and 
cis isomers as cited in Table III . Hence, a mean difference of
10.4 ppm is found in the chemical sh ift between the cis and 
trans isomers, and looking at "he conformations of the isomers 
(Chart V II) one can postulate that the a-V-alkyl carbon in the 
trans isomer is sterically perturbed by being syn to the car
bonyl moiety. In the cis isomer no steric compression sh ift is
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Chart VII. E f f e c t  o f  S t e r i c  C o m p r e s s i o n  S h i f t

observed since the a-AT-alkyl carbon is anti to the benzoyl 
group. Since, in this steric perturbation, the carbon to hy
drogen bond is shortened and the subsequent carbon electron 
density increases, it  is not surprising that the a-iV-alkyl carbon 
in the trans isomer is found (on the average) 10.4 ppm upfield 
from its unperturbed cis analogue. As the magnitude of the 
shift is quite large, it appears that the proxim ity of the a- 
N-alkyl hydrogen(s) and the carbonyl group is an important 
factor in determining the chemical sh ift of the a carbon at
tached to nitrogen.24

Of importance also is the order in which the chemical shifts 
of the a-N-alkyl carbon increase (gees downfield) relative to 
Me4Si. This trend can be attributed to the fact that the 
presence of attached and nearby carbons has a profound effect 
upon 13C NMR chemical shifts. In order that a quantitative 
grasp of the effect of the attached carbons can be understood, 
one can derive and employ the following empirical equation
(1) for the 13C chemical shift for the iV-alkyl carbon a to n i
trogen

Scaled = Bca +  aN 1 + ßN 2 +  S (1)

where Bca is the base value, taken as 49.2 ppm, Ni = number 
of a carbons to carbon a to nitrogen, N2 = number of 6 carbons 
to carbon a to nitrogen, a = 6.2, ft = 3.65, and S = steric 
compression factor = —10.4 ppm (trans isomer only). Hence, 
by employing this equation one can calculate values for non- 
tertiary «-A'-alkyl carbons that are quite close to those values 
found experimentally; in fact, the calculated ( 5 c c a i c d )  and ex
perimental (<5cexPti) values appear in close agreement (see 
Figure 1).

W ith respect to the chemical shift of the ring carbons, the 
N -alkyl substituent appears to have little or no effect on the 
chemical shift values of the arylaziridine carbons since all 
appear w ithin a few parts per m illion of one another (except 
in 9b when the N -a lkyl group is te ri-bu ty l; cf. discussion 
below). Ordinarily, the effect of a substituent 7  to the C2 and 
C3 would be substantial, according to Stothers;21 however, 
little  effect is observed in this instance. One reason may be 
that the hydrogen of the a-iV-alkyl carbon is always extending 
toward the center of the three ring and impinging on the C2 

and C3 substituents (Chart V III). This argument is reinforced 
by the fact that the small C -N -C  angle of the aziridine ring 
makes it  d ifficu lt to accommodate any other group than hy
drogen “ inside” the three ring. Thus, it  makes little difference 
what N -C H -R 1 R2 is because R i and R2 are always extended 
away from the ring. Moreover, when tert-butyl is the V-alkyl 
substituent in the case of 9b, both ring carbons show an up
field shift owing to a probable steric compression effect by a 
methyl group which must in this instance lie over the three 
ring.20-24

Another steric compression shift may be found in the

Chart VIII. C o n f o r m e r  o f  A r y l a r o y l a z i r i d i n e  w i t h  t h e  

H y d r o g e n  o f  t h e  T V - A l k y l  C a r b o n  P o i n t i n g  t o w a r d  t h e  

C e n t e r  o f  t h e  A z i r i d i n e  R i n g

30 L

Figure 1 .  P l o t  o f  a - N - a l k y l  c a r b o n s  [6 ccaicd ( p p m )  v s .  <5cexpti ( p p m ) ]  

w i t h  r e g r e s s io n  a n a l y s i s  u s e d  t o  g e t  t h e  b e s t  l e a s t - s q u a r e s  c o r r e la t io n  

o f  a l l  t h e  p o i n t s ,  t h e  b e s t  s t r a i g h t  l i n e  o f  w h i c h  is  f o u n d  t o  b e  5 ccalcd 

=  1 . 0 1 6 ,  5 cexpti -  1 .0 2 1 , w i t h  t h e  c o r r e l a t i o n  c o e f f i c i e n t  (r2) =  

0 .9 9 3 . 25

chemical shifts of the C2-methyl group in 1 la and lib . For 11a 5 = 18.7 ppm, while l i b  has a 13.5-ppm shift. This is another 
case of a steric substituent shift wherein the C2 -methyl group 
cis to the carbonyl is shifted 5.2 ppm upfield in the cis isomer, 
a considerably smaller value than what is observed in the case 
of the a-N-alkyl carbon. The reason may be due to the fact 
that the C-N bond length in aziridine is considerably shorter 
than the C-C bond length, in this case approximately 0.10 A 
shorter.2-15 This places the substituent on N in closer prox
im ity to a syn group than a substituent on C-2, creating a worse 
steric situation for the former and, hence, a greater steric 
shift.

Experim ental Section28

T h e s e  e p i m e r i c  l - a l k y l - 2 - a r y l ( a l k y l ) - 3 - a r o y l a z i r i d i n e s  w e r e  p r e 

p a r e d  b y  k n o w n  p r o c e d u r e s :  la a n d  2a,2' 3a,b a n d  5a,b,Ua 4a,b, 6a,b, 
9b, 10a,b, a n d  12a,58 7a,b a n d  8a,b,1228 lla,b ,29 1 3,30 1 4,3 1  a n d  

15a,b.lla
T h e  1 H  n o i s e - d e c o u p l e d  a n d  s i n g l e - f r e q u e n c y  o f f - r e s o n a n c e  

d e c o u p le d  13C  F o u r i e r  t r a n s f o r m  N M R  s p e c t r a  w e r e  d e t e r m in e d  f r o m  

c a . 1  M  C D C I 3  s o lu t io n s  o n  a  V a r i a n  X L - 1 0 0 - 1 5  s p e c t r o m e t e r .  D i g i t a l  

r e s o lu t io n  is  1 . 2 5  H z / p o in t .  C h e m i c a l  s h i f t s  a r e  r e f e r e n c e d  t o  in t e r n a l  

C D C I 3 , t a k e n  a s  7 6 .9  p p m  f r o m  M e ,| S i ,  a n d  a r e  a c c u r a t e  t o  0 . 1  p p m .32 

L i s t e d  b e lo w  is  t h e  c o m p l e t e  13 C  N M R  d a t a  f o r  t h e  trans- a n d  c i s -  

a r y l a r o y l a z i r i d i n e  s y s t e m s .

trans-2-PhenyI-3-(p-phenylbenzoyl)aziridine (la): b 1 9 4 .8  (s , 

C = 0 ) ,  1 4 6 . 3 ,  1 3 8 . 1 , 1 3 4 . 4  (s , a r o m a t i c  i p s o  C ’s ) ,  1 2 6 . 0 - 1 2 9 . 0  ( m , a r 

o m a t i c  C - H ’s ) ,  4 3 .9  ( d , C 2 ) , 4 3 .4  ( d , C3).
trans-l-Methyl-2-phenyl-3-(p-phenyl benzoyl (aziridine (2a): 

<5 1 9 3 . 7  ( s , C = 0 ) ,  1 4 5 . 9 , 1 3 9 . 6 , 1 3 9 . 5  (s , a r o m a t i c  ip s o  C ’s ) ,  1 2 5 . 9 - 1 3 0 . 1  

( m , a r o m a t i c  C - H ’ s ) ,  4 9 .6  ( d ,  C 2 ) , 4 8 .4  ( d ,  C 3 ) , 3 8 .8  ( q , N-CH3).
trans-l-Ethyl-2-( p-biphenyl)-3-benzoylaziridine (3a): b 1 9 4 .2  

( s ,  C = 0 ) ,  14 0 .6 ,  1 3 7 . 9 ,  1 3 3 . 1  ( s , a r o m a t i c  ip s o  C ’s ) ,  1 2 6 . 9 - 1 2 8 . 5  ( m , 

a r o m a t i c  C - H ’ s ) ,  4 8 .7  ( d , C 2 ) , 4 8 .0  ( d .  C 3 ) , 4 5 .8  ( t .  N - C H 2 ), 1 4 . 8  ( q ,  

C H 3 ).
tr a n s -l-Benzyl-2-phenyl-3-benzoylaziridine (4a): 6 1 9 4 . 8  (s , 

C = 0 ) ,  1 3 4 . 6 ,  1 3 2 . 9 .  1 3 2 . 7  ( s , a r o m a t i c  i p s o  C ’ s ) ,  1 2 6 . 2 - 1 2 8 . 1  ( m . a r 

o m a t i c  C - H ’s ) ,  5 4 .8  i t ,  N - C H 2), 4 9 . 3  ( d . C 2 ). 4 8 .0  (d . C 3 ).
t r a n s -l-Isopropyl-2-(p-biphenyl)-3-benzoylaziridine (5a):

b 1 9 4 .7  (s . 0 = 0 ) ,  1 4 0 .7 ,  1 4 0 . 1 ,  1 3 8 .0  (s , a r o m a t ic  ip s o  C ’ s ) , 1 2 6 . 2 - 1 3 2 . 9  

( m , a r o m a t i c  C - H ’ s ) ,  5 0 . 3  ( d , N - C H ) .  4 8 .5  ( d ,  C 2 ), 4 7 . 3  ( d ,  C 3 ) , 2 2 .3  

( q ,  C H 3) ,  2 2 . 1  ( q , C H 3 ).
tr a n s -l-Cyciohexyl-2-phenyl-3-benzoyIaziridine (6a): b 1 9 4 .5  

( s , C = 0 ) ,  1 3 9 .2 .  1 3 8 . 0  (s , a r o m a t ic  ip s o  C ’s ) ,  1 2 6 . 3 - 1 3 3 . 0  ( m , a r o m a t ic  

C - H ’ s ) ,  5 7 . 7  ( d .  N - C H ) ,  4 8 .4  ( d ,  C 2), 4 7 . 1  ( d , C 3 ) , 3 3 . 0  ( t ,  c v c l o h e x y l  

C 2 ), 3 2 .7  ( t ,  c y c l o h e x y l  C 6), 2 6 .0  ( t ,  c y c l o h e x y l  C 4). 2 4 .5  ( t ,  c y c l o h e x y l  

C 5 ) , 2 4 .2  ( t ,  c y c i o h e x y l  C 3 ).
tr a n s -1 -(2 -endo-Norbornyl)-2-phenyl-3-benzoylaziridine

(7a):33-34 6  1  9 4 .6  ( s ,  C = 0 ) ,  1 3 9 . 5 .  1 3 8 . 0  ( s ,  a r o m a t i c  i p s o  C ’ s ) ,

1 2 6 . 2 - 1 3 3 . 0  ( m . a r o m a t i c  C - H ’s ) ,  6 0 .7  ( d , N ^ - C - H  o r  n b  C 2 ). 4 9 .0  (d , 

C 2), 4 8 .5  ( d . n b  C j ) ,  4 8 . 1  ( d , C 3 ), 4 1 . 0  ( t ,  n b  C 3) , 3 8 .4  ( t ,  n b  C 7 ) , 3 7 . 3  (d , 

n b  C 4) , 2 9 .8  ( t ,  n b  C 5 ) , 2 2 . 1  ( t ,  n b  C 6 ).
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trans-l-(2-exo-Norbornyl)-2-phenyl-3-benzoylaziridine
(8a):33t34 b 1 9 4 .6  (s , C = 0 ) ,  1 3 9 . 4 ,  1 3 7 . 9  ( s ,  a r o m a t i c  i p s o  C ’s ) ,

1 2 5 . 9 -  1 3 3 . 0  ( m , a r o m a t i c  C - H ’ s ) ,  6 4 . 1  ( d , N - C H  o r  n b  C 2 ) , 5 0 .2  ( d , 

n b  C i ) ,  4 8 . 3  ( d , C 2) , 4 7 .4  ( d , C 3 ) , 4 2 .8  ( t ,  n b  C 3 ), 3 6 .0  ( d , n b  C 4), 3 5 .8  

( t ,  n b  C 7 ) , 2 8 .7  ( t ,  n b  C 5 ) , 2 6 .5  ( t ,  n b  C 5 ).

trans-l-Cyclohexyl-2-phenyl-3-(p-toluyl)aziridine (10a): b
1 9 4 .0  ( s , C = 0 ) ,  1 4 3 . 8 , 1 3 9 . 3 , 1 3 5 . 6  ( s , a r o m a t i c  ip s o  C ’s ) ,  1 2 6 . 3 - 1 2 9 . 1  

( m , a r o m a t i c  C - H ’s ) ,  5 7 . 8  ( d ,  N - C H ) ,  4 8 . 1  ( d , C 2), 4 7 . 1  ( d ,  C 3 ) , 3 3 . 1  

( t ,  c y c l o h e x y l  C 2) , 3 2 .7  ( t ,  c y c l o h e x y l  C g ) , 2 6 .0  ( t ,  c y c l o h e x y l  C 4), 2 4 .6  

( t ,  c y c l o h e x y l ,  C g ) ,  2 4 .2  ( t ,  c y c l o h e x y l ,  C 3 ) , 2 1 . 6  ( q ,  A r - C H 3 ).

trans-1 -Cyclohexyl-2-methyl-3-(p-phenylbenzoyl)aziridine 
(11a): b 1 9 4 . 9  ( s , C = 0 ) ,  1 4 5 . 5 ,  1 3 9 . 5 ,  1 3 6 . 9  ( s ,  a r o m a t i c  ip s o  C ’s ) ,

1 2 7 . 0 -  1 2 8 . 7  ( m , a r o m a t i c  C - H ’s ) ,  5 8 .0  ( d , N - C H ) ,  4 4 .3  ( d , C 3 ) , 4 2 . 1  

( d ,  C 2 ), 3 3 . 2  ( t ,  c y c l o h e x y l  C 2) , 3 3 . 0  ( t ,  c y c l o h e x y l  C g ) , 2 5 .9  ( t ,  c y c l o 

h e x y l  C 4), 2 4 .8  ( t ,  c y c l o h e x y l  C 5 ) , 2 4 .4  ( t ,  c y c l o h e x y l  C 3 ) , 1 8 . 7  ( q ,  

C H 3 ).

trans-l-Methyl-2-(p-nitrophenyl)-3-benzoylaziridine (12a):
t 1 9 2 . 3  ( s , C = 0 ) ,  1 4 7 . 1 , 1 4 6 . 3 , 1 3 7 . 4  (s , a r o m a t ic  ip s o  C ’s ) ,  1 2 3 . 1 - 1 3 3 . 5  

( m , a r o m a t i c  C - H ’s ) ,  4 9 . 3  ( d , C 3) , 4 8 .0  ( d , C 2) , 3 8 .6  ( q , N - C H 3 ).

l-Cyclohexyl-2-(p-phenylbenzoyl)aziridine (13): b 1 9 5 . 6  ( s ,  

C = 0 ) ,  1 4 5 . 5 ,  1 3 9 . 6 , 1 3 5 . 4  ( s ,  a r o m a t i c  ip s o  C ’s ) ,  1 2 7 . 0 - 1 2 8 . 7  ( m , a r 

o m a t i c  C - H ’s ) ,  6 9 .9  ( d , N - C H ) ,  3 9 .8  ( t ,  C 2) , 3 5 . 7  Id ,  C 3 ) , 3 2 . 7  ( t ,  c y -  

d o h e x y l  C 2), 3 2 . 3  ( t ,  c y c l o h e x y l  C g ) , 2 5 .9  ( t ,  c y c l c h e x y l  C 4), 2 4 .7  ( t , 

c y c l o h e x y l  C 3 a n d  C g ) .

trans-l-(p-Phenylbenzoyl)-2-phenylcyclopropane (14):31 b
197.7 ( s , C = 0 ) ,  145.4,140.3, 139.7 ( s , a r o m a t i c  ip s o  C ’s ) ,  126.1-128.7 
( m , a r o m a t i c  C - H 's ) ,  29.8, 29.3 ( b o t h  d ,  Ci, C2, o r  Co, C i ) ,  19.2 ( t ,  

C 3 ).
Methyl trans-l-Isopropyl-2-(p-biphenyl)-3-aziridinecar- 

boxylate ( 1 5 a ) : l l a  b 1 6 9 .2  (s , C = 0 ) ,  1 4 0 . 6 , 1 4 0 . 4  (s , a r o m a t ic  ip s o  C ’s ) ,

1 2 6 . 9 -  1 2 8 . 5  ( m , a r o m a t i c  C - H ’s ) ,  5 1 . 6  ( d , N - C H ) ,  4 7 .6  ( d , C 2) , 4 4 . 1  

( d , C 3 ) , 2 1 . 8  ( q ,  C H 3 ), 2 1 . 4  ( q , C H 3).

cis-l-Methyl-2-phenyl-3-(p-phenylbenzoyl)aziridine (2b): 
i 1 9 0 .5  (s , C = 0 ) ,  1 4 6 . 8 , 1 3 9 . 4 , 1 3 8 . 1  ( s , a r o m a t ic  ip s o  C ’s ) ,  1 2 7 . 2 - 1 3 0 . 4  

( m , a r o m a t i c  C - H ’s ) ,  4 9 .8  ( q , N - C H 3 ) , 4 9 .8  (d , C 3 ) , 4 6 .9  ( d ,  C 2 ).

cis-l-Ethyl-2-(p-biphenyl)-3-benzolaziridine (3b): b 1 9 3 . 1  ( s , 

C = 0 ) ,  14 C .0 ,  1 3 7 . 0 ,  1 3 4 . 3  ( s , a r o m a t i c  ip s o  C ’s ) ,  1 2 6 . 6 - 1 3 2 . 7  ( m , a r 

o m a t i c  C - H ’s ) ,  5 5 .4  ( t ,  N - C H 2 ), 5 1 . 2  ( d , C 3 ), 4 9 .8  ( d ,  C 2) , 1 4 . 1  ( q , 

C H 3 ).

c i s - l-Benzyl-2-phenyl-3-benzoylaziridine (4b): b 1 9 2 . 8  ( s ,

C = 0 ) ,  1 3 7 . 6 , 1 3 6 . 8 , 1 3 4 . 8  ( s ,  a r o m a t i c  ip s o  C ’ s ) ,  1 2 7 . 0 - 1 3 2 . 7  ( m , a r 

o m a t i c  C - H ’s ) ,  6 3 . 7  ( t ,  N - C H 2) ,  5 1 . 0  ( d , C 3) , 4 9 .6  ( d , C 2).

cis-l-Isopropyl-2-(p-biphenyl)-3-benzoylaziridine (5b): b 1 9 3 . 1  

( s , C = 0 ) ,  1 3 4 . 4 - 1 4 0 . 6  ( s , a r o m a t ic  ip s o  C ’s ) ,  1 2 6 . 4 - 1 2 8 . 3  ( m , a r o m a t ic  

C - H ’s ) ,  6 1 . 6  ( d , N - C H ) ,  5 0 .5  ( d ,  C 3 ) , 4 9 .5  ( d ,  C 2) , 2 1 . 8  ( q , C H 3 ), 2 1 . 5  

( q ,  C H 3).
c is -  l-Cyclohexyl-2-phenyI-3-benzoylaziridine (6b): b 1 9 3 . 2  ( s , 

C = 0 ) ,  1 3 7 . 0 ,  1 3 5 . 5  ( s , a r o m a t i c  i p s o  C ’s ) ,  1 2 7 . 0 - 1 3 5 . 5  ( m , a r o m a t i c  

C - H ’ s ) ,  6 8 .9  ( d , N - C H ) ,  4 9 .8  ( d , C 3 ) , 4 9 . 1  ( d ,  C 2) , 3 2 . 2  ( t ,  c y c l o h e x y l  

C 2) , 3 1 . 8  ( t . c y c l o h e x y l  C g>, 2 6 .0  ( t ,  c y c l o h e x y l  C 4) , 2 4 .5  ( t ,  c y c l o h e x y l  

C 3  a n d  C 5 )

cjs-l-(2-endo-Norbornyl)-2-phenyl-3-benzoylaziridine
(7b):32'33 b 1 9 3 . 2  (s , C = 0 ) .  1 3 7 . 2 ,  1 3 5 . 3  ( s ,  a r o m a t i c  i p s o  C ’s ) ,

1 2 6 . 9 -  1 3 2 . 4  ( m , a r o m a t i c  C - H ’ s ) ,  7 2 . 3  ( d , N - C H  o r  n b  C 2) , 5 2 . 5  ( d , 

n b  C 4), 5 0 .6  ( d , C 3 ), 4 9 .5  ( d , C 2 ), 4 0 .9  ( t ,  n b  C s ), 3 8 . 3  ( t ,  n b  C 7), 3 7 . 1  (d , 

n b  C 4), 2 9 .8  ( t ,  n b  C 5 ), 2 2 .6  ( t ,  n b  C g ) .

cis-(2-e.vo-Norbornyl)-2-phenyl-3-benzoylaziridine (8b):32'33 
b 1 9 3 . 4  ( s ,  C = 0 ) ,  1 3 7 . 2 ,  1 3 5 . 5  ( s ,  a r o m a t i c  ip s o  C ’s ) ,  1 2 6 . 9 - 1 3 2 . 4  ( m , 

a r o m a t ic  C - H ’s ) ,  7 4 . 1  (d , N - C H  o r  n b  C 2) , 5 1 . 9  (d , n b  C i ) ,  5 0 .5  (d , C 3 ),

4 9 .8  ( d , C 2), 4 2 .2  ( t ,  n b  C 3 I, 3 5 .9  ( d ,  n b  C 4) , 3 5 .6  ( t ,  n b  C 7 ) , 2 8 .9  ( t ,  n b  
C5), 2 6 .4  ( t . n b  Cg).

e/s-l - terf-Butyl-2-phenyl-3-benzoylaziridine (9b): b 1 9 3 . 0  ( s , 

C = 0 ) ,  1 3 2 . 4 ,  1 2 8 . 3  ( s , a r o m a t i c  i p s o  C ’s ) ,  1 2 6 . 9 - 1 2 7 . 6  ( m , a r o m a t i c  

C - H ’ s ) ,  5 3 . 7  ( s ,  N - C ) ,  4 4 .2  ( d ,  C 3 ) , 4 3 . 2  ( d ,  C 2) , 2 6 .5 ,  2 6 .4 ,  2 6 .3  ( a l l  
q u a r t e t s ,  C H 3 ).

cis-l-Cyclohexyl-2-phenyl-3-(p-toluyl)aziricine (10b): b 1 9 2 . 7  

( s ,  C = 0 ) ,  1 4 3 . 3 , 1 3 5 . 7 , 1 3 4 . 6  ( s ,  a r o m a t i c  i p s o  C ’s ) ,  1 2 6 . 9 - 1 2 8 . 8  ( m , 

a r o m a t i c  C - H ’ s ) ,  6 9 .0  ( d ,  N - C H ) ,  4 9 .8  ( d , C 3 ) , 4 9 .0  ( d ,  C 2 ), 3 2 . 3  ( t ,  

c y c l o h e x y l  C 2), 3 1 . 9  ( t ,  c y c l o h e x y l  C 6) , 2 6 .0  ( t ,  c y c l o h e x y l  C 4), 2 4 .5  ( t ,  
c y c l o h e x y l  C 3  a n d  C 5 ), 2 1 . 6  ( q ,  A r - C H 3 ).

c i s - 1 -Cyclohexyl-2-methyl-3-(p-phenylbenzoyl)aziridine 
(lib): b 194.6 ( s ,  C = 0 ) ,  145.4, 139.6, 136.0 ( s ,  a r o m a t i c  i p s o  C ’ s ) ,

1 2 7 . 0 -  1 2 8 . 7  ( m , a r o m a t i c  C - H ’ s ) ,  6 9 .4  ( d , N - C H )  . 4 6 .5  ( d ,  C 3 ) , 4 2 .7  

( d ,  C 2) , 3 2 . 3  ( t ,  c y c l o h e x y l  C 2) , 3 1 . 9  ( t ,  c y c l o h e x y l  C g ) , 2 5 .9  ( t ,  c y c l o 

h e x y l ,  C 4), 2 4 .8  ( t ,  c y c l o h e x y l ,  C 3  a n d  C 5 ) , 1 3 . 5  ( q ,  C H 3 ).

Methyl cis-1 -Isopropvl-2-(p-biphenyl)-3-aziridinecarboxy- 
late (15b):-Ia b 1 6 8 . 7  ( s ,  C = 0 ) ,  1 4 0 . 6 ,  1 4 0 . 4  ( s ,  a r o m a t i c  i p s o  C ’s ) ,

1 2 6 . 5 - 1 2 8 . 5  ( m , a r o m a t i c  C - H ’ s ) ,  6 1 . 2  ( d , N - C H )  4 7 .4  ( d ,  C 2) , 4 5 .2  
( d ,  C 3 ) , 2 1 . 8  ( q ,  C H 3 ), 2 1 . 4  ( q ,  C H 3).
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for further details, see C. E. Schwarz, "Used Math", Prentice-Hall, Engle
wood Cliffs, N.J., 1973, pp 101-106.
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(1953).
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and J. H. Anglin, J. Am. Chem. Soc., 73, 1044 (1951).

(31) R. J. Mohrbacher and N. H. Cromwell, J. Am. Chem. Soc., 79, 401 
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(32) As a check for solvent effects by the CDCI3, selected samples were run 
with with CDCI3 and Me4Si; however, the chemical shifts obtained [relative 
to Me4Si (b =  0.0)] were identical in all respects with samples run with 
CDCI3 only.

(33) See ref 20, p 48, for details on how the norbornyl carbons were assigned; 
for the norbornylaziridines, very close 13C signals were averaged as they 
were representative of different conformers present in solution.

(34) It is interesting to take note of the fact that when F. M. Menger and T. E.
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Thanos, J. Am. Chem. Soc., 98, 3267 (1976), studied amine quatemization 
rates in exo- and endo-2-dimethylaminonorborane, the endo amine qua- 
ternized 20 times slower than the exo. However, Menger considered this 
to be a small factor, which is to say that the endodimethylamino group is 
not subjected to unusual steric effects within the endo cavity. The '3C data 
obtained on 7a,b and 8a,b indirectly support Menger's observations be
cause the steric substituent effect, as well as the other chemical shift values 
for the norbornyl carbons, is about the same in both 7 and 8. However, a

greater “freedom of motion" is observed in the exo case, owing to its 
greater ability to achieve minimum strain since there is some freedom of 
motion with respect to the exo-norbornyl skeleton. On the other hand, for 
the endo there is less freedom of motion (its cavity is smaller); hence, the 
hydrogen on the endo-a-N -alkyl carbon is more rigidly held in a specific 
orientation, thereby giving it a larger steric compression shift. Of course, 
the difference in steric shift of the endo (11.6 ppm) vs exo (10.0 ppm) is 
quite moderate.

Synthesis of the 2,3-Dihydro-6f/-l,4-oxazin-2-ones Chiral at C(3) 
and Asymmetric Induction in Hydrogenation of the Azomethine Bond

Vesna Caplar, Adriana Lisini, Franjo Kajfez, Dragutin Kolbah, and V itom ir Sunjic*
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T h e  2 , 3 - d i h y d r o - 6 / i - l , 4 - o x a z i n - 2 - o n e s  17-26 c h i r a l  a t  C ( 3 )  h a v e  b e e n  p r e p a r e d ,  s t a r t i n g  f r o m  v a r i o u s  « - h a l o -  

m e t h y l  a r y l  k e t o n e s  a n d  N - p r o t e c t e d  « - a m i n o  a c i d s  v i a  i n t e r m e d i a r y  « - ( 0 - « ' - N ' - p r o t e c t e d  a m i n o a c y l )  h y d r o x y  

k e t o n e s  1-8 a n d  c o r r e s p o n d i n g  h y d r o b r o m i d e s  9-16.1 , 3 - A s y m m e t r i c  i n d u c t i o n  in  h y d r o g e n e r a t i o n  o f  t h e  a z o m e t h 

in e  b o n d  in  17-24 l e d  t o  1 , 3 - d i s u b s t i t u t e d  t e t r a h y d r o o x a z i n - 2 - o n e s  27-34. T h e i r  d i a s t e r e o m e r i c  p u r i t y  w a s  e s t i m a t 

e d  a s  >98%, b a s e d  o n  t h e  a n a l y s i s  o f  t h e i r  L I S - N M R  s p e c t r a ,  w h e r e a s  t h e i r  “ 3 , 5 - c i s ”  r e l a t i v e  c o n f i g u r a t i o n  w a s  p r o 

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

s t a r t i n g  2 , 3 - d i h y d r o  d e r i v a t i v e s  17-24. H e t e r o g e n e o u s l y  c a t a l y z e d 'h y d r o g e n a t i o n  o f  t h e  c h i r a l  s i x - m e m b e r e d  a z o 

m e t h i n e  d e r i v a t i v e s ,  i n v e s t i g a t e d  f o r  t h e  s h o r t  s e r i e s  o f  l i g a n d s  ( M e ,  ¡ ' - P r ,  B z )  a t  t h e  o r i g i n a l  c h i r a l  c e n t e r ,  r e v e a l e d  

t h a t  c o n f o r m a t i o n a l  r i g i d i t y  a r o u n d  a n  a z o m e t h i n e  b o n d  e n s u r e s  h ig h  d i a s t e r e o s e l e c t i v i t y  o f  t h e  p r o c e s s  r e g a r d l e s s  

o f  t h e  s p a t i a l  r e q u i r e m e n t s  o f  t h e  l a r g e r  g r o u p  o n  t h e  f i r s t  c e n t e r .

Hydrogenation of the azomethine double bond with con
current asymmetric induction is the most widely used method 
for preparing chiral compounds with an amino group attached 
to an asymmetric carbon atom. Knowledge of the greatest 
significance in this field came mostly from studies by Hiskey 
and Northrop , 1 - 3  Harada ,4-6 and Corey.7 '8 Conformational 
rig id ity of the substrate, usually much higher in cyclic than 
in open-chain azomethine derivatives, significantly enhances 
the diastereoselectivity of hydrogenation. Thus, reductions 
of the six- and seven-membered substrates I  and II, as carried

I Ra H II
b CHj

out by Corey6-7 and Kagan,9 respectively, resulted in nearly 
100% stereoselectivity. A recent report10 of another highly 
diastereoselective hydrogenation of 2-propyl-5-methyl- 
A1’2-octahydroquinolin in the last step of d,Z-pumiliotoxin 
synthesis is also relevant.

Obviously, the high nonequivalence of the diastereotopic 
faces about the azomethine bond is largely accentuated in 
cyclic substrates like I and II, which enables a highly stereo
selective approach of the reducing agent (diastereoface d if
ferentiating reaction11). As a part of a wider synthetic program 
encompassing the preparation of various chiral compounds 
by diastereoselective azomethine double-bond hydrogenation, 
we have embarked upon a more detailed study of the diast
ereoselectivity in 1,3-asymmetric induction obtained with 
cyclic, six-membered azomethine substrates. Results from this 
study are the subject of this report.

Scheme I

Asymmetric hydrogenation of the compounds characterized 
by the general formulas I II ,  i.e., derivatives of 2,3-dihydro- 
6fi-l,4-oxazin-2-ones, has been chosen as an appropriate 
model reaction (Scheme I).

The envisaged route leading to the azomethine substrates 
I I I  is shown in Scheme II.

I t  consists of three steps and starts from easily available 
prochiral compounds, a-halomethyl ketones, and their equally 
available chiral counterparts, «-amino acids. This route should 
lead to C(3)-chiral derivatives I I I  possessing various groups 
at the inducing chiral center. This, in turn, should allow a 
study on the dependence of the diastereoselectivity of hy
drogenation on the steric requirements of the larger groups 
R' on the C(3) atom.

Results and Discussion
To start the synthesis of I I I  according to Scheme II, a- 

halomethyl ketones and potassium salts of N-protected «-

Scheme II 
,Br K O ^ .0

1  *  J U h  —  X  L h “ “
R -'S ) H N ^ R ' R ' T )  HN-^R'

CbZ CbZ

0022-3263/78/1943-1355$01.00/0 © 1978 American Chemical Society
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Table I. Esters Prepared from a-Halomethyl Ketones and iV-Protected a-Amino Acids
R'

" o  ™  V
CbZ

R e g i s t r y

n o . C o m p d R R ' R " R ' "

R e c r y s t n

s o l v e n t M p ,  ° C

Y i e l d , “

%

A n a l y z e d

f o r 6

6 4 7 9 - 4 8 - 7 P P h H H i - P r C y c l o h e x a n e 1 0 3 - 1 0 4 7 9 . 5 C 2 1 H 2 3 N O 5

6 5 9 9 - 3 3 - 3 2 P h H H B z M e O H 9 2 - 9 4 7 4 . 0 0 2 5 1 1 2 3 3 ^ 5

6 4 9 7 5 - 9 6 - 1 3 p - F P h H H i - P r C y c l o h e x a n e 7 8 - 8 0 7 4 . 5 C 2 i H 2 2 F N 0 5

6 4 9 7 6 - 0 0 - 7 4 2 , 5 - D i - O M e P h H H i - P r 9 6 %  E t O H 9 9 - 1 0 2 1 0 0 C 2 3 H 2 7 J ''lU 7

6 4 9 7 6 - 0 1 - 8 5 p - B i p h e n y l  v l H H ¡ - P r E t O H 1 0 7 - 1 0 8 7 6 . 8 C 2 7 H 2 7 N 0 5

6 4 9 7 6 - 0 2 - 9 6 p - B i p h e n v l v l H H M e E t O A c 1 8 1 - 1 8 3 8 7 . 0 C 2 5 H 2 3 .N 0 5

6 4 9 7 6 - 0 3 - 0 7 p - B i p h e n v l v l H H B z i - P r O H 1 4 2 - 1 4 4 8 4 .0 C 3 1 H 2 7 N 0 5

6 4 9 7 6 - 0 4 - 1 8 2 ' - N a p h t h y l H H i - P r M e O H 9 8 - 9 9 7 8 .9 0 2 5 H 2 ,5 N 0 b

a Y i e l d s  r e l a t e  t o  t h e  r e c r y s t a l l i z e d  s u b s t a n c e s .  6 S a t i s f a c t o r y  a n a l y t i c a l  d a t a  ( ± 0 . 3 %  f o r  C ,  H ,  N )  w e r e  o b t a i n e d  f o r  a l l  c o m p o u n d s  

l i s t e d  i n  t h e  t a b l e .  c N  P r o t e c t e d  w i t h  a  f e r i - b u t o x y  g r o u p  ( B o c . )

Table II. Preparation and Physical Properties of Various o-(O-Aminoacyl) Hydroxy Ketone Hydrobromides

R e g i s t r y

n o . C o m p d R R ' R " R ' "

R e c r y s t n

s o l v e n t M p ,  ° C

Y i e l d , “

%

A n a l y z e d

f o r 6 M n

c  ( i n  

M e O H )

6 4 7 9 - 5 4 - 5 9 P h H H i - P r i - P r O H 1 8 2 - 1 8 4 9 5 . 9 C ^ H ^ B r N O s ± 1 2 . 5 ° 2 . 0 0

6 4 7 9 - 5 5 - 6 1 0 P h H H B z A c e t o n e - e t h e r 1 5 9 - 1 6 2 9 0 .0 C 1 7 H 1 8 B r N 0 3 ± 5 . 3 ° 1 . 4 2

6 4 9 7 6 - 0 5 - 2 1 1 p - F P h H H i - P r i - P r O H 1 6 0 - 1 6 1 8 1 . 3 C n H 1 7 B r F N 0 3 ± 1 1 . 5 ° 2 . 0 6

6 4 9 7 6 - 0 6 - 3 1 2 2 , 5 - D i - O M e P h H H i - P r i - P r O H 1 6 1 - 1 6 3 8 2 .0 C i s H a z B r N O s ± 1 2 . 5 ° 2 . 0 7

6 4 9 7 6 - 0 7 - 4 1 3 p  - B i p h e n y l y l H H i - P r M e O H 2 0 8 - 2 1 0 9 7 . 3 C 1 9 H 2 2 B r N 0 3 - 6 . 5 ° 1 .0 2 c

6 4 9 7 6 - 0 8 - 5 1 4 p - B i p h e n y l y l H H M e M e O H 2 1 7 - 2 1 9 8 9 .0 C 1 7 H 1 8 B r N 0 3 - 1 0 . 3 ° 1 . 5 0 c

6 4 9 7 6 - 0 9 - 6 1 5 p - B i p h e n y l y l H H B z M e O H - e t h e r  ( 1 : 1 ) 1 7 2 - 1 7 4 8 0 . 1 C o s H - ^ B r N O s ± 2 .0 ° 1 . 1 5

6 4 9 7 6 - 1 0 - 9 1 6 2 ' - N a p h t h y l H H i - P r E t O H 1 8 8 - 1 9 0 9 8 .9 C i 7 H 2 o B r N 0 3 ± 2 0 .8 ° 2 . 0 2

°  Y i e l d s  a r e  g i v e n  f o r  c r u d e  p r o d u c t s .  6 S a t i s f a c t o r y  a n a l y t i c a l  d a t a  ( ± 0 . 3 %  f o r  C ,  H ,  N )  w e r e  o b t a i n e d  f o r  a l l  c o m p o u n d s  l i s t e d  in  

t h e  t a b l e .  c D e t e r m i n e d  in  d i m e t . h y l f o r m a m i d e .

amino acids were condensed in solution at room temperature. 
DMF was the most favorable solvent. Intermediate esters 1-8 
(Table I) have been isolated in yields usually above 90%. (See, 
however, paragraph concerning supplementary material at 
the end of the paper.) The Cbz-protecting group was cleaved 
using 33% hydrobromic acid in acetic acid, as attempted hy- 
drogenolytic cleavage of 1 (10% Pd/C in acetone-MeOH, 1:1, 
bubbling hydrogen) led, w ithin a few minutes, to hydroge- 
nolysis of the ester group. One of the products was acetophe
none in nearly quantitative yield.

The hydrobromides 9-16, obtained from 1-8, were isolated 
in 80-100% yields. Melting points, specific rotations, and other 
pertinent data of these compounds are summarized in Table 
II.

A number of trials was necessary to get acceptable yields 
c f the oxazinones 17-24 in the cyclization step. The use of 
basic or acidic conditions, or of some organic solvents, led to 
extensive hydrolysis, whereby a-hydroxyl ketones were 
formed, and concomitant precipitation of the free a-amino 
acids occurred. Careful reaction control revealed that, on 
dissolution in water or methanol, the cyclization of some hy- 
crobromides proceeded, indeed, in a clean fashion but was 
followed by a pH drop from 5 to about 2. This low pH caused 
extensive hydrolysis and slowed down the cyclization. 
Therefore, cyclization in acetate buffer at pH 5.0, at room 
temperature, led clearly to the formation of compounds 17-24 
in 65-90% yields (Table I I I ) .12

On the basis of analysis of Dreiding models for compounds
17-24 conformational equilibria, according to Scheme III, may

be proposed.
Two quasi-boat conformations should correspond to the 

discrete energy minima. In these conformations the bulky R 
group should markedly inh ib it the approach of the reducing 
agent toward the “a face”  of these molecules. This inhibition 
occurs because of the conically symmetric free-rotation space 
around the axis of local symmetry of the isopropyl, benzyl, and 
methyl groups in these compounds. Consequently, coplanar 
approach toward the “ft face” , i.e., from above in Scheme III , 
should be encouraged and a proton on the new chiral center 
at C(5) should be “ 1,3-cis”  with respect to protons on the C(3) 
center.13

Hydrogenation of dihydrooxazinones was preferably per
formed by passing hydrogen through methanolic solutions and 
using 10% Pd/C as a catalyst. Some data characteristic of the 
compounds 27-34 are given in Table IV. Conditions and re
agents used in other attempts at hydrogenation are briefly 
described in the Experimental Section.

Crude hydrogenation products 27-34 were purified by rapid 
filtra tion  through silica gel to avoid their decomposition and 
to retain the original diastereomeric ratio. These samples, and 
those obtained by recrystallization to a constant rotation value

Scheme III
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Figure 1 .  D e p e n d e n c e  o f  t h e  L S R  i n c u c e d  s h i f t s  o n  t h e  r e a g e n t /  

s u b s t r a t e  r a t i o  f o r  v a r i o u s  g r o u p s  o f  p r o t o n s  in  c o m p o u n d  2 7 .

(only one recrystallization was usually required), were care
fu lly  checked for diastereomeric composition using the LIS 
method.1410 Generally, only one diastereomer was detected 
using Eu(fod)3 as an achiral reagent. In some cases, signals due 
to traces of the other diastereomer could be distinguished from 
the noise of the baseline, but integration of such signals was 
not possible. We concluded, therefore, that in all cases in 
vestigated asymmetric induction led to at least a 98-99% ex
cess of one diastereomer, regardless of the group present on 
the C(3) chiral center.

Two typical examples of the plot of <5meas vs. lanthanide/ 
substrate concentration ratio for the compounds 27 and 30 are 
given in Figures 1 and 2.

In all compounds investigated, tne proton on C(3) and a 
proton of the two methyl groups turned out to be the nuclei 
most sensitive to the addition of LSR. This indicated that the 
coordination center for the shift reagent is probably the car
bonyl oxygen of the lactone group but not the most basic 
center, i.e., the N(4) atom. Coordination of the lanthanide 
reagent to the weaker electron-donating center is caused en
tirely by steric conditions. Two bulky groups (Ar and R) flank 
the N(4) atom so that an approach of the lanthanide reagent 
is precluded.

Such selective coordination of the polyfunctional organic 
molecules, favoring a less nucleophilic center because of the 
sterical hindrances at the stronger one, was repeatedly ob
served.16’17

In conclusion, it may be stated that high diastereoselectivity 
of heterogeneously catalyzed hydrogenation of the azomethine 
double bond, as in compounds 17-24, was achieved. In these 
substrates, substituents of different bulkiness were present 
at the chiral center C(3) (methyl, benzyl, isopropyl). The d i
astereoselectivity achieved in hydrogenation indicates that 
in order to obtain high asymmetric induction it  is of prime 
importance to ensure conformational rigidity of the substrate. 
A suhstanital difference in the spatial requirements of the 
ligands on the inducing chiral center is less important.

Experim enta l Section

M e l t i n g  p o i n t s  w e r e  d e t e r m i n e d  o n  a  M e t t l e r  5 1  m e l t i n g  p o i n t  

a p p a r a t u s .  I n f r a r e d  s p e c t r a  w e r e  r e c o r d e d  o n  P e r k i n - E l m e r  M - 2 5 7  

a n d  M - 7 2 0  s p e c t r o m e t e r s  a n d  a r e  f o r  K B r  p e l l e t s ,  u n l e s s  s t a t e d  o t h 

Figure 2 . D e p e n d e n c e  o f  t h e  L S R  i n d u c e d  s h i f t s  o n  t h e  r e a g e n t /  

s u b s t r a t e  r a t i o  f o r  v a r i o u s  g r o u p s  o f  p r o t o n s  in  c o m p o u n d  3 0 .

e r w i s e .  A  P e r k  n - E l m e r  R  1 2  s p e c t r o m e t e r  w a s  u s e d  t o  o b t a i n  'H  

N M R  s p e c t r a .  A l l  l ig a n d - i n d u c e d  s h i f t  ( L I S )  m e a s u r e m e n t s  w e r e  

p e r f o r m e d  in  C D C l . j  s o l u t i o n  u s i n g  M e r c k  E u ( f o d >3 U v a s o l  g r a d e  

w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  U s u a l l y ,  t h e  i n v e s t i g a t e d  r a n g e  o f  

L S R / s u b s t r a t e  c o n c e n t r a t i o n  r a t i o s  w a s  f r o m  0 .0 5  t o  0 .5 .  O p t i c a l  

r o t a t i o n s  w e r e  m e a s u r e d  o n  a  P e r k i n - E l m e r  1 4 1  p o l a r i m e t e r .  T h i n -  

l a y e r  c h r o m a t o g r a p h y  ( T L C )  w a s  p e r f o r m e d  o n  a l u m i n u m  o r  g l a s s  

p la t e s  p r e c o a t e d  w i t h  M e r c k ’s  s i l i c a  g e l  6 0 F  2 5 4 .  C o l u m n  c h r o m a 

t o g r a p h y  w a s  r u n  o v e r  g r a n u l a r  s i l i c a  g e l ,  0 . 0 5 - 0 . 2  m m  ( M e r c k ) .

General Procedure for Preparation of Esters 1-8. N - P r o t e c t e d  

a - a m i n o  a c i d  (tO .O  m m o l)  w a s  d i s s o l v e d  in  m e t h a n o l  ( 5 0 .0  m L ) ,  a n d  

a  s o lu t io n  o f  p o t a s s i u m  h y d r o x i d e  ( 2 .8 0  g , 5 0 .0  m m o l)  in  m e t h a n o l  

( 5 0 .0  m L )  w a s  a d d e d .  T h e n  t h e  s o l v e n t  w a s  e v a p o r a t e d  in  v a c u o ,  a n d  

t h e  r e s i d u a l  p o t a s s iu m  s a l t  w a s  d i s s o l v e d  in  d i m e t h y l f o r m a m i d e  ( 1 0 0  

m L ) .  T o  t h is  s o lu t io n  t h e  d e s i r e d  a - h a l o m e t h y l  a r y l  ( o r  a l k y l )  k e t o n e  

( 5 0  m m o l)  w a s  a d d e d ,  a n d  t h e  r e a c t i o n  m i x t u r e  w a s  s t i r r e d  a t  r o o m  

t e m p e r a t u r e .  T h e  r e a c t i o n  w a s  f o l l o w e d  u p  b y  T L C  u s i n g  c h lo r o 

f o r m - e t h e r  ( 9 : 1 1 a s  t h e  e l u a n t  a n d  w a s  u s u a l l y  f o u n d  t o  b e  c o m p le t e d  

w i t h in  2 0  h . A f t e r  c o m p le t i o n ,  t h e  d im e t  h y l f o r m a m id e  w a s  e v a p o r a t e d  

in  v a c u o  a t  8 0  ° C ,  t h e  r e s i d u e  w a s  s l u r r i e d  in  w a t e r  ( 1 0 0  m L ) ,  a n d  

u n d is s o lv e d  c r u d e  e s t e r s  w e r e  c o l le c t e d  b y  s u c t io n ,  w a s h e d  w i t h  w a t e r ,  

a n d  r e c r v s t a l l i z e d  f r o m  t h e  s o l v e n t s  s t a t e d  in  T a b l e  I .  T h e  s p e c t r o 

s c o p i c  p r o p e r t i e s  a r e  b r i e f l y  l i s t e d  b e lo w .

Infrared spectra o f  a l l  c o m p o u n d s  e x h i b i t e d  t h e  f o l l o w i n g  c h a r 

a c t e r i s t i c  b a n d s  ( c m - 1 ) : 3 3 4 0 - 3 3 7 0  (6jvh), 1 7 4 0 - 1 7 5 5  ( i'c o c h 2o c = o ), 
1 6 9 5 - 1 7 1 0  Iu-p h c - o ), 1 6 8 0 - 1 6 9 0  G h n c - o ), 1 5 1 0 - 1 5 4 0  G n h ).

NMR spectra o f  a l l  c o m p o u n d s  ( e x c e p t  2 )  e x h i b i t e d  s i n g l e t s  a t

5 . 0 5 - 5 . 1 5  p p m  ( 2  H )  f o r  b e n z y l i c  p r o t o n s  w i t h in  t h e  N - C b z  g r o u p .  A l l  

c o m p o u n d s  e x h i b i t e d  d o u b l e  s i n g le t s  b e t w e e n  5 .2 0  a n d  5 .6 0  p p m  

( w h ic h  s o m e t i m e s  c o l l a p s e d  i n t o  o n e  s i n g le t )  f o r  g e m i n a l  p r o t o n s  
C O C h L O . A l l  s p e c t r a  w e r e  r e c o r d e d  in  C D C L  e x c e p t  t h o s e  f o r  1 ,  w h ic h  

w e r e  r e c o r d e d  in  a c e t o n e - d , ; .

General Procedure for the Preparation of Compounds 9-16.
C o m p o u n d s  1 - 8  ( 3 0  m m o l)  w e r e  d i s s o l v e d  in  3 3 %  h y c r o g e n  b r o m i d e  

in  a c e t i c  a c i d  ( 1 0 0  m L )  a n d  s t i r r e d  u n t i l  e v o l u t i o n  o f  t h e  g a s  c e a s e d  

( 0 . 5 - 1  h ) . T h e  r e s u l t i n g  s o lu t io n  w a s  d i lu t e d  b y  t h e  a d d i t i o n  o f  e t h e r  

( 2 0 0  m L ) ,  a n d  l ig h t  p e t r o l e u m  ( 1 0 0  m L )  w a s  a d d e d  t o  p r e c i p i t a t e  

p r o d u c t s .  T h e  p a s t y  ( s o m e t i m e s  o i ly )  p r o d u c t s  w e r e  b r o u g h t  t o  

c r y s t a l l i z a t i o n  b y  e x t e n d e d  s c r a t c h i n g .  C r u d e  h y d r o b r o m i d e s  w e r e  

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

s o l v e n t s  s p e c i f i e d  in  T a b l e  I I .

Infrared spectra o f  a l l  c o m p o u n d s  e x h i b i t e d  t h e  f o l l o w i n g  c h a r 

a c t e r i s t i c  b a n d s  ( c m - 1 ) : 3 0 0 0 - 3 1 0 0 ,  2 5 0 0 - 2 8 0 0 ,  1 9 0 0 - 2 1 0 0  ( - N H 3 + ), 

1 7 4 0 - 1 7 6 5  ( i'c o c h 2c = o ), a n d  a  P h C = 0  b a n d  b e t w e e n  1 6 9 0  a n d  1 7 0 5  

c m - 1 .

NMR spectra w e r e  g e n e r a l l y  r e c o r d e d  in  M e O H - d 4, b u t  t h o s e  o f  

c o m p o u n d s  9  a n d  1 3  w e r e  r e c o r d e d  in  D 2 O  a n d  t h o s e  o f  1 3  a n d  1 4  in
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M e o S O - d f i .  T h e  S - a l a n y l  d e r i v a t i v e  14 e x h i b i t e d  a  c h a r a c t e r i s t i c  

d o u b l e t - q u a r t e t  p a t t e r n  ( C H 3 C H C N C O )  c e n t e r e d  b e t w e e n  1 . 6 0  a n d

1 . 7 3  p p m , a n d  4 . 2  a n d  4 . 3 8  p p m , r e s p e c t i v e l y .  T h e  S - p h e n y l a l a n y l  

d e r i v a t i v e s  10 a n d  15 e x h i b i t e d  a  s i m p le  p a t t e r n  c o n s i s t i n g  o f  a  d o u 

b le t  a t  3 .4 5  p p m  ( 1  H )  a n d  a  m u l t i p l e t  c e n t e r e d  a t  4 . 5  p p m  ( 2  H ) .  T h e

S - v a l y l  d e r i v a t i v e s  9 , 11,12, a n d  13 e x h i b i t e d  a  c h a r a c t e r i s t i c  d o u b l e t  

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

g r o u p s ,  a t  1 . 1 5 - 1 . 2 2  p p m  ' 6  H ) ,  a n d  a  m u l t i p l e t  f o r  t h e  ( C H 3 )2C H  

p r o t o n  a t  2 . 3 0 - 2 . 5 0  p p m .

General Procedure for the Preparation of 3,5-Disubstituted
2,3-Dihydro-t>/f-l,4-oxazin-2-ones 17-26. T h e  h v d r o b r o m id e s  9-16 
' 1 0  m m o l)  w e r e  d i s s o l v e d  in  0 .2  M  a c e t a t e  b u f f e r  ( 1 0 0  m L ,  p r e p a r e d  

f r o m  7 0  p a r t s  o f  0 .2  M  a q u e o u s  s o d i u m  a c e t a t e  a n d  3 0  p a r t s  o f  0 .2  M  

a c e t i c  a c i d ) .  T h e  r e s u l t i n g  s o l u t i o n  w a s  s t i r r e d  f o r  p e r i o d s  r a n g i n g  

f r o m  2  t o  2 4  h  a t  r o o m  t e m p e r a t u r e ,  a n d  c o m p l e t e n e s s  o f  t h e  r e a c t io n  

w a s  c h e c k e d  b y  T L C  u s in g  c h l o r o f o r m - e t h e r  ( 9 : 1 )  o r  e t h e r - a c e t o n e  

1 3 : 1 )  a s  e l u t i n g  s y s t e m s .  D u r i n g  t h e  r e a c t i o n ,  c y c l i c  p r o d u c t s  p r e c i p 

i t a t e d  a n d  w e r e  s e p a r a t e d  b y  s u c t io n .  O n ly  c o m p o u n d  24 w a s  c y c l iz e d  

fo r  4 8  h  a n d .  s in c e  it  d id  n o t  s e p a r a t e  w i t h in  t h is  p e r i o d ,  i t  w a s  is o la t e d  

b y  e x t r a c t i o n  o f  t h e  a q u e o u s  b u f f e r  s o l u t i o n  w i t h  c h lo r o f o r m  ( 3  X  3 0  

m L ) .  E x t r a c t s  w e r e  c o m b in e d ,  d r ie d  ( N a 2S 0 4), a n d  c o n c e n t r a t e d  fo r  

c r y s t a l l iz a t io n . ,  A f t e r  r e c r y s t a l l iz a t io n  f r o m  t h e  s o lv e n t s  l i s t e d  in  T a b le  

I I I ,  p u r e  c o m p o u n d s  17-26 w e r e  o b t a i n e d .  T h e i r  s p e c t r o s c o p i c  a n d  

o t h e r  c h a r a c t e r i s t i c  d a t a  a r e  g iv e n  in  T a b l e  I I I .

Attempts at Hydrogenation of the C =N  Bond in the 2,3-Di- 
hydro-6H-l,4-oxazin-2-ones. V a r i o u s  r e d u c i n g  a g e n t s  o r  h y d r o 

g e n a t io n  c a t a l y s t s ,  o r  b o t h ,  w e r e  t r i e d  t o  f i n d  o p t im u m  c o n d i t io n s  fo r  

t h e  h y d r o g e n a t io n  o f  t h e  C = N  b o n d  in  c o m p o u n d s  17-26, e .g .,  s o d iu m  

b o r o h y d r i d e ,  d i b o r a n e ,  R a n e y  N i ,  P d / B a S 0 4, a n d  P d / C  ( 5  a n d  10 % , 

r e s p e c t i v e l y ,  f r o m  F l u k a ) .  T h e  f o l lo w in g  s o lv e n t s  w e r e  u s e d :  d i o x a n e ,  

e t h y l  a c e t a t e ,  a c e t i c  a n h y d r i d e ,  a n d  m e t h a n o l .  C a t a l y t i c  h y d r o g e 

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

d e c o m p o s i t io n  t h a n  a  b a t c h  s y s t e m  u n d e r  o t h e r w i s e  id e n t ic a l  r e a c t io n  

c o n d i t i o n s  ( 1 0 %  P d / C ,  m e t h a n o l ) .  C a t a l y t i c  h y d r o g e n a t i o n  p r o v e d  

t o  b e  o f  n o  u s e  w i t h  t h e  C ( 3 )  p h e n y l  d e r i v a t i v e s  25 a n d  26, h o w e v e r ,  

s i n c e  c o n c o m i t a n t  h y d r o g e n o l y s i s  w a s  i n e v i t a b l e .  A n  a t t e m p t  t o  

q u e n c h  t h e  r e d u c e d  p r o d u c t  a s  t h e  N - a c e t y l  c e r i v a t i v e ,  s t a r t i n g  f r o m  

5 0 3  m g  (2  m m o l)  o f  25 a n d  u s in g  a c e t i c  a n h y d r i d e  a s  t h e  s o lv e n t  ( 1 0 .0  

m L )  a n d  1 0 %  P d / C  c a t a l y s t  ( 1 0 0  m g ) ,  l e d  t o  c o m p o u n d  35 ( 5 0 8  m g , 

8 1 . 7 % ) .

Ph 0 HY >h
COCH3

35 36

a-(R)-IV-Acetylphenylglycyloxyacetophenone (35): R e c r v s -  

t a l l i z e d  f r o m  C C 1 4; m p  1 3 1 - 1 3 3 ° C ;  N M R  ( C D C W  f. 1 . 9 3  ( s ,  3  H ) ,  5 .2 6  

( s ,  2  H ) ,  5 . 7 5  ( d , 1  H ,  d e g e n e r a t e d  i n t o  a  s i n g le t  o n  a d d i t i o n  o f  D 2 0 ) ,

6 .6 7  ( d ,  1 H ,  d i s a p p e a r e d  o n  a d d i t i o n  o f  D 2 0 ) ,  7 . 2 - 7 . 9  ( m , 1 0  H ) ;  I R  

3 3 2 5  (<5n h ) , 1 7 4 8  ( k c o > e s t e r ) ,  1 7 1 5  (vqo, k e t o n e ) ,  1 6 5 0  (i<co . a m i n e ) ,  
1 5 5 1 ,  6 9 8 , 6 9 0  c m “ 1 ; [ « ] 24D + 1 . 0 °  (c  2 . 0 2  in  C H C f  ).

A n a l .  C a l c d  f o r  C I 8H 1 7 N 0 4  ( 3 1 1 . 3 4 ) :  C ,  6 9 .4 4 ;  H ,  5 .5 0 ;  N ,  4 .5 0 . 

F o u n d :  C ,  6 9 .6 7 ;  H ,  5 .3 0 ;  N ,  4 .6 4 .

W h e n  N a B H 4 w a s  u s e d  t o  r e d u c e  25 a n d  26, e x t e n s i v e  h y d r o l y t i c  

d e c o m p o s i t i o n  t o o k  p la c e ,  w h e r e a s  t h e  u s e  o f  d i b o r a n e  le d  t o  n o n s e -  

l e c t i v e  r e d u c t i o n  o f  b o t h  f u n c t i o n a l i t i e s  in  25 t o  g i v e  t h e  d i o l  36.
l,l'-Diphenyldiethanolamine (36). T h e  s o l u t i o n  o f  f r e s h l y  r e 

c r y s t a l l i z e d  s o d i u m  b r o h y d r i d e  ( 1 8 2  m g ,  4 .8  m m c l)  in  d i g l y m e  ( 6 .0  

m L ,  c a r e f u l l y  d r ie d  o v e r  C a H 2, a n d  f r e s h l y  d i s t i l l e d  f r o m  L i A l H 4) w a s  

a d d e d  d r o p w i s e ,  d u r i n g  1  h ,  t o  t h e  s o l u t i o n  o f  B F .3- E t 2 0  ( 1 . 2  m L ,  9 .6  

m m o l ,  f r e s h l y  d i s t i l l e d  f r o m  C a H 2) in  d r y  d ig .y r r .e  ( 2 .0  m L ) .  U s i n g  a n  

a p p a r a t u s  s i m i l a r  t o  t h e  c n e  d e s c r i b e d  in  t h e  l i t e r a t u r e , 18  a  s t r e a m  

o f  n i t r o g e n  w a s  in t r o d u c e d ,  w h i c h  c a r r i e d  d i b o r a n e  i n t o  a  f l a s k  c o n 

t a in in g  d i h y d r o o x a z in - 2 - o r .e ,  25 ( 5 0 3  m g , 2 .0  m m o l)  d i s s o lv e d  in  T H F  

( 5 .0  m L .  d r i e d  b y  a  3-A m o le c u la r  s ie v e ) .  A f t e r  s t i r r i n g  f o r  1  h  a t  r o o m  

t e m p e r a t u r e ,  t h e  r e a c t io n  m i x t u r e  w a s  h e a t e d  f o r  a n o t h e r  h o u r  a t  

7 0 - 8 0  ° C .  T h e n  it  w a s  c o d e d  a n d  w a t e r  ( 2  m L )  a n d  a c e t i c  a c i d  ( 0 .5  

m L )  w e r e  a d d e d .  A f t e r  s u b s e q u e n t  d i lu t i o n  w i t h  m o r e  w a t e r ( 2 0  m L ) ,  

t h e  m i x t u r e  w a s  e x t r a c t e d  w i t h  e t h e r  ( 3  X  1 0  m L ) .  T h e  c o m b in e d  

e x t r a c t s  w e r e  d r i e d  ( N a 2 S 0 4) a n d  e v a p o r a t e d .  T h e  o i l y  r e s i d u e  w a s  

p u r i f i e d  o n  a  c o lu m n  [ 1 5  g  o f  s i l i c a  g e l,  e t h e r - l i g h t  p e t r o le u m  ( 1 : 1 )  a s  

t h e  e l u a n t ]  t o  g i v e  2 4 8  m g  ( 4 9 % )  o f  o i ly  36, w h ic h  d e c o m p o s e d  o n  a t 

t e m p t e d  m e t a l - b l o c k  d i s t i l l a t i o n .  A  p u r e  s a m p l e  w a s  o b t a i n e d  b y  

r e p e a t e d  c h r o m a t o g r a p h y  a n d  w a s  d r i e d  f o r  2 4  h  a t  0 . 0 1  m m H g  o v e r  

P 2 0 8: N M R  ( C D C I 3 ) b 2 . 7 7  ( s ,  2  H ,  d i s a p p e a r e d  o n  a d d i t i o n  o f  D 2 0 ) .

3 .7 0  ( m , 2  H ) ,  4 . 3 3  ( s ,  4  H ) ,  4 . S - 4 . 8  ( m , 2  H ) ,  7 . 2 - 7 . 5  ( m , 1 0  H ) .  ’

A n a l .  C a l c d  f o r  C i 6H 1 9 N 0 2  ( 2 5 7 . 3 3 ) :  C ,  7 4 .6 8 ;  H , 5 .7 4 ;  N ,  5 .4 4 .

F o u n d :  C ,  7 4 .3 9 ;  H ,  6 .0 2 ;  N ,  5 . 3 3 .

General Procedure for the Catalytic Hydrogenation of 
Compounds 1 7 - 2 4 .  A l l  c o m p o u n d s  ( 5 .0  m m o l)  w e r e  d i s s o l v e d  in  

m e t h a n o l  ( 5 0 .0  m L ) ,  t o  w h ic h  e t h y l  a c e t a t e  w a s  s o m e t i m e s  a d d e d  in  

o r d e r  t o  i m p r o v e  t h e  s o l u b i l i t y .  S u b s e q u e n t i a l y ,  1 0 0 - 1 5 0  m g  o f  1C %  

P d / C  w a s  a d d e d  a n d  t h e  r e a c t io n  m ix t u r e  w a s  v ig o r o u s ly  s t i r r e d  w h i le  

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

d r o g e n a t io n  w a s  fo llo w e d  u p  b y  T L C  u s in g  e t h e r - l i g h t  p e t r o le u m  ( 1 : 1 ) 

a s  t h e  e l u a n t .  T h e  r e d u c e d  p r o d u c t s  2 7 - 3 4  a p p e a r e d  a s  n e w  s p o t s  

h a v i n g  s o m e w h a t  s m a l l e r  R/  v a l u e s ,  b u t  e x h i b i t i n g  a  m u c h  w e a k e r  

f lu o r e s c e n c e  u n d e r  t h e  U V - 2 5 4  la m p , s o  t h a t  t h e i r  lo c a t io n  w i t h  io d in e  

v a p o r s  w a s  s o m e t i m e s  r e q u i r e d .  R e a c t i o n s  w e r e  u s u a l l y  c o m p l e t e d  

w i t h i n  1 - 3  h , a f t e r  w h ic h  t h e  c a t a l y s t  w a s  f i l t e r e d  o f f ,  t h e  f i l t r a t e  w a s  

e v a p o r a t e d ,  a n d  t h e  c r u d e  p r o d u c t s  w e r e  p u r i f i e d ,  f i r s t  b y  c h r o m a 

t o g r a p h y  [ 2 5  g  o f  s i l i c a  g e l,  e t h e r - l i g h t  p e t r o l e u m  ( 1 : 1 )  a s  t h e  e lu a n t ]  

a n d  t h e n  b y  c r y s t a l l i z a t i o n  f r o m  t h e  s o l v e n t s  l i s t e d  in  T a b l e  I V .

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

2 7 - 3 4  a n d  t h o s e  r e c r y s t a l l i z e d  t o  c o n s t a n t  r o t a t i o n s  a n d  m e l t i n g  

p o i n t s  ( u s u a l l y  t w o  c r y s t a l l i z a t i o n s  w e r e  s u f f i c i e n t )  w e r e  a n a l y z e d  fo r  

d i a s t e r e o m e r i c  c o m p o s i t i o n  u s in g  t h e  L I S  m e t h o d  in  N M R ,  a s  d e 

s c r i b e d  in  t h e  i n t r o d u c t o r y  s e c t i o n  o f  t h i s  p a p e r .

Note Added in Proof. A f t e r  t h i s  m a n u s c r i p t  w a s  a c c e p t e d  f o r  

p u b l i c a t io n ,  a  p a p e r  a p p e a r e d  [G . S c h u l z  a n d  W . S t e g l ic h ,  Chem. Her., 
1 1 0 ,  3 6 1 5  ( 1 9 7 7 ) ]  w h e r e  s o m e  o f  t h e  t i t l e  c o m p o u n d s  w e r e  d e s c r i b e d .  

T h e  a u t h o r s  e x p l a i n e d  t h e  r e a c t i v i t y  o f  C ( 5 ) - a l k y l - l , 4 - o x a z i n - 2 - o n e s  

a s  w e l l .

Registry No.—35, 6 4 9 5 - 9 4 - 6 ;  36, 6 4 9 7 5 - 9 5 - 7 ;  N - C b z - S - V a l ,  

1 1 4 9 - 2 6 - 4 ;  N - C b z - S - P h e ,  1 1 6 1 - 1 3 - 3 ;  N - C b z - S - A l a ,  1 1 4 2 - 2 0 - 7 ;  

P h C O C H 2 B r ,  7 0 - 1 1 - 1 ;  p - F C 6H 4C O C H 2 B r ,  4 0 3 - 2 9 - 2 ;  2 ,5 - d i - M e O -  

C 6 H 3 C O C H 2 B r ,  1 2 0 4 - 2 1 - 3 ;  p - P h C 6H 4 C O C H 2 B r ,  1 3 5 - 7 3 - 9 ;  2 -  

b r o m o - l - ( 2 - n a p h t h a l e n y l ) e t h a n o n e ,  6 1 3 - 5 4 - 7 ;  P h C O C H 2 0 -  

C O C H ( P h ) N H 2 - H B r ,  6 4 9 7 5 - 7 7 - 5 ;  P h C O C H 2O C O C H ( P h ) N H - C b z ,  

6 4 9 7 5 - 9 6 - 8 ;  H 0 2 C C H ( P h ) N H - C b z ,  1 7 6 0 9 - 5 2 - 8 ;  p - B r C 6 H 4 C O -  

C H o O C O C H ( P h ) N H , . H B r ,  6 4 9 7 5 - 7 9 - 7 ;  p - B r C 6 H 4 C 0 C H 2 0 -  

C O C H ( P h ) N H - C b z ,  6 4 9 7 5 - 9 7 - 9 ;  p - B r C 6 H 4C O C H 2 B r ,  9 9 - 7 3 - 0 .

Supplementary Material Available. F u l l  s p e c t r o s c o p i c  ( I R ,  

N M R )  a n d  a n a l y t i c a l  d a t a  f o r  o t h e r  i n t e r m e d i a r y  c o m p o u n d s  p r e 

p a r e d  d u r i n g  t h i s  w o r k  ( 5  p a g e s ) .  O r d e r i n g  i n f o r m a t i o n  is  g i v e n  o n  

a n y  c u r r e n t  m a s t h e a d  p a g e .
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P h o t o c h e m i c a l  r e a c t i o n s  o f  t h e  t i t l e  c o m p o u n d s  w i t h  M e 2 S 0 , a c e t o n e ,  a n d  a c e t o n i t r i l e  h a v e  b e e n  c a r r i e d  o u t .  

P h o t o l y s e s  o f  t h e  t r i a z i n y l  a z i d e s  in  a c e t o n e  o r  a c e t o n i t r i l e  g a v e  t h e  1 : 1  c y c l o a d d i t i o n  p r o d u c t s  o f  t h e  t r i a z i n y l n i -  

t r e n e  a n d  t h e  c o r r e s p o n d i n g  s o l v e n t  m o l e c u l e ,  a m i n o t r i a z i n e s ,  a n d  u n i d e n t i f i e d  p o l y m e r i c  p r o d u c t s .  I n  t h e  c a s e  

o f  M e a S O ,  y l i d e ,  a m i n o t r i a z i n e ,  a n d  p o l y m e r i c  p r o d u c t s  w e r e  o b t a i n e d .  A n  e l e c t r o n - w i t h d r a w i n g  s u b s t i t u e n t  in  

t h e  t r i a z i n e  n u c l e u s  a c c e l e r a t e d  t h e  f o r m a t i o n  o f  a d d i t i o n  p r o d u c t  ( o r  y l i d e )  v i a  t h e  s i n g le t  n i t r e n e .  T h e  c h e m i c a l  

y i e l d s  o f  t h e  a d d i t i o n  p r o d u c t s  v a r i e d  d e p e n d i n g  u p o n  s o l v e n t s  in  t h e  o r d e r  o f  M e 2 S O  >  a c e t o n e  >  a c e t o n i t r i l e .  

A m i n o t r i a z i n e  is  p r o d u c e d  v i a  t h e  t r i p l e t  n i t r e n e .

Recently, nitrene chemistry has been extensively studied 
and well established. 1 However, little  is known about the 
triazinylnitrenes. Only the photocycloadditions of singlet 
triazinylnitrene w ith nitriles2 and acetone3 have been re
ported.

Triazine photochemistry involves interesting reactions: the 
photo-Smiles rearrangement,4 the photo-Fries rearrange
ment,5 the phototriazinilation ,6 and the intramolecular proton 
transfer in the excited state.7 The 1,3,5-triazinyl group has an 
electron-withdrawing power, and formal charges at the n i
trogen atoms of the triazine nucleus are very negative (ca. 
—0.35 ~  —0.41),7 especially in the excited state. In addition, 
lone-pair electrons exist in the nitrogen atoms of the triazine 
nucleus. These electronic features may contribute to the 
photochemical reactions of triazines.

During the course of our studies on the triazine photo
chemistry, we have carried out the photolyses of 2-azido-4- 
methoxy-6-(l-naphthyl)-l,3,5-triazines in solution. This paper 
reports the reactions of singlet and tr ip le t triazinylnitrenes 
w ith solvents (Me2SO, acetone, and acetonitrile).

Results and Discussion
Preparation of 1,3,5-Triazine Derivatives. Azido-(l- 

naphthyl)-l,3,5-triazines employed are shown in Table I. 
Compounds 1, 2, 4, and 5 were prepared by condensation of

Y

l - N a p h t h y l a z i d o - l , 3 , 5 - t r i a z i n e s

the corresponding naphthalene derivatives with 2,4-di- 
chloro-6-methoxy-l,3,5-triazine in the presence of AICI3 fo l
lowed by treatment w ith sodium azide.8 Compounds 3, 6 , 7, 
and 8  were synthesized by reactions of the corresponding 2 - 
or 4-substituted 1-naphthylmagnesium bromide with cyanuric 
chloride followed by treatments with sodium methoxide and 
sodium azide.

Decomposition Quantum Yields of Azidotriazines.
When the azidotriazines were irradiated with a high-pressure 
mercury lamp, a spectral change was observed with a lapse of 
time, suggesting that a clean photochemical reaction took 
place. The decomposition quantum yields of the azidotriazines 
were measured in cyclohexane at 254 nm using a low-pressure 
mercury lamp (Table II). Dissolved oxygen did not affect the 
quantum yields.

Photochemical Reactions of Azido-l,3,5-triazines. 
Reactions with Acetone. Photolyses of azidotriazines in 
acetone gave the 1 : 1  cycloaddition product of triazinylnitrene 
and acetone, the corresponding aminotriazine, and uniden
tified polymeric products depending upon the substituent Y 
in the naphthalene nucleus. These results are listed in Table
III. The substituent in the naphthalene nucleus, especially the 
hydroxy group capable of forming an intramolecular hydrogen 
bond, was found to affect the photochemical reaction of azide. 
In the cases of compounds 1 and 2, aminonaphthyltriazines 
which would result from the hydrogen-abstraction reaction 
by tr ip le t nitrene were the major products, while in the cases 
of other azidotriazines cycloaddition products, which are 
considered to be produced via the electrophilic attack of sin
glet nitrene upon the carbonyl oxygen of acetone,3 were the 
major product. I t  seems that the yield of the cycloaddition 
product increases with increasing the electron-withdrawing 
power of Y. That is, the electron-withdrawing substituent 
increases the electrophilic reactivity of singlet nitrene.

In the case of compound 1, the reaction took place very se
lectively and the only product obtained was the corresponding 
amine resulting from the trip le t nitrene. I t  is well known that 
an intramolecular hydrogen bond is formed in o-hydroxyar- 
yltriazines. Therefore, in compound 1 a good coplanarity be
tween two nuclei (naphthalene and triazine) would be ex
pected due to the formation of the intramolecular hydrogen 
bond. This structure is responsible for an electron migration 
from the naphthalene ring to the triazine nucleus, and con
sequently the electrophilic reactivity of the singlet nitrene may 
decrease. As a result, the intersystem crossing XN —1- 3N is 
dominant compared w ith the reaction of singlet nitrene with 
solvents.9 Thus, instead of the photoproduct yielded from 
singlet nitrene, the product from trip le t nitrene (aminotria
zine) was obtained as the major product. In this case, however, 
an opposite effect which may decrease electron density at the 
proper nitrogen atom in the triazine nucleus through the in 
tramolecular hydrogen bonding is also considered. However, 
the experimental results show that the former effect is pre
dominant; the result described above may be one of a few 
examples of the remarkable effect of an intramolecular hy
drogen bond upon photoreactivity.

The assumptions described above may be supported by the 
following facts that in the photolyses of azidotriazines in ac
etonitrile: (1 ) a cycloaddition product of triazinylnitrene and 
acetonitrile in a molar ratio of 1 : 1  is obtained when two sub
stituents in the triazine nucleus are methoxyl groups;2 (2 ) 
however, in the presence of benzophenone, which acts as a 
trip le t sensitizer, only aminotriazine is obtained. 10  Similarly, 
only aminotriazine is obtained in the direct photolysis of 2 - 
azido-4,6-bis(dimethylamino)triazine in acetonitrile , 10 ind i
cating that the presence of two strong electron-donating
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Table I. Derivatives of Azido-1 -naphthyl-1,3,S-triazine

Registry
no. Compd X Y Mp, °C

Anal.,
Found

%
Calcd

UVe
^maxi run €X 10“-4 NMR/  5ppm

59336-44-6 1 OH H a 163-164b C, 57.25 57.14 375 1.2 4.18 (s, 3 H). 7.60 (m, 5 H), 9.57
H, 3.44 3.43 (d, 1 H), 13.9 (br)
N, 28.45 28.56

59336-45-7 2 H OH“ 198-199h C, 57.24 57.14 346 1.7 4.07 (s, 3 H), 7.07 (d, 2 H). 7.60 (m, 2 H),
H, 3.44 3.43 8.40 (m, 2 H), 9.30 (m, 1 H), 11.15 (br,
N, 28.62 28.56 1H)

59336-46-8 3 H H a 98-99“ C, 60.75 60.42 324 1.3 4.10 (s, 3 H), 7.57 (m, 3 H), 8.27 (m, 2 H),
H, 3.64 3.62 8.40 (d, 1 H), 9.07 (m, 1 H)
N, 30.87 30.20

65103-10-8 4 OCH3 H 136-137“ C, 58.26 58.44 337 0.55 3.92 (s, 3 H), 4.13 (s, 3 H), 7.42 (m, 4 H),
H, 3.92 3.62 7.88 (m, 2H)
N, 27.41 27.26

65103-11-9 5 H OCH3 109-110d C, 58.04 58.44 346 2.0 3.95 (s, 3 H), 4.07 (s, 3 H), 6.73 (d, 1 H),
H, 3.91 3.92 7.50 (m, 2 H), 8.38 (m, 2 H), 9.29 (m, 1
N, 27.48 27.26 H)

65103-12-0 6 c h 3 H 88-89“ C, 61.33 61.63 308 0.39 2.40 (s, 3 H), 4.10 (s, 3 H), 7.47 (m, 4 H),
H, 4.13 4.14 7.87 (m, 2 H)
N, 28.51 28.76

65103-13-1 7 H c h 3 131—132d C, 61.40 61.63 332 1.4 2.73 (s, 3 H), 4.12 (s, 3 H), 7.50 (m, 3 H),
H, 4.12 4.14 8.03 (m, 1 H), 8.30 (d, 1 H), 9.12 (m, 1
N, 28.46 28.76 H)

65103-14-2 8 H Cl 113—114d C, 53.60 53.77 327 1.4 4.17 (s, 3 H), 7.62 (m, 3 H), 8.33 (m, 2 H),
H, 2.89 2.90 9.10 (m, 1 H)
N, 26.51 26.87

a Reference 8. b Solvent for recrystallization benzene. “ Solvent for recrystallization ligroin. d Solvent for recrystallization ben- 
zene-ligroin. e Measured in cyclohexane, f Measured in CDCI3.

Table II. Decomposition Quantum Yields 4>decomP of 
Azido-(l-naphthyl)-l,3,5-triazines in Cyclohexane at 254 

nm and 25 °C a

Substituent
Compd X Y d̂ecomp

1 OH H 0 . 2  ± 0 . 1

2 H OH 0 . 3  ±  0 . 1

3 H H 0 . 2  ± 0 . 1

4 OCH3 H 0 . 1  ± 0 . 1

5 H OCH3 0 .4  ± 0 . 1

6 c h 3 H 0 .7  ± 0 . 1

7 H c h 3 0 .4  ± 0 . 1

8 H Cl 0 .4  ± 0 . 1

a The quantum yields were measured in the initial stages of the 
photolyses (about 10% decomposition). The initial concentration 
of azidotriazines was 1 X 10-2 M in cyclohexane.

groups in the triazine nucleus lowers the electrophilic reac
tiv ity  of singlet nitrene very much. The cycloaddition product 
is known to result from the electrophilic attack of singlet 
triazinylnitrene upon the nitrogen atom of acetonitrile.2

From quenching experiments, phenyl azide in the excited 
singlet state decomposes to the singlet nitrene and nitrogen 
(12g+).11 By means of laser spectroscopy, i t  has been shown 
that the direct photodecomposition of 1-azidopyrene occurs 
through XN 3 —*• —•- £N .12 In the photolysis of 2-azido-4,6-
dimethoxy-l,3,5-triazine in nitriles, the singlet mechanism 
occuring through XN 3 —► XN -*• adduct is also shown.2

Thus, the reaction pathway in the azidotriazine-acetone 
system is similarly accounted for by Scheme I, where XN and 
3N denote the singlet and trip let nitrenes, respectively. As for 
compound 1, the intersystem crossing k '¡sc is faster than the 
reaction of 1N with acetone.

Photolyses of Azidotriazines in Me2SO. In the photolyses 
of azido(l-naphthyl)triazines in MeoSO, the corresponding

------------ ^  K ave leng th /nm
Figure 1. Spectral change of an acetonitrile solution of 2-azido-4- 
methoxy-6-(2-hydroxy-l-naphthyl)-l,3,5-triazine (1) by irradiation 
with a high-pressure mercury lamp. Numbers refer to time at a 
measurement in seconds.

ylide, aminotriazine, and unidentified polymeric products 
were obtained (Table IV).

In the cases of compounds 1 and 2, both ylide and amino
triazine were obtained; however, in other cases no amino
triazine was detected. The photoproducts of ylide and ami
notriazine seem to be yielded by the reactions of singlet and
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Scheme I
Y Y

lNs ■ ¡N

3N ,
• N

tr ip le t nitrenes w ith Me2S0 , respectively. On the whole, the 
results in Table IV  show that the photolysis in Me^SO occurs 
in a pattern similar to that in acetone. However, the reaction 
of singlet nitrene with Me2SO may proceed more readily than 
that in acetone. In Me2SO, the reaction stopped at the stage 
of ylide instead of the cycloaddition product. 1 3  The combi
nation between the ring nitrogen and oxygen atoms to give the 
cycloaddition product would be d ifficu lt because the ylides 
from Me2SO are considered to exist as sulfoximine deriva
tives. 14

C H ;

I
N = 3 = 0

C H  ;

Photolyses of Azidotriazines in Acetonitrile. The pho
tolyses of azidotriazines in  acetonitrile also gave the 1 : 1  cy
cloaddition product of triazinylnitrene and acetonitrile, 
aminotriazine, and unidentified polymeric products; however, 
the cycloaddition product was obtained only in the case of 
compound 4 as shown in Table V. In this case, two aromatic 
nuclei would be twisted toward each other very much by the 
steric hindrance due to the o-methoxyl group, resulting in a 
decrease in the electron migration from the naphthalene ring 
to the triazine nucleus; in addition this —I effect of the 
naphthyl group would decrease the electron density of the 
triazine nucleus. Therefore, the main reaction product results 
from the singlet nitrene.

Table III. Photochemical Reactions of Azidotriazines in 
Acetone0

Y  y

TrNH

Compd X Y % adduct % TrNH;

1 OH H c 43
2 H OH 18 30
3 H H 50 5
4 OCH3 H 63 c
5 H OCH3 50 c
6 c h 3 H 31 8
7 H c h 3 32 5
8 H Cl 6 8 c

° Solutions of azidotriazines in acetone (0.1 g in 20 mL of ace
tone) were irradiated. Irradiation with a high-pressure mercury 
lamp was continued until the starting materials (azidotriazines) 
disappeared completely. It took about 2 days. b Unidentified dark 
brown polymeric products were produced in large amounts. 
c Undetected.

Although in the photolyses of azido(l-naphthyl)triazines 
in acetone, Me2SO, and acetonitrile the addition product 
and/or aminotriazine was obtained as the major product in 
every case, tne yield of the major product varied depending 
upon the solvent employed. Overall, the highest yields of ad
dition products were obtained w ith Me2SO, while acetonitrile 
gave the highest yields of amines. This difference in reactivity 
among the solvents employed may be attributed to a d iffer
ence in the electron-donating power of solvents; for example, 
the sulfur atom in Me2SO would be more electron donating 
than the oxygen atom in acetone (the 3p lone pair electrons 
of the sulfur atom should be much more electron donating 
than the 2p lone pair electrons of the oxygen atom). Thus, the 
electrophilic attack by singlet triazinylnitrene upon the sulfur 
atom of Me2SO would take place more readily than that upon 
the carbonyl oxygen atom of acetone. As for acetone and ac
etonitrile, the former would be more electron donating in ac
cord with their ionization potentials; the ionization potential 
of acetonitrile is known to be 1.23 eV 1 5  and that of acetone is 
9.69 eV. 16 Thus, when compound 4 was irradiated in a mixture 
of Me«SO, acetone, and acetonitrile, although all products 
obtained were resulted from the singlet triazinylnitrene, the 
yields of the addition products varied in the following order 
w ith respect to the solvents, supporting the assumption de
scribed above:

Me2SO > acetone > acetonitrile

In conclusion, the reactions of singlet and trip le t triaz- 
inylnitrenes produced by the photolyses of azido(l-naph- 
thyl)triazines can be explained reasonably by Scheme II. 
where T -N 3 is the starting material, 3D the trip le t sensitizer
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Table IV. Photochemical Reactions of Azidotriazines in 
Me2SO°

Y Y

TrNH,

C o m p d X Y %  y l i d e %  T r N H ;

1 O H H 3 0 2 5

2 H O H 2 5 2 7

3 H H 5 5 c

4 o c h 3 H 4 3 c

5 H o c h 3 5 4 c

6 c h 3 H 5 0 c

7 H c h 3 5 4 c

8 H C l 6 3 c

“  S o l u t i o n s  o f  a z i d o t r i a z i n e s  in  M e 2 S 0  ( 2 . 0  g  in  2 0  m L  o f  

M e 2 S O )  w e r e  i r r a d i a t e d  w i t h  a  h i g h - p r e s s u r e  m e r c u r y  l a m p  f o r  

2  d a y s ;  h o w e v e r  2 5 - 3 0 %  o f  t h e  s t a r t i n g  m a t e r i a l s  ( a z i d o t  r i a z i n e s )  

w e r e  r e c o v e r e d .  6  U n i d e n t i f i e d  p o l y m e r i c  p r o d u c t s  w e r e  p r o d u c e d  

in  s m a l l  a m o u n t s .  c U n d e t e c t e d .

T — N ,
hv

d irect
excita tion

"D
T —  N ,  ------------------------

trip let
sensitization

S c h e m e  I I

[ T — N , ]

f c j s o lv l
/

1 [ T — N 1 

■N

y l i d e

c y c l o a d d i t i o n

p r o d u c t

3[ T  N , ]

T — N H 2

(e.g., benzophenone), and 'N  and 8N the singlet and trip le t 
triazinylnitrenes, respectively.

The overall reaction is governed by the relative rate of the 
electrophilic attack (fcr[solv]) to that of intersystem crossing 
/¡'¡sc,9 which depends upon the electronic property of the 
substituent in the naphthalene nucleus on one hand and the 
electron-donating power of the solvent on the other hand.

Thus, when fer[solv] >  k'-lsc, the cycloaddition product or 
ylide is the major product, while aminotriazir.e becomes the 
main product when /jr[solv] <  f e ' j s c .

Experimental Section
A l l  t h e  m e l t i n g  p o i n t s  a r e  u n c o r r e c t e d .  T h e  i d e n t i f i c a t i o n  o f  t h e  

r e a c t io n  p r o d u c t s  w a s  p e r f o r m e d  b y  m e a n s  o f  N M R ,  I R ,  U V ,  a n d  M S  

s p e c t r a ,  b y  e le m e n t a l  a n a ly s e s ,  a n d  b y  a  m ix e d  m e lt i r .g  p o in t  t e s t  w it h  

a n  a u t h e n t i c  s a m p l e .

M a t e r i a l s .  A  t y p i c a l  p r e p a r a t i o n  b y  t h e  F r i e d e l - C r a f t s  r e a c t i o n  

o f  c h lo r o t r i a z i n e s  w i t h  n a p h t h a le n e  d e r i v a t i v e s  i s  s h o w n  in  t h e  c a s e  

o f  c o m p o u n d  4 .  C o m p o u n d s  1 , 2 ,  a n d  5  w e r e  p r e p a r e d  b y  t r e a t i n g  t h e  

c o r r e s p o n d i n g  c h lo r o t r i a z i n e  d e r i v a t i v e s  w i t h  s o d i u m  a z i d e .8

Table V. Photochemical Reactions of Azidotriazines in
Acetonitrile“

Y Y

CH,
adduct

Y

C o m p d X Y %  a d d u c t % TrN H 2

1 O H H c 3 0

2 H O H c 2 1

3 H H c 2 5

4 o c h 3 H 2 3 6

°  S o l u t i o n s  o f  a z i d o t r i a z i n e s  i n  a c e t o n i t r i l e  ( 2 .0  g  i n  2 0  m L  o f  

a c e t o n i t r i l e )  w e r e  i r r a d i a t e d  w i t h  a  h i g h - p r e s s u r e  m e r c u r y  l a m p  

f o r  1  w e e k ;  h o w e v e r  4 5 - 5 0 %  o f  t h e  s t a r t i n g  m a t e r i a l s  ( a z i d o t r i a 

z i n e s )  w e r e  r e c o v e r e d .  h U n i d e n t i f i e d  d a r k  b r o w n  p o l y m e r i c  

p r o d u c t s  w e r e  p r o d u c e d  in  l a r g e  a m o u n t s .  c U n d e t e c t e d .

2-Azido-4-methoxy-6-(2-methoxy-l-naphthyl)-l,3,5-triazine
( 4 ) .  A  s o l u t i o n  o f  4 5 .0  g  ( 0 .2 9  m o l)  o f  f i - m e t h o x y n a p h t h a l e n e  in  3 0 0  

m L  o f  c h lo r o f o r m  w a s  a d d e d  d r o p  b y  d r o p  i n t o  a  m i x t u r e  o f  5 2 . 0  g  

( 0 .2 9  m o l)  o f  2 ,4 - d i c h l o r o - 6 - m e t h o x y - l , 3 ,5 - t r i a z i n e ,  3 8 .8  g  ( 0 .2 9  m o l)  

o f  p o w d e r e d  a l u m i n i u m  c h lo r i d e ,  a n d  8 0 0  m L  o f  c h lo r o f o r m  a t  r o o m  

t e m p e r a t u r e .  T h e  m i x t u r e  w a s  s t i r r e d  a t  4 0  ° C  f o r  2 4  h ; t h e n  t h e  r e 

a c t i o n  m i x t u r e  w a s  p o u r e d  in t o  1  L  o f  i c e  w a t e r  c o n t a i n i n g  2 5 0  m L  o f  

a  c o n c e n t r a t e d  h y d r o c h l o r i c  a c id  s o lu t io n .  A f t e r  t h e  c h lo r o f o r m  l a y e r  

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

w a s  p u r i f i e d  b y  c o lu m n  c h r o m a t o g r a p h y  o n  s i l i c a  g e l  u s in g  a  m i x t u r e  

o f  b e n z e n e  a n d  l ig r o in  ( 1 0 : 1  b y  v o lu m e )  t o  g i v e  a n  a n a l y t i c a l  s a m p l e  

o f  2 - c h l o r o - 4 - m e t h o x y - 6 - ( 2 - m e t h o x y - l - n a p h t h y l ) - l , 3 , 5 - t r i a z i n e  in  

a  y i e l d  o f  2 4 % : m p  1 4 2 - 1 4 3  ° C .

A  s o lu t io n  o f  7 .8  g  ( 0 . 1 1 6  m o l)  o f  s o d i u m  a z id e  in  6 0  m L  o f  w a t e r  w a s  

a d d e d  d r o p  b y  d r o p  i n t o  a  s o l u t i o n  o f  1 0  g  ( 0 .0 3 3  m o l)  o f  2 - c h l o r o -  

4 - m e t h o x y - 6 - ( 2 - m e t h o x y - l - n a p h t h y l ) - l , 3 , 5 - t r i a z i n e  in  3 0 0  m L  o f  

d i o x a n e  a t  r o o m  t e m p e r a t u r e .  A f t e r  s t i r r i n g  a t  4 5  ° C  f o r  7  h ,  t h e  r e 

a c t i o n  m i x t u r e  w a s  p o u r e d  i n t o  1 L  o f  w a t e r .  T h e  p r e c i p i t a t e  t h u s  

o b t a i n e d  w a s  f i l t e r e d ,  d r i e d ,  a n d  p u r i f i e d  b y  r e c r y s t a l l i z a t i o n  f r o m  

l in g o i n  t o  g i v e  a n  a n a l y t i c a l  s a m p l e  o f  c o m p o u n d  4 in  a  y i e l d  o f  9 8 % : 

m p  1 3 6 - 1 3 7  ° C .

A  t y p i c a l  p r e p a r a t i o n  b y  t h e  G r i g n a r d  r e a c t i o n  o f  1 - n a p h t h y l -  

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

p o u n d  6 . A  s o l u t i o n  o b t a i n e d  b y  t h e  r e a c t i o n  o f  3 0 . 0  g  ( 0 . 1 3 6  m o l)  o f  

2 - m e t h y l - l - b r o m o n a p h t h a l e n e  w i t h  3 . 3 0  g  ( 0 . 1 3 6  m o l)  o f  m a g n e s iu m  

in  a  m i x t u r e  o f  2 5 0  m L  o f  d i e t h y l  e t h e r  a n d  1 5 0  m L  o f  t e t r a h  v d r o f u r a n  

w a s  a d d e d  d r o p  b y  d r o p  i n t o  a  s o l u t i o n  o f  2 5 .0  g  ( 0 . 1 3 6  m o l)  o f  c y a n -  

u r i c  c h lo r i d e  in  3 5 0  m L  o f  d i e t h y l  e t h e r  a t  r o o m  t e m p e r a t u r e .  A f t e r  

s t i r r i n g  f o r  5  h  a t  r o o m  t e m p e r a t u r e ,  t h e  m i x t u r e  w a s  p o u r e d  i n t o  1 

L  o f  ic e  w a t e r  c o n t a i n i n g  2 0 0  m L  o f  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d .  

T h e  e t h e r  l a y e r  w a s  w a s h e d  w it h  w a t e r ,  t h e n  t h e  s o lv e n t  w a s  r e m o v e d  

b y  d i s t i l l a t i o n  a n d  t h e  r e s i d u e  w a s  p u r i f i e d  b y  c o lu m n  c h r o m a t o g r a 

p h y  o n  s i l i c a  g e l  u s in g  a  m i x t u r e  o f  b e n z e n e  a n d  l ig r o in  (2 : 1  b y  v o lu m e )  

t o  g i v e  2 , 4 - d i c h l o r o - 6 - ( 2 - m e t h y l - l - n a p h t h y l ) - l , 3 , 5 - t r i a z i n e  in  a  y i e l d  
o f  2 3 % : m p  1 4 1 - 1 4 2  ° C .

A  s o l u t i o n  o b t a i n e d  b y  d i s s o l v i n g  0 .4  g  ( 0 . 0 1 7 4  m o l)  o f  s o d i u m  in  

5 0  m L  o f  m e t h a n o l  w a s  a d d e d  d r o p  b y  d r o p  i n t o  a  s o l u t i o n  o f  5 . 0  g  

( 0 . 0 1 7 4  m o l)  o f  2 , 4 - d i c h l o r o - 6 - ( 2 - m e t h y l - l - n a p h t h y l ) - l , 3 , 5 - t r i a z i n e  

in  a  m ix t u r e  o f  m e t h a n o l  ( 5 0  m L )  a n d  d i o x a n e  ( 1 0 0  m L ) .  T h e  r e a c t io n  

m i x t u r e  w a s  s t i r r e d  f o r  2  h  a t  r o o m  t e m p e r a t u r e ,  t h e n  w a s  p o u r e d  in t o  

5 0 0  m L  o f  ic e  w a t e r  a n d  e x t r a c t e d  w i t h  c h lo r o f o r m .  A f t e r  t h e  s o l v e n t  

w a s  r e m o v e d  b y  d i s t i l l a t i o n ,  t h e  r e a c t i o n  p r o d u c t  w a s  p u r i f i e d  b y
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Table VI. Derivatives of Chloro(l-naphthyl)-l,3,5-triazine
Y

A n a l . .  %

R e g i s t r y  S o l v e n t  f o r  __________ F o u n d __________ ___________C a l e d

n o . A B X Y M p ,  ° C r e c r y s t a l l i z a t i o n C H N C H N

6 5 1 0 3 - 1 5 - 3 o c h 3 C l o c h 3 H 1 4 2 - 1 4 3 L i g r o i n 5 9 . 9 5 4 . 0 3 1 3 . 7 5 5 9 . 7 0 3 . 9 8 1 3 . 9 3
6 5 1 0 3 - 1 6 - 4 o c h 3 C l H o c h 3 1 3 5 - 1 3 6 B e n z e n e - l i g r o i n 5 9 . 5 7 4 . 1 5 1 4 . 1 1 5 9 . 7 0 3 . 9 8 1 3 . 9 3
6 5 1 0 3 - 1 7 - 5 C l C l c h 3 H 1 4 1 - 1 4 2 L i g r o i n 5 8 . 1 0 3 . 2 2 1 4 . 2 8 5 7 . 9 3 3 . 1 0 1 4 . 4 8
4 4 4 6 - 4 3 - 9 C l C l H c h 3 1 7 3 - 1 7 4 B e n z e n e - l i g r o i n 5 7 . 7 8 3 . 3 3 1 4 . 5 6 5 7 . 9 3 3 . 1 0 1 4 . 4 3
6 5 1 0 3 - 1 8 - 6 o c h 3 C l c h 3 H 9 0 - 9 1 L i g r o i n 6 3 . 2 4 4 . 4 3 1 4 . 6 3 6 3 . 0 5 4 . 2 0 1 4 . 7 1
6 5 1 0 3 - 1 9 - 7 o c h 3 C l H c h 3 1 3 2 - 1 3 3 B e n z e n e - l i g r o i n 6 3 . 0 3 4 . 3 5 1 4 . 5 7 6 3 . 0 5 4 . 2 0 1 4 . 7 1
6 5 1 0 5 - 2 0 - 0 C l C l H C l 1 3 5 - 1 3 6 B e n z e n e - l i g r o i n 5 0 .4 3 2 . 0 5 1 3 . 6 6 5 0 . 2 4 1 . 9 3 1 3 . 5 3
6 5 1 0 2 - 8 9 - 8 o c h 3 C l H C l 1 2 0 - 1 2 1 B e n z e n e - l i g r o i n 5 4 .8 3 3 . 1 2 1 3 . 8 4 5 4 . 9 0 2 .9 4 1 3 . 7 3

___________________Table VII. 2-Amino-4-methoxy-6-(2- or 4-substituted-l-naphthyl)-l,3,5-triazines__________________

S o l v e n t ____________________________ A n a l . ,  % ____________________________

R e g i s t r y  f o r  ___________ F o u n d ___________  ___________ C a l e d . ___________  M S ,

n o . X Y M p ,  ° C r e c r y s t a l l i z a t i o n C H N C H N m /e

6 5 1 0 2 - 9 0 - 1 O H H 2 2 5 - 2 2 6 B e n z e n e 6 2 . 8 0 4 . 6 7 2 0 . 7 8 6 2 . 6 8 4 . 5 1 2 0 .8 9 2 6 8
6 5 1 2 1 - 3 9 - 3 H O H 2 1 5 - 2 1 6 B e n z e n e 6 2 . 9 7 4 . 6 0 2 0 . 7 1 6 2 . 6 8 4 . 5 1 2 0 .8 9 2 6 8
6 5 1 0 2 - 9 1 - 2 H H 2 2 0 - 2 2 1 B e n z e n e 6 6 . 3 5 4 . 7 1 2 2 . 0 1 6 6 . 6 5 4 . 7 9 2 2 . 2 1 2 5 2
6 5 1 0 2 - 9 2 - 3 o c h 3 H 2 2 1 - 2 2 2 B e n z e n e 6 3 . 9 8 4 . 8 7 1 9 . 5 1 6 3 . 8 2 5 .0 0 1 9 . 8 5 2 8 2
6 5 1 0 2 - 9 3 - 4 c h 3 H 2 1 8 - 2 1 9 B e n z e n e 6 7 .9 8 5 . 3 1 2 0 .9 6 6 7 . 6 5 5 . 3 0 2 1 . 0 4 2 6 6
6 5 1 0 2 - 9 4 - 5 H c h 3 2 2 0 - 2 2 1 B e n z e n e 6 7 . 9 2 5 . 2 8 2 0 . 7 8 6 7 . 6 5 5 . 3 0 2 1 . 0 4 2 6 6

Table VIII. 1 : 1  Adducts of 4-Methoxy-6-(2- or 4-substituted-l-naphthyl)-l,3,5-triazin-2-ylnitrene and Acetone or
Acetonitrile

R e g i s t r y

n o .

S u b s t i t u e n t  

X Y
M u ,

° C

S o l v e n t

f o r

r e c r y s t a l 

l i z a t i o n

A n a l . ,

F o u n d

%

C a l e d

M S ,

m /e N M R ,  <5ppm

A c e t o n e

6 5 1 0 2 - 9 5 - 6 H O H 2 2 1 - 2 2 2 B e n z e n e C ,  6 2 .9 6 6 2 . 9 5 3 2 4 “ 1 . 7 3  ( s ,  6  H ) ,  4 . 1 5  ( s ,  3  H ) ,  6 .9 8  ( d ,  1  H ) ,

H ,  5 . 1 6 4 . 9 7 7 . 5 7  ( m ,  2  H ) ,  8 . 3 3  ( m ,  3  H ) ,  9 . 2 2  ( m ,  1  H )

N ,  1 7 . 5 9 1 7 . 2 8

6 5 1 0 2 - 9 6 - 7 H H 1 7 7 - 1 7 8 B e n z e n e C ,  6 6 . 7 0 6 6 . 2 2 3 0 8 “ 1 . 7 5  ( s ,  6  H ) ,  4 . 1 2  ( s ,  3  H ) ,  7 . 5 8  ( m ,  3  H ) ,

H ,  5 . 2 4 5 . 2 3 8 . 0 7  ( m ,  3  H ) ,  8 . 9 3  ( m ,  1  H )

N ,  1 8 . 4 2 1 8 . 1 7

6 5 1 0 2 - 9 7 - 8 O C H 3 H 1 9 6 - 1 9 7 B e n z e n e C ,  6 4 . 0 2 6 3 . 8 9 3 3 8 “ 1 . 7 7  ( s ,  6  H ) ,  3 . 9 3  ( s ,  3  H ) ,  3 . 9 8  ( s ,  3  H ) ,

H ,  5 . 3 2 5 . 3 6 7 . 9 5  ( m ,  6  H )

N ,  1 6 . 6 2 1 6 . 5 8

6 5 1 0 2 - 9 8 - 9 H o c h 3 1 7 3 - 1 7 4 B e n z e n e C ,  6 3 . 4 0 6 3 . 8 9 3 3 8 b l  . 7 8  ( s ,  6  H ) ,  4 . 0 3  ( s ,  3  H ) ,  4 . 1 3  ( s ,  3  H ) ,

H ,  5 . 4 1 5 . 3 6 6 . 8 3  ( d ,  1  H ) ,  7 . 5 2  ( m ,  2  H ) ,  8 . 3 8  ( m ,  2  H ) ,

N ,  1 6 . 5 7 1 6 . 5 8 9 . 3 3  ( m ,  1  H )

6 5 1 0 2 - 9 9 - 0 c h 3 H 1 4 7 - 1 4 8 B e n z e n e C ,  6 7 . 0 9 6 7 .0 6 3 2 2 6 1 . 8 3  ( s ,  6  H ) ,  2 . 5 2  ( s ,  3  H ) ,  4 . 0 0  ( s ,  3  H ) ,

H ,  5 . 7 2 5 . 6 3 7 . 4 2  ( m ,  3 H ) ,  7 . 8 0  ( m ,  3  H )

N ,  1 7 . 8 1 1 7 . 3 8

6 5 1 0 3 - 0 0 - 6 H c h 3 1 6 7 - 1 6 8 B e n z e n e C ,  6 7 . 1 5 6 7 .0 6 3 2 2 b 1 . 8 0  ( s ,  6  H ) ,  2 . 7 2  ( s ,  3  H ) ,  4 . 1 3  ( s ,  3  H ) ,

H ,  5 . 6 1 5 . 6 3 7 . 4 2  ( m ,  3  H ,  8 .0 8  ( m ,  2  H ) ,  9 . 1 7  ( m ,  1  H )

N ,  1 7 . 4 2 1 7 . 3 8

6 5 1 0 3 - 0 1 - 7 H C l 1 4 5 - 1 4 6 B e n z e n e C ,  5 9 . 8 3 5 9 . 5 7 3 4 2 6 1 . 8 3  ( s , 6  H ) ,  4 . 1 8  ( s ,  3  H ) ,  7 .6 6  ( m ,  3  H ) ,

H ,  4 . 4 5 4 . 4 1 8 . 3 3  ( m ,  2  H ) ,  9 . 2 0  ( m ,  1  H )

N ,  1 6 . 5 5 1 6 . 3 4

A c e t o n i t r i l e

6 5 1 0 3 - 0 2 - 8 o c h 3 H 1 3 5 - 1 3 6 B e n z e n e C ,  6 3 . 2 4 6 3 . 5 4 3 2 1 “ 3 . 2 2  ( s ,  3  H ) ,  3 . 8 7  ( s ,  3  H ) ,  3 . 9 5  ( s ,  3  H ) ,

H ,  4 . 7 3 4 . 7 0 7 . 5 0  ( m ,  5  H ) ,  8 . 0 5  ( m ,  1  H )

N ,  2 1 . 6 1 2 1 . 8 0

r e c r y s t a l l i z a t i o n  f r o m  l i g r o i n  t o  g i v e  a n  a n a l y t i c a l  s a m p l e  o f  2 - 

c h l o r o - 4 - m e t h o x y - 6 - ( 2 - m e t h y l - l - n a p h t h v l ) - l , 3 , 5 - t r i a z i n e  ( m p  9 0 - 9 1  

° C )  in  a  y i e l d  o f  8 4 % .
2 - C h l o r o - 4 - m e t h o x y - 6 - ( 2 - m e t h y l - l - n £ p h t h y l ) - l , 3 , 5 - t r i a z i n e  w a s  

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

a b o v e  t o  g iv e  t h e  c o r r e s p o n d in g  a z i d o - 1 . 3 , 5 - t r i a z i n e  in  a  y i e l d  o f  9 2 %  

( m p  8 8 - 8 9  ° C ) .

A n a l y t i c a l  d a t a  o f  n e w  c o m p o u n d s  o f  c h lo r o t r i a z in e  t y p e  w e r e  l i s t e d  

in  T a b l e  V I .

A c e t o n e  a n d  M e 2 S O  ( G . R .  g r a d e )  w e r e  u s e d  w i t h o u t  f u r t h e r  p u r i -
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f o r

R e g i s t r y  r e c r y s t a l l i -  A n a l . ,  %  M S ,  N M R  ( M e 2 S O - d 6 ) ,

n o .  X  Y  M p ,  ° C  z a t i o n _________ F o u n d  C a l c d  m /e _______________________________¿ ppm__________

Table IX. Photochemical Reaction Products (Ylides) of
2-Azido-4-methoxy-6-(2- or 4-substituted-l-naphthyl)-l,3,5-triazines with Me2 SO

3 5 1 0 3 - 0 3 - 9 O H H 2 1 4 - 2 1 5

6 5 1 0 3 - 0 4 - 0 H O H 1 5 2 - 1 5 3

6 5 1 2 1 - 4 0 - 6 H H 1 6 4 - 1 6 5

6 5 1 0 3 - 0 5 - 1 O C H ;i H 1 9 3 - 1 9 4

6 5 1 0 3 - 0 6 - 2 H o c h 3 1 9 4 - 1 9 5

6 5 1 0 3 - 0 7 - 3 C H :i H 2 1 8 - 2 1 9

6 5 1 0 3 - 0 8 - 4 H c h 3 2 1 9 - 2 2 0

6 5 1 0 3 - 0 9 - 5 H C l 1 4 0 - 1 4 1

A c e t o n e C ,  5 5 . 6 9 5 5 . 8 0 3 4 4

H ,  4 . 6 7 4 . 6 8

N ,  1 6 . 2 5 1 6 . 2 7

B e n z e n e C ,  5 5 . 7 1 5 5 . 8 0 3 4 4

H .  4 . 4 2 4 . 6 8

N ,  1 6 . 3 6 1 6 . 2 7

B e n z e n e - C ,  5 8 . 8 9 5 8 . 5 2 3 2 8

l i g r o i n H ,  5 . 2 1 4 . 9 1

N ,  1 7 . 6 3 1 7 . 0 6

B e n z e n e C , 5 7 . 1 5 5 6 . 9 7 3 5 8

H ,  5 . 0 5 5 . 0 6

N ,  1 5 . 5 4 1 5 . 6 3

B e n z e n e C ,  5 7 . 4 3 5 6 . 9 7 3 5 8

H ,  5 . 1 0 5 .0 6

N ,  1 5 . 6 5 1 5 . 6 3

B e n z e n e C ,  5 9 . 4 3 5 9 . 6 3 3 4 2

H ,  5 . 4 7 5 . 3 0

N ,  1 6 . 4 5 1 6 . 3 6

B e n z e n e C ,  5 9 . 5 6 5 9 . 6 3 3 4 2

H ,  5 . 3 0 5 . 3 0

N ,  1 6 . 4 2 1 6 . 3 6

B e n z e n e 0 , 5 3 . 1 0 5 2 . 9 6 3 6 2

H ,  4 . 3 3 4 . 1 7

N .  1 5 . 4 0 1 5 . 4 4

3 . 5 0  ( s ,  6  H i ,  4 . 0 6  ( s ,  3  H ) ,  7 . 7 5  ( m ,  6  H ) ,

9 . 2 7  ( m ,  1  H )

3 . 5 5  ( s ,  6  H i ,  4 . 0 2  ( s ,  3  H ) ,  7 . 0 3  ( m ,  1  H ) ,

7 . 5 8  ( m ,  2  H ) ,  8 . 2 7  ( m ,  2  H ) ,  9 . 2 5  ( m ,  1  

H ) .  1 0 . 8 3  ( m ,  1  H )

3 . 5 8  ( s ,  6  H ) ,  4 . 0 3  ( s ,  3  H ) ,  7 . 6 3  ( m ,  3  H ) ,

8 .0 8  ( m ,  3  H ) ,  9 . 1 3  ( m ,  1  H )

3 . 5 3  ( s ,  6  H ) ,  3 . 9 0  ( s ,  3  H ) ,  3 . 9 8  ( s ,  3  H ) ,

7 . 5 0  ( m ,  4  H ) ,  8 . 1 0  ( m ,  1  H ) ,  9 . 1 5  ( m ,  1  

H )

3 . 5 5  ( s ,  6  H ) ,  4 . 0 0  ( s ,  3  H ) ,  4 . 0 5  ( s ,  3  H ) ,

7 . 1 2  ( d ,  2  H ) ,  7 . 5 8  ( m ,  2  H ) ,  8 . 3 0  ( m ,  2  H ) ,

9 . 1 7  ( m ,  1  H )

2 . 3 3  ( s ,  3  H ) ,  3 . 5 2  ( s ,  6  H ) ,  3 . 9 8  ( s ,  3  H ) ,

7 . 5 0  ( m ,  4  H ) ,  7 . 9 7  ( m ,  2  H )

2 . 7 6  ( s ,  3  H ) ,  3 . 5 8  ( s ,  6  H ) ,  4 . 0 3  ( s ,  3  H ) ,

7 . 6 0  ( m ,  3  H ) ,  8 . 1 3  ( d ,  2  H ) ,  9 . 0 0  ( m ,  1  H )

3 . 5 8  ( s ,  6  H ) ,  4 . 0 5  ( s ,  3  H ) ,  7 . 8 0  ( m ,  3  H ) ,

8 . 2 0  ( m ,  2  H ) ,  9 . 0 5  ( m ,  1  H )

t 'ic a t io n .  A c e t o n i t r i l e  ( r e a g e n t  g r a d e )  w a s  p u r i f i e d  b y  t h e  u s u a l  

m e t h o d . 1 7  C y c l o h e x a n e  ( G . R .  g r a d e )  w a s  f u r t h e r  p u r i f i e d  b y  p a s s i n g  

i t  t h r o u g h  a  s i l i c a  g e l  c o lu m n  a n d  b y  d i s t i l l a t i o n .

Light Source and Actinometry. A  h i g h - p r e s s u r e  m e r c u r y  la m p  

i a  R i c h o s a  1 0 0 - W  U V L - 1 0 0 H A )  w a s  u s e d  f o r  p h o t o l y s e s .  N i t r o g e n  

g a s  w a s  b u b b l e d  t h r o u g h  t h e  s o l u t i o n s  d u r i n g  t h e  p h o t o l y s e s .  A  lo w -  

p r e s s u r e  m e r c u r y  la m p  ( 3 0  W )  w i t h  a  V y c o r  g l a s s  f i l t e r  w a s  u s e d  a s  

t h e  2 5 4 - n m  r a d i a t i o n  s o u r c e .  T h e  d e c o m p o s i t io n  q u a n t u m  y i e l d s  f o r  

t h e  s t a r t i n g  m a t e r i a l s  w e r e  m e a s u r e d  in  c y c l o h e x a n e  a t  2 5 4  n m  a n d  

2 5  ° C .  A c t i n o m e t r y  w a s  c a r r i e d  o u t  u s in g  a  f e r r  c  o x a l a t e  s o lu t io n  

( 0 .0 0 6  M ) . 18

Reaction Products. A f t e r  a  l o n g  i r r a d i a t i c n  o f  s o l u t i o n s  o f  

a z i d o t r i a z i n e s  in  a c e t o n e ,  a c e t o n i t r i l e ,  a n d  M e 2 S O  w i t h  a  h i g h - p r e s 

s u r e  m e r c u r y  l a m p  ( s e e  t h e  T a b l e s  I I I —V ) ,  t h e  r e a c t io n  m i x t u r e s  w e r e  

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

c o lu m n  c h r o m a t o g r a p h y  o n  s i l i c a  g e l  u s in g  a  m i x t  a r e  o f  b e n z e n e  a n d  

a c e t o n e  a s  t h e  d e v e l o p i n g  s o l v e n t  ( t h e  r a t i o  o f  t h e  t w o  s o l v e n t s  w a s  

c h a n g e d  d e p e n d i n g  u p o n  t h e  p h o t o p r o d u c t s  o b t a i n e d ) .

2-Amino-4-methoxy-6-(2- or 4-substituted-l-naphthyl)-
1,3,5-triazines. A n a l y t i c a l  d a t a  o f  a m in o t r ia z i n e s  w e r e  l i s t e d  in  T a b l e

V I I .  T h e s e  c o m p o u n d s  w e r e  a l s o  c o n f i r m e d  b y  a  m i x e d  m e l t in g  p o in t  

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

s p o n d i n g  c h lo r o t r i a z i n e s  w i t h  a m m o n i a  u n d e r  p r e s s u r e .

Adducts of Triazinylnitrene and Acetone, Acetonitrile, or 
M e j S O .  A n a l y t i c a l  d a t a  o f  t h e  a d d u c t s  w e r e  l i s t e d  in  T a b l e s  V I I I  a n d

IX.
Adducts of Triazinylnitrene and Acetone. A  t y p i c a l  e x a m p l e  

i s  n o t e d  b e lo w  in  t h e  c a s e  o f  t h e  a d d u c t  o f  a c e t o n e  a n d  m e t h o x y ( l -  

n a p h t b y D t r i a z i n y l n i t r e n e  ( X  =  Y  =  H ) ;  m / e  o f  3 0 8  a g r e e s  w i t h  t h e  

p r e d i c t e d  v a l u e .  N M R  s p e c t r a  s u p p o r t  t h e  c o n s t i t u t i o n  p r o p o s e d :  5 
1 . 7 5  ( 2 - C H 3 ) , 4 . 1 2  ( - O C H 3 ) , 7 .5 8  a n d  8 .0 7  ( a r o m a t i c  p r o t o n s ,  6  H ) ,

8 .9 3  ( H  o f  8 - p o s i t i o n  o f  t h e  n a p h t h a le n e  n u c l e u s ,  1  H ) .  I R  s p e c t r u m  

o f  t h i s  c o m p o u n d  ( m e a s u r e d  in  p o t a s s i u m  d i s k )  l a c k s  a  p e a k  o f  c a r 

b o n y l  g r o u p .

Adducts of Triazinylnitrene and Acetonitrile. M S  a n d  N M R

s p e c t r a  s u p p o r t  t h e  p r o p o s e d  s t r u c t u r e :  m /e  3 2 1 ;  N M R  b 3 .2 2  ( - C H 3 ),

3 .8 7  ( - O C H 3 ) , 3 . 9 5  ( - O C H 3 ) , 7 .5 0  ( a r o m a t i c  p r o t o n s ,  5  H ) ,  8 .0 5  ( H  

o f  8 - p o s i t i o n  o f  t h e  n a p h t h a le n e  n u c l e u s ,  1  H ) .  I R  s p e c t r u m  o f  t h i s  

a d d u c t  l a c k s  a  p e a k  o f - C = N  g r o u p .

Adducts of Triazinylnitrene and Me2SO. A  t y p i c a l  e x a m p l e  is  

n o t e d  b e lo w  in  t h e  c a s e  o f  t h e  a d d u c t  o f  ( 4 - m e t h > l - l - n a p h t h y l ) t r i a -  

z i n y l n i t r e n e  a n d  M e 2S O  ( X  =  H ,  Y  =  - C H 3 I: m /e  o f  3 4 2  a g r e e s  w i t h

t h e  p r e d i c t e d  v a l u e .  N M R  s p e c t r a  [5 2 .7 6  ( - C H 3 ), 3 . 5 8  ( 2 - C H 3 ), 4 .0 3  

( - O C H 3 ) , 7 .6 0  a n d  8 . 1 3  ( a r o m a t i c  p r o t o n s ) ,  9 .0 0  ( H  o f  8 - p o s i t i o n  o f  

t h e  n a p h t h a l e n e  n u c le u s ) ]  a g r e e  w i t h  t h e  c o n s t i t u t i o n  p r o p o s e d .  I R  

s p e c t r u m  o f  t h i s  c o m p o u n d  i n v o l v e s  p e a k s  a s s i g n a b l e  t o  S O  g r o u p  

( 1 0 1 5  c m - 1 ) a n d  t r i a z i n e  n u c l e u s  ( 8 2 0  c m - 1 ).

Registry No.— A c e t o n e ,  6 7 - 6 4 - 1 ;  a c e t o n i t r i l e ,  7 5 - 0 5 - 8 ;  M e 2 S O ,

6 7 - 6 8 - 5 ;  / ? - m e t h o x y n a p h t h a l e n e ,  9 3 - 0 4 - 9 ;  2 ,4 - d i c h l o r o - 6 - m e t h o x y -

1 , 3 , 5 - t r i a z e n e ,  3 6 3 8 - 0 4 - 8 ;  s o d i u m  a z i d e ,  2 6 6 2 8 - 2 2 - 8 ;  2 - m e t h y l - l -  

b r o m o n a p h t h a l e n e ,  2 5 8 6 - 6 2 - 1 ;  c y a n u r i c  c h lo r i d e ,  1 0 8 - 7 7 - 0 ;  1 - b r o -  

m o n a p h t h a l e n e ,  9 0 - 1 1 - 9 ;  l - b r o m o - 4 - m e t h y l n a p h t h a l e n e ,  6 6 2 7 - 7 8 - 7 ;  

l - b r o m o - 4 - c h l o r o n a p h t h a l e n e ,  5 3 2 2 0 - 8 2 - 9 .
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M é t h y l a t i o n  o f  1 5  p r o t o m e r i c  a m b i d e n t  n u c l e o p h i l e s  w i t h  m e t h y l  f l u o r o s u l f o n a t e  h a s  b e e n  f o u n d  t o  o c c u r  r e g io -  

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

c a n  b e  i s o l a t e d ,  i d e n t i f i e d  b y  ' H  N M R  s p e c t r o s c o p y ,  a n d  c o n v e r t e d  t o  t h e  n e u t r a l  m e t h y l a t e d  d e r i v a t i v e s  b y  a q u e 

o u s  b a s e .  T h e  c o m p o u n d s  s t u d i e d  in c l u d e  f i v e  o f  t h e  n i n e  p o s s i b le  s y s t e m s  X = Y Z H  H X Y = Z ,  in  w h i c h  Y  i s  c a r 

b o n  a n d  X  a n d  Z  a r e  o x y g e n ,  n i t r o g e n ,  a n d / o r  s u l f u r .  I n  1 2  c a s e s  t h e  r e a c t i o n  is  s y n t h e t i c a l l y  u s e f u l ,  a l t h o u g h  i t  is  

s o m e t i m e s  n e c e s s a r y  t o  r e m o v e  t h e  e x c e s s  m e t h y l  f l u o r o s u l f o n a t e  p r i o r  t o  t r e a t m e n t  w i t h  b a s e .  T h r e e  c a s e s  g iv e  

m i x t u r e s  o f  m e t h y la t e d  p r o d u c t s ,  a  r e s u l t  e s t a b l i s h e d  f o r  t h e  c a s e  o f  2 - p y r i d o n e  t o  b e  d u e  t o  p r o t o n  t r a n s f e r  f r o m  

t h e  i n i t i a l  r e g i o s p e c i f i c a l l y  f o r m e d  s a l t .

The alkylation of protomeric tautomers is of interest in 
a wide variety of chemical and biochemical studies.1’2 More 
detailed understanding and better control of such reactions 
would be useful.

A generalized case is shown in Scheme I for methylation of 
the ambident protomeric nucleophiles 1 and 2 to give the salts 
3 and 4. Reaction of 3 and 4 w ith a base would provide the 
methylated isomers 5 and 6. I t  is well-recognized that there 
is not necessarily any correspondence between the relative 
amounts of the protomeric reactants, 1 and 2, and the isomeric 
products, 3 and 4 or 5 and 6. Recent analyses of such reactions 
have been appropriately cautious.1’3-6

I f  X  and Z are heteroatoms, proton transfer would be ex
pected to be several orders of magnitude more rapid than 
methylation, and the relative rates of formation of 3 and 4 
would then be determined solely by the relative transition- 
state energies leading to these cations.7’8 I f  3 and 4 are stable 
under the conditions of their formation, subsequent depro
tonation would provide 5 and 6 in a ratio which has been de
termined by the relative transition-state energies leading to 
3 and 4. Reaction profiles showing product control under the 
Curtin-Hammett principle7 in which the ratios of 3 and 4 
could be greater or less than one are illustrated in Figure 1.

Nonetheless, the possibility does exist that there might be 
a circumstantial relationship between the ground-state 
energies of 1 and 2 and the transition states for their alkyla
tion. For example, the bonding features which make 1 of lower 
e n e r g y  than 2 could persist in the respective transition states 
(Figure la). In that case, cation 3 would be predominant and 
the subsequent isomer 5, in which the alkyl group is attached 
to the heteroatom remote from the mobile proton in the major 
tautomer, would be produced after proton removal by a base. 
While this guide would be at best a qualitative indication of 
the position of alkylation, i t  is interesting that i f  the transi
tion-state energy difference were >2 kcal/mol (at 25 °C) an 
effectively regiospecific alkylation of the tautomeric system 
would result. Formally the proton would appear to be a d i
recting group i f  the profile of Figure la  were followed. In fact, 
a number of cases exist which follow such a qualitative 
course.1-3’5’9

I t  should be emphasized that quantitative correlation of the 

0022-3263/78/1943-1367$01.00/0

S c h e m e  I

X = Y Z H  H X Y = Z

1 2

/ W \
[CH:X— Y— ZH]+L_ [H X = Y — ZCH3]+L”

3 4
j b a s e  j b a s e

CH3X Y = Z  x = y z c h 3
5 6

tautomeric ratio and the ratio of alkylated products is neither 
expected6’7 nor observed, as careful studies of 5-nitroimidazole 
by Ridd3 and of 3-hydroxyisothiazole by Crow4 have shown. 
Moreover, our above suggestion of possible qualitative gen
erality for the reaction path of Figure la  might well be con
sidered naive by the following argument. I f  isomers 1 and 2 
undergo protonation to give a common product, the difference 
in the ground-state energies of 1 and 2 can be considered to 
reflect the difference in basicity of the atoms X and Z. I f  that 
basicity difference reflects a parallel difference in the nu- 
cleophilicity of these atoms in the respective transition states 
for alkylation, the suggested regiospecificity would not be 
observed.3,10 On a practical level, the assumptions that the 
salts 3 and 4 w ill be stable and that the neutral tautomers w ill 
be reactive nucleophiles might not be valid.

In order to explore the possibility that the pathway of 
Figure la  could be followed for more than a few cases, we have 
investigated the reactions of 15 protomeric ambident nu
cleophiles and methyl fluorosulfonate.11 This highly reactive 
readily soluble methylating agent was chosen to maximize the 
possibilities that transition states would reflect the ground- 
state energies of the tautomers and that the reaction could be 
driven, and the in itia lly  formed salts stabilized, by precipi
tation from a nonpolar solution. In general, the regiospecific 
course suggested by Figure la  is followed, although synthetic 
complications arise due to the instabilities of the in itia lly  
formed salts to the reaction conditions for three cases.12-14

© 1978 American Chemical Society
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F i g u r e  1 .  I l l u s t r a t i v e  r e a c t i o n  p r o f i l e s  f o r  S c h e m e  I . ( a )  S o l i d  l in e :  

t h e  t r a n s i t i o n - s t a t e  e n e r g y  d i f f e r e n c e  is  o f  t h e  s a m e  s ig n  a s  t h e  

g r o u n d - s t a t e  e n e r g y  d i f f e r e n c e ;  [3 ] / [4 ]  >  1 . (b )  D o t t e d  l in e :  t h e  

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

s t a t e  e n e r g y  d i f f e r e n c e ;  [3 ] / [4 ]  <  1 .

Results and Discussion
I f  t h e  m a j o r  p r o d u c t  o f  r e a c t i o n  o f  a  s e r i e s  o f  a m b i d e n t  

p r o t o m e r i c  t a u t o m e r s  w i t h  m e t h y l  f l u o r o s u l f o n a t e  i s  t h e  

i s o m e r  i n  w h i c h  t h e  m e t h y l  g r o u p  i s  b o n d e d  t o  t h e  h e t e r o a t o m  

r e m o t e  f r o m  t h e  m o b i l e  p r o t o n  i n  t h e  m a j o r  t a u t o m e r ,  t h e n  

t h e  p r o c e s s  o f  F i g u r e  l a  i s  f o l l o w e d  q u a l i t a t i v e l y .  I n  e f f e c t ,  f o r  

t h e  c o n v e r s i o n  s h o w n  i n  S c h e m e  I ,  t h e  m o r e  s t a b l e  t a u t o m e r  

1  w o u l d  b e  c o n v e r t e d  t o  5  v i a  3 ;  s u c h  a  r e g i o s p e c i f i c  c o n v e r s i o n  

c o u l d  b e  s y n t h e t i c a l l y  v a l u a b l e .  T h e  n u c l e o p n i l e s  7 - 1 8  s h o w n  

i n  T a b l e  I  f o l l o w  t h e  p r e s c r i b e d  c o u r s e  f o r  r e a c t i o n s  a t  a m b i e n t  

t e m p e r a t u r e  i n  < 2  h .  T h e s e  c o m p o u n d s  c o v e r  f i v e  o f  t h e  n i n e  

p o s s i b l e  c a s e s  r e p r e s e n t a b l e  b y  1  a n d  2  i n  w h i c h  X  a n d  Z  a r e  

o x y g e n ,  n i t r o g e n ,  a n d / o r  s u l f u r  a n d  Y  i s  c a r b o n .  A  s e c o n d -  

o r d e r  r a t e  c o n s t a n t  f o r  t h e  d i s a p p e a r a n c e  o f  8  a n d  t h e  a p 

p e a r a n c e  o f  t h e  c o r r e s p o n d i n g  f l u o r o s u l f o n a t e  o f  2 . 9  ( ± 0 . 8 )  

X 1 0 - 4  M _ 1  s _ 1  w a s  m e a s u r e d  b y  ' H  N M R .  T h e  i n t e r m e d i a t e  

s a l t s  c a n  b e  i s o l a t e d  a n d  w e r e  s p e c t r o s c o p i c a l l y  c h a r a c t e r i z e d  

( T a b l e  I V )  f o r  s e v e n  o f  t h e  c a s e s  i n  T a b l e  I .  N o n e  o f  t h e  i s o 

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

w h i c h  b e a r s  t h e  p r o t o n  i n  t h e  m a j o r  t a u t o m e r  i s  d e t e c t e d  i n  

t h e s e  c a s e s .  T h e  y i e l d s  o f  a l k y l a t e d  p r o d u c t s  ( T a b l e  I )  a r e  

u s u a l l y  h i g h  a n d  g e n e r a l l y  s u p e r i o r  t o  t h o s e  o f  a l t e r n a t i v e  

p r o c e d u r e s .  T h e  f a c t  t h a t  t h e  l e s s  s t a b l e ,  a n d  t h e r e f o r e  p r o 

s p e c t i v e l y  m o r e  r e a c t i v e ,  i s o m e r  o f  5  ^  6  i s  p r o d u c e d  r e a d i l y  

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

f o r  s e q u e n c e s  i n  w h i c h  f u r t h e r  c o n v e r s i o n s  a r e  i m p o r t a n t .

T h e  c o n v e r s i o n s  o f  t h e  a m i d e s  a n d  t h i o a m i d e s  7 - 1 2  a n d  1 4  

t o  t h e  c o r r e s p o n d i n g  i m i d a t e s  b y  r e a c t i v e  a l k y l a t i n g  a g e n t s  

a r e  w e l l  p r e c e d e n t e d . 9  I n  f a c t  J u l i a  a n d  R y a n  h a v e  r e p o r t e d  

s u c h  c o n v e r s i o n s  w i t h  m e t h y l  f l u o r o s u l f o n a t e . 9 ' T h e  r e a c t i o n s  

o f  2 - a m i n o p y r i d i n e  ( 1 5 )  a n d  5 - n i t r o i m i d a z o l e  ( 1 8 )  a l s o  f o l l o w  

p r e v i o u s l y  k n o w n  c o u r s e s .  C o m p a r i s o n  o f  1 3 ,  1 4 ,  a n d  1 5  

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

t h e  o u t c o m e  o f  t h e  r e a c t i o n . 1 5  P r e c i p i t a t i o n  o f  t h e  i n t e r m e 

d i a t e  s a l t  o c c u r s  i n  6  o f  t h e  1 2  c a s e s  s h o w n  i n  T a b l e  I  s o  t h a t  

d r i v i n g  f o r c e  d o e s  n o t  a p p e a r  t o  b e  r e q u i r e d  f o r  s u c c e s s f u l  

r e a c t i o n .

T h e  c o n v e r s i o n  o f  4 - h y d r o x y - 6 - m e t h y l - 2 - p y r o n e  ( 1 6 )  t o

2 - m e t h o x y - 6 - m e t h y l - 4 - p y r o n e  ( 1 9 )  i n  9 8 %  y i e l d  p r o v i d e s  o u r  

b e s t  e x a m p l e  o f  t h e  v a l u e  o f  t h i s  p r o c e d u r e  i n  c o n v e n i e n c e  a n d  

y i e l d s .  A l t e r n a t i v e  c o n v e r s i o n s ,  w h i c h  i n v o l v e  r e a c t i o n  o f  1 6  

w i t h  d i a z o m e t h a n e  f o l l o w e d  b y  s e p a r a t i o n  c f  1 9  f r o m  2 0 1 6  o r  

b l o c k i n g  o f  t h e  h y d r o x y l  f u n c t i o n  o f  1 6  w i t h  t h e  t r i m e t h y l s i l y l  

g r o u p  f o l l o w e d  b y  m é t h y l a t i o n , 1 7  p r o v i d e  1 9  i n  ~ 2 0 %  y i e l d .

T h e  p o s s i b i l i t y  t h a t  t h e  r e a c t i o n s  o f  1 6  a n d  4 - h y d r o x y  -

l , 6 - d i m e t h y l - 2 - p y r i d o n e  ( 1 7 )  p r o c e e d e d  b y  f o r m a t i o n  o f  t h e  

p o l y m e t h y l a t e d  s a l t s  2 1  w a s  d i s c o u n t e d  i n  t w o  w a y s .  I n  t h e  

f i r s t  p l a c e ,  t h e  p r e c i p i t a t e d  s a l t s  c a n  b e  i s o l a t e d  a n d  c h a r a c -

Table I. Reactions of Protomeric Tautomers with Methyl
Fluorosulfonate Which Provide Products of Méthylation

at the Heteroatom Remote from the Mobile Proton

R e g i s t r y I n t e r m e d i a t e

R e a c t a n t n o . c a t i o n P r o d u c t "

0 o c h3 OCH, 1
II 5 5 -2 1 -9 1 ♦ 1

C.H.CNH.. C6HsC = N H 2 c6Hsc = N H

0 OCHj OCH,
II 6 1 3 -9 3 -4 1 ♦ 1

C.H.CNHCH, CsHjO-NHCH, c6h 5c = n c h ,
8

0 OCH, OCH "
II 1 0 3 -8 4 -4 1 ♦ 1

CH CNHC.H, I t (^-.M IO .H CH3C=NC„H,
9

S s c h 3 SCH,
« 5 3 1 0 -1 4 -5 1 + 1

C.H CNHCH, C A C = N H C H , C6HSC =N C H ,
10

a „ 6 7 5 -2 0 -7 C x
1  o c h3

a  “N OCH,
H H

11

a 1 3 0 7 0 -0 1 -4
C - X

SCH,
1 N SCH
H H

12

X X
Cl N OH

1 6 8 7 9 -0 2 -0 X X '
c f  ^ O

13 CH3 CK:i

18

“  Y i e l d s  a r e  9 8 - 1 0 0 %  u n l e s s  o t h e r w i s e  i n d i c a t e d .  6 T h e  y i e l d  

e s t i m a t e d  b y  N M R  i s  8 5 %  a n d  t h e  i s o l a t e d  y i e l d  i s  4 1 % .  c T h e  

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

t i m a t e d  b y  N M R  i s  8 0 %  a n d  t h e  i s o l a t e d  y i e l d  i s  3 7 % .  e T h e  i s o 

l a t e d  y i e l d  i s  7 8 % .  f  T h e  s a m e  p r o d u c t  c o u l d  b e  p r o d u c e d  in  8 2 %  

b y  r e a c t i o n  w i t h  1  e q u i v  o f  t r i m e t h y l o x o n i u m  f l u o r o b o r a t e  in  

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

a q u e o u s  b a s e .  g T h e  y i e l d  i s  7 8 % .  h T h e  i s o l a t e d  y i e l d  i s  7 1 % .

t e r i z e d  b y  1 H  N M R  a s  m o n o m e t h y l a t e d  s p e c i e s  ( T a b l e  I V ) .  

S e c o n d l y ,  f o r m a t i o n  o f  t h e  d i a l k y l a t e d  s a l t s  2 1  f r o m  t h e  r e 

s p e c t i v e  i s o m e r i c  p a i r s  1 9  ^  2 0  a n d  2 2  2 3  f o l l o w e d  b y  b a s i c

h y d r o l y s i s  g i v e s  t h e  p r o d u c t s  2 0  a n d  2 2 ,  r e s p e c t i v e l y .
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22, Z = NCH,

C H O C H ,

19, Z = O 
,  23, Z = NCH3

^ /C H jO S O jF

o c h 3

J a q  N a O H  

2 0 ,  2 2

The manner in which the reaction is quenched can be c r it
ical. For example, although reaction of 11 w ith methyl fluo
rosulfonate followed by removal of the excess methylating 
agent and treatment with aqueous base provides 24 in 78%

yield, i f  the reaction is quenched with aqueous base without 
removal of the excess methylating agent only the amide 25 is 
observed (Table II). Since the expected oxygen-methylated 
fluorosulfonate salt is formed in the first step (Table IV), base 
and excess methylating agent must convert this salt to the 
dimethylated salt 26, which undergoes hydrolysis to 25. Such 
a sequence is precedented by similar observations of Liissi18 
with dimethyl sulfate.

A similar, potentially misleading result was observed with
3-chloro-2-pyridone (27). In this case reaction was unusually

slow and a mixture of products 28 and 29 with 28 predominant 
was obtained in moderate yield (Table II I) .19 However, i f  the 
reaction was quenched without removal of excess methylating 
agent, 28 and 29 were produced in high yields w ith 29 the 
predominant isomer (Table III). The apparent explanation 
of these results is that in the presence of excess base and 
methylating agent unreacted 27 is methylated through the 
corresponding anion. Hence, both the rate and product dis
tribution are very different from the reactions of the neutral 
species. This possibility was confirmed by the finding that 
addition of 27 to a mixture of methylene chloride, aqueous 
base, and excess methyl fluorosulfonate gave 28 and 29 in 92% 
yield in a ratio of 5:95 (Table III).

I f  the regiospecificity of the alkylations of protomeric am- 
bident nucleophiles by methyl fluorosulfonate could be con-

Table IL Méthylations of Protomeric Tautomers with
Methyl Fluorosulfonate Which Do Not Fit the Hypothesis

R e g i s t r y I n t e r m e d i a t e

R e a c t a n t n o . c a t i o n ( s ) P r o d u c t

I
G k

i  OCH, CAo
H H CH:)

1 1

a „
H

1 4 2 - 0 8 - 5 G k
*  OCH, 

H C A ch,
30

O k
Y  OCH, a ;

1
1

CH, CH,

O

A
OCH,

A OCH/

O 1 0 8 - 9 6 - 3 0 rS
1 1 V

H H

33
OCH,
I 0

Ó 6
Ì
CH

ì
CH,

0 T h e  a m i d e  i s  t h e  o n l y  p r o d u c t  o b s e r v e d  b y  N M R  o f  t h e  

n e u t r a l  p r o d u c t s  i f  t h e  e x c e s s  s o l v e n t  a n d  m e t h y l  f l u o r o s u l f o n a t e  

a r e  n o t  r e m o v e d  p r i o r  t o  q u e n c h i n g  w i t h  1  N  s o d i u m  h y d r o x i d e .  

b 2 - M e t h o x y p y r i d i n e  a n d  l  - m e t h y l - 2 - p y r i d o n e  a r e  p r o d u c e d  in  

1 2  a n d  2 8 %  y i e l d s ,  r e s p e c t i v e l y .  c T h e  r e a c t i o n  w a s  c a r r i e d  o u t  

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

a s  s o o n  a s  a l l  t h e  4 - p y r i d o n e  h a d  d i s s o l v e d  t o  g i v e  4 - m e t h o x y p y -  

r i d i n e  a n d  l - m e t h y l - 4 - p y r i d o n e  in  2 0  a n d  1 0 %  y i e l d s ,  r e s p e c 

t i v e l y .

Table III. Méthylation of 3-Chloro-2-pyridone with 
Methyl Fluorosulfonate in Methylene Chloride to Give 

3-Chloro-2-methoxypyridine (28) and 
___________3-Chloro-l-methyl-2-pyridone (29)

Reaction 
time, h

Excess methyl 
fluorosulfonate

Product,
28/29

3 Removed in vacuo 80/20
21“ Removed in vacuo 84/16
5 Not removed 46/54
0.1 Not removed 8/92b Not removed 5/95

0 Solvent was 5:3 benzene/methylene chloride; yield is 51%. b Reaction was carried out in the presence of 1 N aqueous KOH; 
yield was 92%.

trolled by removal of excess methylating agent, the process 
might be of broad synthetic value. However, additional 
complications were revealed in our investigations of 2-pyri- 
done and 4-pyridone (Table II). Reaction of 2-pyridone (30) 
with methyl fluorosulfonate followed by removal of excess 
reagent in vacuo gives <50% total yield of 2-methoxypyridine
(31) and l-methyl-2-pyridone (32) in a ratio which varies in

(X
I L

C H 3

32
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Table IV. Proton Magnetic Resonance Spectra of Fluorosulfonate Salts

C o m p d

R e g i s t r y

n o .

C h e m i c a l  

s h i f t s , 0 5 C o m p d

R e g i s t r y

n o .

C h e m i c a l  

s h i f t s , 0  8

OCH,

' S  FSO" 

A3CH,

CH,

6 5 1 0 3 - 6 1 - 9 6 6 .9 0 ,  6 . 7 2  ( H 3  a n d  

H s ) ,  4 . 2 0 ,  4 . 0 5  

( O C H 3 ) , 3 . 7 0  

( N C H 3 ) ,  2 . 4 0  ( C C H 3 )

. + / CH,
— N

II FSO, 
"FT 

1

6 5 1 0 3 - 6 3 - 1 8 . 7 5 ,  8 . 3 5  ( H 2  a n d  H 5 ) , 

4 . 3 5  ( N C H 3 )

1
H

FSO,"

'OCH,
6 5 1 0 3 - 6 4 - 2 8 . 1 - 7 . 3  ( A r H ) ,  4 . 3 0  

( O C H 3 )

FSO,"

'o c h 3

5 2 9 1 1 - 9 5 - 2 8 . 1 - 7 . 3  ( A r H ) ,  4 . 3 8  

( O C H 3 ) ,  4 . 0 9  

( N C H 3 )

FSO,"
6 5 1 0 3 - 6 5 - 3 8 . 3 0  ( H 2  a n d  H 6 ) , 7 . 3 3  

( H 3  a n d  H 5 ) , 4 . 2 5  

( O C H 3 )

F s o r

6 5 1 0 3 - 6 6 - 4 8 . 5 0  ( H 2  a n d  H 6 ) ,  7 . 4 5  

( H 3  a n d  H 5 ) ,  4 . 2 0 ,  

4 . 1 7  ( O C H 3  a n d  

N C H 3 )

O C H

I ♦
C6H 50 = N H C H ,  F S O ,-

Q  Fso.r
N ^ o ch

H

f s o ;

I  OH

CH

OH

FSO,"

FSO “

Fsor

6 5 1 0 3 - 5 1 - 7

5 2 9 1 1 - 9 0 - 7

b 3 . 2 0  i d ,  N C H 3 ) , 4 . 1 5  

( O C H 3 ) ,  7 . 7 0  ( C 6 H 6)

6 5 1 0 3 - 5 2 - 8  2 . 7 0  ( m ,  H 3  a n d  H 6 ),

3 . 6 5  ( m ,  H 4 a n d  H s ) ,  

4 . 1 6  ( O C H 3 )

6 5 1 0 3 - 5 4 - 9  8 .0 0  ( H 4) ,  7 . 2 5 - 7 . 5 0

( H 3  a n d  H 5 ) , 4 . 1 9  

( N C H 3 )

6 5 1 0 3 - 5 5 - 1  8 . 5 0  ( H 4) ,  7 . 2 5 - 7 . 7 0

( H 3  a n d  H 5 ) , 4 . 2 6  

( O C H 3 )

6 5 1 0 3 - 5 6 - 2  h 7 . 0 0  a n d  7 . 8 0  ( m ,

A r E ) ,  3 . 7 5  ( N C H 3 )

6 5 1 0 3 - 5 8 - 4  6  6 . 8 6  ( H 5 ) ,  6 . 5 5  ( H 3 ),

4 . 2 3  ( O C H 3 ) , 2 . 5 9  

( C C H 3 )

b 6 .9 6 .  6 . 6 2  ( H 3  a n d  

H 5 ) , 4 . 1 7 ,  4 . 3 2  

( O C H 3 ) , 2 . 5 7  ( C C H 3 )

CH,

6 5 1 0 3 - 6 0 - 8  f  6 . 6 5  6 . 7 2  ( H 3  a n d  

H s ) , 4 . 0 8  ( O C H 3 ), 

3 . 6 5  ( N C H 3 ) , 2 . 5 2  

( C C H 3 )

HC

O.N.

i»,
OCH:)

H
OCH..

*

I
CH.

°  R e l a t i v e  t o  D D S  i n  t r i f l u o r o a c e t i c  a c i d  u n l e s s  o t h e r w i s e  s p e c i f i e d .  h R e l a t i v e  t o  M e 4 S ;  in  a c e t o n i t r i l e - d 3 . c I n d e p e n d e n t l y  p r e p a r e d  

b y  t h e  r e a c t i o n s  o f  4 - m e t h o x y - 6 - m e t h y l - 2 - p y r o n e  a n d  2 - m e t h o x y - 6 - m e t h y l - 4 - p y r o n e  w i t h  m e t h y l  f l u o r o s u l f o n a t e . 1 d M p  1 2 6 - 1 2 8  

° C .  A n a l .  ( C 8 H x2 F N 0 5 S )  C ,  H ,  N .  e I n d e p e n d e n t l y  p r e p a r e d  b y  t h e  r e a c t i o n s  o f  4 - m e t h o x y - l , 6 - d i m e t h y l - 2 - p y r i d o n e  a n d  2 - m e -  

t h o x y - l , 6 - d i m e t h y l - 4 - p y r i d o n e  w i t h  m e t h y l  f l u o r o s u l f o n a t e .  f  E s s e n t i a l l y  t h e  s a m e  s p e c t r u m  i s  o b t a i n e d  f o r  6 - c h l o r o - l - m e t h y l - 2 -  

p y r i d o n e  in  t r i f l u o r o a c e t i c  a c i d .  e  T h e  s p e c t r u m  o f  6 - c h l o r o - 2 - m e t h o x y p y r i d i n e  in  t r i f l u o r o a c e t i c  a c i d .  h T h e  s a m e  s p e c t r u m  is  o b t a i n e d  

f o r  4 - m e t h o x y p y r i d i n e  in  t r i f l u o r o a c e t i c  a c i d .  1 P r e p a r e d  f r o m  4 - m e t h o x y p y r i d i n e  a n d  m e t h y l  f l u o r o s u l f o n a t e .

f a v o r  o f  3 2  a t  l o n g e r  r e a c t i o n  t i m e s .  S i m i l a r  r e a c t i o n  o f  4 -  

p y r i d o n e  (33) g i v e s  a  m i x t u r e  o f  4 - m e t h o x y p y r i d i n e  (34) a n d  

l - m e t h y l - 4 - p y r i d o n e  (35) i n  l o w  y i e l d .

0  OCH3 o
1 .  C H 30 S 0 2F  !
2 .  C H j O S O j F /

3 .  a q  N a O H

1 I
H  C H ,

33 34 35

T h e  r e a c t i o n  o f  30 h a s  b e e n  i n v e s t i g a t e d  i n  d e t a i l .  I f  t h e  

r e a c t i o n  i s  a l l o w e d  t o  p r o c e e d  o v e r n i g h t ,  a  w h i t e  s o l i d  p r e 

c i p i t a t e s  w h i c h  i s  2 - h y d r o x y p y r i d i n i u m  f l u o r o s u l f o n a t e  (36). 
A t  s h o r t e r  r e a c t i o n  t i m e s ,  t h e  m a t e r i a l  o b t a i n e d  b y  e v a p o r a 

t i o n  o f  t h e  e x c e s s  m e t h y l f l u o r o s u l f o n a t e  i s  s h o w n  b y  p r o t o n  

m a g n e t i c  r e s o n a n c e  s p e c t r o s c o p y  t o  b e  a  m i x t u r e  o f  2 - 

m e t h o x y p y r i d i n i u m  f l u o r o s u l f o n a t e  (37) a n d  2 - m e t h o x y - l -  

m e t h y l p y r i d i n i u m  f l u o r o s u l f o n a t e  (38). W h e n  t h e  i n d e p e n 

d e n t l y  p r e p a r e d  f l u o r o s u l f o n a t e  s a l t  38 i s  t r e a t e d  w i t h  a q u e o u s  

s o d i u m  h y d r o x i d e  t h e  o n l y  p r o d u c t  i s  t h e  p y r i d o n e  32.20
T h e s e  r e s u l t s  c a n  b e  a c c o m m o d a t e d  b y  t h e  p r o c e s s  s h o w n  

i n  S c h e m e  I I .  I t  i s  p r o p o s e d  t h a t  a f t e r  i n i t i a l  r e a c t i o n  o f  2 -  

p y r i d o n e  (30) t o  g i v e  t h e  e x p e c t e d  s a l t  37 p r o t o n  t r a n s f e r  t o  

30 o c c u r s  a g a i n s t  a n  u n f a v o r a b l e  e q u i l i b r i u m  c o n s t a n t  p r o -

S c h e m e  I I  

3 1

a q  N a O H

38 31

v i d i n g  36 a n d  2 - m e t h o x y p y r i d i n e .  T h e  p y r i d i n e  31 t h e n  r e a c t s  

w i t h  t h e  m e t h y l a t i n g  a g e n t  t o  g i v e  38, w h i c h  g i v e s  1 - m e t h y l -

2 - p y r i d o n e  (32) o n  h y d r o l y s i s .  T h e  r e m o v a l  o f  31 b y  m e t h y l -  

a t i o n  d r i v e s  t h e  r e a c t i o n  t o w a r d  36, w h i c h  e v e n t u a l l y  p r e 

c i p i t a t e s  f r o m  t h e  r e a c t i o n  m e d i u m .  T h e  f o r m a t i o n  o f  36 e x 

p l a i n s  t h e  < 5 0 %  y i e l d s .  A  d e c r e a s e  i n  37 a s  a  f u n c t i o n  o f  t i m e  

w o u l d  e x p l a i n  t h e  v a r i a b l e  r a t i o  o f  31 a n d  32. T h e  f a c t  t h a t

4 - m e t h o x y p y r i d i n i u m  f l u o r o s u l f o n a t e  a n d  4 - m e t h o x y - l -



methylpyridinium fluorosulfonate can be isolated from the 
reaction of 33 w ith methyl fluorosulfonate suggests a similar 
course for that reaction. A large number of attempts to induce 
the reaction of 2-pyridone to yield only 37 by changes in sol
vent and methylating agent were not successful.20

The case of 2-pyridone shows tha* even though an in itia l 
reaction may follow the course prescribed by Figure la, that 
does not ensure synthetic success. In this case the site of initial 
méthylation is obscured by subsequent events. The reaction 
of 2-pyridone suggests it  may be d ifficu lt to achieve the syn
thetically prescribed regiospecific alkylation with protomeric 
ambident nucleophiles which are basic.

In an effort to extend the scope of these méthylations, the 
reactions of thio acids, imides, d-hydroxy-a,/3-unsaturated 
ketones, and /1-amino crotonates with methyl fluorosulfonate 
were explored. In all cases mixtures of unidentified products 
were obtained. The cause of these difficulties was not deter
mined, but the use of more reactive methylating agents should 
be explored.12-21

The present results raise interesting questions about the 
mechanism of alkylations of ambident protomeric nucleo
philes. Questions about the nature of the actual nucleophile, 
the possible effects of association,10 the possibility of proton 
or alkyl transfers of the salts,22 and the relative transition- 
state energies for alkylation should be investigated.

In summary, the reaction profile of Figure la  appears to be 
frequently observed for the reaction of protomeric ambident 
nucleophiles with methyl fluorosulfonate. For cases in which 
the in itia lly  formed salt is stable, it appears that isolation of 
the salt followed by treatment with base provides a regios
pecific méthylation in which the methyl group is bonded to 
the heteroatom remote from the proton in the major tautomer. 
On the other hand, complications w ith some cases suggest 
further efforts to stabilize the in itia lly  formed salts or to find 
more reactive alkylating agents would be useful.

Experimental Section
Caution: M e th yl fluorosulfonate has been reported to be highly 

toxic; it should be used only with proper precautions.23 M e t h y l  f l u 

o r o s u l f o n a t e  ( A l d r i c h )  w a s  p u r i f i e d  b y  d i s t i l l a t i o n  f r o m  c a lc i u m  h y 

d r id e  ( b p  9 1 - 9 3  ° C )  a n d  s t o r e d  u n d e r  n i t r o g e n ,  o v e r  c a lc iu m  h y d r i d e ,  

a t  — 1 5  ° C  p r i o r  t o  u s e .

2 - P y r i d o n e  a n d  4 - p y r i d o n e  w e r e  p u r i f i e d  b y  r e p e t i t i v e  s u b l i m a 

t i o n s . 24  2 - T h i o p y r i d o n e , 2S 4 - t h i o p y r i d o n e , 25  3 - c h l o r o - 2 - p y r i d o n e , 26

4 - h y d r o x y - 6 - m e t h y l - 2 - p y r i d o n e ,27  l , 6 - d i m e t h y l - 4 - h y d r o x y - 2 - p y r i -  

d o n e , 28 a n d  I V - m e t h y l t h i o b e n z a m i d e 29 w e r e  p r e p a r e d  b y  e s t a b l i s h e d  

m e t h o d s  a n d  i d e n t i f i e d  b y  t h e i r  p h y s i c a l  a n d  s p e c t r a l  p r o p e r t i e s .  A l l  

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

w i t h o u t  f u r t h e r  p u r i f i c a t i o n .

General Procedure for Méthylation. A  f i v e - t o  t e n f o ld  e x c e s s  o f  

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

m e t h y le n e  c h lo r i d e  s o l u t i o n  o f  t h e  n u c l e o p h i l e .  A f t e r  b e i n g  a l l o w e d  

t o  s t i r  f o r  1 - 2  h  a t  a m b i e n t  t e m p e r a t u r e ,  a n y  s o l id  w h ic h  f o r m e d  w a s  

c o l le c t e d  b y  f i l t r a t i o n  a n d  t h e  s o lu t io n  w a s  h e a t e d  in  v a c u o  t o  r e m o v e  

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

e x a m i n e d  b y  N M R  s p e c t r o s c o p y  in  t r i f l u o r o a c e t i c  a c id  o f  a c e t o n i 

t r i l e - d a  ( T a b l e  I V ) .

W i t h o u t  f u r t h e r  p u r i f i c a t i o n ,  t h e  r e s i c u e  w a s  t r e a t e d  w i t h  1  N  

a q u e o u s  s o d i u m  h y d r o x i d e .  T h e  b a s i c  s o l u t i o n  w a s  e x t r a c t e d  w i t h  

e i t h e r  d i e t h y l  e t h e r  o r  c h lo r o f o r m  a n d  d r i e d  ( N a a S O i ) ,  a n d  t h e  

p r o d u c t  i s o la t e d  a n d  p u r i f i e d  b y  c o n v e n t io n a l  m e t h o d s .  P r o d u c t s  w e r e  

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

e s t a b l i s h e d  v a l u e s :  m e t h y lb e n z i m i d i c  a c i d , 30  N - m e t h y l  m e t h y lb e n -  

z i m i d a t e , 3 1  N - p h e n y l  m e t h y l a c e t i m i d a t e , 32  N - m e t h y l  m e t h y lb e n z -  

t h i o i m i d a t e , 33  0 - m e t h y l v a l e r o l a c t i m , 22a 2 - m e t h y l t h i o - 3 , 4 , 5 , 6 - t e t r a -  

h y d r o p y r i d i n e , 9c 6 - c h l o r o - l - m e t h y l - 2 - p y r i d o n e , 3 4 '35  2 - m e t h y l -  

t h i o p y r i d i n e , 9"  l - m e t h y l - 2 - i m i d o p y r i d o n e ,36  2 - m e : h o x y - 6 - m e t h y l -

4 - p y r o r . e , 1 7  4 - m e t h o x y - 6 - m e t h y l - 2 - p y r o n e , 1 7  2 - m e t h o x y - l , 6 - d i -  

m e t h y l - 4 - p y r i d o n e , 3 5  4 - m e t h o x y - l , 6 - d i m e t h y l - 2 - p v r i d o n e , 3 5  1 -  

m e t h y l - 5 - n i t r o i m i d a z o l e , 3  N - m e t h y l v a l e r o l a c t a m , 22a 2 - m e t h o x y p y -  

r i d i n e ,22a l - m e t h y l - 2 - p y r i d o n e , 22a 4 - m e t h o x y p y r i d l n e , 22a 1 - m e t h y l -

4 - p y r i d o n e ,22a 3 - c h l o r o - 2 - m e t h o x y p y r i d c n e , 26 3 - c h l o r o - l - m e t h v l -

2 - p y r i d o n e . 26

Méthylation of Nucleophiles with Methyl Fluorosulfonate

T h e  r e s u l t s  o f  t h e  m e t h y la t i o n s  a r e  p r e s e n t e d  in  T a b l e s  I ,  I I ,  a n d

III.
Reaction of 2-Pyridone with Methyl Fluorosulfonate. T o  2  m L

o f  m e t h y l  f lu o r o s u l f o n a t e  w a s  a d d e d  4 0 0  m g  ( 4 .2  m m o l)  o f  2 - p y r i d o n e .  

A f t e r  b e i n g  a l l o w e d  t o  s t i r  a t  a m b i e n t  t e m p e r a t u r e  f o r  5  m i n ,  t h e  e x 

c e s s  m e t h y la t i n g  a g e n t  w a s  r e m o v e d  in  v a c u o  a n d  t h e  r e s i d u a l  s o l id  

w a s  s h o w n  b y  c o m p a r is o n  o f  i t s  N M R  s p e c t r u m  ( C F 3C O 2D )  w it h  t h a t  

o f  a u t h e n t i c  m a t e r i a l s  t o  b e  a  m i x t u r e  o f  2 - m e t h o x y p y r i d i n i u m  f l u 

o r o s u l f o n a t e ,  l - m e t h y l - 2 - m e t h o x y p y r i d i n i u m  f l u o r o s u l f o n a t e ,  a n d

2 - h y d r o x y p y r i d i n i u m  f l u o r o s u l f o n a t e  in  a  r a t i o  o f  2 4 :3 0 :3 6 .

S e p a r a t e  t r e a t m e n t  o f  t h e  r e s i d u e  w i t h  1  N  a q u e o u s  s o d i u m  h y 

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

r o f o r m  a n d  p r e p a r a t i v e  t h i n - l a y e r  c h r o m a t o g r a p h y  p r o v i d e d  2 - 

m e t h o x y p y r i d i n e  a n d  l - m e t h y l - 2 - p y r i d o n e  in  1 2  a n d  2 8 %  y i e l d s .  

A l t e r n a t i v e l y ,  i f  t h e  h y d r o l y s i s  o f  s a l t s  w a s  c a r r i e d  o u t  w i t h  n e u t r a l  

w a t e r  f o l l o w e d  b y  e x t r a c t i o n  w i t h  d i e t h y l  e t h e r ,  2 - m e t h o x y p y n d i n e  

f r e e  f r o m  l - m e t h y l - 2 - p y r i d i n e  c a n  b e  o b t a i n e d  in  lo w  y i e l d .

2-Hydroxypyridinium Fluorosulfonate. Isolation on Meth- 
ylation of 2-Pyridone. T o  5 0 0  m g  ( 5 .2  m m o l)  o f  2 - p y r i d o n e  s u s 

p e n d e d  in  3  m L  o f  m e t h y le n e  c h lo r i d e  w a s  a d d e d  9 0 0  m g  ( 1 0  m m o l)  

o f  m e t h y l  f l u o r o s u l f o n a t e .  A f t e r  b e i n g  a l l o w e d  t o  s t i r  o v e r n i g h t ,  t h e  

w h i t e  c r y s t a l s  c o l l e c t e d  b y  f i l t r a t i o n  w e r e  f o u n d  t o  b e  a  1 0 %  y i e l d  o f

2 -  h y d r o x y p y r i d i n i u m  f l u o r o s u l f o n a t e :  m p  1 3 7 - 1 3 9  ° C ;  N M R  

( C F 3 C 0 2 D )  0 8 .6 - 8 . 1  ( m , 2  H ) ,  7 . 6 - 7 . 3  ( m , 2  H ) .  A n a l .  ( C 5 H 6F N 0 4 S )  

C ,  H ,  N ,  S .

Reactions of 3-Chloro-2-pyridone with Methyl Fluorosul
fonate. T h e  r e a c t i o n s  o f  3 - c h l o r o - 2 - p y r i d o n e  w e r e  c a r r i e d  o u t  a t  

a m b i e n t  t e m p e r a t u r e  w i t h  a  f o u r -  t o  f i v e f o l d  e x c e s s  o f  m e t h y l  f l u o 

r o s u l f o n a t e  in  m e t h y le n e  c h lo r i d e  f o r  t h e  t im e  a n d  w i t h  t h e  d i s p o s i 

t i o n  o f  e x c e s s  m e t h y l  f l u o r o s u l f o n a t e  i n d i c a t e d  in  T a b l e  I I I .  T h e  r e 

a c t i o n s  w e r e  w o r k e d  u p  e x t r a c t i v e l y .  I n  a n  a d d i t i o n a l  e x p e r i m e n t ,  0 .3  

m L  ( 3 .7  m m o l)  o f  m e t h y l  f l u o r o s u l f o n a t e  w a s  a d d e d  t o  5 5  m g  ( 0 .4 4  

m m o l)  o f  3 - c h l o r o - 2 - p y r i d o n e  in  a  m i x t u r e  o f  5  m L  o f  m e t h y le n e  

c h lo r i d e  a n d  7  m L  o f  1 N  p o t a s s i u m  h y d r o x i d e .  A f t e r  b e i n g  a l l o w e d  

t o  s t i r  f o r  2 1  h , e x t r a c t i v e  w o r k u p  g a v e  6 0  m g  o f  a n  o i ly  p r o d u c t  s h o w n  

b y  N M R  t o  b e  a  5 :9 5  m i x t u r e  o f  3 - c h l o r o - 2 - m e t h o x y p y r i d i n e  a n d

3 -  c h l o r o - l - m e t h y l - 2 - p y r i d o n e .  3 - C h l o r o - 2 - m e t h o x y p v r i d i n e :  fi 4 .0 0  

( s ,  3  H ) ,  6 . 8 1  ( d  o f  d ,  1 H ) ,  7 .6 4  ( d  o f  d ,  1  H ) ,  8 .0 9  ( d  o f  d ,  1  H ) .  3 -  

C h l o r o - l - m e t h y l - 2 - p v r i d o n e :  6 3 .6 0  ( s ,  3  H ) ,  6 . 1 1  ( t ,  1  H ) ,  7 .2 9  (d  o f  

d, 1  H ) ,  7 . 5 2  ( d  o f d ,  i  H ) .

Rate of Reaction of N-Methylbenzamide with Methyl Fluo
rosulfonate in Deuteriochloroform. T h e  d i s a p p e a r a n c e  o f  t h e  

N - m e t h y l  s i g n a l  o f  N - m e t h y l b e n z a m i d e  a n d  t h e  a p p e a r a n c e  o f  t h e  

O - m e t h y l  s i g n a l  o f  O - m e t h y l - N - m e t h y l b e n z a m i d i c  f l u o r o s u l f o n a t e  

w e r e  f o l l o w e d  in  t h e  N M R  p r o b e  a t  ~ 3 8  ° C .  F r o m  t w o  r u n s  a  s e c 

o n d - o r d e r  r a t e  c o n s t a n t  o f  2 .9  ( ± 0 . 0 8 )  X  1 0 - 4  M - 1  s _ !  w a s  o b 

t a i n e d .
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R e a c t i o n  o f  o - ( m e t h o x y ) a r y l o x a z o l i n e s  1  w i t h  o r g a n o l i t h i u m  o r  G r i g n a r d  r e a g e n t s  r e s u l t s  in  m e t h o x y  d i s p l a c e 

m e n t  t o  t h e  o - ( a l k y l ) - ,  o - ( a r y l ) - ,  a n d  o - ( v i n y l ) a r y l o x a z o l i n e s  3 .  A  v a r i e t y  o f  o r g a n o m e t a l l i c s  w e r e  e m p lo y e d  a n d  o n l y  

t h o s e  c o n s i d e r e d  t o  b e  d e l o c a l i z e d  a n i o n s  f a i l e d  t o  d i s p l a c e  t h e  m e t h o x y  g r o u p .  V a r i o u s  p o l y ( m e t h o x y ) a r y l o x a z o l -  

in e s  ( l a - e )  w e r e  i n v e s t i g a t e d ,  a n d  d i e  r e a c t i o n s  p r o c e e d e d  w i t h  g e n e r a l  s u c c e s s ,  t h e  y i e l d s  d r o p p i n g  o f f  in  t h e  2 ,6 - 

( d i m e t h o x y ) a r y l o x a z o l i n e  Id d u e  t o  s t e r i c  f a c t o r s .  T h e  m e t h o d  d e s c r i b e s  a  f a c i l e  s y n t h e s i s  o f  u n s y m m e t r i c a l l y  s u b 

s t i t u t e d  b i p h e n y l s  a n d  t e r p h e n y l s  b y  m e r e l y  c h o o s i n g  t h e  a p p r o p r i a t e  a r y l  m e t a l l i c  a n d  m e t h o x y a r y l o x a z o l i n e s .  

H y d r o l y s i s  o f  t h e  o - ( s u b s t i t u t e d ) a r y l o x a z o l i n e  g a v e  t h e  c o r r e s p o n d i n g  b e n z o ic  a c i d  d e r i v a t i v e s  4  in  g o o d  y i e l d .  In  

t h e  c a s e  o f  2 ,6 - ( d i s u b s t i t u t e d ) a r y l o x a z o l i n e s ,  h y d r o l y s i s  t o  t h e  b e n z o ic  a c i d  p r o v e d  d i f f i c u l t  a n d  le d  o n l y  t o  p a r t i a l l y  

h y d r o l y z e d  a m i d e s .

Nucleophilic aromatic substitution has long been recog
nized as an important synthetic process, but has been limited 
to aromatic substrates w ith so-called “ activating groups” .1 In 
recent years a number of elegant synthetic techniques have 
evolved which do not require the traditional activating groups 
and nucleophiles for substitution. Among these are the 
nickel-catalyzed reaction of aryl halides with Grignard re
agents,2 arene chromium derivatives reacting with carban- 
ions,3 the nickel-catalyzed reaction of eno.ates and aryl ha
lides,4 displacement on aryl halides5 by alkoxide in powerful 
ion-solvating media, the copper-catalyzed substitution of
o-bromobenzoic acids with enolates,6 and the [2,3]sigmatropic 
rearrangements of sulfur ylides to ortho-substituted anilines.7 
The extensive studies by Bunnett,8 which provided a variety 
of substituted benzenes, involve radical and radical ion in 
termediates and electron-transfer processes (Srn I  mecha

nism). In effect, the overall transformation is that of nucleo
philic substitution on aryl halides w ith traditional carbanions 
(enolates, thiolates, amide ions, etc.).

This report describes an aromatic substitution process 
which involves an activating group, but not in the traditional 
sense since it  “ activates”  only toward nucleophilic reagents 
that are possessed of metal ions capable of chelation and 
transfer of the nucleophile from a tigh t ion pair to the elec
trophilic site.

In 1975, a preliminary report appeared9 which described 
the overall process (eq 1) as a nucleophilic displacement of the
o-methoxy group by several organometallics. This report w ill 
provide, in greater detail, the scope and lim itations of this 
useful transformation and offer some evidence that the re
action is most probably occurring by an addition-elimination 
sequence and not by a free-radical mechanism.

0022-3263/78/1943-1372$01.00/0 © 1978 American Chemical Society
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X
X = H, MeO; RM = alkyl or aryl lithium  or Grignard

Since the appearance of the earlier report, a large number 
of examples have been investigated using five different me- 
thoxy-substituted aryloxazolines (la -e ) obtained in a simple

MeO

3

CO,H

b, n = 1 (3-methoxy)
c, n = 1 (4-methoxy)
d, n = 1 (6-methoxy)
e, n = 2 (4,5-dimethoxy)

transformation from the corresponding methoxy-substituted 
benzoic acids (2).10 Reaction of these methoxyaryloxazolines 
w ith a wide variety of organometallic reagents led to ortho- 
substituted derivatives as outlined in eq 1 and tabulated in 
Table I. The treatment of 1 w ith organolithium reagents was 
performed at —30 to —45 °C and in many cases proceeded 
smoothly. A t higher temperatures (> —20 °C) organolithium 
reagents added slowly to the C = N  link of the oxazoline, 
leading to 5. This was verified by hydrolysis to the ketones 6

(eq 2). For those cases (Table I, entries 1, 3, 18) where the 
methoxy displacement with organolithium was inefficient at 
—40 °C, the corresponding Grignard reagents were employed 
(entries 2, 4, 17) and gave excellent yields of products. The 
Grignard reagents could be introduced at 25 °C or, i f  neces
sary, heated without any addition to the oxazoline moiety. The 
resistance of 2-oxazolines to Grignard reagents and, hence, 
its use as a suitable protecting group have already been de
scribed.10 The versatility of this process can be appreciated 
by examining the large variation in crganometallic structures 
present in Table I. Prominent among these examples is the 
introduction of the o-tert-butyl group (entry 20) in high yield. 
However, removal of the oxazoline activating group under 
acidic conditions gave only m-methoxybenzoic acid 7. The 
acid lability of the tert-butyl group in this instance could have 
valuable synthetic implications by selectively demethox- 
ylating an o -methoxy group from ar. aromatic ring, a process 
without precedent. However, the o-feri-butylbenzoic acid 4 
could be retrieved from 3 by conversion to the methiodide 8 
and removal of the oxazolinium moiety by alkaline hydrolysis. 
Another example which took advantage of the alkaline re
moval of the oxazoline was that furnishing the biphenyl de-

8 4
rivative 9 containing the acid sensitive Boc group. Whereas 
alkaline hydrolysis of the adduct gave 9 without event, acid 
hydrolysis led to the aminobiphenic acid 10.

lb Me

10

The use of aryl metallics has proven to be a most convenient 
route to unsymmetrical biaryl derivatives, a synthetic chal
lenge of long standing. Recent progress in biphenyl synthe
ses2’11'12 has improved greatly on the classical Ullmann reac
tion,13 but most suffer from chemospecificity and/or lim ita 
tions leading only to symmetrical biaryls. Although several 
efficient biaryl preparations are listed in Table I (entries 4,
14-17, 25), an additional study was performed using both an 
electrophilic and a nucleophilic aryloxazoline. The conversion 
of o-bromobenzoic acid to its oxazoline and then its Grignard 
reagent 11 gave after treatment w ith lb an 88% yield of the 
biaryl 13. Hycrolysis of 13 gave the unsymmetrical biphenic 
dicarboxylic acid 14 in 93% yield. Similar treatment of lb with 
the Grignard reagent 12 (from p-bromobenzoic acid) gave 15 
(90%) and the isomeric biphenic acid 16 in 85% yield. This 
sequence illustrates the versatility of the oxazoline ring as an 
activating group in nucleophilic aromatic substitution as well 
as the ability of oxazolines to protect carboxyl functions 
toward Grignard formation. The process, by virtue of its na
ture, precludes any isomeric products and is tru ly  a chemo- 
specific route to biaryls containing a number of ortho sub
stituents. Other metal derivatives also appear to behave 
similarly in this substitution process. Thus, lith iotrim eth- 
ylsilane gave ".he o-(trimethylsilyl)aryloxazoline 17, while a 
variety of lithioamines smoothly displaced the methoxy group, 
affording the c -amino derivatives 18.14 The facile introduction
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of the silyl group (17) provides a useful precursor for further 
substitution,15 and a recent report by Dervan16 has also 
opened new pathways for aryl silanes.

Metallation of aryloxazolines to 19 has been reported17’18’19 
to occur specifically ortho to the oxazoline activating group; 
however, i f  a methoxy group occupies an ortho position (20), 
no metallation occurs (to 21) and only methoxy substitution 
takes place (22) (Table I, entries 21, 22). The absence of ortho 
lith ia tion was confirmed by quenching the reaction product 
of 20 with D 2O after addition of butyllith ium  (entry 22). In 
this instance undeuterated starting material was recovered 
in 51% yield. Grignard reagents derived from dihalides were 
also successfully employed, transforming lb into the 1,4- 
diarylbutane 23 and the terphenyl 24. A general side reaction 
that was observed in these substitutions, particularly when 
Grignard reagents were employed, was the formation of the 
phenol 25 in 5-50% yields. The phenolic product, starting 
materials, and the substitution product were routinely sepa-

l RU

( O M e ) „

(1) RMgX

(2) H.O

„ ( M e O )

25

rated using either column or preparative layer chromatogra
phy.

Introduction of organolithium reagents or Grignard re
agents to the 2,6-(dimethoxy)aryloxazoline Id proceeded with 
less efficiency than the other aryloxazolines, presumably due 
to steric effects imparted by the two o-methoxyl groups (Table 
I, entries 23-25). For example, when 1 equiv of organometallic 
was added to Id, the substituted product 4 was isolated in 
moderate yield only after 40-90 h of reaction, thus indicating 
the slowness of the process. This may be attributed to the fact 
that the two 0 -methoxy substituents inh ib it the oxazoline 
from achieving coplanarity with the aromatic nucleus. On the 
other hand, 2 equiv of phenyl Grignard reagent (after 76 h at 
25 °C) gave a 93% yield of mono- and diarylated product 26 
and 27 in equal amounts. An interesting facet of this reaction 
arose when it  was found that the monoacyl product 26 when 
treated w ith phenyl Grignard reagent (excess, 126 h) gave no 
visible trace of the m-terphenyl derivative 27. Thus, the b i
phenyl system (26) is not a precursor to the terphenyl system
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T a b l e  I .  N u c l e o p h i l i c  S u b s t i t u t i o n  o f  2 - ( o - M e t h o x y a r l ) o x a z o l i n e s

0

.O M e

( O M e ) „

1  3  4

E n t r y 1 n P o s n R M ° C 3 , “  % R e g i s t r y  n o . 4 ,  % M p ,  ° C R e g i s t r y  n o .

1 l a 0 n - B u L i - 3 5 2 2 7 4 3 9 - 4 0 b
2 r c - B u M g B r 2 5 8 5
3 P h L i 0 4 5 7 5 1 1 3 - 1 1 4 “
4 P h M g B r 2 5 9 5

5 l b 1 3 n - B u L i - 4 5 9 8 9 3 1 0 1 - 1 0 2 d
6 M e M g B r 2 5 8 4 9 2 1 4 8 - 1 5 0 “
7 P h ( C H 2 ) 2M g B r 2 5 8 8 9 1 1 1 8 - 1 1 9 f 6 5 0 0 0 - 0 1 - 3
8 P h ( C H 2 ) 3M g B r 2 5 9 4 7 1 1 0 7 - 1 0 8 « ! 6 4 9 5 7 - 7 7 - 3
9 P h C H 2M g B r 2 5 6 h 6 9 . 0 - 6 9 . 5

1 0 P h C =  C M g B r 2 5 3 1 ' 6 4 9 5 7 - 7 9 - 5 6 7 1 4 6 - 1 4 8 ' 6 4 9 5 7 - 7 8 - 4
1 1 C H 2= C H M g B r 2 5 6 6 9 0 1 2 5 - 1 2 7 fe 6 4 9 5 7 - 8 0 - 8
1 2 C H 2= C H L i - 4 5 6 4
1 3 ( £ ) - P h C H = C H M g B r 2 5 6 1 8 7 1 2 8 - 1 3 0 ' 6 4 9 5 7 - 8 1 - 9
1 4 4 - ( P h ) P h L i - 4 5 7 3 7 1 2 0 1 - 2 0 2 ! " 5 7 5 9 8 - 4 5 - 5
1 5 P h L i - 4 5 9 5 7 0 1 7 6 - 1 7 7 ' '
1 6 4 - ( M e 2 N ) P h L i - 4 5 6 6 " 5 7 5 9 8 - 3 7 - 5 6 9 2 5 3 - 2 5 4 » 5 7 5 9 8 - 4 6 - 6
1 7 2 - ( M e O  ) P h M g B r 2 5 9 5  p 5 7 5 9 8 - 3 9 - 7 7 8 1 9 6 - 1 9 7 « 5 7 5 9 8 - 4 9 - 9
1 8 2 - ( M e O ) P h L i - 4 5 1 3
1 9 E t L i - 4 5 8 8 7 5 1 2 0 - 1 2 1 “
2 0 f - B u L i - 4 5 9 5 4 5 ' 1 2 3 - 1 2 4 " 5 7 5 9 8 - 5 2 - 4

2 1 l c 1 4 E t M g B r 2 5 5 0 " 6 4 9 5 7 - 6 3 - 7
2 2 n - B u L i - 2 2 4 7 “ 6 4 9 5 7 - 6 4 - 8

2 3 Id 1 6 n - B u L i w - 2 5 4 9 * 6 4 9 5 7 - 6 5 - 9
2 4 P h ( C H 2 ) 3M g B r 2 5 1 8 * 6 4 9 5 7 - 6 6 - 0
2 5 P h M g B r 2 5 5 0 “ 6 4 9 5 7 - 6 7 - 1

2 6 l e 2 4 , 5 n - B u M g B r 2 5 4 9 7 1 1 3 2 - 1 3 3 “ “ 6 4 9 5 7 - 6 9 - 3
2 7 E t M g B r 2 5 5 7  bb 6 4 9 5 7 - 6 8 - 2 h

“ C r u d e  p r o d u c t  u n l e s s  o t h e r w i s e  n o t e d .  b C .  D .  G u t s c h e ,  G .  L .  B a c h m a n ,  a n d  R .  S .  C o f f e y ,  T etra h ed ron ,  1 8 ,  6 1 7  ( 1 9 6 2 ) .  

“ “ H a n d b o o k  o f  C h e m i s t r y  a n d  P h y s i c s ” , 4 7 t h  e d ,  T h e  C h e m i c a l  R u b b e r  C o . ,  C l e v e l a n d ,  O h i o .  d H .  R i c h t z e n h a i n  a n d  P .  

N i p p u s ,  C h em . B er .,  7 7 ,  5 6 6  ( 1 9 4 4 ) .  “ R .  A .  B a r n e s  a n d  R .  W . F a e s s i n g e r ,  J. Org. C h e m .,  2 6 ,  4 5 4 4  ( 1 9 6 1 ) .  f A n a l .  C a l e d :  C ,  

7 4 . 9 8 ;  H ,  6 . 3 8 .  F o u n d :  C ,  7 4 . 7 8 ;  H ,  6 . 3 1 .  s  A n a l .  C a l e d :  C ,  7 5 . 5 2 ;  H ,  6 . 7 2 .  F o u n d :  C ,  7 5 . 4 8 ;  H ,  6 . 9 4 .  b N o t  h y d r o l y z e d  t o  

b e n z o i c  a c i d  d e r i v a t i v e ;  m e l t i n g  p o i n t  i s  t h a t  o f  t h e  2 - b e n z y l  d e r i v a t i v e  ( r e g i s t r y  n o . ,  6 5 0 0 0 - 0 0 - 2 ) . A n a l .  C a l e d :  C ,  7 7 . 2 6 ;

H ,  7 . 1 7 .  F o u n d :  C ,  7 6 . 9 2 ;  H ,  6 . 9 4 .  ' R e a c t i o n  s t i r r e d  a t  2 5  ° C  f o r  7  d a y s ;  m p  9 3 . 5 - 9 4 . 5  ° C .  J  A n a l .  C a l e d :  C ,  7 3 . 5 5 ;  H ,  5 . 0 2 .  

F o u n d :  C ,  7 3 . 2 1 ;  H ,  5 . 3 0  ( 0 . 5 H 2 O ) .  *  A n a l .  C a l e d :  C ,  6 7 . 4 1 ;  H ,  5 . 6 6 .  F o u n d :  C ,  6 7 . 5 5 ;  H ,  5 . 8 8 .  ' A n a l .  C a l e d :  C ,  7 5 . 5 7 ;  H ,

5 . 5 5 .  F o u n d :  C ,  7 5 . 6 5 ;  H ,  5 . 6 1 .  m A n a l .  C a l e d :  C ,  7 8 . 9 3 ;  H ,  5 . 3 0 .  F o u n d :  C ,  7 8 . 8 8 ;  H ,  5 . 1 5 .  " M p  1 1 0 - 1 1 0 . 5  ° C .  » I s o l a t e d  

a s  h y d r o c h l o r i d e .  A n a l .  C a l e d :  C ,  6 2 . 4 4 ;  H ,  5 . 9 0 .  F o u n d :  C ,  6 2 . 4 1 ;  H ,  5 . 7 7 .  P M p  1 2 9 - 1 3 1  ° C .  A n a l .  C a l e d :  C ,  7 0 . 0 7 ;  H ,

8 . 6 5 .  F o u n d :  C ,  6 9 . 7 4 ; H ,  8 . 7 9 .  «  A n a l .  C a l e d :  C ,  6 9 . 7 6 ;  H ,  5 . 4 6 .  F o u n d :  C ,  6 9 . 4 6 ;  H ,  5 . 5 1 .  r H .  R i c h t z e n h a i n ,  C h em . B er ., 
77, 1  ( 1 9 4 4 ) .  "  A n a l .  C a l e d :  C ,  6 9 . 2 1 ;  H ,  7 . 7 4 .  F o u n d :  C ,  6 8 . 9 4 ;  H ,  8 . 0 0 .  ' H y d r o l y s i s  p e r f o r m e d  o n  m e t h i o d i d e  s a l t  ( E x p e r i 

m e n t a l  S e c t i o n ) .  “  O i l ;  b u l b - t o - b u l b  d i s t i l l a t i o n  a t  5 5  ° C  ( 0 . 0 6  m m ) .  A n a l .  C a l e d :  C ,  7 2 . 0 7 ;  H ,  8 . 2 1 .  F o u n d :  C ,  7 1 . 9 0 :  H ,

8 . 0 6 .  1 O i l ;  d i s t i l l e d  a t  6 0  ° C ( 0 . 0 4  m m ) .  A n a l .  C a l e d :  C ,  7 3 . 5 3 ;  H ,  8 . 8 7 .  F o u n d :  C ,  7 3 . 8 9 ;  H ,  9 . 0 4 .  » ’ A  1 . 0 - 1 . 1  e q u i v  

a m o u n t  o f  o r g a n o m e t a l l i c  i n t r o d u c e d .  *  A n a l .  C a l e d :  C ,  7 3 . 5 3 ;  H ,  8 . 8 7 .  F o u n d :  C ,  7 2 . 9 5 ;  H ,  8 . 7 2 .  *  O i l ;  d i s t i l l e d  b u l b - t o -  

b u l b ,  1 3 5  ° C  ( 0 . 0 5  m m ) .  A n a l .  C a l e d :  C ,  7 7 . 9 8 ;  H ,  7 . 7 9 .  F o u n d :  C ,  7 7 . 8 5 ,  H ,  8 . 0 0 .  ' M p  9 5 . 0 - 9 5 . 5  ° C .  A n a l .  C a l e d :  C ,  

7 6 . 8 4 ;  H ,  6 . 8 1 .  F o u n d :  C ,  7 7 . 0 5 ;  H ,  6 . 7 5 .  “ “ A n a l .  C a l e d :  C ,  6 5 . 5 3 ;  H ,  7 . 6 1 .  F o u n d :  C ,  6 6 . 0 0 ;  H , 8 . 0 0 .  * *  O i l ; b u l b - t o - b u l b  

d i s t i l l a t i o n  a t  1 0 0  ° C  ( 0 . 0 5  m m ) .  A n a l .  C a l e d :  C ,  6 8 . 4 2 ;  H ,  8 . 0 4 .  F o u n d :  C ,  6 8 . 8 2 ;  H ,  8 . 2 6 .

(27). This is not surprising in view of the large ortho substit
uents present in 26. Thus, the terphenyl system must have 
arisen from some intermediate during the reaction.

I f  it  is assumed that these reactions proceed via an addi
tion-elim ination sequence (Scheme I), then the a complex B 
allows the oxazoline to align itself in a coplanar fashion with 
the aromatic ring while the metal (Mg2+ or L i+i forms a strong 
complex with the methoxy group. The transition state leading 
to B may be envisioned as forming from A, where the R group 
of the organometallic enters from the side almost perpendic
ular to the aromatic ring (to the it cloud). This is consistent 
with the lack of steric inhibition to addition by large groups (tert-butyl, phenyl, etc.). However, i f  there are two ortho

substituents, complex A and ultimately B become d ifficult to 
form and the reaction is slow or unable to occur. Thus, the 
failure of 26 to form the terphenyl 27 is understandable.

However, i f  the second phenyl group enters after the initial 
phenyl group is still in the a complex C (Scheme II), com
plexation of phenyllithium may occur to the oxazoline sand
wiched between the in itia l phenyl and methoxy group and 
addition may ensue w ith expulsion of the 2-methoxyl group. 
In effect, the second phenyl is introduced in a 1,8 addition to
C. The relative rates of addition (C, k-î) and elimination (26, ki) therefore determine the 1:1 mixture which results.23 In 
those instances where 2,6-(disubstituted)aryloxazolines are 
formed, hydrolysis to the benzoic acids by removal of the ox-
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Id C
azoline has thus far proved to be unsatisfactory. The usual 
steric effects toward hydrolysis are obviously in play, and 
further efforts in this regard are in progress.

The importance of organometallic (RM) complexation to 
the o-(methoxy)aryloxazolines 1 (A in Scheme I) cannot be 
overstated since a number of organometallic reagents failed 
to substitute the methoxy group. Grignard and lithium re
agents which gave no substitution are listed in Table II. Benzyl 
Grignard reagent gave 5-6% of the substitution products, but 
all of the others listed gave only starting material or de- 
methylation (10-50%) to the phenol 25. A glance at the 
structures in Table II indicates that all are delocalized or in- 
tramolecularly chelated anions. It would therefore seem that 
failure to add to the aromatic ring is due to (a) the complex 
A generating an anion sufficiently delocalized to allow its 
addition or (b) the intramolecular complexation already 
present in the organometallic precluding any complexation 
with the methoxyaryloxazoline. For lithium ethanethiolate, 
the high nucleophilicity of the sulfur results in rapid and 
complete demethylation of the o-methoxy group, affording 
25 in quantitative yield. The failure of LiSEt to displace me
thoxy also enhanced the assumption that the substitution 
reactions were not occurring by an electron-transfer (ET) 
process since sulfides are known to be excellent ET reagents.20 
In order to assess further the possibility of an ET mechanism

Scheme I

l*1
Ph

for this reaction, 1-bromohexene and its Grignard reagent 
were examined as an alkylating agent. It is well-known21 that 
hexenylmagnesium bromide in a radical reaction rearranges 
rapidly (kcyc\n = 105 s_1) to cyclopentylmethylmagnesium 
bromide. Therefore, reaction with lb should give a large 
amount of 29 as a byproduct in the formation of 28 if alkyla-



o-(Methoxy)aryloxazolines J . Org. C h e m ., V o l. 4 3 , N o . 7 ,1 9 7 8  1377

tion proceeded by an ET route. Hexenyl bromide was trans
formed22 into its Grignard reagent (THF), and prior to reac
tion with lb it was quenched and analyzed (VPC) for the ra
tios of n -hexene and methylcyclopentane. The ratio of several 
runs was 87 ±  3% of the former and 13 ±  3% of the latter, in 
agreement with the literature.22 Reaction with lb gave 28 and 
29 in 73% yield, and NMR analysis indicated that 87% of 28 
and 13% of 29 was present. Thus, there was virtually no change 
in the composition of the products compared to the compo
sition of the starting Grignard reagents. It therefore may be 
concluded that if the alkylation of methoxyaryloxazoline is 
an ET process, its rate constant must be considerably faster 
than 105 s-1 , the rate constant for the rearrangement of hex
enyl to cyclopentylmethyl radical. In view of the efficiency of 
lithioamides14 in this reaction and the unlikelihood of their 
ability to proceed by ET mechanisms, it can be assumed at 
this time that this highly useful synthetic process is occurring 
through an addition-elimination sequence.

Further studies on polynuclear aromatics and heteroaro
matics are in progress, and results of these efforts will be re
ported in due course.

Experimental Section
2-(2-Methoxyphenyl)-4,4-dimethyl-2-oxazoline (la). A mixture 

of 50 g (330 mmol) of o-anisic acid and 117.3 g (980 mmol) of thionyl 
chloride was stirred at 25 °C for 24 h. The excess thionyl chloride was 
removed in vacuo, and the residue was distilled (bp 68 °C, 0.05 mm), 
yielding 51.4 g of the acid chloride as a colorless oil. A solution of the 
acid chloride in 75 mL of methylene chloride was added dropwise to
53.7 g (600 mmol) of 2-amino-2-methyl-l-propanol in 125 mL of 
methylene chloride at 0 °C. After stirring for 2.5 h at 25 °C, the so
lution was filtered and the filtrate evaporated to give 68.3 g of the 
crystalline amide. The latter (25 g) was treated dropwise with 40.2 g 
of thionyl chloride and magnetically stirred. The solution was then 
poured into 150 mL of dry ether, and the oxazoline hydrochloride 
precipitated and was removed by filtration. The salt was neutralized 
with 20% sodium hydroxide, and the alkaline solution was extracted 
with ether, dried (MgS04), and concentrated to give an oil (21 g, 83%), 
which crystallized on standing, mp 66-68 °C. An analytical sample 
was purified by recrystallization from hexane, mp 68-69.5 °C; IR 
(KBr) 1635 cm“ 1; NMR (CC14) 5 7.75 (m, 1), 7.33 (m, 1), 6.94 (m, 2),
3.96 (s, 2), 3.86 (s, 3), 1.33 (s, 6).

Anal. Calcd for Ci2H15N 02: C, 70.22; H, 7.37. Found: C, 70.47; H,
7.47.

2-(2,3-Dimethoxyphenyl)-4,4-dimethyl-2-oxazoline (lb ). In
a manner similar to the preparation of la, 12 g of 2,3-dimethoxy- 
benzoic acid gave 10.44 g (70%) of lb, mo 49-50 °C; IR (film) 1642 
c m '1; NMR (CC14) 6 6.8-7.4 (m, 3), 3.96 is, 2), 3.83 (s, 3), 3.78 (s, 3),
1.33 (s, 6).

Anal. Calcd for Ci3H17N 03: C, 66.36; H, 7.28. Found: C, 66.31; H, 
7.54.

2-(2,4-Dim ethoxyphenyl)-4,4-dim ethyl-2-oxazoline ( lc ).
Following the procedure for la, 50 g of 2,4-dimethoxybenzoic acid gave
35.2 g (56%) of lc  as a viscous oil, which was purified by chromatog
raphy (silica gel) using ethyl acetate as the eluent; IR (film) 1630 cm-1; 
NMR (CC14) 6 7.57 (d, J = 9 Hz, 1), 6.32 (nd, 2), 3.85 (s, 2), 3.73 (s, 3),
3.68 (s, 3), 1.27 (s, 6).

Anal. Calcd for C13H17NO3: C, 66.36; H, 7.28. Found: C, 66.12; H,
7.12.

2-(2,6-Dim ethoxyphenyl)-4,4-dim ethyl-2-oxazoline (Id).
Following the procedure for la, 25.0 g of 2,6-dimethoxybenzoic acid 
gave 24.5 g (76% overall) of Id, mp 64-65 °C (hexane); IR (film) 1665 
cm "1; NMR (CC14) d 7.22 (t, J = 9 Hz, 1), 6.50 (d, J = 9 Hz, 2), 3.93 
(s, 2), 3.77 (s, 6), 1.33 (s, 6).

Anal. Calcd for C13H17N 03: C, 66.36; H, 7.28. Found: C, 66.42; H,
7.04.

2-(2,4,5-Trimethoxyphenyl)-4,4-dimethyl-2-oxazoline (le ).
This compound was prepared in 60% overall yield from 10 g of
2,4,5-trimethoxvbenzoic acid according to the procedure given for la, 
mp 84-86 °C (hexane); IR (film) 1630 cm-1; NMR (CC14) 5 7.27 (s, 
1), 6.40 (s, 1), 3.93 (s, 2), 3.82 (s, 6), 3.78 (s, 3), 1.33 (s, 6).

Anal. Calcd for C14H79N 04: C, 63.38; H, 7.22. Found: C, 63.47; H,
7.34.

Reaction of 1 (a-e) with Organolithium Reagents. General 
Procedure. The formation of compounds 3 in Table I using organo
lithium reagents was accomplished using the following procedure for

Table II. Organometallics Failing to React with 
o-(Methoxy )aryloxazolines

LiCHCCLEt

LiCH2CN

LiCH-̂ )<
PhCH.MgBr

OEt

EtSLi

Me

LiCHCONMe, 

OLi OK

all. A solution of 1 (a-e), 14.5 mmol, in 60 mL of THF was cooled to 
—45 °C under a nitrogen atmosphere. To this was added dropwise
15.5-16.0 mmol of organolithium reagent in the appropriate solvent 
(hexane, ether, or THF). In some cases the addition of organolithium 
reagent was accompanied by an exotherm (usually alkyllithium), and 
the reaction was held below -3 5  °C by adjusting the rate of addition. 
Stirring of the resulting amber solution at —30 °C was c ontinued until 
TLC monitoring (ethyl acetate-hexane) indicated the absence of 
starting material (usually 1-3 h). In most instances the reaction was 
allowed to slowly warm to 0 °C and quenched in saturated ammonium 
chloride solution, extracted (3 times) with ether, dried (K2C0 3), and 
concentrated. The products were purified by preparative thin-layer 
or column chromatography on silica gel (ethyl acetate-hexane). In 
other cases the product was distilled, bulb-to-bulb, under a vacu
um.

Reaction of 1 (a-e) with Grignard Reagents. General P roce
dure. The formation of 3 in Table I using Grignard reagents was 
performed as follows. The Grignard reagent (6.00 mmol) in ether or 
THF was slowly added to 5.8 mmol of 1 (a-e) in 10 mL of THF under 
argon or nitrogen at 25 °C. Stirring of the solution was usually per
formed for 16-20 h or longer if TLC monitoring (silica gel, ethyl ace
tate-hexane) indicated the presence of starting material. Workup of 
the reaction mixture as described above gave the crude product, which 
was purified by bulb-to-bulb distillation and column or preparative 
thin-layer chromatography (silica gel, ethyl acetate-hexane).

Hydrolysis o f Oxazolines 3 to Benzoic Acids 4. General Pro
cedure. The oxazolines (5 mmol) were dissolved in 100 mL of 4.5 N 
hydrochloric acid and heated to reflux for 16-24 h. After cooling, the 
heterogeneous mixture was extracted with ether (3 times). The 
ethereal extracts were washed with water and saturated brine, dried 
(MgS04), and concentrated to give products of acceptable purity. 
Further purification was achieved by recrystallization from hexane, 
ethanol-water, or water, depending on the solubility properties.

2-Methoxyvalerophenone from 5 (2-MeO; R = n-Bu). In a 
typical experiment, 2 mL (5.0 mmol) of 2.5 M n-BuLi in hexane was 
added slowly to 1.03 g (5.0 mmol) of la in THF at —35 °C. The solu
tion was stirred for 3 h and then warmed to ambient temperature. The 
usual aqueous workup afforded 22% of 3 (R = n-Bu; n = 0 ) and 49% 
of 5 after preparative TLC (silica gel, 20% ethyl acetate-hexane). 
Hydrolysis of 5 in 4.5 M hydrochloric acid for 18 h at reflux gave the 
crude ketone, purified by elution through silica gel with 10% ace- 
tone-hexane; IR (film) 1680,1025 cm "1; NMR (CC14) 6 6.75-7.73 (m, 
4), 3.87 (s, 3), 2.90 (t. J = 7 Hz, 2), 1.13-1.93 (m, 4), 0.68-1.12 (m,
3).

Anal. Calcd: C, 74.97; H, 8.39. Found: C, 74.87; H, 8.12.
The 2,4-DNP melted at 126.4-126.6 °C (from ethanol).
Reaction of lb  with tert-Butyllithium. 2-rert-Butyl-3- 

methoxybenzoic Acid 4 (3-MeO; R = t-Bu). In a manner using the
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general procedure for organolithium reagents, 0.380 g (1.62 mmol) 
of lb  in 40 mL of THF and 1.4 mL (3.22 mmol) of 2.3 M teri-butyl- 
lithium gave 0.427 g (~99%) of 3 (R = t-Bu; 3-MeO) as a clear oil; IR 
(CCL) 1665 c m '1; NMR (CCL) 6 7.3-6.6 (m, 3), 3.93 (s, 2), 3.85 (s, 3),
1.48 (s, 9), 1.33 (s, 6).

Without further purification, 3 was stirred with excess methyl io
dide at room temperature overnight and the excess methyl iodide 
removed in vacuo. To the crude methiodide salt was added 12 mL of 
methanol and 12 mL of 20% aqueous sodium hydroxide, and the 
mixture was heated to reflux for 12 h. The solution was extracted with 
ether and the ethereal extracts were discarded. The aqueous solution 
was neutralized to pH 2 (9 N HC1), extracted with ether, dried 
(MgSCL), and concentrated to afford 4. Recrystallization from hexane 
provided pure 2-ierf-butyl-3-methoxybenzoicacid (45%), mp 123-124 
°C; IR (CCL) 1695 cm "1; NMR (CCL) <5 11.9 (s, 1), 7.33-6.75 (m, 3),
3.86 (s, 3), 1.53 (s, 9).

Anal. Calcd for C^H^CL: C, 69.21; H, 7 74. Found: C, 68.94; H,
8.00.

2-Carboxy-6-methoxy-3'-( IV-methyl- IV-tert-butoxycarbon- 
yl)biphenyl (9). 3-Bromo(lV-methyl-N-Boc)aniline (0.472 g) was 
converted to its lithio salt by addition of 0.72 mL of 2.3 M n-butyl- 
lithium (hexane) to a THF solution at -7 8  °C. After 15 min, the so
lution was warmed to -4 5  °C and 0.353 g of lb  in 15 mL of THF was 
added. The solution was stirred for 5 h at -4 5  °C and then warmed 
to 25 °C, quenched in ammonium chloride (saturated), extracted with 
ether, dried, and concentrated. Chromatography, as above, afforded 
the biaryloxazoline, mp 93-97 °C. Without further purification the 
latter was hydrolyzed in two fashions.

(A) Acidic Hydrolysis to 10. A solution of the above (0.2 mmol) 
in 10 mL of 4 N hydrochloric acid was heated to reflux (12 h). Ether 
extraction gave no ether-soluble material. The pH was adjusted to 
6 with saturated sodium bicarbonate. Ether extraction produced crude 
10 (40%). Conversion to its hydrochloride (dry HC1 passed into an 
ethereal solution of 10) gave mp 200 °C dec; IR (KBr) 1695 cm-1; 
NMR (Me2SO-d6) 6 8.7 (brd s, 2), 7.8-7.0 (m, 7), 3.73 (s, 3), 3.13 (s,
3).

Anal. Calcd for Ci5Hi6C1N03: C, 61.33; H, 5.49. Found: C, 61.11; 
H, 5.78.

(B) Alkaline Hydrolysis to 9. The biaryloxazoline was stirred in 
the presence of a 5-fold excess of methyl iodide overnight and the 
excess methyl iodide removed in vacuo. To the crude methiodide 
(0.097 g) was added 25 mL of a 1:1 solution of methanol and 20% so
dium hydroxide, and the mixture was heated to reflux for 15 h. Cooling 
was followed by ether extraction, and the latter phase was discarded. 
Acidification of the aqueous phase to pH 2 (9 N HC1) and ether ex
traction, drying (MgSCL), and concentration gave 0.05 g (65%) of 9 
as a colorless solid, mp 52-55 °C (hexane); IR (CCL) 1700 cm '1: NMR 
(CCL) 5 7.85 (s, 1), 7.65-6.70 (m, 7), 3.72 (s, 3), 3.22 (s, 3), 1.42 (s,
9).

Anal. Calcd for C20H23NO5: C, 67.21; H, 6.49. Found: C, 67.43; H,
6.26.

2,4'-(Dicarboxy)-6-methoxybiphenyl (16). The preparation of 
the p-(magnesiobromide)phenyloxazoline 12 has been reported.10 
The deep red Grignard reagent was added to 1.18 g (5 mmol) of lb in 
10 mL of THF at 25 °C. After stirring for 15 h, the solution was worked 
up in the usual way to give 2.11 g of a yellow solid, 15. Purification via 
preparative TLC (50% ethyl acetate-hexane) gave 1.71 g, mp 151-153 
°C (90%). Spectral characteristics for 15 were the following: IR (film) 
1645, 1045 c m '1; NMR (CCL) 5 6.67-8.07 (m, 7), 4.03 (s, 2), 3.67 (s,
3), 3.60 (s, 2), 1.35 (s, 6), 1.15 (s, 6).

The biaryloxazoline 15 was hydrolyzed by heating to reflux 0.75 g 
in 4.5 N HC1 for 18 h. The resulting solid was filtered and recrystal
lized from ethanol-water to give 0.462 g (85%) of 16 as a colorless solid, 
mp 224-227 °C; IR (KBr) 2300-2400, 1675, 1050 cm“ 1; NMR 
(Me2SO-d6) d 11.7-12.7 (brd s, 2), 7.10-8.23 (m, 7), 3.72 (s, 3).

Anal. Calcd: C, 66.17; H, 4.45. Found: C, 66.01; H, 4.31.
2,2'-(Dicarboxy)-6-methoxybiphenyl (14). In a fashion similar 

to 16 above, 1.79 g of o-bromophenyloxazoline was converted to its 
Grignard reagent10 and added to 1.18 g of 1 b in 10 mL of THF. The 
solution was stirred at 25 °C for 60 h and then poured into saturated 
ammonium chloride, extracted with ether, dried (K2C 03), and con
centrated to give 2.25 g of crude 13. Purification on silica gel using 
preparative TLC (50% ethyl acetate—hexane) gave 1.66 g (88%) of pure 
13, mp 99-101 °C; IR (film) 1650,1040 cm '1; NMR (CCL) 5 6.70-8.00 
(m, 7), 3.57-3.67 (s, 7), 0.88-1.27 (s, 12).

Hydrolysis was performed by heating 0.756 g of 13 in 4.5 N HC1 for 
24 h. The solid was collected by filtration and recrystallized from 
water to give 0.467 g (93%) of pure 14, mp 222-224 °C; IR (film) 
2300-3500 broad, 1680,1060, cm“ 1; NMR (Me2SO-d6) 5 11.67-12.77 
(brd, 2), 6.67-8.43 (m, 5), 3.67 (s, 3).

Anal. Calcd: C, 66.17; H, 4.45. Found: C, 66.27; H, 4.35.
2-(3-Methoxy-2-trimethylsilylphenyl)-4,4-dimethyl-2-oxa- 

zoline (17). Methyllithium (3.8 ir.L, 1.45 M) was added to 1.2 mL (6.0 
mmol) of hexamethyldisilane in 4 mL of dry HMPA at 0 CC. After 
stirring for 20 min, 10 mL of dry THF was added and the solution was 
cooled to —78 °C. A solution of 1.18 g (5 mmol) of lb  in 5 mL of THF 
was introduced, and the deep red mixture was stirred for 2 h at -7 8  
°C and then warmed to 0 °C over 1 h. The usual workup gave crude 
17, which was purified by preparative thin-layer chromatography (50% 
ethyl acetate-hexane), furnishing 58 mg of lb  and 0.907 g of 17 as an 
oil. Distillation, bulb-to-bulb, at 70 °C (0.05 mm) gave pure material 
(66%); NMR (CC14) 5 6.67-7.38 (m, 3), 3.95 (s, 2), 3.73 (s, 3), 1.32 (s,
6), 0.30 (s, 9).

Anal. Calcd: C, 64.94; H, 8.36. Found: C, 65.15; H, 7.89.
1.4- Bis(2-oxazinyl-6-methoxyphenyl)butane (23). 1,4-Dibro- 

mobutane (0.54 g, 2.5 mmol) was added to 0.243 g of magnesium 
turnings in 10 mL of dry THF. The resulting Grignard reagent was 
then added to 1.18 g (5.0 mmol) of 1 b in 5 mL of THF at 25 °C. The 
solution was stirred at room temperature for 21 h and then heated at 
reflux for 24 h. The usual workup gave the crude product, which was 
purified by preparative TLC (silica gel, 50% ethyl acetate-hexane) 
to give 0.320 g of 25 (3-MeO) ard 0.333 g (29%) of 23 as a colorless 
solid, mp 150-151 °C (hexane); NMR (CDC13) 6 6.73-7.43 (m, 6), 4.05 
(m, 4), 3.82 (m, 6), 2.77 (m, 4), 1.17-1.80 (m, 4), 1.40 (s, 12).

Anal. Calcd: C, 72.39; H, 7.81. Found: C, 72.43; H, 7.95.
1.4- Bis(2-oxazinyl-6-methoxyphenyl)benzene (24). A mixture 

of 1.18 g of lb, 0.170 g of magnesium turnings, and 0.590 g of p-di- 
bromobenzene in 15 mL of dry THF was heated under reflux for 24 
h. The standard workup gave the crude product, which was purified 
by preparative TLC (silica gel, 50% ethyl acetate-hexane, eluted 
twice). There was cut (ether) from the plate 0.116 g of 25 (11%), 0.284 
g of 3 (Table I, entry 15; 20% yie.d). and 0.365 g (30%) of 24. Recrys
tallization from ethyl acetate-hexane gave pure 24, mp 220-221 °C; 
NMR (CCL) 6.90-7.47 (m, 10), 3.77 (s, 3), 3.75 (s, 4), 1.27 (s, 12).

Anal. Calcd: C, 74.36; H, 6.66. Found: C, 74.17; H, 6.59.
2-(2,6-Diphenylphenyl)-4,4-dimethyl-2-oxazoline (27). A so

lution of 1.18 g (5.0 mmol) of lb  in 5 mL of THF was treated with 12.5 
mmol of phenylmagnesium bromide (from 1.96 g of bromobenzene 
and 0.30 g of magnesium turnings in 17 ml of THF), and the mixture 
was stirred for 76 h at room temperature. After quenching (saturated 
NH4CI), ether extraction, drying (K2CO3), and concentration, the 
crude mixture was purified by preparative TLC (silica gel, 50% ethyl 
acetate-hexane). The faster moving band was cut away and extracted 
with ether to give, after evaporation. 0.70 g (50%) of 27, mp 96.5-97.5 
°C; IR (film) 1660,1456,1038. 763, 700 c m '1; NMR (CCL) 0 6.27-7.60 
(m, 13), 3.47 (s, 2), 0.87 (s ,6).

Anal. Calcd: C, 84.37; H, 6.46. Found: C, 84.65; H. 6.59.
The slower moving band, after similar isolation, gave 0.699 g (49.8%) 

of 26 (Table I, entry 25). Treatment of 26 with 2.0 equiv of phenyl
magnesium bromide in THF for 170 h gave complete recovery of the 
starting material.

Reaction o f lb with 5-Hexenylmagnesium Bromide. Prepa
ration of 28 and 29. Freshly distilled 6-bromo-l-hexene (1.06 g, 6.50 
mmol) was added to 0.160 g of magnesium turnings in 10 mL of dry 
THF. After the Grignard reagent was completely formed, 0.25 mL was 
withdrawn and quenched in water. Analysis by VPC indicated 87-90% 
of 1-hexene and 10-13% of methylcyclopentane. The remainder of 
the Grignard reagent was added to 1.18 g of 1 b in 7 mL of THF at 25 
°C and stirred for 6 h. Standard workup gave 1.46 g of an oil, which 
was purified to remove starting material (lb, 8%) by preparative TLC 
(50% ethyl acetate-hexane). The overlapping bands were removed 
together from the silica gel with ether and evaporated to leave 1.08 
g of a mixture of 28 and 29. NMR analysis indicated that the mixture 
consisted of 87% of 28 and 13% of 29. Analysis of the mixture gave the 
following results: NMR (CCL) 6 6.67-7.43 (m, 3), 4.77-6.00 [m, vinyl 
region, 2.5 (87%)], 3.92 (s, 2), 3.75 (s, 3), 2.80-3.23 (m, 2). 1.87-2.33 (m, 
2), 1.40-1.77 (m, 4), 1.32 (s, 6).

Anal. Calcd: C, 75.22; H, 8.77. Found: C, 74.91; H, 8.79.
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The sulfenylation of l-trimethylsilyl-2-pyrrolidinone (1) with phenyl disulfide under a variety of reaction condi
tions afforded the bissulfide 3 as the major product along with the monosulfide 2. The direct sulfinylation of 1 with 
methyl benzenesulfinate, however, could be achieved to afford the sulfoxice 4. An analogous sulfinylation of 1- 
methyl-2-pyrrolidinone gave the sulfoxide 13 in excellent yield. The imino ether 5 could be monosulfenylated effec
tively by employing a 1:2:1 ratio of lactam/base/electrophile. It was also observed that in the sulfenylation of the 
N-alkyllactams 7 and 8 that HMPA had no effect on promoting bissulfenylation and that the ratio of substrate/ 
base/electrophile is very important.

Recently, we reported2 that mono- or bissulfenylation 
or selenenylation of /V-methyllactams can be cleanly con
trolled by varying the equivalents of base utilized in the re
action. It has also been demonstrated3 that an a-phenylsele- 
nenyl or an a-phenylsulfenyl moiety can be used to introduce 
a A3’4 double bond in an intact 2-pyrrolidinone nucleus.

In order to develop a synthetic sequence that would be 
compatible with the formation of a 3-pyrrolin-2-one system 
and also allow modification on the nitrogen, we were inter
ested in utilizing the trimethylsilyllactam l4 and the imino 
ether 5. The results of the sulfenylation of 1 and 5 and related 
lactam chemistry are reported herein.

Reaction of the trimethylsilyllactam 1 with 2 equiv of LDA 
in THF at —78°C followed by sulfenylation with 1 equiv of 
phenyl disulfide and subsequent cleavage of the N-Si bond 
on workup afforded the monosulfide 2 in 29% yield and the

0  O O

1 2 3

bissulfide 3 in 50% yield. When a 1:2:2 ratio of lactam/base/
electrophile was employed, it was found that sulfenylation of

1 gave the bissulfide 3 in 84% yield along with 3% of the mo
nosulfide 2.

The best yield of the monosulfide was realized when a 1:1:2 
ratio of lactam/base/electrophile was used with inverse 
quenching at 0 °C. In this case, 2 was obtained in a 35% yield 
and 3 in 33% yield. The results observed by varying the ratio 
of lactam/base /electrophile with or without the presence of 
HMPA and with or without inverse quenching are summa
rized in Table I.

Although the above results with respect to controlling 
mono- vs. bissulfenylation in the case of silylated lactams were 
discouraging, the problem could be circumvented, since it was 
found that sulfinylation of 1 with methyl benzenesulfinate5

could be achieved to afford the desired sulfoxide directly. 
Thus, reaction of 1 with 2 equiv of LDA in THF at —78 °C and 
subsequent sulfinylation with methyl benzenesulfinate (45 
min at —78 °C and room temperature for 2 h) afforded a 67% 
yield of the crystalline sulfoxide 4.

0022-3263/78/1943-1379$01.00/0 © 1978 American Chemical Society
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Table I. Sulfenylation of a Trimethylsilyllactam 1 Table II. Sulfenylation of IV-Methyllactams in THF
Ratio of 

lactam/base/ 
electrophile“

Equiv of 
HMPA

Yield, % b
Substrate

Ratio of 
lactam/base/ 
electrophile“

Compd (yield, %)6
Mono-2 Bis-3 Mono Bis

1:1:1 1 26 44 2 1:2:1 9(54) 11 (2)
l:l :lc’d 1 20 39 8 1:2:1 10 (77) 12 (0)
l:l:2ce 35 33 7 1:2:2 9(6) 11 (83)
1:2:1 29 50 8 1:2:2 10(15) 12 (62)
1:2:1^ 20 55 8 1:2:2C 10(0) 12 (76) d
1:2:2 84

“ PhSSPh. b Isolated by column chromatography using silica 
gel G. c Inverse quenching. d 35 min at 0 °C and 0.5 h at room 
temperature. e 0 °C for 1.5 h and room temperature for 0.5 h. 
f -40 °C, 1.0 h.

The imino ether 5 can be envisioned as a synthon for the 
elaboration of the 2-pyrrolidinone nucleus and it also lends 
itself readily for modification on nitrogen. The bissulfenyla- 
tion of the imino ether, 2-methoxy-3,4,5,6-tetrahydropyridine, 
has been reported by Trost and Kunz.8 We were interested 
to ascertain if the imino ether 5 could be monosulfenylated 
under our conditions previously reported2 for the sulfenyla
tion of lactams, since monosulfenylation is a necessary re
quirement for the introduction of a Ar;’4 double bond in an 
intact 2-pyrrolidinone nucleus.

Reaction of the imino ether 5 with 2 equiv of LDA in THF

PhS
OEt

^ N  
‘j

at —78 °C followed by sulfenylation with phenyl disulfide at 
—78 °C and subsequent warming to —20 °C and then to room 
temperature afforded a 46% yield of the distilled phenyl sul
fide 6.7 No bissulfide was detected in this reaction.

Trost and co-workers8 have shown that in THF solutions 
bissulfenylation of ketone enolates with phenyl disulfide does 
not occur regardless of the amount of excess base or disulfide, 
whereas bissulfenylation in THF-HMPA mixtures can occur. 
It has also been pointed out by these workers that HMPA 
effectively increases the rate of sulfenylation. In our earlier 
work2 on the sulfenylation of «-methylenelactams in 
THF-HMPA solutions, it was observed tiat the ratio of 
substrate/base/electrophile was critical in controlled mono- 
vs. bissulfenylation. We therefore were interested in carrying 
out these sulfenylation reactions in THF alone to determine 
what role HMPA might have with respect to mono- and bis
sulfenylation.

These results using different ratios of base and electrophile 
are summarized in Table II. It appears in this case that HMPA 
has no effect on promoting bisulfenylation and that the ratio 
of base to disulfide is very important. Without the utilization 
of HMPA in these reactions, the purification of the products 
is much less laborous.

We have also observed that the lactam 7 can be sulfinylated

0 0 O

NMe
PhS

<CH,>,

7, x =1
8. x =  2

(CH,)j

9. x =  1
10.  x =  2

NMe
J

in high yield directly with methyl benzenesulfinate,5 thus 
circumventing the problems association with bissulfenylation. 
Reaction of 7 with 2 equiv of LDA in THF at —78 °C and

“ PhSSPh. b Isolated by column chromatography using silica 
gel G. c Inverse quenching. d Isolated by direct crystallization.

subsequent sulfmylation with methyl benzenesulfinate at —78 
°C for 1 h, warming to room temperature, and stirring over
night afforded the crystalline sulfoxide 13 in 94% yield.

O

'NMe

O
II

PhS
0

NMe

13

Experimental Section
3-Phenylthio-2-pyrrolidinone (2) and 3,3-Diphenylthio-2- 

pyrrolidinone (3). General Procedure A. A 100-mL three-neck 
flask fitted with a nitrogen inlet tube, addition funnel, serum cap, and 
magnetic stirring bar was flamed and deaerated with nitrogen. A so
lution of diisopropylamine (5.15 g, 0.051 mol) in 30 mL of dry THF 
was added under N2, and the reaction vessel was cooled to 0 °C. A 
hexane solution of 2.4 M n -butyllithium (21.23 mL. 0.051 mol) was 
added with a hypodermic syringe and allowed to stir at 0 CC for 10 
min. The reaction mixture was then cooled to —78 °C with a dry ice- 
acetone bath, and l-trimethylsilyl-2-pyrrolidinone (4.0 g, 0.0255 mol) 
dissolved in 10 mL of dry THF was added over a 5-min period. The 
reaction was allowed to stir at -7 8  °C for 35 min. Phenyl disulfide 
(5.55 g. 0.0255 mol) dissolved in 10 mL of THF was added dropwise 
over a 5-min period, and the addition funnel was then rinsed with 3 
mL of THF. The reaction mixture was stirred for an additional 35 min 
at —78 °C. The reaction was allowed to warm to —20 °C, stirred at —20 
°C for 20 min, and then allowed to warm to room temperature. The 
reaction mixture wTas poured into 400 mL of H20  and extracted with 
three 350-mL portions of ether. The ether extracts were combined 
and washed consecutively with 150 mL of a 10% NaOH solution, 150 
mL of H20, 150 mL of a 10% HC1 solution, and 150 mL of H20. The 
ether solution was dried over anhydrous MgSCfi, filtered, and con
centrated on a rotary evaporator, affording 6.0 g of an oil. The oil was 
chromatographed on silica gel G and elution with ether-hexane so
lutions gave 1.9 g (50%) of 3,3-diphenylthio-2-pyrrolidinone (3) [mp
100.5-102 °C (Et20  trituration); NMR (CDCR) 6 7.92 (s, br, NH, 1 
H), 7.10-7.84 (m, 10 H), 3.06 (t, 2 H), and 2.28 (t, 2 H); IR (CHCR) 
3435, 3220, and 1700 (broad) cm-1] and 1.4 g (29%) of 3-phenylthio- 
2-pyrrolidinone (2) [mp 120-120.7 °C (Et20-hexane trituration); 
NMR (CHCW b 7.95 (s, br, NH, 1 H), 7.14-7.75 (m, 5 H), 3.82 (t, 1 H),
3.27 (t, 2 H), and 1.80-2.86 (m, 2 H); IR (CHC13) 3435, 3224, and 1695 
cm-1].

Anal. Calcd for C16H15NOS2: C, 63.76: H, 5.02; N, 4.65. Found: C, 
63.72; H, 5.1 IN , 4.61.

Anal. Calcd for C,0H„NOS: C, 62.15; H, 5.74; N, 7.25. Found: C, 
62.09: H, 5.78; N, 7.24.

3-Phenylthio-2-pyrrolidinone (2) and 3,3-Diphenylthio-2- 
pyrrolidinone (3). General Procedure B. Inverse Quenching. A
50-rnL three-neck flask fitted with an addition funnel, serum cap, and 
magnetic stirring bar was connected via a glass siphoning tube to a 
second 100-mL three-neck flask fitted with a nitrogen inlet tube, 
stopper, and magnetic stirring bar. The apparatus was flamed and 
deaerated with nitrogen. Phenyl disulfide (5.55 g, 0.0255 mol) dis
solved in 20 mL of dry THF was placed in the 100-mL flask. A solution 
of diisopropylamine (1.29 g, 0.0128 mol) dissolved in 12 mL of THF 
was placed under nitrogen in the 50 mL-flask and cooled to 0 °C. A 
hexane solution of 2.4 M n -butyllithium (5.31 mL, 0.01274 mol) was 
added with a hypodermic syringe and allowed to stir at 0 °C for 10 
min. The reaction mixture was cooled to -7 8  °C and 1-trimethylsi- 
lyl-2-pyrrolidinone (2.0 g, 0.01274 mol) dissolved in 7 mL of THF was 
added over a 5-min period. The reaction mixture was stirred for an
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additional 0.5 h at —78 °C. The enolate solution was then siphoned 
through the glass tube into the solution of phenyl disulfide cooled to 
0 °C. The resulting reaction mixture was stirred at 0 °C for 1.5 h and 
then at room temperature for 0.5 h. The reaction mixture was poured 
into 200 mL of H2O and extracted with three 175-mL portions of 
ether. The ether extracts were combined and washed consecutively 
with 75 mL of a 10% NaOH solution, 75 mL of H2O, 75 mL of a 10% 
HC1 solution, and 75 mL of H2O. The ether solution was dried over 
anhydrous MgS04 and filtered, and concentration on a rotary evap
orator afforded 3.2 g of an oil. The oil was chromatographed on silica 
gel G, and elution with ether-hexane solutions yielded 630 mg (33%) 
of 3,3-diphenylthio-2-pyrrolidinone (3) and 850 mg (35%) of 3- 
phenylthio-2-pyrrolidinone (2). The NMR and TLC analyses of 
compounds 2 and 3 were consistent when compared with those of 
authentic 2 and 3.

3-Phenylthio-2-pyrrolidinone (2) and 3,3-Diphenylthio-2- 
pyrrolidinone (3). A 1:1:1 Ratio with HMPA. Following the general 
procedure A, the amide enolate (0.01274 mol) was prepared in the 
usual way in 10 mL of dry THF. The reaction mixture was stirred at 
—78 °C for 10 min. Phenyl disulfide (2.78 g, 0.01274 mol) dissolved 
in 10 mL of THF containing HMPA (2.28 g, 0.01274 mol) was added 
over a 10-min period, and the reaction mixture was stirred at —78 °C 
for 35 min. The reaction mixture was allowed to warm to —20 °C, 
stirred at —20 °C for 20 min, and then allowed to warm to room 
temperature.

Workup as usual yielded an oil. The oil was chromatographed on 
silica gel G, and elution with ether-hexane solutions afforded 840 mg 
(44%) of 3 and 650 mg (26%) of 2. The NMR and TLC analyses of 
compounds 2 and 3 were consistent when compared with those of 
authentic 2 and 3.

3-Phenylthio-2-pyrrolidinone (2) and 3,3-Diphenylthio-2- 
pyrrolidinone (3). Inverse Quenching. A 1:1:1 Ratio with HMPA.
Following the general procedure B, the amide enolate (0.01274 mol) 
was prepared in the usual way in 10 mL of dry THF. The reaction was 
stirred at —78 °C for 30 min. The enolate solution was then siphoned 
through a glass tube into a solution of phenyl disulfide (2.78 g, 0.01274 
mol) dissolved in 10 mL of THF containing HMPA (2.28 g, 0.01274 
mol) at 0 °C. The reaction was stirred at 0 °C for 35 min and then at 
room temperature for an additional 0.5 h.

Worxup as usual yielded an oil. The oil was chromatographed on 
silica gel G and elution with ether-hexane solutions afforded 750 mg 
(39%) of 3 and 500 mg (20%) of 2. The NMR and TLC analyses of 
compounds 2 and 3 were consistent when compared with those of 
authentic 2 and 3.

3-Phenylthio-2-pyrrolidinone (2) and 3,3-Diphenylthio-2- 
pyrrolidinone (3). Inverse Quenching. A 1:2:1 Ratio. Following 
the general procedure B, the amide enolate (0.00637 mol) was pre
pared in the presence of LDA (0.01274 mol) in the usual way in 5 mL 
of THF. The reaction mixture was stirred at -7 8  °C for 10 min. The 
enolate solution was then siphoned through a glass tube into a solution 
of phenyl disulfide (1.39 g 0.00637 mol) dissolved in 10 mL of THF 
at —40 °C. The resulting reaction mixture was stirred at -4 0  °C for 
lh .

Workup as usual yielded an oil. The oil was chromatographed on 
silica gel G and elution with ether-hexane solutions afforded 525 mg 
(55%) of 3 and 245 mg (20%) of 2. The NMR and TLC analysis of 
compounds 2 and 3 were consistent when compared with those of 
authentic 2 and 3.

3-Phenylthio-2-pyrrolidinone (2) and 3,3-Diphenylthio-2- 
pyrrolidinone (3). A 1:2:2 Ratio. Following the general procedure 
A, the amide enolate (0.00637 mol) was prepared in the presence of 
LDA (0.0127 mol) in the usual way in 5 mL of THF. The reaction 
mixture was stirred at —78 °C for 35 min. Phenyl disulfide (2.77 g, 
0.0127 mol) dissolved in 10 mL of THF was added dropwise over a
10-min period, and the reaction mixture was stirred at —78 °C for 35 
min. The reaction mixture was allowed to warm to —20 °C, stirred at 
—20 °C (CCU-dry ice bath) for 20 min, and then allowed to warm to 
room temperature over a 40-min period. Workup as usual yielded an 
oil. The oil was chromatographed on silica gel G and elution with 
ether-hexane solutions afforded 1.6 g (84%) of 3 and 0.03 g (3%) of 2. 
The NMR and TLC analyses of compound 3 were consistent when 
compared with those of authentic 3.

3-Phenylsulfinyl-2-pyrrolidinone (4). Following the general 
procedure A, LDA (0.0446 mol) was prepared in the usual way in 10 
mL of THF. The reaction mixture was cooled to —78 °C and 1-tri- 
methylsilyl-2-pyrrolidinone (3.5 g, 0.0223 mol) dissolved in 15 mL of 
THF was added over a 10-min period. The reaction mixture was al
lowed to stir at —78 °C for 45 min, then allowed to come to room 
temperature, and stirred for 2 h.

The reaction was poured into 100 mL of a 10% sodium bicarbonate

solution and extracted with three 350-mL portions of CHCI3. The 
chloroform extracts were combined, washed with a dilute solution of 
HC1 and a saturated NaCl solution, dried over anhydrous MgS04, and 
filtered, and concentration on a rotary evaporator afforded a brown 
oil. The oil was chromatographed on silica gel G, and elution with 
ether-methanol solutions afforded 3.1 g (67%) of 4 as a white solid: 
NMR (CDCI3) 6 7.05-7.85 (m, 6 H), 3.20-3.75 (m, 3 H). and 1.52-3.17 
(m, 2 H); IR (CHCI3) 3340, 3325, 1710, and 1045 cm "1.

Anal. Calcd fcr C10H11NO2S: C, 57.40; H, 5.30; N, 6.69. Found: C, 
57.42; H, 5.38; N, 6.72.

2-Ethoxy-3-phenylthio-l,2-dehydropyrrolidine (6). A 1:2:1 
Ratio with HMPA. Following the general procedure A, the imidate 
anion (0.0354 mol) was prepared in the presence of LDA (0.0708 mol) 
in the usual way in 30 mL of dry THF. The reaction mixture was 
stirred at —78 °C for 35 min. Phenyl disulfide (7.72 g, 0.0354 mol) 
dissolved in 15 mL of THF containing HMPA (6.34 g, 0.0354 mol) was 
added over a 7-min period. The addition funnel was rinsed with 5 mL 
of THF, and the resulting reaction mixture was stirrec at —78 °C for 
35 min. Tine reaction mixture was allowed to warm to —20 °C, stirred 
at -20  °C for 20 min, and then allowed to warm to room temperature. 
Workup as usual yielded an oil. The oil was distilled twice to afford
3.6 g (46%) of 6: bp 95-100 °C (0.05 mm); NMR (CC14) .5 7.05-7.58 (m, 
5 H), 4.13 (q), and 3.73-3.96 (m, 3 H), 3.39 (t, 2 H), 1.62-2.76 (m, 2 H) 
and 1.27 (t, 3 H).

Anal. Calcd for Ci2H15NOS: C, 65.12; H, 6.83; N, 6.32. Found: C, 
65.08; H, 6.74; N, 6.20.

l-M ethyl-3-phenylthio-2-pyrrolidinone (9) and 1-Methyl-
3.3- diphenylthio-2-pyrroIidinone (11). A 1:2:1 Ratio. Following 
the general procedure A, the enolate of lV-methyl-2-pyrrolidinone 
(0.0404 mol) was prepared in the presence of LDA (0.0808 mol) in the 
usual manner in 30 mL of THF. The reaction mixture was stirred at 
-7 8  °C for 35 min. Phenyl disulfide (8.81 g, 0.0404 mcl) dissolved in 
20 mL of THF was added dropwise over a 10-min period. The reaction 
mixture was stirred at —78 °C for 35 min. The reaction mixture was 
allowed to warm to —20 °C, stirred at —20 °C for 20 min, and then 
allowed to warm to room temperature.

Workup as usual yielded an oil. The oil was chromatographed on 
silica gel G, and elution with ether-hexane solutions and ether af
forded 4.5 g (54%) of 9 and 141 mg (2%) of 11. The NMR and TLC 
analyses of compounds 9 and 11 were consistent when c ompared with 
those of authentic2 9 and 11.

l-M ethyl-3-phenylthio-2-piperidone (10). A 1:2:1 Ratio. Fol
lowing the general procedure A. the enolate of l-methyi-2-piperidone 
(0.0354 mol) was prepared in the presence of LDA (0.0707 mol) in the 
usual way in 35 mL of THF. The reaction mixture was stirred at —78 
°C for 35 min. Phenyl disulfide (7.72 g, 0.0354 mol) dissolved in 20 mL 
of THF was added over a 15-min period. The reaction mixture was 
stirred at —78 °C for 35 min. The reaction mixture was allowed to 
warm to —20 °C. stirred at —20 °C for 20 min, and then allowed to 
warm to room temperature.

Workup as usual yielded an oil. The oil was chromatographed on 
silica gel G and elution with ether-hexane and ether solutions afforded
6.0 g (77%) of 10, bp 155 °C (0.05 mm). The NMR and TLC analyses 
of compound 10 were consistent when compared with those of au
thentic2 10.

l-M ethyl-3-phenylthio-2-pyrrolidinone (9) and 1-Methyl-
3.3- diphenylthio-2-pyrrolidinone (11). A 1:2:2 Ratio. Following 
the general procedure A, the enolate of l-methyl-2-pyrrolidinone 
(0.040 mol) was prepared in the presence of LDA (0.030 mol) in the 
usual manner in 35 mL of THF. The reaction mixture was stirred at 
—78 °C for 35 nun. Phenyl disulfide (17.6 g, 0.080 mol) dissolved in 
35 mL of THF was added dropwise over a 15-min perioc. The reaction 
mixture was stirred at —78 °C for 35 min. The reaction mixture was 
allowed to warm to —20 °C, stirred at —20 °C for 20 min, and then 
allowed to warm to room temperature.

Workup as usual yielded a white solid. The solid was triturated with 
a 50% ether-hexane solution to afford 9.2 g (72%) of 11, mp 87-88.5 
°C. The mother liquor was chromatographed on silica gel G, and 
elution with ether and methanol-ether solutions afforded an addi
tional 1.4 g (11%) of 11 and 460 mg (6%) of 9. Total yield of 11 was 83%. 
The NMR and TLC analyses of compounds 9 and 11 were consistent 
when compared with those of authentic2 9 and 11.

l-Methyl-3,3-diphenylthio-2-piperidone (12). A 1:2:2 Ratio. 
Following the general procedure A, the enolate of l-methyl-2-piper- 
idone (0.0354 mol) was prepared in the presence of LDA (0.0707 mol) 
in the usual way in 50 mL of dry THF. The reaction mixture was 
stirred at —78 °C for 35 min. Phenyl disulfide (15.41 g, 0.0707 mol) 
dissolved in 35 mL of THF was added over a 15-min period. The re
action mixture was stirred at —78 °C for 35 min. The reaction mixture 
was allowed to warm to -20  °C, stirred at -2 0  °C for 20 min, and then
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allowed to warm to room temperature. Workup as usual yielded a 
white solid. Trituration of the solid with a 50% ether-hexane solution 
afforded 6.5 g (56%) of 12, mp 136-137 °C. The mother liquor was 
chromatographed on silica gel G, and elution with ether-hexane so
lutions and ether afforded an additional 675 mg (5%) of 12 and 1.2 g 
(15%) of 10. Total yield of 12 was 62%. The NMR and TLC analyses 
of compounds 10 and 12 were consistent when compared with those 
of authentic2 10 and 12.

l-M ethyl-3,3-diphenylthio-2-piperidone (12). Inverse 
Quenching. A 1:2:2 Ratio. Following the general procedure B. the 
amide enolate (0.00885 mol) was prepared in the usual way in 13 mL 
of THF in the presence of LDA (0.0177 mol). The reaction was stirred 
at —78 °C for 10 min. The enolate solution was siphoned through a 
glass tube into a solution of phenyl disulfide (3.85 g, 0.0177 mol) dis
solved in 10 mL of THF at 0 °C. The resulting reaction mixture was 
stirred at 0 °C for 1.5 h. Workup as usual yielded a solid. The solid was 
triturated with a 50% ether-hexane solution to afford 2.2 g (76%) of 
12, mp 136-37.5 °C. The NMR and TLC analyses of compound 12 
were consistent when compared with those of authentic2 12.

l-Methyl-3-phenylsulfinyl-2-pyrrolidinone (13). Following the 
general procedure A, LDA (0.0202 mol) was prepared in the usual 
manner in 10 mL of THF. The reaction mixture was cooled to -7 8  °C 
and l-methyl-2-pyrrolidinone (1 g, 0.0101 mol) cissolved in 20 mL 
of THF was added over a 15-min period. The reaction mixture was 
allowed to stir at -7 8  °C for 1 h. Methyl benzeresulfinate (1.57 g, 
0.0101 mol) dissolved in 5 mL of THF was added over a 5-min period. 
The reaction was stirred at —78 °C for 1 h, then allowed to come to 
room temperature, and stirred overnight. The reaction mixture was 
poured into a 10% hydrochloric acid solution and extracted with two 
200-mL portions of CHCI3. The chloroform extracts were combined, 
washed with a saturated NaCl solution, dried over anhydrous MgS04, 
filtered, and concentrated on a rotary evaporator, affording a yellow

oil. The oil was chromatographed on silica gel G, and elution with 
ether-hexane solutions, ether, and ether-chloroform solutions af
forded 2.2 g (96%) of pure 13 as a white solid: the NMR and TLC 
analyses of 13 were consistent when compared with those of authentic 
13.s

Registry No.— 1, 14468-90-7; 2, 65102-72-9; 3, 65102-73-0; 4, 
65102-74-1; 5, 931-46-4; 6, 65138-32-1; 7, 872-50-4; 8, 931-20-4; 9, 
59953-50-3; 10, 59953-51-4; 11, 59953-53-6; 12, 59953-54-7; 13, 
63914-40-9; 14,65102-75-2; phenyl disulfide, 882-33-7; methyl ben- 
zenesulfinate, 670-98-4.
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In the absence of transition metal impurities in the magnesium used to prepare the alkyl Grignard reagent, ter
minal propargylic chlorides react with Grignard reagents to form an allene carbene-zwitterion intermediate. Reac
tion of this intermediate with a second molecule of the Grignard reagent generates a mixture of propargyl and allen- 
yl Grignard reagents which on hydrolysis generates a mixture of two alkynes and the allene, No evidence was found 
for the occurrence of carbonium ion, free radical, or Sn2' reaction pathways.

The history of the reaction of propargyl derivatives with 
Grignard reagents is one of confusion, widely divergent results 
being reported by various authors. Serratosa1 has suggested 
that propargyl bromide can react with Grignard reagents via 
two mechanistic pathways, one being a direct Sn2 process to

Cl
I

R C C = C H  +  CH,MgBr 

R'

R / H
p c = c = c <

W  T H 3

B rC E C ^ C H  +  RMgBr ------ ► R C H ,C =C H
i Sv-2

BrCH2C = CMgBr — ► CH2= C = C :

R H
RMgBr /

CH — C— C y
/

CH — C— C
MgBr R

produce exclusively alkyne, and the other occurring via an 
allene-carbene to give exclusively allene. Pasternak and De- 
lépine2 have reported that terminal tertiary propargylic ha
lides react with méthylmagnésium bromide to produce only 
allene in quantitative yields! (No mechanism was proposed.) 
These authors also suggested that the previous contradictory 
reports of the formation of mixtures of isomeric aliénés, al-

kynes, and dienes were due to isomerization during the hy
drolysis step.

Coulomb-Delbecq3 and co-workers have investigated the 
reactions of propargylic acetates with Grignard reagents in 
the absence and presence of added magnesium iodide or cobalt 
chloride. In the presence of added magnesium iodide a mixture 
of products is obtained in which allene and alkyne are formed 
in greater amounts than in the absence of magnesium iodide, 
leading the authors to propose that a propargyl-allenyl cation 
was an intermediate. However, in the presence of cobalt 
chloride substantially higher yields of allene were formed, 
leading the authors to suggest that an intermediate propar
gyl-allenyl radical was involved as an intermediate. Sub
stantial yields of dimeric products were also reported in both 
cases.

0022-3263/78/1943-1382$01.00/0 © 1978 American Chemical Society
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The reactions of nonterminal propargylic halides with 
Grignard reagents have been studied by Zakharova4 and by 
Jacobs and Meyers.5 Zakharova4 reported that allenes are the 
major products formed and suggested a carbocation inter
mediate mechanism. Jacobs and Meyers5 reported that al- 
kynes and dienes were the major products; the dienes later 
were shown to be derived by isomerization of the initially 
formed allenes.6

Finally, apparently accepting that allenes are formed in the 
reactions of propargylic halides with Grignard reagents, an 
SN2'-type mechanism has also been suggested to account for 
their formation.7

In view of our need to develop a reliable synthesis of allenes, 
and the diverse results reported in the literature, we undertook 
a detailed study of the reaction of selected propargylic halides 
with Grignard reagents. During the course of this study we 
have derived evidence in favor of the allene-carbene mecha
nism for the direct reaction of Grignard reagents with terminal 
propargylic halides leading to the formation of a mixture of 
alkynes and allene, and a transition metal catalyzed process 
resulting in the exclusive formation of allene.8 We describe 
herein the results of the study of the noncatalyzed reaction, 
while the study of the transition metal catalyzed reactions is 
described in detail in the accompanying article.9

Results
Initial results derived from reactnns of propargyl halides 

with Grignard reagents in our laboratories were not consistent. 
In some instances mixtures of alkynes and allene, and in some 
cases dienes, were formed, while in others only allene was 
formed. It finally became apparent that internally consistent, 
but different, results were being obtained using two different 
sources of magnesium, and that allene formation was the ab
normal reaction in which transition metal catalysis was oc
curring.8’9 Only the results of the noncatalyzed reactions are 
described here.

Treatment of 3-chloro-3-methyl-l-butyne (1) with 2 molar 
equiv of ethylmagnesium iodide at 0 °C resulted in the slow 
evolution of ethane. At the end of 24 h gas evolution had 
ceased. Hydrolysis of an aliquot of :he reaction mixture in
dicated that ~75% of the Grignard reagent had been con
sumed. Distillation of the reaction product produced a volatile 
fraction containing 2, 3, and 4 which were separated by pre
parative GLPC and identified by their spectral properties. 
The distillation residue was analyzed and separated by GLPC 
and shown to contain, in addition to 2, the three dienes 5, 6, 
and 7. GLPC analysis of the crude reaction mixture immedi
ately after hydrolysis showed the presence of only 2, 3, and 4 
in a 59:15:26 ratio. In contrast to the earlier suggestion that 
isomerization of the allene to dienes occurred during the hy
drolysis step,2 the ratio of 2:3:4 remained the same regardless 
of whether the reaction mixture was quenched with water, 5%
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sulfuric acid, saturated ammonium chloride, or 5% sodium 
hydroxide in either a normal or inverse manner. The isomer
ization 6f the allene appears to be a thermal process and is 
under further study in our laboratories. Quenching a reaction 
mixture with deuterium oxide followed by determination of 
the deuterium content in 2, 3, and 4 by mass spectrometry- 
showed the presence of 47.0% 2-dj, 48.8% 3-d] and 8.9% 
4-d  i-

In a similar manner, 1-ethynylcyclohexyl chloride (8) on

+ CHCH=CH.

14

reaction with 2 molar equiv of méthylmagnésium iodide for 
19.5 h at 0 °C produced 9 ,10, and 11 in a 100:15:46 ratio, along 
with lesser amounts of the rearranged dienes 12,13, and 14.

Discussion
The formation of the isomeric alkynes and allene as the 

primary products from the tertiary propargylic halides is best 
rationalized as occurring via a zwitterion-allene carbene in
termediate (15) which is formed by proton abstraction of the 
acetylenic hydrogen by the Grignard reagent followed by loss 
of chloride ion.10 Nucleophilic attack on 16 by a second mol
ecule of the Grignard reagent at either the propargyl or allenyl
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carbon11 produced the new organomagnesium intermediates
17,18, and 19. The incomplete utilization of 2 molar equiv of 
the Grignard reqgent, and the incomplete deuterium incor
poration on deuterolysis, is due to the fact that the newly 
formed Grignard reagents 17-19 compete with the original 
Grignard reagent in proton abstraction from the propargyl 
halide.

The competitive proton abstraction by 17 unfortunately 
does not allow one to gain any information concerning the 
possible formation of allene via an Ŝ -2' displacement process. 
Accordingly, we reinvestigated the reaction of propargyl 
bromide with a Grignard reagent as reported by Serratosa.1 
As reported, only allene is formed (< 1% of any isomeric alkyne 
was present). However, careful analysis of the reaction mixture 
showed that no hexane had been formed as would have been 
required by the allene carbene mechanism. The formation of 
only allene is most consistent with its being formed via a 
transition metal catalyzed process,9 propargyl bromide being 
very much more reactive than the propargyl chlorides in the 
transition metal catalyzed process and thus occurring at much 
lower concentrations of transition metal impurities in the 
magnesium. At best, an Sn2' process cannot be occurring to 
more than a few percent, even in the most favorable cases.

Experimental Section
Reaction o f 3-Chloro-3-m ethyl-l-butyne (1) with Ethylmag- 

nesium Iodide. To a solution of 0.25 mol of ethylmagnesium iodide 
in 135 mL of ether was rapidly added 10.25 g (0.1 mol) of 1 atO °C. The 
reaction m.xture was allowed to warm to room temperature during 
which slow gas evolution ensued (mostly ethane containing a small 
amount of butane by mass spectroscopy). After 24 h gas evolution had 
ceased. An aliquot of the reaction mixture was removed and hydro
lyzed in a gas evolution apparatus indicating ~75% consumption of 
the ethylmagnesium iodide. The reaction mixture was hydrolyzed by 
the cautious addition of cold water (30 mL). The organic layer was 
decanted, washed once with water and saturated NaCl, and dried 
(MgSOp. The ether was removed by distillation and the residue was 
distilled (63-95 °C) giving 2.48 g of a colorless liquid and 3.95 g of 
distillation residue. Analysis of the distillate by GLPC on a 10-ft 
Carbowax 20M column showed the presence of 4 ]26.6%), 3 (15.5%), 
and 2 (58.9—) which were isolated by preparative GLPC.

4: NMR CDCL) 5 0.98 (distorted triplet, J = 6.5 Hz, 3 H), 1.17 (s, 
6 H), and 1 47 (distorted quartet, J  = 6.5 Hz, 2 H), and 2.07 (s, 1 H); 
MS M+- 96.

3: NMR (CDCI3) b 1.11 (t, J = 6.7 Hz, 3 H), 1.14 (d, J = 6.3 Hz, 6 
H) and 2.18 (s, J = 6.3 Hz, 1 H); MS M+- 96.

2: NMR (CDCI3) b 0.98 (t, J  = 7.3 Hz, 3 H), 1.67 (d, J = 2.7 Hz, 6 
H), 1.97 (m, 2 H), and 5.02 (m, 1 H); MS M +- 96.

GLPC analysis of the distillation residue showed the presence of 
allene 2, dienes 5 and 6, and 7 in a ratio of 0.26:0.45:1.00. 5 ,6, and 7 
were isolated by preparative GLPC.

5: NMR (CDCI3) b 0.98 (t, J = 6.7,3 H), 1.89 (m, 3 H), ~2.13 (m, 2 
H), 4.86 (m, 1 H), 4.97 (m, 1 H), 5.46 (m, 1 H), and 5.84 (broadened 
doublet, J  = 12.2 Hz, 1 H); MS M+- 96.

6: NMR (CDCI3) b 1.02 (t, J = 7.2 Hz, 3 H), 1.82 (m, 3 H), 2.14 (dq, 
J = 7.2, 5.9 Hz, 2 H), 4.87 (m, 2 H), 5.74 (dt, J = 16.8, 5.9 Hz, 1 H), and 
6.16 (d, J = 16.8 Hz, 1 H); MS M+- 96.

7: NMR (CDCI3) b 1.72 (overlapping broad singlets, 6 H), 1.78 
(broad singlet, 3 H), 5.49 (bdd, J = 14.8, 6.6 Hz, 1 H), 5.9 (dra’s, J =
14.8, ~1.5 Hz, 1 H), and 6.23 (ddq, J  = 14.8,10.6,1.5 Hz, 1 H); MS M+- 
96.

GLPC analysis of the crude reaction product immediately after 
hydrolysis indicated the presence of essentially only 3, 2, and 4 in a 
26:59:15 ratio. The product distribution remains the same regardless 
of whether the reaction mixture is quenched with water, 5% sulfuric 
acid, saturated ammonium chloride, or 5% sodium hydroxide.

Deuterolysis o f Reaction o f 1 with Ethylmagnesium Iodide. 
The reaction of 1 with ethylmagnesium iodide was carried out as de
scribed above except that hydrolysis was carried out by addition of 
20 mL of deuterium oxide. 2, 3, and 4 were isolated by preparative 
GLPC and their deuterium content was determined by mass spec
trometry indicating the presence of 8.9% 4-di, 48.8% 3-d\, and 47.0%
2-di.

Reaction o f 1-Ethynylcyclohexyl Chloride (8) with Methyl- 
magnesium Iodide. To 0.1 mol of methylmagnesium iodide in 150 
mL of ether was added 0.04 mol of 1-ethynylcyclohexyl chloride (8). 
A slow evolution of methane (identified by MS analysis) ensued. Al
iquots were periodically removed, hydrolyzed, and analyzed by GLPC 
on a 10-ft Carbowax 20M column for unreacted 8. After stirring for
19.5 h at 25 °C the reaction was complete. The reaction mixture was 
hydrolyzed by the addition of 25 mL of water. The organic layer was 
removed, washed twice with water, and dried (MgS04), and the sol
vent removed under reduced pressure giving a pale yellow liquid 
(85%). Analysis by GLPC showed the presence of 9-14 in a 100:15: 
46:1:12:9 ratio. The products were separated by preparative GLPC 
and characterized by 1R. NMR, and MS.

9: NMR (CDCI3) b 1.56 (bm, 6 H), 1.59 (d, J  = 7.0 Hz, 3 H). 2.11 (m, 
4 H), 4.91 (quartet of quintets, J = 7.0, 2.2 Hz, 1 H); IR (cap film) 1920 
cm“ 1 (ec= c= c); MS calcd for C9H14 122.1096, obsd 122.1098.

10: NMR (CDCI3) b 1.56 (s, 3 H), 1.5-1.8 (bm, 11 H); MS calcd for
122.1096, obsd 122.1098.

11: NMR (CDCI3) b 1.19 (s, 3 H), 1.58 (bm, 10 H), and 2.07 (s, 1 H); 
IR (cap film) 3330 (r=c n) and 2110 cm-1 (vc^c); MS calcd for
122.1096, obsd 122.1097.

12: NMR (CDCI3) b 1.62 (m, 4 H), 1.79 (d, J = 7.2 Hz, 3 H), 2.14 (m, 
4 H), 5.32 (dq, J = 12.3, 7.2 Hz, 1 H), 5.65 (m, 1 H), and 5.78 (bd, J =
12.3 Hz, 1 H); MS M +-122.

13: NMR (CDCI3) b 1.62 (m, 4 H), 1.75 (d, J = 6.2 Hz, 3 H). 2.11 (m, 
4 H), 5.56 (dq, J = 15.4,6.2 Hz, 1 H), 5.61 (m, 1 H), and 6.05 (bd, J =
15.4 Hz, 1 H); MS M+- 122.

14: NMR (CDCI3) 6 1.62 (m, 6 H), 2.10 (m, 4 H), 4.8-5.2 (m, 3 H); 
MS M +-122.

Registry No.— 1 ,1111-97-3; 2, 29212-09-7; 3, 36566-80-0; 4,918-
82-1; 5, 65150-07-4; 6, 20626-38-4; 7, 32763-68-1; 8, 6209-75-2; 9, 
20023-43-2; 10, 18736-95-3; 11, 28509-10-6; 12, 5680-41-1; 13, 
54354-35-7; 14,5664-10-8.
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In the presence of catalytic quantities of iron, cobalt, nickel, and copper salts Grignard reagents react with pro
pargyl chlorides to produce allenes. Alkynes are generally not formed. Chromium, manganese, rhodium, and silver 
salts do not catalyze the reaction. A mechanism for allene formation is proposed involving initial formation of a low 
valence state metal species from reaction of the Grignard reagent with the metal salt, which undergoes oxidative 
insertion into the carbon-cnlorine bond of the propargyl chloride. Displacement of halogen by alkyl from the Gri
gnard reagent forms a bisorganometal species which is proposed to decompose to allene. Evidence in support of this 
mechanism is discussed.

In troduc tion Results
In the preceding article,2 a brief review was given of the 

diverse results reported on the reactions of propargylic halides 
with Grignard reagents, and the results of studies in our lab
oratories on the reactions of terminal, tertiary propargylic 
halides with Grignard reagents were presented and discussed. 
In that study it was shown that the terminal propargylic ha
lides react slowly with Girgnard reagents to form a zwitter- 
ion-allene carbene intermediate which undergoes nucleophilic 
attack by a second molecule of the Grignard reagent at either 
the propargylic or allenyl carbon atoms to produce new or- 
ganomagnesium species. The newly formed Grignard species 
either abstract a proton from the propargylic halide or under 
hydrolysis to produce mixtures of two isomeric alkynes and 
allene.

During our initial studies it was observed that 3-chloro-
3-methyl-l-butyne reacted with phenylmagnesium bromide 
to form l,l-dimethyl-3-phenylallene and biphenyl in excellent 
yield. The formation of the biphenyl initially suggested that

c :

C H /'C = C H  +  QHsMgBr 

CHj
CH, H

\  Xc = c = c
/  \

CH:> C6H5

+ c„h,c6r ,

a single electron transfer (SET), free-radical process was oc
curring. Utilizing the observation of Ashby and co-workers 
that ferric ion catalyzes SET reactions between Grignard re
agents and benzophenones,3 ferric chloride was added to the 
reactions of propargylic halides with alkyl Grignard reagents 
in an attempt to catalyze the supposed electron transfer, 
free-radical process in those cases. The rates of the reactions 
in the presence of ferric chloride were tremendously acceler
ated, and excellent yields of allenes uncontaminated by alk
ynes were obtained.4 Although it was initially thought that 
these reactions were SET, free-radical processes, further 
considerations (vide infra) militated against this, and an or- 
ganometallic intermediate, catalytic cycle mechanism evolved. 
Our initial studies with ferric chloride catalysis have been 
extended to include other transition metal salts, the results 
of which are reported herein along with a discussion of the 
catalysis mechanism. With the discovery of the transition 
metal catalysis the seemingly contradictory results previously 
reported for the reactions of propargylic halides with Grignard 
reagents are readily understood.

Initial studies were carried out on the reaction of 4- 
chloro-4-metkyl-2-pentyne (1) with n-butylmagnesium bro
mide in ether solution at 0 °C to determine optimum condi
tions for formation of allene. Addition of 0.07 mol of 1 to 0.085 
mol of Grignard reagent containing as little as 2.5 X 10~6 mol 
of ferric chloride or ferric acetonylacetate [Fe(Acac):i] resulted 
in a nearly instantaneous reaction. Immediate analysis by 
GLPC after completion of the addition of 1 showed the reac
tion to be complete. GLPC analysis of the product showed the 
presence of octane (up to 5%), allene 3, and four Cj2 dimers

Cl

CH:(C C = C C H , +  n-C4H9MgBr

I 2
CH.i

FeCIj il " C,,l 11;, ,

1

CH3 c h . 
\  Xc = c = c ( (CH3)2C = C = C ^ r
/ \

ch3 C A ch3
3 4

CH;J

(CH3C^CC(CH,)2d r - , (CH3) ,C = C = C —  C(CH3),,
5 I

C = d C H ,
6

and rearranged dimer
of 1 (up to 5% total yield). Three of the dimers are assigned 
structures 4-6 on the basis of their NMR spectra. The fourth 
dimer is believed to be an allene rearrangement product of 
either 4 or 6. GLPC analysis of a hydrolyzed aliquot of the 
Grignard solution before addition of 1 showed the presence 
of only trace amounts of n -butyl bromide or octane. Inverse 
addition of 2 ~o 1 yielded the same results.

In addition to the facile iron(III) catalyzed reactions of 1 
with primary alkylmagnesium halides, secondary alkyl Gri
gnard reagents also react in a similar, but slower manner. 
Higher yields of the propargyl dimers 4-6 are formed during 
the reactions with the secondary alkyl Grignard reagents. 
Alkylation with ieri-butylmagnesium bromide could not be 
affected.

All structural variations of propargyl chlorides have been 
studied. Terminal primary, secondary, and tertiary propar-

0022-3263/78/1943-1385$01.00/0 © 1978 American Chemical Society
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Table I. Reactions of Propargylic Chlorides with Grignard Reagents in the Presence of Fe(III)a
Addition

Propargyl Registry Grignard time,
Entry chloride no. reagent Catalyst min Product Yield, %

1 C1CH2C=CH 624-65-7 rc-C4H9MgBr FeClg 10 H2C=C=CH(n-C4H9) 85
2 cich2c= ch sec-C4H9MgBr FeClg 60 H2C=C=CH(sec-C4H9) 73

3 1 21020-24-6 n-C4H9MgBr FeClg 10 CHgCH=C=CH(n-C4H9) 83
C H ,C H C = C H

4 1 1111-97-3 C2H5MgI FeClg 10 (CH3)2C=C=CHC2H5 80
iC H ,) .C C = C H

(7)
5 7 n-C4H9MgBr FeClg 10 3 80-90
6 7 n-C4H9MgBr Fe(Acac)3 30 3 60
7 7 sec-C4H9MgBr FeClg 60 (CH3)2C=C=CH(sec-C4H9) 75
8 1 999-79-1 CH3MgI FeClg 10 (CHglgCC^CCHg, 90b

(CHg)2C=C=C(CHg)2
9 1 n-C4H9MgBr FeClg 20 (CHg)2C=C=C(CHg)(n-C4H9) 87

10 1 ¿-CjFDMgBr FeClg 60 (CHg)2C=C=C(CH3)(i-CgH7) 88
11 1 i-C4H9MgBr FeClg 240

< /  \ = C = C ( C H ;i)2 
X— ' C = C C H :, '— '

C

12 ( ~ V C1
'— ' X C = C C H ,

60820-36-2 CHaMgI FeClg 10 90 6

a Reaction temperature 25 °C. Catalyst added as THF solution. b Alkyne and allene formed in a 1:1 ratio. c No reaction after the 
indicated time.

Table II. Relative Reactivities of Propargyl Chlorides 
with n-Butylmagnesium Bromide in the Presence of 

Fe(III) _________________

Relative
Propargyl chloride reactivity

C1CH .C =C H 30
Cl
1 19.7

CHgCHC^CH

Cl
1 8

(CH;|)2CC =  CK

Cl
1 1

<CH,),CC=CCH

gylic chlorides react with methyl, primary, and secondary alkyl 
Grignard reagents in the presence of iron(III) to produce good 
to excellent yields of allene. Nonterminal tertiary propargylic 
halides react with methylmagnesium iodide in the presence 
of iron(III) to produce 1:1 mixtures of alkyne and allene 
(entries 8 and 12 in Table I). In contrast, these same chlorides 
react with n-butyl, isopropyl, or sec-butyl Grignard reagents 
in the presence of iron(III) to produce only allene.

Relative reactivities of variously substituted propargyl 
chlorides with n-butylmagnesium bromide in the presence of 
iron(III) have been determined using competitive reaction 
techniques under identical reaction conditions and extrapo
lated to zero reaction time. The results are given in Table 
II.

A number of other transition metal halides and aceto- 
nylacetonates have been tested for catalytic activity in the 
reaction of 1 and 7, the results of which are given in Table III. 
It is particularly interesting to note that both Fe(III) and 
Fe(II), and Cu(II) and Cu(I), salts catalyze the reaction, in 
each case with the same apparent degree of efficiency. Of the 
transition metals which did catalyze the reaction, the catalytic 
efficiency decreases markedly in the sequence Fe > Co > Ni 
> Cu. In the reactions catalyzed by iron, the reaction pro
ceeded very rapidly, regardless of whether the Grignard re
agent was added to the chloride or vice versa. With cobalt, the 
reaction proceeded less rapidly, but still proceeded in the 
presence of excess Grignard reagent. In the case of nickel and

Table III. Reactivity of Transition Metal Catalysts on the 
Reaction of 1 and 7 with 2

Addition Allene Dimer 
Propargyl time, yield, yield, 

Catalyst_________chloride_____ min_______ %_______%

FeBr2 1 20 80 8
CoBr2 1 60 55
Co(Acac)2 7 60 30-40
NiBr2 7 60 90
Ni(Acac)2 7 60 95 <2
CuCl 7 30 55
CuCl 1 30 50 30
CuBr2 7 30 90
CuBr2 1 30 50 23
MnCl2 7 b
CrClg 7 b
RhCl2 7 b
Rh[P(C6H5)g]Cl 7 ’ b
AgOjCCHg 7 b

0 Not measured. b No observed catalytic reaction.

copper, catalytic activity is maintained only when the Gri-
gnard reagent is added very slowly to the chloride-catalyst
solution in order to avoid the presence of an excess of the
Grignard reagent. When the Grignard reagent is added too
rapidly, catalytic activity is lost. Addition of more catalyst at
this point fails to generate catalytic activity. Addition of nickel 
and copper catalysts to a premixed solution of chloride and 
Grignard reagent is ineffective.

Attempts were made to detect catalytic coupling of n- 
butylmagnesium bromide (2) with halides. None was ob
served. The direct reaction of 2 with allyl bromide is suffi
ciently rapid that possible Fe(III) catalysis could not be ob
served. No catalysis was evident in the reaction of 2 with 
benzyl bromide.

Discussion
Although it was first thought that allene formation was 

occurring via a SET, radical intermediate process, the prop
erties of the intermediate propargyl-allenyl radical (8) were 
not consistent with the formation of only allene in a radical 
abstraction or combination process. Ab initio calculations on
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H
HC3= C 2= C 1

\
H

hc3= c — c ,
\

H
8

8 indicate slightly greater spin density exists on Ci.5 INDO 
calculations carried out in our laboratories on 8 and 1,1- 
dimethyl radical indicate that ~61% and ~56% of the spin 
density resides on Ci, respectively. ESR data are consistent 
with a delocalized species with considerable spin density at 
Ci and C3.6 Experimentally, it is observed that alkynes are 
formed as the major product in reactions of the propargyl- 
allenyl-type free radicals. Free-radical chlorination of pro- 
pyne7 or allene,7 and 2-butyne,8 produces only the propargyl 
chloride; tri-rc-butyltin hydride reacts with propargyl chlo
rides to produce mixtures of alkyne and allene in which the 
former is always dominant;9 in gas-phase radical combination 
reactions methyl radical reacts with 8 in one case to give a 1:1 
mixture of butyne and 1,2-butadiene,10 and in the other a 3.5:1 
mixture.11 Thus, the formation of only allene in the reactions 
of Grignard reagents with propargyl chlorides in the presence 
of Fe( III) is not consistent with a SET, free-radical process.

The formation of allenes in the catalyzed process is pro
posed to occur via the mechanism illustrated in Scheme I in
corporating a catalytic cycle involving low valence state 
transition metal species similar to those proposed by Tamura 
and Kochi.12 Although the scheme outlined is based on an 
Fe(III)—Fe(I) cycle, an Fe(II)—Fe(0) cycle is also possible in 
that Fe(II) is also an active catalyst. Because of the possible 
redox capabilities of the reaction system it cannot be unam
biguously specified which couple is active in the catalytic 
cycle.13 Similar catalytic cycles can be written for the other 
active transition metals involving Co(II)-Co(0), Ni(II)-Ni(0), 
and Cu(II)-Cu(0) cycles.

The oxidative insertion of Fe(I)Cl into the propargyl chlo
ride can occur to produce the propargyl iron species (9), which 
then undergoes rearrangement to the allenyl tautomer 10, or 
by insertion with concomitant rearrangement to form directly
10. The observation that both alkyne and allene are formed 
in the reactions of 1 and 1-propynylcyclohexyl chloride with 
methvlmagnesium iodide suggests that a direct oxidative in
sertion to form 9 occurs. The observation that as the degree 
of substitution at the propargyl carbon increases the reactivity 
of the propargyl chloride decreases is consistent with a steric 
effect on the rate of direct insertion to form 9. Displacement 
of chloride in 9 or 10 by alkyl of the Grignard reagent produces 
the bisorganoiron species 11 and 12 which then decompose to 
alkyne or allene with regeneration of the low oxidation state 
metal species. Morrell and Kochi14 have reported on the for
mation and thermal decomposition of a bisorganonickel(II) 
complex which would be similar to that formed in the Ni(II) 
catalyzed process reported herein. Evidence for the inter
mediacy of allenyl transition metal compounds such as 12 has 
been derived from studies on the reactions of dialkylcuprates 
with propargyl chlorides.15

Whether tautomeric equilibrium is established between 9 
and 10 and/or between 11 and 12 cannot be specified and must 
await the results of further studies. The exclusive formation 
of allene with the primary and secondary alkyl Grignard re
agents can be attributed to a steric effect on the tautomeric 
equilibrium between 11 and 12.

The decreased reactivity of the secondary alkyl Grignard 
reagents relative to the primary alkyl reagents, and the total 
lack of reactivity of ferf-butylmagnesium bromide, is probably 
due to increased steric effects in the displacement of chloride 
in 9 and/or 10 by the Grignard reagent.

The formation of the minor products octane and the dimers
4-6 can be visualized as occurring via an extension of the

Scheme I
2RMgX +  FeCl3 — » RTeCl — ► Fe(I)Cl +  R -R  

Cl

I
R,"CC=CR' + FeCl

Cl Cl
X F e ^

R2"C C = C R '
9

JitMgX

R ." C = C = C
/

FeCl2

R'
10

R Cl
^ F r ^

R / 'C C = C R '
11

1
R

r 2" C = C = C

jR M g X  

Rv. / C l  

>

\

12

I
,R

R / 'C = C = C
R ,"C C = C R '

FelDCl

12
I

RMgX I

X R'
FelDCl

Scheme II

R2" C = C = C R R ' +  RFe(I)

/
FeR-2

R , " C = C = C  Fell)
\  /

R' — ► RR +  R , " C = C = C

13
14

J t '
Cl /V r 2" c = C = C v
I 14 \

R2" C C = C R ' — - - -7 + FeR( 2 ) RMgX

R ," C = C = C R R ' +  4 -6
R /'C C = C R '

R"

15

II
(R 'C =C C -fï—FeR (R2" C = C = C R , )r FeR

I 16
R"

17

mechanism in Scheme I to include trisorganometal species 
(Scheme II). Displacement of the remaining chloride in 12 
would produce 13 which can decompose either to give allene 
and an alkyliron(I) species or to octane and the iron(I) species 
14. Oxidative insertion of 14 into the propargyl chloride forms 
the trisorganoiron species 15-17 which decompose to the di
mers 4-6. Decomposition of 13 must occur to approximately 
the same extent via the two pathways shown as evidenced by 
the similarity in yields of octane and the dimers.

Critical to the operation of the catalytic cycle is the rate of 
decomposition of the bisorganometal species similar to 11 and
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12 in Scheme I. The decrease in catalytic activity in the se
quence Fe > Co > Ni > Cu is probably due to the increasing 
stability of bisorganometal species on going from iron to 
copper.16 The loss of catalytic activity in the nickel and copper 
systems when an excess of Grignard reagent is present 
suggests that some nickel or copper species is formed by re
action wkh the Grignard reagent which is not capable of en
tering the catalytic cycle. The lack of catalytic activity by 
chromium, maganese, rhodium, and silver must also be due 
to greater stability of the alkylmetal species.17’18 Further 
studies must be carried out to clarify this point.

It is interesting to compare the catalytic activity described 
herein w.th that reported by Tamura and Kochi for the 
iron,123 copper,12b and silver120 catalyzed reactions of Grignard 
reagents with alkyl and vinyl halides. Silver catalyzes the 
coupling of Grignard reagents with alkyl halides via a free- 
radical pathway.120 Copper catalyzes coupling via a nonradical 
pathway, as well as disproportionation.12b Iron catalyzes 
disproportionation with alkyl halides and coupling with vinyl 
halides.123 In the present work silver as a catalyst was inef
fective, wnile both iron and copper catalyzed coupling, but not 
disproportionation. This unique catalytic reactivity must be 
due to the presence of the C=C. The presence of an adjacent 
C =C  or aromatic ring does not result in coupling with these 
catalysts.

Although many studies have indicated that the addition of 
cobalt chloride to Grignard reagents induces free-radical re
action,19 the evidence presented herein indicates that such 
reactions need not necessarily proceed via free-radical 
mechanisms. For example, Coulomb-Delbecq and co-workers 
have suggested very recently that the reactions of propargylic 
acetates with methylmagnesium iodide in the presence of 
cobalt chloride to produce allenes occur via a free-radical 
process.20 It is critical to note that no alkynes are formed, and 
thus it is very doubtful if a free-radical process is involved in 
those reactions.

Experimental Section
Iron(III) Catalyzed Reaction of 4-Chloro-4-methyl-2-pentyne 

(1) with n-Butylmagnesium Bromide. To a solution of 5 g (0.067 
M) of 1 in 50 ml, of ether, to which has been added 5.0 ml, of 5 X 10-6 
M ferric chloride or ferric acetonylacetonate in tetrahydrofuran, 
maintained at 0 °C under a helium atmosphere is added 2 molar 
equiv21 of 0.5 M n-butylmagnesium bromide in ether.22 The reaction 
mixture was hydrolyzed by the addition of 5 mL of water. The organic 
layer was decanted from the aqueous phase, dried (MgS04), and the 
solvent removed by distillation. Analysis by GLPC on a 10-ft Car- 
bowax 20M on firebrick column indicated the presence of two short 
retention-time peaks and four longer reter.tion-time peaks. The six 
components were isolated by preparative GLPC and identified as 
octane (55%), 2-methyl-2,3-octadiene (90%), dimers 4-6 (total ~4%) 
and an apparently rearranged dimer (~ 1%) by high-resolution mass 
spectrometry and NMR. 4: m/e 162; NMR (CDC13) i> 1.56 (s, 12 H) and
1.67 (s, 6 H). 5: m/e 162; NMR (CDC13) <5 1.27 (s, 12 H) and 1.80 (s, 6 
H). 6: m/e 162; NMR (CDCI3) 6 1.25 (s, 6 H), 1.66 (s, 6 H), 1.77 (s, 3 
H), and 1.30 (s, 3 H). Unknown dimer: m/e 162; NMR (CDCI3 ) fi 1.47 
(s), 1.55 (s), 1.81 (s).

General Procedure for Transition Metal Catalyzed Reactions 
of Propargyl Chlorides with Grignard Reagents. The quantities 
and procedure outlined above were employed as standard reaction 
conditions. The optimum rates of addition of the Grignard reagent 
to the chloride-catalyst solution were determined in preliminary runs

by monitoring the extent of reaction by GLPC techniques. Optimum 
addition times are given in Table I. The product mixtures were ana
lyzed by GLPC and the yields were calculated using an internal 
standard. The allenes were purified by preparative GLPC23 and 
characterized by high-resolution MS and NMR. All of the substituted 
allenes prepared in this study have been reported previously in the 
literature.

Competitive Reactivity Experiments. All competitive reactivity 
experiments were carried out in the following manner. To 1:1 molar 
mixtures of the two substrates in ether (1 M) containing the appro
priate concentration of the catalyst was added, in portions, a total of 
0.5 molar equiv of the Grignard reagent. After addition of the portions 
of the Grignard reagent an aliquot of the reaction mixture was re
moved, hydrolyzed, and analyzed by GLPC. Product identification 
was carried out by comparison of retention times with the products 
derived on reaction of each of the substrates individually.

Registry No.—4,17553-34-3; 5,17553-33-2; 6,65150-08-5; butyl 
bromide, 109-65-9; sec-butyl bromide, 78-76-2; ethyl iodide, 75-03-6; 
methyl iodide, 74-88-4; isopropyl bromide, 75-26-3; ferf-butyl bro
mide, 507-19-7.
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Dialkylcuprates react with propargyl chlorides to form allenes in generally excellent yield. The mixed n-butylme- 
thyl- and feri-butylmethylcuprates react to preferentially transfer the n-butyl (67:29) and tert-butyl (97:3) groups, 
the latter providing an excellent means for the synthesis of tert-butylaller.es. Small amounts of coupled product 
derived from the dialkylcuprates are formed, along with allene formally derived by net reduction of the propargyl 
chloride. It is shown that tne “ reduced” allene is formed by hydrolysis of an allenylcopper(I) compound formed 
during the reaction. Allenylcopper(F compounds, alkylallenylcuprates, anc bisallenylcuprates were prepared and 
their chemistry was explored in a preliminary manner. Reaction of alkylallenylcuprates with an alkyl halide pro
duced alkane only, while reaction with propargyl chlorides resulted in the formation of only allenes. These reactions 
are compared with those of dialkylcuprates with alkyl halides and tosylates and the mechanisms of the reactions 
are discussed.

Introduction
In the preceding articles we have described the results 

of studies of the noncatalyzed2 and transition metal catalyzed3 
reactions of propargyl chlorides with Grignard reagents. In 
the transition metal catalyzed process, allene formation was 
proposed to occur via a catalytic cycle in which a low-valence 
state metal species, formed by reaction of the metal salt (il
lustrated below with ferric chloride) with the Grignard re
agent, undergoes insertion into the carbon-chlorine bond of 
the propargyl chloride to produce an equilibrium mixture of 
propargyl and allenyl metal derivatives. Displacement of the 
chloride bonded to the metal by an alkyl group produces a 
bisorganometal species which undergoes thermal decompo
sition to produce allene and regenerate the low-valence state 
metal species. Only when the alkyl group of the Grignard re
agent is methyl and the propargyl chloride is not terminal is 
there an appreciable amount of the alkyl propargyl metal 
species present which undergoes decomposition to form al- 
kyne. In all other cases only allene is formed. Transition 
metals found to be active at 5 X 10~5 M are Fe(III), Fe(II), 
Co(II), Ni(II), Cu(II), and Cu(I).
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In view of the catalytic activity of Cu(II) and Cu(I) and the 
nature of the mechanism proposed, we decided to extend our 
investigations to the stoichiometric reactions of dialkylcu
prates with propargyl chlorides, an area where only limited 
work had been carried out previously. Landor and co-workers4

have reported that allenyl and propargyl halides react with 
dialkylcuprates to form allenes. These authors proposed that 
the allenyl ha.ides react via a four-centered transition state 
(1), while the propargyl halides react via a ir complex (2) which 
decomposes to allene with rearrangement of a t bond.
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R,C=C=CRR' + (R'CuXF
Crabbe and co-workers have reported that the reaction of 

propargyl acetates with dialkylcuprates produce allenes and 
proposed that the reactions proceeded via an 3n2' mecha
nism.5 During the course of our investigation, Crabbe and 
co-workers reported that when the reaction of propargyl ac
etates with dialkylcuprates is carried out at low temperature 
and hydrolyzed immediately, a considerable amount of “ re-

OCOCH,
I

R,CC=CH + R'Cu“ Li+

— R2C =C =C H , + R,C=C=CHR' 
duced” allene is formed.6 Based on these observations, Crabbe 
proposed formation of an intermediate represented as 3 which 
can undergo decomposition to produce allene, or be inter
cepted by hydrolysis to produce reduced allene.
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/

,.Cu.,

R

R

3

In this article we describe the results of our studies on the 
synthetic aspects of the reaction of homo and mixed dialkyl
cuprates with propargyl chlorides, and on the preparation and 
reactions of allenyl-containing cuprates.

Results
Reaction of lithium di-n-butylcuprate (4) with 3-chloro-
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3-methyl- 1-butyne (5) at —78 °C followed by hydrolysis 
produces 2-methyl-2,3-octadiene (6) along with a low yield of

Cl
I

LiCu(/i-C4H9)2 +  CH3C C = C H

4 I
CH3

5

— *-(CH;1)2C— C = C H C 4H9 -(-CsHis 
6

octane. In a similar manner 4 reacts with 7 at —78 °C to pro
duce 8 along with octane and trimethylallene. At 0 °C, the 
reaction is very fast but the yield of 8 is lower, while the yield

Cl

4 +  (CH )2C C =C C H : — *  (CH3)2C = C = C ( C H 3)C4H9 +  C8H18 
7 8

+  (C H ,),C =C =C H C H 3

of trimethylallene is increased. Although 4 undergoes only 
very slow decomposition to give octane at —78 or 0 °C, mon- 
obutylcopper(I) undergoes decomposition to octane consid
erably faster. A comparison of the rate of formation of octane 
by decomposition of monobutylcopper(I) whh that during the 
reaction of 4 with 7 shows that octane must be formed during 
the reaction of 4 with 7 (see Experimental Section), Moni
toring the reaction with time shows that the yield of tri
methylallene increases to a maximum and then decreases 
owing to decomposition of the allenylcopper(I) species formed 
in the reaction (vide infra).

The reaction of 1-chloroethynylcyclohexane (9) with lith
ium dimethylcuprate (10) produces the “ reduced” aliene 11

CH, + CHCH3 +  C,H(,

11 12 

(to

OCcH ~ <Oc-chca
9 13

and 1-propenylidenecyclohexane (12) in a 1:4 ratio. A reaction 
mixture of 9 with 10 was maintained at —78 °C and aliquots 
were periodically removed, hydrolyzed, and analyzed by 
GLPC. The ratio of 11:12 remained constant although at room 
temperature slow decomposition occurred resulting in lower 
yields of 11. Deuteriolysis of a reaction mixture derived from 
9 and 10 produced 11 containing 1.0 deuterium atom at the 
allenyl position. During the reactions of 9 with 10 gas evolution 
occurred. A sample of the gas above a reaction mixture was 
analyzed by mass spectrometry showing the presence of eth
ane.

In contrast to the reaction of 9 with 10, the reaction of 9 with
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\ — ^ ' c = c c h 3
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di-rc-butylcuprate (4) produces only the alkylated aliéné 13. 
Only traces of octane are formed, and the reduced aliéné 11 
could not be detected.

Although l-(l-propynyl)cyclohexyl chloride (14) reacts with 
méthylmagnésium iodide in the presence of ferric chloride to 
produce a 1:1 mixture of l-(l-propynyl)methylcyclohexane
(15) and (2-methyl-l-propenylidene)cyclohexane (16),2 14 
reacts with 10 to form only 16. No reduced aliéné of 14 was 
formed. In a similar manner 14 reacted with 4 to produce
17.

Application of the reaction to the alkynylcyclopentyl and 
cyclobutyl chlorides provided interesting contrasts in both 
reactivity and mode of reaction. The cyclopentyl derivatives 
18 and 19 reacted considerably slower than 9 and 14, 18 re
quiring 18 h for completion. In both cases only the methylated 
aliénés 20 and 21 were formed. The cyclobutyl derivative 22 
underwent very slow reaction with 10 to produce in low yield 
a 60:40 mixture of aliéné 23 and alkyne 24.

L iC u ( C H 3)2

C = C R

18 (R = H )
19 (R = C H 3)

20 (R = H )
21 (R = C H 3)

23 24
In the transition metal catalyzed reaction of propargyl 

chlorides with Grignard reagents it was not possible to in
troduce a feri-butyi group onto the allene. We therefore in
vestigated the possibility of transfer of a tert-butyl group from 
a mixed dialkylcuprate,8 specifically lithium fert-butylme- 
thylcuprate (25).9 Reaction of ethynylcyclohexyl chloride (9) 
with 25 gave an 80% yield of a 97:3 mixture of the f erf-butyl 
and methyl allenes 26 and 12. Much lower selectivity is ex-

C(CH3)3
lì+ + 9

CH,
25

-  O - c - c ;
,H

'C(CH3)3
26

hibited by lithium rc-butylmethylcuprate, reacting with 9 to 
produce 13 and 12 in 67:29 ratio along with 3.2% of reduced 
allene 11. Magnesium cuprates, prepared from alkylcopper 
and Grignard reagents,9 failed to react with the propargyl 
chlorides.

The formation of reduced allene in many of the instances 
described above and the formation of both allene and alkyne 
from 22 initially suggested that the propargyl-allenyl group 
becomes covalently bonded to the copper of the cuprate. In 
order to clarify this possibility we have prepared and studied 
in a preliminary manner the reactivity of allenylcopper(I) 
compounds and alkylallenyl- and bisallenylcuprates. Reaction 
of 11 with a methyllithium in the presence of a catalytic 
quantity of isopropylamine10 at 0 °C rapidly produces the 
allenyllithium compound 27. Immediate hydrolysis regener
ates 11 uncontaminated by the isomeric alkyne. (If the solu
tion of 27 is allowed to warm to room temperature for 30 min17
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extensive rearrangement to 28 occurs.11 Addition of the so
lution of 27 to a suspension of cuprous bromide in ether pro
duces an insoluble dark reddish-brown precipitate of 29. 
Hydrolysis of 29 produces only allene 11. The allenylcopper 
compound 29 appears to be quite stable in ether at room 
temperature. Addition of 1 molar equiv of an alkyllithium 
produces the mixed cuprate 30, while addition of a second 
molar equiv of 27 produces the bisakenylcuprate 31. Both 30 
and 31 produce only 11 on hydrolysis.

Reaction of 30 (R' = -n-C^iHg) with n-hexyl bromide fol
lowed by hydrolysis produced decane (80%) and allene 11. No 
butyl- or hexvlallene (13 and 32) could be detected.

O c- c;
R''

+  rc-C6HuBr
,Cu“ I i+

30 (R ' = n-C4H9)

(2) H2o
C]0H;2 CH,

Reaction of 30 (R' = -CH 3) with propargyl halide 9 pro
duced an excellent yield (>80%) of 16, along with 11 formed 
during hydrolysis. Reaction of 30 (R' = -CH 3) with 14 gave
16. Careful GLPC analysis indicated the possible presence of 
a very small amount (<1%) of 12. Whether 12 is formed by 
methyl transfer to the allenyl portion in 30 (R' = CH3) or by 
hydrolysis of an allenyl fragment attached to copper derived 
from 14 could not be determined. The other data presented 
herein, however, would suggest that the 12 is formed via the 
latter pathway. In neither case was any of the bisallenes 33 or 
34 formed.

Similar results are obtained in reactions of 30 (R ' = n-C4Hg) 
with propargyl halides 5, 7, and 9, producing only the butyl- 
ated allenes 6, 8, and 13 derived from the propargyl chlorides. 
In none of these reactions was any bisallene detected.

Reaction of the diallenylcuprate 31 with n-butyl bromide 
for 30 min at room temperature resulted in no apparent re
action. GLPC analysis after hydrolysis showed the presence 
of unreacted rc-butyl bromide and allene 11. Reaction of 31 
with 5 at 0 °C led to the complete disappearance of 5, yet none

n-C4H,ßr +  (  V = C = C H ,
n -C 4H , B r ^  V _ V

:2 > h , o

of the bisallene 33 could be detected. Hydrolysis of the reac
tion mixture resulted in the formation of allene 11 with ~70% 
recovery. Considerable noncharacterizable residue remained 
after removal of 11. Similarly, reaction of 31 with 9 resulted 
in the disappearance of the propargyl halide, yet GLPC 
analysis after hydrolysis showed the formation of 11 (70%, 
recovery) and no bisallene. Evaporation of 11 again left con
siderable noncharacterizable residue. These reactions of 
bisallenylcuprates are under further scrutiny.

Discussion
The results reported herein differ in several aspects from 

those reported previously for reactions of dialkylcuprates with 
alkyl halides and tosylates. Mandeville and Whitesides8 have 
reported that reactions of mixed dialkylcuprates with an alkyl 
halide result in coupling of only the alkyl groups attached to 
copper to the alkyl group of the halide. No coupling products 
derived from the two alkyl groups attached to the copper are 
formed. In the reactions of dialkylcuprates with propargyl 
halides, coupling of the alkyl groups attached to copper does 
occur.

R1R2CU Li+ -I" R3Hal > RjR3 + R2R3 (no R1R2)
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Mandeville and Whitesides8 have also correlated rates of 
reactions of dibutylcuprate with alkyl halides with other 
typical Sn2 displacement reactions and suggest that the 
dialkylcuprate reactions occur via “ unexceptional Sn2” 
pathways; however, distinction between attack by copper or 
an alkyl anion could not be made.

On the basis of Mandeville and Whitesides’8 and earlier 
results, and the results of reactions of dialkylcuprates with 
alkyl tosylates, Johnson and Dutra12 suggested that the 
mechanism of coupling involved formation of a square-planer 
Cu intermediate in which the alkyl groups attached to the Cu 
are trans located. Rapid decomposition before rearrangement 
results in coupling of only groups which are cis located.

R, R, R;, +  RoCu

RIR-JCu_Li+ + R;tX —► LCuR3

R2 R2R;i + R,Cu
35

(L is a liganded 
solvent molecule)

The results of the present study cannot be accommodated 
by such a mechanism. Assuming that the groups attached to 
copper become trans-located intermediates 36-39 would have 

R
I

RR,CuLi + PrCl — *- LCuAl — ► RA1 or R,A1 + RCu or R,Cu
(Pr is a propargyl I (Al is an allenyl

framework) R, framework)
36

R
I

RAlCuLi + R,Hal — ► LCuR, — ► RR, + R,A1 + AlCu
! +  RCu

Al
37 

Al
I

RAlCuLi + Pr,Cl — » LCuAl, —  A1A1, -  RA1, + AlCu
! + RCu

R
38

Al
I

AlAljCuLi +  Pr2Cl — -  LCuA12 — *- A1AL + A1,A12
I + AlCu + Al,Cu

Al,
39

been formed. Coupling of cis-located groups would have 
produced only those products shown. However, intermediate 
36 produced not only allene, but also alkane; 37 gave alkane 
and no allene, 38 gave only allene RAli and no bisallene or 
RA1, while 39, if formed, did not give ar.y coupled bisallenes. 
Obviously these results are not consistent with the Johnson 
and Dutra mechanism. It is also obvious that when an allenyl 
group is bonded to the copper it is not capable of being coupled 
with an alkyl or propargyl halide, being similar in reactivity 
with an alkynyl group attached to copper.

In view of the above, we believe that allenes are not formed 
via the intermediates 36 and 38, but arise by alkyl transfer 
from copper to the propargyl halide in a r-type complex (40). 
In general, allene is formed except when the allene contains 
considerable strain energy as in the case of tne reaction with 
22 where alkyne is also formed. In competition with alkyl 
transfer to the propargyl halide, nucleophilic attack by Cu to 
produce 36-39 must also occur. Competition between nu-

C1
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Rv  C
C u «—(tt-R Í

R"
40

/ \
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/ / R'
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R '2C=C =CR R ” 
+ RCu

36-38i
products

cleophilic attack by alkyl and copper must be controlled by 
the nucleophilicity of the alkyl group attached to the Cu. This 
feature of the reaction is under further study. If groups must 
be cis related to couple, an intermediate such as 36 must be 
sufficiently stable to undergo rearrangement to 37 prior to 
decomposition.

In a recent article, Pearson and Gregory13 proposed that the 
structure of lithium dimethvlcuprate is that shown as 40. 
These authors favor a rate-determining oxidative addition 
with inversion followed by a rapid reductive elimination with 
retention of configuration, all occurring within a dimeric 
species. Although the reaction involves reaction between a 
dimeric cuprate and organic halide or tosylate, no evidence 
is available indicating whether the dimeric species remains 
intact or forms intermediates of the type suggested by John
son and Dutra. Regardless, the Pearson and Gregory mecha
nism is not consistent with the results of our present study for 
the reactions of dialkylcuprates with propargyl chlorides.

As in the previous article describing the transition metal 
catalyzed formation of allenes in the reactions of Grignard 
reagents with propargyl halides,2 special reactivity is attrib
uted to the presence of the C=C. We currently believe that 
the mechanisms of the two reactions differ, in the former a 
covalent carbon-metal bond being formed and the latter oc
curring via a 7t complex.

Experimental Section
General Procedure for the Preparative Reactions o f Pro

pargyl Chlorides with Lithium Dialkylcuprates 4 and 10. To a
solution of 5 mmol of lithium di-n-butylcuprate (4) [prepared at -78  
°C by the addition of 10 mmol of n-butyllithium in hexane to a sus
pension of 5 mmol of cuprous bromide in hexane (10 mL)] or lithium 
dimethylcuprate (10) (prepared at —78 °C from 10 mmol of methyl- 
lithium and 5 mmol of cuprous bromide suspended in 10 mL of ether) 
under a helium atmosphere at 0 °C was added 2.5 mmol of propargyl 
chloride in 5 mL of ether. The reaction mixtures were stirred at 0 °C 
for 30 min and were hydrolyzed by the addition of 2 mL of water. The 
organic layer was decanted and the aqueous layer extracted with 10 
mL of ether. The organic layers were combined and dried (MgSCb), 
and the solvent was removed by fractional distillation. The reaction 
mixtures were analyzed and separated by GLPC and the products 
were characterized bv NMR and MS. Products and yields are given 
in Table I.

In the case of reaction of 10 with 9 a sample of the gas above the 
reaction mixture was removed in an evacuated MS sampling bulb. 
High-resolution MS analysis showed the presence of large amounts 
of ethane: m/e for C2H6 calcd 30.0470; found 30.0468.

All allenes formed in this study have been characterized previously 
except the following.

13: NMR (CDCI3) 6 1.12 (distorted t, 3 H), 1.45-1.78 (bm, 10 H), 
1.78-2.45 (bm, 6 H), 4.85 (bm, 1 H): MS calcd for Ci2H20 164.1565, 
found 164.1570.

26: NMR (CC14) i 1.01 (s, 9 H), 1.42-1.83 (bm, 6 H), 1.9-2.4 (bm, 
4 H) 5.95 (p, 1 H); MS calcd for Ci2H2o 164.1565, found 164.1568.

23: NMR (CDC13) 6 1.66 (s, 6 H), 1.68 (p, J  = 7.5 Hz, 2 H), 2.93 (t, 
J = 7.5 Hz, 4 H); MS calcd for CsHi2 108.0939, found 108.0940.
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Table I. Reactions o f  D ialkylcuprates w ith  P ropargyl Chlorides

Dialkyl-
cuprate

Registry
no.

Propargyl
chloride

Registry
no.

Products
(%)

4 24406-16-4 5 1111-97-3 6(60)
4 7 999-79-1 8 (60-65), (CH3)2C = C = C H C H 3 (~15)
4 9 6209-75-2 13 (90)
4 14 60820-36-2 17 (75)

1 0 15681-48-8 9 12 (70), 11 (20)
1 0 14 16 (70)
1 0 18 40185-07-7 2 0  (20)
1 0 19 65149-99-7 21 (50)
1 0 2 2 65150-00-7 23 (12), 24 (8)
25 58096-49-4 9 26 (85), 12 (2.5)
(n-C4H9)(CH3)Cu-Li+ 42278-64-8 9 13 (42), 12 (28)

24: NMR (CDC13) i 1.34 (s, 3 H), 1.83 (s, 3 H), 1.50-2.25 (m, 6 H); 
MS calcd for C8Hi2 108.0939, found 108.0941.

Reaction o f 7 with 4. To a solution of 2.2 mmol of 4 in 3 mL of 
hexane at —78 °C under a helium atmosphere containing toluene as 
a GLPC internal standard was added 2.2 mmol of 7 in ether. Aliquots 
were periodically removed, hydrolyzed, and analyzed by GLPC. Ali
quots were removed after 40 and 90 min, hydrolyzed, and analyzed 
by GLPC. The yields of products were at 40 min 18.6% octane, 3.3% 
trimethylallene, and 19.3% 8, and at 90 min 51.9% octane, 15.2% tri- 
methylallene, and 34.5% 8. After 150 min the field of 8 approached 
65%.

In a similar reaction maintained at 0 °C yields were after 5 min 
42.9% octane, 18.5% trimethylallene, and 33% 8, after 10 min 53.5% 
octane, 23.0% trimethylallene, and 37.8% 8, and after 60 min 77.1% 
octane, 15.6% trimethylallene, and 40.8% 8.

Measurement o f Rate o f  Decomposition o f n-Butylcopper(I) 
at -7 8  °C. rc-Butylcopper(I) was prepared by the addition of 1 mmol 
of n-butvllithium in hexane to 1.0 mmol of cuprous bromide sus
pended in 2 mL of hexane at —78 °C containing 35 mg of toluene as 
a GLPC internal standard. The reaction mixture was maintained at 
—78 °C and aliquots were periodically removed, hydrolyzed, and 
analyzed by GLPC. The yields of octane are at 5 min 5.6%, 1 h 9.5%, 
and at 3 h 21.1%.

Deuteriolysis o f  Reaction Mixture o f 9 with 10. To a solution 
of 1 mmol of 10 in 2 mL of ether at —78 °C was added 1  mmol of 9 in 
2 mL of ether. The reaction mixture was stirred at —78 °C for 30 min 
and 1 mL of deuterium oxide was added. The reaction mixture was 
allowed to warm to room temperature and the organic layer was de
canted, washed with water, and dried (MgS04). The 11 was isolated 
by preparative GLPC on a 10-ft Carbowax 20 M column at 150 °C. 
The NMR spectrum showed b 1.55 (bm, 6 H), 2.2 (bm, 4 H), and 4.55 
(m, 1 H). The mass spectrum was identical with that of 11 except the 
peaks in the parent ion region were at 1 amu higher; m/e calcd for 
C8H „D  109.1002, found 109.1000.

Preparation and Hydrolysis o f 27.10 To 0.2 g (1.85 mmol) of 11 
at 25 °C containing 40 mg of diisopropylamine was added 1.8 mmol 
of n-butyllithium in hexane. The NMR spectrum of the resulting 
solution (methyllithium in ether) showed a new resonance at & 4.9 (m). 
Hydrolysis of an aliquot produced only 11. Deuteriolysis produced 
11 containing one deuterium (NMR and MS) at the allenyl posi
tion.

Hydrolysis and analysis of the reaction solution from above after 
stirring at 25 °C for 4 h showed the presence of ethynylcyclohexane 
and 11 in a 75:25 ratio.

Preparation and Hydrolysis o f 29. To a solution 1.8 mmol of 27 
in 1.0 mL of hexane at —78 °C was added 0.9 mmol of cuprous bro
mide. The reaction mixture was allowed to warm to —20 °C for 10 min 
resulting in the formation of a dark gray suspension. An aliquot of the 
reaction mixture was removed and hydrolyzed giving >95% recovery 
of 11.

Preparation and Hydrolysis o f 30. To the suspension of 1.8 mmol 
of 29 in hexane at -7 8  °C was added 1.1 mmol of RLi (R = CH3 in 
ether or n-C4H9 in hexane) and the reaction mixture was allowed to 
warm to 20 °C for 10 min resulting in the formation of a very dark 
gray solution. Hydrolysis of an aliquot of the solution gave >95%
11.

Reaction o f 30 (R ' = Z1 -C 4 H9 ) with 1-Bromohexane. To a solu
tion of 1.0 mmol of 30 (R = n-C4H9) in 3 mL of hexane at 0 °C was 
added 1.0 mmol of 1-bromohexane. The reaction mixture was stirred 
at 0 °C for 30 min and hydrolyzed by the addition of 1 mL of water. 
The organic layer was removed, dried (MgSOi’i, and analyzed by

Table II. Reactions o f  30 w ith Various P ropargyl 
Chlorides

Propargyl Product“
30, R chloride (yield)

c h 3 9 1 2  (>80%)
c h 3 14 16 (>80%)
n-C4H9 5 6  (85%)
n-C4Hg 7 8  (90%)
7I-C4H9 9 13 (80%)

“ 11, formed by hydrolysis of 29, was present in all cases.

GLPC showing the presence of decane (80%) and 11. No 13 or 32 could 
be detected by GLPC.

Reaction o f 30 with Various Propargyl Chlorides. To a solution 
of 1.0 mmol of 30 in 3 mL of ether or hexane at 0 °C was added 1.0 
mmol of the propargyl chloride. The reaction mixture was stirred for 
30 min at 0 °C and hydrolyzed with 1 mL of water. The organic layer 
was removed, dried (MgSC>4), and analyzed by GLPC The results are 
given in Table II. No reduced allenes or bisallenes could be detected 
by GLPC.

Preparation and Hydrolysis o f 31. To a solution of 0.3 g (2.78 
mmol) of 11 at 0 °C was added 2.0 mmol of methylhthium in ether. 
After stirring at 25 °C for 10 min, the solution of 27 was chilled to —78 
°C and 1.0 mmol of cuprous bromide was added giving a dark green 
solution. The reaction mixture was allowed to warm to 0 °C giving a 
very dark solution. Hydrolysis of an aliquot of the solution and 
analysis by GLPC showed the presence of only 11.

Attempted Reaction o f 31 with 1-Bromobutane. To a solution 
of 1.0 mmol of 31 at 0 °C was added 1.0 mmol of 1-bromobutane and 
the reaction mixture stirred at 0 °C. Aliquots were periodically re
moved, hydrolyzed, and analyzed by GLPC showing only the presence 
of 11 and 1-bromobutane.

Attempted Reaction o f 31 with 5 and 9. To a solution of 1.0 mmol 
of 31 at 0 °C were added 1.0 mmol of 5 and 9. Aliquots taken imme
diately after the addition of 5 and 9 showed the complete consumption 
of 5 and 9, but no bisallenes 33 or 34 could be detected by GLPC.14 
Allene 11 was formed on hydrolysis. Hydrolysis of the reaction mix
tures followed by separation of the organic phase, drying (MgS04), 
and removal of the solvent gave considerable quantities of nonvolatile 
residues which were not further investigated.

Registry No.— 11, 5664-20-0; 13, 20023-45-4; 23.65150-01-8; 24, 
65150-02-9; 26, 59643-61-7; 27, 65150-03-0; 29, 65150-04-1; 30 (R = 
Bu), 65150-22-3; 30 (R = Me), 65150-23-4; 31,6515C-24-5; 1-bromo- 
hexane, 111-25-1.
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A synthetically useful one-step procedure for converting n-arylated tertiary nitro compounds into highly 
branched /J-arylated nitroparaffins is described. These reactions appear to proceed via a chain mechanism in which 
radical anions and free radicals are intermediates.

Ten years ago it was discovered that the aliphatic nitro 
group of a,p-dinitrocumene (1) is readily displaced by a wide 
variety of nucleophiles as is shown in eq l .2 A large body of

evidence now exists in support of the view that these are 
electron-transfer processes in which radical anions and free 
radicals are intermediates.3 When the chem.stry of «,p-di- 
nitrocumene (1) was first described it was emphasized that 
the p -nitro group facilitates the displacements of eq 1; in no 
instance did a-nitrocumene (2) react with nucieophiles under 
conditions which resulted in complete reaction when a,p- 
dinitrocumene was employed.2

We have now found that the aliphatic nitro group of a- 
nitrocumene (2), and of substituted «-nitrocumenes and 
homologues thereof, can be displaced by nitroparaffin salts, 
albeit at a distinctly slower rate than when a,p-dinitrocumene 
is used. What is required is the use of hexamethylphos- 
phoramide (HMPA) as the solvent, rather than the DMF or 
Me2SO originally employed, and a relatively long reaction 
time (see Table I). Thus, in 45 h a-nitrocumene and the lith
ium salt of nitroethane react smoothly (eq 2). While the matter

CH, CH,H

1 I I
HCCXO, H,CC—  CNO.A'II 1 +  CH,CHN02Li+

2 2(74%)
has not been studied extensively, it appears that electron- 
withdrawing substituents facilitate these substitutions; for 
example, the reaction of eq 3 takes only 8 h and gives 94% 
yield. This type of reaction also proceeds at 25 °C when the 
sa.ts of secondary nitroparaffins are employed. Table I sum
marizes our results; it should be noted that the yields given 
there refer to pure, isolated products.

CH,
1

CH3 CH ,
1 I

1
H.CCNO, 

1 '

1 1
H,CC— CNO, 

1 1

( f  J  +  CH,CHNO.
HMPA ( I * 5*! H
25 °c ’ K J

CN CN
4 5(94%)

Simple, synthetically useful methods for preparing a-ary- 
lated tertiary nitro compounds are now available.4-5 Conse
quently, the facile one-step conversion of o-arylated nitro 
compounds into highly branched fi-arylated nitroparaffins 
makes the latter readily accessible. Manifestly, the synthesis 
of the highly ramified nitro compounds of Table I by classical 
means would be a matter of some difficulty. The relative in
sensitivity to steric hindrance of the processes of Table I is 
consonant with the view that they are radical anion reactions 
(vide infra) and serves to emphasize, once again, the utility 
of radical anion reactions for the preparation of highly 
branched structures.3

Several of the transformations listed in Table I have been 
studied in regard to the matter of mechanisms; in each case 
the characteristics of electron transfer substitution processes 
have been observed. Thus, the reaction of the lithium salt of 
nitroethane with a-nitrocumene (2) requires 45 h to proceed 
to completion and produces pure 2-phenyl-2-methyl-3-ni- 
trobutane (3) in 74% yield (eq 2). But if di-ferf-butyl nitroxide 
is present at the 9 mol % level the reaction is completely in
hibited for 45 h. m -Dinitrobenzene (20 mol %) also retards this 
reaction; after 45 h it proceeds only 4% to completion, m- 
Dinitrobenzene is recognized as a diagnostic for radical an
ions,1 di-ierf-butyl nitroxide is a free-radical scavenger1-6-7 
and clearly the reaction of eq 2 is a chain process.

Two reactions employing p-eyano-a-nitrocumene (4) have 
also been investigated. At 25 °C the transformation of eq 3 
requires 8 h and gives a 94% yield of the pure /1-arylated ni
troparaffin a. In contrast, if di-ferf-butyl nitroxide is present 
at the 10 mol % level there is no reaction after 8 h and 91% of 
the p-cyano-a-nitrocumene is recovered. Furthermore, m- 
dinitrobenzene (20 mol %) completely inhibits this reaction 
for at least 8 h.

The second reaction of p-cyano-a-nitrocumene which was 
studied from the standpoint of mechanism is shown in eq 4; 
after 50 h a 68% yield of the pure d-arylated nitro compound

0022-3263/78/1943-1394$01.00/0 © 1978 American Chemical Society
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Table I. The Synthesis of /8-Arylated Nitroparaffins at 25 ° C a

n-Arylated nitro 
compd 

employed
Registry

no.

Nitroparaffin
salt

employed
Registry

no.

Reaction
time,

h Product
Registry

no.
%

yield*

2 3457-58-7 CH3C H N 02Li+ 28735-55-9 45 3 65253-35-2 74
4 58324-82-6 CH3C H N 02Li+ 8 5 65253-36-3 94
4 (CH3)2C N 02Li+ 12281-72-0 50 6 65253-37-4 68

CH, CH CH3 I » “ 3
4 CHjCHCCHjLi* 35818-95-2 46 NC— ^  y ~ C -----CNO, 65253-38-5 68

NO, CH, CH,

V IH' ? ÇK, CH,
PhS— ^  — CNO, 58324-84-8 (CH3)2Ü N 02Li+ 110

ll 1 1
Phf  \L=/ ?  f  ° 2

65253-39-6 71

O CH; 0 CH, CH,
7 58324-86-0 (CH3)2C N 02Li+ 16 8 65338-72-9 90

o

PhC-
F
CNO,

CH;,

CH;,CH,CCH;,Li +

NO,

58324-79-1 <CH3)2C N 02Li+

CH,CH,CCHLi+
I

NO.

(CH3)2Ü N 02Li+

CH.CH.CCH Li*'I
NO,

65253-33-0 ;CH3)2Ü N 02Li+ 

65253-34-1 (CH3)2Ü N 02Li+ 

58324-83-7 (CH3)2C N 02Li+

45

72

ÇH, CH,

PhC— f  V - C ------- ONO,

CH, CH,

74

CH, (jiHCH,

O N — (  \ — Ç ------ CNO,
' ' “ " ' I  ICH, CH,

92

45

0,N

(jiHCH, <jH,

CH,

-CN O,
I
CH,

65253-40-9 50

65253-41-0 62

65253-42-1 61

14851-03-7 84

65253-43-2 74

65253-44-3 60

65253-45-4 60

65253-46-5 76

° All reactions were carried out in HMPA at 25 °C with exposure to light.14 b Pure, isolated product.c M. M. Kestner, Ph.D. Thesis, 
Purdue University, May 1973.

4 + (CH,)2CNO..

6(68%)

(4)

6 is isolated. As in the preceding cases, catalytic amounts of 
m-dinitrobenzene and di-ieri-butyl nitroxide completely 
inhibit the reaction.

The process of eq 5 requires 16 h and gives a 90% yield of the 
/l-arylat.ed nitroparaffin 8. Here again complete inhibition is 
observed when m-dinitrobenzene (10 mol %) or di-teri-butyl 
nitroxide (8 mol %) are present; 98% of the initially employed 
n-nitrocumene 7 is recovered from the m -dinitrobenzene

experiment and 85% from the one in which nitroxide is 
present.

The effect of light on these reactions is also noteworthy. All 
the transformations of Table I are conducted with exposure 
to the illumination of two ordinary 20-W fluorescent lamps. 
However, when a-nitrocumene (2) and the lithium salt of ni- 
troethane are brought together under conditions which result 
in the reaction of eq 2, except that now the system is main
tained in total darkness, no reaction occurs and 83% of the
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a-nitrocumene is recovered. Nor is this a unique result; the 
reactions of eq 3 and 4 also do not occur in the absence of light. 
And while the reaction of eq 5 does proceed in the dark it 
is unambiguously speeded up by light (cf. Experimental 
Section). Although many electron-transfer substitution re
actions take place in the dark they are often accelerated by 
light.1 The dramatic light effects observed in the reactions of 
a-nitrocumene and p-cyano-a-nitrocumene, and the smaller 
one noted in the reaction of eq 5, are consonant with an elec
tron-transfer mechanism.

The chain mechanism of eq 6-9 provides a simple basis for

+  CH.CHNO, (6)

H ,C C N O ,

Ò
(8)

(9 )

understanding the foregoing facts and is consistent with what 
is known about related processes.1 Presumably, not only the 
reactions of a-nitrocumene, p-cyano-a-nitrocumene, and the 
fluorinated a-nitrocumene 7, but also the reactions of the 
other a-arylated tertiary nitro compounds proceed via a 
radical anion-free radical chain sequence such as that shown 
in eq 6-9 for a-nitrocumene.

Finally, it should be pointed out that very small amounts 
of two byproducts are often produced in these reactions. One 
is the dimer of the cumyl radical (9), the other the reduction 
product of the /S-arylated nitroparaffin (10).

CH3 CH; CH3 CH,
I I  I I

H,CC--------CCH; H,CC------- CCH3
I I '  I I

Aryl Aryl Aryl H
9 10

In this connection the reaction of a-nitrocumene (2) with 
the lithium salt of 2-nitropropane is of interest. This reaction 
is very slow; after 6 days NMR analysis indicates that 22% of 
the a-nitrocumene is still unreacted, that the d-phenylated

+  C H :)C H N 0 , 

C H ,

I
H .C C N O ,

+ f

(pH:l j)H3

H jC C — C N 0 2

CH3 CH

H ,C C — C N O ,

H +

C H 3 '

H 3C C N 0 2

nitroethane (2,3-dimethyl-2-phenyl-3-nitrobutane) is formed 
in 30% yield, and that the bicumyl is produced in 48% yield. 
While these data are not definitive there can be little doubt 
that in this one case the desired reaction is not the major 
process.21 That this is so appears to derive from a combination 
of steric and electrical effects. In the first place, as shown in 
eq 2, a-nitrocumene when treated with the lithium salt of 
nitroethane readily gives the /1-arylated nitroparaffin and not 
the cumyl dimer. This suggests that the enhanced steric re
quirement in going from the anion of nitroethane to that of
2-nitropropane is a significant adverse influence. But, as can 
be seen from eq 5 and Table I, a-nitrocumenes bearing elec
tron-withdrawing substituents react readily with the lithium 
salts of 2-nitropropane and 2-nitrobutane. Clearly, in these 
cases the steric factor is outweighed by a polar factor. One can 
only speculate as to how the polar factor operates; one possi
bility is that cumyl radicals bearing electron-withdrawing 
substituents possess heightened electrophilicity, so that the 
drive for reacting with a nitroparaffin anion to give a radical 
anion is greater than for the unsubstituted cumyl radical.

Experimental Section8
CAUTION: HMPA should be handled with great care since it has 

recently been found to cause cancer in laboratory animals [Chem. Eng. 
News, 54 (39), 17 (1975)].

a-Arylated Nitro Compounds. Most of the a-arylated nitro 
compounds employed in this study are known and their synthesis 
from substituted nitrobenzenes has been described.4 The following 
preparations are new.

2-(p-Cyanophenyl)-2-nitrobutane. The lithium salt of 2-nitro
butane (10.9 g, 100 mmol),9 p-cyanonitrobenzene (7.40 g, 50 mmol), 
100 mL of HMPA, and a reaction time of 17 h were employed.4 On 
workup 9.6 g of an orange oil was obtained. This was chromatographed 
through a short column of alumina using benzene as the eluent. The 
resulting 8.90 g of product, when Kugelrohr distilled at 1 mm and 120 
°C, gave 8.81 g of a light yellow oil (87% yield): NMR (CDCI3) 5 0.90 
(t, 3 H), 1.96 (s, 3 H), 2.18-2.55 (m, 2 H), 7.35-7.85 (m, 4 H); IR (neat) 
4.45 (CN), 6.49, 7.40 (N 02) lira.

Anal. Calcd for CiiH12N202: C, 64.69; H, 5.92; N, 13.72. Found: C, 
64.69; H, 5.66; N, 13.54.

2-m,m '-Bis(trifluoromethyl)phenyl-2-nitrobutane. 3,5-Bis- 
(trifluoromethyl)nitrobenzene (10.35 g, 39.77 mmol) and the lithium 
salt of 2-nitrobutane (4.70 g, 43.1 mmol) were allowed to react in 50 
mL of HMPA under argon. Workup after 24 h and crystallization from 
hexane gave colorless crystals: mp 43-44 °C; NMR (CDCI3) 6 0.97 (t, 
3 H), 2.01 (s, 3 H), 2.48 (m, 2 H), 7.89 (br s, 3 H); IR (CHC13) 6.47,6.85,
7.25 pm.

Anal. Calcd for Ci2H nN 02F6: C, 45.57; H, 3.83; N, 4.43; F, 36.06. 
Found: C, 45.35; H, 3.75; N, 4.23; F, 35.81.

a-Nitrocumene (2) was obtained from a-methylstyrene via the 
following intermediates.

IV-a-Cumylformamide. a-Methylstyrene (236 g) was subjected 
to the Ritter reaction;10 120 g (36% yield) of slightly impure N-a- 
cumylformamide was obtained. For analysis a small portion of the 
formamide was passed through silica gel using chloroform as the el
uent; the first fraction was largely composed of an impurity. Contin
ued elution with chloroform and then with ethyl acetate gave a yellow 
oil which after Kugelrohr distillation at 0.1 mm and 93 °C is colorless: 
n23D 1.5371; NMR (CDCI3) S 1.53 (s, 3 H), 1.57 (s, 3 H), 7.0-8.2 (m, 7 
H); IR (neat) 3.06 (NH), 3.65 (0=C H ), 6.0 (C = 0 ) pm.

Anal. Calcd for C10H13NO: C, 73.59; H, 8.03; N, 8.58. Found: C, 
73.44; H, 7.82; N, 8.40.

a-Aminocumene. This was obtained on alkaline hydrolysis of the 
formamide;10 from 111.7 g of the slightly impure formamide, 61.9 g 
(67% yield) of pure a-aminocumene was isolated: bp 94 °C (26 mm); 
n24D 1.5174 (lit.11 n25D 1.5175-1.5185); NMR (CDC13) 6 1.41 (s, 8 H),
7.1-7.2 (m, 5 H); IR (neat) 2.98, 3.07 (NH2) pm.

Anal. Calcd for C9H13N: C, 79.95; H, 9.69; N, 10.36. Found: C, 80.03; 
H, 9.74; N, 10.55.

a-Nitrocumene (2). Permanganate oxidation12 of 59.9 g of a- 
aminocumene gave 34.6 g (47% yield) of pure a-nitrocumene: bp 97 
°C (5 mm); n25D 1.5178 (lit.5 n20D 1.5204); NMR (CDC13) i 1.95 (s, 6 
H), 7.39 (s, 5 H); IR (neat) 6.55, 7.44 (N 02) pm.

Anal. Calcd for C9Hu N 02: C, 65.44; H, 6.71; N, 8.48. Found: C, 
65.60; H, 6.72; N, 8.50.
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/J-Arylated Nitroparaffins. General Procedure. The synthesis 
of compound 8 (the reaction of eq 5) is illustrative. The center neck 
of a 200-ml three-neck flask is fitted with an adapter constructed of 
a male and a female ground-glass joint separated by a stopcock. Each 
of the other two necks is fitted with an addition tube (A). These ad
dition tubes are so constructed that their contents may be emptied 
into the flask without opening the system, merely by rotating around 
the joint (cf. Figure 1). One of the addition tubes is charged with 2.989 
g (10 mmol) of 3,5-bis(trifluoromethyl)-a-nitrocumene (7)4 and the 
other contains 4.75 g (50 mmol) of the lithium salt of 2-nitropro
pane;13’9 a magnetic stirring bar and 100 mL of HMPA are placed in 
the flask.

The system is purged of air by evacuating and then bleeding in 
argon. This process is repeated three times and then the HMPA is 
frozen by liquid nitrogen. The system is evacuated to ~1 mm and the 
frozen HMPA is allowed to thaw. This freeze-pump-thaw procedure 
is repeated two more times and then argon at 1-atm pressure is bled 
in. [This rigorous degassing is probably not necessary in most cases. 
An alternative is to purge the system of air simply by evacuating and 
then bleeding in nitrogen; this procedure is repeated three times. A 
number of the reactions of Table I were run both “ freeze-pump-thaw” 
and “ under nitrogen” with identical results.]

The flask is placed under the light apparatus,14 magnetic stirring 
is instituted, and the 2-nitropropane salt is added. After the salt has 
dissolved the 3,5-bis(trifluoromethyl)-a-nitrocumene (7) is added and 
the resulting solution is stirred for 16 h at room temperature. The 
solution is then poured into water and extracted with benzene. The 
benzene phase is washed with water and dried over anhydrous MgS04, 
and then the solvent is removed using a rotatory evaporator under 
reduced pressure. The resulting yellow oil (3.38 g) is dissolved in 15 
mL of hexane and chromatographed on alumina. Elution with hexane 
quickly gives 0.08 g (2% yield) of a colorless liquid which has an NMR 
spectrum identical with that of authentic 2,3-dimethyl-2-[m,m'- 
bis(trifluoromethyl)phenyl]butane;15 that is immediately followed 
by 0.06 g (1% yield) of the m,m'-bis(trifluoromethyl)cumyl dimer: mp
66.5-68 °C (lit.16 mp 67-68 °C). Further elution with 90% hexane-10% 
benzene gives 3.06 g (90% yield) of the /3-arylated nitroparaffin 8: 
colorless crystals; mp 49-50 °C; NMR (CC14) d 1.50 (s, 6 H), 1.57 (s, 
6 H), 7.77 (br s, 3 H).

Anal. Calcd for C14Hi5F6N0 2: C, 48.99; H, 4.40; F, 33.21; N, 4.08; 
mol wt, 343. Found: C, 49.02; H, 4.41; F, 33.04; N, 4.08; mol wt, 344.

The reaction between 3,5-bis(trifluoromethyl)-a-nitrocumene (7) 
and the lithium salt of 2-nitropropane was also studied as regards the 
matter of mechanism. A duplicate of the foregoing experiment was 
carried out except that now 0.168 g (1 mmol) of m-dinitrobenzene was 
present. From the crude red-brown product (3.247 g) a total of 2.975 
g (98% recovery) of pure 3,5-bis(trifluoromethyl)-a-nitrocumene (7) 
was obtained by recrystallization from hexane and chromatography- 
on alumina: mp 54-55 °C. The NMR spectrum of this recovered 
material was identical with that of the starting material and it was 
pure by VPC. Thus, complete inhibition had occurred.

Another duplicate of the first experiment was carried out except 
that here di-fert-butyl nitroxide was present (0.110 g, 0.8 mmol). On 
workup and purification by chromatographing on alumina 2.558 g 
(85%) of the pure starting 3,5-bis(trifluoromethyl)-a-nitrocumene
(7) was obtained: mp 54-55 °C. Its NMR spectrum was identical with 
that of the starting material and it was pure by VPC. Clearly, inhi
bition had occurred.

Finally, the first experiment was repeated exactly as described 
above except that now it was conducted in a dark room and the re
action flask was wrapped with aluminum foil. The crude product was 
a pale tan viscous oil (3.185 g). VPC analysis showed that 69% of this 
oil was unreacted a-nitrocumene 7 and 31% was the 3-arylated ni
troparaffin 8. The crude product was passed through a column of 
alumina and the resulting mixture was analyzed by VPC and by 
NMR. In this way it was found that 1.895 g of the resulting mixture 
was unchanged starting material (63% recovery) and that 0.963 g (28% 
yield) of the /3-arylated nitroparaffin 8 was present. Thus this reaction 
will take place in the dark but at a distinctly slower rate than when 
exposed to two 20-W ordinary fluorescent lights.

2-Methyl-2-phenyl-3-nitrobutane. (A) Preparation. The re
action was carried out in a 25-mL three-neck flask according to the 
general procedure. Into one of the addition tubes ' A) was placed 0.165 
g (1 mmol) of a-nitrocumene and into the other addition tube was 
placed 0.162 g (2 mmol) of the lithium salt of nitroethane;17 10 mL 
of HMPA was placed in the flask. The HMPA was subjected to the 
freeze-pump-thaw procedure while the a-nitrocumene was kept 
frozen with dry ice. The contents of the two addition tubes were then 
transferred to the HMPA and the resulting mixture was stirred for 
45 h under the light apparatus.14 The yellow solution was then placed

in an ice bath and an ice-cold solution of urea (0.369 g) in 1.8 mL of 
20% acetic acid-80% water18 was added all at once. The resulting so
lution was stirred for 10 min in the ice bath and then was poured into 
200 mL of water containing ~2 g of NaCl. The cloudy aqueous HMPA 
solution was extracted repeatedly with pentane and the pentane ex
tracts were then washed repeatedly with water. After drying over 
anhydrous MgS04 the pentane was removed on a rotary evaporator 
under reduced pressure. This gave 0.178 g of a colorless liquid which 
was separated into two fractions by preparative TLC (silica gel; 10% 
ethyl acetate-90% hexane). The first fraction (0.018 g) melted at
103-110 °C. On recrystallization from methanol 0.011 g (0.046 mmol; 
9% yield) of 2,3-dimethyl-2,3-diphehylbutane was obtained: white 
needles; mp 116-117 °C (lit.19 mp 118-119 °C); NMR (CDCL) 5 1.28 
(s, 12 H), 7.15 (m, 10 H).

Anal. Calcd :or C18H22: C, 90.70; H, 9.30; mol wt, 238. Found: C, 
90.65; H, 9.30; mol wt, 238.

The second fraction (0.152 g) was Kugelrohr distilled at 57 °C (0.01 
mm), whereupon 0.143 g of a colorless liquid, n22D 1.5200, was ob
tained; this is 2-methyl-2-phenyl-3-nitrobatane (74% yield). By TLC 
and VPC analysis this is a pure compound: NMR (C D C I3) 6  1.29 (d, 
■J = 7 Hz, 3 H), 1.44 (s, 6 H), 4.86 (q, J  = 7 Hz. 1 H), 7.34 (m, 5 H); IR 
(neat) 6.52. 7.47 (NO2) pm.

Anal. Calcd for Cn Hi5N0 2: C, 68.37; H, 7.82; N, 7.01. Found: C, 
68.14; H, 7.59; N, 7.25.

(B) The Effect o f m-Dinitrobenzene. This experiment was a 
duplicate of the preceding one except that now a 25-mL four-neck 
flask containing three addition tubes (A) was used. The third addition 
tube contained 0.034 g (0.20 mmol) of m -dinitrobenzene and after the 
freeze-pump-thaw procedure this was added to the reaction mixture. 
Workup gave 0.178 g of a red liquid which on preparative TLC yielded
0.142 g of a pale yellow liquid. Kugelrohr distillation at 57 °C (0.1 mm) 
gave 0.135 g of a colorless liquid which NMR analysis reveals is a 
mixture of a-n:trocumene and 2-methyl-2-phenyl-3-nitrobutane in 
a ratio of 95:5. Thus, the 0.135 g of distillate corresponds to a 77% 
recovery of a-nitrocumene and a 4% yield of 2-methyl-2-phenyl-3- 
nitrobutane. The IR of this mixture is virtually identical with that 
of pure a-nitrocumene.

(C) The Effect o f Di-tert-butyl Nitroxide. The first experiment 
of this group (A) was duplicated except that now a 50-mL four-neck 
flask containing three addition tubes was employed. The third ad
dition tube contained 0.013 g (0.09 mmol) of di-ierf-butyl nitroxide; 
during the freeze-pump-thaw deoxygenation procedure the nitroxide 
was kept frozen in dry ice to prevent loss by evaporation. Workup gave 
0.169 g of a brown liquid from which, by preparative TLC, 0.133 g of 
a colorless liquid was obtained. Kugelrohr distillation at 57 °C (0.1 
mm) gave 0.120 g (73% recovery) of a-nitrocumene. Its NMR, IR, and 
n25d are identical with that of the starting material. TLC and VPC 
analyses also attest to the purity of this recovered a-nitrocumene.

(D) The Effect o f Light. Experiment A of this grcup was repeated 
except that it was conducted in a dark room and the system was 
completely wrapped in aluminum foil. Workup, followed by the usual 
preparative TLC and Kugelrohr distillation, gave 0.137 g (83% re
covery) of a colorless liquid which by NMR analysis consisted of a- 
nitrocumene contaminated by a trace (< 2%) of 2-methyl-2-phenyl-
3-nitrobutane. The IR spectrum and the n25p of this material were 
identical with that of pure a-nitrocumene and the VPC and TLC 
analyses failed to reveal the presence of any impurity. Clearly, then, 
little if any reaction takes place in the dark in 45 h.

2-M ethyl-2-p-cyanophenyl-3-nitrobutane (5). (A) Prepara
tion. The reaction of p-cyano-a-nitrocumene4 (0.19C g, 1 mmol) with 
0.162 g (2 mmol) of the lithium salt of nitroethane17 was carried out 
in 10 mL of HMPA according to the general procedure; a nitrogen 
purge was employed rather than the argon freeze-pump-thaw pro
cedure. After 8 h the reaction flask was placed in an ice bath and a cold 
solution of 0.369 g (6 mmol) of urea dissolved in 1.8 mL of 20% acetic 
acid-80% water was added all at once. The solution was stirred for 10
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min in an ice bath, after which it was poured into 200 mL of water 
containing —2 g of NaCl. The aqueous HMPA solution was repeatedly 
extracted first with ethyl ether and then with benzene. The combined 
ether -benzene ext racts were thoroughly washed w:th water and dried 
and then solvent was removed under reduced pressure. The 0.246 g 
of yellow liquid thus obtained was Kugelrohr distilled twice at 122 
°C (0.1 mm). In this way 0.205 g (94% yieldl of pure 2-methyl-2-(p- 
cvanophenvD-3-nitrobutane (5) was obtained: mp 57-58 °C; NMR 
(CDC13) b [1.4 (d, J = 7 Hz), 1.49 (s) 9 H], 4.82 (q, J = 7 Hz. 1 H),
7.4-7.8 (q, 4 H); IR (melt) 4.48 (C=N ), 6.48 (NO>) ^m.

Anal. Calcd for C12H14N2O2: C, 66.04; H, 6.47; N, 12.84. Found: C, 
65.83; H, 6.26; N, 12.64.

On standing for 3 weeks the melting point of 2-methyl-2-(p-cy- 
anophenyl)-3-nitrobutane changed to 62-65 °C; the IR and NMR 
spectra of the higher melting material were, however, identical with 
those of the lower melting form. After 8 months the melting points 
had become 65-66 °C and an elemental analysis gave the following 
results: C, 66.28; H. 6.69; N, 12.98. Clearly, the higher melting material 
is a second crystalline form of 2-methyl-2-(p-cyanophenyl)-3-nitro- 
butane.

(B) The Effect of m-Dmitrobenzene. This experiment was a 
duplicate of the preceding one except that now an additional side-arm 
addition tube (A) was employed; it contained 0.034 g (0.2 mmol) of 
m-dinitrobenzene. After adding the lithium salt of nitroethane to the 
HMPA the m-dinitrobenzene was introduced and, finally, the p- 
cyano-a-nitrocumene. On workup 0.229 g of an orange solid, mp 46-55 
°C, was obtained; this, or. Kugelrohr distillation at 90 °C (0.1 mm), 
gave 0.172 of a yellow solid: mp 55-59 °C. Recrystallization from 
hexane produced 0.136 g [11% recovery) of white needles: mp 61-62 
°C. That this is the pure starting material (p-cyar.o-a-nitroeumene) 
was further shown by a mixed melting point and by VPC and TLC. 
Finally, the recovered material and the starting material have iden
tical NMR and IR spectra.

(C) The Effect o f Di-ferf-Butyl Nitroxide. The first experiment 
of this group (A) was repeated except that 0.014 g (0.1 mmol) of di- 
feri-butyl nitroxide (which was kept frozen during the nitrogen purge) 
was introduced prior to the addition of the p-cyano-a-nitrocumene 
to the HMPA. Workup gave 0.188 g of crude procuct: mp 57-58 °C. 
This after two Kugelrohr distillations at 90 °C (0.1 mm) was white 
and had: mp 60-61 °C; 0.172 g (91% recovery). Pure p-cyano-a-ni- 
trocumene melts at 61-62 °C; the melting point of a mixture was
60.5-61.5 °C. The recovered material was identical by NMR, IR, VPC, 
and TLC with the pure starting material.

(D) The Effect o f Light. Experiment A of this group was dupli
cated except that it was carried out in a dark room and the reaction 
system was wrapped in aluminum foil. The crude product (0.184 g) 
melted at 59-61 °C. Kugelrohr distillation at 90 °C (0.1 mm) gave 
0.168 g (88% recovery) of white needles, mp 61-62 °C. The melting 
point of a mixture of this material and pure p-cyano-a-nitrocumene 
was 61-62 “C. The recovered material was identical by NMR, IR, 
VPC, and TLC with the starting material.

(E) Analytical Sensitivity. Mixtures of the starting compound
(4) and the product (5) of these reactions (cf. eq 4) were analyzed by 
NMR in CDCI3. In this way it was shown that at the 3% level 2- 
methyl-2-p-cyanophenyl-3-nitrobutane (5) can unequivocally be 
detected. Since NMR analyses of the crude reaction products of ex
periments B, C, and D of this group gave no evidence of the presence 
of 5 it can safely be concluded that in those experiments <3% was 
produced.

2,3-Dimethyl-2-(p-cyanophenyl)-3-nitrobutane. (A) Prepa
ration. p-Cyano-a-nitrocumene4 (9.50 g, 50 mmol), the lithium salt 
of 2-nitropropane9''3 (23.75 g, 250 mmol), 500 mL of HMPA, a ni
trogen atmosphere, and a reaction time of 50 h were employed. The 
crude reaction product (10.3 g) was a yellow solid, the NMR analysis 
of which indicated that it was contaminated w.th p-cyanocumyl 
dimer. On recrystallizations from methanol 8.01 g (68% yield) of
2,3-dimethvl-2-(p-cyanophenyl)-3-nitrobutane was obtained: mp
166-167 °C: NMR (CDC13) b 1.53 (s, 12 H), 7.25-T75 (m, 4 Hi.

Anal. Calcd for Ci3H16N20 2: C, 67.22; H, 6.94; N, 12.06. Found: C, 
67.14; H, 6.89; N, 11.93.

(B) Mechanistic Studies. The reaction of p-cyano-a-nitrocumene 
(4) with the lithium salt of 2-nitropropane was studied under argon 
using the freeze-pump-thaw technique (vide supra) to remove oxygen 
from the system. Each experiment of this set employed 0.190 g (1 
mmol) of p-cyano-a-nitrocumene, 0.480 g (5 mmol) of the lithium salt 
of 2-nitropropane, 10 mL of HMPA, magnetic starring, and a 36-h 
reaction time. Except for the dark experiment (see below) the reac
tions were conducted under the light apparatus.14 The reaction 
mixture was poured into water containing sodium chloride and ex
tracted with ether and benzene. The combined extracts were washed

with water and dried and the solvents were removed under reduced 
pressure, thereby giving the crude product.

In the absence of inhibitors the crude product was a pale yellow 
solid (0.211 g): mp 133-155 °C. Kugelrohr distillation at 60 °C (0.1 
mm ) gave 0.012 g of a colorless, multicomponent liquid which was not 
further investigated. On raising the temperature to 100 °C a pale 
yellow solid (0.176 g) sublimed; on recrystallization from methanol 
Ò.123 g of white plates were obtained: mp 167-168 °C. This is a 53% 
yield of pure 2,3-dimethyl-2-(p-cyanophenyl)-3-nitrobutane (6). On 
raising the temperature of the Kugelrohr oven to 131 °C (0.1 mm) a 
tan solid (0.019 g) sublimed over; two recrystallizations of this material 
from methanol yielded 0.010 g of a tan solid: mp 218-219 °C. The 
melting point of authentic 2,3-dimethyl-2,3-di(p-cyanophenyl)butane 
(the p-cyanocumyl dimer) is 218.5-220 °C.20 From the NMR spec
trum in CDCI320 it appears that the 0.010 g of tan solid is a mixture 
of the p-cyanocumyl dimer and 2,3-dimethyl-2-(p-cyanophenyl)-
3- nitrobutane (6) in the ratio 88:12. The presence of the p-cyanocumyl 
dimer was established by exact mass spectroscopy. Calcd exact mass, 
288.163; found, 288.164!

A duplicate experiment in which 0.032 g (0.20 mmol) of m-dini- 
trobenzene was present gave 0.208 g of a red liquid as the crude 
product. Preparative TLC, followed by recrystallization from hexane, 
yielded 0.143 g (75% recovery) of pure p-cyano-a-nitrocumene (4): 
white needles; mp 61-62 °C. A mixed melting point was undepressed 
and the NMR and IR spectra were identical with those of the starting 
material.

A duplicate of the first experiment except that now 0.029 g (0.20 
mmol) of di-fert-butyl nitroxide was present gave on workup 0.188 
g of white crystals: mp 55-61 °C. By preparative TLC and recrystal
lization from hexane a total of 0.144 g (76%) of the starting p-cyano- 
a-nitrocumene (4) was recovered: mp 61-62 °C.

The final experiment of this grcup was a duplicate of the first except 
that it was conducted with complete exclusion of light. The crude 
product was a white solid: mp 58-62 °C. Kugelrohr distillation at 85 
°C (0.1 mm), followed by preparative TLC and recrystallization from 
hexane gave 0.161 g (85% recovery) of pure p-cyano-a-nitrocumene: 
mp 61-62 °C.

2.3- D im ethyl-2-(p-cyanophenyl)-3-nitropentane. p -Cyano- 
n-nitrocumene4 (1.90 g, 10 mmol), the lithium salt of 2-nitrobutane 
(5.45 g, 50 mmol), 100 mL of HMPA, the freeze-pump-thaw proce
dure, and a reaction time of 46 h were employed. The crude product 
was orange (2.72 g) and melted at 96-101 °C. It was Kugelrohr dis
tilled at 100 °C (0.003 mm), whereupon 1.91 g of material, mp 103-106 
°C, was obtained. This, on recrystallization from hexane gave 1.67 g 
(68% yield) of colorless crystals: mp 107-108 °C; NMR (CDCI3) b 0.82 
(t, 3 H), 1.42 (s, 3 H), 1.51 (s, 6 Hi, 1.52 (m, 1 H), 2.37 (m, 1 H), 
7.25-7.75 (m, 4 H).

Anal. Calcd for Ch H1sN202: C. 68.27; H, 7.37; N, 11.37. Found; C, 
68.33; H. 7.60; N, 11.17.

2.3- DimethyI-2-(p-benzenesulfonylphenyl)-3-nitrobutane.
4- Phenylsulfonyl-a-nitrocumene4 (7.90 g, 26 mmol), the lithium salt 
of 2-nitropropane (26 g, 270 mmol), 250 mL of HMPA, under N2, and 
a reaction time of 110 h were employed. Workup gave 10.1 g of an 
off-white solid, mp 135-139 °C, which after two recrystallizations from 
methanol melts at 143-143.5 °C (6.33 g; 71% yield): NMR (CDCI3) 
b 1.48 (s, 12 H), 7.33-7.63 (m, 5 H), 7.70-8.05 (m, 4 H).

Anal. Calcd for C18H21NO4S: C, 62.25; H, 6.05; N, 4.03; S, 9.22; mol 
wt, 347. Found: C, 61.98; H, 5.87: N, 3.86; S, 9.04; mol wt, 343.

2.3- Dimethyl-2-ni,m,-bis(trifluoromethyl)phenyl-3-nitro- 
pentane. m,m'-Bis(tnfluoromethyl)-a-nitrocumene4 (3.40 g, 11.3 
mmol), the lithium salt of 2-nitrobutane (6.15 g, 56.5 mmol), 80 mL 
of HMPA, the freeze-pump-thaw procedure, and a reaction time of 
45 h were employed. The crude product was chromatographed on 
acid-washed alumina using cyclohexane and then benzene as eluents. 
Recrystallization from cyclohexane gave 2.0 g of colorless crystals (50% 
yield): mp 94-96 °C; NMR (CDC13) b 0.83 (t, 3 H), 1.47 (s, 3 H), 1.58 
(s, 6 H), 1.70 (m, 1 H), 2.36 (m, 1 H), 7.84 (s, 3 H); IR (CHCI3) 6.54,
7.32, 7.85 mm.

For analysis a sample was sublimed: mp 94.5-96 °C.
Anal. Calcd for C1SH17N 02F6: C, 50.42; H, 4.79; N, 3.92; F, 31.90. 

Found: C, 50.43; H, 4.77; N, 3.90; F, 31.95.
2.3- D im ethyl-2-(p-benzoylphenyl)-3-nitrobutane. 4-Ben- 

zoyl-a-nitrocumene4 (2.69 g, 10 mmol), the lithium salt of 2-nitro
propane (4.75 g, 50 mmol), 100 mL of HMPA, the freeze-pump-thaw 
procedure, and a reaction time of 72 h were employed. On workup 
2.807 g of an orange solid, mp 95-100 °C, which NMR spectroscopy 
indicated was contaminated with p-benzoylphenylcumvl dimer, was 
obtained. Kugelrohr distillation at 120 °C (0.006 mm) gave 2.431 g 
of material: mp 102-104 °C. The pure product was obtained on re
crystallization from a chloroform-hexane mixture: 1.915 g (62% yield)
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of colorless crystals; mp 109-110 °C; NMR (CDCI3) & 1.53 (s, 12 H),
7.3- 7.9 (m, 9 H).

Anal. Calcd for C19H2iN 03: C, 73.29; H, 6.80; N, 4.50. Found: C, 
73.35; H, 3.60; N, 4.48.

2.3- D im ethyl-2-(p-benzoylphenyl)-3-nitropentane. 4-Ben- 
zovl-a-nitrocumene4 (2.69 g, 10 mmol), the lithium salt of 2-nitro- 
butane91 (5.45 g, 50 mm), 100 mL of HMPA, the freeze-pump-thaw 
procedure, and a reaction time of 74 h were employed. Workup yielded 
3.31 g of an oil which, when Kugelrohr distilled at 120 °C (0.004 mm) 
gave 2.60 g of a pale yellow oil. Crystallization from hexane produced
1.92 g (61% yield) of colorless crystals: mp 93.5-94.5 °C; NMR (CDCI3) 
6 0.82 it, 3 H), 1.43 (s, 3 H), 1.54 (s, 6 H), 1.60 (m, 1 H), 2.41 (m, 1 H),
7.3- 7.9 (m, 9 H).

Anal. Calcd for C20H23NO3: C, 73.82; H, 7.12; N, 4.30; Found: C, 
74.04; H, 7.10; N, 4.56.

2.3- D im ethyl-2-(p-nitrophenyl)-3-nitropentane. a,p-D:ni 
trocumene4 (7.00 g, 35 mmol), the lithium salt of 2-nitrobutane9"13 
(19.07 g, 175 mmol), 350 mL of HMPA, a nitrogen atmosphere, and 
a 6-h reaction time were employed. The crude product (8.6 g; mp 
99-105 °C) was recrystallized from a hexane-chloroform mixture. 
This gave 6.93 g (74% yield) of pure product: mp 105.5-106 °C; NMR 
(CDCI3 ) 6  0.80 (t, 3 H), 1.42 (s, 3 H), 1.52 (s, 6 H), 1.56 (m, 1 H), 2.46 
(m, 1H), 7.52 (m, 4 H).

Anal. Calcd for Ci3H18N20 4: C, 58.64; H, 6.81; N, 10.52. Found: C, 
58.85; H, 7.04; N, 10.47.

2.3- D im ethyl-3-(p-cyanophenyl)-2-nitropentane. 2-(p-Cy- 
anophenyl)-2-nivobutane (2.04 g, 10 mmol), the lithium salt of 2- 
nitropropane9'13 (4.75 g, 50 mmol), 100 mL of HMPA, the freeze- 
pump-thaw procedure, and a reaction time of 92 h were employed. 
On workup 2.548 g of an orange oil was obtained; by NMR analysis 
the desired product was contaminated with 3,4-dimethyl-3,4-di- 
(p-cyanophenyl)hexane. Kugelrohr distillation at 100 °C (0.004 mm) 
gave 1.977 g of a yellow oil which crystallizes from hexane: mp
71.5-72.5 °C; yield, 1.48 g (60%); NMR (CDC13) 6 0.69 (t, 3 H), 1.50 
(s, 6 H), 1.56 (s, 3 H), 1.55-2.65 (m, 2 H). 7.25-7.80 (m, 4 H).

Anal. Calcd for C14H18N202: C, 68.27; H, 7.37; N, 11.37. Found: C, 
68.47; H, 7.36; N, 11.14.

2.3- Dimethyl-3-m,m '-bis(trifluoromethyl)phenyl-2-nitro- 
pentane. 2-m,m'-Bis(trifluoromethyl)phenyl-2-nitrobutane (2.50 
g, 7.95 mmol) and the lithium salt of 2-nitropropane913 (3.77 g, 39.6 
mmol) were allowed to react in 60 mL of HMPA. The freeze-pump- 
thaw procedure and a reaction time of 45 n were employed. The crude 
product was distilled in the Kugelrohr apparatus at 70-80 °C (1 mm); 
this gave 1.7 g of a colorless oil (60% yield): NMR (CDCI3) 6 0.74 (t, 
3 H), 1.55 (s, 9 H), 1.65-2.80 (m, 2 H), 7.78 (br s, 2 H), 7.86 (br s, 1 H); 
IR (CHCI3) 6.52. 7.30, 7.82 pm.

Anal. Calcd for C15H17N 02F6: C, 50.42; K, 4.79; N, 3.92; F, 31 90. 
Found: C. 50.77; H, 5.00; N, 3.95; F, 31.85.

2.3- Dimethyl-3-(p-nitrophenyl)-2-nitropentane. 2-(p-Nitro- 
phenyl)-2-nitrobutane4 (9.85 g, 44 mmcl), the lithium salt of 2-ni- 
tropropane (20.84 g, 220 mmol), 300 mL of HMPA, and a reaction time 
of 3 h were employed. The crude product was purified by chroma
tography on acid-washed alumina using benzene as the eluent. This 
was followed by recrystallization from hexane: yield 8.9 g (76%) of pale 
yellow crystals; mp 94-95.5 °C; NMR (CDC13) 6 0.72 (t, 3 H), 1.55 and
1.58 (s each, total 9 H), 1.72 (m, 1 H), 2.36 (m, 1 H), 7.50 and 8.19 
(AA'BB' system with J ab = 9 Hz., total 4 H); IR (CHCI3) 6.25,6 58,
7.40 p m.

For analysis a small sample was again recrystallized from a cyclo
hexane-benzene mixture: mp 96-97 °C.

Anal. Calcd for Ci3Hi8N204: C, 58.64; H, 6.81; N, 10.52. Found: C, 
58.78; H, 6.71; N, 10.30.

Solvent Effects. The effects of solvents on the reaction of p- 
cyano-a-nitrocumene (4) and of 3,5-bis(trifluoromethyl)-a-nitrocu- 
mene (7) with the lithium salt of 2-nitropropane were examined in 
a preliminary way. In both instances the reaction is much faster in 
HMPA than in Me2SO or DMF. It is slowest in DMF, but the rate 
difference between DMF and Me2SO is not large. Thus, in one set of 
experiments involving 4 when the reaction is 77% complete in HMPA 
it has proceeded only 26% in Me2SO and 14% in DMF. Furthermore, 
the production of p-cyanocumyl dimer is highest in Me2SO, next 
highest in DMF, and much the smallest in HMPA. Similar results 
were obtained in reactions employing 7; the rate of reaction is un
ambiguously greater in HMPA than in the other two solvents. And 
here, again, the formation of cumyl dimer is minimal in HMPA.
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The stereochemistry of the nucleophilic step of the ring-opening reactions of l-(p-tolyl)- (lb ) and l-(m-chloro- 
phenyl)bicyclo[4.1.0]heptane (lc ) with mercuric salts has been investigated and compared with that of the corre
sponding phenylcyclopropane (la) in order to verify how a substituent on the phenyl of la, modifying the conjuga- 
tive ability of the aromatic system, could influence the stereochemical results. The mercuration reactions of lb  and 
lc  have a behavior parallel to that of la: the stereoselectivity changes markedly with the salt and with the reaction 
conditions; however, all the percentages of syn products arising from the reactions of lc  and most of those obtained 
in the ring opening of lb  are slightly lower than the corresponding values obtained for the unsubstituted cyclopro
pane la. Possible explanations of the observed stereochemical results have been given on the basis of a mechanism, 
modified from that previously suggested for la, implying intermediate structures with a high degree of carbocation- 
ic character.

The ring opening of cyclopropanes by electrophiles cccurs 
in the direction of the more stable carbocation with either 
retention or inversion of configuration at the site of the elec
trophilic attack, depending on the nature and configuration 
of the ring substituents, whereas the stereochemistry of the 
nucleophilic step takes place with complete or strongly pre
dominant inversion of configuration.1-4

Recently it has been shown5 that the ring opening of 
phenylcyclopropane la with mercuric salts occurs, according 
to expectation,1'2’4-6 by attack of the electrophile on the 
least-substituted carbon, in the direction of the benzylic 
carbon. However, the stereochemistry of the nucleophilic step 
was highly variable, ranging from almost complete inversion 
to markedly predominant retention of configuration de
pending on the type of mercuric salt and on the solvent.5 The 
results obtained,5 in agreement with kinetic results of the 
mercuration of arylcyclopropanes,6 pointed to transition states 
or intermediates with a high degree of positive charge on the 
benzylic carbon. In order to justify the results a mechanism 
was suggested (see Scheme I)5 analogous to the one previously 
postulated to rationalize the similar stereochemical behavior 
of the acid-catalyzed ring opening of 1-aryloxiranes.7 Attack

Scheme I a

a a, Ar = C6H5; b, Ar = p-CH 3C6H4; c, Ar = m-ClC6H4.

of the mercury (as HgX2)6 on the least-hindered carbon1'2’4 
. of la leads to a corner-mercurated intermediate which can 
evolve through an incipient carbenium ion (like 2) to selec
tively interacting ion-nucleophile pairs (3 for reaction in 
nonnucleophilic solvents and 4 for reactions in nucleophilic 
solvents). According to the mechanistic scheme proposed,5 
the anti adducts 5 or 6 should have arisen by attack of the 
nucleophile (X -  or SOH) at the stage of the incipient car
benium ion 2, whereas collapse of the ion-nucleophile pairs 
should have afforded the syn compounds 7 or 8. Evidently in 
such a mechanism every factor affecting the relative stability 
of structures 2, 3, or 4 and their reactivity should also modify 
the syn/anti ratio; factors favoring the development of the 
positive charge on the benzylic carbon should increase this 
ratio.

It was therefore of interest to study how a substituent on

a b, Ar = p-CH 3C6H4; c , Ar = m-ClC„H4 ; X  = CH3COO,
c f 3c o o , n o 3, c i o 4.

0022-3263/78/1943-1400$01.00/0 © 1978 American Chemical Society
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Table I. Stereochemistry of the Nucleophilic Step of the Mercuration of Cyclopropane 1
Cyclo

propane
Registry

no.
Mercuric

salt
Registry

no. Solvent
Cis (13)/trans 

(14) ratio
la 2415-82-9 Hg(OOCCH3)2 1600-27-7 H20 13.5:86.5“
b 64705-88-0 11.2:38.8
c 64705-89-1 9.2:90.8
a Hg(OOCCF3)2 13257-51-7 h2o 19.5:30.5“
b 22.5:77.5
c 15.3:84.7
a Hg(N03)2 10045-94-0 h2o 22.5:77.5“
b 21.4:78.6
c 16.3:83.7
a Hg(C104)2 7616-83-3 HoO 23.0:77.0“
b 22.3:77.7
c 18.8:81.2
a Hg(OOCCH3)2 THF-H20  (1:1) 25.5:74.5“
b 18.1:81.9
c 23.4:76.6
a Hg(OOCCF3)2 THF-H20  (1:1) 28.5:71.5“
b 22.9:77.1
c 28.3:71.7
a Hg(OOCCH3)2 CH2C12 58.0:42.0“
b 59.1:40.9
c 52.3:47.7
a Hg(OOCCF3)2 c h 2ci2 75.0:25.0“
b 67.3:32.7
c 74.0:26.0

“ Reference 5.

the phenyl of la, modifying the conjugative ability of the ar
omatic system, could influence the stereochemistry of the 
nucleophilic step of the cyclopropane ring opening with 
mercuric salts. The present investigation deals with the syn
thesis and the study of the mercuration reactions of cyclo
propanes lb and lc. The p-methyl in lb, because of its elec
tron-donating properties, should stabilize a benzylic elec
tron-deficient center,7c-8 whereas the overall electron-with
drawing effect of the m-chloro group in lc should have an 
opposite result.70'9

Cyclopropanes lb and lc have been obtained by the Sim- 
mons-Smith reaction of the corresponding olefins 15b and 15c 
and have been purified by treatment with ozone followed by 
chromatography. Analogously to the unsubstituted cyclo
propane la,5 the hydroxymercuration of lb and lc with 
mercuric acetate and mercuric trifluoroacetate in water 
yielded mixtures of the two corresponding organomercurials 
cis- 8 and trans-6, in which the latter predominated (see 
below) and was obtained in a pure state by crystallization. 
Reductive demercuriation of the trans organomercurials 6b 
and 6c (X = OOCCH3 and OOCCF3) gave the corresponding 
practically pure trans alcohols 14b and 14c. The diastereo- 
isomeric cis alcohols 13b and 13c have been prepared in a pure 
form through unequivocal stereospecific syntheses. The re
action of 2-hydroxymethylcyclohexanone (9) with an excess 
of the suitable arylmagnesium bromide afforded mixtures 
consisting mainly of the cis diols 10b and 10c10 accompanied 
by small amounts of their corresponding trans isomers, from 
which the former were obtained by crystallization. The diols 
10b ar.d 10c were transformed into their corresponding pri
mary monotosylates 12b and 12c, which on reduction with 
LiAlH4 afforded the alcohols 13b and 13c having the same 
relative configuration as the starting diols 12b and 12c. Pure 
alcohol 13b has been also obtained by the reaction of 2- 
methylcyclohexanone with p-tolylmagnesium bromide, fol
lowed by column chromatography; in this reaction the trans 
isomer 14b is practically absent (<2%). The configuration of 
the p -methyl-substituted cis diol 10b has been proven, as has 
also that of the m-chloro analogue 10c,10 by its IR spectrum 
in the 3-pm range in a dilute solution of CC14, which showed

1
i ,  flr = ( ^ 5
b ,  Ar= p-CHj C6H4
c ,  Ar = m -CI Cj H4

Figure 1. Structure of cyclopropanes (1).

a strong band at 3507 cm-1, indicative of a strong intramo
lecular OH—O bond10'11 possible in both chair conformers of 
10b. Further confirmation of the configuration of 10b has been 
given by the *H NMR spectrum of the acid lib obtained by 
Jones oxidation of 10b. Keeping in mind that the aryl group, 
due to its larger steric hindrance, should occupy an equatorial 
position in the preferred conformation of lib, the relatively 
high half-band width (18 Hz)1012 of the signal of the proton 
a to the carboxy group allows one to infer the relative con
figuration of 11 b and consequently of 10b. The structures of 
alcohols 13 and 14 have been confirmed on the basis of their 
'H NMR spectra.

The hydroxymercuration reactions of lb and lc have been 
carried out in H20  and H20-TH F with several salts, and the 
crude mixtures of the hydroxymercurials 8b, 6b and 8c, 6c 
have been analyzed, as was previously done for the mercura
tion reactions cf la,5 through reductive demercuriation of the 
crude reaction mixtures with NaBH4,13 followed by GLC of 
the corresponding alcohols 13 and 14 (see Table I). Mercu
ration of lb and lc with Hg(OOCCH3)2 and Hg(OOCCF3)2 
in CH2C12 yielded mixtures of the corresponding acyloxyor- 
ganomercurials cis- 7 and trans- 5 (X = OOCCH3 or 
OOCCF3),5 whose ratios were determined by their reduction 
with LiAlH4 to the alcohols 13b, 14b and 13c, 14c, respec
tively, followed by GLC analysis. The results of the nucleo
philic step of the mercuration reactions of cyclopropanes lb 
and lc are summarized in Table I. Furthermore, the corre
sponding data for the unsubstituted cyclopropane la have also 
been reported in the same table for the sake of comparison.
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A first inspection of the results obtained (see Table I) shows 
that, as for the stereochemistry of the nucleophilic step, the 
mercuration reactions of cyclopropanes lb and lc have a be
havior parallel to that of the phenylcyclopropane la pre
viously studied.5 It can be observed that the stereoselectivity 
of the nucleophilic step of the mercuration of all the cyclo
propanes la-c changes markedly with the nature of the salt 
and with the reaction conditions. Higher percentages of syn 
adducts are formed when the reactions are carried out in the 
aprotic solvent (CH2C',2), whereas the lower syn percentages 
are obtained in the reactions in H20  when less ionic mercuric 
salt (mercuric acetate) is used. Furthermore, it may be pointed 
out that all the percentages of syn products arising from the 
reactions of m-chloro-substituted cyclopropane lc  and most 
of those obtained in the ring opening of the p-methyl-sub- 
stituted cyclopropane lb are slightly lower than the corre
sponding values obtained in the reactions of the unsubstituted 
cyclopropane la,5 even if the differences observed are rela
tively small.

In connection with the previously proposed mechanism5 
(see above), on the basis of the well-known electronic effects 
of the substituents (p-methyl and m-chbro)9’10 and the 
known effect of such substituents on the stereochemistry of 
die acid-catalyzed ring opening of l-aryloxiranes,7c it would 
be anticipated that in the case of cyclopropane lc the m- 
chloro substituent, which reduces the stability of the benzylic 
electron-deficient center, compared with the unsubstituted 
compound la, should have favored (see Scheme I; no confor
mational implication is given to formulas) structures of type
2 more than those of type 3 or 4, facilitating the formation of 
the anti adducts 5 and 6 in agreement with the experimental 
results. On the contrary, in the case of the cyclopropane lb, 
the p-methyl group should cause an opposite effect, thus fa
voring intermediates 3 and 4 and therefore the formation of 
the syn adducts 7 and 8 in contrast with the experimental 
results observed. Evidently the mechanism previously sug
gested in order to rationalize the results of the mercuration 
of la5 has to be modified. It must be pointed out, however, 
that the aryl group has to be important in determining the 
course of the mercuration of these compounds. As a matter 
of fact, apart from the clear directive effect of the aryl group 
in the regioselectivity of these reactions, the stereochemistry 
of the nucleophilic step of the mercuration of cyclopropanes 
carrying no aryl group on the ring is completely anti.1'2'4 
Furthermore, it must be kept in mind that the lack of com
plete anti stereoselectivity in the reactions under consider
ation clearly implies intermediate structures with high degrees 
of carbocationic character; the intervention of structures of 
this type in the mercuration of arylcyclopiopanes was sup
ported by a Hammett-type plot of the mercuration rates of 
arylcyclopropanes.6 It could be that in the mercuration of 
cyclopropanes 1, unlike the acid-catalyzed ring opening of 
oxiranes,' the attack of the nucleophile on the more carbo
cationic structures 3 and 4 is not completely syn stereoselec
tive and therefore that the formation of both the syn as well 
as the anti products and consequently the different stereo
selectivity of the reactions of each cyclopropane should be 
mainly due to differences in solvation of the intermediates and 
to differences in the stability of the selectively interacting ions
3 and 4. For example, the increase of syn adduct in the mer
curation of cyclopropanes I in aqueous solvent when the 
mercuric salt is changed from mercuric acetate to more highly 
ionic salts could be due to a strong interaction between mer
cury and the water molecule of 4. Structures of type 2 in which 
the C-C bond is not completely broken should be no longer 
the solely responsible structures for determining the amount 
of anti adducts (5 and 6); perhaps in the present case struc
tures of type 2 could rapidly evolve to the more carbocationic 
ones, 3 and 4, before the attack of the nucleophile. However,

the steps 2 — 5 or 2 — 6 cannot be completely ruled out. In 
conclusion, notwithstanding some analogies found between 
the stereoselectivity of the acid-catalyzed ring opening of 
aryloxiranes and the mercuraticn of arylcyclopropanes, the 
results obtained indicate sensible differences in the mecha
nisms responsible for the stereochemistry of these reac
tions.

Experimental Section
All melting points were taken on a Kofler micro hot stage and are 

uncorrected. Infrared spectra were measured with a Perkin-Elmer 
Infracord Model 137 on paraffin oil mulls, and the determination of 
OH stretching bands of 10b was made with a Perkin-Elmer Model 257 
double-beam grating spectrophotometer in dried (P2O5) CC14 using 
the indene band at 3110 cm-1 as a calibration standard; a quartz cell 
of 2-cm optical length was employed, and the concentration of the 
solution was lower then 5 X lO“ 3 M to prevent intermolecular asso
ciation. The NMR spectra were determined in ca. 10% CDC1.1 solutions 
with a Jeol C 60 HL spectrometer using tetramethylsilane as an in
ternal standard. All GLC analyses were performed on a Carlo Erba 
Fractovap GV apparatus with a flame ionization detector using a dual 
column system with glass columns (1.5 mm X 2.5 m) packed with 10% 
Carbowax 20M on 80-100 mesh silanized Chromosorb W: column, 160 
°C; evaporator, 200 °C; detector, 200 °C; nitrogen flow, 30 mL/min. 
The order of increasing retention times was 13b, 14b, 13c, and 14c. 
The relative percentages of compounds 13 and 14 were obtained from 
two or more separate runs on each experiment Preparative TLC was 
performed on 2-mm silica gel plates (Merck F254) containing a fluo
rescent indicator; spots were detected under UV light (245 nm). All 
comparisons between compounds were made on the basis of IR and 
NMR spectra and GLC. MgS04 was always used as a drying agent. 
Evaporations were made in vacuo (rotating evaporator). Petroleum 
ether refers to the fraction boiling at 40-70 °C. CH ,C12 was dried over 
P2O,.

l-(p-Tolyl)cyclohexene (15b),14 l-(ro-chlorophenyl)cyclo- 
hexene (15c),14 2-hydroxymethylcyclohexanone (9),15 and 1- 
(m-chlorophenyl)-c-2-tosyloxymethyl-r-l-cyclohexanoI (12c)10
were prepared as previously described.

l-(p-Tolyl)bicyclo[4.1.0]heptane (lb ). A mixture of zinc dust 
(34.6 g. 0.53 g-atoml and cuprous chloride (5.24 g. 0.053 mol) in an
hydrous ether (60 mL) was stirred rapidly and refluxed vigorously for
1 h.16 After cooling, a few crystals of iodine and then l-(p-tolyl)cy- 
clohexene (15b, 20.0 g, 0.116 mol) were added to the zinc-copper 
couple. The well-stirred mixture was then treated dropwise with 
methylene iodide (94.8 g, 0.353 mol) to maintain spontaneous re
fluxing. When the addition was complete the mixture was stirred and 
refluxed for an additional 24 h. After cooling, the reaction mixture 
was treated with saturated aqueous NH4C1 and the ether layer was 
separated. The aqueous mixture was extracted with ether, and then 
the organic extracts were washed with water, saturated aqueous 
NaHCOa, and water, dried, and evaporated to yield crude 1 b (19.5 g), 
which was ozonized in CHCI3 at 0 °C for 1 h in order to eliminate 
traces of olefinic products. The chloroformic solution was washed with
2 N Na2C03 and water and evaporated to dryness, and the residue 
was chromatographed on a 3 X 70 cm column of ALO3 (activity I) 
using petroleum ether as the eluent and collecting 50-mL fractions. 
The 5th and the 6th fractions yielded pure lb  (GLC): 6.5 g; NMR f>
2.25 (s. 3, CH3), 1.05-0.42 (m, 2, cyclopropane protons); the signal of 
the third cyclopropane proton is overlapped with the methylenic 
envelope. Anal. Calcd for Cu H h: C, 90.26: H, 9.73. Found: C, 90.16; 
H, 9.75.

l-(m-Chlorophenyl)bicyclo[4.1.0]heptane (lc ) . Reaction of 
l-(m -chlorophenyDcyclohexene (15c, 10.0 g, 0.052 mol) with a zinc- 
copper couple.16 prepared from zir.c dust 117.3 g. 0.26 g-atom) and 
cuprous chloride (2.61 g, 0.026 mol) in anhydrous ether (30 mL) with 
methylene iodide (47.4 g. 0.17 rr.ol) as described above for he prep
aration of lb, yielded a crude mixture which was ozonized in CHCI3 
according to the procedure described for lb. Evaporation of the 
washed (saturated aqueous NeHCOa and water) CHCI3 solution 
yielded crude lc  (8.9 gl. which was purified by chromatography on 
a 2 X 40 cm column of AI2O3 (activity I) using petroleum ether as the 
eluent and collecting 50-mL fractions. Fractions 2-10 yielded pure 
lc  (GLC): 5.2 g; NMR ft 1.05-0.54 (m. 2, cyclopropane protons); the 
signal of the third cyclopropane proton is overlapped with the 
methylenic envelope. Anal. Calcd for C13H 5CI: C. 75.53: H, 7.31. 
Found: C, 75.45; H. 7.59.

l-(p -T olyl)-e-2-hydroxym ethyl-r-l-cyclohexanol (10b). A
solution of 9 (10.0 g. 0.078 mol) in anhydrous ether (20 mL) was added 
dropwise to a Grignard reagent prepared from p-bromotoluene (29.7
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g, 0.17 mol) and magnesium (4.15 g, 0.17 g-atom) in anhydrous ether 
(65 mL). When the addition was complete '.he reaction mixture was 
refluxed for 3 h and then hydrolyzed with crushed ice, saturated 
aqueous NH4CI, and then diluted aqueous HC1. The organic layer was 
separated, and the aqueous portion was extracted with ether. Evap
oration of the washed (H20, 10% aqueous Na2C 03, and H20 ) and 
dried ether extracts yielded an oily product (11.0 g) from which pure 
1 0 b (2.1 g) was obtained by crystallization from petroleum ether at 
- 5  °C, mp 48-49 °C; IR (CC14) e(OH) 3638 (s, free OH), 3500 cm“ 1 
(s, OH—O); NMR <5 3.48 (m, 2, CH2OH) 2.36 (s, 3, C6H4CH3). Anal. 
Calcd for C;4H2o0 2: C, 76.32; H, 9.14. Found: C, 76.21; H, 9.27.

2 -(p -T olyl)-c-2 -h ydroxy-r-l-cycloh exanecarboxylic  Acid 
( lib ) . A solution of 10b (0.185 g, 0.84 mmol) in acetone (20 mL) was 
treated dropwise with Jones reagent17 (0.44 mL) and left 10 min at 
room temperature. The mixture was diluted with water and extracted 
with ether, and the ether portion was extracted with 10% aqueous 
Na2C03. Acidification of the alkaline solution with 10% aqueous HC1, 
extraction with ether, and evaporation of the washed ether extracts 
yielded crude l ib  (0.130 g) as a solid, which was recrystallized from 
petroleum ether (bp 60-80 °C) to give pure l ib  (0.080 g). mp 163-164 
°C; IR X 5.97 Mm; NMR 8 2.95 (m, 1, W = 18 Hz, CHCOOH), 2.30 (s. 
3, C6H4CH3). Anal. Calcd for C]4Hi80 3: C, 71.77; H, 7.74. Found: C. 
72.00; H, 7.77.

l-(p -Tolyl)-c-tosyloxym ethyl-r-l-eyclohexanol (12b). Tosyl 
chloride (1.85 g, 9.70 mmol) was slowly added to a solution of 10b (0.46 
g, 2.08 mmol) in dry pyridine (6 mL) while keeping the temperature 
at about 5 °C. After 4 days at room temperature the reaction mixture 
was treated with crushed ice and extracted with CHC13. The organic 
extracts were washed with dilute H2S 04 and water and evaporated 
to give a crude product (0.56 g) which crystallized from CCI4 to yield 
pure 12b (0.41 g), mp 131-133 °C; IR X (OH) 2.86 Mm; NMR f> 3.82 (d, 
2, -7 = 5.3 Hz, CH20), 2.47 (s, 3 ,0 S0 2C6H4CH3), 2.36 (s, 3, C6H4CH3). 
Anal. Calcd for C21H260 4S: C, 67.35; H, 6.99. Found: C, 67.23; H,
6.75.

l-(p-Tolyl)-c-2-m ethyl-r-l-cyclohexanol (13b). (A) A solution 
of 2-methylcyclohexanone (24.7 g, 0.22 mol) in anhydrous ether (50 
mL) was added dropwise to the Grignard reagent prepared from p- 
bromotoluene (48.7 g, 0.28 mol) and magnesium (6.8 g, 0.28 g-atom) 
in anhydrous ether (75 mL). When the addition was complete the 
resulting mixture was refluxed for 2 h and then left for 12 h at room 
temperature. After cooling, the mixture was treated with crushed ice, 
saturated aqueous NH4C1, and diluted aqueous HC1. The organic 
layer was separated, and the aqueous portion was extracted with ether. 
The combined ether extracts were washed (H20, 10% aqueous 
Na2C03. and H20), dried, and evaporated to yield an oily residue (38.7 
g) which was distilled to give an oil (34.0 g), bp 154-157 °C (10 mm), 
consisting essentially of 13b; the trans isomer 14b was practically 
absent (<2%). The distilled oil (3.0 g) was purified by chromatography 
through a 2 X 50 cm column of silica gel prepared in petroleum ether. 
On eluting in succession with petroleum ether (4 L), 98:2 petroleum 
ether-ether (3 L), and 97:3 petroleum ether-ether (2 L), pure 13b was 
obtained (1.1 g, eluted with 98:2 petroleum ether-ether) as an oil: IR 
X (OH 1 2.87 pm; NMR 5 2.32 (s, 3, C6H4CH3), 0.62 (d, 3 ,7  = 6.0 Hz, 
CHCH3). Anal. Calcd for C14H20O: C, 82.30; H, 9.86. Found: C, 82.17; 
H, 9.72.

(B) A solution of 12b (0.35 g, 0.93 mmol) in anhydrous ether was 
added dropwise to a stirred suspension of LiAlH4 (0.70 g, 18.4 mmol) 
in anhydrous ether (20 mL). When the addition was complete the 
reaction mixture was refluxed for 15 h, the excess hydride was de
composed with a minimum amount of water and 2 N NaOH, and the 
dried ether laver was evaporated to dryness to yield pure 13b 
(GLC).

l-(m -C hlorophenyl)-c-2-m ethyl-r-l-cyclohexanol (13c). A
solution of 12c (0.80 g, 2.02 mmol) in anhydrous ether (30 mL) was 
added to a stirred suspension of LiAlH4 (1.52 g, 40.0 mmol) in anhy
drous ether (50 mL). When the addition was complete the reaction 
mixture was refluxed for 1 hr, the excess hydride was decomposed with 
a minimum amount of water and 2 N NaOH, and the organic layer 
was separated and dried. Evaporation o: the organic phase yielded 
an oily residue (0.38 g) consisting of 13c, which was purified by pre
parative TLC; a 95:5 mixture of petroleum ether and ether was used 
as the eluent, yielding pure 13c (0.21 g) (GLC) as an oil: IR X (OH) 2.90 
Mm; NMR 8 0.62 (d, 3 ,7  = 6.0 Hz, CH3). Anal. Calcd for Ci3H17C10: 
C. 69.47; H, 7.62. Found: C, 69.78; H, 7.56.

l-(p-Tolyl)-t-2-acetoxym ercurim ethyl-r-l-cyclohexanol (6 b, 
X = CH3COO). A stirred suspension of lb (0.72 g. 3.86 mmol) in water 
(70 mL) was treated with mercuric acetate (1.27 g, 3.98 mmol) and 
then stirred at room temperature for 3 days. After this time the re
action mixture was extracted with CH2C12, and the washed (H20) 
extracts were evaporated to give an oily residue (1.20 g) which on

crystallization from benzene yielded pure 6 b (X = CH3COO) (0.97 
g), mp 142.5-143 °C; IR X (OH) 2.93, (CO) 6.30 Mm; NMR 5 2.37 (s, 
3, C6H4CH3), 1.90 (s, 3, OCOCH3). Anal. Calcd for Ci6H220 3Hg: C, 
41.51; H, 4.79. Found: C, 41.86; H, 4.93.

l-(p -Tolyl)-i-2 -trifluoroacetoxym ercurim ethyI-r-l-cyclo- 
hexanol (6 b, X = CF3COO). Mercuric trifluoroacetate18 (0.85 g, 1.99 
mmol) was added to a stirred suspension of lb  (0.36 g, 1.93 mmol) in 
water (30 mL). After stirring for 3 days at room temperature, the re
action mixture was extracted with CH2C12 and the washed (H20) 
organic extracts yielded on evaporation a crude product (0.80 g) from 
which pure 6 b (X = CF3COO) (0.34 g) was obtained by crstyallization 
from benzene-petroleum ether (bp 80-100 °C): mp 132-133 °C; IR 
X (OH) 2.91, (CO) 5.95 Mm; NMR 8 2.35 (s, 3, C6H4CH3). Anal. Calcd 
for Ci6Hi90 3F:!Hg: C, 37.17; H, 3.70. Found: C, 37.53; H, 3.69.

l-(m -C hlorophenyl)-i-2 -acetoxym ercurim ethyl-r-l-cyclo- 
hexanol (6 c, X = CH3COO). Reaction of lc  (0.50 g, 2.4 mmol) with 
mercuric acetate in water as described above for the analogous reac
tion of lb  (in the present case the reaction time was 5 days) yielded 
an oily residue (0.81 g) which crystallized from benzene, affording pure 
6 c (X = CH3CCO) (0.22 g), mp 132-133 °C; IR X (OH) 2.95, (CO) 6.35 
Mm; NMR 8 1.95 (s, 3, CH3). Anal. Calcd for C15Hi90 KClHg: C, 37.27; 
H, 3.96. Found: C, 37.60; H. 4.00.

l-(ra-Chlorophenyl)-t-2-trifluoroacetoxym ercurim ethyl-r- 
1-cyclohcxanol (6 c, X = CF3 COO). Treatment of lc  (0.50 g, 2.41 
mmol) with mercuric trifluoroacetate18 in water as described for the 
analogous reaction of lb  (in the present case the reaction time was 
5 days) yielded a crude product (0.95 g) which on crystallization from 
benzene-light petroleum (bp 60-80 °C) gave pure 6 c (X = 
CF3COO)(0.43 g): mp 122-124 °C; IR X (OH) 2.94, (CO) 5.97 Mm. Anal. 
Calcd for CI5H160 3ClF3Hg: C, 33.52; H, 3.00. Found: C, 34.07; H,
3.12.

l-(p -T oIyl)-i-2 -m ethyl-r-l-cyclohexanol (14b). (A) A stirred 
suspension of 6h (X = CH3COO) (0.80 g, 1.72 mmol) in water (30 mL) 
was treated in succession with tetrahydrofuran (30 mL), 4 N NaOH 
(3.5 mL), and sodium borohydride (0.200 g, 5.28 mmol) and then 
stirred for 10 m.n. The reaction mixture was diluted with water and 
extracted with ether. Evaporation of the washed (H20) ether extracts 
yielded an oily residue (0.37 g) which was purified by preparative TLC 
(a 95:5 mixture of petroleum ether and ether was used as the eluent 
and elution was repeated twice). Pure 14b was obtained (0.155 g) as 
a solid: mp 48-49 °C; IR X (OH) 2.88 Mm; NMR 8 2.36 (s, 3, C6H4CH3), 
0.65 (d, 3 ,7 = 7.5 Hz. CHCH3). Anal. Calcd for Ci4Ho(>0: C, 82.30; H.
9.86. Found: C, r2.20; H. 10.09.

(B) Compound 6 b (X = CH3COO) (0.30 g, 0.65 mmol) was added 
to a stirred suspension of LiAlH4 (0.150 g. 3.9 mmoll in anhydrous 
tetrahydrofuran and then the reaction mixture was stirred for 15 min. 
The excess hydride was decomposed with a minimum amount of water 
and 2 N NaOH, and the organic layer was separated. Evaporation of 
the dried organic phase yielded a residue (0.126 g) which consisted 
essentially of 14b.

(C) Reduction of 6 b (X = CF3COO) (0.25 g, 0.48 mmol) as described 
above in A for 6 b (X = CH3COO) yielded a solid residue of 14b (0.050 
g)-

l-(m -Chlorophenyl)-t-2-m ethyl-r-l-cyclohexanol (14c). (A)
Reduction of 6c (X = CH3COO) (0.35 g, 0.72 mmoll, as described 
above for the preparation of 14b in A, gave crude 14c (0.165 g), which 
was purified by preparative TLC (a 9:1 mixture of petroleum ether 
and ether was used as the eluent and elution was repeated twice), 
yielding pure 14c (0.080 g) as an oil: IR X (OH) 2.94 Mm; NMR 8 0.66 
(d, 3 ,7  = 7.2 Hz CHj). Anal. Calcd for Ci3H16OCl: C, 69.47; H. 7.62. 
Found: C, 69.82; H, 7.70.

(B) Compound 6c (X = CF3COO) (0.20 g, 0.37 mmol) was reduced 
as described above for the preparation of 14b in A to yield crude oily 
14c (0.057 g).

Reaction of lb and lc  with Several M ercuric Salts in Water.
A suspension of the cyclopropane (lb  or lc) (0.26 mmol) in water (5 
mL) was treated with the appropriate mercuric salt (0.24 mmol) and 
then stirred at room temperature (3 h for the reactions of lb  and 15 
h for the reactions of lc). Then the reaction mixture was treated with 
tetrahydrofuran (4 mL), 4 N NaOH (0.5 mL), and sodium borohydride 
(0.027 g, 0.73 mmol), stirred for 10 min, diluted with water, and ex
tracted with ether. Evaporation of the washed (water) and dried ether 
extracts yielded a residue which was analyzed by GLC. The ratios of 
13 and 14 are shown in Table I. Reactions of lb and lc, carried out 
under the same conditions but reducing the mixtures after shorter 
reaction times (30 min and 1 h for lb and 5 h for lc). yielded the same 
product ratio within experimental error.

Reaction of lb  and lc  with M ercuric Acetate and M ercuric 
Trifluoroacetate in Tetrahydrofuran-W ater. A solution of the 
cyclopropane (lb  or lc) (0.26 mmol) in a 1:1 (v/v) tetrahydrofuran-
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w a t e r  m i x t u r e  ( 5  m L )  w a s  t r e a t e d  w i t h  m e r c u r i c  a c e t a t e  o r  m e r c u r i c  

t r i f l u o r o a c e t a t e  ( 0 .2 4  m m o l)  a n d  s t i r r e d  a t  r o o m  t e m p e r a t u r e  (E a n d  

6  h  f o r  t h e  r e a c t i o n  o f  lb w i t h  m e r c u r i c  a c e t a t e  a n d  m e r c u r i c  t r i f l u 

o r o a c e t a t e ,  r e s p e c t i v e l y ,  a n d  1 5  h  f o r  t h e  r e a c t i o n s  o f  lc). T h e n  4  N  

N a O H  ( 0 .5  m L )  a n d  s o d i u m  b o r o h y d r i d e  ( 0 .0 2 7  g , 0 .7 3  m m o l)  w e r e  

a d d e d  a n d  s t i r r i n g  w a s  c o n t in u e d  f o r  1 0  m in .  T h e  w o r k u p  w a s  c a r r i e d  

o u t  a s  d e s c r i b e d  a b o v e  f o r  t h e  r e a c t i o n s  in  w a t e r ,  a n d  t h e  r e s i d u e  

o b t a i n e d  w a s  a n a l y z e d  b y  G L C .  R e a c t i o n s  o f  1  c a r r i e d  o u t  u n d e r  t h e  

s a m e  c o n d i t io n s  b u t  s t o p p i n g  a f t e r  r e l a t i v e l y  lo n g e r  c o n t a c t  t i m e s  (2 4  

h  f o r  b o t h  l b  a n d  l e )  y i e l d e d  t h e  s a m e  p r o d u c t  r a t i o  w i t h i n  e x p e r i 

m e n t a l  e r r o r .
Reaction of lb and lc with Mercuric Acetate and Mercuric 

Trifluoroacetate in Anhydrous CH2CI2. A  s o l u t i o n  o f  t h e  c y c l o 

p r o p a n e  (lb o r  lc) ( 0 .2 6  m m o l)  in  a n h y d r o u s  C H 2 C I 2 ( 5  m L ’  w a s  

t r e a t e d  w i t h  t h e  m e r c u r i c  s a l t  ( 0 .2 4  m m o l) ,  s t i r r e d  a t  r o o m  t e m p e r 

a t u r e  ( 3 0  m in  f o r  t h e  r e a c t i o n s  o f  lb a n d  2 4  h  a n d  1 5  m in  f o r  t h e  r e 

a c t i o n s  o f  l c  w i t h  m e r c u r i c  a c e t a t e  a n d  m e r c u r i c  t r i f l u o r o a c e t a t e ,  

r e s p e c t i v e l y ) ,  t h e n  d i lu t e d  w i t h  C H 2 C I 2 , w a s h e d  i m m e d i a t e l y  w i t h  

w a t e r ,  a n d  e v a p o r a t e d .  T h e  r e s i d u e  ( in  t h e  r e a c t i o n s  w i t h  

H g ( O O C C F 3) 2 , X ( C O )  5 .7 6 ,  6 . 2 0  mm  f o r  lb a n d  5 . 7 7  a n d  6 . 1 9  gm  f o r  

lc; in  t h e  r e a c t i o n s  w i t h  H g ( O O C C H 3 >2 , X ( C O )  5 .6 2 ,  5 .9 5  ^ m  f o r  lb 
a n d  5 .6 2  a n d  5 .9 2  gm  f o r  lc 1 w a s  t a k e n  u p  in  a n h y d r o u s  e t h e r  ( 1 0  m L ) ,  

t r e a t e d  w i t h  L i A l H 4 ( 0 .0 5 0  g , 1 . 3 1  m m o l) ,  s t i r r e d  f o r  1 0  m i n  a t  r o o m  

t e m p e r a t u r e ,  a n d  t h e n  r e f . u x e d  f o r  1 0  m in .  T h e  e x c e s s  h y d r i d e  w a s  

d e c o m p o s e d  w i t h  a  m i n i m u m  a m o u n t  o f  w a t e r  a n d  2  N  N a O H ,  a n d  

t h e  d r i e d  e t h e r  l a y e r  w a s  e v a p o r a t e d  t o  d r y n e s s  t o  y i e l d  a  r e s i d u e  

w h ic h  w a s  a n a l y z e d  b y  G L C .  T h e  r a t i o s  b e t w e e n  13 a n d  14 a r e  s h o w n  

in  T a b l e  I . R e a c t i o n s  o f  lb a n d  lc w it h  e a c h  s a l t  c a r r ie d  o u t  u n d e r  t h e  

s a m e  c o n d i t io n s  b u t  s t o p p i n g  a f t e r  r e l a t i v e l y  d i f f e r e n t  c o n t a c t  t im e s  

( 1 , 3 ,  a n d  6  h  f o r  t h e  r e a c t io n  o f  lb w it h  m e r c u r ic  a c e t a t e ,  1 5  m in  a n d  

1  h  f o r  t h e  r e a c t i o n  o f  lb w i t h  m e r c u r i c  t r i f l u o r o a c e t a t e ,  4 8  h  f o r  t h e  

r e a c t io n  o f  lc w it h  m e r c u r ic  a c e t a t e ,  a n d  8  m in  a n d  3  h  fo r  t h e  r e a c t io n  

o f  lc w it h  m e r c u r i c  t r i f l u o r o a c e t a t e )  y i e l d e d  t h e  s a m e  p r o d u c t  c o m 

p o s i t i o n  w i t h i n  e x p e r i m e n t a l  e r r o r .  H o w e v e r ,  in  t h e  c a s e  o f  t h e  r e a c 

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

( 3  a n d  6  h )  s h o w e d  a n  in c r e a s e  o f  t h e  p e r c e n t a g e  o f  t h e  s v n  a d d u c t  d u e  

t o  a  s lo w  e p i m e r i z a t i o n  a t  t h e  b e n z y l i c  c a r b o n .
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R e g i s t r y  No.—6b ( X  =  C H 3C O O ) , 6 4 7 0 5 - 9 0 - 4 ;  6b ( X  =  C F 3C O O ) , 

6 4 7 0 5 - 9 1 - 5 ;  6c ( X  =  C H 3 C O O ) , 6 4 7 0 5 - 9 2 - 6 ;  6c ( X  =  C F j C O O ) ,  

6 4 7 0 5 - 9 3 - 7 ;  9, 5 3 3 1 - 0 8 - 8 ;  10b, 6 4 7 0 5 - 9 4 - 8 ;  lib, 6 4 7 0 5 - 9 5 - 9 ;  17b,
6 4 7 0 5 -  9 6 - 0 ;  12c, 6 4 7 0 5 - 9 7 - 1 ;  13b, 6 4 7 0 5 - 9 8 - 2 ;  13c, 6 4 7 0 5 - 9 9 - 3 ;  14b,
6 4 7 0 6 -  0 0 - 9 ;  4 a ,  6 4 7 0 6 - 0 1 - 0 ;  15b, 1 8 2 1 - 2 3 - 4 ;  15c, 2 7 1 6 3 - 6 5 - 1  m e t h 

y l e n e  io d i d e ,  7 5 - 1 1 - 6 ;  p - b r o m o t o l u e n e ,  1 0 6 - 3 8 - 7 ;  t o s y l  c h lo r  d e ,  9 8 -  

5 9 - 9 ;  2 - m e t h y l c y c l o h e x a n o n e ,  5 8 3 - 6 0 - 8 .
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Elimination of Tertiary a Hydrogens from Tosylhydrazones with 
Lithium Diisopropylamide: Preparation of Trisubstituted Alkenes
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T o s y l h y d r a z o n e s  c o n t a i n i n g  o n l y  t e r t i a r y  «  h y d r o g e n s  r e a c t  w i t h  l i t h i u m  d i i s o p r o p y l a m i d e  ( L D A )  t o  y i e l d  t r i 

s u b s t i t u t e d  a l k e n e s .  T h e  r e a c t i o n  o f  t h e s e  a n d  o t h e r  t o s y l h y d r a z o n e s  w i t h  L D A  s h o w s  a  h ig h  d e g r e e  o f  r e g i o s p e c i f i -  

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

b y  t h e  d o m i n a n c e  o f  t h e  c i s  a l k e n e  e x c e p t  in  c a s e s  w h e r e  i s o m e r i z a t i o n  t o  t h e  t r a n s  a l k e n e  h a s  a  lo w  a c t i v a t i o n  b a r 

r ie r .  T h e  r e a c t i o n  o f  L D A  w it h  t o s y l h y d r a z o n e s  o f  / f - k e t o  e s t e r s  is  a l s o  s u c c e s s f u l .

The reaction of tosylhydrazones with alkyllithium re
agents is a convenient method of preparing terminal or di- 
substituted alkenes.1 This reaction has not, however, proved 
to be useful for the preparation of trisubstituted alkenes. Al
though a few isolated examples of tertiary tv-hydrogen elimi
nation have been reported,2 3 no yield or product distribution 
was given. We recently reported that isobutyrophenons tos- 
ylhydrazone does not undergo elimination with methyllithium 
in ether a :0 °,' but at room temperature substitution at the 
imino carbon competes effectively with elimination.4 Although 
substitution can be inhibited by the use of tetramethvleth- 
ylenediame (TMEDA) as a co-solvent, the yield of isobuten- 
ylbenzene is quite poor.

We now wish to report that trisubstituted alkenes are 
conveniently prepared from tosylhydrazones which contain 
only tertiary a hydrogens by the use of lithium diisopro
pylamide (LDA) instead of methyllithium.5̂ 7 The moderate 
product yields (38-66%) are compensated by the convenience 
and by the mild reaction conditions.8 Table I shows t ie data 
for the production of five trisubstituted alkenes.

The data in Table I show that for products which do not 
tend to undergo isomerization, TMEDA is the solvent of 
choice. However, in systems which do tend to isomerize, 
TMEDA appears to facilitate the rearrangement. For exam
ple, 2-methyl-2-norbornene isomerizes to 2-methylenenor- 
bornane,9 and the tricyclic system behaves similarly. The low

0022-3263/78/1943-1404$0L.00/0 © 1978 American Chemical Society
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T a b l e  I .  T r i s u b s t i t u t e d  A l k e n e s  f r o m  T o s y l h y d r a z o n e s  a n d  L i t h i u m  D i i s o p r o p y l a m i d e

T o s y l h y d r a z o n e

NN H Ts

N N H t's

NN H Ts

R e g i s t r y  n o . S o l v e n t P r o d u c t ( s ) R e g i s t r y  n o .

Y i e l d ,

%

5 6 6 3 8 - 1 1 - 0 T M E D A I s o b u t e n y l b e n z e n e 7 6 8 - 4 9 - 0 5 7 “

1 7 5 3 0 - 0 0 - 6 T M E D A 2 , 4 - D i m e t h y l - 2 - p e n t e n e 6 2 5 - 6 5 - 0 5 4 “

5 4 2 8 8 - 4 7 - 0 T M E D A 1 , 2 - D i p h e n y l - l - p r o p e n e  ( c i s / t r a n s 6 6 ^

r a t i o ,  1 6 : 8 4 )

6 4 8 8 4 - 7 4 - 8 E t h e r 2 - M e t h y l - 2 - n o r b o r n e : i e 6 9 4 - 9 2 - 8 3 8 5
T M E D A 2 - M e t h y l - 2 - n o r b o r n e n e 8 1 “

3 - M e t h y l e n e n o r b o r n e n e 4 9 7 - 3 5 - 8 1 9 “

6 4 8 8 4 - 7 5 - 9 E t h e r 9 - M e t h y l t r i c y c I o [ 5 . 2  1 . 0 2 ,6  ] - 8 - d e c e n e 6 4 9 3 7 - 2 7 - 5 4 3 6

T M E D A 9 - M e t h y l t r i c y c l o [ 5 . 2  1 . 0 2 ’ 6 ] - 8 - d e c e n e 3 2 6

9 - M e t h y l e n e t r i c y c l o  [ 5 . 2 . 1 . 0 2 ’ 6 ] - 6 4 9 3 7 - 2 8 - 6 2 6 6

d e c a n e

“  P r o d u c t  i s o l a t e d  b y  d i s t i l l a t i o n .  b P r o d u c t  i s o l a t e d  b y  c o l u m n  c h r o m a t o g r a p h y .  e  R a t i o  b y  g a s  c h r o m a t o g r a p h y .

T a b l e  I I .  R a t i o  o f  c i s -  a n d  trans- A l k e n e s  f r o m  T o s y l h y d r a z o n e s  a n d  L D A / T M E D A

C i s / t r a n s  Y i e l d ,

T o s y l h y d r a z o n e  R e g i s t r y  n o .  P r o d u c t  R e g i s t r y  n o .  r a t i o  %

NN HTs

NN HTs

NNHTs

1 7 3 3 6 - 6 6 - 2

1 4 1 9 5 - 2 4 - 5

f r a n s - l - P h e n y l - l - p r o p e n e  

i r a r c s - 1 - P h e n y l - 1 - p r o p e n e

8 7 3 - 6 6 - 5 4 0 6

4 0 “

NN HTs

3 6 4 3 2 - 8 8 - 9 3 - H e p t e n e 9 2 : 8 5 5 6

A J X
N N H Ts

6 4 8 8 4 - 7 6 - 0 2 , 6 - D i m e t h y l - 3 - h e p t e n e 9 2 : 8 7 4 6

N N H T s

6 4 8 8 4 - 7 7 - 1 l - P h e n y l - 3 - b u t e n e 7 6 8 - 5 6 - 9 7 5 6

N N H Ts

6 4 8 8 4 - 7 8 - 2 4 - N o n e n e 9 4 : 6 7 2 6

1 9 8 1 6 - 8 5 - 4 S t i l b e n e 8 0 : 2 0 7 2 “

“ Y i e l d  o b t a i n e d  b y  G C  s t a n d a r d  m e t h o d .  b P r o d u c t  i s o l a t e d  b y  d i s t i l l a t i o n .  “ P r o d u c t  i s o l a t e d  b y  c o l u m n  c h r o m a t o g r a p h y .

cis/trans ratio observed in the formation of 1,2-diphenyl-l- 
propene also appears to be the result of some isomerization 
since higher ratios were observed using ether solvent.10 For 
this reason several other tosylhydrazones which would give 
stable products were tested with the LDA/TMEDA reactant. 
Table II shows the results of this investigation.

The exclusive formation of ircm.s-l-phenyl-1 -propene from 
propiophenone tosylhydrazone with LDA/TMEDA is in direct 
contrast with the 3:1 cis/trans ratio observed with MeLi/ 
Et20 .10 The case of phenylacetone tosylhydrazone is even 
more striking since the allylbenzene product, obtained with 
MeLi/EtjO,1’4 is not observed at all. The other tosylhydra
zones shown in the table give predominantly cis products, a 
result consistent with the previous observations.10 From these 
data, it appears as if an especially active allylic hydrogen is 
required for product isomerization; whereas the bicyclic and 
tricyclic internal alkenes appear to be special cases.9 This 
argument is supported by the exclusive formation of 1-phe- 
nyl-3-butene from l-phenyl-3-butanone tosylhydrazone.

An explanation for the dominant formation of cis products 
comes from the recent reports on the stereoselective «-proton 
abstraction from oximes and their derivatives.11-13 Scheme

I depicts a reasonable mechanism based on the oxime re
sults.

The tosylhydrazone syn dianion, which was proposed by 
us4 and confirmed by Dauben,14 can exist in conformation A 
or B. Since it appears that the stabilizing force in the dianion 
is the 67r-electron overlap,13 it follows that the other non
bonding pair on nitrogen will be repelled and that the elec
tropositive sulfur will be attracted by the electron density on 
the a carbon. Therefore, any group attached to the a carbon 
would prefer to be in conformation A. Alternatively, if the lone 
electron pair is “ inside,” it may sterically induce the substi
tuent on the «  carbon to reside preferentially on the “outside.” 
In either event, the cis-alkene product would be generat
ed.15

The case of 2-octanone tosylhydrazone represents an in
teresting example which again demonstrates that the stere
ochemistry of the carbon-nitrogen double bond controls the 
regiospecificity of the reaction.414 Highly purified 2-octanone 
tosylhydrazone consists of a single stereoisomer, and it yields
1-octene exclusively upon reaction with alkyllithium re
agents.16’17 However, in some preparations of 2-octanone to
sylhydrazone a second stereoisomer can be detected, albeit
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Table III. Physical Constants for Tosylhydrazones

T o s y l h y d r a z o n e  o f Y i e l d ,  % M p ,  ° C M S  m /e  ( r e l a t i v e  i n t e n s i t y )

I s o b u t y r o p h e n o n e 8 4 1 0 3 - 1 0 4 3 1 6 ( M + - 6 ) , 1 1 9  ( 1 0 0 ) ,  1 1 7  ( 4 2 ) ,  1 3 9  ( 2 9 ) ,  9 1  ( 2 9 ) ,  1 3 2  ( 2 6 )

2 , 4 - D i m e t h v l - 3 - p e n t a n o n e 6 4 1 1 2 - 1 1 3 2 8 2 ( M + - 1 0 ) ,  1 2 7  ( 1 0 0 ) ,  9 7  ( 6 3 ) ,  4 1  ( 5 9 ) ,  9 1  ( 5 5 ) ,  5 5  ( 4 0 )

1 , 2 - D i p h e n y l - l - p r o p a n o n e 5 7 1 4 7 - 1 4 9 3 7 8 ( M + - 4 ) ,  2 2 3  ( 1 0 0 ) ,  9 1  ( 4 4 ) ,  1 0 5  ( 3 8 ) ,  1 9 4  ( 2 9 ) ,  1 7 9  ( 2 7 )

3 - M e t h y l - 2 - n o r b o r n a n o n e 8 5 1 3 0 - 1 3 2 2 9 2 ( M + - 6 ) , 1 3 7  ( 1 0 0 ) ,  9 1  ( 4 4 ) ,  9 5  ( 3 8 ) ,  9 3  ( 3 4 ) ,  7 9  ( 3 2 )

9 - M e t h y l - 8 - k e t o t r i c y c l o - 6 5 1 4 5 - 1 4 6 3 3 2 ( M + - 6 ) , 1 7 7  ( 1 0 0 ) .  7 9  ( 4 0 ) ,  9 1  ( 2 5 ) ,  1 0 9  ( 1 4 ) .  4 1  ( 1 4 )

[ 5 . 2 . 1 . 0 2 -6] d e c a n e

l - P h e n v l - 2 - p r o p a n o n e 9 3 1 3 7 - 1 3 9 3 0 2 ( M + - 7 ) ,  1 4 7  ( 1 0 0 ) ,  9 1  ( 6 7 ) ,  1 1 8  ( 4 8 ) ,  1 1 7  ( 3 5 ) ,  1 0 7  ( 3 0 )

P r o p i o p h e n o n e 9 6 1 2 0 - 1 2 1 3 0 2 ( M + - 9 ) ,  1 4 7  ( 1 0 0 ) ,  1 1 8  ( 6 2 ) ,  1 1 9  ( 6 0 ) ,  4 3  ( 5 0 ) ,  9 1  ( 4 3 )

4 - H e p t a n o n e 8 4 8 0 - 8 1 2 8 2 ( M + - 1 6 ) ,  1 2 7  ( 1 0 0 ) ,  4 4  (8 6 ) , 4 2  ( 6 3 ) ,  4 1  ( 5 4 ) ,  4 3  ( 4 2 )

5 - N o n a n o n e 8 1 6 6 3 1 0 ( M + - 8 ) , 1 1 3  ( 1 0 0 ) ,  1 5 5  ( 8 0 ) ,  5 8  ( 8 0 ) ,  4 1  ( 5 4 ) ,  5 5  ( 5 0 )

D e o x y b e n z o i n 7 0 1 3 7 - 1 3 8 3 6 4 ( M + - 6 ) ,  9 1  ( 1 0 0 ) ,  9 2  ( 3 3 ) ,  6 5  ( 2 3 ) .  2 0 9  ( 2 0 ) ,  1 8 0  ( 1 5 )

2 , 6 - D i m e t h y l - 4 - h e p t a n o n e 7 6 1 1 0 - 1 1 2 3 1 0 ( M + - 1 0 ) .  1 5 5  ( 1 0 0 ) ,  5 8  ( 6 5 ) ,  9 9  ( 6 0 ) ,  5 6  ( 6 0 ) ,  4 3  ( 5 0 )

l - P h e n y l - 3 - b u t a n o n e 9 2 1 2 5 - 1 2 6 3 1 6 ( M + - 2 5 ) ,  9 1  ( 1 0 0 ) ,  1 6 1  ( 4 3 ) ,  1 1 7  ( 3 6 ) ,  1 3 1  ( 3 0 ) ,  5 7  ( 2 5 )

a A l l  m a s s  s p e c t r a  o b t a i n e d  a t  7 0 e V  i o n i z i n g  e n e r g y .
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i n  s m a l l  a m o u n t s .  I n  o n e  p r e p a r a t i o n  w e  w e r e  a b l e  t o  o b t a i n  

a  7 6 : 2 4  m i x t u r e  o f  t h e  t w o  s t e r e o i s o m e r s  a s  c e t e r m i n e d  b y  ' H  

N M R  s p e c t r o s c o p y .  T h e  m a j o r  i s o m e r  h a s  a  s y n  r e l a t i o n s h i p  

b e t w e e n  t h e  m e t h y l  g r o u p  a n d  t h e  t o s y l a i r . i d e  f u n c t i o n  ( 1 ) ,  

a n d  t h e  m i n o r  i s o m e r  h a s  a n  a n t i  r e l a t i o n s h i p 1 8  ( 2 ) .  D e c o m -

T s H N

|  — <- C H , = C H ( C H 2) C H 3

C H tC ( C H 2 )5C H :,

1
N — N H T s
!' —  C H ;C H = C H ( C H  )4C H ,

C H 3C (C H ..) 5C H 3

2
p o s i t i o n  o f  t h i s  s t e r e o i s o m e r i c  m i x t u r e  w i t h  L D A  i n  T M E D A  

y i e l d s  a  p r o d u c t  m i x t u r e  w h i c h  c o n t a i n s  a  m i x t u r e  o f  1 - o c t e n e

a n d  2 - o c t e n e  i n  t h e  r a t i o  o f  8 0 : 2 0  a s  d e t e r m i n e d  b y  g a s  c h r o 

m a t o g r a p h y .  T h e s e  r e s u l t s  a r e  t o t a l l y  c o n s i s t e n t  w i t h  e l i m i 

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

Experimental Section
Materials. K e t o n e s ,  w i t h  t h e  e x c e p t i o n  o f  1 , 2 - d i p h e n y l - l - p r o p a -  

n o n e ,  3 - m e t h y l - 2 - n o r b o r n a n o n e ,  a n d  9 - m e t h v l - 8 - k e t o t r i c y -  

c l o [ o .2 . 1 .0 2 6 ] d e c a n e ,  w e r e  o b t a i n e d  f r o m  c o m m e r c i a l  s o u r c e s .  1 , 2 - 

D i p h e n y l - l - p r o p a n o n e  w a s  p r e p a r e d  b y  p h a s e - t r a n s f e r  a l k y l a t i o n  

o f  d e o x y b e n z o in  w i t h  m e t h y l  io d id e .19  3 - M e t h y l- 2 - n o r b o r n a n o n e  w a s  

p r e p a r e d  in  7 1 %  i s o la t e d  y i e l d  b y  t r e a t i n g  2 - n o r b o r n a n o n e  w i t h  L D A  

in  T H F / H M P A  a t  - 7 8  ° C  f o l l o w e d  b y  r e a c t i o n  w i t h  m e t h y l  io d id e .  

9 - M e t h y l - 8 - k e t o t r i c y c l o [ 5 . 2 . 1 . 0 2-6] d e c a n e  w a s  p r e p a r e d  b y  g e n e r a t in g  

t h e  d i a n i o n  o f  8 - k e t o t r i c y c l o [ 5 . 2 . 1 . 0 2’6] d e c a n e  t o s y l h y d r a z o n e  a n d  

s u b s e q u e n t  t r a p p i n g  w i t h  m e t h y l  i o d i d e .  T o s y l h v d r a z i n e  w a s  p r e 

p a r e d  b y  t r e a t i n g  t o s y l  c h lo r i d e  w i t h  h y d r a z i n e . 20  T o s y l h y d r a z o n e s  

w e r e  p r e p a r e d  in  7 0 - 9 5 %  i s o l a t e d  y i e l d  b y  t r e a t i n g  t h e  k e t o n e  w i t h  

t o s y l h v d r a z i n e  in  9 5 %  e t h a n o l .  B e s t  r e s u l t s  w e r e  o b t a i n e d  w h e n  k e 

t o n e s  w e r e  p u r i f i e d  p r i o r  t o  u s e .  M e : h y l l i t h i u m  in  d i e t h y l  e t h e r  w a s  

u s e d  t o  g e n e r a t e  L D A  a n d  w a s  p u r c h a s e d  f r o m  V e n t r o n  A l f a  P r o d 

u c t s .  D i i s o p r o p y la m in e  w a s  d r ie d  o v e r  s o d i u m  h y d r o x id e  a n d  d i s t i l l e d .  

T e t r a m e t h y l e t h y l e n e d i a m i n e  ( T M E D A )  w a s  d r i e d  o v e r  l i t h i u m  

a l u m i n u m  h y d r i d e  a n d  d i s t i l l e d .  E l i m i n a t i o n  r e a c t i o n s  w e r e  c a r r i e d  

o u t  in  t w o  s o l v e n t s ,  d i e t h y l  e t h e r  a n d  T M E D A .  D i e t h y l  e t h e r  w a s  

e m p lo y e d  t o  i n h i b i t  t h e  i s o m e r i z a t i o n  o f  r e a c t i v e  a l k e n e  p r o d u c t s .  

Y i e l d s  w e r e  s o m e w h a t  lo w e r  w h e n  d i e t h y l  e t h e r  w a s  u s e d  a s  a  s o lv e n t .  

I n  c a s e s  w h e r e  a l k e n e s  w e r e  p r o d u c e d  h a v i n g  t h e  c i s  c o n f i g u r a t i o n ,  

1 0  e q u i v  o f  d i i s o p r o p y l a m i n e  w a s  e m p lo y e d  p e r  e q u i v a l e n t  o f  t o s 

y l h y d r a z o n e .  I n  a l l  o t h e r  c a s e s  4  e q u i v  o f  d i i s o p r o p v l a m i n e  w e r e  

e m p lo y e d ,  f r o m  w h ic h  2 .5  e q u i v  o f  L D A  w a s  g e n e r a t e d .  T w o  w o r k u p  

p r o c e d u r e s  w e r e  e m p lo y e d  t o  r e m o v e  d i i s o p r o p y l a m i n e  a n d  T M E D A  

f r o m  a lk e n e  p r o d u c t s .  O n e  p r o c e d u r e  e m p lo y e d  a q u e o u s  a c i d  w a s h e s .  

I n  t h e  o t h e r ,  n e u t r a l  c o n d i t i o n s  w e r e  o b t a i n e d  b y  f i r s t  w a s h i n g  t h e  

o r g a n i c  p h a s e  w i t h  w a t e r  t o  r e m o v e  T M E D A ,  f o l l o w e d  b y  s e v e r a l  

w a s h e s  w i t h  c o p p e r  s u l f a t e  s o lu t io n  t o  r e m o v e  d i i s o p r o p y l a m i n e .  T h e  

l a t e r  p r o c e d u r e  c a n  b e  u s e d  e f f e c t i v e l y  w i t h  a c i d - s e n s i t i v e  a l k e n e s .  

E a c h  p r o c e d u r e  is  o u t l i n e d  b e lo w .  A l l  g l a s s w a r e  w a s  d r i e d  a t  1 1 5  ° C  
p r i o r  t o  u s e .

T h e  s t r u c t u r e s  o f  a l l  t o s y l h y d r a z o n e s  a n d  a l k e n e  p r o d u c t s  w e r e  

a s s i g n e d  o n  t h e  b a s i s  o f  t h e i r  m a s s  s p e c t r a l .  N M R .  a n d  I R  c h a r a c 

t e r i s t i c s .  T h e  a s s i g n m e n t  o f  t h e  c i s  c o n f i g u r a t i o n  t o  a l k e n e s  d e r i v e d  

f r o m  c o m p o u n d s  1  a n d  2  w a s  m a d e  b y  c o m p a r i n g  t h e i r  c a r b o n - 1 3  

N M R  c h e m i c a l  s h i f t  d a t a  t o  k n o w n  l i t e r a t u r e  v a l u e s .2 1  M a s s  s p e c t r a l  

d a t a  w a s  o b t a i n e d  o n  a  V a r i a n  C H - 5  m a s s  s p e c t r o m e t e r .  'H  N M R  

s p e c t r a  w e r e  o b t a i n e d  o n  V a r i a n  A 6 0 - A  a n d  H A - 1 0 0  N M R  s p e c 

t r o m e t e r s .  C a r b o n - 1 3  N M R  s p e c t r a  w e r e  o b t a i n e d  o n  a  J E O L  

P F T - 1 0 0  s p e c t r o m e t e r  e q u i p p e d  w i t h  a  N i c o l e t  M o d e l  1 0 8 0  d a t a  

s y s t e m .  I R  s p e c t r a  w e r e  o b t a i n e d  o n  a  P e r k i n - E l m e r  3 3 7  g r a t i n g  i n 

f r a r e d  s p e c t r o m e t e r .  M e l t i n g  p o i n t s  w e r e  o b t a i n e d  o n  a  T h o m a s -  

H o o v e r  c a p i l l a r y  m e l t i n g  p o i n t  a p p a r a t u s  a n d  a r e  c o r r e c t e d .

Isobutyrophenone Tosylhydrazone (1): General Procedure. 
T o s y l h y d r a z i n e  1 3 . 9  g  ( 7 4  m m o l)  w a s  d i s s o l v e d  in  3 0  m L  o f  h o t  9 5 %  

e t h a n o l  a n d  i s o b u t y r o p h e n o n e  ( 1 0 . 0  g ,  6 7 .5  m m o l) ,  a n d  3  d r o p s  o f  

c o n c e n t r a t e d  H C 1  w a s  a d d e d .  T h e  s o lu t io n  w a s  b o i le d  f o r  1 0  m in  a n d  

c o o le d .  T h e  t o s y l h y d r a z o n e  w a s  c r y s t a l l i z e d  a n d  i s o l a t e d ,  v i e l d  1 8 . 0  

g  ( 8 4 % ) ; m p  1 0 3 - 1 0 4  ° C ;  I R  ( K B r )  3 2 0 0 ,  2 9 5 0 , 1 6 0 0 , 1 3 4 0 , 1 1 6 0 ,  6 9 0  

c m " 1 ; ! H  N M R  ( C D C 1 3 ) b 1 . 0 3  (d , 6 ), 2 .4 6  (s , 3 ) ,  2 .7 2  ( s e p t e t ,  1 ) , 6 .9 - 7 .9  
( m , 9 ) ;  m a s s  s p e c t r u m ,  s e e  T a b l e  I I I .
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Isobutenylbenzene: General Procedure A. T o s y l h y d r a z o n e s  

w e r e  e l im in a t e d  b y  t h e  f o l lo w in g  g e n e r a l  p r o c e d u r e .  D i i s o p r o p y la m in e  

( 1 0 . 2  g ,  1 0 1  m m o l)  a n d  5 1  m L  o f  T M E D A  ( 2  m L  p e r  m i l l i m o l e  o f  t o 

s y l h y d r a z o n e )  w e r e  p la c e d  in  a  2 5 0 - m L  t h r e e - n e c k  f l a s k  e q u i p p e d  

w it h  a  m a g n e t i c  s t i r r e r ,  r e f l u x  c o n d e n s e r ,  s o l id  a d d i t io n  t u b e ,  N 2  in le t ,  

a n d  d r y i n g  t u b e .  T h e  s o l u t i o n  w a s  b l a n k e t e d  w i t h  N 2  g a s  a n d  c o o le d  

t o  0  ° C .  M e t h y l l i t h i u m  i n  d i e t h y l  e t h e r  ( 3 9 .5  m L ,  6 3 . 3  m m o l)  w a s  

a d d e d  o v e r  a  p e r i o d  o f  5  m i n ,  a n d  t h e  s o l u t i o n  w a s  a l l o w e d  t o  s t i r  f o r  

5  m in . I s o b u t y r o p h e n o n e  t o s y l h y d r a z o r .e  ( 8 .0  g , 2 5 . 3  m m o l)  w a s  t h e n  

a d d e d  o v e r  a  p e r i o d  o f  3  m in ,  t h e  c o ld  b a t h  r e m o v e d ,  a n d  t h e  s o lu t io n  

s t i r r e d  o v e r n i g h t  a t  r o o m  t e m p e r a t u r e  u n d e r  a n  N 2  a t m o s p h e r e .  

E n o u g h  w a t e r  w a s  c a r e f u l l y  a d d e d  t o  d i s s o l v e  l i t h i u m  s a l t s .  T h e  s o 

lu t io n  w a s  p o u r e d  in t o  a  s e p a r a t o r y  f u n n e l ,  t h e  l a y e r s  w e r e  s e p a r a t e d ,  

a n d  t h e  a q u e o u s  p h a s e  w a s  e x t r a c t e d  t n r e e  t i m e s  w i t h  5 0  m L  o f  d i 

e t h y l  e t h e r .  T h e  o r g a n ic  l a y e r s  w e r e  c o m b in e d  a n d  w a s h e d  f i v e  t im e s  

w i t h  5 0  m L  o f  w a t e r .  T h e  r e s u l t in g  e t h e r  l a y e r  w a s  w a s h e d  w i t h  5 0 - m L  

a l iq u o t s  o f  0 .4 8  M  H C 1  u n t i l  t h e  a q u e o u s  l a y e r  m a in t a in e d  a  p H  o f  0 .3 .  

T h e  e t h e r  l a y e r  w a s  w a s h e d  o n c e  w i t h  5 0  m L  o f  s a t u r a t e d  N a H C O s  

s o l u t i o n  f o l l o w e d  b y  o n e  5 0 - m L  w a t e r  w a s h .  T h e  o r g a n i c  l a y e r  w a s  

d r i e d  o v e r  N a o S C L  a n d  f i l t e r e d ,  a n d  t h e  e t h e r  r e m o v e d  b y  f r a c t i o n a l  

d i s t i l l a t i o n .  T h e  a l k e n e  w a s  t h e n  d i s t i l l e d  t o  y i e l d  1 . 9  g  o f  1 - p h e n y l -

2 - m e t h y lp r o p e n e  ( 5 7 % ) , b p  1 0 3 - 1 0 4  ° C  ( 4 3  m m ) ;  I R  ( n e a t )  3 1(X ) , 3 0 0 0 , 

1 6 5 0 , 1 6 0 0 , 1 4 5 0 , 9 2 0 ,  8 4 0 , 7 5 0 , 7 0 0  c m “ 1 ; J H  N M R  ( C D C I 3 ) b 1 . 8 3  (s ,

3 ) ,  1 . 8 4  ( d ,  3 ) .  6 .2 6  ( m , 1 ) ,  7 . 2 2  ( s ,  5 ) ;  m a s s  s p e c t r u m  ( 7 0  e V ) ,  m /e  
( r e l a t i v e  i n t e n s i t y )  7 8  (8 ) , 6 5  ( 1 2 ) ,  7 7  ( 1 2 ) ,  3 9  ( 1 4 ) ,  1 1 5  ( 3 5 ) ,  9 1  ( 3 7 ) ,  

1 3 2  ( M + , 8 0 ) ,  1 1 7  ( 1 0 0 ) .

2-Methyl-2-norbornene: General Procedure B. T h e  f o l l o w i n g  

p r o c e d u r e  i n h i b i t s  t h e  i s o m e r i z a t i o n  o f  a l k e n e  p r o d u c t s .  S e n s i t i v e  

a l k e n e  p r o d u c t s  a r e  i s o l a t e d  u n d e r  n o n a c i d i c  c o n d i t i o n s .  D i i s o p r o 

p y la m i n e  ( 4 . 1  g , 4 0 .8  m m o l) ,  T M E D A  ( 2 .4  g ,  2 0 .4  m m o l) ,  a n d  4 0  m L  

o f  a n h y d r o u s  d i e t h y l  e t h e r  w e r e  p la c e d  in  a  2 5 0 - m L  t h r e e - n e c k  f l a s k  

e q u i p p e d  w i t h  a  m a g n e t i c  s t i r r e r ,  r e f l u x  c o n d e n s e r ,  s o l i d  a d d i t i o n  

t u b e ,  N 2  i n l e t ,  a n d  d r y i n g  t u b e .  T h e  s o l u t i o n  w a s  b l a n k e t e d  w i t h  N 2 

g a s  a n d  c o o le d  t o  0  ° C .  M e t h y l l i t h i u m  in  d i e t h y l  e t h e r  ( 1 7 . 0  m L ,  2 5 .5  

m m o l)  w a s  a d d e d  o v e r  a  p e r i o d  o f  5  m in ,  a n d  t h e  r e s u l t i n g  s o l u t i o n  

w a s  a l lo w e d  t o  s t i r  f o r  1 5  m in .  3 - M e t h y l - 2 - n o r b o r n a n o n e  t o s y l h y -  

d r a z o n e  ( 3 .0  g ,  1 0 . 2  m m o l)  w a s  a d d e d  o v e r  a  p e r i o d  o f  3  m in .  T h e  c o ld  

b a t h  wTa s  r e m o v e d ,  a n d  t h e  s o l u t i o n  w a s  s t i r r e d  f o r  2 5  h  a t  r o o m  

t e m p e r a t u r e  u n d e r  a n  N 2  a t m o s p h e r e .  E n o u g h  w a t e r  w a s  c a r e f u l l y  

a d d e d  t o  d i s s o l v e  l i t h i u m  s a l t s .  T h e  s o l u t i o n  w a s  p o u r e d  i n t o  a  s e p 

a r a t o r y  f u n n e l ,  t h e  l a y e r s  w e r e  s e p a r a t e d ,  a n d  t h e  a q u e o u s  p h a s e  w a s  

e x t r a c t e d  t h r e e  t i m e s  w i t h  3 0  m L  o f  d i e t h y l  e t h e r .  T h e  o r g a n i c  e x 

t r a c t s  w e r e  c o m b i n e d  a n d  w a s h e d  e i g h t  t i m e s  w i t h  3 0  m L  o f  w a t e r .  

T h e  o r g a n i c  p h a s e  w a s  w a s h e d  w i t h  6 0 - m L  a l i q u o t s  o f  5 %  C u S C L  s o 

lu t io n  u n t i l  a l l  t h e  d i i s o p r o p y l a m i n e  h a d  b e e n  r e m o v e d ;  u s u a l l y  f o u r  

w a s h e s  a r e  r e q u i r e d .  T h e  C u S C L  e x t r a c t s  w e r e  s u c t i o n  f i l t e r e d  t o  r e 

m o v e  a  p a s t y  e m u ls io n ,  a n d  t h e  r e s u l t i n g  f i l t r a t e  w a s  e x t r a c t e d  t w ic e  

w i t h  3 0  r r .L  o f  d i e t h y l  e t h e r .  T h e  o r g a n ic  e x t r a c t s  w e r e  c o m b in e d  a n d  

w a s h e d  o n c e  w i t h  2 0  m L  o f  5 %  C u S C L  s o lu t io n .  A l l  t h e  e t h e r  e x t r a c t s  

w e r e  c o m b in e d ,  d r ie d  o v e r  N a 2S 0 4 , a n d  f i l t e r e d ,  a n d  t h e  d i e t h y l  e t h e r  

w a s  r e m o v e d  b y  f r a c t i o n a l  d i s t i l l a t i o n .  R e s i d u a l  t r a c e s  o f  p e n t a n e  w e r e  

r e m o v e d  u n d e r  a  g e n t l e  s t r e a m  o f  n i t r o g e n  t o  y i e l d  2 - m e t h y l - 2 - n o r -  

b o r n e n e ,  0 .4  g  ( 3 8 % ) ;  I R  ( n e a t )  2 9 4 0 , 1 6 3 0 , 1 4 0 0 ,  8 3 0  c m - 1 ; * H  N M R  

( C D C I 3 ) 6 0 . 7 0 - 1 . 7 0  ( m , 6 ) , 1 . 7 2  ( d ,  3 ) ,  1 . 6 5  ( s ,  2 ) ,  5 . 5 0  ( s ,  1 ) ; m a s s  

s p e c t r u m  ( 7 0  e V ) ,  m /e  ( r e l a t i v e  i n t e n s i t y )  3 9  ( 1 4 ) ,  9 1  ( 1 8 ) ,  1 0 8  ( M + ,

2 0 ) ,  7 9  ( 3 6 ) ,  8 0  ( 1 0 0 ) .

2,4-Dimethyl-2-pentene. F o l l o w i n g  g e n e r a l  p r o c e d u r e  A  f o r  a l 

k e n e  p r e p a r a t i o n ,  2 , 4 - d i m e t h y l - 3 - p e n t a n o n e  t o s y l h y d r a z o n e  ( 8 .0  g ,

2 8 .4  m m o l)  a n d  7 0 .9  m m o l  o f  L D A  in  5 7  m L  o f  T M E D A  y i e l d e d  1 . 5  

g  o f  2 ,4 - d im e t h y l - 2 - p e n t e n e  ( 5 4 % ) , b p  6 7 - 6 8  ° C ;  I R  ( n e a t )  2 9 5 0 , 1 6 7 5 ,  

1 4 7 0 , 1 3 8 0 , 1 0 3 0 , 8 4 0  c m “ 1 ; ' H  N M R  ( C D C 1 3 ) b 0 .9 2  ( d , 6 ) , 1 . 6 0  ( d , 3 ) ,  

1 . 6 3  ( d , 3 ) ,  2 .4 4  ( b r o a d  s e p t e t ,  1 ) ,  4 .9 8  ( b r o a d  d ,  1 ) ;  m a s s  s p e c t r u m  ( 7 0  

e V ) ,  m /e  ( r e l a t i v e  in t e n s i t y )  5 3  ( 1 5 ) ,  6 7  ( 1 9 ) ,  8 4  ( 2 0 ) ,  5 6  ( 2 5 ) ,  9 8  ( M + , 

2 8 ) ,  3 9  ( 4 5 ) ,  4 1  ( 6 5 ) ,  5 5  ( 7 9 ) ,  8 3  ( 1 0 0 ) .

1,2-Diphenyl-l-propene. F o l l o w i n g  g e n e r a l  p r o c e d u r e  A  f o r  a l 

k e n e  p r e p a r a t i o n ,  1 ,2 - d i p h e n y l - 1 - p r o p a n o n e  t o s y l h y d r a z o n e  (8 . 0  g ,

2 1 . 2  m m o l)  a n d  5 3  m m o l  o f  L D A  in  4 3  m L  o f  T M E D A  y i e l d e d  2 .7  g  

o f  1 , 2 - d i p h e n y l - l - p r o p e n e  ( 6 6 % ) a f t e r  c o l u m n  c h r o m a t o g r a p h y  

t h r o u g h  A I 2 O 3  e m p lo y i n g  1 0 0 %  p e n t a n e  a s  t h e  e l u e n t ,  m p  7 7 - 7 9  ° C ;  

I R  ( K B r )  3 0 2 0 ,  1 6 3 0 ,  1 5 9 0 , 1 4 8 0 ,  1 4 4 0 ,  1 3 8 C ,  9 3 0 ,  8 7 5 ,  7 6 0 ,  7 4 0 ,  7 0 0  

c m - 1 ; ‘ H  N M R  ( C D C I 3 ) b 2 . 1 7  ( d , c is  i s o m e r ,  3 ) ,  2 . 2 2  ( d , t r a n s  i s o m e r ,

3 ) ,  6 . 7 8 - 7 . 6 3  ( m , 1 0 ) ;  m a s s  s p e c t r u m  ( 7 0  e V ) ,  m /e  ( r e l a t i v e  i n t e n s i t y )  

1 1 6  ( 1 0 ) ,  7 7  ( 1 2 ) ,  9 1  ( 1 4 ) ,  1 0 3  ( 1 6 ) ,  8 9  ( 1 5 )  1 9 5  ( 1 6 ) ,  1 9 3  ( 1 9 ) ,  1 6 5  ( 2 0 ) ,  

1 1 5  ( 2 9 ) ,  1 8 0  ( 3 7 ) ,  1 7 8  ( 5 4 ) ,  1 9 4  ( 9 6 ) , 1 7 9  ( 1 0 0 ) .

2-Methyl-2-norbornene and 2-Methylenenorbornane. F o l 

lo w in g  g e n e r a l  p r o c e d u r e  A  f o r  a l k e n e  p r e p a r a t i o n ,  3 - m e t h y l - 2 - n o r -  

b o r n a n o n e  t o s y l h y d r a z o n e  ( 3 .0  g ,  1 0 . 2  m m o l)  a n d  2 5 . 5  m m o l  o f  L D A  

in  2 0 .4  m L  o f  T M E D A  y i e l d e d ,  a f t e r  c h r o m a t o g r a p h y  t h r o u g h  A 1 20 3 

u s i n g  1 0 0 %  p e n t a n e  a s  t h e  e l u e n t ,  0 .6  g  o f  a  m i x t u r e  o f  2 - m e t h y l - 2 - 

n o r b o r n e n e  a n d  2 - m e t h y l e n e n o r b o r n a n e  ( 5 4 % , 8 1 : 1 9 ) .  E a c h  i s o m e r

w a s  c o l l e c t e d  b y  p r e p a r a t i v e  g a s  c h r o m a t o g r a p h y  o n  a  1 0 %  S E - 3 0  

c o lu m n  ( %  in  K  1 6  f t ) .  E a c h  i s o m e r  w a s  s u b s e q u e n t l y  c h a r a c t e r i z e d .

2 - M e t h y l - 2 - n o r b o r n e n e :  I R  ( n e a t )  2 9 4 0 ,  1 6 3 0 ,  1 4 0 0 ,  8 8 0  c m - 1 ; ! H  

N M R  ( C D C I 3 ) 5 0 . 7 0 - 1 . 7 0  ( m , 6 ) , 1 . 7 2  (d , 3 ) ,  1 . 6 5  (s , 2), 5 .5 0  (s , 1 ) ;  m a s s  

s p e c t r u m  ( 7 0  e V ) ,  m /e  ( r e l a t i v e  i n t e n s i t y )  3 9  ( 1 4 ) ,  9 1  ( 1 8 ) ,  1 0 8  ( M + , 

2 0 ) ,  7 9  ( 3 6 ) ,  8 0  ( 1 0 0 ) .

2 - M e t h y l e n e n o r b o r n a n e :  I R  ( n e a t )  2 9 8 0 , 1 8 8 0 , 1 6 ^ 0 , 1 4 5 0 , 9 1 0 ,  7 4 0  

c m “ 1 ; ! H  N M R  ( C D C I 3 ) b 0 . 7 0 - 2 . 2 5  ( m , 8 ) , 2 . 3 7  ( s , 1 ) ,  2 .7 0  ( s , 1 ) , 4 .6 0  

( s ,  1 ) ,  4 .8 5  ( s ,  1 ) ;  m a s s  s p e c t r u m  ( 7 0  e V ) ,  m /e  ( r e l a t i v e  i n t e n s i t y )  8 1

( 1 0 ) ,  7 8  ( 1 4 ) ,  1 0 6  ( 2 0 ) ,  4 1  ( 3 0 ) ,  7 7  ( 3 1 ) ,  3 9  ( 3 4 ) ,  6 7  ( 3 8 ) ,  1 0 8  ( M + ,  4 5 ) ,  

8 0  ( 7 5 ) ,  6 6  ( 7 7 1 , 7 9 ( 1 0 0 ) .

9-Methyltricyclo[5.2.1.02'6]-8-decene and 9-Methylenetricy- 
clo[5.2.1.02,6]decane. F o l l o w i n g  g e n e r a l  p r o c e d u r e  A  f o r  a l k e n e  

p r e p a r a t io n ,  9 - m e t h y l - 8 - k e t o t r i c y c lo [ 5 .2 . 1 .0 2,6] d e c a n e  t o s y lh y d r a z o n e  

( 3 .0  g , 9 .0  m m o l)  a n d  2 2 .5  m m o l  o f  L D A  in  1 8  m L  o f  T M E D A  y ie ld e d ,  

a f t e r  c h r o m a t o g r a p h y  t h r o u g h  A L O 3  u s i n g  1 0 0 %  p e n t a n e  a s  t h e  e l 

u e n t ,  0 .7  g  o f  9 - m e t h y l t r i c y c l o [ 5 . 2 . 1 . 0 2 ’6 ] - 8 - d e c e n e  a n d  9 - m e t h y l -  

e n e t r i c y c l o [ 5 . 2 . 1 . 0 2’6] d e c a n e  ( 5 8 % , 5 5 :4 5 ) .  E a c h  is o m e r  w a s  s e p a r a t e d  

a n d  c o l l e c t e d  b y  p r e p a r a t i v e  g a s  c h r o m a t o g r a p h y  o n  a  1 0 %  S E - 3 0  

c o lu m n  a n d  c h a r a c t e r i z e d .  9 - M e t h y l t r i c y c l o [ 5 . 2 . 1 . 0 2 ’6] - 8 - d e c e n e :  I R  

( n e a t )  2 9 7 0 ,  2 8 5 0 ,  1 6 6 0 ,  1 4 7 0 ,  1 4 4 0 ,  1 3 1 0 ,  1 0 2 0 ,  8 1 0 ,  7 6 0  c m “ 1 ; ‘ H  

N M R  ( C D C I 3 ) (5 0 . 7 0 - 2 . 4 8  ( m , 1 2 ) , 1 . 7 2  ( d ,  3 ) ,  5 .6 0  ( b r o a d  s ,  1 ) ; m a s s  

s p e c t r u m  ( 7 0  e V ) ,  m /e  ( r e l a t i v e  i n t e n s i t y )  4 3  ( 1 0 ) ,  9 1  ( 1 3 ) ,  3 9  ( 1 4 ) ,  4 1  

( 1 4 ) ,  6 7  ( 1 5 ) ,  7 7  ( 1 5 ) ,  1 4 8  ( M + , 1 9 ) ,  8 1  ( 3 0 ) ,  7 9  ( 6 0 ) , 8 0  ( 1 0 0 ) .

9 - M e t h y l e n e t r i c y c l o [ 5 . 2 . 1 . 0 2 >6] d e c a n e :  I R  ( n e a t )  2 9 3 0 ,  2 8 8 0 , 1 6 7 0 ,  

1 4 8 0 ,  1 4 7 0 ,  1 4 5 0 ,  1 4 3 0 ,  1 2 8 0 ,  1 0 3 0 ,  9 2 0 ,  8 8 0 ,  7 4 0  c m “ 1 ; ' H  N M R  

( C D C I 3 ) b 0 . 8 0 - 2 . 5 0  ( m , 1 4 ) ,  4 . 5 7  ( s ,  1 ) , 4 .8 3  ( s ,  1 ) ; m a s s  s p e c t r u m  ( 7 0  

e V ) ,  m /e  ( r e la t iv e  in t e n s i t y )  9 3  ( 1 0 ) ,  1 3 3  ( 1 0 ) ,  6 6  ( 1 1 ) ,  1 0 6  ( 1 1 ) ,  3 9  ( 1 3 ) ,  

1 0 5  ( 1 5 ) ,  7 8  ( 1 8 ) ,  4 1  ( 1 9 ) ,  7 7  ( 1 9 ) ,  8 1  ( 1 9 ) ,  9 1  ( 1 9 ) ,  6 7  ( 2 3 ) ,  1 4 8  ( M + , 3 5 ) ,  

7 9  ( 7 6 ) ,  8 0  ( 1 0 0 ) .

Gas Chromatographic Standardization of trans-l-Phenyl- 
1-propene vs. Bicyclohexyl. f r a n s - l - P h e n y l - l - p r o p e n e  ( 0 . 1 0 2 1  g , 

0 .8 6  m m o l)  a n d  0 . 1 4 0 0  g  o f  b i c y c l o h e x y l  w e r e  c a r e f u l l y  w e i g h e d  

( M e t t l e r  b a l a n c e )  i n t o  a  v i a l ,  a n d  3 .0  m L  o f  d i e t h y l  e t h e r  w a s  t h e n  

a d d e d .  T h i s  m . x t u r e  w a s  s u b j e c t e d  t o  t h e  f o l l o w i n g  g a s  c h r o m a t o 

g r a p h i c  c o n d i t i o n s :  c o lu m n ,  l/8 in  X  8  f t .  D o w  C o r n i n g  5 5 0  o n  8 0 - 1 0 0  

m e s h  C h r o m o s o r b  W ; i n j e c t o r  t e m p e r a t u r e ,  2 3 0  ° C ;  d e t e c t o r  t e m 

p e r a t u r e ,  2 6 0  ° C ;  c o lu m n  t e m p e r a t u r e ,  8 0  ° C  i n i t i a l ,  2 0 0  ° C  f i n a l ;  

p r o g r a m  r a t e ,  8  ° C / m i n ;  c a r r i e r  g a s  r a t e  ( N 2), 5 0  m L / m in ;  s a m p le  s iz e , 

1 5  p L .  A  s e r i e s  o f  t h r e e  c h r o m a t o g r a m s  w e r e  o b t a i n e d  f r o m  w h ic h  a  

m o l a r  r e s p o n s e  f a c t o r  o f  1 . 0 2 6  w a s  c a l c u l a t e d  ( m o le s  o f  b i c y c l o h e x y l  

v s .  m o le s  o f  f r a n s - l - p h e n y l - l - p r o p e n e ) .

trans-1 -Phenyl- 1-propene. F o l l o w i n g  g e n e r a l  p r o c e d u r e  A  f o r  

a l k e n e  p r e p a r a t i o n ,  p h e n y l a c e t o n e  t o s y l h y d r a z o n e  ( 2 .9 9 0  g , 9 .8 7  

m m o l) ,  b ic y c l o h e x y l  ( 0 . 7 6 1 2  g ,  4 .5 8  m m o l) ,  a n d  2 4 .7  m m o l  o f  L D A  in  

2 0  m L  o f  T M E D A  w e r e  r e a c t e d  f o r  2 3  h  a t  r o o m  t e m p e r a t u r e .  R e a c 

t i o n  a l i q u o t s  w e r e  r e m o v e d  a f t e r  7 .5  h  a n d  s u b j e c t e d  t o  t h e  g a s  c h r o 

m a t o g r a p h i c  c o n d i t io n s  d e s c r i b e d  a b o v e .  A  f i n a l  r e a c t io n  a l i q u o t  w a s  

r e m o v e d  a n d  a n a ly z e d  a f t e r  2 3  h  o f  r e a c t io n  t im e .  P e r c e n t  y i e l d  v a lu e s  

w e r e  d e t e r m i n e d  u s in g  t h e  e q u a t i o n  M x =  A xSsM sM sSx a n d  a  m o la r  

r e s p o n s e  f a c t o r  o f  S a/S x =  1 . 0 2 6  ( M x , m o le s  o f  s u b s t r a t e ;  M s, m o le s  

o f  s t a n d a r d :  A x , p e a k  a r e a  o f  s u b s t r a t e ;  A s , p e a k  a r e a  o f  s t a n d a r d ;  Sx, 
r e s p o n s e  o f  s u b s t r a t e ;  S s , r e s p o n s e  o f  s t a n d a r d ) .  A  4 0 %  y i e l d  o f  

i r a n s - l - p h e n y l - l - p r o p e n e  w a s  f o u n d  t o  b e  p r o d u c e d  a f t e r  7 .5  h  o f  

r e a c t i o n  t im e .  A f t e r  2 3  h  o f  r e a c t i o n  t i m e  o n l y  a  2 0 %  y i e l d  o f  trans - 
1  - p h e n y l -  1 - p r o p e n e  w a s  p r e s e n t  w i t h  n o  n e w  p r o d u c t s  p r e s e n t  in  a  

g a s  c h r o m a t o g r a m  o f  t h e  r e a c t i o n  m i x t u r e .

l-Phenyl-3-butene. F o l l o w i n g  g e n e r a l  p r o c e d u r e  A  f o r  a lk e n e  

p r e p a r a t i o n ,  l - p h e n y l - 3 - b u t a n o n e  t o s y l h y d r a z o n e  ( 5 .0  g , 1 5 . 8  m m o l)  

a n d  3 9 . 5  m m o l  o f  L D A  in  3 2  m L  o f  T M E D A  y i e l d e d  1 . 5  g  o f  1 - p h e -  

n y l - 3 - b u t e n e  ( 7 5 % ) ,  b p  5 1  ° C  ( 1 0  m m ) ;  I R  ( n e a t )  2 9 5 0 .  1 6 2 5 ,  1 5 8 0 ,  

1 4 8 0 , 1 4 4 0 ,  9 9 0 , 9 1 0 ,  7 4 0 , 6 9 5  c m ' 1 ; 3H  N M R  ( C D C 1 3 ) b 2 . 1 0 - 2 . 8 6  (m ,

4 ) ,  4 . 8 0 - 5 . 2 0  ( m . 2 ) ,  5 . 5 0 - 6 . 1 8  ( m , 1 ) ,  7 . 1 5  ( s ,  1 ) ;  m a s s  s p e c t r u m  ( 7 0  

e V ) ,  m /e  ( r e la t iv e  in t e n s i t y )  1 0 4  ( 1 0 ) ,  3 9  ( 1 2 ) ,  9 2  ( 1 4 ) ,  6 5  ( 1 9 ) ,  1 3 2  ( M + , 

4 0 ) ,  9 1  ( 1 0 0 ) .
1-Phenyl-l-propene. F o l l o w i n g  g e n e r a l  p r o c e d u r e  A  f o r  a l k e n e  

p r e p a r a t i o n ,  p r o p i o p h e n o n e  t o s y l h y d r a z o n e  ( 5 .0  g ,  1 6 . 5  m m o l)  a n d

4 1 . 4  m m o l  o f  L D A  in  6 6  m L  o f  T M E D A  y i e l d e d ,  a f t e r  3 .0  h  r e a c t i o n  

t i m e ,  0 .9  g  o f  1 - p h e n y l - l - p r o p e n e  ( 4 8 % ) , b p  4 7 - 4 8  ° C  ( 5 .0  m m ) ;  I R  

( n e a t )  2 9 2 0 ,  2 8 5 0 , 1 6 5 0 , 1 5 8 0 , 1 4 8 0 , 1 4 1 0 , 9 6 0 ,  8 0 5 ,  7 3 0 , 6 9 0  c m “ 1 ; >H 

N M R  ( C D C I 3 ) l 1 . 8 5  ( d ,  3 ) ,  5 .9 0 - 6 .6 0  ( m , 2 ) ,  7 .2 6  ( m . 5 ) :  m a s s  s p e c 

t r u m  ( 7 0  e V ) ,  m /e  ( r e l a t i v e  i n t e n s i t y )  6 3  ( 1 0 ) ,  6 5  ( 1 0 ) ,  7 7  ( 1 0 ) ,  7 8 ( 1 0 ) ,  

1 0 3  ( 1 3 ) ,  5 1  ( 1 5 ! .  3 9  ( 1 6 ) ,  9 1  ( 3 8 ) ,  1 1 6  ( 4 0 ) ,  1 1 8  ( M + ,  9 3 ) ,  1 1 7  ( 1 0 0 ) .

cis- and trans-3-Heptene. F o l l o w i n g  g e n e r a l  p r o c e d u r e  A  f o r  

a l k e n e  p r e p a r a t i o n .  4 - h e p t a n o n e  t o s y l h y d r a z o n e  (8 .C g , 2 8 .4  m m o l)  

a n d  7 1  m m o l  o f  L D A  in  5 7  m L  o f  T M E D A  y i e l d e d  1 . 5  g  o f  cis- a n d  

trans- 3 - h e p t e n e  ( 5 5 % ; c i s / t r a n s  r a t io ,  9 2 :8  b y  13 C  N M R  i n t e g r a t i o n ) ,  

b p  8 5 - 8 7  ° C ;  I R  I n e a t )  2 9 0 0 , 1 6 5 0 , 1 4 5 0 , 1 3 6 0 ,  10 6 0 ,  9 6 0 , 8 9 0 , 8 7 0 , 7 9 0 , 

7 1 0  c m - 1 ; ‘ H  N M R  (CDCI3 ) b 0 . 6 3 - 1 . 6 7  ( m , 8 ) , 1 . 6 7 - 2 . 3 3  ( m , 4 ) ,  5 . 3 0  

( m , 2 ) ;  13 C  N M R  d a t a  w a s  c o l l e c t e d  a n d  c o m p a r e d  w i t h  l i t e r a t u r e
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v a l u e s 2 1  o b t a i n e d  o n  a u t h e n t i c  s a m p l e s  o f  cis- a n d  zrans- 3 - h e p t e n e ;  

m a s s  s p e c t r u m  ( 7 0  e V ) ,  m /e  ( r e l a t i v e  i n t e n s i t y )  4 c  ( 1 6 ) ,  7 0  ( 1 7 ) ,  3 9  

( 2 0 ) ,  4 2  ( 2 0 ) ,  9 8  ( M + ,  3 5 ) ,  5 5  ( 5 2 ) ,  6 9  ( 5 5 ) ,  5 6  ( 7 5 ) ,  4 1  ( 1 0 0 ) .

c is -  a n d  trans-4-Nonene. F o l l o w i n g  g e n e r a l  p r o c e d u r e  A  f o r  a l -  

k e n e  p r e p a r a t i o n ,  5 - n o n a n o n e  t o s y l h y d r a z o n e  ( 7 .0  g ,  2 2 . 5  m m o l  i a n d

5 6 .5  m m o l  o f  L D A  in  4 5  m L  o f  T M E D A  y i e l d e d  2 .0  g  o f  cis- a n d  

t r a n s - 4 - n o n e n e  ( 7 2 % ;  c i s / t r a n s  r a t i o ,  9 4 :6  b y  1 3 C  N M R  i n t e g r a t i o n ) ,  

b p  1 3 5 - 1 3 7  ° C ;  I R  ( n e a t )  2 9 3 0 , 1 6 5 0 , 1 4 6 0 , 1 3 8 0 , 1 0 5 5 , 9 7 0 , 7 1 5  c m “ 1 ; 

! H  N M R  ( C D C 1 3) b 0 . 6 4 - 1 . 7 3  (m , 1 2 ) ,  1 . 7 3 - 2 . 3 0  ( m , 4), 5 . 3 7  ( m , 2 1 ;  13C  

N M R  d a t a  w a s  c o l l e c t e d  a n d  c o m p a r e d  w i t h  l i t e r a t u r e  v a l u e s 2 1  o b 

t a i n e d  o n  a u t h e n t i c  s a m p l e s  o f  cis- a n d  trans- 4 -n c - n e n e ; m a s s  s p e c 

t r u m  ( 7 0  e V ) ,  m /e  ( r e l a t i v e  i n t e n s i t v )  5 7  ( 1 1 ) ,  6 7  ( 1 2 ) ,  9 7  ( 1 4 ) ,  8 3  ( 1 7 ) ,  

8 4  ( 1 8 ) ,  4 2  ( 1 6 ) ,  4 3  ( 2 6 ) ,  6 9  ( 2 8 ) ,  1 2 6 ' ( M + , 3 0 ) ,  7 0  ( 3 8 ) ,  5 6  ( 5 1 ) ,  4 1  ( 6 0 ) , 

5 5  ( 1 0 0 ) .
cis -  a n d  i r a n s - S t i l b e n e .  F o l lo w i n g  g e n e r a l  p r o c e d u r e  A  f o r  a lk e n e  

p r e p a r a t i o n ,  d e o x y b e n z o in  t o s y lh y d r a z o n e  (8 .0  g , 2 1 . 8  m m o l)  a n d  5 4 .8  

r r .m o l o f  L D A  in  4 4  m L  o f  T M E D A  y i e l d e d  2 .9  g  o f  cis- a n d  trans- 
s t i lb e n e  a f t e r  c h r o m a t o g r a p h y  t h r o u g h  a l u m i n a  ( 7 2 % ) .  T h e  c i s / t r a n s  

r a t i o  w a s  d e t e r m i n e d  t o  b e  8 0 :2 0  b y  g a s  c h r o m a t o g r a p h y .  G C  c o n d i 

t i o n s  w e r e  t h e  f o l l o w i n g :  c o lu m n ,  Vs in  X 1 2  f t ,  1 0 %  S E - 3 0  ( s i l i c o n  

r u b b e r )  o n  8 0 - 1 0 0  m e s h  C h r o m o s o r b  W ; i n j e c t o r  t e m p e r a t u r e ,  2 3 0  

° C ;  d e t e c t o r  t e m p e r a t u r e ,  2 6 0  ° C ;  c o lu m n  t e m p e r a t u r e ,  1 0 0  ° C  in it ia l ,  

2 4 0  ° C  f in a l ;  p r o g r a m  r a t e ,  4  ° C / m i n ;  c a r r ie r  g a s  r a t e  ( N 2 ) , 5 0  m L / m i n ;  

s a m p l e  s iz e ,  5 .0  gL  (cis- a n d  trans- s t i l b e n e  a r e  i n je c t e d  in  c h lo r o f o r m  

s o l u t i o n ) .  R e t e n t i o n  t i m e s :  c i s - s t i l b e n e ,  8  m i n  4 8  s ;  t r a n s - s t i l b e n e ,  

1 0  m in  1 2  s . T h e  t r a n s  i s o m e r  w a s  a l l o w e d  t o  c r y s t a l l i z e  f r o m  t h e  c i s /  

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

p e n t a n e .  T h e  c i s  i s o m e r  w a s  i s o l a t e d  f r o m  t h e  f i l t r a t e .  c i s - S t i l b e n e :  

I R  ( n e a t )  3 0 0 0 ,  2 9 3 0 , 1 6 0 0 , 1 4 9 0 , 1 4 5 0 , 9 2 5 ,  7 8 0 , 6 9 0  c m - 1 ; f H  N M R  

( C D C I 3 ) b 6 .6 0  (s , 2 ) ,  7 .2 2  ( s , 1 0 ) ;  m a s s  s p e c t r u m  ( 7 0  e V ) ,  m /e  ( r e la t iv e  

i n t e n s i t y )  7 7  ( 1 0 ) ,  1 7 7  ( 1 1 ) ,  7 6  ( 1 2 ) ,  8 9  ( 2 1 ) ,  1 6 5  ( 3 3 ) .  1 7 8  ( 5 4 ) ,  1 7 9  ( 7 4 ) ,  

1 8 0  ( M + ,  1 0 0 ) .

i r a n s - S t i l b e n e :  I R  ( K B r )  3 0 0 0 , 1 5 9 0 , 1 4 9 0 , 1 4 5 0 , 9 7 0 , 7 7 0 , 7 0 0  c m - 1 ; 

' H  N M R  (CDCI3 ) b 7 . 1 2  ( s ,  2 ) , 7 . 3 9  ( m , 1 0 ) ;  m a s s  s p e c t r u m  ( 7 1  e V ) ,  

m /e  ( r e l a t i v e  i n t e n s i t y )  1 7 7  ( 1 0 ) ,  7 6  ( 1 4 ) ,  8 9  ( 1 9 ) ,  1 6 5  ( 3 0 ) ,  1 7 8  ( 5 0 ) ,  

1 7 9  ( 7 4 ) ,  1 8 0  ( M + , 1 0 0 ) .

c is -  and tra.ns-2,6-Dimethyl-3-heptene. F o l l o w i n g  g e n e r a l  

p r o c e d u r e  A  f o r  a l k e n e  p r e p a r a t i o n ,  2 ,6 - d i m e t h y l - 4 - h e p t a n o r .e  t o s 

y l h y d r a z o n e  ( 8 .0  g ,  2 5 .8  m m o l)  a n d  6 4 .5  m m o l  o f  L D A  in  5 2  m L  o f  

T M E D A  y ie ld e d  2 .4  g  o f  cis- a n d  trans-2 ,6 - d i m e t h y l - 3 - h e p t e n e  (7 4 % ; 

c i s / t r a n s  r a t i o ,  9 2 :8  b y  13 C  N M R  i n t e g r a t i o n ) ,  b p  1 1 9  ° C ;  I R  ( n e a t )  

2 9 0 0 . 1 6 0 0 , 1 4 6 0 , 1 3 6 0 , 1 3 5 0 , 1 1 6 0 , 1 1 0 0 , 1 0 2 0 , 9 7 0 , 7 3 5  c m “ 1 ; >H  N M R  

( C D C I 3 ) b 0 . 7 0 - 1 . 0 5  ( m , 1 2 ) ,  1 . 1 0 - 1 . 8 0  ( s e p t e t ,  1 ) ,  1 . 8 0 - 2 . 1 0  ( m , 2 ) ,  

2 . 2 5 - 2 . 9 0  ( s e p t e t ,  1 ) ,  4 . 9 5 - 5 . 4 0  ( m , 2 ) ;  1 3 C  N M R  'C D C I 3 ) f r o m  p r o 

t o n - d e c o u p l e d  s p e c t r a  ( s e e  s t r u c t u r e  I ) ,  2 2 .4  ( C - " 7) , 2 3 . 2  ( C - l ) ,  2 6 .5

(CHa),CHCH=CHCH2CH(CH3;2
I

( C - 6 ) , 2 8 .7  ( C - 2 ,  c i s  i s o m e r ) ,  3 1 . 2  ( C - 2 ,  t r a n s  i s o m e r ) ,  3 6 .6  ( C - 5 ,  c is  

i s o m e r ) ,  4 1 . 8  ( C - 5 ,  t r a n s  i s o m e r ) ,  1 2 6 . 1  ( C - 4 ,  c i s  i s o m e r ) ,  1 3 7 . 7  ( C - 4 ,  

t r a n s  i s o m e r ) ,  1 3 8 . 1  ( C - 3 ,  c i s  i s o m e r ) ,  1 3 8 . 8  p p m  ( C - 3 ,  t r a n s  i s o m e r ) ;  

m a s s  s p e c t r u m  ( 7 0  e v ) ,  m /e  ( r e la t iv e  i n t e n s i t y )  4 2  ( 1 2 ) ,  6 7  ( 1 3 ) ,  3 9  (2 0 ) , 

8 3  ( 2 3 ) ,  5 7  ( 3 1 ) ,  1 2 6  ( M + , 3 2 ) ,  7 0  ( 4 3 ) ,  4 3  ( 5 7 ) ,  4 1  ( 7 5 ) ,  5 6  ( 8 5 ) ,  6 9  ( 9 5 ) ,  

5 5  ( 1 0 0 ) .

1-Octene and c is -  and tra n s -2-Octene. F o l l o w i n g  g e n e r a l  p r o 

c e d u r e  A  f o r  a l k e n e  p r e p a r a t i o n ,  2 - o c t a n o n e  t o s y l h y d r a z o n e  ( 8 .0  g , 

2 7  m m o l)  a n d  7 0  m m o l  o f  L D A  in  5 6  m L  o f  T M E D A  y i e l d e d  2 .4  g  o f  

a  m i x t u r e  o f  1 - o c t e n e  a n d  cis- a n d  trans- 2 - o c t e n e  ( 8 0 % ) , b p  1 1 0  ° C ;  

I R  ( n e a t )  2 9 2 0 ,  16 4 0 ,  1 4 6 0 ,  1 3 7 5 ,  1 0 0 0 ,  9 1 0 ,  7 2 5  c m “ 1 ; >H  N M R  

( C D C L )  & 0 . 7 0 - 2 . 3 0  ( m , 1 3 ) ,  4 . 7 2 - 5 . 2 0  ( m , 2 ) ,  5 . 3 0 - 6 . 2 0  ( m , L ;  1 - o c -  

t e n e / c i S - 2 - o c t e n e / i r u n s - 2 - o c t e n e  r a t i o ,  8 0 : 1 0 : 1 0  b y  G C  ( G C  c o n d i 

t i o n s :  c o l u m n ,  Vs in  X 1 2  f t ,  1 0 %  S E - 3 0  ( s i l i c o n e  r u b b e r )  o n  8 0 - 1 0 0  

m e s h  C h r o m o s o r b  W ; in je c t o r  t e m p e r a t u r e ,  5 0  ° C  in it ia l ,  2 0 0  ° C  f in a l ;  

p r o g r a m  r a t e ,  4  ° C / m i n ;  c a r r i e r  g a s  r a t e  ( N 2 ) , 5 0  m L / m i n ;  s a m p le  s iz e ,

5 .0  /j L ) ;  G C - M S  w a s  p e r f o r m e d  o n  t h e  r e a c t i o n  m i x t u r e  a n d  f o u n d  

t o  b e  c o n s i s t e n t  w i t h  t h a t  o b t a i n e d  f o r  a u t h e n t i c  s a m p l e s ;22  m a s s

s p e c t r u m  ( 7 0  e V ) ,  m /e  ( r e l a t i v e  i n t e n s i t y )  1 - o c t e n e ,  1 1 2  (M+. 1 0 ) ,  7 0  

( 6 2 ) ,  4 2  ( 7 3 ) ,  5 6  ( 8 7 ) ,  5 5  ( 8 7 ) ,  4 1  ( 9 2 ) ,  4 3  ( 1 0 0 ) ;  m /e  cis - 2 - o c t e n e ,  1 1 2  

( M + , 1 9 ) ,  4 3  ( 2 1 ) ,  4 2  ( 5 3 ) ,  7 0  ( 5 1 ) ,  5 6  ( 5 3 ) ,  4 1  ( 9 5 ) ,  5 5  ( 1 0 0 ) ;  m /e  
f r a n s - 2 - o c t e n e ,  1 1 2  ( M + ,  2 4 ) ,  4 3  ( 1 9 ) ,  4 2  ( 4 4 ) ,  7 0  ( 4 9 ) , 5 6  ( 6 5 ) ,  4 1  ( 9 1 ) ,  

5 5  ( 1 0 0 ) .

Registry No.— I s o b u t y r o p h e n o n e ,  6 1 1 - 7 0 - 1 ;  2 , 4 - d i m e t h y l - 3 -  

p e n t a n o n e ,  5 6 5 - 8 0 - 0 ;  1 , 2 - d i p h e n y l - l - p r o p a n o n e ,  2 0 4 2 - 8 5 - 5 ;  3 -  

m e t h y l - 2 - n o r b o r n a n o n e ,  6 4 3 - 5 1 - 6 ;  9 - m e t h y l - 8 - k e t o t r i c y c l o -  

[ S ^ . l . O ^ j d e c a n e ,  6 4 8 8 4 - 7 9 - 3 ;  l - p h e n y l - 2 - p r o p a n o n e ,  1 0 3 - 7 9 - 7 ;  

p r o p i o p h e n o n e ,  9 3 - 5 5 - 0 ;  4 - h e p t a n o n e ,  1 2 3 - 1 9 - 3 ;  5 - n o n a n o n e ,  5 0 2 -  

5 6 - 7 ;  d e o x y b e n z o i n ,  4 5 1 - 4 0 - 1 ;  2 ,6 - d i m e t h y l - 4  h e p t a n o n e ,  1 1 8 - 8 3 - 8 ;

l - p h e n y l - 3 - b u t a n o n e ,  2 5 5 0 - 2 6 - 7 ;  t o s y l h y d r a z i n e ,  1 5 7 6 - 3 5 - 8 ;  cis-
1 , 2 - d i p h e n y l - l - p r o p e n e ,  1 0 1 7 - 2 2 - 7 ;  tra n s -l ,2 - d i p h e n y l - l - p r o p e n e ,  

8 3 3 - 8 1 - 8 ;  c i s - 3 - h e p t e n e ,  7 6 4 2 - 1 0 - 6 :  t r a n s - 3 - h e p t e n e ,  1 4 6 3 6 - 1 4 - 7 ;  

cis - 4 - n o n e n e ,  1 0 4 0 5 - 8 4 - 2 ;  t r a n s - 4 - n o n e n e ,  1 0 4 0 5 - 8 5 - 3 ;  c i s - s t i l b e n e ,  

6 4 5 - 4 9 - 8 ;  tran s - s t i l b e n e ,  1 0 3 - 3 0 - 0 ;  cis - 2 , 6 - d i m e t h y l - 3 - h e p t e n e ,  

2 0 4 8 8 - 3 5 - 1 ;  tran s-2 ,6 - d i m e t h y l - 3 - h e p t e n e ,  6 4 8 8 4 - 8 0 - 6 ;  2 - o c t a n o n e  

t o s y l h y d r a z o n e ,  5 4 7 9 8 - 7 6 - 4 ;  1 - o c t e n e ,  1 1 1 - 6 6 - 0 ;  cis - 2 - o c t e r .e ,  7 6 4 2 -

0 4 - 8 ;  trans- 2 - o c t e n e ,  1 3 3 8 9 - 4 2 - 9 ;  2 - o c t a n o n e ,  1 1 1 - 1 3 - 7 ;  l i t h i u m  d i -  

i s o p r o p y l a m i d e ,  4 1 1 1 - 5 4 - 0 .
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R e g i o s p e c i f i c a l l y  g e n e r a t e d  t o s y l h y d r a z o n e  d i a n i o n s  a r e  t r a p p e d  w i t h  a l d e h y d e s  a n d  k e t o n e s  y i e l d i n g  / S - h y d r o x -  

y t o s y l h y d r a z o n e  d i a n i o n s .  N e u t r a l i z a t i o n  a f f o r d s  f J - h y d r o x y t o s y l h y d r a z o n e s ,  w h ic h  m a y  b e  c o n v e r t e d  w i t h  o r  w i t h 

o u t  i s o l a t i o n  c l e a n l y  a n d  in  g o o d  y i e l d  t o  h o m o a l l y l i c  a l c o h o l s  u p o n  t r e a t m e n t  w i t h  a l k y l l i t h i u m  r e a g e n t s .  A  r a 

t i o n a l e  i s  p r o v i d e d  f o r  t h e  r e g i o c h e m i s t r y  o f  t h i s  e l i m i n a t i o n .  A l l  a t t e m p t s  t o  o b t a i n  / 3 - h y d r o x y  k e t o n e s  f r o m  t h e  

c o r r e s p o n d i n g  t o s y l h y d r a z o n e  w e r e  u n s u c c e s s f u l .

The formation of alkenes from tosylhydrazones and alkyl
lithium reagents,1 or lithium diisopropylamide,2 has proved 
to be a useful reaction. In the alkyllithium reaction, alkene 
formation is known to proceed via a syn dianion,3 through a 
vinyldiimide anion,3 and to a vinyl anion,3-4 with subsequent 
protonation to give the product. It is also known that proton 
abstraction from solvent may occur,5 and in favorable cases 
under the influence of excess base an allyl anion may be gen
erated. The high cis/trans ratios previously observed in acyclic 
systems6 coupled with the fact that a primary deuterium 
isotope effect is observed for the abstraction of a syn a proton 
(7.5 ±  2.2 determined for pinacolor.e tosylhydrazone-a-d by 
mass spectrometry) point to an ElcB mechanism for the 
elimination reaction. We now wish to report that the syn di
anion is readily trapped on carbon with aldehydes and ke
tones, yielding /3-hydroxytosylhydrazones (3) after protona
tion (Scheme I).

Our initial report concerning the regiochemistry of dianion 
formation3 has been followed by much work in similar systems 
which also produce syn dianions upon treatment with alkyl
lithium reagents.7-9 Tosylhydrazones lacking «  protons un
dergo reductive alkylation,10 as do aldehyde tosylhydra
zones.11 The enhanced acidity of the syn «  protons in oximes7-8 
has been attributed to the chelation effect12-13 and a Bit elec
tron nonbonded through space interaction.14 Since the ob
served regiochemistry of proton abstraction in both oximes 
and tosylhydrazones is a result of kinetic control, we feel that 
the intermediate nitrogen monoanion (4, Scheme II) is ex
erting a directional effect on the incoming second equivalent 
of alkyllithium reagent. It is well-known that heteroatoms, 
by virtue of their nonbonding electron pairs, may direct lith
ium bases to a nearby site via a transient coordinated species
(5). The dianion is reluctant to invert configuration, which 
strongly suggests that it is present as the internally coordi
nated metallocycle (6). For instance, phenylacetone tosylhy
drazone yields allylbenzene in the elimination reaction.3 In
ternally coordinated metallocyclic intermediates have ample 
precedent,7-8-1315 and their formation has been proposed only 
in systems which bear a 1,4 relationship between heteroatom 
and the carbon bearing the incipient negative charge.
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The regiochemistry of tosylhydrazone dianion formation 
toward the less hindered side of the imino carbon has been 
found to be a general phenomenon, and since a strong steric 
bias exists in the formation of tosylhydrazones from unsym- 
metrical ketones, the route ketone -*  tosylhydrazone —► di
anion represents a convenient method for the regiospecific 
generation of enolate equivalents. In order to further test the 
regioselectivity of dianion formation, a symmetrical system, 
dibenzyl ketone tosylhydrazone, was chosen for study. The
60-MHz ‘ H NMR spectrum of this tosylhydrazone (CDC13) 
shows the methylene signals separated by 10 Hz. Conversion 
to dianion (>2 equiv of n-butyllithium, THF, 0 CC)16 followed 
by quenching with D2O affords the a-deuteriotosylhydrazone 
(>97% labeled by MS) in 83% yield. The 60-MHz 'H NMR 
spectrum indicates that deuteration has occurred, within the 
limits of detection, only on the upfield methylene group. 
Similar results have been obtained at —78 °C with acetone 
tosylhydrazone. That the upfield signal in the JH NMR 
spectrum corresponds to the syn a protons may be inferred 
from the 60-MHz 'H NMR spectra (CDCI3) of the series of 
tosylhydrazones of acetone, 2-butanone, 3-methyl-2-buta- 
none, and pinacolone, the methyl absorptions of which are 
displayed in Table I. The assignments of syn and anti (entries 
2, 3, and 4) are in accord with the known isomer ratios for the 
corresponding oximes.17

Further support for the syn regiospecificity of dianion 
formation comes from the deuteration of a syn/anti mixture 
(83:17) of 2-butanone tosylhydrazone. Conversion to the di
anion (>2 equiv of n-butyllithium, THF, —50 C C) followed 
by D20  quenching yields a mixture of labeled tosylhydrazones. 
Mass spectral analysis indicates that the mixture is labeled 
81% on methyl and 19% on methylene.

Our preliminary report3 indicated that tosylhydrazone di
anions may be trapped with alkyl halides and that a large 
steric requirement accompanies dianion formation. Oxime 
dianions behave similarly.7 8 In view of the fact that attempts 
to trap tosylhydrazone dianions with secondary alkyl halides 
were unsuccessful, a large steric requirement must also be 
present in the reaction of the electrophile with *he dianion,

0022-3263/78/1943-1409$01.00/0 © 1978 American Chemical Society
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Table I Scheme III

XH NMR 
absorption, b

Tosylhydrazone syn- anti-
______ of (syn/anti)_________________ «-Methyl «-Metnyl
(1) Acetone (50:50) 1.80 1.92
(2) 2-Butanone (83:17) 1.80 1.92
(3) 3-Methyl-2-butanone (>92:<8) 1.80 1.92
(4) Pinacolone (100:0) 1.75

and it is consistent with syn dianion formation. That the al
kylated tosylhydrazone obtained upon treatment of cyclo
hexanone tosylhydrazone dianion with methyl iodide bears 
an anti relationship for tosylamido and methyl groups and is 
identical to the tosylhydrazone made from the treatment of
2-methylcyclohexanone with tosylhydrazine in hot acidic 
ethanol may be explained in terms of an acid-catalyzed 
isomerization during the isolation procedure (Scheme III.)

Acetone tosylhydrazone dianion yields an equilibrium 
mixture (syn/anti, 83:17) of 2-butanone tosylhydrazone in 67% 
yield when trapped with methyl iodide and subjected to 
neutral isolation. Also, dibenzyl ketone tosylhydrazone-syn- 
a-d quickly isomerizes upon treatment with dilute mineral 
acid to a mixture of syn- and anti-labeled material. Such 
isomerization has not been reported for oximes.

Tosylhydrazone dianions formed at —50 °C with n-butyl- 
lithium in THF when trapped with aldehydes and ketones 
afford d-hydroxytosylhydrazones in good to excellent yield 
as shown in Table II. We anticipated that based on the dem
onstrated regiospecificity of dianion formation (vida supra) 
such a reaction would provide a convenient modified 
erossed-aldol reaction since published procedures are available 
for the regeneration of ketones from tosylhydrazones.18-20 
Unfortunately, all attempts to generate /?-nydroxy ketones

^NHTs H ^ + / NHTs ^N H Ts

9 10
from /3-hydroxy tosylhydrazones resulted in a retro-aldol re
action under acidic conditions or no reaction under basic 
conditions. Other routes to effect this seemingly facile con
version are currently under investigation.

However, treatment of /3-hydroxytosylhydrazones with >3 
equiv of alkyllithium reagent results in their smooth elimi
nation at room temperature. For instance, acetophenone to
sylhydrazone may be converted to the dianion at — 50 °C and 
trapped with acetone to give l-phenyl-3-hydroxy-3-methyl- 
1-butanone tosylhydrazone. Elimination of this /3-hydroxy- 
tosylhydrazone with alkyllithium reagent leads to 1-phenyl-
3-hydroxy-3-methyl-l-butene (cis and trans) in 76% yield.

The preferred regiochemistry of elimination in these sys
tems, however, was found to be away from oxygen to form the 
homoallylic alcohol, as the data in Table III demonstrates. The 
uniformly good yields, regiospecificity, convenience, ar.d ready 
availability of starting materials, as well as the apparent 
paucity of reliable methods for the generation of homoallylic 
alcohols,21-24 prompted this report.

It appears that the steric factors which govern the re
giochemistry of dianion formation, and hence elimination, in 
tosylhydrazones are not operative in 8-hydroxytosylhydra-

Table II. (3-Hydroxytosylhydrazones from Tosylhydrazones“

T osylhydrazone Product Yield, Mp
of Electrophile (tosylhydrazone of) % (dec), °C

Acetone Acetone 2-Hydroxy-2-methyl-4-pentanone 57 134.0-135.5
P ropionaldehy de 4-Hydroxy-2-hexanone 78 131.5-132.0

2-Butanone Acetone 2-Hydroxy-2-methyl-4-hexanone 61 130.5-132.5
Propionaldéhyde 5-Hydroxy-3-heptanone 74 132.0-133.0

Cyclohexanone Acetone 2-(2-Hydroxy-2-propyl)cyclohexanone 79 153.5-155.0
Propionaldéhyde 2-Propyl(l-hydroxy)cyclohexanone 74 138.0-141.0

Phenylacetone Acetone l-Phenyl-4-hydroxy-4-methyl-2-pentanonef’ 80 128.0-130.0
Propionaldéhyde l-Phenyl-4-hydroxy-2-hexanone 77 136.5-138.0

Acetophenone Acetone l-Phenyl-3-hydroxy-3-methyl-l-butanone 80 134.0-137.0

° All /3-hydroxytosylhydrazones had spectral data consistent with the assigned structure (see Experimental Section). b This was
the only compound obtained as a single isomer; all others were syn/anti mixtures by NMR.

Table III. Homoallylic Alcohols“ from Tosylhydrazonesb

T osylhydrazone Yield,
of Electrophile Product % Bp,c °C

Acetone Acetone 2-Hydroxy-2-methyl-4-pentene 49 60 (15)
Propionaldehye 4-Hydroxy-l-hexene 48 60 (12)

2-Butanone Acetone 2-Hydroxy-2-methyl-4-hexene 75 60 (7.0)
(cis and trans)

Propionaldéhyde 5-Hydroxy-2-heptene (cis and trans) 73 43 (5.0)
Cyclohexanone Acetone 3-(2-Propyl-2-hydroxy)-l-cyclohexene 65 76-78 (4.5)

Propionaldéhyde 3- (1 -Hydroxy-1 -propyl) -1 -cyclohexene 66 77-79 (3.5)
Phenylacetone Acetone 1-Phenyl-4-hydroxy-4-methyl-l-pentene 59 95 (1.0)

(cis/trans, 11:89)
Propionaldéhyde l-Phenyl-4-hydroxy-l-hexene 43 87-89 (0.3)

(cis/trans, 15:85)

“ All homoallylic alcohols had spectral data consistent with the assigned structure (see Experimental Section). b The intermediate 
(3-hydroxytosylhydrazones were not isolated c Pressures are indicated in parentheses.
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Scheme IV
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zones. Although /3-branching effects cannot be ruled out from 
the above series of /3-hydroxytosylhydrazones, elimination of 
2-methyl-5-hydroxy-3-heptanone tosylhydrazone dianion (12, 
Scheme IV) should produce allylic alcohol 13 in a sterically 
controlled reaction. In fact, elimination of this dianion (gen
erated in situ by trapping 3-methyl-2-butanone tosylhydra
zone dianion with aceteldehyde) with methyllithium leads to 
a 1.0:1.1 mixture of allylic alcohol 13 and homoallylic alcohol 
14. Since the tertiary side of both tosylhydrazones3 and ox
imes7’8 is reluctant to form a syn dianion, it appears that the 
elimination of /3-hydroxytosylhydrazones may involve the 
abstraction of an anti a proton. Such an interpretation is not 
unreasonable in view of the fact that the negatively charged 
oxygen atom should by the inductive effect decrease the 
acidity of the syn a protons. Although an isomerization to form 
16 under the reaction conditions has not been ruled out, it 
seems unlikely in view of the results obtained for elimination 
of 12 above, and those of Kofron.7 The possible elimination 
pathways are depicted in Scheme V. Although a concerted 
elimination involving the generation ci a trianion intermediate 
may be envisioned, no trianion has been trapped, and no ev
idence is presented for its formation.

We also wish to report that chloroformâtes make excellent 
traps for tosylhydrazone dianions. For example, cyclopenta- 
none tosylhydrazone is converted via '.he dianion and trapping 
with ethyl chloroformate into the corresponding ethyl ester 
in 76% yield. Since lithium diisopropylamide is effective in 
tosylhydrazone eliminations in the presence of ester func
tions,2 this method appears to be promising for the production 
of /3,7-unsaturated esters.

Experimental Section
Materials. T o s y l h y d r a z i n e  w a s  c o n v e n i e n t l y  p r e p a r e d  a c c o r d i n g  

t o  t h e  p r o c e d u r e  o f  F r i e d m a n . 25  K e t o n e s  w e r e  p u r c h a s e d  f r o m  c o m 

m e r c ia l  s u p p l i e r s  a n d  u s e d  w i t h o u t  p u r i f i c a t i o n .  r c - B u t y l l i t h i u m  w a s  

p u r c h a s e d  a s  p e n t a n e  s o l u t i o n s  f r o m  V e n t r c n  a n d  s t o r e d  a t  —5  ° C .  

M e t h y l l i t h i u m  w a s  p u r c h a s e d  f r o m  V e n t r o n  a s  e t h e r e a l  s o lu t io n s  a n d  

s t o r e d  a t  a m b i e n t  t e m p e r a t u r e .  R e a g e n t  g r a d e  t e t r a h y d r o f u r a n  w a s  

p u r c h a s e d  f r o m  M a l l i n c k r o d t  a n d  d i s t i l l e d  f r o m  l i t h i u m  a l u m i n u m  

h y d r i d e  p r i o r  t o  u s e .  D 2 O  w a s  p u r c h a s e d  f r o m  M e r c k .  A c e t o n e  w a s  

d i s t i l l e d  f r o m  K M n 0 4 p r i o r  t o  u s e  in  t h e  t r a p p i n g  e x p e r i m e n t s .  

P r o p i o n a l d é h y d e  w a s  d i s t i l l e d  p r i o r  t o  u s e .  R e a c t i o n s  w e r e  c a r r i e d  

o u t  u n d e r  a  s t r e a m  o f  d r y  n i t r o g e n  in  g l a s s w a r e  o v e n - d r i e d  a t  1 4 0  ° C  

o v e r n i g h t .

Instrumentation. A l l  a n a l y t i c a l  g a s  c h r o m a t o g r a p h y  a n a l y s e s  w e r e  

d o n e  o n  a  V a r i a n  A e r o g r a p h  i n s t r u m e n t  ( F I D ) .  P r e p a r a t i v e  g a s  

c h r o m a t o g r a p h y  w o r k  w a s  d o n e  o n  a  V a r i a n  1 6 0 0  i n s t r u m e n t  u s i n g  

a  6  f t  X  0 .2 5  in .  8 %  D C - 5 5 0  c o lu m n .  I n f r a r e d  s p e c t r a  w e r e  r e c o r d e d  

o n  a  P e r k i n - E l m e r  I n f r a c o r d  s p e c t r o m e t e r .  ’ H  N M R  s p e c t r a  w e r e  

o b t a i n e d  w i t h  e i t h e r  a  V a r i a n  A - 6 0 A  i n s t r u m e n t  o r  a  V a r i a n  T - 6 0 .  

M a s s  s p e c t r a  w e r e  o b t a i n e d  o n  a  V a r i a n  C H - 5  m a s s  s p e c t r o m e t e r  a t  

7 0 - e V  i o n iz in g  e n e r g y .  M e l t i n g  p o i n t s  w e r e  d e t e r m i n e d  u s i n g  a  

T h o m a s - H o o v e r  c a p i l l a r y  m e l t i n g  p o i n t  a p p a r a t u s  a n d  a r e  u n c o r 

r e c t e d .

Procedures. Tosylhydrazones: General Procedure. I n  a  5 0 - m L  

E r l e n m e y e r  f l a s k ,  t o s y l h y d r a z i n e  ( 9 .3  g ,  5 0  m m o l)  i s  d i s s o l v e d  in  2 0  

m L  o f  e t h a n o l  c o n t a in in g  1  d r o p  o f  c o n c e n t r a t e d  H C 1  o n  a  s t e a m  b a t h .

Scheme V
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T h e  f la s k  is  a l lo w e d  t o  c o o l  b r i e f l y ,  t h e  k e t o n e  ( 5 0  m m c l)  is  a d d e d ,  a n d  

t h e  f l a s k  is  s w i r l e d  a n d  h e a t e d  f o r  1  m in .  A f t e r  c o o l i n g  t o  r o o m  t e m 

p e r a t u r e ,  t h e  f l a s k  is  c o o le d  t o  — 1 5  ° C  in  t h e  f r e e z e r ,  a n d  t h e  c o lo r le s s  

c r y s t a l s  a r e  i s o l a t e d  b y  s u c t i o n  f i l t r a t i o n .  R e c r y s t a l l i z a t i o n  f r o m  

e t h a n o l  a f f o r d s  t h e  t o s y l h y d r a z o n e  in  7 8 - 9 5 %  y i e l d .

/3-Hydroxytosylhydrazones: General Procedure. T h e  t o s 

y l h y d r a z o n e  ( 1 0  m m o l)  i s  d i s s o l v e d  in  5 0  m L  o f  T H F  in  a  1 0 0 - m L  

t w o - n e c k  r o u n d - b o t t o m  f l a s k  p r o t e c t e d  f r o m  m o i s t u r e  a n d  e q u i p p e d  

w i t h  a  r u b b e r  s e r u m  c a p  a n d  m a g n e t i c  s t i r r e r .  T h e  s o l u t i o n  is  c o o le d  

t o  —5 0  ° C  b y  m e a n s  o f  a  d r y  i c e / 2 - p r o p a n o l  b a t h  a n d  t i t r a t e d  t o  p a le  

y e l lo w  w i t h  1 0  m m o l  o f  n - b u t y l l i t h i u m  s o l u t i o n .  Ar_ a d d i t i o n a l  1 0  

m m o l  o f  n - b u t y l l i t h i u m  s o l u t i o n  is  a d d e d ,  t h e  o r a n g e  t o  d e e p  r e d  

s o l u t i o n  is  a l lo w e d  t o  s t i r  f o r  1  m in ,  a n d  1 1  m m o l  o f  a c e t o n e  o r  p r o -  

p i o n a l d e h y d e  is  a d d e d  n e a t .  T h e  c o lo r  b l e a c h e s  i m m e d i a t e l y ,  a n d  t h e  

p a l e  y e l lo w  t o  c o lo r le s s  s o l u t i o n  is  a l l o w e d  t o  w a r m  w i t h  s t i r r i n g  t o  

r o o m  t e m p e r a t u r e .  I t  i s  t h e n  t r e a t e d  w i t h  2 5  m L  o f  1 0 %  H C 1  a n d  

s a l t e d ,  t h e  l a y e r s  a r e  s e p a r a t e d ,  a n d  t h e  a q u e o u s  p h a s e  is  e x t r a c t e d  

w i t h  2 5  m L  o f  T H F .  T h e  c o m b i n e d  o r g a n i c  e x t r a c t s  a r e  d r i e d  

( M g S 0 4), a n d  t h e  s o lv e n t  is  r e m o v e d  o n  t h e  r o t o r y  e v a p o r a t o r ,  l e a v i n g  

p a l e  y e l lo w  c r y s t a l s .  T h e  c r u d e  m a t e r i a l  i s  r e c r y s t a l l i z e d  f r o m  w a r m  

a q u e o u s  e t h a n o l .

Homoallylic Alcohols: General Procedure. I n  a  1 0 0 - m L  t w o -  

n e c k  r o u n d - b o t t o m  f l a s k  p r o t e c t e d  f r o m  m o i s t u r e  a n d  e q u i p p e d  w i t h  

a  m a g n e t i c  s t i r r e r ,  r e f l u x  c o n d e n s e r ,  a n d  r u b b e r  s e r u m  c a p  i s  p la c e d  

1 0  m m o l  o f  t h e  t o s y l h y d r a z o n e  a n d  5 0  m L  o f  T H F .  T h e  s o l u t i o n  is 
c o o le d  t o  - 5 0  ° C  b y  m e a n s  o f  a  d r y  i c e / 2 - p r o p a n o l  b a t h  a n d  is  t i t r a t e d  

t o  p a le  y e l lo w  w it h  1 0  m m o l  o f  n - b u t y l l i t h i u m  s o lu t io n  A n  a d d i t io n a l  

1 0  m m o l  o f  n - b u t y l l i t h i u m  s o l u t i o n  i s  a d d e d ,  t h e  o r a r .g e  t o  d e e p  r e d  

s o lu t io n  is  a l lo w e d  t o  s t i r  f o r  1  m in  , a n d  t h e  m i x t u r e  is  t h e n  q u e n c h e d  

w i t h  a c e t o n e  o r  p r o p io n a ld e h y d e .  A f t e r  w a r m in g  t o  r o o m  t e m p e r a t u r e ,  

2 0  m m o l  o f  m e t h y l l i t h i u m  s o lu t io n  is  a d d e d ,  a n d  t h e  o r a n g e  s o lu t io n  

is  a l lo w e d  t o  s t i r  f o r  6 .0  h  a t  r o o m  t e m p e r a t u r e .  H y d r o l y s i s  i s  e f f e c t e d  

w i t h  d i lu t e  H C 1  a t  0  ° C ,  a n d  t h e  a q u e o u s  p h a s e  i s  s a t u r a t e d  w i t h  s a l t  

a n d  e x t r a c t e d  w i t h  t h r e e  1 0 - m L  p o r t i o n s  o f  T H F .  T h e  c o m b i n e d  o r 

g a n i c  p h a s e  is  e x t r a c t e d  w i t h  t w o  1 6 - m L  p o r t i o n s  o f  1  M  N a O H ,  s a t 

u r a t e d  w i t h  s a l t ,  w a s h e d  w i t h  b r i n e ,  a n d  c o n c e n t r a t e d  t o  ~ 5  m L  b y  

f l a s h  e v a p o r a t i o n .  T h e  p r o d u c t  i s  o b t a i n e d  b y  c h r o m a t o g r a p h y  o n  

a l u m i n a  o r  b y  d i s t i l l a t i o n .

S p e c t r a l  d a t a  f o r  t h e  / 3 - h y d r o x y t o s y l h y d r a z o n e s  a r e  a s  f o l l o w s  

( “ e x c h a n g e s ”  r e f e r s  t o  p r o t o n s  e x c h a n g e a b le  w i t h  D 2 O ).

2-Hydroxy-2-methyl-4-pentanone tosylhydrazone: 1 H  N M R  

( C D C I 3 , M e 4S i )  S 1 . 1 1 , 1 . 2 3  ( 6  H ,  p a i r  o f  s ) ,  1 . 8 7 , 1 . 9 3  ( 3  H ,  p a i r  o f  s ) ,  

2 . 3 3 - 2 . 5 3  ( 3  H ,  m , 1  e x c h a n g e s ) ,  2 .4 2  ( 3  H ,  s ) ,  7 . 2 0 - 8 . 0 0  ( 5  H ,  m , 1  

e x c h a n g e s ) ;  I R  ( f i lm )  3 3 2 5 ,  3 0 0 0 ,  2 8 4 0 ,  1 6 0 0 ,  1 5 6 5 , 1 3 1 0 ,  1 1 4 5 ,  9 3 5 ,  

8 1 0 , 7 2 0  c m - 1 ; M S  mie ( r e l a t i v e  i n t e n s i t y )  2 8 4  ( M + ', 1 ) , 1 5 7  ( 7 ) ,  1 1 1  

(8 ) , 1 3 9  ( 9 ) ,  9 1  ( 2 3 ) ,  3 1  ( 2 8 ) ,  2 2 6  ( 3 6 ) ,  5 9  ( 5 9 ) ,  7 1  ( 1 0 0 ) .

4 -  Hydroxy-2-hexanone tosylhydrazone: : H  N M R  ( C D C 1 3 , 
M e 4S i )  5 0 .8 9  ( 3  H , t ,  J  =  7  H z ) ,  1 . 1 3 - 1 . 6 1  ( 2  H ,  m ) , 1 . 8 3 , 1 . 9 1  ( 3  H ,  p a i r  

o f  s ) ,  2 . 1 8 - 2 . 4 9  ;2  H .  m ) ,  2 . 4 1  ( 3  H ,  s ) ,  2 .8 4  ( 1  H ,  s ,  e x c h a n g e s ) ,

3 . 5 0 - 3 . 9 3  ( 1  H ,  m ) ,  7 . 1 5 - 7 . 9 6  ( 5  H ,  m , 1  e x c h a n g e s ) ;  I R  ( f i l m )  3 3 4 0 ,  

3 0 0 0 ,  2 8 0 0 , 1 6 6 0 , 1 5 7 0 , 1 3 2 5 , 1 1 5 5 , 1 0 7 5 , 9 2 0 , 8 4 0 , 8 1 5 , 7 0 0  c m " 1 ; M S  

m /e  ( r e la t iv e  in t e n s it y )  2 8 4  ( M + ', 1 ) ,  9 2  ( 1 0 ) ,  1 5 7  ( 1 0 ) ,  1 1 1  ( 1 6 ) ,  4 1  ( 1 9 ) ,  

4 6  ( 2 2 ) ,  9 1  ( 2 5 ) ,  2 2 6  ( 2 7 ) ,  4 5  ( 3 3 ) ,  4 3  ( 3 5 ) ,  5 9  ( 5 2 ) ,  3 1  ( 5 6 ) ,  7 1  ( 1 0 0 ) .

2-Hydroxy-2-methyl-4-hexanone tosylhydrazone: ' H  N M R  

( C D C I 3 , M e 4S i )  £ 0 . 9 8  ( 3  H ,  t ,  J  =  7 .5  H z ) ,  1 . 1 5  ( 6  H ,  s ! , 2 . 1 3  ( 2  H ,  q , 

■J =  7 .5  H z ) ,  2 . 3 5  ( 3  H ,  s ) ,  2 . 3 5  ( 2  H ,  s ) ,  3 . 4 5  ( 1  H ,  s ,  e x c h a n g e s ) ,  7 .2 7  

( 2  H ,  d , J  =  8  H z ) ,  7 .9 0  ( 2  H ,  d ,  J  =  8  H z ) ,  7 .9 2  ( 1  H ,  b r o a d  s , e x 

c h a n g e s ) ;  I R  ( f i lm )  3 3 0 0 ,  2 9 5 0 ,  2 8 8 0 , 1 6 1 0 , 1 5 6 5 , 1 3 5 5 , 1 3 0 5 , 1 1 5 0 , 9 4 0 ,  

8 1 0 ,  7 5 5 ,  7 0 5  c m - 1 ; M S  m /e  ( r e l a t i v e  i n t e n s i t y )  2 9 8  ( M + ', 2 ) ,  1 2 5  ( 4 ) ,  

1 4 3  (6 ) , 5 9  ( 7 ) ,  1 3 9  (8 ) , 1 5 7  ( 9 ) ,  2 4 0  ( 2 3 ) ,  9 1  ( 2 8 ) ,  8 5  ( 1 0 0 ) .

5- Hydroxy-3-heptanone tosylhydrazone: 'll N M R  ( C D C I 3 , 

M e 4S i )  5 0 .8 9  ( 3  H ,  t ,  J  =  7 .5  H z ) ,  0 .9 9  ( 3  H ,  t ,  J  =  7  H z ) ,  1 . 4 3  ( 2  H ,  

b r o a d  q ,  J  =  7  H z ) ,  2 . 0 3 - 2 . 5 2  (4  H ,  m ) , 2 . 4 1  ( 3  H ,  s ) ,  3 . 2 2  ( 1  H ,  s ,  e x 

c h a n g e s ) ,  3 .7 4  ( 1  H ,  m ) , 7 .2 0  (2  H ,  d ,  J  =  8  H z ) ,  7 .7 5  ( 2  H ,  d , J  =  8  H z ) ,
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7 .7 8  ( 1  H ,  s ,  e x c h a n g e s ) ;  1 R  ( f i l m )  3 4 9 0 . 3 1 0 0 . 2 9 8 0 . 1 6 6 0 , 1 5 9 5 , 1 3 1 5 ,  

1 1 6 0 ,  9 1 0 ,  8 1 5 ,  7 0 0  c m “ 1 ; M S  m /e  ( r e l a t i v e  i n t e n s i t y )  2 9 8  ( M + ' < 1 ) ,  

1 5 7  ( 1 0 ) ,  2 2 6  ( 1 2 ) ,  9 2  ( 1 3 ) ,  3 9  ( 1 6 ) ,  5 9  ( 1 6 ) ,  6 5  ( 1 8 ) ,  6 7  ( 1 8 ) ,  7 0  ( 1 8 ) ,  4 1

( 3 0 ) ,  4 2  ( 3 3 ) ,  9 1  ( 3 4 ) ,  4 3  ( 5 1 ) ,  7 1  ( 6 4 ) ,  1 1 1  ( 1 0 0 ) .

2-(2-Hydroxy-2-propyl)cyclohexanone tosylhydrazone: ‘ H  

N M R  ( C D C I 3 , M e 4S i )  5 1 . 1 6 . 1 . 3 1  ( 6  H .  p a i r  o f  s ) ,  1 . 1 6 - 2 . 5 1  ( 8  H . m ) ,

2 . 4 1  ( 3  H , s ) ,  2 .8 6  ( 1  H ,  t .  J  =  6  H z ) ,  3 .0 4  ( 1  H , s , e x c h a n g e s ) ,  7 . 0 f - 8 . 0 4  

( 5  H ,  m , 1  e x c h a n g e s ) ;  I R  ( f i lm )  3 3 2 0 ,  2 8 5 0 ,  1 5 7 5 ,  1 5 5 0 ,  1 3 1 0 ,  1 1 5 5 ,  

1 0 2 5 , 9 5 5 , 8 1 0 , 7 0 0  c m - 1 ; M S  m le  ( r e l a t i v e  i n t e n s i t y )  3 2 4  ( M + \  < 1 ), 

1 1 2  ( 9 ) , 2 6 6  ( 1 1 ) ,  8 1  ( 1 2 ) ,  4 1  ( 1 3 ) ,  6 7  ( 1 6 ) ,  9 1  ( 1 6 ) ,  4 3  ( 2 2 ) ,  3 1  ( 2 5 ) ,  1 5 1  

( 8 1 ) ,  1 1 1  ( 1 0 0 ).
2- Propyl(l-hydrox.v)cyclohexanone tosylhydrazone:1H NMR

( C D C I 3 , M e 4S i )  b 0 .9 0 , 1 .0 0  ( 3  H ,  p a i r  o f  t ,  J  =  7  H z ) ,  1 . 1 0 - 2 . 6 5  1 1 0  H , 

m ) ,  2 .4 3  ( 3  H , s ) ,  2 .8 2  ( 1  H ,  b r o a d  t ) ,  3 .0 2  ( 1  H ,  s ,  e x c h a n g e s ) ,  3 .6 7  ( 1  

H ,  m ) , 7 . 1 2 - 8 . 1 4  ( 5  H , m , 1  e x c h a n g e s ) ;  I R  ( f i lm )  3 4 0 0 .  2 9 0 0 .  2 8 1 0 .  

1 6 5 0 ,  1 5 7 5 , 1 3 2 5 , 1 1 6 0 , 1 0 3 0 ,  8 1 5 ,  7 0 5  c m “ 1 ; M S  m /e  ( r e l a t i v e  n t e n -  

s i t y )  3 2 4  ( M + - , < 1 ) ,  1 1 2  ( 9 ) , 1 3 9  ( 1 1 ) ,  6 7  ( 1 5 ) ,  4 1  ( 1 6 ) ,  2 6 6  ( 1 6 ) ,  8 1  ( 1 8 ) ,  

9 1  ( 1 9 ) ,  1 5 1  ( 2 0 ) ,  1 5 4  ( 2 9 ) ,  3 1  ( 3 4 ) ,  1 1 1  ( 1 0 0 ) .

1 -Phenyl-4-hydroxy-4-methyl-2-pentanone tosylhydrazone: 
'H N M R  ( C D C I 3 , M e 4S i )  i 1 . 1 4  ( 6  H ,  s ) ,  2 . 3 1  (2  H ,  s ) ,  2 .4 3  ( 3  H ,  s ) ,  3 .0 6  

( 1  H ,  s , e x c h a n g e s ) ,  3 .4 7  ( 2  H .  s ) ,  6 . 9 5 - 7 . 9 7  ( 1 0  H . m , 1  e x c h a n g e s ) ;  I R  

( f i l m )  3 3 0 0 ,  2 8 7 0 ,  2 7 5 0 ,  1 7 0 0 ,  1 5 7 0 ,  1 3 0 0 ,  1 1 4 5 ,  1 0 4 0 ,  8 1 0 ,  7 4 0 ,  6 9 5  

c m “ 1 ; M S  m /e  ( r e l a t i v e  i n t e n s i t y )  3 6 0  ( M + ’, 2 ) ,  3 1  ( 1 3 ) ,  1 1 5  ( 1 3 ) ,  9 2  

( 1 5 ) ,  6 5  ( 1 7 ) ,  1 8 7  ( 1 7 ) ,  4 3  ( 1 8 ) ,  1 1 7  ( 2 4 ) ,  1 1 8  ( 2 9 ) ,  1 3 0  ( 3 1 ) ,  3 0 2  ( 3 7 ) ,  

5 9  ( 7 6 ) ,  9 1  ( 8 7 ) ,  1 4 7  ( 1 0 0 ) .

l-Phenyl-4-hydroxy-2-hexanone tosylhydrazone: 'H  N M R

( C D C I 3 , M e 4S i )  b 0 .9 0  ( 3  H . b r o a d  t ,J  =  7  H z ) .  1 . 4 5  ( 2  H ,  b r o a d  q ,  J  
=  7  H z ) ,  2 .3 7  ( 3  H ,  s ) ,  2 .8 1  ( 2  H ,  b r o a d  s ) ,  2 .9 0  ( 2  H ,  d ,  J  =  6 .5  H z ) ,  3 . 1 8  

( 1  H ,  s ,  e x c h a n g e s ) ,  3 . 8 2  ( 1  H .  b r o a d  t .  J  =  6 .5  H 2 ), 7 . 2 0 - 8 . 0 6  < 1 0  H . 

m , 1  e x c h a n g e s ) ;  I R  ( f i lm )  3 3 2 0 ,  2 9 5 0 ,  2 8 5 0 ,  1 5 6 C ,  1 5 4 0 ,  1 3 1 0 ,  1 1 5 0 ,  

1 0 6 5 ,  9 3 0 ,  8 1 0 ,  7 5 0 ,  6 9 0  c m “ 1 ; M S  m /e  ( r e l a t i v e  i n t e n s i t y )  3 6 0  ( M + \

4 ) , 1 9 1  ( 1 3 ) ,  5 9  ( 1 4 ) ,  5 3  ( 1 5 ) ,  1 7 2  ( 1 5 ) ,  3 9  ( 1 7 ) ,  4 1  ( 1 7 1 , 1 2 9 ( 1 9 ) ,  1 3 1  ( 2 0 ) ,  

1 1 5  ( 2 2 ) ,  1 0 5  ( 2 9 ) ,  9 2  ( 3 0 ) ,  6 7  ( 3 4 ) ,  6 1  ( 3 5 ) .  1 7 6  ( 3 8 ) ,  1 0 4  ( 3 9 ) ,  7 9  ( 4 6 ) , 

1 0 3  ( 6 4 ) , 1 7 3  ( 7 5 ) ,  9 1  ( 9 0 ' ,  1 3 3  ( 1 0 0 ) .

l-Phenyl-3-hydroxy-3-methyI-l-butanone tosylhydrazone: 
'H  N M R  (CDCI3 , M e 4S i )  5 1 . 2 0  ( 6  H ,  s ) ,  2 .4 2  ( 3  H . s ) ,  2 .9 3  ( 2  H , s ) ,  3 .0 3  

( 1  H ,  s , e x c h a n g e s ) ,  7 . 1 7 - 8 . 0 6  (9  H ,  m , 1  e x c h a n g e s ) ;  I R  ( f i lm )  3 4 5 0 ,  

3 1 0 0 ,  3 0 0 0 ,  1 6 0 0 ,  1 3 4 0 ,  1 1 7 0 , 1 0 9 0 .  9 1 0 ,  8 2 0 . 8 0 5 ,  7 6 0 , 6 9 5  c m “ 1 ; M S  

m /e  ( r e l a t i v e  i n t e n s i t y )  3 4 6  ( M + ', 3 ) ,  1 5 2  ( 1 0 ) ,  1 C 5  ( 1 1 ) ,  1 3 2  ( 1 1 ) ,  7 8

( 1 2 ) ,  1 3 4  ( 1 4 ) ,  1 7 3  ( 2 2 ) ,  6 5  ( 2 4 ) ,  7 7  ( 2 5 ) ,  2 8 8  ( 2 6 ) ,  9 2  ( 3 9 ) ,  5 9  ( 4 7 ) ,  9 1

( 4 7 ) ,  1 0 3  ( 5 0 ) ,  1 0 4  ( 5 0 ) ,  4 3  ( 5 4 ) ,  1 3 3  ( 1 0 0 ) .

S p e c t r a l  d a t a  f o r  t h e  h o m o a l l y l i c  a l c o h o l s  a r e  a s  f o l lo w s .

4-Hydroxy-4-methyl-l-pentene: ‘ H  N M R  ( C C 1 4, M e 4S i )  b 1 . 1 7  

( 6  H ,  s )  2 . 1 2  ( 1  H ,  s , e x c h a n g e s ) ,  2 . 1 8  ( 2  H , b r o a d  d ,  J  =  7  H z ) .  4 .9 2  ( 1  

H , m ) ,  5 . 1 8  ( 1  H ,  m ) ,  5 . 5 0 - 6 . 2 7  ( 1  H ,  m ) ;  M S  m /e  ( r e l a t i v e  i n t e n s i t y )  

1 0 0  ( M + - ,  < 1 ) ,  4 1  (6 ) , 7 1  ( 1 0 ) ,  5 7  ( 1 4 ) ,  4 3  ( 2 0 ) ,  4 4  ( 3 9 ) ,  4 2  ( 8 3 ) ,  5 9  

(100).
4 -  Hydroxy-1 -hexene: ‘ H  N M R  ( C C 1 4, M e 4S  ) b 0 . 9 1  ( 3  H ,  t ,  J  =  

7  H z ) .  1 . 1 2 - 1 . 7 1  ( 2  H . m ) ,  2 . 1 8  (2  H , b r o a d  t ). 3 . 3 3  ( 1  H .  s , e x c h a n g e s ) ,

3 . 5 0  ( 1  H ,  m ) ,  4 . 7 3 - 5 . 2 3  i 2  H ,  m ) . 5 . 5 0 - 6 . 2 1  ( 1  H ,  m ) ; I R  ( f i lm )  3 2 0 0 ,  

2 9 5 0 ,  2 8 0 0 ,  1 7 1 0 ,  1 4 3 0 ,  1 1 0 0 .  9 5 5 ,  9 1 0 ,  7 7 5  c m “ -; M S  m /e  ( r e l a t i v e  

i n t e n s i t y )  1 0 0  ( M + - , < 1 ) .  5 8  ( 4 ) ,  6 0  ( 4 ) ,  2 8  (6 ). 4 2  ( 9 ) ,  5 7  ( 1 0 ) ,  7 1  ( 1 0 ) ,  

3 9  ( 1 1 ) ,  2 7  ( 1 2 ) ,  2 9  ( 1 2 ) ,  4 3  ( 1 4 ) ,  4 1  ( 3 1 ) ,  3 1  ( 4 6 ) ,  5 9  ( 1 0 0 ) .

5- Hydroxy-5-methyl-2-hexene (cis and trans): ] H  N M R  ( C C 1 4, 

M e 4S i )  b 1 . 1 3 , 1 . 1 7  ( 6  H , p a i r  o f  s ) ,  1 . 2 5  ( 2  H , s ) ,  1 . 6 2  ( 3  H ,  d ,  J  =  6  H z ) ,

2 . 0 4 - 2 . 3 0  ( 2  H ,  m ) ,  3 . 3 0  ( 1  H ,  s ,  e x c h a n g e s ) ,  5 . 3 7 - 5 . 6 8  ( 2  H ,  m ) ;  I R  

( f i lm )  3 3 0 0 ,  2 9 0 0 .  1 6 4 0 ,  1 4 5 0 ,  1 3 6 5 ,  1 1 4 5 ,  1 0 8 0 ,  1 0 5 0 .  9 6 5 ,  £ 0 5 ,  7 8 0  

c m - 1 ; M S  m /e  ( r e l a t i v e  in t e n s i t y )  1 1 4  ( M + \  < 1 ), 7 9  ( 5 ) .  4 2  ( 7 ) .  6 0  (8 ). 

9 9  (8 ) , 5 3  ( 9 ) , 9 6  ( 1 0 ) ,  5 5  1 7 ) ,  3 9  ( 1 8 ) ,  5 6  ( 2 1 ) ,  8 1  ( 2 3 ) ,  4 1  ( 3 2 ) ,  4 3  ( 6 5 ) ,  

5 9 ( 1 0 0 ) .

5-Hydroxy-2-hcptene (cis and trans): ‘ H  N M R  ( C C 1 4, M e 4S i )  

b 1 . 0 8  ( 3 H , U  =  7  H z ) ,  1 . 2 3  ( 2  H ,  m ) ,  1 . 5 4 - 1 . 7 8  ( 3  H ,  m ) ,  2 . 1 3  (2  H ,  

q, J  =  7  H z ) ,  3 . 4 2  ( 1  H ,  s ,  e x c h a n g e s ) ,  3 . 2 5 - 3 . 7 1  ( 1  H ,  m ) ,  5 . 3 5 - 5 . 6 7  

( 2  H ,  m ) ; I R  ( f i l m )  3 3 5 0 ,  2 9 0 0 , 1 6 5 0 ,  1 4 6 0 ,  1 3 6 0 ,  i . 0 4 5 , 1 0 2 5 ,  9 6 0 , 9 0 0 , 

7 8 0 ,  6 8 0  c m “ 1 ; M S  m /e  ( r e l a t i v e  i n t e n s i t y )  1 1 4  l M + ', < 1 ) ,  3 9  ( 5 ) ,  5 1

( 5 ) ,  5 4  ( 5 ) ,  4 1  (6 ) , 4 5  (6 ) , 8 1  (6 ) , 5 8  (8 ) , 8 7  ( 8 ) , 5 3  ( 1 0 ) ,  6 7  ( 1 2 ) ,  3 8  ( 2 0 ) ,  

6 9  ( 2 2 ) ,  8 5  ( 2 3 ) ,  5 5  ( 2 7 ) ,  5 7  ( 3 5 ) ,  4 3  ( 3 7 ) ,  5 6  ( 8 0 ) . 4 0  ( 8 7 ) ,  5 9  ; i 0 0 ) .

3 -  (2-Propyl-2-hydroxy)-l-cyclohexene: 'H  N M R  ( C C R .  M e 4S i )  

b 1 . 1 0 , 1 . 1 5  ( 6  H , p a i r  o f  s ) ,  1 . 1 8 - 2 . 3 5  ( 6  H , m ) , 3 . 1 3  ( 1  H ,  s , e x c h a n g e s ) ,  

3 . 2 3 - 3 . 7 9  ( 1  H ,  m ) ,  5 . 7 5  ( 2  H ,  m ) ;  I R  ( f i lm )  3 2 5 0 ,  2 8 3 0 ,  1 6 2 0 ,  1 4 2 0 ,  

1 3 6 0 , 1 1 4 0 , 1 0 4 0 ,  9 5 0 , 9 1 0 ,  8 9 0 , 8 2 5 ,  7 6 5 ,  7 2 0  c m “ 1 ; M S  m /e  ( r e l a t i v e  

in t e n s i t y )  1 4 0  ( M + - , 1 ) ,  5 3  ( 5 ) ,  8 1  ( 5 ) ,  1 0 7  ( 5 ) ,  1 2 2  ( 5 ) ,  3 1  (6 ) , 8 2  (6 ) , 5 4
( 7 )  , 4 1  ( 9 ) ,  7 9  ( 1 0 ) ,  6 7  ( 1 3 ) ,  5 9  ( 1 0 0 ) .

3-(l-Hydroxy-l-propyl)-l-cyclohexene: * H  N M R  ( C C U , M e 4S i )

b 0 .9 4  ( 3  H ,  t ,  J  =  7  H z ) ,  1 . 1 1 - 2 . 4 0  ( 8  H .  m ) , 3 . 1 3  ( 1  H .  s ,  e x c h a n g e s ) ,

3 . 0 2 - 3 . 9 3  ( 2  H ,  m ) ,  5 . 7 7  ( 2  H , m ) ;  I R  ( f i lm )  3 2 5 0 ,  2 8 3 0 ,  1 6 3 0 ,  14 4 0 ,  

1 1 1 0 ,  9 6 5 ,  9 3 0 ,  8 7 5 ,  7 8 0 ,  7 2 0  c m “ 1 ; M S  m /e  ( r e . a t i v e  i n t e n s i t y )  1 4 0  

( M + \  < 1 ) , 6 6  ( 5 ) ,  8 3  ( 5 ) ,  9 3  ( 5 ) .  1 2 2  ( 5 ) ,  6 5  (6 ) , 6 8  (6 ) , 8 0  ( 7 ) ,  4 4  (8 ) , 5 1

(8 )  , 5 7  ( 1 1 ) ,  7 7  ( 1 1 ) ,  5 5  ( 1 3 ) .  7 9  ( 1 7 ) ,  8 1  ( 1 7 ) ,  5 3  ( 1 9 ) ,  5 4  ( 4 9 ) . 5 9  ( 6 3 ) ,  

5 2  ( 8 2 ) ,  6 7  ( 1 0 0 ) .

l-Phenyl-4-hydroxy-4-methyl-l-pentene (cis and trans): 'H
N M R  ( C C 1 4, M e 4S i )  b 1 . 1 7  ( 6  H ,  s ) ,  2 .4 5  ( 2  H ,  d d ,  J  =  1 ,2  H z ) ,  3 . 0 5  ( 1  

H ,  e x c h a n g e s ) ,  5 . 5 7 - 6 . 6 7  ( 2  H ,  m ) ,  7 . 2 3  ( 5  H ,  s ) ;  I R  ( f i l m )  3 3 0 0 , 2 9 0 0 ,  

1 6 2 5 , 1 5 8 0 , 1 5 5 5 , 1 4 8 0 , 1 3 6 5 , 1 1 3 0 , 1 0 7 0 , 1 0 2 0 , 9 4 5 , 9 1 0 , 7 6 0 , 6 9 5  c m “ 1 ; 

M S  m /e  ( r e l a t i v e  i n t e n s i t y )  1 7 6  ( M + ', < 1 ) ,  1 1 9  (6 ) , 1 2 9  ( 7 ) ,  1 1 6  (8 ), 

3 9  ( 9 ) , 1 2 8  ( 9 ) ,  1 5 8  ( 1 0 ) ,  4 i  ( 1 3 ) ,  9 1  ( 1 5 ) ,  1 1 5  ( 1 8 ) ,  1 4 3  ( 1 9 ) ,  1 1 7  ( 2 9 ) ,  

4 3  ( 3 3 ) .  1 1 8  ( 5 9 ) ,  5 9  ( 1 0 0 ) .

1- Phenyl-4-hydroxy-l-hexene (cis and trans): [H NMR ( C C 1 4 , 

M e 4S i )  b 0 .7 8  ( 3  H ,  t ,  J  =  7  H z ) , 1 . 3 0  ( 2  H ,  m ) , 2 . 1 9  ( 2  H ,  b r o a d  q ) ,  3 . 1 9  

( 1  H ,  s , e x c h a n g e s ) ,  3 . 3 5  ( 1  H , m ) , 6 . 1 7  ( 2  H , m ) , 7 .0 5  ( 5  H , m ) ;  I R  ( f i lm )  

3 4 0 0 ,  2 9 5 0 , 2 7 5 0 , 1 6 2 5 , 1 5 6 0 , 1 3 0 C ,  1 1 4 0 , 1 0 0 0 , 9 3 5 , 9 0 0 , 8 1 0 ,  7 6 0 , 7 0 0  

c m “ 1 ; M S  m / e  ( r e l a t i v e  i n t e n s i t y )  7 8  ( 5 ) ,  4 3  ( 5 ) ,  1 2 9  (6 ) , 1 0 6  (6 ) , 5 1  

( 7 ) ,  5 7  (8 ) , 1 0 5  ( 1 0 ) ,  7 7  ( 1 0 ) ,  4 1  ( 1 0 ) ,  1 1 9  ( 1 1 ) ,  1 1 6  ( 1 1 ) ,  1 7 6  ( M + - ,  1 2 ) ,  

3 1  ( 1 5 ) ,  1 1 5  ( 1 8 ) ,  9 1  ( 2 0 ) ,  5 9  ( 3 3 ) ,  1 1 7  ( 5 3 ) ,  1 1 8  ( 1 0 0 ) .

Cyclopentanone Tosylhydrazone. I n  a  5 0 - m L  E r l e n m e y e r  f l a s k ,  

t o s y l h y d r a z i n e  ( 9 .3  g ,  5 0  m m o l)  w a s  d i s s o l v e d  in  2 0  m L  o f  e t h a n o l  

c o n t a in in g  1  d r o p  o f  c o n c e n t r a t e d  H C 1  o n  a  s t e a m  b a t h .  T h e  f l a s k  w a s  

a l l o w e d  t o  c o o l  b r i e f l y ,  a n d  4 .2  g  ( 5 0  m m o l)  o f  c y c l o p e n t a n o n e  w a s  

a d d e d  a n d  t h e  f l a s k  s w ir le d .  V ig o r o u s  b o i l i n g  o c c u r e d ,  a n d  o n  c o o l in g  

t o  r o o m  t e m p e r a t u r e  a  c o l o r l e s s  p r e c i p i t a t e  f o r m e d .  F u r t h e r  c o o l in g  

in  t h e  f r e e z e r  f o l lo w e d  b y  s u c t i o n  f i l t r a t i o n  a f f o r d e d  1 2 . 7  g  ( 9 4 % )  o f  

c y c l o p e n t a n o n e  t o s y l h y d r a z o n e .  m p  1 8 0 - 1 8 4  ° C  d e c ;  : H  N M R  

(CDCI3, M e 4S i )  b 1 . 7 5  (4  H ,  m ) ,  2 .2 2  (4  H ,  m ) ,  2 .4 5  ( 3  H ,  s ) ,  7 . 3 3  ( 2  H ,  

d ,  J =  8  H z ) ,  7 . 7 5  ( 1  H ,  b r o a d  s i ,  7 .9 2  ( 2  H ,  d ,  J  =  7  H z ) ;  M S  m /e  
( r e l a t i v e  i n t e n s i t y )  1 4 0  ( 1 0 ) ,  1 5 7  ( 1 0 ) ,  5 3  ( 1 4 ) ,  2 5 2  ( M + ', 1 6 ) ,  8 0  ( 1 7 ) ,  

6 5  ( 1 8 ) ,  6 8  ( 2 1 ) ,  9 1  ( 3 2 ) ,  9 6  ( 3 4 ) ,  4 1  ( 3 8 ) ,  6 7  ( 5 6 ) ,  9 7  ( 1 0 0 ) .

2 -  Carboethoxycyclopentanone Tosylhydrazone. C y c l o p e n t a 

n o n e  t o s y lh y d r a z o n e  ( 1 . 2 6  g , 5 .0  m m c R  w a s  d i s s o lv e d  in  2 5  m L  o f  T H F  

in  a  5 0 - m L  t w o - n e c k  r o u n d - b o t t o m  T a s k  p r o t e c t e d  f r o m  m o is t u r e  a n d  

e q u i p p e d  w i t h  a  r e f l u x  c o n d e n s e r ,  r u b b e r  s e r u m  c a p ,  a n d  m a g n e t i c  

s t i r r e r .  T h e  s o l u t i o n  w a s  c o o le d  t o  - 5 0  ° C  b y  m e a n s  o f  a  d r y  i c e / 2 -  

p r o p a n o l  b a t h ,  a n d  5 .0  m L  ( 1 0  m m o l)  o f  a  2 .0  M  s o l u t i o n  o f  n - b u t y l -  

l i t h i u m  in  p e n t a n e  w a s  a d d e d  s lo w l y  w i t h  a  s y r i n g e .  A f t e r  ~ 1  m i n  o f  

s t i r r i n g ,  t h e  r e d  s o l u t i o n  w a s  t r e a t e d  w i t h  0 .5 5  g  ( 5  m m o l)  o f  f r e s h l y  

d i s t i l l e d  e t h y l  c h lo r o f o r m a t e ,  t h e  c c l d  b a t h  r e m o v e d ,  a n d  t h e  y e l lo w  

s o lu t io n  a l l o w e d  t o  s t i r  f o r  3 0  m in .  N e u t r a l i z a t i o n  w i t h  d i l u t e  H C 1 ,  

s a l t i n g ,  a n d  s e p a r a t i o n  o f  t h e  l a y e r s  w e r e  f o l l o w e d  b y  e x t r a c t i o n  o f  

t h e  a q u e o u s  p h a s e  w i t h  T H F  ( 3  X  1 0  m L ) .  D r y i n g  ( M g S 0 4) a n d  r e 

m o v a l  o f  t h e  s o lv e n t  o n  t h e  r o t o e v a p o r a t o r  a f f o r d e d  a  y e l lo w  o i l  w h ic h  

o n  r e c r y s t a l l i z a t i o n  f r o m  e t h a n o l/ w a t e r  y i e l d e d  1 . 2 2  g  ( 7 6 % )  o f  2 -  

c a r b o e t h o x y c y c l o p e n t a n o n e  t o s y l h y d r a z o n e  ( s y n / a n t i  m i x t u r e )  a s  

p a le  v e l lo w  c r y s t a l s ,  m p  1 3 4 - 1 3 5  3 C  d e c . M a j o r  i s o m e r  [ m in o r  is o m e r ] :  

'H  N M R  (CDCI3, M e 4S i )  b 1 . 2 3  [ 1 . 1 7 ] ,  ( 3  H , t ,  J  =  7  H z ) ,  1 . 5 0 - 2 . 8 3  (7  

H , m ) , 2 .4 5  ( 3  H ,  s ) ,  4 . 1 2  [4 .0 9 ] ( 2  H .  d ,  J  =  7  H z ) ,  6 .8 0 - 8 . 2 4  s y m m e t 

r ic a l  c o m p le x  (4  H . m ) , 8 .4 5  ( 1  H ,  b r o a d  s ) ;  M S  m /e  ( r e la t iv e  in t e n s i t y )  

2 5 1  ( 5 ) ,  1 4 0  (6 ), 1 2 2  ( 7 ) ,  1 3 9  (8 ), 1 4 1  ;9 ) ,  1 2 4  ( 1 0 ) ,  1 5 5  ( 1 1 ) ,  4 3  ( 1 2 ) ,  1 2 1  

( 1 2 ) ,  1 6 8  ( 1 3 ) ,  8 0  ( 1 6 ) ,  6 5  ( 1 7 ) ,  3 2 4  ( M + - , 2 0 ) ,  9 5  ( 2 5 ) ,  4 1  ( 2 6 1 , 9 1  ( 2 8 ) ,  

6 7  ( 7 9 1 , 1 2 3  ( 9 9 ) , 1 6 9 ( 1 0 0 ) .

Registry No.— A c e t o n e  t o s y l h y d r a z o n e ,  3 9 0 0 - 7 9 - 6 ,  ( £ ) - 2 - b u t a -  

n o n e  t o s y l h y d r a z o n e ,  6 2 4 6 0 - 9 0 - 6 ;  ( Z ) - 2 - b u t a n o n e  t o s y l h y d r a z o n e ,  

6 2 4 6 0 - 9 1 - 7 ;  ( £ ) - 3 - m e t h y l - 2 - b u t a n o n e  t o s y l h y d r a z o n e ,  6 4 8 8 4 - 9 2 - 0 ;  

( Z ) - 3 - m e t h y l - 2 - b u t a n o n e  t o s y lh y d r a z o n e ,  6 4 8 8 4 - 9 3 - 1 ;  ( Z ) - p in a c o lo n e  

t o s y l h y d r a z o n e ,  6 4 8 8 4 - 9 4 - 2 ;  2 - b u t a n o n e  t o s y l h y d r a z o n e ,  4 0 3 1 - 1 6 - 7 ;  

c y c l o h e x a n o n e  t o s y l h y d r a z o n e ,  4 5 4 5 - 1 8 - 0 ;  p h e n y l a c e t o n e  t o s y l h y 

d r a z o n e ,  1 4 1 9 5 - 2 4 - 5 ;  a c e t o p h e n o n e  t o s y l h y d r a z o n e ,  4 5 4 5 - 2 1 - 5 ;  p r o -  

p i o n a l d e h y d e .  1 2 3 - 3 8 - 6 ;  ( £ ) - 2 - h y c r o x y - 2 - m e t h y l - 4 - p e n t a n o n e  t o s 

y l h y d r a z o n e .  6 4 8 8 4 - 9 5 - 3 ;  ( Z ) - 2 - h y d r o x y - 2 - r n e t h y l - 4 - p e n t a n o n e  t o 

s y lh y d r a z o n e ,  6 4 8 8 4 - 9 6 - 4 ; ( £ ) - 4 - h y d r o x y - 2 - h e x a n o n e  t o s y lh y d r a z o n e ,

6 4 8 8 4 -  9 7 - 5 ;  ( Z ) - 4 - h y d r o x y - 2 - h e x a n o n e  t o s y l h y d r a z o n e ,  6 4 8 8 4 - 9 8 - 6 ;  

( £ ) - 2 - h y d r o x y - 2 - m e t h y l - 4 - h e x a n o n e  t o s y l h y d r a z o n e ,  6 4 8 8 4 - 9 9 - 7 ;  

( Z ) - 2  h y d r o x y - 2 - m e t h v - 4 - h e x a n o n e  t o s y l h y d r a z o n e ,  6 4 8 8 5 - 0 0 - 3 ;  

( £ ) - 5 - h y d r o x v - 3 - h e p t a n o n e  t o s y l h y d r a z o n e ,  6 4 8 8 5 - 0 1 - 4 ;  ( Z ) - 5 -  

h y d r o x y - 3 - h e p t a n o n e  t o s y l h y d r a z o n e ,  6 4 8 8 5 - 0 2 - 5 ;  ( £ ) - 2 - ( 2 - h y -  

d r o x y - 2 - p r o p y l ) c y c l o h e x a n o n e  t o s y l h y d r a z o n e ,  6 4 8 8 5 - 0 3 - 6 ;  ( Z ) - 2 -  

( 2 - h v d r o x y - 2 - p r o p y l ) c y c l o h e x a n o n e  t o s y l h y d r a z o n e ,  6 4 8 8 5 - 0 4 - 7 ;

2 - p r o p y l ( l - h y d r o x y ) c y c l o h e x a n o n e  t o s y l h y d r a z o n e ,  6 4 8 8 5 - 0 5 - 8 ;  1 -  

p h e n y l - 4 - h y d r o x y - 4 - m e t h y l - 2 - p e n t a n o n e  t o s y lh y d r a z o n e ,  6 4 8 8 5 - 0 6 -9 ; 

( £ ) - l - p h e n y l - 4 - h v d r o x y - 2 - h e x a n o n e  t o s y l h y d r a z o n e ,  6 4 8 8 5 - 0 7 - 0 ;  

( Z ) - l - p h e n y l - 4 - h y d r o x y - 2 - h e x a n o n e  t o s y l h y d r a z o n e ,  6 4 8 8 5 - 0 8 - 1 ;  

( £ ) - l  - p h e n y l - 3 - h y d r o x y - 3 - m e t h y l - l - b u t a n o n e  t o s y l h y d r a z o n e ,

6 4 8 8 5 -  0 9 - 2 ;  ( Z ) - l - p h e n y l - 3 - h y d r o x y - 3 - m e t h y l - l - b u t a n o n e  t o s y l h y 

d r a z o n e ,  6 4 8 8 4 - 8 5 - 1 ;  2 - h y d r o x y - 2 - m e t h y l - 4 - p e n t e n e ,  6 2 4 - 9 7 - 5 ;  4 -  

h y d r o x y - 1 - h e x e n e ,  6 8 8 - 9 9 - 3 ;  ( Z ) - 2 - h v d r o x y - 2 - m e t h y l - 4 - h e x e n e ,  

1 9 6 3 9 - 9 6 - 4 ;  ( £ ) - 2 - h y d r o x y - 2 - m e t h y l - 4 - h e x e n e ,  1 9 6 3 9 - 9 7 - 5 ;  ( Z 1 - 5 -  

h y d r o x y - 2 - h e p t e n e .  6 4 8 8 4 - 8 6 - 2 ;  ( £ ) - 5 - h y d r o x y - 2 - h e p t e n e ,  6 4 8 8 4 -

8 7 - 3 ;  3 - ( 2 - p r o p y l - 2 - h y d r o x y ) - l - c y c l o h e x e n e ,  5 7 2 3 - 9 1 - 1 ;  3 - ( l - h y -  

d r o x y - l - p r o p y l ) - l - c y c l o h e x e n e ,  6 4 8 8 4 - 8 8 - 4 ;  ( Z ) - l - p h e n y l - 4 - h y -  

d r o x y - 4 - m e t h y l - l - p e n t e n e ,  6 4 8 8 4 - 8 9 - 5 ;  ( £ ) - l - p h e n y l - 4 - h y d r o x _ v -

4 - m e t h y l - l - p e n t e n e ,  5 5 5 5 2 - 3 S - 0 :  ( Z ) - l - p h e n y l - 4 - h y d r o x y - l - h e x -
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e n e ,  5 4 9 8 5 - 3 0 - 7 ;  ( £ ) - l - p h e n y ! - 4 - h y d r c x y - l - h e x e n e ,  5 4 9 8 5 - 3 5 - 2 ;  t o -  

s y l h y d r a z i n e ,  1 5 7 6 - 3 5 - 8 ;  3 - m e t h y l - 2 - b u t a n o n e ,  5 6 3 - 8 0 - 4 ;  p in a c o lo n e ,  

7 5 - 9 7 - 8 ;  a c e t o n e ,  6 7 - 6 4 - 1 ;  2 - b u t a n o n e ,  7 8 - 9 3 - 3 ;  c y c l o h e x a n o n e ,  

1 0 8 - 9 4 - 1 ;  p h e n y l a c e t o n e ,  1 0 3 - 7 9 - 7 ;  a c e t o p h e n o n e ,  9 8 - 8 6 - 2 ;  c y c lo -  

p e n t a n c n e ,  1 2 0 - 9 2 - 3 ;  c v c l o p e n t a n o n e  t o s y l h y d r a z o n e ,  1 7 5 2 9 - 9 8 - 5 ;  

e t h v !  c h lo r o f o r m a t e ,  5 4 1 - 4 1 - 3 ;  ( Z ) - 2 - c a r b o e t h D x y c y c lo p e n t a n o n e  

t o s y l h y d r a z o n e ,  6 4 8 8 4 - 9 0 - 8 ;  ( £ ) - 2 - c a r b o e t h o x y c y c l o p e n t a n o n e  t o s 
y l h y d r a z o n e ,  6 4 8 8 4 - 9 1 - 9 .
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Studies on Selective Preparation of Aromatic Compounds.
15. The Lewis Acid Catalyzed Transalkylation of Some 

terf-Butyldiphenylmethanes and -ethanes in Aromatic Solvents1
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Research In stitute o f Industrial Science, K yu sh u  U niversity 86, Hakozaki, Higashi-ku, Fukuoka 812, Japan
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T h e  L e w i s  a c i d  c a t a l y z e d  t r a n s a l k y l a t i o n  o f  f e r i - b u t y l  d e r i v a t i v e s  o f  d i p h e n y lm e t h a n e s  (2a -f) a n d  - e t h a n e s  

(25a-g) in  b e n z e n e  o r  t o l u e n e  w a s  c a r r i e d  o u t  u n d e r  v a r i o u s  c o n d i t i o n s .  I t  w a s  f o u n d  in  t h e  t r a n s a l k y l a t i o n  o f  2 t h a t  

t h e  A I C I 3- C H 3 N O 0 c a t a l y z e d  t r a n s b e n z y l a t i o n  w i t h  t r a n s - f e r f  - b u t y l a t i o n  w a s  o b s e r v e d  a n d  t h e  T i C I 4 t r a n s b e n z -  

y l a t i o n  o f  e l e c t r o n - r i c h  i e r i - b u t v l d i p h e n y l m e t h a n e s  h a v i n g  h i g h ly  s t e r i c  c r o w d e d n e s s  s u c h  a s  2 ,2 ' , 6 .6 ' - t e t r a m e t h y l -  

(2d) a n d  2 , 2 ' , 3 , 3 '  t e t r a m e t h y l d i p h e n y l m e t h a n e  (2f) t o o k  p la c e  w i t h o u t  t r a n s - f e r f - b u t y l a t i o n .  H o w e v e r ,  n o  A I C I 3-  

C H 3 N O 9 c a t a l y z e d  t r a n s a l k y l a t i o n  o f  25 w a s  o b s e r v e d  a n d  o n l y  t r a n s - i e r f - b u t y l a t i o n  in  b e n z e n e  t o o k  p la c e  t o  a f 

f o r d  t h e  d e s i r e d  2 , 2 ' - d i m e t h y l - ( 2 7 b ) ,  2 , 2 ' - d i e t h y l - ( 2 7 c ) ,  2 , 2 ' - d i m e t h o x y - ( 2 7 d ) ,  2 , 2 ' , 3 , 3 ' - t e t r a m e t h y l - ( 2 7 e ) ,  a n d  

2 , 2 ' , 6 , 6 ' - t e t r a m e t h y l d i p h e n y l e t h a n e  ( 2 7 f ) .  B a s e d  o n  t h e  a b o v e  r e s u l t  i t  c o u ld  b e  c o n c l u d e d  t h a t  i e r f - b u t v l  g r c u p  

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

a n e s .

Although AICI3-CH 3NO2 does not catalyze the transben
zylation and isomerization of diphenylmethanes,2-8 it cata
lyzes transbenzylation of some 4,4'-dihydroxydiphenylme- 
thane derivatives in toluene as was recently reported.9

We undertook the present study to obtain more detailed 
information about factors influencing the above novel trans
benzylation of diphenylmethanes and in general to gain a 
better understanding of the mechanism of transalkylation.

Results and Discussion
Preparation of Some teri-Rutyldiphenylmethanes. The

AICI3-CH3NO2 catalyzed tert-butylation of diphenylmethane
(1) with 2,6-di-terf-butyl-p-cresol10 afforded 4.4'-di-ierf- 
butvldiphenylmethane (2a) in good yield. 4,4'-Di-ferf- 
butyl-2,2'-dimethyldiphenylmethane (2 b) was prepared from 
2a via 3. The chlorométhylation of 4-fert-butyltoluene (4a) 
and 5-terf-butyl-l,3-dimethyl- (4b) and 4-ferf-butyl-l,2- 
dimethylbenzene (4c) afforded the corresponding 5-tert- 
butyl-2-methyl- (5a), 4-terf-butyl-2,6-dimethyl- (5b), and
5-i erf -butyl-2,3-dimethylbenzyl chloride (5c), respectively, 
in good yields.

In the TiCLi catalyzed benzylation of 4a, 4b, and 4c with the 
chlorides, 5,5'-di-feri-butyl-2,2'-d.methyl- (2c), 4,4'-di- 
tert-butyl-2,2',6 ,6'-tetramethyl- (2d), 4 ,5 -di-ierf-butyl-

1 2a

C H .C 1

0022-3263/78/1943-1413$01.00/0 © 1978 American Chemical Society
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Scheme I

CH,

4a

in CS.,

CH,Cl

T iC I4, in C S2

CH,

5b'

5c

benzene, T iC !, 

in  C S ,

2f
CH,

CH,

2g
ch3 h:,c

+ + < ^ — ch2— CH2— ^ ) - f

CH3 h3c
6

4b +  C l C H . - p ^ .  *

7a

4b +  C1CH
T iC l4

CH ,C1 -  » 6
in  C S ,

2,2',3',6-tetramethyl- (2e), and ô.ô'-di-teri-butyl^Z'.S^'- 
tetramethyldiphenylmethane (2f) were obtained in good 
yields (Scheme I).

However, the expected product, 4-feri butyl-2,6-dimeth- 
yldiphenylmethane (2g), in the benzylation of benzene with 
5b was formed in only 43% yield with formation of l,4-bis(4- 
ierf-butyl-2,6-dimethylbenzyl)benzene (6) in 50% yield even 
in excess benzene.

The compounds 2g and 6 were also obtained by the TiCU 
catalyzed benzylation of 4b with benzyl chloride (7a) and 
l,4-bis(chloromethyl)benzene (8) in 93 and 60% yields, re
spectively.

Transalkylation of 2. The Lewis acid catalyzed transalk
ylation of 2 was carried out under various conditions and the 
results are summarized in Table I. The tert-butyl group is
transferred from 2a to toluene.

CH,

a i c i 3- c h 3n o 2

2a —:—T------------►in benzene i + O

9a
This result suggests that the trans-ierf-butylation occurred 

selectively without the transbenzylation as expected from the 
previous papers.2-8 However, the AICI3-CH3NO2 catalyzed 
transalkylation of 2 b and 2 c in benzene afforded 2-methyl- 
diphenylmethane (10) and toluene (1 2 a) besides the expected 
products 2,2'-dimethyldiphenylmethane (11) and ferf-but- 
ylbenzene (9b). These results show clearly that the trans
benzylation and trans-fert-butylation of 2 b and 2 c took place 
simultaneously to afford 10 and 11.

11
The latter compound 11 seems to be the intermediate in the 

formation of the former 10 and 12a.
However, when 11 or 10 was treated under same conditions, 

only the starting compound 10 or 11 was recovered in quan
titative yield.

A I C I 3- C H 3N O ,
11 -------------- ;------ f t*  10 +  12a

in benzene

10
a i c i 3- c h 3n o 2

in benzene / 1 +  12a

Although intermediates 13 and 14 could not be isolated 
when 2 b and 2 c were transalkylated, the reaction pathways 
in Scheme II might be proposed.

In fact, the AICI3-CH3NO2 catalyzed reaction of 14b, which 
was prepared by the benzylation of 4a with 2-methylbenzyl 
chloride (7b), afforded 10 and 11 in 81.1 and 10.3% yields.

4a 14b

8 7b



Transalkylation of tert-Butyldiphenylmethanes J. Org. Chem., Vol. 43, No. 7,1978 1415

Table I. The Lewis Acid Catalyzed Transalkylation of 2“

Run Substrate Catalyst6 Solvent Time, h Product (%)c
1 2a A Toluene 3 1 (100), 9a (100)
2 2a B Toluene 3 No reaction
3 2b A Benzene 0.5 10 (75), 11 (25), 9b (100), 12a (75)
4 2b B Benzene 3 No reaction
5 2c A Benzene 0.5 10 (40), 11 (60), 9b (100), 12a (75)
6 2c B Benzene 3 No reaction
7 2d A Benzene 3 16 (80), 1 (20), 9b (100), 12b (80)
8 2d B Benzene 3 2g (89), 4b (77)
9 2d B Toluene 2 18 (93), 4b (95), 9a (90)

10 2d B m-Xylene 0.5 19 (99). 4b (90)
1 1 2d C Toluene 5 No reaction
12 2d C m-Xylene 5 No reaction
13 2e B Benzene 3 21 (73). 2g (23), 4b (70), 4c (30)
14 2f A Benzene 3 22 (75). 9b (80), 12b (78)
15d 2f B Benzene 3 21 (20), 23 (40), 9a (38), 4b (22), 1 (+ )e
16 2g A Benzene 1.5 16(88), 1 (12), 9b (100)
17 14b A Benzene 1 11 (81). 10 (10), 9b (100), 12a (10)
18 21 A Benzene 1.5 22 (97), 1 (3), 9b (100)

Q Reaction temperature, 50 °C; solvent/2, 30 mol/1 mol; catalyst/2, 0.2 mol/1 mol. b A, A1C13-CH3N02; B, TiCl4; C, SnCl4. c The 
yields were determined by GC analyses. d 2f  was recovered in 40% yield. c Plus sign (+) means a trace amount (< 1%).

Scheme II

A: transbenzylation 
B: trans-fert-butylation

The AICI3-CH 3NO2 catalyzed transalkylation of 2b af
forded 10 and 11 in 75 and 25% yields, but the reaction of 2c 
gave the same products in different yields, that is, 40 and 60% 
yields, respectively.

The relative rate of transbenzylation of 2b and 2c might be 
dependent upon the relative stabilities of the corresponding 
a complex A and B. The latter complex might be more stable 
than the former one.

In the AICI3-CH 3NO2 catalyzed transalkylation of 2d in 
benzene, an expected product, 2,2'.6,6'-tetramethyldiphen- 
ylmethane (15), was not obtained, but 2,6-dimethyldiphen- 
ylmethane (16), 1, 9b, and m-xylene (12b) were formed.

The transalkylation of 2g in benzene afforded 1 and 16 in 
20 and 80% yields. However, when 16 was treated with the 
catalyst only starting material was recovered. Based on the 
above results the reaction pathways in Scheme III are pro
posed.

Scheme III

2d

A: transbenzylation 
B: trans-ieri-butylation

At the first step, transbenzylation (A4) rather than the 
trans-£er£-butylation (B2) might selectively take place to af
ford 2g, which gave 1 by the second transbenzylation (A2) and 
16 by the trans-teri-butylation (Bj), respectively. The former 
reaction (A2) was less predominant than the latter reaction 
(Bx).

In contrast to the case of 2a, 2b, and 2c, the TiCl4 catalyzed 
transalkylation of 2d in benzene afforded, surprisingly, only 
2g and 4b in good yields.

TiC l„
2d in  benzene 2g +  4b
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This finding means that only the transbenzylation (Ai) of 
2 d  occurred selectively without the trans-feri- butylation (B2) 
under the conditions used, and it also seems to support the 
proposed reaction pathway of Scheme III.

However, SnCl4 did not show any activity for the transal
kylation of 2d. When toluene and m -xylene were used in place 
of benzene as a solvent and acceptor of alkyl groups in the 
TiCl4 catalyzed transalkylation of 2 d , ditolylmethanes (18) 
and 2,2',4,4'-tetramethyldiphenylmethane (19) were obtained 
in good yields, respectively.

A r C H A r  +  4b
1 8 .  A r  =  C „ H 4 C H 3

1 9 ,  A r  =  C „ H 3 ( C H 3 ) 2

In these cases, not only the first-step transbenzylation (Ai) 
but also the second one (A2) might easily occur, since toluene 
and m-xylene are stronger Lewis bases than benzene.

In the TiCLj catalyzed transbenzylation of 2e, the formation 
of 2g  and 5-tert -butyl-2,3-dimethyldiphenylmethane (21) 
might be expected (Scheme IV). In fact, the reaction afforded 
21, 4b , 2g, and 4 c  in 73, 27, 70, and 30% yields. The above re
sult suggests that the transbenzylation Ai was a more pre
dominant reaction than the A2, probably because the Ai 
should reduce the steric hindrance of 2 e to a higher degree 
than A2 should.

When 2 f  was treated with AICI3-CH 3NO2 catalyst in ben
zene, 2,3-dimethyldiphenylmethane (22) was obtained in 75% 
yield with a small amount of 1.

The AICI3-CH 3NO2 catalyzed transalkylation of 21 in 
benzene afforded 22, 1, and 9 b  in 97.3, 2.7, and 100% yields, 
respectively.

a i c i 3- c h 3n o 2
21  ► 22 +  l +  9b

in benzene

The TiCl} catalyzed transalkylation of 2 f ,  as well as 2 d and 
2e , afforded a transbenzylated product 21 and 4b . However, 
a considerable amount of 2 f  was recovered and the unexpected

S c h e m e  I V

CH3

CĤ“ <(jO) + 4b

21

A :  t r a n s b e n z y l a t i o n  

7a
4c -------------------*• 21

T iC l4 in C S 2

A :  t r a n s b e n z y l a t i o n  

B :  t r a n s - f e r f - b u t y l a t i o n

product, 5-tert -butyl-2,2',3,3 -tetramethyldiphenylmethane
(23), was also obtained in a low yield (Scheme V ).

The crowdedness of the methyl groups of 2 f  seems to be less 
than that of 2d and 2e. Consequently the above results might 
indicate that the steric factor should strongly influence the 
ease of the transbenzylation of diphenylmethanes.

The results obtained in the above transalkylation of 2 seem 
to strongly support the mechanisms proposed9 previously for 
the transalkylation of 4,4'-dihydroxydiphenylmethanes.

P r e p a r a t io n  o f  f e r t -B u t y ld ip h e n y le t h a n e  (2 5 ). The 
tert-butyldiphenylethanes (2 5 b -g )  with the exception of 
4,4'-di-ferf-butyldiphenylethane (25a) were prepared by the 
coupling reaction12 using CH3MgI reagent and the corre
sponding benzyl chlorides (5 a -g )  (Scheme VI). In some cou
pling reactions, besides the expected product 25, ferf-butyl- 
ethylbenzenes (26) were formed as byproducts. The yields of 
25 and 26 are summarized in Table II.

Only 25a was prepared by the AICI3-CH 3NO2 catalyzed 
tert-butylation of diphenylethane (24) with 2,6-di-ferf- 
butyl-p-cresol according to the previously reported meth
od.10

T h e  T r a n s a lk y la t io n  o f  25. The Lewis acid catalyzed 
transalkylation of 25 (Scheme VII) was carried out under 
various conditions and the results are summarized in Table
III.

The AICI3-CH3NO2 and TiCl4 catalyzed transalkylation 
of 25a in toluene afforded 24 and 4-fert-butyltoluene (9a ) in 
good yields. The former catalyst was active for the trans- 
feri-butylation of 2 a , but not the latter one as described
above.

The result of the TiCl4 catalyzed trans-feri-butylation of 
25a might suggest that the basicity of 25a should be stronger 
than that of 2 a.

In contrast to both catalysts, AICI3  afforded a small amount 
of ditolylethane (28), 24a, benzene (12d ), and 9a with a large 
amount of resinous material and unidentified compounds.

The result might indicate that AICI3  was too strong to use 
as a catalyst for the preparation of 27. The AICI3 -C H 3 N O 2  

catalyzed transalkylation of 2 5 b  afforded the expected 
products 2 7 b  and 9b  in good yields, while the corresponding 
diphenylmethane derivative gave trans-fcrf-butylated and 
transbenzylated products as previously described.

CH,

12c

T a b le  II. T h e  C ou p lin g  R e a ct io n  o f  1 U sin g  C H sM gl 
_______________R ea g en t in E th er  S o lu t io n 0______________

R u n _________ C h l o r i d e  P r o d u c t  ( % )

1 5a 25b (72), 26b (13)
2 5d 25c (87), 26c (17)
3 5e 25d (63), 26d (20)
4 5c 25e (75), 26e (0)
5 5b 25 f (8 9 ),2 6 f (11)
6 5 f 25g (70), 26g (0)
7 5g 25h (71), 26h (0)

0 Reaction temperature, reflux; reaction time, 1 h.
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Table III. The Lewis Acid Catalyzed Transalkylation of 25°
Run Substrate Catalyse6 Solvent Time, h Product (%)c

l d 25a A Toluene 3 24 (84)/ 9a (90)
2 e 25a B Toluene 6 24 (80)/ 9a (95)
31 25a C Toluene 0.5 28 (12), 12c (31), 24a (5), 9a (52)
4 25b A Benzene 2 27b (90)/ 9b (100)
5 25c B Benzene 8 27b (11), 9b (35)
6 25d A Benzene 5 27c (70)/ 9b (80)
7 25d A Benzene 6 27d (63)/ 9b (88)
8 25d B Benzene 9 No reaction
9 25e A Benzene 1 27e (91)/ 9b (100)

10 25e B Benzene 3 27e (ICO)/ 9b (100)
11 25f A Benzene 1 27f (95)/ 9b (100)
12 25f B Benzene 3 27f (96)/ 9b (100)
13 25g A Benzene 5 No reaction
14 25g C Benzene 0.25 27g (97)/ 9b (100)

a Reaction temperature, 50 °C; catalyst/25, 0.2 mol/1 mol. 6 A, AICI3-CH3NO2; B, TiCl4; C, AICI3. c The yields were determined 
by gas chromatographic analyses unless otherwise indicated. d 25a was recovered in 16% yield e 25a was recovered in 20% yield. 1 The 
large amount of resinous materials and unidentified compounds were formed. * The yields isolated are shown.

Scheme VI Scheme VII

25a-e and 25g-h

AIĈ -CHaNO,

24

- H Q ) - ch;ch2- ^ H -

R

5a, R' = H; R = CH3
c, R' = R = CH3
d, R' = H; R = C2H5
e, R' = H ;R =O C H 3
f, R' = H; R = Cl
g, R' = H; R = Br

CH2C1

H C \  /  / C H ,  C H 3M gl

in ether

25a

R R
R'

b, R'
c, R'
d, R'
e, R’
g, R'
h, R'

H; R = CH3 
H; R = C2Hs 
H; R = OCH3 
R = CH3 
H; R = Cl 
H ;R = Br

R

25f

R R

catalyst 

in  A rH or no

25f

27a, R' = R = H (24)
b, R' = H; R = CH3
c, R' = H; R = C2H5
d, R = H; R = OCH3
e, R' = R = CH3
g, R' = H; R = Cl
h, R' = H; R = Br

catalyst

9a, R" = CH3
b, R" = H
c, R" = 2,4-(CH3)2

in  benzene
+ 9b

The TiCl4 catalyzed transalkylation of 25b gave also 27b 
and 9b in low yields, but the catalyst was not active for the 
transalkylation of 2c.

CH,
A lC l,

25a
in to luene

ch2ch2

28

CH,

+  24 + 9a +

12d

The AICI3-CH 3NO2 catalyzed reactions of 25c, 25d, 25e, 
and 25f as well as 25a and 25b afforded the expected products 
27c, 27d, 27e, and 27f, respectively.

However, in the case of 25d, a large amount of the catalyst 
had to be used in order to obtain 27d in good yield. The cata
lyst might react with the methoxy group of 25d and 27d to 
form a complex which reduce the catalytic activity and the 
basicity of 25d. No observation of the TiCLj catalyzed 
transalkylation of 25d might be explained for the same reason, 
since the TiCl4 seems to be a weaker catalyst than AICI3-  
CH3NO2.
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It should be noted that although TiCU catalyzed the 
transalkylation of 2 d as mentioned above, the same reaction 
of 25f gave only trans-tert-butylated product 27f. In addition, 
the AICI3-CH3NO2 catalyzed transalkylation of 25f gave also 
27f without the formation of any amount of the transaralk- 
vlated product. The above results might support, although not 
directly, the previous proposed mechanisms9 of the trans
benzylation of 4,4'-dihydroxydiphenylmethanes; that is, the 
intermediate D would be more important than the interme
diate C for the occurrence of transbenzylation reaction.

However, even in the electron-rich diphenylethanes such 
as 27e and 27f, the substituent R on the ring B could not sta
bilize the cr-complex E and even x-complex F, in which the 
screen effect of the methylene group might take a negative role 
for the stabilization in contrast to D.

R

H

F

The AICI3-CH3NO2 catalyzed transalkylation of the elec
tron-poor diphenylethane such as 25g and 25h did not afford 
any product, but the starting materials were recovered in al
most quantitative yields. However, the AICI3 catalyzed 
transalkylation of 25g afforded 27g in good yield. In contrast 
to the case of 25g, the AICI3 catalyzed transalkylation of 25h 
gave only a small amount of 27h, which could be detected by 
GC analyses but not isolated.

Based on the results obtained in the present study it could 
be concluded that: (i) the AICI3-CH3NO2 catalyzed trans- 
benzylation of the electron-rich diphenylmethanes such as 
2 b-f was observed; (ii) the transbenzylation of the electron- 
rich ierf-butyldiphenylmethane having highly steric hin
drance was easily catalyzed by even a weak catalyst like TiCU 
without the trans-ieri-butylation but not by SnCU; (iii) the 
AICI3-CH3NO2 catalyzed transalkylation of the electron-rich 
diphenylmethanes in benzene solution afforded only the 
first-step transbenzylated compound as a main product; (iv) 
however, when toluene and m-xylene were used as a solvent 
and acceptor in the transbenzylation of the electron-rich di
phenylmethanes, the completely transbenzylated product was 
formed; (v) the AICI3-CH3NO2 catalyzed transbenzylation 
of the electron-poor diphenylmethanes was not observed; (vi) 
the alkyl, methoxy, and chloro substituted diphenylethanes 
such as 27b-g could be prepared by using the teri-butyl group 
as a positional protective group; (vii) in contrast to diphen
ylmethanes, even the electron-rich diphenylethanes did not 
afford any transaralkylated product under the influence of 
AICI3-CH3NO2 catalyst; (viii) tert-butyldiphenylethanes 
seem to be higher basic compounds than ieri-butyldiphen- 
ylmethanes, so that the former might be easily protonated by 
the weak Lewis acid such as TiCU catalyst to afford the 
trans-ferf-butylated product.

Experimental Section
All melting and boiling points are uncorrected. Mass spectra were 

obtained on a Hitachi RMS-4 mass spectrometer with a direct inlet

(isomerization energy 70 eV). NMR spectra were determined at 60 
MHz with a Hitachi R-20 NMR spectrometer with Me4Si and internal 
references and IR spectra were measured as KBr pellets or liquid film 
on NaCl plates on a Nippon Bunko IR-S spectrometer.

Analytical Procedure. The analyses were carried out by gas 
chromatography using a Yanagimoto gas chromatograph, Yanaco 
YR-101 ; 30% high vacuum silicon grease. 2 m. increase rate of column 
temperature, 15 °C/min; carrier gas, helium, 50 mL/min.

Preparation of 4,4'-Di-tert-butyldiphenylmethane (2a). To 
a solution of 120 g (542 mmol) of 2,6-di-ieri-butyl-4-methyIphenol 
and 70 g (417 mmol) of diphenylmethane (1) in 200 mL of nitro- 
methane was added at 15 °C AICI3-CH3NO2 catalyst [A1CU (107.3 
g. 813 mmol)/nitromethane (200 mL)] over a period of 5 min. After 
the reaction mixture was stirred for 20 min more, it was poured into 
a large amount of ice-water. The organic layer was extracted with 
benzene and the benzene solution was dried over sodium sulfate and 
evaporated in vacuo to leave the residue which was washed with 10% 
NaOH aqueous solution affording 96.6 g (82.7%) of 2a: colorless 
needles (from EtOH); mp 70-71 °C; NMR (CCU) b L31 [18 H, s, -  
C(CH3)3], 7.38 (8 H, s, aromatic protons); IR (KBr) 2960,1510,1360, 
1270,1110,1025, 865, 820 cm“ 1. Anal. Calcd for C2iH28: C, 89.94; H,
10.06. Found: C, 90.03; H, 101.4. The washed 10% sodium hydroxide 
solution was acidified with 10% hydrochloric acid to give 56.3 g (96.2%) 
of p-cresol.

Chlorométhylation of 2a. To a solution of 35 g (125 mmol) of 2a 
and 80.5 g (100 mmol) of C1CH20 CH3 in 150 mL of CS2 was added at 
—5 °C 20 mL (150 mmol) of TiCU. After the reaction mixture was 
stirred at —5 °C for 1 h, it was poured into 300 mL of ice-water. The 
organic layer was extracted with benzene. The benzene extract was 
dried over sodium sulfate and evaporated in vacuo to afford 36 g 
(76.4%) of 2,2'-dichloromethyl-4,4'-di-teri-butyldiphenylmethane 
(3): colorless plates (EtOH); mp 90-91 °C; NMR (CDCI3) b 1.30 [18 
H, s, -C(CH3)3], 4.18 (2 H, s, -CH>-), 4.50 (4 H, s, -CH2C1), 6 78-7.30 
(6 H, m, aromatic protons); IR (KBr) 2960,1500,1260,1200, 842,740 
cm-1. Anal. Calcd for C23H3oCl2: C. 73.20; H, 8.02. Found: C, 73.58; 
H, 8.03.

Preparation of 2b. According to Johnson’s method,11 a LiAlH4-  
LiH reductive agent was prepared from 0.987 g of LiAlH4 and 2.39 
g of LiH in 500 mL of THF. To the agent was added a solution of 37.7 
g (100 mmol) of 3 in 20 mL of THF under gently refluxing conditions 
over a period of 40 min. After the reaction mixture was refluxed for 
an additional 1 h, it was quenched with 25 mL of a mixture of water 
and THF (60:40 volume) at below 20 °C. The mixture was poured into 
a large amount of ice-water containing 20 mL of concentrated H2S04 
with stirring and was extracted with ether. The ether solution was 
dried over sodium sulfate and evaporated in vacuo to give 24.9 g (81%) 
of 4,4'-di-ierf-butyl-2,2'-dimethyldiphenvlmethane (2b): colorless 
plates (EtOH); mp 51-52 °C; NMR (CDC13) b 1.30 [18 H, s, -C(CH3)3],
2.27 (6 H, s, -CH3), 3.84 (2 H, s, -CH2-), 6.70-7.30 (6 H, m, aromatic 
protons); IR (KBr) 2960,1500,1430,1280,850,820 cm“ 1. Anal. Calcd 
for C23H32: C, 89.55; H, 10.45. Found: C, 89.33; H, 10.43.

Preparation of 2c. To a solution of 4.95 g (25 mmol) of 5a and 3.7 
g (25 mmol) of 4a10 in 40 mL of CS2 was gradually added 2 mL of TiCl4 
at 5 °C. After the reaction mixture was stirred at 5 °C for 90 min, it 
was treated and worked up as described above to afford 7.7 g (86.2%) 
of 5,5'-di-tert-butyl-2,2'-dimethyldiphenylmethane (2c): colorless 
liquid; bp 162-163 °C (3 mm); NMR (CCU) b 1.20 [18 H, s, -C(CH3)3],
2.18 (6 H, s, -CH3), 3.80 (2 H, s, -CHa-), 6.80-6.96 (6 H, m, aromatic 
protons). Anal. Calcd for C33H32: C, 39.55; H, 10.45. Found: C, 89.59; 
H, 10.39.

Preparation of 2d. To a solution of 21.05 g (100 mmol) of 5b and
16.23 g (100 mmol) of 4b10 in 100 mL of CS2 was added 4 mL of TiCU 
at 5 °C. After the reaction mixture was stirred for an additional 2 h, 
it was treated and worked up as described above to give 28 g (88.3%) 
of 2d: colorless needles (EtOH); mp 135-136 °C; NMR (CDCI3) b 1.30 
[18 H, s, -C(CH3)3], 2.14 (12 H, s, -CH3), 4.02 (2 H, s, -CHj-l, 1.98 (4 
H, s, aromatic protons). Anal. Calcd for C^H^: C, 89.22; H, 10.78. 
Found: C, 89.18; H, 10.71.

Preparation of 2e. To a solution of 21.5 g (100 mmol) of 5b and
16.23 g (100 mmol) of 4c10 in 100 mL of CS2 was added 4 mL of TiCl4. 
After the reaction mixture was stirred for 3 h, it was treated and 
worked up as described above to afford 31.6 g (94%) of 4,5'-di-ierf- 
butyl-2,2',3',6-tetramethyldiphenvknethane (2e): colorless needles 
(EtOH): mp 122-123 °C; IR (KBr) 2960.1550,1460,1360,870cm-1; 
NMR (CDCI3) 5 1.09 [9 H, s, -C(CH3)3], 2.18 (6 H, s, -CH3’, 2.28 (3 
H, s, -CH3), 2.32 (3 H, s, -CH3), 3.89 (2 H, s, -CHo-), 6.37 (1 H, s), 7.00 
(1 H, s) and 7.09 (2 H, s, aromatic protons). Anal. Calcd for C2sH36: 
C, 89.22; H, 10.78. Found: C, 89.13; H, 10.76.

Preparation of 2f. A solution of 21.05 g (100 mmol) of 5c and 16.23 
g (100 mmol) of 4c in 100 mL of CS2 was treated and worked up as
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d e s c r ib e d  a b o v e  t o  a f f o r d  2 6 .8 8  g  (9 0 % ) o f  2f: c o lo r le s s  n e e d le s  ( E t O H ) ;  

m p  8 6 .5 - 8 7 .5  ° C ;  I R  ( K B r )  2 9 6 0 , 1 4 8 0 , 1 4 4 0 , 1 3 6 0 ,  8 8 0 , 8 7 0 , 7 2 5  c m - 1 ; 

N M R  ( C D C 1 3 ) 8 1 . 1 8  [ 1 8  H ,  s ,  - C ( C H 3 )3 ; ,  2 . 1 3  ( 6  H ,  s ,  - C H 3 ) , 2 .3 0  ( 6  

H , s , - C H 3), 3 .9 3  (2  H ,  s ,  - C H 2- ) ,  6 . 7 7 - 7 . 1 0  (4  H ,  m , a r o m a t ic  p r o t o n s ) .  

A n a l .  C a l c d  f o r  C 25H 36: C ,  8 9 .2 2 ;  H ,  1 0 . 7 8 .  F o u n d :  C ,  8 9 .0 3 ;  H ,

10.88.
Preparation of 2g. T o  a  s o l u t i o n  o f  3 2 .4  g  ( 2 0 0  m m o l)  o f  4 b  a n d

3 7 . 9 5  g  ( 3 0 0  m m o l)  o f  b e n z y l  c h lo r id e  (7a) in  1 0 0  mL o f  C S 2  w a s  a d d e d  

a t  5  ° C  8  m L  ( 4 0  m m o l)  o f  T i C L -  A f t e r  t h e  r e a c t i o n  m i x t u r e  w a s  

s t i r r e d  a t  5  ° C  f o r  4  h , i t  w a s  t r e a t e d  a n d  w o r k e d  u p  a s  d e s c r ib e d  a b o v e  

t o  a f f o r d  3 3 . 7 2  g  (6 9 % ) o f  4 -tert - b u t y l - 2 , 6 - d i m e t h y l d i p h e n y l m e t h a n e  

(2g): c o lo r le s s  n e e d l e s  ( E t O H ) ;  m p  4 3 —4 5  ° C ;  b p  1 3 2 - 1 3 4  ° C  ( 3  

m m H g ) ;  I R  ( K B r )  2 6 6 0 ,  1 6 0 0 ,  1 4 9 0 ,  1 4 5 0 ,  1 2 0 0 ,  1 0 4 0 ,  8 8 0 , 7 1 5 ,  7 0 0  

c m “ 1 ; N M R  ( C D C L )  8 1 . 3 0  [9  H ,  s ,  - C ( C H 3 ) 3] ,  2 .2 0  ( 6  H ,  s ,  - C H j - ) ,  

6 .8 2 - 7 .2 0  (7  H ,  m , a r o m a t ic  p r o t o n s ) .  A n a l .  C a l c d  f o r  C 19 H 24 : C ,  9 0 .2 4 ; 

H ,  9 .5 8 .  F o u n d :  C ,  9 0 .3 4 ;  H ,  9 .5 3 .

Preparation of 5a. T o  a  s o lu t io n  o f  1 0 3  g  ( 6 7 6  m m o l)  o f  4a a n d  1 3 6  

g  ( 1 . 7  m m o l)  o f  C I C H 2O C H 3  in  2 0 0  m L  o f  CS2 w a s  a d d e d  a t  5  °C 2 3  

m L  ( 1 4 0  m m o l)  o f  T i C l 4. A f t e r  t h e  r e a c t i o n  m i x t u r e  w a s  s t i r r e d  f o r  

9 0  m in ,  i t  w a s  p o u r e d  i n t o  3 0 0  m L  o f  i c e - w a t e r  a n d  e x t r a c t e d  w i t h  

e t h e r .  T h e  e t h e r  e x t r a c t  w a s  d r i e d  o v e r  s o d i u m  s u l f a t e  a n d  e v a p o r a t e d  

in  v a c u o  t o  le a v e  a  r e s id u e  w h ic h  w a s  d i s t i l l e d  u n d e r  r e d u c e d  p r e s s u r e  

t o  a f f o r d  9 . 1  g  ( 9 . 1 % )  o f  4a a n d  9 5 . 5  g  ( 7 1 . 1 % )  o f  5a: c o l o r l e s s  l i q u i d ;  

b p  9 4 - 9 5  °C ( 3  m m ) ;  I R  ( N a C l )  2 9 7 0 , 1 5 0 0 , 1 3 6 0 , 1 2 5 0 , 8 2 5 , 7 4 0  c m “ 1 ; 

N M R  ( C C 1 4) 8 1 . 3 0  [9  H ,  s , - C ( C H 3 )3] ,  2 . 3 5  ( 3  H ,  s ,  - C H 3 ) , 4 . 5 5  ( 2  H ,  

s ,  - C H 2- ) ,  7 . 0 0 - 7 . 3 1  ( 3  H ,  m , a r o m a t i c  p r o t o n s ) .

Preparation of 5b. T o  a  s o lu t io n  o f  5 0  g  ( 3 0 8  m m o l)  o f  4b a n d  4 9 .6  

g  ( 6 1 6  m m o l)  o f  C 1 C H 20 C H 3  in  1 5 0  m L  o f  C S 2  w a s  a d d e d  a t  5  ° C  1 4  

m L  ( 7 0  m m o l)  o f  T i C l 4- T h e  r e a c t i o n  m i x t u r e  w a s  s t i r r e d  a t  5  ° C  f o r  

1  h  a n d  t r e a t e d  a s  d e s c r i b e d  a b o v e  t o  a f f o r d  6 0 .5 4  g  ( 9 3 .3 % )  o f  4 -  

tert - b u t y l - 2 ,6 - d i m e t h y l b e n z y l  c h lo r id e  (5b) w i t h  2 . 1 5  g  ( 4 . 1 % )  o f  2d. 
5b: c o l o r l e s s  l i q u i d ;  b p  9 5 - 9 6  ° C  ( 3  m m )  [ l i t . 1 3  b p  1 3 5 - 1 3 6  ° C  ( 1 0  

m m ) ] ;  I R  ( K B r )  2 9 6 0 , 1 4 6 0 , 1 2 6 0 , 8 7 0 , 7 3 0 , 6 8 0  c m “ 1 ; N M R  ( C D C 1 3 ) 

5 1 . 3 0  [9 H ,  s , - C ( C H 3)3], 2 . 4 1  ( 6  H ,  s , - C K 3), 4 .6 2  ( 2  H ,  s ,  - C H 2- ) ,  7 .0 7  

( 2  H ,  s ,  a r o m a t i c  p r o t o n s ) .

Preparation of 5c. A m i x t u r e  o f  5 0  g  ( 3 0 8  m m o l)  o f  4c a n d  4 9 .6  g  

( 6 1 6  m m o l)  o f  c h lo r o m e t h y l  e t h e r  w a s  t r e a t e d  w i t h  1 4  m L  ( 7 0  m m o l)  

o f  T i C L  a n d  w o r k e d  u p  a s  d e s c r i b e d  a b o v e  t o  a f f o r d  5 0  g  ( 7 7 . 1 % )  o f

5 -tert- b u t y l - 2 ,3 - d i m e t h y l b e n z y l  c h lo r i d e  (5c) a n d  8 .2 8  g  ( 1 6 % )  o f  2f. 
5c: c o lo r le s s  n e e d le s ;  m p  4 5 - 4 7  ° C  ( l i t . 1 3  m p  4 8 .5 —4 9 .0  ° C ) ;  b p  1 1 7 - 1 1 8  

° C  ( 3  m m ) ;  I R  ( K B r )  2 9 6 0 , 1 4 8 0 , 1 4 6 0 , 1 3 5 0 , 1 2 6 0 , 8 8 0 , 7 4 0 , 6 9 0  c m “ 1 ; 

N M R  ( C D C L ,)  8 1 . 3 0  [9 H ,  s ,  - C ( C H 3 )3] ,  2 .2 7  ( 6  H ,  s ,  - C H 3 ), 4 . 5 8  ( 2  

H ,  s ,  - C H 2- ) ,  7 . 1 6  ( 2  H ,  s ,  a r o m a t i c  p r o t o n s ) .

Preparation of 5d. T o  a  s o l u t i o n  o f  1 0 0  g  ( 0 . 6 1 6  m o l)  o f  4 -tert- 
b u t y l e t h y l b e n z e n e 10  a n d  9 9 .2  g  ( 1 . 2 3  m o l)  o f  C 1 C H 2 0 C H 3  in  3 0 0  m L  

o f  C S 2  w a s  a d d e d  a t  5  ° C  2 8  m L  ( 0 . 1 4  m o l)  o f  T iC L ,-  A f t e r  t h e  r e a c t io n  

m ix t u r e  w a s  s t i r r e d  f o r  2  h , i t  w a s  p o u r e d  in t o  5 0 0  m L  o f  i c e - w a t e r  a n d  

e x t r a c t e d  w i t h  e t h e r .  T h e  e t h e r  s o lu t io n  w a s  d r i e d  o v e r  s o d i u m  s u l f a t e  

a n d  e v a p o r a t e d  t o  l e a v e  t h e  r e s i d u e ,  w h ic h  w a s  d i s t i l l e d  u n d e r  r e d u c e d  

p r e s s u r e  t o  a f f o r d  8 0 .9 4  g  ( 6 2 .4 % )  o f  5 - f e r t - b u t y l - 2 - e t h y l b e n z y l  

c h lo r i d e  (5d) a n d  2 7 . 1 3  g  o f  t h e  s t a r t i n g  c o m p o u n d  [ b p  5 7 - 5 8  ° C  ( 3  

m m ) ] .  5d: c o lo r le s s  l i q u i d ;  b p  1 0 2 - 1 0 2  ° C  ( 3  m m ) ;  N M R  ( C C I 4 ) 8 1 . 3 0  

[9 H ,  s ,  - C ( C H 3 ) 3  a n d  3  H ,  t ,  - C H 3] , 2 .7 0  ( 2  H ,  q ,  - C H 2- ) ,  4 . 5 1  ( 2  H ,  

s ,  - C H 2 C H 2- ) ,  7 . 1 0 - 7 . 3 0  ( 3  H ,  m , a r o m a t i c  p r o t o n s ) .

Preparation of 5e. A f t e r  a  m i x t u r e  o f  1 0 9 . 3  g  ( 0 .6 7 4  m o l)  o f  4 -  

t e r t - b u t y l a n i s o l e , 10  1 0  g  ( 0 .3 3  m o l)  o f  p a r a f o r m a l d e h y d e ,  a n d  1 0 4  g  

o f  3 1 %  h y d r o c h l o r i c  a c id  w a s  s t i r r e d  v i g o r o u s l y  a t  5 5  ° C  f o r  7  h , i t  w a s  

c o o le d  t o  r o o m  t e m p e r a t u r e  a n d  e x t r a c t e d  w i t h  b e n z e n e .  T h e  b e n z e n e  

s o l u t i o n  w a s  w a s h e d  w i t h  1 0 %  s o d i u m  c a r b o n a t e  s o lu t io n ,  d r i e d  o v e r  

s o d i u m  s u l f a t e ,  a n d  e v a p o r a t e d  in  v a c u o  t o  l e a v e  t h e  r e s i d u e ,  w h ic h  

w a s  d i s t i l l e d  u n d e r  r e d u c e d  p r e s s u r e  t o  a f f o r d  3 9 .9  g  ( 2 8 . 1 % )  o f  5 -  

ter t - b u t y l - 2 - m e t h o x y b e n z y l  c h lo r i d e  (5e) a n d  6 0  g  o f  t h e  s t a r t i n g  

c o m p o u n d  [ b p  7 3 - 7 4  ° C  ( 3  m m ) ] .  5e: c o l o r l e s s  l i q u i d ;  b p  1 1 7 - 1 1 8  ° C  

( 3  m m ) ; N M R  ( C C D  b 1 . 2 6  [9 H ,  s ,  - C ( C H 3) ] , 3 . 7 2  ( 3  H ,  s , - C H 3) , 4 . 5 1  

( 2  H ,  s , - C H 2- ) ,  6 . 5 9 - 7 . 2 5  ( 3  H ,  m , a r o m a t ic  p r o t o n s ) .  W h e n  t h e  T i C L ,  

c a t a l y z e d  c h lo r o m e t h y l a t i o n  o f  4 -ter t - b u t y l a n i s o l e  w i t h  C 1 C H 2 0 C H 3 

w a s  c a r r ie d  o u t ,  5e w a s  n o t  o b t a i n e d  b u t  o n ly  la r g e  a m o u n t  o f  r e s i n o u s  

m a t e r i a l  w a s  f o r m e d .

Preparation of 5f. T o  a  s o l u t i o n  o f  5 1 . 9  g  ( 0 .3 0 8  m o l)  o f  4 -tert-  
b u t y l c h l o r o b e n z e n e 14  a n d  4 9 .6  g  ( 0 .6 1 6  m o l)  o f  C 1 C H 2 0 C H 3  in  7 5  m L  

o f  C S 2  w a s  a d d e d  a t  5  ° C  1 4  m L  o f  T i C L .  A f t e r  t h e  r e a c t i o n  m i x t u r e  

w a s  s t i r r e d  f o r  1 0  h ,  i t  w a s  t r e a t e d  a n d  w o r k e d  u p  a s  d e s c r i b e d  a b o v e  

t o  a f f o r d  3 1 . 4  g  ( 4 7 .0 % )  o f  5 -te r t - b u t y l - 2 - c h l o r o b e n z y l  c h lo r i d e  (5f) 
a n d  2 2 .4 3  g  o f  t h e  s t a r t i n g  c o m p o u n d  [ b p  5 8  ° C  ( 3  m m ) ] .  5f: c o lo r le s s  

l iq u id ;  b p  1 0 5 - 1 0 7  ° C  ( 3  m m ) ;  N M R  ( C C D  < 5 1.3 0  [ 1 8  H ,  s ,  - C ( C H 3 )3],

4 .9 5  (2  H ,  s ,  - C H 2- ) ,  7 . 1 0 - 7 . 4 5  ( 3  H ,  m , a r o m a t i c  p r o t o n s ) .

Preparation of 5g. S i m i l a r l y  a  s o l u t i o n  o f  1 3 1 . 2  g  ( 0 .6 1 6  m o l)  o f

4 - t e r f - b u t y l b r o m o b e n z e n e , 14  9 9 .2  g  ( 1 . 2 3  m o l)  o f  C 1 C H 2 0 C H 3 , a n d  

2 8  m L  o f  T i C L  in  1 5 0  m L  o f  C S 2  w a s  t r e a t e d  a n d  w o r k e d  u p  a s  d e 

s c r i b e d  a b o v e  t o  a f f o r d  7 0 . 3  g  ( 5 2 .7 % )  o f  5 - i e r i - b u t y l - 2 - b r o m o b e n z y l

c h lo r id e  (5g) a n d  4 4 .3  g  o f  t h e  s t a r t i n g  c o m p o u n d . 5g: c o lo r le s s  l iq u id ;  

b p  1 3 0 - 1 3 2  ° C  ( 5  m m ) ;  N M R  ( C C D  8 1 . 3 0  [ 1 8  H ,  s ,  - C ( C H 3 )3] ,  4 .6 0  

( 2  H ,  s ,  - C H 2) , 7 . 2 7 - 7 . 5 4  ( 3  H ,  m , a r o m a t i c  p r o t o n s ) .

The TiCL Catalyzed Benzylation of Benzene with 5b. T o  a  

s o lu t io n  o f  2 1 . 0 4  g  (0 . 1  m o l)  o f  5b in  1 2 0  m L  o f  b e n z e n e  4  m L  o f  T i C L  

w a s  g r a d u a l l y  a d d e d  a t  r o o m  t e m p e r a t u r e .  A f t e r  t h e  r e a c t io n  m i x t u r e  

w a s  s t i r r e d  f o r  1  h ,  i t  w a s  t r e a t e d  a n d  w o r k e d  u p  a s  d e s c r i b e d  a b o v e  

t o  a f f o r d  1 0  g  ( 5 0 % )  o f  6  a n d  1 1  g  ( 4 3 % )  o f  2g.
Preparation of 6 . T o  a  s o lu t io n  o f  1 6 . 2  g  ( 1 0 0  m m o l)  o f  4b a n d  8 .7 5  

g  ( 5 0  m m o l)  o f  l , 4 - b i s ( c h  o r o m e t h y l ) b e n z e n e  (8 ) in  5  m L  o f  CS2 w a s  

a d d e d  4  m L  ( 1 0  m m o l)  o f  T i C L  a t  5  ° C .  A f t e r  t h e  r e a c t i o n  m i x t u r e  

w a s  s t i r r e d  f o r  3  h , i t  w a s  t r e a t e d  a n d  w o r k e d  u p  a s  d e s c r i b e d  a b o v e  

t o  a f f o r d  1 2  g  ( 5 9 . 1 % )  o f  l , 4 - b i s ( 4 - f e r t - b u t y l - 2 , 6 - d i m e t h y l b e n z y l ) -  

b e n z e n e  (6 ) : c o lo r le s s  p r i s m s  ( E t O H ) ;  m p  1 9 6 - 1 9 8  ° C ;  I R  ( K B r )  2 9 6 0 , 

1 4 8 5 , 1 4 5 0 , 1 3 6 0 , 8 8 0  c m - 1 ; N M R  ( C D C 1 3 ) 8 1 . 3 0  [ 1 8  H ,  s ,  - C ( C H 3)3],

2 .2 0  ( 1 2  H ,  s , - C H 3) , 3 .9 4  ■ 4  H ,  s ,  - C H j - ) ,  6 . 8 8 - 7 . 0 8  ( 8  H ,  m , a r o m a t i c  

p r o t o n s ) .  A n a l .  C a l c d  f o r  C 3 2 H 42: C, 9 0 .0 8 ;  H ,  9 .9 2 .  F o u n d :  C ,  8 9 .5 2 ;  

H ,  9 .8 6 .

Preparation of 14b. T o  a  s o l u t i o n  o f  1 4 . 5  g  (0 . 1  m o l)  o f  C S 2  w a s  

a d d e d  8  m L  o f  T i C L  a t  5  ° C .  A f t e r  t h e  r e a c t i o n  m i x t u r e  w a s  s t i r r e d  

a t  5  ° C  fo r  2  h , i t  w a s  t r e a t e d  a n d  w o r k e d  u p  a s  d e s c r ib e d  a b o v e  t o  g iv e  

1 3 . 2 8  g  ( 5 3 % )  o f  14b: c o lo r le s s  l iq u id ;  b p  1 3 9 - 1 4 2  ° C  ( 3  m m ) ;  I R  ( N a C l)

2 9 6 0 . 1 4 6 0 . 1 3 6 0 . 8 2 0 . 7 4 0  a n “ 1 ; N M R  ( C C D  8 1 . 2 0  [9 H ,  s ,  - C ( C H 3 )3],

2 . 1 4  ( 3  H ,  s ,  - C H 3 ), 2 . 2 2  ( f. H ,  s ,  - C H 3) , 3 .8 0  (2  H ,  s ,  - C H s - ) ,  6 . 6 0 - 7 . 1 0  

( 7  H ,  m , a r o m a t i c  p r o t o n s ) .  A n a l .  C a l c d  f o r  C i 9H 24: C ,  9 0 .2 4 ; H ,  9 .5 8 . 

F o u n d :  C ,  8 9 .9 8 ; H ,  9 .5 9 .

Preparation of 21. A  s o lu t io n  o f  3 2 .4  g  ( 2 0 0  m m o l)  o f  4c a n d  3 7 . 9 5  

g  ( 3 0 0  m m o l)  o f  7a in  1 0 0  m L  o f  C S 2  w a s  t r e a t e d  a n d  w o r k e d  u p  a s  

d e s c r i b e d  a b o v e  t o  a f f o r c  2 4 .3 6  g  ( 4 8 .2 % )  o f  2 1  w i t h  1 0  g  o f  s t a r t i n g  

c o m p o u n d  4 c .  21: c o l o r l e s s  l i q u i d ;  b p  1 3 7 - 1 3 9  ° C  ( 3  m m ) ;  I R  ( N a C l )  

2 9 6 0 , 1 6 0 0 , 1 5 0 0 , 1 4 5 0 ,  1 3 6 0 ,  8 8 0 , 7 3 5 , 7 0 0  c m " 1 ; N M R  ( C C 1 4) 8 1 . 2 7  

[9 H ,  s , - C ( C H 3; 3] , 2 .0 0  ( 3  H ,  s ,  - C H 3 ), 3 .9 0  ( 2  H , s ,  - C H a - ) ,  6 .7 0 - 7 .2 0  

(7  H ,  m , a r o m a t ic  p r o t o n s ' ;  m a s s  s p e c t r u m  m /e  2 5 2  ( M + ). A n a l .  C a lc d  

f o r  C , 9H 24: C ,  9 9 .2 4 ;  H ,  9  5 8 .  F o u n d :  C ,  9 0 .5 0 ;  H ,  9 .4 5 .

General Procedure of the Transalkylation of 2 .  A f t e r  a  m ix t u r e  

o f  3 0  e q u i v  o f  b e n z e n e  ( o r  t o l u e n e ,  m - x y l e n e ) ,  0 .2  e q u i v  o f  t h e  c a t a -  

l y s t / e q u i v  o f  2 , a n d  1  m o l  o f  2  h a d  b e e n  m a i n t a i n e d  a t  a  d e s i r e d ,  

c o n s t a n t  t e m p e r a t u r e  a n c  a  s p e c i f i e d  r e a c t io n  t i m e  w i t h  s t i r r i n g ,  t h e  

r e a c t i o n  m i x t u r e  w a s  s e p a r a t e d  a n d  d r i e d  o v e r  s o d i u m  s u l f a t e .  A  

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

m a t o g r a p h y .  A f t e r  t h e  a n a l y s e s ,  t h e  p r o d u c t s  w e r e  i s o l a t e d  a n d  p u 

r i f i e d  b y  d i s t i l l a t i o n  a n d / o r  r e c r y s t a l l i z a t i o n ,  r e s p e c t i v e l y .  T h e  r e 

a c t i o n  c o n d i t i o n s  a n d  t h e  y i e l d s  a r e  s u m m a r i z e d  in  T a b l e  I .

1 1 :  c o l o r l e s s  l i q u i d ;  b p  1 1 0 - 1 1 2  ° C  ( 3  m m ) ;  I R  ( N a C l )  3 0 2 0 ,  2 9 6 0 ,

1 6 0 0 . 1 0 5 5 . 7 4 0  c m " 1 ; N M R  ( C C 1 4) b 2 . 1 8  ( 6  H ,  s ,  - C H 3 ), 3 .7 8  ( 2  H , s , 

- C H 2- ) ,  6 .7 0 - 7 .2 0  ( 8  H ,  m , a r o m a t ic  p r o t o n s ) .  A n a l .  C a lc d  f o r  C i - ,H 1(;: 

C ,  9 1 . 7 9 ;  H , 8 .2 2 .  F o u n d :  C ,  9 1 . 3 3 ;  H ,  8 .2 9 .  16: c o l o r l e s s  l i q u i d :  b p  

1 0 7 - 1 0 9  ° C  ( 3  m m ) ;  I R  ( N a C l )  3 0 4 0 , 3 9 7 0 , 2 9 4 0 , 1 6 0 0 . 1 4 5 0 . 7 3 5 , 7 0 0  

c m “ 1 ; N M R  ( C C 1 4) 8 2 . 1 0  ( 3  H ,  s , - C H 3 ), 2 . 2 3  ( 3  H ,  s ,  - C H 3 ) , 3 . 8 3  ( 2  

H ,  s , - C H 2- ) ,  6 . 8 5 - 7 . 2 0  ( 8  H ,  m , a r o m a t i c  p r o t o n s ) .  A n a l .  C a l c d  f o r  

C i 5 H i 6: C ,  9 1 . 7 6 ;  H ,  8 .2 2 .  F o u n d :  C ,  9 1 . 7 6 ;  H ,  8 . 1 6 .

22: c o lo r le s s  l iq u id ;  b p  1 2 3  ° C  ( 3 3  m m ) ;  I R  ( N a C l )  3 0 7 0 ,  3 0 4 0 ,  2 9 2 0 ,  

1 6 0 0 , 1 5 0 0 , 1 4 5 0 , 7 9 0 , 7 3 0 , 7 0 0  c m " 1 ; N M R  ( C C D  b 2 . 1 3  ( 6  H ,  s ,  - C H 3),

3 .7 9  ( 2  H ,  s ,  - C H 2) , 6 . 3 0 - 7 . 2 0  ( 8  H , m , a r o m a t i c  p r o t o n s ) .  A n a l .  C a lc d  

f o r  C 1 5 H i 6; C ,  9 1 . 7 9 ;  H , 8 .2 2 .  F o u n d :  C ,  9 1 . 7 4 ;  H ,  8 . 1 9 .

23: c o lo r le s s  l iq u id ;  I R  ( N a C l)  2 9 6 0 , 1 4 8 0 , 1 3 6 0 , 8 6 0 , 7 5 0  c m - 1 ; m a s s  

s p e c t r u m  m /e  2 8 0  ( M + ); N M R  ( C C 1 4) b 1 - 1 0  [9  H ,  s ,  - C ( C H 3 ) ] ,  1 . 9 8  

( 3  H , s , - C H 3), 2 . 1 0  ( 3  H ,  s , - C H 3 ), 2 .2 2  ( 6  H ,  s ,  - C H 3). T h i s  c o m p o u n d  

23 w a s  s e p a r a t e d  b y  u s i n g  s e p a r a t i v e  g a s  c h r o m a t o g r a p h y .

Preparation of 25a. T o  a  s o l u t i o n  o f  5 4 .8  g  ( 0 .3  m c l )  o f  d i p h e n y l -  

e t h a n e  (24) a n d  8 6  g  ( 0 .3 9  m o l)  o f  2 , 6 - d i - t e r f - b u t y l - p - c r e s o l  in  1 2 0  

m L  o f  n i t r o m e t h a n e  w a s  a d d e d  a t  1 5  ° C  a  A 1 C 1 3 - C H 3 N 0 2  s o l u t i o n  

[6 7  g  ( 0 .5 0 7  m o l)  o f  A I C I 3/ I 2 O m L  o f  C H 3 N 0 2). A f t e r  t h e  r e a c t i o n  

m i x t u r e  w a s  s t i r r e d  f o r  5  m i n ,  i t  w a s  p o u r e d  i n t o  a  l a r g e  a m o u n t  o f  

i c e - w a t e r  a n d  t h e  o r g a n i c  l a y e r  w a s  e x t r a c t e d  w i t h  b e n z e n e .  T h e  

b e n z e n e  s o l u t i o n  w a s  d r i e d  o v e r  s o d i u m  s u l f a t e  a n d  e v a p o r a t e d  in  

v a c u o  t o  le a v e  t h e  r e s i d u o  in  w h i c h  b e n z e n e  w a s  a d d e d  a g a i n .  T h e  

b e n z e n e  s o l u t i o n  w a s  e x t r a c t e d  w i t h  1 0 %  s o d i u m  h y d r o x i d e .  T h e  

b e n z e n e  w a s  w a s h e d  w i t h  w a t e r ,  d r i e d  o v e r  s o d i u m  s u l f a t e ,  a n d  

e v a p o r a t e d  in  v a c u o  t o  a f f o r d  7 9  g  ( 9 0 % )  o f  25a: c o l o r l e s s  p la t e s  

( E t O H ) ;  m p  1 5 4 - 1 5 5  ° C ;  N M R  ( C C D  8 1 . 3 0  [ 1 8  H , s ,  - C ( C H 3) 3] , 2 .8 3  

(4  H ,  s ,  - C H 2C H 2- ) ,  6 . 9 5 - 7 . 3 0  ( 8  H ,  a r o m a t i c  p r o t o n s ) .  A n a l .  C a l c d  

f o r  C 2 2 H 30: C ,  8 9 .7 3 ;  H ,  1 0  2 7 .  F o u n d :  C ,  8 9 .4 8 ; H , 1 0 . 2 7 .  p - C r e s o l  w a s  

o b t a i n e d  a l m o s t  q u a n t i t a t i v e l y  f r o m  t h e  1 0 %  s o d i u m  h y d r o x i d e  e x 

t r a c t  b y  a c i d i f i c a t i o n  w i t h  1 0 %  h y d r o c h l o r i c  a c id .

Preparation of 25b. T o  a  s o lu t io n  o f  C H 3M g I  ( p r e p a r e d  f r o m  1 5 0  

g  o f  m e t h y l  i o d in e  a n d  25 g  o f  m a g n e s i u m )  in  4 0 0  m L  o f  e t h e r  w a s  

g r a d u a l l y  a d d e d  a  s o l u t i o n  o f  5a in  1  h  u n d e r  t h e  c o n d i t i o n  o f  r e f l u x .  

A f t e r  t h e  r e a c t i o n  m i x t u r e  w a s  r e f l u x e d  f o r  a n  a d d i t i o n a l  2 h ,  i t  w a s  

q u e n c h e d  w i t h  1 0 %  h y d r c  c h lo r i c  a c i d  a n d  e x t r a c t e d  w i t h  e t h e r .  T h e
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e t h e r  e x t r a c t  w a s  d r i e d  o v e r  s o d i u m  s u l f a t e  a n d  e v a p o r a t e d  in  v a c u o  

t o  l e a v e  t h e  r e s i d u e ,  in  w h i c h  a  s m a l l  a m o u n t  o f  e t h a n o l  w a s  a d d e d  

t o  a f f o r d  4 5  g  ( 7 2 % )  o f  5 , 5 '- d i - t e r t - b u t y l - 2 ,2 '- d i m e t h y l d i p h e n y l e t h a n e  

(25b) a s  a  c o l o r l e s s  c r y s t a l ,  a n d  t h e  f i l t r a t e  a f f o r d e d  9 . 1  g  ( 1 3 .4 % )  o f  

A-tert - b u t y l - 2 ,  e t h y l  t o lu e n e  (26b). 25b: c o lo r le s s  n e e d le s  ( E t O H ) ;  m p  

5 5 - 5 6  ° C ;  N M R  ( C C 1 4) « 1 . 2 5  [ 1 8  H ,  s ,  - C ( C H 3)3] ,  2 . 1 5  ( 6  H ,  s ,  - C H 3 ), 

2 . 8 1  (4  H ,  s ,  - C H 2 C H 2- ) ,  6 .9 6  ( 6  H ,  s ,  a r o m a t i c  p r o t o n s ) .  A n a l .  C a lc d  

f o r  C 24H 34: C ,  8 9 .3 9 ;  H ,  1 0 .6 2 .  F o u n d :  C ,  8 9 .3 5 ;  H .  1 0 . 6 6 .26b: c o lo r le s s  

l i q u i d ;  b p  6 9 - 7 1  ° C  ( 3  m m ) .

Preparation of 25c. T o  a  s o l u t i o n  o f  m e t h y lm a g n e s i u m  io d id e  

( f r o m  6 0  g  o f  m e t h y l  io d id e  a n d  1 0  g  o f  m a g n e s iu m )  in  1 5 0  m L  o f  e t h e r  

w a s  a d d e d  a  s o lu t io n  o f  3 2 .7  g  ( 0 . 1 5 5  m o l)  o f  5d in  5 0  m L  o f  e t h e r .  T h e  

r e a c t i o n  m i x t u r e  w a s  t r e a t e d  a n d  w o r k e d  u p  a s  d e s c r i b e d  a b o v e  t o  

a f f o r d  2 3 .4  g  ( 8 6 .5 % )  o f  5 , 5  - d i - t e r t - b u t y l - 2 , 2 '- d i e t h y l d i p h e n y l e t h a n e  

(25c) a n d  4 .2  g  ( 16 .6 % )  o f  2 - e t h y l - 4 - £ e r £ - b u t y le t h y lb e n z e n e  (26c). 25c: 
c o l o r l e s s  l i q u i d ;  b p  7 9 - 8 2  ° C  ( 3  m m ) ;  N M R  (CCI4) b 1 . 2 2  ( 6  H ,  t ,  

- C H 3 ) , 1 . 2 5  [ 1 8  H ,  s ,  - C ( C H 3 ) 3] ,  2 .5 6  (4  H ,  q ,  - C H o C H a - ) ,  7 .0 3  ( 6  H ,  

s ,  a r o m a t ic  p r o t o n s ) .  A n a l .  C a lc d  f o r  C ^ H ; « :  C ,  8 9 .0 8 ; H ,  1 0 .9 2 .  F o u n d :  

C ,  8 8 .7 8 ;  H ,  1 0 .9 4 .  26c: c o l o r l e s s  l i q u i d ;  b p  7 8 - 8 2  ° C  ( 3  m m ) .

Preparation of 25d. A n  e t h e r  s o lu t io n  o f  m e t h y lm a g n e s iu m  io d id e  

( C H 3 1 , 6 0  g ; M g ,  1 0  g )  w a s  t r e a t e d  w i t h  a  s o l u t i o n  o f  3 2 .7  g  ( 0 . 1 5 5  m o l)  

o f  5e in  5 0  m L  o f  e t h e r  a n d  t h e  r e a c t i o n  m i x t u r e  w a s  w o r k e d  u p  a s  

d e s c r i b e d  a b o v e  t o  a f f o r d  1 7  g  ( 6 2 .6 % )  o f  5 , 5 ' - d i - £ e r £ - b u t y l - 2 , 2 '-  

d i m e t h o x y d i p h e n y l e t h a n e  (25d) a n d  6  g  ( 2 0 .3 % )  o f  4 - t e r t - b u t y l - 2 -  

e t h y la n is o le  (26d). 25d: c o lo r le s s  n e e d le s  ( E t O H ) ;  m p  9 2 - 9 3  ° C ;  N M R  

( C D C L )  b 1 . 2 0  [ 1 8  H ,  s , - C ( C H 3 ) 3] ,  2 .8 2  (4  H ,  s ,  - C H 2 C H 2- ) ,  3 . 7 1  ( 6  

H , s ,  - C H 3 ) , 6 . 5 4 - 7 . 1 2  ( 6  H ,  m , a r o m a t i c  p r o t o n s ) .  A n a l .  C a l c d  f o r  

C 24H 34 0 2: C ,  8 1 . 3 1 ;  H ,  9 .6 7 .  F o u n d :  C ,  8 1 . 0 5 ;  H ,  9 . 7 1 .  26d: c o l o r l e s s  

l i q u i d ;  b p  8 3 - 8 5  ° C  ( 3  m m ) .

Preparation of 25e. S i m i l a r l y  3 2 .7  g  ( 0 . 1 5 5  m o l l  o f  5c w a s  t r e a t e d  

w i t h  m e t h y lm a g n e s i u m  i o d i d e  ( C H 3 I ,  6 0  g ; M g ,  1 0  g )  in  t h e  s a m e  

m a n n e r  a s  d e s c r i b e d  a b o v e  t o  a f f o r d  2 0 .4  g  ( 7 5 .2 % )  o f  5 , 5 ' - d i - £ e r t -  

b u t y l - 2 , 2 ' , 3 , 3 ' - t e t r a m e t h y l d i p h e n y l e t h a n e  (25e): c o l o r l e s s  n e e d l e s  

( E t O H ) ;  m p  8 7 - 8 8  ° C ;  N M R  ( C C 1 4) b 1 . 2 3  [ 1 8  H ,  s ,  - C ( C H 3 ) 3] , 2 .0 8  

( 6  H ,  s ,  - C H 3 ) , 2 . 2 1  ( 6  H ,  s ,  - C H 3 ) , 2 .8 0  (4  H ,  s ,  - C H 2- ) ,  6 .8 0 - 7 .0 0  (4 

H , m , a r o m a t i c  p r o t o n s ) .  A n a l .  C a l c d  f o r  C ^ H - .g :  C ,  8 9 .0 8 ; H ,  1 0 .9 2 .  

F o u n d :  C ,  8 9 .0 3 ;  H ,  10 .8 8 .

Preparation of 25f. S i m i l a r l y  2 4 . 1  g  '8 9 .8 % )  o f  4 , 4 '- d i - £ e r £ -  

b u t y l - 2 , 2 ' , 6 , 6 ' - t e t r a m e t h y l d i p h e n y l e t h a n e  (25f) a n d  3 .0 7  g  ( 1 0 .5 % )  

o f  4 - f e r t - b u t y l - 2 , 6 - d i m e t h y l e t h y l b e n z e n e  (26f) w e r e  o b t a i n e d  f r o m

3 2 . 7  g  ( 0 . 1 5 5  m o l)  o f  5b in  s a m e  m a n n e r  a s  d e s c r i b e d  a b o v e .  25f: c o l 

o r l e s s  n e e d l e s  ( E t O H ) ;  m p  2 2 0 - 2 2 1  ° C  ( l i t . 15  m p  2 1 6 - 2 1 7  ° C ) ;  N M R  

( C C L ,)  b 1 . 3 0  [ 1 8  H ,  s ,  - C ( C H 3 ) 3] , 2 .4 2  ( 1 2  H ,  s ,  - C H 3 ), 2 .7 8  (4  H ,  s , 

- C H 2- ) ,  7 .0 5  (4  H ,  m , a r o m a t i c  p r o t o n s ) .  A n a l .  C a l c d  f o r  C 2 6H 3 8 : C ,  

8 9 .0 8 ;  H ,  1 0 . 9 2 .  F o u n d :  C ,  8 8 .9 9 ; H ,  1 0 .8 6 .  26f: c o l o r l e s s  l i q u i d .

Preparation of 25g. T o  a  s o lu t io n  o f  m e t h y lm a g n e s i u m  io d id e  ( 3 0  

g  o f  C H 3 I ,  5  g  o f  M g )  in  7 5  m L  o f  e t h e r  w a s  a d d e d  a  s o l u t i o n  o f  1 6 . 8 2  

g  ( 7 7 .5  m m o l)  o f  5f in  2 5  m L  o f  e t h e r .  A f t e r  t h e  r e a c t i o n  m i x t u r e  w a s  

r e f l u x e d  f o r  3  h , i t  w a s  t r e a t e d  a n d  w o r k e d  u p  a s  d e s c r i b e d  a b o v e  t o  

a f f o r d  9 .5  g  ( 7 0 % )  o f  5 , 5 '- d i - t e r £ - b u t y l - 2 , 2 ' - d i c h l c r o d i p h e n y l e t h a n e  

(25g): c o l o r l e s s  n e e d l e s  ( E t O H ) ;  m p  1 1 3 - 1 1 4  ° C ;  N M R  (CCI4) b 1 . 3 0  

[ 1 8  H ,  s ,  - C ( C H 3) 3] , 2 .9 4  (4  H ,  s ,  - C H 2- ) ,  7 . 1 0 - 7 . 3 0  ( 6  H ,  m , a r o m a t i c  

p r o t o n s ) .  A n a l .  C a l c d  fo r  C ^ H ^ C L :  C ,  7 2 .7 2 ;  H ,  7 .7 7 .  F o u n d :  C ,  7 2 .4 3 ;  

H ,  7 .7 5 .

Preparation of 25h. T o  a  s o lu t io n  o f  m e t h y lm a g n e s i u m  i o d id e  ( 3 0  

g  o f  C H 3 I ,  5  g  o f  M g )  in  7 5  m L  o f  e t h e r  w a s  a d d e d  a  s o l u t i o n  o f  2 0 .3  

g  ( 7 7 .5  m m o l)  o f  5 g  in  2 5  m L  o f  e t h e r  o v e r  a  p e r i o d  o f  3 0  m in .  T h e  

r e a c t io n  m i x t u r e  w a s  r e f l u x e d  f o r  3  h  a n d  w a s  t r e a t e d  a n d  w o r k e d  u p  

a s  d e s c r i b e d  a b o v e  t o  a f f o r d  1 2 . 5  g  ( 7 1 . 3 % )  o f  5 , 5 ' - d i - t e r t - b u t y l - 2 , 2 '-  

d i b r o m o d i p h e n y l e t h a n e  (25h): c o l o r l e s s  n e e d l e s  ( E t O H ) ;  m p  9 2 - 9 3  

° C ;  N M R  ( C C L ,)  b 1 . 3 0  [ 1 8  H ,  s ,  - C ( C H 3 )3] ,  2 . 9 5  (4  H ,  s ,  - C H 2- ) ,  

7 . 1 5 - 7 . 5 0  ( 6  H ,  m , a r o m a t i c  p r o t o n s ) .  A n a l .  C a l c d  f o r  C 2 2 H 28B r 2: C ,  

5 8 .4 2 ;  H ,  6 .2 4 .  F o u n d :  C ,  5 8 . 3 1 ;  H ,  6 .2 0 .

The Transalkylation of 25. A f t e r  a  m ix t u r e  o f  3 0  e q u i v  o f  b e n z e n e  

(o r  t o lu e n e ,  m - x y le n e ) ,  0 .2  e q u i v  o f  t h e  c a t a l y s t / e q u i v  o f  2 5 ,  a n d  1  m o l 

o f  25 h a d  b e e n  m a i n t a i n e d  a t  a  d e s i r e d ,  c o n s t a n t  t e m p e r a t u r e  a n d  a

s p e c i f i e d  r e a c t i o n  t i m e  w i t h  s t i r r i n g ,  t h e  r e a c t i o n  m i x t u r e  w a s  

q u e n c h e d  w i t h  1 0 %  h y d r o c h l o r i c  a c i d .  T h e  l a y e r  w a s  s e p a r a t e d  a n d  

d r i e d  o v e r  s o d i u m  s u l f a t e .  A  d e f i n i t e  a m o u n t  o f  b e n z e n e  s o l u t i o n  w a s  

a n a l y z e d  b y  g a s  c h r o m a t o g r a p h y .  A f t e r  t h e  a n a l y s e s ,  t h e  p r o d u c t s  

w e r e  i s o l a t e d  a n d  p u r i f i e d  b y  d i s t i l l a t i o n  a n d / o r  r e c r y s t a l l i z a t i o n ,  

r e s p e c t i v e l y .  T h e  r e a c t io n  c o n d i t io n s  a n d  t h e  y i e l d s  a r e  s u m m a r i z e d  

in  T a b l e  I I I .

27b: c o l o r l e s s  n e e d l e s  ( E t O H ) ;  m p  6 5 - 6 6  °C; N M R  ( C C 1 4) b 2 . 2 3  

( 6  H ,  s ,  - C H 3 ) , 2 .7 9  (4  H ,  s ,  - C ^ C H ^ ) ,  7 .0 2  ( 8  H ,  s ,  a r o m a t i c  p r o 

t o n s ) .  A n a l .  C a l c d  f o r  C i 6H 18 : C ,  9 1 . 0 4 ;  H ,  8 .6 3 .  F o u n d :  C ,  9 1 . 2 3 ;  H ,

8 .6 2 .

2 7 c :  c o l o r l e s s  p la t e s  ( E t O H ) ;  m p  2 6 - 2 8  ° C ;  N M R  ( C C I 4 ) b 1 . 2 0  ( 6  

H , t ,  - C H 3), 2 .6 3  (4  H ,  q ,  - C H s - ) ,  2 .8 5  (4  H ,  s ,  - C H s C H a - ) ,  7 . 1 8  ( 8  H ,  

s ,  a r o m a t i c  p r o t o n s ) .  A n a l .  C a l c d  f o r  C i g H 22: C ,  9 0 .0 7 ;  H ,  9 .3 0 .  F o u n d :  

C ,  9 0 .6 7 ;  H ,  9 .2 6 .

27d: c o l o r l e s s  n e e d l e s  ( E t O H ) ;  m p  8 0 - 8 2  ° C ;  N M R  ( C C I 4 ) b 2 .8 2  

(4  H ,  s ,  - C H 2C H 2- ) ,  3 .7 7  ( 6  H ,  s ,  - O C H 3) , 6 . 6 0 - 7 . 1 0  ( 6  H ,  m , a r o m a t i c  

p r o t o n s ) .  A n a l .  C a l c d  f o r  C i b H i 80 2: C .  7 9 . 3 1 ;  H ,  7 .4 9 .  F o u n d :  C ,  7 9 .3 0 ;  

H ,  7 .5 4 .

27e: c o lo r le s s  n e e d le s  ( E t O H ) ;  m p  1 1 0 - 1 1 1  ° C ;  N M R  (CCI4) b 2 . 1 9  

( 6  H ,  s ,  - C H 3) , 2 . 2 5  ( 6  H ,  s , - C H 3 ) , 2 .8 0  (4  H .  s ,  - C H , - ) ,  6 .9 2  ( 6  H ,  s , 

a r o m a t i c  p r o t o n s ) .  A n a l .  C a l c d  f o r  C i 8H 22: C ,  9 0 .7 0 ;  H ,  9 .3 0 .  F o u n d :  

C ,  8 9 .0 2 ;  H ,  9 .3 5 .

27f: c o l o r l e s s  n e e d l e s  ( E t O H ) ;  m p  1 2 3 - 1 2 5  ° C ;  N M R  ( C C L )  b 2 . 2 1  

( 1 2  H ,  s ,  - C H 3 ) , 2 . 7 5  (4  H ,  s ,  - C H 2- ) ,  6 .8 7  ( 6  H ,  s , a r o m a t i c  p r o t o n s ) .  

A n a l .  C a l c d  f o r  C i 8H 22: C ,  9 0 .7 0 ;  H ,  9 .3 0 .  F o u n d :  C ,  9 0 .3 3 ;  H ,  9 .3 8 .

27g: c o l o r l e s s  n e e d l e s ;  m p  5 7 - 5 8  ° C ;  N M R  (CCI4) b 3 .0 0  (4  H ,  s ,  

- C H 2- ) ,  7 .0 0 - 7 . 4 0  ( 8  H ,  m , a r o m a t i c  p r o t o n s ) .  A n a l .  C a l c d  f o r  

C i 4 H , 2 C 1 2: C ,  6 6 .9 5 ;  H ,  4 .8 2 .  F o u n d :  C ,  6 6 .8 9 ; H ,  4 .7 9 .

Registry No.— 1, 1 0 1 - 8 1 - 5 ;  2a, 1 9 0 9 9 - 4 8 - 0 ;  2b, 6 5 2 7 6 - 2 1 - 3 ;  2c, 
6 5 2 7 6 - 2 2 - 4 ;  2d, 6 5 3 3 8 - 7 1 - 8 ;  2e, 6 5 2 7 6 - 2 3 - 5 ;  2f, 6 5 2 7 6 - 2 4 - 6 ;  2g, 
6 5 2 7 6 - 2 5 - 7 ;  3 ,6 5 2 7 6 - 2 6 - 8 ;  4a, 9 8 - 5 1 - 1 ;  4b, 9 8 - 1 9 - 1 ;  4c, 7 3 9 7 - 0 6 - 0 ;  5b, 
1 9 3 8 7 - 8 3 - 8 ;  5c, 2 8 1 6 2 - 1 3 - 2 ;  5d, 6 5 2 7 6 - 2 7 - 9 ;  5e, 2 2 2 5 2 - 7 3 - 9 ;  5f, 
6 5 2 7 6 - 2 8 - 0 ;  5g, 6 5 2 7 6 - 2 9 - 1 ;  6 , 6 5 2 7 6 - 3 0 - 4 ;  7a, 10 0 - 4 4 - 7 ;  7b, 5 5 2 - 4 5 - 4 ;  

8, 6 2 3 - 2 5 - 6 ;  11, 1 6 3 4 - 7 4 - 8 ;  14b. 6 5 2 7 6 - 3 1 - 5 ;  16, 2 8 1 2 2 - 2 9 - 4 ;  21, 
6 5 2 7 6 - 3 2 - 6 ;  22, 6 2 1 5 5 - 1 6 - 2 ;  23. 6 5 2 7 6 - 3 3 - 7 ;  24, 1 0 3 - 2 9 - 7 ;  25a, 
2 2 9 2 7 - 0 7 - 7 ;  25b, 6 5 2 7 6 - 0 9 - 7 ;  25c. 6 5 2 7 6 - 1 0 - 0 ;  25d, 6 5 2 7 6 - 1 1 - 1 ;  25e, 
6 5 2 7 6 - 1 2 - 2 ;  25f, 6 5 2 7 6 - 1 3 - 3 ;  25g, 6 2 5 7 6 - 1 4 - 4 ;  25h, 6 5 2 7 6 - 1 5 - 5 ;  26b, 
6 5 2 7 6 - 1 6 - 6 ;  26c, 6 5 2 7 6 - 1 7 - 7 ;  26d, 6 5 2 7 6 - 1 8 - 8 ;  26f, 6 5 2 7 6 - 1 9 - 9 ;  27b, 
9 5 2 - 8 0 - 7 ;  27c, 2 7 4 9 9 - 6 0 - 1 ;  27d, 1 4 3 1 0 - 3 4 - 0 ;  27e, 6 5 2 7 6 - 2 0 - 2 ;  27f, 
2 5 1 1 5 - 7 9 - 1 ;  27g, 6 6 3 9 - 4 0 - 3 ;  2 , 6 - d i - £ e r f - b u t y l - 4 - m e t h y l p h e n o l ,  1 2 8 -

3 7 - 0 ;  C 1 C H 2 0 C H 3 , 1 0 7 - 3 0 - 2 ;  4 - t e r t - b u t y l e t h v l b e n z e n e ,  7 3 6 4 - 1 9 - 4 ;

4 - £ e r £ - b u t y l a n i s o l e ,  5 3 9 6 - 3 8 - 3 ;  h y d r o c h l o r i c  a c i d ,  7 6 4 7 - 0 1 - 0 ;  4 - £ e r t -  

b u t y l c h l o r o b e n z e n e ,  3 9 7 2 - 5 6 - 3 ;  4 - £ e r f - b u t y l b r o m o b e n z e n e ,  3 9 7 2 -

6 5 - 4 .
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I n  o r d e r  t o  c o m p a r e  t h e  e a s e  o f  p y r o l y s i s  o f  k e t o n e s  w i t h  t h a t  o f  e s t e r s ,  a  s e r i e s  o f  k e t o n e s  w a s  p y r o l y z e d  in  a n  a p 

p a r a t u s  c o m m o n l y  u s e d  f o r  p r e p a r a t i v e  e s t e r  p y r o l y s i s .  T h u s ,  w h e n  h e p t a n e - 2 .6 - d i o n e  w a s  p y r o l y z e d  a t  6 5 0  ° C ,  t h e  

m a jo r  p r o d u c t s  o f  p y r o l y s i s  w e r e  m e t h y l  v i n y l  k e t o n e  ( 1 7 % )  a n d  a c e t o n e  (2 2 % ) . S i n c e  6 6 %  o f  t h e  s t a r t i n g  d i k e t o n e  

w a s  r e c o v e r e d  u n c h a n g e d ,  t h e  y i e l d s  o f  a c e t o n e  a n d  m e t h y l  v i n y l  k e t o n e  b a s e d  o n  u n r t c o v e r e d  m a t e r i a l  w e r e  6 1  a n d  

4 5 % , r e s p e c t i v e l y .  In  a  s i m i l a r  e x p e r i m e n t  a t  6 5 0  ° C ,  p y r o l y s i s  o f  m e t h y l  n e o p e n t y l  k e t o n e  g a v e  a  1 7 %  y i e l d  o f  a c e 

t o n e  a n d  a n  1 8 %  y i e l d  o f  i s o b u t y l e n e .  S i n c e  6 1 %  o f  t h e  m e t h y l  n e o p e n t y l  k e t o n e  w a s  r e c o v e r e d  u n c h a n g e d ,  t h e  

y i e l d s  o f  a c e t o n e  a n d  i s o b u t y l e n e ,  b a s e d  o n  u n r e c o v e r e d  m a t e r i a l ,  w e r e  4 4  a n d  4 6 % , r e s p e c t i v e l y .  W h e n  m e t h y l  i s o 

b u t y l  k e t o n e  w a s  p y r o l y z e d  a t  6 5 0  ° C ,  7 5 %  o f  t h e  k e t o n e  w a s  r e c o v e r e d  u n c h a n g e d  a n d  t h e  m a j o r  p r o d u c t s  w e r e  p r o 

p y le n e  ( 1 0 % )  a n d  a c e t o n e  ( 7 % ) ;  h o w e v e r ,  a t  t h e  s a m e  t i m e  a n  8 %  y i e l d  o f  i s o b u t y l e n e  w a s  o b t a i n e d .  P y r o l y s i s  o f  

m e t h y l  n - p r o p y l  k e t o n e  a t  6 5 0  ° C  g a v e  a n  8 7 %  r e c o v e r y  o f  t h e  k e t o n e  p lu s  a  6 %  y i e l d  o f  a c e t o n e  a n d  a  3 %  y i e l d  o f  

e t h y l e n e ,  a s  w e l l  a s  a  5 %  y i e . d  o f  m e t h y l  v i n y l  k e t o n e  p l u s  s o m e  p r o p y l e n e .  T h u s ,  i t  a p p e a r s  t h a t  a  k e t o n e  is  c o n s i d 

e r a b l y  m o r e  t h e r m a l l y  s t a b . e  t h a n  a n  e s t e r ,  r e q u i r i n g  s o m e  1 5 0  ° C  h i g h e r  t e m p e r a t u - e  f o r  a  c o m p a r a b l e  e x t e n t  o f  

d e c o m p o s i t i o n .

Since previous work in these laboratories had shown that 
pyrolysis of esters was a very excellent synthetic tool for the 
preparation of a wide variety of strained dienes,4 isomers of 
aromatic compounds,5 and highly reactive monomers,6 we 
wanted to determine how general such a pyrolysis reaction was 
and what other unsaturated compounds might undergo a 
similar cyclic molecular decomposition. Thus we became in
terested in what other atoms coulc be located in the six- 
membered ring and still have the cyclic molecular mechanism 
operate.

In ester pyrolysis A and C are oxygen atoms while in the 
Chugaev reaction, which involves the pyrolysis of a xanthate

. D — E  D = E
/  \  A

C ,F C +  F
'X B = A '"  X iB— /

ester, a sulfur atom is located in position A. Similarly, previous 
work in these laboratories showed that pyrolysis of amides,7’8 
in which C is a nitrogen atom, occurs by the same cyclic 
mechanism but involves a temperature that is at least 60 °C 
higher than that required for ester pyrolysis. More recently, 
a study of the pyrolysis of vinyl ethers1 in which A is a carbon 
atom showed that these materials pyrolyze at a temperature 
40-50 °C lower than the temperature necessary for compa
rable ester pyrolysis. The ease of pyrolysis of various com
pounds can be rationalized by the assumption that the tran
sition state in the cyclic mechanism looks more like the 
products than the starting materials, and that if a stable 
double bond between A and B is converted to a less stable 
double bond between C and B, a higher temperature is re
quired for pyrolysis than is necessary for the pyrolysis of the 
symmetrical ester. Conversely, if a high-energy double bond 
between A and B is converted to a more stable double bond 
between C and B in the products, a temperature lower than 
that required for the pyrolysis of the symmetrical ester group 
is noted.

In such a system a ketone which has a carbon atom in po
sition C and oxygen in position A is a counterpart to the vinyl 
ether which has the oxygen in position C and a carbon in po
sition A. For this reason it was of interest to study the pyrolysis 
of ketones in order to see if the relationship discussed above 
is followed and that ketones do indeed pyrolyze by a cyclic 
six-membered mechanism and require temperatures con
siderably higher than those required for ester pyrolysis.

Although there are many examples in the literature of the 
photolysis of ketones,9-12 little work has been done on the
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pyrolysis of ketones. Methyl n-propyl ketone is one ketone 
for which both photolysis and pyrolysis data are available. 
However, because of the lack of uniformity in pyrolysis and 
photolysis conditions, the results are hard to compare. 
McNesby and Gordon13 reported that the pyrolysis and 
photolysis of 2-pentancne-l,l,l,3,3,-d5 gave more acetone-de 
than acetone-ds- If the cyclic mechanism were operative, all 
the acetone should have been d5. They concluded that in the 
pyrolysis region the reaction appeared to involve a free-radical 
mechanism. However, Ausloos and Murod14 studied the 
photolysis of 2-pentanone-l,l,l,3,3-d5 and reported that 90% 
of the acetone obtained was acetone-d5. They concluded that 
the intermolecular cleavage through a six-membered ring was 
operating.

Guenther13 reported the formation of large quantities of 
methyl vinyl ketone plus some acetone from the gas-phase 
thermal decomposition of methyl n -propyl ketone at 500-530 
°C. Waring and Garik16 pyrolyzed methyl n -propyl ketone 
and concluded that it decomposed predominately through a 
free-radical mechanism. Blades and Sandhu17 reported that 
at 652 °C methyl n-propyl ketone undergoes almost no de
composition but produced minor amounts of methane, eth
ylene, and acetone. They also reported that the rate constant 
for acetone formation was 0.016 s_1 with an Arrhenius factor 
of 59. Furukawa and Naruchi18 pyrolyzed methyl n-propyl 
ketone at 500 °C over calcium carbonate to yield acetone plus 
di-n-propyl ketone.

In 1957, Walters and Barry19 studied the gas-phase thermal 
decomposition of methyl n-butyl ketone from 430 to 500 °C. 
The principal products of the reaction during early stages of 
the reaction are (1) propylene and acetone, (2) ethane and 
methyl vinyl ketone, and (3) methane, carbon monoxide, and 
1 -butene. Since methane and carbon monoxide grow in im
portance during the decomposition, they are probably formed 
by the decomposition of intermediate products. Waring et 
al.20-22 studied the decomposition of acetone, methyl ethyl 
ketone, and diethyl ket me and concluded that all three de
composed primarily through a free-radical chain mechanism. 
Skraup and Guggenheim23 reported that the products from 
heating dibenzoylpropane for 20 h at 330 °C in a bomb were 
acetophenone and phenyl vinyl ketone. Although the authors 
did not postulate a mechanism, the products can be ration
alized on the basis of i cyclic mechanism. Finally, Allan, 
McGee, and Ritchie24 studied the pyrolysis of acetylacetone 
at 500 °C and reported the production of acetone, ketene, and 
isopropenyl acetate, plus some methvlacetylene, ethylene, and 
methane. Blades and Sandhu17 also reported that acetylace-
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tone gave acetone when heated at 505 °C. but they did not 
detect the expected ketene. Thus, although there are fairly 
extensive data in the literature on the photolysis and pyrolysis 
of ketones, there has been no systematic study that would 
allow direct comparison with ester pyrolysis and apparently 
no attempt has been made to maximize the yield of products 
from the pyrolysis of ketones. We therefore undertook the 
study of several acyclic ketones by conducting the pyrolysis 
in the same apparatus and under conditions that were com
parable to those used for the pyrolysis of esters.

Heptane-2,6-dione was selected for the initial studies since 
the compound was symmetrical and contained activated 7- 
hydrogen atoms. The procedure of Cope, Dryden, Overberger, 
and D’Addieco25 was used to synthesize the heptane-2,6-dione 
dioxime and the method of Overberger et al.26 was used to 
convert the dioxime to the dione in a 42% yield. Pyrolysis at 
650 °C gave a 22% yield of acetone and a 17% yield of methyl 
vinyl ketone, together with a 66% recovery of the diketone. 
The yields of acetone and methyl vinyl ketone, based on un
recovered starting material, were 61 and 45%, respectively.

0 0
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A modification of the procedure of Mosher and Cox2' was 
used to prepare methyl neopentyl ketone by the oxidation of 
technical grade diisobutylene with potassium dichromate in 
an overall yield of 47%. Pyrolysis of the methyl neopentyl 
ketone at 690-695 °C gave a 17% yield of acetone and an 18% 
yield of isobutylene together with a 61% recovery of the 
starting ketone. The yields of acetone and isobutylene (based
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on unrecovered starting material) were, therefore, 44 and 46%, 
respectively. At 500 °C, a temperature at which tert -butyl 
acetate is essentially completely pyrolyzed to isobutylene and 
acetic acid, the methyl neopentyl ketone is recovered un
changed. In a very similar manner 4-methyl-2-pentanone was 
pyrolyzed at 665 °C to produce in the following yields; pro
pylene (10%), acetone (7%), and recovery of the starting ketone 
(75%); in addition an 8% yield of isobutylene was obtained. 
The yields of acetone and propylene, based on unrecovered 
starting material, were 28 and 40%, respectively. The extent 
of decomposition appears to be somewhat less than in the case 
of the heptane-2,6-dione or the methyl neopentyl ketone.

Methyl n -propyl ketone proved to be more thermally stable 
than the more highly substituted ketones previously dis
cussed. Pyrolysis of methyl n-propyl ketone at 650 °C gave 
an 87% recovery of starting material plus a 6% conversion to 
acetone and a 3% conversion to ethylene, both products ex
pected from the operation of the cyclic mechanism. However, 
there also was obtained a 5% conversion to methyl vinyl ke
tone, the formation of which can be rationalized by the oper
ation of a free-radical chain reaction involving the abstraction 
of the «-hydrogen atom. Finally, for comparison acetone was 
treated at 650 °C under the conditions used for the pyrolysis 
of methyl n-propyl ketone; the acetone was recovered un
changed and no indication of decomposition was noted.

Thus, it appears that ketones are considerably more ther
mally stable than esters, requiring some 150 °C higher tem
perature for a comparable extent of decomposition. This is in 
marked contrast to the vinyl ethers,1 which require a tem
perature some 40-50 °C lower than that required for a com
parable degree of pyrolysis of an ester. The data from the 
pyrolysis of the ketones support the concept that the transi
tion state for the cyclic six-membered mechanism resembles 
the products more than it does the starting materials.

C R , — C R .

/  ' \  a
C R ,  h  — C R

\

CR,=-=CR,

H

C R , = C R ,  

C R , . +  ^ H
\ / V

/ C — '
C = 0 ' C  — ■ ■ 3 I
1

R R
R

The process of changing from a relatively stable carbon- 
oxygen double bond in the starting ketone to the less stable, 
higher energy carbon-to-carbon double bond character in the 
transition state requires a higher temperature for operation. 
The introduction of a quaternary carbon in the starting ketone 
tends to promote the thermal decomposition in order to relieve 
some of the strain. Similarly, the introduction of a second 
carbonyl group, as in heptane-2,6-dione, not only activates the 
hydrogen atom by reducing its bond strength but also stablizes 
the double bond character in the transition state.

Since the pyrolysis of ketones required such high temper
atures, the reactions are not as clean as the pyrolysis of esters. 
The cleavage takes place at temperatures at which competing 
reactions, usually free-radical reactions, also occur. The for
mation of many of the by-products usually can be rationalized 
by the operation of radical chain reactions. In other words, 
these pyrolyses undoubtedly represent a competition between 
the concerted retro-ene reaction and homolytic bond breaking 
processes. Thus it appears that the pyrolysis of ketones will 
be of synthetic utility only for those ketones that have some 
degree of internal strain to promote decomposition or that 
contain some group that will stabilize the products.

Experimental Section28
Pyrolysis of 2,6-Heptanedione. A n  a d a p t a t i o n  o f  p r o c e d u r e s  

w h i c h  a p p e a r  in  t h e  l i t e r a t u r e 25 ,26  w a s  u s e d  t o  s y n t h e s i z e  t h e  2 ,6 - 

h e p t a n e d i o n e .  F r o m  4 7 8  g  ( 4 .4 6  m o l)  o f  2 ,6 - d i m e t h y l p y r i d i n e ,  1 8 5 0
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m L  o f  a n h y d r o u s  m e t h a n o l ,  1 0 3  g  ( 4 .4 6  g - a t o m s )  o f  s o d i u m ,  a n d  3 3 5  

g  ( 4 .8 3  m o l)  o f  h y d r o x y la m i n e  h y d r o c h lo r id e  in  6 0 0  m L  o f  5 0 %  e t h a n o l  

w a s  o b t a i n e d  4 7 .4  g  ( 4 6 %  y i e l d  b a s e d  o n  s o d i u m )  o f  2 ,6 - h e p t a n e d i o n e  

d io x im e ,  m p  7 9 - 8 2  ° C  ( r e p o r t e d 26  m p  8 3 .4 - 8 4 .6  ° C ) .  W h e n  1 0 . 5  g  (0 .6 6  

m o l)  o f  2 ,6 - h e p t a n e d io n e  d i o x im e  d i s s o lv e d  in  1 1 5  m L  o f  1 0 %  a q u e o u s  

s u l f u r i c  a c i d  w a s  t r e a t e d  w i t h  a  s o lu t io n  o f  9 .2  g  ( 0 . 1 3 2  m o l)  o f  s o d i u m  

n i t r i t e  in  1 5  m L  o f  w a t e r ,  3 . 5  g  ( 4 2 % )  o f  2 ,6 - h e p t a n e d i o n e ,  b p  4 8  ° C  

( 0 .5  m m ) ,  m p  3 1 - 3 3  ° C  ( r e p o r t e d 26  b p  4 8 - 5 0  ° C  ( 1 . 0  m m ) ,  m p  3 1 - 3 3  

° C ) ,  w a s  o b t a i n e d .

A  H o s k i n s  T y p e  F D 3 0 3 - A  e l e c t r i c  f u r n a c e ,  p e r m a n e n t l y  c l a m p e d  

in  a  v e r t i c a l  p o s i t i o n  in  a  r a c k  a n d  e q u i p p e d  w i t h  a n  i r o n - c o n s t a n t a n  

t h e r m o c o u p le  a n d  a  p o t e n t i o m e t r i c a l l y  c a l i b r a t e d  p y r o m e t e r ,  w a s  

f i t t e d  w i t h  a  1  X  2 0  in .  V y c o r  t u b e  f i t t e d  w i t h  a  s t a n d a r d  t a p e r  24/4o 

o u t e r  j o i n t  a t  t h e  t o p ,  a  V4 X  2  in .  s i d e - i n l e t  t u b e  n e a r  t h e  t o p ,  a n d  a  

s t a n d a r d - t a p e r  i n n e r  j o i n t  a t  t h e  b o t t o m ,  a n d  p a c k e d  t o  a  d e p t h  

o f  a b o u t  6 .5  in . w i t h  V y c o r  c h ip s .  A n  in e r t  a t m o s p h e r e  w a s  m a in t a in e d  

in  t h e  p y r o l y s i s  t u b e  b y  t h e  i n t r o d u c t i o n  o f  a  s lo w  s t r e a m  o f  d r y  

o x y g e n - f r e e  n i t r o g e n .  T h e  p y r o l y s a t e  w a s  i n i t i a l l y  c o o le d  b y  a  6 - in .  

w a t e r - c o o l e d  s p i r a l  c o n d e n s e r  a n d  c o l l e c t e d  in  a  5 .5 - i n .  t e s t  t u b e  i m 

m e r s e d  in  a  d r y  i c e - m e t h y l  C e l l o s o lv e  b a t h .  A t t a c h e d  b e t w e e n  t h e  

c o n d e n s e r  a n d  t h e  t e s t  t u b e  b y  m e a n s  o f  24/4o s t a n d a r d - t a p e r  j o i n t s  

w a s  a  t w o - w a y  c o n n e c t i n g  t u b e  w i t h  a  s i d e - a r m  s u c t i o n  t u b e .  T h e  

m a t e r i a l  w h i c h  d i d  n o t  c o n d e n s e  in  t h e  t e s t  t u b e  p a s s e d  t h r o u g h  t h e  

c o n n e c t i n g  t u b e  i n t o  t w o  c o n d e n s e r  t r a p s  i m m e r s e d  in  a  d r y  i c e -  

m e t h y l  C e l l o s o lv e  b a t h  a n d  t h e n  i n t o  a  t u b e  c o n t a i n i n g  a  s o l u t i o n  o f  

b r o m i n e  in  c a r b o n  t e t r a c h l o r i d e .

T h e  2 ,6 - h e p t a n e d io n e  ( 3 .5  g )  t o  b e  p y r o ly z e d  w a s  p la c e d  in  a  1 0 - m L  

s e p a r a t o r y  f u n n e l  a n d  t h e  k e t o n e  w a s  d r o p p e d  t h r o u g h  t h e  p y r o l y s i s  

t u b e  h e a t e d  a t  6 5 0  ° C  a t  t h e  r a t e  o f  2 0  d r o p s / m in ,  w h i le  t h e  t u b e  w a s  

f l u s h e d  w i t h  d r y  o x y g e n - f r e e  n i t r o g e n  (9 0  b u b b le s / m in )  t o  m in i m iz e  

o x i d a t i o n  a n d  c h a r r i n g .  E x a m i n a t i o n  o f  t h e  t u b e  a f t e r  p y r o l y s i s  i n 

d i c a t e d  v e r y  l i t t l e  c h a r r i n g  h a d  t a k e n  p la c e .  T h e  w a t e r - w h i t e  p y r o 

l y s a t e  w h i c h  w a s  c o l l e c t e d  a m o u n t e d  t o  2 .6  g . W e i g h e d  a m o u n t s  o f  

b e n z e n e  a n d  2 - o c t a n o n e  w e r e  a d d e d  t o  t h e  p y r o l y s a t e  t o  s e r v e  a s  i n 

t e r n a l  s t a n d a r d s  f o r  t h e  c h r o m a t o g r a p h i c  a n a l y s i s  o f  t h e  m i x t u r e .  

K n o w n  m i x t u r e s  o f  b e n z e n e  w i t h  a c e t o n e  a n d  m e t h y l  v i n y l  k e t o n e  

a s  w e l l  a s  k n o w n  m i x t u r e s  o f  2 - o c t a n o n e  a n d  2 ,6 - h e p t a n e d i o n e  w e r e  

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

s p o n s e s .  F r o m  a  c h r o m a t o g r a p h i c  a n a l y s i s  o f  t h e  p y r o l y s a t e ,  i t  w a s  

s h o w n  t o  c o n t a i n  a c e t o n e  ( 2 2 % ) ,  m e t h y l  v i n y l  k e t o n e  ( 1 7 % ) ,  a n d

2 ,6 - h e p t a n e d io n e  (6 6 % ) . T h e  y i e l d  o f  a c e t o n e  a n d  m e t h y l  v i n y l  k e t o n e ,  

b a s e d  o n  u n r e c o v e r e d  s t a r t i n g  d i k e t o n e ,  w a s  6 1  a n d  4 5 % , r e s p e c t iv e ly .  

N o  o t h e r  p r o d u c t s  w e r e  f o u n d  in  t h e  p y r o l y s a t e  c r  in  t h e  b r o m i n e -  

c a r b o n  t e t r a c h lo r id e  t r a p .  W h e n  p y r o l y s e s  w e r e  a t t e m p t e d  a t  5 7 0  a n d  

6 2 5  ° C ,  l i t t l e  o r  n o  c l e a v a g e  o c c u r r e d .

Pyrolysis of Methyl Neopentyl Ketone. A  m o d i f i c a t i o n  o f  t h e  

p r o c e d u r e  o f  M o s h e r  a n d  C o x 27  w a s  u s e d  t o  p r e p a r e  m e t h y l  n e o p e n t y l  

k e t o n e .  I n  a  5 - L  t h r e e - n e c k e d  f l a s k  e q u i p p e d  w i t h  a  m e c h a n i c a l  s t e e l  

s t i r r e r ,  a  d r o p p i n g  f u n n e l ,  a n d  a  r e f l u x  c o n d e n s e r  w e r e  p la c e d  1 1 7 9 . 6  

g  (4  m o l)  o f  p o t a s s i u m  d i c h r o m a t e  a n d  8 0 0  m L  o f  w a t e r .  T o  t h e  r e 

a c t i o n  m i x t u r e  w a s  a d d e d  3 3 6 .6  g  ( 3  m o l)  o f  t e c h n i c a l  d i i s o b u t y l e n e  

( 8 0 %  2 , 4 , 4 , - t r i m e t h y l - l - p e n t e n e ) ,  b p  1 0 1 - 1 0 3  ° C ,  n 25n  1 . 4 0 6 7  ( r e 

p o r t e d 27  b p  1 0 1 - 1 0 4  ° C ,  re25d  1 .4 0 6 0 ) ,  f o l lo w e d  b y  t h e  a d d i t io n  o f  1 5 6 9  

g  ( 1 6  m o l)  o f  c o n c e n t r a t e d  s u l f u r i c  a c i d  w i t h  v i g o r o u s  s t i r r i n g  o v e r  a  

p e r i o d  o f  5  d a y s .  T h e  t e m p e r a t u r e  o f  t h e  r e a c t i o n  m i x t u r e  w a s  

m a i n t a i n e d  a t  2 5 - 3 0  ° C  b y  t h e  r a t e  o f  a d d i t i o n  o f  s u l f u r i c  a c i d ,  a n d  

t h e n  s t i r r i n g  w a s  c o n t i n u e d  f o r  a n  a d d i t i o n a l  d a y .  A f t e r  s t e a m  d i s 

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

m a g n e s i u m  s u l f a t e ,  2 4 0 .5  g  o f  c r u d e  m e t h y l  n e o p e n t y l  k e t o n e  w a s  

o b t a i n e d .  C a r e f u l  f r a c t i o n a t i o n  o f  t h e  c r u d e  p r o d u c t  t h r o u g h  a  2 4 - in .  

h e l i x - p a c k e d  c o lu m n  y i e l d e d  1 2 8  g  (4 7 % )  o f  m e t h y l  n e o p e n t y l  k e t o n e ,  

b p  1 2 3 - 1 2 5  ° C  ( 7 6 0  m m ) ,  n 25o  1 .4 0 0 8  ( r e p o r t e d 27  b p  1 2 4 - 1 2 5  ° C ,  n 2Sn  

1 . 4 0 1 8 ) .

A n a l .  C a l c d  f o r  C 7 H 14 O : C ,  7 3 . 6 2 ;  H ,  1 2 . 3 6 .  F o u n d :  C ,  7 3 . 4 8 ;  H ,  

1 2 . 2 8 .

C h r o m a t o g r a p h i c  a n a l y s i s  o f  t h e  k e t c n e  s h o w e d  t h e  p r e s e n c e  o f  

o n l y  o n e  p e a k  in  t h e  c h r o m a t o g r a m .

W h e n  t h e  m e t h y l  n e o p e n t y l  k e t o n e  ( 1 0 . 3  g )  w a s  p y r o l y z e d  a t  6 6 0  

° C  a t  t h e  r a t e  o f  2 2  d r o p s / m in  t h r o u g h  th e  a p p a r a t u s  d e s c r ib e d  a b o v e ,  

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

t h e  t u b e .  A  w e ig h e d  a m o u n t  o f  m e t h y l  e t h y l  k e t o n e  w a s  a d d e d  t o  t h e  

p y r o l y s a t e  a s  a n  i n t e r n a l  s t a n d a r d  a n d  t h e  m i x t u r e  w a s  a n a l y z e d  o n  

a  g a s  c h r o m a t o g r a p h  a s  d e s c r i b e d  p r e v i o u s l y .  T h e  p y r o l y s a t e  w a s  

s h o w n  t o  c o n t a i n  a c e t o n e  ( 1 7 % ) ,  i s o b u t y l e n e  ( 1 8 % ) ,  m e t h y l  n e o p e n t y l  

k e t o n e  ( 6 1 % ) ,  a n d  u n i d e n t i f i e d  m a t e r i a l s  (4 % ) . T h e  y i e l d s  o f  a c e t o n e  

a n d  i s o b u t y le n e ,  b a s e d  o n  u n r e c o v e r e d  m e t h y l  n e o p e n t y l  k e t o n e ,  w e r e  

4 4  a n d  4 6 % , r e s p e c t i v e l y .
W h e n  t h e  t e m p e r a t u r e  o f  p y r o l y s i s  w a s  5 8 5  o r  6 3 0  ° C ,  p r a c t i c a l l y  

n o  p y r o l y s i s  o c c u r r e d  a n d  t h e  s t a r t i n g  m e t h y l  n e o p e n t y l  k e t o n e  w a s

r e c o v e r e d  u n c h a n g e d .  A  s o  w h e n  a  t e m p e r a t u r e  o f  6 9 0  ° C  w a s  e m 

p l o y e d ,  m u c h  g r e a t e r  c u a n t i t i e s  o f  l o w - b o i l i n g  “ f r a g m e n t a t i o n ”  

p r o d u c t s ,  w h i c h  w e r e  p r e s u m a b l y  f o r m e d  b y  f r e e - r a d i c a l  r e a c t i o n s ,  

w e r e  n o t e d .  A n a l y s i s  o f  t h e  m a t e r i a l  in  t h e  b r o m i n e - c a r b o n  t e t r a 

c h lo r i d e  t r a p  i n d i c a t e d  t h a t  p r a c t i c a l l y  n o  m a t e r i a l  w a s  c o l l e c t e d .

Pyrolysis of Methyl Isobutyl Ketone. C o m m e r c i a l  m e t h y l  i s o 

b u t y l  k e t o n e  ( M a t h e s o n  C o le m a n  a n d  B e l l )  w a s  c a r e f u l l y  f r a c t io n a t e d  

t h r o u g h  a n  8 - ir ..  h e l i x - p a c k e d  c o lu m n  t o  g i v e  a  w a t e r - w h i t e  c h r o m a -  

t o g r a p h i c a l l y  p u r e  d i s t i l l a t e ,  b p  1 1 4 - 1 1 7  ° C  ( r e p o r t e d 29  b p  1 1 4 - 1 1 6  

° C ) .  I n  t h e  a p p a r a t u s  ju s* , d e s c r i b e d ,  3 .8 7  g  o f  m e t h y l  i s o b u t y l  k e t o n e  

w a s  a d d e d  t o  t h e  p y r o l y s i s  t u b e  h e a t e d  a t  6 5 0 - 6 5 5  ° C  a t  t h e  r a t e  o f  

6 0  d r o p s / m i n .  A f t e r  a  w e i g h e d  a m o u n t  o f  m e t h y l  e t h y l  k e t o n e  w a s  

a d d e d  a s  a n  i n t e r n a l  s t a n d a r d ,  t h e  m i x t u r e  w a s  a n a l y z e d  o n  a  g a s  

c h r o m a t o g r a p h  t o  i n d i c a t e  t h a t  t h e  p y r o l y s a t e  c o n s i s t e d  o f  s o m e  

p r o p y le n e ,  i s o b u t y le n e  (8 % ) , a c e t o n e  ( 7 % ) , a n d  m e t h y l  i s o b u t y l  k e to n e  

( 7 5 % ) . A l t h o u g h  s o m e  o f  t n e  v o la t i l e  m a t e r i a l s  p a s s e d  in t o  t h e  b r o m in e  

t r a p ,  t h e  m a t e r i a l  in  t h e  b r o m i n e - c a r b o n  t e t r a c h l o r i d e  t r a p  w a s  

w o r k e d  u p  in  t h e  u s u a l  w r y  a n d  t h e  r e s u l t i n g  1 ,2 - d ib r o m o p r o p a n e  w a s  

a n a l y z e d  in  a  g a s  c h r o m a t o g r a p h  w i t h  a  w e i g h e d  a m o u n t  o f  1 , 2 , 3 -  

t r i b r o m o p r o p a n e  a d d e d  a s  i n t e r n a l  s t a n d a r d .  T h e  a n a l y s i s  i n d i c a t e d  

t h a t  a  1 0 %  c o n v e r s io n  t o  p r o p y le n e  h a d  o c c u r r e d  d u r in g  p y r o ly s i s .  T h e  

y ie ld s  o f  a c e t o n e  a n d  p r o p y le n e ,  b a s e d  o n  u n r e c o v e r e d  m e t h y l  i s o b u t y l  

k e t o n e ,  w e r e  3 8  a n d  4 0 %  r e s p e c t i v e l y .  P y r o l y s i s  o f  m e t h y l  i s o b u t y l  

k e t o n e  a t  6 2 5  ° C  r e s u l t e d  in  n e a r l y  c o m p l e t e  r e c o v e r y  o f  s t a r t i n g  

m a t e r i a l .

Pyrolysis of Methyl n-Propyl Ketone. C o m m e r c i a l  m e t h y l  n- 
p r o p y l  k e t o n e  ( B r o t h e r s  C h e m i c a l  C o .)  w a s  d i s t i l l e d  t h r o u g h  a n  8 - in . 

h e l i x - p a c k e d  c o lu m n  t o  y  e ld  a  c l e a r  l i q u i d  c h r o m a t o g r a p h i c a l l y  p u r e  

d i s t i l l a t e ,  b p  1 0 0 - 1 0 3  ° C  ( r e p o r t e d 29  b p  1 0 2  ° C ) .  I n  t h e  a p p a r a t u s  j u s t  

d e s c r i b e d  2 .9 4  g  o f  m e t h y l  r i - p r o p y l  k e t o n e  w a s  a d d e d  a t  t h e  r a t e  o f  

2 0  d r o p s / m in  t o  t h e  V y c o r  t u b e  h e a t e d  a t  6 5 0  ° C  w i t h  t h e  p y r o l y s a t e  

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

c o l le c t e d  in  a  b r o m i n e - c a r b o n  t e t r a c h l o r i d e  t r a p .  A  w e ig h e d  a m o u n t  

o f  b e n z e n e  w a s  a d d e d  t o  t h e  p y r o l y s a t e  a s  a n  i n t e r n a l  s t a n d a r d  a n d  

t h e  m i x t u r e  w a s  a n a l y z e d  o n  a  g a s  c h r o m a t o g r a p h  w h ic h  s h o w e d  t h a t  

t h e  p r y o l y s i s  g a v e  a c e t o n e  ( 5 % ) ,  m e t h y l  v i n y l  k e t o n e  (4 % ) , a n d  r e 

c o v e r e d  m e t h y l  n - p r o p y i  k e t o n e  ( 6 0 % ) . A n a l y s i s  o f  t h e  b r o m i n e -  

c a r b o n  t e t r a c h lo r id e  t r a p  s h o w e d  t h e  p r o d u c t io n  o f  e t h y le n e  ( 1 % ) a n d  

p r o p y l e n e  ( 1 % ).

Pyrolysis of Acet one. W h e n  a c e t o n e  w a s  p y r o l y z e d  a t  6 5 0  ° C  in  

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

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

t a t i v e  r e c o v e r y .

Registry N o . — 2 ,6 - H e p t a n e d i o n e ,  1 3 5 0 5 - 3 4 - 5 ;  d i i s o b u t y l e n e ,  

2 5 1 6 7 - 7 0 - 8 ;  m e t h y l  n e o p e n t y l  k e t o n e ,  5 9 0 - 5 0 - 1 ;  m e t h y l  i s o b u t y l  k e 

t o n e ,  1 0 8 - 1 0 - 1 ;  m e t h y l  p r o p y l  k e t o n e ,  1 0 7 - 8 7 - 9 ;  a c e t o n e ,  6 7 - 6 4 - 1 .

R e fe r e n c e s  a n d  N o te s

(1) Previous paper in this series: W. J. Bailey and J. Di Pietro, J. Org. Chem., 
42 ,3 89 9 (19 7 7 ).

(2) Supported in part by a g-ant from the Office of Naval Research.
(3) National Institutes of Health Fellow, 1958-1959.
(4) W. J. Bailey and C. E. Knox, J. Org. Chem., 25, 511 (1960).
(5) W. J. Bailey and R. A. Baylouny, J. Org. Chem., 27, 3476 (1962).
(6) W. J. Bailey and N. A. N elson, J. Org. Chem., 27, 3088 (1962).
(7) W. J. Bailey and C. N. B rd, J. Org. Chem., 23, 996 (1958).
(8) W. J. Bailey and W. F. Hale, J. Am. Chem. Soc., 81, 65I (1959).
(9) J. M. Coxon and B. Halton, “Organic Photochemistry", Cambridge University 

Press, London, 1974.
(10) R. O. Kan, “Organic Photochemistry,” McGraw-Hill Book Co., New York, 

N.Y. 1966.
(11) R. Srinivasan, J. Am. Chem. Soc., 81, 5061 (1959); 84, 2475 (19621.
(12) G. R. McMillan, J. G. Cavert, and J. N. Pitts, Jr., J. Am. Chem. Soc., 86, 

3602 (1964).
(13) J. R. McNesby and A. S. Gordon, J. Am. Chem. Soc., 80, 261 (1958).
(14) P. Ausloos and E. Muroc, J. Am. Chem. Soc., 80, 5929 (1958).
(15) W. B. Guenther, J. Am. Chem. Soc., 80, 1071 (1958).
(16) C. E. Waring and V. L. Garik, J. Am. Chem. Soc., 78, 5199 (1956).
(17) A. H. Blades and H. S. Sandhu, /rtf. J. Chem. Kinet., 3, 187 (1971).
(18) S. Furukawa and K. Naruchi, Nippon Kagaku Zasshi, 87, 1108 (1966).
(19) W. D. Walters and W. T. Barry, J. Am. Chem. Soc., 79, 2101 (1957).
(20) C. E. Waring and W. E. Mutter, J. Am. Chem. Soc., 70, 4073 (1948).
(21) C. E. Waring and M. Spector, J. Am. Chem. Soc., 77, 6453 (1955).
(22) C. E. Waring and C. S. Earlow, J. Am. Chem. Soc., 71, 1519 (1949).
(23) S. Skraup and S. Guggenheim, Ber., 58, 2488 (1925).
(24) R. J. P. Allan. J. McGee, and P. D. Ritchie, J. Chem. Soc., 4700 (1957).
(25) A. C. Cope, H. L. Dryder, C. G. Overberger, and A. A. D'Addieco, J. Am. 

Chem. Soc., 73, 3416(1951).
(26) C. G. Overberger, T. B. Gibb, Jr., S. Chibnik, Pao-tung Huang, and J. J. 

Monagle, J. Am. Chem. Soc., 74, 3290 (1952).
(27) W. A. Mosher and J. C. Cox, Jr., J. Am. Chem. Soc., 72, 3702 (1950).
(28) The authors are grateful :o Mrs. Kathryn Baylouny and Mrs. Jane Ratka for 

the microanalysis.
(29) D. M. Cowan. G. H. Jeffery, and A. I. Vogel, J. Chem. Soc., 174 (1940).



1424 J. Org. Chem., Vol. 43, No. 7 ,1978 Quin and Lee

Stereochemical Consequences of C-Methylation of
1-Methylphosphorinane and Its Sulfide and Oxide: A Carbon-13 and 

Phosphorus-31 Nuclear Magnetic Resonance Study1

Louis D. Quin* and Shin Ok Lee

Gross Chemical Laboratory, Duke U niversity, Durham, N orth  Carolina 27706  

R eceived S ep tem ber 16, 1977

P l a c i n g  a  m e t h y l  a t  t h e  3  o r  4  p o s i t i o n  o f  1 - m e t h y l p h o s p h o r i n a n e  r e s u l t s  in  c o n f o r m a t i o n a l  e q u i l i b r i a  f o r  b o t h  t h e  

c i s  a n d  t r a n s  i s o m e r s  t h a t  a r e  s t r o n g l y  b i a s e d  t o w a r d  t h e  f o r m  w i t h  e q u a t o r i a l  C - m e t h y l .  T h i s  r e m a i n s  t r u e  w h e n  

t h e  p h o s p h i n e s  a r e  c o n v e r t e d  t o  s u l f i d e s ,  o x i d e s ,  o r  m e t h i o d i d e s .  T h e  s t e r i c  d e m a n d  o f  C - m e t h y l  i s  t h e r e f o r e  c o n 

s i d e r a b l y  g r e a t e r  t h a n  t h a t  o f  P - m e t h v l ,  a  f a c t  p r e d i c t e d  f o r  1 - m e t h y l p h o s p h o r i n a n e  b y  i t s  A G °  v a l u e  o f  + 0 . 3 5  k c a l /  

m o l .  1 3 C  N M R  s p e c t r o s c o p y  w a s  e s p e c i a l l y  h e l p f u l  in  q u a l i t a t i v e l y  a n a l y z i n g  t h e  e q u i l i b r i a ;  t h e  C - m e t h y l  a n d  i t s  

c a r b o n  o f  a t t a c h m e n t  in  a  p a i r  o f  i s o m e r s  h a d  l i t t l e  c h e m i c a l  s h i f t  v a r i a b i l i t y ,  w h i l e  P - m e t h y l  d i f f e r e d  b y  4 - 6  p p m , 

a l w a y s  w i t h  t h e  a x i a l  m e t h y l  r e l a t i v e l y  u p f i e l d .  B o t h  t h e  s u l f i d e s  a n d  t h e  o x i d e s  h a v e  r i n g  c a r b o n s  3  a n d  5  a t  h i g h e r  

f i e l d  ( 2 - 3  p p m )  w h e n  t h e  s u l f u r  o r  o x y g e n  a t o m s  a r e  a x i a l .  T h i s  g r e a t e r  7  e f f e c t  f o r  a  s i n g le - a t o m  s u b s t i t u e n t  o n  

p h o s p h o r u s  o v e r  a  m e t h y l  g r o u p  h a s  b e e n  o b s e r v e d  p r e v i o u s l y  f o r  t h e  c a s e  o f  S ,  b u t  n o t  f o r  0 .  W h i l e  3 1 P  N M R  s h i f t s  

w e r e  s e n s i t i v e  t o  t h e  s t e r e o c h e m i s t r y  a b o u t  p h o s p h o r u s ,  n o  c o n s i s t e n c y  in  t h e  d i r e c t i o n  o f  t h e  e f f e c t  w a s  p r e s e n t .  

F o r  t h e  p h o s p h i n e s ,  a x i a l  m e t h y l  c a u s e d  t h e  e x p e c t e d  r e l a t i v e l y  u p f i e l d  s h i f t .  T h i s  w a s  o b s e r v e d  a l s o  f o r  t h e  s u l 

f i d e s ,  b u t  t h e  r e v e r s e  e f f e c t  p r e v a i l e d  f o r  t h e  o x i d e s .

Phosphorus-substituted phosphorinanes are of consider
able interest because of the predominance o: the conformer 
with axial substituent over that with equatorial at room 
temperature.2 For the 1-methyl derivative, the equilibrium 
constant (a <=> e) is estimated to be about 0.55, which gives 
AG° = +0.35 kcal/mol at 27 °C. This unusual result stems 
from a combination of a rather low enthalpy difference for the 
conformers (AH° = - 0.68 kcal/mol) and a significant entropy 
effect (AS0 = —3.4 eu). 1-Methylarsenane was later reported 
by another group to exhibit similar phenomena.3 We have 
continued our investigation of the 1-methylphosphorinane 
system by considering the consequences of placing methyl at 
either the 3 or the 4 position, and then of adding sulfur, oxy
gen, or methyl to phosphorus to increase its covalency in these 
compounds. The synthesis and spectral properties of all of 
these compounds are reported in the present paper. Our major 
probe of the conformational changes occurring in these fam
ilies has been 13C NMR spectroscopy; we have previously 
employed this technique for hydroxy4 and keto5 derivatives 
of phosphorinanes and have witnessed a number of useful 
effects. 31P NMR spectroscopy has also figured in our earlier 
studies and we have examined our new C-methyl compounds 
by this technique also.

The spectral data we have accumulated are best interpreted 
on the basis of perturbation of the conformational equilibrium 
for the parent 1-methylphosphorinane (1). Thus, a more

c i s - 1 . 3

CH3 CH:i
4a

3b

4b

c h 3

la lb
space-demanding group such as CH3 (AG° = —1.7 kcal/mol 
in cyclohexanes; for thianes,6 —1.80 ±  0.10 for 4-CH3 and 1.40 
±  0.07 for 3-CH3) placed on ring carbon 4 should control the 
equilibrium and the P-CH3 group will be forced into greater 
occupation of the axial position (as in 2b) in the cis isomer and 
of equatorial (3b) in the trans isomer. Similar consequences 
should result from methyl placed at the 3 position. Indeed, the 
principle of additivity of conformational free energies for re
mote substituents on a ring, most recently demonstrated to 
be valid in the related 1-methylthianium system,7 should allow 
calculation of the position of these equilibria. For this purpose, 
we lack the AG° value for CH3 on the phospkorinane ring, but

use of the cyclohexane value (—1.7) seems justified, which 
coupled with the value found for 1-methylphosphorinane 
(+0.35) leads to AG° = —2.05 kcal/mol for the cis- 1,4-di
methyl system (2) and —1.35 for the trans-1,4-system (3). 
These values predict equilibrium constants of 92 and 9.9, re
spectively, or mixtures dominated by the C-methyl equatorial 
forms to a very large extent (99 and 91%, respectively). On 
comparing spectral properties for cis and trans forms, then, 
one should find significant differences about the P-CH3 end, 
and considerable similarity at the C-CH3 end. The same 
predictions would hold for the 1,3-dimethyl series, although 
we have refrained from making calculations in the absence of 
AG° for a 3-methyl group on this ring system.

When sulfur is added to 1-methylphosphorinane, it would 
be expected that a shift of the methyl group to the equatorial
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Table 1 .13Ca and 31P NMR Spectra of 1,4-Dimethylphosphorinane and Derivatives

Compd no. 13C-2,6 13C-3,5 13C-4 C -13CH, P -13CH3 31P-CH3
2 b 22.7 (14) 28.5 (0)c 34.1(0) 23.5 (0) 5.7 (20) -61.9
3 b 28.5 ( l l ) c 33.3 (6) 34.2 (0) 22.9 (0) 13.8(18) -55.7
7 d 32.5 (50) 31.3 (7) 32.1 (0) 22.0 (OF 15.9 (52) +29.0
8 d 31.1 (48) 28.8 (7) 32.7 (5) 22.0 (OF 20.7 (52) +30.8

n d 28.5 (63) 32.1 (6) 32.5 (5) 21.7 (OF 12.0 (65) +40.9
I 2 d 27.6 (62) 29.0 (7) 32.3 (5) 21.7 (OF 15.6 (66) +38.7
15 f 21.6 (50) 30.2 (5) 32.9 (7) 23.1 (0) 6.5 (55), 9.8 (55) +17.2

“ Values in parentheses are 13C-31P coupling constants in hertz. b 13C spectrum neat; 31P in benzene.c Overlapped signals. d Both 
spectra on CHCI3 solutions. € Superimposed signals. 1 Both spectra on H20  solutions; CH3OH as internal 13C reference.

position would occur. In this case of tetrahedral phosphorus, 
no mechanism is available to relieve the strain of 1,3-non- 
bonded interactions as is possible for the trivalent (pyramidal) 
system through expansion of bond angles.2 Consequently, 
competition for the less crowded equatorial position should 
be won by the larger CH3 group. This concept has already been 
tested and supported in other derivatives of phosphorinanes.4® 
Indeed, in another study in this Department directed by 
Professor A. T. McPhail,8 it has been found by x-ray analysis 
of the crystalline 1-methylphosphorinane 1-sulfide that the 
methyl group is equatorial (6b ). It is more difficult in advance

S

CHl
6 a 6 b

of experimentation to predict what will occur when 3- or
4 -C H 3  is placed on the ring with phosphorus in the tetrahedral 
condition, but as will be seen, the spectral data clearly reveal 
the control of the equilibria once again by the preference of 
the C-CH3 group for the equatorial position.

T h e  1,3- a n d  1 ,4 -D im e th y lp h o s p h o r in a n e s . Carbon-13 
NMR data for these compounds are conveniently discussed 
with reference to the 1-methyl parent, with two effects in 
mind: (1) replacement of ring hydrogen by methyl will produce 
the usual deshielding at a and 0 carbons and shielding at the 
7 carbon, by magnitudes dependent on axial-equatorial 
character; (2) the equilibria will shift so as to increase the axial 
P-CH3 population in the cis compound of the 1,4 system and 
in the trans compound of the 1,3 system; it is quite clear from 
our earlier studies on hydroxyphosphorinanes4 that axial 
P-CH3 compounds have relatively upfield shifts at C-2,6, 
C-3,5, and at P-CH3 due to steric crowding compared to the 
equatorial P-CH3 compound. Indeed, these effects were used 
to assign cis,trans structure to the 1.4-dimethyl isomers that 
were obtained in unequal amount by the synthetic method 
used (CH3PCI2 added to the di-Grignard reagent of 1,5-di- 
bromo-3-methylpentane). It is immediately evident from the 
13C spectra (Table I) that the isomers have nearly identical 
shifts for C-4 and for CH3 on C-4, but that C-2,6 and C-3,5, as 
well as P-CH3, are all markedly upfield in one (the minor) 
isomer. This leaves no doubt that both isomers have preferred 
conformations with equatorial C-CH3 and that the minor 
isomer has the cis structure with a predominance of P-CH3 
axial (2b ) and the major isomer is trans with a predominance 
of P-CH3 equatorial (3b ).

Comparison of the spectrum of cis- 1,4-dimethylphospho- 
rinane to that of the 1-methyl compound shows the following 
effects. (1) P-CH3 is shifted upfield by 5.2 ppm; this is ob
viously the result of the increase in axial character of PCH3 
in the dimethyl compound (2 b ). (2) C-2,6 are also shifted

upfield (4.0 ppm) by the increased axial P-CH3 character (this 
upfield shift is not due to a 7 effect of the 4-CH3, since this is 
negligible for an equatorial group in cyclohexanes).9 (3) C-3,5 
feel opposite effects; they are shielded by the increased P-CH3 
axial character, but deshielded by the ft effect of C-CH3. The 
result is net deshielding (4.1 ppm). This is not unexpected, for 
the 0 effect of equatorial methyl on cyclohexane is a sizeable
8.9 ppm9 and will dominate over the shielding. There is a 
marked difference in the 13C-31P coupling constant which also 
indicates the increased axial P-CH3 character; there is no 
observable splitting in the dimethyl compound, while a dou
blet with J = 3 Hz is present for the 1-methyl compound. We 
have observed such stereodependence of 2Jpc before,2 and 
consistently have found that the value is largest (—6—7 Hz) 
with equatorial PCH3 and is only 0-1 Hz in the axial case, as 
in the conformationally frozen l-methyl-4-ferf-butyl-4- 
phosphcrinanols.2 (4) C-4 is deshielded by the a effect of CH3; 
the value (5.8 ppm) is nearly identical with the a-equatorial 
effect seen in cyclohexanes (5.6 ppm9).

The spectrum of the trans-1,4 isomer can be analyzed in the 
same way. (1) For PCH3, there is increased equatorial char
acter (3 b ) and consequently a downfield shift (2.9 ppm) rel
ative to the 1-methyl case. (2) At C-2,6, there should also be 
deshielding accompanying the increased equatorial P-CH3 
character; the observed downfield shift is 1.8 ppm. (3) At C-
3,5, deshielding is caused by both the increased equatorial 
P-CH3 character and the 0 effect of the equatorial C-CH3. 
The observed shift is 9 9 ppm. The expected increase in V pc 
also occurs; the value (6 Hz) is close to that (7 Hz) observed 
when P-CH3 is frozen in the equatorial position in the 4- 
te r t -butyl-4-phosphorinanol system.2

The chemical shift of the 4-CH3 group in both isomers is 
very similar to that of 1-methylcyclohexane (5 23.209) and
4-methylthiane (6 23.0'76). That the shifts are not identical for 
the isomers, however, suggests that (1) the degree of equatorial 
character, while very large, is not precisely the same, and (2) 
the 5 effect of the phosphorus function (+0.7 ppm in chain 
compounds10) is dependent on the configuration about 
phosphorus and is more important in the cis compound.

It is observed that some of the parameters (e.g., for P-CH3 
and C-2,6) for 1-methylphosphorinane fall between the ex
tremes of the cis- and trans- 1,4-dimethylphosphorinanes. 
Qualitatively, this is exactly what is expected for equilibria 
biased by C-methyl. It is not possible to use the data for 
quantitative conformational analysis, however, since the 4- 
methyl group is not an adequate anchoring group. Further
more, the 4-methyl group clearly has an influence on the 
chemical shift of the phosphorus atom (vide infra) that may 
well be transmitted tc carbons attached to phosphorus. To 
determine a conformational equilibrium constant by the 
chemical shift method requires assurance that a 4-substituent 
effect is absent.11

The synthesis of the 1,3-dimethylphosphorinanes pro
ceeded similarly from the di-Grignard reagent of 1,5-di- 
bromo-2-methylpentar.e. Again the cis and trans isomers were
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formed in unequal amount. Here the cis isomer will have 
equatorial P-CH3, in an equilibrium controlled by the greater 
demand of C-CH3 for the equatorial position (4b), while the 
trans isomer will have axial P-CH3 (5b). The differences in 
the P-CH3 signals (major 8 14.3; minor 8 6.8) are immediately 
explainable on this basis and reveal the major isomer to have 
cis structure (4b). The similarity seen in the C-CH3 signals 
(5b, 8 26.2; 4b, ¿¡ 25.2) is then rationalized. These chemical 
shifts are noticeably downfield of those of the 1,4-dimethyl 
compound and we attribute this to the fact that phosphorus, 
rather than carbon, now occupies a y position relative to 3- 
methyl. From our earlier study of open-chain phosphorus 
compounds, we know that trivalent phosphorus (as in the 
(CH3)2P group) has a 7 -shielding effect of only 0.5 ppm, while 
CH3 has an effect of 2.4 ppm, a difference similar to that now 
seen on comparison of a 1,4- to a 1,3-dimethylphosphorinane 
with comparable disposition of the P-methyl group. Some 
other features of the spectra of these isomers are also notable.
(1) C-2 and C-6 are easily recognizable in botli isomers by the 
size of the coupling to 31P. Of these, C-2 is the more deshielded 
due to the /3 effect of 3-methyl (about 5-6 ppm). The shift at 
C-6 is not influenced by the 3-methyl; the downfield shift 
noted in the cis isomer relative to the trans is due to the in
creased equatorial character of P-CH3. (2) C-4 in both iso
mers, easily assigned by the absence of 31P coupling, is strongly 
deshielded by the fi effect of the 3-CH3, about 10 ppm in each 
isomer relative to the 1-methyl compound. It is thus seen that 
the 8 effect of CH3 is larger at C-4 than at C-2, but this effect 
has been found for 3-methylthiane also.6 (3) C-5 is sensitive 
to two effects. The increased crowding due to P-CH3 acquiring 
greater axial character is responsible for the noticeably upfield 
value for the trans isomer (5 20.4) relative to the 1-methyl (8
23.4), while relief of this crowding due to increased equatorial 
character of P-CH3 in the cis isomer accounts for the down- 
field shift observed (5 25.5). The value for - Jpc again supports 
these assignments; the isomer with axial P-CH3 has the ex
pected small constant (2 Hz), while the isomer with equatorial 
PCH3 has the larger value (8 Hz). (4) The effect of CH3 on C-3 
is remarkably large for both isomers; relative to the 1-methyl 
compound, shifts of 13-14 ppm are observed. This shift greatly 
exceeds the expected a effect (5.8-5.9 ppm) seen in the 1,4- 
dimethyl compounds. The difference cannot be accounted for 
on any of the usual grounds; reassignment of the shifts to other 
carbons does not lead to any better interpretation.

The 31P NMR shifts12 (in benzene) for the axial P-CH3 
isomers (2b, —61.9; 5b, —55.4) in each of the 1,4- and 1,3- 
dimethyl sets are upfield of the equatorial P-CH3 isomers (3b, 
—55.7; 4b, —54.3). This is the expected relation, based on our 
earlier studies with other phosphorinane derivatives,2,4a and 
is in common with the effects felt at ring carbon in cyclohex
anes. However, the effect is noticeably more pronounced in 
the 1,4 isomers, the effect has not been considered previously 
for any 3-substituted phosphorinane, although it is known13 
for the 1,3-dimethylphospholanes that the difference in the 
cis and trans forms is small (5 —33.8 and —33.4, unassigned). 
In the 1,2-dimethylphospholenes,13 the effect is actually re
versed; the more crowded cis form (—16.7) is downfield of the 
trans (—28.2) and it would be of interest to determine values 
for the 1,2-dimethylphosphorinanes. Our attempts to prepare 
these compounds by the di-Grignard method have so far been 
unsuccessful, however. Another 31P NMR feature of note is 
that the value2 for 1-methylphosphorinane (neat, 8 —53.7) falls 
outside the range for both of the pairs of dime'hyl compounds, 
even allowing for the medium difference, and it is obvious that 
31P is influenced by other factors than just the degree of 
axial-equatorial character about the substituent it bears.

Sulfides of the Dimethylphosphorinanes. Addition of 
sulfur to the isomeric mixtures of 1,3- and 1,4-dimethyl- 
phosphorinanes produces the corresponding mixtures of 1-

sulfides in good yield with retention of the isomer ratio. The 
effects on carbon of the conversion R3P —► R3PS have been 
discussed in detail elsewhere;4’10 the present discussion will 
concentrate on conformational effects only, as will that on the 
oxides and methiodides subsequently.

The 1,4-dimethyl isomers can be expected to participate 
in the conformational equilibria shown below (7a,b, 8a,b).

CH3
8a 8b

That the 13C shifts (Table I) are virtually the same in both 
isomers for C-4 and for 4-CH3 clearly indicates that the 
equilibria are dominated by the same structural effect, pre
sumably that of equatorial 4-CH3 (7b and 8b). This is con
firmed by the observation that P-CH3 and C-3,5 are quite 
different in the isomers. The former signals (8 15.9 and 20.7) 
fall close to values established for conformationally frozen 
models with axial and equatorial P-CH3 (l-methyl-4-ieri- 
butyl-4-phosphorinanol l-sulfides:4b P-CH3 axial 8 14.5; 
P-CH3 equatorial, 8 20.5). The C-3,5 signals should then differ 
because of the stronger shielding of axial sulfur than of axial 
methyl, an unusual effect observed earlier,4b and indeed that 
isomer assigned structure 8b from the P-CH3 effect has the 
expected upfield signal (<5 28.8 vs. 31.3).

The above interpretation implies that the conformational 
free energy of CH3 on carbon is substantially larger than CH3 
on phosphorus bearing sulfur, just as it is on trivalent phos
phorus, or conversely that of sulfur on phosphorus bearing 
CH3. We have earlier43 considered the relative influence of 
CH3 vs. S on the conformational equilibrium of 1-methyl- 
phosphorinane 1-sulfide and predicted that the conformer 
with equatorial CH3 (6b) would be in predominance. X-ray 
analysis later confirmed this predominance for the solid state.8 
That there could be a substantial amount of the conformer 
with axial CH3 (6a) in solution remains a possibility, however, 
and is indeed indicated by the fact that the P-CH3 signal (8
18.5) falls between the extremes of the two 1,4-dimethyl iso
mers. Were P-CH3 in 6 very largely in the equatorial position, 
a value more like that of the trans compound (8b) should have 
been observed.

Analysis of the 13C NMR data (Table II) for the 1,3-di
methyl compounds points to the same conclusion of control 
of the conformational equilibrium by the C-CH3 group. Thus, 
the isomers have very similar shifts for C-CH3 and for C-4, but 
quite different (A8 5.3 ppm) values for P-CH3. Also, the 
greater 7 -shielding effect of axial sulfur, relative to axial CH3, 
is evident at both C-3 and C-5 in the isomer suspected to 
prefer structure 9b.

Another effect is present in both the 1,4 and 1,3 compounds: 
when sulfur is predominantly equatorial, small but noticeable 
deshielding occurs at the adjacent ring carbons (1.9 ppm at 
C -2,1.8 ppm at C-6) relative to the form with axial sulfur. An 
effect of just this magnitude has been observed in the sulfides 
of the 1,4-dimethyl-l-phosphorinanols.4

There are two three-bond 13C-31P couplings in each of 9 and
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Table II. 13Ca and 31P NMR Spectra of 1,3-Dimethylphosphorinanes and Derivatives
Compd no. 13C-2 13C-S 13C-4 13C-5 13C-6 C -13CH3 P -13CH3 31P-CH3

4fc 32.0 (8) 37.1 (3) 37.8 (0) 25.5 (8) 28.5 (10) 25.2 (5) 14.3 (16) -54.3
5b 31.4 (10) 36.2 (2) 38.3 (0) 20.4 (2) 26.2 ( 12)c 26.2 (2)c 6.8 (18) -55.4
9d 39.3 (39) 27.6 (4) 35.1 (6) 20.5 (5) 30.6 (50) 24.2(18)® 21.7 (53) +32.6

10d 41.2 (43) 30.8 (5) 34.1 (5) 23.1 (5) 32.4 (49) 24.2 (18)® 16.4 (52) +30.5
13d 36.6 (62) 28.1 (6)f 35.3 (6) 20.6 (7) 27.4 (66) 24.6(16)® 16.2 (68) +40.6
14d 37.3 (63) 31.5 (4) 34.5 (6) 22.9 (4) 28.1 (65)® 24.3 (17)® 12.3 (66) +42.2
16« 28.9 (49) 30.1 (5) 34.7 (7) 22.1 (5) 21.0(51) 25.2 (16) 6.8 (53), 10.0 (54) + 19.2

0 Values in parentheses are 31P -13C coupling constants in Hz. b 13C spectrum neat; 31P in benzene. ® Overlapped signals. d Both 
spectra on CHC13 solution. ® Signals nearly superimposed, f Overlapped signals. * Both spectra on H2O solutions with CH3OH as 
internal 13C reference. Resolution was poor for C-2 and C-3 and C-5 and C-6, but a spectrum obtained at 15.0 MHz on a JEOL FX-60 
spectrometer gave excellent resolution of all peaks and confirmed the assignments.

10, and a very large difference exists in their magnitude. The 
coupling to 3-CH3 is a sizeable 18 Hz, while that to ring carbon 
4 is only 5-6 Hz. We have previously noted a dihedral angle 
control of 3Jpc in dimethylcyclohexylphosphine sulfides14 and 
this appears to be the explanation for these phosphorinane 
derivatives as well. This effect will also be seen to prevail for 
the phosphine oxides and phosphonium salts to be discussed 
in later sections of this paper. The effect is useful in the 
present research since it supports the conclusion from 
chemical shift considerations that 3-CH3 is in the same steric 
environment in both the cis and trans isomers.

The 31P NMR shifts (in CHCI3) for the sulfides of phos- 
phorinanes are not as sensitive to structural changes as are 
those of the phosphines.4® Thus, the cis-1,4 compound (7) has 
b +29.0 and the trans-1,4 compound (8) has b +30.8. The 1- 
methyl compound falls out of this range (5 +33.9). For the
1,3-dimethyl compounds, similar values are found (9, +32.6; 
10, +30.5). In both sets of isomers, the upfield shift is associ
ated with the form exhibiting an axial P-CH3 preference.

Oxides of the Dimethylphosphorinanes. Equilibria for 
the oxides resemble those for the sulfides, and the 13C NMR 
data (Tables I and II) reveal again that C-CH3 is dominant 
over the phosphorus function. Thus the cis (11) and trans (12)

forms of the 1,4 compounds have very similar C-4 and 4-CH3 
signals, as do the cis (13) and trans (14) forms of the 1,3 com
pounds. The expectec differences in the P-CH3 signals are 
present. We have observed for the first time that the 7- 
shielding by axial oxygen exceeds that of axial CH3, just as was 
true for sulfur. For the 1,4-dimethyl compounds, b C-3,5 is 29.0 
when axial oxygen is in predominance (12) and 32.1 for axial 
methyl (11). Similarly, for the 1,3-dimethyl compound with 
axial oxygen (13), 5 C-3 (28.1) and C-5 (20.6) are upfield of the 
values for the isomer with axial CH3 (14, b C-3 31.5,5 C-5 22.9). 
The range for the axial oxygen effect is 2.3-3.1 ppm, which is 
like that of the axial sulfur effect (2.5-3.2 ppm). These 
shielding effects are clearly not interpretable on the usual 
basis of steric compression, and as we have pointed out else
where4 probably requ re an explanation taking into account 
the polar character of the axial substituent.

The oxides also exhibit an effect at C-2 and C-6 like that 
seen for the sulfides compounds with equatorial oxygen 
consistently have these carbons at lower field than do those 
with axial oxygen.

The 31P NMR shifts for the oxides (Tables I and II) show 
exactly the opposite relation as seen for the phosphines and 
the sulfides; greater shielding is associated with an equatorial, 
not axial, P-methyl group. While the cause of this reversal is 
not known at present, it is evident that 31P NMR spectroscopy 
must be used cautiously in conformational analysis, since 
other exceptions may exist to the rule that in isomeric cyclic 
compounds upfield shifts are always associated with greater 
apparent 1,3-steric crowding. In the conformationally rigid
3,5-dimethyl-2-R-2-oxo-l,3,2-dioxaphosphorinanes, excep
tions to the rule have also been encountered.15

Methiodides of the Dimethylphosphorinanes. Based on 
the 13C chem.cal shifts of C-4 and the 4-methyl group, which 
are found in the same region as the sulfide and oxide, it is 
possible to assign preferred conformation 15 to the methiodide

CH3
15

of 1,4-dimethylphosphorinane. If there was a significant 
amount of axial C-methyl, an upfield shift would have been 
noted. On the contrary, a weak deshielding due to the b effect 
of the phosphorus function is seen. The P-methyl groups are 
nonequivalent; the axial CH3 absorbs at higher field (b 6.5) 
than the equatorial (5 9.8).

The same spectral relations are found in the methiodide of
1,3-dimethylphosphorinane; the C-methyl group is assigned 
the equatorial position as in 16, since it is again slightly 
downfield of the position in the oxides and sulfides. Again13
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I

16
there is a substantial difference in the two P-CH3 groups (f>
6.8 and 10.0).

Conclusions
13C NMR spectroscopy is eminently suited for the deter

mination of cis,trans structure in 1,4- and 1,3-dimethyl- 
phosphorinanes and in tneir sulfides and oxides as well. These 
spectral data are also compelling in pointing to the consistent 
preference of methyl or. carbon 3 or 4 of the phosphorinane 
ring for the equatorial position in all structures studied, re
gardless of the phosphorus oxidation state, thus forcing P- 
rnethyl in some structures into the axial position. This is 
consistent with observations we have made previously4 for
1,4-dimethyl compounds also bearing a 4-hydroxy group, 
where x-ray analysis provided unequivocal proof of structure. 
It is therefore implied that the net of nonbonded interactions 
for the two substituents on phosphorus in tne sulfides and 
oxides must be of smaller magnitude than that of C-methyl, 
and it would be desirable to assess this competition on a 
quantitative basis by determining AG° values. Thus, groups 
such as CH;dS)P and CPLIO lP must have A C - '°  values of size 
considerably smaller than the —1.7 kcal/moi assigned to 4- 
CH3. This raises the question of relative preferences when
4-CH:! is pitted against phosphorus functionalities having 
larger alkyl substituents than methyl. It is possible that the 
domination by 4-CH:i will prevail for some of these groups, and 
great caution must be used in assigning configurations solely 
on group size parameters that are really applicable only when 
the groups are present on the cyclohexane ring. No data are 
presently available for such compounds, although the isomeric 
l-phenyl-4-methylphosphorinane 1-oxides have recently been 
considered from a number of standpoints (not 13C NMR) and 
the judgement has been made that P-phenyl is equatorial in 
both.lfi

The 7 effect of 13C NMR is frequently used to assign con
figurations to cis,trans isomers, although it is evident that the 
full nature of this effect is not well understood and at least for 
nonalkyl groups appears to have a component unrelated to 
group size.17 We have previously seen4 that axial P = S  causes 
greater shielding at C-3,5 of the ring of the 4-phosphorinanols 
than does axial P-CH.i, and the present stucy is the first to 
report the same property for axial P = 0  in a pair of cis.trans 
isomers.18 Another cautionary note is therefore required in 
the use of 13C NMR for stereochemical assignment: relative 
‘size" of the two substituents attached to tetracovalent 
phosphorus is not the sole factor causing shielding at 7 ring 
carbons, and specific information about a particular system 
is required before the technique is useful. The problem does 
not exist, of course, for trivalent phosphorus, where an axial 
substituent routinely causes greater upfield shifts at C-3,5 
than does an equatorial substituent.

31P NMR has played an important role in studying con
formational equilibria of 1-substituted phosphorinanes,2 but 
it is now seen to have only limited utility in the C-methyl - 
phosphorinanes and in their sulfides and oxides. Thus, the 
chemical shift for 1-methylphosphorinane does not fall within 
the range set by the cis and trans isomers of 1,4-dimethyl- 
phosphorinane, as it should if the degree of axial and equa
torial character were in control of the shift. Still, greater 
shielding of phosphorus does occur in the cis-1,4 and trans-1,3 
.somers which have largely axial P - substituent, as has been 
observed for the individual conformers of 1-methylphos

phorinane when examined at very low temperatures.2 This is 
true also for the sulfides. For the oxides, however, it is the 
isomer with oxygen in the axial position that has the more 
upfield 31P signal. 31P NMR anomalies do exist among other 
related systems; in the oxides of the 1,3-dioxaphosphorinane 
system,18 equatorial P = 0  usually, but not always, is associ
ated with the more upfield 31P NMR signal.

In spite of the anomalies in the 31P spectra, methyl groups 
on phosphorus give 13C signals that have invariably been of 
aid in assigning cis.trans structure. We have not yet encoun
tered a case where the generality that an axial P -C H 3 falls 
upfield of an equatorial P -C H 3 is not observed, regardless of 
the phosphorus functionality, and this measurement is the 
method of choice in studying this stereochemical feature.

Experimental Section
General. All manipulations of phosphines were conducted 

in a nitrogen atmosphere in a glovebag. Melting points are 
corrected. Proton NMR spectra were taken on Varian A-60 
or JEOL MH-100 spectrometers. Phosphorus NMR spectra 
were obtained with a Bruker HFX-10 spectrometer at 36.43 
MHz, using the continuous wave technique with proton de
coupling; shifts are referenced to prerun 85% H3PO4, with 
downfield shifts positive. Carbon NMR spectra were taken 
with the Bruker instrument at 22.62 MHz using the Fourier 
transform technique with proton decoupling; shifts are ref
erenced to internal tetramethylsilane.

Interpretation of 13C NMR Spectra. In both the 1,4- and
1,3-dimethylphosphorinane syntheses, unequal mixtures of 
the cis and trans isomers were obtained. The mixtures were 
used without separation in all spectral studies. Generally the 
complete set of peaks for each isomer could be observed with 
signals readily assigned to a particular isomer by the relative 
intensities. In the 1,4 compounds, signals for C-2,6 were ob
vious from their intensity and relatively large coupling to 31P, 
while C-3,5 were revealed by their intensity and confirmed by 
their stereospecific coupling to 31P. Other signals presented 
no difficulty. In the 1,3 compounds C-2 and C-6 were again 
recognized by their relatively large coupling to 31P; the more 
downfield signal was assigned to C-2, since it experiences a |3 
effect from the 3-methyl. This effect also shifts C-4 well 
downfield, making it an easily recognized singlet. Other car
bons are also easily assigned. Similar reasoning sufficed to 
make assignments for the tetravalent derivatives, coupled with 
known shift effects at a, /3, and 7 carbons accompanying the 
conversion from trivalent phosphorus. These have been de
scribed elsewhere.4’10 The spectra were sometimes quite 
complex, since two isomers were present and many signals 
were split. Occasional superposition or overlapping of lines 
occurred, making some assignments tenuous. These are noted 
in Tables I and II. No important uncertainties in the assign
ments remain, however.

3-Methyl-l,5-dibromopentane. A known procedure for 
the preparation of this compound from N-benzoyl-4- 
methylpiperidine and PBr5 was used.19 The product (43%) 
had bp 71-81 °C (0.8 mm) [lit..19 bp 59-61 °C (0.3 mm)].

c is -  and irans-1,4-Dimethylphosphorinane (2 and 3). 
The Grignard reagent was prepared from 48.8 g (0.20 mol) of
3-methyl-1,5-dibromopentane and 12.8 g (0.50 g-atom) of 
magnesium in 300 mL of anhydrous ether. To the reagent was 
added a solution of 23.4 g (0.20 mol) of methylphosphonous 
dichloride in 50 mL of ether. After the exothermic reaction 
had subsided, the mixture was stirred overnight and then 
hydrolyzed with saturated NH4 CI solution. The organic layer 
was collected and the aqueous layer was extracted with four 
80-mL portions of ether. The combined ether solutions were 
dried (MgSCL) and distilled to give 2.5 g (10%) of product at
68-74 °C (45-49 mm). The 31P NMR spectrum (benzene)
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showed the presence of both the cis (2,8 —61.9.35%) and trans 
(3, <5 -55.7,65%) isomers. The 'H  NMR spectrum was unin
formative, consisting of highly complex signals clustered at 
8 0.74-1.00 (P-CH3 and C-CH3) and 1.00-2.22 (ring protons). 
No attempt was made to separate the isomers. 13C NMR pa
rameters obtained for the mixture are reported in Table I.

c is - and tra n s- 1,4-Dimethylphosphorinane 1-Sulfide 
(7 and 8). A solution of 1.0 g (0.008 mol) of the mixture of 
phosphines 2 and 3 in 20 mL of benzene was treated with 0.4 
g (0.013 mol) of sulfur. The mixture was refluxed for 3 h and 
filtered while hot to remove unreacted sulfur. Evaporation of 
solvent left a crystalline residue which was purified by vacuum 
sublimation to give a product of wide melting range (71-94 °C) 
because of the presence of isomers. The mixture was analyzed 
directly.

Anal. Calcd for C7H15PS: C, 51.82; H, 9.32; P, 19.09. Found: 
C, 51.53; H, 9.15; P, 18.97.

*H NMR (CDCI3) b 1.71 (d, V PH = 13 Hz, P-CH3 for both 
isomers), 0.95 (d, 3J h h  = 6 Hz, C-CH3 for both isomers),
1.28-2.40 (m, ring protons); 31P NMR (CHCI3) b +29.0 (cis (7), 
32%) and +30.8 (trans (8), 68%); 13C NMR, Table I.

c is - and tra n s- 1,4-Dimethylphosphorinane 1-Oxides 
(11 and 12). A 0.8-g sample of the mixture of phosphines 2 and 
3 was stirred with 10 mL of 3% hydrogen peroxide for several 
hours. The solution was extracted with chloroform; the extract 
was dried (MgSCL) and evaporated to leave a colorless liquid 
(0.6 g, 67%); >H NMR (CHC13) 8 0.88-1.12 (m, C-CH3 for both 
isomers), 1.53 and 1.57 (both d, 2J ph = 13 Hz, P-CH3 for both 
isomers), 1.44—2.88 (m, ring protons); 31P NMR (CHCI3) b 
+40.9 (cis (11), 33%) and +38.7 (trans (12), 67%); 13C NMR, 
Table I.

1,1,4-Trimethylphosphorinanium Iodide (15). The salt 
was prepared in ether from the mixture of phosphines 2 and 
3 and methyl iodide; the product recrystallized from chloro
form-hexane began to darken near 200 °C and decomposed 
sharply at 313 °C: JNMR (Me2SO-d6) b 0.92 (d, 3J H h  = 6 Hz, 
C-CH3), 1.94 (d, V p H = 14 Hz, P-CH3), 1.20-2.64 (m, ring 
protons); 31P and 13C NMR, Table I.

Anal. Calcd for C8Hi8IP: C, 35.33; H, 6.62; P 11.39. Found: 
C, 35.36; H, 6.14; P, 11.14.

2-Methyl-l,5-Dibromopentane. This compound was 
prepared by the same procedure used for the 3-methyl isomer, 
employing N-benzoyl-3-methylpiperidine. It was obtained 
in 38% yield: bp 76-78 °C (1.1 mm) [lit.20 bp 110-112 °C (21 
mm)].

c is -  and tra n s- 1,3-Dimethylphosphorinane (4 and 5).
These compounds were prepared by the same procedure used 
for the 1,4-dimethyl isomers (2 and 3), employing 48.8 g (0.20 
mol) of 2-methyl-l,5-dibromopentane and 12.8 g (0.50 g-atom) 
of magnesium in 300 mL of ether for di-Grignard preparation 
and 23.4 g (0.20 mol) of methylphosphonous dichloride. The 
product (5.4 g, 21%) distilled at 81-85 °C (57 mm). The XH 
NMR spectrum (C6H6) was uninformative (overlapping 
P-CH3 and C-CH3 at 8 0.68-1.00, ring H at 1.13-2.00); 31P 
NMR (C6H6) b -55.4 (trans (5), 41%) and -54.3 (cis (4), 59%); 
13C NMR, Table II.

c is - and tran s- 1,3-Dimethylphosphorinane 1-Sulfides 
(9 and 10). The mixture of phosphines 4 and 5 was sulfurized

as before; after vacuum sublimation, the isomeric sulfide 
mixture had mp 43-58 °C and was analyzed as such.

Anal. Calcd for CvHir,PS: C, 51.82; H, 9.32; P, 19.09. Found: 
C, 51.96; H, 9+3; P, 19.23.

!H NMR (CDCI3) 8 1.74 and 1.75 (both d, 2J PH = 13 Hz, 
P-CH3 of both isomers), 0.96-1.18 (m, C-CH3), 1.60-2.60 (m, 
ring H); 31P NMR (CHCI3) 8 +32.6 (cis (9), 56%) and +30.5 
(trans (10), 44%); 13C NMR, Table II.

c is -  and tra n s- 1,3-Dimethylphosphorinane 1-Oxides 
(13 and 14). The procedure used for the formation of 11 and 
12 was applied to the mixture of phosphines 4 ar.d 5, forming 
a liquid product: 'H NMR (CHC13) b 1.54 and 1.55 (both d, 
2J ph = 13 Hz, P-CH3 cf both isomers), 1.00-1.16 (two over
lapping doublets, C-CH3), 1.20-2.80 (m, ring H); 31P NMR 
(CHCI3) b +40.6 (cis (13), 72%) and +42.2 (trans (14), 28%); 
13C NMR, Table II.

1,1,3-Trimethylphosphorinanium Iodide (16). Prepared 
by the method used for 15 as applied to the mixture of phos
phines 4 and 5, this compound had mp 213-214 °C after re- 
crystallizatior. from ethyl acetate-ethanol: *H NMR 
(Me2SO-d6) 8 1.04 (d of d, 4J PH = 3 Hz, 3J Hh = 6 Hz, C-CH3),
1.95 (d, V ph = 13 Hz, both P-CH3 groups), 1.56-2.68 (m, ring 
H); 31P and 13C NMR, Table II.

Anal. Calcd for C8H18IP: C, 35.33, H, 6.62; P, 11.39; Found: 
C, 35.50, H, 6.52; P, 11.26.

Registry No.—2, 6 4 9 9 9 - 6 1 - 7 ;  3, 6 4 9 9 9 - 6 2 - 8 ;  4, 6 4 9 9 9 - 6 3 - 9 ;  5, 
6 4 9 9 9 - 6 4 - 0 ;  6 , 1 6 6 1 - 1 6 - 1 ;  7 , 6 4 9 9 9 - 6 5 - 1 ;  8 ,6 4 9 9 9 - 6 6 - 2 ;  9 , 6 4 9 9 9 - 6 7 - 3 ;  

10, 6 4 9 9 9 - 6 8 - 4 ;  11, 6 4 9 9 9 - 6 9 - 5 ;  12, 6 4 9 9 9 - 7 0 - 8 ;  13, 6 4 9 9 9  7 1 - 9 ;  14, 
6 4 9 9 9 - 7 2 - 0 ;  15, 6 4 9 9 9 - 7 3 - 1 ;  16, 6 4 9 9 9 - 7 4 - 2 ;  3 - m e t h y l - l , 5 - d i b r o m o -  

p e n t a n e ,  4 4 5 7 - 7 2 - 1 ;  m e t h y .p h o s p h o n o u s  d i c h io r id e ,  6 7 6 - 9 7 - 1 ;  m e t h y l  

i o d i d e ,  7 4 - 8 8 - 4 ;  r t - b e n z y l - 3 - m e t h y l p i p e r i d i n e ,  1 9 2 0 2 - 0 2 - 9 ;  2 -  

m e t h y l - 1 ,5 - d i b r o m o p e n t a n e ,  2 5 1 1 8 - 3 1 - 4 .
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T h e  s t r u c t u r e s  o f  s o m e  o f  t h e  m i n o r  f a c t o r s  o f  t h e  n e b r a m y c i n  c o m p l e x  o f  a n t i b i o t i c s  a r e  e l u c i d a t e d  t h r o u g h  a  

c o m b i n a t i o n  o f  p h y s i c a l  a n d  c h e m i c a l  m e t h o d s .

Nebramycin, a complex of aminoglycosides elaborated 
by Streptomyces tenebrarius, includes a number of factors 
showing broad-spectrum antibiotic properties. The structures 
of five of these aminoglycosides have been elucidated, largely 
through chemical and degradative studies.1-3 More recently, 
these factors have been studied using 13C4’5 and 1RN6 nuclear 
magnetic resonance (NMR) spectroscopies. Other laboratories 
have used 13C NMR and mass spectrometry to assign struc
tures to closely related aminoglycosides.7-9 In the present 
paper, we discuss the use of these physical methods, in con
junction with improved techniques of isolation and purifica
tion, in elucidating the structures of eight minor factors iso
lated by various methods from the nebramycin fermentation 
medium.

Results
Structures of the nebramycin factors and derivatives to be 

discussed appear in Chart I. Elucidation of the structures of 
factor 2,3-5 factors 4,5, and 5',:2 and factor 61 has been discussed 
previously. Factors 8-10 were shown tc be identical with the 
previously known aminoglycosides nebramine,2 lividamine,10 
and neamine,11 respectively, by chromatographic and spec
trométrie comparisons with authentic samples. Primary 
screening of bioactivity has shown that all factors have sig
nificantly less antimicrobial activity than do apramycin and 
tobramycin.

A portion of the mass spectral data collected in the course 
of this work is presented in Table I. Most of the factors gave 
satisfactory electron-impact mass spectra (EIMS) which could 
be interpreted by analogy to results with similar compounds.8 
A scheme which can be used to understand the major frag
ments observed in these spectra appears in Figure 1. Peaks 
at m/e 191,163,145, and 173 were very common (cf. fragments 
g-j, Figure 1). A peak at m/e 203 was common to tobramycin 
and kanamycin B and their derivatives; in the spectrum of 
tobramycin, accurate mass measurement allowed this frag
ment to be assigned the empirical formula CgHis^O^ In 
factors 8- 10, which lack the second glycosidic unit at the 6- 
hydroxyl, the m/e 203 peak was weak or absent. We formulate 
this fragment as k (Figure 1), though of course the specific 
structure of the ion cannot be elucidated or. the basis of the 
above evidence. It is interesting that an amine at carbon 3" 
(i.e., Rg = NH2, Figure 1) seems to be essential to the origin 
of this ion, which is absent in the spectra of factors 3 and
12.

A major fragmentation pathway results from disruption of 
the glycoside attached to 0(4) of the deoxys*reptamine unit, 
leading to fragments c-f. Analogous fragmentation of the 
other glycoside did not appear to be important in most cases. 
The m/e values of fragments a-f were useful in characterizing 
the substitution patterns throughout the molecules. While (M 
+ 1) peaks were detectable in some cases, only field-desorption 
mass spectrometry (FDMS) yielded reliable molecular weight 
determinations, especially for the carbamate derivatives. The

0022-3263/73/1943-1430$01.00/0

latter compounds yield EIMS which are very similar to those 
of the parent aminoglycosides. Finally, while apramycin 
(factor 2) gave an EIMS which could be interpreted in terms 
of a fragmentation pattern analogous to that shown in Figure 
1, the oxygenated factor 7 yielded only a FDMS. As a conse
quence, mass spectrometry could not be used to aid in the 
location of the extra oxygen atom of this factor.

13C and 15N NMR data for the nebramycin factors are col
lected in Table II. Peak assignments are based largely on 
previous work.4-6 We regard the assignments of carbon reso
nances in the chemical-shift regions of 70-75 ppm in alkaline 
solutions and 65-75 ppm in acidic solutions to be tentative. 
Resonances of nitrogens 1,3,7', and 4" have been assigned on 
the basis of detailed titration experiments that are reported 
later. The variation in the chemical shifts of N(6') in factors 
3, 4, 5, 5', 6, 8, 11, and 12 is due to the very high pKa of this 
nitrogen,6 a fact not recognized until after many of these 
spectra were measured. Thus, variation of the pH of the so
lution from 9.5 to 11 effects a chemical-shift change of almost 
2 ppm in this resonance.

Discussion
Factor 3. The molecular weight of factor 3, as measured by 

FDMS, is 1 mass unit higher than that of factor 5 (kanamycin 
B). Such a circumstance would result if one of the amine 
functions of kanamycin B was replaced by hydroxyl. The 15N 
NMR spectrum, in which only four nitrogen resonances were 
observed, supports this formulation. The EIMS shows that 
fragments b -f are all displaced 1 mass unit to higher mass, 
indicating that the 3-amino-3-deoxyglucose unit of kanamycin 
B has been replaced by a hexose. Therefore, factor 3 is iden
tical with the previously reported aminoglycoside NK- 
1012-1.12

The 13C NMR spectrum supports this conclusion. The peak 
at 55.1 ppm in the spectrum of kanamycin B, which has been 
assigned4 to the 3" carbon, has been replaced by a resonance 
in the 70-75-ppm region in the spectrum of factor 3. Such a 
change is consistent with the replacemment of NH2 with OH. 
When peaks characteristic of the 2-deoxystreptamine and
2,6-diamino-2,6-dideoxyglucose portions are subtracted from 
the 13C NMR spectrum of factor 3, the remaining six reso
nances accord well with the spectrum of the a-glucosidic 
moiety of methyl d-maltoside.13 Additional NMR support of 
the proposed structure (Chart I) of factor 3 are the 15N 
chemical shifts.6

Factor 7. Careful comparison of the JH NMR spectra of 
factors 2 and 7 led to the conclusion that the latter factor was 
3'a-hydroxyapramycin (Chart I).14 Other physical data are 
in full accord with this proposal. Thus, the FDMS of factor 
7 indicates that its molecular weight is 555, i.e., 16 mass units 
higher than apramycin. The 13C NMR spectrum contained 
21 resonances, 3 of which occurred at chemical shifts typical 
of anomeric carbons. Furthermore, 12 of the carbon reso
nances accorded well with those assigned to the 4-amino-4-

© 1978 American Chemical Society
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Table I. Mass Spectra of the Nebramycin Factors
Factor 3 5 5' 6 8 9 10 11 12 13

Mol wt: FDMS° 484 483 510 467 307 510 468 510
EIMS (M + 1) 485 484 468 307' 308 323 469

a 161 161 145 145 145 146 161 1455 145 145*
b 163 162 162fc 162 162 163 162
c 353 352 352 5 352 352 353 352
d 325 324 324 5 324 324 325 324
e 307 306 306 5 306 306 307 306
f 335 334 334 334 335

0 The most intense peak in the FDMS occurs at M + 1. b Due to the facile loss of CONH during the EIMS process, peaks incorporating 
this moiety are not observed. c C12H27N4O5.

Chart I
s'

factor 8 (nebramine), R, = NH2; R, = H
9 (lividamine), R, = OH; R2 = H
10 (neamine), R, = NH2; R2 = OH

6"

factor 3, R, = OH; R2 = OH; R3 = H
4, R, = OH; R2 = NH2; R3 = CONH,
5 (kanamycin B), R, = OH; R2 = NH2; R3 = H 
5', R, = H; R. = NH2; R3 = CONH2
6 (tobramycin), R, = H; R2 = NH2; R3 = H 
12, R, = H; R, = OH; R3 = H

6"
CH,0H

CH,OH

factor 11, R, = H; R2 = CONH2 
13, R, = CONH,; R2 = H 

Cbz-tobramycin A, R, = CBz; R2 = H 
Cbz-tobramycin B, R, = H; R , = CBz 
Acetyltobramycin, R, = COCH3; R, = H

deoxyglucose and 2-deoxystreptamine portions of apramycin. 
The remaining 9 resonances of the 13C NMR spectrum of 
factors 2 and 7 are compared in Figure 2. It is seen from this 
comparison that the CH2-3' resonance of apramycin is re
placed by a new peak in the 72-74-ppm region. In addition, 
peaks assigned to C-2' and C - 4 '5 are shifted downfield by 4-6 
ppm. Such changes are consistent with oxygenation at carbon
0 .3/ 4,5,15 ft ¡g ¿;SC) noted in Figure 2 that the remaining carbon 
resonances are relatively unchanged in the two factors, a result 
which is consistent only with an equatorial hydroxyl at C-3'. 
An axial hydroxyl at this position, for example, should lead 
to a shielding effect at C-T. The 13C data are therefore in full 
accord with the proposed structure14 of factor 7.

The 15N NMR spectra of factors 2 and 7 are also charac
teristic o: the differences in their structures. Of the five res
onances of each spectrum, only one shows a significant change 
in chemical shift. This large upfield shift associated with hy- 
droxylation is typical o: the 7 effect of an oxygen atom.6

F a c t o r  11. Field-desorption mass spectrometry indicated 
that the molecular weight of factor 11 was the same as that of 
factor 5', suggesting that these two aminoglycosides were 
isomeric. This hypothesis was supported by the presence of 
peaks characteristic of a carbonyl group in both the infrared 
(1660 cm-1) and the 13C NMR (161.2 ppm) spectra. The po
sitions of these peaks, however, differed significantly from 
those of the known carbamates, factors 4 and 5'. In fact, the 
stretching frequency in the infrared spectrum seemed in 
better accord with those of ureido groups.15 On these bases, 
it was concluded that factor 11 was a ureido derivative of to
bramycin.

The EIMS of factor 11 was essentially the same as that of 
tobramycin and was therefore not useful in locating the car
bonyl substituent. Comparison of the 13C spectra of factor 11 
and tobramycin, however, suggested that the 2-deoxystrep
tamine and 3-amino-3-deoxyglucosidic moieties of these two 
factors were identical. Ir. contrast, resonances assigned to C-l' 
and C-3' in the spectrum of tobramycin were significantly 
shielded in that of factor 11. It was therefore inferred that the 
N(2') of factor 11 was attached to a carbonyl group. This 
conclusion was supported by the 13C NMR spectrum of factor 
11 in acidic solution (pH 3). Figure 3 shows that C -l' and C-3' 
of factor 11 are significantly deshielded relative to tobramycin, 
consistent with the abssnce of a /3-protonation effect4'5 due 
to the nonbasic nature of N(2').

On the basis of our present evidence, we believe that factor 
11 is the /V(2')-ureido derivative of tobramycin. In repeated 
attempts to measure the 15N spectrum of this factor, however, 
only five resonances were observed. The missing resonance 
is believed to be that due to the CONH2 group. Possibly the 
difficulty in observing this signal is due to one of the “ nulling” 
mechanisms known to complicate 15N NMR spectroscopy16 
or to the presence of trace amounts of paramagnetic ions.17 
The very limited amount of this factor has precluded further 
studies.
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Figure 2. Comparison of the ,3C NMR spectra of the octose portions 
of apramycin and factor 7.
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Figure 3. Comparison of the 13C NMR spectra of N (2')-carbo- 
benzoxytobramycin, tobramycin (factor 6), and factor 11 in acidic 
solution (pH 3).

Factor 12. Both FDMS and EIMS indicate a molecular 
weight of 468 for this factor. Comparison of its spectra to those 
of the other members of the nebramycin complex suggests that 
this compound is a deoxygenated factor 3. Thus, the 15N NMR 
spectra of factors 3 and 12 both show four resonances, one 
appearing at a high-field position characteristic of an ami- 
nomethyl group.6 The four resonances of the spectrum of 
factor 12 correspond well with the chemical shifts of the res
onances of nitrogens 1, 3, 2', and 6' of tobramycin and ne- 
bramine, suggesting that this portion of the molecule is similar 
in these three factors. Both factors 3 and 12 show b fragments 
with m/e 163, indicating the presence of a nexosoyl moiety. 
Comparison of the 13C NMR spectra of factors 3, 6, and 12 
confirms the assignment of the 3'-deoxy factor 3 structure to 
the last compound.

1
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Figure 4. Comparison of the 13C NMR spectra of iV(6 )-carbo- 
benzoxytobramycin, tobramycin (factor 6), and factor 13 in acidic 
solution (pH 3).

Factor 13. The molecular weight of this aminoglycoside is 
also shown by FDMS to be the same as that of factors 4,5', and
11. The presence of a carbonyl group is demonstrated by the 
13C NMR spectrum (resonance at 162.2 ppm) and by an in
frared band at 1660 cm“ 1; as indicated above, the latter datum 
is characteristic of a urea. Factor 13 was therefore proposed 
to be a ureidotobramycin.

Comparison of the I3C spectrum of this factor with that of 
tobramycin shows that these two compounds must be very 
similar structurally. The only significant differences between 
the 13C spectra of these factors are in the chemical shifts of 
carbons 4,1', 2', and 6'. In acidic milieu (Figure 4), the reso
nances of the two methylenes (2 and 3') in factor 13 and tob
ramycin have very similar chemical shifts, indicating that the 
ureido group cannot be located at positions 1, 3, or 2'. The 
chemical shift differences at carbons 4, T, and 2' in these 
factors therefore cannot result from substitution at these 
positions. Possibly these changes result from differing con
formations around the ether bonds linking the 2-deoxy- 
streptamine and 2,6-diamino-2,3,6-trideoxyglucose moieties 
of these aminoglycosides.

Because of the absence of the d-protonation shift4’5 at car
bon 5' when factor 13 is dissolved in acidic solution (Figure 
4), we propose that this factor is 6'-ureidotobramycin. In 
support of this hypothesis is the close correspondence in the 
13C NMR spectra of factor 13, N(6')-carbobenzoxytobramy-
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Table II. 13C and 15N Chemical Shifts“ of the Nebramycin Factors (ppm)

Carbon

N ( 6')- 6'- 2'-
Acetyl- Cbz- Cbz-
tobra- tobra- tobra-

reso- ________ __________________________________ Factorc__________________________________________  my- my- my-
nances 2 3 4 5 5' 6 7 8 9 10 11 12 13 cinc cin A° cin B c

i 51.1 51.2 51.4 51.2 51.5 51.2 51.1 51.1 51.3 51.2 51.0 51.2 51.3 51.4 51.5 51.2
2 36.6 36.3 36.2 36.2 36.5 36.5 36.6 36.6 36.6 36.5 36.3 36.4 36.5 36.6 36.8 36.5
3 50.3 50.2 50.1 50.1 50.1 49.9 50.1 50.3 50.5 50.1 50.2 50.3 50.1 50.2 50.5 50.5
4 87.8 87.6 87.1 86.7 87.4 87.3 88.1 87.7 88.1 88.0 87.3 87.0 88.2 88.7 89.0 88.3
5 76.8 75.2 75.0 75.2 75.1 75.3 76.8 76.8 76.9 76.8 75.0 75.3 75.3 75.4 75.6 75.1
6 78.4 88.8 88.3 88.5 88.6 88.7 78.3 78.5 78.4 78.3 89.3 89.0 88.7 89.0 89.2 89.2
1' 101.6 101.2 100.9 100.7 100.7 100.4 102.4 100.8 101.0 101.6 98.0 100.3 100.9 101.4 101.7 98.2
2' 49.8 56.2 56.1 56.1 50.4 50.2 56.1 49.9 50.0 56.1 49.7 49.9 50.6 50.7 50.9 50.9
3' 32.9 72.2 72.2 72.3 35.9 35.8 72.2 35.9 35.8 72.2 33.5 35.7 35.6 35.8 36.3 33.4
4' 67.9 72.7 73.0 72.9 67.1 67.0 73.1 67.0 65.5 73.9 66.6 67.0 67.0 67.3 67.3 66.7
5' 71.0 74.4 74.3 74.2 74.5 74.5 70.1 74.6 74.4 74.4 74.7 72.3 73.3 73.1 73.8 74.4
6' 66.2 42.4 42.3 42.3 42.6 42.6 66.3 42.5 61.7 42.5 42.3 42.4 41.8 41.3 42.8 42.5
7 62.3 62.1
8' 96.4 96.9

NCH3 32.9 32.9
1" 95.3 101.2 100.6 100.7 100.4 100.7 95.9 100.8 101.3 100.8 100.9 101.1 100.9
2" 71.7 74.0 72.5 72.6 72.6 72.6 71.7 72.5 74.2 72.7 73.0 73.5 73.2
3" 74.2 72.5 55.0 55.1 55.2 55.2 74.3 55.3 72.5 55.3 55.2 55.5 55.2
4" 53.2 70.1 70.2 70.1 70.3 70.2 53.1 70.2 70.2 70.3 70.6 70.6 70.3
5" 73.4 74.0 71.1 72.9 71.0 73.0 73.4 73.1 73.9 73.0 73.0 73.0 72.7
6" 61.6 61.0 64.6 61.2 64.6 61.3 61.7 61.3 61.0 61.3 61.7 61.7 61.1

Others CONH2: CONH2: CONH2: CONH2:
159.8 159.9 161.2 162.2

Nitro-
gen

reso
nances

1 8.2 7.7 7.6 7.9 7.9 8.0 8.0 7.9 7.6 7.9 7.9
3 9.1 9.1 9.1 9.3 9.6 9.4 8.4 9.3 9.1 9.3 9.6
2' 7.5 - 1.0 -0 .9 - 0.8 7.5 7.4 - 1.0 7.1 68.0b 7.3 7.4
6' - -8 .5 -8 .5 -7 .9 -7 .5 - 6.8 - -7 .7 - 8.0 -7 .0 52.3
7 - 1.1 - - - - - 1.2 -
3' - - 1.1 1.2 1.3 1.3 - - 1.0 1.3
4' 0 - - - - 0 -

Others CONH2: CONH2:
52.0 52.3

“ 13C chemical shifts are relative to external Me4Si; 15N shifts are relative to external NH4C1. All chemical shifts are measured at 
ca. pH 10. b This peak may be an instrumental artifact. c Registry no.: 2, 37321-09-8; 3, 31077-70-0; 4, 51736-76-6; 5, 4696-76-8; 5', 
51736-77-7; 6, 32986-56-4; 7, 56283-52-4; 8, 34051-04-2; 9, 36019-33-7; 10, 3947-65-7 11, 64332-33-8; 12, 64332-34-9; 13, 64332-35-0; 
N (6')-acetyltobramycin, 61083-42-9; 6'-Cbz tobramycin, 50721-30-7; 2'-Cbz tobramycin, 643S2-36-1.

cin, and iV(6')-acetyltobram ycin. The structure o f  the last 
derivative has been determined through 15N  N M R  spectros
copy .6

As in the case o f factor 11, the 15N N M R  spectrum o f  factor 
13 showed five, rather than the expected six, resonances. The 
high-field resonance typical o f  the am inomethyl group was 
not present, confirming the hypothesis that this nitrogen had 
been acylated.

Carbobenzoxytobramycins A and B. Treatm ent o f  tob 
ramycin in aqueous tetrahydrofuran (T H F ) with 1 equiv o f 
N-(benzyloxycarbonyloxy)succinimide, followed by extensive 
chromatography, led to the isolation o f two isomeric m ono- 
carbobenzoxylated derivatives o f  tobramycin. It is evident 
from  Table II and Figures 3 and 4 that the 13C N M R  spectra 
o f  these com pounds accord well with those o f  factors 11 and
13. Or. this basis, carbobenzoxytobram ycins A and B were 
identified as 6'-C bz and 2'-Cbz derivatives, respectively.

IV(6')-Acetyltobramycin. Treatment o f  an aqueous TH F 
solution o f tobram ycin with 1 m ol equiv o f  acetic anhydride 
led to the form ation o f  a monoacet&mide. From 15N N M R  
spectroscopy, it was immediately evident that this derivative 
was N (6')-acetyltobram ycin .6 Thus, o f the five nitrogen res

onances in the 15N spectrum, only that assigned to N (6') was 
significantly deshielded relative to tobramycin. Also in accord 
with the proposed structure is the 13C N M R  spectrum, which 
accords well with those o f  factor 13 and Cbz-tobram ycin A 
(vide supra).

Experimental Section
13C (25.03 MHz) and 15N (10.09 MHz) NMR spectra were measured 

on a JEOL PFT-100 NMR spectrometer interfaced to an EC-100 data 
system. Full-proton decoupling was used in all measurements. The 
conditions of collection ar.d transformation of spectra would be ex
pected to lead to maximum line-broadening increments of 0.7 Hz for 
I3C and 2 Hz for 15H NMR spectra. Electron-impact mass spectra 
were obtained by direct ior -source introduction using a Varian-MAT 
Model 731 mass spectrometer at an ionizing energy of 7C eV. The same 
instrument was used to determine field-desorption spectra from 
carbon dendrite emitters.

Isolation and Purification of Nebramycin Minor Factors. The
recovery of the crude nebramycin complex by ion-exchange extraction 
from the fermentation broth has been reported previously.2 The 
separation of the complex has also been reported2 and was accom
plished by chromatography through Amberlite CG-50 resin.

Some of the new compounds, which include factors 7 ,8, and 9, and
2-deoxystreptamine, were isolated by direct chromatographic sepa
ration of the complex. Factors 3,10,11,12, and 13 were separated from
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Scheme I
Isolation and Purification o f  Nebramycin Minor Factors 

fermentation broth
ion-exchange extraction 
with Amberlite IRC-50

nebramycin com plex

chromatography through y 
Amberlite CG-50

nebramycin factors 
7, 8, and 9, and 
2-deoxystreptamine

hydrolysis with 2-3 N 
aqueous ammonium hydroxide 
at 100 °C, € h

1 chromatography through 
Amterlite CG-50

nebramycin factors 3, 10, 
11, 12, and 13

the complex after mild basic hydrolysis. This hydrolysis was carried 
out with a 3-5% aqueous solution of the complex and 2-3 N aqueous 
ammonium hydroxide at 100 °C. The chromatography columns were 
eluted with aqueous ammonium hydroxide gradients. The direct 
separation of the nebramycin complex gave the following order of 
elution: nebramycin factors 7 and 9, 2-deoxystreptamine, and ne- 
bramycin factor 8. The separation of the hydrolyzed complex gave 
another elution sequence: nebramycin factors 13,3 ,11,12, and 10.

The chromatography fractions were identified by thin-layer 
chromatography. Thin-layer chromatography was performed on silica 
gel (60 F254, EM Laboratories, Inc.) using either a mixture of meth- 
anol/chloroform/28% aqueous ammonia in the volume ratio of 3:1:2 
or an aqueous solution containing 1.5 mol of sodium acetate, 1 mol 
of sodium chloride, and 100 mL of tert-butyl alcohol per liter of so
lution.

Identical chromatography fractions were combined, freeze-dried, 
and dependent on the TLC result, either purified or rechromato
graphed. The overall isolation and purification sequence of the ne
bramycin minor factors is illustrated in Scheme I.

Nebramycin Factor 3. The combined and freeze-dried chroma
tography fractions were decolorized with carbon and crystallized from 
methanol. A white solid, [ a ] ' 2 0 D  + 136°, was obtained. Hydrolysis with 
3 N aqueous hydrochloric acid at 90 °C gave neamine, which was 
identified by thin-layer chromatographic comparison with an au
thentic sample.

Nebramycin Factor 7. The crude material was purified by crys
tallization from aqueous 1-propanol. A white solid, [ii]MD +170°, mp 
>265 °C dec, was obtained. Anal. Calcd for C21H41N5O12: C, 45.39; 
H, 7.44; N, 12.61; 0 , 34.55. Found: C, 45.10; H, 7.53; N, 12.37; 0, 
34.82.

Nebramycin Factor 8. The freeze-dried chromatography fractions 
were decolorized with carbon and crystallized from methanol. A white 
solid, [ « ] 2 0 d  +110°, mp >225 °C dec, was obtained. Anal. Calcd for 
C12H26N4O5: C, 47.05; H, 8.55; N, 18.27. Found: C, 47.07; H, 8.35; N,
17.92.

Nebramycin Factor 9. The dried material v/as decolorized with 
carbon and crystallized from a methanol/etharol mixture. Recrys
tallization from methanol afforded a white solid, [ a p ° D  +94°, mp 
222-224 °C dec. Anal. Calcd for C12H25N3O6: C, 46.90; H, 8.20; N,
13.67. Found: C, 47.18; H, 8.46; N, 13.65.

Nebramycin Factor 10. The combined dried material was deco
lorized with carbon and crystallized from methanol. A white solid, 
[a]20D +123°, mp >300 °C dec, was obtained.

Nebramycin Factor 11. The crude material was decolorized with 
carbon and crystallized from methanol. A white solid, [«]20d +123.5°,

was obtained. Hydrolysis with 3 N aqueous hydrochloric acid at 90 
°C gave tobramycin, which was identified by TLC comparison with 
an authentic sample.

Nebramycin Factor 12. This compound was purified by crystal
lization from methanol. An almost white solid was obtained.

Nebramycin Factor 13. Crystallization from a methanol/ethanol 
mixture yielded an off-white solid.

2-Deoxystreptamine. The freeze-dried chromatography fractions 
were decolorized with carbon and crystallized from methanol. The 
white solid had no optical rotation and was identified by its spectral 
data and TLC comparison with an authentic sample.

Carbobenzoxytobramycins A and B. A solution of 25 g (0.054 
mol) of tobramycin in aqueous THF was cooled to —3 °C. To this 
solution was added 14.7 g (0.059 mol, 1.1 mol equiv) of AMbenzylox- 
ycarbonyloxy)succinimide in THF in five portions. The reaction was 
warmed to room temperature and allowed to stir for 90 min. The so
lution was concentrated and extracted with chloroform and 1-butanol. 
The extracted aqueous solution was loaded onto a Bio-Rex 70 (NH4+) 
column and eluted with a NH4OH gradient; yields: 7.5 g (23%) of Cbz 
A; 0.6 g (2%) of Cbz B.

lV(6')-Acetyltobramycin. A solution of 5 g (0.011 mol) of tob
ramycin in 6% THF/water was cooled to 0 °C. To this solution was 
added 1.1 g (0.011 mol) of acetic anhydride. The reaction mixture was 
maintained at -4  °C for 16 h and then allowed to come to room 
temperature for 24 h. The solution was concentrated and loaded onto 
a Bio-Rex 70 (NH4+) column which was eluted with a NH4OH gra
dient; yield: 1 g (18%) of iV(6')-acetyltobramycin.

Registry No.—N (Benz.yloxycarbonyloxy)succinimide, 13139-
17-8.

References and Notes
(1) K. F. Koch and J. A. Rhoades, Antimicrob. Agents Chemother. 1 1970), 309  

(1971).
(2) K. F. Koch, F. A. Davis, and J. A. Rhoades, J. Antibiot., 26, 745 (1973).
(3) S. C. O'Connor, L. K. T. Lam, N. D. Jones, and M. O. Chaney, J. Org. Chem., 

4 1 ,2 08 7 (19 7 6 ).
(4) K. F. Koch, J. A. Rhoades, E. W. Hagaman, and E. Wenkert, J. Am. Chem. 

Soc., 96, 3300 (1974); E. Wenkert and E. W. Hagaman, J. Org. Chem., 41, 
701 (1976).

(5) R. U. Lemieux and S. Koto, Abstracts, 165th National Meeting of the 
American Chemical Society, Dallas, Tex., 1973, MEDI 022; R. U. Lemieux 
and G. Kotwycz, Chem. Rev., 73, 669 (1973).

(6 ) D. E. Dorman, J. W. Paschal, and K. E. Merkel, J. Am. Chem. Soc., 98,6885  
(1976).

(7) P. J. L. Daniels, M. Kugelman, A. K. Mallams, R. W. Tkach, H F. Vernay, 
J. Weinstein, and A. Yehaska, Chem. Commun., 1629 (1971); P. J. L. 
Daniels, A. K. Mallams, J. Weinstein, and J. J. Wright, J. Chem. Soc., Perkin 
Trans. 1, 1078(1976).

(8 ) T. L. Nagabhushan, W. N. Turner, P. J. L. Daniels, and J. B. Morton, J. Org. 
Chem., 40, 2830(1975).

(9) T. L. Nagabhushan, P. J. L. Daniels, R. S. Jaret, and J. B. Morton, J. Org. 
Chem., 40, 2835(1975).

(10) T. Oda, T. Mori, Y. Kyotani, and M. Kakayama, J. Antibiot., 24, 503  
(1971).

(11) H. E. Carter, J. R. Dyer, P. D. Shaw, K. L. Rinehart, Jr., and M. Hichens, J. 
Am. Chem. Soc., 83, 3723 (1961).

(12) M. Murase, T. Ito, S. Fukatsu, and H. Umezawa, Prog. Antimicrob. Anti
cancer Chemother., Proc. Int. Congr. Chemother., 6th, 1969 (1970), 2, 
1970.

(13) D. E. Dorman and J. D. Roberts, J. Am. Chem. Soc., 93, 4463 (1971).
(14) S. C. O’Connor et al„ submitted to J. Antibiot. The partially interpreted ,3C 

NMR spectrum of "oxyapramycin” , presumably identical to factor 7, has 
been reported by R. U. Lemieux and S. Koto, ref 5.

(15) N. B. Colthrup, L. H. Daly, and S. E. Wiberly, "Introduction to infrared and 
Raman Spectroscopy", Acacemic Press, New York, N.Y., 1964, pp 
263-266.

(16) G. E. Hawkes, E. W. Randall, and C. H. Bradley, Nature (London), 257, 767 
(1975).

(17) C. S. Irving and A. Lapidot, J. Am. Chem. Soc., 97, 5945 (1975).



Reactions of Ketene Acetals J. Org. Chem., Voi. 43, No. 7, 1978 1435
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Some new or recently prepared conjugated ketene acetals such as l,l,4-trimethoxy-3-trimethylsilyloxybuta-l,3- 
diene, l,l-dimethoxy-3-trimethylsilyloxyocta-l,3-diene, and 2-acetyl-l,l-dimethoxy-3-methylbuta-l,3-diene have 
been used in cycloaddition-'ype reactions for first or improved syntheses of the title compounds.

Conjugated ketene acetals1-3 (1,1-dialkoxybutadienes) 
or the vinylogues of ketene acetals4 have recently been used 
for the facile and regiospecific synthesis of a number of nat
urally occurring naphthoquinones and anthraquinones. These 
reagents have the advantage of being easy to prepare and quite 
reactive toward most quinonic substrates. Moreover they have 
been modified so as to introduce up to three groups with the 
desired orientation in a single annelating step. Some dienes 
previously obtained in this laboratory have now been applied 
to the synthesis of some highly substituted anthraquinones 
and a new reagent, l,l,4-trimethoxy-3-trimethylsilyloxy- 
buta-1,3-diene (6a,b), has been prepared in order to extend 
the scope and usefulness of the method (Scheme I).

The synthesis of penta-O-methylrubrocomatulin (11), the 
tptramethyl ether of a crinoid pigment,5 was attempted by 
first condensing 2,6-dichloronaphthazarin (7) with 1,1-di- 
methcxy-3-trimethylsilyloxyocta-l,3-diene2 (1) (Scheme II). 
Pyrolysis of the adduct, hydrolysis of the silyl ether, and 
partial methylation gave a 56% yield of l-butyl-7-chloro-
5,8-dihydroxy-2,4-dimethoxyanthraquinone (8). Finally the 
remaining chlorine was substituted (76%) according to a recent 
procedure6 using sodium methoxide and copper(I) iodide. 
Complete methylation of this trimethyl ether (10) under the 
usual conditions followed by photooxidation2 as in the syn
theses of rhodolamprometrin and rhodocomatulin provided 
rubrocomatulin pentamethyl ether, which was indistin
guishable in all respects from a sample of the authentic ma
terial.

2-Acetyl-l,l-dimethoxy-3-methylbuta-l,3-diene1 (2), ob
tained earlier by us from pent-3-en-2-one and ketene dimethyl 
acetal for the preparation of stypandrone, has now been ap
plied to the synthesis of two coccid pigments recently isolated 
by Banks and Cameron.7 A first attempt at condensing the 
foregoing diene with 2-chloro-6,8-dimethoxynaphthoquinone1
(12) in boiling benzene followed by pyrolysis at 135 °C pro
duced no anthraquinonic material; however, bringing the 
components together in refluxing xylene gave a 50% yield of
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the expected product 2-acetyl-l,6,8-trimethoxy-3-meth- 
ylanthraquinone (14) (Scheme III).

It is now well established that 3-halojuglones are more re
active than the corresponding ethers toward ketene acetals 
and 1,1-dialkoxybutadienes and consistently produce higher 
yields. Consequently the 8-methyl ether of the chosen sub
strate (12) was cleaved by anhydrous aluminium chloride. The 
resultant juglone (13) reacted with the same diene (2) and gave 
a 78% yield of acetylemodin trimethyl ether (14) after meth
ylation. This compound was then demethylated by a brief 
contact with a semisolid mixture of aluminium and sodium 
chlorides at 90 °C and yielded a substance which was indis
tinguishable from the natural product (15). A partial syn
thesis8 of this compound had been carried out earlier starting 
from natural stypandrone.

The synthesis of another coccid pigment, 2-acetyl-5-hy- 
droxyemodin (20), could at this point then be envisaged using 
the same diene and 2,6-dichloronaphthazarin (7) (Scheme II). 
The condensation of these two compounds proceeded 
smoothly and gave an 81% yield of 2-acetyl-6-chloro-5,8- 
dihydroxy-l-methoxy-3-methylanthraquinone (16). Substi
tution of the remaining chlorine by methoxide (followed by 
complete methylation) proved to be unexpectedly difficult, 
being accompanied by considerable decomposition. In an 
initial attempt the process was interrupted after 6 h; the 
product, after methylation, yielded mainly a derivative (17)

0022-3263/78/1943-1435$01.00/0 © 1978 American Chemical Society
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of the substrate (59%) and only 6% of the desired substance
(18). By extending the reaction time to 12 h the substitution 
product could be increased to 13% while only 16% of the un
reacted material could be recovered. Attempted demethyl- 
ation of the tetramethyl ether as before gave a large number 
of products which were not isolated.

A t this point a more satisfactory method of forming the
1.2.4- trihydroxylated ring was explored. In a firs t approach
1.4.4- trichlorobut-3-en-2-one (3) was obtained according to 
the procedure used for the 4,4-dichloro compound. I t  was 
expected that methoxydehalogenation involving all or, more 
selectively, the ethylenic chlorines could be realized; however, 
all attempts to carry out the substitutions yielded only in 
tractable tars. On the other hand, the addition of ketene d i
methyl acetal to methoxyketene (prepared in situ) using a 
method established10-11 for other such substrates, gave only 
one product, l,4,4-trimethoxybut-3-en-2-one (5), in a 39% 
yield which could be increased to 56% by using excess ketene 
acetal (3 equi\) (Scheme I). The enolsilylation of this sub
stance according to Danishefsky and Kitahara12 as adapted 
to acylketene acetals2 gave a 71% yield of the desired diene,
1.1.4- trim ethoxy-3-trim ethylsily loxybuta-l,3-diene as a 
mixture of the E and Z isomers (6a,b).

The usefulness of this new diene was first tested by reaction 
w ith 2-chloro-8-hydroxy-6-methoxynaphtnoquinone (13) in 
refluxing benzene followed by pyrolysis and methylation in 
the usual manner (Scheme III). A 78% yield of 1,2,4,5,7-pen- 
tamethoxyanthraquinone (21) was obtained, which unfortu
nately could not be compared with a sample of the substance 
described earlier. However all physical and spectral charac
teristics of the two preparations are concordant including the 
fact that on crystallization from benzene and petroleum ether 
dimorphous yellow and brown crystalsare formed.13 A second 
experiment involved a condensation w ith 6-acetyl-3-chloro-
5-methoxy-7-methylnaphthoquinone (19)1 and, in this case, 
gave an excellent yield of 2-acetyl-5-hydroxyemodin tetra
methyl ether (18) which up to this point had been d ifficult to 
prepare (vide supra). Finally a reaction w ith 2-bromo-5- 
chloro-8-methoxy-6-methylnaphthoquinone (22) yielded the 
expected 4-chloro-l,5,6,8-tetramethoxy-3-methylanthra- 
quinone (24; 38%) along with 10% of an unexpected product,

4-chloroemodin trimethyl ether (23). The formation of this 
compound requires a reductive elimination of bromine and 
methoxyl and is analogous to a process known to occur in the 
presence of ethanol14 at ~150 °C, a condition which exists 
during the pyrolytic stage. The chloroanthraquinone (24) 
could then be reduced with hydrazine and palladium15 to the 
trimethyl ether of xanthorin (25; 29%).

Experimental Section
Melting points were taken for samples in capillary tubes with a 

Thomas-Hoover apparatus (calibrated thermometer). The IR and 
UV spectra were determined with Beckman IR-12 and DK-1A spec
trophotometers, respectively. The NMR spectra were recorded with 
Hitachi-Perkin-Elmer R-24A and Bruker HX-90 spectrometers (te- 
tramethysilane as internal standard). The mass spectra were obtained 
with a Varian M-66 spectrometer. Davison silica gel No. 923 was used 
for column chromatography, Baker-7G silica gel for preparative TLC, 
and Woelm silica gel, activity III, for dry column chromatography.

1.4.4- T richIorobut-3-en-2-one (3). This substance was prepared 
according to the procedure described for the 4,4-dichloro compound9 
from chloroacetyl chloride (113 g, 1.00 mol), anhydrous aluminium 
chloride (133 g, 1.00 mol) and 1,1-dichloroethylene (97.0 g, 1.00 mol). 
Steam distillation and fractionation of the crude product gave the 
trichlorobutanone 3 (82.0 g, 47%): bp 52-53 °C (0.5 mm Hg); mp 45-48 
°C; IR i'max (carbon tetrachloride) 1730 (C = 0 ) and 1600 (C=C) cm-1; 
NMR h (60 MHz, CDC13) 4.05 (2 H, s, 1-H2) and 6.95 (1 H, s, 3-H). 
Anal. Calcd for C4H3CI3O: C, 27.70; H, 1.74; Cl, 61.33. Found: C, 27.77;
H, 1.76; Cl, 60.99.

1.4.4- T rim ethoxybut-3 -en -2-one (5). To a mixture of ketene 
dimethyl acetal16 (4; 16.5 g, 0.188 mol) and triethylamine (7.50 g, 
0.0740 mol) in anhydrous ethyl ether (60 mL) was added (1.5 h) under 
nitrogen a solution of methoxyacetyl chloride (6.80 g, 0.0627 mol) in 
the same solvent (20 mL). The reaction mixture was stirred for 4 h 
at room temperature, filtered, and evaporated. Distillation of the 
residue gave the trimethoxybutenone 5 (5.6 g, 56%): bp 95-103 °C (0.3 
mm Hg); mp 46-48 °C; IR iima% (film) 1650 (C = 0 ) and 1600 (C=C) 
cm“ 1; NMR 5 (60 MHz, CDCI3I 3.48 (3 H, s, I-OCH3), 3.83 and 3.95 
(6 H, 2s, 4,4-OCHs), 4.14 (2 H, 3, 1-H2), and 4.93 (1 H, s, 3-H). Anal. 
Calcd for C7H120 4: C, 52.49; H. 7.55. Found: C, 52.75; H, 7.28.

( E )-  and (Z )-l ,l ,4 -T r im e th o x y -3 -tr im e th y ls ily lo x y b u ta -
I, 3-diene (6a,b). To a solution of l,4,4-trimethoxybut-E-en-2-one 
(5; 10.3 g, 0.0644 mol) and trietnylamine (14.6 g, 0.145 mol) in anhy
drous benzene (20 mL) was added (15 min) chlorotrimethylsilane (13.2 
g, 0.122 mol). The temperature of the reaction mixture rose slightly 
and was kept at 40 °C for 3 h. After stirring for 24 h at room temper
ature, the suspension was filtered and evaporated. The residue upon 
distillation gave the dienes Ga,b (10.6 g, 71%): bp 68-76 °C (0.3 mm 
Hg); IR cmax (film) 1654,1630 (C=C), and 835 (Si-C str) cm_1; NMR 
6 (90 MHz, CDCI3) 0.19, 0.27, and 0.29 (3s, 3-OSi(CH3)3), 3.36, 3.52, 
3.57, and 3.64 (4s, l,l,4-OCH3), 3.78 and 3.91 (2s, 2-H), 4.48 and 5.79 
(2s, 4-H). The mixture is very unstable but can be kept for 2 weeks 
at -2 0  °C.

1 -Butyl-7-chloro-5,8-dihydroxy-2,4-dim ethoxyanthraquinone
(8). A mixture of 2,6-dichloronaphthazarin17-18 (7; 100 mg, 0.380 
mmol), l,l-dimethoxy-3-trimethylsilyloxyocta-l,3-diene2 (1; 140 mg, 
0.390 mmol), and anhydrous benzene (5 mL) was refluxed for 2 h and 
evaporated to dryness. The residue was heated at 150 °C for 1 h and 
hydrolyzed by boiling for 30 min in a solution of methanol (5 mL) and 
5% hydrochloric acid (3 mL). The crude product, extracted with 
chloroform was selectively methylated by refluxing for 15 h with di
methyl sulfate (235 mg) and anhydrous potassium carbonate (50 mg) 
(both added in several portions) in dry acetone (15 mL). Purification 
by chromatography on silica gel (dry column, chloroform) gave the 
expected anthraquinone 8 (84 mg. 56%): mp 200-201 °C (acetone); 
UV Amax (ethanol) 238, 258, 287, 296 sh, 480, and 495 nm (log t 4.58,
4.07, 4.10, 4.04, 4.08, and 4.07); IR rmax (KBr) 1650 and 1625 (chelated 
C = 0 ) c m '1; NMR 5 (90 MHz, CDClg) 0.97 (3 H, ~t, J ~  6.0 Hz, 4'-H), 
1.31-1.64 (4 H, m, 2',3'-H2), 3.09 (2 H, ~t, J ~  6.5 Hz, l'-H 2), 3.97 and
4.03 (6 H, 2s, 2,4-OCH3), 6.72 (1 H, br s, 3-H), 7.30 (1 H, s, 6-H), 13.28 
and 13.39 (2 H, 2s, 5,8-OH); mle 392/390 (M+). Anal. Calcd for 
C20Hi9ClOfi: C, 61.46; H, 4.90; Cl, 9.08. Found: C, 61.73; H, 5.11; Cl, 
9.01.

l-B utyl-2,4,5,7,8-pentam ethoxyanthraquinone (10). A sus
pension of l-butyl-7-chloro-5,8-dihydroxv-2,4-dimethoxyanthra- 
quinone (8) (35 mg, 0.0854 mmol), sodium methoxide (1.00 g), cop- 
peril) iodide (35 mg) in anhydrous methanol (5 mL), and dry di- 
methylformamide (5 mL) was refluxed for 24 h, poured into water, 
and acidified. Chromatography of the crude product (dry column,
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chloroform) gave l-butyl-5,8-dihydroxy-2,4,7-trimethoxyanthra- 
quincne (9; 28 mg). The foregoing material (40 mg) was methylated 
in the usual way [dimethyl sulfate (200 tng), potassium carbonate (500 
mg), and dry acetone (5 mL) for 3 h] and after purification by chro
matography (dry column, chloroform) gave the pentamethoxyan- 
thraquinone 10 ( 2 1  mg, 50%): mp 166-167 °C (petroleum ether, bp 
90-120 °C); UV Amax (ethanol) 227, 262. 288, and 400 nm (log e 4.47,
4.18, 4.16, and 3.86); IR cmax (KBr) 1670 (C = 0 ) cm“ 1; NMR b (90 
MHz. CDC13) 0.94 (3 H, ~ t, J  ~  7.0 Hz, 4'-H3), 1.22-1.67 (4 H, m, 
2',3'-H2), 2.91 ( 2  H, ~ t, J  ~  7.0 Hz, l'-H 2), 3.90, 3.92, and 3.96 ( 2X3 
H and 1 X 9 H, 3s, 2,4,5,7,8-OCH3), 6.62 and 6 . 6 8  (2 H, 2s, 3,6-H); m / e  
414 (M+). Anal. Calcd for C23H26O7: C, 66.65; H, 6.32. Found: C, 66.31; 
H, 6.31.

1- Butanoyl-2,4,5,7,8-pentamethoxy£nthraquinone (11). Oxygen 
was bubbled into a solution of l-butyl-2 ,4,5,7,8 -pentamethoxyan- 
thraquinone (10; 17 mg, 0.041 mmol) in ethanol (5 mL) which was 
simultaneously heated under reflux and irradiated with two 375-W 
floodlamps ( 2  h). The residue obtained after evaporation of the solvent 
was chromatographed on silica gel (dry column, chloroform). The 
product was purified by preparative TLC (chloroform-methanol, 
40:1) and gave the acylanthraquinone 11 (4 mg, 22%) (methanol), mp 
150-152 °C and 2 1 0 - 2 1 1  °C (lit.5 152-153.5 °C and 214- 215 °C), 
identical (mmp, TLC in five solvent systems, and IR spectra) with 
an authenic sample.

2- C h loro-8-hydroxy-6-m ethoxynaphthoquinone (13). T o a
suspension of anhydrous aluminium chloride (1.50 g) in redistilled 
nitrobenzene ( 6  mL) was added 2-chloro-6,8-dimethoxynaphtho- 
quinone1 (12; 250 mg, 0.990 mmol). The mixture was stirred for 1  h 
at room temperature then poured into water containing concentrated 
hydrochloric acid (50 mL) and agitation :s continued 15 h. Petroleum 
ether (bp 65-110 °C) (300 mL) is then added and the heterogenous 
mixture is filtered. The residue consisted of the expected juglone 13 
(215 mg, 91%): mp 177-178 °C (petroleum ether, bp 90-120 °C, ben
zene); UV Amax (ethanol) 220, 273, 283 sh, and 445 nm (log e 4.59, 4.15,
4.03, and 3.81): IR i'max (KBr) 1670 (C = 0 ) and 1640 (chelated C = 0 ) 
cm "1; NMR (60 MHz, CDCI3 ) 3.95 (3 H, s, 6 -OCH3 ), 6.71 (1 H, d, J  
=  2.5 Hz, 7-H), 7.19 (1 H, s, 3-H), 7.25 (1 H, d, J  = 2.5 Hz, 5-H), and
11.95 (1 H, s, 8 -OH); m / e  240/238 (M+). Anal. Calcd for CnH 7C104: 
C, 55.36; H, 2.96; Cl, 14.86. Found: C, 55.59; H, 2.93; Cl, 15.00

2-A cetyl-l,6 ,8 -trim ethoxy-3-m ethylanthraquinone (14). (a) 
A mixture of 2-chloro-6,8-dimethoxynaphthoquinone (12; 100 mg, 
0.397 mmol) and 2-acetyl-l,l-dimethoxy-3-methylbuta-l,3-diene1 

(2; 220 mg, 1.38 mmol) in xylene (5 mL) was refluxed for 20 h. Puri
fication by column chromatography (chloroform) followed by pre
parative TLC (benzene-ethyl acetate, 9:1) gave 2-acetylemodin tri- 
methyl ether (14; 70 mg, 50%): mp 220-221 °C (methanol); UV Amax 
(chloroform) 273, 400 nm (log c 4.32, 3.73); IR (KBr) 1710 (hin
dered CH3CO-) and 1665 (0 = 0 )  cm“ 1; NMR <5 (90 MHz, CDCI3 ) 2.34 
(3 H, s, 3-CHs), 2.54 (3 H. s, 2-COCH3), 3.92, 3.96. and 3.98 (9 H, 3 s,
l ,6 ,8 -OCH3), 6.76 (1 H, d, J  =  2.5 Hz, 7-H), 7.31 (1 H, d. J  = 2.5 Hz,
5-H), and 7.83 (1 H, s, 4-H); m / e  354 (M+). Anal. Calcd for C20H 18O6: 
C, 67.79; H, 5.12. Found: C, 67.92; H, 5.18.

(b) 2-Chloro-8-hydroxy-6-methoxynaphthoquinone (190 mg, 0.797 
mmol) and the acetylbutadiene 2 (380 mg, 2.38 mmol) were refluxed 
in xylene (5 mL) for 8  h. The crude product was separated by chro
matography (dry column, chloroform), methylated in the usual way 
[dimethyl sulfate (500 mg), potassium carbonate (500 mg), and ace
tone (10 mL) for 8  h], and rechromatographed (benzene-ethyl acetate, 
9:1) giving the same anthraquinone 14 (220 mg, 78%).

2 -A c e ty l-1,6,8 -trih y d rox y -3 -m eth y la n th raq u in on e  (2 -A c- 
etylem odin, 15). 2-Acetyl-l,6,8-trimethoxy-3-methylanthraquinone 
(14, 22 mg) was stirred in a mixture of annydrous aluminium chloride 
(5.0 g] and sodium chloride (1.0 g) for 5 min at 90 °C. The cooled re
action mixture was hydrolyzed with ice ( 2 0  g) and concentrated hy
drochloric acid (5 mL) then extracted with ethyl acetate. Purification 
of the crude product by preparative TLC (chloroform-methanol, 
100:1) gave 2-acetylemodin (10 mg, 53%) indistinguishable from a 
sample of the authentic material (mmp, IR spectra, and TLC in five 
solvent systems).

2-A cetyl-6 -ch loro-5 ,8 -d ihydroxy-l-m ethoxy-3 -m eth ylan - 
thraquinone (16). A mixture of 2,6-dichloronaphthazarin1 7 '18 (7; 120 
mg, 0.463 mmol), 2-acetyl-l,l-dimethoxy-3-methylbuta-l,3-diene 
(2; 220 mg, 1.38 mmol), and 2 mL of xylene was stirred at 115 °C for 
4 h, cooled, and chromatographed (dry column, benzene) and gave 
the chloroanthraquinone 16 (135 mg, 81%): mp 186-188 °C (ben
zene-petroleum ether, bp 65-110 °C); UV Amax (ethanol) 233, 257 and 
475 nm (log e 4.40, 4.39, and 3.96); IR rmax (KBr) 1710 (CH3CO) and 
1640 (C = 0 ) cm’ 1; NMR 5 (90 MHz, CDCI3 ) 2.41 (3 H, s, 3-CH:!), 2.58 
(3 H, s, 2 -COCH3 ), 3.91 (3 H, s, I-OCH3 ), 7.42 ( 1  H, s, 7-H), 8.04 ( 1  H, 
s, 4-H), 13.03 and 13.28 (2 H, 2s, 5,8 -OH); m / e  362/360 (M+). Anal.

Calcd for Ci8H 1 3 C106: C. 59.93; H, 3.63, Cl, 9.83. Found: C. 59.84; H, 
3.39; Cl, 9.52.

2-A cetyl-l,5 ,6 ,8-tetram ethoxy-3-m ethylanthraquinone (18).
(a) A suspension of 2-acetyl-6-chloro-5,8-dihydroxy-l-met.hoxy-3- 
methylanthraquinone (16; 100 mg, 0.278 mmol), sodium methoxide 
(2.35 g, 43.5 mmol), and copper(I) iodide (100 mg, 0.524 mmol) in 
methanol (10 mL) and dimethylformamide (10 mL) was refluxed for 
1 2  h, poured inro ice water, acidified, and extracted with chloroform. 
The crude procuct was methylated in the usual way [methyl sulfate 
(1.50 g in three portions), potassium carbonate (1.50 g), and acetone 
(20 mL) for 24 h] and by chromatography (dry column, chloroform) 
gave a mixture of two substances. These were separated on a second 
column (benzene). A first zone consisted of 2-acetyl-6-chloro-l,5,8- 
trimethoxy-3-rnethylanthraquinone (17; 16 mg, 15%): mp 198-199 
°C (benzene-petroleum ether, bp 90-120 °C); IR i'max (KBr) 1685 
(CH3CO-) and 1670 (C = 0 ) cm“ 1; NMR b (90 MHz, CDCI3 ) 2.33 (3 
H, br s, 3-CHa), 2.52 (3 H, s, 2-COCH3), 3.91 and 3.98 (3 H and 6  H. 
2s, l,5,8-OCH3), 7.33 (1 H. s, 7-H). and 7.74 (1 H. br s, 4-H); m/ e  
390/388 (M+). Anal. Calcd for C2oH17C106: C, 61.78; H. 4.41; Cl, 9.12. 
Found: C, 62.22; H, 4.50; Cl, 9.09. A more polar mixture of solvents 
(benzene-ethyl acetate, £:1) eluted the desired anthraquinone 18 (14 
mg, 13%): mp 154-155 °C (benzene-petroleum ether, bp 90-120 °C); 
UV Amax (ethanol) 227, 252, 281, and 410 nm (log e 4.41,4.36. 4.21, and 
3.83); IR i<max (KBr) 1703 (CH3CO-) and 1675 (0 = 0 )  cm-1; NMR 
b (90 MHz, CDC13) 2.33 (3 H, br s, 3-CH*), 2.53 (3 H, s, 2-COCH3),
3.92, 3.94, and 3.99 (3 H, 3 H, and 6  H, 3s, l,5,6,8-OCH3), 6.82 ( 1  H, 
s, 7-H) and 7.76 (1 H, br s, 4-H); m / e  384 (M+). Anal. Calcd for 
C2 1H20O7: C, 65.62; H, 5.24. Found: C, 65.78; H, 5.26.

(b) A mixture of 7-acetyl-2-chloro-8-methoxy-6-methylnaphtho- 
quinone1 (19; 170 mg, 0.610 mmol), l,l,4-trimethoxy-3-trimethylsi- 
lyloxybuta-1,3-diene (6a,b; 375 mg, 1.62 mmol; added in three por
tions), and anhydrous tenzene (5 mL) was refluxed for 3 h and 
evaporated to crvness. The residue was heated at 150 °C for 1 h. hy
drolyzed by boiling in a solution of methanol (5 mL) and 5% hydro
chloric acid (2.5 mL) for 15 min, extracted with chloroform, and 
methylated in the usual way. The crude product was purified by dry 
column chromatography (chloroform) and preparative TLC (chlo
roform) and gave the same anthraquinone 18 (202 mg, 8 6 %). This 
product was identical (nmp, IR spectra, and TLC in five solvent 
systems) with the tetramethyl ether obtained in the usual way from 
a sample of authentic 2-acetyl-5-hydroxyemodin (20) (dimethyl 
sulfate and potassium carbonate in boiling acetone).

1,2,4,5,7-Pentam ethoxyanthraquinone (21). By an analogous 
procedure (compound H, method b) using 2 -chloro-8 -hvdroxy-6 - 
methoxynaphthoquinone (13; 225 mg, 0.943 mmol) and 1,1,4-trime- 
thoxy-3-trimetnylsilyloxv'butadiene (6a,b; 450 mg, 1.94 mmol) in 
benzene (5 mLi. the pentamethoxyanthraquinone 21 was obtained 
after pyrolysis, hydrolysis, methylation, and dry column chroma
tography (benzene-ethyl acetate, 1:1) (273 mg, 78%): mp 189.5-190 
°C (benzene-petroleum ether, bp 90-120 °C) (lit. 1 3  193 °C); UV Amax 
(ethanol) 225, 285, and 415 nm (log e 4.59, 4.36, and 3.85); IR cmax 
(KBr) 1670 and 1655 (C = 0 ) c m '1; NMR b (90 MHz, CDC13) 3.92,
3.96, 3.98, and 3.99 (3 H, 6  H, 3 H, 3 H, 4s, l,2,4,5,7-OCH3), 6.71 (1 H. 
d , ,J =  2.0 Hz, 6 -H). 6.79 (1 H, s, 3-H), and 7.22 (1 H, d, J  = 2.0 Hz,
8 -H); m / e  358 (M+). Anal. Calcd for C 19H 18O7 : C, 63.68; H, 5.06. 
Found: C, 63.74; H, 5.27.

4-Chloro-l,5,6,8-tetram ethoxy-3-m ethyIanthraquinone (24).
From a similar reaction mixture prepared with 2-bromo-5-chloro-
8-methoxy-6-methylnaphthoquinone19 (22; 490 mg, 1.55 mmol) and 
trimethoxytrimethylsilyloxybutadiene (6a,b; 800 mg, 3.44 mmol) in 
benzene (25 mL, 4 h) was obtained (after pyrolysis, hydrolysis, and 
methylation) by dry column chromatography (benzene-ethyl acetate, 
9:1) a fast moving zone consisting of 4-chloro-l,6,8-trimethoxy-3- 
methylanthraquinone (23; 52 mg. 10%), mp 217-218.5 °C, which was 
identical in all respects with a sample obtained earlier.19 Elution with 
a 1:1 mixture of benzene and ethyl acetate gave the trimethyl ether 
of chloroxanthorin (24; 221 mg, 38%): mp 209.5-210 °C (benzene- 
petroleum ether, bp 90-120 °C) (lit.20 mp 210-211 °C); UV Amax 
(ethanol) 226, 258, and 400 nm (log e 4.52, 4.33, and 3.97); IR emax 
(KBr) 1680 and 1670 (C = 0 ) cm "1; NMR b (90 MHz, CDC13) 2.47 (3 
H, s, 3 -CH3 ), 3.94 and 3.97 (2 X 6 H, 2s, l,5,6,8-OCH3), 6.71 (1 H, s,
7-H), and 7.07 ( 1  H, s, 2-K); m/ e  378 (M+ + 2), 376 (M+). Anal. Calcd 
for C 19H 17C106: C, 60.56; H, 4.55; Cl, 9.41. Found: C. 60.99; H, 4.77; 
Cl, 9.40.

l,3,4,8-T etram ethoxy-6-m ethylanthraquinone (25). The re
ductive dehalogenation15 of 4-chloro-l,5,6,8-tetramethoxy-3-meth- 
ylanthraquinone (24) was carried out by refluxing a mixture of this 
quinone (76 mg 0.202 mmol), 100% hydrazine hydrate (83.5 mg, 1.67 
mmol; added in three portions of 10.0, 24.5, and 49.0 mg), 10% pal- 
ladized charcoal (100 mg , and ethanol (13 mL) for 3 h. Chromatog-
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raphy of the crude product (dry column, chloroform) gave the ex
pected anthraquinone 25 (20 mg, 29%): mp 185-186 °C (toluene- 
petroleum ether, bp 90-120 °C) (lit.21 185-186 °C;22 189-190 °C); UV 
Amas (chloroform) 280 and 406 nm (log e 3.96 and 3.38); IR rmax (KBr) 
1665 (0 = 0 )  cm“ 1; NMR <5 (60 MHz, CDC13) 2.40 (3 H, s, 6-CH3), 3.90 
and 3.95 (3 H and 9 H, 2s, l,3,4,8-OCH3), 6.75 (1 H, s, 2-H), 7.00 (1 H, 
br s, 7-H), and 7.50 (1 H, br s, 5-H); m/e 342 (M +). Anal. Calcd for 
CigHigOe: C, 66.66; H, 5.30. Found: C, 66.77; H, 5.35. Déméthylation 
of this compound (17 mg) according to Tanaka and Kaneko21 gave 
xanthorin (6 mg, 40%), mp 247-248 °C (acetic acid) (lit.21 244-246 °C; 
lit.22 2 53 °C; lit.23 250-251 °C) indistinguishable from a sample of the 
authentic material (mmp, IR spectra, and TLC in four solvent sys
tems).
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Biosynthesis of a-Naphthocyclinone1
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The biosynthesis of a-naphthocyclinone in Streptomyces arenae was studied by feeding experiments with sodi
um [1-13C]- and [2-13C]acetate and diethyl [2-13C]malonate followed by 13C NMR analysis. The compound is de
rived entirely from acetate/malonate units by the polyketide pathway, and the labeling pattern is consistent with 
its formation from two benzoisochroman quinone units. Surprisingly, [2-13C]malonate labels both the starter and 
the chain extension units, but not the acetoxy group. Possible explanations of the latter finding are suggested.

The naphthocyclinones are a series of closely related pig
ments which were isolated from cultures of Streptomyces 
arenae, strain Tü 495.2 Some of the compounds, fi- and y-

Scheme I. Structures

i

naphthocyclinone (I and II, Scheme I), exhibit antibacterial 
activity against gram-positive organisms. Their structure 
elucidation by Zeeck’s group showed2’3 that the naphthocy-

o f  Naphthocyclinones

I I I :  R̂ =CĤ , ^2=^3=^/=̂ ’ »-naphthocyclinone

IV: R^R^R^R^H , a-naphthocyclinone acid

V : R . =R =R = C H „, R .=HI l  i  5 4

VT: R1=R2=R3=R/=CH3

0022-3263/78/1943-1438$01.00/0 © 1978 American Chemical Society
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Table I. Incorporation of Precursors into a-Naphthocyclinone and a-Naphthocyclinone Acid

Expt
no.

Precursor
fed

Feeding 
time 
after 

inocu
lation, h

No. of 
cultures

Amount
fed,
mg

Spec, 
radioac
tivity o f 

precursor, 
dpm/mmol

Product 
isolated 

(HI +  IV), 
mg

Spec, 
radioac- 

t vity
of product, 
dpm/mmol

Incor
pora
tion,"

%
Dilution 
factorb

Relative
enrich
ment
per

labeled
atomc

i Sodium
[ l -14C]acetate

24 2 50 7.05 X 106 0.1 Not determined

2 Sodium
[ l -14C]acetate

32 2 50 7.05 X 106 18.7 1.03 X 106 0.7 6.9 0.9

3 Sodium
[l-14C]acetate

40 2 50 7.05 X 106 30.9 1.58 X 106 1.7 4.5 1.4

4 Sodium
[l -14C]acetate

48 2 50 7.05 X 106 22.0 2.55 X 106 2.0 2.8 2.3

5 Sodium
[l -14C]acetate

48 4 200 2.16 X 107 41.0 8.39 X 106 1.0 2.6 2.4

6 Sodium [1-13C,- 
l - 14C]acetate

48 10 300 1.55 X 107 106 5.94, X 106 1.6 2.6 2.4

7 Sodium [2-13C,- 
2-14C]acetate

48 10 300 1.51 X 106 98 3.55 X 105 1.0 4.3 1.5

8 Diethyl
[2-14C]malonate

48 10 500d 1.69 X 107 64.3 4.31 X 105 0.08 39 0.2

9 Diethyl
[2-14C]malonate

48 5 250e 1.30 X 107 29.6 3.40 X 106 0.5 3.8 1.7

10 Diethyl [2-13C,- 
2-14C]malonate

48 10 500e 2.08 X 107 44.1 3.6c, X 106 0.3 5.7 1.2

° (Radioactivity in product/radioactivity in precursor) X 100 (%). b Specific radioactivity of precursor/specific radioactivity of product. 
c 100/i no. o f precursor units in product molecule X dilution factor). d Precursor added neat. e Precursor fed as solution in M e2SO.

clinones are related to the general class o f  isochroman quinone 
antibiotics, which also includes granaticin,4’5 frenolicin ,6 ka- 
lafungin,7 actinorhodin,8 and the nanaomycins9 and griseus- 
ins.10 T he naphthocyclinones are dimers in which one o f  the 
naphthoquinone units has been m odified to an aryl ketone 
moiety. Furthermore, in a-naphthocyclinone (III), the major 
metabolite, the other unit contains only 14 rather than the 
usual 16 carbon atoms.

In this com m unication we report some results which es
tablish the biogenetic origin o f  a-naphthocyclinone.

Results and Discussion
Inspection o f the structure o f  the naphthocyclinones 

suggests that their biosynthesis might proceed via the po- 
lyketide pathway from  acetate as the precursor. This hy
pothesis was examined in a series o f  feeding experiments with 
13C-labeled acetate and malonate followed by determination 
o f the 13C distribution in the resulting a-naphthocyclinone 
using 13C N M R  analysis.

In a series o f preliminary experiments, optimum conditions 
for the 13C experiments were determined. By following the 
time course o f  naphthocyclinone form ation in S trep tom yces  
arenase, strain T ü  495, determined by measuring the ab
sorption at the Xmax o f  a-naphthocyclinone at 488 nm, it was 
established that the pigment concentration reached a maxi
mum 72 h after inoculation (Figure 1) Chromatography o f the 
pigment mixture showed that a-naphthocyclinone (III) and 
a-naphthocyclinone acid (IV) were the two most prevalent 
com pounds. Next, a series o f  experiments with sodium [1- 
14C] acetate were carried out in which the precursor, in a 
concentration o f  25 mg per flask, was added at different times 
after inoculation (Table I, expt 1 —4 ). Each set o f cultures was 
harvested 24 h later, and the specific radioactivity and yield 
o f  a-naphthocyclinone (III and IV) were determined. It is 
evident that the best result is obtained when the precursor is 
added at 48 h. Doubling the am ount o f  precursor per flask 
(Table I, expt 5) does not give higher isotope enrichm ent in 
the product. Based on this exploratory work, feeding at a 
concentration o f  30 mg o f sodium acetate per flask at 48 h and

t im e  ( h r s . )

Figure 1. Time course of production of a-napht hocyclinone and «- 
naphthocyclinone acid.

harvesting at 72 h were chosen as the set o f  standard condi
tions for the 13C feeding experiments.

The results o f  the experiments with sodium [1-13C ,1-14C]- 
and [2-13C,2-14C]acetate are shown in T able I (expt 6 and 7). 
It is evident that both 3-1 and C-2 o f acetate are efficiently 
incorporated. For the analysis o f  the 13C distribution o f the 
products from these experiments, a-naphthocyclinone and 
a-naphthocyclinone acid were com bined and the mixture was 
methylated with diazomethane3 to give a-naphthocyclinone 
methyl ester methyl ether (V). This com pound was sub
jected to 13C N M R  spectroscopy, and the normalized peak 
heights o f  the spectra were com pared to those o f the natural 
abundance spectrum. A complete 13C N M R  analysis o f  V and 
other naphthocyclinones has been carried out in Zeeck’s lab
oratory, and the signal assignments were made available to 
us.11 The relative 13C abundance values for the products o f 
experiments 6 and 7 (Table II) show that all carbon atoms o f 
a-naphthocyclinone, with the exception o f the 0 -methyl 
group, originate from acetate and that C -l and C -2 o f acetate 
label the molecule in the alternating pattern predicted by the 
polyketide pathway. Tnis same kind o f  labeling pattern has
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Table II. 13C Distribution in the a-Naphthocyclinone Ring System Biosynthesized from [13C]Acetate and [13C]Malonate
a-Naphthocyclinone methyl ester a-Naphthocyclinone methyl

methyl ether (V) ________ ester dimethyl ether (VI)

Carbon atom 
no.

Chemical shift, 
ppm

13C abundance“ from: 
[ l -13C]acetate [2-I3C] acetate

Chemical 
shift, ppm

13C abundance“ from 
diethyl [2-13C]malonate

i 183.5 4.0 1.1 178.9 1.3
2 158.9 1.2 2.6 159.9 2.5
3 131.8 4.4 1.2
4 188.7 1.2 2.8 190.9 2.8
4a 111.9 3.5 1.2
5 152.3 1.2 2.8 153.0 3.0
6 146.1 4.3 1.2
7 134.8 1.0 2.6 122.6b 2.6
8 154.6 4.3 1.1 151.0 1.2
8a 112.3 1.2 2.8
9 30.0 1.2 2.6 29.6 3.1

10 66.9 4.2 1.3 66.9 1.1
11 40.9 1.0 3.0 40.8 2.6
12 172.5 4.4 1.2 172.5 1.0

1' 67.9 3.9 1.1 67.9 1.1
3' 63.2 3.5 1.3 63.2 1.2
4' 34.5 1.0 2.6 34.5 2.6
4'a 142.1 4.1 1.2 142.3 1.1
5' 113.1 1.2 3.3 113.0 3.1
5'a 140.2 4.1 1.2 140.6 1.5
6' 84.8 1.1 2.8 84.7 2.9
r 49.5 4.0 1.1 49.5 1.1
8' 51.0 1.2 2.4 51.9 2.5
9' 198.6 3.7 1.0 199.5 1.2
9'a 107.9 1.0 2.5 108.0 3.0

10' 159.6 4.0 1.1 159.5 1.1
10'a 128.8 1.0 2.3 128.6 3.0
11' 40.6 1.2 2.6 40.5 2.6
12' 171.1 4.2 1.2 171.1 0.9

i '-c h 3 18.6 1.1 2.6 18.6 2.8
Acetyl CO 169.5 4.3 1.0 169.3 1.1
Acetyl CH3 21.1 1.1 2.3 21.1 1.3
Ester OCH3 51.6 1.2 1.2 51.6 1.3

2-OCH3 61.8C 1.1 1.1 61.3C 1.1
8-OCH3 62.2 1.1

° Natural abundance = 1.1; values are subject to an error of approximately ±15%. b Tentative assignment. c Reference signal used 
for normalization of peak heights.

been demonstrated for the simpler benzoisochrom an qui- 
nones, nanaomycin A and B .12

Since the “ left hand”  half o f  a-naphthocyclinone contains 
only a 14-carbon skeleton, it could either have arisen from  a
16-carbon unit by loss o f the two carbon atoms representing 
the starter unit o f the polyketide chain or t  could represent 
a 14-carbon polyketide chain with either C-2 and C -l or C-4 
and C-4a as the starter unit. W e attem pted to distinguish 
between these possibilities by feeding [2-13C]malonate, which 
we expected to label predominantly the chain extension units 
and not, or only to a lesser extent, the starter units. Since 
malonic acid or its salt frequently cannot penetrate the cell 
membrane, the diethyl ester was administered to the culures.13 
The results (Table II) surprisingly indicate that with the ex 
ception o f the 0 -acetyl group the same carbon atoms were 
labeled by [2-13C]malonate as by [2-13C]acetate. Derivatiza- 
tion o f the sample from this experiment accidentally gave a 
new com pound instead o f  V, to which structure VI was ten
tatively assigned, although an alternative structure carrying 
the extra methyl group at C-5 cannot be excluded. Only partial 
13C  N M R  assignments could be made for this com pound, but 
the signals for the critical carbon atoms 2 and 4 and for the 
methyl group at C - l ' were assigned unambiguously. As would 
be predicted if the starter unit from  the left hand portion o f 
the molecule is lost, both C-2 and C-4 are enriched. However, 
any conclusion to that effect is invalidated by the fact that the

C - l ' methyl group is enriched to the same extent. Paradoxi
cally, the methyl group o f the acetoxy function is not en 
riched.

The results clearly show that the skeleton o f a-naphtho- 
cyclinone is built up entirely from acetate and/or malonate 
units via the polyketide pathway (Scheme II). In agreement 
with the proposal o f  Zeeck et al.,2 we believe that the biosyn
thesis o f  a-naphthocyclinone involves the dimerization o f two
16-carbon polyketides followed by loss o f  a 2-carbon unit from 
one o f them. However, experimental verification o f  this hy
pothesis is still lacking. At least two reasonable explanations 
can be offered for the finding that malonate labels both  the 
starter unit and the chain extension units, but not the acetoxy 
group. M alonyl-CoA may serve both  as starter and as chain

Scheme II. Labeling Pattern of a-Naphthocyclinone from 
[ 13C] Acetate and [ I3C]Malonate
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extension unit, with the starter unit undergoing decarboxyl
ation at a subsequent stage. Alternatively, assembly of the 
polyketide chain may occur much earlier in the fermentation 
period than O-acetylation, and acetyl-CoA and malonyl-CoA 
may be in rapid equilibrium, resulting in labeling of both pools 
at the time of polyketide assembly, whereas the added pre
cursor may be largely consumed at the time O-acetylation 
occurs. Further experimentation will be necessary to clarify 
these and other details of this biosynthesis.

Experimental Section

G eneral. NMR spectra were measured on a Jeol PFT-100 system 
interfaced to an EC-100 Fourier transform computer with 20K 
memory. 13C NMR spectra were generally recorded at a pulse width 
of 20 fis and a repetition time of 5 s using CDCI3 as solvent. IR spectra 
were oatained on a Beckman IR 4230 spectrometer and UV spectra 
on a Perkin-Elmer 124 or a Cary 17 instrument. Mass spectra were 
measured on a DuPont 21-492 BR mass spectrometer.

Analytical as well as preparative chromatographic separations were 
carried out on thin-layer plates or columns of oxalic acid treated silica 
gel prepared as described by Zeeck and Mardin.3 Radioactivity de
terminations were made by liquid scintillation counting in a Beckman 
LS-250 spectrometer using Bray’s solution14 as the scintillation fluid. 
Counting efficiences were determined with [14C]toluene as an internal 
standard. 14C-Labeled compounds were purchased from Amer- 
sham-Searle and 13C-labeled substrates from Merck Sharp and 
Dohme.

C ulture Conditions. Streptomyces arenae, strain Tvi 495, was 
maintained on slants of M2 agar (1% malt extract, Difco, 0.4% dex
trose, C.4% yeast extract, Difco). Production cultures of 100 mL of 
medium (2% soy flour, 2% mannitol, pH 7.2) in 500-mL baffled Er- 
lenmeyer flasks were inoculated with 2 X 2 cm pieces of mycelium cut 
from agar slants and were incubated at 27 3C and 350 rpm on a rotary 
shaker. The time course of the fermentation was determined by in
oculating a series of four cultures and removing 2-mL aliquots from 
each flask at 24, 30, 48, 56, 72, 83, and 95 h after inoculation. These 
samples were each shaken with 2 mL of ethyl acetate, and the ab
sorbance of the ethyl acetate solution at 488 nm was determined after 
appropriate dilution. The points shown in Figure 1 are the averages 
of the four determinations.

Labeled precursors were added as sterile aqueous solutions (except 
in expts 8-10) at the times and in the amounts indicated in Table I, 
and the cultures were harvested 24 h later. In all 13C experiments the 
precursor was mixed with a small amount of 14C-labeled material to 
allow determination of the overall dilution factor.

Isolation and P u rifica tion  o f  P roducts. At the end of the fer
mentation period the mycelium was separated from the culture me
dium by filtration with the aid of Celite. The damp mycelium was 
extracted with acetone, the extract was concentrated in a vacuum, and 
the resulting aqueous suspension was combined with the culture fil
trate. The mixture was acidified to pH 3 with 1 N HC1 and extracted 
with ethyl acetate. The extract was dried and evaporated to dryness; 
the residue was taken up in a small volume of ethyl acetate, and the 
crude pigment mixture was precipitated out with petroleum ether and 
collected by centrifugation. This material was then chromatographed 
on a column (1.8 X 24 cm) of 30 g of oxalic acid treated silica gel. 
Elution with chloroform/ethyl acetate (1:11 gave a-naphthocyclinone 
and a-naphthocyclinone acid (IV), in addition tc traces of other 
pigments which were not collected. The a-naphthocyclinone and 
a-naphthocyclinone acid were combined and suspended in chloro
form. A solution of diazomethane in ether was added dropwise at —20 
°C until a clear red solution was obtained and no more starting ma

terial was detectable by TLC analysis (acetone/chloroform, 1:9; oxalic 
acid treated silica gel). The solvent was evaporated, and the residue 
was chromatographed on a column (1.8 X 48 cm) of 60 g of oxalic acid 
treated silica gel. Elution with chloroform containg 2% acetone gave 
a-naphthocyclinone methyl ester methyl ether (V). In the feeding 
experiment with diethyl 2-13C]malonate, a-naphthocyclinone acid 
was formed almost exclusively and the diazomethane methylation 
was carried out on a solution of this material (44.1 mg) in 30 mL of 
chloroform/methanol (2:1). Workup as above gave a new derivative 
(37 mg) which was tentatively identified as a-naphthocyclinone 
methyl ester dimethyl ether (VI). The material was identical to the 
product from the methylation of V.

a-N ap h th ocyclin on e  M ethyl E ster D im ethyl Ether, a- 
Naphthocyclinone methyl ester methyl ether3 (213 mg) was dissolved 
in 50 mL of chloroform/methanol (1:1), and excess diazomethane 
solution in ether was added at room temperature. The solution was 
evaporated to dryness, and the residue was chromatographed on 100 
g of oxalic acid treated silica gel (chloroform containing 2% acetone) 
to give 149 mg of product, which was recrystallized from carbon tet- 
rachloride/cyclchexane (2:3), mp 116 °C; IR (KBr) 1738,1670,1637 
sh, 1623,1579 cm -'; UV (EtOH) Xmal 427 nm (e 4300), 332 (5900), 247 
sh, 228 ( 44 5001; UV (ErOH/NaOH) Xmal 555 nm (e 5400), 378 
(12 100), 276 sh, 232 <44 530); UV (CHC13) XmaI 438 nm (e 3400), 328 
(5300), 286 sh, 249 sh, enc absorption; 4H NMR (CDCI3) 6 12.74 (5- 
OH), 11.98 (lO'-OH), 6.97 (5'-H), 5.00 (l'-H ), 4.35 (3'-H), ca. 4.2 
(10-H), 4.12 (2-OCH3), 3.88 (8-OCH3), ca. 3.8 G'-HJ, 3.73 (12'-OCH3),
3.69 (I2-OCH3), 2.93 (7'-Hb), 2.4-3.0 (4 CH2 groups), 2.29 (6'- 
OCOCH31, 1.52 (l'-CH3).

Molecular weight for C 36H36O15: calcd, 708.204; observed (by El 
mass spectrometry), 708.219.

Acknowledgment. We are greatly indebted to Dr. Axel 
Zeeck of the University of Gottingen for providing S trep to 
m yces arenae Tii 495, reference samples of the naphthocy- 
clinones, and the 13C NMR assignments for these com
pounds.

R egistry  N o.— I, 55050-83-4; II, 55095-58-4; III, 54826-93-6; IV, 
54367-38-3; V, 54367-41-8; VI, 65015-70-5; sodium acetate, 127-09-3; 
diethyl malonate, 105-53-3.
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In conjunction with the structural elucidation of novel steroids from the marine invertebrate Ptilosarcus gurneyi 
(sea pen) we required the synthesis of a series of cholanic acid derivatives in which both epimers at C(20) were elab
orated. The synthesis of the 20/3-H compounds (20-epi) 1-4 provides convincing evidence that the naturally occur
ring marine steroids contain the unexpected “ unnatural” stereochemistry at C(20). In addition to establishing the 
structures of the natural products, a comparison of the physical and spectral data revealed that the 20)3-H (20-epi) 
compounds consistently differed from their 20a-H counterparts in two respects: (1) exhibit significantly shorter 
gas chromatographic retention times; and (2) display the C(21) methyl resonance at ~0.1 ppm higher field in the 
NMR spectra than the 20a-H compounds. These differences are consistent with conformational isomerism of the 
side chain as a result of the chirality at C(20).

The number of novel sterols from marine sources2 is in
creasing dramatically due to new and more discriminating 
chromatographic and spectral techniques as well as a greater 
appreciation of older methods.3 In addition to novel struc
tures, marine species have recently been shown to contain very 
complex mixtures of sterols.3’4 While the variety and com
plexity of marine sterols is being demonstrated, a recent 
computer-assisted analysis,5 utilizing only known biosynthetic 
processes and oxygenation at C(3), has suggested the possi
bility of a tenfold increase in anticipated new sterols.

As part of this search for sterols and other biologically im
portant compounds from marine sources we earlier reported6 
the isolation of six novel steroids (chromatographically dis
tinct from the free sterols) from a sea pen, Ptilosarcus gurneyi. 
We concluded from spectral evidence and synthesis that the 
major component of the steroid mixture7 was methyl (E )- 
3/3-acetoxy-A5>22-choladienate (1) with the unexpected 20S 
stereochemistry. Since our earlier preliminary report,6 we have 
completed the synthesis of 2,3, and 4 and conclude, based on 
the data presented herewith, that these are the correct 
structures of three additional components of the marine ste
roid mixture.7 In the present paper, we wish to report the 
details of the syntheses of 1-4. Additionally, we present data 
in agreement with the implication of side-chain conforma
tional isomerization8 as a consequence of the chirality at 
C(20).

Results and Discussion
Our approach to the synthesis of the 20/3-H steroids was (1) 

to proceed via an intermediate in which the stereochemistry 
at C(20) could easily be changed, (2) to separate the pure ep- 
imeric intermediates, and (3) to elaborate a desired side chain. 
The known isomethyl ether aldehyde 5, readily available9-12 
from stigmasterol, seemed a good choice in that the C(20) 
carbon is epimerizable and the aldehyde functionality could 
be utilized with a variety of reagents to elaborate a desired side 
chain. Realizing the difficulties9 attendant with the separation 
of the epimeric aldehydes, we chose to carry out the purifi
cation at the level of the isomeric alcohols 6 and 7 which could 
then be reconverted to the corresponding aldehydes.

Epimerization of the aldehyde 5 with 5% methanolic KOH 
followed by lithium aluminum hydride (LiAlH4) reduction 
yielded the desired alcohols 6 and 7 accompanied by two ad
ditional alcohols (Scheme I). The two unexpected alcohols 
were shown to be the C(20) epimeric pregnane derivatives 8 
and 9, whose acid hydrolysis13 products 10 (R = H) and 11 (R 
= H) and corresponding acetates (10 and 11, R = Ac) were 
compared with authentic samples14 prepared from pregnen
olone. The formation of the 20-hydroxy pregnane side chain

0022-3263/78/1943-1442$01.00/0

1, R, = CH3; R 2 = H; R 3 = Ac 
16, R , = H; R 2 = CH3; R 3 = A c

2, R[ = CH3; R j = H; R 3 = Ac 
17, R, = H; R 2 = CH3; R 3 = Ac

4, R , = CH3; R 2 = H; R 3 = Ac 
18, R , = H ; R 2 = CH3; R 3 = A c

from 5 is believed to proceed via the mechanism outlined in 
Scheme II by analogy to that reported for l-phenyl-2-indan- 
one.15 Generation of the C2 side chain (i.e., 6/J-methoxy- 
3a,5-cyclo-5a-pregnan-2-one before LiAlH4 reduction) is a 
slow process under the reaction conditions employed, resulting 
in a 35% yield of the alcohols 8 and 9 after 60 h. Verification 
that 8 and 9 arise via the mechanism outlined in Scheme II and

© 1978 American Chemical Society
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stigmas terol

Scheme I
0

H

-OH

6, R = CH3; R2 = H
7, R = H ;R 2 = CH3

8, 20(3
9, 20a

14 H

a TsCl/pyr. * KOAc/MeOH. f 0 3/CH2Cl2, -7 8  °C. d 5% 
KOH/MeOH, room temp, 58 h. * LiAlH4/Et20, 0 °C. 
/p-TsOH/p-dioxane—H20  (8:2). S Ac.O/pyr. h CtO} 2pyr/ 
CH,C12, room temp, 15 min. ' PhP=CHC02CH3/glyme, 
room temp, 17 days. / H2/Pt02. k Dihydropyran, POCl3,
4 h. '5& KOH/MeOH, reflux, 2 h. ™ THF-AcOH-H20 
(3:2:1 I, 12 h.

further studies relating to the preparative utility of this 
side-chain degradation are presently under investigation.

In spite of this unforeseen event, the four alcohols 6-9 were 
readily purified by thin-layer mesh silica gel column chro

Scheme II

matography. For regeneration of the desired side chain, the 
alcohols 6 and 7 were oxidized in essentially quantitative yield 
under mild conditions with Collin’s reagent16 to their corre
sponding aldehydes followed by condensation of the aldehydes 
with the Wittig reagent carbomethoxymethylenetriphenyl- 
phosphorane17 to yield 12 and 13. Gas chromatographic (GC) 
and ‘H NMR analysis cf 12 and 13 (see Table I and Experi
mental Section) showed that only one product was produced 
in each case,18 indicating that the oxidation and Wittig reac
tions proceeded without affecting the stereochemistry at 
C(20). Acidic hydrolysis13 of the isomethyl ether functionality 
of 12 and 13 and acetylation (Ac20/pyr) yielded the desired 
20S (1) and 20f? (16) epimers of methyl (E)-3d-acetoxy- 
A5'22-choladienate. The required methyl (20S)-3d-acetoxy- 
A5-cholenate (2i was prepared by hydrogenation of 12 to yield 
14 followed by hydrolysis of the isomethyl ether protecting 
group and acetylation. To obtain methyl {E,20S)-38-ace- 
toxy-A22-5o-cholenate (3), the alcohol 6 was converted to the 
tetrahydropyranyl ethei 15 in five straightforward steps (see 
Scheme I). Oxidation of 15 to the corresponding aldehyde, 
condensation with the Wittig reagent in the same manner as 
before, followed by conversion of the tetrahydropyranyl ether 
protecting group to the acetate yielded 3. The completely 
saturated methyl (20S)-3/3-acetoxv-5«-cholanate (4) was 
obtained by catalytic hydrogenation of 2.

The “ natural” 20R (20o-H) analogue of 2, methyl 3(3-ace- 
toxy-A5-cholenate (17), is commercially available and upon 
catalytic hydrogenation provided the known methyl 3(i-ace- 
toxy-5a-cholanate (18).19

Table I contains the gas chromatographic and ‘H NMR 
data for the compounds prepared above. The GC, ‘H NMR, 
and mass spectral data of compounds 1-4 and 16-18 were 
compared with the GC-MS data of the sea pen steroid mixture 
(R3 = Ac).6'7 As reported earlier,6 the “ unnatural” (20S)- 
dienate 1 (m/e 428) was identical in all respects with the major 
component of the marine steroid mixture. From the data 
presented in Table I we conclude that structures 2, 3, and 4 
correspond to three additional minor components. Our ste
reochemical assignments are rendered unambiguous, since 
Table I further shows that the 203-H (20S) and 20o-H (20R) 
compounds differ markedly in two respects. First the 20/3-H 
compounds display consistently a greater gas chromatographic 
mobility; furthermore, the C(21) methyl group of the 20/1-H 
compounds is shifted ~C.l ppm upfield in the NMR spectrum
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Retention
Table I. Gas Chromatographie and *H NMR Data of Various 20-Epi Steroid Pairs

Compd C(23)HA!> C(22)HB6 C(18)b C(19)6 C(21)6 -CO2CH36 time, m

2 0.70 1.03 0.04 3.68 12.7
17 0.69 1.03 0.94 3.68 13.9

peak A" 12.7
4 0.68 0.83 0.83 3.68 12.7

18 0.66 0.82 0.92 3.68 13.9
peak A 12.7

1 5.78 6.91 0.66 1.00 1.00 3.74 13.9
16 5.74 6.87 0.74 1.03 1.10 3.72 16.6

peak B“ 13.9
428 component 5.78 6.91 0.65 0.99 0.99 3.74
430 component 5.76 6.89 0.62 0.80 0.99 3.74

3 5.76 6.89 0.62 0.80 0.98 3.73 13.9
12 5.77 6.91 0.69 1.01 0.99 3.73 7.4
13 5.73 6.84 0.75 1.02 1.08 3.71 9.8
6 0.72 1.00 0.93 3.4
7 0.73 1.01 1.03 3.8

20-isocholesterol8a 0.69 1.03 0.81 6.3
cholesterol88 0.69 1.02 0.91 6.9

a See Experimental Section. b In parts per million (6).

relative to the 20«-H counterparts. Similar effects have been 
observed in studies of the C(20) epimeric 11-oxygenated 
cholesterols,20 20-hydroxyprogesterones,21 20-hydroxycho- 
lesterols,22 A17(20)-cholesterols,22 and 25-oxo-25-norcholest- 
erols.23

The 4H NMR and gas chromatographic data for the 20/3-H 
compounds can be rationalized in terms of ‘.he side chain ex
isting preferentially in that conformer wnerein the C(21) 
methyl group resides in the shielding anisotropy cone of the 
C(16)-C(17) bond and the remainder of the side chain projects 
to the left (cis relative to C(13)) as depicted in 19. An argument

against a preferred conformer in 20/3-H sterols has recently 
been raised by Trachtenberg et al.,24 who maintain that there 
exists only a small barrier to rotation around the C(17)-C(20) 
bond equalizing the ground-state conformer populations. 
While our NMR data are incapable of settling this question, 
we feel that sterols, epimeric at C(20) but of identical con
former composition, should exhibiy identical gas chromato
graphic behavior which is contrary to our present observa
tions.

While the C(21) 'H NMR data may be a more consistent 
parameter of the C(20) stereochemistry, the gas chromato
graphic mobility may be the more useful criterion in future 
analyses of naturally occurring sterol mixtures, especially in 
the event of very small quantities. The large gas chromato
graphic difference of 3.5 min between the C(20) epimers 1 and

16 is probably a maximum value due to the rigidity of the side 
chain imposed by the {E)-A22 bond and the polar group at the 
side-chain terminus. The still observable difference for 6 and 
7 (as well as the moderate value for cholesterol and 20-iso
cholesterol) suggests that for side chains of C4 and longer one 
may be able to assign the C(20) stereochemistry solely on the 
basis of gas chromatographic mobility. While this possibility 
needs to be fully tested, Idler et al.25 have assigned the C(20) 
chirality as S for a marine sterol (isolated from a scallop) 
which exhibited an unusually short retention time in the 
GC-MS analysis and whose mass spectrum was consistent 
with a cholesta-5,22-dien-3/3-ol (21) structure.

H

We have analyzed our sea pen’s free sterols by procedures 
recently published;3 our results are in agreement with the 
analysis conducted nine years earlier by Ciereszko et al.26 The 
free sterols possess the “ normal” C(20) stereochemistry by 
comparison of the GC rentention times with those of choles
terol, 20-isocholesterol, and the extensively studied P. porosa 
sterols.3 The sea pen sterol mixture was similar to that ob
tained from several sponges collected from the northern 
California waters,27 suggesting that these sterols may arise 
from exogenous sources and that they are not the immediate 
biosynthetic precursors of the 20-epi steroids 1-4. Whether 
the 20-epi steroids arise from an exogenous source (either 
directly or biosynthesized from an exogenous sterol) or are the 
result of in vivo biosynthesis by the sea pen is a matter we hope 
to answer later through radioactive labeling experiments.

Experimental Section
General. Low-resolution mass spectra were obtained on an AEI 

MS-9 spectrometer, operated by Mr. R. Ross. Combined GC-MS 
analysis was performed using a Hewlett Packard 7610A gas chroma
tograph equipped with 2-mm i d. X 10 ft “ U” -shaped column (3% 
OV-17 at 260 °C) and interfaced with a Varian Mat 711 double-fo
cusing mass spectrometer (equipped with an all glass Watson- 
Biemann dual stage separator and a PDP-11/45 computer for data 
acquisition and reduction), operated by Annemarie Wegmann.
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The 60-MHz nuclear magnetic resonance (NMR) spectra were run 
on a Varian Associates T-60 NMR spectrometer, and the 100-MHz 
spectra were run on a Varian Associates HA-100 NMR instrument 
by Dr. L. Durham. All NMR spectra were taken in CDCI3 solution 
with Me<iSi as internal reference unless otherwise specified. Infrared 
(IF:) spectra were obtained on a Perkin-Elmer 700 infrared spectro- 
photemer and ultraviolet spectra (UV) were obtained on a Cary 14 
recording spectrophotometer in EtOH. Rotations were measured on 
a Ferkin-Elmer 141 polarimeter.

Gas chromatography of all steroids was performed on a U-shaped 
glass column, packed with 1% OV-25 on 100-200 mesh Gas-Chrom
Q. This column was mounted in a Hewlett-Packard 402 high-effi
ciency gas chromatograph with a hydrogen flame detector. All injec
tions were made with the column temperature at 252 °C and the flash 
heater and the detection temperatures at 270 °C with the He flow at 
75 mL/min.

Thin-layer chromatography was carried out on plates 5 X 20 cm 
coated with 250 fim of silica gel PF 254. The melting points (uncor
rected) were determined on a Thomas-Hoover “ Uni-Melt” capillary 
melting point apparatus.

Microanalyses were performed in the Microanalytical Laboratory, 
Department of Chemistry, Stanford University, by Mr. E. Meier and 
associates.

Isolation of Steroid Mixture. Five specimens of Ptilosarcus 
gurneyi were collected on August 6,1974 off Sand City Beach, Calif., 
by dredging at ~30 ft. The freshly collected specimens weighed 600 
g which reduced to 69 g after drying at <50 °C. The dried sea pens 
were extracted twice with hexane at room temperature to yield 4.2 
g of extract. The entire hexane extract was dissolved in benzene and 
chromatographed on 100 g of Florisil (60-100 mesh). A 1-L benzene 
fraction yielded 652 mg of high molecular weight steryl esters. A 
subsequent 1-L ethyl acetate fraction yielded 984 mg of the sterols 
and more polar compounds. Rechromatography of the 984-mg sample 
on 125 g of silica gel (60-230 mesh) utilizing 10% EtOAc/benzene as 
eluting solvent yielded 343 mg of sterols (R/ identical with cholesterol 
and stigmasterol) in fractions 48-54. Fractions 67-78 were combined 
to yield 21.8 mg of a more polar compound which was UV-visible and 
stained the same red color as the less polar sterols when sprayed with 
10% Ce(S04)2/H 2S04 spray reagent. Acetylation (Ac20/pyr) of the 
material in fractions 67-78 and subsequent chromatography on 
thin-layer mesh silica gel yielded 10 mg of an acetylated product ho
mogenous by TLC.

Gas chromatography of this acetylated material showed three 
peaks, labeled A, B, and C, with relative composition 20,80, and < 1%, 
respectively. The NMR (60 MHz) spectrum of this mixture displayed 
singlet signals at 5 3.70 (-CO2CH3) and 3.61 (-CO2CH3) in a relative 
ratio of 4:1. The ultraviolet spectrum (UV) exhibited a maximum at 
X 215 nm (emax ~7000, EtOH) and the infrared spectrum (IR) had a 
strong absorption at 1710 cm-1.

Combined GC-MS indicated peaks A, B, and C were composed of 
two components each. GC-MS of peak A: m/e 432 and 430 (1:9);28 (70 
eV) rule (rel intensity) M + 432 (3), no parent for 430 observed, 372 
(19, M+ -  60), 370 (100, base peak M+ -  60), 357 (4), 355 (15), 277 (2), 
275 (3), 257 (3). 255 (10), 249 (18), 217 (5), 215 (10), 213 (9), 175 (5), 
173 (5), 135 (17), 133 (10), 131 (8), 121 (13), 119 (12), 107 (18), 105 (15), 
95 (18), 93 (14), 91 (17), 83 (13), 81 (27), 71 (11), 69 (19), 67 (15), 57 
(21), 55 (32). GC-MS of peak B: m/e 430 and 428 (3:7);28 (70 eV) m/e 
(rel intensity) M+ 430 (3), no parent for 428 observed, 415 (1), 384 (8), 
382 (16), 370 (38, M+ -  60), 368 (100, base peak M+ -  60), 355 (8), 353
(10), 257 (34), 255 (8), 230 (6), 228 (5), 215 (19), 213 (10), 201 (11), 199 
(6), 187 (12), 175 (12), 175 (8), 173 (10), 161 (25), 159 (20), 157 (9), 147
(39), 145 (27), 143 (9), 135 (20), 133 (25), 131 (14), 121 (27), 119 (23), 
117 (9), 115 (9), 114 (55), 109 (21), 107 (43), 105 (32), 95 (33), 93 (35), 
91 (30), 83 (11), 81 (52), 79 (29), 69 (17), 67 (28), 57 (12), 55 (36). 
GC-MS of peak C: m/e 444 and 442 (L I);28 mass spectrum was very 
weak, cnly three discernable peaks m/e 384 (M+ — 60), 382 (M+ — 60), 
269.

One milligram of the peak B compounds was obtained by prepar
ative GC on a 3% OV-17 column. The NMR (100 MHz) spectral data 
are presented listing the signals of the major component first: m/e 428 
component S 6.91 (1 H, dd, J = 16 and 9.5 Hz, -CHCH=CHC02CH3), 
5.78 (1 H, d, J  = 16 Hz, -CH C H =C H C02CH3), 5.36 (1 H, br t, C(6) 
olefinic proton), 4.65 (1 H, m, C(3)a proton), 3.74 (3 H, s, -C 0 2CH3),
2.03 (3 H, 3, CH3CO2-), 0.99 (3 H, d, J = 6.5 Hz, C(21)), 0.99 (3 H, s, 
C(19)), 0.65 (3 H, s, C(18)); m/e 430 component 5 6.89 (1 H, dd, J  = 
16 and 9 Hz, -CH CH =CH C02CH3), 5.76 (1 H, d, J = 16 Hz, 
-CH CH =CH C02CH3), 3.74 (3 H, s, -C 0 2CH3), 2.02 (3 H, s, 
CH3C02-), 0.99 (3 H, d, J  = 6.0 Hz, C(2i;), 0.80 (3 H, s, C(19)), 0.62 
(3 H, s, C(18)).

(20R)-20-Hydroxymethyl-6/3-methoxy-3a,5-cyclo-5a-preg-

nane (6) and (20S' -20-Hydroxymethyl-6d-methoxy-3a,5- 
cyclo-5a-pregnane (7). The freshly prepared isomethyl ether al
dehyde 5 (2.025 g, 6.12 mmol) was dissolved in 50 mL of 5% KOH/ 
MeOH and stirred at room temperature for 60 h. Periodic GC analysis 
displayed a gradual increase of a more mobile component which was 
~34% of the reaction m xture at workup. The reaction was worked 
up by removal of most of the MeOH under reduced pressure, water 
was added, and the aqueous layer was extracted thoroughly with Et20. 
The Et20  extracts were combined, washed with H2G, and dried (an
hydrous Na2S04) and the solvent was removed to yield 1.04 g (3.14 
mmol) of a slightly yellow oil. The aqueous layer was acidified with 
concentrated HC1 to adjust the pH to 7 then to 4. At each pH, the 
aqueous layer was thoroughly extracted with Et20. The Et20  extracts 
were treated in a similar fashion as above to yield 465 and 202 mg of 
material, respectively. The structures of the compounds obtained in 
the last two Et20  extracts (primarily two compounds from NMR 
spectra) were not pursuec further. The oily residue from the first Et20  
extract was dissolved in 30 mL of dry Et20  and added dropwise over 
a 0.5-h period to a solution of 180 mg (3.1 mmol) of lithium aluminum 
hydride (LiAlH4) in 30 mL of dry Et20  at 0 °C. The ice bath was re
moved and stirring was continued at room temperature for an addi
tional hour. The excess LiAlH4 was destroyed by dropwise addition 
of saturated aqueous Na2S 04 solution. The clear dry Et20  solution 
was filtered from the insoluble aluminum salts and Na2S04 and re
moved under reduced pressure to yield 931 mg of a clear oily residue. 
TLC and GC of this resicue indicated a mixture of four compounds. 
This mixture was chromatographed on 60 g of thin-layer mesh silica 
gel employing 10% EtOAc/hexane as solvent and collecting 15-mL 
fractions. Fractions 26-30 yielded 67.3 mg of pure 8, fractions 35-43 
gave 109 mg of pure 6 (homogenous by TLC and GC), fractions 53-55 
provided 51.7 mg of pure 7, and fraction 73 contained 5.2 mg of pure
9.

Pure 8 had: P.f 0.43 (20% EtOAc/hexane); NMR (100 MHz) 5 3.70 
(1 H, m, C(20/3)H), 3.31 (3 H, s, -OCH3), 2.77 (1 H, br t, J = 3 Hz, C(6) 
a proton), 1.12 (3 H. d, J = 6.0 Hz, C(21)), 1.02 (3 H, s, C(19)), 0.79 
(3 H, s, C(18)), 0.70-0.3 (E H, m, cyclopropyl); mass spectrum (70 eV) 
m/e (rel intensity) M+ 332 (54), 317 (53), 300 (76), 277 (100, base 
peak).

Pure 6 was obtained as a glass and had: Rf 0.35 (20% EtOAc/hex
ane); [«]D +41.3°(c 2.65, CHC13); NMR (100 MHz) 6 3.60 (2 H, m, 
-CH 2OH), 3.30 (3 H, s, -OCH3), 2.77 (1 H, br t, J  = 3 Hz, C(6) a pro
ton), 1.00 (3 H, s, C(19)), 0.93 (3 H, d, J = 6.0 Hz, C(21)), 0.72 (3 H, 
s, C( 18)), 0.7-0.3 (3 H, m cyclopropyl): mass spectrum (70 eV) m/e 
(rel intensity) M+ 346 (48), 331 (53), 314 (65), 291 (100, base peak).

Anal. Calcd for C23H380 2: 346.28527. Found: 346.28336.
Pure 7 was obtained initially as a viscous liquid which solidified on 

standing. A pocrly crystalline solid was obtained from hexane: mp
84.5-86 °C; Rf C.28 (20% EtOAc/hexane); [a]D +51° (c 0.36, CHC13) 
[lit.10a M d +47.8° (c 0.96, CHCI3)]; NMR (100 MHz) 5 3.50 (2 H, m, 
-CH 2OH), 3.30 ¡3 H, s, -OCH3), 2.77 (1 H, br t, J  = 3 Hz, C(6) a pro
ton), 1.03 (3 H, d, J = 6.0 Hz, C(21)), 1.01 (3 H, s, C(19)), 0.73 (3 H, 
s, C(18)), 0.7-0.3 (3 H, m, cyclopropyl); mass spectrum (70 eV) m/e 
(rel intensity) M+ 346 (57), 331 (54), 314 (72), 291 (100, base peak).

Anal. Calcd. for C23H3g02: 346.2852 . Found: 346.23383.
Pure 9 had: Rf 0.25 (20% EtOAc/hexane); NMR (100 MHz) 5 3.70 

(1 H, m, C(20d)H), 3.31 (3 H, s, -OCH3), 2.77 (1 H, br t, J = 3 Hz, C(6) 
a proton), 1.21 (3 H, d, J = 6.0 Hz, C(21)), 1.01 (3 H, s, C(19)), 0.70 
(3 H, s, C(18)), 0.7-0.3 (3 H, m, cyclopropyl).

Compounds 7 and 9 could be more effectively separated by re
chromatography on TLC-mesh silica gel employing 30% Et20/hexane 
as solvent.

Methyl (20S, 22FJ)-6/3-Methoxy-3a,5-cyclo-5a-chol-22-enate
(12). To 75 mL of dry CH2C12 (freshly distilled from P2Os) was added
2.40 mL (30.12 mmol) of dry pyridine (distilled from BaO and stored 
over 4-A molecular sieves' and 1.50 g (15.06 mmol) of Cr03. A deep 
burgundy solution ensued immediately to which was added in one 
portion 0.87 g (2.51 mmol) of 6 in 10 mL of dry CH2C12, whereby a 
tarry black precipitate appeared. The reaction mixture was stirred 
at room temperature for 15 min, the solution was decanted from the 
tarry black precipitate, ar.d the latter was washed twice with Et20. 
The CH2C12/Et20  solution was removed under reduced pressure at 
< 35 °C to yield an oily residue. TLC and GC analysis of the oily 
residue showed the complete disappearance of 6 and indicated the 
presence of a new compound (more mobile on TLC and GC) whose 
Rf and GC retention time closely matched that for 5. Since all indi
cations pointed to the formation of the aldehyde (20R), the oily res
idue was dissolved in 75 mL of glyme (freshly distilled from LiAlH4) 
to which was added 5 g (15 mmol) of Ph3P =C H C 02CH3. The reaction 
was stirred at room temperature for 17 days under an argon atmo
sphere. The glyme was then removed under reduced pressure to yield
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a solid residue which was partitioned between hexane and 75% 
Me0 H/H20. The aqueous MeOH layer was thoroughly extracted with 
hexane, the hexane layers were combined and dried (anhydrous 
Na2S04), and the hexane was removed under reduced pressure to 
yield 660 mg of the crude oily product. Chromatography on silica gel 
yielded 510 mg of pure 12 as a viscous liquid, homogeneous by GC and 
TLC.

Pure 12 had: NMR (100 MHz) 5 6.91 (1 H, dd, J  = 16 and 9.5 Hz, 
-CH C H =C H C02CH3), 5.77 (1, H, d, J  = 16 Hz, -C H C H = 
CHC02CH3), 3.73 (3 H, s, -C 0 2CH3), 3.32 (3 H, -OCH3), 2.77 (1 H, 
br t, J = 3 Hz, C(6) a proton), 1.01 (3 H, s, C(19)), 0.99 (3 H ,d ,J  = 6 
Hz, C(21)), 0.69 (3 H, s, C(18)), 0.7-0.3 (m, cyclopropyl); mass spec
trum (70 eV) M+ 400 (43), 385 (53), 368 (69), 345 (100, base peak).

Methyl (20-R,22E)-6fl-Methoxy-3a,5-cyelo-5a-chol-22-enate
(13) . In a similar fashion to that described above, 42 mg (0.12 mmol) 
of 7 was oxidized and immediately reacted with Ph3 P = C H C 02CH3 
in glyme. Workup of the Wittig reaction after 3 days resulted in only 
a 50% yield (TLC, GC, and NMR) of the a,/3-unsaturated ester 13. The 
unreacted aldehyde was found to be inseparable from 13 on silica gel 
and was therefore removed by treatment with NaBH4 in MeOH at 
3 °C. Subsequent silica gel column chromatography yielded 13.2 mg 
of pure 13, homogeneous by TLC and GC.

Pure 13 had: NMR (100 MHz) 5 6.84 (1 H, dd, J = 16 and 9.5 Hz, 
-CH CH =CH C02CH3), 5.73 (1 H, d, J  = 16 Hz, -C H C H = 
CHC02CH3), 3.71 (3 H, s, -C 0 2CH3), 3.32 (3 H, s, -OCH3), 2.76 (1 H, 
br t, J  = 3 Hz, C(6) a proton), 1.08 (3 H, d, J  = 6 Hz, C(21)), 1.02 (3 
H, s, C(19)), 0.75 (3 H, s, C(18)), 0.7-0.3 (3 H, m, cyclopropyl); mass 
spectrum (70 eV) m/e (rel intensity) M+ 400 (47), 385 (51), 368 (68), 
345 (100, base peak).

Methyl (20S,22E)-3/)-Acetoxychola-5,22-dienate (1 ). To a so
lution of 508 mg of 12 in 50 mL of p-dioxane and 20 mL of H20  was 
added ~50 mg of p-TsOH. The reaction mixture was heated to reflux 
for 0.5 h, cooled to room temperature, and analyzed by GC. The GC 
analysis indicated quantitative hydrolysis to the 3/3-hydroxy-A5 
functionality. At the addition of 30 mL of H20  a white solid precipi
tated which was collected on a filter. The NMR (60 MHz) was con
sistent with the expected product. The white solid (97.4 mg) was 
dissolved in 5 mL of Ac20  and 5 mL of pyridine and allowed to stand 
overnight. The excess of Ac20  and pyridine were removed in vacuo 
to yield 95.4 mg of a slightly yellow solid. Recrystallization from 
MeOH yielded pure 1 as long needles: mp 151-151.5 °C.

Pure 1 had: [a]n -85 ° (c 0.14, CHC13); UV Xmal 218 nm (emax 
13 000); NMR (100 MHz) 6.91 (1 H, dd, J  = 16 and 9.5 Hz, 
-CH CH =CH C02CH3), 5.87 (1 H, d, J  = 16 Hz, -C H C H = 
CHC02CH3), 5.38 (1 H, m, C(6) olefinic proton), 4.60 (1 H, m, 
CH3C 02CH-), 3.74 (3 H, s, -C 0 2CH3), 2.04 (3 H, s, CH3C 02-), 1.00 
(3 H, s, C(19)), 1.00 (3 H, d. J = 6 Hz, (C(21)), 0.65 (3 H, s, C(18)); mass 
spectrum (70 eV) m/e (rel intensity) no parent ion observed, 397 (1), 
369 (29), 368 (100, base peak), 353 (9), 255 (9), 215 (2), 213 (7), 199 (3), 
197 (2), 187 (6), 185 (2), 173 (4), 171 (3), 161 (9), 159 (12), 157 (5), 147
(19) , 145 (17), 143 (8), 133 (15), 131 (9), 121 (15), 119 (12), 114 (8), 107
(20) , 105 (19). 93 (17), 91 (15), 81 (24), 79 (14), 67 (12), 55 (12), 43 (22), 
41 (9).

Anal. Calcd for C27H4;)04: C, 75.66; H, 9.41; mol wt M+ -  60,
368.26961. Found: C, 75.26; H, 9.37; mol wt (mass spectrum), 
368.26770.

The GC retention time of 1 was identical with peak B of the steroid 
mixture (R3 = Ac).

Methyl (20.R,22E)-3d-Acetoxychola-5,22-dienate (16). Acidic 
hydrolysis13 and acetylation of 13 as described previously yielded 5.4 
mg of 16. Recrystallization from MeOH gave pure 16: mp 151.5-152 
°C; [a]D -54.3° (c 0.09, CHC13); UV Xmas 210 nm (emax 16 100); NMR 
(100 MHz) b 6.87 (1 H, dd, J = 16 and 9.5 Hz. -CHCH=CHC02CH3),
5.76 (1 H, d, J = 16 Hz, -CH CH =CH C02CH3), 5.36 (1 H, m, C(6) 
olefinic proton), 4.63 (1 H, m, CH3C 02CH-), 3.74 (3 H, s, -C 0 2CH3),
2.03 (3 H, s, C H aO V ), 1.08 (3 H, d, C(21)), 1.01 (3 H, s, C(19)), 0.74 
(3 H, s, C(18)); mass spectrum (70 eV) m/e (rel intensity) no parent 
ion observed, 397 (1), 369 (29), 368 (100, base peak), 353 (7), 255 (10), 
215 (2), 213 (7), 199 (3), 197 (2), 187 (5), 185 (2), 173 (4), 171 (3), 161 
(8), 159 (11), 157 (5), 147 (18), 146 (16), 143 (6), 133 (14), 131 (8), 121
(14) , 119 (10), 114 (8), 107 (19), 105 (17), 93 (15), 91 (13), 81 (23), 79 
(12), 67 (11), 55 (12), 43 (19), 41 (8).

Anal. Calcd for C27H4o04: C, 75.66; H, 9.41; mol wt M+ — 60,
368.26961. Found: C, 75.28. H, 9.36; mol wt (mass spectrum), 
368.26815.

The GC retention time of 16 was 2.4 min longer than that of 1 and 
peak B.

Methyl (20S)-3/S-Acetoxychol-5-enate (2). To a solution of 160 
mg of 12 in 30 mL of EtOAc was added a small amount (~5 mg) of 
P t02. The contents of the reaction flask was placed in a hydrogen

atmosphere (at a slight positive pressure) overnight. The solution was 
filtered from the catalyst and the solvent was removed to yield an oily 
product. The NMR (60 MHz) spectrum indicated complete reduction 
of the double bond. The oily product was dissolved in 10 mL of p- 
dioxane and 3 mL of H20  to which was added 15 mg of p-TsOH fol
lowed by heating to reflux for 15 min. The reaction flask was cooled 
to room temperature and GC analysis indicated quantitative solvolysis 
of the isomethyl ether functionality. The reaction was worked up as 
before to yield 113.4 mg of a white solid. This solid was dissolved in 
2 mL of A c20  and 2.0 mL of pyridine and allowed to stand overnight. 
The excess Ac20  and pyridine were removed in vacuo to yield 115 mg 
of a slightly yellov ,;d. Recrystallization from MeOH yielded pure 
2 as rosettes of needles: tap 119-120 °C.

Pure 2 had [a]D -5 4  ±  3° (c 0.9, CHC13); NMR (100 MHz) 5.39 (1 
H, m, C(6) olefinic proton), 4.60 (1 H. m, CH3C 02CH-), 3.68 (3 H, s, 
-C 0 2CH3), 2.04 (3 H, s, CHsCOs-), 1.03 (3 H, s, C(19)), 0.84 (3 H, d, 
J -  6 Hz, C(21)), 0.70 (3 H, s, C(18)); mass spectrum (70 eV) m/e (rel 
intensity) no parent ion observed, 371 (29), 370 (100, base peak), 355
(16) , 339 (5), 262 (10), 255 (15), 249 (27), 213 (14), 161 (12), 160 (11), 
159 (14), 145 (35), 143 (26), 141 (11), 135 (10), 133 (15), 131 (11), 121
(18), 120 (16), 119 (15), 109 (11), 107 (26), 105 (23), 95 (18), 93 (21), 
91 (17), 81 (29), 79 (14) 67 (17), 55 (24), 43 (23), 41 (11).

Anal. Calcd for C27H420 4: C, 75.31; H, 9.83. Found: C, 75.26; H, 
9.89.

The GC retention time of 2 was identical with that of peak A of the 
steroid mixture (R3 = Ac).

Methyl (20ii)-3/3-Acetoxychol-5-enate (17). Purchased from 
Steraloids and was not purified further: mp 159-161 °C, [a]p —45.2° 
(c 0.55, CHC13) [lit.19 [a]D -45°]; NMR (100 MHz) 5 5.40 (1 H, m, C(6) 
olefinic proton), 4.60 (1 H, m, CH3C 02CH-), 3.68 (3 H, s, -C 0 2CH3),
2.04 (3 H, s, CHsCOs-), 1.03 (3 H. s, C(19)), 0.94 (3 H, d, J  = 6.0 Hz, 
C(21)), 0.69 (3 H, s, C(18)); mass spectrum (70 eV) m/e (rel intensity) 
no parent ion observed, 371 (29), 370 (100, base peak), 355 (15), 339 
(6), 262 (9), 255 (14), 249 (27), 213 (15), 161 (13), 160 (11), 159 (14), 
147 (39), 145 (29), 143 (12), 135 (11), 133 (17), 131 (12), 121 (19), 120
(17) , 119 (15), 109 (12), 107 (29), 105 (25), 95 (20), 93 (23), 91 (18), 81
(32), 79 (16), 67 (18), 55 (26), 43 (28), 41 (14).

The GC retention time of 17 was 1.2 min longer than that of 2 and 
peak A.

Methyl (2OS)-30-Acetoxy-5a-cholanate (4). To a solution of 66.2 
mg of 2 in 30 mL of EtOAc was added a small amount (~5 mg) of Pt02. 
The vigorously stirred solution was placed in a hydrogen atmosphere 
(at a slight positive pressure) for 8 h. The solution was filtered from 
the catalyst and removed under reduced pressure to yield 65 mg of 
a white solid product. Recrystallization from MeOH yielded pure 4: 
mp 136-137.5 °C; [a]D +6.4° (c 0.125, CHC13); NMR (100 MHz) b 4.68 
(1 H, m, CH3C 02CH-), 3.68 (3 H, s, -C 0 2CH3), 2.03 (3 H, s, 
C H aO V ), 0.83 (3 H, s, C(19)), 0.83 (3 H, d, J = 6.0 Hz, C(21)), 0.68 
(3 H, s, C(18)); mass spectrum (70 eV) m/e (rel intensity) M+ 432 (11), 
417 (1), 372 (97), 357 (24), 290 (20), 276 (13), 275 (19), 264 (9), 257 (5), 
249 (3), 230 (35), 217 (26), 216 (40), 215 (100, base peak), 201 (16), 161 
(13), 159 (10), 154 (10), 149 (18), 147 (49), 145 (20), 135 (18), 133 (17), 
123 (19), 121 (29), 119 (23), 109 (25), 107 (43), 105 (25), 95 (43), 93 (39), 
91 (20), 81 (51), 79 (27), 69 (18), 67 (32), 55 (42), 43 (44), 41 (21).

Anal. Calcd for C27H440 4: C, 74.96; H, 10.25. Found: C, 75.06; H,
10.26.

The GC retention time of 4 was identical with that of peak A of the 
steroid mixture (R3 = Ac).

Methyl (20E)-3/S-Acetoxy-5a-cholanate (18). To a solution of 
38 mg of 17 in 20 mL of EtOAc was added a small amount (~5 mg) of 
P t02. The vigorously stirred solution was placed in a hydrogen at
mosphere (at a slight positive pressure) for 5.5 h. The solution was 
filtered from the catalyst and the solvent was removed under reduced 
pressure to yield 37.2 mg of a white solid product. Recrystallization 
from MeOH yielded pure 18 as rosettes of needles: mp 159-160 °C 
(lit.19 mp 155 °C); [a]D +9.1° (c 0.66, CHC13) (lit.19 [a]D +11.0°); NMR 
(100 MHz) b 4.68 (1 H, m, CH3C 02CH-), 3.68 (3 H, s, -C 0 2CH3) 2.03 
(3 H, s, CHsCO^), 0.92 (3 H, d, J = 6.0 Hz, C(21)), 0.82 (3 H, s, C(19)), 
0.66 (3 H, s, C(18)).

The GC retention time of 18 was 1.2 min longer than that of 4 and 
peak A.

Methyl (20S,22E)-3d-acetoxy-5a-chol-22-enate (3). A solution 
of 566.2 mg (1.64 mmol) of 6 in 6 mL of acetic anhydride/6 mL of 
pyridine was allowed to stand at room temperature overnight. The 
excess acetic anhydride and pyridine were then removed in vacuo to 
yield a slightly yellow solid product. TLC and the XH NMR spectrum 
(60 MHz) indicated quantitative acetylation of the C(22) hydroxy 
group.

To a solution of the crude acetate dissolved in 50 mL of p-diox- 
ane/20 mL of H20  was added 50 mg of p-toluenesulfonic acid mono
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hydrate. This solution was refluxed for 15 min then cooled to room 
temperature. GC analysis of the reaction solution indicated complete 
hydrolysis of the isomethyl ether group to the 3,3-hydroxy-A5 func
tionality. Addition of 50 mL of H2O yielded a white precipitate which 
was collected by suction filtration and dried. The 1H NMR (60 MHz) 
spectrum was in excellent agreement with the expected structure: 
NMR (60 MHz) 5.23 (1 H, m, C(6) olefinic proton), 4.17 (1 H, dd, J 
= 7 and 4 Hz, -CHCH3CHHOAc), 3.82 (1 H, d, J = 7 Hz, 
-CHCH3CHHOAc), 3.52 (1 H, m, HOCH-), 2.00 (3 H, s, -CH 20 - 
COCH3), 0.98 (3 H, s, C(19)), 0.90 (3 H, d, J = 6.0 Hz, C(21)), 0.70 (3 
H, s, C(18)).

The crude 22-acetoxy-3/3-hydroxy-A5 compound was hydrogenated 
in ethyl acetate solution with Pt02 in the usual manner and the crude 
product (no olefinic lH NMR signals] was dissolved in 55 mL of 
dihydropyran containing 150 nL of POCl3. After 3 h at room tem
perature the reaction mixture was poured onto an equal volume of 
10% Na2C 03 solution, extracted with ether, washed with water, dried 
(anhydrous Na2S04), and concentrated under reduced pressure to 
yield the 3/3-tetrahydropranyl ether as a clear colorless liquid.

The crude oily liquid was dissolved in 75 mL of 5% KOH/MeOH 
and heated at reflux for 1 h. Isolation in the usual fashion yielded 530 
mg of a slightly yellow solid, which provided pure 15 after recrystal
lization from MeOH: mp 154.5-157 °C; [a]D +32 ±  1° (c 1.94, CHC13); 
NMR (60 MHz) 4.75 (1 H, m, ROCHR'OR"), 4.07-3.10 (5 H, m, 
protons a to oxygen atoms), 0.95 (3 H, d, J = 6.0 Hz, C(21)), 0.80 (3 
H, s, C(19)), 0.67 (3 H, s, C(18)); mass suectrum (70 eV) m/e (rel in
tensity) M+ 418 (2), 317 (53), 299 (24), 85 (100, base peak).

Anal. Calcd for C29H480 4: C, 77.46; H, 11.08. Found: C, 77.20; H,
11.20.

The «.d-unsaturated methyl ester sice chain was introduced into 
15 (100 mg, 0.2 mmol) as described previously (i.e., 1 and 16). As in 
the case of 16 the Wittig reaction was worked up after 3 days resulting 
in 50.3 mg (45% yield) of the desired product whose NMR (60 MHz) 
spectrum displayed signals at 6.83 (1 H, dd, J = 16 and 9.5 Hz, 
-CH CH =CH C02CH3), 5.68 (1 H, d, J  = 16 Hz, -C H C H = 
CHCO2CH3), 3.67 (3 H, s, -C 0 2CH3), 0.S8 (3 H, d, J = 6.0 Hz, C(21)), 
0.79 (3 H, s, C(18)), 0.66 (3 H, s, C(18)). Without further purification, 
the THP protecting group of the crude ester was hydrolyzed in 50 mL 
of TH F-Ac0H -H 20  (3:2:1) at 40 °C overnight. Subsequent chro
matography over thin-layer mesh silica gel resulted in 36.2 mg of a 
solid, homogeneous by TLC and GC, whose NMR spectrum (60 MHz) 
was in accord with the expected trans- A22-3/5-hydroxy-5a product. 
Acetylation (Ac20/pyr) yielded 35 mg o: 3, which was recrystallized 
from MeOH to give long needles: mp 122-123 °C; [<*]d  18 ±  3° (c 0.57, 
CHCI3); UV \max 219 nm (emax 6500); NMR (100 MHz) b 6.89 (1 H, 
dd, J  = 16 and 9.5 Hz, -CH C H =C H C02CH3), 5.76 (1 H, d, J  = 16 
Hz, -CH C H =C H C02CH2), 4.66 (1 H, m, CH3C 02CH-), 3.73 (3 H, 
s, -C 0 2CH3), 2.02 (3 H, s, CHgCO^), 0.98 (3 H, d, J  = 6.0 Hz, C(21)), 
0.80 (3 H, s, C(19)), 0.62 (3 H, s, C(18)); mass spectrum (70 eV) m/e 
(rel intensity) M+ 430 (6), 415 (2), 370 (34), 257 (72), 215 (33), 201 (10), 
175 (8), 163 (9), 161 (22), 149 (20), 147 (341, 135 (17), 133 (16), 123 (11), 
121 (24), 119 (16), 114 (100, base peak), 109 (20), 107 (53), 105 (20), 
95 (34), 93 (38), 91 (18), 81 (53), 79 (26), 69 (10), 67 (27), 55 (25), 43
(33), 41 (16).

Anal. Calcd for C27H420 4: C, 75.31; H, 9.83. Found: C, 75.18; H, 
9.89.

Preparation o f 3/S,20j3-Diacetoxypregn-5-ene (10) from 8. To
a solution of 42 mg of 8 in 5 mL of p-dioxane/2 mL of H20  was added 
5 mg of p-toluenesulfonic acid monhydrate. The reaction mixture was 
refluxed for 30 min. Precipitation with H20 , filtration, and recrys
tallization from MeOH provided 3;3,20/3-dihydroxypregn-5-ene (11, 
R = H): mp 200-205.5 °C (lit.14a 200-201.5 °C). Acetylation yielded 
the corresponding diacetate (R = Ac): mp 128.5-131 °C; [a]o —34 ±  
3° (c 0.35, CHC13) [lit.14c mp 130-131 °C; [a]D -3 6  ±  1° (c 0.94, 
CHCI3)].

The ’ H NMR spectrum of 10 (R = Ac) derived from 8 was identical 
in all respects with that obtained for 10 derived from pregnenolone. 
The TLC and Rf of 8 and 10 (R = H or Ac) were identical from both 
sources. No depression in the melting point was observed upon ad
mixture of the two samples, mp 128.5-131 °C.

Preparation of 3jS,20a-Diacetoxypregn-5-ene (11) from 9. 
Identical treatment of 9 yielded the 20a-epimer 11 (R = H), mp 
177-179 °C (lit.14* 177-178 °C), and upon acetylation the corre
sponding diacetate 11 (R = Ac): mp 145-148 °C; [a]n —51.4° (c  2.58, 
CHCl3)(lit.14cmp 145.5-146.5 °C; [a]D -53.8°). The 4H NMR spec
trum of 11 (R = Ac) derived from 9 was identical in all respects with 
that obtained for 11 (R = Ac) derived frcm pregnenolone. The TLC 
and Rf for 9 and 11 (R = H and Ac) were identical from both sources. 
An admixture of 11 (R = Ac) from 9 and pregnenolone gave an un
depressed melting point: mp 144-147 °C.

Sea Pen Free Sterols. A 300-mg sample of the free sterols obtained 
in fractions 48-54 from the original sea pen isolation was chromato
graphed according to published procedures3 on alumina (90 g, activity
III). A small amount of nonsteroid material eluted from the column 
with 3% Et20/hexane. The 5% Et20/hexane fractions yielded three 
trace sterols with molecular ions at m/e 372,382, and 384. The precise 
nature of these sterols i3 as yet unknown, but the presence of frag
mentation at m/e 283 [M+ — (H20  +  side chain)] in the mass spec
trum of the m/e 372 sterol and fragments at m/e 269 and 271 [M+ — 
(H20  + side chain)] in the spectra of the m/e 382 and 384 sterols 
suggest a 4,4-dimethyl structure for the former and a 4-methyl 
structure for the latter two compounds. Further elution of the column 
with 8% Et20/hexane yielded virtually all of the material applied to 
the column for which GC-MS data indicated a mixture of seven ste
rols whose mass spectra exhibited molecular ions at m/e 370,384, 386, 
398,400,412, and 414. Mass spectral fragmentation patterns and GC 
retention times relative to authentic samples of cholesterol, stig- 
masterol, and the P. porosa sterols3 identified the above seven sterols 
as 24-ncrcholesta-5, 22-dien-3-ol, 22,23-dehydrocholesterol, choles
terol, brassicasterol, canpesterol, stigmasterol, and sitosterol. The 
GC retention times further indicated that none of the “ free” sterols 
had the 20-iso stereochemistry. The “ free” sterols found here and their 
relative ratios are essentially the same as those reported earlier.26

Registry No.— 1, 63814-49-3; 2, 63814-50-6; 3, 65166-02-1; 4, 
1178-02-5; 5, 25819-77-6; (20R)-5, 64783-80-8; 6, 65166-03-2; 7, 
51231-23-3; 8,65166-04-3; 9,65166-05-4; 10 (R = H), 901-57-5; 10 (R 
= Ac), 1913-46-8; 11 (R = H), 901-56-4; 11 (R = Ac), 1913-47-9; 12, 
65166-06-5; 13, 56259-_2-2; 14, 65166-07-6; 15, 65120-89-0; 16, 
63780-65-4; 17, 31823-53-7; 18, 1255-52-3; Ph3P =C H C 02CH3, 
2605-67-6; (20S)-3d-hydroxy-20-acetoxymethylpregn-5-ene,
65120-90-3; dihydropyran, 110-87-2; methyl (20S,22£)-3/3-tetrahy- 
dropyranyloxy-22/3-dehydro-5«-20-cholanate, 65120-91-4; methyl 
(20S,22E)-3d-hydroxy-22-dihydro-5o:,20-cholanate, 65166-08-7; 
methyl (20S,23E)-3|8-hydroxy-5,6,22,23-didehydro-20-cholanate, 
63780-68-7; methyl (20S)-3(3-hydroxy-20-cholanaie, 63865-06-5; 
(21S)-3e,5a-cyclo-6l8-methoxy-21-acetoxymethylpregnane, 
53139-47-2.
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Synthesis of cf7-Gabaculine Utilizing Direct Allylic Amination
as the Key Step
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Racemic gabaculine (2,3-dihydro-m-anthranilic acid) was synthesized from 3-cyclohexene-1-carboxylic acid in 
23% overall yield (seven steps). The key reaction was a direct allylic amination of the tert-butyl 3-cyclohexene-l- 
carboxylate using bis(iV-p-toluenesulfonyl)sulfodiimide. The positional selectivity could be influenced by steric 
factors with the iV,iV-dicyclohexylamine derivative giving amination almost exclusively in the 5 position. The effect 
of N-substitution on the electrochemical cleavage of allylic p-toluenesulfonamide compounds was investigated. 
While iV-alkyl groups had little effect, N-acyl groups lowered the reduction potential by as much as 0.3 V.

An important aspect of the chemistry of sulfur(IV) and 
selenium(IV) imido compounds is the allylic amination of 
alkenes by bisiN-p-toluenesulfonyllsulfodiimide1’2 and 
bis(N-p-toluenesulfonyl)selenodiimide.3 These reagents di
rectly introduce a nitrogen, protected as the N-p-toluene- 
sulfonyl derivative, in an allylic position. In the past, the 
strategies used to create this type of functionality have relied 
on indirect, multistep operations. In view of the potential 
scope of this new reaction, it was decided to apply the allylic 
amination sequence to a total synthesis in order to demon
strate its overall utility.

Gabaculine (1) was first isolated from a culture filtrate of 
Streptomyzes toyocaenis subspecies 1039 by Mishima and 
co-workers in 1976.4 It was an optically active amorphous 
powder and was assigned the structure 1 on the basis of

CO,H

1

physical and chemical data. This structure was confirmed by 
the total synthesis of the racemic compound (seven steps from 
methyl 2,5-dihydrobenzoate, approximately 20% overall 
yield).4 Gabaculine is a subject of current biochemical interest 
since it is an inhibitor of 7 -aminobutyrate aminotransferase.4 
This enzyme,5’6 a member of the general class of amino
transferases,7 is directly involved in the metabolism of 7 - 
aminobutyric acid (GABA), an important inhibitory trans
mitter substance in the nervous system.8'9 Recently, 1 was 
shown to be a specific irreversible inhibitor of 7 -aminobuty
rate aminotransferase.10

The allylic amine moiety in gabaculine (1) was an obvious 
attraction for us since it suggested that 1 might be easily 
constructed by a route involving direct allylic amination of a 
suitable cyclohexenyl precursor. According to this plan, our 
synthesis begins with 3-cyclohexene-l-carboxylic acid (2). 
Acid 2 is commercially available and contains the complete 
carbon skeleton of gabaculine. It has two different allylic po

* Address correspondence to this author at the Department of Chemistry, 
Stanford University, Stanford, California 94305.

sitions (carbons 2 and 5), but only amination at the 5 position 
will lead to 1. It was felt that the positional selectivity could 
be controlled by esterification of the acid with a large, bulky 
group. Hopefully, this would disfavor the approach of the 
reagent toward the 2 position. Preliminary experiments in
volving the allylic amination reaction were carried out using 
the ierf-butyl ester 3,11 synthesized in 79% yield by the reac
tion of 2 with isobutylene under acidic conditions.

0 +

2
3

When 3 was added to a solution of TsN =S=NTs in CH2CI2 
at 25 “C,1 a slow reaction took place (5 days). Workup using 
K2CO3 in aqueous MeOH afforded a white solid in yields 
ranging from 50% to 70%. Although homogeneous by TLC, 
NMR spectra of this crude product showed two multiplets (6
3.9 and 4.1 in the ratio of 3:1) in the region where allylic hy
drogens a to a p-toluenesulfonamido group are observed, as 
well as resonances due to two different tosyl groups in the 
aromatic region (8 7.2-7.9). The minor isomer (5 4.1, mp
120-121 °C) was isolated by repeated careful fractional re
crystallization from CHCls/hexanes. In the same manner, the 
major isomer (8 3.9, mp 83-84 °C) was isolated from the 
mother liquors. The minor isomer was assigned the structure 
4 since irradation of the olefinic protons (in the presence of

COO-t-Bu

4

COCH-Bu

HNTs 
5

0.1 N NaOD/D20 ) caused collapse of the & 4.1 multiplet to a 
doublet (J = 3.4 Hz). The major isomer was assigned the 
structure 5. The analogous reaction using TsN =Se=N T s3 
also gave a mixture of 4 and 5 (45% yield) in the ratio of 1:1 (by 
NMR).

0022-3263/78/1943-1448$01.00/0 © 1978 American Chemical Society
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Although the relative stereochemistry of 4 and 5 are un
important in terms of this particular synthesis, it is important 
from a mechanistic point of view and for general application 
to other complex cyclohexenyl systems. Allylic oxidation of 
conformationally fixed systems by the ene/(2,3) rearrange
ment pathway preferentially involves the replacement of a 
pseudoaxial hydrogen by a pseudcaxial substituent. For ex
ample, reaction of either SeC>212 or TsN =Se=N Ts3 with 
cholesterol results in the formation of the 4/3 (axial) alcohol 
or sulfonamide, respectively. This preference for pseudoaxial 
hydrogens is a consequence of the need for maximum orbital 
overlap in the transition state of the ene reaction.13 Using this 
reasoning, the allylic sulfonamide 4 is predicted to be the cis 
and 5 the trans isomer.

The cis relationship in 4 was evident from the NMR de
coupling experiments previously mentioned. The observed 
coupling constant (J = 3.4 Hz) is only consistent with the cis 
isomer; the corresponding trans compound should have J  = 
10 Hz at the minimum. When 4 was treated with strong base 
(potassium ierf-butoxide in THF) in an attempt to epimerize 
it to the presumably more stable diequatorial (trans) isomer, 
only p-toluenesulfonamide was isolated, probably originating 
from an antiperiplanar elimination of the axial sulfonamide 
moiety. The trans relationship in 5 was demonstrated by both 
NMR and chemical correlations. High-field NMR (270 
MHz)14 showed a symmetrical eight-line AB portion of an 
ABXX' pattern (centered at approximately 5 2.1 in ben- 
zene-de) for the Hc/H d methylene group in 5. Irradiation at 
b 4.05 (the allylic proton a to sulfonamido group) caused a 

•collapse of the multiplet to an “ AB quartet” (Jab = 11.77 Hz) 
and J bc and J bd was determined as 6.62 Hz and 8.09 Hz, re
spectively. These values indicated that Hb is pseudoequatorial 
and therefore, the sulfonamido group is pseudoaxial. The 
coupling constants involving Ha could not be determined 
because of obscuring signals. Similar coupling constants were 
found in the assignment of stereochemistry for the products 
of Pd-catalyzed allylic alkylation of trans-3-acetoxy-5-car- 
bomethoxycyclohexene.15 In an attempt to epimerize 5 to the 
diequatorial (cis) isomer, it was trea:ed with excess potassium 
ierf-butoxide in THF. However, the only product isolated 
(74% yield, mp 162-165 °C) was not the expected tert-butyl 
ester, but rather a carboxylic acid (6). This acid (6) was com
pletely different from the carboxylic acid (7) formed from 5 
by treatment with trifluoroacetic acid (76%, mp 174-175 °C). 
However, treatment of 7 with excess potassium tert-butoxide 
in THF gave 6 in 61% isolated yield. When 6 was heated in 
t-BuOH with a catalytic amount of H2SO4, (150 °C, com
bustion tube) a tert-butyl ester different from 5 was formed; 
however, the extremely poor yield did not allow for complete 
purification and characterization of this compound.

The hydrolysis of 5 to the carboxylic acid 6 under these 
conditions is not without precedent. Hydrolysis of hindered 
esters by potassium ierf-butoxide has been known for many 
years, although the conditions needed are usually quite vig

Table I

a b

Re- Equiva- Totàl' Ratio 
X  Registry no. agent lents yield (b:a)a

-o c h 3 49543-03-5 S
Se

1.2
1.25

80%
49%

2:3&
1:1 b

-O -tert- 65121-09-7 S 1.25 70% 1:3
Butyl Se 1.25 45% 1:1

-OCHPh, 65121-10-0 S 5 50% 1:4
Se 5 — c . . . .

-2,4,6-Trim ethyl- 65121-11-1 S 5 40% 1:6
phenol Se 5 _c . . . .

-IV.Af-Dicyclo-
hexylamine

65121-12-2 S 5 32% 1:20

a Ratio determined by NMR integration. b Ratio con 
firmed by GLPC. c N o allylic sulfonamide could be isolated.

orous.16 A possible mechanism is base-catalyzed elimination 
of t-BuOH to form a ketene which is then trapped by KOH 
(normally fcund as an impurity in commercial potassium 
ierf-butoxide).17

Ç°°~b
o . 'NHTs

In order to improve the positional selectivity of the allylic 
amination reaction, a survey of different ester derivatives was 
undertaken (Table I). The compounds listed in Table I were 
all (except for the methyl ester) prepared by reaction of the 
acid chloride with the appropriate alcohol or amine. The iso
mer ratio in the product mixture (isolated by chromatogra
phy) was determined by NMR integration of the allylic sul
fonamide protons (generally found around 5 4.0). By analogy 
with compounds 5 and 6, the signal at lower field was assigned

5
to the 2-p-toluenesulfonylamido isomer (b) and the upper 
field signal to the 5 isomer (a). Two trends can be observed in 
Table I; first, the sulfur-based reagent is more sensitive to 
steric factors than the selenium reagent, and secondly, the
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Table II. Methods for Cleavage of Sulfonamide Groups Table III. Comparison of Reduction Potentials

Method Ref

Electrochemical 23
(a) Tétraméthylammonium amalgam/MeOH 24
(b) Pb cathode/NaOH in aqueous methanol 25
(c) DMF/R4N+X~ (controlled potential) 23
(d) CH3CN/R4N+X-(controlled potential) 26

Sodium napthalene 27, 28
Sodium bis(2-methoxyethoxy)aluminum hydride 29
Sodium-ammonia 30
HBr-phenol 31
Pyridine hydrochloride 31
5C% Sodium amylate 31
Concentrated HC1 31

isolated yield of product is reduced when the steric bulk is 
increased. In the case of the N,/V-dicyclohexylamine deriva
tive, the allylic amination can be directed almost exclusively 
to the 5 position; however, the yield of product is low. Because 
c f this and potential difficulties with the hydrolysis of these 
very hindered compounds, it was decided to continue the 
synthesis with the tert-butyl ester 5.

Having 5 in hand, the next step was the introduction of 
g,3-unsaturation in order to form the dienoic ester system. 
The classical and still widely used procedure for this type of 
transformation is halogenation-dehydrohalogenation. 
However, in recent years alternative methods, based on phenyl 
selenoxide eliminations18’19 and on the related phenyl sulf
oxide and methyl sulfoxide eliminations,20 have been devel
oped.

The dianion of 5 was generated with a slight excess of lith
ium cyclohexylisopropylamide in THF at -7 8  °C.21 After 
quenching the enolate with 2 equiv of dry diphenyl diselenide, 
the resulting crude phenyl selenide (which was not isolated) 
was directly oxidized in THF at 0 °C with H202- From the 
reaction, the ieri-butyl ester of N -p-toluenesulfonylgaba- 
culine (8) was isolated in 82% yield as a white crystalline solid

8

(mp 90-92 °C). Only traces of aromatic compounds were 
found.

Removal of the tert-butyl ester from 8 wa3 accomplished 
by treatment with trifluoroacetic acid for 5 min at room 
temperature.22 Removal of volatile material under high vac
uum gave N-p- toluenesulfonylgabaculine (9) as a gummy

NHTs

semisolid in quantitative yield. Unfortunately, all attempts 
at the recrystallization of 9 failed. In addition, 9 was somewhat 
thermally sensitive, decomposing to a dark, tarry material

E i/2 (measd in 0.2 M 
Com pounds Registry no. TE A B a in M eO H )b

CO.-f-Bu

65121-13-3 -1 .7 3  V ,-2 .5  V

8
con

5

65121-14-4

65121-15-5

-2 .1 2  V ,-2 .5  V

-2 .3 4  V

a T E A B =  tetraethylammonium bromide. b Vs. calomel 
reference electrode.

after about 1 day at room temperature. It was generally pre
pared as needed and used in crude form.

Only the cleavage of the N-p-toluenesulfonyl group of 9 
remained in order to complete the synthesis of 1. However, 
the lack of facile methods for the cleavage of sulfonamide 
groups has been a long-standing problem and many different 
approaches have been tried. Table II lists some of the meth
ods. Because of the sensitive nature of the desired product, 
only the first two methods, electrochemical and sodium 
naphthalene, were considered worth trying.

When 9 was subjected to deprotection by either of these two 
methods under various conditions, no gabaculine was found. 
The only products which were isolated (in low yields) seemed 
by NMR to have one or both of the double bonds reduced. 
Similar treatment of 8 gave approximately the same results. 
The tert-butyl ester in 8 was stable to these reductive condi
tions.

In order to clarify the situation, the reduction potentials of 
8 and 9, as well as the saturated derivative 5, were measured 
by polarography (Table III). The results indicate that the 
a,/3-double bond is the most easily reducible function present 
{E 1/2 ranging from —1.73 to —2.12 V). The sulfonamide group 
is apparently not reduced until much higher potentials (ap
proximately —2.4 V). This left two alternatives: (1) removal 
of the Ts group before the introduction of the a,(3 double bond 
and reprotection of the resulting amino group, or (2) lowering 
the reduction potential of the sulfonamide group below that 
of the double bond.

It is known26'32 that electron-withdrawing substituents on 
aromatic sulfonamide groups lower the reduction potential. 
Alternatively, almost nothing is known about the effects of 
substitutions on the nitrogen of a primary sulfonamide. Using 
iV-p-toluenesulfonylcyclohex-2-enamine3 as a model sub
strate, the reduction potentials of a number of N-substituted 
derivatives were measured (Table IV). The compounds were 
prepared by alkylation (or acylation) of the sodium salt 
(prepared from the allylic sulfonamide plus NaH) in DMF 
with the appropriate reagent.

The use of an electron-withdrawing acyl group clearly re
duces the reduction potential of the sulfonamide. The fact that 
the reduction wave is due to reduction of the Ts group was 
demonstrated by a preparative scale electrolysis of the N- 
tosyl-tert-butoxycarbonyl derivative at —2.1 V (0.2 M TEAB 
in MeCN). The only products isolated were the carbamate 10 
(78% yield) and the starting allylic sulfonamide (22%). Un
fortunately, the reduction potential of the sulfonamide was
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still higher than the a,/S double bond, so it became necessary 
to remove the protecting group before the unsaturation was 
introduced.

In an attempt to prepare the t-BOC derivative of 5, a 20% 
4/80% 5 mixture was subjected to 1.2 equiv of NaH in DMF, 
followed by 1.5 equiv of £er£-butcxy carbonyl azide.33 After 
heating at 70 °C for a few hours, the only product formed was 
11 (100% based on 5) while 4 was recovered (90% based on 4).

COO/Bu

O
11

These products were easily separated by column chroma
tography and so allowed for a convenient method of removing 
the “wrong” isomer without the need for a fractional recrys
tallization (and consequent loss of material).

The iV-tosyl carbamate 11, a yellow oil, had an E 1/2 = —2.06
V. Preparative scale controlled potential electrolysis at —2.1 
V (0.2 M TEAB/MeCN) gave, in analogy to the model com
pound, two products: the desired allylic carbamate 12 and the

COO-f-Bu COO-i-Bj COO-f-Bu

NHTs
5

11

starting allylic sulfonamide 5. The isolated yields depended 
on concentration and time of reaction, ranging from 76% 12 
and 12% 5 (2.4 g of 11 in 100 mL of electrolyte, 3 h) to 64% 12 
and 28% 5 (15.0 g 11 in 300 mL of electrolyte, 15 h). Although 
the origin of 5 was uncertain, one possible explanation was 
that the strong bases generated during the reduction cause the 
hydrolysis of the £er£-butoxycarbonyl group. Addition of ex
cess phenol (5 equiv) to act as a proton source26 during the 
electrolysis prevented the formation of 5 and improved the 
yield of 12. However, the isolated yields were still variable, 
ranging from 80% (4.8 g of 11 in 100 mL of electrolyte, 6 h) to 
92% (0.6 g of 11 in 100 mL of electrolyte, 1.5 h).

The advantage of using a tert-butoxycarbonyl derivative 
in the previous reactions lies in its facile hydrolysis under mild 
acidic conditions, which allows it to be removed at the same 
time as the tert-butyl ester. Because of their acid sensitivity, 
£-BGC protecting groups have found much use in peptide 
chemistry.34

When 12 was subjected to the same reaction sequence 
(phenyl selenoxide elimination18’19) employed to dehydro
genate 5 to 8, none of the corresponding diene 13 was found. 
The problem did not lie in the formation of the dianion 
(formed at —60 to —65 °C) nor in the quenching with diphenyl 
diselenide since the selenylated product was formed in good 
yield. Oxidation of the crude a-phenyl seleno ester by various 
methods (H2O2 in THF, H20 2 in CH2Cl2/pyridine, NaI04 in 
CH3OH and Chloramine-T under phase transfer conditions) 
gave only complex mixtures of products.

Since the phenyl selenoxide route did not seem viable for 
the formation of 13, the dianion was alternatively quenched

Table IV. Effect of N-Substitution on Reduction Potentials

R

Ts Registry no.

E v, (0 .2  M 
TEAB° in 

M eCN )b

-H
-C H 3
-C H 2Pn
- C ( = 0 ) C H 3(A c) 
- C ( = 0 )0 C ( C H )3 (£-BOC)

65121-16-6 -2 .3 1  V
65149-42-0 -2 .3 0  V
65120-92-5 —2.29 V
65120-93-6 -1 .9 1  V
65120-94-7 -2 .0 6  V

“ TEAB = tetraethylammonium bromide. b Vs. calomel 
reference electrodes.

with iodine by the method of Rathke and Lindert.35 The re
sulting crude a-iodo ester was then treated with base in ben
zene at room temperature to give 13 in 90% isolated yield. The

COO-t-Bu

only other product isolated (9%) wras the 2,5-dihydrobenzene 
derivative 14, which was unstable in the presence of air and

13
R = NH-£-BOC

COO-t-Bu

14

quickly (10 min at room temperature) aromatized to the cor
responding m-anthranilate ester 15. Of the various bases tried 
(DBU, Dabco, and EtaN), Dabco (diazobicyclo[2.2.2]octane) 
gave the highest yield and cleanest product mixture. GLPC 
analysis showed less than V2% of 5 present in 13, which was a 
white crystalline solid, mp 99-101 °C.

The protecting groups of 13 were best removed by distilled 
trifluoroacetic acid under strictly oxygen-free conditions for 
2 min followed by removal of the volatile material under high 
vacuum. The residue 16 (the trifluoroacetate salt of 1) was

COO-£-Bu COOH

1

generally not isolated, rut dissolved in H20  and directly eluted 
through an ion-exchange resin. Use of undistilled CF3C 02H 
under the same conditions caused some aromatization to 
m-anthranilic acid.

Use of the cation-exchange resin SP Sephadex C-25 (used
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S c h e m e  l a

\ / 0H \ / ° +
C  C  C O O - i- B u  C O O -f- B u

1 : 3  m i x t u r e  

o f  i s o m e r s

C O O - i- B u C O O - f- B u

(iv)-f---- T s  +  4X /

'N H - f - B O C <
12 t - B O C

9 2 % 11
q u a n t i t a t i v e  

b a s e d  o n  5

( 2 3 %  o v e r a l l  

f r o m  2 )

a ( i )  I s o b u t y l e n e ,  H 2S 0 4 , e t h e r ,  2 5  ° C ;  ( i i )  ( a )  1 . 2  e q u i v  o f  

T s N = S = N T s ,  C H 2 C 1 2 , 2 5  ° C ;  ( b )  K 2 C O ,  i n  6 0 %  C H 3 O H -  

H 2 0 ,  ( i i i )  ( a )  N  A H ,  D M F ,  2 5  ° C ;  ( b )  f e r r - B O C  a z i d e ;  ( i v )  

e l e c t r o l y s i s  (— 2 . 1  V )  i n  0 . 2  M  T E A B  i n  M e C N ;  ( v )  ( a )  3 . 6  

e q u i v  o f  l i t h i u m  c y c l o h e x y l i s o p r o p y l a m i d e ,  T H F ,  — 7 8  ° C ;  

( b )  I 2 , T H F ,  - 7 8  ° C ;  ( c )  D A B C O ,  b e n z e n e ,  2 5  ° C ;  ( v i )  C F 3- 

C O , H ;  ( v i i )  i o n - r e t a r d i n g  r e s i n .

by Mishima to isolate 1 from the HC1 salt4) or the related 
Dowex AG50W-X8 (Bio-Rad Laboratories) to isolate 1 was 
not totally satisfactory. When a solution of 2% NH4OH was 
added in order to remove 1 from the resin, a dark brown, flu
orescent impurity was formed which was difficult to separate 
from the gabaculine. The amount of this impurity was prob
ably small since no peaks other than those of 1 were visible in 
the NMR spectra. The use of AG11A8 ion-retardation resin 
(Bio-Rad Laboratories)36 gave much better results, since 
ammonium hydroxide was not necessary to remove 1 from the 
resin. Lyophilization of the appropriate fractions (identified 
by TLC with visualization by UV and ninhydrin test) gave 
«¿/-gabaculine (1) as an amorphous off-white powder in 68% 
yield from 13. This material, mp 194-196 °C dec (after re
crystallization from aqueous MeOH, lit.4 mp 196-197 °C dec) 
gave NMR, IR, and UV data consistent with the published 
values. The TLC behavior was identical with an authentic 
sample. A small sample of 1 was treated with HC1 gas in 
MeOH at 0 °C to give «¿/-gabaculine hydrochloride salt, mp 
195-199 °C dec (lit.4 mp 198-200 °C dec) which gave an un
depressed melting point upon admixture with an authentic 
sample of the racemic hydrochloride obtained from Mishi
ma.

A summary of the exact route used to synthesize «¿/-gaba
culine (1) is shown in Scheme I. This synthesis is comparable 
to Mishima’s4 both in terms of length and overall yield. Nei

ther is without fault, particularly in the area of positional se
lectivity. However, one advantage of this synthesis is that the 
starting material, 3-cyclohexene-l-carboxylic acid, has been 
resolved via the brucine salt into the R  and S enantiomers.37 
Although this has not been done, use of the optically active 
cyclohexene carboxylic acid 2 should lead to optically active 
gabaculine. Since only /-gabaculine is active toward 7-ami- 
nobutyrate aminotransferase,4 this will have the effect of in
creasing the overall yield of the active agent.

Experimental Section
General Comments. E l e m e n t a l  m i c r o a n a l y s e s  w e r e  p e r f o r m e d  b y  

M i d w e s t  M i c r o l a b ,  L t d .  ( I n d i a n a p o l i s ,  I n d .)  a n d  b y  R o b e r t s o n  L a b 

o r a t o r y  ( F l o r h a m  P a r k ,  N . J . ) .  M e l t i n g  p o i n t s  w e r e  d e t e r m i n e d  o n  a  

T h o m a s - H o o v e r  c a p i l l a r y  m e l t i n g  p o i n t  a p p a r a t u s  a n d  a r e  u n c o r 

r e c t e d ,  a s  a r e  t h e  b o i l i n g  p o in t s .

I n  g e n e r a l ,  r e a g e n t  g r a d e  s o l v e n t s  w e r e  u s e d  w i t h o u t  f u r t h e r  p u r i 

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

f r o m  p u r p l e  s o d i u m - b e n z o p h e n o n e  s o l u t i o n s  u n d e r  n i t r o g e n .  C h l o 

r i n a t e d  s o l v e n t s  ( m e t h y l e n e  c h lo r i d e ,  c h lo r o f o r m ,  c a r b o n  t e t r a c h l o 

r id e )  w e r e  u s e d  a f t e r  p a s s a g e  t h r o u g h  a l u m i n a  a n d  s t o r a g e  o v e r  4  A 
m o le c u la r  s ie v e s .  A l l  o x y g e n  o r  w a t e r  s e n s i t i v e  r e a c t i o n s  w e r e  c a r r i e d  

o u t  u n d e r  a  d r y  n i t r o g e n  a t m o s p h e r e  in  f l a m e - d r i e d  g l a s s w a r e  ( t h i s  

w i l l  b e  c a l l e d  “ a n h y d r o u s ”  c o n d i t i o n s ) .  O r g a n i c  e x t r a c t s  o f  r e a c t i o n  

m i x t u r e s  w e r e  d r i e d  o v e r  a n h y d r o u s  m a g n e s i u m  s u l f a t e  u n l e s s  n o t e d  

o t h e r w i s e .  E v a p o r a t i o n  r e f e r s  t o  r e m o v a l  o f  s o l v e n t  u n d e r  w a t e r  a s 

p i r a t o r  p r e s s u r e  o n  a  r o t o - v a c  ( b a t h  t e m p e r a t u r e  < 3 0  ° C ) .

T h e  f o l l o w i n g  a b b r e v i a t i o n s  w i l l  b e  u s e d :  t T =  G L C  r e t e n t i o n  t i m e  

u n d e r  t h e  s p e c i f i e d  c o n d i t io n s  a n d  Rf =  T L C  m o b i l i t y  r e l a t i v e  t o  t h e  

s o l v e n t  f r o n t  ( =  1 ).

T e t r a e t h y l a m m o n i u m  b r o m id e  ( E a s t m a n  O r g a n ic  C h e m i c a l s )  w a s  

r e c r y s t a l l i z e d  f r o m  C H C I 3/ C C I 4  a n d  d r i e d  a t  1 1 0  ° C  u n d e r  v a c u u m  

f o r  1 2  h .  S p e c t r a - g r a d e  a c e t o n i t r i l e  ( s t o r e d  o v e r  4  A s i e v e s )  w a s  u s e d  

f o r  t h e  e le c t r o c h e m ic a l  e x p e r i m e n t s  ( a p p r o x i m a t e l y  t h e  s a m e  r e s u l t s  

w e r e  f o u n d  u s in g  a c e t o n i t r i l e  w h ic h  h a d  b e e n  d i s t i l l e d  f i r s t  f r o m  C a H 2 

a n d  t h e n  f r o m  P 2 O 5 ).

A l l  io n - e x c h a n g e  r e s i n s  w e r e  w a s h e d  a n d  p r e p a r e d  a c c o r d in g  t o  t h e  

m a n u f a c t u r e r ’ s  i n s t r u c t i o n s  b e f o r e  u s e .

P o la r o g r a p h ic  m e a s u r e m e n t s  w e r e  m a d e  u s in g  a  P r i n c e t o n  A p p l i e d  

R e s e a r c h  M o d e l  1 7 4 A  P o la r o g r a p h ic  A n a l y z e r  a n d  a  s t a n d a r d  d i v id e d  

p o la r o g r a p h i c  c e l l .  C o n n e c t i o n  w i t h  t h e  r e f e r e n c e  e l e c t r o d e  ( C o r n i n g  

C a l o m e l  c a t a l o g  4 7 6 0 0 0 )  w a s  b y  a n  A g a r  b r i d g e  ( 3 - 5 %  D i f c o  B a c t o -  

A g a r  in  1 : 1  s a t u r a t e d  K C l / d i s t i l l e d  H 9O ) . S o l u t i o n s  ( g e n e r a l l y  1 0 - 2  

t o  1 0 - 3  M )  w e r e  d e a e r a t e d  b y  a  N 2  s t r e a m  f o r  a t  l e a s t  3  m in .  U s i n g  0 .2  

M  T E A B  in  M e C N ,  t h e  s o l v e n t  d i s c h a r g e  p o t e n t i a l  w a s  — 2 .9  V .

C o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s i s  w a s  p e r f o r m e d  u s in g  a  P r i n c e t o n  

A p p l i e d  R e s e a r c h  M o d e l  3 7 1  p o t e n t i o s t a t - g a l v a n o s t a t .  T r i p l y  d i s 

t i l l e d  H g  w a s  u s e d  f o r  t h e  w o r k i n g  e l e c t r o d e  ( c a t h o d e )  a n d  e i t h e r  a  

g r a p h i t e  r o d  o r  a  P t  w i r e  w r a p p e d  w i t h  P t  g a u z e  f o r  t h e  c o u n t e r e l e c 

t r o d e  ( a n o d e ) .  T h e  c e l l  w a s  d i v i d e d  b y  m e a n s  o f  a n  u n g la z e d ,  p o r o u s  

p o r c e la in  c u p  ( C o o r s  N o .  7 0 0 0 4 )  w h ic h  h a d  b e e n  p r e v i o u s l y  e x t r a c t e d  

w i t h  r e f l u x i n g  a c e t o n e  a n d  t h e n  d r i e d  a t  1 1 0  ° C  u n d e r  v a c u u m .  T h e  

e l e c t r o l y s i s  c e l l  w a s  f l u s h e d  w i t h  a  s lo w  s t r e a m  o f  N 2  a n d ,  b e f o r e  t h e  

a d d i t i o n  o f  s u b s t r a t e ,  p r e e l e c t r o l y z e d  a t  a  p o t e n t i a l  1 0 0  m V  m o r e  

n e g a t i v e  t h a n  t h e  d e s i r e d  p o t e n t i a l .

tert-Butyl 3-Cyclohexene-l-carboxylate (3). I s o b u t y l e n e  w a s  

c o n d e n s e d  a t  —7 8  ° C  ( d r y  i c e / i s c p r o p y l  a l c o h o l  b a t h )  in  a  1 0 0 - m L  

t h r e e - n e c k e d  r o u n d - b o t t o m e d  f l a s k  e q u i p p e d  w i t h  a  d r y  i c e  c o n 

d e n s e r .  A p p r o x i m a t e l y  3 0 - 4 0  m L  w a s  t r a n s f e r r e d  b y  c a n n u l a  t o  a  

p r e c o o le d  F i s h e r - P o r t e r  p r e s s u r e  b o t t le  c o n t a in in g  1 0 . 0  g  ( 7 9 .4  m m o l)  

o f  3 - c y c l o h e x e n e - l - c a r b o x y l i c  a c i d  ( F r i n t o n  L a b s . )  a n d  1  m L  o f  c o n 

c e n t r a t e d  H 2S C >4 in  2 0  m L  o f  e t h e r .  T h e  r e a c t io n  v e s s e l  w a s  s e a le d  a n d  

a l l o w e d  t o  w a r m  t o  r o o m  t e m p e r a t u r e .  A f t e r  1 4  h  o f  s t i r r i n g  ( m a g 

n e t i c ) ,  t h e  p r e s s u r e  b o t t l e  w a s  o p e n e d  s l i g h t l y  ( c a u t i o n ! )  a n d  t h e  e x 

c e s s  i s o b u t y l e n e  w a s  a l l o w e d  t o  e v a p o r a t e .  A f t e r  n e u t r a l i z i n g  t h e  

r e s i d u e  w i t h  N a H C C L  ( c o o l in g  w a s  n e c e s s a r y ) ,  i t  w a s  t a k e n  u p  in  

e t h e r ,  w h ic h  w a s  w a s h e d  t w ic e  w i t h  b ic a r b o n a t e  a n d  o n c e  w i t h  b r i n e ,  

a n d  d r i e d .  F i l t r a t i o n  a n d  e v a p o r a t i o n  a f f o r d e d  1 3 . 9 4  g  o f  a  y e l lo w i s h  

o i l  w h i c h  w a s  d i s t i l l e d  ( b p  4 4 —4 6  CC  a t  0 .6  T o r r )  t o  g iv e  1 1 . 3 8  g  (7 9 % )  

o f  tert- b u t y l  3 - c y c l o h e x e n e - 1 - c a r b o x y l a t e  a s  a  c le a r  o i l: I R  ( f i lm )  3 0 3 0 ,  

2 9 8 0 ,  2 9 3 0 ,  1 7 3 0  ( e s t e r ) ,  1 4 7 5 ,  1 4 5 5 ,  1 4 3 5 ,  1 3 9 0  (tert-b u t y l ) ,  1 3 7 0  

(ter t -b u t y l ) ,  1 3 1 0 , 1 2 3 0 , 1 1 6 0  ( e s t e r ) ,  1 0 0 0 , 8 5 0  a n d  6 5 0  c m ' 1 ; N M R  

( C D C I 3 ) 5  5 .6 5  ( 2  H ,  b r o a d  s , o le f in ic ) ,  2 . 4 - 1 . 8  (7  H ,  m , r in g  H )  a n d  1 . 4 5  

(9  H ,  s ,  t e r t - b u t y l ) .  T h i s  r e a c t i o n  h a s  b e e n  r u n  o n  s c a l e s  u p  t o  3 5  g  

( 0 .2 8  m o l)  o f  a c i d  w i t h  c o m p a r a b l e  r e s u l t s .

A n a l .  C a l c d  f o r  C n H i 8 0 2: C ,  7 2 . 4 9 ;  H ,  9 .9 5 .  F o u n d :  C ,  7 2 . 4 0 ;  H ,

10.10.
Preparation of Bis(JV-p-toluenesulfonyl)sulfodiimide
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(T sN =S=N T s) from JV-Sulfiryl-p-toluenesulfonamide 
(T sN =S=0). T h e  I V - s u l f i n y l - p - t o l u e n e s u l f o n a m i d e  u s e d  h e r e  w a s  

p r e p a r e d  b y  a  m o d i f i c a t i o n  o f  K r e s z e ’s 38  p r o c e d u r e ;  t h e  d e t a i l s  o f  o u r  

m o d i f i e d  m e t h o d  a r e  g i v e n  in  t h e  a c c o m p a n y i n g  p a p e r 39  in  t h i s  

is s u e .

T h e  f o l l o w i n g  p r e p a r a t i o n  o f  T s N = S = N T s  f o l lo w s  K r e s z e ’ s  p r o 

c e d u r e .38  J V - S u l f i n y l - p - t o l u e n e s u l f o n a m i d e  ( 9 8  g , 0 .4 5  m o l)  w a s  d i s 

s o l v e d  in  1 0 0  m L  o f  d r y  b e n z e n e  u n d e r  a  d r y  n i t r o g e n  a t m o s p h e r e  in  

a  g l o v e b a g  ( d u e  t o  t h e  g r e a t  m o i s t u r e  s e n s i t i v i t y  o f  t h e  p r o d u c t  a l l  o f  

t h e  fo l lo w in g  o p e r a t i o n s  s h o u ld  b e  c a r r ie d  o u t  u n d e r  a  d r y  a t m o s p h e r e  

in  a  g lo v e b a g  o r  a  d r y b o x ) .  D r y  p y r id in e  ( 0 .7 5  m L )  w a s  a d d e d ,  a n d  th e  

lo o s e l y  s t o p p e r e d  ( t o  a l l o w  f o r  S O 2 e v o l u t i o n )  f l a s k  w a s  a l l o w e d  t o  

s t a n d  o v e r n i g h t  in  t h e  g l o v e b a g  w i t h  a  s l i g h t  f lo w  o f  n i t r o g e n  p a s s i n g  

t h r o u g h  t h e  b a g .  T h e  s u l f o d i i m i d e  p r e c i p i t a t e d  a n d  w a s  c o l le c t e d  b y  

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

s m a l l  p o r t io n s  o f  d r y  c a r b o n  t e t r a c h l o r i d e  a n d  t h e n  d r ie d  u n d e r  h ig h  

v a c u u m  t o  a f f o r d  7 5  g  (9 0 % ) o f  b is ( A f - p - t o lu e n e s u l f o n y l ) s u l f o d i im id e ,  

m p  4 3 - 4 5  ° C  ( l i t .38  m p  4 8 - 5 0  ° C ) .  T h i s  c o m p o u n d  is  e x t r e m e l y  s e n 

s i t i v e  t o  m o i s t u r e  a n d  s h o u l d  b e  s t o r e d  in  a  d e s i c c a t o r  a n d  h a n d l e d  

o n l y  in  t h e  d r y  a t m o s p h e r e  o f  a  g l o v e b a g  o r  a  d r y b o x .

Reaction of T sN =S=N T s with 3. Preliminary Experiment. 
t e r i - 3 u t y l  3 - c y c l o h e x e n e - l - c a r b o x y l a t e  ( 0 .9 1  g ,  5  m m o l)  w a s  a d d e d  

t o  a  s t i r r e d  s o l u t i o n  o f  3 .4 5  g  ( 9 .3  m m o l)  o f  T s N = S = N T s  in  1 5  m L  

o f  C H 2C I 2  in  a  5 0 - m L  r o u n d - b o t t o m e d  f l a s k  u n d e r  a n h y d r o u s  c o n 

d i t i o n s .  A f t e r  3  d a y s  a t  r o o m  t e m p e r a t u r e ,  t h e  d a r k  r e a c t io n  m i x t u r e  

w a s  c o n c e n t r a t e d  t o  a  t h i c k  o i l  w h ic h  w a s  r e d i s s o l v e d  in  2 5  m L  o f  6 0 %  

C H 3 O H  c o n t a i n i n g  3 .0  g  o f  K 2 C O 3 . A f t e r  s t i r r i n g  o v e r n i g h t ,  t h e  y e l 

lo w is h  s o l u t i o n  w a s  t a k e n  u p  in  1 : 1  E t C ’ A c / e t h e r  w h ic h  w a s  w a s h e d  

o n c e  w i t h  1 : 1  4 %  N a O H / b r i n e  a n d  b r i n e ,  a n d  d r i e d .  F i l t r a t i o n  a n d  

e v a p o r a t i o n  l e f t  2 . 0 2  g  o f  y e l lo w i s h  o i l  w h i c h  w a s  p u r i f i e d  b y  c o lu m n  

c h r o m a t o g r a p h y  ( 7 5  g  o f  s i l i c a  g e l ;  e l u t e d  w i t h  E t O A c / h e x a n e  m i x 

t u r e s ! .  A f t e r  c o n c e n t r a t i o n  o f  t h e  a p p r o p r i a t e  f r a c t i o n s ,  1 . 1  g  ( 6 3 % )  

o f  a  p a l e  y e l lo w  o i l  [R/ ( 3 5 %  E t O A c / h e x a n e s )  =  0 .5 6 ]  w a s  r e c o v e r e d .  

N M R  s h o w e d  t h e  p r o d u c t  t o  c o n s i s t  o f  a  m i x t u r e  o f  t w o  c o m p o u n d s  

( s e e  t e x t ) .

R e p e a t e d  r e c r y s t a l l i z a t i o n  f r o m  C H C l . i / h e x a n e s  p r o d u c e d  a  p u r e  

s a m p l e  o f  o n e  o f  t h e  i s o m e r s  w h i c h  w a s  i d e n t i f i e d  a s  cis-tert- b u t y l  

2 - ( p - t o l u e n e s u l f o n a m i d o ) - 3 - c y c l o h e x e n e - l - c a r b o x y l a t e  ( 4 ) ,  m p  

1 2 0 - 1 2 1  ° C :  I R  ( K B r )  3 1 7 0  ( N - H ) ,  2 9 8 0 , 1 6 9 5  ( H - b o n d e d  e s t e r ) ,  1 5 9 5 ,  

1 4 5 5 ,  1 3 9 0  ( i e r f - b u t y l ) ,  1 3 7 0  ( t e r t - b u t y l ) ,  1 3 4 0  ( S 0 2) , 1 3 1 0 ,  1 1 6 0  

( S 0 2) , 1 0 7 5  a n d  9 2 0  c m - 1 ; N M R  ( C D C 1 3) b 7 . 2 - 7 . 9  (4  H ,  q ,  a r o m a t ic ) ,

5 .4  a n d  5 . 7 5  ( 2  H ,  m , o l e f i n i c ) ,  4 .9 5  ( 1  H ,  d ,  N - H ) ,  4 . 1  ( 1  H , m , a l l y l i c  

R 2 C H N ) ,  2 .4 5  ( 3  H ,  s ,  a r o m a t i c  - C H 3 ) , 1 . 8 - 2 . 4  ( 5  H ,  m , r i n g  H )  a n d  

1 . 4 5  O  H ,  s ,  i e r f - b u t y l ) .  W h e n  t h e  o l e f i n i c  p r o t o n  a t  b 5 .4  w a s  i r r a d i 

a t e d  1 C D C I 3  c o n t a i n i n g  0 . 1  N  N a O D / D 2 0 ) ,  t h e  0 4 . 1  m u l t i p l e t  c o l 

l a p s e d  t o  a  d o u b l e t ,  J  =  3 .4  H z . I r r a d i a t i o n  a t  a p p r o x i m a t e l y  b 2 .4  

c a u s e d  t h e  s a m e  m u l t i p l e t  t o  c o l l a p s e  t o  a  d o u b l e t ,  J  =  7  H z .

A n a l .  C a l c d  f o r  C 1 8 H 2 5 N O 4S :  C ,  6 1 . 5 1 ;  H ,  7 . 1 7 ;  N ,  3 .9 8 .  F o u n d :  C ,  

6 1 . 4 1 ;  H ,  7 . 1 6 ;  N ,  3 .7 0 .

C o n c e n t r a t i o n  o f  t h e  m o t h e r  l i q u o r s  f r o m  a b o v e  a n d  f u r t h e r  r e -  

c r y s t a l l i z a t i o n  ( C H C l s / h e x a n e s )  g a v e  t h e  s e c o n d  i s o m e r  w h i c h  w a s  

i d e n t i f i e d  a s  f r a r c s - i e r t - b u t y l  5 - ( p - t c l u e n e s u l f o n a m i d o ) - 3 - c y c l o -  

h e x e n e - l - c a r b o x y l a t e  ( 5 ) ,  m p  8 3 - 8 4  ° C :  I R  ( K B r )  3 2 8 0  ( N H ) ,  2 9 8 0 ,  

1 7 1 0  t e s t e r ) ,  1 5 9 5 ,  1 4 5 0 ,  1 3 9 0  ( t e r t - b u t y l ) ,  1 3 7 0  ( t e r t - b u t y l ) ,  1 3 4 0  

( S 0 2), 1 3 1 0 , 1 1 6 0  ( S 0 2) , 1 0 8 0  a n d  8 2 0  c m - 1 : N M R  ( C D C I 3 H  7 . 2 - 7 . 9  

(4  H ,  q , a r o m a t i c ) ,  5 . 3 5  a n d  5 . 7 5  ( 2  H ,  in , o l e f i n i c ) ,  5 .0  ( 1  H ,  d ,  N H ) ,

3 .9  ( 1  H ,  m , a l l y l i c  R 2 C H N ) ,  2 .4 5  ( 3  H ,  s ,  a r o m a t i c  - C H 3 ) , 1 . 8 - 2 . 4  (4  

H ,  m , r i n g  H )  a n d  1 . 4 5  (9  H ,  s ,  i e r i - b u t v l ) .

A n a l .  C a l c d  f o r  C 1 8 H 25 N 0 4 S :  C ,  6 1 . 5 1 ;  H ,  7 . 1 7 ;  N ,  3 .9 8 .  F o u n d :  C ,  

6 1 . 6 3 ;  H ,  7 .2 4 ;  N ,  3 .8 8 .

Reaction of TsN=Se=NTs with 3. Preliminary Experiment.
T h e  s e l e n i u m  d i i m i d e  r e a g e n t  ( 7 .5  m m o l)  w a s  p r e p a r e d  b y  s t i r r i n g  

a  m i x t u r e  o f  0 .6 9  g  o f  s e l e n i u m  m e t a l  ( 8 .7  m m o l)  a n d  3 .4 2  g  o f  a n h y 

d r o u s  c h lo r a m i n e - T  ( 1 5  m m o l)  in  2 0  m L  o f  C H 2C 1 2 a t  r o o m  t e m p e r 

a t u r e  f o r  2 0  h . t e r f - B u t y l  3 - c y c l o h e x e n e - l - c a r b o x y l a t e  ( 0 . 9 1  g ,  5  

m m o l)  w a s  a d d e d  t o  t h e  r e s u l t i n g  w h i t e  s lu r r y .  A f t e r  2  d a y s ,  t h e  d a r k  

r e a c t i o n  m i x t u r e  w a s  q u e n c h e d  w i t h  1 : 1  4 %  N a O H / b r i n e .  E t O A c /  

e t h e r  ( 1 : 1 ) w a s  a d d e d  a n d  b o t h  p h a s e s  w e r e  f i l t e r e d  t h r o u g h  C e l i t e .  

T h e  o r g a n i c  p h a s e  w a s  s e p a r a t e d ,  w a s h e d  o n c e  w i t h  1 : 1 4 %  N a O H /  

b r i n e  a n d  b r i n e ,  a n d  d r ie d .  F i l t r a t i o n  a n c  e v a p o r a t i o n  a f f o r d e d  a b o u t  

3  g  o f  c r u d e  p r o d u c t  w h i c h  w a s  p u r i f i e d  b y  c o lu m n  c h r o m a t o g r a p h y  

( a s  p r e v i o u s l y  d e s c r i b e d )  t o  g i v e  7 9 0  m g  ( a f t e r  2  h  in  v a c u o ,  4 5 % )  o f  

a  s l i g h t l y  y e l lo w  o i l .  N M R  i n t e g r a t i o n  o f  t h e  m u l t i p l e t s  a t  b 4 . 1  a n d  

5 3 .9  s h o w e d  a n  a p p r o x i m a t e  ( ± 1 0 % )  1 : 1  m i x t u r e  o f  4 a n d  5 .

Allylic Amination of tert-Butyl 3-Cyclohexene-l-carboxylate 
(3). Best Conditions. t e r f - B u t y l  3 - c y c l o h e x e n e - l - c a r b o x y l a t e  (3) 
( 2 7 .5  g ,  0 . 1 5 1  m o l)  w a s  a d d e d  t o  a  s t i r r e d  s o l u t i o n  o f  8 0 .0  g  o f  

T s N = S = N T s  ( 0 . 2 1 6  m o l)  i n  3 0 0  m L  o f  C H 2 C 1 2 in  a  5 0 0 - m L  r o u n d -  

b o t t o m e d  f l a s k  u n d e r  a n h y d r o u s  c o n d i t i o n s .  A f t e r  8  d a y s  a t  r o o m  

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

w a s  r e d i s s o l v e d  in  3 0 0  m L  o f  C H 3 O H . W a t e r  ( 2 0 0  m L )  w a s  a d d e d  

f o l l o w e d  b y  7 0  g  o f  K 2 C O 3  in  t h r e e  p o r t i o n s .  A f t e r  1 6  h ,  t h e  r e d d i s h  

s o lu t io n  w a s  t a x e n  u p  in  3 5 0  m L  o f  1 : 1  E t O A c / e t h e r  w h ic h  w a s  w a s h e d  

t w ic e  w i t h  1 : 1  4 %  N a O H / b r i n e  a n d  o n c e  w i t h  b r i n e ,  a n d  d r i e d .  F i l 

t r a t i o n  a n d  e v a p o r a t i o n  g a v e  a  d a r k  r e d - y e l l o w  o i l  w h i c h  w a s  p a s s e d  

t h r o u g h  a  p lu g  o f  s i l i c a  g e l  ( 8 0  g )  w i t h  1 5 %  E t O A c / h e x a n e s .  C o n c e n 

t r a t i o n  o f  t h e  f i l t r a t e  g a v e  4 9 .6  g  o f  c r u d e  p r o d u c t .  T r i t u r a t i o n  w i t h  

2 0 0  m L  o f  c y c l o h e x a n e  w h i l e  c o o l in g  ( c r y s t a l l i z a t i o n  w a s  u s u a l l y  i n 

d u c e d  b y  s c r a t c h i n g  o r  w i t h  s e e d  c r y s t a l s )  a f f o r d e d  3 3 . 3 3  g  ( a f t e r  

d r y in g  in  v a c u c )  o f  a  m i x t u r e  o f  4  a n d  5  ( 6 3 % ; b y  N M R ,  2 0 %  4  a n d  8 0 %

5 ) ,  m p  8 9 - 9 5  ° C .

T h e  m o t h e r  l i q u o r s  f r o m  a b o v e  w e r e  c o n c e n t r a t e d  a n d  c h r o m a t o 

g r a p h e d  o n  2 0 0  g  o f  s i l i c a  g e l  ( p a c k e d  w i t h  h e x a n e s ;  e l u t e d  w i t h  5 0 0  

m L  o f  h e x a n e s .  5 %  E t O A c / h e x a n e s ,  t h e n  2  L  o f  1 0 %  E t O A c / h e x a n e s ;  

1 0 0  m L  f r a c t i o n s ) .  C o m b i n a t i o n  o f  a p p r o p r i a t e  f r a c t i o n s  a n d  e v a p 

o r a t i o n  a f f o r d e d  5 .9  g  o f  a  r e d - y e l l o w  o i l .  R e c r y s t a l l i z a t i o n  f r o m  c o ld  

c y c l o h e x a n e  a s  a b o v e  g a v e  a n  a d d i t i o n a l  4 . 0 3  g  o f  t h e  s a m e  m i x t u r e  

o f  4 a n d  5 ( t o t a l  o v e r a l l  y i e l d  o f  t h e  m i x t u r e  o f  i s o m e r s  7 0 % ) .

Reaction of 5 with Potassium terf-Butoxide. P o t a s s i u m  tert- 
b u t o x i d e  ( 3 6 0  m g , 3 . 2  m m o l ,  A l d r i c h  C h e m i c a l  C o .)  w a s  a d d e d  t o  a  

s t i r r e d  s o l u t i o n  o f  2 0 0  n g  ( 0 .5 7  m m o l)  o f  5 in  1 0  m L  o f  T H F  in  a  

t w o - n e c k e d ,  r o u n d - b o t t o m e d  f l a s k  u n d e r  a n h y d r o u s  c o n d it io n s .  A f t e r  

3 6  h  a t  r o o m  t e m p e r a t u r e ,  w a t e r  w a s  a d d e d  a n d  t h e  r e a c t io n  m i x t u r e  

a c i d i f i e d  w i t h  1  N  H C 1  't o  p H  ~ 1 ) a n d  e x t r a c t e d  w i t h  1 : 1  E t O A c /  

e t h e r .  T h e  o r g a n i c  p h a s e  w a s  w a s h e d  o n c e  w i t h  b r i n e  a n d  d r i e d .  F i l 

t r a t i o n  a n d  e v a p o r a t i o n  g a v e  a  y e l lo w i s h  o i l  w h ic h  w a s  r e c r y s t a l l i z e d  

f r o m  C H C L / h e x a n e s  t o  g iv e  c i s - 5 - ( p - t o l u e n e s u l f o n a m i d o ) - 3 - c y c l o -  

h e x e n e - l - c a r b o x y l i c  a c i d  6  ( 1 2 4  m g ,  7 4 % ) ,  R[ ( 1 0 %  E t O H / E t O A c )  =  

0 . 1 ,  m p  1 6 2 - 1 6 5  ° C :  I R  ( K B r )  3 6 0 0 - 3 0 0 0  ( b r o a d  b a n d ,  c a r b o x y l ic  a c id  

O H ) ,  3 2 5 0  ( N H ) ,  1 7 3 5  a n d  1 7 0 5  ( c a r b o x y l i c  a c i d ) ,  1 5 9 5 ,  1 4 5 0 ,  1 4 0 0 ,  

1 3 2 5  ( S 0 2) , 1 2 9 5 ,  1 2 5 0 ,  1 2 3 5 ,  1 1 5 0  ( S 0 2) , 1 0 7 5 ,  9 3 0 ,  a n d  8 1 5  c m “ 1 ; 

N M R  ( C D C I 3  +  M e 2S O - d 6) b 1 1 . 5  ( 1  H ,  b r o a d  s ,  e x c h a n g e a b l e  w i t h  

D 2 0 ,  C 0 2 H ) ,  7 . 2 - 7 . 9  (4  H ,  q ,  a r o m a t i c ) ,  6 .9  ( 1  H ,  d ,  N H ) ,  5 . 2 - 5 . 8  ( 2  

H ,  b r o a d  m , o l e f i n i c ) ,  3 . S 5  ( 1  H ,  m , a l l y l i c  R 2 C H N ) ,  2 .4 5  ( 3  H ,  s ,  a r o 

m a t i c  - C H 3 ) a n d  1 . 8 - 2 . 5  ( 5  H ,  m , r i n g  H ) .  E q u i v a l e n t  r e s u l t s  w e r e  

o b t a i n e d  i f  t h e  r e a c t io n  m ix t u r e  w a s  r e f l u x e d  fo r  1  h  in s t e a d  o f  s t i r r in g  

3 6  h  a t  r o o m  t e m p e r a t u r e .

Reaction of 5 with Trifluoroacetic Acid. O n e  g r a m  o f  5 ( 2 .8 5  

m m o l)  w a s  d i s s o l v e d  in  ^ .0  m L  o f  t r i f l u o r o a c e t i c  a c i d .  A f t e r  1 5  m in ,  

t h e  v o l a t i l e  m a t e r i a l  w as, r e m o v e d  b y  h ig h  v a c u u m  a n d  t h e  r e s i d u e  

r e c r y s t a l l i z e d  i C H C l a / h e x a n e s ) .  i r o n s - 5 - ( p - T o l u e n e s u l f o n a m i d o ) -

3 - c y c l o h e x e n e - l - c a r b o x y l i c  a c i d  ( 0 .6 4  g ,  7 6 % )  7, R/ ( 1 0 %  E t O H /  

E t O A c )  =  0 .6 5 ,  w a s  o b t a i n e d :  m p  1 7 4 - 1 7 5  ° C ;  I R  ( K B r )  3 6 0 0 - 3 0 0 0  

( b r o a d  b a n d ,  c a r b o x y l i c  a c i d ) ,  3 3 6 0  ( N H ) ,  1 7 4 0  a n d  1 7 0 5  ( c a r b o x y l i c  

a c id ) ,  1 5 9 5 , 1 4 5 5 , 1 4 0 5 , 1 E 2 5  ( S 0 2), 1 2 9 5 , 1 2 5 0 , 1 2 3 5 , 1 1 5 0  ( S 0 2) , 1 0 7 5 ,  

9 3 0 ,8 8 5 ,  a n d  8 1 5  c m - 1 ; N M R  ( C D C I 3  +  M e a S O - d e )  b 1 1 . 0  ( 1  H ,  b r o a d  

s , C 0 2 H ) ,  7 . 2 - 7 . 9  (4  H , q ,  a r o m a t i c )  7 .0 5  ( 1  H ,  d ,  N H ) ,  5 .6  a n d  5 . 3 5  (2  

H ,  m , o l e f i n i c ) ,  3 . 9 5  ( 1  H ,  m , a l l y l i c  R 2C H N ) ,  2 .4 5  ( 3  H ,  s ,  a r o m a t i c  

- C H 3 ) a n d  1 . 8 - 2 . 5  ( 5  H ,  m , r i n g  H ) .  W h i l e  t h e  s p e c t r e  o f  6 a n d  7 w e r e  

s i m i l a r ,  t h e y  w e r e  n o t  s u p e r i m p o s a b le .

Isomerization of 7 to 3 with Potassium tert-Butoxide. A  s t i r r e d  

m ix t u r e  o f  7 5  m g  o f  7 (0 .2 .5  m m o l)  a n d  2 0 0  m g  ( 1 . 8  m m o l)  o f  p o t a s s iu m  

i e r i - b u t o x i d e  :n  5  m L  ) f  T H F  w a s  r e f l u x e d  f o r  3  h  in  a  2 5 - m L  

r o u n d - b o t t o m e d  f l a s k  f i t t e d  w i t h  a  r e f l u x  c o n d e n s e r  u n d e r  a n h y d r o u s  

c o n d i t i o n s .  A f t e r  c o o l in g ,  t h e  m i x t u r e  w a s  q u e n c h e d  w i t h  H 20 ,  

a c i d i f i e d  w i t h  1  N  H C 1 ,  a n d  t h e n  e x t r a c t e d  w i t h  E t O A c .  T h e  o r g a n i c  

p h a s e  w a s  w a s h e d  o n c e  w i t h  b r i n e  a n d  d r i e d .  F i l t r a t i o n  a n d  e v a p o 

r a t io n  g a v e  a  y e l lo w i s h  o i l  ( 8 2  m g )  w h ic h  w a s  r e c r y s t a l l iz e d  t w ic e  f r o m  

C H C l i / h e x a n e s  t o  g iv e  a  w h i t e  s o l id  ( 4 6  m g , 6 1 % )  w h ic h  w a s  id e n t i c a l  

( T L C ,  N M R ,  a n d  I R ) w i : h  6 .
tert-Butyl 3-(p-Toluenesulfonamido)-2,3-dihydrobenzoate

( 8 ) . trans-tert- B u t y l  5 - ( p - t o l u e n e s u l f o n a m i d o ) - 3 - c y c i o h e x e n e - l -  

c a r b o x y l a t e  5  ( 1 . 0 5  g , 2 .9 9  m m o l)  w a s  a d d e d  t o  a  s t i r r e d  a n d  c o o le d  

( —7 8  ° C ,  d r y  i c e / i s o p r o p y l  a lc o h o l )  s o l u t i o n  o f  l i t h i u m  c y c l o h e x y l i -  
s o p r o p y l a m i d e  ( p r e p a r e d  a t  —7 8  ° C  b y  t h e  a d d i t i o n  o f  3 .0  m L  o f  2 .4  

M  ( 7 .2  m m o l)  r . - B u L i  in  n e x a n e s  t o  1 . 3 8  m L  ( 7 .6  m m o l)  o f  c y c l o h e x  - 

y l i s o p r o p y l a m i n e  in  a  1 0 0 - m L  t h r e e - n e c k e d ,  r o u n d - b o t t o m e d  f l a s k  

u n d e r  a n h y d r o u s  c o n d it io n s ) .  A f t e r  V2  h ,  a  p r e c o o le d  ( —7 8  ° C )  s o lu t io n  

o f  2 .3 4  g  ( 7 .5  m m o l)  d i p h e n y l  d i s e le n i d e  ( r e c r y s t a l l i z e d  f r o m  h e x a n e s  

a n d  d r i e d  in  v a c u o )  in  1C  m L  o f  T H F  w a s  a d d e d  q u i c k l y  b y  c a n n u l a  

u s in g  p o s i t i v e  N 2  p r e s s u r e .  A f t e r  2 .5  h  w i t h  g r a d u a l  w a r m i n g  t o  r o o m  

t e m p e r a t u r e ,  t h e  r e a c t i o n  w a s  q u e n c h e d  w i t h  w a t e r  ( 2 5  m L )  a n d  e x 

t r a c t e d  t w i c e  w i t h  1 : 1  E t O A c / e t h e r .  T h e  o r g a n i c  p h a s e  w a s  w a s h e d  

o n c e  w i t h  H 2 0 , 1  N  H C 1 ,  b i c a r b o n a t e  a n d  b r i n e ,  a n d  t h e n  d r i e d .  F i l 

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

in  5 0  m L  o f  T H F ,  c o o le d  t o  0  ° C  ( ic e  b a t h ) ,  a n d  3 .4  g  o f  3 0 %  H 2 0 2  ( 3 0  

m m o l)  a d d e d  in  t h r e e  p o r t io n s  o v e r  1 . 5  h . A f t e r  a n o t h e r  1 . 5  h  a t  r o o m  

t e m p e r a t u r e ,  t h e  c o l o r l e s s  r e a c t i o n  m i x t u r e  w a s  t a k e n  u p  in  1 : 1  

e t h e r / E t O A c  w h ic h  w a s  w a s h e d  o n c e  w i t h  b i c a r b o n a t e  a n d  b r i n e ,  a n d  

d r i e d .  F i l t r a t i o n  a n d  e v a p o r a t i o n  g a v e  1 . 4 5  g  o f  a  l i g h t  y e l lo w i s h  o i l .
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This material, although fairly pure by TLC, was best purified by 
column chromatography (60 g of alumina activity III, eluted with 
EtOAc/hexane mixtures). Concentration of the appropriate fractions 
gave 960 mg of a slightly yellow oil, which upon trituration with cy
clohexane gave fert-butvl 3-(p-toluenesulfonamido)-2,3-dihydrob- 
enzoate 8 (840 mg, 82%) as a white crystalline solid R/ (35% ÉtOAc/ 
hexanes) = 0.63, mp 90-92 °C; IR (KBr) 3250 (NH), 2980,1725, and 
1705 (ester), 1595,1580,1440,1370,1330 (S02', 1160 (S02), 1095, and 
810 cm-1; NMR (CDCI3) Ò 7.25-7.9 (4 H, q. aromatic), 6.95 (1 H. d, 
«-hydrogen), 5.8- 6.2 (2 H, m, olefinic), 5.0 ( 1 H, d, exchangeable with 
0.1 N Na0D/D20, NH), 4.1 (1 H, m, collapses to d of d in base, allylic 
R2CHN), 2.6 (2 H, d of d, -CH2-), 2.45 (3 H, s, aromatic -CH3) and
l. 5 (9 H, s, ier£-butyl); UVraaj(MeOH) 239 nm (log e  4.07) and 283 nm 
i e 4225).

Anal. Calcd for CisH22N 04S: C, 61.86; H. 6.63; N, 4.00. Found: C, 
61.92; H, 6.80; N, 3.78.

)V-(p-Toluenesulfonyl igabaculine (9). The diene 8 (50 mg. 0.14 
mmol) was dissolved in 1 mL of CF3C0 2H under N2. After 5 min. the 
solvent was removed under high vacuum to afford a gummy residue. 
This material (42 mg, 100%) was temperature sensitive and could not 
oe recrystallized (CCL, CHCH/hexanes, aqueous EtOH): NMR 
¡CDCI3) 6 8.05 (1 H, d, «-hydrogen), 7.2-7.8 (6 H, m, aromatic and 
olefinic), 5.15 (1 H, m, allylic R2CHN), 5.00 (1 H, d, NH), 2.8 (2 H, m, 
-CH2-) and 2.45 (3 H, s, aromatic -CH3). Cleavage of the ferì-butyl 
ester with HC1 gas in CH2C12 at -10  °C (1 h), followed by concen
tration by high vacuum, gave the same material. Because of its gummy 
nature and instability, 9 was generally not isolated.

trans-fert-Butyl 5-(iV-terf-Butoxycarbonyl-p-toluenesul- 
fonamido) 3-cyclohexene-1-carboxylate (11). The allylic sulfon
amide mixture obtained by allylic amination of 3 (20% 4/80% 5,25 g.
71.2 mmol) was added in small portions with stirring and cooling (ice 
bath) to a suspension of 4.3 g of NaH (50% in oil, 89.6 mmol) in 250 
mL of DMF in a 500-mL round-bottomed flask under anhydrous 
conditions. After warming to room temperature (1 h), ferf-butoxy- 
carbonyl azide33 (15.3 g, 106.9 mmol) was added. After heating at 
60-70 °C for 13 h, the reaction was cautiously quenched with small 
pieces of ice. EtOAc/ether (1:1, 250 mL) was added and the organic 
phase washed three times with H20  and once with brine, and dried. 
Filtration and evaporation afforded 43.4 g of yellowish oil.

Column Chromatography (400 g of Silica Gel, Eluted with 
EtOAc/Hexanes). Concentration of the appropriate fractions af
forded 25.69 g (dried 5 h in vacuo, 80%, 100% based on 5) of 11 as a 
thick yellowish oil, Rf (25% EtOAc/hexanes) = 0.64: IR (film) 2980, 
2940,1740-1705 (broad band; ester and carbamate ' 1595,1480,1460, 
1395, and 1370 (ferì-butyl), 1360 (S02), 1260,1160 (S02), 1090,850, 
835, 820, and 740 cm-1; NMR (CDCI3) ò 7.25-7.95 (4 H, q, aromatic),
5.5-6.0 (2 H, m, olefinic), 5.2 (1 H, m, allylic R2CHN), 2.45 (3 H, s, 
aromatic -CH3), 2.0-2.5 (4 H, m, overlapping -CH>-), 1.55 (9 H. dis
torted t, fert-butyl) and 1.45 (9 H, s, terf-butyl); mass spectrum (70 
eV) m/e 451 (M+), 395 (M -  56, loss of isobutylene), 339 (M — 112, 
loss of two isobutylene + C02), 216,183,139,84, and 82 (base peak). 
The NMR signal at ò 1.55 is assigned to the ferf-butoxycarbonyl 
group; the splitting is possibly caused by hir.derec rotation because 
of the Af-tosyl group. The trans stereochemistry is assumed on the 
basis of the starting material.

Anal. Calcd for C23H33N0 6S: C, 61.17; H, 7.36; N, 3.10. Found: C, 
60.90; H, 7.36; N.3.11.

Further elution of the column and concentration of the appropriate 
fractions gave 5.57 g of crude 4 [Rf (25% EtOAc/hexanes) = 0.45], 
Recrystallization from CHCL/hexanes afforded a total (2 crops) of
4.37 g (17.5%, 90% recovery based on 4) of 4 which was identical with 
the previously isolated material.

Controlled Potential Electrolysis of 11. In an electrolysis cell,
2.43 g (5.4 mmol) of 11 was added to 100 mL of preelectrolyzed 0.2 M 
TEAB/MeCN at —2.1 V (residual current = 1 mAl. The current ini
tially rose to 450 mA and then decayed to 10 mA after 3 h. TLC (25% 
EtOAc/hexanes) showed no starting material remaining, so water (100 
mL) was added and the dark solution was extracted with ether. The 
organic phase was washed once with water and brine, and dried. Fil
tration and evaporation left a yellowish oil. Column chromatography 
(80 g of silica gel, eluted with EtOAc/hexanes) afforded 320 mg (17%) 
of 5, Rf (25% EtOAc/hexanes) = 0.45 (identical with a previously 
isolated sample), and 1.22 g (after 2 h in vacuo, 76%) of 12 as a clear 
oil, which solidified upon standing, Rf (25% EtOAc/hexanes) = 0.71. 
Recrvstallization from a minimum amount of petroleum ether (1 
mL/1 g) gave fluffy white crystals, mp 65-68 °C: IR (KBr) 3390 and 
3320 (NH), 2980, 2930,1735 (ester), 1710 (carbamate), 1520,1395 and 
1370 (terf-butyl), 1320, 1250, 1160, 1055, 1045, 870 and 850 cm“ 1; 
NMR (CDCI3) ò 5.7 (2 H, m, olefinic), 4.55 (1 H. m. NH). 4.25 (1 H,
m. allylic R2CHN), 1.45 (9 H, s, terf-butyl) and 1.2-2.4 (5 H, m. ring

H); mass spectrum (70 eV) m/e 297 (M+), 262 (M — 15, loss of CH3), 
241 (M — 56, loss of isobutylene), 224 (M — 73, loss of tert-butoxy) 
and 185 (base peak, M -  112, loss of two isobutylenes).

Anal. Calcd for C16H27N 04; C, 64.61: H, 9.15; N, 4.71. Found: C, 
64.43; H, 9.14; N, 4.48.

When the reaction was repeated using 15.0 g (33.2 mmol) of 11 in 
300 mL of 0.2 M TEAB/MeCN, 15 h was needed for completion. 
Isolation in the same manner (300 g of silica gel) afforded 6.29 g (64%) 
of 12 and 3.23 g (28%) of 5.

Controlled Potential Electrolysis of 11 in the Presence of 
Phenol. The N-tosylcarbamate 11 (4.82 g, 10.7 mmol) was added to 
a preelectrolyzed solution of 5.0 g of phenol (53 mmol) in 100 mL of 
0.2 M TEAB/MeCN at -2.1 V (residual current = 8 mA). After 6 h 
(the electrolysis was slightly exothermic), the current had decayed 
to 17 mA. Isolation as previously described gave 2.66 g (84%) of crude 
product. Trituration with 2 mL of petroleum ether afforded 2.45 g 
(total of 2 crops, 80%) of 12 .

Using 590 mg (1.3 mmol) of 11 and 650 mg (6.8 mmol) of phenol 
(under exactly the same conditions), 380 mg (98%) of crude product 
was obtained. Recrystallization from petroleum ether gave a total (2 
crops) of 357 mg (92%) of 12.

terf-Butyl 3-(tert-Butoxycarbonylamino)-2,3-dihydroben- 
zoate (13). Dehydroiodination. A solution of cooled (—78 °C) lith
ium isopropylcyclohexylamide was prepared using 10.75 mL (24.6 
mmol) of 2.4 M rc-BuLi and 4.5 mL (24.7 mmol) of isopropylcyclo- 
hexylamine in 40 mL of THF in a 100-mL three-necked round-bot
tomed flask. The allylic carbamate 12 (2.0 g, 6.7 mmol) was added and 
after 10 min the cooling bath was changed to one maintained at —65 
to -6 0  °C for 1 h. The resulting clear yellow solution of dianion was 
added using a cannula and positive N2 pressure to a cooled (-78  °C) 
and stirred solution of 6.26 g (24.7 mmol) of I2 in 30 mL of THF in a 
250-mL round-bottomed flask under anhydrous conditions. After 2 
h, the cooling bath was replaced by an ice bath for another 1.5 h. After 
an additional V2 h at room temperature, the reaction was quenched 
with water (20 mL) and extracted with ether which was washed once 
with cold 1 N HC1, with aqueous sodium bisulfite until colorless, then 
once with bicarbonate, and brine, and finally dried.

Filtration and evaporation gave a light yellowish oil which was 
immediately dissolved in 80 mL of benzene and 2.0 g (17.8 mmol) of 
diazabicyclo[2.2.2]octane (Dabcoi was added in one portion. After 
stirring overnight, the reaction was taken up in ether which was 
washed once with cold 1 N HC1, bicarbonate, and brine, and dried. 
Concentration afforded 2.6 g of yellowish oil which was purified by 
column chromatography (200 g of silica gel, eluted with EtOAc/hex
anes) to give two compounds, A and B.

Compound A (180 mg of a white semisolid, 9%) was tentatively 
identified as terf-butyl 5-(fer£-butoxycarbonylamino)-2,5-dihydro- 
benzoate (14), Rf (25% EtOAc/hexanes) = 0.64: NMR (CDCI3) 6 6.8 
(1 H, m. «-hydrogen of a,d-unsaturated ester), 5.6-6.0 (2 H, m, ole
finic). 4.9 (1 H, m, NH), 4.7 (1 H, m, allylic R2CHN). 2.9 ( H. d, allylic 
-CH^), 1.5 (9 H, s, terf-butyl) and 1.45 (9 H, s, ferf-butyl).

This compound was unstable in the presence of air, decomposing 
completely to terf-butyl N-(terf-butoxycarbonyl)-m-anthranilate 
(15), Rf (25% EtOAc/hexanes) = 0.76, mp 112-115 °C (recrystallized 
from CHCls/hexanes): IR (KBr pellet) 3340 (NH), 2980, 2930, 
1715-1680 (broad band, ester and carbamate), 1510,1390, and 1370 
(ferf-butyl), 1305,1245,1170,1110,870, and 855 cm '1; NMR (CDCla) 
6 7.1-7.9 (4 H, m, aromatic), 7.0 (1 H. broad s, NH), 1.55 (9 H, s, 
ferf-butyl) and 1.5 (9 H, s, ieri-butvl).

Anal. Calcd for ClfiH23N 04: C, 65.50; H, 7.90; N, 4.77. Found: C, 
65.39; H, 8.11; N, 4.79.

Compound B (1.80 g of a clear oil) was triturated with approxi
mately 1 mL of petroleum ether to afford 1.78 g (90%) of ferf-butyl 
3-(ferf-butoxycarbonvlaminol-2,3-dihydrobenzoate (13) as a fluffy 
white solid, Rf (25% EtOAc/hexanes) = 0.57: mp 99-101 °C: IR (KBr) 
3350 (NH), 2980, 2930,1720-1680 (broad band, ester, and carbamate), 
1510,1395, and 1370 (terf-butyl), 1280, 1255, 1165,1095, 1050, 850, 
760, and 720 cm-1; NMR (CHCl:i/hexanes) 5 7.0 (1 H, m, a-hvdrogen,
6.1 (2 H, m, olefinic), 4.9 (1 H, m, allylic R2CHN), 2.6 (2 H d, of d, 
methylene), 1.5 (9 H, s, ferf-butyl), and 1.45 (9 H, s, ferf-butyl); mass 
spectrum (70 eV) m/e 295 (M+), 260,239 (M — 56, loss of isobutylene), 
183 and 139 (base peak); UVmax(MeOH) 284 nm ( e  6240); GLPC 
analysis (2 m X  2 mm, 5% OV-17 on 80/100 mesh Gas Chrom Q, 195 
°C) of 13 (tr = 3.4 min) showed it to be contaminated with less than 
V2% of 12 (tr = 2.9 min).

Anal. Calcd for Ci6H25N 04: C, 65.05; H, 8.53; N, 4.74. Found: C, 
64.94; H, 8.32; N, 4.55.

tf/-Gabaculine (1). The diene 13 (511.2 mg, 1.7 mmol) was dis
solved in 1.5 mL of purified trifluoroacetic acid (distilled at 72 °C 
under N2 and stored in a no-air container) under oxygen-free condi-
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tions (exothermic reaction). After 2 min, all of the volatile material 
was removed under high vacuum leaving, after 2 h, a dark semisolid 
residue. Addition o f a little distilled H2O caused a white crystalline 
solid to precipitate (presumably the trifluoroacetate salt of 1). After 
warning gently to redissolve the solid, the solution was applied to a 
1 X 20 cm column of Bio-Rad AG11A8 ion-retardation resin36 and 
eluted with distilled H2O. Lyophilization of the appropriate fractions 
(generally the first 3-10 mL of eluent, visualized by UV and ninhydrin 
test after spotting on a TLC plate) gave 169 mg (70%) of crude dl- 
gabaculine (1), mp 180-185 °C dec (lit.4 mp 193-197 °C dec). Re
crystallization from MeOH containing a minimum amount of H2O 
gave 2 crops of an off-white solid: first crop (83 mg), mp 184-186 °C 
dec; second crop (32 mg), mp 194-196 °C dec. A third crop (49 mg, mp 
182-186 °C dec) was recovered by addition of ether to the mother li
quors for a total of 164 mg (68%) of 1: UVmax(H20) 275 nm (e 8500) 
(lit.4 275 nm (« 8600)). NMR and IR data were consistent with the 
published values.4 TLC analysis (7.5 EtOH, 2.5 H2O, trace NH4OH) 
showed a single spot, R/ = 0.64, which cospotted with an authentic 
sample derived from cZZ-gabaculine hycrochloride.

dl-Gabaculine Hydrochloride Salt. dZ-Gabaculine (mp 194-196 
°C from above, 5 mg, 36 ¿¿mol) was dissolved in 0.5 mL of cooled (ice 
bath) absolute MeOH which had been saturated with dry HC1 gas. 
The solvent was immediately removed by high vacuum to afford a 
white solid. Recrystallization from acetone containing a little meth
anol gave 4 mg (63%) of dZ-gabaculine hydrochloride, mp 195-199 °C 
dec (lit.4 mp 198-200 °C dec). Admixture with an authentic sample 
of racemic gabaculine hydrochloride had no effect on the melting 
point.
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Recently, we have explored the synthetic applications of 
the reactions of both bis(/V-p-toluenesulfonyl)selenodiim- 
ide1̂ 3 and bis(A'-p-toluenesulfonyl)sulfodiimide.4’5 These aza 
analogues of Se02 and SOa are powerful enophiles in their 
reactions with olefins and eventually result in the formation 
of allylic sulfonamides. Kresze and Schonberger indepen
dently discovered that the sulfur diimide species effect allylic 
amination of olefins.6 We now report that the ene reaction7 
of the related monooxo compounds, the N-sulfinylsulfona- 
mides,8 is reversible under mild conditions and that this re
versibility can be exploited to specifically introduce deuterium 
(or tritium) into the allylic position of an alkene.

When 1.1 equiv of 1 was stirred with /3-pinene in benzene 
for 3 h at 25 °C, a 1:1 adduct, the /V-tosylsulfinamide 3, was 
isolated in 89% yield (Scheme I). However, upon standing in 
moist air at room temperature for a few days or upon strong 
heating (>150 °C), 3 was found to decompose with the liber
ation of d-pinene. When 3 was refluxed in benzene, no change 
occurred until an excess of H2O was added which resulted in 
the formation of /3-pinene and p-toluenesulfonamide. The 
observed behavior is consistent with a reversible ene reaction. 
However, initial hydrolysis of the allylic sulfinamide adduct 
to an allylic sulfinic acid, which then undergoes retroene re
action, is another possibility.

When the H2O was replaced by D2O, exchange of the acidic 
N-H proton followed by retroene reaction led to the incor
poration of a deuterium in the allylic position. In the case of 
d-pinene (Scheme II), the recovered material was 86% d\ and 
14% do with the deuterium being introduced trans (>97%) to 
the dimethyl bridge as shown by 2H NMR9'10 and confirmed 
by the loss of the deuterium upon oxidation with Se02 to 
irans-pinocarveol.11 These results are similar to the stereo
specific retroene reaction of the deuterated adduct of /3-pinene 
and methyl phenyl glyoxylate10 with the exception that in the 
present case much lower temperatures are needed.

Table I shows the results for the allylic deuteration of a 
variety of olefins. Generally, the olefins were recovered in 
yields greater than 50% and greater than 75% monodeuterated. 
It was not necessary to isolate the initial ene adduct. It should 
oe pointed out that the reaction is not general since some cy
clic olefins as well as electron-poor or hindered olefins are poor 
substrates for this system. Among the compounds which failed 
to form an isolable ene adduct were cyclohexene, 4-tert- 
batylcyclohexene, A2-cholestene, cholesterol, and a-pinene. 
Under forcing conditions, 4-terf-butylcyclohexene gave 
iert-butylbenzene in good yield.12

/-Carvone is the only example in Table I of an olefin with 
exchangeable protons. Exchange of the crude deuterated 
product with ethanolic NaOH at 60 °C for 3 h gave /-carvone 
chat was >75% d\. NMR integration indicated that the deu
terium was located in the vinyl methyl group (although Buchi 
and Wiiest13 have shown that the major product of SeCU oxi-

* A ddress corresp on den ce  to  this author at the D epartm en t o f  Chem istry, 
Stanford U niversity, S tan ford , C aliforn ia  94305.

Scheme I

0
0

2, R — S— CH3 

0
+  r n h 2 +  SO,

Scheme II 
OII

Scheme III

5

dation of l-carvone is the racemic tertiary allylic alcohol). In 
support of the proposed location of the deuterium, the initial 
1:1 adduct was found to have the structure 5.15 In addition,

there was no loss in the optical activity of the recovered deu
terated /-carvone. During the reaction, some aromatization12 
of the /-carvone to dehydrocarvacrol (2-methyl-5-isopro- 
penylphenol) occurred.

Of course, alkenes can be tritiated in the same manner using 
T20  in place of D20. As shown in Scheme III, «-methylstyrene 
with a specific radioactivity of 0.8 mCi/mmol was isolated 
when 2 mmol of its crystalline adduct 5 was refluxed for 20 h 
in 5 mL of benzene containing 0.1 mL of T 20  (1 Ci/mL). 
Correcting for the 2 mmol of protons introduced with the 
adduct 5, the specific activity of the medium was 7.7 mCi/ 
mmol of H+. Therefore tritium was incorporated into the 
olefin at a specific radioactivity 10% that of the reaction me
dium. This calculation is based on the notion that only one 
allylic hydrogen is available for exchange. This would be true 
if the N-sulfinylsulfonamide (T sN = S = 0 ) hydrolyzed as it

0022-3263/78/1943-1456$01.00/0 © 1978 American Chemical Society
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Case Olefin Registry no.

1 p-Pinene 127-91-3

2 /3-Pinene

3

O
»

r^^NHTs»
64976-20-1

4 1-Dodecene 112-41-4

5 Citronellol 
methyl ether

55915-70-3

6 a-Methyl-
styrene

98-83-9

7 /-Carvone 6485-40-1

8 /-Carvone

Table I. Allylic Deuteration of Alkenes

Deuterium
Reagentb P roduct0 Registry no. incorporation0 R ecovery0

1.2 TsNSO0

2 M sNSOf

3 TsNSO 

2 TsNSO

1.2 TsNSO 

2 TsNSO

2 MsNSO

65025-52-7 14% d 0 
86% d,

59%

3% d0 
94% d, 

4 % d2

51%

4 % d „ 
95% d, 

3 % d 2

78%

64976-21-2 4% d0 
93% d, 

2 % d 2

46%

64976-22-3 11% d0 
87% d, 

2% d 2

68%

64976-23-4 15% d 0 
84% d,

1% d 2
(Crude)(Exchanged)

79%

64976-24-5 13% d0 16% d 0 39%
46% d, 82% d, (After
35% d 2 2% d 2 

6% d 3
(Crude)(Exchanged)

exchange)

16% d 0 16% d 0 39%
20% d, (After
37% d, 75% d, 
25% d 3

2% d 4 9% d 2

exchange)

° See the Experimental Section for all details. The location o f  the deuterium was determined by NMR. b TsNSO = N- 
sulfinyl-p-toluenesulfonamide. MsNSO = IV-sulfinylmethanesulfonamide. The numbers refer to  the number o f  equivalents 
used. 0 Based on starting olefin. d A dduct heated in ben zen e/D ,0  at 140 °C for 10 h (sealed tube). 0 Registry n o .: 4104-47-6. 
f Registry no.: 40866-96-4.

was produced in the retroene process. However, the validity 
of this assumption was challenged by the following experi
ment: under the same conditions described above, the T20  was 
replaced with 0.1 mL of D20  and this gave «-methylstyrene 
which was 25% d0, 40% d i; 22% d2, and 10% d3. Apparently, 
under these conditions (much less water than is usually em
ployed), the ene and retroene reactions are occurring several 
times over before the N-sulfinylsulfonamide (T sN = S = 0 ) 
is hydrolyzed.

Although this single example of allylic tritiation was per
formed using an isolated sulfinamide adduct, the in situ 
method (in which the adduct is formed in benzene and then 
D20  or T 2o  is added directly to the solution of the crude ad
duct in benzene) is much simpler and should be preferable in 
most cases where allylic tritiation :s desired. We have found 
that the sulfinamide adducts are often too unstable to isolate. 
Moreover, if one wished to allylically tritiate a few micrograms 
of olefin, isolation of the adduct would not be feasible.

One consequence of the ene/retroene mechanism is the loss 
of stereochemistry in the case of di- and trisubstituted olefins. 
For example, reaction of either cis- or trans-5-decene with 1 
followed by hydrolysis afforded the same mixture of 23% cis- 
and 77% trans-5-decene. Similar results were found for (Z)- 
and CE)-3-methyl-2-hexene (the recovered olefin in both cases 
was 33% (Z) and 67% (E )). Control experiments showed the 
olefins were stable (no cis-trans isomerization) to the condi
tions of the retroene-hydrolysis procedure.

If a suitable /3-hydrogen is available, a side reaction in
volving syn elimination of the allylic sulfinamide group to a

Scheme IV

diene sometimes competes with the retroene reaction. The 
yield of diene was generally less than 15%. However, diene 
formation can be made the exclusive event by obstruction of 
the retroene pathway through alkylation of the nitrogen of the 
intermediate allylic sulfinamides. As a particular example 
(Scheme IV), pyrolysis (by GLPC injection) of the N- 
methylsulfinamide dsrivative 6 (obtained in only 26% yield) 
from 1-phenylcyclohexene gave a 90% yield of 2-phenyl-
1,3-cyclohexadiene and none of the isomeric diene.14 Similarly, 
cyclooctene and (£)-5-decene were transformed to 1,3-cy- 
clooctadiene and 4,6-decadiene, respectively.15” This sequence



1458 J. Org. Chem., Vol. 43, No. 7 ,1978 Notes

effects symmetrical (i.e., A2-olefin -*  A1'3-diene) dehydroge
nation of an olefin to a conjugated diene, but this new diene 
synthesis is limited by the fact that the N-methylsulfinamide 
adducts are generally formed in poor overall yield.15b In con
trast to allylic sulfoxides,16 these derivatives have given no 
indication of undergoing 2,3-sigmatropic rearrangement.17

In summary, the reversible ene reaction of N-sulfinylsul- 
fonamides represents a convenient procedure for the allylic 
deuteration and tritiation of certain alkenes.

Experimental Section
All mass spectra were collected using a Hitachi Perkin-Elmer 

EMU-6E mass spectrometer and the percentage of deuterium in
corporation was calculated using standard techniques18 including 
corrections for natural abundance. Kugelrohr dist Nation refers to 
bulb-to-bulb distillation using a Buchi kugelrohr apparatus. The 
temperatures reported are the air bath temperatures at which the 
material distilled and are not the true boiling points.

JV-Sulfinyl-p-toluenesulfonamide (1). A. This procedure is a 
slightly modified version of Kresze’s.8’20 In a 2.0-L round-bottomed 
flask fitted with a reflux condenser and a CaCl2 drying tube, a mixture 
of 250 g of p-toluenesulfonamide (1.46 mol, Eastman Organic 
Chemicals) and 200 g of thionyl chloride (1.68 mol) in 1.0 L of dry 
benzene was heated for 5 days at reflux. After cooling to room tem
perature the solvent and excess SOCI2 were evaporated, first at as
pirator pressure, then under high vacuum, to leave approximately 300 
g of dark orange oil. Kugelrohr distillation in three 100-g portions gave 
a total of 196 g of 1 (130-140 °C, 0.06 Torr, 62%) w rich crystallized 
upon standing to a bright yellow solid, mp 47-51 °C (lit.8 mp 53 
°C).

B. Addition of 1% N,/V-dichloro-p-toluenesulfonamide21 decreased 
tie  time needed for completion. For example, the reaction of 125 g 
of T sNH2 (0.73 mol) and 173 g of thionyl chloride (1.46 mol) in 100 
mL of benzene at reflux (using a CaClo drying tube as above) was 
complete in only 16 h. Evaporation followed by kugelrohr distillation 
as above gave 1 in 69% yield. This modified procedure (B) represents 
a great saving in time (only 16 h instead of 5 days) with no decrease 
in yield. Note also that procedure B employs different proportions 
of reactants and solvent than procedure A.

JV-Sulfinylmethanesulfonamide (2).19 Follow.ng procedure A 
above, 2 was prepared using 15.5 g of methanesulfonamide (16 mmol) 
and 14 mL of SOCl2 (19 mmol) in 30 mL of benzene. Kugelrohr dis
tillation (165 °C, 0.02 Torr; lit.8 bp 80 °C, 1CT4 Torr) gave 13.9 g (62%) 
of bright yellow oil.

Reaction o f 1 with /8-Pinene. To a 100-mL round-bottomed flask 
under anhydrous conditions containing a solution of 5.4 g of TsNSO 
(24.9 mmol) in 50 mL of benzene (THF or CH3CN gave equivalent 
results) was added, with stirring and cooling (ice bath), 3.6 mL of 
p-pinene (22.7 mmol). After stirring overnight at room temperature, 
the solution was concentrated to about one-half of its volume and 
cooled. The resulting white precipitate was collected and washed with 
a small amount of hexanes. After drying in vacuo, 7.13 g of 6.6-di- 
methylbicyclo[3.1.1]hept-2-en-2-yl-lV-(p-toluenesulfonyl)methyl- 
sulfinamide (3) was obtained (89%), mp 137-139 °C: IR (KBr) 3050 
(NH), 2920 (CH), 1595,1375 (S02), 1320,1185,1165 (S02), 1080,1065, 
860, and 815 cm-1; NMR (CDC13) 5 9.0 (1 H, broad s, exchangeable 
with D20, NH), 7.9-7.2 (4 H. q, aromatic), 5.60 (1 H, broad s, olefmic),
3.55 (2 H, broad s, -CH 2S), 2.4 (3 H, s, aromatic -CH 3), 2.2 (5 H, m, 
ring-H),'l.2 (3 H, s,-CH 3), 1.0 (1 H, m, bridgehead) and 0.7 (3 H, d, 
-CH 3). Upon standing at room temperature in the solid state, 14 
slowly decomposed to /3-pinene and a solid residue consisting mostly 
of TsNH,.

Anal. Calcd for C17H23N0 3S2: C, 57.76; H, 6.56; N, 3.96. Found: C, 
57.00; H, 6.90; N, 3.80.

Allylic Deuteration o f 0-Pinene with TsNSO (1). A solution of 
520 mg of TsNSO (2.4 mmol) in 20 mL of benzene w as prepared in a 
50-mL round-bottomed flask under anhydrous condition. /3-Pinene 
(0.32 mL 2 mmol) was added with stirring. The reaction could be 
conveniently monitored by GLPC for the disappearance of olefin 
(after the removal of the adduct by passing an aliquot through a plug 
of neutral alumina with hexanes). When the reaction was complete 
(6 h), 2 mL of D20  (>99.7% isotopic purity, obtained from Merck 
Sharp & Dohme, Ltd.) was added to the flask. After stirring at room 
temperature for 15 min while fitting the flask with a reflux condenser, 
the mixture was heated (oil bath at 90 °C) for 12 h (after which time 
no adduct remained by TLC). The benzene layer was separated and 
passed through a short column of silica gel (30 g) with hexanes (50 
mL). The resulting solution was concentrated to leave 190 mg of crude

product which was kugelrohr distilled (90-100 °C, water aspirator 
pressure) to give 162 mg of trans-3-deuterio-/3-pinene (59%): NMR 
(CDCI3) h 4.5 (2 H, m, = C H 2), 2.35 (3 H, m, ring H), 1.9 (3 H, m, ring 
H), 1.4 (1 H, d, bridgehead H), 1.25 (3 H, s, -CH 3) and 0.7 (3 H, s, -  
CH3). Mass spectral analysis showed the deuterated /3-pinene to be 
14% d0 and 86% dj.

Allylic Deuteration o f f-Carvone Using TsNSO. A mixture of
1.0 g of/-carvone (Aldrich, 6.66 mmol, [c* ]2od  —55.6° (c 8.65, EtOH)) 
and 2.89 g of TsNSO (13.3 mmol) was stirred in 20 mL of benzene in 
a 50-mL round-bottomed flask (anhydrous conditions) for 24 h. GLPC 
showed no olefin remaining, so 12 mL of D20  (>99.7% d) was added 
and the mixture refluxed for 7.5 h. The reaction was cooled, taken up 
in ether which was washed once with H20  and once with brine, and 
dried. Filtration and evaporation left 700 mg of crude oil which was 
kugelrohr distilled (50-70 °C, 0.5 Torr) to give 450 mg of deuterated 
/-carvone contaminated with approximately 5% dehydrocarvacrol. 
Pure /-carvone, isolated by preparative GLPC (8 ft X  V4 in. 20% SE-30 
on 45/60 mesh Chromsorb W, 150 °C) was 13% do, 46% dj, 35% d2 and 
6% d3, and showed little change in optical rotation ( [a ]25D -54.7° (c
8.45, EtOH)).

The excess deuterium was exchanged by heating the crude deu
terated /-carvone (250 mg) in 5 mL of 60% EtOH containing 3 drops 
of 50% NaOH solution at 50-60 °C for 3 h in a 25-mL round-bottomed 
flask under N2. Extraction with hexane (washed once with H20  and 
once with brine, and dried) followed by evaporation gave 240 mg of 
yellowish oil which was kugelrohr distilled to give 230 mg of 10-deu- 
terio-/-carvone (90%, 39% overall): NMR (CDC13) & 6.75 (1 H, m, 
olefinic), 4.7 (2 H, broad s, = C H 2), 2.5 (5 H, m, ring H) and 1.75 (5 H, 
two overlapping s, -CH 3 and -CH 2D). A pure sample of 10-deu- 
terio-l-carvone was collected by preparative GLPC: 16% do, 82% di, 
and 2% d2, [a]25D -55.0° (c 9.45, EtOH).

Allylic Tritiation o f a-Methylstyrene. In a dry 25-mL round- 
bottomed flask fitted with a reflux condenser and CaCl2 trap, a mix
ture of 670 mg of /V-(p-toluenesulfonyl)-2-phenyl-2-propenylsulfi- 
namide6 (2 mmol, recrystallized from CHC13 and dried in vacuo) and 
0.1 mL of 1 Ci/mL T 20  (100 mCi) in 5 mL of benzene was refluxed for 
14 h. After cooling, 5 mL of pentane was added and the organic phase 
eluted through a 7.0 X 0.5 cm silica gel column with an additional 5 
mL of pentane (this removes the TgO and the p-toluenesulfonamide). 
The resulting solution was concentrated to afford 120 mg of an oil 
which was kugelrohr distilled (80-90 °C, water aspirator pressure) 
to give 110 mg (49%) of tritiated a-methylstyrene: specific radioac
tivity = 1.78 X  106 dpm/iimol or 0.8 /¿Ci/Mmol; GLPC analysis (6 ft 
X  0.125 in. OV-17 on 80/100 mesh Gas Chrom Q, 70 °C) showed only 
one peak which coinjected with an authentic sample. Redistillation 
of the product caused no change in the specific activity. The original 
100 pL of T 20  contained about 11 mmol of protons and another 2 
mmol of protons were introduced with the sulfinamide adduct. Thus 
the 100 mCi of activity was distributed over 13 mmol of protons re
sulting in a specific activity for the reaction medium of 7.7 mCi/mmol 
of H+. The activity of the a-methylstyrene was 0.8 Ci/mmol, which 
represents incorporation of tritium into the sample at a specific ra
dioactivity 10% that of the reaction medium (based on replacement 
of one allylic hydrogen). Replacement of T20  by 0.1 mL of D20  under 
identical conditions and workup gave a-methylstyrene which was 25% 
d0, 40% <¿1, 22% d2, and 10% d3.

2-Phenylcyclohex-2-eny]-/V-methyl-Ar-(p-toluenesulfon- 
yl)sulfinamide. In a 50-mL round-bottomed flask with a magnetic 
stirrer, under anhydrous conditions, 3.25 g of TsNSO (15 mmol) was 
added to a solution of 1.0 g of 1-phenyl-l-cyclohexene (6.3 mmol, 
Aldrich Chemical Co.) in 20 mL of benzene. After 36 h, the reaction 
mixture was cooled in a refrigerator for approximately 1 h. The re
sulting precipitate was collected by suction filtration (washed with 
25 mL of dry pentane) and dried (1.90 g, 80% yield of 2-phenylcyclo- 
hex-2-enyl-A/-(p-toluenesulfonyl)sulfinamide). This solid (5 mmol) 
was suspended in 40 mL of benzene and 0.80 mL of Et3N (5.7 mmol) 
was added followed by 0.6 mL of dimethyl sulfate (96.3 mmol). After 
2 h at room temperature, the reaction was taken up in ether which was 
washed twice with H20, once with brine, and dried. Filtration and 
evaporation left 0.96 g of a white solid which was purified by column 
chromatography (25 g of silica gel, packed with hexane and eluted with 
100 mL: hexanes, 5%; EtOAc/hexanes, 10%, 15%; 10-mL fractions). 
Concentration of the appropriate fractions gave 0.52 g (26%) of the 
Ai-methyl adduct (recrystallized from EtOAc/hexanes), mp 160-161 
°C (decomposition with evolution of gas), Rf = 0.47 (35% EtOAc/ 
hexanes), not very soluble in ether, benzene, or EtOAc: IR (CHC13) 
2940,1595,1490,1445,1360 (S02). 1305,1165 (S02), 1090. 900, and 
890 cm“ 1; NMR (CDC13) 6 7.2-7.9 (4 H), 4.15 (1 H, broad s, R2CHS),
2.4 (6 H, s, aromatic -CH 3 and NCH3, addition of shift reagent causes 
splitting into 2 singlets in ratio of 1:1) and 2.4-1.8 (6 H, m, ring H).
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Anal. Calcd for C20H23NO3S2: C, 61.67; H, 5.95; N, 3.60. Found: C, 
61.56; H, 5.98; N, 3.64.

Pyrolysis of 2-Phenylcyclohex-2-cnyl-.V-methyl-7V-(p-tol- 
uenesulfonyl'isulfinamide. Injection of a 25% solution of the N- 
methyl adduct in CH3 OH directly into the gas chromatograph (in
jection port temperature 250 °C) gave (by area %) 6.4% 1-phenylcy- 
clohexene, 3.6% biphenyl, and 90% diene.

The diene was isolated by preparative GLPC (20 ft X % in. stainless 
steel, 20% Carbowax 20M on 45/60 mesh Chromsorb W at 200 °C, tT 
= 22 min (ir(biphenyl) = 26.5 min, i r (1-phenylcyclohexene) = 19 min, 
collected at liquid N2 temperatures). The resulting oil was weighed 
and dissolved :n cyclohexane: UVma, 279 nm (e 7500).

Some biphenyl (230 nm) was present. Both 2-phenyl-l,3-cyclo- 
hexadiene (276 nm (« 8140)) and l-phenyl-l,3-cyclohexadiene (303 
nm (< 13 800)1 are known.14 Not more than 14% of the 1 -phenyl isomer 
can be present in the isolated samples.

Both 1-phenylcyclohexene and biphenyl were identified by coin
jection which authentic samples. Biphenyl was isolated and found to 
be identical (TLC, melting point, and mixture melting point) with 
an authentic sample.

(20) TsNSO is also obtainable (80%  yield) by reaction of TsNCI2 with SOCI2: 
W. A. Zunrebeld, Ph.D. Thesis, University of Amsterdam, 1969. We are 
grateful to Professor W. N. Speckamp of the University of Amsterdam for 
informing l s  of this ncvel and effective route to TsNSO.

(21) (a) For preparation of TsNCI2, see F. Mulh, in Houben-Weyl, “Methoden 
der Organishen Chem e", 4th ed, Georg Thieme Verlag, Stuttgart, Vol. 9, 
1955, p 642. (b) TsNCI2 is also available from Pfaltz and Bauer, Inc. and 
MC & B Manufacturing Chemists.

Aliphatic Azoxy Compounds. 7. Unsymmetrical 
(Dialkoxymethyl)phenyldiazenes: Deoxygenation of 

an Azoxy Function1
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In an investigation of the reactivity of the biologically im
portant distal carbon atom of a model azoxyalkane, we ob
served that la was converted, in good yield, to phenyldi- 
methoxymethyldiazene (2a).2 We wanted to know if the re
action conditions permitted the incorporation of two different 
alkoxyl group nucleophiles into 2 or if alkoxyl group inter
change (e.g., via addition to tautomer 33) would prevent this. 
In so doing we wanted to learn more about the scope of this 
reaction for the synthesis of compounds 2, an unusual, and 
new, class of azo compound. Herein we report on the prepa
ration, stability, and spectral properties of 2b-d, results which 
apply in a practical way to the questions raised above.

The starting azoxy compound lc was prepared by the 
procedure used previcusly for la,b,d.2 Compounds lb-d were 
smoothly converted to liquids 2b-d by treatment with tri- 
ethylamine in methanol at 25 °C in the presence of a drying 
agent (see Scheme I). Conversion of 1 to 2 was 95-98% com
plete as determined by VPC; isolated yields of 49-58% of 98% 
pure 2 were obtained after silica gel chromatography. Diazene 
2c was prepared in comparable yield by alternate routes 
starting with la in 1-propanol and using triethylamine or 
potassium hydroxide as bases. Diazene 2c was stable for more 
than 1 day in refluxing 0.05 N aqueous methanolic potassium 
hydroxide solution, conditions expected to hydrolyze hydra- 
zone 3 should it be foimed in situ. In contrast, 2c was quickly 
destroyed in 0.03 N hydrochloric acid at room temperature.

0
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la , R = CH3
b, R = C2H,
c, R = n-C3H,
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Table I. Spectral Features of (Dialkoxymethyl)phenyldiazenes 2a

Registry _______ 1H chemical shift, ò (Me4Si)_______  UV Xmax (EtOH),
Compd no. R CH OCH3 a ß 7 nm (log t)

2b h 65102-03-6 -CH2aCH30 5.09 3.48 3.80c 1.19 269 (3.92), 215 (3.95)
2cd 65102-04-7 -CH2aCH2i3CH37 5.02 3.53 3.72c 1.63 0.95 268 (3.96), 215 (4.01)
2db 65102-05-8 -CH2aCH;3=CH 27 5.18 3.55 4.38 5.0-5.4 Ö.6- 6.2 269 (3.92), 214 (4.02)

° All compounds showed NMR absorptions at 5 7.7 for o-Ph and at 8 7.5 for m- and p-Ph protons; IR absorptions included those 
at 1520 (medium, vn= n ), 1120 and 1060 cm’ 1 (strong, i>co acetal). b NMR solvent: acetone-d6- c Diastereotopic splitting of the expected 
multiplet was observed. d NMR solvent: CCR.

The structures of 2 b -d  are based on their elemental anal
yses and the spectral data gathered in Table I. The spectral 
features which distinguish the diazenes 2 from a possible 
(tautomeric) hydrazone structure are (1) the chemical shift 
of the methylidyne H, 0 4.9-5.2 (vs. 5 >6.5 for the usually 
broad phenylhydrazone NH4), (2) the value of the UV ex
tinction coefficient (e) for the 260-280-nm absorption of 
phenylalkyldiazenes near 10 0005 (vs. 18 000-20 000 for the 
similar absorption of phenylhydrazones6), and (3) the absence 
of NH stretch in the IR spectra of 2 (vs. ĵnh of 3300-3450 cm-1 
for hydrazones6).

The conversion of 1 to 2, analogous to the conversion of 
di(l-butyl)diazene oxide to l-butyl-2-pentyldiazene by 
methyllithium,7 joins the growing list of selective transfor
mations which can be effected at both distal2 and proximal8 
carbon atoms of azoxyalkanes.

E xperim ental Section

General. For instruments used see the Experimental Section of 
ref 2. VPC analyses were performed using the following aluminum 
tubing columns: A, 4 ft X 0.25 in. 10% SE-30 on Chromosorb W (AW 
and DMCS); B , 6 ft X 0.25 in. 5% silicone oil Dow 710 on Chromosorb 
W (AW and DMCS); C, 6 ft X 0.125 in. 5% UCW 98 on Diatoport S. 
Dialkyldiazene oxides are animal carcinogens. However, phenylhy- 
droxymethyldiazene 1-oxide (1, R = H) produced no tumors in rats 
at dose levels which with dimethyldiazene oxide produced tumors with 
100% frequency.9

(Z)-Phenylpropoxymethyldiazene 1-Oxide (lc). The title 
compound was prepared in 85% yield using the silver carbonate pro
cedure described in ref 2. Preparative VPC (column A) provided an 
analytical sample: NMR (CDCI3) S 8.12 (m, 2 H, o-Ph), 7.4 (m, 3 H, 
m- and p-Ph), 5.15 (s, 2 H, distal CH2), 3.62 (t, 2 H, OCH2), 1.71 (m, 
2 H, CCH2), 0.97 (t, 3 H, CH3); IR (neat) 1490,1425,1355, and 1325 
cm-1; UV Xmax (95% C2H5OH) 247 nm (f 10 500). Anal. Calcd for 
C10H14N2O2: C, 61.84; H, 7.27. Found: C, 61.61; H, 6.98.

(jE)-(Methoxyethoxymethyl)phenyldiazene (2b).10 A mixture 
of 0.560 g (3.1 mmol) of lb, 0.50 g of triethylamine, 0.50 g of magne
sium sulfate, and 0.25 g of calcium sulfate in 7 mL of methanol was 
stirred 1 day at room temperature. After filtration and concentration 
in vacuo the resulting red oil was chromatographed over 30 g of silica 
gel. Elution with benzene gave 0.30 g (50%) of 95% pure 2b as a red oil. 
Preparative VPC using column B gave an analytical sample. Anal. 
Calcd for C10Hi4N2O2: C, 61.84; H, 7.74. Found: C, 62.00; H, 7.38.

(E)-(Methoxypropoxymethyl)phenyldiazene (2c). This com
pound was prepared from lc and methanol in 58% yield, 98% pure, 
by the method described for 2b. Preparative VPC on column A gave 
an analytical sample. Alternately, 2c was prepared in similar yield 
from la and 1-propanol using triethylamine as base and from la, 1- 
propanol, and 0.2 mol equiv of 1 N KOH. Anal. Calcd for CiiH i6N20 2: 
C, 63.44; H, 7.74. Found: C, 63.22; H, 7.57.

( E)-(Methoxy-2-propenoxymethyl)phenyldiazene (2d). This 
compound was prepared from Id in 49% yield by the method used to 
make 2b. Preparative VPC using column B gave an analytical sample. 
Anal. Calcd for CnHi4N20 2: C, 64.06; H, 6.84. Found: C, 63.88; H,
6.78.

Stability Studies. A solution of 0.10 g of 2c in 0.5 mL of 0.1 N 
acueous hydrochloric acid and 1.0 mL of methanol was stirred at room 
temperature. VPC analysis (column C) after 1 h showed no trace of 
2c.

VPC analysis (column C) of a solution of 2c in 0.5 mL of methanolic 
0.1 N KOH and 0.5 mL of water showed no loss of 2c after 1 day at 
reflux and 10% loss of 2c after 6 days at reflux.

0022-3263/78/1943-1460$01.00/0

Registry No.—lb, 57496-83-0; lc, 65102-06-9; Id, 57496-85-2;
methanol, 67-56-1.
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Primary /3-enamino carbonyl compounds are interesting 
as potential intermediates in the synthesis of natural and 
synthetic compounds possessing biological activity. They are 
rendered especially versatile by their reactivity at both ni
trogen and the a carbon, with the possibility existing of sys
tematically directing reaction at either site.1 Established 
syntheses of these compounds proceed from the corresponding 
/'j-di carbonyl compound using ammonia2 or a synthetic 
equivalent of ammonia3 to form the enamine. Although these 
methods are useful, both lack generality when dealing with 
multifunctional compounds which are sensitive to the strongly 
basic and nucleophilic reagents required by each. Thus, the 
Dieckmann-Prelog method2 (direct treatment with ammonia) 
is time consuming and apparently limited to structurally 
simple /3-keto esters.3 The Takaya method,3 while more gen
eral in scope, requires in its second step the use of sodium 
ethoxide in refluxing ethanol, conditions which are often de
structive to other moieties in a potential substrate, particu
larly exchangeable esters.

This note describes a new method for effecting this trans
formation which uses a markedly less nucleophilic reagent and 
proceeds under acid catalysis. V-Trimethylsilyliminotri-
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Entry
Starting
material

Registry
no.

Table 1“

Product
Registry

no.
Yield,6

%

Bp, °C 
(mmHg)

[mg]

0 o

0 o

iEt

'OCiCHA

NH,

1655-07-8

55623-56-8

NH,

CO,Et

(tO.CfCH,),

1128-00-3

65277-17-0

n h ,

88

68

[70-72]

80-90 (15)

3
VJ U

^ J ^ O C H X C I j
65277-16-9 ^ j ^ o c H y x i , 65277-18-1 43 135 (0.05) (KR)

4
0  0

¿ ^ o c h ,c h ,
611-10-9

NH,

^ J ^ C O ,C H ,C H , 7149-18-0 91 [58-59]

5
O 0

^ O E t
141-97-9

NH, 0

7318-00-5 73 [33-35]

6
O 0

A A
123-54-6

NH, 0

A A
1118-66-'’ 6 8 110-115 (10)

7

0

2816-57-1

NH

13652-33-0 40 65-75 (12)

0 All compounds listed had physical and spectral properties consistent with those in the literature or satisfactory elemental analysis. 
6 Yields represent isolated material and have not been maximized in all cases.

pher.ylphosphorane (I) (easily prepared from triphenyl- 
phosphine and azidotrimethylsilane4) reacts with (3-dicarbonyl 
compounds (II) in the presence of a molar equivalent of a 
secondary alcohol and a catalytic amount of p-toluenesulfonic 
acid to afford the corresponding d-amino-a,/3-unsaturated 
carbonyl compounds (III). The results are summarized in

O 0

Ph3P = N — Si(CH3)3 +  ^ — OH

I II, X = R, OR

NH2 O

^— OSi(CH3>3 + Ph3P= 0

m  iv

Table I. As can be seen from entry 7, the reagent also forms 
unccnjugated ¡mines, providing they are stable to the reaction 
conditions. Particularly noteworthy is the lack of ester ex
change in the (3-keto esters.

The observation that no reaction takes place in the absence 
of the alcohol suggests that the method proceeds by in situ 
generation of iminotriphenylphosphorane.5 Thus the initial 
step is cleavage of the nitrogen-silicon bond to form the un
protected iminophosphorane and the corresponding tri- 
methylsilyl alkoxide IV.6 Condensation with the ketone then 
follows, affording the desired product III and triphenyl- 
phosphine oxide. Credence to this mechanism is lent by the 
repcrt that iminotriphenylphosphorane itself undergoes a 
similar condensation with certain exceptionally reactive ke
tones.67

The principal limitation seems to be the stability of the 
product to the reaction conditions. Thus, when the sequence 
was employed with cyclohexanone, the ketone was consumed

and triphenylphosph:ne oxide was produced, but no volatile 
products were found. Presumably the ¡mine was formed and 
then underwent random self condensation.

In summary, the method described has the following ad
vantages. It allows for the rapid, one-step conversion of ap
propriate ketones to ~heir corresponding primary enamines 
or imines. It is the only method available for effecting this 
conversion without the use of strong bases and/or nucleo
philes, thus allowing synthesis of a wider variety of target 
molecules, particularly those containing exchangeable esters. 
Lastly, the reagent is easily synthesized and can be readily 
manipulated without fear of atmospheric hydrolysis.

Experim ental Section

General Procedure for the Condensation of JV-Trimethylsi- 
lyliminotriphenylphosphorane (I) with Ketones. To a solution 
of 1 molar equiv each of the desired keto compound, isopropyl alcohol, 
and I in a convenient amount of benzene was added a catalytic amount 
of p-toluenesulfonic acid. The resulting solution was refluxed until 
the reaction was complete (4-8 h). The solution was cooled, concen
trated on a rotary evaporator, and diluted with ether. The resulting 
precipitate of triphenylphosphine oxide was removed by filtration, 
and the filtrate was concentrated again. The resulting crude product 
was purified by distillation.

Registry No.— 1,13S92-06-3.
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The absolute configuration of the morphinan skeleton of 
)-sinomenine (l)3 is enantiomeric to natura. (—)-morphine, 

and conversion of 1 into (+)-morphine ( 10) was reported by

-CH,
N

3, R ,, R- = O; R 3 = H
4, R, = R 2 = OCH3; R , = H 
6 , R, = R 2 = OCH3 ; R 3 = Br

^ C H 3

•CH3

Rt

7, R, = R j = O C H j; R 3 = CH3
8 , R ,, R 2 - O; R 3 = CH3
9, R, = ÔH; R 2 = H; R , = CH3

10, R, = OH; R 2 = R 3 = H
11, R, = O Ac; R 2 = H; R 3 = Ac

Goto’s group.43~c To define morphine’s interaction with opiate 
receptors more clearly,5 we wanted to prepare large quantities 
of unnatural enantiomer 10 and several of its congeners. We 
now summarize our results that followed, in principal, Goto’s 
original scheme,4a_c but which implemented novel reactions 
and the findings of others, especially those of Rapoport et al.6 
Rapoport’s results in the natural (-) series became available 
only after we had started our project. A tenfold increase in the 
overall yield of (+)-morphine (10), previously reported by

Goto, from (—)-sinomenine (1) was accomplished as fol
lows.

Catalytic reduction7 of 1 afforded a mixture of two diaste- 
reomers (2a and 2b) which was separated by preparative 
thin-layer chromatography. The equilibrium mixture was 
reestablished by brief boiling of either isomer in methanol. 
Deuterium exchange of 2a and 2b allowed definitive assign
ment of the chemical shift of the C-5 and C-7 protons. As
suming that the preferential conformation of ring C is the 
chair form, the absolute configuration of 2a and 2b at C-7 
could be determined. Major isomer 2a and minor isomer 2b 
were assigned 1R (axial H) and IS  (equatorial H) configura
tions, respectively, for the following reasons. The chemical 
shift of the C-7 equatorial proton, due to the shielding effect 
of the carbonyl group in the IS  isomer, lies upfield of the C-7 
axial proton in the 7R isomer, in accord with previous work 
on a-methoxydecalones.8 The chemical shift of the C-7 proton 
of the IS  isomer was b 3.36 (t, J  = 3.5 Hz) and that of the C-7 
proton in the 7R isomer was b 3.90 (center of d of d, -J = 7,12 
Hz), and the coupling constants were of the magnitude ex
pected. The equatorially oriented C-7 methoxyl group in the 
1R isomer was deshielded by the carbonyl group (b 3.43), as 
compared with the methoxy group in the 7S isomer (5 3.30), 
again in accord with a-methoxydecalones.8 Molecular models 
(Dreiding) indicate that the major product might well be the 
1R isomer because of the less sterically hindered methoxyl 
group. The C-5 equatorial proton in both 1R and IS  isomers 
was considerably deshielded, presumably due to its proximity 
to the aromatic ring (see Experimental Section). A similar 
effect was noted in dihydrothebainone.6

Since the next step, the acid-catalyzed Sn2' cyclization of 
2a and 2b to 3, with loss of methanol, proceeds under condi
tions which equilibrate the two epimers, the mixture was 
treated directly with polyphosphoric acid at 65-70 °C. Ketone 
3 is rather stable under these reaction conditions, in contrast 
to Goto’s9 more drastic conditions; and yields of desired ke
tone 3 were consistently 70-75%.

Introduction of a double bond in the 7,8 position of 3 is not 
easy, and attempts to introduce it by direct oxidation were 
unsuccessful. This could, however, be accomplished by 
phenylselenation and oxidative elimination, but only after the 
N-methyl group was replaced by a N-carbethoxy group.10 
Meanwhile, Rapoport’s modification for converting (—)- 
dihydrocodeinone (enantiomer of 3) into (—)-codeinone (en
antiomer of 8) became known6 and was successfully imple
mented in our plan, which now took the following course: 
ketalization of 3 to dimethyl ketal 4 (98%); elimination of 
methanol with p-toluenesulfonic acid in chloroform to give 
enol methyl ether 5 (83%); addition of methyl hypobromite, 
leading to bromodimethyl ketal 6 (75%); elimination of HBr 
with potassium fert-butoxide in Me2 SO at room temperature 
instead of 60 °C6 to give 7 (87%); and deketalization of 7 with 
5% HC1 instead of AcOH6 to give (+)-codeinone (8; 96%).

Compounds 3 and 5-8 showed the properties previously 
reported by Goto et al., and 3-8 had properties identical with 
the corresponding compounds in the (—) series prepared as 
described by Rapoport,6 except for the optical rotation. Re
duction of unsaturated ketone 8 with sodium borohydride in 
methanol11 afforded (+)-codeine (9), which was converted into 
(+)-morphine (10) by O-demethylation12 with boron tribro
mide in chloroform. Unknown (+)-heroin (11) was obtained 
from 10 by treatment with acetic anhydride. Crystallization 
from ethyl acetate gave prisms identical with authentic (—)- 
heroin (enantiomer of 11), except for the sign of optical rota
tion. (—)-Heroin showed specific optical rotation 10° higher 
than previously reported.13

(+)-Codeine (9), (+)-morphine (10), and (+)-heroin (11) 
showed no analgesic activity on subcutaneous injection in mice 
in routine screening for centrally active analgesics. Unnatural

This article not subject to U.3. Copyright. Published 1978 by the American Chemical Society
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(+)-morphine (10) showed interesting central effects when 
injected intracerebrally in rats, suggesting the existence of 
multiple morphine receptors in the brain.14

Experim ental Section

Melting points were determined on a Thomas-Hoover melt ing point 
apparatus and are corrected. Elemental analyses were performed by 
the Section on Microanalytical Services and Instrumentation of this 
Laboratory. The identity and chemical purity of 3-11 were confirmed 
by direct comparison with authentic samples of the enantiomeric (—) 
series. IR, NMR (using tetramethylsilane at h 0.0 as an internal ref
erence), and mass spectra were obtained on Perkin-Elmer 257, Varian 
Model HR-220, and Hitachi RMU-6E (70 eV) instruments, respec
tively. Optical rotations were measured with a Perkin-Elmer Model 
141 polarim.eter. Silica gel GF plates for analytical and preparative 
TLC were purchased from Analtech, Inc., Newark, Del.

7(H )- and 7(S)-(+)-Dihydrosinomenine (2a and 2b). Sinome- 
nine (1; 16.6 g, 50.40 mmol) was dissolved in MeOH (450 mL) and 
hydrogenated using 10% Pd/C as a catalyst until the absorption of 
hydrogen stopped at approximately 1 mol. After filtration of the 
catalyst, the solvent was evaporated to give an oil residue which so
lidified on the addition of ether (200 mL), and the product was col
lected by filtration. This product (16.5 g) melted at 190-195 °C (lit.7 
mp 198 °C) and was used for conversion to 3 without further purifi
cation. Preparative TLC of a portion (150 mg) of this mixture of po
sition 7 epimers over silica gel GF (Et20-M e0 H, 9:1) gave as the major 
component the lower Rf IR epimer (100 mg, 67%), which showed, after 
crystallization from CHC13-E t20  (1:10), mp 196.5-197.5 °C; [a]23D 
+ 121° (c 1.28, CHCI3); IR (CHCI3) 1733 cm“ 1; NMR (CDCI3) i  6.60 
(2 H, AB system, -J = 8 Hz, aromatic Hi, 6.44 (1 H, brd s, OH), 4.30 
(1 H, d, J = 13 Hz, C-5 equatorial H), 3.90 (1 H. dd, J = 7,12 Hz, C-7 
axial H), 3.80 (3 H, s, aromatic OCH3), 3.43 (3 H, s, C-7 OCH3), 2.41 
(3 H, s, N-CH3), 2.25 (1 H. d, J = 13 Hz, C-5 axial H).

Anal. Calcd for C19H05NO4: C, 68.86; H. 7.60: N, 4.23. Found: C, 
69.04; H, 7.54; N.4.18.

The higher Rr 7S epimer (39 mg, 26%) was obtained as the minor 
isomer and showed, after crystallization from CHCl3-Et20 (1:10), mp
196.5-197.5 °C; [a]23D +87° (c 1.49, CHC13); IR (CHC13) 1725 cm -'; 
NMR (CDCI3) 6 6.64 (2 H, dd, J = 8 Hz. aromatic H), 6.26 (1 H, brd 
s, OH), 4.07 (1 H, d, J = 13 Hz, C-5 equatorial H), 3.82 (3 H, s, aro
matic OCHj), 3.36 (1 H, t, J = 3.5 Hz, C-7 equatorial H), 3.30 (3 H, 
s, C-7 OCH3), 2.73 (1 H, d, J = 13 Hz, C-5 axial H), 2.42 (3 H. s, N - 
CH3).

Anal. Calcd for C19H25NO4: C, 68.86; H, 7.60; N, 4.23. Found: C, 
69.08; H, 7.54; N,4.13.

(+)-Dihydrocodeinone (3). The mixture of 2a and 2b from above 
(3.00 g, 9.05 mmol) and polyphosphoric acid (Matheson, Coleman and 
Bell, 60 g) was heated at 65-70 °C for 1.25 h while stirring. The cooled 
reaction mixture was basified by the careful addition of ammonium 
hvdrcxide (28%) at 0 °C, saturated with NaCl, and extracted with 
CHCI3. The extracts were dried over Na2S04 and evaporated to afford 
a solid, which was recrystallized from Et20-CHC13 (3:1) to give 3 (1.98 
g, 73%): mp 196.5-197.5 °C (lit.9 mp 197-198 °C); [<*]23D +205.3° (c 
0.9, CHCI3) [lit.9 M d +207.4° (CHCI3)].

Conversion of (+)-Dihydrocodeinone (3) to (+)-Codeine (9). 
(+)-Codeine (9) was prepared from (+)-dihydrocodeinone (3) es
sentially as described by Rapoport6 in the ( - )  series via the following 
intermediates. (+)-Dihydrocodeinone d;methyl ketal 4: mp 121-122 
°C; [a]23p +167.2° (c 1.1, EtOH) [lit.15 ( - )  enantiomer of 4: mp 
122-123 °C, [a]n -151° (c 0.9, EtOH)]. ( + )-8,14-Dihvdrothebaine
(5): mp 162-163 °C; [a]23D +268.6° (c 1.1, C6H6) [lit.40 mp 162-163 
°C, [<*]d +268.2° (c 1.544, CgHg)]. ( + )-7-Bromodihydrocodeinone 
dimethyl ketal 6: mp 116-117 °C; [a]23p +165.1° (c 1, CHCI3) [lit.4c 
mp 117 °C, [a]n +164.5° (c 1.536, CHC13)[. Treatment of 6 with po
tassium tert-butoxide at 25 °C (48 h) instead of 60 °C6 gave (+)- 
codeinone dimethyl ketal 7: mp 135-136.5 °C; [ c* ] 23d  +238.3° (c 1.2, 
EtOH) [lit.40 mp 138 °C, [a]o +236° (c 1.016, EtOH)]. Hydrolysis of 
7 with 5% HC1 (0.5 h, 75 °C) instead of Ac0H -H 20 6 gave (+)-codei- 
none (8): mp 185-186 °C; [a]23D +204.5° (c 1, EtOH) [lit.4d mp 186 
°C, [o ]d  +206.0° (EtOH)]. Reduction of 8 with NaBH4 in MeOH gave 
(+)-codeine (9): mp 157.5-158.5 °C; [a]23D +136.2° (c 0.7, EtOH) 
[lit.48 mp 158 °C, [a]25D +137.4° (c 0.743, EtOH)].

(+)-Morphine (10). To a stirred solut.on of BBr3 (6.00 g, 24 mmol) 
in CHCI3 (70 mL) was added 9 (1.167 g, 3.9 mmol) in CHC13 (10 mL) 
at 23-26 °C over a 2-min period, and stirring was continued for 15 min. 
The reaction mixture was poured into a stirred mixture of ice (32 g) 
and NH4OH (28% NH3, 8 mL) and stirred for 30 min at 0 °C. The 
crystalline material which formed was filtered, washed with cold 
CHCL and then water, and dried to give 10 (800 mg). The aqueous

phase from the fíltrate was saturated with NaCl and extracted with 
CHCl3-EtOH (3:1). The combined extracts were evaporated, and the 
residue was puñfied by silica gel thin-layer chromatography using 
CHCL-MeOH 8:2) as a solvent to yield 10 (241 mg). Total yield was 
88%. Recrystallization frc m MeOH gave 10 -H20  as colorless prisms: 
mp 253-255 °C; [a]23D +132.1° (c 0.49, MeOH) [lit.48 mp 247-248 °C, 
[«]23d +132.1° (c 0.383, MeOH)].

Anal. Calcd for C17H19N03-H20 : C, 67.30; H, 6.98; N, 4.62. Found: 
C, 67.47; H. 7.25; N, 4.63

(+)-Heroin (11). A mixture of 10 (285 mg, 1 mmol» and acetic an
hydride (2 mL) was heated at 90-100 °C for 4 h. Ether was added to 
the cooled solut.on, and the mixture was basified with 10% KOH while 
cooling. The etner phase was separated, the aqueous phase was ex
tracted with ether, and the combined extracts were dried over Na2S04. 
The solvent was evapora ed to give a solid, which was recrystallized 
from AcOEt to afford 1 (295 mg, 80%): mp 169-170.5 °C; [a]23̂  
+ 176° (c 0.63, MeOH) [1L.13 ( - )  enantiomer of 11: mo 173 °C, [a]ffiD 
-166.4° (c 1.49, MeOH)].

Anal. Calcd for C ;iH2=NO,s: C, 68.28; H. 6.28; N, 3.79. Found: C, 
67.97; H, 6.37; N, 3.44.
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Cleavage o f T etrah ydrofu ran  by Lithium  
B is(2 ,6 -d i- t e r t - b  jtylph en oxy)alu m in um  H ydride
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The reaction of lithium aluminum hydride (LiAlH4) with 
2 or 3 molar equiv cf 2,6-di-fert-butylphenol (I) at room 
temperature gives lithium bis(2,6-di-feri-butylphenoxy)- 
aluminum hydride (L; eq l).This is confirmee in Table I for
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Table I. Reaction of Lithium Aluminum Hydride with Phenols in THF

Entry LÌAIH4, mol Phenol Amount, mol
Reflux 
time, h Ketone Amount, mol % redn H2 evol"

1 0.010 I 0.020 16 0
2 0.015 PhOH 0.030 19 0.029

3 0.020 I 0.060 16 0.01 0 6 0

4 0.015 I 0.045 5 o ° 0.011 0C 0

5 0.015 I 0.045 0 o ° 0.01 96 d 0.013

0 Moles o f H2 evolved on hydrolysis. b Recovered 97% ketone; GLC analysis using 3,3,5,5-tetramethylcyclohexanone as an internal 
standard. c Recovered 93% ketone; GLC analysis using the same internal standard: traces of alcohols present. d Alcohol ratio was 
53% cis and 47% trans (normalized to 100%).

reactions in tetrahydrofuran (TH F), and in each case 2 molar 
equiv o f  H 2 are evolved as measured by a wet test meter. A

third 2,6-di-ter£-butyIphenoxy group is difficult to introduce 
presumably due to steric hindrance.1’2 On ref.uxing the clear 
colorless solutions very little additional H 2 is evolved ir. the 
experiments using 3 molar equiv o f  I,3 and ir. all the experi
ments with I no hydrogen is evolved on hydrolysis with 10% 
sulfuric acid after the reflux period (Table I, entries 1, 3, and
4). Refluxing o f the hydride solutions was carried out under 
a blanket o f  nitrogen, although oxygen was not rigorously 
removed from the system. The absence o f hydrogen on hy
drolysis implies that no A l-H  bonds are present after reflux
ing, and this was confirmed by the virtual absence o f reduc tion 
o f 4-ferf-butylcyclohexanone added after the reflux period 
(Table I. entries 3 and 4). The recovered ketone is unreacted 
rather than formed by hydrolysis o f  an enolate as shown by
(1) a carbonyl stretching band at 1706 cm -1 in the IR spec
trum o f a reaction mixture sampled prior to hydrolysis, (2 » the 
absence o f  gas evolution during addition o f  the ketone, and 
(3) in an experiment in which LiAlH 4 was added to a reaction 
mixture prior to hydrolysis, the epimeric alcohol ratio was 
found to be 86% trans and 14% cis, close to that reported for 
the reduction o f 4-ier£-butylcyclohexanone with LiA lH 4 in 
T H F .4

On the other hand, in the absence o f heating the hydride 
species II reduces 4-ier£-butylcyclohexar.one in a normal 
manner, giving 53% cis and 47% trans alcohols with very little 
residual ketone (Table I, entry 5).

A solution formed by the reaction of LiAlH , (0.04 mol) with 
I (0.08 mol) in T H F  and refluxed for 18.5 h was hydrolyzed 
with water and sodium hydroxide solution'' (no H 2 evolution 
occurred on hydrolysis), and the product was d.stilled. n-Eutyl 
alcohol (0.061 mol) was isolated and identified by IR, N M R, 
and GLC comparison with an authentic sample. This alcohol 
undoubtedly was formed from the cleavage o f T H F  by II on 
heating. The cleavage o f T H F  can be explained by two d if
ferent mechanisms. One involves radical formation (eq 2) 
followed by ring opening o f  the tetrahvdrofuranvl radical.6 
Radical cleavage o f the TH F ring could result in the formation 
o f  an aldehyde7 group which would be reduced by II, thus

R-+ O ̂  O ,2)Ncr

accounting for the destruction o f the A I-H  bonds. Assuming 
that no free I remains after the reaction o f 2 molar equiv o f  I 
with LiA lH 4, the radicals must initially, be produced by 
thermal homolysis o f A K 3 -C fiH.r 2,6-(£-Bu)2 bonds. Thermal 
homolysis o f  an A l-C  bond has been observed with diphen- 
yltritylalum inum.8 In this case a stable triphenylm ethyl 
radical was form ed, while in the present example a relatively 
stable phenoxyl radical would be produced.

A direct attack o f the hydride species II on T H F  via a polar 
mechanism seems unlikely, although it cannot be ruled out, 
from a consideration o f the markedly different behavior o f 
phenol itself, as shown in Table I, entry 2. After refluxing a 
T H F  solution o f lithium aluminum diphenoxyhydride (III) 
for 19 h, acidic hydrolysis produced the calculated quantity 
o f  residual hydrogen, and the original number o f hydride 
equivalents in LiAlH 4 was quantitatively accounted for. If the 
sterically hindered reagent II was able to directly attack THF, 
the less hindered and electronically similar reagent III would 
be expected to do the same.

It is conceivable that II exists in equilibrium with a tri
coordinate aluminum species IV, as shown by eq 3.9 Species

IV can form a com plex with TH F, leading to its reduction. If 
this mechanism is correct, then the formation o f IV may be 
attributed to steric hindrance inherent in species II (as com 
pared with its absence in III).

There is another difference in behavior between phenol and
I. W ith the reagent III the reaction mixture remained clear 
and colorless before and after heating. In the reactions o f  I a 
deep yellow to  orange color always developed soon after the 
reflux period. Small amounts o f  a dark brown crystalline solid 
were isolated. Various samples o f  this material melted fairly 
sharply between 206 and 209 °C. T he solid was shown to be 
an approximately equimolar mixture o f 3,3 ',5,5'-tetra-ierf- 
butyldiphenoquinone (V) and the diphenol VI by N M R , IR, 
and UV comparison with samples o f  V and VI prepared in
dependently. Compounds V and VI are probably formed from 
the phenol I by radical reactions, possibly involving compound 
VIII as an intermediate.10 2,6-Di-terf-butylphenoxy radicals 
can com bine through the para positions to form V I.11 The 
isolated dark brown crystalline mixture o f  V and VI is much 
darker in color than each o f the separate components. This 
may be due to quinhydrone-type com plex form ation in the 
solid state. Evaporation o f a T H F  solution o f V and VI gave 
a similar deep brown solid. A quinhydrone com plex o f the
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methyl analogues of V and VI (tert- butyl groups replaced by 
methyl) has been reported.12

In order to distinguish between the radical mechanism of 
ring cleavage and a polar mechanism involving a tricoordinate 
aluminum reagent such as IV, the deuterated reagent VIII was

LdAlD2(0—

VIII

prepared by the reaction of LiAlD4 with 2,4,6-tri-tert-butyl- 
phenol14 in THF. The reaction mixture was refluxed, and 
following hydrolysis with aqueous base,5 the deuterated n- 
butyl alcohol was isolated by distillation. Analysis by NMR 
spectroscopy clearly showed the product to be 
CH2DCH2CH2CH2OH. Thus, the radical mechanism in
volving the formation and reduction of an aldehyde is ruled 
out, and a mechanism involving cleavage by a tricoordinate 
aluminum species such as IV is supported. The mechanism 
can either involve intramolecular (eq 4) or intermolecular (eq
5) attack by hydride.

!̂ DO — Al— 0 — (CH2)3CH2D (4)

— AID

— Al— 0 — (CH2)3CH2D (5)

The radical reactions leading to products V and VI are ap
parently unrelated to the cleavage of THF.

Experimental Section
2,6-Di-£er£-butylphenol (I) was obtained from the Aldrich Chemical 

Co. and was fractionally distilled through a 12-in helix-packed column, 
giving a clear colorless distillate, bp 105 CC (8 mm). 2,4,6-Tri-tert- 
butylphenol was purified by recrystallization from aqueous ethanol. 
Lithium aluminum deutende was obtained from the Alfa Ventron 
Corp. 4-ieri-Butylcyclohexanone was purified by distillation. Tet
rahydrofuran was distilled from LiAlH4 through a helix-packed col
umn immediately before use. LiAlH4 solutions in THF were obtained

from the Alfa Ventron Corp., and the molarity was checked by mea
surement of hydrogen evolution on reaction with a phenol-THF so
lution. GLC analysis was carried out with a Hewlett Packard Model 
5750 instrument. NMR analysis was carried out on a Jeol MH-100 
instrument.

Preparation of Lithium Bis(2,6-di-tert-butylphenoxy)alu- 
minum Hydride (II). A 100-mL three-neck flask with a magnetic 
stirring bar was flamed under nitrogen, and 10 mL of a 1.0 M 
LiAlH4-THF solution was added by pipet in a drybox. The flask was 
then fitted under nitroger with a reflux condenser and an equilibrated 
dropping funnel and attached to a wet test meter separated from the 
flask by a CaSC'4 trap. The nitrogen was discontinued, and a solution 
of the phenol (I; 4.12 g, C.02 mol) in THF was added dropwise with 
stirring. After the addition the reaction flask was disconnected from 
the wet test meter and again placed under a nitrogen atmosphere and 
heated under reflux (oil bath) for 16 h. On cooling under nitrogen the 
reaction mixture turned deep yellow. Hydrolysis of the reaction 
mixture attached to the wet test meter with 10% H2S04 resulted in 
no gas evolution.

In experiments involving the addition of 4-fert-butylcyclohexan- 
one, the reaction mixture was worked up by extracting with ether, 
washing the organic layer consecutively with saturated NaHCCh and 
NaCl solutions, and drying over anhydrous MgS04. The solutions 
were concentrated by distillation through a helix-packed column and 
analyzed by GLC on an 12 ft X V8 in 5% Carbowax 20M column at 136 
°C after addition of an internal standard.

Preparation of 3,3',5,E'-Tetra-tert-butyldiphenoquinone (V).
2,6-Di-ter£-butylphenol (I) was oxidized by alkaline ferricyanide 
according to the procedure of Cook, English, and Wilson.13 The 
product consisted of redd sh brown needles: mp 245-247 °C (lit. mp 
240-241,12 246 °C8); IR (carbonyl band) 1600 cm" 1 (s); NMR (CDC13) 
<51.38 (s, 36 H), 7.66 (s, 4 H)

Preparation of 4,4'-Dihydroxy-3,3',5,5'-tetra-teri-butyldi- 
phenol (VI). The diphenoquinone V (lg, 0.0025 mol) in 20 mL of 
THF was reduced with 0.01 mol of LiAlH4. Hydrolysis with water and 
10% H2S 04 gave yellow needles after recrystallization from 95% 
ethanol: mp 185-187 °C (lit.8 mp 185 °C); IR (OH stretch) 3610 cm-1 
(s, sharp); NMR (CC14) 51 47 (s, tert-butyl), 4.92 (s, OH), 7.06 (s, ring 
H’s).
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C o m m u n i c a t i o n s

Solvent E ffects  and Secondary Isotope E ffects  
for P robing D iradicai C h aracter in the 
T h erm al D ecarboxylation  o f /3-Peroxy Lactones'

Summary: The lack of solvent effects on the activation pa
rameters and product distribution and the lack of secondary 
deuterium isotope effects at the a carbon and /3-alkyl migrant 
substantiate that the thermal decarboxylation of /3-peroxy 
lactones proceeds via a 1,5-diradical.

Sir: On the basis of product distribution and kinetics2 and 
stereochemical data3 we concluded that the mechanism of 
thermal decarboxylation of /3-peroxy lactones 1 involved 
simple peroxide bond cleavage leading to the 1,5-diradical 2, 
which subsequently decarboxylated with concurrent /3-alkyl
1,2-migration to afford rearrangement ketone 3 as the major 
product (eq 1). Since evidence for 1,5-diracicals is scarce4 and

0

R<
la , R, = r 2 = r 3 = R« = CH,
b, R, = r 2 = CH ,; R , h JO h 1

 
0

 
ö

c, R, = r 2 = H; r 3 = CH3; R 4 = Ph
d, R, = r 2 = H; r 3 = CD3J R4 = Ph
e, R. = r 2 = D; r 3 = CH3;R 4 = Ph

2

(1)

since the preferred alkyl vs. phenyl 1,2-shift is unusual,2 it was 
of interest to confirm the diradical nature of this decarbox
ylation by exploring the effect of solvent polarity on the ki
netics and product distribution in the /?-peroxy lactone la and 
the secondary deuterium isotope effect at the migration origin 
in /3-peroxy lactones la  vs. lb  and lc  vs. Id and at the migra
tion terminus in le  vs. lc .

The activation parameters AH* and AS* of /3-peroxy lac
tone la for the solvents carbon tetrachloride, cyclohexane, 
benzene, and acetonitrile are summarized in Table I. Only a 
threefold rate enhancement has been observed between the 
least and most polar solvents, i.e., C-C6H12 and CH 3CN. If the 
diradical-like activated complex A were sensitive to solvent 
polarity by possessing appreciable dipolar character, we would 
have to expect rate effects by several magnitudes.0 Also the 
activation parameters are essentially constant within the 
experimental error, although a Aif* vs. AS* plot is linear with 
an isokinetic temperature T¡JO = 583 K. Whether the latter 
is mechanistically significant is debatable, but these solvent 
effect data reflect diradical character with only small dipolar 
contributions in polar solvents such as acetonitrile.

The isotope effect data is collected in Table I. In /3-peroxy 
lactones la  vs. lb  and lc  vs. Id we were interested in probing 
whether the ,3-methyl group (the migrant) was cleaving from 
the /3 carbon concurrently with peroxide bond fission via the 
two-bond breaking activated complex B. Clearly, the negli

gible isotope effect reveals that neither in lb  nor in Id has any 
significant methyl group scission taken place in the slow step,
i.e., during peroxide bond cleavage.

In the case of 3-peroxy lactones lc  vs. le we were interested 
in assessing the degree of «-carbon cleavage via the two-bond 
breaking activated complex C. Again, the negligible isotope 
effect signifies that peroxide bond rupture is not assisted by 
substantial «-carbon cleavage in the 3-peroxy lactones not 
bearing «  substituents. For example, an appreciable secondary 
isotope effect (^hA d = 1.17) has been observed in tert-butyl 
phenylperacetate on deuteration of the benzylic position.6 
However, in this acyclic case a two-bond cleavage is encour
aged, since the incipient benzyl radical is resonance stabi
lized.7 In fact, in our cyclic case «  substitution does lower the 
activation free energy by 3 kcal/mol, i.e., la (AG* = 28 kcal/

Table I. Activation Parameters and Secondary Isotope Effects12 in the Thermal Decarboxylation of 3-Peroxy Lactones

3-Peroxy Sol- *a,g X 103, A H *,c A S * / AG *383 K,d
lactone vent T, K s—1 b kcal/mol gibbs/mol kcal/mol kn/kn

la CCI4 383 0.627 ±  0.012 28.7 ±  0.3 1.7 ±  C.4 28.0 ±  0.4
la c-CgHi2 383 0.518 ±  0.010 28.6 ±  0.2 1.4 ±  C.3 28.1 ±  0.5
la c 6h 6 383 0.916 ±  0.020 28.3 ±  0.4 1.0 ±  1.2 27.9 ±  0.5
la CH3CN 383 1.47 ±  0.05 26.7 ±  0.2 1.8 ±  C.6 27.4 ±  0.6
la CCI4 392 1.26 ±  0.04

0.99 ±  0.03lb CCI4 392 1.26 ±  0.03
lc CCI4 403 5.77 ±  0.03

1.01 ±  0.03Id CCI4 403 5.70 ±  0.02
lc CCI4 403 5.T7 ±  0.03

0.99 ±  0.03le CC14 403 5.85 ±  0.04
lc c 6h 6 398 5.92 ±  0.10e

1.02 ±  0.02Id c 6h 6 398 5.85 ±  OTS«"

a All deuterated substrates are at least 95% labeled, as confirmed by NMR and/or MS analysis. b Measured by disappearance of 
the 1790-cm_1 carbonyl band of 1 in the infrared except for the last two entries. The initial [1] was ~0.01 M. c From triplicate runs 
at 370, 383, and 391 K. d Calculated from AH *  and AS*. e These are methyl vs. phenyl migration ratios determined by quantitative 
GLC of the respective rearrangement ketone 3. These ratios bear no units.

0022-3263/78/1943-1466S01.00/0 © 1978 American Chemical Society
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mol) vs. lc  {AG* = 31 kcal/mol2) , since a tertiary radical site 
is generated at the a carbon in the activated complex C.8

The d-peroxy lactones lc  and Id were also employed to 
determine the secondary isotope effect during the 1,2-shift 
of the ¿¡-methyl migrant, i.e., in the destruction of the 1,5- 
diradical 2 into products. For this purpose, by means of 
quantitative GLC the migratory aptitudes of methyl (feMe) vs. 
phenyl (£ph) as a function of methyl deuteration were mea
sured by determining the amount of d-methyl vs. d-phenyl 
migration product. From ¿¡-peroxy lactones lc  and Id the 
migratory ratios &cH3Aph and ^cr>Aph, respectively, were 
obtained from which £h/&d was calculated. A negligible sec
ondary isotope effect was found. This implies, as expected, 
that the slow step of the decomposition of d-peroxy lactones 
is the peroxide bond cleavage into diradical 2. Subsequently, 
this diradical 2 decarboxylates with d-alkyl migration via a 
fast step with a low activation barrier. In such cases the sec
ondary isotope effect is expected to oe very small.9 The error 
in our product data is too large to pick up such small ef
fects.

The product distribution derived from la was found to be 
insensitive to solvent polarity. Thus, pinacolone was formed 
essentially quantitatively (>99% yield) and only small 
amounts (<0.5%) of acetone and tetramethyloxirane (stable 
to the thermolysis conditions) could be detected in the various 
solvents. Consequently, also the destruction of the diradical 
2 into pinacolone exhibits negligible dipolar character.

In conclusion, our present solvent ar.d isotope effect data 
substantiate the previously proposed diradical mechanism 
(eq l ).2-3 The intervention of the 1,5-diradical is established; 
however, we have no information on its lifetime. Experiments 
to trap 2 have failed so far, which implies that the 1,5-diradical 
must be shorter lived than 10-7 s. A carbonyl-180  labeling 
experiment is in progress to estimate the lower lifetime limit 
of this 1,5-diradical.
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Superoxide in Organic Synthesis: A New Mild 
Method for the Oxidation o f Amines to 
Carbonyls via IV-Chloramines

Summary: Conversion of amines to their chloramines followed 
by reaction with potassium superoxide is a mild method of 
oxidizing amines to carbonyl compounds.

Sir: N -Chloramines have been used as effective intermediates 
for converting amines to their carbonyl derivatives in a 
number of synthetic sc lemes.1-2 We wish to report here a new, 
mild method employing potassium superoxide and the results 
of our study on seven representative amines, including several 
unsymmetrical secondary amines.

We have converted a series of amines to their corresponding 
A-chloramines in ether solution utilizing the method of 
Bachmann2 and without prior isolation reacted the chlo
ramines with potassium superoxide (see Scheme I). In a typ
ical experiment A-methylbutylamine (lg) (20 mmol) in ether 
(50 mL) was converted to its chloramine. Additional ether (50 
mL) was then added and the solution washed with water (1 
X 50 mL), 1.5 M sulfiric acid (1 X 50 mL), ar.d again with 
water (2 X 50 mL). It was then dried for at least 1 h over a 
mixture of magnesium sulfate, potassium carbonate, and 
molecular sieves.3 After filtration the ether solution was 
slurried at room temperature with potassium superoxide (2.2 
equiv) in the presence of 18-crown-6 polyether (80 mg). When 
the yellow superoxide color had completely faded (4-6 h), the 
mixture was filtered and the filtrate was poured into 2,4- 
dinitrophenylhydrazire reagent.4 The ether was evaporated 
on a rotary evaporato' and the crude 2,4-dinitrophenylhy- 
drazone (2,4-DNP) of n-butyraldehyde was isolated (82% 
yield). Analysis of the product by TLC (silica, etber/petroleum 
ether, 20:80) showed only a minor trace of a material with an 
Rf similar to that of formaldehyde 2,4-DNP.5 After recrys
tallization the melting point and mixed melting point con
firmed the product to be n -butyraldehyde 2,4-DNP. See Table 
I for other examples.

The aldimines derived from diisobutylamir.e, di-n-pen- 
tylamine, and di-2-methylbutylamine have been isolated and 
their structures confirmed by IR (C=N  stretch. 1670 cm-1) 
and NMR (5 7.6, 1 H, aldiminic). In the case of diisobutyla- 
mine pure A-chloramine was isolated and four.d to react in 
anhydrous ether to give imine6 in 88% yield by analytical VPC, 
showing the reaction of KO2 with A-chloramines is a clean, 
high-yield reaction.

An interesting result of our studies is our observation that 
elimination from unsy nmetrical chloramines shows a pref
erence for the more highly alkylated double bond, especially 
in the case of seconda'y methylamines. Thus A-chloro-/V- 
methylbutylamine gives an overwhelming predominance of 
butylidenemethylamine on reaction with KC>2- Although 
¡mines have been shown to form from A-choramines, very 
little work has been cone with chloramines of secondary 
amines and we are unaware of any studies on product yields 
from unsymmetrical amines. We believe the high regioselec- 
tivity we have observed the mild conditions required, and the 
easy workup may have valuable synthetic applications in the 
removal of NCH3 units from secondary methylamines.

Although the yield of carbonyl product from n-hexylamine 
was only moderate, no attempt was made to maximize the 
yield. Reaction of A-cilorohexylamine with KO2 was more 
vigorous than with the secondary A-chloramines. Lowering 
the temperature of the reaction might enhance the yield.

Scheme I

Cl

RXHNHR' ' Bu3C1> R.CHNR' R ,C = N R  R ,C = 0
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Table I. KO2 Reaction with N-Chloramines
Amine (1) Product (3) % yield

a Diisobutylamine (CH3)2CHCH=
NCH2CH(CH3)2

OO OO O

b Di-rc-pentylamine CH3(CH2)3CH=
N(CH2)4CH3

738

c Di-2-methylbutyl-
amine

EtCHCH3CH=
NCHvCHCHgEt

718

d Dibenzylamine PhCH=NCH2Ph 77 b
e N-Ethylcyclo-

hexylamine
C6H10=NCH2CH3 40 8

f c6h un = c h c h 3 238
g TV-Methylbutyl-

amine
CH3(CH2)2CH=

NCH,
76 6

h CH3(CH2)3N=CH2 Trace8
i n-Hexylamine CH3(CH2)4CH=NH 49 8

° VPC yield of aldimine; see ref 6. 8 Isolated as 2,4-dinitro- 
phenylhydrazone; see ref 7.

In an attempt to elucidate the mechanism we considered 
the possibility of a base-catalyzed reaction similar to Bach- 
mann’s.2 However, K 02 is no more basic than potassium ac
etate8 and potassium acetate gave no ¡mine when reacted 
under conditions used with K 02. Using Na20 2 under these 
conditions, peroxide ion, a suspected product9 of the reaction 
of K 0 2 with N-chloramines, also gave no ¡mine. When KOH 
was reacted with N -chloro-N-methylbutylamine, less than 
a 26% yield of imine was formed in the same time K 02 gave 
an 82% yield. The KOH reaction was also considerably dirtier, 
giving several as yet unidentified products. We are therefore 
examining the reaction in detail for other possible interme
diates.

Acknowledgment is made to the Donors of The Petroleum 
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Society, and the Old Dominion University Research Foun
dation for the support of this research.
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M ercury in Organic Chemistry. 15.1 A Novel 
Stereospecific Synthesis o f 1,3-Dienes via 
“ Head-to-Tail”  Dimerization of Alkynes

Summary: Terminal and internal alkynes can be dimerized 
in a “ head-to-tail” fashion to provide excellent yields of un- 
symmetrical 1,3-dienes by preparing the corresponding 
vinylmercurial and treating it with palladium chloride and 
triethylamine in benzene at room temperature.

Sir: 1,3-Dienes have proven very valuable as intermediates 
in organic synthesis. Recently a number of interesting new 
organometallic methods have been reported for the stereo
specific dimerization of terminal alkynes to 1,4-disubstituted
1.3- dienes.2-9 For example, utilizing intermediate vinylbor- 
anes one can now prepare in a highly stereospecific manner 
cis,cis,4 cis.trans,5-7 or trans,trans8>9 1,4-disubstituted 1,3- 
dienes at will. We wish to report a novel new method 
employing vinylmercurials which produces unsymmetrical
1.3- dienes via “ head-to-tail’: dimerization of terminal and 
internal alkynes (eq 1).

R yH (R ')
2R C =C H (R ') — *■ 2 ^ 0 = C

H HgCl

R H(R')

X C = = C \  / H
—  } /  / c = c \  (1)

R H(R')

A while ago we reported a procedure for the symmetrical 
dimerization of vir.ylmercurials derived from both internal 
and terminal alkynes (eq 2).10 Although the original procedure

R ^  / H(R')
2R C = C H (R ') —  2 . C = CX

H HgCl

R H(R')

Li.PdCl, / C = C \

/ C = C \
(R')H R

HMPA R

0°C

(2)

required stoichiometric amounts of lithium chloride and 
palladium chloride in hexamethylphosphoramide (HMPA) 
at 0 °C in order to obtain high yields, we have more recently 
found that all of the disadvantages of that procedure can be 
overcome by using only catalytic amounts of [ClRh(CO)2]2 to 
effect the dimerization.11 Upon closer examination of the 
palladium reactions we have observed that “ head-to-tail” 
dimerization can occur in these same reactions simply by 
varying the reaction conditions. In fact, by omitting lithium 
chloride and employing less polar solvents, we are able to 
obtain the unsymmetrical 1,3-dienes in excellent yield. Best 
results are obtained by using 0.5 equiv of PdCl2 and employing 
benzene as the solvent. It was also observed that HC1 is gen
erated during the course of these reactions and the addition 
of triethylamine improves the yields dramatically (eq 3).

2
R H(R')

/ C = C \
H HgCl

PdCI,

2Et,N

R H(R')
C_ C  x  

H / C = C \
R H(R')

(3)

The following procedure for the synthesis of trans-1,3- 
di-n-butyl-1,3-butadiene is representative. irans-l-Hex- 
enylmercuric chloride (10 mmol) and palladium chloride (5

0022-3263/78/1943-1468$C 1.00/0 © 1978 American Chemical Society
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Table I. Synthesis of “ Head-to-Tail” Dienes

Vinylmercurial Diene
Yield,

Time, h %a
(CHjlaC.

H'X .H (CH3>3C ] 
\ ' = C

'HgCl H ^  N
/

t e m p
H CH3(CH,)s

c=c

v f  ^HgCl

C X c= c/ h
/  \

H HgCl

CH3(CH ,k ,H
N ) = C r

h ' '  ^HgCl

(CHDjC c h

x)=cr
^HgCI

/C = c C
H /  \
n i  <c h  I h

/ »  
o = c <

'SLT

cx^
.. '  Na

CHs(CH2), hX  H
H N0 = C/  \
CH3(CH3> /  N H

(Ch„):!cl c h ,

> = <  / »
V. / c = < x

(CH S\ C  ¡CH,

24 91 (6)b

12 98 (2)

[93] (2)

29 91 (2)

24 [88] (5)

16 62 (3)

[59] (3)
“ GLC yield using an internal standard; [isolated yield]; (yield 

of symmetrical 1,3-diene impurity). b No triethylamine used.

mmol) were placed in a round-bottcm flask under nitrogen 
and 100 mL of benzene was added by syringe while cooling in 
an ice bath. Triethylamine (10 mmol) was quickly added and 
the ice bath removed. The reaction was then stirred for 12 h 
at room temperature. Charcoal and 5 mL of saturated am
monium chloride solution were added and stirred for 15 min. 
The mixture was filtered and the organic layer was separated, 
washed with dilute acid and base, and dried. Evaporation of 
benzene and column chromatography (pentane) on neutral 
aluminum oxide provided the 1,3-diene in 93% yield (98% pure 
by GLC analysis): bp 73-74 °C (7 mm); MS m/e 166.1721 ±
0.8 (calcd for CioH22, 166.1722); IR (max) (CC14) 3090 
(=C H 2), 3030 (fr<ms-CH=CH), 1650 (diene), 1610 (diene), 
965 (trans-CH=CH), 885 (=C H 2) cm "1; !H NMR (CC14) 5
0.92 (t, 6 H, J  = 6 Hz, CH3’s), 1.4 (m, 3 H, CH2’s), 2.1 (m, 4 H, 
allyl), 4.78 (br s, 2 H, = C H 2), 5.3-6.1 (m, 2 H, -C H =C H -). 
The yields and isomeric purities of other 1,3-dienes are sum
marized in Table I. Yields determined by GLC analysis 
(DC-550 or SE-30 columns) were run on one-tenth the above 
scale using a hydrocarbon internal standard.

Only in the synthesis of frarcs-l,3-di-teri-butyl-l,3-buta- 
diene was it found advantageous to omit the triethylamine. 
In this case the infrared spectral data is very similar to that 
above and the NMR spectral data clearly exhibits a trans 
coupling constant of J = 16 Hz. Spectral data and analyses 
for all other compounds are consistent with the assigned 
structures.

Since the reaction would achieve even greater synthetic 
utility were it to be effected using only catalytic amounts of 
palladium chloride, we have examined this possibility. Al
though the reaction is catalytic as run above, the catalyst 
turnover is generally quite low. However, addition of 2 equiv 
of anhydrous cupric chloride gives excellent yields using the 
exact procedure described above and only 10% palladium 
chloride (eq 4, 5).

We have also studied the analogous stoichiometric reactions 
of vinylalanes, -boranes, and -silanes, but only very low yields 
of unsymmetrical 1,3-dienes were obtained and these were 
contaminated by substantial amounts of the symmetrical
1,3-dienes.

The overall synthetic transformation is remarkable. The

CH3(CH2)3 H CH3(CH,)3 H
C = C  —  > = <  H (5)

o /  \  /  \  /
H HgCl H / C = C \

CH3(CH2)3 H

89%

“head-to-tail” 1,3-dienes are obtained in excellent yields with 
only small amounts of the “ head-to-head” and none of the 
“ tail-to-tail” products. This is even true in the case of the 
vinylmercurial derived from 4,4-dimethyl-2-pentyne, where 
neither electronic nor steric effects would seem to favor for
mation of the “ head-to-tail” diene and yet it is obtained in 
high purity and good yield (eq 6).

(CH3)3C CH, (CH3)3C c h 3

> - \  -
H HgCl H

(CH3)3C

' c = c ' / 
/  \

H (6)

CH,

Although no totally satisfactory mechanism has yet been 
formulated, the reactions appear to involve palladium hydride 
rearrangement of an intermediate organ opal, ad ium com
pound (eq 7). The acid generated during the reaction quite

V<H
H FdCl

-H
\ /

c = :CX
/ \

CIPd H
(7)

possibly arises from decomposition of an intermediate 
vinylpalladium species (eq 8, 9). However, questions remain

/ C = C X  — * R C = C H  +  HPdCl (8)
H VPdCl

HPdCl — ► HC1 +  Pd (9)

as to the role of mercury in these reactions, the driving force 
for rearrangement, the reason for failure to observe statistical 
mixtures of all three possible 1,3-dienes, and just what species 
is involved in the coupling reaction.

During the course of cur investigation an apparently related 
process for the “head-to-tail” dimerization of terminal alkynes 
was reported.12 Although the combination triisobutylalane 
and bis(iV-methylsalicylaldimme)nickel(II) directly dimerizes 
terminal alkynes, the yields are generally low and numerous 
side products are observed. It seems likely that this reaction 
involves nickel hydride promoted coupling in a manner 
analogous to our palladium reactions.

In conclusion, both terminal and internal alkynes can be 
dimerized in a “ head-to-tail” fashion by preparing the cor
responding vinylmercurial13’14 and treating it with palladium 
chloride and triethylamine in benzene at room temperature. 
This reaction can also be effected using only catalytic amounts 
of palladium chloride if anhydrous cupric chloride is employed 
as a reoxidant. Excellent yields of 1,3-dienes are obtained 
using either procedure. The mechanism of this remarkable 
transformation, however, remains obscure.



1470 J. O rg. C h e m ., V ol. 4 3 , N o . 7 ,1 9 7 8 Communications

Acknowledgments. We gratefully acknowledge the donors 
of the Petroleum Research Fund, administered by the 
American Chemical Society, the Research Corporation, and 
particularly E. I. DuPont DeNemours and Company for 
generous financial support, and Matthey Bishop, Inc., and 
Engelhard Industries for large loans of palladium chloride.

References and Notes
(1) Part 14: R. C. Larock and M. A. Mitchell, J. A m . Chem . Soc., 100, 180

(1978).
(2) M. Yoshifujl, M. J. Loots, and J. Schwartz, Tetrahedron  L e tt., 1303

(1977).
(3) G. Zweifel and R. L. Miller, J. A m . C hem . S oc., 92, 6678 (1970).
(4) G. Zweifel and N. L. Polston, J. A m . Chem . Soc., 92, 4068 (1970).
(5) G. Zweifel, N. L. Polston, and C. C. Whitney, J. Am . Chem . Soc., 90, 6243 

(1968).
(6) H. C. Brown and N. Ravlndran, J. Org. C hem ., 36, 1617 (1973).
(7) E. Negishl, G. Lew, and T. Yoshida, J. Chem . Soc., Chem . C om m un., 874 

(1973).
(8) E. Negishi and T. Yoshida, J. C hem . Soc., C hem . C om m un., 606 

(1973).
(9) Y. Yamamoto, H. Yatagal, and I. Montant J. A m . Chem . S oc., 97, 5606 

(1975).
(10) R. C. Larock, J. Org. C hem ., 41, 2241 (1976).
(11) R. C. Larock and J. C. Bernhardt, J. Org. C hem ., 42, 1680 (1977).
(12) A. M. Caporusso, G. Giacomelli, and L. Lardlccl, J. Org. C hem ., 42, 914

(1977).
(13) R. C. Larock and H. C. Brown, J. O rganom et. C hem ., 36, 1 (1972).
(14) R. C. Larock, S. K. Gupta, and H. C. Brown, J. A m . Chem . Soc., 94, 4371

(1972).
115) DuPont Young Faculty Scholar, 1975-1976.
116) A. P. Sloan Foundation Fellow, 1977-1979.

Richard C. Larock,* 1516 Bernhard Riefling
Department of Chemistry, Iowa State University

Ames, Iowa 50011 
Received October 4, 1977

B-Alkyl-9-borabicyclo[3.3.1]nonanes as Mild, 
Chemoselective Reducing Agents for Aldehydes

Summary: B-Siamyl-9-BBN will reduce a variety of func
tionalized aldehydes to the corresponding alcohols even in the 
presence of unhindered ketones.

Sir: Certain B-alkyl-9-borabicyclo[3.3.1)nonanes (9-BBN) 
have been shown to be effective reducing agents for benzal- 
dehyde. The efficiency of these compounds as reducing agents 
is largely dependent on the structure of the alkyl group on
9-BBN.1 We wish to report that B-(3-methyl-2-butyl)-9- 
borabicyclo[3.3.1]nonane (R-siamyl-9-BBN)2 is an effective 
reagent for the reduction of a wide variety of aldehydes under 
mild conditions.3 The formation of an intermediate aikoxy- 
borane is accompanied by the liberation of 2-methyl-2-butene 
(eq l ).4 The boron species is conveniently removed by pre-

BCH(CHj)CH(CH3)2 +  RCHO

'J ^ B O C H o R  +  CH.)CH=C(CH;,); (1)

cipitation as the ethanolamine complex, leaving the alcohol 
in solution. Several representative examples of successful

BOCILR
H.NCH..CH.OH

(C,H5),0.0°C
RCH.OH + (2)

conversions of aldehydes are presented in Table I, which il
lustrates a number of attractive features of the reagent sys
tem.

Table I. Reduction of Aldehydes to Alcohols with 
B-Siamyl-9-BBN

Product“ % yield b

CH3(CH2)4CH2OH 103 (54)
(CH3)3CCH,OH 101(49)
(CH3)2C=CH(CH2)2C(CH3)=CHCH,OHc 100 (76)
C6H5CH=CHCH2OHd 82(62)
c 6h 5c h 2oh 97 (90)
P-C1C6H4CH90H 92 (80)
P-CH3OC6H4CHoOH 97 (65)
P-(CH3)2NC6H4CHoOH (92)
p -o ,n c 6h 4c h 2oh (76)

“ All compounds exhibited satisfactory spectra in accord with 
the assigned structure. h Determined by GLC using calibrated 
internal standard, numbers in parentheses indicate isolated 
yields.c A mixture of 61% geranial and 39% neral; the same ratio 
of geraniol and nerol was obtained. d trans-Cinnamaldehyde; the 
product had spectral properties identical with those of trans- 
cinnamyl alcohol.

First, trialkylboranes are exceedingly tolerant of many 
functional groups.5 For example, B-siamyl-9-BBN reduces 
«,/)-unsaturated aldehydes to allylic alcohols with neither 
detectable conjugate reduction nor 1,4 addition of the alkyl- 
borane in the absence of oxygen.6 Branched or highly hindered 
aliphatic aldehydes are reduced almost as rapidly as 
straight-chain aldehydes; hexanal is reduced only slightly 
faster than pivala.dehyde. The rate of reduction of para- 
substituted benzaldehydes is increased by electron-with
drawing groups and decreased by electron-donating groups. 
Benzaldehyde is reduced about ten times faster than p-di- 
methylaminobenzaldehyde.

Perhaps the most remarkable feature of the B-alkyl-9-BBN 
compounds is their ability to selectively reduce aldehydes in 
the presence of ketones. While a number of reagents7 have 
been devised whicli show similar discrimination, only diiso
propyl carbinol on alumina is reported to be sufficiently se
lective to reduce an aldehyde in preference to an unhindered 
cyclohexanone.7s We have found that substantial reduction 
of a wide variety of ketones is attained only after many days 
at reflux with B-siamyl-9-BBN.8 Cyclohexanone itself is re
duced only to the extent of 2-3% under conditions for alde
hyde reduction. Indeed, a competition between benzaldehyde 
and acetophenone for a single equivalent of B-siamyl-9-BBN 
resulted in a >95% reduction of the aldehyde in 2 h with no 
detectable reduction of the ketone.9

Two substrates, p-dimethylaminobenzaldehyde and p- 
nitrobenzaldehyde, proved troublesome since the interme
diate alkoxyborane could not be subjected to the usual workup 
conditions without incurring decomposition. Modified pro
cedures for these allowed isolation of the alcohols with no 
further complications.

A general procedure for aldehyde reduction is as follows. 
A dry, 200-mL flask with a s.de arm covered by a rubber sep
tum, containing a magnetic stirring bar, and surmounted by 
a reflux condensor connected to a mercury bubbler, was 
flushed with nitrogen. To the flask was added 62 mL of a 0.5 
M solution of 9-BBN in THF (31 mmol), followed by 3.4 mL 
of distilled 2-methyl-2-butene (32 mmol). The mixture was 
stirred at reflux fc r 2 h. Then 30 mmol of freshly distilled al
dehyde was injected into the flask.10’11 Solid aldehydes were 
first dissolved in a small volume of THF and the solution was 
introduced into the reaction vessel via syringe. At the end of 
2 h of reflux the solution was cooled to room temperature. 
Then ~0.2 mL of acetaldehyde was injected into the flask to 
destroy excess organoborane and the solution was stirred for 
15 min. The solvent and volatile components were removed
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by water aspirator while stirring vigorously in a 40 °C water 
bath. The oily residue was dissolved in 30 mL of anhydrous 
diethyl ether and the solution was cooled in an ice bath. Then
1.85 mL of ethanolamine (31 mmol) was injected with rapid 
stirring. The precipitate was filtered on a fritted-glass funnel 
and washed with 5 mL of ether. The filtrate was washed with 
60 mL of a saturated sodium chloride solution, dried (MgS04), 
and concentrated under vacuum to yield the crude product. 
The alcohol may be isolated by distillation at reduced pressure 
or by chromatography and is generally pure by NMR and 
GLC.

The capacity of B-alkyl-9-BBN compounds as chemo- 
selective as well as enantioselective12 reducing agents for al
dehydes has been demonstrated.13 The reagent is exception
ally mild since the reaction proceeds under essentially neutral 
conditions. The Meerwein-Pondorf-Verley type of mecha
nism proposed for this reduction1 suggests that this reagent 
should possess unique properties. We are continuing to in
vestigate both the mechanism and scope of these reactions.

Acknowledgment. We gratefully acknowledge support of 
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Diels-Alder Reaction o f Thiophene with 
Maleic Anhydride at Very High Pressure1'2

Summary: The Diels-Alder reaction of thiophene with maleic 
anhydride proceeds under very high pressure conditions, af
fording the exo adduct.

Sir: There has been current interest in the Diels-Alder reac
tion of thiophenes. Because of the high aromaticity, it is a 
well-known fact that thiophene itself is inert to maleic anhy
dride.3 The only recorded thiophene derivatives which are able 
to react with maleic anhydride in a Diels-Alder manner are 
thiophene 1,1-dioxide4 and 2,5-dimethoxythiophene.5 Re
cently it has teen reperted that some simple thiophene de
rivatives can combine with extremely reactive dienophiles 
such as dicyanoacetylene and dimethyl acetylenedicarboxy- 
late.6' 10

In this communication we wish to report the successful 
Diels-Alder reaction o: thiophene with maleic anhydride at 
very high pressure (eq 1). In this way the 7-thiabicyclo[2.2.1]- 
hept-2-ene skeleton 3 is simply accessible.11

1  l  3

Thiophene failed to react with maleic anhydride in meth
ylene chloride at 15 kbar and room temperature for 3 days. 
The reaction without solvent or with a Lewis acid catalyst 
(e.g., MgCl2) was also fruitless.12 These facts show a striking 
absence of diene character in thiophene, and contrast re
markably with the case of furan.2 However, when we examined 
the reaction at higher temperatures at 15 kbar for 3 h in 
methylene chloride, we found that the reaction does occur 
(Table I). Inspection of the Table I reveals that the most fa
vorable result is obtained at 100 °C. Thus, from the reaction 
mixture a highly crystalline compound 3, mp 15G.5-161.5 °C, 
of molecular formula CsH603S (MS, M+ 182) was obtained 
in yields of 37-47% after recrystallization from ether or chlo
roform. On the stereochemistry of the adduct 3, it is suggested 
that 3 has exo configuration from spectral data and chemical 
evidence as follows. In the XH NMR spectra, the C2 and C3 
protons appear at 5 3.63 as a doublet signal (J = 1 Hz). When 
the dihedral angle between protons at Ci and C2 and also at 
C3 and C4 is taken into account, this fact indicates that 3 has 
exo configuration.13 In agreement, the half methyl ester de
rived from 3 did not un dergo iodolactonization (I2-K I).14

Subsequently, the effect of solvent in the formation of the 
adduct 3 was investigated (Table II). The low yield in benzene 
is presumably due to the freezing of reaction medium at very 
high pressure.15

The following procecure for the Diels-Alder reaction of 
thiophene with maleic anhydride is representative.16 A 
methylene chloride solution (1 mL) of thiophene (3 mmol) and

Table I. Temperature Dependence of the Yield a in the 
Adduct 3 between Thiophene and Maleic Anhydride

Room temp No reaction 100 °C 37-47%
40 °C No reaction 120 °C 18%
80 °C 8% 150 °C Decomp

0 The yield based on the isolated material.

Table II. Solvent Dependence of the Yield in the Adduct 
3 between Thiophene and Maleic Anhydride (100 °C)

CH2CI2 CHCI2CHCI2 C6H6 AcOEt
37_47% 47% 6-7% 15-19%
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maleic anhydride (3 mmol) was injected into the Teflcn re
action vessel of ~0.85 mL capacity. The reaction vessel was 
heated to 100 °C at 15 kbar for 3 h. After cooling of the reac
tion mixture to room temperature and pressure release, the 
solvent was evaporated and the product was recrystallized 
from ether or chloroform to give pure 3 in yields of 37-47%: 
mass spectrum (20 eV) m/e (rel intensity) 132 (36, M+t, 110 
(27), 84 (44), 78 (100), 66 (25), 45 (12); IR (Nujol) 1850,1795, 
1085, 943, 920 cm -1; 'l l  NMR (CDCl3-M e2SO-d6) 6 3.63 (d, 
J = 1 Hz), 4.59 (m), 6.61 (dd, J  = 2, 3 Hz).

All attempted reactions between thiophene and other di- 
enophiles such as dimethyl maleate, dimethyl fumarate, 
methyl acrylate, acrylonitrile, and acrolein under same con
ditions (100 °C, 15 kbar, 3 h, 3 M in methylene chloride) were 
fruitless, and no signs of adduct formation were observed.17
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P hase T ra n s fe r C a ta ly s is  
In  O rg a n ic  S yn th e s is

Aldrich and Springer-Verlag are pleased to announce the 
new monograph. “Phase Transfer Catalysis in Organic Syn
thesis," written by Professors William P Weber (University 
o f Southern California) and George W. Gokel (The Penn
sylvania State University). This timely and comprehensive 
treatise places emphasis on the practical aspects o f phase- 
transfer catalysis for accomplishing a wide variety o f syn
thetic transformations.

We present below a few o f the exciting applications o f this 
technique as cited in “Phase Transfer Catalysis in Organic 
Synthesis.”

CHClj , : r  » Q x ü

PhCHjOH
Q-OCI _
CH2C j *

KOAc
18-crow n-6

PhH

PhCHO (76%)7

(81 %)8
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CHClj ♦ n-BuNHj 50% aq. NaOH 
BzlNEt3*Ch * *

n-BuNC (60%)2 A few of Aldrich’s phase-transfer catalysts are listed below. See 
Aldrichimica Acta. 9, 45 (1976) for a complete listing.

Me,SiCI +

MeCOCI +

KCN 18-CrOWn-6 »  MejSiCN (ca.50%)3
CH?C I;

18-crown-6KF
MeCN 

A cO
(CeH ,?)3N P rC f

MeCOF (100%)4 

AcO-( >0 (73%)5

85,657-6 Adogen 464* [methyltrialkyl(C8-C|0)ammonium
chloride].........................................100g $5.95; 500g $14.00

14,655-2 B enzyltriethylam m onium  ch loride...................... 25g $8.60
lOOg $24.35

85.582- 0 (  etyltrim ethylam m onium  b ro m id e*......... lOOg $8.10
500g $26.95
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100g $32.35
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50g $37.00; 1kg $370.00
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10g $22.50; 100g $175.00; 1kg $995.00

PhCH,CN + EtBr ------------------ ► PhCHÍEtlCN (78-84%)8
BzlNEt3*CI v ;

Adogen 464 is a registered trademark o f Ashland Chcm icalC 'o.. D iv is ion  o f Ashland O il. 
• I 's e  o f this product as a phase-translcr catalyst is described in I S Patent 3.992.432 
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