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E m iel V an  L oock, 
Jean -M arie  V anden savel , 

G errit  L ’a b b e ,* and G eorge Smets

2916 1,3-D ipolar C ycloadd itions of A lkyl A zides w ith  Sulfonyl 
Iso th iocyana tes . A S y n th e tic  M eth o d  fo r 1 ,2 ,3 ,4-T hiatriazo lines

T . G. W allis , N . A. P orter , and 
C. K . B radsh er*
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a n d  R a te  of P o la r C ycloaddition
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The erythro isomers in alkyl-substituted l-chloro-l-phenyl-2-ethyl 2,4-dinitrophenyl sulfides increasingly 
favor the conformer having trans hydrogens as the size of R  increases. The rates of solvolysis in 95% ethanol 
show evidence of anchimeric assistance by sulfur and give products of retained configuration. The rates are 
correlated with T aft’s Eg values and corrected f?s values are taken. These Es values are correlated with the nmr 
chemical shift of the 2 ' hydrogen in the dinitrophenyl ring, and the Eg values are adjusted again. A linear free- 
energy correlation is made between the corrected Eg values and the equilibrium constant (gauche —*■ trans con- 
formers) {J obsd — J g) / ( / t — t/obsd). Unique values of the limiting coupling constants J t  and J q cannot be ob
tained by this procedure. Reasons are given for choosing one solution of the correlation procedure, J t =  13.5 
Hz and J a  =  2.5 ±  1 Hz. The percentage of the trans conformer in several compounds is roughly calculated. 
The conformations of the solvolysis products (sulfide ethers and sulfide alcohols) are briefly discussed.

Previous work on acyclic conformational preferences 
has led to significant generalizations,1'2 but, in general, 
one is still not able to predict conformation from a sim
ple chemical formula. Each new type of group studied 
seems to introduce variables not previously suspected. 
The present work was intended to elucidate the effect 
of variation of the size of R  on the conformational 
preferences of certain chloro sulfides of general struc
ture 1. A much larger variety of R groups was possible 
because of the facile synthesis indicated in eq l .3

Part of our interest in these chloro sulfides stemmed 
from the possibility of an attractive interaction be

(1) D. H. R. Barton, E x p er ie n t ia ,  23, 316 (1950).
(2) (a) J. L. Mateos and D. J. Cram, J . A m e r .  C h em . S o c ., 81, 2756

(1959); (b) M. Hanack, “Conformation Theory,” Academie Press, New 
York, N. Y., 1965, pp 331-343.

(3) (a) N. Kharasch, J . C h em . E d u c ., S3, 585 (1956); (b) G. H. Schmid 
and V. Csizmadia, C a n . J .  C h em ., 44, 1338 (1966); (c) G. H. Schmid, ib id .,  
46, 3757 (1968); (d) W. H. Mueller and P. E. Butler, J . A m e r .  C h em . S o c ., 
90, 2075 (1968); (e) F. T. Bond, ib id ., 90, 5326 (1968); (f) H. Kwart and
R. K. Miller, ib id ., 78, 5678 (1956); (g) S. J. Cristol, R. Arganbright, G.
Brindell, and R. M. Heitz, ib id ., 79, 6035 (1957); (h) C. Brown and D. R.
Hogg, J . C h em . S o c . B , 1262 (1968); (i) T. L. Jacobs and R. Macomber,
J . O rg . C h em ., S3, 2988 (1968); (j) G. Beverly, D. R. Hogg, and J. H. Smith,
C h em .I n d .  (.L on d o n), 1403 (1968).

tween these groups.4 However, other work on alkyl- 
substituted chloro sulfides indicated that this inter
action was weakly repulsive.6 Since the conformation 
of each compound is the result of a balance between all 
attractive and all repulsive factors, which often are 
sensitive to exact internuclear distances, the study of 
the purturbation caused by moving from alkyl chloro 
sulfides to aryl chloro sulfides seemed attractive. In 
addition to the interaction between heteroatoms,6 
other factors, such as chlorine-alkyl and chlorine- 
hydrogen gauche interactions (presumably weakly 
attractive),7 as well as the effects of restriction of mo
tion of the SAr group, must be considered.5

Qualitative conformational preferences are deter
mined from vicinal nmr coupling constants ( J a b ) .  

Large values for J ab (10-13 Hz) indicate a preference 
for a conformer having trans hydrogens. Small val
ues (1-3 Hz) show a preference for one of the con- 
formers having gauche hydrogens. Intermediate val
ues result from weighted means of the above values.8 
The nmr data for 12 pairs of diastereomers are listed in 
Table I. These data will be discussed in terms of the 
conformers shown in Chart I.

(4) T. Bjorvatten and O. Hassel, A c ta  C h em . S ca n d ., 16, 1429 (1961).
(5) G. M. Underwood and C. Kingsbury, J . O rg . C h em ., 38, 1553 (1973).
(6) (a) G. Hamer, W. F. Reynolds, and J. Wood, C a n . J .  C hem ., 49, 1755 

(1971); (b) G. Hueblein, R. Kuhmstadt, P. Kadura, and H. Dawcynski, 
T etra h ed ron , 26, 81, 91 (1970); (c) R. J. Abraham and K. Perry, J . C h em . 
S oc . B , 539 (1970); (d) R. J. Abraham and E. Gatti, ib id ., 961 (1969); 
(e) B. Hawkins, W. Bremser, S. Borcic, and J. D. Roberts, J .  A m e r .  C h em . 
S o c ., 93, 4472 (1971); (f) R. A. Pethrick and E. Wyn-Jones, Q u a rt. R ev ., 
C h em . S o c ., 23, 301 (1969); (g) R. D. Norris and G. Binscb, J . A m e r .  Chem . 
jSoc.,95, 182 (1973).

(7) S. Mizushima, “Structure of Molecules and Internal Rotation,” 
Academic Press, New York, N. Y., 1954, p 15.

(8) M. Karplus, J . A m e r .  C h em . S o c ., 86, 2870 (1963).
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Table I
60-MHz Chemical Shifts and Coupling Constants of 2-12 

0 2N

f  f - ^ j > - N 0 2
PhCHA—  CHbR 1' 2'

■J, Hz-
C om p d .AB •/ab J  BR '----------- ------------ C hem ical shifts (C D C l* )6

2 R Mp, °C (CDCB)6.' (DMSO)c (C D C l.)*  A* B« 1' 2' 3'
H 148 6.2 , 5 .12 3.74 7.55 8.31“ 9.02

8 .5
erythro-3 CH, 92 7.1 7 .1 5.03 3.99 7.52 8.20“ 8.79“
threo-3 94 5 .7 6 .5 5.11 4.12 7.51 8.21 8 .67
erythro-4 CjHs 144 8 .7 8 .7 4 .96 3.82 7.55 8.12“ 8 .65“
threo-4 127 4 .8 5 .9 5.27 3.87 ~ 7 .4 8.21 8.91
erythro-5 i-CsH, 162 10.7 11.0 2 .4  4.93 3.78 7.44 8 .04“ 8 .42“
threo-5 138 6.1 7 .6 6 .2  5.32 3.77 ~ 7 .4 8.10 8.55
erythro-6 Í-C4H 9 134 4 .7 5.46 3.88 7.86 8.21 8.69
threo-6 143 1.6 5.62 3.41 6.50 7.70 8.54
erythro-7 CH(CjH6)z 161 11.0 2 .8  5.12 3.74 7.55 8.01“ 8 .47
threo-7 116 7 .0 ~ 4  5.35 4.02 7.61 8.21 8 .82
erythro-S CHjC(CH s)a 116 7 .2 1.2, 4 .90 3.81 7.65 8.19“ 8 .69“

8 .7
threo-8 153 4 .3 2.2 , 5.21 3.94 ~ 7 .5 8.21 8.98

8 .3
erythro-9 C3Hs' 147 6 .4 8 .5  5.18 3.41 7.62 8.21“ 8 .78“
threo-9 C Ä 142 5.1 9 .4  4.94 3.72 ~ 7 .4 8.19 8 .92
erythro- 10 C Æ ' 105 7 .0 8 .4  5.05 3.95 7.74 8 .19“ 8.72
Ihren- 10 C J I7 105 3.7 9 .5  5 .22 3.78 7.06 8.01 8.82
erythrod- 10' C ,H / 112 5 .4 ~ 8 .4  4.76 4.24 ~ 7 .4 8.15 8.96
threod- l  0 ' c ,h 7 125 4 .5 ~ 9 .2  5.00 3.84 7.98 8.26 8.82
erythro-11 CsH s/ 148 9 .5 ~ 4 .4  5.00 4.01 7.58 8 .10“ 8 .55“
threo-11 c6h 9 109 4 .2 5 .2 ~ 7 .5  5.35 3.75 ~ 7 .0 7 7.95 8.74
erythro- 12 C„Hn' 174 10.8 ~ 2 .9  4.99 3.72 7.42 8.03“ 8 .47“
threo- 12 CeHn 139 5.4 6 .8 ~ 5 .4  5.40 3.65 ~ 7 .3 8.04 8.77

“ Determ ined a t 100 MHz, 1.0% w /v  in CDCls, corrected to  60 M Hz. b Ca. 10% w /v  solution, a t 60 MHz. c 5.0% w /v  solutions. 
d The chloride and sulfide groups in 10 are reversed in 10'. ‘  The coupling constants and chemical shifts were verified by computer
simulation. Param eters were varied until the plot of the simulation was superimposible on the original spectrum. f  Cycloalkyl 
groups.

Chart I
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With increasing size of R  (up to teri-butyl), the 
erythro isomers show a monotonic increase in JKB, in
dicative of a growing preference for ET (Chart I). 
This behavior is common to the majority of systems 
studied to date.910“ The now familiar discontinuity

(9) One must be careful how the erythro diaatereomer is defined. Strictly
speaking, the above observation holds true where erythro configuration is 
defined on the basis of size [H. E. Zimmerman and W. Chang, J . A m e r .  
C h em . S o c ., 81, 3634 (1959)1, and preferably where attractive interactions are absent.

(10) (a) C. Kingsbury and D. Best, J . O rg . C h cm ., 32, 6 (1967); (b) 
H. Bodot, J. Fediere, G. Pouzard, and L. Pujol, Bull. S oc . C h im . F r „  3260 
(1968); (c) L. M. Jackman, and D. Kelly, J . C h em . S o c . B , 110 (1970); (d) 
C. Altona and D. Faber, C h em . C o m m u n ., 1210 (1971).

occurs in moving from R =  isopropyl (S) to R  =  tert- 
butyl (6).10 This change gives rise to an apparent 
preference for a conformer having gauche hydrogens. 
However, the variation of dihedral angles from near 
60° in order to achieve a more comfortable arrangement 
of groups in ET would serve to reduce Jab- The cou
pling constant may also be affected by the spreading 
of the C-C-fert-butyl bond angle.10d However, the 
lack of mutual shielding of the aromatic groups (vide 
infra) is consistent with a much smaller population of 
Et in 6 than in 5.

Compound 8 (R = neopentyl) shows an apparent 
preference for Et of about the same magnitude as that 
in 3 (R =  methyl), which was unexpected on the basis 
of relative sizes of R. However, as Chart II shows, 
the coupling constants of the methylene hydrogens are 
abnormally small. Again, bond angle spreading may 
be in effect, thus reducing the effect size of the neopentyl 
group.

The effect of size is strikingly evident in the erythro 
cycloalkyl compounds 9-12. The cyclopropyl and 
cyclobutyl groups have apparent conformational prefer
ences of about the same order as methyl. Where R  = 
cyclohexyl, the preference for E t  is slightly larger than 
that of its closest analog, isopropyl. The compression 
of bond angles necessary for the closing of the small 
rings results in widening of the exocyclic bond angles,11

(11) H. C. Brown and M. Gerstein, J .  A m e r .  C h em . S o c ., 72, 2826 (1950).
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T a b l e  II
R a t e s  o f  S o l v o l y s i s  a n d  A c t i v a t i o n  P a r a m e t e r s  o f  2-12 i n  95%  E t h a n o l  

/---------------------------------------------- k0b«! X  104, s e c -1------------------------------------------------*
Compd R 50.0° 60.0° 70.0° a h*  as*

2 H 0.0278 ±  0.0001 0.47 ±  0.02
erythro-3 CH, 0.916 ±  0.014 2.27 ±  0.01 5.37 ±  0.06 18.9 -1 8 .8
threo-3 0.036 ±  0.001 0.082 ±  0.0003 0.21 ±  0.01
erythro-4 CjH, 2.61 ±  0.01 6.15 ±  0.15 14.1 ± 0 . 1 17.9 -1 9 .6
threo-4 0.042 ±  0.001 0.11 ±  0.01 0.26 ±  0.01
erythro-5 i- C3H7 5.30 ±  0.08
threo-5 0.025 ±  0.007 0.062 ±  0.001 0.17 ±  0.01
erythro-6 ¿-C4H 9 124 ±  1 15.1 -2 0 .6
threo-6 0.012 ±  0.01 0.028 ±  0.01 0.096 ±  0.001
erythro-7
th.reo-7

C H fC A h 3.67 ±  0.04
0.20 ±  0.01

erythro-8 CH2C(CH3)3 3.13 ±  0.01
threo-8 0.034 ±  0.02 0.095 ±  0.002 0.23 ±  0.04
erythro-9
threo-9

c 3h 6 1.22 ±  0.01
0.17 ±  0.01

erythro- 10 
threo- 10

c 3h 7 1.21 ±  0.01
0.31 ±  0.01

erythro-11 
threo-11

c 5h „ 4.99 ±  0.05
0.55 ±  0.02

erythro-12 CdH u 6.50 ±  0.05 16.7 ±  0.2 35.8 ±  0.3 18.3 -1 6 .5
threo- 12 0.045 ± 0 .0 0 2 0.11 ±  0.01 0.33 ±  01

C h a r t  II C h a r t  III

<\to
-

•

/ H^

,S— Ar
h n  + , / /

Ph H SAr

Ph V
\

l , ' C H b
_  c '

erythro-1 — ►
-  > - Cv 'R  

OR' VH
c  c

/\  y\ \ ,.S— Ar Ph H SAr
/  1 /  >

,H C l CH H,
c h 3 threo-1 — ►

H\ + / / \ i  /
y C Cv 'H  

OR' > R

a
Jab — 7.2 Hz; J bc =  1*2 Hz; Jbd =  8.7 Hz

and leads to a reduction of the steric interaction with 
the neighboring phenyl or chloro group.

The regular increase in J a b  with increasing size of R 
prompted an attempt to establish a linear free energy 
correlation between the nmr data and the rates of sol
volysis of these chlorides. As Table II shows, the rate 
of solvolysis of the erythro isomers increases as the 
size of R  increases. It is quite reasonable that the 
same factors that affect conformation should also 
affect the rate of reaction. These solvolyses are sub
ject to anchimeric assistance of ionization by neigh
boring sulfide.18 Thus, the erythro isomers, which 
form the quite stable trans episulfonium ion (Chart
III), are more reactive than the threo isomers, which 
form the less stable cis episulfonium ion. The trends 
of change of the nmr parameters of the solvolysis prod
ucts as R  is varied are consistent with products formed 
with retention of configuration (Table III). The size 
of R  affects the rate of reaction by steric acceleration 
of anchimeric assistance.

A quantitative measure of the steric effect of an 
alkyl group on the rate of a standard reaction is avail- 12

(12) (a) K. Gunderman, A n g ew . C h em ., I n t .  E d . E n g l., 2, 674 (1963); 
(b) A. G. Ogston, E. R. Holiday, J. Philpot, and L. A. Stocken, T ra n s. 
F a ra d a y  S o c ., 44, 45 (1948); (c) P. D. Bartlett and C. G. Swain, J .  A m e r .  
Chem . S o c ., 71, 1406 (1949); (d) R. C. Fuson, C. C. Price, and D. M. 
Burness, J . O rg. C h em ., 11, 475 (1946).

T a b l e  III
C o u p l i n g  C o n s t a n t s “

S— Ar

PhCHACHBR

¿ R '
Ethers, Alcohols,6

R' = CaH,, R' = H,
R Compd J'ab, Hz Compd •Iab, Hz

CH3 erythro- 13 4.9 erythro-23 4.2
threo-13 7.8 threo- 23 7.2

C3H6 erythro-lA 6.4 erythro-24 5.2
threo-li 7.2 threo-24 6.4

t-C3H7 erythro- 15 9.5 erylhro-25 8.9
threo-15 7.8 threo-25 6.7

<-c 4h 9 erythro-16 7.6 erythro-26
threo- 16 6.8 threo- 26 5.9

CH(C2H6)2 erythro-17 9.5 erythro- 27 8.9
threo-17 8.4 threo- 27 7.6

CH2C(CH3)3 erythro-18 5.5 erythro-28 3.8
threo-18 7.8 threo- 28 6.5

Cyclopropyl erythro-19 4.2 erythro-29 4.5
threo-19 6.0 threo- 29

Cyclobutyl erythro-20 5.7 erythro-30
threo- 20 5.9 threo-30 5.2

Cyclopentyl erythro-21 7.0 erythro-31 6.2
threo- 21 6.4 threo-31 5.2

Cyclohexyl erythro-22 9.4 erythro-32 8.7
threo-22 7.1 threo- 32 5.9

“ Spectra were determined from a mixture of about 85% ether 
and 15% alcohol in deuteriochloroform at ambient temperature. 
b Owing to the low concentration of alcohols, coupling constants 
are only considered accurate to ±0 .3  Hz.
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Figure 1.— Plot of the logarithm of solvolysis rate for com
pounds of general structure 1 (having the R  groups indicated in 
the plot) vs. Taft’s steric substituent constants (Ea).

able in the form of Taft’s Es values.13 In general, the 
rates of solvolysis correlate adequately with E$, al
though the points for certain compounds are far off the 
line (Figure 1). It seems quite likely that the reaction 
from which Es values were defined, the hydrolysis of 
certain esters, was partly sensitive to the size of a sub
stituent at its periphery. However, the degree of 
steric acceleration of anchimeric assistance of 2-12 is 
sensitive to the size of a substituent near its point of 
attachment to the ethanic skeleton. Thus, neopentyl, 
which has a huge Es value, shows only a small con
formational preference and a low reaction rate. For 
neopentyl, and other R  groups which did not correlate 
with Es, adjusted Es values were taken (as shown by 
the arrows in Figure 1) essentially making all rates co- 
linear. An Ea value for cyclopropyl was similarly 
determined ( —0.05). Rather than the above treat
ment, an attempted correlation with cyclohexane con
formational free energies14 or with G values15 would 
have been preferable, but data were not available for 
the full range of substituents.

Figure 1 shows that R  =  ferf-butyl greatly accelerates 
the solvolysis rate, as expected from its great size. 
As indicated above, the probable conformation of 
erythro-6 (R = ieri-butyl) is different from that of other 
compounds having sizable groups, e.g., 5 and 7, which 
strongly prefer ET. The transition state for the sol
volysis resembles ET, since the neighboring group, sul
fide, is trans to the leaving group. Thus, in analogy to 
Curtin-Hammett considerations,16 there is no require
ment that a ground-state conformation favorable for 
neighboring-group assistance must be highly populated 
in order to observe rapid solvolysis. In fact, 5 and 7 
solvolyze more slowly than 6, though ET is more highly 
populated. Numerous recent studies have correlated 
reactivity with ground-state conformation, and, in most 
cases, the data were carefully interpreted.17 However,

(13) (a) R. W. Taft, Jr. J . A m e r . C h em . S o c ., 74, 3120 (1952); (b) R. W. 
Taft, Jr., “Steric Effects in Organic Chemistry,” M. S. Newman, Ed., 
Wiley, New York, N. Y., 1956, p 556.

(14) J. A. Hirsch, “Topics in Stereochemistry,” Vol. I, N. L. Allinger and 
E. L. Eliel, Ed., Interscience, New York, N. Y., 1967, p 199.

(15) J. E. Anderson and H. Pearson, C h em . C o m m u n ., 871 (1971).
(16) D. Y. Curtin, R ec . C h em . P r o g r .  (K re s g e -H o o k e r  S c i .  L ib . ) ,  15, 111

(1954).

claims are made in certain papers that a favorable (or 
unfavorable) ground-state conformation is responsible 
for high (or low) reactivity. In our estimation, it is 
dubious whether ground-state conformation per se 
determines reactivity, in the absence of high barriers 
to conformational interconversion. Conformation and 
reactivity often parallel one another because both are 
related to the same basic factor, i.e., the minimization 
of nonbonded interactions in the predominant ground- 
state conformation and in the transition state.

Since nothing requires ground-state conformation to 
be related in any way to solvolysis rate, a cross-check 
on the revised Es values seemed advisable. This was 
possible through use of the chemical-shift data (Table 
I).18 As the size of R  increases, and ET becomes in
creasingly important, an upfield shift of the aromatic 
hydrogens l '- 3 '  is observed. This shift is most regular 
for 2', which is not subject to variable steric interac
tions with other groups. As Et becomes more highly 
populated, the preferred conformation of the dinitro- 
phenyl groups becomes one in which this group is face 
to face (or, more likely, somewhat off center of face 
to face) with the other aromatic group (structure b ).19
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b

Thus 2' suffers shielding owing to the ring current of the 
neighboring phenyl group. Models show that such 
shielding is also possible in EGi, though less probable 
because the dinitrophenyl group is directed away from 
phenyl by R. The possibility of a intramolecular 
charge-transfer interaction20 between the two rings in 
the face-to-face conformation was investigated by 
means of 13C shifts. Additional electron density in the 
dinitrophenyl ring should result in an upfield shift. 
However, a downfield shift of 2.1 ppm was observed 
for Ci», although upfield shifts of 1.1 ppm were noted 
for C2' and C3' in comparison to a compound in which

(17) (a) D. R. Brook and A. J. Duke, C h em . C o m m u n ., 62 (1970); (b) 
D. Koshland, Jr., ib id ., 854 (1971); (c) C. Spangler and R. Hennis, ib id .,  
24 (1972); (d) G. A. Doorakian, H. H. Freedman, R. F. Bryan, and H. P. 
Weber, J .  A m e r .  C h em . S o c ., 92, 399 (1970); (e) J. S. Swenton and P. D. 
Bartlett, ib id ., 90, 2056 (1968); (f) D. Craig, J. J. Shipman, and R. B. 
Fowler, ib id ., 83, 2885 (1961); (g) J. F. Bunnett and C. Hauser, ib id ., 87, 
2214 (1965); (h) W. P. Jencks, “Catalysis in Chemistry and Enzymology,” 
McGraw-Hill, New York, N. Y., 1969, p 22.

(18) (a) G. Dana, J. Chuche, and M.-R. Monot, B u ll . S o c . C h im . F r .  
3308 (1967); (b) S. L. Spassov, T etrah ed ron , 25, 3631 (1969).

(19) (a) C. E. Johnson, Jr., and F. A. Bovey, J . C h em . P h y s . ,  29, 1012 
(1958); (b) J. S. Waugh and R. F. Fessenden, J . A m e r .  C h em . S o c ., 29, 
846 (1957); (c) H. O. House, R. Magin, and H. Thompson, J .  O rg . C h em ., 
28, 2403 (1963); (d) F. A. Bovey, F. Hood, E. Anderson, and L. Snyder, 
J . C h em . P h y s . ,  42, 3900 (1965).

(20) (a) M. Oki and K. Mutai, T etrah ed ron , 26, 1181 (1970); (b) H. 
Craenen, J. Verhoeven, and T. deBoer, ib id ., 27, 2561 (1971); T etra h ed ron  
L ett ., 26, 1167 (1970); (c) R. Carruthers, C h em . C o m m u n ., 1206 (1967).
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Figure 2.— Plot of corrected steric substituent constants 
(derived from. Figure 1) vs. the chemical shift on the 2 ' hydrogen 
of the dinitrophenyl ring in compounds of general structure 1 
(having the various R  groups indicated).

isopropyl replaced phenyl. This variation does not 
permit the identification of a charge-transfer interac
tion, although it seems likely that one should occur.

Figure 2 shows a plot of revised Ea vs. the chemical 
shift of hydrogen 2 ' (observed at high dilution). The 
plot is fortuitously linear, though some points are well 
off the line. From this plot, doubly corrected values 
for Es are taken (major changes include diethylcarbinyl, 
—0.66; neopentyl, —0.05; cyclobutyl —0.05; and 
cyclopropyl, +0.02).

In setting up the above-mentioned linear free energy 
correlation, the usual expression for the equilibrium 
between the (sum of) gauche conformer(s) and the 
trans conformer is taken (eq 2)21

K  =  (Jobfld ~  Jg)/(,Jt — + > b « l)  ( 2 )

where Jt and Jq are the limiting values expected for a 
conformationally pure material (i.e., 100% Et and 
100% EGi and/or Eg2, respectively). This introduces 
an error, since the two conformers having gauche hy
drogens will not have the same limiting coupling con
stant, Jo- The limiting value for EGi should be smaller 
than that for EG2 because of the effect of the electro
negative atom trans to hydrogen in Ecu. However, the 
population of Egi should be comparatively small, par
ticularly where R  is large.

(21) K. A. McLauchlan, “Magnetic Resonance,” Clarendon Press, 
London, 1972, p 70; see also F. A. Bovey, “Nuclear Magnetic Resonance 
Spectroscopy,” Academic Press, New York, N. Y., 1969, p 70, and ref 
24.
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Figure 3.— Plot of the logarithm of the equilibrium constant 
for the conformational interconversion of trans and gauche con- 
formers vs. steric substituent constants (derived from Figure 2).

For the comparison measurement
AF* =  RT  In (kT/hknu)

or (3)

AF* =  —RT  In k,ate +  C

where k, T, and h have their usual significance, and 
where C is a constant. In comparison of the equilib
rium with the data derived from rates, the linear rela
tionship of eq 4 will be tested.

— RT  In (Job«d — o )/(*/t — tfobsd) =  —rRT In fcrate +  C ' 
or (4)

log {Jobsd — — Jobad) =  v'Ea +  C "

Here it is convenient to use the doubly corrected 
Eg parameters in place of the rate constants, again re
defining the constant C.

Computer-assisted analysis of eq 4 showed that a 
linear relationship did exist (Figure 3), but unique val
ues for Jt and Jo could not be found by this technique. 
Of the various permitted solutions of eq 4 (c/. Appen
dix), that of Jt =  13.5 ±  1 Hz and Jg =  2.5 ±  1 Hz 
are considered probably closest to the true limiting 
values. Studies of the rigid molecule, l-chloro-4-(l,l- 
dimethylpropyl)-2-cyclohexyl 2',4'-dinitrophenyl sul
fide showed a probable coupling constant of 2.1 Hz for 
the gauche (diequatorial) hydrogens analogous to A 
and B (cf. eq 1). However, the rigid system has the 
threo configuration, whereas the above analysis con
cerns only the erythro isomers. Also, the rigid system 
lacks the phenyl group. More important, deviations 
of the dihedral angles from the idealized value of 60° 
are probable, and these deviations may be quite differ
ent in the two cases. In conformer EG2, a more com
fortable fit of groups could be achieved by widening of 
the dihedral angle between vicinal hydrogens. In the 
cyclic molecule, the dihedral angle is probably less than



2 7 4 0  J .  O r g .  C h e m . ,  V o l .  3 8 ,  N o .  1 6 ,  1 9 7 3

Figure 4.— Plot of the inverse of the observed nmr coupling con
stant vs. the inverse of the antilog of Ea (derived from Figure 2).

60°. Thus, there is no reason to expect exact corre
spondence of the limiting J values of the rigid system, 
and the acyclic molecules of interest, although these 
may be similar.

The limiting value for trans vicinal hydrogens of
13.5 Hz can be derived in a different way. A plot of 
1 /«/obsd vs. 1/a log Es is fortuitously linear (Figure 4). 
The extrapolated value of Jab is 13.5 Hz. Essentially, 
this treatment notes the monotonic increase in J a b  as 
the size of R  increases up to ierf-butyl, and determines 
the J a b  expected for an infinitely large R group, as
suming that the linearity is maintained during the 
extrapolation.

Various attempts to determine the limiting coupling 
constants of conformers having trans or gauche hydro
gens have appeared in the literature.22 The rather 
common temperature-variation method now appears 
somewhat questionable.23 Direct observation of the 
various conformers at very low temperature is in theory 
the best method, but it is impracticable for all but 
highly soluble compounds.220’24 A method of calcula
tion of limiting J values from electrostatic and quadru-

(22) (a) H. S. Gutowsky, M. Karpins, and D. M. Grant, J . C h em . P h y s . ,  
31, 1278 (1958); (b) H. S. Gutowsky, G. Belford, and P. McMahon, ib id ., 
36, 3353 (1962); see however, V. Tabacik, T etra h ed ron  L e t t .,  5 5 5  (1968);
(c) R. A. Newmark and C. H. Sederholm, J . C h em . P h y s . , 43, 602 (1965);
(d) R. A. Newmark and N. Miller, J . P h y s .  C h em ., 75, 505 (1971); (e) 
See ref 6e, 10b, and 18.

(23) (a) R. J. Abraham, L. Cavelli, and K. Pachler, M o l. P h y s . , 11, 471 
(1966); (b) R. J. Abraham and M. Cooper, J . C h em . S oc . B , 202 (1967); 
(c) see also ref 6c and 6d.

(24) J.-P. Aycard, H. Bodot, R. Garnier, R. Lauricella, and G. Pouzard,
O rg. M a g n . R eson a n ce, 7 (1970).

polar effects (resulting from solvent variation) upon 
observed coupling constants has been developed by 
Abraham, Cavelli, and Pachler.23 This work suggests 
a serious drawback to our analysis, namely, that a 
group of compounds cannot be analyzed in terms of a 
single limiting value for J? or for J G. Each compound 
of a set may have its own limiting values.6* However, 
for 2-12, only nonpolar groups are varied, and the 
limiting J  values may all be rather similar (except10b 
for the (erf-butyl compound 6).29 Unfortunately, the 
seriousness of this possible discrepancy is difficult to 
test.

In other cases, Bodot and coworkers have determined 
conformer populations by comparing nmr data with 
other experimental variables, e.g., infrared spectra.10b'24 
Combinations of P -H  and H -H  nmr couplings have 
been used to estimate conformer preferences.25 In 
still other cases, dipole moment data have been used 
in conjunction with infrared data to elucidate con
formational preferences.26 Various types of calcula
tions have been used to determine conformational 
preferences, but their applicability to solution chem
istry is open to question if polar groups are present.27

The limiting values for Jt and JG of 2-12 may be 
compared to certain values from the literature. In 
very early work, Sheppard and Turner used 13 and 3 
Hz as best values.28 Gutowsky and coworkers fa
vored J t =  16 Hz, which was derived from tempera
ture-variation measurements.22 Whitesides and co
workers determined limiting values of ca. 14 and 4 Hz 
on certain ferf-butyl-substituted ethanes.29 Garbisch, 
Anet, and their respective coworkers determined values 
of ca. 13 and 3 Hz by direct observations on cyclohexane 
and its simple derivatives.30 Altona and coworkers 
favored values of 9.2 and 0.9 Hz for the limiting cou
pling constants for the C-17 proton of a steroid and a 
side-chain proton31 (a rather strained system10b). 
Eliel and coworkers determined values of ca. 12.5 Hz 
for trans diaxial protons, and 2.6-5.0 Hz for gauche 
(e-a) and 1.3 Hz for gauche (e-e) hydrogens in a 1,3- 
diox ane system, in which electronegativity effects play 
a large role.32 Calculations by Fahey of limiting values 
in simple hydrocarbons showed Jt =  11.9 and Jg —
1.9 Hz.33 Bodot and coworkers used values of ca. 
10 and 2.8 Hz in calculations of conformer populations 
of certain chlorohydrins.10b’33 From solvent effect 
studies, Abraham and coworkers calculated that JG was
2.8 Hz in 1,1,2-trichloroethane. However, in various
1,2-dihaloethanes, Jg was of the order of 5.3 Hz when 
neither proton was trans to halogen but 2.5 Hz where 
one proton was so situated.23 Cavanaugh used limiting

(25) W. G. Bentrude and K. C. Yee, C h em . C o m m u n ., 169 (1972).
(26) G. Drefahl, G. Hueblein, and D. Yoigt, J . P r a k t. C h em ., 2 3 , 157 

(1964); see also C. Altona, H. Buys, H. Hageman, and E. Havinga, T etra 
hedron , 2 3 , 2273 (1967).

(27) (a) L. Radom, W. Latham, W. Hehre, and J. A. Pople, J .  A m e r .  
C h em . S o c ., 9 5 , 693 (1973); (b) N. L. Allinger, J. Hirsch, M. Miller, I. 
Tyminski, and F. Van Catledge, ib id ., 9 0 , 1199 (1968).

(28) (a) N. Sheppard and J. Turner, P r o c .  R o y . S o c .,  S er . A , 2 5 2 , 506 
(1959); (b) A. A. Bothner-By and C. Naar-Colin, J . A m e r .  C h em . S o c .,  
8 4 , 743 (1962); (c) F. A. L. Anet, ib id ., 8 4 , 747 (1962).

(29) G. Whitesides, J. Sevenair, and R. Goetz, ib id ., 8 9 , 1135 (1967).
(30) (a) E. Garbisch, Jr., and M. Griffith, ib id ., 9 0 , 6543 (1968); (b) 

F. A. L. Anet, M. Ahmad, and L. Hall, P r o c . C h em . S o c ., 145 (1965).
(31) (a) C. Altona and J. Hirschmann, T etra h ed ron , 2 6 , 2173 (1970); 

(b) C. Altona and M. Sundaralingam, ib id ., 26, 925 (1970).
(32) E. L. Eliel, A n g ew . C h em ., I n t .  E d . E n g l., 11, 739 (1972).
(33) R. C. Fahey, G. Graham, and R. Piccioni, J . A m e r .  C h em . S o c ., 88, 

193 (1966).
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values of 13.5 and 2.8 Hz in studies of phenylalanine.34 
In a rigid eight-membered ring, values of J T =  10.6 and 
J g =  2.2 or 5.6 Hz were reported.35 In an exhaustive 
compilation of known values of coupling constants, 
Bothner-By concluded that J T was commonly in the 
region of 10.5-12 Hz for rigid six-membered rings, al
though J t could be as low as 8 Hz for certain mono
saccharides.36

As a check on the limiting values derived in the pres
ent study, the populations of the three conformers of 
compound 2 may be calculated, where x is the popula
tion of Et , y is that of EGi and, z is that of EG2 (R = 
H). Here the more proper approach is used, namely, 
that the coupling constant of gauche hydrogens in 
EG2 is ca. 2 Hz less that of EGi. Since R  =  H in this 
case, two equations can be listed. Using the relation
ship that x, y, and z add up to 1, all variables can be 
found.

/obsd =  6.2 =  13.5* +  0.5 y +  2.5z
(5)

/obsd =  8.5 =  2.5* +  13.5?/ +  0.5z

The solution is x =  0.43, y =  0.55, and z =  0.02. 
On the other hand, if EGi and EG2 are assumed to have 
the same coupling constant, 2.5 Hz, x =  0.32, y = 
0.55, and z =  0.12. In either case, the least stable 
conformer, EG2, has the lowest population, and the 
most sterically unhindered conformer, EGi, has the 
highest population.

From the limiting coupling constants defined above, 
the percentage of Ex can be roughly calculated to be 
42% for 3, 56% for 4, 74% for 5, 77% for 7, 35% for 
9, 43% for 10, 64% for 11, and 75% for 12. Using 
another solution of eq 4, . /T =  14.5 Hz and J G =  1.5 Hz, 
the population of Ex would be 43% for 3 and 73% for
7. Using limiting values of 12.5 and 3.5 Hz, the popula
tion of Ex would be 40% for 3 and 83% for 7. Thus, 
the population of Ex is not strongly sensitive to the 
exact solution of eq 4. Holding Jx constant and per
mitting J G to vary by ±1  Hz produces a maximum 
variation of ±10%  in the compounds having a low 
population of Ex. Holding J G constant and varying 
Jx by ±1  Hz, produces a maximum variation of ± 7 %  
(in the compounds rich in Ex). An allowance for the 
different coupling constants expected for EGi and EG2 
would vary the percentages of Ex quoted by a few per 
cent.

Threo Isomers.—The preferred conformation of the 
threo isomers results from a balance of a number of 
factors. An increase in the size of R results in an initial 
decrease in J ab followed by an increase, i.e., the series 
2 —*■ 3 —*■ 4 —*■ 5 shows a minimum in J ab at 4 (R = 
ethyl); the series 9 —► 10 —► 11 12 has a minimum
at 10 (R = cyclobutyl). When R  is very small, a 
variety of conformations are populated. As R  becomes 
somewhat larger, a preference for T Gi occurs in which 
R  and phenyl are trans. As R  becomes very large, 
models suggest that the motion of S-Ar becomes 
highly restricted in T Gi and conformer Tx becomes 
somewhat more important, resulting in an increase in 
J ab - The latter conformer permits the S-Ar group 
somewhat more freedom, at the expense of placing R

(34) J. R. Cavanaugh, J. A m e r . C h em . S o c ., 92, 1488 (1970), and earlier 
papers.

(35) H. Gunther, A n g ew . C h em ., I n t .  E d . E n g l., 11, 861 (1972).
(36) A. A. Bothner-By, A d v a n . M a g n . R eso n a n ce , 1, 115 (1965); see also

C. Kingsbury, R. Egan, and T. Perun, J . O rg. C h em ., 35, 2913 (1970).
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gauche to phenyl. In agreement with the larger 
population of T t in 5 and 7, hydrogens 1', 2', and 3' of 
the dinitrophenyl ring are relatively unshielded, since 
the two aromatic rings are remote from one another 
in Tx. threo-6, however, strongly prefers TGi. Models 
again show that the face-to-face conformation of the 
aromatic rings is preferred. The resonance of U (6.5 
ppm) lies upheld from phenyl, owing to extreme 
shielding, whereas in 2-5 this resonance lies downfield 
from phenyl.

The effect of moving to a more polar solvent (DMSO) 
is indicated in Table I. Little solvent effect is noted 
for the erythro isomers. The threo isomers show a 
uniform increase in J a b - For 5 and 11, an increase in 
J ab in moving to DMSO as solvent was accompanied 
by a decrease in J bc- This change of alternate coupling 
constants in opposite directions is thought to reflect 
a true conformation change, although solvent effects 
on Jx and J G may also be important.37 Reynolds and 
Wood have noted similar effects of DMSO.38 Abraham 
and coworkers showed that solvents complex with the 
various conformers to different extents, causing a 
change in the conformer equilibrium to favor the com- 
plexed conformer.23 No effect of DMSO was noted 
in compounds lacking the Ci phenyl group. Similar 
effects (though smaller) were noted in moving from 
CDC13 to the dipolar, but poorly hydrogen bonding 
solvent, acetonitrile, We tentatively suggest that a 
polarization interaction occurs between the dipolar 
solvent and the aromatic group (s), coupled with a 
dipolar interaction between the complexed solvent and 
the polar groups of the substrate. However, further 
study is required to elucidate why such conformers as 
EGi are not stabilized.

Solvolysis P roducts.—The solvolysis of the chloro 
sulfides in 95% aqueous ethanol cleanly gave product 
ethers and alcohols of retained configuration. The 
coupling constants of the products were easily de
termined from the product mixture. No attempt was 
made to separate and otherwise characterize the prod
ucts. The data are listed in Table III. The coupling 
constants for the erythro isomers are generally con
siderably less than those for the threo isomers. This 
situation is frequently met where quite strong attrac
tive interactions exist (e.g., OH-OH hydrogen bond
ing).18 Only with very bulky R  groups does J ab for 
the erythro isomer exceed that for the threo isomer. 
As Table III shows, the preference for Ex is quite small 
for the erythro ethers and still smaller for the alcohols. 
The preference for EGi and/or EG2 in the case of the 
alcohols may be due to a OH-S hydrogen bond. How
ever, sulfur is electron deficient in 3 — 5 owing to the 
inductive effect of the nitro groups. These compounds 
show little or no tendency to complex with Eu(dpm)3 
or Eu(fod)3.39 This electron withdrawal would also 
harm hydrogen bonding.

We originally considered the possibility of an at
tractive oxygen-sulfur gauche interaction which occurs 
independently of hydrogen bonding. However, a

(37) (a) H. Finegold, J . P h y s . C h em ., 72, 3244 (1968); (b) E. I. Snyder, 
J . A m e r .  Chem . S o c ., 86, 2624 (1963).

(38) W. F. Reynolds and D. Wood, C a n . J .  C h em ., 47, 1295 (1969).
(39) (a) C. C. Hinckley, J . A m e r .  C h em . S oc ., 91, 5160 (1969); (b) P. 

DeMarco, T. Elzey, R. Lewis, and E. Wenkert, ibid., 9 2 , 5743 (1970); (c) 
W. DeW. Horrocks, Jr., J. Sipe III, and J. Luber, ib id ., 93, 5259 (1971), and 
references cited therein.
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recent review article by Eliel indicated that the axial 
thio ether function X  in 33 was highly destabilized,

X

R

33

more so than feri-butyl. On the other hand, the analo
gous sulfoxide and sulfone groups X  preferred the 
axial orientation.32 Although the O-S interaction ap
peared unfavorable, the axial position was nearly 
equal in energy to the equatorial for several types of 
oxygen substituents.

The greater flexibility of the open-chain molecule, 
coupled with the fact that only one oxygen function is 
present, may permit gauche oxygen and sulfur groups 
in 13, 14, 18, 19, and 20 without the degree of repulsion 
between electron pairs found in 33 (X  =  SCH3). In 
any case, the balance between all attractive and all 
repulsive interactions is such that these compounds 
will tolerate gauche OR' and SAr groups to a con
siderably larger extent than gauche Cl and SAr 
groups (erythro isomers). According to Zefirov, 
electron-electron repulsions of groups having second- 
row atoms are substantially larger than repulsions of 
groups having first- and second-row atoms.40

Experimental Section

Compounds 2-12 were made by addition of 2,4-dinitrobenzene- 
sulfenyl chloride (34) to the appropriate cis or trans alkene.341 
The alkenes were prepared by variations of the Wittig reaction.42 
The phosphonium salts, necessary for the Wittig reaction, were 
prepared by literature methods, and their properties were gener
ally in accord with those reported in the literature.42

Preparation of Alkenes Using the Wittig Reaction (Method
A.43— To the appropriate phosphonium salt and anhydrous potas
sium iodide, if used,43 was added sufficient dry Ar,iV-dimethyl- 
formamide (D M F) to make an approximate 1 M  solution. The 
system was swep: with dry nitrogen, the solution was cooled to
0 -  5°, and a 1 M  solution of potassium teri-butoxide in dry DMF 
was added dropwise to the stirred mixture. An immediate red 
or red-orange color appeared. The addition was stopped after
1- 3 ml of solution had been added. A 2 M  solution of the ap
propriate aldehyce was then added dropwise until the red color 
disappeared. The solutions of base and aldehyde were alternately 
added in this manner until all aldehyde had been used, maintain
ing the temperature near 0°. The solution was allowed to warm 
to room temperature with stirring (approximately 1-2 hr), 
poured into water (approximately 1.1 times the volume of re
action mixture), and acidified to neutrality with dilute, aqueous 
HC1. The alkene was separated by extracting with petroleum 
ether (bp 30-60°), the combined extracts were washed with water 
and dried (MgSO<), and the petroleum ether was removed by 
rotary evaporation at reduced pressure. The resulting oil was 
then vacuum distilled and used as the cis-trans mixture or the 
isomers were separated by distillation using a spinning band 
column or vapor phase chromatography, as indicated.

Preparation of Alkenes Using the Wittig Reaction (Method B). 
— The procedure used was similar to that of method A, with the 
exception that the base used was sodium methoxide. The base 
was added in small portions, in solid form (very low solubility in 
DM F), to the solution of phosphonium salt (and anhydrous

(40) (a) N. S. Zef.rov, V. Blagoveshchensky, I. Kazimirchik, and N. Su- 
rova,T etrah ed ron , 27, 3111 (1971). (b) In 13-20, the nitro groups render sul
fur electron deficient and reduce the size of the nonbonded pairs. Sulfur 
could then attract oxygen by the means noted by Pople27a [see also M. 
Robb, W. Haines, and I. Czizmadia, J . A m er . C h em . S o c ., 95, 42 (1973)].

(41) (a) N. Kharasch and R. B. Longford, O rg. S y n ., 44, 47 (1944); (b) 
N. Kharasch and C. M. Buess, J . A m e r .  C h em . S o c ., 71, 2724 (1949).

(42) S. Cabiddu, A. Maccioni, and M. Secci, A n n .  C h im . (R o m e ), 54, 
1153 (1964).

(43) L. D. Bergelson and M. M. Shemyakin, T etrah ed ron , 19, 149 (1963).

potassium iodide, if used) until a red coloration was distinctly 
visible. The mixture was stirred for 2-5 min. The aldehyde 
solution was added dropwise, with stirring, until the red color 
disappeared. Alternate addition of base and aldehyde was 
repeated until aldehyde was exhausted. The work-up, purifica
tion, and separation of isomers were the same as in method A.

Preparation of Alkenes Using the Wittig Reaction (Method 
C).— To the appropriate phosphonium salt (and anhydrous 
potassium iodide, if used) was added enough dry D M F to make 
the resulting solution approximately 1 M  in phosphonium salt. 
The system was swept with dry nitrogen, the solution was cooled 
to 0°, and a l  M  solution of potassium (eri-butoxide in dry DM F 
was added dropwise, with stirring and cooling. When the addi
tion was complete, a 3-5 M  solution of aldehyde in DM F was 
added, dropwise, with stirring, to the reaction mixture. After 
stirring for an additional 2 hr, the mixture was permitted to warm 
to room temperature, and worked up as previously described.

Preparation of Alkenes Using the Wittig Reaction (Method D). 
— To the appropriate phosphonium salt (and anhydrous potas
sium iodide, if used) and aldehyde was added enough dry DM F 
to make the resulting solution approximately 1 M  in each of the 
reactants. The solution was cooled to 0°, a dry nitrogen sweep 
was started, and a l  M  solution of potassium ieri-butoxide in dry 
DM F was added dropwise, with stirring, maintaining the 
temperature near 0°. When the addition of base was complete, 
the mixture was stirred for 2 hr with no cooling, then worked up, 
and purified; the isomers were separated as discussed previously.

Addition of 2,4-Dinitrobenzenesulfenyl Chloride (34) to 
Alkenes. A.— A weighed amount of the appropriate alkene 
(usually 0.02 mol}, glacial acetic acid or dry D M F (approxi
mately 10 ml), and 2,4-DNBSC (10-50% excess) was heated on 
the steam bath, with swirling, for 5 min. During this time, the 
solid 2,4-DNBSC (34) dissolved. After 12-18 hr at room tem
perature, the solution was poured over 20 g of ice and allowed 
to remain until the ice had just melted. The solid obtained was 
separated by vacuum filtration, washed with water, and allowed 
to air dry. The resulting solid was recrystallized from dichloro- 
methane-pentane or chloroform-pentane, as indicated for each 
compound.

B.— Alternatively, if the adduct did not crystallize upon pour
ing the solution over ice, the mixture was extracted with ether, 
washed with water, 5%  sodium bicarbonate solution, and water, 
and dried (M gS04), and the ether was removed at reduced pres
sure. The resulting adduct, if it remained an oil, could be in
duced to crystallize by taking it up in ether-pentane. Recrys
tallization from appropriate solvents yielded pure adducts. In 
listings of parameters of the various alkenes the numbering sys
tem of structure c will be used.

C H - )
H , H 2 Ha

Preparation of l-Chloro-l-phenyl-2-ethyl 2,4-Dinitrophenyl 
Sulfide (2).— To a solution of styrene (8.0 g, 0.075 mol) in dry 
acetic acid (20 ml) was added 2,4-dinitrobenzenesulfenyl chloride 
(34) (19.0 g, 0.081 mol), yielding, after recrystallization from 
chloroform-pentane, 21.8 g (83%) of yellow crystals, mp 148.0° 
(lit.41 mp 143.0-143.5°).

Preparation of 1-Phenyl-l-propenes Using the Wittig Reaction.
— To a solution of benzyltriphenylphosphonium bromide (108.5 
g, 0.25 mol) in dry DMF (250 ml) was added potassium tert- 
butoxide (50 g, 0.268 mol) in DMF (250 ml), and then acetalde
hyde (12 g, 0.27 mol) in DMF (50 ml) was added according to 
Wittig method B. The crude oil that resulted, after work-up, 
was distilled using a spinning band column at reduced pressure, 
yielding 23 fractions of 1-1.5 ml each: fractions 2-12, bp 97-99° 
(82 mm); fractions 13-14, bp 100-106° (82 mm); fractions 
15-23, bp 106-107° (82 mm). The fractions were analyzed by 
vapor phase chromatography using the QF-1 column. At a 
column temperature of 130° using a 60 ml/min helium flow, the 
retention times of the cis and trans alkenes were 6.0 and 7.25 
min, respectively. Fractions 2-12 were found to be cis alkene of 
99%  purity, fractions 13-14 were a mixture of cis and trans 
alkenes, and fractions 15-23 were the trans isomer of 99% purity. 
The nmr spectra of these alkenes agreed with those obtained by 
Cabiddu, Maccioni, and Secci.42



C o n f o r m a t i o n a l  P r e f e r e n c e s  i n  C h l o r o  S u l f i d e s

Preparation of en/i/iro- 1-Chloro- 1-phenyl-2-propyl 2,4-Dinitro- 
phenyl Sulfide (3).— To Irans-1 -phenylpropene (0.58 g, 0.0049 
mol) in dry acetic acid (10 ml) was added 2,4-DNBSC (34) (1.20 
g, 0.0051 mol), yielding, after recrystallization from CHCls- 
pentane, 1.52 g (89%) of yellow crystals, mp 91-91.5° (lit.44 45 mp
91.5-92.0°).

Anal. Calcd for C15H 3C1N20 4S: C, 51.07; H, 3.71. Found: 
C, 51.11; H, 3.78.

Preparation of threo- 1 -Chloro-1 -phenyl-2-propyl 2,4-Dinitro
phenyl Sulfide (3).— T o os-l-phenylpropene (0.58 g, 0.049 mol) 
in dry acetic acid (10 ml) was added 2,4-DNBSC (34) (1.21 g, 
0.0051 mol). This yielded, after recrystallization from chloro
form-pentane, 1.43 g (83%) of adduct, mp 93.5-94.5°.

Anal. Calcd for Ci3H i3C1N20 4S: C, 51.07; H, 3.71. Found: 
C, 51.20; H, 3.59.

Preparation of 1-Phenyl-l-butenes.— The procedure of Wittig 
method A was followed using benzyltriphenylphosphonium bro
mide (108 g, 0.25 mol) and anhydrous potassium iodide (83 g) in 
DM F (250 ml), and alternately adding potassium ierf-butoxide 
(50 g, 0.268 mol) in DM F (300 ml) and propanal (16 g, 0.275 mol) 
in DM F (80 ml). The reaction yielded 27 g (82%) of a slightly 
yellow oil which was distilled, using a spinning band column, 
yielding 21 fractions of 0.5-1.5 ml each: fractions 1-3, bp 22-80° 
(20 mm); fractions 4-15, bp 80-83° (20 mm); fractions 16-17, 
bp 84-89° (20 mm); fractions 18-21, bp 89-91° (20 mm) [lit.44 
cis alkene bp 84.0-85.0° (23 mm); trans alkene, 91.0-92.0° (23 
m m )]. The nmr of fractions 8 and 20 showed then to be cis- 
and irans-1-phenyl-1-butene, respectively.

cis-1 -Phenyl-1 -butene had nmr (CC14) 8 1.05 (t, 3, Jchi.ch, =
7.5 Hz, CH3), 2.00-2.60 (m, 2, CH2), 5.57 (dt, 1, / „ c m  =  7.0 
Hz, J 1.2 =  11.6 Hz, H2), 6.33 (dt, 1, / i , 2 =  11.6 Hz, Ji.cm =
1.6 Hz, HO, 7.05-7.30 (m, 5, aromatic protons).

irans-1-phenyl-1-butene had nmr (CC14) 8 1.09 (t, 3, /cm ,cm  =  
7.5 Hz, CH3), 1.90-2.50 (m, 2, CH2), 5.80-6.50 (m, 2, H, and 
H2), 7.00-7.40 (m, 5, aromatic protons).

Preparation of er?/i/iro-l-Chloro-l-phenyl-2-butyl 2,4-Dinitro- 
phenyl Sulfide (4).—To ¿rcms-l-phenyl-l-butene (1.53 g, 0.01 
mol) in DMF (10 ml) was added 34 (2.65 g, 0.0108 mol). After 
recrystallization from dichloromethane-pentane, there resulted
3.21 g (88%) of pure adduct, mp 144.0-144.5° (lit.46 mp 144.A- 
144.8°).

Anal. Calcd for Ci6Hir,ClN20 4S: C, 52.39; H, 4.12. Found: 
C, 52.24; H, 4.08.

Preparation of threo-4.— To cis-l-phenyl-1-butene (1.31 g, 
0.01 mol) in DM F (10 ml) was added 34 (2.68 g, 0.0109 mol). 
Recrystallization from dichloromethane-pentane yielded 3.62 g 
(76%) of pure adduct: mp 127.0-127.5°; nmr 8 1.15 (t, 3, 
/ cm,cm =  7.2 Hz, CH3), 1.60-2.50 (m, 2, CH2), 3.87 (dt, 1, 
/ 2,cm =  8.5, / i . j  =  4.8 Hz, H2), 5.27 (d, 1, / i , 2 =  4.8 Hz, H ) ,
7.15-7.65 (m, 6, aromatic protons and Hi,), 8.21 (dd, 1, Jv.v  =
8.9, Jv.%' =  2.5 Hz, H O , 8.91 (d, 1, Jv.v  =  2.5 Hz, H -).

Anal. Calcd for C,3HI6C1N20 4S: C, 52.39; H, 4.12. Found: 
C, 52.28; H, 4.26.

Preparation of 3-Methyl-l-phenyl-l-butenes. A.— The proce
dure of Wittig method C was followed using benzyltriphenyl
phosphonium bromide (108 g, 0.25 mol) and anhydrous potassium 
iodide (83.0 g, 0.5 mol) in D M F (270 ml). To this was added 
potassium feri-butoxide (50 g, 0.268 mol) in DM F (360 ml), 
followed by a solution of 2-methylpropanal (19.8 g, 0.275 mol) 
in DM F (50 ml). The reaction yielded 39.3 g (89.5%) of a 
slightly yellow oil, which, the nmr spectrum indicated, consisted 
of a mixture of 89% cis alkene and 11% trans alkene. The mix
ture was used without further purification.

B.— The procedure of Wittig method D was followed using 
isobutyltriphenylphosphonium iodide (111.5 g, 0.25 mol), 
benzaldehyde (26.5 g, 0.25 mol) in DM F (300 ml), and potassium 
ieri-butoxide (50 g, 0.268 mol) in D M F (200 ml). The resulting 
oil was distilled, using a spinning band column, yielding 13 frac
tions (ca. 2 ml each): fractions 2-7, bp 76-77° (12 mm); frac
tions 8-9, bp 77-83° (12 mm); fractions 10-13, bp 84-85° (12 
mm). These fractions were analyzed by vapor phase chromatog
raphy using the QF-1 column. At a column temperature of 155° 
and 60 ml/min helium flow, the retention times of the cis and 
trans alkenes were 3.25 and 4.75 min, respectively.

cfs-3-Methyl-l-phenyl-l-butene had nmr (94 mg of alkene/744

(44) T. DeWolfe, D. Hagman, and W. G. Young, J . A m e r .  C h em . S o c ., 
79, 4795 (1957).

(45) C. F. Hauser, T. Brooks, M. Miles, M. Raymond, and G. B. Butler,
J . O rg. C h em ., 28, 372 (1963).

mg of CC14) 8 1.02 (d, 6, / , . CH, =  6.5 Hz, CH3), 2.50 -3.30 (m, 
1, H ) ,  5.39 (dd, 1, / 1>2 =  11.6, / 2,3 =  9.95 Hz, H2), 6.25 (d, 
1, Ji.t =  11.6 Hz, H ) ,  7.18 (s, 5, aromatic protons).

irare.s-3-Methyl-1 -phenyl- 1-butene had nmr (139 mg of alkene/
1.12 g of CCU) 8 1.06 (d, 6, / 3,ch, =  6.3 Hz, CH3), 2.15-2.85 (m, 
1, H3), 5.80-6.50 (m, 2, H  and H2), 6.95-7.35 (m, 5, aromatic 
protons).

Preparation of erythro-1 -Chloro-3-methyl-1 -phenyl-2-butyl 2,4- 
Dinitrophenyl Sulfide (5).— To frares-3-methyl-l-phenyl-l-butene 
(2.86 g, 0.019 mol) in acetic acid (10 ml) was added 34 (4.71 g,
0. 02 mol). The adduct, after recrystallization from chloroform- 
pentane, weighed 6.92 g (93%), mp 161-162°.

A n a l. Calcd for Ci7H 7C1N20 4S: C, 53.61; H, 4.50. Found: 
C, 53.68; H, 4.57.

Preparation of threo-5.— To the solution of a mixture of cis- and 
iraras-3-methyl- 1-phenyl-1 -butene (89% cis, 11% trans alkene;
3.1 g, 0.Q212 mol) in DM F (10 ml) was added 34 (5.3 g, 0.0225 
mol). The mixture of diastereomers resulting from this reaction 
was separated by fractional reerystallization from chloroform- 
pentane, yielding 5.83 g (75%) of pure threo diastereomer, mp
137.5-138°.

Anal. Calcd for C i7H17C1N20 4S: C, 53.61; H, 4.50; N, 7.36. 
Found: C, 53.62; H, 4.36; N, 7.39.

Preparation of en//iro-l-Chloro-3,3-dimelhyl-l-phenyl-2-butyl
2,4-Dinitrophenyl Sulfide (6).— To a solution of trans-3,3- 
dimethyl-l-phenyl-l-butene (1.0 g, 6.25 mmol) in acetic acid 
(10 ml) was added 34 (1.65 g, 7.0 mmol). The yield, after re
crystallization from chloroform-pentane, was 1.67 g (68%), mp
134.0-134.5°.

Anal. Calcd for Ci8Hi0ClN2O4S: C, 54.75; H, 4.85. Found: 
C, 54.85; H, 4.85.

Preparation of threo-6.— To a solution of m-3,3-dimethy 1-1- 
phenyl-1-butene (1.0 g, 6.25 mmol) in acetic acid (10 ml) was 
added 34 (1.66 g, 7.0 mmol). There was obtained 1.96 g (79%) 
of yellow needles, mp 142.5-143.0° (chloroform-pentane).

Anal. Calcd for C i8H i9C1N20 4S: C, 54.75; H, 4.85; N, 7.09. 
Found: C, 54.76; H, 4.72; N, 7.22.

Preparation of 3-Ethyl-l-phenyl-l-pentenes.— The procedure 
of Wittig method A was followed using benzyltriphenylphos
phonium bromide (108 g, 0.25 mol) in D M F (200 ml). T o this 
solution was added, alternately, solutions of potassium tert- 
butoxide (50 g, 0.268 mol) in DM F (325 ml) and 2-ethylbutanal 
(27.7 g, 0.252 mol) in DM F (50 ml). The reaction yielded 35.2 
g (81%) of an oil with bp 64-69° (0.14 mm). This liquid was 
distilled, using a spinning band column, and yielded 17 fractions 
of 2-3 ml each: fractions 1-9, bp 87-89° (3.1 mm); fractions
10-11, bp 89.5-39° (3.1 mm); fractions 12-17, bp 90-93° (2.9-
3.0 mm).

cis-3-Ethyl-l-phenyl-l-pentene (fractions 1-9) had nmr (neat 
liquid) 8 0.65-1.05 (m, 6, CH3), 0.65-1.70 (m, 4, CH2), 2.15-2.75 
(m, 1, H3), 5.32 (dd, 1, / 2t3 =  10.5, / 1|2 =  12.0 Hz, H2), 6.50 (d,
1, Ji.t =  12.0 Hz, H ) ,  6.95-7.35 (m, 5, aromatic protons).

irams-3-Ethyl-l-phenyl-l-pentene (fractions 12-17) had nmr
(neat liquid) 8 0.65-1.05 (m, 6, C H ), 1.05-2.20 (m, 5, C H  and 
H ) ,  5.87 (dd, 1, / 2l3 =  7.7, / i , 2 =  16.0 Hz, H ) ,  6.30 (d, Ji.t =
16.0 Hz, Hi), 7.00-7.40 (m, 5, aromatic protons).

Preparation of erythro-1 -Chloro-3-ethyl-l-phenyl-2-pentyl 2,4-
Dinitrophenyl Sulfide (7).— To a solution of irans-3-ethyl-l- 
phenyl-l-pentene (1.76 g, 0.01 mol) in DM F (10 ml) was added 
34 (2.59 g, 0.015 mol), yielding 3.66 g (90%) of yellow crystals, 
mp 161.1-161.7°, after recrystallization from dichloromethane- 
pentane.

Anal. Calcd for CisHiClNjOiS: C, 55.81; H, 5.18. Found: 
C, 55.82; H, 5.05.

Preparation of threo-7.— To a solution of cis-3-ethyl-l-phenyl-l- 
pentene (1.74 g, 0.01 mol) in D M F (10 ml) was added 34 (2.60 
g, 0.015 mol), yielding 3.41 g (83%) of recrystallized adduct, 
mp 115.5-116.0° (dichloromethane-pentane). Interpretation 
of the nmr spectrum was made difficult by the fact that the four 
methylene protons of the two ethyl groups and H3 all had essen
tially the same chemical shift, causing extensive virtual coupling. 
The absorbance for H2 was therefore very broad and an exact 
value for / 2i3 was impossible to obtain. Computer simulation of 
the spectrum showed that the best value for this coupling constant 
was ca. 4 ±  1 Hz.

Anal. Calcd for C i9H2iC1N20 4S: C, 55.81; H, 5.18. Found: 
C, 55.82; H, 5.09.

Preparation of 4,4-Dimethyl-l-phenyl-l-pentenes.— The proce
dure of Wittig method D was followed, using a solution of 3,3- 
dimethylbutyltriphenylphosphonium bromide (171 g, 0.40 mol)
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and benzaldehyde (45 g, 0.425 mol) in 600 ml of DM F and adding 
a solution of potassium tert-butoxide (75 g, 0.4 mol) in DM F 
(500 ml). The reaction yielded 81.3 g (80%) of a clear liquid, 
bp 52-58° (0.12 mm). The resulting oil was distilled, using a 
spinning band column, yielding 16 fractions: fractions 2-6, bp
90.5- 92.5° (5 mm); fractions 6-8, bp 92.5-98° (5 mm); fractions
8-16, bp 98.0-99.5° (5 mm).

cii’-4,4-Dimethyl-1-phenyl-1-pentene (fractions 2-6) had nmr 5
C.89 (s, 9, ieri-butyl protons), 2.24 (dd, 2, Ji.cm =  7.4 Hz,
<11,cm =  1-8 Hz, CH2), 5.77 (dt, 1, Jz.ckz =  7.4 Hz, J 1.2 =  12.2 
Hz, H ) ,  6.53 (dt, 1, J  1.2 =  12.2 Hz, / , , c h 2 =  1.8 Hz, Hi),
7.05- 7.40 (m, 5, aromatic protons).

iraii.s-4,4-Dimethyl-1-phenyl-l-peritene (fractions 8-16) had 
nmr (neat liquid) 5 0.92 (s, 9, ieri-butyl protons), 1.90-2.15 (m, 
2, C H ), 5.85-6.55 (m, 2, Hi and H2), 7.00-7.40 (m, 5, aromatic 
protons).

Preparation of eri/ffiro-l-Chloro-4,4-dimethyl-l-phenyl-2-pentyl 
2,4-Dinitrophenyl Sulfide (8).— To a solution of trans-4,4- 
dimethyl-l-phenyl-l-pentene (1.77 g, 0.01 mol) in DM F (10 ml) 
was added 34 (2.58 g, 0.015 mol), yielding, after recrystallization 
from dichloromethane-pentane, 3.62 g (89%) of yellow needles, 
mp 115.5-116°.

Anal. Calcd for Ci9H2iClN20 4S: C, 55.81; H, 5.18. Found: 
C, 55.99; H, 5.22.

Preparation of threo-8.— To a solution of crs-4,4-dime thyl-1 - 
phenyl-l-pentene (1.74 g, 0.01 mol) in acetic acid (10 ml) was 
added 34 (2.60 g, 0.015 mol), yielding 3.38 g (83%) of crude ad
duct, which, the nmr spectrum indicated, consisted of a mixture 
cf Markovnikov and anti-Markovnikov addition products. 
The reaction was repeated in DM F with similar results. The 
mixture consisted of 54% t/ireo-l-chloro-4,4-dimethyl-l-phenyl-
2-pentyl 2,4-dinitrophenyl sulfide [Markovnikov addition prod
uct, with a doublet at 5 5.23 (J =  4.3 Hz) and a multiplet at 5 
3.94] and 46% 2-chloro-4,4-dimethyl-l-phenyl-l-p>entyl 2 ',4 '- 
cinitrophenyl sulfide [anti-Markovnikov addition product, with 
a doublet at 5 4.76 (./ =  4.5 Hz) and a multiplet at 5 4.37]. 
The mixture was fractionally recrystallized from dichloro- 
methane-petroleum ether, affording pure Markovnikov product,
I . 37 g (33%), mp 152.8-153.1°.

Anal. Calcd for C i9H21C1N20 4S: C, 55.81; H, 5.18. Found: 
C, 55.86; H, 5.15.

Preparation of l-Cyclopropyl-2-phenylethylene.—The proce
dure of Wittig method A was followed, using a solution of benzyl- 
triphenylphosphonium bromide (129 g, 0.30 mol) in DM F (300 
ml), and adding, alternately, solutions of potassium tert-butoxide 
(57 g, 0.03 mol) in DMF (250 ml) and cyclopropanecarboxalde- 
hyde (20.52 g,) The reaction yielded, upon distillation, 34.8 g 
of a clear, colorless oil, bp 54.0-64.5° (0.18-2.4 mm). The oil 
was spinning band distilled, yielding 22 fractions of 1-2 ml each: 
fractions 1-10, bp 60.5-61.5° (0.5 mm); fractions 11-12, bp
61.5- 66.5° (0.5 mm); fractions 13-22, bp 67.0-69.0° (0.5 mm). 
The nmr spectra are in agreement with those reported by 
Schweizer, Thompson, and Ulrich.46

cis-l-Cyclopropyl-2-phenylethylene (fraction 9) had nmr (neat 
liquid) 5 0.15-0.80 (m, 4, -C H 2-  of ring). 1.48-2.14 (m, 1, H ) ,
4.96 (dd, 1, J2,3 =  9.6, J i,2 = 11.6 Hz, H ) ,  6.35 (d, 1, J,.t =
I I .  6 Hz, H3), 7.0-7.5 (m, 5, aromatic protons). 

tra/tó-l-Cyclopropyl-2-phenylethylene (fraction 16) had nmr
(neat liquid) 6 0.15-0.85 (m, 4, -C H 2-  of ring), 1.05-1.70 (m, 1, 
H ) ,  5.62 (dd, 1, J2,3 =  8.4, ,/,,2 =  16.0 Hz, H2), 6.35 (d, 1, 
¿ 1,2 =  16.0 Hz, Hi), 6.90-7.35 (m, 5, aromatic protons).

Preparation of en/rtro-l-Chloro-2-cyclopropyl-l-phenyl-2-ethyl 
2,4-Dinitrophenyl Sulfide (9).— To a solution of trans-1-cyclo- 
propyl-2-phenylethylene (1.47 g, 0.01 mol) in DM F (10 ml) was 
added 34 (2.62 g, 0.011 mol). The solution was heated briefly 
(1-2 min) until 34 went into solution, and then allowed to stand 
at room temperature for 8 days before work up. From the re
action was obtained 3.19 g (82%) of yellow needles, mp 147.2- 
147.8° (dichloromethane-pentane).

Anal. Calcd for C i7H15C1N204S: C, 53.90; H, 3.99. Found: 
C, 53.80; H, 3.93.

Preparation of threo-9 .— To a solution of m-l-cyclopropyl-2- 
phenylethylene (1.45 g, 0.01 mol) in DM F (10 ml) was added 34 
(2.62 g, 0.011 mol). The mixture was allowed to stand, without 
heating, for 31 days at room temperature. From this reaction 
was obtained 2.66 g (70%) of yellow needles, mp 141.8-142.1° 
(dichloromethane-pentane).
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(46) E. Schweizer, J. Thompson, and F. Ulrich, J .  O r g . C h e m ., 33, 3082
(1968).

A m i. Calcd for CnHi5ClN20 4S: C, 53.90; H, 3.99. Found: 
C, 54.00; H, 3.98.

Preparation of l-Cyclobutyl-2-phenylethylene.—The procedure 
was that of Wittig method A using a solution of benzyltriphenyl- 
phosphonium bromide (119 g, 0.275 mol) in DM F (300 ml) and 
alternately adding solutions of potassium ieri-butoxide (56 g, 0.30 
mol) in DM F (300 ml) and cyclobutanecarboxaldehyde (23.1 g, 
0.275 mol). From the reaction was obtained 25.3 g (58%) of an 
oil with bp 115-120° (9-10 mm). This product was analyzed and 
the isomers were separated by vapor phase chromat ography using 
the QF-1 column. From 26 injections of 20-30 /d each were 
collected 133 mg of cis alkene and 84 mg of trans alkene. At a 
column temperature of 185°, using a 60 ml/min helium flow, the 
retention times of the cis and trans alkenes were 3.15 and 4.20 
min, respectively.

cw-l-Cyclobutyl-2-phenylethylene had nmr (CDC13) S 1.70-
2.50 (m, 6, -C H 2-  of ring), 3.05-3.80 (m, 1, H3), 5.81 (dd, 1,
J2,3 =  8.8, Jut =  11.6 Hz, H2), 6.33 (dd, 1, Ji,2 =  11.6, Jut =  
0.7 Hz, Hi), 7.10-7.50 (m, 5, aromatic protons).

irans-l-Cyclobutyl-2-phenylethylene had nmr (CDC13) 5 1.50-
2.50 (m, 6, -C H 2-  of ring), 2.75-3.45 (m, 1, H3), 6.25-6.45 (m, 
2, H2 and H3), 7.00-7.60 (m, 5, aromatic protons).

Preparation of en/ttro-l-Chloro-2-cyclobutyl-l-phenyl-2-ethyl 
2,4-Dinitrophenyl Sulfide (10).— To a solution of traws-l-cyclo- 
butyl-2-phenylethylene (85 mg, 5.3 mmol) in DM F (2 ml) was 
added 34 (140 mg, 6.0 mmol), yielding 183 mg (88%) of yellow 
crystals, mp 104.5-105.0° (dichloromethane-petroleum ether).

Anal. Calcd for Ci8Hi7ClN20 4S: C, 55.03; Ii,4 .36. Found: 
C, 54.95; H ,4.30.

Preparation of threo-10.—To a solution of cis-l-cyclobutyl-2- 
phenylethylene (133 mg, 8.4 mmol) in DM F (2 ml) was added 
34 (215 mg, 9.2 mmol), yielding 259 mg (78%) of yellow crystals, 
mp 105.0-105.5° (ether-pentane).

Anal. Calcd for C i8H i7C1N20 4S: C, 55.03; H, 4.36. Found: 
C, 55.03; H, 4.33.

Preparation, Rearrangement, and Separation of Isomeric Mix
ture of 2,4-DNBSC Adducts to cis- and trans- l-Cyclobutyl-2- 
phenylethylene.— To a solution of a mixture of cis- and lrans-\- 
cyclobutyl-2-phenylethylene (3.16 g, 0.02 mol) in dry acetic acid 
(10 ml) was added 34 (5.15 g, 0.022 mol), yielding 6.97 g (89% ) 
of a yellow-brown oil which could not be induced to crystallize. 
The nmr spectrum of the product oil indicated that the mixture 
consisted of threo and erythro adducts in the ratio of approxi
mately 6:4, plus small amounts of impurities. The oil was 
placed on a 2 X 60 cm Florisil column and eluted with petro
leum ether, 4:1 petroleum ether-benzene, 7:3 petroleum ether- 
benzene, 1:1 petroleum ether-benzene, 2:3 petroleum ether- 
benzene, 9:1 petroleum ether-ether, 4:1 petroleum ether-ether, 
1:1 petroleum ether-ether, ether, dichloromethane, ethyl ace
tate, and acetone. From the 4:1 petroleum ether-benzene 
fractions, 2.34 g of a yellow oil was obtained. The oil solidified 
upon standing, and was recrystallized from ether-petroleum 
ether, yielding 2.15 g (27.4%) of yellow crystals, mp 105.0- 
105.5°. This was identified, by nmr and melting point as threo- 
l-chloro-2-cyclobutyl-l-phenyl-2-ethyl 2,4-dinitrophenyl sulfide
(10).

From the 7:3 petroleum ether-benzene fractions was obtained
2.11 g of a yellow brown oil which solidified upon standing. 
When recrystallized from ether-petroleum ether, there was ob
tained 1.98 g (25.3%) of eryi/wo-2-chloro-l-cyclobutyl-2-phenyl- 
1-ethyl 2,4-dinitrophenyl sulfide (anti-Markovnikov adduct 10') 
as light yellow needles: mp 111.5-112.0°; nmr a 1.60-2.25 
(m, 6 , -C H 2-  of ring), 2.50-3.10 (m, 1, H3), 4.24 (dd, 1, J2.3 = 
8.4, J i,2 =  5.4 Hz. H2), 4.67 (d, 1, ./,.2 =  5.4 Hz, HO, 7.22-7.68 
(m, 6 , aromatic protons and H r), 8.15 (dd, 1, JV,2' =  8 .8 , 
Jv,3' =  2.5 Hz, H«<), 8.96 (d, 1, J 2,<3. = 2.5 Hz, H3).

Anal. Calcd for C,8H„C1N20 4S: C, 55.03; H .4.36. Found: 
C, 54.95; H, 4.24.

From the 9:1 petroleum ether-ether fractions there was ob
tained 1.56 g of yellow oil. This was induced to crystallize from 
ether-petroleum ether, yielding 1.48 g (18.8%) of brilliant yellow 
flakes, mp 124.7-125.0°, apparently the threo anti-Markovnikov 
isomer (10') (see below): nmr 5 1.60-2.90 (m, 7, -C H r- of ring
and H3), 3.84 (dd, 1, J2,3 =  9.2, J7>2 =  4.5 Hz, H2), 5.00 (d, 1, 
J i,2 =  4.5 Hz, Hi), 7.15-7.50 (m, 5, aromatic protons), 7.98 
(d, 1, Jmv =  8.9 Hz, H r), 8.26 (dd, 1, J i,u- =  8.9, Jwv  =  2.5 
Hz, H2,), 8.82 (d, 1, Jx..v =  2.5 Hz, H O- 

Anal. Calcd for C iBH17C1N20 4S: C, 55.03; H, 4.36. Found: 
C, 54.97; II, 4.30.
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Although some yellow color was observed to remain on the 
column, elution by ether, dichloromethane, ethyl acetate, or 
acetone failed to remove the colored material completely. The 
yellow-brown oil material that was eluted by these solvents 
(total 0.97 g) failed to show, in the nmr spectra, peaks charac
teristic of the final desired product, erthro-10. The eluted ma
terial would not crystallize, had a foul odor, and was unidenti
fiable by nmr, showing only broad absorptions in the aliphatic 
and aromatic regions, 0.6-2.8 and 7 .0 -7 .8 ppm, respectively.

Rearrangement of i/ireo-l-Chloro-2-cyclobutyl-l-phenyl-2-ethyl
2.4- Dinitrophenyl Sulfide (10) to threo-1 -Chloro-1 -cyclobutyl-2- 
phenyl-2-ethyl 2,4-Dinitrophenyl Sulfide (10').— On a 1 X 15 
cm Florisil column was placed the threo Markonikov adduct 
(0.620 g, 1.57 mmol). After 2 days, the column was eluted 
with 4:1 petroleum ether-benzene and yielded 0.407 g (65.8%) 
of yellow crystals indentified by nmr and melting point as the 
Markovnikov adduct as originally placed on the column. Con
tinued elution by 9:1 petroleum ether-ether yielded 0.203 g 
(32.8%) of bright yellow flakes mp 123-124°. The nmr of this 
latter compound was identical with that of the compound obtained 
from the large column using the same eluents.

Preparation of l-Cyclopentyl-2-phenylethylenes.— The pro
cedure of Wittig method A was followed, using a solution of 
benzyltriphenylphosphonium bromide (108 g, 0.25 mol) and 
potassium iodide (83 g, 0.50 mol) in DM F (300 ml). To this 
solution was added, alternately, solutions of potassium tert- 
butoxide (50 g, 0.268 mol) in D M F (250 ml) and cyclopentane- 
carboxaldehyde (26.5 g, 0.25 mol) in DM F (25 ml). The prod
uct was vacuum distilled, yielding 30.2 g (75.2%) of a clear oil, 
bp 78-79° (0.25 mm). The oil was distilled, using the spinning 
band column, yielding 24 fractions of 1-2 ml each: fractions
3-11, bp 86- 88° (0.9 mm); fractions 12-13, bp 90-94° (1.0-
1.1 mm); fractions 14r-24, bp 92-96° (0.9-1.1 mm).

cis-l-Cyclopentyl-2-phenylethylene (fractions 3-11) had nmr 
(neat liquid) 5 1.0-2.1 (m, 8, -C H j- of ring), 2.55-3.40 (m, 1, 
H»), 5.53 (dd, 1, J2,3 =  9.8 J1.2 = 11.6 Hz, Hj), 6.37 (d, 1, Jut 
=  11.6 Hz, Hi), 6.80-7.40 (m, 5, aromatic protons).

iran-s-l-Cyclopentyl-2-phenylethylene (fractions 14-24) had 
nmr (neat liquid) 5 1.0-2.1 (m, 8 , -C H j- of ring), 2.1-2.9 (m, 1, 
H3 ), 5.85-6.60 (m, 2, Hi and H2), 7.05-7.45 (m, 5, aromatic pro
tons).

Preparation of eryi/iro-l-Chloro-2-cyclopentyl-l-phenyl-2-ethyl
2.4- Dinitrophenyl Sulfide (11).— To a solution of irans-l-cyclo- 
pentyl-2-phenylethylene (1.71 g, 0.01 mol) in DM F (10 ml) was 
added 34 (2.61 g, 0.011 mol), affording 3.75 g (92%) of yellow 
crystals, mp 148.5-148.7° (dichloromethane-pentane).

Aiml. Calcd for Ci9Hi9ClN20<S: C, 56.09; H, 4.71. Found: 
C, 55.95; H ,4.67.

Preparation of threo-U .— To a solution of ds-1-cyclopentyl-2- 
phenylethylene (1.72 g, 0.01 mol) in DM F (10 ml) was added 
34 (2.60 g, 0.011 mol), producing 3.51 g (86% ) of yellow needles, 
mp 109.0-109.5° (dichloromethane-pentane).

Anal. Calcd for C i9H19C1N20,S : C, 56.09; H, 4.71. Found: 
C, 55.97; H .4.73.

Preparation of l-Cyclohexyl-2-phenylethylene.— The pro
cedure of Wittig method B was followed, using a solution of 
benzyltriphenylphosphonium bromide (108 g, 0.25 mol) and 
potassium iodide (83 g, 0.50 mol) in DM F (300 ml). T o this 
was alternately added sodium methoxide (13.5 g, 0.25 mol) and 
a solution of cyclohexanecarboxaldehyde (28 g, 0.25 mol) in 
DM F (100 ml). The crude product oil from this reaction, 
weighing 26 g (56%), was distilled using a spinning band column, 
yielding 12 fractions of 1-3 ml each: fractions 3-5, bp 98-101° 
(2.55 mm); fraction 6, bp 101-103° (2.50-2.55 mm); fractions
7-11, bp 103-108° (2.45-2.50 mm).46 These fractions were 
analyzed by vapor phase chromatography using the QF-1 col
umn. At a column temperature of 200° using a helium flow of 
75 ml/min, the cis and trans alkenes had retention times of 2.57 
and 3.48 min, respectively.

cis-l-Cyclohexyl-2-phenylethylene had nmr (CDCI3 ) 5 0.80-
2.20 (m, 10, -C H r- of ring), 2.20-3.00 (m, 1, H3), 5.43 (dd, 1, 
J2,3 =  9.6, Jh2 =  11.6 Hz, H2), 6.28 (d, 1, J1.2 =  11.6 Hz, HO, 
6.85-7.40 (m, 5, aromatic protons).

¿rans-l-Cyclohexyl-2-phenylethylene had nmr (neat liquid) 6 
0.80-2.35 (m, 11, -C H r- of ring and H3), 5.83-6.50 (m, 2, Hi 
and H2), 6.95-7.45 (m, 5, aromatic protons).

Preparation of en/£hro-l-Chloro-2-cyclohexyl-l-phenyl-2-ethyl
2.4- Dinitrophenyl Sulfide (12).— To a solution of iran.s-1-cyclo- 
hexyl-2-phenylethylene (1.86 g, 0.01 mol) in acetic acid (10 ml)

was added 34 (2.58 g, 0.011 mol), yielding 3.83 g (89%) of yellow 
needles, mp 173.5-174.0° (dichloromethane-pentane).

Anal. Calcd for CmHmC IN ^ S : C, 57.07; H, 5.03. Found: 
C, 56.97; H, 5.12.

Preparation of threo-12.— To a solution of cis-1 -cyclohexyl-2- 
phenylethylene (1.86 g, 0.01 mol) in acetic acid (10 ml) was 
added 34 (2.58 g, 0.011 mol), yielding 3.76 g (87%) of yellow 
needles, mp 139.0-139.5° (dichloromethane-pentane).

Anal. Calcd for CjoHnClNiOiS: C, 57.07; H, 5.03. Found: 
C, 56.94; H, 5.13.

Solvolysis of 2,4-DNBSC Derivatives of the 0-Substituted 
Styrenes.— The 2,4-DNBSC derivatives or the ^-substituted 
styrenes were solvolyzed in aqueous ethanol (ca. 95% ). Com
mercial absolute ethanol was distilled from magnesium ethoxide, 
taking the center cut, and diluted to desired density with di- 
onized, triple-distilled water.

It was necessary to prepare the solvent twice. The first 5-1. 
quantity (solvent A) had density 0.80116 g/m l (28.4°, average 
of five determinations), and the second quantity of 9 1. (solvent 
B) had density 0.80096 g/m l (28.4°, average of six determina
tions). The ethanolysis rates of two compounds were deter
mined in both solvents. It was found that the rates of B had 
to be multiplied by a factor of 1.0610 and 1.0609, respectively, 
to obtain the rate values received using solvent A. The lower 
of these two factors, 1.0609, was used for the rate correction of 
subsequent kinetics runs. Rates were determined conductio- 
metrically, using a calibrated Wheatstone bridge, manufactured 
by the Clough-Brengle Co., Chicago, 111.

Typically, the rates were determined as follows. Approxi
mately 1-2 mg of powdered adduct was dissolved in 10 ml of 
solvent (at reaction temperature) and forced through a fritted 
glass disk filter (25-50 y pore diameter) directly into the con
ductivity cell containing a further 50-75 ml of solvent and im
mersed in a thermostated bath at the desired temperature. 
After thorough shaking for ca. 1 min, the first point was obtained 
(used as zero time). Points were continuously taken until the 
resistance of the solution showed no change over an extended 
length of time (ca. 12 hr for erythro compounds and 24 hr for 
threo compounds). The value of the resistance at this time was 
used as the infinity point.

The first-order rate constants were determined by applying 
the integrated first-order rate equation

kt = 2.303

where t =  time in seconds, Ro =  resistance at zero time, R =  
resistance at infinity point, and Rt — resistance at time t.

For each compound, two to seven rate determinations (each 
containing 30-100 data points) were made at each temperature. 
All calculations were accomplished by computer, using a linear 
least squares program containing a provision for correction of 
the infinity point by incremental variation. The infinity Doint 
value used was that which allowed the smallest standard devia
tion from the least squares line. The maximum observed cor
rection of infinity point was 7.21%, with typical runs showing 
0-1 .5%  correction. The linearity of each determination ex
tended to only two or three half-lives.

The products consisted of mixtures of /3-ethoxy and /3-hydroxy 
sulfides, the relative amounts of which were determined by in
tegration of the nmr spectra.

Two typical runs follow.
Solvolysis Products from erythro-3 (R =  CH3).— The mixture 

consisted of 86%  ether and 14% alcohol: mp 73-78°; nmr 
(CDCI3 ) 6 1.05-1.55 (m, 5.58, CH3 of ether and alcohol and 
OCH2CH3), 3.25-4.00 (m, 2.72, H2 of ether and alcohol and 
OCH2CH3), 4.54 (d, 0.86, J i,2 =  4.9 Hz, Hi of ether), 5.03 (d, 
0.14, >11,2 =  4.2 Hz, Hi of alcohol), 7.16-7.50 (m, 5, aromatic 
protons), 7.76 (d, 0.86, Jv.v  =  9.0 Hz, Hi< of ether), 7.23 (d, 
0.14, Jv.v  =  9.0 Hz, Hi-, of alcohol), 8.25 (dd, 1, Jv.v =  9.0, 
J v .3" = 2.5 Hz, H2" of ether and alcohol), 8.88 (d, 1, Jv.s' =  2.5 
Hz, H3> of ether and alcohol).

Solvolysis Products from threo-3 (R = CH3).— The mixture 
consisted of 84% ether and 16% alcohol: mp 101-109°; nmr 5 
0.95-1.70 (m, 5.52, CH3 of ether and alcohol and OCH2CH3), 
2.75 (5, broad, 0.16, OH), 3.20-4.10 (m, 3, H2 of ether and al
cohol, OCH2CH3 and OH), 4.35 (d, 0.94, J i,2 =  7.8 Hz, Hi of 
ether), 4.85 (d, 0.16, J i,2 =  7.2 Hz, Hi of alcohol), 7.25-7.65
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(m, 5, aromatic protons), 7.81 (d, 0.16, Jv.v  =  9.0 Hz, Hi- of 
alcohol), 7.91 (d, 0.84, Jv .v  =  9.0 Hz, Hi- of ether, 8.33 (dd, 1, 
Jv ,v  =  8.0, Jv.v =  2.5 Hz, H2- of ether and alcohol), 8.97 (d, 
1, Jv.v =  2.5 Hz, H3- of ether and alcohol).

Appendix

For a nonlinear multivariable function, eq 6, the 
/ ( * * )  =  0, k = 1, 2 ,3 ..fc  (6)

optimized values may be obtained by a numerical 
search technique, i.e., the method of steepest descent.47 
Beginning with a good approximation to the solution, 
Po, which is sufficiently close to the true solution, and 
proceeds along the direction of negative gradients, a 
point Pi can be obtained that is closer to the true solu
tion (eq 7)

Pi — Po Xdo (7)

where do =  — (df/dx)k evaluated at the base point. 
X is the parameter which will minimize the function 
and it can be determined by a one-dimensional Fibo
nacci search technique, or by setting df/dx =  0. This 
process is repeated until no further improvement is 
obtained.

If eq 4 is recast as eq 8, then by applying the prin-
( J g  +  J i e E . + c )  

(1 - f  erE'+ c ) (8)

ciple of least squares, eq 9 is determined.

a ( J  o +
V 1 + <fE‘+c J J (9)

The problem now is to find the best values that will 
minimize the sum of the squares of the residuals, or 
the function 5. The method of the steepest descent 
gives the following results: Jt =  13.46, Jg =  2.52, r = 
2.78, and C =  0.236.
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The results of lithium dimethyl- and di-ra-butylcuprate(I) reactions with alkenyl sulfides 1-3 and the corre
sponding sulfonium salts, with 2-alkylidene-l,3-dithianes 5-7 and the corresponding bis sulfonium salts, and with 
alkenyl sulfones 11-24 are reported. In the series styryl methyl sulfide (3), styryl methyl sulfone (12), and 
styryl p-chlorophenylsulfone (17) there is an increasing amount of organocopper addition to the olefinic carbon 0 
to sulfur. 2-Alkylidene-l,3-dithianes 5-7, in contrast to 2-methylene-l,3-dithiane, are inert to organolithium 
and organocopper reagents. Alkenyl p-chlorophenyl sulfones undergo organocopper addition 0 to sulfur, and 
the resulting alkyl aryl sulfones can be selectively hydrogenolyzed at the alkyl-sulfur bond using 6%  sodium 
amalgam in ethanol to form alkanes in high yields; this sequence allows effective conversion of aldehyde 
carbonyls to tertiary alkyl carbon atoms in which each of the three alkyl groups may be different and permits 
transformation of certain ketone carbonyl groups to quaternary carbon atoms.

Organocopper reagents undergo addition to the 6  
carbon of a variety of a,/3-unsaturatod compounds, such 
as a,)3-ethylenic and acetylenic ketones and esters,2 
a,/3-ethylenic epoxides,3 a lly lic 4 and propargylic6 ace
tates, and acetylenic and allenic phosphine oxides and 
sulfides.6 Several of these addition reactions have been 
used as one of the key steps in  syntheses of such natural 
products of nootkatone,7 fulvoplum ierin,8 juvenile 
hormone,9 and various prostaglandins.10 The recent 
development of effective methods for converting 
carbonyl compounds to <x,j3-ethylenic sulfides,11 2 - 
alkylidene-l,3-dithianes (ketene thioacetals),12 and 
a,j3-ethylenic sulfones13 has made these readily available 
substrates for study with organocopper reagents. De
term ining which type of a,j8-unsaturated sulfur com
pound undergoes most effective organocopper 6  addi
tion to form a sulfur-stabilized carbanion would be of 
general interest, and would specifically permit conver
sion of an aldehyde or ketone carbonyl group to a 
tertiary or quaternary carbon atom (eq 1, sequence

A 1. R '2CuLi

2. H +

R'x x ^ — SR [H^

A \ (l)

illustrated with vinyl sulfides) . 1 4  Such a transforma
tion would increase significantly the versatility of 
carbonyl groups in organic synthesis.

We report herein the results of organocopper inter-

(1) NSF Trainee, 1970-present.
(2) G. H. Posner, O rg. R ea ct., 1 9 , 1 (1972).
(3) (a) J. Staroscik and B. Rickborn, J . A m e r .  C h em . S o c ., 9 3 , 3046 

(1971); (b) D. M. Wieland and C. R. Johnson, ibid., 9 3 , 3047 (1971).
(4) R. J. Anderson, C. A. Henrick, and J. B. Siddall, J . A m e r . Chem . S oc ., 

9 2 , 735 (1970).
(5) P. Rona and P. Crabbé, J . A m e r .  C h em . S o c ., 9 1 , 3289 (1969).
(6) (a) A. M. Aguiar and J. S. R. Irelan, J . O rg . C h em ., 3 4 , 4030 (1969); 

(b) J. Berlan, M. Capman, and W. Chodkiewicz, C . R . A ca d . S c i ., 2 7 3 , 295 
(1971).

(7) M. Pesaro, G. Bozzato, and P. Schudel, C h em . C om m u n ., 1152 (1968).
(8) G. Buchi and J. A. Carlson, J .  A m e r .  C h em . S o c ., 9 1 , 6470 (1969).
(9) E. J. Corey, J. A. Katzenellenbogen, S. A. Roman, and N. W. Gilman, 

T etra h ed ron  L e tt ., 1821 (1971).
(10) (a) A. F. Kluge, K. G. Untch, and J. H. Fried, J . A m e r .  C h em . S o c .,  

9 4 , 925 (1972); (b) E. J. Corey and D. J. Beames, ib id ., 9 4 , 7210 (1972), and 
references cited therein.

(11) E. J. Corey and J. I. Shulman, J .  O rg. C h em ., 36, 777 (1970).
(12) (a) F. A. Carey and A. S. Court, J . O rg . C h em ., 3 7 , 1926 (1972). 

(b) P. F. Jones and M. F. Lappert, C h em . C om m u n ., 526 (1972).
(13) G. H. Posner and D. J. Brunelle, J . O rg . C h em ., 3 7 , 3547 (1972).
(14) (a) For preliminary communications, see G. H. Posner and D. J.

Brunelle, T etra h ed ron  L e tt ., 293 (1972), and G. H. Posner and D. J. Brunelle, 
ib id ., 935 (1973). (b) For two recent related studies of geminal dialkylation
of carbonyls, see B. M. Trost and M. J. Bogdanowicz, J . A m e r . C h em . S o c ., 
96 , 2038 (1973), and E. J. Corey and J. I. Shulman, ib id ., 9 2 , 5522 (1970).

action with alkenyl sulfides and sulfonium salts, with
2-alkylidene 1,3-dithianes and the corresponding bis 
sulfonium salts, and with various alkenyl sulfones.

Results and Discussion

Alkenyl Methyl Sulfides.—A lken yl m ethyl sulfides
1 -3  were prepared in  high yields from the corresponding 
carbonyl compounds and lithium  diethyl m ethylthio- 
methylphosphonate.11 It  was already known that alke
n yl sulfide 4 undergoes reaction w ith lith ium  dim ethyl-

n -C6Hi3CH= CHSCH3 
1

c6h5c h = c h sc h 3
3

cuprate(I) to place a m ethyl group specifically on the 
carbon 6  to the carbonyl group and not 0  to the sulfur 
atom .15 The in a b ility  of sulfide sulfur to activate a 
double bond toward organocopper 0  addition was 
established when sulfides 2 and 3 were recovered in  high 
yield even after prolonged exposure to lith ium  d i- 
methylcuprate ( I) . Although cyclohexylidene sulfide 2 
is inert also to lithium  d i-n -butylcuprate(I),16 styryl 
sulfide 3 undergoes replacement of the methythio 
group by the n -butyl group to form 1-phenyl-l-hexene 
in  9 0 %  yie ld .17 T h is  substitution of the m ethylthio by 
the n -butyl group most lik e ly  occurs via  an addition- 
elim ination mechanism; the higher reactivity of 
styry l sulfide 3 compared to cyclohexylidene sulfide 2, 
therefore, is probably due to the relative stab ility of the 
benzylic species generated by organocopper addition 
to the carbon atom 0  to the phenyl group.

A n attempt was made to increase the electrophilicity 
of these alkenyl sulfides by converting them to the 
corresponding »S-methyl sulfonium salts.18 Treating 
alkenyl sulfide 1, for example, w ith m ethyl fluoro-

(15) R. M. Coates and R. L. Sowerby, J . A m e r . Chem . S o c ., 93, 1027 
(1971).(16) Lithium di-n-alkylcuprates are more reactive than dimethylcuprate; 
see ref 2.

(17) The yield is based on 40% recovered starting material.
(18) For examples of vinyl sulfonium salts, see (a) J. Gosselck, L. Beress, 

H. Schenk, and G. Schmidt, A n g ew . C h em ., I n t .  E d . E n g l., 4, 1080 (1965); 
(b) G. Wittig and M. Schlosser, C h em . B ex ., 94, 1373 (1961).
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sulfonate (“ magic methyl” ) produced dimethyl 1- 
octenylsulfonium fluorosulfonate as an oil showing an 
nmr singlet at 8 3.10 for the »S!-methyl groups. Reac
tion with lithium dimethyleuprate(I), however, did not 
produce an ylide via /3 addition of an anionic methyl 
group but rather gave parent alkenyl sulfide 1 in 97% 
yield upon aqueous work-up. Expecting that two 
sulfur atoms would stabilize an adjacent carbanion 
better than one sulfur atom, we directed attention next 
to olefins in which two sulfide sulfur atoms are attached 
to the same carbon atom of the double bond.

2-Alkylidene-l,3-dithianes.—2-Methylene-l,3-dithi- 
ane has been reported to undergo addition of organo- 
lithium compounds to give 2-substituted 2-lithio-l,3- 
dithianes,19 and much speculation has appeared on the 
potential utility of this reaction as a general method 
for extension of the carbon chain in alkyllithium re
agents.1220'21 We have prepared 2-alkylidenedithianes
5-7 in high yields from the corresponding carbonyl

(CH,)2CHCH=C )  n-CeHMCH— C )
S — '

5 6

<X>
7

compounds and 2-lithio-2-trimethylsilyl-l,3-dithiane.12 
In sharp contrast to 2-methylene-l,3-dithiane, however, 
none of these 2-alkylidenedithianes 5-7 reacts with 
either methyllithium or lithium dimethylcuprate(I)! 
In fact, lack of deuterium incorporation upon D 20  
quenching shows that methyllithium and lithium di- 
methylcuprate(I) do not even abstract an allylic proton 
from these alkylidenedithianes to produce stable 2- 
lithio-2-alkenyl-l,3-dithianes. The more reactive bu
tyl metallic species, n-BuLi and (n-Bu)2CuLi, also fail to 
react with ketene thioacetals 5 and 7, as shown by lack 
of deuterium incorporation on D20  work-up. This 
substantially lower reactivity of 2-allcylidene- vs. 2- 
methylene-l,3-dithianes toward organolithium reagents 
is possibly due to unfavorable steric interactions be
tween the organolithium reagent and the alkyl groups 
attached to the double bond of the alkylidenedithiane. 
These results firmly establish that 2-alkylidene-l,3- 
dithianes do not undergo addition of organolithium (or 
organocopper) reagents so easily as originally antici
pated.12'20'21

Because generation of a sulfur-stabilized carbanion 
failed to occur via anionic addition to these alkylidene
dithianes, we next tried to take advantage of the known 
ability of sulfur to stabilize an adjacent carbonium 
ion.20 Electrophilic addition of a proton (and bro- 
monium, chloronium, and acylium ions) to several 
alkylidenedithianes followed by hydride attack has 
been reported20 (eq 2). If electrophilic attack by an 
incipient alkyl carbonium ion could be achieved, 
followed by hydride attack, then the desired regio-

(19) (a) R. M. Carlson and P. M. Helquist, T etra h ed ron  L ett., 173 (1969); 
(b) D. Seebach, S y n th es is , 17 (1969).

(20) F. A. Carey and J. R. Neergaard, J . O rg. Chern., 36, 2731 (1971).
(21) Conjugated ketene thioacetals have recently been shown to undergo

Michael-type addition of alkyllithium reagents: D. Seebach, M. Kolb, and
B.-T. Grobel, A n g ew . C h em ., 85, 42 (1973).

R3SiH

E (2)

specific addition of R  and H across the double bond of 
alkylidene dithianes would be accomplished. Treating
2-cyclohexylidene-l,3-dithiane (7) with excess methyl 
fluorosulfonate gave a white precipitate (nmr singlet at 
8 3.2 for S-methyl groups, 6 H) which was immediately 
treated in situ with triethylsilane; aqueous work-up 
gave parent dithiane 7 as the major product, which 
indicated that methylation, to the extent to which it 
had occurred, had taken place on sulfur (possibly form
ing a bis sulfonium salt) rather than on alkenyl carbon, 
and therefore that pursuing this approach would not be 
fruitful.

This apparent generation of 2-alkylidene-l,3-dithiane 
bis sulfonium salts22'23 suggested that anionic addition 
to the alkylidene double bond of these salts might lead 
to an ylide type structure which could undergo several 
subsequent reactions, for example, hydrolysis to an 
aldehyde (eq 3).24 Although the bis sulfonium salt of

CH3 “ OSO.F 
1

ch3 ~o s o 2f  
1

OID -
I

R <U

OQ1

ch3 o s o .f
Q

ch3 o so 2f

O
R

< ^ / - C H O  (3)

ch3 c h 3
1

CHID
9

c h 3 i

CXO
10

dithiane 5 reacted with lithium dimethylcuprate(I) to 
give 17 products, none of which was present in more 
than 20% yield by vpc analysis, 2-cyclohexylidene-l,3- 
dithiane bis sulfonium salt 8 reacted more cleanly. 
With methyllithium it gave parent 2-cyclohexylidene-
1,3-dithiane (7) in 90% yield on aqueous work-up, and 
with lithium dimethylcuprate(I) it gave vinyl sulfide 9 
in 55% yield and what appeared to be dimethylated 
vinyl sulfide 10 in 30% yield. Although the mech
anism for formation of vinyl sulfides 9 and 10 is not

(22) These salts were prepared from 2 equiv of magic methyl but could not 
be purified by chromatography or by distillation and therefore were used in  
situ.

(23) Bis sulfonium salts have been reported: (a) I. Stahl, M. Hetschko, 
and J. Gosselck, T etra h ed ron  L ett., 4077 (1971); (b) C. P. Lillya, E. F. Miller, 
and P. Miller, I n t .  J .  S u lfu r  C h em ., 1, 89 (1971); (c) C. P. Lillya and P. 
Miller, J . A m e r .  Chem . S o c ., 88, 1559 (1966); (d) J. Gosselck, G. Schmidt, 
L. Beress, and H. Schenk, T etra h ed ron  L ett., 331 (1968).

(24) S-Alkylation of thioketals with Et30+BF4~ and with methyl fluoro
sulfonate followed by hydrolysis produces carbonyl compounds: (a) T.
Oishi, K. Kamemoto. and Y. Ban, T etra h ed ron  L ett., 1085 (1972); (b) M. 
Fetizon and M. Jarion, C h em . C om m u n ., 382 (1972).
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clear,25 isolation of vinyl sulfide 9 in 55% yield from 
one initial experiment prompted a thorough study of the 
effect of solvent, temperature, time, and organometallic 
reagent on the relative distribution of sulfides 9 and 
10 (Table I); hydrolysis of vinyl sulfide 9 was expected

T able I
R eaction op B is Solfonium  Salt 8 with 
10 E quiv op M ethylmetallic R eagents

%  yield® of
Organo Solvent Temp, Time, /—products—.
metallic °C hr 9 10 7

CHaLi EttfO - 7 8 3 81
0 1

CH,Cu EtaO - 7 8 2 23
25 6

Pyridine 0 2.5
(CHskCuLi EtaO 0 1 55 30 15
(CHshCuLi EtaO - 7 8 2 50 32 9

- 2 0 2
0 2

(CHa)2CuLi 1:1 Toluene :Et20 0 2 77 8 10
(CHakCuLi TH F6 0 3 65 30 5

“ Yield was determined by analytical vpc using an internal
standard. 6 THF =  tetrahydrofuran.

to give, and did indeed produce, cyclohexanecarboxal- 
dehyde.11

Several conclusions can be drawn from the data in 
Table I: (1) neither methyl copper nor methyllithium
is effective in converting sulfonium salt 8 into either 
sulfide 9 or 10; (2) a toluene-ether solvent mixture or 
tetrahydrofuran as solvent increase the amount of 
vinyl sulfide 9 at the expense of dimethylated sulfide 10. 
Most of the yields reported in Table I are average values 
of several experiments in which yield variation ranged 
from 5 to 15%, owing presumably to the heterogeneity 
of the reaction mixture and to the use of unpurified22 
sulfonium salt 8.

Recent preparation of thioacetal bis sulfoxides26 
and bis sulfones27 and their conversion to carbonyl 
compounds prompted us to investigate 2-alkylidene-l,3- 
dithiane bis sulfoxides and bis sulfones. Various 
attempts at oxidation of 2-cyclohexylidene-l,3-dithiane
(7) with l-chlorobenzotriazole26a failed to give pure bis 
sulfoxide; direct treatment of unpurified bis sulfoxide 
with lithium dimethylcuprate(I) gave unclear results. 
Oxidation of cyclohexylidenedithiane 7 with hydrogen 
peroxide in acetic acid18b did not produce any 7-bis 
sulfone, nor did condensation of 2-lithio-l,3-dithiane 
bis sulfone with cyclohexanone, presumably owing to 
the stability of the disulfolane anion ( p = 13).28 
Consequently, attention was directed to alkenyl mono- 
sulfones, compounds which were known to undergo 
nucleophilic addition of alkoxides and thioalkoxides.29

(25) A possible mechanism for formation of dithiane 10 may be outlined as 
follows.

8

CH3

(CH3)2CuLi t-- v S-- v

\---
(CH3)2CuLi or H,0
---------------- U- 10

I OSO.F 
CH3 -  *

(26) (a) P. R. Heaton, J. M. Midgley, and W. B. Whalley, Chem . C om m u n .,
750 (1971); (b) H. Nieuwenhuyse and R. Low, T etrah ed ron  L ett., 4141
(1971).

(27) S. J. Daum and R. L. Clarke, T etra h ed ron  L ett., 165 (1967).
(28) E. J. Corey, H. König, and T. Lowry, T etra h ed ron  L ett., 515 (1962).

Alkenyl Methyl Sulfones.—Alkenyl methyl sulfones 
11-13 were prepared in high yields from the correspond
ing carbonyl compounds and lithium diethyl methyl- 
sulfonomethylphosphonate.13 It was anticipated that 
the sulfonyl group would facilitate organocopper /S 
addition primarily by stabilizing the adjacent carbanion 
produced by such addition (eq 4a).30 If alkenyl- 
sulfonomethyl carbanion formation were to occur before 
organocopper addition to the double bond, however, 
then such organometallic addition would be severely 
retarded by the negative charge already on the alkenyl 
sulfone (eq 4b). In experimental fact, cyclohexylidene

CHSO2CH3

11

cgh„c h = c h so ,ch :1
12

n - C6H13CH= CH SOXHj 
13

- y —  CH0 SO.CH3  (4a) 

^==CHSO,CR,D (4b)

12
QH.CHCHSOXH, 

.  n-Bu

H ,0 c6h 5c h c h ,s o 2ch3

re-Bu
14

sulfone 11 is deuterated in the methyl group when 
exposed first to lithium dialkylcuprates(I) and then 
in situ to D20 , and no addition to the double bond is 
observed. Likewise, methyllithium and lithium di- 
methylcuprate(I) do not add to styryl sulfone 12, but 
lithium di-n-butylcuprate does ; besides 35% of methyl- 
deuterated styryl sulfone 12, /3 adduct 14 is formed in 
50% yield. The occurrence of n-butyl addition /3 to 
sulfur in styryl sulfone 12 but not in styryl sulfide 3 
is probably due to the larger stabilization of adjacent 
negative charge by the methyl sulfonyl than by the 
methylthio group.

Lithium dimethyl- and di-n-butylcuprate(I) addition 
to alkenyl sulfone 13 also takes place specifically j3 to 
sulfur to give adducts 15 and 16 in 70-75% yields.

n-C.HiaCHCHaSOaCHa

k
15, R  =  CH3
16, R  =  Bu-?i

Isolation of 10-20% starting alkenyl sulfone 13 is due 
presumably to the intermediacy of a small amount of 
alkenylsulfonymethyl anion which is protonated upon 
aqueous work-up (eq 4b).

(29) M. F. Shostakovskii, E. N. Prilzhaeva, L. V. Tsymbal, V. A. Azov
skaya, and N. G. Starova, Izv . A k a d . N a u k  S S S R , Otd. K h im . N a u k , 2239 
(1959); C h em . A b str ., 54, 10847e (1959).

(30) The pKa of most aliphatic sulfones is about 23, roughly comparable 
to that of aliphatic esters: R. G. Pearson and R. L. Dillon, J . A m e r .  Chem . 
S o c ., 75, 2439 (1953).
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In order to prevent the organocopper reagents from 
acting as bases which remove a proton from the methyl 
group adjacent to sulfonyl sulfur, and to increase the 
stabilizing effect of the sulfonyl group on adjacent 
carbanions, attention was turned to alkenyl aryl sul- 
fones.

Alkenyl Aryl Sulfones. —Alkenyl p-chlorophenyl 
sulfones 17-20 were prepared in high yields from the 
corresponding aldehydes, even from 3-ethoxycarbonyl- 
cyclohexanecarboxaldehyde, and lithium diethyl p- 
chlorophenylsulfonomethylphosphonate.13'31 The p- 
chlorophenyl group was selected primarily because the 
p-chloro substituent would help stabilize the carbanion 
formed via organocopper addition to the /3 carbon atom 
of the alkenyl aryl sulfones and because p-chlorothio- 
phenol (from which the phosphonate is made) is com
mercially available at a reasonable price. p-Chloro- 
phenyl styryl sulfone (17) reacts with lithium dimethyl- 
and di-n-butylcuprates(I) to place a methyl and an 
n-butyl group specifically on the carbon (3 to the sulfonyl 
group in 100 and 75% yields, respectively.32 Alkenyl 
styryl sulfone 17 then culminates the series of styryl 
sulfur compounds (3, 12, and 17) and allows successful 
addition of methyl and n-alkyl groups to the 6 carbon 
of an a,/3-ethylenic sulfur compound. Interestingly, 
attempts to introduce sec- and te/'¿-alkyl groups using 
the new lithium ¿eri-butoxy-sec- and ¿ert-alkylcu- 
prates(I)31 32 33'34 failed completely; styryl sulfone 17 was 
recovered in good yield in all cases. Addition of 
lithium dialkylcuprates(I) to the f3 carbon of a,3- 
ethylenic p-chlorophenyl sulfones 18-20 also proceeded 
in excellent yields, as described previously.l4a That 
such organocopper ¡3 addition to alkenyl aryl sulfone 
19, for example, produced a sulfonyl-stabilizcd anionic 
species was shown by quenching the reaction mixture 
with excess D20  or excess methyl iodide and isolating 
a-deuterated or a-methylatcd sulfone in good yield 
(eq5).

f ’..H,CH=CHSOJC„H,Cl-p CliH,CH(CH:)C H =C H S02C„H1Cl-p 
17 18

CO.C.H,

( V c H = C//-C,;H,.!C H = C H S 02C,iH,Cl-p ( >— CH=CHSOJCGH.,Cl-p
19 '— /

20
(C H 3)2CuLi

19  *- [n - CeH13CH (CH3)CH S02CüH4 Cl -p]

Di0 W l  O)
/¡-Cl,H13CH(CH3)CHDS02C(iH4Cl-p \

n - C6H13CH(CH3)CH (CHJSOiCsH, Cl-p

(31) On occasion we have observed that column chromatography of some 
a,/S-ethylenic sulfones causes isomerization to 0,7 -ethylenic sulfones which 
are thermodynamically more stable [D. E. O’Connor and W. I. Lyness, J .  
A m er . C h em . S o c ., 86, 3840 (1964)]; in fact, reaction of acetophenone with 
lithium diethyl p-chiorophenylsulfonomethylphosphonate forms allylic 
sulfone i in 2 0% yield.

(CH3)2C = C H S 0 2Cr>H4Cl-p
21

CHS02C6H4Cl-p

22

// -C-IH|1C(CH ;)= CHS02C6H4C1 - p 
23

24

Preparation of a,/3-othvlenic p-chlorophenyl sulfones 
from most ketones was difficult even under forcing 
conditions and use of special cosolvents (e.g., hexa- 
methylphosphoramide).11 Although acetone and cyclo
hexanone were converted in good yields to the cor
responding alkenyl p-chlorophenyl sulfones 21 and 22, 
the yields of alkenyl sulfones 23 and 24 (from 2-hep- 
tanone and 2-norbornanone) dropped to 30-40%, and 
to 0%  from 5-nonanone and benzophenone. These 
results, together with the good yield of alkenyl methyl 
sulfone from 2-hept,anone,14a suggest a steric inter
ference between the bulky diethyl p-chlorophenyl- 
sulfonomethylphosphonate anion and di-n-alkyl or 
other large ketones.35 Attempts to condense lithium 
diethyl p-chlorophenyff/iiomethylphosphonatc with most 
ketones also failed.36 This difficulty in preparing 
alkenyl p-chlorophenyl sulfones from most ketones 
limits the generality of the scheme outlined in eq 1 
for conversion of ketone carbonyls to quaternary car
bon atoms.

Lithium dimethyl- and di-n-butylcuprate (I) addi
tion to the double bond of alkenyl sulfone 21 proceeds 
in 72 and 89% yields, respectively, whereas methyl 
and n-butyl addition to cyclohexylidenemethyl sulfone 
22 proceeds in 30 and 50% yields, respectively. Organ
ocopper conjugate addition to a,/3-ethylenic carbonyl 
compounds is known to be retarded by disubstitution 
on the ¡3 carbon, and, although lithium dimethylcu- 
prate(I) adds to isopropylideneacetatcs in modest yields, 
cyclohexylideneacetate 25 is essentially inert to lithium 
dimethylcuprate(I).2 It is not unexpected, therefore, 
that organocopper reagents add well to alkenyl sulfone 
21 but poorly to cyclohexylidenemethyl sulfone 22. 
Because six-membered rings are so prominent in many 
types of natural products and are so useful as synthetic 
intermediates, several variations of organometallic 
reagent, solvent, time, temperature, and work-up pro
cedure were tried in order to optimize the yield of alkyl 
sulfones 26 (Table II).

CHC02C2H5

25

R

o  CH,S02C6H4C1-p

26a, R=CH:! 
b, R =  C4H9-n

The data in Table II indicate that the optimum con
ditions for methyl addition to sulfone 22 involve using 
lithium dimethylcuprate(I) in diethyl ether at room 
temperature for 72 hr and hydrogen sulfide work-up, 
which gives adduct 26 (R = CH3) in 27% yield. Addi
tion of the n-butyl group is best achieved in diethyl

CsHsC(=CH2)CH!SO,C6H<C1-p

(32) Organocopper addition to styryl p-chlorophenyl s u lfo x id e was found 
to be substantially slower than addition to the corresponding sulfone.

(33) G. H. Posner and C. E. Whitten, T etrah ed ron  L ett., 1815 (1973).
(34) G. H. Posner and J. J. Sterling, J . A m er . Chem . S o c ., 95, 3076 (1973).

(35) Compare, for example, the sensitivity of the bisulfite carbonyl addi
tion reaction to apparently slight changes in structure of carbonyl com
pounds. Some methyl but not di-n-alkyl ketones undergo bisulfite addi
tion: L. F. Fieser and M. Fieser, “Organic Chemistry,” 3rd ed, Reinhold,
New York, N. Y., 1956, p 202.

(36) Had p-chlorophenyl alkenyl su lfid es been formed, these could have 
been oxidized to the corresponding sulfones (ref 18b).
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Table II
Reaction op Cyclohexylidenemethyl Sulfone 22 

with 10 Equiv op Organometallic Reagents“
%

isolated
Time, Temp, yield

Organometallio Solvent hr °C of 2 6 i

(CHs)jCuLi E t,0 5 0 11
(CHakCuLi Pentane 5 0 10
(CH3),CuLi THF 5 0 0
(CH3)2CuLi Toluene 5 0 10
(CH3)2CuLi Toluene 24 25 18
(CH3)îCuLi 2:1 Pentane: EtîO 12 25 20
(CH3)3CuLi EtîO 72 25 27“
CH3Li EtîO 3 25 5
CH3L i-T M E D i EtîO 3 0 0'
(n-Bu)îCuLi EtîO 12 25 0
(n-Bu)îCuLi Et20 16 10 0
(ra-Bu)jCuLi EtîO 5 0 38
(n-Bu)2CuLi EtîO 2 -20 48

5 0
(ra-Bu)îCuLi 2:1 EtîO: Pentane 5 0 30

“ Typical work-up involved use of aqueous ammonium chlo
ride. b Substantial amounts of starting material were recovered 
in all 5-hr reactions. c H2S work-up. d TM ED =  tetramethyl- 
enediamine. • Cyclohexenylmethyl p-chlorophenyl sulfone was 
formed in 45% yield.

ether for 2 hr at —20° and then 5 hr at 0° followed by 
aqueous ammonium chloride work-up to give adduct 
26 (R = C4H9-71) in 50% yield. Cyclohexylidene
methyl sulfone 22 is inert to methyllithium but reacts 
with the methyllithium-tetramethylethylenediamine 
complex to form /3,7-alkenyl sulfone 27 in 45% yield 
upon aqueous ammonium chloride work-up.31

CH,S02C6H4CI-,p

27

In an attempt to increase the electrophilicity of 
cyclohexylidenemethyl sulfones, cyclohexylidenemethyl 
p-JluGrophenyl sulfone was prepared from lithium 
diethyl p-fluorophenylsulfonomethylphosphonate (p- 
fluorothiophenol is commercially available) and cyclo
hexanone.13 It was hoped that the larger electron- 
withdrawing inductive effect of fluorine compared to 
that of chlorine (07  = 0.52 vs. 0.47)37 might outweigh 
the larger electron-releasing resonance effect of fluorine 
compared to that of chlorine (<rR = —0.44 vs. — 0.24) ;37 
the relative importance of inductive and resonance 
effects in stabilization of p-halophenylsulfonylmethyl 
carbanions could not be evaluated beforehand because 
search of the literature failed to show any data for the 
relative acidities of p-halophenylsulfonic acids or of 
p-halophenyl methyl sulfones. Lithium dimethyl- 
and di-n-butylcuprate(I) add to cyclohexylidenemethyl 
p-jîworophenyl sulfone in significantly lower yield than 
to p-cAZorophenyl sulfone 22. It would thus appear 
that p-chlorophenylsulfonylmethyl anions may be 
more stable than the corresponding p-fluorophenyl 
anions and that p-chlorophenyl methyl sulfones may 
be more acidic than p-fluorophenyl methyl sulfones. 
Attempts to prepare cyclohexylidenemethyl m,p-di- 
chlorophenyl sulfone failed.

Hydrogenolysis of Alkyl Aryl Sulfones. —The success
(37) J. March, “ Advanced Organic Chemistry: Reactions, Mechanisms

and Structure,”  McGraw-Hill, New York, N. Y., 1968, p 243.

ful 6 addition of lithium dimethyl- and di-n-butylcu- 
prate(I) to the double bond of alkenyl p-chlorophenyl 
sulfones to form alkyl p-chlorophenyl sulfones now 
required selective alkyl-sulfur bond hydrogenolysis 
to permit overall conversion of an aldehyde or ketone 
carbonyl to a tertiary or quaternary carbon atom (eq 
6). No general method had been reported for such

0  a  - S02C6HjC1-pX-A 1. R 2CuLi

2. H +

r ^ - s o 2cgh 4ci-p  R> < CH3 (6)

selective hydrogenolysis, and indeed treating alkyl aryl 
sulfones with lithium in methylamine causes cleavage 
of the aryl-sulfur bond.38 An indirect route which 
seemed workable was lithium aluminum hydride re
duction of alkyl aryl sulfones to the corresponding 
sulfides39 followed by alkyl-sulfur bond hydrogenol
ysis,38 but overall yields in these two steps are not high. 
An early report40 that sodium amalgam in refluxing 
ethanol caused cleavage of methyl phenyl sulfone to 
benzenesulfinic acid suggested the possibility of using 
this method for selective hydrogenolysis of alkyl p- 
chlorophenyl sulfones. As summarized in Table III, 
6%  sodium amalgam in refluxing ethanol for about 
12 hr does indeed cause alkyl-sulfur bond hydrogenol
ysis to form alkane and p-chlorobenzenesulfinic acid 
consistently in high yields.143

The overall sequence (eq 6) described herein allows 
effective conversion of aldehyde carbonyls to tertiary 
alkyl carbon atoms in which each of the three alkyl 
groups may be different and permits transformation 
of certain ketone carbonyl groups to quaternary carbon 
units. The maximum efficiency of this sequence is 
exemplified by the conversion of heptanal to 2-methyl- 
octane in 82% overall yield and benzaldehyde to iso
propylbenzene in 89% overall yield.143

Experimental Section
General.— Infrared spectra were obtained with Perkin-Elmer 

337 and 457 infrared spectrophotometers as liquid films, KBr 
pellets, or in CHC13 or CC14 solution. Nmr spectra were ob
tained with a Varian A-60 or a Jeol MH-I00 spectrometer in 
CCU or CDCls solution, with TMS internal standard. Mass 
spectra were recorded with a Hitachi Perkin-Elmer RMU-6 mass 
spectrometer. Melting points, determined with a Mel-Temp 
melting point apparatus, and boiling points are uncorrected. 
Analytical vpc were performed on a Varian Aerograph series 
1200 gas chromatograph, using a 7 ft X  0.125 in. 5%  SE-30 on 
Chrom G column (column A), a 10 ft X 0.25 in. 10% FFAP on 
Chrom W column (column B), a 10 ft X  0.25 in. 10% Carbowax 
20M on Chrom W column (column C), or an 18 ft X 0.125 in. 
20% Reoplex on Anachrom AS column (column D ). Prepara
tive vpc was performed on a Varian Aerograph Model 90-P gas 
chromatograph, using a 20 ft X  0.375 in. 20% Carbowax on 
Chrom W column (column E), a 20 ft X  0.375 in. 20% QF-1 on 
Chrom W column (column F), or a 20 ft X 0.375 in. 20% SE-30 
on Chrom W column (column G). Analyses were performed by 
Galbraith Laboratories, Inc., Knoxville, Tenn., or by Chem- 
alytics, Inc., Tempe, Ariz.

All reactions involving organometallic compounds were per
formed in three-neck round-bottom flasks equipped with serum

(38) W. E. Truce, D. P. Tate, and D. N. Burdge, J . A m e r .  C h em . S o c ..  
8 2 , 2872 (I960).

(39) F. G. Bordwell and W. H. McKellin, J . A m er . C h em . S o c ., 7 3 , 2251
(1951) .

(40) R. E. Dabby, J. Kenyon, and R. F. Mason, J . C h em . S o c ., 4881
(1952) .
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Table III
Sodium Amalgam Reductions of Alkyl Aryl Sulfones in Refluxing Ethanol

Vpc % yield“
Registry Reflux Registry (column, Bp, °C 7iD (temp,

Alkyl aryl sulfone no. time, hr Hydrocarbon product no. temp in °C) (mm) °C)
n-C3Hi3CH(CH3)CH2S02Ar* 40582-87-4 4 n-CsHi3CH(CH3)2 3221-61-2 85 (D, 70) 1.4024 (20)c
n-C6HnCH(n-Bu)CH2S02Ar 40582-88-5 12 n-C3H,3CH(n-Bu)CH3 1632-70-8 72 (B, 110) 1.4192 (20*
CsH3CH(CH3)CH2S02Ar 40582-89-6 5 C3HSCH(CH3)2 6031-02-3 99 (B, 110)
C3HsCH(n-Bu)CH2S02Ar 40582-90-9 15 CsHsCH(n-Bu)CH3 5099-92-7 92 (B, 130) 1.4862 (28)e

26a 15 1, l-Dimethylcy clohexane 70 (D, 62)/
26b 15 l-n-Butyl-l-methylcyclohexane 55 (B, 110) 188-189 (760)®

n-C.H.C(CH2)2CH2S02Ar 40582-91-0 15 n-C,HsC(CH3)3 590-73-8 70 (D, 20) 105 (760)*
CsHiCH(CH2)CH(CH2)CH2S02Ar 40582-92-1 18 CbHsCH(CH3)CH(CH3)2 4481-30-5 100 (B, 130) 187 (760)’ 1.4915 (20)*'
CiHsCHiCĤ CHtn-BuiCHiSÔ r 40582-93-2 15 C3HsCH(CH3)CH(n-Bu)CH3 40582-96-5 80 (B, 140) 244-245 (760)' 1.4862 (27.5)

“ Yield based on added internal standard; see Experimental Section for details. * Ar =  p-CICeHi. c Lit. nwn 1.4032: F. C. Whit
more and H. A. Southgate, J. Amer. Chem. Soc., 60, 2571 (1938). 1 Lit. nwd 1.4198: D. H. Gibson and R. Pettit, ibid., 87, 2620 
(1965). * Lit. n®D 1.4902: II. N. Stephens and F. L. Roduta, ibid., 57, 2380 (1935). > Yield based on 60% pure 26a; product identi
fied by comparison of nmr, vpc retention time, and mass spectra with those of an authentic sample. 0 Lit. bp 191.5°: S. I. Khromov,
E. S. Balenkova, P. A. Akishin, and B. A. Kazanskii, Dokl. Akad. Nauk SSSR, 97, 103 (1954); Chem. Abstr., 49, 8828a (1955). h Lit. 
bp 107°: C. R. Noller, J. Amer. Chem. Soc., 51, 598 (1929). * Lit. bp 188-189°, n 16D 1.4972: M. Konowalloff and J. Egeroff, Chem. 
Zentr., 1, 776 (1899); A. Klages, Her., 36, 3691 (1903). ' Anal. Calcd for C 1(H22: C, 88.35; H, 11.65. Found: C, 88.06; H, 
12.01.

stoppers and a nitrogen-filled balloon. Prior to the introduction 
of reactants, the apparatus was dried with a Bunsen burner flame 
while being purged with N 2. Freshly opened bottles of com
mercial anhydrous diethyl ether, pentane, or toluene were used 
without purification. Tetrahydrofuran (THF) was dried over 
LiAlH, and stored under N 2 prior to use. Methyllithium and 
n-butyllithium were obtained in ca. 2.0 and 1.8M ether and pen
tane solutions, respectively, from Alfa Inorganics, Inc., Bevery, 
Mass., and were titrated41 prior to use.

Preparations of Starting Materials. Alkenyl Methyl Sul
fides.— 1-Octenyl methyl sulfide (1), cyclohexylidenemethyl 
methyl sulfide (2), and methyl styryl sulfide (3) were prepared 
from heptanal, cyclohexanone, and benzaldehyde, in yields of 
89, 67, and 77%, according to the procedure of Corey and Shul- 
man,11 using lithium diethyl methylthiomethylphosphonate.

2-Alkylidene-1,3-dithianes.— 2-(2-Methyl )propylidene-l ,3-di- 
thiane (5) and 2-cyclohexylidene-l,3-dithiane (7) were prepared 
in 78 and 72% yields according to the procedure of Carey and 
Court,12 from isobutyraldehyde and cyclohexanone, using 2- 
lithio-2-t rimethylsilyl-1,3-dithiane.

2-Heptylidene-l,3-dithiane (6).— Analogous to the procedure 
of Carey and Court,12 dithiane 6 was prepared from 20.0 mmol 
of heptanal, 9.1 ml of 2.2 M  ra-BuLi, and 20.0 mmol of 2-tri- 
methylsilyl-l,3-dithiane, giving, after distillation, 3.378 g (78%) 
of dithiane 6: bp 92-95° (0.05 mm); nmr (CC14) S 0.90 (dis
torted t, 3, CH3), 1.3 [broad d, 8, (CH2)4], 2.2 (m, 4, CH2 a to 
olefin and CII2 /3 to S), 2.8 (distorted t, 4, CH j’s a to S), 6.85 
(t, J  =  7 Hz, 1, vinyl).

Anal. Calcd for CuH2oS2: C, 61.05; H, 9.32; S, 29.63. 
Found: C, 60.89; H, 9.21; S, 29.69.

Dimethyl 1-Octenyl Sulfonium Fluorosulfonate.— Methyl 
fluorosulfonate ( “ magic methyl,”  0.200 g, 1.50 mmol) was 
added to a solution of 1.00 mmol of alkenyl sulfide 1 in 10 ml of 
anhydrous ether at 0° and under N2, slowly forming a brown 
oil on the sides of the flask. The ether was evaporated to yield 
the crude product: nmr (CDC13) S 0.89 (distorted t, 3, CH3), 
1.1-1.7 (m, 8, methylenes), 3.10 [s, 6, S(CH3)2], 6.3-7.2 (m, 2, 
vinyl protons). The vinyl sulfonium salt decomposed during 
purification attempts by column chromatography.

Dimethyl 2-Cyclohexylidene-l,3-dithiane Bis Sulfonium Fluoro
sulfonate (8).— Methyl fluorosulfonate (0.3422 g, 3.00 mmol) 
was added to 1.00 mmol (0.200 g) of dithiane 7 in 20 ml of an- 
nydrous ether at 0° and under N 2, and the solution was stirred 
at 25° overnight. Sulfonium salt 8, isolated by filtration, showed 
a singlet in the nmr (CDC13) at 5 3.2 which integrated for six 
protons; it is therefore probably a bis and not a monosulfonium 
salt. The organocopper solution, prepared as in the general 
procedure, was added via syringe to the unpurified sulfonium 
salt 8.

Attempted Formation of Bis Sulfoxide of 2-Cyclohexylidene-
1,3-dithiane (7).— To a stirred solution of 10.00 mmol (2.00 g) 
of dithiane 7 in 100 ml of CH2C12 at —78° and under N2 was 
added a solution of 20.00 mmol of l-chlorobenzotriazole26a in 
CH2C12, reacting at —78° for 4 hr, then allowing the temperature

(41) G. M. Whitesides, C. P. Casey, and J. Krieger, J . A m e r . C h em . S o c ., 
93, 1379 (1971).

to rise to —50° and quenching with 3%  NaOH when that tem
perature was reached. Work-up involved extraction into three 
50-ml portions of ether, treatment with Norit, drying over M gS04, 
filtration and evaporation. Upon evaporation, a gummy residue 
formed. Column chromatography over 100 g of silica did not 
yield pure product. The procedure was repeated, reacting only 
at —78°, and using MeOH as solvent, but no pure bis sulfoxide 
was formed.

Attempted Formations of Bis Sulfone of 2-Cyclohexylidene-
1,3-dithiane (7). A.— Analogous to the procedure of Wittig 
and Schlosser18b for oxidation of alkenyl sulfides, 0.7 ml of 30% 
H20 2 was added to a stirred slurry of 1.00 mmol (0.200 g) of di
thiane 7 in 2.6 ml of glacial acetic acid at 0°. An additional
2.0 ml of HOAc was added, and the mixture was stirred over
night. Work-up by extraction into ether and washing with 
H20  and 10% N aH C03 yielded only 0.029 g of oily residue, which 
was not identified.

B.— T o a solution of 5.0 mmol (0.6012 g) of 1,3-dithiane in 10 
ml of glacial acetic acid at 20° was added 3.5 ml of 30% H20 2. 
The solution was stirred for 5 min, and 10 ml of HOAc was added. 
The solution was stirred at 20° for 2 hr, then at 50° for 12 hr. 
After 12 hr, a thick precipitate had formed, which was separated 
by suction filtration to give 0.719 g of the bis sulfone of 1,3-di
thiane (1,3-disulfolane,28 79% ): mp 308.5-310° after recrys
tallization from 1:1 methanol-acetone; ir (KBr) 1340, 1145, 
and 1109 cm -1 (S02).

To 5.00 mmol (0.9212 g) of 1,3-disulfolane in a three-neck 
flask under N2 was added 15 ml of dry THF, and the slurry was 
cooled to —78°; then 3.8 ml (5.0 mmol) of 1.32 M  n-BuLi was 
added at that temperature. A Gilman test with Michler’s ketone 
taken after 15 min was negative to alkyllithium.42 The hetero
geneous mixture was stirred at —78° for 1 hr; then 5.00 mmol 
(0.490 g) of cyclohexanone was added, the mixture was stirred 
at that temperature for an additional 1 hr and then allowed to 
warm to 0°, and stirring was continued for 1 hr. Acetic acid 
(3.0 ml) was added in 3 ml of THF, and the mixture was stirred 
at 0° for 30 min, then warmed to 25° for 90 min. The white 
precipitate (which had been present during the entire course 
of reaction) was removed by filtration, washed with 10 ml of 
ether and 10 ml of H20 , and dried to yield 0.710 g of white solid 
identified by melting point (305-309°) as 1,3-disulfolane (77% 
recovery).

Alkenyl Methyl Sulfones.— Cyclohexylidenemethyl methyl 
sulfone (11), methyl tram-styryl sulfone (12), and methyl 1- 
octenyl sulfone (13) were prepared as previously described13 from 
cyclohexanone, benzaldehyde, and heptanal, by condensation 
with lithium diethyl methylthiomethylphosphonate in yields 
of 97,87, and 97% , respectively.

Alkenyl Aryl Sulfones.— p-Chlorophenyl irans-styryl sulfone 
(17), p-chlorophenyl 1-octenyl sulfone (19), and p-chlorophenyl 
cyclohexylidenemethyl sulfone (22) were prepared as previously 
described13 from benzaldehyde, heptanal, and cyclohexanone 
by condensation with lithium diethyl (p-chlorophenyl )sulfono- 
methylphosphonate, in yields of 90, 80, and 72%, respectively.

(42) H. Gilman and F. Schulze, J . A m e r .  Chem . S o c ., 47, 2002 (1925).
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p-Chlorophenyl 3-Phenyl-1-butenyl Sulfone (18).—From 22.00 
mmol of diethyl (p-chlorophenyl )sulfonomethylphosphonate 
(28), 20.0 mmol of n-BuLi, and 20.0 mmol of 2-phenylpropion- 
aldehyde (2.684 g, Aldrich), crude alkenyl sulfone 18 was formed 
and was recrystallized from ethanol to give 4.877 g (80%) of 
sulfone 18: mp 61.5-62.5°; nmr (CDC13) 5 1.37 (d, J =  7 Hz,
3, CH3), 3.65 (p, J  =  7 Hz, 1, benzylic CH), 6.28 (d of d, J —
15, 1 Hz, 1, vinyl proton a to S02), 7.0-8.0 (m, 10, aromatic 
and vinyl protons).

Anal. Calcd for C,6H15S02C1: C, 62.64; H, 4.93; S, 10.45;
Cl, 11.56. Found: C, 62.98; H, 5.14; S, 10.48; Cl, 11.57.

p-Chlorophenyl 2-(3-Ethoxycarbonylcyclohexyl)ethenyl Sulfone
(20).— Phosphonate 28 (20.00 mmol), 11.05 ml (20.0 mmol) 
of 1.81 M  n-BuLi, and 20.00 mmol (3.690 g) of 3-ethoxycarbonyl- 
cyclohexanecarboxaldehyde (Aldrich) in 120 ml of dry THF were 
allowed to stir at —78° for 45 min, then warmed to 25° and 
stirred overnight.13 Standard work-up yielded 7.174 g of yellow 
oil (theoretical 6.888 g), which was purified by column chro
matography using 100 g of silica and benzene eluent to give 3.785 
g (55%) of sulfone 20: nmr (CDC13) 6 1.0-2.1 (broad m with 
t superimposed, J  = 7.5 Hz, 13, cyclohexyl protons and CH3 
of ester), 4.1 (J =  7.5 Hz, 2, CH2 of ester), 6.34 (d, /  = 16 Hz,
1, vinyl proton a to S02), 6.7-7.2 (m, 1, vinyl proton 0 to S02), 
7.55 and 7.88 (pair of d, /  =  9 Hz, 4 aromatic).

p-Chlorophenyl 2-Methyl-l-propenyl Sulfone (21).— Phos
phonate 28 (20.00 mmol), 11.0 ml (20.0 mmol) of 1.81 n-BuLi, 
and 2.0 ml (~ 2 8  mmol) of acetone in 100 ml of dry THF were 
allowed to stir at —78° for 1 hr, then overnight at 25°.13 Stan
dard work-up yielded 5.129 g of crude sulfone 21, which was dis
tilled to give 4.618 g of sulfone 21 (100%), which crystallized 
to a white solid: mp 39-39.5°; bp 125-130° (0.03 mm); nmr 
a 1.90 (d, J =  1.3 Hz, 3, CH3), 2.17 (d, J =  1.3 Hz, 3, CH3),
6.25 (p, J  =  1.3 Hz, 1, vinyl proton), 7.57 and 7.93 (pair of d ’s,
J =  9 Hz, 4, aromatic protons).

Anal. Calcd for C ioH „S0 2C1: C, 52.06; H, 4.81; S, 13.90; 
Cl, 15.38. Found: C, 52.10; H, 4.76; S, 13.81; Cl, 15.32.

p-Chlorophenyl 2-Methyl-l-heptenyl Sulfone (23).—Phos
phonate 28 (10.00 mmol), 7.5 ml (10.0 mmol) of 1.31 M  n-BuLi, 
and 10.00 mmol of 2-heptanone in 50 ml of dry THF were stirred 
at —78° for 2 hr, then at 25° overnight.13 Standard work-up 
yielded 3.448 g (theoretical 2.860 g) of crude sulfone 23, which 
was found to be 42% pure by nmr integration. Purification 
of the crude product by column chromatography over Alcoa 
F-20 a.umina was attempted, but isomerization of the double 
bond was found to occur. The nmr spectrum showred about 
a 50:50 mixture of allylic and vinylic sulfones: a 0.7-1.7 (m,
aliphatic chain), 1.8-2.4 (s superimposed on m, CH3 and CH2 
of vinyl sulfone), 3.85 (s, CH2 <x to S02 in allylic sulfone), 4.83 
and 5.05 (broad s’s, vinylidene protons of allylic sulfone), 6.22 
(m, vinyl proton of vinyl sulfone), 7.0-7.8 (m, aromatic).

Attempts were made to increase the yield of vinyl sulfone 23 
by several methods, (a) Repeating the reaction in anhydrous 
ether at 25° yielded neither starting materials nor desired prod
uct. (b) Reaction in cyclohexane at 25° yielded only a very 
small amount of vinyl sulfone 23; unreacted phosphonate was 
recovered, (c) The reaction was repeated forming the phos
phonate anion at —20°, then cooling to —78°, and reacting as 
usual; only 8%  formation of vinyl sulfone 23 was detected, (d) 
The reaction was repeated forming the phosphonate anion as 
— 78°, then adding 1.0 equiv of tetramethylethylenediamine 
after 30 min at —78°. After an additional 30 min, 2-heptanone 
was added, and the reaction was completed as usual; standard 
work-up indicated only 17% formation of vinyl sulfone 23 and 
70% recovered phosphonate.

p-Chlorophenyl 2-Norbomylidenemethyl Sulfone (24).— Ac
cording to the standard procedure,13 20.00 mmol of phosphonate,
20.0 mmol of n-BuLi, and 20.00 mmol of 2-norbornanone were 
allowed to react at —78° for 2 hr, then at 25° overnight. Stan
dard work-up yielded 7.110 g of yellow oil (theoretical 5.650 g). 
Column chromatography over 150 g of silica using hexane, 1:1 
hexane-benzene, and benzene eluents yielded 3.148 g of yellow 
semisolid, which was recrystallized from ethanol to yield 2.023 
g (36%) of white crystalline sulfone 24: mp 81.5-82.5°; nmr
spectrum indicated approximately a 50:50 mixture of E  and Z 
isomers, S 1.1-2.2 (m, 7, norbornyl ring protons), 2.28-2.50 (m,
2, allylic methylene), 2.78 and 3.90 (two broad s ’s, total of 1, 
allylic bridgehead protons in E  and Z isomers), 5.98 and 6.12 
(s and t, J  =  3 Hz, total of 1, vinyl proton in E and Z isomers),
7.3-7.8 (m, 4, aromatic).
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Anal. Calcd for ChH i5S02C1: C, 59.46; H, 5.35; S, 11.34; 
Cl, 12.54. Found: C, 59.46; H, 5.02; S, 11.04; Cl, 12.55.

Attempted Formations of Vinyl Sulfones from 5-Nonanone 
and Benzophenone.— Reactions were carried out as previously 
described,13 treating the anion of phosphonate 28 with 5-nonanone 
or benzophenone at —78° for 2 hr. Standard work-up of each 
reaction gave no desired vinyl sulfone and recovery of 99%  start
ing materials.

Attempted Formation of p-Chlorophenyl Vinyl Sulfides from 
2-Heptanone and 5-Nonanone.— According to the procedure 
previously described,11 lithium diethyl(p-chlorophenyl)thiomethyl 
phosphonate was treated with 5-nonanone and 2-heptanone at 
— 78° for 2 hr. Heating for 5 hr at 50°, followed by standard 
work-up, yielded only starting materials. No vinyl sulfide was 
detected by nmr.

Cyclohexylidenemethyl p-Fluorophenyl Sulfone.— Chloro-
methyl p-fluorophenyl sulfide (61.3 mmol), which had been pre
pared in 81% yield from p-fluorothiophenol analogous to Fan- 
cher’s43 procedure, was treated with triethyl phosphite (102 mmol) 
to form diethyl (p-fluorophenyl)thiomethylphosphonate (94% 
yield), which was oxidized according to the procedure previously 
described,13 to form diethyl p-fluorophenylsulfonomethylphos- 
phonate (71 %  yield, mp 85-85.5 ° ).

Analogous to the standard procedure, 10.00 mmol of the phos
phonate was treated with 10.0 mmol of n-BuLi at —78° for 2 
hr, then 10.0 mmol of cyclohexanone was added, and the solu
tion was stirred at —78° for 1 hr, then at 25° overnight. Stan
dard work-up yielded 2.579 g of colorless oil (theoretical 2.544 
g), which was purified by column chromatography over 100 g 
of silica using hexane, 3:1 hexane-benzene, and benzene eluents. 
The benzene fractions were combined and evaporated to yield 
2.454 g of white solid which was recrystallized from ethanol to 
yield 1.3225 g of pure cyclohexylidenemethyl p-fluorophenyl 
sulfone (52% ): mp 63.5-65.5°; nmr (CDC13) 6 1.6 (broad 
s, 6 , cyclohexyl protons), 2.15 (broad m, 2, cyclohexyl protons 
7 to S02), 2.70 (broad m, 2, cyclohexyl protons 7 to S02), 6.20 
(s, 1, vinyl proton), 7.0-7.5 and 7.8- 8 .2 (m, 4, aromatic).

Anal. Calcd for Ci3Hi5SO,F: C, 61.40; H, 5.94; S, 12.61; 
F, 7.47. Found: C, 61.25; H, 5.94; S, 12.84; F, 7.59.

Reactions of a,/3-Ethylenic Sulfur Compounds with Organo
copper Reagents. General Procedure for Organocopper R e
actions.—To a three-neck flask, fitted with two serum stoppers 
and a T-joint to which a nitrogen-filled balloon was attached, 
was added 10.0 equiv of cuprous iodide, and a magnetic stirring 
bar. The flask was evacuated while being flamed, then purged 
with nitrogen from the balloon. This procedure was repeated 
three times, to exclude oxygen and water. Enough anhydrous 
diethyl ether was added via a dry syringe that upon addition of 
MeLi-ether solution (n-BuLi-pentane or hexane), a 0.25 M  
Li(CH3)2Cu [Li(n-Bu)2Cu] solution resulted. The Cul-ether 
mixture was stirred and cooled to 0° [ — 40° for Li(n-Bu)2Cu], 
and 20 equiv of MeLi-ether solution was added (20 equiv of 
BuLi-pentane or hexane) via a dry syringe. The resulting 0.25 
M  Li(CH3)2Cu [Li(n-Bu2Cu)[ solution was adjusted to the re
action temperature, and 1 equiv of substrate was added in ca. 
10% ether solution. The reaction was stirred and maintained 
at the appropriate temperature for the specified time, then 
quenched by pouring into 50 ml of saturated NH<C1 solution. 
The organic layer was extracted three times with equal portions 
of ether, dried over M gS04, filtered, and rotoevaporated to give 
the crude product.44

Cyclohexylidenemethyl M ethyl Sulfide (2).— The reaction 
was carried out as in the general procedure, treating 1.0 mmol 
of sulfide 2 with 10 mmol of Li(CH3)2Cu. Vpc analysis (column 
C at 120°) indicated 100% starting material after 1 hr at 0°, 
97% starting material after 2 hr at 0°, and 97% starting material 
after 40 hr at 25°. The nmr spectrum was identical with that 
of starting material.

Reaction of 1.00 mmol of sulfide 2 with 5 mmol of Li(n-Bu)2Cu 
was carried out as in the general procedure. Vpc analysis in
dicated 95% starting material after 1 hr at 0° and 94% starting 
material after 15 hr at 25°. The nmr spectrum was identical 
with that of starting material.

(43) German Patent 1,112,735 (1958) to L. W. Fancher (Stauffer Chemi
cal Co.); C h em . A b str ., 56, 11499 (1962).

(44) New compounds were purified and subjected to microanalysis ; some 
new liquid sulfone products could not be purified sufficiently for micro- 
analysis and therefore were identified spectroscopically (nmr, ir, ma8s) 
and by hydrogenolysis to known compounds.
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Methyl Styryl Sulfide (3).-—Reaction was carried out as in 
the general procedure, with 10 mmol of Li(CH3)2Cu reacting 
with 1.00 mmol of sulfide 3 at 25° for 15 hr. Starting material 
(93%) was recovered and identified by nmr.

In reaction of 1.00 mmol of sulfide 3 with 10 mmol of Li(n- 
Bu)2Cu at 25° for 15 hr, starting material was detected in 40% 
recovery by vpc analysis (column A at 120°), along with trans- 
1-phenyl-l-hexene, in 50% yield. The hydrocarbon product 
was separated from sulfide 3 by preparative vpc (column G at 
190°), and identified by comparison to literature nmr and ir spec
tra for trans-1 -phenyl-1 -hexene.44

2-Cyclohexylidene-l,3-dithiane (7).— The reaction was carried 
out as in the general procedure, treating 1.00 mmol of dithiane 
7 with 10 mmol of Li(CH3)2Cu at 25° for 50 hr. Vpc analysis 
(column A at 200°) indicated no reaction.

In reaction of 1.00 mmol of dithiane 7 with 10 mmol of MeLi 
or n-BuLi at 25° for 22 hr, vpc analysis (column A at 200°) 
indicated no reaction; the nmr spectra were identical with those 
of starting material.

2-(2-Methyl)propylidene-l,3-dithiane (5).— The reactions were 
carried out as in the general procedure, treating 1.00 mmol of 
dithiane 5 with 10 mmol of Li(CH3)2Cu or Li(re-Bu)2Cu for 50 
hr at 25°. Vpc analysis (column A at 150°) and nmr indicated 
no reaction and complete recovery of starting material.

In reaction of 1.00 mmol of dithiane 5 with 10 mmol of MeLi 
at 25° for 24 hr, vpc analysis and nmr indicated no reaction and 
complete recovery of starting material.

2-Heptylidene-l,3-dithiane (6).— The reaction was carried 
out as in the general procedure, treating 1.00 mmol of dithiane 
6 with 10 mmol of Li(CH3)2Cu at —78° for 2 hr, then at 25° for 
15 hr. The reaction was quenched with D20  and worked up 
as usual. The nmr spectrum indicated no reaction and no deu- 
teration, with 95% recovery of starting material.

In reaction of 1.00 mmol of dithiane 6 with 10 mmol of MeLi 
at 25° for 15 hr, with D20  quench, no reaction or deuteration 
was observed in the nmr spectrum.

Dimethyl 1-Octenyl Sulfonium Fluorosulfonate.— The reaction 
was carried out by adding 10 mmol of a solution of Li(CH3)2Cu, 
formed as in the general procedure, to an ether suspension of
1.00 mmol of the sulfonium salt formed as above, and stirring 
at 25° for 2 hr. After the usual work-up, methyl 1-octenyl 
sulfide (1) was recovered (97%) and identified by nmr.

Dimethyl 2-Cyclohexylidene-l,3-dithianeBis Sulfonium Fluoro
sulfonate (8).— (A) To 1.00 mmol of bis sulfonium salt 8, formed 
as above, was added 2.0 mmol of triethylsilane, and the reac
tion was stirred for 12 hr. Work-up by washing with H20  and 
N aH C03 yielded only 0.067 g of material, the nmr of which was 
identical with that of dithiane 7. (B) To 1.00 mmol of bis sul
fonium salt 8, formed as above, was added 10 ml of H20 , and 
the reaction mixture was stirred for 1 hr; addition of H20  caused 
complete disappearance of the white precipitate. Work-up 
by washing with H20  and NaH C03, drying, and evaporation 
yielded only 0.090 g of liquid, which could not be identified. (C) 
The organocopper reactions were carried out by forming an 0.5 
M  solution of 10 mmol of Li(CH3)2Cu as in the general procedure, 
and adding it via a dry syringe to the suspension of 1.00 mmol 
of bis sulfonium salt 8, with solvent and temperature adjusted 
to the conditions listed in Table I, and allowing reaction to pro
ceed for the required time. Work-up as in the general procedure, 
followed by analytical vpc (column A, 200°), gave the results 
shown. In reactions with MeLi and MeCu, no products were 
seen by vpc other than starting materials. The products from 
reaction with Li(CH3)2Cu were separated by preparative vpc 
(columns F and G at 240°), to yield cyclohexylidenemethyl (3- 
methylthio)propyl sulfide (9): nmr (CDC13) S 1.5 (broad s,
6, cyclohexyl protons), 1.6-2.3 (m with s at 2.02 superimposed, 
9, methyl superimposed on methylenes), 2.3-2.8 (m, 4, methy
lenes a to S), 5.40 (s, 1, vinyl proton); mass spectrum (70 eV) 
m/e (rel intensity) 216 (77), 201 (28), 123 (32), 121 (88), 95 (71), 
89 [100, (CH2)3SCH3], 73 (63); hydrolysis with NBS in 80% 
acetonitrile45 46 yielded cyclohexanecarboxaldehyde, identified by 
comparison of ir and nmr spectra with those in the literature.47

(45) G. H. Posner, Ph.D. Thesis, Harvard University, Cambridge, Mass., 
1968; D iss . A b str ., 29, 1613B (1968).

(46) B. W. Erickson, Ph.D. Thesis, Harvard University, Cambridge, 
Mass., 1970.

(47) (a) R. E. Klinck and J. B. Stothers, C a n . J .  C h em ., 44, 45 (1966);
(b) G. J. Karabatsos and N. Hsi, J . A m e r . C h em . S o c ., 87, 2864 (1965);
(c) J. F. King and B. Vig, C an . J .  C h em ., 40, 1023 (1962).

Also isolated was l-(cyclohexylidene)ethyl (3-methylthio)propyl 
sulfide (10): nmr (CDC13) 6 1.5 (broad s, cyclohexyl protons),
1.6-2.3 (m with 2 s’s superimposed, methyl groups superimposed 
on methylenes), 2.4-2.8 (m, methylenes a to S); mass spectrum 
(70 eV) m/e (rel intensity) 230 (18), 216 (3), 141 (37), 121 [100, 
S(CH3)2SCH3], 109(18), 107 (22), 85 (27), 79 (18).

Dimethyl 2-(2-Methyl)propylidene-l,3-dithiane Bis Sulfonium 
Fluorosulfonate.—To 1.00 mmol of the bis sulfonium salt formed 
from dithiane 5 as above was added at —78° 10 mmol of Li- 
(CH3)2Cu, formed as in the general procedure, and the reaction 
was stirred at —78° for 1 hr, at —20° for 1 hr, and at 0° for 2 hr. 
The reaction mixture was worked up as in the general procedure 
to give 0.264 g of yellow oil. Vpc analysis (column A, with 
temperature programming 160-240°) indicated 20 peaks, with 
the largest five representing 55% of the total; no product was 
present in more than 20%; only a small amount of starting ma
terial was evident in the nmr and vpc.

Cyclohexylidenemethyl Methyl Sulfone (11).— The reaction 
was carried out as in the general procedure, treating 1.00 mmol 
of sulfone 11 with 10 mmol of Li(CH3)2Cu for 48 hr at 25°. Vpc 
analysis (column A at 135°) indicated no reaction.

In reaction of 1.00 mmol of sulfone 11 with 5 mmol of Li(n- 
B u )2C u at 0° for 17 hr, vpc analysis of an aliquot (column A at 
135°) indicated a 98% recovery of starting material; the reac
tion was quenched with D 20  at that time, and worked up as 
usual. The nmr spectrum indicated partial deuteration of the 
sulfonyl methyl, from broadening of the singlet; a mass spectral 
study indicated only deuterated sulfone.

Methyl irans-Styryl Sulfone (12).— The reaction was carried 
out as in the general procedure, using 10 mmol of Li(CH3)2Cu, 
treating with 1.00 mmol of sulfone 12 at 25° for 36 hr; vpc anal
ysis (column A, 150°) indicated 80% recovery of starting ma
terial in an aliquot removed at that time. The reaction was 
quenched in DjO and worked up as usual. The nmr spectrum 
indicated starting material, with partial deuteration, evidenced 
by broadening cf the sulfonyl methyl singlet.

In reaction of 1.00 mmol of sulfone 12 with 10 mmol of MeLi 
for 24 hr at 25°, starting material was recovered (90% ), identi
fied by nmr.

In reaction of 1.00 mmol of sulfone 12 with 5 mmol of Li(n- 
B u )2C u at 25° for 5 hr, a mixture of 35% starting sulfone 12 and 
50% methyl 2-phenylhexyl sulfone was obtained. The product 
was isolated by column chromatography over silica gel, and 
identified by nmr (CDC13): S 0.9-2.0 (m, 9, re-butyl group),
2.32 (s, 3, sulfonyl CH3), 3.3 (m, 3, benzylic methine, sulfonyl 
methylene), 7.2-7.6 (m, 5, aromatic).

Methyl 1-Octenyl Sulfone (13).—The reaction was carried out 
as in the general procedure, treating 1.00 mmol of sulfone 13 
with 10 mmol of Li(CH3)2Cu at 25° for 9 hr, giving 70% of methyl 
2-methyloctyl sulfone and 20% starting material, identified by 
nmr. The methylated product could not be separated from 
sulfone 13 by vpc, tic, or column chromatography.

In reaction of 2.00 mmol of sulfone 13 with 20 mmol of Li(n- 
B u )2C u for 9 hr at 0°, 75% of methyl 2-butyloctvl sulfone was 
formed, and 11% starling material was recovered. The product 
was purified by column chromatography over silica gel, and iden
tified by nmr (CDC13): 5 0.90 (pair of distorted t, 6, methyl 
groups), 1.3 (broad s, 17, methylenes and methine), 2.9 (s super
imposed on d, 5, CH2S02CH3).

p-Chlorophenyl irans-Styryl Sulfone (17).— The reaction was 
carried out as in the general procedure, using 10 mmol of Li- 
(CH3)2Cu, treating with 1.00 mmol of sulfone 17 for 2 hr at 0°. 
The standard work-up yielded 0.296 g of solid p-chlorophenyl 
2-phenylpropyl sulfone (100%); mp 101.5-102°; nmr (CDC13) 
S 1.38 (m, 3, methyl), 3.34 (m, 3, methine and methylene), 6 .9-
7.7 (m, 9, aromatic).

Anal. Calcd for C,5H,5S02C1: C, 61.11; H, 5.13; S, 10.88; 
Cl, 12.03. Found: C, 61.08; H, 5.21; S, 10.56; Cl, 12.04.

In reaction of 1.00 mmol of sulfone 17 with 5 equiv of Li(re- 
Bu)2Cu for 1 hr at 0°, p-chlorophenyl 2-phenylhexyl sulfone was 
formed (75%), identified by nmr (CDCls): 5 0.8-2.0 (m, 9,
butyl group), 3.0-3.5 (m, 3, methylene and methine), 6.9-8.0 
(m, 9, aromatic); mp 69-72°.

p-Chlorophenyl (3-Phenyl)-l-butenyl Sulfone (18).— The re
action was carried out as in the general procedure, treating 1.00 
mmol of sulfone 18 with 10 mmol of Li(CH3)2Cu for 1 hr at 0°, 
to give p-chlorophenyl 2-methyl-3-phenylbutyl sulfone (97% ). 
Recrystallization from ethanol (83%) gave mp 86.5-88.5°; nmr 
(CDC13) S 1.04 (pair of overlapping d, 6, methyl groups), 2.0-3.2 
(m, 4, methines and methylene), 7.0-7.8 (m, 9, aromatic).
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Anal. Calcd for Ci8H i9S02C1: C, 63.24; H, 5.93; S, 9.93; 
Cl, 10.98. Found: C, 63.43; H, 5.93; S, 10.00; Cl, 11.20.

In reaction of 2.00 mmol of sulfone 18 with 20 mmol of Li(n- 
Bu)2Cu at 0° for 5 hr, 0.692 g of p-chlorophenyl 2-butyl-3-phenyl- 
butyl sulfone was formed (95% ); nmr (CDC13) J 0.8-2.2 (m, 
13, methyl, butyl, and methine protons), 2.7-3.1 (m, 3, sulfonyl 
methylene and benzylic methine), 6.7-7.6 (m, 9, aromatic).

p-Chlorophenyl 1-Octenyl Sulfone (19).—The reaction was 
carried out as in the general procedure, treating 1.00 mmol of 
sulfone 19 with 5 mmol of Li(CH3)2Cu for 4 hr at 0° to form 0.294 
g of p-chlorophenyl 2-methyloctylsulfone (97% ): nmr (CDCI3 ) 
& 0.87 (distorted t, 3, CH3), 1.0-1.4 (m, d superimposed on m, 
13, /3-methyl and methylenes), 1.7-2.1 (m, 1 ,0-methine), 2.9-3.1 
(m, 2, sulfonyl methylene), 7.55 and 7.92 (pair of d, /  = 9 Hz, 
4, aromatic).

In reaction of 1.00 mmol of sulfone 19 with 5 mmol of Li(n- 
Bu)2Cu at 0° for 2 hr, 0.321 g of p-chlorophenyl 2-butyloctyl 
sulfone was formed (93% ); nmr (CDC13) 5 0.87 (m, 6, methyl), 
1.1-1.6 (m, 16, methylenes), 1.8-2.1 (m, 1, (3-methine), 2.9-3.1 
(broad d, J — 5.5 Hz, 2, sulfonyl methylene), 7.56 and 7.93 
(pair of d, /  =  9 Hz, 4, aromatic).

In reaction of 1,00 mmol of sulfone 19 with 10 mmol of Li- 
(CH3)2Cu for 3 hr at 0°, followed by quenching with 50 mmol of 
CH3I and stirring for 12 hr at 25° before work-up, 0.621 g of 
p-chlorophenyl 1,2-dimethyloetyl sulfone was formed (90%); 
nmr (CDC13) 5 0.7-1.4 (m, 19, methylenes and methyls), 1.7-2.2 
(m, 1, /3-methine), 2.9-3.1 (m, 1, «-methine), 7.3-7.9 (m, 4, 
aromatic).

In reaction of 2.00 mmol of sulfone 19 with 10 mmol of Li- 
(CH3)2Cu for 3 hr at 0°, followed by quenching with 1.0 ml of 
D 20 , and stirring at 25° for 1 hr before work-up, 0.551 g of p- 
chlorophenyl 2-methyloctyl sulfone was formed with 95% (h 
and 5%  d2, as characterized by nmr (CDC13): 8 0.84 (distorted
t, 3, methyl), 1.0-2.4 (d superimposed on broad s, 13, 0-methyl 
and methylenes), 1.8-2.2 (m, 1, /3-methine), 2.8-3.1 (m, 1, sul
fonyl methine), 7.42 and 7.76 (pair of d, J  = 8 Hz, 4, aromatic).

p-Chlorophenyl 2-(3-Ethoxycarbonylcyclohexyl)ethenyl Sulfone 
(20).— The reaction was carried out as in the general procedure, 
treating 5.00 mmol of sulfone 20 with 25 mmol of Li(CH3)2Cu 
at 0° for 3 hr, to form 1.673 g of p-chlorophenyl 2-(3-ethoxy- 
carbonylcyclohexyl)propyl sulfone (90%). The crude product 
was purified by column chromatography over F -l alumina to 
give 1.020 g of the pure sulfone (55% ); nmr (CDC13) 8 0.8-2.8 
(m, 17, cyclohexyl and methyl), 2.9-3.2 (m, 2, sulfonyl methy
lene), 3.5-3.7 (m, 1, methine a to ester), 4.0-4.3 (split q, 2, 
OCH2), 7.56 and 7.88 (pair of d, .7 =  8 Hz, 4, aromatic); ir 
(CHCls) 1730 (C = 0 ) ,  1155 and 1090 cm “ 1 (S02).

In reaction of 2.00 mmol of sulfone 20 with 10 mmol of Li(n- 
B u )2C u for 2 hr at 0°, 0.792 g of p-chlorophenyl 2-(3-ethoxy- 
carbonylcyclohexyl)hexyl sulfone was formed (97%); nmr 
(CDCI3 ) 8  0.8-2.8 (m, 23, cyclohexyl and n-butyl protons), 2.9-
3.2 (m, 2, sulfonyl methylene), 3.5-3.7 (m, 1, methine a to ester),
4.0-4.3 (split q, 2, OCH2), 7.55 and 7.90 (pair of d, /  = 8 Hz, 
4, aromatic).

p-Chlorophenyl 2-Methyl-l-propenyl Sulfone (21).— The re
action was carried out as in the general procedure, treating 1.00 
mmol of sulfone 21 with 10 mmol of Li(CH3)2Cu for 5 hr at 0°, to 
give 0.225 g of colorless semisolid, which was shown to be p- 
chlorophenyl neopentyl sulfone (72% ); nmr (CDC13) 8 1.20 
(s, 9, i-Bu), 3.05 (s, 2, CH2), 7.57 and 7.92 (pair of d ’s, J  =  9 
Hz, 4, aromatic); recrystallization from ethanol gave mp 142- 
145°; ir (CHC13) 1340 (CH3 bend), 1155 and 1090 (S02), 1015, 
910 cm -1; mass spectrum (70 eV) m/e (rel intensity) 246 (4.6), 
177(11), 159(18), 111 (22), 71(100).

In reaction of 4.00 mmol of sulfone 21 with 20 mmol of 
Li(n-Bu )2Cu for 2 hr at 0°, 1.155 g of p-chlorophenyl 2,2-dimethyl- 
hexyl sulfone was formed (100%); nmr (CDC13) 8 0.88 (dis
torted t, 3, CH3), 1.18 (s, 6, gfem-dimethyl), 1.1-1.6 (m, 6, methyl
enes), 3.05 (s, 2, sulfonyl methylene), 7.57 and 7.92 (pair of d ’s, 
J  = 9 Hz, 4, aromatic); ir (CHC13) 1340 (CH3 bend), 1155 and 
1090 (S02), 1015 cm “ 1.

p-Chlorophenyl Cyclohexylidenemethyl Sulfone (22).— The 
reactions were carried out with 1.00 mmol of sulfone 22 reacting 
with 10 mmol of Li(CH3)2Cu in the appropriate solvent, reacting 
for the times and temperatures listed in Table II. The yields 
were determined by multiplying the mass balance and the nmr 
yield (nmr yields were determined by integration). In quench
ing a reaction of 1.00 mmol of sulfone 22 after 72-hr reaction 
with 10 mmol of Li(CH3)2Cu at 25° by bubbling H2S through

the reaction mixture, 0.1220 g of crude product was obtained, 
which was found to be 60% pure by nmr (CDC13), having a 
singlet for the sulfonyl methylene at 8 3.07. The product could 
not be separated from the starting materials by tic or vpc.

Reactions of 1.00 mmol of sulfone 22 with 10 mmol of Li(re- 
B u )2C u formed in the appropriate solvent were carried out as 
in the general procedure, at the times and temperatures shown 
in Table II. Yields were determined by multiplying mass balance 
and nmr (integration) yield. Treating 5.0 mmol of sulfone 22 
with 50 mmol of Li(n-Bu)2Cu in toluene for 2 hr at —20°, then 
5 hr at 0°, 1.482 g of crude p-chlorophenyl (1-butylcyclohexyl)- 
methyl sulfone were obtained, which was 50% pure. Purifica
tion by preparative tic over silica gel gave pure butylated sulfone; 
nmr (CDC13) 8 0.90 (distorted t, J =  5 Hz, 3, methyl), 1.1-1.8 
(m, 16, methylenes), 3.04 (s, 2, sulfonyl methylene), 7.42 and
7.78 (pair of d, J  =  9 Hz, 4, aromatic).

In reaction of 1.00 mmol of sulfone 22 with 10 mmol of MeLi 
for 3 hr at 25°, starting material was recovered (95%), identified 
by nmr.

In reaction of 1.00 mmol of sulfone 22 with 10 mmol of 1:1 
MeLi-tetramethylenediamine for 3 hr at 25°, 0.244 g of liquid 
were obtained, which was identified by nmr as a mixture of 50% 
p-chlorophenyl 1-cyclohexenemethyl sulfone (27) and 35% start
ing sulfone 22 (CH2S02 at 8 3.72, vinyl proton at 8 5.40).

p-Chlorophenyl 2-Methyl-1-heptenyl Sulfone (23).— The re
action was carried out as in the general procedure, treating 1.00 
mmol of sulfone 23 with 10 mmol of Li(CH3)2Cu at 0° for 12 hr, 
then at 25° for 12 hr before work-up, to give 0.293 g of crude 
product. The nmr spectrum (CDC13) indicated that p-chloro
phenyl 2,2-dimethylheptyl sulfone had been formed (50%), 
and starting material recovered (25%); methylated sulfone was 
evident from a large singlet at 8 1.17 (pewi-dimethyl) and a smaller 
singlet at 8 3.06 (CH2S02). The product could not be separated 
from the starting material by tic or vpc.

p-Chlorophenyl 2-Norbomylidenemethyl Sulfone (24).— The 
reactions were carried out as in the general procedure, treating
1.00 mmol of sulfone 24 with 10 mmol of Li(CH3)2Cu for 24 hr at 
25°, or with 10 mmol of Li(n-Bu)2Cu for 5 hr at 0°, to give 0.080 
and 0.154 g of crude products, respectively. The nmr spectra 
of the products showed that the desired reaction had not occurred 
from the absence of the expected singlet at 8 ~ 3  for CH2S02; 
starting material was not recovered from the reactions.

Cyclohexylidenemethyl p-Fluorophenyl Sulfone.— The re
actions were carried out as in the general procedure, treating
1.00 mmol of the p-fluorophenyl sulfone with 10 mmol of Li- 
(CH3)2Cu at 0° for 5 hr, or with 10 mmol of Li(ra-Bu)2Cu at 0° 
for 2 hr. The nmr spectra of the crude products showed 95 and 
80% starting material recovery, respectively.

General Procedure for Sodium Amalgam Reductions of Alkyl 
Aryl Sulfones.— To 5.0 g of 6%  sodium amalgam in a round- 
bottom flask were added 1.00 mmol of alkyl aryl sulfone in 20 
ml of anhydrous ethanol, and the mixture was stirred and refluxed 
for 4-20 hr. At that time, the solution was washed with 30 ml 
of 3%  NaOH and extracted with three 20-ml portions of pentane, 
and the combined pentane layers were washed twice with 20-ml 
portions of H20 . After drying (MgS04), an aliquot was removed 
for vpc analysis to give yields listed in Table III, and the remain
der of solution was evaporated to give crude products, which 
were identified by nmr, ir, and mass spectra. Boiling points 
and refractive indices were obtained after purification by bulb- 
to-bulb distillation or preparative vpc (column E).
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The reaction of a-vinylbenzyl alcohol (1) with n-butyllithium in hexane-TMEDA affords l-phenyl-2-methyl- 
1-hexanol (6) and 5-benzyldecane (7) in an 3:1 ratio. The hydroxyl group in 1 induces the n-butyllithium to 
attack the double bond in a highly stereospecific manner, such that only one pair of enantiomers (6a and 6b) 
are formed from 1 (dl). Addition to the double bond of 1 is also observed with ieri-butyllithium except that in 
this case the addition is exclusively to the terminal end of olefin. The ccrresponding methyl ether of a-vinyl
benzyl alcohol (12) does not react with n-butyllithium in an addition manner, but rather undergoes 1,2 and 1,4 
Wittig rearrangements.

The reaction of 2 equiv of n-butyllithium in hexane- 
THF or hexane-DME (dimethoxyethane) with a- 
vinylbenzyl alcohol (1) gives a good yield of propio- 
phenone (5).1 The mechanism of this rearrangement 
has been established to be that shown in Scheme I.

Scheme I
OH OLi
I n-BuLi I re-BuLi

PhCHCH=CHz -----------------► PhCHCH=CH2 -----------THF or DME
1 2

O '
| _ solvent H

PhC=CHCH2 ------------- ►
3

O ' O
I h3o+ ||

PhC=CHCH3 +  Solvent“  --------► PhCCH2CH3
4 5

The dianion intermediate 3 never reaches a large con
centration, because, soon after it forms, it abstracts a 
proton from the solvent. Organic dianions have proven 
to be useful synthetic intermediates;2 consequently, 
we sought ways to increase the effective yield of this 
highly reactive species and possibly others like it.

An ideal solvent for running these reactions would 
be pure hexane, since it has no acidic hydrogens; how
ever, n-butyllithium loses much of its metalation powers 
in nonoxygenated solvents.3 Thus, it was not sur
prising to find that a-vinylbenzyl alcohol was recovered 
“ unchanged” when treated with excess n-butyllithium 
in pure hexane. Since tertiary amines are known3'4 to 
enhance the reactivity of alkyllithium compounds, we 
repeated the later reaction in the presence of N,N,~ 
AMAri-tetramethylethylenediamine (TMEDA) and 
found that a completely different reaction had 
occurred— the butyllithium added to the double bond.

Although one would not normally expect an electron- 
rich organometallic reagent to add to nonconjugated 
olefins, there are several reported cases that this kind

(1) D. R. Dimmel and S. B. Gharpure, J . A m e r . C h em . S o c ., 9 3 , 3991 
(1971).

(2) T. M. Harris and C. M. Harris, O rg. R ea ct., 17, 155 (1969).
(3) J. M. Malian and R. L. Bebb, Chem . R ev ., 69, 693 (1969).
(4) R. J. Crawford, W. F. Erman, and C. D. Broaddus, J . A m e r .  Chem .

S o c ., 9 4 , 4298 (1972), and references cited therein.

of reaction can occur.5 Most of the reported organo
metallic additions to olefins have involved allylic 
alcohols. There appears to be a complex formed be
tween lithium alkoxides and alkyllithium reagents 
which can subsequently defiver the RLi to an adjacent 
olefin in an intramolecular fashion. It is known that 
the solubility of lithium butoxide in n-heptane in
creases proportionately with increasing n-butyllithium 
concentration.6 This suggests that a complex is 
formed between butoxide and lithium alkyl by the 
interaction of an oxygen unshared electron pair with a 
vacant hybridized orbital of lithium.6'7

The role that TM EDA plays is not clear. Some 
organolithium additions to allylic alcohols are known 
to occur in the absence of this reagent. It seems rea
sonable that the increased reactivity of organolithium 
reagents in the presence of TM EDA is due to com- 
plexation of the lithium atom with one or more amine 
sites.8 Since the TM EDA does not interfere with 
addition of RLi to the allylic alkoxide, the alkoxide 
must either join with TM EDA to give a tetrahedral 
complex of the RLi or displace one of the amino groups 
of the bidentate ligand.

Results

The reaction of 2 equiv of n-butyllithium with 1 
equiv of a-vinylbenzyl alcohol in hexane in the presence 
of 1-4 equiv of TM EDA for 2 days produced a 70% 
yield of three products: l-phenyl-2-methyl-l-hexanol
(6), 68%, 5-benzyldecane (7), 22%, and an unidentified

2 days
1 -f- 2BuLi -j- T M E D A -------hexane70%

OH Bu

PhiH CH CH 3 +  PhCH2iH C H 2Bu (1) 
I 7

Bu
6

component, 10%. When only 0.5 equiv of TM EDA 
was used over a reaction period of 1 day, the yield

(5) J. K. Crandall and A. C. Clark, J .  O rg . C h em ., 37, 4236 (1972), and 
references cited therein.

(6) C. W. Kamienski and D. H. Lewis, ib id ., 30, 3498, 3502 (1965).
(7) T. L. Brown, J. A. Ladd, and G. N. Newman, J . O rga nom eta l. C h em ., 

3, 1 (1965).
(8) G. G. Eberhardt and W. A. Butte, J . O rg. C h em ., 29, 2928 (1964).
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dropped to 36% but the product distribution re
mained the same. The products were characterized 
mainly by spectral means (see the Experimental Sec
tion). A probable mechanism which explains the 
formation of 6 and 7 is shown in Scheme II.

Scheme I I

OLi OH
I h3o+ I

PhCHCHCH2L i -------*■ PhCHCHCH3

OH
attack 
at C-2

R

PhCHCH=CH2 +  2RLi 
1 2  3

attack \ 
at C-3 ^

OLi
I

PhCHCHCH2R

Li

-Li,0
PhCH= CHCH2R

Li
H30+ I

PhCH2CHCH2R -<------- PhCHCHCH2R

R R

To verify the structure of 6, the synthesis shown in 
eq 2 was carried out. The two samples of 6 were not

O OH
1. (M etCH LN Li || LiAlH , !

5 ----------------------->- PhCCH C H j----------->- PhCHCHCHs (2)2. BuBr I Et20, 35°
Bu
8 6

identical. For 6 prepared from 8 the benzyl proton in 
the 100-MHz nmr spectrum appeared as two separate, 
equally intense doublets, one at 5 4.25 (J =  6.5 cps) 
and the other at 8 4.35 (J =  5.5 cps). The sample 
of 6 derived from 1 showed only the 5 4.25 (J = 6.5 
cps) doublet. The two benzyl proton doublets corre
spond to the two diastereomeric enantiomer pairs 
which 6, with its two asymmetric carbons, could possess. 
The fact that 6 derived from n-butyllithium addition to 
1 gives just the one doublet means that the addition is 
highly stereoselective (at least 98%).

Since there is an asymmetric carbon next to the 
carbonyl of 8, one might expect the hydride reduction 
of this ketone to give an imbalance of diastereomeric 
products. Under the conditions of refluxing ether, the 
hydride reduction of 8 gave nearly an equal mixture of 
diastereomers. However, reduction of 8 at lower 
temperatures9 gave a greater percentage of the 8 4.25 
doublet (Chart I). According to the rules set down for 
asymmetric reductions of ketones,10 the 5 4.25 doublet 
would correspond to the major set of enantiomers 6a 
and 6b and the 8 4.35 doublet to the minor set of 
enantiomers 6c and 6d. Consequently, the principal

(9) The ratio of diastereomers produced in an asymmetric reduction is 
known to increase with decreasing temperatures: Y. Gault and H. Felkin, 
B u ll. S oc . C h im . F r . , 1342 (1960).

(10) (a) D. J. Cram and F. A. Abd Elhafez, J .  A m e r .  C h em . S o c ., 74, 5828
(1952); (b) G. J. Karabatsos, ib id ., 89, 1367 (1967); (c) M. Cherest, H. 
Felkin, and N. Prudent, T etra h ed ron  L ett., 2199, 2205 (1968).

Chart I
The Appearance of the Benzyl Proton Region in 
the Nmr Spectra of 6 Prepared in Several Ways

Reaction Benzyl hydrogen of 6

eq 2, run at 35° 

eq 2, run at - 5 °

eq 2, run at -7 0 °

J— I____ I  ratio 49 : 51

J— I--------1—  ratio 45 : 55

J------------------- ratio 37 : 63

eq 1

4.35 4.25

product of n-butyllithium addition to 1 is the enanti
omer pair 6a, 6b.

To test how general this reaction is, several other 
alkyllithium reagents were screened. Methyllithium 
in hexane-TMEDA and phenyllithium in THF seem
ingly had no effect on a-vinylbenzyl alcohol; no addi
tion or dianion products were observed. In contrast, 
ferf-butyllithium in hexane-TMEDA reacted rapidly 
with a-vinylbenzyl alcohol to give both dianion and 
addition products (eq 4). In the case of ¿eri-butyl-

OH

¿ hexane
H C H =C H 2 +  2i-BuLi-------------*-TMEDA

C(CH3)3

5 +  PhCH =CH CH 2C(CH3)3 +  PhCH2iH C H 2C(CH3)3 (4) 
cis, 9, 9%  11, 32%

trans, 10, 36%

lithium all of the observed addition products, 9-11, 
result from RLi attacking the terminal carbon of the 
double bond of 1, i.e., attack at C-3 (see Scheme II).

The importance of the hydroxyl group of 1 to direct 
attack at the allylic double bond is shown by the 
following results. Compound 1 was treated with base 
and methyl iodide to afford the methyl ether 12. Re
action of 12 with 2 equiv of n-butyllithium in hexane- 
TM EDA gave, according to vpc analysis, the following 
mixture of volatile products: 5 (2%), 13 (46%), 14 
(22%), and 15 (28%). If the reaction was done in 
THF as the solvent the same set of products resulted 
except that the ratios of volatile products were now 
different: 5 (35%), 13 (24%), 14 (27%), 15 (2%), and 
two unidentified components of 10 and 2% intensities. 
The reaction appears to be an example of a Wittig 
rearrangement, in which the 1,2 Wittig rearrangement 
product 13 predominates in hexane, wrhile both 1,2 and 
1,411 processes are occurring to about the same extent 
in THF. The ketone 5 more than likely arises from

(11) For another example of 1,4 Wittig rearrangement see H. Felkin and
A. TambutS, i b i d . ,  821 (1969).
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OCH3 OHI
PhCH CH =CH 2 P hCCH =CH 2

12
¿ h 3

13
O

PhCCH2CH2CH3

o c h 31
PhC=CH CH 3

14 15

hydrolysis of the vinyl ether 15 during work-up. A 
possible mechanism is shown in Scheme III.12

Scheme III
OCH3

PhCHCH=CH2 5^4- 
" OCH3

PhCCH=CH,

OCH3

PhC=CHCH2j H,0+ 15

r o-  o~
I I

PhCCH=CH, PhC=CHCHy

+

ch3-

1

5

0 “  0 -

PhCCH=CH, +  PhC= CHCH ,CH3 ^  13 +  14
I

ch3

Structural variations of the allylic alcohol can have a 
profound effect on the course of the reaction. For 
example, the tertiary alcohol 13 showed no observable 
addition or rearrangement products upon treatment 
with n-butyllithium in hexane-TMEDA.

Conclusions

Assuming a conformational preference where the 
phenyl group is in the least hindered environment and 
the alkoxide is perpendicular to the plane of the olefin 
group, the stereochemistry of the n-butyllithium addi
tion to a-vinylbenzyl alcohol can be explained by the 
intermediacy of a structure like 16.

I I
N, .N

i /
/  \

R 0 -

H
16

Felkin and coworkers13 have also observed some 
stereospecific additions of lithium alkyls to secondary 
allylic alcohols. In fact, they have added ethyllithium

(12) Recent evidence suggests that the Wittig rearrangement involves
radical anion intermediates: (a) P. T. Lansbury, V. A. Pattison, J. D.
Siller, and J. B. Bieber, J . A m e r .  C h em . S o c ., 88, 78 (1966); (b) H. Schafer, 
U. Schollkopf, and D. Walter, T etra h ed ron  L ett., 2809 (1968).

(13) H. Felkin, G. Swierczewski, and A. Tambuti, ib id ., 707 (1969).

to a-vinylbenzyl alcohol (1) and got a compound 
similar to 6 (ethyl instead of butyl) in 30% yield and a 
6:1 preference of diastereomers. Exactly why the 
butylation of 1 goes in better yield and is more stereo
selective than the ethylation is not clear.

Except for cyclic alcohols, the principal attack of a 
RLi reagent on an allylic alcohol occurs at the olefinic 
carbon closest to the alcohol.613 However, in the case 
of ieri-butyllithium addition to 1, the only addition 
products result from attack at the olefinic carbon 
furthest from the alcohol group. In direct contrast to 
this is the observation by Crandall6 that (erf-butyl- 
lithium exclusively adds to C-2 of allyl alcohol. It is 
obvious that steric factors play an important role in 
these additions. This is especially borne out by the 
fact that the tertiary alcohol 13 gives no addition 
products with n-butyllithium. The failure of this 
latter reaction may be a consequence of the inter
mediate species not preferentially existing in a con
formation, such as 16, that is essential for reaction.

Experimental Section

Boiling points are uncorrected. Proton magnetic resonance 
spectra were obtained with a Varian A-60D spectrometer using 
tetramethylsilar.e as the reference. Infrared spectra were re
corded on a Perkin-Elmer Model 137B Infracord. Mass spectra 
were taken on a Consolidated Electrodynamics Corp. 103C mass 
spectrometer. Analytical and preparative analyses of liquid 
products were performed on a 6 ft X  0.25 in. aluminum column 
packed with 20% SE-30 on 80-100 mesh Chromosorb W, a 13 
ft X 0.25 in. aluminum column packed with 20%  diethylene 
glycol succinate (DEGS) on 80-100 mesh Chromosorb W, and 
a 8 ft X  0.25 in. aluminum column packed with 20% Reoplex 
400 on 60-80 mesh Chromosorb W using an F & M Model 700 
gas chromatograph equipped with a thermal conductivity de
tector. The thermal responses of the components in the vpc 
traces were not calibrated; thus, the relative areas on the traces, 
as reported, may not represent the relative molar proportions 
of the volatile components.

Dimethoxyethane and tetrahydrofuran were distilled from 
N a /K  alloy before use. Commercial anhydrous reagent grade 
ethyl ether and hexane were used without further purification. 
Concentrated solutions of n- and fert-butyllithium in hexane were 
purchased from Alfa Inorganics, Inc.

n-Butylation of «-Vinylbenzyl Alcohol (1).— To a stirred, 
cold (0°) solution of 5.0 g (37.3 mmol) of a-vinylbenzyl alcohol 
( l ) 14 and 4.34 g (37.3 mmol) of TM ED A in about 60 ml of hexane 
was added, over a 15-min period, 36 ml (79 mmol) of a solution 
of n-butyllithium. The resulting solution was stirred at room 
temperature for 2 days under a nitrogen atmosphere and then 
added to 30 ml of ice-water. Ether was added and the organic 
layer was separated. The aqueous layer was extracted writh 
ether several times. The combined ether extracts were suc
cessively washed with 10% HC1, 5%  NaOH, and water, dried 
over M gS04, filtered, and concentrated on a rotary evaporator 
to leave 5.1 g of liquid products. The two major components 
were separated by preparative vpc (SE-30, 180°, He flow 75 
ml/min).

l-Phenyl-2-methyl-l-hexanol (6) (69%) had retention time 
26 min; ir (neat) 3600 cm -1 (OH); nmr (CC14) b 0.6-1.6 [m, 
13, -C H (C H 3)C4H9] , 3.62 (s, 1, OH), 4.28 (d, 1, J =  6.5 Hz, 
PhCH), and 7.18 (s, 5, Ph); 100 MHz nmr (CC14) h 4.25 (d, 
1, J  =  6.5 Hz, PhCH); mass spectrum (70 eV) m/e 192 (mole
cular ion), 174, 154,107 (basepeak), 105, 91,79, and 77.

5-Benzyldecane (7) (25%) had retention time 39 min; ir, 
only aromatic and aliphatic hydrocarbon absorptions; nmr (CC14) 
5 0.89-1.55 [m, 21, -C H (C 4H9)CH2(C4H9)] , 2.52 (d, 2, /  =  7 
Hz, PhCH2), and 7.18 (s, 5, Ph); mass spectrum (70 eV) m/e 
232 (molecular ion), 92, 91 (base), 85, 77, 71, 57, 55, 43, and 41.

The same reaction when done with 4 equiv of TM ED A per 
1 equiv of 1 afforded 5.1 g of liquid residue composed of 65% 
6, 22% 7, and 13% of an unidentified product. When the re

(14) R. Delaby and L. Lecomte, B u l l .  S o c .  C h im . F r . ,  4, 738 (1937).



O r g a n o l i t h i u m  t o  A l c o h o l  A d d i t i o n s J .  O r g .  C h e m . ,  V o l .  3 8 ,  N o .  1 6 ,  1 9 7 3  2 7 5 9

action was done with 0.5 equiv of TM ED A for 1 day, 2.7 g of a 
mixture of 69% 6, 21% 7, and 10% of an unknown component 
was obtained.

2-Methylhexanophenone (8).— To a stirred solution of 55 ml 
(110 mmol) of a solution of n-butyllithium in 300 ml of DM E, 
and cooled to —50°, 16.0 ml (110 mmol) of diisopropylamine 
was added dropwise.15 The resulting solution was stirred at — 50 
to —20° for a few minutes and then 30 ml of a solution containing
12.7 g (95 mmol) of propiophenone in DM E was added drop- 
wise and with stirring over 30 min, during which time the tem
perature of the solution was kept between —20 and 0°. The re
sulting solution was rapidly warmed to 30° with stirring and 
then 40 g (300 mmol) of n-bromobutane was added rapidly (15 
sec). The temperature of the resulting mixture rose to 50° and 
then began to fall. The mixture was stirred at reflux for 2 hr 
and at room temperature for 15 hr, and then poured into 300 
ml of cold, saturated NaH C03 and extracted with ether. The 
ether extract was washed successively with 5%  HC1 and 5% 
NaHCOs and then dried over M gS04, concentrated, and vacuum 
distilled to give 14.2 g (78% yield) of aliquid: bp 113-115° (2 
mm) [lit.16 bp 107-110° (2 m m )]; analysis by vpc (Reoplex 
400) showed a purity of 96% ; ir (film) 1690 cm -1 (C = 0 ) ;  nmr 
(CC14) S 0.82 (t, 3, J  =  5.0 Hz, -C H 2CH3), 1.15 (d, 3, J  = 7 
Hz, -CH CH 3), 1.57 [m, 6, -(C H 2)3- ] , 3.49 (m, 1, -C H -), 7.3-8.0 
(m, 5, Ph); 2,4-DNP mp 74-76° (lit.16 mp 74.5-76.0°).

l-Phenyl-2-methyl-l-hexanol (6) from Reduction of 2-Methyl
hexanophenone (8).— Into a dry 250-ml round-bottom flask 
was placed 1 g (26 mmol) of LiAIRs and 150 ml of anhydrous 
ether. From the top of the condenser, 10 g (52 mmol) of 2- 
methylhexanophenone was added dropwise. The solution was 
refluxed with stirring for 7 hr and then cooled in an ice bath. 
Saturated Na2S04 was added dropwise (no excess) until the gray 
solution turned white. The mixture was filtered and the filtrate 
was dried over M gS04. After the ether was removed on a rotary 
evaporator, the residue was vacuum distilled to give 7.2 g (70% 
yield) of l-phenyl-2-methyl-l-hexanol, bp 126-129° (6.2 mm) 
[lit.17 bp 130-132° (5 mm)], 98% pure by vpc (Reoplex 400) 
analysis. The vpc retention time was identical with that of 
6 prepared from butylation of 1. Spectral properties were also 
quite similar except for the nmr appearance of the benzyl pro
tons, which in this case showed a triplet-like signal at 5 4.3 in the 
60-MHz spectrum and two equally intense doublets in the 100- 
MHz spectrum, one at 6 4.25 (J  =  6.5 Hz) and the other at 4.35 
(J  =  5.5 Hz).

Repeating the reaction as described above except for cooling 
the flask during the reaction in an ice-salt bath gave a 55:45 
ratio of the S 4.25 to 4.35 doublets. Repeating the reaction 
again in a Dry Ice bath ( — 68 to —72°) gave a product showing 
a 63:37 ratio of the S 4.25 to 4.35 doublets.

¿ert-Butylation of a-Vinylbenzyl Alcohol (1).— To a 250-ml 
three-neck round-bottom flask fitted with a dropping funnel, 
N2 inlet, and drying tube was added 3.4 g (25 mmol) of com
pound 1, about 70 ml of hexane, and 1.5 g (14 mmol) of TM EDA. 
T o the cool solution, 45 ml (55 mmol) of a solution of ieri-butyl- 
lithium was added dropwise. After stirring at room temperature 
for 36 hr and refluxing for 2 hr, the solution was cooled to room 
temperature and quenched with water. A work-up similar to 
the n-butylation of 1 afforded 2.3 g of a liquid.

Analysis by vpc (SE-30) showed several components. The 
major components were collected by preparative vpc. The 
properties of the four major components collected are reported 
in the following way— compound (no.) (per cent of the mixture, 
retention time on a SE-30 at 170°, He flow 150 ml/min), then 
ir; nmr; uv; mass spectral data.

Propiophenone (5) (23%, 7 min) was identical in retention 
time, nmr, ir, and mass spectral properties with an authentic 
sample.18

m-/3-Neopentylstyrene (9) (9% , 9 min) had ir (CC14) 1370 
and 1390 cm -1 (i-Bu); nmr (CC14) S 0.91 (s, 9, CH3), 2.21 (d, 
2, J  =  7 Hz, CH2), 6.18-6.4 (m, 2, -C H = C H ), 7.23 (s, 5, Ph);

(15) H. O. House, M. Gall, and H. D. Olmstead, J . O rg. C h em ., 36, 2361 
(1971).

(16) G. L. Goerner, H. L. Muller, and J. L. Corbin, ib id ., 24, 1561 
(1959).

(17) T. I. Temnikova, A. K. Petryaeva, and S. S. Skorokhodov, Z h . 
O bshch. K h im ., 25, 1575 (1955); C h em . A b str ., 50, 4891? (1956).

(18) Purchased from Aldrich Chemical Co., Milwaukee, Wis.

uv Xmax (EtOH) 240 nm (emax 17,200);19 mass spectrum (70 
eV) m/e 174 (molecular ion), 159, 118, 117, 115, 91, 77, 65, 63, 
57 (base), 51, 43, 41, 39, 29, and 27.

frarcs-/3-Neopentylstyrene (10) (35%, 13 min) had ir (CC14) 
1370 and 1390 (i-Bu) and 970 cm -1 (trans R C H =C H R ); nmr 
(CC14) S 0.94 (s, 9, -C H 3), 2.19 (d, 2, J =  6 Hz, CH2), 6.3-6.7 
(m, 2, -C H = C H -), 7.26 (s, 5, Ph); uv Xmal (EtOH) 248 nm 
(tn i  30,000);19 mass spectrum (70 eV) m/e 174 (molecular ion), 
159, 118, 117, 115, 91, 77, 65, 63, 57 (base), 51, 43, 41, 39, 29, 
and 27.

3-Benzyl-2,2,5,5-tetramethylhexane (11) (23%, 28 min) had 
ir (CC14) 1370 and 1400 cm -1 (i-Bu), plus strong aliphatic and 
aromatic absorptions; nmr (CC14) S 0.82 (s, 18, CH3), 0.95-1.68 
(m, 3, -CH C H 2- ) ,  2.6-2.88 (m, 2, PhCH2), and 7.20 (s, 5, Ph); 
mass spectrum (70 eV) m/e 232 (molecular ion), 176, 141, 140, 
120, 119, 117, 105,91 (base), 85, 77, 71, and 41.

Rearrangement of Methyl 1-Phenylallyl Ether (12).— The 
starting material, 12, was prepared by methylation of a-vinyl- 
benzyl alcohol ( l ) ,1 bp 69-75° (3.5 mm) [lit.20 bp 88-90° (10 
mm)]. To a 150-ml three-neck round-bottom flask was added
5.0 g (34 mmol) of 12, about 50 ml of hexane, and 2.2 g (20 mmol) 
of TM ED A. The mixture was placed in an ice bath and agitated 
by means of a magnetic stirrer. From a dropping funnel, 18 ml 
(36 mmol) of a solution of n-butyllithium was added over a period 
of a few minutes. The color of the solution changed from light 
yellow to dark red. After stirring for 42 hr, the reaction was 
cooled in an ice bath and quenched with 10 ml of water. The 
mixture was extracted with several portions of ether. The water 
layer was acidified with 10% HC1, then extracted with ether, 
and the ether layer was washed with 5%  NaOH and water. The 
combined ether extracts were dried over Na2S04, concentrated, 
and vacuum distilled to afford 2.4 g of crude product, bp 107- 
116° (10 mm). Analysis by vpc (Reoplex 400) showed several 
components, the major of which were collected by preparative 
vpc. The properties of the four components collected are re
ported in the following way— compound (no.) (per cent of the 
mixture, retention time on a Reoplex 400 at 160°, He flow 100 
ml/min), then ir; nmr; mass spectral data.

1- Phenyl-l-methoxypropene (15) (28%, 4 min) had nmr (CC14) 
5 1.75 (d, 3, /  =  7 Hz, CCH3), 3.50 (s, 3, OCII3), 5.28 (q, 1, 
J =  7 Hz, = C H ), 7.18-7.42 (m, 5, Ph); mass spectrum (70 
eV) m/e 148 (molecular ion), 147 (base), 117, 105, 91, 77, 55, 
and 51. Literature21 nmr reports S 1.75 (d, 3, /  =  7 Hz), 3.45 
(s, 3), 5.22 (q, 1, J =  7 Hz), and 7.04-7.48 (m, 5) for 15 with 
cis related methyl and methoxy and S 1.66 (d, 3, J =  7 Hz), 
3.54 (s, 3), 4.67 (q, 1, J — 7 Hz), and 7.26 (s, 5) for 15 with trans 
related methyl and methoxy. Thus, it appears that the 15 
derived from 12 is the cis isomer (methyl-methoxy).

Propiophenone (5) (2% , 7.5 min) was identical in retention 
time, ir, nmr, and mass spectral properties with an authentic 
sample.18

?i-Butyrophenone (14) (22%, 9.5 min) was identical in reten
tion time, ir, nmr, and mass spectral properties with an authentic 
sample.18

2- Phenyl-3-buten-2-ol (13) (46%, 11 min) had ir (CC14) 3400 
(OH), 1650, 995, and 925 cm "1 (-C H = C H 2); nmr (CC14) 5 
1.50 (s, 3, -C H 3), 2.59 (s, 1, OH), 4.89-5.35 (m, 2, -C = C H 2),
6.07 (doublet of doublets, 1, J trans =  17, Jcis =  10 Hz, -C H = C ),
7.05-7.50 (m, 5, Ph); mass spectrum (70 eV) m/e 148 (molec
ular ion), 133, 121, 119, 105, 91, 77, 55, 51, and 43 (base peak); 
identical with a sample of 13 prepared by treating acetophenone 
with vinyllithium.

The reaction was repeated using THF as the solvent, and no 
TM EDA, to give the same set of products except that the ratios 
were different: 15 (2% ), 5 (35%), 14 (27%), 13 (24% ), and
two unidentified peaks of longer retention times with intensities 
of 10 and 2% .

Acknow ledgm ents.—We would like to thank the 
Marquette University Committee on Research for their
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Treatment of 2-benzyl-2-methyl-l,3-diiodopropane (3a) with lithium aluminum hydride in ether or chromous 
sulfate in dimethylformamide yields mainly 1-benzyl-l-methylcyclopropane (5), whereas, when tri-n-butyltin 
hydride is used, solvent-dependent mixtures of 5 and neopentvlbenzene (6) result. When 2-benzyl-2-methyl-
1,3-dibromopropane (3b) is treated with LiAlH4, solvent-dependent mixtures of 5 and 6 are formed. When 
2-benzyl-l,3-dihalopropanes are treated with LiAlH4, mixtures rich in isobutylbenzene, 8, are obtained.

The cyclization of 1 to 2 on treatment with lithium 
aluminum hydride, W-2 Raney nickel, and sodium

CHj
CHj

1
CH,C(CHJ),
I

CH2C — -CH; 
I CH,

H,C\ J l  / C H  . n c ^ l c i h

3QC W
H;C X H ;C y C H ;

CH.CiCHI).

1
CHj

CH.C— CH.
| \ /  ' 
1 CH,

CH:l
1 2

in liquid ammonia has been reported.5 A similar 
reduction of 1,3-diiodocyclobutane to bicyclobutane 
by LiAlH.i has been observed.6 7 Bccau.se of continu
ing interest in this type of reaction, further studies 
on the reduction of 1,3-dihalides with a variety of 
reducing agents have been made. As substrates 2- 
benzyl-2-methyl-l,3-dihalopropanes 3 a -c  and 2-benzyl-
1,3-dihalopropanes 4 a -c  were chosen.

CH3

C6H5CH2C(CH2X )2 
3a, X  =  I

b, X  =  Br
c, X  =  Cl

C6HsCH2CH(CH2X )2 
4a, X  =  I

b, X  =  Br
c, X  =  Cl

Reductions with Lithium Aluminum H ydride.—
Reduction of 3a with LiAlH/ in refluxing ether, tetra- 
hydrofuran (THF), and dioxane yielded mixtures of 1- 
benzyl-l-methylcyclopropane (5) (about 95%) and 
neopentylbenzene (6) (about 5%). When pure 2,2- 
dimethyl-3-phenylpropyl iodide (7) was reduced simi-

(1) This work was supported in part by Grant 12445 from the National 
Science Foundation.

(2) Summer NSFURP Fellow, 1967.
(3) Postdoctoral Research Associate, The Ohio State University, 1966- 

1968.
(4) Taken in part from the Ph.D. thesis of L. W. Dauernheim, The Ohio 

State University, 1969. Details of the reduction experiments are given.
(5) M. S. Newman, J. R. LeBlanc, H. A. Karnes, and G. Axelrod, J . 

A m e r . Chem . S oc ., 86, 868 (1964).
(6) \V. von E. Doering and J. F. Cobuin, Jr., T etra h ed ron  L e tt ., 991 

(1965).
(7) Unless otherwise stated a ratio of 2 mol of LiAlH< to 1 mol of halide

was used.

ch2i
I

CtH-CHC(CHj)3 CbH-.CH,C(CH3)2
6 7

larly only 6 was formed. Thus, 5 is formed directly 
from 3a. Competitive reduction of 3a and 7 showed 
that 3a is reduced slightly faster4 than 7. These 
results indicate that two competitive processes are 
involved, one leading directly to the formation of 5 
and the second to 7 which is then further reduced to 
6.

In contrast to the behavior of 3a, reduction of the 
dibromide 3b with LiAlH4 in THF yielded mixtures 
of 5 and 6 in a ratio of about 5:95, respectively. In 
dioxane the ratio was about 30:70. Reduction of the 
dichloride 3c proved too slow in ether or THF to be 
considered as a synthetic route to hydrocarbons. In 
refluxing dioxane reduction occurred slowly to yield 
about 18% of 5 and 62% of 6.

In order to compare the behavior of less hindered
1,3-dihalides with that of 3 a -c  the reduction of the 
corresponding halides 4 a -c  was studied. In all cases, 
isobutylbenzene (8) was the main product. With 
the iodide 4a small amounts of benzylcyclopropane (9) 
were produced but with 4b only 8  was detected.

The above results are summarized in Table I.
Reductions with Other Reducing A gents.—The be

havior of 3a on treatment with a variety of reducing 
agents is summarized in Table I. The most discriminat
ing reagent with regard to cyclopropane formation is 
chromous sulfate,8 a reagent used earlier to effect de- 
halogenation of vicinal dihalides.9 The reductions 
with Raney nickel and sodium in ammonia were not 
studied in detail because they did not seem to offer 
promising synthetic routes to S or 6.

The reaction of 3a with tri-n-butyltin hydride 
(TBTH )10 was studied not only because cyclopropane 
formation seemed predominant but also because re
duction of halides with TBTH undoubtedly involves 
free-radical chain processes10 in contrast to LiAlIB 
reductions, which are assumed to proceed by hydride

CbH;,CH
5

CHj

M

(8) J. K. Kochi and D. M. Singleton, J . O rg . Chem,., 33, 1027 (1968).
(9) W. C. Kray, Jr., and C. E. Castro, J .  A m e r .  C h em . S o c ., 86, 4603 

(1964).
(10) H. G. Kuivila, A cco u n ts  C h em . R es ., 1, 299 (1968).
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T a b l e  I
R eduction o f  2-B enzyl-1,3-dihalopropanes“

R CH,X
1 /C#H,CHiC Reducing agent,

CH,X solvent 6
3a, R =  CH,; X  =  I LiAlH4, ether6 3

W-2 Ni 67
Na, NH, 20
CrS04, DM F 0
(CiH,),SnH, benzene 6
(CiHshSnH, ether 14
(C4H9),SnH, cyclo 56

3b, R =  CH ,; X  =  Br
hexane 

LiAlH4, THF 95
LiAlH4, dioxane7 68

3c, R =  CH,; X  =  Cl LiAlH4, ether» UD6
LiAlH4, THF- 4
LiAlH,, dioxane 62

5
97
33 
80 

100 
94" 
8614 
44«

5
30

UD6
4»

18*
8 9

4a, R  = H; X  =  I LiAlH4, ether 70 30
LiAlH4, TH F' 96 4

4b, R =  H; X  =  Br LiAlH4, TH F' D ”> UD6
4c, R  =  H; X  =  Cl LiAlH4, THF" D m UD6

X  =  OMs LiAlH4, THF (6) D ” UD6
° In general 0.02 mol of LiAlH4 was used for 0.01 mol of di

halide. 6 Refluxed for 20 hr. Similar results were obtained after 
6 hr at reflux in THF and dioxane. « Hydrogen (60% based on 
cyclopropane formed) obtained. d Hydrogen, 80% as for c. 
'  Hydrogen, 70% as for c. 4 1:1 ratio of LiAJH, to halide, 24 
hr at reflux. » 25 hr. 6 UD =  undetected by glpc. * 82 hr. 
' In addition, 52% of 2-benzyl-2-methyl-l-chloropropane and 
40% of 3c were shown to be present by glpc. * In addition 20% 
of 2-benzyl-2-methyl-l-chloropropane was present. 1 At reflux, 
5 hr. ”■ Detected by glpc. n At reflux, 26 hr.

ion (or complexed hydride) intermediates.11-13 Inter
estingly, the proportions of 5 and 6 formed from 3a 
with TBTH proved sensitive to solvent. The reaction 
in benzene and in ether gives mainly 5, whereas in 
cyclohexane the formation of 6 predominates (see 
Table I).

M echanism  (LiAlH 4) .—Because of the difficulty of 
designing crucial experiments, little can be said with 
certainty about the mechanism of the LiAlH4 reduc
tions We do not believe that the formation of 6 occurs 
by two Sn2 displacements of halide ion, a type of re
action generally assumed to occur in reductions of 
halides and other functions because of the studies 
reported.1112 Rather, we suggest that the diiodide 
3a first interacts with LiAlH4 by association of an 
iodine atom with hydrogen to form the complex A. 
Two paths are available for further reaction of A: 
in path a, an intramolecular rearrangement leads to 
7 and LiAlH3I (reduction of 7 by a path similar to 
path a leads to the formation of 6); in path b, a differ
ent intramolecular decomposition leads to formation 
of a molecule of hydrogen iodide (which reacts further 
with LiAlH4 to form hydrogen1415 and LiAlH3I) and

(11) L. W. Trevoy and W. G. Brown, J . A m e r .  C h em . S o c ., 71, 1675 
(1949).

(12) E. L. Eliel, ib id ., 71, 3970 (1949).
(13) However, it is noteworthy that a small amount of a mixture of dl-  

and 7neso-2,3-diphenylbutane was obtained on reduction of a-chloroethyl- 
benzene with LiAlHi.12 Hence, a free-radical path might be involved to 
some extent.

(14) The gas formed was assumed to be hydrogen. In the reductions 
with TBTH, we thank Professor Sheldon Shore for the determination of 
hydrogen by gas density measurement.

(15) See R. J. Strunk, P. M. D. Giacomo, K. Aso, and H. G. Kuivila, 
J . A m e r . Chem . S o c ., 92, 2849 (1970), for an analogous reaction with vicinal 
dibromides.

a new intermediate, B, which rapidly cyclizes with 
loss of I -  to yield 5. Alternately, an anion (formed 
by removal of the LiAlH3+ ion) cyclizes with expul
sion of an iodide ion. These reactions are outlined 
in Scheme I.

S c h e m e  I

CH3
I .CH,I CH3

PhCH2C (" | CH,I
CH>—-IN PhCH,C^ +  LiAlHjI

W )  'C 'H  CH3
\  /  7

LiAlH,
A

Cft
I .CH2I ch3

PhCH,C(" : | CH2I
CH2t- I s — *  P hC H ,C ^ > ~ . 4 -HI

^  ^ C H ,-(L iA lH 3)
B

H3LiAl j
A

5 +  LiAlHI

We prefer the above explanations largely because 
of the steric factors involved which should militate 
against Sn 2 type reactions. The initial interaction 
of 3a with LiAlH4 by hydrogen-iodine attraction would 
not be expected to be sterically hindered and subse
quent reactions (paths a and b) are intramolecular 
and hence less slowed by steric factors than intermolec- 
ular reactions. In addition, the formations of 5, 
6, and 7 are all accompanied by a release of strain.

The differences in behavior of the halides 3a, 3b, 
and 3c can be interpreted in terms of the differences 
in size of the atoms, coordination tendencies, and 
strengths of bonds. However, we do not feel that the 
experimental results justify detailed comment. The 
preference of 3b to yield 6 rather than 5 is rationalized 
by assuming that reaction by path a is preferred over 
reaction by path b. In the case of the reduction of 
the halides 4a, 4b, and 4c, the incursion of SN2-type 
reactions11’11 12 13 14 15 becomes more likely because of the de
creased steric factors. Hence, the greater propor
tions of reduction to isobutylbenzene may be attributed 
to Sn2 reduction rather than reaction by path a.

M echanism  (T B T H ).—The formation of the cyclo
propane 5 from 3a seems best explained as shown in 
Scheme II. We prefer to view the formation of 5 from

S c h e m e  II
CH, CH,

BtuSn- +  CeH5CH2C(CH2I)2— >- Bu,SnI +  C«H5CH,CCH, •
3a ICHjI

path c
C ----- 5 +  1-

CH2I
path d I

C +  Bu3SnH-------^  C6H5CH2C(CH3)2 +  Bu3Sn-

the radical C by expulsion of an iodine atom (path c) 
rather than to assume a reaction between C and another
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radical to produce a 1,3-diradical which cyclizes16 17 18 19 
to 5. The formation of cycloalkanes from diiodides 
has been noted and discussed.17-19 In the cases 
studied unsaturated dihaloalkanes were involved, 
whereas in 3a in grewi-dialkyl effect is present20 and 
may be responsible for the much higher yield of cy
clopropane.

The fact that neopentylbenzene (6) is formed shows 
that the radical C can abstract a hydrogen atom from 
another species (probably TBTH or solvent) to yield 
the monoiodo compound 7 (path d). The latter is 
then converted to 5 by a conventional free radical 
path.10 22 The sensitivity to solvent of the relative 
rates by paths c and d is remarkable and may indicate 
that TBTH in cyclohexane is a better donor of H- 
to C than it is in benzene or ether. This view seems 
preferable to an alternate one which would require C 
to collapse to 5 and I • less readily in cyclohexane than 
in benzene or ether.

Experimental Section
Gas-liquid phase chromatography (glpc) was carried out using 

a 5 ft X 0.125 in. stainless steel column of 5% SE-30 on 60-80 
mesh Chromosorb W. An Aerograph Hi-Fi with glass-lined 
injection port and flame ionization detector was employed. 
Analyses of reduction mixtures were determined at an initial 
column temperature of 90°, followed by maximum programming 
of the oven temperature to 200° one minute after elution of 5 
and 6. Yield determinations were obtained from glc data by 
disk integration and corrected for detector response variations, 
Bromomesitylene, unreactive under the conditions employed for 
reduction and analyses, was used as an internal standard. In
frared data was obtained on a Perkin-Elmer Infracord. Nmr 
spectra were obtained with a Varian A-60 spectrometer in carbon 
tetrachloride or deuteriochloroform solutions containing tetra- 
methylsilane as internal standard. A ll proton integration value 
were consistent with the structures assigned. A ll microanalyses 
were by the Galbraith Laboratories, Knoxville, Tenn.

2-Benzyl-2-methyl-l,3-propanediol Bismethanesulfonate.—To 
an ice-cooled solution of 132 g of 2-benzyl-2-methyl-1,3-propane
diol, mp 68-70°, prepared in 86% yield essentially as described*1 
by reduction of diethyl benzylmethylmalonate** with LiAlH, in 
THF, in 320 g of pyridine and 500 ml of benzene was added 450 
g of methanesulfonyl chloride dropwise to maintain the tempera
ture at 10° or below. After 6 hr the solution was held at room 
temperature for 42 hr and then poured into 1 1. of cold water. 
After a conventional work-up, including a Darco G-60 (charcoal) 
treatment of the crude yellow oil in absolute ethanol, there was 
obtained 218 g (86%) of colorless, needlelike crystals of the bis
methanesulfonate, mp 48-50°. A recrystallized sample (etha
nol) melted at 49-50°.

Anal. Calcd for Ci3H2o06S2: C, 47.1; H, 6.2. Found: 
C, 47.0; H, 6.2.

2-Benzyl-2-methyl-l,3-diiodopropane (3a23̂ ).—-A mixture of
36.0 g of the above bismethanesulfonate, 170 g of potassium 
iodide, and 300 ml of freshly distilled 2-ethoxyethanol was stirred 
at reflux for 10.5 hr. After a conventional work-up, the crude 
diiodide was rapidly distilled at low pressure to yield a brown 
liquid. Two low-temperature crystallizations from 60-ml por
tions of absolute alcohol followed by vacuum drying at 0-10° for 
20 hr yielded 29.0 g (68%) of 3a as a light yellow, powdery solid, 
mp 22.0-22.5° (98% pure by glpc). A glass liner was needed at

(16) K. V. Ingold and B. P. Roberts, “ Free Radical Substitution Reac
tions,”  Wiley-Interscience, New York, N. Y., 1971, p 81 ff.

(17) W. S. Trahanovsky and M. P. Doyle, J. Org. Chem., 32, 146 (1967).
(18) J. F. Garst and J. T. Barbas, J. Amer. Chem. Soc., 91, 3385 (1969).
(19) R. F. Drury and L. Kaplan, J. Amer. Chem. Soc., 94, 3982 (1972).
(20) For a discussion of the gem-dialkyl effect see M. S. Newman and 

R. E. Dickson, J. Amer. Chem. Soc., 92, 6880 (1970), and references cited 
therein.

(21) G. Ferrari and C. Casagrande, Farmaco, Ed. Sci., 18, 780 (1963)}
(22) D. F. DeTar and C. Weis, J. Amer. Chem. Soc., 79, 3045 (1957)'
(23) All compounds marked with -F gave nmr and m/e consistent with

the formulas proposed. We thank Mr. R. Weisenberger for the mass spectra.

the injection part. This diiodide did not discolor further if kept 
sealed in a refrigerator.

Anal. Calcd for CuHhI2: C, 33.0; H, 3.5. Found: C, 
33.3; H, 3.7.

2-Benzyl-2-methyl-l,3-dibromopropane (3b +).—A stirred mix
ture of 60.0 g of dimesylate, 102 g of dry lithium bromide, and 
400 ml of freshly distilled 2-ethoxyethanol was held at reflux for 
46 hr. After a conventional work-up, fractional distillation 
through a 170 X 19 mm Vigreux column afforded 46.0 g (87%) 
of colorless 3b, bp 115-120° (0.7 mm). Crystallization from 
absolute ethanol at —78° followed by distillation yielded 37 g 
(70%) of colorless pure 3b, bp 94-95° (0.1 mm), mp 29-30°.

Anal. Calcd for CnHnBr2: C, 43.2; H, 4.6. Found: C, 
43.5; H, 4.4.

2-Benzyl-2-methyl-l,3-dichloropropane (3c +).—A stirred mix
ture of 80 g of bismethanesulfonate, 80 g of lithium chloride, and 
500 ml of 2-ethoxyethanol was held at reflux for 52 hr and worked 
up as usual. On fractionation 47.0 g (90%) of 3c, bp 100-104° 
at 0.25 mm, was obtained. Glpc analysis showed this to be 
99% pure.

Anal. Calcd for CnHi,Cl2: C, 60.8; H, 6.5. Found: C, 
60.6; H, 6.5.

2-Benzyl-l ,3-propanediol Bismethanesulfonate.—Treatment 
of diethyl benzylmalonate with LiAlH, essentially as described 
above yielded colorless crystals of 2-benzyl-l,3-propanediol,24 
mp 66.5-69.0°, in 66% yield. Mesylation as described above 
afforded the bismethanesulfonate as colorless crystals, mp 84.0- 
86.5°, in 97% yield in the best run.

Anal. Calcd for Ci2H i506S2: C, 44.8; H, 5.6. Found: C, 
45.0; H, 5.4.

2-Benzyl-l,3-diiodopropane (4a).—A stirred mixture of 25.0 
g of bismethanesulfonate, 70 g of potassium iodide, and 200 ml 
of 2-ethoxyethanol was held at reflux for 8 hr. After a conven
tional work-up there was obtained 29.5 g (91%) of brown liquid, 
4a, bp 140-150° (3 mm). Low-temperature crystallization and 
drying as described above for 3a afforded 18.0 g of pale yellow 
solid, 4a, mp 39.0-43.5°.

Anal. Calcd for CioH i2I2: C, 31.1; H, 3.1. Found: C, 
31.1; H, 3.3.

2-Benzyl-2-methyl-l-iodopropane (7).26—A stirred mixture of
14.4 g (0.10 mol) of isobutyl 2-methylpropanoate, 6.0 g of a 50% 
sodium hydride dispersion in mineral oil (0.12 mol of NaH), and
12.7 g (0.10 mol) of benzyl chloride was heated at 100° under 
nitrogen for 2 hr. Dioxane (50 ml) was then added to the thick 
slurry, and the reaction mixture was refluxed for an additional 2 
hr. After hydrolysis and work-up, distillation afforded 10.4 g 
(44%) of isobutyl 2,2-dimethyl-3-phenylpropanate, bp 135- 
137° (9 mm). Reduction with LiA lH, yielded 6.4 g (90%) of
2,2-dimethyl-3-phenyl-l-propanol,25 bp 68° (0.2 mm). Mesyla
tion of this alcohol followed by reaction with potassium iodide 
essentially as described above gave 64% of 7, bp 68-70° (0.1 
mm).

Anal. Calcd for CuH i5I: I, 46.3. Found: 1 46.6.
W-2-Raney Nickel Reduction of 3a.—A mixture of 10.4 g of 

W-2 Raney nickel,29 0.5 g of 3a, and 40 ml of absolute ethanol 
was refluxed under nitrogen. Aliquots taken 0.5 hr later and 
subsequently all showed a 2:1 distribution of 6 to 5. No 3a or 
7 was in evidence after 0.5 hr; the glpc-determined yield of 
products after 4 hr was 88%.

Sodium in Ammonia Reduction of 3a.—Sodium was intro
duced piecemeal into a rapidly stirred solution of 1.0 g of 3a in 
30 ml of liquid ammonia and 20 ml of dry tetrahydrofuran until 
the persistence of a dark blue color. After 10 min, the reaction 
mixture was quenched with ammonium chloride. Glpc analysis 
indicated a 20:80 ratio of 6 to 5.

Chromous Sulfate Reduction of 3a.—A mixture of 1.0 g (2.5 
mmol) of 3a, 50 ml of a chromous sulfate-zinc sulfate solution 
0.7 N  in C r(II),27 and 60 ml of dimethylformamide was stirred 
under nitrogen for 92 hr at 25°. After work-up, glpc analysis 
showed only the presence of 5.

Tri-n-butyltin Hydride Reduction of 3a.—The following pro
cedure was used with all solvents employed. A dry, steamed- 
out, one-neck flask was equipped with stirring bar and addition

(24) R. Mozingo and K. Folkers, J. Amer. Chem. Soc., 70, 227 (1948).
(25) The procedure used here is similar to that of P. Warrick, Jr., and 

W. Saunders, Jr., J. Amer. Chem. Soc., 84, 4095 (1962).
(26) E. C. Horning, Ed., "Organic Syntheses,”  Collect. Vol. 3, Wiley, 

New York, N. Y., 1955, p 181.
(27) C. E. Castro, J. Amer. Chem. Soc., 83, 3262 (1961).
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funnel. After a solution of 0.50 g (1.3 mmol) of 3a in 2 ml of the 
appropriate solvent was introduced to the flask, the addition 
funnel was charged with a solution of 0.75 g (2.6 mmol) of 
TBTH in 4 ml of the same solvent. Immediately after attaching 
the gas-measuring line (water displacement and dibutyl phthalate 
in a leveling buret were both used), the hydride solution was 
added at once to 3a. Gas evolution began after a short (about 
1 min) induction period; after correction to standard conditions, 
comparison was made with the amount of gas expected on the 
basis of the actual yield of 5 obtained (Table I). This evolved 
gas was shown to be hydrogen by gas-density measurements.14 
A control reaction in which the evolved gas was passed through 
a sodium hydroxide solution of known strength showed that no 
significant amount of acidic material was lost from the reaction.

Glpc analyses were performed by withdrawing aliquots and 
quenching with one-fourth their volume of methyl iodide. 
Bromomesitylene was then added as internal standard. Besides 
consuming excess hydride, methyl iodide inhibited the thermal 
(wall-catalyzed) cyclization of 3a upon contact with the hot in
jection part of the gas chromatograph. Combined yields of 6 
and 5 were typically in the 95-100% range by glpc, with 6:5 
ratios as reported in Table I.

In a large-scale run, 21.9 g (75.3 mmol) of TBTH was added 
at once to 15.0 g (37.5 mmol) of 3a in 120 ml of dry benzene. 
After gas evolution was complete, solvent was removed and dis
tillation afforded 4.9 g (90%) of material, bp 80-84° (14 mm), 
which glpc analysis indicated to be a 5:95 mixture of 6 and 5. 
1-Benzyl-l-methylcyclopropane (5) had nmr (CDC13) S 7.22 (s, 
PhH), 2.58 (s, PhCH2), 0.80 (s, CH3), and 0.38 (m, CH2CH2). 
A near-infrared spectrum of 3a (Applied Physics Corp., Cary

Model 14, 0.500 M  3a in CC14) displayed an absorption maximum 
at 1.642 y. with a molar absorptivity (A) of 0.33 per cyclopropyl 
methylene group.“

Measurement of Hydrogen Evolution from LiAlH( Treatment
of 3a.—A flask and Claisen head assembly was fitted with a 
septum seal, stirring bar, and gas line to a leveling buret con
taining di-re-butyl phthalate. After 2 ml of a LiAlH, in ether 
solution (2.5 mequiv LiAlH4/ml), the hydride was diluted with 
20 ml more ether, and after the system had stabilized, 1.20 g 
(3.00 mmol) of 3a was introduced by syringe through the septum. 
Slow but steady gas evolution began immediately, leading to a 
total of 65.3 ml of gas (corrected to STP) over a 15-hr period 
(further standing led to a 5-ml decrease of volume over a 2-day 
period). Assuming that of 3a is converted to products in a 
typical ratio of 3:97 (6:5), this represents a quantitative yield of 
gas based on the amount of 5 formed.

Registry No.— 3 (X = OMs), 40548-53-6 ; 3 (X = OH), 2109-
99-1; 3a, 40548-52-5; 3b, 40548-55-8; 3c, 40548-56-9; 4 (X = 
OMs), 40548-57-0; 4 (X = OH), 2612-30-8; 4a, 40548-59-2; 4b, 
35694-75-8; 4c, 40548-61-6; 5, 30836-86-3; 6, 1007-26-7; 7, 
40548-64-9; 8, 538-93-2; 9, 1667-00-1; LiAlH,, 16853-85-3; 
TBTH, 688-73-3; methanesulfonyl chloride, 124-63-0; potassium 
iodide, 7681-11-0; lithium bromide, 7550-35-8; lithium chloride, 
7447-41-8; isobutyl 2-methylpropanoate, 97-85-8; isobutyl 2,2- 
dimethyl-3-phenylpropanate, 40548-66-1; 2,2-dimethyl-3-phenyl- 
1-propanol, 13351-61-6.

(28) Compare Xmax ~  1.638 /* and A = 0.324 for the known 1-benzyl- 
cyclopropane; P. G. Gassman and F. V. Zalar, J . Org. C h em ., 31, 166 
(1966).
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The reaction of re-butylmagnesium bromide with nitromethane formed M-re-butyl-Af-methylhydroxylamine, 
M-re-pentyl-M-methylhydroxylamine, octane, and re-butyl alcohol. The same reaction in the presence of styrene 
gave a small amount of 2-butyl-5-phenylisoxazolidine. These results point to a complex between nitromethane 
and re-butylmagnesium bromide and to 2-butylnitrone as intermediates in the formation of the hydroxylamines 
isolated.

The actual mechanism for the formation of hy
droxylamines from Grignard reagents and nitro
methane is not known.2 Semiquantitative studies of

RMgX +  CH3N 02 CH3NOH +  r c h 2n o h
I I
R R

These results point to the following steps in the 
formation of the hydroxylamines. The addition of 1 
mol of n-butylmagnesium bromide to nitromethane 
forms mainly the complex I since very little butane

C,,Ho

the reaction of ethylmagnesium bromide and n- 
butylmagnesium bromide with nitromethane carried 
out in the present work gave results which point to 
certain intermediates in this reaction.

The reaction with ethylmagnesium bromide was 
used to follow the influence of the concentration of the 
Grignard reagent upon the ratio of the hydroxylamines 
produced. The hydroxylamines were converted into 
the O-trimethylsilyl derivatives and analyzed by vpc. 
The results are shown in Figure 1.

The reaction using n-butylmagnesium bromide with 
nitromethane gave information about the gases evolved 
and the neutral products formed. The amounts of 
butane and butenes generated with the addition of 
successive amounts of Grignard reagent are shown in 
Figures 2 and 3. This reaction also produced n- 
octane and n-butyl alcohol.

C4H9MgBr CH3N+— OMgBr
I
0~

1

CHjN— OMgBr 
2

C H ,= N — O + C4H10 
+

CJHyOMgBr 3
re-C8H20 C ,H ,M g B r / \ C 6H .C H = C H ,

C„H8 c4h9
I

C4H9CH>— N— OMgBr 
5

H
HC------CH,

C A C ^ N C A

H
4

(1) Abstracted in part from the Ph.D. Thesis of J. V. K., 1973.
(2) S. Wawzonek and J. V. Kempf, Org. Prep. Proced. Int., 4, 135 (1972).

and butenes are formed at this point. A similar com
plex has been proposed for the reaction product be-
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Figure 1.—Relative yields of ethylmethylhydroxylamine (O) 
and ethylpropylhydroxylamine (•)  wth respect to benzene as an 
internal standard formed in the reaction of ethylmagnesium 
bromide with nitromethane.

tween molar amounts of ethylmagnesium bromide and 
nitroethane by Buckley.3

Complex 1 when treated with more n-butylmag
nesium bromide reacts in two ways. Reduction to 2 
occurs with the formation of n-octane, n-butyl alcohol, 
and butenes. The yield of n-octane corresponded to 
15.6% based on the nitromethane used in a run in
volving 3 mol of Grignard reagent for 1 mol of nitro
methane. This hydrocarbon could also be formed in 
the preparation of the Grignard reagent since the 
formation of the latter is reported to proceed in a 
yield of 94%.4 Based on this yield at least 6.6% of 
the n-octane is formed by the reduction of complex 1.

n-Butyl alcohol was isolated in an 8.8% yield, but 
vpc analysis directly on the ether extracted indicated 
a larger amount.

The reduction of complex 1 in this manner resembles 
that reported for dimethylaniline oxide by phenyl- 
magnesium bromide; dimethylaniline, phenol, and 
biphenyl were reported as products.5

Reduction of 1 to 2 probably also occurs to a minor 
extent with the formation of butenes. This behavior 
would be similar to the reduction of ketones by Gri
gnard reagents to alcohols. This type of reaction 
seems to be favored by excess Grignard reagents 
(Figure 3).

A more powerful reducing agent such as zinc and 
hydrochloric acid is reported to reduce the complex 
form ethylmagnesium bromide and nitroethane to 
diethylamine.3

The second reaction of complex 1 with excess Gri
gnard reagent produces the nitrone 3 and butane. This 
reaction based on the results shown in Figure 1 pro
ceeds at a slower rate than the reduction of 1. A 
similar evolution of ethane was reported for the re
action of ethylmagnesium bromide and nitroethane.3 
Proof for the nitrone 3 was the formation of 2-butyl-5- 
phenylisoxazolidine (4) in the reaction of nitromethane 
(1 mol) with n-butylmagnesium bromide (2 mol) in 
the presence of excess styrene. The yield (<0.2%) 
of 4 was low since the conditions using refluxing ether

(3) G. D. Buckley, J. Chem. Soc., 1492 (1947).
(4) H. Gilman, E. H. Zoellner, and J. B. Dickey, J. Amer. Chem. Soc., 

#1, 1576 (1929).
(5) V. Belov and K. K. Savich, J. Qen. Chem. USSR. 17, 262 (1947).

Figure 2.—Moles of butane formed in the successive addition of 
n-butyl magnesium bromide to nitromethane.

Figure 3.—Moles of butenes formed in the successive addition of 
n-butylmagnesium bromide to nitromethane.

and a 6.5-hr reaction time were less rigorous than those 
required to prepare a good yield of an authentic 
sample from A-butylnitrone and styrene; the latter 
required heating in toluene for 24 hr.

The last step involving the formation of a hydroxyl- 
amine (S) by the addition of a Grignard reagent to a 
nitrone is well documented in the literature.2

OMgX
+ /C4H9MgBr +  CH3N 0 2 — CHi=N +  C4H10

\ > ~

The formation of the aci derivative of nitromethane 
by the Grignard reagent occurs to a slight extent in 
this reaction; about 0.075 mol of butane was liberated 
during the addition of the first mole of Grignard re
agent. This intermediate is responsible for the small 
amount of oxime formed in this reaction; addition 
of the Grignard reagent would form a complex 6 which

C4H9MgBr -  CHi=NOMgBr — C4H 9CH2N(OMgBr),

V
would hydrolyze to the oxime. Evidence for the pres
ence of valeraldoxime was obtained in the present
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work by a nmr study of the products obtained by 
decomposing the Grignard product solely with water.

The conversion of nitromethane into the aci deriva
tive becomes more important with increasing amounts 
of Grignard reagent since the yield of hydroxylamines 
drops with more than 3 mol of Grignard reagent 
(Figure 1) and the yield of butane (Figure 2) increases.

Experimental Section6
Preparation and Gas Chromatographic Analysis of O-Tri- 

methylsilyl Derivatives of A'-Ethyl-.Y-methylhydroxylamine and 
jY-Ethyl-.Y-propylhydroxylamine.—Ethylmagnesium bromide
(0.25 mol) in ether (1.50 ml) was added dropwise with stirring to 
nitromethane (5.4 ml, 0.1 mol) in ether (200 ml) at 0°. The 
reaction mixture was gently refluxed for 12 hr and then decom
posed by addition of water. Hydrochloric acid was added to 
adjust the solution to a pH of 9-10, and the reaction mixture was 
subjected to steam distillation. The distillate was collected in 
dilute hydrochloric acid, a total of 2.5 1. being collected. The 
acidic steam distillate was reduced to a small volume in  vacuo, 
made basic with concentrated aqueous sodium hydroxide, and 
extracted four times with 75-ml portions of ether. The ether 
solution was dried (CaSO<) and filtered, and the ether was dis
tilled from the mixture through a 20-in. zigzag column until only 
15-20 ml of solution remained. The concentrated ether solution 
was transferred to a 50-ml glass-stoppered flask and treated with
6.0 ml of pyridine and 6.0 ml of trimethylchlorosilane at 0°. The
mixture was brought to room temperature and allowed to stand 
for several hours. Then, 2.00 ml of benzene was added; the 
solution was thoroughly mixed and subjected to gas chromato
graphic analysis using a 6 ft by Vs in. column of 10% W-98 
silicon rubber on 100-200 mesh Chromsorb P with an injection 
port temperature of 250°, column temperature programmed to 
start at 50° and rise to 200° at 10°/min, detector temperature of 
360° and gas flow of 50 rnl/min at 50 psi. The retention times 
follow: benzene, 2.6 min; iV-ethyl-A’-methyl-O-trimethylsilyl-
hydroxylamine, 4.4 min; A'-ethyl-.Y-propyl-O-trimethylsilyl- 
hydroxylamine, 7.2 min. In the manner described above, ethyl- 
magnesium bromide was added to nitromethane in mole ratios of 
1.50, 2.10, 2.25, 2.50, 2.75, 3.00, 3.50, 4.00, and 4.50 and 
analyses were by gas chromatograph. The mixture of 3 mol of 
ethylmagnesium bromide with 1 mol of nitromethane using 
normal addition was also analyzed. The yields of hydroxyl
amines were less than those obtained by the inverse method. 
The use of a known quantity of benzene in the gas chromatog
raphy sample made it possible to calculate relative yields of the 
trimethylsilanated dialkylhydroxylamines with respect to nitro
methane by comparing the area of their signals to that of benzene. 
The results are shown in Figure 1.

A!-Ethyl-A,-methyl-0-trimethylsilylhydroxylamine.—In a 250- 
ml flask were placed 100 ml of ether, 10.0 ml of triethylamine, and
5.0 ml of A-ethyl-A-methylhydroxylamine. The solution was 
cooled in ice and 5.0 ml of trimethylchlorosilane was added. The 
flask was stoppered and cooled in ice with occasional shaking for 2 
hr; it  was then allowed to stand at room temperature for 2 hr. 
Water (70 ml) was added to the nearly solid reaction mixture. 
The ether layer was separated, washed with four 100-ml portions 
of water, and dried (CaS04). The ether upon removal under 
reduced pressure gave 1.5 ml of liquid. A sample of the desired 
product was isolated by preparative gas chromatography using a 
10 ft by Vs in. column of SE-30 on 100-120 mesh Chromosorb P 
with an injection port temperature of 175°, column temperature 
of 90°, detector temperature of 175°, and a gas flow of 170 ml,/ 
min at 30 psi. The retention time was 7.8 min; micro bp 117° 
(740 mm); n24d, 1.3995; nmr (DCCI3 , HCCU as internal stan
dard) 8 2.67 (q, 2, J  = 7 Hz, NCH2), 2.67 (s, 3, NCH3), 1.02 (t, 
3, J  =  7 Hz, CH3CH2 ); ir (neat) 3.36, 3.47,6.96, 7.27, 8.05, 9.58, 
9.78, 10.77,11.46; 11.87; 1313,13.35,14.65 m-

(6) Melting point.-- are corrected and boiling points are not corrected. 
Ir data were recorded using a Perkin-Elmer Infracord double beam recording 
spectrometer and nmr data on a Varian A-60 spectrometer. Analytical gas 
chromatography was carried out using an F & M Model 5750 dual column 
gas chromatograph equipped with Disc chart integrator. Peak areas were 
measured either by counting the integrator trace or using a compensating 
polar planimeter. Preparative gas chromatography was carried out using 
an F & M Model 500 gas chromatograph with a Model 720 oven.

Anal. Calcd for CsHnNOSi: C, 48.92; H, 11.64; N, 9.51. 
Found: C, 48.66; H. 11.67; N, 9.33.

JV-Ethyl-Y-propyl-O-trimethylsilylhydroxylamine.—Ar-Ethyl- 
Y-propylhydroxylamine ( 1 0  ml) was converted into the 0- 
trimethylsilyl ether (4.08 g) by the method described for the 
AT-ethyl-A-methyl derivative: bp 65-65.5° (30 mm); n!4D 
1.4128; retention time on column described for the ethylmethyl 
derivative 14.9 min; nmr (DCC13, HCC13 as internal standard) 8 
2.67 (m, 4, N(CH2)2), 1.49 (sextet, 2, J  = 7 Hz, CH3CH2CH2),
I .  02 (t, 3, J  = 7 Hz, NCH2CH3), 0.90 (t, 3, /  = 7 Hz, CH3CH2- 
CH2); ir (neat) 3.36, 3.45, 6.25, 7.25, 8.05, 10.53, 10.56, 10.91,
I I .  09, 11.45, 11.94, 13.35, 14.26, and 14.66 m-

Anal. Calcd for C8H2iNOSi: C, 54.79; H, 12,07; N, 
7.99. Found: C, 54.71; H, 11.89; N, 7.86.

2-Butyl-5-phenylisoxazolidine. A.—n-Butylmagnesium bro
mide (2 mol) in ether (500 ml) was added with stirring to a solu
tion of nitromethane ( 1  mol) and styrene ( 2  mol) in ether (630 ml) 
during a period of 2.5 hr. The resulting solution was refluxed 
with stirring for an additional 4 hr and then hydrolyzed by addi
tion of 150 ml of water; the magnesium salts were filtered from 
the mixture. Extraction of the ether solution with 4 N  hydro
chloric acid followed by basification of the acid extract gave an oil 
which by nmr analysis did not contain aromatic material. The 
magnesium salts from the reaction were continuously extracted 
with benzene for 2.5 days. The benzene was removed at reduced 
pressure and the resultant oil taken up in 300 ml of ether. The 
ether solution was extracted with four 100-ml portions of 6  N  
hydrochloric acid. The acid solution was diluted with 200 ml of 
water and made basic with concentrated aqueous sodium hydrox
ide. The solution was then extracted with five 150-ml portions of 
benzene. The benzene solution was dried (CaSO<) and the 
benzene upon removal in  vacuo gave 11.4 g of oil. The oil was 
chromatographed on a 2.5 ft X 2.0 in. column of silica gel using 
hexane and hexane-ether as the developing solvent. The frac
tion, which by nmr analysis contained aromatic material, was 
rechromatographed on a 2.5 ft  X 1 in. column of silica gel using 
2.5% ether in hexane as the eluent. The fraction which con
tained aromatic material was purified by preparative thin layer 
chromatography using a silica gel plate and chloroform as the 
developing solvent. The material was removed from the silica 
gel with methylene chloride. Removal of the methylene chloride 
in  vacuo at room temperature gave 0.40 g of 2-butyl-5-phenylox- 
azolidine: n“ D, 1.5178; nmr (DCCI3) 5 7.28 (m, 5, C3H5), 4.99 
(t, 1, J  = 7 Hz, C«HSCH), 2.80 (poorly resolved t, 4, J  = 7 Hz, 
N(CH2)2), 1.1-1.85 (m, 6 , CH2CH2, CH2CHPh), 0.92 (t, 3, J  = 
7 Hz, CHj); ir (neat) 3.38, 6 .6 8 , 6.85, 7.30, 9.70, 13.21, and 
14.37 m .

B.—A solution of A'-butylhydroxylamine (2.12 g), paraformal
dehyde (1.07 g), and styrene (2.73 g) in toluene was refluxed for 24 
hr. The water (0.6 ml) which formed immediately was removed 
using a Dean-Stark trap. One-half of the toluene was distilled 
from the reaction mixture, and the remainder of the solution was 
extracted with three 100-ml portions of 3 A hydrochloric acid. 
The acid solution was made basic with concentrated aqueous 
sodium hydroxide and extracted with four 100-ml portions of 
ether. The ether solution was dried (CaSO<) and upon removal 
of the solvent gave 3.53 g of an oil. Fractionation of the material 
gave 2.60 g (25.0%) of a pale yellow oil distilling at 97-99° (0.92 
mm): n^D 1.5128; nmr (DCCI3) 8 7.25 (m, 5, CeHs), 4.95 (t, 1, 
J  =  7 Hz; CiHsCH), 2.77 (poorly resolved t, 4, J  = 7 Hz, 
N(CH2h), 1.1-1.85 (m, 6, CH2CH2, CH2CHC6H5), 0.92 (t, 3, 
J  =  7 Hz, CHj).

Anal. Calcd for C,3H i»NO: C, 76.05; H, 9.33; N, 6.82. 
Found: C, 76.26; H, 9.48; N, 6.81.

A yellow solid was formed by treating 2-butyl-5-phenylisox- 
azolidine with chloroplatinic acid. Two recrystallizations from 
ethanol containing a drop of concentrated hydrochloric acid gave 
a solid which decomposed at 168-71 ° when the heating rate was 
12°/min. The sample prepared from the product isolated from 
the Grignard reaction decomposed at 167-70°. A mixture of the 
two decomposed at 167-171°. The actual structure of this 
material is not known.

Anal. Calcd for C13H21Cl4NOPt: C, 28.68; H, 3.89; N, 
2.57. Found: C, 28.-54; H, 3.80; N, 2.51.

Gaseous Products from the Reaction of n-Butylmagnesium 
Bromide with Nitromethane.—A 500-ml three-necked flask was 
equipped with a 50-ml buret containing 0.505 M  n-butyl- 
magnesium bromide, a stirrer, and a condenser. The condenser 
was fitted with a small cold finger cooled by a liquid nitrogen-
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isopropyl alcohol slush. The entire system was purged with 
nitrogen which was saturated with ether. A solution of 2.442 g 
(0.040 mol) of nitromethane in 150 ml of ether was placed in the 
reaction vessel. The solution was refluxed with stirring, and 
aliquots of Grignard solution were added. After each addition, 
the solution was allowed to continue refluxing for about 20 min. 
The cold trap was then warmed to room temperature and the 
gases were collected in a gas-measuring buret containing water. 
After measurement, the gases were analyzed using a 11 ft  by V« 
in. column of 33% 2,4-dimethylsulfolane on 60-80 mesh Chromo- 
sorb P with an injection port temperature of 125°, column 
temperature of 50°, detector temperature of 270°, and a gas flow 
of 33 ml/min at 40 psi. Retention times follow: air, 1.7 min; 
butane, 3.55 min; 1-butene, 4.6 min; cfs-2-butene, 5.2 min; and 
iran.s-2-butene, 5.8 min. A trace amount of unidentified mate
rial with a retention time of 2.5 min was also detected. The 
results are shown in Figures 2 and 3.

Neutral Products from the Reaction of ra-Butylmagnesium 
Bromide with Nitromethane.—The ether used in this experiment 
was dried over sodium wire and distilled immediately before use. 
The n-butyl bromide was filtered through a 5 in. X 1 in . column of 
alumina to remove all traces of n-butyl alcohol. Its purity was 
assured by gas chromatographic analysis. All phases of the 
reaction were conducted under nitrogen which was purified by 
passage through two bottles of Fieser’s solution, two bottles of 
concentrated sulfuric acid, solid sodium hydroxide, and solid 
calcium chloride.

A solution of n-butylmagnesium bromide was prepared from
19.4 g (0.80 mol) of magnesium and 80.5 ml (0.75 mol) of n-butyl 
bromide in 300 ml of ether. The Grignard flask was attached to a

1-1. three-necked flask equipped with mechanical stirrer, heating 
mantle, and reflux condenser. A solution of 13.5 g (0.25 mol) of 
nitromethane in 150 ml of ether was placed in the reaction vessel 
and the n-butylmagnesium bromide solution was added dropwise 
with stirring at a rate which maintained constant reflux. After 
addition was complete, the reaction mixture was refluxed with 
stirring for an additional 4 hr. The Grignard solution was 
decomposed by the dropwise addition of 125 ml of 6 A  hydro
chloric acid. After an additional 30 ml of concentrated hydro
chloric acid was added to the solution, the ether was separated 
and the aqueous solution was extracted with three 100-ml portions 
of ether. The combined ether solutions were dried (CaSOj) and 
distilled using a spinning band column. The fraction boiling 
from 80-118° weighed 6.78 g and by gas chromatographic analysis 
using a Carbowax column consisted of ether (0.60 g), n-octane 
(4.55 g), and ra-butyl alcohol (1.63 g). Gas chromatographic 
analysis was carried out using a 6 f t  by '/a in. column of 15% 
Carbowax 4000 on 100-120 mesh Chromosorb P with an injection 
port temperature of 165°, column temperature of 100°, detector 
temperature of 225°, and a gas flow of 30 ml/min at 40 psi. The 
retention times follow: ether, 0.3 min; 7t-octane, 0.5 min; and 
n-butyl alcohol, 2.3-2.5 min, depending on sample size.

Registry No.—4, 40548-43-4; nitromethane, 75-52-5; ethyl 
bromide, 74-96-4; trimethylchlorosilane, 75-77-4; A-ethyl-A- 
methyl-O-trimethylsilylhydroxylamine, 40548-44-5; A-ethyl-A- 
methylhydroxylamine, 13429-36-2; A’-ethyl-A'-propyl-O-trimeth- 
ylsilylhydroxylamine, 40548-46-7; A-ethyl-A-propylhydroxyl- 
amine, 40548-47-8; 77-butyl bromide, 109-65-9; JV-butyl- 
hydroxylamine, 5080-24-0; chloroplatinic acid, 17083-70-4.
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The rate expression for hydration of vinyl acetate to acetaldehyde was found to be rate = /c[Li2Pd2Cle]- 
[C2H3OAc] [H20 ]n/[LiC l] where n has a value of between 1 and 2. The rate expression is consistent with attack 
of external water on a dimeric palladium(II) vinyl acetate r  complex to give a hydroxypalladation adduct 
which decomposes to acetaldehyde and L i2Pd2CU- The decomposition of this adduct is not by simple acetate 
elimination to give vinyl alcohol since this mechanism would predict that 1-cyclopenten-l-yl acetate would 
not react. In fact this enol acetate is rapidly saponified. Formation of a palladium(II)-substituted acet
aldehyde which then reacts with acetic acid solvent to give CH3CHO seems to be the most likely mechanism. 
The determination of the rate expression is complicated by the fact that water is not only a reagent but affects 
the various equilibria present in the system. As with previous exchanges, substitution on vinyl carbon retards 
the rate of exchange. The nonintegral order in [H20] is believed to be due to preferential solvation of the 
reactive metal ion species.

Previous papers of this series have considered ex
change of vinyl3 and allylic4 ester with acetic acid, 
allylic esters with chloride,8 and vinylic chlorides with 
radioactive chloride6 and acetic acid.7 A general 
feature of these exchanges is that they involve attack 
of acetate or chloride on a dimeric palladium(II) it 
complex to give a palladium(II) u-bonded intermediate, 
1. For vinylic exchange the reaction scheme would 
be given by eq 1 (X and Y  = Cl or OAc). Exchange 
is completed by elimination of Y  to give back the 
olefin. When X  is acetate, attack occurs only from 
outside the coordination sphere of the palladium(II);

(1) Paper V III: P. M. Henry, J. Org. Chem., 88, 1140 (1973).
(2) Address correspondence to author at Department of Chemistry, 

University of Guelph, Guelph, Ontario, NIG 2W1, Canada.
(3) P. M. Henry, J. Amer. Chem. Soc., 98, 3853 (1971).
(4) P. M. Henry, ibid., 94, 1527, 5200 (1972).
(5) P. M. Henry, Inorg. Chem., 11, 1876 (1972).
(6) P. M. Henry, J. Org. Chem., 87, 2443 (1972).
(7) P. M. Henry, J. Amer. Chem. Soc., 94, 7311 (1972).

Cl------ Cl-
CH,

- X ,/  Pd /  Pd A chy  
_ci------ c i------- x

+  X”

Cl------ Cl--------vCH.CHC
.x

c i --------c i --------- 7 k
/  pa /  pd /

Lei-------c i--------x
(î)

CH2
Cl------ Cl-

/  Pd /  Pd /  CHX 
.Cl------ Cl------- Cl

+  Y“ (2)

when X  is chloride, attack can occur from either out
side or inside the coordination sphere.

This paper will describe the palladium (II) chloride 
catalyzed reaction of vinyl acetate with a third and
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unique reagent, water. Smidt and coworkers8 re
ported that aqueous Pd(II) salts saponify vinyl ace-

CH2=CHOAc CHjCHO (3)

tate. A kinetic study of this reaction in wet acetic 
acid led to the conclusion that the reaction was pro
ceeding via eq 4 and 5.9 10 11 12 However, because the various

CH,

/ci—K
/  Pd /  CHOAc 

Cl-------OH,
2

/
“ Cl------- 7CH2CH

/
Cl-------

CH3 

'Cl

OH

+ H+

7

/  pd /
c i-------o = c :

ch2cho
/ 0 H

X CH,

(4)

3 +  H,0 +  H+ +  C,H,OAc 2 +  CH;,CHO (5)

equilibria in the system were not determined, the 
detailed reaction path could not be defined.

Water is different from most nucleophiles because 
not only can it act as a reactant but it can also change 
the nature of the solvent. Thus the various equilibria 
operative in a system containing metal salts would 
be affected. This shift in equilibria complicates the 
determination of the rate equation.

As a reagent, water is of special interest because 
it could react in the same mode as acetate in previous 
exchanges studied, or it could react in the manner 
found for olefin oxidation in water. Thus the slow 
step of this reaction is the addition of coordinated 
hydroxyl to coordinated ethylene to give the hydroxy- 
palladation intermediate (eq 6), which decomposes

CH,
“ Cl— \
/  Pd /  iCH, 

Cl-------OH

H ,0 

2 slow

“Cl- -ch2ch,oh
/  Pd /

Cl-------o h 2
(6)

to acetaldehyde in a subsequent fast step of the reac
tion.10-12 The hydroxypalladation step in acetic acid

4 — >- CHjCHO +  Pd(O) +  2C1- +  2H20  (7)

may proceed by such an insertion or may involve attack 
of water from outside the coordination sphere in a 
manner found for the acetate exchanges studied pre
viously.

Results

All studies were carried out at 25°. In order to 
properly interpret the kinetic results it is necessary to 
determine how the addition of water affects the equi
libria represented by eq 8 and 9. In dry acetic acid

(8) J. Smidt, R. Jira, J. Sedlmeier, R. Sieber, R. Rüttinger, and H. 
Kojer, Angew. Chem., 71, 176 (1959).

(9) R. G. Schultz and P. R. Rony, J. Cata!., 16, 133 (1970).
(10) I. I. Moiseev, M. N. Vargaftik, and Ya K. Sirkin, Dold. Akad. Nauk 

SSSR, 163, 140 (1963).
(11) R. Jira, J. Sedlmeier, and J. Smidt, Justus Liebigs Ann. Chem., 693, 

99 (1966).
(12) P. M. Henry, J. Amer. Chem. Soc., 86, 3246 (1964).

Li2Pd2Cl« +  2LiCl 2Li2PdCl4 (8)
K d

2LiCl ■%, ^ L i2Cl2 (9)

the values of K i and K n were previously found13 to 
be 0.1 and 2.56 M ~l, respectively, at 25°.

The addition of water to Pd(II)-LiCl solutions 
with various ratios of total palladium(II), [Pd(II) ], 
to total chloride, [Cl]t, caused spectral changes. 
However, at constant [Pd(II)]t and [Cl]t the spectra 
at various water levels displayed three isosbestic 
points. This result would not be expected if Pd(II) 
species other than the two in eq 8 were being formed. 
In fact the addition of water caused the same spectral 
changes as the addition of LiCl. This result suggests 
that water is not directly involved in the spectral 
changes but is rather causing a shift in the equilibrium 
represented by eq 8 or, in other words, is changing 
the value of K t. To confirm this, studies of the equi
librium were carried out at 1.0 and 10.0 M  H20, 
using the nonlinear regression program employed 
previously in the study of the dry system.13 At both 
water levels the data were consistent with eq 8 being 
the only equilibrium involving Pd (II). Values of 
Ki were 0.48 and 5.6 M _1 at 1.0 and 10.0 M  [H,0], re
spectively. Since the value of K i in dry acetic acid 
is 0.1 M ~l, the value of Ki increases approximately 
linearly with water concentration. Values of A, at 
other water concentrations were calculated from this 
linear relationship.

When water was present in tenfold excess, kinetic 
plots, assuming a first-order dependence on [vinyl 
acetate], were linear for 4 half-lives. Furthermore, 
the initial vinyl acetate concentration was varied 
fivefold without an appreciable change in the first- 
order constant. Thus at [Pd(II)t] of 0.0224 M, 
[Cl]t of 0.1346 M, and [H20] of 0.5 M, the first-order 
rate constant was found to be 2.8 X 10-5 sec-1 at an 
initial vinyl acetate concentration of 0.2 M  and 2.66 
X 10-5 sec-1 at an initial concentration of 1.0 M . 
In most runs the initial [vinyl acetate] was 0.2 M .

Lithium acetate was found to have no effect on the 
rate of hydration. Under one set of reaction condi
tions rates in the absence of acetate and at [LiAOc] 
=  0.1M were within 5% of each other.

The order in dimer was determined using solutions 
of Na2Pd2Cl6 which are saturated in NaCl. Since 
NaCl is sparingly soluble in acetic acid, the chloride 
is kept at a low but constant level and the Pd(II) 
should be entirely in the form of dimer. As shown 
in Figure 1 the reaction is first order in dimer at a 
water level of 0.5 M.

In Table I are listed the results of a series of runs 
at a water concentration of 0.5 M  and constant [Pd-
(II) ]t but varying [Cl]t. The concentrations of the 
Pd(II) species were calculated using a value of K, 
of 0.3 M ~l. A problem arises at this point in treat
ment of data. The equilibria represented by eq 9 
would be expected to be greatly affected by water but 
it is not easy to measure the magnitude of the effect. 
However, if Ko is assumed to be 2.6 M ~l, the value 
of the quotient in the last column of Table I was found 
to decrease systematically at the high [Cl]t at which 
dimerization becomes serious. However, if dimeriza-

(13) P. M. Henry and O. Marks, Inorg. Chem., 10, 373 (1971).
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T a b l e  I
E f f e c t  o f  [LiCl] on  th e

teilt. [LiaPdtCl#],6 [LitPdCL],1
M M M

0.0852 0.01075 0.00090
0.105 0.01033 0.00174
0.1346 0.0098 0.038
0.184 0.00911 0.0042
0.2334 0.00855 0.0053
0.2852 0.00805 0.0063
0.4852 0.0067 0.0090
0.8852 0.0051 0.0122

[Pd(II)]t = 0.0224 M , [LiOAc] =  0.1 M , and [vinyl acetate]

R a t e  o f  H y d r a t io n »

[LiCl], fcobsd.
&obsd [LiCl]/ 
[LitPdtClt],

M sec'* X 10« sec-1 X 104
0.0170 9.8 1.55
0.0366 5.15 1.82
0.065 2.8 1.85
0.113 1.87 2.32
0.161 1.1 2.07
0.212 1.05 2.78
0.409 0.4 2.44
0.810 0.13 2.06
in all runs. 1 Calculated using K , = 0.3 M -1 in 1

Figure 1.— Plot of fc0b«d vs. [Na2Pd2Cl#] in saturated NaCl solu
tions; [H20] = 0.5 M .

PdCli*- +  C2H3OAc < > PdCl3(C2HsOAe)- +  C l“  (12)

cording to eq 12 was assumed. Thus formation of 
x complex does not contribute a chloride inhibition 
term to the rate equation. The first-order inhibition 
term observed was attributed to replacement of chlo
ride by water according to eq 13. The hydroxypalla-
PdCl3(C2H3OAc)- +  H20

PdCl2 (C2H30  Ac) (H20 ) +  C l- (13)

dation then occurs as shown in eq 4. The postulated 
mode of addition is analogous to the cis attack of hy
droxyl which apparently takes place in the Wacker 
reaction.17

The rate expression derived in the present study 
(eq 10) requires that the dimer be the reactive species. 
Furthermore, the interaction of the dimer with vinyl 
acetate to give x complex (eq 14) must be an equi-

K ,
Li2Pd2Cl6 +  C2H3OAc LiPd2Cl5(C2H3OAo) +  LiCl (14)

tion is assumed not to occur, then the values remain 
approximately constant. Thus dimerization of LiCl 
is ignored in the treatment of data in Table I.

The effect of water concentration on rate is shown 
in Table II. The increase in rate with H20  is some
what greater than expected for a first-order term in 
[H20] but less than required for a [H20 ]2 term. The 
complete rate expression is thus given by eq 10

where

rate = fc[Li2Pd2Cl6] [C2H3OAc] [HsO]" 
[LiCl]

1 < n < 2

(10)

(11)

The rates for three enol acetates under one set of 
reaction conditions are given in Table III.

Discussion

There seems little reason to doubt that the reaction 
proceeds via a hydroxypalladation analogous to that 
suggested previously9 and there is considerable analogy 
for this type of reaction in the Hg(II)- and Tl(III)- 
catalyzed hydration of enol acetates.14 However, 
the previous work was unable to define the kinetics 
because of lack of equilibrium data and the mechanism 
derived on the basis of kinetic data alone gave an er
roneous view of the mode of hydroxypalladation.

Since the reaction was found to be zero order in 
vinyl acetate,15 complete formation of x complex ac-

(14) P. Abley, J. E. Byrd, and J. Halpern, J. Amer. Chem. Soc., 94, 1985 
(1972).

librium which is far to the left (i. e., K2 is small) since 
the reaction is first order in vinyl acetate concentra
tion. The LiCl inhibition term in eq 10 must also 
result from the equilibrium. The lack of a second 
LiCl inhibition term indicates that water cannot be 
attacking from inside the coordination sphere of Pd- 
(II). This suggests trans stereochemistry.18 The 
most important result of this study, then, is the de
monstration that hydroxypalladation can occur by 
more than one route. This result is in keeping with 

CH2
-Cl------ Cl------ \
/  Pd /  Pd /  CHOAc +  H2° —

Cl------ Cl------- Cl

2-Cl------ Cl-------CH,CH'
/  Pd /  Pd /  DAc +  H* (15)

Cl------ Cl-------Cl
5

(15) In the present work the reaction was found to be definitely first 
order in vinyl acetate, in direct disagreement with the studies of Schultz 
and Rony.9 However, in the same paper they report studies of the forma
tion of acetaldehyde in dry acetic acid for which the reaction is zero order 
in vinyl acetate under some reaction conditions.16 Perhaps because the 
order was zero in dry acetic acid they assumed it to be zero in wet acetic 
acid. In any case they did not vary [vinyl acetate] which is the best way 
of determining order.

(16) P. M. Henry, J. Org. Chem., in press.
(17) The kinetics do not absolutely require cis attack of Pd(II)-OH. 

See P. M. Henry, Advan. Chem. Ser., No. 70, 136 (1968).
(18) A referee has suggested that the kinetics do not eliminate attack of 

water from an axial position. This is true, but other exchange studies 
indicate that attack or elimination using axial coordination positions is not 
important in Pd(II) chemistry.19

(19) P. M. Henry, Accounts Chem. Res., 6, 16 (1973).
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T a b l e  II
E ff e c t  o f  W a t e r  C o n c e n tr a t io n  o n  th e  R a t e  o f  H y d r a t io n ”

[Cllt.
K ib

IH,01, [LuP<faCL], [LiCl I. L w .
**-d[LiCI]./ 
[Li,Pd,Cl,J,

M M M M sec-« X 10* M
0.1346 0.3 0 .5 0.0098 0.065 2 .8 1.85

0.48 1.0 0.0095 0.064 7 .8 5.3
1.34 2 .5 0.00855 0.0625 20.3 14.8
2.75 5.0 0.0077 0.0604 66.0 51.7

0.2334 0.3 0 .5 0.00855 0.161 1.1 2.07
2.75 5.0 0.0036 0.151 13.0 54.8

B [Pd (II)]» =  0.0224 and [vinyl acetate] =  0.2 M  in all runs. 6 This value of K , used in calculating [Li,Pd2Cl6] and [LiCl] • [Li*- 
PdjCli] can be calculated from [Pd(II)]t and [Li2Pd2CU],

T a b l e  I I I “

E f f e c t  o f  E n o l  A c e t a te  St r u c t u r e  on  R a t e  o f  H y d r a t io n ”
Registry t'obad.

no. Enol acetate Bee'1 X 10*
108-05-4 CHi=CHOAc 3.6

1528-10-5 irans-CH3CH=CHOAc
OAc

0.023

9S3-06-2 0.021

“ [NajPdjCl«] = 0.0137; [H,0] = 2.5 M ;  
saturated with NaCl.

reaction mixture

other studies,19 which indicate that the mode of addi
tion of Pd(II) and nucleophiles across double bonds 
is not unique but depends very much on the nucleo
phile and the reaction conditions.

The reason that the mode of hydroxypalladation 
is different from that in water most likely results from 
the equilibria present in the two systems. In acetic 
acid the predominant Pd(II) species is the reactive 
dimer Li2Pd2Cl6, while in water containing greater 
than 0.1 M  Cl- , Pd(II) exists solely as PdCL2-.20 
Thus in water the dimer route is not available to the 
Pd(II). The question then arises as to why the mo
nomeric x complex does not decompose by attack of 
H20  from outside the coordination rather than by

CH2
"Cl-------\  2~C1-------- CH2CH2OH
/  Pd /  CH, +  H20 — ► /  Pd /  +  H+ (16)

Cl-------Cl Cl-------Cl
6

internal attack of hydroxyl (eq 6). The answer 
may lie in the charge on the monomeric complex. 
In the study of allylic ester exchange4 it was found 
that monomeric x complex was formed via eq 17 in

LijPdjCle +  2 allylic ester < > 2LiPdClj (allylic ester) (17)
7

much larger quantities than reactive dimer x complex 
via eq 18. Yet the monomeric x complex was com-
LijPdjCl« +  allylic ester < >

LiPdjCU (allylic ester) +  LiCl (18) 
8

pletely unreactive. The reason postulated for lack 
of reactivity of 7 as compared with 8 was the higher 
negative charge of the Pd(II) containing the olefin 
in 7. In the dimer the negative charge resides mainly 
on the Pd(II) not complexed to the olefin. This 
higher charge on the monomer x complex would cause

(20) A. Aguilo, Advan. Organometal. Chem., 5, 321 (1967).

the olefin to be less susceptible to nucleophilic attack. 
With negatively charged nucleophiles an additional 
factor would be the mutual repulsion of the negative 
charges.

Since attack of water from outside the coordination 
sphere is an unfavorable process, the monomeric x 
complex incorporates H20  and releases a proton to give 
the more potent nucleophile hydroxyl, which attacks 
cis as shown in eq 6. The reason hydroxyl is formed

CH2

k _C1------ \
PdCl3(C2H,)" +  H,0 /  Pd /  CH, +  H+ +  C1‘  (19)

6 Cl-------- OH

in the coordination sphere is that complexing greatly 
increases the acidity of water.21 Thus complexed 
hydroxyl is much more readily than free hydroxyl. 
Another factor could be repulsion between the nega
tive charges on the hydroxyl and the monomeric x 
complex 6 if attack were from outside the coordination 
sphere.

The final step in the reaction is the decomposition 
of 5 (eq 15) to product. Now formation of 5 must 
be rate-limiting step, for if eq 15 were an equilibrium

5 +  LiCl — >- LijPdjCU +  CH3CHO +  LiOAc (20)

the reaction would have a dependence on LiOAc 
since proton is formed in this reaction. Acetate would 
shift the equilibrium to the right and increase the rate. 
Thus the kinetics tell us nothing about the decomposi
tion reaction.

The most straightforward route would be simple 
elimination of OAc to give coordinated vinyl alcohol, 
which then rearranges to acetaldehyde. However,

CH2

/C1— F — A
5 — * /  Pd /  P d /  CHOH ----“

Cl-------Cl------- Cl
Li2Pd,Cl6 +  CH3CHO (21)

the results with 1-cyclopenten-l-yl acetate are not 
consistent with this type of decomposition. Because 
water attacks from outside the coordination sphere 
of Pd(II), the stereochemistry of hydroxypalladation 
would be expected to be trans. The stereochemistry 
of acetoxypalladation, and thus deacetoxypalladation, 
by the principle of microscopic reversibility, has been 
shown to be trans.22 As shown by eq 15, cyclic enol

(21) F. Basolo and R. G. Pearson in “ Progress in Inorganic Chemistry,’ 
Vol. 4, F. A. Cotton, Ed., Interscience, New York, N. Y., 1962.

(22) P. M. Henry and G. A. Ward, J. Amer. Chem. Soc., 93, 1494 (1971).
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acetates should not undergo hydration by this scheme 
if both addition and elimination have the same stereo
chemistry (A =  addition, E  =  elimination).

+  Pd(n) +  H20
trans A

trans E

H OH

— P d ^ ^ O A c  -X *

A mode of decomposition which avoids this objec
tion and which is consistent with the mechanism found 
for Hg(II)-catalyzed hydration of enol acetates23 
is given by eq 23-25. Other possible modes of de-

,OH
Cl------ Cl------- j

/  Pd /  Pd /  
Cl-------Cl------- Cl

-CH,CH\ OAc

Cl------ Cl-------7"
/  Pd /  Pd /

Cl-------Cl-------Cl
9

.CH,CH0
(23)

Cl------ Cl------- ^ CH3CH0
9 +  C2H3OAc +  H,0 — » /  pd /  Pd /  (24)

Cl------ Cl------- CH2CHO
10

10 + HO Ac +  Cl — » 9 +  CBjCHO + OAc (25)

composition are direct reaction of 9 with acid or dis
proportion of two of 9 to give 10 followed by reaction 
with acid. The important point is that decomposition 
need not occur in the case of hydration by the general 
route represented by eq 2, as was the case for the pre
vious exchanges studied.3" 7

The fact that the order in water is not an integral 
value but between 1 and 2 is probably explicable in 
terms of solvation of the dimeric t  complex by water. 
There would be a greater portion of water in the region 
around the polar catalytic species than in the bulk of 
the solution, giving an apparent order in water of 
greater than one. In this regard it was reported9 
that at higher [H20 ] (>25 M ),  the rate actually de
creased with increasing [H20]. This range of water 
concentrations was not included in the present study

(23) J. E. Byrd and J. Halpern, Chem. Commun., 1332 (1970).

but the decrease is understandable in terms of the 
effect of water on the equilibrium represented by eq 8. 
As K i  is increased by increasing [H20], the amount 
of reactive dimer is decreased. At a certain water 
level this effect must become more important than 
catalysis by water. Another factor may be decreasing 
solubility of the vinyl acetate.

Another effect water apparently has is on the equi
librium represented by eq 9. The kinetics (Table I) 
are consistent with a much smaller value of Kj> at 
0.5 M  [H20 ] than in anhydrous acetic acid. This 
result is not surprising, since increased solvent power 
would discourage dimerization.

The effect of structure on rate shown in Table I II  
shows the expected trends with structure. The 
ratio of rates for vinyl acetate and (raws- 1-propen-1 -y 1 
acetate is about the same as that found for vinyl 
ester exchange3 and indicates steric hindrance to addi
tion of the elements of Pd (II) and acetate or water.

Experimental Section
Materials.—Sources of chemicals and preparation of stock 

solutions have been described previously.
Kinetic Runs.—Reaction mixtures were prepared by mixing 

known amounts of L i2Pd2CL, LiCl, LiOAc, and H20 stock solu
tions of known composition and diluting to a fixed volume, 
usually 5 ml. The reaction mixtures were placed in a 25° bath 
for about 1 hr and the run was started by adding a given amount 
of enol acetate. Samples were analyzed by gas chromatography 
using a 6-ft 20% Carbowax 20M on ABS (70-80 mesh) column 
programmed from 80 to 200° at 7.5°/min. Helium flow rate 
was 60 ml/min.

Ultraviolet Spectra Study.—Procedure was essentially the 
same as that used previously13 except that in the present study 
the solutions contained a known amount of water. A t 1.0 and
10.0 Af [H.O] the absorbancies of 16 solutions containing various 
amounts of Pd(II) and total chloride was measured at 245, 250, 
and 280 nm. A t a given water level all the data were treated 
simultaneously in the nonlinear regression technique described 
earlier. The value of K i at 1.0 M  [H20] was found to be 0.48 
M ~ l with a standard deviation of absorbance of 0.028. At 10.0 
M  [H20 ], K i was 5.6 M ~ l with a standard deviation of 0.047. 
One problem in the treatment of data was that the program used 
a value for K n of 2.6 M ~ l  while the actual value was probably 
much lower (see Results). However, this would have little  
effect on the calculated values of K i,  since most of the experi
mental points were at chloride concentrations at which the cal
culated amounts of dimerization would be small.

Acknowledgment. —The author is grateful to Mr. O. 
Marks, who wrote the computer program, and Mr. F. 
Kriss, who did most of the laboratory work.
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Vinyl chloroformate (1) reacts with silver acetate in chlorobenzene at 60° to give 17% vinyl acetate (2) and 
65% divinyl carbonate (3). Under the same conditions 1 reacts with silver trifluoroacetate to give 77% vinyl 
trifluoroacetate (4). The latter reaction is shown on the basis of lsO labeling to proceed with retention of the 
carbon-oxygen bond and is considered to involve a carbonate intermediate. In the presence of tetramethylurea, 
vinyl chloroformate reacts with silver hexafluoroantimonate in chlorobenzene to give 0-(carboxyvinyl)tetra- 
methyluronium hexafluoroantimonate (7) in 80% yield. The reaction of phenyl chloroformate with silver hexa
fluoroantimonate in chlorobenzene at 100° in the presence of tetramethylurea to give phenyl iV,iV-dimethyl 
carbamate is suggested to involve a uronium salt 9 similar to 7. The oxime chloroformâtes of benzophenone, 
fluorenone, and syn- and anif-4-methylbenzophenone react with silver tetrafluoroborate to give amides by the 
normal Beckmann rearrangement. Cationic intermediates with sp-spMiybridized carbon and nitrogen do not 
appear to be involved in these reactions.

The generation of species exhibiting carbonium ion 
reactivity from silver ion and primary and bridgehead 
bicyclo [2.2.1] chloroformâtes for which the correspond
ing chlorides are unreactive has been taken to indicate 
that the loss of carbon dioxide provides a substantial 
driving force for reaction, analogous perhaps to the loss 
of nitrogen from a diazonium ion.1-4 As a probe into 
the structural limits on the formation of cationic inter
mediates by this process, we have investigated the re
actions of vinyl and oxime chloroformâtes with silver 
salts. Our results show that possible high-energy 
cationic intermediates with a positive charge on a 
formally sp-sp1 2 hybridized unsubstituted carbon5 6 or 
nitrogen7 are avoided and alternative pathways are 
followed.

Results and Discussion

Vinyl Chloroformate.—The reaction of vinyl chloro
formate (1) with silver acetate in chlorobenzene for 
34 hr at 60° gives 17% vinyl acetate (2) and 65% 
divinyl carbonate8 * (3). When silver trifluoroacetate is

(1) P. Beak, R. J. Trancik, and D. Simpson, J. Amer. Chem. Soc., 91, 
5073 (1969), and references cited therein.

(2) For an excellent review see D. N. Kevill, “ The Chemistry of Acyl 
Halides,” S. Patai, Ed., Wiley-Interscience, New York, N. Y., 1972, p 381.

(3) D. N. Kevill, W. A. Reis, and J. B. Kevill, Tetrahedron Lett., 957 
(1972) and references cited therein.

(4) For closely related reactions see G. A. Olah and P. Schilling, Justus 
Liebigs Ann. Chem., 761, 77 (1972), and references cited therein; W. E. Dupy, 
H. R. Hudson, and D. A. Karam, Tetrahedron Lett., 3193 (1972).

(5) For recent reviews of vinyl carbonium ions see H. G. Richey and J. M. 
Richey, “ Carbonium Ions,” Vol. II, G. A. Olah and P. v. R. Schleyer, 
Ed., Wiley-Interscience, New York, N. Y., 1970, (a) pp 900-922, (b) p 901;
M. Hanack, Accounts Chem. Res., 3, 209 (1970); R. C. Fahey, Top. Stereo- 
chem., 3, 237 (1968); G. Modena and U. Tonellato, Advan. Phys. Org. Chem., 
9, 185 (1971); C. A. Grob, Chimia, 28, 87 (1971).

(6) For cases in which vinyl diazonium ions are considered to be pre
cursors of vinyl cations, see M. S. Newman and A. E. Weinberg, J. Amer. 
Chem. Soc., 73, 4199 (1951); M. S. Newman and A. Kuther, ibid., 73, 4199 
(1951); D. Y. Curtin, J. A. Kampmeier, and B. R. O’Connor, ibid., 87, 
863 (1965); D. Y. Curtin, J. A. Kampmeier, and M. L. Farmer, ibid., 87, 
874 (1965); W. M. Jones and F. W. Miller, ibid., 89, 1960 (1967); A. C. 
Day and M. C. Whiting, J. Chem. Soc. B, 991 (1967); M. S. Newman and 
C. D. Beard, J. Amer. Chem. Soc., 92, 7564 (1970), and references cited 
therein.

(7) Although iminium ions are not usually considered intermediates in 
the Beckmann rearrangement, they have been postulated in special cases: 
P. T. Lansbury, “ Nitrenes,” W. Lwowski, Ed., Interscience, New York,
N. Y., 1970, pp 405-419; R. M. Pinder, J. Chem. Soc. C, 1690 (1969), and 
references cited therein.

(8) The formation of 3 from reaction of 1 and triethylammonium or py- 
ridium benzoate has been independently observed by Professor R. A. Olof- 
son, private communication, Sept 1971. For an elegant use of the vinyloxy-
carbonyl function as a protecting group for amines in peptide synthesis, see R. 
A. Olofson and Y. S. Yamamoto, Abstracts of Papers, Division of Organic
Chemistry, 156th National Meeting of the American Chemical Society, At
lantic City, N. J., Sept 1968, p 23.

used, 77% vinyl trifluoroacetate (4) is formed after 24 
hr. The reactions give yields of 78 and 87% silver 
chloride, respectively.

As0aCCH> CH2= C H 02CCH3 +
/  2

CH2=CH0C0C1 (CH2= C H 0 % C = 0

N̂ gO-CC-̂ V- CH,=CH02CCF3 3 
4

While vinyl acetates 2 and 4 could be formed by 
cleavage of the oxygen-vinyl carbon bond (path a) and 
reaction of the resulting vinyl carbonium ion with ace
tate, an alternative process, formation of an interme
diate carbonate by reaction of 1 with acetate (path b) 
followed by rearrangement to 4 without cleavage of the 
oxygen-vinyl carbon bond, can also be envisioned. 
These processes are outlined in Scheme I for reaction

S c h e m e  I
+ ^

CH2=C H  +  C02 +  ClAg ~,(¥XF'>
0 *

*11
ch2= choccf3

CH2=CH0C0C1 4

0 *0
lull

AgCl +  CF3COCOCH=CH2 — ►

0 *
II

CF3COCH=CH2 +  co2 
4

of 1 with 18 50-labeled silver trifluoroacetate. This 
scheme shows that the amount of 180  in the trifluoro
acetate 4 can be used to distinguish between these two 
possible processes.9-11 If path a is followed, all of the 
oxygen-18 label in the silver trifluoroacetate will ap
pear in 4; on the other hand, if path b is followed, 4 will

(9) A critical assumption in Scheme I is that rearrangement of 5 to 4 
proceeds with acyl oxygen cleavage, a pathway which has been established 
for other carbonates,10 unless an alkyl group especially capable of stabilizing 
a carbonium ion is bonded to oxygen.11

(10) D. B. Denney and D. Z. Denney, J. Amer. Chem. Soc., 84, 2455 
(1962); C. J. Michejda, D. S. Tarbell, and W. H. Saunders, Jr., ibid., 84, 
4113 (1962).

(11) C. J. Michejda and D. S. Tarbell, J. Org. Chem., 29, 1168 (1964);
R. C. L. Chow and D. S. Tarbell, ibid., 32, 2188 (1967); T. Kashiwazi and
S. Oae, Tetrahedron, 26, 3631 (1970); C. J. Michejda and D. Von Riesen, 
J. Org. Chem., 37, 3021 (1972).
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be formed with only one half of the label originally in 
the silver trifluoroacetate. The results summarized 
in Table I show that, with silver trifluoroacetate-180

T a b l e  I
Oxygen-18 Labeling of Vinyl T rifluoroacetate (4) 

from t h e  Reaction of Vinyl Chloroformate (1 ) 
with Oxygen-18 Labeled Silver Trifluoroacetate 

in Chlorobenzene at 60°
Relative %

Compd /  (180)“ /  (wO) excess enrichment
Unlabeled silver 

trifluoroacetate5 0.24 ±  0.01' 0 0
I80-labeled silver 

trifluoroacetate5 5.87 ±  0.01 5.63 ±  0.05 100
Vinyl trifluoroacetate 

from the reaction 
of 1 with unlabeled 
silver trifluoro
acetate 0.27 ±  0.01 0 0

Vinyl trifluoroacetate 
from the reaction 
of 1 with labeled 
silver trifluoro
acetate 3.14 ±  0.03 2.87 ±  0.04 51.0 ±  0.8
“ Calculated from /  (I80) = (6 +  2c)/2, where a, b, and care 

intensity values for I, I  +  2, and 1 +  4 normalized so that 
a +  b +  c = 100. 5 Values for silver trifluoroacetate were deter
mined after conversion to methyl trifluoroacetate. '  Errors are 
standard deviations of the average of three scans from an isotope 
ratio mass spectrum.

containing 5.63% isotopic excess, the vinyl trifluoro
acetate produced contains 2.87% excess 180, thereby 
eliminating a as the path for formation of 4 and sug
gesting the carbonate, trifluoroacetic carbonic vinyl 
anhydride, as a reaction intermediate. If 4 and, by 
implication, 2 are produced according to path b via the 
corresponding carbonates, the conversion of these 
intermediates to ester can be considered to proceed 
either intra- or intermolecularly. Both processes have 
precedent,10-13 although the latter, involving vinylate 
6, the enolate anion of acetaldehyde, as well as acetate 
in an ionic chain process analogous to that proposed by 
Tarbell,12 is consistent with the formation of divinyl 
carbonate.

In an intermolecular scheme, attack of acetate on 
acetic vinyl carbonic anhydride (5) to give acetic anhy
dride, carbon dioxide, and 6, probably in a series of 
steps, would be followed by reaction of 6 with 5 to give

O O
|| || AgChCCHs

CH2=CHOCOCCH3------------=►
5

(CH3C0)20 +  c o 2 +  c h 2= c h o -  
6

5 +  6 — >- (CH2= C H 0+ -C = 0  +  CH3C02-  
3

5 +  6 — >- 2 +  CH2=C H O - +  C02

3 or 2. However, a competing intramolecular rear
rangement of 5 to 2 cannot be ruled out by the data. 
In view of the probable role of vinylate in these reac
tions, it is pertinent that the same reactants in acetic 
acid give acetaldehyde, identified as its 2,4-dinitro-

(12) E. J. Longosz and D. S. Tarbell, J. Org. Chem., 26, 2161 (1961); 
D. S. Tarbell, Accounts Chem. Res., 2, 296 (1969).

(13) R. Bochan, J. Amer. Chem. Soc., 81, 3341 (1959).

phenylhydrazone, the product expected from protona
tion of 6. Control experiments did establish that the 
acetaldehyde is a primary reaction product and does 
not result solely from hydrolysis of vinyl acetate or 
vinyl chloroformate, which might be swept into the
2,4-dinitrophenylhydrazine solution.

The nucleophiles, acetate, vinylate, and trifluoro
acetate, clearly play a critical role in the formation of 
2, 3, and 4 from vinyl chloroformate. In an effort to 
eliminate the influence of such nucleophiles, reactions 
of 1 with silver tetrafluoroborate and silver hexafluoro-

AgBF,
C H ^C H O C O C l-------->- CH2=CHOCOF +  BF3

J C.HiCl

antimonate were carried out. The product of the reac
tion of vinyl chloroformate and silver tetrafluoroborate 
in chlorobenzene at 60° is vinyl fluoroformate in 36% 
yield. The yield of the fluoroformate was determined 
indirectly by conversion to ethyl vinyl carbonate. 
This reaction is analogous to the conversion of phenyl 
chloroformate to phenyl fluoroformate previously re
ported.1

The reaction of vinyl chloroformate with silver 
hexafluoroantimonate in chlorobenzene at 40° is un
eventful for ca. 10 min but then a violent exothermic 
reaction occurs.14 No volatile products could be de
tected and p-chlorostyrene, a possible reaction prod
uct, was not stable under these conditions. In con
trast, p-chlorostyrene was stable under these reaction 
conditions in the presence of 2 equiv of tetramethylurea. 
However, the product of the reaction of 1 and silver 
hexafluoroantimonate in the presence of tetramethyl
urea is 0-(carboxyvinyl)tetramethyluronium hexa
fluoroantimonate (7) in 80% yield. The structure of

CH2=CHOCOCI + [(CH3)2N]oC = 0

II /(N(CH3)2
CH2=CHOCOC(+ SbF<f 

HN(CH3),
7

0
II

7 +  C2H3OH — * C2H5OCOCH=CH2

7 rests on ir, nmr, and analytical data as well as con
version to ethyl vinyl carbonate on reaction with eth
anol. A similar species has been proposed as a reac
tion intermediate in the reaction of aryl chloroformâtes 
with dimethylformamide to give aryloxy immonium 
salts,15 and related structures have been suggested as 
intermediates in the dehydration of carboxylic acids 
by carbodiimides16 and in dicyclohexylcarbodiimide 
mediated sulfuration reactions.17 The reaction of 7 
with ethanol at the carbonyl carbon provides an analogy 
for the produoforming steps in the latter two cases.

The reaction of phenyl chloroformate with silver 
hexafluoroantimonate and tetramethylurea in chloro-

(14) A plausible rationalization for this observation is that small amounts 
of acid initially produced start a rapid polymerization of 1.

(15) V. A. Pattison, J. G. Colson, and R. L. K. Carr, J. Org. Chem., 33, 
1084 (1968).

(16) H. G. Khorana, Chem. Rev., 53, 145 (1953).
(17) C. P. Hoiberg and R. O. Mumma, J. Amer. Chem. Soc., 91, 4273 

(1971).
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benzene at 100° gives an 82% yield of phenyl N,N- 
dimethylcarbamate (8).1'16 In the absence of the 
urea, the same reaction gave only black, intractable 
precipitates. The similarity of the reactions of phenyl 
and vinyl chloroformate prompted a reinvestigation 
of the reaction of phenyl chloroformate in the presence 
of tetramethylurea to determine if carbamate forma
tion might proceed via a uronium salt 9 similar to 7. 
When this reaction is run at 80° for 20 hr, an 84.5% 
yield of the carbamate 8 is observed, along with 99% 
of silver chloride. Lowering the reaction temperature

C6H5OCOCl +  [(CH3)2N]2C = 0
AgSbFG

N(CH3)2 I
C6H5OCOC(+ SbF6-  —  C6H5OCN(CH3)2 

NN(CH3)2 8
9

to 40° gives only 40% of 8 but 97% of silver chloride 
after 20 hr. The observed temperature dependence of 
the yield of 8 suggests that it may be formed via a 
thermally unstable intermediate. At ambient tem
perature phenyl chloroformate gives only 10% of 8 and 
an acetone-soluble oil in addition to silver chloride. 
The ir and nmr spectra of this material are very similar 
to those of 7. Although a sample pure enough for 
elemental analysis could not be obtained, it seems 
likely that this material is 0-(carboxyphenyl)tetra- 
methyluronium hexafluoroantimonate (9) and that 9 
is a reaction intermediate in the formation of 8.

Comparison of the chloroformate-silver ion leaving 
group to other groups which have been reported to be 
effective in producing vinyl carbonium ions requires 
correlation of the present wholly unsubstituted vinyl 
system with substituted cases for the other functions. 
In the cases of the diazonium ions, however, the sys
tems are /3 substituted, and, if those reactions are cor
rectly formulated as involving primary vinyl carbonium 
ions, nitrogen appears to be a better leaving group than 
the combination of silver chloride and carbon dioxide 
offered in the present system.6 A comparison with the 
sulfonates5 is less indicative, however, since the cases 
which most clearly involve vinyl carbonium ions from 
sulfonates are a substituted by groups which would be 
expected to stabilize the transition state for carbonium 
ion formation.

Oxime Chloroformâtes.—Although iminium ions 
have been reported as reaction intermediates on re
action of oximes with polyphosphoric acid at 130-170°, 
for systems7 with geometric requirements which dis
courage rearrangement concerted with nitrogen-oxy
gen bond cleavage, the silver ion induced Beckmann 
rearrangements of para-substituted iV-chlorobenzo- 
phenone imines18 and deamination of benzophenone 
hydrazones19 have provided no evidence for such spe
cies. Both previous studies involved attempts to 
obviate internal assistance for ionization of the nitro
gen-oxygen bond by loss of a very stable leaving 
group.18,19 The reaction of oxime chloroformâtes with

(18) R. N. Leoppky and M. Rotman, J. Org. Chem., 32, 4010 (1967).
(19) D. L. Fishel and B. L. Hawbecker, Abstracts of Papers, Division of 

Organic Chemistry, 156th National Meeting of the American Chemical 
Society, Atlantic City, N. J., Sept 1968, p 170.

silver salts appears to provide another opportunity for 
formation of an iminium ion in an unhindered system.

Reaction of benzophenone oxime chloroformate with 
silver tetrafluoroborate in chlorobenzene at ambient 
temperature followed by exposure to aqueous acid 
gives the expected high yields of carbon dioxide and 
silver chloride as well as 75% benzanilide. A similar 
reaction of 9-fluoreneone oxime chloroformate and 
silver tetrafluoroborate requires heating to 55° to give 
yields of silver chloride and carbon dioxide of 88 and 
84%, respectively, and, after hydrolysis, 87% phen- 
anthridione. Since fluorenone oxime itself requires 
heating to 175-180° in polyphosphoric acid for Beck
mann rearrangement,20 this result suggests that some 
driving force is provided by silver chloride and carbon 
dioxide as leaving groups. Information about the 
intermediacy of iminium ions is provided by the stereo
selectivity of the rearrangement,7,18,19 Samples en
riched in the syn and anti chloroformâtes of 4-methyl- 
benzophenone oxime were prepared and treated with 
silver fluoroborate at ambient temperature. From 
the sample containing 15 ±  3% syn chloroformate 10 
and 85 ±  3% anti chloroformate 11 are obtained 15 ±  
3% iV-phenyl-p-toluamide (12) and 85 ±  3% N-(p- 
tolyl)benzamide (13), while the sample which is 95 ±  
3% 10 and 5 ±  3% 11 gives a product mixture of 88 ±

CH3C6H, 0C0C1
^C==N ■

c6H5
10

0
II

CH,C6H5CNHC6H5

12

CH3CcH,

> = N\
C6H3 0C0C1

11

0
II

c6h 5cnhc6h 4ch3

13

3% 12 and 12 ±  3% 13. The apparent slight decrease 
in stereoselectivity in the latter case could be attributed 
to a small amount of isomerization of the chloroformate 
prior to reaction. Thus, the lack of stereospecificity 
expected for an iminium intermediate7,18,19 is not ob
served and the reaction of oxime chloroformâtes, while 
perhaps a convenient procedure for the Beckmann re
arrangement, is stereospecific and similar to that pre
viously reported for other leaving groups.

Experimental Section21
Gas-Liquid Partition Chromatography (Glpc).—Glpc was 

performed on Aerograph Models A-90-P or A-90-P3. Product 
yields are reported in mole per cent based on starting chloro
formate and were determined using internal standard with 
corrections for differences in detector responses between products 
and internal standards, unless otherwise noted, and planimetric 
measurement of peak areas. The glpc columns referred to are 
column A, 12 ft  X 0.25 in. 15% XF-1150 on HMDS Chromosorb 
P; column B, 12 ft  X 0.375 in. 20% XF-1150 on HMDS Chromo
sorb P; column C, 7 f t  X 0.375 in. 16% SE-30 on Chromosorb P;

(20) E. C. Horning, V. C. Stromberg, and H. A. Lloyd, J. Amer. Chem. 
Soc., 74, 5153 (1952).

(21) Melting points were determined on a Thomas-Hoover capillary 
melting point apparatus and are uncorrected. Nmr spectra were obtained 
on Varian Models A-60A, A-56/60, HA-100, or T-60 spectrometers by Mr. 
Robert Thirft and his associates or by J. B. Chemical shifts are reported 
in 8 (parts per million) relative to the internal standard tetramethylsilane 
unless otherwise noted. Ir spectra were obtained on Perkin-Elmer Models 
137 or 521 spectrometers. Mass spectra were recorded by Mr. J. Wrona 
or Mr. P. Matejek on an Atlas CH-5 medium-resolution spectrometer. 
Elemental analyses were carried out by Mr. J. Nemeth and his associates.
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column D, 8 f t  X 0.25 in. 20% XF-1150 on AW-DMCS Chromo- 
sorb P; column E, 15 ft  X 0.25 in. 20% XF-1150 on AW-DMCS 
Chromosorb P; column F, 6 ft  X 0.25 in. 16% SE-30 on Chromo- 
sorb P; column G, 7 ft  X 0.25 in. 30% UCON LB550x on fire
brick; and column H, 2 f t  X 0.25 in. 20% XF-1150 on AW- 
DMCS Chromosorb P. All solid supports were 60/80 mesh.

Materials.—Chlorobenzene (Fischer) and benzene (Baker and 
Adamson) were distilled from calcium hydride at atmospheric 
pressure under dry nitrogen. Glacial acetic acid (Du Pont) was 
refluxed with 1-2% acetic anhydride and distilled at atmospheric 
pressure under dry nitrogen. 1,1,3,3-Tetramethylurea (Aldrich) 
was distilled from calcium hydride under reduced pressure. 
Silver tetrafluoroborate and silver hexafluoroantimonate, ob
tained from the Ozark-Mahoning Co., were dried at room tem
perature over P2O5 at 0.3 mm for a minimum of 3 days and stored 
in amber bottles under dry nitrogen. Silver acetate (Fischer) 
was used as commercially obtained. Silver trifluoroacetate was 
prepared from trifluoroacetic acid and silver oxide according to 
the procedure of Janseen and Wilson.22 Commercial vinyl 
acetate (Eastman) and vinyl trifluoroacetate (Pfaltz and Bauer) 
were distilled at atmospheric pressure. Vinyl chloroformate (1) 
was purchased from Penninsular ChemResearch and purified by 
distillation, bp 66-68° ( lit.23 bp 69°). The impurities 1,1- and
1,3-dichloroethane remained after distillation and amounted to
8-14% in different samples. These were present during reactions 
and all weights and yields have been corrected accordingly. All 
other commercial reagent grade materials were used as obtained 
unless otherwise noted.

Vinyl fluoroformate was prepared by halogen exchange of 
vinyl chloroformate and sodium floride in acetone and purified 
by preparative glpc (column D, 75°): ir (CCh) 3086, 1840 
(C = 0), 1678, 1650, 1357, 1300, 1248, 1218, 1134, 1041, 938, 
889 cm-1; nmr (CCR) 8 7.01 (q, 1, X  of ABX), 5.12 and
4.81 (m, 2, AB of ABX split by fluorine, J a x  = 13.9, J b x  — 6.1, 
J ab =  2.6 Hz); 19F nmr (CCU) 8 (relative to internal CFCE) 
— 19.6 (d of d, J af =  2.0, J bf = 4.8 Hz); mass spectrum (70 
eV) m/e (rel intensity) 90 (100, M -+), 47 (67), 46 (28).

Anal. Calcd for C3H3F02: C, 40.01; H, 3.36. Found: 
C, 39.82; H, 3.33.

Ethyl vinyl carbonate was prepared from vinyl chloroformate 
and absolute ethanol by preparative glpc (column F, 80°): 
ir (CC1<) 3077, 2976, 2882, 1764 (C = 0), 1653, 1368, 1299, 1258, 
1163, 1095, 1007, 948, 878 cm“ 1; nmr (COU) 8 7.02 (q, 1, X  of 
ABX), 4.70 (m, 2, AB of ABX, J a x  = 13.8, J b x  = 6.3, J ab = 
18 Hz), 4.18 (q, 2, J  =  7.0 Hz), 1.32 (t, 3, J  = 7.0 Hz).

Anal. Calcd for C5H80 3: C, 51.72; H, 6.94. Found: C, 
51.85; H, 6.88.

A7-(p-Toly)benzamide was prepared from benzoyl chloride and 
p-toluidine, mp 157-159° ( lit.24mp 158°).

A’-Phenyl-p-toluimide was prepared from p-toluic acid chloride 
andaniline,mp 146-148° (lit.24mp 145-146°).

4-Methylbenzophenone oxime was prepared from 4-methyl- 
benzophenone, and the syn and anti isomers were separated by 
fractional crystallization from absolute ethanol. sj/n-4-Methyl- 
benzophenone oxime crystallizes preferentially: mp 156.5-158° 
( lit.24 mp 155-156°); nmr (CDC13) 8 7.40 (m, 9), 2.42 (s, 3). 
crofi-4-Methylbenzophenone oxime is obtained from the con
centrated mother liquor: mp 135-137° ( lit.24 mp 136-137.5°); 
nmr (CDC13) 8 7.28 (m, 9), 2.34 (s, 3).

Reaction of Vinyl Chloroformate with Silver Acetate in Chloro
benzene.—To a suspension of 2.57 g (15.4 mmol) of silver acetate 
in chlorobenzene was added 1.31 g (12.3 mmol) of vinyl chloro
formate. After the reaction had been stirred at 60° for 34 hr, 
filtration and glpc analysis (column A, 80°) showed two peaks, 
which were collected by preparative glpc (column C, 150°) 
and isolated in pure form by further preparative glpc (column B, 
110°). The compound of shortest retention time was identified 
as vinyl acetate (2) by comparison of its ir and nmr spectra to 
those of the commercially available authentic material. The 
yield of silver chloride, measured as the ammonium hydroxide 
soluble residue after filtration, was 1.38 g (78%).

The second compound gave spectra and analytical data con
sistent with the structure of divinyl carbonate® (3): ir (CHC13) 
3125, 3030, 1786 (C = 0), 1656, 1302, 1258, 1117, 945, 909,

(22) D. E. Janseen and C. V. Wilson, “ Organic Syntheses,” Collect. VoL 
IV, Wiley, New York, N. Y., 1963, p 547.

(23) L. Lee, J. Org. Chem., 30, 3943 (1965).
(24) R. F. Rekker and J. V. Veenland, Red. Trav. Chim. Pays-Bas, 78, 

739 (1959).

885 cm“ 1; nmr (CC1,) 8 7.03 (q, 1, X  of ABX), 4.73 (m, 2, AB of 
ABX, J  ax  = 13.5, J b x  =  6.3, J ab = 2.0 Hz); mass spectrum 
(70 eV) m/e (rel intensity) 114 (M-+, 21.5), 71 (4.33), 69 (5.68), 
44 (100), 43 (66.8).

Anal. Calcd for C6H60 3: C, 52.63; H, 5.30. Found:
C, 52.44; H, 5.39.

In a separate experiment 5.0 mmol of silver acetate and 4.8 
mmol of vinyl chloroformate in chlorobenzene gave 17% vinyl 
acetate and 65% divinyl carbonate by glpc analysis (column A, 
75°), using benzene as an internal standard. The divinyl 
carbonate yield is uncorrected for differences in thermal con
ductivity between the product and internal standard.

Reaction of Vinyl Chloroformate with Silver Trifluoroacetate 
in Chlorobenzene.—To a solution of 1.51 g (6.84 mmol) of 
silver trifluoroacetate in 10 ml of chlorobenzene heated to 60°, 
0.73 g (6.85 mmol) of vinyl chloroformate was added. After 24 
hr a slow nitrogen sweep was introduced and a clear, colorless 
liquid was collected in two Dry Ice cooled traps. The compound 
was isolated by preparative glpc (column A, 90°) and found to be 
identical with authentic vinyl trifluoroacetate by ir and nmr 
spectroscopy and mass spectrometry. The yield of silver chloride 
was 0.86 g (87%).

The yield of vinyl trifluoroacetate was determined in a separate 
experiment carried out under Dry Ice cooled condensers by glpc 
(column E, 65°, cyclohexane as internal standard) to be 77%.

Preparation of Silver Trifluoroacetate-180 .—Trifluoroacetic 
acid (Aldrich), 0.70 g (6.1 mmol), and water, 3.6 g (200 mmol, 
6.55 atom % excess 180), were heated at 55-60° for 48 hr followed 
by the addition of silver oxide, 1.5 g (16 mmol). After removal of 
excess water by distillation, extractive procedures with ether 
gave 0.70 g (52%) of silver trifluoroacetate-18!). The amount of 
label shown in Table I  was determined by conversion of the silver 
salt to methyl trifluoroacetate with methyl iodide and mass 
spectral comparison of the isotope ratios of the m/e 59 ([CH3- 
OC=0] •+) fragment for the labeled methyl ester and a sample 
prepared in a similar manner from unlabeled silver salt. The 
fragment peak was used for the analysis because methyl tr i
fluoroacetate does not give a molecular ion.

Reaction of Vinyl Chloroformate with laO-Labeled Silver 
Trifluoroacetate in Chlorobenzene.—Reactions were carried out 
with 0.0555 g (0.52 mmol) of vinyl chloroformate and 0.112 g 
(0.51 mmol) of labeled and unlabeled silver trifluoroacetate in 
chlorobenzene at 60° for 24 hr, respectively. The vinyl tr i
fluoroacetate was isolated directly from the reaction mixture by 
preparative glpc (column A, 90°) into a gas bulb for mass spectral 
analysis. The molecular ion peaks were used to provide the 
results summarized in Table I.

Reaction of Vinyl Chloroformate and Silver Acetate in Acetic 
Acid.—To silver acetate, 1.062 g (6.40 mmol), suspended in 41 
ml of acetic acid and heated to 60°, 0.626 g (5.90 mmol) of vinyl 
chloroformate was added while a slow nitrogen sweep into a 
trap containing 2,4-dinitrophenylhydrazine solution was main
tained. From the trap was obtained 1.01 g (77%) of the 2,4- 
dinitrophenylhydrazone derivative of acetaldehyde, authenti
cated by comparison of melting point and mixture melting point 
with those of an authentic sample.

In a control experiment carried out to establish that the 2,4- 
dinitrophenylhydrazone of acetaldehyde did not result from 
vinyl acetate, equimolar amounts of vinyl acetate and vinyl 
chloroformate were allowed to react with a slight excess of silver 
acetate in acetic acid at 60° and the reaction mixture was swept 
with nitrogen as before, but the 2,4-dinitrophenylhydrazone trap 
was replaced by a collection trap cooled in a Dry Ice-isopropyl 
alcohol slush. Analysis of the collected liquid by nmr showed it 
to be a mixture of acetaldehyde and vinyl acetate. A similar 
experiment without added vinyl acetate gave only acetaldehyde 
by nmr analysis.

Reaction of Vinyl Chloroformate with Silver Tetrafluoroborate 
in Chlorobenzene.—To silver tetrafluoroborate, 1.63 g (8.4 
mmol), dissolved in 10 ml of chlorobenzene heated to 60°, 
0.876 g (8.3 mmol) of vinyl chloroformate was added. After 4 
hr at 60°, analyses by glpc (column D, 75°) revealed the one 
volatile product, which was isolated by preparative glpc (column
D, 80°) and found by ir and nmr spectral criteria to be identical 
with those of a sample of vinyl fluoroformate. The yield of 
silver chloride was determined to be 1.19 g (100%).

(25) S. Murahashi, S. Nozabura, S. Fuji, and K. Kibukawa, Bull. Chem.
Soc. Jap., 38, 1905 (1965).



The yield of vinyl fluoroformate was determined to be a 
minimum of 36% by conversion to ethyl vinyl carbonate in a 
separate experiment.

Reaction of Vinyl Chloroformate with Silver Hexafluoroanti- 
m onate in Chlorobenzene and Tetram ethylurea.—Vinyl chloro
formate, 0.223 g (2.09 mmol), silver hexafluoroantimonate, 
0.754 g (2.18 mmol), and tetramethylurea, 0.5 g (4 mmol), were 
allowed to react in 7 ml of chlorobenzene at 42° for 4 hr. Filtra
tion gave a solid which was washed with chlorobenzene and 
pentane and then leached with acetone. The residue was 0.270 
g (90.5%) of silver chloride. Concentration of the acetone 
washings gave 0.710 g (80%) of 0-(carboxyvinyl)tetramethyl- 
uroniuir. hexafluoroantimonate (7) as a white solid recrystallized 
from acetone-benzene: mp 97-98.5°; ir (solid film) 2924, 1795 
(C = 0 ); 1709 (C = 0), 1657, 1536, 1468, 1412, 1304, 1232, 1182, 
1120, 1062, 991, 929, 886 , 760, 741 cm-1; nmr (acetone-d6) 8
7.10 (q, 1, X  of ABX), 5.10 (m, 2, AB of ABX), 3.42 (s, 12).

Anal. Caled for C8H15F6N20 3Sb: C, 22.72; H, 3.55; N, 6.62. 
Found: C, 22.81; H, 3.65; N, 6.64.

The uranium salt 7, 0.337 g (0.795 mmol), was allowed to react 
with excess absolute ethanol, 0.080 g (1.74 mmol), in 2.5 ml of 
acetone at 42° for 22 hr to give a 100 ±  5% yield of ethyl vinyl 
carbonate by glpc analysis on column D at 90° with 1,2-di- 
chloroethane as internal standard.

Reaction of Phenyl Chloroformate with Silver Hexafluoro
antim onate and Tetram ethylurea in Chlorobenzene.—To a 
solution of 0.656 g (1.9 mmol) of silver hexafluoroantimonate 
and 0.403 g (3.5 mmol) of tetramethylurea in 6 ml of chloro
benzene stirred and heated to 80° was added 0.281 g (1.8 mmol) 
of phenyl chloroformate. After 20 hr at 80° the yield of 8 
was determined directly by glpc analysis (column H, 175°) and 
uncorrected for thermal conductivity differences between the 
product and the internal standard, benzophenone (84.5%).

A similar reaction carried out at ambient temperature gave a 
precipitate which was washed repeatedly with chlorobenzene, 
then with pentane, and then leached with acetone. Concentra
tion of the acetone solution gave a clear oil : ir (liquid film) 2933,
1808 (0 = 0 ), 1773 (0 = 0 ) , 1706 (0 = 0 ) , 1592, 1524, 1458, 
1408, 1225, 1161, 1068, 969, 749, 763 cm"1 (shoulder); nmr 
(acetone-di) 8 7.45 (s, 5), 3.43 (s, 12), tentatively attributed to 
0-(carboxyphenyl)tetramethylüronium hexafluoroantimonate
(9). The nmr spectrum also has a singlet at 8 3.0, which is 
attributed to an unidentified impurity.

Preparation of oxime chloroformâtes was carried out by reac
tion of the oxime at —10° with a five- to tenfold excess of phos
gene in ether. Products were isolated from the organic phase 
after evaporation to dryness, addition of ether, and washing 
with a 5% solution of cold aqueous sodium bicarbonate.

Benzophenone oxime chloroformate is a white solid: mp 
57-60° ( lit.26 mp 34-36°); ir (CHC1,) 1790 (C = 0), 1595 (C=N), 
1110 cm-1 (COC). The material is sensitive to the atmosphere, 
and many attempts at further purification failed. The material 
was used as prepared and the structure was confirmed by the 
formation of a carbamate derivative.

Benzophenone imine A'-benzylcarbamate was prepared from 
benzophenone oxime chloroformate and benzyl amine in benzene 
in 87% yield: mp 124-125° ( lit.26 mp 123-124°); ir (CHClj) 
3480 (NH), 3070 (CHS), 1740 (C = 0), 1600 (C=N), 1110 
(COC); nmr (CDClj) 8 7.35 (m, 15), 6.66 (broad s, 1), 4.35 (d,
2); mass spectrum (70 eV) m /e 180, 105, 90.

Anal. Caled for C20H 18N2O2: C, 76.36; H, 5.45; N, 8.48. 
Found: C, 76.38; H, 5.66; N, 8.54.

syn-4-Methylbenzophenone oxime chloroformate (10) was 
prepared from syn-4-methylbenzophenone oxime in 90% yield: 
mp 79-82°; ir (CHClj) 3010 (CH,), 1790 (C = 0), 1601 (C=N), 
1601 (C=N), 1100 (COC); nmr (CDClj) 8 7.52 (m, 9), 2.44, 
2.38 (pair s, 3), ratio 18:1. The 8 2.38 singlet represents 5 ±  2% 
of the anti isomer.

Vinyl Oxime Chloroformâtes with Silver Salts

(26) A. Jumar, P. Held, and W. Schulze, Z. Chem., 7, 344 (1967).

ani i-4-Methylbenzophenone oxime chloroformate (11) was 
prepared from anfi-4-methylbenzophenone oxime in 75% yield. 
The product was obtained as an unstable oil, nmr (CDClj) 8 
7.30 (m, 9), 2.44, 2.38 (pairs, 3), ratio 15:85. The82.44singlet 
is 15 ±  3% of the syn isomer.

9-Fluorenone oxime chloroformate was prepared from 9- 
fluorenone oxime and phosgene in 95-100% yield as a yellow 
solid: mp 110-112°; ir (CHClj) 1795 (C = 0), 1600 (C=N), 
1100 (COC).

Reactions of oxime chloroformâtes with silver tetrafluoroborate
were carried out in chlorobenzene for 4 hr, followed by heating to 
reflux with water for 20-30 min, filtration of precipitated silver 
chloride, and analysis of amide products in the organic layer by 
either glpc or direct isolation. Silver chloride was determined as 
the ammonium hydroxide soluble precipitate in the reaction 
mixture; carbon dioxide was determined as the acid-soluble 
precipitate from the barium hydroxide traps. The yields of 
both materials were consistently 90-100%.

Reaction of benzophenone oxime chloroformate with silver 
tetrafluoroborate in chlorobenzene gives 75 ±  5% benzanilide 
(glpc, column F). A preparative run gave a light brown solid, 
mp 157-160°. Chromatography on neutral alumina gave 66% 
benzanilide, mp 161-162°, mrtip with authentic material 161— 
162°; the ir spectrum was identical with that of authentic 
benzanilide.

Reaction of 9-fluorenone oxime chloroformate with silver 
tetrafluoroborate in chlorobenzene was carried out at 55°. A 
pale brown solid was isolated from the organic layer in 87% yield. 
Recrystallization from methanol gave phenanthridinone: mp 
290-292°, mmp 290-292°; the ir spectrum (Nujol mull), 1660 
(C = 0), 1600, 1460, 1370 cm-1, was identical with that of au
thentic phenanthridinone.

Reaction of syn-4-methylbenzophenone oxime chloroformate
(10) with silver tetrafluoroborate in chlorobenzene gave 90% of a 
brown solid: mp 130-136°; ir (CHCR) 3400, 2950, 1650, 1595, 
1500, 1425, 1310, 1200 cm-1; nmr (CDCI3) 8 8.05 (broad s, 1), 
7.50 (m, 9), 2.38, 2.32 (pair s, 3), ratio 6.8:1. Comparison of 
these spectra with those of mixtures of authentic samples in
dicates a 79 ±  3% yield of A'-phenyl-p-toluamide (12) and an 
11 ±  3% yield of jV-(p-toly)benzamide (13).

Reaction of antf-4-methylbenzophenone oxime chloroformate
(11) with silver tetrafluoroborate in chlorobenzene gave a pale 
brown solid: 96%; ir (CHClj) 3400, 3000, 1670, 1600, 1510, 
1480, 1440, 1320 cm"1; nmr (CDClj) 8 7.50 (m, 9), 2.38, 2.32 
(pair s, 3), ratio 1:5.7. Comparison to known spectra indicates a 
14 ±  3% yield of A’-phenyl-p-toluamide (12) and an 82 ±  3% 
yield of A'-(p-tolyl)benzamide (13).
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Reduction of Y-(p-cyanobenzal)aniline by sodium metal in tetrahydrofuran produces initially the expected 
dimers which later dissociate as the radical anion is further reduced to a monomeric dianion. Alkylation and 
acylation of this dianion are described and similar observations are reported for A^iV'-diphenylterephthalaldi- 
mine. The formation of the monomeric dianions is attributed to the stabilization of the radical anion which 
facilitates dissociation of the dimeric dianions initially formed and permits further reduction to occur. Analogies 
between these reductions and the electrochemical behavior of Schiff bases is noted.

When substituted iV-benzalanilines, 1, are dimer
ized by alkali metals in aprotic solvents,1-4 an isomeriza
tion of the diastereomeric dimeric dianions,3-4 2, is 
observed under certain reaction conditions. This 
isomerization has been traced4 to an equilibrium be
tween the dimeric dianion, 2, and the radical anion 3

ArCH=NPH — >  ArCH-CHAr [ArCH=NPh] ■ ~
1 I I  3

PhN NPh

2

which permits the original kinetic product to assume 
its more thermodynamically stable composition.

Substituents have a detectable effect on the isomer
ization but, with one exception, only electropositive 
substituents have been examined. The exception 
(1, Ar =  m-ClC6H4) showed a marked increase in the 
rate of isomerization reflecting stabilization of the cor
responding radical anion. Further studies of the o- 
and p-chloro analogs were frustrated by reductive 
dehalogenation of their radical anions.5 However, 
the behavior of the ra-chloro compound prompted an 
examination of other electronegative substituents 
with the consequences reported here.

The Schiff base N-(p-cyanobenzal) aniline (4, Y  =  
CN) reacted rapidly with sodium in tetrahydrofuran 
(THF) and attained an equilibrium uptake of 2 g- 
atoms of sodium per 1 mol in 4 hr. Protonation of 
this reaction mixture produced the dimeric diamine 5 
(Y = CN) and the monomeric amine 6 (Y =  CN) but 
their relative proportions depended on the duration 
of the reaction, the amount of dimer decreasing as the 
reduction continued. This suggested that the ul
timate product generated by the reduction was a 
monomeric dianion 7.

The existence of 7 was established by alkylating the 
organometallic compound with methyl iodide and 1,3- 
diiodopropane and by acylating with ethyl chloro- 
formate to form, respectively, 8, 9, and 10 (Y = CN), 
as outlined in Scheme I. In general, this chemical 
behavior resembled that of the well-known dianion

(1) (a) W. Schlenk, J. Apprenrodt, A. Michael, and A. Thai, Ber., 47, 473 
(1914); (b) W. Schlenk and E. Bergmann, Justus Liebigs Ann. Chem., 463, 
281 (1928); M. Szwarc, Accounts Chem. Res., 6, 169 (1972), and V. Kalyana- 
raman and M. V. George, J. Organometal. Chem., 47, 225 (1973), present 
comprehensive reviews of the interaction of alkali metals with unsaturated 
compounds.

(2) J. J. Eisch, D. D. Kaska, and C. J. Peterson, J. Org. Chem., 31, 453 
(1966).

(3) J. G. Smith and C. D. Veach, Can. J. Chem., 44, 2497 (1966).
(4) J. G. Smith and I. Ho, J. Org. Chem., 37, 653 (1972).
(5) J. G. Smith and I. Ho, J. Org. Chem., 37, 4260 (1972).

derived from benzophenone anil by alkali metal re
duction.16

A search for additional electronegative substituents 
showed that a p-carbomethoxy group was unsatis
factory,7 but a second aldimine group provided anal
ogous results. iV,Y'-Diphenyltercphthalaldimine (4, 
Y =  PhN=CH-) also was reduced to a dianion and 
products 8, 9, and 10 (Y = PhN=CH) were generated 
by alkylation and acylation. Isolation of 10 (Y =  
PhN=CH) was unsuccessful because of its easy hy
drolysis and oxidation.

By taking advantage of the ready hydrolysis of 
these imines, the substituted benzaldehyde 11 was

E

I
E

E

/ ===\  I H.0=C H -A  )>— CHNPh —

E
E

isolated. Indeed, in one instance when excess chloro- 
formate was used, hydrolysis occurred during normal 
aqueous work-up, reflecting the increased hydrolytic 
sensitivity of the probable intermediate iminium 
salt.8

Rather surprisingly, the isomeric bisaldimine, N,N'- 
dibenzal-p-phenylenediamine (12), was also reduced 
to a dianion by sodium. Protonation produced N,N'- 
dibenzylquinone diimine, but as yet resolution of the 
air-sensitive diastereomeric mixtures produced on 
alkylation has not been successful.

Qualitatively, the stabilization of radical anions by

(6) (a) J. G. Smith and C. D. Veach, Can. J. Chem.. 44, 2245 (1966); 
(b) J. G. Smith and R. A. Turle, J. Org. Chem.. 37, 126 (1972).

(7) No methyl groups could be detected in the crude reaction product, 
suggesting that extensive reduction and/or condensation reactions had 
occurred.

(8) (a) H. O. House, “ Modern Synthetic Reactions,”  2nd ed, W. A. Ben
jamin, New York, N. Y., 1972, p 403. (b) The ethyl N-phenylcarbamate
was also isolated.



Formation of V icinal D ianions J. Org. Chem., Vol. 38, No. 16, 1973 2777

Sch em e  I
R e a c t io n s  o f  th e  V ic in a l  D ia n io n

PhCH NCH.Ph

14

electronegative substituents has been noted9 in the re
duction of substituted benzenes with alkali metals. 
Quantitatively, electrochemical reductions illustrate this 
nicely. For example, the half-wave reduction potentials 
of substituted benzophenones10 become less negative as 
the substituent group increases in electronegativity. 
Similar observations11 have been made for a variety of 
Schiff bases and relationships between the half-wave 
reduction potential and Hammett <r constants were 
noted.

Undoubtedly, the substituent effects a decrease in 
the energy of the lowest unoccupied molecular or
bital,12 facilitating both the electron transfer as well 
as the delocalization of the charge density in the gen
erated radical anion.13

The nitrile group is a particularly interesting sub
stituent, causing a marked change in the half-wave 
reduction potential11“ commensurate with its strong 
electronegative character. However, while exerting 
an activating influence it is not itself reduced.14

Frequently, second one-electron reductions are ob
served in these electrochemical reactions and in gen
eral the behavior of these second waves resembles 
that of the first. The second wave is attributed to a

(9) J. J. Eisch, J. Org. Chem.. 28, 707 (1963).
(10) P. Zuman, O. Oxner, R. F. Rekker, and W. Th. Nauta, Collect. 

Czech. Chem. Commun., 33, 3213 (1968).
(11) (a) L. V. Kononenko, V. D. Bezuglyi, and V. N. Dmitrieva, J. Gen. 

Chem. USSR, 38, 2087 (1968); (b) V. N. Dmitrieva, N. A. Rozanel’skaya,
L. V. Kononenko, B. I. Stepanov, and V. D. Bezuglyi, ibid., 41, 57 (1971), 
and references cited therein; (c) V. N. Dimitrieva, N. I. Mal’tseva, V. D. 
Bezuglyi, and B. M. Krasovitskii, ibid., 37, 347 (1967); (d) J. M. W. Scott 
and W. H. Jura, Can. J. Chem., 45, 2375 (1967); (e) P. Martinet, J. Simonet, 
and J. Tendil, C. R. Acad. Sci., Ser. C, 268, 303 (1969).

(12) In this respect, approximate molecular orbital calculations by Scott 
and Juralld are of interest.

(13) K. W. Bowers in “ Radical Ions,”  E. T. Kaiser and L. Kevan, Ed., 
Interscience, New York, N. Y., 1968, p 211.

(14) J. P. Petrovich, M. M. Baizer, and M. R. Ort, J. Electrochem. Soc.,
116, 743 (1969). (b) Provided conditions leading to protonation of the
nitrile are avoided: P. Zuman and O. Manousek, Collect. Czech. Acad. Sci.,
34, 1.580 (1969).

reduction of the initially formed radical anion to a 
dianion (provided aprotic anhydrous solvents are used) 
in the manner suggested for hydrocarbons.15

It is readily apparent that the alkali metal reduc
tions closely parallel the electrochemical observations. 
Stabilization of the radical anion by the electronega
tive substituent permits facile dissociation of the di
meric dianions initially formed as well as further re
duction to the monomeric dianion. Since protonation 
of the latter by the reaction medium is slow, further 
chemical transformations of this dianion can be effected.

Considering the extensive delocalization16 of the 
anionic charge in the conjugated systems, it is per
haps surprising that the reactions are not more com
plex. Indeed, the behavior of 7 (Y = PhN=CH) 
and 13, where the electronegative nature of nitrogen 
failed to direct the reaction to a quinonedimethide 
product in the case of the former or to a reaction at 
only one of the imine groups in the latter,17 leads us 
to suggest a stepwise alkylation. The less delocalized 
“terminal” anionic center reacts first, forming an am- 
bident, highly delocalized anion which reacts fastest 
at its most reactive site, the carbanionic end, i.e., 
Scheme II.

Experimental Section
Melting points are uncorrected and were determined in open 

capillaries with a Mel-Temp apparatus. Infrared spectra were 
recorded on a Beckman IR-10 spectrophotometer and nmr spectra 
on a Varian T-60 spectrometer. Chemical shifts are in parts per 
million downfield from internal tetramethylsilane (8 scale). 
Silica gel (0.05-0.2 mm) purchased from E. Merck AG was used 
for column chromatography and Eastman Chromagram 6060 
(silica gel) sheets were used for thin layer chromatography (tic). 
Analyses were determined by M-H-W Laboratories, Garden 
City, Mich.

The purification of solvents, the reaction of the imines with 
alkali metals, and the handling of the organometallic compounds 
have been described4 elsewhere.

p-Cyanobenzaldehyde was prepared in 49% yield by the 
chromium trioxide oxidation of p-tolunitrile, the procedure being

(15) (a) H. A. Laitinen and S. Wawzonek, J. Amer. Chem. Soc., 64, 1765
(1942). (b) G. J. Hoytink in “ Advances in Electrochemistry and Electro
chemical Engineering,” Vol. 7, P. Delahay and C. W. Tobias, Ed., Inter
science, New York, N. Y., 1970, p 221.

(16) For the sake of brevity, we have represented the dianion by the 
structure most resembling the products, and the counterions have been 
omitted.

(17) Essentially the exact opposite was observed.
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PhNCH=( >=CHNPh 

R
R
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the same as that used18 for the preparation of p-nitrobenzalde- 
hyde.

A'-(p-Cyanobenzal)aniline.—Aniline (9.3 g, 0.1 mol) was added 
dropwise to a stirred solution of p-cvanobenzaldehyde at 80°. 
After 6 hr the solution was cooled, and the product, which pre
cipitated, was recrvstallized twice from ethanol to give 17.0 g 
(82% yield), mp 89"-91°.

Anal. Calcd for Ci4HioN2: C, 81.55; H, 4.89; N, 13.59. 
Found: C, 81.35; H, 5.03; N, 13.42.

A-,A7'-Diphenylterephthalaldimine (4, Y = P h N = C H ) was 
prepared by the same procedure in 82% yield,19 mp 159-160°.

\',.Y '-Dibenzal-p-phenylenediamine (12) was prepared20 in 
91% yield, mp 138-140° (reported20 mp 138°).

Reductive Dimerization of AT-(p-Cyanobenzal (aniline (4, Y = 
CN).—The results of a time study in the case of 4 (Y = CN) 
are summarized in Table I.  Individual products were isolated

T a b l e  I
P r o d u c t  C o m p o s it io n  in  t h e  R e d u c t io n  o f

Ar- (p -C Y A N O R E N Z A L ) A NILIN E BY SODIUM IN THF
g-atoms of Na ✓---------Prod uct composition, “ %------- -
per mol of 4 .--------5 (Y := CN)------. 6

Time, hr (Y = CN)° Racemic Meso (Y -  CN)
0 . 5 0.20 69 31 Trace
1 . 0 0.73 62.5 18.8 18.8
2 . 0 1.36 34.2 9.8 56.0
4 . 0 1.95 7.7 Trace 92.3
8 . 0 2.05 -2 .5 Trace 97.5

24.0 2.08 —2.5 Trace 97.5
“ Analysis by nmr. Unreacted 4 (Y = CN) is omitted.

from separate experiments as described below. Attempts to 
effect a reductive metalation of 4 (Y = CN) with sodium in 
diethyl ether were not successful.

Isolation of rac-l,2-Di(p-cyanophenyl)-Ar,Ar'-diphenylethylene- 
diamine (5, Y = CN).—The standard preparative run consisted 
of 2.06 g (0.01 mol) cf A’-(p-cyanobenzal)aniline, 100 ±  10 ml of 
THF, and 1.8 g (0.08 g-atom) of sodium in a Schlenk tube. 
After shaking for 2 hr, the solution (deep red) was drained from 
the excess metal into a nitrogen-filled flask, cooled to —60°, and 
treated with 2 ml of methanol.

After diluting with water, the crude reaction product (2.08 g) 
was isolated by ether extraction and chromatographed on 80 g of 
silica gel with benzene as eluent. The first fraction, 0.36 g (18%

(18) (a) S. V. Lieberman and R. Connor, "Organic Syntheses," Collect. 
Vol. II, A. H. Blatt, Ed., Wiley, New York, N. Y., 1943, p 441; (b) O. 
Schales and H. A. Graefe, J. Amer. Chem. Soc., 74, 4489 (1952).

(19) W. Steinkopf, R. Leitsmann, A. H. Müller, and H. Wilhelm, Justus 
Liebigs Ann. Chem., 541, 260 (1939), report mp 159°.

(20) A. Ladenburg, Chem. Ber., 11, 599 (1878).

yield), was Af-(p-cyanobenzyl)aniline, mp and mmp with an 
authentic sample 84-86°.

The second fraction, 1.16 g (80% yield), crystallized on stand
ing. Recrystallization from ether provided an analytical sample 
of rac-5 (Y = CN): mp 165-168°; ir (KBr) 3440 (NH), 2240 
(CN), 1600, 1510, 1320, 850, 755, 695 cm- 1  (aromatic CH); 
nmr (CDC13) S 4.51 (s, 2, benzylic H), 6.03-7.60 (m, 18, aro
matic H).

Anal. Calcd for ChHbN«: C, 81.14; H, 5.35; N, 13.52. 
Found: C, 80.91; H, 5.38; N, 13.33.

The meso isomer21 has not yet been isolated but the nmr spec
trum of the crude dimer showed a benzylic proton singlet at S 
5.03.

Isolation of A?-(p-Cyanobenzyl)aniline (6, Y =  CN).— A
standard preparative run (6  hr reaction time) was treated as 
described above. The crude reaction product (2.01 g) was re
crystallized three times from ethanol, 1.83 g (91% yield) of 6  
(Y = CN): mp 86-87°; ir (Nujol) 3440 (NH), 2240 (CN), 1600, 
1510, 810, 755, 690 cm- 1  (aromatic CH); nmr (CDClj, D20 
washed), 4.45 (s, 2 , CH2), 6.5-7.4 (m, 5, CsHsN), 7.58 (q, 4, 
/  = 9 Hz, -C 6H4CN).

Anal. Calcd for C14H 12N2: C: 80.72; H, 5.81; N, 13.45. 
Found: C, 80.90; H, 5.92; N, 13.55.

Preparation of p-[ l-(Ar-Methylanilino )ethyl] benzonitrile (8, 
Y = CN).—A standard preparative run (6  hr reaction time) was 
drained from excess sodium, cooled to —60°, and treated with
2.82 g (0.02 mcl) of methyl iodide. After 2 hr of stirring at 
— 60°, the reaction was warmed to room temperature overnight 
and diluted with water and the reaction product (2 . 1 0  g) was 
isolated by ether extraction. Chromatography on 80 g of 
silica gel with benzene as eluent provided one major fraction, 1.89 
g (90% yield) of 8 (Y = CN) as a vellow oil: bp 158-159° (0.13 
mm); ir (film) 2210 (CN), 1600, i500, 830, 740, 680 cm “ 1 (aro
matic CH); nmr (CDC13) S 1.56 (d, 3, J  =  7 Hz, CH3CH), 2.72 
(s, 3, NCH3), 5.23 (q, 1, J  =  7 Hz, CH3CH), 6.6-6.7 (m, 9, 
aromatic CH).

Anal. Calcd for C16Hi6N2: C, 81.32; H, 6.82; N, 11.85. 
Found: C, 81.51; H, 6.70; N, 12.10.

Preparation of 2-(p-Cyanophenyl)-l-phenylpyrrolidine (9, Y =  
CN).—The above reaction was repeated using 2.96 g (0.01 mol) 
of 1,3-diiodopropane in place of the methyl iodide. Chro
matography again provided 2.15 g (87% yield) of 9 (Y = CN) 
as a viscous vellow oil: bp 174-177° (0.08 mm); ir (film) 2220 
(CN), 1600, 1510, 830, 740, 690 cm" 1 (aromatic); nmr (CDC13) 
i  1.8-2.6 (m, 4, CH2CH2CH2N), 3.2-3.9 (m, 2, CH2CH2CH2N), 
4.75 (q, 1 , J k = 8  Hz, J B = 2  Hz, CHCHAHB), 6.3-7.7 (m, 9, 
aromatic H).

Anal. Calcd for C „H 16N2: C, 82.22; H, 6.50; N, 11.28. 
Found: C, 82.07; H, 6.62; N, 11.06.

Preparation of Ethyl a- (AT-Carbethoxyanilino )-p-cy anophenyl- 
acetate ( 1 0 , Y = CN).—The above reaction was repeated using 
2.17 g (0.02 mol) of ethyl chloroformate instead of the alkyl 
iodide. The crude product, 2.48 g of a red oil, was chromato
graphed on 1 2 0  g of silica gel with benzene as eluent to give 0.81 
g (33% yield) of ethyl a-anilino-p-cyanophenylacetate: bp
189-192° (0.08 mm); ir (film) 3400 (NH), 2210 (CN), 1730 
(C =0), 1600, 1500, 740, 680 (aromatic CH), 1010 cm" 1 (-C 02-); 
nmr (CDC13, D20  washed) 6 1.20 (t, 3, J  = 7 Hz, CH3CH2), 4.22 
(q, 2, /  = 7 Hz, CH3CH2), 5.13 (s, 1, benzylic H), 6.5-7.3 
(m, 5, CsHsN), 7.67 (s, 4, -CJRCN).

Continuing the elution with chloroform gave the main frac
tion, a solid which after recrystallization from ethanol amounted 
to 1.28 g (52% vield) of 10 (Y = CN): mp 85-86°; ir (film) 
2215 (CN), 1740 and 1700 (C =0), 1600, 1490, 760, 690 (aro
matic CH), 1020 and 1040 cm- 1  (C02); nmr (CDC13) 5 1.23 (q, 
6 , J  =  7 Hz, CH3CH2), 4.27 (pentet, 4, J  = 7 Hz, CH3CH2),
5.83 (s, 1, benzylic H), 7.1-7.7 (m, 9, aromatic H).

Anal. Calcd for C20H20N2O4: C, 68.17; H, 5.72; N, 7.95. 
Found: C, 68.07; H, 5.92; N, 7.92.

Preparation of .V-(p-Anilinomethylbenzal)aniline (6, Y =  
PhN=CH).—The standard preparative run consisted of 1.42 g 
(0.005 mol) of 4 (Y = PhN=CH) and 1.8 g (0.08 g-atom) of 
sodium in 100 ±  10 ml of THF shaken for 24 hr in a Schlenk tube. 
The deep purple solution was drained from the excess alkali metal 
into a nitrogen-filled flask, cooled to —60°, and treated with 2  
ml of methanol. The solution immediately became orange and, 
after warming to room temperature and diluting with water, the

(21) The stereochemical assignments are based on the assumptions 
described earlier.4
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product was isolated by ether extraction. Recrystallization from 
ethanol gave 1.3 g (90% yield) of 6 (Y =Ph N =C H -): mp 94- 
96°; ir (KBr) 3400 (NH), 1635 (C=N), 1610, 1510, 830, 760, 
700 cm-1 (aromatic CH); nmr (CDC13) S 4.1 (broad s, 1, NH), 
4.38 (s, 2, benzylic H), 6.5-8.0 (m, 14, aromatic H), 8.45 (s, 1, 
C H = N ).

Anal. Calcd for C20Hi8N2: C, 83.83; H, 6.33; N, 9.88. 
Found: C, 83.89; H, 6.29; N, 9.85.

Preparation of iV-p-[l-(iV-Methylanilino)ethyl]benzalaniline 
(8, Y = PhN=CH).—The above reaction was repeated using 
1.42 g (0.01 mol) of methyl iodide in place of the methanol. 
After the solution was warmed to room temperature for 12 hr, 
the crude product was isolated by ether extraction and recrys
tallized from hexane, 1.42 g (90% yield) of 8 (Y = PhN=CH): 
mp 70-72°; ir (KBr) 1630 (C=N), 1590, 1500, 830, 730, 680 
cm"1 (phenyl); nmr (C6D6) 1.22 (d, 3, J  = 7 Hz, CH3CH), 2.40 
(s, 3, NCH3), 4.88 (q, 1, J  = 7 Hz, CH3CH), 6.7-8.0 (m, 14, 
aromatic H), 8.27 (s, 1, CH=N).

Anal. Calcd for C22H22N2: C, 84.05; H, 7.05; N, 8.92. 
Found: C, 84.19; H, 7.06; N, 9.04.

Preparation of A’-p-[2-( l-Phenylpyrrolidinyl)]benzalaniline (9, 
Y = PhN=CH).—The above reaction was repeated using 1.48 
g (0.005 mol) of 1,3-diiodopropane in place of the methyl iodide. 
Decolorization took place within 2 min at —60°. After 24 hr at 
room temperature, the product (oil, 1.50 g) was isolated and 
chromatographed on 60 g of silica gel with benzene as eluent. 
The major fraction, 1.2 g (80% yield), was recrystallized from 
ethanol to give an analytical sample of 9 (Y = PhN=CH): 
mp 132-135°; ir (KBr) 1630 (C=N), 1590, 1500, 770, 750, 700 
cm-1 (aromatic CH); nmr (CDC13) 5 1.8-2.7 (m, 4, CH2CH2- 
CH2N 1, 3.2-4.0 (m, 2, CH2CH2CH2N), 4.82 (broad d, 1, J  =  
6 Hz, benzylic H), 6.3-8.0 (m, 15, aromatic H), 8.47 (s, 1, 
CH=N).

Anal. Calcd for C23H22N2: C, 84.65; H, 6.80; N, 8.59. 
Found: C, 84.47; H, 7.01; N, 8.57.

Preparation of p-(a,AT-Dicarbethoxyanilinomethyl)benzalde- 
hyde (11).—The above reaction was repeated using 1.09 g (0.01 
mol) of ethyl chloroformate in place of alkyl iodide. Decolor
ization to a deep orange occurred in 20 min at —60°. After 24 
hr at room temperature, the crude product was diluted with 200 
ml of ether. The solution was filtered (NaCl) and solvent was 
evaporated, leaving a crude yellow oil which was hydrolyzed 
with 1.0 ml of HC1 in 100 ml of ether for 12 hr. After diluting 
with more ether, washing with water, and drying, the solvent
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was evaporated. The residue was recrystallized from methanol 
to give 11, 1.25 g (70% yield): mp 72-74°, ir (Nujol) 1740 
(aldehyde CO), 1700 and 1685 (ester CO), 1590, 1490, 780, 730, 
700 (aromatic CH), 1200 cm-1 (C02); nmr (CDC13) S 1.22 (q, 
6, J  = 7 Hz, CH3CH2), 4.25 (pentet, 4, J  = 7 Hz, both CH3- 
CH2), 5.90 (s, 1, benzylic H), 7.17 (s, 5, C6H5N), 7.37 and 7.77 
(AB q, 4, /  = 8 Hz, -C6H ,-), 10.05 (s, 1, CHO).

Anal. Calcd for C2oH2iN05: C, 67.59; H, 5.96, N, 3.94. 
Found: C, 67.63; H, 5.96; N, 3.82.

When the reaction was repeated with an excess (2.1 g, 0.02 
mol) of ethyl chloroformate, hydrolysis occurred during an 
aqueous work-up. The crude product (an oil, 2.0 g) was dis
tilled to give 1.2 g (60% yield), bp 99-102° (0.6 mm), which 
solidified, mp 46—47.5°, undepressed on admixture with ethyl 
A'-phenylcarbamate. The pot residue from the distillation 
crystallized on digestion with a small amount of methanol. The 
solid, 0.5 g (25% yield), mp 72.5-74°, was identified as 11 by mix
ture melting point.

Preparation of N , N  '-Dibenzylquinonediimine (14).— The re
duction of 12 (0.005 mol) by sodium metal in THF followed the 
same procedure as the reduction of 4 (Y = PhN=CH). The 
dark brown solution of the organosodium compound was quenched 
with 2 ml of methanol at room temperature. The crude product 
was isolated by ether extraction of the water-diluted reaction 
mixture and recrystallized from hexane under nitrogen to give
1.21 g (85% yield) of 14: mp 95.5-97°; ir (KBr) 1520, 1470, 
1450, 1400, 1290, 810, 735, 695 cm“ 1; nmr (C6D5) S 3.27 (s, 4, 
CH2), 5.70 (s, 4, vinyl H), 6.47 (broad s, 10, aromatic H).

Anal. Calcd for C20Hi8N2: C, 83.87; H, 6.33; N, 9.78. 
Found: C, 83.65; H, 6.41; N, 9.73.
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The oxidation of meta- and para-substituted isopropylbenzenes with molecular oxygen has been studied 
kinetically in chlorobenzene at 60°, using azobisisobutyronitrile as an initiator. The rate constants are in a 
range of 5.58 X 10 “ 3 to 2.22 X 10~3 (mol sec)_1A and decrease in the order p-diisopropylbenzene > p-isopropyl- 
cumyl hydroperoxide > m-diisopropylbenzene > isopropylbenzene > m-isopropylcumyl hydroperoxide > m- 
isopropylacetophenone > m-isopropylcumyl alcohol > p-isopropylacetophenone > p-isopropylcumyl alcohol. 
The observed relative rates fit Hammett’s equation, giving a p value of —0.50 (r = 0.955). The plot and the ob
served relative rates give av = —0.14 and <rm = 0.06 for -CfCRhOOH, <rp = 0.60 and <rm =  0.47 for -C(CH3)2- 
OH. These substituent effects are discussed in terms of electronic theory.

The autoxidation of m- and p-diisopropylbenzenes 
(DIB) to give the corresponding dihydroperoxides 
has been studied to obtain information on the prepara
tion of resorcinols (from to-DIB) and hydroquinones 
(from p-DIB) by acid-catalyzed decomposition of 
their hydroperoxides.1-3 The maximum yields of 
dihydroperoxides in the autoxidation was ca. 10%, 
because dihydroperoxides, once formed, may pyrolyze, 
resulting in the formation of ketones and alcohols. 
The autoxidation of DIB may proceed according to

(1) Distillers Co. Ltd., British Patent 641,250 (1950).
(2) Distillers Co. Ltd., British Patent 646,102 (1950).
(3) Distillers Co. Ltd., British Patent 982,515 (1965).

Scheme I in analogy with other autoxidation of 
alkylbenzene.4,5

The meta isomer would analogously give the corre
sponding compounds; (1) diisopropylbenzene; (2) 
isopropylcumyl hydroperoxide; (3) isopropylcumyl 
alcohol; (4) isopropylacetophenone; (5) bis(2-hy- 
droperoxy-2-propyl)benzene; (6) bis(2-hydroxy-2-pro- 
pyl)benzene; (7) acetylcumyl hydroperoxide. Iso
propylcumyl alcohols 3 and isopropylacetophenones 
4 are formed by the decomposition of diisopropyl-

(4) T. G. Traylor and G. A. Russell, J. Amer. Chem. Soc., 87, 3698 (1965).
(5) H. S. Blanchard, J. Amer. Chem. Soc., 81, 4548 (1959).



2780 J. Org. Chem., Vol. 88, No. 16, 1973 Ogata and Haba

Scheme I were reduced to alcohols with sodium hydrosulfide 
in aqueous methanol and analyzed by glpc. The 
only detectable product was monoalcohol, and no de
composition products were detected.

Kinetics.—The rates of autoxidation of cumene, 
tetralin6 ring5- and «-substituted9 toluenes, and acyclic 
ethers10 have been reported to fit the following equation.

d[02] 
d t S 5 v ,[r h ) ' 'v ' (1)

Here, RH is a substrate, i>i is the radical-initiated 
rate, and kp and kt are the propagation and termina
tion rate constants, respectively.

Equation 1 suggests the following mechanism with 
bimolecular termination by coupling of peroxy radicals.

in itia tor 
RH + X- hn

-  2X-
— R- + HX

(2)
(3)

R' + O, — ROO- (4)
RH + ROO- - 
2ROO- h

-  ROOH + R- 
♦  nonradical products

(5)
(6)

cumyl hydroperoxides and they are further oxidized 
to 6 and 7, respectively.

The effect of substituent in isopropylbenzene on 
the rates of autoxidation have been reported by 
Russell6 to give a p value of —0.43. However, as to 
the autoxidation of isopropylcumyl hydroperoxides, 
isopropylcumyl alcohols, and isopropylacetophenones, 
little kinetic information is available, and no substit
uent constants are reported for «-hydroxyisopropyl 
and «-hydroperoxyisopropyl groups. Emanuel,7 et 
al., studied the autoxidation of m- and p-DIB and m- 
and p-isopropylcumyl hydroperoxides at 100-120° 
to the corresponding mono- and dihydroperoxides. 
The formed hydroperoxide should considerably de
compose under their reaction conditions; hence 
the accurate estimation of substituent effect seems 
to be difficult. These a-hydroxyisopropyl and a- 
hydroperoxyisopropyl groups are rather unstable under 
the ordinary oxidation conditions, but under care
fully controlled conditions we could measure the rate 
with virtually no side reactions.

The rates of autoxidation of isopropylbenzene 
derivatives 2, 3, and 4 were measured by following 
the absorbed volume of oxygen at a definite tempera
ture under atmospheric pressure. The mechanism 
and substituent effects will be discussed on the basis 
of the observed kinetics.

Results
Products.—The autoxidation of cumene derivatives 

may produce several products through hydroperoxides. 
The examination of the possibility of decomposition 
of hydroperoxide in chlorobenzene at 60° gave the 
following results. For the reaction of 1.80 M  p-DIB 
initiated by 0.0786 M  AIBN, 4.10 X 10 ~3 mol of molec
ular oxygen was consumed, giving 3.96 X 10-3 mol 
of hydroperoxide in a reaction at 60° for 3 hr; i.e., 
the oxygen was consumed to give an almost theoretical 
yield of hydroperoxide. The formed hydroperoxides

(6) G. A. Russell, J. Amer. Chem. Soc., 78, 1047 (1956).
(7) N. M. Emanuel in "Uspekhi Khimii Organicheskii Perekisnykh 

Soedinenie Autookisleniya,”  Vol. 3 (Proceedings of All-Union Conference, 
USSR), 1965, pp 137-142, 370-376; Chem. Abstr., 72, 21429g, 21431t 
(1970).

AIBN was reported to have a decomposition rate 
constant fc, of 1.15 X 10-5 sec-1 and an initiator effi
ciency (e) of 0.60 in chlorobenzene at 60°, the half- 
life of AIBN being 16.7 hr.5 We can estimate that 
the concentration of the radical X - is constant for 
the reaction time of 2-4 hr under these conditions. 
The data in Table I show that rate eq 1 and the mech-

T a b l e  1

E ffects  o f  AIBN an d  p-DIB C o n c e n tr a t io n s  on  t h e  R a te  
o f  th e  A u t o x id a t io n  o f  p-DIB in  C h l o r o b e n ze n e  a t  60°

Run p-DIB, M AIBN, M (mol sec) “Vi
1 1.75 0.101 5.17“
2 1.75 0.0500 5.61“
3 1.75 0.0786 5.71“
4 1.21 0.0906 5.50“
5 2.63 0.0589 5.68“

“ The value divided by two of the observed rate constant.

anism are applicable to AIBN-initiated autoxidation 
of diisopropylbenzenes in chlorobenzene.

Structural Effect.—Table II lists the rate data cal
culated by eq 1 for some isopropylbenzene derivatives. 
It is apparent from Table II that p-diisopropylbenzene 
is the highest in reactivity and p-isopropylcumyl 
alcohol is the lowest among them.

Relations between rate constant and Hammett’s 
<j constant are shown in Figure 1. The p value was 
calculated to be —0.50 (r = 0.955), i.e., the electron- 
withdrawing group decreases the reactivity of iso
propylbenzene.

Comparison of the Relative Rate Constants with 
Those from Competitive Oxidation.—The competitive 
oxidation was done for the confirmation of the relative 
rate constants, the results being shown in Table III. 
Table III confirms that CMe2OH is electron with
drawing and CMe2OOH is electron releasing. Also 
the order of effects of m- and p-CMe2OH and m- and 
p-CMe2OOH are the same as those observed by non
competitive methods; i.e., m-isopropylcumyl alcohol

(8) B. R. Kennedy and K. U. Ingold, Can. J. Chem., 44, 2381 (1966).
(9) J. A. Howard and S. Korcek, Can. J . Chem., 48, 2165 (1970).
(10) J. A. Howard and K. U. Ingold, Can. J. Chem., 48, 873 (1970).
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T a b l e  I I

E ffects  o f  Str u c t u r e  on  t h e  R a te s  o f  A u t o x id a t io n  o f  I so p r o p y l b e n ze n e  D e r iv a t iv e s  in  C h l o b o b e n ze n e  a t  60°
10>V(2*t)'/i,

Registry no. Substrate M AIBN, M (mol sec) "Vs
100-18-5 p-Me2CHC6H4CHMe2 1.75 0.0786 5.586 -0 .15
99-62-7 m-Me2CHC6H4CHMe2 1.75 0.0786 4.73b -0 .07
98-49-7 p-Me2CHC6H4C (OOH )Me2 1.57 0.0801 5.20 Unknown
80-24-0 TO-Me2CHC6H4C(OOH)Me2 1.54 0.0801 4.09 Unknown

645-13-6 p-Me2CHC„H4COMe 1.96 0.0786 2.52 0.50
40428-87-3 m-Me2CHCeH4COMe 1.84 0.0786 2.81 0.38
3445-42-9 p-Me2CHC6H4C (OH )Me2 0.671 0.121 2.22 Unknown

14860-89-0 m-Me2CHC6H4C (OH )Me2 2.10 0.0707 2.58 Unknown
98-82-8 Me2CHC6H5 2.39 0.0786 4.17 0

“ H. H. Jaffé, Chem. Rev., 53, 191 (1953). b The value was obtained by dividing the observed rate constant by two.

T a b l e  I I I
R e l a t iv e  R a t e  C o n st an t s“ fro m  C o m p e t it iv e  A u t o x id a t io n

km. ica/ I'm-ICH/ I'm-ICA/ I'm-ICH/
Reaction time, hr to ilB *p-ICA *¡>-ICH

2 0.75 1.11 1.50 0.77
4 0.62 1.37 1.26 0.75
6 0.83 1.56 1.35 0.74

Relative rate 0.62 1.13 1.16 0.79
from non
competitive 
method

“ k ’s are first-order rate constants of meta- or para-substituted 
isopropylbenzenes; ICA, isopropylcumyl alcohol; IB, isopropyl
benzene; ICH, isopropylcumyl hydroperoxide.

>  p-isopropyleumyl alcohol and m-isopropylcumyl 
hydroperoxide <  p-isopropylcumyl hydroperoxide, 
A little difference of relative rates obtained by com
petitive and noncompetitive methods may be due to 
the difference in reaction conditions; i.e., the AIBN 
concentration for the competitive method was over 
twofold higher than that for the noncompetitive 
method and the conversion was confined to 20-30%. 
The noncompetitive method is more reliable than the 
competitive one in view of their experimental error. 
Hence, the data of the noncompetitive method alone 
were listed in Table II.

Discussion

As a number of workers have pointed out, eq 1 
suggests steps 2-6 for the autoxidation mechanism. 
In this work the initiation by decompositions of formed 
hydroperoxide is improbable because of the fairly 
good constancy of the observed rate constant derived 
from AIBN-initiated steps. In view of the negative 
p value of —0.50, electron-withdrawing groups de
crease the rate of autoxidation as reported for another 
autoxidation.6 Thus far the a constants for a-hy- 
droperoxyisopropyl and a-hydroxyisopropyl groups 
are unavailable in the literature; the plot in Figure 1 
can give their values as listed in Table IV.

T a b l e  IV
H a m m e t t  a  V a l u e s  o f  « - H y d r o p e r o x y is o p r o p y l  

a n d  « - H y d r o x y iso p r o p y l  G rou ps  
Group <rp <rm

C(Me)2OOH -0 .1 4  0.06
CCMehOH 0.60 0.47

Figure 1.—Hammett plots for the rate of autoxidation of iso
propylbenzenes in chlorobenzene at 60°.

It is accepted generally that the transition state for 
hydrogen abstraction has resonance forms.6

R :H  +  -Y — >■ [R :H -Y  <-> R +-H :Y~ *-> R-H-.Y] —
8 9 10

R - + H :Y  (7)

An electron-releasing group stabilizes the resonance 
form 9. Hence, p-isopropylcumyl hydroperoxide at 
the transition state for the hydrogen abstraction with 
Y  • is more stabilized than the meta isomer in view of 
resonance forms 11 and 12, since the -CMe2OOH group 
is electron releasing.

On the other hand, the p-a-hydroxyisopropyl 
group was found to be electron withdrawing and to 
decrease the rate more than the meta isomer.

h° - ^ ~ - ' h: y_  

13

It is of interest to note that only the p-a-hydroper- .Polarization of -C i+- { OH makes the OH group 
oxyisopropyl group is electron releasing among them. electron withdrawing, but the polarization of O -
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H{+ seems to lower its effect. Thus, the overall 
inductive effect of OH is of poor electron withdrawing. 
In contrast to electron-releasing m-CMe3 (<r = —0.12) 
and p-CMe3 ( <r = —0.197), the m- and p-hydroxycumyl 
(-CMe2OH) groups are weakly electron withdrawing 
because of the electron-withdrawing nature of OH. 
The C-C hyperconjugation 14 should render p-CMe2OH 
less electron withdrawing than ?re-CMe2OH, but actually 
a reverse effect is observed (Table III).

The authors suppose that the hyperconjugation,8 
such as those reported for a-fluorinated toluenes11,12 
(C=CCF <—> C+— C=CF~) may predominate to give a
o-p value higher than <rm.

In contrast to the electron-withdrawing resonance 
forms IS of Me2COH the corresponding resonance form,

AIe2C + ~OOH, may contribute less to the hydroperoxy- 
cumyl group, in view of the electron-releasing nature 
of the neighboring oxygen atom. Further, the higher 
acidity13 of Me2COO-H than Me2CO-H, i.e., the 
stronger polarization of Me2COOi - - s+H, may suppress 
the resonance of Me2C+ -OOH. The C-C hyper
conjugation analogous to 15 makes p-CMe2OOH group 
electron releasing as a whole (<r = —0.14).

The autoxidation for p-isopropylacetophenone is 
slower than that of the meta isomer because of the 
electron-withdrawing resonance effect of acetyl groups 
(Table II).

Emanuel7 and collaborators, who studied the autoxi
dation of m- and p-diisopropylbenzenes and m- and 
p-isopropylcumyl hydroperoxides, observed the re
activity in the following order: m-diisopropyl-
benzene >  p-diisopropylbenzene and m-isopropyl- 
cumyl hydroperoxide <  p-isopropylcumyl hydroper
oxide. This order differs from our observations. 
However, their experiments were conducted under 
conditions where the initiation rate was not kept 
constant and the formed hydroperoxides may easily 
decompose. Our order of m-diisopropylbenzene <  
p-diisopropylbenzene is convincing in view of the 
<jm and Op values for isopropyl groups in the litera
ture. 14

(11) J. D. Roberts, R. L. Webb, and E. A. McElhill, J. Amer. Chem. Soc.f 
72, 408 (1950).

(12) W. A. Sheppard, J. Amer. Chem. Soc., 84, 3072 (1962).
(13) A. J. Evere and G. J. Minkoff, Trans. Faraday Soc., 49, 410 (1953).
(14) H. H. Jaffé, Chem. Rev., 53, 191 (1953).

Experimental Section
Materials.—Commercial chlorobenzene (bp 132°) was shaken 

with concentrated sulfuric acid until no color was observed on 
addition of the acid and then, after being dried (Na2S04), frac
tionally distilled. Analysis by glpc showed it  to be 99.5% pure. 
Azobisisobutyronitrile (AIBN) was recrystallized several times 
from methanol, mp 104.0-105.7° dec. m- and p-diisopropyl- 
benzenes (Mitsui Petrochemical Co., Ltd.) were purified sim
ilarly to chlorobenzene; the analysis by glpc showed that the 
meta isomer [bp 114-115° (50 mm)] was 98.0% pure and the 
para isomer [bp 119-120.5° (50 mm)] was 99.5% pure, p- 
Isopropylacetophenone15 was prepared by the Friedel-Crafts 
acetylation of isopropylbenzene, and purified by distillation: 
bp 85-86° (2 mm); ti20d  1.5292; X,“ \OH 252 mM (e 19,530). m- 
Isopropylacetophenone16 was prepared by decomposition of m- 
isopropylcumyl hydroperoxide with cobalt acetate in acetic acid 
and purified similarly, bp 90-95° (3 mm). Glpc analysis showed 
that i t  was 99% pure, m- and p-isopropylcumyl hydroperoxides 
were prepared by autoxidation of to- and p-diisopropylbenzenes 
and purified as their sodium salts; i.e., the sodium salts were 
neutralized with Dry Ice to isolate the free hydroperoxides. 
Iodometry showed that their purities were 100% for the meta 
isomer (liquid at room temperature) and 97.0% for the para 
isomer (mp 28-29°), respectively, m- and p-isopropylcumyl 
alcohols17 were prepared by reduction of m- and p-isopropyl
cumyl hydroperoxides with 50% aqueous NaOH at 120°. They 
were recrystallized three times by cooling a saturated n-hexane 
solution with Dry Ice-methanol. Glpc analysis showed that 
m-isopropylcumyl alcohol was 97.5% pure (mp 35.6°) and the 
para isomer was 98.0% pure (mp42.9°).

Kinetics.—The apparatus for kinetic study on autoxidation 
of diisopropylbenzenes was the same as shown in our previous 
paper.18 The pressure in the system was controlled to keep the 
atmospheric pressure by an electrolysis attachment. A reaction 
vessel and a gas buret were filled with pure oxygen by repeating 
six times introduction of oxygen and evacuation. A chloro
benzene solution (15-20 ml) containing 0.05-0.1 M  AIBN and 
0.5-2.0 M  isopropylbenzenes was introduced into the reaction 
vessel through a dropping funnel and magnetically stirred in a 
thermostat kept at 60°. The gas buret was kept at a constant- 
temperature of 30°. The preliminary experiments confirmed 
that the rate of the autoxidation was not affected by diffusion 
rate, if vigorous stirring (over 100 rpm) was maintained.

Decomposition of Isopropylcumyl Hydroperoxide.—The in
duced decomposition of isopropylcumyl hydroperoxide might 
occur during the autoxidation owing to the reaction of chloro
benzene with AIBN. To test the possibility of induced de
compositions, chlorobenzene was degassed by evacuation at the 
liquid N2 temperature, and treated with the hydroperoxide at 
60° for 5-40 hr. The content of hydroperoxide was estimated 
iodometrically at appropriate time intervals and listed in Table 
V. Table V shows that the induced decomposition of hydroper
oxides may be neglected under these conditions, although the

T a b l e  V
A T e s t  f o r  t h e  D e c o m p o s it io n  o f  to- a n d  ¡d- I s o p r o p y l c u m y l  

H y d r o p e r o x id e s  in  C h l o r o b e n z e n e  a t  60°
Time, Purity,'

Hydroperoxide M AIBN, M hr wt %
TO-HOOCMe2C H4CHMe2 1.63 0.121 0 27.8

5 27.9
p-HOOCMe2C6H4CHMe2 1.57 0.0801 0 28.5

5 28.9
TO-HOOCMe.C6H4CHMe2 1.02 None 0 18.6

20 18.5
40 18.4

° Iodometric titration.

(15) B. N. Campbell and E. C. Spaeth, J. Amer. Chem. Soc., 81, 5611 
(1959).

(16) Imperial Chemical Industry Ltd., British Patent 784,681 (1957).
(17) V. A. Belyaev and M. S. Nemtsov, Zh. Obshch. Khim., 32, 3131 

(1962); Chem. Abstr., 58, 8868c (1963).
(18) T. Morimoto and Y. Ogata, J. Chem. Soc. B, 62 (1967).
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very slow induced decomposition of cumene hydroperoxide was 
reported to occur with A IBN .19

Competitive Reactions.—Competitive autoxidations were 
carried out with an equimolar mixture of two substituted iso
propylbenzenes (each ca. 1.2-0.6 M )  in chlorobenzene at 60° in 
the presence of AIBN (0.26-0.09 M ). Aliquots (each 1 ml) 
were taken out at appropriate intervals of time and reduced with 
15% KSH in aqueous methanol. After completion of reduction, 
the solution was washed with water, extracted with two 4-ml 
portions of chloroform, and analyzed by means of glpc. The 
products were analyzed by a Yanagimoto gas chromatograph 
with a flame ionization detector, Model GCG-550F, employing

(19) J. A. Howard and K. U. Ingold, Can. J. Chem., 46, 2655 (1968).

a 1.0 m X 2.5 mm column packed with Apiezon Grease (5%) 
on Chamelite CS of 80-100 mesh using N2 as a carrier gas at 
160-220°. The internal standards for glpc were nitrobenzene for 
cumene and m-diisopropylbenzene for isopropylcumyl hydroper
oxide and isopropylcumyl alcohol. The relative rate constants 
of competitive oxidation were calculated from the equation k =  
km/kp = log [(6 — y)/b\/\og[(,a  — x) /a] .  Here, a and 6 are 
initial concentrations of substrates and x and y are corresponding 
concentrations at time t.
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1-Tetralone (1) and phenylmagnesium bromide yield 3,4-dihydro-l-phenylnaphthalene (6) and 1',2',3',4',5,6- 
hexahydrospiro[711-benzo[c]fluorene-7,1 '-naphthalene] (7). The latter is formed in a series of reactions in
volving the self-condensation of 1 to 2-(3,4-dihydro-1-naphthyl)-3,4-d¡hydro-1(2 //)-naphthalenone (2), addition 
of Grignard reagent, acid-catalyzed dehydration to the diene 5, and its subsequent cyclization to 7. The latter 
was dehydrogenated with Pd/C to 1',2',3',4'-tetrahydrospiro[7//-benzo[c]fluorene-7,1'-naphthalene) (8) and then 
8 was converted to dibenzo[c,p] chrysene (9) by heating in the presence of Pd/C and sulfur.

Although 2 and 5 may readily be detected by glc 
as products during the preparation of 6, their direct 
isolation, particularly that of 2, is difficult. Accord
ingly, to establish that 2 and 5 may be intermediates 
to 7, and to obtain a quantity of 7, we prepared 23-5 
and 5 and then used these compounds for the synthesis 
of 7, 8, and 9 as shown in Scheme I. Also to substan
tiate the 2,1' linkage of 2, we converted it via 3 to 
1,2'-binaphthyl (4).6

The best preparation of 7 (55%) resulted from addi
tion of phenyllithium to 2 (cf. steps a and e of Scheme 
I). The latter was completely consumed in this reac
tion. This preparation of 7 involves acid-catalyzed 
dehydration and cyclization.5'7a We also noted that 
the reaction of 2 with phenylmagnesium bromide, 
regardless of mode of addition, was incomplete, at 
least 30% of 2 being recovered. By cautious acidifi
cation715 of Grignard reaction products, the diene 5 
may be isolated. It, in turn, is readily converted to
7 with Amberlyst-15.5 i7a

Inverse addition (adding phenylmagnesium bro- 3 4 5 6 7

(3) (a) E. J. Eisenbraun, J. M. Springer, C. W. Hinman, P. W. K. Flana
gan, and M. C. Hamming, Amer. Chem. Soc., Div. Petrol. Chem., Prepr. Gen. 
Papers, 14 (3), A-49 (1969); (b) J. M. Springer, C. W. Hinman, E. J. Eisen
braun, P. W. K. Flanagan, and M. C. Hamming, J. Org. Chem., 36, 1260 
(1970).

(4) (a) H. L. Retcofsky, L. Reggel, and R. A. Friedel, Chem. Ind. {Lon
don), 617 (1969); (b) M. Orchin, L. Reggel, and R. A. Friedel, J. Amer. 
Chem. Soc., 71, 2743 (1949).

(5) We thank Rohm and Haas Co., Philadelphia Pa., for a sample of 
Amberlyst-15 sulfonic acid resin. Literature describing its use may be ob
tained from this source.

(6) Correspondence regarding samples of 4, 1-phenylnaphthalene, 6, and
8 should be addressed to A. J. Streiff, American Petroleum Institute, Car- 
negie-Mellon University, Pittsburgh, Pa. 15213.

(7) (a) Amberlyst-155 in boiling benzene or toluene was effective in caus
ing dehydration and cyclization to 7. (b) Cold hydrochloric acid was used
to decompose Grignard reaction products and to cause dehydration to 5. 
(c) A structure analogous to 7 was proposed earlier for a product obtained 
from the reaction of o-tolylmagnesium bromide and 1: M. Orchin, L.
Reggel, and R. A. Friedel, J. Amer. Chem. Soc., 73, 1449 (1951).

1-Tetralone (1) serves as a useful starting material 
in the synthesis of 3,4-dihydro-l-phenylnaphthalene 
(6) or 1-phenylnaphthalene.2 It is of interest that a 
low yield (2-3%) of l',2',3',4'5,6-hexahydrospiro[7/f- 
benzo c]fluorene-7,l'-naphthalene] (7) is formed during 
the acid-catalyzed work-up. The latter is more conveni
ently prepared from either 2 or 5 as shown in Scheme I.

Sch em e  I

°Arrberlyst-15, toluene, A. 6Pd/C, Ha, CH3C 02H. cPd/C, A. *'C6H5- 
MgBr. HjO*. 'C 6HsLi. 'Pd/C, S, A.

(1) (a) American Petroleum Institute Graduate Research Assistant, 
1969-1973; Continental Oil Company Fellow, 1973; (b) American Petro
leum Institute Graduate Research Assistant, 1968-1971.

(2) (a) R. Weiss, “ Organic Syntheses,”  Collect. Voi. I ll , Wiley, New
York, N. Y., 1955, p 729. (b) The distillation residue obtained by the pro
cedure of ref 2a weighed 7 g and yielded 3%  of 7 (based on 0.4 mol of 1) after 
treatment with Amberlyst-15. Cf. Experimental Section for inverse addi
tion of phenylmagnesium bromide and the phenyllithium procedure leading 
to 7.
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mide to 1) gave 12% of 7 as final product. Presum
ably the higher concentration of ketone 1 in this mode 
of addition permits self-condensation to 2 as compared 
to addition of the phenyl group to 1.

To establish the structure70 of 7, it was dehydro
genated to the spiro hydrocarbon 8 by heating in the 
presence of Pd/C. The strongest argument for the 
structure of these spiro hydrocarbons is the anisotropy 
exhibited by the C-l, C -ll, and C-8' protons in the 
pmr spectra (100 MHz) of both hydrocarbons 7 and
8. Dreiding models of 7 and 8 indicate that the C-l 
and C -ll protons should experience deshielding.8a 
For 7, this strong interaction results in a downfield 
triplet at 8 7.88 for both protons. For 8, the C-l and 
C -ll protons give separated signals (pair of doublets) 
shifted to 8 8.79 and 8.37, respectively. Strong shield
ing is observed for the C-8' proton of 7 and 8. These 
high-field shifts appear as doublets centered at 8 6.49 
and 6.25, respectively. Dreiding models of 7 and 8 
also show that the C-8' proton is situated above the 
aromatic rings of the fluorene system and hence should 
be influenced by aromatic ring currents.8b

Aromatization of 8 to dibenzo [c,p ]chrysene (9) 
was accomplished by heating it in the presence of Pd/C 
and sulfur.80 The structure of 9 is supported by its 
high-resolution mass spectrum, which shows a molec
ular ion peak (m/e 328), peaks resulting from loss of 
1, 2, and 4 H atoms, and the formation of doubly 
charged ions m/e 164 (M)2+, 163 (M — 2 H)2+, and 
162 (M — 4 H)2+. The m/e 326 ion apparently 
loses CH and C2H2 to yield doubly charged ions m/e
156.5 and 150. These fragmentations are character
istic of condensed polynuclear aromatic hydrocar
bons.9**b The pmr spectrum of 9 shows a multiplet 
of six aromatic protons at 8 9.56-8.19. This corre
sponds to the bay protons at positions C-4 and C-5 
and fjord protons at C-l, -10, -11, and -16. The re
maining ten peninsular protons give rise to an up
held multiplet centered at 8 7.93. A similar spectrum 
was reported for dibenzo [g,p Jchryseno.90

Experimental Section10
Conversion of 1-Tetralone (1) to 2-(3,4-Dihydro-l-naphthyl)- 

3,4-dihydro-1 (27/)-naphthalenone (2).—1-Tetralone (292 g, 2 
mol), 30 g of Amberlyst-15,6 and 750 ml of dry toluene were 
combined in a 2-1., one-neck flask equipped with a Dean-Stark 
trap. The mixture was heated at reflux for 4.5 hr with magnetic 
stirring until production of water (4 ml) ceased. The reaction 
mixture was cooled, filtered, and concentrated with a rotary 
evaporator. The concentrated oil was mixed with 100 ml of 
ether, and the yellow-white crystals of 2 (37 g) that formed after

(8) (a) K. D. Bartle and D. W. Jones, Advan. Org. Chem., 8, 317 (1972);
(b) cf. ref 8a, p 353; (c) L. F. Fieser and M. Fieser, “ Reagents for Organic 
Synthesis,“ Wiley, New York, N. Y., 1967, p 781.

(9) (a) M. C. Hamming and N. G. Foster, “ Interpretation of Mass Spectra 
of Organic Compounds," Academic Press, New York, N. Y., 1972; (b) R. 
Engel, D. Halpern, and B.-A. Funk, Org. Mass Spectrom., 7, 177 (1973);
(c) R. H. Martin, N. Defay, F. Geerts-Evrard, and S. Delavarene, Tetra
hedron, 20, 1073 (1964).

(10) (a) The gle studies used a Hewlett-Packard Model 5750 instrument
with a 0.25 in. X 12 ft column of 80—100 mesh Chromosorb G (acid washed 
and DMCS treated) treated with 5% silicone rubber UC W-98. (b) A
similar 0.25 in. X 5 ft column of 100-120 mesh Chromosorb W (AW and 
DMCS treated) coated with 5% UC W-98 was used for analysis of the Cm 
hydrocarbons, (c) Nmr spectra were obtained with a Varian XL100 
spectrometer, (d) Mass spectra were obtained with CEC Model 21-103C 
and 21-110B spectrometers, (e) Ir and uv spectra were obtained with Beck
man IR-5A and Cary 14 spectrometers, respectively, (f) The petroleum 
ether, bp 60-68°, was redistilled before use. (g) A Nester/Faust autoannu- 
lar spinning band distillation system, Model NFA-200, was used.

refrigeration for 2  days were filtered out. The mother liquor was 
distilled at 80° (0.1 mm) to give 193 g of recovered 1 . A small 
forerun containing naphthalene was collected. Ether (150 ml) 
was added to the cooled viscous pot residue which then crystal
lized on seeding. An additional 45 g of 2 was obtained as brown 
crystals. The combined yield of crude 2  was 91% based on 
recovered 1 . This mixture was washed with ether and recrystal
lized from acetone to give 2 as colorless crystals: mp 132.5-135° 
(lit.4b mp 132.5-134.2°); orange 2,4-dinitrophenylhydrazone 
mp 249-250° dec (lit.4b mp 247-248°); mass spectrum (70 eV) 
m/e (rel intensity) 274 (77), 146 (75), 129 (100), 43 (97), 29 
(91); pmr (CDCI3 ) S 8.24 (m, 1 , isolated ArH at C-8 ), 7.63-7.24 
(m, 7, ArH), 0 . 8 8  (t, 1, vinylic), 3.89 (t, 1, C=CCH and adja
cent to C = 0 ), 3.21-2.02 (m, 8 , —CH2-); uv as previously record
ed. 3b’4b

Pd/C-Catalyzed Hydrogenation of 2 to 1 ,2 ,3 ,4 ,1 ',2 ',3 ',4 '- 
Octahydro-l,2'-binaphthyl (3).—A 100-g (0.36 mol) sample of 2 
in 400 ml of acetic acid in the presence of 5 g of 10% Pd/C was 
hydrogenated at 50 psi and at 65° for 12 hr. The catalyst was 
filtered out with Dicalite. Water (1.5 1.) was added to the 
filtrate and the mixture was extracted with ether (2 X 500 ml). 
The extract was washed with water and 100 ml of 10% sodium 
hydroxide, dried (MgSO,), filtered, and distilled to give 89 g 
(95%) of 3: bp 165° (0.1 mm) [ lit .11 bp 175-180° (0.2 mm)]; 
mass spectrum (70 eV) m/e (rel intensity) 262 (8 ), 132 (21), 131 
(100), 130 (30), 129 (17), 115 (15), 91 (22); pmr (CC1,) S 7.32- 
6.72 (m, 8 , ArH), 3.08-1.12 (envelope, 14, ArCH, ArCH2) and 
-CH2-); uv as previously recorded.11

Pd/C-Catalyzed Dehydrogenation of 3 to 1,2'-Binaphthyl 
(4).—A 89-g (0.34 mol) sample of 3 and 5 g of 10% Pd/C were 
heated together at 300° under nitrogen for 2.5 hr. The cooled 
mixture was dissolved in benzene and filtered through Dicalite to 
remove catalyst. An equal portion of petroleum ether101 was 
added and the solution was decolorized by elution through a 1 X 
4 in. column of basic alumina. The solvents were removed by 
rotary evaporation to give 8 6  g of crystalline 4. Recrystalliza
tion from petroleum ether101 gave 80 g (93%) of 4 free of impurity 
by glc:10“ mp 76-78° ( lit . 11 mp 76.5-77.5°); mass spectrum (70 
eV) m/e (rel intensity) 254 (100), 253 (72), 252 (53), 250 (13), 
127 ( 1 0 ), 126 (27); pmr (CDCh) 5 8.05-7.18 (m, ArH).

Conversion of 1-Tetralone (1) to 3,4-Dihvdro-l-phenylnaph- 
thalene (6) and l',2 ',3 ',4 ',5,6-H exahydrospiro[7//-benzo[c]fluo- 
rene-7,1'-naphthalene] (7).—The preparation of 6 from 584 g 
(4 mol) of 1 and 4.8 mol of phenylmagnesium bromide was 
carried out as described2“ except that commercial Grignard rea
gent12 was substituted and Amberlyst-156 in boiling toluene 
was used for dehydration. Glc studies10“ at 240° of this reaction 
mixture showed the presence of l-phenyl-l,2,3,4-tetrahydro- 
naphthalene-6 -l-phenylnaphthalene in a ratio of 5:80:15. The 
hydrocarbon mixture was distilled at 95-99° (0.01 mm) through 
an 18-in. vacuum-jacketed Vigreux column to give 486 g (67%) of 
crude 6 and 32 g of distillation pot residue. Redistillation108 gave 
pure 6 : bp 91° (0.01 mm) [ lit .13 bp 130.5-135.5° (0.3 mm)]; 
mass spectrum i'70 eV) m/e (rel intensity) 206 (100), 205 (29), 
202 (18), 191 (38), 128 (25), 91 (22); pmr (CCh) S 7.36-6.97 
(m, 9, ArH), 5.96 (t, 1, vinylic), 2.91-2.59 (m, 2, ArCH2-), 
2.44-2.03 (m, 2, allylic); uv max (95% ethanol) 205 m/t (log t 
4.39), 220 (4.36), 267 (3.91).

The identity of the glc peaks assigned to 1 -phenyl-l,2,3,4- 
tetrahydronaphthalene and 1 -phenylnaphthalene in the reaction 
product mixture was established by glc10“ comparison at 225° with 
authentic materials. Samples of these hydrocarbons were 
obtained from 6  by catalytic hydrogenation and catalytic de
hydrogenation in the presence of 10% Pd/C catalyst.

The pot residue (32 g) was recrystallized twice from benzene to 
give colorless crystals of 7: mp 189-190°; mass spectrum (70 
eV) m/e (rel intensity) 334 (100), 305 (12), 303 (12), 289 (10), 
229 (11), 215 (2 1 ); pmr (CDC13) 5 7.88 (t, 2 , isolated ArH at C-l 
and C -ll) , 7.42-6.72 (m, 9, ArH), 6.49 (d, 1, ArH at C-8 '), 3.08- 
2.56 (m, 4, ArCH2), 2.50-1.61 (m, 6 , ArCH2CH2-  and ArCH2- 
CH0CH0-); uv max (95% ethanol) 203 mp (log e 4.75), 238 
(4.46), 266 (3.87), 294 (3.86).

(11) L. E. Harris, E. J. Eisenbraun, P. W. Flanagan, M. C. Hamming, and 
G. W. Keen, J. Org. Chem., 37, 336 (1972).

(12) Phenylmagnesium bromide was obtained from Arapahoe Chemicals, 
Boulder, Colo.

(13) M. S. Newman, H. V. Anderson, and K. H. Takemura, J. Amer. 
Chem. Soc., 76, 347 (1953).
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Anal. Calcd for C26H22: C, 93.37; H, 6.63. Found: C, 
93.23; H, 6.79.

Inverse Addition of Phenylm agnesium Bromide to 1 to Form 6
and 7.—To a mechanically stirred solution of 44 g (0.3 mol) of 1 in 
500 ml of dry ether at 10° was added 200 ml (0.6 mol) of 3 M  
phenylmagnesium bromide12 over a 15-min period. Reflux was 
established after 5 min and the mixture was stirred for 1.5 hr. 
The reaction mixture was then added to 500 g of ice and 200 ml of 
concentrated hydrochloric acid. The ether extract was dried 
(MgSO<) and concentrated to give 63 g of red-brown oil. The oil 
was dissolved in 350 ml of toluene and stirred at reflux for 1.5 hr 
with 3 g of Amberlyst-15.6 Filtration and steam distillation gave 
41 g of volatile hydrocarbon and 20 g of nonsteam-volatile 
material. The nonvolatiles were dissolved in petroleum ether10' 
and percolated through a 2 X 3 in. column of basic alumina; 
concentration of the effluent and crystallization from petroleum 
ether10' gave 6 g (12%) of 7.

Inverse Addition of Phenylm agnesium  Bromide to 2 to Form
l-Phenyl-3,3 ',4 ,4 '-tetrahydro-2,l'-binaphthyl (5).—To a stirred 
mixture of 27.4 g (0.1 mol) of 2 in 500 ml of dry ether was added 
67 ml (0.2 mol) of a 3 M  phenylmagnesium bromide12 solution 
during 5 min. There was no apparent temperature change; the 
mixture was then heated at reflux for 24 hr. The reaction mix
ture was added to 500 g of ice and 50 ml of concentrated hydro
chloric acid. Extraction with benzene (250 ml), drying (MgSCL), 
and concentration gave 37 g of yellow oil. Petroleum ether10' 
(150 ml) was added and 10 g of 2 was recovered on cooling and 
filtering. The filtrate was percolated through two 2 X 3 in. 
columns of Merck basic alumina to give 16 g of concentrated oil. 
This oil crystallized from 25 ml of cold acetone after 3 days to give 
8.5 g (40%) of 5: mp 95-97°; mass spectrum (70 eV) m/e (rel 
intensitv) 334 (100), 333 (12), 332 (11), 305 (11), 215 (10), 117 
(11); pinr (CC14) S 7.26-6.62 (m, 13, ArH), 5.54 (t, 1, vinylic),
3.04-2.76 (m, 2, ArCH2 at C-4), 2.70-2.28 (m, 4, ArCH2CH2 and 
ArCH2 at C-3 and C-4', respectively), 2.10-1.81 (m, 2, ArCH2- 
CH2 at C-3'); uv max (95% ethanol) 205 mg (log e 4.65), 267 
(3.97).

Anal. Calcd for C26H22: C, 93.37; H, 6.63. Found: 
C, 93.18; H, 6.68.

Amberlyst-15-Catalyzed Cyclization of 5 to 7.—Three grams of 
5 was cyclized over 30 min by heating in 150 ml of boiling toluene 
containing 2 g of Amberlyst-15.6 The reaction mixture was 
cooled, filtered, and concentrated and the crude product was 
crystallized from 50 ml of petroleum ether10' to give 2.7 g (90%), 
mp 189-190°, found to be identical with 7 from other experi
ments.

Conversion of 2 to 7 Using Phenyllithium .—Phenyllithium 
(0.4 mol) was prepared as described14 from 63 g of bromobenzene 
and 3 g of Li. To the stirred reagent was added, during 40 min 
at 25-30°, 27.4 g (0.1 mol) of 2 dissolved in 300 ml of dry benzene. 
The mixture was heated at reflux for 10 hr. During this period 
the temperature rose from the boiling point of ether to that of 
benzene. The reaction mixture was cooled and added to ice and 
300 ml of 10% HC1. Extraction with ether gave 34 g of concen

(14) J. C. Evans and C. F. H. Allen, “ Organic Syntheses,”  Collect. Vol. II, 
Wiley, New York, N. Y., 1943, p 517.

trated oil, ir  (neat) 3460 cm 1 (OH). The oil was dehydrated 
and cyclized with 3 g of of Amberlyst-155 in 300 ml toluene heated 
at reflux temperature for 1 hr. Two milliliters of water was 
collected. The filtered and concentrated product was dissolved 
in 200 ml of toluene-petroleum ether (1:1) and the mixture was 
passed through a 1.5 X 3 in. column of basic Merck alumina. 
Removal of the solvent and crystallization from 75 ml of toluene 
gave 18 g (55%) of colorless 7, mp 188-190°. This sample was 
found to be identical with other samples of 7.

P d /C  Catalyzed Dehydrogenation of 7 to l',2 ',3 ',4 '-T e trahy - 
drospiro [7R-benzo [c] fluorene-7,1 '-naphthalene] (8).—A 18.3-g 
sample of 7 and 3 g of 10% Pd/C were heated together at 310° 
(bath temperature) for 20 min under a blanket of N2. The 
cooled product mixture was dissolved in chloroform and filtered 
through Dicalite, the chloroform removed by rotary evaporation, 
and 50 ml of petroleum ether was added to the oil. Refrigeration 
and filtration gave 16.9 g (92%) of 8 as white plates: mp 157-
159°; mass spectrum (70 eV) m/e (rel intensity) 332 (100), 304 
(17), 303 (52), 302 (6), 300 (8), 151 (13); pmr (CDC13) S 8.79 
(d, 1, isolated ArH at C-l), 8.37 (d, 1, isolated ArH at C -ll), 
7.98-6.95 (m, 10, ArH), 6.76 (t, 1, isolated ArH at C-7'), 6.25 
(d, 1, isolated ArH at C-8'), 3.24-3.01 (m, 2, ArCH2), 2.41-1.95 
(m, 4, ArCH2CH2CH2); uv max (95% ethanol) 204 mu (log « 
4.70), 237 (4.69), 252 (4.49 sh), 306 (3.97 sh), 317 (4.10), 326 
(4.05), 342(4.16).

Anal. Calcd for C26H20: C, 93.94; H, 6.06. Found: 
C, 93.79; H, 6.14.

T he P d /C  and Sulfur Dehydrogenation of 8 to Dibenzo[c,p]- 
chrysene (9).—A 2-g sample of 8 was heated under nitrogen at 
325° in the presence of 0.75 g of 10% Pd/C and 0.75 g of sulfur for 
10 min. The mixture was cooled, dissolved in benzene, and 
filtered through Dicalite to give a green solution. This solution 
was diluted with an equal volume of petroleum ether10' and passed 
through a 1.5 X 2.5 in. column of Merck acidic alumina. Con
centration and trituration with petroleum ether10' gave 1.2 g of 
yellow 9: mp 200-202° dec; mass spectrum (70 eV) m/e (rel 
intensity) 328 (100), 327 (33), 326 (40), 324 (15) [accurate 
mass values (±0.003 of theoretical) were obtained for the doubly 
charged ions 164 (7), 163 (14), and 162 (15)]; pmr (CDC13) 5 
9.56-8.19 (m, 6, ArH), 8.19-7.66 (m, 10, ArH); uv max (95% 
ethanol) 213 mM (log e 4.64), 276 (4.84), 295 (4.71), 305 (4.79), 
334 (4.09), 350 (3.87).

Anal. Calcd for C26H16: C, 95.09; H, 4.91. Found: C, 
95.03; H, 4.91.
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Aliphatic and aromatic carboxylic acids are reduced rapidly and quantitatively to the corresponding alcohols 
by borane in tetrahydrofuran, either at 0° or 2.5°. Even sterically hindered acids, such as 1-adamantanecar- 
boxylic acid, dicarboxylic acids, such as adipic acid, phenolic acids, and amino acids undergo facile and quantita
tive reduction with borane. Aliphatic carboxylic acids are reduced at faster rates than aromatic carboxylic 
acids. Unlike more conventional, very powerful reducing agents, such as lithium aluminum hydride, the mild
ness of the reagent, borane, permits the presence of other functional groups less susceptible to the reducing action 
of the reagent, groups such as ester, nitro, halogen, nitrile, keto, etc. The remarkable u tility of this reagent for 
the selective reduction of carboxylic acids was confirmed by the selective conversion of adipic acid monoethyl 
ester to ethyl 6-hydroxyhexanoate and p-cyanobenzoic acid to p-cyanobenzyl alcohol in yields of 88 and 82%, 
respectively. This reaction provides a highly convenient synthetic procedure for the selective reduction of the 
carboxylic acid group where this is required in synthetic operations.

Reduction of carboxylic acids to the corresponding 
alcohols has been examined with a variety of complex 
metal hydrides and metal hydrides, such as lithium 
aluminum hydride, lithium trimethoxyaluminohydride 
(LTM A), lithium tri-terf-butoxyaluminohydride 
(LTBA), aluminum hydride, “mixed hydride,” etc.3 
Lithium aluminum hydride has been widely applied 
for such reductions. However, lithium aluminum 
hydride and lithium trimethoxyaluminohydride are 
exceedingly powerful reducing agents capable of re
ducing practically all organic functional groups, 
whereas lithium tri-ieri-butoxyaluminohydride is a 
mild reducing agent which does not reduce the car
boxylic acid group. Consequently, this introduces a 
severe limitation in utilizing these reagents for the 
selective reduction of carboxylic acids to alcohols in 
the presence of other reducible functional groups in 
multifunctional molecules. Recently, the develop
ment of aluminum hydride as a reducing agent in our 
laboratories made it possible to overcome some of the 
limitations of lithium aluminum hydride, to achieve, for 
example, the selective reduction of the carboxylic acid 
group in the presence of nitro and halogen substituents. 
Unfortunately, aluminum hydride is highly reactive 
toward other functional groups, such as ester, nitrile, 
keto group, epoxide, etc., so that its utilization for 
selective reductions is not broadly applicable.

We recently reported an extensive investigation of 
the approximate rates and stoichiometry of the reaction 
of borane in tetrahydrofuran (THF) with organic

(1) Postdoctoral Research Associate on Grant No. ARO-D-31-124-73-G1 
supported by the U. S. Army Research Office (Durham).

(2) Graduate Research Assistant on Grant No. GM 10937 from the 
National Institutes of Health.

(3) (a) For a summary of the literature, see N. G. Gaylord, "Reduction 
with Complex Metal Hydrides,”  Interscience, New York, N. Y., 1956, pp 
322-372; (b) H. C. Brown, P. M. Weissman, and N. M. Yoon, J. Amer. 
Chem. Soc., 88, 1458 (1966); (c) H. C. Brown and P. M. Weissman, ibid., 
87, 5614 (1965); (d) H. C. Brown and P. M. Weissman, Israel J. Chem., 1, 
430 (1963); (e) H. C. Brown and N. M. Yoon, J. Amer. Chem. Soc., 88,
1464 (1966); (f) N. M. Yoon and H. C. Brown, ibid., 90, 2927 (1968); (g) 
R. F. Nystrom, ibid., 81, 610 (1959); (h) E. E. Eliel, Rec. Chem. Progr., 
22, 129 (1961); (i) E. C. Ashby and J. Prather, J. Amer. Chem. Soc., 88,
729 (1966).

compounds containing representative functional 
groups.4 During the course of this investigation, it 
was observed that carboxylic acids, such as hexanoic 
acid and benzoic acid, are reduced by borane to the 
corresponding alcohols rapidly and quantitatively under 
remarkably mild conditions (eq 1).

B H rTH F
RCOOH-----------RCH2OH (1)

°° >95%
R = alkyl or aryl

The results of this investigation suggested that the 
unique reduction characteristics of borane should
permit selective reduction of the carboxylic acid group 
to the corresponding primary alcohol in the presence of 
many other less reactive functional groups. Accord
ingly, we undertook a detailed study of the scope of the 
reduction and its applicability for multifunctional
molecules. The results of this investigation are re
ported in the present paper.

Results and Discussion

Stoichiometry.—Simple carboxylic acids, such as 
hexanoic acid or benzoic acid, should require one borane 
unit or a total of three “active hydrides”5 for the 
reduction to alcohol stage, one hydride for the reaction 
with the acidic hydrogen and two hydrides for the reduc
tion. Similarly, dicarboxylic acids, such as adipic acid, 
should need a total of six “active hydrides” for com
plete reduction.

With acids containing hydroxy groups, such as 
salicylic acid, a total of four “active hydrides” (two for 
the acidic hydrogens present in the molecule and two 
for the reduction) would be required for the reduction.

Finally, amino acids, such as p-aminobenzoic acid,

(4) (a) H. C. Brown, P. Heim, and N. M. Yoon, ibid., 92, 7161 (1970); 
(b) H. C. Brown and B. C. Subba Rao, ibid., 82, 681 (1960); (c) H. C. 
Brown and W. Korytnyk, ibid., 82, 3866 (1960).

(5) It is convenient to discuss the utilization of the reagents in terms of 
moles of hydride taken up per mole of acid. However, it should not be con
fused that free "hydride”  ion is the active species. An "active hydride” 
refers to one B-H  bond, 1 equiv of borane.



might require a maximum of eight “active hydrides,” 
three for the reaction with “active hydrogens” present 
on nitrogen and oxygen, two for the reduction, and the 
remaining three (1 mol of borane) for the formation of 
an amine-borane complex.

General Procedure for Rate and Stoichiometry 
Studies. Effect of Structure of the Acid on the Re
activity.—In order to understand the influence of the 
structure of the carboxylic acid on the rate of this 
reaction, the reactivity of a series of acids of representa
tive structural features was examined toward borane. 
The general procedure adopted was to add 4 mmol of 
acid to 5.66 mmol of borane solution in sufficient THF 
to give 20 ml of solution. This makes the reaction 
mixture 0.33 M  in BH3 and 0.2 M  in substrate. The 
solutions were maintained at constant temperature 
(ca. 25c) and aliquots were removed at appropriate 
intervals of time and analyzed for “residual hydride” 
by hydrolysis. In the case of dicarboxylic acids and 
amino acids, the concentration of borane alone was 
increased to 0.5 M.

All of the acids examined react instantaneously and 
quantitatively to evolve hydrogen, forming triacyloxy- 
boranes. Simple carboxylic acids, such as propionic 
acid and benzoic acids, are reduced rapidly and quan
titatively in 1 hr. Introduction of alkyl substituents 
a to the carbonyl group (propionic acid vs. trimethyl- 
acetic acid) does not influence the rate of reduction, 
revealing insensitiveness of the reaction to steric effects. 
However, introduction of electron-withdrawing sub
stituents, such as halogen, a to the carbonyl group, 
decreases the rate of reduction (trichloroacetic acid vs. 
propionic acid). The results are summarized in Table I .

Table I
Rates of Reaction of Borane with Representative 

Carboxylic Acids in Tetrahydrofuran at 25°“ '*

-----------------Reduction,c %-------------- '

Carboxylic Acids with Borane-T etrahydrofuran

Registry 0.5 1.0 3.0 6.0 12.0 24.0 48.0
no. Acid hr hr hr hr hr hr hr

79-09-4 Propionic 95 100 100
65-85-0 Benzoic 99 99
75-98-9 Trimethylacetic 95 100 100
79-11-8 Chloroacetic 100 100 100
76-03-9 Trichloroacetic 8 18 37 48 61
90-64-2 Mandelic 80 88 92 100 100
69-72-7 Salicylic 87 100

150-13-0 p-Aminobenzoic“* 100 100
124-04-9 Adipic1* 93 96 98 100

° Unless otherwise indicated, reaction mixtures were 0.33 M  in 
BH3 and 0.2 M  in the compound. 6 In all of the acids, the hy
drogen evolution from the acidic hydrogen is instantaneous and 
complete. Hydrogen evolution from the amino group in p- 
aminobenzoie acid is slow and incomplete (38%) c Reactions 
were monitored by the decrease in the hydride concentration. 
4 Solutions were 0.5 M  in BH3 and 0.2 M  in the acid.

Competition Experiments.—Extensive study of the 
reaction of typical organic functional groups with ex
cess borane gave a rough indication of the relative ease 
of reduction by this reagent of representative functional 
groups.4 It has been established that borane is essen
tially inert toward nitro (both aliphatic and aromatic), 
sulfone, sulfide, disulfide, tosylates, and halogen (both 
alkyl and aryl). However, functional groups, such as

ketone, esters, and nitriles, are reduced fairly rapidly 
by this reagent. Consequently, before undertaking to 
test the feasibility of selective reduction of carboxylic 
acid groups in the presence of such functional groups, 
it appeared desirable to establish the reactivities of 
these groups relative to the carboxylic acid group by 
means of competitive experiments. Accordingly, 
equimolar amounts of a carboxylic acid and a compound 
containing the functional group were allowed to com
pete for a limited quantity of borane in THF. The 
borane was added slowly to the reaction mixture, 
maintained at —15°. After 12 hr the mixture was 
hydrolyzed and analyzed by glpc using an internal 
standard.

The ease of reduction of carboxylic acids by this 
reagent is remarkable. Thus, the acid group is reduced 
completely in the presence of an ester (n-octanoic acid 
vs. ethyl hexanoate) and a nitrile (benzoic acid vs. 
benzonitrile). Even in the presence of a ketone, the 
carboxylic acid group is preferentially reduced (n- 
hexanoic acid vs. p-chloroacetophenone).

Representative results are summarized in Table II.
Synthetic Utility. —In order to establish the synthetic 

utility, product studies for the reduction of representa
tive carboxylic acids were carried out. The rate and 
stoichiometric studies previously discussed indicated 
that for complete reduction 1 mol of borane is required 
per 1 mol of the carboxylic acid group. We established 
that simple acids, such as hexanoic acid, undergo rapid 
and quantitative reduction using only the stoichio
metric quantity of borane. With carboxylic acids con
taining functional groups, such as halogen, nitro, etc., 
which are essentially inert toward borane, we utilized a 
modest excess of borane, 1.33 mol of BH3 per 1 mol of 
RC02H (33% excess). The borane in THF was added 
slowly to the acid in THF at 0°. After the addition was 
completed, the reaction mixture was allowed to warm 
up to room temperature in the course of 1 hr (procedure 
A). In extending this procedure to the hydroxy acids 
and amino acids, the amount of borane used was in
creased by l/ 3 equiv for each equiv of active hydrogen 
present in the molecule. With amino acids an addi
tional mol of borane per mol of acid was utilized to 
overcome the difficulties resulting from the formation 
of less reactive amine-borane complexes.

With the carboxylic acids containing more reactive 
functional groups, such as ester, keto, nitrile, etc., the 
precise stoichiometric amount of borane was utilized 
(1 mol of borane per mol of carboxylic acid group). 
The borane in THF was added drop by drop slowly to 
the acid in THF maintained at —15°. After the addi
tion was completed, the mixture was allowed to warm 
up to room temperature and allowed to remain there 
overnight for a total reaction time of 12 hr (proce
dure B).

Simple carboxylic acids, such as n-hexanoic acid and 
benzoic acid, were converted into n-hexvl alcohol and 
benzyl alcohol in yields of 99 and 89%, respectively.

Even a sterically hindered carboxylic acid, such as
1-adamantanecarboxylic acid, was converted without 
difficulty into 1-adamantanemethanol in a yield of
95%  (eq 2). . . . .  j  ^ t  v

Dicarboxylic acids, such as adipic acid and phthalic 
acid, were converted into their corresponding diols in 
yields of 99 and 95%, respectively.
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T a b l e  I I
R e l a t iv e  R e a c t iv it ie s  o f  C a r b o x y l ic  A cids  to  O t h e r  F u n c tio n a l  G rou ps

TOWARD B oRANE IN TETRAHYDROFURAN“
Borane,

Expt Registry no. Compounds used Mmol mmol Reaction products Mol %

1 124-07-2 n-Octanoic acid 10.0 n-Octyl alcohol 50
10.0 n-Octanoic acid6 0

123-66-0 Ethyl hexanoate 10.0 n-Hexyl alcohol <0.2
Ethyl hexanoate 50

2 Benzoic acid 10.0 Benzyl alcohol 48
10.0 Benzoic acid6 2

100-47-0 Benzonitrile 10.0 Benzylamine6 <0.2
Benzonitrile 49.8

3C 142-62-1 n-Hexanoic acid 15.0 n-Hexyl alcohol 40
15.6 n-Hexanoic acid 10

99-91-2 p-Chloroacetophenone 15.0 p-Chlorophenylethanoi 7
p-Chloroacetophenone 43

“ Borane in THF was added to the THF solution of the compounds at —15°. 6 Not determined directly; estimated by difference. 
c Data taken from ref 4c.

The presence of acidic or basic functional groups, such 
as the phenolic or amino group, did not interfere in the 
smooth reduction of the carboxylic acid group to the 
alcohol. Thus, salicylic acid was reduced to o-hydroxy- 
benzyl alcohol in 92% yield. Similarly, p-amino- 
benzoic acid was converted to p-aminobenzyl alcohol 
in 80% yield (eq 3).

C O O H

n h 2

BH,-THF

C H ,O H

N H ,

(3)

Carboxylic acids containing halogen substituents 
were quantitatively and cleanly converted into the 
corresponding halogen-substituted alcohols. For ex
ample, chloroacetic acid and 2-bromododecanoic acid 
were converted into 2-chloroethanol and 2-bromo- 
dodecanol in essentially quantitative yield. Similarly, 
11-bromoundecanoic acid was reduced to 11-bromo- 
undecanol in a yield of 91%. Further, o-iodobenzoic 
acid and o-bromobenzoic acid were converted into o- 
iodobenzyl alcohol and o-bromobenzyl alcohol in yields 
of 92 and 93%, respectively (eq 4).

Finally, we examined p-nitrophenylacetic acid, 
adipic acid monoethyl ester, and p-cyanobenzoic acid to 
test the utility of this procedure for selective reductions. 
The products, 2-p-nitrophenylethanol, ethyl 6-hydroxy- 
hexanoate, and p-cyanobenzyl alcohol, were all ob
tained in excellent yield, confirming the value of this 
procedure for selective reductions (eq 5-7). The 
results are summarized in Table III. Work-up pro
cedures for the individual compounds are discussed in 
detail in the Experimental Section.

CHoCOOH

BH.-THF
H O O C (C H 2)4C OOC2H 5

C O O H

(5)

94%
H O C H ,(C H 2) 4C O O C 2H5 (6 ) 

88%

(7)

Scope and Applicability.—Preliminary exploratory 
studies have established many unusual reducing char
acteristics of borane, quite different from those observed 
for aluminum hydride, lithium aluminum hydride, and 
its alkoxy derivatives. The reactivity of various func
tional groups toward borane decreases in the order 
carboxylic acids > olefins >  ketones >  nitriles >  
epoxides >  esters >  acid chlorides. This is in marked 
contrast to the order of reactivity exhibited by these 
groups toward lithium aluminum hydride and its 
alkoxy derivatives (which are “basic” ). This dif
ference in behavior has been attributed to the Lewis 
acid character of borane.

For achieving the conversion of the carboxylic acid 
group to the -CH2OH grouping, borane has three major 
advantages over the conventional reagents, such as 
lithium aluminum hydride, aluminum hydride, etc. 
First, the reaction is exceedingly rapid and quantitative, 
free of side products. Second, the stoichiometric 
quantity of borane is adequate to bring the reaction 
to completion in a reasonable time under mild condi
tions. Third, the unique reducing characteristics ex
hibited by borane enable the reaction to tolerate the 
presence of almost any other functional group, such as 
nitro, halogen (alkyl and aryl), nitrile, ester, epoxide, 
sulfone, sulfide, sulfoxide, tosylate, disulfide, etc. No 
other hydride reagent currently available exhibits such 
a unique selectivity.
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In utilizing lithium aluminum hydride, the reduction 
of the carboxylic acids often requires conversion of the 
acid to other derivatives with more favorable proper
ties, such as ester or acid chloride, to achieve smooth 
reduction. However, borane reduces even sterically 
hindered acids and polycarboxylic acids directly to the 
alcohol stage with exceptional ease in a single step.

p-Aminobenzoic acid has been reduced to p-amino- 
benzyl alcohol with lithium aluminum hydride in 20% 
yield,6 whereas the use of borane has improved the 
yield tc 80%. Indeed, borane has been the reagent of 
choice for such transformations involving amino acids 
to amino alcohols.7

Recently, borane has been successfully applied to the 
specific reduction of C-terminal carboxyl groups in 
model peptides and proteins without affecting the 
peptide linkage.8 This opens up many major applica
tions for borane in biological chemistry, such as specific 
modification of peptides and proteins. With some 
additional research in this area, it should be possible to 
develop this reaction as a general procedure for C- 
terminal determination in proteins.

Lithium aluminum hydride causes extensive hydro- 
genolysis of the carbon-halogen bonds in both aliphatic 
and aromatic substrates.9 Thus the yield of 2-chloro- 
ethanol from chloroacetic acid utilizing lithium alu
minum hydride has been reported to be 5% .10 Use of 
aluminum hydride improved the yield to 69%.3f 
(Similarly, use of “mixed hydride” increased the yield 
of 3-bromopropanol from 3-bromopropionic acid to 
50%.3g) In the present study, use of borane dramat
ically enhanced the yield of 2-chloroethanol to 100%. 
Similarly, iodo- and bromo-substituted benzoic acids on 
reduction with lithium aluminum hydride undergo 
extensive hydrogenolysis of the carbon-halogen bond. 
Particularly, it has been reported that o-iodobenzoic 
acid reacts with lithium aluminum hydride to yield 
only benzyl alcohol (dehalogenated product) and none 
of the desired product.11 Use of borane in the present 
study yielded o-iodobenzyl alcohol in 92% yield and 
none of the dehalogenated product (eq 8).

hydride and aluminum hydride would fail. Indeed, 
since the original suggestion that it should be possible to 
reduce the carboxyl group selectively in the presence 
of an ester group,* there have been a number of such 
applications of borane.12

Finally, even carboxylic acids containing keto groups 
can be successfully reduced to the corresponding keto 
alcohols in reasonably good yield13 (eq 9).

BH.
C,H5COCH2CH2COOH — »- C«H5COCH2CH2CH2OH (9) 

thf 60%

Mechanism. Trialkoxylboroxine as Final Reduction 
Product.—Previous studies4b c have established that 
the first step in these reactions involves formation of 
the triacyloxyborane14 (eq 10). It is postulated that

O
very fast

3RCOOH +  BH3 ------------(RCO)jB +  3H2 (10)

the carbonyl group in triacyloxyborane must be 
“activated” as a consequence of resonance involving 
the boron atom and the lone pair on oxygen (eq 11).

O O
JL /  11+ - /

-COB •*—► -CO =B (11)
\  \

According to this interpretation, the carbonyl group in 
triacyloxyborane should resemble those in aldehydes 
and ketones, much more than those in derivatives such 
as esters, acid chlorides, etc.15 Consequently, this 
moiety undergoes further reaction with borane.

The stoichiometry of the reaction suggests that the 
final product should be the trialkoxyboroxine. This 
substance should give the alcohol and boric acid on 
hydrolysis. Indeed, this proposal has now been con
firmed. Reaction of 1 mol of formic acid with 1 mol of 
borane resulted in the formation of trimethoxyboroxine, 
isolated in 78% yield, and identified by its proton nmr 
(singlet at S 3.59) (Scheme I).

Scheme I
THF

3HCOOH +  3BH, ----- >- 3[CH,OBO] + 3H
o°

^ trimerization 

CII3

3CHOH +  3B(OH)j
3H20

hydrolysis

o ^ o

B ^ B — OCH,
CH.O

92%

The applicability of borane for such specific trans
formations is further evidenced by the successful selec
tive reduction of the carboxyl function in the presence 
of ester or cyano group where both lithium aluminum

(6) A. P. Phillips and A. Maggiolo, J. Org. Chem., 15, 659 (1950).
(7) (a) M. Siddiqueullah, R. McGarth, L. C. Vining, F. Sala, and D. W. 

Westlake, Can. J. Biochem., 45, 1881 (1967); (b) A. V. Ernes and L. C. 
Vining, ibid., 48, 613 (1970); (c) C. K. Wat. V. S. Malik, and L. C. Vining, 
Can. J. Chem., 49 , 3653 (1971).

(8) (a) A. F. Rosenthal and M. Z. Atassi, Biochim. Biophys. Acta, 147, 
410 (1967); (b) M. Z. Atassi and A. F. Rosenthal, Biochem. J., I l l ,  593 
(1969).

(9) (a) H. C. Brown and S. Krishnamurthy, J. Org. Chem., 84, 3918 
(1969); (b) H. C. Brown and S. Krishnamurthy, manuscript in prepara
tion.

(10) E. L. Eliel and J. T. Trailer. J. Amer. Chem. Soc., 78, 4049 (1956).
(11) G. J. Karabatsos and R. L. Shone, J. Org. Chem., 33, 619 (1968).

(12) (a) N. L. Allinger and L. A. Tushaus, J. Org. Chem., 30, 1945 (1965); 
(b) C. C. Schroff, W. S. Stewart. S. J. Uhm, and J. W. Wheeler, ibid., 36, 
3356 (1971); (c) W. S. Johnson, J. A. Marshall, J. F. W. Keana, R. W. 
Franck, D. G. Martin, and V. J. Bauer, Tetrahedron, Suppl., 8. Part II, 
541 (1966); (d) R. A. Firestone, E. E. Harris, and W. Reuter. Tetrahedron, 
23, 943 (1967); (e) S. Hagishita and K. Kuriyama, ibid., 28, 1435 (1972).

(13) B. C. Subba Rao and G. P. Thakar, Current Science, 32, 404 
(1963).

(14) Hydrogen evolution is instantaneous and quantitative even at 
— 20°, indicating the remarkable ease with which triacyloxyboranes are 
formed. Recently, it has been reported that the triaryloxyboranes initially 
formed can undergo dismutation to acid anhydrides and oxybisdiacyloxy- 
boranes and the resulting dismuted products undergo further reduction 
with borane-THF to the alcohol stage; see A. Pelter, M. G. Hutchings, T. E. 
Levitt, and K. Smith, Chem. Commun., 347 (1970). However, the rates of 
reduction of carboxylic acids observed in the present study are far faster 
than the rates of dismutation for triacyloxyboranes in the majority of in
stances. This indicates that dismutation need not be an important factor 
in the presence of excess borane-THF.

(15) A detailed study of the unusual chemistry of triacyloxyboranes is 
underway with Mr. Thomas P. Stocky.
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T a b l e  I I I
P ro d u cts  o f  R e d u ction  o f  C a r b o x y l ic  A cids w it h  B o r a n e  in  T e tr a h y d r o f u r a n “

Compd Procedure Time, hr
Hydride/

compd Product Yield,& %

Benzoic acid A 1.0 4.0 Benzyl alcohol 89
1-Adamantanecarboxylie acid A 1.0 4.0 1-Adamantanemethanol 95
Adipic acid A 6 . 0 7.0 1 ,6-Hexanediol 1 0 0

Phthalic acid A 6 . 0 7.0 Phthalyl alcohol 95
Salicylic acid A 3.0 5.0 o-Hydroxybenzyl alcohol 92
p-Aminobenzoic acid A 4.5 8 . 0 p-Aminobenzyl alcohol 80
Chloracetic acid A 0.5 4.0 Chloroethanol 1 0 0 “
2-Bromododecanoic acid A 1.0 4.0 2-Bromododecanol 92
11-Bromoundecanoic acid A 1.0 4.0 11-Bromoundecanol 91
o-Iodobenzoic acid A 1.0 4.0 o-Iodobenzyl alcohol 92
o-Bromobenzoic acid A 1.0 4.0 o-Bromobenzyl alcohol 93
p-Nitrophenylacetic acid A 2 . 0 4.0 2 -p-Nitrophenyl ethanol 94
Adipic acid monoethyl ester B 16.0 3.0 Ethyl 6 -hydroxyhexanoate 8 8

p-Cyanobenzoic acid B 1 2 . 0 3.0 p-Cyanobenzyl alcohol 82
“ Reactions were carried out on a 25-mmol scale. b Unless otherwise indicated, the reported yields are isolated yields. c Determined 

by glpc.

Conclusions

The facile reaction of borane with olefins led to the 
discovery of hydroboration reaction and the exploration 
of the remarkable chemistry of organoboranes.16 The 
rapid and quantitative reduction of amides to amines by 
borane resulted in numerous applications of this pro
cedure for such conversions in medicinal, pharma
ceutical, and biological chemistry.17 The subject of the 
present study, the selective reduction of carboxylic 
acids in the presence of almost any functional group, 
provides yet another major application for the reagent, 
borane-THF.

Experimental Section
Materials.—Tetrahydrofuran was dried with excess lithium 

aluminum hydride, distilled under nitrogen, and stored over 5-A 
molecular sieves. Borane solution in THF was prepared from 
sodium borohydride and boron trifluoride etherate. 1819 The 
borane-THF solution was standardized by hydrolyzing a known 
aliquot of the solution with glycerine-water-THF mixture and 
measuring the hydrogen evolved. For most experiments the 
concentration was approximately 2 M  in BH3.

Carboxylic acids used were the commercial products of the 
highest purity. They were further purified by distillation or 
recrystallization when necessary. In all of the cases, physical 
constants agreed satisfactorily with constants in the literature.

All glassware was dried thoroughly in a drying oven and cooled 
under a dry stream of nitrogen. All reduction experiments were 
carried out under a dry nitrogen atmosphere. Hypodermic 
syringes were used to transfer the solution.

Rates of Reduction of Carboxylic Acids.—Reduction of benzoic 
acid is representative. A 100-ml flask was dried in an oven and 
cooled down in a dry nitrogen atmosphere. The flask was 
equipped with a rubber syringe cap, a magnetic stirring bar, and 
a reflux condenser, connected to a gas buret. The flask was im
mersed in a water bath at room temperature (ca. 25°) and 6 . 6  ml 
(6 . 6  mmol) of 1.0 M  borane solution in THF was introduced into 
the reaction flask, followed by 9.4 ml of THF. Then 4 mmol of 
benzoic acid in 4 ml of THF was introduced slowly. Now the 
reaction mixture was 0.33 M  in BH3 and 0.2 M  in acid. Hydro
gen evolution, 4 mmol, was almost instantaneous, which corre
sponds to I mmol of hydrogen evolution per mmol of the acid. 
The mixture was stirred well. 16 17 18 19

(16) H. C. Brown, “ Boranes in Organic Chemistry,”  Cornell University 
Press, Ithaca, N. Y., 1972, pp 255-446.

(17) (a) H. C. Brown and P. Heim, J. Amer. Chem. Soc., 86, 3566 (1964); 
(b) J. Org. Chem., 38, 912 (1973), and references cited therein.

(18) G. Zweifel and H. C. Brown, Org. Reactions, 13, 1 (1963); H. C. 
Brown and R. L. Sharp, J. Amer. Chem. Soc., 90, 2915 (1968).

(19) One molar solution of borane in tetrahydrofuran is now commercially 
available from Aldrich Chemical Co., Milwaukee, Wisconsin.

At the end of 30 min, a 5.0-ml aliquot of the reaction mixture 
was removed with a hypodermic syringe and injected into a hy
drolyzing mixture in a 1 : 1  mixture of 2  A  sulfuric acid and eth
ylene glycol. The hydrogen evolved was measured with a gas 
buret. This indicated that 2.99 mmol of hydride has reacted 
per mmol of the acid, indicating the completion of the reaction. 
An aliquot taken at the end of 1 hr showed no further hydride 
utilization.

The results for other acids are summarized in Table I.
Reduction of Hexanoic Acid with a Stoichiometric Quantity of 

Borane in THF.—A clean, dry 25-ml flask, equipped with a side 
arm fitted with a silicone rubber stopple, a magnetic stirring bar, 
and a reflux condenser connected to a mercury bubbler, was cooled 
down with nitrogen. Then 5 ml (10 mmol) of a 2 M  solution of 
hexanoic acid was injected into the reaction flask, followed by 1  
ml of n-dodecane as the internal standard. The flask was im
mersed in an ice bath and cooled to 0°. Then 4.3 ml (10 mmol) 
of 2.33 M  borane solution in THF was added slowly. There was 
evolved 260 ml ( 1 0 . 1  mmol) of hydrogen during the course of the 
addition. The ice bath was removed and replaced by a water 
bath (ca. 25°). At the end of 0.5 hr, 1 ml of the reaction mixture 
was hydrolyzed with water and analyzed by glpc on a 5% Carbo- 
wax 20M column, 6 f t  X 0.125 in., indicating the presence of 97% 
«-hexyl alcohol. At the end of 1 hr a 99% yield of «-hexyl al
cohol was realized. The reaction mixture was devoid of any 
residual hydride.

A similar study was made utilizing 3.3% of excess borane. 
«-Hexyl alcohol was formed in 100% yield in 30 min. Hydrolysis 
of the reaction mixture with water indicated the presence of 2.5 
mmol of residual hydride.

Competitive Experiments. Reaction of n-Octanoic Acid and 
Ethyl Hexanoate with a Limited Quantity of Borane in THF.—
The experimental set-up was the same as in the previous experi
ments. To the reaction flask was added 5 ml (10 mmol) of a 2 M  
solution of octanoic acid in THF, followed by 5 ml (10 mmol) of a 
2 M  solution of ethyl hexanoate in THF; 1 ml of n-dodecane 
was added to serve as an internal standard. The mixture was 
stirred well and a minute sample was withdrawn and analyzed 
by glpc. The mixture was cooled to —15° using an ice-salt bath. 
Then 4.3 ml (10 mmol) of a 2.33 M  solution of BH3 was added 
slowly, drop by drop, over a period of 20 min. There was 
evolved 9.9 mmol of hydrogen during the course of addition (hy
drogen evolution was instantaneous even at —15°). The mix
ture was stirred for 1 2  hr, allowing it  to warm up to room tempera
ture slowly. The mixture was hydrolyzed with water. There 
was observed no hydrogen evolution, indicating the complete 
utilization of borane. The aqueous phase was saturated with 
anhydrous potassium carbonate. Gas chromatographic examina
tion of the ethereal layer indicated the presence of 1 0  mmol of 
n-octyl alcoho., traces of n-hexyl alcohol, and 9.9 mmol of ethyl 
hexanoate (recovered as unreacted).

The results are summarized in Table I I .
General Preparative Procedures for the Reduction of Carbox

ylic Acids to Alcohols.—A series of carboxylic acids of representa
tive structural features was reduced on a 25-mmol scale and the 
products were isolated to establish the synthetic u tility  of the



reaction. (Depending upon the other substituents present, the 
time required may require an increase or decrease.)

A. Sterically Hindered Acids.—The following procedure for 
the reduction of 1-adamantane carboxylic acid is representative 
(procedure A). An oven-dried 100-ml flask with a side arm 
fitted with a silicone rubber stopple, a magnetic stirring bar, and 
a reflux condenser connected to a mercury bubbler was cooled 
down to room temperature under dry nitrogen. Then 4.57 g 
(25 mmo.) of 1-adamantanecarboxylic acid dissolved in 10 ml of 
THF was placed into the reaction flask. The flask was immersed 
in an ice bath and cooled to 0°. To this 14.3 ml (33.3 mmol) of
2.33 M  borane solution in THF was slowly added during a 15-min 
period. There was evolved 24.5 mmol of hydrogen. The ice 
bath was replaced by a 25° bath and the mixture was stirred well. 
At the end of 1 hr, analysis of a minute aliquot of the reaction 
mixture indicated the completion of the reaction. Excess hy
dride was carefully destroyed with 10 ml of a 1:1 mixture of THF 
and water (620 ml of H2 was evolved, equivalent to 24.5 mmol of 
residual hydride). The aqueous phase was saturated with anhy
drous potassium carbonate. The THF layer was separated and 
the aqueous layer was extracted with three 20-ml portions of 
ether. The combined organic phase was dried over magnesium 
sulfate. The solvents were removed by careful distillation to 
yield 3.926 g (95%) of 1-adamantanemethanol as a white solid, 
mp 114.5-115° (lit.20 mp 115°).

B. Dicarboxylic Acids.—Reduction of adipic acid to 1,6- 
hexanediol is representative of the general procedure utilized. 
The experimental set-up was the same as in the previous experi
ments. A typical reaction setup was assembled and 3.65 g (25 
mmol) of adipic acid was placed into the reaction flask, followed 
by 15 ml of THF. The resulting slurry was cooled to 0° in an ice 
bath. To this 27 ml (64.5 mmol) of 2.39 M  borane solution in 
THF was added dropwise. There was evolved 50.9 mmol of 
hydrogen. The resulting mixture was stirred for 6 hr at 25°. 
The excess hydride was destroyed carefully with 15 ml of a 1:1 
mixture of THF and water. The aqueous phase was saturated 
with 8-10 g of potassium carbonate (this is highly essential to 
drive the water-soluble diol from the aqueous to the THF phase). 
The THF layer was separated. The aqueous phase was ex
tracted with two 15-ml THF portions and the combined THF ex
tract was dried over magnesium sulfate. Solvent was removed 
on a rotary evaporator to yield 3.0 g (100%) of pure 1,6-hexane- 
diol, mp 41-42° (lit.21 mp 41-42°).

Similarly, phthalic acid was converted into the corresponding 
diol in a yield of 95%.

C. Phenolic Acids.—The following reduction of salicylic acid 
to o-hydroxybenzyl alcohol illustrates the practicality of utilizing 
borane-THF for such transformations. A typical reaction setup 
was assembled. To 3.45 g (25 mmol) of salicylic acid dissolved 
in 10 ml of THF at 0°, 18 ml (42 mmol) of 2.33 M  borane solu
tion in THF was added dropwise. There was evolved 49.8 
mmol of hydrogen. The resulting clear mixture was stirred for 
3 hr at 25°, at the end of which analysis of a small aliquot of the 
reaction mixture indicated the completion of the reaction. 
Excess hydride was destroyed with water, and the mixture was 
treated with 30 ml of 3 A  sodium hydroxide and stirred well for 15 
min to form the sodium salt of the phenol. The aqueous phase 
was separated, and the volatile solvents of the THF phase were 
removed on a rotary evaporator. The residue of the THF phase 
was combined with the aqueous phase. The basic aqueous 
phase was cooled to 0°, carefully neutralized with dilute acetic 
acid to a pH of 6.7, and extracted six times with 20-ml portions of 
ether. The ether extract was dried over magnesium sulfate. 
Stripping off ether yielded 2.84 g (92%) of o-hydroxybenzyl 
alcohol as white plates, mp 78-80°. The material was essentially 
pure except for a small amount of acetic acid present as the im
purity. Recrystallization from boiling benzene yielded 1.97 g as 
white plates, mp 85-86°; concentration of the mother liquor 
yielded further crystals (second crop), 0.47 g, mp 82-84°. Yield 
after recrystallization was 79%.

A variety of work-up procedures, such as the use of methanol or 
mannitol for removing boric acid as borate ester, and the use of 
5% sodium bicarbonate solution instead of the usual potassium 
carbonate, were examined. They were all less satisfactory (yields 
ranged from 50 to 66%).

D . Amino Adds.—The following general procedure illustrated

Carboxylic Acids with Borane-T etrahydrofuran

(20) H. Stetter, M. Schwarz, and A. Hirschhorn, Chem. Ber., 92, 1629 
(1959).

(21) W. A. Lazier, J. W. Hull, and W. J. Amend, Org. Syn., 19, 48 (1939).

for the reduction of p-aminobenzoic acid is suggested for the re
duction of amino acids. p-Aminobenzoic acid (freshly recrys
tallized from hot water at 80°, mp 187-187.5°), 3.43 g (25 mmol) 
dissolved in 12.5 ml of THF, cooled to 0°, was treated with 31.9 
ml (75 mmol) of 2.35 M  borane solution in THF. The resulting 
mixture, which was colorless and homogeneous, was stirred at 
25° for 4.5 hr. Then the mixture was cooled to 0° and 15 ml of 3 
N  sodium hydroxide was added to destroy excess hydride and to 
hydrolyze the amine-borane complex, which required 12 hr at 
25°. The pH of the resulting solution was adjusted to 11.0 by 
adding a few pellets of sodium hydroxide. The aqueous phase 
was saturated with potassium carbonate, the THF phase was 
separated, and the aqueous phase was extracted with five 30-ml 
portions of ether. The combined organic extracts were dried 
over anhydrous sodium sulfate. Stripping off the solvents on a 
rotary evaporator gave 2.46 g (80%) of p-aminobenzyl alcohol as 
pale brownish crystals, mp 60-63° (lit.6 mp 63-64°).

E. Selective Reduction of Acid in the Presence of Halogen 
Substituents.—The following procedure for the reduction of o- 
iodobenzoic acid is representative. The experimental setup was 
the same as in the previous experiments. o-Iodobenzoic acid, 6.2 
g (25 mmol), was placed into the flask, and the flask was immersed 
in an ice bath and cooled to 0°. Then 14.5 ml (33.3 mmol) of 
borane-THF was slowly added over a period of 15 min and the 
solution was vigorously stirred for an additional period of 1 hr, by 
which time reaction was essentially complete, as indicated by 
the residual hydride analysis. Excess hydride (24.7 mmol) was 
carefully destroyed with 15 ml of a 1:1 mixture of THF and water 
and the aqueous phase was saturated with 5-6 g of potassium 
carbonate. The THF layer was separated and the aqueous 
phase was extracted four times with 25-ml portions of ether. 
The combined organic extracts were dried over magnesium sul
fate. Glpc examination of the organic extract revealed the ab
sence of any benzyl alcohol (dehalogenated product). Removal 
of the solvents gave 5.34 g (92%) of o-iodobenzyl alcohol as the 
white solid, mp 89-90° (lit.22 23 mp 91°). A small portion was re- 
crystallized from boiling petroleum ether (bp 30-60°) as needles: 
mp 90°; nmr (CDC1S, TMS) 5 2.58 (s, 1, -OH), 4.72 (s, 2, 
-CH2-), 7.0-8.0 (nr, 4, aromatic).

F. Selective Reduction in the Presence of the Nitro Sub
stituent.—Since both aliphatic and aromatic nitro groups are 
essentially inert toward borane, use of excess borane offers no 
disadvantages. Reduction of p-nitrophenylacetie acid to 2-p- 
nitrophenylethanol is representative. To a solution of p-nitro- 
phenylacetic acid, 4.53 g (25 mmol) dissolved in 12.5 ml of THF,
14.2 ml (33.3 mmol) of borane in THF was slowly added, evolv
ing 26 mmol of hydrogen. After vigorous stirring for 2 hr at 
room temperature, the excess hydride (23 mmol) was carefully 
destroyed with water. The mixture was worked up as in the 
previous experiments. The solvents were removed in a rotary 
evaporator to yield 2-p-nitrophenylethanol, 3.94 g (94%), as a 
pale yellow solid: mp 63-64° (lit.28 mp 63-64°); nmr (CDCI3 ,
TMS) 5 2.7 (s, 1, -OH), 3.0 (t, 2, CCH2C), 3.95 (t, 2, -CH2-),
7.8 (q, 4, aromatic).

G. Selective Reduction in the Presence of the Ester Group.—
Since the esters of aliphatic acids are reduced at a reasonable rate 
by borane in T H F ,  only a stoichiometric quantity of borane 
should be employed (procedure B). The procedure described 
below for the reduction of adipic acid monoethyl ester illustrates 
the practicality of using B H 3- T H F  for such conversions. A 
typical reaction setup was assembled. Into the reaction flask 
was placed 4.36 g (25 mmol) of adipic acid monoethyl ester (re
crystallized from petroleum ether, mp 28-29°), followed by 12.5 
ml of T H F .  The flask was immersed in an ice-salt bath and 
cooled to —18°. Then 10.5 ml (25 mmol) of 2.39 .1/ borane 
solution in T H F  was slowly added dropwise over a period of 19 
min. There was evolved 25.3 mmol of hydrogen. The resulting 
clear reaction mixture was stirred well and the ice-salt bath was 
allowed to equilibrate slowly to room temperature during a 16-hr 
period. The reaction mixture was hydrolyzed with 15 ml of 
wrater at 0°. No hydrogen evolution was observed, indicating 
the complete utilization of the borane. The aqueous phase was 
treated with 6 g of potassium carbonate and the THF phase was 
separated. The aqueous phase was extracted three times with a 
total of 150 ml of ether. The combined ether extract was washed 
with 30 ml of a saturated solution of sodium chloride and dried 
over magnesium sulfate. Removal of the solvent on a rotary
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(22) R. G. R. Bacon and W. S. Lindsay, J. Chem. Soc., 1375 (1958).
(23) P. S. Pishchimuka, J. Russ. Phys. Chem. Soc., 48, 1 (1916).
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evaporatory yielded 3.5 g (88%) of ethyl 6-hydroxyhexanoate as a 
colorless liquid, ra“ D 1.4374. Distillation yielded 2.98 g (75 %) of 
the material: bp 79° (0.7 mm); k“ d 1.4375 [lit.24 bp 134° (15 
mm)]; ir (neat) 3150-3750 (-OH), 1745 cm-1 (> C = 0 ); nmr 
(CC14, TMS) 8 1.27 (t, 3, -CH3), 1.0-2.0 [m, 6, -(CH2)H , 2.28 
[t, 2, CH2(C = 0)0 ], 3.53 (t, 2, HOCH2-), 3.75 (s, 1, -OH), 
4.17 (q, 2, 0=C 0C H 2-).

H. Selective Reduction in the Presence of the Cyano 
Group.—Reduction of p-cyanobenzoic acid is representative. 
The experimental setup and the reaction conditions were the 
same as in the previous experiments (procedure B). p-Cyano- 
benzoic acid, 3.68 g (25 mmol), was suspended in 30 ml of THF 
(the acid has low solubility in THF) and to this at —15° 10.5 ml 
(25 mmol) of borane in THF was slowly added dropwise over a 
period of 20 min. The resulting mixture was stirred well and 
the ice-salt bath was allowed to equilibrate to room temperature 
(ca. 25°) slowly over a 12-hr period. Then the reaction mixture 
was worked up as described in the reduction of adipic acid mono
ethyl ester. Stripping off the solvent gave a pale yellowish, 
viscous oil. Distillation in  vacuo gave 2.73 g (82%) of p-cyano- 
benzyl alcohol as a white solid: bp 108-109° (0.35 mm); mp 
39-41° [lit.25 bp 203° (53 mm), mp 41-42°]; nmr (CDCU, TMS) 
5 3.6 (s, 1, -OH), 4.77 (s, 2, -CH2), 7.6 (q, 4, aromatic).

(24) R. Robinson and L. H. Smith, J. Chem. Soc., 371 (1937).
(25) J. N. Ashley, H. J. Barber, A. J. E\vins, G. Newbery, and A. D. H. 

Self, ibid., 103 (1942).

Reduction of Formic Acid with Borane in  T H F. Isolation of 
Trimethoxyboroxine.—A typical reaction setup was assembled. 
Formic acid, 1.1412 g (24.8 mmol) dissolved in 5 ml of THF, was 
placed in the reaction flask. The flask was immersed in an ice 
bath and cooled to 0°. To this solution was added dropwise 
with stirring 10.4 ml (24.8 mmol) of borane in THF. There was 
evolved 23.6 mmol of hydrogen. The mixture was stirred 
vigorously for 1.5 hr at 25°. Analysis of a small aliquot of the 
reaction mixture indicated the absence of any residual hydride. 
Most of the THF was removed by distillation under nitrogen, 
yielding a colorless liquid, 1.58 g. Nmr examination of this 
material indicated a sharp singlet at 8 3.59 (from TMS) char
acteristic of trimethoxyboroxine (trimethoxyboroxine spectrum 
in Sadtler No. 9157 exhibits a sharp singlet at 5 3.59); methyl 
borate was found to exhibit a sharp singlet at 8 3.43 (Sadtler 
Spectrum No. 10916 for methyl borate exhibits a singlet at 5 
3.43). The mixture had 27% of the THF by weight as deter
mined by the integration of the protons of THF. Correcting for 
the amount of THF, the yield of the boroxine was 78%.

Registry No.—Borane, 13283-31-3; o-hydroxybenzyl alcohol, 
90-01-7; o-iodobenzoic acid, 619-58-9; o-iodobenzyl alcohol, 
5159-41-1; p-nitrophenylacetic acid, 104-03-0; p-nitrophenyl- 
ethanol, 100-27-6; adipic acid monomethyl ester, 627-91-8; 
ethyl 6-hydroxyhexanoate, 5299-60-5; p-cyanobenzoic acid, 
619-65-8; p-cyanobenzyl alcohol, 874-89-5; formic acid, 64-18-6; 
trimethoxyboroxine, 102-24-9.
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The tosylates of trans-2(a and e)-decalols (la-OTs and le-OTs), 6-keto-irans-2(a and e)-decalols (2a-OTs and 
2e-OTs), and 6-keto-A5( 10)-irans-2(a and e)-decalols (3a-OTs and 3e-OTs)were solvolyzed in trifluoroacetic, formic, 
and acetic acids and ethanol. Rates in all the solvents and products in acetic acid were investigated. Product 
patterns from the axial and equatorial 2 tosylates were similar to those reported for the counterparts in the 1 
system. Axial to equatorial relative reactivities of the tosylates in the 1 and 2 systems vary insignificantly with 
solvents being in the range of 3.0 to 5.0 at 50°. Those in the 3 system change from 0.89 in acetic acid and 0.90 in 
formic acid to 1.29 in ethanol. The greatly reduced ratios for the 3 system in the acids are ascribed to the fact 
that, while the rates for the axial tosylate are normal, those for the equatorial tosylate are enhanced owing to par
ticipation of the 5(10) double bond. The acetates produced from 3e-OTs show an unusually low inversion- 
retention ratio, which is compatible with such participation.

Since the iroms-decalin system is incapable of under
going chair inversion, it is one of the models most con
veniently used for the study of the relationship be
tween conformation and reactivity of cyclohexane 
derivatives.2 The higher reactivity of the axial over 
the equatorial tosylate in conformationally fixed cyclo
hexane derivatives has been investigated by several 
workers.3-9 In the study of solvolyses of cis- and 
irans-4-ieri-butylcyclohexyl tosylates, Winstein and 
Holness suggested steric acceleration arising from the

(1) Presented in part at the 23rd Symposium on Organic Reaction Mecha
nisms, Kobe, Japan, Oct 1972.

(2) (a) E. L. Eliel, “ Stereochemistry of Carbon Compounds,”  McGraw- 
Hill, New York, N. Y., 1962, Chapter 8; (b) E. L. Eliel, N. L. Allinger, S. J. 
Angyal, and G. A. Morison, “ Conformational Analysis,”  Interscience, New 
York, N. Y., 1965, Chapter 2.

(3) S. Winstein and N. J. Holness, J. Amer. Chem. Soc., 77, 5562 (1955).
(4) V. J. Shiner, Jr., and J. G. Jewett, ibid., 87, 1382, 1383 (1965).
(5) N. C. G. Campbell, D. M. Muir, R. R. Hill, J. H. Parish, R. M. 

Southan, and M. C. Whiting, J. Chem. Soc. B, 355 (1968).
(6) K. Okamoto, S. Saito, and H. Shingu, Bull. Chem. Soc. Jap., 42, 3288, 

3298 (1969).
(7) R. Baker, J. Hudec, and K. L. Rabone. Chem. Commun., 197 (1969).
(8) (a) R. Baker, J. Hudec, and K. L. Rabone, J. Chem. Soc. B, 1446 

(1970); (b) R. Baker and K. L. Rabone, ibid., 1598 (1970).
(9) I. Moritani, S. Nishida, and M. Murakami, J. Amer. Chem. Soc., 81,

3420 (1959).

axial conformation in the initial ground state.3 4 5 6 7 8 9 Baker 
and his associates7,8b proposed the importance of par
ticipation of the /3-axial hydrogen in the transition 
state in solvents of low nucleophilicity and high ion
izing power. As an extension of our previous work,10 
we carried out the determination of solvolysis rates 
and products of the axial and equatorial epimers of 
irans-2-decalyl tosylate (1-OTs), 6-keto-irans-2-decalyl 
tosylate (2-OTs), and 6-keto-A6(10)-frans-decalyl tosyl
ate (3-OTs) in trifluoroacetic, formic, and acetic 
acids and ethanol. Effects of solvents and the 5,10 
double bond upon the relative reactivity of the epimeric 
tosylates are reported.11

Results

Preparations.—The axial and equatorial epimers of
6-keto-A5(10,-irons-decalin-2-ol (3e-OH, 3a-OH) were

(10) H. Tanida, S. Yamamoto, and K. Takeda, J. Org. Chem., 38, 2077 
(1973).

(11) All the compounds used in the present study are dl mixtures. For 
convenience, only one enantiomorph is shown in the figures and according to 
steroid convention, the hydrogen at C-9 is assigned the 0 orientation. The 
same convention was used in the previous work.10
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le-OH (equatorial OH) 2e-OH
la-OH (axial OH) 2a-OH

H

3e-OH
3a-OH

synthesized from 6-methoxy-2-tetralol12 by the pro
cedure of Clarke and Martin.13 The epimers of trans- 
decalin-2-ols (le-OH, la-OH) and 6-keto-irans-decalin- 
2-ols (2e-OH, 2a-OH) were obtained from 3e-OH and 
3a-OH by the methods described in the literatures.13'14 
Configurations at C2 of these alcohols were determined 
by infrared and nmr spectra and vpc analyses.14b Each 
of the alcohols (1-3) used in the present study was 
shown by vpc to be over 99.0% pure. Treatment of 
the alcohols with p-toluenesulfonyl chloride in pyridine 
led to the tosylates (l-OTs-3-OTs), whose nmr spec
tral parameters and other physical constants are given 
in the Experimental Section.

Rates. —Acetolysis, formolysis, and trifluoroacetolysis 
were performed in buffered media (in the presence of
1.1 equiv of sodium salt of the respective acid), but 
ethanolysis was carried out without addition of base 
except in the case of 3-OTs. Rates of formolysis, 
acetolysis, and ethanolysis were determined at several 
temperatures following the procedure described by 
Winstein and coworkers10 16'13 using a potentiometer. 
Theoretical infinity values were obtained in all runs 
after about 10 half-lives at the reaction temperature. 
In each experiment the reaction was followed to 80% 
completion. The rates of trifluoroacetolysis were 
measured by a modification1016 of the spectro- 
photc metric method advanced by Peterson and co
workers.17 In trifluoroacetolysis the reaction was 
followed to 50% completion. The first-order rate 
constants were calculated by means of the least squares 
method with a FACOM 270-20 computer, the cor
relation coefficients of all the plots being 0.999 ±  0.001.

(12) W. Nagata, and T. Terasawa, Chem. Pharm. Bull, 9, 267 (1961).
(13) R. L. Clarke and C. M. Martin, J. Amer. Chem. Soc., 81, 5716 

(1959).
(14) (a) K. Takeda, and S. Yamamoto, Chem. Pharm. Bull., 20, 314 

(1972); (b) ibid., 20, 1125 (1972).
(15) S. Winstein, C. Hanson, and E. Grunwald, J. Amer. Chem. Soc., 70, 

812 (1948); S. Winstein, E. Grunwald, and L. L. Ingraham, ibid., 70, 821 
(1948).

(16) Since the obtained infinity titers did not correspond to the theoretical 
values, the rates of trifluoroacetolysis were determined from the plots against 
time o: log cotb, which were calculated according to the following equations,

A- ~ C0Ts«OTa Cps<fps (*)
C°OTa =  COTs +  ¿PS (2 )

€OTs — CPS

where A is the absorbance at 273.2 m/x of an actual sample, c0ot8 is the initial 
concentration (moles/liter) of tosylate, cotb and cps are the concentration of 
tosylate and p-toluenesulfonic acid, respectively, and cot8 and cps are the 
molar extinction coefficients at 273.2 m/x of tosylate and p-toluenesulfonic 
acid, respectively. See ref 10.

(17) P. E. Peterson, R. E. Kelly, Jr., R. Belloli, and K. A. Sipp, J. Amer.
Chem. Soc., 87, 5169 (1965).

The rate constants and activation parameters thus 
obtained are listed in Table I.

Acetolysis Products—A detailed analysis of solvoly
sis products from axial and equatorial (rans-2-decalyl 
tosylates and some related tosylates has been reported;18 
so the present work deals with the products from the 
four tosylates, 2e-, 2a-, 3e-, and 3a-OTs. The tosyl
ates were solvolyzed in glacial acetic acid buffered 
with 1.1 equiv of sodium acetate at 100.0° for about 
10 half-lives. Olefins (products of elimination) and 
acetates (products of substitution) were separated by 
elution chromatography. The acetate fractions were 
identified by comparison of retention times on vpc with 
those of authentic samples,14 and their yields were 
determined by vpc with internal standards. The 
olefin fractions were shown to be composed of the A1 
olefin and A2 olefin by nmr and mass spectra and vpc 
analyses. However, these two olefins could not be 
completely separated by vpc analyses using several 
kinds of columns. Very small amounts of unknown 
products were observed but not identified. The 
results are summarized in Table II.

Discussion

The axial tosylate shows a higher reactivity than 
the equatorial epimer in the solvolysis of conformation- 
ally fixed cyclohexyl derivatives, although evidence 
has been presented that the tosylates react by different 
transition states.1819 The relative rate of the axial 
(cis) to the equatorial (trans) 4-iert-butylcyclohexyl 
tosylate at 50° is 3.90, 3.24, and 3.58 in ethanol, acetic 
acid, and formic acid, respectively.3 That of trans-
2-decalyl tosylate epimers (1-OTs) has been reported 
as 2.868b (or 3.19) at 75° in acetic acid and 5.558b at 
25° in formic acid. The axial-equatorial rate ratios 
(fcax/fceq) determined in the present work are listed in 
Table III. It is seen that the ratios for 1-OTs are 
relatively insensitive to change in solvent from tri- 
fluoroacetic acid of high ionizing power and low nucleo- 
philicity to formic acid, acetic acid, and then ethanol 
of low ionizing power and high nucleophilicity. These 
data would qualify Baker’s suggestion813 that the ex
tent of hydrogen participation is reflected in such 
changes in rate ratio, a conclusion which he arrived 
at from data in only two solvents, acetic and formic 
acids. From Table I, the differences in activation 
enthalpies and entropies between the axial and equa
torial tosylates of 1-OTs are —1.6 keal/mol and —2.2 
eu in trifluoroacetolysis, —2.0 keal/mol and —3.0 
eu in formolysis, —0.2 keal/mol and 1.5 eu in acetolysis, 
and —1.4 keal/mol and —1.4 eu in ethanolysis, 
respectively. The higher rate of the axial over the 
equatorial tosylate is thus attributable to the favorable 
difference in activation enthalpy, despite the unfavor
able difference in activation entropy (except the 
entropy difference in acetolysis).

It was recently demonstrated that acetolysis of the 
monocyclic, conformationally unfixed cyclohexyl tosyl
ate to form the substitution products occurs almost 
entirely by an inversion mechanism without rearrange-

(18) N. C. G. Campbell, D. M. Muir, R. R. Hill, J. H. Parish, R. M. 
Southam, and M. C. Whiting, J. Chem. Soc. B, 355 (1968).

(19) (a) V. J. Shiner, Jr., and J. G. Jewett, J. Amer. Chem. Soc., 86, 945 
(1964); (b) ibid., 87, 1382, 1383 (1965).
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Table I
Rates and Activation Parameters in Solvo lyses“»

Compd Solvent Temp, °C ki, sec- 1  c A kcal/molá AS*. euJ
le-OTs cfsCo o h « 25.0 1.19 X IO“ 4 2 1 . 2  ±  0 . 2 - 5 . 5  ±  0.6

50.0 2.04 X  IO"*
HCOOH/ 25.0 (1.52 ±  0.02) X IO“ 6 24.4 ±  0.2 1.1 ±  0.5

50.0 (4.08 ±  0.04) X 10~ 4

CHsCOOH» 25.0 3.80 X IO“ 8 26.7 ±  0.1 - 2 . 8  ±  0 . 2

50.0 1.35 X IO“ 6

C2H 5OH4 25.0 2.43 X 10-» 25.2 ±  0.3 - 8 . 8  ±  0 . 8

50.0 7.26 X  IO“ 7

la-OTs CF3COOH 0 . 0 (2.37 ±  0.08) X 10-» 19.6 ±  0.3 - 7 . 7  ±  0.9
15.0 (1.59 ±  0.02) X IO“ 4

25.0 (5.40 ±  0.17) X IO“ 4

25.0» 5.32 X  IO" 4

50.0» 7.49 X 10~ 3

HCOOH' 25.0 (8.44 ±  0.08) X IO“ 5 22.4 ±  0.4 - 1 . 9  ±  1.3
50.0 (1.78 ±  0.08) X IO“ 3

CH3COOH 25.0* 1.18 X IO- 7 26.5 ±  0.1 - 1 . 3  ±  0.3
50.0* 4.07 X IO“ 6

67.4 (3.55 ±  0.10) X IO“ 6

80.1 (1.49 ±  0.07) X IO“ 4

95.0 (7.23 ±  0.31) X IO“ 4

C2H 5OH 25.0» 1.30 X IO- 7 23.8 ±  0.5 - 1 0 . 2  ±  1 . 2

50.0» 3.16 X 10-»
76.6 (5.64 ±  0.24) X 10-*
90.0 (2.16 ±  0.04) X IO“ 4

105.0 (7.98 ±  0.25) X IO" 4

2e-OTs CF3COOH« 25.0 1.52 X IO“ 6 22.7 ±  0.1 - 8 . 9  ±  0.2
50.0 3.20 X 10-»

HCOOH 25.0» 1.57 X 10-« 24.2 - 3 .8
50.0 (4.03 ±  0.05) X IO“ 6

70.0 (3.86 ±  0.17) X 10-»
CHsCOOH» 25.0 4.73 X 10-» 28.1 ±  0.3 - 2 . 3  ±  0 .9

50.0 2.01 X IO" 7

C2H 5OH« 25.0 1.81 X IO“ 3 24.1 ±  0.06 - 1 3 .2  ±  0.1
50.0 4.56 X IO“ 7

2a-OTs CF3COOH 25.0» 4.23 X IO“ 6 22.7 ±  0.2 - 7 . 0  ±  0.6
40.0 (2.76 ±  0.06) X IO' 5

50.0 (9.04 ±  0.23) X 10-»
50.0* 8.90 X 10-»
70.0 (7.38 ±  0.06) X  IO“ 4

HCOOH 25.0* 5.03 X IO" 3 23.9 - 2 .7
50.0 (1.23 ±  0.05) X IO“ 4

70.0 (1.14 ±  0.08) X IO" 3

CH3COOH 25.0» 2.26 X IO“ 3 26.4 ±  0.4 - 5 . 0  ± 1 . 1
50.0» 7.61 X IO“ 7

81.7 (3.27 ±  0.09) X IO“ 3

95.0 (1.36 ±  0.12) X IO" 4

1 1 0 . 2 (5.71 ±  0.43) X IO" 4

C2H6OH 25.0» 1.08 X IO“ 7 22.6 ±  0.3 -1 4 .4  ±  0.8
50.0» 2.26 X IO-«
79.6 (4.73 ±  0.49) X  IO“ 6

95.0 (1.95 ±  0.10) X IO“ 4

105.1 (4.46 ±  0.32) X IO“ 4

3e-OTs HCOOH 50.0 (2.65 ±  0.08) X IO“ 6 23.3 - 7 .6
70.0 (2.33 ±  0.12) X IO“ 4

CH3COOH 50.0* 4.00 X IO“ 7 25.3 ±  0.1 - 9 . 8  ±  0.2
1 0 0 . 1 (9.04 ±  0.25) X IO" 5

115.2 (3.57 ±  0.28) X IO- 4

130.0 (1.22 ±  0.05) X IO" 3

CjHsOH» 50.0» 4.74 X IO“ 7 23.8 ±  0.3 -1 4 .1  ±  0.8
90.0 (3.11 ±  0.14) X IO“ 5

105.1 (1.24 ±  0.08) X IO“ 4

1 2 0 . 0 (4.15 ±  0.14) X IO“ 4

3a-OTs HCOOH 50.0 (2.39 ±  0.09) X  10-» 24.0 - 5 .4
70.0 (2.25 ±  0.09) X IO“ 4

CH3COOH 50.0» 3.55 X IO“ 7 26.6 ±  0 . 0 1 - 6 . 0  ±  0.03
94.5 (6.04 ±  0.29) X 10-*

1 1 0 . 1 (2.77 d= 0.15) X IO“ 4

125.1 (1.07 ±  0.04) X IO“ 3
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Table I
{Continued)

Compd Solvent Temp, °C hi, s e c" ic AH ^ ,  kcal/m old AS^, kcal/raold
3a-OTs c 2h 5o h » 50.0* 6.10 X IO“ 7 23.9 ±  0.1 -13 .2  ±  0.3

90.0 (4.12 ±  0.33) X IO“ 5

105.0 (1.61 ±  0.07) X 10-*
120.0 (5.58 ±  0.23) X 10“ 4

“ The concentrations of tosylates were 50 m l  for trifluoroacetolyses, 20 m ill for formolyses, and 1.0 m l  for acetolyses and ethanolyses. 
Temperature deviation was ±0.03°. b Rates at 25 and 50° were calculated from observed rates. “ Error limits for rate constants are 
95% confidence limits [degree of freedom, <t> =  n  -  2 (n = 10)]. d With standard deviations. * Reference 10 gives the rates at 50°, 
from which the rates at 25° are calculated using the reported activation parameters. 1 Cited from ref 8b. 0 In the presence of 2 ,6 -
lutidine (2 .0  mM ).

Table II
Products and Y ields“ from Acetolyses at 100.0°

-Acetate, %■
Compd Olefin, % b 2a (eq) 2(3 (ax)
le-OTs“ 64.0 2 . 2 33.3
la-OTs“ 86.4 7.8 4.0
2e-OTs 55.2 1 . 1 31.9
2a-OTs 78.2 1 0 . 2 3.5
3e-OTs 55.1 6.4 17.9
3a-OTs 63.9 21.5 5.8

“ Based on 
from ref 18.

theory. b Composed of A1 and A2 olefins. “ Cited

Table III
Axial-E quatorial Rate Ratios (W ^tq ) at 50.0°
Compd CFaCOOH HCOOH CHsCOOH CaHsOH
1 -OTs 3.67 4.36“ 3.01 4.35
2 -OTs 2.78 3.05 3.82 4.96
3-OTs 0.902 0 .8 8 8 1.29

“ Calculated from the rate data in ref 8 b, where the ratio at 
25° has been reported as 5.55.

ment (the solvent-assisted ks mechanism).20 On the 
other hand, according to the detailed product analysis 
by Whiting, et al.,K the substitution products from 
acetolysis of le-OTs were the inverted acetate in 33.3% 
and the retained acetate in 2.2% yield, while those from 
la-OTs were the inverted acetate in 7.8% and the re
tained acetate in 4.0% yields (presented in Table II). 
Similar products distributions were observed in the 
acetolyses of 2e- and 2a-OTs. The ratios of elimina
tion products (olefins) to substitution products (ace
tates) and the ratios of inverted acetates to retained 
acetates, observed from 1-, 2-, and 3-OTs and reported 
for some related conformationally fixed cyclohexyl 
tosylates, are listed in Table IV. There is accumulated 
evidence that the intermediates in the borderline sol
volysis of secondary substrates are ion pairs, and not 
free carbonium ions.21-23 Regarding the substitution 
stereochemistry in solvolysis, Sneen21b has recently 
proposed that inversion arises from the intimate ion 
pair, retention from the solvent-separated ion pair, 
and racemization from the dissociated ion. Good evi
dence for inversion may be the stereochemical studies 
with 2-octyl substrates21 22“ and that for retention may be

(20) (a) J. B. Lambert, G. J. Putz, and C. E. Mixan, J . A m e r . C h em . 
S o c ., 94, 5132 (1972); (b) J. E. Nordländer and T . J. M cCrary, Jr., ib id ., 94, 
5133 (1972).

(21) (a) H . Weiner and R. A. Sneen, ib id ., 87, 287, 292 (1965); (b) R. 
A. Sneen, A c c o u n ts  C h em . R es ., 6, 46 (1973), and references cited therein.

(22) V. J. Shiner, Jr., W . Dowd, R. D. Fisher, S. R . Hartshorn, M . A. 
Kessick, L. Milakofsky, and M . W . Rapp, J . A m e r .  C h em . S o c ., 91, 4838 
(1969); V. J. Shiner, Jr., and W. Dowd, ib id ., 91, 6528 (1969); V. J. Shiner, 
Jr., R  D . Fisher, and W . Dowd, ib id ., 91, 7748 (1969); V. J. Shiner, Jr., 
and R  D . Fisher, ib id ., 93, 2553 (1971).

(23) J. M . Harris, J. F. Fagan, F. A. Waden, and D. C. Clark, T etra 
hed ron  L ett., 3023 (1972).

Table IV
Elimination/Substitution Ratios and Inversion/R etention 

Ratios in Products of Acetolysis at 100.0°

Compd
Elimination/
Substitution

Inversion/
Retention

la-OTs“ 7.23 1.95
2 a-OTs 5.71 2.92
3a-OTs 2.34 3.71
ras-4-ferf-Butylcyclohexyl OTs“ 6.45 8.9
Cholestanyl a-OTs6 10.0 3.53
A6-Cholestanyl a-OTs6 23.0 2.56
le-OTs“ 1.82 15.1
2e-OTs 1.67 29.5
3e-OTs 2.19 2.80
(rans-4-ierf-Butylcyclohexyl OTs“ 3.61 48
Cholestanyl e-OTs8 1.45 31.3
A6-Cholestanyl e-OTs6 1.71 176
Cited from ref 5. b Cited from ref 8b.

the kinetic and product studies on 2-adamantyl 
arenesulfonates in 70% aqueous ethanol with various 
arenesulfonate leaving groups.23 By Sneen’s argument, 
the large ratio of inversion to retention for le-OTs 
(15.1) relative to that for la-OTs (1.95) would mean 
a favorable reaction at the intimate ion-pair stage. 
Since it has been suggested that solvolysis of trans-4- 
ferf-butylcyclohexyl tosylate8bl819b and le-OTs8b18 
takes place largely via nonchair (twist-boat) conformers 
and to some extent via the main, equatorial chair con- 
former, the formation of an incipient cationic center 
from any of these conformers would bring about flatten
ing of the ring about the reaction site and, as a con
sequence, solvent participation from the back side 
resulting in inversion would be facilitated with reduc
tion of the compression among the C2 axial hydrogen 
and neighboring hydrogens (in particular, among the 
C2 hydrogens and the Ci and C3 hydrogens in the non
chair conformer) at the expense of emerging bond- 
angle and torsional strains. Such an effect favorable 
for inversion is not obtained by the transition-state 
formation in the reactions of cfs-4-ferf-butylcyclohexyl 
tosylate319 and la-OTs,18 which are considered to 
react via the axial chair conformer. In addition, sol
vent participation from the backside in this conformer 
would be disturbed by emerging compression among 
the solvent and the axial hydrogens at Ci and C3. 
The small inversion/retention ratio observed for la-OTs 
may indicate competing substitutions on an intimate 
ion pair and a solvent-separated ion pair, effects 
specially favorable for either one of the substitutions 
being either absent or in a compensating balance with 
other, unfavorable factors.

In contrast to the above cases, the axial tosylate in 
the 3 system solvolyzes more slowly than the equa-
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tonal epimer in formic and acetic acids. This reverse 
reactivity can be considered in two ways: (a) the rate
of the axial tosylate is normal, but that of the equatorial 
one is unusually enhanced; (b) the rate of the axial 
tosylate is unusually retarded, but that of the equa
torial one is normal. In a previous paper we reported 
the rates of acetolysis of A-ring substituted lla-p- 
toluenesulfonyloxy steroidal sapogenins24 and the rates 
of solvolyses of 6-substituted ¿rans-decalyl-2 a-p-toluene- 
sulfonates in various solvents, and we showed, by linear 
correlation using the modified Hammett-Taft equa
tion, that inductive effects are dominant in governing 
the rates. For example, transformation of 11a- 
tosyloxy-25D,5a-spirostan (4) into its 3-one deriva
tive (5) and 4-en-3-one derivative (6) slows down the

rate by factors of 0.19 and 3.9 X 10_2, respectively, 
while the same transformation in the present systems 
(from 1 to 2 and 3) decreases the rate by factors of 
0.19 and 8.7 X 10_2, respectively. This situation is 
summarized in Table V. It is seen from this table

T a b l e  V
Acetolysis Rates o f  2-Decalyl Tosylates (1, 2, and 

3) at 65.0° ** and 11o-Tosyloxy-25d,5o-spirostan 
Derivatives (4, 5, and 6) at 65.4° b

Compd ax-OTs eq-OTa ax-OTs eq-OTs
1 26.6 8.96 1 1
2 4.95 1.46 0.19 0.16
3 2.31 2.38 8.7 X 10~l 0.27
4 379 1
5 71.7 0.19
6 14.8 3.9 X 10

a Rates at 65.0° were calculated from the observed rates in 
Table I. b The data at 65.4° are cited from our paper (ref 
24).

that the relative rate of 3a-OTs (8.7 X 10~2) is normal, 
but that of 3e-OTs (0.27) is unusually large. Further, 
when the observed rate of the equatorial epimer (4.00 X 
10 ~7 sec-1 in Table I) is compared with that esti
mated by extrapolation of the reported Hammett- 
Taft linearity, kx =  9.0 X 10“8 sec-1 (at 50° in acetic 
acid), a rate enhancement in 3e-OTs is seen. We 
propose that participation of the A5(l0) unsaturation 
from the back side of the leaving equatorial tosyloxy 
group is the main factor contributing to this enhance
ment. A molecular model indicates that the 1,3- 
diaxial interactions existing between the tosyloxy 
group at C2 and the hydrogens at C4 and C9 in the 1 
and 2 systems should be reduced slightly with in
troduction of the A6(10) unsaturation as a result of the 
slight outward movements of the hydrogens at C4 and 
C8. This decrease in the 1,3-diaxial interactions 
should result in a decreased solvolysis rate for 3a-OTs. 
In ethanol, however, just as with systems 1 and 2, the

(24) K. Takeda, H. Tañida, and K . Horiki, J . O rg. C h em ., 31, 734 (1966).

axial tosylate 3a-OTs is observed to be more active 
than the equatorial tosylate (fcttX//ccq =  1.29 in Table
III). It therefore seems difficult to explain this solvent 
effect upon relative reactivity in terms of 1,3-diaxial 
interaction, though it can be explained in terms of a 
decrease or absence of participation in the ethanolysis 
of 3e-OTs, it being well established that neighboring 
group participation is not favored in a solvent of 
such high nucleophilicity and low ionization powder 
as ethanol.25

The ratios of inversion to retention in products 
(Table IY) from all the present axial tosylates (la- 
3a) are normal. They are comparable to one another 
and to those for the reference compounds. The ratios 
for the two equatorial tosylates, le-OTs and 2e-OTs, 
are similarly normal, but 3e-OTs is exceptional in 
that it shows a very low inversion/retention ratio 
(2.80). The increased yield of the retained acetate 
from 3e-OTs can be regarded as a result of stereochem
ical control exerted by the A6(10) double bond.

Experimental Section
Melting points were taken on a Yanagimoto melting point 

apparatus and are uncorrected. Nmr spectra were determined 
on a Varian A-60 spectrometer using tetramethylsilane as internal 
standard. Infrared spectra were measured on a Nippon Bunko 
DS201B spectrometer. Uv spectra were measured on a Hitachi 
EPS-032 and/or a Hitachi EPU-2A spectrometer. Vpc analyses 
were performed on a Hitachi gas chromatograph Model K53 
equipped with a hydrogen frame ionization detector using the 
following columns: (A) 1 m X 3 mm stainless steel column 
packed with Carbowax 20M 5%, (B) 2 m X 3 mm Carbowax 
20M 10%, and (C) 2 m X 3 mm DEGS 10%. Nitrogen was used 
as a carrier gas.

All the alcohols (1-OH-3-OH) used in the present study were 
synthesized from 6-methoxy-2 -tetralol by methods described in 
a previous paper. 14 Each of the alcohols was shown by vpc 
analysis to be over 99.0% pure.

Preparation of p-Toluenesulfonates.—Tosylates (l-OTs-3- 
OTs) were prepared according to our previous paper, 10 in which

(25) In an ultraviolet study of the bicyclic ketones IV, V, and VI, which 
contain a quaternary nitrogen atom at a distance of about 3.1 A from the 
a,0-unsaturated ketone group, E. M . Kosower and D . C. Remy, T etra h ed ron , 
5, 281 (1959), observed that the absorption maximum for the transi-

0jOO
IV VI

tion shifts to a shorter wavelength with increasing positive charge on the 
nitrogen atom (from compound IV to V to VI), while that for the n -r *  
transition shifts to  a longer wavelength. Although the mechanisms under
lying the kinetic data and this ultraviolet data are, of course, different, it can 
be said that both the findings are based on long-range electrical effects 
operating from the A*oo) double bond to the C2 position.
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nmr spectral parameters and other physical data are also given. 
Recrystallized from ether-n-hexane, inms-2/3-decalyl p-toluene- 
sulfonate (la-OTs) has mp 107-108°; nmr (CDCl.i) S 2.43, 7.55 
(OTs), 4.80 (1 H, broad s, W y, = 7 Hz, C6 eq H); ir (KBr) 909, 
1174, 1342 cm“ 1 2 (OTs); uv max (CH3OH) 273.2 mM (e 445).

Anal. Calcd for Ci7H240 3Si : C, 66.20; H, 7.85; S, 10.39. 
Found: C, 65.95; H, 7.79; S, 10.58.

Recrystallized from ether, 6-keto-irans-2/3-decalyl p-toluene- 
sulfonate (2 a-OTs) has mp 102-103°; nmr (CDC13) S 2.45, 7.57 
(OTs), 4.86 (1 H, broad s, W y 2 =  7 Hz, C«eq H); ir (KBr) 900, 
1166, 1355 (OTs), 1715 cm' 1 (C = 0); uv max (CH3OH) 273.2 
m#i (e 456).

Anal. Calcd for C,7H220 4Sr. C, 63.33; H, 6.87; S, 9.94. 
Found: C, 63.07; H, 6.96; S, 9.84.

Recrystallized from acetone-n-hexane, 6-keto-A5( w>-trans- 
decalyl p-toluenesulfonate (3e-OTs) has mp 100-101.0°; nmr 
(CDCU) 5 2.46, 7.58 (OTs), 4.67 (1 H, broad s, W y 2 ^  23 Hz, 
C2 ax H), 5.83 (1 H, broad s, C5 H); ir (KBr) 1625, 1673 cm- 1  
(«,0 -unsaturated ketone).

Anal. Calcd for C„H 20O4Si : C, 63.73; H, 6.29; S, 10.01. 
Found: C, 63.45; H, 6.31; S. 9.90.

Recrystallized from acetone-n-pentane, 6 -keto-A6(10)-cis-deca- 
lyl p-toluenesulfonate (3a-OTs) has mp 121-122°; nmr (CD- 
Cl3) S 2.46, 7.60 (OTs) 4.93 (1 H, broad s, W y 2 = 8  Hz, C2 eq H), 
5.84 (1 H, t, J  =  2  Hz, C6H); ir (KBr) 1618, 1672 cm“ 1 («,0 - 
unsatr.rated ketone).

Anal. Calcd for C17H20O4S,: C, 63.73; H, 6.29; S, 10.01. 
Found: C, 63.79; H, 6.34; S, 9.86.

Kinetic Measurements.—The conditions and procedure for the 
solvolyses in trifluoroacetic acid, acetic acid, and ethanol were the 
same as previously reported. 10

For formolysis, the tosylates were dissolved at a concentration 
of 20 mM in formic acid containing 22 mM sodium formate. 
The acid was purified by distillation with pure boric anhydride.

Aliquots (1.0 ml) were distributed into tubes and sealed under 
nitrogen after freezing in Dry Ice-acetone. The tubes were 
placed in a constant-temperature bath and then successively with
drawn after appropriate intervals of time. The tubes were 
cooled and opened, and the contents were diluted with 1 0  ml of 
acetic acid. The solutions were titrated with 0.04 N  perchloric 
acid in acetic acid using a Metrohm potentiograph E336A. 
Plots of log (At — A „) vs. time, where A „ and At are titers at 
infinity and at given times, respectively, were uniformly linear. 
The slopes multiplied by —2.303 gave the pseudo-first-order rate 
constants.

Acetolysis Products.—The method employed was essentially 
the same as that described previously. 10 The olefin and acetate 
fractions were the separated by a small column of silica gel. 
The olefin fractions were collected, dried under reduced pressure, 
and weighed. The olefin fractions were shown to consist of 
the A1 olefin and A* olefin by nmr and mass spectra and vpc 
analysis. The acetate fractions were collected and identified 
with authentic samples. 14 The yields of the acetates were deter
mined by vpc with internal standards. Products and yields 
from the tosylates (l-OTs-3-OTs) are given in the Results and, 
in part, in the preceding paper.10 The olefin fraction from 2 a- 
OTs showed nmr (CDCU) & 5.5-5.7 (2  I I ,  m, olefinic protons); 
mass spectrum m/e 150 (M +). That from 3e-OTs showed nmr 
(CDCU) 5 5.75 ( 1  H, broad s, C6 H), 6.2-6.3 ( 2  H, m, olefinic 
protons); mass spectrum m/e 148 (M +). That from 3a-OTs 
showed nmr (CDCU) 5 5.75 ( 1  H, broad s, Cs H), 6 .2 - 6 .3 ( 2  H, m, 
olefinic protons); mass spectrum m/e 148 (M +).

Registry No.—la, 5746-69-0; la-OTs, 40429-90-1; le, 
36667-73-9; le-OTs, 40429-92-3; 2 a, 36667-84-2; 2a-OTs,
40429-94-5; 2 e, 39089-10-6; 2 e-OTs, 40429-96-7; 3a, 40429-97-8; 
3a-OTs, 40429-98-9 ; 3e, 40429-99-0; 3e-OTs, 40550-47-8.
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XII-OH, a new alcohol, was obtained in low yield by sodium amalgam reduction of the oxymercurials from 
endo,endo diene. Upon acetolysis, XII-OBs undergoes ~98% rearrangement via cation A to VI-OBs; no endo 
acetate XIII-OAc is formed. Acetolysis of the endo brosylate XIII-OBs results in 22.5% XIII-OAc, apparently 
via C-7 participation and cation C.

In continuance of studies in the bird-cage hydro
carbon system,4 we reported5 * recently that acetolysis 
of exo brosylate VI-OBs produced 27% endo acetate 
VII-OAc via anchimerically unassisted solvolysis in 
competition with anchimerically assisted solvolysis. 
The endo brosylate VII-OBs produced 3% VII-OAc 
through 10% intimate ion pair return to and subse
quent solvolysis of VI-OBs.5 We now report the 
striking results of acetolysis of the related pair of 
brosylates XII-OBs and XIII-OBs, of which the 
most salient feature is formation of endo acetate XIII- 
OAc from endo brosylate XIII-OBs but not from exo 
brosylate XII-OBs.

(1) Taken in part from the Ph.D. Thesis of Robert K. Howe, UCLA, Los 
Angeles, Calif., 1965.

(2) An extension of compound designations used previously4 is employed 
herein for ease of cross reference between the papers of this series.

(3) Deceased November 23, 1969.
(4) L. deVries and S. Winstein, J . A m e r .  C h em . S o c ., 82, 5363 (1960).
(5) Robert K. Howe, Peter Carter, and S. Winstein, J . O rg. C h em ., 3 7 ,

1473 (1972).

Results and Discussion

XII-OH, a previously unknown alcohol,4-6 and 
thus XIII-OH became accessible as a result of studies7 
of oxymercuration of endo,endo diene. Reaction of 
the diene7 8 with mercuric acetate in acetic acid, treat
ment of the reaction mixture with aqueous sodium 
chloride, and reduction of the resultant solid mixture 
with sodium amalgam in water led to formation of ca. 
62% bird-cage hydrocarbon, 5% residual unhydro
lyzed acetates, 24% VI-OH, a trace of V-OH, and 9% 
XII-OH (Scheme I). Isolation of 98% pure XII- 
OH containing 2% V-OH was effected by chromatog
raphy of the crude product mixture on alumina. Final 
purification by gas chromatography, sublimation,

(6) The alcohol with mp 72-73°, originally thought' to possess the X II-O H  
structure, has been shown' to be the endo epimer of VI-OH.

(7) K . C. Pande and S. Winstein, T etra h ed ron  L ett., 3393 (1964).
(8) P. Bruck, D. Thompson, and S. Winstein, C h em . I n d . (L o n d o n ), 405

(1960)7
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Scheme I

and crystallization gave XII-OH, mp 84.5-85.0°, 
that contained <0.05% of isomeric alcohols.

The structure of this new alcohol was deduced from 
the carbon and hydrogen analyses (consistent with 
Ci2H160), from spectra of the alcohol and derived 
ketone, and from the XII-OBs acetolysis results. The 
ir spectrum of XII-OH distinguished this material 
from all the previously known Ci2 alcohols in our 
studies4'5'8-15 and revealed no CH absorption above 
3000 cm-1. Thus, XII-OH has no sterically opposed 
hydrogens9 10 11 12 such as exist in IY-OH, Y-OH, and XIV- 
OH. In the nmr spectrum of XII-OH, the a proton 
Ha appears as a very slightly broadened singlet at 
r 6.25 (CC14 solvent), consistent with the assigned 
structure since the Ha-C-C-Hb dihedral angle is ca. 
80-85° and the Ha-C -C -H c dihedral angle is ca. 70- 
75°, for which coupling constants of the order of 0-1 
Hz are to be expected.16 Similarly, half-cage V-OH 
exhibits a singlet (very slightly broadened) for the a 
proton.

XII ketone, derived from oxidation of XII-OH, 
has the carbonyl absorption at 1755 cm-1, indicative 
of greater angle strain than in V ketone13 (1746 cm-1), 
VI ketone5 (the ketone derived from VI-OH; 1746 
cm-1), and VIII ketone5 (1744 cm-1). XII ketone 
exhibits no ir absorption at 1410-1420 cm-1, which 
demonstrates the lack of a methylene group ad
jacent to the carbonyl group.17 Reduction of XII 
ketone with lithium aluminum hydride in ether pro
ceeds with a high degree of steric approach control 
to yield 96.2% XIII-OH and 3.8% XII-OH. Pure

(9) S. Winstein and R. L. Hansen, T etra h ed ron  L ett., 4 (1960).
(10) S. Winstein and R . L. Hansen, J . A m e r .  C h em . S o c ., 82, 6206 (1960).
(11) D. Kivelson, S. Winstein, P.-Brack, and Robert L. Hansen, J . A m e r .  

Chem . S oc ., 83, 2938 (1961).
(12) Peter Carter, Robert Howe, and S. Winstein, J . A m e r .  C h em . S o c ., 

87, 914 (1965).
(13) R. Howe and S. Winstein, J .  A m e r .  C h em . S oc ., 87, 915 (1965).
(14) S. Winstein, Peter Carter, F. A. L. Anet, and A. J. R . Bourn, J . A m er .  

C h em . S oc ., 87, 5247 (1965).
(15) Peter Carter and S. Winstein, J . A m e r . C h em . S o c ., 94, 2171 (1972).
(16) M . Karplus, J . C h em . P h y s . ,  30, 11 (1959).
(17) S. A. Francis, J . Ch em . P h y s . ,  19, 942 (1951).

XIII-OH, mp 177-177.5°, was obtained by fractional 
crystallization.

The most conclusive data for the structural assign
ment for XII-OH stems from the extensive rearrange
ment (ca. 98%) of XII-OBs to VI-OBs during ace
tolysis, a result reconcilable only with the structure 
proposed for XII-OH. The XII-OBs initial acetolysis 
rate constant, fcxn, drifts upward extremely rapidly; 
at 25°, fcxn =  1-25 X 10-6 sec-1, and at 1% reaction 
(acid production) the integrated rate constant is 4.7 
X 10-6 sec-1. The initial acetolysis rate constant, 
kx ii, was determined fairly accurately by extrapola
tion to 0% reaction of a plot of integrated rate con
stant vs. per cent reaction. For this plot, titration 
points were taken as early as 0.102, 0.237, and 0.294% 
reaction. The acetolysis rate constant integrated 
from 76% reaction is quite steady at 4.03 X 10-5 
sec-1, in good agreement with the value 3.91 X 10-5 
sec-1 reported4 for VI-OBs. The XII-OBs rearrange
ment rate constant, fcr = 8.01 X 10-5 sec-1, was deter
mined by the method of Young, Winstein, and Goer- 
ing.18 The product mixture from solvolysis of 0.00663 
M  XII-OBs in acetic acid (0.020 M  sodium acetate) 
at 50° was found to contain 64.8 ±  1.5% VI-OAc,
27.9 ±  1.5% VII-OAc, 6.5 ±  0.5% twisted monoene 
(the olefin4'5 derived from VI-OBs), 0.4% bird-cage 
hydrocarbon, 0.34% V-OAc, and 0.07% XII-OAc. 
There was less than 0.03% XIII-OAc (none detected). 
This product composition is identical within experi
mental error with that obtained from VI-OBs,5 ex
cept for the presence of ca. 1% of other products (bird
cage hydrocarbon, V-OAc, and XII-OAc). Thus, 
both the kinetic analysis and the product mixture reveal 
the extensive rearrangement of XII-OBs to VI-OBs 
in acetolysis.

This rearrangement most likely occurs via an in
timate ion pair consisting of cation A and brosylate 
anion. The ratio fcr/fcxn = 64 is a minimum measure 
of the ratio of ion pair return to VI-OBs and acid pro
duction from A in XII-OBs acetolysis, since part of 
fcxn is due to solvolysis via cation B (Scheme II).

Scheme I I

twisted
monoene

(18) W. G. Young, S. Winstein, and H. L. Goering, J. Amer. Chem. Soc.,
73, 1958 (1951).
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Since the intimate ion pair consisting of A and brosyl
ate anion is the first intermediate formed in VI-OBs 
acetolysis, the ratio fcr/fcXn = 64 is also a minimum 
measure of ion pair return in VI-OBs acetolysis.5 

The VI-OBs formed in XII-OBs acetolysis undergoes 
solvolysis via competing anchimerically assisted and 
anchimerically unassisted routes; the latter route 
results in formation of the VII-OAc observed in both 
XII-OBs and VI-OBs acetolyses. 5 Formation of 
1.7% of cation B from XII-OBs would account for 
the amounts of bird-cage hydrocarbon, V-OAc, and 
XII-OAc produced in XII-OBs acetolysis. 19 Sig
nificantly, there is less than 0.03% (none detected) 
of the classical solvolysis product XIII-OAc produced.

XIII-OBs acetolyzed with fairly steady first-order 
kinetics, k — (1.03 ±  0.02) X 10- 5  sec- 1  at 50° and 
k =  (2.44 ±  0.04) X 10~ 4 sec- 1  at 75°, and produced 
99% of the theoretical amount of acid. The titri- 
metrie rate ratio (fcr +  fcXii)/fcxm is ca. 200 at 25°. 
Although the extent of ion pair return in XIII-OBs 
acetolysis is not known, it appears that XIII-OBs 
ionizes more slowly than XII-OBs. The product 
mixture from acetolysis of XIII-OBs at 50° was found 
to consist of 6 .6 %  V-OAc, 49.9% VI-0Ac, 6.1% VII- 
OAc, 1.9% VIII-OAc, 6.5% XII-OAc 22.5% X III- 
OAc, 5.1% bird-cage hydrocarbon, and 1.4% twisted 
moncene. None of the other isomeric brosylates, 
including XII-OBs, yields any XIII-OAc. Anchimer
ically unassisted solvolysis of XIII-OBs would be 
expected to yield predominantly XII-OAc, and most 
of the 6.5% XII-OAc that is formed probably arises 
through this path. Even if a classical cation solvated 
on both sides were produced from XIII-OBs, more 
XII-OAc than XIII-OAc would be expected since 
the steric hindrance about the endo side of the car- 
bonium ion is greater than that about the exo side.

Apparently, the formation of 22.5% XIII-OAc from 
XIII-OBs can be rationalized only with anchimerically 
assisted ionization to form the nonclassical cation C 
(Scheme III); this is formed in competition with an
chimerically unassisted ionization to give the classical 
cation. No detectable amount of XV-OAc was ob
served. Possibly part of the large amount of s train 
in this acetate is felt in the transition leading to it 
and makes its formation unfavorable.

For neighboring group participation to be effec
tive, a trans coplanar arrangement of the participating 
group and the leaving group is generally required. For 
example, this requirement is met and participation 
occurs in solvolysis of ezo-norbornyl brosylate. 20 The 
trans coplanar requirement is not met in endo-nor- 
bornyl brosylate, and this brosylate solvolyzes with
out C-7 participation. The XIII system is so twisted 
by the bond that joins the ethano bridges that the 
C2-OBs bond and the C1-C 7 bond are nearly trans 
coplanar. This allows C-7 participation21 ' 22 to occur 
more readily than in the case of endo-norbornyl brosyl
ate; there is at least 22.5% of cation C formed in 
XIII-OBs acetolysis.

The 5.1% bird-cage hydrocarbon, 6 .6 %  half-cage 
V-OAc, and 1.9% VIII-OAc arise via cation B, which 
is formed from C and/or the XIII-OBs classical cat
ion. The remainder of the product mixture arises 
via cation A. Since the cation A and the brosylate 
anion are generated from XIII-OBs with a geometry 
relatively unfavorable for ion-pair return, ca. 71% 
of the A cations produced undergo collapse with sol
vent to give VI-OAc and only ca. 29% undergo ion 
pair return to VI-OBs, which then forms the observed 
amounts of VII-OAc and twisted monoene.

Experimental Section

Bs(X

XIII-OBs

S c h e m e  I I I

C XIII-OAc

(19) Acetolysis of X -O BS results in 100% cation B initially, which then 

— *■ B — *• products

X-OBs

forms 24%  bird-cage hydrocarbon, 24%  V-OAc, and 4.1%  XII-O A c, among 
other products, after 100% acid production.5

(20) S. Winstein and D . Trifan, J . A m e r .  C h em . S o c ., 74, 1154 (1952).

Melting points are corrected. Standard acetolysis procedures 
were employed.23

l,4,4a,5,8,8a-Hexahydro-efi<!o,e«do-l,4:5,8-dimethanonaphtha- 
lene (Endo,endo Diene).24— C a u t io n .  U n p le a s a n t  p h y s io lo g i 
ca l  r e a c t io n s  (h e a d a ch e , d e p r e s s io n )  u p o n  e x p o s u r e  to  th is  d ie n e  
h a v e  b e en  e x p e r ie n c e d  b y  tw o  w o r k e r s .  A v o i d  in h a la t io n  o f  th e  
v a p o r s  o f  a n d  s k i n  c o n ta c t  w ith  th is  m a te r ia l . To 50 g (0.137 mol) 
of technical grade isodrin and 93 g (1.26 mol) of ferf-butyl 
alcohol in 400 ml of dry THF stirred under nitrogen in a 5-1. flask 
fitted with an efficient reflux condenser and stirrer was added
17.5 g (2.52 mol) of lithium wire cut into 0.5-in. 1 engths so as to 
allow the freshly cut pieces to fall directly into the flask. The 
mixture was stirred vigorously under nitrogen. An exothermic 
reaction ensued with considerable foaming, and the solvent began 
to boil violently. Ice-bath cooling was employed only as long as 
necessary to keep the reaction under control. The reaction was

(21) Solvolysis of l-methoxy-2-endo-norbornyl brosylate provided the 
first example of C-7 participation and ring contraction (5 -9% ) in solvolysis 
of a norbornyl system: Y .-i Lin and A. Nickon, J . A m e r .  C h em . S o c ., 92, 3496 
(1970). Formation of the rearranged oxocarbonium ion in this system pro
vides a measure of stabilization and driving force not present in the parent 
norbornyl system.

(22) Several examples of C-7 migration from C -l  to  C-2 exist in vibra-
tionally excited (“ hot” ) carbonium ions generated from certain substituted 
endo-norbornyl diazonium ions: C. J. Collins, V. F. Raaen, B. M . Benja
min, and I. T. Glover, J . A m e r . C h em . S o c ., 89, 3940 (1967); P. Yates and 
R. J. Crawford, ib id ., 88, 1561 (1966); W . Kirmse, G. Arend, and R . Sieg
fried, A n g ew . C h em ., I n i .  E d . E n g l., 9, 165 (1970); W. Kirmse and G. Arend, 
C h em . B e r . ,  105, 2738, 2746 (1972).

(23) S. Winstein, C. Hansen, and E. Grunwald, J . A m e r .  C h em . S o c .,  
70, 812 (1948); S. Winstein, E. Grunwald, and L. L. Ingraham, ib id ., 70, 
821 (1948).

(24) Since the diene is unstable in air (half-cage V ketone is formed in 
good yield within a few hours), no delays in the preparation should be allowed 
until after formation of the silver nitrate complex.
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stirred until the spontaneous reflux subsided (0.75 to 1.5 hr) and 
then was held at reflux on a steam bath for 0.5 hr. The hot mix
ture was poured through a wire screen to remove residual pieces of 
lithium. Crushed ice and then 11. of water were added, and the 
mixture was extracted three times with pentane. The pentane 
extracts were combined, washed with water, dried (Na2S04), 
and distilled. From two such runs a total of 36.7 g (85% yield) 
of crude diene, bp 62-80° (2 mm), was obtained.

A 22-g sample of crude diene was added to a solution of 67 g of 
silver nitrate in 54 ml of water with stirring under nitrogen. To 
the resultant solid cake was added 216 ml of absolute ethanol, and 
the mixture was stirred with a stirring rod. The mixture was 
then stirred under nitrogen overnight. The white precipitate 
was collected and washed with ethanol. Upon exposure to air, 
the 39.5 g of diene-silver nitrate complex, mp 207° dec, turned 
gray. I t  was stored under nitrogen in a tightly sealed bottle at 
—10° in a freezer.25

A mixture of 39.5 g of complex and 1 1. of concentrated am
monium hydroxide in a 3-1. flask fitted with a spiral condenser was 
heated on a steam bath. Periodically, the solid diene which 
steam distilled into the condenser was washed out with pentane, 
and additional ammonium hydroxide was added to the flask. 
This process was repeated until diene no longer formed in the 
condenser (2-3 hr or longer). The aqueous mixture was cooled 
and extracted with pentane. All the pentane washings and 
extracts were combined, washed with water, dried (Na2S04), and 
concentrated. The residual white solid was sublimed at 80° (1 
mm) to give 9.0 g (41% from the crude diene) of solid, mp 94-96° 
(lit.7 mp 90-92), that was 99.3% endo.endo diene and 0.7% 
endo.endo monoene (gc analysis on a 25% SE-30 on Chromosorb 
W eolunn26): ir (CC14) 3.21 (w), 3.30 (m), 3.41 (s), 3.52 (m), 6.39 
(w), 6.90 (m), 7.49 (s), 7.88 (w), 8.00 (s), 8.11 (w), 8.20 (w), 8.85 
(m), 9.12, (w), 9.71 (w), 10.13 (w), 10.35 (w), 10.99 (s), 11.31 
(s), 11.45 (s), 14.00 (vs), 14.50 n (w).

Decahydro-4,7-methano-2,5,8-methenoazulen-eio-3-ol (XII- 
O H ).—To a solution of 9.0 g (0.0570 mol) of endo.endo diene 
in 200 ml of acetic acid was slowly added in small portions 18.1 g 
(0.0568 mol) of mercuric acetate. After a few minutes the pale 
yellow solution was filtered into 600 ml of aqueous NaCl solution. 
The white precipitate was collected after 1 day, washed with 
water and pentane, and shaken for 13 hr with 350 g of 3% sodium 
amalgam in 250 ml of water. The cloudy mixture was extracted 
with three 100-ml portions of ether. The ether extracts were 
combined, dried (Na2S04), and concentrated to a colorless oil. 
Gc analysis indicated the oil to consist of 62% bird-cage hydro
carbon, 24% VI-OH, 9% XII-OH, a trace of Y-OH, and 5% 
acetates. The oil was chromatographed on a 1.25 X 14 in. 
column of neutral, activity 2.5 alumina. Bird-cage hydrocarbon,
3.5 g, was eluted with pentane. Elution with 10% ether in 
pentane yielded 0.46 g of acetate mixture. Elution with 20% 
ether in pentane gave first 0.67 g of XII-O H, mp 81-83°, then 
0.30 g of a 40:60 mixtui e of XII-OH and VI-OH, and finally 1.85 
g of VI-OH. Two crystallizations of the VI-OH from pentane 
at 5° gave 1.1 g of VI-OH, mp 75.5-76.5° (lit.1 mp 76.2-77.6°).

The XII-O H was crystallized five times from pentane to give 
0.23 g of XII-OH, mp 85.5-86.5°, that contained ca. 2% of V-OH 
(gc assay).

Anal. Calcd for C12H]60 : C, 81.77; H, 9.15. Found: C, 
81.89; H, 9.22.

The XII-OH was further purified by gas chromatography on a 
UCON 50-HB 2000 column, sublimation, and crystallization from 
pentane at —20° to give XII-OH, mp 84.5-85.0°, that contained 
less than 0.05% of isomeric alcohols (gc assay).

X n-O B s.—A solution of 75 mg of pure XII-OH and 218 mg of 
brosyl chloride (100% excess) in 2 ml of pyridine was held at 0° 
for 26 hr. Ice water, 30 ml, was added, and the mixture was 
extracted with three 15-rnl portions of ether. The combined 
ether extracts were washed with three 25-ml portions of 2 N  HC1, 
three 25-ml portions of saturated NaHC03 solution, and 50 ml of 
water. The ether solution was dried (Na2S04) and concentrated 
under vacuum at 20° to an oil. The oil was dissolved in 25 ml of 
pentane at 20°. The solution was concentrated with a stream of 
nitrogen; when crystallization began, the mixture was placed in a

(25) The silver nitrate complex has been stored at — 10° for 6 months with 
no apparent decomposition or impairment of the purity of the diene.

(26) Traces of acid in the gc system, including acid-washed column sup
ports, cause rearrangement of the diene to bird-cage hydrocarbon and 
twisted monoene and should be avoided.

freezer. The resultant solid XII-OBs was recrystallized in the 
same way to give 75 mg of XII-OBs, mp 80-81.5°, which pro
duced 98% of the theoretical amount of acid upon acetolysis.

Anal. Calcd for Ci8Hi9S03Br: C, 54.68; H, 4.84. Found: 
C, 54.88; H, 4.92.

Decahydro-4,7-methano-2,5,8-methenoazulen-3-one (Xn Ke
tone).—Solutions of 150 mg of 98% pure XII-OH in 10 ml of 
ether and 2.0 g of Cr03 in 10 ml of water were stirred together for 
4 hr. Then 50 ml of pentane was added, and the organic layer 
was washed with water until it was colorless. The solvent was 
removed under vacuum, and the ketone was chromatographed on 
alumina and sublimed at 90° (0.5 mm) to give 90 mg of X I I  
ketone, mp 146.5-148.5°, that was 99% pure (gc assay; ca. 1% 
V ketone was present): ir (CC14) 1755 ±  1 cm-1 (C =0).

Anal. Calcd for Ci2H i40: C, 82.72; H, 8.10. Found: 
C, 82.68; H, 8.28.

Decahydro-4,7-methano-2,5,8-methenoazulen-endo-3-ol (XIII- 
OH).— Reduction of 10 mg of 99% pure XII-O H with excess 
lithium aluminum hydride in ether gave an alcohol mixture that 
contained 96.2% XIII-OH, 3.8% XII-OH, and a trace of half
cage oxygen-inside alcohol (gc assays on NMPN and UCON 
columns). On a larger scale, 0.56 g of XII-O H that contained 
1% V-OH and 4% VI-OH was oxidized, and the resultant crude 
X I I  ketone was reduced with excess lithium aluminum hydride. 
The crude alcohol mixture was crystallized twice from pentane at 
—10° and five times from aqueous ethanol to give 0.15 g of 100% 
pure (gc assay) X III-O H, mp 177-177.5°, as fine needles.

Anal. Calcd for C,2H160 : C, 81.77; H, 9.15. Found: C, 
81.86, H, 9.35.

XIII-OBs.—From 70 mg of X III-O H  and 218 mg of brosyl 
chloride there was obtained (by the method employed for X II-  
OBs) 90 mg of XIII-OBs, mp 107.5-108.5°, which produced 99% 
of the theoretical amount of acid upon acetolysis.

Anal. Calcd for Ci8HijS03Br: C, 54.68; H, 4.84, Found: 
C, 54.87; H, 4.70.

XII- OBs Acetolysis Products.—A 25-ml solution (0.0066 M
X II-  OBs) was prepared from 65.5 mg of XII-OBs and acetic acid 
that contained 0.020 M  sodium acetate. The solution was held 
at 50° for 4.16 hr (20 half-lives of VI-OBs), cooled, and diluted 
with 25 ml of pentane. The solution was extracted with 50 ml of 
water. The water layer was extracted with 15 ml of pentane. 
The pentane layers were combined, extracted with three 25-ml 
portions of saturated NaIIC03 solution and 50 ml of water, dried 
(Na2S04), and concentrated to 1 ml with use of a 0.375 X 14 in. 
column packed with glass helices. Gc analysis on a 0.25 in. X 4 
m column of 5% DOW X2405 on Chromosorb W, 80-100 mesh, at 
155° and 30 psi helium pressure, indicated the product mixture to 
consist of 65.2 ±  1.5% V-OAc plus VI-0Ac plus XII-OAc 
(retention time 67 min), 27.9 ±  1.5% VII-OAc (retention time 57 
min), 6.5 ±  0.5% twisted monoene (retention time 5.5 min), and 
0.4% bird-cage hydrocarbon (retention time 5.1 min). The 
acetates were converted to alcohols with excess lithium aluminum 
hydride. Gc analysis on a UCON 50-HB 2000 column showed 
the alcohol fraction to consist of 99.56% VI-OH plus VII-OH, 
0.07% XII-OH, and 0.37% V-OH. There was <0.03% X III-  
OH (none detected).

XIII- OBs Acetolysis Products.—A 16-ml solution (0.00984 M
X II I-  OBs) was prepared from 62.2 mg of XIII-OBs and acetic 
acid that contained 0.02 M  sodium acetate. The solution was 
held at 50° for 328.5 hr (17.5 half-lives). After work-up, the 
product mixture was analyzed on the DOW X2405 column and 
was found to consist of 5.1% bird-cage hydrocarbon, 1.4% 
twisted monoene, 8.0% VII-OAc plus VIII-OAc, and 85.5%
V- OAc plus VI-0 Ac plus XII-OAc plus XIII-OAc.

The acetates were converted to alcohols with excess lithium 
aluminum hydroxide in ether. Gc analysis on a 0.125 in. X 5 ft 
column of 5% UCON 50-HB 2000 on Chromosorb W, 80-100 
mesh, at 150° revealed the alcohol fraction to consist of 61.8%
VI- OH plus VII-OH plus VIII-OH (unresolved, retention time
16.6 min), 24.1% XIII-O H  (retention time 19.8 min), 7.0% 
XII-OH (retention time 21.1 min), and 7.1% V-OH (retention 
time 23.9 min).

The alcohol mixture was oxidized to a ketone mixture, which 
then was analyzed by gc on a 0.125 in. X 20 ft column of 2% 
UCON 50-HB 2000 on Chromosorb W, 80-100 mesh, at 150°. 
Less than 0.1% of any of the alcohols remained unoxidized. The 
ketone mixture consisted of 7.23% V ketone (retention time 35.5 
min), 33.1% V III ketone plus X I I  ketone (unresolved, retention 
time 37.7 min), and 59.7% VI ketone (retention time 42.1
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min). Since the alcohol mixture consisted of 31.1% XII-OH 
plus X III-O H, there must have been 2.0% V III  ketone in the 
ketone mixture and thus 2.0% VIII-OH in the alcohol mix
ture.

Combination of the data from the three gc analyses gave the 
composition of the XIII-OBs acetolysis product mixture: 6.6%
V-OAc, 49.9% VI-0Ac, 6.1% VII-OAc, 1.9% VIII-OAc, 6.5%

XII-OAc, 22.5% XIII-OAc, 5.1% bird-cage hydrocarbon, and
1.4% twisted monoene.

Registry No.— VI-OH, 40577-16-0; XII-OH, 40577-17-1; 
XII-OBs, 40577-18-2; X I I  ketone, 40577-19-3; XIII-O H, 
40577-20-6; XIII-OBs, 40577-21-7; endo.endo diene 1076-13-7; 
brosyl chloride, 98-58-8.
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The rates and equilibrium constants for the reversible acid- and base-catalyzed hydration of isobutyraldéhyde 
in water have been determined by temperature jump and nmr spectrometry. The standard enthalpy and 
entropy changes for isobutyraldéhyde hydration are —5.6 kcal/mol and —19.9 eu. The standard enthalpy and 
entropy for the reaction of isobutyraldéhyde hydrate with hydroxide ion is 0.6 kcal/mol and —1.9 eu. The 
activation enthalpies for the hydrogen ion and hydroxide ion catalyzed hydration of isobutyraldéhyde are 7.8 
and 11.7 kcal/mol, respectively.

Among the many studies on the hydration of alde
hydes and ketones2 3 4 5 6 7 are reports concerning isobutyraldé
hyde.3-7 A solution of isobutyraldéhyde in water 
equilibrates rapidly to a mixture of hydrate (h), 
hydrate anion (h-) and isobutyraldéhyde (a) (Scheme I).

S c h e m e  I

+OH~ h, 

k __ , -OH~

h

[a] (1)

X [hJ
h- rh ][O H i (2)

[h j
Km~ [a] [OH- ] (3)

In connection with various studies on isobutyraldé
hyde we needed reliable values of these rate and equi
librium constants over a wide range of temperatures. 
Recently Pocker and Dickerson reported on the rates

(1) This investigation was supported in part by Grants GP-14697 and 
GP-32461X from the National Science Foundation.

(2) R . P. Bell, A d v a n . P h y s .  O rg . C h em ., 4, 1 (1966).
(3) L. C. Gruen and P. T . M cTigue, J . C h em . S o c ., 5217, 5224 (1963).
(4) (a) J. Hine, J. G. Houston, and J. H. Jensen, J . O rg . C h em ., 30, 1184 

(1965‘- ; (b) J. Hine and J. G. Houston, ib id ., 30, 1328 (1965).
(5) (a) P. Greenzaid, Z. Luz, and D . Samuel, J . A m e r .  C h em . S o c ., 89, 

749 (1967); (b) P. Greenzaid, Z. Rappoport, and D. Samuel, T ra n s . F a ra d a y  
S o c ., 63, 2131 (1967).

(6) (a) Y . Pocker and J. E. M eany, J . P h y s .  C h em ., 71, 3113 (1967); 72, 
655 (1968); 73, 1857 (1969); (b) Y . Pocker and D . G. Dickerson, ib id ., 
73, 4005 (1969).

(7) M . G. Champetier and P. Le Henaff, C . R . A c a d . S c i .,  S e r . C , 265, 
175 (1967).

of hydration of isobutyraldehyde.6b By extrapolation 
to a time immediately following the mixing of reac
tants, and assuming the extinction coefficient of the 
free aldehyde to be temperature independent, they 
were able to obtain values of K h at several tempera
tures. A plot of log K h vs. 1/T gave values of K h 
at 25 and 35° in good agreement with the earlier 
values4b obtained by nmr experiments. However, 
the nmr data were not corrected for possible saturation 
effects, and the hydration above 25° is so fast as to 
make extrapolation to zero time much less reliable 
than at 0°. Furthermore, a precise relationship be
tween In Kb and reciprocal temperature, especially 
around 25-35°, is necessary for a study by tempera
ture jump spectrometry. A rapid kinetic technique 
was necessary to study hydroxide ion catalysis under 
conditions where the hydroxide ion concentration was 
known accurately.

Experimental Section
Isobutyraldéhyde (bp 63.5-64.0°) was freshly distilled before 

preparing solutions. No impurities were detected by glpc analy
sis. Oxidation of isobutyraldéhyde to isobutyric acid was 
negligible under the conditions used. Doubly distilled dust-free 
degassed water (boiled) was used for the preparation of all solu
tions. Standard solutions of perchloric acid and sodium hydroxide 
were periodically checked by use of primary standard (potas
sium hydrogen phthalate) by titration to a phenolphthalein 
end point. Carbonate-free sodium hydroxide solutions were 
prepared by filtration of saturated sodium hydroxide solutions.

T-Jump and combined T-jump stopped-flow experiments were 
conducted on a Durrum-Gibbson stopped-flow spectrometer 
equipped with a D-150 modular control unit. A permanent 
record of the photomultiplier signal was obtained by photo
graphing the image on a Tektronix 564 storage oscilloscope.

A standard solution of about 0.08 M  isobutyraldéhyde was 
placed in one of two storage reservoirs. Acid catalysis was 
studied by placing 0.02-0.18 M  perchloric acid in the second 
reservoir. The ionic strength of the acid solution was adjusted 
to 0.2 by adding sodium chloride. Equal volumes of the two 
solutions were mixed by actuating the stopped-flow apparatus, 
and T-jump experiments were conducted on the resultant 
mixture (ionic strength 0.1). The effect of base on the rate of 
equilibration was studied by placing in the second reservoir 
solutions 0.02-0.1 M  in sodium hydroxide with enough sodium 
chloride to give an ionic strength of 0.2. Since isobutyraldéhyde 
and base react to form aldol condensation products, it was neces-
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sary that the two substrates remain apart until immediately 
prior to discharge of the heating cell capacitor. The rate of 
aldolization is sufficiently slow that no appreciable fraction of the 
aldehyde is lost due to aldol condensation in the first several 
seconds if concentrations of aldehyde and base are small.4 Ex
periments were conducted in such a manner that the T-jump 
occurred precisely 2 sec after the mixing of reactants. No cor
rection was made for the amount of hydroxide ion used up in 
conversion of aldehyde hydrate to hydrate anion, since the con
centration of hydroxide ion is in all cases several times that of the 
hydrate.

A heating pulse of 250 yusec and oscilloscope delay of 400 /usee 
proved to be sufficient to ensure that perturbations attributable 
to the heating pulse were absent. The rate of isobutyraldéhyde 
equilibration was determined at the carbonyl absorption max
imum (285 nm) spectrometrically.

A ll nmr experiments were made using a Varian Model A-60A 
spectrometer equipped with a temperature controller Model 
V6040. The probe temperature was determined by the methanol 
resonance technique.8 The ratio of the area of the methyl doublet 
of the hydrate to that of the free aldehyde was determined by 
use of a polar planimeter, Keuffel and Esser Model 62-0015, 
and found to be highly reproducible. The average of three 
integrations was in all cases well within 0.5% of any individual 
integration. No appreciable variation in the relative areas could 
be detected for solutions 0.1-0.3 M  in aldehyde.

All ultraviolet measurements were made using a Cary Model 
16 spectrometer and 10-cm thermostated cells. Solutions and 
pipettes were precooled prior to measurements in a bath adjusted 
to the same temperature as that of the cell. Since isobutyral
déhyde reacts in basic solution to yield aldol condensation prod
ucts, it was necessary to determine the absorbance (at 285 nm) 
immediately after mixing the aldehyde and base solutions. 
Several solutions of varying concentrations of sodium hydroxide 
were adjusted so that the total volume was 45 ml and then im
mersed in a thermostated bath. Another solution of isobutyr
aldéhyde in doubly distilled water was also brought to thermal 
equilibrium and 5-ml aliquots were added to each base solution 
just before the uv determination. The amount of time (ap
proximately 50 sec) necessary to mix solutions and place them 
in the cell was taken into account and the actual absorbance 
reading was determined by extrapolation to the time of mixing. 
Although the extrapolation never gave a very large difference in 
absorbance value, it  was felt to be a more accurate measure of 
the true value immediately after the equilibration of free al
dehyde, hydrate, and hydrate anion. The absorbance of the 
aldehyde in the absence of base was determined similarly, using 
a sample containing doubly distilled water rather than sodium 
hydroxide.

Results

The nmr spectrum of an aqueous solution of iso
butyraldéhyde shows two methyl doublets, One of 
which is at a higher field than the other. The area 
ratios of the two doublets are dependent on the tem
perature. Contamination of the sample with a trace 
amount of isobutyric acid shows that the methyl 
doublet of isobutyric acid is easily discernible in the 
mixture of hydrate, aldehyde, and acid. The low- 
field methyl doublet was attributed to isobutyraldé
hyde, and the higher field methyl doublet was attrib
uted to isobutyraldéhyde hydrate. The equilibrium 
constant for hydration was calculated as the ratio of 
integrated areas of the two doublets.

The calculated equilibrium constants at a particular 
value of the oscillator field strength are found to cor
relate; precisely (linear least-squares analysis) with 
the equation

, „  Aff° , AS°i n *  = +  - R- (4)

where AH° is the standard enthalpy change (assumed

(8) A. L. Van Geet, A n a l. C h em ., 40, 2227 (1968) ; 42,679 (1970).

to vary negligibly over the temperature range studied), 
A$0 is the standard entropy change, R is the gas constant 
(cal/deg mol), and T is the temperature (degrees Kel
vin). The value of K h calculated is found to depend 
greatly on the field strength at which the experiment is 
conducted. For example, at 286.55°K, the values of Kh 
calculated are 0.884 (0.005 mG), 0.896 (0.0075 mG), 
0.911 (0.010 mG), and 1.120 (0.020 mG). The results 
of a number of experiments are summarized in Tables I 
and II. Values of Kh at 0 mG field strength are ob-

T a b l e  I

D e p e n d e n c e  o f  K h  o n  T e m p e r a t u r e  a n d  F ie l d  S t r e n g t h

Temp, °K 0.0050 mG
------------Ah----------

0.0075 mG 0.0100 mG

320.42 0.334 0.353
317.52 0.412
316.55 0.356 0.348
303.49 0.580 0.528
301.07 0.615 0.598 0.608
297.20 0.612 0.639 0.640
295.75 0.667 0.640 0.686
292.84 0.678 0.723 0.769
290.91 0.788 0.805 0.805
286.55 0.884 0.896 0.911
283.65 0.931 1.051 1.035
277.84 1.219 1.133 1.137
276.39 1.285 1.250 1.277
272.52 1.585 1.620 1.712

Table II
Slopes and Intercepts of Equation 4 as a Function

of Applied Oscillator Field Strength
Field, mG No. of expts AH ° ,  keal/m ol A S ° , eu
0.0200 22 -5 .0 1 -1 7 .2
0.0100 14 -5 .3 6 -1 8 .9
0.0075 13 -5 .4 4 -1 9 .2
0.0050 10 -5 .5 9 -1 9 .7
0.0000 -5 .6 4 -1 9 .9

tained as follows. Values of K h at 0.02, 0.01, 0.0075, 
and 0.0050 mG are calculated for a particular tempera
ture. The results of these calculations are then placed 
on a graph correlating Kh and field strength, and a 
smooth curve is drawn to enable extrapolation to zero 
field strength (Figure 1).

The ultraviolet spectral results are in accord with 
these nmr results, as evidenced by the temperature 
dependence of the optical density at 285 nm. A 
dilute solution of isobutyraldéhyde in water obeys 
the Beer-Lambert law. The apparent extinction 
coefficient is given by the equation

eapp *C-0
1 +  Kh

(5)

The equilibrium constant for the hydrate-hydrate 
anion equilibrium was determined by the equation

j s  _  A i)(.K h  T  1) 
h" -  D K h[OH-]„ (6)

where D, AD, and [OH_ ]e are defined as the optical 
density of a solution in the absence of base, the differ
ence in optical density between that of such a solution 
and that of a solution of identical isobutyraldéhyde 
concentration in the presence of base, and the equi
librium concentration of base, respectively. For 
example, at 34.0° a solution calculated to be 1.548 M



sodium hydroxide before the addition of isobutyraldé
hyde had an absorption of 0.7664, whereas a solution 
of identical isobutyraldehode concentation in water 
alone had an absorption of 1.1195.9 From these data 
a value of 0.956 for Ky,_ may be calculated (Ah =  0.337). 
The average of six values determined at 34.0° is 0.93 with 
an average deviation of ±  0.09. A summary of results 
appears in Table III.

ISOBUTYRALDEHYDE. KlNETICS OF EQUILIBRATIONS

Table III
Effect of T empérature on the Isobutyraldéhyde 
H ydrate-H ydrate Anion Equilibrium Constant

Temp, °C K h _ ,  A - i No. of expt

34.0 0.932 ±  0.09« 6
29.0 0.968 ±  0.05 5
28.8 1.170 ±  0.04 8
21.0 1.045 ±  0.09 8
15.0 1.031 ±  0.17 9

« Average deviation from the average.

The value of fc0bSd was determined by a linear least- 
squares analysis of the integrated first-order equation

P PIn log -p = - k aMt +  In log ~  (7)

where P  is the amplitude of the recorded photomul
tiplier signal and the subscripts 0 and e refer to the 
initial and equilibrium values. In general the data 
gave excellent linear correlations for time periods 
in excess of 3 half-lives. The temperature at which 
the reaction occurred was determined by the equation

hi / ------- j - ^ - p ------ \  - In  {*5,(1 +  Ah_[OH- ])) = 0 - (8)
^a„ +  -  logp ” -  \ )

where a is the amount of aldehyde present and the 
subscripts T and 0 refer to the total amount of alde
hyde and the initial amount of aldehyde present in 
the free form. The left side of eq 8 will at some tem
perature (from which are calculated the values of 
K h and AhJ satisfy the equality expressed by eq 8. 
That temperature is the temperature at which the 
reaction occurred.

Variations in the magnitude of the temperature 
jump were observed even though the ionic strength 
remained constant (0.1). These variations are at
tributable to the different ions present in the various 
solutions employed. A summary of results for the 
sodium hydroxide and perchloric acid catalyzed equil
ibrations of isobutyraldehyde appears in Tables IV 
and V.

Discussion

A number of investigators have reported on the 
common features a solution containing both the free 
carbonyl and its hydrate shows in its nmr spectrum.2-5 
The nmr spectrum at several different oscillator 
field strengths reveals the degree to which the applied 
field has affected the calculated equilibrium constant. 
This behavior is most reasonably attributable to the 
effects of selective saturation. Anderson has reported 
that saturation effects generally increase with decreas
ing half-width.10 The experimental findings reveal

(9) The absorptivity of all solutions has been corrected for the small but 
nonnegligible absorption of the sodium hydroxide solutions at 285 nm.

(10) W . A. Anderson, P h y s .  R ev ., 104, 850 (1965).
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Figure 1.-—Variations in apparent values of Ah as a function of 
Ri field at several temperatures.

that the half-width of the aldehyde band is less than 
that of the hydrate band. These results, coupled 
with the generality of Anderson, lead to the expecta
tion that the methyl protons of the aldehyde are 
saturated to a greater degree than those of the hydrate, 
in accordance with the results of Table I.

The correlation of the logarithm of the equilibrium 
constant with l / T  tacitly assumes that AH0, the stan
dard enthalpy change, is nearly temperature indepen
dent. This is known to be true for the hydration of 
acetaldehyde, for which ACP° is reported to be only 
—10 ±  5 cal/deg mol,11 and appears to be true in 
the present case, where there is no obvious curvature 
in the plot of In K h vs. l/T. A summary of thermody
namic parameters and the results of other investigators 
appears in Table VI.

The results of this study arc in excellent agreement 
with those of Pocker and Dickerson. Other results3'4 
appear to be in error by slightly overestimating the 
magnitude of both AH° and A»S0.

We observed no variation in the extinction coeffi
cient other than that attributable to experimental 
difficulties over a wide range of temperatures. The 
calculated value, 22.13 ±  0.52, is within the experi
mental uncertainty of Pocker and Dickerson’s value 
of 22.3 determined at 0° by extrapolation to a time 
where the initially added isobutyraldehyde was com
pletely unhydrated. One may conclude that the ex
tinction coefficient does not vary appreciably as a 
function of temperature. This result is reasonably 
strong evidence in support of the hypothesis that only 
the aldehyde and hydrate species are present in aque
ous solution over the range of temperatures herein 
employed. If a significant fraction of enol is present, 
the equilibrium between the aldehyde and its enol is 
surprisingly temperature independent (over the tem
perature range 0-35°). Furthermore, no enol absorp
tion signals were detectable in the nmr spectra.

(11) J. L. Kurz, J. Amer. Chem. Soc., 89, 3524 (1967).
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I03 /  T
Figure 2.'—Correlation (least squares) of In (K tJc -i/T ) vs. 1 /T  

(standard deviation, 0.18).

The only previous report on the acidity of isobutyr
aldéhyde hydrate gave a K h_ value of 1.68 at 25°.4a 
The results of the present study indicate that the 
true value is considerably smaller (K h_ 1.03 at 25°). 
Although the temperature dependence of this equi
librium is very slight, it does appear that the hydrate 
is less acidic at high temperatures than at low tempera
tures. On the basis of the five values at 15-34°, the 
calculated standard enthalpy change and entropy 
change for the reaction of the hydrate with hydroxide 
ion is —0.6 kcal/mol and —1.9 eu, respectively. The 
acidity constant of isobutyraldéhyde hydrate at 25° 
is 1.03 X 10-14, which may be compared with the 
values of acetaldehyde (2.7 X 10-14) and formalde
hyde (5.4 X 10-14) hydrates determined by Bell and 
Onwood.12

The rate of appearance of isobutyraldéhyde, fol
lowing thermal equilibration of the reaction cell, is 
given by the equation

T a b l e  I V

E x p e r im e n t a l  R e s u l t s  o p  B a s e - C a t a l y z e d  
E q u il ib r a t io n  o p  I s o b u t y r a l d é h y d e  

NaOH, M  K V  P S  Temp,6 °K  hoitd , sec“ '

0.05c 4.0 81.75
3.75 83.25
3.5 92.00
3.0 94.75

0.045« 5.0 80.00
4.75 81.00
4.5 83.50
4.25 87.00
4.0 86.50
3.75 88.75
3.5 90.00
3.25 91.50
3.0 92.38

0.040« 5.0 80.75
4.5 84.75
4.25 86.50
4.0 87.50
3.5 90.13
3.25 92.50
3.0 93.25

0.035« 5.0 81.25
4.75 83.75
4.5 84.75
4.25 87.75
4.0 87.00
3.75 90.00
3.5 91.00
3.25 91.63
2.5 95.00

0.030« 5.0 81.00
4.75 83.13
4.5 86.00
4.25 87.00
4.0 86.50
3.75 88.50
3.5 90.63
3.25 92.25
3.0 93.00

0.020« 5.0 83.50
4.75 86.50
4.5 85.00
4.0 88.25
3.0 93.25

0.010e 3.5 91.25
3.25 91.25
3.0 92.00
2.5 93.00

304.79 1460
304.16 1167
300.84 1174
299.76 1348
305.64 1276
305.16 1256
304.10 1365
302.70 1091
302.88 1172, 817
302.02 1092, 893
301.54 1050, 1124
301.01 904
300.72 980
305.30 844
303.58 1038
302.88 1213
302.51 907
301.54 984
300.66 1099
300.38 852
305.10 806
304.03 961
303.58 1087
302.39 983
302.70 845, 1017
301.54 373
301.19 548
300.95 614
299.76 459
305.16 1220
304.29 1094
303.07 898
302.70 950
302.88 660
302.14 441
301.30 541
300.72 426, 627
300.49 407, 504
304.10 713
302.88 648
303.51 613
302.20 458
300.38 351, 390
301.07 166
301.07 170
300.84 234
300.49 128

= (fc_,[h] +  fc_2X h_[h][OH-]) -  (Mai +  h [a ][O H 1)

(9)
As shown in Scheme I, the rate constants ki and fc-i 
are specifically associated with the reaction of iso
butyraldéhyde and water, and the rate constants 
k2 and k~2 are to be associated with the reaction of 
isobutyraldéhyde and hydroxide ion. The assump
tion is that the equilibration of isobutyraldéhyde 
hydrate with the hydrate anion (h ^  h-) is much 
faster than any of the other reactions.13

The pseudo-first-order rate constant kohsd is given 
by the equation

= (fc2[0H] +  *l)( 1 +  K h( l  +  A:h_ [O H -])) (10)

(12) R . P. Bell and D. P. Onwood, T ra n s . F a ra d a y  S o c .. 68, 1557 (1962).
(13) M . Eigen, D iscu ss . F a ra d a y  S o c ., 39, 7 (1965).

“ Photomultiplier signal at equilibrium relative to the initial 
value (at t = 0) of 800 mV in per cent. 6 Temperature (°K) 
calculated. Initial temperature 298.15°K. c Isobutyraldéhyde 
0.5 X 8.339 X 10-2 M, y. 0.1. « Isobutyraldéhyde 0.5 X 
8.278 X 10~2 M , y. 0.1.

from which are obtained the catalytic constants for 
acid and base catalysis. The results of our study are 
found in Table VII along with those results obtained 
by other investigators.4’6'14

Pocker and Dickerson have reported that the acid- 
catalyzed hydration of isobutyraldéhyde is character
ized by a catalytic constant {kh+ +  k~h+) of 97.5 
M ~l sec-1 at 0°. Their results, based on a series of 
successive approximations, were under the constraints 
of the best fitting to a linear polynomial in hydronium 
ion, hydroxide ion, water, acetate ion, and acetic acid, 
from which were derived the catalytic coefficients of

(14) J. Hine and F. A. Via, J. Amer. Chem. Soc., 94, 193 (1972).
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T able  V
E xper im en tal  R esults fqr A cid-Catalyzed  E q u ilibr atio n  of I sobutyraldéhyde

HCIOi, M K V P S Temp,6 °K  fcobsd. sec-1 HCIO4, M, K V  P ° Tem p,3 ° K fcobsd. sec“ 1

0.090 5.0 75.00' 312.2 146 0.050 5.0 76.88' 310.9 86.5
4.25 89.87“ 311.0 134 4.25 81.50 307.7 73.6
4.0 84.50' 305.9 121 4.0 83.50 306.6 71.8

91.25* 309.0 130 3.5 87.50 304.2 71.8
3.5 93.00 306.6 104 3.0 90.00 302.9 52.3
3.25 93.75 305.6 98.4 0.040 4.25 87.50* 307.6 41.0
3.0 94.63 304.4 99.6 91.88“ 308.1 68.8

91.25' 302.3 71.2 4.0 92.50 307.3 63.6
2.5 93.25 301.2 81.7 3.5 90.63' 305.0 31.2

96.38* 302.3 92.1 94.00“ 305.3 51.7
0.0878 4.0 93.50 305.9 108 3.25 91.88' 304.0 28.6

3.5 95.13 303.8 113 94.88“ 304.2 53.5
3.25 95.63 303.2 102 3.0 93.50* 302.7 30.3
3.0 96.25 302.4 96.1 95.63“ 303.2 36.8
2.5 97.38 301.1 99.7 2.5 95.06' 301.5 23.7

0.080 4.25 92.25 307.7 126 0.025 4.25 79.00' 309.3 29.4
3.5 94.25 305.0 99.8 90.63“ 309.9 30.3
3.25 95.44 303.5 102 4.0 81.50' 307.7 28.5
2.5 97.44 301.0 82.0 91.50“ 308.6 29.5

0.075 5.0 73.43' 313.4 83.2 3.5 85.00' 305.5 27.8
4.25 89.15' 305.6 130 93.00“ 306.6 24.1
4.0 84.00' 306.3 90.3 3.25 86.50' 304.8 22.9

90.13' 305.4 95.4 93.75“ 305.6 23.4
3.5 86.00' 305.0 83.1 3.0 89.00' 303.5 22.6

92.13' 303.8 80.4 94.50“ 304.6 20.8
3.25 92.81 303.2 71.4 2.5 96.25 302.4 23.3
3.0 90.50' 302.6 86.4 0.01 4.25 77.50' 310.4 12.2

94.50« 302.0 76.8 90.00“ 311.0 11.5
0.060 4.25 88.50 306.7 104 4.0 90.63 309.9 13.2

91.75“ 308.3 102 3.75 82.50' 307.2 11.8
4.0 90.13' 305.4 88.1 3.5 85.75 305.2 11.3

92.88* 306.8 99.2 91.50“ 308.6 9.28
3.5 92.13' 303.8 63.0 3.25 93.25 306.3 9.14
3.25 92.75 303.3 55.6 3.0 89.75' 303.1 10.5

95.13s 303.8 79.6 94.00“ 305.3 8.32
3.0 93.75* 302.5 56.3 2.5 95.94 302.8 7.96

95.88“ 302.9 89.6
2.5 95.69' 301.1 45.9

97.31“ 301.2 51.0
“  P h o to m u ltip lie r  sign al a t  e q u ilib riu m  re la tiv e  to  th e  in itia l v a lu e  ( a t  i =  0 )  o f 8 0 0  m V  in p e r cen t. 3 T e m p e r a tu r e  c a lc u la -

te d . In itia l  te m p e ra tu re  2 9 8 . 1 5 ° K .  ' Is o b u ty r a ld é h y d e  0.030 M , ft 0.1. d Is o b u ty ra ld é h y d e  0.012 M , p 0 .1 .  '  I s o b u ty ra ld é h y d e

0.020 M ,  ai 0.1.

T able  V I T able  V I I

Summary of T hermodynamic Parameters Summary of R ate C onstants for the A cid-- AND

- A x - - -------- B ase-C atalyzed  H ydration of Isobutyraldéhyde

Reaction A H “ A S3 « c -o c 0° 25° 35° Ref .---------------------------A x ------

X  =  h - 6 . 5  - 2 6 .9 0 .61 0 .428 5 Rate constant 0° 25° 35° R ef
- 7 . 3  - 2 6 17.7 0 .44 4 0.000515 8 d
- 5 . 8  - 2 0 . 4 22.3  1.58 0 . 6 6  0 . 4 3 8b 0.00769 31
- 5 . 6  - 1 9 .9 22.1  1.43 0 .600 0.440 This work
- 5 . 4 0 .615 11 (fch+ +  k . h+f 97.5 8 d

0.43 7a 122 693 1340 T h is  w o rk

X  =  h - - 0 . 6  - 1 . 9 1.13 1.03 1.00 This work 1470 5 b
1.68 5

ku 71.5 260 411 T h is  w o rk
X  =  a o " - 6 . 2  - 2 1 . 8 1.62 0 .620 0.441 This work

k  h 50.0 433 933 T h i s  w o rk
a k c a l/m o l. 6 c a l ./ m ol d eg. c l ./ m o l cm .

(fcj +  K b_ k - iY 1770 8 d

1660 1590 37,000 T h is  w o rk
each substrate. They have also reported on the base- 32,000 31
catalyzed hydration of isobutyraldéhyde, where it h 987 5980 11,400 T h is  w o rk

was found that a linear polynomial was best fit by A h -A i-j 688 10,000 26,000 T h is  w o rk

use of the parameter fcoH- equal to 1.77 X 103 M - 1 610 9690 26,000 T h is  w o rk

sec-1 at 0° .  At the small concentration of hydroxide « D im e n sio n s, s e c - 1 ; w a te r  in clu d e d  in  th e  ra te  co n sta n t.

ion present, fcoH- is essentially identical withi what we 3 D im e n sio n s, M  *, se c  *.

define as (k2 +  Kh-fc-2).
The results of Pocker and Dickerson and those of 

Hine and Houston have been used in determining the 
most reasonable slope and intercept associated with 
the equation correlating In k/T with reciprocal tem

perature. Those values of K bk~2 and (kh+ +  fc-i,+) 
determined at 0°, where the rate of reaction is con
siderably slower, should serve to estimate the true 
rate constant better than values that we would ob-
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tain by extrapolation. The enthalpy and entropy of 
activation were calculated from the plot of In (K hk -2/T) 
vs. 1/T shown in Figure 2.15

The hydrogen ion and hydroxide ion catalyzed 
hydration of isobutyraldéhyde is characterized by 
enthalpies of activation of 7.8 and 11.7 kcal/mol, 
respectively. Enthalpies of activation for dehydra
tion of isobutyraldéhyde hydrate are 13.4 kcal/mol 
for the acid catalysis and 17.3 kcal/mol for hydroxide 
ion catalysis. Calculated entropies of activation 
for hydration are 26 and 45 eu for hydrogen ion and 
hydroxide ion, respectively. Entropies of activation 
for the acid- and base-catalyzed dehydration of iso
butyraldéhyde hydrate are 46 and 65 eu, respectively.

The magnitudes of our rate constants are similar 
to those recently obtained by Ahrens and Maass 
for the acid-catalyzed hydration of 2-methylbutyralde-

(15) Values of fch+ were determined by the equation &h+ =  fcobed [H C lO il-1 ■ 
A h /U  +  Kh). A weighting factor o f 7 was used and the value o f ifch+ taken 
from the work of Hine and Houston entered into the correlation. Values of 
&h+ and K h - k - i  (ca. 728 A f-1 sec-1 at 0°) taken from the work of Pocker and 
Dickerson were each weighted as one.

hyde.16 1 These authors apparently assumed that the 
extinction coefficient of their aldehyde was the same 
in water as in tetrahydrofuran. Because of the un
certainties arising from this approach,2 it is probably 
not worthwhile to make a detailed comparison of 
data.

The hydration and dehydration of isobutyraldé
hyde has previously been reported to be subject to 
both general acid and general base catalysis. 4a’6’16b 
In an attempt to measure the rate of carbinolamine 
formation through the use of dimethylamine and iso
butyraldéhyde, we observed on several occasions the 
marked acceleration of the overall rate of hydration, 
apparently attributable to the action of dimethyl- 
amine as a general base. Unfortunately, we have 
not been successful in our attempts to determine the 
rates of carbinolamine formation, which appears to 
proceed at a pace beyond the capabilities of our pres
ent instrumentation.

Registry No.—Isobutyraldéhyde, 78-84-2.

(16) M . Ahrens and G. Maass, A n g e w , C h e m .,I n t .  E d . E n g l., 10, 80 (1971)

R e a c t io n  o f  S u l f o n i u m  Y l id e s  w i t h  D ie n e  E s te r s

Cy r il  S. F. T ang  and  H enry  R apoport*

Department of Chemistry, University of California, Berkeley, California 94720 

Received February 13, 1973

The reaction between diphenylsulfonium isopropylide and the diene esters, ethyl 1,3-cyclohexadienecarboxylate 
and methyl fraras-2 ,4-hex adienoate, has been examined in dimethoxyethane, tetrahydrofuran, and tetrahydro- 
pyran. Both gave mixtures of isomeric cyclopropane products resulting from ylide addition across the a,3 
and 7 ,8  double bonds. The isomer distribution in the case of the cyclic diene ester was found to be solvent de
pendent, whereas the acyclic system showed preferential addition to the 7 ,8  double bond irrespective of solvent. 
The widely used method of preparing ra-alkyldiphenylsulfonium salts by reacrion between diphenyl sulfide, ra-alkyl 
halide, and silver tetrafluoroborate was found to give mixtures of primary and secondary sulfonium salts. How
ever, pure primary alkyldiphenylsulfonium salts can be prepared, although in low yield, by the reaction of di
phenyl sulfide with ra-alkyl trifluoromethanesulfonates.

Since the isolation of the first sulfur ylide1 other more 
reactive and less stable sulfur ylides such as 1 and 2

Ri R«
+ -  \ +  - /

(CH3)2S—c h 2 s—c
I  /  \0  Rj R 4

1 2a, Ri =  R2 = CH3; R3 =  R4 = H
2b, Ri = CH3; R2 = C6H5; R3 = R4 = H 
2c, Ri = R2 = CeHs; R3, R4 = H or alkyl 
Id, Ri = R2 = C6H6; R3 = R4 = CH3

have been prepared.2 These ylides have found much 
use in organic syntheses, especially for the formation of 
epoxides and cyclopropanes. Both dimethylsulfoxo- 
nium methylide (1) and sulfonium alkylides 2 add to 
aromatic and unconjugated aldehydes and ketones to 
give epoxides. However, the sulfoxonium ylide 1 adds 
to a,/?-unsaturated ketones to give cyclopropanes, while 
the sulfonium ylides 2 add to the same unsaturated sys
tems to give oxiranes exclusively.2’3 Further studies

(1) C. K. Ingold and J. A. Jessop, J . C h em . S o c ., 713 (1930).
(2) (a) E. J. Corey and M . Chaykovsky, J . A m e r .  C h em . S o c ., 84, 867

(1962); (b) 84, 3782 (1962). (c) V . Franzen and H. E. Driessen, Chem .
B e r . ,  96, 1881 (1963). (d) A. W . Johnson, V. J. Hruby, and J. L. Williams,
J .  A m er . Chem . S o c ., 86, 918 (1964).

(3) E. J. Corey and M . Chaykovsky, J .  A m e r . C h em . S o c ., 87, 1353
(1965), and references therein.

showed that, under certain circumstances, 2 also will add 
to an olefin conjugated to an ester.20’3’4

Much less is known about the action of sulfur ylides 
on substrates containing extended conjugation, viz., an 
a,fl,y,5-unsaturated carbonyl. The ylide 1 in DMSO 
(dimethyl sulfoxide) has been shown to add to eucarvone 
to give the a,/3-cyclopropyl ketone 3, while 2a in DMSO- 
THF (tetrahydrofuran) added exclusively at the car
bonyl of eucarvone to give the oxirane 4.2b Only two 
other examples of sulfur ylide addition to an a ,0 ,7,5-un- 
saturated carbonyl system have been reported. The 
dicyclopropylamide 5 was obtained when 2 mol of 
ylide 1 in DMSO or DMF (dimethylformamide) were 
allowed to react with sorbic acid anilide.5 The other 
example is the addition of diphenylsulfonium isopropyl
ide (2d) in DME (dimethoxyethane) to methyl 5- 
methyl-inms-2,4-hexadienoate to give methyl trans- 
chrysanthemate (6).6

We now wish to report our findings on the reaction of 
diphenylsulfonium isopropylide 2d with a cyclic diene 
ester, ethyl 1,3-cyclohexadienecarboxylate (7), and an 
acyclic diene ester, methyl trans-2,4-hexadienoate (10, 
methyl frans,frans-sorbate).

(4) E. J. Corey and M . Chaykovsky, T etra h ed ron  L ett., 169 (1963).
(5) H. Metzger and K . Seelert, A n g ew . C h em ., 76, 919 (1963).
(6) E. J. Corey and M . Jautelat, J . A m e r . C h em . S o c ., 89, 3912 (1967).
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When the cyclohexadiene ester 7 was allowed to react 
with 2d in DME, a 70% yield of cyclopropane products 
was obtained consisting of 8  and 9 in a ratio of 4:1. 
Compounds 8  and 9 were identified by their uv, ir, and 
nmr spectra. The a,/3-unsaturated ester moiety of 8 
was evident from its ir (1690 cm-1) and uv (250 nm) ab
sorptions, whereas the unconjugated ester 9 exhibited ir

and uv maxima at 1720 cm- 1  and 205-210 nm, respec
tively. In their nmr spectra, the /3-vinylic proton of 8  

appeared at 5 7.1, integrating for one proton, whereas 
the vinyl protons of 9 absorbed at 5 5.66, integrating for 
two protons.

When the reaction was carried out in THE the cyclo
propane product consisted of 8  and 9 in a 1:2 ratio. 
The cause of this reversal of isomer distribution could 
be either the change in solvent or in base, or both. We 
had employed dichloromethyllithium7 as the base 
for generation of ylidc 2d when the solvent was DME 
and ferf-butyllithium when THF was the medium, since 
terf-butyllithium reacts with DME. Therefore, sul- 
fonium ylidc 2 d also was generated by means of di
chloromethyllithium in THF and was allowed to react 
with 7 in THF. The cyclopropane products again 
showed 33% addition occurring at the 7 , 5  position and 
6 6 %  at the a,8 position. Using THP (tetrahydro- 
pyran) as solvent and ierf-butyllithium as base, we ob
served a similar preferential attack at the a,8 position, 
and *hese results are presented in Table I.

The extent of this dramatic dependence of isomer dis
tribution on solvent then was examined with the acylic 
diene ester, 10. When 10 was allowed to react with the 
ylide 2d in DME, the 7 ,6- and a,/8 -addition products 11 
and 12, respectively, were obtained in a ratio of 4:1. 
Reaction of 1 0  with 2 d in THF and THP, however, also 
showed preferential attack at the 7 ,5 position to give 
predominantly 11 (Table I) in contrast to the cyclic 
diene ester 7, where the isomer distribution was re
versed on changing the solvent.

Barring solvation and steric effects, a carbanion 
should preferentially add to a,/9 ,7 ,5-unsaturated car
bonyl systems at the 5 position, as in the case of Michael

(7) E. J. Corey, M . Jautelat, and W . Oppolzer, T etra h ed ron  L ett., 2325
(1967).

T able I
Reaction of Diphenylsulfonium IsopropYlide (2d) with 

Ethyl 1,3-Cyclohexadienecabboxylate (7) and Methyl 
trans-2,4-Hexadienoate (10) to Form Cyclopropanes

Ratio of a ,ß  to
Sub ,-----y,fi addition---- -
strate Base Solvent 9:8 13:11

7 CHCljLi DME 1:4
7 i-BuLi THF 2:1
7 CHCljLi THF 2:1
7 i-BuLi THP 3:1

10 CHCULi DME 1:4
10 f-BuLi THF 1:4
10 ¿-BuLi THP 1:3.5

additions.8 Although the reaction of sulfur ylides with 
both unconjugated and conjugated carbonyl systems 
proceeds by similar carbanion attack at a positive center 
of the substrate, the sulfonium ylide reaction is com
plicated by the fact that the carbanion is adjacent to a 
positive sulfur ion. Thus the degree of interaction be
tween the sulfur cation of the ylide and the carbonyl 
oxygen should consequently affect the extent of addi
tion across the a,8 or 7 , 5  double bonds. In the extreme 
case, where the interaction between these two centers is 
maximum, a six-membered (A) or eight-membered (B)

RCH=CIE ,)+^ÇH OR 
^ C II  ' (

! 'I
R'— CC -O r 

/  ^ S +
R' /  \

CH, C.H.

,+HC—CH R » V  s 
^C H  CH

R'— C ; + ,;C0R
/  s - o , r  

R /  \  1
1 T_r »CSH, QH,

A B

cyclic complex is formed. One would expect predom
inant addition across the a,6 double bond, since the six- 
membered cyclic intermediate is favored. In general, 
depending upon the degree of +S- • • Oi_ interaction, the 
amount of 7 , 6  addition will decrease as this interaction 
increases.

This picture may be used to rationalize our experi
mental observations. Normally, 7,5 addition will be 
favored, as it is for all cases with the acyclic diene ester
10. With the cyclohexadiene ester 7, the rigidity im
posed by the cyclic system allows a stronger polar inter
action, and complexing of type A leads to predominant 
a,8 addition in THF and THP. When DME is the 
solvent, this polar interaction between ylide and sub
strate is diminished by solvation of the sulfur cation, 
involving coordination with the two oxygen atoms of 
DME. This weakening of the ylide-substrate com
plexing results in a return to the predominance of the 
normal 7 , 5  addition in DME.

(8) (a) E. H. Farmer and A. T . Healey, J . C h em . S o c ., 1060 (1927); 
(b) E. H. Farmer and T . N. Mehta, ib id ., 1610 (1930); (c) J. Bloom  and 
C. K . Ingold, ib id ., 2765 (1931).
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It should be noted that the reaction between 2d and 
methyl 5-methyl-irans-2,4-hexadienoate in DME has 
been reported6 to give only a,8 addition, yielding 6. 
This difference with our results can be attributed to the 
presence of the 5-methyl group in 6 which sterically 
hinders carbanion approach at the 8 position. Such 
steric hindrance was also observed in the case of Michael 
additions to methyl 5-methyl-frans-2,4-hexadienoate.9

In the course of our work with sulfonium ylide 2d we 
investigated the preparation of n-alkvldiphenylsul- 
fonium salts 13. When R = CH3, the salt 13a can be

(CeH^S—<CH.RX-
13a, R = CH3; X  = Br", I " ,  BF,“ , CF3S03-

b, R = CH2CH3
c, R = CH2CH2CH3

prepared unambiguously by treatment of diphenyl 
sulfide with triethyloxonium tetrafluoroborate7 or by 
reaction between diphenyl sulfide, ethyl iodide, and 
silver tetrafluoroborate.10 11 However, for longer chain 
n-alkylsulfonium salts, e.g., 13b and 13c, we found that 
the use of diphenyl sulfide, n-alkyl halide, and silver 
tetrafluoroborate gave, distinctly, a mixture of primary 
and secondary diphenylsulfonium salts, contrary to pre
vious reports.10

Initially, we carried out salt formation by addition of 
silver tetrafluoroborate to a solution of diphenyl sulfide 
and /¿-butyl bromide in methylene chloride. The 
crystals which were isolated showed, in the nmr, a mix
ture of primary and secondary sulfonium salts in the 
ratio of 3:2. The protons adjacent to the positive 
sulfur in the primary and secondary salts were seen at 
8 4.26 and 4.88, respectively.lla In an attempt to ob
tain the pure primary sulfonium salt, we repeated the 
reported10 procedure in which n-butyl bromide was 
added in large excess. Once again the nmr of the 
crystals isolated from this procedurellb displayed signals 
at 8 4.48 and 5.1 corresponding to the methylene and 
methine protons adjacent to positive sulfur in the pri
mary and secondary sulfonium salts, respectively, in the 
ratio of 3:2. Similarly, n-propyl iodide by the pre
vious10 method gave a mixture of primary and second
ary sulfonium salts in the ratio of 2:1, respectively.ub

In seeking a preparation of pure n-alkylsulfonium 
salts, we found that reaction between diphenyl sulfide 
and n-alkyl triflates (trifluoromethanesulfonates)12 at 
temperatures between —35 and +45 in carbon tetra
chloride gave unrearranged n-alkyldiphenylsulfonium 
triflates, although in poor yield. It was also observed 
that treatment of silver triflate with n-propyl iodide13 
resulted in greater than 40% isomerization to the iso
propyl triflate. However, the unrearranged primary 
alkyl triflate could be obtained by treatment of the n- 
alkyl alcohol with trifluoromethanesulfonic acid an
hydride.12

The dependence of isomer distribution upon solvent 
in the case of cyclic diene ester, 7, provides a convenient 
and selective route into the carene system using the 
sulfonium ylides. Although the widely used method of 
preparing n-alkylsulfonium salts by means of silver

(9) E. B. Reid and H. W . Sause, J. C h em . S o c ., 516 (1954).
(1 0 ) V. Franzen, H. J . Schmidt, and C. Mertz, C h em . B e r . ,  94, 2942

(1961).
(11) Nmr spectra were taken in (a) C D 3OD, (b) DM SO-d6.
(12) T . Gramstad and R . N. Haszeldine, J. C h em . S o c ., 4069 (1957).
(13) T. Gramstad and R . N. Haszeldine, J. C h em . S o c ., 173 (1956).

tetrafluoroborate, n-alkyl halide, and diphenyl sul
fide2*1'14 is not suitable for alkyl groups greater than 
ethyl, an unambiguous entree into this class of salts for 
alkyl groups higher than ethyl would be to alkylate 
diphenyl sulfide with the proper n-alkyl triflate. 
Alternatively, the alkylation of diphenylsulfonium 
methylide with alkyl halides might be a practical 
method for preparing such salts.

Experimental Section
Ethyl 1,3-cyclohexadienecarboxylate (7) was prepared as de

scribed.15 Methyl irons,irans-sorbate was obtained by esterifi
cation of trans-irans-sorbic acid using the Stodola method.16 
Uv spectra were recorded on a Cary 14 spectrophotometer and 
are reported as X°i’; E,0H in nanometers; ir spectra were obtained 
on a Perkin-Elmer 236 spectrophotometer and are reported as 

in reciprocal centimeters. Nmr values are reported as 5 
values and were obtained on a Varian T-60 using C C I 4 as solvent 
and internal TMS (S 0) unless otherwise stated. Mass spectra 
were obtained on a Varian M-66 spectrometer. Sample purity 
was determined by tic and glpc using an Aerograph gas chro
matograph, Model A-90-P. Analytical samples were collected 
at 160° from a 20-ft 10% SE-30 column. Elemental analyses 
were performed by the Analytical Laboratory, University of 
California, Berkeley.

7.7- Dimethyl-3-ethoxycarbonyl-2-norcarene (8) and 7,7-Di- 
methyl-6-ethoxycarbonyl-2-norcarene (9).—To a mixture of 
0.54 g (0.41 ml) of CH2C12 and 50 ml of DME was added 2 g 
(6.35 mmol) of isopropyldiphenylsulfonium tetrafluoroborate. 
The mixture was cooled to —78° and a dry nitrogen atmosphere 
was maintained throughout. A solution of 6.95 mmol of lithium 
diisopropylamide in DME, prepared at —78° by the addition 
of 6.95 mmol of n-butyllithium to 6.95 mmol of diisopropylamine 
in 10 ml of DME, was added leading to an immediate intense 
orange color, and the solution was allowed to stir for 1 hr at 
— 78°. Ethyl 1,3-cyclohexadienecarboxylate (7, 6.35 mmol) 
was injected into the ylide solution at —78°, the mixture was 
stirred for 45 min, the temperature of the bath was allowed to 
rise to —57°, and the reaction mixture was stirred for 10 hr be
tween — 57 and —40°. The mixture was then allowed to rise to 
room temperature overnight with stirring, 50 ml of water was 
added, and the aqueous phase was extracted with n-pentane. 
The pentane extracts were washed, dried, filtered, and evapo
rated to give 2.2 g of crude product. Glpc of this crude showed 
four compounds, viz., 7 (30% recovery), diphenyl sulfide, and 
cyclopropane products (70%) of which 80% was 8 and 20% was
9. Separation was effected on columns (a) 10 ft  X 0.25 in. 10% 
EGA, 150° (Rt of 7, 1.95 min; 8, 4.0 min; 9, 2.54 min); (b) 10 
ft  X 0.25 in., 5% SE-30, 135° ( f iT of 7, 1.16 min; 8, 3.36 min; 
9,2.15 min).

Where the reactions were carried out in THF with i-BuLi as 
the base and in THF with CHCl2Li as base, the conditions were 
as described above. When THP was used as the solvent with 
¿-BuLi as base, ylide generation was accomplished at a bath tem
perature of —50°. After addition of diene ester 7 the reaction 
mixture was stirred for 2.5 hr at —50° and then allowed to 
reach room temperature gradually over a period of 8 hr. Isola
tion was as described above.

7.7- Dimethyl-3-ethoxycarbonyl-2-norcarene (8): uv Xma* 250
nm; ir vra»x 1690, 1250 cm-1; nmr 6 0.93 (s, CCH3), 1.14 
(s, CCH3), 1.25 (t, CH2CH3), 1.6-2.5 (m, CH2CH2), 4.2 (q, 
CH2CH3), 7.1 (br d, C=CH); mass spectrum m/e 194 (M+).

Anal. Caled for Ci2H i80 2: C, 74.2; H, 9.3. Found: C, 
74.4; H, 9.6.

7,7-Dimethyl-6-ethoxycarbonyl-2-norcarene (9): uv X,„„
205-210 nm; ir >'m»x 1720, 1275 cm-1; nmr & 0.98 (s, CCH3), 
1.14 (s, CCH3), 1.28 (t, CHiCH,), 1.78-2.4 (m, CH2CH2), 4.02 
(q, CH2CH3), 5.66 (m, HC=CH); mass spectrum m/e 194 
(M+).

Anal. Caled for Ci2H i80 2: C, 74.2; H, 9.3. Found: C, 
74.3; H, 9.2.

(14) E. J. Corey and W . Oppolzer, J . A m e r .  C h em . S o c ., 86, 1899 (1964).
(15) C. A. Grob, M . Ohta, E. Renk, and A. Weiss, H d v . C h im . A c ta , 41, 

1191 (1958).
(16) F. H. Stodola, J . O rg. C h em ., 29, 2490 (1964).
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Methyl /3-(2,2,3-trimethylcyclopropyl)acrylate (11) and 1-me- 
thoxycarbonyl-2,2-dimethyl-3-(l-propenyl)cyclopropane ( 1 2 ) were 
prepared from methyl Irans,trans-sorbate (10) according to 
the procedures described above. The isomers were separated by 
glpc using a 20 ft X 0.25 in. column of 10% SE-30 at 160° (R r  
of 10, 7.8 min; 11, 16.4 min; 12, 11.8 min.

Methyl j3-(2,2,3-trimethylcyclopropyl)acrylate (11): uv Xmax
242 nm; ir 1725 cm-1; nmr 5 1.2 (9 H ’s, and
CHaCE), 3.65 (s, COOCHs), 5.85 (d, J  =  15 Hz, C=CH- 
COOCH3), 6.4 (m, C=CHCH); mass spectrum m/e 168 (M+).

Anal. Calcd for CioH i60 2: C, 71.4; H, 9.5. Found: C, 
71.4; H, 9.7.

l-Methoxycarbonyl-2,2-dimethyl-3-(l-propenyl Cyclopropane
(12): uv Xnmx 200-210 nm; ir 1725 cm-1; nmr S 1.2 (6

H ’s, C < ^ ) ,  1.7 (d, J  = 5 Hz, CH3CH=C), 1.41 (d, J  = 5
Hz, cyclopropane CH), 1.9 (m, cyclopropane CH), 3.65 (s, 
COOCHs), 4.7 (CH3CH=CH), 5.35 (m, CH,CH=CH); mass 
spectrum m/e 168 (M+).

Anal. Calcd for C10H,6O2: C, 71.4; H, 9.5. Found: C, 
71.6; H, 9.4.

n-Propyldiphenylsulfonium Triflate (13b) and n-Butyldiphenyl- 
sulfonium Triflate (13c).—To a solution of 3 g (10.6 mmol) of 
trifluoromethanesulfonic anhydride12 was added 1 0 . 6  mmol of 
the n-alkyl alcohol and 1 . 1  g ( 1 1  mmol) of triethylamine in 1 0

ml of CH2CI2 at 0°. The mixture was stirred for 1  hr at 0°, the 
CH2CI2 was evaporated, and the residue was chromatographed on 
silica eluting with n-pentane to give a 16% yield of the n-alkyl 
triflate.

n-Propyl triflate (13b): nmr h 1.1 (t, CH3CH2), 1.83 (m, 
CH3CH2), 4.5 (t, CH2CH2OSO2CF3).

n-Butyl triflate (13c): nmr a 1 . 0  (br d, CH3CH2), 1.65 (m, 
CH3CH2CH2CH2), 4.5 (t, CH2CH20 S0 2CF3).

To a solution of 1.5 mmol of n-alkyl triflate was added a ten
fold excess of diphenyl sulfide at —35°. With stirring, the mix
ture was allowed to rise to room temperature, remained at room 
temperature for 24 hr, and was heated to 45° for 0.5 hr. The oil 
that was formed was separated, washed with CCI,, and dried 
in  vacuo to give ~10% yields of sulfonium triflates 13b and 13c.

n-Propyldiphenylsulfonium triflate (13b): nmr (DMSO-d6) 
6 1.09 (t, CH2CH3), 1.85 (m, CH2CH3), 4.4 (t, <S+-CH 2CH2),
7.8 (m, Ar H ’s).

n-Butyldiphenylsulfonium triflate (13c): nmr (DMSO-d6) 6
1 . 0  (br d, CH2CH3), 1.7 (m, CH2CH2CH2CH3), 4.4 (br t, >S+-  
CH2CH2), 7.9 (A rH ’s).

Registry No.—2d, 16601-43-7; 7, 3725-40-4; 8 , 40464-16-2; 
9, 40464-17-3; 10, 689-89-4; 11, 40447-54-9; 12, 40447-55-0; 
13b triflate, 40447-56-1; 13c triflate, 40447-57-2; isopropyl- 
diphenylsulfonium tetrafluoroborate, 40447-58-3; trifluorometh- 
ylsulfonic anhydride, 358-23-6.
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The scope and limitations of a convenient one-step synthesis of sulfenimines (5-aryl thiooximes) from aro
matic disulfides, silver nitrate, ammonia, and aldehydes or ketones is described. The procedure fails with 
aliphatic disulfides and diaryl ketones. The structure, properties, and mechanism of formation of sulfenimines 
are discussed.

The carbon-nitrogen double bond in imines (R N =  
CR2) has been extensively studied4 5 and is an important 
intermediate in organic syntheses and biological trans
formations. The mechanism of syn-anti isomeriza
tion or stereomutation at the C-N double bond has 
been the subject of considerable interest.2'6

Compounds that contain the sulfur-nitrogen bond 
are important both from practical as well as theoretical 
points of view. They have found applications in 
synthesis, as pesticides, and as accelerators in the 
vulcanization of rubber. Knowledge of the various 
types of interactions possible between adjacent sulfur 
and nitrogen are essential to understanding lone-pair 
interactions, bond polarization effects, and p-d ir 
bonding.6

A study of sulfenimines (iS-aryl thiooximes) 1, which

(1) Part V : F. A. Davis, C. J. Horner, E. R. Fretz. and J. F. Stackhouse, 
J . O rg. C h em ., 38, 695 (1973).

(2) For a preliminary communication see F. A. Davis, W . A. R. Slegeir, 
and J. M . Kaminski, C h em . C om m u n ., 634 (1972).

(3) Undergraduate Research Participant.
(4) (a) P. Y . Sollenberger and R . B. Martin in “ The Chemistry of the 

Amino Group,”  S. Patai, Ed., Interscience Publishers, New York, N. Y ., 
1968, Chapter 7; (b) S. Patai, Ed., “ The Chemistry of the Carbon-Nitrogen 
Bond,”  Interscience Publishers, New York, N. Y ., 1970; (c) R . W . Layer, 
C h em . R ev ., 63, 489 (1963).

(5) (a) J. H. Lehn, F o rtsch r . C h em . F orsch ., 15, 311 (1970); (b) H. Kessler 
A n g ew . C h em ., I n t .  E d . E n g l., 9, 219 (1970); (c) M . Raban and E. Carlson, 
J . A m e r . C h em . S o c ., 93, 685 (1971); (d) W . B. Jennings and D. R. Boyd, 
ib id ., 94, 7187 (1972).

(6) For a recent review see F. A. Davis, I n t .  J .  S u lfu r  C h em ., B , in press.

R
/

N =C
/  \

ArS R'
1

contains both the imine and sulfur-nitrogen functional 
groups, is therefore of considerable interest. Although 
a few sulfenimines have been known for some time, 
their chemistry is relatively unexplored. Undoubtedly 
this is due to the lack of a convenient synthetic route 
to these compounds.

The method generally used for the preparation of 
sulfenimines is condensation of a sulfenamide, 2, with

ArSNH, + 
2

R

R'
:C =0 ArSN=CR'R +  HX>

R' = alkyl, aryl, H

(1)

an aldehyde or ketone (eq l).7 11 Quinoline sul
fenimines have been prepared by oxidation of the cor-

(7) T. Zincke and J. Baeumer, J u s tu s  L ieb ig s  A n n .  C h em ., 416, 86 (1918).
(8) N. V. Khromov-Broisoe and M . B. Kolesova, J . G en . C h em . U S S R ,  

25, 361 (1955).
(9) J. A. Barltrop and K. J. Morgan, J . C h em . S oc ., 3072 (1957).
(10) J. J. D ’Amico, J , O rg. C h em ., 26, 3436 (1961).
(11) D. Kaminsky, J. Shavel, Jr., and R. I. Meltzer, T etra h ed ron  L ett., 

859 (1967).
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Table I
SuLFENIMINES PrEPABED FROM Bls(3-NITROPHENYL) DlSULFIDE AND ALDEHYDES AND K eTONES IN MeTHANOL

Entry
Sulfen
imine“

Aldehyde 
or ketone

Yield,
%

E / Z
ratio6

M p or bp, 
°C  (mm) N m r'

1 3 Acetaldehyde 97 56:44 63 2.1 (q, 3, J  =  5 Hz), 7.6 (m, 3), 8.4 (m, 2)
2 4 Isobutyraldéhyde 60 97:3 160 (0.1) 1.2 (d, 5.8), 1.4 (d, 2), 2.7 (m, 1), 7.3-8.3

3 5 Benzaldehyde 64 94-95
(m, 5)

7.7 (m, 7), 8.6 (m, 2), 8.8 (s, 1, C H =)
4 6 4-Nitrobenzaldehyde 94 187 7.6-8.5 (m, 8), 8.9 (s, 1, C H =)
5 7 4-Methoxybenzalde- 87 114 4.0 (s, 3, OCH„), 7.0-8.2 (m, 8), 8.7 (s, 1,

6 8
hyde

Furfural 88 109
C H = )á 

6.5-8.6 (m, 8)
7 9 Acetone 92 50-51 2.2 (d, 6), 7.8-8.6 (m, 3), 8.9 (m, 1)
8 10 2-Butanone 60 73:27 139 (0.7) 1.2 (t, 2.2, CH3), 1.5 (t, 0.8, CH3), 2.1 (s,

9 11 Methyl iert-butyl 30 138 (0.45)

2.2, CH3), 2.2 (s, 0.8), 2.4 (q, 2), 7.4- 
8.1 (m, 3), 8.5 (m, 1)

1.2 (s, 9), 2.1 (s, 3), 7.3-8.1 (m, 3), 8.4

10 12
ketone

Acetophenone 60 58-60
(m, 1)

2.5 (s, CH3), 7.3-8.7 (m, 9)
11 13 Cyclohexanone 61 143-144 1.7(br s, 6), 2.4 (br s , 4), 7.2-8.0 (m, 3),

12 Benzophenone
13 Camphor
14 Acetylaoetone
15 Crotonaldehyde
° Satisfactory elemental analyses, ±0.3%,

8.4 (m, 1)
e
e

Polymer
Polymer
were obtained for all new compounds unless otherwise noted. 6 Measured from the nmr

spectra. '  Solvent CDCU unless otherwise noted. d DMSO solvent. • No reaction.

responding sulfenamides12 and by reaction of aromatic 
thiols with A-chloro-p-quinone imine.13 Only a rela
tively few sulfenimines have been reported, since there 
is difficulty in preparing the necessary precursors.

In this paper we wish to report on the scope and 
limitations of a convenient one-step synthesis of sul- 
fenimines. In addition, their structure and properties, 
as well as the probable mechanism of formation, will 
be discussed.

Synthesis.—Sulfenimines, 1, are prepared in one step 
from aryl disulfides, silver nitrate, ammonia, and alde
hydes or ketones (eq 2). One equivalent each of di

pt'
(ArSh +  AgN03 +  j)C = 0

R
ArSN=CR'R +  AgSR +  NH.,N0,. +  H,0 (2)

1

sulfide and silver nitrate are dissolved in methanol; 
ammonia is passed through the solution and an excess 
of the aldehyde or ketone is added. After stirring for 
12 hr the precipitated silver mercaptide is removed by 
filtration to give the sulfenimine.

Occasional difficulty was encountered in separating 
the sulfenimine from imine polymers that were always 
formed. The imine polymers result from the reaction 
of ammonia with aldehydes and ketones to give un
stable imines which polymerize.14 In the majority of 
cases the sulfenimine was separated from these poly
mers by extraction into ether, washing with water, and 
distillation.

This synthetic procedure (eq 2) works well with al
dehydes (compounds 3-8), less well with ketones (com
pounds 9-13), and fails with diaryl ketones. Sterically 
hindered ketones such as methyl ferf-butyl ketone gave

(12) E. Gebauer-Felnegg and H. A. Beatty, J . A m e r . C h em . S o c ., 49, 
1361 (1927).

(13) D. N. Kramer and R . M . Gamson, J . O rg. C h em ., 24, 1154 (1959).
(14) R. H. Hasek, E. U. Elam, and J. C. Martin, J . O rg. C h em ., 26, 1822

(1961).

only 30% yield of the sulfenimine 11, and camphor 
failed. These results are summarized in Table I.

This procedure also works well with a variety of sub
stituted aromatic disulfides. Sulfenimines 14-21 were

N02
3, R = CH3
4, R = CH(CH3)2
5, R = C6H5
6, R = 4-N02C6H4
7, R = 4 CH3OC6H4
8, R = 2-C4H30

X— SN=C(CH3),

14, X = H
15, X = Cl
16, X = Br
17, X = NO,

NO,
9. R’ = R2 = CH3

10. R1 = CH3; R2 = C2H3
11. R1 = CH3; R2 = C(CH3)3
12. Rl = CH3; R2 = C6H5
13. R \ R2 = Cr,Hio

no , H ^ - SN=CR'R2

18, R1, R2 = C5H10
19. R1 = H; R2 = 4-(CH3)2NC6H4

20, R1 = R2 =  CH3
21, R1 = H; R2 = C6H5
22, R \ R2 = C5H,„

prepared using this method (Table II). Not only is 
this procedure more convenient than those previously 
reported, but the yields, in many cases, are also higher 
(entries 4-6, Table II).

This synthetic procedure may also be used to, prepare 
benzisothiazoles from the corresponding disulfide. 
For example, 2-acetyl-4-methylphenyl disulfide (23)15 
gave a greater than 30% yield of 3,5-dimethylbenziso- 
thiazole (24).

All attempts to prepare <S-alkyl thiooximines by this

(15) D. Walker and J. Leib, J . O rg . C h em ., 28, 3077 (1963).
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Table II
SULFENIMINE FROM AROMATIC DISULFIDE AND ALDEHYDES AND KETONES

Sulfen Ketone or Yield, M p or bp,
Entry imine Disulfide aldehyde % °C  (mm) N m r (CDCU)

1 14 Phenyldisulfide Acetone 60 66 (0.5) 2.0 (d, 6), 7 .0 -7 .5  
(m, 5)

2 15 4-Chlorophenyl
disulfide

Acetone 65 39-40 2.1 (d, 6), 7 .4 (m, 4)

3 16 4-Bromophenyl
disulfide

Acetone 60 48-49 2.1 (d, 6), 7 .4 -7 .9  (m, 4)

4 17 Bis (4-nitrophenyl) 
disulfide

Acetone 94 (75)« 2.1 (d, 6), 7 .5 -8 .3  (ab q, 4)

5 18 Bis (4-nitrophenyl) 
disulfide

Cyclohexanone 98 (90)‘ 1.8 (br s, 6), 2.5 (br s, 4), 
8.0 (ab q, 4)

6 19 Bis (4-nitrophenyl) 
disulfide

4-A,r, ,V-Dimethyl- 
aminobenz- 
aldehyde

55 (51)“ 3.0 (s, 6, CH3), 6 .6 (d, 2, 
J  =  9 Hz), 7.5 (d, 4, J  =  
9 Hz), 8.1 (d, 2, J  =  9 
Hz), 8.5 (s, 1, C H = )

7 20 2-Benzothiazolyl
disulfide

Acetone 49 (89 )« 2.3 (d, 6), 7 .4 -7 .9  (m, 4)

8 21 2-Benzothiazolyl
disulfide

Cyclohexanone Polymer
(72)«

1.7 (br s, 6), 2.4 (m, 4), 
7.25 (m, 2), 7.8 (m, 2)

9 22 2-Benzothiazolyl
disulfide

Benzaldehyde 60 (69)« 8 .2 -8 .0  (m, 9), 8.6 (s, 1, 
C H = )

10

11
12

24 2-Acetyl-4-methyl 
phenyl disulfide 

Ethyl disulfide 
Benzyl disulfide

Acetone
Acetone

30

d

d , e

50-55 (0.7) 2.5 (s, 3, imine C R ), 2.7 (s, 
3), 7 .0 -8 .0  (m, 3)

* Reference 8. b Reference 11. '  Reference 10. d No reaction. * Less than 1% of the sulfenimine may have formed as indicated
by nmr.

method failed. Starting material was recovered from 
both ethyl and benzyl disulfide (Table II, entries 11 
and 12).

The crotonaldehyde and acetylacetone 3-nitroben- 
zenesulfenimines as well as the cyclohexanone 2-benzo- 
thiazolesulfenimines (18) could not be prepared using 
this method (eq 2). In these examples the sulfenimine 
could not be separated from the imine polymers.

An alternate procedure, which avoids the presence 
of excess ammonia, is to condense the sulfenamide 2 
with aldehydes and ketones (eq l).7-10 The major 
difficulty of using this method involves the prepara
tion of the required sulfenamides (2). Our recent
report of the synthesis of sulfenamides from aryl di
sulfides, silver nitrate, and amines'6 is applicable to 
the synthesis of the required sulfenamides (2). Sul
fenamides 25 and 26 were prepared using this method 
in 72 and 90% yields, respectively.

SNR, [ Q j ^ 'y - S N 'R

NO, 26
25

Using procedure 1, ammonium chloride as a catalyst, 
and 3-nitrobenzenesulfenamide (25), the crotonalde
hyde sulfenimine 27 was prepared in good yield.

(16) M . D . Bentley, I. B. Douglass, J. A. Lacadie, D. C. Weaver, F. A. 
Davis, and S. J. Eitelman, C h em . C o m m u n ., 1625 (1971).

Sulfenamide 25 with acetylacetone, however, gave 
28. Sulfenamides are well known to react with com-

\
N

NO.
27

pounds containing activated methylene groups to 
give the mono- and disulfenylated products617 (Table
III). D ’Amico has reported similar products in the 
base-catalyzed reaction of 26 with acetylacetone.10

T a b l e  III
S u l f e n im in e s  P r e p a r e d  f r o m  S u l f e n a m id e s  in  E t h a n o l

Sulfen Ketone or Products6
Entry amide aldehyde Catalyst“ (yield, %)

1 25 Acetone 9(13), 25 (87)
2 Acetone NH4NO3 9(25)
3 Acetone NH4C1 9(96)
4 Acetone NaCl 9 (17), 25 (83)
5 Acetone NaNOs 9 (15), 25 (85)
6 Acetone HC1« 9(95)
7 Acetone KOH* 25(86)
8 Crotonaldehyde NH 4CI 27 (60)
9 Acetylacetone NH4CI 28 (63)

10 Acetophenone NH4CI 12 (46), 25 (54)
11 26 Acetone NH4CI 20 (83)
12 Cyclohexanone NH 4CI Polymer
13 Cyclohexanone KOHd 20 (80)
“ 0.019 mol of catalyst added unless otherwise noted. b Deter-

mined by isolation and nmr. « 3 drops of 10% HC1 added. 
d 0.0007 mol of potassium hydroxide added.

(17) T . Kumamoto, S. Kobayashi, and Y . Mukaiyama, B u ll .  C h em . S oc. 
J a p .,  « ,  866 (1972).

( { 3 ) ~  SCH(CCR),

NO,
28
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Similar yields of sulfenimines were obtained using 
either procedure 1 or 2 (compare entries 7 and 10, 
Table I, with entries 2 and 10, Table III). The 
exception was with 2-benzothiazolyl disulfide. Using 
procedure 1, 2-benzothiazolyl disulfide with acetone 
gave a 49% yield of 20 and with cyclohexanone polymer 
was isolated (entries 7 and 8, Table II). Sulfenamide 
26 with ammonium chloride and acetone gave an 83% 
yield of 20, but with cyclohexanone polymer was still 
the only product isolated (entries 11 and 12, Table
III). A good yield of 21 was obtained using a basic 
catalyst as previously reported by D’Amico.10

Properties and Structure of Sulfenimines.—The 
majority of sulfenimines were considerably more re
sistant to hydrolysis than the corresponding imines. 
They could be stored at 10-20° almost indefinately with 
little decomposition. Aqueous acid gave the disulfide, 
ammonia, and the aldehyde or ketone.

Satisfactory elemental analyses were not obtained 
for sulfenimines 4, 10, and 11 despite repeated crystal
lization and purification by preparative gas chromatog
raphy. On standing at room temperature for several 
days the odor of ammonia was detected. The mass 
spectra, however, were consistent with the proposed 
structures. Gas chromatographic analysis indicated 
the presence of bis(3-nitrophenyl) disulfide. All these 
sulfenimines contain bulky groups, which may con
tribute to their instability.

Structural proofs of 3-22, 24, and 27 were based on 
elemental analysis, infrared and nmr spectra and in 
some cases mass spectra. The infrared spectra of
3-22 and 27 showed weak to medium absorption at 
1600-1620 cm-1. We attribute this absorption to 
C = N  stretching, since absorption in this area was 
absent in the corresponding disulfides. Benzisothi- 
azole, 24, showed weak absorption at 1610 cm“ 1 and 
absorption in the ultraviolet (ethanol) at Xmax 233 
nm (e 15,200) and 312 (3300).

The proton nmr spectra of 3-22, 24, and 27 were 
also in agreement with the proposed structures. The 
R and R' groups in 1 are diastereotopic and occupy 
magnetically nonequivalent sites. If the barriers to 
syn-anti isomerization or stereomutation are suffi
ciently high a separate signal in the nmr will be ob
served for R and R' at ambient temperatures when 
R = R'.

The barriers to stereomutation in diaryl and dialkyl 
ketone sulfenimines have been reported to be 18.518 
and 20.I2 kcal/mol. The two methyl groups in the 
nmr spectra of sulfenimines 9, 14-17, and 20, there
fore, appear as doublets separated by about 9 Hz.

Unsymmetrical sulfenimines like oximes are capa
ble of forming geometric isomers. Two isomers, 19a,

H H SAr
\  _  t \  _  /

N\ SAr (CH3)2N - H ^ K C *

19a 19b
Ar = 4-nitrophenyl

and 19b, were reported isolated in the preparation of
19.8 The unstable isomer, presumably 19a, was con

(18) C. Brown, G. T. Grayson, and R. F. Hudson, Tetrahedron Lett.,
4925 (1970).

verted on heating to the more stable isomer 19b. 
Using procedure 2 for the synthesis of 19, however, 
gave only one isomer, presumably 19b.

The presence of two isomers was detected by nmr 
for several of the unsymmetrical sulfenimines. The 
methyl group in the nmr spectrum of sulfenimine 3 
appears as two doublets almost equally populated. 
Assuming that the E  isomer19 is the more stable and 
therefore more abundant, then the E  : Z ratio is 56:44. 
As one of the groups in the sulfenimine became large 
only one isomer was detected (Table I).

Mechanism of Formation.—The mechanism of 
formation of sulfenimines by procedure 2 most likely 
involves formation of the sulfenamide 2. Silver ion 
complexes with one of the lone pairs of electrons in the 
disulfide bond followed by nucleophilic attack by am
monia on the activated disulfide bond. The resulting 
sulfenamide condenses with the aldehyde or ketone, 
giving the sulfenimine (Scheme I).

S c h e m e  I
Ag +

ArS-SAr +  AgN03 —*  ArS-SAr
R ,C = 0ArSNH, +  AgSAr --------» 1

Cooperative assistance to nucleophilic displace
ment by an electrophile at the disulfide bond has been 
discussed by Kice,20 and silver ion is well known 
to form complexes with disulfides.21 Thiosulfonate 
esters22 and sulfenamides16 have been prepared under 
similar conditions.

Additional evidence for the proposed scheme is the 
isolation of sulfenamide 25 in good yield when bis(3- 
nitrophenyl) disulfide is treated according to proce
dure 2 without adding the aldehyde or ketone. Sul
fenamide 25 condenses separately with acetone in the 
presence of ammonium nitrate to give a high yield of 
sulfenimine 9 (Table III). Ammonium nitrate is a 
by-product in the sulfenimine synthesis (eq 2). The 
inability to prepare sulfenimines from ethyl and benzyl 
disulfides probably results from the known insta
bility of alkyl sulfenamides.6'16

The condensation of sulfenamides with aldehydes 
and ketones is acid catalyzed. Ammonium salts 
and aqueous hydrochloric acid with sulfenamide 25 
and acetone gave greater than 96% yield of the sul
fenamide 9. In the absence of these catalysts only
13-15% yield of the sulfenamide was isolated. Basic 
catalysts such as potassium hydroxide have been used 
in the preparation of 2-benzothiazole sulfenimines 
from 26.910 With sulfenamide 2 base catalyst failed 
to give any sulfenimine (entry 7, Table III).

Two additional mechanism must also be considered. 
Ammonia reacts with aldehydes and ketones to give 
unstable imines.14 The sulfenamide 2 may condense 
with this unstable imine to give the sulfenimine. For 
example, A-benzylidenemethylamine reacts quantita
tively with 25 to give 5. A second possibility is that

(19) J. E. Blackwood, C. L. Gladys, K. L. Leoning, A. E. Petrarca, and 
J. E. Rush, J .  A m e r .  Chem . S o c ., 90, 509 (1968).

(20) J. L. Kice, A cco u n ts  Chem . R es ., 1, 58 (1968).
(21) R. Cecil and J. R. McPhee, B io ch em . J . ,  66, 538 (1957).
(22) M . D. Bentley, I. B. Douglass, and J. A. Lacadie, J . O rg . C h em ., 

37, 333 (1972).
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the unstable imine attacks the silver disulfide com
plex to give the sulfenimine. However, attempts to 
form a sulfenimine by addition of phenylethylketi- 
mine23 to a silver nitrate disulfide solution failed.

Experimental Section
Disulfides were prepared and purified according to literature 

procedures. Melting points were obtained on a Fisher-Johns 
apparatus. Proton nmr spectra were measured on a Yarian 
A-60A instrument. Infrared spectra were measured on a Perkin- 
Elmer 457 spectrometer. Mass spectra were obtained on a Hi
tachi RMU-6 instrument. Gas chromatographic analyses were 
performed on a Perkin-Elmer 900 gas chromatograph using a 3% 
OV-17 on 80/100 Chromosorb W (regular) column.

General Procedure for the Synthesis of Sulfenimines (Pro
cedure 2).—In a 100-ml, three-necked flask equipped with me
chanical stirrer and ammonia inlet was dissolved 4.5 g (0.027 
mol) of silver nitrate in 300 ml of methanol. The solution was 
cooled in an ice bath, an equivalent amount of disulfide was 
added, and ammonia was passed through the solution for about 
15 min. The aldehyde or ketone was added in excess (usually 5 
equiv) and the reaction was allowed to stir overnight at room 
temperature. The precipitated silver mercaptide was removed 
by filtration; solvent was removed to give a residue which was 
redissolved in ether and filtered. The ether solution was washed 
(4 X 100 ml) with water and dried over MgSO<. Removal of the 
solvent gave the sulfenimine. At this point it was occasionally 
necessary to distill off the imine polymer. The sulfenimine was 
either distilled or crystallized from ether-pentane or ethanol.

3,5-Dimethylbenzisothiazole (24).—In a 100-ml, three-necked 
flask equipped with magnetic stir bar and ammonia inlet was 
dissolved 0.24 g (0.0017 mol) of silver nitrate and 0.5 g (0.0017 
mol) of 2-acetyl-4-methylphenyl disulfide16 in 35 ml of methanol. 
The solution was warmed to about 50° for 5 min and allowed to 
cool to room temperature. Ammonia was passed through the 
solution for 4 min, and the reaction mixture was stirred over
night. The precipitated silver mercaptide was removed by 
filtration, solvent was removed under vacuum (water pump), and 
the resulting residue was dissolved in ether. The ether solution 
was washed with water (3 X 50 ml) and dried over MgSCfi. 
Removal of the ether solvent gave an oil which was distilled, bp 
50-55° (0.7 mm), to give 0.08 g (30%) of a pale yellow oil which 
solidified on cooling below ambient temperature: ir (thin film)
1610 cm-1 (w, C =N ); uv (absolute ethanol) Xmil* 233 nm (t 
15,500) and 312 (3300); nmr see Table I I .

Anal. Calcd for CHENS: C, 66.20; H, 5.52. Found: C, 
66.37; H, 5.63.

3-Nitrobenzenesulfenamide (15).—Sulfenamide 25 was pre
pared as described above (procedure 2), omitting the addition of 
aldehyde or ketone, from 2.8 g (0.0162 mol) of silver nitrate and
5.0 g (0.0162 mol) of bis(3-nitrophenyl) disulfide in 250 ml of 
methanol. After the dried ether solvent was removed the re
sulting residue was crystallized from ethanol to give 2.0 g (72%) 
of orange-yellow needles: mp 60-61°; ir (KBr) 3280 and 3380 
cm“ 1 (m, NH2); nmr (CDC13) 8 2.8 (br s, 2, NH2) and 7.3-8.3 
(m, 4).

Anal. Calcd for C6H6N20 2S: C, 42.35; H, 3.53. Found: 
C, 42.45; H, 3.75.

(23) C. Mourear and G. Mignonac, C. R . A ca d . S c i ., 156, 1801 (1913).

2- Benzothiazolesulfenamide (26).—Sulfenamide 26 was pre
pared as described above from 5.0 g (0.015 mol) of 2-benzothi- 
azalyl disulfide and 2.6 g (0.015 mol) of silver nitrate. Crystalli
zation from chloroform gave 2.5 g (90%) of white crystals: mp
123° (lit,8 mp 122-124°); ir (KBr) 3160 and 3320 cm“ 1 (s, N R ); 
nmr (CDCfi) 5 3.3 (br s, 2, NH2), 7.3 (m, 2), and 7.8 (m, 2).

General Procedure for the Synthesis of Sulfenimines from 
Sulfenamides (Procedure 1).—In a 500-ml round-bottom flask 
equipped with magnetic stir bar was placed the appropriate 
sulfenamide (0.006 mol) and the appropriate catalyst in 250 ml 
of absolute ethanol. A 5 M  excess of the aldehyde or ketone was 
added, and the reaction mixture was stirred overnight. The 
solvent was removed under vacuum to give a residue which was 
dissolved in ether. The ether solution was washed with water 
(3 X 50 ml), dried over MgSO<, and removed to give the .sul
fenimine.

Crotonaldehyde-3-nitrobenzenesulfenimine (27).—Sulfenimine 
27 was prepared as described above (procedure 1) from sulfen
amide 25 and crotonaldehyde to give a clear yellow oil which was 
chromatographed on Florisil (elution with 20:80 ether-pentane). 
The resulting yellow solid was crystallized from pentane to give 
0.67 g (50%) of yellow needles: mp 45-46°; ir (KBr) 1640 (w), 
1525, and 1350 cm“ 1 (s, N 02); nmr (CDC13) 5 2.0 (m, 3, CH3),
6.3 (m, 2), and 7.2-S.4 (m, 5).

Anal. Calcd for CioH ioN20 2S: C, 54.05; II, 4,50. Found: 
C, 53.77; H,4.30.

3- (3-Nitrophenylthio)-2,4-pentandione (28).—Sulfenamide 25 
and acetylacetone were allowed to react as described above (pro
cedure 1). The residue remaining after the ether solvent was 
removed was sublimed at 120° (0.25 mm) and crystallized from 
ether-pentane to give 1.0 g (64%) of cream-colored needles: 
mp 72-73°; ir (KBr) 1700-1600 cm“ 1 (br, C = 0 ); nmr (CDC13) 
8 2.4 (s, 7, CH3 and SCH) and 7.2-8.0 (m, 4).

Anal. Calcd for CnHnN04S: C, 52.17; H, 4.35. Found: 
C, 52.05; H, 4.28.

Reaction of 3-Nitrobenzenesulfenamide (25) and Y-Benzyl- 
idenemethylamine.—In a 250-ml round-bottom flask equipped 
with stir bar wTas placed 1.0 g (0.006 mol) of sulfenamide 25 and 
0.7 g (0.006 mol) of .Y-benzylidenemethylamine (Aldrich) in 100 
ml of methanol. After stirring overnight the solvent was re
moved to give 1.5 g (100%) of a yellow solid identified as sul
fenimine 5 by comparison of its infrared and nmr spectra with 
those of an authentic sample.

Registry No.—3, 40576-71-4; 4, 40576-72-5 ; 5, 40576-73-6; 
6, 40576-74-7; 7, 40576-75-8 ; 8, 40576-76-9; 9, 38205-95-7; 
10,40576-78-1: 11,40576-79-2; 12,40576-80-5; 13,40576-81-6; 
14, 38206-14-3; 15, 3820.5-93-5; 16, 38205-94-6; 17, 38205-96 8; 
18,14006-46-3; 19,40576-87-2; 20, 40576-88-3; 21,40576-89-4; 
22, 40576-90-7; 23, 40576-91-8; 24, 40576-92-9; 25, 40576-93-0; 
26, 2801-21-0; 27, 40576-95-2; 28, 40576-96-3; bis(3-nitro-
phenyl) disulfide, 537-91-7; acetaldehyde, 75-07-0; isobutyral
déhyde, 78-84-2; benzaldehyde, 100-52-7; 4-nitrobenzaldehyde, 
555-16-8; 4-methoxybenzaldehyde, 123-11-5; furfural, 98-01-1; 
acetone, 67-64-1; 2-butanone, 78-93-3; methyl iert-butyl ketone, 
75-97-8; acetophenone, 98-86-2; cyclohexanone, 108-94-1; 
phenyl disulfide, 882-33-7; 4-chlorophenyl disulfide, 1142-19-4;
4-bromophenyl disulfide, 5335-84-2; bis(4-nitrophenyl) disul
fide, 100-32-3; 2-benzothiazolyl disulfide, 120-78-5; 4-A,A- 
dimethylaminobenzaldehyde, 100-10-7; crotonaldehyde, 4170- 
30-3; acetylacetone, 123-54-6; A?-benzylidenemethylamine, 
622-29-7.
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Two new heterohelicenes were prepared containing as central heterounit the 5,6-dihydro-4//-dithien- 
[2,3-c:3',2'-e]azepine system. In a one-step reaction 3,3'-bithianaphthenyl-2,2'-dicarboxaldehyde was con
verted by treatment with benzylamine and sodium dithionite into the condensed azepine. The helical nature 
of the azepine is revealed by the nonequivalence of geminal protons.

In continuation of our study of the chemical and 
optical properties1 of heterohelicenes we are pursuing 
several goals,2 of which the following are pertinent to 
the work reported in this paper: (a) an efficient non-
photochemical helicene synthesis; (b) the use of 
heterocyclic systems other than thiophene. This 
article describes the synthesis of a novel ring system, 
the 5,6-dihydro-4H-dithien[2,3-c:3',2'-e]azepine sys
tem (l).3 The preparation of this class of compounds

represents a preliminary stage in overcoming some of 
the synthetic obstacles in the preparation of helicenes. 
Thus, while maintaining an unambiguous helicene 
synthesis through the use of thiophene or thia- 
naphthene, we found a useful nonphotochemical ring- 
closure step. The product, an azepine, provides us 
with an active site—the nitrogen atom—potentially 
valuable for resolution and for preparation of deriva
tives.4 5

An added novelty in the synthesis of this new helical 
ring system is the inclusion of a seven-membered ring. 
The presence of so large a ring in a helicene may be 
expected to lower the distortion in the aromatic portion 
of the molecule, whereas optical stability for the com
pounds is not unlikely. Even simple biphenyls having 
2,2' three-atom bridges and no 6,6' substituents have 
in certain instances been resolved.6

Results

Our first attempts at the preparation of compounds 
1 were patterned on the successful synthesis of 6,7-

(1) J. H. Dopper D . Oudman, and H. Wynberg, J . A m e r .  C h em . S o c ., 
95, 3692 (1973).

(2) (a) M . B. Groen and H. Wynberg, J . A m e r .  C h em . S o c ., 93, 2968 
(1971); (b) H. Wynberg, A cco u n ts  C h em . R es ., 4, 65 (1971).

(3) The potent an/i-epinephrine properties of these compounds stimulated 
the initial investigations into their synthesis and properties: (a) W . Wenner, 
J . O rg . C h em ., 16, 1475 (1951); (b) W . Wenner, ib id ., 17, 1451 (1952); 
(c) W . Wenner, U. S. Patent 2,619,484 (N ov 25, 1952); (d) R . A. Schmidt 
and W . Wenner, U. S. Patent 2,693,465 (N ov 2, 1954).

(4) For instance, a number o f optically active dibenzazepines having 
auxiliary ortho substituents have been resolved by conversion to suitable 
diastereomeric salts; see (a) G. H . Beaven, D . M . Hall, M . S. Lesslie, and 
E. E. Turner, J . C h em . S o c ., 854 (1952); (b) S. R . Ahmed and D . M . Hall, 
ib id ., 3043 (1958); (c) D . M . H all and M . Poole, J . C h em . S oc . B ,  1034 
(1966).

(5) (a) W . E. Truce and D . D . Emrick, J . A m e r .  C h em . S o c ., 78, 6131
(1956); (b) D. C. Iffiand and H. Siegel, ib id ., 80, 1947 (1958); (c) D . C. 
Iffland and H. Siegel, J . O rg. C h em ., 21, 1056 (1956).

dihydro-5H-dibenz[c,e]azepines (2) by Hawthorne and 
coworkers.6 This route involved the preparation and 
isolation of bis Schiff bases derived from biphenyl-2,2'- 
dicarboxaldehyde, followed by reductive cyclization to 
azepines 2 using sodium dithionite (Na2S20 4). Al
though these authors report consistent and good yields 
for virtually all cases studied, the reaction sequence in 
our hands was of only limited value when 3,3'-bithienyl- 
2,2'-dicarboxaldehyde (3) was used as the starting 
dialdehyde. Thus attempts to convert bis Schiff 
bases 4 to the desired appropriate azepines (1) at 
elevated temperatures invariably gave mixture of 1 
and the 7-aminobenzo [1,2-6:4,3-6' ]dithiophenes 5.

1

When aqueous sodium dithionite was added slowly to a 
refluxing solution of 4a in ethanol only a 7% yield of 
la was collected; the major product, to which we as
signed the structure 5a, was isolated in 74% yield. 
The two amines could be separated on the basis of their 
difference in basicity. Similar reduction of 4b at 
elevated temperature afforded a mixture of lb  and 5b 
in an approximate ratio of 1:3; the products were both 
of low basicity and could not be separated.

After considerable experimentation it was dis
covered that high yields of azepine could be obtained 
when Schiff base formation was circumvented. Thus 
when the starting dialdehyde was treated simultaneously 
at room temperature with sodium dithionite and the 
appropriate amine in aqueous ethanol solution, no 
Schiff base color was observed and a high yield of the 
desired azepine crystallized from the reaction mixture 
within 1 hr; compound 5 was not detected. The 
white solid (1) slowly decomposed and was con
sequently purified periodically by sublimation. It 
must be noted that the formation of Schiff base 4b, 
using the procedure of Hawthorne, required heating in

(6) J. O. Hawthorne, E. L. Mihelic, M . S. Morgan, and M. H. Wilt, J. Org.
Chem., 28, 2831 (1963).
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refluxing toluene for several hours, conditions con
siderably more drastic than needed for the preparation 
of the azepine lb directly from the dialdehyde.

We then turned our attention to the synthesis of the 
helical structure 6. The starting material, 3,3'- 
bithianaphtenyl (7), had been prepared previously in 
11% yield.7 We were able to increase the yield to 
72% by treating 3-bromobenzo[6]thiophene with n- 
butyllithium at — 70°8 and coupling at that tempera
ture in the presence of copper(II) chloride.9 Com
pound 7 was obtained as a white solid which slowly 
decomposes in air. Conversion of 7 to 3,3'-bithianaph- 
thenyl-2,2 '-dicarboxaldehyde (9) in 66% yield was

1, n-BuLi

2, DMF

7

Ph2CH.NH2 
Na.S/);

EtOH-HX)

9

6

achieved via lithiathion with n-butyllithium and 
formylation with A, A-dimethylformamide.

Reaction of 9 at room temperature with a mixture of 
benzylamine and excess sodium dithionite produced 6 
in 65% yield.10 The white product soon began to turn 
yellow; it was sublimed whenever pure material was 
needed. The structure of the azepines 1 and 6 is 
assigned on the basis of analytical and spectral data. 
Convincing are the nmr spectra of the two amines, 
especially with respect to the signals due to the methy
lene protons. Thus, while 1 exhibits a singlet (4 H) at 
8 4.23 due to the four equivalent methylene protons,11 
an AB quartet (J =  13 Hz) at 5 3.66 is clearly dis
cernible for 6, and is attributed to nonequivalent 
methylene protons. The nonequivalence of these latter 
geminal protons on the nmr time scale attests to the 
increasing optical stability of such compounds as 
additional ortho-condensed aromatic rings are intro
duced into the molecular framework. This effect has 
also been observed in the case of dibenzazepinium 
salts.12

(7) L. J. Pandya, D . S. Rao, and B. D. Tilak, J . S e t . I n d . R es ., 18B, 516 
(1959); C h em . A b str ., 54, 17391d (1959). Our melting point for this com
pound was in close agreement with that reported by these workers (see 
Experimental Section). The account of a synthesis of 7 of mp 370° by 
Schuetz and Ciporin is probably not correct: R . D . Schuetz and L. Ciporin, 
J . O rg. C h em ., 23, 206 (1958).

(8) It has been noted that mixtures of products are obtained when the 3- 
benzo[t]thienyllithium is prepared at higher temperatures, or in solvents 
other tnan diethyl ether: R . P. Dickinson and B. Iddon, J . C h em . S oc . C, 
2733 (1968).

(9) This method is an adaptation of one used by S. Gronowitz and H. O. 
Karlsson, A r k .  K e m i ,  17, 89 (1960).

(10) Azepine 6 could also be synthesized from the bis Schiff base 10, by 
reduction with Na2S20<. Even when this reaction is carried out in refluxing 
aqueous ethanol, however, there is no detection of the amine 11, which in 
light of previous results might have been an expected product.

(11) The nmr signal remained a singlet even at temperature as low as
- 4 0 ° .

Discussion

Under our conditions bis Schiff bases of 3 and 9 do 
not seem to serve as intermediates in the direct con
version of dialdehydes 3 and 9 to the appropriate 
dihydroazepines. This view is supported by the 
relative mildness of conditions permissible for the 
direct conversions (vide supra), as well as by the 
color sequence observed for the process (see Experi
mental Section). Although the nature of the multistep 
sequence in the direct conversions of 3 to 1 and 9 to 6 
at room temperature remains a matter of conjecture, 
it seems reasonable to propose the following scheme. 
The dicarbonyl compound is in equilibrium with its 
carbinolamine adduct. The latter, a benzyl-type 
alcohol, may be reduced (to 11), may cyclize (to 12), 
and may, in a competing sequence, lose water to form a 
Schiff base. Both 11 and 12 may form azepine from 
the cyclic 13 via a second reductive step. The scheme

I H I |
RNH O RNH 0

10 11

tl 1

1 or 6

described above allows bis Schiff bases to serve as 
starting materials if their formation and subsequent 
hydrolysis to a carbinolamine is rapid.

We have not included the trans rotamer in this 
scheme. Obviously only the cis rotamer will yield 
cyclic product.

Experimental Section
All melting points are uncorrected. Nuclear magnetic reso

nance (nmr) spectra were recorded on a Varian A-60 instrument 
with tetramethylsilane (TMS) as internal standard. The in
frared spectra were taken on Perkin-Elmer 125 and Unicam SP- 
200 instruments. A Zeiss PMQ I I  spectrophotometer was used 
for the ultraviolet spectra, while mass spectra were recorded 
with a AEI MS-9. Microanalyses were carried out in the ana
lytical section of this department, under the direction of Mr. 
M. W. Hazenberg.

3 ,3'-Bithienyl-2,2'-dicarboxaldehyde (3) was prepared by the 
method of Wynberg and Sinnige13 and purified by sublimation at 
130° (0.04 mm).

V-Benzyl-5,6-dihydro-4iT-dithien[2,3-c:3',2,-e]azepme (la). 
A.—To a vigorously stirred14 solution of 3 (0.165 g, 0.741 mmol) 
and 0.161 g (1.50 mmol) of benzylamine in 30 ml of absolute 
ethanol was added, all at once,15 a solution of 0.950 g (5.50 mmol)

(12) (a) D. M . Hall and E. E. Turner, J . C h em . S oc ., 1242 (1955); (b) 
ref 4b.

(13) H. W ynberg and H. J. M . Sinnige, R ee l . T rav . C h im . P a y s -B a s ,  88, 
1244 (1969).

(14) Large quantities of dark material are often formed when stirring is 
inefficient.

(15) It  was found that after gradua l (1 min) addition of the reducing agent 
no reaction ensued, even upon heating to reflux temperature.



2816 J. Org. Chem., Vol. 38, No. 16, 1973 W ynberg and Cabell

of sodium dithionite16 in 30 ml of water. The resulting solution 
was stirred at room temperature in a nitrogen atmosphere. 
Within several minutes the solution became pink (temporarily) 
and after 10-1 5 min white needles began to separate. After 2 hr 
most of the ethanol was removed on a rotary evaporator. The 
remaining mixture was filtered and the white crystals were 
washed with water. Even when dried under vacuum the azepine 
was found to incorporate much water. The material was thus 
dissolved in ether and the resulting solution was dried over KOH 
pellets. Filtration, followed by solvent removal in  vacuo, 
afforded 0.207 g (94%) of la. Sublimation at 120° (0.05 mm) 
gave the pure compound: mp 145-146°; uv max (cyclohexane) 
230 mM (« 24,100), 282 sh (5540), 291 (6250), 302 sh (4360); nmr 
(CC1,) S 3.63 (s, 2 H), 4.23 (s, 4 H), 6.90-7.35 (AB q , 4 H , / »  
5 Hz), 7.21 (s, 5 H); mass spectrum (70 eV) m/e 297 (M+ — 
benzyl).

Compound la readily formed an insoluble hydrochloride salt 
when treated in ether solution with alcoholic HC1. The salt 
could not be obtained free of contamination by the free amine.

Picric acid and la reacted in ethanol to yield a yellow-orange 
picrate, which was recrystallized from ethanol, mp 144-145°.

Anal. Calcd for CaHuNiOiS,: C, 52.46; H, 3.45; N, 
10.64; S, 12.18. Found: C, 52.46; H, 3.58; N, 10.40; S,
12.09.

B.—A solution of 0.250 g (1.12 mmol) of 3 and 0.242 g (2.26 
mmol) of benzylamine in 16 ml of absolute ethanol was refluxed 
for 2 hr. An aliquot of the resulting solution was stripped of 
solvent under vacuum, yielding an oily yellow solid. Tritura
tion with a small amount of ethanol gave crude di Schiff base 4a 
as a pale yellow solid: mp 127-130°; ir (Nujol) 1620 cm-1; 
nmr (CDCI3) 5 4.71 (broad s, 4 H), 6.99-7.55 (AB q, 4 H, /  ~ 
5 Hz), 7.33 (s, 10 H), 8.32 (broad s, 2 H).

Crude 4a in 16 ml of ethanol was stirred under reflux. Over 
a period of 1 min a solution of 1.18 g (6.77 mmol) of sodium 
dithionite in 8 ml of water was added. The resulting solution 
was refluxed for 45 min. The mixture was then cooled and most 
of the ethanol was removed under vacuum. The remaining 
mixture was extracted with 30 ml of ether in three portions. 
The combined extracts were washed several times with 30 ml of 
5% HC1 solution. The remaining ether solution was retained. 
The acid solution was washed with ether, then neutralized by 
the addition of ammonium hydroxide. An extraction with 25 
ml of ether was carried out; the extracts wrere washed with water, 
dried over KOH, and filtered. Ether removal gave 0.024 g 
(7% ) of la. The retained ether solution was likewise washed 
with water, dried over KOH, and filtered; solvent removal 
yielded a greenish solid. This was dissolved in 15 ml of ether. 
Dropwise addition of alcoholic HC1 precipitated the hydrochlo
ride salt of 5a. The solid was filtered, then dissolved in 10 ml of 
5% HC1 solution. After neutralization with aqueous ammonia, 
the mixture was extracted with 30 ml of ether in three portions. 
After being washed with water and dried over KOH, the com
bined extracts were filtered. Ether removal in  vacuo gave 0.245 
g (74%) of 5a as a white solid. This could be further purified 
by sublimation (140°, 0.05 mm): mp 113-114°; uv max (cyclo
hexane) 238 mu (e 20,700), 268 (13,000), 277 (11,900), 292 
(13,500), 304 (18,000), 332 (7560); ir (KBr) 3410 cm“ 1; nmr 
(CCh) 5 3.90 (broad s, 1 H), 4.43 (s, 2 H), 6.94 (s, 1 H), 7.07- 
7.64 (m, 9 H); mass spectrum (70 eV) m/e 295 (M+), 204 (M+ 
— benzyl).

Compound 5a formed a dark brown picrate derivative upon 
treatment with picric acid in ethanol, mp 155-156°.

Anal. Calcd for CbH18N,07S2: C. 52.67; H, 3.07; N, 
10.68; S, 12.23. Found: C, 52.81; H, 3.20; N, 10.58; S, 
12.21.

A'-Phenyl-5,6-dihydro-4if-dithien [2,3-c: 3' ,2 '-e] azepine ( lb)
was prepared in 86% yield at room temperature according to 
method A for the synthesis of la. The white needles were puri
fied by sublimation (120°, 0.05 mm): mp 142-143°; uv max 
(cyclohexane) 233 mM ( e  26,600), 246 sh (22,300), 283 (7730), 
305 sh (3610); nmr (CC1,) 6 4.90 (s, 4 H), 6.55-7.27 (m, 9 H); 
mass spectrum (70 eV) m/e 283 (M+).

Azepine lb  failed to form a picrate. I t  readily gave a 2:1 
complex with trinitrobenzene, however; recrystallization from 
benzene-ethanol gave maroon needles, mp 139-140°.

(16) Available in 83%  purity from Baker Chemical Co. Aqueous solu- 
tions should not be prepared until immediately before use, since the material 
undergoes facile hydrolysis.

Anal. Calcd for CMH»N50sS4: C, 58.52; H, 3.75; N, 
8.98; S, 16.44. Found: C, 58.38; H, 3.79; N, 8.80; S, 
16.39.

3-Bromobenzo [6] thiophene (8) was prepared by the method of 
Szmuszkovicz and Modest.17 The fraction of viscous yellow 
liquid distilling at 85-95° (1.5 mm) was collected.

3,3'-Bithianaphthenyl (7).—Into a three-necked flack under an 
atmosphere of dry nitrogen was placed 12.0 ml of 2.30 M  n- 
butyllithium solution (27.5 mmol) in hexane, followed by 15 ml 
of dry ether. The resulting solution was stirred and cooled to
— 70°. Over a period of 10 min a solution of 5.32 g (25.0 mmol) 
of 8 in 9 ml of anhydrous ether was added dropwise to the cold 
solution. The mixture was stirred for an additional 30 min at
— 70°, giving a suspension of 3-thianaphthenyllithium. Then 
anhydrous copper(II) chloride (3.92 g, 29.1 mmol) was added 
and the resulting mixture was stirred vigorously at —70° for
3.5 hr. Afterwards the reaction mixture was allowed to warm 
up slowly. When the temperature reached 0° about 30 ml of 2 
M  HC1 was added and the mixture was allowed to stand over
night. The copper salt was filtered off and washed with ether 
and dilute HC1 solution. The resulting filtrate was separated 
and the ether layer was washed with water, dried over anhy
drous MgSOi, and filtered. Solvent removal in  vacuo afforded 
2.40 g (72%) of 8 as a pink solid. The color could be removed 
by elution of the material with hexane on a column of silica gel. 
Recrystallization from petroleum ether (bp 40-60°) gave pure 
7 as white plates: mp 82.7-83.0° (lit.7 mp 85°); nmr (CDC13)
5 7.18-7.47 (m, 4 H), 7.54 (s, 2 H), 7.63-8.06 (m, 4 H); mass 
spectrum (70 eV) m/e 266 (M+).

3,3'-Bithianaphthenyl-2,2'-dicarboxaldehyde (9).—To a stirred 
solution of 0.821 g (3.08 mmol) of 7 in 60 ml of dry ether, under 
a nitrogen atmosphere, was added 6.5 ml of a 2.30 M  solution of 
?i-butyllithium (14.9 mmol) in hexane. The mixture was re
fluxed for 90 min. A solution of iV.AT'-dimethylformamide 
(4.15 g, 56.7 mmol) in 6 ml of anhydrous ether was then added 
dropwise over a period of 5 min and the resulting mixture was 
refluxed for 30 min. I t  was then poured into a mixture of 17.8 ml 
of 2 M  HC1 and 60 g of ice. The ether was removed in  vacuo 
and the remaining mixture was extracted with 100 ml of methy
lene chloride. The extracts were washed with water, dried 
(MgS04), and filtered. Solvent removal yielded a yellow oil, 
most of which soon solidified. Recrystallization from petroleum 
ether-methylene chloride afforded 0.655 g (66%) of 9. The 
analytical sample was obtained by two recrystallizations from 
benzene, followed by vacuum drying at 55°: mp 171-172°; 
uv max (EtOH) 232 mu (e 29,500), 250 sh (19,600), 303 (24,600), 
345 sh (7280); ir (KBr) 1660 cm“ 1; nmr (CDC13) 5 7.20-8.22 
(m, 8 H), 9.88 (s, 2 H); mass spectrum (70 eV) m/e 322 (M+), 
293 (M+ -  CHO), 264 (M+ -  2 CHO).

N-Benzyl-7,8-dihydro-6H-bis[l]benzothien[2,3-c: 3',2'-e] aze
pine (6). A.—The desired compound was prepared in 65% 
yield at room temperature from 9, 2 equiv of benzylamine, and 
excess Na2S20 4 in 40 ml of 1:1 ethanol-water according to 
method A for the synthesis of la. The white needles were pu
rified by sublimation (160°, 0,01 mm): mp 175-176°; uv max 
(EtOH) 222 mu (t 51,200), 244 (37,800), 271 sh (9720), 289 
(8020), 299 (9500), 308 (10,500); nmr (CDCI3) S 3.36-3.98 
(AB q, 4 H, J  =  13 Hz), 3.77 (s, 2 H), 7.08-7.61 (m, 9 H), 
7.71-8.13 (m, 4 H); mass spectrum (70 eV) m/e 397 (M +), 
306 (M+ — benzyl).

4 failed to form stable complexes with picric acid or trinitro
benzene.

B.—A solution of 0.0750 g (0.232 mmol) of 9 and 0.0498 g 
(0.464 mmol) of benzylamine in 5 ml of absolute ethanol was 
refluxed for 1 hr. An aliquot of the resulting solution was 
stripped of solvent, giving crude di Schiff base 10 as a pale 
yellow solid: mp 144-148°; ir (Nujol) 1625 cm-1; nmr (C D C I 3 )
6 4.69 (s, 4 H), 7.07-7.64 (m, 16 H), 7.80-8.05 (m, 2 H), 8.22-
8.36 (m, 2 H); mass spectrum (70 eV) m/e 500 (M +). Crude 
10 in 5 ml of ethanol was stirred at reflux temperature. A solu
tion of 0.340 g (1.95 mmol) of sodium hydrosulfite in 2 ml of 
water was added, and the mixture was refluxed for 2 hr. The 
mixture was diluted with 5 ml of water and most of the ethanol 
was removed in  vacuo. The remaining mixture was extracted 
with 20 ml of ether. The combined extracts were washed with

(17) J. Szmuszkovicz and E. J. Modest, J . A m e r .  C h em . S o c ., 72, 571 
(1950). The purification problems noted by other authors were not en
countered.
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water, dried over KOH, and filtered. Solvent removal on the 
rotary evaporator gave an oily yellow solid. This was sublimed 
to give 64.8 mg (70%) of 6.

Registry No.—la, 40386-84-3; la picrate, 40306-86-3; lb, 
40306-87-4; lb-trinitrobenzene, 40306-88-5; 3,40306-89-6; 4a,

40306-90-9; 5a, 40306-91-0; 5a picrate, 40531-26-8; 6,40306-92- 
1; 7, 40306-93-2; 8, 7342-82-7; 9, 40306-95-4; 10, 40306-96-5; 
benzylamine, 100-46-9; sodium dithionite, 7775-14-6; n- 
butyllithium, 109-72-8; copper(II) chloride, 7447-39-4; N,N'~  
dimethylformamide, 68-12-2.

P t e r id in e s .  X X X I I .  2 - A m in o - 3 - c y a n o - 5 - c h lo r o m e t h y lp y r a z in e  1 - O x id e  a n d  I t s  

C o n v e r s io n  t o  6 - A lk e n y l - S u b s t i t u t e d  P t e r i d in e s 12

E dw ard  C. T a y lo r * and  T . K obayashi 

Department of Chemistry, Princeton University, Princeton, New Jersey 08540 
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2-Amino-3-cyano-5-chloromethylpyrazine 1-oxide (2), prepared by the condensation of (3-chloropyruvaldoxime 
with aminomalononitrile tosylate, was deoxygenated with phosphorus trichloride to 2-amino-3-cyano-5-chloro- 
methylpyrazine (4). Both 2 and 4 were converted by conventional procedures to triphenylphosphonium ylides 
(Wittig reagents) and, hence, by condensation with aldehydes to parallel series of 5-alkenylpyrazines (9 and 10). 
Cyclization of lOa-e with guanidine gave 2,4-diamino-6-alkenylpteridines (1 la-e), of interest as intermediates for 
the synthesis of biopterin and biopterin analogs. Some additional reactions of the above pyrazine intermediates 
are also described.

We have described in recent articles1 2’3 a new, gen
eral, and versatile synthetic route to pteridines and 
pterins which involves, as its initial key step, the con
densation of a-aminonitriles with a-oximino carbonyl 
compounds. For example, aminomalononitrile and a- 
ketoaldoximes give 2-amino-3-cyano-5-substituted pyr
azine 1-oxides; deoxygenation and subsequent conden
sation with guanidine lead to 2,4-diamino-6-substituted 
pteridines, which upon acid or base hydrolysis yield 
pterins. One of the major advantages of this simple 
procedure over the classical Isay synthesis4 is the un
ambiguous positioning of the side chain in the pyrazine 
ring.

Although this new procedure could, in principle, be 
adapted to the direct synthesis of pteridine natural 
products possessing multifunctional C-6 substituents 
(i.e., biopterin, folic acid, methotrexate), complex, 
fragile, and difficultly accessible a-ketoaldoxime inter

(1) Part X X X I :  E. C. Taylor and R . F. Abdulla, T etra h ed ron  L ett., 2093
(1973).

(2) This investigation was supported in part by grants to  Princeton Uni
versity from the National Cancer Institute, National Institutes of Health, 
Public Health Service (Grants N o. CA-2551 and 12876), and the Walter 
Reed Army Medical Research Institute (Contract No. DA-49-193-2777). 
This is contribution No. 1190 in the Arm y Research Program on Malaria.

(3) (a) E. C. Taylor, K. L. Perlman, I. P. Sword, M . S6quin-Frey, and 
P. A. Jaccbi, J . A m e r .  C h em . S o c ., in press; (b) E. C. Taylor, K. L. Perlman, 
Y.-H . Kim, I. P. Sword, and P. A. Jacobi, ibid., in press.

(4) O. Isay, B e r ., 39, 250 (1906).

mediates would be normally required. We describe in 
the present and subsequent papers a simple modi
fication of this pteridine synthesis which permits de
ferral of the elaboration of the requisite C-6 side chains 
until after the initial construction of the pyrazine ring. 
The key intermediate, from which pteridines of both 
the biopterin and folic acid classes of natural products 
can be prepared, is 2-amino-3-cyano-5-chloromethyl- 
pyrazine 1-oxide (2). This paper describes the prepa
ration of 2 and its use for the preparation of pyrazines 
and pteridines suitable for final elaboration into the 
biopterin series.5 A following paper will describe the 
elaboration of 2 to pteridines and pterins related to 
folic acid.

/S-Chloropyruvaldoxime (1), readily prepared from 
diketene,6 and less conveniently (and unreliably) by 
chlorination of a-oximinoacetone in chloroform solu
tion,7 was smoothly converted by reaction with amino
malononitrile tosylate in 2-propanol to 2. Since 2 could 
be converted to 2-amino-3-cyano-5-methoxymethylpyr- 
azine 1-oxide (3) upon refluxing in methanol solution, it 
appeared that the chloromethyl group of 2 might well be 
used for the introduction of diverse side chains at position 
5 (pteridine position 6) by nucleophilic displacement 
reactions with suitable nucleophiles. Vindication of 
this prediction will be given in future papers in this 
series.

Treatment of 2 and 3 with phosphorus trichloride at 
room temperature in tetrahydrofuran solution resulted 
in smooth deoxygenation to give 2-amino-3-cyano-o- 
chloromethylpyrazine (4) and 2-amino-3-cyano-5- 
methoxymethylpyrazine (5), respectively. The ease 
with which these deoxygenations proceed contrasts 
with the vigorous conditions required for deoxygen
ation of 2-amino-3-cyano-6-chloromethylpyrazine 1- 
oxide8 and may be a reflection of decreased steric 
hindrance at the A-oxide grouping. Deoxygenation

(5) A preliminary report of this work has appeared: E. C. Taylor in
“ The Chemistry and Biology of Pteridines," Fourth International Sym po
sium, K. Iwai, M . Akino, M . Goto, and Y . Iwanami, Ed., International 
Academic Printing Co., Ltd., Tokyo, 1970.

(6) E. C. Taylor and R . C. Portnoy, J. O rg. C h em ., 38, 806 (1973).
(7) J. Armand, J.-P. Guette, and F. Valentini, C. R . A c a d . S c i .,  S e r . C , 

1388 (1966).
(8) E. C. Taylor and T. Kobayashi, manuscript in preparation.
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of 2 could also be effected with sodium hydro- 
sulfite in boiling water, although the yield was poor. 
Under the same conditions, the isomeric 6-chloro- 
methyl compound underwent both deoxygenation and 
reductive dehalogenation.

Both 2 and 4 were smoothly converted to the corre
sponding triphenylphosphonium chlorides (6 and 7) by 
treatment with triphenylphosphine in dimethylform- 
amide. In both cases, the pyrazinylmethyltriphenyl- 
phosphonium chloride crystallized directly from the 
dimethylformamide solution and could be used in sub
sequent reactions without further purification. The 
structure of 6 was confirmed by hydrolysis with 30% 
aqueous ethanol containing a small amount of tri- 
ethylamine to give 2-amino-3-cyano-5-methylpyrazine
1-oxide (8), identical in every respect with an authentic 
sample prepared as described previously311 by condensa
tion of aminomalononitrile tosylate with oximino- 
acetone.

The phosphonium salts 6 and 7 were converted into 
trans olefins (the desired isomers since trans hydroxyla
tion via epoxide formation and subsequent hydrolysis 
would yield the erythro glycol configuration found in the 
biopterin series of pteridine natural products) by reac
tion with aldehydes in a mixture of chloroform and tri- 
ethylamine. Attempts to isolate the intermediate 
phosphoranes (Wittig reagents) were frustrated by the 
insolubility in water of the phosphonium salts 6 and 7 
and by the apparent impurity of the products formed in

methanol solution. Since trans olefins were desired, 
polar solvents such as methanol (in which both 6 and 7 
were readily soluble) were avoided; attempts to use 
nonpolar solvents such as benzene and tetrahydrofuran 
were unsuccessful owing to insolubility. Mixtures of 
cis and trans isomers were occasionally obtained in the 
chloroform-triethylamine system. Thus, reaction of 6 
with acetaldehyde gave a mixture of trans and cis isomers 
of 2-amino-3-cyano-5-(l-propenyl)pyrazine 1-oxide (9b) 
in a ratio of 77:23 (estimated by nmr). Fortuitously, 
however, the cis isomers in both the IV-oxide series 9 
and the deoxygenated series 10 were more soluble than 
the isomeric trans olefins, and recrystallization readily 
gave pure trans isomers. In this manner, the trans 
olefinic pyrazines 9 and 10 (Scheme I) were prepared 
from acetaldehyde, octylaldehyde, piperonal, and 3,4- 
dichlorobenzaldehyde. Treatment of 7 with para
formaldehyde in methanol solution containing triethyl- 
amine initially gave 2-methoxymethylamino-3-cyano-
5-vinylpyrazine, but this latter intermediate could be 
hydrolyzed with aqueous acid to the desired 2-amino-3- 
cyano-5-vinylpyrazine (10a). In several cases (see 
Experimental Section), the olefinic pyrazine 1-oxides 9 
were deoxygenated with phosphorus trichloride in 
tetrahydrofuran at room temperature to 10.

Finally, annelation of the 2,4-diaminopyrimidine 
ring to give the pteridines 11, 12, and 13 was readily 
effected in the normal manner by condensation of the o- 
aminonitriles 3, 5, and 10 with guanidine in the presence



of sodium methoxide.9 Since mild acid or base hydrol
ysis of these 2,4-diaminopteridines should give the 
corresponding pterins,10 and trans hydroxylation of the 
trans olefins 11 must give erythro glycols, the above 
synthetic pathway should provide unequivocal and 
flexible procedures for the synthesis of biopterin and 
biopterin analogs. Furthermore, since annelation of 
the 2,4-diaminopyrimidine ring from 3 and 5 was 
effected without loss of the side chain methoxyl group, 
it would be expected that other side chains, introduced 
via nucleophilic displacement reactions on the chloro- 
methylpyrazines 2 and 4, would likewise proceed with 
retention of the side chain, thus offering a simple and 
unambiguous pathway to pterins related to folic acid. 
Both of these extensions of the above general pteridine 
synthesis are described in subsequent publications in 
this series.

Experimental Section
2-Amino-3-cyano-5-chloromethylpyrazine 1-Oxide (2).—A

solution of 10.7 g of aminomalononitrile tosylate and 5.0 g of 0- 
chloropyruvaldoxime” in 140 ml of 2-propanol was stirred at 
room temperature for 24 hr. The resulting dark red solution 
was evaporated to a small volume under reduced pressure, 100 
ml of water added, and the solution extracted continuously over
night with methylene chloride. The extracts were dried over 
anhydrous sodium sulfate and evaporated to dryness under re
duced pressure, and the residue was triturated with 50 ml of 
chloroform and filtered to give 4.7 g (62%) of 2, mp 140-142° 
dec, as a bright yellow microcrystalline solid. The analytical 
sample, mp 143-144° dec, was obtained in the form of yellow 
prisms by recrystallization from methanol: nmr (DMSO-de) 8 
4.68 (2, s, CH2C1), 8.10 (2, br s, NH2), 8.71 (1, s, C6 H); ir 
3440-3100 (NHj), 2240 (CN) cm“ 1.

Anal. Calcd for CeHsClN^O: C, 39.01; H, 2.71; N, 30.38, 
Cl, 19.25. Found: C, 39.19; H, 2.99; N, 30.37; Cl, 19.08.

2-Amino-3-cyano-5-methoxymethylpyrazine 1-Oxide (3).11— 
A solution of 552 mg of 2 in 10 ml of methanol was heated under 
reflux for 48 hr, concentrated to a small volume, and chilled. 
The yellow needles which separated were collected by filtration 
and washed with cold methanol: yield 412 mg (76%); mp 
134-135° (recrystallization from methanol raised the melting 
point to 137-138°); nmr (DMSO-d6) 8 3.28 (3, s, OCH3), 4.32 
(2, s, CH20 -), 7.99 (2, br s, NH2), 8.45 (1, s, C6 H); ir 3400- 
3150 (NH2), 2230 (CN) cm“ 1.

Anal. Calcd for C3HSN,02: C, 46.66; H, 4.48; N, 31.10. 
Found: C, 46.89; H, 4.56; N, 31.20.

2-Amino-3-cyano-5-chloromethylpyrazine (4).—To a solution 
of 13.0 g of 2 in 500 ml of tetrahydrofuran was added dropwise 
and with ice-bath cooling 27.0 g of phosphorus trichloride. The 
solution was stirred for 45 min at room temperature and then 
evaporated to a small volume under reduced pressure. Addi
tion of ice water resulted in the separation of a solid which was 
collected by filtration and washed thoroughly with water to give
9.3 g (79%) of a yellow microcrystalline solid, mp 151-154°. 
The analytical sample, mp 156-157°, was obtained as pale yellow 
platelets by recrystallization from methanol: nmr (DMSO-d6)
8 4.57 (2, s, CH2C1), 7.35 (2, br s, NH2), 8.20 (1, s, C6 H); ir 
3420-3220 (NH2), 2230 (CN) cm“ 1.

Anal. Calcd for CsHsClN,: C, 42.73; H, 2.97; N, 33.22; 
Cl, 21.07. Found: C, 42.59; H, 3.25; N, 33.22; Cl, 20.86.

2-Amino-3-cyano-5-methoxymethylpyrazine (5).—In the same 
manner as described above, 3.0 g of 3 in 180 ml of tetrahydro
furan was deoxygenated with 6.5 g of phosphorus trichloride: 
yield 1.6 g (59%); mp 137-140°. The analytical sample was 
prepared in the form of pale yellow platelets, mp 142-143°, by

2-Amino-3-cyano-5-chloromethylpyrazine 1-Oxide

(9) E. 0 . Taylor and A. M cKillop, “ The Chemistry of Cyclic Enamino- 
nitriles and o-Aminonitriles,”  Wiley-Interscience, New York, N. Y ., 1970.

(10) See, for example, (a) D . R . Seeger, D . B. Cosulich, J. M . Smith, Jr., 
and M. E Hultquist, J . A m e r . C h em . S o c ., 71, 1753 (1949); (b) E. C. Taylor 
and C. K. Cain, ib id ., 71, 2538 (1949); (c) C. M . Baugh and E. Shaw, J . 
O rg. C h em ., 29, 3610 (1964).

i l l )  This compound was prepared by Robert C. Portnoy.

recrystallization from methanol: nmr (DMSO-d6) 8 3.21 (3, s, 
OCH3), 4.26 (2, s, CH20 -), 7.18 (2, brs, NH2), 8.20 ( l,s ,C 6H); 
ir  3400-3200 (NH2), 2220 (CN) cm“ 1.

Anal. Calcd for CrHgNtO: C, 51.21; H, 4.91; N, 34.13. 
Found: C, 51.01; H, 4.73; N, 34.37.

(l-Oxy-2-amino-3-cyano-5-pyrazinyl)methyltriphenylphospho- 
nium Chloride (6).—A solution of 5.0 g of 2 and 7.8 g of tri- 
phenylphosphine in 55 ml of dimethylformamide was stirred for
3 hr at 80-90°. The precipitate which had formed was col
lected by filtration and washed thoroughly with ether to give
10.8 g (90%) of pure 6, mp 300° dec, as a pale yellow micro
crystalline solid. The analytical sample was prepared in the 
form of pale yellow prisms by recrystallization from methanol, 
but without change in the melting point.

Anal. Calcd for C2(H20C1N(OP: Cl, 7.95. Found: Cl, 8.32.
(2-Amino-3-cyano-5-pyrazinyl)methyltriphenylphosphonium 

Chloride (7).—In the same manner as described above, 13.9 g of
4 and 28.0 g of triphenylphosphine in 80 ml of dimethylform
amide gave 32.9 g (quantitative) of 7, mp 313° dec, as a pale 
yellow microcrystalline solid. The analytical sample was pre
pared by recrystallization from methanol without change in the 
melting point.

Anal. Calcd for C2(H2oC1N4P: Cl, 8.25. Found: Cl, 8.41.
2-Amino-3-cyano-5-methylpyrazine 1-Oxide (8).—A suspen

sion of 1.0 g of 6 in 70 ml of 30% aqueous ethanol containing 
0.25 g of triethylamine was heated under reflux for 3 hr and then 
evaporated to dryness. The residue was dissolved in chloro
form-methanol (95:5) and passed through a short column of 
silica gel. The eluent was evaporated under reduced pressure 
to a small volume, benzene added, and the resulting mixture 
stirred for 30 min. Filtration then gave 0.26 g of 8 as a yellow 
powder. Recrystallization from methanol gave 0.25 g (75%) 
of fine yellow platelets, mp 187-188°. This compound was 
identical with an authentic sample of 2-amino-3-cyano-5-methyl- 
pyrazine 1-oxide prepared by the condensation of aminomal
ononitrile tosylate with oximinoacetone.3b

2-Methoxymethylamino-3-cyano-5-vinylpyrazine.—A mixture 
of 12.0 g of 7 and 8.5 g of paraformaldehyde in 600 ml of meth
anol containing 7.0 g of triethylamine was stirred at room tem
perature for 2 days and then heated under reflux for an additional 
day. The resulting clear solution was evaporated to dryness 
under reduced pressure and the residue dissolved in 100 ml of 
ethyl acetate. The resulting solution was washed well with 
water, dried over anhydrous sodium sulfate, and then evapo
rated under reduced pressure to dryness. The residual solid was 
triturated for 30 min at room temperature with 50 ml of benzene 
and then filtered to give 3.0 g (57%), mp 159-160°, of a pale yel
low microcrystalline solid. The analytical sample, mp 161— 
162°, was prepared by recrystallization from methanol: nmr
(DCCU) 8 3.39 (3, s, OCH3), 4.99 (2, d, OCH2NH), 5.45 (1, q, 
He), 6.07 (1, q, Hb), 6.72 (1, q, Ha), 8.20 (1, s, C6 H) (partial 
structure i) (/»b = 18.0,Jac = 10.5 Jbc = 1.5 Hz); ir3370 (NH), 
2230 (CN), 1100 (C—O—C), 990, 900 (C=C) cm“ '.
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Anal. Calcd for C9H,0N4O: C, 56.83; H, 5.30; N, 29.46. 
Found: C, 56.80; H, 5.50; N, 29.18.

2-Amino-3-cyano-5-vinylpyrazine (10a).—A mixture of 2.0 g 
of 2-methoxymethylamino-3-cyano-5-vinylpyrazine, 10 ml of 1 
N  hydrochloric acid, and 100 ml of methanol was heated under 
reflux for 5 hr and then evaporated to dryness under reduced 
pressure. The residue was dissolved in 50 ml of water and the 
resulting solution neutralized by the addition of solid sodium bi
carbonate. Filtration then gave 1.3 g (85%) of 10a, mp 171— 
172° dec. For analysis a small sample was recrystallized from 
methanol: mp 175-176° dec; nmr (DMSO-de) 8 5.20 (1, q, 
Hc) 5.84 (1, q, Hb), 6.58 (1, q, Ha), 7.20 (2, br s, NH2), 8.30 (1, 
s, C6H) (i) (J ,b = 17.5, J ac = 12.0, Jbc = 1.5Hz); i r 3420-3160 
(NH2), 2230 (CN), 985, 930 (C=C) cm"1.

Anal. Calcd for CvHeN,: C, 57.52; H, 4.14; N, 38.34. 
Found: C, 57.24; H, 4.29; N, 38.48.

2-Amino-3-cyano-5-( 1 -propenyl)pyrazine 1-Oxide (9b).—A sus
pension of 15.0 g of 6 in 1 1. of chloroform containing 11.0 g of 
triethylamine and 15.0 g of acetaldehyde was stirred at room 
temperature for 24 hr, washed with water, and then evaporated
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to dryness under reduced pressure. Trituration of the residual 
solid with 50 ml of benzene at room temperature for 30 min fol
lowed by filtration gave 5.3 g (90%) of crude 9b as a mixture of 
trans and cis isomers (ratio of 77:23). Three recrystallizations 
from methanol gave the pure trans isomer as bright yellow 
needles: mp 214-215° dec; nmr (DMSO-d6) 8 1.72 (3, d, CH3),
6.10 (1, d, Ha), 6.52 (1, m, Hb), 7.64 (2, br s, NH2), 8.40 (1, s, 
C6H) (partial structure ii) (Tab = 16.0 Hz); ir 3400-3100 (NH2), 
2230 (CN), 965 (C=C) cm"1.

—CHa=CHbCH3
ii

Anal. Calcd for C8H8N40: C, 54.54; H, 4.58; N, 31.80. 
Found: C, 54.42; H, 4.64; N, 31.80.

2-Amino-3-cyano-5-(l-propenyl)pyrazine (10b). Method A.— 
A suspension of 5.0 g of 7 in a mixture of 5.0 g of acetaldehyde,
2.2 g of triethylamine, and 300 ml of chloroform was stirred at 
room temperature for 24 hr. The resulting homogeneous solu
tion was washed with a small amount of water and then evapo
rated to dryness. The residue was triturated with 20 ml of ben
zene for 30 min and then filtered to give 1.25 g (68%) of crude 
10b as a mixture of trans and cis isomers (ratio of 93:7). Re
crystallization from methanol gave 0.96 g (52%) of the pure 
trans isomer of 10b as bright yellow needles: mp 186-187° dec; 
nmr (DMSO-d«) 5 1.69 (3, d, CH3), 6.11 (1, d, Ha), 6.48 (1, m, 
Hb), 7.05 (2, br s, NH2), 8.19 (1, s, C6H) (ii) (Tab = 16.0 Hz); 
ir 3420-3180 (N II2), 2220 (CN), 955 (C=C) cm"1.

Anal. Calcd for C8H8N4: C, 59.98; H, 5.03; N, 34.98. 
Found: C, 59.72; H, 5.12; N, 34.97.

Method B.—To a cooled solution of 5.0 g of crude 9b (trans- 
cis 77:23) in 300 ml of tetrahydrofuran was added slowly and 
with stirring 11.0 g of phosphorus trichloride. After an addi
tional 30 min of stirring at room temperature, the solution was 
evaporated to a small volume under reduced pressure and poured 
into ice water. The solid which precipitated was collected by 
filtration, triturated for 30 min at room temperature with 100 
ml of water, and then filtered again to give 3.84 g (85%) of 10b 
as a mixture of trans and cis isomers (ratio of 82:18). Recrys
tallization from methanol then gave 2.95 g of the trans isomer, 
mp 186-187° dec identical with the compound prepared above 
by method A.

2-Amino-3-cyano-5-(l-nonenyl)pyrazine (10c).—A suspension 
of 12.0 g of 7 in 650 ml of chloroform containing 7.5 g of octyl- 
aldehyde and 5.7 g of triethylamine was heated under reflux for 
2 days. The resulting homogeneous solution was washed with a 
small amount of water and then evaporated to dryness under 
reduced pressure. Trituration of the oily residue with 20 ml of 
methanol resulted in separation of a yellow solid which was col
lected by filtration and recrystallized from methanol to give 3.6 
g (53%) of bright yellow crystals of the pure trans isomer of 10c: 
mp 123-124°; nmr (DMSO-d6) 8 0.82 (3, t, -CH3), —2.2 (2, m, 
=C H C H 2-), 6.22 (1, d, Ha), 6.58 (1, sextet, Hb), 7.16 (2, br s, 
NH2), 8.33 (1, s, ¿6 H) (partial structure iii) (Tab = 16.0 Hz);

—CHa=CHbCH2 • • ■
iii

ir 3410-3170 (NH,), 2940, 2860 (CH,), 2230 (CN), 965 (C=C) 
cm-1.

Anal. Calcd for CuHooN,: C, 68.82; H, 8.25; N, 22.93. 
Found: C, 68.97; H, 8.50; N, 23.12.

2-Amino-3-cyano-5-(3,4-methylenedioxystyryl )pyrazine 1-Ox- 
ide (9d).—A suspension of 10.0 g of 6 in 650 ml of chloroform 
containing 9.0 g of piperonal and 4.4 g of triethylamine was 
stilled at room temperature for 24 hr and then heated under re
flux for an additional 48 hr. The resulting precipitate was col
lected by filtration and washed with chloroform to give 5.3 g 
(84%) of 9d as a deep yellow solid, mp 246° dec. This appeared 
to be the pure trans isomer by examination of its nmr spectrum 
(see below). The analytical sample was prepared by recrystal
lization from methanol without change in the melting point: 
nmr (DMSO-rf6) 8 5.71 (2, s, OCH.O), 6.53 (1, d, Ha), 6.53 (1, 
d, He), 6.73 (1, d, Hd), 6.84 (1, s, Hc), 7.05 (1, d, Hb), 7.53 (2, 
br s, NH2), 8.23 (1, s, C6 H) (partial structure iv) (Tab = 16.0 
Hz); ir 3400-3200 (NH2), 2220 (CN) cm“ 1.

Anal. Calcd for Ci4H i0N4O3: C, 59.57; H, 3.57; N, 19.85. 
Found: C, 59.81; H, 3.58; N, 19.68.

2-Amino-3-cyano-5-(3,4-methylenedioxystyryl )pyrazine ( lOd). 
Method A.—A suspension of 10.0 g of 7 in 650 ml of chloroform 
containing 7.5 g of piperonal and 5.0 g of triethylamine was stirred

at room temperature for 24 hr and then heated under reflux 
for an additional 24 hr. The resulting precipitate was collected 
by filtration and washed with chloroform to give 5.0 g (82%) of 
the trans isomer of lOd as a bright yellow solid, mp 225-226° 
dec. Recrystallization of a small sample from methanol gave 
the analytical sample: mp 228-229° dec; nmr (DMSO-de) 8 
5.87 (2, s, -OCH20), 6.71 (1, d, He), 6.84 (1, d, H.), 6.92 (1, q, 
Hd), 7.10 (2, s, NH2), 7.16 (1, d, H„), 7.24 (1, d, Hb), 8.23 (1, s, 
C6 H) (iv) (Tat -  16.5 Hz); ir 3440-3100 (NH2), 2220 (CN), 
955 (C=C) cm-1.

Anal. Calcd for C14H ioN40 2: C, 63.15; H, 3.79; N, 21.04. 
Found: C, 62.88; H, 3.99; N, 20.89.

Method B.—To a cooled solution of 5.0 g of lOd in 300 ml of 
tetrahydrofuran was added slowly and with stirring 7.3 g of 
phosphorus trichloride. After 45 min of stirring at room tem
perature, the reaction mixture was evaporated to a small volume 
under reduced pressure and poured into ice water. The solid 
which was collected by filtration was washed well with water and 
recrystallized from tetrahydrofuran-methanol to give 3.9 g 
(83%) of the trans isomer of lOd as a yellow solid, mp 227-228°. 
Recrystallization from methanol raised the melting point to 
228-229° dec. This compound was identical in all respects with 
the product obtained as described above by method A.

2-Amino-3-cyano-5- (3,4-dichlorostyryl )pyrazine ( lOe).—A 
suspension of 10.0 g of 7 in 650 ml of chloroform containing 8.0 
g of 3,4-dichlorobenzaldehyde and 4.7 g of triethylamine was 
stirred at room temperature for 24 hr. Filtration then gave 5.8 
g (86%) of the trans isomer of lOe as a yellow microcrystalline 
solid, mp 238-239° dec. The analytical sample, mp 239-240°, 
was prepared by recrystallization of a small sample from meth
anol: nmr (DMSO-d6) 8 7.15 (2, s, CH=CH), 7.29 (2, br s, 
NH2), 7.43 (2, s, Hde), 7.68 (1, s, Hc), 8.28 (1, s,C6H); ir3420- 
3220 (NH2), 2220 (CN), 955 (C=C) cm“ 1.

Anal. Calcd for C13H8N4Cl2: C, 53.64; H, 2.75; N, 19.24; 
Cl,24.39. Found: C, 53.86; H, 2.94; N, 19.49; Cl, 24.32.

2.4- Diamino-6-methoxymethylpteridine 8-Oxide (12).—Gua
nidine hydrochloride (2.1 g) was added to a solution of 2.6 
g of sodium methoxide in 95 ml of methanol and the precipitated 
sodium chloride removed by filtration. To the filtrate was 
added 2.5 g of 3, the resulting mixture was heated under reflux 
for 6 hr, cooled, and filtered, and the collected solid was washed 
well with methanol to give 2.5 g (81%) of crude 12 as a dark 
green microcrystalline solid. Recrystallization (4X) from 
DMF (Norit) then gave 1.5 g (49%) of pure 12 as a bright yellow 
solid: mp 265° dec; nmr (CF3C02H) 8 3.28 (3, s, OCH3), 4.50 
(2, s, -CH20 -), 8.51 (1, s, C7 H).

Anal. Calcd for C8H i0N6O2: C, 43.24; H, 4.54; N, 37.83. 
Found: C, 43.09; H, 4.54; N, 37.82.

The following compounds were prepared in the same manner 
from guanidine and the corresponding 2-amino-3-cyano-5-sub- 
stituted pyrazines.

2.4- Diamino-6-vmylpteridine (11a): 63% yield; mp (from 
methanol) >300° dec; nmr (CF3C02H) 8 5.51 (1, q, H0), 6.14 
(1, q, Hb), 6.65 (1, q, Ha), 8.53 (1, s, C, H) (i) (Tab = 17.5, Tac = 
10.0, Tbc = 1.0 Hz).

Anal. Calcd for C8HSN6: C, 51.05; H, 4.28; N, 44.66. 
Found: C, 51.32; H, 4.20; N, 44.37.

2.4- Diamino-6-(l-propenyl)pteridine (llb>: 88% yield; mp
(from DMF) 312° dec; nmr (CF3C02H) 8 1.62 (3, d, CH3), 6.24 
(1, d, Ha), 6.86 (1, m, Hb), 8.38 (1, s, C ,H) (ii) (Tab = 16.0 Hz).

A iia l. Calcd for C9H ioN6: C, 53.45; H, 4.98; N, 41.56. 
Found: C, 53.47; H, 5.13; N, 41.83.

2.4- Diamino-6-(1 -nonenyl)pteridine (11c): 69% yield; mp
(from methanol) 275-276° dec; nmr (CF3C02H) 8 0.40 (3, t, 
CH3), 1.95 (2, m, =CHCH2-), 6.14 (1, d, Ha), 6.80 (1, sextet, 
Hb), 8.37 (1, s, C, H) (iii) (Tab = 16.0 Hz).

Atm l. Calcd for C.sH^Ne: C, 62.91; H, 7.74; N, 29.35. 
Found: C, 62.99; H, 7.92; N, 29.55.

2,4-Diamino-6- (3,4-methylenedioxystyryl )pteridine ( lid ) :  
93% yield; mp (after extraction with hot methanol) 336-337° 
dec; nmr (CF3C02H) 8 5.43 (2, s, -OCH20 -), 6.28 (1, d, H„),
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6.55 (1; d, Ha), 6.57 (1, d, Hd), 6.60 (I, s, Hc), 7.30 (1, d, H„), 
8.32 (1, s, C, H) (iv) (Jab = 16.0 Hz).

A m i.  Calcd for Ci6Hi2N60 2: C, 58.44; H, 3.92; N, 27.26. 
Found: C, 58.16; H, 4.04; N, 27.33.

2,4-Diamino-6-(3,4-dichlorostyryl)pteridine ( lie ): 94% 
yield; mp (after extraction with hot methanol) 358-359° dec; 
nmr (CF3C02H) S 6.49 (1, d, Ha), 6.67 (2, s, Hde), 6.87 (1, s, 
H0), 7.C6 (1, d, Hb), 8.12 (1, s, C jH ) (partial structure v) (Jab =
15.5 Hz).

A m i. Calcd for CuH ioN6C12: C, 50.45; H, 3.00; N, 25.22; 
Cl, 21.32. Found: C, 50.28; H, 3.05; N, 25.27; Cl, 21.56.

2,4-Diamino-6-methoxymethylpteridine (13): 85% yield: mp 
(from DMF) 255-256°; nmr (CF3C02H) 5 3.26 (3, s, -OCH3), 
4.54 (2, s, -CH20 -), 8.47 (1, s, C7 H).

A m i.  Calcd for C8H i0N6O: C, 46.59; H, 4.89; N, 40.76. 
Found: C, 46.43; H, 5.16; N, 41.01.

Registry No.—2, 40127-89-7; 3, 40127-90-0; 4, 40127-91-1; 
5, 40127-92-2; 6, 40127-93-3; 7, 40127-94-4; 8, 19994-56-0; 
cis-9b, 40132-91-0; tmns-9b, 40132-92-1; irares-9d, 40110-58-5; 
10a, 40110-10-9; as-10b, 40132-93-2; trans- 10b, 40132-94-3; 
tmns- 10c, 40132-95-4; trans- 1 Od, 40110-59-6; trans- 10e, 40110- 
60-9; 11a, 40110-12-1; trans-Ub, 40110-61-0; trans-Uc, 40110- 
62-1; irares-lld, 40110-63-2; «rares-lie , 40110-64-3; 12, 40110-
11-0; 13, 40110-13-2; 2-methoxymethylamino-3-eyano-5-vinyl- 
pyrazine, 40110-14-3; aminomalononitrile tosylate, 5098-14-6; 
(3-chloropyruvaldoxime, 14337-41-8; methanol, 67-56-1; phos
phorus trichloride, 7719-12-2; triphenylphosphine, 603-35-0; pa
raformaldehyde, 30525-89-4; acetaldehyde, 75-07-0; octylalde- 
hyde, 124-13-0; piperonal, 120-57-0; 3,4-dichlorobenzaldehyde, 
6287-38-3; guanidine, 113-00-8.
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Reaction of alkylidenecycloalkanes with cyanogen azide, followed by hydrolysis, affords ring-expanded cyclic 
ketones. The reaction is applicable to a wide variety of ring sizes and to both saturated and «,3-unsaturated 
ketones. Application to several unsymmetrically substituted cyclic ketones indicates low migrational selec
tivity, paralleling the results of simple diazomethane ring expansion. An important finding is that ^-substituted 
ring-expanded ketones can be obtained readily (ethylidenecyclohexane —>- 2-methylcycloheptanone, 80%). The 
method also should prove valuable in many instances since it is operationally simple and yields are good.

Several years ago, we reported briefly1 on a new 
method of ring expansion whereby, if one treats a 
methylenecycloalkane with cyanogen azide, the homol
ogous cycloalkanone is produced rapidly and in high 
yield. We have now completed an extensive study of 
the scope of the reaction, and we wish to report our 
findings.

A great amount of effort has gone into developing 
methods of ring enlargement, and many ingenious solu
tions have been put forward.2 We became interested in 
the subject in connection with our efforts in natural 
product synthesis and rapidly found that considerable 
room for improvements still exists.

Probably the most generally useful method of one- 
carbon ring expansion is by a pinacol-like rearrange
ment of a hydroxy diazonium ion.2

The required intermediate can be generated in sev
eral ways, but various difficulties usually interfere 
to some extent. For example, if one generates the 
intermediate directly from the ketone by reaction with 
diazomethane, the homologous cycloalkanone is pro
duced and can itself undergo further reaction with 
diazomethane leading to overhomologated products.3

(1) J. E . M cM urry, J . A m e r .  C h em . S o c ., 91, 3676 (1969).
(2) For a review o f ring enlargements, see C. D . Gutsche and D. Redmore, 

"Carbocyclic Ring Expansion Reactions,”  Academic Press, New York, 
N. Y ., 1968.

(3) See, for example, A. P. Giraitis and J. L. Bullock, J . A m e r .  C h em . S o c .,
59, 951 (1937).

On the other hand, if one attempts to avoid this diffi
culty by multistep Tiffeneau-type variations, low over
all yields often result.

In 1964, Marsh and Hermes reported4 that, when 
cyclopentene was treated with cyanogen azide, reaction 
occurred to yield cyclopentylidenecyanimide (2) and 
then, after hydrolysis, cyclopentanone. Presumably 
the reaction occurs by 1,3 dipolar addition followed by 
hydride migration and loss of nitrogen.

Marsh and Hermes also showed that, in unsym- 
metrical cases, the cyano-bearing nitrogen is always 
found on the more highly substituted carbon of the 
olefin, and it therefore occurred to us that, if one were 
to use an exocyclic olefin such as methylene cyclo
hexane, cycloaddition followed by alkyl migration 
might occur. The net effect would be a short and sim
ple ring expansion which, since the required olefins are 
readily available from the corresponding ketones by 
Wittig reaction, should have considerable utility.

In fact, when we treated methylenecyclohexanc with

(4) F. D. Marsh and M. E. Hermes, ib id ., 86, 4506 (1964).



2822 J. Org. Chem., Vol. 38, No. 16, 1973 M cM urry and Coppolino

1.3 equiv of CNN3 in acetonitrile, and hydrolyzed the 
product with warm aqueous acid, cycloheptanone re
sulted in 80% yield. With the feasibility of the reaction 
thus established, we undertook a more detailed study. 
Some results are presented in Table I.

T a b l e  I
R in g  E x p a n s io n  o f  M e t h y l e n e c y c l o a l k a n e s  

w i t h  C y a n o g e n  A z id e

Yield,
Compd n %

8 3 52
9 4 44
S 5 80

10 6 41
11 7 38
12 11 60

As can be seen, the reaction works on a variety of ring 
sizes and gives acceptable yields, although, since these 
examples are low molecular weight hydrocarbons, the 
volatility of the starting olefin causes some losses. It is 
particularly useful that methylenecyclododecane 
cyclotridecanone works well in this reaction since ring 
expansion of these large ring ketones is ineffective by the 
usual diazomethane procedure.5

Unsymmetrical Cases.—In order for the reaction to 
be generally useful, however, it must also work well in 
the cases where unsymmetrically substituted rings are 
used, and some sort of migratory selectivity must exist. 
We therefore undertook a study of the cyanogen azide 
reaction with a number of ring-substituted methylene
cycloalkanes. For comparison of the two methods it 
would be interesting to know also the migratory 
selectivity of the corresponding cycloalkanones in the 
diazomethane (or Tiffeneau) reaction. The litera
ture6,7 here is not trustworthy, however, since many re
sults were obtained before glc became available, and we 
therefore repeated literature work with diazomethane. 
Our results are summarized in Table II.

From a synthetic point of view, the results in Table 
II are both discouraging and encouraging. They are 
discouraging because the hoped-for migrational selec
tivity was not observed; instead, primary, secondary, 
and tertiary ring bonds all seem to migrate with ap
proximately equal facility. The situation with diazo-

T a b l e  II
R in g  E x p a n s io n  o f  U n s y m m e t r ic a l l y  

S u b s t it u t e d  C y c l o a l k a n o n e s

Product ratio Yield, %

17, X - 0  

20, X = C H ,  

X

21, X =  0  

24, X =  CH2
CNN,

18

0

27:73 19

41:59
0

22 23

55:45

5

59

0
80

26 57:43

■53:47

30 59:41

56:44

Rel

6

7

8

9

methane, however, is little better. The results are also 
encouraging, however, in that all cases, even the 
strongly hindered 2,2,6-trisubstituted case (24), pro
ceed in high yield. The diazomethane reaction by con
trast is strongly sensitive to steric hindrance and gives 
no detectable reaction with 2,2,6-trimethylcyclohex- 
anone, even with 100 equiv.

We also examined the ring enlargement of two typical 
5a-3-keto steroids to see the effect of asymmetry at 
greater remove from the carbonyl group. There has 
been considerable confusion in the literature over the 
product distribution in the reaction of diazomethane 
with 5a-cholestanone (25)8’910 and 17/3-hydroxy-5a- 
androstan-3-one (2Q)1112 and several incorrect figures 
have been published. 9> 10>12 Recent papers by Jones11 and 
Levisalles,8 however, have clarified the situation, and, as 
can be seen from the values given in Table II, little 
migrational selectivity is found in either case. Treat
ment of the corresponding exo methylene olefins with 
cyanogen azide, and determination of product composi
tion by the ORD method of Levisalles,8 showed that our

(5) E. Muller, M . Bauer, and W . Rundel, T etra h ed ron  L e tt ., No. 13, 30 
(1960).

(6) D. W . Adamson and J. Kenner, J . C h em . S o c ., 181 (1939).
(7) M . Mousseron and G. Manon, B u ll . S oc. C h im . F r . ,  392 (1949).

(8) J. Levisalles, G. Teutsch, and I. Tkatchenko, ib id ., 3194 (1969).
(9) N. A. Nelson and R. N. Schut, J . A m e r .  C h em . S o c ., 81, 6486 (1959)
(10) G. D. Meakins and D. J. Morris, J .  Chem . S oc . C, 394 (1967).
(11) J. B. Jones and J. M . Zander, C a n . J .  C h em . 47, 3501 (1969).
(12) J. B. Jones and P. Price, C a n . J .  C h em ., 44, 999 (1965).
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method gave essentially identical results to the diazo
methane method. Thus again no selectivity is ob
served.

Ring Expansion of Alkylidenecycloalkanes. —One
severe drawback to the diazoalkane ring expansion is 
that in a practical sense it is almost limited to the use 
of diazomethane. This is true for two reasons: (1) 
substituted diazoalkanes are not readily available;
(2) yields are lower when substituted diazomethanes are 
used.13 Thus a point of synthetic interest would be to 
study the reaction of cyanogen azide with alkylidene
cycloalkanes with the expectation "that 2-substituted 
homologous ketones would result. As noted previously, 
the required olefins are readily available by Wittig 
reaction. Some of our results are given in Table III.

T able  I I I
R in g  E xpansion  of A lkylidenecyclohexanes  

w it h  Cyanogen Azide

Yield, %

33 34

^COOEt

46

As can be seen from Table III, our hopes were borne 
out. All of the required olefins were readily made via 
Wittig reactions, and, with the exception of unsaturated 
ester 46, all ring expansions went in high yield. Several 
of the cases require more specific comment. The ring 
expansion of unsaturated ketal 35 is potentially useful 
because the elements of a second ring are built into the 
molecule. In this specific case, ring expansion followed 
by cyclization occurred to give the bicyclic enone 36 in 
90% overall yield. Compounds 37 and 40 were exam
ined to see if any migrational selectivity might be pres
ent, bun none was found.

Cyclopropylidenecyclohexane (43) proved to be one 
of the more interesting cases examined because it was 
the first tetracyclic olefin. Because of the near sym
metry of the olefin, dipolar addition occurred in both

(13) See ref 2, pp 89-91.

possible orientations, and a mixture of products re
sulted. Even in this case, however, the reaction oc
curred in good yield, indicating again its steric insensi
tivity.

(N ^N

Ring Expansion of Enones. —The most difficult ring 
expansion to effect by classical methods is the ring 
expansion of an a,/3-unsaturated ketone.14 Although 
several methods15-18 have been published, we have 
studied them in connection with a synthetic problem 
and have found them all to be ineffective or capricious. 
We were therefore hopeful that the cyanogen azide 
method would prove useful. In these cases, however, 
we are putting quite stringent requirements on the 
reaction. We are requiring first that cyanogen azide 
add only to the exocyclic double bond of the diene sys
tem, second that it add in only one of two possible 
orientations, and third that some migrational selectivity 
be obtained since the dienes will not be symmetrical. 
Our results are given in Table IV.

T able  IV
R in g  E xpansion of D ienes  w it h  Cyanogen Azide

The major result to be found in Table IV is that the 
cyanogen azide method of ring expansion is not partic
ularly effective for a,/3-unsaturated ketones. In all 
cases except one (50 —► 52) bad mixtures of products are 
encountered and the yields are unacceptably low. 
From analogous ring expansions in the literature,15,16 
and from the results of a migratory aptitude study pub-

(14) See, for example, E. J. Corey, M . Ohno, R . B. Mitra, and P. A. 
Vatakencherry, J . A m e r . C h em . S o c ., 86, 478 (1964), and ref 15 therein.

(15) W. S. Johnson, M . Neeman, S. P . Birkelund, and N. A. Fedoruk, 
ib id ., 84, 989 (1962).

(16) E. Muller, H . Kessler, and B. Zeeh, F o rtsch r . Chem . F o rs ch ., 7, 128 
(1966).

(17) E. J. Corey, M . Ohno, R. B. Mitra, and P. A. Vatakencherry, 
J . A m e r .  Chem . S o c ., 86, 478 (1964).

(18) G. Stork, M . Nussim, and B. August, T etra h ed ron , S u p p l .,  8, 105 
(1966).
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lished by House,19 we expected the ring vinyl group to 
migrate considerably better than the ring alkyl group. 
This was clearly not the case, however, and in fact the 
transformation 50 -*• 52 showed a strong preference for 
ring alkyl migration.

One other unexpected result which occurred during 
these studies on enones is that, when diene 47 was first 
treated with 1.3 equiv of CNN3 in acetonitrile solution, 
the only product isolated after hydrolysis was starting 
enone 54. This surprising occurrence can be readily 
explained by assuming a loss of diazomethane from the 
intermediate cyanotriazoline (53).

In this case, the carbon-carbon bond which breaks is 
allylic, and thus is weaker than in the corresponding 
saturated case, thereby accounting for the difference. 
We reasoned that, if the reaction medium were capable 
of stabilizing polar intermediates, the reaction might be 
induced to follow a more polar course and resemble 
more closely the diazomethane reaction which is pre
sumed to go through a diazonium zwitterion.20 We 
therefore repeated the experiment in 1 M  LiC104 in 1:1 
CH3CN-CH3OH and were gratified to find that ring 
expansion now occurred. All experiments on dienes 
were thereafter done in this polar medium.

Effect of Ag+.—In most of the cases discussed above, 
the cyanogen azide ring expansion occurs within 2 days at 
room temperature, but in some cases reaction is quite 
slow. We therefore considered ways in which the re
action rate might be increased. Unlike most reactions, 
we cannot merely raise the reaction temperature, since 
cyanogen azide thermally decomposes much above 
ambient.21 It has been shown that the rate-determin
ing step is dipolar addition of CNN3 to the olefin and we 
must therefore catalyze that addition. Since it is 
known that silver ion strongly complexes olefins22 and 
might therefore be expected to affect the rate of dipolar 
addition, we examined the effect of added Ag+ on the 
reaction. Interestingly, however, the rates were not 
markedly affected. Instead there were minor changes 
in the product distribution, and there were considerable 
improvements in the yields for dienes 47 and 50.23 
The results of Ag+ on the reaction are shown in Table V.

The most striking feature of Table V is the yield im
provement for enone ring expansion. This finding now 
allows us to ring expand all cases in good yield, al
though product mixtures still result.

Mechanism.—Mechanistically, the cyanogen azide

(19) H. O. House, E. J. Grubbs, and W. F. Gannon, J . A m e r . C h em . S o c ., 
82, 4099 (1960).

(20) C. D. Gutsche, O rg. R ea ct ., 8, 364 (1954).
(21) A. G. Anastassiou, H. E. Simmons, and F. D . Marsh, J . A m e r . Chem . 

S o c ., 87, 2296 (1965).
(22) See F. A. Cotton and G. Wilkinson, “ Advanced Inorganic Chemis

try,’ ’ 2nd ed, Wiley-Interscience, New York, N. Y ., 1968, pp 772-773.
(23) Th. J. DeBoer and H. J. Backer, R e d .  T rav . C h im . P a y s -B a s ,  73,

589 (1954).

T a b l e  V
E f f e c t  o f  S il v e r  I o n  o n  C y a n o g e n  A z id e  R in g  E x p a n s io n

20

47

50

20% equiv AgBF,

1 equiv AgBF4

Yield, %

59

56

50
84

60
95

ring expansion strongly resembles the diazomethane 
and Tiffeneau reactions, i.e., a diazonium zwitterion 
intermediate is probably involved.20

The strongest piece of evidence pointing to this 
mechanism is the similarity in product distribution in 
unsymmetrical cases (Table II) with the results of the 
diazomethane reaction. In both reactions a very sim
ilar high-energy intermediate is evidently present.

The one uncertainty in this picture involves the tim
ing of nitrogen loss and bond migration, but we feel that 
it is probably concerted for two reasons. In most 
carbonium ion rearrangements, the general rule is that 
the center best able to support a positive charge is the 
one which migrates.24 One would therefore expect a 
migratory aptitude of tertiary >  secondary >  primary. 
This is clearly not found in these reactions, however; 
for example 20 gives 59% tertiary migration and 41%  
primary migration, an energetically insignificant differ
ence. Secondly, in all of these reactions, bond migra
tion and A-cyano imine formation account for the great 
majority of products. Direct displacement of nitrogen 
to form cyanoaziridines is relatively unfavorable, al
though this alternative reaction undoubtedly does 
occur25 and the products do not survive our work-up 
conditions. If a carbonium ion intermediate were in
volved, one would expect much aziridine to be formed. 
If loss of nitrogen were concerted with rearrangement, 
however, little aziridine should be formed because of 
this difficulty of back-side displacement.

This argument assumes that rotation about the 
central C-C bond is slow, but this assumption is prob
ably correct, since dipolar attraction between the two 
charge-bearing groups would tend to hold the system 
rigid and prevent rotation.

(24) For a review, see E. H. W hite in “ The Chemistry of the Amino 
Group,”  S. Patai, Ed., Wiley, New York, N. Y ., 1968, Chapter 8.

(25) M . E. Hermes and F. D. Marsh, J . O rg . C h em ., 37, 2969 (1972).
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Marsh and Hermes have recently reported25 similar 
conclusions about the rearrangement mechanism based 
on their studies with acyclic olefins.

Conclusions

In summary, we have shown that the cyanogen azide 
ring expansion competes favorably with other methods 
and in many cases is superior. The starting materials 
are readily available, the reactions generally go in good 
yields, and there are no by-products to hinder isolation.

Experimental Section
Mehing points were taken on a Thomas-Hoover unimelt 

capillary apparatus, and are uncorrected. Infrared spectra 
were recorded on a Perkin-Elmer Model 337, and nmr data were 
obtained using Varian A-56/60A or Jeolco Minimar 60 Me 
spectrometers (TMS internal standard). Mass spectra were 
determined on a Hitachi Perkin-Elmer RMU-6E spectrometer. 
Vpc analysis and semimicro collection were performed on a 
Variar. Associates Model 90-P.

Caution! Cyanogen azide is a dangerous explosive which should 
only he generated and used in  solution. The pure material is 
extremely shock sensitive. We recommend preparing only the neces
sary amount just p rio r to use at concentrations not greater than j  M  
and at 0°.

General Preparation of Olefins.—All exocyclic olefins, with the 
exception of cyclopropylidene olefin 43, were prepared by the 
modification of the Wittig reaction employing methylsulfinyl 
carbar.ion-dimethyl sulfoxide.26 All olefins employed were 
>97% pure by vpc analysis on a 5 ft  X 0.25 in. 20% SE-30 
column.

General Preparation of 4 M  Cyanogen Azide (27%) Solution.—•
Finely powdered sodium azide (6.50 g, 100 mmol) was added 
rapidly with magnetic stirring to a 0° solution of 10.59 g of 
cyanogen bromide (100 mmol) (use hood!) in 25 ml of acetonitrile 
in a 50-ml stoppered erlenmeyer flask. After 4 hr of stirring at 
ice-bach temperature, the reaction was complete and the clear 
supernatant was withdrawn by syringe.

General Ring Enlargement Reaction.—One to four equivalents 
of 2-4 M  freshly prepared cyanogen azide solution was added to a 
2 M  solution of 1 equiv of olefin in an erlenmeyer flask containing, 
in most cases, 1 equiv of lithium perchlorate or, in special cases, 
silver fluoroborate. This mixture was capped with a rubber 
septum incorporating a syringe needle vent for nitrogen evolution 
and let stand at room temperature for 2 days to 2 weeks.

The reaction mixture was then treated with the same number 
of milliliters of 6 A  aqueous hydrochloric acid as millimoles of 
olefin and warmed to 35-40° for 3 hr. The mixture was poured 
into water and extracted with ether, washed with brine, dried 
(MgSQ4), percolated through a mat of basic alumina (20 g/g) 
topped with Celite (to remove high-boiling, explosive complex 
impurities and to maintain clarity), and evaporated at the water 
pump to yield the expected ketone(s).

Ring Enlargement of Methylenecyclobutane.—To a solution 
of 0.500 g (1.33 mmol) of methylenecyclobutane (8) in 11 ml of 
methanol was added via syringe 11 ml of 2 M  CNN3 and the 
mixture was let stand for 65 hr followed by the usual hydrolysis 
and ether work-up to give cyclopentanone in 52% yield by vpc

(26) R. Greenwald, M . Chaykovsky, and E. J. Corey, J . O rg. C h em .,
28, 1128 (1963).

analysis with cyclohexanone internal standard and identified by 
comparison with authentic sample.

Ring Enlargement of Methylenecyclopentane.—To a solution 
of 1.310 g (15.96 mmol) of freshly distilled 9 in 11 ml of methanol 
was added via syringe 11 ml of 2 M  CNN3. The mixture was 
let stand for 42 hr followed by the usual hydrolysis and work-up 
to produce cyclohexanone in 44% yield on vpc analysis based on 
cycloheptanone internal standard and identified by comparison 
with an authentic sample.

Ring Enlargement of Methylenecyclohexane.—A solution of 
methylenecyclohexane (480 mg, 5.0 mmol) was treated with 1.3 
equiv of CNN3 in a 12 ml of 1:1 acetonitrile-methanol for 48 hr 
and the product was hydrolyzed to give cycloheptanone (2,4- 
DNP mp 147-148°, l i t .23 mp 148°) in 80% yield.

Ring Enlargement of Methylenecycloheptane.—A solution of 
0.546 g (4.95 mmol) of freshly distilled 10 in 8 ml of methanol was 
treated via syringe with 8 ml of 2 M  CNN3 and the mixture was 
let stand for 41 hr. After hydrolysis and work-up in the usual 
fashion, cyclooctanone was realized in 41% yield based on vpc 
analysis with cyclohexanone internal standard and identified by 
comparison with an authentic sample.

Ring Enlargement of Methylenecyclooctane.—To a solution 
of freshly distilled 11 (5.10 mmol) in 11 ml of methanol was 
added via syringe 8 ml of 2 M  CNN3 and the mixture was let 
stand for 65 hr. The usual hydrolysis and work-up produces 
cyclononanone in 38% yield on vpc analysis using cycloheptanone 
internal standard and identified by comparison with an authentic 
sample.

Ring Enlargement of Methylenecyclododecane.—To a solu
tion of 16.4 g (91 mmol) of pure 12 and 9.68 g (91 mmol) of 
lithium perchlorate in 90 ml of ethanol was added via syringe 91 
ml of 4 M  CNN3. The mixture was let stand for 14 days and the 
usual hydrolysis and work-up procedure yielded 10.70 g (60%) 
of cyclotridecanone: bp 97-112° (0.4 mm); ir (neat) 1724
cm"1 (C = 0); nmr (CC14) 5 1.26 (s, 16 H), 1.45-1.90 (m, 4 II), 
2.22-2.53 (m, 4 H); semicarbazone mp 206.5-207° dec ( lit.27 
mp 205-206° dec).

Ring Enlargement of 16 with CNN3.—To a solution of 330 mg 
(3 mmol) of 2-methylmethyleneeyclohexane (16) in 5 ml of 
methanol was added via syringe 4.5 ml of 1 M  CNN3 and this 
mixture was let stand for 48 hr. After the normal hydrolysis 
and work-up, a mixture of two isomeric ketones, 14 and 15, was 
isolated in 80% overall yield in the ratio 52:48 as determined, 
separated, and collected on a 5 ft X 0.25 in. 15% FFAP (105°) 
60 ml/min column. 2-Methylcycloheptanone (14), which rep
resents the migration of the primary carbon center, was 
identified by spectral comparisons with an authentic sample.
3-Methylcycloheptanone (15), semicarbazone mp 179.5-180.5° 
(lit.6 mp 179-181°), which represents the migration of the 
secondary center, was formed in 48% yield relative to 14.

Ring Enlargement of 20 with CNN3.—To a solution of 0.4315 
g (3.474 mmol) of freshly distilled 20 in 5.5 ml of methanol was 
added via syringe 5.5 ml of 2 M  CNN3 and the reaction mixture 
was let stand for 90 hr. Hydrolysis and work-up in the usual 
fashion led to a mixture of isomeric ketones 18 and 19 formed 
in 59% overall yield in the ratio 41:59 via vpc analysis with 
cyclohexanone internal standard; separation and collection 
followed on a 5 ft X 0.25 in. 20% DECS (120°) 60 ml/min 
column. 2,2-Dimethylcycloheptanone (18) [ir (neat) 1705 
(C = 0), 1122, 1060 cm“ 1; nmr (CCfi) 8 1.13 (s, 6 H), 1.45-1.85 
(broad singlet, 6 H), 2.25-2.65 (m, 2 H); semicarbazone mp 
173-174° (lit.7 mp 174-175°)] corresponds to primary carbon 
center migration. 3,3-Dimethylcycloheptanone (19) [ir (neat) 
1700 (C = 0), 1292, 1249, 1208 cm“ 1; nmr (CC14) 8 0.93 (s, 
6 H), 2.10-2.40 (m, 2 H), 2.35 (s, 3 H); semicarbazone mp 191.5- 
192.5° ( lit.* 28 mp 184-185° and 2,4-DNP mp 120-120.5°)] 
resulted from tertiary carbon migration. When the reaction 
was repeated in the presence of 20% equiv of AgBF4, a 58% yield 
of products was obtained consisting of 32% 18 and 68% 19.

Ring Enlargement of 24 with CNN3.—A solution of 0.3255 g 
(2.355 mmol) of freshly distilled 24 in 3.5 ml of methanol was 
treated with 3.5 ml of 2 M  CNN3 via syringe and let stand for 
90 hr. After acid hydrolysis and work-up as usual, the expected 
isomeric ketones were obtained in 80% overall yield in 55:45 
ratio of 22 to 23 as determined with cyclohexanone internal 
standard, separated, and collected on a 5 ft X 0.25 in. 20%

(27) N. J. Leonard and C. W . Schimelphenig, J . O rg . C h em ., 23, 1708 
(1958).
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DEGS (120°) 60 ml/min column. 2,2,6-Trimethylcyclo-
heptanone (22) [ir (neat) 1699 ( 0 = 0 ) ,  1187, 1118, 1059 cm “ 1; 
nmr (CCh) 8 0.93 (s, 3 H ), 1.02 (s, 6 H), 1.25-1.85 (m, 6 H), 
1.25-1.85 (m, 6 H ), 1.86-2.76 (sextet, J =  10 Hz, 3 H), semi- 
carbazone mp 177.5-178.5° (lit.29 mp 194-195° and 2,4-DNP 
mp 136.5-137°)] resulted from secondary center migration.
2.6.6- Trimethylcycloheptanone (23) [ir (neat) 1701 (C = 0 ) ,  
1203, 1160, 970, 943 cm "1; nmr (CCh) 8 0.93 (d, J  =  2.5 Hz, 
6 H ), 1.07 (s, 3 H ), 1.36-1.70 (m, 6 H ), 2.31 (d, J  =  4.5 Hz, 
3 H ); semicarbazone mp 182-184° (lit.30 mp 185-187°)], also 
known as tetrahydroeucarvone, was formed by migrating the 
tertiary carbon center.

Ring Enlargement of 13 with Diazomethane.— To a stirred 
solution at 0° of 0.310 g (2.77 mmol) of 2-methylcyclohexanone 
in 40 ml of ether-85 ml of methanol containing 3.0 g of potassium 
hydroxide was added 2.28 g (10 equiv) of A'-nitrosomethylurea. 
The mixture was stirred at 0° in an iced brine solution for 5 hr, 
treated with 25 ml of 10% aqueous hydrochloric acid, filtered 
from urea salts, and poured into water. The product mixture 
was extracted with ether, washed with water and brine, dried 
(MgSO)( ), concentrated, and analyzed by vpc to give a good 
overall yield of two ring-enlarged products in a 30:70 ratio. 
2-Methylcycloheptanone and 3-methylcycloheptanone were 
shown to be identical by vpc and mass spectral comparison with 
authentic samples. Vpc analysis was performed on a 5 ft X 
0.25 in. 20% SE-30 (110°) 60ml/min column.

Ring Enlargement of 17 with Diazomethane.—To 0.325 g 
(2.58 mmol) of 2,2-dimethylcyclohexanone in 25 ml of ether-60 
ml of methanol containing 2.0 g of potassium hydroxide was added 
2.66 g (10 equiv) of .V-nitrosomethylurea. The resulting 
mixture was stirred for 5 hr at 0°. Then 5 ml of 10% aqueous 
hydrochloric acid was added, and the mixture was filtered from 
urea salts and extracted with ether. The ethereal extract was 
washed with water and brine, dried (MgSCh), and concentrated. 
Vpc analysis indicated ca. 5%  of ring-expanded products in 
27:73 ratio with almost completely unreacted starting material.
2,2-Dimethylcycloheptanone and 3,3-dimethycycloheptanone 
were separated on a 5 ft X  0.25 in. 20% DEGS (120°) 60 m l/ 
min column and found to be identical with authentic samples by 
comparison of mass-spectral fragmentations.

Ring Enlargement of 21 with Diazomethane.— To 0.1 g of
2.2.6- trimethylcyclohexanone in 40 ml of ether-140 ml of 
methanol containing 10.0 g of potassium hydroxide was added 
7.31 g (100 equiv) of -V-nitrosomethylurea. The mixture was 
stirred at 0° in a solid ice-Dry Ice bath which was allowed to 
come to room temperature in 5 hr and let stir for 25 hr total. 
The mixture was worked up as above and shown by vpc [on 
a 5 ft X 0.25 in. 20% DEGS (120°), 60 ml/min] to be 99% 
starting material.

Ring Expansion of 3-Methylene-5a-cholestane.— 3-Methylene- 
cholestane (800 mg, 2.1 mmol) was placed in a small flask with 5 
ml of 1:1 ethyl acetate-methanol. Cyanogen azide (10 ml of a 
1 M  solution in ethyl acetate) was added and the reaction was 
stirred for 4 days. Hydrolysis followed by the usual work-up 
gave a semicrystalline mixture of ketone 26 and 27 contaminated 
with unreacted olefin. Chromatography on basic alumina gave 
470 mg (55% ) of the pure ketone mixture. The exact composi
tion of the mixture was determined by the ORD method of 
Levisalles.8 A solution of 19.2 mg of ketone mixture in CH3OH 
gave 8 0.092; [a] 472°; [4>]307 +1880°. This corresponds to a 
product distribution of 53% 26 and 47% 27.

Ring Expansion of 3-Methylene-17+hydroxyandrostane.31—  
A solution of 32 (60 mg, 0.20 mmol) in 5 ml of 1:1 ethyl acetate- 
methanol was treated with 1 ml of 2 M  CNN3 solution and the 
reaction was allowed to stand for 7 days. Hydrolysis followed 
by the usual work-up and preparative layer chromatography of 
the product gave 17 mg (26% ) of the ketone mixture 30 and 31. 
The composition of the mixture was determined by the ORD 
method of Levisalles.8 The calculated value was ['*>]3o2 +1277°, 
which, from a knowledge of ORD values for the pure ketones,32 
allows one to determine the composition of the mixture as 56% 
30 and 44%  31.

(28) E. L. Eliel and E. C. Gilbert, J . A m e r . C h em . S o c ., 91, 5492 (1969).
(29) A. Eschenmoser, H. Schinz, R. Fisher, and J. Cologne, H elv . C h im . 

•1 eta , 34, 2329 (1951).
(30) R. A. Barnes and W. J. Houlihan, J . O rg . C h em ., 2 6 , 1609 (1961).
(31) This experiment was performed by Mr. Carl Hering.
(32) J. B. Jones and J. M. Zander, C a n . J .  C h em ., 46, 1913 (1968).

Ring Enlargement of 33.— Ethylidenecyclohexane (33) was 
treated with 1.3 equiv of CNN3 in 1:1 acetonitrile-methanol for 
48 hr and the product was hydrolyzed. 2-Methylcycloheptanone 
(2,4-DNP mp 121-122°, lit.1 mp 121-122°) was obtained in 80% 
yield.

Ring Enlargement of 35. A General Annelation Reaction.—
A solution of 1.04 g (5.0 mmol) of 35 and 0.532 g (5.0 mmol) 
of lithium perchlorate in 2.5 ml of ethanol was treated with 8 ml 
of 4 M  CNN3 and the solution was let stand for 8 days. The 
reaction mixture was hydrolyzed and worked up to give 1.0 g of 
clear oil, which was shown to be free of ketal functionality by 
nmr spectra analysis of the crude product. This mixture of 
intermediate diketones and keto ketols was treated with 100 ml 
of 4%  ethanolic potassium hydroxide. The solution was heated 
for 4 hr at reflux and stirred for a further 14 hr at room tempera
ture to effect the aldol condensation. The mixture was poured 
into water, extracted with ether, washed with water and brine, 
dried (MgSCL), concentrated, and microdistilled [bath tempera
ture 135° (0.7 mm)] to give 0.90 g of enone Ai:n)-bicyclo[5.4.0J- 
undecen-10-one (36) as a mixture of a,/3 and j3,y isomers: ir 
(neat) 3040, 1710 (C = 0 ) ,  1675 (unsaturated C = 0 ) ,  1244, 
1196, 883 cm “ 1; nmr (CCh) 8 0.57-1.02 (m, 6 H), 1.05-1.35 
(m, 2 H), 1.35-1.82 (m, 6 H), 1.82-2.78 (m, 2 H ), 5.56-5.82 
(s, 1 H ); semicarbazone mp 212-214° (lit.83 mp 212-214°).

Cyclopropylidenecyclohexane (43).— A solution of 1.925 
g (5 mmol) of cyclopropyltriphenylphosphonium bromide in 18 
ml of freshly distilled tetrahydrofuran under nitrogen was treated 
with 5.5 ml of 1.0 M  n-butyllithium and refluxed for 1 hr, and
1.0 ml (ca. 10 mmol) of cyclohexanone was added. The reac
tion mixture was stirred for 24 hr at 45°, poured into water, and 
extracted with pentane. The pentane extracts were washed 
well with 100-ml portions of saturated sodium bisulfite and water, 
dried (MgSO,), passed through 20 g of basic alumina, filtered, 
and evaporated to yield 0.47 g (77% ) of 43: ir (neat) 3065, 
1258, 1234, 1072, 1001, 902 , 861, 699 cm -’ ; nmr (CCh) 8 0.87-
1.04 (m, 4 H ), 1.38-1.80 (m, 6 H ), 1.97-2.50 (m, 4 H).

Ring Enlargement of Cyclopropylidenecyclohexane.— A solu
tion of 0.427 g (3.5 mmol) of cyclopropylidenecyclohexane and 
0.372 g (3.5 mmol) of lithium perchlorate in 15 ml of 14:1 
ethanol-acetonitrile was treated with 4 ml of 4 M  CNN3 and the 
mixture was let stand for 7 days. Hydrolysis and work-up in the 
usual fashion followed by microdistillation [bath temperature 
135° (19 mm)] gave 180 mg (37% ) of material which by vpc 
analysis on a 5 ft X 0.25 in. 20% DEGS (135°) 60 ml/min 
column was shown to be 76% of a mixture of ring-expanded 
isomers 44 and 45 in a 60:40 ratio, and 24% of unidentified 
product. Spiro[2.6]nonan-4-one (44) [ir (neat) 3105, 3020, 
1690 (unsaturated C = 0 ) ,  1191, 1145, 1103, 907, 875, 828 
cm -1; nmr (CCh) 8 0.68 (quartet of doublets, J  =  3, J ' =  1 Hz, 
2 H), 1.25 (quartet of doublets, J  =  3, . / '  =  1 Hz, 2 H ), 1.71 
(s, 8 H), 2.40-2.77 (m, 2 H); 2,4-DNP mp 115-115.5° (as deep 
red crystals) (lit.34 mp 110- 111°)] represents the cyclohexyl ring 
migration product. Spiro[3.5]nonan-l-one (45) had ir (neat 
1780 (C = 0 ) ,  1150, 1115, 1055 cm “ 1; nmr (CCh) 8 1.20-1.95 (m, 
12 II), 2.86 (t, J =  8.5 Hz, 2 H ); 2,4-DNP mp 134.5-135° 
(lit.36 mp 134-135°). The ir and nmr spectra are in agreement 
with published results.36

Ring Enlargement of 37.— A solution of 0.632 g (5.09 mmol) 
of freshly distilled 37 and 0.532 g (5.0 mmol) of lithium per
chlorate was treated with 10 ml of 4 M  CNN3 ar.d the mixture was 
let stand for 7.7 days. Hydrolysis and work-up in the usual 
fashion gave an 85% total yield of two isomeric ketones 39 and 
38 in a 53:47 ratio by vpc analysis, with 38 as a mixture of 
epimers at C3. The ketones were separated and collected on a 
5 ft X 0.25 in. 20% DEGS (135°) 60 ml/min column. 2,7- 
Dimethylcyeloheptanone (39) [ir (neat 1707 (C = 0 ) ,  1370, 
1010, 960, 930 cm -1; nmr (CCh) 8 0.95 and 1.07 (two doublets, 
J = J ' =  1 Hz, 6 II total), 1.19-2.21 (m, 8 H), 2.20-2.95 (s, 2 
H)] represents the migration of the primary carbon center and 
was unequivocally identified by mass spectral analysis of a

(33) V. Prelog, P Barman, and M. Zimmerman, H elv . C h im . A c ta , 32, 
1284 (1949).

(34) P. Leriverend and J. M. Conia, B u ll . S oc . C h im . F t ., 121 (1966).
(35) E. R. Buchman, D. H. Deutsch, and G. I. Fujimoto, J . A m e r .  

C h em . S o c ., 76, 6228 (1953).
(36) B. M. Trost, R. LaRochelle, and M. J. Bogdanowicz, T etra h ed ron  

L ett., 3449 (1970).
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sample collected from a deuterium exchange vpc column* 87 (8 ft X 
0.25 in.) [mass spectrum (80 eV) m/e (rel intensity) 143, 142, 
141, 140 (M +, 10, 100, 74, 81)]. 2,3-Dimethylcycloheptanone 
(38) [ir (neat) 1712 (C = 0 ) ,  1317, 1158 cm“ 1; nmr (CC14) « 
0.97 (s, 3 H ), 1.06 (d, /  =  3 Hz, 3 H ), 1.22-1.97 (m, 6 H ), 
1.97-2.61 (m, 3 H)] results from migrating the secondary carbon 
center and is an epimeric mixture at C3. It was positively 
identified via mass spectra data of a collection from the deuterium 
exchange column as being 38-2,7,7-d.z [mass spectrum (80 eV) 
m/e (rel intensity) 143,142, 131,140 (M +, 100, 75, 50, 8)].

Ring Enlargement of 40.— A solution of 0.69 g (5.04 mmol) 
of freshly distilled 40 and 0.532 g of lithium perchlorate in 2.5 ml 
of ethanol was treated with 10 ml of 4 M  CNN3 and let stand for
7.7 days. The usual hydrolysis and work-up gave an 85% 
yield of the expected isomeric ketones 42 and 41 in a 56:44 
ratio by vpc analysis. The ketones were separated and collected 
on a 5 ft X 0.25 in. 20%  DEGS (135°) 60 ml/min column.
2,2,7-Trimethylcycloheptanone (42) [ir (neat) 1710 (C = 0 ) ,  
1370, 1017 cm -1; nmr (CCh) S 1.03 (s, 9 H), 1.31-2.01 (m, 8 H), 
2.56-3.09 (m, 1 H)[ resulted from primary carbon migration; 
and conclusive evidence was obtained from a mass spectral 
analysis of a deuterium exchange column collection of 42-7-d, 
[mass spectrum (80 eV) m/e (rel intensity) 157, 156, 155, 154 
(M +, 0, 2, 20, 100)]. 2,3,3-Trimethylcycloheptanone (41) 
[ir (neat) 1705 (C = 0 ) ,  1380, 1355 cm -1; nmr (CCh) 5 0.85 
(s, 3 H), 0.96 (d, J  =  7 Hz, 3 H), 0.98 (s, 3 H), 1.62 (broad 
singlet, 6 H), 2.17-2.55 (m, 2 H ), 2.43-2.96 (quartet, J  = 7 
Hz, 1 H)[ was the result of tertiary carbon center migration and 
was unequivocally identified by deuterium-exchange vpc column 
collection followed by mass spectral analysis of 41 -2,7,7-dz 
[mass spectrum (80 eV) m/c (rel intensity) 157, 156, 155, 154 
(M+, 57, 100, 14, 10)].

Ring Enlargement of 47.— A solution of 0.486 g (3.0 mmol) 
of 47 in 3.0 ml of ethanol was treated with 1.2 ml (1.6 equiv) 
of 4 M  CNN3 to which was added 4.8 ml of acetonitrile and the 
mixture was let stand for 47 hr. Hydrolysis followed with 3.75 
ml of 6 A  aqueous hydrochloric acid for 30 min at room tempera
ture and the usual ether work-up afforded 0.27 g of yellow oil 
(50% ) of two ring-expanded products in the ratio 70:30 as 
determined by vpc analysis on a 5 ft X 0.25 in. 20% SE-30 
(160°) 60 ml/min column. The ketones were separated and 
collected on a 5 ft X 0.25 in., 15% Carbowax 20M (160°) 60 
ml/min column. l,2,3,4,4a,5,6,8-Octahydro-4a-methyl-7H-ben- 
zocyclohepten-7-one (48) [ir (neat) 1705 cm -1 (C = 0 ) ;  nmr 
(CDC13) 8 0.99 (s, 3 H), 5.48 (m, 1 H )[, in which vinyl migration 
had occurred, was formed in 70% yield. 1,2,3,4,7,8,9,9a- 
Octahvro-9a-methyl-6H-benzocyclohepten-6-one (49) [ir (neat)

(37) M. Senn, W. J. Richter, and A. L. Burlingame, J . A m e r . C h em . S o c
87, 680 (1965).

1650 (unsaturated C = 0 ) ,  1620 cm "1; uv max (95% EtOH) 
240 nm (e 8000); nmr (CDC13) 8 1.22 (s, 3 H), 5.74 (s, 1 H)] was 
formed in 30% yield.

When the reaction was repeated with the addition of silver 
fluoroborate (0.585 g, 3.0 mmol), work-up gave 0.45 g (84%) of 
products in a ratio of 72% 48, 28% 49.

Ring Enlargement of 50 in the Presence of Ag+.— A solution 
of 0.176 g (1 mmol) of freshly distilled 50 in 1.0 ml of ethanol was 
treated with 0.4 ml (1.6 equiv) of 4 M  CNN3 to which was added
1.6 ml of acetonitrile, and the mixture was let stand for 47 hr. 
Hydrolysis followed with 1.25 ml of 6 A  aqueous hydrochloric 
acid for 30 min at room temperature and standard ether work-up 
gave a 60% yield of two ring-expanded products, 52 and 51 
in the ratio 87:13 as determined, separated, and collected on a
5 ft X 0.25 in. 20% DEGS (165°) 60 ml/min column. 1,2,3,4- 
7,8,9,9a-Octahydro-7,9a-dimethyl-6i/-benzocyclohepten-6 - one 
(52) [ir (neat) 1675 (unsaturated C = 0 ) ,  1645, 1620, 850 cm -1; 
uv max (95% EtOH) 243 nm (e 7500); nmr (CC14) 8 1.02 and
1.06 (two doublets, J = J' =  7 Hz, 3 H total), 1.19-1.21 (two 
singlets, 3 H total), 5.67 (s, 1 H )], the unexpected alkyl migra
tion product, was formed in 87% yield as a mixture of epimers at 
the C3 methyl group. l,2,3,4,4a,5,6,8-Octahydro-4a,8-di- 
methyl-7H-benzocyclohepten-7-one (51) [ir (near) 1705 (C = 0 ) , 
1660 cm -1; nmr (CC14) 8 0.95 and 0.97 (two doublets, J  =  J' =
6 Hz, 3 H total), 1.07 (s, 3 H), 5.38-5.65 (m, 1 H )], the Ci vinyl 
migration product, was formed in 13% yield.

When the reaction was repeated with the addition of AgBF, 
(0.195 g, 1.0 mmol), a near-quantitative yield of products was 
obtained consisting of 83% 52 and 17% 51.
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The title compounds (la -g ) react with nitrosating agents at —60° to produce carboxylic acids and xanthone. 
The reaction is proposed as an alternate approach to carboxylic acid preparation when direct nitrosation of an 
amide fails. The reaction is shown not to proceed by the usual nitrosoamide decomposition mechanism from the 
fact that nitrosation of iV-(9-xanthyl)benzamide-car6o7ij/Z-lsO produced xanthone containing no oxygen-18 and 
benzoic acid containing all of the oxygen-18. Mechanism studies were hampered owing to xanthone formation 
from several substrates. Plausible reaction intermediates were prepared and were found to produce xanthone on 
nitrosation. Thus attempts to trap intermediates were not successful.

Thermal nitrosoamide decomposition holds an im
portant position in both synthetic and theoretical 
organic chemistry. Reaction yields arc generally 
good and the products are easily isolated in pure con
dition. Alkyl nitrosoamides produce esters, acids, 
diazoalkancs, and olefins as major products. The 
actual products obtained in a particular reaction depend 
mainly on the structure of the alkyl group and the 
solvent polarity.1

In attempting to prepare 9-diazothioxanthene, we 
found that nitrosation of 9-acetylamidothioxanthene 
at —60° with dinitrogen tetroxide in tetrahydrofuran 
solution produced only acetic acid and thioxanthone. 
A-Nitroso-9-acctylamidothioxanthene was not ob
served. Also, we found that nitrosation of 9-acyl- 
amidoxanthencs (1) produced the corresponding car
boxylic acid and xanthone (2) as the only products. 
Although nitrosation of N-unsubstituted amides is a 
useful method for converting carboxamides to car
boxylic acid, the conversion of N-substitutcd amides 
into acids by nitrosation is not a generally useful 
reaction.1’2 Thus we investigated the nitrosation of
9-acylamidoxanthencs for its synthetic utility. Also, 
we studied the reaction from a mechanistic point of 
view, since the facile conversion of 1 into a carboxylic 
acid and 2 without isolation or detection of a A - 
nitrosoamide indicated a deviation from the usual 
nitrosoamide decomposition mechanism.1 These stud
ies are the subject of this paper.

0
II

HNCR 0

Nitrosation of the 9-acylamidoxanthcnes3 with ni
trous acid, dinitrogen tetroxide, or nitrosyl chloride 
was successful only for the latter two reagents. Di
nitrogen tetroxide was used extensively in the syn
thetic studies while both dinitrogen tetroxide and 
nitrosyl chloride were used in the mechanism studies. 
Reaction yields with nitrosyl chloride were compa
rable to the yields obtained using dinitrogen tetroxide,

(1) (a) E. H. White and D. J. Woodcock, “Chemistry of the Amino 
Group,” S. Patai, Ed., Wiley, New York, N. Y., 1968, Chapter 8; (b) T. J. 
Lobl, J . C h em . E d u c ., 4 9 , 730 (1972).

(2) (a) C. A. Buehler and D. E. Pearson, “Survey of Organic Synthesis,” 
Wiley-Interscience, New York, N. Y., 1970, p 752; (b) B. C. Challis and 
J. A. Challis, “The Chemistry of Amides," J. Zabicky, Ed., Wiley, New York, 
N. Y., 1970, Chapter 13.

(3) R. F. Phillips and B. M. Pitt, J . A m e r .  C h em . S o c ., 6 5 , 1355 (1943).

but a thorough comparison of the two reagents was 
not made. Product yields were best when the sodium 
salt of the 9-acylamidoxanthene was used. The 
results given in Table I show the yields of carboxylic

T able  I
N itrosation  of 9-A cylamidoxanthenes (1)

0
II

HNCR

C om p d R A cid “  ( %  y ie ld )6
%

xanthon e

la CtH4CH; p-Toluic (55) 78
lb O C Ä Ethylbicarbonic (95)' 99
lc c ,h 5 Benzoic (60) 75
Id 1-Naphthyl 1-Naphthoic (50) 78
le c h 2c 6h 5 Phenylacetic (42} 80
If CH fC.H ,), Di-ZerZ-butylacetic (62) 99
lg C(C6H5)3 Triphenyacetic (40) 99

“ Identified by comparison with authentic material. 6 Yields
of isolated pure acid. c Identity and yield determined by nmr 
spectroscopy.

acids and xanthone obtained from nitrosation of the
9-acylamidoxanthene A-sodium salt with dinitrogen 
tetroxide at —60° in tetrahydrofuran solution. We 
were unable to detect any A-nitroso compound by 
nmr spectroscopy at low temperatures.4 We could 
observe that the carboxylic acid salt and xanthone 
were formed almost immediately after the addition 
of dinitrogen tetroxide. Nmr spectroscopy showed 
that the amount of carboxylic acid salt formed was 
equal to the amount of xanthone formed. We were 
able to isolate pure xanthone in good yield (75-99%), 
but the carboxylic acid was isolated in lower yields 
(40-62%) despite numerous attempts to improve 
the isolation procedure. We did not find any other 
products which would give a quantitative material 
balance.

Direct nitrosation of carboxamides is generally a 
good method for preparing carboxylic acids. How
ever, in the event that direct nitrosation fails, the 
nitrosation of 9-acylamidoxanthenes should be con
sidered as a potentially useful alternate route.

The usual intermediate in nitrosoamide decom
position is a diazo ester formed by the combination 
of a carboxylate anion and a carbonium ion.la In

(4) R. A. Moss, T etra h ed ron  L e tt ., 611 (1961).
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our case the expected diazo ester structure from le 
would be that shown below (A). Diazo ester A could

0 0

oL O ch3N =N O C — ^  ^

|| iT v V ' tiJ)

A 3

decompose to the ester 3 and then oxidize to 2. We 
found, however, that nitrosation of A-(9-xanthyl)- 
benzamide labeled with oxygen-18 in the carbonyl 
position produced xanthone and benzoic acid with all 
of the oxygen-18 being retained in the benzoic acid.

This result shows that the normal mechanism for 
diazo ester production in diazo amide decompositions 
is net operative in this system. Other methods for 
forming a diazo ester are possible, however; so we 
cannot say that a diazo ester is not an intermediate. 
Ester formation is possible even though we did not 
detect any ester product. Nitrosation of 9-xanthyl p- 
toluate (3) produced toluic acid and xanthone, thus 
showing that 9-xanthyl esters do not survive the 
reaction conditions.

Attempts to trap free radical diazo,5 6 carbenic,6 
free radical,7 and ionic intermediates8-10 were unsuc
cessful, as all attempts produced only xanthone. 
Nitrosation of some preformed possible intermediates 
also produced xanthone. Reactions which produced 
xanthone are summarized in Table II. The main

T able  II
Xanthone-Producing Reactions

Substrate Nitrosating agent Trapping agent
la n 2o 4 LiC104, NaN3
lb n 2o 4 (C2H5)3SiH, ethane- 

dithiol, cyclohexene, 
vinyl acetate, 
methyl vinyl ketone

Xanthylium perchlorate N20 4, NOC1
Xanthylium perchlorate n 2o 4 NaN.-,
9-Chloroxanthene NOC1, N20 ,
Xanthydrol n 2o 4

problem with these studies is that xanthone is formed 
easily and in high yield (>80% ) from many different 
substrates and nitrosating agents regardless of the 
presence of a trapping agent. These reactions may 
proceed by different mechanisms and thus no firm 
mechanistic conclusions can be drawn. Further ex
emplifying this dilemma is the fact that the reaction 
of 9-chloroxanthene with silver nitrate solution also 
produced xanthone.

Thus our main mechanistic conclusion based on the 
oxygen-18 labeling results is that A-nitroso-9-acyl- 
amidoxanthenes decompose by a mechanism which

(5) J. Hamer, “ 1,4-Cycloaddition Reactions,” J. Hamer, Ed., Academic 
Press, New York, N. Y., 1967, Chapter 1.

(6) W. Kirmse, "Carbene Chemistry,” Academic Press, New York, N. Y., 
1971 Chapter 8.

(7) W. A. Pryor, “Free Radicals,” McGraw-Hill, New York, N. Y., 1966, 
Chapter 21.

(8) D. Bethell and V. Gold, “Carbonium Ions an Introduction,” Academic 
Press, New York, N. Y., 1967, Chapter 6.

(9) F. A. Carey and H. S. Tremper, J . A m e r .  C h em . S o c ., 9 0 , 2578 (1968);
9 1 , 2944 (1969).

(ID) C. G. Swain, C. B. Scott, and K. H. Lohmann, ib id ., 7 5 , 136 (1953).

deviates from the usual nitrosomide decomposition 
mechanism. At present we prefer a mechanism which 
involves separate carboxylate ions and the stable 
xanthylium cation.8 9 *'11

Experimental Section
All temperature readings are uncorrected. Nmr spectra were 

obtained on a Varian T-60 instrument. Mass spectral measure
ments were made on a Varian MAT-111 spectrometer at 70 eV.

Materials.— Pure xanthydrol (mp 122-124°) was obtained 
after several recrystallizations of commercial xanthydrol from 
ether-hexane. Urethane and benzamide were obtained from 
commercial sources. Phenylacetamide (mp 152-154°), p- 
toluamide (mp 158-159°), 1-naphthamide (mp 186-188°), and 
triphenylacetamide (mp 244-245°) were obtained from reaction 
of the corresponding acid chlorides with anhydrous ammonia 
in dry benzene. Di-iert-butylaeetamide (mp 109-110°) was ob
tained by a reported procedure in 44%  yield.12

9-Acylamidoxanthenes (la -g ) were prepared by the method of 
Phillips and Pitt.3 A mixture of freshly recrystallized xanthydrol 
(0.015 mol) and an amide (0.007 mol) was heated at 80° in 125 
ml of glacial acetic acid for 30 min. The mixture was then 
allowed to stand in a refrigerator overnight, during which the 
desired material crystallized. Pure material was obtained by 
recrystallization from 1:1 dioxane-water solution. The re
maining filtrate was diluted with water (125 ml) and extracted 
with ether. Removal of the ether furnished any unreacted amide 
almost quantitatively. Yields of la -g  ranged from 20 to 99% 
(lg , 20% ). The nmr spectra (CDC1,) of these compounds ex
hibited complex signals at r 2.4-2.6 for the aromatic protons, 
the amide proton, and the carbinyl proton. Infrared spectra 
(KBr) showed absorptions at 3300-3460 (NH ) and 1640-1690 
cm -1 (C = 0 ) .  Compounds lb , Id, If, and lg  are new com
pounds which gave satisfactory elemental analyses. Observed 
melting points follow: la, 226-228° (224-225°3); lb , 164-166°; 
lc , 224-226° (222-223°®); Id, 244-245°; le , 197-198° (194- 
195°3); If, 89-92°; lg , 83-85°.

Nitrosation of la-g.-—Into a 38 X  150 mm test tube equipped 
with a drying tube and magnetic stirring bar were placed 50 
ml of tetrahydrofuran (distilled from lithium aluminum hydride) 
and 0.20 g (0.0083 mol) of sodium hydride which had been 
washed free of mineral oil with anhydrous ether. The 9-acyl- 
amidoxanthene (0.006 mol) was added and the mixture was 
stirred at room temperature overnight, during which the white 
suspension changed to a yellow solution. A rubber stopper 
fitted with glass inlet and outlet tubes equipped with calcium 
chloride drying tubes was inserted into the mouth of the test 
tube and the mixture was cooled to —60° in a Dry Ice-isopropyl 
alcohol bath. Dinitrogen tetroxide (0.05 mol) was bubbled into 
the mixture at —60°. After standing at —60° for 10-15 min, 
the mixture was poured into 15-20 ml of ice-water and made 
slightly acidic with dilute hydrochloric acid. The mixture was 
extracted thoroughly with ether. The dried (MgSOi) ether 
solution was concentrated on a rotary evaporator to produce a 
mixture of acid and xanthone. The acid was separated by dis
solving in sodium bicarbonate solution, acidification, and ex
traction into ether which after drying and evaporation furnished 
the pure acid (Table I). The products were identified by com
parison with authentic material. Aqueous work-up did not 
change the outcome of the reaction and made the purification 
easier. A similar reaction of lb  with dinitrogen tetroxide in an 
nmr tube at —20° failed to produce evidence for the presence of 
a V-nitroso function,1 but showed that the reaction was es
sentially complete in 5-10 min and the yields were quantitative.

Preparation of 9-Xanthydryl p-Toluate (3).— To a mixture of
3.4 g (0.025 mol) of p-toluic acid was added 2 ml (0.028 mol) of 
thionyl chloride in 50 ml of benzene. The mixture was heated 
at reflux overnight (10 hr) and the benzene and excess thionyl 
chloride were removed on a rotary evaporator. The oily product 
was added to 5.0 g (0.025 mol) of freshly recrystallized xan-

(11) Deviation from the usual nitrosoamide decomposition mechanism is 
known to occur when a highly reactive carbonium ion is involved [see E. H. 
White, H. P. Tiwari, and M. J. Todd, ib id ., 9 0 , 4734 (1968)]. Our studies 
suggest deviation from the usual mechanism when an especially stable car
bonium ion is involved.

(12) M. S. Newman, A. Arkell, and T. Fukunaga, ib id ., 8 2 , 2498 (1960).
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thydrol in dry benzene solution. The benzene was removed on a 
rotary evaporator to produce an oil which furnished 1.5 g (19%) 
of pure 3, mp 84-85°, on addition of ethanol. The nmr spectrum 
(CD Cb) showed absorptions at t 2.1 (complex, aromatic and 
carbinyl protons, 13 H ) and 7.5 (3 H, methyl). Anal. Calcd 
for C2iHj60 3: C, 79.7; H, 5.1. Found: C, 79.7; H, 4.9.

Reaction of 3 with Dinitrogen Tetroxide.— A solution of 0.48 g 
(0.0015 mol) of 3 in 50 ml of dry tetrahydrofuran was treated at 
— 60° with 3.0 g (0.032 mol) of dinitrogen tetroxide. After 15 
min, the tetrahydrofuran was removed on a rotary evaporator. 
The remaining mixture was identified as xanthone and p-toluic 
acid by nmr. Separation by extraction with sodium bicarbonate 
solution followed by acidification furnished pure p-toluic acid 
and xanthone, each in 67% yield.

Preparation of N -(9-Xanthyl )benzamide-carbonyl-180 .— 
Water (2.0 g, 0.10 mol) containing 3.15% oxygen-18 enrich
ment (Prochem) was added in a nitrogen atmosphere to 14.0 g 
(0.10 mol) of benzyl chloride. The mixture was stoppered and 
left standing for several days. D ry benzene was added and the 
mixture was dried by azeotropic distillation of any water present. 
Thionyl chloride (14.3 g, 0.12 mol) was added and the mixture 
was heated at reflux for several hours. Excess benzene and 
thionyl chloride were removed on a rotary evaporator and more 
dry benzene was then added. Dry ammonia was bubbled through 
the benzene solution. Benzamide (12.0 g, 99% ) precipitated. 
Mass spectral analysis showed a 1.3 atom %  oxygen-18 enrich
ment in the carbonyl oxygen. Reaction of 1.5 g (0.015 mol) of 
benzamide-180  with xanthydrol according to the procedure given 
previously for the formation of 9-acylamidoxanthenes produced
2.2 g (61% ) of l\T-(9-xanthyl)benzamide-car&<mpP80  with 
an 180  enrichment of 1.3% as determined by mass spec
trometry.

Nitrosation of :V-(9-Xanthyl)benzamide-180 .— :V-(9-Xanthyl)- 
benzamide-180  (1.50 g, 0.0052 mol) and 0.20 g (0.0083 mol) of 
mineral oil free sodium hydride in dry tetrahydrofuran were 
stirred in a nitrogen atmosphere overnight. Dinitrogen tetrox
ide (4.0 g, 0.043 mol) was added at —60° during 15 min. The 
mixture was poured into water and worked up as described above 
to give xanthone in 100% yield and benzoic acid in 63% yield. 
Analysis by mass spectrometry showed that no oxygen-18 was 
present in the xanthone, but the benzoic acid contained a 1.3 
atom %  enrichment of the oxygen-18. The m/e 122 (parent) and 
124 (P +  2) peaks were used in this analysis. Identical results 
were obtained in three separate runs.

Trapping Experiments Using A’ -(9-Xanthyl)urethane (lb ).—  
Sodium hydride (0.20 g, 0.0083 mol) washed free of mineral oil 
was added to a solution of 1.2 g (0.0047 mol) of iV-(9-xanthyl)- 
urethane (lb ) in 50 ml of dry ether and the mixture was stirred 
overnight. Dinitrogen tetroxide (4.0 g, 0.042 mol) was added 
at —60° during 15 min. Methyl vinyl ketone (2.3 g, 0.033 mol) 
was then added and the mixture was allowed to warm to 0°. 
The mixture was extracted with ether and the organic phase was 
separated, dried (MgSO<), and concentrated at 0° on a rotary 
evaporator. The product consisted of 93% xanthone and an 
unidentified red oil which appeared to be a mixture of polymeric 
methyl vinyl ketone or a product from the reaction of methyl 
vinyl ketone with dinitrogen tetroxide as determined by nmr and 
ir spectroscopy.

Spectral evidence was not found for any reaction between 
methyl vinyl ketone and a product derived from lb . Similar 
experiments using cyclohexene or vinyl acetate as trapping agents 
produced xanthone without evidence for any participation of the 
trapping agent in the decomposition reaction of lb . No ob
servable change occurred when either chloroform or tetrahydro
furan were used as solvents. Ethanedithiol (excess) did not 
alter the course of the reaction.

Trapping Experiments Using Ar-(9-Xanthyl)-p-toluamide (la ). 
— Sodium hydride (0.20 g, 0.0083 mol) was added to a mixture 
of 1.20 g (0.0038 mol) of A'-(9-xanthyl)-p-toluamide (la ) in 50 
ml of dry tetrahydrofuran and the mixture was stirred overnight. 
Sodium azide (1.54 g, 0.024 mol) was added and the mixture 
was cooled to —60°. Dinitrogen tetroxide (2.0 g, 0.22 mol) was 
added at —60° and the mixture was allowed to warm to 0°.

Tetrahydrofuran was removed at 0° on a rotary evaporator. 
Examination of the crude mixture by ir and nmr spectroscopy 
failed to show evidence for the presence for the presence of 9- 
azidoxanthene. Separation and purification of the components 
showed that the mixture consisted of la , xanthone, and p-toluic 
acid in 20, 73, and 43% yields, respectively.

Using triethylsilane (0.018 g) instead of sodium azide resulted 
in the precipitation of a white, high-melting, nonflammable 
material assumed to be the product of a reaction between di
nitrogen tetroxide and triethylsilane. The remaining reaction 
mixture was poured into water and extracted with ether. An 
80% recovery of starting material was obtained.

Addition of lithium perchlorate (0.013 mol) did not affect the 
reaction, as xanthone and p-toluic acid were obtained in 70 and 
50% pure yield, respectively.

Reaction of N - (9-Xanthyl)-p-toluamide (la ) with Nitrosyl 
Chloride.— The sodium salt of la (0.0032 mol) was prepared as 
described above. Nitrosyl chloride (3.0 g, 0.46 mol) was added 
at —60° and the mixture was allowed to warm to 0°. Removal 
of the tetrahydrofuran on a rotary evaporator followed by the 
usual work-up gave a mixture of xanthone (80% ) and p-toluic 
acid (80% ).

Reactions of 9-Xanthyl Perchlorate.18 A. Dinitrogen Tetrox
ide.— 9-Xanthyl perchlorate (0.55 g, 0.0020 mol) and 0.25 g 
(0.0039 mol) of sodium hydride in 50 ml of dry tetrahydrofuran 
were treated at —60° with 5.4 g (0.060 mol) of dinitrogen 
tetroxide. After 15 min, the mixture was concentrated on a 
rotary evaporator. Xanthone was the only product observed 
(quantitative yield).

B. Nitrosyl Chloride.— The same procedure described in A 
above was used except that 3.0 g (0.046 mol) of nitrosyl chloride 
was used in place of dinitrogen tetroxide. Xanthone was the 
only product obtained.

C. Dinitrogen Tetroxide and Sodium Azide.— 9-Xanthyl 
perchlorate (1.0 g, 0.0035 mol) and 0.25 g (0.0039 mol) of sodium 
azide in 50 ml of dry tetrahydrofuran were treated at —60° with
5.4 g (0.06 mol) of dinitrogen tetroxide. After 15 min the mixture 
was concentrated on a rotary evaporator, leaving a red oil which 
gave ir and nmr spectra identical with those of xanthone. Ad
dition of 1 ml of hexane followed by cooling overnight at —5° 
produced 0 .1 0g (1 4% )o f pure xanthone.

Reactions of 9-Chloroxanthene.13 14 A. Dinitrogen Tetroxide 
or Nitrosyl Chloride.— 9-Chloroxanthene (1.1 g, 0.0050 mol) in 
dry tetrahydrofuran was treated at —60° with 3.0 g (0.032 mol) 
of dinitrogen tetroxide or 3.0 g (0.046 mol) of nitrosyl chloride. 
The mixture was concentrated to produce xanthone quantitatively 
(crude). Pure xanthone was obtained in 80% yield.

B. Silver Nitrate.— 9-Chloroxanthene (2.16 g, 0.010 mol) 
was added to 50 ml of 4%  ethanolic silver nitrate solution. A 
white precipitate of silver chloride formed immediately. After 
filtration of the silver chloride, the mixture was concentrated to 
produce pure xanthone in 86% yield. Evidence for the presence 
of 9-xanthyl nitrate was not found.

Reaction of Xanthydrol with Dinitrogen Tetroxide.— The same 
procedure as that described above for the reaction of 9-chloro- 
xanthene with dinitrogen tetroxide was followed. Pure xanthone 
was obtained in 90% yield.
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cis- and frans-2-ierf-butyl-l,2,3,4,6,7,12,12b-octahydroindolo[2,3-a]quinolizine (1 and 2), respectively, are pre
pared from 3-acetylindole and 4-feri-butylpyridine by a sequence involving iodination-alkylation (64%), reductive 
cyclization (67%), and hydrogenation (94%). Whereas 1, with a trans C /D  ring fusion, shows two Bohlmann 
bands in the 2800-2700-cm_1 region of the infrared spectrum, epimer 2, with a conformationally pure cis C /D  
ring fusion, is devoid of absorption in this region.

Quinolizidines having a trans ring fusion show char
acteristic absorption bands in the 2800-2700-cm-1 
region of the infrared spectrum.3’4 These absorptions, 
termed “ Bohlmann bands,”  result from a specific 
interaction between the nitrogen lone pair and at 
least two axial hydrogens on carbons adjacent to the 
nitrogen atom. Quinolizidines having a cis ring fusion 
either show much weaker or show no Bohlmann bands, 
since with this stereochemistry only one a  C-H  bond 
can be trans diaxial with the nitrogen lone pair. The 
theoretical explanation for these low frequency C-H 
stretching vibrations remains unclear, although it is 
widely assumed that both specific charge delocalization 
(hyperconjugation) from the nitrogen lone pair to the 
axial a C-H  bonds and vibrational coupling between 
two (or three) axial a C -H  bonds accounts for the 
origin of Bohlmann bands.3’4 

We undertook the present study to establish the con
formational requirements for the existence of Bohl
mann bands in the indolo[2,3-a]quinolizidine system, a 
structure which forms the basis for the Corynanthe- 
Yohimbe class of indole alkaloids. We were par
ticularly interested in preparing and studying a simple 
derivative of this system which in one configuration 
would have a homogeneous cis C /D  ring fusion. To 
this end and because it is clear that small alkyl groups 
are not sufficient to “ lock” 5 a cis C /D  ring fusion (vide 
infra), we chose to prepare and study cis- and trans- 
2-fert-butyl-1,2,3,4,6,7,12,12b-octahydroindolo [2,3-a]- 
quinolizine,6 1 and 2, respectively, and compare

8 7

1 (cis), 12ba-H 
2(trans), 12b/3-H

(1) Recipient of a Public Health Service Research Career Development 
Award (1K04-GM-23756) from the National Institute of General Medical 
Sciences, 1971-1976.

(2) NDEA Predoctoral Fellow, 1971-1973.
(3) J. Skolik, P. J. Krueger, and M. Wiewiorowski, T etrah ed ron , 24, 5439 

(1968:.
(4) For a review, see T. A. Crabb, R. F. Newton, and D. Jackson, Chem . 

R ev ., 71, 109 (1971).
(5) The term “lock” refers to the magnitude of the ground-state free 

energy difference between conformers and does not imply that there is a sig
nificant barrier to ring flipping and nitrogen inversion between conformers.
Indeed, these processes are rapid at room temperature.

them with the known, unsubstituted indolo [2,3-a]- 
quinolizine 3.

Results and D iscussion

Synthesis.—Compounds 1 and 2 are prepared by the 
general method of Potts and Liljegren,7 using 3-acetyl
indole (4) and 4-feri-butylpyridine (5), as summarized 
in Scheme I.

S c h e m e  I
0

C(CH3),

(6) Cis and trans refer to the relative orientation of the hydrogens at C-2 
and C-121), and should not be confused with the quinolizidine C/D ring 
fusion.

(7) K. T. Potts and D. R. Liljegren, J . O rg. C h em ., 28, 3066 (1963).
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The iodination-alkylation reaction between 4 and 5 
affords 6 in 64% yield. Treatment of 6 with lithium 
aluminum hydride in tetrahydrofuran followed by acid 
work-up gives 7 in 67% yield. The position of the 
double bond in 7 follows from previous work7'8 and is 
supported by an intense peak at m / e  170 in the mass 
spectrum from the dihydro-|3-carboline ion arising 
from a retro Diels-Alder reaction.8 Hydrogenation of 
7 in ethanol over palladium/charcoal gives essentially 
a single, crystalline compound in 94% yield. Small 
amounts (<5% ) of an amorphous compound can be 
isolated from the hydrogenation reaction by a com
bination of column and thick-layer chromatography. 
This amorphous compound is present to the greatest 
extent (~ 5 % ) in hydrogenation reactions carried out in 
ethanol-ether (70:30). The crystalline and amorphous 
compounds are assigned structures 1 and 2, respec
tively. Compound 2 is more conveniently obtained 
by treating 1 with ¿erf-butyl hypochlorite followed by 
successive exposure to hydrogen chloride9-10 and zinc11 12 
to give a mixture of 1 and 2 in nearly equal amounts, as 
judged by tic.

The crystalline compound is assigned the cis con
figuration 1 and the amorphous compound is assigned 
the trans configuration 2 on the basis of their nmr and 
mass spectra. The amorphous material (2) exhibits 
an absorption at 4.44 ppm due to the C -l‘2b proton, 
while the crystalline material (1) shows no saturated 
proton absorption below 3.3 ppm. This low-field 
chemical shift for the amorphous compound (2) is 
consistent with a cis C /D  ring fusion and is well docu
mented.412-14 For example, this proton in 3-iso- 
ajmalicinc, an alkaloid with a cis C /D  ring fusion, 
appears at 4.45 ppm.13 14

The mass spectra of 1 and 2 are consistent with the 
assignments. The crystalline cpimer (1), with a trans 
C /D  ring fusion, shows an M — 1 ion (100%) more 
intense than the parent ion (87%). The amorphous 
epimer (2), with a cis C /D  ring fusion, shows an M  — 
1 ion (94%) less intense than the parent ion (100%). 
We interpret this difference as being a consequence of 
the trans-diaxial orientation of the C-12b hydrogen 
and the nitrogen lone pair in 1, which apparently

e-
1 ---- >■ 8 cation +  II •

provides a geometry for efficient loss of the C -l‘2b 
hydrogen atom.15 *

Conform ational and Infrared Spectral A nalysis.—
The 2-substituted indolo[2,3-a]quinolizidine system can 
exist in six conformations (two configurations), with 
equilibration by nitrogen inversion and czs-decalin ring 
inversion (Scheme II).

Regardless of the size of the R group in the cis con
figuration (1), conformer la with all substituents cqua-

(8) E. M . Fry and J. A. Beisler, J . O rg. C h em ., 35, 2809 (1970).
(9) L. J. Dolby and G. W. Gribble, ib id ., 32, 1391 (1967).
(10) W. O. Godtfredsen and S. Vangedal, A cta  C h em . S ca n d ., 10, 1414 

(1956).
(11) W. F. Trager, J. D. Phillipson, and A. H. Beckett, T etrah ed ron , 24, 

2681 (1968).
(12) W. E. Rosen and J. N. Shoolery, J . A m e r .  C h em . S o c ., 83, 4816 

(1961).
(13) E. Wenkert, B. Wickberg, and C. L. Leicht, ib id ., 83, 5037 (1961).
(14) M. Uskokovic, H. Bruderer, C. von Planta, T. Williams, and A. 

Brossi, ib id ., 86, 3364 (1964).
(15) The mass spectrum of a C-12b deuterium-substituted indolo[2,3-aJ-

quinolizidine supports 8 cation as being the main structure of the M — 1 ion:
G. W. Gribble, J . O rg. C h em ., 37, 1833 (1972).

Scheme I I

torial on the D ring will dominate the equilibrium. 
Conformer lb with an ethyl-like axial substituent on 
nitrogen may contribute about 5% to the equilibrium.17 
The contribution from conformer lc  with a cis-1,3- 
diaxial interaction between substituents ■will be neg
ligible.

It is clear from earlier work with compounds having 
the trans configuration 2 that the smaller alkyl groups 
and phenyl are incapable of shifting the equilibrium 
2a 2b 2c exclusively in favor of the cis-fused con
former 2c. That is, the 2-methyl-,18a 2-phenyl-,18a and
3-cthylindolo[2,3-a]quinolizidine18b epimers correspond
ing to 2 exhibit infrared and nmr spectra consistent 
with a mixture of 2a and 2c.19 Thus, alkyl sub
stituents in 2 with A values of 1.7 (methyl) and l.S 
(ethyl) keal/mol20 cannot overcome the thermo
dynamic stability of the trans C /D  quinolizidine ring 
fusion (e.g., 2a) which may be 2.6 keal/mol more stable 
than the cis C /D  ring fusion (e.g., 2c).21 A phenyl 
substituent with an A value of 3.1 keal/mol20 can shift 
the equilibrium slightly in favor of 2c (i.e., ~ 7 0 %  of 2c 
based on an /l-value difference of 0.5 keal/mol).

In contrast to methyl, ethyl, and phenyl, a ¿erf-butyl 
substituent, with its overwhelming equatorial prefer-

(16) For clarity, 2c as illustrated is the enantiomer resulting from the ring 
inversion of 2b.

(17) In ethylcyclohexane the axial conformer contributes about 5% based 
on an A  value of 1.68 keal/mol: W. F. Trager, C. M. Lee and A. H. Beckett, 
T etrah ed ron , 23, 365 (1967), and references cited therein.

(18) (a) J. Gootjes, A. M. De Roos, and W. Th. Nauta, R eel. T rav . C h im . 
P a y s -B a s , 8 5 , 491 (1966); (b) E. Wenkert and B. Wickberg, J . A m e r .  Chem . 
S o c ., 8 4 , 4914 (1962).

(19) An alternative, less likely explanation for the observation18 of Bohl- 
mann bands in configuration 2 (R = Me, Ph) is that the cis-fused conformer 
2c (R = Me, Ph) gives rise to infrared absorption in the Bohlmann region. 
This explanation cannot be ruled out by the available data and was one of 
the reasons why we chose to study the unambiguous ieri-butyl substituted 
derivative.

(20) E. L. Eliel, N. L. Allinger, S. J. Angyal, and G. A. Morrison, "Con
formational Analysis,” Interscience, New York, N. Y., 1965, pp 44, 440.

(21) For quinolizidine itself, the trans fusion is 2.6 keal/mol more stable
than the cis fusion: H. S. Aaron and C. P. Ferguson, T etra h ed ron  L e tt .,
N o .  5 9 , 6191 (1968).
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ence (A value = 5.6 kcal/mol),20 will force 2 to exist 
essentially only5 as the cis-fused conformer 2 c (R =
i-Bu).22

The solution infrared spectrum of 1 shows bands of 
medium intensity at 2811 and 2751 cm-1. In con
trast, the infrared spectrum of 2 is devoid of absorption 
in this region (Figure 1). The unsubstituted indolo- 
[2,3-a]quinolizidine 3 ,15 which is also thought to exist 
mainly in conformation la  (R = H), shows Bohlmann 
bands at 2807 and 2757 cm-1.

The bands at 2868, 2846, and 2856 cm-1 for 1, 2, and 
3, respectively, are assigned to the normal CH2 sym
metric vibrations and are, of course, common to both 
trans and cis C /D  ring fusions.

From these results we conclude that (1) the infrared 
Bohlmann region of C /D  trans-fused indolo[2,3-a]- 
quinolizidines is best described as consisting of but 
two bands, at ca. 2810 and ca. 2755 cm-1, the former 
being slightly more intense, and (2) a conformationally 
pure C /D  cis-fused indolo[2,3-a]quinolizidine shows no 
absorption in the Bohlmann region.

Experimental Section

Melting points were determined with a Mel-Temp Laboratory 
Devices apparatus and are uneorrected. Routine infrared spec
tra were obtained using Perkin-Elmer 21, 137, or 337 instru
ments. Nmr spectra were obtained from either a Varian Asso
ciates HA-60-IL or a Perkin-Elmer R-24 spectrometer. Mass 
spectral data were collected at Harvard University by Mr. J. 
W. Suggs. Adsorbents for column chromatography were activ
ity III alumina (Merck) and silica gel (J. T . Baker). Adsor
bents for thick layer chromatography and thin layer chromatog
raphy were silica gel (Merck) and silica gel G (Merck), respec
tively. The solvent system used was EtOAc-EtjN (95:5) and 
chromatograms were developed by spraying with a solution of 
3%  Ce(SO<)2- 10%  H2SO4 followed by brief heat treatment at 
110°. Organic solutions were dried with anhydrous granular 
K 2CC3 and concentrated in vacuo with a Biichi rotary evaporator. 
Microanalyses were performed by Microtech, Skokie, 111., and 
PCR Inc., Gainesville, Fla. Chloroform solutions of 1, 2, and 
3 were examined on a Perkin-Elmer 21 instrument (path, 0.1 
mm) at a concentration of 0.175 M .

4-itrf-Butyl-l-[2-(3-indolyl)-2-oxoethyl]pyridinium Iodide (6). 
— A mixture of 4-ieri-butylpyridine (5) (14.04 g, 0.104 mol) 
and 3-acetylindole (4) (5.40 g, 0.048 mol) was stirred magnetically 
and heated until solution was achieved. The solution was then 
treated with iodine (8.75 g, 0.0348 mol) and heated at 95-110° 
for 1.5 hr. The product began to precipitate after 0.5 hr and 
the reaction mixture thickened, preventing efficient stirring. 
After cooling, the dark solid mass was triturated with 95% EtOH, 
the slurry filtered, and the solid repeatedly treated with 95% 
EtOH until no red color remained in the filtrate. The pale tan 
solid was then dried at 100° for 10 min to give 9.93 g of 6 (64%). 
The analytical sample was recrystallized three times from aqueous 
EtOH (50%) to give pale white needles, mp 256-257°.

Aral. Calcd for Cl9H,,N2OI: C, 54.30; H. 5.04; N, 6.67; 
1,30.19. Found: C, 54.58; H, 5.29; N, 6.78; 1 ,30.04.

Pertinent spectral data for 6 are as follows: ir (Nujol) 3175
(N -H ), 1656 (C = 0 )  cm -1; uv max (95% EtOH) 214 him (log t 
4.46), 243 (4.20), 265 (4.13), 305 (4.11).

¿-/crf-Butyl-l ,4,6,7,12,12b-hexahydroindolo [2,3-a] quinolizine 
(7).— Compound 6 (30.0 g, 0.072 mol) was added over a period 
of 40 min to a stirred slurry of LiAlH4 (13.5 g, 0.31 mol) and 
1100 ml of anhydrous THF at —40° under nitrogen. A jade 
green color rapidly' appeared as the reaction warmed to room 
temperature. The system was then refluxed with efficient stir
ring for 6 hr under N2. After cooling to 0°, H20  was added

(22) A cyclohexane ring fused onto the D ring, as in the inside yohim- 
banes, can also be used to control the equilibrium: G. C. Morrison, W. A.
Cetenko, and J. Shavel, Jr., J . O rg . C h em ., 3 2 , 2769 (1967). In this system 
four configurations are possible and the analysis is somewhat more difficult 
than it is with monosubstiluted indolo [2,3-fl Jquinolizidines.

Figure 1.—Infrared spectra (C -H  stretching region) of 1 and 2.

dropwise to destroy excess hydride. The slurry was stirred and 
enough 6 N  NaOH was added to precipitate the aluminum salts 
(ca. 10 ml) to allow for efficient filtration of inorganic materials. 
The aqueous THF filtrate was treated with 600 ml of concen
trated HC1 and stirred for 0.5 hr. Making basic with concen
trated NH4OH, extraction of the base with CH2C12, drying, and 
removal of solvent provided 13.5 g (67%) of crude product, homo
geneous by tic (7?t 0.5). Recrystallization from Et20-pentane 
gave pure material, mp 154.5-155.5°.

Anal. Calcd for C,„H24N2: C, 81.38; H, 8.63; N, 9.99. 
Found: C, 81.09; H, 8.63; N, 10.00.

Pertinent spectral data for 7 are as follows: ir (CHCU) 3463 
(N -H ), 2961, 2907, 2803, 2742 (C -H ) cm "1; uv max (95% 
EtOH) 233 m/x (log c 4.23), 284 (3.84), 291 (3.77); mass spectrum 
(70 eV) m/e (rel intensity) 280 (49), 279 (36), 233 (35), 170 (100), 
169 (89); nmr (CDC13) S 7.22 (m, 4 H ), 5.53 (t, 1 H , 1  = 2.1 
Hz), 1.7-3.8 (m, 8 H), 1.07 (s, 9 H ).

Cf's-2-teri-Butyl-1,2,3,4,6,7,12,12b-octahy droindolo [2,3-a] quin- 
olizine (1).— Compound 7 (1.0 g, 0.0036 mol) was dissolved 
in a mixture of absolute EtOH containing a trace of Et20  and
0. 5 g of 10% P d/C . Hydrogenation at atmospheric pressure 
and 25° gave, after filtration, evaporation, and recrystallization 
of the crude product from EuO-hexane, 0.94 g (94%) of pure
1, mp 157-158°. Hydrogenation of a solution of 7 in EtOH- 
Et20  (7:3) gave a crude product (86% yield) shown by tic to 
be a mixture of 1 and 2 (95:5).

Anal. Calcd for C,9H26N2: C, 80.80; II, 9.28; N, 9.92. 
Found: C, 80.91; H, 9.35; N, 9.76.

Pertinent spectra data for 1 are as follows: ir (CHC13) 3502 
(N -H ), 3015, 2954, 2868, 2811, 2751 (C -H ) cm “ 1; uv max (95% 
EtOH) 227 m/x (log e 4.22), 284 (3.62), 291 (3.55); mass spec
trum (70 eV) m/e (rel intensity) 282 (87), 281 (100), 225 (61), 
226 (14), 170 (5); nmr (CDCI3) 5 6.0-7.8 (m, 4 H), 1.1-3.3 (m, 
12 H ), 0.92 (s, 9 H).

iraras-2-ieri-Butyl-l,2,3,4,6,7,12,12b-octahydroindolo[2,3-a]- 
quinolizine (2).— Compound 2 was obtained with difficulty by- 
preparative layer chromatography of the crude hydrogenation 
mixture of 1. A more convenient synthesis of 2 involved treat
ing a CH2C12 solution of 1 (0.601 g, 0.00213 mol) at 0° with 5 ml 
of distilled Et3N and adding dropwise under N 2 0.265 g (0.00213 
mol) of teri-butyl hypochlorite over 5 min. After warming to 
room temperature, the mixture was stirred for 1 hr and then 
quenched by the addition of 100 ml of distilled H20 . The or
ganic lay-er was separated and then washed with 100 ml of dis
tilled H20 .  Drying and removal of solvent in vacuo gave an 
oily amber mixture of chloroindolenines. This was treated 
immediately with 25 ml of 100% EtOH saturated previously 
with HCl(g) and added to a solution of 150 ml of glacial acetic 
acid and 25 ml of concentrated HC1. Zn dust (20 g) was added 
and the suspension (pale green) -was refluxed overnight under a 
N 2 atmosphere with efficient, stirring. The cooled reaction mix
ture was decanted from excess Zn and poured into 50 g of ice 
and 200 ml of concentrated NH4OH. The residual Zn was washed 
with 25 ml of concentrated NH4OH, and the washings were com 
bined with the aqueous solution. Extraction with CHC13 fol
lowed by' dry'ing and evaporation gave 0.45 g (75% ) of an amber 
oil composed of ~ 5 5 %  of 1 and ~ 4 5 %  of 2 as judged by tic [fit 
(blue-green, 1) 0.68; Ht (blue-green, 2) 0.37]. Preparative 
lay'er chromatography on silica gel with EtOAc (99% )-E t3N 
(1% ) separated the isomers. Two successive separations pro



vided 51 mg of pale amorphous material (2), completely homo
geneous on tic.

Anal. Calcd exact mass for C19H26N 2: 282.2096. Found: 
282.2093.

Pertinent spectral data for 2 are as follows: ir (CHCls) 3484 
(N -H ), 3012, 2940, 2846 (C -H ) cm -1; uv max (EtOH) 229 mn 
(log e 4.21), 283 (3.77), 291 (3.72); mass spectrum (70 eV) 
m/e (rel intensity) 282 (100), 281 (94), 225 (89), 144 (63); nmr 
(CDCI3) S 8.06 (s, 1 H ), 7 .0 -7 .6 (m, 4 H), 4.44 (t, 1 H), 1.0-3.4 
(m, 11 H )0.9  (s, 9 H).
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The conversion referred to in the title was investigated for three examples. The structures of the photo
products were deduced from spectroscopic data and confirmed by chemical transformations.

A variety of compounds have been prepared by the 
reaction of pyrylium salts with nucleophiles,1 and we 
have extended these to include the benzylidenepyran 
derivative 2a, which was formed by the reaction of
4-methoxy-2,6-diphenylpyrylium perchlorate (1) with
2,4-dinitrotoluene in the presence of a tertiary amine.

In the course of handling 2a, it was noticed that both 
the solid (KBr pressing) and a dilute solution rapidly 
faded when exposed to room light leading us to in
vestigate this photoreaction. In order to facilitate 
the interpretation of nmr spectra of the photoprod
ucts, we synthesized the di-feri-butyl analog (2b),

R jN

NO,

and to simplify the mass spectra and chemical degrada
tion as well as to test the scope of the reaction, we

(1) K. Dimroth, A n g ew . C hem ., 72, 331 (1960).

prepared the mononitro derivative 2 c and investigated 
the photolysis of these three compounds.

The photolysis of 2a and 2 b gave products that were 
isomeric with 2 a and 2 b in nearly quantitative yields. 
As shown below, structures 3a and 3b were assigned 
to these products. On the other hand, the photolysis 
of the mononitro compound 2 c yielded, besides the 
corresponding product (3c), another isomeric substance
(4), which was found to be a photochemical rearrange
ment product of 3c.

b, R=C(CH3)3

The structure of 4 was established through an inde
pendent synthesis shown in eq 1.

A number of chemical transformations were carried 
out on the photoproducts 3 a -c  and are summarized 
in Scheme I. These and the spectroscopic data, dis
cussed below, were used to elucidate the structure of 
the photoproducts 3 a-c. ::

Treatment of compounds 3 a -c  with perchloric acid 
gave the benzisoxazole derivatives 6 a -c , which, in
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turn, were hydrolyzed with aqueous pyridine to give 
7a-c. Compound 7a with ammonia gave the pyridine 
derivative 8.

The photoproducts 3 a -c  were readily methylated 
with methyl iodide and potassium carbonate giving 
9 a -c , which, in contrast to 3 a -c , did not undergo the 
facile rearrangement with acid to benzisoxazoles. 
Treatment of these methylated derivatives with 60%  
perchloric acid or trifluoroacetic acid led merely to 
ring opening to give lO a-c as was shown by nmr. 
This reaction is reversible as 9 a c  were recovered on 
dilution with water. On the other hand, heating 
9 a -b  with 20%  perchloric acid gave l la -b .

Compounds 9b and 9c were reduced with sodium 
borohydride to the carbinols 1 2 b and 1 2 c, which, on

treatment with a trace of acid, eliminate methanol to 
give 13b and 13c. Interestingly, solutions of 12b were 
very sensitive to aerial oxidation giving the starting 
ketone 9b, and, in order to obtain pure 13b, the reac
tion had to be carried out under oxygen-free conditions.

Compound 13c was reduced with lithium aluminum 
hydride to give an unstable product 14 (identified 
by nmr), which quantitatively rearranged to the pri
mary amine 15. This last compound was prepared by 
an alternative method.

The ir spectrum of 3b showed a broad hydroxyl 
band at ca. 3400 cm-1 and absorptions at 1718 and 
1695 cm-1, which we assign to the ketone and the 
pyran C = C  double bond, respectively.

The photoproduct 3b shows in the visible region a 
complex spectrum of overlapping bands [in benzene; 
broad maximum at 395-410 nm (e 1950)]. Ethanol 
causes a shift to longer wavelength [Xmax 440 nm (e 
1850)]. Addition of a small amount of pyridine to 
the benzene solution led to a spectrum similar to that 
in ethanol. The spectrum of the methylated deriva
tive 9b, on the other hand, docs not display such sol
vent dependency. Compound 9b showed two poorly 
resolved maxima at 385 (« 1890) and 415 nm (e 1850) 
in either benzene or ethanol. The difference between 
the two compounds could be attributed to solvation of 
the hydroxyl compound via hydrogen bonding.

S c h e m e  I

a, R =  C6H5; R1 =  NO,
b, R =  i-Bu; R1 =  NO,
c, R =  C6H5; R1 =  H
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The photoproducts 3 a -c 2 and their methylated 
derivatives 9a-c, as well as the acetylation product of 
3a, show in the mass spectrum an efficient cleavage of 
OH, OCH3, or OCOCH3, respectively, which is followed 
by decar bony! ation to give an ion of the probable 
structure A. In a similar pattern the carbinols 12b

H

R  = C6H5 or i-Bu 
R 1 = H or N 0 2

and 12c cleave OCH3 and formaldehyde successively to 
give ion A. This ion is the base peak in the mass spec
trum of 13b and 13c, which is formed by loss of HCO. 
The fact that the predominant cleavage of the car
boxylic acid 4 is the loss of COOH gives support for 
the structure of the common ion A.

The two protons of the pyran moiety in the photo- 
products 3 a-c, in their methylated derivatives 9 a -c , 
and in 13b, 13c, and 14 are equivalent.3 The two 
¿erf-butyl groups in 3b, 9b, and 13b are also equivalent. 
This equivalence is due to the rapid inversion at the 
ring nitrogen. The pyran protons in 1 2 b and 1 2 c and 
the ¿ert-butyl groups in 1 2 c are not equivalent. This 
is due to the asymmetric >CH -OH  group, which 
gives different environments to the substituents on 
the pyran ring. The measured long-range coupling 
constants of 2.4 and 2.3 Hz between the pyran pro
tons in 1 2 b and 1 2 c arc in the expected range.

Owirjr to internal asymmetry in l i b ,  the geminal 
protons of each CH> group arc not equivalent (8
3.02 and 3.52, \j\ = 17.7 Hz), whereas both CH2 
groups and all methyl groups of the ¿erf-butyl groups 
are identical. This nonequivalence of the methylene 
protons is intrinsic to the structure regardless of 
hindered rotation or preference of conformers. The 
two methylene protons, however, undergo different 
Eu(dpm)3-induced shifts in the ratio of 1.2:1. This 
could be explained in terms of preference to one or 
more of the different retainers which would result in 
uneven statistical distribution of these protons along 
the orbit they describe by rotation along the ring- 
carbon-CH2 bond.

The LiAlRj reduction product of 13c shows signals 
indicative of the spire compound 14: equivalent 
pyran protons (8 5.82) and benzylic protons at 3.10. 
This compound, however, is not stable in CDCI3 so
lution, even when the CDCI3 was treated with NaHCCh 
and diluted with a few drops of pyridine-ff5. This 
spiro derivative underwent conversion into 15 within 
lh ra t '~ 3 5 °.

The photochemical cycloaddition of nitro compounds 
to olefinic bonds is well known, and reaction mechanisms

(2) The starting materials 2 a -c  show in the mass spectrum, besides other 
ions, a pattern cleavage similar to that of their photolysis products (».«., 
successive loss of OH and CO). This could indicate that the electron impact 
leads to the same photolysis products.

(3) The signals of the pyran protons in the di-feri-butyl derivatives appear 
at 8 4.5 and those in the diphenyl derivatives at 8 5 .3 -5 .8 . The signals of the 
ieri-butyl groups in the above compounds appear at 8 1.1-1.2.

for this type of reaction have been discussed.4 From 
the reaction of nitrobenzene with cyclohexene, a 
thermally unstable five-membered cycloadduct was 
isolated.4 Irradiation (X ^ 546 nm) of 2a or 2c at 
— 60° in dimethoxyethane or in toluene resulted in 
decoloration of the deep red solution to a pale yellow. 
Under these conditions the primary photoproduct 
appeared to be stable. After the solution had warmed 
to room temperature, the color changed to green and 
then rapidly to orange and 3a or 3c precipitated.5 
In chloroform or in methylene chloride the primary 
photoproduct had a much shorter lifetime, and the 
thermal reactions took place at —60°. This solvent 
dependency gives support to the nonpolar nature of 
this intermediate. In order to obtain evidence for 
an intermediate analogous to that reported for simple 
nitro compounds,4 3a and 3c were irradiated at —60° 
in the cavity of an nmr spectrometer in deuterio- 
toluene. The signals from the starting materials 
rapidly disappeared, and a completely washed out 
spectrum was obtained. This result must be due to 
the formation of some free radicals during the pho
tolysis.

Experimental Section

Melting points are uncorrected. Infrared spectra were deter
mined with a Perkin-Elmer 467 spectrophotometer, ultraviolet 
spectra with a Cary Model 15 spectrophotometer, nmr spectra 
with a Bruker 90-MHz spectrometer, and mass spectra with a 
Consolidated Electrodynamics Model 21-110B instrument. 
The nmr chemical shifts are reported on the S scale downfield 
from internally added tetramethylsilane. The electronic spec
tra were determined in acetonitrile. The m / e  with a relative 
intensity greater than 5%  are listed.

2,6-Diphenyl-4-(2,4-dinitrobenzylidene)-4/f-pyran (2a).— A 
mixture of 3.5 g of l ,6 2 g of 2,4-dinitrotoluene, 3 ml of diiso- 
propylethylamine, and 20 ml of acetic anhydride was refluxed for 
15 min, and chilled. The solid crystallized from acetonitrile 
yielding 4 g of 2a: mp 209-210°; Xma,  (e X 10~3) 250 (20.2), 
315 (10.0), and 490 nm (11.6); mass spectrum m / e  (rel % ), 412
(33), 395 (36), 367 (12), 261 (100), and 105 (95).

Anal. Calcd for C24H:6N20 5: C, 70.0; H, 3.9; N, 6.8. 
Found: C, 70.3; II, 4.1; N, 6.7.

2.6- Di-f erf-butyl-4- (2,4-dinitrobenzylidene)-4R-pyran (2b).— 
A mixture of 9 g of 2,6-di-ferf-butyl-4-methylpyrylium per
chlorate,7 7 g of 2,4-dinitrochlorobenzene, 8.6 g of diisopropyl- 
ethylamine, and 100 ml of ethyl alcohol was refluxed for 30 min 
and chilled; the solid crystallized from alcohol giving 7 g of 2b: 
mp 125-126°; mass spectrum m/e 372 (41), 355 (63), 327 (13), 
221 (100), and 209 (10).

Anal. Calcd for C20H24N2O6: C, 64.5; H, 6.5; N, 7.5. 
Found: C, 64.6; H, 6.4; N, 7.3.

2.6- Diphenyl-4-(2-nitrobenzylidene)-4/7-pyran (2c).— A mix
ture of 7.4 g of o-nitrophenylacetic acid, 14 g of 1, 12 ml of di- 
isopropylethylamine, and 60 ml of alcohol was refluxed for 30 
min and cooled, and 15 ml of 70% perchloric acid was added. 
After the mixture was chilled, the solid was collected and crys
tallized from a mixture of pyridine and methanol giving 3 g of 
2c: mp 102-103°; X™, (e X  10~3) 248 (35.3), ~272 (21.7), 
340 (24.5), 400 (12.2) with tail to 500 nm; mass spectrum m / e  

367 (30), 350 (36), 322 (36), 261 (95), 220 (11), 215 (19), and 
105(100).

Anal. Calcd far C14H i,N 03: C, 78.7; H, 4.4; N , 3.8. 
Found: C, 79.0; II, 4.6; N , 3.5.

(4) J. L. Charlton, C. C. Liao, and P. de Mayo, J .  A m e r . C h em . S o c ., 
93, 2463 (1971).

(5) We made use of the stability of this primary photoproduct to prepare 
3c in high purity without its partial photochemical conversion into 4, which 
takes place if the irradiation is carried out at room temperature.

(6) J. A. Van Allan, G. A. Reynolds, and D. P. Maier, J . O rg. C h em ., 33, 
4418 (1968).

(7) A. T. Balaban and C. D. Nenitzescu, J u s tu s  L ieb ig s  A n n .  C h em ., 625, 
74 (1959).
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Z'^'-Diphenyl-l-hydroxy-ft-nitro-S-oxospiroIindoline-Z^'- 
[4'H] pyran] (3a).— A solution of 1 g of 2a in 800 ml of methylene 
chloride in a Pyrex flask was irradiated with a 75-W flood lamp 
for 1 hr. After the solvent had evaporated, the residue was 
crystallized from chlorobenzene yielding 0.9 g of 3a: mp 211— 
212°; ir (KBr) 3343, (OH) 1714 (CO), 1680 (pyran), 1530, 1365 
cm“ 1 (NOs); Xm„x (« X 10"3) 250 (49.0) and 380-450 nm (2.0); 
mass spectrum m/e 412 (27), 395 (100), 367 (32), 351 (14), 321 
(41), and 320(40).

Anal. Calcd for C24H18N20 6: C, 70.0; H, 3.9; N, 6.8. 
Found: C, 70.1; H, 4.2; N, 7.1.

2' ,6'-Di-terf-butyl-l-hydroxy-6-nitro-3-oxospiro [indoline-2,4'- 
[4'H] pyran] (3b).— This compound was prepared by the method 
described for 3a: yield 98% ; mp 195-196° (from toluene); 
Xmax (< X 10"3) 249 (30.0) and 425 nm (2.0) very broad; mass 
spectrum m/e 372 (30), 355 (100), 327 (32), 313 (13), 289 (7), 
287 (10), 271 (15), 225 (11), 209 (10), and 57 (77).

Anal. Calcd for C2oH2(N2C>5: C, 64.5; H, 6.5; N, 7.5. 
Found: C, 64.3; H, 6.8; N, 7.2.

2',f'-Diphenyl-l-hydroxy-3-oxospiro[indoline-2,4'-[4'H] pyran] 
(3c).— A solution of 2c (1.0 g) in toluene (50 ml) was divided into 
five portions and each was irradiated for 40 min at —60° with a 
200-W PEK super high pressure Hg arc through a Corning C.S.
3-70 f.lter (X >490 nm). The deep red solution turned to pale 
yellow at the end of the irradiation. When the solution had 
warmed up to room temperature, its color changed to red and 3c 
crystallized out: yield 0.72 g. Another 0.15 g of 3c was ob
tained from the concentrated mother liquor: total yield 87%; 
mp 189-190°; ir (KBr) 3390 (OH), 1724 (CO), and 1695 (pyran); 
Xmox (s X  10-3) 238 (43.0) and 330-380 (2.0) very broad; mass 
spectrum m/e 367 (17), 350 (57), 322 (93), 246 (11), 218 (13), 
217 (16), 105 (100), and 77 (57).

Anal. Calcd for C24Hi7N 0 3: C, 78.7; H, 4.4; N, 3.8. 
Found: C, 78.3; H, 4.8; N, 3.7.

4-(2-Carboxyphenylimino)-2,6-diphenyl-4H-pyran (4). 
Method A.— This compound was prepared from 2c as described 
under 3c by using 1,2-dimethoxyethane as a solvent and irradi
ating at room temperature. During the irradiation compound 4 
crystallized out: yield 75%, mp 203-205° (from dimethoxy- 
ethane). The same compound was obtained on starting with 
3c instead of 2c.

Method B.—A mixture of 0.5 g of 4-(2-carbomethoxyphenyl- 
imino)-2,6-diphenyl-4J7-pyran (5) and 0.5 g of potassium hy
droxide in 10 ml of methanol was refluxed for 30 min, and the 
solid was collected and crystallized from aqueous acetic acid 
giving 0.3 g of 4, mp 260-262°, which showed spectral properties 
that were identical with those of 4 prepared by method A. The 
mass spectrum showed 367 (23), 322 (100), 246 (14), 218 (14), 
217 (14), 105 (33), and 77 (42).

Anal. Calcd for C24H „N 0 3: C, 78.7; H, 4.4; N, 3.8. 
Found: C, 78.4; H, 4.7; N, 3.8.

4-(2-Carbomethoxyphenylimino )-2,6-diphenyl-4//-pyran (5). 
Method A.— A mixture of 0.6 g of 4 (prepared by method A), 3 
ml of concentrated sulfuric acid, and 30 ml of methanol was re
fluxed for 2 hr and concentrated. The residue was dissolved in 
water; 3 ml of 60% perchloric acid was added to the solution. 
The solid was collected and crystallized from ligroin (bp 63-75°) 
yielding 0.4 g of 5, mp 149-150°.

Method B .—A  mixture of 3 g of 1 and 10 ml of methyl an- 
thrar.ilate was refluxed for 10 min, cooled, diluted with methanol 
and ether until turbid, and then chilled giving 2.1 g of 5: mp
150-151°; mass spectrum m/e 381 (78), 380 (8), 350 (6), 322 
(100), 246 (16), 245 (8), 218 (15), 217 (16), 216 (11), 105 (73), 
102 (6), and 77 (60).

Anal. Calcd for C26Hi9N 0 3: C, 78.7; H, 5.0; N, 3.7.
Found: C, 78.5; H, 5.1; N, 3.6.

4-(6-Nitro-2,l-benzisoxazol-3-yl)-2,6-diphenylpyrylium Per
chlorate (6a).— To a solution of 0.5 g of 3a in 10 ml of formic acid 
was added 0.5 ml of 70% perchloric acid, and the solid was col
lected and washed with ether: yield 0.5 g, mp 304° (explodes).

Anal. Calcd for C24H16C1N20 8: C, 58.1; H, 3.4; N, 5.7.
Found: C, 58.0; H, 3.4; N , 5.6.

2,6-Di-ieri-butyl-4-(6-nitro-2,l-benzisoxazol-3-yl)pyrylium Per
chlorate (6b).— Compound 6b was prepared from 3b and
perchloric acid in acetic acid: mp 244-245°; Xmax (e X  10~3) 
244 nm (31.9).

Anal. Calcd for C20H23ClN2O8: C, 52.8; H, 5.1; N, 6.1.
Found: C, 52.8; H, 5.1; N, 6.1.

4-(2, l-Benzisoxazol-3-yl)-2,6-diphenylpyrylium Perchlorate
(6c).— Perchloric acid was added to a solution of 3c in acetic 
acid giving 6c in quantitative yield, mp 263-264°.

Anal. Calcd for C2(H i«C1N06: C, 64.2; H, 3.6; N, 3.1. 
Found: C, 63.9; H, 3.6; N, 3.1.

3-(2-Benzoyl-l-phenacylidenethyl)-6-nitro-2,l-benzisoxazole 
(7a).—A solution of 1 g of 6a in 8 ml of boiling pyridine was di
luted with 20 ml of methanol and chilled giving 0.6 g of 7a: mp 
164-165°; Xmax (e X 10~3) 278 (21.5) and 360 nm (13.0); mass 
spectrum m/e 412 (13), 383 (8), 307 (100), 291 (7), 290 (8), and 
105 (off scale).

Anal. Calcd for C2<H16N20 6: C, 69.7; H, 3.9; N, 6.8. 
Found: C, 70.0; H, 4.0; N, 7.0.

6-Nitro-3-( 1,3-dipivaloylpropen-2-yl)-2,1-benzisoxazole (7b).— 
Compound 7b was prepared from 6b by the method described for 
7a: mp 94-95° (from methanol); Xmax (e X  10-3 ) 276 (16.7), 
332 (9.55), and ~360 nm (8.7); mass spectrum m/e 372 (75), 
352 (10), 315 (100), 288 (25), 287 (32), 273 (20), 271 (25), 260 
(10), 259 (20), 245 (30), 231 (65), 204 (25), 203 (18), 85 (100), 
57 (off scale), and 41 (100).

Anal. Calcd for C2oH24N20 6: C, 64.5; H, 6.5; N, 7.5. 
Found: C, 64.7; H, 6.4; N, 7.2.

3-(2-Benzoyl-l-phenacylidenethyl)-2,1-benzisoxazole (7c).— 
The procedure described for the preparation of 7a was used and 
water was added to precipitate the 7c: yield 68% ; mp 109- 
110° (from aqueous alcohol); mass spectrum m/e 367 (8), 339
(6) , 338 (8), 262 (50), 246 (6), 245 (6), 234 (5), 105 (100), and 
77 (67).

Anal. Calcd for C24H i,N03: C, 78.5; H, 4.6; N, 3.8. 
Found: C, 78.2; H, 4.9; N, 4.0.

3-(2,6-Diphenyl-4-pyridyl)-6-nitro-2,1-benzisoxazole (8).—A 
solution of 0.5 g of 7a and 0.5 g of ammonium carbonate in 20 ml 
of acetic acid w7as refluxed for 10 min and cooled. The solid was 
collected and crystallized from pyridine giving 0.3 g of 8: mp 
221-222°; mass spectrum m/e 393 (100), 347 (13), 346 (13), 319
(7) , 318 (9), 290 (9), 244 (20), 230 (5), 216 (6), 127 (22), 77 (12). 

Anal. Calcd for C24Hi6N30 3: C, 73.4; H, 3.8; N , 10.7.
Found: C, 73.3; H, 3.6; N , 10.6.

2',6'-Diphenyl-l-methoxy-6-nitro-3-oxospiro[indoline-2,4'- 
[4'H]pyran] (9a).— A mixture of 1 g of 3a, 3 ml of methyl iodide, 
1 g of potassium carbonate, and 10 ml of acetone was stirred in a 
stoppered flask for 3 hr and filtered; the filtrate was evaporated 
to dryness. The residue was crystallized from methyl alcohol 
giving 0.8 g of 9a: mp 219-220°; Xmax (e X 10~3) 252 (47.0) 
and 370-420 nm (2.0); mass spectrum m/e 426 (27), 395 (100), 
368 (10), 367 (15), 321 (28), 320 (15), 105 (75), 77 (30).

Anal. Calcd for C2SH,8N20 6: C, 70.5; H, 4.2; N, 6.4. 
Found: C, 70.4; H, 4.3; N, 6.5.

2',6'-Di-feri-butyl-l-methoxy-6-nitro-3-oxospiro[indoline-2,4'- 
[4'H]pyran] (9b).— This compound was prepared from 3b using 
the procedure described for the preparation of 9a: yield 98%;
mp 156-157° from methanol; ir no hydroxyl absorption, 1726 
(CO), 1691 cm“ 1 (pyran); X„„x (e X 10~3) 249 (19.8) and 350- 
450 nm (1.1); mass spectrum m/e 386 (16), 355 (100), 328 (10), 
327 (12), 313 (7), 289 (8), 271 (11), 255 (7), 225 (9), and 57 
(65).

Anal. Calcd for C21H28N20 8: C, 65.0; H, 6.8; N, 7.3. 
Found: C, 65.3; H, 7.0; N, 7.4.

2',6'-Diphenyl-l-methoxy-3-oxospiro [indoline-2,4'-[4'H] pyran] 
(9c).— Compound 9c was prepared from 3c by the method de
scribed for 9a: yield 82%; mp 119-120° from methanol; Xmax 
(e X 10“ 3) 238 (41.6) and 330-380 nm (1.8); mass spectrum 
m/e 381 (27), 350 (100), 322 (40), 217 (7), 216 (7), 105 (90), and 
77 (37).

l-Methoxy-6-nitro-2,2-diphenacyl-3-indolinone (11a).— A mix
ture of 1 g of 9a, 5 ml of 20% perchloric acid, and 25 ml of acetic 
acid was heated until a solution was obtained. The solution was 
cooled and diluted with water; the solid recrystallized from a 
mixture of methanol and pyridine giving 0.6 g of 11a: mp 174- 
175°; Xm„x (« X 1 0 -3) 250 (48.0) and 300-420 nm (2.1); mass 
spectrum m/e 444 (12), 105 (100), and 77 (28).

Anal. Calcd for C25H20N2O6: C, 67.6; H, 4.5; N, 6.3. 
Found: C, 67.7; H, 4.7; N, 6.6.

l-Methoxy-6-nitro-2,2-bispivaloylmethyl-3-indolinone ( l i b ) . —
The method described for 11a was used with 9a giving l i b ,  
yield 74%, mp 168-169° from methanol.

Anal. Calcd for C2iH,8N20 6: C, 62.4; H, 7.0; N , 6.9. 
Found: C, 62.1; H, 7.1; N, 6.8.

2',6'-Di-ieri-butyl-3-hydroxy-l-m ethoxy-6-nitrospiro[indoline-
2,4'-[4'H] pyran] (12b).— To a stirred solution of 1 g of 9b in 75
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ml of isopropyl alcohol was added 0.5 g of sodium borohydride, 
and the solution was stirred for 0.5 hr and diluted with water, 
and the solid crystallized from alcohol: mp 124-125° dec; 
Xmai (e X  10-3) 250 (22.8) and 360 nm (1.8); mass spectrum 
m/e 388 (15), 357 (100), 327 (23), 313 (13), 311 (14), 271 (10), 
165 (8), and 57 (30).

Anal. Calcd for C2iH28N20 6: C, 64.9; H, 7.3; N, 7.2. 
Found: C, 64.9; H, 7.0; N, 7.0.

2',6'-Diphenyl-3-hydroxy-l-methoxyspiro[indoline-2,4'-[4'if]- 
pyran] (Î2c).— Compound 9c was reduced with sodium boro
hydride as described for 12b giving 12c: mp 127-130°; mass 
spectrum m/e 383 (20), 252 (100), 322 (47), 246 (12), 233 (13), 
218 (8), 217 (9), and 105 (36).

Anal. Calcd for C «H 2,N 03: C, 78.3; H, 5.5; N, 3.7. 
Found: C, 77.9; H, 5.2; N , 3.5.

2 ' ,6 '-Di-f ert-butyl-6-nitro-3-oxospiro [indoline-2,4'-  [4 'H\py ran] 
(13b).— A solution of 0.5 g of 12b in 25 ml of degassed chloro
form was acidified with 0.5 ml of acetic acid and concentrated 
under vacuum. The residue was recrystallized from alcohol 
giving 0.4 g of 13b: mp 238-239°; Xmilx (e X  10-3) 247 (21.6), 
273 (15.2), and ~305 nm (11.1); mass spectrum m/e 356 (12), 
327 (100), 315 (62), 313 (29), 282 (10), 281 (9), 271 (42), 267 
(9), 266 (9), 225 (5), and 57 (13).

Anal. Calcd for C20H24N2O,: C, 67.4; H, 6.8; N, 7.9. 
Found: C, 67.1; H, 6.7; N, 7.9.

2 ' ,6'-Diphenyl-3-oxospiro [indoline-2,4'- [4'H\ pyran] ( 13c ).— 
Compound 12c was allowed to react as described for the prepara
tion of 13b giving 13c: yield 65% ; mp 208-209° from alcohol; 
mass spectrum m/e 351 (14.3), 324 (6), 323 (35), 322 (100), 246 
(11), 218 (13), 217 (17), 216 (8), and 105 (20).

Anal. Calcd for C24Hi7N02: C, 82.0; H, 4.9; N, 4.0. 
Found: C, 81.8; H, 5.0; N, 4.0.

2,V-Diphenylspiro[indoline-2,4 '-[i 'H \pyran] (14).— A solu
tion of 0.2 g of 13c in 10 ml of ether was treated with 0.1 g of

lithium aluminum hydride. After the mixture had been stirred 
for 15 min, an nmr spectrum was determined on a sample (for 
results see discussion of nmr spectrum).

4- (2-Aminob enzy lidene)- 2, 6-dipheny l-4H-pyran (IS). 
Method A.— A solution of 0.5 g of 2c in 50 ml of hot alcohol was 
treated with 2 g of sodium sulfide, refluxed overnight, and 
filtered; the hot filtrate was diluted with water and chilled. 
The solid was collected and crystallized from aqueous alcohol 
giving 0.3 g of 15: mp 107-108°; mass spectrum m/e 337 (100), 
336 (52), 232 (19), 230 (14), 168.5, 115 (7), 105 (26), and 77 
(24).

Anal. Calcd for CjJIisNO: C, 85.4; H, 5.6; N, 4.1.
Found: C, 85.3; H, 5.5; N, 4.2.

Method B.— The ether solution of 14 was allowed to stand 
for 1 hr, and the nmr spectrum was identical with that of 15 pre
pared by method A.
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iV-Methyl-j3-aminoethyl Nitroaryl Ethers via an Unusual Smiles Rearrangement
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Ar-Methyl-/?-aminoethyl nitroaryl ethers undergo a Smiles rearrangement into A-methyl-.V-^-hydroxyethyl- 
nitroarylamines so readily that the aryl ethers cannot be prepared by obvious methods. However, when the 
aromatic system is sufficiently activated so that in the presence of base the aryl amine can be converted into a 
cyclic Meisenheimer complex, the Smiles rearrangement can be reversed and the ether obtained by rapidly acid
ifying the Meisenheimer complex. The aryl ether is the kinetically controlled product of the ring opening of the 
complex and can be trapped and isolated in the form of its ammonium salt.

Intramolecular rearrangements of the type shown in 
eq 1 are known as Smiles3 rearrangements. The reac-

,C — C C - C
/  \  /  \

X YH HX Y

s s

tion is in fact an intramolecular activated (S =  acti
vating substituent) nucleophilic aromatic substitution. 
In most cases the displacement is by Y -  rather than 
by YH and thus the presence of a strong base is usually 
required. When YH is NH2 or NHR a base may or

(1) Part IX: C. F. Bernasconi and R. G. Bergstrom, J . A m e r .  Chem .
S o c ., 95, 3603 (1973).

(2) Alfred P. Sloan Fellow, 1971-1973.
(3) (a) L. A. Warren and S. Smiles, J . C h em . S oc ., 956 (1930); (b) W. J.

Evans and S. Smiles, ib id ., 181 (1935).

may not be necessary for the reaction to proceed. The 
carbon chain joining X  and Y  may be saturated or be 
part of an aromatic system. The field has been re
viewed recently.4

In this paper we are concerned with X  =  0 , YH = 
NH2 or NHR, and in particular with the inverse com
bination X  =  NH or NR, YH =  OH. Most examples 
from the early literature6 involve compounds where the 
C-C chain is part of an aromatic ring.6

More recently examples where the C -C  chain is 
saturated have been reported by Kleb;7 reaction 2 is 
representative. The rearrangement of 1 to 2 occurs 
so rapidly that 1 and a variety of similar /3-aminoalkyl
4-nitrophenyl ethers could not be prepared from obvious 
starting materials. In fact the occurrence of reaction 2

(4) (a) W. E. Truce, E. M. Kreider, and W. W. Brand, O rg. R ea ct ., 18, 
99 (1970); (b) H. J. Shine, “Aromatic Rearrangements,” Elsevier, New York, 
N. Y., 1967, p 307.

(5) J. F. Bunnett and R. E. Zahler, Chem . R ev ., 49, 275 (1951).
(6) K. C. Roberts and C. G. M. de Worms, J . Chem . S o c ., 737 (1934).
(7) K. G. Kleb, A r g e w .  C h em .,I n t .  E d . E n g l., 7, 291 (1968).
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.CH2CH2̂

NHCH,
^CH.CH, CH3 

HO N

(2)

had to be inferred indirectly from a sequence where 1 
was an intermediate.7

That reactions such as 2 are strongly favored thermo
dynamically in the direction indicated is in agreement 
with observations on a large number of inter molecular 
aromatic nucleophilic displacements of oxygen bases by 
amines.8 We now report three examples in which, 
by judicious choice of conditions, the reaction can be 
forced into the reverse direction and the aryl ether can 
be isolated as the amine hydrochloride.

Results

iV-M ethyl-d-am inoethyl Picryl Ether (4a ).—Despite 
considerable effort, we were unable to synthesize N- 
methyl-/3-aminoethyl picryl ether (4a ), in an unreactive 
form such as the amine hydrochloride, by straight
forward methods.9 ¿V-Methyl-iV-/3-hydroxyethyl pic- 
ramide (Sa) and/or other unidentified products formed 
instead.

/ ch2c h 2̂
NHCH,

/
CH,CH,

\
NHCH.

/ c h 2ch2n

0  NHCH3
N02

4c

On the other hand, the following procedure starting 
with W-mcthyl-iV-/3-hydroxycthyl picramide (Sa) makes 
the picryl ether 4a easily available. When base is 
added to a solution of Sa either in a hydroxide or a 
dipolar aprotic solvent, the cyclic Meisenlieimer com
plex 7a is formed immediately according to sequence
3. 7a is very stable and can readily be isolated from 
ethanol, as was shown earlier by Hiinig and Fleckcn- 
stcin.11 The spectra in Figure 1, taken in aqueous 
solution, of Sa show the gradual conversion of 5a into

(8) For recent reviews see (a) C. F. Bernasconi, M T P  I n t .  R ev . S c i .,  
O rg. C h em . S er . 1 , 3, 33 (1973); (b) F. Pietra, Q uart. R ev ., C h em . S o c ., 23, 
504 (1969); (c) J. Miller, “Aromatic Nucleophilic Substitution,’’ Elsevier, 
New York, N. Y., 1968; (d) T. J. de Boer and I. P. Dirkx in “The Chemistry 
of the Nitro and Nitroso Groups,” part I, H. Feuer, Ed., Interscience, 
New York, N. Y., 1969, p 487.

(9) These included the reaction of picryl chloride with iV-methylethanol- 
amine under protection of the amino group by the feri-butylcarbonyl group10 
in basic solution under a variety of conditions, the attempted nitration of 
iV-methyl-0-ammoethyl phenyl ether, and some others.

(10) B. Iselin and R. Schwyzer, H elv . C h im . A c ta , 44, 169 (1961).
(11) S. Htinig and E. Fleckenstein, private communication (1970).

Figure 1.— Absorption spectra in the picryl system in aqueous 
solution at 25°: a-d, Sa as a function of pH, [5a]0 = 3 X 10“ 6 M ; 
a, pH 6.00; b, pH 9.40; c, pH 9.80; d, pH 12.00 (conversion to 
7a is complete at pH 12.00); e, after acidification of a solution of 
7a, spectrum of 8a (3 X 10“ 6 M ) in 1 M  HC1.

CH ,. ,C H 2CHN

0,N. HO

N O
O.N^ X .  ^N02

CHj i------- 1
N 0

°2N^ / X . ^ N 0 2
(3)

7a as the pH is increased. At pH >12 the conversion 
is virtually quantitative.

When a dilute aqueous solution (~ 1 0 -4 M) of 7a is 
added to a large enough volume of a 0.01 M HC1 solu
tion so that after neutralizing of all the base the pH 
is <3 , the ether 4a is formed quantitatively judging 
by uv spectroscopy; it is trapped as the corresponding 
ammonium ion. With minor modifications the proce
dure is conveniently carried out on a preparative scale in 
ethanolic solution from which the hydrochloride of 4a 
is isolated in good yield.

Below pH 5 the ether solution is quite stable; above 
pH 5 it is gradually converted into the original starting 
material 5a, the more rapidly the higher the pH.

jV-M ethyl-/3-am inoethyl 2,4-Dinitronaphthalene 
Ether (4 b ).—The reactions affording the picryl ether 4a 
apply equally for the 2,4-dinitronaphthyl system. In 
fact A'-methyl-A-d-hydroxyethyl 2,4-dinitronaphthyl 
amine (5b) is about as readily converted to the cyclic 
Meisenheimer complex 7b as 5a is converted to 7a. In 
aqueous solution containing 2%  DMSO (v/v) (added 
for solubility reasons) the conversion is complete at 
pH >12. Spectra of solutions of 5b at various pH 
values are shown in Figure 2.

Acidification of 7b with acid of the same concentra
tion as for 7a affords the ammonium salt of 4b in quanti
tative yield (8 b). As in the case of 4a an increase in
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Figure 2.— Absorption spectra in the 2,4-dinitronaphthyl sys
tem in 2%  DM SO-98%  H20  (v /v ) at 25°: a-f, Sb as a function 
of pH, [5b]o =  5.5 X 10~6 M ; a, 0.01 M  HC1; b, pH 9.085; c, 
pH 9.375; d, pH 9.780; e, pH 10.115; f, 0.01 M  NaOH (con
version to 7b is complete in 0.01 M  NaOH); g, after acidification 
of a solution of 7b, spectrum of 8b (5.5 X 10-6 M ) in 0.01 M  
HC1.

pH above 5 leads to gradual conversion of 4b to Sb, 
which becomes more rapid as the pH is increased. 
Ethanol is again a convenient solvent for preparative 
work.

lV-Methyl-(3-aminoethyl 2,4-Dinitrophenyl Ether
(4 c ).—As has been shown recently,12 conversion of 5c 
to 7c is insignificant in strongly alkaline aqueous solu-

(12) C. F. Bernasconi and R. H. de Rossi, J . O rg. C h em ., 38, 500 (1973).

tions but extensive in aqueous solutions containing 
>80%  (v /v). In 85% DMSO (v /v) and 0.01 M 
(C H 3)4-N O H  the conversion into 7c is quantitative.

Attempts to transform 7c quantitatively into 8 c, i.e., 
the ammonium salt of 4c, by acidifying the solution of 
7c in 90% DMSO (v /v) with aqueous acid 
were only successful when > 1  M HC1 was used. 
Significant amounts of 5c were formed in more dilute 
acid. The yields of 4c (8 c ) , which tended to be variable 
when dilute HC1 was employed, could be improved by 
adding the solution of 7c dropwise to the acid under 
vigorous stirring; with such efficient mixing the product 
distribution was about 75% 4c (8 c) and 25% 5c in 0.02 
M HC1, end pH ~ 2 .

When the Meisenheimer complex was acidified 
with a >0.02 M HC1 solution in 90% DMSO (v /v) in
stead of aqueous acid, 8 c was formed quantitatively, as 
determined spectrophotometrically.

From a preparative point of view the necessity to 
generate 7c in the solution containing DMSO is a 
drawback since it is difficult to isolate the product. 
The possibility of generating 7c in the dioxane-meth- 
anol-mcthoxide ion system13 was explored. Acidi
fying the complex with 1.2 M  HC1 in 90% dioxane-10% 
water (v /v) yields about 20% of 8 c.

D iscussion

Our approach to the synthesis of 4a, 4b, and 4c and 
the experimental observations reported under Results 
are best discussed with reference to Scheme I, which

Scheme I

includes the species believed to play a significant role 
in our reaction system.14

The behavior of the picryl and the 2,4-dinitrona-

(13) E. J. Fendler, J. H. Fendler, W. E. Byrne, and C. E. Griffith, J .  O rg . 
C h em ., 33, 4141 (1968).

(14) The symbols for the rate coefficients are consistent with the ones 
used in representing the mechanism of nucleophilic aromatic substitution 
reactions by amines.8*



phthyl systems can be rationalized as follows. Upon 
acidifying an alkaline solution of 7a (7b), there must be 
a rapid protonation of 7a (7b) to form 9a (9b). Fol
lowing that, 9a (9b) may decompose either toward 
4a (4b) and/or toward 5a (5 b ) . It is to be noted that 
step 9a (9b) -*■ 5a (5b) is practically irreversible, 
whereas the reaction 4a (4b) 9a (9b) is reversible. 
Formation of 4a (4b) apparently occurs faster than the 
irreversible transformation into 5a (5b). This is not 
unexpected, since frequently k-i k2 in similar inter- 
molecular substitutions involving secondary amines as 
nucleophiles.8

By keeping the pH low enough the kinetically 
favored product 4a (4b) is converted into its unreactive 
from 8 a (8 b) and formation of 5a (5b) is prevented al
together.

If the conversion of 9a (9b) to 4a (4b) is carried out 
in a less acidic medium or if the pH of a solution con
taining 8 a (8 b) is raised, the system is gradually drained 
off into the thermodynamically more stable form 5a 
(5b), or, at high pH (~12), into 7a (7b).

Similar considerations apply to the 2,4-dinitrophenyl 
system. However, the observation of increased yields 
of 8 c under vigorous stirring and/or when more con
centrated acid was used indicates that under certain 
conditions the events are not only controlled by chem
ical rate processes but also by the rate at which the 
solutions becomes homogeneous (on the microscopic 
level) after mixing.

Thus in the early stages of the mixing process the pH 
of the microenvironment around 7 is still rather high 
and therefore little of 9, which could decompose to 8  

via 4, is formed. On the other hand 5 may form via 6  

as soon as the pH of the microenvironment has dropped 
low enough as to make the process 7 6  -*■ 5 thermo
dynamically favorable, but not yet low enough to form 
significant amounts of 9. Since we have indications 
that the pKa’s of 9 are around 6-7 ,16 this situation must 
indeed arise: 5a and 5b become favored over their 
respective complexes 7a and 7b at pH <9.4 (see Figures 
1 and 2), 5c is always thermodynamically favored over 
7c in aqueous solution,12 whereas in 90% DMSO 5c 
is estimated to become favored when [HO- ] <  10-6 M.

Whether there is sufficient time for a significant 
amount of 5 to form via 6 before the pH drops further 
(now favoringjprocess 7 9 4 —► 8 ) depends on the
magnitude of k3.

In the case of 7a and 7b k3 <  10-2 sec-1 in aqueous 
solution;15 this is much too low for the reaction 7a 
(7b) 6 a (6 b) —► 5a (5b) to make any significant prog
ress during the mixing process. For 7c in 90% 
DMSO, k3 <  9 sec-1,12 which apparently is also too low 
and explains why no 5c is formed upon acidification of 
a basic solution of 7c in 90% DMSO with an acid solu
tion in 90% DMSO.

For 7c in more highly aqueous DMSO k3 has been de
termined as follows: 923, 650, 332, 116, 53, and 9 sec-1 
in 2, 20, 50, 65, SO, and 85% DMSO,12 respectively. 
The magnitude of k3 in solutions with a not too high 
DMSO content, say 65% or less, is quite high and ap
pears sufficient for the reaction 7 c 6 c —► 5c to make
some progress, even if the mixing time were in the 10- 
msec range. It is to be realized that when the aqueous

(15) C. F. Bernasconi, R. H. de Rossi, and C. L. Gehriger, unpublished 
results.

iV -M E T H Y L -/3 -A M IN O E T H Y L  N lT R O A R Y L  E T H E R S

acid and 7c in basic 90% DMSO are added together, 
it not only takes time for the pH of the microenviron
ment to be lowered but also for part of the DMSO 
around 7c to be replaced by water molecules. How
ever, since a relatively small increase of the water content 
(very early stage of mixing process) has already a 
large accelerating effect on %3, k3 must apparently 
have reached a high enough value by the time the pH 
of the microenvironment has somewhat dropped to 
allow 5c to accumulate on thermodynamic grounds. 
Better stirring as well as the use of a higher acid con
centration allow the microenvironment of 7c to reach 
a relatively low pH value at an earlier stage of the 
mixing process, thus cutting down the time during 
which formation of 5c via 6c competes with formation 
of 8c. Both factors are expected to enhance the yield 
of 8c, in agreement with experimental observation.

The method described here for synthesizing N- 
methyl-fl-aminoethyl nitroaryl ethers is likely to be 
applicable to compounds with activating groups 
other than nitro. Based on the accumulated under
standing of the relation between structure and ther
modynamics as well as kinetic stabilities of Meisen- 
heimer complexes,16 one may in fact predict that the 
method is likely to work for all systems in which the 
Meisenheimer complex is as stable as or more stable 
than that of the 2,4-dinitrophenyl system.

On the other hand the method appears ill suited 
for systems lacking the M-methyl or some other N- 
alkyl group for two reasons. (1) In analogy to other 
systems, formation of the cyclic Meisenheimer complex 
is expected to compete unfavorably with proton loss 
according to eq 6 and possibly with nucleophilic
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attack by HO-  at the 3 position of the aromatic ring.
(2) Even if some cyclic Meisenheimer complex is 
formed, acidification would not yield significant 
amounts of the /3-aminoethyl aryl ether because very 
likely k i »  k -  j.8a

In fact, when a basic solution of M-/3-hydroxy ethyl 
picramide, which showed a spectrum somewhat similar 
to the one of 7a, was acidified, the starting material was 
recovered almost quantitatively.

Experimental Section

JV-Methyl-A1 -0-hydroxyethyl picramide (5a) was prepared by 
adding 7.14 g (95 mmol) of freshly distilled A-methylethanolamine 
in 20 ml of ethanol to a solution of 11.8 g (47.5 mmol) of picryl 
chloride in 200 ml of ethanol. The dark red solution was refluxed 
for 15 min. After cooling, crystallization of the product started 
immediately, yielding 94% of the product, mp 144° after two 
recrystallizations from ethanol. Anal. Calcd for CMinN.Ov: 
C, 37.80; H, 3.52; N, 19.60. Found: C, 37.73; H, 3.64; 
N, 19.70. Uv max (H20 )  384 nm " (e 10,700).17

A-Methyl-ACfl-hydroxyethyl 2,4-dinitronaphthylamine (5b) 
was prepared after the same procedure as for 5a by starting with

(16) For recent reviews see (a) M. R. Crampton, A d v a n . P h y s .  O rg . Chem ., 
7, 211 (1969); (b) M. J. Strauss, C h em . R ev ., 70, 667 (1970).

(17) From spectrum a in Figure 1. Possibly in equilibrium with traces 
of 8a and/or 9a and 7a.
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2,4-dinitrochloronaphthalene. Refluxing time was 2 hr. Puri
fication was achieved by redissolving the filtered crystals in 
ethanol and precipitating by adding the solution to ice-cold water, 
yield 96% , mp 73-73.5°. Anal. Calcd for C13H13N3O5: C, 
53.70; H, 4.45; N , 14.40. Found: C, 53.75; H, 4.38; N, 
14.48. Uv max [2%  DM SO-98%  H20  (v /v )] 420 nm18 (e 
7620).18

.V-Methyl-iV-fi-hydroxyethyl 2,4-dinitroaniline (5c) was avail
able from a previous study.12

Meisenheimer complexes 7a and 7b were prepared by adding 
a solution of 4 mmol of KOH in 10 ml of ethanol to a solution of 
2 mmol of 5a (5b) in 10 ml of ethanol. 7a was precipitated with 
cold ether, yield 93% . Recrystallization from ethanol19 20 yielded 
a product decomposing at 298°. Anal.K Calcd for CgHgAhOyK: 
C, 33.33; H, 2.80; M , 17.28. Found: C, 32.87; H, 2.91; 
N, 17.14. Pmr (DMSO-d6) 5 2.11 (s, 3, CHSN ), 3.24 (m, 2, 
CH2N ), 4.13 (m, 2, CH20 ) , and 8.51 ppm (s, 2, ring); uv max 
(H20 )  427 nm (c 22,500). 7b after cr3rstallization from the re
action solution was filtered and washed with ether Anal.m 
Calcd for Ci3H12N30 5K : C, 47.42; H, 3.65; N, 12.77. Found:
C, 47.32; H, 4.56; N, 12.63. Pmr (DMSO-de) S 1.90 (s, 3, 
CH3N ), 3.21 (m, 2, CH2N ), 4.25 (m, 2, CH20 ) , 8.95 (s, 1, H3),21
8.6 (m, 1, H8),21 and 7.3 ppm (broad m, 3, H5,6,7);21 uv max [2% 
DM SO-98%  H20  (v / v )] 497 nm (« 13,000) and 338 (11,900); 
uvmax (DMSO) 518nm (e28,300) and 362 (17,000).

jV-Methyl-/3-aminoethyl picryl ether hydrochloride (8a) was 
prepared by rapidly adding 0.5 ml of concentrated HC1 to a solu
tion of 730 mg (2.25 mmol) of Meisenheimer complex 7a in 70 
ml of ethanol. KC1 precipitated and was filtered off, and the 
solution was concentrated for crystallization of the product, which 
was obtained in 76% yield, mp 140°. Recrystallization did not 
increase the melting point. Anal. Calcd for C«HuN«OjCl:

(18) From spectrum a in Figure 2. Probably in equilibrium with traces 
of 8 b as indicated by preliminary kinetic experiments.

(19) The crystallization was very slow. Use of trimethylbenzylammo- 
nium ion as gegenion gives better crystallization characteristics.11

(20) Meisenheimer complexes notoriously yield poor analyses.
(21) Assignments as for the spiro complex from l-(2-hydroxyethoxy)-2,4- 

dinitronaphthalene.22
(22) E. J. Fendler, J. H. Fendler, W. E. Byrne, and C. E. Griffin, J . O rg. 

C h em ., 33, 4141 (1968).

C, 33.48; H, 3.44; N, 17.35. Found: C, 33.41; H, 3.53; 
N, 17.20.

Ar-Methyl-/3-aminoethyl 2,4-dinitronaphthyl ether hydro
chloride (8b) was prepared by adding a solution of 300 mg (0.91 
mmol) of Meisenheimer complex 7b in 30 ml of ethanol to 15 
ml of ethanolic 0.5 M  HC1; this latter solution was prepared 
from HC1 gas and ethanol. After the precipitated KC1 was 
filtered off the solution was added to 50 ml of ether, whereupon 
the product precipitated. For purification the filtered product 
was redissolved in acidic ethanol and precipitated with ether, 
yield 50%, mp 180-181°. Anal. Calcd for C13HUN3O5CI: 
C, 47.71; H, 4.27; N, 12.84. Found: C, 47.50; H, 4.35; 
N, 12.71.

iV-Methyl-/3-a*ninoethyl 2,4-Dinitrophenyl Ether Hydro
chloride (8c).-—A 0.25-ml portion of a 14 M  KOH solution in 
water was added to 834 mg (3.46 mmol) of N -methyl-A’ -0- 
hydroxyethyl 2,4-dinitroaniline (5c) in 2.5 ml of DMSO. The 
resulting emulsion was added to 10 ml of 1.2 M  HC1 in 90% 
DMSO. After addition of 4 ml of ethanol most of the KC1 
precipitated; it was filtered off and the solvent was evaporated 
at about 40° (0.3 mm). The residue was extracted with ether 
to remove DMSO and traces of 5c. The last traces of DMSO 
were removed by column chromatography with alumina oxide 
(Baker Analyzed Grade, activity grade I, acid). The ether 
hydrochloride 8c was eluted with 0.5 M  HC1 in ethanol. Pre
cipitation with ether, redissolving in acidic ethanol, and repre
cipitation with ether yielded a product with mp 182-183°. 
Anal. Calcd for C9Hi2N30 5C1-H20 :  C, 36.7; H, 4.75; N, 
14.25. Found: C, 37.01; H, 4.45; N, 14.12.
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Photoreduction of cis-1,9-methano-10-methyldecal-2-one (lc ) occurs with retention of the stereochemistry 
at C9 to give CTS-9,10-dimethyldecal-2-one (3c); however, photoreduction of the trans isomer It occurs with 
inversion of the stereochemistry at C9 to also give 3c as the major product. When the angular methyl group is 
absent, photoreduction of either isomer occurs with retention of the stereochemistry at C9. A conformational 
argument is offered as a possible explanation for this difference.

Irradiation (n-x*) of bicyclo[4.1.0]heptan-2-ones 
in 2-propanol usually affords cyclohexanones derived 
from reductive opening of the C1-C7 cyclopropyl 
bond.1 Recently, it has been reported that this reac
tion course can be altered when the bicyclo [4.1.0 ]- 
heptan-2-one moiety is part of a decalone or steroidal 
ketone molecule. Photoreduction of either cis- or 
frans-4,5-methanocholestan-3-one gave predominantly 
cis-5-methylcholestan-3-one.2 Likewise, photoreduction 
of irans-dihydromayurone gave cis-8,8,9,10-tetra-
methyldecal-2-one as one of several products, but no 
frans-8,8,9,10-tetramethyldecal-2-one was found.3

(1) W. G. Dauben, L. Schutte, R. E. Wolf, and E. J. Deviny, J . O rg. 
C h em ., 34, 2512 (1969).

(2) W. G. Dauben, L. Schutte, and E. J. Deviny, ib id ., 37, 2047 (1972).
(3) G. W. Shaffer, ib id ., 37, 3282 (1972).

From inspection of molecular models, one would 
a priori predict that both frans-4,5-methanocholestan-
3-one and (raws-dihydromayuronc should photoreduce 
with retention of the trans stereochemistry. The 
present study reports the results from photoreduction 
of a series of isomeric l,9-methanodecal-2-ones which 
whould help to elucidate this problem.

The isomeric cyclopropyl ketones were prepared by 
Simmons-Smith cyclopropylation4 of the correspond
ing A1’9-octal-2-ols, followed by Jones oxidation.5 In 
each case the major alcohol obtained from lithium 
aluminum hydride reduction of the corresponding

(4) W. G. Dauben P. Lang, and G. H. Berezin, ib id ., 31, 3869 (1966).
(5) A. Bowers, T. G. Halsall, E. R. H. Jones, and A. J. Lemin, J . C h em . 

S o c ., 2548 (1953).
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enone was assigned the cis stereochemistry.6 Sepa
ration of isomers was accomplished in low yield by 
chromatography of the cyclopropyl alcohols and/or 
ketones on alumina.

Photoreduction of cis- and trans-\,9-methano-10- 
methyldecal-2-one ( lc , It) parallels the behavior of 
the 4,5-methanocholestan-3-ones. Either isomer of 
1 gives m-9,10-dimethyldecal-2-one (3c) as the pre
dominant product (eq 1 and 2). The small amount 
of 3t formed from photoreduction of It could not be 
isolated and identification was made only on the basis 
of a glc retention time comparison with 3t prepared 
by lithium-ammonia reduction of It. The lithium- 
ammonia reduction of It, in direct contrast to photo
reduction, gives 3t in good yield (eq 2).

When the bridgehead methyl group is absent (2c 
and 2t), photoreduction of either isomer parallels 
lithium-ammonia reduction and the stereochemistry 
of the cyclopropyl ring is retained in the product (eq 
1 and 3) J

hv, 2-propanol

or Li/NH3

lc, R =  CH,

2c, It =  H
hv, 2-propanol

n

3c, R =  CH 1 

4c,R = H

3c +  3t (9:1)

(1)

(2)

Irradiation at low temperature ( — 65°) also reveals 
a difference between the cis and trans isomers. When 
the CIO methyl group is present, the trans isomer is 
stable to prolonged irradiation at 300 nm in 2-propanol, 
whereas the cis isomer reacts. However, under the 
same irradiation conditions at 33°, there are no signif
icant differences between l c  and It in either the quan
tum yields for disappearance of ketone or formation 
of product (Table I).

T able I
Quantum  Y ields for D isappearance of K etone a n d  

F ormation of Product i n  2-Propanol0
Ketone 4>—k $ (formation of product)

le 0.50 0.23 (formation of 3c)
lt 0.74 0.23 (formation of 3c)
2c 0.45 0.08 (formation of 4c)
2t 0.38 0.13 (formation of 4t)

“ 7-15%  disappearance of ketone at 33° using RUL 3000-Â 
Rayonet lamps.

(6) H. O. House, “Modern Synthetic Reactions,” W, A. Benjamin, 
Inc., New York, N. Y., 1965, pp 30—32; H. B. Henbest and J. McEntree, 
J . C h em . S o c ., 4478 (1961).

(7) Identical results were obtained for c - and f-l,9-methano-f-6-isopropyl- 
r-( 10J7)-decal-2-one.

The results suggest a conformational control argu
ment as one possible explanation. If the carbonyl 
group of It should twist 25-30°, which is a maneuver 
easily accomplished with a Dreiding model, to relieve 
the 1,3-diaxiaI interaction of the angular methyl group 
and the axial hydrogen at C3, then the cyclopropyl 
ring would bisect the carbonyl p orbital. With this 
condition, the initial cyclopropyl rupture would occur 
to give tertiary radical 5 in preference to primary rad
ical 6 . 8 This twisted conformation of It would have

no effect on the result from lithium-ammonia reduc
tion, since the anion intermediate involved9 would 
prefer the primary position leading to 3t.

Although a 1,3-diaxial interaction similar to that 
of It exists for l c  between the C3 hydrogen and the 
C5 methylene group, a corresponding 25-30° twist of 
the model carbonyl group is more difficult to accom
plish. This nonflexibility of the carbonyl group of 
lc , as compared to It, could allow the carbonyl p 
orbital to remain aligned for maximum overlap with 
the outside cyclopropyl bond. Thus, for rn-1,9- 
methano-10-methyldecal-2-ones, the outside cyclo
propyl bond opens and the stereochemistry at C9 is 
retained. This would also be the case for CIO nor- 
methyl derivatives where the carbonyl group of the 
trans isomer would have a lesser tendency to twist 
owing to the absence of the 1,3-diaxial methyl-hydrogen 
interaction.

These generalizations are summarized in Chart I.
The failure to observe substantial amounts of cyclo- 

heptanone products from either trans A ,5-methano- 
cholestan-3-one or It is probably due to the greater 
hindrance toward hydrogen abstraction of tertiary 
as compared to primary radicals. When the primary 
radical is also in a hindered environment, such as ex
ists during photoreduction of the dihydromayurones, 
then cycloheptanone products are observed.3

These experiments do not exclude the possibility 
that the angular methyl group affects the excited 
state rather than the ground state conformation.

Experimental Section

Preparative irradiations were carried out with a 450-W me
dium-pressure Hanovia mercury lamp in a quartz, water-cooled, 
immersion probe. The filter was a glass cylinder of Corex 
(>255 nm) insertable between the lamp and the probe. Solu
tions were outgassed with argon before and during the irradia
tions.

Infrared spectra were taken as neat samples on a Perkin- 
Elmer 457 and absorptions are reported as inverse centimeters, 
uv spectra were taken on a Beckman Acta III, nmr spectra were 
taken on a Varian A-60A as chloroform-di solutions and are 
reported as ô units relative to TM S, and molecular weights were 
determined from mass spectra obtained with a Perkin-Elmer 270. 
Gas-liquid partition chromatography (glpc) was done on a 10% 
Carbowax 20M (12 ft X Vs in.) column. Melting points are 
uncorrected.

cis- and irans-1,9-Methano-10-methyldecal-2-one (lc, It).—

(8) W. G. Dauben, G. W. Shaffer, and E. J. Deviny, J . A m e r .  C h em . S oc., 
92, 6273 (1970).

(9) W. G. Dauben and R. E. Wolf, J . O rg. C h em ., 35, 374 (1970).
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Chart I

Lithium aluminum hydride reduction of 10-methyl-A1'9-octal-2- 
one gave 85% cis- and 15% irons-l-methyl-A, 9-octal-2-ol.6 
Nester-Faust spinning band distillation (10.0 g) afforded as the 
first fraction [1.28 g, bp 106-107° (3 mm)] a 1:1 mixture of the 
cis and trans isomers.

The alcohols (6.00 g, 0.036 mol, 85% cis, 15% trans) were 
allowed to react under Simmons-Smith conditions* to give 1,9- 
methano-10-methyldecal-2-ol: 85% cis, 15% trans; 3.79 g 
(58% yield); ir 3350 (s), 1465 (m), 1440 (m), 1040 (m), 962 (m), 
925 (m); nmr 4.1-4.5 (1 H, m, a H), 1.00 (cis) (3H , s, methyl H), 
0.35-0.75 (2 H, m, cyclopropyl H), 0.0-0.21 (1 H, m, cyclo
propyl H ); mass spectrum M + (cis) 180, M + (trans) 180.

The cyclopropyldecalols were oxidized at 0° with excess 
Jones reagent6 to give cis- and £rares-l,9-methano-10-methyl- 
decal-2-one (lc , It): ir 1684 (s); nmr 2.03-2.42 (2 H, m, a H ), 
1.14 (cis), 1.09 (trans) (3 H, 2 s, methyl H), 0.5-1.0 (2 H, m, 
cyclopropyl H ); mass spectrum M + (lc )  178, M + (It) 178; the 
cis isomer eluted first on glc.

Anal. Calcd for CnHigO: C, 80.85; H, 10.18. Found: C, 
80.57; H, 10.10.

Chromatography of the cyclopropyldecalols (4.40 g, 80% cis, 
20% trans) on 300 g of alumina (neutral III, 2.5 cm i.d.) gave the 
pure cis isomer as the first fraction (1.52 g) eluted with benzene- 
ether (50:1). Oxidation gave pure lc.

The Simmons-Smith reaction was repeated on a mixture of 
57% cis- and 43% £rans-10-methyl-A1'9-octal-2-ol from the above 
distillation and chromatography on alumina (neutral III, 
benzene) gave as a later eluted fraction a mixture consisting of 
85% tram- and 15% cis-1,9-methano-10-methyldecal-2-ol. 
Oxidation of this fraction and rechromatography on alumina 
(neutral II, benzene) gave a small fraction consisting of 92% 
It and 8%  lc.

cis- and ¿rans-l,9-Methanodecal-2-one (2c, 2t).— Lithium 
aluminum hydride reduction of A1'9-octal-2-one10 gave a 3:1 
mixture of cis- and £rani-A19-octal-2-ol.6

The alcohols (16.7 g, 0.11 mol) were allowed to react under 
Simmons-Smith conditions* to give l,9-methanodeeal-2-ol: 
69% cis, 31% trans; 14.1 g (77% yield); ir 3330 (s), 1440 (m),

1015 (s); nmr 4.1-4.5 (1 H, m, a H ), 0.0-0.25 (1 H, m, cyclopro
pyl H ); mass spectrum M + (cis) 166, M + (trans) 166.

The cyclopropyldecalols were oxidized at 0° with excess 
Jones reagent6 to give cis- and tram-l,9-methanodecal-2-one 
(2c, 2t): bp 80-82° (0.5 mm); ir 1670 (s), 1440 (m), 1241 (s), 
925 (m), 878 (s); nmr 2.01-2.34 (2 H, m, a H ), 0.66-1.12 (2 H, m, 
cyclopropyl H ); mass spectrum M + 164. The epimeric ketones 
are inseparable on Carbowax glpc; therefore the isomer ratios 
were determined by glpc analysis of the precursor alcohols.

Anal. Calcd for CnHi60 :  C, 80.44; H, 9.82. Found: C, 
80.32; H, 9.74.

The cyclopropyldecalols chromatographed twice on alumina 
(neutral II, ether) gave the pure trans (eluted first) and the pure 
cis isomer. Each isomer was separately oxidized to give pure 
2c and 2t.

Photoreduction of cis- and £rans-l,9-Methano-10-methyldecal-
2-one (lc , It).— The photoreduction of 95% pure lc  to cis-9,10- 
dimethyldecal-2-one (3c) has already been described.3

A solution of 0.476 g of a mixture of 53% lc  and 47%  It in 
150 ml of 2-propanol (0.018 M ) was irradiated for 1.3 hr. The 
solvent was removed under reduced presshre, the residual oil 
(0.492 g) was oxidized with excess Jones reagent6 and the re
sulting mixture (0.467 g) was chromatographed on 125 g of 
alumina (neutral III, 1 .5cm i.d .).

Benzene first eluted 0.155 g of 85% pure m-9,10-dimethyl- 
decal-2-one (3c) (28% yield), which was identified by com
parison (nmr spectrum, glpc retention time) with 3c obtained 
from lithium-ammonia reduction of lc . By glpc and nmr, this 
fraction contained a very small amount (ca. 1% yield) of tram- 
9,10-dimethyldecal-2-one (3t). This fraction also contained two 
other unidentified monomeric products in 4 -5%  combined 
yield.

Benzene later eluted 0.148 g (31%) of recovered starting 
material (1:1 mixture of lc  and It by nmr and g.pc).

Repeating the above irradiation and separation on a mixture 
of 92% It and 8%  lc gave the following yields: 27% 3c, 3%  3t
(identified by glpc retention time only), 41% starting material 
(94% It, 6%  lc ), 7%  of two unidentified monomeric products, 
and 22% of nonmonomeric material.

Photoreduction of cis- and trans-1,9-Methanodecal-2-one 
(2c, 2t).— A solution of 0.207 g of a 1:1 mixture of 2c and 2t in 
150 ml of 2-propanol (0.008 M ) was irradiated for 1 hr. The 
solvent was removed under reduced pressure, the residual oil 
(0.209 g) was oxidized with excess Jones reagent6 and the 
resulting mixture (0.183 g) was chromatographed on 75 g of 
alumina (neutral III, 1.5 cm i.d.).

Hexane-benzene (4:1) eluted a mixture of cis- and tram-
9-methyldecal-2-one (4c, 4t): 0.059 g (28% yield); ir 1701 
(s); nmr 0.97 (s, cfs-methyl H, 55%), 0.79 (s, irans-methyl H, 
45% ); mass spectrum M + 166. This sample was identical (ir 
and nmr spectra, glpc retention time) with a sample of 4c and 4t 
obtained by lithium-ammonia reduction of a 1:1 mixture of 
2c and 2t.

Hexane-benzene (1:1) eluted 0.060 g (29%) of unreacted 
starting material. The remaining 43% was nonmonomeric 
polar material and was not investigated.

cis- and trans-9,10-Dimethyldecal-2-one (3c, 3t).—The prep
aration and properties of 3c have already been described.3 
From lithium-ammonia reduction11 of a mixture of lc  and It 
there was obtained a mixture of 3c and 3t: ir 1705 (s); nmr 1.22
(trans), 1.03 (cis), 0.95 (trans), 0.91 (cis) (4 s, methyl H ); 
mass spectrum M + (cis) 180, M+ (trans) 180. The two epimers 
were partially resolved on Carbowax glpc; 3c eluted first.

cis- and £rans-9-Methyldecal-2-one (4c, 4t).— From lithium- 
ammonia reduction11 of a mixture of 2c and 2t there was obtained 
a mixture of 4c and 4t: ir 1705; nmr 0.97 (s, cis-methyl H), 
0.79 (s, £rans-methyl H, reported12 0.79); mass spectrum M + 166.

Anal. Calcd for CnHi80 :  C, 79.46: H, 10.91. Found: 
C, 79.24; H, 10.75.

The two epimers are inseparable on Carbowax glpc. Lithium- 
ammonia reduction of two different mixtures of 2c and 2t (85% 
2c, 15% 2t; 45% 2c, 55% 2t) showed that the 4c:4t ratio could 
be determined by relative integrations of the two methyl nmr 
singlets.

Low Temperature Irradiations.— Quartz tubes containing 
solutions of the various ketones in 2-propanol were immersed in a

(10) G. Stork, A. Brizzolara, H. Landesman, J. Szmuszkovicz, and R.
Terrell, J .  A m e r .  C h e m . S o c . ,  85, 207 (1963).

(11) W. G. Dauben and E. J. Deviny, J . O rg . C h em „ SI, 3794 (1966).
(12) J. A. Marshall and H. Roebke, ib id ., 34, 4188 (1969).
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methancl bath in a nonsilvered dewar flask which was cooled by 
circulation of methanol through an external Dry Ice-methanol 
mixture. The temperature range of the bath was —60 to —68°. 
The dewar flask was placed in the center of a Rayonet photo
chemical reactor and irradiated with 8-RUL 3000-A lamps.

The following results were obtained: os-dihydromayurone3 
in 22 hr gave 16% 7,ll,ll-trimethylbicyclo[5.4.0]-l-undecan-4- 
one and 4%  os-8,8,9,10-tetramethyldecal-2-one; irans-dihydro- 
mayurone3 in 22 hr gave no detectable reaction by glpc; lc  in 
21 hr gave 12% 3c; It (91% pure) in 21 hr gave no detectable 
reaction by glpc; 2c and 2t (ca. 1:1 mixture) in 36 hr, after 
oxidation with Jones5 reagent, gave 4%  of 4c and 4t (1:1). 
In the case of 2, the product was isolated and the presence of 
both 4c and 4t shown by the S 0.97 (4c) and 0.79 (4t) methyl 
group nmr singlets. In all the other low temperature irradia
tions, the percentages were obtained by glpc analysis only.

Quantum Yield Determinations.— Quantum yields were 
determined according to the procedure of Wagner.13 Separate 
solutions of l c  (0.07 M ), It (0.07 M ), 2c (0.1 M ), and 2t (0.1 M ) 
in 2-propanol containing octadecane as an internal standard were 
placed in 1.1-cm Pyrex tubes (each in triplicate), degassed, 
sealed, and irradiated in parallel at 33° on a merry-go-round 
using 8-RUL 3000-A Rayonet lamps. At this concentration, 
the ketones absorbed >99%  of the 300-nm radiation. The 
amount of ketone that disappeared was measured by glpc 
analysis (5%  Carbowax 20M, 18 ft X Vs in.) by comparing the 
ketone/standard area ratios before and after irradiation. The 
quantum yields for disappearance (7-15% ) of ketone follow: 
lc ,  0.50; It (92% pure, 8%  lc ) ,  0.74; 2c 0.45; 2t, 0.38.

The amount of product formed during the irradiation was

(13) P. J. Wagner and R. W. Spoerke, J . A m e r .  C h em . S o c ., 91, 4437 
(1969).

measured by comparison of glpc peak height to a graph of peak 
height vs. known concentrations of the respective product, using 
constant volume injections. The quantum yields for product 
formation follow: 3c from lc , 0.23; 3c from It, 0.23; 4c from 2c, 
0.08; 4t from 2t,0.13.

Two tubes containing 1.0 M  acetone and 0.20 M  cis-1,3-pen- 
tadiene in cyclohexane were irradiated in parallel with the above 
samples. The average yield (10% ) of irans-l,3-pentadiene was 
measured by comparison of glpc (10% UCW 98, 18 ft X Vs in.) 
peak height to a graph of peak height vs. known concentrations of 
tram- 1,3-pentadiene in the above solution of a s -1,3-pentadiene, 
acetone, and cyclohexane, using constant volume injections. 
The quantum yield for the cis to trans isomerization, after being 
corrected for back reaction, is 0.555.14
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Methyl propiolate reacts with trimethyl-, triethyl-, tri-n-butylammonium, and pyridinium halide salts in 
water-dioxane to yield irans-methoxycarbonylvinyltrialkylammonium salts. Similarly, dimethyl acetylene- 
dicarboxylate adds trimethyl- and triethylammonium halide salts to produce the as-bis(methoxycarbonyl )- 
vinyltrialkylammonium compounds. Other disubstituted vinyltrimethylammonium salts were prepared by de- 
hydrobromination of 1,1,2-tribromoethyltrimethylammonium bromide and 2-carboxy-l,2-dibromoethyltri- 
methylammonium bromide to yield the respective (Bj-dibromovinyltrimethylammonium and (£i)-l-bromo-2- 
carboxyvinyltrimethylammonium bromides. The stereochemistry and chemical shift assignment of both the 
mono- and disubstituted vinylammonium salts were established using the additivity relationship developed by 
Matter and Tobey, Sc _ c h  = 5.25 +  Zeem +  Zc-„ +  Ztl*ns. The shielding parameters for the trialkylammonium 
substituent were determined to be Zeem =  1.00, Z0,s =  0.65, and Xtra„3 =  0.30. A reinvestigation of the reaction 
of 1-bromovinyltrimethylammonium bromide with NaOCH3 or KOC2H5 revealed that the isomeric as-alkoxy- 
vinyltrimethylammonium bromide is also formed in addition to the reported 1-alkoxyvinyltrimethylammonium 
bromide.

The synthesis of vinyltrimethylammonium com
pounds is well documented. In most cases they are 
prepared by addition of aqueous trimethylaminc to 
acetylene or monosubstituted acetylenic derivatives.1- 3 
Until 1969, there were few reports on the synthesis of 
vinyltrialkylammonium salts containing an alkyl group 
other than methyl. With ethoxyacetylene, Arens2 3 
found that aqueous solutions of triethyl- or tri-n- 
buty(amine reacted sluggishly or not at all. In an 
improved modification of Reppe’s1 neurine synthesis,

(1) W . Reppe, German Patent 860,058 (1949).
(2) J. F. Arens, J. G. Bouman, and D. H. Koerts, R eel. T rav . C h im . P a y s -  

B a s, 74, 1040 (1955).
(3) C. Gardner, V. Kerrigan, J. D. Rose, and D. C. L. Weeden, J . Chem . 

S o c ., 789 (1949).

Fisher4 5 succeeded in preparing a series of N-(2- 
formyl vinyl) trialkylammonium salts by treating a 
mineral acid salt of a tertiary amine with propiolalde- 
hyde. With few exceptions, these and other 2-mono- 
substituted vinyltrialkylammonium salts have been 
shown by nmr spectroscopy to possess a trans configura
tion.4- 7

Other monosubstituted vinyltrimethylammonium 
salts have been synthesized either by dehydration8 or

(4) G. Fisher, Chem . B e r ., 102, 2609 (1969).
(5) G. Fisher, ib id ., 103, 3470 (1970).
(6) J.-M. Lehn and R. Sehr, C h em . C om m u n ., 847 (1966).
(7) M. Ohtsuru, K. Tori, J.-M. Lehn, and R. Sehr, J . A m e r .  C h em . S oc ., 

91, 1187 (1969).
(8) W. E. Truce and J. A. Simms, J . O rg. C h em ., 22, 762 (1957).
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dehydrohalogenation9-11 of 1,2-dihaloethyltrimethyl- 
ammonium salts. In the latter case, the 1-halovinyl- 
trimethylammonium salts are produced12 instead of the
2-halo isomers.

Disubstituted vinyltrialkylammonium salts have not 
been reported. In the course of studying and preparing 
new monosubstituted vinyltrialkylammonium salts, we 
also succeeded in synthesizing several of the disub
stituted derivatives. In this paper we report our 
observations on the synthesis and configurational assign
ments of new mono- and disubstituted vinyltrialkyl
ammonium salts. We also formulate a set of nmr 
shielding parameters for the trialkylammonium sub
stituent.

M onosubstituted Am m onium  Salts. —When tri- 
methyl-, triethyl-, or tri-n-butylammonium bromide 
was warmed (40°) in a 2:1 (v /v ) water-dioxane solu
tion containing an equivalent amount of methyl propio- 
late for 24 hr, the corresponding ¿rans-methoxycarbonyl- 
vinyltrialkylammonium salts ( la -e )  were isolated as

H « C 02CH2R '
+ -  \  /  

HCe=C C 02CH2R ' +  RsNHX — s- C = C
/  \

R 3N _
+ X

la -e , 2

Id, R  =  W-C4H0; R ' =  H; 
X  =  Br

e, R  =  CH3; R ' =  CH2C1; 
X  =  Br

2, R3N =  pyridine; R ' = 
H; X  =  Cl

la, R  =  CH3; R ' = H; 
X  =  Cl

b, R =  CH3; R ' =  H; 
X  =  Br

c, R  =  C2H6; R ' =  H; 
X  =  Br

crystalline compounds.14 Similar results were obtained 
employing the hydrochloride salts or other acetylenic 
esters (Table I). The stereochemistry of the salts 1 was

Table I
Physical Properties of Monosubstituted 

Vinyltrialkylammonium Salts 
R 'CH 20 2C H«

\

H i

No. R R' X
la ' c h 3 H Cl
lb ' c h 3 H Br
lc ' c 2h 5 H Br
Id' n-C4H 9 H Br
le ' c h 3 CHjCl Br
2' r 3n  = H Br

pyridine

C = C

Yield,

/1
\ -

n r 3x -
v ( ,C = C ) ,b „(C=0),!

%° Mp, °C cm-1 cm-1
35 179-180 166 1730
51 164-165 1661 1724
40 165-166 1664 1727
33 125-126 1653 1727
50 136 1661 1715
21 105-106 1642 1715

“ Isolated yield. b Nujol mull. c Satisfactory analytical 
data (± 0 .4 %  for C, H, N ) were provided for this compound: 
Ed.

assigned as trans, since J = 13.8-14.0 Hz for all the 
alkoxycarbonyl derivatives studied (Table II). The

(9) J. Bode, J u s tu s  L ieb ig s  A n n .  C h em ., 267, 268 (1890).
(10) K. A. Hofmann and K. Hobald, C h em . B e r . , 44, 1766 (1911).
(11) F. Klages and E. Sierup, J u s tu s  L ieb ig s  A n n . C h em ., B47, 65 (1941).
(12) In a recent report13 the bromovinyltrimethylammonium bromide re

sulting from dehydrobromination was incorrectly assigned as the 2-bromo 
isomer.

(13) W. K. Kwok, W. G. Lee, and S. I. Miller, J . A m e r . C h em . S o c ., 91, 
468 (1969).

(14) After completing this study, we uncovered an observation made by 
Truce and Brady15 on the reaction of trimethylammonium chloride and 
ethyl propiolate in methylene chloride to yield irans-ethoxycarbonylvinyl- 
trimethylammonium chloride.

(15) W. E. Truce and W. T. Brady, J . O rg . C hem ., 31, 3543 (1966).

chemical shift of H a in l c  and Id was shifted to lower 
field relative to lb  by 0.25-0.30 ppm. H3, however, 
remained invariant to any change in trialkyl substitu
tion. Varying the halide counterion had no effect upon 
the chemical shifts of the vinyl protons because of 
minimal ion pairing in water.16

In contrast, a pronounced shielding effect was ob
served for Ha in frans-methoxycarbonylvinylpyridinium 
chloride (2), formed in 21%  yield from pyridine hydro
chloride and methyl propiolate under similar condi
tions. The absorption of H„ was S 8.24 compared to 
the trimethyl analog ( lb )  which appeared at 5 7.50. 
The change in chemical shift of H„ in the series CH3O2- 
CCH0= C H aNR3 + X -  is qualitatively correlated with 
the polar inductive effect of the substituent R. The S 
values decreased in the following order for R : C6H5N >  
CH3 >  C2H5 >  n-C4H9. Pyridinium salts of structure 2 
have been long postulated as transient intermediates in 
the reaction of pyridine with acetylenic esters producing 
indolizines.17

Because of the ambiguity in the literature regarding 
the structure of 1-bromovinyltrimethylammonium bro
mide (3) and the potential need for configurational 
assignments of the disubstituted vinyltrialkylammo
nium salts, a set of shielding increments for a trialkyl
ammonium substituent on the ethylene moiety was 
determined. Several groups1819 using nmr spectroscopy 
have determined a series of shielding increments Z 
which, when used in conjunction with the equation 

ĉ=ch =  5.25 +  Zgem +  Zc-la +  Ztrans, aid in the de
termination of the stereochemistry of trisubstituted 
ethylenes. Comparative analysis (see Experimental 
Section) of the spectrum of neurine bromide and its 
derivatives with their calculated spectra using the 
shielding parameters of Matter18 and Tobey19 gave the 
following shielding increments—Zgem =  1.00, Zcis =  
0.65, and ZtTgns =  0.30—for a trialkylammonium sub
stituent. The use of these shielding increments and 
those reported1819 gave calculated values of the chemical 
shifts for H„ and Hfl in good agreement with those 
observed in this study and those previously reported6’7 
(Table I I ). The structure of 3 was reconfirmed by com
parison of its observed (5 6.50 and 6.07) vs. calculated 
(5 6.45 and 5.98) olefinic chemical shifts. A similar 
analysis was performed for the 1-methoxy- (4a) and
1-ethoxyvinyltrimethylammonium bromide (4b) deriva
tives,20 the latter prepared by two routes.2’20 In the 
preparation20 of 4, a second isomeric vinyltrimethyl- 
ammonium ether was observed. This isomer could be 
removed upon repeated recrystallization from methanol 
or acetonitrile. Nmr analysis of the product mixture 
resulting from 3 and NaOCH3-C H 3OH at room tem
perature (Figure 1) indicated a 3:1 ratio of 4a to cis- 
methoxyvinyltrimethylammonium bromide (5a). The 
spectrum of the mixture in DMSO-d6 (or D20 ) showed 
an AB absorption pattern at 5 4.99 and 4.61 for the 
vinylic protons with J =  6.5 Hz and single peaks at S 
3.84 and 3.42 for the methoxyl and trimethylammonium

(16) A. G. Massey, E. W. Rundull, and D. Shaw, S p ectro ch im . A c ta , 20, 
379 (1964); 21, 263 (1965).

(17) R. M. Acheson in ’’Advances in Heterocyclic Chemistry,” Vol. 1, 
A. R. Katritzky, Ed. Academic Press, New York, N. Y., 1963, p 125.

(18) U. E. Matter, C. Pascual, E. Pretsch, A. Pross, W. Simon, and S. 
Sternhell, T etrah ed ron , 25, 691, 2023 (1969); C. Pascual, J. Meier, and W. 
Simon, H d v . C h im . A c ta , 49, 164 (1966).

(19) S. W. Tobey, J . O rg. C h em ., 34, 1281 (1969).
(20) F. Klages and E. Drerup, J u stu s  L ieb ig s  A n n .  C h em ., 547, 65 (1941).
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T able II
Calculated® v s . Observed1 N mr Chemical Shifts of M onosubstituted V inyltrialkylawmonium Salts

A D X -

W
s

No. A B C d X ¿a , obsd ¿a , ealed 5b. obsd 5fi. ealed 6c. obsd 6c, ealed 6d, obsd

la H c h 3o ,c H NiCHih Cl 6 .6 8 6.70 4.01 7.50 7.43 3 .4 7
lb H CHsOjC H N(CH3), Br 6.63 6.70 3.86 7.47 7.43 3 .3 7
l c H CHjOiC H N(C3H6)3 Br 6.61 6.70 7.19 7.43 3 .68,

1.31
Id H CH30 2C H N(C4H9)3 Br 6.59 6.70 7.22 7.43
le H CICHjCHjOjC H N(CH3)3 Br 6.67 6.70 7.49 7.43 3.47
2 H c h 3o ,c H NC5H5 Cl 6.92 6.70 3.77 8.24 7.43 c
3 H H Br N(CH3)3 Br 6.50 6.45 6.07 6.01 3.54
4a H H c h 3o N(CH3)3 Br 4.99 4.69 4.61 4.49 3.84 3.42
4b H H C2HsO N(CH3)3 Br 4.95 4.69 4.58 4.49 1.37, 3.52

4.11
5a CH ,0 H H N(CH3)3 Br 3.89 6.56 6.78 5.58 5.04 3.46
5b C2H60 H H N(CH3)3 Br 1.31, 6.54 6.78 5.61 5.04 3.52

4.18
9 H h o 2c H N(CHs)3 Cl 6.58 6.90 7.40 7.66 3.42

16 H H 02C H N(CH3)3 Br 6.61 6.90 7.49 7.66 3.48
16a H HCbC H N(CH3)3 BF4 6.52 6.90 7.37 7.66 3.40

d H H Br N(CH3)3 b f 4 6.48 6.45 6.03 6 .0 1 3.50
e H H Cl N(CH3)3 Br 6.48 6.45 6.03 6 .0 1 3.50
e H H c ,h 5 N(CH3)3 Br 6.96 7.28 6.75 6.64

“ U. E. Matter, C. Pascual, E. Pretsch, A. Pross, W. Simon, and S. Sternhell, Tetrahedron, 25, 691, 2023 (1969); C. Pascual, J. 
Meier, and W. Simon, Hehi. Chim. Acta, 49, 164 (1966); S. W. Tobey, J. Org. Chem., 34, 1281 (1969); for +NR3, Zeem =  1.00, Zc\s = 
0.65, Ztrans =  0.30. 1 Measured in D20  relative to internal standard of 3-(trimethylsilyl)propanesulfonic acid sodium salt. ® See Experi
mental Section. d Prepared from 3 and Ag20  followed by acidification with 50% HBF3. 'Reference?.

/ = V
n  N(CH3)3B r

+  R07ROH

H\  / ° R H\  / Hc = c  + c = c
H N(CH3)3 RO 'N(CH:,)3Bi'~

Br 5a, R =  CH:1
4a, R =  CII3 b,R =  C,H,

b,R =C ,H 5

1. (C H 3)3N /H 20
H C =C O C 2H3 ---------------------*■ 4b2. HBr

protons. A second AB pattern was observed downficld 
at S 5.58 and 6.56 with J = 5.5 Hz. An additional set 
of peaks at S 3.89 and 3.46 was also observed for the 
corresponding methoxyl and trimethylammonium pro
tons. Similar results were obtained when KOH- 
C2H5OH was employed (Figure 2). Attempts to 
isolate 5a and 5b by fractional precipitation employing 
ethanol-ether or by recrystallization (acetonitrile) 
gave only 4 as the sole isolable salt. The cis stereo
chemistry of 5 was assigned on the basis of the vinyl 
proton coupling (5.5 Hz) and comparison of the ob
served vs. the calculated chemical shifts of the vinylic 
protons (Table II).

Both 4 and 5 are formed by a competitive substitu
tion-elimination process inherent in many activated 
ethylenic systems employing alkoxide salts in hydroxy lie 
solvents. Furthermore, isomer 4 can arise by one of 
two routes. The first involves an addition-elimination 
process whereby the alkoxide adds to the a carbon to 
give 6 followed by 60° rotation and rapid elimination 
of bromide ion, yielding 4. The alternate and less

Figure 1.—'H nmr spectrum of a mixture of 4a and 5a in DMSO- 
cU at 35°.

Figure 2.—*H nmr spectrum of a mixture of 4b and 5b in DMSO- 
d6 at 35°.
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likely route to 4 would involve dehydrobromination of 
3 producing 7,21 followed by trans addition (anti- 
Michael) of alkoxide and a proton. The formation of 
5 involves the elimination of hydrogen bromide to 
produce an intermediate alkynyltrimethylammonium 
salt (7), which then adds alcohol in a trans stereo
specific manner.23’24

/H  - H. .N(CH3)3Br-/  - B r  \  /

Disubstituted Salts.—When trimethyl- or triethyl- 
ammonium bromide was treated with dimethyl acet- 
ylenedicarboxylate in a 2:1 (v /v ) water-dioxane mix
ture, the corresponding dimethyl trialkylammonium 
malcates (8a and 8b) were isolated in 60 and 56% yield,

CH30 2C C = C C 0 2CH3 +  R3N H B r- — >
CH30 2C C 02CII3

W
/  \ .

H NR3B r-
8a, R = CH, 
b, R  = C2H5

respectively. The nmr spectrum of the trimethyl- 
ammonium derivative 8a showed only one set of methyl 
absorptions in addition to the singlet absorption at 8
7.11 for the vinyl proton (Table III). The triethyl

T a b l e  III
O b s e r v e d “ v s . C a l c u l a t e d 6 N m r  C h e m ic a l  S h if t s  f o r  

D is u b s t it u t e d  V in y l t r ia l k y l a m m o n iu m  S a l t s

C = C
/

/
A DBr-

Ob8d Caled
No. A B C D ivinyl v̂inyl
8a H CH30 2C c h 3o 2c N(CH3)3 7.11 7.00
8b H c h 3o 2c c h 3o 2c N (C2H5)3 7.00 7.00

13 Br H Br N(CH3)3 8.12 7.08
14 C2H50 H Br N(CH3)3 7.25 7.23
18 h o 2c Br H N(CH3)3 7.91 7.77

“ The chemical shifts were measured in D 20  solvent containing 
internal 3-(trimethylsilyl)propanesulfonic acid sodium salt at 
40°. 6 The values were calculated from the equation 5c- ch =  
5.25 +  Zgem +  Z„\s +  Ztrans using the values of Matter18 and 
T oby19 and Zeem =  1.00, Ze¡s = 0.65, and Z t =  0.30 for R 3N +.

derivative 8b showed an upheld shift for the vinylic 
proton (5 7.00) similar to that observed in the methyl 
propiolate-triethylamine and tri-n-butylamine adducts.

The cis stereochemistry of 8 was supported by com
parison of the calculated vs. observed chemical shift 
of the olehnic proton (i.e., 8 7.00 and 7.25 calculated for 
the cis and trans isomers, respectively) and the pre
sumed similarity in mechanism for the formation of the 
salts obtained with trialkylammonium halides and 
methyl propiolate. The reaction of dimethyl acetylene- 
dicarboxylate with triethylammonium chloride in 
methylene chloride has been reported25 to yield dimethyl 
(diethylamino)maleate (9) as the sole product. It

appears in this case that the chloride salt of 8b is 
formed initially and eliminates ethyl chloride producing
9. When a solution of 8b was refluxed in methylene 
chloride for 4 hr, the only product isolated was 9 in 
93% yield.

The nmr absorption for the ethylenic proton in 9 at 
8 4.52 was in good agreement with that of 8 4.53 re
ported for dimethyl (dimethylamino)maleate (10).26 
The solubility of 8b in methylene chloride may account 
for the facile elimination of ethyl chloride, since 10 was 
not formed when a suspension of insoluble 8a was 
refluxed in methylene chloride for 24 hr.

When acetylenedicarboxylic acid reacted with tri- 
methylammonium chloride under conditions similar to 
those described for the diester, decarboxylation occurred 
yielding only ¿rans-carboxyvinyltrimethylammonium 
chloride (11). Salt 11 was also prepared27 by the addi-

H 0,C C =C C 02H +  (CH3):,NHC1 - i

1. (C H 3) 3N /H 20

2. HC1

Hx  / N(CH3)2C r
c = c

H , « /  X H 
11

tion of aqueous trimcthylaminc to methyl propiolate 
followed by acidification with HC1.

Bromination and Dehydrobromination of Mono- 
substituted Salts.—Several additional disubstituted 
vinyltrimethylammonium salts (Table III) were pre
pared by bromination of the monosubstituted vinyl 
derivative in chloroform followed by dehydrobromina
tion with base. Bromination of 3 in refluxing chloro
form gave 62% yield of 1,1,2-tribromoethyltrimethyl- 
ammonium bromide (12). Dehydrobromination of 12 
with aqueous KOH produced (E')-l ,2-dibromovinyl- 
trimethylammonium bromide (13) as the only isolable 
product.

H Br
Br2 + KOH \  /

3 -------->- BrCH2CBr2N (CH3)3Br -  — >  C = CCHCh jo H2O /  \  +
Br N(CH3)3B r-

13

(21) The difficult isolation of ethynyltriethylammonium bromide and 
chloride from dibromoethylene and triethylamine in ether has recently been 
reported.22

(22) R. Tanaka and S. I. Miller, J . O rg. C h em ., 36, 3856 (1971).
(23) S. I. Miller, J . A m e r . C h em . S o c ., 78, 6091 (1956).
(24) W. E. Truce and J. A. Simms, ib id ., 78, 2756 (1956).

(25) R. J. Alain.o and D. G. Farnum, C a n . J .  C h em ., 43, 700 (1965).
(26) R. Huisgen, K. Herbig, A. Siegl, and H. Huber, C h em . B e r ., 99, 2526 

(1966).
(27) Private communication from Professor J.-M. Lehn, Strasbourg. 

The procedure is similar to that described for ethoxyacetylene and aqueous 
trimethylamine.2
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The chemical shift of the vinyl proton in 13 at 5 8 . 1 2  

exhibited greater shielding than that predicted by the 
use of the nmr shielding parameters, possibly because of 
breakdown in the shielding mechanism when one of the 
substituents is forced out of coplanarity by steric 
crowding. Assuming trans addition of bromine to 3, 
the resulting highly substituted ethane experiences 
large steric interactions in all three of its conformations. 
Trans elimination of HBr from 12a or 12c would yield

(E)-13, whereas (Z)-13 is expected from 1 2 b. The 
infrared spectrum of 13 showed a weak absorption at 
1603 cm-1 indicative of an E configuration. Additional 
support for the E configuration of 13 came from its re
action with a stoichiometric amount of ethanolic KOH, 
which produced (E)-l-brom(> 2-ethoxy vinyltrimcthyl-

H Br
CîHsONa \ /c —n
C2H0OH / \ +

c 2h 5o N(CH3)3B r-
14

ammonium bromide (14). Analysis of the calculated 
chemical shifts for the six possible isomers (Table IV)

\  Br O C *  Br

/ C=z(\ + +  NaOC2H5 =f^  H ' i C— Cv
Br N(CH3)3 Br Ist(CH3)3

13 15

I
H Br H Br

/
0 II 0

\ -Br"
«-------  H ,C ,0*~C —

- /
-C

/ \  + '  / VH5C20  N(CH3)3 
14

Br N(CH3)3

CCH=CHN (CH3)3+ B r- (16). 2-Carboxy-l,2-dibro- 
moethyltrimethylammonium bromide (17) was prepared 
in 82% yield from 16 and bromine in refluxing chloro
form. The use of methanol9 in place of chloroform 
yielded surprisingly only the methyl ester of 16 (la ). 
Elimination of HBr with methanolic KOH produced 
the E isomer of l-bromo-2-carboxyvinyltrimethyl- 
ammonium bromide (18). Decarboxylative debromina- 
tion to ¿rans-bromovinyltrimethylammonium bromide 
was not observed. Assuming a trans coplanar elimina
tion of HBr by methoxide ion, path A would be favored 
leading to olefin because of the relative proton acidities 
of 17a and 17b.29 If there was any contribution by an 
Elcb mechanism, rotamer 17a would also be favored to 
yield olefin because of the enhanced stabilization by the 
carboxylate ion vs. that of an ylide intermediate in 17b. 
The observed chemical shift of the vinyl proton in 18 
at S 8.06 was also in good agreement with the calculated 
value of 8 8.21 compared to that of 8 7.42 for isomer 19.

Table IV
Calculated Chemical Shifts 

W Y

/ \
X Z

w X Y Z Caled 5° Obsd S6
H Br c 2h 5o N(CH3)3 5.56
H Br N(CH3)3 c 2h 5o 5.76
H c 2h 5o Br N(CH3)3 7.23 7.25
H C2H sO N(CH3)3 Br 7.70
Br C2H50 H N(CH3)3 5.49
Br c 2h 5o N(CH3)3 H 5.73

“ References 18 and 19 and, for R3N, Zgem = 1.00, Zci, =  0.65,
and Strana, =  0.30. 6 In D 20.

H C02H
\  /c = c

+ /  V(CH3)jN Br
18

+
H\

/N (C H 3)3
C = =c

B / \
h o2c Br

19

Experimental Section

formed by either an addition-elimination or elimina
tion-addition mechanism indicated the E configuration 
for 14. The nmr spectrum of 14 exhibited a vinylic 
proton absorption at 8 7.25 compared to the calculated 
value of 8 7.23. The E configuration of 14 is consistent 
with an addition-elimination mechanism28 involving 
addition of ethoxide ion to the 2-carbon atom producing 
a ylide-type intermediate (15). Clockwise rotation 
(minimal eclipsing) of 15 followed by fast C-Br bond 
breaking would yield 14 with retention of configuration. 
The Z isomer of 13 would be expected to undergo a 
facile elimination of HBr, producing an intermediate 
bromoethynyltrimethylammonium salt which would 
add C2H5OH to yield products whose calculated olefinic 
chemical shift would be 8 <6.0 ppm (Table IV).

A second bromine-substituted vinyltrimethylammo- 
nium salt was prepared starting from trans-H 02-

(28) G. Modina, A c c o u n t s  C h e m . R e s . ,  4, 73 (1971).

All melting points are uncorrected. Proton nmr spectra were 
recorded on a Varian Associates A-60 nmr spectrophotometer 
using D 20  as the solvent, unless noted otherwise. Chemical 
shifts are expressed in 6 (parts per million downfield) from an 
internal standard of 3-(trimethylsilyl)propanesulfonic acid 
sodium salt. The infrared spectra were recorded on a Perkin- 
Elmer 137 infracord and the elemental analyses were performed 
by the Analytical Laboratories of the Central Research Depart
ment, Du Pont Company.

M aterials.— Solutions of the trialkylammonium salts were 
prepared in situ by neutralization of an aqueous solution of the 
corresponding tertiary amine with either 6 N  HC1 or 50% 
aqueous HBr at 0°.

Dimethyl acetylenedicarboxylate, triethylamine, tri-n-butyl- 
amine, pyridine hydrochloride, and trimethylamine hydro
chloride were obtained from Eastman Organic Chemicals. 
Methyl propiolate and 25% aqueous trimethylamine were pur
chased from Aldrich Chemical Co.

Determination of the Shielding Increments for the Trialkyl-

(29) W. von E. Doering and K. C. Schireiber, J .  A m e r .  C h e m . S o c . ,  77,
514 (1955); W. von E. Doering and A. Kentaro, i b i d . ,  77, 521 (1955); W.
Schlenk and J. Holtz, C h e m . B e r . ,  50, 274 (1917).
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ammonium Group.— The shielding increments for the trialkyl- 
ammonium group were obtained by first calculating the chemical 
shift of the vinyl protons in the parent structure using the shield
ing parameters of Matter18 and Tobey19 and subtracting these 
values from the observed chemical shift of the olefinic protons 
in the corresponding substituted vinyltrialkylammonium salt. 
Depending upon the configuration of the proton relative to the 
trialkylammonium group, a value for a cis, trans, or gem incre
ment was obtained. Eighteen monosubstituted compounds 
were analyzed in this manner. The average value of these incre
ments was Zgem =  1.00 ±  0.22, =  0.30 ±  0.15, and
Zeis =  0.65 ±  0.18. These values compared favorably with the 
shielding increments obtained using only ethylene (8 5.25) and 
vinyltrimethylammonium bromide.30 The calculated values 
using the latter method were Z gem =  1.25, Z trans =  0.29, and 
Zcis =  0.51.

iraras-Alkoxycarironylvinyltrialkylammonium Salts ( la -e ) .  
General M ethod of Preparation.— A solution of 38 mmol of the 
trialkylammonium halide salt in 20 ml of water containing 2 drops 
of the corresponding tertiary amine was treated in one portion at 
25° with 46 mmol of the acetylenic ester dissolved in 10 ml of 
dioxane. An exothermic reaction occurred (AT 15-20°). The 
solution was heated at 35° for 15 hr followed by removal of 
solvents under vacuum (<40°). The residue was treated with 
acetonitrile (15 ml) and the product was filtered. Recrystal
lization from methanol-ether gave pure crystalline salts. The 
salts prepared by this method are summarized in Table I.

froJis-Methoxycarbonylvinylpyridinium Chloride (2).— A 
mixture consisting of 4.3 g (38 mmol) of pyridine hydrochloride,
2 drops of pyridine, 3.3 g (37 mmol) of methyl propiolate, 20 
ml of water, and 10 ml of dioxane was heated at 40-45° for 20 hr. 
The solvents were removed under vacuum to yield an orange 
semisolid. Acetonitrile (15 ml) was added and the product was 
filtered. Recrystallization from acetonitrile yielded 1.6 g (21%) 
of 2: mp 105-106°; nmr (220 MHz, D 20 )  8 3.77 (s, OCH3,
3 H), 6.92 (d, /3-vinyl H, 1 H), and 8.24 (d, «-vinyl H, 1 H) 
with J  = 14.5 Hz. The aromatic pyridinium protons had 8 
8.60 (t, para H, 1H), 8.98 (d, ortho H, 2 H ), and 8.11 (over
lapping dd, meta H, 2 H).

1-Bromovinyltrimethylammonium Bromide (3) with M etha- 
nolic Sodium M ethoxide.— Three grams (0.012 mol) of 1-bromo- 
vinyltrimethylammonium bromide in 150 ml of methanol was 
treated with a solution of sodium methoxide (0.66 g in 25 ml of 
methanol, 0.012 mol) at 25°. After 20 hr, the solution was 
neutral and a small amount of NaBr was observed. The solvent 
was removed to yield 3.6 g of a white solid (product and NaBr). 
After drying in vacuo over P20 5, the nmr spectrum was recorded 
in DMSO-de. The spectrum was consistent for two isomeric 
products. There were two closely spaced singlets for the (CI13)3- 
N +-  group at 8 3.42 and 3.46, and a set of singlet absorptions at 
8 3.84 and 3.89 for a CH30  group. There were two sets of AB 
patterns for the vinyl protons, the first at 8 4.61 and 4.99 with 
J  = 6.4 Hz, and the second at 8 5.58 and 6.56 with J =  5.0 
Hz. The solid was extracted with ethanol and the solvent was 
removed in vacuo. Recrystallization from methanol-ether 
yielded 2.1 g (87%), mp 170-190°. The spectrum (DMSO-de) 
was similar to that recorded before recrystallization. The 
elemental analysis indicated two isomeric products.

Anal. Calcd for CsHuNOBr: C, 36.78; H, 7.22; N, 7.15. 
Found: C, 36.45; H, 6.71; N, 7.07.

The solid was stripped with boiling acetonitrile and an equal 
volume of ether was added to the filtrate. The precipitate was 
filtered and dried under vacuum over P2C>5. The nmr (DMSO- 
ds) spectrum indicated a single product attributed to 4a with 
absorptions at 8 3.45 [s, (CH3)3N +, 9 H], 3.85 (s, CH30 , 3 H), 
and 4.60 and 4.98 (d, vinyl, 2 H) with /  =  6.5 Hz.

1-Bromo vinyltrimethylammonium Bromide (3) with Ethanolic 
Potassium Hydroxide.— A suspension of 15 g (0.061 mol) of 1- 
bromovinyl trimethylammonium bromide (3) in 350 ml of ethanol 
was treated dropwise with an ethanolic KOH solution (4.1 g of 
KOH in 50 ml, 0.061 mol) at 25°. The insoluble KBr was 
filtered, and an equal volume of ether was added to the filtrate. 
The product was filtered and purified by mixed solvent recrystal
lization employing methanol-ether to give 8.0 g (62%) of a 
mixture consisting of two isomeric products, 1-ethoxyvinyl- 
(4b) and cts-ethoxy vinyltrimethylammonium bromide (5b), 
ir (Nujol) 1672 cm -1 (C = C ). The nmr spectrum of the original 
mixture before purification indicated the isomeric ratio to be

(30) M. Ohtsuru and K. Tori, C h e m . C o m m u n ., 750 (1966).

co. 3:1 . Isomer 4b (major) had 5 1.37 (t, CH3, 3 H ), 4.11 (q, 
CH2, 2 H ), 3.52 [s, (CH3)3N +, 9 H ], and an AB pattern at 5
4.99 and 4.61 (d, vinyl, 2 H) with J =  6.5 Hz. Isomer 5b 
(minor) had 8 1.31 (t, CH3, 3 H ), 4.18 (q, CH2, 2 H ), 3.52 
[s, (CH3)3N +, 9 H ], and an AB pattern at 5.61 and 6.54 (d, 
vinyl, 2 H) with J  =  5.0 Hz.

Anal. Calcd for C7Hi6NBrO (mixture): C, 40.02; H, 7.62; 
Br, 38.09. Found: C, 39.37; H, 7.31; Br, 37.69.

cts-1,2-Bis(methoxycarbony )vinyltrimethylammonium Bro
m ide (8a).— Dimethyl acetylenedicarboxylate (5.4 g, 38.0 
mmol) in 10 ml of dioxane was added in one portion at 25° to a 
solution consisting of 5.3 g (38.0 mmol) of trimethylammonium 
bromide and 3 drops of triethylamine in 25 ml of water. The 
temperature rose to 35° and the reaction mixture was subse
quently heated at 35° for 15 hr. The solvents were removed 
in vacuo (<40°). The brown, tacky solid was stirred with 
acetonitrile (35 ml) and the mixture was filtered. Ether was 
added to the filtrate to produce additional product. Mixed 
solvent recrystallization using acetonitrile-ether gave 5.9 g 
(56%) of 8b: mp 108°; ir (Nujol) 3448 (H2Q), 1730 (unsym- 
metrical doublet, C = 0 ) ,  and 1645 cm -1 (C = C ); nmr 8 3.85,
3.99 (s, CH30 2C, 6 H), 1.35 (t, CH3, 9 H), 3.73 (q, CH2, 6 H), 
and 7.00 (s, vinyl, 1 H).

Anal. Calcd for Ci2H22N 0 4B r .7 2H20 :  C, 43.28; H, 6.96;
N , 4.21. Found: C, 43.46; H, 7.39; N, 3.81.

Dimethyl (Diethylamino)maleate (9).— A solution of 1.5 g 
(4.5 mmol) of 8b in 50 ml of dry methylene chloride was refluxed 
for 4 hr. The solvent was removed to yield 0.9 g (93%) of a 
light-yellow oil. Comparison of its ir and nmr spectra with 
those of an authentic sample prepared from dimethyl acetylene
dicarboxylate and diethylamine in methanol indicated identical 
properties: ir (neat) 1754, 1701 (C = 0 ) ,  and 1587 cm -1 (C = C ); 
nmr (CCh) 8 6.18, 6.46 (s, CH30 , 6 H), 3.17 (q, CH2, 4 H), 1.17 
(t, CH3, 6 H), and 4.52 (s, vinyl, 1 H).

ira?w-Carboxyvmyltrimethylammonium Chloride (11) from  
Acetylenedicarboxylic Acid.— A solution consisting of 4.3 g 
(38 mmol) of acetylenedicarboxylic acid, 3.7 g (37 mmol) of 
trimethylammonium chloride, 15 ml of dioxane, and 15 ml of 
water was heated at 45° for 20 hr. The solvents were removed 
under vacuum to yield an oil. Addition of acetonitrile to the 
oil yielded a tan solid (2.2 g, 36% ). Mixed solvent recrystal
lization from methanol-ether gave irans-carboxyvinyltrimethyl- 
ammonium chloride (11): mp 173-174° dec; ir (Nujol) 1706 
(C = 0 )  and 1667 cm -1 (C = C ); nmr 8 3.42 [s, (CH3)3N +, 9 
H ], 6.58 and 7.40 (d, vinyl, 2 H) with J =  14.5 Hz.

Anal. Calcd for C6H i2N 0 2C1: C, 43.67; H, 7.24; N , 8.46. 
Found: C, 43.55; H, 7.34; N, 8.37.

1,1,2-Tribromoethyltrimethylammonium Brom ide (12).— A 
mixture of 49 g (0.20 mol) of 3 and 60 g (0.40 mol) of bromine in 
320 ml of chloroform was stirred vigorously at 50° for 18 hr. 
Chloroform and excess bromine were removed on a rotary 
evaporator to yield a red syrup. The viscous oil was stirred 
with 200 ml of acetonitrile and filtered (20.7 g). Ether (500 
ml) was added to the filtrate to produce 27.8 g of additional 
product (62% crude product). The crude product was purified 
by mixed solvent recrystallization from trifluoroacetic acid- 
ether: mp 154-156°; nmr (CF3C 02H) 8 4.72 [s, (CH3)3N +, 9 H ], 
and 3.79 (s, CH2,2 H ).

Anal. Calcd for C6HnNBr,: C, 14.86; H, 2.74; N, 3.47. 
Found: C, 14.81; H, 2.65; N, 3.26.

(E )-1,2-Dibromovinyltrimethylammonium Bromide (13).—A50- 
ml portion of a 1.24 M  aqueous KOH solution was added drop- 
wise at 25° to a suspension of 25 g (0.062 mol) of 12 in 600 ml of 
water. The homogeneous solution was evaporated to dryness 
with dry air over a 2-day period. The residual white crystals 
were recrystallized from ethanol to yield 13.7 g (70.6%) of 13: 
mp 138-139°; ir (Nujol) 1603 cm -1 (very weak) (trans C B r =  
C B r); nmr 5 8.12 (s, vinyl 1 H), 3.58 [s, (C H 3)3N +, 9 H ].

Anal. Calcd for C3HioNBr3: C, 18.53; H, 3.08; N, 4.32. 
Found: C, 18.50; H, 3.17; N , 4.41.

(E)-l-Bromo-2-ethoxyvinyltrimethylammonium Bromide (14). 
— A suspension of 3 g (9.2 mmol) of 13 in 25 ml of ethanol was 
treated with 15 ml of a 0.6 M  ethanolic KOH solution. After
O. 5 hr, the KBr was filtered. Ether (25 ml) was added to the 
filtrate to produce 0.35 g of unreacted 13. The second filtrate 
was treated with 100 ml of ether to precipitate a leaflike crystal
line solid. The product was filtered and dried in vacuo over 
P205 to yield 1.3 g (50%) of 14: mp 115° dec; ir (Nujol) 1661 
cm “ 1 (C = C ); nmr (DMSO-d6) 8 1.42 (t, CH3, 3 H), 3.50 [s, 
(CH3)3N +, 9 H ], 4.96 (q, CH2, 2 H), and 7.25 (s, vinyl, 1 H).
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Anal. Calcd for C7Hi5NOBr2: C, 29.08; H, 5.18; N, 4.84. 
Found: C, 29.26; H, 5.33; N, 4.67.

frarw-Carboxyvinyltrimethylaminonium Bromide (16).— To a 
stirred mixture of 30 g (0.36 mol) of methyl propiolate in 80 
ml of water was added with cooling 90 g of 25% aqueous tri- 
methylamine solution at 25°. The dark mixture was stirred for 
an additional 3 hr, followed by removal of water and excess 
trimethylamine under vacuum (30-40° bath). The brown re
sidue was dissolved in 200 ml of 48% aqueous HBr. The water 
and excess acid were removed on an evaporator. Recrystal
lization of the dark residue from methanol-ether yielded 44 g 
(59%) of 16: mp 120° dec; ir (Nujol) 1724 (C = 0 )  and 1661 
cm -1 (C = C ); uv max (CH3OH) 208.5 nm (e 2160); nmr (D 20 )  S 
3.49 [s, (CH3)3N, 9 H ], 6.61 and 7.49 (d, vinyl, 2 H) with J  =
13.8 Hz.

Anal. Calcd for CeHnChNBr: C, 34.30; H, 5.72; N , 6.66. 
Found: C, 34.96; H, 6.09; N, 6.89.

Tetrafluoroborate Salt of 16a.— irans-Carboxyvinyltrimethyl- 
ammonium tetrafluoroborate (16a) was prepared in an analogous 
fashion to that described for the bromide salt. Recrystalliza
tion from methanol-ether gave mp 135-136°; ir (Nujol) 1724 
(C = 0 ) , 1661 (C = C ), and 1053 cm -1 (BF,- ); nmr S 3.20 [s, 
(CH3)3N+, 9 H ], 6.41 and 7.22 (d, vinyl, 2 H) with J =  13.8 Hz.

Anal. Calcd for C6H,2N 0 2BF4: C, 33.13; H, 5.76; N, 6.45; 
F, 35.25. Found: C, 33.63; H, 5.27; N, 6.55; F, 34.80.

Bromination of 16 in M ethanol.— A solution consisting of 2.2 
g (11.0 mmol) of 16 in 100 ml of methanol was treated dropwise 
with 8 g (50.0 mmol) of bromine in 40 ml of methanol at 35°. 
After the solution was stirred for 20 hr at 35-40°, the volatiles 
were removed under water aspirator vacuum. The residual 
red oil was redissolved in 100 ml of methanol, and an equal volume 
of ether was added. The precipitated yellow solid was again 
dissolved in methanol and treated with ether to yield 2.4 g 
(96%) of irans-methoxycarbonylvinyltrimethylammonium bro
mide ( la ) :  mp 164-165°; ir (Nujol) 1658 (C = C ) and 1715 
cm “ 1 (C = 0 ) ;  nmr 6 3.37 [s, (CH3)3N+, CH], 3.86 (s, OCH3, 
3 H), 6.63 and 7.47 (d, vinyl, 2 H) with J =  13.9 Hz.

Anal. Calcd for C ,H i,N 02Br: C, 37.51; H, 6.25; N, 5.98; 
Br, 35.69. Found: C, 37.96; H, 6.40; N, 5.77; Br, 35.79.

2-Carboxy-l,2-dibromoethyltrimethylammonium Bromide
(17).— A mixture of 44 g (0.21 mol) of 16 and 50 g (0.33 mol) of 
bromine in 250 ml of chloroform was stirred vigorously at 45° 
for 24 hr. The yellow solid was filtered, washed with 200 ml of 
acetonitrile, and purified by recrystallization from methanol to 
yield 62 g (82%) of 17: mp 162-163°; nmr 5 3.58 [s, (CH3)3N+, 
9 H ], 5.86 (d, jS-CH, 1 H), and 6.57 (d, a-CH, 1 H) with /  =
1.5 Hz.

Anal. Calcd for C6Hi2N 0 2Br3: C, 19.47; H, 3.26; N, 3.79; 
Br, 64.82. Found: C, 19.87; H, 3.37; N, 3.87; Br, 65.25.

Dehalogenation of 17 with Potassium Carbonate.— Five grams 
(0.014 mol) of 17 in 100 ml of water was treated with a potassium 
carbonate solution (0.94 g in 25 ml of water, 0.0068 mol) at 
45-50°. Carbon dioxide was evolved during the addition. The 
solution was then heated at 60° for 2 hr. The water was re
moved under vacuum and the residual solid was extracted with 
ethanol. An equal volume of ether was added to the cooled 
extract to yield 2.2 g (55%) of (Z)-2-brcmo-2-carboxyvinyltri- 
methylammonium bromide (18): mp 187° dec; ir (Nujol) 3401 
(-O H ), 1724 (C = 0 ) ,  and 1631 cm "1 (C = C ); uv max (CH3OH) 
216 nm; nmr 5 8.06 (s, vinyl, 1 H), and 3.68 [s, +N(CH3)3, 9 
H],

Anal. Calcd for C6H n02NBr2: C, 24.93; H, 3.81; N, 4.84. 
Found: C, 24.06; H, 3.58; N, 4.44.

Registry N o — la, 40463-91-0; lb , 40463-92-1; lc , 40463-93-2; 
Id, 40463-94-3; le , 40463-95-4; 2, 40463-96-5; 3, 14800-49-8; 
4a, 40463-98-7; 4b, 14800-51-2; 5a, 40464-00-4; 5b, 40464-01-5; 
8a, 40550-39-8; 8b, 40464-02-6; 9, 996-85-0; 11, 40464-04-8; 
12, 40464-05-9; 13, 40464-06-0; 14, 40464-07-1; 16, 40464-08-2; 
16a, 40464-09-3; 17, 40464-10-6; 18, 40464-11-7; methyl pro
piolate, 922-67-8; 2-chloroethyl propiolate, 40464-12-8; tri- 
methylammonium chloride, 593-81-7; trimethylammonium bro
mide, 2840-24-6; triethylammonium bromide, 636-70-4; tri- 
butylammonium bromide, 37026-85-0; pyridine hydrochloride, 
628-13-7; dimethyl acetylenedicarboxylate, 762-42-5; acetyl- 
enedicarboxylic acid, 142-45-0; bromine, 7726-95-6; 1-bromo- 
vinyltrimethylammonium tetrafluoroborate, 40464-14-0; hy
drogen tetrafluoroborate, 16872-11-0.
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The Stereochemistry of l-Alkyl-2-acyl-l,2-dihydroisoquinaldonitriles1
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The pmr spectra and in particular the anisochronism (chemical shift differences) of diastereotopic groups 
(methyl or methylene) in a series of l-alkyl-2-acyl-l,2-dihydroisoquinaldonitriles (3 and 4) have been studied 
as a function of substituent, temperature, and solvent. On this basis, stereochemical analysis of these systems 
was accomplished. The amide group configuration is the same in all cases and has been established. The ring 
configuration is believed to be the one in which the 1-alkyl group is pseudoaxial. In the cases where the 1-alkyl 
group is isopropyl, only a single conformer about the ring-alkyl bond is observed and on the basis of chemical 
shift arguments has been assigned. In the cases where the 1-alkyl substituent is either isobutyl or benzyl, more 
than one such conformer may be present as indicated by spectral temperature dependence; the predominant
conformer is tentatively assigned.

Though the preparation of 1-alkyl derivatives of 2- 
acyl-l,2-dihydroisoquinaldonitriles (Reissert com
pounds) (1) has been well documented,3-9 only a few

(1) A portion of this work was previously communicated: T etrah ed ron
L ett., 5549 (1968), and Abstracts, 159th National Meeting of the American 
Chemical Society, Houston, Tex., Feb 1970, p 0-008.

(2) Rochester Research Center, Xerox Corporation, 800 Phillips Road, 
Webster, N. Y. 14580

(3) F. D. Popp in “Advances in Heterocyclic Chemistry,” Vol. 9, A. R. 
Katritsky and A. J. Boulton, Ed., Academic Press, New York, N. Y., 1968, 
P 1.(4) W. E. McEwen and R. L. Cobb, C h em . R ev ., 65, 511 (1955).

(5) F. D. Popp and J. M. Wefer, J . H e te r o c y d . C h em ., 4, 183 (1967).
(6) J. Sam and A. J. Bej, J . P h a rm . S c i ., 66, 1441 (1967).
(7) J. L. Neumayer, B. R. Neustadt, and J. W. Weintraub, T etra h ed ron  

L ett., 3107 (1967).
(8) B. C. Uff and J. R. Kershaw, J .  C h em . S oc . C, 666 (1969).
(9) M. P. Cava, M. V. Lakshmikantham, and M. J. Mitchell, J . O rg.

C h em ., 34, 2665 (1969).

examples of these compounds (3) have been isolated 
and characterized.5-7

Several interesting stereochemical questions, there
fore, remain unanswered for these systems. Among 
them are those concerning the ring conformation of the 
1 substituent, the configuration of the amide moiety, 
and the conformation about the ring-alkyl bond. 
Additionally, in recent years there has been much in
terest in the anisochronism (chemical shift difference) 
of diastereotopic groups.10

In the interest of addressing these questions in the 
context of the relatively large anisochronisms1 of the 
diastereotopic groups, a detailed study of these com
pounds was undertaken.

(10) K. Mislow and M. Raban in “Topics in Stereochemistry,” Vol. 1, 
N. L. Allinger and E. L. Eliel, Ed., Interscience, New York, N. Y., 1967.
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Results Table III

The pertinent parts of the pmr spectra of series 3 
and 411 are recorded in Tables I-IV . Two signals were 
observed only for the diastereotopic groups indicated.

NCOR

H "' V N
2

^  . ch3

NCOR

R ''^ C N
4

T able I 
Pmr Spectra of

1- I sopropyl-2-acyl-1 ,2-dihydroisoquinaldonitriles in CDCh
h 4

I B 
ch3

Compd R ScE3 *CHj A5ch3 5c H 5h4
3p OCH2CH3 0.83 1.16 0.33 2.75 7.08 5.82
3f 0-CsH,CH3 0.87 1.18 0.31 2.94 6.30 5.67
3d o-C6H4C1 0.92 1.22 0.30 3.00 6.34 5.79
3g p -c 6h 4c h 3 0.88 1.17 0.29 2.94 6.63 5.86
3a c h 3 0.80 1.08 0.28 2.74 6.78 5.90
3e p -c 6h 4ci 0.88 1.16 0.28 2.92 6.57 5.92
3b- CsH5 0.92 1.20 0.28 2.93 6.48 5.77
3b c 6h 5 0.89 1.16 0.27 2.91 6.52 5.81
3c CH(CH3)2 0.83 1.10 0.27 2.74 6.89 5.96

° 6,7-Dimethoxy derivative.

T able II
P mr Spectra of 1-Isopropyl-2-acyl-

3-METH YL-1,2-DI HYDRO ISOQUIN ALDONITRILEK IN CI)C13
h 4

ch 3b
Compd R ica3 4ch3 A5ch3 ScH 53-CHs 5.U

4f a - CioH, 0.91 1.38 0.46 2.60 1.41 6.04
4e o-C sH4CH3 0.87 1.29 0.42 2.58 1.56 6.08
4d o-C6H4C1 0.91 1.32 0.41 2.62 1.68 6.22
4c CH(CH3)2 0.84 1.24 0.40 2.54 2.29 6.44
4h o c h 2c h 3 0.82 1.22 0.40 2.55 2.28 6.22
4b c 6h 5 0.87 1.26 0.39 2.58 1.68 6.14
4i o c h 2c 6h 5 0.81 1.19 0.38 2.5 2.18 6.17
4a c h 3 0.82 1.19 0.37 2.50 2.30 6.40

Examining first the data of Table I, one notes the 
relatively high anisochronisms of the isopropyl methyl 
groups of 3, R ' =  i-Pr.12 However, the magnitude

(11) H. W. Gibson, J .  H e te r o c y d . C h em ., 7, 1169 (1970).
(12) The largest reported isopropyl methyl anisochronisms to date are 

0.7313 and 0.75 ppm.14 Generally much smaller values (0.1 ppm) are ob
served.

(13) M. Katjar and L. Radies, C h em . C om m u n ., 784 (1967).
(14) H. Kessler and B. Zeeh, T etra h ed ron , 24, 6825 (1968).

Pmr Spectra  of

1-Isobtjtyl-2-acyl-1,2-dihydroisoquinaldonitriles in  CDCl, 
Ha

ch 3a

ch 3

Compd R S*b A5ab $CHj 5CHj AScHj 5h3 ¿H4
3h CH3 1.98 2 .5 7 0.59 0.76 0.78 0.02 6.66 5.68
3j 0-C6H4CH3 2.17 2.73 0.56 0.84 0.87 0.03 6.32 5.66
3i C6H6 2.23 2.50 0.27 0.78 0.94 0.16 6.53 5.80
4gf a-CioH? 0.95 1.10 0.15 1.46“ 6.04
° 3-CH3 resonance.

T able IV 
P mr Spectra of

1-Benzyl-2-acyl-1,2-dihydroisoquinaldonitriles in CDC13

Compd
3k
31
3m
3n“
3o

CH3
o-C6H4CH3
C6H5
c 6h 5
c 6h 5

H
H
H
I
CH3

3.28
3.56
3.51
3.79
3.63

3.74
3.92
3.73
3.97
3.63

0.45
0.36
0.22
0.17
0.00

SH3
6.40
6.16
6.35
6.54
6.43

¿H,
5.47
5.45
5.54
5.72
5.68

“ Through courtesy of J. L. Neumeyer, Northeastern Uni
versity, Boston, Mass. [J. L. Neumeyer, H. H. Oh, K . K. Wein- 
hardt, and B. R. Neustadt, J . Org. Chem., 34,3786 (1969)].

of the anisochronism does not appear to be greatly de
pendent upon the nature of the JV-acyl group, R. 
The results for series 4 as shown in Table II exhibit a 
somewhat wider range of anisochronism and these, in 
contrast, are dependent upon the acyl group, R. In 
fact, the dependence appears to be steric in nature. 
This can be rationalized in terms of a steric buttressing 
effect by the 3-methyl substituent on the acyl group 
R, resulting in a greater steric interaction with the 1- 
isopropyl group, and thus differentially affecting the 
chemical shifts of the methyl groups. This effect can 
be seen clearly by comparison of corresponding pairs 
of series 3 and 4, e.g., 3e with 4e and 3d with 4d.

The isobutyl derivatives listed in Table III possess 
pmr spectra containing ABX patterns attributed to 
the CH2CH group. A unique inverse variation of 
ASab and ASCh3 with the V-acyl group, R, occurs. 
For 3h and 3j large A5Ab’s and small A ¿¡cm's are dis
played. On the other hand, 3i reveals a relatively 
small A5Ab and large A5Ch3- A large A5Ch, is also dis
cernible for 4g, but A5Ab could not be obtained directly. 
The anisochronisms (A5Ab) for the benzyl derivatives 
3k-o (Table IV) are arrayed in a pattern analogous to 
that in the isobutyl compounds. These results do not 
appear to be sterically related to the V-acyl group R, 
however, since in both the isobutyl and benzyl deriva-
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tives the acetyl compounds more closely resemble the 
toluyl than does the benzoyl; compare 3h, 3 j, and 3i, 
also 3k, 31, and 3m. Note also that in 3o A5Ab is zero. 
It has been reported14 that in l-(3-benzyloxy-4-me- 
thoxy-2-nitrobenzyl)-5,6,7-trimethoxy-l,2-dihydroiso- 
quinaldonitrile the benzylic protons are equivalent at 
5 3.68.

D iscussion

N itrogen Inversion.—The umbrella-like inversion of 
nitrogen is generally a facile, low-energy (few kcal/mol) 
process even for amides.15 Therefore, in these com
pounds two invertomers are present. While inter
conversion is rapid at the temperatures used in this 
study owing to the low energy of activation, the 
relative contributions of the invertomers will be 
dependent on the total energy content of each. For 
the sake of simplicity let us consider an average situa
tion in which the three groups bonded to nitrogen are 
in a plane, as would be the case for equal energy in
vertomers, but let us bear in mind that the average 
conformation may be biased toward one invertomer.

Ring Inversion.—There is also a possibility of ring 
inversion in the title compounds. Ring inversion would 
result in transposition of pseudoaxial and pseudo- 
equatorial groups at the 1 position (Figure 1). When 
the groups involved are of different conformational 
energy, this ring inversion would be manifested by a 
temperature-dependent equilibrium, and this in turn 
would normally result in changes in pmr spectra. In 
view of the lack of significant change in the pmr 
signals in these systems from low ( — 50°) to high (150°) 
temperatures (see below), it is concluded that a single 
ring form or two ring conformations of equal energy are 
present. The latter possibility is deemed highly un
likely for the following reason. It is known from di
hydronaphthalene systems that interactions of equa
torial groups at the 1 position with the peri (8) proton 
is severe and because of this the conformationally 
larger 1 substituent assumes the axial position.16 
From conformational energies (A values) determined 
in cyclohexyl systems, the effective bulk of alkyl groups 
such as those used in this study is known to be much 
greater than that of the cyano group.17 In light of 
these facts the cyano group would be expected to oc
cupy the more hindered pseudoequatorial position. 
The absence of a temperature effect is interpreted in 
terms of this being a very highly favored conformation. 
The possibility of coincidental isochronism of protons 
associated with two different ring conformers seems re
mote.

Am ide Configuration.—Another factor which must 
be taken into account is the possibility of cis-trans 
amide configurational isomerism of the type shown 
in structures 5c and 5t. This type of isomerism is well

(15) P. G. Lister and J. K. Tyler, C h em . C om m u n ., 152 (1966).
(16) M. J. Cooks, A. R. Katritsky, F. C. Pennington, and B. M. Semple, 

J . Chem . S oc . B , 523 (1969); D. C. Ayres and J. A. Harris, Chem . C om m u n ., 
1135 (1969).

(17) E. L. Eliel, N. A. Allinger, S. J. Angyal, and G. A. Morrison, “Con
formational Analysis,” Interscience, New York, N. Y., 1965, pp 440-442.

RING CONFORMATIONS

Pseudo —axial 
R'

R

Pseudo -equatorial

Figure 1.-—Ring conformations of l-alkyl-2-acyl-l,2-dihydroiso- 
quinaldonitriles.

known and has been extensively studied.18-25 Gen
erally, the activation energies are relatively large (15- 
20 kcal/mol), and hence at normal temperatures inter
conversion is slow enough that signals for both forms 
are observable in pmr spectra. In fact, in at least one 
case the isomeric forms have been isolated.22

The fact that no signal doubling for protons other 
than those in diastereotopic environments occurs in 
the compounds under examination at room tempera
ture indicates the presence of a single isomer or that 
the activation energy is low enough to allow rapid inter
conversion of the two. (The possibility of isochronism 
of all other protons in the two isomers is very remote.) 
The spectra of compounds 3b, 3i, 3j, and 3k were ob
tained at a temperature of —50°; there was no evi
dence of a “ freezing out”  of two isomeric forms, i.e., 
no signal doubling occurred: The spectrum of 3b was
determined in a variety of solvents (Table V) and

Table V
Solvent D ependence of Pme Spectrum  of 

1-Isopropyl-2-benzoyl-1,2-dihydro isoquin aldonitrile (3b)
Solvent *CH, SCH, aôch. 8h3 5H3

c o c k 0.89 1.16 0.27 6.52 5.81
c 6h 6 0.78 1.11 0.33 6.17 5.37
(CH3)2SO 0.82 1.09 0.27 6.59 5.97
c 6h 5n o 2 0.90 1.22 0.32 6.59 5.86

(18) H. S. Gutowsky, J. Jonas, and T. H. Siddall, III, J .  A m e r . C h em . 
S o c ., 8 9 , 4300 (1967).

(19) Y. Shvo, E. C. Taylor, K. Mislow, and M. Raban, ib id ., 8 9 , 4910
(1967) .

(20) Y. L. Chow, C. J. Colon, and J. N. S. Tarn, C a n . J .  C h em ., 4 6 , 2821
(1968) .

(21) R. F. C. Brown, L. Radom, S. Sternhell, and I. D. Rae, ib id ., 4 6 , 
2577 (1968).

(22) T. H. Siddall, III, W. E. Stewart, and A. L. Marston, J . P h y s .  C h em ., 
72, 2135 (1968).

(23) R. A. Johnson, J . O rg . C h em ., 33, 3627 (1968).
(24) A. M. Monro and M. J. Sewell, T etra h ed ron  L ett., 595 (1969).
(25) J. P. Chupp, J. F. Olin, and H. K. Landwehr, J . O rg. C h em ., 34, 

1192 (1969).
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again no signal doubling was discernible. These re
sults suggest that only a single amide configuration is 
present in these compounds in the temperature range 
employed.

Aromatic solvent induced shifts (ASIS)19 were em
ployed to establish the configuration of the amide 
function. It is known that groups s-trans to the amide 
carbonyl oxygen experience a large upfield shift and 
groups s-cis to the carbonyl oxygen are subjected to a 
small downfield or upfield shift when the solvent is 
changed from carbon tetrachloride to benzene.19 Ow
ing to the limited solubility of these compounds in car
bon tetrachloride, chloroform was used. Using ma
terials soluble in both solvents, it was shown that the 
differences are slight; shifts in chloroform were 3 to 
6 Hz downfield from those in carbon tetrachloride. 
The results of this solvent study are recorded in Table
VI. On the basis of predicted ASIS effects, the pro-

Table VI
A romatic Solvent Induced Shifts of P mr Spectra of 

1-Alkyl-2-acyl-1,2-dihydroisoquinaldonitriles

'-----------—--------- A$CDC11-C(D6. H2“----------------------- '
Compd A b B6 Hj H,

3c +  6 .2 + 0 . 8 +  2 4 .9 +  1 8 .8
31 + 2 . 6 - 0 . 5 + 2 3 .9 + 2 8 .6
4c +  3 .0 + 9 . 0 + 2 3 .4 ' + 2 3 .8
4d + 4 . 5 + 2 . 5 +  1 4 .9 ' + 2 1 .8

“ +  sign denotes upfield shift upon changing to C6D6; — sign, 
downfield shift. b A and B denote the diastereotopic groups of 
R ', i.e., the CH3 groups of R ' = i-CAb and the CH2 protons of 
R ' = CHjCeHs. e 3-CH3 resonance.

tons of the R ' group (A and B) of isomer 5c would 
undergo a large upfield ( + )  shift, while H3 (or 3-CH3) 
and H4 would be slightly shifted upfield (+ )  or down- 
field ( —). In contrast the protons of R ' in 5t would 
be expected to exhibit a small shift in either direction, 
while H3 (or 3-CH3) and H4 should undergo large up
field (+ )  shifts. In each case the data conclusively 
indicate configuration 5t, in which the R  group of the 
amide is cis to H3 (or 3-CH3) and the carbonyl function 
is cis to the R ' and cyano groups. This configuration 
is in accord with structure 6, in which the interaction 
of the cyano and carbonyl moieties has been invoked 
to explain the lack of nitrile absorption in the infrared 
spectra of Reissert compounds (6, R ' = H).4 Weak, 
barely detectable nitrile absorptions are found at 
2245-2255 cm-1 (4-5 wt %  solutions in CHC13) in all 
the compounds of series 3 and 4 except 4a, which 
showed no such absorption. The nitrile absorbances 
were 1-5% of the carbonyl absorbances, which occurred 
at 1672-1694 cm-1. Nitrile absorption intensities are 
known to be extremely variable, sometimes undetect
able.26 Therefore, the low nitrile absorption inten
sities in series 3 and 4 cannot be taken as proof of ex
tensive contribution of form 6 to stabilization of amide

_N
6

(26) L. J. Bellany, “The Infrared Spectra of Complex Molecules,” Wiley,
New York, N. Y., 1966, pp 265-267.

configuration 5t; at most it can be said that the results 
are consistent with this proposal.

The ASIS results are corroborated by the data of 
Table VII, relating the chemical shift of the acetyl

Table VII
T he E ffect of 1-Alkyl  Substituent on the C hemical 

Shifts of the A cetyl M ethyl  Protons of 3 
and 4 (R =  CH3) in CDCU

Compd R ' Sc h ,

3q c h 3 2.35
3r c h 2c h 3 2.33
3a CH(CH3)2 2.33
3h CH2CH(CH3)2 2.30
3k c h 2c 6h 5 2.28
4a CH(CH3)2 2.22

methyl protons of compounds 3 and 4, R = CH3, to the 
alkyl substituent R ' and the presence of the 3-methyl 
group. In the 3 series variation of R ' from methyl 
(3q) to ethyl (3r) to isopropyl (3a) to isobutyl (3h) to 
benzyl (3k) alters Sch, by only 0.07 ppm. Comparison 
of the 1-isopropyl compounds 3a and 4a reveals the 
effect of the 3-methyl group; the acetyl methyl pro
tons undergo an upfield shift of 0.11 ppm. Addition
ally in compound 3c the methyl protons of the N- 
isobutyryl group are diastereotopic with pmr signals 
at 8 1.22 and 1.28. In 4c the corresponding reso
nances appear at 8 0.97 and 1.22.27 Thus, addition of 
the 3-methyl function resulted in a slight (0.06 ppm) 
upfield shift in the downfield signal, but the upfield 
resonance underwent a large (0.25 ppm) upfield dis
placement. These data are consistent with the con
clusion that the configuration of the amide group is 
that shown in 5t; that is, the acyl R group is cis to the 
3 position of the isoquinoline ring. Therefore, signals 
arising from protons in the R  group are highly sensitive 
to the 3 substituent but relatively insensitive to the R ' 
group at the 1 position. In these terms the aniso- 
chronisms for the V-isobutyryl methyl signals are 
readily rationalized. If in accordance with other 
work28 the carbonyl group prefers to eclipse one of the 
methyl groups, the other methyl group will be in close 
proximity to the 3 position. The two methyl groups 
will then be affected by different magnetic anisotropies. 
In 3c the difference is small; in 4c the carbonyl 
anisotropy is similar to that in 3c, but, owing to the pres
ence of the 3-methyl group, the isobutyryl methyl group 
in that region (the upfield signal) is subjected to a 
much different anisotropy and is shifted further up
field and a larger anisochronism results.

Conform ation A bout the C 4- R '  B ond.—A further 
point of obvious consequence to the anisochronism of 
diastereotopic groups in R ' of 3 and 4 is the con
formation about the C i-R ' bond. Three noneclipsed 
conformations are possible for each compound. Con
formations of the 1-isopropyl derivatives of 3 and 4 
are shown in 7a, 7b, and 7c as viewed along the meth- 
ine-C4 bond.

When the energy barrier due to eclipsing of groups in 
passing from one conformer to another is sufficiently 
low, all of the conformers will be represented in propor-

(27) This anisochronism (0.25 ppm) is very large; for structurally similar 
iV-benzyl-iV-(o-tolyl)-2-methylpropionaniide the methyl anisochronism is 4 
Hz (0.07 ppm).19

(28) G. J. Karabatsos and N. Hsi, J .  A m e r . C h em . S o c ., 87, 2864 (1965).
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tion to their free energy content. The presence of two 
or more rotamers of unequal energy is manifested as a 
temperature dependence of the relative populations. 
If the chemical shifts of the groups involved van1 from 
conformer to conformer, as is usually the case, this 
temperature dependence is conveniently detected by 
pmr spectroscopy. In some cases, owing to prefer
ential solvation the relative conformer populations are 
sensitive to changes in solvent and such changes can 
also be discerned by pmr.

The effect of temperature from —50 to 150° on the 
spectrum of l-isopropyl-2-benzoyl-l,2-dihydroisoquin- 
aldonitrile (3b) is listed in Table VIII. The solvent

Table VIII
T emperature D ependence of Pmr Spectrum of 

1-Isopropyl-2-iienzoyl-1,2-dihydroisoquinaldonitrile (3b)
Temp, °C Sen, {CH3 AÍCH8 SH3 ¿H4

- 5 0 “ 0.96 1.23 0.27 6.59 5.89
-3 0 « 0.96 1.23 0.27 6.58 5.88

40“ 0.89 1.16 0.27 6.52 5.81
40" 0.90 1.22 0.32 6.59 5.86
95* 0.92 1.22 0.30 6.57 5.82

150" 0.93 1.20 0.27 6.57 5.82
“ Solvent CDCh. b Solvent C6H5NO,.

dependence of the spectrum of 3b is listed in Table V. 
As can be seen, the spectrum in chloroform-d from — 50 
to 40° undergoes only minor chemical shift changes; 
the anisochronism (A 5 Ch.) is constant. In nitrobenzene 
solvent from 40 to 150° there is a slight change in 
AficHi from 0.32 to 0.27 ppm, about a 10% decrease. 
This small change is believed to be related, not to 
changes in conformer ratio, but rather to the solvation 
of 3b by the aromatic solvent, leading to a differential 
shielding dependent upon stereochemistry and electron 
density.29 Thus, as the temperature is increased to 
150° the solvation is effectively shorter lived and chemi
cal shifts and anisochronisms closely resemble those in 
chloroform-d at room temperature. Nitrobenzene is 
not a highly electron-rich nucleus and thus its solvating 
power is less than that of benzene. The solvent de
pendence (Table V ) seems to reflect only the same 
difference between aromatic and nonaromatic solvents 
with no gross changes taking place.

We believe that these data are indicative of the 
presence of a single stable rotamer as has been pre
viously suggested for some 1-isopropjr 1-1,2,3,4-tctra- 
hydroisoquinoline compounds.13 In considering the 
isopropyl conformation several observations are im-

(29) R. G. Wilson, D. E. A. Rivett, and D. H. Williams, C h e m . I n d .

(L o n d o n ) ,  109 (1969).

portant. The unfield methyl signal (CH^) is not much 
affected by the presence or absence of the 3-methyl 
substituent (Tables I and II , e.g., 3 f and 4e, 3d and 4d, 
3a and 4a) nor by formation of cyclic compounds 8 a 
and 8 b from compounds 3a and 4a . 30 This implies that
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8a, R = H; <5CHj 0.83; <5CH 2.2 (D M SO)
8b, R = CH3; <5ch3 0.81, 0.84; á CH 2.3 (D M SO)

the high-field methyl group occupies a position removed 
from the 3 position and the amide region. Conversely, 
the low-field methyl (C H f) and the methinc proton are 
affected by the presence of the 3-methyl substituent 
(Tables I and II) and conversion to 8; therefore, it is 
inferred that they lie in the vicinity of the 3 position 
and the amide function. Based on these inferences, 
7a and 7b are the two possible conformers and the high- 
field methyl group CH* is gauche to the nitrile and 
benzo groups. In 7a the methinc proton is expected 
to move upheld as the 3-methyl group is added while in 
7b the downfield methyl (CH1/)  is expected to move 
upfield, both due to increased shielding by the double 
bond. Experimentally it is found that C H f undergoes 
a downfield shift (~0.1 ppm, regardless of R) while the 
methine proton shifts upfield (~0 .3  ppm), and this 
points to conformer 7a.

As expected for 7a the methine proton reveals the 
anisotropy of the R group. For alkyl R groups it is 
shielded relative to aryl R ’s; of the aryl R ’s phenyl is 
most like the alkyls, i.e., it is less deshielding (Tables I 
and II). A similar effect can be seen in the H3 signal 
(Table I); with ortho-substituted aryl R groups H3 is 
shielded relative to other aryl R groups. In Tables I 
and II it can be seen that C H f is slightly more dc- 
shielded with ortho-substituted aryl R groups than with 
other aryl or alkyl R groups. Molecular models 
indicate crowding of aryl R groups and the 3 substituent 
(H or CH3) so that either (1) R rotates to become or
thogonal to the NCO plane or (2) the N-COR bond is 
not quite coplanar in that the R  group lies below the 3 
position, or (3) a combination of 1 and 2 occurs. The 
chemical shifts of the methine proton and the CH® are 
informative in this regard. In the series 3 the methine 
proton is relatively sensitive to changes in R in com
parison to series 4. The isopropyl CH® is, however, 
changed by a nearly constant (0.11 ppm) amount for 
all R ’s in comparing series 3 and 4; similarly changes 
of R  in the two series result in about the same changes 
in C H f, e.q. compare 3 b -d  and 4 b -d . Also the chemi
cal shift of the group at the 3 position is inversely 
related to that of the methine proton, while the shifts 
of the methine and CH:f  are directly related. These 
results taken together suggest that the degree of or
thogonality is dependent on R and is relatively constant 
for a given R whether it is in series 3 or 4, but that 
introduction of the 3-methyl group causes a nearly 
constant change in the nonplanarity of the NCOR

(30) These and related compounds will be described in a forthcoming pub
lication; see also Abstracts, 164th National Meeting of the American Chemi
cal Society, New York, N. Y., Aug 1972, p 0-4.
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grouping. This places the R  group somewhat more 
below the 3-methyl group, away from the 3-methine 
proton, which is thereby less sensitive to R, and raises 
the carbonyl oxygen toward CH®, placing it in a more 
highly deshielding area. The methine and the 3 
substituent in both series reveal the dependence of the 
degree of orthogonality on R, i.e., ortho substituents 
increase orthogonality, hence shielding. In this regard 
note the position of the 3-CH3 group in 4 f.31

In an effort to ascertain the conformation in the 
benzyl and isobutyl series, an examination of the effect 
of substituents on the chemical shifts of various protons 
in the 1-alkyl substituent is informative. First, by 
inspection of Tables III and IV it can be seen that the 
upheld protons (HA’s) for the two systems are similarly 
affected by changes in R, i.e., A<5h is relatively con
stant (e.g., compare 3 h -k  to 3 i-l) . Likewise the down- 
held protons (H b ’s) are similarly affected by R. The 
conclusion is that the conformation about the Ci-C H 2 
bond is on the average the same for both series of com
pounds. Similarly, through comparison of the low-held 
methylene protons (HB’s) of the isobutyl and benzyl 
systems (Tables III and IV) with the methine protons 
of the isopropyl series (Tables I and II) as a function 
of R  it can be seen that the chemical shifts vary simi
larly, i.e., 5Ha — Sch is relatively constant. This 
implies that the HB’s occupy the same position con- 
formationally as does the methine proton. The HA 
signals of the isobutyl and benzyl series do not seem to 
vary in the same manner as either CH^ or CH:f  of the 
isopropyl series, however. Thus, the conformational 
relationship of isobutyl and benzyl series to the iso
propyl series is tenuous.

The diastereotopic methylene groups in the isobutyl 
and benzyl series show very similar anisochronism 
changes with temperature (Tables IX  and X ). How-

TAble IX
T empehAture D ependence o f  t h e  Pmr Spectrum  o f  

1-Isobutyi^2-benzoyl-1,2-dihydroisoquinAldonitrilk (3i)
Temp, °C 5«a 6* n A5.nAB 5CH3 *bòch3 ASchs ¿H3 5H4

54 (CD3COCD3) 2.20 2.41 0.21 0.71 0.97 0.26 6.90 6.03
40 (CDCls) 2.23 2.50 0.27 0.78 0.90 0.12 6.53 5.80

T Able X
T emperature D ependence of the Pmr Spectrum of 

1-Benzyl-2-acetyl-1,2-dihydroisoquinaldonitrile (3k)
Temp, °C 3« b A«AB 5h, 5h,

30 (CD3COCD3) 3.37 3.88 0.51 6.87 5.62
40 (CD3COCD3) 3.40 3.86 0.46 6.73 5.69
40 (CDCI3) 3.28 3.74 0.46 6.40 5.47

ever, the isopropyl group of the isobutyl compounds is 
fairly mobile and shows relatively large anisochronism 
changes; changes in conformer populations about this 
bond due to changes in R  or temperature could affect 
the diastereotopic methylene protons’ magnetic anisot
ropy. Therefore, the parallelism of the behavior of 
the methylene groups of the two series does not neces
sarily arise; directly from the same variable.

Nonetheless, the following rationale is offered. 
Based on the similarity of HB to the methine proton of 
the isopropyl series, either 9a or 9b is the predominant

(31) See paragraph at end of paper regarding supplementary material.

conformer in these two series at 40°. Of these two 
conformers 9b seems less strained in molecular models. 
Thus, 9b is probably the major conformer in these two 
series. This is supported by the presence of the aro
matic methyl signal of 3o at a relatively high field, 5 
1.83. Molecular models indicate that the ortho sub
stituents would prefer to be away from the carbonyl 
group and lie over the benzo ring of the isoquinoline. 
The behavior of HA with changes in R  is then under
standable in terms of nonplanarity and orthogonality 
of the NCOR group. Changing R  from methyl to 
phenyl (3h to 3i, 3k to 3m) apparently results in de
creased planarity, raising the carbonyl oxygen relative 
to Ha, increasing the deshielding of HA, while the phenyl 
rotates relatively freely resulting in only slight shielding 
of H3. Changing to o-tolyl (3j or 31) then causes in
creased orthogonality (shielding of H3 and deshielding 
of Hb) which to some extent alleviates the need for 
noncoplanarity so that HA is not changed much from 
phenyl.

The behavior of 3 m -o  (Table IV ) is interesting. If 
one plots ¿¡HB as a function of the Hammett substituent 
constant for para substitution, a straight line (slope 
0.77 ±  0.07, correlation coefficient 0.996) results; a 
similar plot for 5Ha is nonlinear. The variation of HA 
and Hb in 3 m -o  may then be due to changing conforma
tion about the CH2-aryl bond, which has been reported 
for other benzylic systems and ascribed to either 
hyperconjugation of the benzylic hydrogens or para
magnetic shielding.32

In summary, through consideration of the pmr spec
tra and in particular the anisochronisms of the diastero- 
topic groups as functions of substituent, temperature, 
and solvent, the following stereochemical questions 
were addressed: ring conformation via ring inversion, 
amide configuration, and conformation about the 
ring-alkyl bond.

Experimental Section

All compounds used in this study were of analytical purity.11 
Nmr solvents were obtained from Merck Sharpe and Dohme. 
Nmr spectra were recorded on a Varian A-60 instrument equipped 
with Model A-6040 temperature controller. Chemical shifts 
relative to internal tetramethylsilane are believed accurate to 
± 0 .5  Hz. Temperatures were calibrated by use of ethylene 
glycol and methanol spectra. Temperature was ambient (~ 4 0 ° ) 
unless otherwise indicated. Infrared spectra were determined 
using a Beckman IR-4 instrument and 0.1-mm matched sodium 
chloride cells.
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A Stereospecific Synthesis, of C-6(7) Methoxypenicillin and 
-cephalosporin Derivatives
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A method for introducing the C-6(7) methoxy group on penicillins and cephalosporins via a route using pre
sumably both carbanion and carbonium ion intermediates is described. Treatment of esters of C-6(7) benzyli- 
deneaminopenicillin and -cephalosporin with NaH and MeSS02Me gave the corresponding C-6(7) methylthio 
derivatives. Hydrolytic removal of the benzylidene group of the above derivatives followed by treatment with 
HgCU in methanol afforded benzyl 6-amino-6-methoxypenicillanate and iert-butyl 7-amino-7-methoxydeacetoxy- 
cephalosporanate. These compounds were converted to the appropriate penicillin and cephalosporin analogs 
by acylation and removal of the ester groups. Assignment of a configuration to the methoxy group is discussed.

A recent report that certain naturally occurring 7- 
mcthoxyccphalosporins (cephamycins) have enhanced 
activity against gram-negative organisms1'2 prompted 
us to investigate the synthesis of C-6(7) methoxy
penicillin and -cephalosporin derivatives. Of the meth
ods reported to date for synthesizing C-6(7)-disub- 
stituted penicillins and cephalosporins,2a the C-6(7) 
methyl derivatives were made using appropriately 
protected carbanions3'4 while the C-6(7) methoxy 
derivatives were synthesized by routes using carbonium 
ion2 and acylimine5 intermediates. We now report a 
facile synthesis of C-6(7) methoxy derivatives by a 
route using a combination of presumed carbanion and 
carbonium ion intermediates.

The Schiff base la, prepared from equimolar amounts 
of benzaldehydc and 2a,6 on treatment with 1 equiv of 
NaH in anhydrous DM F followed by addition of 1 
equiv of MeSS02Me7 gave lb  in 60% yield. Addition 
of 6 A  HC1 to lb in acetone precipitated 2b HC1; the 
crystalline free base was generated by adding the salt 
to 5% NaHC03 solution. Treatment of 2b in a mixture 
of anhydrous CH3OH-DM F and pyridine with HgCl2 
gave the crystalline 7-methoxy derivative 2c in 80% 
yield. Acylation of 2c with 2-thienylacetyl chloride 
(TAC) and pyridine in CH2C12 gave 3a. Trifluoroacetic 
acid (TFA) containing 10% anisole converted 3a to 3c

(1) R. Nagarajan, L. D. Boeck, M. Gorman, R. L. Hamill, C. E. Higgens,
M. M. Hoehn, W. M. Stark, and J. G. Whitney, J . A m e r . C h em . S o c ., 93, 
2308 (1971).

(2) L. D. Cama, W. J. Leanza, T. R. Beattie, and B. G. Christensen, 
J . A m e r .  Chem . S o c ., 94, 1408 (1972).

(2a) N ote  A dded  in  P r o o f .—Since we submitted this paper, several 
publications which described related synthetic methods have appeared in the 
literature: W. A. Slusarchyk, H. E. Applegate, P. Funke, W. Roster, M. 
S. Puar, M. Young, and J. E. Dolfini, J . O rg. C h em . 38, 943 (1973); J. E. 
Baldwin, F. J. Urban, R. D. G. Cooper, and F. L. Jose, J .  A m e r . C h em . S oc ., 
95, 2401 (1973); G. A. Koppel and R. E. Koehler, ib id ., 95, 2404 (1973).

(3) E. H. W. Bôhme, H. E. Applegate, B. Toeplitz, J. E. Dolfini, and 
J. Z. Gougoutas, J . A m e r .  C h em . S o c ., 93, 4324 (1971).

(4) R. A. Firestone, N. Schelechow, D. B. R. Johnston, and B. G. Christen
sen, T etra h ed ron  L ett., 375 (1972).

(5) W. A. Spitzer and T. Goodson, T etra h ed ron  L ett., 273 (1973).
(6) Method of J. Stedman, J . M ed . C h em ., 9, 444 (1966).
(7) M. D. Bentley, I. B. Douglass, and J. A. Lacadie, J . O rg . C h em ., 37, 

333 (1972).

in 67% yield. Alternatively, 3a was prepared by first 
acylating (TAC-pyridine) 2b and then treating the 
resulting 3b with AgN 03 in anhydrous MeOH. The
7-methylthiocephalosporin 3d was obtained by treating 
3b with TFA containing anisole.

6-Methoxypenicillin G (6b) was prepared in a 
similar sequence of reactions. Thus, 4a, prepared from 
5a8 and benzaldehydc, reacted with NaH and MeSS02- 
Me to afford the methylthio derivative 4b which was 
hydrolyzed by p-toluenesulfonic acid (p-TSA) hydrate 
to 5b p-TSA. The salt was converted to the crystalline 
free base 5b with 5% NaHC03 solution. Treatment of 
5b in anhydrous methanol-pyridine with HgCl2 gave 
the crystalline methoxy derivative 5c9 which was con
verted via 6a to the potassium salt of 6-methoxy- 
penicillin G (6b) in a manner similar to that described 
previously (Chart I).2

We have assigned the a configuration to the CH3S 
group in 2b and 4b based on the expected stereochemical 
course of the reaction by analogy to that for the synthe
sis of C-6(7) methyl /3-lactam antibiotics.3 4 Nmr 
studies using lanthanide shift reagents10 and optical 
rotation data (Table I) also support the assignment. 
The a configuration of the methoxy group in 6a was 
assigned on the grounds that the nmr and optical rota
tion data11 of 6a (Table II) are in agreement with those 
reported for 6a-methoxypenicillin G benzyl ester.2 
Since similar stereochemical course for introduction of 
the methoxy group in the cephalosporin and penicillin 
series is expected, we therefore assume the methoxy 
group in 2c to have the; a configuration.

The formation of 2c and 5c is stereospecific; epimers

(8) J. C. Sheehan and K. R. Henery-Logan, J . A m er . Chem . S o c ., 84, 2983
(1962).

(9) Reported in ref 2 as an “isolable intermediate” without melting point.
(10) Nmr studies on lanthanide-induced shift of the C-6 proton in 2a and 

2b and in a mixture containing the epimer of 2a suggest that the configura
tion of the amino group in 2a and 2b is identical.

(11) The nmr spectrum of 6a displayed a sin glet (6 H) for the gem-dimethyl 
protons while that of the epimer 6c2 showed a p a ir of singlets (3 H each) for 
the corresponding protons. The high specific rotations of 6a and 6d in con
trast to that of 6c and 6e are consistent with the assignment.
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C hart  I

la, R = H
b, R = CH3S

2a, R  = H
b, R = CH3S
c, R  =  CH30

CH,CONH. !
R

COoR'
3a, R = CH30 ; R ' = (CH3)3C
b, R = CH3S; R ' = (CH3)3C
c, R = CHjO; R ' = H
d, R = CH3S; R ' = H

4a, R = H
b, R = CH3S

C„H-,CH,CONH.

5a, R = H
b, R = CH3S
c, R = CH30

R

Y -1
CO,R'

6a, R = a-CH30 ; R ' = C,.H5CH2
b, R = a-CHjO; R ' = K
c, R = /?-CH30 ; R ' = C6H5CH2
d, R = a-H; R ' = C6H5CH2
e, R = /?-H; R ' = C6H5CH2

T a b l e  I
S p e c t r a l  D a t a  q f  C e p h a l o s p o r i n s

—Nmr,“ 8 (TMS)---------
SCHa- [al»D (c 1,

Compd C-2 (d of d) 3-CHa C-6 (OCHi) CHCla), degree
lb 3.26 2.05 5.07 2.30
2a 3.32 2.07 4.96 (d) +  108.1
2b 2.29 2.12 4.75 2.35 +  132.7
2c 3.21 (s) 2.13 5.81 3.51 +  104.9
3a 3.21 2.11 5.03 3.52
3b 3.24 (s) 2.15 4.90 2.28
3c6 3.28 1.98 5.01 3.35

“ All spectra were taken in CDC13 except for 3c. 6 Spectrum 
taken in DMSO-de.

T a b l e  II
S p e c t r a l  D a t a  o f  P e n i c i l l i n s

/------------- ■Nmr,“ 5 (TMS)- . [a ]” D (MeOH),
Compd 2-CHa H, Ha SCHa(OCHa)1 degree

4b 1.38, 1.50 4.40 5.49 2.24
5b 1.40, 1.55 4.45 5.39 2.25
5c 1.40, 1.53 4.44 5.36 3.43
6a 1.34 4.41 5.60 3.39 +  275.9 (c 1)
6a.b 1.30 4.41 5.60 3.41 +226 (c 1.08)
6cb
6dc
6e''

1.38, 1.56 4.46 5.68 3.38 +  86 (c 1)
+213 (c 1.09)
+  160.9 (c 0.99)

“ All spectra were taken in CDC13. 6 Spectral data reported 
in ref 2. c H. T. Clarke, J. R. Johnson, and R. Robinson, “ The 
Chemistry of Penicillin,”  Princeton University Press, Princeton, 
N. J., 1949, p 94.

were not detected from the crude products by nmr and 
tic analyses. The méthoxylation reaction presumably 
involved removal of the methylthio group by mercuric 
salt to form a carbonium ion which should be attacked 
by methanol from the less-hindered a face.12

In a further extension of this preparative approach 5b 
was converted to benzyl 6-oxopenicillanate 713 by treat-

ment with HgCl2 in DM F-H 20  (without pyridine). 
This a-keto-jS-lactam is a potentially useful inter
mediate for transformation into novel /3-lactam anti
biotics.

Compounds 3c, 3d, and 6b exhibited poor antibac
terial activity against several gram-positive and gram
negative bacteria.

Experimental Section
Melting points were determined with a Thomas-Hoover ap

paratus and are uncorrected. Elemental analyses were per
formed by the Analytical Department of Smith Kline & French 
Laboratories. Infrared spectra were obtained on a Perkin- 
Elmer Infracord spectrophotometer (neat or Nujol). Mass 
spectra were obtained on a Hitachi Perkin-Elmer RM N -6E 
spectrometer. Nmr spectra were obtained on a Varian T-60 
instrument (MeaSi). Optical rotations were recorded on a 
Perkin-Elmer 141 polarimeter.

iert-Butyl 7/3-Benzylideneammo-7a-methylthiodeacetoxyceph- 
alosporanate (lb).— A solution of 2a6 (54 g, 0.2 mol) in MeOH 
(500 ml) was treated with benzaldehyde (23 g, 0.22 mol). After 
chilling the mixture, the crystalline product was filtered, washed 
with a small amount of cold MeOH, and dried to give 65 g 
(91%) of la ,14mp 117-120°.

T o a stirred solution of la (2.16 g, 6 mmol) in anhydrous DMF 
(60 ml, distilled over CaH in vacuo) at —15° under N 2 was added 
NaH (6.3 mmol, free from mineral oil). After 40 min methyl 
methanethiosulfonate (0.755 g, 6 mmol) was added and stirring 
was continued for 10 min. The mixture was then diluted with 
Et20  (150 ml), washed thoroughly with H20  and once with 5%  
NaHCOs, and dried (CaSO,). Evaporation of the solvent and 
recrystallization of the residue from Me2CO-Lexane gave 1.45 g 
(60%) of lb : mp 161-162°; nmr (CDCI3 ) 5 1.57 (s, 9 H ), 2.05 
(s, 3 H ), 2.30 (s, 3 H), 3.03 (d, 1 H, /  =  18 Hz), 3.48 (d, 1 H, 
J  =  18 Hz), 5.07 (s, 1 H ); ir Xmax 5.74, 5.87, 6.22 y.. Anal. 
Calcd for C2oH2)N20 3S2: C, 59.38; H, 5.98; N, 6.92. Found: 
C, 59.06; H, 6.10; N, 7.18.

iert-Butyl 7/3-Amino-7a-methylthiodeacetoxycephalosporanate 
(2b).— A solution of lb (13.9 g, 34.4 mmol) in Me2CO (150 ml) 
was treated with 6 N  HC1 (36 mmol). When crystallization 
occurred, the mixture was diluted with Et20  (200 ml), chilled, 
and filtered to give 11 g (91%) of 2b HC1, mp 130-135°. Anal. 
Calcd for C i3H2oN20 3S2-HC1: C, 44.25; H, 5.99; N , 7.94. 
Found: C, 44.08; H, 6.43; N, 7.89.

The above HC1 salt was converted quantitatively to the free 
base 2b by shaking with 5%  NaHCCh and extraction into CH2C12. 
Free base: mp 169-171°; ir Xm** 3.00, 5.70, 5.86 11. Anal. 
Calcd for Ci3H2oN20 3S2: C, 49.34; H, 6.37; N, 8.85. Found: 
C, 49.58; H, 6 .66; N, 8.61.

iert-Butyl 7/3-Amino-7a-methoxydeacetoxycephalosporanate
(2c).— To a stirred solution of 2b (1 g, 3.16 mmol) in a mixture of

(12) This is consistent with a similar mechanism proposed by Christensen 
et a l.;2 the amino group should stabilize the carbonium ion more than the 
azido group. However, our data do not exclude the possibility of an alterna
tive pathway involving an imino intermediate, although, starting with a free 
amino group, these sequences seem less likely to proceed v ia  an imino inter
mediate than those6 using the acylated amines as starting material.

(13) This compound was recently synthesized by Y. S. Lo and J. C. Shee
han, J . A m e r .  C h em . S o c ., 94, 8253 (1972), v ia  an independent route.

(14) This intermediate is named in ref 3 without describing its method of 
synthesis or properties.



anhydrous DMF (30 ml), MeOH (30 ml, distilled over M g) and 
pyridine (0.55 g, 7 mmol) at —15° was added HgCl2 (1 g, 3.7 
mmol). Precipitation occurred immediately. The mixture was 
warmed to —10° during 10 min and filtered through Supercel. 
The residue was washed with MeOH. The filtrate was diluted 
with Et20  (600 ml) and the D M F was removed by repeated 
washing with H20 . Evaporation of the solvent gave a semi
solid residue which on trituration with Et^O-petroleum ether gave 
0.77 g (80%) of 2c: mp 98-100°; ir U  5.61, 5.80 ix. Anal. 
Calcd for CisHaNjOiS: C, 51.98; H, 6.71; N, 9.33. Found: 
C, 52.30; H, 6.50; N, 9.12.

ierf-Butyl 7a-Methoxy-7/9-(2-thienylacetamido )deacetoxyceph- 
alosporanate (3a). Method A.— To a solution of 2-thienyl- 
acetyl chloride (0.32 g, 2 mmol) in CH2CI2 (25 ml) at 0° was 
added 2c (0.6 g, 2 mmol) immediately followed by a solution of 
pyridine (0.174 g, 2.2 mmol) in CH2CI2 (2 ml). After stirring 
for 15 min the mixture was diluted with Et20  and washed with 
dilute HC1 (pH ~ 2 )  and then H2O. The solution was dried 
(MgSO,) and treated with activated carbon. After filtration, 
the solvent was evaporated and the residue washed with petro
leum ether to give 0.52 g (61%) of 3a: mp 158-160°; ir Am(iX 
5.66, 5.80, 5.88 ¡x. Anal. Calcd for C ^ N A X -A : C, 53.75; 
H, 5.70; N, 6.60. Found: C, 53.35; H, 5.84; N, 6.43.

Method B.— A solution of 3b (0.22 g, 0.5 mmol) in a mixture 
of MeOH (3 ml) and DM F (3 ml) at 0° was treated with a 
solution of AgN 03 (150 mg) in MeOH (1 ml) and DM F (1 ml). 
After 30 min the mixture was filtered and the filtrate diluted with 
Et20  (100 ml) and EtOAc (25 ml). The organic solution was 
washed thoroughly with H20 ,  dried (CaS04), and evaporated to 
dryness to give 0.1 g of a crystalline material having mp 161— 
163° after recrystallization from Me2CO-hexane. This material 
had nmr, mass spectral, and tic properties identical with those of 
3a prepared by method A.

ierf-Butyl 7a-Methylthio-7/3-(2-thienylacetamido)deacetoxy- 
cephalosporanate (3b).— A solution of 2b (0.5 g, 1.84 mmol) in 
CH2CI2 (20 ml) was treated with 2-thienylacetyl chloride (0.253 
g, 1.84 mmol) and pyridine (0.14 ml) in the same manner as 
described for the preparation of 3a. Recrystallization of the 
crude product from Me2CO-hexane gave 0.55 g (70%) of 3b: 
mp 143-144°; ir Xmax 5.72, 5.88, 5.95 ¡x- Anal. Calcd for 
C l a i m s , :  C, 51.79; H, 5.49; N , 6.36. Found: C, 51.55; 
H, 5.53; N, 6.25.

7a-Methoxy-7/3-(2-thienyIacetamido)deacetoxycephalosporanic 
Acid (3c).— 3a (0.55 g) in a mixture of trifluoroacetic acid (10 
ml) and anisole (1 ml) was kept at 0° for 1 hr. The trifluoro
acetic acid was evaporated in vacuo without external heating 
and the residue was washed with petroleum ether. This material 
was dissolved in MeOH and treated with activated carbon. 
After removal of the charcoal by filtration, the solvent was 
evaporated and the residue was triturated with petroleum ether 
and filtered to give 0.32 g (67%) of 3c as an amorphous solid: 
ir Xmax 3.0, 5.60, 5.80, 5.95 n\ mass spectrum (as TMS deriva
tive)16 m/e 512 (M + for di-TMS derivative), 497 (M — 15), 
415 (M — 97), 230; tic on silica gel plate (MeOH-EtOAc 1:1) 
showed only one spot. Anal. Calcd for C15H16N2O5S2: C, 
48.90; H, 4.38; N, 7.60. Found: C, 49.04; H, 4.69; N, 6.34.

7a-Methylthio-7/3-(2-thienylacetamido)deacetoxycephalospo- 
ranic Acid (3d).— 3b was treated with TFA-anisole in the same 
manner as described for the preparation of 3c. The crude 
product was recrystallized from Me2C0 -E t20 to give 3d: mp 
107-110°; ir Xm»* 5.64, 5.83, 5.90 u- Anal. Calcd for CisHie- 
NiChSs: C, 46.86; H, 4.19; N , 7.29 Found: C, 46.63; H, 
4.38; N, 7.00.

Benzyl 6/3-Benzylideneamino-6a-methylthiopenicillanate (4b).
— A solution of 5a in MeOH was treated with equimolar amount 
of benzaldehyde in the same manner as described for the prepara
tion of la to give 4a as a gum. The last trace of MeOH was 
removed by azeotroping with CMR and heating under high 
vacuum.

M e t h o x y p e n i c i l l i n  a n d  - c e p h a l o s p o r i n  D e r i v a t i v e s

(15) Obtained by treatment with Ar,0-bis(trimethylsilyl)trifluoroaceta- 
mide.

A solution of 4a (6.32 g, 16 mmol) in anhydrous DM F (150 
ml) was treated with NaH (16 mmol) and MeSS02Me (16 mmol) 
in the same manner as described for the preparation of lb. An 
oily crude product was obtained. This material was dissolved 
in CH2CI2 and passed through a Florisil column. The residue 
obtained from evaporation of CH2CI2 crystallized from hexane 
to give 2.85 g (41%) of 4b: mp 78-81°; ir Xmax 5.64, 5.70 (sh), 
6.15 u- Anal. Calcd for C23H24N 2O3S2: C, 62.70; H, 5.49;
N , 6.36. Found: C, 62.63; H, 5.66; N, 6.17.

Benzyl 6/3-Amino-6a-methylthiopenicillanate (5b).— A solu
tion of 4b (0.9 g, 2.04 mmol) in a mixture of Et20  (15 ml) and 
Me2CO (1 ml) was treated with a solution of p-toluenesulfonic 
acid hydrate (0.43 g, 2.24 mmol) in a mixture of Et20  (5 ml) and 
TH F (2 ml). On cooling, the salt of 5b (0.97 g, 90%) crystal
lized (mp 135°). Recrystallization from Me2C0 -E t20 gave the 
analytical sample, mp 137° dec. Anal. Calcd for C16H20N2- 
0 3S2-C,H80 3S: C, 52.65; H, 5.38; N, 5.34. Found: C, 52.38; 
H, 5.47; N, 5.18.

Treatment of the above salt with 5%  NaH C03, extraction into 
CH2CI2, and, after evaporation, crystallization of the residue 
from Me2CO-hexane gave the free base 5b in 92% yield: mp
44-48°; irXmax2.90, 5.60, 5.70 m.

Benzyl 6/3-Amino-6o-methoxypenicillanate (5c).— A solution 
of 5b (0.26 g, 0.73 mmol) in anhydrous D M F (3 ml), MeOH 
(7 ml), and pyridine (0.15 ml) was treated with HgCh (0.21 g) 
in the same manner as described for the preparation of 3a. The 
oily residue thus obtained (167 mg, one major spot by tic analy
sis: silica gel; Et20-hexane 7:3) was taken up in hexane and 
chilled. On prolonged standing, 5c crystallized: mp 40-42°; 
for nmr, see Table II. Anal. Calcd for C16H20N 2O4S: C, 
57.13; H, 5.99; N, 8.33. Found: C, 56.91; H, 6.11; N, 8.06.

6«-Methoxy-6/3-phenylacetamidopenicillanic Acid (6<*-Me- 
thoxypenicillin G, 6b).— A solution of 5c (0.22 g, 0.655 mmol) 
in CH2CI2 (10 ml) at 0° was treated with equimolar amounts of 
phenylacetyl chloride and pyridine (0.6 ml). After 15 min 
EtOAC was added and the mixture washed with H20 , 0.1 N  
HC1, and 5% NaH C03. After drying and evaporation of the 
solvent, the residue was triturated with petroleum ether. The 
residual oil in Et20  was passed through a Florisil column to give
O. 125 g of 6a as an oil: tic (silica gel, Et20 )  showed one major 
spot; for nmr and [a]D, see Table II.

The benzyl ester was hydrogenolyzed to the free acid by a 
procedure essentially the same as described by Christensen,
e.t alA A solution of the above product in EtOAc was hydro
genated over 10% P d/C  (0.15 g) at 50 psi for 3 hr. The catalyst 
was removed by filtration and the filtrate evaporated to dryness. 
The residue was dissolved in Et20  and treated with potassium
2-ethylhexanoate in 2-PrOH. The precipitated potassium salt 
6b (50 mg, amorphous solid) was filtered, washed with Et20 , 
and dried: ir Amax 2.9, 5.6, 5.95, 6.13 ix', mass spectrum (as 
TMS derivative16) m/e 436 (M + of mono-TMS derivative); tic 
(silica gel, MeOH-CHCl3-AcOH 20:79:1) showed one major 
component, Ri ~ 0 .7 .

Benzyl 6-Oxopenicillanate (7).-—A stirred solution of 5b (70 
mg, 0.2 mmol) in a mixture of DM F (3 ml) and H2O (1 ml) at 
— 20° was treated with HgCl2 (60 mg). After 15 min, the 
mixture was stirred for 30 min at 0° and then diluted with Et20  
(25 ml). The precipitate was removed by filtration and the 
filtrate washed with H20 , dried, and evaporated to give 7 as a 
yellow oil (45 mg): nmr (CDC13) S 1.45 (s, 3 H), 1.52 (s, 3 H),
4.78 (s, 1 H ), 5.22 (s, 2 H), 5.77 (s, 1 H ), 7.38 (s, 5 H ); ir X
5.44, 5.60, 5.72 ix. The spectral data are in agreement with 
those reported.13

Registry No.— la, 36954-81-1; lb, 37786-92-8; 2a, 33610-06- 
9; 2b, 40514-89-4; 2b HC1, 40514-90-7; 2c, 40514-91-8; 3a, 
40514-92-9; 3b, 40514-93-0 3c, 40514-94-1; 3d, 40514-95-2; 
4b, 40514-96-3; 5a, 3956-31-8; 5b, 40514-98-5; 5b p-toluenesul- 
fonate, 40514-99-6; 5c, 35353-32-3; 6b, 40515-01-3; 7,39126-59- 
5; methyl methanethiosulfonate, 2949-92-0; 2-thienylacetyl 
chloride, 39098-97-0; benzaldehyde, 100-52-7; p-toluenesulfonic 
acid, 104-15-4; phenylacetyl chloride, 103-80-0.
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The photochemical reaction of biacetyl with various olefins has been investigated. Irradiations of biacetyl 
with indene, furan, and ethyl vinyl ether give oxetanes with higher orientational selectivity than that of mono
ketones. In the case of methyl-substituted olefins, it is found that novel products, 2-acetoethyl allyl ethers, 
accompany the oxetanes and are formed in good yield. The ratios of these products vary with the olefins used. 
The presence of biradical intermediates formed by addition of excited biacetyl to olefins is established by deu
terium-labeling experiments. The quenching of biacetyl phosphorescence by an olefin indicates that the n -v* 
triplet state of biacetyl is involved in these reactions. The absence of adduct in the case of electron-deficient 
olefins indicates that the excited biacetyl is electrophilic in its reaction with olefins. The mechanism of these 
reactions is best described as an electrophilic attack of the n-ir* triplet state of biacetyl to the olefins to give a 
biradical intermediate which undergoes competitive cyclization and disproportionation. The difference in the 
reactivity of biacetyl toward photoaddition relative to monoketones and u-quinones is discussed.

In recent years, the photochemical behavior of a- 
diketones has attracted a great deal of attention. The 
results reported in the literature1-14 have produced 
considerable knowledge about the photochemical be
havior of alkyl a-diketones.

It is well known that o-quinones undergo photo
addition to olefins to produce oxetanes and dioxenes.15 
Their formation is reasonably explained on the basis 
of a biradical intermediate. An interesting result, 
reported by Staab and Ipaktschi, was that irradia
tion of benzocyclobutanedione in the presence of olefins 
resulted in the formation of the spirolactonecyclo- 
propane derivatives via carbene intermediates.16 
However, no report exists which describes photoaddi
tion of acyclic alkyl a-diketones to olefins.

Biacetyl and other alkyl a-diketones exhibit phos
phorescence in solution at room temperature, in spite 
of the general lack of phosphorescence from mono
ketones, and abstract hydrogen atoms with a rate 
constant which is very small relative to monoketones.12d 
Rubin and coworkers have demonstrated that photo
reduction of o-quinones such as 9,10-phenanthrene- 
quinone gives 1,2 and 1,4 adducts, whereas camphor- 
quinone gives only 1,2 adducts.17 Furthermore, Gream

(1) (a) W. H. Urry and D. J. Trecker, J . A m e r , C h em . S o c ., 8 4 , 118 
(1962); (b) W. H. Urry, D. J. Trecker, and D. A. Winey, T etra h ed ron  L ett., 
609 (1962).

(2) P. W. Jolly and P. de Mayo, C a n . J .  C h em ., 4 2 , 170 (1964).
(3) W. G. Bentrude and K. R. Darnall, Chem . C o m m u n ., 810(1968).
(4) R. Bishop and N. K. Hamer, J . Chem . S oc . C , 1193 (1970); 1197 

(1970).
(5) T. L. Burkoth and E. F. Ullman, T etra h ed ron  L ett., 145 (1969).
(6) B. Âkermark and N.-G. Johasson, ib id ., 371 (1969).
(7) S. P. Pappas, J. E. Alexander, and R. D. Zehr, Jr., J . A m e r .  C h em . 

S o c ., 9 2 , 6927 (1970).
(8) (a) G. E. Gream, J. C. Paice, and C. C. R. Ramsay, A u s t . J .  C h em ., 

2 0 , 1671 (1967); (b) G. E. Gream, J. C. Paice, and B. S. J. Uszynski, Chem . 
C om m u n ., 895 (1970); (c) G. E. Gream, M. Mular, and J. C. Paice, T etra 
h ed ron  L ett., 3479 (1970).

(9) W . M . Horspool and G. D. Khandelwal, C h em . C om m u n ., 257 
(1970).

(10) (a) J. Lemaire, J . P h y s .  C h em ., 7 1 , 2653 (1967); (b) J. Lemaire, M. 
Niclause, X. Deglise, J. C. Andre, and G. Penson, and M. Bouchy, C. R . 
A c a d . S c i .,  S er . C , 2 6 7 , 33 (1968).

(11) R. G. Zepp and P. J. Wagner, J . A m e r . C h em . S oc ., 9 2 , 7466 
(1970).

(12) (a) N. J. Turro and R. Engel, M o l. P h oto ch em ., 1, 143 (1969); (b) 
ib id ., 1 , 235 (1969); (c) J .  A m e r .  C h em . S o c ., 9 1 , 7113 (1969); (d) N. J. 
Turro and T.-J. Lee, ib id ., 9 1 , 5651 (1969); (e) ib id ., 9 2 , 7467 (1970).

(13) (a) H. L. J. Backstrom and K. Sandros, A c ta  C h em . S ca n d ., 12 , 823 
(1958); (b) K. Sandros and H. L. J. Backstrom, ib id ., 1 6 , 958 (1962) ; (c) 
K. Sandros, ib id ., 18 , 2355 (1964).

(14) E. J. Baum and R. O. C. Norman, J . Chem . S oc. B , 227 (1968).
(15) G. P. Fundt and G. O. Schenck in “1,4-Cycloadditions,” J. Hamer, 

Ed., Academie Press, New York, N. Y., 1967, p 345.
(16) H. A. Staab and J. Ipaktschi, Chem . B er ., 101, 1457 (1968).

and coworkers have shown that the photoreactions of 
nonenolizable cyclic a-diketones with alcohols, amines, 
and olefins are not necessarily analogous to those of
o-quinones.1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 These observations suggested to us 
that the photochemical behavior of acyclic alkyl a- 
diketones toward olefins might be different from that 
of monoketones and o-quinones. Hence, we investi
gated the photoaddition of biacetyl to various olefins 
and tried to compare our results with those of other 
compounds.18

Results

All photochemical reactions described herein were 
carried out with a 350-W high-pressure mercury lamp 
in Pyrex glass under nitrogen filtered through an n- 
hexane solution of naphthalene (X >320 nm) at room 
temperature. Major products were 1:1 adducts in 
each case. The various adducts were isolated by dis
tillation and preparative vapor phase chromatography, 
and their structures were determined by ir, nmr, and 
mass spectra and elemental analysis as detailed in 
the Experimental Section. The ratios of the products 
were determined by vpc.

The reactions of biacetyl with indene, furan, and 
ethyl vinyl ether gave oxetanes as main products. 
In the case of indene, two oxetanes, 1 and 2 (1:2), 
in which the C2 position of indene was attached to 
the carbonyl oxygen of biacetyl, were obtained. The 
stereochemistry of 1 and 2 was assigned on the basis 
of the nmr spectra. Oxetane 3 and 4 were obtained 
from furan and ethyl vinyl ether, respectively.19

These results suggest that the addition of biacetyl 
proceeds with higher orientational selectivity than 
that of monoketones.20 In no instance was there a 
detectable amount of dioxenes, and observation which 
contrasts with the results for 9,10-phenanthrene- 
quinone.15

(17) (a) M . B . R u b in  and P. Zw itkow its , T etra h ed ron  L ett., 2453 (1965); 
(b ) M . B . R u b in  and R . G . Labarge, J . O rg . C h em ., 31, 3283 (1966 ); (c ) 
M . R . R u b in  and R . A . R eith , C h em . C o m m u n ., 431 (1966); (d ) M . B . 
R ubin , F o rtsch r . Chem . F orsch ., 13, 251 (1969 ); (e) M . B . R u b in  and Z. 
H ershitik, C h em . C om m u n ., 1267 (1970).

(18) F or prelim inary accounts o f a portion  o f  this w ork , see (a) H .-S . 
R ya n g , K . Shima, and H . Sakurai, T etra h ed ron  L ett., 1091 (1970); (b ) J.  
A m e r . C h em . S o c ., 93, 5270 (1971).

(19) U nfortun ately , the configurations o f 3 and 4 were n ot determ ined 
from  present data.

(20) F or exam ple, T he photoreaction  o f acetone with e th y l v in y l ether 
gave both  3 -eth oxyoxetan e (7 0 % ) and 2 -eth oxyoxetan e (3 0 % ), see (a ) S. H . 
Schroeter and C . M . O rlando, Jr., J . O rg . C hem ., 34, 1181 (1 96 9 ); (b ) N . J . 
T urro  and P. A . W riede, ib id ., 34, 3562 (1969).
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H COCH3 

I— CH:t
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H

Photoaddition reactions of biacetyl were also car
ried out with methyl-substituted olefins, i.e., 2-ethoxy- 
propene (5a), «-methylstyrene (5b), isobutene (5c),
2-methyl-2-butene (5d), and 2,3-dimethyl-2-butene 
(5e). A new type of product, 1-acetoethyl allyl ethers 
6, accompanied the oxetane isomers 7 and 8 (Table I).

Rk

CH:r

/R a
;C = C C  +  CH3COCOCH3

^R 3

ch3-
CH3CO-

Ri R>

0

ch3
7

R, R, CH3
I I I

C H ,= C — C— O —  CHCOCH,
I

Ro
6

Ri R2

-R3 CH3-
ch3-

h
*3

Rj

coch3
8

a, R, = OC2H5; R2 = R3 = H
b, R, = C6H5; R 2 = R 3 = H
c, R, = CH3; R2 = R3 = H
d, R, = R 2 = CH3; R 3 = H
e, R, = R 2 = R3 = CH3

Table I
Product Yield for Disproportionation and Cyclization 

of Biacetyl-Methyl-Substituted Olefin Photo reaction"
—Product yield, % — ----------- s Ratio of

Olefin 6 7 8 (T +  8 )/6
5a 27 36 21 2 .1
5b 27 41 7 1 .8
5c 16 10 0 .6 2
5d 54 21« 0 .4 1
5e 70 0

“ Irradiated at room temperature. Product distribution de
termined by vpc. b An isomer of oxetanes alone has been ob
served.

The ratios of these products vary with the olefins 
used. Two oxetanes were produced from 5a and 5b, 
whereas only one of the four possible oxetane isomers 
was isolated from 5d. Irradiation with 5c gave, in 
addition to an allylic ether and an oxetane, the cor
responding pinacol 9 and an unsaturated alcohol 10

CH3 c h 3
I I

CH3COC—  CC0CH3
I I

OH OH 
9

ch3 ch3
I I

CH2= C — CH —  CCOCH,
I
OH

10

arising from initial hydrogen abstraction from 5c by 
excited biacetyl and subsequent combination of the 
two radicals. No oxetane was isolated in the case of 
5e.21

The formation of 6 is of interest in comparison with 
the results from monoketones and o-quinones. Photo
stability studies22 and constant product ratios during 
the irradiations23 have shown that the adducts are 
the primary photochemical products.

It is generally recognized that a-diketones undergo 
primary photochemical addition to olefins in competi
tion with hydrogen abstraction, a cleavage, and enol 
formation. This suggested to us that 6 is formed 
through either (A) an attack of the excited carbonyl 
oxygen of biacetyl on olefin to form a biradical inter
mediate followed by intramolecular hydrogen transfer 
or (B) initial hydrogen abstraction from olefin by the 
excited carbonyl of biacetyl followed by combination 
of the two radicals formed.24

In order to determine the mechanism for the for
mation of 6, the photoreaction of biacetyl with a- 
methyl-d3-styrene (5b') was investigated. 5b' was 
prepared by the Wittig reaction of trideuteriomethyl 
phenyl ketone with methyltriphenylphosphonium bro
mide.25 Irradiation and isolation of the products 
were carried out as for 5b. No deuterium was intro
duced into the position Ca of the allyl moiety in 6b'.26

Ph\/C = C H 2
c u r

5b'
+

CH3COCOCH3

V „cd;  0
c h 3- ^

disproportionation

co c h 3

y  & a

CD2=CC H 2OCDCOCH3
I I
Ph ch3 

6b'

combination

0
■j\

CH;,C— CCH3

Ph CH,
I I '

CD2= C C D 2OCCCH3

OD
I  ketonize

OD 6b'

This result demonstrates that 6 is produced through 
path A, since path B would introduce deuterium equally 
into positions Ca and C7.

It is suggested that a two-step addition via the bi
radical intermediate is involved in this reaction, but

(21) Several small peaks detected by vpc do not exclude the possibility of 
the presence of small amounts of oxetane.

(22) Adducts 6b, 7b, and 8b were individually irradiated under the reac
tion conditions. Each adduct was recovered unchanged.

(23) The yields of 6b, 7b, and 8b were proportional to the irradiation time 
with the same ratio as in Table I.

(24) A similar mechanism is discussed for the photoreaction of 2-cyclo- 
hexenone with isobutene and that of chromone Avith 2,3-dimethy 1-2-butene, 
but exact mechanism for these reactions have not been determined, see (a) 
E. J. Corey, J. D. Bass, R. Lemahiew, and R. M. Mitra, J . A m e r .  C h em . S o c ., 
86, 5570 (1964); (b) J. W. Hanifin and E. Cohen, ib id ., 91, 4494 (1969).

(25) H. C. Volger, R e d .  T rav . C h im . P a y s -B a s , 86, 677 (1967).
(26) Deuterium contents were determined by nmr. The oxetanes and 

the recovered olefin were deuterated the same per cent as the starting olefin 
(D = 87%), and no scrambling occurred in them.
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there may be some question as to whether the hydrogen 
transfer proceeds via  the carbon radical or the oxygen 
radical. It  may be argued that the hydrogen transfer 
proceeds via  a six-membered transition state involving 
the carbon radical, because hydrogen transfer to oxygen 
must involve an eight-membered transition state, 
where the probability of an encounter between the 
two active centers is lower than that in  a six-membered 
transition state. Furthermore, the 1,4 cycloadduct 
is not obtained in  this reaction. However, Padwa 
and coworkers have reported that irradiation of 2 -  
phenylcyclobutyl phenyl ketone gave 1,5-diphenyl-
4-penten-l-one, whose formation has been explained 
in  terms of mechanism involving internal hydrogen 
abstraction followed by rearrangement of the enol to 
a carbonyl group.27

In  order to clarify this point, a m ixture of biacetyl 
and 5b in  deuteriomethanol was irradiated . 28 The 
nmr and mass spectra of the product showed no deute
rium  incorporation at any position. T h is observation 
can be reasonably interpreted in  terms of hydrogen 
transfer via  a six-membered transition state involving 
the carbon radical, since the deuterium atom should be 
introduced into the methine position if hydrogen 
transfer to oxygen occurred.

^R> L
^ C = C C  +  c h ,c o c o c h 3

C H ,^  ^ R

R, B, V  

H2C «0
I

H

cyclization

H transfer

o '
il

oxetane 7, 8 

allylic ether 6

1
R, R> R3

H,C 0
H

•0
11

H transfer
-----H----► enol compound

cyclization
-----H-----*- dioxene

Irrad iatio n of biacetyl in  the presence of electron- 
deficient olefins such as acrylonitrile or tra n s-1 ,2 -  
dichloroethylene were also carried out in  a sim ilar 
way, but adduct formation was not observed. These 
results suggest that excited biacetyl is electrophilic 
in  its reaction with olefins.

In  order to identify the excited state of biacetyl 
which is  involved in  these reactions, the emission of 
biacetyl (0.05 M )  in the presence of 5e (1.0 M )  was 
examined in  degassed benzene at room temperature and 
compared w ith the results in  the absence of 5e. The 
phosphorescence of biacetyl was completely quenched 
but the fluorescence was unaffected, which indicates

(27) A. Padwa, E. Alexander, and M. Niemcyzk, J . A m e r .  C h em . S o c .,  
9 1 ,  456 (1969).

(28) A solution of biacetyl (0.03 M ) , 6b (0.03 M ) , and MeOD (10 ml) in a
Pyrex test tube was irradiated under the same conditions as in benzene.
Deuterium incorporation of the isolated product was examined by nmr and
mass.

that the reactions proceed by way of the n -x *  triplet 
of biacetyl.

Discussion

The most reasonable explanation for the above 
results is as follows. Electrophilic attack of the car
bonyl oxygen of excited biacetyl (n -x*  triplet) on 
olefin leads to a biradical intermediate, which either 
cyclizes to form oxetane or disproportionates in tra - 
m olecularly to give 6 . It  is generally recognized that 
the free energy for cyclization is m ainly governed by 
a strain factor and by the probability of the two active 
centers meeting each other.29 It  seems reasonable 
to th ink that the ratios of cyclization to dispropor
tionation shown in  Table I  are governed by the differ
ence in  the activation energies between the two pro
cesses.

The results in Table I  provide an interesting infor
mation on the behavior of the 1,4 -b iradical inter
mediates generated by biacetyl-olefin photoaddition 
(11). The decrease in  amount of cyclization in  going 
from 5c to 5d to 5e suggests that R 2 and R 3 substitu
ents affect this process considerably; i .e . , the decrease 
in  cyclization for 5d and 5e is due to an increase of 
steric repulsion between the substituents at C 3 and 
C 5 positions in the transition state leading to oxetane 
formation. Lewis and H illia rd  have shown that 1,3 - 
diaxial interactions decrease cyclobutane formation 
which occurs via  1,4-b iradical interm ediate formed by
7 -hydrogen abstraction in m ethyl-substituted butyro- 
phenones. 30 * The presence of a 1,3 -d iax ia l interaction 
can be also considered as an im portant factor which 
governs ring closure via  the biradical 11. The more 
stereoselective oxetane formation for 5b compared 
with 5a may due to a 1,4 repulsive interaction which 
exists in  11 between the phenyl and acetyl groups. 
However, the ratios of cyclization to disproportionation 
for 5a and 5b m arkedly increase in  comparison with 
that for 5c. T h is result suggests that disproportion
ation rather than cyclization is influenced by R i sub
stituents. The increase of these ratios for 5a and 5b 
may be due to the decrease in  disproportionation for 
5a and 5b. Probably, 1,4 steric repulsion by the large 
phenyl or ethoxy group decreases the probability of 
that conformation which leads to disproportionation 
in  11.

In  conclusion, the stereoselectivity of cyclization 
and the ratio of cyclization to disproportionation for 
biacetyl-olefin photoaddition are reasonably explained 
by considering steric interactions in  1,4 -b iradical 
intermediates. T h is indicates that the behavior of
1,4-b iradical intermediates formed by biacetyl-olefin 
photoaddition is greatly influenced by substituents.

Our results unambiguously demonstrate that the 
photochemical behavior of biacetyl to olefins is differ
ent from that of monoketones and o-quinones such as
9,10-phenanthrenequinone, m ainly in  the following 
points: (1 ) the addition reactions give oxetanes with
higher orientational and stereoselectivity than those 
of monoketones; (2) 1,4 cycloadduct is not formed in  
appreciable amount, which contrasts w ith the results 
for o-quinones; (3) in  the case of monoketones or 0-

(29) E. L. Eliel, “Stereochemistry of Carbon Compounds,” McGraw- 
Hill, New York, N. Y., 1962, p 198.

(30) F. D. Lewis and T. A. Hilliard, J . A m e r . C h em . See., 9 4 , 3852 (1972).
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quinones, an adduct such as 6  has not been obtained 
in spite o f the extensive studies o f photoaddition  of 
such carbonyl com pounds to  olefins.

M ore detailed experimental studies will be required 
to  clarify the difference o f the reactivity between these 
classes o f com pounds. H owever, previous mechanistic 
investigations and our own results prom pt us to  offer 
the following explanation on the mechanism o f the 
photoaddition. The difference between biacetyl and
o-quinones can be attributed to  the difference in the 
contribution o f the tw o resonance-stabilized radicals 
to  the biradical intermediates. For o-quinones such 
as phenanthrenequinone, there exist tw o resonance 
semiquinone radicals 1 2  and 1 2 ' ;  1 2 '  is m ore stabilized

(4n +  2  electrons) than 1 2 . Hence, the contribution 
of 1 2 '  is greater than that of 1 2 , whereas, in biacctyl 
which has no such resonance, the contribution of 1 1  

is larger than that o f 1 1 '  because of the larger electro
negativity of oxygen atom . Thus, the reactivity at 
the oxygen atom  in the biradical derived from  biacetyl 
is decreased in com parison with that o f o-quinones.

In  addition, the steric difference between biacetyl 
and o-quinones m ay be an im portant factor. Gream 
and coworkers have shown that photoadditions of 
nonenolizable six-membered cyclic a-diketones (13 
and 14) with cyclohcxene, stilbene, or 2,3-dim ethyl- 
buta-1,3-diene gave dioxenes and kcto oxetanes, while 
no dioxene was obtained for 3 ,3-dim ethyl-l,2 -dioxo- 
indan (15) . 8 c  D olling and coworkers have reported 
that irradiation o f cam phorquinone (16) in the presence

17

Subsequently, we would like to  consider the differ
ence between biacetyl and m onoketones. I t  is well 
known that free radicals undergoes com petitive re
actions . 3 3  In  fact, several examples o f com peting 
reactions from  a 1,4-biradical intermediates, whose 
nature is governed b y  the electronic and steric factors, 
have been reported, i.e., 1,4-dithiane and thietane 
form ation from  photoaddition o f thiobenzophenone 
to  styrene , 3 4  35 and elimination, cyclization, and hydrogen 
reversal in type I I  photolysis o f the ketones bearing 
7  hydrogen . 36 In  addition, Liao and de M ayo in 
analogy with our results have reported that irradiation 
o f adamantanethione and a-m ethylstyrene gave thie
tane and 2 -adam antyl 2 '-phenylallyl sulfide, and pro
vided a reasonable explanation in terms of a mechanism 
involving com petitive cyclization with hydrogen ab
straction of an intermediate thiatetram ethylene . 36

W hile com petitive cyclization and disproportiona
tion in the reaction o f biacetyl w ith olefins can be 
explained on the basis o f steric repulsion in the bi
radical intermediate, m onoketone-olefin  photoaddi
tion such as photoaddition o f benzophenone to  m ethyl- 
substituted olefins37 gave no disproportionation prod
ucts. Since all previous w ork shows that m onoketones 
regardless of type predom inantly form  oxetanes, it is sug
gested that the difference in the behavior o f biacetyl 
and monoketones toward photoaddition  should be 
attributed to  factors other than steric ones. M ore 
detailed mechanistic studies will clarify this point.

Further w ork on the nature o f the 1,4-biradical 
intermediate during photoaddition as well as on the 
scope and application to  other systems is currently 
underway and will be the subject o f future reports.

Experimental Section

o f bu ta-1 ,3-diene gave the keto oxetanes as main 
products . 3 1  These facts suggest that 1,4 cycloaddi
tions are strongly affected b y  the bond angle between 
the tw o carbonyl groups o f o-quinones. In  biacetyl, 
in contrast to  o-quinones, the carbonyl groups are 
trans in the ground and probably the first excited 
triplet states. A n  attack o f biacetyl in the trans 
conform ation on olefin gives a biradical intermediate, 
where the bond between carbon atoms 5 and 6  must 
have double bond character because o f conjugation 
with the adjacent carbonyl group. Hence, in any 
conform ation of the biradical intermediate (17), the 
tw o carbon-oxygen  bonds are most likely to  be 
trans . 3 2  Such a situation is sterically unfavorable 
for reaction at the oxygen atom . The above inter
pretation would be in accord with the observed re
sults and is supported b y  studies o f the photoreduction 
o f o-quinones17’32b and alkyl a-diketones . 1 - 3

(31) W. L. Dilling, R. D. Kroening, and J. C. Little, ib id ., 92, 928 (1970).
(32) Esr study has indicated that the monoprotonated semidione radical 

of biacetyl is trans; see (a) R. J. Pritchett, M o l. P h y s ., 12, 481 (1967); 
(b) B. M. Monroe and S. A. Weiner, J . A m e r . Chem . S o c ., 91, 450 (1969).

Nmr spectra were determined on a Hitachi Perkin-Elmer R-20 
spectrometer or on a Jeol JNM JS-100 spectrometer in CC1, 
using tetramethylsilane as an internal standard. Infrared spec
trometer were obtained on a Hitachi EPI-S2 infrared spectro
photometer. Mass spectra were performed on a Hitachi Perkin- 
Elmer RMU-60 mass spectrometer. Gas chromatographic 
analyses were run on a Shimadzu gas chromatograph (GC-3AF). 
Emission spectra were obtained with a Shimadzu MPF-2A spec
trophotometer.

Organic Substrates.— The following substrates were prepared 
by the reported procedures: 2-ethoxypropene (5a),38 2-methyl- 
2-butene (5d),39 and 2,3-dimethyl-2-butene (5e).40 The remain
ing substrates were obtained from commercial sources.

(33) W. A. Pryor, “Free Radicals,” McGraw-Hill, New York, N. Y., 1966.
(34) A. Ohno, Y. Ohnishi, and G. Tsuchihashi, J . A m e r .  Chem . S o c ., 91, 

5038 (1969).
(35) F. D. Lewis, ib id ., 92, 5602 (1970), and references cited therein.
(36) C. C. Liao and P. de Mayo, C h em . C om m u n ., 1525 (1971).
(37) (a) D. R. Arnold, R. L. Hinman, and A. H. Glick, T etra h ed ron  L e tt ., 

1425 (1964); (b) N. C. Yang, M. Nussim, M. J. Jorgensen, and S. Murov, 
ib id ., 3657 (1964).

(38) M. A. Dolliver, T. L. Gersham, G. B. Kistiakowsky, E. A. Smith, 
and W. E. Vaugham, J . A m er . Chem . S o c ., 60, 440 (1938).

(39) F. C. Whitmore, C. S. Rowland, S. N. Wrenn, and G. W. Kilmer, 
ib id ., 64, 2970 (1942).

(40) I. Shurman and C. E. Boord, ib id ., 56, 4930 (1933).



General Irradiation Procedure.— A mixture of 0.1 M  of bi
acetyl and 0.1 M  of an olefin in benzene (180 ml) was prepared 
in a Pyrex doughnut-type vessel. The solution was flushed with 
nitrogen for several minutes before being irradiated. Irradia
tion was run with a 350-W  high-pressure mercury lamp in a quartz 
immersion well with water-cooled jacket at room temperature 
except for the case of isobutene (0°) using a filter solution with a 
path length of about 1 cm containing 12.8 g of naphthalene made 
up to 1 1. with distilled re-hexane which cut out wavelengths 
shorter than 320 nm and assured excitation of the first excited 
singlet state of biacetyl alone.

Biacetyl-Indene Photoadducts.— A solution of biacetyl and 
indene in benzene was irradiated for 48 hr. The volatile ma
terial was removed under reduced pressure and a fraction boiling 
at 100-120° (4 mm) (2.8 g) was collected; residues, 1.5 g. Vpc 
analysis using 3-m PEG 6000 column at 200° indicated two major 
peaks with the relative ratio of peak heights 1:2. A separation 
of these products was accomplished by preparative vpc on a 3-m 
PEG 6000 column (180°). The first component was identified 
as 1: bp 120° (4 mm); m/e 202; ir 1720 (C = 0 )  and 990 cm -1 
(oxetane ring); nmr (CCL) b 1.52 (3 H, s), 1.71 (3 H, s), 3.18 
(2 H, d, J  = 3.0 Hz), 3.90 (1 H, d, J =  5.5 Hz), 5.40 (1 H, q, 
J =  3.0 and 5.5 Hz), and 7.17 (4 H, m).

Anal. Calcd for Ci3H u02: C, 77.20; H, 6,98. Found: 
C, 77.13; H, 6.87.

The second component was identified as 2: bp 120° (4 mm); 
m/e 202; ir 1720 (C = 0 )  and 990 cm -1 (oxetane ring); nmr 
(CCl,) S 0.86 (3 H, s), 2.31 (3 H, s), 3.13 (2 H, d, /  =  3.0 Hz),
4.15 (1 H, d, /  =  5.5 Hz), 5.25 (1 H, q, J  =  3.0 and 5.5 Hz), 
and 7.20 (4 H, m).

Anal. Calcd for C13H „0 2: C, 77.20; H, 6.98. Found: 
C,77.49; H,7.11.

Biacetyl-Furan Photoadduct.— After irradiation of a mixture 
of biacetyl and furan for 48 hr, the volatile material was removed 
under reduced pressure and a fraction boiling at 94° (24 mm) 
(2.5 g) was collected; residues, 1.0 g. Vpc analysis (PEG 6000 
or UCON LB 550x, 3-m, 140°) of the distillate showed one major 
peak. Redistillation gave pure 3: m/e 154; ir 1730 (C = 0 ) ,  
1625 (C = C ), and 970 cm -1 (oxetane ring); nmr 5 (CCL) 1.33 
(3 H, s), 2.28 (3 H, s), 3.85 (1 H, m, /  = 4.0 and 3.0 Hz), 5.11 
(1 H, t, J  = 3.0 Hz), and 6.11 (1 H, d, J  = 4.0 Hz).

Anal. Calcd for C8H,„03: C, 62.32; H, 6.54. Found: C, 
62.12; H, 6.78.

Biacetyl-Ethyl Vinyl Ether Photoadducts.— After 48-hr irradia
tion of a mixture of biacetyl and ethyl vinyl ether, the volatile 
material was removed under reduced pressure and two fractions 
boiling at 70° (20 mm) (3.7 g) and 100-110° (3 mm) (0.5 g) were 
collected; residues, 1.0 g. Vpc analysis (PEG 6000 or UCON 
LB 500 X , 3-m, 130°) of the first distillate showed one major 
component. Redistillation of the first fraction gave pure 4: 
m/e  158; ir 1725 (C = 0 )  and 960 cm -1 (oxetane ring); nmr 
(CCL) S 1.23 (3 H, t, J = 7.0 Hz), 1.38 (3 H, s), 2.28 (3 H, s),
3.43 (2 H, q, J  = 7.0 Hz), and 4.10-4.90 (3 H, m, ring protons).

Anal. Calcd for CsHh0 3: C, 60.74; H, 8.92. Found: C, 
60.54; H, 8.98.

Vpc analysis (UCON LB 550X, 1-m, 100°) of the second frac
tion showed many peaks which seemed to be decomposed ma
terials. The mass spectrum and elemental analysis indicated 
that this fraction mainly consisted 2:1 adducts of biacetyl and 
ethyl vinyl ether, but the structure has not been determined 
yet because of its complex nmr spectrum.

Biacetyl-2-Ethoxypropene (5a) Photoadducts.— A mixture 
of biacetyl and 5a was irradiated for 72 hr. After the removal 
of the unreacted materials, the fraction boiling at 80-98° (23 mm) 
(8.4 g) was collected; residues, 1.4 g. Vpc analysis using 3-m 
PEG-6000 column at 140° indicated three major peaks with the 
relative ratio of peak heights 1.7:1.0:1.3. The products were 
isolated by preparative vpc on 3-m PEG-6000 column at 150°. 
The first component was identified as 7a: bp 87° (23 mm); 
m/e 172; ir 1730 (C = 0 )  and 970 cm -1 (oxetane ring); nmr 
(CCL) 6 1.18 (3 H, t, J =  7.0 Hz), 1.31 (3 H, s), 1.40 (3, H, s),
2.15 (3 H, s), 3.38 (2 H, q, J =  7.0 Hz), 3.97 (1 H, d, J  = 6.0 
Hz), and 4.32 ( l H , d , 7  =  6.0 Hz).

Anal. Calcd for C9H16O3: C, 62.76; H, 9.36. Found: C, 
62.87; H, 9.38.

The second component was identified as 8a: bp 87° (23 mm);
m/e 172; ir 173 (C = 0 )  and 970 cm -1 (oxetane ring); nmr (CCL) 
5 1.07 (3 H, t, /  = 7.0 Hz), 1.32 (3 H, s), 1.45 (3 H, s), 2.32 
(3 H, s), 4.20 (1 H, d, /  =  6.0 Hz), 3.30 (2 H, q, J =  7.0 Hz), 
and 4.48 (1 H, d, J =  6.0 Hz).
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Anal. Calcd for CsHuOs: C, 62.76; H, 9.36. Found: C, 
62.54; H, 9.62.

The third component was identified as 6a: bp 90° (23 mm); 
m/e 172; ir 1730 (C = 0 )  and 1640 cm “ 1 (C = C ); nmr (CCL) 
S 1.24 (3 H, d, J =  7.0 Hz), 1.28 (3 H, t, J =  7.0 Hz), 2.12 (3 
H, s), 3.74 (1 H, q, J  =  7.0 Hz), 3.74 (2 H, q, /  =  7.0 Hz), 
3.83 (2 H, m), 3.94 (1 H, d, /  =  1.5 Hz), and 4.09 (1 H , d, J  
=  1.5 Hz).

Anal. Calcd for C9H160 3: C, 62.76; H, 9.36. Found: C, 
62.49; H, 9.67.

Biacetyl-o-Methylstyrene (5b) Photoadducts .•—A solution of 
biacetyl and 5b was irradiated for 48 hr. After the removal of 
the unreacted material under reduced pressure, a fraction boiling 
at 110-120° (6 mm) (1.4 g) was collected; residues, 0.5 g. Vpc 
analysis using 3-m PEG-6000 column at 180° indicated three 
major peaks with the relative ratio of peak heights 5.8:1.0:3.8. 
These three photoproducts were isolated by preparative vpc 
on a 3-m PEG-6000 column at 180°. The first component was 
identified as 7b: bp 85° (3 mm); m/e 204; ir 1725 (C = 0 )  and 
970 cm -1 (oxetane ring); nmr (CCL) 5 1.11 (3 H, s), 1.45 (3 H, 
s), 2.22 (3 H, s), 4.10 (1 H, d, J =  5.5 Hz), 4.96 (1 H, d, /  =
5.5 Hz), and 7.12 (5 H, m).

Anal. Calcd for C i3H160 2: C, 76.44; H, 7.90. Found: C, 
76.54; H, 7.96.

The second component was identified as 8b: bp 85° (3 mm); 
m/e 204; ir 1725 (C = 0 )  and 970 cm -1 (oxetane ring); nmr 
(CCL) 5 1.53 (3 H, s), 1.61 (3 H, s), 1.87 (3 H, s), 4.40 (1 H, d, 
/  =  6.0 Hz), 5.10 (1 H, d, J  = 6.0 Hz), and 7.12 (5 H, m).

Anal. Calcd for Ci3H160 2: C, 76.44; H, 7.90. Found: C, 
76.58; H, 8.13.

The third component was identified as 6b: bp 90° (3 mm); 
m/e 204; ir 1730 ( 0 = 0 ) ,  1640 (C = C ), and 1120 cm ' 1 (ether); 
nmr (CCL) 8 1-22 (3 H, d, J =  7.0 Hz), 2.00 (3 H, s), 3.74 (1
H, q, J  =  7.0 Hz), 4.30 (2 H, m), 5.24 (1 H, d, J =  1.5 Hz), 
5.42 (1 H, d, J  =  1.5 Hz), and 7.22 (5H , m).

Anal. Calcd for C13H1S0 2: C, 76.44; H, 7.90. Found: C, 
76.64; H, 7.86.

Biacetyl-Isobutene (5c) Photoadducts.— A solution of bi
acetyl and 5c was irradiated 102 hr at 0° and distilled to obtain
2.4 g of photoproduct mixture, bp 60-90° (16 mm), and 0.7 g of 
residue. Dissolution of the distillate in hexane, cooling, and 
separation by suction filtration gave the pinacol 9 (0.4 g), recrys
tallized from hexane-ether: mp 95-96° (lit. mp 95-96°); nmr
(CCL) b 1.16 (3 H, s), 2.24 (3 H, s), and 4.46 (1 H, s). These 
were in accord with reported values.2

The filtrate was analysed by vpc (6-m PEG-6000 or UCON LB 
550 X , 110°). Three major peaks with the relative peak heights 
1:1.6 :4.1 were detected. The first and the second components 
[bp 55-60 (22 mm)] were separated as a mixture from the third 
component [bp 80° (22 mm)] by preparative vpc (3-m, UCON LB 
550X , 110°), owing to the close retention time between the first 
and second components. Elemental analysis and mass spectra 
by a directly coupled gas chromatograph-mass spectrometer 
(Hitachi RMS-4) of a mixture of the first and the second com
ponent indicated that these components were 1:1 adduct of bi
acetyl and 5c (m/e 142 for each component). Ir spectrum 
showed a carbonyl peak at 1720, vinyl peak at 1620, ether peak 
at 1110, and oxetane ring at 970 cm -1. Nmr spectrum (100 
M Hz) of the mixture in CCL showed that the first component 
was 3,3,4-trimethyl-4-acetyloxetane, having 5 at 1.16 (3 H, s),
I . 24 (3 H, s), 1.39 (3 H, s), 2.25 (3 H, s), and 4.13 (2 H, AB 
quartet, J  =  5.5 Hz), and the second component was an allylic 
ether 6c, having 5 1.31 (3 H, d, J  =  7.0 Hz), 1.81 (3 H, m), 
2.17 (3 H, s), 3.71 (1 II, q, J  =  7.0 Hz), 4.87 (1 H, m), and 4.95 
(1 H, m).

Anal (of the mixture). Calcd for C6Hi40 2: C, 67.57; H, 
9.93. Found: C, 67.89; H ,9.99.

The third component was identified as 10: m/e 142; ir 3450
(OH), 1720 (C = 0 ) ,  and 1650 cm “ 1 (C = C ); nmr (CCL) 8 1.30 
(3 H, s), 1.72 (3 H, m), 2.17 (3 H, s), 2.38 (2 H, s), 3.40 (1 H, 
broad), 4.64 (1 H, m), and4.78 (1 H, m).

Anal. Calcd for C8H u02: C, 67.57; II, 9.93. Found: C, 
67.39; H, 9.72.

Biacetyl-2-Methyl-2-butene (5d) Photoadducts.— A mixture 
of biacetyl and 5d was irradiated for 50 hr. After the removal 
of unreacted materials, the fraction boiling at 60-80° (25 mm) 
(5.3 g) was collected; residues, 1.5 g. The products were 
analyzed and separated by vpc using 3-m PEG 6000 at 130°. 
The relative ratio of peak heights of the two major peaks was 
2.4:1.0. The first component was identified as 6d: bp 65°

R y a n g , S h i m a , a n d  S a k t j r a i
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(20 mm); m/e 156; ir 1720 (C = 0 ) ,  1650 (C = C ), and 1110 
cm -1 (ether); nmr (CC1<) 5 1.22 (3 H, d, J  =  7.0 Hz), 1.28 (3 
H, d , J  =  7.0 Hz), 1.72 (3 H, m), 2.11 (3 H, s), 3.70 (1 H, q, 
J  =  7.0 Hz), 3.93 (IH , q, J  =  7.0 Hz), and4.87 (2 H, m).

Anal. Calcd for C9H16O2: C, 69.19; H, 10.32. Found:
0 , 69.29; H, 10.58.

The second component was identified as 2,3,3,4-tetramethyl-
4-acetyloxetane: bp 70° (20 mm); m/e 156; ir 1720 (C = 0 )  
and 9 9 0 (oxetane ring); nmr (CC1<) 5 0.95 (3 H, s), 1.10 (3 
H, s), 1.18 (3 H, d, J =  7.0 Hz), 1.33 (3 H, s), 2.15 (3 H, s), 
and 4.40 (1 H, q, J  =  7.0 Hz).

Anal. Calcd for C9H 16O2: 0 ,69 .19 ; H, 10.32. Found: C, 
69.47; H, 10.13.

Biacetyl-2 ,3-Dimethyl-2-butene (5e) Photoadducts.— A mix
ture of biacetyl and 5e was irradiated for 48 hr. After the re
moval of unreacted materials, the fraction boiling at 73-84° 
(13 mm) (8.1 g) was collected; residues, 0.6 g. Vpc analysis 
(3-m PEG 6000 or TJCON LB 550 X , 140°) indicated that the 
photoproduct mixture contained one major component 6e and 
several minor components (6e:others = 5.0:1.0). The ir spec
trum of the fraction mixture indicated that the minor components 
mainly consisted of alcohol compounds. Separation by prepara
tive vpc (3-m PEG 6000, 140°) gave pure 6e: bp 74° (13 mm); 
m/e 170; ir 1728 (C = 0 ) ,  1650 (C = C ), and 1110 cm -1 (ether); 
nmr (CC14) h 1.16 (3 H, d, /  =  7.0 Hz), 1.23 (3 H, s), 1.28 (3 
H, s), 1.73 (3 H, m), 2.08 (3 H, s), 3.61 (1 H, q, J  =  7.0 Hz), 
and 4.86 (2 H, m).

Anal. Calcd for C ioH iS0 2: 0 ,70 .54 ; H, 10.66. Found: C, 
70.39; H, 10.57.

Irradiation of Biacetyl to a-methyl-d3-Styrene (5b').— 5b' (D = 
87% ) was prepared by the Wittig reaction of methyl triphenyl- 
phosphonium bromide and trideuteriomethyl phenyl ketone.26 
A mixture of 2.6 g (0.03 M ) of biacetyl and 3.6 g (0.03 M ) of 5b' 
in 180 ml of benzene was irradiated for 60 hr. After the recovery 
of 5b' (1.6 g), a boiling fraction at 110-120° (6 mm) (0.7 g) was 
collected; residues, 0.4 g. Vpc analysis and isolation of the 
products done by the same conditions as for 5b. The ratio of 
6b :7b :8b =  2.0:5.8:1.0. The %  D of starting and recovered 
5b' and the photoproducts were determined by nmr. No deu
terium was introduced into position Ca of the allyl moiety of 
6b' (%  D of C-y and methine protons, 87%).

Biacetyl-Isobutene Photoaddition at Room Temperature.— A 
mixture of biacetyl (0.01 M ) and isobutene (0.01 M ) in benzene 
was irradiated at room temperature in a Pyrex test tube for 6 hr. 
The reaction mixture was analyzed as described above. It was 
shown that the ratio of 6c: oxetane was 1.62:1.0.

Registry No.— 1, 26995-37-9; 2, 26995-38-0; 3, 26959-33-1; 
4, 26959-34-2; 5a, 926-66-9; 5b, 98-83-9; 5b', 16914-16-2; 5c, 
115-11-7; 5d, 513-35-9; 5e, 563-79-1; 6a, 40519-21-9; 6b, 40519- 
22-0; 6c, 40519-23-1; 6d, 26959-35-3 ; 6e, 40519-25-3; 7a, 40519- 
26-4: 7b, 40519-27-5; 8a, 40580-22-1; 8b, 40519-28-6; 10, 
40519-29-7; biacetyl, 431-03-8; indene, 95-13-6; furan, 110-00-9; 
ethyl vinyl ether, 109-92-2; 3,3,4-trimethyl-4-acetyloxetane, 
40519-30-0; 2,3,3,4-tetramethyl-4-acetyloxetane, 26959-36-4; 
methylphenylphosphonium bromide, 1779-49-3; trideuterio
methyl phenyl ketone, 17537-31-4.

A Simple, High Yield Synthesis of Arginine Vasopressin
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Biologically fully active arginine vasopressin has been synthesized via the stepwise active ester and fragment 
condensation methods. The synthesis was begun with proline at the carboxyl terminus utilizing the trityl 
group for sulfhydryl protection of cysteine and the Boc group for amino nitrogen protection. Synthesis of 
Boc-Cys(Trt)-Tyr-Phe-Gln-Asn-Cys(Trt)-Pro was followed by cyclization of the cysteine moiety in 70% yield 
with I2 in 80% acetic acid. The remaining dipeptide unit, Arg-Gly-NH2, was attached to proline by means of 
the hydroxysuceinimide ester of the cyclized heptapeptide. The guanidyl group was protected as a picrate. 
The Boc group was then removed from protected vasopressin with 90% TFA to give, after final purification, 
vasopressin in an overall yield of 11%.

Many syntheses of the antidiuretic hormone arginine 
vasopressin, (18) have been published over the past 18 
years. Most of these syntheses1-5 have involved the 
fragment condensation method, the exception being the 
guanylation of a protected ornithine nonapeptide1 2 3 4 5 6 and 
a solid phase synthesis.7

In all of these methods, however, the benzyl group 
has been utilized for the protection of the sulfhydryl 
group of cysteine. Treatment of a fully protected non
peptide with sodium in liquid ammonia and subsequent 
oxidation to form the disulfide bridge has afforded the 
desired hormone in varying degrees of yield and purity. 
The main disadvantage of such an approach has been 
the rather low yield of pure material obtained in the 
final cyclization step.

(1) V. du Vigneaud, D. T. Gish, and P. G. Katsoyannis, J . A m e r .  Chem . 
S o c ., 76, 4751 (1954).

(2) P. G. Katsoyannis, D. T. Gish, and V. du Vigneaud, ib id ., 79, 4516 
(1957).

(3) V. du Vigneaud, D. T. Gish, P. G. Katsoyannis, and G. P. Hess, ib id ., 
80, 3355 (1958).

(4) R. O. Studer and V. du Vigneaud, ib id ., 82, 1499 (1960).
(5) R. O. Studer, H elv . C h im . A c ta , 46, 421 (1963).
(6) M. Bodanszky, M. A. Ondetti, C. A. Birkhimer, and P. L. Thomas, 

J . A m e r .  C h em . S o c ., 86, 4452 (1964).
(7) J. Meienhofer, A. Trzeciak, R. T. Havran, and R. Walter, ib id ., 92,

7199 (1970).

In an effort to minimize side reactions during the 
cyclization to form the disulfide bridge and in order to 
obtain intermediates for biological testing, we have 
used a different approach in synthesizing this hormone. 
We achieved sulfhydryl protection by means of the 
easily removed trityl group, masking of the a-amino 
nitrogen with the (eri-butoxycarbonyl (Boc)8 group and 
blocking of the guanidyl group of arginine by protona
tion. The complete synthesis is outlined in Chart I and 
was achieved with an overall yield of 11% [based on 
Boc-Cys(Trt)-OCP] of biologically fully active hormone.

All coupling reactions were performed in DMF via 
active esters and all intermediates, other than 15, have 
been characterized. Initially, 90% trifluoroacetic acid 
(TFA) was used to remove the Boc group. Although 
trityl groups apparently were removed from sulfur 
atoms to some extent during the procedure,9 subsequent 
removal of the solvent in vacuo at 40° reversed the 
equilibrium and retritylated the peptide. Addition of 
ether to the resulting oily residue afforded a solid TFA

(8) Abbreviations according to IUPAC-IUB recommendations: B io ch em . 
J ., 126, 773 (1972). In addition, OCP == 2,4,5-trichlorophenoxy and OPP = 
pentachlorophenoxy. All amino acids have the l  configuration.

(9) I. Photaki, J. Taylor-Papadimitriou, C. Sakarellos, P. Mazarakis, 
and L. Zervas, J . Chem . S oc . C , 2683 (1970).



2866 J. Org. Chem., Vol. 38, No. 16, 1973 J o n e s , M i k u l e c , a n d  M a z u r

Cys- -Tyr- -Phe-

C hart I
Synthesis op A rginine V asopressin 

—  Gin--------------- Asn----------------Cys — -P ro- -Arg-

B oc-

B oc-

B oc-

B oc-

B oc-

B oc-

B oc-

H2

- L

i

,Trt

-ONp H - 
12 
,Trfc

B oc-

B oc-

-OPP H - 
19

B oc-

B oc-

-ONp H -

14

15

B oc-

B oc-

-OCP H -

10

11

13

17

18

B oc-

B oc-

-OCP H -

- L

Trt

OCP H -
1
Trt

- L

/

2
.Trt

3
Trt

Z

_ /

i

. /

i

_ /

r

. /

Trt

.Trt

,Trt

Trt

X

. L

Trt

Trt

/
/

: z _
Z

7

Z

-OH

-OH

-O H

-O H

-O H

-O H

-O H

-O H

-O H

-O H

-O H

-O H

-O H

—OSu H-

H 4

z
16
H+

Z
H +

-G ly

-N H 2

-N H j

-N H 2

salt which was < 2%  detritylated (based on recovered 
triphenylcarbinol). This method of deblocking was 
successfully used up to the preparation of 7, at which 
step an approximately 1:1 mixture of 7 and <Glu-Asn- 
Cys(Trt)-Pro was obtained. We then turned to a 
tenfold excess of 2 M HC1 in a 1:2 dioxane-acetic acid 
system as a means of deprotection and this afforded 7 
in 90% yield with almost no pyroglutaminyl tetra- 
peptide being formed. The method of work-up was 
exactly as described for the Boc removal with TFA. 
Except for the final step in preparing 18 from 17, the 
HC1 method was used throughout the synthesis with 
excellent results.

One interesting observation should be briefly men
tioned at this point. During the coupling of Boc-Asn- 
OCP with 3, the usual excess of active ester (10-15%) 
was found to be insufficient to react completely with 
the dipeptide. It was apparent from thin layer chro
matography data that the active ester was itself de
composing during the coupling reaction. This decompo
sition is currently being studied by us in order to 
determine the products formed by Boc-Asn-OCP under 
normal coupling conditions. Preliminary results have 
indicated that there is more than one decomposition 
product and the amounts of these products are de
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pendent on whether V-methylmorpholine is present 
in a DMF solution of the active ester.

Cyclization of protected heptapeptide 13 was ac
complished by the addition of a 5 X 10 ~3 M  solution 
of 13 in 80% acetic acid to an excess of I2 (5 X 10~3 M 
in 80% acetic acid) in a manner similar to those pre
viously described.10'11

To avoid removal of the Boc group during work-up, 
1 N NaOH (equivalent to the HI formed) was added. 
The solvent was removed in vacuo and ether was added 
to give a solid which, after countercurrent distribution, 
gave a 70% yield of pure 14.

Formation of the protected vasopressin 17 was ac
complished by the in situ preparation of the V-hydroxy- 
succinimide active ester and coupling to H-Arg-Gly- 
NH2-picrate (prepared in situ from the dipicrate12). 
Although crude 17 can be used satisfactorily in the 
final step, a small amount was purified by countercur
rent distribution and characterized as a monopicrate. 
It was most interesting that the picratc salt remained 
intact during countercurrent distribution in the system 
n-BuOH-HOAc-H20  (4:1:5) without formation of the 
expected acetate.

Crude 17 was dcprotected in 90% TFA and then 
precipitated with ether. Purification of the vasopressin 
18 and removal of picric acid were accomplished by 
means of gradient elution with 0.1 N to glacial acetic 
acid from an IRC-50 ion-exchange column. Fractions 
containing vasopressin were then collected; the solvent 
was removed in vacuo at 45° and the product lyoph- 
ilizcd. Drying in vacuo at about 105° for 16 hr over 
magnesium perchlorate afforded the pure hormone as a 
diacetate-V2 hydrate, homogeneous by thin layer 
chromatography. After standing in air for several 
days, subsequent elemental analysis showed the com
pound to be a diacetate-3*/2 hydrate. Bioassay13 on 
the ethanol-saline loaded rat indicated an activity of 
454 IU/mg.

Several advantages of this synthetic method arc 
evident: (1) oxidation of a protected intermediate
gives a high yield of easily purified disulfide; (2) the 
overall yield obtained is excellent; (3) it should be easy 
to scale-up this synthesis to allow preparation of gram 
quantities of the hormone or analogs; (4) the use of a 
cyclic disulfide as an intermediate does not pose any 
particular problems as 14 is stable to TFA, coupling 
conditions, countercurrent distribution, and ion- 
exchange chromatography.

We are currently optimizing yields at all stages of the 
reaction sequence, investigating the use of more stable 
sulfhydryl-protecting groups, and continuing to study 
the cyclization reaction under various conditions.

Experimental Section
Thin layer chromatograms (tic) were run on silica gel G with 1- 

butanol-HOAc-HiO (7 :1 :2 ) ( R , a ) ,  CHCl3-M e0 H -H 0 A c-H 20  
(64 :30:2:4 ) (ftfB), CHCfi-MeOH (95:5) (flf0), CHCfi-MeOH 
(98:2) (R tD), and CHCfi-MeOH (90:10) (Use). Spots were 
revealed with ieri-butyl hypochlorite followed by KI (1% )-

(10) B. Kamber, H. Brückner, B. Riniker, P. Sieber, and W. Rittel, H elv . 
C h im . A c ta , 53, 556 (1970).

(11) R. Geiger and W. König, German Patent 1917939 (1970).
(12) D. T. Gish and V. du Vigneaud, J . A m e r .  C h em . S o c ., 79, 3579 

(1957). Other salts of this dipeptide are extremely hygroscopic and difficult 
to store and manipulate.

(13) L. M. Hofmann, A r c h . I n t .  P h a rm a co d y n . T h er ., 169, 189 (1967).

starch (1% ).14 Purifications by means of countercurrent dis
tribution (CCD) were performed in CHCl3-CC l4-M e0 H -H 20  
(26:27:37:10) (system 1) or l-butanol-HOAc-H20  (4 :1 :5 ) 
(system 2). Melting points15 were obtained on a Mel-Temp 
capillary melting point apparatus and were uncorrected, and 
optical rotations were obtained with a Perkin-Elmer Model 141 
polarimeter.

Boc-Cys(Trt)-OCP (1).-—A solution of 28.1 g (60.6 mmol) of 
Boc-Cys(Trt)-OH16 and 13.7 g (69.7 mmol) of 2,4,5-trichloro- 
phenol in 110 ml of EtOAc was cooled to 4° in an ice bath. To 
the stirred solution was added 13.2 g (66.7 mmol) of dicyclohexyl- 
carbodiimide (DCCD) in 30 ml of EtOAc; the reaction mixture 
was stirred in ice for 1.5 hr and then allowed to warm to room 
temperature over a 2.5-hr period. The precipitate of dicyclo- 
hexylurea (DCU) was removed by filtration, treated with boiling 
acetone, and filtered again. The combined filtrates were stripped 
in vacuo to leave a solid which was purified by crystallization from 
f-PrOH-EtOAc: yield 29.2 g (75%) of white compound; mp 
166-167°; [«]24d + 24° (c 1, D M F); EfC0.78.

Anal. Calcd for C33H30Cl3NO4S: C, 61.64; H, 4.70; S, 4.99; 
Cl, 16.,54. Found: C, 61.84; H, 4.64; S, 5.17; Cl, 16.24.

Boc-Cys(Trt)-ONp17 (12).— A solution of 28.5 g (61.5 mmol) 
of Boc-Cys(Trt)-OH and 11.1 g (80.0 mmol) of p-nitrophenol 
in 225 ml of EtOAc was cooled to 20° and treated dropwise, with 
stirring, over a 15-min period with a solution of 14.0 g (68.0 
mmol) of DCCD in EtOAc. The reaction mixture was stirred 
1 hr at 20° and then at room temperature for 2 hr. The DCU 
was filtered and the filtrate was washed successively with 3 X 
100 ml of 1 M  K 2C 03 and 3 X 100 ml of water and then dried 
(Na2SO<). Evaporation of the dried solvent in vacuo gave a 
solid which was dissolved in a minimum quantity of warm benzene 
and filtered into 11. of stirred Skellysolve B, yield 25.9 g (72.0%) 
of tan crystals, mp 160.5-164°. An analytical sample, recrystal
lized from xylene, had mp 164-167°, Rid 0.64, [a] fflD + 37 ° (c 1, 
CHCls).

Anal. Calcd for C33H32N20 6S: C, 67.79; H, 5.52; N, 4.79; 
S, 5.48. Found: C, 67.91; H, 5.40; N, 4.66; S, 5.27.

Boc-Cys(Trt)-Pro (2).— A 2.53-g (22.0 mmol) sample of (l)- 
Pro was dissolved in 75 ml of DM F with 3.64 ml of 6.04 N  HC1 
in dioxane, and then 12.9 g of 1 was added. The reaction was 
initiated by the addition of 5.0 ml (45 mmol) of AT-methylmor- 
pholine and the reaction mixture stirred for 24 hr at room tem
perature, after which it was cooled. Unreacted proline was 
removed by filtration and the filtrate added to 800 ml of rapidly 
stirred, cold 1 N  HC1. The resulting white precipitate was 
filtered, washed with cold water, and air-dried. Purification was 
effected by dissolving the crude protected dipeptide in 50 ml 
of EtOAc and adding the solution to 600 ml of cold, rapidly 
stirred Skellysolve B. After drying in vacuo at 40° for 1.5 hr,
10.8 g (91.4%) of 2 was obtained as a U/ 2 hydrate: R i b  0.89,
Ric 0.18; W 29d + 31 ° (c 1, DM F), + 26° (c 1, MeOH).

Anal. Calcd for C32H36N20 6S • 172H20 : C, 65.39; H, 6.69; 
N, 4.77; S, 5.46. Found: C, 65.45; H, 6.23; N, 4.74; S, 5.20.

H-Cys(Trt)-Pro-HCl (3).— A 2.80-g (5.00 mmol) sample of 2 
was dissolved in 17 ml of HOAc and then treated at room tem
perature for 5 min with 8.2 ml of 6.2 N  HC1 in dioxane. The 
solvents were removed in vacuo at 45°, and anhydrous ether was 
added to the residual oil to give a white precipitate. After 
filtering, washing several times with ether, and drying in vacuo 
at 75° for 1.5 hr, 2.21 g (89.0%) of 3 was obtained, Ria 0.31, 
[« ]27d + 46° ( c l ,  MeOH).

Anal. Calcd for O n H ^ im S -H C l-H iO : C, 62.96; H, 
6.07; N, 5.44; S, 6.22; Cl, 6 .88. Found: C. 62.98; H, 5.81; 
N, 5.66; S, 6.41; Cl, 6.48.

Boc-Asn-Cys(Trt)-Pro (4).— A solution of 19.8 mmol of 3,
23.8 mmol (20% excess) of Boc-Asn-OCP,18 * and 4.5 ml (40 
mmol) of JV-methylmorpholine in 90 ml of DM F was stirred 
overnight at room temperature. A routine tic of the reaction 
mixture showed some 3 still remaining and no active ester, which 
has R if . 0.58. An additional 0.82 g (2.0 mmol) of Boc-Asn-

(14) R. H. Mazur, B. W. Ellis, and P. S. Cammarata, J . B io l . C h em ., 237, 
1619 (1962).

(15) In many instances, the melting points of various peptide intermedi
ates were undefined and therefore are not reported.

(16) H. Zahn and K. Hammerstrom, Chem . B e r ., 102, 1048 (1969).
(17) E. Schnabel, H. Klostermeyer, and H. Berndt, J u s tu s  L ie b ig s  A n n .  

C h em ., 749, 90 (1971).
(18) W. Broadbent, J. S. Morley, and B. E. Stone, J . C h em . S oc . C,

2632 (1967).
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OCP was added and the reaction mixture again stirred at room 
temperature overnight. At the end of this time, tic showed no 3 
present and some Boc-Asn-OCP, which was decomposed with 1 
ml (9 mmol) of (CH3)2NCH2CH2NH2 at room temperature for 1 
hr. After cooling to 4°, the reaction mixture was added to 1250 
ml of cold 1 N  HC1 with rapid stirring. The resulting white 
precipitate was filtered, washed with water, and air-dried. 
Dissolving the crude protected tripeptide in 90 ml of EtOAc, boil
ing, and cooling afforded a 78%  yield of pure 4: Rta 0.78,
R, e 0.19; [<*]27d - 4 .2 °  (c 1, D M F); mp 199-200° dec.

Anal. Caled for C jeH ísN A S -'/JM ): C, 63.23; H, 6.48; 
N , 8.19; S, 4.69. Found: C, 63.49; H, 6.42; N , 8.48; S, 
4.74.

H-Asn-Cys(Trt)-Pro-HCl (5).— It was prepared in 98% yield 
in the same manner as previously described for 3, Ría 0.45, 
[<*]27d + 32 ° (c 1, MeOH).

Anal. Caled for C-uH-mN A .S H C I H íO: C, 59.18; H, 
5.93; N, 8.90; S, 5.10; Cl, 5.64. Found: C, 59.12; H, 5.89; 
N , 8.64; S, 5.34; Cl. 5.44.

Boc-Gln-Asn-Cys(Trt)-Pro (6).— It was prepared as described 
previously for 4 using a 10% excess of Boc-Gln-OCP.18 Crude 
product was triturated with Skellysolve B and dried in vacuo to a 
glassy foam, R¡a 0.77, with faint impurities at Ría 0.27 and 
Rta 0.83. An analytically pure sample was obtained by stirring 
the impure product for 2 hr at room temperature in 1% HC1, 
filtering, drying, again triturating and washing with Skellysolve 
B and drying in vacuo, [a]28D —13° (c 1, HOAc).

Anal. Caled for CuHsoNeOsS: C, 61.33; H, 6.28; N, 10.45;
S, 3.99. Found: C, 61.21; H, 6.35; N, 10.26; S, 4.24.

H-Gln-Asn-Cys(Trt)-Pro-HCl (7).— Crude 6 was deprotected
as previously described for 3 to give a 92% yield of tetrapeptide 
salt (based on two steps from 5): R¡\ 0.35; [«l^D + 9 °  (c 1,
D M F ),+ 7 °  ( c l ,  MeOH).

Anal. Caled for C36H,2N60 7SH C 1-3H 20 :  C, 54.50; H, 
6.22; N, 10.59; S, 4.04; Cl, 4.47. Found: C, 54.40; H, 5.81; 
N, 10.31; S, 3.98; Cl, 4.55.

Attempted Preparation of H-Gln-Asn-Cys(Trt)-Pro-CF3C 02H.
— A 402-mg (0.500 mmol) sample of 6 was stirred at room tem
perature for 5.5 hr with 1.5 ml of a 1:1 TFA-H OAc solution and 
then added to cold ether. The white precipitate was filtered and 
dried to give 358 mg of a compound which showed two spots at 
Rt a 0.25 and R¡a 0.42. The reaction was repeated on a larger 
scale using anhydrous TFA a,z room temperature for 5 min with 
the same results. Since it was suspected that one of the two 
products might be <Glu-Asn-Cys(Trt)-Pro resulting from the 
cyclization of glutamine, the following procedure was adopted.

A 1.51-g sample of the mixed products was dissolved with 0.91 
g of Boc-Phe-ONp and 0.42 ml of A-methylmorpholine in 10 ml 
of DMF and the reaction followed by tic. Over a period of 6 hr, 
the material at Rt\ 0.25 gradually disappeared while the material 
having an R¡a of 0.42 remained unchanged. After 24 hr at room 
temperature, there was no change in the tic other than what had 
taken place during the first 6 hr of reaction time. After work-up 
in the usual manner, the crude material (1.95 g) was purified via 
CCD (system 1). After 400 transfers, two products were ob
tained: 360 mg of a compound having K  =  3.9 and R¡a 0.42, 
and the second (500 mg) having K  = 0.9, Rt a 0.78. The com
pound having the higher R¡ value and lower partition coefficient 
was identified by nmr and analysis as Boc-Phe-Gln-Asn-Cys(Trt)- 
Pro (8), [a]“ D + 0 .5 ° (c 1, D M F).

Anal. Caled for C5oH59N7Oi„S-2H20 : C, 60.90; H, 6.44; 
N, 9.94; S, 3.25. Found: C, 60.56; H, 6.14; N, 9.78; S,
3.41.

The compound with the Rt value of 0.42 and K  = 3 .9  was 
tentatively identified by nmr and elemental analysis as <Glu- 
Asn-Cys (Trt )-Pro.

Anal. Caled for C36H39N 60 7S-H 20 :  C, 61.43; H, 5.87; N, 
9.95; S, 4.56. Found: C, 61.62; H, 6.31; N, 9.97; S, 4.42.

Comparison of the ir and nmr spectra and tic’s of this material 
with those of authentic <Glu-Asn-Cys(Trt)-Pro (see following 
experiment) satisfactorily proved its structure.

<Glu-Asn-Cys(Trt)-Pro.— It was prepared in 75% yield in 
the usual manner from <Glu-OPP,12 5, and iV-methylmorpholine 
in DMF. The crude product was treated with Darco G-60 in a 
MeOH-EtOAc solution and added to a tenfold excess of ether. 
The resulting white powder was filtered, washed with ether, and 
dried in vacuo at 65°. Tic showed one spot, Ria 0.45 and R ib

(19) G. Flouret, J . M e d . C h em ., IS, 843 (1970).
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0.64; mp decomposes gradually from 160-200°, [a]%> —5.2° 
( c l ,  D M F).

Anal. Caled for C36H39N60 7S-H 20 :  C, 61.43; H, 5.87; N, 
9.95; S, 4.56. Found: C, 61.17; H, 5.92; N, 9.49; S, 4.59.

The compound had identical ir and nmr with those of the by
product isolated by CCD after the coupling of impure H-Gln-Asn- 
Cys(Trt)-Pro • CF3C 02H with Boc-Phe-ONp.

Boc-Phe-Gln-Asn-Cys(Trt)-Pro (8).— It was synthesized from
9.45 g (11.9 mmol) of 7, 5.06 g (13.1 mmol) of Boc-Phe-ONp,20 
and 2.8 ml (25.2 mmol) of iV-methylmorpholine in 50 ml of D M F 
as described for 2. To remove <Glu-Asn-Cys(Trt)-Pro as a by
product, the crude material was purified via CCD (system 1). 
After 400 transfers, 9.30 g (80% yield) of pure pentapeptide (as 
a l ' / 2 hydrate) was collected from tubes 135-200 (K  =  0.7). 
Tic showed one spot, Ria 0.78, [a]“ d  —2.5° (c 1, D M F).

Anal. Caled for C a H ^ O w S • 1>/2H20 :  C, 61.46; H, 6.40;
N, 10.04; S, 3.28. Found: C, 61.22; H, 6.13; N , 9.91; S,
3.20.

H-Phe-Gln-Asn-Cys(Trt)-Pro-HCl (9).— The protected penta
peptide 8 (1.65 g) was dissolved in 6 ml of HOAc and stirred with 
3 ml of 6 A7 HC1 in dioxane solution for 4 min. After removing 
the solvents in vacuo at 40°, adding ether to solidify the product, 
washing, and drying, a quantitative yield of the hydrochloride 
salt was obtained. Tic showed one spot, Ria 0.33, [a] 26d  + 3 .0 ° 
( c l ,  D M F).

Anal. Caled for Ci5Hr,iN7OsS-H Cl-2H 20 :  C, 58.59; H, 
6.12; N, 10.63; S, 3.48; Cl, 3.84. Found: C, 58.55; H, 
6.17; N, 10.49; S, 3.72; Cl, 3.74.

Boc-Tyr-OPP (19).— To 10.1 g (35.8 mmol) of Boc-Tyr-OH21 
and 14.3 g (53.7 mmol) of pentachlorophenol in 50 ml of cold 
EtOAc was added a cooled solution of 8.12 g (39.4 mmol) of 
DCCD in 15 ml of EtOAc, and the reaction mixture was stirred 
in an ice bath for 1.5 hr. At that time an additional 50 ml of 
EtOAc was added to enhance stirring of the thick reaction mix
ture. f i i ter stirring overnight at room temperature, the pre
cipitated DCU was removed by filtration and washed with ace
tone; the filtrate was dried over anhydrous MgSO< and stripped 
to a tan solid. Purification by crystallization from EtOAc- 
Skellysolve B afforded 10.4 g (54.7%), mp 167.5-168.5°, Rtc
O. 53, [a]28d  - 4 2 °  (c 1, MeOH).

Anal. Caled for CaHwChNOs: C, 45.35; H, 3.43; N, 
2.64; Cl, 33.47. Found: C, 45.53; H, 3.42; N, 2.60; Cl, 
33.70.

Boc-Tyr-Phe-Gln-Asn-Cys(Trt)-Pro (10).— It was synthesized 
as previously described for 2 from 8.67 g (9.22 mmol) of 9, 5.36 
g (10.1 mmol) of 19, and 2.2 ml (19.8 mmol) of iV-methylmor- 
pholine in 60 ml of DM F. The crude product was boiled in 15 
parts of EtOAc, the solution cooled, and ether added. After 
filtering, washing with ether, and drying, 9.45 g (89%) of pure 
hexapeptide was obtained. Tic showed one spot, Rt a 0.72; 
[ « ] 28d  - 9 .0 °  (c 1, D M F), -2 6 .5 °  (c 1, MeOH).

Anal. Caled for C39H63N80 l2S-2.5H20 : C, 61.17; H, 6.35;
N, 9.67; S, 2.77. Found: C, 61.08; H, 6.07; N, 9.60; S,
3.08.

H-Tyr-Phe-Gln-Asn-Cys(Trt)-Pro-HCl (11).— Deprotection of
9.33 g (8.06 mmol) of 10 in 27 ml HOAc and 13.5 ml of 6.04 M  
HC1 in dioxane as described for 3, afforded a quantitative yield 
of the desired hydrochloride salt. Tic showed one spot, RtA
O. 45, M 28d  - 9 .0 °  (c 1, DM F).

Anal. Caled for CaHeoNsOuS ■ HC1 ■ 3H20 : C, 58.76; H, 
6.12; N, 10.15; S, 2.90; Cl, 3.21. Found: C, 58.87; H, 
5.91; N, 10.10; S, 2.82; Cl, 3.53.

Boc-Cys(Trt)-Tyr-Phe-Gln-Asn-Cys(Trt)-Pro (13).—-It was 
synthesized in the usual manner from 3.40 g (3.16 mmol) of 11,
2.07 g (3.54 mmol) of 12, and 0.70 ml (6.30 mmol) of A’ -methyl- 
morpholine in 25 ml of DM F. The crude product was dissolved 
in five parts of boiling EtOAc which, upon cooling, gave an oil. 
The oil solidified after trituration with cold EtOAc, and the 
product was filtered and dried, wt 3.76 g. An additional 0.63 
g was obtained upon dilution of the filtrate with Skellysolve B. 
Tic data on both crops showed identical results, Ría 0.90, with a 
faint impurity at Ría 0.40; both crops showed one spot at Rte
0. 87. Overall yield was 93% (as a dihydrate), [a]26d  —15° (c
1, MeOH).

Anal. Caled for CsiHsrNgOjsS,- 2H20 :  C, 65.08; H, 6.14; 
N, 8.43; S, 4.29. Found: C, 65.35; H, 6.45; N, 8.35; S, 4.40.

(20) E. Sandrin and R. A. Boissonnas, H d v . C h im . A c ta , 4 6 , 1637 (1963).
(21) E. Schnabel, J u stu s  L ieb ig s  A n n .  C h em ., 7 0 2 , 188 (1967).
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Boc-Cys-Tyr-Phe-Gln-Asn-Cys-Pro (14).— To 475 ml of 4.8 
X 10-J M  I2 (2.28 mmol) in 80% aqueous HOAc was added at 
room temperature over a 75-min period a solution of 3.15 g (2.13 
mmol) of 13 in 425 ml of 80% aqueous HOAc. After stirring at 
room temperature for an additional 30 min, the excess I2 was 
reduced with 1 N  Na2S03 and 5.1 ml of 1 N  NaOH was added to 
neutralize HI. The reaction mixture was stripped to an oil 
which solidified upon trituration with cold ether. The solid was 
washed several times with ether and purified via CCD (system 2). 
After 480 transfers, the contents of tubes 170-206 (K  =  7.9) 
were collected, the solvents were evaporated, and the resulting 
solid was dried in vacuo at 75° for 3 hr, wt 1.81 g. Tic indicated 
some starting material still present, iff* 0.76 with the desired 
product ftfA 0.47. Therefore, the compound was treated again 
with 120 ml of I2 solution and worked up as previously described 
after stirring for 45 min at room temperature after the addition 
was completed. Another CCD purification (240 transfers) 
afforded 1.44 g (69.5%) of 14, R{\ 0.47, [<*]28d —74° (c 1, D M F). 
Recovered triphenylcarbinol from the ether washings of both 
cyclization reactions amounted to 985 mg or 88.7% of theory 
after recrystallization from MeOH.

Anal. Calcd for C,3H67N bOi3S2 • 3H20 : C, 50.32; H, 6.19;
N, 12.28; S, 6.25. Found: C, 50.09; H, 5.68; N, 12.64; S, 
6.24.

Subsequently, it has been found in the synthesis of analogs 
that using a 15-20% excess of I2 will give complete cyclization the 
first time.

H-Arg-Gly-NH2 dipicrate (16).— A solution of 24.5 g (60.0 
mmol) of Z-Arg(N02)-Gly-NH222 in 250 ml of 90% acetic acid 
containing 2.5 g of Pd (black) was hydrogenated at 25 psi and 
room temperature for 6.5 hr. Removal of the catalyst and 
evaporation of the filtrate in vacuo left 36.1 g of a viscous oil con
taining the crude dipeptide and ammonium acetate. The resi
due was taken up in 125 ml of water and treated with 39.8 g of 
picric acid in 250 ml of warm ethanol. The resulting precipitate 
was recrystallized from 1 1. of 8:1 water-ethanol to give 17.9 g 
(44% yield) of the dipicrate, mp 210.0-210.5° dec, [a] 27d +15.3° 
(c 1, 50% aqueous acetone) [lit.12 mp 209-210°, [<*]24d +15.9° 
(c 1, 50% aqueous acetone)].

Boc-Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-NH2 • picrate (17).
— A 1.54-g (1.53 mmol) sample of 14 and 196 mg (1.70 mmol) of 
A'-hydroxysuccinimide were dissolved in 6 ml of DM F and treated 
for 2.5 hr at room temperature with 350 mg (1.70 mmol) of 
DCCD, after which was added 1.17 g (1.70 mmol) of 16 and
O. 20 ml (1.8 mmol) of A-methylmorpholine. After stirring 
overnight at room temperature, the reaction mixture was cooled 
to 0° and the DCU removed by filtration (recovered 327 mg or 
85.7% of theory). The filtrate was concentrated at 40° (oil 
pump) and the gummy solid triturated at —70° with ether. 
The resulting yellow solid was washed with ether several times 
and dried in vacuo (70°, 4 hr) to give 3.18 g of crude 17. The 
sample was divided into two equal portions and 1.59 g purified 
via CCD (system 2). After 240 transfers, the contents of tubes

(22) M. E. Cox, H. G. Garo, J. Hollowood, J. M. Hugo, P. M. Scopes, 
and G. T. Young, J . C h em . S o c ., 6806 (1965).

176-190 (K  =  3.4) were collected and solvents evaporated. 
The product was precipitated with ether in the cold. The 
filtered nonapeptide was dried in vacuo at 55°, yield 576 mg. 
Tic showed product, Ria 0.29, picric acid, R(A 0.62, and some 
impurity still remaining at the origin. A repeat purification on 
410 mg for 240 transfers afforded 229 mg of pure 17, [ a ] 27D 
— 79° (c 0.5, MeOH), after isolation and drying in vacuo (3 hr, 
75°) as described above, 0.29, homogeneous.

Anal. Calcd for CsiHtsN isOh^ ’ CsHsNsO,: C, 48.43; H, 
5.42; N, 17.84; S, 4.54. Found: C, 48.53; H, 5.65; N, 
17.62; S, 4.54.

Arg8-vasopressin (18).— To the remaining 1.59 g of crude 17 
was added 25 ml of 90% aqueous TFA and the resulting solution 
stirred at room temperature for 2 hr. Cooling to 0° and the ad
dition of 125 ml of cold ether gave a yellow solid, which weighed 
1.17 g after drying in vacuo at room temperature. Purification 
of the crude vasopressin was performed by ion exchange on 
IRC-50 (100:1 weight ratio) using a gradient elution of 0.1 N  to 
glacial acetic acid. Flow rate was 2 ml/min and 15-ml fractions 
were collected. The purified product was found in tubes 95- 
160, which were collected and the solvents evaporated. The 
resulting oily residue was lyophilized and then dried in vacuo over 
magnesium perchlorate for 16 hr at 105°: wt 414 mg or 44.5% 
yield (as diacetate hemihydrate) in two steps from 14: RtA 0.1;
M 28d  - 2 6 °  (c 0.5, 1 N  HOAc).

Anal. Calcd for C «H 6r,N,30 ,2S2 ■ 2CH3C 02H • 7 2H20 : C, 
49.47; H, 6.15; N, 17.32; S, 5.28. Found: C, 49.25; H, 
5.97; N, 17.17; S, 5.63.

Amino acid analysis28 showed */2 Cys 1.65, Phe 1.01, Tyr 
0.89, Glu 1.02, Asp 1.07, Pro 0.98, Arg 0.99, Gly 1.05, NH3 
2.95.

An eight-point bioassay was performed in the saline-alcohol 
loaded rat.13 Results showed our arginine vasopressin to have 
an activity of 454 IU/mg as a free base (95% confidence limits 
being 340-534 IU /m g). Natural arginine vasopressin has a 
potency of ca. 450 IU /m g as free base.
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A route to the marasmic acid skeleton which uses as a key reaction Diels-Alder additions to /3-(4,4-dimethyl-
l-cyclopentenyl)acrylic acid and its derivatives is described.

A growing number4 of fungal metabolites have been 
isolated from the Basidiomycetes (true mushrooms). 
These compounds may be thought to arise by a new 
mode of cyclization of a humulene-type precursor to 
give ion 1.

1 2

CCtCHi

In a general survey5 of the Basidiomycetes for anti
bacterial activity, a crystalline compound was found 
which possessed marked activity against Staphylococcus 
aureus. This substance, isolated from Marasmius 
conigenus, was partially characterized at that time and 
called marasmic acid. However, because its anti
bacterial activity decreased markedly in the presence of 
blood and because it was highly toxic, marasmic acid 
was not further investigated.

In 1965 de Mayo and others6 reported the reisolation 
and characterization of marasmic acid. Its true struc
ture (2) and stereochemistry were determined. A final 
point of the stereochemistry of marasmic acid was re
ported recently by Sim7 in an X-ray analysis of a 
marasmic acid derivative.

Although synthetic efforts toward some Basidiomycete 
sesquiterpenes, notably the illudins,8 have been success
ful, and a synthesis of illudol9 has appeared, only a 
synthesis of methyl isomarasmate10 (3) has been 
reported. This isomer differs from the marasmic acid 
series in the crucial cis relationship of the cyclopropane 
ring to the hydrogen at the ring fusion. We wish to

(1) The financial support of this work by the Robert A. Welch Founda
tion is gratefully acknowledged.

(2) NDEA Predoctoral Fellow, 1969—1972. Address correspondence to 
Gates and Crellin Laboratories of Chemistry, California Institute of Tech
nology, Pasadena, Calif. 91109.

(3) Deceased, December 22, 1971.
(4) (a) M. Anchel, et al.. P h y to ch em istry , 9, 2339 (1970); (b) M. Anchel

and T. C. McMorris, J . A m e r .  C h em . S o c ., 8 7 , 1594 (1965); (c) S. Matsu- 
moto, et a l .,  T etra h ed ron  L e tt ., 3913 (1969); (d) T. C. McMorris, et a l.,
J .  A m e r .  C h em . S o c . , 8 9 , 4562 (1967); (e) T. C. McMorris, et a l., J .  O rg . 
C h em ., 34, 240 (1969); (f) S. Takahashi, et a l .,  T etra h ed ron  L ett., 1637
(1970); (g) H. Matsumoto, et a l .,  ib id ., 3125 (1971); (h) G. Magnusson, 
et a l., ib id ., 1105 (1972); (j) M. S. R. Nair and M. Anchel, ib id ., 2753 (1972).

(5) W. J. Robbins, et a l .,  P r o c .  N a t . A ca d . S c i . U . S., 35, 343 (1949).
(6) P. de Mayo, et a l .,  J .  A m e r .  C h em . S o c ., 88, 2838 (1966), and references 

cited therein.
(7) G. A. Sim and P. D. Cradwick, C h em . C o m m u n ., 431 (1971).
(8) T. Matsumoto, et a l.. T e tra h ed ron  L ett., 2049 (1971).
(9) T. Matsumoto, et a l., ib id ., 3521 (1971).
(10) P. de Mayo, et a l., ib id ., 349 (1970).

report efforts in our laboratory directed toward a stereo
selective synthesis of the crucial ring system.

Our route to the marasmic acid system involves as a 
key reaction the Diels-Alder addition of a suitable 
dienophile to dienes 4a-e. The required hydrindan 
ring system (6) is formed, the three functionalized car-

4a, R, — COOCH3 5
b, R, = COOH
c, R, = CH2OH
d, R, = CH2OCOPh
e, R, = CH20-3,5-dinitrobenzoate

bons are incorporated, and a reactive group for the 
introduction of the three-membered ring is generated 
in one operation. For simplicity at the early stages of 
the investigation the system selected was Ri =  R2 = 
R3 =  COOCH3. Thus the dienophile is dimethyl 
acetylenedicarboxylate and the diene required is trans- 
/3-(4,4-dimethyl-l-cyclopentenyl)acrylic ester (4a). 
Since diene 4a could be transformed into other diene 
derivatives by hydrolysis, reduction, etc., compound 
4a was the initial target of synthesis.

The required diene was made by Wittig reaction of 
5 with Ph3PCHCOOCH3u to form 4a in 87% distilled 
yield.12 The several routes to 5 arc outlined in Scheme
I. Compound 4a was hydrolyzed to the acid 4b and 
reduced with diisobutylaluminum hydride13 to alcohol 
4c. When compound 4b was treated with diazometh
ane, 4a was regenerated. When alcohol 4c was treated 
with PhCOCl or 3,5-dinitrobenzoyl chloride in pyr
idine, derivatives 4d and 4e, respectively, were ob
tained. Thus, with a variety of dienes available, the 
task of constructing the bicyclic ring system was under
taken.

When compound 4a was refluxed in benzene solution 
containing excess dimethyl acetylenedicarboxylate for 
3 days under nitrogen, or heated neat with the acetylene 
overnight at 100°, a Diels-Alder reaction occurred to 
give adduct 7. In addition, variable amounts of com
pounds 8 and 9 wore formed. (The stereochemistry 
of 7 must be as indicated because of the mechanism of 
the Diels-Alder reaction.) A slight excess of diene 4a

(11) P. Zeller, et a l., H d v . C h im . A c ta , 40, 1247 (1957).
(12) All compounds possessed spectral data consistent with the assigned 

structures (see Experimental Section).
(13) H. C. Brown, et a l., J .  A m e r . Chem . S oc ., 88, 1458 (1966).
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Scheme 1“

“ 1, I 0 42 , 0 s 0 4; 2, piperidine-acetic acid; 3, K M N 04; 4, potassium fluoride; 5, HCOjEt, NaH; 6, ethylene glycol, H+; 7, 
NaBH4; 8, H30+. Cf. ref 18.

C 0 2CH3 COUH,

CCLCH,

H3C 0 2c J > L ! ^  c e ,

H ,C 02C CH3

11

and dimethyl acetylencdicarboxylate was sealed in 
a glass tube under vacuum, and heated at 60° for 2 
weeks. Practically pure (>95% ) 7 was obtained in 
this way and could be used in the next step without 
further purification.

With compound 7 in hand, the construction of the 
three-membered ring by diazomcthanc addition14 and 
subsequent photolysis was envisioned. Since marasmic 
acid requires the cyclopropane to be cis to the adjacent 
proton and thus on the bottom side of the molecule as 
it is drawn, and since the decomposition of the A1- 
pyrazoline is stercospccific, the addition of diazometh- 
ane to 7 must occur on the bottom side. The confor
mation of 7 is such that exo addition is expected and 
probably the least hindered approach of the 1,3 dipole 
would result in compound 10. Decomposition of 10 
would give the marasmic acid skeleton 11.

At this point, we decided to turn to the model system
12. When compound 12 was allowed to contact 
ethereal diazomcthanc at room temperature for 2 
weeks, addition occurred exclusively to the conjugated 
double bond, giving adduct 13. Thick layer chroma

(14) For a review see R. Huisgen, A n g e w .  C h e m .,  I n t .  E d .  E n g l . ,  2, 633
(1963).

tography (silica gel) of 13 gave pure material, mp 74- 
75°. The nmr showed a diagnostic methylene AB 
quartet centered at 5 4.75 (Jab =  18 Hz) and the uv 
spectrum showed a fairly sharp absorption, Xmttx 318 
nm (e 184), characteristic15 of the azo group. When 
13 was injected into the vpc (injection port temperature 
240°), or was irradiated in dilute ether solution through 
quartz, a single compound 1416 was formed in nearly 
quantitative yield.

Encouraged by the success of the model system, we 
allowed compound 7 to contact ethereal diazomethane 
solution at room temperature. After 9 days the ether 
and excess diazomcthanc were evaporated to yield 10 
in 70% yield.17 No evidence of more than one pyr- 
azoline could be found. Photolysis of 10 in dilute 
ether solution in a quartz vessel gave excellent yield of 
marasmic acid skeleton 11. The synthesis of 11 repre
sents the first stereospecific synthesis of the marasmic 
acid skeleton.

To proceed further toward the ultimate goal, of the 
natural product, some method for distinguishing the 
functional groups is necessary. The Diels-Alder ad
ducts of the other dienes 4b-e with other dienophiles 
have been investigated and will be the subject of a sub
sequent report.

Experimental Section
Infrared spectra were recorded on Beckman IR -8, IR-8a, and 

IR-18a spectrophotometers. Ultraviolet spectra were taken in 
95% ethanol solution on a Bausch and Lomb Spectronic 505 
spectrometer. Pmr spectra at 60 MHz were taken in dilute 
CC1< solution with internal TMS standard and 500-Hz sweep 
unless otherwise specified. Mass spectra were obtained on a 
Consolidated Electrodynamic Corp. 21-110 high-resolution 
spectrometer. Melting and boiling points were uncorrected. 
Microanalyses were obtained from Elek Microanalytical Lab

els) A. I. Scott, “Interpretation of the Ultraviolet Spectra of Natural
Products," Pergamon Press, Oxford, 1964, p 39.

(16) Subsequent to its preparation in this laboratory, E. Vogel, el a l., 
T etra h ed ron  L ett.. 1941 (1970), reported the identical synthesis of 14.

(17) The stereochemistry of compound 10  was deduced by a study of the 
lanthanide shifted nmr spectra of compound 10, compound 13, and refer-

ence compound IB. See S. R. Wilson and R. B. Turner, C h em . C om m u n ., 
in press, and ref 18.

(18) S. R. Wilson, Ph.D. Thesis, Rice University, Houston, Tex., 1972. 
(See Scheme I.)
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oratory, Harbor City, Calif. Thin layer chromatography em
ployed Brinkman precoated silica gel F-254 plates.

Preparation of Compound (4a).— A benzene solution (50 ml) 
of 3.03 g of 4,4-dimethyl-l-cyclopentenyl-l-carboxaldehyde (5)18 
and 10.6 g of Ph3PCHCOOCH3 (prepared by the method of 
Zeller11) was refluxed overnight under nitrogen. The benzene 
was evaporated on a Rotavap and 50 ml of petroleum ether (bp 
30-60°) was added. Stirring for about 10 min caused precipita
tion and crystallization of the Ph3PO. The supernatant was 
filtered through a short column (30 g) of activity I A120 3 and 
distilled to yield 3.92 g (87%) of diene 35: bp 74-76° (0.5 mm); 
ir (neat) 1727, 1639 cm -1; nmr 8 1.13 (6 H, s), 2.20 (4 H, s), 
3.65 (3 H, s), 5.73 (1 H, d, J  =  16 Hz), 6.17 (1 H, m), 7.49 (1 
H, d, J  =  16 Hz); uv A,™,* 270 nm (e 25,200); m/e 180 (P). 
Anal. Calcd for C,4H160 2: C, 73.30; H, 8.95. Found; C, 
73.22; H, 9.07.

Preparation of Compound 4b.— Diene 4a (3.18 g) was refluxed 
with 0.71 g of NaOH in 75 ml of water under nitrogen for 2 hr. 
The reaction mixture was then cooled to room temperature, 
acidified to pH 2 with concentrated HC1, and extracted with 
ether. Evaporation of the ether gave 2.26 g (95%) of acid 4b, 
mp 119-125°. Recrystallization from ether gave the analytical 
sample: mp 126-128°; ir (CHC13) 2500-3400 (broad), 1680 
cm “ 1; nmr 8 1.13 (6 H, s), 2.32 (4 H, s), 5.72 (1 H, d, J  = 15 
Hz), 6.12 (1 H, m), 7.68 (1 H, d, J  = 15 Hz), 10.90 (1 H, s); 
m/e 166 (P). Anal. Calcd for C,0H i4O2: C, 72.26; H, 8.49. 
Found: C ,71.93; H, 8.48.

Preparation of Compound 4c.— To a solution of 8.25 g of dis
tilled diene 4a in 30 ml of dry benzene at room temperature was 
added 137 ml of a 0.67 M  diisobutylaluminum hydride (DIBAL- 
H, Texas Alkyls). The mixture was stirred for 2 hr and then 
15 ml of 10% H2S04 was added and the reaction mixture was 
extracted with ether. The organic layer was washed with water, 
twice with saturated NaHC03, and once with brine and dried 
over CaS04. Evaporation gave an oil which distilled at bp 69- 
75° (0.2 mm) to give 5.94 g (86%  yield): ir (neat) 3125 cm -1; 
nmr 8 1.08 (6 H, s), 2.18 (4 H, s), 3.2 (1 H, broad), 4.03 (2 H, 
d, J = 5 Hz), 5.3 (1 H, d, /  =  14 Hz), 5.45 (1 H, m), 6.2 (1 H, 
d, J  =  14 Hz); uv Am„x 233 nm (e 3600); m/e 152 (P). This 
compound was somewhat sensitive and was analyzed as the
3,5-dinitrobenzoate (see compound 4e).

Preparation of Compound 4d.— A solution of 392 mg of com
pound 4c and 370 mg of PhCOCl (10% excess) in 5 ml of dry 
pyridine was stirred at room temperature overnight. The dark 
reaction mixture was poured into 150 ml of 1 N  HC1 and extracted 
twice with ether. The ether was washed with water, saturated 
N aIIC03, and brine, and subsequently dried over ,MgSO< and 
evaporated to yield an oil. Thin layer chromatography (petro
leum ether) gave 300 mg of 4d (45% yield). For analysis the 
ester was evaporatively distilled (bath temperature 140°) at 0.1 
mm: ir (neat) 1712 cm -1; nmr 8 1.15 (6 H, s), 2.25 (4 H, s), 
4.81 (2 H, d, J = 5  Hz), 5 .2 -5 .8 (2 H, m), 6.51 (1 H, d, /  = 16 
Hz), 7.4 (3 H, m), 7.9 (2 H, m); m/e 256 (P). Anal. Calcd 
for C17H20O2: C, 79.65; H, 7.86. Found: C, 79.22; H, 7.62.

Preparation of Compound 4e.— To a solution of 5.13 g of dis
tilled compound 4c in 50 ml of dry pyridine stirred and cooled 
was added 8.7 g (20% excess) of 3,5-dinitrobenzoyl chloride. 
The mixture was stirred overnight at room temperature. The 
reaction mixture was then poured into 1 1. of 1 IV HC1 and ex
tracted three times with 50-ml portions of chloroform. The 
chloroform was washed with water, saturated NaH C03, and 
brine and dried. Evaporation gave 11.52 g (99%) of a solid, 
crystalline mass, mp 70-80°. Recrystallization from ether- 
petroleum ether gave 9.8 g of crystals: mp 79-84°; ir (CHC13) 
3090, 1725, 1540, 1340 cm “ 1; nmr 8 1.14 (6 H, s), 2.30 (4 H, s),
5.02 (2 H, d, J — 5 Hz), 5.5-6.0 (2 H, m), 6.68 (1 H, d, J  =
16.5 Hz), 10.2 (3 H, s); m/e 346 (P). Anal. Calcd for C„H iS- 
0 6N 2: C, 58.96; H, 5.24. Found: C, 58.43; H, 5.42.

Preparation of Compound 7.— A mixture of 1.02 g of dimethyl 
acetylenedicarboxylate and diene 4a (1.18 g) was placed in a glass 
tube, frozen and thawed several times under vacuum, and then 
sealed. The tube was heated in an oil bath maintained at about 
60° for 2 weeks. At the end of this time the tube was opened 
and its contents were transferred to a 50-ml flask. Heating 
under vacuum for 2 additional hr at about 75° removed any 
excess acetylene dicarboxylate. The nmr showed almost pure 
7 (2.01 g) with no trace of 8 or 9. Also no trace of the long-wave 
absorptions of either 8 or 9 was seen in the uv. Tic showed a 
single spot at Rt 0.29 (9:1 benzene-ethyl acetate). Attempted

crystallization at —78° in petroleum ether gave crystals which 
melted below 0°: ir (neat) 1735, 1630 cm -1; nmr 8 1.07 (3 H, 
s), 1.13 (3 H, s), 1.4-1.8 (2 H, ABX m), 2.17 (2 H, m), 3.2 (1 
H, m), 3.68 (6, H, s), 3.74 (3 H, s), 3.80 (1 H, s), 5.30 (1 H, m ); 
mass spectrum m/e 173 (19), 145 (19), 129 (23), 128 (23), 105 
(17), 59 (95); uv Xsh 264 nm (e 1700). Anal. Calcd for C17- 
H220 6: mol wt, 322.14. Found: mol wt, 322.10 ±  0.04.

Preparation of Compounds 8 and 9.— Diene 4a (1.8 g), di
methyl acetylenedicarboxylate (1.42 g), and a few crystals of 
pyrogallol were heated at 100° for 3 days under a nitrogen stream. 
A mixture of about 40% 9 and 60% 8 resulted. A 370-mg por
tion of this mixture was separated by tic. Developing with 
9:1 benzene-ethyl acetate showed bands at Rt 0.32 and 0.35. 
Collection of the first band gave after recrystallization 17 mg of 
9: mp 90-93°; ir (CHC13) 1725 cm -1; nmr 8 1.15 (6 H, s),
2.78 (2 H, s), 2.98 (2 H, s), 3.87 (6 H, s), 3.92 (3 H, s), 7.82 (1 
H, s); uv Am»* 294 nm (e 1800); m/e 320 (P). Collection of 
the second band gave 40 mg of compound 8 : mp 71-72° from 
ether-petroleum ether; ir (CHC13) 1740, 1736, 1720 cm -1; 
nmr 8 1.02 (3 H, s), 1.14 (3 H, s), 2.30 (4 H, broad s), 3.22 (2 
H, broad s), 3.68 (6 H, s), 3.73 (3 H, s), 6.84 (1 H, m); uv AmaI 
301 nm (e 10,900); m/e 322 (P). Anal. Calcd for CnH^Oe: 
C, 63.34; H, 6 .88. Found: C, 63.43; H, 6.85.

Preparation of Compound 10.— A solution of 2.01 g of freshly 
prepared compound 7 was allowed to contact a tenfold excess of 
diazomethane in ether (about 1 M ) for 11 days at room tempera
ture. The ether-diazomethane was evaporated and replenished 
twice in this period. On the 11th day, the ether and excess 
diazomethane were evaporated and 25 ml of ether was added. 
On cooling 1.72 g of crude crystals were obtained, mp 108-116°. 
Recrystallization from a small volume of ether gave 1.35 g of 
crystals, mp 130-131°, N2 evolution, in a yield of 60% . Pre
parative tic (8 :2  benzene-ethyl acetate) of the mother liquor 
gave an additional 372 mg of pyrazoline 10 (15%, Rt 0.39) and 
330 mg of compound 9 (20%, Rt 0.54): ir (CHC13) 1740, 1562 
cm “ 1; nmr 8 1.02 (3 H, s), 1.08 (3 H, s), 1.3-1.9 (2 H, AB X),
2.2 (2 H, m), 3.15 (1 H, d, J =  11 Hz), 3.58 (3 H, s), 3.74 (3 
H, s), 3.82 (3 H, s), 4.98 (2 H, AB q, J  = 19 Hz, 8A -  SB =  30 
Hz), 5.81 (1 H, m); uv A,™* 220 nm (e 5400); Amxx 324 nm (e 
135). Anal. Calcd for Ci8H240 6N 2: C, 59.33; H, 6.64; N, 
7.69. Found: C, 59.10; H, 6.53; N, 7.46.

Preparation of Compound 11.— A solution of 471 mg of pyr
azoline 10 in 50 ml of dry ether was degassed at —78° under vac
uum for 30 min and then irradiated with a high-pressure mercury 
arc (450 W Hanovia lamp) for 2 hr at 0 -5 °. Evaporation of the 
ether gave 466 mg of an oil whose nmr showed nearly pure cyclo
propane (11). Crystallization from petroleum ether gave five 
crops of needles, mp 49-52°, 76% yield. Four recrystallizations 
from petroleum ether gave the analytical sample: mp 55-56°; 
ir (neat) 1740 cm -1; nmr 8 1.02 (3 H, s), 1.05 (3 H, s), 1.1-1.9 
(4 H, m), 2.17 (3 H, m), 2.75 (1 H, m), 3.68 (3 H, s), 3.69 (3 
H, s), 3.72 (3 H, s), 5.95 (1 H, m). Anal. Calcd for C18H240 6; 
mol wt, 336.157; C, 64.27; H, 7.19. Found: mol wt, 336.158; 
C, 63.90; H, 7.12.

Preparation of Compound 12.— A 1-1. Parr pressure reactor 
was cooled in Dry Ice-acetone to about —20° and about 50-75 
ml of butadiene was condensed. Dimethyl acetylenedicar
boxylate (82 g, 0.58 mol), 200 ml of benzene, and 2 g of pyrogallol 
were added. The bomb was sealed and the reaction mixture 
was stirred at room temperature for 6 days. Excess butadiene 
was vented and the benzene was evaporated. The residual oil 
distilled at 80-85° (0.2 mm) to give 59 g of compound 12 (52% 
yield): ir (near) 1724, 1645 cm -1; nmr 8 3.1 (4 H, s), 3.83 (6 
H, s), 5.92 (2 H, s); m/e 196 (P).

Preparation of Compound 13.— Compound 12 (1.92 g) was dis
solved in about 50 ml of ether, and 150 ml of ciazomethane solu
tion (containing about 1 g of diazomethane) was added. The 
flask was sealed with a cork and kept at room temperature for 5 
days. Then the ether and excess of diazomethane was evapo
rated on a steam bath and 150 ml more diazomethane solution 
was added. After another 5 days at room temperature the ex
cess diazomethane and ether were evaporated to yield 2.11 g of 
an oil which was by nmr 85% pyrazoline 13. Thin layer chro
matography developing with 9:1 benzene-ethyl acetate gave 
450 mg of crystalline 13, mp 65-72°. Recrystallization from 
ether gave a sample: mp 74-75°; ir (CHC13) 1748, 1555 (weak,
and 1580 cm -1 (weak); nmr 8 2.2-3.1 (4 II, m), 3.60 (3 H, s), 
3.67 (3 H, s), 4.75 (2 H, AB qt J =  18 Hz, 8A -  8B =  44 Hz),
5.78 (2 H, m).
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Preparation of Compound 14.— Compound 13 was injected 
into the vpc (injection port 240°; 6 ft X  0.375 in. Carbowax 20 
M  at 220°). This showed one peak which was collected and 
identified as 14. Alternatively, compound 13 could be ir
radiated through Pyrex as a dilute ether soluton to give the 
cyclopropane in quantitative yield.

Registry No.—4a, 40447-60-7; 4b, 40447-61-8; 4c, 40447-62- 
9; 4d, 40447-63-0 ; 4e, 40447-64-1; 5, 38312-94-6; 7, 40447-66- 
3; 8, 40447-67-4; 9, 40447-68-5; 10, 40447-69-6; 11, 40447-70- 
9; 12, 14309-54-7; 13,40447-72-1; 3,5-dinitrobenzoyl chloride, 
99-33-2; dimethyl acetylenedicarboxylate.

Models for the Pyridine Nucleotide Coenzymes. Synthesis and 
Properties of Bridged Dinicotinamide Derivatives1-3

D onald  C. D ittm er* and  B ruce  B. B lidner

Department of Chemistry, Syracuse University, Syracuse, New York 13210 
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A number of dinicotinamide derivatives which are bridged between the 3 and the 5 positions have been pre
pared from dinicotinoyl chloride and a,w-diamines. A special high-dilution technique involving introduction 
of reagents into the reaction flask by means of syringe pumps was employed which was superior to the use of 
constant-rate addition funnels. Models for coenzyme-substrate complexes in which a carbonyl group or alcohol 
group in the bridge is in close proximity to the 4 position of a dihydropyridine or of a pyridinium salt, respectively, 
have been prepared. Certain of the bridged derivatives show enhanced reactivity toward silver nitrate and 
protons which may be a function of the strain introduced into the pyridine ring. No evidence was obtained 
either for intramolecular hydrogen transfer from the dihydropyridine to the proximate carbonyl group, or for the 
transfer of hydride ion from the alcohol group to the pyridinium ring. Spectroscopic data, however, indicated 
addition of alkoxide ion in the bridge to the charged pyridine ring.

Proximity and orientation effects are presumed to 
be important factors in accounting for the catalytic 
power of enzymes.4 The enzyme positions coenzyme 
and substrate in close proximity so that collisions 
between the reactants are more frequent. The en
zyme also orients them so that the probability of a 
collision leading to a reaction is increased. Other 
factors such as acid-base catalysis, introduction of 
strain in the reactants, the formation of unstable, co
valent intermediates, and the polarity of the micro
scopic environment also are believed to be important 
in enzyme catalysis.

The dehydrogenase enzymes catalyze the transfer 
of hydrogen to and from substrates via the pyridine 
nucleotide coenzymes. Relatively few successful model 
reactions for these hydrogen transfers have been ac
complished in the absence of an enzyme.5 For the 
model reduction of ketones or aldehydes by 1-substituted
1,4-dihydronicotinamides (models for the coenzyme), 
only the reduction of halo ketones,6 the zinc ion 
catalyzed reduction of l,10-phenanthroline-2-carbox- 
aldehyde,7a and the reduction of pyridoxal phosphate

(1) For complete details, see B. B. Blidner, Ph.D. Thesis, Syracuse Uni
versity, 1972.

(2) This investigation was supported in part by Public Health Service 
Research Grant No. AM07770 from the National Institute of Arthritis and 
Metabolic Diseases.

(3) Reported at Northeast Regional Meeting, American Chemical 
Society, Buffalo, N. Y., Oct 1971, Abstract No. 80.

(4) Included in orientation effects are “freezing” or “stereopopulation 
control” and “orbital steering:” D. E. Koshland, Jr., and K. E. Neet, A n n .  
R ev . B io c h e m ., 37, 370 (1968); D. R. Storm and D. E. Koshland, Jr., P r o c .  
N a t. A c a d . S c i .,  U . S ., 66, 445 (1970); M. I. Page and W. P. Jencks, ib id ., 
68, 1678 (1971); S. Milstien and L. A. Cohen, J .  A m e r .  C h em . S o c ., 94, 9158 
(1972); R. T. Borchardt and L. A. Cohen, ib id ., 94, 9166, 9175 (1972).

(5) Model systems have been reviewed by T. C. Bruice and S. J. Benkovic, 
“Biorganic Mechanisms,” Vol. 2, W. A. Benjamin, Inc., New York, N. Y., 
1966, Chapter 9.

(6) D. C. Dittmer, L. J. Steffa, J. R. Potoski, and R. A. Fouty, T etra 
h ed ron  L e tt ., 827 (1961); D. C. Dittmer and R. A. Fouty, J . A m e r .  C h em . 
S o c ., 86, 91 (1964); T. P. Goldstein, Abstracts of Papers, 152nd National 
Meeting of the American Chemical Society, New York, N. Y., Sept 1966, 
C-196; A. Lombardo, Ph.D. Thesis, Syracuse University, 1967; C. S. 
Greene, Ph.D. Thesis, Syracuse University, 1971; J. J. Steffens and D. M. 
Chipman, J . A m e r .  C h em . S o c ., 93, 6694 (1971).

(7) (a) D. J. Creighton and D. S. Sigman, J . A m e r .  C h em . S o c ., 93, 6314 
(1971); (b) S. Shinkai and T. C. Bruice, ib id ., 94, 8258 (1972).

and analogs by dihydropyridines7b appear to proceed 
in good yield in the absence of enzyme. The hydrogen 
transfer in the enzymic and nonenzymic reactions 
occurs via the 4 position of the pyridine ring8 and is a 
direct transfer between coenzyme (or its model) and 
substrate,9 although an indirect mechanism via tryp
tophane may operate in certain enzymic reactions.10

Introduction of a carbonyl group or an alcohol group 
close to the reactive 4 position of models for the pyr
idine nucleotide coenzymes would be a test of prox
imity effects. While a number of model systems for 
hydrogen transfer involving pyridine derivatives have 
been investigated,5-7 at the time our work began no 
model system had been reported in which a carbonyl 
or alcohol moiety had been fixed in close proximity 
to the 4 position of the pyridine ring. Recently, 
the bridged dinicotinamide derivative 1 was prepared 
(6.6% yield in the cyclization step) and was converted 
to the bridged alcohol derivative 2. A deoxy analog, 
3, and its 1-benzyl salt also were reported (6.9% yield 
in the cyclization step). No evidence for intramolec
ular hydrogen transfer in 2 was obtained,1111 but an 
intramolecular hydrogen transfer to a carbonyl group 
in A/'-(2,6-dichlorobenzyl)-3-(o-formylbenzoyl)-l,4-di-
hydropyridine has been induced photochemically.llb 
A thermally induced intramolecular hydrogen transfer 
from a 1,2-dihydropyridine to the vinyl group of an 
acrylic ester has been proposed to account for trans
formations of the alkaloid, catharanthine.11'

We wish to describe in this paper a better procedure
(8) M. E. Pullman, A. San Pietro, and S. P. Colowick, J . B io l .  C h em ., 

206, 129 (1954); G. W. Rafter and S. P. Colowick, ib id ., 208, 773 (1954); 
F. A. Loewus, B. Vennesland, and D. L. Harris, J . A m e r .  C h em . S o c ., 77, 
3391 (1955); R. F. Hutton and F. H. Westheimer, T etra h ed ron , 3, 73 (1958); 
H. E. Dubb, M. Saunders, and J. H. Wang, J . A m e r .  C h em . S o c ., 80, 1767 
(1958).

(9) F. H. Westheimer, H. F. Fisher, E. E. Conn, and B. Vennesland, 
J . A m e r .  C h em . S o c ., 73, 2403 (1951); H. F. Fisher, E. E. Conn, B. Vennes
land, and F. H. Westheimer, J .  B io l .  C h em ., 202, 687 (1953).

(10) K. A. Schellenberg, ib id ., 240, 1165 (1965); 242, 1815 (1967). D. 
Palm, B io ch em . B io p h y s .  R es . C o m m u n ., 22, 151 (1966).

(11) (a) L. E. Overman, J . O rg . C h em ., 37, 4214 (1972); (b) J. D. Sammes 
and D. A. Widdowson, J .  C h em . S o c .,  C h em . C om m u n ., 1023 (1972); (c) 
A. I. Scott and P. C. Cherry, J . A m e r . C h em . S o c ., 91, 5872 (1969).
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for the synthesis of meta bridged dinicotinamides. 
This new technique, which involves syringe pumps, 
is applied to the preparation of a number of new bridged 
dinicotinamides which are models for proximity effects 
in reactions catalyzed by the dehydrogenase enzymes. 
For example, we have prepared 3 and the ethylene 
ketal analog of 1 in 23 and 20% yields, respectively.

Syntheses of Bridged Dinicotinam ide Derivatives. — 
Isophthaloyl chloride and 1,4-diaminobutane or 1,6- 
diaminohexane are reported to give cyclic diamides in 
7 and 19% yield, respectively.12 However, when we 
attempted to prepare a cyclic diamide from isoph
thaloyl chloride and 1,8-diaminooctane by the re
ported procedure, only a 1.5% yield of product 4 was

the yield of 4 from 1.5 to 38%. By this method,
1,8-diaminooctane, 1,7-diaminoheptane, 1,6-diamino- 
hexane, and 1,5-diaminopentane were condensed with 
the acid chloride of pyridine-3,5-dicarboxylic acid 
(dinicotinoyl chloride) to yield bridged dinicotin
amides 5 a -d  (5c and 5d appear to form stable hy-

5a, «  =  8  (4 1 % )  5c, 71 =  6  (9 .8 % )

b, 7 1 = 7 ( 2 3 % )  d ,  71 =  5  (4 .3 % )

drates). A  zero yield of 5d was reported when addi
tion funnels were used.lla Compound 5b was quater- 
nized with 2,6-dichlorobenzyl bromide to yield 6 
which was reduced with sodium dithionite to the di- 
hydropyridine derivative 7.

HN NH

/ (CH2)7̂  

HN H H NH

Cl Cl

4

obtained. This procedure involved addition of re
agents via constant-rate addition funnels to a large 
volume of benzene.13

In an attempt to improve the yield of 4, an alternate 
high-dilution procedure was tried in which the acid 
chloride and diamine were introduced separately and 
very slowly into the benzene solvent via a syringe 
pump.14 This technique resulted in an increase in

(12) H. Stetter, L. Marx-Moll, and H. Rutzen, C h em . B er ., 91, 1775 
(1958).

(13) Constant-rate addition funnels from Ace Glass Co. were used. We
obtained a 68% yield of cyclic product from adipyl chloride and 1,6-diamino- 
hexane compared with Stetter’s yield of 76% with specially constructed and 
slightly different funnels: H. Stetter and J. Marx, J u s tu s  L ieb ig s  A n n .
C h em ., 607, 59 (1957).

(14) The use of syringe pumps was suggested by Dr. Owen Webster. A 
Sage syringe pump Model 352 was used. The plungers of two 50-ml syringes 
containing solutions of diamine and diacid chloride in benzene were driven 
at a constant rate by motor, which delivered the reagents to the reaction 
flask v ia thin, flexible, Teflon tubing. The rates of delivery could be varied 
widely, thus ensuring any dilution factor desired.

Scheme I shows the general synthesis of three di
amino ketals and the construction of the 3,3- and 4,4- 
bridged dinicotinamide ketals 1 1 a, and l i b .  Removal 
of the ketal function from 1 1 a and l i b  yields bridged 
carbonyl derivatives 12a and 12b. Reduction of the 
carbonyl group with sodium borohydride gives the 
bridged alcohols 13a and 13b. Quaternization of 
12a and 12b and 13a and 13b with 2,6-dichlorobenzyl 
bromide or with methyl iodide occurs readily to give 
salts 14a c and 15a and 15b. Reduction of 14a-c 
with sodium dithionite yields the bridged dihydro- 
dinicotinamides 16a-c. CPK models indicate that 
the 4 position of the pyridine ring can lie in close prox
imity to the ketone or alcohol group of the bridge. 
The nmr spectra of several of the bridged dinicotin
amides, most especially with 1 1 a which has a well- 
resolved spectrum, show different chemical shifts 
for the two amide protons (AS for 11a, 0.74 ppm). 
The models show that different configurations such as 
an “ in”  or “ out” for these amide protons are readily 
attainable within the macrocyclic ring. The differ
ent chemical shifts probably reflect either a particu
larly stable configuration in which the amide protons 
are nonequivalent chemically or two distinct but 
equally probable stable configurations for them.

Properties o f Bridged D ihydrodinicotinam ides.— 
Table I compares the uv absorption maxima, fluores
cence emission, and approximate reactivity to ethanolic 
silver nitrate and to dilute acid of 7, 16a, 16b, and 18. 
Compounds 7 and 16a which show a perturbed uv and 
fluorescence spectrum appear to be somewhat more
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b, m = 4  (40.5%)

T a b l e  I
S o m e  P r o p e r t ie s  o f  B r id g e d  1 ,4 -D ih y d r o p y iu i>in e s

Property 7 16a 16b 18
Uv max (ethanol), nm 338 338 381 391
Fluorescence emission, 478 (weak)“ 451 (weak)" 447 445

nm
AgNC^,'1 hr 0 .5 0.5 3 24
H30  + ‘ 80 125 21 1

“ About 10% of the emission observed for 16b and 18. b Ap-
proximate time to form silver mirror. c Relative rate (27°, 87% 
ethanol).

reactive towards silver ion16 and protons.1617 Strain 
introduced by the smaller bridges in these compounds 
is a likely source of the spectroscopic and chemical 
differences. Distortion of the dihydropyridine ring

(15) The reduction of silver ions by dihydropyridines is well known: 
P. Karrer, G. Schwarzenbach, F. Benz, and U. Solmssen, H elv . C h im . A cta , 
19, 811 (1936).

(16) (a) A. G. Anderson, Jr., and G. Berkelhammer, J . A m e r .  C h em . S o c .,
80, 992 (1958). (b) O. M. Grishin and A. A. Yasnikov, U k r. K h im . Z h ., 28,
707 (1962); C h em . A b s tr . , 58, 11183 (1963).

(17) The chemistry of dihydropyridines has been reviewed nicely by 
Bruice and Benkovic6 and by U. Eisner and J. Kuthan, C h em . R ev ., 72, 1 
(1972).
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from planarity18 with concomitant destabilization 
of the conjugated system could effect the increased 
rate of addition of silver ion or protons to the bis 
enamine system. Strain in the bicyclic system also 
may bo reduced by reaction with the Lewis acids.

The reactivity of 1,4-dihydropyridines to aqueous 
acid has been investigated previously.1611 The reac
tion is characterized by loss of absorption at ~360 
and appearance of new absorption at 290-300 nm. 
The products are tetrahydropyridines and dimers 
derived from them. Addition of dilute acid to 7, 
16a, 16b, and 18 causes new absorption to appear at 
289 nm. The presence of two electron-withdrawing 
amide groups in these compounds causes them to react

(18) X-Ray analysis indicates that two 1,4-dihydropyridines are planar 
in the crystalline state: I. L. Karle, A c ta  C rys ta llog r ., 14, 497 (1961); H.
Koyama, Z . K r is ta llo g r ., K r is ta llg eo m etr ie , K r is ta llp h y s .,  K ris ta llch em ., 
118, 51 (1963).
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more slowly with protons than do the monosubstituted 
derivatives.16a

Scheme II
O

/ R\HN H H NH
1 V  1 H+

HN NH

o \ / o

I
o \y / o

S ri S ri
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1R'
Zinc ions catalyze the reduction of 1,10-phenanthro- 

line-2-carboxaldehyde by 1-n-propyl-l ,4-dihydronic- 
otinamide,7a but no change was observed in the uv 
spectrum of bridged ketone 16b when it was treated 
with a solution of zinc chloride (2 X 10-2 M) in aceto
nitrile. The concentration of zinc ions may have 
been too low for catalysis to be observed, or the zinc 
ions may have preferentially coordinated with the 
acetonitrile solvent or other sites in the dihydrodinic- 
otinamidc.19

Photoexcitation of the carbonyl group of the bridged 
ketones should facilitate intramolecular hydrogen 
transfer. Cyclodccanono on photolysis undergoes in
tramolecular transfer of hydrogen to the carbonyl 
oxygen followed by cyclization to 9-hydroxydecalin.20 
Several remote hydrogen transfers in various systems 
have been reported. ub'c'21 However, all attempts at 
photolysis of bridged ketones 16a or 16b resulted in 
destruction of the dihydropyridine ring, a not unex
pected result.22

The possibility of a thermally initiated intramolec
ular hydrogen transfer in 16a and 16b was investigated. 
Thermolysis of 16b was done on a Kofler hot stage 
melting point apparatus. The sample was heated 
slowly under silicone oil (to protect against oxygen); 
at 230° the sample melted with frothing and at 235° 
the melt solidified, only to melt again at 320-324°. 
The melting point and ir spectrum of this new sub
stance identified it as the bridged pyridine derivative 
12b, mp 323-325°. Cleavage of the 2,6-dichloro- 
benzyl group to form, presumably, 2,6-dichlorotoluene 
(which would be soluble in the silicone oil) had oc
curred. A similar cleavage was observed with 16a. 
The 1-methyl compound, 16c, was stable at its melting 
point (231-234°). Previously, loss of toluene from
l-benzyl-l,4-dihydronicotinamide was observed at 125° 
in vacuo.™ The themolysis very likely proceeds by 
cleavage of a benzyl radical which abstracts a hydrogen 
atom from the dihydropyridine radical. It is pos
sible that the benzyl radical takes a hydrogen atom 
from the bridge instead of from the relatively less 
accessible 4 position of the pyridine ring (Scheme II). 
This could be ascertained by deuterium labeling.

(19) Zinc ions actually decreased the rate of reduction of hexachloro-
acetone by 1-benzyl-1,4-dihydronicotinamide. A complex of zinc ion with 
the carboxamide group of the dihydronicotinamide was inferred from spec
troscopic changes. The complexing of zinc ions in this way would decrease 
the reducing power of the dihydropyridine by increasing the electron-with- 
drawing character of the carboxamide group: A. Lombardo, Ph.D. Thesis,
Syracuse University, 1967.

(20) M. Barnard and N. C. Yang, P r o c .  C h em . S oc . (L o n d o n ), 302 (1958).
(21) R. Breslow and M. A. Winnick, J . A m e r .  C h em . S o c ., 91, 3083 (1969); 

R. Breslow and S. W. Baldwin, ib id ., 92, 732 (1970); R. Breslow and P. 
Kalicky, ib id ., 93, 3540 (1971); R. Breslow, et a l., ib id ., 94, 3276 (1972).

(22) G. Stein, J .  C h im . P h y s .  P h y s ic o c h e m . B io l ., 52, 634 (1955); G. Stein 
and G. Stiassy, N a tu r e , 176, 734 (1955); U. Eisner, J. R. Williams, B. W. 
Matthews, and H. Ziffer, T etra h ed ro n , 26, 899 (1970); D. Abelson, E. Parthe, 
K. W. Lee, and A. Boyle, B io ch em . J . , 96, 840 (1965). C f. ref lib.

(23) E. A. Ford, Ph.D. Thesis, Syracuse University, 1967, p 89.

16b
heat

(CH2)4—C-(CH2)4
I \

HN NH

O
II .

(CH,)4-C-CH-(CH2)3
I > I

HN H H NH

The lack of transfer of hydrogen from the 4 position 
of the dihydrodinicotinamide to a carbonyl group in 
the bridge may reflect (1) the decreased reducing power 
of the dihydropyridine caused by the presence of two 
electron-withdrawing carboxamide groups and (2) 
the number of conformations of the bridge w'hich are 
poor for intramolecular hydrogen transfer. Thus, 
in addition to the proximity effect, other forms of 
catalysis may be required to effect hydrogen transfer 
in the compounds discussed here.

Properties of Bridged Pyridinium Salts.—Although 
a number of reactions involving reduction of func
tional groups by dihydropyridine models for coenzymes 
are known, examples of nonenzymic oxidation of an 
alcohol by a pyridinium salt are rare. Oxidation of
9-fluorenol to fluorenone (8%) by l-methyl-3,4,5- 
tricyanopyridinium perchlorate has been reported, 
the reaction apparently involving transfer of hydrogen 
to the pyridinium ring.24 The oxidation of benzyl 
alcohol to benzaldehydc by l-methyl-3-carbamoyl- 
pyridinium iodide also has been reported.26 It was 
not clear in these two oxidations whether control 
reactions were run to check the possibility of auto
oxidation of the alcohol.

Bridged compound 2 on treatment with various bases 
was reported to undergo no observable intramolec
ular hydrogen transfer.Ua Aqueous hydroxide ap
parently added to the 2 position of the charged pyr
idine ring and other bases in hexamethylphosphor- 
amide caused alkoxyl exchange (aluminum isopro- 
poxide) and destruction or modification of the pyridine 
ring [lithium bis(trimethylsilyl)amide, sodium hydride, 
potassium iert-butoxide].lla

Treatment of the nonbridged pyridinium salt 17, 
bridged alcohols 15a and 15b, and methylene bridged 
salt 6 with aqueous sodium carbonate resulted in the 
appearance of two new absorptions in the uv spectrum

(24) K. Wallenfels and W. Hanstein, A n g e w . C h em ., I n t .  E d . E n g l., 4, 869 
(1965).

(25) B. Kadis, Abstracts of Papers, 135th National Meeting of the Ameri
can Chemical Society, Boston, Mass., April 1959, 24-0.
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Table II
New Uv Absorption Maxima Observed on Treatment of Pyridinium Salts with Bases“

-------------------------------------------Compound-----------------------
Base

Sodium carbonate-H20  
Potassium ¿eri-butoxide-THF 
Sodium hydride-THF 
Potassium 2,6-di-iert-butylphenoxide 

“ Absorption maxima are reported in nanometers.

345 (fast) 
380 (5 hr) 
No change 
No change

lia
345 (fast) 
375 (20 min) 
375 (3 hr) 
No change

16b
345 (fast) 
378 (fast) 
3406
383 (fast)

17
270, 340 (fast) 
348 (fast)
No change 
350 (fast)

Approximate times for the maximum development of the new absorption are
given. 6 This weak absorption develops within 15 min and then slowly decreases in intensity.

Na.CO,— ----- ►
H20

30%

at 252-255 and at 340-345 nm. Addition of acid 
causes these spectra to revert to those of the pyridin
ium salts. These spectral data indicate addition of 
hydroxyl ion to the 2 position of the pyridinium salts 
by analogy with the spectra of similar dihydropyridine 
derivatives26 and are in agreement with the data 
obtained on treatment of 2 with hydroxide ion.Ua 
One of the products obtained from the nonbridged 
salt 17 was identified as the 2-pyridone (probably 
formed via oxidation of the hydroxide adduct) on the 
basis of its elemental analysis and its spectral data. 
Another, unidentified, product also was obtained.

Addition of potassium ierf-butoxide to a saturated 
solution of 17 in dry THF resulted in the immediate 
formation of new absorption at 348 nm. Under the 
same conditions the methylene bridged salt 6 reacted 
slowly and after 5 hr only a small new absorption at 380 
nm was observed. In marked contrast, bridged alcohol 
15a, which has the same number of atoms in the bridge as 
6, gave rapidly, on identical treatment with potassium 
¿erf-butoxide, a new absorption at 375 nm. Formation of 
bridged ketone 16a was unlikely since the ketone absorbs 
at 330 nm in THF (it is stable to potassium feri-butoxide). 
The rapid attack of feri-butoxide on nonbridged 17 
and the slow attack on bridged methylene salt 6 in
dicates that the site of attack is hindered in 6. The 
2 position in 6 does not seem to be more hindered than 
the 2 position of 17; so perhaps the variation in rate 
reflects hindrance to attack at the 4 position. The 
rapid formation of new absorption from 15a suggests 
alkoxyl transfer between ¿erf-butoxide anion and 
bridged alcohol, followed by formation of a tricyclic 
ether resulting from attack of the proximate alkox- 
ide on the 4 position. The aluminum salt of 2 in
vestigated previously does not show interaction of the 
alkoxide with the pyridinium ring11“ probably because 
of strong complexing of the oxygen anion with alu
minum cation and because of stabilization of the ion 
by the more polar solvent, hexamethylphosphoramide. 
Bridged alcohol 15b also reacts rapidly with potassium 
(erf-butoxide to give new absorption at 378 nm.

Sodium hydride in THF produced no observable 
change with unbridged salt 17 or with bridged hepta- 
methylene salt 6, but, with bridged alcohol 15a, new 
absorption at 375 nm was observed, again suggesting

(26) K. Wallenfels, H. Schdly, and D. Hofmann, J u s tu s  L ieb ig s  A n n .  
C h em ., 621, 106 (1959); K. Wallenfels and M. Gellrich C h em . B e r . , 92, 1406 
(1959); A. G. Anderson, Jr., and G. Berkelhammer, J . O rg. C h em ., 23, 1109 
(1958); D. C. Dittmer and J. M. Kolyer, ib id ., 28, 2288 (1963).

xx.N ^ O

DCB

( C H ^ - C H - f C H ^  

HN NH

(CH2)„—  CH — (CH2)m
I \

HN
1

NH
1

Y Y
Y 0

v J
DCB

KOC(CH3)3 — ►

(CH2) „ - C H - (C H 2)n 

HN H 0  NH

DCB

intramolecular alkoxide addition to the ring. Ad
dition of a few drops of concentrated hydrochloric 
acid to this solution destroyed the sodium hydride 
and led to disappearance (slow) of the absorption at 
375 and to the appearance of a new band at 292 nm. 
This behavior is typical of that of 1,4-dihydropyri- 
dines toward aqueous acid16 and indicates addition of 
a proton to the double bond of a 1,4-dihydropyridine 
system rather than cleavage of the tricyclic ether to 
yield the pyridinium salt.27

The feasibility of interaction of an alkoxide group 
in the bridge (e.g., in 15a) with the 4 position of the 
pyridinium ring is demonstrated by changes in the 
uv spectra of 6, 15a, and 17 in the presence of bases 
(Table II ) . The apparent failure of the bridged al-

(27) Addition of sodium 2,6-di-fert-butylphenoxide in THF to 17 and to 
15b resulted in appearance of new absorption at 350 and at 382 nm, respec
tively. No evidence for any reaction with 6 or with 15a was observed indi
cating, perhaps, that addition to these latter compounds with the smallest 
bridges was hindered.
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koxides to transfer hydride ion to the charged pyridine 
ring may be ascribed to (1) the easy attack of nega
tive oxygen itself on the electron deficient ring, (2) 
the number of conformations of the bridge which are 
poorly disposed for intramolecular hydride transfer, 
and (3) the decreased reducing power of the alkoxide 
caused by stabilization of the negative oxygen by sol
vent or by metal ions.

Experimental Section28
Isophthaloyl chloride12 was prepared from isophthalic acid by 

treatment with thionyl chloride and a catalytic amount of di- 
methylformamide.29 Dinieotinoyl chloride30 (pyridine-3,5-di
carbonyl chloride) was prepared in a similar manner (88%  yield).

General Procedure for the Synthesis of Macrobicyclic D i
amides.—The freshly distilled diamine (0.02000 mol) was 
diluted to 24 ml with dry, reagent grade benzene (Baker and 
Adamson) (stored over sodium) in a 25-ml volumetric flask 
which had been dried for 24 hr at 120° and stored in a desiccator 
over sodium hydroxide. Recrystallized and freshly sublimed 
diacid chloride (0.01000 mol) was diluted to 24 ml with dry, 
reagent grade benzene in another dry 25-ml volumetric flask. 
These two solutions were allowed to stand for 2 hr at room 
temperature to equilibrate thermally and were then diluted to the 
25-ml mark.

These solutions were introduced into two “ delivery”  50-ml 
hypodermic syringes (Becton, Dickinson and Co., Yale, Luer- 
Lok), the ground glass plungers of which had been lubricated 
with silicone oil (Dow-Coming 550 fluid). A 2-ft Teflon 
“ needle”  (18 gauge) with Kel-F hub (Hamilton) was locked onto 
the “ delivery”  syringe and the air was pushed out of the barrel. 
The two syringes were then placed in a Sage syringe pump 
(Model 352) and the driving motor was started. When the air 
was forced out of both Teflon needles, the motor was stopped 
and the ends of the needles were dried and passed through airtight 
(tightly fitting and greased) holes in individual neoprene rubber 
stoppers into 1600 ml of dry, reagent grade benzene in a 2000-ml, 
five-necked, round-bottomed flask equipped with a nitrogen in
let, a calcium sulfate and sodium hydroxide drying tube which 
served as the nitrogen outlet, a cone-drive stirrer, and two neo
prene rubber stoppers. A stream of nitrogen was passed through 
the flask during all operations. When the Teflon needles w'ere 
placed below the surface of the benzene in the flask, the nitrogen 
flow was stopped, stirring was begun, and the syringe pump was 
set to deliver the solutions at a rate of 0.2 ml/hr (total time of 
delivery ~ 5  days) or at any convenient rate.

3,12-Diazabicyclo[12.3.1]octadeca-l(18),14,16-triene-2,13-di- 
one (4).— Benzene solutions (49 ml) of 1,8-diaminooctane 
(0.4591 M)  and isophthaloyl chloride (0.2296 M)  were introduced 
via syringe pump into 1200 ml of dry benzene at a rate of ~ 1  
ml/hr. After 45 hr, when addition was complete, the Teflon 
needles were removed, and the mixture was stirred for an addi
tional hour. The benzene solution was filtered to remove amine 
hydrochloride mixed with product, and the benzene was removed 
on a rotary evaporator. A small amount of product (0.035 g), 
mp 297°, was obtained by treatment of the material from 
evaporation of the benzene with hot ethanol, concentration of 
the ethanol solution to 7 ml, and chilling. All of the remaining 
solid obtained, including the amine hydrochloride mixture, was 
wetted with THF, placed in Soxhlet thimble, and continuously

(28) Melting point« were taken on either a Fisher-Johns or Mel-Temp
melting point apparatus and are uncorrected. Ir spectra were obtained on 
either a Perkin-Elmer Model 521 spectrophotometer or a Perkin-Elmer 
Model 137 spectrophotometer: w, weak; m, medium; s, strong; sh,
shoulder; d, doublet. Uv spectra were taken on a Perkin-Elmer uv-visible 
spectrophometer. Model 202. Proton nuclear magnetic resonance (pmr) 
spectra were recorded on a Varian Model A-60 or on a 100-MHz Japan Elec
tronic Optics Laboratory Model JNM-4H-100 nmr spectrophotometer; 
s, singlet; d, doublet; m, multiplet; br, broad. Mass spectra were ob
tained on a Hitachi Perkin-Elmer mass spectrometer. Model RMU-6D. 
Fluorescence spectra were obtained on an Aminco-Bowman spectrophoto- 
fluorimeter. Nitrogen refers to Burco high purity nitrogen, oxygen content 
between 4 and 15 ppm. A drying tower containing Drierite and sodium 
hydroxide was used to remove the last traces of water from the nitrogen.

(29) L. F. Fieser and M, Fieser, "Reagents for Organic Synthesis," Vol. 1, 
Wiley, New York, N. Y. 1967, p 286.

(30) H. Meyer and H. Tropsch, M o n a tsh . C h em ., 3 5 , 782 (1914).

extracted with dry THF for ~ 2  days. The TH F was removed 
on a rotary evaporator at room temperature. The yellow solid 
obtained was dissolved in hot ethanol (70 ml) and treated with 
activated charcoal. The charcoal was removed by filtration, 
and the filtrate was concentrated by heating until slightly turbid. 
It was allowed to stand for 1 hr at room temperature and 4 hr in a 
freezer. The white solid which had formed was collected by 
filtration, washed with ether, and dried for 0.5 hr in a vacuum 
oven. This product was combined with the small amount ob
tained earlier (total yield: 1.165 g, 0.00425 mol, 38% ): mp 
293-296°; ir (KBr) 3275 (NH), 1660 (sh), 1640 (amide C = 0 )  
cm -1; pmr (100 MHz, DMSO-d6) 8 8.00, 7.66 (m, 6 , NH, 
C6H4), 3.28 (m, 4, CH2N ), 1.50 (m, 12, CH2).

Anal. Calcd for ClHmN ^ :  C, 70.07; H, 8.03; N , 10.22; 
mol wt, 274. Found: C, 70.17; H, 8.25; N, 10.06; mol wt, 
295.

Octamethylene-Bridged Dinicotinamide: 3,12,16-Triaza- 
bicyclo [12.3.1] octadeca-1 (18), 14,16-triene-2,13-dione (5a).— A
solution (25 ml) of freshly sublimed 1,8-diaminooctane (3.48795 g, 
0.023485 mol) in dry, reagent grade benzene was placed in a 
50-ml delivery syringe. Likewise, a solution (25 ml) of 3,5- 
pyridinedicarbonyl chloride (2.38323 g, 0.011743 mol) in ben
zene was placed in the other 50-ml syringe of the syringe pump. 
These solutions were added to dry benzene (1600 ml) at a rate of 
0.2 ml/hr. After completion of addition of the reagents to the 
reaction flask, the white solid which had formed was removed by 
filtration and dried in a vacuum oven for 3 hr at 50°. The ben
zene was removed by a rotary evaporator to yield a white solid. 
The two solids were combined and extracted with THF in a 
Soxhlet extractor for 48 hr. The tetrahydrofuran was removed 
by a rotary evaporator to yield a white solid which was recrys
tallized from 95% ethanol to give the 3,5-octamethylene-bridged 
pyridine (5a) (1.335 g, 0.00476 mol, 41 % ): mp 341-343° dec; 
ir (KBr) 3300 (m, NH), 3100 (w, aromatic), 2925 (m), 2850 
(m), 1670 (m, amide C = 0 ) ,  1640 cm -1 (s, amide C = 0 ) ;  pmr 
(100 MHz, DMSO-de) 8 9.00, 8.85, 8.65, 8.25 (5, NH, pyridine 
H), 3.30 (m, 4, NCH2), 1.45 (m, 12).

Anal. Calcd for C isH2iN30 2: C, 65.45; H, 7.64; N, 15.27. 
Found: C, 65.72; H, 7.79; N, 15.32.

Heptamethylene-Bridged Dinicotinamide: 3,11,15-Triaza- 
bicy clo [11.3.1] heptadeca-1(17), 13,15-triene-2,12-dione (5b).—
Freshly sublimed 1,7-diaminoheptane (3.05869 g, 0.023485 mol) 
and 3,5-pyridinedicarbonyl chloride (2.38323 g, 0.011743 mol) 
were allowed to react as described for 5a to yield the 3,5-hepta- 
methylene-bridged pyridine (5b) (0.706 g, 0.00271 mol, 23% ): 
mp 342-343° dec; ir (KBr) 3250 (m, NH), 3050 (w aromatic), 
2900 (m ), 2850 (sh), 1640 cm -1 (s, am id eC = 0 ); pmr (DMSO-ds) 
5 8.92, 8.20 (br complex m, 5, NH, pyridine H), 3.16 (br m, 4, 
CH2N ), 1.38 (br m, 10).

Anal. Calcd for CuHl9N30 2: C, 64.38; H, 7.28; N, 16.09. 
Found: C, 64.59; H, 7.41; N , 16.03.

Hexamethylene-Bridged Dinicotinamide: 3,10,14-Triaza-
bicyclo[10.3.1]hexadeca-l(16),12,14-triene-2,12-dione (5c).—
Freshly sublimed 1,6-diaminohexane (2.36309 g, 0.0203347 mol) 
and 3,5-pyridinedicarbonyl chloride (2.28764 g, 0.0101674 mol) 
were allowed to react as described above. Extraction with THF 
failed to separate the product from the benzene-insoluble ma
terial. The material insoluble in THF was removed from the 
Soxhlet extractor, dried for 1 hr in a vacuum oven at 50°, and 
treated with 50 ml of hot 95% ethanol. The insoluble material 
was removed by filtration. The treatment with ethanol was 
repeated on the ethanol-insoluble material. The insoluble 
solid was collected by filtration to yield 3,5-hexamethylene- 
bridged pyridine (5c) (0.246 g, 0.001 mol, 9.8% ): mp 298- 
300°; ir (KBr) 3400 (sh), 3260 (m, NH), 3050 (w, aromatic), 
2900 (m), 2940 (sh), 1635 cm -1 (s, amide C = 0 ) ;  pmr (100 
MHz, DMSO-d6) 8 9.23, 8.98, 8.78 (5, NH, pyridine H), 3.40 
(br s, 4, CH2N ), 1.50 (br m, 8).

Anal. Calcd for C,3H17N30 2-7 3H20 :  C, 61.67; H, 6.98, 
N, 16.60. Found (after 24 hr at 120° under vacuum): C,
61.73; H, 7.10; N, 16.71.

Pentamethylene-Bridged Dinicotinamide: 3,9,13-Triaza-
bicyclo [9.3.1] pentadeca-1 (15), 11,13-triene-2, 10-dione (5d).—
Freshly distilled 1,5-diaminopentane (2.40427 g, 0.0235298 mol) 
and 3,5-pyridinedicarbonyl chloride (2.40031 g, 0.011765 mol) 
were allowed to react as described above. Again, extraction 
with THF failed to separate the product from the benzene-in
soluble material. The material insoluble in THF was removed 
from the Soxhlet extractor, dried for 1 hr in a vacuum oven at 
50°, and treated with 50 ml of hot 95% ethanol. The insoluble
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material was collected by filtration, and the treatment with 
ethanol was repeated. The insoluble 3,5-pentamethylene- 
bridged pyridine (5d) was again collected (0.123 g, 0.00053 mol, 
4 .3% ): mp 236-238°; ir (KBr) 3400 (sh), 3230 (m, amide NH), 
3030 (w, aromatic), 2900 (m, 2830 (sh), 1635 cm -1 (s, amide 
C = 0 ) ;  pmr (100 MHz, DMSO-d6) S 9.12, 8.84, 8.64 (5, NH, 
pyridine H), 3.35 (m, 4, NCH2), 1.60 (br m, 6).

Anal. Calcd for C i2H i3N3O2 0.7H2O: C, 58.77; H, 6.78;
N, 17.17. Found (after 24 hr at 100° under vacuum): C, 
58.94; H, 7.09; N, 17.27.

1-Dichlorobenzylheptamethylene-Bridged Pyridinium Bro
mide: 15-(2,6-Dichlorobenzyl)-2,12-dioxo-3,ll-diaza-15-azonia-
bicyclo-[11.3.1]heptadeca-l(17),13,15-triene Bromide (6).— Hep- 
tamethylene-bridged pyridine (5b, 0.260 g, 0.001 mol) was dis
solved in asolution of a-bromo-2,6-dichlorotoluene (0.480 g, 0.002 
mol) in dimethyl sulfoxide (10 ml) (dried over 3A molecular sieves) 
and the reaction mixture was stirred and heated in an oil bath at 
70° for 2 hr. A white precipitate was obtained by the addition of 
ether (100 ml). The solid was collected by filtration and re
crystallized from ethanol to yield 6 (0.403 g, 0.00076 mol, 
76%): mp 288-290°; ir (KBr) 1670 cm “ 1 (s, amide C = 0 ) ;  
pmr (100 MHz, DMSO-d6) i  9.48, 9.29, 8 .88, 8.62 (m, 5, NH, 
pyridine H), 7.73 (s, 3, Ar H), 6.33 (s, 2, Ar CH2), 3.00 (m, 
NCH2), 1.55 (m, 12).

Anal. Calcd for C2iH24BrCl2N30 2: C, 50.32; H, 4.83. 
Found: C, 50.39; H, 5.17.

1-Dichlorobenzylheptamethylene-Bridged 1,4-Dihydrodinico- 
tinamide: 15-(2,6-Dichlorobenzyl )-3,11,15-triazabicyclo [11.3.1]-
heptadeca-13,16-diene-2,12-dione (7).— Pyridinium bromide 6 
(0.258 g, 0.0005 mol) was added to a solution of sodium hydro
sulfite (0.350 g, 0.002 mol) and sodium carbonate (0.224 g, 0.002 
mol) in distilled water (25 ml) at 70°. A stream of nitrogen 
was passed over the solution during all operations. The 
rapidly stirred reaction mixture immediately turned orange and 
within 10 min a yellow solution had formed. A yellow solid 
precipitated 15 min later. Heating and stirring continued for 1 
hr, the mixture was allowed to cool to room temperature, and 
the yellow solid was collected by filtration and recrystallized 
from ethanol-water to yield 7 (0.130 g, 0.000296 mol, 60%); 
mp 230-231° dec; uv max (95% ethanol) 344 nm (e 5100); 
fluorescence (max) (95% ethanol) excitation, 343 nm, and emis
sion, 478 nm; ir (KBr) 3300 (br m, amide NH), 3020 (w), 2900 
(m), 2830 (sh), 1640 cm -1 (s, amide C = 0 ) ;  pmr (100 MHz, 
DMSO-de) « 7.90 (s, 2, vinyl H), 7.5-7.1 (5, NH, Ar H), 5.00 
(s, 2, Ar CH2), 3.35 (m, unintegrated, water contamination, 
CH2N), 3.00 (s, unintegrated, 4-CH2), 1.35 (m, 10).

Anal. Calcd for C21H25C12N30 2.7 3H20 :  C, 58.89; H, 6.05. 
Found: C, 58.88; H ,5.93.

Ethylene Ketal of l,7-Heptanedioi-4-one Bis-p-toluenesul- 
fonate (8a).— p-Toluenesulfonyl chloride (152 g, 0.80 mol) was 
added to a cold ( — 10°) solution of the ethylene ketal of 1,7- 
heptanediol-4-one31 (38 g, 0.20 mol) in pyridine (400 ml, dried 
over potassium hydroxide). A precipitate appeared and after 1 
hr the reaction mixture was poured into ice-water (3000 ml) 
which was rapidly stirred. A pink oil formed which solidified 
after 1 hr. This solid was collected by filtration, washed thor
oughly with cold water, and dried overnight in a vacuum oven at 
room temperature to yield 8a (94.5 g, 0.19 mol, 96% ): mp 78- 
80°; pmr (CI)C13) b 7.56 (q, 8 H, C6H4), 4.00 (m, 4 H, S03CH2), 
3.82 (s, 4 H, 0C H 2CH20 ), 2.43 (s, 6 H, CH3), 1.56 (m, 8 H).

This compound could be stored at —20° without noticeable 
decomposition for periods of 1 week.

Ethylene Ketal of l,9-Nonanediol-5-one Bis-p-toluenesulfonate 
(8b).— The ethylene ketal of l,9-nonanediol-5-one31 (43.6 g, 0.20 
mol) was treated with p-toluenesulfonyl chloride (152 g, 0.80 
mol) as described for the preparation of 8a. The oily, impure 
product was dissolved in ether which was extracted with water. 
The ether was dried over 3A molecular sieves and removed on a 
rotary evaporator to yield 8b (97 g, 0.185 moi, 92% ): mp 79- 
80°; pmr (CDC13) 5 7.50 (q, 8 , C6H4), 3.93 (m, 4, S03CH2), 3.78 
(s, 4, 0C H 2C Ii20 ) ,  2.73 (s, 6 , CH3), 1.43 (m, 12).

Anal. Calcd for CkHmOsS^ C, 57.03; H, 6.46. Found: 
C, 56.96; H ,6.49.

Ethylene Ketal of l,7-Bisphthalimidoheptan-4-one (9a).—  
Bis-p-toluenesulfonate 8a (90 g, 0.18 mol) was dissolved in di- 
methylformamide (400 ml) and potassium phthalimide (140.7 g,
O. 76 mol) was added to the rapidly stirred reaction mixture which

(31) H. Stetter and H. Rauhut, C h em . B e r . , 91, 2543 (1958).

was heated at 100° for 1 hr and then cooled to room temperature. 
The reaction mixture was transferred to an extraction funnel, 
treated with water (500 ml), and extracted with chloroform. 
The chloroform was washed with water, dried over 3A molecular 
sieves, and removed on a rotary evaporator to yield an oily, 
brown residue. The residue was treated with 95% ethanol (200 
ml) and chilled to —20°. Recrystallization from 95% ethanol 
afforded white, crystalline 9a (53.9 g, 0.12 mol, 66% ): mp 
135-136.5°; ir (KBr) 1725 cm -1 (vs, C = 0 ) ;  pmr (DMSO-d6) 
b 7.81 (s, 8, C6H4), 3.83 (s, 4, 0C H 2CH20 ) , 3.50 (br, 4, NCH2),
1.57 (br, 8).

Anal. Calcd for CkHmN ^ :  C, 66.96; H, 5.36; N, 6.25. 
Found: C, 66.82; H, 5.45; N, 5.96.

Ethylene Ketal of l,9-Bisphthalimidononan-5-one (9b).—  
Bis-p-toluenesulfonate 8b (94.7 g, 0.18 mol) was treated with 
potassium phthalimide (140.7 g, 0.76 mol) as described for the 
preparation of 9a. Recrystallization from 95% ethanol gave 9b 
(32 g, 0.067 mol, 37% ): mp 149-150°; ir (KBr) 1700 cm “ 1 
(vs, C = 0 ) ;  pmr (CDC13) 5 7.83 (s, 8 , C6H4), 3.90 (s, 4, OCH2- 
CH20 ), 3.56 (t, 4, J =  6.5 Hz, NCH2).

Anal. Calcd for C ^ H a N ^ : C, 68.07; H, 5.88. Found: 
C, 68.20; H, 5.89.

Ethylene Ketal of l,7-Diaminoheptan-4-one (10a).— Hydrazine 
(95%, 6.84 g, 0.206 mol) was added to a suspension of 9a (44.8 
g, 0.10 mol) in 95% ethanol (600 ml). After the reaction mixture 
had been refluxed for 5 min, a solution was formed; after an ad
ditional 10 min, a white precipitate appeared. The reaction 
mixture was heated for 6 hr. Addition of water (100 ml) to the 
hot mixture caused the precipitate to dissolve and the hot solu
tion was treated with sodium hydroxide (8.1 g, 0.202 mol) and 
cooled to room temperature. Long white needles of sodium 
phthaloyl hydrazide slowly formed. The mixture was chilled 
to —20° for 2 hr and the phenyl hydrazide salt was removed by 
filtration and discarded. The filtrate was concentrated to 500 
ml on a rotary evaporator and THF (300 ml) was added to pre
cipitate the remainder of the salt, which was removed by filtra
tion. The solvent was removed on a rotary evaporator and the 
residue distilled to yield 10a (16.35 g, 0.087 mol, 87% ): bp 
105-108° (0.03-0.05 mm); ir (neat) 3325 (m, NH2), 3250 (sh, 
NH2), 1600 cm -1 (NH2, m); pmr (neat) b 3.90 (s, 4, 0C H 2CH20 ), 
(2.56, t, 4, J =  5.5 Hz, CH2NH2), 1.51 (br, 8 , H2NCH2CH2), 
1.32 (s, 4, NHi).

Anal. Calcd for C9H20N2O2: C, 57.44; H, 10.64. Found: 
C, 57.23; H, 10.83.

Ethylene Ketal of l,9-Diaminononan-5-one (10b).— Bis
phthalimido derivative 9b (32 g, 0.067 mol) was treated with 
hydrazine (4.6 g, 0.135 mol) as described for the preparation of 
10a. Distillation gave 10b (12.7 g, 0.06 mol, 90% ): bp 128-
134° (0.02-0.04 mm); ir (neat) 3300 (m, NH2), 3200 (m, NIL), 
1600 cm -1 (m, NH2); pmr (neat) b 3.87 (s, 4, 0CI12CH20 ),
2.58 (t, 4, J  = 6 Hz, CH2NH2), 1.40 (m, 12), 1.22 (s, 4, NH2).

Anal. Calcd for C „H 24N20 2: C, 61.11; H, 11.11. Found:
C, 61.40; H, 11.30.

3.3- Bridged Dinicotinamide Ketal: Spiro[3,ll,15-triazabi-
cyclo [11.3.1] heptadeca-1(17),13,15-triene-2,12-dione-2',7 (1 ',3 ')- 
dioxolane] (11a).— Diamine 10a (3.86322 g, 0.020519 mol) and
3,5-pyridinedicarbonyl chloride (2.09318 g, 0.010259 mol) 
were allowed to react as described in the preparation of 5a. Iso
lation of the product was attempted by a Soxhlet extraction with 
THF; however, the solid material became gummy upon exposure 
to the atmosphere. It was dissolved in boiling 95% ethanol 
(50 ml) and the product was allowed to crystallize without re
moval of impurities. After several days, transparent, cubic 
crystals separated. This solid was collected by filtration and 
recrystallized from 95% ethanol (35 ml) to yield 11a (0.642 g, 
0.00202 mol, 20% ): mp 266-267°; ir (KBr) 3450 (m, d, NH), 
3225 (m, d, NH), 1640 cm " 1 (vs, d, C = 0 ) ;  pmr (100 MHz, 
DMSO-dr-DoO) b 8.92 (d of d, J =  2.5, 12 Hz, 2, pyridine a H), 
8.30 (br s, 1, pyridine y H), 3.77 (s, 4, 0C H 2CH20 ), 3.20 (m, 4, 
CH.N), 1.90 (m, 4, CH2CO), 1.45 (m, 4, CH2). In the absence 
of water, the amide protons appear as broadened multiplets at b 
8.16 and at 8.80, near and under the absorptions of the pyridine 
ring protons.

Anal. Calcd for Ci6H2iN30 4-V3H20 :  C, ¿>9.07; H, 6.67; 
N, 12.92; 0 ,21.33. F o u n d  (after 24 hr at 120° under vacuum): 
C, 59.05, H, 6.54; N, 13.6; O, 21.25.

4.4- Bridged Dinicotinamide Ketal: Spiro[3,12,16-triazabi-
cyclo[13.3.1]nonadeca- l(19),15,17-triene-2,14-dione-2',8(l',3 '- 
dioxolane] ( l ib ) .— Diamine 10b (4.43398 g, 0.0204965 mol)
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and 3,5-pyridinedicarbonyl chloride (2.09087 g, (0.0102482 mol) 
were allowed to react as described for the preparation of 5a. The 
same isolation and purification techniques used for 11a were ap
plied to yield l ib  (1.434 g, 0.00415 mol, 40.5%): mp 347-
351° dec; ir (KBr) 3400 (sh, NH), 3275 (m, NH), 1660 (sh), 
1640 cm ' 1 (s, C = 0 ) ;  pmr (100 MHz, DMSO-di) 6 8.81 (s, 2, 
pyridine a H), 8.17 (s, 1, pyridine y H), 7.97 (br m, 2, NH),
3.86 (s, 4, 0C H 2CH20 ), 3.35 (brm , CH2N), 1.60 (m, 12).

Anal. Calcd for C i8H25N30 ,i: C, 62.25; H, 7.20; N, 12.10. 
Found: C, 62.42; H, 7.01; N, 12.01.

3.3- Bridged Ketone Dinicotinamide: 3,11,15-Triazabicyclo-
[11.3.1] heptadeca- 1 (17), 13,15-triene-2,7,12-trione (12a).— Ketal 
11a (0.720 g, 0.0023 mol) was added to a solution of 48% hydro
gen bromide (1 ml) in water (9 ml) and 95% ethanol (10 ml), 
warmed to 50°. The solid dissolved and the reaction mixture 
was stirred and heated for 1 hr. The ethanol was removed on a 
rotary evaporator and the aqueous solution was treated with 
a saturated solution of sodium carbonate. A white solid was 
collected by filtration, washed thoroughly with water, and dried 
to yield 12a (0.578 g, 0.0021 mol, 91% ); mp 313-316°; ir 
(KBr) 3400 (m, NH), 3150 (m, NH), 1700 (m, C = 0 ) ,  1640 
cm “ 1 (s, d, amide C = 0 ) ;  pmr (100 MHz, DMSO-d6) 5 8.95- 
8.40, 7.95-7.6 (m, 5, NH, pyridine H), 3.20 (br m, NCH2), 
2.60 (m, unintegrated, DMSO interference, CH2CO), 1.70 (br 
m , 4).

Anal. Calcd for C14H17N3O3: C, 61.09; H, 6.18; N, 15.27. 
Found: C, 61.07; H, 6.13; N, 15.18.

4.4- Bridged Dinicotinamide Ketone: 3,13,17-Triazabicyclo-
[13.3.1] nonadeca-l(19),15,17-triene-2,8,14-trione (12b).— Ketal 
l ib  (1.110 g, 0.0032 mol) was hydrolyzed according to the pro
cedure given for 11a to yield 12b (recrystallized from ethanol) 
(0.708 g, 0.00234 mol, 73% ): mp 323-325°; ir (KBr) 3250 (m, 
NH), 1700 (m, C = 0 ) ,  1635 cm -1 (s, amide C = 0 ) ;  pmr (100 
MHz, DMSO-d6) 5 8.88 (s, 2, pyridine a H), 8.57-8.25 (m, 3, 
NH, pyridine y H), 3.36 (m, not integrated, interference with 
H20 , CH2N ), 1.65 (br m, 12).

Anal. Calcd for Ci6H2iN303: C, 63.36; H, 6.93; N, 13.86. 
Found: C, 63.56, H, 7.12; N , 13.56.

3.3- Bridged Dinicotinamide Alcohol: 3,11,15-Triazabicyclo-
[11.3.1] heptade ca-1 (17), 13,15-triene-2,12-dion-7-ol ( 13a).— So
dium borohydride (0.054 g, 0.00137 mol) was added to a sus
pension of 12a (0.375 g, 0.00136 mol) in absolute ethanol (30 ml) 
and the mixture was stirred and heated at 60° for 2 hr after 
which water (5 drops) was added to the suspension. The mix
ture was allowed to come to room temperature and stirred over
night. The white insoluble material was collected by filtration 
and recrystallized from ethanol to yield 13a (0.290 g, 0.00105 
mol, 77% ): mp 313-316°; ir (KBr) 3310 (s, OH), 3200 (m, 
NI1), 3025 (m), 1660 (s, C = 0 ) ,  1040 cm “ 1 (s, C = 0 ) ;  pmr (100 
MHz, DMSO-de) 5 8.85 (d, 3, pyridine a H, NH), 8.10 (s, 2, 
pyridine 7 H, NH), 4.42 (d, 1, COH), 3.50 and 2.95 (m, CHOH, 
CII2N, water interference), 1.50 (br m, 8).

Anal. Calcd for ChH^NsOs-'AH jO: C, 59.36; H, 6.95. 
Found (after 24 hr at 120° under vacuum): C, 59.16; H, 7.02.

4.4- Bridged Dinicotinamide Alcohol: 3,13,17-Triazabicyclo-
[13.3.1] nonadeca-l(19),15,17-triene-2,14-dion-8-ol (13b).— Re
duction of 12b (1.100 g, 0.00345 mol) by sodium borohydride 
(0.76 g, 0.002 mol) as described for 12a gave 13b (0.950 g, 0.0031 
mol, 90% ): mp 352-354°; ir (KBr) 3250 (s, NH, OH), 1650
(sh), 1630 cm “ 1 (vs, C = 0 ) ;  pmr (100 MHz, DMSO-A) 5 8.83 
(s, 2, pyridine a H), 8.40 (br s, 2, NH), 8.14 (s, 1, pyridine y 
H), 4.37 (br s, 1, COH), 3.52 and 3.25 (m, water interference, 
CHOH, CH2N ), 1.57 (m, 12).

Anal. Calcd for CieH^NsCh: C, 62.95; H, 7.54; N, 13.77. 
Found: C, 63.18; H, 7.54; N, 13.62.

l-(2,6-Dichlorobenzyl)-3,3-Bridged Dinicotinamide Ketone 
Bromide: 15-(2,6 - Dichlorobenzyl) - 2,7,12 - trioxo - 3,11 - diaza-
15-azoniabicyclo [11.3.1] heptadeca-1 (17), 13,15-triene Bromide
(14a).— Bridged dinicotinamide ketone 12a (0.275 g, 0.001 mol) 
was dissolved in dimethyl sulfoxide (10 ml) (dried over 3A mo
lecular sieves) containing a-bromo-2,6-dichlorotoluene (0.480 g, 
0.002 mol). The reaction mixture was stirred and heated in an 
oil bath at 60° for 90 min. A white precipitate, obtained by the 
addition of diethyl ether (100 ml), was collected by filtration 
and recrystallized from 20% aqueous ethanol to yield 14a (0.452 
g, 0.00087 mol, S7%): mp 257-259°; ir (KBr) 3150 (m, NH), 
1700 (m, C = 0 ) ,  1660 cm “ 1 (s, amide C = 0 ) ;  pmr (100 MHz, 
DMSO-d6) S 9.23, 9.11, and 8.39 (m, 5, NH, pyridine H), 7.67 
(s, 3, Ar H), 6.29 (s, 2, Ar CH,), 3.20 (m, 4, CH2N), 2.73 (m, 
4, CH2CO), 1.77 (m, 4).

Anal. Calcd for C2iH22BrCl2N30 3: C, 48.93; H, 4.27; N, 
8.16. Found: C, 48.93; H, 4.55; N, 8.16.

l-Dichlorobenzyl-4,4-Bridged Dinicotinamide Ketone Bro
mide: 17-(2,6-Dichlorobenzyl )-2,8,14-trioxo-3,13-diaza- 17-azo-
niabicyclo[13.3.1]nonadeca-l(19),15,17-triene Bromide (14b). 
Bridged dinicotinamide ketone 12b (0.303 g, 0.001 mol) was 
quaternized with a-bromo-2,6-dichlorotoluene (0.048 g, 0.002 
mol) as described for 12a to give salt 14b (0.410 g, 0.00076 mol, 
76% ): mp 221-224°; ir (KBr) 3180 (m, N H ), 1670 cm “ 1 (br, 
C = 0  and amide C = 0 ) ;  pmr (100 MHz, DMSO-d6) S 9.25, 
9.10, and 9.00 (5, NH, pyridine H), 7.80 (s, 3, Ar H ), 6.35 (s, 2, 
Ar CH2), 3.40 (m, interference with H20 , CH2N ), 1.70 (br m, 
12).

Anal. Calcd for CalTtBrChNsOs: C, 50.83; H, 4.79; N, 
7.73. Found: C, 50.53; H, 4.84; N, 7.67.

l-Methyl-4,4-Bridged Dinicotinamide Ketone Iodide:
17-Methyl-2,8,14-trioxo-3,13-diaza-17-azoniabicyclo[13.3.1]nona- 
deca-l(19),15,17-triene Iodide (14c).— Bridged dinicotinamide 
12b (0.830 g, 0.00275 mol) was dissolved in dry dimethyl sul
foxide (10 ml) containing methyl iodide (2.8 g, 0.05 mol). The 
solution was refluxed gently for 5 hr and the solvent was removed 
on a rotary evaporator. The yellow solid was recrystallized 
from ethanol to yield 14c (1.160 g, 0.0026 mol, 95% ): mp 262- 
266°; ir (KBr) 3200 (m, NH), 1670 cm “ 1 (s, amide C = 0  and 
C = 0 ) ;  pmr (DMSO-d6) S 9.60 (s, 2, pyridine a H ), 8.94 (d, 3, 
NH and pyridine y H), 4.51 (s, 3, CH3), 3.43 (m, 4, CH2N ),
1.70 (m, 12).

Anal. Calcd for C„H 21N303I: C, 45.84; H, 5.39; N, 9.44. 
Found: C, 45.96; H, 5.48; N, 9.40.

l-Dichlorobenzyl-3,3-Bridged Dinicotinamide Alcohol Bro
mide: 15-(2,6-Dichlorobenzyl)-2,12-dioxo-7-ol-3,ll-diaza-
15-azoniabicyclo [11.3.1] heptadeca-l( 17), 13,15-triene Bromide
(15a).— Bridged alcohol 13a (0.320 g, 0.00115 mol) was treated 
with a-bromo-2,6-dichlorotoluene (0.480 g, 0.002 mol) in dry 
dimethyl sulfoxide (10 ml) as described for the preparation of 
14a to yield 15a (0.541 g, 0.000965 mol, 84% ): mp 254-255°; 
ir (KBr) 3400 (m, OH), 3150 (m, NH), 1655 cm “ 1 (s, C = 0 ) ;  
pmr (100 MHz, DMSO-d6) S 9.50 (m, 1, NH), 9.25 (d, 2, pyr
idine a H), 8.88 (m, 1, pyridine y H ), 8.55 (s, 1, NH ), 7.67 (s, 
3, Ar H), 6.30 (s, 2, Ar CH2), 4.46 (s, 1, COH), 3.15 (m, 5, 
CHOH, CH2N ), 1.60 (m, 8).

Anal. Calcd for C2,H2,BrCl2N303-1/ 3H20 : C, 48.18; H, 
4.72; N, 8.02. Found (after 24 hr at 100° in vacuum); C, 
48.11; H, 4.88; N ,7.72.

l-Dichlorobenzyl-4,4-Bridged Dinicotinamide Alcohol Bro
mide : 17- (2,6-Dichlorobenzyl )-2,14-dioxo-8-ol-3,13-diaza-15-azo- 
niabicyclo[13.3.1]nondeca-l(19),15,17-triene Bromide (15b).
— The bridged dinicotinamide 13b (0.350 g, 0.00115 mol) was 
treated with a-bromo-2,6-dichlorotoluene (0.480 g, 0.002 mol) 
in dimethyl sulfoxide (10 ml) as described for the preparation of 
14a to give 15b (0.480 g, 0.00088 mol, 77% ): mp 224-226°; 
ir (KBr) 3300 (m, OH), 3160 (m, NH), 1660 cm “ 1 (vs, C = 0 ) ;  
pmr (100 MHz, DMSO-fA) S 9.20 (m, 5, NH and pyridine H),
7.70 (s, 3, Ar H), 6.35 (s, 2, Ar CH2), 4.05 (s, 1, OH), 3.35 (m, 
interference with H20 , CHOH, CH2N), 1.57 (m, 12).

Anal. Calcd for C23H2sCl,BrN30 3: C, 50.64; H, 5.14; N, 
7.71. Found: C, 50.65; H, 5.39; N, 7.75.

l-Dichlorobenzyl-3,3-Bridged 1,4-Dihydrodinicotinamide Ke
tone : 15-(2,6-Dichlorobenzyl )-3,11,15-triazabicyclo [ 11.3.1] hep- 
tadeca-13,16-diene-2,7,12-trione (16a).— Pyridinium bromide 
14a (0.743 g, 0.00144 mol) was added to a solution of sodium 
hydrosulfite (1.30 g, 0.0063 mol) (Mallinckrodt, 90% ) and 
sodium carbonate (0.742 g, 0.007 mol) in distilled water (25 ml). 
The reaction mixture was heated and stirred at 90° under nitro
gen. It immediately became orange and after 5 min the pyri
dinium salt had dissolved. A yellow solid precipitated 10 min 
later. Heating and stirring was continued for 4 hr after which 
the reaction mixture was cooled to room temperature and the 
yellow solid collected by filtration and recrvstallized from eth
anol-water to yield 16a (0.389 g, 0.0009 mol, 62% ): mp 265- 
268°; uv max (95% ethanol) 338 nm (« 6700); fluorescence ex
citation (max), 340 nm, and emission (max). 451 nm; ir (KBr) 
1700 (sh, C = 0 ) ,  1650 cm “ 1 (s, amide C = 0 ) ;  pmr (100 MHz, 
DMSO-d6) 5 7.52 (m, 4, Ar H, NH), 7.00 (m, 3, pyridine a H, 
NH), 4.95 (s, 2, Ar CH2), 3.05 (m, 6, pyridine y CH2, CH2N), 
1.65 (m, 8).

Anal. Calcd for CjJKTJkNTV 7 3H20 :  C, 56.26; H, 5.47; 
N, 9.38. Found (after 24 hr at 80° under vacuum): C, 56.01; 
H, 5.74; N, 9.54.
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l-Dichlorobenzyl-4,4-Bridged 1,4-Dihydrodinicotinamide Ke
tone : 17-(2,6-Dichlorob enzyl )-3,13,17-triazabicyclo [ 13.3.1 ] -no-
nadeca-15,18-diene-2,8,14-trione (16b).— Bridged pyridinium 
salt 14b (0.250 g, 0.00046 mol) was reduced by sodium hydro
sulfite (0.300 g, 0.0015 mol) in aqueous sodium carbonate (0.160 
g, 0.0015 mol, 25 ml) as described for 16a except that the tem
perature was 70°. After 1 hr, the yellow solid was collected by 
filtration and recrystallized from ethanol-water to yield 16b 
(0.160 g, 0.00035 mol, 75% ): mp 215-217°; uv max (95% 
ethanol) 381 nm (e 6450); fluorescence excitation (max) (eth
anol), 375 nm, and emission (max), 447 nm; ir (KBr) 1690 (s, 
C = 0 )  1650 cm -1 (w, amide C = 0 ) ;  pmr (100 MHz, DMSO-d6) 
5 7.52 and 6.86 (7, Ar H, pyridine a H, NH), 4.85 (s, 2, Ar CH2),
3.33 and 3.25 (interference with H20 , pyridine y  CH2, CH2N), 
1.55 (m, 12).

Anal. Calcd for CmHkCIiNsCV V 3H20 : C, 58.71; H, 5.94;
N, 8.94; 0 , 11.33. Found (after 24 hr at 80° under vacuum): 
C, 58.86; H, 5.85; N, 8.98; O, 10.66.

l-Methyl-4,4-Bridged 1,4-Dihydrodinicotinamide Ketone:
17-Methyl-3,13,17-triazabicyclo[13.3.1]nonadeca-15,18-diene-2,- 
8 ,14-trione (16c).—The methyl-substituted salt 14c (0.444 g,
O. 0001 mol) was reduced by sodium hydrosulfite (0.6 g, 0.003 
mol) in aqueous sodium carbonate (0.318 g, 0.003 mol, 25 ml) 
as described for 16a except that the temperature was 60°. After 
90 min, the yellow solid was collected by filtration and recrys
tallized from ethanol-water to yield 16c (0.233 g, 0.0007 mol, 
70% ): mp 231-234°; uv max (95% ethanol) 388 nm (e 7700); 
fluorescence excitation (max) (ethanol), 389 nm, and emission 
(max), 445 nm; ir (KBr) 1695 (s, C = 0 ) ,  1650 cm -1 (m, amide 
C = 0 ) ;  pmr (100 MHz, DMSO-d6) 5 7.24 (m, 2, NH), 7.01 (s, 
2, pyridine a H), 3.45, (s, unintegrated, interference with pyr
idine a H, CH3), 3.36 (s, unintegrated, interference with CH3, 
pyridine a H), 3.20 (m, 4, CH2N ), 1.61 (m, 12).

Anal. Calcd for CnH^N-A: C, 63.95; H, 7.84; N, 13.17. 
Found: C, 63.83; H, 7.91; N, 12.88.

1 - (2,6-Dichlorobenzyl )-3,5-(N ,N  '-dimethyldicarbamoyl)-1,4- 
dihydropyridine (18).— Quaternization of 3,5-(lV,iV'-dimethyl- 
diearbamoyl)pyridine32 (5.4 g, 0.032 mol) with a-bromo-2,6- 
dichlorotoluene following the procedure described for the bridged 
dinicotinamide salts gave l-(2-6-dichlorobenzyl)-3,5-(N,IV'- 
dimethyldicarbamoyl)pyridinium bromide (17, 8.5 g, 0.020 
mol, 62% ): mp 248-250° dec; uv max (95% ethanol) 220
nm (e 78,300); uv max (water) 200 nm (e 78,000); ir (KBr) 
1670 (vs, C = 0 ) ,  1650 (vs, C = 0 ) ,  1550 cm -1 (s, amide); pmr 
(DMSO-d«) 6 9.66 (m, 1, pyridine y  H), 9.48 (m, 2 , pyridine a 
H ), 9.36 (m, 2, NH), 7.72 (s, 3, Ar H), 6.36 (s, 2, Ar CH2), 2.90 
(t, 6 , NCH3).

Anal. Calcd for Ci6Hi6BrCl2N30 2: C, 44.34; H, 3.70. 
Found: C, 44.35; H, 3.88.

The pyridinium bromide 17 (7.5 g, 0.0173 mol) was reduced 
by sodium hydrosulfite as described for the bridged dihydro
nicotinamides and the crude product was recrystallized by dis
solving the solid in hot 95% ethanol (100 ml) and adding hot dis
tilled water (100 ml). This solution was cooled 3 hr at 0° and 
the precipitate collected by filtration to yield long yellow needles 
of 18 (4.1 g, 0.0114 mol, 61 % ): mp 205-207° (loses water of 
hydration at 105-108°); uv max (95% ethanol) 391 nm (e 
6070); fluorescence excitation (max) (ethanol), 378 nm, and 
emission (max), 445 nm; ir (KBr) 3380 (m), 1690 (s, C = 0 ) ,  
1580 (s), 1540 cm -1 (s, amide); pmr (DMSO-d6) & 7.58, 7.20, 
and 6.94 (m, 7, pyridine a H, NH, Ar H), 4.73 (s, 2, Ar CH2),
3.13 (s, 2, pyridine y  CH2), 2.68 (d, interference with DMSO, 
NCH3).

Anal. Calcd for Ci6HnCl2N30 2-y<H20 : C, 53.56; H, 
4.88; N, 11.71. Found (50° under vacuum, 24 hr): C, 
53.67; H, 4.72; N, 11.82.

Chemical Properties of Bridged 1,4-Dihydrodinicotinamides. 
1. Silver Nitrate.— Treatment of the dihydropyridines in eth
anol (0.005 M ) with an equal volume of aqueous silver nitrate 
(0.002 M ) resulted in formation of a silver mirror.33 The times 
for formation of the mirror are recorded in Table I.

2. Malachite Green.— Dihydropyridine derivatives 7, 16a, 
16b, and 18 (1.15 X 10“ 5 M ) caused decoloration of Malachite 
Green (1.15 X 10-7 M ) in ethanol solutions at 27°.34 The ki

(32) M. Samejima, Y a k u g a k u  Z a ssh i, 80, 1713 (1960); C h em . A b str .,  
55, 10439 (1961).

(33) The reactions were done in sealed tubes at room temperature.
(34) D. Mauzerall and F. H. Westheimer, J . A m e r . C h em . S o c ., 77, 2261

(1955).

netic behavior was complex but half-lives of 597, 666, 1044, and 
918 sec, respectively, were noted.

3. Aqueous Hydrochloric Acid.— Ethanolic solutions (2 X
10-4 M , 25 ml) of 7, 16a, 16b, and 18 were treated with aqueous 
hydrochloric acid (2.4 N, 1 ml). The absorption of aliquots 
were monitored at 27° at the uv maximum for each dihydropyr
idine and the relative pseudo-first-order rate constant given in 
Table I were obtained. The respective rate constants for 7, 
16a, 16b, and 18 are 1.25 X 10“ 4, 1.96 X 10"4, 3.22 X 10“5, and
I. 57 X 10_6sec_1.

4. Attempted Photoreduction.— Irradiation of 18 or bridged 
ketone 16b (2 X 10-4 M ) in 95% ethanol by a low pressure mer
cury immersion lamp (Hanovia, maximum output at 253.7 nm) 
for 30 min destroyed the 1,4-dihydropyridine chromophore. 
External irradiation of an ethanol solution of 18 in a Pyrex test 
tube in a Rayonet photochemical reactor of maximum output at 
300 or 350 nm for 30 min gave the same result. Irradiation of 
16b (2 X 10-4 M ) in ethanol for 30 min resulted in complete 
destruction of dihydropyridine chromophore at 381 nm, but 16a 
was stable and only slowly underwent loss of its chromophore at 
338 nm when irradiated at 300 nm. A large scale photolysis of 
16a (0.0441 g) in ethanol at 300 nm resulted in loss of the chromo
phore at 338 nm in 7 hr. Examination of the yellow solid ob
tained after removal of solvent revealed no evidence for forma
tion of a pyridinium salt (nmr) and indicated loss of the vinyl 
protons at the 2 and the 6 positions of the starting material.

Chemical Properties of Bridged Dinicotinamide Salts. 1. 
Sodium Carbonate.— Solutions 2 X 10-4 M  in salts 6, 15a, 15b, 
and 17 were separately prepared and the uv spectrum of each 
was recorded. Sodium carbonate (0.106 g, 0.001 mol) was then 
added and the uv spectrum was recorded again. The solution 
was acidified by the addition of concentrated hydrochloric acid 
and the spectrum recorded. In all cases, addition of sodium 
carbonate caused new absorption to appear at 340-345 and at 
252-255 nm. Addition of acid caused these absorptions to dis
appear and the spectrum reverted to that observed originally for 
the salts.

Compound 17 (1.300 g, 0.003 mol) was dissolved in distilled 
water (40 ml) heated at 65° and sodium carbonate (1.06 g, 0.01 
mol) was added to this solution. The solution immediately 
turned yellow and became turbid. A yellow oil separated 
within 5 min. This oil was solidified by allowing the reaction 
mixture to stir for 1 hr in an oil bath and was collected by filtra
tion and dried overnight at 50° in a vacuum oven.

Thin layer chromotography (Eastman prepared aluminum 
oxide sheet, elution by chloroform) indicated the presence of at 
least two components, one at Ri 0.9-0.7 which showed a purple 
fluorescence and the other at R{ 0.6-0.3 which showed a blue- 
white fluorescence.

The entire sample was dissolved in chloroform (10 ml) and 
chromatographed on a column of aluminum oxide (Woelm ac
tivity grade I, 200 ml, wet-packed with chloroform). The 
sample was eluted with chloroform and the separation of com
ponents was monitored by following the fluorescent bands which 
appeared when the column was irradiated with long-wavelength 
uv light. After the first band was collected, the second band 
was rapidly eluted with 10%  ethanol in chloroform.

The first fraction yielded a white solid (0.287 g): mp 256-
257°; uv max (95% ethanol) 333 nm (e 8080), 253 ( 14,200);35 
ir (KBr) 3300 (m, NH), 3050 (w, Ar H), 1675 (vs, C = 0 ) ,  1620 
(m), 1530 cm -1 (s, amide); nmr (DMSO-d6) <S 9.28 (m, 1, NH), 
8.84 (d, 1, J  = 2.5 Hz, 4-pyridine H), 8.55 (m, 1, NH), 8.03 
(d, 1, J =  2.5 Hz, 6-pyridine H), 7.53 (s, 3, Ar H), 5.49 (s, 2, 
Ar CH2), 2.85 (d, 3, J = 6.5 Hz, CH3), 2.74 (d, 3, J = 6.5 Hz, 
CH,).

Anal. Calcd for C16H,5C12N30 3: C, 52.17; H, 4.08; N,
II . 41; O, 13.04. Found: C, 51.92; H, 4.21; N, 11.27; 0 ,
13.10.

The second fraction yielded a yellow oil which was triturated 
with diethyl ether to yield a yellow solid (0.634 g) (this com
pound sintered when heated and could not be purified by re
crystallization: uv max (9 5% ethanol) 375 nm; nmr (DMSO-
d.) 5 7.51, 7.22, 6.92, 4.67, 3.33, 3.11, 2.60.

A structure consistent with the elemental analysis could not be 
determined.

Anal. Found: C, 52.72; H, 5.07; N, 11.92; O, 12.81.

(35) The uv max for the 2-pyridone of 1-methylnicotinamide is at 330 
nm: M. E. Pullman and S. P. Colowiek, J . B io l . C h em ., 206, 121 (1954).
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2. Potassium teri-Butoxide, Sodium Hydride, Sodium 2,6- 
Di-iert-Butylphenoxide in THF.— Saturated solutions of the 
pyridinium salts 6, 15a, 15b, and 17 were prepared by stirring 
50 mg of each of the salts in THF (100 ml, freshly distilled from 
lithium aluminum hydride) for 24 hr. The uv spectra of the 
three solutions were recorded. The bases (50 mg) were added to
25-ml aliquots of the solutions of the pyridinium salts and the 
ultraviolet spectra recorded. Table II summarizes the observa
tions.
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Attempts to synthesize the pentacyclic skeleton of akuammiline are described. The key step in this syn
thetic approach is the formation of the C-6 to C-7 bond by a nucleophilic substitution reaction. This trans
formation would complete the akuammiline skeleton from the tetrahydrocarbazole intermediate 16 which bears 
four of the required five rings. However, all attempts to generate the crucial C-6 to C-7 bond met with failure.
The synthesis of several novel tetracyclic tetrahydrocarbazole derivatives is presented along with a sequence 
leading unexpectedly to indolo[2,3-c]norcar-3-en-2-one (12) and indolo[2,3-b]cyclohepta-2,4-dienone (13).

Echitamine and its probable biogenetic precursor 
deacetylakuammiline are examples of a group of indole 
alkaloids bearing a C-16-C-7 bond. A number of 
these alkaloids are now known2 3 but no representative 
of this group has been obtained by chemical synthesis.

deacetylakuammiline echitamine

In investigating routes to the pentacyclic framework 
of these molecules we sought to take advantage of the 
nucleophilic character of the indole nucleus in forming 
the final ring from a tetracyclic intermediate possessing 
the C-7-C-16 bond. Thus, elimination of p-toluene- 
sulfonic acid from the tosylate shown in Scheme I 
would lead to the skeleton of deacetylakuammiline. A 
similar approach has been successfully employed in the 
synthesis of minovine,4 and a previous report from 
these laboratories5 describes results of a model system 
which proved encouraging.

The tetracyclic intermediate required for this 
scheme was obtained by two independent routes. In 
one route 2-azaindolo[2,3-<7]bicyclo[3.3.1 ]non-7-ene
(2) arose from a Fischer indole synthesis with 2-

(1) The authors gratefully acknowledge financial support from the 
National Institutes of Health (Grant GM18196) and a Public Health 
Service Career Program Award (1-K3-NB-28.105) from the National 
Institute of Neurological Disease and Blindness.

(2) J. E. Saxton, “The Alkaloids,” Vol. X, R. H. F. Manske, Ed., Aca
demic Press, New York, N. Y., 1968, p 501.

(3) A. I. Scott, A c c o u n ts  C h em . R es ., 3 , 151 (1970).
(4) F. E. Ziegler and F. B. Spitzner, J . A m er . C h em . S o c ., 9 2 , 3493 (1970).
(5 ) L. J. Dolby and Z. Esfandiary, J . O rg. C h em ., 3 7 , 43 (1972).

2

benzoyl-2-azabicyclo[3.3.1 ]nonan-8-one (1) followed by 
alkaline hydrolysis of the benzoyl moiety.

The ketone utilized in the Fischer indole synthesis 
was prepared following the route outlined in Scheme II.

Scheme I

Scheme II

0  o
^ ,N H C O P h  [^ N H C O P h

3 4
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Scheme III Scheme IV

6 7

Oxidation of Ar-benzoyi-2-(A3-cyclohexenyl)ethylamine
(3) with ra-chloroperbenzoic acid gave rise to an 
amorphous solid from which the trans epoxide 4 was 
obtained by fractional crystallization. On treatment 
with potassium terf-butoxide the amido epoxide 4 
underwent cyclization to give 2-aza-2-benzoylbicyclo- 
[3.3.1 ]nonan-8-ol (5) in high yield. For preparative 
purposes the crude epoxide mixture was treated in a 
similar fashion to give 5 in 40-45% yields. Oxidation 
of 5 to the ketone 1 proved unexpectedly troublesome; 
a variety of methods gave rise to intractable mixtures. 
Ultimately, the ketone 5 was obtained in moderate 
yields with chromic acid in aqueous acetic acid.

Brief treatment of the crude phenylhydrazone of 1 
with hot dilute sulfuric acid gave rise to a dark product 
which was subjected directly to alkaline hydrolysis. 
The crystalline tetracyclic amine 2 was obtained from 
the hydrolysis mixture in 2-5%  yields. The ultraviolet 
spectrum of 2 shows characteristic indole absorption. 
The pmr, ir, and mass spectra were likewise consistent 
with the expected structure. Ultimate confirmation of 
the structure was obtained, however, by an independent 
synthesis.

The great facility with which 2-hydroxyalkylindoles 
enter into elimination-addition reactions6 suggested 
that the tetracyclic amine 2 could be obtained 
from 3-(2-aminoethyl)-l-hydroxy-l,2,3,4-tetrahydro- 
carbazole (7) (Scheme III). This proved to be the 
case. Reduction of 3-cyanomethyl-l-oxo-l,2,3,4-tetra- 
hydrocarbazole (6) with lithium aluminum hydride 
under carefully controlled conditions followed by 
pyrolysis of the crude reduction product in refluxing
o-dichlorobenzcne gave the tetracyclic amine 2 in 
yields of 40%. Material obtained by this route was 
identical with that obtained from the Fischer indole 
synthesis.

The preparation of the keto nitrile 6 was accom
panied by an interesting rearrangement leading to 
indole[2,3-6]cyclohepta-2,4-dicnone (13) (Scheme IV). 
Reduction of 3-carboethoxy-l,2,3,4-tetrahydrocarba- 
zole (8) with lithium aluminum hydride gave the 
carbinol 9. Oxidation of 9 with periodic acid7 in 
methanol provided 3-hydroxy methyl-1-oxo-l, 2,4,3-
tetrahydrocarbazole (10), which was converted to the 
corresponding p-toluenesulfonate ester 11.

On treatment with sodium cyanide in either ethanol 
or dimethyl sulfoxide, 11 gave rise not to the expected 
keto nitrile 6 but to indolo[2,3-c]norcar-3-en-2-one (12). 
The structure of 12 follows from elemental analysis and 
one-proton multiplets in the pmr spectrum centered at 
0.8 and 1.4 ppm assigned to the methylene protons 
of the cyclopropane ring. In an effort to duplicate 
this reaction with sodium hydroxide in ethanol

(6) R. J. Sundberg, “The Chemistry of Indoles," Academic Press, New 
York, N. Y., 1970, pp 94-108; for pertinent examples see G. Btlchi, R. E. 
Manning, and S. A. Monti, J . A m e r .  C h em . S oc ., 88, 2532 (1966); R. J. 
Sundberg, J . O rg . C h em ., 33, 487 (1968); L. J. Dolby and P. D. Lord, 
ib id ., 34, 2988 (1969).

(7) L. J. Dolby and D. L. Booth, J . A m e r .  C h em . S o c ., 88, 1049 (1966).

an excellent yield of the cyclohcptadienone 13 was 
realized. The norcarenonc 12 could be detected in 
the reaction mixture by tic and is undoubtedly the 
precursor of 13. Although unexpected, these results 
are not without precedent. Julia and coworkers have 
prepared benzosuberones in an analogous fashion from
3-hydroxy methyl-a-tetralones.8

To circumvent this difficulty, methylol 9 was con
verted to the corresponding p-toluenesulfonate ester 
14, which reacted smoothly with sodium cyanide in 
ethanol to give 3-cyanomethyl-l,2,3,4-tetrahydrocarba- 
zole (15) (Scheme V). Periodic acid oxidation of

Scheme V

14, R = OTs
15, R = CN

2,R = H
16, R = CH ,CH ,OH
17, R =  COCH,Cl
18, R = COCHj

1

19. R = COCHj
20. R = H
21. R -  CH .CH .OH

15 in methanol then gave rise to the desired keto 
nitrile 6. With a convenient source of the tetra
cyclic amine 2 at hand the amino alcohol 16 was 
readily obtained by treatment of 2 with ethylene oxide

(8) S. Julia, M. Julia, and C. Huynh, C . R .  A c a d .  S c i . ,  246, 3464 (1958).
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in tetrahydrofuran containing a small amount of 
methanol.

Treatment of the ethanolamine 16 with p-toluene- 
sulfonyl chloride in pyridine resulted in the formation 
of a polymeric material which displayed typical indole 
absorption in its ultraviolet spectrum. Similar results 
were obtained with methanesulfonyl chloride-tricthyl- 
amine in dimethylformamide or 1,2-dimethoxyethane. 
In no case was there obtained material having the 
characteristic indolenine absorption maxima near 260 
nm.4

The chloroacetamide 17 was prepared in the expecta
tion that generation of the indolic anion would result in 
the desired cyclization. Reaction of 17 with sodium 
hydride in tetrahydrofuran resulted in the formation of 
an amorphous material which retained the indole 
nucleus and the amide carbonyl by ultraviolet and 
infrared spectroscopy. The material was insoluble in 
hot 10% acetic acid and had no distinct melting point.

It was expected that methylation of the indole 
nitrogen would minimize polymer formation and the 
desired ring closure would be favored. The acetamide 
18 was prepared from 2 by the action of acetic anhydride 
in pyridine. Reaction of 18 with sodium hydride 
followed by methyl iodide gave rise to the methylated 
acetamide 19, which was directly subjected to hy- 
drazinolysis, giving the methylated tetracyclic amine
20. Treatment of 20 with ethylene oxide gave rise to 
the methylated ethanolamine 21, which was treated 
with methanesulfonyl chloride or p-toluenesulfonyl 
chloride as described for the demethyl compound. 
Inasmuch as the product expected from the desired 
cyclization is an indoleninium salt, the reaction mix
tures were treated with sodium borohydride to reduce 
the immonium moiety and facilitate the isolation of 
products. If water was added to the reaction mixture 
before the sodium borohydride a good recovery of 
starting material resulted. If the order of reagent 
addition was reversed a complex mixture of products 
was obtained from which three major components were 
obtained by preparative tic. All of the products 
showed typical indole absorption in their ultraviolet 
spectra and were not further characterized. No 
absorption assignable to the expected indoline could be 
detected in either the reaction mixture or any of the 
products.

The failure of the cyclization reactions can be 
rationalized by postulating the aziridinium ion 22 as an

intermediate which fails to cyclizc under the conditions 
employed.

Experimental Section9
A’-Benzoyl-2-(A3-cyclohexenyl)ethylamine (3).— A mixture of

2-(A3-cyclohexenyl)ethylamine10 (85 g, 0.67 mol) in 1 N sodium 
hydroxide (500 ml) was treated with benzoyl chloride (127 g, 
0.910 mol) over 1 hr at 0°. Additional 1 N  sodium hydroxide was 
added as required to maintain a pH above 10. After the addition 
of the benzoyl chloride the mixture was vigorously stirred for 1 
hr. The precipitate was collected and taken up in ether. The 
organic solution was washed with sodium bicarbonate solution

and brine and dried. The ether was removed under reduced 
pressure and the residue was recrystallized from benzene-hexane 
to give the benzamide 3 (143 g, 92% ): mp 84-85°; ir ¡w xcu 
3350 and 1650 cm -1; pmr (CDC1S) 6 0.80-2.91 (m, 9), 3.20- 
3.72 (m, 2), 5.66 (b s, 2), and 7.10-8.20 (m, 5).

Anal. Calcd for C i6Hi»NO: C, 78.56; H, 8.35; N, 6.11. 
Found: C, 78.44; H, 8.41; N, 5.94.

Ar-Benzoyl-3-(2-aminoethyl )-7-oxabicyclo [4.1.0] heptane (4).—  
To a solution of the cyclohexenylbenzamide 3 (95.5 g, 0.420 mol) 
in chloroform (11.) was added 80% m-chloroperbenzoic acid (100 
g, 0.46 equiv) in portions with cooling to maintain the tempera
ture below 30°. After the addition was complete the mixture was 
stirred at room temperature for 16 hr. Potassium carbonate 
(100 g) in water (600 ml) was added and the phases were sepa
rated. The aqueous phase was extracted with chloroform and the 
combined chloroform solutions were washed with bisulfite solu
tion and brine and dried. Removal of the chloroform under 
reduced pressure left the epoxide mixture 10 as an oil (104 g, 
98%) which solidified on standing. Repeated crystallization 
from ethyl acetate-hexanes provided the trans isomer 4: mp 
113-115°; ?™c" 3500, 1660, and 1215 cm -»; pmr (CDC1,) S 
0.65-2.25 (m, 9), 3.08 (b s, 2), 3.38 (q, 2), 7.02 (b s, 1), 7.30 
(u d, 3), and 7.72 (u d, 2).

Anal. Calcd for Ci5H19N 0 2: C, 73.44; H, 7.81; N , 5.71. 
Found: C, 73.11; H, 7.69; N, 5.67.

2-Aza-2-benzoylbicyclo[3.3.1]nonan-8-ol (5).— Asolution of the 
crude epoxide mixture 4 (25 g, 0.10 mol) in tetrahydrofuran (60 
ml) was added dropwise over 10 min to a solution of potassium 
(7 g, 0.2 mol) in iert-butyl alcohol (200 ml). The solution was 
refluxed for 12 hr and water (10 ml) was added. The mixture 
was concentrated under reduced pressure and the dark residue 
was triturated with methanol (20 ml) to separate the nonanol 5 
(10 g, 40%) as a colorless powder. When the pure trans isomer 
was treated in an identical fashion an 87% yield was realized. 
Crystallization from ethanol provided an analytical sample: mp 
197-198°; ir ¡v"°' 3365 and 1605 cm -1; pmr 6 1.50-3.20 (m, 9), 
3.60-5.05 (m, 5), and 7.25-8.20 (p, 5).

Anal. Calcd for C,5Hi„N02: C, 73.44; H, 7.81; N, 5.71. 
Found: C, 73.41; H, 7.88; N, 5.65.

2-Aza-2-benzoylbicyclo[3.3.1]nonan-8-one (1).— Asolution of 
potassium dichromate (720 mg, 2.94 mmol) in 9 N  sulfuric acid 
(5 ml) was added dropwise to a solution of the nonanol 5 (1.80 g, 
7.35 mmol) in acetic acid (10 ml) over 30 min. The mixture was 
then stirred for 30 min at room temperature and diluted with 
water (50 ml). The mixture was extracted with ethyl acetate 
and the extracts were washed with dilute sodium hydroxide, 
water, and brine and dried. Removal of the solvent left an oily 
mixture which was triturated with ether to separate starting 
material (525 mg, 29%). The ether solution was filtered through 
alumina (Woelm neutral, activity I, 5 g) eluting with additional 
ether. Removal of the solvent under reduced pressure gave the 
ketone 1 (520 mg, 29%) as an oil, homogeneous by tic: ir >wc" 
1730 and 1635 cm “ 1; pmr (CDC13) 5 1.10-2.80 (m, 9), 3.15-3.50 
(b m, 2), 4.45 (b s, 1), and 7.10-7.80 (m, 5). The semicarbazone 
crystallized from acetone to give an analytical sample, mp 196- 
198°.

Anal. Calcd for C.sHmN ^ :  C, 63.98; H, 6.71; N, 18.65. 
Found: C, 64.04; H, 6.81; N, 18.66.

2-Azaindolo[2,3-</]bicyclo[3.3.1]non-7-ene (2).— A mixture of 
the ketone 1 (4.5 g, 18.5 mmol) and phenylhydrazine (2.2 g, 20

(9) All melting points were determined in a Drechsel stirring oil melting
point apparatus and are uncorrected. All boiling points are also uncor
rected. All boiling points are also uncorrected. Infrared spectra were 
measured with either Beckman IR-5A or IR-7 infrared spectrophotometers. 
Proton magnetic resonance spectra were determined at either 60 or 100 
MHz with Varian Models A-60 and HA-100 pmr spectrometers. The 
chemical shift values are expressed in 5 values (parts per million) relative 
to tetramethylsilane internal standard. In the presentation of the pmr 
spectra the following notations are used: b, broad; u, unsymmetrical;
s, singlet; d, doublet; t, triplet; q, quartet; p, pentuplet; and m, multi- 
plet. Ultraviolet spectra were determined on a Cary Model 15 recording 
spectrophotometer. The mass spectra were obtained with a Consolidated 
Electrodynamics Corp. Model 21-110 double fccus mass spectrometer 
equipped with a direct inlet system. Thin layer chromatographic analyses 
were carried out on Baker-flex silica gel IB precoated plates obtained from 
J. T. Baker, Chemical Co., Phillipsburg, N. J. A 3% ceric sulfate-10% 
sulfuric acid solution or a 5% phosphomolybdic acid was used to visualize 
the spots.

(10) L. A. Spurlock and R. J. Schultz, J . A m e r .  C h em . S o c ., 92, 6302 
(1970).



E c h i t a m i n e  a n d  R e l a t e d  I n d o l e  A l k a l o i d s J. Org. Chem., Voi. 38, No. 16, 1973 2885

mmol) was refluxed in ethanol (30 ml) for 5 hr. The ethanol was 
removed under reduced pressure and the residue was dissolved in 
6 N  sulfuric acid (20 ml). The mixture was warmed on the steam 
bath for 10 min. The resultant precipitate was collected, washed 
with water, and dried. The dark powder was taken up in ethyl 
acetate and filtered through alumina (Woelm neutral, activity I, 
60 g) eluting with ethyl acetate. The eluents were concentrated 
under reduced pressure to leave a light brown powder (1.62 g). 
Tic indicated the presence of a minimum of six compounds. A 
portion of this crude material (0.49 g) was heated at 160° in 
ethylene glycol (7 ml) containing sodium hydroxide (850 mg) for 
2 hr. The dark mixture was diluted with water (20 ml) and ex
tracted with ethyl acetate. The extracts were washed with water 
and brine and dried. The solvent was removed under reduced 
pressure and the residue was sublimed (165°, 0.05 mm) to give 
crude tetracyclic amine 2 (26 mg, 2 .2%  based on starting ketone) 
as a yellow powder. Repeated crystallization from ethyl acetate 
gave an analytical sample: mp 223-225°; ir >wcl13470 and 1455 
cm "1; nmr (CDC1,) 4 1.50-3.45 (m, 10), 4.45 (b s, 1), and 7.30-
7.88 (m, 5); uv X " 0H 291 nm (e 6200), 283 (7200), 276 (6900), 
and 226 (33,000); m/e 212 (M+), 169 (100).

Anal. Calcd for ChHhJSU: C, 79.21; H, 7.60; N, 13.20. 
Found: C, 79.17; H, 7.67; N, 13.38.

3-Carbethoxy-l,2,3,4-tetrahydrocarbazole (8).— Freshly dis
tilled phenylhydrazine (43.0 g, 0.40 mol) was added dropwise to 
a refluxing solution of 4-carbethoxycyclohexanone11 (68.0 g, 0.40 
mol) in glacial acetic acid (600 ml) over 35 min. The mixture 
was refluxed for 1 hr and cooled in an ice bath with stirring. 
Water (300 ml) was added to complete precipitation and the 
product was collected and washed well with water. The product 
was dried in a vacuum oven overnight, giving 8 as a pale yellow 
powder (80.3 g, 80% ). Crystallization from methanol gave an 
analytical sample: mp 95-97°; ir ¡w,cl* 3510 and 1720 cm -1; 
pmr (CDCU) 4 1.25 (t, 3), 1.90-3.20 (m, 7), 4.18 (q, 2), and
6.9-7.8 (m, 5); uv x " 0H 289 nm (e 5940), 282 (7180), 274 (6720), 
and 226 (33,700).

Anal. Calcd for C15H 17NO2: C, 74.04; H, 7.04; N, 5.76. 
Found: C, 74.7; H, 6.97; N , 5.67.

3-Hydroxymethyl-l,2,3,4-tetrahydrocarbazole (9).— A solution 
of the ester 8 (80.0 g, 0.316 mol) in tetrahydrofuran (200 ml) was 
added to a slurry of lithium aluminum hydride (18.0 g, 0.475 
mol) in ether (600 ml) over 1 hr at room temperature. The mix
ture was stirred for 2 hr and excess 1 ithium aluminum hydride 
was decomposed with water (50 ml). Hydrochloric acid (400 ml, 
6 N ) was added and the phases were separated. The aqueous 
phase was extracted with ether and the combined organic solu
tions were washed with water and brine. Drying and removing 
the solvent under reduced pressure left the carbinol 9 as a yellow 
oil (64 g, 100%) which on standing set to a hard glass: ir pS” ci’ 
3450 and 1540 cm -1; nmr (CDCU) 4 1.20-3.00 (m, 7), 3.56 (d, 
2 ), and 6.90-7.80 (m, 5). The acetate crystallized from methanol 
as needles, mp 97-99°.

Anal. Calcd for C15H17NCU: C, 74.05; H, 7.04; N , 5.76. 
Found: C, 73.72; H, 6.96; N, 5.65.

3-Hydroxymethyl-l,2,3,4-tetrahydrocarbazole p-Toluenesul- 
fonate (14).— A cooled solution of p-toluenesulfonyl chloride 
(72.5 g, 0.38 mol) in pyridine (150 ml) was added to a cooled 
solution of the carbinol 9 (64 g, 0.32 mol) in pyridine (150 ml). 
The solution was allowed to stand in the cold for 16 hr. The mix
ture was poured into water (600 ml) and after 30 min the precipi
tate was collected and dissolved in ethyl acetate. The organic 
so'ution was washed with 3 N  sulfuric acid, water, and brine. 
Drying and removing the solvent under reduced pressure gave 
the crude tosylate 14 (86.5 g, 77% ) as a tan powder. The ana
lytical sample crystallized from acetone: mp 138-140° dec; ir 

4250, 1360, and 1175 cm -1; pmr (CDClj-DMSO-d6) 4 
1.52-2.81 (m, 7), 2.30 (s, 3), 3.92 (b d, 2 H), 6.71-7.80 (m, 9); 
uv X£’°H 290 nm (t 5100), 283 (6000), 283 (6000), and 226 (39,500)

Anal. Calcd for CjoHjiNOjS: C, 67.50; H, 5.96; N, 3.94. 
Found: C, 67.26; H, 5.91; N , 3.81.

3-Cyanomethyl-l,2,3,4-tetrahydrocarbazole (15).— A solution 
of the tosylate 14 (85.0 g, 0.240 mol) and sodium cyanide (20.0 
g, 0.408 mol) in ethanol (500 ml) was refluxed for 14 hr. The 
mixture was concentrated to 200 ml under reduced pressure and 
water (600 ml) was added. The dark mixture was extracted with 
ether and the extracts were washed with water and brine and 
dried. The solution was concentrated under reduced pressure

(11) R. A. Finnegan and P. L. Bachman, J . O rg. C h em ., SO, 4145 (1965).

to give a dark heavy oil which was filtered through alumina (100 
g, Alcoa F-20) eluting with benzene. Concentration of the eluent 
gave the nitrile 15 as a pale yellow oil (44 g, 88% ) which solidified 
on standing to a waxy solid. Crystallization from ether-hexane 
gave the analytical sample: mp 99-101°; 3425 and 2260
cm -1; pmr (CDCU) 4 1.25-3.10 (m, 9) and 6.80-7.62 (m, 5).

Anal. Calcd for CuH„N,: C, 79.97; H, 6.71; N, 13.32. 
Found: C, 80.29; H, 6.78; N, 13.55.

3-Hydroxymethyl-l-oxo-l,2,3,4-tetrahydrocarbazole ( 10).— To 
a cooled solution of the carbinol 9 (10 g, 50 mmol) in methanol 
(50 ml) was added a solution of periodic acid (22.6 g, 100 mmol) 
in water (50 ml) over 45 min while the temperature was main
tained below 5°. The mixture was stirred for 1 hr at 0° and the 
resultant precipitate was collected. The precipitate was taken 
up in ethyl acetate and the organic solution was washed with bi
sulfite solution and brine and dried. Evaporation of the solvent 
left a dark solid which was filtered through Florisil, eluting first 
with ether to remove a small amount of dark oil. Elution with 
ethyl acetate and evaporation of the eluent gave the keto alcohol 
10 as a yellow powder (6.6 g, 62% ). An analytical sample crystal
lized from ethyl acetate showed mp 173-175°; ir 3300 and 
1650 cm "1; pmr (CD3COOD) 4 2.40-2.90 (m, 4), 3.10 (b d, 1), 
3.72 (b s, 2), 6.80-7.62 (m, 5); uv X=*°H 304 nm (e 2200) and 237 
(1400).

Anal. Calcd for CiaHuNO,: C, 72.54; H, 6.09; N, 6.51. 
Found: C, 72.72; H, 6.05; N, 6.45.

3-Hydroxymethyl-l-oxo-l,2,3,4-tetrahydrocarbazole p-Toluene- 
sulfonate (11).— A cooled solution of p-toluenesulfonyl chloride 
(7.0 g, 36 mmol) in pyridine (15 ml) was added to a cooled solu
tion of the alcohol 10 (6.58 g, 30.6 mmol). The mixture was 
allowed to stand in the cold overnight and was then poured into 
water (300 ml). After 15 min the mixture was acidified with 
concentrated hydrochloric acid and the precipitate was filtered. 
The precipitate was washed with water and cold methanol and 
dried to give the tosylate 11 as a yellow powder (9.67 g, 90%). 
The analytical sample crystallized from butyl acetate as plates: 
mp 188-190° dec; ir 3290, 1645, 1350, and 1175 cm ” 1; 
pmr (CDCl,) 4 2.84 (s, 3) 2.90-3.70 (m, 5), 4.52 (d, 2 H), and 
7.40-8.27 (m, 9).

Anal. Calcd for CtoH uNCUS: C, 64.71; H, 5.24; N, 3.53. 
Found: C, 65.02; H, 5.18; N, 3.79.

3-Cyanomethyl-l-oxo-l,2,3,4-tetrahydrocarbazole (6).— A solu
tion of 3-cyanomethyl-l,2,3,4-tetrahydrocarbazole (15) (2.00 g, 
9.50 mmol) in methanol (30 ml) was added dropwise over 30 min 
to a solution of periodic acid (6.00 g, 26.6 mmol) in methanol 
(50 ml) at 10-20°. After the addition was complete the mixture 
was stirred at room temperature for 2 hr and then at 0° for 30 
min. The mixture was poured into water (100 ml) and after 
stirring to coagulate the precipitate the aqueous solution was 
decanted. The precipitate was taken up in ethyl acetate, washed 
with sodium thiosulfate solution and brine, and dried. Concen
tration of the solution under reduced pressure gave the nitrile 6 
as a tan powder (1.38 g, 65%). Crystallization from ethyl ace
tate gave an analytical sample: mp 218-219°; ir ¡w c" 3350, 
2250, and 1645 cm "1; pmr (CDCU-DMSO-cU) 4 2.44-2.90 (b d,
7), 6.98-7.83 (m, 5); uv X^“H 308 nm (e 2000) and 236 (1500).

A,ml. Calcd for C „H 12N 20 :  C, 74.98; H, 5.39; N, 12.49. 
Found: C, 74.70; H, 5.27; N, 12.65.

Indolo[2,3-c]-2-oxobicyclo[4.1.0]-3-heptene (12).—-A solution 
of the tosylate 11 (0191 g, 2.5 mmol) and sodium cyanide (1.0 g, 
20 mmol) in 90% ethanol (50 ml) was refluxed for 2.5 hr. Water 
(30 ml) was added and the mixture was concentrated under 
reduced pressure to remove the ethanol. The aqueous mixture 
was extracted with ethyl acetate and the extract was washed with 
water and brine and dried. Evaporation under reduced pressure 
left the norcaranone 12 as a yellow solid (0.45 g, 93% ). Crys
tallization from ethyl acetate gave an analytical sample: mp 
156-157°; ir 3460, 3300, and 1640 c m '1; pmr (CDCU)
4 0.81 (q, 1 H), 1.25-1.60 (m, 1), 2.10 (m, 2), 3.42 (m, 2), and
7.02-7.70 (m, 5); uv X*‘°H 307 nm (e 1900) and 235 (1500); m/e 
197 (M +), 168 (100).

Anal. Calcd for CISH,iNO: C, 79.17; H, 5.62; N, 7.10. 
Found: C, 78.65; H, 5.69; N, 7.16.

Indolo [2,3-6) cyclohepta-2,4-dienone (13).—-A solution of the 
tosylate 11 (1.0 g, 2.7 mmol) and sodium hydroxide (0.32 g, 8.0 
mmol) in ethanol (20 ml) was refluxed for 3.5 hr. After 1 hr tic 
indicated the presence of the norcaranone 24. The mixture was 
concentrated under reduced pressure and the residue was diluted 
with water and extracted with ethyl acetate. The extract was 
washed with water and brine and dried. Removal of the solvent
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under reduced pressure left the cyloheptadienone 13 (505 mg, 
95% ) as a yellow powder. Sublimation (130°, 0.05 mm) and 
crystallization from benzene-hexanes gave the analytical sample 
as long yellow needles: mp 145-146°; ir ¡w„cl* 3460, 1640, and 
1330 c m '1; pmr (CDCU) 8 2.40 (q, 2 ), 2.75 (m, 2), 6.20 (m, 2), 
and 6.80-7.75 (m, 5); uv X**°H 360 nm (e 6400), 322 (13,300), 
247 (25,300), and 232 (24,400).

Anal. Calcd for C13H „N O: C, 79.17; H, 5.62; N, 7.10. 
Found: C, 79.49; H, 5.68; N, 6.91.

Indoloazabicyclononene 2 from 6.— A warm solution of the 
nitrile 6 (6.1 g, 27 mmol) in dry tetrahydrofuran (200 ml) was 
added rapidly to a refluxing slurry of lithium aluminum hydride 
(5.0 g, 0.13 mol) in glyme (200 ml). After the addition was 
complete the mixture was refluxed for 20 min and cooled. Excess 
hydride was decomposed with water (5 ml); 4 N  sodium hydrox
ide (5 ml) was added followed by additional water (15 ml). The 
salts were filtered and washed with tetrahydrofuran. Evapora
tion of the filtrate under reduced pressure left a colorless foam 
(5.8 g, 95% weight recovery). The foam was refluxed in o- 
dichlorobenzene (450 ml) for 1.5 hr. The solvent was evaporated 
under reduced pressure and the residue was taken up in 15% 
acetic acid and extracted with ether. The acidic solution was 
made alkaline with 50% sodium hydroxide and extracted with 
ethyl acetate. The extract was washed with water and brine and 
dried. Evaporation of the solvent under reduced pressure 
followed by sublimation of the residue (165°, 0.05 mm) gave 2 
(2.5 g, 44% ) as a pale yellow powder. Crystallization from ethyl 
acetate gave small, colorless blocks, mp 220-222° dec. Admix
ture with material obtained from the Fischer indole synthesis 
gave mp 220-222° dec. The infrared spectrum of material ob
tained from this synthesis was identical with the infrared spec
trum of material obtained previously.

2-Aza-2-(2-hydroxyethyl)indolo [2,3-g>] bicyclo [3.3.1] non-7-ene
(16).— A solution of the tetracyclic amine 2 (2.53 g, 12 mmol) and 
ethylene oxide (2.5 g, 56 mmol) in 10% methanolic tetrahydro
furan (50 ml) was heated in a stainless steel bomb on the steam 
bath for 5 hr. The solvent was removed under reduced pressure 
and the residue was triturated with a small amount of ethyl ace
tate to give the ethanolamine 16 (2.47 g, 81% ). Crystallization 
from ethyl acetate gave an analytical sample: mp 194-196°; 
ir ¡ w l! 3390 and 1450 cm "1; pmr (CDC1,) 8 1.80-4.00 (m, 10),
4.05-4.40 (m, 4), 4.55 (b, s, 1), 7.25-7.98 (m, 4), and 8.50 (b s, 
1); m/e 256 (M+), 225, 194, and 169 (100).

Anal. Calcd for CieEMNW: C, 74.97; H, 7.86; N, 10.93. 
Found: C, 75.26; H, 7.66; N, 10.76.

Reaction of Ethanolamine 16 with Methanesulfonyl Chloride. 
— A solution of the ethanolamine 16 (258 mg, 1.01 mmol) in dry 
dimethylformamide (5 ml) was cooled to —20°. Triethylamine 
(152 mg, 1.51 mmol) was added followed by dropwise addition 
of methanesulfonyl chloride (127 mg, 1.11 mmol) over 3 min. 
The mixture was stirred at —20° for 2 hr and allowed to stand 
at room temperature for 44 hr. Water (30 ml) was added and 
the mixture was extracted with chloroform. The organic solution 
was washed with water and brine and dried. Concentration 
under reduced pressure gave a brown gum (153 mg). The gum 
was taken up in methylene chloride (3 ml). Addition of a small 
amount of ether precipitated an amorphous white powder (148 
mg, 58% weight recovery). The material was insoluble in hot 
3 N  hydrochloric acid. The uv spectrum showed absorption at 

291, 283, 276, and 227 nm. Tic indicated that there was 
no starting material and showed a single spot at the origin with 
6 :3 :1  ethyl acetate-methanol-triethylamine as eluent.

2-Aza-2-chloroacetylindolo [2,3-g] bicyclo [3.3.1]non-7-ene (17). 
— A solution of chloroacetyl chloride (520 mg, 4.65 mmol) in 
dry methylene chloride (10 ml) was added to a cold mixture of 
the tetracyclic amine 2 (677 mg, 3.19 mmol), potassium carbonate 
(880 mg, 6.31 mmol), methylene chloride (30 ml), and water (15 
ml) over 15 min. The mixture was allowed to warm to room 
temperature and stirred for 3 hr. The phases were separated and 
the aqueous phase was extracted with methylene chloride. The 
combined organic phases were washed with bicarbonate solution, 
water, and brine. Drying and removal of the solvent left the 
crude chloroacetamide (923 mg, 97%) as a yellow oil. Crystal
lization from ethanol gave an analytical sample: mp 170-171°; 
ir r™ci1 3500, 1640, and 1455 cm “ 1; pmr (CDC1,,) 8 1.15-3.45 
(m, 9), 3.92 (s, 2), 5.75 (b s, 1), 6.90-7.52 (m, 4), and 8.92 (b s, 1).

Anal. Calcd for C16Hi7N 2OC1: C, 66.55; H, 5.93; N, 9.70. 
Found: C, 66.38; H, 6.00; N, 9.59.

Reaction of the Chloroacetamide 17 with Sodium Hydride.—  
The mineral oil of a 57% dispersion of sodium hydride (24.2 mg,

0.578 mmol) was removed by washing with dry 1,2-dimethoxy- 
ethane. A solution of the chloroacetamide 17 (111 mg, 0.385 
mmol) in dry 1,2-dimethoxyethane (5 ml) was added to a slurry 
of the washed sodium hydride in dry 1,2-dimethoxyethane (8 ml) 
over 10 min. The mixture was stirred at room temperature for
2.5 hr. Water (1 ml) was added and the mixture was concen
trated under reduced pressure. The aqueous residue was ex
tracted with chloroform and the extracts were washed with water 
and brine and dried. Removal of the solvent under reduced 
pressure left a brown, amorphous powder (76.5 mg). The ma
terial was taken up in boiling chloroform and cooled to give a 
white, amorphous powder (25 mg). The material was insoluble 
in hot acetic acid or 2 AT hydrochloric acid. The ultraviolet 
spectrum showed typical indole absorption (x“ °H 291, 285, 272, 
and 225 nm). The infrared spectrum showed amide carbonyl at 
1645 cm -1. The compound slowly charred at 315-330°. Con
centration of the mother liquors under reduced pressure left a 
brown residue which had similar solubility and spectral properties.

2-Acetyl- 1-azaindolo[2,3-g]bicyclo[3.3.1]non-7-ene (18).— T o a 
cooled solution of the tetracyclic amine 2 (2.5 g, 12 mmol) in 
pyridine (20 ml) was added acetic anhydride (5.4 g, 53 mmol) 
over 2 min. The mixture was allowed to warm to room tempera
ture and stirred for 4 hr. The mixture was poured into water 
(100 ml) and after 15 min was extracted with ethyl acetate. The 
extracts were washed with bicarbonate solution, water, and brine. 
Drying and removal of the solvent under reduced pressure left a 
brown solid which was filtered through alumina (Woelm neutral, 
activity I, 10 g) eluting with chloroform. Concentration of the 
eluent left the amide 18 (2.6 g, 87%) as a colorless solid. An 
analytical sample crystallized from ethyl acetate: mp 208-209°; 
ir ¡w C” 3500 and 1625 cm “ 1; pmr (CDC13) 8 1.50-3.78 (m, 9),
2.01 (s, 3), 5.70 (b s, 1), and 6.90-7.60 (m, 5).

Anal. Calcd for CleH18N20 :  C, 75.56; H, 7.13; N , 11.01. 
Found: C, 75.05; H, 7.06; N, 10.76.

2-Azaindolo[2,3-g] -1 '-methylbicyclo[3.3.1]non-7-ene (20).—  
The mineral oil of a 57% sodium hydride dispersion (0.80 g, 20 
mmol) was removed by washing with dry tetrahydrofuran. The 
sodium hydride was slurried in tetrahydrofuran (20 ml) and a 
solution of the acetamide 18 (2.04 g, 8.05 mmol) in tetrahydro
furan (10 ml) was added. The mixture was brought to reflux for 
15 min and then cooled in an ice bath. Methyl iodide (1.3 g, 9.2 
mmol) was added and the mixture was stirred at room tempera
ture for 5 hr. Water (20 ml) was added and the mixture was 
concentrated under reduced pressure to remove the tetrahydro
furan. The aqueous concentrate was extracted with chloroform 
and the organic phase was washed with water and brine and dried. 
Removal of the solvent under reduced pressure left a yellow oil 
(2.05 g) which was refluxed in hydrazine (50 ml) for 28 hr. 
Removal of the hydrazine under reduced pressure left a dark oil 
which was filtered through Florisil. Benzene eluted a dark oil 
(330 mg) which was discarded. Ethyl acetate eluted the methy
lated tetracyclic amine 20 (955 mg, 53% ) obtained as a colorless 
solid. Sublimation (95°, 0.05 mm) and crystallization from ben
zene-hexanes gave an analytical sample: mp 105-107°; ir
s S f -  3300 and 1400 cm “ 1; pmr (CDCU) 8 1.05-3.02 (m, 9), 
3.55 (s, 3), 4.18 (b s, 1), and 6.92-7.65 (m, 4).

Anal. Calcd for CioHisN2: C, 79.61; H, 8.02; N , 12.38. 
Found: C, 79.50; H, 8.11; N, 12.09.

2-Aza-2-(2-hydroxyethyl )indolo [2,3-g] -l'-methylbicyclo [3.3.1] - 
non-7-ene (21).— A solution of the methylated tetracyclic amine
20 (430 mg, 1.59 mmol) and ethylene oxide (500 mg, 11.4 mmol) 
in 5%  methanolic tetrahydrofuran was heated in a sealed tube 
for 8 hr on the steam bath. The solvent was removed under 
reduced pressure and the residue was filtered through alumina 
(Woelm neutral, activity I, 5 g) eluting with chloroform. Con
centration of the eluents under reduced pressure gave the ethanol
amine 21 (474 mg, 92%) as a yellow oil: ir 3440 (b) and 
1480 cm “ 1; pmr (CDCU) 8 1.02-3.25 (m, 9), 3.51 (s, 3), 3.52- 
3.80 (m, 4), 3.90 (b s, 1), and 6.90-7.65 (m, 4). A picrate salt 
was prepared by the addition of a saturated solution of picric 
acid in ethanol to an ethanolic solution of the amine. Recrystal
lization from acetonitrile gave an analytical sample, mp 200-201 ° .

Anal. Calcd for C^HkNUCU: C, 55.31; H, 5.05; N , 14.02. 
Found: C, 55.18; H, 4.96; N, 13.65.

Reaction of the Methylated Ethanolamine 21 with p-Toluene- 
sulfonyl Chloride.— To an ice-cold solution of the ethanolamine
21 (174 mg, 0.654 mmol) in dry pyridine (4 ml) was added freshly 
sublimed p-toluenesulfonyl chloride (150 mg, 0.785 mmol) in 
dry pyridine (1 ml). The mixture was allowed to warm to room 
temperature and was stirred under nitrogen for 49 hr. Water



(1 ml) was added and after 15 min sodium borohydride (100 mg) 
was added. The mixture was stirred for 30 min and then diluted 
with water (20 ml). The mixture was extracted with ethyl 
acetate and the extracts were washed with water and brine and 
dried. Removal of the solvent under reduced pressure left a 
brown oil (160 mg, 92% ) which was identical with the starting 
material by tic and pmr spectroscopy.

Reaction of the Methylated Ethanolamine 21 with Methane- 
sulfonyl Chloride.— A solution of the ethanolamine 21 (300 mg,
1.07 mmol) in dry 1,2-dimethoxyethane (5 ml) was cooled to 
— 10° in an ice-salt bath. Freshly distilled triethylamine (360 
mg, 3.60 mmol) was added followed by methanesulfonyl chloride 
(160 mg, 1.40 mmol) over 5 min. The mixture was allowed to 
warm to room temperature and was stirred for 3.5 hr under 
nitrogen. Excess sodium borohydride was added and the mix
ture was stirred at room temperature for 3 hr. Water (30 ml) 
was added and the mixture was extracted with chloroform. The 
extracts were washed with water and brine and dried. Removal 
of the solvent under reduced pressure left a brown gum (330 mg). 
Tic indicated the material to be a mixture of at least three compo
nents. The mixture was separated by preparative tic (Merck 
silica gel PF-254, ethyl acetate as eluent) to give three compounds 
of Rf 0.05, 0.5, and 0.8. The ultraviolet spectrum of all the

S y n t h e s i s  o f  E r i t a d e n i n e  a n d  I t s  D e r i v a t i v e s

components showed typical indole absorption (x“ a™ 290, 283, 
273, and 226 nm).

Registry No.—1, 40525-24-4; 1 semicarbazone,
40496-45-5 ; 2, 40496-46-6; 3, 40496-47-7 ; 4, 40488-
34-4; 5, 40496-48-8; 6, 40496-49-9; 8, 26088-68-6; 
9, 26072-19-5; 9 acetate, 40496-52-4; 10, 40496-53-5; 
11, 40496-54-6; 12, 40496-55-7; 13, 40496-56-8; 14, 
40496-57-9; 15, 40496-58-0; 16, 40496-59-1; 17,
40496-60-4; 18, 40496-61-5 ; 20, 40496-62-6 ; 21,
40496-63-7; 21 picrate, 40496-64-8 ; 2-(A3-cyclohex- 
enyl)ethylamine, 40496-65-9; benzoyl chloride, 98-
88-4; m-chloroperbenzoic acid, 937-14-4 ; phenyl- 
hydrazine, 100-63-0; 4-carbethoxy cyclohexanone, 
17159-79-4; p-toluenesulfonyl chloride, 98-59-9; 
sodium cyanide, 917-61-3; sodium hydroxide, 1310-
73-2; methanesulfonyl chloride, 124-63-0; chloro- 
acetyl chloride, 79-04-9; sodium hydride, 7646-69-7; 
ethylene oxide, 75-21-8.
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Studies on the Oxidation of “ Reversed Nucleosides”  in Oxygen.
I. Synthesis of Eritadenine and Its Derivatives1

M itsu tak a  K aw azu ,* T ak esh i K an n o , Shiro Y am am ura ,
T omishige M izoguchi, and  Seiich i Saito

Organic Chemistry Research Laboratory, Tanabe Seiyaku Co., Ltd., Toda Shi, Saitama, Japan
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Reaction of methyl-5-0-tosyl-2,3-0-isopropylidene-/3-D-ribofuranoside (I) or 5-0-tosyl-l,2-0-isopropylidene-
3-0-alkyl-/3-Drarabofuranoses (IV) with the sodium salt of adenine in DM F afforded the corresponding “ reversed 
nucleosides” in good yields. After removal of the protective groups of the sugar moiety by treatment with 
hydrochloric acid, the demasked reversed nucleosides were oxidized by air or oxygen in a dilute alkali solution 
at room temperature to give eritadenine and its a-O-alkyl derivatives. The yields of the acids were generally 
good. To confirm the structures and evaluate the biological activities, syntheses of their esters were also per
formed.

Several synthetic routes to eritadenine, one of the 
significant hypocholestcrolemic components of Lent- 
inus edodes Sing, have been reported employing d- 
erythrono lactone as the starting material.2

Although various synthetic pathways might be con- 
cievable, a large-scale synthesis of eritadenine using 
this lactone appears to be somewhat uneconomical3 
because of the rather poor yield of the lactone in the 
preparations described in the literature.4 The neces
sity for a large amount of eritadenine and its deriva
tives for biological studies required development of a 
more simplified method of preparation.

Since the low yield of the lactone by the literature 
method appears to be due to the complicated purifi
cation process during which a part of the lactone might 
have decomposed, it was conceivable that the derived 
product might be more easily separated from the oxida
tion mixture after prior condensation of the sugar 
moiety with a fairly insoluble material such as a purine,

(1) Preliminary communication: M. Kawazu, T. Kanno, N. Takamura,
T. Mizoguchi, S. Saito, and K. Okumura, C h em . C o m m u n ., 1045 (1970).

(2) (a) I. Chibata, K. Okumura, S. Takeyama, and K. Kotera, E x -  
p er ien tia , 25, 1237 (1969); (b) T. Kamiya, Y. Saito, M. Hashimoto, and 
H. Seki, T etra h ed ron  L e tt ., 4729 (1969); (c) T. Kamiya, Y. Saito, M. Hashi
moto, and H. Seki, Chem . I n d . {L o n d o n ), 652 (1970).

(3) The situation has changed to some degree now, since a simple method 
for the preparation of the D-erythronolactone from D-glucose was explored 
in our laboratory and the method described in J . O rg . C h em ., 36, 1573 
(1971), was also useful for a large-scale synthesis of eritadenine.

(4) E. Hardegger, K. Kreis, and H. El. Khadem, HeLv. C h im . A c ta , 34, 
2343 (1951).

thus preventing decomposition. From this point 
of view, adoption of the procedure for the synthesis 
of a reversed nucleoside by Leonard5 proved to be 
extremely useful.

Reaction of methyl-5-0-tosyl-2,3,-0-isopropylidene- 
iS-D-ribofuranoside (I)6 with the sodium salt of adenine 
in DMF gave the corresponding 9-substituted reversed 
nucleoside II in excellent yield. The attachment of 
the substituent was based on the characteristic uv ab
sorption band at Xmax (H20 ) 258 nm at pH 2, 260 nm 
at pH 7, and 262 nm at pH 11. None of the other 
position isomers could be detected in the reaction mix
ture. Hydrolysis of II with dilute hydrochloric acid 
to remove the protective groups at 60-80° afforded 
the pure demasked reversed nucleoside III in 86.5% 
yield.

In a test reaction the air oxidation of III in dilute 
sodium hydroxide solution at room temperature pro
ceeded as expected. Tic of the reaction mixture showed 
a spot the Rt value of which was identical with that 
of an authentic sample of eritadenine. Hence III 
in 0.5% NaOH solution was stirred in an atmosphere 
of oxygen at room temperature. After 17 hr, the 
spot of III had completely disappeared and a single 
spot was observed at Ri 0.35 on tic (silica gel GF 254;

(5) N. J. Leonard, F. C. Sciavolino, and V. Nair, J . O rg. C h em ., 33, 3169 
(1968).

(6) N. J. Leonard and K. L. Carraway, J . H ete r o c y d . C h em ., 3, 485 
(1966).
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n-butyl alcohol-acetic acid-water 4 :1 :5 ). The piud- 
uct was easily isolated as colorless plates by evaporat
ing the water in vacuo and adding a volume of ethanol, 
and was identified as sodium eritadeninate by com
parison of its spectral data with those of an authentic 
sample.

Although tic showed a single spot, further treatment 
of the mother liquid gave no additionally pure erita- 
denine; hence the reaction had resulted in formation 
of a mixture. In order to separate the products, 
the evaporation residue was desalted by treatment 
with an ion exchange resin, and subsequently esterified 
with ethanol and HCI. Three esters could be sepa
rated chromatographically and were identified as 
ethyl 6-aminopurin-9//-9-yl acetate (IX), ethyl /S- 
(6-aminopurin-9fi-9-yl)-a-hydroxypropionate (V III), 
and ethyl eritadeninate (VII), on the basis of analytical 
and spectral data. The total yield of eritadenine was 
thus over 80%.

In order to investigate the scope and limitations 
of this reaction, further work on the synthesis of some 
adenine reversed nucleosides and the oxidation by 
oxygen was carried out using D-arabinose.

Reaction of l,2-0-isopropylidene-5-0-tosyl-/S-D-ara- 
bofuranose (IVa), l,2-0-isopropylidene-3-0-methyl-5- 
0-tosyl-/3-D-arabofuranose (IVb),7 and 1,2-O-isopropyl- 
idene-3-0-benzyl-5- 0  - tosyl-0- d  - arabofuranose (IVc)8 
with the sodium salt of adenine in DM F led to the 
formation of the corresponding reversed nucleosides 
Va, Vb, and Vc, respectively. The yields were gen
erally good except for the unprotected compound Va. 
A fairly large amount of adenine was recovered in 
this case. Dealkylation of the protected reversed 
nucleosides to give Via, VIb, and V ic was carried out 
satisfactorily by treatment with dilute hydrochloric 
acid.

Oxygen oxidation of Via under conditions similar 
to those for III afforded eritadenine in a 78% yield. 
Oxidation of VIb gave an acid Xb, in whose nmr spec
trum the methyl protons of the methoxy group ap
peared as a singlet at S 3.43 in D20 . Esterification 
of X b with isobutyl alcohol and hydrogen chloride 
yielded ester X lb , whose structure was confirmed 
analytically and spectrophotometrically. On the other 
hand, oxidation of V ic gave a mixture of eritadenine 
and Xc. Thus the yield of X c was under 50%. This 
result indicated that the benzyl group had been par
tially removed, presumably by oxidation. The ester
ification of X c with ethanol and hydrogen chloride 
gave X Ic  in 89% yield. Reduction of X Ic in 5%  
hydrochloric acid in the presence of Pd on charcoal 
at room temperature afforded ethyl eritadeninate in 
good yield. Hence the method described here, which 
involves the synthesis of reversed nucleosides and 
their oxidation by oxygen, provides a simple synthesis 
of eritadenine and its derivatives.

Experimental Section
Melting points were taken on a Yamato capillary melting 

point apparatus Model Mp-1 and are uncorrected. Ir spectra 
were recorded using a Hitachi IR-E spectrophotometer as Nujol

(7) E. L. Hirst, T. K. N. Jones, and E. Williams, J .  C h em . S o c ., 1062 
(1947).

(8) Synthesized by the procedure similar to that of the O-methyl deriva
tive.
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suspension unless otherwise indicated. Nmr spectra were deter
mined on a Model JEOL ME-60 spectrometer with tetramethyl- 
silane as an internal standard.

General Procedure for the Reaction of the Sodium Salt of 
Adenine with 5-0-p-Toluenesulfonyl Sugar Derivatives.— The
sodium salt of adenine was prepared by stirring a suspension of 
an equimolar amount of the adenine and sodium hydride (in oil 
suspension) in DM F (3-4 ml/mmol of the adenine) at room tem
perature for 1 hr and warming at 50-60° for 1 hr. After the 
mixture had been cooled, a solution of the 5-O-p-toluenesulfonyl 
sugar derivatives (0.9-1.0 molar equiv) in DM F (4-10 ml/mmol 
of the sugar derivatives) was added dropwise to this suspension. 
The suspension was stirred and warmed at 100° for 10 hr. The 
resulting clear solution was evaporated under vacuum at 50-90°. 
The residue was treated in an appropriate manner for the re
spective reaction.

Methyl 5-(6-Aminopurin-9//-9-yl)-2,3-0-isopropylidene-5-de- 
oxy-d-D-ribofuranoside (II).— A solution of the sodium salt of 
adenine (2.48 g, 18.4 mmol) and I (5.5 g, 15.3 mmol) in DM F 
(100 ml) was treated in the manner described in the general pro
cedure. The residual solid was extracted with hot chloroform 
and the chloroform extracts filtered were combined, washed with 
H2O, and dried (NaiSOr). Evaporation of the chloroform 
afforded 4.7 g (95% ) of crude I, mp 239-243°. Recrystalliza
tion from MeOH gave an analytical sample of II as colorless 
prisms: mp 248-249°; [<*]25d  —8.4° (c 0.5, MeOH); ir 3220, 
3090 cm “ 1 (NHj); nmr (DMSO-d,) 8 8.15 (s, 2 H, C2H, C8H 
of purine), 7.20 (broad s, 2 H, -N H 2), 4.92 (s, 1 II, Ci H), 4 .8-
4.0 (m, 5 H), 3.20 (s ,3 H ,-O M e ), 1.26, 1.12 (s, 3 H ,3 H ,C M e 2).

Anal. Calcd for CmH „N sO(: C, 52.33; H, 5.96; N, 21.80.
Found: C, 52.34; H, 5.97; N, 21.50.

5-(6-Aminopurin-9//-9-yl)-l,2-0-isopropylidene-5-deoxy-/3-D- 
arabofuranose (Va).— A solution of the sodium salt of adenine 
(2.16 g, 16 mmol) and IVa (5 g, 14.5 mmol) in D M F (200 ml) was 
treated in the same manner as described in the general procedure. 
The residual solid was washed with benzene (10 ml) and then cold 
water (20 ml). The insoluble solid (mp 232-237°) was recrys
tallized from H20  to give an analytical sample of Va, 2.35 g 
(53%), as colorless needles: mp 240-241°; [a]I8d 135° (c 0.5, 
H ,0 ); ir 3400 (OH), 3240, 3090 cm “ 1 (NH2); nmr (DMSO-d6) 
8 8.10 (s, 2 H), 7.16 (broad s, 2 H, -N H 2), 5.83 (d, 1 H, /  =
4.0 Hz, Ci II), 5.60 (broad, 1 H, -O H ), 4.45-4.0 (m, 5 H), 1.45 
(s, 3H ), 1.20 (s, 3H ).

Anal. Calcd for CuHnNsO,: C, 50.81; H, 5.58; N, 22.79. 
Found: C, 50.61; H, 5.60; N, 22.50.

5-(6-Aminopurin-9//-9-yl)-l,2-0-isopropylidene-3-0-methyl-5- 
deoxy-/3-D-arabofuranose (Vb).— A solution of the sodium salt of 
adenine (4.1 g, 29 mmol) and IVb in DM F (300 ml) was treated 
in the manner described in the general procedure. The residual 
solid was triturated in cold water (50 ml), and insoluble crystals 
were filtered to give 6.0 g (64%) of crude solid of Vb. Recrys
tallization from MeOH afforded an analytical sample of Vb, 5.5 
g, as colorless prisms: mp 205-206°; [ a ] 26D 92.5° (c 1.0,
MeOH); nmr (DMSO-<4) 8 8.15, 8.04, (s, 1 II, 1 H, C2 H, 
Cg H of purine), 7.22 (broad s, 2 H, -N H 2), 5.83 (d, 1 H, J  =
4.5 Hz, Ci H), 4.65 (d, 1 H, J  = 4.5 Hz, C2 H), 4.35 (broad s, 
3 H), 3.81 (s, 1 H, C3 II), 3.02 (s, 3 H, -OM e), 1.43, 1.23 (s, 3
H, 3 H, >C M e2).

Anal. Calcd for CmH19N50 ,: C, 52.33; H, 5.96; N, 21.80. 
Found: C, 52.41; H, 6.04; N, 21.93.

5-(6-Aminopurin-9//-9-yl)-l,2-0-isopropylidene-3-0-benzyl-5- 
deoxy-(j-D-arabofuranose (Vc).— A solution of the sodium salt of 
adenine (2.85 g, 2.11 mmol) and IVc (9.76 g, 19.2 mmol) in DMF 
(300 ml) was treated in the manner described in the general pro
cedure. Water (20 ml) was added to the resulting residue and 
the insoluble crystals were collected by filtration to give 6.0 g of 
crude Vc. Recrystallization from MeOH afforded an analytical 
sample of Vc, 5.5 g (73% ), as colorless prisms: mp 198-199°; 
[a] 23d  66.7° (c 0.3, MeOH); nmr (DMSO-d6) « 7.22 (s, 7 H, 
C6H5CH2- ,  -N H 2), 5.90 (d, 1 H, /  =  4 Hz, C, H), 4.72 (d, 1 H, 
J =  4 Hz, C2 H), 4 .6 ^ .2  (m, 5 H), 4.02 (s, 1 H, C3 H), 1.47,
I. 28 (s, 3 H, 3 H, >C M e2).

Anal. Calcd for CmHjJSRO,: C, 60.44; H, 5.83; N, 17.62. 
Found: C, 60.64; II, 5.77; N, 17.50.

General Procedure for the Hydrolysis of II, Va, Vb, and Vc.—  
A solution of the 5-(6-aminopurin-9-yl)-5-deoxy sugar derivative 
in water (20 ml/1 g of sugar derivative) and 6 N  hydrochloric 
acid (0.55 ml/1 g of sugar derivative) was stirred and warmed at 
70-80° for 3 hr. After the reaction mixture had been cooled, the 
solution was passed through a column of Amberlite IR-45 (OH

form, 3 g/1 ml of 6 N hydrochloric acid). The eluate and wash
ings were evaporated to dryness in vacuo. The resulting solid 
was treated in an appropriate manner for the respective reaction.

5-(6-Aminopurin-9if-9-yl)-5-deoxy-D-ribofuranose (IH).—A 
solution of II (21 g, 65.4 mmol) and 6 N hydrochloric acid (12 
ml) in H20  (400 ml) was treated in the manner described in the 
general procedure. The resulting solid was recrystallized from 
water to afford an analytical sample of III as colorless prisms: 
yield 15.12 g (86.5% ); mp 168-169° dec; [ « P d 32.3° (c 1.0, 
H20 ) ;  ir 3300 (OH), 3220, 3110 cm “ 1 (NH ); uv max (H20 )
261.5 nm (pH 7 and 12), 260.5 (pH 2); nmr (DMSO-d6) 5 8.20,
8.12 (s, 1 H, 1 H, C2 H, Cs H of purine), 7.25 (broads, 2 H, NH2), 
6.51 (d, 1 H, /  = 5 Hz, -O H ), 5.05 (m, 3 H), 4.5-3.5 (m, 5 H).

Anal. Calcd for C ioH u N sO p /^ O : 44.20; H, 5.00; N,
25.77. Found: C, 44.42; H, 4.87; N, 25.60.

5 (6-Aminopurin-9if-9-yl)-5-deoxy-D-arabofuranose (Via).— A 
solution of Va (1.7 g, 5.53 mmol) and 6 N hydrochloric acid (1 
ml) in H20  (30 ml) was treated in the manner described in the 
general procedure. The resulting solid was recrystallized from 
H20  to give an analytical sample of Via as colorless leaflets: 
yield 1.347 g (91.5%); mp 159-160° dec; [ « ] 18d  36° (c 0.5, 
H20 ) ; ir 3380 (OH), 3220, 3100 cm " 1 (NH); nmr (DMSO-d6) 
8 7.15 (broad s, 2 H, NH2), 6.23 (d, 1 H, /  =  6 Hz, -O H ), 5.35 
(m, 2 H), 5.05 (m, 1 H), 5.75 (m, 3 H), 6.30 (m, 3 H).

Anal. Calcd for Ci0H13N6O4 • V 2H20 : C, 43.48; H, 5.11; 
N, 25.45. Found: C, 43.68; H, 5.32; N, 25.87.

5-(6-Aminopurin-9H-9-yl)-3-0-methyl-5-deoxy-D-arabofuranose 
(VIb).— A solution of Vb (5.3 g, 16.5 mmol) and 6 N hydro
chloric acid (2.7 ml) in H20  (110 ml) was treated in the manner 
described in the general procedure. The resulting solid was re
crystallized from H20  to give an analytical sample of VIb as 
colorless prisms: yield 4.25 g (92% ); mp 196-197° dec; [a]20n 
24.8° (c 1.0, H20 ) ; ir 3425 (OH), 3220, 3100 cm ' 1 (NH); uv 
max (H20 )  261 nm (pH 7 and 12), 260 (pH 2); nmr (DMSO-de) 
8 7.30 (broad s, 2 H, -N H 2), 6.25 (d, 1 H, J  =  5 Hz, -O H ), 5.38 
(d, 1 H, /  =  4.5 Hz, -O H ), 5.00 (s, 1 H), 4.5-3.5 (m, 6 H),
3.20 (s, 3H ,-O M e).

Anal. Calcd for C „H 15N50 4: C, 46.97; H, 5.38; N, 24.90. 
Found: C, 46.89; H, 5.42; N, 24.65.

5-(6-Aminopurin-9//-9-yl)-3 O-benzyl-5-deoxy-o-arabofuranose 
(V ic).— A solution of Vc (5 g, 12.6 mmol) and 6 N hydrochloric 
acid (2.5 ml) in H20  (100 ml) was treated in the manner described 
in the general procedure. The resulting solid was recrystallized 
from H20  to give an analytical sample of VIc as colorless prisms: 
yield 4.2 g (93%); mp 177-179° dec; [a] “ d 46.7° (c 0.3, MeOH); 
ir 3100 cm " 1 (NH ); nmr (DMSO-d6) 8 7.25 (s, 5 H, C6H5CH2-) ,
7.12 (broad s, 2 H, -N H 2), 6.30 (broad, 1 H, D20-exchangeable 
-O H ), 5.40 (broad, 1 H, D 20-exchangeable -O H ), 5.40 (broad 1 
H, DiO-exchangeable -O H ), 5.05 (broad s , 'l  H), 4.8-3.85 (m, 
6 H), 3.76 (broad, 1 H).

Anal. Calcd for CnH^NsOP/HRO: C, 56.56; H, 5.42; 
N, 19.40. Found: C, 56.75; H, 5.30; N, 19.40.

Air Oxidation of 5-(6-Aminopurin-9H-9-yl)-5-deoxy-D-ribo- 
furanonse (III).— 5-(6-Aminopurin-9 H-9-yl)-5-deoxy-D-ribofura- 
nose (III) (15 g, 56.2 mmol) was dissolved in H20  (3 1.) and 
NaOH (7.95 g, 169 mmol). This solution was stirred at room 
temperature in an oxygen atmosphere for 17 hr, and evaporated 
to 200 ml in vacuo at 50-60°. To the solution was added 400 
ml of EtOH. The mixture was kept refrigerated overnight and 
the colorless leaflets which separated were collected by filtration. 
An additional crop of crystals was further obtained by adding 
EtOH to the mother liquid. This procedure was repeated three 
times to give 11.85 g (77% ) of the sodium salt of eritadenine of 
which the physical data were completely identical with those of 
an authentic sample. The mother liquid was evaporated in 
vacuo; to remove EtOH the residual liquid was passed through 
a column of Amberlite IR-120 (H form, 250 ml) and the column 
was washed with II>0, then eluted with 2.8%  NIROH, and the 
eluate (2 1.) was evaporated to dryness completely in vacuo. 
The resulting solid was esterified with saturated EtOH and 
HC1. After the evaporation of EtOH, further EtOH was added 
and evaporated. This treatment was repeated more than twice. 
The residue was dissolved in EtOH (100 ml) and treated with 
dry Amberlite IR-45 (OH foim, 10 g) to neutralize the solution. 
The mixture was stirred at room temperature overnight. After 
removal of Amberlite IR-45 by filtration, the filtrate was chro
matographed with 80 g of silica gel. Elution with 5%  EtOH- 
CHC13 gave 399 mg (3.2%  from III) of ethyl 2-(6-aminopurin- 
9//-9-yl)acetate (IX ) as a white, crystalline solid. Two recrys
tallizations from EtOH afforded an analytical sample of IX as



colorless prisms: mp 225-227°; ir 3200, 3060 (-NH), 1725 
cm- 1  (-CO); uv max (EtOH) 261 nm (pH 7 and 12), 259.5 (pH 
2 ); nmr (DMSO-de) 8 7.35 (broad s, 2  H, -N H 2), 5.12 (s, 2  H, 
-CH 2CO), 4.20 (q, 2  H, J  = 7.5 Hz, -CH 2CH3), 1.22 (t, 3 H, 
J  =  7.5 Hz, -CH 2CH3).

Anal. Calcd for C9H 11N5O2: C, 48.86; H, 5.01; N, 31.66. 
Found: C, 49.02; H, 4.95; N, 31.60.

Elution with 5-10% EtOH-CHCl3 gave 5.25 g (3.7% from 
I I I )  of ethyl 3-(6-aminopurm-9H-9-yl)-2(ft)-hydroxypropionate 
(V III)  as a white, crystalline solid. Three recrystallizations 
from EtOH afforded an analytical sample of V II I  as colorless 
granulars: mp 175-178°; [ a ] 21D  8.3° (c 0.6, EtOH); ir 3200, 
3080 (-NH), 1720 cm- 1  (-CO); uv max (EtOH) 261 nm (pH 7), 
262 (pH 12), 260 (pH 2); nmr (DMSO-dc) 8 7.30 (broad s, 2 H, 
-N H 2), 6.12 (d, 1 H, /  = 5 Hz, -OH), 4.70-4.20 (m, 3 H), 4.11 
(g, 2 H, J  = 7.5 Hz), 1.15 (t, 3 H, /  = 7.5 Hz).

Anal. Calcd for C10H i3N5O3: C, 47.80; H, 5.22; N, 27.88. 
Found: C, 47.79; H, 5.14; N, 27.58.

The last part of elution with 10-20% EtOH-CHCl3 gave 620 
mg (3.9% from I I I )  of the ethyl ester of eritadenine V II as a 
colorless solid. Recrystallization from EtOH gave pure V II as 
colorless prisms, of which the physical data were identical with 
those of an authentic sample.

Oxidation of 5-(6-Aminopurin-9iT-9-yl)-5-deoxy-D-arabofu- 
ranose (Via).—Via (500 mg, 1.88 mmol) was dissolved in a dilute 
NaOH solution (226 mg, 5.64 mmol; H20, 100 ml). The solu
tion was stirred at room temperature under an atmosphere of 
oxygen for 15 hr. The solution was evaporated to 20 ml at 50- 
60° in  vacuo. The resulting solution was passed through a col
umn of Amberlite IR-120 (H form, 10 ml), the column was 
washed with H 20, then eluted with 2.8% NH 4OH, and the eluate 
(200 ml) was evaporated in  vacuo at 50-60°. The resulting solid 
was dissolved in H20. The solution was treated with charcoal 
and filtered. The filtrate was evaporated to dryness in  vacuo to 
give crude solid (440 mg). Recrystallization from H20 gave 
355 mg (78%) of eritadenine, of which physical data were com
pletely identical with those of an authentic sample.

Air Oxidation of 5-(6-Aminopurin-9H-9-yl)-3-0-methyl-5- 
deoxy-D-arabofuranose (VIb).—VIb (100 mg, 0.358 mmol) was 
dissolved in a dilute KOH solution (40 mg, 0.714 mmol; H20, 
15 ml). The solution was stirred at room temperature under an 
oxygen atmosphere for 20 hr. The solution was evaporated, 
and EtOH was added. The mixture was allowed to stand over
night at room temperature. The crystals which separated and 
were revealed as the potassium salt of 4-(6-aminopurin-9ff-9- 
yl)-.3(E)-hydroxy-2 (R )-methoxybutyric acid (Xb) were collected 
by filtration to give 85 mg (78%): mp 225° dec; ir 3200 (-NH), 
1680 cm“ 1 (-CO); nmr (D 20) 8 8.02 (s, 2 H, C2 H, C3 H of 
purine), 4.25 (broad s, 4 H), 3.43 (s, 3 H, -OMe).

Oxidation of 5-(6-Aminopurin-9H-9-yl)-3-0-benzyl-D-arabo- 
furanose (VIc).—Vic (1.76 g, 4.92 mmol) was dissolved in a dilute 
NaOH solution (590 mg, 14.8 mmol; H20, 350 ml). The solu
tion was stirred at 10-15° for 20 hr under an oxygen atmosphere. 
The solution was evaporated at 20 ml and acidified to pH 3.0

2890 J. Org. Chem., Vol. 38, No. 16, 1973

with 100% formic acid. The crude product precipitated was 
collected by filtration. The crude product was dissolved in 
MeOH and the solution was treated with charcoal and filtered. 
The filtrate was evaporated and the residue was recrystallized 
from MeOH to give an analytical sample of 4-(6-aminopurin- 
9//-9-yl)-2(7?)-benzyloxy-3(i')-hydroxybutyric acid (Xc) as 
colorless prisms: yield 830 mg (49%); mp 181-182°; [«¡“ d 
46.7° (c 0.3, DMSO); ir 3360, 3280 (-NH), 1675 cm“ * (-CO); 
uv max (MeOH) 261 nm (pH 7 and 12), 260 (pH 2); nmr 
(DMSO-de) 8 7.29 (s, 5 H, CeHjCIE ) 7.18 (broad s, 2  H, -NH j),
5.25 (broad m, 2 H), 4.9-3.8  (m, 5 H).

Anal. Calcd for Ci6H,7N50<■ y 4I I 20 : C, 55.24; H, 5.07; 
N, 20.14. Found: C, 55.10; H, 4.77; N, 20.10.

Isobutyl 4- (6- Aminopurin-9-ff-9-yl )-3 {R  )-hy droxy-2 ( R )-me- 
thoxybutyrate (Xlb).—A suspension of the sodium salt of 4- 
(6-aminopurin-9H-9-yl)-3(/£)-hydroxy-2(E)-methoxybutyric acid 
(Xb) (2 g, 7.27 mmol) in isobutyl alcohol (200 ml) was saturated 
with dry hydrogen chloride. The solution was evaporated in  
vacuo. H20 (50 ml) was added to this residue and the solution 
was basified with NaHC03 and extracted with CHC13. The 
CHC13 solution was washed with H20, dried (Na2S04), and 
evaporated. The resulting solid was recrystallized from benzene 
to give an analytical sample of X lb  as colorless needles: yield
837 mg (80%); mp 170-172°; M 2°d 35° (c 0.3, MeOH); ir 
3230, 3090 (-NH), 1742 cm“ 1 (-CO-); uv max (MeOH) 261 
nm (pH 7 and 1 2 ), 260 (pH 2 ); nmr (DMSO-d3) 8 7.30 (broad s, 
2 H, -NHs), 5.84 (broad s, 1 H, -OH), 4.7-3.8  (m, 4 H), 4.10 
(d, 2 H, J  = 6  Hz, OCH2CH<), 3.55 (s, 3 H, -OMe), 2.15 (m, 
1 H, -OCHjCHC), 1.08 (d, 6 H, J  = 7 Hz).

Anal. Calcd for Ci4H2iN50 4: C, 52.00; H, 6.55; N, 21.66. 
Found: 52.26; H, 6.63; N, 21.36.

Ethyl 4- (6- Aminopurin-9ii-9-yl )-3 (R )-hydroxy-2  (R ) -benzyl- 
oxybutyrate (XIc).—Xc (730 mg, 2.12 mmol) was dissolved into 
a saturated EtOH-HCl solution. The mixture was gently re
fluxed for 3 hr and stirred at room temperature for 14 hr. The 
solution was evaporated in  vacuo. The residue was dissolved in 
a sodium bicarbonate solution. The solution was extracted with 
CHC13. The CHC13 solution was washed with H20, dried, and 
evaporated to give 650 mg (89%) of crystals. Recrystallization 
from acetone-ether afforded an analytical sample of X Ic as 
colorless prisms: mp 137°; [ a ] 20D  41.3° ( c  0.42, MeOH); ir 
3400 (-OH), 3200, 3100 (-NH), 1715 cm“ 1 (-CO-); nmr (CD- 
Cl3) 8 7.34 (s, 5 H, CcH5CH2-), 6.39 (broad s, 2 H, -N H 2), 4.9-
3.8 (m, 8 H), 1.30 (t, 3 H, J  = 7.5 Hz, -CH 2CH3).

Anal. Calcd for C,8H2,N50 4: C, 58.21; H, 5.70; N, 18.86. 
Found: C, 57.99; H, 5.58; N, 19.09.

Registry N o —I, 4137-56-8; I I ,  40429-49-0; I I I ,  40429-50-3; 
IVa, 40429-51-4; IVb, 40429-52-5; IVc, 40429-53-6; Va, 
40429-54-7; Vb, 40429-55-8; Vc, 40429-56-9; Via, 40429-57-0; 
VIb, 40429-58-1; VIc, 40429-59-2; V III, 40429-60-5; IX , 
25477-96-7; Xb K  salt, 40513-90-4; Xb Na salt, 40429-62-7; 
X c -40429-63-8; X lb , 40429-64-9; Xc, 40428-85-1; eritadenine, 
25486-40-2; adenine Na salt, 40428-86-2.
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Studies on the Oxidation of “ Reversed Nucleosides”  in Oxygen.
II. Synthesis of Homoeritadenine and threo-Eritadenine1

N o r io  T a k a m u r a , N a o m a s a  T a g a , T a k e s h i K a n n o , a n d  M it s u t a k a  K a w a z u *
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Condensation of 6-0-tosyl-l,2-0-isopropylidene-3,5-0-benzylidene-D-glucofuranose (I) and l,6-0-ditosyl-2,3- 
O-isopropylidene-D-fructofuranose (V) with the sodium salt of adenine in DMF afforded the corresponding 
reversed nucleosides (II and VI) in good yields. After removal of the protective groups on the respective com
pounds by hydrolysis, oxidation of the demasked compounds ( I I I  and V II) by oxygen in a dilute alkali solution 
gave the identical acid which was revealed as 5-(6-aminopurin-9//-9-yl)-2(S),3(/f),4(/f)-trihydroxyvaleric acid
(IV). Reaction of 5-0-tosyl-l,2-isopropylidene-D-xylofuranose (XIV) or 5-0-tosyl-3-acetoxy-l,2-isopropylidene- 
D-xylofuranose (XV) with the sodium salt of adenine gave corresponding reversed nucleosides (XVIa and XVIb) 
in rather poor yield. D-iXreo-Eritadenine was obtained in good yield by the similar oxidation of 5-(6-aminopurin- 
9if-9-yl)-D-xylofuranose (XVII). The syntheses of some esters of these acids were also performed.

The success of the synthesis of eritadenine by oxida
tion of 5-(adenine-9-yl) pentoses in oxygen prompted 
us to proceed to further work on some reversed nucleo
sides of the hexose series. From the chemical as well 
as the pharmacological point of view, synthesis of 
homoeritadenine was of interest (Scheme I).

The reaction of 6-0-tosyl-l,2-0-isopropvlidene-3,5-
O-benzylidene-D-glucofuranose2 and 6-0-tosyl-l,2,3,5-
O-dibenzylidene-D-glucofuranose (I)3 with the sodium 
salt of adenine in DMF afforded in good yield the cor
responding reversed nucleosides (Ila and lib ), whose 
uv characteristics (Xmax 262 nm at pH 7 and 12, 259 
nm at pH 2) proved them to be 6-aminopurin-9H-9-yl 
derivatives. None of the other position isomers could 
be isolated from the reaction mixture.

Hydrolysis to remove the protective groups of Ila 
or l ib  with dilute hydrochloric acid was satisfactorily 
carried out by the usual methods. Although III 
was shown assumingly to be a furanose type, no evi
dence for this structure could be obtained because the 
nmr spectra of III, both in DMSO-d6 and in D20 , 
were equivocal. I l l  was oxidized under conditions 
similar to those of the pentose derivatives.4 Tic 
of the reaction mixture showed several spots, including 
a trace spot of Rt 0.35 which was identical with that 
of eritadenine [developer: n-C.HgOH-HOAc-HoO
(4:1:5)]. Attempts to increase the amount of this 
minor product under a variety of oxidation condi
tions were unsuccessful; hence its structure remains 
unknown.

The major product was isolated as colorless plates 
by adding EtOH to the concentrated reaction mixture. 
Treatment of this product with HCOOH afforded 
the free acid, which was established as homoerita
denine (IV) on the basis of the spectral data and the 
analysis.

An attempt to synthesize eritadenine by air oxida
tion of the fructose derivative VI was also unsuccessful. 
Although it was conceivable that the reaction of 1,6- 
di-0-tosyl-2,3-0-isopropylidene-D-fructofuranoside (V)5 
with adenine would result in a mixture of 1-

(1) Preliminary communication: M. Kawazu, T. Kanno, N. Takamura,
T. Mizoguchi, S. Saito, and K. Okumura, C h em . C o m m u n ., 1047 (1970).

(2) E. J. Reist, R. R. Spencer, and B. R. Baker, J . A m e r . C h em . S o c ., 
82, 2025 (1960).

(3) H. B. Wood, Jr., H. W. Diehl, and H. G. Fletcher, Jr., ib id ., 79, 
3862 (1957).

(4) Refer to part I of this series: M. Kawazu, T. Kanno, S. Yamamura,
T. Mizoguchi, and S. Saito, J . O rg. C h em ., 38, 2887 (1973).

(5) W. T. T. Morgan and T. Reichstein, H elv . C h im . A c ta , 21, 1023 
(1938).

(adenin-9//-9-yl) fructose and 6-(adenin-9/7-9-yl) fruc
tose, eritadenine might be obtained if the latter 
compound was formed preferentially and the oxidative 
cleavage would occur between the inside carbon and 
the ketone. The main product, however, was also 
homoeritadenine. Thus the adduct was shown to be 
the 6-(adenine-9//-9-yl)fructose derivative VI. Syn
thesis of VI and oxidation of VII were carried out in 
the usual manner, as shown in the Experimental Sec
tion. Since each signal in the nmr of V llb  was dual 
whereas V llb  gave a single spot on tic and the analysis 
agreed completely with the theoretical value, it ap
peared that V llb  might be a mixture of the a and /3 
anomers. In the hope that evidence concerning the 
structure might be obtained, V llb  was treated with 
dilute NaOH solution to give V ila. Unfortunately, 
the conformation of the sugar moiety of V ila  
could not be established in detail because the 
nmr signals overlapped. Since no epimerization had 
been observed in the synthesis of eritadenine via 5- 
(6-aminopurin-9//-9-yl)-D-ribofuranose,4 it appeared 
probable that the configuration of the three hydroxy 
groups of (IV) was 2(<S), 3(E), and 4(E). Homo
eritadenine possessing three hydroxy groups of E 
configuration was thus synthesized for comparison 
with IV physicochemically and pharmacologically.

The reaction of 5-0-tosyl-2,3-0-isopropylidene-D- 
ribonolactone6 (VIII) with the sodium salt of adenine 
using rather milder conditions than those of the gluco- 
sides led to the formation of IX  in good yield. Hy
drolysis of IX  with dilute hydrochloric acid afforded 
X  accompanied by a slight amount of the lactone XI. 
Since neither IV nor X  exhibited good nmr spectra, 
the synthesis of some lipid-soluble esters of these was 
attempted in the hope that clear-cut spectra might 
be obtained. Esterification of X  by the usual methods, 
however, failed to yield the desired esters.

Humphlett7 was successful in synthesizing higher 
alkyl esters unobtainable by the usual methods, such 
as treatment with a carbinol and hydrogen chloride, 
by heating D-arabino-1,4-lactone with a higher al
cohol in the presence of sulfuric acid.

On the other hand, little is known about the prepa
ration of ribonic acid esters. The difference in the 
ease of esterification between ribonic acid and arabinonic 
acid is similar to our case. Treatment of X , which

(6) L. Hough, J. K. N. Jones, and D. L. Michell, C a n . J .  C h em ., 36, 720 
(1958).

(7) W. J. Humphlett, C a rb oh yd . R es ., 4(2), 157 (1967).
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should be 5-(6-ammopurin-927-9-yl)-D-ribonic acid, 
with isobutyl alcohol and hydrogen chloride led to 
the formation of the lactone X I only, whereas isobutyl
5- (6-aminopurin-9fi-9-yl)-D-arabinonate (XIII) was 
obtained from IV under similar conditions. Isobutyl
5- (6-aminopurin-9//-9-yl)-D-ribonate (X II) could be 
synthesized only when X I in isobutyl alcohol was 
warmed in the presence of triethylamine and acetic acid.

Unfortunately, neither of the esters afforded nmr 
spectra unequivocal enough to permit comparison of 
the absolute configuration of X III with that of X II. 
However, the behavior of IV and X  during esterifica
tion appeared to explain the structural relationship 
between these compounds.

An attempted extension of our method involving the 
preparation of a reversed nucleoside and its oxidation 
by oxygen to a synthesis of f/ireo-eritadenine was disap
pointing, since condensation of 5-0-tosyl-l,2-0-iso- 
propylidene-D-xylofuranose (XIV)8 with the sodium

(8) B. Helterich and M. Burgdorf, Tetrahedron, 8, 274 (1958).

salt of adenine gave an extremely poor yield of XVIa 
(Scheme II). Since the yield of the condensation 
product was excellent when the free hydroxyl group 
of the sugar had been masked in the case of the arabi- 
nose series,4 it appeared that the yield of the product 
might be improved if 5-0-tosyl-3-acetoxy-l,2-O-iso- 
propylidene-D-xylofuranose (XV) was used. The yield 
of XVIb, however, was only 30%, probably owing 
not only to the steric hindrance of the 3-acetoxy group 
but also to decomposition of the sugar. After re
moval of the protecting groups, XVIa or X V II were 
directly oxidized without purification because of its 
hygroscopic properties. The structure of v-threo- 
eritadenine obtained by this oxidation was conclusively 
confirmed by comparison with L-fAreo-eritadenine 
synthesized from L-tartaric acid via the 4-amino-4- 
deoxy-L-threonic acid as shown in Scheme II.9 Prepa-

(9) A short communication on the synthesis of this compound by similar 
methods has been reported: M. Hashimoto, Y. Sato, H. Seki, and T.
Kamiya, Tetrahedron Lett., 1359 (1970).
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rations of these compounds are given in the Experi
mental Section.

Experimental Section
Ir  and nmr spectra were also recorded by the instruments de

scribed in the Experimental Section of this series part I. Melt
ing points are uncorrected. Optical rotations were measured 
with a Yanagimoto polarimeter Model OR-20. All analytical 
samples were dried over P20 5 or KOH at 50-70° in  vacuo over
night.

1,2: 3,5-Di-0-benzylidene-6-0-p-tolylsulfonyl-D-glucofuranose
(I, R = Ph; R' = H).—To a solution of 1,2:3,5-di-O-benzyl- 
idene-D-glucofuranose (6.0 g, 16.8 mmol, mp 161-162°) in pyr
idine (20 ml) was added p-toluenesulfonyl chloride (3.52 g, 18.5 
mmol) in CHCh (22 ml) under ice cooling. The mixture was 
stirred for 17 hr at room temperature and evaporated in  vacuo to 
give a syrup, which was dissolved in CHC13 (50 ml) and benzene 
(200 ml), washed with 1.2 N  HC1, H20, saturated NaHCCb, and 
H20, then dried over Na2SO( and evaporated to dryness in  vacuo 
to give a colorless solid (7.70 g, 90%).

Recrystallization from benzene-isopropyl ether afforded color
less needles (5.88 g, 68%): mp 162°; [a] “ d +29.8° (c 1.03, 
CHCI3 ); nmr (CDCI3) r  2.05-2.95 (m, 4 H, -S 02C6H,CH3), 
2.60 (s, 5 H, >CHC,H5), 2.63 (s, 5 H, >CHC6H5), 3.84 (d, 1 H),

3.97 (s, 1 H), >CHC6H6), 4.25 (s, 1 H, >CHC9H5), 5.23 (d, 1 
H), 5.36 (d, 1 H), 5.60 (s, 3 H), 5.90 (broad d, 1 H), 7.60 (s, 3 
H,-C«H,CH3).

Anal. Calcd for C27H260 8S: C, 63.52; H, 5.13; S, 6.28. 
Found: C, 63.76; H, 5.23; S, 6.14.

6-(6-Aminopurin-9ii-9-yl)-l,2:3,5-di-0-benzylidene-6-deoxy- 
D-glucofuranose (lib ).—Adenine (1.64 g, 12.1 mmol) and NaH 
(0.46 g, 64% in mineral oil, 12.1 mmol) in DMF (50 ml) and I  
(5.62 g, 11.0 mmol) in DMF (30 ml) were allowed to react and 
treated in the manner of the general procedure described in the 
Experimental Section of part I  of this series. The residue was 
washed with ether and CHCh. Recrystallization from EtOH 
gave l ib  as colorless prisms (3.12 g, 60%): mp 228°; [a]“ u 
64.1° (c 1.17, DMSO); nmr (DMSO-d6) r  1.82 (s, 1 H), 1.86 (s, 
1 H, C2 H, Cs H of purine), 2.61 (s, 5 H, >CHC6H6), 2.77 (s, 5 
H, >CHC6H6), 2.94 (s, 2 H, -N H 2), 3.80 (d, 1 H), 3.85 (s, 1 H, 
>CHC6H6), 3.88 (s, 1 II, >CHC6H6), 4.80-5.55 (m, 5 H), 5.65 
(broad d, 1H).

Anal. Calcd for C25H23 0 sN5: C.63.41; H, 4.90; N, 14.79. 
Found: C, 63.46; H, 4.95; N, 14.50.

6-(6-Aminopurin-9//-9-yl)-3,5-0-benzylidene-6-deoxy-1,2-0- 
isopropylidene-D-glucofuranose (Ha).—Adenine (9.65 g, 71.5 
mmol), NaH (2.68 g, 64% in mineral oil, 71.5 mmol) in DMF 
(210 ml), and I  (R = R ' = Me) (30.1 g, 65.0 mmol) in DMF 
(160 ml) were allowed to react and treated in a manner similar 
to that of lib . The residual gummy solid was washed with
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ether and dissolved in CHC13. The CHCI3 solution was washed 
with H20, dried over Na2S04, and evaporated in  vacuo to give a 
pale yellow solid. Recrystallization from EtOH afforded color
less needles (19.2 g, 69%): mp 230°; [<*]“ d +72.2° (c 1.10, 
DMSO); nmr (DMSO-de) r  1.87 (s, 1 H), 1.90 (s, 1 H, C2 H, 
C8 H of purine), 2.78 (s, 5 H, CJR-), 2.97 (s, 2 H, -N H 2), 3.94 
(s, 1 H, CHC6Hs), 4.05 (d, 1  H), 4.80-5.70 (m, 5 H), 5.88 
(broad d, 1 H), 8.60 (s, 3 H, -CH3), 8.75 (s, 3 H, -CH3).

Anal. Calcd for C2iH230 5N5: C, 59.28; H, 5.45; N, 16.46. 
Found: C, 59.24; H, 5.47; N, 16.30.

6-(6-Aminopurin-9//-9-yl)-6-deoxy-D-glucose (III).—A solu
tion of l ib  (2.7 g, 5.71 mmol) and concentrated HC1 (1.5 ml) in 
H20  (40 ml) was warmed at 70° for 3 hr. I t  was then cooled, 
washed with ether, and passed through a column of an ion-ex- 
change resin (Amberlite IR-45, OH-  form, 50 ml). The col
umn was eluted with H20  (300 ml). The eluate was concentrated 
in  vacuo to ca. 20 ml, to which was added EtOH to crystallize 
out I I I  ( 1 . 1 2  g, 6 6 %). The recrystallizat.ions from H20-E t0H  
afforded colorless prisms, 10 mp 230° dec, [«] 20n +60.0° (c 0.69, 
DMSO). I l l  was also obtained from Ha in 83% yield by treat
ment similar to that described.

Anal. Calcd for CnII.+hNs-'/4I I 20: C, 43.78; H, 5.18; 
N, 23.21. Found: C, 43.99; H, 5.24; N, 23.06.

6-(6-Aminopurin-9//-9-yl)-6-deoxy-2,3-0-isopropylidene-l-0- 
p-tolylsulfonyl-D-fructofuranose (VI).—A mixture of adenine 
(2.44 g, 18.0 mmol) and NaH (0.68 g, 64% in mineral oil, 18.0 
mmol) in DMF (60 ml) was stirred at room temperature for 30 
min and at 50° for 1 hr. To the suspension was added V (10.57 
g, 20.0 mmol) in DMF (60 ml), and the solution was stirred at 
100° for 5 hr. The dark brown mixture was evaporated in  
vacuo to give a semisolid, which was washed with ether and dis
solved in CHC13. The CHC13 solution was filtered to remove in
soluble material and the filtrate was washed with H20 and dried 
over Na2S04. Filtration and evaporation gave a solid (6.36 g, 
72%). Twice, recrystallizations from AcOEt-isopropyl ether 
afforded colorless, silky crystals: mp 129-132°; [a] 20d +61.0° 
(c 0.22, CHC13); nmr (CDC13) r 3.61 (s, 2  H, -N H 2), 7.62 (s, 3
H, -S02-, CJRCH3), 8.52 (s, 3 H, -CH3), 8 .6 6  (s, 3 H, -CH3).

Anal. Calcd for CnH^OjNsS: C, 51.30; H, 5.13; N, 14.25;
S, 6.53. Found: C, 50.77; H, 5.07; N, 14.22; S, 6.54.

6-(6-Aminopurin-9//-9-yl)-6-deoxy-l-0-p-tolylsulfonyl-D-fruc- 
tose (Vllb).—A mixture of V I (1.9 g, 3.87 mmol) and concen
trated HC1 (1 ml) in H20 (30 ml) was warmed at 70° for 3.5 hr. 
I t  was then cooled and adjusted to pH 7 with NaHC03 to crys
tallize out V llb , which was triturated with a small amount of 
MeOH to give pure V llb  (1.05 g, 60%), mp 155-158° dec. 
Twice, recrystallizations from EtOH-H20  afforded colorless 
prisms, mp 161-163° dec, [ a ] 26D +36.0° (c 1.12, DMSO).

Anal. Calcd for CisHnOiNsS-ViftO: C, 46.94; H, 15.26; 
S, 6.96. Found: C, 46.92; H, 4.82; N, 15.33; S, 6.81.

6-(6-Aminopurin-9//-9-yl)-6-deoxy-n-fructose (Vila).—A mix
ture of V llb  (1.10 g, 2.44 mmol) and 1 N  NaOH (6  ml) in H20 
(60 ml) was stirred for 15 min at room temperature. The clear 
solution was passed through a column (Amberlite IR-120, H+ 
form, 20 ml). The column was washed with H20 and then 
eluted with dilute NH4OH (120 ml). The eluate was evaporated 
to dryness in  vacuo to give a solid (0.50 g, 69%). Recrystalliza
tion from EtOH gave a colorless, crystal powder: mp 179°
dec; [ a ] 26D +48.7° (c 0.83, DMSO); nmr (D20) r 1.75 (s, 1 H),
I .  78 (s, 1 H, C2 H, C8 H of purine), 4.50-6.70 (m).

Anal. Calcd for CnHuOsNs-'/2C2H6OH: C, 45.00; H, 
5.66; N, 21.85. Found: C, 44.82; H, 5.62; N, 21.47.

5-(6-Aminopurm-9ff-9-yl)-2(/S),3(R),4(.R)-trihydroxyvaleric 
Acid (IV). A. From  6-(6-Aminopurin-9-yl)-6-deoxy-D-glucose 
(HI).—I I I  (2.0 g, 6.75 mmol) was dissolved in warm H20 (180 
ml), and the clear solution was cooled. To the solution was 
added 1 N  NaOH (20 ml, 20 mmol) and this was stirred for 48 
hr at room temperature under 0 2 atmosphere and concentrated 
in  vacuo to ca. 40 ml. To the residue was added EtOH to crys
tallize out the Na salt of IV  as colorless crystals (1.59 g, 78%), 
mp 230° dec. The Na salt (1.0 g) was dissolved in H20. The 
solution was acidified with formic acid to pH 3-4 to give IV 
(0.78 g, 84%) as a colorless, crystal powder: mp 224° dec; 
M 26d +26.5° (c 1.21, 1  N  NaOH); ir (Nujol) 3340 (-OH), 
3210, 3050 (-NH), 1695 cm“ 1 (-CO).

Anal. Calcd for CioH,305N5: C, 42.40; H, 4.63; N, 24.73. 
Found: C, 42.29; H, 4.78; N, 24.33.

(10) This sample was not hygroscopic, but it became so after being dried
at 50-60°.

B. From 6 -(6-Aminopurin-9i/-9-yl)-6-deoxy-1 -O-p-tolylsul- 
fonyl-D-fructose (Vllb).—A clear solution of V llb  (0.68 g, 1.5 
mmol) and 1 N  NaOH (6  ml) in H20 (62 ml) was stirred for 47 
hr at room temperature under an 0 2 atmosphere. The reaction 
mixture was filtered, concentrated to ca. 2 0  ml, and adjusted to 
pH 3 with formic acid to give a colorless, crystal powder (0.18 g, 
42%), mp 216-219° dec. After recrystallization from 1 N  
NaOH-formic acid, this product showed mp 221-223° dec. 
The ir of these crystals was identical with that of an authentic 
sample of IV.

5-(6-Aminopurm-9H-9-yl)-5-deoxy-2,3-0-isopropylidene-D-ri- 
bono-1,4-lactone (IX).—A mixture of adenine (3.38 g, 25 
mmol) and NaOH (0.94 g, 64% in mineral oil, 25 mmol) in 
DMF (100 ml) was stirred at room temperature for 30 min and 
at 50° for 1 hr. To the suspension was added V I I I  (8.55 g, 25 
mmol) in DMF (80 ml), and the solution was stirred at 50° for 
6  hr. The reaction mixture was evaporated to dryness to give 
a semisolid, which was washed with ether, CHC13, and H20  to 
give a colorless solid (4.29 g, 56%), mp 187-190°. Recrystal
lization from acetone afforded colorless, small needles: mp
192°; [a] 26d +31.7° (c 0.98, DMSO); ir (Nujol) 3320, 3110 
(-NH), 1774 cm" 1 (-CO); nmr (DMSO-de) r 1.58 (s, 1 II) , 1.66 
(s, 1 H, C2 H, Cs H of purine), 2.45 (s, 2 H, -N H 2), 4.4-5.4 (m,
5 H), 8.48 (s, 3 H, -CH3), 8.50 (s, 3 H, -CH3).

Anal. Calcd for Ci3H 160 4N6: C, 51.14; H, 4.95; N, 22.94. 
Found: C, 50.79; H, 4.88; N, 22.77.

5-(6-Aminopurin-9//-9-yr)-2(K),3(fi),4(/i )-trihydroxyvaleric 
Acid (X).—A mixture of IX  (1.50 g, 4.91 mmol) and concen
trated HC1 (1.2 ml) in H20  was warmed at 70° for 2.5 hr. This 
was cooled, adjusted to pH 8.5 with solid NaHC03, and heated 
on a steam bath for 5 min. The clear solution was cooled and 
acidified to pH 3 with formic acid to give colorless crystals (1.31 
g, 94%), mp 218° dec. The crystals were reprecipitated from 
1  N  NaOH-formic acid to afford pure X : mp 225° dec; [a]26d 
+ 40.6° (c 1.04, 1 N  NaOH); ir (Nujol) 1695 cm- 1  (-CO).

Anal. Calcd for CioH i30 5N5• V4H20 : C, 41.74; H, 4.74; 
N, 24.34. Found: C, 41.64; H, 4.84; N, 24.07.

5-(6-Ammopurin-9ff-9-yl)-D-ribono-l ,4-lactone Hydrochloride 
(XI).—Through the suspension of X  (0.80 g, 2.83 mmol) in iso
butyl alcohol (50 ml), HC1 gas was bubbled for 15 min under ice 
cooling. The mixture was stirred at 100-110° for 3 hr and 
cooled to afford colorless crystals (0.72 g, 85%), mp 253° dec. 
Recrystallization from H20-DMSO-acetone afforded small, 
colorless needles: mp 255° dec; [a]26D +61.0° (c 1.29, H20); 
ir (Nujol) 1769 cm- 1  (-CO).

Anal. Calcd for C10H„O4N5 -HCl: C, 39.81; H, 4.01; N, 
23.22; Cl, 11.75. Found: C, 40.15; H, 4.15; N, 23.02; Cl,
11.12.

5- (6 -Ammopurin-9H-9-yl )-2(,S'),3(/i’ ),4(/i )-trihy droxyvaleric 
Acid Isobutyl Ester (XIII).—Through the suspension of IV  (3.9 
g, 13.8 mmol) in isobutyl alcohol (250 ml), HC1 gas was bubbled 
for 15 min under ice cooling. The mixture was kept at 100 
110° for 45 hr and evaporated in  vacuo to give a pale brown solid, 
which was washed with ether and dissolved in isobutyl alcohol 
(500 ml). To the solution was added Amberlite IR-45 (22 g, 
OH-  form), and this was stirred for 2 0  hr at room temperature. 
Amberlite IR-45 was filtered off, and the filtrate was concen
trated to 20 ml, to which was added, ether to precipitate X I I I  
(2.52 g, 54%), mp 164° dec. Recrystallization from isobutyl 
alcohol afforded a colorless, crystal powder: mp 166° dec; 
[a] 20d +19.3° (c 0.70, DMSO); ir (Nujol) 1720 cm" 1 (-CO).

Anal. Calcd for C,4H2i0 6N6: C, 49.55; H, 6.24; N, 20.64. 
Found: C, 48.99; H, 5.93; N, 20.94.

5-(6-Aminopurin-9//-9-yl )-2 ( A),3(K),4( A)-trihydroxyvaleric 
Acid Isobutyl Ester (XII).—The solution of X I (0.72 g, 2.39 
mmol) in H20 was adjusted to pH 8  with NaHC03 to afford 5- 
(6-aminopurin-9H-9-yl)-D-ribono-l,4-lactone (0.41 g, 55%), 
mp 232° dec, ir (Nujol) 1768 cm- 1  (-CO). A suspension of this 
lactone (0.33 g, 1.25 mmol), E t3N (0.31 ml), and AcOH (0.10 
ml) in isobutyl alcohol (70 ml) was stirred at room temperature 
for 18 hr and then at 85° for 24 hr. The reaction mixture was 
filtered and evaporated to dryness in  vacuo to give a colorless 
solid, which was washed with ether, 0.32 g (76%), mp 227° dec. 
Recrystallization from isobutyl alcohol and a small amount of 
H20  afforded colorless crystals of X II: mp 231° dec (slightly 
changed at 180°); [<*]%> +12.4° (c 0.65, DMSO); ir (Nujol) 
1735 cm- 1  (-CO).

Anal. Calcd for Ci4H2i06Ns-V4H20 : C, 48.89; H, 6.30; 
N, 20.37. Found: C, 49.00; H, 6.33; N, 20.18.

5-(6-Aminopurin-9//-9-yl )-5-deoxy-1,2-O-isopropylidene-D-xy lo-
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furanose (XVIa).—The sodium salt of adenine prepared from 
adenine (3.78 g), sodium hydride (1.05 g, 64% oil dispersion), 
and l,2-0-isopropylidene-5-0-tosyl-D-xylofuranose (XIV) (9.53 
g) in DMF (120 ml) was heated at 100-120° for 20 hr. After re
moval of the solvent in  vacuo, the residue was extracted with hot 
chloroform repeatedly. The combined extracts were evaporated 
and the residue was triturated with re-hexane. The resulting 
solid was recrystallized from chloroform. XVIa was obtained 
as colorless needles (2.41 g): mp 208-210°; [«¡“ d +20.6° (c
1.8, MeOH); uv max (MeOH) 262 nm (pH 7 and 12); nmr 
(DMSO-ds) t 1.90 (s, 1 H), 1.95 (s, 1 H, C2 H, C8 H of purine),
2.78 (broad s, 2 H, -NH»), 4.27-4.25 (m, 2 H), 5.55-5.67 (m, 4 
H), 6.03 (s, 1 H), 8.75 (s, 3 H), 8.85 (s, 3 H, >CMe2).

Anal. Calcd for Ci3HnN50 4: C, 50.81; H, 5.58; N, 22.79. 
Found: C, 50.48; H, 5.73; N, 22.47.

5-(6-Aminopurm-9/7-9-yl)-5-deoxy-l,2-0-isopropylidene-3-acet- 
oxy-D-xylofuranose (XVIb).—The sodium salt of adenine 
(1.65 g) and l,2-0-isopropylidene-3-0-acetyl-5-0-tosyl-D-xylo- 
furanose (XV) (4.14 g) in DMF (50 ml) were heated at 100° for 
10 hr. The solvent was removed under reduced pressure, and 
the residue was triturated with ether, taken up with chloroform, 
filtered, and evaporated. The residue was recrystallized from 
ethyl acetate. XVIb was obtained as colorless prisms (0.9 
g): mp 201-202°; ir (Nujol) 1734, 1650, 1600 cm-1; nmr 
(CDClj) r  1.70 (s, 1 H), 2.10 (s, 1 H), 3.80 (broad s, 2 H, -NH„),
4.04 (d, 1 H), 5.28-5.72 (m, 4 H), 7.92 (s, 3 H, -COCH3), 8.56 
(s, 3 H), 8.72 (s, 3 H, >CMe2). Anal. Calcd for C16H19N505: 
C, 51.57; H, 5.48; N, 20.05. Found: C, 51.30; H, 5.52; 
N, 19.81.

4-(6-Aminopurin-9H-9-yl)-2(S),3(fl)-dihydroxybutylic Acid 
(XVIII).—A solution of XVIa (1.5 g) in 1% HC1 (50 ml) was 
warmed at 60° for 2.5 hr. After cooling, the solution was passed 
through a column of Amberlite IR-45. The eluates were spin 
evaporated in  vacuo to dryness. The residue was taken up with 
CHCI3, dried, and evaporated to give X V II as a powder (744 
mg), nmr (DMSO-d6) r 1.85 (s, 1 H), 1.91 (s, 1 H, C2 H, C8 H 
of purine), 2.80 (broad s, 2 H, -N H 2), 4.10-6.20 (m, 8 H). A 
suspension of X V II (700 mg) in dilute NaOH solution (312 mg, 
140 ml) was shaken with oxygen at room temperature for 30 hr. 
The resulting clear solution was passed through a column of 
Amberlite IR-120 to absorb the product. The column was 
eluted with dilute NH4OH solution. The eluate was condensed 
under reduced pressure at 50-60°. The condensed solution 
(about 3 ml) was acidified with HCOOH, then the precipitates 
were collected and washed. X V III was obtained as a colorless 
powder (320 mg): mp 300° dec; [<*]%> +66.4° (c 1.1, 1 N  
NaOH); ir 3500-3200 (broad, OH), 3200, 3080 (NH), 1660 
cm“1 (COOH); Amax (H20) 261 nm, 259 (H+), 263 (OH“ ).

Anal. Calcd for C9HuN60 4: C, 42.69; H, 4.38; N, 27.67. 
Found: C, 42.53; H, 4.52; N, 27.34.

Methyl 3-Aminocarbonyl-2,3-diacetoxypropionate (XIX).—This 
amido ester was synthesized from L-tartaric acid using a method 
similar to that of Yokoo, et a l.,n as a colorless, crystalline powder: 
mp 147-148°; ir (Nujol) 3340 (NH), 1770, 1745 (-CO), 1680 
cm-1 (-CONH).

Anal. Calcd for CDH i30,N: C, 43.73; H, 5.30; N, 5.67. 
Found: C, 44.11; H, 5.41; N, 5.72.

Methyl 3-Cyano-2,3-diacetoxypropionate (XX).—The amido 
ester X IX  (10 g) was refluxed with POCl3 (45 ml) for 30 min. 
The excess P0C13 was removed by distillation in  vacuo. The 
residue was poured into ice-water saturated with Na2C03 and 
extracted with ether and CHC13. The extracts were dried over 
anhydrous Na2S04. After removal of the solvent, the residue 
was recrystallized from benzene-petroleum ether to give color-

(11) A. Yokoo and S. Akutagawa, Bull. Chem. Soc. Jap., 35, 644 
(1962).

less needles: mp 74-74.5°; 7 g (73%); ir  (Nujol) 2210 (CN), 
1768,1755 cm '1 (CO).

Anal. Calcd for CaHnOeN: C, 47.16; H, 4.48; N, 6.11. 
Found: C, 47.33; H, 4.83; N, 6.11.

4-Ammo-2(/t),3(S)-dihydroxybutyric acid (XXI).—The nitrile 
XX (6.5 g) in MeOH (100 ml) was reduced at 80° for 6 hr in an 
autoclave in the presence of Raney Co (3 g) at an initial pressure 
of hydrogen of 85 atm. The reaction mixture was filtered, and 
the filtrate was spin evaporated in  va cu o . The residue, dissolved 
in 6 A HC1 (40 ml), was refluxed for 2.5 hr, and the HC1 solution 
was distilled off. The remaining water was azeotropically re
moved by benzene. To the residue dissolved in MeOH (40 ml) 
was added pyridine (2 ml) to give a crude precipitate of XX I. 
Recrystallization of the crude X X I from H20 afforded colorless 
crystals: 2.7 g (71%); mp 222-224° dec (lit.9 mp 221-222° 
dec); [a]25D +43° (c 0.7, H 20).

4-(4-Amino-5-nitropyrimidin-6'-yl)amino-2(R),3(S)-dihydroxy- 
butyric Acid (XXII).—X X I (620 mg), 4-amino-6-chloro-5-nitro- 
pyrimidine (715 mg), KOH (258 mg), K 2C03 (475 mg), H20 (10 
ml), and acetone (5 ml) were mixed and refluxed for 1 hr. After 
cooling, the crystals which separated were collected and dried, 
mp 233-235° dec. A 952-mg quantity of the potassium salt of 
X X II was obtained: Araax (H20  ) 347 nm; ir (Nujol) 1645 cm-1 
(COOH); free acid mp 218-220° dec.

4-(4,5-Diaminopyrimidin-6-yl)amino-2(I?),3(iSI)-dihydroxybu- 
tyric Acid (XXIII).—X X II (1.07 g) dissolved in l i 20  (40 ml) 
was reduced in the presence of Raney Ni (2 ml) at an initial hy
drogen pressure of 25 psi. The catalyst was filtered off, and the 
filtrate was adjusted to pH 4 with HCOOH. The crystals sep
arated were collected and washed: mp>300°; 680 mg (84.3%); 
A,,,,,, (H20) 286 nm, 279 (H+), 289 (OH“ ); ir (Nujol) 3350 (NH) 
1640 cm“ 1 (COOH).

4-(6-Amino-8-mercaptopurin-9//-9-yl)-4-deoxy-i,-threonic Acid 
(XXIV).—X X III  (670 mg) dissolved in DMF (180 ml), pyridine 
(10 ml), and CS2 (5 ml) was refluxed for 2 hr, and spin evaporated 
in  vacuo. The residue was triturated with H20 to give XXIV: 
mp >300°; 475 mg (60.6%); Amax (H20) 305 nm, 306 (H+), 
301 (OH-).

4-(6-Aminopurin-9/7-9-yl)-4-deoxy-L-threonic Acid (XXV).—
X X IV  (866 mg) dissolved in 3% NH4OH (30 ml) was refluxed 
for 3.5 hr in the presence of Raney Ni (5 ml). The mixture was 
filtered. The filtrate was spin evaporated in  vacuo  and adjusted 
to pH 3 with 6 N  HC1 to give colorless crystals of XXV, mp 
300° dec (lit.8 mp 297° dec), [a]28n -67 ° (c 1.0, 1 N  NaOH). 
The uv and ir spectra of this compound were identical with those 
of an authentic sample of X V III.
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To investigate the direction of base-induced elimination reactions on 2',3'-di-0-tosyl derivatives of purine 
ribonucleosides, 2,'3'-di-0-tosyladenosine (3a) and 2',3'-di-0-tosylinosine (3b) were synthesized from 5'-acetyl- 
adenosine (la) and 5'-benzoylinosine (lb) through ditosylation and 5' deprotecticn. Sodium methoxide cata
lyzed elimination reactions on 3a-b only gave the corresponding 2',3'-didehydro purine nucleosides (4a-b) with a 
tosyl group at C2'. Mesylation of 4a gave 3'-deoxy-2'-0-tosyl-2,'3'-didehydro-3,5'-cycloadenosine mesylate
(5) and its N8-dimesylated derivative (6).

In previous papers,1'2 the results of some base-cata
lyzed elimination reactions with the 2',3'-di-0-mesyl 
derivatives of 3-benzyluridine and l-(5'-0-benzoyl-j8-D- 
lyxofuranosyl)uracil, as well as with the 2'-0 -tosyl- (or 
-mesyl-) 3'-0-mesyl (or -tosyl) derivative of the latter 
compound have been described. In these reactions, 
2' hydrogen was always vulnerable to attack by basic 
catalysts, giving rise to 2'-uridinenes with a leaving 
group at C2'.

The study has now been extended to similar elimina
tion reactions with derivatives of some purine ribo
nucleosides in order to establish the generality of the 
selective 2'-hydrogen abstraction in the trans-elimina
tion reactions of 2',3'-di-0-mesyl (or -tosyl) derivatives 
of ribonucleosides. In this study, the 2',3'-di-0-tosyl 
derivatives of adenosine and inosine were chosen as sub
strates for elimination reactions as shown in Scheme I.

Sch em e  I

6 5 4 a ,b
NH,

a, R = acetyl; B = Î i f^
,N

O

b, R = benzoyle; B = ^ " ¡ T  ^
I

Ts = p-toluenesulfonyl, Ms = methanesulfonyl

5'-0-Acetyladenosine3 was treated with excess tosyl 
chloride to give 5'-0-acetyl-2',3'-di-0-tosyladenosine 
(2a), which was directly converted to 2',3'-di-0-tosyl- 
adenosine (3a). The ditosylation procedure presented

(1) T. Sasaki, K. Minamoto, and H. Suzuki, J. Org. Chem., 38, 598 
(1973).

(2) T. Sasaki, K. Minamoto, and K. Hattori, J. Org. Chem., in press.
(3) D. M. Brown, L. J. Haynes, and A. R. Todd, J. Chem. Soc., 3299 

(1950).

some troubles, presumably for steric reasons, and always 
resulted in mixtures containing minor products as in
dicated by tic, one of which seemed to be 2'-0 -mono- 
tosylated derivative.4 Deacetylation of 2a with am
monia in methanol was also accompanied by some side 
reactions. In the present case, these side products 
were neglected and the synthetic procedure for 3a was 
standardized as described in the Experimental Section.

5'-0-Benzoylinosine (lb) was obtained from 5'-0- 
benzoyl-2',3'-0-isopropylideneinosine5 by hydrolysis 
with 10% acetic acid. The formation of lb in a rather 
too low yield (60%) was due to depurination, which 
was confirmed by the separation and characterization 
of some hypoxanthine in a separate experiment. Com
pound lb was similarly converted to 2',3'-di-0-tosyl- 
inosine (3b). Compounds 3a-b were now allowed to 
react with sodium methoxide at 100° to give 9- 
(3'-deoxy-2'-0-tosyl-/3-D-(7h/cero-pent-2'-enofuranosyl)- 
adenine (4a) and 9-(3'-deoxy-2'-0-tosy\-6-n-glycero- 
pent-2'-enofuranosyl)hypoxanthine (4b) in 55 and 37% 
yield, respectively, regenerating some starting material. 
Under the particular reaction conditions described in 
the Experimental Section, no other products were de
tected by tic.6 It must be noted that the reaction 
did not occur at ambient temperature, in contrast with 
the reported similar elimination reaction of 3'-0-tosyl- 
2 '-deoxy adenosine 7

Structure assignments of 4a and 4b are essentially 
based on their nmr spectra, which exhibited similar 
resonance patterns for Hi', H3', and H4'. The appear
ance of a doublet of doublets for H3', a triplet for Hi', 
and an octet for H4' in this order upheld are character
istic of this type of furanose-ene protons.1'2 Reasons 
for the assignments of these signals were detailed pre
viously.1 Although in the case of 4b the signal of H4< 
is not well resolved (see Experimental Section), the 
structure assigned is justified by the presence of a 
triplet for H,» and a doublet of doublets for H3< at 6.10 
and 6.62 ppm, respectively.8 Thus, selectivity in the

(4) A. Todd and T. L. V. Ulbricht, J. Chem. Soc., 3276 (1960).
(5) M. Ikehara, H. Uno, and F. Ishikawa, Chem. Fharm. Bull., 12, 267 

(1964).
(6) The results described here are the best of several experiments. Heat

ing the reaction mixtures until the complete disappearance of the starting 
materials caused a couple of side-products to form. Reactions of 3a-b with 
sodium benzoate in DMF were also examined, when trivial amounts of 
4a-b were obtained with intractable by-products.

(7) J. R. McCarthy, Jr., M. J. Robins, L. B. Townsent, and R. K. Robins, 
J. Amer. Chem. Soc., 88, 1549 (1966).

(8) If an alternative structure, in which the tosyl group is linked to C3», 
were concerned, the signals of Hi» and H2' should appear as the same doublet 
of doublets with a relative intensity of 1 :1 :1 :1 , and equal splittings of 1.7 
Hz.1
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trans-elimination reactions, was also proved in the 
series of purine ribonucleosides.

This effect could be due to the electron-deficient 
nature of C2' (and hence the high acidity of H2') stem
ming from the electron-withdrawing force of the base 
moiety in nucleosides. The generally observed, selec
tive or quasiselective alkylation or acylation of 2'-OH 
might also be interpreted in the same sense.9 The 
particularly high selectivity in the elimination reac
tions, irrespective of possible steric influences by the 
size of the basic portion or substituent at C5»,1,2 would 
be connected with the fact that 2' hydrogen concerned 
can be directly influenced by the electron-deficient 
C2', while in alkylation or acylation of 2'-OH the effect 
of C2' might be reduced to some extent by the participa
tion of the electron-rich oxygen atom.

Treatment of 4a with mesyl chloride easily gave 
3 '-deoxy-2 '-0-tosyl-2' ,3 '-didehydro-3,5' -cycloadenosine 
mesylate (5), the first 3,5'-cyclopurine ribonucleoside 
with a double bond in the sugar moiety. The quater- 
nized structure (5) was clear on the basis of its ultra
violet absorption at 274 nm in contrast with that of 4a 
at 258 nm. On treatment of 4a with excess mesyl 
chloride at ambient temperature, .¥6-dimosyl-3 '-deoxy- 
2'-O-tosy 1-2',3‘-didohydro-3,5'-cycloadenosine mesylate
(6) was obtained with a small amount of 5. The struc
ture of 6 is based on its analysis and ultraviolet (219 
and 269 nm) and nuclear magnetic resonance spec
trum.10 Interestingly, the nmr spectrum of 6 retained 
the characteristic furanose-ene proton resonances, i.e., 
a triplet for Hi» at 6.34 ppm and a doublet of doublets 
for H3» at 6.82 ppm with the same coupling constants 
as in the case of 4a. This seems to explain the ex
tremely facile cyclization at N 3, by which no substantial 
steric strain is generated to cause a conformational 
modification in the unsaturated sugar skeleton.

Although didehydro nucleosides 4a-b were formed 
selectively from 3a-b, their use as versatile synthetic 
intermediates seemed questionable, since the synthetic 
routes leading to the didehydro nucleosides 4a and 4b 
involved six steps starting from adenosine or inosine 
and their overall yields based upon la -b  were only
20-30%. Repeated attempts to separate 4a-b or their 
analogs from the reaction mixtures obtained by the 
action of sodium benzoate or sodium methoxide on 
crude or semipurified 2a and 2b were unsuccessful.

At this stage, a path via 2',3',5'-tri-0-mesyl purine 
nucleosides was considered to be more economical, 
since Mizuno, et al.,u had succeeded in phosphorylating 
the 5' position of iV6-acetyl-3,5-cycloadenosine and 
hence 5'-0-benzoyl-2',3'-di-0-mesyl purine nucleosides

(9) See, for example, (a) N. C. Young and J. J. Fox, J. Amer. Chem. Soc., 
83, 3060 (1961) (synthesis of 2',5,-di-O-trityluridine). Although concomi
tant formations of 3'-0-substituted isomers of nucleoside derivatives have 
been known,eb_0 their yields are usually lower than those of 2' isomers, 
(b) J. Zemlicka, Collect. Czech. Chem. Commun., 29, 1734 (1964) (trityla- 
tion). (c) A. F. Cook and J. G. Moffatt, J. Amer. Chem. Soc., 89, 2697 
(1967) (tritylation). (d) L. F. Christensen and A. D. Broom, J. Org. Chem., 
37, 3398 (1972) (benzylation). (e) M. Ikehara and H. Tada, “ Synthetic 
Procedures in Nucleic Acid Chemistry,”  Vol. 1, W. W. Zorbach and R. S. 
Tipson, Ed., Interscience, New York, N. Y., 1968, p 188 (tosylation).

(10) Another structure with a mesyl group on N1 and a second on N6 might 
also be considered. At the present stage, however, we like to propose struc
ture 6 based on its nmr spectrum, in which the signals of two mesyl groups 
appeared at 3.84 ppm as a sharp six-proton singlet. While no appropriate 
literature analog is available for direct uv spectral comparison, the absorp
tion at 269 nm does not conflict with structure 6, considering that a 5-nm 
hypsochromic shift was caused by blocking the amino group in 5 with the 
mesyl groups.

(11) Y. Mizuno and T. Sasaki, J. Amer. Chem. Soc., 88, 863 (1966).

seemed to be more easily accessible via an analogous 
route. Hence, a series of preliminary synthetic work 
(without N6-acetylation) was carried out as shown in 
Scheme II. 2',3',5-Tri-O-mesyladenosine (7) obtained

Sch e m e  II
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by the standard method was allowed to react with 
sodium benzoate in DMF at a rather high temperature, 
with the expectation that elimination might take place 
concomitantly. However, this reaction yielded only a 
limited amount of a water-insoluble product mixture, 
from which 5'-0-benzoyl-2',3'-di-0-mesyladenosine (8) 
w'as isolated as the major product in 13.5% yield.

The location of the introduced benzoyl group as in 
structure 8 was evident from the nmr spectrum, in 
which the resonances of the tosyl-deshielded protons, 
H2» and H3», appeared at 5 6.22 (Jv ,v = Jr.3» = 5.0 
Hz) and 5.97 (Jr,3' =  5.0, Jy ,4» =  4.2 Hz), respectively, 
and are distinctly separated from the resonance en
velope of H4» and H5» at 8 4.43-4.82 (see Experimental 
Section). It was thus concluded that most of the 
starting material 7 was lost in the form of water-soluble 
products after quaternization at N 3.

To clear up this point, 7 was converted to 2',3'-di-
0-mesyl-3,5'-cycloadenosine mesylate (9), which was 
treated with equimolar sodium benzoate under mild 
conditions to remove only the mesylate anion. The 
obtained water-soluble product (10, R  =  H or CHO)12 
wras benzoylated to give A 5,5'-anhydro(5'-deoxy-2',3'- 
di-0-mesyl-/8-D-ribofuranosyl)-4- (N -benzoylcarboxami- 
dino)-5'-aminoimidazole (11) as pale yellow crystals. 
Its structure was easily deduced from its characteristic

(12) It is not clear when the formyl group was lost. We only suggest the 
possibility of its hydrolytic cleavage during the work-up of the reaction 
mixture from 9 and sodium benzoate, since the reaction mixture should have 
contained benzoic acid released from sodium benzoate, and further the ex
periment was not carried out under absolutely anhydrous conditions. A 
similar facile cleavage of a corresponding AT-formyl group has been de
scribed.13
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Figure 1.—Ultraviolet spectra of _V6,5'-anhydro-(5'-deoxy- 
2',3'-di-0-mesyl-ff-D-ribofuranosyl)-4-(.V-benzoylcarboxamidino)-
5'-aminoimidazole (11) (------) and A's,4-anhydro(o'-deoxy-
2 ',3 '-O-isopropylidene-a- L - lyxosyl) - 4 - ben zoylcarboxamidino - 5- 
aminoimidazole (12) (------ ) in ethanol.

uv absorption comparable with that of Ar5,4-anhydro- 
(5'- deoxy - 2',3' - 0 - isopropylidene - a -l- lyxosyl) -4- bcn- 
zoylcarboxamidino-o-aminoimidazole (12)13 (Figure 1). 
The bathochromic shift (10 nm) of the longest wave
length absorption of 12 as compared with that of 11 
seems to reflect the extension of the it conjugation of 
the base up to the ether oxygen of the furanosc ring. 
A similar decomposition of a N 3-quatcrnized A 6-di- 
methyladcnosine analog by barium hydroxide solution 
has previously been reported.13 14 Thus, this series of 
experiments with 7 failed to give a didehvdro nucleo
side. It appears, however, that the tri-O-mesylate 
route, needs to be more thoroughly investigated.

Experimental Section

All the melting points are uncorrected. The electronic spectra 
were measured on a Jasco Model ORD/UV-5 spectrophotometer. 
The nmr spectra were recorded with a JNM C-60 HL spec
trometer, TMS being used as an internal standard. In the case 
of the hydroxyl and/or NH-eontaining compounds, measure
ments after D20 exchanges were also carried out. Wakogel 
B-5 silica gel, supplied by the Wako Pure Chemical Industries, 
Ltd., was used for thin layer chromatography. Elemental 
microanalyses were performed with a Perkin-Elmer 240 elemental 
analyzer in this laboratory.

5 '-O-Benzoylinosine ( lb ) .— 5 ' - 0 - Benzoyl-2' ,3' - 0  -  isopropyli- 
deneinosine (1.5 g, 3.64 mmol) was heated in 10% acetic acid (100 
ml) at 90° for 4 hr. The mixture was evaporated to a semisolid 
residue, which was dissolved in ethanol and again evaporated. 
This procedure was repeated to remove the residual acetic acid. 
The solid was dissolved in hot water and a small amount of in
soluble material was removed by filtration. Concentration of 
the filtrate gave crystals, which were repeatedly crystallized 
from water to give colorless needles (0.85 g, 60%): mp 147- 
149°; \ I T  230 nm (e 18,400), 248 (12,100, inflection), and 
260 (6700, inflection).

(13) T. Sasaki, K. Minamoto, and K. Hattori, J. Amer. Chem. Soc., 9 5 , 
1350 (1973).

(14) B. R. Baker and J. P. Joseph, J. Amer. Chem. Soc., 7 7 , 15 (1955).

Anal. Calcd for C „H 16N40 6-H20 : C, 52.30; H, 4.65; N, 
14.35. Found: C, 52.42; H, 4.78; N, 14.46.

2',3'-Di-0-tosyladenosine (3a).—5'-Q-Acetyl adenosine (la) 
(1.39 g, 4.5 mmol) was dissolved in anhydrous pyridine (6  ml) 
and treated with tosyl chloride (2 . 2 2  g, 1 1 . 6  mmol) at 0 ° over
night. The reaction mixture was added with ethanol (2 ml), left 
at room temperature for 30 min, and poured into ice-water (100 
ml) under vigorous stirring. The collected precipitate was dis
solved in chloroform and the chloroform solution was washed 
with 5% sodium bicarbonate and water in this order and dried 
with sodium sulfate. Evaporation of the solvent gave 2.54 g 
of a foam, which was dissolved in a mixture of methanol (75 ml) 
and concentrated ammonia (25 ml). After stirring at room 
temperature for 5 hr, the mixture was evaporated at below 40° 
to a semisolid residue, which was triturated with a small amount 
of ethanol to give crystals that were filtered and repeatedly 
crystallized from ethanol to colorless needles (1.36 g, 53%), 
mp 207-209°, X*‘°H 226 nm U 23,000) and 260 (12,500).

Anal. Calcd for CmHjsNsOsSj: C, 50.09; H, 4.38; N, 12.17. 
Found: C, 50.28; H, 4.42; N, 11.88.

2',3'-Di-0-tosylinosine (3b).—5'-O-Benzoylinosine (lb ) (2.89 
g, 7.4 mmol) was repeatedly coevaporated with ethanol to re
move the water of crystallization and dried under high vacuum 
for 24 hr. This material was treated with tosyl chloride (3.53 
g, 18.5 mmol) in anhydrous pyridine (9 ml) at room temperature 
overnight. An aliquot of the mixture was examined by tic to 
show the presence of some starting material. Therefore, addi
tional tosyl chloride (0.5 g) was added to the reaction mixture and 
the total was kept at 40-45° for a further 4 hr, added with ethanol 
( 1  ml) after cooling, and poured into stirred ice-water (150 ml). 
The separating solid was filtered by suction, dissolved in chloro
form while wet, and washed with dilute sodium bicarbonate solu
tion and water. The chloroform solution was dried with sodium 
sulfate and evaporated in  vacuo to give a foam, which was taken 
into a mixture of methanol (180 ml) and concentrated ammonia 
(60 ml) and stirred at room temperature for 5 hr. The reaction 
mixture was evaporated in  vacuo at below 40° to a syrup, which 
was digested with ether, and the ether washing was decanted off. 
Recrystallization of the residue from methanol gave 2.0 g (65%) 
of colorless needles: mp 249-252°; X“ °" 226 nm (e 26,100), 
250 (9700, inflection), and 268 (6600, inflection); nmr (CDCR- 
DMSO-d6) 5 2.33 (3 H, s, methyl), 2.48 (3 H, s, methyl), 3.64 
(2 H, d, H5.), 4.10 (1 H, br s, OH, D20 exchangeable), 4.34 (1 
H, br s, H,,), 5.17 (1 H, d, J v ,z. = 5.4 Hz, H3,), 5.40 (1 H, dd, 

= 7.4, J v ,y =  5.4 Hz, H2.), 6.10 (1 H, d, Ji-,2. = 7.4 Hz, 
Hi.), 6.95-7.95 (8  H, m, aromatic protons of the tosyl groups),
7.71 (1, H, s, H2 or H„), 8.04 (1 H, s, Hg or H2), and 12.31 (1 H, 
brs, NH, D20 exchangeable).

Anal. Calcd for C24H24N40 9S2: C, 49.99; H, 4.20; N, 9.72. 
Found: C, 49.75; H, 4.30; N, 9.94.

9 -(3 '-Deoxy-2 '-0 -tosyl-|3-D-<7ft/cero-pent-2 '-enofuranosyl)ade- 
nine (4a).—2',3'-Di-0-tosyladenosine (3a) (1 . 1  g, 1.91 mmol) 
and sodium methoxide (0.49 g, 9.6 mmol) were combined in 
(V,Af-dimethylformamide (DMF) (15 ml) and the mixture was 
heated at 100° for 80 min under stirring. The mixture was evap
orated in  vacuo at a bath temperature of 55° to a paste, which 
was dissolved in methanol ( 1 0  ml) and neutralized with acetic 
acid. The methanol was removed by evaporation and the res
idue was extracted with chloroform (4 X 50 ml) under the pres
ence of water (20 ml). The chloroform solution was dried with 
sodium sulfate and evaporated to a solid residue, which was re
peatedly crystallized from methanol to afford colorless needles 
(4a): mp 209-210°; yield 0.42 g (55%); X*'°H 228 nm (e
14,500) and 258 (14,300); nmr (DMSO-d6) S 2.41 (3 H, s, methyl 
of the tosyl), 5.25 (1 H, br s, OH, D20  exchangeable), 3.61 (2 
H, br s, H5-), 4.90 (1 H, octet, Ti>,4- = 1.6, J y .v  = 3.1, JV,5- 
= 3.1 Hz, H4.), 6.17 (1 H, t, Ji.,4. = 1.6, J 1 ..3. = 1.6 Hz, H,.), 
6.63 ( 1  H, dd, J v . v  = 1 .6 , J v . v  = 3.1 Hz, H3.), 7.25 (2  H, br 
s, NH2, lost on D20 addition), 7.33 (2 H, d, J  =  8.3 Hz, tosyl 
protons ortho to the methyl group), 7.66 (2 H, d, /  = 8.3 Hz, 
tosyl protons meta to the methyl), 8.02 (1 H, s, H2 or Hs), and
8.04 (1 H, s, H8 or H2).

Anal. Calcd for C17H,7N 50 5S: C, 50.62; H, 4.25; N, 17.36. 
Found: C, 50.44; H, 4.30; N, 17.13.

9-(3'-Deoxy-2'-0-tosyl-/J-D-gh/cero-pent-2'-enofuranosyl)hypo- 
xanthine (4b).—A mixture of 2',3'-di-0-tosylinosine (3b) (1.125 
g, 1.94 mmol) and sodium methoxide (0.65 g, 11.8 mmol) in 
DMF (12 ml) was heated at 100° for 1 hr. After almost all the 
solvent was evaporated in  vacuo, the residue was dissolved in 
methanol ( 1 0  ml) and neutralized with acetic acid and the mix-
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ture was again evaporated in  vacuo at below 40°. The brown- 
colored residue was taken up in chloroform (150 ml), and the 
solution was washed with a small amount of water and dried 
over sodium sulfate. Evaporation of the solvent gave a paste, 
which gave 0.15 g of a colorless wool (4b) from acetone. The 
filtrate was concentrated and submitted to preparative thin layer 
chromatography with the use of a silica gel plate and a solvent 
mixture, ethanol-benzene (2:8 v/v), to give a second crop of 
crude 4b (0.16 g). The combined product was recrystallized 
from acetone to give 0.29 g (37%) of colorless wool (4b): mp 
148-149°; X*‘“H 230 nm (c 14,600), 248 (10,500), inflection), 
263 (5600, inflection), and 271 (4400, inflection); nmr (CDC13 
+  DMSO-de) 5 2.08 (3 H, V2CH3COCH3), 2.38 (3 H, methvl 
of the tosyl), 3.73 (2 H, d, J v . = 2.8 Hz, 2 H3.), 4.30 (1 H, 
br s, OH, lost on D20 addition), 4.95 (1 H, br m, H«-)» 6.10 (1 
H, t, J i ' l3' = 1.7, = 1.7 Hz, H,.), 6.62 (1 H, dd, J VA. =
3.2, J ,.,v  = 1.7 Hz, H3.), 7.27 (2 H, d, /  = 8.6 Hz, tosyl pro
tons ortho to the methyl), 7.62 (2 H, d, J  — 8.6 Hz, tosyl pro
tons meta to the methyl), 7.85 (1 H, s, H2 or Hs), 7.99 (1 H, 
s, Hs or H2), and 12.28 (1 H, br s, NH, D20 exchangeable).

Anal. Calcd for C17H16N40 6S ■ Y2CH3COCH3: C, 51.27; 
H, 4.42; N, 12.93. Found: C, 51.48; H, 4.49; N, 12.88.

The analysis values did not significantly change on drying the 
sample at 60-65° under high vacuum for 24 hr.

From the faster moving band of the tic plate, ca. 0.1 g of the 
starting material was recovered.

3'-Deoxy-2'-0-tosyl-2',3'-didehydro-3,5'-cycloadenosine Mes
ylate (5).—9-(3 '-Deoxy-2 '-0-tosyl-/9-D-gri?/cero-pent-2'-enofuran- 
osyl)adenine (4a) (0.1 g, 0.25 mmol) was dissolved in an
hydrous pyridine (1.5 ml) and added with mesyl chloride (0.02 
ml, 0.26 mmol) at 0° with stirring. After standing at 0° over
night, the mixture was poured into ice-water (15 ml) to give a 
pasty precipitate, which was separated from the water, dissolved 
in chloroform, and dried over sodium sulfate. Evaporation of the 
solvent gave a brown paste, an aliquot of which was examined by 
tic with the use of a silica gel plate and a mixed solvent, ethanol- 
benzene (2:8), to show the complete conversion of 4a to a mixture 
(approximately in 2:1 ratio) of a faster moving substance (5'-0- 
mesylated derivative of 4a) and an immobile substance (5). The 
total mixture was refluxed in acetone to give a crystalline precipi
tate (5), which was filtered. The filtrate was concentrated and 
again heated in acetone to give another crop of 5. The total 
product was recrystallized from a mixture of acetone and meth
anol to give 80 mg (67%) of colorless prisms of 5: mp 175-177°; 
x£‘°H 216 nm (c 18,800) and 274 (12,600).

Anal. Calcd for ClkH 19N5 0 7S2 -y 2H20 : C, 44.08; 14,4.11; N, 
14.28. Found: C, 44.23; H, 4.05; N, 14.14.

A^-Dimesyl-S'-deoxy-2'-0-tosyb2', 3'-didehydro-3,5'-cyclo
adenosine Mesylate (6).—4a (0.17 g, 0.42 mmol) was dis
solved in anhydrous pyridine (1 ml) and added with mesyl 
chloride (0.05 ml, 0.64 mmol) and the mixture was left at room 
temperature overnight. The red-colored mixture was poured into 
ice-water (30 ml) to give a precipitate, which was filtered, dried 
by pressing on a porous plate, and dissolved in hot acetone. 
Sparingly soluble crystals (20 mg) were filtered and infrared 
spectroscopically identified with compound 5 after recrystalliza
tion from a mixture of acetone and methanol. The acetone 
solution separated from 5 was concentrated to a gum, which so
lidified on scratching with a spatula in the presence of a small 
amount of methanol. Repeated recrystallization ofthe solid from 
a mixture of methanol and acetone gave 80 mg of colorless needles
(6): mp 156° X®°H 219 nm (e 14,100) and 269 (10,800); nmr 
(DMSO-cZ6) 5 2.38 (3 H, s, methyl in the tosyl group), 3.07 (3 H, 
s, mesylate anion), 3.84 (6 H, s, two mesyl on N6), 4.46 (2 H, d, 
J  = 4.0 Hz, 2 H3.), 5.23 (1 H, m, H,-), 6.34 (1 H, t, J v.3. = 
J VA. =  1.6 Hz, Hi>). 6.82 (1 H, dd, / i- ,3> = 1.6, J VA. =  3.1Hz, 
H3<), 7.28 (2 H, /  = 8.4 Hz, tosyl protons), 7.55 (2 H, /  = 8.4 
Hz, tosyl protons), 8.47 (1 H, s, H2 or H8), and 8.78 (1 H, s, Hb or 
H2).

Anal. Calcd for CmH^NsOi^ :  C, 37.68; H, 3.64; N, 10.99. 
Found: C, 37.64; H, 3.60; N, 10.95.

Tic on the filtrate of 6 exhibited the presence of two faster 
moving substances (presumably unquaternized isomers corre
sponding to compound 5 and 6), which were discarded.

2',3',5'-Tri-0-mesyladenosine (7) and 2',3'-Di-0-mesyl-3,5'- 
cycloadenosine Mesylate (9).—To an ice-cold stirred solution of 
adenosine (1 g, 3.78 mmol) in anhydrous pyridine (20 ml) was 
gradually added mesyl chloride (0.94 ml, 12 mmol). After stand

ing at 0° overnight, the mixture was added with ethanol (3 ml), 
left at room temperature for 20 min, and concentrated to a gum 
at below 40°. The gum was taken into methanol (10 ml) and 
precipitated into ice-water (100 ml). The separated precipitate 
was dissolved in ethyl acetate (50 ml), dried over sodium sulfate, 
and evaporated in  vacuo to an essentially pure foam (7) (1.2 g, 
64%) at below 40°. A portion of the product was further puri
fied by tic with the use of silica gel and ethanol-benzene (2:8) for 
elemental analysis.

Anal. Calcd for C,3H i9N5O10S3: C, 31.14; H, 3.82; N, 13.97. 
Found: C, 30.94; H, 3.98; N, 14.08.

7 (0.4 g) was refluxed in acetone (10 ml) for several hours to 
yield a solid precipitate, which was filtered and washed with 
acetone (0.2 g). The filtrate was again heated to reflux for 3 hr 
and left at room temperature for 1 week to give an additional 
precipitate (0.15 g), which was filtered, combined with the product 
obtained above, and recrystallized from methanol to afford 0.32 g 
(80%) of colorless powder: mp 185-195° dec; X®‘°H 274 nm
(e 12,500).

Anal. Calcd for Ci3H iSN5OioS3: C, 31.14; H, 3.82; N, 13.97. 
Found: C, 30.87; H, 4.05; N, 13.78.

Reaction of Sodium Benzoate with 2',3',5'-Tri-0-mesyladeno- 
sine (7). Separation of 5'-0-Benzoyl-2',3'-di-0-mesyladenosine
(8).—7 (0.5 g, 1 mmol) and sodium benzoate (0.3 g, 2.1 mmol) 
were combined in DMF (10 ml) and the mixture was stirred at 
120° for 1 hr and then at 130° for 40 min. After cooling, the 
mixture was evaporated in  vacuo to a gum, which was digested 
with ice-water (40 ml). The insoluble part was filtered, dried 
by pressing on a porous plate, and checked by tic using silica gel 
and ethanol-benzene (2:8) to show one main and two minor 
spots. Preparative thin layer chromatography with the use of 
the same solvent system gave crystals of mp 158-162° from 
the major band, which were recrystallized from acetone to give 80 
mg (13.5%) of colorless needles: mp 162-164°; X®‘,°H 228 nm 
(e 14,400) and 255 (14,200); nmr (DMSO-d6) 5 2.08 (6 H, s, 
acetone of crystallization), 3.30 (3 H, s, mesyl), 3.40 (3 H, s, 
mesyl), 4.43-4.82 (3 H, br m, H4. and 2 H5>), 5.97 (1 H, dd, 
Ji',3 ' = 5.0, J v ,4- = 4.2 Hz, H3,), 6.22 (1 H, t, J\-.v  = 5.0, 
Jv .v  = 5-0 Hz, Hr ), 6.37 (1 H, d, J v .v  = 5.0 Hz, H,,), 7.36 (2 
H, br s, NHj, D20 exchangeable), 7.46-7.65 (3 H, m, phenyl 
protons), 7.93 (2 H, q, phenyl protons), 7.99 (1 H, s, H2), and 
8.31 (1 H, s, Hs).

A'5,5'-Anhydro(5'-deoxy-2',3'-di-0-mesyl-i3-D-ribofuranosyl)-4- 
(A'-benzoylcarboxamidino )-5 '-aminoimidazole (11).—Compound
9 (0.5 g, 1 mmol) and sodium benzoate (158 mg, 1.1 mmol)
were combined in DMF (7 ml) and the mixture was stirred 
at 95-100° for 20 min. The benzoate salt was smoothly 
consumed and a clear solution resulted. The mixture was evap
orated to a paste, which was repeatedly triturated with ether, and 
the ether washings were discarded. The residue was extracted 
with hot acetone (2 X 50 ml) and the acetone solution was filtered 
with charcoal. Evaporation of the solvent gave a glass (10), 
which was quite soluble in water, acetone, or methanol and re
sisted crystallization. This basic compound stuck strongly to 
silicic acid, thus rendering purification by tic (silica gel) impossi
ble even with the use of a polar solvent system, ethanol- benzene 
(5:5). Hence, the glass was repeatedly evaporated with dry ace
tone to a foam and treated with benzoyl chloride (0.14 ml, 1.2 
mmol) in pyridine (1.5 ml) under the presence of triethylamine 
(0.15 ml). After 1 hr of stirring at room temperature, the mixture 
was evaporated in  vacuo at below 40° to a paste, which was 
taken into methanol (5 ml) and dropped into stirred ice-water (50 
ml). The precipitate was filtered, dried on a porous plate, and 
submitted to preparative thin layer chromatography with the use 
of ethanol-benzene (2:8). Elution of the main band with acetone 
gave a yellow paste, which was crystallized from a mixture of 
acetone and methanol to give 0.2 g of pale yellow needles: mp
139-142°; xr>H 244nm (<= 13,900), 264 (14,500) and 325 (14,800).

Anal. Calcd for C18H2lN508S2-7 2H20: C, 42.92; H, 4.36; 
N, 13.78. Fouud: C, 42.99; H, 4.42; N, 13.50.

Registry No.—la, 2140-25-2; lb, 40601-48-7; 3a, 40601-49-8; 
3b, 40601-50-1; 4a, 40601-51-2; 4b, 40601-52-3; 5, 40601-53-4; 
6, 40601-54-5; 7, 40620-79-9; 8, 40601-55-6; 9, 40620-80-2;
10 (R = H), 40620-81-3; 10 (R = CHO), 40620-82-4; 11, 40620- 
83-5; 12,40620-84-6; tosyl chloride, 98-59-9; adenosine, 58-61-7; 
mesyl chloride, 124-63-0; sodium benzoate, 532-32-1; 5'-0- 
benzoyl-2',3'-0-isopropylidineinosine, 40582-67-0.
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Ultraviolet irradiation of both 1,3,4,5,6-penta-o-acetyl-fceio-D-fructose (1) and 1,3,4,5,6-penta-o-acetyl-fceio- 
L-sorbose (2 ) (epimeric at the 7  carbon) has been found to produce crystalline l(iS),4(iS)-diacetoxymethyl-2(iS),- 
3(S),4-triacetoxycyclobutan-l-ol (3), the former giving a yield of 11.6% and the latter a yield of 26.2%. Reac
tion is envisioned from 1,4 biradicals in the triplet state, but no other diastereoisomers resulted. The cyclic 
photoproduct was converted to its hexaacetate and was also deacetylated to a hexose isomer, CisHuCV The 
deacetylated material was converted to a tetra-p-toluenesulfonylate, in which all but the tertiary hydroxyl 
functions were derivatized. This derivative was reduced by lithium aluminum hydride to l(iS),4(iS)-dimethyl- 
3(S)-cyclobutanetriol. A minor photoproduct was produced in a 0.9% yield from 1. I t  presumably resulted 
from i-hydrogen abstraction and formation of a 1,5-biradical intermediate, which underwent ring closure to 
meso-(l,2,3/4,5)-2-acetoxymethyl-l,3,4,5-tetraacetoxycyclopentan-2-ol (4).

Examination of the extensive literature2'3 on alka- 
none photochemistry reveals that those possessing 
7 hydrogen atoms react almost exclusively to give 
smaller ketones and olefins, and cyclobutanols. It 
is evident that a useful route to cyclic polyols might 
be through the photoexcitation of appropriate ketoses, 
provided cyclization is maximized and the fragmenta
tion route minimized. It is gratifying, therefore, to 
find that photoexcitation of acetylated open-chain 
ketoses leads to acceptable yields of polyhydroxycyclo- 
butane. In addition, the reaction provides interesting 
information on the stereochemistry of the ring closure 
in these compounds.

Irradiation of 1,3,4,5,6-penta-O-acetyl-fcefo-D-fruc- 
tose (1) in benzene requires 60 hr for complete con
version to photoproducts, but, in a mixture of tert- 
butyl alcohol with only sufficient benzene present to 
allow solubility, the reaction is complete in 18 hr with 
formation of 11.6% of cyclic product. Polar solvents 
are known to increase the rate of formation of photo
products from alkanones.4 Irradiation of 1,3,4,5,6- 
penta-O-acetyl-fcefo-L-sorbose (2) in benzene causes 
complete disappearance of starting material in 18 
hr with formation of 26.2% of cyclic product, tert- 
Butyl alcohol cannot be used with 2 because of in
solubility of the ketose derivative.

It appears that only one and the same polyhydroxy 
cyclobutane derivative 3 is produced from either 1 
or 2. Three diastereomeric cyclobutanols could pos
sibly arise from ring closure of the 1,4 biradical gen
erated from irradiation of 1 or 2. These three are 
shown in Figure 1 and would be expected to have very 
similar Ri values on silica gel and be eluted from the 
column together. Crystallization of the column eluate 
resulted in the formation of a sharp-melting compound, 
however, and repeated crystallizations of the mother 
liquor yielded only additional amounts of 3. This 
suggests that both 1 and 2 are converted to the same 
most thermodynamically stable polyhydroxycyclo- 
butane derivative. The other diastereomeric cyclo
butane derivatives must have much higher instability 
factors, since none of these were produced.

The elemental analysis, nmr, and mass spectra of 
the photoproduct 3 show it to be isomeric with the

(1) This work was supported in part by a grant from the U. S. Depart
ment of Agriculture, 12-14-100-9984 (71). Journal Paper No. 5003 of the 
Purdue Agricultural Experiment Station, Lafayette, Ind. 47907.

(2) P. J. Wagner and G. S. Hammond, Advan. Photochem., 5, 21 (1968).
(3) J. C. Dalton and N. J. Turro, Ann. Rev. Phys. Chem., 21, 499 (1970).
(4) P. J. Wagner, J. Amer. Chem. Soc., 89, 5898 (1967).

starting ketoses 1 and 2. This is consistent with hy
drogen abstraction followed by closure of a biradical 
intermediate. Acetylation of the free hydroxyl group 
attached to C -l results in derivative 5, which possesses 
a twofold axis of symmetry, and the nmr spectrum 
indicates that the substituents on the ring become 
magnetically equivalent in pairs. The acetate of 
structure C (Figure 1) has no such axis of symmetry. 
Proof that the common photoproduct of ketoses 1 
and 2 has the structure represented by 3 can be ob
tained from closer examination of the nmr spectra 
of the product and its acetylated derivative, 5. In 
rigid ring systems, the presence of an hydroxyl func
tion cis to an a proton (nearly eclipsed) results in an 
upfield shift of the a proton of 0.56 ppm in the acenaph- 
thene system6 and 0.88-1.17 ppm in bicyclo [2.2.1]- 
heptane6'7 and bicyclo [2.2.2]octane systems.8 Such 
an arrangement exists in structure B (Figure 1) and 
protons C and D would be expected to differ signifi
cantly in chemical shift. However, a difference of 
only 0.18 ppm is observed for 3. Also the proton 
bonded to C-2 is observed to undergo a downfield 
shift of 0.12 ppm following acetylation of 3 to produce
5. Such a small a shift suggests a trans relationship 
between the C -l hydroxyl function in 3 and the proton 
bonded to C-2. An a-cis proton (as in B, Figure 1) 
would be expected to shift downfield to a greater ex
tent owing to the anisotropic effect of the carbonyl 
oxygen atom of the acetyl group. The small shift 
(0.12 ppm) observed is in agreement with the magnitude 
of a shifts of trans protons observed upon acetylation 
of an a-hydroxyl group in the rigid bicyclo [2.2.2 ]- 
octane8 system and is further support for the struc
tural assignments as 3. The reaction scheme leading 
to the cyclobutanol 3 from both ketones 1 and 2 is 
given in Figure 2.

Cyclobutanol has been shown from spectroscopic9 
and thermodynamic measurements10 to be puckered 
and scale models show that there are two types of 
positions in cyclobutane, somewhat analogous to the 
axial-equatorial positions in cyclohexane. A group 
in the equatorial position is of lower enthalpy than

(5) L. M. Jackman and S. Sternhell, “ Applications of Nuclear Magnetic 
Resonance to Organic Chemistry,”  2nd ed, Pergamon Press, Elmsford,
N. Y., 1969.

(6) K. L. Williamson, J. Amer. Chem. Soc., 85, 516 (1963).
(7) J. C. Davis and T. Van Auken, J. Amer. Chem. Soc., 87, 3900 (1965).
(8) K. Tori, Y. Takano, and K. Kitahonoki, Ber., 97, 2798 (1964).
(9) J. D. Dunitz and V. Schomaker, J. Chem. Phys., 20, 1703 (1952).
(10) G. W. Rathjens, Jr., N. K. Freeman, W. D. Gwinn, and K. S. Pitzer.
J. Amer. Chem. Soc., 75, 5634 (1953).
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CH2OAc CH20Ac

Figure 1.—Structures of the three cyclobutanol isomers that 
may result from ring closure of the 1,4 biradical generated upon 
irradiation of 1 and 2.

A' \  / H------ ° \V  \ __
A f  Ac? //\ ïAcOCH2 Nc AC \hv

Figure 3.—Conformational representations of the isomeric 
cyclobutanols 3 and B.

OAc Figure 4.—Reduction of 9 to 10 by lithium aluminum hydride.
AeOH,Ĉ  «

A l  Al 7 XCHt 0AcAcO c____C
I IOAc H hv

AcOHzC
V \
/  \ H AeO /

Ae<> \ ____ /

>c ._CHjOAc

OAc H 

2

CHjOAc OH

Figure 2.—Reaction sequence leading to the formation of 3 from 
1 and 2.

one in the axial position and a 1,2-trans diequatorial 
relationship of substituents would be favored over an 
axial relationship.1112 If it is safe to assume that the 
acetoxymethyl substituents in the photoproduct 3 
should be diequatorially oriented, this requires that 
the acetoxy groups on 0 2  and 0 3  also be diequatorial, 
while the acetoxy groups on carbon atoms 0 2  and 0 3  
in B (Figure 1) would be axially oriented. Figure 3 
shows the two isomeric cyclobutanols in the confor
mation expected to be the most stable for each, and

(11) E. L. Eliel, N. L. Allinger, S. J. Angyal, and G. B. Morrison, “ Con
formational Analysis,” Interscience, New York, N. Y., 1965, p200.

(12) N. L. Allinger and L. A. Tushaus, J. Amer. Chem. Soc., 87, 1945 
(1965).

it appears that 3 would be more stable than B. Like
wise, the 1,4-biradical conformation that led to 3 
would be in a conformation more stable than that 
which might have led to B.

The nmr spectrum of the lithium aluminum hydride 
reduction product of the p-tolysulfonyl-oxylated prod
uct 9 further supports structure 3. That the structure 
of this product is 1 (S) ,4(jS)-dimethyl-2 (tS)-cyclo- 
butanetriol (10) is strongly supported by the observa
tion that the ring methylene protons d and e (Figure 4) 
in this compound are magnetically very similar and 
their resonance occurs over a very narrow range (5
1.50-1.61). If the reduction product were derived 
from the tetra-p-toluenesulfonate ester with the con
figuration of structure B (Figure 1), the two methylene 
protons would have very different chemical shifts. 
One would be shielded by two vicinal cis hydroxyl 
groups and its resonance would occur at a much higher 
field than the other, which would be trans to both 
hydroxyl groups.

A minor photoproduct is produced from 1 in a 0.9% 
yield. If such a product was formed from ketose 2, 
it was not observed. The elemental analysis, nmr, 
and mass spectra of the product indicated it to be 
isomeric with 1. The product’s optical inactivity 
suggests that it may have formed by ring closure of a
1,5-biradical product13 after 3-hydrogen abstraction by 
the photoexcited carbonyl group in 1. The diastereo- 
meric cyclopentanols from such a 1,5 biradical are

(13) L. M. Stephenson and J. L. Parlett, J. Org. Chem.., 86, 1093 (1971).
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OH CH2OAc

Figure 5.—Structures of the four cyclopentanol isomers that 
may result from ring closure of the 1,4 biradical generated upon 
irradiation of 1.

shown in Figure 5. All would be expected to have 
very similar /if values on silica gel and be eluted from 
the column together. Crystallization of the column 
eluate resulted in the formation of a sharply melting 
compound, however, and repeated crystallizations 
of the mother liquor yielded only more of the same 
compound. Only 4 and B (Figure 5) would be optically 
inactive and that 4 is the photoproduct (Figure 6) 
is supported by the similar chemical shifts of the pro
tons designated b (Figure 5). If the hydroxyl func
tion in the cyclopentanol were cis to the a protons (as 
in B, Figure 5), they should be significantly upheld 
from the equivalent (i protons. However, the four 
protons are present as a multiplet spread over only 
0.3 ppm. Also, the a protons undergo but a small 
shift upon acetylation of the vicinal hydroxyl group 
(4, 7), suggesting the trans relationship of the hydroxyl 
group with the a protons as in 4.

The 1,4 biradicals produced by irradiation of the 
ketoses 1 and 2 apparently also decay by fragmenting 
to smaller molecules. The Norrish II product, 1,3- 
diacetoxyacetone, is found to be produced in signifi
cant amounts.

As benzene was present in the solvent for the ir
radiations of both ketoses 1 and 2, it might have been 
possible that this solvent behaved as a photosensitizer, 
and product formation was not a result of direct ir
radiation of the ketones. Irradiations in p-dioxane, 
however, led to rapid conversion of ketoses 1 and 2 
to photoproducts, establishing that benzene is not essen
tial. Quenching experiments using cfs-piperylenc es
tablish that the photoproducts from both 1 and 2 
arise from the triplet state, as no products are formed 
when irradiations are conducted with low concentra
tions of this triplet quencher present.

Experimental Section

Analytical Methods.—Purity of products and the courses of 
reactions were monitored by thin layer chromatography (tic) 
on 5 X 13 cm plates coated with silica gel G.u Irrigants em
ployed were A, chloroform-acetone (15:1); B, chloroform- 
methanol (4:1); C, chloroform-acetone (10:1); and D, chloro
form-methanol (7:1). Compounds were located by spraying 
the dried plates with 5% sulfuric acid in ethanol and heating 
until permanent char spots were visible. Column chromatog-

(14) Brinkman Instruments, Inc., Westbury, N. Y.
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Figure 6.—Reaction sequence leading to the formation of 4 from 1.

raphy was carried out on silica gel15 with E, chloroform-acetone 
(15:1); F, chloroform-acetone (12:1); and G, chloroform- 
methanol (8:1) as eluents. All solvent ratios are based on 
volumes. Melting points were measured on a Fisher-Johns 
apparatus and are corrected. Optical rotations were determined 
with a Perkin-Elmer 141 polarimeter at 25°. Infrared (ir) 
spectra were obtained with a Perkin-Elmer Model 337 spec
trophotometer and the samples were examined as Nujol mulls. 
Nuclear magnetic resonance (nmr) spectra were obtained with a 
Varian Associates A-60 instrument in deuteriochloroform, 
using tetramethylsilane (TMS) as the internal standard, or in 
deuterium oxide, using sodium 2,2-dimethyl-2-silapentane-5- 
sulfonate (DSS) as the internal standard. Evaporations were 
carried out under diminished pressure with bath temperatures 
below 40°.

Irradiation Procedures.—Irradiations with unfiltered ultra
violet light were conducted using an Hanovia 450-W mercury 
lamp (679A36) inserted into a water-cooled quartz immersion 
well. Solutions were flushed with nitrogen prior to irradiation. 
Triplet quenching experiments were carried out by irradiating 
benzene solutions of 1,3,4,5,6-penta-O-acetylArio-D-fructose 
and 1,3,4,5,6-penta-O-acetyl-fceto-L-sorbose to which cfs-pipery- 
lene had been added in concentrations of 0.067, 0.335, and 1.0 
M . The cfs-piperylene was obtained from Chemical Samples 
Co. and distilled immediately prior to use.

1.3.4.5.6- Penta-O-acetyl-leto-D-fructose (1).—Finely powdered 
D-fructose (100 g) was added to a stirred solution of freshly 
fused zinc chloride (15 g) in acetic anhydride (11.) that had been 
stirred for 1 hr at 0°. Stirring was continued for 12 hr at 0° 
and 12 hr at 25°, at which time the reaction was complete as 
revealed by tic in solvent A. The solution was then poured into 
3 1. of ice and water and the mixture was stirred for 24 hr at 0° 
to hydrolyze the acetic anhydride. A saturated aqueous solu
tion of sodium bicarbonate was then gradually added to neu
tralize the acetic acid liberated. The solution was then extracted 
with two 500-ml portions of chloroform and the combined chloro
form extracts were washed once with water. The chloroform 
solution was then dried over anhydrous sodium sulfate and 
evaporated under reduced pressure to a syrup, which was 
crystallized from ether (300 ml). The crystals formed over
night at —5° were filtered, as a second crop was found to con
tain a large amount of an isomer of 1, 1,2,3,4,5-penta-O-acetyl- 
/3-D-fructopyranose. Recrystallization of the first crop of 
crystals from ether yielded pure 1: yield 96 g (44%); mp 69-70° 
(lit.16 17 mp 69-70°).

1.3.4.5.6- Penta-O-acetyl-A-eio-L-sorbose (2).— 2 was prepared 
by essentially the same procedure as was I, except that finely 
powdered L-sorbose (100 g) was added to the zinc chloride-

(15) J. T. Baker Chemical Co., Phillipsburg, N. J.
(16) C. S. Hudson and D. H. Brauns, J. Amer. Chem. Soc., 3 7 , 2736 

(1915).
(17) F. B. Cramer and E. Pascu, J. Amer. Chem. Soc., 5 9 , 1148 (1937).



acetic anhydride solution. Recrystallization from 600 ml of 
ether-chloroform (2:1, v /v ) at 25° yielded pure 2: yield 135 
g (62%); mp 96-97° (lit.18 mp 96-97°).

Irradiation Products of 1,3,4,5,6-Penta-O-acetyl-i-eto-D-fruc- 
tose (1).—A solution of 1 (100 g) in 1800 ml of /erf-butyl alcohol- 
benzene (20:1, v /v ) was irradiated for 18 hr, at which time tic 
in solvent A (two developments) showed no 1 remaining. Two 
major products were evident (both with Ri values less than 1), 
as were five minor products. The ierf-butyl alcohol and benzene 
were removed by concentrating under diminished pressure and a 
syrup was obtained. This syrup was taken up in 400 ml of 
ether-hexane (10:1, v /v) under reflux. The solution was stored 
overnight at —5°, whereupon 13.2 g of a crystalline mixture 
corresponding on tic to the two major products was obtained 
by filtration. This mixture was dissolved in 10 ml of chloroform, 
applied to a silica gel column (600 g of silica gel), and eluted with 
solvent E. The column fractions containing the faster moving 
component were combined and concentrated to a syrup, which 
was crystallized from 80 ml of ether-chloroform (3:1, v /v) at 0° 
to give l(/S),4(S)-diacetoxymethyl-2(iS),3(S)-4-triacetoxycyclo- 
butan-l-ol (3): yield 11.6 g (11.6%); mp 114-115°; [<*]25d
+72° (c 1, CHC13); ir (Nujol) 3420 (m), 1750 cm-1 (m); nmr 
(CDCI3) S 2-2.12 (15, acetyl), 3.96 (s, 1, hydroxyl, collapses 
D20), 4.19, 4.50 (q, J  = 12 Hz, 2, a), 4.69, 5.01 (q, J  =  12 
Hz, 2, b), 5.16-5.34 (q, Jcd = 7 Hz, 2, c, d).

Anal. Calcd for CisIfcOn: C, 49.23; H, 5.68. Found: 
C, 49.38; H, 5.63.

Further crystallization of the mother liquor yielded only more
3. The column fraction containing the slower moving com
ponent was contaminated with a small amount of 3, so this was 
applied to a silica gel column and eluted with solvent F. After 
an additional small amount of 3 was collected from the column, 
the lower Ri component came off pure and this fraction was 
concentrated to a syrup. This syrup was crystallized from 12 
ml of chloroform-ether (3:1, v /v ) to give meso-( 1,2,3/4,5)-2- 
acetoxymethyl-l,3,4,5-tetraacetoxycyclopentan-2-ol (4): yield
0.9 g (0.9%); mp 172-173°; [«]sd 0° (c 2, CHC13); ir (Nujol) 
3335 (m), 1730 cm“ 1 (m); nmr (CDClj) 6 2.0-2.13 (15, acetyl),
3.0 (s, 1, hydroxyl, collapses D20), 4.02 (s, 2, a), 5.22-5.52 
(m, 4, b).

Anal. Calcd for C16H22O1 1 : C, 49.23; H, 5.68. Found: C, 
49.02; H, 5.48.

Further crystallization of the mother liquor yielded only more
4.

An alternative method for the separation of 3 and 4 reduces 
the work-up time by several days. The 13.2-g mixture obtained 
by crystallization of the crude photoreaction mixture from ether- 
hexane (10:1, v /v) was taken up in 50 ml of ether-chloroform 
(10:1, v/v). 4 crystallized overnight from this solvent while 3 
remained in solution. Filtration afforded pure 4 (0.8 g) while 
crystallization of the filtrate from 80 ml of ether-chloroform 
(3:1, v /v) afforded pure 3 (10.7 g). Yields are slightly lower 
by this procedure.

Irradiation Products of 1,3,4,5,6-Penta-O-acetyl+eto-L-sor- 
bose (2).—A solution of 2 (50 g) in 1800 ml of benzene was 
irradiated for 18 hr, at which time tic in solvent A showed no 2 
remaining and the two major products were of similar Ri as 
the major products (3 and 4) produced from 1. The benzene 
was removed by concentration under diminished pressure and 
the syrup obtained was taken up in 160 ml of ether-hexane 
(10:1, v /v). After storing overnight at —5°, the mixture was 
filtered and 13.7 g of a mixture corresponding to 3 and a minor 
product of slightly higher Ri was obtained. This mixture was 
taken up in acetone (80 ml) and stored overnight at —5°. A 
flocculent precipitate which was not characterized had formed 
(360 mg) and this was removed by filtration. The acetone was 
removed from the filtrate by concentration under diminished 
pressure and the syrup obtained was taken up in 80 ml of ether- 
chloroform (3:1, v/v). Storage overnight at —5° yielded 13.1 
g (26.2%) of 3. Only more 3 was obtainable from the mother 
liquor. The nmr and ir spectra were identical with those of the 
major photoproduct 3 of 1, as were the melting point, optical 
rotation, and elemental analysis. The tic spot of Rt similar to 
that of the photoproduct obtained by irradiation of 1, suggesting 
a cyclopentanol analogous to 4, was not obtainable in sufficient 
purity for subsequent characterization.

1 (S) ,4 (S )-Diacetoxymethyl-1,2 (S ), 3 (S) ,4-tetraacetoxycyclobu- 
tane (5).—To a solution of 3 (1.0 g) in acetic anhydride (15

PhOTOCYCLIZATION OF fcefo-D-FRUCTOSE Pentaacetate

(18) H. H. Schlubach and J. Vorwerk, Ber., 66, 1251 (1933).

ml) was added sodium acetate (2.5 g). The solution was re
fluxed with stirring for 2 hr, at which time no 3 remained as 
indicated by tic in solvent A and one product had appeared. 
The mixture was poured into 25 ml of ice and water and this 
mixture was stirred for 1 hr to hydrolyze the acetic anhydride. 
A saturated aqueous solution of sodium bicarbonate was then 
gradually added until the acetic acid was neutralized. The 
mixture was transferred to a separatory funnel and extracted 
with three 25-ml portions of chloroform. The combined chloro
form extracts were washed once with water and dried over an
hydrous sodium sulfate. This mixture was then filtered and the 
chloroform solution was concentrated under diminished pressure 
to a syrup. This syrup was taken up in 8 ml of hexane-ether 
(1:1, v /v) and put for overnight crystallization at —5°. Pure 
5 was obtained: yield 0.78 g (71%); mp 90-91°; [oP d +2.7° 
(c 1, CHC13); nmr (CDC13) S 2.03-2.11 (18, acetyl), 4.68-4.97 
(q, J  =  12 Hz, 4, a, b), 5.28 (s, 2, c, d).

Anal. Calcd. for CigH^O^: C, 50.00; H, 5.58. Found: 
C, 50.26; H, 5.57.

l(S),4(iS)-Dihydroxymethyl-2(jS),3(iS)-cyclobutanetetrol (6).—■ 
To a solution of 3 (10 g) in methanol (50 ml) was added 50 ml 
of a 0.1 M  solution of sodium methoxide in methanol. This 
solution was heated with stirring to 60°, at which time only the 
deacetylated product was present as indicated by tic in solvent
B. The solution was then neutralized with Amberlite IR-120 
(H+) resin and filtered. The filtrate was concentrated to a 
syrup which spontaneously crystallized. Recrystallization from 
40 ml of methanol-water (19:1, v /v ) yielded pure 6: yield 4.48 
g (97%); mp 133-134°; [<*]“ d +23.8° (c 1, H20); nmr (D20) 
S 3.67 (m, 4, a, b), 3.97 (s, 2, c, d).

Anal. Calcd for C6Hi20 6: C, 40.00; H, 6.72. Found:
C, 40.06; H, 6.81.

me.so-( 1,2,3/4,5 )-2-Acetoxymethyl-1,2,3,4,5-pentaacetoxycyclo- 
pentane (7).—To a solution of 4 (1.0 g) in acetic anhydride 
(25 ml) was added sodium acetate (2.5 g). The solution was 
refluxed with stirring for 3 hr, at which time no 4 remained as 
indicated by tic in solvent A and one product of high Rf had ap
peared. The mixture was poured into 25 ml of ice and water 
and this mixture was stirred for 1 hr to hydrolyze the acetic 
anhydride. A saturated aqueous solution of sodium bicarbonate 
was then gradually added until the acetic acid was neutralized. 
This mixture was transferred to a separatory funnel and ex
tracted with three 25-ml portions of chloroform. The com
bined chloroform extracts were washed once with water and 
dried over anhydrous sodium sulfate. This mixture was then 
filtered and the chloroform solution was concentrated under 
diminished pressure to a syrup. This syrup was taken up in 
10 ml of hexane-ether (1:1, v /v) and stored at —5° overnight 
for crystallization. Pure 7 was obtained: yield 0.65 g (59%); 
mp 94-95°; [«P d 0° (c 2, CHC13); nmr (CDC13) S 2.09 (s, 18, 
acetyl), 4.70 (s, 2, a), 6.36-6.58 (m, 4, b).

Anal. Calcd for CigH^On: C, 50.00; H, 5.58. Found: 
C, 50.15; H, 5.54.

meso-(l,2,3/4,5)-2-Hydroxymethylcyclopentanepentol (8).— 
To a solution of 4 (1.0 g) in methanol (10 ml) was added 10 ml 
of a solution of 0.1 M  sodium methoxide in methanol. This 
solution was heated with stirring to 60° for 12 hr. at which time 
only the deacetylated product was present as indicated by tic 
in solvent B. The solution was then neutralized with Amberlite 
IR-120 (H+) resin and filtered. The filtrate was concentrated 
to a syrup, which was crystallized from 8 ml of methanol-water 
(15:1, v/v). Pure 8 was obtained: yield 0.41 g (89%); mp 
133-134°; [<*]25d  0° (c 2, H20); nmr (D20) S 3.54 (s, 2, a), 
3.78-4.12 (m, 4, b).

Anal. Calcd for C6Hi20 6: C, 40.00; H, 6.72. Found: 
C, 39.74; H, 6.66.

l(S),4(S)-Di-p-tolylsulfonyloxymethyl-2(.S),3(S)-di-p-tolylsul- 
fonyloxycyclobutane-l,4-diol (9).—To a solution of 6 (3.0 g, 
1 equiv) in pyridine (100 ml) was added p-toluenesulfonyl 
chloride (14.6 g, 10 equiv). This mixture was stirred at 25° 
for 24 hr, at which time tic in solvent C indicated that no 6 
remained and one major high Ri product was present. With 
the aid of toluene this solution was concentrated under diminished 
pressure to a syrup. Then water (25 ml) was added and the 
mixture was stirred for 1 hr to decompose excess p-toluenesulfonyl 
chloride. A saturated aqueous solution of sodium bicarbonate 
(10 ml) was then gradually added to neutralize the hydrochloric 
acid liberated. The residue formed by removal of the water 
by concentration under diminished pressure was transferred to a 
separatory funnel with water and chloroform. After extraction
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with two 100-ml portions of chloroform, the combined extracts 
were washed once with water. The chloroform solution was 
dried over anhydrous sodium sulfate, decolorized with charcoal, 
and filtered. The filtrate was concentrated to a syrup, which 
was crystallized from 75 ml of ethanol-chloroform (25:1, v/v) 
by storage at —5° overnight. Recrystallization from this 
solvent yielded pure 9: yield 10.9 g (82%); mp 168-169°; 
nmr (CDC13) 5 2.43 (s, 12, CH3 of tosyl), 3.12 (s, 2, hydroxyls, 
collapses D20), 4.13 (s, 4, a, b), 4.60 (s, 2, c, d), 7.24-7.85 (m, 
16, aromatic of tosyl).

Anal. Calcd for C34H360 14S4: C, 51.24; H, 4.55; S, 16.09. 
Found: C, 51.20; H, 4.33; S, 16.00.

1 (S ) ,4 (.S )-Dimethyl-2 (S )-cyclobutanetriol (10).—To a sus
pension of 9 (5.0 g, 1 equiv) in 150 ml of ether-benzene (2:1, 
v /v) was added with stirring lithium aluminum hydride (3.8 g, 
16 equiv). The mixture was refluxed with stirring for 4 days 
with an oil bath temperature of 60°. The reaction mixture 
was shown to contain no 9 but the presence of a major component 
of lower Ri by tic in solvent D. Ethyl acetate (50 ml) was then 
gradually stirred into the cooled reaction mixture to decompose 
excess lithium aluminum hydride. Then 100 ml of ether-water 
(10:1, v /v) was added to complete this decomposition. The

mixture was then filtered through Celite and the alkaline filtrate 
was neutralized with Amberlite IR-45 (H+) resin. The ex
change resin was removed by filtration, and the filtrate was 
concentrated under diminished pressure to a syrup (300 mg). 
Crystallization of this syrup failed, so it was applied to a silica 
gel column and eluted with solvent G. A fraction consisting 
mainly of the major reduction product was obtained (120 mg) 
and this was further purified by repeated silica gel column 
chromatography, again using solvent G as eluent. This product 
was not crystalline: yield 80 mg (11%); nmr (CDC13) b 1.13,
1.14 (s, 6, a,b), 1.61-1.5 (m, 2, d,e), 3.60 (s, 3, hydroxyls),
3.76 (m, 1, c).
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A direct low temperature proton and fluorine-19 nmr study of boron trifluoride complexes with steroids 1-3 
and a limonoid 4 is reported. In these systems ligand exchange is slow enough below —50° for observation of 
separate pmr signals for bulk ligand and molecules bound to the boron trifluoride. For ligands 1, 2, and 4, the 
!H and 19F nmr data indicate that complexing first occurs solely at the A-ring carbonyl group. In the remaining 
system 3 and for high BF3/base ratios of 4, complexing also occurs at a second site in the base, the carbonyl group 
in the D ring.

Complexes of boron trihalides with organic bases 
have been studied using several calorimetric and spec
troscopic techniques to ascertain the chemical and 
structural features of the components which influence 
these interactions.1-8 Nmr investigations of boron 
trihalide complexes include ligands such as trimethyl- 
amine, ethers, A,A/-dimethylformamide, ureas and 
thioureas, and water (19F and proton resonance). 
Recent publications have demonstrated the usefulness 
of the direct low temperature nmr method as a supple
mental aid for these investigations.8-12 The success 
of this low temperature method is based on the ability 
to slow ligand exchange, thereby allowing the observa
tion of separate pmr signals for the ligand molecules 
bound to the boron trihalide and the bulk (uncom-

(1) J. M. Miller and M. Onyszchuk, Can. J. Chem., 42, 1518 (1954).
(2) E. Gore and S. S. Danyluk, J. Phys. Chem., 69, 89 (1965).
(3) M. Okada, K. Suyama, and Y. Yamashita, Tetrahedron Lett., 2329 

(1965).
(4) P. N. Gates, E. J. McLauchlan, and E. F. Mooney, Spectrochim. Acta, 

21, 1445 (1965).
(5) S. J. Kuhn and J. S. McIntyre, Can. J. Chem., 43, 375 (1964).
(6) N. N. Greenwood and B. H. Robinson, J. Chem. Soc. A, 511 (1966).
(7) R. J. Gillespie and J. S. Hartman, Can. J . Chem., 45, 859 (1966).
(8) A. Fratiello and R. E. Schuster, Inorg. Chem., 8, 480 (1969), and refer

ences cited therein.
(9) A. Fratiello, T. P. Onak, and R. E. Schuster, J. Amer. Chem. Soc., 

90, 1194 (1968).
(10) A. Fratiello and R. E. Schuster, Inorg. Chem., 7, 1581 (1968).
(11) A. Fratiello and R. E. Schuster, Org. Magn. Resonance, 1, 139 

(1969).
(12) A. Fratiello, R. E. Schuster, and M. Geisel, Inorg. Chem., 11, 11 

(1972).

plexed) ligand. The information obtainable by this 
means includes chemical shifts induced in the ligand by 
complex formation, the stoichiometry of the complex, 
the ligand interaction site or sites, and competition 
between sites. Previous investigations of this type 
have been confined largely to ligands of relatively low 
molecular weight and complexity. To determine 
whether this low temperature technique could also be 
applied to larger and more complex ligands, we have 
now studied complexes of boron trifluoride with three 
steroids and a limonoid.

Experimental Section

The 2-nitropropane (2NP) used was the highest commercial 
grade available and was distilled before use. 4-Cholesten-3-one 
(1) and l(5/3)-androstene-3,17-dione (2) were generously sup
plied by Dr. Erich Heftmann, Western Regional Research Lab
oratory, Albany, Calif. 5/S-Androstane-3,17-dione (3) was pur
chased from Mann Laboratories.13 The purity of these three 
steroids was verified by their nmr spectra. Obacunone (4) was 
isolated from grapefruit seed meal by methods previously de
scribed.14 Boron trifluoride (J. T. Baker) was purified by frac
tionation through a —110° petroleum ether (bp 30-60°)-liquid 
nitrogen cold trap, and its purity verified by 19F nmr in anhydrous 
CH2CI2. Van Ness Associates No. 105-7PP special purpose nmr 
sample tubes were employed for all measurements. These are

(13) Reference to a company or product name does not imply endorsement 
by the U. S. Department of Agriculture to the exclusion of others that may 
be suitable.

(14) D. L. Dreyer, J. Org. Chem., 30, 749 (1965).
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thin-walled, high resolution tubes, which can be sealed readily 
under high vacuum.

Stock solutions of each base were prepared and a portion of the 
solution was syringed into the nmr tube, placed on the vacuum 
line, and degassed several times before a measured amount of 
purified BF3 was condensed into the tube at liquid nitrogen 
temperature. After the tube was sealed off under vacuum, its 
contents were thawed and mixed in a Dry Ice-acetone bath. I t  
then was stored in liquid nitrogen until the spectrum could be re
corded. Each sample contained a few per cent by volume of 
tetramethylsilane (TMS) and hexafluorobenzene (CsFt ) for use as 
internal nmr chemical shift standards for the 'H  and 1#F nuclei, 
respectively.

The chemical shift and area measurements were made 
using a JEOL PS-100 spectrometer (operating at 94 MHz for the 
**F measurements) equipped with a variable temperature device 
permitting measurements down to —170°. The samples were 
cooled until separate pmr signals for bulk and complexed ligand 
molecules were observed. The pmr areas were determined by 
integration of suitable peaks in the spectrum. 19F nmr data were 
obtained in the same manner and the signal or signals recorded at 
the temperature of maximum resolution.

Results

Pmr chemical shift and integration data for ligands
1-4 are presented in Table I, and representative pmr

T a b l e  I
P roton Chemical Shift and C oordination D ata  for 

B oron T rifluoride C omplexes of 4-C holesten-3-one , 
1(5/3)-Androstene-3,17-dione, 5/3-Androstane-3,17-dione,

AND OBACUNONE
Coordi-

Mole ratio of base/ ■Av(C-B),b Hï --------. nation
Base BFj/solvent° t, °C H-l H-2 H-4 H-15 no.

1 3.80:1.00:456 >-50 60 80 1.0
2 3.40:1.00:408 -5 2 42 32 1.0
3 3.83:1.00:445 -5 7 Overlapping, unidentifiable
4 4.31:1.00:517 -5 9 55 24 12 1.0

“ The solvent in all cases was CDCfi, and the accuracy of the 
mole ratios was within 1-2%. 6 The Ay(C-B) values refer to 
the separation in hertz between the complexed and bulk ligand 
protons indicated.

spectra of 4 complexed with BF3, recorded at three 
temperatures, are shown in Figure 1. Table I lists the

0

mole ratios of the systems studied and the temperatures 
at which the spectra were recorded. The high solvent 
to base ratio, 120:1 in all cases, was used to avoid 
intermolecular interactions between coordinated and 
bulk ligand molecules. Thus the chemical shift 
separations (for those protons able to be studied)

Figure 1.—The variable temperature pmr spectrum of an 
obacunone-BFa mixture in CDCh, recorded at 100 MHz. The 
signals arising from bulk (B) and coordinated (C) ligand mol
ecules are labeled in the diagram and each proton is identified. 
Concentrations are in mole ratios.

between complexed and bulk ligand molecules, repre
sented by the quantity Af(C-B) in Table I, are an 
accurate measure of the effect of complex formation on 
individual protons. Since the resonance signals of 
complexed ligand molecules appear downfield from those 
of corresponding bulk molecules, the quantities under 
the heading Ar(C-B) in Table I are always positive. 
The last column of Table I lists the stoichiometry of 
the BF3 complex with each base, as calculated from 
proton integrations. In every case data for chemical 
shift and area measurements represent two or more 
measurements with each sample and are precise to 
about 5%  (Av shifts) and 10% (areas), respectively.

It can be seen from Table I that it was not possible to 
obtain coordination data for all ligands by pmr, nor 
was it possible to measure Af(C-B) values for all 
the protons in a particular ligand. These problems 
arise from spectral characteristics of the individual 
compounds and from the small complex to bulk chemi
cal shift difference for protons far removed from the 
interaction site, and not from the inability to slow 
ligand exchange. Thus chemical shift differences 
under the heading Af(C-B) are given only for those 
protons whose bulk and coordinated signals could be 
identified clearly.

The 19F nmr chemical shifts listed in Table II were 
measured with respect to internal CeFa, and referred to 
CFCla, the usual standard for l9F studies, by the
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Figure 2.—The fluorine-19 nmr spectra for two obacunone/ 
BF3 ratios in (a) CDCI3 and (b) 2-nitropropane (2NP), recorded 
at 94 MHz. The species present, mole ratios, and chemical shifts 
(5) are labeled in the diagram.

T a b l e  I I
Fluobine-19 Chemical Shifts and Coordination D a ta  

for Boron Trifluoride Complexes of 4-Cholesten-3-one,
1 (5/3)-Androstene-3, 17-dione, 5/3-Androstane-3, 17-dione, 

and Obacunone

Base
Mole ratio of 

base/BFa/sol vent“ t, °c
19F chemical shifts,8 
S, base-BFs complex

1 3.80:1.00:456 -46 149.6
2 3.40:1.00:408 -40 149.3
3 3.83:1.00:445 -57 149.2 (64%),

4 4.31:1.00:517 -51
151.9 (36%) 

149.8
1.02:1.00:132 -5 5 147.45

(2NP)
0.68:1.00:81.5 -55 147.41, 147.48

(2NP)
“ The solvent was CDCI3, except where otherwise indicated. 

6 Chemical shifts are in parts per million upfield from CFCI3.

relationship, 5(C6F6) -  5(CFC13) =  +162.3 ppm.18 
These chemical shifts were all upfield from CFCI3 
and were measured with a precision of at least 0.1 
ppm. Typical 19F nmr spectra are shown in Figures 2 
and 3. Each BF3-base complex signal appears as two 
signals due to the presence of both 10BF3 and nBF3. 
Figure 2B illustrates the 19F signals observed for the 
0.68:1.00 obacunone-BF3 system. Figure 3 shows 
the two 19F signals, along with the relative area of each 
and the chemical shifts observed when two different 
sites in 3 are complexed by BF3. In Table III pmr 
chemical shifts for two obacunone/BF3 ratios, along 
with the temperature dependence of selected protons for 
the 0.68:1.00 obacunone-BF3 system are listed.

Discussion

Since 19F chemical shift differences are usually greater 
than ’H values, separate 19F signals can generally be

(15) J. W. Emsley, J. Feeney, and L. H. Sutcliffe, “ High Resolution 
Nuclear Magnetic Resonance Spectroscopy,”  Vol. 2, 1st ed, Pergamon Press, 
New York, N. Y., 1966, Table 11.26.

Figure 3.—The fluorine-19 nmr spectrum of a 1 (5/3)-andro- 
stane-3,17-dione-BF3 mixture in CDC13, recorded at 94 MHz. 
The relative area of each signal and the chemical shifts (5) are 
labeled in the diagram.

T a b l e  I I I
P roton  C h e m ic a l  Sh if t  D a t a  for  O bacu n o n e  

as  a  F u n ction  of T em p e r a tu r e

Mole ratio of 
obacunone/BF3/2NP t, °c H-l

-----Chemical shift, 8—
H-2 H-l 5 H-l 7

1.02:1.00:132 -5 7 7.34 6.19 3.80 5.52
0.68:1.00:81.5 -5 7 7.33 6.19 4.06 5.82

-6 3 7.33 6.18 4.14 5.83
-7 3 7.33 6.17 3.96 5.55
-7 8 7.32 6.16 3.84 5.54
-8 5 7.32 6.17 3.84 5.54

° Chemical shifts are in parts per million from internal
TMS.

observed at a higher temperature than bound and bulk 
XH ligand resonances. For instance, using the relation
ship r =  10/27tAp to approximate these rates, a life
time of about 0.03 sec would be necessary to observe 
separate XH ligand signals, whereas for base 3 in Table 
II only 0.006 sec would be necessary to observe separate 
19F signals. These exchange rates are similar to those 
reported for other boron trihalide complexes with 
oxygen-containing bases, but are much faster than those 
involving nitrogen-containing bases such as pyridine, 
where ligand exchange is slowed enough to observe 
separate signals at about 0°.M1'12 The exchange rate 
may reflect the strength of these complexes.

The XH and 19F nmr data for 1, in Tables I and II, 
provide a useful reference for the remaining three 
systems. As expected, the 1:1 adduct is formed with 
complexing occurring at the only possible interaction 
site, the A-ring carbonyl group. This is substantiated 
by the relatively large Ap(C-B) values for the 2 and 4 
protons, the integration data, and the observation of 
only one 19F nmr signal, occurring at +149.6 ppm. 
The coordination data for 2, 3, and 4, however, show 
several interesting features. Compounds 2 and 3 have 
two possible interaction sites, the A- and D-ring car
bonyl groups. However, 2 contains an a,(3-unsat- 
urated keto group in the A ring, whereas 3 is a com
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pletely saturated diketone. The data of Tables I and 
II indicate that complexing in 2 occurs solely in the A 
ring. This is shown by the large Av(C-B) values for 
H-l and H-2, the coordination number of 1.0, and 
the single 19F nmr signal at +149.3 ppm, which closely 
agree with those observed for the BF3 complex of 1. 
In contrast, complexing of 3 occurs at both carbonyl 
groups. At —56° the 19F nmr spectrum of a BF3 
mixture with 3 consists of two well-defined and widely 
separated signals, one at +149.2 ppm amounting to 
64% of the total 19F area and the other at +151.9 
ppm. The signal at +149.2 ppm can be attributed to 
that fraction of BF3 complexed in the A ring, since the 
shift closely parallels those observed for 1 and 2, and 
the signal at +151.9 ppm arises from that complexed 
in the D ring. This reasoning is confirmed by 19F 
nmr data of BF3 complexes with cyclohexanone and 
cyclopcntanone, which have 19F resonances at +149.0 
and +151.8 ppm, respectively.16

In the pmr spectrum of 3 the signals of the protons 
on carbons a to the two carbonyl groups cannot be 
individually identified because of strong coupling and 
overlap. However, the signal of the 13-methyl group 
adjacent to the 17-carbonyl provides an indication of 
complexing at this site. In the presence of BF3 this 
resonance is split into bulk and coordinated signals, 
with a separation of 22 Hz. The corresponding signal 
in complexed 2, on the other hand, is not split. These 
findings support the conclusion drawn from the 19F 
spectra that complexing occurs at both carbonyl sites 
in 3.

Thus in 2 the D-ring carbonyl group cannot ef
fectively compete for BF3 in the presence of the con
jugated A-ring carbonyl group. When the A ring is 
saturated, as in 3, the D-ring carbonyl group then can 
compete for BF3 to the extent indicated. These ob
servations are in agreement with proton basicity data 
which indicate that a,/3-unsaturated ketones are more 
basic than the corresponding saturated ketones.17 Un
fortunately, since the interaction sites, the A- and D- 
ring carbonyl groups, arc so far apart, it cannot be 
demonstrated conclusively whether these interactions 
occur in different molecules, at two sites in the same 
molecule, or both.

The value of this low temperature nmr method in 
yielding information about coordination sites is well 
illustrated by the data for obacunonc (4), a compound 
which has seven possible interaction sites. The pmr 
coordination and chemical shift data of Table I indicate 
that with high base/BF3 ratios complexing occurs solely 
in the A ring, as evidenced by the large Av(C-B) values 
for the 1 and 2 protons, 42 and 32 Hz, respectively. 
Integration of bulk and complex signals of H -l, H-2, 
and H-15 uniformly yields a coordination number of 
unity within experimental error. This demonstrates 
that complexing is at only one site. This is confirmed 
by the 19F nmr spectrum, which shows only one signal at 
+  149.8 ppm.

Since 4 contains many possible interaction sites, it 
was of interest to identify the second most basic site. 
Since the complex precipitated from CDC13 and CD2C12 
solutions with base/BF3 ratios approaching unity, use 
of a more polar solvent, 2-nitropropane, was necessary

(16) A. Fratiello, private communication.
(17) A. M. Smoczkiewicz and R. I. Zaletvski, Steroids, 12, 391 (1968).

to keep it in solution. Unfortunately, the large sol
vent peaks in the proton spectrum then prevented ob
servation of the H-15 and H-17 complex signals; so we 
were unable to determine Av(C-B) values for these two 
protons. Instead we have used the change in chemical 
shift of the H-15 and H-17 resonances with temperature 
as a measure of the effect of complexing on these pro
tons. Above the temperature at which exchange be
comes slow on the nmr time scale, separate bulk and 
complex signals do not appear, but rather a single 
broadened resonance, which is an average of the two, is 
observed. The maximum downfield position of this 
average signal is thus less than, but proportionate to, 
the Av(C-B) value and can be used similarly to the 
latter in comparing complexing effects.

Table III lists :H chemical shift data for two obac- 
unone/BF3 ratios in 2-nitropropane. The first entry 
gives the chemical shifts of the 1, 2, 15, and 17 protons 
of obacunonc in a 1:1 complex at —55°. The second 
entry illustrates the temperature dependence of these 
protons when excess BF3 is present. It is apparent that 
the 1- and 2-proton signals, at this concentration, are 
not temperature dependent, further demonstrating that 
the A-ring carbonyl group is completely complexed. 
However, as the temperature is decreased, the 15- and
17-proton signals first shift to lower field, i.e., the broad
ened average signals are observed. At lower tempera
tures these then split, and the bulk signals move back 
upficld to about the same position as in the 1:1 com
plex. This indicates that the second mole of BF3 is 
coordinating at a site close to the 15 and 17 protons. 
The 19F spectrum for this sample shows two signals with 
very similar chemical shifts, as illustrated by Figure 2B. 
If the second site complexed was the 7-ketone, the 
downfield shift of H-15 with decreasing temperature 
should be considerably larger than that for H-17, but 
the two values are approximately the same. The 
small chemical shift difference for the two 19F signals 
also tends to rule out the epoxide as one of the sites 
complexed. Thus, the 'H and 19F nmr results both 
suggest that the first site complexed is the carbonyl 
group of the A ring, and the second site is the carbonyl 
group of the D ring.

Since the Av(C-B) values in Table I are all positive, 
the complexed ligand signals always appearing at lower 
applied magnetic field than the bulk signals, the protons 
of the former must experience a decreased electronic 
shielding. These positive A+C-B) values may reflect 
changes in electron density and field effects at that 
particular site in the ligand upon complex formation. 
For example, listed in Table I are Av(C-B) values for 
the conjugated 1 and 2 protons of 2 and 4. The values 
of 42 and 32 Hz for 2 and 55 and 24 Hz for 4 are con
sistent with other spectroscopic18 and chemical19 data 
which indicate that polarization of a,/3-unsaturated 
carbonyl compounds causes a reduction in the electron 
density at the /3-carbon atom, and hence decreases the 
effective shielding at the 8 proton. Thus the Av(C-B) 
values give some indication concerning the magnitude 
of such changes occurring on complex formation. Of 
particular interest, and not readily explained, is the 
appearance of a complex signal for the 15 proton of 4.

(18) L. N. Ferguson, “ The Modern Structural Theory of Organic Chem
istry,”  Prentice-Hall, Englewood Cliffs, N. J., 1963, Chapter 5.

(19) C. Djerassi, “ Steroid Reactions,”  Holden-Day, San Francisco, Calif., 
1963.
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Since complexing occurs solely at the carbonyl group of 
the A ring, at those concentrations given in Table I, the 
effect observed, Av(C-B) equal to 12 Hz, must be 
transmitted through at least seven carbon atoms. 
This long-range effect is quite unexpected, since in 
aliphatic noncyclic bases previously studied the Ai>- 
(C-B) values attenuate rapidly with distance. For ex
ample, in di-n-butyl ether,20 the Av(C-B) value for the 
methylene protons adjacent to the coordinated oxygen 
atom is approximately 80 Hz, whereas the terminal 
methyl group pmr signal is displaced only 6 Hz. Thus 
the 15 proton of 4 must be strongly affected by changes 
in the A ring.

These results demonstrate the advantages of this 
direct low temperature nmr method for investigating a 
variety of Lewis acid-base interactions involving struc
turally complex ligand molecules. The combination 
of :H and 19F nmr provides a reliable method for deter
mining the interaction site or sites in the ligand. For 
polyfunctional compounds the relative basicities of 
different sites thus can be determined. If BF3 coor
dinates at each of two possible sites, they probably

(20) A. Fratiello and R. E. Schuster, J. Org. Chem., 37, 2237 (1972).

differ in basicity by less than 1 pX bh + unit.8. This 
method could be of particular value in the steroid field, 
where quantitative data on basicities of functional 
groups are scarce.17 Such knowledge could be used in 
explaining and predicting the course of acid-catalyzed 
reactions, although of course factors other than basicity 
also must be considered. For example, ketalization of 
3 with methanol in the presence of p-toluenesulfonic 
acid gave largely the 3-ketal,21 which is in accord with 
our finding of predominant binding of BF3 at the 3- 
carbonyl. The observation of exclusive complexing at 
the conjugated carbonyl group of 2 and 4 also is con
sistent with numerous selective acid-catalyzed reac
tions of steroids of this type.19 The fact that BF3 itself 
frequently is used as a catalyst for steroid reactions 
adds to the value of the method reported here.
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(21) W. Nagata, et al., Chem. Pharm. Bull., 14, 174 (1966).

N o t e s

Organophosphorus Enamines.
VIII. A Convenient Preparation o f  Diethyl 

/3-Ketophosphonates1
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Recently we described the nucleophilic addition of 
aliphatic amines to the carbon-carbon triple bond in 
diethyl 1-alkynylphosphonates l ,2 giving enamine 
phosphonates 2 in fair to good yields.3 Now we wish to 
report that an acid hydrolysis of 2 produces /3-keto- 
phosphonates 3 in excellent yields (eq 1). Compounds

0 O NHR1
ii E 'N H , || /  HiO +

(C2H50)2PG =C R -------->- (C2HsO)2PCH=C ------->■
1 2 \

R
o

(C2H50)J>CH2COR (1) 
3

R = alkyl, phenyl; R1 = alkyl

3 prepared in this manner are listed in Table I along 
with their boiling points and yields.

(1) The work was initiated at Tulane University, New Orleans, La,
(2) M. S. Chattha and A. M. Aguiar, J. Org. Chem., 36, 2719 (1971).
(3) M. S. Chattha and A. M, Aguiar, J. Org. Chem., in press.

T a b l e  I
Corapd R Bp, °C (mm) Yield,“  %

a 71-C5Hii 130 (0 .1 5 ) 94
b re-CjHis 125 (0 .1 0 ) 89
c n-C7H 15 139 (0 .1 ) 83
d (CH 3 )2CHCH 2CH 2 137 (0 .1 5 ) 91
e C-C5H 9 110 (0 .1 0 ) 76
f c-C.Hu 151 (0 .5 0 ) 81
g c 6h 6 135 (0 .1 0 ) 90
h c «h 5c h 2c h 2 162 (0 .1 2 ) 91
i c 6h 5c h 2c h 2c h 2 155 (0 .0 8 ) 92

“ This is the yield of the distilled material based upon the 
starting 1-alkynylphosphonates 1.

The ir spectra of compounds 3a-i display strong 
absorption at r 5.85-5.90 (C = 0 ). In the nmr spectra 
of 3a-i, the P-methylene protons exhibit a doublet 
(Jph =  22.5 Hz) in the region of S 3.08-3.18. The 
methylenes from the O-ethyl groups display two 
quartets (Jhh =  7.5, = 9 Hz) at 8 4.12-4.20, which
overlap to give a near quintet pattern. All other proton 
resonances were also found to be in agreement with the 
assigned structures. The structures were further sup
ported by the elemental analyses of these phospho
nates 3.

The hydration of the triple bond in diethyl 1- 
alkynylphosphonates 1 to produce diethyl /3-keto- 
phosphonates 3 has also been reported;4 our alternate 
method described here affords, under very mild condi
tions, a straightforward and high-yield synthesis of this 
very useful class of phosphonates.

(4) G. Sturtz and C. Charrier, C. R. Acad. Sci., 261, 1019 (1965).



N otes J. Org. Chem., Vol. 88, No. 16, 1978 2909

Experimental Section

The nmr spectra were determined on a Varian A-60 spectrom
eter using deuteriochloroform as solvent and tetramethylsilane as 
an internal standard. Diethyl 1-alkynylphosphonates were 
prepared by our method described earlier3 and were redistilled 
before use.

Preparation of Diethyl /3-Ketophosphonates 3a-i.—The diethyl
1-alkynylphosphonate 1 (0.025 mol) was refluxed for 3-5 days 
with a 10-12 molar excess of n-butylamine.4 The excess amine 
was evaporated at aspirator pressure. The resulting adduct 
was dissolved in ether (100 ml), and 100 ml of 1% aqueous solu
tion of oxalic acid was added. The two-layer reaction mixture 
was stirred for 7-8 hr at room temperature and then transferred 
to a separatory funnel. The organic layer was separated and the 
aqueous layer was extracted twice with 25-ml portions of ether. 
The combined ether extracts were washed with dilute sodium 
bicarbonate solution, dried (MgS04), and filtered and ether was 
distilled off. The resulting oil was short path distilled under 
reduced pressure.
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Foundation under Grant GP-10739 We also wish to 
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this work.
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The monocyclic aromatic sesquiterpene (± )-ar- 
turmerone (1) is the chief component of the essential oil 
from the rhizomes of Curcuma Longa Linn.1 Although 
the structure of 1 has been confirmed by a number of 
syntheses,2 we would like to describe a two-step synthe
sis of turmerone employing the recently reported 
method of specifically alkylating a /3-keto phosphonate 
ester at the y carbon atom.3

The alkylation of dianion 3 [prepared by treatment 
of dimethyl 2-oxopropylphosphonate (2) with sodium 
hydride in anhydrous tetrahydrofuran followed by 
subsequent metalation with n-butyllithium] with p -(l- 
bromoethyl)toluene (5) affords the y-alkylated /3-keto 
phosphonate 4 in 50% isolated yield after purification. 
The synthesis of /3-keto phosphonates (e.g., 4) via the 
dianion procedure complements the existing methods: 
Michaelis-Arbusov4 reaction of trimethyl phosphite 
with an a-halo ketone and the reaction of dimethyl

(1) H. Rupe and A. Gassmann, Helv. Chim. Acta, 19, 569 (1936).
(2) (a) J. Colonge and J. Chambion, C. R. Acad. S c i., 222, 557 (1946);

(b) R. P. Gandhi, O. P. Vig, and S. M. Mukherji, Tetrahedron, 7, 236 (1959);
(c) R. J. Crawford, W. F. Erman, and C. D. Broaddus, J. Amer. Chem. Soc., 
94, 4298 (1972).

(3) P. A. Grieco and C. S. Pogonowski, J. Amer. Chem. Soc., 95, 3071 
(1973).

(4) B. A. Arbusov, Pure Appl. Chem., 9, 307 (1964).

o o
II 1. NaH/THF || _

(MeO),PCH,COCH:1 —— ------► (MeO)PCHCOCH,
2. BuLi

2 3

4

a-lithiomethanephosphonate with an ester.5 6 We believe 
that the present method offers some obvious advantages 
over the existing methods.

Finally, treatment of /3-keto phosphonate 4 with 
sodium hydride in anhydrous dimethoxyethane followed 
by addition of an excess of acetone affords after 14 hr 
at 55° a 52% isolated yield of ( ±  )-ar-turmcrone after 
purification. The synthetic material exhibits nmr, ir, 
and mass spectral data in agreement with the previously 
published data.20 The synthesis of 1, despite its low 
overall yield, represents the shortest and most con
venient route in comparison with previously reported 
syntheses.

Experimental Section8

Preparation of /3-Keto Phosphonate 4.—To a suspension of 204 
mg (4.8 mmol) of sodium hydride (57%, washed with hexane to 
remove mineral oil) in 10 ml of freshly distilled tetrahydrofuran 
under an atmosphere of nitrogen was added dropwise 663 mg (4.0 
mmol) of dimethyl 2-oxopropylphosphonate (2)7 in 1.5 ml of dry 
THF. The resulting slurry was stirred at room temperature for 
2 hr to allow for complete formation of the sodio derivative of 2. 
The reaction mixture was then cooled to 0° and 2.6 ml (4.2 mmol) 
of n-butyllithium (1.56 M  in hexane) was added dropwise. 
Stirring was continued for 30 min, followed by addition of 855 mg 
(4.3 mmol) of p-(l-bromoethyl)toluene in 1.5 ml of THF. After 
addition was complete, the reaction mixture was warmed to room 
temperature and stirring was continued for 1 hr. The reaction 
mixture was quenched at 0° by the addition of 4 ml of 5% hy
drochloric acid and the product was isolated by extraction with 
chloroform. After puriflcation by passing through a column of 
silica gel (hexane-benzene-ethanol, 6:2:3) there was obtained 
575 mg of phosphonate 4 (50% yield): rmai (CHC13) 1710 cm-1; 
nmr (CC14) S 7.02 (s, 4 H), 3.67 (d, J  = 11 Hz, 3 H), 3.60 (d, J  =  
11 Hz, 3 H), 2.92 (d, J = 22 Hz, 2 H), 2.26 (s, 3 H), 1.10 (d, 3 
H); m/e 284.

(± )-or-T urm erone.—To a suspension of 72 mg (1.7 mmol) of 
sodium hydride (57% dispersion; washed with hexane prior to 
use) in 5 ml of freshly distilled dimethoxyethane (DME) was 
added 436 mg (1.5 mmol) of phosphonate 4 in 0.5 ml of DME. 
After anion formation was complete (1.5 hr), the reaction mixture 
was cooled to 0° while 0.35 ml (4.8 mmol) of dry acetone was 
added dropwise. After addition was complete, the reaction mix
ture was heated to 55° and maintained at that temperature for 
14 hr.

The reaction mixture was quenched by pouring it into 50 ml of a 
50% aqueous sodium chloride solution. The product was ex

(5) E. J. Corey and G. T. Kwiatkowski, J. Amer. Chem. Soc., 88, 5654 
(1966).

(6) Microanalyses were performed by Galbraith Microanalytical Labora
tories, Knoxville, Tenn. Precoated pic silica gel F-254 Merck plates were 
used for preparative tic. The following spectrometers were used: nmr,
Varian A-60D; ir, Perkin-Elmer Model 247; mass spectrum, LKB-9.

(7) F. A. Cotton and R. A. Schunn, J. Amer. Chem. Soc., 85, 2394 (1963).
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tracted with an ether-hexane mixture (3:1) and the combined 
extracts were dried over anhydrous magnesium sulfate. Pre
parative thin layer chromatography on silica gel afforded 165 mg 
(52%) of pure (±)-ar-turmerone (1): y-..- (CHC13) 1685 (C=0), 
1620 (C=CH-), 1515 (-C6H4-), 819 cm"1 (p-CeH4-); nmr (CCU) 
S 7.00 (s, 4 H, p-CH3C6H4-), 5.90 [m, 1 H, -CH=C(CH3)2] ,
3.20 [m. 1 H, C7H7CH(CH3H ,  2.50 (m, 2 H, -CH2CO-), 2.25 
(s, 3 H, p-CHsCeHs-), 2.08 [s, 3 H, -COCE^CtCHah, methyl 
cis to carbonyl], 1.81 [s, 3 H, -COCH=C(CH3)2, methyl trans 
to carbonyl], 1.20 [d, 3 H, C ^C H fC H s)-] ; m/e 216. The 
analytical sample was obtained as a colorless oil by preparative 
tic followed by molecular distillation, bp (bath) 90° (0.07 mm).

Anal. Calcd for CuHmO: C, 83.28; H, 9.32. Found: C, 
83.42; H, 9.32.

Acknowledgment.—Acknowledgment is made to the 
donors of the Petroleum Research Fund, administered 
by the American Chemical Society, for support of this 
research.

Registry No.—1, 38142-58-4; 2, 4202-14-6; 4, 40601-28-3; 
5,40601-29-4.

An Improved Synthesis o f  2-M ethoxypropene1

M e l v in  S. N e w m a n * an d  M ic h a e l  C. V a n d e r  Z w a n

Department of Chemistry, The Ohio State University, 
Columbus, Ohio 43210
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The advantages of the use of 2-methoxypropene2
(1), 1-methoxycyclohexene (2), and 4-methoxy-5,6- 
dihydro-2//-pyran (3), over dihydropyran (4), for 
the protection of alcohol functions have been dis
cussed.3 The reaction of 1 with allylic alcohols to 
form allyl vinyl ethers which rearrange on heating to
7,5-unsaturatcd ketones has been described.4 * Be
cause we were interested in another use for 1, we 
sought to improve the tedious methods for preparation 
described.6

The improved method described herein involves 
adding acetone dimethyl ketal to a solution of suc
cinic anhydride and benzoic acid6 in pyridine and di
ethylene glycol dimethyl ether (diglyme) at 110-120°. 
The desired 1 distills as formed in excellent yield. An
8-mol run can be completed in 2-2.5 hr. When acetic 
anhydride4 is used in place of succinic anhydride, methyl 
acetate codistills with 1 and an aqueous alkaline hy
drolysis of the mixture is necessary to obtain pure 1.

The method using succinic anhydride is mainly 
valuable when a low-boiling vinyl ether is desired. 
In the case of the formation of a-methoxystyrene from 
acetophenone dimethyl ketal the method using suc
cinic anhydride requires an aqueous wrork-up and hence 
has no advantage over that using acetic anhydride, 
but the example is given to indicate the generality 
of the method.

(1) This work was supported by Grant 12554 of the National Science 
Foundation.

(2) A. F. Kluge, K. G. Untch, and John H. Fried, J. Amer. Chem. Soc., 
94, 7827 (1972).

(3) C. B. Reese, R, Saffhili, and J. E. Sulston, J. Amer. Chem. Soc., 89, 
3366 (1967).

(4) G. Saucy and R. Marbet, Hdv. Chim. Acta, 50, 2091 (1967); R. 
Marbet and G. Saucy, ibid., SO, 2095 (1967).

(5) L. Claisen, Chem. Ber., 31, 1019 (1898); G. Saucy and R. Marbet, 
Helv. Chim. Acta, 50, 1158 (1967).

(6) The reaction takes place much more slowly if benzoic acid is omitted.

Experimental Section

2-Methoxypropene (1).—To a stirred solution at 110-120° of 
820 g (8.2 mol) of succinic anhydride and 24 g (0.2 mol) of benzoic 
acid in 640 g (8 mol) of pyridine and 600 ml of diglyme in a 3-1. 
three-necked round-bottomed flask fitted with a pressure-equaliz
ing addition funnel, thermometer, and an efficient fractionating 
column7 was added 832 g (8 mol) of acetone dimethyl ketal over
1.5 hr. Shortly after the ketal addition was commenced 1 dis
tilled. After about 2 hr 547 g (95%) of 1 was obtained as a color
less liquid, bp 37°. This product, nmr (CCL, TMS S 0.0) 3.80 
(s, 2, = C H 2), 3.48 (s, 3, CH30 -), 1.75 (s, 3, CH3C), had a strong 
ir  band (20% in CC14) at 6.08 u (1640 cm-1) for an olefin and no 
bands at 3.00 (3350 cm-1, methanol), or near 5.8 a (1750 cm-1, 
acetone).

That the amount of pyridine used can be greatly decreased 
was shown by a similar experiment in which 208 g (2.0 mol) of 
acetone dimethyl ketal was added during 20 min to a solution 
at 110-120° of 220 g (2.2 mol) of succinic anhydride and 12 g 
(0.1 mol) of benzoic acid in 250 ml of diglyme and 16 g (0.2 mol) 
of pyridine. The yield of pure 1 obtained in 70 min was 130 g 
(90%).

a-Methoxystyrene (2).—To a solution at 110-120° of 33 g 
of succinic anhydride and 1.2 g of benzoic acid in 30 ml of pyridine 
and 35 ml of diglyme was added 46 g of acetophenone dimethyl 
ketal during 15 min. After a further 15 min the mixture was 
cooled and added to 200 ml of 2 N  potassium hydroxide. The 
neutral product was extracted with ether and worked up in a 
conventional way to yield 36.0 g (97%) of 2, bp 114° (50 mm).8

Registry No.—1, 116-11-0; 2, 4747-13-1; acetone dimethyl 
ketal, 77-76-9; acetophenone dimethyl ketal, 4316-35-2.

(7) We used a 1.75 X 60 cm column packed with stainless steel heligrad 
packing. However, a 1.75 X 30 cm column packed with 0.25-in. glass 
helices worked almost as well.

(8) S. Winstein and L. L. Ingraham, J. Amer. Chem. Soc., 77, 1738 
(1955), gave bp 85-89° (20 mm).

Improved Synthesis of Deuterated Olefins 
from the Wittig Reaction

G e r a l d  W. B u c h a n a n * an d  A l b e r t  E. G u stafso n

Department of Chemistry, Carleton University, 
Ottawa, Canada K1S 5B6

Received March 13, 1973

The utility of the Wittig reaction1 for the syn
thesis of deuterated alkenes has been plagued by the 
occurrence of extensive deuterium scrambling and 
exchange with the reaction medium. Atkinson and 
coworkers2 found that n-propyl- or n-butyllithium 
should be used as a base rather than the anion of 
dimethyl sulfoxide3 in order to minimize deuterium 
exchange via enolization of the carbonyl compound. 
However, work-up procedures are tedious and yields 
are characteristically low.

In the course of some spectroscopic studies, we re
quired a sample of o-divinylbenzenc-d, (1). Survey 
of the literature revealed a synthesis4 from Ph3PCD3Br

^ x h = cd2

e x^ ' " ' T ; H = c a
l

(1) G. Wittig and U. Schollkopf, Chem. Ber., 87, 1318 (1954).
(2) J. G. Atkinson, M. H. Fisher, D. Horley, A. T. Morse, R. S. Stuart, 

and E. Synnes, Can. J. Chem., 43, 1614 (1965).
(3) E. J. Corey and M. Chaykovsky, J. Amer. Chem. Soc., 84, 866 (1962).
(4) M. Pomerantz and G. W. Gruber, J. Amer. Chem. Soc., 93, 6615

(1971).
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and o-phthalaldehyde employing ier<-butyllithium as 
base. nmr analysis indicated 93% incorporation 
of four deuteriums, but the yield of 1 was only 1.5%. 
We wish to report a 20-fold increase in the yield of 1 
with no apparent scrambling of deuterium via a simple 
modification of the decomposition procedure of the 
intermediate betaine. The method is shown to be 
generally applicable to other vinyl compounds, ex
emplified by vinylcyclohexane-d? (2).

^ ^ C H = C D 2

2

Rather than employing a thermal decomposition of 
the betaine by refluxing for several hours,4 we find 
that addition of excess D20  gives a 30% yield of 1 and 
a 70% yield of 2. 1H and 13C nmr analysis5 indicates 
97 ±  3% 1-di and 97 ±  3% 2-d2 deuterated solely 
at the exo methylene carbons.

Notably, if n-butyllithium is used as base followed 
by D20  work-up, measurable exchange occurs at the 
exocyclic carbons in all compounds studied. Mass 
spectral determination indicated that d2 material was 
the main impurity in the preparation of 1 and di 
material in the case of 2. The absence of exchange 
when ferf-butyllithium is employed as base may be 
explained on steric grounds. Owing to the inductive 
effects of the methyl groups, the ¿erf-butyl carbanion 
is expected to be a stronger base, thermodynamically, 
than n-butyllithium. The n-butyl carbanion, how
ever, can approach an acidic proton with less steric 
restriction and thus may be the stonger base kinet- 
ically, causing exchange at the intermediate betaine 
stage of the reaction.

The need for an appreciable “ deuterium pool”  in 
the work-up is clear from H20  quenching experiments 
in which 10-40% exchange occurs, regardless of the 
base employed, to give mainly l-d2 and 2-dh respec
tively. Results of several exchange experiments are 
presented in Table I.

T a b l e  I

D e u t e r iu m  I n c o r p o r a t io n s  f r o m  W it t ig  R e a c t io n s  ( ± 3 % )

' Salt Base
Quenching

agent
%

1-dt
% 

2-i,
Ph3PCD3Br n-BuLi d 2o 91 84
Ph3PCD3Br ¿-BuLi d 2o 97 97
Ph3PCD3Br n-BuLi h 2o 81 63
Ph3PCD3Br f-BuLi h 2o 93 68

It is interesting that the amount of exchange de
creases with increasing steric hindrance in the sub
strate, a finding in accord with the steric approach 
control argument presented above. Although the

D
+ I 'O et

Ph3P— C— D
I

- 0 — C— R
I

H
A

(5) J. B. Stothers, C. T. Tan, A. Nickon, F. Huang, R. Scridhar, and
R. Weglein, J. Amer. Chem. Soc., 94, 8581 (1972).

precise mechanism of isotopic exchange is difficult to 
elucidate, the lack of observable scrambling at the 
methine olefinic carbon indicates the absence of ex
change in the parent aldehyde. It is proposed that 
scrambling of label occurs in the betaine intermediate A.

Experimental Section

Spectra.—’H nmr spectra were recorded on Varian T-60 and 
XL-100-12 nmr spectrometers at 60 and 100 MHz, respectively. 
UC spectra were recorded at 25.2 MHz on the XL-100-12 under 
conditions of complete proton noise decoupling. Mass spectra 
were recorded using a Varian Anaspec EM-600.

Materials.—Methyl-d3-triphenylphosphonium bromide was 
prepared from triphenylphosphine and methyl bromide-d3 (99.5%, 
obtained from Stohler Isotope Chemicals, Montreal) according 
to the method of Trippett.6

A typical procedure for preparation of 2 follows. Methyl-d3- 
triphenylphosphonium bromide (5.4 g, 0.015 mol) in 60 ml of dry 
diethyl ether were placed in a 250-ml three-necked flask under 
nitrogen and the suspension was stirred for 20 min. To this 
was added 7.1 ml of a 2.1 AT solution of fert-butyllithium in pen
tane via a hypodermic syringe. The resulting orange-yellow 
solution was stirred for 4 hr at room temperature, then cooled 
to 10° via an ice-water bath, and 1.68 g (0.015 mol) of cyclo- 
hexanecarbonaldehyde in 20 ml of ether was added over 1 min. 
The resulting heavy white suspension was stirred for 10 min 
and then quenched by the addition of 30 ml of D20. The reac
tion mixture was extracted with three 30-ml portions of ether 
and dried over anhydrous magnesium sulfate. Removal of the 
solvent by distillation at atmospheric pressure yielded an oil 
containing residual triphenylphosphine oxide and vinylcyclo- 
hexane. Addition of 15 ml of petroleum ether (bp 30-60°) 
caused precipitation of the oxide, which was removed by filtra
tion . Final purification of the olefin was accomplished by column 
chromatography (neutral alumina, activity grade I)  using ether 
as eluent. A 71% yield of vinylcyclohexane-iL was obtained.

Acknowledgment.—We thank the National Research 
Council of Canada for financial support.

Registry No.—2, 40600-04-2; methyl-dj-triphenylphospho- 
nium bromide, 1787-44-6; cyclohexanecarbonaldehyde, 2043- 
61-0.

(6) S. Trippett, “ Advances in Organic Chemistry,” Vol. 1, Interscience, 
New York, N. Y., 1960, pp 83-102.

Orientation in Base-Prom oted ( }  Eliminations 
from  Chlorocyclodecane. The Role o f 

Base Association

R ic h a r d  A. B a r t s c h * a n d  T h e o d o r e  A. S h e l l y

Department of Chemistry, Washington State University, 
Pullman, Washington 99163

Received March 13, 1973

A striking control of orientation by choice of base 
in eliminations from chlorocyclodecane (1) has been 
reported by Traynham, Stone, and Couvillion.1 
Reaction of 1 with ¿-BuOK in DMSO produced 97% 
cfs-cyclodecene. With lithium dicyclohexylamide 
[LiN(Cy)2] in ethyl ether-hexane, 96% ¿rans-cyclo- 
decene was obtained. Although these authors offered 
no explanation for this interesting dichotomy, Buehler 
and Pearson2 have proposed that, in DMSO, ¿-BuOK

(1) J. G. Traynham, D. B. Stone, and J. L. Couvillion, J. Org. Chem., 32, 
510 (1967).

(2) C. A. Buehler and D. E. Pearson, “ Survey of Organic Synthesis,” 
Wiley-Interscience, New York, N. Y., 1970, p 77.
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T a b l e  I
Ol e f in ic  P rodu cts  from  R eactio n  o f  C h loro cyclo de can e  w it h  V ar io u s  B ase- S o l v e n t  System s

/■---------% of total cyclodecenes-

Expt Base-solvent Conditions
trans-

Cyclodecene
CÌ8-

Cyclodecene

1“ ¿-BuOK-DMSO 5 min, room temp 18 ±  l 6 82 ±  1
2« ¿-BuOK-DMSO 15 min, room temp 6 ±  1 94 ±  1
3“ ¿-BuOK-DMSO 2 hr, room temp 4 ±  1 96 ±  1
4* LiN (Cy )r-ether-hexane 24 hr, reflux 87 ±  2 13 ±  2
5J LiN (Cy lî-ether-hexane* 3 hr, reflux 69 ±  1 31 ±  1
6J LiN (Cy ̂ ¿-ether-hexane* 24 hr, reflux 68 ±  3 32 ±  3
7 ' ¿-BuOK^-BuOH 24 hr, 50° 56 ± 2 44 ±  2
S' ¿-BuOK- ¿-BuOH" 2 hr, 50° 62 ±  1 38 ±  1

« [1] = 0.6 M , [¿-BuOK] = 0.9 M . b Standard deviation from repetitive analysis of extracted product mixture. '  [1] = 0.3 M , 
[LiN(C6Hii)2] = saturated solution. d [1] = 0.3 M , [LiN(C6Hii)2] = 0.3 M . * Tetramethyl-12-crown-4 (0.3 M) present. > [1] = 
0.6 M , [¿-BuOK] = 0.6 M . 1 Dicyclohexyl-18-crown-6 (0.6 M ) present.

is well dissociated, which favors anti elimination and 
the formation of as-cyclodecene. However, in ether- 
hexane, association of the cation and anion of LiN- 
(Cy)2 promotes syn elimination and the production 
of irans-cyclodecene.3'5 Because of our interest in 
the effect of base association upon orientation and 
stereochemistry in base-promoted /3-elimination reac
tions,7-9 an examination of this hypothesis was under
taken.

The relative proportions of isomeric cyclodecenes 
which are formed in reactions of 1 with three base- 
solvent systems are reported in Table I. For expt 3 
and 4, procedures of Traynham, Stone, and Couvil- 
lion1 were employed on a reduced scale. Under these 
conditions, reactions of 1 with f-BuOK-DMS.O and 
LiN(Cy)2-ether-hexane produce predominantly cis- 
cyclodecene and frans-cyclodecene, respectively.

However, the relative amounts of cis- and frans- 
cyclodecene which result from reaction of 1 with t- 
BuOK-DMSO vary with reaction time (compare 
expt 1-3). This suggests isomerization of initially 
formed frans-cyclodecene to the thermodynamically 
more stable cis isomer10 by ¿-BuOK-DMSO.11 Ex
posure of a cyclodecene mixture rich in the trans isomer 
(68% trans- and 32% as-cyclodecene) to the reaction 
conditions of expt 3 resulted in isomerization to a mix
ture which contained 96% as-cyclodecene.12 There
fore, the high proportions of as-cyclodecene which 
have been observed in reactions of 1 with f-BuOK- 
DMSO result from product isomerization, not from a 
special effect of a dissociated base.

A relatively minor influence of base association 
upon orientation in eliminations from 1 was demon
strated by use of crown ethers (macrocyclic poly

(3) In eliminations from cyclodecyl bromide induced by f-BuOK-i-BuOH 
and i-BuOK-benzene, cis-cyclodecene is formed by anti elimination and 
/rans-cyclodecene by syn elimination. For reactions with i-BuOK-DMF 
and EtOK-EtOH, both cyclodecenes arise by anti elimination.4

(4) J. Z&vada, J. Krupi6ka, and J. Sicher, Collect. Czech. Chem. Commun., 
33, 1393 (1967).

(5) For discussions of the favoring of syn elimination relative to anti 
elimination by base association, see ref 4, 6, and 7.

(6) J. Zdvada and J. Svoboda, Tetrahedron Lett., 23 (1972).
(7) R. A. Bartsch and K. E. Wiegers, Tetrahedron Lett., 3819

(1972).
(8) R. A. Bartsch, G. M. Pruss, R. L. Buswell, and B. A. Bushaw, Tetra

hedron Lett., 2621 (1972).
(9) R. A. Bartsch, J. Org. Chem., 38, 846 (1973).
(10) N. L. Allinger, J. Amer. Chem. Soc., 7 9 , 3443 (1957).
(11) The propensity of i-BuOK-DMSO for olefin isomerization is well 

known. See A. Schriesheim, R. J. Muller, and C. A. Rowe, Jr., J. Amer. 
Chem. Soc., 84, 3164 (1962), and papers cited therein.

(12) Equilibration of cyclodecenes with lithium 2-aminoethylamide in 
ethylenediamine yields 96% c is - and 4% irans-cyclodecene.4

ethers).3 4 5 6 7 8 9 10 11 12 13 Crown ethers strongly complex alkali metal 
cations13 and markedly reduce the extent of base as
sociation in solvents of low polarity.7'8'14 Reactions 
of 1 with LiN(Cy)2-ether-hexane and tetramethyl-
12-crown-41516 (expt 5 and 6) and f-BuOK-f-BuOH 
and dicyclohexyl-18-crown-613 (expt 8) produced a 
somewhat greater proportion of as-cyclodecene than 
in the absence of the crown ethers (expt 4 and 7, re
spectively). These increases probably result from a 
change in elimination stereochemistry for as-cyclo- 
decene formation from mostly syn with the associated 
bases to predominantly anti in the presence of the 
crown ethers.14

Experimental Section

Chlorocyclodecane117 and tetramethyl-12-crown-415 16 17 were pre
pared by literature methods. Commercial ¿-BuOK (MSA, 
sublimed), DMSO (Baker, reagent), anhydrous ethyl ether 
(Mallenkrodt, reagent), hexane (Baker, reagent), and methyl- 
lithium in ether (Foote) were used directly. Dicyclohexylamine 
(Eastman) was purified by distillation. Solutions of i-BuOK-i- 
BuOH were prepared as before.18

Procedure.—Reactant concentrations, temperatures, and 
times are given in Table I. Reactions of 1 with ¿-BuOK-DMSO 
and ¿-BuOK-i-BuOH were conducted by adding 1 to 5 ml of the 
appropriate base-solvent solution. After the desired reaction 
period, the reaction mixture was poured into 25 ml of water and 
extracted with pentane (2 X 10 ml) and the volume of the pentane 
solution was reduced to 2 m l. The resulting liquid was analyzed 
by gas-liquid chromatography on a Varian Aerograph Model 
1700 flame ionization gas chromatograph using 30 ft  X 0.125 in. 
columns of 20% UCON 50HB100 on Chromosorb P operated at 
150° Reactions of 1 with LiN(Cy)2 in ether-hexane were per
formed by adding 0.50 g (3 mmol) of 1 in 5 ml of hexane to a 
mixture formed by addition of 1.76 ml (3 mmol) of methyl- 
lithium in ether to 0.50 g (3 mmol) of dicyclohexylamine in 5 ml 
of ether. Work-up and analysis were as given above.

Isomerization Studies.—A cyclodecene mixture (68 ±  3% 
trans and 32 ±  3% cis) was added to a solution of 2.5 ml of 0.9 
M  ¿-BuOK-DMSO. After 2 hr at room temperature, work-up, 
and analysis in the usual fashion, the cyclodecene mixture was 
found to be predominately cts-eyclodecene (4 ±  1% trans and 
96 ±  1% cis).

Registry No.—Chlorocyclodecane, 7541-62-0; ¿rans-cyclo- 
decene, 2198-20-1; cts-cyclodecene, 935-31-9.

(13) C. J. Pederson, J. Amer. Chem. Soc., 89, 7017 (1967); 92, 391
(1970).

(14) M. Svoboda, J. Hapala, and J. Zâvada, Tetrahedron Lett., 265 (1972).
(15) J. L. Down, J. Lewis, B. Moore, and G. Wilkinson, J. Chem. Soc., 

3767 (1959).
(16) Addition of tetramethyl-12-crown-4 caused the heterogeneous mix

ture of LiN(Cy)2 ether-hexane to become homogeneous.
(17) We thank Cities Service Co., Cranbury, N. J., for a generous sample 

of cyclodecane.
(18) R. A. Bartsch and J. F. Bunnett, J. Amer. Chem. Soc., 91, 1376 

(1969).



N otes J. Org. Chem., Vol. 88, No. 16, 1978 2913

Boron Trifluoride Catalyzed Rearrangement 
o f  Cyclopropylphenylglycolam ide

J ose ph  G. C a n n o n ,*  R o b e r t  V. Sm it h , K e e v in  F r a n z e n , 1» 
an d  J a m e s  M tjsich11*

CCONH,

\ h 2CH,—

Division of Medicinal Chemistry and Natural Products, 
College of Pharmacy, The University of Iowa,

Iowa City, Iowa

Received March 20, 1973

A prior communication2 described acid-catalyzed 
rearrangement of cyclopropylphenylglycolic acid (1) 
to form 3-phenyl-5,6-dihydro-2-pyrone (2). Treat
ment of cyclopropylphenylglycolamide (3) under the

0HI 5%
/ = \  I HoSO,{j-C C00H —

A

5%
HaSO,

OH

^ — CCONH,

A

same experimental conditions utilized for 1 (5% 
aqueous sulfuric acid) afforded an equivalent yield 
of the dihydropyrone 2. However, treatment of 3 
with boron trifluoride etherate in anhydrous benzene 
provided, in addition to some polymeric material, a 
sizable amount of a nitrogen-containing solid whose 
infrared spectrum suggested the presence of amide 
carbonyl and whose mass spectrum revealed a parent 
ion of mass 251, corresponding to a formula of C17HnNO. 
These data suggested that the product contained an 
additional benzene ring, and that there was solvent 
participation in the BF3-mediated rearrangement. 
Bruylants and Dewael3 described formation of 5 by 
treatment of cyclopropyldimethylcarbinol (4) with 
HC1; the validity of this work was confirmed by 
Favorskaya and Fridman.4 On the basis of a non- 
classical carbonium ion structure proposed for some 
cyclopropylmethyl cations,5'6 the Bruylants-Dewael 
reaction leading to 5 can be described as indicated.

CH,

CH3COH H+

A

ch3

I
CH,C

tcr

ch3

I
ch3c

CHCH,CH,C1
5

In the present work, it was speculated that a similar 
ion derived from 3 reacted with the benzene solvent 
to form 6.

(1) (a) National Science Foundation Undergraduate Research Participant, 
summer, 1971; (b) summer, 1970.

(2) L. L. Darko and J. G. Cannon, J. Org. Chem., 32, 2352 (1967).
(3) P. Bruylants and A. Dewael, Bull. Set. Acad. Roy. Bdg., 14, 140 

(1928).
(4) T. A. Favorskaya and S. A. Fridman, J. Gen. Chem. USSR, 15, 421 

(1945).
(5) J. D. Roberts and R. H. Mazur, J. Amer. Chem. Soc., 73, 2509 (1951).
(6) M. Vogel and J. D. Roberts, J. Amer. Chem. Soc., 88, 2262 (1966).

Nmr data were consistent with this structure. 
Ozonolysis of 6 permitted isolation of hydrocinnamic 
acid, which is likewise consistent with the proposed 
structure. Only a minute amount of the other ozon
olysis product, phenylglyoxylamide, could be isolated 
from this reaction; a significant amount of nitrogen- 
containing polymeric material apparently was formed 
during the work-up of the reaction. Claisen7'8 de
scribed the ease of polymerization of phenylglyoxyl
amide under acidic conditions similar to those em
ployed in the work-up of the ozonolysis reaction.

The mass spectrum of 6 showed prominent ions at 
m/e (rel intensity) 251 (100, M+), 160 (20, M~- 
CH2C6H5), 118 (96, phenylketene), and 91 (87, tro- 
pylium), which provide further evidence for its struc
ture. A uv spectrum of 6 (ethanol) revealed X 249 
nm (e 14,800), 283 sh (1260), and 291 (670). These 
data are consistent with those for compounds con
taining a styryl chromophore;9 moreover, they seem 
to indicate the configuration about the double bond 
in 6. Nilsson10 reported significantly different uv 
spectra for 7 and 8.

COOH

A249 nm (e 11,000)
291 (370) (ethanol)
H = X 6.25 (carbon tetrachloride)

COOH

X 235 nm sh (c 5500) (ethanol)
H„ = 7.17 (beneath phenyl H ’s)

(carbon tetrachloride)

Since the primary amides of 7 and 8 would be ex
pected to display similar uv chracteristics, the parallel 
agreement of the uv data for 6 and 7 suggests that 6 
is (Z)-2,5-diphenyl-2-pentenoamide. This assignment 
is corroborated by comparison of the chemical shifts 
of the olefinic proton of 6 (8 6.05) with those of the 
olefinic protons in 7 and 8.11 The remainder of the 
nmr spectrum of 6 is consistent with the proposed 
structure, which seems firmly established.

Catalytic hydrogenation of 6 permitted isolation of 
the saturated amide 9. In studies aimed at unequiv
ocal synthesis of 6, phenylglyoxylamide was treated 
with a Wittig reagent derived from triphenyl-3-

(7) L. Claisen, Ber., 10, 1665 (1877).
(8) L. Claisen, Ber., 12, 632 (1879).
(9) C. G. Overberger and D. Tanner, J. Amer. Chem. Soc., 77, 369 (1955).
(10) K. Nilsson, Acta Chem. Scand., 19, 612 (1965).
(11) K. Nilsson and S. Sternhell, Acta Chem. Scand., 19, 2441 (1965).
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phenylpropylphosphonium bromide; no identifiable 
product could be isolated. However, a reaction be
tween this Wittig reagent and methyl phenylglyoxylate 
permitted isolation of methyl 2,5-diphenyl-2-pen- 
tenoate (10). Repeated attempts to effect am-

monolysis on 10 failed; either starting material was 
recovered or (under drastic conditions) the reaction 
mixture turned into an intractable tar. Attempts to 
effect acid- or base-catalyzed hydrolysis of 6 or 10 
resulted in formation of complex mixtures. The 
olefinic proton of 10 appears to be buried beneath the 
aromatic protons. In light of the olefinic assignments 
in 7 and 8, 10 is concluded to be E isomer, possessing 
a configuration opposite that of 6.

A reasonable explanation for the rearrangement of 
3 to the dihydropyrone 2 with aqueous sulfuric acid 
as contrasted with the behavior of 3 in the presence 
of boron trifluoride etherate and benzene is that, in 
aqueous environment, 3 first hydrolyzes to the acid 1, 
which then rearranges to the dihydropyrone 2. In 
boron trifluoride-benzene, no hydrolysis can occur 
and the amide moiety does not, under the reaction 
conditions, participate intramolecularly. The prior 
finding2 that treatment of cyclopropylphenylglycolic 
acid (1) with boron trifluoride in benzene induces 
formation of the dihydropyrone 2 suggests that the 
differences in reaction products described herein 
cannot be related to the difference(s) in catalysts 
employed.

Experimental Section

Melting points were determined in open capillaries on aThomas- 
Hoover Uni-melt apparatus and are corrected. Ir  spectra were 
recorded in a Beckman IR-5-A instrument and nmr spectra were 
obtained on a Yarian Associates T-60 instrument. Uv spectra 
were recorded on a Beckman DK-2 instrument. Elemental 
analyses were performed by the Microanalytical Service, College 
of Pharmacy, University of Iowa. Mass spectral data were 
supplied by Sadtler Research Laboratories, Inc., Philadelphia, 
Pa.

(Z)-2,5-Diphenyl-2-pentenoamide (6).—Cyclopropylphenyl-
glycolamide (3)2 (1:60 g, 0.0083 mol) was warmed in 150 ml of 
anhydrous, thiophene-free benzene until solution was achieved; 
then 10 ml of boron trifluoride etherate was added. The mix
ture was refluxed for 1 hr, allowed to stand at room temperature 
for 48 hr, then refluxed for 4 hr. The reaction mixture was cooled 
and decanted from gummy material which coated the sides of the 
reaction vessel. The benzene solution was washed several times 
with water and dried (Na^SO,), and volatiles were removed under 
reduced pressure to leave an off-white solid which was recrys
tallized from aqueous ethanol to afford 1.16 g (56%) of well- 
formed needles: mp 136-138°; ir (CHC13) 1670 cm-1 (amide

C = 0 ); nmr (CDC1S) 8 2.7-3.0 (m, 4 H), 5.15 (unresolved m, 
1 H), 5.9-6.2 (m, 2 H), 7.2-7.5 (m, 10 H); m/e 251.1323 (M+).

2,5-Diphenylpentanoamide (9).—Compound 6 (0.83 g, 0.0033 
mol) in 50 ml of ethanol was hydrogenated in the presence of 
0.1 g of 10% Pd/C in a Parr shaker apparatus at room tempera
ture and an initial pressure of 47 psig. When 1 equiv of H2 was 
absorbed, the catalyst was removed by filtration. The water- 
white filtrate was evaporated under reduced pressure to afford 
a colorless oil which crystallized on standing and was recrystal
lized from 50% ethanol to afford 0.43 g (51%) of platelets: mp
90-92°; ir (CHCls) 1670 cm-1 (amide C = 0 ); nmr (CDCU) 8
1.70 center (unresolved m, 4 H), 2.6 center (unresolved m, 2 H),
3.40 (t, 1H), 7.2-7.5 (m, 10 H).

A nal. Calcd for CnIL.NO: C, 80.75; H, 7.51; N, 5.54. 
Found: C, 80.60; H, 7.75; N, 5.21.

Methyl (E)-2,5-Diphenyl-2-pentenoate (10).—Sodium amide 
was prepared from 100 ml of liquid NH3 and 1.15 g (0.05 g-atom) 
of Na according to a procedure of Bestmann,12 and a W ittig pro
cedure of Bestmann and Hartung13 was employed. Triphenyl-
3-phenylpropylphosphonium bromide12 (18.0 g, 0.04 mol) was 
added to the suspension of sodium amide in liquid NHS in one 
portion. The NH3 was permitted to evaporate under N2 and 
200 ml of Na-dried benzene was added. The reaction mixture 
assumed a deep red-brown color and it  was refluxed for 8 hr. The 
mixture was cooled and 6.56 g (0.04 mol) of methyl phenylgly
oxylate (Aldrich Chemical Co.) in 30 ml of Na-dried benzene 
was added dropwise with stirring. The resulting tan reaction 
mixture was stirred for 1 hr, then i t  was filtered, and volatiles 
were removed from the filtrate under reduced pressure (steam 
bath) to leave a brown oil. This was distilled, collecting the 
fraction with bp 140-160° (1.3 mm), which was redistilled, bp 
145-152° (0.7 mm), to yield 2.60 g (25%) of a straw-colored 
liquid: ir  (CHCls) 1690 cm-1 (ester C = 0 ); nmr (CDC13) 8
2.3-2.9 (m, 4 H), 3.75 (s, 3 H), 7.0-7.4 (unresolved m, 11 H).

A nal. Calcd for Ci8H i80 2: C, 81.20; H, 6.77. Found: 
C.81.56; H, 6.87.

Ozonolysis of (Z)-2,5-Diphenyl-2-pentenoamide (6).—Com
pound 6 (0.32 g, 0.00127 mol) in 200 ml of Na2S04-dried meth
anol, maintained at —60°, was treated with excess ozone. Meth
anol was removed from the reaction mixture under reduced pres
sure from a water bath (45-50°). The residual transparent oil 
was treated with 35 ml of 90% formic acid and 17 ml of 30% 
hydrogen peroxide, and this mixture was gently warmed on a 
steam bath until spontaneous reflux began. When the mixture 
ceased to boil spontaneously, it  was refluxed vigorously for 1 
hr and cooled, and excess NaHC03 was added. The resulting 
mixture was extracted repeatedly with ether (extract A); then 
the aqueous phase was acidified with sulfuric acid and excess K I 
was added. Na2S03 was then added until the iodine color was 
discharged, and the resulting mixture was extracted several times 
with ether. Ether was removed from the pooled extracts to 
afford an oil which partly solidified on standing and was recrys
tallized from water to afford a low-melting (30-34°) solid whose 
ir spectrum (CHCls) was superimposable upon a similar spectrum 
of an authentic sample (mp 40-42° from water) of hydrocinnamic 
acid. Tic of the ozonolysis product in several solvent systems 
gave Rt values identical with those of the authentic sample of 
hydrocinnamic acid. Work-up of extract A provided a small 
amount of hydrocinnamaldehyde (identified by comparison of 
its ir spectrum with that of an authentic sample) and, in addition 
to polymeric material, a very small amount of off-white crystals, 
mp 88-91°, was isolated (lit.7 mp for phenylglyoxylamide 91°).

Registry No.—3, 13019-40-4; 6, 40600-00-8; 9, 40600-01-9; 
10, 40600-02-0; benzene, 71-43-2; boron trifluoride etherate,
109-63-7; triphenyl-3-phenylpropylphosphonium bromide, 7484- 
37-9; methyl phenylglyoxylate, 15206-55-0.

(12) H.-J. Bestmann, Angew. Chem., Ini. Ed. Engl., 4, 583 (1965).
(13) H.-J. Bestmann and H. Hartung, Chem. Ber., 99, 1198 (1966).
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The Synthesis of /3,y-Unsaturated Aldehydes 
by the [2,3]-Sigmatropic Rearrangement of 

Allylic Ammonium Ylides

Summary: The [2,3]-sigmatropic rearrangement of
ylides derived from allylic A-cyanomethylpyrrolidinium 
salts followed by hydrolysis of the products affords /3,y- 
unsaturated aldehydes in >90%  overall yields.

Sir: The utility of the [2,3]-sigmatropic rearrange
ments of allylic sulfonium ylides for the preparation of 
(8,7-unsaturated carbonyl compounds has been demon
strated in several elegant procedures.1 We have found 
that analogous sequences based on tetraalkylammonium 
ylides2 offer significant advantages in terms of flexi
bility and high overall yields. A generalized procedure 
is indicated in Scheme I. The ylide precursors are

Sch em e  I
R,

V CHN'

CN

O

H,0+

R ^ ch ,

R / "C H = 0

readily constructed either by alkylation of A-cyano- 
methylpyrrolidinc (NCMP) 3 with allylic halides or 
from A-allylpyrrolidines and chloracetonitrile. The 
alkylations are conveniently carried out in dimethyl 
sulfoxide (DMSO) and the ammonium salts are not 
normally isolated, but either tetrahydrofuran (THF) 
or liquid ammonia is added followed by potassium 
ferf-butoxide. Ylide formation and concomitant re
arrangement proceed slowly at —78° but rapidly at 
— 33° in the latter solvent; somewhat higher tempera
tures are required in THF because of solubility prob
lems.

The choice of a pyrrolidine derivative is optional, 
but was made so as to increase the nucleophilicity of the 
amine and to facilitate the removal of cyanide ion from 
the product.4 * The function of the nitrile group is to 
localize carbanion formation and, subsequently, to act 
as a leaving group to generate a carbonyl function in 
the final product. The properties of the nitrile group 
in such a role are probably difficult to duplicate.

(1) (a) J. E. Baldwin and J. A. Walker, Chem. Commun., 354 (1972); (b) 
E. Hunt and B. Lythgoe, ibid., 757 (1972); (c) E. J. Corey and S. W. Wa- 
linsky, J. Amer. Chem. Soc., 94, 8932 (1972); (d) G. Andrews and D. A. 
Evans, Tetrahedron Lett., 5121 (1972).

(2) (a) G. V. Kaiser, C. W. Ashbrook, and J. E. Baldwin, J. Amer. Chem. 
Soc., 93, 2342 (1971); (b) R. W. Jemison and W. D. Ollis, Chem. Commun., 
294 (1969).

(3) A. Lespagnol, E. Cuingnet, and M. Debaert, Bull. Soc. Chim. Fr., 383 
(1960).

(4) P. Y. Sollenberger and R. B. Martin, J. Amer. Chem. Soc., 92, 4261
(1970) ; cf. ref 13.

The general utility of the procedure is indicated 
(Scheme II) by the array of substrates whose structural

Sch em e  I I

9:1
“ “ ’ Reagents: a, A'-bromosuccinimide; b, NCMP-DMSO; c, 

KO-<-Bu-THF; d, aqueous oxalic acid-THF; e, PBr3, pyridine, 
and ether; /, oxalyl chloride and pyridine; g, pyrrolidine; h, 
A1H3; i, C1CH2CN.

and functional diversity illustrate the flexibility of this 
approach. Isolated yields of aldehydes were con
sistently between 90 and 95% from allylic halides. 
Formation of a,0-unsaturated aldehydes (where this 
was possible) accounted for ~ 1 5 %  of the products and 
occurred, apparently, through equilibration of the 
intermediate imminium salts with their conjugate 
dicneamines, since the /3,y-unsaturated aldehydes 
themselves were stable to the hydrolytic conditions. 
Stereoselectivity was total in the bicyclooctene example 
a,6’6 but diminished as the alternative stereochemical 
pathways became more equivocal. Undoubtedly this 
trend could be opposed by the introduction of bulkier 
substituents, especially onto the cyanomethyl moiety. 
Marginal improvements in stereoselectivity were 
obtained in example b,7 at lower temperatures (85- 
90%). Example c,8 which indicated the preferential

(5) Correct analytical figures were obtained for all new compounds; 
spectra were consistent with structural assignments. Isomer ratios were 
determined by glpc and by nmr spectroscopy.

(6) The preparation of the methylene bicyclooctane will be reported 
elsewhere. Bromination gave a 3.5:1 mixture of secondary and primary 
bromides which, however, gave only the primary ammonium salt. The 
preparation of the aldehyde, semicarbazone mp 177-179°, serves as a useful 
model for the elaboration of prehelminthosporal and similar compounds; 
cf. F. Dorn and D. Arigoni, Chem. Commun., 1342 (1972), and P. de Mayo, 
R. E. Williams, and Y. E. Spencer, Can. J. Chem., 43, 1357 (1965).

(7) The alcohol was prepared by AIH3 reduction of ethyl 4-feri-butylcyclo- 
hexylideneacetate [H. O. House, W. L. Respess, and G. M. Whitesides, 
J. Org. Chem., 31, 3128 (1966) ]. Dr. D. A. Evans (cf. ref Id) generously pro
vided spectra and samples for direct comparison with the vinylcarbinols de
rived from our aldehyde products.

(8) 4-ieri-Butyl-l-cyclohexenecarboxylic acid [L. Munday, J. Chem. Soc., 
1413 (1964)] was prepared by a modification of the method of F. Camps, J. 
Coll, and J. Pascual, J. Org. Chem., 32, 2563 (1967). The mixture of alde
hydes was characterized by base-catalyzed isomerization to the or,0-un- 
saturated isomer, semicarbazone mp 204-207°.

2915
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formation of axial product, suggested a stereo- 
electronic requirement for the rearrangement.910 Only 
in example d was a product arising from a [1,2] shift 
detected.11

We envisage extension of the above methodology 
by utilization of the metalated A-cyanoalkyl function 
as an acyl carbanion equivalent12 and work is in pro
gress; e.g., example d simply carried out in DMSO-d6 
afforded a- [2H Jtolualdehyde [deuterium enrichment 
>95% ; > w 2050,1675 cm -1 (-C 2H = 0 ) ].»

Preparation of Pyrrolidinium Salts.—(a) Allylic bro
mide (10-3 mol) was added dropwise to a stirred 
solution of iV-cyanomethylpyrrolidine (1.07 X 10~3 
mol) in DMSO (3 ml) at ambient temperature under 
an atmosphere of nitrogen. Completion of salt forma
tion (from 1.0 hr at 20° to 18 hr at 45°) was monitored 
by nmr spectroscopy, (b) Allylic amine (10_3 mol) 
in DMSO (3 ml) was treated with chloracetonitrile 
(1.01 X 10-3 mol) under a nitrogen atmosphere and the 
mixture stirred at 45° for 18 hr.

Ylide Formation and Rearrangement.—A solution 
of the salt (10-3 mol) in DMSO (3 ml) was diluted with 
dry THF (15 ml) cooled to —10° and treated with 
solid KO-i-Bu (1.25 X 10 -3 mol). The reaction 
mixture was stirred for 3 hr, diluted with hexane (40 
ml), washed with brine and water, and dried (Na2S04). 
Removal of solvent gave rearranged amine.

Hydrolysis of a-Pyrrolidinonitriles.—The nitrile 
(10 -3 mol) in THF (8 ml) was treated with a warm 
solution of oxalic acid (30% w : v, 8 ml); the two-phase 
mixture was heated under reflux for 0.25 hr, cooled, 
and extracted with hexane (40 ml). The hexane solu
tion was washed with brine and water, dried (Na2SC>4), 
and reduced to dryness to afford a mixture of aldehydes.

Acknowledgment.—J. V. T. gratefully acknowl
edges the award of an Australian Commonwealth 
Postgraduate Scholarship.

(9) The Claisen rearrangement of 4-ieri-butyl-l-cyclohexenylmethyl vinyl
ether afforda only the axial product: Professor R. E. Ireland, personal
communication. Presumably, the transition state for the Claisen rearrange
ment, with its higher activation energy, is structured more like product; 
cf. R. F. Church, R. E. Ireland, and J. A. Marshall, J. Org. Chem., 27, 1118 
(1962).

(10) S. Mageswaran, W. D. Ollis, I. O. Sutherland, and Y. Thebtaranonth, 
Chem. Commun., 1494 (1971).

(11) S. H. Pine, Org. React., 18,403 (1970).
(12) (a) D. Seebach, Angew. Chem, Int. Ed. Engl., 8, 639 (1969); (b) G. 

Stork and L. Maldonado, J. Amer. Chem. Soc., 93, 5286 (1971).
(13) D. J. Bennett, G. W. Kirby, and V. A. Moss, Chem. Commun., 218 

(1967).

D e p a r t m e n t  o f  O r g a n ic  C h e m ist r y  L e w is  N. M a n d e r * 
U n iv e r s it y  o f  A d e l a id e  J ohn  V. T u r n e r
A d e l a id e , S o u th  A u st r a l ia  5000 
A u st r a l ia

R e c e iv e d  J u n e  8, 1973

Sir: We recently reported1 that alkyl azides and aryl 
azides reacted with sulfonyl isocyanates to give 1- 
alkyl- (or aryl-) 4-sulfonyl-A2-tetrazolin-5-ones (1).

N = N
RN3 +  p-XC6H4S 0 ,N = C = 0  ^  RNX / NS02C6H4X p

1

These compounds underwent cycloreversion on ther
molysis. Extension of this study to isothiocyanates 
has led to the observation of a different behavior which 
we report briefly at this time. n-Butyl azide or benzyl 
azide reacted readily with equimolar amounts of sul
fonyl isothiocyanates2 at room temperature to yield 
1:1 adducts in 50-75% yield which were characterized 
as 4-alkyl-5-sulfonylimino-l,2,3,4-thiatriazolines (2).

RN., +  /j-XC,,H4SO,N=C=S — *
N = N
/  \  A

RN^ / S R N =C =N S02C6H4X-p +  N2 +  S

Ï  3
N
I
S02C6H4X-p

2
R = n-Bu, PhCH2; X = H, CH3, Cl

The structures 2 are consistent with analysis, nmr, ir 
(C = N  at 1510-1535 cm-1),3 mass spectra (M-+,  
M • + — N2, M- +  — N2 — S), and degradation ex
periments. Thus, thermal decomposition of 2 at a 
moderate temperature (45-80°) furnished the carbo- 
diimides 3 which exhibited a characteristic ir absorp
tion band4 at 2160 cm-1. The latter were also trapped 
by typical reagents5 as illustrated in Scheme I. That

Scheme I
N = N

PhCH,N. .S - etone~Water>" \ ç X  65°, 60%

II
N
I
S02C6H4CH3-p 

mp 101-103°
1. CCI,, 70°

\ 2. (COCl)2 
3. H,0

54%

PhCH2NHC0NHS02C6H4CH3-p 
mp 172-173°

(COCl)2. 20°, 51%

0
II
C

PhCH,N/  NS02C6H4CH3-p

o > \
mp 187-189°

1,3-Dipolar Cycloadditions o f  Alkyl Azides with 
Sulfonyl Isothiocyanates. A Synthetic M ethod 

for 1,2,3,4-Thiatriazolines

Summary: 4-Alkyl-5-sulfonylimino-A2-l,2,3,4-thiatri-
azolines (2) are readily prepared from alkyl azides 
and sulfonyl isothiocyanates. Upon thermolysis, they 
give rise to a novel type of external stabilized 1,3 
dipole (6) which undergoes cycloaddition with enamines 
and ynamines.

the isolated products 2 could not be formulated as the 
C = N  adducts (i.e., 5) is clear from this chemical evi
dence. Indeed, the isomeric compounds 5, prepared 
in 50-80% yield by sulfonation of 1-benzyl- (or butyl-)

(1) J.-M. Vandensavel, G. Smets, and G. L’abbé, J . Org. Chem., 38, 675
(1973).

(2) K. Hartke, Arch. Pharm . (W einheim ), 299, 174 (1966).
(5) J. Goerdeler and U. Krone, Chem. B er., 102, 2273 (1969).
(4) R. Neidlein and E. Heukelbach, Arch. Pharm . (.W einheim ), 299, 944 

(1966); H. Ulrich, B. Tucker, and A. A. R. Sayigh, Tetrahedron, 22, 1565 
(1966).

(5) H. G. Khorana, Chem. Rev., 53, 145 (1953); F. Kureer and K. D. 
Zadeh, ibid., 67, 107 (1967).
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Scheme II
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RN. .NH +  p-XC6H4S02Cl -----*-*■ RN NS02C6H4X-p
ether

I  1
4 5

R = n-Bu or PhCH2; X = H, CH3 or Ci

A2-tetrazoline-5-thiones (4),6 showed different physical 
and spectroscopic characteristics and a much higher 
thermal stability.

It is reasonable to assume that an external stabilized
1,3 dipole (e.g., 6) is the intermediate in the thermal 
conversion of 2 to 3. This has been confirmed by 
carrying out the decomposition of 4-benzyl-5-tosyl- 
imino-A2-l,2,3,4-thiatriazoline in the presence of elec
tron-rich dipolarophiles.7 Thus, thiazolidine 7 (mp 
161-162°) was obtained in 73% yield when 2 (R = 
PhCH2, X  =  CH3) was decomposed in the presence of 
an equimolar amount of /S-irons-iV’jiV-dimethylamino- 
styrene in CC14 at 60°. The structure of 7 was deduced 
from microanalysis, ir (1530 cm-1),3 nmr [ring protons 
at r 5.55 and 5.68 ( /  =  2.5 Hz), two nonequivalent 
benzyl protons at r 4.72 and 5.81 (J =  14.5 Hz)], and 
mass spectra (M • + at m / e  465, M • + — HNMe2 at

m/e 420, and PhCHC(NMe2)HS- + at m/e 179). 
Similarly, when 2 (R =  PhCH2, X  =  CH3) was heated 
with an equimolar amount of X,X-dimethylamino- 
isobutene in benzene for 3 hr, a 1:1 adduct (mp 132- 
133°) was obtained in 55% yield, corresponding to 
structure 8 on the basis of ir (1530 cm-1), nmr [ring 
proton at t 6.12, ring methyls at r 8.66 and 8.77, two 
nonequivalent benzyl protons at r 4.55 and 6.08 (J 
= 14.5 Hz)], and mass spectra (M •+ at m/e 4.17,

M -+  -  NMe2, Me2CC(NMe2)H S• + at m/e 131). 
The stereochemistry of 7 was deduced from the 0 4 -  
C-5 hydrogen coupling constant (J =  2.5 Hz), whereas 
the indicated regiochemistry rests upon the observed 
chemical shift values of the C-N and C-S absorptions 
in the 13C nmr spectra of 7 and 8. (See Scheme II.)

(6) E. Lieber and J. Ramachandran, Can. J. Chem., 37, 101 (1959).
(7) Preliminary experiments indicate that electron-poor olefins are not 

suitable dipolarophiles for 6.

Ynamines also proved to be suitable dipolarophiles 
for 6. For instance, when 2 (R =  PhCH2, X  = CH3) 
was heated with 1 equiv of !V,iV-diethylaminopropyne 
in benzene for 4 hr, thiazoline 9 (mp, 118-119°) was 
obtained (50-60% by nmr, 21% isolated). The adduct 
exhibited ir (C = N  at 1500 cm-1), nmr [benzyl protons 
at r 4.90 (s), ring methyl at r 7.85], and mass spectra 
(M • + at 429, M • + -  PhCH2 at m/e 338, M • + -  Tos 
at m/e 274) consistent with the structure.
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Correlation between Proton Magnetic 
Resonance Chemical Shift and Rate of 

Polar Cycloaddition

Summary: A significant correlation has been found 
between the chemical shifts of the proton at position 6 
of 9-substituted acridizinium perchlorates and the log of 
the ratio of rate constants (k/k°) for the cycloaddition 
of 9-substituted acridizinium salts with styrene; the 
chemical shift data likewise give a significant correlation 
with Hammett substituent constants.

Sir: It was shown earlier that the rate of cycloaddition 
of the 9-substituted acridizinium cation (1) with

1
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Figure 1.—Least-squares plot of log k /k P  vs. ASP.

styrene1 or acrylonitrile2 was related to the electron 
deficiency at position 6. Like the pmr spectrum of 
other aromatic quaternary cations3 that of the acri- 
dizinium ion shows the protons flanking the quaternary 
nitrogen to be strongly deshielded. Of these two 
strongly deshielded protons, that at position 6 gives 
resonance (isolated singlet) at the lower field, the chemi
cal shift (10.6-11.0 ppm) varying with the nature of the 
9 substituent.

Proton magnetic resonance spectra of the acridizi- 
nium perchlorates (1) were obtained at 39 ±  1° using a 
Varian A-60 spectrometer operating at 60 MHz. Chem
ical shifts of the proton at position 6 were measured 
from an internal benzene (Spectrograde) standard. 
Shifts were obtained at four concentrations in the range 
of 2.0-3.5 mol %  in freshly distilled dimethyl sulfoxide. 
Each sample was scanned a minimum of five times at a 
rate of 1 Hz/sec. The standard deviation in 5 varied 
from 0.08 to 0.26 Hz; the estimated average uncer
tainty is ±0.2 Hz. Dilution plots were made and 
extrapolated to infinite dilution to give 5°. The data 
are recorded in Table I.

A least-squares plot of log k/k° for the addition of

(1) I. J. Westermai) and C. K. Bradaher, J. Org. Chem., 36, 969 (1971).
(2) C. K. Bradsher, C. R. Miles, N. A. Porter, and I. J. Westerman, 

Tetrahedron Lett., 4969 (1972).
(3) E.g., (a) H. Diekmann, G. Englert, and K. Wallenfels, Tetrahedron, 20,

281 (1964); (b) I. C. Smith and W. G. Schneider, Can. J. Chem., 39, 1158
(1961); (c) W. W. Paudler and T. J. Kress, J. Heterocycl. Chem., 5, 561
(1968).

Figure 2.—Least-squares plot of A5° vs . Hammett <rp. 

T a b l e  I
C o m pa riso n  o f  C h e m ic a l  Sh if t  D a t a  w it h  <rp an d  w it h  

th e  R a te  o f  A d d it io n  of St y r e n e  to  9 -S u b st it u t e d  
A c r id izin iu m  P e r c h l o r a t e s

R i° (Hz) AJ" (Hz) ” 0 k X 10> m in-‘ °
CH, 187.5 -5 .9 —0.1704 2.0 ±  0.1
¿-Pr 188.0 — 5.4 -0 .15P 2.8 ±  0.1
H 193.4 0.0 0.000 5.0 ±  0.2
F 193.5 0.1 0.0626 5.4 ±  0.2
Cl 194.5 1.1 0.2276 10.1 ±  0.5
Br 194.1 0.7 0.2325 11.2 ±  0.8
co2h 196.9 3.5 0.406c 18.1 ±  0.7
NO, 203.7 10.3 0.7786 105 ±  5

“ Reference 1. 6 D. H. McDaniel and H. C. Brown, J. Org.
Chem.., 23, 420 (1958). c H. Van Bekkum, P. E. Verkade, and 
B. M. Wepster, Reel. Trav. Chim. Pays-Bas, 78,815 (1959).

styrene to 9-substituted acridizinium derivatives vs. 
A5° (change in chemical shift from R = H) is shown in 
Figure 1. The correlation factor of 0.98 is quite 
satisfactory.

As follows from the earlier observation that log k/k° 
gave a significant linear free-energy plot with the Ham
mett trp, a plot (Figure 2) of A<x° vs. crp gave a significant 
correlation of 0.97 (for all values or for primary values 
only).4 This correlation of proton chemical shifts 
with Hammett substituent constants can be inter
preted as arising from the polarization of the C -H  
bond at position 6 which must in turn arise from the 
density of it electrons at that position.5-7 The slope8 
of the line (Figure 2) is 15.8 ±  1.3 Hz/sigma.

While there has been an increasing number of at
tempts to relate the pmr of aromatic ring hydrogens to

(4) An equally “ significant”  correlation (0.98) may be obtained by the use 
of <r+.

(5) T. K. Wu and B. P. Dailey, J. Chem. Phys., 41, 2796 (1964).
(6) H. Spiesecke and W. G. Schneider, J. Chem. Phys., 35, 731 (1961).
(7) M. T. Tribble and J. G. Traynham, “ Advances in Free Energy Rela

tionships,”  N. B. Chapman and J. Shorter, Ed., Plenum Press, London, 
1972, Chapter 4.

(8) The fairly common use of the symbol p to designate this slope may 
confuse the casual reader since it is not the dimensionless p of the Hammett 
relationship.
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electron density at the carbon to which they are at
tached,7'9 no one previously appears to have related 
the rate of cycloaddition of such systems to the pmr of a 
proton at a carbon atom which would be involved in 
the creation of a new a bond. This is surprising 
in that Hobgood and Goldstein10 nearly a decade ago 
demonstrated an “ approximately linear”  relationship 
between the chemical shift of the proton at the 4-trans 
position of substituted butadienes and the log of the 
rate constant for cycloaddition with maleic anhydride.

We feel that this correlation of chemical shift and 
cycloaddition rates will prove to be particularly im
portant in the study of steric vs. electronic effects in 
polar cycloaddition.

(9) E.g., T. Schaefer and W. G. Schneider, Can. J. Chem., 41, 966 (1963); 
P. J. Frank and H. S. Gutoivsky, Arch. Sci., 11, 215 (1958); A. Veillard, 
J. Chim. Phys., 69, 1056 (1962); A. VeiJlard and B. Pullman, C. R. Acad. Sci., 
S63, 2418 (1961); K. T. Potts and J. Bhattacharyya, J. Org. Chem., 37, 
4410 (1972).

(10) R. T. Hobgood, Jr., and J. H. Goldstein, J. Mol. Spectrosc., 12, 76 
(1964).
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Tw o-Step Synthesis o f  a Triketone o f  the 
em lo-Tetracyclo[5.5.1.01 2'6.010'13]tridecane1 Series.
X -R ay Crystallographic P roof o f  Its Structure 

and Stereochem istry

Summary: A compound (6), obtained by reaction of 
glyoxal with dimethyl 3-ketoglutarate in aqueous solu
tion at room temperature and subsequent treatment of 
an intermediate /3-keto ester (5) with acid, is shown by 
X-ray crystallography to be endo-tetracyclo[5.5.1.02'6.- 
010'13 ]tridecane-4,8,12-trione.

Sir: Reaction of glyoxal (1) with dimethyl 3-ketoglu- 
tarate (2) in aqueous solution at room temperature and 
pH 5.0 has been found2 to give the ester 3,3 which yields 
ds-bicyclo [3.3.0 ]octane-3,7-dione (4)3’4 on treatment 
with acid. Compound 4 was accompanied2 by another 
ketone C13H14O3 (mp 148-1510)5 having spectroscopic 
properties very similar to those of 4; it is undoubtedly 
derived from a /3-keto ester analogous to 3 which, how
ever, was not isolated. We now wish to report the 
isolation of this intermediate, and the elucidation of 
structure and stereochemistry of the C« compound by 
X-ray crystallography.

Formation of a compound C13H14O3 through reaction 
of 1 with 2, followed by treatment with acid, could be 
rationalized by assuming that 3 forms initially and sub-

(1) Dr. K. L. Loening, Director of Nomenclature, Chemical Abstracts 
Service, has advised us that compound 6 can be correctly designated either 
as octahydro-l//-dicyclopenta[a,cd]pentalene-l,4,6(2H,4a/i)-trione or as 
tetracyclo[5.5.1.02’6.010,13]tridecane-4,8,12-trione. We wish to thank Dr. 
Loening for his helpful interest.

(2) J. M. Edwards and U. Weiss, Tetrahedron Lett., 4885 (1968).
(3) G. Vossen, Dissertation, Bonn, 1910; P. Yates, E. S. Hand, and 

G. R. French, J. Amer. Chem. Soc., 82, 6347 (1960).
(4) H. W. Wanzlick, Chem. Ber., 86, 269 (1953).
(5) It has been observed recently that recrystallization from methanol 

raises the melting point to 160°. The sample used for X-ray crystallography
has this melting point.

sequently reacts with one molecule each of 1 and 2 in 
an aldol reaction analogous to the one taking place in 
its own formation; for the resulting /3-keto ester, struc
ture 5 appears logical.6 Assuming the usual cis stereo
chemistry at the junction of two cyclopentane rings,7 
formula 5 represents two stereoisomers with ring D in 
syn or anti relationship to rings A and B. Treatment 
of 5 with acid would then give 6, C13H14O3, which could 
again be the syn or anti isomer.

An ester 5, mp 173-176°, having the expected com
position8 and spectroscopic properties, was obtained 
in 10%  yield when 1 and 2 were allowed to react in the 
required molecular ratio 2:3 for 1 week in aqueous 
solution at room temperature and pH 3 instead of the 
pH 5 used in the earlier work;2 trituration of the re
sulting precipitate with methanol and recrystallization 
from the same solvent gave pure 5. Treatment of 5 
with hot 25% HC12 yielded 6.

An X-ray crystallographic investigation has now 
shown that structure 6 is indeed correct and that the 
compound has the all-cis stereochemistry (6a). The 
crystals were monoclinic, P2i/n, a =  6.299 (1) A, b = 
15.511 (1) A, c = 10.943 (1) A, /3 = 105.78 (1)°, Z = 4. 
A total of 1933 independent X-ray intensities (328, un
observed) were measured by means of an Enraf- 
Nonius CAD-4 diffractometer. The structure was 
solved by direct methods using our own semiautomatic 
program. With anisotropic thermal parameters for 
the C and O atoms and isotropic parameters for the 
hydrogen atoms, the structure has been refined by full- 
matrix least-squares to an R factor of 0.036. Esti
mated standard deviations oof C-C and C -0  bond 
lengths are typically 0.003 A. An ORTEP drawing9 
of 6 (Figure 1) shows its conformation and demon
strates that the molecule is chiral, lacking the mirror 
plane which the conventional structural formula would 
indicate. The observed conformation is very reason
able if intramolecular interactions are taken into con
sideration. Since the crystals are centrosymmetrical,

(6) Reaction of 3 with 1 and 2 could also take place at positions 2 and 4, 
or 2 and 6. However, the resulting /3-keto esters isomeric with 5 could 
undergo decarboxylation to a C13 compound only with violation of Bredt s 
rule and are thus quite unlikely. This point was brought to our attention 
by a referee on our earlier paper.2

(7) Cf. E. L. Eliel, “ Stereochemistry of Carbon Compounds,”  McGraw- 
Hill, New York, N. Y., 1962, pp 273-274.

(8) Satisfactory analytical and mass spectrometric data were obtained 
for 6.

(9) C. K. Johnson, ORTEP Report ORNL-3794 (2nd revision), 1970, 
Oak Ridge National Laboratory, Oak Ridge, Tenn.
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both enantiomers are present. The X-ray crystal
lographic results will be published in detail in Acta 
Crystallographica.

The reaction which yields 5 and 6 provides a sur
prisingly simple entry into the endo-tetracyclo- 
[5.5.1.02'6.0n '13jtridecane series; the low yields (prob
ably capable of being much improved) are hardly sur
prising in view of the numerous possibilities for inter
action of such reactive bifunctional compounds as 1 
and 2 and are offset by ready availability of the starting 
materials and ease of manipulation. After completion 
of our work, the first representative of this ring system,

a trienic hydrocarbon, was described by Srinivasan,10 
who prepared it from cycloheptatriene by a three-step 
sequence of photochemical and pyrolytic reactions.

(10) R. Srinivasan, J. Amer. Chem. Soc. 94, 8117 (1972).
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Purity specifications of deuterated solvents for nmr spectroscopy are 
usually given in percentage of deuterium contained in the solvents, 
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