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N uclear M agnetic Resonance Spectroscopy. U se o f 13C Spectra to Establish
Configurations of O xim es1

Geoffrey E. Hawkes,2 Klaus Herwig,3 and John D. Roberts*

Contribution No. 4750 from the Gates and Crellin Laboratories of Chemistry, California Institute of
Technology, Pasadena, California 91109

Received August 28, 1973

The use of 13C nmr (cmr) spectra for the determination of configurations of oximes is described. The prob
lems of quantitative analysis of syn-anti mixtures of oximes by cmr, because of differential Ti and Overhauser 
effects, are considered. Chemical shifts for the cmr resonances of a number of aldehydes and ketones are re
ported.

The utility of 13C nmr (cmr) spectra for structural stud
ies is well established.4 We report here its application to 
the determination of the configurations and composition 
of syn and anti isomers of aldoximes and ketoximes. 
While this investigation was being completed, the results 
of a similar study were published by Levy and Nelson.5 
We have reached similar conclusions on the basis of a 
much larger number of examples and have, in addition, 
considered cases complicated by conformational equilibra
tion. The procedure seems to be of more general applica
tion than the elegant solvent-induced shift technique de
vised by Karabatsos and Taller.6

The assignments of the 13C resonances of the oximes in
vestigated in this work are shown in Tables I and II, 
which also include a substantial collection of new data on 
the 13C shifts of several ketones and many aldehydes. Be
cause the assignments of the resonances of the carbonyl 
compounds themselves are relevant to those of the ox
imes, we shall consider some of the problems involved 
with the carbonyl compounds.13C Shifts of Ketones. For many of the ketones in 
Table I, assignments have already been published.7 In the 
case of cyclooctanone, we were not able to resolve the ex
isting ambiguities75 of assignment. For methone (44), if 
one proceeds from menthane8 with the substituent shifts 
deduced from various cyclohexane —* cyclohexanone com
parisons,75 one finds that the 3,4 carbons are expected to 
differ by only 0.5 ppm, whereas the observed difference is
5.7 ppm. Arguing from the respective effects of 4- or 6- 
methyl substitution on 2- or 3-methylcyclohexanone leads 
to the expectation that the C4 resonance of menthone 
should be upfield of the C3 resonance.75 However, the op
posite conclusion can be derived either from translation of 
the 4-isopropyl substituent effect on methylcyclohexane to 
the appropriate carbons of 3-methylcyclohexanone or by 
consideration of 4-methyl substitution on 2-teri-butylcy- 
clohexanone and 6-iert-butyl substitution on 3-methylcy
clohexanone. That the C4 resonance is indeed the down- 
field one has been corroborated by the 50% larger lan

thanide shift observed for the upfield resonance using 
Eu(DPM)3.9

The ring methyl of menthane comes at 22.8 ppm4 and 
compares favorably with that in menthone (22.3 ppm). 
This leaves the two methyl resonances of the isopropyl to 
be assigned with a shift difference of 2.5 ppm, which is 
reasonable for an isopropyl methyl adjacent to an asym
metric center.10

Isomenthone (47) is more complex. Because of a combi
nation of “ 3-alkyl- and 2-alkyl-ketone” effects,11 isomen
thone is expected to have a high proportion of that confor
mation in which the isopropyl group is axial.12 On the 
basis of the shifts of menthone, the resonances at 57.2 and
48.2 ppm for isomenthone seem reasonably ascribed to C2 
and C6, respectively. The signal at 34.4 ppm was a dou
blet with single-frequency off-resonance decoupling 
(SFORD) and assigned to C5, while the signals at 26.8 
and 27.0 ppm were too close together to be distinguished 
as CH2 or CH by SFORD. Because both C3 and C4 of iso
menthone would be expected to be shifted upfield by ste- 
ric compression with the isopropyl axial (C4) in one con
formation and the methyl axial in the other (C3), we have 
assigned the signals at 27.0 (or 26.8) and 29.6 to C3 and 
C4, respectively (which means upfield from the corre
sponding carbons of menthone by 1.5 and 4.5 ppm).

For nortricyclanone (50), the upfield signals at 18.9 and
16.9 ppm were assigned to C4, C5 and C3, respectively 
(2:1 ratio of intensities), and those at 37.3 and 31.3 ppm 
were allocated to Cl and C6, C7, respectively (1:2 ratio of 
intensities and SFORD multiplicities).13C Shifts of Ketoximes. All of the ketoximes we have 
investigated (10, 15, 25, and 57) with a quaternary car
bons appeared to be single isomers, which are most rea
sonably believed to have the oxime OH anti to the quater
nary carbon. The oximes of symmetrical ketones (2, 20, 
27, 29, 31, 33, 35, 37, and 59) also gave just one set of res
onances. For the remaining ketoximes, where two isomers 
might be expected and were observed, the intensity ratios 
of signals due to the separate isomers are shown in Table

1017
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□I. The method of obtaining these ratios is described in 
the Experimental Section. The major isomer of the pairs
4-5, 7-8, 12-13, 17-18, 22-23, 39-40, 45-46, and 54-55 is 
expected on the basis of steric hindrance to have the OH 
syn to the least substituted a-carbon. With this assump
tion, and with the aid of the SFORD spectra, the individ
ual resonances can be assigned to particular carbons of all 
of these oximes, as has been done in Table I.

As has been noted by Levy and Nelson5 on the basis of 
fewer examples, a consistent pattern of a-anti and a-syn 
carbon shift changes is observed when a ketone is convert
ed to an oxime (eq 1). These changes are listed in Table 
IV with upfield shifts taken to be negative. It will be seen 
that the resonances of the carbonyl carbon and both a- 
carbons all shift upfield on oxime formation, with the ef
fect for the a-syn carbon being greater than for the a-anti 
carbon, an effect noted earlier with cis-alkenes.13 With 
the aid of this correlation, it is easy to assign the reso
nances of 2, 20, and 27 as in Table I. The corresponding 
substituent effects are shown in Table IV.

0
II II

:/ C ^ c c / C ^ c
a-anti a-syn

The carbon shift changes associated with conversion of 
a ketone to its oxime and the /3-carbons are usually, but 
not always, small for acyclic ketones (see Table IV). 
There is a definite trend which speaks for more negative 
shifts at the syn than the anti /3-carbons. This effect was 
used to assign the /S resonances of 27, which check out 
well with those of 7 and 8.

Table I shows selections for a-carbon resonances of the 
cyclic ketoximes 29, 31, 35, and 37. The lowest field CH2 
signal was assigned to the anti a-carbon and the next low
est field CH2 signal to the syn a-carbon. The latter as
signments are hardly unambiguous for 31, 35, and 37 
where two or more carbons come at about the same place. 
That the syn-anti a-carbon difference is steric in origin 
fits well with its very small magnitude for cyclobutanone 
oxime where the constraints on the ring carbons should 
substantially reduce the hindrance.

The procedures for cyclohexanone oxime and its 2- and
3-methyl derivatives, 33, 39, 40, 42, and 43, were some
what different. Except for the minor isomer of 2-methyl- 
cyclohexanone oxime (40) (Figure 1), which presented a 
special problem, a reasonably self-consistent set of assign
ments (with some uncertainties) was evolved from SFORD 
data, a syn-anti effects, and the assumption that the 
methyl substituent effects on the 13C shifts of cyclohexa
nones76 carry over to the ketoximes (Table V). The signals 
at 24.4 and 26.7 ppm for cyclohexanone oxime were as
signed to C4 and C5 on the basis of expected minimal 
changes at these carbons going from ketone to oxime. 
Special uncertainties came with 42 and 43 because these 
isomers were present in nearly equal amounts.

For the minor isomer of 2-methylcyclohexanone oxime 
(40), C2 is clearly at about 26.8 ppm from the SFORD 
spectrum, and C6 is the lowest field saturated-carbon res
onance. None of the remaining oxime ring resonances, 
especially the one at 20.5 ppm, correlate with the ketone 
resonances. It seems possible that steric interference be
tween the OH and 2-methyl results in a more or less com
plete conformational change which brings the methyl 
axial. If this is so, the 20.5-ppm resonance is likely to be 
C4, but we have no certain evidence for it.

The assignments for the major isomer of menthone 
oxime, 45, were made to be consistent with those of men-

Figure 1. 13C spectrum of 2-methylcyclohexanone oxime + Cr- 
(acac)3 .

thone (44) and SFORD spectra.14 For the minor isomer, 
46, C2 and C6 were assigned on the basis of the oxime 
substituent effects, although the C6 resonance is at a 
rather unusually high field. As with 40, there seems to be 
a possibility that a conformational change takes place on 
oxime formation when a 2 substituent is syn to the oxime 
OH, because the ring CH2 resonances do not correlate 
well with the ketone CH2 resonances, especially with the 
oxime resonance at 22 ppm.

The isomenthone oxime isomers presented specially dif
ficult problems because they were present in nearly equal 
amounts and because of the conformational uncertainties 
mentioned earlier with regard to menthone itself. Clearly, 
for the oxime with the OH syn to the isopropyl group (49), 
we expect that this group will be most favorably disposed 
in the axial position. That there are two upfield ring 
resonances in the mixture suggests that the isopropyl axial 
is particularly favored and the highest field resonance is of 
its C4 atoms. Except when confirmed by SFORD and in 
accord with the a syn-anti effects, these assignments are 
speculative.

The major isomer of nortricyclanone oxime has a cyclo
propane carbon resonance at 11.4 ppm and two others at
17.1 ppm; the 33.4-ppm signal from its SFORD pattern is 
a CH resonance and must be C l. The syn and anti a-car- 
bon shifts are thus —5.5 and —3.9 ppm, respectively, from 
the ketone. This isomer is assigned the configuration with 
cyclopropane syn to the OH group. The corresponding 
shifts for the minor isomer are —3.1 and —8.3 ppm which 
are, as expected for the OH group, syn to Cl.

For norcamphor ketoxime, the major isomer should 
have the OH anti to Cl, the more substituted carbon. For 
this isomer, the methine resonances at 42.0 and 35.5 ppm 
were assigned to Cl and C4, respectively. The C5, C6, and 
C7 signals were assigned to be consistent with those of the 
ketone, which leaves a resonance at 34.9 ppm for C3. 
These allocations give Aa.syn and Aa.anti of -9 .8  and -7 .3  
ppm, respectively. The signals of the minor isomer were 
specified in the same way.

Camphor oxime (57) shows only one set of 13C reso
nances which must be from the isomer with OH anti to 
Cl. The assignment procedure here followed that for the 
major isomer of norcamphor oxime. For adamantanone 
oxime (59) only one isomer is possible. The larger of the 
methine signals at 27.9 ppm was ascribed to C5 and C7, 
while the other CH resonances at 29.1 and 36.2 ppm were 
assigned to C l and C3, respectively, in accord with the 
expected syn-anti effect. The weaker CH2 signal was easi
ly ascribed to C6 but no clear decision between the other 
two larger signals was possible.

Table IV shows that conversion of R 2C =0 to 
R2C=NOH is accompanied by a very consistent mean 
change in the carbonyl resonance position of —50.0 ppm, 
with a standard deviation of 1.5 ppm. The only conspicu-
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Table II
13C Chemical Shifts“ for Aldehydes and Aldoximes

N o. C l C2 C3 C4 C5

CH3CH0 60 1 9 9 . 8 3 0 . 9

H °\
N

, .11 
CH3— CH

°H
N

, .1 
CH3— CH

61 1 4 7 . 8 1 1 . 2

62 1 4 8 . 2 1 5 . 0

CHjèaCHO 63 2 0 2 . 8 3 7 . 3 6.0
°H

i T
II

CH3CH2CH
64 1 5 3 . 1 2 3 . 1 10.9

ho
N
II

CH3CH2CH
65 1 5 3 . 7 1 8 . 6 10.4

ch3ch2ch2cho 66 2 0 2 . 5 4 5 . 9 1 5 . 8 1 3 . 8
OH

II
ch3ch2ch2ch

67 1 5 2 . 1 3 1 . 5 2 0 . 1 1 3 . 6 *

HO
V

II
ch3ch2ch2ch

68 1 5 2 . 6 2 7 . 0 1 9 . 5 1 3 . 9 *

(CHj)2CHCHO

oh
N
!

(CH3)2CHCH

69 2 0 4 . 7 4 1 . 2 1 5 . 5

70 1 5 6 . 9 2 9 . 4 2 0 . 0

HO\
N
II

(CH3)2CHCH

71 1 5 7 . 8 2 4 . 5 1 9 . 7

CH3CH2CH2CH2CH0

N
II

ch3ch,ch2ch2ch

72 2 0 2 . 3 4 3 . 7 2 4 . 3 2 2 . 3 1 3 . 8

73 1 5 2 . 3 2 9 . 2 2 8 . 8 * 2 2 . 3 1 3 . 7

,HOx
N
II

CHjCH,CH2CH2CH
74 1 5 2 . 8 2 4 . 9 2 8 . 4 * 2 2 . 6 1 3 . 7

ch3
75 2 0 4 . 9 4 7 . 9 2 3 . 2 1 1 . 4 1 2 . 9

ch3ch2chcho

oh
ch, N
1 II

ch3ch2ch— CH
76 1 5 6 . 4 3 6 . 1 2 7 . 7 1 1 . 4 1 7 . 7 *

ho
ch3x n 
1 II

CHjCHiCH— CH
77 1 5 7 . 0 3 1 . 2 2 7 . 7 1 1 . 4 1 7 . 1 *

(CH3CH2)2CHCH0 78 2 0 5 . 0 5 5 . 0 2 1 . 5 1 1 . 4
oh

II
(CH CH.)2CHCH 

ko
N
II

(CH3CH2)2CHCH

79 1 5 5 . 6 4 3 . 2 2 5 . 7 1 1 . 5

80 1 5 6 . 4 3 8 . 3 2 5 . 4 1 1 . 6

ch3
5 4 a! 2 1 81 2 0 2 . 4 5 0 . 9 2 9 . 8 2 9 . 8 1 1 . 4

C6 C7 C8 C9 CIO

CH3CH2CHCH,CHO
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Table II
{Continued)

No. Cl C2 C3 C4 C5 C6

OH
CH, nx
1 II

ch3ch2chch2ch
82 151.6 36.3 33.2 29.3 11.4 19.2

HO
CH3nn ! || 83 152.0 31.9 32.8 29.5 11.4 19.6

CH3CHsCHOH2CH

'^ ^ -C H jCHO 84 199.3 50.6 132.0 129.7* 129.1* 127.5

OH
n'

—CH.CH
85 150.9 36.0 136.9 128.9 128.9 126.9

HO
XN

CH.CH
86 150.9 31.9 136.9 128.9 128.9 126.9

4 3
s^^-CHO 87 204.7 50.1 26.1 25.2 25.2

OHO“ 88 155.8 38.5 30.3 25.5* 25.6*

HO
nnO“ 89 156.3 33.9 29.5 25.6* 25.9*

“ See footnote to Table I.

C9 CIO

Table IIIKetoxime Isomer Distributions Determined from the 13C Spectra
/-----■% of major isomer®----- *

Ketox- With Cr- Piilse
imes& Carbons® (acac)3d delay® Lit/ -A  G°«

4, 5 C3 78ij. 78 731I75 0.77
C4 77 76' 74
Cl 71 68 72

7 ,8 C3 861[ 86 881[ 86 91 1.11
C l 86 84 86

12, 13 C3 83 [ 82 81*i 82 0.93
Cl 801 821

22, 23 C3 78'i 78 78'| 78 0.78
C4 78 78

17, 18 C3 741[ 72 711[ 71 74 0.58
C l 70 70

39, 40 Cl 84*\ 84 83*| 83 1.01
C3 (39), C5 (40) 84 j 82 J

42, 43 -50 -50 .uo
45, 46 C2 82 74 0.93
48, 49 ~ 50 -50 ~0.00
51, 52 C2 79'i 79 791j. 80 0.81

C3 79 80,
54, 55 C2 851> 85 87 1.06

C l (54), C3 (55) 84j
“ The uncertainties of the values determined from the I3C 

spectra are probably of the order ±5 % . 6 Presumed major 
isomer listed first. ‘ The 13C signals used for peak height 
measurements. d From 13C spectra, obtained with added 
Cr(acac)3 to reduce differential NOE effect. 6 From 13C 
spectra without Cr(acac)3, but with a 12-sec pulse delay. 
' Literature values from ref 6, and K. D. Berlin and S. 
Rengaraju, J. Org. Chern., 36, 2912 (1971). “ Free energies 
(kcal mol-1) at 35°; these were determined from mean 
values.

ous deviations are of 37, 51, and 52 which are about 4 
ppm from the mean.

There is only one exception (49, which, as discussed, 
may involve a major conformational change) to the gener
alization that A„_9yn -  Aa.anti is positive.

Values of A  ̂ are also listed in Table IV. These are seen 
to be consistently positive for aliphatic ketones and of 
variable sign for alicyclic ketones.

13C Shifts of Aldehydes. The spectral assignments in 
Table II for a number of aldehydes have been confirmed 
by SFORD spectra where possible and seem sufficiently 
unambiguous to preclude detailed discussion.13C Spectra of Aldoximes. The substituent shifts for 
the change CgCQC H = 0  — CgCaCH=NOH for aldehydes 
are sufficiently regular to be quite helpful in making as
signments. Where both syn and anti isomers were present, 
these could often be identified by comparing the 13C reso
nance intensities with the isomer ratios determined by 
Karabatsos and Taller from proton spectra.6 Thus, the 
more intense methyl signal of acetaldoxime is at higher 
field, consistent with a larger upfield shift for the oxime 
OH syn than OH anti to the methyl group, and the find
ing that the syn isomer is the major one.6 For the other 
aldoxime isomer mixtures, carbon shifts of the major com
ponents were consistent with the alkyl group being anti to 
the OH (see Table VI).

Brief comments seem desirable for a few specific sub
stances. Thus, with valeraldoxime (73, and 74), the close
ness of the chemical shifts and the nearly equal isomer 
proportions allowed only the signal at 24.9 ppm to be 
surely assigned to the minor isomer. The other resonances 
were assigned by comparison with the shifts of propional- 
doxime (64 and 65) and butyraldoxime (67 and 68). For
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Table IV13C Substituent Shift Parameters for Conversion of Ketones to Ketoximes“
Oxime Ac_X6 Aa-syn̂ A«_antî Aa-_syn Aa-anti A/36

4 - 4 9 . 7 - 1 5 . 9 - 7 . 5 - 8 . 4 +  3 . 3
5 - 4 9 . 3 - 1 4 . 7 - 1 0 . 0 - 4 . 7 +  2 . 2

7 - 4 9 . 9 - 1 6 . 3 - 7 . 0 - 9 . 3 +  1 . 7
8 - 4 9 . 4 - 1 5 . 6 - 1 2 . 0 - 3 . 6 + 0 . 9

1 0 - 4 9 . 8 - 1 4 . 5 - 7 . 0 - 7 . 5 +  1 . 1

1 2 - 5 1 . 5 - 1 5 . 9 - 6 . 6 - 9 . 3 +  0. 7
13 - 5 1 . 5 - 1 3 . 8 - 9 . 6 - 4 . 2 +  1 . 3
15 - 5 0 . 6 - 1 4 . 4 - 7 . 4 - 7 . 0 +  0 . 8

17 - 4 8 . 4 - 1 5 . 6 - 8 . 7 - 6 . 9 +  2 . 6

18 - 4 9 . 1 - 1 5 . 8 - 9 . 5 - 6 . 3 +  2 .4
2 2 - 4 8 . 8 - 1 3 . 5 - 7 . 1 - 6 . 4 +  1 .8 , + 1 . 6

23 - 4 9 . 4 - 1 4 . 2 - 1 0 . 2 - 4 . 0 +  1 . 9,  + 0 . 6
25 - 4 8 . 2 - 1 0 . 6 - 6 . 4 - 4 . 2 + 2 . 9 ,  + 1 . 1

2 - 5 0 . 8 - 1 5 . 8 - 9 . 0 - 6 . 8

2 0 - 4 8 . 6 - 1 4 . 6 - 8 . 5 - 6 . 1 +  2 . 1 ,  + 2 . 7
27 - 4 9 . 8 - 1 1 . 2 - 8 . 1 - 3 . 1 +  0.3,  + 2 . 7
29 - 4 9 . 2 - 1 7 . 1 - 1 6 . 2 - 0 . 9 +  3 . 7
3 1 - 5 2 . 5 - 1 0 . 8 - 7 . 3 - 3 . 5 +  2.4,  + 1 . 7
33 - 4 9 . 3 - 1 5 . 8

( - 1 6 . 1 )
- 9 . 6 - 6 . 2  (5) - 1 .2 , + 0 . 1

35 - 5 0 . 7 - 1 3 . 4  (5) - 1 0 . 0 - 3 . 4  (5) +  3 . 1 ,  + 0 . 3
37 - 5 4 . 3 ( - 1 4 . 7 ) - 8 . 9 ( - 5 . 8 ) ?

39 - 4 9 . 9 - 1 5 . 9 - 8 . 3 - 7 . 6 - 0 . 7 ,  - 3 . 2
40 - 4 9 . 3 - 1 8 . 7  (8 ) - 1 0 . 3 - 8 . 4  (5) - 9 . 7 ,  ? 

( - 8 .0 )
42 - 5 1 . 2  (1) - 1 5 . 8  (7) - 9 . 4 - 6 . 4  (3) - 1 . 7 ,  - 0 . 8  

( - 0 . 8 )  ( - 1 . 4 )
43 - 5 1 . 1  (2) - 1 5 . 3 - 9 . 9 - 5 . 4 - 0 . 8 ,  - 1 . 4  

( - 1 . 7 )  ( - 0 . 8 )
45 - 5 1 . 0 - 1 9 . 1

( - 1 8 . 2 )
- 7 . 3 - 1 1 . 8

( - 1 0 . 9 )
- 1 . 5 ,  - 3 . 2

46 - 5 0 . 8 - 1 6 . 1 - 1 5 . 8 - 0 . 3 - 6 . 4 ,  - 6 . 0  
( - 1 . 7 )

48 - 5 1 . 1  (5) - 1 8 . 5  (7) - 9 . 7 - 8 . 8

( - 9 . 0 )
- 0 . 3  (1), + 0 . 1  
+ 0 . 3  (5)

49 - 5 1 . 5  (1) - 1 7 . 9 - 1 9 . 0
( - 1 8 . 7 )

+  1 . 1  
( +  0 .8 )

+  0. 3 (1), - 1 . 2  
- 0 . 3  (5)

51 - 4 6 . 7 - 5 . 5 - 3 . 9 - 1 . 6 - 1 . 8 ,  + 2 . 3
52 - 4 6 . 2 - 8 . 3 - 3 . 1 - 5 . 2 - 2 . 2 ,  + 3 . 0
54 - 4 9 . 2 - 9 . 8 - 7 . 3 - 2 . 5 +  0.8, + 3 . 9 ,  + 2 . 0
55 - 5 0 . 5 - 1 0 . 8

( - 1 1 .0 )
- 7 . 5 - 3 . 3  (5) +  0.8, + 3 . 7 ,  + 1 . 2  (4)

57 - 4 9 . 6 - 1 0 . 2  (6 ) - 6 . 0 - 4 . 2  (6 ) +  0.5,  + 2 . 7 ,  + 1 . 4  
( +  3 . 1 )

59 - 5 0 . 5 - 1 8 . 0 - 1 0 . 9 - 7 . 1 - 1 . 7 ,  - 0 . 4

“ In ppm, figures in parentheses represent uncertainties in assignment (see Table I). b These are 13C shifts for ketoxime — 
13C shifts of ketone, and negative values indicate that the ketoxime signal is at higher field.

Table VMethyl 13C Chemical Shift Parameters“ for Cyclohexanone and Cyclohexanone Oxime
Com-
pound C2 C3 C4 C5 C6

38 +  5 .0 + 9 . 8 + 0 . 7 +  1 , 4 +  0.5
39 +  5 .3 + 9 . 0 - 0 . 5 - 0 . 6 +  0.4
41 +  8.5 +  7. 6 + 8 . 8 - 1 . 3 - 0 . 4
42 +  8.5 + 7 . 1 +  7.9 - 2 . 2 - 0 . 2
43 + 8 . 2 + 6 . 7 + 9 . 9 - 1 . 5 + 0 . 1

° Shift differences between the methyl-substituted cyclo
hexanones (38 and 41) and cyclohexanone (32), and the 
methyl-substituted cyclohexanone oximes (39, 42, and 43) 
and cyclohexanone oxime (33). Negative values indicate 
the signals for the methyl-substituted compounds and are 
at higher field.

phenylacetaldoxime (85 and 86), the ortho and meta car
bons give a single unresolved signal. With cyclohexanecar- 
boxaldoxime (88 and 89), the C2 and C6 resonances of the 
ring were assigned on the basis of a quite uniform down- 
field As effect for aldoximes (cf. Table VI). The remaining 
ring resonances were very close together.

The u-carbon substituent shifts for aldoximes, as mea-

Table VIAldoxime 18C Substituent Parameters*
Aldox

ime Ac-X6 Att-syn̂ Aa-antî
Aor-syn ~ 

Aa-anti Aß6

61 - 5 2 . 0 - 1 9 . 7 - 3 . 8
62 - 5 1 . 6 - 1 5 . 9
64 - 4 9 . 7 - 1 4 . 2 - 4 . 5 + 4 . 9
65 - 4 9 . 1 - 1 8 . 7 + 4 . 4
67 - 5 0 . 4 - 1 4 . 4 - 4 . 5 + 4 . 3
6 8 - 4 9 . 9 - 1 8 . 9 +  3 . 7
70 - 4 7 . 8 - 1 1 . 8 - 4 . 9 +  4.5
71 - 4 6 . 9 - 1 6 . 7 + 4 . 2
73 - 5 0 . 0 - 1 4 . 5 - 4 . 3 +  4.5  (1)
74 - 4 9 . 5 - 1 8 . 8 + 4 . 1  (5)
76 - 4 8 . 5 - 1 1 . 8 - 4 . 9 + 4 . 5 ,  + 4 . 8
77 - 4 7 . 9 - 1 6 . 7 + 4 . 5 ,  + 4 . 2
79 - 4 9 . 4 - 1 1 . 8 - 4 . 9 + 4 . 2
80 - 4 8 . 6 - 1 6 . 7 +  3.9
82 - 5 0 . 8 - 1 4 . 6 - 4 .4 + 3 . 4
83 - 5 0 . 4 - 1 9 . 0 + 3 . 0
85 - 4 8 . 4 - 1 4 . 6 - 4 . 1 . + 4 . 9
8 6 - 4 8 . 4 - 1 8 . 7 +  4.9
8 8 - 4 8 . 9 - 1 1 . 6 - 4 . 2 +  4.2
89 - 4 8 . 4 - 1 6 . 2 +  3 .4

“■'’ See footnotes to Table IV.
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Figure 2. 13C spectrum of butanone oxime +  Cr(acac)s.

sured by Aa.8yn and Aa.anti (Table VI) fall into two rang
es. If there is one substituent on the a-carbon, then Aa.8yn 
-  -18.8 ppm (std dev = 0.13) and Aa.anti = “ 14.4 ppm 
(std dev = 0.17), while with two substituents on the a- 
carbon Aa.syn = -16.6 ppm (standard deviation = 0.25) 
and Aa-anti = —11.8 ppm (std dev = 0.10). These differ
ences seem regular enough to have diagnostic value.

Experimental Section
Oximes of cyclohexananone, camphor, and acetaldehyde were 

available commercially. The others were prepared from the car
bonyl compound with a 2 0 %  excess of hydroxylamine hydrochlo
ride in 15 %  aqueous sodium hydroxide solution at 60-70°. The ox
imes were distilled under reduced pressure or recrystallized before 
the spectra were taken. With menthone, this procedure gave four 
oxime isomers because of base-catalyzed interconversion of men
thone and isomenthone. The oximes of these ketones were there
fore synthesized using sodium acetate in methanol19 in place of 
aqueous sodium hydroxide solution.

The 13C spectra were obtained by the pulse-Fourier transform 
technique at 15.09 MHz, using the spectrometer described else
where. 16 The time for a 90° pulse was 10 nsec and the noise-mod
ulated proton decoupling17  covered a band width of 600 Hz. The 
single-frequency off-resonance decoupling (SFORD) technique has 
been described earlier. 17  The samples were run as approximately
1.5 M  solution in CD CI3 containing tetramethylsilane (TMS) as 
internal reference. The sample temperatures were about 35°.

For quantitative measurements, the following procedures were 
employed. First, from the full spectrum (5000 Hz, ~330 ppm) at 
least two completely resolved lines (one for each isomer) were sin
gled out, usually in the saturated carbon region. Then, 55-60 mg 
of Cr(acac)3 was dissolved in 2 ml of a 1.8-2.0 M  solution of the 
oxime mixture and the spectrum repeated with a 3000-Hz spec
tral width, using the full 8 K  of available data storage of the com
puter to accumulate the free-induction decays. The flip angle was 
approximately 60° (7 gsec pulses) and the delay between pulses 
was 5-10  sec. The frequency-domain spectra then showed full 
peak widths at half-peak height of 3.5-4 Hz, compared to 1 Hz or 
less in the absence of Cr(acac)3 . There was 0.8 Hz/point in the 
resulting digitized spectra, which gave reasonably consistent peak 
height measurements. Further increase in the Cr(acac)3 concen
tration resulted in loss of resolution without substantial improve
ment in the analyses. The chemical shifts were not substantially 
affected—there being less than 0.5 ppm change of the C = N O H  
resonance and 0 .1  ppm of the other carbon signals.

Check determinations were made without Cr(acac)3 , using a
12-sec delay between 60° pulses. The way in which these were run 
did not eliminate the possibility of differential Overhauser effects 
from the proton decoupling. That this is important can be seen 
from results with acetone oxime where the ratios of the peak 
heights for the methyl carbons were 63:37 without Cr(acac)3 and 
52:48 with Cr(acac)3 . In some cases, as with methyl ethyl ketox- 
ime (4 and 5), even with Cr(acac)3 , the peak intensities were still 
not in the expected ratios. With this substance, the syn a-methyl 
carbon of the dominant isomer shows a distinctly low intensity 
(Figure 2) compared to the other resonances.

With the aldoximes, a new problem arose in that, with added 
Cr(acac)3, there often appears to be substantial differential line 
broadening and changes in intensity of the minor isomer relative 
to the major isomer. This appears to be the result of differential 
complexing between isomers with the doping agent, and, for this

Table VIIAldoxime Isomer Distribution Obtained from 13C Spectra
✓— Percentage o f  m ajor isomer---- s

Aldoximes® Pulse delays6 L it.c

61, 62 64 61
64, 65 67 56
67, 68 56 54
73, 74 56
70, 71 77 73
76, 77 68 70
79, 80 72 67
82, 83 51
85, 86 49 3 54
88, 89 71 70

“ Presumed major isomer listed first. The uncertainties of 
the values obtained by the 13C spectra are probably ±5% . 
b From 13C spectra with 12-sec pulse delay. c Literature values 
from ref 1. d As reported in ref 1, the ratio changed with time: 
17% after 1 hr, 34% after 3 hr, 44% after 10 hr, and 49% 
after 18 hr of the time the solution was prepared.

reason, the isomer ratios reported in Table VH are only the result 
of determinations with 12-sec pulse delays. Hopefully, the use of 
ratios between analogously situated carbons in each isomer has 
diminished the contribution of differential Overhauser effects to 
these ratios. Where comparisons are possible, agreement with iso
mer ratios obtained by proton spectra6 are reasonably satisfacto
ry.
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2-Cyclopentylidenecyclopentan-l-one oxide (6) and 2-cyclohexylidenecyclohexan-l-one oxide (8) have been 
isomerized thermally and photochemically via a 1,2-alkyl shift to spiro[4.5]deeane-l,6-dione (7) and spiro-
[5.6]dodecane-l,7-dione (12), respectively. Acid-catalyzed isomerization of 6 proceeds via a 1,2-acyl shift to yield 
spiro[4.5]decane-6,10-dione (26). Thermolysis of 8 also formed 1,2,3,4,6,7,8,9-octahydrodibenzofuran (17) in low 
yield. The mechanisms of these reactions are discussed. Photolysis and thermolysis of the epoxy ketones 6 and 8 
in the presence of tri-n-butylstannane yielded the enones, 2-cyclopentylidenecyclopentan-l-one (21) and 2-cy- 
clohexylidenecyclohexan-l-one (22), respectively.

Recent work has indicated that isomerization of appro
priately substituted a,/¡-epoxy ketones can serve as a use
ful preparative method for the synthesis of mono- (1) and 
disubstituted (2) /3-dicarbonyl compounds.2’3 This isomer
ization has been effected thermally,4 photochemically,5-14 
and by using acidic catalysts.2-3'15’16 

Owing to the number of isomerization products possi
ble, it was of interest to learn the regiospecificity of the 
rearrangement for each of the various reaction conditions 
involved, and which was the preferred method to use syn
thetically.

0  R " 0

O R " 0
I! I II

RC— CH— CR'

RC— CH— CR' 
1

R " '
2

The isomerization of the a,/3-epoxy ketones 3 can pro
ceed via two major pathways. Isomerization via a 1,2-acyl 
migration yields the /8-diketone 4, whereas a 1,2-alkyl mi
gration of R /3 affords the different /3-diketone 5. A 1,2- 
alkyl migration of R„ affords an a-diketone. In this paper 
we report the results of the photochemical, thermal, and 
acid-catalyzed isomerizations of a series of spiro a,/3-epoxy 
ketones via 1,2-acyl and 1,2-alkyl shifts to yield spiro /3- 
diketones.

0  0
II / \

RC C<*— Cg— R#

R, Ra, R^

I I
Ra R/J

= H, alkyl, or aryl 
3

0

O

CR

— <
RaCa R,

R*

1.2- acyl migration
1.2- alkyl migration

O R , O
II I3 II

RC Ca C.R.

Ra
5

Results and Discussion
Recent studies17-19 on the photolysis of the a,/3-epoxy 

ketone 6 led to the convenient preparation of the spiro /3- 
diketone 7. However, the yield of 7 via this path was low 
(30%) ,17’19 To improve the yield of this reaction, 6 was 
heated for 15 min at 225° and 7 was obtained as the only 
product in 89% yield.

This result is in sharp contrast to the results of House 
and Wasson,2 who reported that thermolysis of the six 
membered ring homolog of 6, i.e., 8, afforded the spiro /3- 
diketone 9.

11,R =  CH3
Reexamination of their structure proof for 9 showed 

that their structure was wrong. Alkaline hydrolysis of the 
proposed spiro /3-diketone 9 afforded a keto acid to which 
the structure 10 was assigned.2 The keto acid was charac
terized as its semicarbazone, mp 270-271°.2 However, the 
literature melting point of the semicarbazone of 10 was 
175°,?0 thereby indicating that 10 was not the correct 
structure for the hydrolysis product. Furthermore, au
thentic keto acid 10 was prepared according to the meth
od of Reese20 and shown to be different from the keto acid 
obtained as a hydrolysis product.

Since the keto acids had melting points near room tem
perature and were difficult to recrystallize, their methyl 
esters were prepared. Again the authentic methyl ester 11 
showed different spectral properties from those of the 
ester obtained from the hydrolysis product. Therefore, 
what is the structure of the hydrolysis product and that of 
the /3-diketone from which it is derived?
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By analogy with the thermal isomerization of 6 to 7 and 
of pulegone oxide 23,4 thermolysis of 8 should proceed via 
a 1,2-alkyl shift to yield the spiro /3-diketone 12. Alkaline 
hydrolysis of 12 would then be expected to yield the keto 
acids 13 and 14, which should be converted to the methyl 
esters 15 and 16, respectively.

require that the rate of rearrangement is greater than the 
rate of rotation around the Ca-Cp bond in 19, and that the 
rate difference is greater in singlet generated 19 than in 
the triplet analog.19 Another possible explanation is that 
the Cff-C ,3 bond is cleaved followed by rotation which 
leads to racemization of 6. In the formation of optically 
active 7 it is the Rjs which is cis to the acyl group which 
migrates fastest in both the singlet and triplet reactions.

0  0  
II / \

RC— G — C ,- R«

R» R, 
3

•e

0 •O
hv f

-C„ R;<  * R C Ca
A |

R« Rg
19

0
(CH2)5C02R

13, R =  H 
15, R =  CH3

Thermolysis of 8 yielded 
1,2,3,4,6,7,8,9-octahydrodibenzofuran (17) as a minor 
product (12%). The formation of 17 will be discussed later 
in this paper as part of the acid-catalyzed rearrangement 
products. Mass spectroscopy offered a very convenient 
method for distinguishing between the methyl esters 15 
and 16. McLafferty rearrangement of each of the keto es
ters should result in the transfer of a hydrogen and cleav
age of the side chain attached to the cycloalkanone.21 The 
mass spectrum of the keto ester hydrolysis product 
showed a base peak at m/e 112, due to the ion 18. This 
indicates that the cycloheptanone 16 was the correct 
structure for the hydrolysis product. The structure of 16 
was confirmed by synthesis from cycloheptanone and 
methyl 5-bromopentanoate.

^ X ^ , ( C H 2)4C0 2R

14, R =  H 
16, R =  CH3

12 (44%) together with

Therefore, it can be seen that thermolysis of the a,13- 
epoxy ketones 6 and 8 proceeds via 1,2-alkyl shifts to yield 
the spiro d-diketones 7 and 12, respectively. These obser
vations confirm the results of other a,/3-epoxy ketone ther- 
molyses which may also be explained by 1,2-alkyl shifts.4

Since the photolysis of 6 proceeded via a 1,2-alkyl shift 
to yield 7, the photolysis of the epoxy cyclohexanone 8 was 
also investigated. Irradiation of 8 in acetone gave the ex
pected 1,2-alkyl shift product 12 in 14% yield as the only 
product. A literature survey on the photolysis of epoxy ke
tones to yield /3-diketones showed that all photoisomeriza- 
tions may be explained by 1,2-alkyl shifts (R sometimes 
equals H) of the ¡3 substituent.5-14-17-19

The most rational mechanism for the thermolysis and 
photolysis reaction is that they proceed via a reversible 
homolysis of the C „-0  bond. The carbonyl can then stabi
lize the radical charge at Ca as shown in the structure 19. 
Concurrently or at a later stage R# migrates to Ca, form
ing a carbonyl at Ca. However, recent quantum-yield data 
on the photolysis of optically active 619 exclude one com
mon diradical intermediate of type 19 for the three reac
tion paths involved (photoisomerization and photorear
rangement to each isomer of the new product) in both the 
singlet and the triplet reactions. The quantum-yield data

Q R« 0

RC— C„— C.R . 

Ra

In an effort to trap the intermediate oxy radical 19, 6 
and 8 were photolyzed in the presence of tri-n-butylstan- 
nane. However, none of the hydroxy ketone 20 was isolat
ed; instead of starting enones 21 and 22 were obtained in 
very good yield. The above solutions were also heated at 
50° for 2 hr and 30% of 21 and 20% of 22 were obtained.

6,77 =  1 21,71 =  1
8,7i =  2 22,71 =  2

OH

(CH2)„ (CH2)„
20

A similar stereospecificity has also been observed in the 
thermolyses of pulegone oxide.4 The thermolysis of opti
cally active pulegone oxide 23a and 23b in oxygen-con
taining solvents leads to the formation of 24a and 24b in 
relatively constant ratio. Here again the postulate of the 
thermolytic Ca- 0  epoxide cleavage to the intermediate 25
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for the rearrangement requires that the rate of rearrange
ment is greater than the rate of rotation around the C„-C^ 
bond in 25. This result has been explained on the basis of 
a solvation complex.4

Since House and Wasson2 had originally been interested 
in the acid-catalyzed rearrangement of 8, we investigated 
the acid-catalyzed rearrangement of the previously uninves
tigated epoxy ketone 6. Treatment of 6 with boron trifluor- 
ide etherate afforded the spiro /8-diketone 26, which was dif
ferent from that prepared by photolysis and thermolysis. 
Basic hydrolysis of the /3-diketone 26 afforded the keto acid 
27. The spiro /8-diketone 26 had previously been prepared by 
peroxytrifluoroacetic acid-boron trifluoride etherate oxi
dation of the enone 21.22

More recently 8 has been isomerized to 9 in 93% yield 
using antimony pentachloride in liquid sulfur dioxide as 
the acidic catalyst.16

In both of the above cases the reaction can best be ex
plained by a 1,2-acyl shift. Protonation of the epoxide 8 
should cause the C/j-0 bond to cleave, forming the hy
droxy ketone 28. If acyl migration now occurs, then the 
spiro 8-diketone is formed. However, if a proton is lost 
from 28 to yield 29, followed by loss of water, then 
1,2,3,4,6,7,8,9-octahydrodibenzofuran (17) will be

formed.16 Thus it appears that the Lewis acid sites of the 
Pyrex glass surface in the thermolysis of 8 have resulted in 
the formation of a small amount of the dibenzofuran 17. 
To confirm this hypothesis the glass surface was thor
oughly washed with ammonia to remove these Lewis acid 
sites, and this resulted in a large decrease in the amount 
of 17 formed upon thermolysis.

Similar 1,2-acyl shifts caused by Lewis acid sites in the 
Pyrex glass surface were also observed for the thermolysis 
of pulegone oxide 23 in the gas phase, resulting in the for
mation of the |3-diketone 30.4

Thus it appears that 1,2-alkyl migrations of Ra in a,8- 
epoxy ketones to yield 8-diketones are best carried out 
thermally making sure all acidic catalysts have been re
moved. Acid-catalyzed rearrangements of a,/3-epoxy ke
tones lead to a different 8-diketone via a 1,2-acyl shift.

As with all generalizations, there is an exception. Re
cently, the photolysis of phenalenone oxide 31 to yield 
acenaphthen-l-one-2-carboxaldehyde (33) provided the 
first unambiguous example of a photochemical 1,2-acyl 
migration.23 However this may be explained in that the 
C^-O oxide bond in 31 would be expected to cleave first, 
leading to the stable intermediate biradical 32.

Experimental Section
Melting points were determined with a Thomas-Hoover melting 

point apparatus and are uncorrected. Ir spectra were recorded 
with a Perkin-Elmer Infracord Model 137 spectrometer fitted with 
sodium chloride prisms. Ultraviolet spectra were determined in 
methanol with a Cary 14 recording spectrometer. Nmr spectra 
were obtained with Varian A-60A and XL100 spectrometers. The 
mass spectra were measured on an AE1 MS-9 mass spectrometer 
at an ionizing energy of 70 eV. Microanalyses were performed by 
Micro-Analysis Inc., Wilmington, Del. Vapor phase chromatogra
phy was done using an Aerograph, 90 P-3, on a 4 ft X 0.25 in. col
umn which was packed with 20% Carbowax 20M on 60-80 mesh 
Chromosorb W AW-DMCS (column A) and on a 6 ft X 0.25 in. 
column which was packed with 15% SE-30 on 60-80 mesh Chro
mosorb W AW-DMCS (column B).Photolysis of 2-Cyclopentylidenecyclopentan-l-one Oxide
(6). A solution of 6 (132 mg) in acetone was photolyzed to yield 7 
(40 mg) as previously reported.17 Extensive attempts to isolate 
and characterize a by-product were unsuccessful.Thermolysis of 2-Cyclopentylidenecyclopentan-l-one Oxide
(6). 6 (42 mg) was sealed in a 7-mm test tube and heated for 15 
min at 225°. After cooling, the product was isolated from the 
amber oil by preparative vpc on column A. A total of 37 mg (89%) 
of spiro[4.5]decane-l,6-dione (7) was obtained as a clear oil: bp
238-241° (lit.17 bp 238-241°); ir (CHC13) 1732 (cyclopentanone 
C = 0 )  and 1698 cm-1 (cyclohexanone C = 0 ) ; mass spectrum (70 
eV) m/e (rel intensity) 166 (38, M+), 148 (14), 138 (35), 137 (20), 
111 (100), 110 (90), 95 (34), 91 (27), 67 (52), 55 (74), 44 (95), 41
(67), identical with that of authentic 7.
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Thermolysis of 2-Cyclohexylidenecyclohexan-l-one Oxide
(8). 8 (500 mg), synthesized according to the method of Reese,20 
was sealed in a 7-mm test tube and heated for 30 min at 250°. 
The residue was separated by preparative vpc on column A to 
yield 80 mg of reactant 8, 51 mg (12%) of 1,2,3,4,6,7,8,9-octahy- 
drodibenzofuran (17)16 as a clear oil, ir (CC14) 1600 and 1140 
cm-1 (furan ring), nmr (CCU) S 2.70-2.06 (m, 8 H) and 2.06-1.48 
(m, 8 H), mass spectrum (70 eV) m /e (rel intensity) 176 (26, 
M+), 148 (100), 120 (60), 105 (19), 92 (28), 91 (74), 79 (35), 77
(46), 65 (36), 51 (48), 41 (80), 39 (84), and 220 mg (44%) of spiro-
[5.6]dodecane-l,7-dione (12) as a colorless oil, bp 223-224° dec, ir 
(CC14) 1711 (cyclohexanone C = 0 )  and 1696 cm ' 1 (cyclohepta- 
none C = 0 ), nmr (CDC13) 5  2.71-2.04 (m, 6 H) and 2.04-i.25 (m, 
12 H), mass spectrum (70 eV) m /e (rel intensity) 194 (12, M+), 
176 (5), 166 (33), 148 (57), 125 (24), 124 (43), 123 (83), 119 (24), 
111 (50), 109 (70), 98 (82), 97 (86), 95 (82), 91 (45), 81 (91), 79 
(90), 67 (93), 55 (100), and 41 (98).

The diketone formed a monosemicarbazone which crystallized 
from ethanol as white plates, mp 223-224° (lit.2 mp 224°).

To remove the Lewis acid sites, the 7-mm test tubes were im
mersed in concentrated ammonia for 3 days and oven dried before 
use. Using these base-washed tubes and following the method 
cited above, analysis of the reaction products by vpc on column B 
afforded 12 and 17 in the ratio 7.4:1, whereas without base wash
ing the ratio was 3.8:1.

Hydrolysis of Spiro[5.6]dodecane-l,7-dione (12). A solution of 
396 mg (2.04 mmol) of 12 and 2.0 ml (12 mmol) of 6 IV aqueous 
sodium hydroxide in 14 ml of ethanol was refluxed for 30 min. 
After cooling, the reaction mixture was acidified with 10% aque
ous hydrochloric acid and extracted three times with 30 ml of 
ether. The ether extracts were combined, washed with water until 
neutral, dried (Na2SCU), and evaporated i n  v a c u o .

A total of 280 mg (65%) of 5-(2-cycloheptanone)pentanoic acid
(14) was obtained as a clear oil. The product would not crystal
lize: ir (neat) 3100 (broad, OH of a carboxyl group) and 1700 
cm-1 (broad, C = 0  of a carboxyl group and a ketone); nmr 
(CDCI3) 5 10.72 (s, 1 H, acid OH), 2.80-2.10 (m, 5 H), and 2.10-
0.94 (m, 14 H).

The keto acid 14 was converted to its semicarbazone, which 
crystallized from ethanol as colorless needles: mp 158-160°; ir 
(KBr) 3460 (unassociated NH), 3250 and 3180 (associated NH su
perimposed upon a broad OH peak), 1708 (C = 0  of a carboxyl 
group), and 1660 cm-1 (C = 0  of an amide).

Anal. Calcd for C13H23N3O3: C, 58.09; H, 8.61; N, 15.60. 
Found: C, 58.18; H, 8.83; N, 15.37.

Preparation of Methyl 5-(2-cycloheptanone)pentanoate (16). 
To a solution of 250 mg (1.18 mmol) of 14 in 15 ml of dry ether 
was added slowly an ether solution of diazomethane until the so
lution remained yellow. Excess diazomethane was destroyed with 
1 drop of 5% aqueous acetic acid. The reaction mixture was 
washed with water until neutral, dried (Na2S 0 4), and evaporated 
i n  v a c u o . The product was isolated by preparative vpc on column 
A, which gave 150 mg (56%) of methyl 5-(2-cycloheptanone)pen- 
tanoate (15) as a clear oil: bp 275-276° dec; ir (CCU) 1740 (ester 
C = 0 )  and 1702 cm-1 (cycloheptanone C = 0 ) ; nmr (C C I4 ) S 3.56 
(s, 3, C H 3 O - ) ;  mass spectrum (70 eV) m/e (rel intensity) 226 (8, 
M+), 195 (6), 177 (11), 166 (10), 159 (4), 149 (44), 137 (12), 123
(22), 112 (100), 98 (48), 97 (50), 87 (38), 84 (45), 74 (42), 67 (46), 
55 (62), and 41 (58).

Anal. Calcd for C13H22O3: C, 68.99; H, 9.80. Found: C, 69.04; 
H, 9.85.

Preparation of Methyl 6-Cyclohexyl-6-ketohexanoate (11). 
To a solution of 27 mg (0.13 mmol) of 6-cyclohexyl-6-ketohexanoic 
acid (10)20 in 5 ml of dry ether was added slowly an ether solution 
of diazomethane until the solution remained yellow. The reaction 
was worked up as in the previous case. The product was isolated 
by preparative vpc on column A, which gave 20 mg (69%) of 
methyl 6-cyclohexyl-6-ketohexanoate ( 11) as a clear oil: bp 280- 
281°; ir (CCU) 1740 (ester C = 0 )  and 1710 cm ' 1 (cyclohexanone 
C = 0 ) ; nmr (CDCI3) S 3.64 (s, 3, CH3O -); mass spectrum (70 eV) 
m/e (rel intensity) 226 (18, M+), 195 (6), 185 (4), 177 (17), 170
(13), 166 (7), 158 (9), 153 (6), 149 (36), 143 (50), 139 (13), 115 (55), 
111 (90), 101 (12), 97 (31), 87 (51), 83 (100), 81 (48), 73 (50), 67
(45), 59 (39), 55 (100), and 41 (53).

Anal. Calcd for C 1 3 H 2 2 O 3 : C, 68.99; H, 9.80. Found: C, 69.09; 
H, 9.61.

Preparation of Methyl 5-(2-Cycloheptanone)pentanoate (16). 
To a suspension of 0.066 g (3.64 mmol) of sodium hydride in 10 ml 
of freshly distilled DMF was added slowly 0.25 g (2.23 mmol) of 
cycloheptanone and 0.44 g (2.25 mmol) of methyl 5-bromopenta- 
noate. The yellow solution was stirred under nitrogen for 3 hr at

80°. After cooling, 25 ml of water was added, and the reaction 
mixture was concentrated. The residue was extracted with ether 
(3 X 50 ml). The ether extract was washed with brine until neu
tral, dried (Na2SCL), and evaporated i n  v a c u o . The product was 
isolated by preparative vpc on column A, which gave 50 mg (10%) 
of methyl 5-(2-cycloheptanone)pentanoate (16) as a clear oil: bp 
275-276° dec; ir (CCU), 1740 (ester C = 0 ) and 1702 cm" 1 (cyclo- 
heptanone C = 0 ) ; nmr (CCU) 5 3.56 (s, 3, CH3O -); mass spec
trum (70 eV) m /e (rel intensity) 226 (8, M+), 195 (6), 177 (11), 
166 (10), 159 (4), 149 (45), 137 (12), 123 (22), 112 (100), 98 (48), 97
(50), 87 (38), 84 (45), 74 (42), 67 (47), 55 (62), 41 (58).

Photolysis of 2-Cyclohexylidenecyclohexan-l-one Oxide (8). 
A solution of 2.500 g (2.5 mmol) of 8 in 110 ml of acetone was 
stirred with a stream of nitrogen and irradiated with a 450-W Ha- 
novia lamp through a Vycor filter. The reaction was stopped after 
2 hr. The acetone solution was concentrated and preparative vpc 
on column B was used to collect 270 mg (54%) of reactant, 8, and 
68 mg (14%) of spiro[5.6]dodecane-l,7-dione (12) (spectra identi
cal with the spectra of the product obtained by thermolysis of the 
epoxide, 8).

Photolyses of 6 and 8 in Benzene with Tri-re-butylstannane.
A solution of 10 mg of 6, 0.25 ml of benzene, and 85 mg of tri-ra- 
butylstannane in a degassed 7-mm Pyrex test tube was irradiated 
with a 450-W Hanovia lamp for 2 hr. The vpc on column A indi
cated that over 95% of the reactant had been converted to 2-cy- 
clopentylidenecyclopentan-l-one (21). The same procedure was 
used with compound 8, and, after 4-hr irradiation, over 90% of the 
reactant had been converted to 2-cyclohexylidenecyclohexan-l-one
(22).

Duplicates of the above solutions were heated in a water bath 
at 50°. After 2 hr, 6 gave only 30% of 21, and, after 4 hr, 8 gave 
only 20% of 22.

Acidic Rearrangement of 2-Cyclopentylidenecyclopentan-l- 
one Oxide (6). A solution of 200 mg of 6 in 15 ml of benzene was 
treated with 0.2 ml of boron trifluoride etherate, and the resulting 
mixture was stirred at room temperature for 5 min. The reaction 
mixture was diluted with ether, washed with water, dried 
(NazSO*), and concentrated under vacuum. The product was iso
lated by preparative vpc on column A. A total of 138 mg (69%) of 
spiro[4.5]decane-6,10-dione (26) was obtained as a clear oil: mp
10- 11° (lit.22 mp 11.5-12.5°); ir (CC14) 1725 and 1696 cm" 1 (/3- 
diketone); nmr (CC14) 5 2.57 (t, 4, methylene protons a to carbon
yls) and 2.45-1.54 (m, 10); mass spectrum (70 eV) m /e (rel inten
sity) 166 (40, M+), 138 (18), 137 (22), 125 (17), 111 (10), 110 (63), 
109 (29), 97 (21), 96 (70), 95 (44), 79 (15), 77 (18), 70 (20), 68 (55), 
67 (70), 66 (25), 55 (100), 43 (36), 42 (96), 41 (92), 40 (70), and 39 
(94).

A solution of 97 mg (0.58 mmol) of 26 and 0.6 ml (3.6 mmol) of 
6 N  sodium hydroxide in 5 ml of ethanol was refluxed for 30 min. 
The product, after acidification with dilute aqueous hydrochloric 
acid, was extracted with ether. After removing the solvent the 
residue was converted directly to its semicarbazone, mp 180-181° 
(lit.22 mp 180-182°).

Preparation of 6-Cyelohexyl-6-ketohexanoic Acid (10).20 To 
a solution of 0.50 g (2.73 mmol) of 2-cyclohexylcyclohexan-l-one20 
in 0.6 ml of acetic acid was added slowly a solution of 0.9 g (11.1 
mmol) of chromium trioxide, 1.25 ml of acetic acid, and 0.44 ml 
of water. This mixture turned dark green after a 5-min stirring 
over a steam bath. Then 1.75 ml of sulfuric acid in 25 ml of water 
was added, and the mixture was concentrated. The residue was 
extracted with ether (3 X 30 ml). The ether extract was washed 
with 50% sodium bicarbonate solution. The base wash was acidi
fied with 10% hydrochloric acid and extracted with ether. The 
ether layers were dried (Na2S 0 4) and evaporated in vacuo. The 
residue was crystallized with ether-petroleum ether (bp 30-60°) 
to give 0.26 g (45%) of 6-cyclohexyl-6-ketohexanoic acid as color
less needles: mp 54-55° (lit.20 mp 58°); ir (KBr) 3200 (broad, OH 
of a carboxyl group) and 1700 cm-1 (broad, C = 0  of a carboxyl 
group and a ketone).

The keto acid was converted to its semicarbazone, which crys
tallized from methanol as colorless needles: mp 174-176° (lit.20 
mp 175°); ir (KBr) 3460 (unassociated NH), 3240 (broad, OH of a 
carboxyl group), 1708 (C = 0  of a carboxyl group), and 1660 cm" 1 
(C = 0  of an amide).
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Synthesis and Photorearrangem ent of 4,5-Epoxy-4,5-dihydropyrene
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The title compound, 4,5-epoxy-4,5-dihydropyrene, which is important in cancer research was synthesized 
from pyrene via its ozonide and 4,5-phenanthrenedicarboxaldehyde. On ultraviolet irradiation, this epoxide 
rearranges to 2,3:3,4;4,5-tribenzoxepin, a new oxepin, 4-hydroxypyrene, pyrene, and other not yet identified 
products.

The importance of epoxides as intermediates in the 
metabolic detoxification of aromatic hydrocarbons has 
been established.1 Aromatic epoxides can react to form a 
variety of products, including phenols and oxepins.1-2 In 
recent years there has been considerable interest in syn
thesizing the K-region epoxides of carcinogenic hydrocar
bons such as dibenz[a,h]anthracene,3 benzo[a]pyrene, and
7,12-dimethylbenz[a]anthracene,4 since these have been 
suggested as the possible carcinogenic metabolic interme
diates in carcinogenesis by aromatic hydrocarbons.5 Py
rene, a related noncarcinogenic hydrocarbon, is useful for 
comparative metabolic studies in laboratory animals and 
in in vitro cell culture studies.6 Although important, the 
oxides of pyrene have not been successfully synthesized up 
to now. Boyland and Sims6a reported that in the oxida
tion of pyrene with perbenzoic acid an intermediate is 
formed which they believed to be 4,5-epoxy-4,5-dihydro- 
pyrene. This epoxide has also been detected as a micro
somal metabolite of pyrene.6c The present paper describes 
the first reported synthesis of pure 4,5-epoxy-4,5-dihydro- 
pyrene (4). This epoxide is photochemically unstable and 
rearranges to form several products. It was of added im
portance, therefore, to study its photochemical rearrange
ment, as the intermediates formed therein may be of sig
nificance in the carcinogenic or detoxification processes of 
aromatic hydrocarbons.

Two general approaches have been used for the synthe
sis of K-region epoxides: (1) the conversion of dial
dehydes7 obtained by chemical oxidation of polycyclic ar
omatic hydrocarbons to the epoxide by the use of Mark’s 
reagent, tris(dimethylamino)phosphine; (2) the cycliza- 
tion of trans dihydrodiols with the dimethyl acetal of di- 
methylformamide .*

Previous attempts8 to synthesize 4,5-phenanthrenedi- 
carboxaldehyde by the catalytic hydrogenation of pyrene 
ozonide under various experimental conditions have re
sulted in the formation of 5-formyl-4-phenanthroic acid in 
the lactol form, I.8 However, Sturrock and Duncan98 re
ported the formation of unstable, uncrystallizable, and 
impure dialdehyde in poor yield from the iodide reduction 
of pyrene monozonide. Criegee,10 who prepared the dial
dehyde by oxidation of trans-4,5-dihydroxy-4,5-dihydropy- 
rene with lead tetraacetate, also reported similar findings. 
Both methods thus seemed unsuitable as preparative pro
cedures.

In the present work, ozonization of a dilute solution of 
pyrene in anhydrous methylene chloride at -70° using 1 
mol of ozone afforded mainly a colorless compound, mp 
159-161°, in good yield. Based on its uv, ir, nmr, mass 
spectral, and C, H analysis, it was characterized as the 
monomeric monozonide of pyrene, 2.9a-b Catalytic hydro
genation of the ozonide 2 over Pd/C in ethyl acetate
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Table IFluorescence Characteristics of Pyrene Epoxide and Photoproducts“
Wave- Wave-

length of length of

Compd
analysis, excita-

Conditions Excitation maxima, m/*• mju Emission maxima, m^ tion, mu

Pyrene epoxide Ethanol, 260, 279 (sh), 298, 319 354 354, 379, 396, 415 (sh) 262
2 fig/ml

Cyclohexane, 260, 278 (sh), 285 354 353, 373, 392, 412 (sh) 262
2 Mg/ml, 
deoxygenated

(sh), 298, 320

Cyclohexane- (332) 355, 377, 396, 418 (sh) 302
benzene (1:9), 
2 Mg/ml

4-Hydroxypyrene Ethanol, 239, 270 (sh), 279, 380 380, 400, 420, 450 (sh) 262
0.08 Mg/ml, 
deoxygenated

342, 355 (sh), 377

4-Hydroxypyrene Cyclohexane, 239, 265 (sh), 275, 376 376, 396, 417, 440 (sh) 262
0.08 Mg/ml, 315 (sh), 328, 342,
deoxygenated 347 (sh)

4-Methoxypyrene Ethanol, 239, 268 (sh), 276, 375 375, 395, 417, 441 276

2,3:3,4:4,5-Tri-

deoxygenated 315 (sh), 327, 339, 
350 (sh)

Ethanol, 233, 273, 290, 301 455 426, 455, 488, 525, 570 (sh) 292
benzoxepin 2 Mg/ml

Pyrene Ethanol, 237, 259, 269, 304, 391 372, 382, 391, 410 (sh), 437 (sh) 332
deoxygenated 317, 332

“ 5-mm slides were used both on the analyzer and exciter side; corrected excitation maxima in energy units and corrected 
emission maxima in quantum units; major peaks are italicized and shoulders are indicated in parentheses as sh.

yielded 1, instead of the expected dialdehyde. Reduction 
of 2 with sodium iodide in glacial acetic acid yielded 1 
and a crystalline solid in good yield. This solid was identi
fied as 4,5-phenanthrenedicarboxaldehyde (3) by spectral 
and elemental analyses. In contrast to the earlier re
ports,911’10 compound 3 is stable and readily crystallized. 
The dialdehyde 3 was reduced to 4,5-bis(hydroxymethyl)- 
phenanthrene by lithium aluminum hydride. When re
fluxed with tris(dimethylamino)phosphine in dry benzene, 
the dialdehyde 3 was converted to 4,5-epoxy-4,5-dihydro- 
pyrene (4). The structure was confirmed by its uv, nmr, 
mass spectral, and combustion analysis.

Upon attempting to obtain fluorescence spectra in a 
deoxygenated cyclohexane solution, the epxide 4 was 
found to be photochemically unstable. This observation 
led to photochemical decomposition studies of pyrene ep
oxide in various solvents. Pyrene epoxide in deoxygenated 
anhydrous methylene chloride was irradiated at 254 m^. 
Changes in the uv absorption maxima and intensities 
were noted while monitoring the reaction. Silica gel tic of 
the reaction mixture showed eight distinct spots. The 
major product isolated (36%) has the structure 
2,3:3,4:4,5-tribenzoxepin (5) as determined by mass spec
trum, C, H analysis, and nmr, which was definitive in de
ciding between 5 and its isomer 3,4:4,5:5,6-tribenzoxepin
(6). 4-Hydroxypyrene and pyrene, although present in 
small amounts, were also identified as irradiation prod
ucts.

Pyrene epoxide 4 is quite stable in methylene chloride 
and cyclohexane solutions in the dark at —10° and its de
composition to 4-hydroxypyrene is negligible over a period 
of several months, as shown by uv absorption and thin 
layer chromatography. A summary of the fluorescence 
characteristics of pyrene epoxide and its derivatives is 
given in Table I.

In order to determine the effects of solvents in the pho
todecomposition, dilute solutions of pyrene epoxide in ab
solute ethanol, cyclohexane, and 1:9 (v/v) cyclohexane- 
benzene were irradiated in a fluorescence cuvette using a 
xenon lamp as light source. Since even short exposure of 
pyrene epoxide to ultraviolet light resulted in a strong

Figure 1. Photodecomposition of pyrene epoxide: O, in absolute 
ethanol, Aex = 262, Aanai = 380 him; • , in cyclohexane, Aex = 262, 
Aanai = 375 mm; a , in 1:9 (v/v) cyclohexane-benzene, Aex = 302, 
Aar.ai — 377 mu.

phenol emission, the photodecomposition was monitored 
with respect to phenol formation. Figure 1, a plot of irra
diation time vs. phenol fluorescence intensity, shows that 
the phenol concentration is significantly greater in ethanol 
than in cyclohexane or cyclohexane-benzene. Extrapola
tion of plots of fluorescence intensity vs. 1/time to infinite 
time (not shown) yield the final fluorescence intensity due 
to 4-hydroxypyrene formed. Since the fluorescence inten
sity was determined for 4-hydroxypyrene solutions of 
known concentrations, per cent conversion of epoxide to 
the phenol can be calculated. Thus 48 and 19% of epoxide 
is converted to the phenol in ethanol and cyclohexane, re
spectively. Although a direct comparison cannot be made, 
it appears that ~  10% conversion to the phenol takes place 
in cyclohexane-benzene. These data indicate that as the 
hydrogen-donating ability of the solvent decreases, epox
ide is largely converted to products other than phenol. For 
example, in methylene chloride, a poor hydrogen donor, 
the tribenzoxepin 5 is the major product of the photode
composition of pyrene epoxide.
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Chart I

H '  A H

X o  A C  X > °

f i H V j H

At present, a definitive mechanism for photolytic phe
nol formation cannot be postulated. The decomposition 
studies point to solvent participation by hydrogen-donat
ing solvents. It is well known that molecules may become 
stronger bases (or acids) in the first excited singlet 
state.11 Thus, in protolytic solvents such as ethanol, 4- 
hydroxypyrene may be formed according to path a in 
Chart I. This mechanism is similar to the ground-state 
mechanism postulated for acid-catalyzed cleavage of 1,3- 
cycloheptadiene oxide.12 The protonated ground state in
termediate (I) may undergo ring opening by C -0  cleavage 
to form II or by an NIH shift13 to form ID. Both II and ID 
can form the phenol by loss of a proton.

In nonprotolytic solvents such as cyclohexane and cyclo
hexane-benzene, the excited epoxide species may undergo 
homolytic C -0  cleavage, yielding a stable benzylic biradi
cal as shown in path b in Chart I. A 1,2-hydrogen shift, 
the equivalent of a free-radical type NIH shift, followed 
by tautomerization, would lead to 4-hydroxypyrene. A 
similar mechanism involving homolysis to a stable biradi
cal followed by a 1,2-hydrogen shift has been postulated 
for the photodecomposition of epoxy olefins14 and phen- 
yloxirane.15 Alternatively, the biradical might abstract 
hydrogen atoms from the solvent and form the reduced 
product pyrene after dehydration, as shown in path c, 
Chart I. The photolytic formation of benzene from ben
zene epoxide has been reported.16 Since the experimental 
conditions for photolysis in cyclohexane and cyclohexane- 
benzene were not the same and since the nature of all 
major products is not known in these systems, it is at 
present not possible to explain why more phenol is formed 
during photolysis in cyclohexane than in cyclohexane- 
benzene.

The photochemical formation of 2,3:3,4:4,5-tribenzoxe- 
pin from pyrene epoxide may occur by a mechanism sim
ilar to that proposed for the formation of 2,3:4,5-diben- 
zoxepin from 9,10-dihydro-9,10-epoxyphenanthrene.17 
This mechanism involves a concerted rearrangement of 
the excited epoxide species followed by valence tautomeri
zation to the oxepin.

Experimental Section
Melting points were taken on a Thomas-Hoover capillary appa

ratus and are uncorrected. Infrared spectra were determined on a

Perkin-Elmer Model 421 spectrophotometer as KBr pellets, and 
ultraviolet spectra with a Cary Model 14. Proton magnetic reso
nance spectra were recorded on the Varian Associates Model 
A-60A spectrometer in CDC13 using TMS as an internal stan
dard. A custom-designed multipurpose luminescence spectropho
tometer18 was used to record the emission and excitation spectra. 
Corrected emission spectra were recorded in quantum units and 
corrected excitation spectra in energy units. The mass spectra re
ported below were obtained from the Morgan Schaffer Corp., 
Montreal, Canada. The sample was introduced through a direct 
inlet in most cases. The ozonizer used was a Welsbach Corp. 
Model T-408. Microanalyses were performed by Spang Microana- 
lytical Laboratory, Ann Arbor, Mich. Thin layer chromatography 
(tic) was carried out on precoated silica gel G plates (thickness
0.25 mm for analytical and 2.0 mm for preparative); spots were 
visualized with short- and long-wavelength uv hand lamps.

Pyrene, Monozonide (2). Pyrene (2.02 g) dissolved in dry 
CH2CI2 (400 ml) was cooled to -70° and treated with ozonized 
oxygen until 1 molar equiv had been added. It was immediately 
flushed with nitrogen to sweep out unreacted ozone. The brown 
residue obtained on evaporation of the pale yellow solution under 
reduced pressure at 35° was chromatographed on a silica gel col
umn. A mixture of hexane-CH2Cl2 (6:4, v/v) eluted most of the 
unreacted pyrene (strong fluorescent band in uv) as the first frac
tion and then the monozonide, which crystallized from CH2C12-  
hexane mixture as colorless, shiny plates (1.3 g, 52.0%), mp 156- 
161° dec.9 It exhibited the following spectral properties: uv max 
(EtOH) 212, 257, 263, 280, 292, 300, 338, and 355 nm (f 34,700,
41.100, 44,300, 13,900, 12,500, 9300, 1300, 1400); ir9a 9.20, 9.50 
(m-w), 10.5 (vs), 12.0 ¡j. (m, twin peaks); nmr (CDCI3 ) 5 6.70 (s, 2 
H), 7.70 ppm (m, 8 H, aromatic); mass spectrum m/e 250 (parent 
ion); fluorescence excitation maxima (cyclohexane, deoxygenated, 
Xanai 375 mft) 255, 263, 290, 300, 338, 355 mu; fluorescence emis
sion maxima (Xex 255 mn) 357, 375, 394, 413 m/j. Anal. Calcd for 
Ci6Hio0 3: C, 76.79; H, 4.03. Found: C, 76.67; H, 4.12. Tic in 
CH2Cl2-hexane (1:1, v/v) shows a single spot of Rr 0.7. It is sen
sitive to heat and light and does not form a precipitate with 2,4- 
dinitrophenylhydrazine. It releases iodine from sodium iodide so
lution in aqueous methanol and is stable at —10° for several 
months.

4.5- Phenanthrenedicarboxaldehyde (3). A mixture of the 
monozonide (1.0 g), sodium iodide (2.0 g), and acetic acid (45 ml) 
was allowed to stand at room temperature overnight and the lib
erated iodine was reduced with sodium thiosulfate solution. The 
mixture was extracted with CH2CI2 and washed with sodium bi
carbonate solution and water. The dried extract on concentration 
yielded colorless needles of 1, mp 272-276° dec (lit.8c mp 272- 
276°), which were filtered. The filtrate was concentrated and 
chromatographed on a silica gel column. Elution with CH2C12 
gave first a colorless solid (0.2 g), mp 172-175° dec. The second 
fraction was the pale yellow dialdehyde (0.38 g). This was dis
solved in dry ethyl acetate and filtered. The residue obtained on 
evaporation of the filtrate crystallized from CH2Cl2-hexane mix
ture as creamy-white needles (0.26 g, 28%), mp 169-171° (lit.9'10 
mp 169-171°). It had the following spectral characteristics: uv 
max (EtOH) 225, 251, 268 (sh), 296, 340 nm (sh) (e 40,000, 26,900,
21,500, 22,700, 4800); ir 3.51, 3.62 (C-H stretch), 5.90, 5.92 M 
(C = 0  stretch); nmr (CDCI3) & 7.91-8.23 (m, 8 H, aromatic),
10.13 ppm (s, 2 H, -CHO). Anal. Calcd for Ci6Hio02: C, 82.04; 
H, 4.30. Found: C, 81.82; H, 4.39. Lithium aluminum hydride re
duction of the dialdehyde afforded 4,5-bis(hydroxymethyl)phen- 
anthrene which crystallized from CH2C12 as colorless needles, mp
159-161° (lit.86 mp 152-159°).

4.5- Epoxy-4,5-dihydropyrene (4). The dialdehyde (0.220 g) 
was dissolved in hot, dry benzene (10 ml) and tris(dimethylami- 
no)phosphine (0.6 ml) was added to it. The mixture was heated 
to reflux under a nitrogen atmosphere. On addition of hexane and 
cooling, colorless crystals (0.145 g, 70.7%), mp 177-180° dec, were 
obtained. The product gives a single spot, i?r 0.34, on a silica gel 
plate using cyclohexane-dioxane (85:15, v /v) as solvent. However, 
some decomposition takes place when benzene is used as the el
uent. The epoxide showed uv max (cyclohexane) 215, 256, 262, 
270 (sh), 282, 288, 300 nm (c 49,200, 48,600, 54,800, 30,800, 16,200,
16.100, 20,100) (c/. uv of the ozonide, 2); ir 8.1, 9.6, 12.1 /¿; nmr 
(CDCI3) & 4.82 (s, 2 H), 7.88 (m, 8 H, aromatic); mass spectrum 
m/e 218 (parent ion). Anal. Calcd for CleHioO: C, 88.05; H, 4.62. 
Found: C, 87.68; H, 4.79. When refluxed in acetone with a few 
drops of HC1, it hydrolyzed to 4-hydroxypyrene. An authentic 
sample of the latter was prepared by acid-catalyzed dehydration 
of 4,5-dihydroxy-4,5-dihydropyrene,19 mp 199-201° dec from
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CHîCk-hexane mixture (lit.20 mp 204-210° dec). The uv absorp
tion spectrum of the phenol is identical with that reported in the 
literature.6® Its tic in cyclohexane-dioxane (85:15, v /v) has R(
0.13.Irradiation of 4,5-Epoxy-4,5-dihydropyrene (4) in Methylene Chloride. Isolation of 2,3:3,4:4(5-Tribenzoxepin (5). The epox
ide (0.110 g) dissolved in dry CH2CI2 (200 ml) in a quartz vessel 
was irradiated at 254 nm using two mineral light uv lamps while 
N2 was bubbled through the solution. The uv absorption of ali
quots of the photolysis mixture showed an increase in the intensi
ty of a new peak at 241 nm (4-hydroxypyrene) and later of anoth
er peak at 232 nm while the intensity of the epoxide peaks at 262 
and 300 nm was decreasing. At the end of 15 hr, when all the ep
oxide has reacted, the solution was concentrated under reduced 
pressure and preparative tic of the residue was carried out in the 
cyclohexane-dioxane (85:15, v/v ) mixture.

The greenish fluorescent band of Rf 0.79 was identified to be 
pyrene by tic, uv, fluorescence, and mass spectrum. In order to 
determine whether pyrene is indeed a photoproduct, the epoxide 
was chromatographed for contamination by pyrene. Although 
minute amounts of pyrene were detected by fluorescence emission 
spectroscopy, the amount of pyrene found after irradiation far ex
ceeded that present as a contaminant of the starting epoxide.

The major band with R{ 0.71 on rechromatography and crystal
lization from hexane yielded colorless plates (0.04 g, 36.4%), mp 
130-131°. It had the following spectral characteristics: uv max 
(EtOH) 232, 240 (sh), 276 (sh), 293, and 305 nm (t 63,000, 48,200,
13,500, 14,400 and 13,000); ir 3.28, 6.00, 7.90, 8.10, 9.48, 9.50, 12.0,
12.8, 13.8, and 14.2 p; nmr (CDCI3) 5 5.90 and 6.53 (2 H, olefinic, 
J = 6.5 Hz), 7.42 ppm (m, 8 H, aromatic); mass spectrum m/e 
218 (parent ion). Anal. Calcd for C10H16O: C, 88.05; H, 4.62. 
Found: C, 87.96; H, 4.75.

The band of Rt 0.26 was characterized as 4-hydroxypyrene by 
fluorescence excitation and emission spectra and uv and by con
verting it to 4-methoxypyrene by treating its methanolic solution 
with a solution of diazomethane in ether. This had identical tic, 
fluorescence, and uv absorption characteristics with those of an 
authentic sample prepared similarly, mp and mmp 122-124° 
(lit.19 mp 128-129°). However, 4-hydroxypyrene was present in 
small amounts in the irradiated mixture.Effects of Solvents on the Photodecomposition of 4,5-Dihy- dro-4,5-epoxypyrene Pyrene epoxide was dissolved in three dif
ferent solvents: (1) ethanol, (2) cyclohexane, and (3) 1:9 (v/v) cy
clohexane-benzene. The concentration of pyrene epoxide in each 
solvent was 2 pg/ml. In order to preclude catalysis by impurities, 
the fluorescence cuvette was soaked in chromic acid for 15 min, 
rinsed thoroughly with distilled water, washed with nonfluo- 
rescent soap to destroy residual acid, and rinsed again with dis
tilled water. The epoxide solution in the cuvette was deoxygenat- 
ed by vigorously passing dry nitrogen through the sample for 12 
min. The cuvette was stoppered with a glass stopper and sealed 
with parafilm to prevent oxygen from entering. Since the absorp
tion maximum of pyrene epoxide is at 262 mju, the samples in 
ethanol and cyclohexane were excited at this wavelength. In the 
cyclohexane-benzene system, 302 m/i was used as the excitation 
wavelength since benzene absorbed too strongly at 262 mp. Fluo
rescence emission spectra were recorded every 5 min except for

pyrene epoxide in ethanol, where photochemical decomposition 
proceeded extremely fast. In this case, fluorescence intensities 
were measured at the epoxide and phenol emission maxima at 
the beginning of the irradiation and spectra were recorded as the 
reaction slowed down; 5-m/r slits were used both on the analyzer 
and the exciter side.
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The synthesis of trarw-5,5'-dimethoxy-2,2',4,4'-tetramethylstilbene (1) starting from 2,5-dimethylfuran and 
dimethyl acetylenedicarboxylate is described. Photolysis of 1 in the presence of oxygen and iodine afforded 4,5- 
dimethoxy-l,3,6,8-tetramethylphenanthrene (2) in 4.5% yield and 4,7-dimethoxy-l,3,6-trimethylphenanthrene
(3) in 15.5% yield, by loss of the elements of methane rather than hydrogen.

The main objective of this work was to synthesize trans- 
5,5/-dimethoxy-2,2,,4,4'-tetramethylstilbene (1) in the ex
pectation that, on photolysis, 4,5-dimethoxy-l,3,6,8- 
tetramethylphenanthrene (2) would be obtained in good

yield. As shown in Chart I, the synthesis of 1 was accom
plished in excellent overall yield starting from the adduct 
between 2,5-dimethylfuran and dimethyl acetylenedicar
boxylate,3 7, and proceeding through the known3 com
pounds dimethyl 3-hydroxy-4,6-dimethylphthalate (8) and
3-hydroxy-4,6-dimethylphthalic acid (9). Unfortunately 
for our purposes, the photolysis of 1 yielded more 4,7-di- 
methoxy-l,3,6-trimethylphenanthrene (3, 15.5%) than 2

(4.3%), by loss of the elements of methane rather than hy
drogen. Accordingly, a better synthesis of 2 is now being 
sought in our laboratories.

The successful photolyses of a variety of stilbenes in the 
presence of air or iodine to form phenanthrenes have been 
studied extensively,4-6 although relatively few cases of 
phenanthrene formation have been studied with stilbenes 
which have a group (or groups) which end up in the 4 (or 
5) position of phenanthrene. Only in the case of 5,5'-di- 
fluoro-2,2,-dimethylstilbene7 (4) has the loss of methane 
been noted. In this case the yield of 4,5-difluoro-l,8-di- 
methylphenanthrene (5) was 49% (loss of H, H) and of
4,7-difluoro-l-methylphenanthrene (6) (loss of CH3, H) 
was 13%. Possibly the reason why cyclization to 2 oc
curred to such a small extent in the case of 1 is that the 
two methoxy groups which would end up in the 4 and 5 
positions of 2 are each buttressed by adjacent methyl 
groups and the resulting steric effect is responsible.

The synthesis of 1 is outlined in Chart I and the experi
mental details are described in the Experimental Section.

Chart I

The rearrangement of 7 to 8 on a small scale has been 
described and discussed.3 On a much larger scale we have 
obtained 8 in 85% yield. After hydrolysis of 8 to 9, selec
tive decarboxylation to 10 was readily effected by heating 
with copper in quinoline.8 The conversion of 10 to 11 was 
best effected in 86% overall yield by esterification with 
methanol9 followed by methylation of the sodium pheno- 
late with methyl iodide in methanol-DMSO. The conver
sion of 12 to 13 was accomplished in excellent yield by 
treatment of the mesylate with sodium chloride by phase- 
transfer catalysis.10 On treatment with sodium amide in 
liquid ammonia, 13 was converted into 1 in 76% yield.11 
Although many photochemical experiments were tried, 
the maximum yield of 2 was never greater than 4.3%.

Experimental Section12
Dimethyl 3-Hydroxy-4,6-dimethylphthalate (8). A total of 

127 g (1.31 mol) of 2,5-dimethylfuran13 and 187 g (1.32 mol) of 
freshly distilled dimethyl acetylenedicarboxylate,14 bp 110° (29 
mm), was sealed in seven Pyrex tubes which were held at 100° for 
10 hr in an oven.15 The contents of the tubes were combined and 
added with stirring to 400 ml of distilled trifluoroacetic acid, bp 
72°, at 0°. Cooling was necessary to keep the temperature below 
10°. After 72 hr at room temperature the trifluoroacetic acid was 
recovered by vacuum distillation and the residue yielded 257 g 
(85% overall)16 of 8, bp 115° (0.4 mm), which had ir, nmr, and 
mass spectra as described.3
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2.4- Dimethyl-5-hydroxybenzoic Acid (10). The above ester 
was hydrolyzed to 3-hydroxy-4,6-dimethylphthalic acid (9) as de
scribed3 in 97% yield (crude). The crude acid was used for decar
boxylation. In the best of several experiments, a stirred mixture 
of 38.5 g of 9, 1 g of copper powder,17 and 150 ml of distilled quin
oline was heated from 200 to 230° during 3 hr, at which time 90% 
of the theoretical amount of CO2 had been collected and no more 
was being evolved. After the usual work-up, crystallization of the 
residue from toluene-cyclohexane (1:3) yielded 27.6 g (90%) of
10,18 mp 187-188°, nmr b 2.24 (s, 3, CH3), 2.48 (s, 3, CH3), 7.02 
(s, 1, Ar), and 7.49 (s, 1, Ar).

Anal.19 Calcd for C9H10O3: C, 65.0; H, 6.1. Found: C, 65.2; H,
6.1.

Methyl 2,4-Dimethyl-5-methoxybenzoate (11). A mixture of 
40 g of anhydrous CaSOi (40-80 mesh dried at 130° under re
duced pressure), 72.5 g of 10, 19 g of cation resin (AG 50W-X4, 
Biological and Radiation Laboratories, Richmond, Calif.), and 
100 ml of absolute methanol was stirred and refluxed into a 
Soxhlet extractor containing 50 g of CaS04 for 15 hr. The cooled 
mixture was filtered and the solid was washed with 100 ml of 
methanol and 100 ml of ether. The solvents were removed on a 
rotary evaporator and the product was worked up as usual to 
yield 6 g (8%) of recovered 10 and 73.7 g (87%) of methyl 2,4-di- 
methyl-5-hydroxybenzoate, mp 88-89°, nmr methyl singlets (1 
each) at 6 2.25, 2.49, and 3.87, ArH (1 each) at 6.98 and 7.43, 
after recrystallization from benzene-cyclohexane (1:3).

Anal. Calcd for C10Hl2O3: C, 66.7; H, 6.7. Found; C, 66.5; H,
6.7.

A solution of 146.7 g of the above ester in 500 ml of pure DMSO 
was added at 0° to a solution under nitrogen prepared by treating 
29 g of sodium with 150 ml of methanol and 500 ml of DMSO. To 
the above solution was added 243 g of methyl iodide during 20 
min while maintaining the temperature below 35°. After heating 
to 80° for 8 hr the Nal was collected by filtration and washed with 
benzene. After adding 2 1. of benzene and 1 1. of water to the fil
trate, there was obtained 156.7 g (99%) of 11 as colorless needles 
suitable for reduction. A sample purified by vaporization to a 
cold finger melted at 36-37°, nmr methyl singlets (1 each) at b
2.25, 2.49, 3.78, and 3.80, ArH (1 each) at 6.85 and 7.31.

In another similar experiment vacuum distillation of the crude 
product before crystallization afforded 11, bp 72° (0.2 mm), in 
91% yield.

Anal. Calcd for C uH i40 3: C, 68.0; H, 7.3. Found: C, 68.2; H,
7.2.

2.4- Dimethyl-5-methoxybenzyl Alcohol (12). To the solution 
obtained by refluxing 1 1. of pure THF and 42 g of LiAlH4 over
night was added dropwise a solution of 154.8 g of 11 in 300 ml of 
THF. The stirred mixture was held at reflux until tic on silica gel 
showed that no 11 (Rr, CHC13, 0.92, C6H6, 0.68) remained (5 hr). 
After the usual work-up, crystallization from 1 1. of hexane yield
ed 122 g (92%) of 12, mp 56-57°, nmr methyl singlets at 6 2.17,
2.20, and 3.78, CH2OH (s, 4.58), ArH at 6.83 and 6.90. Distilla
tion of the material in the residue afforded 7 g (6%) of 2, bp 110- 
115° (0.5 mm).

Anal. Calcd for Ci0H14O2: C, 72.3; H, 8.5. Found: C, 72.5; H,
8.4.

2.4- DimethyI~5-methoxybenzyI Chloride (13). To a stirred so
lution of 5.4 g of 12 and 4.5 g of triethylamine in 20 ml of benzene 
was added 7.0 g of methanesulfonyl chloride. After stirring at 
room temperature for 4 hr the precipitated salt was removed by 
filtration and washed with benzene. The combined filtrate and 
washings were washed twice with cold saturated brine. To the re
sulting benzene solution was added 0.2 g of Aliquat-336,20 30 ml 
of saturated KC1, and 20 g of powdered KC1. After stirring for 20 
hr the benzene layer was worked up in the usual way to afford 5.5 
g (93%) of crude 13 as a yellowish oil. Because of sensitivity to 
moisture and heating, attempts to obtain an analytically pure 
sample were not made. The nmr spectrum, methyl singlets (1 
each) at 5 2.24 and 3.70, CH2C1 (s, 4.49), ArH (l.each) at 6.72 
and 6.89, was consistent with that to be expected from 13. The 
mass spectrum showed a parent peak at m/e 184 (calcd 184) and 
P + 2, 186, 31.5% (lit.21 32.6%). Our experience showed that for 
best yields in the next reaction the chloride should be used as 
soon as isolated with no attempts at purification.

trans-5, 5'-Dimethoxy-2,2',4,4'-tetramethylstilbene (1). In the 
best of several experiments, a solution of 15.9 g of 13 in 30 ml of 
dry ether was added rapidly to a stirred suspension at -78° of so
dium amide prepared from 3.7 g of sodium and 300 ml of liquid 
NH3 (distilled from Na). After the solution was maintained at 
-78° for 2.5 hr, 4 g of NH4C1 was added and the ammonia was 
allowed to evaporate overnight. The usual work-up afforded a yel

low residue which was chromatographed on a 15 x  0.75 in. col
umn of Woelm grade A alumina using 3 1. of 1:1 benzene-cyclo
hexane to yield a colorless solid. On crystallization from 500 ml of 
1:6 benzene-ethanol there was obtained 9.7 g (76%) of 1: mp 
168-169°; nmr CH3 singlets at b 2.23, 2.35, and 3.88, ArH and 
vinyl H, 6.98-7.14; uv (cyclohexane) 227 nm (c 16,000), 292
(12,700), 330 (15,300); mass spectrum m /e 296 (calcd, 296).

Anal. Calcd for C20H24O2: C, 81.0; H, 8.1. Found: C, 81.2; H,
8.0.

When the crude, but quite pure, bromide corresponding to 13, 
prepared in over 90% yield by using a solution of sodium bromide 
instead of sodium cbdoride, was treated similarly with sodium 
amide, there was isolated by chromatography 11% of 1 and 22% of 
5,5'-dimethoxy-2,2',4,4'-tetramethyldibenzyl, mp 122-123°, nmr 
methyl singlets at b 2.17, 2.21, and 2.81, methylene H at 3.75, and 
ArH at 6.02 and 6.59.

Anal. Calcd for C20H26O2: C, 80.5; H, 8.8. Found: C, 80.5; H,
8.8.

4,5-Dimethoxy-l,3,6,8-tetramethylphenanthrene (2) and
4,7-Dimethoxy-l,3,6-trimethylphenanthrene (3). A solution of
3.4 g (0.0115 mol) of 1 and 1.60 g (0.0063 mol) of iodine in 2 1. of 
distilled cyclohexane was flushed with oxygen for 1 hr in a three
necked photolysis tube of quartz, equipped with an oxygen inlet, 
condenser, thermometer, and a 450-W Hanovia high-pressure 
mercury lamp. After the oxygen flow was discontinued, irradia
tion was conducted at 33-35° during which uv spectra were taken 
every 30 min. Irradiation was stopped after 4 hr when the ratio of 
phenanthrene absorbance at ca. 265 n /i and of stilbene absorb
ance at ca. 225 mu was about three. The photolysis solution was 
washed with aqueous sodium bisulfite to remove iodine and 
worked up in the usual manner. The yellow residue was passed 
through a dry alumina column (10 X 0.5 in., Woelm alumina for 
dry-column chromatography, Waters Associates, Inc.) and eluted 
with cyclohexane until the lowest blue fluorescent band nearly 
reached the bottom of the column. After the top yellow and rain
bow bands were removed by application of air pressure to the 
bottom of the column, the remainder was extracted with cyclo
hexane, ethanol, and ether. The solvent (about 1000 ml) was ro
tary evaporated. The residue was recrystallized from 10 ml of eth
anol at room temperature for 2 days to give 0.20 g of solid and 
mother liquor. The solid was recrystallized twice from 5 ml of 
ethanol to give 0.15 g (4.3%) of 2: mp 130-131°; ir 6.12, 6.23, 9.05,
9.81, and 9.99 nmr CH3 singlets at b 2.47, 2.63, and 3.27, ArH (2 
each) at 7.24, 7.67; uv Arnax (cyclohexane) 223 m̂ i (e 13,200), 262
(33,600), 295 (13,200), and 335 (9400); exact mass 294.16190940 
(calcd, 294.16240925).

Anal. Calcd for C20H220 2: C, 81.6; H, 7.5. Found: C, 81.4; H,
7.6.

From the above mother liquor 0.8 g of crude 3 was obtained by 
further crystallization from ethanol. Recrystallization from 10 ml 
of ethanol yielded 0.5 g (15.5%) of 3: mp 84-85°; ir 6.15, 6.36, 9.16,
9.78, and 10.05 nmr CH3 singlets at b 2.47, 2.48, 2.62, 3.69, and
3.71, ArH singlets at 7.04 and 7.13, AB pattern at 7.49 and 7.69 (J 
= 9 Hz), and a singlet at 9.38 (the H at position 5 due to de
shielding by the 4-OCH3); uv Amax (cyclohexane) 230 ma (e 16,300), 
259 (55,400), 265 (64,900), 283 (14,400), 301 (11,100), and 313
(11,100); exact mass 280.14654235 (calcd, 280.14632020).

Anal. Calcd for C19H20O2: C, 81.4; H, 7.2. Found: C, 81.2; H,
7.2.

When Pyrex was used instead of quartz there was obtained a 
small amount of cis-5,5'-dimethoxy-2,2',4,4'-tetramethylstilbene: 
mp 88-89°; nmr, two ArCH3 singlets at b 2.11 and 2.15, OCH3 
singlet at 3.40, three singlets, vinyl H, ArH at 6.49, 6.65, and 6.86; 
uv Amax (cyclohexane) 226 mp (e 16,500), 230 (15,900), and a 
broad flat band at 250-305 (7100). When the irradiation was car
ried out in ethanol under similar conditions, no phenanthrene de
rivatives were formed.

Registry No.—trons-1, 50790-94-8; cis-1, 50790-95-9; 2, 50790-
66-4; 3, 50790-67-5; 7, 762-42-5; 8, 22481-09-0; 10, 50790-68-6; 11, 
32644-91-0; 12, 32644-92-1; 13, 50790-69-7; 13 bromide, 50790-70-0;
2,5-dimethylfuran, 625-86-5; methyl 2,4-dimethyl-5-hydroxyben- 
zoate, 50790-71-1; methanesulfonyl chloride, 124-63-0; 5,5'-dime- 
thoxy-2,2',4,4'-tetramethyldibenzyl, 50790-72-2.
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The singlet and triplet photochemistry of 7-£er£-butoxycarbonyl-2,3-benzo-7-azabicyclo[2.2.l]hepta-2,5-diene 
(3c) has been studied. While direct excitation of 3c at 300 nm affords tert-butyl 3-benzazepine-3-carboxylate (6c) 
with low efficiency (<I> = 0.05), acetone-sensitized irradiation yields 5-ter£-butoxycarbonyl-5-azatetracy- 
clo[5.4.0.02'4.03'6]undeca-l(7),8,10-triene (7c) in high synthetic yield (93%) and with high efficiency (<i> = 0.93). 
The structure assignment for 7c is supported by spectroscopic data and its hydrogenation and acid-catalyzed 
rearrangement reactions. The general mechanism for 2,3-benzofulvene formation from triplet-sensitized rear
rangement of 7-azabenzonorbomadienes is discussed.

The photochemical rearrangement of various benzonor- 
bornadiene derivatives to tetracyclic products via the di-7r- 
methane reaction is well characterized (i.e., 1 —*■ 2).2

However, a photochemical study of the 7-aza derivative 
3a did not afford tetracyclic products analogous to 
2, but instead benzofulvene derivatives 4 and 5.3 We wish

NR

4  5
to report here the details of the direct and photosensitized 
rearrangement of 3c and the establishment of one mecha
nistic pathway for the production of benzofulvene deriva
tives from sensitized irradiation of 7-azabenzonorboma- 
dienes.

Irradiation of 7-£er£-Butoxycarbonyl-7-azabenzonor- bornadiene (3c). Direct irradiation of 3c in cyclohexane at

low conversion produces tert-butyl 3-benzazepine-3-carbox- 
ylate in low quantum efficiency. However, acetone-sensi
tized irradiation of 3c results in rapid loss of 3c and the

0
II

N— CO-f-Bu O

formation of an acid and thermally labile product. While 
initial attempts at isolation of this material were compli
cated by product decomposition during irradiation and at
tempted purification, by using base-washed apparatus 
and maintaining the temperature below 30° a colorless 
liquid could be isolated in 94% yield after chromatography 
on activity IV basic alumina. This material, which was 
isomeric with 3c, showed a carbonyl absorption (5.85 p) in 
the ir and exhibited four distinct one-proton signals in the 
nmr in addition to the aromatic and tert-butyl absorp- 
tions:ld r 5.17 (1 H, d), 6.14 (1 H, distorted t), 6.60 (1 H, 
m), 7.43 (1 H, m). The absence of olefinic absorption in 
the adduct suggests a tetracyclic structure, for which 7c 
seemed most reasonable. This structural assignment is 
further supported by its hydrogenation and acid-catalyzed 
rearrangement studies reported below.

Several attempts at clean partial hydrogenation of 7c 
were made. The most successful of these employed atmo
spheric hydrogenation in ethyl acetate using 5% Pd/C as 
catalyst. The uptake of 1-1.5 equiv of hydrogen followed 
by work-up yielded 20-30% of an impure crystalline mate-
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rial in addition to a yellow oil. The crystalline solid de
composed on attempted column chromatography on a va
riety of supports to f erf-butyl carbamate and 2-formyl- 
indan; the latter compound underwent rapid air oxida
tion to 2-indancarboxylic acid. The structures of the tert- 
butyl carbamate and 2-indancarboxylic acid were rigor
ously established by comparison with synthesized authen
tic samples. Owing to the instability of this hydrogenation 
mixture, identification of the remaining products was not 
attempted. This sequence of reactions is outlined below.

7c
0

0 0 = '
H 0

C— N— CO-f-Bu +  oil

8 c

CH3C02Et
alumina

In view of the acid sensitivity of the crude reaction mix
ture, the acid-catalyzed rearrangement of 7c was also 
studied. Treatment of 7c in ether with a trace of p-tolu- 
enesulfonic acid for 2 hr at room temperature afforded 4c

H+

0

1 2 c

catalysis were not employed. The reaction course may be 
conveniently viewed as shown above.

Having established that the acetone-sensitized photoly
sis of 3c proceeds in high yield to afford the product of di- 
ir-methane rearrangement, it was of interest to measure 
the quantum efficiency of the 3c —► 7c transformation for 
comparison with the parent hydrocarbon. Quantum-yield 
determinations at 3000 A at ~20% conversion gave $  =
0.93 ±  0.1. Thus, this nitrogen analog of the hydrocarbon 
rearranges with both high synthetic yield and high quan
tum efficiency.

Photosensitized Rearrangements of Other 7-Azaben- zonorbornadienes. The marked contrast between the re
sults noted here and the previous work of Prinzbach for 3a 
and 3b prompted us to reexamine the photosensitized 
chemistry of 3a. Irradiation of 0.1% acetone solutions of 3a under conditions analogous to those employed for 3c 
was followed by nmr examination of the crude irradiation 
mixtures. No signals in the nmr spectrum attributable to 
the tetracyclic azetidine structure were observed; instead, 
the spectrum closely resembled those described for the re
spective benzofulvenes, 4a and 5a.

Surmising that the steric hindrance afforded by the 
fert-butoxycarbonyl group could be a necessary prerequi
site for isolation of the tetracyclic azetidine structure, the 
photosensitized irradiation of readily available 15 was ex
amined. This molecule not only would have afforded a 
second example of the rearrangement but also would have 
simplified the nmr spectrum of the azetidine, perhaps al
lowing specific assignment of the one-proton signals noted 
in 7c. However, here too no tetracyclic azetidine could be 
isolated. In this case 12 different runs were made and ana
lyzed by nmr. The crude nmr spectra of these irradiations 
were complex and not reproducible from run to run, 
suggesting the presence of unstable intermediate(s). How
ever, the only compound which could be isolated pure was 
a yellow, crystalline solid (53%). The ir of this material 
showed NH absorption at 2.95 jr and carbonyl absorption 
at 5.85 fi, while the uv spectrum exhibited maxima at 230 
nm (t 9530), 280 (19,000), and 324 (13,600), characteristic 
of the 6-amino-2,3-benzofulvene moiety. The nmr showed 
the aromatic and NH absorption as a broad multiplet at r 
2.34-2.97, one vinyl proton as a multiplet centered at t

3.50, one methyl group as a singlet at r 7.43, a second 
methyl group as a broadened singlet at r 7.82, and the 
fert-butyl group as a singlet at t  8.46. The uv spectrum 
establishes the material as a 6-amino-2,3-benzofulvene, 
while the absence of olefin absorption below r 4 and the 
methyl resonance at r 7.43 indicate that one methyl is 
bonded to the 6 position. Either 16 or 17 is in accord with

N— 'C— O-t-Bu

'J
H

—H+

13c

N— C— O-i-Bu

/

H  «
N— C— O-iwBu

/

14c 4c
in 93% yield. The structural assignment for this product is 
supported by the similarity of its spectrscopic properties 
with those reported for the analogous heterocyclic sys
tems.3 Furthermore, it was established that 4c was the 
major decomposition product in those irradiations in 
which precautions against temperature and fortuitous acid

N— CO-i-Bu 
H
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this spectroscopic data. As 16 is most readily accommo
dated in the general mechanistic scheme of this reaction, 
the product from 15 is tentatively assigned as 16.

Discussion
These studies demonstrate that photosensitized rear

rangement of 3c produces the strained tetracyclic azeti- 
dine, 7c, in high yield and quantum efficiency. A remain
ing question is the mechanism of benzofulvene formation 
in structurally similar systems. Three different routes for 
benzofulvene formation, each deriving from a structural 
rearrangement of the hypothetical di-7r-methane interme
diate 19, can be considered. For each mechanism an un
characterized intermediate, 21, is present which produces 
the benzofulvene by tautomerization.

Path a involves 1,4-biradical cleavage to afford 21, a 
process well precedented in 1,4-biradical systems. Path b 
involves cleavage to form carbene 20 followed by indene 
migration yielding 21 and has some analogy from the re
cent work of Ipaktschi on the photochemistry of dibenzo- 
norbornadienes.4 Path c involves di-7r-methane rearrange
ment of 18 to 22, which undergoes thermal or acid-cata
lyzed rearrangement to 23. This work has rigorously de
fined path c as of major importance for the 3c -*■ 4c con
version, since the intermediate tetracyclic azetidine can 
be isolated and subjected to further rearrangement to af
ford 4c.

Our unsuccessful efforts to characterize tetracyclic aze- 
tidines under mild conditions from 3a and 15 are puz
zling. Since we deem it unlikely that 3a and 15 are under
going excited-state processes fundamentally different from 
that of 3c, the failure to isolate tetracyclic rearrangement 
products must be due to their instability. Whether the in
stability of these strained isomers is due to structural ef
fects in the molecules or due to trace impurities which 
catalyzed decomposition is at present unknown.

Experimental Section
Ir spectra were recorded with a Perkin-Elmer Infracord Model 

137 spectrometer. Uv spectra were determined with a Cary 14 re
cording spectrometer. The mass spectra were measured with an 
AEI MS-9 mass spectrometer. Nmr spectra were measured at 60 
MHz using TMS as internal standard. All elemental analyses 
were determined by Scandinavian Microanalytical Laboratory, 
Herlev, Denmark. All photolyses were carried out in an atmo
sphere of purified nitrogen.

7-tert-Butoxycarbonyl-2,3-benzo-7-azabicyclo[2.2.1]hepta-
2,5-diene (3c). This material was prepared by the procedure of 
Carpino and Barr, mp 74-75° (lit. mp 72-73°).®

Direct Irradiation of 7-tert-Butoxycarbonyl-2,3-benzo-7-aza- 
bicyclo[2.2.1]hepta-2,5-diene (3c). The following is typical of sev
eral different irradiations performed (Table I). A stirred solution 
of 0.500 g (2.06 mmol) of 3c in 70 ml of purified cyclohexane was 
irradiated for 90 min through quartz with a bank of 16 RPR-3000 
A lamps. After removal of the solvent from the yellow solution, 
the residue was chromatographed on silica gel (40 X 2.3 cm col
umn slurry packed in 5% ether-hexane). Elution with 0.5 1. of 5% 
ether-hexane yielded 0.0257 g of a yellow, crystalline solid. Re
crystallization of this material from methanol yielded tert-butyl
3-benzazepine-3-carboxylate (6c) as yellow needles: mp 95.5- 
97.0°; ir (KBr) 5.90 (s), fc.ll (w), 6.72 (w), 6.95 (w), 7.35 (m), 7.43 
(s), 7.57 (s), 7.66 (m), 7.95 (s), 8.08 (m), 8.53 (m), 8.98 (m), 9.11 
(w), 11.14 (s), 11.71 (w), 12.02 (w), 12.74 (s), 13.04 (m), and 13.30 
H (w); uv max (cyclohexane) 253 nm (e 59,400) and 321 (1520); 
nmr (CC14) r 3.29 (4 H, m), 3.94 (2 H, d, J  = 10 Hz), 4.84, (2 H, 
d ,J =  10 Hz), and 9.54 (s, 9 H).

Anal. Calcd for C15H i7N0 2: C, 74.02; H, 7.01; N, 5.76. Found: 
C, 74.03; H, 7.25; N, 5.69.

Continued elution with 1.2 1. of 10% ether-hexane yielded
0.4616 g of recovered starting material as established by ir and 
nmr.

Triplet-Sensitized Irradiation of 7-tert-Butoxycarbonyl-2,3- 
benzo-7-azabicyclo[2.2.1]hepta-2,5-diene (3c). A solution of
0.500 g (2.06 mmol) of 3c in 150 ml of dried, purified acetone was 
irradiated for 0.5 hr with Corex-filtered light from a Hanovia 
450-W medium-pressure source. In order to avoid acid-catalyzed 
rearrangement of the photoproduct, the photolysis cell and all 
glassware subsequently used in work-up were washed with dilute 
ammonium hydroxide and dried at co. 70° for several hours. Re
moval of the solvent in vacuo below 30° yielded a light yellow oil, 
which was chromatographed on activity IV Woelm basic alumina 
(2.3 x  38 cm column, slurry packed in 2% ether-hexane). Elution 
proceeded as follows: 0.3 1., 2% ether-hexane, small amount of 
uncharacterized material; 1.3 1., 2% ether-hexane, 0.4669 g (1.93 
mmol, 94%) of 7c as a clear oil homogeneous by tic [ir (CC14) 3.32 
(w), 5.85 (s), 6.85 (w), 7.23 (w), 7.37 (s), 7.55 (s), 7.76 (m), 8.02 
(w), 8.18 (w), 8.56 (m), 8.70 (w), 8.84 (s), 9.12 (w), 11.10 (w),
11.26 (w), 11.55 m (w); nmr (calcium carbonate treated CCl4) r
2.60 (1 H, m), 2.88 (3 H, m), 5.17 (1 H, d), 6.14 (1 H, distorted t),
6.60 (1 H, m), 7.43 (1 H, distorted t), and 8.79 ( 9 H, s); mass 
spectrum m /e (rel intensity) 243 (parent, 7), 39 (33), 41 (90), 44 
(60), 55 (15), 56 (37), 57 (100), 56 (16), 114 (15), 115 (80), 116 (88), 
117 (19), 140 (11), 141 (18), 143 (80), 144 (14), 170 (12), 187 (35); 
exact mass measurement, theoretical, 243.1259; observed, 
243.12441.

Hydrogenation of 5-tert-Butoxycarbonyl-5-azatetracy- 
clotS.I.O.O^LtP^lundeca-l^bS.lO-triene (7c). In a 250-ml stan
dard taper base-washed erlenmeyer flask with stopcocked side
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T a b le  I
D irect Ir ra d ia t io n  o f  3c in  C y cloh ex a n e

Starting 
material, g

Irradiation 
time, min

Recovered 
4, g 5, g Yield,“ %

0 . 50l’c 90 0.477 0.011 47
O.öO6.3 90 0.462 0.026 67
O.öO6' 3 180 0.028

“ Y ie ld  based on  recovered starting material. h Irradia
tion was in 70 ml o f  cyclohexane with RPR -3000 À  source. 
e Pyrex vessel. d Quartz vessel.

arm inlet was placed 50 mg of 5% Pd/C, a magnetic stirring bar, 
and 50 ml of reagent-grade ethyl acetate. After equilibration of 
the catalyst with hydrogen, a solution of 0.50 g of 7c in 50 ml of 
ethyl acetate was injected via syringe and hydrogen uptake fol
lowed. After 50 min, 1.1-1.5 equiv of hydrogen had been allowed 
to react and the uptake of hydrogen ceased. Filtration of the reac
tion mixture through Celite, followed by removal of the ethyl ace
tate in vacuo, gave a clear oil which was triturated with a few 
drops of cold hexane and filtered to give 0.116 g (0.473 mmol, 
23%) of white solid 2-(iert-butylcarbamoyl)methyleneindan (8c). 
Purification of this material by recrystallization was difficult 
since the melting point of recrystallized material changed with 
time. A triply recrystallized sample from ethyl acetate-hexane 
gave plates with a melting point as high as 143.5-144.5°. This 
purest material, when allowed to stand, decreased in melting 
point with time. The compound hydrolyzed on all column sup
ports (silica gel; neutral alumina, activities II and HI; basic alim- 
ina, activities II-IV; PDEAS) to tert-butyl carbamate and 2- 
formylindan (vide infra) and, therefore, could not be purified by 
chromatography. The ir spectra of crude and recrystallized solid 
were identical; the nmr spectra differed only in minor extra ab
sorption in the aromatic and r 6.9-7.3 regions. The triply recrys
tallized material, mp 143.5-144.5°, showed ir (KBr, Perkin-Elmer 
457) 2.87 (s) and 3.01 (m) (NH split by Fermi resonance), 3.38 
(w), 5.88 (s, carbonyl), 6.56 (s, amide II band), 6.87 (w), 6.93 (w),
7.19 (w), 7.32 (m), 7.43 (m), 7.77 (w), 7.90 (m), 7.85 (m), 8.04 
(m), 8.50 (m), 8.55 (m), 8.78 (w), 9.13 (w), 9.37 (w), 9.57 (w), 9.72 
(w), 9.91 (s), 10.12 (w), 11.37 (w), 13.35 (m), and 14.33 n (w); uv 
max (95% ethyl alcohol) 261 nm (e 852), 267 (1270), and 273 
(1360); mass spectrum m/e (rel intensity) 245 (P, <0.5), 39 (28), 
41 (59), 43 (22), 44 (13), 51 (11), 56 (29), 59 (88), 62 (27), 63 (13), 
65 (11), 91 (23), 115 (82), 116 (100), 117 (68), 127 (12), 128 (28), 
129 (15), 131 (17), 145 (36), 146 (77). The compound was sublimed 
at 80° (1.5 mm) and exact mass measured: calculated, 245.1416; 
found, 245.1413.

The residual oil (0.394 g) from the hydrogenation showed ir and 
nmr spectra similar to those of 8c. However, numerous attempts 
at purification of this material proved futile.

Hydrolysis of 2-(tert-Butylcarbamoyl)methyleneindan (8c). 
A 12.7-mg (0.052 mm) sample of recystallized 2-(tert-butylcar- 
bamoyl)methyleneindan was dissolved in 5 ml of ethyl acetate 
and stirred for 11 hr under nitrogen with a 0.50-g portion of 
Woelm alumina (neutral, activity m ). An internal standard of
6.3 mg of acetophenone was added and the product mixture was 
analyzed quantitatively on a 15 ft X 0.125 in. column of 5% 
PDEAS on 60/80 mesh Chromosorb W at 90°. Results of this 
analysis showed the hydrolysis mixture to consist of 4.3 mg 
(0.037 mm, 71%) of tert-butyl carbamate and 7.3 mg (0.050 mmol, 
96%) of 2-formylindan. Preparative gas-phase chromatography of 
the hydrolysis mixture on a 10 ft X 0.25 in. column of PDEAS on 
60/80 Chromosorb W at 99° gave the highly volatile tert-butyl 
carbamate (38%), identical in melting point, vpc retention time, 
and ir with the authentic sample, and 59% of 2-formylindan: ir 
(neat) 3.27 (w), 3.40 (m), 3.49 (m), 3.66 (m, 0 = C H ), 5.85 (s, 
C = 0 ), 6.23 (w), 6.78 (m), 6.89 (m), 6.99 (m), 7.24 (w), 7.60 (w),
7.70 (w), 8.01 (w), 8.58 (w), 9.28 (w), 9.49 (w), 9.80 (w), 10.67 (w),
11.25 (w), 12.27 (w), 12.88 (w), and 13.40 p (s). The 2-indanyl al
dehyde rapidly air oxidized to crystalline 2-indancarboxylic acid, 
identical in melting point and ir with the authentic sample.

1-fert-Butoxycarbonylaminomethyleneindene (4c). A sample 
of 7c, prepared from 0.500 g (2.06 mmol) of 3c in the manner de
scribed above, was dissolved in 5 ml of anhydrous ether. After the 
addition of 2-3 mg of p-toluenesulfonic acid, the vessel was stop
pered and the solution was stirred in the dark at ambient tem
perature for 2 hr. At this time the ether was evaporated and the 
yellow reaction residue was immediately impregnated on activity 
IV Woelm basic alumina (2.3 X 34 cm column, slurry packed in 
2% ether-hexane). Elution proceeded as follows: 500 ml, small

amount of unidentified oil; 125 ml, 30 mg of unidentified yellow 
solid; 125 ml, nil; 750 ml, 0.466 g (1.92 mm, 93%) of yellow solid
1-tert-butoxycarbonylaminomethyleneindene (4c) [mp (methanol, 
pale yellow needles) 152-153.5°; ir (KBr) 2.88 (w, NH), 3.21-3.37 
(w), 5.76 (m, C = 0 ) , 6.07 (m), 6.73 (m), 6.98 (m), 7.24 (w), 7.36 
(w), 7.81 (m), 8.17 (m), 8.76 (s), 9.04 (w), 9.30 (w), 9.48 (w), 10.06 
(m), 10.90 (w), 11.07 (w), 11.53 (m), 11.68 (m), 12.74 (m), 13.05 
(m), 13.19 (m), 13.52 (w), 13.78 (m), and 14.37 n (w); uv max 
(CH3CN) 233 nm (e 5160), 272 (25,800), 279 (30,000), and 333
(20,500); nmr (CDCI3) r 2.17-2.53 (3 H, m), 2.57-2.94 (3 H, m),
3.13 (1 H, AB, j  = 5.5 Hz), 3.27 (1 H, J = 5.5 Hz), and 8.48 (9 H,
s) ; mass spectrum m/e (rel intensity) 243 (P, 29), 244 (P +  1, 4), 
50 (3), 51 (2), 53 (1), 55 (12), 56 (21), 57 (100, B), 58 (4), 59 (42), 
60 (1), 61 (1), 62 (4), 63 (6), 64 (2), 65 (1), 70 (4), 71 (2), 74 (2), 75
(2), 86 (2), 87 (3), 88 (4), 89 (2), 113 (5), 114 (32), 115 (29), 116
(28), 117 (1), 140 (9), 141 (12), 142 (3), 143 (53), 144 (5), 169 (74), 
170 (9), 187 (68), and 188 (7)].

Anal. Calcd for C15H17NO2: C, 74.05; H, 7.04; N, 5.76. Found: 
C, 74.27; H, 7.22; N, 5.61.

Triplet-Sensitized Irradiation of 7-Methoxycarbonyl-2,3- 
benzo-7-azabicyclo[2.2.1]hepta-2,5-diene (3a). The same proce
dure was employed as for the triplet-sensitized irradiation of 3c 
except that 250-mg (1.25 mmol) samples of 3a were irradiated in 
150 ml of purified acetone in base-washed glassware from -10° to 
ambient temperatures. After removal of solvent in vacuo at ap
proximately 0°, an ambient-temperature nmr of the photoproduct 
was taken in calcium carbonate treated carbon tetrachloride. In 
no case were the characteristic proton absorptions [r 5.17 (1 H, 
d), 6.14 (1 H, distorted t), 6.60 (1 H, m), and 7.43 (1 H, distorted
t) ] of a polycyclic azetidine observed. Instead, complex nmr spec
tra with absorptions occurring in the regions reported for benzo- 
fulvenes were obtained.3

tert-Butyl 2,5-Dimethylpyrrole-l-carboxylate. A procedure 
analogous to that used for the preparation of tert-butyl pyrrole-
1-carboxylate5 was employed with the following quantities of ma
terial: 23.8 g (0.25 mol) of 2,5-dimethylpyrrole, 7.8 g (0.201 mol) 
of potassium, and 28.8 g (0.201 mol) of tert-butyl azidoformate. 
After work-up, ether and tetrahydrofuran were removed by atmo
spheric distillation below 80° and 2,5-dimethylpyrrole was re
moved by short-path distillation between 66 and 82° (15 mm). 
The remaining dark liquid was chromatographed on 600 g of silica 
gel (5.8 X 50 cm colum, slurry packed in 1% ether-hexane). Elu
tion proceeded as follows: 0.5 1., 1% ether-hexane, nil; 0.5 1., 1% 
ether-hexane, 0.630 mg of unidentified dark oil; 1.5 1., 1% ether- 
hexane, nil; and 4.5 1., 3% ether-hexane, 8.96 g (0.046 mol, 23%) of 
slightly yellow liquid tert-butyl 2,5-dimethylpyrrole-l-carboxyl- 
ate (pure by nmr). Clear liquid tert-butyl 2,5-dimethylpyrrole-l- 
carboxylate can be obtained by distillation at 106-108° (15 mm) 
or 38-40° (1 mm): ir (NaCl plates) 3.37 (m), 5.76 (s, carbonyl),
7.25 (m), 7.37 (s), 7.56 (s), 7.68 (s), 8.04 (m), 8.57 (m), 8.97 (s),
11.77 (m), and 12.81 m (m); nmr (CCU) r 4.37 (2, H, s), 7.68 (6 H, 
s), and 8.47 (9 H, s).

Anal. Calcd for C nH i7N 0 2: C, 67.66; H, 8.78; N, 7.17. Found: 
C, 67.33; H, 8.72; N, 6.90.

7-tert-Butoxycarbonyl-2,3-benzo-l,4-dimethyl-7-azabicyclo- 
[2.2. l]hepta-2,5-diene (15). An analogous procedure was em
ployed as for the preparation of 3c using the following reagents:
8.61 g (44.2 mmol) of tert-butyl 2,5-dimethylpyrrole-l-carboxyl- 
ate, 9.7 g (55.4 mmol) of o-fluorobromobenzene, and 1.5 g (62.5 
mmol) of magnesium. After work-up and removal of tetrahydro
furan by atmospheric distillation, the remaining brownish liquid 
was distilled through a short-path apparatus, bp 88-90° (0.05 
mm). This nearly pure (by nmr) orange distillate was impregnat
ed on Woelm activity IV basic alumina (2.3 X 38 cm column, 
slurry packed in 2% ether-hexane) and eluted with 2% ether-hex
ane. Slightly orange 7-tert-butoxycarbonyl-2,3-benzo-l,4-di- 
methyl-7-azabicyclo[2.2.1]hepta-2,5-diene (15, 3.3 g, 12.2 mmol, 
28%) was recovered: ir (NaCl plates) 5.86 (s, carbonyl), 6.91 (m),
7.28 (m), 7.35 (m), 7.59 (s), 7.92 (m), 8.03 (m), 8.59 (s), 9.40 (m),
12.86 (m), 13.40 (s), and 14.46 ¡x (m); nmr (CCI4) r 2.95 (4 H, 
symmetrical m), 3.42 (2 H, s), 7.94 (6 H, s), and 8.67 (9 H, s). 
Molecular distillation, bp 90° (0.05 mm), gave 15 as a colorless 
oil.

Anal. Calcd for Ci7H21N 0 2: C, 75.25; H, 7.80; N, 5.16. Found: 
C, 75.40; H, 7.81; N, 5.37.

This compound turns orange on standing but still appears to be 
pure by nmr.

Triplet-Sensitized Irradiation of 7-tert-Butoxycarbonyl-2,3- 
benzo-l,4-dimethyl-7-azabicyclo[2.2.1]hepta-2,5-diene (15). The 
same procedure was employed as for the triplet-sensitized irradia
tion of 3c except that 125-250-mg (0.55-1.10 mmol) samples of 15
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were irradiated in 150 ml of purified acetone in base-washed 
glassware from -10° to ambient temperatures. After removal of 
solvent in vacuo at approximately 0°, an ambient-temperature 
nmr of the photoproduct was taken in calcium carbonate treated 
carbon tetrachloride. Results were not reproducible but in no case 
were the characteristic proton absorptions [r 5.17 (1 H, d), 6.14 (1 
H, distorted t), 6.60 (1 H, m), and 7.43 (1 H, distorted t)] of a po
lycyclic azetidine 7c observed. Some of the nmr spectra resem
bled those of fulvenes. One of the 250-mg (1.10 mmol) runs was 
chromatographed on Woelm activity IV basic alumina (2.3 x 33 
cm column, slurry packed in 2% ether-hexane). Elution proceed
ed as follows: 1.0 1., 2% ether-hexane, small amount of unidenti
fied yellow oil; 1.5 1., 5% ether-hexane, 0.134 g (0.59 mmol, 53%) 
of l-tert-butoxycarbonylamino-l,4-dimethylmethyleneindene
(16) [yellow plates, mp 97.5-98.5° (pentane-ether); ir (KBr) 2.95 
(m, NH), 5.85 (s), 6.13 (s), 6.64 (s), 6.92 (m), 7.00 (m), 7.37 (m),
7.61 (m), 7.67 (m), 7.97 (m), 8.10 (s), 8.65 (s), 11.53 (m), 13.32 (s), 
and 13.56 ti (m); uv max (CH3CN) 230 nm (e 9530), 280 (19,100), 
and 324 (13,600); nmr (CC14) r 2.34-2.97 (5 H, m), 3.50 (1 H, m),
7.43 (3 H, s), 7.82 (3 H, broad s), and 8.46 (9 H, s); mass spec
trum m/e (rel intensity) 271 (18, P), 272 (4, P + 1), 51 (5), 55 (5), 
56 (9), 57 (100, B), 59 (32), 77 (5), 115 (6), 127 (13), 128 (39), 129
(14), 130 (13), 153 (7), 154 (8), 155 (6), 156 (6), 170 (17), 171 (62), 
172 (8), 182 (6), 197 (65), 198 (13), 215 (48), and 216 (6)].

Anal. Calcd for CiTH2iN0 2: C, 75,25; H, 7.80; N, 5.16. Found: 
C, 75.04; H, 7.76; N, 5.01.Quantum Yield Measurements. These determinations were 
made in the previously described6 two-compartment cell on mag
netically stirred solutions under a nitrogen atmosphere using light 
from a Bausch and Lomb high-intensity grating monochrometer. 
The light intensity was measured immediately prior to arid im
mediately following irradiation, and if these values differed by 
more than 10% the run was discarded.Direct Irradiation of 3c. A solution of 0.50 g of carbamate in 
65 ml of purified cyclohexane was irradiated at 300 nm and the 
analysis for formation of 5c was made by uv analysis at 321 nm. 
The data below summarize the quantum yields measured at the

indicated per cent conversion: $  = 0.048 (0.26%), $  -  0.065 
(0.34%), <I> = 0.060 (0.60%), $  = 0.057 (0.61%), $  = 0.043 
(0.85%), and 4> = 0.045 (0.91%).Sensitized Irradiation of 3c. A solution of 0.243 g of 3c  in 65
ml of purified acetone was irradiated at 300 nm and 20.5 mg of 
benzalazine was added to the irradiated solution. After removal 
of solvent in vacuo, the residue was dissolved in sodium carbon
ate washed carbon tetrachloride for nmr analysis. The nmr spec
tra taken immediately after irradiation allowed calculation of the 
amount of 7c formed by comparing the area of the benzalazine 
singlet (r 1.48, 2 rf) with the one-proton signals of the photoprod
uct at t 5.17, 6.14, and 6.60. The results for two determinations 
were <i> = 0.95 and <t> = 0.91 at 16-17% conversion.

Registry No—3a, 28035-70-3; 3c, 5176-28-3; 4c, 50585-27-8; 5c, 
50585-28-9; 6c, 34813-08-6; 7c, 34813-09-7; 8c, 34813-10-0; 15, 
50585-34-7; 16, 50585-35-8; 2-formylindan, 37414-44-1; tert-butyl
2,5-dimethylpyrrole-l-carboxylate, 50585-36-9; 2,5-dimethylpyr- 
role, 625-84-3; terf-butyl azidoformate, 1070-19-5; o-fluorobromo- 
benzene, 1072-85-1.
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7 ,6-Unsaturated alcohols, iV-methyl-2-hydroxymethvl-2-phenyl-4-pentenoic acid amide (2), 2-hydroxymethyl-
2-phenyl-4-penten-l-ol (6), 3-hydroxymethyl-3-phenyl-5-hexen-l-ol (10), 3,3-diphenyl-l-methylamino-5-hexen-
2-ol (14d), l-chloro-3,3-diphenyl-5-hexen-2-ol (14c), and 3,3-diphenyl-l-methylamino-2-methyl-5-hexen-2-ol (19) 
were bromocyclized to the corresponding tetrahydrofurfuryl bromides (3, 7 and 8, 11 and 12, 15a, 15c, and 20 
and 21). The stereochemistry in each case was determined unambiguously by further intramolecular cyclization 
or lack of it to the corresponding oxaazabicyclooctanes (4, 5,16, and 22) and oxaazabicyclononane (13).

We have previously described the synthesis of several 
substituted tetrahydrofurfurylamines by bromocycliza
tions of corresponding 7 ,5-unsaturated alcohols, followed 
by substitution of bromine with alkylamines.1 The inter
esting pharmacological properties of some of these com
pounds coupled with simplicity of the synthetic approach 
have stimulated our additional investigation in this field 
with the aim to extend the synthesis to various bicyclic 
systems.

Results
The original attempt to synthesize 3-methyl-l-phenyl-

6-oxa-3-azabicyclo[3.2.1]octane (5) was made via diethyl 
(allyl phenyl) malonate 1 (Chart I, R = OEt) which was 
selectively hydrolized to the monoacid la. Sequential 
treatment of la with thionyl chloride, methylamine, and 
LiAlH4 afforded the amido alcohol 2 via acid chloride lb 
and amide lc, respectively.

Bromocyclization of 2 afforded stereoselectively cis-
3-N-methylcarboxamido-3-phenyltetrahydrofurfuryl bro
mide (3).2 Treatment of 3 with sodium hydride in DMF af
forded 3-methyl-l-phenyl-6-oxa-3-azabicyclo[3.2. l]octan-
2-one (4). The attempted reduction of 4 to 5 with LiAlH4 
was not successful, resulting in either unchanged starting 
material or the product of ring fission.

Another approach utilizing diol 6 was more fruitful. The 
bromocyclization of 6 was known to give a mixture1 of two 
isomers which we have now separated by column chroma
tography. The ratio of cis isomer 8 to trans isomer 7 was 
found to be very close to 1:2. The stereochemistry was as
signed on a basis of successful conversion of 8 via mesylate 
8a to the desired 5 upon treatment with methylamine.

In a similar approach, 4-methyl-l-phenyl-7-oxa-4-azabi- 
cyclo[4,2.1]nonane (13) was prepared (Chart I). Successive 
alkylation of ethyl phenylacetate by treatment with sodi
um hydride and chloroethyl vinyl ether, followed by sodi-
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Chart I

la, R =  OH 
b, R =  C1 
C, R=NHCH3

-Br
3

7, R = H  8, R = H
7a, R =  S02CH3 8a, R =  S02CH3

11, R =  H 12, R =  H
lia, R =  S02CH3 12a, R =  S02CH,

um hydride and allyl bromide, afforded ethyl 2-(2-vinyl- 
oxyethyl)-2-phenyl-4-pentenoate (9). Reduction of 9 with 
LiAlHU to the diol 10 and bromocyclization of 10 afforded 
a 1:1 mixture of trans ’and cis bromo alcohols 11 and 12. 
The mixture was separated by column chromatography 
and 12 was converted via mesylate 12a to the bicyclic 
base 13 upon treatment with methylamine.

The starting material for 3-methyl-6,6-diphenyl-8-oxa-
3-azabicyclo[3.2.1]octane (16) was 2,2-diphenyl-4-penten- 
oic acid chloride (14) (Chart II, R = COC1), which was 
treated with diazomethane to give diazo ketone 14a. 
Treatment of 14a with hydrogen chloride afforded chloro 
ketone 14b, which was reduced with LiAltU to the chloro- 
hydrin 14c. Treatment of 14c with methylamine gave 
amino alcohol 14d, which upon bromination afforded ex
clusively cis product 15a. The alternative 2-bromomethyl-
4,4-diphenyl-5-hydroxypiperidine structure for the bromo
cyclization product was eliminated from consideration 
since treatment of the free base of 15a with acetic anhy
dride-pyridine gave the amide 15b (ir 1640 cm-1 ) rather 
than an ester. Heating of the free base of 15a in DMSO at 
45-50° for 20 br afforded 16, thus proving conclusively the 
cis stereochemistry of 15a. The same result was obtained 
when chlorohydrin 14c was bromocyclized and the product 
(15c) subsequently treated with methylamine.

Amino alcohol 19 was prepared in two steps from allyl 
diphenylacetone (17). Treatment of 17 with Corey’s3 re
agent afforded epoxide 18, which was opened with meth
ylamine to give 19. Bromocyclization of 19 afforded a 
1:1 mixture of 20 and 21. Chromatography of the mixture 
on an alumina column effected cyclization of 21 to 6,6-

Chart XI

14a, R =  COCHN2
b, R =  COCH2Cl
c, R=CHOHCH2Cl
d, R =  CHOHCH2NHCH3

H ---V -0  
-Br

15a, R =  NHCH3-HBr
b, R =  N(CH3)COCH3
c, R =  C1

diphenyl-5-methyl-8-oxa-3-azabicyclo[3.2.1]octane (22), 
while 20 was isolated unchanged.

Discussion
It was originally postulated that addition-cyclization 

reactions involved intermolecular addition of an electro
phile to the double bond, followed by internal nucleophil
ic displacement.4

Linstead and May5 were first to point out that simulta
neous addition and ring closure is more likely. Subse
quently, this class of reactions was treated as intermolec
ular concerted processes involving a more or less delocal
ized cationic transition state6’7 as shown below.

X =  0, S, N 
Y =  Br, I, Hg+

The stereochemistry of this class of reactions was first 
studied by Tanaka, et al.8 They found that bromocycliza
tion in the damarene type triterpene series (Chart HI) was 
stereospecific and trans. Demole and Enggest6 have at
tributed the stereospecific conversion of 23 to 24 to the 
steric interaction of the triterpene polycycle R and isopro- 
penyl group so that the less hindered trans isomer is 
formed.

Similarly, the exclusive cis cyclization of alcohols 14c 
and 14d can be interpreted in terms of steric interactions 
between the phenyl group and bromonium ion in B (Chart 
IV, 14c, R = CH2CI; 14d, R = CH2NHCH3) in the transi
tion state, thus favoring cyclization through the bromon
ium ion A. The alternative configuration C is considered 
to be less stable owing to steric interactions between phe
nyl groups and R, and consequently it is not expected to 
contribute appreciably to the product formation. The 
comparable steric effects of the methyl and methylami-
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Chart III

nomethyl groups in alcohol 19 results in nonstereospecific 
bromocyclization and thus a 1:1  mixture of isomers is ob
tained.

Chart IV

C

The stereochemical course of bromocyclization of alco
hols 6 and 10 can be viewed as being governed by the rela
tive steric effects of the phenyl group and substituent R 
(Chart V). When R is CH2OH as in alcohol 6, the transi
tion state A is two times favored over transition state B 
and the 2:1 ratio of trans isomer 7 to cis isomer 8 is ob
tained. With the increase of the size of R as in 10 (R = 
CH2CH2OH) the steric effects of the phenyl group and R 
become comparable and the mixture of products conver
ges to a 1:1 ratio.

Chart V

— ► 8,12

The exclusive cis cyclization of alcohol 2 is less clearly 
understood. A possible explanation could be arrived at if 
one assumes additional assistance in the process of bro
mocyclization by the carbonyl oxygen. This could be 
achieved via hydrogen-bonded ground-state conformation 
and cisoid orientation of the bromonium ion as shown in 
Chart VI by A. The alternative transoid bromonium ion B

does not have the same degree of orbital overlap with the 
two oxygens concerned.9

The bromocyclizations of appropriately substituted
7 ,8 -unsaturated alcohols followed by further intramolecu
lar cyclization herein described represents a useful and 
convenient synthetic approach to various bicyclic systems.

Experimental Section
All melting and boiling points are uncorrected. Infrared spectra 

were recorded with a Unicam Sp-200G grating ir spectrometer; 
nmr spectra were taken on a Varian A-60A spectrometer. Mi
croanalyses were performed by Micro-Tech Laboratories, Inc., 
Skokie, 111.

Monoethyl (Allyl Phenyl) Malonate (la). The selective hy
drolysis of diethyl (allyl phenyl) malonate1 was accomplished via 
a modified procedure of Kissinger and Ungnade.11 To an ice-cold 
solution of diethyl (allyl phenyl) malonate (27.63 g, 0.1 mol) in 70 
ml of absolute ethanol was added a solution of potassium hydrox
ide (10 g, 0.25 mol) in 200 ml of 75% ethanol. The mixture was 
stirred for 1 hr at 0° and left for 5 days at 5°. It was then parti
tioned between ice-cold water and petroleum ether (bp 30-60°). 
The water layer was acidified with cold dilute hydrochloric acid 
and extracted with ether to afford, after drying and concentra
tion, 21.6 g (87%) of monoester la as an oil: ir (neat) 1725 cm-1 ; 
nmr (CDCI3) 5 1.15 (3 H, t), 3.1 (2 H, d), 4.15 (2 H, q), 4.9-6.5 (3 
H, m), 7.1-7.4 (5 H, m).

7V-Methyl-2-carbethoxy-2-phenyl-4-pentenoic Acid Amide
(lc). The crude monoester la (21.6 g, 87 mmol) was treated with 
thionyl chloride (25 ml) and a few drops of pyridine at 100° for 4 
hr. The excess of thionyl chloride was removed in vacuo. The re
sidual oil was dissolved in petroleum ether and the solution was 
washed successively with ice-cold portions of water (50 ml), 5% 
sodium bicarbonate (50 ml), and brine (50 ml). Then it was dried 
(Na2S 0 4) and concentrated in vacuo, and the residual oil was 
distilled to afford acid chloride lb (16.35 g, 70.5%): bp 123-125° 
(0.05 mm); ir (neat) 1745, 1795 c m '1; nmr (CC14) 6 1.26 (3 H, t),
3.13 (2 H, d), 4.23 (2 H, q), 4.82-6.2 (3 H, m), 7.1-7.6 (5 H, m). 
The acid chloride was dissolved in anhydrous ether (200 ml) and 
treated with a solution of methylamine (ca. 125 mmol) in THF 
(250 ml) at 0°. The methylamine hydrochloride was removed by 
filtration over an alumina cake, and the filtrate was concentrated 
in vacuo to afford lc as an oil (12.26 g, 78%): bp 120-125° (0.02 
mm); ir (neat) 1665, 1720, 3330 c m '1; nmr (CC14) 5 1.17 (3 H, t),
2.63, 2.72 (3 H, NCH3), 2.93, 3.17, 3.40 (2 H, td, J = 6.5 Hz, 
CH2CH =CH 2), 4.16 (2 H, q) 4.8-6.1 (3 H, m), 7.0-7.4 (5 H, m).

Anal. Calcd for C i5H19N 0 3: C, 68.94; H, 7.33; N, 5.36. Found: 
C, 68.93; H, 7.64; N, 5.48.

JV-Methyl-2-hydroxymethyl-2-phenyl-4-pentenoic Acid 
Amide (2). To a stirred solution of LiAlH4 (1.52 g, 38 mmol) in 
dry ether (60 ml) was added a solution of amide lc (10 g, 38 
mmol) in dry ether (60 ml) over a period of 30 min. Then the 
mixture was treated with 1 N  NaOH (75 ml); the precipitate 
was removed by filtration. The filtrate was concentrated in 
vacuo to yield alcohol 2 (5.2 g, 60%) as a white solid: mp 120-121° 
(benzene-petroleum ether); ir (CHCI3) 1645, 3440 cm-1 ; nmr 
(CDCI3) 6 2.78, 2.85, 2.93 (5 H, NCH3 and CH2CH =CH 2), 3.73-
4.20 (2 H, AB q, J = 12 Hz), 5.0-6.2 (3 H, m), 7.34 (5H, s).

Anal. Calcd for Ci3H i7N0 2: C, 71.20; H, 7.82; N, 6.39. Found: 
C, 70.89; H, 7.82; N, 6.47.

5-Bromomethyl-3-phenyl-3-tetrahydrofuroic Acid /V-Methyl- 
amide (3). To a solution of alcohol 2 (4.38 g, 20 mmol) in chloro
form (50 ml) was added dropwise a 1 M  solution of bromine in 
carbon tetrachloride (20 ml). After addition the mixture was 
washed with a 5% solution of sodium bicarbonate, dried 
(NaaS04), and concentrated in vacuo to yield 3 (5.2 g, 87%) as a 
white solid: mp 79-81° (ether-petroleum ether); ir (Nujol) 1700, 
3320 c m '1; nmr (CDCI3) 5 2.05-2.75 (2 H, m, C4 H2), 3.16 (3 H, s, 
NCH3), 3.67 (2 H, d, J = 5 Hz, CH2Br), 3.74-4.16 (2 H, AB q, J 
= 12 Hz, C2H2), 4.2-4.65 (1 H, m), 7.45 (5 H, s).

Anal. Calcd for Ci3H16BrN02: C, 52.36; H, 5.49; N, 4.69. 
Found: C, 52.24; H, 5.51; N, 4.63.

3-Methyl-l-phenyl-6-oxa-3-azabicyclo[3.2.1]octan-2-one (4). 
A solution of bromo amide 3 (3.0 g, 10 mmol) in DMSO (20 ml) 
was added to a suspension of sodium hydride (440 mg of 55%, 10 
mmol, washed with petroleum ether) in DMSO (5 ml), and the 
reaction mixture was stirred for 30 min. Then it was partitioned 
between water and benzene, and the organic layer was washed 
with water, dried, and concentrated to afford 4 (1.95 g, 90%): mp 
125-127° (benzene-petroleum ether); ir (CHC13) 1710 cm-1 ; nmr 
(CDCla) 6 2.16-2.95 (2 H, m, C8 H2), 3.13 (3 H, s, NCH3), 2.63
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and 2.80 (2 H, dd, J  = 12 Hz, C7 H2), 3.96, 4.18, and 4.35 (2 H, td, 
J  = 2.5 Hz, C4 H2), 4.76 (1 H, q, Jt = J2 = 2.5 Hz, C5 H).

Anal. Caled for Ci3Hi5N 0 2: C, 71.86; H, 6.96; N, 6.49. Found; 
C, 71.80; H, 7.00; N, 6.50.

cis- and trans-4-Hydroxymethyl-4-phenyltetrahydrofurfuryl 
Bromides (8 and 7). A mixture of isomers (8 g), prepared accord
ing to the procedure previously given,1 was separated by column 
chromatography (silica gel, 1200 g). Elution of the column with a 
mixture of benzene-ether (1:1) afforded cis isomer 8 (2.5 g, 
31.3%): bp 126-130° (0.02 mm); nmr (CDC13) & 1.88-2.65 (2 H, m, 
C3 H2), 3.45 (2 H, d, J  = 6 Hz, CH2Br), 3.6 (2 H, s, -CH 2OH), 
3.87-4.34 (2 H, AB q, J  = 9 Hz, C5 H2), 4.21 (1 H, m), 7.1-7.5 (5 
H, m). Further elution of the column afforded trans isomer 7 (4.2 
g, 52.6%): bp 126-130° (0.02 mm); nmr (CDC13) 5 1.85, 2.05, 2.51,
2.72 (2 H, ABX qd, J  = 13 Hz, C3 H2), 3.3 (2 H, d, J  = 6 Hz, 
outer peak split into doublets, J  = 1.5 Hz, CH2Br), 3.62 (2 H, s, 
CH2OH), 3.85-4.15 (2 H, AB q, J  = 8 Hz, C5 H2), 4.1-4.7 (1 H, m),
7.0- 7.5 (5 H, m).

cis-4-Methanesulfonyloxymethyl-4-phenyltetrahydrofurfuryl 
Bromide (8a). The cis alcohol 8 (1.355 g, 5 mmol) in benzene (20 
ml) was treated with methanesulfonyl chloride (0.81 g, 7 mmol) 
and triethylamine (0.71 g, 7 mmol) for 4 hr at room temperature. 
Then the mixture was washed with water, dried, and concentrat
ed to afford ester 8a (1.74 g, 100%) as an oil: nmr (CDC13) 5 2.0,
2.15, 2.42, 2.56 (2 H, ABX qd, J  = 13 Hz, C3 H2), 2.65 (3 H, s, 
S 0 2CH3), 3.52 (2 H, d, J  = 6 Hz, CH2Br), 3.96-4.40 (2 H, AB q, 
J  = 9 Hz, C5 H2), 4.05-4.5 (1 H, m), 4.35 (2 H, s, CH2OS02CH3),
7.0- 7.5 (5 H, m).

Anal. Caled for Ci3H i7Br04S: C, 44.72; H, 4.90. Found: C, 
44.93; H, 4.93.

tran.s-4-Methanesulfonyloxymethyl-4-phenyltetrahydrofurfu- 
ryl Bromide (7a). The trans ester 7a was obtained in quantita
tive yield from 7, as described for 8a.

Anal. Caled for Ci3H17Br04S: C, 44.72; H, 4.90. Found: C, 
44.91; H, 5.14.

3-Methyl-l-phenyl-6-oxa-3-azabicyclo[3.2.1]octane (5). A so
lution of cis mesylate 8a (500 mg, 1.4 mmol) in DMSO (5 ml) was 
saturated with methylamine gas and heated in a pressure bomb 
for 2 hr at 100°. After cooling, the mixture was partitioned be
tween water and benzene. The organic layer was washed with 
water, dried, and concentrated in vacuo to afford bicyclic base 5 
(250 mg, 86%) as an oil: nmr (CDC13) S 1.6-2.1 (2 H, AB q, 
C8 H2), 2.4 (3 H, s, NCH3), 2.5-3.0 (4 H, m, C4 H2 and C2 H2),
3.8-4.3 (2 H, AB q, C7 H2), 4.3-4.6 (1 H, m, C5 H), 7.1-7.5 (5 H, 
m). The hydrochloride salt of 5 was crystallized from methanol- 
ether, mp 270-272°.

Anal. Caled for C13H17N0-HC1: C, 65.13; H, 7.10; N, 5.84. 
Found: C, 64.87; H, 7.09; N, 5.85.

2- Phenyl-2-(2-vinyloxyethyl)-4-pentenoic Acid Ethyl Ester 
(9). The ethyl phenylacetate (49.26 g, 0.3 mol) was added drop- 
wise to a cooled (ice water) and stirred suspension of sodium hy
dride (13.64 g of 55%, 0.3 mol, freed from carrier with petroleum 
ether) in DMF (500 ml) followed by 2-chloroethyl vinyl ether 
(31.96 g, 0.3 mol). After standing at room temperature for 16 hr 
the mixture was added to a stirred suspension of sodium hydride 
(13.64 g. 0.3 mol). Then to it was added allyl bromide (36.3 g, 0.3 
mol), and the mixture was left at room temperature for 6 hr. 
Then it was partitioned between water and benzene. The organic 
layer was washed with water, dried, and concentrated in vacuo. 
The residual oil was distilled and the fraction boiling at 92-95° 
(0.02 mm) was collected to afford ester 9 (56.3 g, 68.5%): ir (neat) 
1730 cm "1; nmr (CDC13) 5 1.17 (3 H, t, CH3CH20), 2.4 (2 H, t, J  
= 6 Hz, CH2CH20 -) , 2.84 (2 H, d, J  = 6 Hz, CH2CH =CH 2),
3.63 (2 H, dt, = 6, J2 = 2 Hz, CH2CH20 -), 4.9-6.0 (3 H, 
CH2C B =C H 2), 6.38 (1 H, symmetrical q, J  = 7 Hz, 
OCH=CH2), 7.3 (5 H, s).

Anal. Caled for Ci7H220 3: C, 74.42; H, 8.08. Found: C, 74.73; 
H, 8.17.

3- Hydroxymethyl-3-phenyl-5-hexen-l-ol (10). The ester 9 
(27.5 g, 0.1 mol) in dry ether (50 ml) was added dropwise to a so
lution of LiAlH4 (2.3 g, 60 mmol) in ether (150 ml). The mixture 
was heated to reflux for 45 min, the excess of hydride was 
decomposed in NaOH (11.5 ml), the mixture was filtered, and 
fíltrate was concentrated in vacuo. The residual oil was dissolved 
in methanol (100 ml) and 6 N  hydrochloric acid (20 ml) and the 
mixture was heated at 30-35° for 15 min. It was then diluted with 
water (50 ml), heated at 35-40° for another 15 min, and concen
trated in vacuo to ca. 50 ml. After cooling, a solid was removed by 
filtration to yield diol 10 (14.4 g, 70%), mp 76-79°. A sample re
crystallized from benzene melted at 82-83“: ir (Nujol) 3240 cm-1 ; 
nmr (CDCI3) á 1.8-2.2 (2 H, m, CH2CH2OH), 2.46 (2 H, d, J  = 6

Hz, CH2CH =CH 2), 3.4-3.7 (2 H, m, CH2CH2OH), 3.52-3.88 (2 
H, AB q, J  = 12 Hz, CH2OH), 4.8-6.0 (3 H, m, -C H = C H 2), 7.4 
(5 H, s).

Anal. Calcd for Ci3H180 2: C, 75.89; H, 8.80. Found: C, 76.20; 
H, 8.89.

4-<2-Hydroxyethyl)-4-phenyltetrahydrofurfuryl Bromides (11 
and 12). To a stirred and cooled (ice water) solution of diol 10 
(7.23 g, 35 mmol) and pyridine (2.8 g, 35 mmol) in dichlorometh- 
ane (30 ml) was added dropwise a solution of bromine in carbon 
tetrachloride (35 ml, 1 M ). The mixture was then washed with 
water, dried, and concentrated in vacuo. The residual oil was dis
tilled and the fraction boiling at 115-117° (0.02 mm) was collected 
to afford mixture of 11 and 12 (9.4 g, 94%), ir (neat) 3420 cm-1 .

Anal. Calcd for Ci3H i7Br02: C, 54.73; H, 6.01. Found: C, 54.78; 
H, 6.12.

The mixture was separated by column chromatography (1.2 kg 
of silica gel, dry packed). Elution with ether afforded cis isomer
12 (3.1 g): nmr (CDC13) 5 1.89, 2.02, 2.50, 2.61 (2 H, ABX qd, J  =
13 Hz, C3 H2), 1.9-2.2 (2 H, m, CH2CH2OH), 3.20-3.50 (4 H, m, 
CH2Br and CH2CH2OH), 3.8-4.3 (1 H, m), 3.90-4.37 (2 H, AB q, 
J  = 9 Hz, C5 H2), 7.3 (5 H, s).

Further elution of the column afforded an unresolved mixture 
(0.6 g) followed by trans isomer 11 (3.2 g): nmr (CDC13) 5 1.98-
2.75 (4 H, m, C3 H2 and CH2CH20H, 3.25-3.55 (4 H, m, CH2Br 
and -CH 2OH), 3.9-4.25 (2 FI, Ab q, J  = 8 Hz, C5 H2), 4.2-4.65 (1 
H, m), 7.1-7.3 (5 H, m).

cis-4-(2-M e t h anesulfony lethyl) -4-pheny ltetr ahy drofurfury 1 
Bromide (12a). The alcohol 12 (2.0 g, 7 mmol) in dry benzene (15 
ml) was treated with triethylamine (1.0 g, 10 mmol) and methane
sulfonyl chloride (1.016 g, 10 mmol) at room temperature for 4 
hr. The mixture was then washed with water, dried, and concen
trated to afford 12a as an oil (2.5 g, 98%): nmr (CDC13) S 1.83-
2.80 (4 H, m), 2.83 (3 H, s), 3.5-4.45 (7 H, m), 7.45 (5 H, s).

Anal. Calcd for Ca4H i9Br04S: C, 46.26; H, 5.27. Found: C, 
46.29; H, 5.50.

iran.s-4-(2-Methanesulfonylethyl)-4-phenyltetrahydrofurfur- 
yl Bromide (11a). In a similar procedure, the trans ester 11a was 
obtained in quantitative yield from 11.

Anal. Calcd for C i4H i9Br04S: C, 46.26; H, 5.27. Found: C, 
46.25; H, 5.49.

4-Methyl-l-phenyl-7-oxa-4-azabicyclo[4.2.1]nonane (13). A
solution of mesylate 12a (0.50 g, 1.38 mmol) and methylamine 
(ca. 1.0 g) in DMSO (5 ml) was heated in a pressure bomb on a 
steam bath for 1 hr. After cooling, the mixture was partitioned 
between water and ether. The ether layer was extracted with di
lute hydrochloric acid and the acidic extract was basified with 
ammonium hydroxide. The free base was extracted with benzene, 
dried, and concentrated to afford 13 (252 mg, 84%): mp 75-77° 
(petroleum ether); nmr (CDCl3) 5 1.7-2.4 (4 H, m, C2 H2 and 
C9 H2), 2.4 (3 H, s, NCH3), 2.54-3.07 (4 H, m, C3 H2 and C5 H2),
3.85-4.28 (2 H, AB q, J  = 7 Hz, outer doublet split, J  = 1.5 Hz, 
C8 H2), 4.42-4.67 (1 H, m, C6 H), 7.1-7.5 (5 H, m).

Anal. Calcd for C14Hi9NO: C, 77.38; H, 8.81; N, 6.45. Found: 
C, 77.65; H, 8.97; N, 6.41.

l-Diazo-3,3-diphenyl-5-hexen-2-one (14a). A mixture of the
2,2-diphenyl-4-pentenoic acid (20 g, 79.3 mmol) and thionyl chlo
ride (30 ml) was heated to reflux for 1 hr. The excess of thionyl 
chloride was then distilled in vacuo, and the traces were removed 
azeotropically with benzene. The residual oil was distilled and 
the fraction boiling at 112-115° (0.02 mm) was collected to yield 
acid chloride (16 g, 73.5%) as colorless oil, ir (neat) 1780 cm "1. It 
was dissolved in ether (50 ml) and added to an excess of diazo
methane solution in ether (800 ml), prepared from EXR-101 (28 
g). The mixture was fitted with an efficient condenser and left at 
room temperature for 24 hr. The ether was then removed in vacuo 
to afford diazo ketone 14a (17 g) as a yellow oil: ir (neat) 1635, 
2120 cm "1; nmrS 5.05 (1 H, COCHN2).

Anal. Calcd for Ci8H16N20 : C, 78.23; H, 5.84; N, 10.14. Found: 
C, 78.18; H, 5.94; N, 9.65.

l-Chloro-3,3-diphenyl-5-hexen-2-one (14b). The solution of 
diazo ketone 14a (17 g, 61.5 mmol) in ether (150 ml) was saturat
ed with hydrogen chloride gas and left at room temperature for 1 
hr. The ether was then removed in vacuo and the residue was 
crystallized from petroleum ether (bp 35-60°) to afford slightly 
yellow chloro ketone 14b (13.6 g, 78%): mp 53-55°; ir (Nujol) 1625 
cm "1; nmr (CC14) S 3.06 (2 H, d, J  = 7, Hz), 3.94 (2 H, s) 4.75- 
5.90 (3 H, m), 7.3 (10 H, s).

Anal. Calcd for Ci8Hi7C10: C, 75.91; H, 6.00. Found: C, 76.12; 
H, 6.11.

l-Chloro-3,3-diphenyl-5-hexen-2-ol (14c). To a solution of 
chloro ketone 15b (30 g) in ether (300 ml) was added in few por
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tions LiAlH4 (3 g) and the mixture was heated to reflux for 30 
min. After cooling and decomposition of excess hydride with 
water, the mixture was treated with 1 N  hydrochloric acid (400 
ml) and ether (300 ml). The ether layer was dried (Na2SO.j) and 
concentrated in vacuo. The residual oil was distilled to afford 
chlorohydrin 14c (25.1 g, 83%), bp 120-125° (0.02 ). The analytical 
sample was purified by chromatography (silica gel, eluent petro
leum ether and benzene), to remove small amount of correspond
ing epoxide: ir (neat) 3560 cm-1 ; nmr (CCU) 5 2.52-3.45 (3 H, 
m), 3.75 (1 H, dd, J , = 10, J2 = 1.5 Hz), 4.45-4.50 (1 H, m),
4.75-5.6 (3 H, m), 7.2 (2 H, d, J  = 2 Hz).

Anal. Calcd for Ci8Ha9C10: C, 75.38; H, 6.68. Found: C, 75.41; 
H, 6.47.

3,3-Diphenyl-l-methylamino-5-hexen-2-ol (14d). A cold solu
tion of chlorohydrin 14c (4.1 g, 14.3 mmol) in DMSO (8 ml) was 
saturated with methylamine gas and the mixture was heated for 
20 hr in a pressure bomb at 48-52°. Then it was partitioned be
tween water and benzene. Thè organic layer was washed with 
water and extracted with dilute hydrochloric acid. The acid ex
tract was basified with ammonium hydroxide and the free base 
was again extracted with benzene. The extract was dried and 
concentrated in vacuo, and the residue was crystallized from ben
zene-petroleum ether to afford 14d (2.7 g, 67%): mp 74-75°; nmr 
(CCU) ò 1.9-3.3 (5 H, m), 2.3 (3 H, s), 4.5 (1 H, dd, J1 = 9, J2 = 
3 Hz), 4.85-5.7 (3 H, m), 7.4 (10H, s).

Anal. Calcd for Ci9H23NO: C, 81.10; H, 8.24; N, 4.98. Found: 
C, 81.08; H, 8.64; N, 4.77.

N-Methyl-5-bromomethyl-3,3-diphenyltetrahydrofurfuryl- 
amine Hydrobromide (15a). To the stirred solution of amino alco
hol 14d (5.63 g, 20 mmol) in dichloromethane (50 ml) was added a 
1 M  solution of bromine in carbon tetrachloride (20 ml) over a 
period of 10 min. The mixture was then treated with dry ether 
(160 ml) and cooled for 2 hr. Then the solid was removed by filtra
tion to afford 15a (6.9 g, 78%): mp 173-175°; ir (Nujol) 2420, 2710 
cm-1 ; nmr (free base, CDCI3) 5 2.2-3.4 (4 H, m), 2.73 (3 H, s, 
NCH3), 3.8 (2 H, d, J  = 5 Hz, CH2Br), 4.0-4,50 (1 H, m, C5 H), 
5.57 (1 H, t, J = 7 Hz, C2 H), 7.33 (10 H, s).

Anal. Calcd for Ci9H22BrNO-HBr: C, 51.72; H, 5.25; N, 3.18. 
Found: C, 51.97; H, 5.24; N, 3.13.

A '-A cetyl-¿V-methyl-5-bromomethy 1-3,3-diphenyltetrahydro- 
furfuryl Amine (15b). The free base of 15a (4.5 mmol, obtained 
by treatment of 2.0 g of hydrobromide salt in dichloromethane 
with aqueous ammonia) was treated with acetic anhydride (500 
mg) and triethylamine at room temperature to yield 15b (1.65 g, 

,93%): mp 130° (dichloromethane-petroleum ether); ir (Nujol) 
1645 cm-1 ; nmr (CDCI3) & 2.1 (3 H, s) 2.4-3.4 (5 H, m), 3.1 (3 H, 
s), 3.65 (2 H, d, J  = 6 Hz), 3.95-4.35 (1 H, m), 5.0-5.3 (1 H, m),
7.2-7.5 (10H, m).

Anal. Calcd for C2iH 24BrN0 2: C, 62.69; H, 6.01; N, 3.48. Found: 
C, 62.19; H, 6.01; N, 3.63.

3-Methyl-6,6-diphenyl-8-oxa-3-azabicyclo[3.2.1]octane (16).
The salt 15a (3.08 g, 7.0 mmol) in dichloromethane (20 ml) was 
shaken with ammonium hydroxide, dried, and concentrated in 
vacuo. The residue was dissolved in DMSO (20 ml) and heated 
for 20 hr at 45-50°. The mixture was then partitioned between di
lute ammonium hydroxide and benzene, and the organic layer 
was washed with water, dried, and concentrated in vacuo. The 
residual oil was purified by chromatography (alumina, eluent di
chloromethane) to afford crystalline 16 (1.44 g, 74%): mp 93-94° 
(from petroleum ether); nmr (CDC1)3 5 1.93 (3 H, s), 2.1-2.7 (5 H, 
m), 3.15 (1 H, d, J  = 12 Hz), 4.45 (1 H, d, J  = 7 Hz), 4.75 (1 H, t, 
Jx = J2 = 2 Hz), 7.1-7.3 (10 H, m).

Anal. Calcd for Ci9H21N 0: C, 81.68; H, 7.58; N, 5.01. Found: 
C, 81.94; H, 7.63; N, 5.04.

Alternatively, 16 was obtained in 65% overall yield when chloro
hydrin 14c was treated with 1 equiv of bromine in carbon tetra
chloride and the product 15c (an oil), without purification, was 
treated with methylamine in DMSO at 50-55° for 24 hr.

l,2-Epoxy-3,3-diphenyl-2-methyI-5-hexene (18). Sodium hy
dride (5.585 g of a 55% suspension, 0.128 mol) was washed free of 
the carrier with petroleum ether and covered with dry DMSO (20 
ml). To this was added with stirring a solution of trimethyl- 
sulfonium iodide (24.684 g, 0.121 mol) in dry DMSO (150 ml) fol
lowed by 25.0 g (0.1 mol) of ketone 17 in DMSO (60 ml). The 
inner temperature throughout addition was maintained at 22-25° 
by cooling with an ice-water bath. The mixture was stirred for 22 
hr at room temperature and then it was partitioned between 
water and ether-petroleum ether (1:1). The organic layer was 
washed with water, dried (Na2SCU), and concentrated in vacuo to 
afford crude 18 (25.7 g, 97%): bp 105° (0.05 mm); nmr (CDC13) 6
1.23 (3 H, s), 2.75-3.0 (2 H, m), 4.7-5.9 (3 H, m), 7.1-7.3 (10 H, m).

Anal. Calcd for Ci9H20O: C, 86.32; H, 7.63. Found: C, 86.99; H,
7.78.

3,3-Diphenyl-l-methylamino-2-methyl-5-hexen-2-ol (19). A
solution of crude epoxide 18 (12.0 g, 45.5 mmol) in DMSO (15 ml) 
was saturated with methylamine gas at 0° and heated for 6 days at 
48-52° in a pressure bomb. The reaction mixture was then parti
tioned between water and ether, and the basic fraction was isolated 
by acid-base treatment to afford 19 (4.25 g, 20.6%) as an oil: nmr 
(CDCI3) 5 1.2 (3 H, s), 2.24-2.95 (2 H, AB q, J  = 12 Hz), 2.35 (3 H, 
s), 3.18 (2H, d, J = 7 Hz), 4.75-5.9 (3H, m), 7.0-7.4 (10H, m ).The 
oxalate salt was crystallized from methanol, mp 194-196°.

Anal. Calcd for C20H25NO-C2H2O4: C, 68.55; H, 7.06; N, 3.63. 
Found: C, 68.90; H, 7.14; N, 3.61.

3,5-Dimethyl-6,6-diphenyl-8-oxa-3-azobicycIo(3.2.1]octane
(22) and tnms-5-Bromomethyl-3,3-diphenyl-2-methyl-lV-meth- 
yltetrahydrofurfurylamine (20). The amino alcohol 19 (4.13 g, 14 
mmol) in carbon tetrachloride (50 ml) was stirred and treated with 
1 M  bromine in carbon tetrachloride (14 ml). The solid precipitate 
(5.0 g of a mixture of 20 and 21) was filtered off and treated with 
ammonium hydroxide and ether. Drying and evaporation of the 
ether afforded an oil (3.7 g) which was chromatographed on basic 
alumina. Elution with chloroform afforded bicyclic base 22 (1.45 g, 
37%) as an oil: nmr (CDCI3) 5 1.07 (3 H, s)-, 1.91 (3 H, s),-2.1-3.25 (6 
H, m), 4.5 (1 H, dd, Jx = 7, J2 = 1.5 Hz), 7.05 (5 H, s), 7.3 (5 H, s). 
The hydrochloride salt was crystallized from methanol-ether, mp 
234-236°.

Anal. Calcd for C20H23NO-HC1: C, 69.05; H, 7.53; N, 4.02. 
Found: C, 68.74; H, 7.15; N, 4.01.

Further elution of alumina with 20% methanolic chloroform af
forded trans amino bromide 20 (1.75 g, 34%) as an oil, which was 
relatively stable, and upon repeated chromatography did not 
yield any more of 22: nmr (CDC13) 5 1.27 (3 H, s), 2.38 (3 H, s), 
2.65-3.8 (6 H, m), 4.2-4.7 (1 H, m), 7.1-7.3 (10 H). The hydro
chloride salt was recrystallized from MeOH-ether, mp 218-222°.

Anal. Calcd for C20H24BrNO-HCl: C, 58.48; H, 6.13; N, 3.41. 
Found: C, 58.52; H, 6.38; N, 3.18.
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5-Diazomethyl-l,4-diphenyl-l,2,3-triazole (I) reacts with monosubstituted benzenes at 40-50° to give 72-90% 
yields of mixtures of 7-(l,4-diphenyltriazol-5-yl)tropilidenes in which the predominant isomer has the substitu
ent in the 3 position (CH3 or F) or the 2 position (CH3O). The relative reactivities of monosubstituted benzenes 
toward the carbene from I were determined by competition experiments; they could be correlated by a Ham
mett equation in <rp with a = - 1.0, corresponding to an electrophilic species with a selectivity more closely re
sembling that of carboethoxynitrene than carboethoxycarbene. 5-(a-Diazobenzyl)-l,4-diphenyltriazole thermo- 
lyzed more slowly than the diazomethyl analog, but still showed first-order kinetics with a rate constant inde
pendent of solvent in the absence of a proton source. It did not form addition or insertion products, but gave a 
mixture consisting principally of the symmetrical tetrasubstituted ethylene, the corresponding ethane, and 5- 
benzoyl-l,4-diphenyltriazole. These products, the result of dimerization, abstraction of hydrogen, and reaction 
with O2, imply the intermediacy of a carbene in the triplet state.

The importance of the method of generation of a car
bene on its chemical behavior has become evident in re
cent years. Among examples that may be cited, ethyl dia
zoacetate when photolyzed in cyclohexene gives addition 
product (7-carboethoxynorcarane) and insertion products 
in a ratio of 26:21, but, when the reaction is brought about 
by thermolysis with a copper catalyst, addition of the car
bene is the only result observed.2 The factors that have 
been proposed3-6 to account for such differences are spin 
multiplicity, state of electronic or vibrational excitation, 
solvation, and coordination or other bonding to metals. 
Some significant studies of uncatalyzed thermolysis of 
diazo compounds have been made,7 but, in view of the im
portance of obtaining unambiguous evidence about the 
behavior of carbenes, it is desirable to obtain a wider se
lection of observations made on carbenes generated with
out the aid of catalysts or similar reactants, and without 
high input of energy (thermal or photochemical). We have 
reported8 on a carbene source that might meet these re
quirements: 5-diazomethyl-l,4-diphenyl-l,2,3-triazole (I). 
It gives products of typical carbene reactions on thermol
ysis only slightly above room temperature (40-50°), in the 
dark and in the absence of any catalyst. In certain reac
tions, it showed a higher selectivity than sources of meth
ylene or carboethoxycarbene, a feature believed to be in 
part due to electronic stabilization of the carbene. Be
cause its reactions included ring expansion of benzene to 
tropilidene cleanly and in good yield, we undertook the 
study reported here on its selectivity toward substituted 
benzenes.

I
Results and Discussion

The diazo compound I was originally prepared8 by the 
Bamford-Stevens process, utilizing decomposition of the 
lithium derivative of l,4-diphenyltriazole-5-carboxal- 
dehyde p-toluenesulfonylhydrazone. Because this reaction 
was only erratically reproducible and was cumbersome in 
operation, we have developed a route involving oxidation 
of the unsubstituted hydrazone with phenyliodoso acetate, 
which proved superior to all conventional reagents, such

as manganese dioxide or mercuric oxide, for oxidizing hy- 
drazones, and consistently gave yields of 80% or better.

The crystalline diazo compound was dissolved in a large 
excess of a substituted benzene and the mixture was heat
ed at 45-55°. A mixture of isomeric tropilidenes was ob
tained, from which only one component could generally be 
isolated by crystallization. For quantitative assay, the 
mixed isomers were freed from aldazine and other con
taminants by column chromatography and were examined 
by nmr. Success of this assay depends on the sensitivity of 
the chemical shifts of the tropilidene protons to the sub
stituent and of the substituent to its position, such that 
not all substrates that would be desirable allow the prod
ucts to be assayed satisfactorily. Attempts with chromato
graphic or other types of spectrographic assay offered no 
improvement.

The products obtained from toluene illustrate the 
method, which is based on comparison with the known 
shifts9 of the protons of tropilidene (1-H, 5 5.28 ppm; 2-H,
6.12 ppm; 3-H, 6.55 ppm; 7-H, 2.20 ppm). In the di- 
phenyltriazolyltropilidenes, the 7 hydrogen is shifted to 
about 3.1 ppm by the adjacent triazolyl substituent; the 
five olefinic protons fall in the regions 5.82-6.42 (allylic 
vinyl) and 4.95-5.32 ppm (simple vinyl), and the methyl 
groups of the positional isomers fall at 1.97, 1.84, and 1.76 
ppm. The methyl signals were assigned to the 3-, 2-, and
1-methyl isomers, respectively, according to the relative 
shifts of the corresponding ring protons. This assignment 
was confirmed by comparison with the spectrum of the 
one isomer that could be isolated by fractional crystalliza
tion; in the vinyl region, the relative areas of the signals 
at 6.14 (allylic vinyl) and 5.15 ppm (simple vinyl) were 
4:1 and the methyl group must therefore occupy a 1 posi
tion (vinyl). The remaining simple vinyl proton (6-H) was 
coupled with 7-H (J = 3.0 Hz) and with 5-H (J = 4.6 Hz), 
as required.

Of the substituted benzenes used as substrates, isopro- 
poxybenzene gave a 92% yield of isomeric tropilidenes 
whose nmr signals could not be accurately resolved; nitro
benzene reacted so incompletely (ca. 10%) as to preclude 
meaningful assay of the isomer ratio; and aniline and di- 
methylaniline followed a different reaction path, appar
ently starting with attack on nitrogen, and could not be 
made to contribute to this study. The other results are 
summarized in Table I.

The relative reactivities of differently substituted ben
zenes toward l,4-diphenyltriazol-5-ylcarbene were deter-
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Table I
Isomeric ^-Substituted 

7- (l,4-Diphenyltriazol-5-yl)tropilidenes from 
Monosubstituted Benzenes C6H6-G.

■Isomer distributioiA
Substrate Yield,“ % 3-G 2-G 1-G

c h 3c 6h 5 90 50.0 27.3 22.7
c h 3o c 6h 6 94 34.8 38.3 26.4
f c 6h 5 72 50.0 23.5 26.5

“ Isolated, purified product mixture. b Per cent composition 
of purified product mixture.

mined from competition experiments, in which equimolar 
amounts of pairs of substrates were allowed to react with 
1 molar equiv of I in sealed tubes, and the change in rela
tive amounts of the substrates was monitored by vpc at 
intervals. Under these conditions, the rates relative to 
benzene can be calculated from the relation

kfCsHsC.) [C6H5G], / [C6H6],
-  log [C6H5G]i0/  log [C6H6](o

The reliability of this treatment depends on freedom from 
extraneous losses of substrate; product assays had already 
shown that side reactions were minimal, and attack on 
the solvent (sym-tetrachloroethane) was negligible. Figure 
1 shows plots of the relative rates as a function of the ex
tent of reaction. The points determine straight lines from 
the origin; their slopes give the rates relative to benzene. 
The numerical results are collected in Table II, and are 
compared with similar data that have been reported10 for 
carboethoxycarbene and carboethoxynitrene.

Although it is of uncertain justification10 to apply Ham
mett substituent constants derived from electrophilic sub
stitution reactions to ring-expansion reactions, it is practi
cal and interesting, and previous studies in this area10 
have used them. In Figure 2, the relative rates are plotted 
against rrp; the best least-squares fit is log k = 0.16 — 0.8 
<rp with a probable error of 0.06 (the scatter of points is 
much larger with <jm, probable error 0.25). However, tri- 
fluoromethylbenzene reacted about twice as fast as would 
be expected, but there were attendant analytical compli
cations; if it is omitted from the calculations, the expres
sion becomes 0.11 -  1.0 trp. Either way, the value for the 
Hammett regression factor qualitatively confirms that we 
are dealing with an electrophilic carbene; comparison 
with the values -0.38 reported10 for carboethoxycarbene 
and -1.32 for carboethoxynitrene is especially interesting, 
for it demonstrates that the triazolylcarbene more closely 
resembles nitrenes, with their greater selectivity, than 
other carbenes. This fact supports the view that the tria
zolylcarbene is significantly stabilized by interaction with 
the heterocyclic ring; the possibility that the selectivity 
may also be influenced by the conditions used to generate 
the carbene is an aspect that we plan to investigate.

A somewhat parallel study has been made11 of carbe- 
noid attack on alkylbenzenes, using the very different sys
tem ethylidene iodide plus diethylzinc or diethylcad- 
mium, which produces 7-methyltropilidenes presumably 
through a species related to methylcarbene. A qualitative
ly similar isomer ratio for toluene—22% 1-methyl, 32% 2- 
methyl, 46% 3-methyl—and a reactivity relative to ben
zene of 2.5 were found. Although the attacking species 
may be far from a free carbene in this system, it evidently 
has similar electronic demands to our triazolylcarbene. 
Another study,12 in which iodoform and diethylzinc were 
used to convert alkylbenzenes to ethylalkyltropilidenes, 
reached rather different results. The major isomer ob
tained from toluene was the 1-methyltropilidene; however,

Table II
Relative Rates of Attack on Substituted 

Benzene Substrates
-*(Ph-G)/fe(Ph-H >

Diphenyl-
triazolylcarbene

Carboethoxy
carbene

Carbo
ethoxy
nitrene

¿-PrOC6H5 2.03 ±  0.34“
CH3OC6H6 1.15 2.88
EtOCeHs 2.44 ±  0.53
CHaCsHs 2.08 ±  0.21 1.06 2.06
C6H6 1.00 1.00 1.00
f c 6h 5 0.80 0.62
CICeHs 0.84 0.77
0 2NC6H6 0.22 ±  0.03
F3CC6H5 0.81 ±  0.05 0.55 0.22
“ These deviation figures were determined graphically 

from plots of log ([RCeHsl/IRCeHs]) vs. log ([C6H5]/ 
[C6H6]) by comparing the slopes from each point to the 
origin with the computed least mean squares slope.

the investigators believed that the product ratios were not 
determined by the initial carbenoid attack, but by a sub
sequent step in which a tropylium iodide reacted with 
ethylzinc iodide. The mobility of the iodide moiety would 
erase any directing effect operating in the initial attack.

We also wished to examine the a-phenyl analog of I, 5- 
a-diazobenzyl-l,4-diphenyltriazole (II), which would give 
a carbene sterically substantially more hindered, and in 
which the triplet state could be expected to have in
creased stabilization. In the carbene from II, crowding 
should favor orientation of the a-phenyl group orthogonal 
to the triazole ring; this orientation would allow maxi
mum overlap of the ^-electron systems of the a-phenyl 
group and the triazole ring, respectively, with the two 
orthogonal p orbitals that accommodate the two unpaired 
electrons of the triplet state of the carbene. Furthermore, 
a linear orientation of the substituents in the sp-hybri- 
dized triplet carbene would entail less crowding than the 
ca. 120° angle about the sp2, singlet carbene.

Diazo compound II was prepared from 5-chloro-l,4-di- 
phenyltriazole by successive conversion to the nitrile, the 
phenyl ketimine, and the hydrazone (of 4-benzoyl-l,4-di- 
phenyltriazole). Conversion of the chloride to the cyanide 
by reaction with sodium cyanide, a published procedure,13 
was found to be very sensitive to moisture in the solvent.

NaCN
Dpt— Cl ------- *• Dpt— CONH2H2O

I  NaCN (dry) 111
1. PhMgBr

Dpt— C = N  ------------ ► Dpt— C = N H
2 . h 2o  I

Ph

VI (89%)

Dpt— C02H — *■ Dpt— H 
IV V

n 2h 4

PhI(OAc)2

Dpt —  C = N — n h 2 -----------► n
Ph

VII (81.5%)
Dpt = l,4-diphenyltriazol-5-yl
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Figure 1. Relative rates from decomposition of 5-diazomethyl- 
1,4-diphenyl-l,2,3-triazole in aromatic substrates (Ph-G): t , G = 
OEt; □, G = O-i-Pr; O, G = CH3; v , G = CF3; y ,  G = N 0 2.

When dimethyl sulfoxide that was not strictly anhydrous 
was used, the yield of nitrile dropped sharply, and a mix
ture of the 5-carboxamide and 1,4-diphenyltriazole took 
its place. The latter was found to arise by decarboxylation 
of l,4-diphenyltriazole-5-carboxylic acid, which came from 
hydrolysis of the amide. Other routes to II were tried 
without success; in particular, 5-benzyl-l,4-diphenyltria- 
zole resisted free-radical bromination and could not be 
converted to the 5-(a,a-dibromobenzyl) derivative, and
5-benzoyl-l,4-diphenyltriazole resisted all attempts to 
convert it to its hydra zone.

Conversion of the ketimine VI to the hydrazone was 
slow, and was accompanied by formation of the primary 
amine, 5-(a-aminobenzyl)-l,4-diphenyltriazole (VIII), 
which was also prepared from VI by reduction with sodi
um borohydride. The amount of VIII was much greater in 
runs on a small scale; it is presumed to arise by reduction 
of VI by diimide formed by action of air on hydrazine (re
duction of 5-benzoyl-l,4-diphenyltriazole to the carbinol 
upon prolonged refluxing with hydrazine has also been ob
served.)14

The kinetics of thermolysis of II were determined spec- 
trophotometrically in anisole and in nitrobenzene; they 
were accurately first order, and the constants did not dif
fer significantly between the two solvents (9.9 and 8.8 X 
10“ 3 min-1, respectively, at 70°). This is considerably 
slower than thermolysis of I (at 50°, k = 8.9 X 10-3 
min-1 ).8 In dioxane containing traces of moisture, how
ever, the rate was roughly 20 times as fast as in anisole or 
nitrobenzene and the principal product, the carbinol 
Dpt-CHOH-Ph, was different. These observations are con
sistent with the interpretation that decomposition in 
aprotic solvents produces a carbene, but proton sources, 
such as water, may catalyze a noncarbenoid reaction that 
may become dominant. This contrasts with the behavior 
observed by Bethell, Whittaker, and Callister15 for di- 
phenyldiazomethane, the rate of thermolysis of which in 
acetonitrile was not markedly accelerated by water, even 
though the reaction path was diverted to formation of car
binol.

Figure 2. Plot of Hammett substituent constants, <rp, against rel
ative rates of reaction of aromatic substrates with 1,4-diphenyl- 
l,2,3-triazol-5-ylcarbene.

The products of thermolysis in the solvents used in the 
kinetic experiments and in three other aromatic solvents 
were examined by thin layer and column chromatography, 
fractional crystallization, and nmr and ir. The mixtures 
were complex, and that from benzene showed at least 
eight components by tic; some of them were dark colored, 
uncrystallizable materials. Only three could be obtained 
crystalline for identification: the symmetrically tetrasub- 
stituted ethane IX, the corresponding ethylene X, and 5- 
benzoyl-l,4-diphenyltriazole (XI). These same three prod
ucts were formed in each of the other aromatic solvents, 
as shown in Table III. The other portions of the reaction 
mixtures were carefully scrutinized by nmr for evidence 
that any compound had been formed by attack on the ar
omatic solvents, but none could be obtained; if addition 
or insertion products were indeed formed, their amounts 
must have been less than ca. 5%. The yields of IX, X, and 
XI were determined from the amounts isolated pure aug
mented by semiquantitative estimates of the amounts in 
the mother liquors, reckoned from the relative sizes of 
their tic spots.

Dpt— CH— CH— Dpt
I I
Ph Ph

IX

Dpt^
.  / Ph^ c = c \

P h '' Dpt
X

Dpt— C— Ph

0
XI

These products, the result of abstraction of hydrogen, 
dimerization, and reaction with oxygen, are those typical 
of triplet carbenes;16 products attributable to singlet car- 
benes were evidently not formed in significant quantities. 
Presumably the steric effect mentioned above operated to 
accelerate spin inversion so as to forestall competing reac
tions by the singlet carbene which, according to conserva
tion of spin, must have been the initial species. The large 
amount of ketone XI formed in nitrobenzene might be 
considered anomalous, but we believe it is not; the sol
vents were swept with nitrogen before use, but the 
amount of residual dissolved oxygen was not checked, and 
must have been variable.
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Table III
Composition“ of Products of Thermolysis of 

5-Diazobenzyl-1,4-diphenyltriazole (II)

Solvent IX , % X ,  % X I ,  %

B e n z e n e 4 2 . 4 5 . 5 6 . 7
T o l u e n e 3 8 . 0 1 2 . 3 1 2 . 5
A n is o l e 5 5 . 2 5 . 5 4 . 7
I s o p r o p o x y b e n z e n e 4 6 . 2 3 . 0 1 0 . 9
N it r o b e n z e n e 3 9 . 3 0 2 5 . 6

“ E s t im a t e d  e r r o r  b e t w e e n  0  a n d  ± 2 . 1 .

The complete absence of the ketazine from the thermol
ysis products was surprising, for ketazines are generally 
formed from diazoalkanes and their high melting points 
and low solubility make the isolation of even small 
amounts easy. We could not check the possibility that the 
ketazine was converted to the symmetrical ethylene X by 
reaction with diazo compound, because the precursors, 
such as the ketone and hydrazone, were so unreactive that 
the ketazine could not be prepared by any means. How
ever, the proclivity of hindered diazo compounds to form 
ethylenes by dimerization of carbenes, rather than form
ing azines, has been reported by Zimmerman and Paskov- 
ich.17 If formation of azine depends on reaction of singlet 
carbene with diazoalkane, as appears to be the case,18 
rapid spin inversion to the triplet would suppress it, as 
would steric hindrance. By contrast, thermolysis of I gives 
aldazine in 8-14% yields.

The effect of changing from phenylcarbene to diphenyl- 
carbene, previously reported16 >18 on the basis of photolysis 
and thermolysis of the diazo compounds, and inferred to 
result from reaction of the carbenes respectively in the 
singlet and triplet states, is thus confirmed in this parallel 
instance.

Experimental Section19
1.4- Diphenyl-l,2,3-triazole-5-carboxaldehyde Hydrazone.

This preparation utilized the finding by Barton, O’Brien, and 
Stemhall20 that formation of azine during conversion of al
dehydes to hydrazones is greatly reduced in the presence of tri- 
ethylamine. To a hot solution of 5 g (0.02 mol) of 1,4-diphenyl-
l,2,3-triazole-5-carboxaldehyde14 in 350 ml of absolute ethanol 
were added 14 ml of triethylamine and 28 ml of 95%+ hydrazine, 
in that order. The solution was allowed to reflux for 1 hr, and was 
then concentrated under reduced pressure to ca. 100 ml; about 
800 ml of ether was added; and the solution was poured into 800 
ml of water and extracted. The ethereal layer was washed with 
five 250-ml portions of water and was then dried (CaCl2); remov
ing the ether under aspirator vacuum left a colorless, viscous oil, 
which according to tic was at least 80% hydrazone (ir spectrum 
identical with that of authentic material14). The oil could he 
crystallized from aqueous ethanol, but losses due to formation of 
azine were large. Therefore, the oil was oxidized to I immediately.

5-Diazomethyl-l,4-diphenyl-l,2,3-triazole (I). The oily hy
drazone from 5 g (0.01 mol) of aldehyde was dissolved in 40 ml of 
methylene chloride and 5.1 ml (3.965 g, 0.04 mol) of cyclohexyl- 
amine, and the solution was cooled to -10°. A solution of 6.44 g 
(0.02 mol) of (diacetoxyiodo)benzene (phenyliodoso acetate)21 in 
85 ml of methylene chloride was added with stirring at a rate 
such that the temperature was maintained at —5 ±  2°. The mix
ture was stirred for an additional 1 hr at about 0°, and was then 
cooled to -25° and filtered. The filtrate was extracted with four 
100-ml portions of ice-water, and was then dried (CaCl2). The 
solvent was removed in vacuo without external warming, leaving 
a dark brown oil; trituration with 70 ml of ether precipitated 2.65 
g of bright orange solid, mp 101° (ir spectrum and tic behavior 
identical with those of I).14 The overall yield from aldehyde was 
49%.

1.4- Diphenyl-l,2,3-triazole-5-carboxamide (III). Using the 
procedure of Friedman and Shechter,13 but with dimethyl sulfox
ide from a partly used bottle, and thus presumably moist, there 
was obtained 2.28 g (58%) of a white solid, mp 210-215°, from 4.00 
g (0.0157 mol) of 5-chloro-l,4-diphenyl-l,2,3-triazole and sodium 
cyanide: ir 3500, 3330, and 3150 (-NH2), 1675 (amide C = 0 ), 1600

and 1500 (phenyl), and 925, 1005, and 1075 cm 1 (triazole). A 
sample recrystallized from aqueous ethanol had mp 217-219°.

Anal. Calcd for C i5H42N40 : C, 68.13; H, 4.57; N, 21.20. Found: 
C, 68.00; H, 4.51; N, 21.12.

This substance was identified as l,4-diphenyl-l,2,3-triazole-5- 
carboxamide by acid-catalyzed hydrolysis; 1.00 g (0.00375 mol) 
was refluxed for 1 hr in 50 ml of 75% glacial acetic acid containing 
10 ml of concentrated sulfuric acid. After conventional work-up, 
there was obtained 815 mg (79.6%) of recovered amide (mmp 
216-218°) and 170 mg (17.1%) of l,4-diphenyl-l,2,3-triazole-5-car- 
boxylic acid, mp 172-173.5° with gas evolution and resolidifica
tion, remelting at 185-186° (lit.22 mp 177° dec, remelting at 185°), 
mmp 173-175 and 185-186°.

5-Benzimidoyl-l,4-diphenyl-l,2,3-triazole (VI). To a solution 
of phenylmagnesium bromide prepared from 2.675 g (0.11 mol) of 
magnesium and 17.272 g (0.11 mol) of bromobenzene in 55 ml of 
ether was added a solution of 12.3 g (0.05 mol) of 1,4-diphenyl-
l,2,3-triazole-5-carbonitrile in ca. 600 ml of ether. Reflux was 
maintained for 48 hr, after which the mixture was cooled and 
treated with 20 ml of absolute methanol; stirring was continued 
for an additional 1 hr. The magnesium salts were separated by 
filtration and were triturated repeatedly with fresh aliquots of 
methylene chloride. The combined filtrates were evaporated to 
leave a white solid. Recrystallization from absolute ethanol gave 
14.42 g (89%) of fine, cream-colored needles: mp 149-150°; ir 
(Nujol) 3260 (NH), 1600 and 1500 (phenyl), 875, 1000, and 1155 
cm' 1 (triazole); nmr (CDCI3) b 7.55 (m, 15 H, aromatic) and 6.75 
ppm (s, 1 H); m/e 324. Four recrystallizations from absolute eth
anol gave an analytical sample.

Anal. Calcd for C2iHi6N4: C, 77.74; H, 4.97; N, 17.28. Found: 
C, 77.68; H, 5.05; N, 17.33.

5-Benzoyl-l,4-diphenyl-l,2,3-triazole Hydrazone (VII). To a
hot solution of 10.0 g (0.0309 mol) of VI in 380 ml of absolute eth
anol was added 60 ml (1.896 mol) of anhydrous hydrazine23 and 
the mixture was heated at reflux. The total time required for 
complete conversion of VI to VII varied between 20 and 130 hr, 
which made it necessary to follow each run by tic. Upon comple
tion, the mixture was cooled and then concentrated under re
duced pressure; crystallization was completed overnight at 0°. 
The white hydrazone was recrystallized from absolute ethanol, af
fording 9.04 g (81.5%) of white, shiny platelets: mp 169-172°; ir 
(Nujol) 3400, 3280, and 3200 (2 NH), 1635 (C =N ), 1600 and 1500 
(phenyl), and 780, 1000, and 1075 cm' 1 (triazole); nmr (CDCI3) b
7.6 (15 H, aromatic) and 6.3 ppm (s, 2 H, NH2). The yields were 
consistently 72-83% of once recrystallized material and were in
dependent of the specific reaction time. However, when hydra
zone formation was attempted on 1 g or less of imine, it was sig
nificantly suppressed by a competing side reaction leading to 5- 
aminobenzyl-l,4-diphenyl-l,2,3-triazole. An analytical sample of 
VH hydrazona was obtained by three more recrystallizations from 
absolute ethanol.

Anal. Calcd for C2iHi7N5: C, 74.31; H, 5.05; N, 20.64. Found: 
C, 74.26; H, 5.18; N, 20.65.

5-Aminobenzyl-l,4-diphenyl-l,2,3-triazole. In an analogous 
experiment with 500 mg (0.00155 mol) of VI and anhydrous hy
drazine in 25 ml of ethanol, refluxed for 130 hr, the evidently im
pure crude solid product was taken up in ether and extracted 
three times with 5% HC1 and once with water. The dried 
(Na2S 04) ether layer yielded 302 mg (57.5%) of pure VII. The aci
dic extracts were neutralized with NaHCCU and extracted with 
ether. Evaporation of the dried (KOH) extracts left 115 mg (22%) 
of white solid, mp 138-139°. This substance formed a base-soluble 
benzenesulfonamide, and evolved nitrogen with nitrous acid: nmr 
(CDCI3) b 7.8 (complex m, 15 H), 5.8 (s, 1 H), and 1.8 ppm 
(broadened singlet, 2 H); ir (Nujol) 3275 and 3350 (-NH 2), 1600, 
1500 (phenyl), and 775. 1000, and 1080 cm -1 (triazole); m/e 326. 
The nmr signal at 1.8 ppm disappeared after treatment with 
D20 . Reduction of VI with NaBH4 gave the identical substance. 
A sample recrystallized (EtOH) five times had mp 136.5-139.5°.

Anal Calcd for C21H18N4: C, 77.27; H, 5.56; N, 17.17. Found: 
C, 77.02; H, 5.60; N, 17.27.

5-Diazobenzyl-1,4-diphenyl-1,2,3-triazole (II). A solution of
9.00 g (0.0265 mol) of VII in 75 ml of methylene chloride and 7.36 
ml (0.058 mol) of cyclohexylamine was cooled to -80°, and a so
lution of 9.34 g (0.029 mol) of (diacetoxyiodo)benzene in 100 ml of 
methylene chloride was added with stirring while the temperature 
was maintained between -1 0  and -5 ° . Stirring was continued for 
2 hr at -1 0  to -5 ° . The deep red mixture was then chilled to 
—30° and filtered to remove cyclohexylammonium acetate, and 
the precipitate was washed with small portions of chilled methy
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lene chloride until the washings were colorless. The filtrate was 
concentrated to about one-half the original volume on a rotary 
evaporator without warming, and was again cooled to -30° for 
several hours. Filtration removed all residual cyclohexylammon- 
ium acetate and excess oxidizing agent, and the solution was then 
evaporated at room temperature, leaving a bright reddish-brown 
residue. Trituration with about 30 ml of ether precipitated a 
brick-red solid, which was washed with a small amount of ether 
and recrystallized from ether by dissolving it at room tempera
ture and cooling for 48 hr at —30°, yield 5.02 of reddish-brown, ir
regular crystals. Three additional crops, together 1.285 g, were 
collected. All four fractions were pure by tic. An additional 353 
mg was_ obtained by chromatography of the crude filtrate on a 
water-jacketed column of Florisil, the red material being eluted 
with a petroleum ether (bp 30-60°)-ether mixture (9:1), total 
yield of once-recrystallized product 6.76 g (75.5%).

The nmr spectrum of the red solid showed only aromatic pro
tons centered at 7.4 ppm. The infrared (Nujol) had a very strong, 
sharp peak at 2050 cm-1 (N =N ), also absorption at 1600 and 
1500 (phenyl) and at 765, 920, and 1000 cm^1 (triazole). Spectral 
evidence thus clearly indicated the red solid to be 5-diazobenzyI-
1,4-diphenyl-l,2,3-triazole (II).

The melting point of the diazo compound varied considerably 
from one fraction to another, and usually was not sharp. Also, 
when the compound was recrystallized slowly at 0°, two different 
types and colors of crystals became distinguishable: ruby-red 
transparent prisms (mp 125° with visible decomposition from 
114°) and orange lumps or rosettes (mp 205°, with visible decom
position from 114°). Slow crystallization produced a larger 
amount of prisms, generally accompanied by some of the orange 
material. The two were identical with respect to their nmr (m, 7.4 
ppm) and ir spectra (2050, 1600, 1500, 1000, 920, 765 cm-1 ), their 
tic values, and their chemical behavior. A solution of red prisms 
could easily be crystallized at -30° to give only orange rosettes, 
but the conversion back to prisms was more difficult. Thus, it 
took five slow recrystallizations, each time removing manually 
any prisms formed, to collect 140 mg of the latter from 217 mg of 
rosettes.

A sample was recrystallized at 0° five times; rosettes were re
moved manually from prisms and the two fractions were analyzed 
separately.

Anal. Calcd for C2i H15N5: C, 74.75; H, 4.48; N, 20.76. Found 
(prisms): C, 74.66; H, 4.51; N, 20.84. Found (rosettes): C, 74.74; 
H, 4.51; N, 20.88.

Thermolysis of l,4-Diphenyl-5-diazomethyl-l,2,3-triazole (I).
Solutions ranging in concentration from 0.01 to 0.02 M  were pre
pared in carefully dried equipment by dissolving the diazo com
pound in a substituted benzene substrate, which had previously 
been flushed with dry nitrogen for a minimum of 1 hr. The result
ing bright red or yellow solutions were immersed in an oil bath 
preheated to 45-55° and stirred mechanically while being kept 
under a positive pressure of nitrogen. The decompositions were 
complete after 4 hr. The work-up procedures differed for each 
substrate.

A. In Toluene. Thermolysis of 1.044 g (0.004 mol) of I in 200 ml 
of toluene gave a bright yellow solution, which was filtered to re
move a very small amount of azine and was concentrated on a ro
tary evaporator to a viscous yellow oil, which was chromato
graphed on a column packed with 70 g of Florisil (100-200 mesh). 
Each fraction was examined by tic as it was eluted from the col
umn and the ones with similar composition were combined. Six 
fractions were obtained. The first two contained only small 
amounts of unidentified materials and were discarded. Fractions 
4 and 5 (eluted with chloroform) and 6 (eluted with ethanol) con
tained only negligible amounts of mixtures of up to six com
pounds, three of which had been introduced with the diazo com
pound. No attempts were made to isolate or identify these beyond 
examining their nmr spectra for the presence of the potential 
product of C-H insertion, l-(l,4-diphenyl-l,2,3-triazol-5-yl)-2- 
phenylethane, which proved to be absent.

Fractions 2 and 3 (eluted with benzene) amounted to 1.28 g 
(90.6%) of a pale yellow glass (X), which showed one elongated 
spot on tic, and contained the three positional iosmers of x- 
methyl-7-(l,4-diphenyl-l,2,3-triazol-5-yl)cycloheptatriene: nmr 5
7.85 (m, aromatic, 2 H), 7.32 (m, aromatic, 8 H), 6.14 (m, 
C=C H C =C ), 5.15 (m, C =C H C -), and 3.1 ppm (m, tertiary H, 1 
H). The relative area of the combined vinylic signals was 5. The 
methyl groups appeared as singlets at 1.97, 1.84, and 1.76 ppm, 
with a combined relative integration of 3. The infrared spectrum 
(Nujol) had major absorptions at 1601 and 1505 (phenyl) and

also at 1076 and 1000 (very strong), and 920 cm-1 (triazole).
The ratio of the isomeric cycloheptatrienes was determined in a 

separate experiment, in which 0.131 g (0.50 mol) of analytically 
pure 5-diazomethyl-l,4-diphenyl-l,2,3-triazole was thermolyzed in 
50 ml of spectral-grade toluene. The viscous distillation residue 
was extracted with three portions of chloroform, and the extracts 
were dried (M gS04) and evaporated to leave 145 mg (89%) of 
pale yellow, viscous oil, which according to tic was >95% cyclo
heptatrienes. The nmr spectrum corresponded to a mixture of 
50.0% of 3-methyl-, 27.3% of 2-methyl-, and 22.7% of 
l-methyl-7-(l,4-diphenyl-l,2,3-triazol-5-yl)cycloheptatriene. The 
relative amounts were determined from the intensity of the re
spective methyl signals (2.2:1.2:1.0). The accuracy of these deter
minations was confirmed by the ratio of the vinylic hydrogens, 
calculated from the given composition as 3.227 for the hydrogens 
in the 2, 3, 4, and 5 positions and 1.773 for the 1 and 6 hydrogens; 
the corresponding multiplets at 6.14 and 5.15 ppm had an inten
sity ratio of 3.2:1.8.

The chromatographically pure mixture of the three isomers was 
fractionally crystallized from ethanol-water, the composition of 
each solid fraction was examined by nmr, and those of similar 
isomer ratio were combined and recrystallized from ethanol or 
methanol. After this had been repeated seven times, 60 mg of 1- 
methyl-7-(l,4-diphenyl-l,2,3-triazol-5-yl)cycloheptatriene was ob
tained free from the other two isomers. Two additional recrystal
lizations from methanol furnished 35.4 mg of sand-colored, trans
parent prisms, mp 161-163°.

Anal. Calcd for C22H19N3: C, 81.20; H, 5.99; N, 12.91. Found: 
C, 81.07; H, 5.98; N, 12.87.

B. In Anisóle. Decomposition of 0.131 g (0.50 mol) of I in 50 ml 
of freshly distilled anisóle resulted in a yellow solution, which was 
steam distilled to remove the anisóle. The residue was extracted 
exhaustively with chloroform. The yellow oil (183 mg) obtained 
after drying (Na2S0 4) and concentrating the combined extracts 
was purified further by preparative thin layer chromatography on 
silica gel, from which 161 mg (94.3%) of very pale yellow, viscous 
oil was obtained. It gave only one spot on tic, decolorized bromine 
in carbon tetrachloride, and reduced aqueous potassium perman
ganate. Its nmr spectrum Wes' consistent with a mixture of the 
three positional isomers of x-methoxy-7-( 1,4-diphenyl-1,2,3-tria- 
zol-5-yl)cycloheptatriene: 6 7.83 (m, 2 H), 7.37 (m, 8 H), 5.0-6.4 
(m, 5 H), 3.63 (s, 3-CH30), 3.56 (s, 2-CHsO), 3.31 ppm (s, 1- 
CH30 ) superimposed on a broad hump (7-CH) (3.63-3.31 total 
intensity, 4 H). After the contribution by the C-7 hydrogen was 
subtracted, the relative areas of the methoxy signals were 
1.32:1.47:1.0, corresponding to 34.8% of 3-methoxy-, 38.8% of 2- 
methoxy-, and 26.4% of l-methoxy-7-(l,4-diphenyl-l,2,3-triazol- 
5-yl) cy cloheptatriene.

In another experiment, 0.522 g (0.002 mol) of I yielded a brown 
oil, from which was separated 599 mg of pure x-methoxy-7-(l,4- 
diphenyl-l,2,3-triazol-5-yl)cycloheptatriene mixture by column 
chromatography on 25 g of Florisil. This oil was very resistant to 
crystallization, but after a solution of it in benzene-petroleum 
ether was left undisturbed at -20° for 5 months, partial crystalli
zation took place. The solid thus obtained had nmr 5 3.31 ppm (s, 
1-CH30 ); three recrystallizations from ethanol afforded 26.7 mg 
of white needles, mp 169-170°, of l-methoxy-7-(l,4-diphenyl-
l,2,3-triazol-5-yl)cycloheptatriene.

The oil recovered from the filtrate was again dissolved in ben
zene-petroleum ether and allowed to crystallize at 0°. The second 
crop thus obtained was shown by nmr to be a mixture of all three 
isomers, with the 3-methoxy isomer predominating (about 75%). 
One recrystallization from ethanol gave pure 3-methoxy-7-(l,4- 
diphenyl-l,2,2-triazol-5-yl)cycloheptatriene as pale cream-colored 
needles, mp 134.5-135.5°, nmr ô 3.63 ppm. Both samples showed 
compatible infrared spectra: 3000, 1625, 1605, 1505, 1080, 1000, 
and 925 cm-1 .

Anal. Calcd for C22Hi9N30 : C, 77.30; H, 5.61; N, 12.31. Found 
(3-CH2O isomer): C, 77.17; H, 5.56; N, 12.34. Found (1-CH30  iso
mer): C, 77.38; H, 5.60; N, 12.46.

C. In Isopropoxybenzene. Thermolysis of 0.522 g (0.002 mol) of 
I in 50 ml of freshly distilled isopropoxybenzene, after steam dis
tillation, extraction of the residue with chloroform, drying, and 
evaporation, gave 752 mg (92%) of brown oil, about 90% of which 
showed as one spot by the tic.

T h e  n m r spectrum  was in  good agreem ent w ith  a m ix tu re  of 
isom eric x -is o p ro p o x y -7 -( l,4 -d ip h e n y l-l,2 ,3 -tr ia z o l-5 -y l) -c y c lo h e p -
tatrienes: S 7.86 (m, 2 H), 7.32 (m, 8 H), 7.0 (m, 5 H), 3.15 (m, 1 
H), 3.28 (m, 1 H), and 1.17 ppm (three overlapping doublets, 
total 6 H ).
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When the oil was dissolved in methylene chloride, 4.3 mg of
l,4-diphenyl-l,2,3-triazole-5-carboxaldehyde azine, mp and mmp 
298-302°, remained. The filtrate was evaporated and the residual 
oil was dissolved in a small amount of ethanol and allowed to 
stand at room temperature for 1 week. A small amount of white 
crystals had separated; the nmr spectrum suggested that they 
were an approximately 1:1 mixture of two isomers of x-isoprop- 
oxy-7-(l,4-diphenyl-l,2,3-triazol-5-yl)cycloheptatriene. Two more 
crops (136 mg) of white prisms, mp 165-169°, were obtained from 
the ethanolic filtrate. The chemical shifts of the methyl groups 
were too close to permit unequivocal differentiation of the isomers 
by nmr. Four recrystallizations of the first crop from ethanol af
forded 6.6 mg of fine, white needles, mp 134-137°.

Anal. Calcd for C24H23N30 : C, 78.02; H, 6.28; N, 11.38. Found: 
C, 77.98; H, 6.26; N, 11.31.

D. In Nitrobenzene. Thermolysis of 0.130 g (0.001 mol) of I in 
25 ml of nitrobenzene gave a reddish-brown solution, which was 
freed from nitrobenzene by steam distillation. The residue was 
extracted with chloroform, and the extracts were combined, dried 
(Na2S 0 4), and evaporated to leave a dark brown oil, which on tic 
examination revealed the presence of at least nine components, 
none of which amounted to more than 25% of the total mixture. 
Separation by preparative tic on silica gel furnished only the 
component of highest Rt in reasonably pure form. Recrystalliza
tion of this fraction from benzene afforded 20.8 mg (16.8%) of a 
white solid, mp 172-174°, identified as l,4-diphenyl-l,2,3-triazole-
5-carboxaldehyde8 (nmr, ir, mixture melting point). Another tic 
fraction contained 43 mg of material whose nmr spectrum exhib
ited olefinic protons with chemical shifts expected for substituted 
cycloheptatrienes, but attempts at purification were foiled by 
rapid decomposition.

E. In Fluorobenzene. The mixture from thermolysis of 0.533 g 
(0.002 mol) of I in 75 ml of fluorobenzene was concentrated under 
aspirator pressure, leaving a dark brown oil, which was dissolved 
in methylene chloride and filtered to remove 6 mg of 1,4-diphe- 
nyl-l,2,3-triazole-5-carboxaldehyde azine. The fluorine nmr of the 
filtrate exhibited six structured singlets (sweep width 100 ppm) 
at 97.5, 101.8, 113.0, 114.9, 115.7, and 117.9 ppm upfield from the 
external standard, trichlorofluoromethane. The resonances at 113,
115.7, and 117.9 ppm were lateT proven to be impurities contained 
in the “ reagent-grade” fluorobenzene; they were separated from 
the main product by dry-column chromatography24 on alumina.

The major component was contained in three fractions sec
tioned off the column, although the last one of these was contam
inated with four unidentified compounds. The first two fractions 
contained 473 mg (72%) of chromatographically pure product. Its 
spectral characteristics were in accord with a mixture of the three 
isomeric fluoro-7-(l,4-diphenyl-l,2,3-triazol-5-yl)cyclohepta- 
trienes: ir (CHCI3) 3050 (aromatic CH), 1640 and 1504 (phenyl), 
and 1000 and 1075 cm-1 (triazole); nmr h 7.9 (m, 4 H), 7.4 (m, 1 
H), 6.2-5.33 (m, 5 H), and 3.18 ppm (broad, 1 H). The fluorine 
nmr exhibited three structured singlets (sweep width 100 ppm) at
97.6, 101.8, and 114.9 ppm upfield from the external standard, 
trichlorofluoromethane, in a ratio of 2.1:1:1.1, nearly the same 
ratio as had been found for the equivalent peaks in the crude 
product mixture.

This mixture of isomeric x-fluoro-7-(l,4-diphenyl-l,2,3-triazol- 
5-yl)cycloheptatrienes was taken up in a small volume of ethanol 
and the solution was allowed to crystallize. Three successive crops 
were collected, amounting to a total of 323 mg. The first of these 
was recrystallized twice from ethanol, producing small, pale yel
low leaflets, mp 141-145°, of analytical purity, but its positional 
identity remained spectroscopically ambiguous.

Anal. Calcd for C21Hi 6N3F: C, 76.54; H, 4.90; N, 12.76. Found: 
C, 76.55; H, 4.92; N, 12.76.

Attack of I on Substituted Benzenes. Relative Rates. The
thermolyses were conducted in tubes of Vycor glass, 5 mm in di
ameter and 9-10 cm long. Prior to use they were cleaned with 
chromic-sulfuric acid solution, followed by 10 N  sodium hydrox
ide, and were then rinsed repeatedly with distilled water, baked 
for 24 hr at about 150°, and stored in a desiccator over phospho
rus pentoxide.

The solvent was commercial 1,1,2,2-tetrachloroethane, which 
after four fractional distillations still contained an impurity of 
higher Rf; although it amounted to at most 0.5%, its appearance 
in the vpc trace was prominent, since the solvent-substrate ratio 
used was larger. Since additional redistillation did not noticeably 
improve the purity, and the foreign component did not interfere 
with the vpc traces of the substrates used, the solvent was used in 
this state.

The aromatic substrates used were reagent-grade benzene, tol
uene, trifluoromethylbenzene, and phenetole, which were frac
tionally distilled and stored over sodium sulfate; reagent-grade 
nitrobenzene, which was steam distilled, dried, and then fraction
ally distilled; and isopropoxybenzene, which was synthesized 
from isopropyl bromide and sodium phenoxide, and redistilled 
(bp 177°). The purity of each solvent was ascertained by vpc.

Solutions were prepared by weighing approximately 0.25 mmol 
each of benzene and substituted benzene from a 0.24-ml syringe 
into a 1-ml volumetric flask, which was then filled to the mark 
with 1,1,2,2-tretrachloroethane, stoppered, and shaken to thor
oughly mix the liquids. Half of this solution was withdrawn into a 
0.5-ml syringe and added to an ampoule containing 0.0655 g (0.25 
mmol) of I. The remaining half was refrigerated in the stoppered 
flask, until used to assay the amount of the substrates by vpc. 
The solution was distributed among five reaction tubes, frozen in 
Dry Ice-acetone, and sealed. All transfers were conducted as rap
idly as possible to minimize loss of solvents. The diazotriazole 
used had been recrystallized from ether-petroleum ether to ana
lytical purity.

Anal. Calcd for Ci5NnN5: C, 68.94; H, 4.25; N, 26.81. Found: 
C, 68.91; H, 4.22; N, 26.94.

The samples were allowed to warm to room temperature and 
were equilibrated in a constant-temperature bath at 50.0 ±  0.1°. 
Tubes were withdrawn at various time intervals and were stored 
in Dry Ice-acetone until analyzed; one vial, “ t „ , ”  was not re
moved until at least 10 hr.

The changes in composition of the samples were determined on 
an F & M Model 500 gas chromatograph equipped with a Brown 
recorder and disc chart integrator, using a 0.25 in. x  8 ft column 
of 5% SE-30 silicone rubber on Chromosorb 60/80 W (He flow 
rates 50-80 ml/min; initial temperature 30-50°; programs 0-7.9°/ 
min). The average numerical values obtained (each an average of 
five measurements) were divided by the value for the i0 sample. 
The best least-squares fit to a straight line for log ([Ph-G] at tn/  
[Ph-G] at f0) for the substituted substrate against log ([Ph-H] 
(in)/[Ph-H] (to) for benzene was caluclated by computer, accord
ing to the equation

, fe[Ph — G] log ([P h -G ]t„ /[P h —G](0) 
¿ [P h -H ] log ([P h -H I. /  [Ph—H],0)

The evaluation of the vpc traces of samples containing trifluo
romethylbenzene was complicated by the near coincidence of the 
retention times of the substrate and of an undetermined reaction 
product which was formed in similar amounts in all experiments, 
regardless of the aromatic substrate, amounting to about 8%. A 
correction was made by subtracting the amount formed in experi
ments without trifluoromethylbenzene.

The overall results are presented in Figure 1 and Table II.
Kinetics of Thermolysis of 5-Diazobenzyl-l,4-diphenyl-

1,2,3-triazole (II). The thermolysis rates of II were determined by 
observing the change in absorbance at 495 nm on a Cary 14 re
cording spectrophotometer. The validity of Beer’s law was con
firmed on five standard solutions of II in anisole; molar extinction 
coefficients were determined to be 69 for anisole solutions, 76 for 
nitrobenzene solutions, and 63 for dioxane solutions.

Method A. Solutions of II (0.012-0.015 M) were immersed in a 
water bath preequilibrated at the required temperature; 12-15 
min was allowed for the solution to warm, after which time the 
first aliquot was removed and transferred to a cell chilled in ice- 
water (duration less than 15 sec). Subsequent aliquots were re
moved in like manner at appropriate time intervals. Absorbances 
were determined after each sample had cooled to room tempera
ture.

Method B. The solution was apportioned among 12 stoppered 
tubes which were immersed into the equilibrated water bath. The 
first tube was withdrawn 10 min after immersion, and one tube 
each at appropriate time intervals. The sample tubes were stored 
in ice-wateT until the spectra could he scanned, for which purpose 
the contents were allowed to thaw, and were then transferred to 
the absorbance cell.

The measurements were carried out in every case by scanning 
the spectrum from 600 to 400 nm and determining the absorbance 
at the maximum (about 495 nm). Baseline corrections were ap
plied as necessary. Decomposition to completion in p-dioxane re
sulted in a colorless solution; thus there was no interference from 
products. With the aromatic substrates, however, absorption 
caused by the yellow products began to overlap with the absorb
ance at 495 nm after about two half-lives, but they presented no
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problem during the initial period, during which the kinetic mea
surements were taken.

The data were evaluated by a computerized least squares fit 
analysis25 to determine the coefficients for the best quadratic 
equation fitted to the sets of logarithm vs. time and the standard 
deviation of the log A values from the calculated straight line. In 
anisole, at 69.9 ±  0.1°, k = (9.89 ±  0.06) x  10-3 min-1 (two ex
periments, 11 measured points for each); at 80.0 ±  0.1°, k = (29.5 
±  0.9) X 10-3 min-1 , in nitrobenzene at 70.0 ±  0.1°, k = 10-3 
min-1 , and at 59.9 ±  0.1°, k = (80.3 ±  5.2) x 10-3 min-1 .

l,4-Diphenyl-5-(a-hydroxybenzyl)-l,2,3-triazole. Reduction 
of 3.5 g of XI was brought about by treatment with 0.234 g of lith
ium aluminum hydride in 180 ml of tetrahydrofuran at reflux for 
1 hr. After conventional work-up, 2.18 g (60%) of white crystals of
l,4-diphenyl-5-(a-hydroxybenzyl)-l,2,3-triazole, mp 172-177°, 
clearly distinguishable by tic from the original ketone, was ob
tained: ir (Nujol) 3300 and 3175 (OH), 1600 and 1503 (phenyl), 
1000 and 1075 cm-1 (triazole); nmr 7.2 (m, 15), 6.21 (d, 1), and
3.47 ppm (d, 1). When the sample was shaken with D20, the 
3.47-ppm doublet collapsed to a singlet. This substance was iden
tical with the product of thermolysis of II in dioxane. An analyti
cal sample was prepared by five more recrystallizations from ben
zene as shiny white needles, mp 177-179°.

Anal. Calcd for C2iH 17N30 : C, 77.04; H, 5.23; N, 12.84. Found: 
C, 76.82; H, 5.13; N, 12.83.

The mother liquors were shown by tic to consist of a mixture of 
starting material and product.

Thermolyses of 5-Diazobenzyl-l,4-diphenyl-l,2,3-triazole in 
Aromatic Solvents. Thermolysis of II. Solutions of II, ca. 0.02 
M, in a given solvent were flushed with dry nitrogen for 30 min to 
5 hr and were then heated at 80-85° in an oil bath, with stirring, 
in apparatus dried by baking for 12 hr, under a positive pressure 
of nitrogen. Decomposition was allowed to proceed for 4-5 hr, 
after which no more II was detectable by tic or ir. Decompositions 
in benzene required a reflux condenser.

A. In Benzene. The yellow solution resulting from decomposi
tion of 0.450 g of II in 133.4 ml of dry benzene was concentrated in 
vacuo to a yellow oil, which on trituration with ether precipitated
195.5 mg of a white solid: mp 148-198°; ir 1610, 1580, and 1500 
(phenyl), 1080, 1005, and 925 cm-1 (triazole); nmr b 7.87 (m, 2), 
7.39 (m, 13), and 5.37 ppm (s, 1); mass spectrum m/e 310 
(C21H16N3). The empirical formula corresponds to «-(1,4-di
phenyl-1,2,3-triazol-5-yl) benzyl radical, and the ir and nmr spec
tra unambiguously indicate the preservation of the 1,4-diphenyl-
1,2,3-triazole moiety. Presumably, the compound is the dimer,
l,2 -d iphen yl-l,2 -d i(l,4 -d iph enyl-l,2 ,3 -triazol-5 -y l)eth an e, 
C42H32N6, in which the lability of the central bond is high 
enough to permit complete dissociation of the molecular ion 
under the conditions used (60 eV, direct inlet at 150-200°). At
tempts to obtain a mass spectrum at lower ionization voltages 
gave unsatisfactory results. The structure assignment of IX is 
supported by the fact that the same substance was formed re
gardless of the aromatic decomposition medium; so it could only 
have been derived from II.

Eight recrystallizations from ethanol gave an analytically pure 
sample as fine, pure white needles, mp 221-223°.

Anal. Calcd for C42H32N6: C, 81.25; H, 5.19; N, 13.55. Found: 
C, 81.13; H, 4.97; N, 13.52.

The ethereal filtrate from the foregoing fraction was concen
trated and again triturated with ether to produce an additional 
75 mg of IX (ir, tic, mixture melting point). The mother liquors 
from this second crop were subjected to preparative tic on silica 
gel. Nine bands were collected, containing a least seven com
pounds. The fifth band consisted of two compounds in approxi
mately equal amounts, one of which was IX. Recrystallization 
from ethanol gave 9.8 mg of IX, increasing the total amount iso
lated to 412 mg (65.2%).

Bands 3 and 4 contained 53.8 mg of mixtures of compounds, 
with one material predominating to the extent of 80% as estimat
ed from the relative intensities on tic. A 20-mg crop (4.5%) of this 
material, mp 177-180°, was obtained chromatographically pure 
by crystallization from absolute ethanol. One further Tecrystalli- 
zation led to pale yellow prisms of XI, mp 182-184°, identical by 
mixture melting point, ir, and nmr with authentic material.

Trituration with ether of the material separated in the seventh 
band precipitated 8.7 mg of X  as white needles, mp 261-277° dec; 
recrystallization from ethanol increased the melting point to 
297-301°, mass spectrum m/e 618 (C^zHsoNg). All isolated frac
tions of X  were combined and recrystallized repeatedly from eth
anol, affording 5.0 mg of glossy white needles, mp 303-304.5°; it

did not decolorize bromine in carbon tetrachloride, which is not 
unusual for a highly hindered olefin.

Anal. Calcd for C42H30N6: C, 81.53; H, 4.89; N, 13.59. Found: 
C, 81.33; H, 5.09; N, 13.60.

Approximate estimates of the total amounts of products formed 
were obtained by examining the various impure fractions by tic 
and estimating the proportion of each component from the rela
tive size of the spot on the chromatogram. The residual fractions 
were deduced to contain approximately 15 mg of XI, 18 mg of IX, 
and 28 mg of X; adding the actually isolated quantities to these 
amounts gave 44 mg of XI (6.7%), 271 mg of IX (42.), and 37 mg 
of X  (5.5%). None of the other compounds observed as tic spots 
was obtained in quantities sufficient for isolation and identifica
tion.

B. In Toluene, Anisole, Isopropoxybenzene, and Nitroben
zene. Thermolyses in these solvents were examined in much the 
same way as described for benzene, with minor variations in re
crystallization and chromatographic techniques. The identity of 
the various samples of IX, X, and XI with each other was estab
lished by mixture melting point, ir, nmr, and tic retention. The 
results are recorded in Table III.
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The spiro Meisenheimer complex formed from l-(/J-hydroxyethoxy)-2,4-dinitrobenzene (4) in the presence of 
strong base in aqueous DMSO is considerably more stable than the analogous complex from Af-/3-hydroxyethyl- 
JV-methyl-2,4-dinitroaniline (1). This difference in stabilities, which becomes more pronounced in DMSO-rich 
mixtures, is attributed mainly to greater ground-state resonance stabilization in 1. In water-rich mixtures the 
rates at which the two spiro Meisenheimer complexes revert to starting materials are almost identical, indicat
ing that the higher stability of the complex derived from the title compound is entirely due to a higher rate of 
formation. This is shown to be consistent with a complex-like transition state. In DMSO-rich solvents the re
sults indicate a shift toward a more reactant-like transition state in agreement with the Hammond postulate.

We recently published a kinetic study on the formation 
of the cyclic Meisenheimer complex (3) derived from N - 
d-hydroxyethyl-iV-methyl-2,4-dinitroaniline (1) in various 
mixtures of dimethyl sulfoxide (DMSO) and water.3 We 
were particularly concerned with the rate coefficient k 2 
since it provides a point of reference for the expected rates 
of leaving-group departure in typical nucleophilic aromat
ic substitution reactions of amines with l-X-2,4-dinitro- 
benzene compounds.4
CH;i CH2CH2OH

N02
2

(1)

In trying to understand better the factors on which 
leaving group reactivities depend, we have now investi
gated the reaction of eq 2. One point of special interest is 
whether resonance stabilization in 2 (2a, 2b) has a major 
influence on the rate constants k.2 and k _2 of eq 1. Inas
much as resonance stabilization of this type is expected to 
be less important in 5, a comparison between the two sys
tems should be revealing.5

Results
Upon addition of base to a solution of 4 in aqueous 

DMSO, 6® is formed according to eq 2; the stability of 6 
relative to the starting materials increases with increasing 
DMSO content, a well-known phenomenon in Meisen
heimer complex chemistry7 as well as in many other nucleo
philic additions or substitutions.8

Absorption spectra in 54% DMSO (v/v) at various base 
concentrations are shown in Figure 1. Owing to hydrolysis 
the solutions were not very stable; the spectra shown rep
resent extrapolations to zero time.

If we assume that at [KOH] > 0.5 M  conversion to 6 is 
quantitative, one calculates an extinction coefficient of
21,000 at Amax 495 nm. This extinction coefficient is the 
same as the one determined indirectly (see below) in 50% 
DMSO (v/v). Spectra taken in 80% DMSO in the pres
ence of tétraméthylammonium hydroxide indicate 66 
32,200 at Amax 500 nm; i.e., 66 is significantly solvent de
pendent.

Kinetics. The kinetics of the equilibrium formation of 6 
were monitored spectrophotometrically in the stopped- 
flow (SF) or the temperature-jump (TJ) apparatus. In all 
runs the base was in a large excess over the substrate con
centration, assuring pseudo-first-order kinetics through
out. Thus the reciprocal relaxation time is given by eq 3,
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Figure 1. Uv-visible spectra of 4 at various KOH concentrations
in 54% DMSO (v/v) (M = 0.5 M, [4]0 = 4.0 x 10-5 M ) : -----------,
without base ;-------- , 0.006 M: . . . . ,  0.0125 M; —  . —, 0.025"M;
— x —, 0.05 M; —------ , 0.5 M.

Figure 2. Reaction in 50% DMSO (v/v), m = 0.5 A4, r 1 as func
tion of [KOH]o.

since the acid-base equilibrium 5 is always rapidly es
tablished with respect to the time scale of r; [H O - ]o re
fers to the stoichiometric base concentration.

1 _  u K ^ E ( r >̂ . ,
T 21 +  ^ [H O -]„  “ 2

(3)

Table I
Reciprocal Relaxation Times in Various Solvent 

Mixtures at 25°

%
DMSO [KOH lo,
(V/v) M ft M [4]o, M r -1, sec-1 Method

2 0.2 1.0 2 X 10 -3 1460 ±  70 T J
2 0 .5 1.0 2 X 10-3 1460 ±  70 T J
2 1.0 1.0 2 X 10 -3 1440 ±  70 T J

20 0.2 1.0 2 X 10 -3 751 ±  35 T J
20 0.5 1.0 10 -3 786 ±  39 T J
20 1.0 1.0 5 X 10 -4 865 ±  43 T J
50 0.005 0.5 8 X 10-3 139 ±  7 S F
50 0.01 0.5 8 X 10 -3 169 ±  9 S F
50 0.02 0.5 2 X 10 -3 210 ±  1 1 S F
50 0.04 0.5 2 X 10 -3 266 ±  13 S F
50 0.05 0 .5 2 X 10 -3 310 ±  15 S F
50 0.06 0 .5 2 X 10 -3 367 ±  18 S F
50 0.08 0 .5 2 X 10 -3 412 ±  21 S F
50 0.10 0 .5 2 X 10-3 471 ±  23 S F
65 —0.0003 0.46 4 X 10 -4 53 ±  3 T J
65 0.0015 0.46 2 X 10 -5 97 ±  5 S F
65 0.0025 0.46 2 X 10 -3 139 ±  7 S F
65 0.005 0.46 2 X 10 -3 221 ±  1 1 S F
65 0.0075 0.46 2 X 10 -3 313 ±  15 S F
65 0.01 0.46 2 X 10 -5 396 ±  20 S F

In 50% DMSO (v/v) the dependence of t- 1 on base con
centration is much stronger; a plot of t - 1  us. [HO ]o is 
shown in Figure 2. The plot is linear at low base concen
trations (A i[H O - ]o < 1 ) with k2Ki = 4020 M  1 sec-1 and 
fe -2 = 124 sec-1 , but shows a tendency to curve down at 
the highest concentrations. Determinations of r -1 at still 
higher concentrations would have been desirable for pur
poses of evaluating k2 and K2 separately; this was not 
possible with our equipment for the following reasons. (1) 
The rates become too fast for the stopped-flow technique.
(2) There is no suitable wavelength where the relaxation 
amplitude in a temperature-jump experiment was satis
factory at [KOH]o >0.1 M .9

In 65% DMSO (v/v) r -1 increases about ten times more 
strongly with base concentration than it does in 50% 
DMSO. For the same reasons as in 50% DMSO it was not 
possible to determine r _1 at [KOH]o >0.01 M; up to this 
concentration the dependence is linear (plot not shown) 
withfe2X i = 3.53 x 104M “ 1sec_1and/z_2 = 50sec-1 .

Equilibrium Measurements. In 2% DMSO k2K\ can
not be determined from kinetics, whereas in 20% DMSO 
the kinetically determined value of k2K i is not very accu
rate since it is the small slope of a plot of r -1 us. [KOH]o. 
One can, however, obtain k2X i indirectly from equilibri
um measurements.

We carried out such measurements by the spectropho- 
tometric method. At the absorption maximum of 6 there 
is no other species in the equilibrium which absorbs a sig
nificant amount of light. Thus in a 1-cm cuvette Beer’s 
law is given by eq 5.

A = es[6] (5)

In any given solvent the ionic strength was kept con
stant by adding KC1 as necessary. Our results are summa
rized in Table I.

As confirmed by equilibrium measurements reported 
below, complex formation is disfavored in 2% DMSO (v/ 
v). Thus t- 1, which is independent of base concentration 
in this solvent, is equivalent tok~2.

In 20% DMSO (v/v) r -1 increases slightly with base 
concentration. A plot of r -1 us. [HO [o (not shown) is lin
ear, indicating that Xi[H O- ]o < 1 ; thus eq 3 simplifies to 
eq4withft2A i = 144M-1 sec-1 and k - 2 = 719 sec-1 .

1
^2A 1[HO~]0 +  k—2 (4)

The equilibrium concentration of 6 in the presence of an 
excess of base is given by eq 6, where [4]o is the stoichio
metric concentration of 4 and K2 = k2/k-2. Combining eq 
5 with eq 6 affords eq 7.

[6]
k 1k 2[e q - ] 0

i + ( K 1 +  A,/«r2)[ffir ]o
[4]„ (6)

A _  ______K 17f2[HO ]0_______ ^
0 4 1  “  1 +  ( K 1 +  K , K 2)[ HO“ ]«

Absorption readings in 2, 20, and 50% DMSO (v/v) are 
summarized in Table II. In 2 and 20% DMSO absorption 
increases linearly with base concentration (plots notT
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shown), indicating (Ki + K iK 2) [ H O ] o <Cl up to [KOHjo 
= 1 M. Thus eq 7 simplifies to eq 8. Assuming that t6 at 
the respective absorption maxima in 2 and in 20% DMSO 
is the same (21,000) as the one determined in 50% DMSO, 
one obtains K1K2 = 4.1 X  10 2 M -1 and thus k2Ki (= 
K iK 2k - 2) = 59.5 A f-i  sec-1 in 2% DMSO, K iK2 = 0.24 
M  1 and thus k2K% = 173M _1 sec-1 in 20% DMSO.

~ r  =  A ,A 2[HO-]„ (8)
€6lAJo

In 50% DMSO a plot (not shown) of A vs. [KOH]0 is 
curved. For evaluation we invert and rearrange eq 7 and 
obtain eq 9. A plot of the left-hand side of eq 9 vs. 
[HO ]o 1 is shown in Figure 3. By again choosing «6 =
21,000 we obtain the same value for K\K2 of 32.1 M '1 
(reciprocal slope of Figure 3) as from kinetics (K±k2/ 
fe-2).10

IsWo =  , J i  A
A K , K ,K l  HO-]0 ( 9 )

In 65% DMSO (v/v) the equilibrium favors 6 over 4 to 
such an extent that a spectrophotometric equilibrium de
termination was not attempted since most measurements

Table II
Absorbance at Xm0n in Various Solvent Mixtures at 25°

%  A  at
DM SO  [KOHlo, -----------------
(v/v) M M 14)o, M A a  at xmas 66 14] 0

2 0.2 1 .0 10 - 3 0 .185 0 .0088
2 0.4 1 .0 1 0 - 3 0 .370 0 .0176
2 0.5 1 .0 1 0 - 3 0 .448 0.0213
2 0.6 1 .0 1 0 - 3 0 .535 0.0255
2 0.8 1 .0 1 0 - 3 0 .703 0.0335
2 1 . 0 1 .0 10 “ 3 0 .888 0.0423

20 0 . 1 1 .0 1 0 “ » 0 .570 0.0271
20 0.3 1 .0 5 X 10 0 .815 0.0776
20 0.4 1 .0 5 X 10 “ 4 1 .037 0.0988
20 0.6 1 .0 5 X 10-* 1.530 0 .146
20 0.7 1 .0 2 X 10 -4 0 .706 0 .168
20 0.9 1 .0 2 X 1 0 - 4 0 .872 0 .208
20 1 . 0 1 .0 2 X 10 “ 4 1 .037 0 .247
50 0.01 0 .5 10 “ 4 0 .444 0 .212
50 0.02 0 .5 10 “ 4 0 .871 0 .415
50 0 .0 3 0 .5 1 0 - 4 1 .014 0 .484
50 0 .04 0 .5 5 X 10 -» 0 .618 0 .589
50 0 .0 5 0 .5 5 X 10 ~5 0 .651 0 .620
50 0 .0 6 0 .5 5 X 10 - 5 0 .746 0 .711
50 0 .0 8 0 .5 5 X 1 0 - 5 0 .795 0 .757
50 0.10 0 .5 5 X 10 0 .826 0 .786

“ Xma* 480 nm in 2 and 20%  D M SO , 494 nm in 50% 
D M SO . 6 e6 assumed to be 21,000 throughout as determined 
in 54%  D M SO .

would have to be made at base concentrations <10 3 M, 
which are difficult to maintain without buffers.

Discussion
Table III summarizes all kinetics and equilibrium pa

rameters of this study along with those of the system of eq
1. Note that the values for k~2 and K\K2 referring to the 
system of eq 2 have been statistically corrected (experi
mental k 2 divided by 2, experimental K iK 2 multiplied 
by 2).

In treating our data we have implicitly assumed that 6 
is the only species contributing significantly to the ab
sorption of visible light. In response to a comment by a 
referee we shall briefly discuss the possibility that forma
tion of 7 might compete with the formation of 6. This is a 
real possibility, since Hasegawa and Abe11 have found 
that complex 8 is formed in solutions of 2,4-dinitroanisole 
in aqueous DMSO in the presence of hydroxide ion, pre
ceded by the transient appearance of a 1,3 complex (at
tack of HO “ on the 3 position).

The stability constant for 9 in methanol is K  «  5 X  
10 5 A /“ 1.12 Based on findings with a complexes formed 
between 1,3,5-trinitrobenzene and HO-  or M eO -, respec
tively,13 the stability constant in water of 8—and by anal
ogy that of 7 as well—is expected to be no greater than 
that of 9 in methanol, and probably smaller.

Let us now make the hypothesis that the colored species 
in our study is 7 instead of 6; the quantity K iK 2 in Table 
III would thus take on the meaning of the stability con
stant, K, of 7. In 2% DMSO this quantity is 8.2 x  10 2 
M 1, which is more than 103-fold greater than the upper 
limit (5 X  10_ 5 M “ 1) expected for the stability constant 
of 7. Further, if we were dealing with 7 instead of 6, the 
high rate of complex dissociation (e.g., in 2% DMSO k - 2 
= 725 sec-1 ) would be difficult to rationalize since expul
sion of HO- from 7 in 2% DMSO is expected to be no 
greater and probably slower than expulsion of MeO-  from 
9 in methanol13 (42 sec-1).12 We conclude that the color 
in our system is virtually exclusively due to 6. This con
clusion is further supported by the fact that we observe 
only one relaxation process and that K iK 2 determined 
from kinetics in 20% DMSO agrees with K 2K 2 determined 
spectrophotometrically within the experimental error.

Let us now turn our attention to a comparison of the 
systems of eq 1 and 2. There are striking differences be-

Table III
Kinetic and Equilibrium Parameters for the Reactions o f Equations 1 and 2

D M SO  (v /v )

fe_2/  sec“ 1 
Kiki, A f“ 1 sec“ 1 
K^Kz,a A f- 1 (kinetic) 
KiKi,a M ~x (spectr)

A_2, sec“ 1 
Kxki, M ~ l sec -1 
K iK î, M~l (spectr)
( ^ - 2 ) i /  (k -  2 ) 3
(K M t/ iK x k ,),
(K1K 1),/(K1K 2)3

725 ±  35
59 .5  ±  5»

8 .20  ± 0 . 3  X 10~2

929
4.56»
4 .92  X  1 0 ~3
0.78
13.1
16.7

2 0 %

4 5 ^==± 6
360 ±  18 
173 ±  156

0 .40  ±  0 .0 8  
0 .4 8  ±  0 .02  

1 2 ^=± 3
650 
4 . 956
7 .6 0  X  1 0 -»
0 .55
35
63.2

50%

62 ±  3
4.01 ±  0 .2  X 103
64 .2  ±  6
64 .2  ±  6C

332
19.9»
5 .98  X  10~2 
0.187 
202 
1075

65%

25 ±  5
3 .53  ± 0 . 1 4  X 104 
1410 ±  200

166
156»
0 .9 4
0.150
226
1500

0 Statistically corrected. 6 From  KJCt (spectr) X  &_2. c e6 chosen such as to give KxK% (spectr) =  K yK 3 (kinetic); see text.
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Figure 3. Reaction in 50% DMSO (v/v), n = 0.5 M, inversion 
plot according to eq 9.

tween the two systems, both in the absolute values of the 
kinetic and equilibrium parameters as well as in their sol
vent dependence. For example, for 6 the effect on fe_2 of 
increasing the DMSO content is comparable in magnitude 
to similar solvent effects on the rate of decomposition of a 
complexes between HO-  and 3,5-dinitropyridine14 or 3,5- 
dinitrobenzonitrile;15 for 3 this solvent effect on k 2 is 
much smaller. This suggests that 6 behaves “ normally,”  3 
“ abnormally.”

Comparing the K iK 2 values in the two systems, we note 
that 3 is considerably less stable than 6. Since K\, the 
acid dissociation constant of 1 and 4, respectively, can be 
expected to be very similar for both compounds, the high
er KyK2 value for 6 must mainly reflect a higher K2 
value.16

Possible factors accounting for the lower stability of 3 
include ground-state resonance stabilization in 2 (2a, 2b), a 
larger steric strain (eclipsing effects) in the five-mem- 
bered ring of 3, and the stabilizing effect of two alkoxy 
substituents on the sp3 carbon18 of 6.

We believe that the first factor may very well be the 
most important of the three for the following reasons. 
When the DMSO content of the solvent is increased, the 
ratio {K\K.2 )§/(K\K-i )3 increases from 16.7 ir. 2% to 63.2 
in 20% to 1075 in 50% to 1500 in 65% DMSO. Assuming 
that the solvent effect on Ky is comparable in both sys
tems, these data indicate that 'the stability of 6 increases 
more than does the stability of 3. In other words, the fac
tor responsible for the higher stability of 6 over 3 becomes 
more important in DMSO-rich mixtures.

Since DMSO is well known to be more effective than 
water in solvating large dipoles,8 resonance forms such as 
2a and 2b may in fact become more important in DMSO- 
rich mixtures and with it ground-state stabilization of 2, 
thus accounting for the solvent effect on {K iK'2)g/ 
(K1K2)3 . It would be more difficult to rationalize the 
solvent effect on the basis of the two other possible factors 
(steric strain or sp3 carbon stabilization).

This interpretation is also consistent with the idea that 
6 is the “ normal,”  3 the “ abnormal” compound as suggest
ed earlier.

An interesting question regards the extent to which the 
transition state is affected by the resonance stabilization. 
In 2 and in 20% DMSO both 6 and 3 revert to their start
ing materials at essentially the same rates. This means 
that it is the forward rate coefficient (k2) which is entirely 
responsible for the difference in complex stability between 
3 and 6. We conclude from this that the transition state 
for the reaction 2 ^  3 does not benefit from resonance sta
bilization and thus must closely resemble the complex.

As the DMSO content is increased k~2 becomes cores- 
ponsible for the lower stability of 3; in 65% DMSO k - 2 for 
3 is almost seven-fold larger than for 6. This suggests that 
in DMSO-rich mixtures there is some resonance stabiliza
tion in the transition state; i.e., the transition state must 
move closer to 2 as the DMSO content increases. Since 
complex stability increases at the same time, such an ef
fect would be consistent with Hammond’s postulate.19

Though more data of a similar kind are needed for defi
nite conclusions, this study suggests that developing reso
nance stabilization in the transition state of the product
forming step in nucleophilic aromatic substitution reac
tions by amines probably only plays an important role 
when the intermediate complex is very stable.

Experimental Section
Materials. l-(/3-Hydroxyethoxy)-2,4-dinitrobenzene was pre

pared according to Blanksma and Fohr,20 mp 111° after recrystal
lization from ethanol. DMSO (Baker Analyzed Reagent Grade) 
and KC1 (Mallinckrodt) were used without further purification. 
Tetramethylammonium hydroxide (Matheson Coleman and Bell) 
was recrystallized from anhydrous ethanol. KOH solutions were 
prepared from Titrisol (Merck). Reaction solutions were prepared 
by dispensing the appropriate amount of DMSO into a volumet
ric flask, then adding an aqueous solution of the other ingredi
ents, and finally filling to the mark with distilled water.

Rate and Equilibrium Measurements. Kinetic determinations 
were made on a temperature-jump transient spectrophotometer of 
Messanlagen Studiengesellschaft, Gottingen, and on a stopped- 
flow spectrophotometer of Durrum Instruments Corp. Chemical 
relaxation was monitored between 490 and 530 nm. Spectrophoto- 
metric equilibrium measurements were carried out in a modified 
thermostatted Bechman DU spectrophotometer. Owing to hydrol
ysis, absorbance readings decreased slowly with time. The values 
reported in Table II are extrapolated to time zero.
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Rate and equilibrium constants for the base-catalyzed addition of methanol to benzylideneanilines in metha
nol-acetonitrile (90:10 v/v) were determined by means of spectrophotometry. The equilibrium constant in
creases by electron-withdrawing substituents in the aniline ring as well as in the benzylidene ring, showing a 
correlation with the <r+ constants. Also the rate constant increases by electron-withdrawing groups, showing a 
correlation with a in this case. The solvent deuterium isotope effects are 0.98 for KoMeOH/KoMeOD and 0.60 for 
kfMeOH/£rMeOD The structural change of alcohol leads to the Taft equation for equilibrium constant, Ko: log 
(Kox/K0Me) = -8.2<r* + 0.48ES. The rate decreases in the order n-BuOH > EtOH > MeOH > sec-BuOH > 
f-BuOH > ¿-PrOH, showing no simple correlation. The observed base catalysis, substituent effect, and solvent iso
tope effect are best explained by a mechanism involving a rate-determining attack by the alkoxide ions on the 
imino carbon atom. Thermodynamic parameters are calculated.

Equilibrium additions of nucleophiles to 0 = 0  bonds 
have been extensively studied1 but the studies on the ad
ditions to G =N  bonds are few except for the hydrolysis of 
Schiff bases2-5 and for the additions of amines5 and of hy
drogen cyanide.6’7 Only a few reports have paid attention 
to the addition of alcohols to C = N .2'8’9 Because of the 
higher basicities2-4 and lower electrophilicity of C =N  
than those of 0 = 0 ,1 these reactions involve the proton- 
ated Schiff bases, where negative p values have been ob
served.2-7

The present report describes the base-catalyzed equilib
rium addition of alcohols to benzylideneanilines 1-11 in 
which no subsequent reactions such as C—N cleavage in 
hydrolysis occur.

RiC6H4C H = N C 6H4R2

Compd Ri R2 Compd R1 R2
1 p -n o2 m-N02 7 H m-N02
2 p -n o 2 m-Cl 8 H m-Cl
3 p -n o2 p-Cl 9 H p-Cl
4 p -n o2 H 10 H H
5 p -n o2 p-Me 11 p-Cl H
6 p -n o2 p-OMe

Results
Base-Catalyzed Addition of Methanol. The stoichiom

etry of equilibrium addition of methanol to benzyli
deneanilines was confirmed by the decrease in extinction 
at 340 nm in the uv spectrum and appearance of the CH 
proton at ca. r 4.5 with a decrease in the CH = proton at 
r 1.7 in the nmr spectrum. The addition in neutral meth

anol solution requires several days to reach an equilibri
um, while in the presence of a basic catalyst it is much 
more rapid. Addition of acetonitrile to the basic equilibri
um solution causes the extinction at 340 nm to increase 
until a new equilibrium position is established, because of 
the decrease in methanol concentration. Moreover, the 
value of equilibrium constant, Ko, evaluated in terms of a 
following stoichiometry from the decrease in extinction of 
a Schiff base, is consistent with that evaluated from the 
relative strengths of the CH proton signal us. the -CHf=  
proton signal in the nmr spectrum of the solution. Hence

Ko
R1C6H „C H =N C6H4R- +  MeOH R1 (T H /’HiOMe)-NHC„H4R?

Although rapid solvolysis of Schiff bases occurs in acidic 
methanol to afford the corresponding benzaldehyde di
methyl acetals and anilines, no solvolysis occurs in alka
line methanol.

Effect of Substituent in Benzylideneanilines. The
equilibrium and rate constants for addition of methanol to 
benzylideneanilines are shown in Table I. Af-Benzyli- 
deneanilines with a single electron-releasing group such as 
methyl or methoxy have very small equilibrium constants 
showing only poor addition of the alcohol {K 0 <  10~ 3 M ~ 1 
based on <1% conversion of Schiff base).

The equilibrium constants show a good correlation with 
the Brown-Okamoto’s ct+ constant,10 giving a p+ value of
1.42 (r = 0.993) at 15°, 1.41 (r = 0.994) at 25°, and 1.43 (r 
= 0.995) at 30° for AC (p-nitrobenzylidene) (substituted an
ilines), 1.58 for 7V-benzylidene(substituted anilines), and
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Equilibrium and Rate Constants for the Addition of Methanol to Benzylideneanilines 
at 25° in Methanol-Acetonitrile (90:10 v/v)°

Table I

-Substituent----- •—* ^ M e O H c

Compound Registry no. R 1 R 2 10*Ko, KWqM-’OH/ M- 1 sec-1 M~l sec-1
1 10480-07-6 p-N 02 to-N 0 2 65 ±  1 176 ±  6 6 . 6
2 10480-21-4 p- n o 2 m-Cl 3 1 .5  ±  0.5 2 3 .5  ±  0 .5 0.88
3 14796-61-3 p -n o 2 p-Cl 16 .4  ±  0 .1 9 .5  ±  0 .1 0.36
4 785-80-8 p -n o 2 H 7 . 1  ±  0 .1 1 . 6  ±  0 . 2 0.06
5 730-39-2 p -n o 2 p-Me 3 .6  ±  0 .2 1 .0 3  ±  0.04 0.04
6 5455-87-8 p - n o 2 p-OMe 0 . 6  ±  0 . 2 ~ 0 .0 4 ~ 0 .0 1 5
7 5341-44-6 H m-N02 23 ±  1 7 .5  ±  0 .3 0.28
8 7519-65-5 H m-Cl 8 . 6  ±  0 . 2 1 .3 5  ±  0 .10 0 .0 51
9 780-21-2 H p-Cl 3 .5  ±  0 .1 0.54 ±  0.06 0 . 0 2 0

10 538-51-2 H H 1 .5  ±  0.05 0.39 ±  0.07 0 .0 15
11 2362-79-0 p-Cl H 2 . 6  ±  0 . 2 0.28 ±  0 . 0 2 0 . 0 1 1

2 p-N 02 m-Cl 32d 39 3

° [KOH ] =  0.006 M . b Apparent second-order rate constants calculated from  the concentration o f  M eOH. c Second-order 
rate constants calculated from  experiments at a single K O H  concentration. d In  M eO D -M eC N  (90:10 v /v ) .  Solvent deu
terium isotope effect is 0.98 for ifo MeOH/K o MeOI: and 0.60 for i [ ' ,<;0n/A iMe0D.

Table II
Base Catalysis for the Addition of Methanol to 
AMp-Nitrobenzylidene; -m-chloroaniline (2) at 

25° in Methanol-Acetonitrile (90:10 v/v)
l<WfcfMe0H,“

KOH , M IO2X0, M "1 M ~ l  sec-1

0.0006 3.15 1.60
0.0012 3 .2 3 .54
0.0030 3 .2 10 .5
0.0048 3 .2 17 .3
0.0060 3 .2 23.1

® Apparent second-order rate constant based on the con
centration o f  M eOH.

Table III
Equilibrium and Rate Constants for the Addition of 
Alcohols to TV-(p-Nitrobenzylidene) -m-chloroaniline 

(2) at 25° in ROH-MeCN (90:10)“
R  in Registry
R O H  no. 1 0 * K o , M ~ '  105£f, sec-1

M e 67-56-1 3 .2 0.05 23 ± 0 .1
E t 64-17-5 2 .4 ± 0 .1 58 ± 0 .1
n-Bu 71-36-3 3 .7 ± 0 .1 140 ± 8
i'-Pr 67-63-0 11 ± 1 1 .9 ± 0 .1
sec-Bu 78-92-2 7 .6 ± 0 .2 5 .0 ± 0 .4
f-Bu 75-65-0 22 ± 1 4 .8 ± 1 .5

“ [K O H ] =  0.0006 M .

0.86 for /^-(substituted benzylidene)anilines at 25°. An 
electron-withdrawing group both in the aniline and ben
zylidene rings increases the equilibrium constants, and 
the polar effect of the substituent in the aniline ring is a 
little larger than in the benzylidene ring. On the other 
hand, the forward rate constants are correlated with <r, 
giving a p value of 2.66 (r = 0.995) at 15°, 2.65 (r = 0.994) 
at 25°, and 2.80 (r = 0.999) at 30° for A(-(p-nitrobenzyli- 
dene) (substituted anilines) and 1.7 for N-benzyli- 
dene(substituted anilines). An electron-withdrawing group 
(P-NO2 and p-Cl) in the benzylidene ring also increases 
the rate constant.

Base Catalysis. The apparent second-order rate con
stant based on the concentration of methanol is propor
tional to the concentration of added potassium hydroxide. 
As methanolic KOH contains a much larger amount of 
the methoxide ions than the hydroxide ions,7 the rate 
equation is vt = &fMe°'[0= N ][M eO _ ], where G =N  is 
benzylideneaniline. The value of fefMe0‘ for ZV-(p-nitroben- 
zylidene)-m-chloroaniline was calculated to be 0.88 M _1 
sec- 1 at 25° from the plotted data in Table II.

Solvent Isotope Effect. Table I shows that the solvent 
deuterium isotope effects on the equilibrium constant 
K0MeOH/K0MeOD and rate constant ktMeOH/^MeOD for the 
base-catalyzed addition of methanol to (V-(p-nitrobenzyli- 
dene)-m-chloroaniline (2) are 0.98 and 0.60, respectively.

Effect of Structure of Alcohols. The equilibrium and 
rate constants with some alcohols are presented in Table 
HI. Application of the Taft equation to the equilibrium 
constants gave a p* value of —8.2 and a b value of 0.48 in 
the Taft equation,11 log (K0X/K0ME) = p*ax + 5ES, where 
(r* and Es are polar and steric substituent constants, and p* 
and b are polar and steric reaction constants, respectively. 
The polar effect on the equilibrium constant is larger than 
the steric effect. Methanol showed a positive deviation

from the line. On the other hand, application of the Taft 
equation to the rate constant is less satisfactory in the 
case where the steric effect is larger than the polar effect. 
Thus, the rate constants for primary alcohols are larger 
than those for secondary and tertiary alcohols.

Effect of Temperature. Thermodynamic properties 
were calculated from the data at 15, 25, and 30° in metha
nol-acetonitrile (90:10 v/v) and are shown in Table IV.

Discussion
These reactions are base-catalyzed equilibrium addi

tions. A few examples of such base-catalyzed additions to 
carbon-nitrogen double bonds have been reported, e.g., 
the addition of diethyl phosphonate to benzylideneanil
ines,12 dehydration of carbinolamine intermediates (the 
reverse of the addition of water)13’14 and hydrolysis of 
some benzylideneanilines with strong electron-withdraw
ing groups.2 The observed correlation of the equilibrium 
constant with <r+ suggests that the following resonance

X - C H = N -

* - 0 -  CHN etc.

+i-O- CHN -CH e tc .

X  =  Z  =  O M e; Y  =  N O ,



1060 J. Org. C hem ., Vol. 39, N o. 8, 1974 Ogata and Kawasaki

Table IV
Temperature Effect for the Addition of Methanol to iV-(p-Nitrobenzylidene) 

(substituted anilines) in Methanol-Acetonitrile (90:10 v/v)tt________
Substituent A F°, A H ° ,  A F * ,  A H *

R 2 k c a lm o l-1 kcal m o l-1 AS0, eu kcal m o l-1 kcal mol 1

1 m-NOî 1.6 1.5 ± 0.3 0 ±  0.8 21.0 8.3 ± 0.5 -4 4 ± 2
2 m-Cl 1.8 3.0 ± 0.3 4.2 ±  0.8 22.1 7.3 ± 0.4 -5 1 ± 1
3 p-Cl 2.2 2.8 ± 0.3 2.1 ±  0.9 22.6 7.8 ± 0.9 -5 1 ± 3
4 H 2.7 2.7 ± 0.3 0 ±  0.8 23.6 6.9 ± 2.1 -5 8 rt 7
5 p-M e 3.1 2.1 ± 0.9 - 3 .4 ±- 3.1
6 p-O M e 4.2 2.3 ± 3.1 - 6 .6

[KOH] = 0.0006 M.

stabilization of benzylideneanilines by both R1 and R2 is 
important to make the equilibrium constant smaller, al
though benzylideneanilines have been reported to have 
nonplanar conformations,15’16 composed of the planar 
benzylideneamino and anilino parts. Correlation with <r+ 
for equilibria for the substituent attached to the benzyli- 
dene part is well known,4’5 but such a correlation with <r+ 
for the substituent attached to the anilino part (R2) is un
known. The former resonance between X  and C =N  is 
similar to that in carbonyl compounds, and the latter be
tween Z and N = C  resembles that in stilbenes and azo
benzenes17 but not in carbonyl compounds.

The deuterium solvent isotope effect on equilibrium 
constant, K0MeOU /KoMeOD = 0.98, can be explained by 
virtually no change in zero-point energies between the
O-H and the N-H vibrations,18 since i»oh = »nh = 3400 
cm-1  in methanol and a-methoxybenzylanilines can be 
assumed.

The observed base catalysis and the positive p value can 
exclude the possibility of the participation of the conju
gate acid of the Schiff base. Hence a probable mechanism 
is

i slow !
MeO“  +  C = N '—  MeO— C— N—  (1)

MeO— C— N— +  MeOH 5=±

MeO— C— NH—  +  MeO“  (2)
I

A noncatalyzed mechanism involving preequilibrium 
formation of methoxide ion and protonated Schiff base 
from methanol and Schiff base, followed by a slow reac
tion between these ions, is less plausible because the reac
tion should be independent of base. Also, the reaction in
volving such a preequilibrium, followed by a reaction be
tween free Schiff bases and methoxide ion, would require 
second-order kinetics in Schiff bases, which is not the 
case.

The value of 0.60 for fefMeOH / MeOD ¡s ciose t0 the value 
of 0.71 for fcH20/fcD2° reported for an attack of hydroxide 
ions on the Schiff base,19 which supports the above mech
anism. Since potassium hydroxide (a strong base) is used, 
the concentration of the methoxide ions in methanol is 
the same as that in methanol-di and hence the value of
0.60 corresponds to the effect of solvent on the methoxide 
ion attack, that is, desolvation of the methoxide ions may 
be easier in methanol-di than in methanol, which is a 
stronger acid than methanol-di.20 It is known that the 
rate of specific base catalysis is lower in protiated solvent 
than in deuterated solvent.21 Hydrogen bonding to the 
imino nitrogen in the transition state, if any, would be

unimportant because it would lead to an isotope effect 
over unity.

The correlation of rates by a in contrast to the correla
tion of equilibria by <r+ may be explained by the transi
tion state structure of

(MeO5' - ..........C = N 5- )

Since partial negative charge may appear at the carbon 
and nitrogen atoms, the electron-releasing resonance by a 
substituent is not so important for the transition state 
stability.

The entropy of reaction (A S° ~  0) and the enthalpy of 
reaction (AH° ~  3) are small. Although it is difficult to 
explain the changes of entropy and enthalpy of reaction 
with varying substituent, electron-withdrawing groups 
tend to increase the’ enthalpy and entropy of reaction at 
any rate. On the other hand, the rate is controlled by en
tropy of activation rather than enthalpy of activation. 
This trend is the reverse of that for the hydrolysis rate of 
aromatic amides22 and anhydrides.23 The solvation of the 
transition state may be stronger with an electron-releasing 
substituent and cause a decrease in the degree of freedom 
in the transition state.

The equilibrium constant is influenced by polar substit
uents in alcohols (p* = -8.2, 5 = 0.48), while the rate 
constant decreases in the order n-BuO-  > EtO” > MeO"
> see-BuO-  > i-BuO-  > ¿-PrO- . No parallelism between 
equilibrium and rate constants was observed. This order 
would result from overlapping of steric, polar, and solvent 
effects. The failure of the Taft relationship for the rates 
may be ascribed in part to the rate measurement in each 
alcohol itself, i.e., in a different solvent, because of low 
conversion in equilibrium in other solvents. For the addi
tion of nucleophiles to the carbonyl compounds, where the 
steric effect is larger, y  value or a measure of the affinity 
of nucleophiles for carbon1 decreases in the order MeOH
> EtOH > ¿-PrOH > t-BuOH. In contrast, the following 
reactivity order has been observed for an attack of alkox- 
ide ions on acrylonitrile or butenone, where the polar ef
fect is larger: MeO-  > EtO-  > PrO-  > ¿-PrO-  ,24’25

Experimental Section
Uv spectra were recorded on a Hitachi spectrophotometer 

Model 124 and nmr spectra on a JEOL spectrometer Model C-60 
HL.

Materials. Substituted benzylideneanilines 1-11 were prepared 
as reported previously6-7 and stored as an acetonitrile solution. 
Alcohols and acetonitrile were purified according to the litera
ture.26

Nmr Spectra of the Solution. The nmr spectrum of jV-benzyli- 
dene-m-chloroaniline in fert-butyl alcohol shows signals of a-tert- 
butoxybenzyl)-m-chloroaniline at r 4.62 (CH) and at 3.3-3.6 (aro
matic H) together with signals of IV-benzylidene-m-chloroaniline 
at r 1.70 (-C H = ). Signals assigned to the NH proton of the ad
duct are obscure because of the overlap with strong signals of the 
OH protons. Also the nmr spectrum of iV-benzylidene-m-nitroani- 
line in methanol shows signals of the CH protons at r 4.33 togeth
er with those of the -C H =  protons at t  1.43. From relative
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strengths of these two signals the equilibrium constant for iV-ben- 
zylidene-m-nitroaniline is calculated to be 0.028 M _1 which is 
close to 0.023 M ~1 at 25° obtained by uv spectrophotometry. 
These facts indicate the stoichiometry of the reaction described 
above.

Rate and Equilibrium Measurements. The reaction was car
ried out in methanol-acetonitrile (90:10 v/v) and followed in a 
cell compartment of a spectrophotometer. The reaction was start
ed when methanolic potassium hydroxide (0.1 ml) was added to a 
thermostated solution of benzylideneanilines (2.9 ml) and the ex
tinction (E) at an appropriate wavelength (320-340 nm) was fol
lowed. Because of the excess methanol the equilibrium constant 
(Ko) was calculated by the following equation

_  Bp
0 EjM eOH]

where subscripts 0 and °° refer to time 0 and equilibrium state, 
respectively.

Plot of log (Ei -  E ) vs. time t gave a good straight line from 
which pseudo-first-order rate constant for a reversible reaction, 
Aobsd, was obtained. Using the values of [MeOH], K0, and Ehaa, 
apparent forward second-order rate constant, k,MeOH, was calcu
lated by means of the equations

, 2.303 , Ea — Ex
ôbsd ^

and

[MeOHJifo +  1
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Steroidal 6- and 20-aldonitrones were prepared. 3-Ketonitrones were also prepared, and, in the case of A4-3- 
ketonitrones, stereoisomers were separated and configurations assigned on the basis of uv and nmr spectrosco
py-

Bambury, et ai, have published several reports on het
erocyclic containing nitrones having antimicrobial activi
ty.1 Nitrone groups increase water solubility and the abili
ty of a molecule to penetrate cell membranes.2 For these 
reasons, we extended our work to. the steroid field, and re
port here some of our findings on the preparation of 6-al- 
donitrones, 20-aldonitrones, and 3-ketonitrones.

Several steroidal nitrones are reported as intermediates 
in the Krohnke reaction.3 For example, the ketonitrones 
l4 and 2s were prepared and converted to the correspond
ing a-diketones. Similarly, the 21-aldonitrones 3,6 4,6 and 
57 were prepared and converted to the 21-aldehydes. 
Other examples of steroid-like nitrones in which the ni
trone is an integral part of the ring system, such as 6,8 7,8 
and 8,9 have also been reported. Subsequent to the com
pletion of this work, Barton and coworkers10 reported the 
conversion of 3-ketonitrones 9 via a Beckmann-type rear
rangement to amides 10, but no details for preparing 9 
were given.

6-Aldonitrones. Steroidal 6-carboxaldehydes are readily 
available from Vilsmeier-Haack formylation of the corre
sponding 3-enol ethers 11 according to Burn, et al.11 Ex
perimentation showed that nitrone formation was best ac-

1

complished by heating a mixture of 12, N-alkylhydroxyl- 
amine salt, and sodium bicarbonate in aqueous methanol 
containing pyridine. The resulting nitrones 13 are crystal-
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Table I
Aldonitrones and Ketonitrones

Compd R i Rî Ra R< Rs Mise M p, °C Yield, %  Isomer Formula^

CH,O C H = N — R,

14 C H 2C H 2OH ^ O H
'•H

231-232 dec 67 .6 C 23H 35H O 4

15 CH , ^ O H
"H

244.5 68 .0 C 22H „N O ,*

16 C H 2C H 2OH ^ C O C H ,
'“H

124-127 30 .4 C 25H „ N 0 4-H 20

17 CH , > c o c h 3
••H

247-249 55.8 c 24h ,5No , • v 4h 2o

18 C H 2C H 2OH 0 “ 248-249 7.5 C 2,H ,1N O i - y 4H lO
19 CH , 0 » 242-244 dec 13 .7 c 22h 29n o 4»

CH==NR1 

0

22 C H 2C H 2OH CH , 189-191 66.9 C 24H 37N O 3
23 CH , C H , 178-180 35 .6 c 23h 35N o 2 • y 2H 2o
24 C H (C H 2O H )-

c h 2c h ,
CH , 173-176 64.2 C 26H 4iN 0 3

25 c h 2c h 2o h CH,* 217-218 4 .5 C 24H 35N 0 3* y 4H 20
26 c h 2c h 2o h CH,* 187, 210 10.4
27 CH , CH,* 182.5-185 19.3 c 23h 33n o 2*
28 CH , C H ,' 197-199 dec 22 .0 C 24H38N202 ■ H 20
29 C H 2C H 2OH H*.« 214-215 dec 70.2 C 23H 31NCV
30 c h , H*-« 229-230 dec 68 .4 C 22H29N03

CH,
37 OH H H 7 A O 234-235 dec 18.5« Syn C 20H 3.N o , ■ >/4h 2o
38 OH H H y 4HjO 170-171 dec 3 .3 Anti C 20H 31N O 2- y 4H 2O
39 OH H H y 4H 2o 180-182.5 42 .2 A n ti/syn c 2iH 33n o 3 • y 4H 2o

n c h 2c h 2o h 50:50
40 OH CH , H y 4H 2o 184-186 23.8 Syn c 21h „ n o 2 ■ y 4H 2o
41 OH CH , H ‘ AH jO 187-189 6 .0 Anti C 2iH 33N 0 2 •1 /  2H 20
42 OH C = C H H 234-235 dec 26.3 Syn C 22H ,.N 0 2
43 OAc H H A6 189-190 dec 23 .8 Syn C 22H 3.N 0 ,

OAc H H A6 187-188 dec Anti
44 OH H H 19-nor 217-218 dec 60 .5 Syn c . 9h 29n o 2
45 O H 202-203 dec 12 .4 Syn C 20H 29N O 2

^ R ,

=  0
R

y - R ,

0

CH,N *

R.
46 H H H H H 152-154 C 22H 33N 0 2
47 H H H H H 185-186 dec Anti c 22h 33n o 2
48 H a-O Ac H H H 210-212 dec Syn C 24H S5N04

H «-O H H H H 231-232 dec Syn C 22H 33N 0 3ff
49 H H H OH H 245-247 dec 67 .2 A nti/syn c 22h 33n c v

20:80
Anti
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Table I (Continued)

Compd R i Ü 2 r 3 R, r 5 Mise M p, °C Yield, % Isomer Formula-^

50 H H H OAc H 197-198 31.8 Syn c 24h 35n o 4
H H H OAc H 195-197 dec 10.0 Anti C 2 4 H 3 5N 0 4

51 H H H H OAc 162-165 8.0 Syn C 2 4 H 3 5N 0 4

52 H d-OH H OH OH V 4 H 20 259-260 dec 45.8 Anti/syn C22H33N 0 5-V4H20
50:50

53 H /3-OH H OH OH NCH2CH2OH 220 dec 20.0 Syn c 23h 36n o 6
54 c h 3 H c h 3 H H 185-187 24.4 Syn c 24h 37n o 2
55 « -c h 3 H H OAc H 209-212 dec Syn C 2 5H 3 7N 0 4

56 a-CH, H H OAc H 168-170 dec Anti C 2 5 H 3 7N 0 4

57 c h 3 H H OAc H A 6 203 dec 32.2 Syn C25H35N04
c h 3 H H OAc H A 6 197-201

R2
12.1 Anti C25H36N 04

0

\ .  
RjN

Ii
58 c h 3 O 150-152 65.0 c 20h 31n o 2-

V2H2oæ
59 c h 3 OH H 196-198 43.3 C 2 0 H 3 S N O 2  •1/ 2 H 2 0

60 c h 2c h 2o h OH H 195-197 73.7 c 21h 35n o 3-h 2o
61 c h 3 OH c h 3 210-213 39.1 c 21h 35n o 2
62 c h 2c h 2o h OH c h 3 115-117 44.8 C 2 2 H 3 7N 0 3  •

“ 11-Oxo. b 17(20)-Ene. c 3-lV-Methylnitrone. d l-En-ll/3-ol. e Yield raised to 74.2% (0.1 M  scale) in another run. ’ C, H, 
and N analyses were within 0.3% of calculated values. 0 C analysis was within 0.4% of calculated value. h Caled: C, 73.50. 
Found: C, 72.97. j Caled: C, 77.70. Found: C, 77.26. ' Caled: C, 71.66. Found: C, 71.22. k Caled: C, 73.59. Found: C, 73.14. 
1 Caled: H, 10.33. Found: H, 9.96.

line solids with ultraviolet maxima at 238-240 (e 9000-9600) 
and 333-334 nm (e 14,700-17,600) and nuclear magnetic 
resonance (nmr) signals for the imino proton at 5 7.1-8.2. 
This compares with ultraviolet maxima at 219-221 (e
10,000-12,000) and 319-323 nm (e 14,000-16,000) and nmr 
signals for the aldehyde proton at 5 10.2 for the parent al
dehydes. It is interesting that the 17/3-acetoxy group was 
hydrolyzed under these conditions using a hydrochloride 
salt of the hydroxylamine. Table I lists the compounds 
prepared in this series.

H
5, R = H2

H'

R = H, OH 13
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Table II

Assigned
JV-Oxide structure Uv max

Nonsteroids Anti 211, 228, 304 (higher)
Syn 205, 221.5, 228

A4 steroids Anti 242-243, 293-296 (higher)
Syn 288-292

-------------------------- Nmr, ppm-
Proton adjacent 

oxide oxygen

2.16 (higher field)

6 .0 0 -6 .3 8  (higher field)

Proton away from  
oxide oxygen

2.38

6 .6 5 -6 .8 5

20-Aldonitrones. Several steroidal 20-carboxaldehydes 
are commercially available or available by a simple one- 
step oxidation. These aldehydes 20 were readily converted

to the corresponding nitrones 21 by the methods described 
above. The nitrones are crystalline compounds readily pu
rified by silica gel column chromatography.

Reaction of 3-oxopregn-4-ene-20-carboxaldehyde with an 
excess of iV-methylhydroxylamine hydrochloride gave, in 
addition to the expected aldonitrone 23, a second com
pound which had no carbonyl absorption bands in its in
frared spectrum and had two N C H 3  signals in its nmr at
3.70 and 3.72 ppm. Elemental analyses corresponded to 
C24H38N2O2*H20, which confirmed the structure as dini
trone 28. Table I lists the compounds prepared in this se
ries.

3-Ketonitrones. Reaction of aliphatic ketones with N- 
alkylhydroxylamines is reported to be sluggish and the re
sultant ketonitrones are * hygroscopic, unstable species.12 
For example, the IV-methyl nitrone of cyclopentanone is 
reported as very hygroscopic and is instantly hydrolyzed 
by water and decomposed by ethanol.13 To the contrary, 
we have found the 3-ketonitrones to be readily formed, 
stable, and only slightly hygroscopic. The 3-ketonitrones 
were generally prepared by refluxing overnight a mixture 
of steroid, alkylhydroxylamine salt, and sodium bicarbon
ate in absolute ethanol in the dark. There seems to be 
some difference in which acid salt is used in the reaction. 
In the case of N-methylhydroxylamine, where both the 
hydrochloride and oxalate salts were available, the hydro
chloride reacted more rapidly, giving a more stereochemi- 
ca.ly pure product. The reaction proved quite versatile for
3-keto steroids except dihydroprogesterone, which was 
inexplicably refractory.

Silica gel chromatography of the crude product sepa
rated, in several cases, stereoisomeric pairs of nitrones. 
Iscmerism in nitrones has been previously reported,12 and

ultraviolet spectra have been used to determine syn and 
anti configurations. However, this method of analysis is 
still tenuous, since there is no confirmatory evidence for 
generalization.

Nitrone 31 with the phenyl group and the oxygen atom 
fixed in the anti configuration absorbs at 211, 228, and 304 
nm, while nitrone 32 absorbing at 205, 221.5, and 288 nm 
is rigidly held in the syn configuration. In other words, the 
higher absorbing isomer is anti and the lower absorbing 
isomer is syn. These two compounds are redrawn in 31a 
and 32a, respectively, with a partial steroid skeleton su
perimposed in dotted lines to show the relationship of 
these two compounds to the steroidal nitrones 33 and 34. 
In our steroidal pairs, one isomer absorbed at 288-292 nm 
and the other at 242-243 and 293-296 nm. The 293-296 
nm absorbing isomers were tentatively assigned the anti 
configuration (33) and the other isomer the syn configura
tion (34) assuming for the moment that assignments by 
ultraviolet maxima are valid.

31 32
anti syn

The proton nmr spectrum of dimethylfurazan oxide (35) 
consists of two peaks at 2.16 and 2.38 ppm, while that of 
dimethylfurazan consists of a single peak at 2.31 ppm.14 
The highfield peak at 2.16 ppm was associated with the 
methyl group adjacent to the JV-oxide oxygen.15 Similarly, 
in assigning chemical shifts of the 4 and 7 protons in ben- 
zofurazan oxide (36) the higher field peak was assigned to 
the proton adjacent to the (V-oxide oxygen (7 proton).16

Thus, one would expect to find that C4 vinyl proton of 34 
at higher field than the corresponding proton of 33. Also, 
one would expect the iV-methyl group in 34 to be some



what more deshielded than its counterpart in 33 and, 
therefore, at lower field. This is indeed the case. The ste
roids assigned to the anti configuration by uv maxima 
have C4-proton peaks at 6.65-6.85 ppm, while the other 
isomer has peaks at 6.00-6.28 ppm. Further, the assigned 
anti isomers have iV-methyl peaks at 3.67-3.70 ppm while 
the other isomer has peaks at 3.71-3.84 ppm. These data, 
summarized in Table II, confirm the stereochemical 
sssignments made for the isomers and corroborate the use 
of uv maxima for distinguishing between conjugated syn 
and anti nitrone pairs.

Table I lists the androstene, the pregnene nitrones, and 
the saturated 3-ketonitrones prepared. The latter com
pounds were homogeneous by tic analysis and had no out
standing spectral characteristics. Thus, although these ni
trones, too, must exist as stereoisomeric pairs, they were 
not detected. Biological testing of the nitrones found them 
less active than the parent ketones.

Experimental Section17
lV-(2-Hydroxyethyl)-a-(17/3-hydroxy-3-methoxyandrosta-3,5- 

dien-6-yl)nitrone (14). General Procedure for 6- and 20-Aldoni- 
trones. A mixture of 17-acetoxy-3-methoxyandrosta-3,5-diene-6- 
carboxaldehyde (30.1 g, 31 mmol), NaHCOs (40 g), and A-(2-hy- 
droxyethyl)hydroxylamir_e oxalate (25 g, 0.116 mol) in MeOH (1
l.)-H 20 (50 ml)-pyridine (15 ml) was stirred under reflux in the 
dark for 22 hr. The hot reaction mixture was filtered and the fil
trate was concentrated to a yellow paste. The resulting solid (43 
g) was crystallized from aqueous MeOH to give 14 (23.5 g).

17a-Methyl-3-methyliminoandrost-4-en-17ii-ol anti- and syn- 
IV-Oxide (40 and 41). General Method for 3-Ketonitrones. A 
mixture of methyltestosterone (30.6 g, 0.1 mol), NaHC03 (35 g), 
and N-methvlhydroxylamine oxalate (18.9 g, 0.1 mol) in absolute 
EtOH (75 ml) was stirred overnight in the dark under reflux. The 
reaction mixture was filtered and the filtrate was concentrated. 
The residue was chromatographed on silica gel (350 g), collecting 
250-ml fractions and eluting with Me2CO (1 1.), Me2CO-5% 
MeOH (1 1.), and Me2C O -10% MeOH (7 1.). Fractions 11-16 were 
combined and concentrated and the residue was crystallized from 
acetone-ether-hexane to give 40 (8.0 g). Fractions 28-33 were 
combined and concentrated and the residue was triturated with 
ether to give 41 (2.0 g).
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The stereospecific syntheses of the two epimeric 22-aminocholesterols from the two known epimeric 22-hy- 
droxycholesterols via tosylate —► azide * amine are described. These amines are also obtained by the reduction 
of 22-ketocholesterol oxime.

Recent reviews,2-3 describing the biogenesis of pregnen- hydroxylated species. Therefore it seemed interesting to
olone from cholesterol, feature the importance of a C-22 synthesize 22-substituted derivatives of cholesterol in
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Table I
--------------- Change, %-

--Nonsaponfiable lipids-* ✓--------- -Cholesterol-
Concn o f 3, M . Acetate Mevalonate Acetate Mevalonate

1  X  1 0 “' - 3 +  19 -9 9 - 9 5
1  X  10 “ 5 + 4 +  1 0 - 7 7 - 6 6
1  X  1 0 * +  7 + 2 - 2 0 - 1 0

order to study their activity on the biogenesis of cholester
ol.

As starting material we used the known 22-ketocholest- 
erol (1) prepared according to a published procedure4 
from methyl 3d-acetoxy-23,24-bisnorchol-5-enate. The 
benzoate of 1 was reduced with sodium borohydride and 
the mixture of the two isomeric alcohols 5 (221?) and 7 
(22S) was separated5 by fractional crystallizations and 
transformed into their tosylates. The 22S-tosylate 8 was 
displaced with sodium azide in hexamethylphosphoric tri
amide at room temperature, giving a quantitative yield of 
the azide 12 (221?) with inversion of configuration. Under 
these conditions, no elimination products could be ob
served. However, when the 221?-tosylate 6 was treated in 
identical fashion, the 22.S'-azide 9a (85%), together with a 
small amount of elimination product 9b6’7 (15%), was ob
tained. The reduction of these azides 9a and 12 with lithi
um aluminum hydride in ether under reflux yielded the 
desired 22S-(10) and 22i?-amines (13).

It has already been pointed out by Barton, et al.,s that 
the C-22 oxygenated sterols of the 22S configurations are 
more levorotatory than their analogs of the 221? configura
tion. We have observed similar properties for 22R- and 
22S-sterols bearing a nitrogen substitution at C-22. Hav
ing established the absolute configuration of the 22-ami- 
nocholesterols, we were interested in the determination of 
the stereoselectivity of the reduction of 22-ketocholesterol
(1) and of 22-ketocholesterol oxime (3) by lithium in eth- 
ylamine. At this point it should be reiterated that a num
ber of authors9-11 have claimed that the 22-oxo group of 
22-oxocholesterol is particularly hindered and unable to

react with the common carbonyl reagents. We have now 
obtained the crystalline oxime 3 and the hydrazone 4 of 
22-oxocholesterol (1). The reduction of the oxime 3 with 
lithium-ethylamine led to a mixture of the epimeric 
amines 221? (13) and 22S (10) in a ratio of 3:2, respective
ly. The stereospecific synthesis described above allows the 
unambiguous assignment of configuration to the reduction 
products of the oxime. The alcohol amines 10 and 13 were 
selectively benzoylated at the amino function to give the 
amides 15 and 16, respectively. The nmr spectra of the 
(22R)- and (22S)-TV-benzoates reveal a difference in their
21-methyl resonance. The doublet assigned to the 21- 
methyl, which is only partially visible, is shifted down- 
field for the (22S)-benzamide to 63 Hz, while the 221? 
product gives a value of 59 Hz. The reduction of 22-keto
cholesterol (1) with lithium in ethylamine gives a mixture 
of epimeric alcohols 22R and 22S in a ratio of 3:212 (sepa
rable on silver nitrate treated silica thin layer plates).

The mass spectra of C-22 nitrogen-substituted com
pounds were studied. It is known13 that the basic nitrogen 
of amines readily retains the positive charge and induces 
fragmentation of the C-C bond at the a position to the ni
trogen. Thus a base peak of m/e 100 is obtained from the 
spectra of the 22-aminocholesterols. However, the hydra- 
zone 4 does not fragment in this fashion, but undergoes 
two McLafferty rearrangements. The first rearrangement 
leads to the ion m/e 358, which undergoes a second rear
rangement to give the base peak of m /e 86. The same 
holds for the oxime 3, exhibiting the analog peaks of m /e 
359 and 87, respectively.

Assays14 for inhibition of cholesterogenesis reveal the 
oxime 315 to be an active inhibitor at 1 X 10“ 5 but not at 
1 X 10“ 6 M. The data (Table I) show that the site of inhi
bition was at a late stage in the biosynthetic pathway,
i.e., after the formation of squalene.

Experimental Section
Melting points are uncorrected. The rotations were measured in 

chloroform solution (c ~ 1). The nmr spectra were obtained in

(22S)

9a COC6H5 N3
10 H NH2
11 H NHAc
15 H NHCOC6H5

(22 R)

$

13 H NH2
14 H NHAc
15 H NHCOC6H5
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deuteriochloroform solution with tetramethylsilane as the internal 
standard on a 60-MHz Varian A-60 spectrometer. The chemical 
shifts are expressed in parts per million. The mass spectra were 
obtained on an Associated Electronics Industry AEI MS 9 spec
trometer. The microanalyses were performed by Schwarzkopf Mi- 
croanalytical Laboratory, Woodside, N. Y.

22-Oxocholesterol Oxime (3). To a solution of 1.411 g of 22- 
ketocholesterol (1) in 10 ml of pyridine was added 2 g of hydroxyl- 
amine hydrochloride, and the solution was heated to 90° for 36 hr. 
After cooling, the oxime was extracted with methylene chloride, 
which gave 1.420 g of crude product. After tic and crystallization 
from ethanol there was obtained 609 mg of oxime: mp 178°; [a]22D 
-73°; nmr b 0.72 (18-CH3), 1.01 (19-CH3), 1.11 (doublet, J  = 7 Hz,
2I-CH3); mass spectrum m/e (rel intensity) M 415 (48), M — 17
(53), M -  C3H7 372 (56), M -  C4Hg 359 (22), M -  C4H8 -  15 
334 (33), C4H9ON 87 (100).

Anal. Calcd for C27H45NO2: C, 78.02; H, 10.91; N, 3.37. Found; 
C, 78.30; H, 10.88; N, 3.45.

(22R)-22-Azidocholesterol Benzoate (12). To the solution of 
200 mg of (22S)-22-hydroxycholesterol 3-benzoate (7) in 3 ml of 
pyridine was added 100 mg of toluenesulfonyl chloride and the so
lution was kept at 23° for 4 days. After addition of water the tos- 
ylate 8 was extracted with methylene chloride and worked up as 
usual.16 The 250 mg of crude product was dried in a desiccator 
over phosphorus pentoxide and then added to the solution of 1 g 
of sodium azide in 30 ml of freshly distilled hexamethylphosphor- 
ic triamide. After the mixture was stirred for 3 hr at room tem
perature, water was added and the azide was extracted with ben
zene. The benzene layer was dried and evaporated in vacuo. The 
crude residue of 195 mg gave mp 174°. An analytical sample was 
obtained after two recrystallizations from acetone which gave 95 
mg: mp 179°; [a ]23D + 6°; ir 2084 cm-1 (N3); mass spectrum m /e  
(rel intensity) M -  C6H5 COOH 409 (100), M -  C5H n 460 (4), 
M -  C5H11 -  N2 432 (14), M -  C6H5COOH -  C6H12NS 283
(11), C6H12N98(81).

Anal. Calcd for C34H4902N3: N, 7.90. Found: N, 7.64.
(22jR)-22-Aminocholesterol (13). To the solution of 86 mg of 

azide 12 in 6 ml of ether was added 60 mg of lithium aluminum 
hydride and the mixture was heated under reflux for 2 hr. After 
usual16 work-up there was obtained 71 mg of crude amine, which 
was recrystallized from ether-hexane. A sample gave a single spot 
on a silica tic developed with ethanol. The pure material had mp 
140°, [u]22d —37°, mass spectrum M 401 (trace), m / e  100.

Anal. Calcd for C27H47ON: C, 80.73; H, 11.80; N, 3.49. Found: 
C, 80.43; H, 11.80; N, 3.27.

(22S)-22-Azidocholesterol Benzoate (9a). This compound was 
prepared under similar conditions as described for the prepara
tion of its epimer 12. From 144 mg of alcohol 5 there was obtained 
107 mg of crude azide, which upon purification gave 62 mg of pure
22S-azide 9a and 11 mg of olefin 9b, originating from the elimina
tion of the 22fl-tosylate 6. The azide 9d, recrystallized from ace
tone-methanol, gave material which appeared uniform on tic, 
and had mp 166°; [«]d —19°; ir 2084 cm-1 (N3); mass spectrum 
similar to that of its 22R epimer 12.

Anal. Calcd for C34H49O2N3: N, 7.90. Found: N, 7.64.
The olefin 9b, which was not further characterized, showed in 

its nmr spectrum three olefinic protons between 5.20 and 5.65 
ppm (H-6, H-22, and H-23); mass spectrum m /e  (rel intensity) M 
-  C6H5COOH 366 (100), M -  C6H5COOH -  C8Hi5 255 (21).

(22S)-22-Aminocholesterol (10). This compound was produced 
as described for 13. The 22S-amine 10 was recrystallized from pe
troleum ether (bp 30-60°), mp 144°, [a]D -45°. On silica thin 
layer plates (methanol) the 22S-amine 10 is less polar than the 
22R-amine 13. The mass spectrum of 10 is very similar to that of 
13 while their nmr spectra are identical.

Anal. Calcd for C27H47ON: N, 3.49. Found: N, 3.31.
(22S)-22-Benzoylaminocholesterol (15). To the solution of 50 

mg of the amine 10 in 2 ml of benzene and 2 ml of methylene 
chloride was added 15 ml of a 5 %  aqueous Na2C0 3 solution. 
While stirring, 0.3 ml of benzoyl chloride was added, and the 
mixture was stirred magnetically for 1 hr. The methylene chloride 
extract gave 60 mg of amide 15, which when recrystallized from 
benzene gave a single spot on tic: mp 202°; [a]D -4 5 °; nmr 5  0.72 
( I8 -C H 3 ), 1.0 (19-CH3), 1.05 (doublet, partially visible, 2 1 -C H 3); 
mass spectrum m /e  (rel intensity) M 505 (2), M -  CeHu 434 (2), 
C 6H 5 CO NHC6 H i2  204 (100), C 6 H 5CO 105 (7).

(22R)-22-Benzoylaminocholesterol (16). This was prepared in 
the same fashion as 15. The amine 13 (50 mg) gave the amide 16 
(55 mg), which was recrystallized from benzene-ethyl acetate and 
appeared pure on tic: mp 215°; [a]D —25°; nmr b 0.70 (I8-CH3), 
1.0 (19-CH3), 0.97 (partially visible doublet, 21-CH3); the mass

spectrum very closely resembles the spectrum of cholesterol 15.
(22S)-22-Acetylaminocholesterol (11). To the saturated 

methanolic solution of 70 mg of the amino alcohol 10 a few drops 
of acetic anhydride (slight excess) was added. The product was 
crystallized from methanol to give 52 mg of amide, single spot on 
tic: mp 256°; [ « ] d  -48°; nmr S 0.70 (I8-CH3), 1.02 (19-CH3), 0.95 
(partially visible doublet, 2I-CH3); mass spectrum m /e  (rel in
tensity) M 443 (0.5), M -  C5H11 372 (0.5), CH3CONHC6H12 142 
(100), 142 -  42 = 100 (36).

(22iR)-22-Acetylaminocholesterol (14). This compound was 
prepared as described for 11. The amide crystallized from metha
nol: mp 215°; [ « ] d  -31°; nmr b 0.68 (I8-CH3), 1.02 (19-CH3), 0.92 
(partially visible doublet, 2I-CH3); mass spectrum very similar to 
that of its epimer 11.

(22R)- and (22S)-22-aminocholesterol (10 and 13). To the so
lution of 315 mg of 22-ketocholesterol oxime (3) in 20 ml of ethyl- 
amine, 200 mg of lithium was added in small portions at a rate 
which maintained the blue color. The excess lithium was de
stroyed with a few drops of methanol after 2 hr. The thus formed 
amines were extracted with methylene chloride and the organic 
phase was washed with water and saline and finally evaporated 
to dryness in vacuo. The residue gave 306 mg of crude amines 
which could be separated by tic into 108 mg of 22fl-amine 13 and 
75 mg of 22S-amine 10, both identical with the amines obtained 
by stereospecific synthesis described above: 10, mp 144°, [<*]d 
-45°; 13, mp 142°+ [a]D -37°.

22-Ketocholesterol Hydrazone (4). The solution of 360 mg of 
ketone 2 and 1 ml of hydrazine hydrate in 3 ml of absolute etha
nol was heated under reflux for 48 hr. The extraction with methy
lene chloride gave 370 mg of crude hydrazone, which contained a 
trace of starting material. The mixture was purified by thin layer 
chromatography, which gave 209 mg of hydrazone as a uniform 
band. Recrystallization from hexane gave 135 mg of 4: mp 146°; 
[«]d - 68°; nmr b 0.72 (18-CH3), 1.01 (19-CH3), 1.14 (doublet, 
partially visible, 21-CH3); mass spectrum m /e  (rel intensity) M 
414 (6), M -  15 399 (6), M -  C3H7 371 (10), M -  C4H8 358 (15), 
M -  C4H8 -  15 343 (11), C4H10N2 86 (100).
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The steam distillate of the leaves and stems of sand sage [Artemisia filifolia (Torrey)] contains two new 
monoterpene lactones, filifolide A and filifolide B. These have been characterized as l(ii),5(S)-(-)-5-hydroxy-
2,2,4-trimethylcyclohex-3-ene-l-carboxylic acid 7 -lactone (8) and l(jR),3(S)-(+)-3-hydroxy-2,2,4-trimethylcyclo- 
hex-4-ene-l-carboxylic acid 7-lactone (9). Other major constituents of the distillate are the cyclobutanone ( - ) -  
filifolone, (-)-camphor, 1,8-cineole, and isophorone. Minor constituents are piperitenone, borneol, (-)-verbe- 
none, and 3,3,5-trimethylcyclohex-2-ene-l,4-dione (13). The chloroform extract of the plant contains the mono
terpene l(fl)-( + )-5-keto-2,2,4-trimethylcyclohex-3-ene-l-carboxylic acid (14), the flavone acacetin, and the 
t sesquiterpene lactone colartin. In addition to the synthesis of lactones 8 and 9, another new monoterpene lac
tone was prepared, 2-hydroxy-a,a,3-trimethylcyclopent-3-ene-l-acetic acid 7-lactone (2).

Sand sage [Artemisia filifolia (Torrey)] has been used 
by Hopi Indians and early white settlers as a medicinal 
plant.lb It grows at elevations ranging from 4000 to 6000 ft 
in the state of Arizona. The strong “ cough medicine” fra
grance of the plant, particularly sifter a rainfall, prompted 
us to investigate the steam distillate of the plant.

Preliminary studies2 showed a relatively high (1% wet 
weight) percentage of steam volatile oil. The major con
stituents were separated by gas-liquid chromatography 
and identified as (—)-camphor, 1,8-cineole, and isophor
one. The structure of the fourth constituent was subse
quently shown3 to be the cyclobutanone (-)-filifolone.

é f

(-)-cam phor 1,8-cineole

Scheme I
The Synthesis of Lactone 2

2
” DBN = l,5-diazabieyclo[4.3.0]non-5-ene.

pie Baeyer-Villiger oxidation of filifolone. The present re
port is chiefly concerned with the structures of filifolides 
A and B.

isophorone (-)-filifolone

A fifth fraction appeared to be a 1:1 mixture of two 
monoterpene lactones (filifolide A and filifolide B), both 
having the molecular formula C10H14O2. Catalytic hydro
genation of the lactone mixture gives a neutral and an 
acid fraction, indicating an allylic lactone system.4 Struc
tures 1 and 2 were originally proposed for the two lactones 
on the assumption that these could have arisen by a sim-

Re suits
Lactones. Compound 1 (carvenolide) has been reported 

by Wallach more than 70 years ago.5 Its structure was re
cently confirmed6 and its nmr spectrum6 was shown to be 
different from those of filifolides A and B. Compound 2 
had not been previously reported; so its synthesis was car
ried out, as shown in Scheme I. The spectral data for lac
tone 2 did not coincide with either filifolide A or B from
A. filifolia; hence neither structure 1 or 2 was tenable.

A careful reexamination of the hydrogenation reaction 
gave us the first clue to the structures of filifolides A and
B. Surprisingly, both lactones underwent hydrogenolysis 
to yield two unsaturated carboxylic acids, both CioHi602, 
which on further hydrogenation gave the single acid, 
C10H18O2. Their respective structures were deduced from 
nmr spectra reported7 for 3 and 4 and from the hydroge
nation product 5.

C O O H  C O O H  C O O H

3 4 52
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Compounds 3 and 5 were prepared by two independent 

routes7’8 and shown to be identical with the hydrogena
tion products of filifolides A and B. Thus, 3 and 4 should 
represent the basic carbocyclic structures of the lactones, 
less the oxygen function. .

COOH
5

Alkaline hydrolysis of the lactone mixture gave two 
acids, which were separated by fractional crystallization. 
One of these was identified as 5-hydroxy-2,2,4-trimethyl- 
cyclohex-3-ene-l-carboxylic acid (6)9 and the other acid 
was assigned the structure 7, based on spectral evidence. 
When 6 and 7 were heated separately, they gave lactones 
A and B, respectively. Therefore, structures 8 and 9 could 
be tentatively assigned to the filifolides A and B.

6 7

The final confirmation of the lactone structures was ob
tained by independent synthesis. Lactone 8 was prepared 
by two methods, the first of which established the abso
lute configuration of the enantiomer in the plant, i.e., 
( - ) - 8 .

Lactone B (9) proved more difficult to synthesize, be
cause epoxidation of one of the intermediates (10) was not 
stereospecific and resulted in a mixture of epoxides (11 
and 12), as in Scheme II, method 3.

Lactones (—)-8 and (+)-9 occur in the steam distillate 
of the plant material in approximate ratio of 5:1, respec
tively. However, if the steam distillate is subjected to gas- 
liquid chromatography at 170°, the ratio is invariably 1:1. 
If filifolide A is injected into the glc apparatus, a 1:1 mix
ture occurs. However, if A is steam distilled, no intercon
version takes place. On the other hand, hydroxy acids 6 
and 7 are readily interconverted by steam distillation. 
This behavior is summarized below.

( - ) -  8 (+) - 9
The interconversion of 8 and 9 allowed the absolute 

configuration of lactone 9 from A. filifolia to be deter-

Scheme II
Method 1

(-)-chrysanthenone epoxide

( - )  ' 8 COOH
(+ ) - 6

Method 2

Method 3

mined, since the absolute configuration of (—)-8 was 
known. The 1:1 (approximately) mixture of lactones 8 and 
9 obtained upon preparative glc of ( — )-8 was found to 
have a specific rotation approximately equal to the sum of 
the specific rotations of ( — )-8 and (+)-9 found in A. fili
folia. This demonstrated that the thermolysis product of 
( —)-8 is (+)-9, that very little racemization of 8 or 9 was 
occurring during glc, and that (+)-9 from A. filifolia has 
the absolute configuration shown above.
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Neither 6 nor 7 were found in the chloroform extract of 
the plant, thus excluding the possibility that lactones 8 
and 9 could be artifacts of the steam distillation process.

Minor Constituents of A. filifolia. Because of the 
unique carbocyclic system represented by isophorone and 
lactones 8 and 9, we were interested in looking for possible 
biosynthetic precursors in the plant. We carried out an 
analysis of the minor constituents of the steam distillate 
and identified borneol, (-)-verbenone, piperitenone, and 
ketoisophorone (13). Of these, compound 13 is the only 
one with the 1,1,3-trimethylcyclohexane structure.10 It 
should also be noted that (—)-verbenone occurs in the 
plant, whereas (+)-verbenone is the synthetic precursor to 
lactones 8 and 9 as described above.

piperitenone l!3

The acidic fraction of the chloroform extract was also 
examined for possible carboxylic acid precursors. The ex
tract yielded a keto acid, (+)-14, whose structure was es
tablished by M n02 oxidation of compound 6. Compound 
14 has not been reported previously as a natural product.

ÉOOH ¿OOH
(+) - 6 (+) -14

Also found in this fraction was the flavone acacetin.11 
From the neutral chloroform extract the sesquiterpene 
lactone colartin12 was isolated.

Discussion
Rearrangements. In the course of the preparation of 

lactones 8 and 9, we noted a remarkable thermal rear
rangement.

A

(-)-chrysanthenone epoxide (—) -8

12 9
Such a [a2s +  ff2s] cycloaddition-type reaction is symme

try forbidden13 if concerted (i.e., ground state). Thus, the 
rearrangement probably occurs in a stepwise fashion; the 
following example is just one of many possible mecha
nisms.

The driving force probably comes from the rupture of 
the strained cyclobutanone ring system. The reaction may

have synthetic applications to other /3-epoxy ketone sys
tems. A closed related reaction has recently been carried 
out by Carlson,14 the photocatalyzed conversion of 15 to
16.

0  0

15 16
The influence of steric factors was pronounced in the 

epoxidation of chrysanthenone. In this reaction, only the 
cis (with respect to the ketone function) epoxide was ob
tained. On the other hand, epoxidation of compound 10 
led to a mixture of cis and trans epoxy ketones.

Biosynthetic Implications. The occurrence of large 
amounts of isophorone in the plant tissue is unusual, al
though it has been reported recently18"17 in small 
amounts in other species. The carbon skeleton 17 is found

17
in five of the monoterpenes of A. filifolia, namely 8, 9, 13, 
14, and isophorone. Altogether they constitute 40% of the 
monoterpene fraction and represent an important biosyn
thetic pathway. Presumably, they arise from a common 
precursor, but one not normally associated with terpene 
biosynthesis.

The head-to-middle coupling of two isoprenyl pyrophos
phate units can account for all of the “ irregular” constitu
ents of A. filifolia. This mechanism has been proposed18 
for the biosynthesis of lavandulol and related monoter
penes. The stereochemistry at C-l of 17 in the A. filifolia 
monoterpenes is consistent with that reported by Ep
stein18-19 for open-chain analogs of lavandulol in other Ar
temisia species.

Experimental Section
Melting points were determined on a Mel-Temp apparatus and 

are uncorrected. Ultraviolet spectra were measured on a Cary re
cording spectrophotometer, Model 14. Infrared (ir) spectra were 
recorded on Perkin-Elmer Models 137 and 337. Nmr spectra were 
measured on Varian Associates A-60A, T-60, and HA-100 instru
ments and peak positions are given in 5 values, using tetrameth- 
ylsilane as an internal standard. Mass spectra were recorded on a 
Hitachi Perkin-Elmer Model RMU-6E mass spectrometer. Opti
cal rotations were measured on a Cary Model 60 recording spec- 
tropolarimeter by scans from 5800 to 6000 A, selecting the value 
of 5893 A as the sodium d  line. Gas chromatography (glc) was 
carried out on a Varian Aerograph Model 90-P, using a Varian 
Aerograph Model 20 strip chart recorder. The columns used for 
glc were 15% SE-30 on Chromosorb P, 20 ft x 0.375 in. aluminum 
tubing (hereafter referred to as column I); 20% Carbowax 20M 
on Chromosorb W (acid-washed), 5 ft x 0.25 in. copper tubing, 
(hereafter referred to as column II); and 18% SE-30 on Chromo
sorb P, 6 ft x 0.25 in. copper tubing (hereafter referred to as col
umn III).
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Steam Distillation of the Plant Material. Whole, wet plant 
material gathered 2 miles southeast of Willcox, Ariz., on Oct 31, 
1969, and Aug 6, 1970, was steam distilled as follows. A 2- to 8-kg 
portion of wet plant was placed in a 10-gallon milk can and the 
can was half filled with water. A special top with a vertical exit 
tube was then clamped on the milk can. To this vertical metal 
tube were then attached three condensers in series. The drum was 
heated with a Meeker burner until about 4 1. of distillate (cooled 
in ice) had been collected. This process takes about 4 hr. A visible 
yellow layer of oil was present on top of the water in the distil
late. The steam distillate was extracted with ether and dried over 
anhydrous sodium or magnesium sulfate, and the solvent was 
carefully removed in vacuo to give the steam-volatile oil as the 
residue. In some experiments chloroform was used in place of 
ether as the solvent for the extractions. A total of seven such 
steam distillations was carried out. The average yield based on 
wet plant material was 0.8%.

Fractional Distillation of the Steam Distillate. The steam 
distillate (steam-volatile oil) of Artemisia filifolia was distilled in 
vacuo through a 600-mm vacuum-jacketed Vigreux column. The 
pertinent data are included in Table I.

a-Fencholenic Acid (a,a,3-Trimethylcyclopent-2-ene-1 -acetic 
Acid. a-Fencholenic acid was prepared from (±)-fenchone.20'21 
Much longer reaction times than reported were required in our 
experiments, especially in the conversion of a-fencholenic acid 
amide to the acid. a-Fencholenic acid was also prepared from 
(±)-filifolone.22 The infrared [(neat) 3100 (very broad) and 1705 
cm-1], nmr [(CCU) 5 11.69 (br s, -COOH), 5.20 (br s, H-2), 1.6- 
3.0 (complex, H-l, -4, -4', -5, -5'), 1.73 (br s, C-3 methyl), and
1.08 (s, a-methyls)], and mass [m/e 168 (M +), 107, and 81 (base, 
-  OC3H7 + CO2))] spectra of our material were consistent with 
those reported22 for a-fencholenic acid.

Anal. Calcd for C10H16O2: C, 71.39; H, 9.59. Found: C, 71.08;
H, 9.80.

Lactone 2 (2-Hydroxy-a,a,3-trimethylcyclopent-3-ene-l-ace- 
tic Acid 7 -Lactone). a-Fencholenic acid was converted to its io- 
dolactone with iodine and sodium bicarbonate.22

The iodolactone (1.8 g, 0.0060 mol) of a-fencholenic acid was 
dissolved in toluene (15 ml). To this solution was added 1,5-dia- 
zabicyclo[4.3.0]non-5-ene (DBN, 1.5 g, 0.012 mol) and the reac
tion mixture was stirred under reflux for 50 min. The mixture was 
cooled, diluted with water (100 ml), and extracted with ether (2 
X 100 ml). The ether extracts were combined and washed with 
5% hydrochloric acid (2 x 100 ml), water (100 ml), saturated so
dium thiosulfate (4 x 100 ml) until colorless, and then water (100 
ml). The ether solution was dried over anhydrous magnesium sul
fate and evaporated to yield 1.2 g of a yellow oil. Nmr analysis re
vealed this oil to be ca. 80% lactone 2; it was subjected to prepar
ative glc (column III, column temperature 170°). The major peak 
was collected (there appeared to be some thermal decomposition 
of 2) resulting in pure lactone 2 as a colorless oil, mp ~10° (0.70 
g, 0.0042 mol, 70%). The nmr [(CCI4) 5.60 (br s, H-4), 5.04 (br d, 
J  = 4 Hz, H-2), 2.77 (dd, J = 4, 7 Hz, H -l), 2.38 (m, H-5, -5'),
I. 82 (d, J  = 1 Hz, C-3 methyl), and 1.24 and 1.12 (both s, a- 
methyls)], ir [(neat) 1760 cm-1 ] and mass [m/e 166 (M+), 122 ( -  
C 02), 107 (base, -  (C 02 + -CHs)), and 91] spectra were in ac
cord with structure 2.

Anal. Calcd for Ci0Hi 4O2: C, 72.26; H, 8.49. Found: C, 72.11; 
H, 8.63.

Hydrogenolysis of A. filifolia Lactones 8 and S. Carboxylic 
Acids 3 and 4. Several similar experiments were performed; 
therefore, only one shall be described in detail here. The products 
from all such experiments differed only in the relative ratios of 
3:4. That is, lactone 9 underwent hydrogenolysis more readily 
than lactone 8. Therefore, shorter reaction times gave a 3 +  4 
mixture richer in acid 4 than did longer reaction times.

The A. filifolia lactone mixture (8 + 9) purified by fractional 
distillation (1.21 g, 0.00730 mol) was dissolved in absolute ethanol 
(10 ml). To this was added 10% palladium on carbon (0.050 g) 
and the resulting suspension was hydrogenated at atmospheric 
pressure and room temperature for 17 hr. The amount of hydro
gen absorbed (215 ml) calculates for slightly more than that re
quired (194 ml) for 1 mol of H2/mol 8 +  9. The ethanolic mixture 
was then filtered through Celite, diluted with 5% aqueous sodium 
hydroxide (100 ml), and extracted with ether (2 x 100 ml). Sodi
um bicarbonate solution was found to be an ineffective solvent for 
these /?,/3-disubstituted (sterically hindered) carboxylic acids (3 
and 4). Glc analysis of the ether extract revealed cineole, isophor- 
one, camphor, dihydrofilifolone, and unreacted lactones 8 and 9.

A work-up of the sodium hydroxide extract yielded 0.987 g of 
acidic product as a yellow oil. The nmr spectrum of this oil

Table I
Fractional Distillation of the A . filifolia 

Steam Distillate
Fraction Bp, °C  W t, g

1 30-46 17.0
2 48-62 44.3
3 64-71 6.3
4 72-81 9.1
5 84-90 12.2
6 91-109 9.0
7 110-118 20.5

Composition®

Ci : C : F : I (11:1:1:1)
C :F :I  (8:1:1) 

C :I :L :0  (20:20:1:7) 
I :L :0  (3:3:4)

L :0  (3:2)
>80% L +  some IGA4 

>90% IGA4
“ Determined by glc and nmr; Ci = 1,8-cineole, C = cam

phor, F = filifolone, I = isophorone, L = lactones 8 +  9, 
O = others. 4 IGA = isogeranic acid, a thermal decomposi-
tion product of filifolone.
showed it to consist of a 3:1 mixture of 3:4. The yield of the 3 +  4 
mixture was calculated to be 0.00528 mol (72.2%).

Hydrogenation of the Carboxylic Acid Mixture 3 + 4 from A. 
filifolia. Carboxylic Acid 5 (2,2,4-Trimethylcyclohexane-l-car- 
boxylic Acid). The mixture of carboxylic acids of formula 
C10H16O2, obtained by hydrogenolysis of the A. filifolia lactones 
(above) (0.30 g, 0.0018 mol), was dissolved in 95% ethanol (10 
ml). To this was added platinum oxide (0.050 g) and the resulting 
suspension was subjected to hydrogenation at atmospheric pres
sure and room temperature for 48 hr. After removal of the cata
lyst and evaporation of the solvent there remained 0.29 g of a pale 
yellow oil which could not be made to crystallize. The crude hy
drogenation product was purified by its partial conversion to the 
anilide. The sodium hydroxide extract of the anilide reaction 
mixture was acidified and extracted with ether, yielding 0.055 g 
(0.00032 mol, 63%) of crystalline 5, mp 59-69°. Recrystallization 
from acetic acid-water gave pure 5 as colorless, tiny flakes, mp
83-84° (lit.23 mp 81-82°). The acid prepared in this way had nmr 
[(CC14) 11.66 (br s, -COOH), 1.3-2.2 (complex, H-l, -3, -3', -4, -5, 
-5', -6, -6'), 1.03 and 0.98 (both s, C-2 methyls), and 0.89 (d, J =
6.5 Hz, C-4 methyl)], ir [(CHC13 2960 (very broad) and 1710 
cm-1] and mass [m/e 170 (M+) and 83 (base)] spectra in accord 
with structure 5. In addition, 5 was independently prepared (de
scribed later) and shown to be identical with the material de
scribed here by identical spectra (ir, nmr) and an undepressed 
(82-84°) mixture melting point.

Carboxylic Acid 3 (2,2,4-Trimethylcyclohex-3-ene-l-carbox- 
ylic Acid). Carboxylic acid 3 was prepared by the thermal Diels- 
Alder reaction between 2,3-dimethyl-l,3-pentadiene and acrylic 
acid7-8’24 and also by the hydrolysis of chrysanthenone.7 In these 
reactions, or in their work-up, we observed some isomerization of 
the product (3) to 4, as noted by Erman.7 Hence, the observed 
melting points of our specimens of 3 were about 10° lower than 
the reported7 84-85°. The nmr spectrum, however, of the acid 
prepared here was identical with that reported7 for 3, excepting 
peaks due to the impurity 4. The ir [(CHCI3) 3000, (very broad) 
and 1710 cm-1] and mass [m/e 168 (M+), 153 ( -  -CHs) 123, 107 
(base) 96, 81, and 67] spectra were in accord with structure 3.

Anal. Calcd for CioH180 2: C, 71.39; H, 9.59. Found: C, 70.98; 
H, 9.47.

Hydrogenation of Synthetic 3. Carboxylic Acid 5. The hydro
genation and subsequent work-up of synthetic 3 were carried out 
in the same way as the hydrogenation of acids 3 and 4 obtained 
by hydrogenolysis of A. filifolia lactones 8 and 9. Synthetic 5 had 
mp 83-84° (lit.23 mp 81-82°).

Anal. Calcd for Ci0Hlg0 2: C, 70.55; H, 10.66. Found: C, 70.47; 
H, 10.59.

Hydrolysis of the A. filifolia Lactones 8 and 9. Isolation of 
Hydroxy Acids 6 and 7 [l(R),5(S)-(+)-5-Hydroxy-2,2,4-tri- 
methylcyclohex-3-ene-l-carboxylic Acid and l(R),3(S)-(-)-3- 
Hydroxy-2,2,4-trimethylcyclohex-4-ene-l-carboxylic Acid)]. 
Fraction 6 from the second distillation (see Table I) of the A. fili
folia steam distillate (9.0 g, 80% 8 and 9) was dissolved in ether 
(100 ml) and the ethereal solution was washed with 5% aqueous 
sodium hydroxide (2 X 100 ml) to remove isogeranic acid. After 
washing with water (100  ml), drying over anhydrous magnesium 
sulfate, and evaporation of the ether in vacuo, there remained 7.5 
g of the mixture of lactones 8 and 9. Nmr integration revealed 
this mixture to consist of 85% 8 and 15% 9. The latter mixture 
was then placed with potassium hydroxide (4.5 g) in water (150 
ml) and refluxed for 140 min. The reaction mixture was cooled, 
diluted with water (200 ml), and extracted with ether (2 X 100 
ml). The ether extracts were combined, dried over anhydrous
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magnesium sulfate, and concentrated in vacuo to yield 2.9 g of 
unreacted lactones as a yellow oil. The still-basic aqueous phase 
was then acidified with hydrochloric acid and extracted with 
ether (3 x 100 ml). The ether extracts were combined and dried 
over anhydrous magnesium sulfate and the solvent was removed 
in vacuo. This resulted in 4.5 g of a yellow oil which crystallized 
on standing. The latter was found by nmr to consist of a 10:1 
mixture of 6:7.

Fractional Crystallization of 6 and 7. The crude crystalline 
mixture of 6 and 7 (4.5 g) from above was recrystallized from car
bon tetrachloride. The first crop of crystals (2.3 g) collected was 
pure 6, mp 134-136°. Recrystallization from cyclohexane gave col
orless plates, mp 140-141° (lit.9 mp 140°). This sample of (+)-6 
[1 (/?),5(S)-( +)-5-hvd roxv-2,2,4-trimethylcyclohex-3-ene-l-carbox
ylic acid] from A. filifolia was optically active, [a]24D +33.8° (c 
0.5, CHCI3). The infrared [(KBr) 3350, 3000 (very broad), and 
1685 cm "1], nmr [(CDCI3 + 3 drops DMSO -  de) 5 5.07 (br s, 
H-3), 4.00 (br t, J = 7 Hz, H-5), 2.43 (dd, J = 3, 12 Hz, H-l),
1.9-2.2 (m, H-6, -6'), 1.67 (s, C-4 methyl), and 1.11 and 0.97 (both 
s, C-2 methyls)], and mass [m/e 184 (M+), 166 ( -  H2O), 122, and 
107 (base, -  (H2O + CO2 + -CHa))] spectra were consistent with 
structure 6.

Anal. Calcd for Ci0Hi6O3: C, 65.19; H. 8.75. Found: C, 65.20; 
H, 8.68.

The mother liquor from which pure 6 was crystallized yielded a 
second crop of crystals (0.8 g). This was shown by nmr to consist 
of a 3:1 mixture of 7:6. This material was recrystallized three 
times from carbon tetrachloride and once from benzene, giving 
pure (>98%) (—)-7 (0.16 g) as colorless prisms, mp 134-136°. The 
hydroxy acid (-)-7 [l(R),3(S)-(-)-3-hydroxy-2,2,4-trimethylcy- 
clohex-4-ene-l-carboxylic acid) prepared in this way was optically 
active, [a]24D -58.0° (c 0.9, CHCI3). The nmr [(CC14 + 3 drops 
DMSO-ds) <5 5.30 (br s, H-5), 3.47 (br s, H-3), 2.24 (m, H-l, -6, 
-6'), 1-70 (s, C-4 methyl), and 1.00 and 0.93 (both s, C-2 meth
yls)], ir [(KBr) 3230, 2970 (very broad), and 1680 cm-1] and mass 
[m/e 184 (M+), 166 ( -  H20), 123, 107 ( -  (H20  + C 02 + 
• CH3))] and 84 (base)] spectra were consistent with structure 7.

Anal. Calcd for C10H16O3: C, 65.19; H, 8.75. Found: C, 64,95;
H, 8.63.

Regeneration of Lactone ( - ) - 8  [l(R),5(S)-(—)-5-Hydroxy-
2.2.4- trimethylcyclohex-3-ene-l-carboxylic Acid 7 -Lactone] 
from the Hydroxy Acid (+ )-6. The pure carboxylic acid 6 (1.84 
g, 0.0100 mol) from A. filifolia, mp 140-141°, [a]24D +33.8°, was 
heated (neat) in a glass tube in an oil bath at a temperature of
160-175° for 60 min. After this time, the reaction mixture was 
washed out of the tube with ether (50 ml). The ethereal solution 
was dried over anhydrous magnesium sulfate and concentrated in 
vacuo to provide 1.64 g (0.00988 mol, 98.8%) of the lactone 8 as a 
pale yellow oil. This material was homogeneous by glc and its 
nmr spectrum showed no extraneous peaks. Lactone 8 prepared in 
this way was optically active, [ n ] 2 4 D -33.2° (c 0.4, CHC13). The 
nmr [(CCL) 6 5.10 (br s, H-3), 4.40 (m, H-5), 2.3 (m, H-l, -6, -6'),
I. 80 (d, J  = 1 Hz, C-4 methyl), and 1.08 (s, C-2 methyls)], ir 
[(neat) 1770 and 1670 cm "1] and mass [m/e 166 (M +), 107 (base, 
-  (CO2 + -CH3)), 69, and 41] spectra were consistent with struc
ture 8.

Anal. Calcd for Ci0H14O2: C, 72.26; H, 8.49. Found: C, 72.12; 
H, 8.41.

Regeneration of Lactone (+)-9 [l(R),3(S)-(+)-3-Hydroxy-
2.2.4- trimethylcyclohex-4-ene-l-carboxylic Acid 7 -Lactone] 
from the Hydroxy Acid (—)-7. This experiment was performed 
exactly as was the preceding experiment. The carboxylic acid 7 
(0.100 g, 0.00543 mol) from A. filifolia, mp 134-136°, [a]24D -58°, 
when heated at 160-175° for 1 hr provided, after work-up, 0.0901 g 
(0.00543 mol, 100%) of lactone 9 as a pale yellow oil. This materi
al was homogeneous by glc and its nmr spectrum showed no ex
traneous peaks. Lactone 9 prepared in this way was optically ac
tive, [a]24o +43.8° (c 1.2, CHCI3). The nmr '[(CCL) 5 5.43 (m, 
H-5), 3.87 (br s, H-3), 2.3 (m, H-l, -6, -6'), 1.80 (s, C-4 methyl), 
and 1.20 and 1.10 (both s, C-2 methyls)], ir [(neat) 1770 and 1650 
cm-1] and mass [m/e 166 (M +), 123, 107 ( -  (CO2 + -CH3)), 95, 
83, and 43 (base)] spectra were consistent with structure 9.

Anal. Calcd for Ci0Hi4O2: C, 72.26; H, 8.49. Found: C, 72.19; 
H, 8.51.

Photolysis of (+)-Verbenone. Preparation of (+)-Chrysan- 
thenone. Photolysis of ( + )-verbenone at a temperature of 50° 
gave largely racemic products. Therefore, a large fan was used to 
cool the Hanovia 450 broad spectrum mercury arc lamp employed 
for the photolysis. This brought the temperature down to 34°. 
Under these conditions, ( + )-verbenone25 (partially active, [a]24D 
+93.7°, 37% optically pure) (10.28 g, 0.0685 mol) in cyclohexane

Table II

Fraction Bp, °C Wt, g Composition®

1 74-76 0 .04 88%  C, 12%  V
2 76 .5 -77 2.57 87%  C, 13%  V
3 7 7 .5 -7 9 .5 1.30 80%  C, 20%  Y
4 80-82 0 .85 60%  C, 40%  V

ot residue 4 .8 80%  V  +  some IG A ,
I, P

“ B y  glc and nmr analysis. C =  chrysanthenone; V  =  ver- 
benone; I =  isopiperitenone; P  — piperitenone; IG A  =  iso- 
geranic acid, a thermal decomposition product o f  chrysan
thenone.

(250 ml), in two Vycor vessels, was photolyzed for 21.0 hr. After 
this time, a glc analysis showed the composition of the reaction 
mixture to be 40.7% chrysanthenone, 58.2% verbenone, and only 
traces (<2%) of other products. The cyclohexane was then re
moved in vacuo to provide 11.2 g of a yellow oil. The latter was 
distilled under vacuum (7 mm) through a 250-mm vacuum-jack
eted Vigreux column. Four fractions were collected (Table II).

Chrysanthenone, from distillation fraction 2, was optically ac
tive, [a]24D +31° (c 3.7, CHCI3) (corrected for 13% verbenone). 
This corresponds to an optical purity of 29%, based upon a specif
ic rotation of +108° for pure chrysanthenone.26 Racemic chrysan
thenone was also prepared from verbnone by photolysis at 50°. 
This material was purified by distillation and preparative glc and 
had an ir spectrum identical with the reported27 for chrysanthe
none. The nmr spectrum of the pure racemic chrysanthenone was 
identical with the spectrum reported26 and also identical with 
that recorded for the partially optically active material described 
above, excepting peaks due to the impurity, verbenone, in the 
latter.

Oxidation of (+)-Chrysanthenone. Preparation of ( - ) -  
Chrysanthenone Epoxide. To ( + )-chrysanthenone (from distilla
tion fraction 2, above, containing 13% verbenone) (1.08 g, 0.00720 
mol) in chloroform (30 ml) was added 85% m-chloroperbenzoic 
acid (1.46 g, 0.00733 mol, based upon 85% purity) and sodium bi
carbonate (0.61 g, 0.0072 mol). The resulting mixture was stirred 
at room temperature under anhydrous calcium chloride for 2 hr. 
The mixture was then diluted with water (50 ml) and chloroform 
(50 ml) and shaken and the organic layer was separated. The 
chloroform solution was washed with 5% sodium hydroxide (2 x 
50 ml) and then water (50 ml), dried over anhydrous magnesium 
sulfate, and concentrated in vacuo to provide 1.18 g (0.00710 mol, 
99%) of a yellow oil. This was shown by nmr analysis to be chrys
anthenone epoxide, contaminated only with verbenone (13 mol 
%). This material was optically active, [a]24D -2 6 °  (c 4.8, CHCI3) 
(corrected for 13 mol %, 12% by weight, verbenone). If the chrys
anthenone epoxide prepared here is 29% optically pure, as was its 
precursor, ( + )-chrysanthenone, then the specific rotation (unre
ported) of pure (-)-chrysanthenone epoxide is —90°. The nmr 
spectrum of this sample was identical, excepting peaks due to 
verbenone, with that of racemic chrysanthenone epoxide prepared 
from pure racemic chrysanthenone: nmr (CC14) <5 3.17 (br s, 1 H) 
and 2.75 (m, 1 H, protons a to ketone carbonyl), 1.9-2.4 (com
plex, 3 H, methylene and epoxide methine), 1.37 (s, 3 H, CH3CO-),
1.30 and 1.10 (both s, 3 H, gem-dimethyls).

Thermolysis of (-)-Chrysanthenone Epoxide. (-)-L acton e  8. 
(-)-Chrysanthenone epoxide, [a ]24D -26° (still containing 13 mol 
% verbenone) (0.1683 g, 0.001013 mol), was heated (neat) in a 
glass tube in an oil bath at 170-180° for 20 min. An nmr spectrum 
of the product showed it to be lactone 8, contaminated only with 
verbenone (13 mol %, 12% by weight). This material was a pale 
brown oil (0.1648 g, 0.000993 mol, 98%) and was optically active, 
[a ]24D -8.1° (c 1.8, CHCI3) (corrected for 13 mol % verbenone). 
This calculates for an optical purity of 24%. The nmr spectrum of 
this material was identical (except for verbenone peaks) with that 
of pure 8 prepared as described elsewhere.

Hydrolysis of (-)-Chrysanthenone Epoxide. (+ )-6 . ( —)- 
Chrysanthenone epoxide, [a ]24D -26° (0.44 g, 0.00265 mol), was 
refluxed with potassium hydroxide (2.0 g) in 95% ethanol (20 ml) 
and water (2 ml) for 2 hr. The mixture was then cooled, diluted 
with water (75 ml), washed with chloroform (2 x 50 ml), acidi
fied, and reextracted with chloroform (2 X 50 ml). The latter 
chloroform extracts were combined, washed with water (50 ml), 
dried over anhydrous magnesium sulfate, and evaporated to give 
0.0824 g of a pale yellow oil. This oil later crystallized after tritu
ration with ether. The crystals (0.0532 g, 0.000289 mol, 10.9%) 
were recrystallized from benzene to colorless platelets, mp 136-
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Table III
Retention

time,
m ina Compd

Rel
peak
area g %

0 .9 1,8-cin eoie 35 1 .7 26
2 .0 Filifolone 10 0 .4 8 7 .4
2 .6 Camphor 30 1 .5 23
3 .2 Isophorone 40 1 .9 29
4 .0 Borneol +  13 (1:1) 2 0.070 1 .1
4 .7 (— ) -Verbenone 1 0.041 0 .63
8 .6 Piperitenone 2 0.066 1 .0

10.2 8 and 9 10 0 .5 0 7 .7

“ Flow  rate = 100 m l/m in , colum n =  178°, detector =  
220°, in jector =  210°.

138°. An nmr spectrum of this material was identical with that of 
6 prepared as previously described. This sample of the hydroxy 
acid 6 was optically active, ja]24D +8.2° (c 0.56, GHC13). This 
calculates for an optical purity of 24%.

Bromination of the Acid 3. Preparation of Lactone 8. 2,2,4- 
Trimethylcyclohex-3-ene-l-carboxylic acid (3, 2.1 g, 0.012 mol) 
was dissolved in carbon tetrachloride (40 ml), to which was then 
added iV-bromosuccinimide (3.1 g, 0.017 mol) and benzoyl perox
ide (0.20 g, 0.00083 mol). The mixture was stirred and refluxed 
under nitrogen for 22.5 hr. Work-up in the usual way afforded no 
acidic products (except m-chlorobenzoic acid). The neutral frac
tion, after evaporation of the solvent, gave 1.5 g of a yellow oil. 
An nmr examination of this oil revealed 27% lactone 8, along with 
at least two unidentified products. This oil was combined with 
the oils obtained in the same way from two other brominations of 
3 to give a total of 4.0 g of crude lactone 8. Short-path distillation 
at reduced (0.3 Torr) pressure gave 1.1 g (0.0066 mol, 20%) of 
pure 8, as a colorless oil, bp 79-83°. The nmr and ir spectra of 8 
prepared in this way were identical with those of 8 from A. filifol
ia.

Photolysis of Chrysanthenone. Preparation of the Ketone 10 
(2,4,4-Trimethylbicyclo[3.1.l]hept-2-en-6-one). Chrysanthenone, 
obtained by photolysis of verbenone, was photolyzed in substan
tially the same way, but at 50°. The products were the same as 
those reported by Erman.26 The products were collected by pre
parative glc on column I or column II. The ketone 10 obtained in 
this way (average yield 20%) had nmr [(CC14) 8 5.00 (br s, H-3),
2.8 (m, H-l, -5), 1.9-2.8 (complex, H-7, -7'), 1.76 (d, J  = 1.5 Hz, 
C-2 methyl), and 1.09 (s, C-4 methyls)], ir [(neat) 1780 and 1650 
cm "1] and mass [m/e 150 (M +), 122 ( -  CO), 108, 107 (base), 93, 
91, and 80] spectra consistent with those reported.26

Anal. Calcd for Ci0H i40 : C, 79.96; H, 9.39. Found: C, 80.10; H,
9.21.

Oxidation of 10. Preparation of Epoxide 12. To the ketone 10 
(0.157 g, 0.00105 mol) in dichloromethane (3 ml) was added m- 
chloroperbenzoic acid (0.21 g, 0.00122 mol) in dichloromethane 
(15 ml). The reaction mixture was then stirred under anhydrous 
calcium chloride at room temperature for 20 hr. After work-up 
there was obtained 0.112 g (0.000675 mol, 64.3%) of crude epoxide 
product as a pale yellow oil. Nmr analysis of this oil revealed the 
presence of the two stereoisomeric epoxides 11 and 12, by glc 
analysis in the ratio 1:3, respectively. Preparative glc of the 11 
and 12 mixture on column I resulted in 0.0420 g (0.000253 mol, 
25.1%) of pure 12. The nmr [(CC14) 8 3.10 (m, H -l), 2.52 (s, H-3),
2.5 (m, H-5), 1.8 (m, H-7, -T), 1.43 (s, C-2 methyl), and 1.17 and
1.07 (both s, C-4 methyls)], ir [(neat) 1780 c m '1] and mass [m/e 
166 (M+), 123, and 107 (base)] spectra of this material were in 
accord with structure 12.

Epoxide 12, under the conditions of the mass spectroscopy 
(inlet temperature 200°), isomerizes largely to lactone 9.

Anal. Calcd for Ci0H i4O2: C, 72.26; H, 8.49. Found: C, 71.99; 
H, 8.57.

Pure epoxide 11 was obtained in amounts too small for ade
quate structural data to be gathered.

Thermal Rearrangement of Epoxide 12. Preparation of Lac
tone 9. Pure epoxide 12 (0.0420 g, 0.000253 mol) was heated 
(neat) in an nmr tube in an oil bath at 160-175° for 12 min. The 
tube was cooled and weighed (0.0419 g, 0.000252 mol, 99.7%) and 
the nmr spectrum was recorded. The latter was found to be repre
sentative of pure 9, with no extraneous peaks. The infrared spec
trum of this sample was identical with that of 9 isolated from A. 
filifolia.

Solvolysis of Epoxide 12. Preparation of Hydroxy Acid 7.
Epoxide 12 (0.050 g, 0.00030 mol) was hydrolyzed in the same way

as was chrysanthenone epoxide. The usual work-up afforded 0.042 
g of a brown oil. The latter was chromatographed over silica gel 
(20 X 350 mm) and elution with ether gave crystalline 7 (0.029 g, 
0.00017 mol, 58%), mp 120-126°. Recrystallization from cyclohex
ane gave pure 7 (0.022 g) as colorless cubelets, mp 134-136°. That 
this was identical with the 7 from A. filifolia was shown by an un
depressed (133-136°) mixture melting point and identical ir and 
nmr spectra.

Preparative Glc of the A. filifolia Steam Distillate. Isolation 
of (-)-Verbenone, Borneo!, Piperitenone, and the Enedione 13.
The total steam distillate of Artemisia filifolia (6.5 g) was 
subjected to preparative glc on column II as summarized in Table 
HI.

Identities of these compounds were established by spectral 
comparisons with authentic specimens and confirmed by mixture 
melting points of derivatives.

3,5,5-Trimethylcyclohex-2-ene-l,4-dione (13). This compound 
was prepared from isophorone by the method of Isler.10 In the last 
step of the synthesis, activated manganese dioxide was used in 
place of chromic acid.

Anal. Calcd for C9H120 2: C, 71.03; H, 7.95, Found: C, 71.27; H,
8.12.

Isolation of Acacetin and Keto Acid (+)-14. Artemisia filifolia 
was extracted with chloroform by percolation and the extract was 
separated into neutral and acidic fractions by sodium hydroxide 
extraction thereof. Chromatography of the acidic fraction over si
licic acid gave 2% acacetin and 0.4% keto acid ( + )-14 (yields 
based upon amount of acidic fraction). The latter was recrystal
lized from benzene to colorless cubelets, mp 106-108°, [ « ] 24d 
+128° (c 1.0, CHCI3). Identity of each of these two compounds 
was established by taking a mixture melting point with a syn
thetic specimen (see below).

Acacetin. Synthetic acacetin was prepared from anisic anhy
dride and phloracetophenone by the method of Robinson and 
Venkataraman,11 mp 260-262° (lit.11 mp 262°).

Anal. Calcd for Ci6Hi20 5: C, 65.60; H, 4.25. Found: C, 65.31;
H, 4.49.

The diacetate had mp 200-202° (lit.28 mp 202-203°).
Preparation of the Keto Acid (+)-14 [l(/f)-( + )-5-Keto-2,2,4- 

trimethylcyclohex-3-ene-l-carboxylie Acid]. The hydroxy acid 6 
( H 24d  +33.8°, from A. filifolia) (0.70 g, 0.0038 mol) was dissolved 
in dichloromethane (100 ml) to which was then added active 
manganese dioxide (5.0 g, 0.063 mol), prepared according to Ball, 
Goodwin, and Morton.29 The resulting suspension was stirred 
under anhydrous calcium chloride for 24 hr, after which time the 
reaction mixture was filtered through Celite and the filtrate was 
evaporated to provide 14 (0.55 g, 0.0030 g, 79%) as a yellow oil, 
which soon crystallized, mp 101-104°. Recrystallization from ben
zene afforded pure 14 (0.42 g, 0.0023 mol, 60%) as colorless cube- 
lets, mp 107-109°. The reported melting point9 for racemic 14 is 
107°. The material prepared in this way had nmr [(CDCI3) 8 9.6 
(br, -COOH), 6.38 (br s, H-3), 2.4-3.0 (complex, H-l, -6, -6'), 1.77 
(s, C-4 methyl), and 1.33 and 1.13 (both s, C-2 methyls)], ir 
[(KBr) 3000 (very broad), 1720, and 1660 c m '1], and mass [m/e 
182 (M +) and 137 (base, -  (-H +  C 02))] spectra in accord with 
structure 14. This material was optically active, [a ]24D +128° (e
I. 05, CHCI3).

Anal. Calcd for C i0H14O3: C, 65.92; H, 7.74. Found: C, 65.64; 
H, 8.06.

Isolation of Colartin. The neutral chloroform extract of A. fili
folia was chromatographed over silicic acid and elution with 1:1 
benzene-chloroform, decolorization, and repeated recrystalliza
tions from hexane gave a 1% yield of pure colartin as colorless, 
tiny flakes, mp 107-108°, [a]24D +19.4° (c 0.88, CHCI3).

Anal. Calcd for Ci5H240 3: C, 71.39; H, 9.59. Found: C, 71.06; 
H, 9.67.

A sample of crude colartin30 (4 mg), mp 81-94°, had an in
frared spectrum identical with that of the material from A. filifol
ia. Recrystallization of this authentic specimen from hexane gave 
colorless, tiny flakes, mp 106-107°. That the material isolated 
from A. filifolia was in fact colartin was confirmed by an undep
ressed (106-108°) melting point of a mixture of natural and au
thentic specimens.
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Mechanism of Cystine Racemization in Strong Acid
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Cystine (1) is the only naturally occurring amino acid which is racemized to a significant extent under the 
conditions commonly used for hydrolysis of proteins. A study of the mechanism of the racemization of cystine in 
refluxing 6 N  HC1 is reported. Various analog studies show that the racemization mechanism involves the for
mation of an acid enol which is stabilized by the inductive effect of a partially or fully charged /3-heteroatom. In 
general, the requisite charge density may be induced through resonance as in the case of *S-(2,4-dinitrophenyl)- 
L-cysteine or through protonation as in the case of 2,3-diaminopropionic acid, both of which racemize in acid at 
rates comparable to that of cystine. However, in the case of cystine, enolization does not occur in the intact 
molecule as a result of disulfide protonation. Rather, the intermediates in a concurrent, acid-catalyzed, disul
fide interchange reaction are implicated as the species which undergo racemization.

All of the a-amino acids undergo some racemization 
during acid hydrolysis of protein, and the degree to which 
the various amino acids racemize has been quantitated by 
tritium incorporation experiments.1 In the case of every 
naturally occurring amino acid but one, cystine (1), the 
rate of racemization is vanishingly slow under normal hy
drolysis conditions. Cystine, on the other hand, is almost 
completely racemized after 120-hr exposure to refluxing 
6 N  HC1. When cystine, the first amino acid discovered, 
was initially isolated from kidney stones in 1810,2 it was 
obtained in a relatively high state of optical purity, as the 
isolation did not involve extended heating in strong acid. 
It was not until 89 years after its discovery that cystine 
was isolated from horn hydrolysate3 and shown to be the 
source of much of the sulfur known to be present in pro
tein. In this very early work, the rotation of the cystine 
isolated was found to be dependent upon the duration of 
hydrolysis. In 1902,4 the correct structure of cystine was 
elucidated and it was shown to be racemized completely 
by heating in hydrochloric acid. The existence of d , l , and 
meso forms was proposed in the inactive material, and all 
three forms were isolated in 1933.5

Somewhat surprisingly, in none of the above work or in 
other studies of this unique racemization6 is there com
ment or speculation about the mechanism of the reaction.

In the course of preparing a sample of DL-cystine for a 
separate study, our curiosity was aroused by the anoma
lous rate at which l -cystine racemized in acid, and we 
have examined this reaction with the objective of under
standing its mechanism.

The decrease in rotation of a solution of cystine in re
fluxing 6 N  HC1 is first order in amino acid and has a half- 
life of about 20 hr. Unfortunately, dependence of the rate 
on acid concentration could not be fully investigated be
cause of the rapid decomposition of cystine which occurs 
in more dilute, refluxing acid. Specifically, it was found 
that in refluxing 1 or 3 IV HC1 rather rapid decomposition 
occurred to give cysteine, alanine, glycine, and other 
products, production of which occurred rapidly enough to 
render racemization rate measurements meaningless. The 
extent of decomposition which occurred during racemiza
tion experiments was monitored by amino acid analysis 
and it was found that in 5 IV or stronger HC1, decomposi
tion occurred only very slowly.

The effect of the conjugate base of the mineral acid on 
racemization rate was investigated by comparing the re
sults of experiments conducted in HC1, HBr, and H2SO4 
at 110° (sealed tube) and constant H0. Though these acids 
have widely variant anion nucleophilicities, the rate of ra
cemization was essentially constant for all three. This ob
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servation may be interpreted to indicate that nucleophilic 
attack by the conjugate base is not involved in the rate
determining step of the racemization reaction.

In order to establish the effect of various structural pa
rameters on the rate of racemization, a variety of analog 
amino acids were subjected to refluxing 6 N  HC1. The tab
ulated results of these experiments appear in Table I, in 
which the amount of racemization is indicated as per cent 
decrease in optical activity over 20 hr, approximately the 
optical half-life of cystine under these conditions.

Cysteine (2) and S-methylcysteine (3) do not undergo 
appreciable racemization under the standard conditions. 
These amino acids differ from cystine to the extent that 
they do not incorporate either a disulfide linkage or a sec
ond intramolecular a-amino acid group. Hence, their lack 
of reactivity implicates one of these two structural param
eters in the cystine molecule.

If the inclusion of a companion intramolecular a-amino 
acid function is the key to the reactivity of cystine, re
placement of one of the disulfide sulfur atoms by a meth
ylene group should have no effect on racemization rate 
and should result in a structure that would racemize sig
nificantly more rapidly than normal amino acids. In fact, 
such a compound, cystathionine (4), was prepared. Nei
ther cystathionine or the analogous lanthionine (5) racem
ize appreciably faster than alanine. In addition, the a)-car- 
boxy amino acids aspartic (9) and glutamic (10) do not ra
cemize nor does the e-amino acid, lysine (11). These re
sults clearly indicate that inclusion of an a>-amino or car
boxyl group, or both, is not sufficient to activate the mol
ecule toward the acid-catalyzed racemization which cys
tine undergoes.

The results above implicate the disulfide linkage as the 
activating structural parameter. Hence, a number of 
structural analogs of cystine, which include the disulfide 
linkage, were prepared for testing. Homocystine (6), in 
which the disulfide linkage is insulated from the chiral 
carbons by two methylene groups, does not racemize to a 
significant extent. Penicillamine disulfide (7), which can 
be considered a /3-tetramethyl analog of cystine, does not 
racemize.

The inability of penicillamine disulfide to racemize 
under conditions which result in rapid racemization of 
cystine could be the result of steric inhibition of the 
mechanism or could result from absence of the ¡3 hydro
gens present in cystine. If, for example, enamine forma
tion was the source of the racemization, replacement of 
the /? hydrogens by methyl groups would prevent the oc
currence of reaction.

In order to ascertain whether the racemization of cys
tine involved the j3 pretons, L-cystine was refluxed in 6 N  
DCI-D2O. After 70 hr (3+ half-lives), nmr analysis of the 
isolated cystine showed that over 80% exchange had oc
curred at the a position but no measurable exchange (less 
than 3%) had occurred at the d position. Clearly, racemi
zation does not involve an enamine-like intermediate or 
any other structure which requires rehybridization of the 
d carbon. It would appear, therefore, that penicillamine 
disulfide does not racemize either because of some steric 
inhibition or because of the inductive effect of the (V 
methyl groups.

In order to gain further insight into the question of ste
ric inhibition to racemization in penicillamine disulfide,
S-(ethylthio)-L-cysteine (8) was subjected to the reaction 
conditions. This unsymmetrical disulfide incorporates the 
requisite disulfide linkage and retains the unsubstituted d 
carbons. When 8 was refluxed in 6 N  HC1, a loss of rota
tion occurred at a rate similar to that of cystine. However, 
amino acid analysis of the reaction mixture showed that

Table I
Amino Acid Racemization Rates

N o. Compd

%  loss 
optical 

rotation 
at 20 hr®

COOH COOH
.

1 h 2n c h c h 2s s c h 2c h n h 2
COOH
1

50"

2 h 2n c h c h 2s h
COOH

0

3 h 2n c h c h ,s c h 3
COOH  COOH

0"

4 h 2n c h c h 2s c h 2c h 2c h n h 2
COOH  COOH

5 b.C

5 h 2n c h c h 2s c h 2c h n h 2
COOH COOH

5"'d

6 h 2n c h c h 2c h 2s s c h 2c h 2c h n h 2
COOH C H 3 CHa COOH

5"

7
I l  I I  

h 2n c h  c — s s  c  c h n h 2 0"

c h 3 c h 3
COOH

8
J

h 2n c h c h 2s s c h 2c h 3
COOH

b , f

9
1

H 2N C H C H 2COOH
COOH

5"

10
1

H 2N C H C H 2C H 2COOH
COOH

5"

11 h 2n c h c h 2c h 2c h 2n h 2
COOH

0

12 h 2n c h c h 2n h 2
COOH

86"

13 h 2n c h c h 2c h 2n h 2
COOH

5

14 H 2N C H C H 2S-2,4- (N 0 2)2C 6H 3 
COOH CH j

38",e

15
j 1

h 2n c h  c — s s c h 2c h 3 b , f

CHa
COOH

16
1

h 2n c h c h 2c h 2s c h 3
COOH

5

17 h 2n c h c 6h 5
COOH

17

18
1

h 2n c h c h 2c 6h 6 0

“ Estimated error in rotation measurements is ±5% . 
" Amino acid analyses were performed on the refluxed solu
tion at 20 hr or longer to determine amount of decomposi
tion; no decomposition occurred unless specified. c Approxi
mately 40% decomposition had occurred at 72 hr. d Meso 
isomer was detected by amino acid analysis. e 11% decom
position, yielding ammonia, at 20 hr; 45% loss of optical 
activity. f Disulfide interchange occurred; rotation data not 
meaningful.

only 20% of the starting amino acid remained after 55 hr 
and that a large amount of cystine had been produced. 
Extraction of the reaction mixture with methylene chlo
ride yielded diethyl disulfide, indicating that a disulfide 
interchange reaction had occurred.

The loss of optical rotation could not be attributed to 
racemization of the unsymmetrical disulfide, however, as 
we found that the interchange reaction is rapid compared 
to loss of rotation. In fact, within 1 hr, an equilibrium
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mixture of disulfides is produced. By chance, the molecu
lar rotation of 8 (234°) is almost exactly half that of cys
tine (466°) in 6 N  HC1. Therefore, conversion of two mole
cules of 8 into one molecule of cystine by disulfide inter
change would not in itself cause a change in the magni
tude of the measured rotation if no racemization occurred 
during the interval required for interchange. This reaction 
might be considered to have simply produced a solution of 
cystine which then racemized at its normal rate.

The experiment described above led to attempts to de
termine whether there is a mechanistic relationship be
tween the disulfide interchange reaction and racemiza
tion. The mechanism of disulfide interchange in acid is 
not clearly understood. Initially, it was proposed that the 
reaction proceeded via a sulfenium ion mediated chain 
reaction.7 More recent work8 suggests that this mecha-

initiation RSSR + H+ —*■ RSH +  RS+ (1)
interchange RS+ + R'SSR' — -  RSSR' + R'S+ (2)

nism is incorrect, as some evidence indicates that the 
rate-determining step involves nucleophilic displacement 
by acid anion on a sulfur activated by a prior electrophilic 
attack. In addition, homolytic cleavage and a resulting

X-  + RSSR — ► RSX + RSH (3)
H

radical mechanism are known to occur under some condi
tions.9 None of these mechanisms are consistent with all 
of the data; perhaps all are operative.

In any case, cystine and most other disulfides are cer
tainly undergoing some interchange reaction in acid solu
tion. Demonstration of this interchange in a symmetrical 
disulfide such as cystine would require an isotopic label
ing experiment, which has not been carried out. It has 
been shown, however, that Ar,iV,-bis(2,4-dinitrophenyl)- 
cystine interchanges with cystine itself10 and we have 
demonstrated the rapid interchange of cystine with di
ethyl disulfide. There is little doubt that interchange oc
curs upon heating cystine in acid. The question of a 
mechanistic relationship between this interchange reac
tion and racemization led to a new series of experiments.

Since it seemed that the disulfide linkage and/or its as
sociated interchange intermediates might be in some way 
the source of the species prone to racemization, we at
tempted to uncouple the interchange and the racemiza
tion. That is, a set of experiments was designed to deter
mine whether racemization could occur without inter
change and vice versa.

Since the existence of a free radical interchange mecha
nism has not been eliminated, we attempted to inhibit a 
presumed homolytic interchange in order to study the ef
fect of interchange inhibition on racemization rate. When 
10 mol % of hydroquinone was added to S-(ethylthio)-L- 
cysteine (8) and the resulting solution was refluxed in 6 N  
HC1 in the absence of air and light, the interchange rate 
was the same as that observed for a sample refluxed open 
to the air, in the light, and without the radical scavenger. 
Though this type of experiment is not completely conclu
sive, it must be interpreted to mean that either the inter
change is not primarily free radical in mechanism or that 
our inhibition conditions were inadequate.

It has been noted in an earlier experiment that penicil
lamine disulfide does not racemize at a rate even near 
that of cystine. Yet penicillamine disulfide (7) differs 
from cystine only by inclusion of the p -methyl groups. 
Since p hydrogens are not necessary for the racemization 
is indicated by the isotope-exchange experiment, it was 
postulated that the methyl groups might, in some way, 
prevent the interchange reaction and thereby the racemi

zation. We found that penicillamine disulfide (7) does, in 
fact undergo disulfide interchange but at a rate much 
slower than that of cystine. This was demonstrated by re
fluxing each of these disulfides in 6 N  HC1 to which a 
quantity of diethyl disulfide had been added. At intervals, 
the reaction mixtures were analyzed (by amino acid anal
ysis) for the production of the corresponding unsymmetri- 
cal disulfides, the concentration of which, as a function of 
time, was a measure of interchange rate. It was found that 
cystine undergoes interchange with diethyl disulfide about 
ten times as fast as penicillamine disulfide does.

We have shown then, that the exchange rate and the 
racemization rate have a certain correlation. That is, pen
icillamine disulfide racemizes more slowly than cystine, 
and it also exchanges more slowly than cystine. This ob
servation does not prove a direct relationship between the 
two reactions; however, a common intermediate may be 
involved in both racemization and interchange, with the 
activation energy for the interchange being lower than 
that for racemization.

A crossover experiment was conducted to determine 
whether the presence of the intermediates in the inter
change reaction (e.g., sulfenium ions) could induce race
mization via intermolecular reaction. This experiment 
consisted of refluxing mixtures of racemic cystine with l - 
alanine, with L-cysteine, and with S-methyl-L-cysteine. In 
none of these three cases was there any evidence of an in
creased racemization rate. Therefore, the interchange in
termediates are not capable of promoting racemization via 
an intermolecular reaction.

Both of the postulated ionic mechanisms for disulfide 
interchange in acid, though different, involve an interme
diate in which the cysteinyl residue bears a full or partial 
positive charge on the sulfur atom. Thus, it is possible 
that the electron-withdrawing inductive effect of a 
charged sulfur atom at the p position might be sufficient 
to increase the acidity of the a proton enough to lead to 
racemization. The likelihood of such a proposal is buoyed 
by the fact that the proton on the chiral carbon is already 
exposed to the inductive effect of protonated, geminal 
amino and carboxyl groups. Thus, the combination of 
strong electron-withdrawing groups (NH3+, S+, COOH)11 
and the potential for stabilization of the conjugate base by 
acid enol formation may well be responsible for the rapid 
racemization of cystine. However, since one would not ex
pect the disulfide to be more basic than the thio ether,12 
and since neither S-methyl-L-cysteine, the corresponding 
thioether, or cysteine, the corresponding mercaptan, ra
cemize under conditions which racemize cystine, simple 
protonation of the p sulfur cannot be the source of the 
charged intermediate. This intermediate must then arise 
as a result of the interchange reaction, a path uniquely 
available to disulfides.

The hypothesis above would predict that 2,3-diami- 
nopropionic acid (12) should racemize as rapidly as cys
tine, if not faster. Consistent with the hypothesis, 2,3-di- 
aminopropio'nic acid was found to racemize at a dramatic 
rate. In addition, the insulating effect of a single methy
lene group, as in 2,4-diaminobutyric acid (13), renders the 
molecule inert to racemization. This observation is consis
tent with the similar observations on cystine and homo
cystine. It is also consistent with the observation that 
phenylglycine (17) racemizes while phenylalanine (18) 
does not. In the case of 17, the acid enol is stabilized by 
phenyl conjugation, resulting in rapid racemization. In 18, 
insulation by the methylene group is sufficient to confer 
optical stability.

The extent to which the sulfur must carry charge is 
demonstrated in the observation that S-(2,4-dinitro-
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phenyl)-L-cysteine (14) racemizes at a rate only slightly 
slower than that of cystine. Since cysteine itself does not 
racemize, it is difficult to postulate a mechanism that 
does not depend upon the influence of the charged sulfur. 
It would seem that the rate may be dependent upon the 
degree of charge induction and that the actual cystine in
termediate must have a degree of charge somewhere be
tween that induced by the 2,4-dinitrophenyl group and 
the full charge on the protonated nitrogen of 2,3-diami- 
nopropionic acid.

In summary, it is proposed that in refluxing 6 N  HC1, 
cystine is undergoing fairly rapid disulfide interchange 
and that some intermediate in this exchange reaction 
carries at least a partial positive charge on sulfur. The 
combined inductive effect of geminal carboxyl and pro
tonated amino groups together with the added boost from 
this charged sulfur renders the a proton sufficiently acidic 
to allow acid enol formation, resulting in racemization. 
The racemization reaction is far slower than the inter
change reaction but factors which increase or decrease the 
interchange rate likewise affect the racemization rate.

Experimental Section
Melting points are uneorrected. Amino acid analyses were per

formed on a Beckman Model 120C amino acid analyzer. Optical 
rotations were obtained on a Bendix ETL-NPL automatic polari- 
meter, Type 143A, using an all-glass 2-cm cell. Elemental analy
ses were performed by the Analytical Laboratory, University of 
California, Berkeley.

Materials. L-Methiorine, L-cystine, D-penicillamine, L-cyste- 
ine, L-aspartic acid, L-glutamic acid, i.-2,4-diaminobutyric acid, 
L-lysine, and L-phenylglycine were obtained from commercial 
sources and used as supplied. The following amino acids were 
synthesized by standard literature procedures.

d-Penicillamine disulfide (7) was prepared by 0 2 oxidation of 
D-penicillamine,13 mp 199-201° (lit.14 mp 204-205°).

S-Methyl-L-cysteine (3) had mp 240° (lit.15 mp 247-248°), 
t«P°D -  10° (c 1 ,1ATHC1) [lit.13 [ a p D  -  9.6° (c 1 ,1 IVHC1)].

L-Lanthionine (5) was prepared from serine and cysteine, mp 
297-299° (lit.16 mp 293-295°), H 20d +  6° (c 1, 1 N  NaOH) [lit.16 
[<*]20d + 6° (c 1,1 IVNaOH)].

l -Cystathionine (4) had [<x]20d — 21.5° (e 1, 1 N  HC1) [lit.17 
[«]20d  -  23.5° (c i, 1JVHC1)].

S-(2,4-Dinitrophenyl)-L-cysteine hydrochloride (14) was pre
pared from cysteine and 2,4-dinitrofluorobenzene at pH 4.2.18 
Further purification was necessary by cation-exchange chroma
tography (Bio-Rad AG50W-X8, H+ form, 200-400 mesh), mp 
180-181° (lit.18 mp 182-184°), [a ]20D + 82° (c 1, 6NHC1).

l -Homocysteine had mp 255-265° (lit.19 mp 281-284°), [a]20D + 
69° (c 1, 1NHC1) [lit.19 H 20d +  79° (c 1 ,1IVHC1)].

L-2,3-Diaminopropionic acid (12) was purified by cation-ex
change chromatography (Bio-Rad AG50W-X8, H+ form, 200-400 
mesh), M 20d + 22.5° (c 1, 1 N  HC1) [lit.20 [a]20D +  25° (c 1, 1 N  
HC1)].

S-(Ethylthio)-L-cysteine (8) was prepared by reaction of cyste
ine with diethyl sulfenyl thiocarbonate.21 Cysteine hydrochloride 
monohydrate (8.73 g, 50 mmol) was added to 100 ml of ethanol- 
water (2:1). To this solution was added diethyl sulfenyl thiocar
bonate (8.4 g, 50 mmol) dissolved in 50 ml of ethanol and the 
reaction mixture was stirred vigorously under nitrogen at room 
temperature after 3 drops of triethylamine was added. Stirring 
was continued for 5 hr followed by evaporation of the solvent and 
crystallization of the residue from aqueous ethanol, yield 5 g, mp 
190-193°, [o p D  + 129° (c 1.5, 67VHC1).

Anal. Calcd for CsHnNOzSz: C, 33.1; H, 6.1; N, 7.7; S, 35.4. 
Found: C, 33.2; H, 6.1; N, 7.7; S, 35.2.

Ethyl penicillamine disulfide (15) was prepared essentially as 
8, in methanol at 50° for 7 hr, from D-penicillamine hydrochloride 
(5.07 g, 27 mmol) and diethyl sulfenyl thiocarbonate (4.53 g, 27 
mmol) and was crystallized from ethanol-ether, mp 148-151°, 
[ a p D  + l l l °  (Cl, 1IVHC1).

Anal. Calcd for C7H16NO2S2CI (0.6 mole fraction as HC1 salt): 
C, 36.7; H, 6.8; N, 6.1. Found: C, 36.9; H, 7.1; N, 5.9.

DCI-D2O was prepared essentially as described,22 except that 
both S 0 2 traps were at Dry Ice temperature and the DC1-D20

Table II
Rates of Disulfide Interchange with OH3CH2SSCH2CH3

%  o f  penicillamine
%  o f  cystine (1) disulfide (7)

Tim e, min interchanged interchanged

0 0 0
5 10 1

10 24 4
20 39 9
77 42 27

192 42 51

was boiled to remove residual SO2. Nmr of the DC1-D20  solution 
showed it to be as isotopically pure as the D20  used in the hy
drolysis, 99.8%.

Racemization Rate Studies. In a typical experiment, 100 ml of 
6 N  HC1 in a round-bottom flask equipped with reflux condenser 
was brought to reflux (110°) in a thermostated (120°) oil bath. 
The flask was removed from the bath and cooled to about 100°, 
and about 1.0 g of the amino acid was added; immediately the 
flask was returned to the oil bath, whereupon refluxing ensued 
within a few minutes. All of the amino acid dissolved within the 
first few minutes and, as soon as solution was effected, a 5-ml ali
quot was removed and cooled to room temperature in an ice bath, 
and the initial rotation measured. Subsequent aliquots were ob
tained and their rotations were measured in a similar manner.

Rates of Disulfide Interchange. The relative rates of disulfide 
interchange between cystine (1) and penicillamine disulfide (7) 
and diethyl disulfide were measured in the following manner. Di
sulfide 1 (0.25 g) or 7 (0.31 g) was placed in 25 ml of 6 N  HC1 and 
the solution was brought to reflux (110°) in a thermostated (120°) 
oil bath. At time f = 0, pure diethyl disulfide (1.1 g) was injected 
by syringe into the refluxing solution and the flask was shaken. 
Some of the diethyl disulfide dissolved, but the solution remained 
heterogeneous. An aliquot of the aqueous solution was removed at 
the appropriate time, cooled to about 0°, diluted (1:20 in pH 2.2 
buffer), and immediately placed on the column of the amino acid 
analyzer. The results of these disulfide interchange studies are 
given in Table II.

Registry N o —1, 56-89-3; 2, 52-90-4; 3, 1187-84-4; 4, 6899-07-6; 
5, 922-55-4; 6, 462-10-2; 7, 20902-45-8; 8, 17885-24-4; 9, 56-84-8; 10,
56-86-0; II, 56-87-1; 12, 4033-39-0; 13, 1758-80-1; 14, 23815-63-6; 
15, 38261-80-2; 16, 63-68-3;. 17, 2935-35-5; 18, 63-91-2; diethyl sul
fenyl thiocarbonate, -30453-25-9; L-cysteine hydrochloride, 52-89-1; 
D-penicillamine hydrochloride, 2219-30-9; diethyl disulfide, 110-
81-6.
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Ammonolysis of base-sensitive bonds such as lactone, ester, and amide bonds has been found to occur under 
chemical ionization mass spectrometry conditions. This reaction occurs in the mass spectra of (1) the antimycin 
A complex, (2) a synthetic precursor of antimycin A3, and (3) proline dipeptides. The role that ammonolysis in Cl 
played in the structural elucidation of the minor components of the antimycin A complex is discussed. The con
ditions in the ion source of the mass spectrometer ensure that a several hundredfold excess of ammonia over 
sample is maintained during the course of vaporizing the sample.

While investigating the antimycin A complexlb~8 by 
mass spectrometry, we compared the electron ionization 
(El) and chemical ionization (Cl) mass spectra of this 
complex. Instead of the typically “ clean”  Cl spectrum 
that one normally obtains when ammonia is used as a re
agent gas912 (proton affinity of N H 3 207 ±  3 kcal/mol13), 
as many peaks were found in the Cl spectrum with am
monia as the reagent gas as in the El spectrum. This can 
only be rationalized by the occurrence of gas phase am
monolysis: new compounds (amides) are formed in the ion 
source which then subsequently are protonated by the 
ammonia ion-molecule reaction products12 to produce 
protonated molecular ions. Accordingly, we investigated 
the occurrence of gas phase ammonolysis in the Cl spectra 
of (1) the antimycin A complex, (2) a synthetic precurser 
of antimycin A314’15 which does not contain any homo
logs, and (3) a series of proline dipeptides.

The observance of gas phase ammonolysis products was 
especially useful in the case of the antimycin A complex. 
This complex is composed of a mixture of homologous 
compounds, due to the presence of two alkyl side chains 
(structure I). While investigating the El spectra of this 
complex, we found that each molecular species consists of 
one to four components.16 These constituents are extreme
ly difficult to separate.5-6 With methane as a reagent gas 
for Cl, adduct ions were obtained which differed by 28 
amu (just as every other homolog did), whereas ammonia 
helped to establish the molecular ions, as each molecular 
species is indicated by [M + 1]+ and [M + 18]+ ions.12

Results and Discussion
The Antimycin A Complex. Figure la contains the El 

mass spectrum of the antimycin A complex (I). Scheme I 
rationalizes the genesis of the indicated ions. These data 
have also been confirmed by the mass spectra of II-V.

Figure lb  contains the Cl spectrum of I. By comparing 
the two mass spectra it is apparent that all of the ions in 
the molecular ion region of the El spectrum have shifted 1 
and 18 amu in the Cl spectrum. This shift provides suffi
cient information to determine which molecular compo
nents are present in the complex by the analysis of the [M 
+ H]+ and [M + NH4]+ ions shown in Table I. The quan
tity (R3 + R4) is a convenient representation of the sum 
of the number of carbon atoms present in the two aliphat
ic side chains, R3 and R4, as shown in Scheme II.

The “ shift” of fragment ions by either 17 or 18 amu is 
the indication that ammonolysis is occurring. The intact 
molecule (I) contains five potential sites where ammonol
ysis of a base-sensitive bond may occur—two lactone, one 
ester, and two amide bonds. For example, the amide bond 
next to the nine-membered ring is one of the potential 
sites. If ammonolysis takes place, the ion found at m/e

Table I
No. of carbons

(R3 +  R<) m/e (M +  1) + m/e (M -j- 18)+

5 479
6 493 510
7 507 524
8 521 538
9 535 552

10 549 566
11 563 580
12 577 594

164 would “ shift” 17 amu (owing to the addition of an
-NH2 moiety followed by protonation) to form the molec-
ular ion u at m/e 181. In Figure lb, wei observe the appro-
priate shift.

An interesting reaction occurs with the asymmetrically 
disubstituted dilactone ring of antimycin A. The two ex
tremely labile lactone bonds both undergo ammonolysis to 
form two hydroxy amides, which after protonation form 
the molecular ions r and s (see labeled peaks in Figure 
lb). In order to obtain corroborative evidence that ammo
nolysis is occurring, the Cl spectrum was also run with 
ND3 as the reagent gas, whereupon the appropriate shift 
in mass occurred. (For example, m/e 274 — 278 is a shift 
of 4 amu and is composed of two deuteriums on the -ND2 
group from the reagent gas, the deuterium on the -OD 
group, and a deuterium to deuterate the molecule.)

The other moiety formed after ammonolysis of the di
lactone ring and protonation is the molecular ion s, m/e 
282, which readily loses NH3 to form the more stable lac
tone t at m/e 265.

The ions which are found in Figure lb do not represent 
extensive fragmentation of the molecule, but rather, every 
peak in this mass spectrum represents a molecular ion. 
That some of these ions are still low in abundance is due 
to their low concentration in the antimycin A complex.lb 
Generally the abundance of these ions is much greater in 
the Cl spectrum (as compared to the corresponding ions 
in the El spectrum) because they do represent nonfrag- 
mented molecular ions. With ammonia as a reagent gas, 
the sensitivity toward nitrogen-containing compounds (or 
conjugated compounds) is higher in that these compounds 
represent stronger Brpnsted acids than the reactant ion 
NH4+.

Ammonolysis can be shown to occur in a base-labile 
compound that cleaves into two moieties of different mo
lecular weights followed by the detection of both species. 
A model compound containing no homologs was reported 
during the total synthesis of antimycin A3 and its diaste- 
reoisomer.14’15 This compound is the benzoxycarbonyl 
derivative of the dilactone ring in structure I and is (—)- 
(3S, 4R, IS, 8 S, 9 R) -3-benzyloxycarboxamido-7-butyl-4,9-di-
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Figure 1. (a) El mass spectrum of antimycin A complex (I); (b) Cl (NH3) mass spectrum of antimycin A complex (I).

methyl-1,5-dioxa-8-isovaleryloxycyclononane-2,6-dione (VI, 
Scheme HI).

The m /e values and the relative intensities from the Cl 
mass spectrum of VI with ND3 as the reagent gas are 
given in Scheme IH. The molecular weight (M) of VI is 
491 amu. With ND3 as the reagent gas, exchange of the 
amide hydrogen occurs quantitatively. Deuteration then 
produces the ion at m/e 494 (5%), while addition of ND4+ 
produces the base peak at m /e 514. Opening of the dilac
tone ring only at one point and subsequent deuteration 
yields the two molecular ions w and x at m /e 514, coinci
dent in mass with the [M + ND4]+ ions (see Scheme III).

Ammonolysis of the amide bond in VI followed by deu
teration produces ion y at m/e 361 (20%). The other prod
uct of this reaction is the unstable carbamic acid ester 
(ion z), which is not found.

The base-sensitive dilactone ring of VI undergoes am
monolysis to generate, after deuteration, ions aa (80%) 
and ab (15%) at m/e 278 and 258, respectively. (Some of 
the ion current at m /e 278 may be due to the addition of 
ND4+ to ab.)

Ammonolysis of the aliphatic ester bond of VI does not 
seem to occur owing to the absence of ions ac and ad. This 
could be explained by the greater stability of the aliphatic 
ester bond in comparison to the more base-labile dilactone 
ring.

It is interesting to make some general observations con
cerning the spectra in Figures la, lb, and 2 and Scheme 
IH. For example, the more abundant ion species in the El 
spectrum (Figure la) are due to the aromatic portion con
taining ions, such as those occurring at m¡e 264, 220, 164, 
and 136, whereas the aliphatic ions (Scheme I, d, e, f, and 
g) are quite small. On the other hand, the situation is 
quite different in the Cl spectrum (Figure lb). For exam
ple, r in Scheme n  accounts for the family of abundant 
ions at m /e 260, 274, 288, 302, 316, and 330 in Figure lb.

The characteristic abundant ions of the El spectra re
flect the presence of the aromatic portion in the antimy- 
cin A complex. An ion structure such as j (Scheme I) could 
quite easily be ionized by the removal of an electron.

In Cl, however, with N H 3 as the reagent gas, protona
tion can occur only with a molecule having a higher pro

ton affinity than NH3. This means that the corresponding 
molecule to ion r has a higher proton affinity than NH3, 
and therefore is more abundant (see Figure lb ) in Cl as 
opposed to El (Figure la ).

Proline Dipeptides. The Cl mass spectra (with NH3) of 
the following eight dipeptides N“ -acetyl-Pro-X-methyl 
ester, where X  = glycyl, alanyl, seryl (-OMe), leucyl, 
methionyl, phenylalanyl, tyrosyl (-OMe), and tryptophyl 
residues, showed that ammonolysis of the peptide bond 
occurs, too. For purposes of illustration, the Pro-Trp di
peptide will serve as an example.

The El mass spectrum of Al-acetylprolyltryptophan- 
methyl ester (\TII) is given in Figure 2a. The molecular 
ion occurs at m/e 357 and [M -  31]+ at m/e 326. The 
large ion at m /e 201 occurs via a McLafferty rearrange
ment of the d hydrogen on the Trp side chain resulting in 
ion ae.

CHCOlCHsf

H

ae, m/e 201

The other ions are represented in the fragmentation 
pattern given in Figure 2a. The small ion at m /e 157 is 
due to cleavage of the N“-C a bond at the Trp residue, 
with migration of two hydrogen atoms, which then would 
eliminate ammonia to produce the amino acyl fragment at 
m/e 140.16

In each one of the Cl mass spectra of the dipeptides 
with NH3 as the reagent gas, the ion at m /e 157 was dom
inant. As cleavage of the N“-C" bond is energetically un
favorable under Cl conditions with ammonia as the re
agent gas, ammonolysis of the peptide bond occurred to 
produce ions af and ag.

The Cl mass spectrum of VH, with ND3 as the reagent 
gas, is presented in Figure 2b. The [M -1- D]+ ion is ob
served at m/e 361. The molecular weight is 357 amu.
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Figure 2. (a) El mass spectrum of N-acetylated prolyltryptophan methyl ester (VII); (b) Cl (ND3) mass spectrum of N-acetylated prolyl- 
tryptophan methyl ester (VII).

(M+D)+ m/e 494 (5%) 

(M+ND4)+ m/e 514(100%)

ND4+

Scheme III

ob m/e 258 (12%)

0

ac, Not Found

0

0
oo, m/e 278 (89%)
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CH/X1N— y —CONHÇHCDOCH,, m _m  +

U
af, m/e 157

H,NCHCOOCH,

R

ag
(Two hydrogens exchange for deuterium atoms, most 
probably the hydrogens on the indole nitrogen and on the 
amide bond nitrogen. This exchange is followed by deu
tération.) The adduct ion [M + ND4]+ occurs at m/e 381. 
The McLafferty rearrangement ion (ae) remains at m/e 
201, with the satellite peak m/e 202 caused by deuterium 
scrambling of the indole hydrogen or by deamination of
ag.

Under the low-energy conditions of Cl, the ion at m/e 
160 is persistently found as an abundant ion in all eight 
dipeptide spectra.

X J
ah, m/e 160 

Conclusions

The antimycin A complex was purchased from Nutritional Bio
chemicals Co., Cleveland, Ohio, and acetylated and methylated 
as above. Deformylation was done by treating a methanolic solu
tion with concentrated HC1.2 Compound VI was kindly provided 
by Dr. Mitsuhiro Kinoshita, Keio University, Yokahama, Japan.

Cl mass spectra were obtained with a CEC 21-110 B (lot 9) in
strument, modified for high-pressure work.19 Ammonia and 
methane pressures were 0.1-0.9 Torr, as measured with a hollow 
probe connected to a capacitance manometer (MKS Instruments, 
Inc., Burlington, Mass.). Instrumental conditions follow: ionizing 
voltage, 200 eV; ionizing current, 200 e-A (total, unregulated); accel
erating voltage, —8.4 kV; magnetic scanning. The repeller voltage 
was set at 0 V/cm . Source temperature varied from 105 to 225°, 
depending upon the temperature necessary to vaporize each indi
vidual sample.

Ammonia and methane were of research grade and were pur
chased from Matheson LaPorte, Tex.

Low-resolution (El) mass spectra were obtained on an LKB 
9000. Samples were introduced on a direct introduction probe 
(ionizing voltage, 70 eV; ionizing current, 60 ¿¿A; accelerating volt
age, -3 .5  kV; source temperature 270°; probe temperature, 130- 
140°).

Acknowledgments. The authors gratefully acknowledge 
financial support from the National Institutes of Health 
(NIH 69-2161, RR 254, RR 259, GM-13901). Technical as
sistance from C. Weise is appreciated.

The data presented above show that ammonolysis of a 
variety of chemical bonds occurs under Cl mass spectrom
etry conditions. The chemical bonds affected are amide, 
ester, and lactone bonds. As these types of bonds are base 
sensitive in solution chemistry, it is not surprising that 
ammonolysis in the gas phase occurs. Indeed, in solution 
chemistry, dipeptide amides are synthesized by subjecting 
diketopiperazines to ammonolysis.17

A sufficient molar excess of NH3 in the ion source of the 
mass spectrometer exists to ensure that reaction would 
proceed to the formation of the ammonolysis products. At 
a pressure of 1 Torr N H 3 in the source at 500°K, 50 pmol 
of N H 3 are present. By means of a heated direct introduc
tion probe, a total amount of 10 /¿mol of the sample is in
troduced into the ion source over a period of 100-300 sec. 
Under normal operating conditions, a continual molar ex
cess of several hundredfold of N H 3 over sample is assured.

Ammonolysis of base-sensitive bonds (a reaction which 
is standard in solution chemistry) has never been reported 
before to occur under the conditions of Cl mass spectrom
etry. The conditions employed in this study are typical for 
Cl mass spectrometry and have been utilized by others to 
study other classes of compounds.10’11

Experimental Section
The proline dipeptides were purchased from Fox Chemical Co., 

Los Angeles, Calif., or Sigma Chemical Co., St. Louis, Mo. They 
were acetylated in methanol-acetic anhydride (4:1) for 4 hr.18 
The esterification was completed by reaction with diazomethane.

Registry No.—I, 50858-98-5; VB, 50803-85-5.
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d-, I-, and cZZ-p-nitrophenyl « -methoxyphenylacetates (I) were hydrolyzed at pH 7.0, 8.0, and 9.0 in aqueous 
micellar solutions of cetyltrimethylammonium bromide, IV-benzyl-ZV-cetyldimethylammonium bromide, d-, I-, 
and dZ-AT-a;-methylbenzyl-iV,jV-diinethylcetylammonium bromide, and d-, I-, and eZZ-ZV-a-methyl-p-methoxy- 
benzvl-iV.iV-dimethylcety¡ammonium bromide. Rate constants for the pseudo-first-order hydrolyses reveal sig
nificant micellar catalysis, but limited dependence on head group structure, and no substantial stereoselectiv
ity. Similar results were obtained in hydrolyses of I catalyzed by inverse (n-hexyl alcohol-water) micellar solu
tions of the same surfactants. The uv spectra of Ar-n-tetradecyl-2,4-dinitroaniline, solubilized in the various sur
factant solutions, afforded a measure of the “ polarity”  of the micellar Stern layers.

The catalysis of organic reactions by surfactant micelles 
is an area of great endeavor.3 Many organic reactions have 
now been examined, and attention is turning toward the 
influence of surfactant structure on catalytic efficiency. 
Particularly because of the often-cited enzyme-micelle 
analogy,3’1 the question of chirality has become topical.

There has been little study of stereochemical effects in 
micelle-catalyzed reactions, and our demonstration of mi
cellar control of stereochemistry in the nitrous acid deam
ination reaction appears to have been the first such re
port.5,6 More recently, catalysis of the mutarotation of
2,3,4,6-tetramethyl-a-D-glucose by inverse micelles has 
been reported.7

Of very direct concern to us was the communication by 
Bunton, Robinson, and Stam of the stereoselective hy
drolysis of d- or Z-p-nitrophenyl a-methoxyphenylacetate 
catalyzed by surfactants derived from d - ( — )-ephedrine.8 
This was the first report of catalytic interaction between 
chiral micellar reagents and chiral substrates,9 and coin
cided with our own developing interests.10

Here, we present a full report of some micelle-catalyzed 
hydrolyses of optically active and racemic p-nitrophenyl 
a-methoxyphenylacetate. We employed rather simple sur
factants in this initial study, and considered the effects of 
structural variation of the surfactant head group and of 
the introduction of a single center of chirality. The micel
lar catalysts were examined under normal (aqueous) con
ditions, and, briefly, under nonaqueous (inverse micelle) 
conditions.

Results
Synthesis. The substrates were d-, 1-, and dl-p-nitro- 

phenyl a-methoxyphenylacetate (I). Racemic or optically 
active mandelic acids were O-methylated with dimethyl 
sulfate in aqueous sodium hydroxide solution; the me- 
thoxy acids were converted to the acid chlorides with oxa- 
lyl chloride, whereupon treatment with p-nitrophenol in 
toluene and pyridine afforded I. The d- and Z-a-methoxy- 

OCH3

I~ o_ 0̂ ^ n°2
H 0

I
phenylacetic acids, from which the esters were obtained, 
were >99% optically pure, and subsequent hydrolysis of 
cZ-I, followed by reisolation of the d-a-methoxyphenylace- 
tic acid, demonstrated that optical purity had been pre
served to >96% in the acid —► ester sequence.11

The surfactants were all of the general form II, and are 
described in Table I.

CH3

re-C16H33-r- +N— R Br-  

CH3n
Surfactant 13b was prepared from /V,N-dimethylbenzyl- 

amine and cetyl bromide in refluxing acetone. The catal
ysts of the IV-a-methylbenzyl-IV,IV-dimethylcetylammon- 
ium bromide series (lie) were prepared from the appropri
ate d-, I-, or cZZ-a-methylbenzylamine by dimethylation,12 
followed by reaction with cetyl bromide in refluxing etha
nol. The active amines were >97% optically pure, and it 
is assumed that this holds for the resulting surfactants. 
The catalysts of the MeO-16 (lid) series were prepared 
from cetyl bromide and jV,7V-dimethyl-a-met,hyl-p- 
methoxybenzylamine, which was obtained from p- 
methoxyacetophenone by a Leuckart reaction, followed by 
dimethylation.12 d- or Z-a-methyl-p-methoxybenzylamines 
were derived from the racemate by fractional crystalliza
tion (respectively) of the d- or Z-tartrate salts. The 
amines, and hence Z-IId and cZ-IId, were at least 85% opti
cally pure.11

All of the surfactants were purified by repetitive crys
tallizations, and log [surfactant] vs. surface tension graphs 
did not display minima.

Table I
Surfactants and Their Critical Micelle Concentrations

Compd R Abbreviation Cmc, M  X  104 a

Ha c h 3 CTA-Br 8.6 ‘
lib c h 2c 6h 5 CBzDA-Br 2.73 ±  0.15“

dZ-IIc CH(CH3)C6H6 dl-16 2.73 ±  0.11
l- lie CH(CH3)C6H5 1-16 2.08 ±  0.06

d - He CH(CH3)C6H5 d-16 2.29 ±  0.11
dZ-IId c h (c h 3)-p -

c h 3o c 6h 4
cZZ-MeO-16 1.56 ±  0.07

Z-IId CH(CH3)-p-
c h 3o c 6h 4

Z-MeO-16 1.43 ± 0 . 1 0

d-IId c h (c h 3)-p -
c h 3o c 6h 4

cZ-MeO-16 1.46 ±  0.09

“ Determined in distilled water, resistivity >1.5 X 10" 
ohm cm from graphs of surface tension us. log [surfactant]. 
Measurements were made with a Fisher automatic surface 
Tensiomat on solutions maintained at 31.0°. The results are 
mean values of three runs on separately prepared stock solu
tions, unless otherwise noted. Errors are average deviations 
from the means. Details of the experimental method appear 
in ref 5 (Moss, Talkowski, Reger, and Powell) and 10. 
1 Single run. Literature values are 8 X 10 ~4 M  [C. A. Bunton 
and L. Robinson, J. Org. Chem., 34, 773 (1969) ] and 9.2 X 
10 M  (ref 3b). e Two determinations.
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T a b le  11
Maximum Pseudo-First-Order Rate Constants (sec-1) for Micellar Hydrolysis of Ester 1“

-102fe ip at pH-
Case Substrate Surfactant6 9 .0 8 .0 7 .0 8 .0  -  7 .0«

l dl-l CTA-Br 2.94* 0.332 0.147 0.185
2 dl-l CBzDA-Br 2.92s 0.330s 0.152« 0.178
3 di-i dl-16 2.24 0.265 0.121 0.153
4 di-i cZZ-MeQ-16 2.02 0.252 0.118 0.134
5 dl-l Z-16 f 0.271 0.133 0.138
6 l-l dl-16 2.70 0.252 0.136 0.116
7 l-l Z-16 2.49 0.271 0.135 0,136
8 l-l» tZ-16 2.47 0.267 0.139 0.128
9 dl-l Z-MeO-16 h 0.233 0.115 0.118

10 l-l dZ-MeO-16 2.10 0.221 0.113 0.108
11 l-l Z-MeO-16 2.04 0.223 0.108 0.115
12 l-l d-MeO-16 2.07 0.236 0.109 0.127

“ See the text and the Experimental Section for details of the measurements. From duplicate runs, and from the scatter of 
the k values in the plateau region, we estimate that the rate constants are reproducible to ±3 % . b See Table I for surfactant 
abbreviations.« The difference in rate constants at p'H 8.0 and 7.0 is recorded as a reflection of the base-catalyzed process at pH 
8.0. d Reference 8 gives ~4.9 X 10 -2 sec -1 in 0.01 M sodium borate buffer. The discrepancy may have to do with differing 
buffer concentration and quality; this is amplified in the Discussion. All of the rate constants of Table II were determined 
with a single lot of Fisher Certified buffer, and within several weeks.« The plateau rate constant could not be determined owing 
to limited surfactant solubility. The quoted value is therefore not necessarily a maximum. 1 See text. " The following additional 
k™x values were determined at pH 9: d-1 in d-16, 0.0240 sec -I; d-1 in Z-16, 0.0235 sec -1. 4 Not determined.

Kinetic Results, Normal Micelles. Pseudo-first-order 
hydrolysis of I was followed spectrophotometrically by 
monitoring the appearance of p-nitrophenoxide at 400 nm. 
Rims were carried out at 25.0 ±  0.2°, in buffered aqueous 
solutions which contained 2.0 x  10-5 M  substrate and
0.5% (volume) of purified dioxane. Hydrolysis studies 
were conducted at pH 9.0 (0.005 M  borate buffer) and at 
pH 8.0 and 7.0 (0.01 M phosphate buffers).

At pH 8.0 and 9.0, runs were done at several surfactant 
concentrations, so as to derive a rate constant vs. [surfac
tant) profile. The profiles were of the expected form;3b 
viz., the rate constant increased sharply as [surfactant] 
exceeded the cmc, and then reached a maximum at high
er surfactant concentrations (~10 cmc). At still higher 
[surfactant], inhibition was observed. Plateau values of ky 
were generally encountered at 1.5-3.0 X 10-3 M  surfac
tant, and are taken as ~/?m, the hydrolytic rate constants 
in the micellar phase. pH 7.0 rate constants were deter
mined only at the [surfactant] corresponding to fê max at 
pH 8.0. Table II contains the data.

Base values for noncatalyzed hydrolyses of I (kQ) were 
determined from runs carried out in the appropriate buff
er solution but without added surfactant. We found ka =
2.76 X 10- 3 and 4.06 X 10- 4 sec-1 for hydrolyses of dl-l at 
pH 9.0 and 8.0, respectively. The former value is to be 
compared with 4.8 X 10 3, which can be measured from 
Figure I of ref 8. (See footnote d, Table II.) The catalytic 
effectiveness (k max/k0) of the various micellar systems is 
given in Table III.

Kinetic Results, Inverse Micelles. Friberg and co
workers reported that certain compositions of CTA-Br, n- 
hexyl alcohol, and water yielded inverse CTA-Br micelles 
which catalyzed the basic hydrolysis of p-nitrophenyl es
ters.13 These ternary catalytic systems are complicated, 
and the microenvironment of the components strongly de
pends on their relative proportions.14 For example, in 
1:4.5 mixtures of CTA-Br:H20, in re-hexyl alcohol, the n- 
hexyl alcohol serves as an intermicellar liquid for inverse 
CTA-Br micelles with hydrated polar cores.

We carried out a brief study of the hydrolysis of I in 
several n-hexyl alcohol-water-surfactant systems. How
ever, in the absence of a complete phase-diagram study of 
the new ternary systems, the exact state of the catalytic 
species present in our apparently homogeneous solutions 
(i.e., inverse micelles, smaller hydrated ionic aggregates, 
or hydrated ion pairs) remains uncertain.

Table III
Effectiveness of the Micellar Catalysts. 

Hydrolysis of dl-1“

Surfactant pH  9.0 pH  8.0

CTA-Br 10.7 8.17
CBzDA-Br 10.66 8 .126
dl-16 8.11 6.52
dZ-MeO-16 7.32 6.20

“ k values are from Table II. For surfactant abbrevia
tions, see Table 1 .4 See footnote e, Table II.

Table IV
Hydrolysis of dl-l in Inverse Micelles“

Surfactant 10* tobid, sec-1

CTA-Br 2.67
CBzDA-Br 2.59
Z-16 1.78
Z-MeO-16 1.92

“ Results of single determinations; see the text for details. 
Surfactant abbreviations are defined in Table I.

For a comparison of micellar effectiveness as a function 
of head groups, arbitrary solutions of surfactant-n-hexyl 
alcohol-0.05 M  pH 9 borate buffer were prepared in the 
mole ratios 0.04:0.71:0.25, respectively.15 The substrate 
(d/-I) concentration was 2.0 X 10-5 M. The results appear 
in Table IV; note that with an alternative ternary catalyst 
composition, the effectiveness order could be different.

It was not possible to determine a meaningful kQ value. 
Thus 10 ml of re-hexyl alcohol and 0.6 ml of 0.05 M  pH 9 
buffer were shaken for several hours and then centrifuged 
for 1 hr. Use of the resulting supernatant (re-hexyl alcohol 
saturated with buffer) as the hydrolytic medium led to 
very slow, non-first-order hydrolysis. Since this process 
was on the time scale of hours, whereas the inverse mi
celle catalyzed process was completed within several min
utes, buffer not solubilized by the micelles makes a negli
gible contribution to the hydrolyses of Table IV. Alterna
tively, one might take k0 as the rate constant for hydroly
sis of dl-l in 0.05 M  pH 9 buffer. This was found to be
0.0450 sec-1 .

Chirality studies were carried out with dl-, d-, and 1-16, 
using approximately optimized catalytic systems. Solu
tions of 1, 2, 3, or 4 g of d-16 in 10 ml of re-hexyl alcohol
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Table V
Hydrolysis of Ester I in Inverse Micelles of

dl-, d-, and Z-16“
Substrate Surfactant 102 kif/y sec -1

di-i dl-16 4.16
di-i d-16 4.47
d-1 d-16 4 .776
l-l d-16 5.06
l-l Z-16 6.00
d-1 Z-16 4.44

“ The substrate concentration was 2 X 10 ~6 M. These are 
mainly results for single runs. See the text for details and 
Table I for surfactant abbreviations. 1 Average of two runs,
4.44 and 5.10 X 10~zsec-1.

Table VI
Uv Maxima (A) of the Long-Wavelength Absorption 

Band of III in Various Solvents6
Solvent m̂ai E T ( . 3 0 ) b z°

Cyclohexane 3320 3 0 .9 d
Benzene 3481 34.5 54
1,2-Dimethoxyethane
Acetone

3497 38.2 62.1
3522 42.2 65.7

Acetonitrile 3536 46.0 71.3
Dimethylformamide 3593 43.8 68.5
Water 3641« 63.1 94.6

“ The solutions were 3-6 X 10 ~6 M  in III; e for the band of 
interest was 1-2 X 104. All organic solvents were of spectral 
grade, and were dried before use by distillation from Na, Na, 
LiAlHi, K2C 03, CaH2, and BaO, respectively. Water was 
distilled from KM n04. b A  solvent polarity parameter based 
on the transition energy (kcal/mol) of the intramolecular 
charge-transfer band of a pyridinium phenol betaine; see ref 
21. 8 Energy (kcal/mol) of the longest wavelength charge- 
transfer band of l-ethyl-4-carbomethoxypyridinium iodide; 
see ref 22. d «-Hexane was used. e Probe III is insoluble (uv) 
in water. The cited Xmax is that of ZV-re-butyl-2,4-dinitroanil- 
line, prepared by the procedure of ref 20.

were prepared. The rate constant for hydrolysis of dl-1 was 
determined for each solution as a function of the amount 
of added 0.05 M  pH 9 buffer (0.2-0.8 ml). Optimum catal
ysis was observed with n-hexyl alcohol-surfactant-buffer 
= 10 ml:3 g:0.4 ml (81:8:22 mmol ratio). Kinetic results 
with this catalytic system are collected in Table V.

Uv Studies. The uv spectra of micelle-solubilized mole
cules have provided details of the local environment of the 
solubilized species.16-18 A broad summary of this work is 
that “ molecules of appreciable polarity occupy the micel
lar surface, not the micellar interior.” 19 Molecules of hy
drolytic interest, such as esters, fall into this class.3®

We carried out two sets of uv experiments, the first to 
probe the nature of the Stern layers of our surfactant mi
celles, and the second to characterize the solubilization 
site of ester I.

The probe solubilizate iV-n-tetradecyl-2,4-dinitroaniline
(III) was readily prepared,20 and its uv spectrum was

02N- o> H

no2m
measured in several solvents; cf. Table VI. The behavior 
of the long-wavelength absorption band of III, as a func
tion of solvent, is consistent with that of a i r  —>■ 7r* transi
tion. Note, especially, the bathochromic shift of Xmax, 
which accompanies increasing solvent polarity, as well as 
the general parallel of Xmax with ET(30)21 and Z22 param
eters.23

Table VII
Absorption Maxima (A) for III in 

Micellar Environments“
Surfactant micelle6 m̂ax

CTA-Br 3586
d-16“ 3566
dZ-MeO-16“ 3560
CBzDA-Br8 3540

“ 0.56 M  surfactant and 3 X 10 _4 M  III in 99:1. water-
dioxane (by volume). h See Table I for surfactant abbrevia
tions. “ An identical maximum was observed with Z-16.26 
d We thank Mr. C. E. Powell for this experiment. 8 0.0015 M
surfactant was used. The concentration is 
bility.

limited by solu-

Table VIII
Uv Maxima of Ester I

Solvent Xm„ ,  A €
Cyclohexane 2668 9100
Aqueous dl-16 2705 5900°
Water 2707 7600

“ This solution corresponds to the medium of a kinetic run 
which gave 2 X 10 “ s M  dl-16, 2 X 10 ~5 M  dl-1, and
0.5 vol. % dioxane. Base was omitted. It is believed that I is 
completely solubilized by the micelles under these condi
tions.

Probe III appears to be a sensitive mirror of solvent po
larity.23 Moreover, its long hydrophobic tail and polar 
chromophore make it likely that, when solubilized by a 
micelle, the tail will anchor in the micelle’s hydrocarbon 
core, while the chromophore will reside in the Stern layer 
or near the surface of the micelle.17-24'25 Similarly, an 
“ anchored” (spin label) micellar probe, iV-4-(2,2,6,6- 
tetramethylpiperidine-l-oxyl)-.ZV, IV-dimethyl-n-dodecylam- 
monium ion, has been used to study sodium dodecyl sulfate 
micelles.18

Table VII gathers the Xmax values observed for probe El 
solubilized in the various surfactant micelles.

Excepting the DMF results, which correlate very poorly, 
the data of Table VI afford a reasonable linear correlation 
of Xmax (III) and Z. According to the correlation, Z values 
of about 82, 77, and 70 can be determined for the average 
micellar environments scrutinized by the polar chromo
phore of probe E3 in CTA-Br, d-16, or CBzDA-Br, respec
tively. The first value compares reasonably well with Z =
85.5, derived from the fluorescence emission maximum of 
CTA-Br-solubilized 1-aminonaphthalene 7-sulfonate,27 
especially if it is granted that this probe, lacking a hydro- 
phobic tail to anchor it, may observe a more aqueous re
gion of the micelle’s Stem layer (i.e., may enjoy a time- 
averaged residence closer to the micelle surface).

The present results also agree with those of Gitler in 
suggesting that the polarity of the Stern layer of CTA-Br 
micelles is definitely lower than that of water.27 The ob
served Z value is similar to that of ethanol (79.6). Note, 
too, the still lower Z values for d-16 and CBzDA-Br mi
celles, which may indicate a lower effective polarity in the 
Stern layers, owing to the increased hydrocarbon content 
of the aromatic head groups. The similarity of Xmax for III 
solubilized in either d-16 or dZ-MeO-16 rales out impor
tant charge-transfer interactions between the p-methoxy- 
phenyl micellar head groups and the 2,4-dinitroaniline 
chromophores of III.

The lower Z value of micellar CBzDA-Br, compared to 
those of micellar d-16 or dZ-MeO-16, is somewhat puz
zling. Perhaps the Stern layer of the former features tight
er packing of head groups and closer average approach of 
head group and probe. Close packing and approach may
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be somewhat inhibited in the latter micelles because of 
steric problems associated with the a-methyl substituent 
at the benzylic carbon. This could lead to more “ open” 
and aqueous Stern layers.28

Finally, we determined uv spectra of substrate dl-l 
under several conditions, in order to examine its solubili
zation environment (Table VIII). Unfortunately, Xmax is 
not very solvent sensitive. However, the near identity of 
Xmax for aqueous and micellar solutions suggest that I is 
solubilized at or close to the micelle-water interface (mi
cellar surface). A similar conclusion was reached in a 
study of dimethyl phthalate solubilization in dodecylam- 
monium chloride micelles.17 We speculate that the p-ni- 
trophenyl moiety of solubilized I is closer to the micellar 
surface than the 2,4-dinitrophenyl chromophore of probe
III. Whether this is also true of the ester linkage of I is not 
known.

Discussion
In their important implications, the Results are clear, 

and this Discussion can be limited to a brief exposition 
followed by a prognosis of the future course of stereoselec
tive micellar catalysis.

Table I reveals no significant differences between the 
erne’s of optically active and racemic MeO-16 surfactants. 
This is in accord with analogous comparisons of racemic 
and active V-methyl-N-re-dodecylephedrinium bromide,8
2-octylammonium and 2-octyltrimethylammonium ions,10 
and iV-alkyl-IV,iV-dimethylalanine hydrobromides.29 In 
contrast, the eme’s recorded for d-16 and (-16 are signifi
cantly lower than that of dl-16. However, the large Acme 
between the d and l surfactants suggests caution in ac
cepting these results as an initial instance of stereochemi
cal differentiation in micellization. Traces of homologous 
impurities can alter eme’s without being detected by mi
croanalysis. Indeed, the analogous tetradecyl surfactants, 
d-14, (-14, and c?(-14, exhibit no significant cmc differ
ences.30

Table III reveals that surfactants Ilb-d cause substan
tial catalysis of the basic hydrolysis of I. The magnitude 
of catalysis (k^max/k0) is larger than that observed in 
studies of the basic hydrolyses of p-nitrophenyl hexanoate, 
octanoate, and dodecanoate in n-tetradecyl, rc-dodecyl, 
and n-tetradecylammonium ion micelles, respective
ly 31-33 however, that di-16 and di-MeO-16 are rath
er less effective catalysts than CTA-Br toward the more 
complicated substrate, I.

The data of Table III are based on k fmax (plateau) 
values and should reflect conditions in which the sub
strate is essentially all solubilized (i.e., in which ht>max s  
km, the rate constant for hydrolysis in the micellar 
phase). One can then note that the catalytic trend 
suggests poorer catalysis by the surfactants with the more 
highly branched head groups. Current attribution3 of cat
ionic micellar catalysis of basic ester hydrolysis, in part, 
to electrostatic stabilization of the anionic transition 
state, and to enhancement of hydroxide ion activity by its 
desolvation at the cationic micellar surface,34 provides a 
simple rationalization of the trend: the more effective the 
hydrocarbon screening of the head group’s cationic cen
ters,28 the lower the catalytic efficiency of the micelles.

Possibly, a similar argument can explain the decreasing 
catalytic efficiencies of isomeric hexadecyl sodium sulfates 
(in the acidic hydrolysis of methyl orthobenzoate) as the 
head group is moved in from the terminus of the alkyl 
chain.35 Other explanations are possible, however,35 and, 
lest ours be accepted too readily, we note that Bunton has 
reported an opposite structure vs. catalytic efficiency se
quence: phenyl- and 2,4-dimethoxyphenylcetyldimethyl- 
ammonium bromides are more effective than CTA-Br in

catalyzing reactions of OH-  and F-  with p-nitrophenyl 
diphenyl phosphate, and of OH-  with 2,4-dinitrochloro- 
benzene.36 The sequence was mainly due to better sub
strate binding by the aryl-substituted surfactants,36 but a 
small catalytic advantage persisted, even at k^max, in the 
latter reaction. Further work is clearly required to eluci
date the relation between head-group structure and cata
lytic efficacy.

Table IV indicates a similar catalytic order, CTA-Br ~  
CBzDA-Br > (-MeO-16 ~  (-16, in the inverse micellar hy
drolyses of ester I. However, as these k$ values were not 
necessarily maxima, the order may not truly reflect cata
lytic efficiency. In comparison to the hydrolysis of dl-l in
0.05 M  pH 9 buffer (k0 = 4.50 X 10-3 sec-1 ), optimal ca
talysis by <¿(-16 inverse micelles (Table V), for which kxt =
4.16 X 10-2 sec-1 , leads to k^/k0 s  9.3. This is similar to 
the ratio for normal dl-16 micelles (8.11, Table III), and 
parallels the results of Friberg and Ahmad,13 who found 
similar magnitudes of catalysis for the basic hydrolysis of 
p-nitrophenyl laurate in either normal (aqueous) or in
verse (hexanol-water) CTA-Br micelles.

The main purpose of our study was to search for stereo
selective hydrolysis of active ester I, solubilized by active 
surfactants lie or lid. Cases 7 and 837 and 10-12 of Table 
II reveal no substantial stereoselectivity. Bunton8 reported 
lO2̂ ™ 3* = 7.86 and 7.0738 for the hydrolyses of (-1 and 
d-1 in i-iV-n-dodecyl-iV-methylephedrinium bromide mi
celles. Expressed as 100((e,jmax -  kimax)/ktmax, the maxi
mum stereoselectivity was about 11.5%. The parallel ex
periments of Table II exhibit no such selectivity; e.g., 
from case 7 and footnote f, a stereoselectivity of 6% can be 
calculated, but it is not significantly beyond the combined 
uncertainties of the determinations (±3%). The ephedrin- 
ium micelles8 appear to be more stereoselective than our 
own (see below).

There is an additional complicating feature, however. 
Bunton8 also noted that dl-l was less reactive (kpnax =
4.28 x  10-2 sec-1 )38 than either enantiomer (see above) 
in (-ephedrinium micelles, and also that, in CTA-Br mi
celles, dl-l was slightly more reactive (factor of 1.238) than 
either enantiomer. It was therefore suggested that “ more 
than one ester molecule is incorporated into each micelle, 
and that an enantiomeric substrate molecule perturbs the 
micellar structure, in such a way that the perturbed mi
celle then exhibits different activities towards the two en
antiomers.” 8’39 The CTA-Br observations have been ques
tioned by Hindman and Jacobus,40 who report no signifi
cant rate differences for the CTA-Br- or CTA-Cl-catalyzed 
hydrolyses of active or racemic I.

We find k-j/max = 0.0294 and 0.0298 sec-1 , respectively, 
for hydrolysis of dl-l and d-l at pH 9, in CTA-Br micelles, 
and 0.005 M  Fisher sodium borate buffer (H3BO3 and 
NaOH). With 0.01 M  Na2B407 buffer at pH 9, corre
sponding values of 0.0376 and 0.0384 sec-1 were mea
sured. Although all of the values are lower than the
0.049-0.039 sec-1 reported in ref 8 (see Table II, footnote 
d), there is no indication of stereoselectivity.

Jacobus40 indicates that, as 0.01 M  pH 9 sodium borate 
buffer ages, it yields gradually decreasing rate constants 
for hydrolysis of I. We have also observed this effect. The 
data of Table II, repeated with older buffer, gave 20-30% 
lower rate constants. The rate data within Tables II, IV, 
and V were collected within a period of several weeks, and 
should be free of the “ aging”  effect. Comparison with data 
determined with other lots of buffer, and in other labora
tories, however, is probably dangerous, especially when 
small rate differences are involved.

Another chance to investigate the effect in question 
arises in comparison of kpmax for hydrolyses of dl-l and (-1 
in (-16 micelles. (We studied these cases with a hew lot of
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buffer and found somewhat higher values than those of 
Table II, cases 7 and 8.) The k values were 3.08 X 10-2 
and 3.22 X 10~2 sec-1 , respectively; again we found no 
significant rate differences for the hydrolysis of active or 
racemic I, catalyzed by a chiral surfactant micelle. The 
observational differences of Bunton,8 Jacobus,40 and those 
of our laboratory merit further study.

Table V reveals no experimentally significant stereo
selectivity in basic hydrolyses of I catalyzed by inverse d- 
or Z-16 micelles in aqueous n-hexyl alcohol. We hoped that 
the surfactant head groups might pack more tightly in the 
inverse mode, and that the solubilized substrate would be 
more sensitive to the chirality information carried by the 
head groups. However, consideration of the kinetic results 
for all “ enantiomeric”  and “ diastereomeric” substrate- 
surfactant pairs indicates the absence of stereoselectivity 
in excess of the scatter in the data.

In these initial studies of stereoselectivity in micellar 
catalysis, we employed “ simple”  or nonfunctionalized sur
factants. We questioned whether chirality in the head 
group could be translated into a kind of “ net chirality” 
throughout the micelle’s Stern layer, such that the activa
tion energies for hydrolyses of solubilized enantiomeric 
substrates would be differentiated. The negative results 
show that simple chirality does not suffice; more profound 
interactions between substrate and micelle and, perhaps, 
between the micellar head groups themselves, are re
quired to amplify the chirality differences to a chemically 
significant level. Such interactions could take the form of 
hydrogen bonding or other complexation. The weak 
charge-transfer interaction possible between the p-nitro- 
phenylate leaving group of I and the p-anisyl group of the 
MeO-16 surfactants does not make the latter more stereo
selective than the simple “ 16”  surfactants. Functionalized 
chiral surfactants appear to be required for substantial 
stereoselectivity.

Whereas our (nonstereoselective) chiral surfactants are 
slightly poorer catalysts than CTA-Br for hydrolysis of I, 
the stereoselective ¿-epiiedrinium surfactant is about twice 
as effective as CTA-Br.8 Bunton has suggested that the 
hydroxyl function of the ephedrinium head group is re
sponsible for the augmented catalysis.8’39 It could assist 
ester hydrolysis either by H bonding to the ester’s carbon
yl oxygen, thus aiding the attack of hydroxide ion at the 
carbonyl carbon, or by itself acting as a nucleophile, espe
cially if it were first deprotonated by the external base.

The latter mode of catalysis is apparently involved in 
the micellar hydrolysis of phosphates at high pH 
(~12).39>41 The former mode is likely to be involved in 
the catalytic action of choline-type surfactants in the pH 
range 7-10. For the basic hydrolysis of simple esters, these 
surfactants are superior to CTA-Br by 1-2 orders of mag
nitude.42

It seems reasonable that the stereoselectivity elicited by 
chiral surfactant micelle catalysts will increase as the mi
celles become better catalysts. Thus the /-ephedrinium 
surfactant,8 which is two to three times as effective as our 
own chiral surfactants, appears to exhibit some catalytic 
stereoselectivity. The implication is that chiral surfac
tants, functionalized with /3-hydroxyethyl or 4-methylim- 
idazole43 substituents, may show greater stereoselectivity 
than the chiral surfactants studied thus far. We are ex
ploring this possibility.

Experimental Section44
di-p-Nitrophenyl a-Methoxyphenylacetate (dl-I). di-Mandel- 

ic acid (25 g, 164 mmol) was converted to sodium a-methoxy- 
phenylacetate by treatment with 7.57 M  aqueous sodium hydrox
ide and excess dimethyl sulfate. The precipitated sodium salt was 
neutralized with dilute HC1; the liberated acid was isolated as an

oil by ethereal extraction, and then crystallized from benzene- 
petroleum ether (bp 90-120°).45 The pure acid (7.65 g, 28%), mp
69-70° (lit.45 mp 70.5-71°), had ir (CHC1S) 5.81 (carbonyl) and
9.01 m (ether); nmr (CDCI3) 7.44 (5 H, phenyl), 4.78 (1 H, benzyl- 
ic), and 3.43 ppm (3 H, methoxy), all singlets.

The purified acid was converted to dl-1 by stirring 2 g (12 
mmol) with 1.5 equiv of oxalyl chloride at ambient temperature. 
After 2 hr, excess oxalyl chloride was removed under reduced 
pressure, and 1 equiv of p-nitrophenol, 15 ml of toluene, and 1 ml 
of pyridine was added. The mixture was refluxed (1 hr), cooled, 
and extracted with 0.1 N  aqueous NaOH, followed by saturated 
aqueous NaHCOa, until the aqueous extract was no longer yel
low.81'32 The toluene solution was washed with 0.1 N  HC1 and 
with water, and dried over MgSOi. Removal of the toluene af
forded an oil which was crystallized from methanol.46 Recrystalli
zation from methanol gave 1.05 g (29%) of white flakes, mp 50- 
51° (lit.8 mp 46-48°). The ir spectrum (CCI4) had 5.60 fi (carbon
yl); nmr (CCI4) 8.34, 8.20, 7.28, 7.14 (4 H, q, p-nitrophenyl), 7.46 
(5 H, narrow m, phenyl), 4.93 (1 H, s, benzylic), and 3.50 ppm (3 
H, s, methoxy).

Anal. Calcd for Ci.,H13N 05: C, 62.71; H, 4.57; N, 4.88. Found: 
C, 62.55; H, 4.42; N, 4.71.«

I- or d-p-nitrophenyl a-methoxyphenylacetate (l- or d-1) were 
prepared as above, starting with commercially available l- or d- 
mandelic acids (Aldrich). The intermediate /-a-methoxyphenyla- 
cetic acid had mp 65-66° (lit.48 mp 65-66°) and [a]25u —149.3° (c 
0.574 g/dl, ethanol); the literature value, under the same condi
tions is [a]20D -150.70.48’49 Similarly, d-a-methoxyphenylacetic 
acid had mp 64-65° (lit.48 mp 65-66°) and [<x]25d  +149.6° (c 0.494 
g/dl, ethanol); the literature48 value, under the same conditions, 
is H 20d  +150.0°.

The /-methoxy acid was converted to white needles of /-I, which 
had mp 55-56° (lit.8 mp 49-50°) and [a]25D —112.56° (c 5 g/dl, 
methanol). Similarly, d-I was obtained as white needles, mp
53.5-54.5° (lit.8 mp 48.5-49.5°), [a]25D +109.64° (c 5 g/dl, metha
nol).

The following experiment was carried out to demonstrate that 
the enantiomers of I were of high optical purity. d-I (0.5 g) was 
hydrolyzed in 25 ml of 0.1 N  NaOH (steam bath, 30 min). The 
resulting solution was acidified to pH 1 with 0.1 N  HC1 and ex
tracted with 3 X 25 ml of ether. The ethereal extract was dried 
(MgS04) and stripped; the residue was chromatographed on 
Brinkmann, SilPlate P20F-22, 2-mm (F-254) silica gel plates. Elu
tion with acetone afforded 0.12 g of d-a-methoxyphenylacetic acid 
(Rt ~0.1), which was recovered with ether, and had [a]28D 
+0.720° (c 0.5 g/dl, ethanol) or [u]28d +144°. The recovered acid 
had >96% of the rotation of the initial a-methoxyphenylacetic 
acid, which itself had been >99% optically pure (see above).

Cetyltrimethylammonium bromide (CTA-Br, Ila) was ob
tained from City Chemical Corp. and was purified by standard 
methods50 to afford white crystals, mp 244-247° (lit.50 mp 227- 
235° dec).

N Benzyl-N-eetyldimethylammonium bromide (CBzDA-Br, 
lib) was prepared by refluxing 50 g (0.37 mol) of MN-dimethyl- 
benzylamine (MCB) and 113 g (1 equiv) of cetyl bromide in 50 ml 
of acetone for 24 hr. Cooling afforded 85 g (65%) of crystals which 
after three recrystallizations from acetone had mp 79-80°.

Anal. Calcd for C25H i6NBr: C, 68.14; H, 10.54; N, 3.18; Br,
18.13. Found: C, 67.60; H, 10.67; N, 3.29; Br, 17.61.51

d/-/V-a-Methylbenzyl-iV,iV-dimethylcetylammonium bromide 
(dl-16, dFIIc) was prepared from a-methylbenzylamine (MCB). 
Conversion of the latter to Af-a-methylbenzyl-AT,A/-dimethyl- 
amine was accomplished by the procedure of Clarke.12 The terti
ary amine (bp 70-71°, 9.7 Torr) was produced in 73% yield and 
had ir, nmr, and mass (M+) spectra in accord with expectations. 
Quaternization of 41.3 g (0.28 mol) of the amine was effected by 
refluxing with 107 g (1.25 equiv) of cetyl bromide (Eastman) in 50 
ml of absolute ethanol for 48 hr. Ethanol was stripped and crys
tallization was induced with ether. Three recrystallizations from 
acetone gave 60 g (48%) of d/-16, mp 111-112.5°, as a white pow
der.

¿-16 and d-16 were prepared similarly. /-«-Methylbenzylamine 
(Aldrich) was distilled from sodium (bp 68-69.5°, 9.5 Torr) and 
had [a]23D -18.63° (neat, 1 0.5),52 ~97.5% optically pure. It gave 
/-jV-a-methylbenzyl-IV,N-dimethylamme, [c*]21d —31.52° (neat, l 
0.5), from which ¿-16 was obtained by cetylation. Recrystallized 
¿-16 had mp 111-113° and [a]21D -19.34° (c 0.454 g/ml, methanol, 
/ 0.5).

Anal. Calcd for CaeHigNBr: C, 68.70; H, 10.64; N, 3.22; Br,
17.58. Found: C, 68.71; H, 10.64; N, 3.22; Br, 17.83.

From d-a-methylbenzylamine (Aldrich), [«]23d +18.57° (neat, l
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0.5), ~97% optically pure,52 we obtained d-N-a-methylbenzyl-
N, N-dimethylamine, [a ]21D +31.44° (neat, l 0.5). Quaternization 
afforded d-16 as white crystals, mp 111.5-113°, [ a ]21D +19.82° (c
O. 454 g/ml, methanol, / 0.5).

Anal Found: C, 68.58; H, 10.74; N, 3.28; Br, 17.86.
d/N-a-Methyl-p-methoxybenzyl-N, N-dimethylcetylammon- 

ium Bromide (di-MeO-16, dl-IId). cM-a-Methyl-p-methoxyben- 
zylamine was prepared from p-methoxyacetophenone (Aldrich) in 
50% overall yield by a modified Leuckart procedure.53 The prod
uct was purified by distillation, bp 65.0-65.5° (0.22 Torr) [lit.53 bp 
126° (20 Torr)], and had nmr (CC14) 7.29, 7.13, 6.83, 6.68 (4 H, q, 
aryl), 4.03 (1 H, q, J  = 7 Hz, benzylic), 3.77 (3 H, s, methoxy),
1.27 (3 H, d, J = 7 Hz, methyl), 1.15 ppm (2 H, s, amino).

The iV/IV-dimethyl derivative was prepared by Clarke’s proce
dure,12 and the product, di-a-methyl-p-methoxybenzyl-A.TV-di- 
methylamine, was distilled from sodium, bp 65-65.5° (0.15 Torr). 
Nmr (CC14) showed essentially unchanged aryl, methoxy, and C- 
methyl resonances. The benzylic proton appeared at 3.15 (1 H, q, 
J = 7 Hz)) and the N-methyl resonance appeared at 2.14 ppm (6
H, s). The tertiary amine (25 g, 0.14 mol) and 53.2 g (1.25 equiv) 
of cetyl bromide in 50 ml of acetone were refluxed for 24 hr. Cool
ing afforded a solid, which was recrystallized four times from ace
tone to give 38.8 g (57%) of di-MeO-16 as a white powder, mp
112-114°. Ir showed the absence of +N-H stretching. Nmr (CCI4) 
showed 7.84 and 6.94 (4 H, A2B2 “ doublets,”  aryl), 5.56 (1 H, m, 
benzylic), 3.80 (3 H, s, methoxy), 3.37 (6 H, broad s, N-methyls),
I. 90 (5 H, m, C-methyl + NCH2), 1.23 (broad s,), and 0.87 ppm 
(crude t, cetyl group, 31 H).

Anal. Calcd for C27H50NOBr: C, 66.92; H, 10.39; N, 2.89; Br,
16.49. Found: C, 67.23; H, 10.54; N, 2.90; Br, 16.51.

d-MeO-16 and I-MeO-16. d-a-Methyl-p-methoxy benzyl amine 
was obtained by repeated recrystallization of the d-tartrate salt of 
the dl amine in methanol,54 until constant melting point (181- 
183°) and rotation j [ a ] 25D +2.384° (c 13.25 g/dl, H2O, l l ) j  were, 
obtained. A final recrystallization from water55 and cleavage54 af
forded d-n-methyl-p-methoxybenzylamine, [o]20d +24.4° (c 2 
g/dl, methanol, l 1), 85.1% optically pure.56 A parallel resolution 
using /-tartraric acid gave a salt with mp 181.5-184° and [«]25n 
-0.440° (c 2.65 g/dl, H2O, l 1), from which the l amine was ob
tained with [o ]20d  -24.3°, 84.9% optically pure.55'56

Dimethylation of the active amines was accomplished as above: 
d-AT-a-methyl-p-methoxybenzyl-lV/lV-dimethylamine, [a]24D 
+27.05° (neat, l 0.5); l enantiomer, -27.01° (neat, l 0.5). Ir and 
nmr spectra were identical with those of the racemic compound.

Cetylation as above afforded d-MeO-16, white flakes, mp 118- 
119°, [n ]25D +28.84° (c 5 g/dl, methanol, ( 1), and /-MeO-16, 
white flakes, mp 116.5-118°, [a ]25D —28.76° (c 5 g/dl, methanol, l
1). Nmr and ir spectra were identical with those of di-MeO-16.

N n Tetradecyl-2,4-dinitroaniline (III) was prepared from
10.0 g (46.9 mmol) of n-tetradecylamine and 9.49 g (1 equiv) of
2,4-dinitrochlorobenzene by the procedure of Mustafa and Zah- 
ran.20 Recrystallization from 98% ethanol, followed by two recrys
tallizations from petroleum ether (bp 37-49°), gave light yellow 
crystals, which were dried at 1 mm for 24 hr, mp 58-59° (lit.20 mp 
53°). Mass spectral analysis indicated M+ at 379 and contamina
tion by at least 4% of the C i6 homolog (M+ at 407). The nmr 
spectrum57 appeared to integrate normally, however: nmr (CCI4)
8.95 (1 H, d, J  = 3 Hz), 8.20 (1 H, d of d, J  = 3.9 Hz), and 6.88 
(1 H, d, J = 9 Hz) (3, 5, and 6 aryl protons), 8.46 (1 H, NH), 3.38 
(2 H, q, J = 6 Hz, NCH2), 2.0-0.67 (27 H, other alkyl).

The uv behavior of III is, however, unaffected by the presence 
of the C16 impurity: Xmax 260 nm (e 7.54 X 103), 349 (1.50 X 104), 
—420 (shoulder). The iV-ethyl analog of III has Amax at 260 and 
348nm.58

Anal. Calcd for C20H33N3O4: C, 63.30; H, 8.76; N, 10.53. 
Found: C, 64.28; H, 8.93; N, 10.29.59

Cmc determinations are described in Table I and its footnotes. 
Full descriptions of the technique have appeared.5-10

Kinetic studies are described in the text and in Tables II-V. 
We used a Beckman DB spectrometer equipped with a Sargent 
Model SRL recorder to monitor the appearance of p-nitrophenox- 
ide ion at 400 nm. A Haake constant-temperature circulating 
pump maintained the sample and reference solutions at 25.00 ±  
0.02°. Aqueous samples were composed of 3.0 ml of a solution con
taining surfactant and buffer plus 15 /d of a purified60 dioxane 
solution of I, introduced at zero time. The final [I] was 2.0 X 10' 5
M. Buffers were Fisher Certified Ph 7.00 (phosphate), 8.00 (phos
phate), and 9.00 (borate). The latter buffer was prepared from 50 
ml of a mixture which was 0.1 M  with-respect to both KC1 and 
H3BO3, to which was added 20.8 ml of 0.1 M  NaOH; the whole 
was diluted to 100 ml.61 This solution (0.05 M) was diluted 1:9 for

use with aqueous micellar solutions, and not at all for use with 
inverse micellar solutions.

Rate constants were obtained from plots of (A" -  A£) os. time 
(t), refined by a least-squares program on a Wang Model 700 cal
culator. Correlation coefficients were >0.999, and first-order ki
netics were observed over >95% of reaction. Infinity values were 
taken at approximately 120, 16, and 13 half-lives for pH 7, 8, and 
9 runs, respectively. A separate control experiment showed that 
Beer’s law held for p-nitrophenoxide ion in 0.002 M  dl-16 and 0.01 
M  pH 8 buffer.

The details of the inverse micellar kinetic studies are given in 
the text and in Tables IV and V.

Uv studies are described in the text and in Tables V l-Vm .
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Phenyl JV-(o-carbamoylphenyl)carbamate is cyclized to 2,4(1//,3if)-quinazolinedione in the presence of basic 
catalysis. A mechanism suggested involving rate-determining ElcB type elimination of phenoxide ion followed 
by trapping of the isocyanate intermediate by the amide group is consistent with data for model compounds. 
Phenyl Af-methyl-A-(o-carbamoylphenyl)carbamate also cyclizes, but at a much slower rate (since the elimina
tion-addition pathway is blocked); in this case the amide anion participates in the expulsion of phenoxide ion. 
When the amide group is attached to the leaving phenoxide ion as in salicylanilide carbamate, large rate en
hancements are observed in hydroxide-catalyzed hydrolysis, but these may be explained in terms of the elec
tronic effect of the substituent, rather than by participation. No evidence was found for appreciable carbamate 
group tautomerism.

Although simple carbamates, such as urethanes (1, R1 
= Et) are hydrolyzed only with difficulty even in highly 
alkaline solution,1 carbamates with good leaving groups 
(such as phenyl carbamates, 1, R1 = Ph) may undergo 
rapid base-catalyzed cleavage. This has been interpreted 
in terms of the existence of a facile elimination-addition 
pathway for hydrolysis with the intermediate formation of 
the isocyanate 3 (Scheme I).2’3 The isocyanate 3 has been 
shown to lie on the reaction pathway, since it can be 
trapped by both internal and external nucleophiles;4 the 
addition of amine nucleophiles was shown to result in ap
preciable urea formation (by reaction of 3 with the amine

after the rate-determining step) without changing the rate 
of disappearance of the starting carbamate 1.

The elimination-addition pathway is so attractive that 
some nucleophilic groups, even when approximated to the 
reactive group (for example, 1, R = 0-NH2C6H4), prefer
entially react via this mechanism, rather than directly at
tacking the carbamate center. In contrast, the ionized 
carboxy (I, R = o-carboxyphenyl)5 and hydroxy (1, R =
o-hydroxyphenyl)6 groups have been shown to form cyclic 
products (isatoic anhydride and benzoxazinone, respec
tively) by direct nucleophilic attack on the carbamate. 
Because of the duality of behavior shown by these diverse
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Scheme I
0  0
II Kn -  II k,

RNHCOR' ^  RNCOR' — ► R N = C = 0  +  OR'
1 2 3

1
RNHC02_ — - RNH,

4 5

nucleophiles it is to be expected that certain groups will 
be borderline in this respect, participating in some in
stances in the rate-determining step, while in other cases 
merely trapping the isocyanate intermediate. We present 
evidence that the amide group acts in this way and show 
that the hydrolysis of salicylanilide carbamates may pro
ceed through carbamate hydrolysis, contrary to a recent 
report.7

Results and Discussion
When phenyl /V-(o-carbamoylphenyl)carbamate (6) is 

treated in dioxane-water ' at pH 9, smooth cyclization 
takes place and the quinazolinedione 8 may be isolated in 
near-quantitative yield. The cyclization is base catalyzed 
(see Table I), a plot of log feobsd vs. pH being linear with, 
unit slope. At lower pH, no pH-independent (or neutral) 
reaction becomes apparent, while, at the highest pH 
values amenable to study (where the cyclization was most 
rapid), the cyclization rate was still proportional to [HO -  ].

Two possible mechanisms of cyclization consistent with 
this kinetic behavior are outlined in Scheme II. The first 
involves the amide anion 7 as the nucleophilic group, dis
placing phenoxide ion to give the quinazolinedione 8 di
rectly. Alternatively the carbamate could hydrolyze via 
the normal elimination-addition pathway (6 —* 9 —* 10), 
the quinazolinedione being formed after the rate-deter
mining step. Since both the /V-phenyl carbamate4 and 
benzamide groups8 are only weakly acidic (with pKa 
values 2: 14), the rate of cyclization (which is dependent 
on the concentration of the active species 7 or 9) by the 
two pathways would be proportional to [HO- ] in the pH 
range studied (as observed).

Scheme II

9 10
A distinction between the possible cyclization pathways 

can be made by comparing the reactivity of substrates in 
which participation by the o-carbamoyl group is not possi
ble. Data for phenyl N-phenylcarbamate (1, R = R1 = 
Ph), which hydrolyzes according to the mechanism of 
Scheme I, are summarized in Table II. The observed rate 
of hydrolysis of this carbamate is also specific base cata
lyzed, and the rate constants obtained are expressed in

Table I
Observed First-Order

Rate Constants for the Cyclization of Phenyl 
N - (o-Carbamoylphenyl)carbamate to

2,4 (177,3/7) -Quinazolinedione“

pH  9 .0  9 .5  9 .8  10 .1  10 .5
102 £ObBd, sec-1 0 .23  0 .6 3  1 .09 3 .7 5  6 .85

“ In 1 :4  (v /v )  dioxane-water at 25° (m =  1.0, K CI).

Table II
Summary of Rates of Hydrolysis and of 

Cyclization of Carbamates

Carbamate

k i K a . i  

(or h i K M ) ,

1. m ol-1 sec-1
Car

bamate

k i K & i  

(or k i K &2)>

1. m ol-1 s e c "1

1 (R  =  R ' =  Ph) 1 .9  X  10 -18 12d 2 .0  X  1 0 -17
6 2 .4  X  1 0 -12 13 7 .9  X  1 0 -I3

lla 7 .9  X 1 0 -14 14a 7 .9  X  1 0 -12
lib 1 .7  X  10 -19 14b 1 .1  X  1 0 -12
12a 2 .0  X 10 -11 14c 1 .3  X  1 0 -9
12b 7 .9  X 10 -15 14d 7 .9  X 1 0 -10
12c 4 .0  X 10 -14

terms of the composite constant k%Kal (or kzKaz), which 
is obtained by dividing the observed rate constant at any 
pH by the hydrogen ion concentration. By comparing the 
values for 6 with the unsubstituted material (1, R = R1 = 
Ph) it is clear that 6 cyclizes 12.6-fold more rapidly than 1 
(R = R1 = Ph) hydrolyzes at each pH.

A rate enhancement of this magnitude does not neces
sarily indicate that the amide group is acting as a nucleo
phile in the rate-determining step. It is expected that the 
electron-withdrawing amide group would enhance the re
activity of the carbamate (p is +0.64 for the effect of the 
variation of the N-aryl substituent on k jK ^ ).4 Moreover, 
carbamates with substituents in the ortho position of the 
N-aryl ring have been shown to hydrolyze four- to tenfold 
more rapidly than the para-substituted analogs, attribut
able to the relief of some steric crowding in the conversion 
of 1 to 3.4 By combining the electronic and steric effect 
expected for the o-amido group, a rate enhancement of 
10-20-fold relative to the unsubstituted material is pre
dicted. The observed value of 12.6-fold is therefore well 
within these limits, and thus the amido group is not nec
essarily acting as a nucleophile in the rate-determining 
step.

Further support for the isocyanate pathway for 6 comes 
from data for the N-methyl carbamate 11a. Because the 
nitrogen of the carbamate is disubstituted, the elimina
tion-addition pathway (Scheme I) is blocked for this car
bamate. The iV-phenyl compound, lib , is hydrolyzed 
slowly by direct hydroxide ion attack on the carbamate 
linkage (with feobsd = 1.7 X 10-5 T. mol-1  sec-1  at [HO- ] 
= 1.0 M, 25°).4 The reaction of l la  is also base catalyzed 
but ca. 5 x  105-fold faster than that of l ib  (see Figure 1). 
Such a large rate enhancement can only be explicable in 
terms of rate-determining direct attack by the amide 
anion on the carbamate center in lla . The product 
formed, 2-(TV-methyl)-4(1//, 3/7)-quinazolinedione, sup
ports this interpretation since alternative kinetically

M e O

lla, Y =  CONH2
b, Y =  H
c, Y =  O“
d, y  =  c o r
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Figure 1. Plot of the logarithm of the observed rate constants (in 
reciprocal seconds) vs. pH for the cyclization of the carbamates 6 
and 11 and for the hydrolysis of 1 (R = R1 = Ph) at 25° in 4:1 
water-dioxane at 25°.

Figure 2. Plot of the logarithm of the observed rate constants (in 
reciprocal seconds) vs. pH for the hydrolysis of the aryl N- 
methylcarbamates 12a, 12b, 12c, and 13 at 25° in 4:1 water-diox
ane at 25°.

Figure 3. Plot of the logarithm of the observed rate constants (in 
reciprocal seconds) vs. pH for the hydrolysis of the o- and p-chlo- 
rophenyl and o- and p-nitrophenyl IV-phenylcarbamates at 25° in 
4:1 water-dioxane.

However, the alternative mechanism involving amide 
anion attack on the carbamate becomes dominant when 
the isocyanate pathway is blocked by N,N disubstitution.

When an IV-phenyl carbamoyl group is attached to the 
ortho position in the leaving phenoxide ion (as in 12a), a 
large rate enhancement (relative to the unsubstituted ma
terial 12b) is observed (Figure 2). The products in this 
case are not cyclic;7 instead methylamine and salicylanil- 
ide are formed. This does not rule out participation by the 
neighboring amide group either acting as a general base or 
as a nucleophile to give a cyclic intermediate which is it
self hydrolyzed rapidly to the observed products under the 
conditions of the experiment. Substituents in the leaving 
group have a very large effect (p = -3.2 ) on the rate of 
ElcB carbamate hydrolysis2-3 and the rates of hydrolysis 
(expressed as ktKal values) are correlated by <j~ for the 
substituents. Thus we have found that the para-substitut
ed isomer 13 is hydrolyzed 100-fold more rapidly than the 
unsubstituted material 12b. This is explicable in terms of 
the electron-withdrawing effect of the p-phenyl carbamoyl 
group (o~ value for CONH2 is +0.62,9 giving a calculated 
rate difference also of co. 100).

R 0

12a, R =  H; Y =  CONHPh
b, R =  Y = H
c, R =  H; Y =  CON(Me)Ph
d, R =  Me; Y =  CONHPh

equivalent pathways (e.g., assisted hydroxide ion attack 
at either the carbamate or amide centers) would be ex
pected to give other products {e.g., anthranilamide).

For compounds 11c and lid  (in which the nucleophile 
has been shown to participate also in the rate-determining 
step for cyclization of the unmethylated analogs), the 
presence of the iV-me~hyl group actually enhances the rate 
of cyclization of the carbamate by 10-30-fold.5’6 If this re
lationship also holds in the present instance, then 6 
should cyclize (via 7) at a rate less than one-tenth that 
observed for 11a. Thus 6 actually cyclizes considerably 
more rapidly (at least 30 X tenfold) than expected on the 
basis of amide anion participation in the rate-determining 
step (6 -*• 7 —*• 8). The alternative ElcB mediated path
way (6 —► 9 —1► 10) is therefore most likely operative, the
o-amido group in 6 acting merely as an internal nucleo
phile to trap the isocyanate 10 which is formed in the 
rate-determining step. As shown above, the observed rate 
of cyclization of 6 is consistent with such a mechanism.

The ortho isomer 12a is actually hydrolyzed 25-fold 
more rapidly than the para isomer 13 (to give methyl- 
amine and p-hydroxybenzanilide) (Table II). The more 
rapid hydrolysis of the ortho isomer appears to be general, 
since we have found that the o-nitro (14c) and o-chloro 
(14a) carbamates (Figure 3) hydrolyze more rapidly (sev-

14a, Y =  o-Cl
b, Y =  p-Cl
c, Y =  o-N02
d, Y =  p-N02

O Ph O

Et2NC— N— CPh

15

enfold in the case of the o-chloro group) than the para- 
substituted analogs (see Table II). The rate enhancement 
is, however, small (60%) in the case of the o-nitro isomer. 
This most likely arises since the p-nitro group is strongly
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electron withdrawing by resonance (as shown by the use of 
a <r” value to correlate data for the p-nitro-substituted 
compound).3 To achieve this, the nitro group must be
come coplanar with the aromatic ring. This coplanarity, 
essential for optimum reactivity, is not possible in the o- 
nitro isomer owing to the adjacent carbamate group. 
When the o-amide group is disubstituted (as in 12c) the 
rate of hydrolysis is actually 25-fold slower than that of 
the para-substituted material 13 (see Table II). The slow 
reaction of the methylated compound 12c can be attrib
uted to steric inhibition of resonance stabilization during 
reaction; the presence of the IV-methyl group forces the 
carbamoyl group out of the plane of the phenyl ring of the 
leaving group (this is clear from molecular models), thus 
reducing its electron-withdrawing ability.

When the carbamate nitrogen is disubstituted, as in 
12d, then the ElcB pathway is blocked and the carba
mate hydrolyzes very slowly (see Table II); the observed 
rate of hydrolysis is just that expected for direct HO-  at
tack on the carbamate linkage.4-10 This contrasts with the 
behavior shown by compound 11a, in which the amide 
group most likely participates. The possibility therefore 
arises that the slow rate of hydrolysis measured for 12d at 
high pH was actually the subsequent reaction of a materi
al formed rapidly by initial amide anion participation in 
12d. This is a viable possibility since the IV-acylurea 15, 
which is analogous to IV,N-dimethyl-IV'phenyl-IY'.-(o-hy- 
droxybenzoyl)urea, is hydrolyzed at a rate (fc0bsd = 3.7 X  

10"4 sec 1 at HO = 1.0 M) comparable to that observed 
for 12d. To investigate this, we have carefully examined 
the ultraviolet spectrum of 12d in the pH region 7-11 and 
have found no evidence for reaction. Moreover, when 12d 
does react at pH >11, repetitive scans of the ultraviolet 
region show tight isosbestic points, showing the absence of 
relatively stable intermediates.

Several alternative modes of catalyzed hydrolysis of 12a 
have previously been suggested,7 with in each case the 
carbamate moiety being converted to a nucleophilic 
group. The reactivity of 12a, like that of 6, can, however, 
be explained without the intervention of neighboring- 
group participation. Because of the large sensitivity to 
substituent effects shown in the leaving group in the elim
ination-addition pathway, even a small change in the ef
fective a value of a substituent (by N-methylation of the 
amide group, for example) would bring about a marked 
change in reactivity. It is likely that a similar effect might 
explain the observed7 low reactivity of the carbamate 16; 
the interactions between the peri hydrogen and the neigh
boring phenylcarbamoyl group force the latter to adopt a 
conformation out of the plane of the aromatic rings.

C O N H P h  

O C O N H C H s

Evidence has been put forward on the basis of nmr 
studies to suggest that the carbonyl group of the carba
mate 17 is readily tautomerizable to 18 while the anilide

0
II

CH3NHCO.

P h N H C

0
17

H O

carbonyl group is not.7 The latter result is not surprising, 
since it has been well established11 that simple amides

exist almost exclusively (with tautomeric constants 
<10-6 ) in that form. However, because of the structural 
similarities between the amide and carbamate groups 
(and their tautomers), it is unlikely that 18 would be suf
ficiently stabilized to allow nmr detection. We have there
fore reexamined the nmr spectrum of 17.

Thus the nmr spectrum of 17 in DMF-d7 gives rise to a 
singlet at 8 10.00 attributable to the anilide proton and a 
doublet at 8 2.78 and 2.70 due to the IV-methyl group. The 
aromatic ring protons and the proton on the carbamate 
nitrogen resonate as a multiplet between 8 7.0 and 8.0. In 
addition to these signals two other singlets at 8 10.50 and
3.03 have been observed by Hsi, et al:,1 which were attrib
uted to the hydroxyl proton and the IV-methyl group of 
structure 18. It was also reported that addition of D2O to 
the sample removes the signal at 6 10.50 and also results 
in the collapse of the doublet at 8 2.78 and 2.70 to a sin
glet at 8 2.76, the other signals remaining unaffected. 
Heating the sample (to 50°) in DMF-d7 resulted in an in
crease in the intensity of the peaks at 8 10.50 and 3.03 
with a corresponding diminution of the IV-methyl doublet 
at 5 2.78 and 2.70; this effect is reversed by cooling.

We have reexamined the nmr spectrum of 17 under the 
same conditions and found no trace of the peaks at 8 10.50 
and 3.03 at 30° or at 50°. The doublet at 8 2.78 and 2.70 is 
not symmetrical at room temperature, the peak at 5 2.78 
being more intense. At 50° both peaks have equal intensi
ty and addition of D2O results in the collapse of the dou
blet. A similar examination of the spectrum of phenyl N- 
methylcarbamate shows only the peaks corresponding to 
the expected structure (12b). Reports are also available of 
the nmr spectra of a group of IV-methyl carbamates used 
as pesticides,12 and these show no trace of substrate tau- 
tomerization. Studies on other carbamates point to partial 
double bond character occurring along the ethereal oxy
gen-carbon bond, rather than tautomerization.13

It is difficult, therefore, to reconcile the previously re
ported results for 17. However, the anilide proton from 
salicylanilide, a possible hydrolysis product from 17, does 
resonate at 8 10.5. Also the spectrum of neat dimethylfor- 
mamide gives a doublet at 8 2.98 and 2.82 (at 34.5°). The 
relative intensity of the two peaks changes on heating to 
50°, the peak at 8 2.98 increasing. The residual protons in 
DMF-d7 give a similar effect.

Experimental Section
Materials. All inorganic compounds used were Analar grade. 

Dioxane was BDH Analar grade, used without further purifica
tion. Deionized water was twice distilled from alkaline potassium 
permanganate.

The solvent used for the kinetic experiments, 4:1 water-dioxane, 
was prepared by mixing four volumes of water with one volume of 
dioxane at 25°. The ionic strength was maintained at 1.0 by the 
addition of potassium chloride. The pH of the solution was main
tained either by the presence of low (0.01 M) concentrations of 
pH-Stat-uItraviolet spectrophotometer, which has previously been 
described.4

Melting points were taken on a Hoover oil-bath capillary melt
ing point apparatus and are uncorrected. Ir spectra were mea
sured using a Perkin-Elmer Model PE257 spectrometer, the solids 
being examined as KBr disks. Nmr spectra were run on a Perkin- 
Elmer Model 20A spectrometer.

Substrates. Phenyl IV-Methylcarbamate. Method A. To a
stirred solution of phenol (0.94 g, 0.01 mol) in dry benzene (20 ml) 
was added a solution of methyl isocyanate (0.57 g, 0.01 mol) dis
solved in benzene (5 ml). A drop of triethylamine was added and 
the mixture was stirred at room temperature for 20 min. On 
evaporation of the solvent in vacuo, the residue was recrystallized 
from diethyl ether-petroleum ether (bp 40-60°) to give the carba
mate, mp 83-85°, nmr 8 7.7 (m, ArH and NH).

Anal. Calcd for C8H9N 0 2: C, 63.57; H, 5.96; N, 9.30. Found: C, 
63.70; H, 5.40; N, 9.09.
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p-Benzanilido JV-Methylcarbamate. To a solution of p-hy- 
droxybenzoic acid (2.96 g, 0.02 mol) dissolved in anhydrous THF 
(15 ml) was added a solution of dicyclohexylcarbodiimide (4.12 g, 
0.02 mol), dissolved in anhydrous THF (20 ml) and aniline (1.86 
g, 0.02 mol). The mixture was allowed to stand at 0° for 4 hr and 
the precipitated urea was filtered off. Evaporation of the solvent 
in vacuo gave an oil, which solidified on dissolution in ether fol
lowed by addition of petroleum ether. The solid was recrystallized 
from ethanol-water to yield p-hydroxybenzanilide, mp 198-199° 
(lit.14 mp 196-197°). The anilide was converted to the carbamate 
using method A above, and on recrystallization from chloroform- 
petroleum ether had mp 176-178°.

Anal. Calcd for C15H14N2O3: C, 66.6; H, 5.2; N, 10.4. Found: 
C, 66.60; H, 5.35; N, 10.60.

Phenyl A-(o-Carbamoylphenyl)carbamate. To a stirred solu
tion of anthranilamide (2.72 g, 0.02 mol) in ether (50 ml) at 
ambient temperature was added a solution of phenyl chloro- 
formate (1.56 g, 0.01 mol) in ether (20 ml). The precipitated 
anthranilamide hydrochloride was filtered off and the filtrate 
was reduced to dryness in vacuo. The residue was recrystallized 
from chloroform-petroleum ether to give phenyl N-io-carbamoyl- 
phenyl)carbamate, mp 159-160°.

Anal. Calcd. for C14E 12N2O3: C, 65.60; H, 4.68; N, 10.91. 
Found« C, 65.61; H, 4.65; N, 11.02.

Phenyl jV-Methyl-A-(o-carbamoylphenyl)carbamate. To a 
stirred solution of JV-methylanthranilamide (3.0 g, 0.02 mol) in 
THF (50 ml) was added phenyl chloroformate (1.56 g, 0.01 mol) 
in 5 ml of the same solvent. A drop of pyridine was added and the 
mixture was refluxed for 30 min. The precipitated hydrochloride 
of JV-methylanthranilamide was filtered off and the filtrate was 
evaporated to dryness. The residue was recrystallized from chlo
roform-petroleum ether to give phenyl A-methyl-JV-(o-carba- 
moylphenyl)carbamate, mp 146-148°.

Anal. Calcd for C15H14N2O3: C, 66.66; H, 5.18; N, 10.36. 
Found: C, 66.44; H, 5.11; N, 10.35.

o-Nitrophenyl iV-Phenylcarbamate. To a stirred solution of 
o-nitrophenol (2.58 g, 0.01 mol) dissolved in 20 ml of dry benzene 
was added phenyl isocyanate (1.19 g, 0.01 mol) dissolved in 10 ml 
of the same solvent. Pyridine (0.2 ml) was added as catalyst and 
the mixture was refluxed for 30 min. On cooling the carbamate 
was precipitated by reducing the solvent in vacuo. Recrystalliza
tion from chloroform-pentane gave o-nitrophenyl Al-phenylcarba- 
mate, mp 127-128°.

Anal. Calcd for Ci3H10N2O4: C, 60.46; H, 3.37; N, 10.85. 
Found: C, 60.50; H, 4.08; N, 11.05.

Similarly prepared was o-chlorophenyl iV-phenylcarbamate, mp 
123-125°.

Anal. Calcd for C13H10CINO2: C, 63.02; H, 4.04; N, 5.65. 
Found: C, 63.47; H, 4.05; N, 5.95.

The preparation of p-chlorophenyl IV-phenylcarbamate, mp 
148-150°, and p-nitrophenyl iV-phenylcarbamate, mp 150-152°, 
has previously been described.4

o-Benzanilido A-methylcarbamate, o-(A'-methyl)benzanilido 
A-methylcarbamate, and o-benzanilido iV,iV-dimethylcarbamate 
were prepared by the method of Hsi, et al.,7 and had physical 
properties described.

2,4(lH,3H)-Quinazolinedione and 2-(N-methyl)-4(lH,3H)-quin- 
azolinedione were prepared from methyl 2-ureidobenzoate and 
methyl 2-(A-methylureido)benzoate by the method of Hegarty 
and Bruice.15

A'.jV-Diethyl-A'-benzoyl-A'-phenylurea. N,N-Diethy\-N'- 
phenylformamide chloride (1.0 g) was refluxed for 16 hr with an 
equimolar quantity of silver benzoate (1.15 g) in dry ether. The 
precipitated silver chloride was filtered off and evaporation of the 
solvent gave the urea, mp 74-75°.

Anal. Calcd for C18H20N2O2: C, 72.95; H, 6.75; N, 9.5. Found: 
C, 72.90; H, 7.10; N, 9.40.

Kinetic Measurements. The kinetics of hydrolysis or cycliza- 
tion of the N-aryl and N-alkyl carbamates were studied in 1:4 di- 
oxane-water at 25° by following the change in optical density at 
suitable wavelengths. For those experiments measured in the 
presence of buffer (or those which were self-buffered at high pH)
3-ml quartz cuvettes were used, the reaction being initiated by 
the addition of 1 drop of a concentrated (usually 10“ 2 M) solution 
of the substrate in dioxane to the buffer solution in the cuvette.

Optical density vs. time plots were then obtained using a Unicam 
Model SP800B spectrophotometer equipped with multiple ther- 
mostattable cell compartment, scale expansion accessory, and ex
ternal AR25 recorder. Preliminary repetitive scans of the ultravio
let region established the suitable wavelengths at which the opti
cal density changed in the course of the reaction; it was estab
lished that the observed rate constants were independent of the 
wavelength chosen to study the reaction. Some measurements 
were also made in the absence of added buffer species. In this 
case, the course of the reaction was also followed spectrophoto- 
metrically using a Cary Model 14 spectrophotometer fitted with a 
special cell (which has previously been described)4 whose con
tents can be maintained at constant pH using a radiometer pH- 
Stat assembly. In all cases good pseudo-first-order rate constants 
were obtained to >95% reaction. The individual constants were 
calculated either graphically or using a weighted least-squares 
program using an Olivetti Underwood Programma 101 calculator. 
In all cases the pH values quoted were the values directly mea
sured in 4:1 water-dioxane using a Radiometer Model PHM 26 
pH meter equipped with a Metrohm EA 125U combined glass 
electrode. The electrode was initially standardized using Radiom
eter aqueous buffer solutions. The pH of the reaction solutions 
was measured before and after a kinetic experiment; any run 
which showed an excessive pH drift (±0.05 pH unit) was discard
ed.

The products of hydrolysis were determined in all cases by 
comparing the ultraviolet spectrum obtained at the completion of 
a kinetic experiment with the spectrum of an authentic sample of 
the product (or mixture of products). In most cases the products 
were additionally identified by actual isolation by carrying out 
the reaction on a larger scale than that used for the spectrophoto- 
metrically ftaeasured runs; thin layer chromatography established 
the identity of the products formed in each case. When one of the 
products (e.g., the quinazolinedione 8) had a pK& value within 
measurable range, additional confirmation of its presence as a 
reaction product could be obtained by recording the change in the 
uv spectrum of the product as the pH was changed; this gave an 
estimate of the pEa of the product, which could be compared 
with the value for an authentic sample measured under the same 
conditions.

Registry No.— 1 (R = R' = Ph), 4930-03-4; 6, 50585-30-3; 11a, 
50585-31-4; lib, 13599-69-4; 12a, 5591-49-1; 12b, 1943-79-9; 12c, 
35410-16-3; 12d, 35410-18-5; 13, 50585-32-5; 14a, 16400-07-0; 14b, 
16323-15-2; 14c, 21468-56-4; ■ 14d, 6320-72-5; 15, 50585-33-6; 2,4- 
(lH,3H)-qumazolinedione, 86-96-4; phenol, 108-95-2; methyl iso
cyanate, 624-83-9; p-hydroxybenzoic acid, 99-96-7; aniline, 62-53- 
3; anthranilamide, 88-68-6; phenyl chloroformate, 1885-14-9; N- 
methylanthranilamide, 4141-08-6; o-nitrophenol, 88-75-5; phenyl 
isocyanate, 103-71-9.
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The half-neutralization potentials (HNP) of a series of biologically active fluoromethanesulfonamides were 
determined in 67% Af.TV-dimethylformamide-water. A plot of aqueous pKa vs. HNP for nine methanesulfona- 
mides and fluoromethanesulfonamides in the series was used to calculate the p ifa’s of the remaining water-insol
uble sulfonamides. The p /fa’s of eight aryl-substituted 1,1,1-trifluoro-lV-phenylmethanesulfonamides correlated 
better with the Hammett substituent constant a than with <r~ or «■phenol- The Hammett reaction constant p 
was 2.15. The stepwise addition of fluorine atoms to the (methanesulfonyl)amino moiety in three related series 
of aryl-substituted fluoro-iV-phenylalkanesulfonamides gave a linear acidity increase of 1.47 pAa units per fluo
rine. Partition coefficients were measured in 1-octanol-water for 28 1,1,1-trifluoro-lV-phenylmethanesulfonamides. 
The results demonstrated that this type of compound is considerably more lipophilic (log P = 3.05 for 1,1,1-tri- 
fluoro-lV-phenylmethanesulfonamide) than the corresponding carboxylic acids or phenols. The effect of the step
wise increase of «-fluorine content upon partition coefficient was not linear, but a second-order equation provided 
an excellent correlation.

It recently was reported that many fluoromethanesulfon
amides have potent herbicidal1 and anti-inflammatory2 
activity. These compounds are nitrogen acids of a unique 
structural type which exhibit novel chemical and biologi
cal properties. The presence of fluorine in the (fluoro- 
methanesulfonyl)amino group of these nitrogen acids con
fers upon them high acidity and lipophilicity which con
tribute to their biological activity. This paper reports an 
investigation into the unusual acidic and lipophilic prop
erties of these compounds. The general term fluoro- 
methanesulfonamide is used to describe sulfonamides in 
which one to three atoms of fluorine are attached to the 
carbon of the (methanesulfonyl)amino moiety.

Methodology and Results
Acidity Measurements. Many of the fluoromethanesul

fonamides in this study were insufficiently water soluble 
for direct measurement of hydrogen ion concentration. 
Therefore, aqueous pKa’s of nine water-soluble sulfon
amides were determined by direct titration or by back-ti
tration of the corresponding salt. The pK a’s of methane- 
sulfonamide3 and IV-phenylmethanesulfonamide4 were 
obtained by direct titration in water by other investiga
tors. These pKa values were plotted vs. half-neutralization 
potentials (HNP) determined in a 67% N, N-dimethylform- 
amide (DMF)-water solvent system to give the calibra
tion line of Figure 1. The pK a and HNP values used in 
the plot are collected in Table I. The line shown in Figure 
1 was obtained by the least-squares method and is de
scribed by the equation

pK , =  5.58 -  «3-0138 ±  0-0005) HNP (1) 
r, 0.999; SE, 0.149; F, 2,754

where r is the correlation coefficient, SE is the standard 
error of the dependent variable, and F  is the ratio of the 
mean sum of error squares removed by the regression to 
the mean sum of squares of the error residuals not re
moved by regression. The 95% confidence limits (±  two 
standard deviations) are given for the independent vari
able.

Equation 1 was utilized to calculate pKa’s of 18 water- 
insoluble or sparingly soluble methanesulfonamides and 
fluoromethanesulfonamides from HNP measurements in 
the 67% DMF-water solvent system. The calculated pKa’s 
are collected in Table II. It should be emphasized that the 
pKa values reported in this investigation are apparent 
pKa values since the calculations do not include activity 
corrections. This method of obtaining pKa:s for water-in

soluble acids has been utilized in the past when the acids 
were restricted to one class.5-7

Partition Coefficient Measurements. The partition 
coefficients of 28 methanesulfonamides and fluoromethane
sulfonamides were measured by a modification of the 
standard technique of Hansch8 using a 1-octanol-water 
solvent system. The partition coefficient P  is defined as

P =  C0/C w(l  -  a ) (2)
where C0 is the equilibrium concentration of a compound 
in the octanol phase, Cw is the equilibrium concentration 
in the water phase, and a is the degree of dissociation in 
water.

The initial experimental measurements in this study 
were made under nonbuffeTed conditions and required 
correction for the degree of dissociation. However, during 
the course of the investigation it was observed that the 
metal and organic amine salts of these nitrogen acids were 
exceedingly soluble in organic solvents, raising the possi
bility that some of the ionized sulfonamide was also con
tributing to C0. This problem was obviated by making 
the partition coefficient measurements in an acidic buffer 
system of pH 1 (0.1 JV perchloric acid) in which the sul
fonamide was nonionized. This procedure was verified by 
determining partition coefficients of benzoic, 4-chloro-, 
and 3-methoxybenzoic acids in the 0.1 N  perchloric acid 
buffered system. These values agreed well with literature 
values reported by Hansch8 in which the degree of disso
ciation was employed to calculate partition coefficients for 
these same three acids measured in a nonbuffered system. 
Table III lists the measured partition coefficients for a se
ries of sulfonamides as a function of fluorine content, 
while Table IV contains substituent constant (ir) values 
calculated8 from partition coefficients (eq 7) determined 
for 21 substituted 1,1,1-trifluoro-N-phenylmethanesulfon- 
amides.

Discussion
Acidities. The well-known Hammett equation provides 

a means of studying the influence of 3- and 4-substituents 
on the side-chain reactions of benzene derivatives and was 
utilized to more fully characterize the acidity of the sub
stituted fluoro-N-phenylmethanesulfonamides of this re
port. The Hammett equation is usually given in the form

log K  =  log K0 +  pa (3)
where K  and K0 are equilibrium constants for the substi
tuted and unsubstituted compounds respectively, a is a 
measure of the polar effect of the substituent relative to
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Figure 1. Calibration plot of p ffa in water vs. HNP in 67% 
DMF-water for a series of nine methanesulfonamides and fluoro
methanesulfonamides. Data from Table I.

<r
Figure 2. Linear free energy relationship for the ionization of sub
stituted 1,1,1 -trifluoro-lV- phenylmethanesulfonamides in water at 
25°.

hydrogen, and p, the reaction constant, is a measure of the 
susceptibility of the reaction to polar effects.

From the pK a values of Tables I and II and using the 
least-squares method, a plot (Figure 2) of pKa (t.e., - log  
K) vs. Hammett a values was prepared for a series of 
eight 1,1,1-trifluoro-N-phenylmethanesulfonamides. The a 
values were from ref 9, Table 4-1, and are based on the 
ionization of substituted benzoic acids. This straight line 
had a p of 2.15, log K 0 of -4.42, and r of 0.994. The value 
for the reaction constant is more similar to the p of 2.21 
obtained10 for the ionization of substituted phenols in 
water at 25° than it is to the p of 1.00 for benzoic acid ion
ization under the same conditions.

Because of the possibility of direct resonance interac
tion between the substituent group and the reaction cen
ter, additional correlations were attempted. The second 
correlation utilized a~ values9 for the 4-CH3CO and 4-' 
CH3SO2 substituents. However, Van Bekkum, Verkade, 
and Wepster10 have proposed that a multiplicity of cr 
values should be used, depending upon reaction type, 
rather than one a~ value for all such reactions. Accord
ingly, the third correlation utilized ffphenoi values10 for the
4-CH3O, 4-C1, 4-CH3CO, and 4-CH3S 0 2 substituents

Table I
Experimentally Determined pjfa and HNP Values

N o. Compd
H N P,a

mV pK*

1 n h 2s o 2c h 3 - 3 7 7 1 0 .8 s
2 C cH 6N H S 0 2C H 3 -2 4 5 8 .8 5 4
3 c h 3n h s o 2c f 3 -1 2 4 7.56
4 n h 2s o 2c f 3 - 6 8 6.33
5 c 6h 5n h s o 2c f 3 78 4.45
6 4-c i c 6h 4n h s o 2c f 3 125 3.90
7 3-c h 3c o c 6h 4n i ï s o 2c f 3 132 3.75
8 3-CF3C(jH4N H S 0 2CF3 160 3.50
9 4-C H 3S 0 2C 6H 4N H S 0 2C F 3 190 2.84

“ 67%  D M F -w ater. 6 Water.

Table II
Experimentally Determined HNP and Calculated p K a 
Values for a Series of 18 Methanesulfonamides and 

Fluoromethanesulfonamides

No. Compd
H N P,a

mV
Caled
P *a

10 n h 2s o 2c f h 2 -2 7 1 9.32
11 3-C6H6C 0 C 6H 4N H S 0 2C H 3 -1 8 9 8.19
12 n h 2s o 2c f 2h -1 8 0 8.06
13 c 6h 5n h s o 2c f h 2 -1 4 4 7.57
14 c 6h 5c h 2n h s o 2c f 3 - 9 0 6 .82
15 3-c 6h 5c o c „h 4n h s o 2c f h 2 - 8 6 6 .77
16 C 6H 5N H S02C F 2H - 4 4 6.19
17 3-C6H 5C 0 C 6H 4N H S 0 2C F2H 10 5.44
18 4-C H 30 C 6H 4N H S 0 2C F 3 49 4.90
19 4-C2H 5C6H4N H S 0 2C F 3 55 4.82
20 2-C H 3,4-C lC6H 3N H S 0 2C F 3 122 3.90
21 3-c 6h 5c o c 6h 4n h s o 2c f 3 136 3.70
22 2,4-diFC6H 3N H S 0 2C F 3 155 3.44
23 4-C H 3C 0 C 6H 4N H S 0 2C F 3 166 3.29
24 4-C6H 5C0C6H 4N H S 0 2C F 3 171 3.22
25 2,4-diClC6H 3N H S 0 2C F 3 190 2.96
26 2,4,6-triClC6H 2N H S 0 2C F 3 209 2.70
27 2-C F3,4-ClC6H 3N H S 0 2C F 3 217 2.59

“ 67%  D M F -w ater.

while the remaining substituents retained their original a 
values. All of these fits are compared in Table V.

Thus, the pica’s of these eight aryl-substituted 1,1,1-tri- 
fluoro-iV-phenylmethanesulfonamides correlated better 
with the Hammett substituent constant a than with a or
o-phenoi-11 These results contrast with those obtained 
previously by Willi12 for the ionization of substituted ben- 
zenesulfonamides, XC6H4NHSO2C6H5. The best fit of the 
Willi data with a substituent constant requires use of o~ 
with a resulting p of 1.74 (r, 1.00).

Another interesting aspect of this work concerns the ef
fects on pKa of fluorine accumulation in methanesulfona
mides. The equations for the calculated fits (least-square 
methods) of pKa to the number (n = 0-3) of a-fluorine 
atoms for three series of nitrogen acids are as follows.

NH2S02CH3_„F„ pK., =  10.82 -  1.47n (4)
r, 0.998; SE, 0-14; F, 546

CeHjNHSCliCH^F,, pKa =  8.95 -  1.46n (5)
r, 0.997; SE, 0.17; F, 387

3-C6H5C0C6H4NHS02CH3_„F„ pK, =  8.25 -  1.48n (6)
r, 0.998; SE, 0J4; F, 575

These exceptionally good fits indicate that the effect of 
accumulation of fluorine in these acids is linear with each 
additional fluorine atom increasing the acidity by about
1.47 pKa units. This additivity is probably due to the 
small steric change in replacing hydrogen by fluorine and 
also to the fact that fluorine addition is occurring two 
atoms away from the acidic site. When these conditions
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Table III
Variation of Partition Coefficient as a Function of 

Fluorine Content
No. n Log P

2
c 6h 5n h s o 2c h 3_„f „

0 0.95
13 1 1.35
16 2 1.95

5 3 3.05

28
4-C lC6H iN H S 02CH;i_nF n

0 1.85
29 1 2.25
30 2 2.84

6 3 3.96

Table IV
Calculated Substituent 

Constant 7r for a Series of Substituted 
1,1,1-Trifluoro-AT-phenylmethanesulfonamides

Phenyl
substituent

,—------------------------- Substituent constant, 71-----------

3-Substituteda 4-Substituteda
2,4-Disub-

stituted

H 0 0 0
F 0.37

(23384-01-2)
0 .20

(23384-00-1)
0 .01

Cl

Br

I

0 .95
(23384-03-4)

0 .77
(23384-08-9)

0.91

1.34
(23384-10-3)

0 .83

c f 3

HO

c h 3

c 6h 5

c h 3s

1.45

- 0 .5 4
(23375-12-4)

1.42
(23384-12-5)

0 .55
(37595-73-6)

1 .92
(50585-77-8)

0 .69
(23375-06-6)

c h 3c o
CsHsCO

- 0 .2 7 - 0 . 2 2
1.23

c h 3o 0.08
(23384-33-0)

- 0 .0 5

c h 3s o 2 - 1 .2 0
(23375-08-8)

- 1 . 0 6

a Registry numbers are in parentheses.

Table V
Comparison of Fits of Log K  

to Different Substituent Constants for Eight 
1,1 ,1 -Trifluoro -N -phenylmethanesulfonamides

Substituent
constant R ef P r SE F

a 9 2.15 0.994 0 .08 575
a ~ 9 1.54 0.975 0 .18 118

p h e n o l 10 1.27 0.969 0 .20 92

are not met, acidifying substituent effects are not linear, 
as shown by Pearson and Dillon with carbon acids.13

Partition Coefficients. Hansch and coworkers8.14-16 
have developed a method of correlating biological activity 
with the free energy related parameters of x and Ham
mett <r value. The substituent constant t is defined in eq 7

7T =  log P x -  log P H (7)
where PH is the partition coefficient of the parent com
pound, in this case C6H5NHSO2CF3, and Px is the parti
tion coefficient for a derivative. The ir values were calcu
lated for 21 1,1,1 -trifluoro-TV-phenylmethanesulfonamides 
from experimentally determined partition coefficients. 
Comparison of these tt values (Table IV) with those given

Figure 3. Variation of log P as a function of fluorine content: ■, 
4-ClC6H4NHS0 2CH3- nF„; • , C6H5NHS02CH3 nF„. Data from 
Table III.

by Hansch8 for phenoxyacetic acids, phenylacetic acids, 
benzoic acids, and phenols gave no clear correlation with 
any of these systems, although the tr values are of similar 
magnitude. For instance, the CH3SO2 substituent is hy
drophilic while halide substituents are lipophilic when 
compared to the parent compounds. However, the 1,1,1- 
trifluoro-IV-phenylmethanesulfonamide series is distinctly 
more lipophilic overall than the four series of compounds 
in the Hansch study,8 with the following log P  values for 
the parents in each series listed as follows.

Compd Log P
Phenoxyacetic acids 1.28
Phenylacetic acids 1.41
Benzoic acids 1.88
Phenols 1.46
1,1,1-Trifluoro-iV-phenylmethanesulfonamides 3.05
The 7r values determined in this study have been corre

lated with preemergence herbicidal activity in a paper by 
Yapel17 of these laboratories. The Yapel study found that 
the 3- and 4-substituted 1,1,1-trifluoro-IV-phenylmethane- 
sulfonamides behave as two separate classes and large 
positive Hammett a values enhance herbicidal activity in 
either class. In addition, surfactants used in greenhouse 
herbicidal tests were found to affect biological activity by 
virtue of enhanced penetration into the plant in some 
cases. This complication ‘ required measurement of -  
values in the presence of surfactant for better correla
tions.17'18

As a further aspect of the present study, the partition 
coefficients in Table III were plotted against number of 
fluorine atoms as in the acidity study. In these plots (Fig
ure 3), linear relationships were not observed, but good 
second-order fits were obtained19 with eq 8 and 9.

C6H5NHS02CH3_„F„

log P =  0.97 +  0.17« +  0.18«2 (8) 
r, 0.999; SE, 0.07; F, 278

4-ClC6H4NHS02CH3_„F„

log P =  1-87 +  0.15« +  0.18«2 (9) 
r, 0.999; SE, 0.08; F, 218

The reason for this extra enhancement of lipophilicity 
with increase of fluorine content is not readily apparent. 
Obviously, structural and electronic variations are occur
ring with variation of the number of fluorine atoms. These 
changes are in the hybridization at the carbon atom at
tached to the fluorine atoms, in d-orbital interaction of 
the sulfur with the adjacent pair of electrons on the nitro
gen atom, as well as in the steric change which occurs 
when hydrogen is replaced by fluorine. How each of these 
changes quantitatively affect lipophilicity is not known.
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Experimental Section
Acidity Measurements. Experimental pK a values in Table I 

were obtained by potentiometric titration as outlined by Albert 
and Serjeant20 and calculated by eq 10. The measurement of pH

PK a =  pH +  log [H A ]/[A -] (10)
during the stepwise titration of a known sample weight with stan
dard titrant permits calculation of pK a, since the mole ratio of 
the acid-base conjugated pair is determined from the amount of 
titrant added. The experimental procedure consisted of dissolving 
0.33 mmol of sulfonamide in water (40 ml) and titrating with 
standard base. For compounds of limited solubility (sulfonamides 
7, 8, and 9) the corresponding potassium salt was titrated with 
standard acid and the data up to the point of precipitation were 
utilized for calculation of pKa.

Half-neutralization potentials, i.e., the potential in millivolts at 
50% neutralization, were determined in 67% DMF-water. Note 
that in eq 10 pKa is equal to the pH of the solution at 50% neu
tralization. This relationship gives validity to the usage of half
neutralization potentials as a measure of intrinsic acidity. The 
potentiometric procedure consisted of dissolving 0.33 mmol of sul
fonamide in DMF (26.8 ml) followed by the addition of water 
(12.6 ml). The solution was titrated with tetrabutylammonium 
hydroxide (Eastman 7744, 25% in methanol, diluted with water to 
0.25 N) using a Sargent Model D recording titrator employing a 
Beckman glass combination electrode (39142). Using this system, 
pH 4 and 9 buffers read 165 and -132 mV, respectively.

Partition Coefficient Measurements. For purification, the 1- 
octanol was washed three times with 1 N  NaOH and six times 
with distilled water. The purified 1-octanol was then saturated 
with 0.1 N  aqueous perchloric acid. The sulfonamide (0.12-0.15 g) 
was dissolved in the prepared 1-octanol, an equal volume of 0.1 N  
aqueous perchloric acid (1-octanol saturated) was added, and the 
mixture was agitated on a mechanical shaker for 1 hr. After sepa
ration, the aqueous layer was centrifuged and analyzed for sulfon
amide by uv spectrophotometry (Cary Model 14). The concentra
tion of sulfonamide remaining in 1-octanol was determined by 
difference. Log P  values so obtained were estimated to have 
uncertainties of ± 2%.

Nonfluorinated Sulfonamides. Methanesulfonamide (1) is 
commercially available. AT-Phenylmethanesulfonamide (2) and 
Af-(4-chlorophenyl)methanesulfonamide (28) were prepared ac
cording to the published procedure.21

JV-(3-Benzoylphenyl)methanesulfonamide (11). To a stirred 
solution of 3-aminobenzophenone (19.7 g, 0.1 mol) and 300 ml of 
dry benzene, methanesulfonyl chloride (11.5 g, 0.1 mol) was 
added dropwise at 50-55°. After stirring for 48 hr at 50-55°, the 
reaction mixture was cooled and 250 ml of 10% sodium hydroxide 
was added. The alkaline layer was removed, washed with benzene 
(100 ml) and chloroform (100 ml), and then made acidic with 
concentrated HC1. The yellow solid was filtered and recrystallized 
from ethanol-water to afford 20.8 g (75.5%) of 11, mp 99.0-101°.

Anal. Calcd for Ci4H13N 0 3S: C, 61.1; H, 4.8. Found: C, 61.2; 
H, 4.8.

1-Fluoromethanesulfonamides. 1-Fluoromethanesulfonyl chlo
ride and 1-fluoro-lV-phenylmethanesuIfonamide (13) were pre
pared according to Farrar.22

1-Fluoromethanesulfonamide (10). Ammonia was slowly bub
bled into a stirred solution of 1-fluoromethanesuifonyl chloride 
(13.2 g, 0.1 mol) in dichloromethane (100 ml) at room tempera
ture. After 3 hr, the solvent was evaporated and the residue was 
extracted with ether. The ether was evaporated to give a white 
solid, which was recrystallized from hexane-ether to afford 5.3 g 
(46.9%) of 10, mp 80.5-82.5°.

Anal. Calcd for CH4FN 02S: C, 10.6; H, 3.6; N, 12.4. Found: C, 
10.8; H, 3.6; N, 12.5.

A,-(3-Benzoylphenyl)-l-fluoromethanesulfonamide (15). To a
stirred solution of 3-aminobenzophenone (86.5 g, 0.44 mol) and 
N, V-dimethylaniline (53.0 g, 0.44 mol) in dichloromethane (800 
ml), 1-fluoromethanesulfonyl chloride (54.3 g, 0.41 mol) in dichlo
romethane (100 ml) was added dropwise in 15 min. The resulting 
solution was heated at reflux temperature for 27 hr. The solution 
was cooled, washed two times with 500 ml of 10% HC1, and ex
tracted twice with 500 ml of 10% sodium hydroxide. The alkaline 
layer was separated, washed with dichloromethane, decolorized 
with charcoal, cooled with ice, and made acidic. The crystalline 
product was filtered and recrystallized from ethanol to yield 87.2 
g (67.6%) of 15, mp 117-119°.

Anal. Calcd fo# Ca4H12FN 03S: C, 57.3; H, 4.1; N, 4.9. Found: 
C, 57.2; H, 4.2; N, 4.7.

lV-(4-Chlorophenyl)-l-fluoromethanesulfonamide (29). In a 
manner analogous to the preparation of sulfonamide 15, N-(4- 
chlorophenyl)-l-fluoromethanesulfonamide (29) was obtained in 
an 88.0% yield, mp 86.5-88°.

Anal. Calcd for C7H7C1FN02S: C, 37.6; H, 3.2; N, 6.3. Found: 
C, 37.8; H, 3.1; N, 6.3.

1.1- Difluoromethanesulfonamides. 1,1-Difluoromethanesul- 
fonyl chloride, 1,1-difluoro-N-phenyhnethanesulfonamide (16), 
and JV-(4-chlorophenyl)-l,l-difluoromethanesulfonamide (30) 
were prepared according to Farrar.22 The synthesis of lV-(3-ben- 
zoylphenyl)-l,l-difluoromethanesulfonamide (17) has been de
scribed.2

1.1- Difluoromethanesulfonamide (12). Ammonia was bubbled 
for 2 hr into a stirred solution of 1,1-difluoromethanesulfonyl 
chloride (15.1 g, 0.1 mol) in dichloromethane (100 ml) at 0°. The 
solvent was evaporated and the residue was sublimed under vac
uum to give 4.0 g (30.5%) of 12, mp 64.0-65.5°.

Anal. Calcd for CH3F2N 0 2S: C, 9.2; H, 2.3; N, 10.7. Found: C, 
9.5; H, 2.4; N, 10.6.

1.1.1- Trifluoromethanesulfonamides. The preparation of
1,1,1-trifluoromethanesulfonamide (4) and of 1,1,1-trifluoro-JV- 
phenylmethanesulfonamide (5) was reported by Brice and 
Trott.23 The synthesis of A'-(3-benzoylphenyl)-l,l,l-trifluoro- 
methansesulfonamide (21) has also been reported.2 The prepara
tion of most of the remaining 1,1,1-trifluoro-AT-phenylmethanesul- 
fonamides is the subject of a forthcoming paper from these labo
ratories. The syntheses of the remaining sulfonamides not de
scribed in the forthcoming paper are given as follows.

1.1.1- Trifluoro-Al-methylmethanesulfonamide (3). To a 
stirred solution of methylamine (676 g, 21.8 mol) in diethyl ether 
(11.) at -60°, 1,1,1-trifluoromethanesulfonyl fluoride (1035 g, 6.81 
mol) was added over a period of 1.5 hr. After stirring at -60° for 
an additional 2 hr, the mixture was allowed to warm to 0° and 
washed with 3 N  hydrochloric acid. The aqueous phase was 
washed with three 200-ml portions of dichloromethane. The di
chloromethane and ether phases were combined, dried, and evap
orated. The residue was distilled to afford 877 g (78.9%) of pure 3, 
bp 86-94° (20 mm).

Anal. Calcd for C2H4F3N 0 2S: C, 14.7; H, 2.5. Found: C, 14.9, 
H, 2.4.

1.1.1- Trifluoro-AT-phehylmethylmethanesulfonamide * (14).
Trifluoromethanesulfonic acid anhydride (70.5 g, 0.25 mol) was 
added dropwise to a stirred and cooled (ice bath) solution of ben- 
zylamine (27.0 g, 0.25 mol) and triethylamine (25.3 g, 0.25 mol) in 
chloroform (200 ml). The reaction mixture was then allowed to 
warm to room temperature and stirred with excess 10% sodium 
hydroxide. The alkaline layer was separated, washed with chloro
form, cooled, and made acidic. The crystals were filtered and re
crystallization from ligroin afforded 20.2 g (33.8%) of 14, mp
42.5-45°.

Anal. Calcd for C8H3F3N 02S: C, 40.2; H, 3.4. Found: C, 40.2; 
H, 3.5.

lV-(4-Benzoylphenyl)-l,l,l-trifluoromethanesulfonamide
(24). Sulfonamide 24 was prepared in 52.6% yield in the same 
manner as sulfonamide 14 and was recrystallized from ethanol- 
water to afford pure 24, mp 136-137°.

Anal. Calcd for Ci4HioF3N 0 3S: C, 51.1; H, 3.1. Found: C, 50.7; 
H, 3.2.
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Behavior of the Sulfoxide Group on the Nitration of Some Aryl Derivatives
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The product composition and the dependence of the reaction rates on acidity for the nitration of methyl phe
nyl sulfoxide in 83-100% sulfuric acid have been determined. The observed behavior compared with that of di
phenyl sulfoxide and the dimethylphenylsulfonium ion shows that the species B and BH+ present at equilibrium 
are involved in the nitration of sulfoxide compounds. Relative reactivities and partial rate factors of the conjugate 
acid form of the substrates are calculated at high acid concentrations.

The substituent effect of the sulfoxide group in an aro
matic system can be expected to derive from polar and 
conjugative interactions. For methyl phenyl and diphenyl 
sulfoxide, the study of the nature of the interactions with 
the phenyl ring and the relative importance of their ef
fects on the nitration reaction present some difficulties, in 
part because of the unreactivity of these substrates in 
such solvents as nitroethane and acetic acid, and in part 
because of the oxidation reaction (>SO —*■ >SC>2) occur
ring in acetic anhydride or aqueous sulfuric acid below the 
range of 80%.1

Working at high concentrations of sulfuric acid, a sub
stitution reaction has been observed and the isomeric 
composition of nitro compounds formed is dependent on 
medium acidity.1’2

There is evidence that sulfoxides in acid solution are 
protonated at the oxygen atom.3’4 Thus the interpretation 
of substituent effects for nitrations in concentrated sulfu
ric acid needs a preliminary investigation concerning the 
nature of the reactive species involved in the reaction.

We now consider the kinetics of the nitration of methyl 
phenyl sulfoxide over the range 83-100% sulfuric acid and 
the acidity dependence of the substitution reaction com
pared to that observed for diphenyl sulfoxide2 and di
methylphenylsulfonium ion.5

Results and Discussion
In the range 83-100% sulfuric acid, methyl phenyl sulf

oxide reacts with nitric acid to give products whose nature 
and composition are a function of acid concentration 
(Table I). At lower acidities oxidation (sulfoxide —► sul- 
fone) and nitration reactions are observed; at higher acidi
ties only nitration occurs and the isomeric composition of

nitro derivatives in the whole range studied shows pre
dominant meta substitution which increases with the 
acidity of the medium.

The values of second-order rate coefficients (k2) for the 
nitration reaction are reported in Table II together with 
the calculated rate coefficients for attack at one ortho 
(k Q), meta ( k m ) ,  and para (fcp) position.

Comparison of the results in Tables I and II with those 
obtained for diphenyl sulfoxide2 shows that the stoichio
metric rate coefficients for the -SOMe group are less than 
those for the -SOPh group by a factor of ca. 10; however, 
both substrates are very similar in the dependence of the 
product composition on acidity. Thus the meta/para ratio 
increases for PhSOMe and Ph2SO respectively by a factor 
of 5.7 and 5 as the medium acidity increases.

The shape and slopes of the rate profile of methyl phe
nyl sulfoxide in the range 83-100% are reported in Figure 
1 together with those of diphenyl sulfoxide and dimethyl
phenylsulfonium ion. The values of the slopes for methyl 
phenyl sulfoxide (+0.265 and -0.0507) below and above 
90% sulfuric acid are close to the value observed for diaryl 
sulfoxide2 at the lower acidities and to that for the di
methylphenylsulfonium ion5 at the higher acidities.

To aid in the identification of the reacting species, the 
experimental rate profile for the nitration of methyl phe
nyl sulfoxide is compared in Figure 2 with that calculated 
for reaction of the free base.

The calculated curve has been obtained using that of 
the dimethylsulfonium ion as a model and by applying a 
correction for the variation of the conjugated acid correct
ed for the free base concentration with acidities. Since the 
sulfoxides cannot be regarded as Hammett bases,3’4 the 
[BH+]/[B] ratios have been calculated by the method of
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Table I
Oxidation and Nitration Products of Methyl Phenyl 

Sulfoxide in Aqueous Sulfuric Acid at 250
Oxida- Nitra-

H 2S0 4 ,
%

tion,
%°

tion,
%b

-------Nitromethyl phenyl sulfoxide,——>.
%  0 - %  m -  % p -  m - / p -

82.5 56 44 10.1 63.7 26.2 2.43
83.2 47 53 9.7 65.0 25.3 2.57
83.9 42 58 9.3 66.3 24.4 2.70
85.0 26 74 8.8 68.2 23.0 2.96
85.2 23 77 8.7 68.6 22.7 3.02
87.6 100 7.5 73.0 19.5 3.74
88.4 100 7.1 74.5 18.4 4.05
90.3 100 6.2 77.7 16.1 4.83
91.4 100 5.7 79.6 14.7 5.41
93.3 100 4.8 82.9 12.3 6.75
93.4 100 4.7 83.2 12.1 6.87
94.7 100 4.1 85.4 10.5 8.17
96.1 100 3.4 88.0 8.6 10.27
98.4 100 3.3 90.2 6.5 13.88
“ Methyl phenyl sulfone. 6 o-, m-, p-nitrophenyl methyl 

sulfoxides.

Yates.6 Comparison of the experimental rate profile for 
methyl phenyl sulfoxide with that of sulfonium ion (Fig
ure 1) and that for the hypothetical free base (Figure 2) 
shows that experimental results accord well with reaction 
through the conjugate acid. However there is one diffi
culty in the assumption that reaction occurs entirely 
through the conjugate acid. This arises from the variation 
of the isomer distribution with acidity; variation is ob
served also in the nitration of diphenyl sulfoxide. In the 
nitration of methyl phenyl sulfoxide, the values of the 
slopes for nitration below and above 90% sulfuric acid are 
+0.275 and -0.041 for meta substitution and +0.240 and 
-0.103 for para substitution; the corresponding values for 
the nitration of diphenyl sulfoxide are +0.267 and -0.057 
for meta substitution and +0.237 and -0.101 for para 
substitution. The greater slope of para substitution com
pared to meta at high acidities suggests that part of the

88 92 96
h 2s o 47 o

Figure 1. Rate profiles and slope values for the nitration of (A) 
methyl phenyl sulfoxide (+0.265, —0.0507); (B) dimethylphenyl- 
sulfonium methylsulfate (+0.284, —0.047); (C) diphenyl sulfoxide 
(+0.260, -0.064). Values of the constant Y are A = 0; B = 0; C 
= + 1.

Table II
Second-Order Rate Coefficients (1. mol-1 sec-1) for 
Nitration of Methyl Phenyl Sulfoxide in Aqueous 

Sulfuric Acid at 25° “
HsSOi,

% 10**2 106* o 105*m 106*p kf,/km

82.5 1.10 0.55 3.49 2.88 0.82
83.9 2 . 8  3 1.33 9.39 6.91 0.73
85.2 5.69 2.48 19.51 12.91 0.66
87.6 24.58 9.28 89.66 47.90 0.53
88.4 32.33 11.56 120.40 59.50 0.49
90.3 36.90 11.44 143.40 59.41 0.41
91.4 32.16 9.20 128.00 47.80 0.37
93.4 28.01 6.62 116.50 33.90 0.29
94.7 23.32 4.79 99.60 24.39 0.24
96.1 19.06 3.25 83.86 16.33 0.19
98.4 14.13 2.34 63.69 9.18 0.14
a  b b and k„ have been calculated from the isomeric

distribution given in Table I. The Arrhenius parameters
calculated at 98.4% sulfuric acid are E,L = 12.4 kcal
mol-1, log A = 6.22 1. mol- 1 sec-1, and AS* == -30.1
cal m ol-1 °K -1.

reaction still involves the free base, but the rate profiles 
in Figures 1 and 2 suggest that this is not a major part.

A mechanistic encounter rate criterion7 for methyl phe
nyl sulfoxide in 98% sulfuric acid was also adopted and 
log k2 (encounter) (4.90) was compared with the observed 
value (-2.81). At the same acidity the corresponding 
values for the diphenyl sulfoxide are 6.03 and -2.12. 
These results for the compounds examined indicate that 
nitration can occur via the free base. Indeed, for the aryl- 
methyl relative to diaryl derivative, one can expect that 
the higher basicity constant3 should decrease the propor
tion of reaction through the free base, and this is consis
tent with the smaller proportion of para substitution ob
served.

We assume therefore that, for both substrates, reaction 
occurs mainly through the conjugate acid but with a small 
contribution, which decreases with acidity, from reaction 
through the free base. The rate profiles suggest that this 
contribution should be very small at high acidities, and,

Figure 2. A, the experimental rate profile [log k2 (obsd)] for the 
nitration of PhSOMe; B, expected rate profile [log k2"  (calcd)] for 
the free base, calculated following k2" = C (k2/ho).
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for the purpose of calculating relative reactivities and par
tial rate factors for the reaction in co. 98% sulfuric acid, 
the free base component has been ignored. The results are 
given in Table III. The comparison between the PhSMe2+ 
ion and the conjugate acids of sulfoxides shows small dif
ferences on the reactivity compared to overall deactivat
ing influence of the positive pole.

However, on the cation of sulfoxides the change from 
~S(OH)Me+ group to -S(OH)Ph+ increases the reactivity 
by a factor of ca. 10, and in these compounds the amount 
of para increases more than the amount of meta nitration. 
This behavior suggest a progressively decreasing influence 
of ir(d-p) overlap relative to the electrostatic deactivating 
effect in the sequence PhSMe2+, PhS(OH)Me+, 
PhS(OH)Ph+.

Experimental Section
Materials. m-Nitrophenyl methyl sulfoxide was prepared by 

nitration of methyl phenyl sulfoxide (0.1 M ) with nitric acid (0.15 
M) in 98% sulfuric acid at 25°. After 3 hr the reaction mixture 
was quenched in cold water, neutralized with sodium hydroxide, 
and extracted with chloroform. Drying and evaporation of the sol
vent gave the m-nitro derivative as the larger product of the reac
tion (cf. Table I). The compound was purified by crystallization 
from 95% ethanol, mp 117-118° (lit. mp 117-118° obtained by oxi
dation of m-nitrophenyl methyl sulfide*).

All the other compounds were prepared and purified as de
scribed in the literature and shown to be pure by glc and tic. Sul
furic and nitric acid were Analar reagents. For all nitrations 16.2 
M  nitric acid was used. Solutions of sulfuric acid required as 
reaction media for kinetic or isomeric runs were obtained by di
luting concentrated sulfuric acid and were standardized by titra
tion with 0.1 N  sodium hydroxide (normex) using an automatic 
titrator (Amel-235).

Kinetics. In order to avoid decomposition,9'10 a concentration 
range of sulfuric acid up to 99% was used; also methyl phenyl 
sulfoxide was dissolved in thermostated solvent immediately be
fore the start of the nitrations. The general procedure was fol
lowed as described previously2 for the nitration of diphenyl sulf
oxide. The extent of reaction was determined in a Hitachi Perkin- 
Elmer EPS 3T sepctrometer from the variation in the optical 
density at 300 nm in samples of the reaction mixture, quenched 
at suitable times in cold aqueous 0.1 M  sodium hydroxide.

At this wavelength and at concentrations used, absorptions of 
other compounds are negligible; appropriate corrections were 
made when methyl phenyl sulfone was present. Nitro derivatives 
are proportional to optical densities; the latter do not vary with 
the base concentration (0.2-0.02 N) or with the time (up to 2 hr).

In all cases good second-order kinetics during individual kinetic 
runs have been observed and the second-order rate coefficient at 
a given acidity was shown to be independent of the initial con
centrations of the reactants when varied over the range 0.0454- 
0.0986 M. Details of the integrated rate coefficients through a 
typical kinetic run are given in Table IV.

Total amount of nitro derivatives was calculated as described 
previously for the nitration of diphenyl sulfoxide.2 The values of 
extinction coefficients of o-, m-, and p-nitrophenyl methyl sulfox
ides at 300 mm derived from measurements on 0.1 N  sodium hy
droxide solutions of the pure isomers were as follows: ortho, 3302; 
meta, 1398; para, 5305.

Product Analysis. Nitration mixtures, some of these residual 
solutions from the kinetic runs, were poured into cold water, neu
tralized with aqueous sodium hydroxide at low temperature, and 
rapidly extracted with chloroform. In this way, possible alkaline 
cleavage of nitrophenyl methyl sulfoxides to nitrophenols can be 
avoided. The presence of o-, m-, and p-nitrophenyl methyl sulfox
ides was ascertained by glc and tic analysis together with methyl 
phenyl sulfone on the range 82-87% sulfuric acid. Samples of so
lutions were analyzed by glc analysis in a Hewlett-Packard 5700 
A instrument and the oxidation-nitration composition was deter
mined with a 120-cm column packed as reported previously.2 
Tests with mixtures of known composition showed partial separa
tion of the three mononitro compounds by glc analysis; the sepa
ration was complete for the corresponding amino sulfides. The 
isomeric compositions of nitro compounds were then evaluated 
after quantitative reduction of the nitration solutions with stan
nous chloride and gaseous hydrogen chloride as reported else
where.2
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0 -, m-, and p-aminophenyl methyl sulfides were determined by 
glc analysis carried out using the same column described above 
and reported before.2

The reduction process, as the glc analysis, was shown to be sat
isfactory ( ± 2%) by the use of synthetic mixtures of pure isomers. 
Oxidation-nitration composition as isomeric compounds values 
are an average of three gas chromatographic analysis and the 
areas are corrected by calculated correction factors.
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The thermolysis of methanesulfonyl azide in aromatic solvents bearing electron-withdrawing substituents has 
been studied quantitatively in the presence and absence of compounds known to catalyze singlet —► triplet in
terconversions. The results show that the singlet sulfonyl nitrene formed initially drops to the triplet to a cer
tain extent: the singlet adds to the aromatic nucleus to give a benzaziridine intermediate that ring opens to 
yield the meta-substituted anilide predominantly. The triplet attacks the nucleus as expected of a highly elec
trophilic diradicai and leads mainly to the ortho isomer. In nitrobenzene, the nitrene behaves only as the elec
trophilic triplet and, in addition to nitroanilides, yields products in which the nitro group has been displaced.

The thermal decomposition of sulfonyl azides in aro
matic solvents, which was first studied by Bertho, Cur
tius, and Schmidt,lb occurs slowly at 120°, is unimolecu- 
lar,2 and leads to singlet nitrenes.3 This is followed by an 
addition to the aromatic nucleus to give a benzaziridine 
intermediate (1), with ring opening of the latter to form 
the observed 7V-sulfonanilides (4)3 via 2 being a relatively 
fast, thermodynamically controlled process, and ring 
opening to form the azepine (3) being an even faster 
kinetically controlled reaction.4 The unsubstituted 
primary sulfonamides, products of hydrogen abstraction 
by the nitrene, are also formed in these reactions.

The isomer ratios and relative reactivities8 in the reac
tions of methanesulfonyl nitrene with toluene, anisole, 
and chlorobenzene could be explained readily on the basis 
of the above mechanism. Electron-donating substituents 
facilitate addition to the aromatic nucleus while electron- 
withdrawing ones slow the addition down. The substituent 
determines the direction of ring opening 1 —*■ 2 by whether 
or not it can stabilize the developing positive charge in 
the aromatic nucleus in the product-, but noz rate-, deter
mining step. Since formation of a a complex is not rate

determining, partial rate factors have no physical signifi
cance in this reaction3 and are not considered here.

It would then be predicted that an electron-withdrawing 
substituent would not only deactivate the nucleus but 
would also direct the ring opening of the aziridine ring to 
favor formation of the meta isomer. Confirmation of this

H unfavored

less unfavored
appeared to be forthcoming from studies of the benzene- 
sulfonamidation of methyl benzoate and benzoyl chloride 
using benzenesulfonyl azide, when the isomer ratios were 
reported to be ortho, 43%; meta, 54%; para, 3%; and 
meta, 100%, for these two substrates, respectively, and 
the total rate ratio c°2MeHX  = 0.38.5 Since these latter 
data were obtained from fractional distillation experi
ments and we had found in earlier work3 that these led to 
poor quantitative results, it was felt that the reaction of 
sulfonyl nitrenes with aromatic nuclei bearing electron- 
withdrawing substituents should be reinvestigated quanti
tatively using gas-liquid chromatography (glc). Once
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Table I
Methanesulfonamidation of Aromatic Substrates

Yield o f

Registry no. X  in CsHrX
Overall 

yield, %

Yield of 
CH3S02NH2,°

%

CHaSOî-
N H C bH iX ,“

%
Isomer ratio for CH3SO2NHC6H4X, % 
Ortho Meta Para

Total rate 
ratio xĥ

CH,‘ 99 .5 22 .7 76.8 65.4 2.4 32.2 1.86
OCH36 70.7 3 . 8 66.9 55.5 1.2 43.3 2 .5 4

108-90-7 Cl 78.2 13.1 65.1 57.4 0.9 41.7 0 .4 4
93-58-3 COsCH,s 26.0 4.6 21.4 64.3 34.4 1.3 0.30
98-95-3 n o 2 17.0 11.7 5.3 55.4 13.4 31.2 C

100-47-0 CN 11.2 5.8 5.4 68.9 31.1 0.0 c

98-08-8 C F s 51.0 25.8 25.2 53.0 46.1 0.9 0.07

“ Based on sulfonyl azide. 6 Reference 3. c Not determined.

again, in order to facilitate the 1slution of the reaction as interesting were the other products formed in this reac-
products from the column, it was decided to use methane- tion in addition to methanesulfonamide, namely phenyl
sulfonyl azide instead of benzenesulfonyl azide as the methanesulfonate (6) and methanesulfonanilide (7). Much
source of the nitrene intermediate. We now report the tar was also formed.
reaction of methanesulfonyl nitrene with methyl benzoate, 
benzonitrile, benzotrifluoride, and nitrobenzene.

Decomposition of methanesulfonyl azide in degassed 
methyl benzoate under nitrogen gave the methyl N- 
methanesulfonylaminobenzoates in an ortho:meta:para 
ratio of 64.3:34.4:1.3. The corresponding ratio in nitration6 
is 28.3:68.4:3.3, and in free-radical phenylation it is 
57:17:25.7 A polar free radical would be expected to yield 
a higher proportion of ortho isomer than does the phenyl 
radical.8 Methanesulfonamide was isolated as well (4.6%) 
but no product of addition to the substituent. The total 
rate ratio (measured by competition experiments) was 
co2MeHx  = o.3. In agreement with the prediction made 
above the methoxycarbonyl substituent deactivates the 
ring toward attack by the electrophilic nitrene but, con
trary to what was expected for the singlet species, the 
ortho and not the meta isomer was the main product of 
attack, though the proportion of meta isomer increased 
markedly as compared with toluene as substrate (2.4%). 
This would be consistent with a substitution by the elec
trophilic triplet sulfonyl nitrene radical. The yield of ani
lides was much lower than those obtained (65-77%) when 
an electron-donating substituent was present.3 Methane
sulfonamidation of ethyl benzoate took place similarly 
but the peaks tailed badly on gas chromatographic analy
sis and quantitative analysis was not attempted.

Similar results were obtained with benzonitrile and 
benzotrifluoride (Table I), the yield of sulfonamidation 
products being quite low (5.4 and 25.2%, respectively) and 
the ortho isomer being the main product. The proportion 
of meta isomer was again much higher than when an elec
tron-donating substituent was present and, in the case of 
benzonitrile, no para-substituted product could be detect
ed.

On going to a substrate bearing an even more electron- 
withdrawing substituent a dramatic change took place. 
Using scrupulously degassed reagents a maximum 5.3% 
yield of nitro-N-methanesulfonanilides (5) was obtained in

These results are entirely consistent with an attack of 
the nitrobenzene ring by triplet electrophilic methanesul- 
fonylnitrene. Displacement of a nitro group by electrophil
ic free radicals is known. Thus, hydroxyl radicals react 
with nitrobenzene to give phenol,10 and displacement of 
an NO2 group has been observed in a Pschorr cycliza- 
tion.11 Evolution of nitric oxide in the decomposition of 
sulfonyl azides has been observed5’12 but not accounted 
for.

When the reaction was carried out in the presence of air 
the amount of nitro-iV-methanesulfonanilide dropped, 
eventually to zero, with increasing oxygen concentration, 
and only the ortho isomer could be detected. The yield of 
6 was unaffected by the presence of O2 but that of 7 
dropped drastically. Only a small change in the yield of 
methanesulfonamide was observed (see Experimental Sec
tion) .

A possible explanation for these observations is as fol
lows. Thermolysis of the sulfonyl azide leads to the singlet 
electrophilic sulfonyl nitrene, which may add to surround
ing aromatic molecules, if the latter are sufficiently reac
tive, to give aziridine intermediates. If the substrate is 
unreactive toward attack by an electrophilic singlet the 
latter has time to drop to the triplet ground state13 [alter
natively, the substituent (or NO in the nitrobenzene reac
tion) could perhaps catalyze the singlet —*■ triplet conver
sion (as ethyl acetate may do in the case of cyanonitrene)] 
which would then attack (not very efficiently) the aromat
ic nucleus as do other electrophilic free radicals, and the 
isomer ratio observed would reflect this. The effect of O2 
upon the yields of 5 and 7 is consistent with the intercep
tion of a radical before it can react with nitrobenzene. In 
the presence of radicals, sulfonyl azides can undergo S-N 
bond cleavage.14 The formation of 6 may then be rational
ized as follows.

MeS02N3 + R- — *- MeS02- + RN3 

MeSCV ^  MeSOs —  MeS03Ph +  [MV]
MeS02N3 + PhN02

n 2

NHS02Me + PhOS02Me +  PhNHS02Me 
6 7

5 + MeS02NH2
the ratio of ortho:meta:para of 55.4:13.4:31.2. This is 
strikingly similar to the isomer ratio obtained in the 
homolytic arylation of nitrobenzene using the electrophilic 
p-nitrophenyl radical (ortho:meta:para = 58.15:27).® Just

6
Oxygen abstraction by MeS02- either from nitroben

zene or possibly by disproportionation (but not by reac
tion with atmospheric oxygen in view of the lack of effect 
of the latter upon the yield of 6) finds a parallel in the de
composition of PI1SO2CHN2 in benzene when one of the 
products is PhS03CH2S02Ph.15 The formation of 7 prob
ably involves either displacement of NCV- by MeSCVNH- 
(formed by hydrogen abstraction), or by MeSCVN- to give 
CeHsIxiSCUMe which undergoes hydrogen abstraction.

To explain the greatly increased proportion of meta iso
mer from the reactions with methyl benzoate, benzoni-
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Table II
Methanesulfonamidation of Methyl Benzoate and Benzotrifluoride in the Presence of Various Additives

Conditions Ortho Meta
----- Products, %—

Para MeSOzNHCeHUX MeS02NH2

Sealed tubes under N2
A. PhC02Me 

64.3 34 .4 1 .3 21 .4 4 . 6
Sealed tubes under air 59.8 38.1 2.0 16.3 5 . 9
With oxygen bubbled through 55.1 42.6 2 . 3 20.5 5 . 3
CCI4 (20 molar excess) 62.4 35.2 2 . 4 16.0 a
CCI4 (40 molar excess) 62.9 35.0 2 .1 12.9 a
CH2Br2 (20 molar excess) 56.4 34.9 8.7 2.0 28.3
CH2Br2 (40 molar excess) 29.9 57.5 12.6 1.1 44.2
Cobalt (III) acetvlacetonate 32.3 63.3 4 . 4 2.2 a
Manganese (II) acetylacetonate 27.3 68.2 4 . 5 1.3 a
Manganese (II) acetylacetonate (trace) 61.4 37.1 1.5 16.6 a
MnCl2-4H20 61.6 36.7 1.67 13.6 a
Gattermann copper 56.2 40.5 3.3 5.8 a
Iron powder 60.7 37.9 1.4 19.1 a

Degassed under N2
B. PhCF3 
53.4 45.6 1.0 20.4 21 .9

With oxygen 48.0 47.5 4.5 24.4 16.0
CH2Br2 (20 molar excess) 34.3 50.0 15.7 0.94 46.5
Copper (II) acetylacetonate 38.2 58.1 3.7 4.3 29.5
Manganese (II) acetylacetonate 43.9 54.1 2.0 4.1 29.0
Co2(CO)8 31.2 66.8 2.0 2.9 16.1
Fe3(CO)i2 30.7 64.0 5.3 0.75 61.5
Fe(CO)6 23.8 69.7 6.5 0.55 53.2

“ Not determined.

trile, and benzotrifluoride, it is tempting to suggest that 
two competing processes are operating: (1) the addition of 
singlet nitrene to give an AT-sulfonylaziridine intermediate 
which, on ring opening, gives mainly the meta isomer a 
complex as discussed above, and (2) a direct free-radical 
substitution by triplet electrophilic sulfonyl nitrene, 
which would lead mainly to the ortho isomer. As the aro
matic nucleus becomes more deactivated toward attack 
by an electrophilic singlet species [ffpiCOaMe) = 0.45; 
<rp(CF3) = 0.54]16 the latter has time to undergo spin in
version to the triplet to some extent. With nitrobenzene 
[crp(N02) = 0.78]16 this process appears to be complete. 
The isomer ratios observed for methyl benzoate, benzoni- 
trile, and benzotrifluoride do not conform to either “ pure” 
electrophilic substitution or “ pure”  radical substitution 
but rather to a dual mechanism.17 The total rate ratios 
(Table I) confirm that these nuclei are deactivated toward 
electrophilic attack. These X\\K values must, therefore, be 
composites of two different mechanistic processes. This 
receives support as follows.

A good linear relationship is observed for the plot of log 
XUK  v s .  a p  when X  = OCH3, CH3, H, and Cl. Much more 
scatter is observed when log x HX  is plotted against <rp+. 
The better fit with crp than with <xp+ is consistent with a 
transition state resulting from the attack of the aromatic 
nucleus by a highly reactive species. If <rp is taken only as 
a measure of the overall electron-donating or slightly 
withdrawing ability of the substituent this correlation is 
understandable. The total rate ratio is, however, a mea
sure of the rate of attack at all the ring positions, and the 
above linearity with ap is not altogether meaningful. On 
the other hand, the points for methoxycarbonyl and triflu- 
oromethyl are well off this plot (Figure 1). This is under
standable not only because of the above duality of mecha
nisms but also because the relative amount of para isomer 
in these cases is very low (the main products are the ortho 
and meta isomers) and ap will be a poor measure of the 
overall reactivity of the nucleus.

In order to obtain more data on this dual mechanism, 
the methanesulfonamidations of methyl benzoate and 
benzotrifluoride were carried out in the presence of com

pounds which are known to facilitate singlet —► triplet ni
trene conversion.20 The results of this study are given in 
Table H.

Methylene bromide is known to be an efficient heavy 
atom solvent for catalyzing singlet —*• triplet intersystem 
crossing of cyanonitrene.20 Methylene chloride is reported 
to do the same to carbethoxynitrene.21 Addition of a large 
excess of methylene bromide to methyl benzoate and ben
zotrifluoride before decomposition of the MeS02N3 had a 
dramatic effect both on the relative yields of products and 
the isomer ratios. The yield of methanesulfonamide in
creased sharply; that of the IV-mesylanilines dropped very 
markedly. The main product of methanesulfonamidation

Figure 1. Plot of total rate ratio log x uK vs. ap for the methane- 
sulfonamidation of aromatic substrates.
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Table III
Authentic iV-Mesylamlides XC (H4NHS02Me

x----------Found, % ---------- •> /----------Calcd, %-
Registry no. X Yield, % M p, °C Molecular formula c H C H

7 1 6 -4 1 -6 o - C O i M e 5 3 9 0 . 5 - 9 1 c 9h „ n o 4s 4 6 .8 3 4 . 6 4 4 7 . 1 5 4 . 8 4
3 2 0 8 7 -0 5 -1 m - C O .M e 7 3 1 2 5 . 5 - 1 2 6 C a H n N O iS 4 7 .3 9 5 . 2 0 4 7 . 1 5 4 . 8 4
5 0 7 9 0 -2 8 -8 p - C 0 2M e 6 3 1 4 9  .5 - 1 5 0 C a H n N C h S 4 7 .0 1 4 . 8 2 4 7 . 1 5 4 . 8 4
5 0 7 9 0 -2 9 -9 o - C N 5 0 1 0 3 C 8H sN , 0 2S 4 9  .3 6 4 .2 1 4 8 . 9 8 4 . 1 1
5 0 7 9 0 -3 0 -2 m - C N 6 5 1 5 4 . 5 - 1 5 5 c 8 h 8n 2 o 2s 4 8 .9 9 4 . 3 6 4 8 . 9 8 4 . 1 1
3 6 2 6 8 -6 7 -4 p - C N 7 5 1 9 7 .5 C 8 H sN 20 2S 4 9 .2 2 4 . 2 2 4 8 . 9 8 4 .1 1
5 0 7 9 0 -3 1 -3 o - C F 3 68 7 9 - 8 0 C  gH 8F  3 N  O 2S 4 0 .5 5 3 .4 1 4 0 . 1 7 3 . 3 7
5 0 7 9 0 -3 2 -4 p - c f 3 6 5 1 2 7 - 1 2 8 c 8h 8f 3n o 2s 4 0 .2 2 3 . 5 4 4 0 .1 7 3 .3 7

is now the meta isomer, as predicted on the basis of an at
tack of the nucleus by a singlet species. That CH2Br2 was 
a very efficient hydrogen donor was shown by carrying out 
the decomposition of the azide in this solvent alone. A 
very clean reaction (unlike the ones in aromatic solvents) 
occurred to give a 93% yield of methanesulfonamide. 
These results can be readily interpreted as follows. Meth
ylene bromide catalyzes some intersystem crossing of sin
glet to triplet, and triplet sulfonyl nitrene hydrogen-ab
stracts very efficiently from CH2Br2 to give MeSCbNFfe. 
Remaining singlet nitrene does not and adds to the aro
matic solvent as predicted above to give mainly the meta- 
substituted anilide.

When the decompositions were carried out in the pres
ence of copper(II), manganese(II), and cobalt(III) acetyl- 
acetonates instead of methylene bromide again the yields 
of “ substitution”  products decreased enormously and the 
relative amount of meta isomer increased at the expense 
of ortho isomer as the amount of added complex was in
creased. The transition metal complexes appear to cata
lyze the singlet —*■ triplet conversion and to trap the tri
plet in the form of intractable materials (the amorphous 
products and tars were found to contain transition metal). 
What is left of the singlet adds to the aromatic substrate 
as before. When the decompositions in benzotrifluoride 
were carried out in the presence of Fe(CO)s, Fe3(CO)i2, or 
Co2(CO)8 an even greater increase in the proportion of 
meta relative to ortho isomer was observed and, in these 
cases, when azide was present in excess over transition 
metal carbonyl, novel nitrene-metal complexes were iso
lated as amorphous solids. These will form the subject of 
a forthcoming publication. Manganous chloride, copper, 
and iron, all of which were insoluble in the reaction medi
um, had little effect upon the product ratio, as did carbon 
tetrachloride in 40-molar excess. These results are, there
fore, consistent with the intermediacy of both singlet and 
triplet sulfonyl nitrenes in these unreactive aromatic sol
vents.

As discussed above, triplet sulfonyl nitrene abstracts 
hydrogen efficiently from aliphatic solvents, and it ap
pears that metal-complexed sulfonyl nitrenes can do like
wise from both aliphatic and aromatic solvents (see above, 
ref 22). It has been argued, however, that free triplet sul
fonyl nitrenes do not abstract hydrogen efficiently from 
aromatic solvents.3-22 Breslow and Edwards found that 
m-dinitrobenzene caused the amount of insertion of n-oc- 
tadecyloxycarbonyl nitrene into cyclohexane to increase 
at the expense of hydrogen-abstraction product and this 
was attributed to trapping by m-dinitrobenzene of the 
radicals catalyzing singlet —*• triplet transitions.23 Addi
tion of excess m-dinitrobenzene to methanesulfonyl azide 
in benzene before thermolysis led to a decrease in the 
yields of both methanesulfonamide and IV-mesylaniline 
and, indeed, the ratio of amide to anilide increased slight
ly (from 1:4.7 to 1:3.8) upon addition of m-dinitrobenzene. 
This supports our belief that both products in benzene

arise from the singlet species; the lower yields obtained in 
the presence of m-dinitrobenzene must reflect a reaction 
of the nitrene with the nitro compound which is present in 
large excess.

Experimental Section
Melting points are uncorrected. Nmr spectra were recorded on 

a 100-MHz instrument.
Reagents. Reagent-grade solvents were purified by standard 

techniques and kept over drying agent. They were distilled just 
prior to use. Methanesulfonyl azide was fractionally distilled be
hind a safety shield and stored in a desiccator at 0°.

Authentic Mesylanilides. These were prepared from the ap
propriate aniline, methanesulfonyl chloride, and dry pyridine 
with or without benzene as solvent. The properties of the new 
mesylanilides so obtained are given in Table III. The other ani
lides had the properties described in the literature.

General Procedure for the Decomposition of Methanesulfon
yl Azide in Aromatic Solvents. All thermolyses were carried out 
in glass bombs which were stirred and immersed in a thermo- 
stated bath at 120°. The initial reaction solution was degassed by 
evacuating the frozen solution and thawing and repeating this 
procedure a number of times. The decompositions were allowed to 
proceed for 48-72 hr, the mixture was cooled to room temperature 
and filtered, and the insoluble black material was washed with 
hot acetone, benzene, or acetonitrile. The combined washings and 
filtrates were fractionally distilled through a Vigreux column and 
the solvent distillates were checked by gas chromatography to en
sure that none of the products codistilled. The concentrated reac
tion mixtures were analyzed directly by glc after the addition of 
the appropriate internal standard. A number of synthetic 
mixtures were analyzed, under the same conditions to check the 
accuracy of the method.

Methanesulfonamidation of Degassed Methyl Benzoate. The
only products detected by glc were methanesulfonamide and the 
methyl o-, m-, and p-methanesulfonamidobenzoates. These were 
collected and identified by comparing their ir spectra and melting 
points with those of authentic samples.

For the quantitative analyses, methanesulfonyl azide (0.15 g) 
was decomposed as described above in a 50-molar excess of meth
yl benzoate. The isomerides could be analyzed either on an 8.5 ft 
X 0.25 in. column packed with Apiezon N (25%) on Chromosorb 
W (60-80 mesh) and a column temperature of 250° and a He flow 
rate of 60 ml/min, or on an 8.25 ft X 0.25 in. column of Apiezon L 
(25%) on Gas-Chrom P (100-120 mesh) at 230° and a flow rate of 
100 ml/min. p-Methanesulfonyltoluidide was used as the internal 
standard. Methanesulfonamide was separately analyzed on a 6 ft 
x 0.25 in. column packed with precipitated asphalt (25%) on 
Chromosorb W at 180° and a He flow rate of 85 ml/min (p-chlo- 
ronitrobenzene as internal standard). The mean of three runs 
gave the following results: methanesulfonamide, 4.62 ±  0.6%; 
methyl A'-methanesulfonamidobenzoate, 21.4 ±  0.6% (isomer ra
tios ortho, 64.3 ±  0.7%; meta, 34.4 ±  0.5%; para, 1.3 ±  0.2%); 
overall yield based on azide, 26.0 ±  1.0%.

Competitive runs between benzene and methyl benzoate were 
carried out by decomposing the azide in the mixed solvents in the 
molar ratio azide:benzene:methyl benzoate of 1:50:50. The prod
ucts were analyzed on the above Apiezon N on Chromosorb W 
column. Analysis of two synthetic mixtures confirmed the accura
cy of the method. The total rate ratio co^ eHK  thus obtained 
(average of three runs) was 0.30 ±  0.01.

Methanesulfonamidation of Methyl Benzoate in the Pres
ence of Oxygen. The above reaction was repeated under two dif
ferent sets of conditions: (a) in a sealed bomb under air and (b)
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under reflux with oxygen being bubbled through the solution'at 
120°. The results are given in Table II.

Methanesulfonamidation of Benzonitrile. Only methanesul- 
fonamide and o- and m-cyano-lV-methanesulfonanilides were 
formed and isolated. No p-cyano-IV-methanesulfonanilide could 
be detected, so that if any is formed it must be present to the ex
tent of less than 3% of the isomerides.

Quantitative analysis for methanesulfonamide was carried out 
as above while the o- and TO-cyano derivatives were analyzed on 
the Apiezon L on Gas-Chrom P column described above using
1,2-diphenoxyethane as the internal standard. Synthetic mixtures 
were also analyzed as before. The yields of products were follow: 
methanesulfonanilides, 5.7 ±  0.5%; cyano-iV-methanesulfonanil- 
ides, 5.4 ±  0.18% (isomer ratio ortho, 68.9 ±  0.25%; meta, 31.1 ±  
0.22%); overall yield based on azide, 11.1 ±  0.75%.

Methanesulfonamidation of Benzotrifluoride. Methanesulfon
amide and the three isomeric mesylaminobenzotrifluorides were 
isolated and characterized. Isomer ratios were determined on a 10 
ft X 0.25 in. Apiezon L (25%) on Anakchrom ABS (60-70 mesh) 
column at 212° and a 60 ml/min He flow rate using benzophenone 
as the internal standard. The averages of five runs follow: 
methanesulfonamide, 25.8 ±  3.6%; mesylaminobenzotrifluorides,
25.2 ±  1.3% (isomer ratio ortho, 53.0%, meta, 46.1%; para, 0.9%); 
overall yield, 51.0 ±  1.7%.

A competitive reaction was carried out using a methanesulfonyl 
azide:benzene:benzotrifluoride molar ratio of 1:20:20. The prod
ucts were analyzed on a 10 ft X %6 in. Apiezon L (25%) on Chro- 
mosorb W (60-200 mesh) column at 225° using benzophenone as 
the internal standard. The total rate ratio [CF3H-K] thus obtained 
was 0.06 (average of four runs).

Methanesulfonamidation of Degassed Nitrobenzene. Quali
tative Analysis. The thoroughly degassed solution was thermo- 
lyzed and the products were analyzed by glc. Methanesulfona
mide and the nitro-N-methanesulfonanilides were characterized 
but, in addition, two more peaks were observed. These were col
lected and their infrared spectra and melting points were com
pared with those of authentic N-methanesulfonanilide, mp 101°, 
and phenyl methanesulfonate, mp 59-59.5°, and were found to be 
identical with these.

Quantitative Analysis. Methanesulfonyl azide (0.06 g) in a 
50-molar excess of nitrobenzene was thoroughly degassed and de
composed under dry, oxygen-free nitrogen. Methanesulfonamide, 
methanesulfonanilide, and phenyl methanesulfonate were esti
mated using the 8.5 ft x  0.25 in. Apiezon N (25%) on Chromosorb 
W (60-80 mesh) column at 190°, while the isomeric nitro-lV- 
methanesulfonanilides were estimated using a 3 ft X 0.25 in. col
umn packed with Apiezon L (20%) on Gas-Chrom P (100-200 
mesh) at 195° and a He flow rate of 68 ml/min. Biphenyl was 
used as the internal standard in both cases. Synthetic mixtures 
were also analyzed in this way. The results of three runs are as 
follows: methanesulfonamide, 11.7 ±  1.0%; phenyl methanesulfo
nate, 2.5 ±  0.5%; methanesulfonanilide, 18.6 ±  0.4; nitro-A'- 
methanesulfonanilides, 5.3 ±  1.4% (isomer ratio ortho, 55.4%; 
meta, 13.4%; para, 31.2%); overall yield based on azide, 38.15 ±  
3.0%.

Methanesulfonamidation of Nitrobenzene in the Presence of 
Oxygen. The above reaction was repeated under three different 
sets of conditions: (a) in undegassed nitrobenzene in a tube sealed 
under an air atmosphere; (b) under reflux open to the air at 120°; 
and (c) under reflux with oxygen being bubbled through the solu
tion at 120°. The yields of products are summarized below. No m-

with a 100-molar excess of methylene bromide (17 ml) and the so
lutions were thermolyzed at 120° under N2 in a sealed bomb. The 
products were methanesulfonamide and methanesulfonanilide; no 
biphenyl was detected. The quantitative analysis were carried out 
as described earlier.3

Decomposition of Methanesulfonyl Azide in Methylene Bro
mide. Methanesulfonyl azide (0.3 g) was decomposed in methy
lene bromide (17 ml) at 120° to give methanesulfonamide (93%) 
in a very clean reaction.

Methanesulfonamidation of Benzene in the Presence of m- 
Dinitrobenzene. Methanesulfonyl azide (0.3 g) was decomposed 
in benzene (12.5 ml) containing m-dinitrobenzene (0.4 g, 0.003 
mol). Methanesulfonamide (7.4 ±  0.1%) and /V-methanesulfonan
ilide (34.8 ±  0.6%) were obtained. No biphenyl was detected.

Effect of Diluent and Additives upon Reaction of Methane
sulfonyl Azide with Methyl Benzoate. Methylene Bromide. 
Methanesulfonyl azide (0.3 g) in methyl benzoate (6.8 g) was di
luted with 20-molar (3.45 ml) or 40-molar (6.9 ml) excesses of 
methylene bromide and the thermolyses were carried out as 
usual. Since the isomeric methane sulfonamidobenzoates were 
formed in such small amounts, a large percentage error (estimat
ed ± 10%) may be introduced in the peak area measurements and 
was allowed for.

Carbon Tetrachloride. The reaction was repeated but using 
CCU as the diluent. Methanesulfonamide was the main product 
but its yield was not determined.

In the Presence of Cobalt(III) Acetylacetonate. Methanesul
fonyl azide (0.6 g) was decomposed in a 50-molar excess of methyl 
benzoate in the presence of cobalt(III) acetylacetonate (0.13-0.18 
g) at 120°. A blank run in the absence of azide indicated that the 
metal complex did not give any isolable products with the benzo
ate. The overall yield of methyl IV-methanesulfonamidobenzoates 
was 2.2% and the isomer ratio was ortho, 32.3; meta, 63.3; para,
4.4. The decompositions in the presence of other transition-metal 
compounds were carried out and analyzed similarly. The results 
of these reactions and of the ones of the similar decomposition of 
MeS02N3 in benzotrifluoride in the presence of transition-metal 
compounds are collected and summarized in Table II.
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Reaction of 3-[2/-Tetrahydropyranyl(furanyl)thio]indole with Silver Ion
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When 3-(2'-tetrahydropyranylthio)indole is treated with 1 equiv of silver ion in aqueous methanol, the silver 
salt of 3-thioindole and 5-hydroxyvaleraldehyde are produced quantitatively. If the reaction is carried out in an 
aprotic solvent (toluene, tetrahydrofuran), rearrangements occur to produce low yields of products in which the 
cyclic ether moiety is bonded to N -l or C-2 of the indole nucleus. The reactions are envisaged as involving col
lapse of an initially formed adduct, in which silver ion is bound to sulfur, to release a cyclic ether oxonium ion 
which undergoes further reaction. Formation of the l-tetrahydropyranyl(furanyl) compound is envisaged as in
volving intermolecular formation of l-tetrahydropyranyl(furanyl)-3-tetrahydropyranyl(furanyl)thioindole 
which, via a silver ion adduct, loses the cyclic ether moiety from sulfur. It is suggested that the C-2-substituted 
compound may arise by a process in which the cyclic ether moiety is first bonded to C-3 of the indole nucleus 
followed by migration to C-2.

Reaction of 3-[2'-Tetrahydropyranyl(furanyl)thio]in- 
dole with Silver Ion. In connection with studies directed 
toward achieving new C-nucleoside (e.g., formycin, pseu
douridine, pyrazomycin)1 syntheses, an investigation of 
the reactions of silver ion with 3-(2'-tetrahydropyranyl- 
thio)indole (la) and 3-(2'-tetrahydrofuranylthio)indole (lb) 
was undertaken. Holland and Cohen2 discovered that the 
sulfur-hemiacetal linkage is cleaved readily by silver ion 
in aqueous solution to yield quantitatively a silver mer- 
captide and a hydroxy aldehyde.

The present study was undertaken in anticipation that, 
in the absence of a protic solvent, a 1,2 shift from sulfur 
to carbon3 might occur.

(CH2)„

H
1

a, n =  1
b, n = 0

In accordance with the results of Holland and Cohen,2 
treatment of 3-(2'-tetrahydropyranylthio)indole (la) with 
aqueous silver nitrate at room temperature resulted in the 
immediate precipitation of a quantitative yield of the sil
ver salt of 3-thioindole4 and 5-hydroxyvaleraldehyde, iso
lated as the corresponding 2,4-dinitrophenylhydrazone.5 
When equimolar amounts of la and silver perchlorate 
(chosen because of its availability in anhydrous form, its 
solubility in organic solvents, and the low nucleophilicity 
of the perchlorate ion) were combined in benzene at room

temperature a precipitate was formed which darkened 
(decomposed) quickly. Evidence consistent with the for
mulation of this precipitate as the coordination compound 
2a was obtained from two additional experiments. When 
la and silver perchlorate were mixed in pyridine at room 
temperature no reaction occurred, indicating that the af
finity of pyridine for silver ion prevents its coordination 
with the sulfur of la. When the reactants were combined 
in toluene at -78° a colorless precipitate accounting for 
two-thirds of added reactants formed immediately. Addi
tion of pyridine to the reaction mixture at this point 
caused the precipitate to dissolve with quantitative regen
eration of the starting material, la, indicating that the 
precipitate was not a product involving cleavage or rear
rangement of the organic reactant. However, if the reac
tion mixture in toluene was allowed to warm in the ab
sence of added pyridine, the original precipitate decom
posed and pyridine was no longer capable of removing the 
silver, indicating that the silver ion was present as a mer- 
captide.

In addition to providing evidence consistent with the 
formation of coordination compound 2, these experiments 
illustrate the extent to which the activity of silver ion is 
influenced by its interaction with solvent. After evalua
tion of a number of solvents, tetrahydrofuran was selected 
for use in the remainder of this study.

At —78° in tetrahydrofuran, no evidence for the reaction 
of la with silver perchlorate was obtained. At higher tem
peratures ( — 15 to 25°) la underwent reaction presumably 
via the intermediacy of complex 2a, which, unlike its be
havior in benzene and toluene, appears to be soluble in 
tetrahydrofuran. In contrast, 3-(2'-tetrahydrofuranylthio)- 
indole (lb) reacted in the presence of silver ion even at 
-78°. Except for these differences in affinity for coordina
tion and reaction rate (which parallel the behavior of 2-
O-alkyl acetals of tetrahydropyran and tetrahydrofuran 
toward acid-catalyzed hydrolysis),6’7 the reactions of la 
and lb with silver perchlorate in tetrahydrofuran were 
similar.

Silver ion mediated decomposition of la or lb in tet
rahydrofuran produced heterogeneous precipitates which, 
in favorable instances, accounted for essentially all of the
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added reactants (la or lb and silver perchlorate). Remov
al of silver ion from a crude reaction product mixture 
(suspended in either the original tetrahydrofuran solution 
or in methanol) was accomplished by treatment with hy
drogen sulfide, hydrogen chloride, or methyl iodide. The 
resulting product mixture was then subjected to chroma
tographic separation, either directly or following desulfur
ization with Raney nickel. In all instances, yields of char
acterized products were low, accompanied by highly col
ored, polar material8 which was not characterized.

The precipitate obtained by reaction of lb with silver 
perchlorate in tetrahydrofuran at -15° was treated with 
hydrogen sulfide to remove silver followed by Raney nick
el desulfurization. From the resulting product mixture, 1- 
and 2-(2/-tetrahydrofuranyl)indoles (4b and 5b) were iso
lated. When la was treated similarly and the reaction 
mixture was fractionated following removal of silver but 
without desulfurization, the disulfide (6a) of l-(2'- 
tetrahydropyranyl)-3-thioindole and l-(2'-tetrahydropyr- 
anyl)-3-(2'-tetrahydropyranylthio)indole (8a) were isolat
ed.

In a reaction of la with silver ion, when silver was re
moved after 30 min at 25° (during which time 25% of the 
reactants had formed a precipitate), la was recovered un
changed from the solution. When the filtrate, formed in 
the same manner, was treated with excess methyl iodide 
(to methylate all silver coordination sites), 3-methyl- 
thioindole (7)9 and 3-methylthio-l-(2'-tetrahydropyranyl)- 
indole (9a) were produced.

7 8 9
The results of this study allow the construction of 

Scheme I, which indicates the general features of the sil
ver ion catalyzed reactions of 1. The products isolated, ir
respective of reaction conditions (t.e., 4, 6, 8, 9), all pos
sess a 2'-tetrahydropyranyl(furanyl) substituent on the in
dole nitrogen. The formation of such “ rearrangement” 
products clearly must occur via an intermolecular path
way. The probable presence in solution of the secondary 
coordination compound 10, as evidenced by the isolation 
of 8a (and of 9a from reactions in which methyl iodide 
was used), and the insolubility of 3-thioindole silver salt 
indicate that this “ migration” of a cyclic ether moiety 
from sulfur to nitrogen is likely to occur exclusively via 
the path 2 —*• 10 -»■ 11. Interestingly, this sequence does 
not require formation of significant amounts of 3-thioin
dole silver salt, since, once some 10 is available, the reac
tion 2 + 10— 11 -1- 10—“ etc. is possible.

While the pathway to the 1-substituted compound 11 is 
clearly intermolecular, the origin of the 2-substituted 
product 12 is less certain. It is possible that a 2-substitut- 
ed coordination compound analogous to 10 is an interme
diate; however, as no evidence for such was found, the 
possibility that 12 arises via an intramolecular process 
must be considered. It is well known10 that electrophilic

Scheme I

11

substitution of 3-substituted indoles occurs readily at car
bon 2, probably via a mechanism involving rearrangement 
of the adduct formed by initial attack at C-3.11’12 In this 
light, although no direct evidence for the reaction process 
1 —► 3 was found, the possibility that 12 is formed via the 
pathway 1 —1► 2 -*• 3 -*■ 12 is an attractive one.

The spectral properties of the variously substituted in
doles comprising this study are highly characteristic and 
facilitated structural assignments. Among the isolated 
products from reactions of 1 with silver ion are compounds 
in which cyclic ether moieties are bonded variously to car
bon, sulfur, or nitrogen in the 3-thioindole nucleus. The 
nuclear magnetic resonance (nmr) chemical shift exhib
ited by the proton on C-2' of the cyclic ether moiety was, 
in every case, clearly identifiable and led readily to the 
correct assignment of the indole bonding site. Thus, the 
C-2' proton of lb (C-2' bonded to S) appears at <5 5.34, the 
corresponding resonance for l-(2'-tetrahydrofuranyl)indole 
(4b, C-2' bonded to N) appears at <5 5.92, and the signal in 
the spectrum of 5b (C-2' bonded to C) appears at & 5.12. 
The compounds in the 2'-tetrahydropyranyl series exhib
ited analogous resonances, although shifted toward higher 
field; e.g., for la (C-2' bonded to S) the signal appears at 
8 4.84 and for 4a (C-2' bonded to N) the signal is at 8 
5.35.

Definitive assignment of structure 5b [as opposed to the 
isomeric structure 3-(2'-tetrahydrofuranyl)indole] was 
made by consideration of the nmr chemical shifts ob
served for the 2 and 3 protons of various indole deriva
tives. Thus, in the nmr spectrum13 of 3-methylindole, the 
hydrogen at C-2 gives rise to a signal at 8 6.78 whereas the 
C-3 hydrogen in 2,5-dimethylindole appears at 8 6.10.13-14 
In the spectrum of l-(2'-tetrahydrofuranyl)indole (4b) the 
C-2 hydrogen is observed at 8 6.9 and the C-3 hydrogen 
appears at 8 6.30. The resonance at 8 6.27 in the spectrum 
of 5b clearly is that of the C-3 hydrogen and establishes 
the attachment of the tetrahydrofuranyl moiety as occur
ring at C-2.

These assignments are corroborated by examination of 
the mass spectra of the variously substituted compounds. 
The fragmentation of l-(2'-tetrahydrofuranyl)indole (4b; 
see Figure 1A) is dominated by cleavage of the tetrahy
drofuranyl moiety from the indole nucleus (t.e., m/e 71 
and 117). The fragmentations of the various S-tetrahydro- 
furanyl and S-tetrahydropyranyl compounds are similar in 
this respect (see Experimental Section). In contrast, the 
electron bombardment induced fragmentation of 2-(2'-tet- 
rahydrofuranyl)indole (5b, see Figure IB), in which the 
cyclic ether is linked to the indole nucleus via a carbon- 
carbon bond, is considerably more complex. Whereas the
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Figure 1. Mass spectra of l-(2'-tetrahydrofuranyl)indole (4b), A, 
and 2-(2'-tetrahydrofuranyl)indole (5b), B.

indole •+ rearrangement ion (m/e 117), formed by loss of 
dihydrofuran, is the most abundant ion (243 = 46%) in 
the spectrum of 4b (Figure 1A), this is a low-abundance 
ion (239 = 3%) in the spectrum of 5b (Figure IB). Al
though the molecular ions represent comparable percent
ages of total ionization (i.e., 15% for 4b and 11% for 5b), 
this ion is the base peak in the spectrum of 5b (Figure 
IB). These differences are strikingly similar to those ob
served in the spectra of N and C nucleosides.15

To facilitate structural assignments, authentic l-(2'-tet- 
raEydropyranyl)indole (4a) was synthesized by treatment 
of indolyllithium16 with 2-chlorotetrahydropyran.17 An 
attempt was made to prepare 3-(2'-tetrahydropyranyl)in- 
dole from the indole Grignard reagent16-18 and 2-chloro- 
tetrahydropyran17 in ether; however, the only product 
formed in greater than trace amounts was again the N- 
substituted compound 4a. This result is surprising in view 
of the absence of reports of such exclusive N-alkylation of 
an indole Grignard reagent in ether .16’18>19

Experimental Section
Infrared spectra were determined on a Perkin-Elmer 337 grat

ing spectrophotometer. Nmr spectra were determined with a Var- 
ian HA-100 spectrometer using CCI4 solutions; chemical shifts are 
expressed as parts per million (6) downfield from an internal 
standard of tetramethylsilane. Mass spectra were obtained with a 
CEC Du Pont Model 21-110B spectrometer operated at 70 eV. 
Thin layer chromatography (tic) was done on silica gel G. Melt
ing points were determined on a microscope hot stage and are un
corrected. Elemental analyses were by Heterocyclic Chemical 
Corp., Harrisonville, Mo.

3-(2'-Tetrahydropyranylthio)indole (la ). To 250 ml of di-
methylformamide, freshly distilled from calcium hydride and 
maintained under nitrogen, was added 0.5 g of an oil dispersion of 
sodium hydride, followed by 1.5 g (0.01 mol) of 3-thioindole.4 
After 2 hr, 1.2 g (0.01 mol) of 2-chlorotetrahydropyran17 was 
added to the stirred solution. After several additional hours the 
reaction mixture was poured into ether and was extracted with 
brine and water. The ether solution was dried, decolorized with 
charcoal, and evaporated. The resulting crude product was crys
tallized from a mixture of hexane and ether to yield 0.56 g (24%) 
of 3-(2'-tetrahydropyranylthio)indole (la ) as cream-colored crys
tals: mp 84-85°; nmr 5 1.4-2.0 (m, 3',5'-H), 3.45 (m, 6'-H), 4.16 
(m, 6'-H), 4.84 (dd, Jt = 6, J2 = 3 Hz, 2'-H), 6.84 (d, J  = 3 Hz,
2-H), 7.05-7.14 (m, 5-7-H), 7.64 (m, 4-H), 8.39 (br, NH).

Anal. Calcd for C13H15NOS: C, 66.9; H, 6.49; N, 6.0. Found: 
C, 67.0; H, 6.34; N, 5.82.

3-(2'-Tetrahydrofuranylthio)indole (lb ). Employing 2-chloro- 
tetrahydrofuran,20 lb was synthesized in the same manner as la  
in a yield of 28%. Recrystallization from 95% ethanol afforded 
colorless crystals: mp 98-100°; nmr 5 1.8-2.4 (m, 3',4'-H), 3.8-4.15

(m, 5'-H), 5.3-5.42 (m, 2'-H), 7.02 (d, J  = 2 Hz, 2-H), 7.1-7.2 (m, 
5-7-H), 7.7-7.86 (m, 4-H), 8.48 (br, NH).

Anal. Calcd for C12Hi3NOS: C, 65.8; H, 5.94; N, 6.39. Found: 
C, 65.8; H, 6.16; N, 6.18.

l-(2'-Tetrahydropyranyl)indole (4a). Method A. To a stirred 
solution of 2 g (0.017 mol) of indole in 50 ml of tetrahydrofuran 
was added 7.7 ml (0.017 mol) of a hexane solution of n-butyllith- 
ium. After 5 min, 2.04 g (0.017 mol) of 2-chlorotetrahydropyran17 
was added. After 30 min the solvent was evaporated and was re
placed with 50 ml of methylene chloride. The methylene chloride 
solution was washed with water (2 x  50 ml), dried, and removed. 
The residue was chromatographed on a column of silicic acid (3 X 
30 cm). l-(2'-Tetrahydropyranyl)indole (4a), 1.44 g (42%), was 
eluted with 25% petroleum ether (bp 30-60°) in benzene as a col
orless oil: bp 118° (0.2 mm); nmr 5 1.4-2.1 (m, 3',5'-H), 4.58 (m, 
6'-H), 4.96 (m, 6'-H), 5.35 (dd, Jt = 8, J2 = 4 Hz, 2'-H), 6.36 (d, 
J  = 3.5 Hz, 3-H), 6.9-7.5 (m, 2,4-7-H); mass spectrum m/e (rel 
intensity), 201 (44), 144 (7), 130 (13), 117 (110), 85 (16).

Anal. Calcd for C13H i5NO: C, 77.6; H, 7.46; N, 6.96. Found: C, 
77.3; H, 7.44; N, 6.87.

Method B. To a solution of methylmagnesium iodide [prepared 
from 0.23 g (0.01 mol) of magnesium and 1.4 g (0.01 mol) of meth
yl iodide] in anhydrous ether was added 0.7 g (0.006 mol) of in
dole, and, after stirring for 3 hr, 0.72 g (0.006 mol) of 2-chloro
tetrahydropyran17 was added. After an additional 1 hr. water was 
added, and the ether phase was separated, washed several times 
with brine and water, and then dried. Removal of the solvent 
yielded crude l-(2'-tetrahydropyranyl)indole (4a), which was sep
arated from unreacted indole by preparative tic. This material, 
0.21 g (17%), was identical in all respects with the product pre
pared by method A.

Reaction of 3-(2'-Tetrahydropyranylthio)indole (la ) with 
Aqueous Silver Nitrate. Solutions of 23.3 mg (0.1 mmol) of 3- 
(2'-tetrahydropyranylthio)indole (la ) in 5 ml of 50% aqueous 
methanol and of 17 mg (0.1 mmol) of silver nitrate in 5 ml of 
water were cooled to 0° and combined. Immediately the silver salt 
of 3-thioindole precipitated, and was filtered and dried to yield 23 
mg (90%) as. an amorphous powder. Removal of the silver was ac
complished by suspending the precipitate in methanolic hydrogen 
chloride. Tic of the filtrate after removal of the silver chloride in
dicated the presence of 3-thioindole4 and the corresponding disul
fide. Treatment of the original filtrate with 2,4-dinitrophenylhy- 
drazine reagent21 yielded 15.8 mg (56%) of red crystals of the
2,4-dinitrophenylhydrazone of 5-hydroxyvaleraldehyde, mp 110- 
112° (lit.5 mp 109°,'ll3-114°).

Reaction of 3-(2'-Tetrahydrofuranylthio)indole (lb ) with 
Silver Perchlorate in Tetrahydrofuran. To a stirred, cooled 
(-15°) solution of 2.19 g (0.01 mol) of 3-(2'-tetrahydrofuranylthio)- 
indole (lb ) in 75 ml of dry tetrahydrofuran was added a cooled 
(-15°) solution of 2.07 g (0.01 mol) of silver perchlorate in 10 ml of 
dry tetrahydrofuran, whereupon the solution immediately became 
yellow. After 30 min the precipitate which had formed was col
lected, resuspended in 50 ml of methanol, and treated with hy
drogen sulfide, the excess hydrogen sulfide being discharged with 
a nitrogen jet. The precipitated silver sulfide was removed with 
the filtrate passing directly into a suspension of ca. 10 g of Raney 
nickel in 150 ml of 7 A7 ammonium hydroxide. This mixture was 
heated under reflux on a steam bath for 2 hr. The hot mixture 
was then filtered to remove the Raney nickel, which was washed 
with 95% ethanol. The combined filtrate was evaporated and the 
resulting residue was triturated with methylene chloride (3 x 25 
ml). The methylene chloride soluble portion was subjected to pre
parative chromatography to yield two products: l - (2'-tetrahydro- 
furanyl)indole (4b, 50 mg) and 2-(2'-tetrahydrofuranyl)indole (5b, 
5 mg). l-(2'-Tetrahydrofuranyl)indole (4b) had nmr & 1.62-2.16 
(m, 3',4'-H), 3.6-4.0 (m, 5'-H), 5.92 (t, J  = 4 Hz, 2'-H), 6.30 (d, J  
= 3.5 Hz, 3-H), 6.8-7.3 (m, 2,5-7-H), 7.4 (m, 4-H); mass spec
trum m/e (rel intensity), 187 (33), 130 (5), 117 (100), 71 (20); ir no 
NH. 2-(2'-Tetrahydrofuranyl)indole (5b).had nmr 5 1.86-2.44 (m, 
3',4'-H), 3.84-4.02 (m, 5'-H), 5.12 (dd, J i = 8, J2 ss 1 Hz, 2'-H),
6.2 (m, 3'-H), 6.9-7.3 (m, 5-7-H), 7.44 (m, 4-H), 8.36 (br, NH); 
mass spectrum m /e (rel intensity) 187 (100), 154 (80), 144 (43), 
130(63), 117(28), 71 (20); ir 3420 and 3310 cm- 1 (NH).

Reaction of 3-(2'-Tetrahydropyranylthio)indole (la ) with 
Silver Perchlorate in Tetrahydrofuran. To a solution of 233 mg 
(1 mmol) of 3-(2'-tetrahydropyranylthio)indole (la ) in anhydrous 
tetrahydrofuran was added a solution of 207 mg (1 mmol) of silver 
perchlorate in anhydrous tetrahydrofuran. Concentrations in var
ious reactions ranged from 0.01 to 0.002 M  with no discernible dif
ference in results. When the two solutions were combined at —78° 
a colorless solution resulted. The analysis of the solution (tic)
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showed the presence of uncomplexed starting material, la. No 
change was observed after several hours at -78°. When wanned 
(—15 to 25°), the solution turned yellow and an orange precipitate 
was formed; no uncomplexed starting material was evident in the 
solution by tic analysis. The collected, dried precipitate, which 
appeared during 30 min at 25°, weighed 100 mg and accounted for 
approximately 25% of the combined weight of the thioketal la 
and the silver perchlorate. The precipitate (fraction A), resus
pended in terrahydrofuran, and the filtrate (fraction B) were 
treated separately with hydrogen sulfide in ether and the result
ing silver sulfide was removed. Water was added to each of the 
filtrates, followed by extraction with ether. The solvents were re
moved from the ether-soluble portions and the residues were sep
arated by tic (chloroform-acetone 95:5). From the original filtrate 
(fraction B) unreacted starting material la was obtained; no la 
was present in the precipitate (fraction A).

The components isolated from the precipitate (fraction A) were
3-thioindole,4 3-thioindolyl disulfide,4 and l-(2'-tetrahydropyr- 
anyl)-3-thioindolyl disulfide (Ga): mp 136-140°; nmr b 1.5-2.1 (m, 
3'-5'-H), 3.68 (m, 6'-H), 4.0 (m, 6'-H), 5.39 (m, 2'-H), 6.9-7.6 (m,
2.4- 7-H); mass spectrum m/e (rel intensity) 464 (3), 432 (4), 348
(4), 264 (19), 149 (100), 148 (20), 117 (20), 85 (60).

Reaction of Silver Complex 2a with Methyl Iodide. To a so
lution of silver complex 2a (methyl iodide was unreactive toward 
la in the absence of silver ion) prepared in tetrahydrofuran as 
described above was added an excess of methyl iodide. After sev
eral hours at room temperature (at lower temperatures, no reac
tion occurred) a yellow precipitate of silver iodide had formed. 
The mixture was filtered, water was added to the filtrate, and the 
solution was extracted with ether. By preparative chromatogra
phy the starting thioketal (la). 3-methylthioindole9 (7), l-(2'-tet- 
rahydropyranyl)-3-(2'-tetrahydropyranylthio)indole (8a), and 1- 
(2'-tetrahydropyranyl)-3-methylthioindole (9a) were isolated. 3- 
Methylthioindole9 (7) had nmr b 2.32 (s, SMe), 7.05-7.24 (m,
2.5- 7-H), 7.68 (m, 4-H), 7.9 (br, NH). l-(2'-Tetrahydropyranyl)-
3- (2'-tetrahydropyranylthio)indole (8a) had nmr b 1.5-2.1 (m, 
3'-5', 3"-5"-H), 3.4-3.8 (m, 6',6"-H), 3.9-4.2 (m, 6',6"-H), 4.80 
(m, 2'-H), 5.38 (m, 2"-H), 6.9-7.7 (m, 2,4-7-H); mass spectrum 
m/e (rel intensity) 317 ill) , 233 (43), 149 (100), 117 (6), 85 (63). 
l-(2'-TetrahydTopyranyl't-3-methylthioindole (9a) had nmr 5 1.5-
2.1 (m, 3'-5'-H), 2.29 (s, SMe), 3.60 (m, 6'-H), 4.0 (m, 6'-H),
5.32 (dd, Ji = 8, J2 = 4 Hz, 2'-H), 7.0-7.4 (m, 2,5-7-H), 7.62 (m,
4- H); mass spectrum m/e (rel intensity) 247 (51), 163 (100), 148
(32), 117 (6), 85 (50).

Reactions of Raney Nickel with 3-(2'-Tetrahydropyranyl- 
thio)indole (la), 3-Mcthylthioindole9 (7), and l-(2'-Tetrahydro- 
pyranyl)-3-methylthioindole (9a). A few milligrams of la, 7, or 
9a in methanol was treated with a large excess (ca. tenfold by 
weight) of Raney nickel. After standing at room temperature for 
0.5 hr, the suspension was filtered and the filtrate was evapo
rated. In the case of la or 7, the resulting product was identified 
as indole by tic and comparison of spectra. In the case of 9a the 
product was indistinguishable from l-(2'-tetrahydropyranyl)in- 
dole (4a), prepared as described.
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The reaction of substituted methanesulfonyl chlorides and ethanesulfonyl chlorides with triethylamine in the 
presence of 2-methyl-l-propenylamines is discussed. The observed stereoselectivity in the formation of products 
can be explained on the basis of a zwitterionic intermediate or a concerted [r2s + ,2S] process.

The chemistry of sulfenes has received considerable at
tention in the past decade and several reviews have ap
peared.1 The reaction of sulfenes with enamines is proba
bly the most extensively investigated reaction of these 
chemical intermediates, but data concerning the stereo
chemistry of the products derived from the reaction of

substituted sulfenes with enamines is meager and incon
clusive.2 The present study deals with the stereochemistry 
of the products obtained in the reaction of a number of 
substituted methanesulfonyl and ethanesulfonyl chlorides 
with triethylamine in the presence of N,N-disubstituted
2 -methyl-l-propenylamines.



1110 J. Org. Chem., Vol. 39, No. 8, 1974 Truce and Rach

Table I

R 'C =S02
I

R
Sulfene

— Nx  XH3
c = c

n  x CH3

r .

R 'c^ c— sOj

H- I I '
J

,C-C(CH3)2

; n

R'.\
R ^ c—so, 

I I ' 
H-

; n

c — C(CH3)2

trans

%
Compd R ' R Y % cis yield®

l p-C6H4CH3 H I 82 50b
2 c 6h 5 H I 74 94
3 c 6h 6 H ii 77 100
4 c 6h 5 H h i 73 100
5 p-C6H4Cl H I 62 75”
6 p-CÄN O, H I 0 69
7 Cl H I 65 346
8 Cl c h 3 I 72 77
9 Cl c h 3 ii 77 100

10 Cl c h 3 h i 85 98
11 Cl CHs IV 72 100
12 Br H I 59 436
13 Br H ii 67 100
14 Br H h i 73 100
15 I H I 63 82
16 CN H I 0 42
17 CN c h 3 I 84 49"
18 CN c h 3 ii 83 83
19 CN c h 3 h i 74 81
20 CN c h 3 IV 72 63
21 c h 3 H I 42 24«
22 m-C3H7 H I 39 32«
23 C H 2C 6H5 H I 45 98
24 o= c c 6h 5 H I 0 d
25 o= c c 6h 5 H II 0 64
26 o= c c 6h 5 H III 0 88
27 0=C 0E t c h 3 II 0 93
28 0=COEt c h 3 III 27 89

° Crude yield. 6 Yield after reerystallization. c Yield after 
distillation; extensive decomposition occurred with the 
formation of polymeric tars. d Decomposed on standing.

Results
The reaction of mono- and disubstituted sulfenes with 

the following enamines, IV,IV-dimethyl-2 -methyl-l-propen- 
ylamine (I), 2-methyl-l-propenylpyrrolidine (II), 4-(2- 
methyl-l-propenyl)morpholine (III), and IV.IV-diisopropyl-
2-methyl-l-propenylamine (IV), led almost exclusively to 
a mixture of cis- and trans-substituted thietane 1,1-diox- 
ides.3 Surprisingly, in a large number of examples (see 
Table I, 1-5, 7-15, 17-20), the preferred orientation in 
these cyclic sulfones was one in which the amino moiety 
and the sulfene substituent (other than alkyl) were in the 
less thermodynamically stable cis arrangement. A sum
mary of the results of these experiments is presented in 
Table I.

The cis percentages were determined by nmr analysis of 
crude reaction products obtained as explained in the Ex
perimental Section. To avoid erroneous results due to pos
sible differing solubilities of isomeric cycloadducts in the 
nmr solvent, samples for analysis were obtained by dis
solving the entire crude residue in the solvent and analyz
ing an aliquot of this. In the experiments employing sub
stituted methanesulfonyl chlorides, pure trans cycload
ducts could be obtained quantitatively by equilibrating 
the isomeric mixtures with potassium tert-butoxide in

Discussion
An investigation of the current literature on the addi

tion of sulfenes to enamines suggests that this reaction 
may proceed via a two-step process.4 ’5 Scheme I illus
trates this stepwise process for the reaction of a-toluen- 
esulfonyl chloride with triethylamine in the presence of 
N, IV-dimethyl-2 -methyl- 1-propenylamine.

A rationale for the formation of the less stable cis iso
mer can be postulated based on the above reaction 
scheme in that electrostatic attractions between the posi
tive and negative charges of the 1,4-dipolar intermediate, 
which can be delocalized by the amino and phenyl 
moieties, respectively, should favor cis geometry.6 Even in 
those cases where the electronegative group stabilizing the 
carbanion moiety of the postulated intermediate is limit
ed in its ability to delocalize the charge via resonance 
(i.e., halides) 7 cis preference was still observed. The data 
in Table I, demonstrating that cis preference was not ob
served for substrates incapable of appreciable negative 
character 8  to the sulfonyl group in the zwitterionic inter
mediate, offers support for this theory (e .g ., Table I, 21- 
23).

A concerted process [T2S + „2J could conceivably ac
count for cis preference in the geometry of these products 
if steric considerations are taken into account along with a 
secondary orbital interaction between the amine lone pair 
and the ir framework of the sulfene. Current theory re
quires that for this concerted process one unsaturated sys
tem must approach the other with an orthogonal orienta
tion.8 A cursory analysis of these interactions gives the 
following orientations as the most probable in the transi
tion state for the reaction of phenylsulfene and III.

tert-butyl alcohol for a period of from 1 day to 2 weeks.
Further evidence for the stereochemical assignments to
the products will be presented later.

Either frontal or rear attack by sulfene on this enamine 
should yield the cis cycloadduct. If the reaction, however, 
were indeed proceeding via this mechanistic scheme, cis 
preference should not be limited to those cases involving 
electronegative substituents. As already indicated, ali
phatic sulfonyl chlorides react under these conditions to 
give predominantly trans cycloadducts (Table I, 21-23). If 
only conventional steric factors are considered, the alter
nate geometry would be expected from a concerted [T2S + 
„2a] process.

A third alternative explanation which should not be over
looked is the concerted [X2S + T2S] process. Although this 
process is thermally disallowed by Woodward-Hoffmann 
rules, recent theoretical considerations indicate that this 
would be the favored mode of addition in the case of cyclo
addends of substantially different electron-accepting and 
-donating abilities and has been invoked to explain the re
sults of the cycloaddition reactions of ketenes.93 In the re
action of sulfenes, a concerted process of this type coupled 
with the secondary electronic effects possible between the 
electron-donating amine moiety and the electron-attracting 
substituents of the sulfene moiety would sufficiently explain 
the results obtained in the course of this investigation. In 
the absence of the electron-attracting substituents trans 
products would predominate.
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Scheme I

PhCH2S02Cl

+
Et3N

[PhCH=S02]

h3cv
N CH3+ X \  /  3HjC C=C
H XCH,

I  J

w x P h - r f ^ c H , i-BuO- K + H3Cx  H" ^ - f 2CH3
i-BuOH c ' ' ”

H-iC h '  \ h 3 (quantitative) h3c  h  ch3

26% (trans) 74% (cis)

Preliminary results of semiempirical SCF-M O calcula
tions do not support the idea of a stereochemistry-main
taining cisoid dipolar intermediate and thus lends fur
ther support to the pericyclic [y2s +  r2s] process.911 It is 
of interest to note that the difference between the [^2S + 
„2J process and the cisoid dipolar intermediate may be 
merely one of semantics and that the [X2S +  T23\ complex 
and the so-called dipolar intermediate are in fact one and 
the same species.

In the reaction of para-substituted phenylsulfenes a no
ticeable decrease in cis preference is observed in going 
from electron-donating to electron-withdrawing substitu
ents. Whether this is due largely to substituent effects in 
the postulated intermediates or to differing rates of post
isomerization in the products is still unclear. The effect 
of electron-withdrawing substituents on the aromatic ring 
on the intermediate zwitterion would be twofold: first, the 
intermediate carbanion moiety would be stabilized to a 
greater extent and perhaps permit an increased produc
tion of the more thermodynamically stable trans product; 
and second, the substituent would disperse the negative 
charge to a greater degree and reduce the “ effective”  elec
trostatic attractions. However, once the product has been 
formed, it is itself capable of postisomerization via carb
anion formation at the 4 position. During the early stages 
of the reaction, triethylamine is in excess and the cycload
ducts themselves contain a tertiary amine, either o f which 
should be capable of catalyzing the isomerization. This 
isomerization was demonstrated to occur in the presence 
of EtsN for the product mixture from the reaction of 
phenylsulfene and I but only slowly (see Experimental 
Section). This indicated that the substituents do play a 
role in the stereochemical course of the reaction but in 
order to assess the relative contribution of postisomeriza
tion in products 1-6 the substituted a-phenylethanesul- 
fonyl chlorides10 would need to be employed. Attempts to 
prepare these compounds, however, were not successful.

Postisomerization in the case of the less acidic halocy- 
cloadducts does not appear to be a problem, since pure 
cis-2,2-dimethyl-3-(fV,lV-dimethylamino)-4-chlorothietane
1,1-dioxide remained unchanged when treated with an 
equimolar amount o: triethylamine in anhydrous diethyl

ether for 3 days or acetonitrile for 1 day. The apparent 
“ anomalies”  associated with the products derived from 
benzoyl and cyanosulfenes are easily understood on the 
basis of this postisomerization phenomena due to the en
hanced acidity of the 4 hydrogen in these cycloadducts.11

The results obtained with the substituted ethanesulfon- 
yl chlorides are more significant on the basis that carban
ion formation at the 4 position and subsequent isomeriza
tion is no longer possible. For the reactions of both o-cya- 
noethanesulfonyl chloride and a-chloroethanesulfonyl 
chloride, cis cycloaddition products predominated (Table 
I, 8-11 and 17-20). With the former reaction, the results 
indicated that postisomerization was probably operative 
(Table I, 16). The products derived from a-chloroethan
esulfonyl chloride had a higher cis/trans ratio than was 
true for the chlorosulfene cycloadducts (see Table I, 7-11), 
but this may simply reflect the decreased thermodynamic 
differences between the two isomers. Equilibration at
tempts, under reaction conditions, of pure cis-7 afforded 
only cis isomer on work-up, demonstrating that postisom
erization for this system was not occuring.

The results with a-carbethoxyethanesulfonyl chloride 
(Table I, 27 and 28) were, however, puzzling at first in 
view of the postulated reaction scheme. This substrate 
was reported to react with triethylamine in the presence 
of 2-methyl-l-propenylpiperidine to give exclusively the 
trans cycloadduct in an 83% yield.20 The fact that ethyl 
chlorosulfonylacetate (Et0 2 CCH2S0 2Cl) gave only trans 
products was understandable owing to the ease of isomer
ization expected for this product, but, as in the case of 
the cyanosulfenes (Table I, 17-20), a predominance of cis 
product was expected in the former reaction. Our own ex
periments confirmed the earlier report in that trans prod
ucts predominated. A closer inspection of molecular 
framework models then revealed that for a zwitterionic in
termediate of this type, with extensive delocalization of 
charges, electrostatic forces could effectively stabilize 
both cis and trans zwitterionic precursor forms. If this is 
the case, then the more thermodynamically stable product 
would be expected to predominate and steric factors 
would dictate product distribution. Several attempts were 
made to prepare and isolate the interesting a-benzoyl- 
ethanesulfonyl chloride to further test this hypothesis, 
but they were unsuccessful.12

There has been some speculation in the literature28’0'13 
that the Karplus correlation14 is reliable for the thietane
1,1-dioxide ring system and hence applicable for assigning 
the cis-trans geometry of this ring system. The coupling 
constants observed in the cis and trans cycloadducts ob
tained during this investigation did not bear this out (see 
Experimental Section). A recent application of shift re
agent, Eu(fod)3, to this problem has allowed for an unam
biguous designation o f the stereochemistry of the products 
derived from bromosulfene and l-(morpholino)cyclohex- 
ene.2d The results of this investigation confirmed earlier 
structural assignments based on equilibration data. An 
extension of these nmr data to the data obtained from the 
cycloadducts prepared in this investigation, coupled with 
the equilibration studies, allows their stereochemical as
signments to be unambiguously made.

Another method, which has proved most helpful with 
products derived from disubstituted sulfenes, was re
ported recently for a-halothietane l,l-dioxides.2c When a 
mixture of cis and trans isomers, e.g., 9, was subjected to 
treatment by aqueous alkali followed by acidic work-up, 
the keto sulfone 2,4,4-trimethylthietan-3-one 1,1-dioxide 
(D) and the pure tTans cycloadduct (10) were obtained.

The absolute stereochemistry of these trans cycload
ducts has been confirmed by X-ray diffraction data on 
pure trans-10.19 A comparison of nmr chemical shift data
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of these known systems with that of the similarly substi
tuted cycloadducts (Table I, 17-20) shows definite trends 
and similarities and allows for unambiguous stereochemi
cal assignments.28

Conclusion
The question of whether or not sulfene reactions with 

enamines are concerted or stepwise processes is still not 
definitively resolved. Certainly these are limiting cases 
and perhaps the course of the reaction of sulfenes with 
enamines depends on the nature of the reactants. In those 
cases where electron-withdrawing groups are present to 
stabilize a zwitterionic intermediate, perhaps the reac
tions are more stepwise in character, whereas, when these 
groups are absent, such as with sulfene itself, there is a 
“ substantial degree of concertedness”  5 to the cycloaddi
tion. The nature of the reactive sulfenes and the instabili
ty of the cis enamines makes this problem even more dif
ficult to resolve. The reaction could indeed be a concerted 
process and the stereochemical consequences dependent 
on the properties of the cycloaddends as suggested by Ep- 
iotis,9 and not a consequence of a dipolar intermediate. 
The mechanism of this reaction thus remains obscure but 
the steroechemical outcome of these reactions is indeed in
teresting to note.

Experimental Section
All reactions were performed in a nitrogen atmosphere. The 

nmr spectra were recorded on a Varian A-60A instrument in 
CDCI3 with trimethylsilane as the internal standard and the data 
for cis isomers were obtained from mixtures except where noted. 
The infrared (ir) spectra were recorded on a Beckman IR-33 or a 
Perkin-Elmer Infracord. All melting points and boiling points are 
uncorrected. Ethanesulfonyl, butanesulfonyl, and «-toluenesul- 
fonyl chlorides were obtained from Eastman Organic Chemicals 
(White Label). The following sulfonyl chlorides were prepared ac
cording to the literature: haloalkanesulfonyl chlorides,16-19 cy- 
anoalkanesulfonyl chlorides,20 o-carbethoxyethanesulfonyl chlori
de,20 d-phenylethanesulfonyl chloride,10 benzoylmethanesulfonyl 
chloride,21 and para-substituted a-toluenesulfonyl chlorides.22 
Triethylamine, obtained from Matheson Coleman and Bell, was 
distilled from o-naphthyl isocyanate (2%), bp 88-89°, and stored 
over sodium hydroxide prior to use.23 The enamines were also 
prepared according to the literature, enamines I, II, and III by the 
reaction of isobutyraldehyde (flash distilled, Aldrich) with the 
appropriate freshly distilled amine in the presence of TiCU24 and 
IV [bp 55-56° (17 mm), n30D 1.4310] by the reaction of the alde
hyde with diisopropylamine (Matheson Coleman and Bell) in the 
presence of molecular sieves.25 No attempt was made to maxi
mize the isolated purified yields of the cycloadducts. Microana
lyses were performed by Dr. C. S. Yeh and staff.

General Procedure for Preparing Thietane 1,1-Dioxide De
rivatives from Monosubstituted Sulfonyl Chlorides. To an eth
ereal solution of 1.0 equiv of the enamine and 1.0 equiv of trieth
ylamine at room temperature, an ethereal solution of 1.0 equiv of 
the sulfonyl chloride was added dropwise over a period of 10-30 
min. After the addition was complete, the reaction was stirred for 
an additional 30 min. Triethylammonium chloride was then fil
tered and washed with several small portions of diethyl ether. 
The combined filtrate and washings were then evaporated in 
vacuo, affording a crude residue which after drying over P2O5 
under reduced pressure for several hours was dissolved in CDCI3. 
After an aliquot of this was analyzed via nmr the solvent was 
again removed in vacuo and the residue was recrystallized from a 
suitable solvent. Pure trans isomers were obtained by stirring iso
meric mixtures (— 2.0 g) with a catalytic amount of potassium 
tert-butoxide (~0.1 g) in tert-butyl alcohol for a period of from 1 
day to 2 weeks. Recrystallization or sublimation gave analytically 
pure products.

2.2- Dimethyl-3-(Ar,iV-dimethylamino)-4-p-tolylthietane 1,1- 
Dioxide (1). The cis-trans mixture was prepared on a 0.1-molar 
scale according to the general procedure. The isomeric mixture 
would not crystallize: nmr (CDCI3) cis 8 1.58 and 1.72 (s, 3 H 
each, gem-dimethyl groups), 2.03 [s, 6 H, N(CH3)2] 2.29 (s, 3 H, 
PhCHa), 3.13 (d, J  = 10 Hz, 1 H, NCH), 5.25 (d, J  = 10 Hz, 1 H, 
CHSO2), 7.13 and 7.53 (m, 2 H each, ortho and meta aromatic 
H). An analytical sample of the trans isomer was obtained after 
isomerization of the crude material for 1 day as described above, 
recrystallization from methanol, and sublimation at 100° (0.4 
mm): mp 134°; ir (KBr) (S02) 1305, 1285, 1160, 1110, and 1045 
cm-1; nmr (CDCI3) 8 1.61 and 1.67 (s, 3 H each, gem-dimethyl 
groups), 2.06 [s, 6 H, N(CH3)2], 2.33 (s, 3 H, PhCHs), 2.92 (d, J  
= 10 Hz, 1 H, CHN), 5.06 (d, J = 10 Hz, 1 H, CHSO2), and 7.27 
(m, 4 H, aromatic H).

Anal. Calcd for C14H21NO2S: C, 62.88; H, 7.92; N, 5.24; S, 
11.99. Found: C, 62.87; H, 8.07; N, 5.02; S, 12.20.

2.2- Dimethyl-3-(lV,Af-dimethylamino)-4-phenylthietane 1,1- 
Dioxide (2 ). A cis-trans mixture was obtained on a 0 .1 -molar 
scale in an 82% yield after recrystallization from 95% ethanol: 
nmr (CDCI3) cis 8 1.63 and 1.75 (s, 3 H each, gem-dimethyl 
groups), 2.08 [s, 6 H, N(CH3)2], 3.18 (d, J  = 10 Hz, 1 H, CHN), 
5.29 (d, J  = 10 Hz, 1 H, CHSO2), and 7.25-7.80 (m, 5 H, aromat
ic H). Equilibration of a 2.0-g sample of the isomeric mixture 
with 0.1 g of potassium tert-butoxide in 50 ml of feri-butyl alco
hol for 3 days followed by solvent removal afforded 2.0 g of the 
isomerically pure trans cycloadduct. Recrystallization from 95% 
ethanol afforded an analytically pure sample: mp 164° (lit.26 mp 
165-166); ir (KBr) (S02) 1290, 1115, and 1050 cm“ 1; nmr (CDC13) 
8 1.63 and 1.67 (s, 3 H each, gem-dimethyl groups), 2.05 [s, 6 H, 
N(CH3)2], 2.95 (d, J = 10  Hz, 1 H, CHN), 5.09 (d, J  = 10  Hz, 1
H, CHSO2), and 7.39 (s, 5 H, aromatic H).

Anal. Calcd for C13H19NO2S: C, 61.63; H, 7.56; N, 5.53; S, 
12.65. Found: C, 61.80; H, 7.29; N, 5.50; S, 12.77.

2.2- Dimethyl-3-(iV-pyrrolidino)-4-phenylthietane 1,1 Dioxide
(3). This material was isolated on a 0.01-molar scale as the trans 
cycloadduct after stirring the initial crude reaction products with 
0.2 g of potassium tert-butoxide in 50 ml of tert-butyl alcohol for 
40 hr and recrystallization from 95% ethanol: nmr (CDCI3) cis 8
I. 60 and 1.70. (s, 3 H each, gem-dimethyl groups), 1.42 and 2.20 
(m, 8 H, pyrrolidino H), 3.28 (d, J = 10 Hz, 1 H, CHN), 5.28 (d, 
J  = 10 Hz, 1 H, CHS02), 7.23-7.82 (m, 5 H, aromatic H). Pure 
trans cycloadduct had mp 136-137.5° [lit.27 mp 161° (ligroin)]; ir 
(KBr) (SO2 ) 1310, 1300, and 1105 cm-1; nmr (CDCI3) 8 1.65 (s, 6 
H, gem-dimethyl groups), 1.42 and 2.10 (m, 8 H, pyrrolidino H),
3.05 (d, J  = 10 Hz, 1 H, CHN), 5.08 (d, J  = 10 Hz, 1 H, CHS02), 
and 7.40 (s, 5 H, aromatic H).

2.2- Dimethyl-3-(iV-morpholino)-4-phenylthietane 1,1-Diox
ide (4). This reaction was carried out on a 0.01-molar scale to give 
a quantitative yield of an isomeric mixture of products: nmr 
(CDCI3) cis 8 1.62 and 1.73 (s, 3 H each, gem-dimethyl groups),
2.26 [m, 4 H, (CH2)2N], 3.30 (d, J  = 10 Hz, 1 H, CHN), 3.55 [m, 
4 H, (CH2)20], 5.33 (d, J  = 10 Hz, 1 H, CHS02), and 7.25-7.78 
(m, 5 H, aromatic H). The crude material was dissolved in 75 ml 
of tert-butyl alcohol and 0.2 g of potassium tert-butoxide was 
added. After stirring at room temperature for 2 days, work-up 
and recrystallization from 95% ethanol afforded a 73% overall 
yield of pure trans cycloadduct: mp 181-182.5°; ir (KBr) (S02) 
1310 and 1110 cm-1; nmr (CDC13) 8 1.60 and 1.63 (s, 3 H each, 
gem-dimethyl groups), 2.23 [m, 4 H, (CH2)2N], 3.08 (d, J  = 10 
Hz, 1 H, CHN), 3.55 [m, 4 H, (CH2)20], 5.10 (d, J  = 10 Hz, 1 H, 
CHS02), and 7.37 (s, 5 H, aromatic H).

4-p-Chlorophenyl-2,2-dimethyI-3-(iV,lV-dimethyIammo)thie-
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tane 1,1-Dioxide (5). A  m ix tu re  of c is  a n d  tra n s cycloadducts 
was obtained in  a 7 5 %  y ie ld  on a 0 .0 5 -m o la r scale according to 
the general procedure: n m r ( C D C 1 3) cis* 5 1.6 3  and 1 . 7 3  (s, 3  H  
each, g e m -d im e th y l groups), 2 .10  [s, 6  H ,  N ( C H 3)2], 3 .15  (d, J  =  
10  H z , 1  H , C H N ) ,  5.25 (d, J  =  10  H z , 1  H , C H S 0 2), and 7 .2 2 -
7.72 (m , 5 H , aro m a tic  H ) .  R e c ry sta lliz a tio n  of the m ix tu re  from 
m ethanol afforded a 4 5 %  y ie ld  of tra ns cyc lo a d d u ct w h ich  was 
p u rifie d  further b y  su b lim a tio n  at 1 2 1 °  (0.4 m m ): m p 13 8 °; ir  
(K B r )  ( S 0 2) 13 10 , 1 1 1 8 , and 1050 c m - 1 ; n m r ( C D C 1 3) 8 1.64 and 

. 1.68 (s, 3 H  each, g e m -d im e th y l groups), 2.08 [s, 6  H , N ( C H 3)2],
2.88 (d, J  =  10  H z , 1  H , C H N ) ,  5.08 (d, J  =  10  H z , 1  H , C H S 0 2), 
and 7.42 (s, 5 H , a ro m atic H ) .

A n a l.  C a lc d  for C i 3 H ig C lN 0 2 S : C , 54.25; H , 6.30; C l ,  12 .3 2 ; N , 
4.87; S , 1 1 .1 4 .  F o u n d : C , 54.50; H , 6.46; C l,  12 .5 4 ; N , 4.76; S ,
1 1 .1 8 .

2,2-Dimethyl-3-(N, Ar-dimethylamino)-4-p-nitrophenylthie- 
tane 1,1-Dioxide (6 ). T h e  sta rtin g  s u lfo n yl ch loride (p -n itro -a - 
to luenesulfonyl chloride) is  o n ly  s lig h tly  soluble in  E t 2 0 ;  so 0.05 
m ol was suspended in  250 m l of E t 20  and a so lution  co n tain in g  
the enam ine I  (0.05 m ol) and tr ie th y a m in e  (0.05 m ol) was slow ly 
added to it . In  th is  fash ion  o n ly  tra ns cyc lo a d d u ct was obtained. 
A cco rd in g  to the general procedure, em p lo yin g  a large volum e of 
E t 20  (800 m l) to dissolve the a c id  chloride, o n ly  trans isom er was 
a gain  obtained. P ro d ucts 1, 2, and 5 were also prepared b y th is  
inverse ad d itio n  route b u t no differences were observed in  the c is /  
trans ratios. T h e  p ro d uct 6  was also o n ly  m oderately soluble in  
E t^ O  but an n m r a n a ly s is  of the so lid  filtered  off in d ica te d  o nly 
trans isom er along w ith  tr ie th y la m m o n iu m  chloride. A n  a n a ly t i
ca l sam ple was obtained b y s u b lim a tio n  at 1 1 0 °  (0 . 1  m m ): m p 
15 4 -15 5 °; ir  (K B r )  ( S 0 2) 1300, 1 1 1 8 , 1050 an d  ( N 0 2) 1520  and 1345 
c m - 1 ; n m r ( C D C 1 3) 8 1.6 7  and 1.70  (s, 3 H  each, g e m -d im e th yl 
groups), 2.08 [s, 6  H , N ( C H 3)2], 2.98 (d, J  =  10  H z , 1  H , C H N ) ,
5 .2 1  (d, J  =  10  H z , 1  H , C H S 0 2), and 7.63 and 8.27 (m , 2 H  each, 
ortho and m eta a ro m atic H ) .

A n a l. C a lc d  for C i 3 H i 8 N 2 0 4 S : C ;  52.33 ; H ,  6.08; N,'9".39; S ,
10 .75. Fo u n d : C , 52.49; H , 6.24; N , 9 .16 ; S , 10.88.

4-Chloro-2,2-dimethyl-3-(N,Ai-dimethylamino)thietane 1,1- 
Dioxide (7). F ra c tio n a l re c ry sta lliza tio n  of the crude reaction 
product obtained from  0 . 1  m ol of reactan ts according to the gen
eral procedure afforded 1 3 .5 %  pure cis  cyc lo a d d u ct: m p 1 0 2 -1 0 3 °; 
ir  (K B r )  ( S 0 2) 1330, 13 10 , 118 0 , and 1060 c m “ 1 ; n m r ( C D C 1 3) 8 
1.5 6  and 1.7 5  (s, 3 H  each, g e m -d im e th y l groups). 2.30 [s, 6  H , 
N ( C H 3)2], 2.94 (d, J  =  7 H z , 1  H , C H N ) ,  5.33  (d, J =  7 H z , 1 H , 
C H S O z).

A n a l. C a lc d  for C 7 H i 4 C 1 N 0 2 S : C , 3 9 .7 1; H , 6.64; C l,  16.76; N , 
6 .61; S , 15 .15 . Fo u n d : C , 40.00; H , 6.76; C l,  16.85; N , 6.59; S,
15 .4 2.

F u rth e r  crys ta lliz a tio n s  afforded o n ly  c is -t r a n s  m ixtures 
(2 0 .5 % ), w h ich  were then e q u ilib ra te d  (as described previously) 
for 4 d ays to y ie ld  pure trans pro duct: m p 8 2 -8 3 °; ir  ( K B r )  ( S 0 2) 
1320, 117 0 , 112 0 , and 1060 c m - 1 ; n m r ( C D C 1 3) 8 1.5 6  and 1.58  (s,
3 H  each, g e m -d im e th y l groups), 2 .2 7  [s, 6  H , N ( C H 3)2], 2.63 (d, 
J  =  8  H z , 1 H , C H N ) ,  5 .27 (d, J  =  8  H z , 1 H , C H S 0 2).

4-Bromo-2,2-dimethyl-3-(A/,lV-dimethylamino)tMetane 1,1- 
Dioxide (1.2). A  c is -t r a n s  m ix tu re  was obtained in  a 4 3 %  y ie ld  on 
a 0 .1-m o la r  scale after re c ry s ta lliza tio n  from  9 5 %  ethano l: n m r 
(C D C 1 3) c is  5 1.5 4  and 1.78  (s, 3 H  each, g e m -d im e th y l groups),
2.30 [s, 6  H , N ( C H 3)2], 2.83 (d, J  =  7 H z , 1  H ,  C H N ) ,  5.48 (d, J  
=  7 H z , 1  H , C H S 0 2). E q u ilib ra t io n  as before for 3 d ays afforded 
pure trans cyclo ad d u ct, w hich  was p u rifie d  b y  su b lim a tio n  at 58° 
(0.3 m m ): m p 8 3 -8 4 °; ir  ( K B r )  ( S 0 2) 13 15 , 116 0 , 1 1 1 0 , and 1050 
cm “ 1 ; n m r ( C D C 1 3) 8 1.5 6  and 1.5 8  (s, 3 H  each, g e m -d im e th yl 
groups), 2.28 [s, 6  H , N ( C H 3)2], 2 .77  (d, J  =  .8  H z , 1  H , C H N ) ,
5.35 (d, J  =  8  H z , 1  H , C H S 0 2).

A n a l. C a lc d  for C 7 H i 4B r N 0 2 S : C , 3 2 .8 1; H ,  5.47; B r , 3 1 .2 2 ; N , 
5.47; S , 12 .5 3 . F o u n d : C ,  3 3 .10 ; H , 5.64; B r, 31.00; N , 5.20; S ,
12.70.

4-Bromo-2,2-dimethyl-3-(N-pyrrolidino)thietane 1,1-Dioxide
( 13 )  . T h e  c is -t r a n s  m ix tu re  was obtained in  a crude q u a n tita tive  
y ie ld  on a 0 .0 1 -m o la r scale: n m r ( C D C 1 3) c is  5 1.56  and 1 .7 7  (s, 3 
H  each, g e m -d im e th y l groups), 1 .5 7  and 2.40 (broad m , 8  H , p y r- 
ro lid in o  H ) ,  2.88 (d, J  =  6.5 H z , 1  H , C H N ) ,  5.47 (d, J  =  6.5 H z ,
1  H , C H S 0 2). E q u ilib ra t io n  of the crude m a te r ia l for 6  days and 
rec rysta iliza tio n  from  9 5 %  ethanol gave a 6 4 %  y ie ld  of the trans 
isom er: m p 8 1 -8 2 °;  ir  ( K B r )  ( S 0 2) 1320, 13 10 , 1 17 5 , and 1 1 1 0  
cm - 1 ; n m r ( C D C 1 3) 8 1 .5 7  a n d  1.6 2  (s, 3 H  each, g e m -d im e th yl 
groups), 1.56 and 2.43 (broad m , 8  H , p yrro lid in o  H ) , 2.90 (d, J  =
8  H z , 1 H , C H N ) , 5.33 (d, J  =  8  H z , 1 H , C H S 0 2) .

4-Bromo-2,2-dimcthyl-3-(N-morpholino)thietane 1,1-Dioxide
(14 ) . T h e  crude c is -t r a n s  m ix tu re  was obta ined in  a q u a n tita tiv e  
y ie ld  on a 0 .0 1 -m o la r scale  according to the general procedure:

n m r ( C D C I 3 ) c is  5 1 .5 7  and 1.7 8  (s, 3 H  each, g em -d im e th yl 
groups), 2 .52  [m, 4 H , ( C H 2 )2 N ], 2.96 (d, J  =  7 H z , 1  H , C H N ) ,
3.77 [m, 4 H , ( C H 2 )2 0 ], 5 .52  (d, J  =  7 H z , 1  H ,  C H S 0 2). A fter 
e q u ilib ra tio n , as before, for 4 days the pure tra n s isom er was ob
ta in ed  in  a 5 0 %  y ie ld  rec rysta llize d  from  9 5 %  ethano l: m p 1 4 1 -  
14 3 °; ir  ( K B r )  ( S 0 2) 13 10 , 1 1 1 0 , a n d  880 c m " 1 ; n m r ( C D C I 3 ) 8 
1.5 7  and 1.78  (s, 3 H  each, g e m -d im e th y l groups), 2.50 [m, 4 H , 
( C H 2 )2 N ], 2.90 (d, J  =  8 .5  H z , 1  H , C H N ) ,  3 .7 2  [m, 4 H , 
( C H 2 )2 0 ], 5.39 (d, J  =  8.5 H z , 1 H ,  C H S 0 2).

2.2- Dimethyl-3-(N, lV-dimethylamino)-4-iodothietane 1,1- 
Dioxide (15 ) . T h e  crude m ix tu re  of c is  and trans cyclo adducts 
was obtained in  a n  8 3 %  y ie ld  on a 0 .0 1-m o la r  scale: n m r (CDCI3) 
c is  8 1 .5 1  and 1.8 3  (s, 3 H  each, g e m -d im e th y l groups), 2 .3 1  [s, 6

H , N ( C H 3)2], 2.24 (d, J  =  7 .5  H z , 1  H ,  C H N ) ,  5.73 (d, J  =  7.5 
H z , 1  H , C H S 0 2). P u re  trans isom er was obtained o n ly  after 
eq u ilib ra tio n , as before, for 2 weeks. T h e  cyc lo a d d u ct was very 
hygroscopic: ir  ( C H C 1 3) ( S 0 2) 1330, 1 17 0 , and 1055 c m “ 1 . I t  was, 
therefore, converted to the p icra te  for a n a ly s is : m p 1 5 2 -1 5 6 °;  ir  
(K B r )  ( N 0 2) 16 4 5 ,16 3 0 , and 1340, ( S 0 2) 1328  c m “ 1 .

A n a l. C a lc d  for C i 3 H i 7 I N 4 0 9 S : C ,  29.55; H , 3 .2 1 ;  I , 23.80. 
Fo u n d : C ,  29.65; H  3.49; I , 23.98.

4-Cyano-2,2-dimethyl-3-(Af,Ar-dimethylamino) thietane 1,1-
Dioxide (16 ). T h e  crude reaction m a te r ia l was obtained in  a 42% 
y ie ld  according to the general procedure on a 0 .0 2 -m o la r scale. 
T h e  crude m a te ria l, m p 9 5 -10 8 °, was su b lim e d  at 65° ( 2  m m ) to 
y ie ld  a  product, m p 9 8 -10 8 °. E q u ilib ra t io n  for 3 d a ys had no ef
fect on the n m r and an  attem pt to prepare the p icra te  was u n su c
cessful: ir  ( K B r )  ( C N )  2270, ( S 0 2) 1335 , 117 0 , 1 1 2 5 , and 1065 
c m “ 1 ; n m r ( C D C 1 3) 8 1.60  and 1.63 (s, 3 H  each, g em -d im e th yl 
groups), 2.30 [s, 6  H , N ( C H 3)2], 2 .9 1 (d, J  =  9 H z , 1  H , C H S O z).

3- (N, N-Dimethylamino)-2,2,4-trimethylthietane 1,1-Dioxide
(21). A  c is -tra n s  m ix tu re  of th is  m a te ria l was obtained according 
to the general procedure after d is t illa t io n  of the crude m a te ria l: 
bp 1 1 8 -1 2 0 °  (2.5  m m ); n m r ( C D C 1 3) c is  8 1.44  (d, J  =  7 H z , 3 H , 
C H C H 3), 1.48 and 1.5 8  (s, 3 H  each, g e m -d im e th y l groups), 2.20 
[s, 6  H , N ( C H 3)2], 2 .72  (d, J  =  8.5 H z , 1  H , C H N ) ,  4.03 (m , 1  H , 
C H S 0 2). E q u ilib ra t io n  for 1  d a y  u n d er the u su a l co nd itio ns a f
forded pure trans cyc lo a d d u ct: bp 89° (0.3 m m ); ir  (sa lt plates) 
( S 0 2) 1300, 1285, 1 1 1 0 , and 1040 c m “ 1 ; n m r ( C D C 1 3) 8 1.4 3  (d, J  
=  7 H z , 3 H , C H C H 3), 1.49 and 1 .5 2  (s, 3 H  each, g e m -d im e th yl 
groups), 2 .18  (d, J  =  9 H z , 1  H , C H N ) ,  2.20  [s, 6  H , N ( C H 3)2],
4.03 (octet, J  =  9 and 7 H z , 1 H , C H S 0 2).

A n a l. C a lc d  for C s H i 7 N 0 2 S : C ,  50.23; H , 8.96; N , 7 .32; S ,
16 .76. F o u n d : C ,  50.00; H , 8.94; N , 7 .29 ; S , 16.56.

2.2- Dimethyl-3-(A', iV-dimethylamino)-4-n-propylthietane
I ,  1-Doxide (2 2 ). A  c is -t r a n s  m ix tu re  was obtained from  the 
crude reactio n  m a te ria l on a 0 . 1 -m o la r scale after d is t illa t io n : bp 
1 1 3 °  (0.05 m m ); n m r ( C D C I 3 ) c is  8 0.97 (t, J  =  6.5 H z , 3 H , 
C H 2 C H 3), 1 .2 -2 .4 5  (m , 4 H ,  C H 2 ’s), 1 .5 1  and 1.6 2  (s, 3 H  each, 
g e m -d im e th y l groups), 2.20  [s, 6  H , N ( C H 3)2], 2.74 (d, J  =  9 H z ,
1  H , C H N ) ,  3 .9 1 (m , 1  H , C H S 0 2). E q u ilib ra t io n  for 1  d a y  a f
forded pure trans cyclo ad d u ct: bp 9 5 -10 0 ° (0.4 m m ); ir  (salt 
plates) ( S 0 2) 1300, 1 1 1 5 ,  and 1050 c m - 1 ; n m r ( C D C 1 3) 8 0.97 (t, J  
=  6.5 H z , 3 H , C H 2 C H 3), 1 .2 -2 .3  (m , 4 H , C H 2 ’s), 1.5 0  and 1.5 3  
(s, 3 H  each, g e m -d im e th y l groups), 2.20 [s, 6  H , N ( C H 3)2], 2 .19  
(d, J  =  9 H z , 1 H , C H N ) ,  3.88 (m , J  =  9 H z , 1 H , C H S 0 2) .

A n a l. C a lc d  for C io H 2 j N 0 2 S : C ,  54.78; H ,  9 .6 1; N , 6.39; S ,
14.63. F o u n d : C , 54.54; H , 9 .52; N , 6 .2 1; S , 14.43.

4- Benzyl-2,2-dimethyl-3-(Ai,Ar-dimethylamino) thietane 1,1- 
Dioxide (23). T h e  crude c is -t r a n s  m ix tu re  of the cyclo adduct, 
prepared on a 0 . 1 -m o la r scale, defied cry s ta lliz a tio n : n m r 
(CDCI3) cis 8 1.4 7 and 1.6 2  (s, 3 H  each, g e m -d im e th y l groups),
2 .15  [s, 6  H , N ( C H 3)2], 2.74  (d, J  =  9 H z , 1  H , C H N ) ,  2 .9 5-3 .4 5  
(m , 2 H , P h C H 2), 3 .9 -4 .3 5  (m , 1  H ,  C H S O z ) , 7 .2 3  (s, 5 H , aro
m a tic  H ) .  T h e  crude m a te ria l was therefore e q u ilib ra te d  for 1  

week and the resu ltin g  residue was re c rysta llize d  from  m ethanol 
to give a 5 7 %  y ie ld  of the tra n s isom er: m p 9 7 -9 8 °; ir  ( K B r )  ( S 0 2) 
1300, 1290, and 1 1 1 5  c m ' 1 ; n m r (CDCI3) 8 1 .5 3  (s, 6 H , g e m -d i
m eth yl groups), 2 .23  [s, 6  H , N ( C H 3 )2], 2.36 (d, J  -  8.5 H z , 1  H , 
C H N )  2 .7 7 -3 .7 2  (n in e-p e a k  A B C  p attern, 2 H , P h C H 2), 4 .2 1  
(octet, 1  H , C H S 0 2), and 7.28 (s, 5 H , a ro m atic H ) .  A n  a n a ly t ic a l 
sam ple was obtained b y s u b lim a tio n  at 80° (0.3 m m ).

A n a l.  C a lc d  for C 1 4 H 2 1 N 0 2 S : C ,  62.88; H , 7.9 2; N , 5.24; S , 
11.9 9 . F o u n d : C ,  62.67; H , 7.98; N , 5.20; S , 12 .2 0 .

4-Benzoyl-2,2-dimethyl-3-(N,N-dimethylamino)thietane 1,1- 
Dioxide (24). T h is  m a te ria l was prepared on a 0 .1 -m o la r  scale b y 
the inverse ad d itio n  m ethod owing to the low s o lu b ility  of benzo- 
y lm e th an e su lfo n yl ch loride in  E t 2 0 .  T h e  product was id en tifie d  
b y the n m r of the crude reaction m a te ria l b u t was too un stab le  to 
give a  satisfacto ry m eltin g  po int or a n a ly s is . E q u ilib ra t io n  h a d  no 
effect on the n m r: ir  ( K B r )  ( S 0 2) 13 10  ( C = 0 ) ,  1680 c m - 1 ; n m r 8
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1.60 and 1.69 (s, 3 H each, gem-dimethyl groups), 2.18 [s, 6 H, 
N(CH3)2], 3.44 (d, J  = 9.2 Hz, 1 H, CHS02), 7.47-7.68 (m, 3 H, 
meta and para aromatic H), and 8.0-8.2 (m, 2 H, ortho aromatic 
H).

4-Benzoyl-2,2-dimethyl-3-(N-pyrrolidino)thietane 1,1-Diox
ide (25). Only the trans isomer of this material was obtained in a 
64% yield on a 4.6-millimolar scale. Recrystallization from 95% 
ethanol gave the pure trans isomer: mp 112-115°; ir (KBr) (S02) 
1315 (C = 0), 1690 cm“ 1; nmr (CDCI3) 8 1.60 and 1.67 (s, 3 H 
each, gem-dimethyl groups), 1.47 and 2.27 (broad m, 8 H, pyrroli- 
dino H), 3.48 (d, J  = 9.5 Hz, 1 H, CHN), 5.58 (d, J  = 9.5 Hz, 1
H, CHS02), 7.50 (m, 3 H, meta and para aromatic H), and 8.08 
(m, 2 H, ortho aromatic H).

4-Benzoyl-2,2-dimethyl-3-(lV-pyrrolidino)thietane 1,1-Diox -
ide (26). The crude reaction material obtained in this reaction 
according to the general procedure on a 4.6-millimolar scale con
tained only trans isomer. Recrystallization from 95% ethanol af
forded an analytically pure material: mp 168-171°; ir (KBr) 
(S02) 1315 and 1120, (C = 0) 1688 c m 1; nmr (CDC13) 8 1.58 and
I. 67 (s, 3 H each, gem-dimethyl groups), 2.35 [m, 4 H, (CH2)2N],
3.54 (d, J  = 9 Hz, 1 H, CHN), 3.63 [m, 4 H, (CH2)20], 5.58 (d, J  
= 9 Hz, 1 H, CHS02), 7.53 (m, 3 H, meta and para aromatic H), 
and 8.08 (m, 2 H, ortho aromatic H).

Anal. Calcd for Ci6H2iN0 4S: C, 59.42; H, 6.55; N, 4.33; S, 
9.92. Found: C, 59.24; H, 6.49; N, 4.36; S, 9.92.

Postequilibration Experiment on 2. A sample of 2 (2.6 g, 0.01 
mol) containing 74% cis isomer was dissolved in acetonitrile and 
stirred with an equimolar amount of triethylamine for 16 hr. Re
moval of the solvent and triethylamine in vacuo afforded a quan
titative recovery of cycloadducts which now contained only 64% 
cis cycloadduct, demonstrating a slow postisomerization under 
these conditions.

General Procedure for Preparing Thietane 1,1-Dioxide De
rivatives from a,a-Disubstituted Sulfonyl Chlorides. These 
thietane 1,1-dioxide derivatives were prepared as described for 
the monosubstituted sulfene reactions with the exception that the 
reactions were carried out in an ice-salt bath maintained between 
0 and 5°.

2-Chloro-.3-(/V, iV-dime thy I am ino)-2,4,4-trimethylthietane
1.1- Dioxide (8). A cis-trans mixture of this material was pre
pared on a 0.05-molar scale according to the general procedure: 
mp 88-94°; nmr (CDCI3) cis 8 1.57 and 1.75 (s, 3 H each, gem- 
dimethyl groups), 1.97 [s, 3 H, C(C1)CH3], 2.32 [s, 6 H, N(CH3)2], 
and 2.58 (s, 1 H, CHN). Refluxing a 2.0-g (8.8 mmol) sample of 
this mixture with a threefold excess of sodium hydroxide in 50% 
aqueous ethanol for 6 hr followed by removal of the organic phase 
in vacuo afforded 1.5 g of a mixture of cycloadducts and the ena- 
mine C as indicated by ir absorption for this double bond at 1620 
cm-1. Subsequent treatment of this mixture with 8 ml of 30% 
H2S04 in 8 ml of absolute ethanol and removal of the organic sol
vent afforded 0.7 g (49%) of 2,4,4-trimethylthietan-3-one 1,1-diox
ide: mp 105-106 (lit.26 mp 104-105°; nmr (CDCI3) 8 1.56 (d, J  = 7 
Hz, 3 H, CHCH3), 1.57 and 1.70 (s, 3 H each, gem-dimethyl 
groups), and 5.12 (q, J  = 7 Hz, 1 H, CHCH3). Neutralization of 
the aqueous phase with 10% sodium hydroxide then afforded pre
dominantly trans cycloadduct (—18% cis): mp 69-70°; ir (KBr) 
(S02) 1320, 1120, and 1060 cm-1; nmr (CDC13) 8 1.60 and 1.64 (s, 
3 H each, gem-dimethyl groups), 2.07 [s, 3 H, C(C1)CH3], 2.29 
[s, 6 H, N(CH3)2], and 2.84 (s, 1H, CHN).

2-Chloro-3-(A/-pyrrolidino) -2,4,4-trimethylthietane 1,1-Diox- 
ide (9). This material was prepared as a cis-trans mixture on a 
0.05-molar scale and after recrystallization from 95% ethanol a 
71% yield of isomeric cycloadducts was realized: mp 78-83°; nmr 
(CDCI3) cis 8 1.55 and 1.72 (s, 3 H each, gem-dimethyl groups),
l. 95 [s, 3 H, C(C1)CH3], 1.57 and 2.42 (broad m, 8 H, pyrrolidino 
H), and 2.67 (s, 1 H, CHN). Treatment of a 5.1-g (0.02 mol) sam
ple of this mixture as described for 8 yielded a product that was 
predominantly trans (18% cis): mp 86-92°; ir (KBr) (S02) 1320 
and 1110 cm“ 1; nmr (CDCI3) 8 1.58 and 1.62 (s, 3 H each, gem- 
dimethyl groups), 2.02 [s, 3 H, C(C1)CH3], 1.59 and 2.40 (broad
m, 8H, pyrrolidino H), and 2.92 (s, 1 H, CHN).

2-Chloro-3-(N-morpholino)-2,4,4-trimethylthietane 1,1-Diox
ide (10). The cis-trans mixture was obtained in a 60% yield after 
recrystallization from 95% ethanol on a 0.05-molar scale: mp 
138-145°; nmr. (CDCI3) cis 8 1.53 and 1.70 (s, 3 H each, gfem-di- 
methyl groups), 1.93 [s, 3 H, C(C1)CH3], 2.48 [m, 4 H, CH2)2N],
2.70 (s, 1 H, CHN), and 3.73 [m, 4 H, (CH2)2OJ. Treatment of a
6.1- g sample (0.023 mol) of this mixture as described above for 8 
yielded the keto sulfone D as well as pure trans-10: mp 184-185° 
(lit 26 mp 186°); ir (KBr) (S02) 1320 and 1120 cm "1; nmr 8 1.60 
and 1.63 (s, 3 H each, gem-dimethyl groups), 2.03 [s, 3 H,

C(C1)CH3], 2.50 [m, 4 H, (CH2)2N], 3.00 (s, 1 H, CHN), and 3.77 
[m, 4 H, (CH2)20].

2-Chloro-3-(N,Al-diisopropylammo)-2,4,4-trimethylthietane
1.1- Dioxide (11). This material was obtained as a cis-trans mix
ture in an 83% yield after recrystallization from 95% ethanol on a 
0.02-molar scale, mp 96-122°. Attempts to isolate pure trans ad
duct as for 8 -1 0  were unsuccessful and repeated recrystallizations 
only afforded a product containing 86% cis and a product con
taining 46% cis isomer: ir (KBr) (S02) 1310, 1160, and 1105 cm J; 
nmr (CDC13) (cis-1 1 ) 8 1.06 and 1.12 (d, J  = 6.5 Hz, 6 H each, 
isopropyl gem-dimethyl groups), 1.50 and 1.80 (s, 3 H each, ring 
gem-dimethyl group), 1.92 [s, 3 H, C(C1)CH3], 3.58 [septet, J  =
6.5 Hz, 2 H, CH(CH3)2], and 3.60 (s, 1 H, CHN); (trems-1 1 ) 8
1.06 and 1.15 (d, J  = 6.5 Hz, 6 H each, isopropyl gem-dimethyl 
groups), 1.62 and 1.65 (s, 3 H each, ring gem-dimethyl groups),
2.05 [s, 3 H, C(C1)CH3], 3.46 [d, J  = 6.5 Hz, 2 H, CH(CH3)2], and
3.80 (s ,lH , CHN).

2-Cyano-3-(lV,lV-diinethylamino)-2,4,4-trimethylthietane
1.1- Dioxide (17). The cis-trans mixture was prepared on a 0.01- 
molar scale according to the general procedure in a 63% yield. Re- 
crystallization from 95% ethanol gave a cis-trans mixture in a 
49% yield: mp 106-109°; ir (KBr) (CN) 2260 (S02) 1327 and 1115 
cm-1; nmr (CDCI3) (cis-17) 8 1.59 and 1.82 (s, 3 H each, gem- 
dimethyl groups), 1.85 [s, 3 H, C(CN)CH3], 2.33 [s, 6 H, 
N(CH3)2), and 2.46 (s, 1 H, CHN); (trans-17) 8 1.63 and 1.69 (s, 3
H, each, gem-dimethyl groups), 1.93 [s, 3 H, C(CN)CHs], 2.30 [s, 
6 H, N(CH3)2], and 2.70 [s, 1 H, CHN]. An analytical sample was 
obtained by sublimation at 87° (0.3 mm).

Anal. Calcd for C9Hi6N20 2S: C, 49.98; H, 7.46; N, 12.95; S, 
14.83. Found: C, 50.23; H, 7.56; N, 12.74; S, 14.74.

2-Cyano-3-(7V-pyrrolidino)-2,4,4-trimethylthietane 1,1-Diox
ide (18). This material was prepared on a 0.01-molar scale and 
isolated as a cis-trans mixture in a 56% yield after recrystallizing 
the crude reaction products from 95% ethanol: mp 140-143° (83% 
cis); ir (KBr) (CN) 2260, (S02) 1330, 1175, and 1030 cm“ 1; nmr 
(CDCI3) (cis-18) 8 1.58 and 1.78 (s, 3 H each, gem-dimethyl 
groups), 1.83 [s, 3 H, C(CN)CH3], 1.60 and 2.38 (broad m, 8 H, 
pyrrolidino H), and 2.57 (s, 1 H, CHN); (trans-18) 8 1.62 and 1.65 
(s, 3 H each, gem-dimethyl groups), 1.88 [s, 3 H, C(CN)CH3],
I. 60 and 2.38 (broad m, 8 H, pyrrolidino H), and 3.07 (s, 1 H, 
CHN).

2-Cyano-3-(AT-morpholino)-2,4,4-trimethylthietane 1,1-Diox
ide (19). The material was prepared on a 0.01-molar scale accord
ing to the general procedure as a cis-trans mixture. Recrystalliza
tion from 95% ethanol afforded the pure cis isomer in a 50% yield: 
mp 134-135°; ir (KBr) (CN) 2260 (S02) 1327 and 1115 cm“ 1; nmr 
(CDCI3) 8 1.60 and 1.78 (s, 3 H each, gem-dimethyl groups), 1.83 
[s, 3 H, C(CN)CH3], 2.52 [m, 4 H, CH2)2N], 2.65 (s, 1 H, CHN), 
and 3.80 [m, 4 H, CH2)20]; nmr (CDCI3) (trans-19) 8 1.63 and 
1.67 (s, 3 H each, gem-dimethyl groups), 1.88 [s, 3 H, 
C(CN)CHS], 2.40 [m, 4 H, CH2)2N], 3.12 (s, 1  H, CHN), and 3.73 
[m, 4 H, (CH2)20].

2-Cyano-3-(Af,iV-diisopropylamino)-2,4,4-trimethylthietane
1.1- Dioxide (20). This material was obtained as a cis-trans mix
ture on a 0.01-molar scale. Recrystallization from pent.ane afford
ed almost pure cis isomer: mp 92-99°; ir (KBr) (CN) 2255 (S02) 
1325, 1170, 1120, and 110 0  c m 1; nmr (CDC13) 8 1.08 and 1.10 (d, 
J  = 6.5 Hz, 6 H each, isopropyl gem-dimethyl groups), 1.49 (s, 3
H, ring gem-dimethyl group trans to CN), 1.81 and 1.83 [two s, 3 
H each, C(CN)CH3 and ring gem-dimethyl group cis to CN], 3.47 
(s, 1H, CHN), and 3.58 [q, 2 H ,J =  6.5 Hz, CH(CH3)2].

2-Carbethoxy-3-(iV-pyrrolidino)-2,4,4-trimethylthietane 1,1- 
Dioxide (27). This material was obtained as the trans isomer ac
cording to the general procedure on a 3-millimolar scale. Recrys
tallization from hexane afforded the pure material in a 23% yield: 
mp 77-79°; ir (KBr) (C = 0 ) 1748 (S02) 1315, 1260, and 1110 
cm "1; nmr (CDC13) 8 1.32 (t, J  = 7 Hz, 3 H, CH2CH3), 1.57 and
I. 63 (s, 3 H each, gem-dimethyl groups), • 1.82 [s, 3 H, 
C(S02)CH3], 1.55 and 2.30 (broad m, 8 H, pyrrolidino H), 3.38 (s, 
1 H, CHN), and 4.28 (q, J  = 7 Hz, 2 H, CH2CH3).

2-Carbethoxy-3-(Al-morpholino)-2,4,4-trimethylthietane 1,1- 
Dioxide (28). This material was obtained as a cis-trans mixture 
according to the general procedure on a 7.5-millimolar scale. Re
crystallization from 95% ethanol afforded the pure trans isomer in 
a 35% yield: mp 109-111°; ir (KBr) (C = 0) 1750 (S02) 1310 and 
1260 cm“ 1; nmr (CDCI3) 8 1.32 (t, J  = 7 Hz, 3 H, CH2CH3), 1 .5 7  
and 1.65 (s, 3 H each, gem-dimethyl groups), 1.82 [s, 3 H, 
C(S02)CH3], 3.40 (s, 1 H, CHN), 3.70 [m, 4 H, (CH2)2N], 4.07 
[m, 4 H, (CH2)20], and 4.28 (q, J  = 7 Hz, 2 H, CH2CH3).

Acknowledgment. Financial support was provided by



Preparation of 3,4-Dimethylenepyrrolidines J. Org. Chem., Vol. 39, No. 8, 1974 1115

the National Institutes of Health (CA-04536), for which 
the authors are grateful.

Registry No.—I, 6906-32-7; II, 2403-57-8; III, 2403-55-6; IV, 
23297-04-3; ct's-1, 50640-23-8; irons-1, 50640-24-9; cis-2, 50640-25-0; 
trans-2, 50640-26-1; cis-3, 50640-27-2; trans-3, 50640-28-3; cis-4, 
50640-29-4; trans-4, 50640-30-7; cis-5, 50640-31-8; trans-5, 50640-
32-9; trans-6, 50640-33-0; cis-7, 41959-68-6; trans-7, 41959-69-7; 
cis-8, 50640-34-1; trans-8, 50640-35-2; cis-9, 50640-36-3; frans-9, 
50640-37-4; cis-10, 50640-38-5; frans-10, 31752-27-9; cis-II, 50640-
39-6; trans-11, 50640-40-9; cis-12, 50640-41-0; trans-12, 50640-42-1; 
cis-13, 50640-43-2; trans-13, 50640-44-3; cis-14, 50640-45-4; transit, 50640-46-5; cis-15, 50640-47-6; trans-15 picrate, 50640-49-8; 
trans-16, 50640-50-1; cis-17, 50640-51-2; trans-17, 50640-52-3; cis- 
18, 50640-53-4; trans-18, 50640-54-5; cis-19, 50640-55-6; trans-19, 
50640-56-7; cis-20, 50640-57-8; trans-20, 50640-58-9; cis-21, 50640- 
59-0; trans-21, 50640-60-3; cis-22, 50640-61-4; trans-22, 50640-62-5; 
cis-23, 50640-63-6; trans-23, 50640-64-7; trans-24, 50640-65-8; 
trans-25, 50640-66-9; trans-26, 50640-67-0; trans-27, 50640-68-1; 
cis-28, 50640-69-2; trans-28, 50640-70-5; 2,4,4-trimethylthietan-3- 
one 1,1-dioxide, 31686-74-5.

References and Notes
(1) (a) T. J. Wallace, Quart. Rev., C/iem. Soc., 20, 67 (1966); (b) G. 

Opitz, Angew. Chem., Int. Ed. Engl., 6, 107 (1967); (c) W. E. 
Truce and L. K. Liu, Mech. React. Sulfur Compounds, 4, 145 
(1969); (d) T. Nagai and N. Tokura, Int. J. Sulfur Chem. B, 7, 207 
(1972).

(2) (a) L. A. Paquette, J. Org. Chem., 29, 2854 (1964); (b) L. A. Pa
quette, J. P. Freeman, and R. W. Houser, ibid., 34, 2901 (1969);
(c) G. Paganl and S. Maiorana, Chim. fnd. (Milan), 53, 261 (1971
(d) C. T. Goralskl, J. Org. Chem., 37, 2080 (1972).

(3) In a few reactions with I small amounts (6% or less) of N,N-di- 
methylsulfonamides were obtained.

(4) (a) Opitz, ef at,, Justus Liebigs Ann. Chem., 684, 98 (1965); (b) L. 
A. Paquette and M. Rosen, J. Amer. Chem. Soc., 89, 4102 (1967);
(c) A. M. Hamid and S. Trippett, J. Chem. Soc. C, 1612 (1968);
(d) L. A. Paquette, J. Org. Chem., 34, 2896 (1969); (e) K. Nagara- 
jan and S. R. Mehta, ibid., 35, 4248 (1970); (f) O. Tsuge, S. Iwan- 
aml, and S. Hagio, Bull. Chem. Soc. Jap., 45, 237 (1972).

(5) A concerted process has been proposed to account for the asym

metric synthesis obtained In the reaction of sulfene with optically 
active enamines: L. A. Paquette, J. P. Freeman, and S. Maiorana, 
Tetrahedron, 27, 2599 (1971).

(6) R. Gompper, Angew. Chem., Int. Ed. Engl., 8, 312 (1969).
(7) For a discussion on carbanion stabilization by halogen atoms see K.

J. Klabunde and D. J. Burton, J. Amer. Chem. Soc., 94, 5985
(1972) , and references cited therein.

(8) R. B. Woodman and R. Hoffman, “The Conservation of Orbital Sym
metry," Academic Press, New York, N. Y., 1970, pp 68-69.

(9) (a) N. D. Epiotis, J. Amer. Chem. Soc., 94, 1924 (1972); (b) N. D. 
Eplotls, private communication.

(10) B. Evans, et al., J. Chem. Soc., 1159 (1927), report the synthesis 
of this compound but later work by M. S. Kharash, J. Org. Chem., 
3, 180 (1938), indicated that the earlier report was erroneous and 
all attempts by Kharash to prepare this compound were unsuccess
ful.

(11) W. E. Truce and C.-l. M. Lin, J. Amer. Chem. Soc., 95, 4426
(1973) .

(12) This compound has been obtained in solution contaminated with the 
corresponding acid, and isolated as an anilide: W. E. Truce and J. 
Woodman, unpublished results.

(13) L. A. Paquette, M. Rosen, and H. Stucki, J. Org. Chem., 33, 3020 
(1968).

(14) M. Karplus, J. Chem. Phys., 30, 11 (1959); J. Amer. Chem. Soc., 
85, 2870 (1963).

(15) G. D. Andreettl, L. Cavalco, and P. Sgarabotto, Gazz. Chim. Ital., 
101,440(1971).

(16) V. Z. El-Hewehî, J. Ptakt. Chem., 23, 38 (1964).
(17) Pyong Nae Son, Ph.D. Thesis, Purdue University, 1966.
(18) A. Lanson and R. B. Tinkler, J. Chem. Soc. C, 654 (1969).
(19) V. Z. El-Hewehl and D. Hempel, J. Prakt. Chem., 21, 286 (1963).
(20) M. P. Sammes, C. M. Wylie, and J. G. Hoggert, J. Chem. Soc. C, 

2151 (1971).
(21) Prepared by J. Woodman according to the method of W. E. Truce 

and C. W. Vriesen, J. Amer. Chem. Soc., 75, 2525 (1953).
(22) J. R. Norell, Ph.D. Thesis, Purdue University, 1963.
(23) L. F. Fieser and M. Fieser, "Reagents for Organic Synthesis," Vol. 

I, Wiley, New York, N. Y., 1967, p 1198.
(24) W. A White and H. Weingarten, J. Org. Chem., 32, 213 (1966).
(25) D. P. Roelofsen and H. Van Bekkum, Red. Trav. Chim. Pays-Bas, 

91,605 (1972).
(26) T. Klingler, Ph.D. Thesis, Purdue University.
(27) G. Opitz, H. Schempp, and H. Adolph, Justus Liebigs Ann. Chem., 

684,92(1965).
(28) Note added in Proof. P. D. Buttero and S. Maiorana, J. Chem. Soc., 

Perkin Trans., 1, 2540 (1973).

Preparation of 3,4-Dimethylenepyrrolidine 
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The reaction of 3,4-bis(bromomethyl)-2,5-dihydrothiophene 1,1-dioxide with primary alkylamines gives 5- 
alkyl-l,3,4,6-tetrahydrothieno[3,4-c]pyrrole 2,2-dioxides as well as 1,4-HBr elimination products. These bicyclic 
thienopyrroles were thermally decomposed, eliminating sulfur dioxide, to give 3,4-dimethylenepyrrolidine and 
the corresponding N-alkyl-3,4-dimethylenepyrrolidines, which have been characterized spectrally and analyti-

folene protons. We found no evidence for this type of 
elimination in our earlier study2 of this reaction with 
monosubstituted anilines. However, this elimination ap
pears to be more facile with primary alkylamines, and 
subsequently we were able to isolate for the first time the
1.4- HBr elimination product for a series of such amines 
from this reaction.

Results and Discussion
The reaction of alkylamines with 1 was carried out as 

previously described1 and the bicyclic compounds (2) were 
isolated in moderate yields (21-40%) (Scheme I). The
1.4- HBr elimination products (3) were observed in the 
reaction mixtures for all cases by nmr. We were not able 
to isolate these compounds (3)7 directly from the reaction

cally.

The preparation of 1-substituted 3,4-dimethylenepyrrol- 
idines and their sulfone precursors has recently been of 
considerable interest.1-5 These compounds have specific 
utility as reactants in the Diels-Alder reaction,6 as mono
mers in polymerization reactions, and for their medicinal 
applications. The synthetic utilization of sulfur dioxide as 
a protecting agent for the synthesis of l-aryl-3,4-dimethy- 
lenepyrrolidines has been demonstrated.2’4 This report 
describes the extension of this method to the preparation 
of the novel secondary amine, 3,4-dimethylenepyrrolidine 
as well as l-alkyl-3,4-dimethylenepyrrolidines.

In the nucleophilic reaction of primary amines with
3.4- bis(bromomethyl)-2,5-dihydrothiophene 1,1-dioxide, it 
has been proposed2’4 that a competing reaction was a
1.4- HBr elimination due to the acidic character of the sul-
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Scheme I

aCH2Br
+  h2nk

CH2Br

° 2S0 C n “ ' r

2a, R = CH3 
b, R = Et 
c, R = benzyl 
d, R = isopropyl 
e, R = ieri-butyl
f, R = H

0
4a, R = Et
b, R = isopropyl
c, R = ieri-butyl

mixtures; consequently, their acetylated derivatives (4) 
were isolated by the method of McElvain.8 These acetyl
ated derivatives were characterized in the cases of 4a-4c. 
The amount of 1,4-HBr elimination product formed ap
pears to be sensitive to the reaction conditions. Under our 
usual reaction conditions1 (3:1 molar ratio of amine to 1 
in acetonitrile), considerable amounts of both 2 and 3 
were obtained in all cases. However, we found that an al
most quantitative yield (determined by nmr) of the elimi
nation product was obtained when the reactions were car
ried out in MeOH with a 3.5:1 molar ratio of amine to 1.

An initial attempt to prepare 1,3,4,6-tetrahydrothieno- 
[3,4-c]pyrrole 2,2-dioxide (2f) involved reacting 1 with am
monia (Scheme II). Using a method similar to Bobbitt, et  
a l.,s the dibromo sulfone (1) was added to an ammonia- 
acetonitrile solution (50:1 molar ratio of ammonia to 1), 
but only an intractable oil was obtained. When a 10:1 
molar ratio of ammonia to 1 in acetonitrile was used, the
5,5-spirobis(l,3,4,6-tetrahydrothieno[3,4-e]pyrrolidinium
2,2-dioxo) bromide (5) was obtained in 70% yield. Similar
ly, lower concentrations of ammonia also gave the spiro 
product.

Indirect approaches to the synthesis of 2f were next em
ployed (Scheme II). The first attempt involved catalytic 
cleavage of the benzyl group in 2c, similar to the proce
dure of Mattocks and Hartung.10 It was found, however, 
that reduction of the tetrasubstituted double bond took

Scheme II

aCH2Br
+  NHL,

CH2Br1
| NH2CH2Ph

o2s; N— CH2Ph

2c
j  C!COOCH2Ph

H,

Pd/C

5

02S T  N— COOCHoPh
1. 15% HBr in HOAc

2. Na2C 03

(US N— H

2f

place more readily than the cleavage of the benzyl group. 
This gave compound 6 in good yield (70%). Since catalytic 
cleavage of the benzyl group proved ineffective in this 
case, the benzyl group was replaced by a carbobenzyloxy 
group11 by treating 2c with benzylchloroformate to yield 
compound 7. Cleavage of the carbobenzyloxy group was 
accomplished by treating 7 with 15% HBr in glacial acetic 
acid to give the amine hydrobromide salt which was neu
tralized with sodium carbonate to give the sulfone precur
sor 2f.

Thermal decomposition (120°) of these masked exocy- 
clic dienes (2a-2f) under reduced pressure (0.1 mm) led to 
the elimination of sulfur dioxide and recovery of the exo- 
cyclic dienes (8a-8f) as well as some polymeric material12 
(Scheme IH). These dienes were liquids (~room tempera
ture) and polymerized readily upon standing to give white, 
brittle, water-soluble polymers (9). The dienes (8a-8f) 
were characterized by their nmr spectra (Table I). Picrate 
derivatives (10a and 10b) of 8f and 8a gave sharp melting 
points. The exocyclic dienes (8a, 8c, 8d) reacted readily 
with methyl iodide (Scheme III) to give their correspond
ing pyrrolidinium iodide salts (lla -llc )  in good yields 
(55-67%),

In conclusion, primary alkylamines react with the di
bromo sulfone ( 1) to give the corresponding pyrroline com
pounds (2) in lower yields (21-40%) than the previously

T able  I
3,4-D im ethylenepyrrolidines (8)

-Nmr spectra®-

Compd Yield, %
Endo vinyl 
hydrogens

Exo vinyl 
hydrogens

Methylene hydrogens 
adjacent to N R

8 f 40 5.54 (t, J  =  2 Hz) 5.12 (m) 3.72 (t, J  = 2 Hz) 5.95 (bs, N -H )
Sa6 65 5.32 ( t , J  =  2 Hz) 4.85 (m) 3.24 (t, J  = 2 Hz) 2.34 (s, CH 3)
8b 56 5.43 (t, J  =  2 Hz) 5.00 (m) 3.54 (t, J  = 2 Hz) 2.71 (q, J  =  7 Hz, -C H 2CH 3), 

1.18 (t, J  =  7 Hz, -C H 2CH 3)
8c 67 5.43 (t, J  =  2 Hz) 4.97 (m) 3.44 (t, J  = 2 Hz) 7.35 (s, -C H 2C6H 6), 

3.66 (s, -C H 2CeH5)
8d 55 5.44 (t, J  =  2 Hz) 5.00 (m) 3.57 (t, J  = 2 Hz) 2.86 Pi, J  = 7 Hz, -C H C (C H 3) 2], 

1.17 [d, J  =  7 Hz, -C H C (C H 3)2]
8e 60 5.46 (t, J  =  2 Hz) 5.00 (m) 3.62 (t, J  = 2 Hz) 1.18 [s, -C (C H 3)3]

° Determined with CDClj solution except 8 f for which DMSO-d6 was used. Chemical shifts (5) are relative to T M S (8 = 
0.0). Signals are designated as follows: s, singlet; d, doublet; t, triplet; q, quartet; h, heptet; m, multiplet. b This compound 
has been characterized by Gaoni.5 Our nmr spectrum for this compound is in agreement with Gaoni except for the chemical 
shift (6) o f the exo vinyl hydrogens which he assigned a value o f 4.39.
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Scheme III
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studied2 monosubstituted anilines (50-83%). This is 
caused by a 1,4-HBr elimination reaction which competes 
with the nucleophilic cyclization process. Furthermore, it is difficult to prevent substantial polymerization of 1- 
alkyl-3,4-dimethylenepyrrolidines under our conditions for 
the thermal elimination of sulfur dioxide from 2. Conse
quently, the use of sulfur dioxide as a protecting agent for 
the preparation of l-alkyl-3,4-dimethylenepyrrolidines is 
not as advantageous as it is with their aryl counterparts.2 
This method, however, is presently the only available pro
cedure for the preparation of 3,4-dimethylenepyrrolidine itself.

Experimental Section
Melting points were obtained in a Thomas-Hoover melting 

point apparatus and are uncorrected. Nmr spectra were recorded 
on a Varian A-60 and a Perkin-Elmer R-24. Chemical shifts (b) 
are relative to TMS (b = 0.0). Nmr signals are designated as fol
lows: s, singlet; d, doublet; t, triplet; q, quartet; h, heptet; bs, 
broad singlet. Ir spectra (potassium bromide pellets) were record
ed on a Perkin-Elmer 337, and elemental analysis were carried 
out on a Perkin-Elmer 240. Uv spectra were recorded on a Beck
man DK-2. All the compounds in Table I were prepared by essen
tially the same procedure given below for 3,4-dimethylenepyrroli
dine.

5-tert-Butyl-l,3,4,6-tetrahvdrothieno[3,4-c]pyrrole 2,2-Diox
ide (2e). A solution of the dibromo sulfone (1 ) (3.04 g, 10 mmol) 
and 35 mmol of tert-butylamine in 200 ml of acetonitrile was 
stirred at rm temperature for 1 hr. The reaction mixture was fil
tered to remove the tert-butylamine hydrobromide which precipi
tated and the filtrate was evaporated to dryness. The residue was 
dissolved in methanol and neutralized with sodium carbonate. 
The methanol was removed under reduced pressure and the re
sultant residue was triturated with 150 ml of ether. The ethereal 
extracts were reduced in volume to 20 ml, and petroleum ether 
was added to make the solution cloudy. The petroleum ether- 
ether solution was allowed to stand in a freezer overnight, and 
0.45 g (21%) of the bicyclic product was obtained: mp 100-102°; ir 
max 1322, 1262, 1180, 1115 cm -1; nmr (CDC13) b 3.77 and 3.66 
(fused singlets, 8 H), 1.14 (s, 9 H).

Anal. Calcd for Ci0Hi 7NO2S: C, 55.78; H, 7.96; N, 6.51. Found: 
C, 55.80; H, 8.02; N, 6.33.

Acetylated Derivative of 4-(N-tert-Butylaminomethyl)-2- 
hydro-3-methylenethiophene 1,1-Dioxide (4c). The petroleum 
ether-ether solution from the procedure of 2e was evaporated to 
dryness, and the resulting oil was stirred with 3 ml of acetic an
hydride for 4 hr. The reaction mixture was diluted with 20 ml of 3 
N  HC1 and extracted with methylene chloride. The methylene 
chloride was removed under vacuum to give an oil. Crystalliza
tion from ether gave 0.35 g (14%) of 4c: mp 194-196° dec; ir max 
1636, 1392, 1290, 1222, 1115 cm -1; nmr (CDCI3) 5 6.63 (m, 1 H),
5.47 (m, 2 H), 4.28 (m,2 H), 4.06 (m, 2 H), 2.03 (m, 3 H), 1.45 (s,
9H).

Anal. Calcd for C12H19N 03S: C, 56.02; H, 7.44, N, 5.44. Found: 
C, 55.46; H, 7.57, N, 5.33.

5-Isopropyl-l,3,4,6-tetrahydrothieno[3,4-c]pyrrole 2,2-Diox
ide (2d). Procedure same as for 2e: yield 41%; mp 118-120° dec; ir 
max 2778, 1295, 1262, 1172, 1103, 1094 cm -1; nmr (CDCI3) b 3.79 
and 3.62 (fused singlets, 8 H), 2.79 (h, J  = 7 Hz, 1 H), 1.11 (d, J  
= 7Hz, 6H).

Anal. Calcd for C9Hi5N02S: C, 53.72; H, 7.51; N, 6.96. Found: 
C, 53.78; H, 7.50; N, 6.90.

Acetylated Derivative of 4-(iV-Isopropylaminomethyl)-2- 
hydro-3-methylenethiophene 1,1-Dioxide (4b). Procedure same 
as for 4c: yield 22%; mp 155-156°; ir max 1626, 1440, 1404, 1280, 
1224, 1187, 1110 cm -1; uv Xmax (CH3OH) 233 mu (e 19,450); nmr 
(CDCI3) b 6.50 (m, 1  H), 5.70-5.3 (m, 2 H), 4.45-3.8 (m, 5 H),
2.4-1.8 (m, 3 H), 1.15 (d, J  = 7 Hz, 6 H).

Anal. Calcd for C1 1 H 1 7 NO3 S: C, 54.31; H, 7.04; N, 5.76. Found: 
C, 53.95; H, 7.21; N, 5.69.

Acetylated Derivative of 4-(AT-Ethylaminomethyl)-2-hydro-
3-methylenethiophene 1,1-Dioxide (4a). Procedure same as for 
4c: yield 15%; mp 125-126°; ir max 1646, 1633, 1441, 1397, 1273, 
1220, 1105 c m 1; nmr (CDCI3) b 6.46 (m, 1 H), 5.7-5.3 (m, 2 H),
4.35 (m, 2 H), 4.00 (m, 2 H), 3.37 (q, J  = 7 Hz, 2 H), 2.3-2.00 (m, 
3 H), 1.19 (t, J  = 7 Hz, 3 H).

Anal. Calcd for Ci0H15NO3S: C, 52.40; H, 6.60; N, 6.11. Found: 
C, 52.28; H, 6.55; N, 5.95.

5,5'-Spirobis(l,3,4,6-tetrahydrothieno[3,4-e]pyrrolidinium
2.2- dioxo) Bromide (5). Ammonia (1.02 g, 60 mmol) was dis
solved in 100 ml of acetonitrile and added to a solution of 3.04 g 
(10 mmol) of 1 in 200 ml of acetonitrile. The reaction mixture was 
allowed to stand for 1 hr during which time the spiro compound 
and ammonium bromide precipitated. The precipitate was 
washed with 100 ml of hot methanol to yield 1.33 g (70%) of the 
spiro compound as a residue; no melting point up to 300°; ir max 
1318, 1281, 1269, 1181, 1114, 1093 cm“ 1; nmr (D20) b 4.73 (m, 8 
H), 4.12 (m, 8 H); mol wt13 371, 375 (actual 382).

Anal. Calcd for Ci2Hi6NS20 4Br: C, 37.90; H, 4.22; N, 3.70. 
Found: C, 38.10; H, 4.40; N, 4.00.

5-Benzyl-l,3,3a,4,6,6a-hexahydrothieno[3,4-c]pyrrole 2 ,2 - 
Dioxide (6). A 3.0-g solution of compound 2c in 50 ml of glacial 
acetic acid was hydrogenated over 2.0 g of 10% Pd/C and 0.5 g of 
platinum oxide at 47 psi of hydrogen pressure for 24 hr. The ace
tic acid solution was filtered to remove the catalyst and evapo
rated to dryness. The residue remaining was diluted with H20  
and neutralized with sodium carbonate. The H20  solution was 
evaporated and its residue triturated with 200 ml of ether. From 
this ether extract, 2.1 g (70%) of product was obtained; mp 94- 
96°; ir max 1320, 1283, 1241, 1217, 1140, 1129, 1095, 737 cm -1; 
nmr (CDCI3) b 7.31 (s, 5 H), 3.63 (s, 2 H), 3.4 to 2.5 (m, 10 H).

Anal. Calcd for C 1 3 H i7NS02: C, 62.20; H, 6.82; N, 5.52. Found: 
C, 61.90; H, 6.84; N, 5.36.

5-Carbobenzyloxy-l,3,4,6-tetrahydrothieno[3,4-c]pyrrole
2.2- Dioxide (7). A solution of 1.2 g of 2c in 5 ml of benzyl chloro- 
formate was allowed to stand for 10 hr at room temperature. The 
reaction mixture was diluted with ether, and the product was col
lected by filtration. Recrystallization in acetone-ether yielded
1.13 g (80%) of 7: mp 134° dec; ir max 1750 (broad), 1730, 1445, 
1410 (broad), 1332, 1300, 1173, 1030, 945, 756, 695 cm -1; nmr (ac- 
etone-de) b 7.35 (s, 5 H), 5.11 (s, 2 H), 4.27 (s, 4 H), 3.88 (s, 4 H).

Anal. Calcd for C14Hi5NS04: C, 57.34; H, 5.16; N, 4.78. Found: 
C, 57.55; H, 5.35; H, 4.48.

l,3,4,6-Tetrahydrothieno[3,4-c]pyrrole 2,2-Dioxide (2f). To
1.0 g of compound 7 dissolved in 10 ml of glacial acetic acid was 
added 10 ml of 30% HBr in glacial acetic acid. The reaction mix
ture was allowed to stir for 3 hr and then diluted with 100 ml of 
ether. The amine hydrobromide salt (70%) precipitated and was 
collected by filtration. The amine hydrobromide salt was dis
solved in H20  and neutralized with Na2CC>3. The free amine 
(64%) was extracted from the water solution with methylene chlo
ride: mp 116° dec; ir max 3360, 1414, 1280 (broad), 1173, 1119, 
1093, 753 cm -1; nmr (CDC13) b 3.83 (s, 8 H), 1.86 (s, 1 H); nmr 
(CF3COOH) b 4.57 (s, 4 H), 4.17 (s, 4 H).

Anal. Calcd for C6H9NS02: C, 45.28; H, 5.70; N, 8.80. Found: 
C, 45.37; H, 5.51; N, 8.53.

3,4-Dimethylenepyrrolidine (8f). The sulfone precursor (2f) 
was thermally decomposed at 120° under vacuum (0.1 mm). The 
exocyclic diene was trapped in a flask cooled to Dry Ice-acetone 
temperatures with some polymerization occurring. The reaction 
flask was connected to the cooled flask by a U-tube wrapped with 
heating tape to prevent appreciable sublimation: yield 40%; nmr 
(D20) S 5.70 (t, J  = 2 Hz, 2 H), 5.22 (m, 2 H), 4.08 (t, J  = 2 Hz, 4 
H).

Polymer (9a) of 3,4-Dimethylenepyrrolidine. Compound 8f 
(liquid) polymerized readily upon standing at room temperature 
to give a water-soluble polymer: nmr (D20) S 4.05 (bs, 4 H), 2.31 
(bs, 4 H).

Picrate (10a) of 3,4-DimethylenepyrroIidine. The exocyclic 
diene (8f) (~0.09 g) was dissolved in 2 ml of MeOH and added to
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2 ml of MeOH saturated with picric acid. The solution was filter 
to remove polymeric material which had precipitated and then 
allowed to stand for 2 hr at room temperature. Ether (50 ml) was 
added to the solution, which was then left in a freezer for 36 hr. 
During this time, 0.065 g (20%) of orange picrate crystals precipi
tated: mp 118-119°; nmr (acetone-de) S 8.6 (s, 2 H), 5.79 (m, 2 
H), 5.28 (m, 2 H), 5.07 and 4.37 (m, 4 H) (N-H not observed).

Anal. Calcd for Ci2H12N4 0 7: C, 44.44; H, 3.70; N, 17.24. 
Found: C, 44.69; H, 3.64; N, 17.24.

Polymer (9b) of l-Methyl-3,4-dimethylenepyrrolidine. Com
pound 8a (liquid) polymerized readily upon standing at room 
temperature to give a water-soluble polymer: nmr (D20) 5 4.14 
(bs, 4 H), 3.0 (bs, 3 H), 2.34 (bs, 4 H).

Picrate (10b) of l-Methyl-3,4-dimethylenepyrrolidine. To a 
solution of the exocyclic diene 8a (-— 0.25 g) in 5 ml of methanol 
was added 5 ml of methanol saturated with picric acid. The solu
tion was allowed to stand for 3 hr at room temperature after 
which time 60 ml of ether was added. The solution was left in a 
freezer for 48 hr and during this time 0.52 g (67%) of yellow pic
rate crystals precipitated: mp 101-103°; nmr (acetone-de) 5 8.67 
(s, 2 H), 5.74 (m, 2 H), 5.29 (m, 2 H), 4.37 (m, 4 H), 3.18 (s, 3 H) 
(N-H not observed).

Anal. Calcd for CmHm^ O t: C, 46.15; H, 4.14; N, 16.56. 
Found: C, 46.06; H, 4.09; N, 16.36.

l,l-Dimethyl-3,4-dimethylenepyrrolidinium Iodide (11a). 
Compound 2a (0.6 g) was decomposed by the same procedure 
used for the preparation of 8f. The l-methyl-3,4-dimethylenepyr- 
rolidine recovered was dissolved in 3 ml of methylene chloride. To 
this solution was added 3 ml of methyl iodide. The reaction was 
allowed to stand overnight and 0.52 g (65%) of 11a was collected 
by filtration: mp 179° dec; ir max 916 cm-1; nmr (DMSO-de) <5
5.78 (m, 2 H), 5.33 (m, 2 H), 4.31 (m, 4 H), 3.12 (s, 6 H).

Anal. Calcd for C8HUNI: C, 38.24; H, 5.60; N, 5.58. Found: C, 
37.94; H, 5.54; N^.52.

l-Methyl-l-benzyl-3,4-dimethylenepyrrolidinium Iodide 
(lib ). Procedure same as for 11a: yield 67%; mp 146-147° dec; ir 
max 907, 750, 696 cm-1; nmr (DMSO-de) 5 7.42 (s, 5 H), 5.72 (m, 
2 H), 5.26 (m, 2 H), 4.7-3.8 (m, 6 H), 2.8 (s, 3 H).

Anal. Calcd for Ci^HigNI: C, 51.36; H, 5.50; N, 4.28. Found: C, 
51.16; H, 5.40; N, 4.10.

l-Methyl-l-isopropyl-3,4-dimethylenepyrrolidinium Iodide 
(11c). Procedure same as for 11a: yield 55%; mp 250-252° dec; ir 
max 1429, 913 cm-1; nmr (DMSO-de) 5 5.81 (m, 2 H), 5.30 (m, 2 
H), 4.38 (m, 4 H), 3.84 (h, J  = 7 Hz, 1 H), 2.75 (s, 3 H), 2.03 (d, J  
= 7 Hz, 6 H).

Anal. Calcd for CioHisNI: C, 43.02; H, 6.50; N, 5.01. Found: C, 
43.33; H, 6.43; N, 4.91.
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Renewed efforts were made to gain access to the long neglected morphine fragment 2d, irarrs-1,3,4,5,6,7,8,8a- 
octahydro-2-methyl-4a-phenylisoquinolin-6-ol. Previous efforts by McElvain involved an unsuccessful attempt 
at the conjugate addition of phenylmagnesium bromide to the enone 17, 1,3,4,7,8,8a-hexahydro-2-methyliso- 
quinolin-6-one. Our first attempt involved intramolecular alkylation of the ketal 8b, which was not successful. 
Use of diphenylcopper lithium, however, enabled us to achieve conjugate addition to the enone 17, giving 
stereospecifically the cis ketone 18, l,3,4,7,8,8a-hexahydro-2-methyl-4a-phenylisoquinolin-6-one, whose structure 
was confirmed by X-ray analysis of the methobromide. The stereochemistry of reduction and methyllithium ad
dition to this ketone 18 is discussed.

In the search for new structural types possessing anal
getic activity the pentacyclic structure of morphine (1) 
has been subjected to many modifications. One of these, 
compound 2a, represents an interesting target type, which 
has been subjected to only one additional study since 
compound 2a was reported.1

A study by McElvain described an unsuccessful at
tempt to gain access to this type by a synthetic approach 
which was quite similar to our successful route.2

The reason for this apparent neglect of otherwise attrac
tive target compounds such as 2a-d while other modifica
tions have been extensively explored3 is perhaps the syn-
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thetic difficulties posed by a bridgehead aryl group. This cannot be introduced by an intramolecular process, as in the classical Grewe synthesis of the morphinans.3 The 
Boekelheide synthesis of compound 2a, on the other hand,

O H
d,X = <^

'H
involved six steps and yielded a material of uncertain 
stereochemistry.1 Therefore, it seemed appropriate for us to consider application of newer synthetic methodology.

Scheme I

Two schemes were considered. The first was a variant of one used by Wenkert for the synthesis of lupinine.4 This essentially involves the acid-catalyzed intramolecular al
kylation of the a  carbon atom of an ethylene ketal. Two routes were selected for the synthesis of an appropriate 
ketal precursor 8b. Both routes were designed to provide the 4-piperidone 7 which could be reacted with phenyllith- ium to give 8b. The first was an unsuccessful attempt to alkylate l-methyl-4-oxonipecotate (3a) with 3-oxobutyl p-toluenesulfonate ethylene ketal (4), which had been used by Wenkert.4 The second provided access to the desired 4-piperidone 7 v i a  selective ketalization of the methyl vinyl ketone adduct 6a of ethyl l-methyl-4-oxonipeco- tate (3a)5 followed by basic hydrolysis and decarboxylation (Scheme I). Unfortunately, this decarboxylation process proceeded in very poor yield, the major product 10 
being derived by ring cleavage of the nonenolizable /3-keto ester and a reverse Michael reaction on the resulting ring- opened product. A better yield (35%) of 7 was obtained 
from the methyl ester 5b, derived by methyl vinyl ketone addition to methyl l-methyl-4-oxonipecotate (3b). Use of 
the more readily hydrolyzable methyl ester 5b favored the desired pathway. Addition of phenyllithium to the 4-pi
peridone 7 proceeded well but the ketal in the product 8b 
was quite acid sensitive. Merely extraction by 2 N  hydrochloric acid and rebasification with sodium carbonate was sufficient to deketalize it to give 8a. A good yield (65%) of the desired ketal 8b could be obtained by avoiding any treatment with acid. Several attempts to cyclize 8b to the target compounds 2b or 2c were, however, unsuccessful (Scheme I). The most common products were mixtures of the deketalized tetrahydropyridines 9, i . e . ,  simple dehydration products. Forcing conditions on 8b with polyphos- 
phoric acid and separation of the products by preparative glc yielded an interesting compound, which was assigned 
the structure 11 based on spectral evidence. Such a product could be formed by closure not onto the benzylic carbon but the ortho position of the aromatic ring (SchemeII). Unfortunately, complete characterization of this ma
terial was not possible, as it yielded consistently unsatisfactory elemental analysis. Conditions similar to those used by Wenkert4 did give a product 12 derived by alkyla-

Scheme II
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Scheme III

20, R = R1 =  H; 21, R1 = H; R = CEt
0
II

23, R1 = CH3; R = H; 25, R1 = CH3; R = CEt

tion by the benzylic cation but, alas, this was derived by 
alkylation on oxygen of an intermediate such as 13 
(Scheme II). At this point our efforts were, therefore, di
rected to another scheme to obtain access to the primary 
target 2b, or a derivative thereof. Treatment of the meth
yl vinyl ketone-piperidone adducts 6a or 6b with potassi
um hydroxide or, better, potassium carbonate yielded
1,3,4,7,8 , 8 a- hexahydro-2-methylisoquinolin-6-one (17)
which had been obtained previously by McElvain by a 
slightly different procedure5 (Scheme El). Conjugate ad
dition of diphenylcopper lithium to the enone 17 should 
now yield 2b and/or the cis-fused isomer 18.6 High stereo
selectivity favoring the cis product had been observed in 
the copper salt catalyzed conjugate addition of phenyl- 
magnesium bromide to A1(9)-2 -octalone, which is to our 
knowledge the only angular arylation of this type re
ported.2 Such reaction conditions, when applied by McEl
vain to the enone 17, failed to give conjugate addition.2 
However, diphenylcopper lithium in our hands gave a 
good yield (75%) of a crystalline saturated ketone 18. This 
ketone was assigned the cis stereochemistry based on an 
nmr study of the alcohols 19 and 20 obtained by borohy- 
dride reduction and their propionate esters 21 and 22. In 
the epimeric pairs, the signal due to the proton attached to 
the carbon atom bearing the alcohol or propionate func
tionality was clearly visible in the nmr spectra of these 
substances. In all the spectra this signal was broadened by 
the large axial coupling with the neighboring protons. 
Thus, the substituent is equatorial in both isomers. This 
is only possible if the ring fusion is conformationally mo
bile, i.e., cis. In view of the importance of this stereo
chemical assignment it was confirmed by an X-ray analy
sis of the methobromide of the ketone 18.

Figure 1. Atomic positions in crystal of methobromide of 18.
Thin platelet crystals of the quaternary methyl bromide 

derivative of ketone 18 were obtained from methanol solu
tion. The crystal data for Ci7H24BrNO, mol wt 338.29, 
are monoclinic, 12/a, a =  11.766 (7), b = 9.312 (6), c = 
30.46 (2), 0 = 92.48°, dobsd = 1.34 (2), dcalcd = 1.35 g/cm3 
(Z = 8 ). A total of 1977 reflections were scanned using the
0-20 technique and Cu Ka radiation on a Picker automat
ed diffractometer; 1577 of these were judged to be above 
background. There was no significant decay in intensity of 
the four standard reflections monitored during the course 
of data collection (see paragraph at end of paper regarding 
supplementary material).

The bromide ion was located in a straightforward man
ner from the Patterson synthesis and all other nonhydro
gen atoms were evident on an electro-density map phased 
on the bromide position. Full-matrix least-squares refine
ment assigning anisotropic thermal parameters to the bro
mide ion and isotropic parameters to all other atoms re
sulted in a conventional R  factor of 15.8%. Further refine
ment of the structure was not deemed justifiable in light 
of the relatively poor quality of the crystals and owing to 
the fact that the objective of determination of the geomet
ric stereochemistry of the molecule had been achieved. 
The conformation of the methobromide of ketone 18 as it 
exists in the crystal is depicted in Figure 1 and clearly 
agrees with the proposed cis ring fusion.

The stereochemical course of the conjugate addition of 
diphenylcopper lithium to the enone 17 is therefore the 
same as that observed by McElvain in the copper-cata
lyzed conjugate addition of phenylmagnesium bromide to 
A1(9)-2 -octalone;2 i.e., addition creates a cis-fused ring 
system. Analogous results have recently been reported for 
the addition of dimethylcopper lithium to the enone 17.7 
The cis ring fusion of the conjugate addition product in 
this instance was proven by conversion of a derivative to 
an azatwistane. Wolff-Kishner reduction on ketone 18 
yielded a base 26 which could be characterized as a pic- 
rate. This picrate was directly compared (tic, melting 
point, mixture melting point) with that obtained by 
Boekelheide,1 ’8 and they were not identical. Thus, the 
compound prepared by Boekelheide1 has the trans stereo
chemistry and can be assigned structure 2a, although a 
trace of the cis isomer 18 could be detected by tic.

The chemistry of the diphenylcopper lithium product 18 
was explored further. The compound 18 reacted normally 
with a Wittig reagent, triphenylmethylenephosphorane, to 
yield 27.

The remaining problem for us was to make stereochem
ical assignments to the two alcohols 19 and 20 which had
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CH3

19a, R = R1= H; 22a, R1 = H, R = CH3CH2CO;
24a, R1 = CH;, R = H; 25a, R1 = CH3, R = CH3CH2CO

CH3

20a, R1 = R = H; 21a, R1 =  H, R = CH3CH2CO;
23a,R>=CH3;R  = H

a conformations

been obtained from sodium borohydride reduction of the 
ketone 18 (Scheme III).

Catalytic reduction in acetic acid of the ketone 18 gave 
a single product identical (tic, vpc) with compound 19, 
the major product of the borohydride reduction. The iden
tity of the alcohol was also confirmed by comparison of 
the crystalline propionate hydrochloride 22. Catalytic re
duction of cyclohexanones under acidic conditions has 
been shown to generate the axial alcohol and the addition 
of hydrogen can generally be expected to take place from 
the less hindered side.9 If we assume that the conforma
tion of 18 on the catalyst is that with the phenyl axial to 
the carbocyclic ring, i . e . , an a conformation, then the ini
tial product would be 19a, which conformationally flips to 
19b.10 With the assignment of the major borohydride 
product as the all-cis compound 19b, the minor product is 
then necessarily the cis-trans compound 20a.

Assignment of configuration to the methyllithium ad
ducts 23 and 24 of ketone 18 has been made tentatively by 
comparison of their nmr spectra with those of the borohy
dride products 19 and 20. The major differences in the 
nmr spectra of 19b and 20a are in the pattern of the aro
matic protons. The spectrum of compound 19b shows a 
multiplet for the five aromatic protons, whereas com
pound 20a shows a singlet. If this is assumed to be due to 
the fact that the compounds have different conformations, 
then the nmr spectrum of the major methyl carbinol 24 
suggests that it has a b conformation predominantly 
whereas the minor methyl carbinol 23 has an a conforma
tion. As 24b readily forms a propionate 25b it can be as
sumed to be an equatorial tertiary alcohol; therefore it has 
an all-cis configuration and the isomeric carbinol 23a is 
cis-trans. It had been hoped to confirm these tentative 
stereochemical assignments by an X-ray crystallographic 
analysis. Several unsuccessful attempts to grow suitable 
crystals of an appropriate derivative were made.

An attempt to extend the similarity with the morphine 
skeleton was thwarted by our inability to prepare m-an- 
isyllithium. As were those of McElvain,2 our attempts to 
achieve conjugate addition of m-anisylmagnesium bro-

19b, R1 = R = H; 22b, R> =  H, R = CH3CH2CO;
24b, R> =CH3, R =  H!; 25b, R1 = CH3, R = CH3CH2CO

20b, R1 = R = H; 21b, R1 = H, R = CH3CH2CO;
23b, R1 =CH3; R = H

b conformations

mide to the ketone 18 by means of copper catalysis were 
unsuccessful.

Experimental Section11
Attempted Preparation of Ethyl l-Methyl-4-oxo-3-(3-oxo- 

butyljnipecotate Monoketal (5a) with Ethylene Glycol. To a
suspension of 2.11 g of 57% NaH in 100 ml of toluene and 25 ml of 
DMF, a solution of 9.1 g (0.049 mol) of ethyl l-methyl-4-oxoni- 
pecotate (3a) in 50 ml of toluene was added. After stirring for 2 hr 
a solution of 0.049 mol of 3-oxobutyl p-toluenesulfonate ethylene 
ketal (4) in toluene was added and the mixture was heated for 18 
hr to 80°. After cooling, the reaction mixture was poured into 
water. The toluene layer was repeatedly washed with water and 
dried. The solvent was removed in vacuo, leaving 4.5 g of an oil. 
The mass spectrum showed no molecular ion for 5a present. Tic 
showed that it was a mixture.

Ethyl and Methyl 4-Oxo-3-(3-oxobutyl)nipecotate (6a and 
6b). A mixture of 129 g (0.697 mol) of ethyl l-methyl-4-oxonipeco- 
tate (3a), 1 g of 57% NaH, and 550 ml of benzene was stirred at 
25° for 1 hr. A solution of 48.7 g (0.697 mol) of methyl vinyl ke
tone was added dropwise over 30 min. The temperature was kept 
below 30°. After an additional 45 min the reaction mixture was 
washed twice with 25 ml of water, dried over Na2S04, and con
centrated and the residue was distilled in vacuo. The fraction 
boiling at 142-146° (0.5 mm) was collected, yield of 6a 178 g (83% 
of theory), nmr (CDCI3 ) 5 4.24 (q, 2 , CH2, J  = 7 Hz).

Anal. Calcd for Ci3H21N 04: C, 61.15; H, 8.29; N, 5.49. Found: 
C, 61.32; H, 8.37; N, 5.35.

The methyl ester 6b was analogously prepared using the above 
procedure: yield 66.5% of theory; bp 142-145° (0.5 mm); nmr 
(CDClg) 5 3.76 (s, 3, -COOCH3), 3.5-1.2 (m, 16-CH), 2.35 (s, 3, 
NCH3), 2.13 (s, 3, COCH3); ir i w  (liquid) 1713, 1230, 745 cm -1.

Anal. Calcd for Ci2Hi9N04: C, 59.73; H, 7.94; N, 5.81. Found: 
C, 59.90; H, 8.18; N, 5.87.

Monoketalization of 6a and 6b with Ethylene Glycol. 5a and
5b. An ethyl acetate solution of 165.2 g (0.685 mol) of methyl 1- 
methyl-4-oxo-3-(3-oxobutyl)nipecotate (6b) was treated with an
hydrous HC1. The crude hydrochloride was filtered off and re
fluxed with 72.1 g (1.03 mol) of ethylene glycol in 1.3 1. of benzene 
for 12 hr using a water separator (15 ml of H20  collected). After 
cooling, 500 ml of ether was added and the precipitated crude 
ketal hydrochloride was filtered off. It was converted to the free 
base and distilled in vacuo: yield 138.8 g; bp 156-158° (0.5 mm) 
(70.6% of theory); nmr (CDC13) 5 3.92 (s, 4, -0CH 2CH20-), 3.77 
(s, 3, OCOCH3), 3.5-1.4 (m, 13, -CH-), 2.37 (s, 3, NCH3), 1.31 (s, 
3, CH3); ir vmax (liquid) 1720 and 1230 cm-1.
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Anal. Calcd for C14H23N05: C, 58.93; H, 8.12; N, 4.91. Found: 
C, 59.05; H, 8.39; N, 4.82.

The ethyl ester 5a was prepared analogously by the above pro
cedure; nmr (CDCI3) 5 4.5-1 (m, CHX), 4.26 (t, J  = 7 Hz, CH2),
4.92 (s, 4, -0CH 2CH20 -), 2.33 (s, 3, -NCH3), 1.3 (s, 3, CH3); ir 
i>max (liquid) 1720,1225 c m '1.

Anal. Calcd for C15H25N 05: C, 60.18; H, 8.42; N, 4.68. Found: 
C, 60.20; H, 8.34; N, 4.97.

The hydrochloride had mp 157° dec.
Anal. Calcd for Ci5H25N 05HCl: C, 53.64; H, 7.80; N, 4.17. 

Found: C, 53.61; H, 7.93; N, 4.30.
Hydrolysis with KOH of Ethyl Ester 5a to 7 and 10. The

reaction mixture, containing 17.2 g (0.057 mol) of the ethyl ester 
ketal 5a, 3.23 g of KOH, and 75 ml of water, was refluxed for 2.5 
hr. After cooling, 15 g of K2C03 was added and the solution was 
extracted repeatedly with ether. The ether extracts were dried 
over K2C03, filtered, and concentrated. The residue (7.4 g) was 
distilled in vacuo (0.2 mm). Two main fractions, 1.8 g (bp 115- 
125°) and 0.5 g (bp 126-134°), were obtained. The higher boiling 
fraction, 7 , was purified by preparative gas chromatography 
[Dexsil GS 300, 3% on Chromosorb G (acid washed and silanized) 
mesh 60/80 at 180°]: m/e 227 (M+); nmr (CDC13) 5 3.92' (s, 4, 
0CH2CH20), 2.38 (s, 3, NCH3), 1.31 (s, 3, CCH3).

Anal. Calcd for C12H2iN 03: C, 63.40; H, 9.31; N, 6.16. Found: 
C, 63.03; H, 9.58; N, 5.89.

The lower boiling material present was identified by mass spec
trum, nmr, and analysis as ethyl 2-methyl-a-methylene-l,3-diox- 
olane-2-butyrate (10): nmr (CDC13) 6 6.17 (s, 1, CHjf=C), 5.57 
(s, 1 , CH2=C ), 4.24 (q, 2 , CH2, J  = 7 Hz), 3.97 (s, 4, 
0CH2CH20, 2.65-1.65 (m, 4, 2 CH2), 1.37 (s, 3, CH3).

Anal. Calcd for CnHigO*: C, 61.66; H, 8.47. Found: C, 61.68;
H, 8.53.

Hydrolysis with K2C 03 of Ethyl Ester 5a to 7. A mixture of
9.0 g (0.03 mol) of ethyl ester ketal 5a, 12.4 g (0.09 mol) of 
K2C03, 75 ml of water, and 30 ml of ethanol was refluxed gently 
for. 14 hr. The solution was cooled, 20 g of K2C03 was added, and 
the solution was extracted three times with ether. The combined 
ether extracts were dried and concentrated. The residue was dis
tilled in vacuo, yield 1.4 g, bp 126-128° (0.5 mm). Gas chromatog
raphy indicated that the product was essentially pure and identi
cal with the material obtained by KOH hydrolysis and purified 
by gas chromatography [glc Dexsil GC 300, 3% on Chromosorb G 
(acid washed and silanized) mesh 60/80, retention time 1.8  min 
at 210°]. This was identical with the minor product 7 obtained 
from 5a and KOH.

4-Hydroxy-l-methyl-3-(3-oxobutyl)-4-phenylpiperidine (8a). 
A solution of phenyllithium was prepared from 0.625 g (0.09 mol) 
of Li wire and 6.92 g (0.044 mol) of bromobenzene in 30 ml of 
ether. With stirring and cooling, a solution of 9.2 g (0.04 mol) of 
oxo ketal 7 in 25 ml of ether was added dropwise. The reaction 
mixture was stirred for 4 hr at 25°. After an additional 48 hr at 
room temperature, water was added dropwise with cooling. The 
ether layer was separated, dried, and concentrated. The residue 
was redissolved in ether and extracted with 2 N  HC1. After addi
tion of Na2C03 solution the aqueous extracts were extracted with 
ether. The ether extracts were dried and concentrated and the 
residue, 6.5 g, was distilled in vacuo. The main fraction boiled at 
175-182° (0.7 mm): yield 4.2 g (40.2% of theory), 97% by glc, of 
compound 8a [DC 530, 5% on Chromosorb G (acid washed and si
lanized) mesh 60/80, retention time 5.5 min at 270°]; rimr 
(CDC13) 6 1.1-1.2 (m, 5, ArH), 2.28 (s, 3, NCH3), 1.87 (s, 3, CH3); 
ir^max (liquid) 3440, 1710, 855, 700 cm "1.

Anal. Calcd for Ci6H23N 02: C, 73.52; H, 8.87; N, 5.36. Found: 
C, 73.59; H, 8.82; N, 5.36.

4-Hydroxy-l-methyl-3-(3-oxobutyl)-4-phenylpiperidine Ketal 
(8b). To a stirred, cooled solution of phenyllithium prepared from
I. 4 g (0.2 mol) of Li wire and 15.7 g (0.1 mol) of bromobenzene in 
75 ml of anhydrous ether, a solution of 14.6 g (0.0643 mol) of 7 in 
50 ml of anhydrous ether was added dropwise. The reaction mix
ture was stirred for 4 hr at 25°. After an'additional 48 hours at 
room temperature, water was added dropwise with cooling, and 
the ether layer was separated, dried, and concentrated, yielding 
an oil that was distilled at 170-181° (0.3 mm), yield 12.8 g (65.9% 
of theory) of compound 8b: nmr (CDC13) 5 7.7-7 (m, 5, ArH), 3.72 
(s, 4, 0CH2CH20), 3.1-0.7 (m, 18, CH), 2.24 (s, NCH3), 1.08 (s, 
3, CH3); glc DC 500, 5% on Chromosorb G (acid washed and si
lanized) mesh 60/80, retention time 6.0 min at 265°. The deketal- 
ized material 8a had a retention time of 4 min Under these condi
tions.

Anal. Calcd for Ci8H27N 03: C, 70.78; H, 8.91; N, 4.59. Found: 
C, 70.60; H, 8.71; N, 4.56.

4a,5,7,8-Tetrahydro-2,6-dimethyl-8a-phenyl-4f/-pyrano[3,2- 
c]pyridine (12). A solution of 4.3 g of ketal 8b and 3.42 g of 
TsOH-H20  in 400 ml of benzene was refluxed for 12 hr. After 6 
hr at room temperature the reaction mixture was poured into 
aqueous Na2C03. After mixing well, the layers were separated. 
The aqueous layer was extracted once with CHC13. The combined 
organic fractions were dried and concentrated. The residue was 
distilled in a Kugelrohr apparatus at 150° (0.4 mm), yield 1.7 g of 
compound 12: m/e 243 (M+); nmr (CDC13) S 7.32 (s, 5, ArH), 
4.38 (d, 1 , J  = 4 Hz, C=CH), 2.32 (s, 3, NCH3), 1.86 (s, 3, 
CCH3); ir < w  (liquid) 1684, 756, 697 c m 1.

Anal. Calcd for Ca6H2iNO: C, 78.97; H, 8.70; N, 5.76. Found: 
C, 78.51; H, 8.74; N, 5.97.

A hydrochloride was prepared by dissolving 1.5 g of 12 in ethyl 
acetate and adding anhydrous HC1. After recrystallization from 
isopropyl alcohol it melted at 255° dec, nmr (CDC13) 5 7.37 (s, 5, 
ArH), 4.41 (d, 1, J  = 4 Hz, C=CH).

Anal. Calcd for Ci6H2iNO-HC1: C, 68.65; H, 7.92; N, 5.00. 
Found: C, 68.77; H, 8.12; N, 4.90.

l-Methyl-3-(3-oxobutyl)-4-phenyltetrahydropyridine (9). Po- 
lyphosphoric acid (25 g) was liquified by heating to 95°, 1 g of 
ketal 8b was added with stirring, and the temperature was main
tained for 10 min. The reaction mixture was cooled by adding ice 
and made basic by addition of NH4OH. Repeated extraction with 
CHC13 yielded an oil which was distilled in vacuo: bp 170-180° 
(0.5 mm); m/e 243 (M+); nmr (CDC13) 5 1-1.6 (m, 5, aromatic),
5.92 (t, 2, J  = 3.5 Hz, CH=CH), 2.4 (s, 3, NCH3), 1.97 (s, 3, 
COCH3); ir rmax (liquid) 1710, 1660, 760, 700 c m '1; glc DC 530, 
5% on Chromosorb G (acid washed and silanized) mesh 60/80, re
tention time 6.8 (69.5%), 7.6 min (30.5%) at 230°. Spectral data 
suggested that the major product was the A3'4 isomer and the 
minor product was the A4-5 isomer.

The same product was obtained when 1 g of ketal 8b was re
fluxed for 3 hr in a mixture of 20 ml of trifluoroacetic acid and 2 
ml of trifluoroacetic anhydride. It was identified by glc and nmr.

Reaction of the Ketal 8b with PPA to give 11. To 26 g of po- 
lyphosphoric acid heated to 95°, 1 g of ketal 8b was added with 
stirring. After heating for 3 hr, ice and water were added, and the 
solution was made basic by adding NH4OH. Repeated extraction 
of the aqueous solution with CHC13 yielded 0.5 g of an oil which 
was subjected to preparative glc. One fraction was identified by 
nmr and mass spectrum [m/e 243 (M+)] as the dehydration prod
ucts 9, retention times 3.5 and 4.3 min [DC 550, 5% on Chromo
sorb G (acid washed and silanized) mesh 60/80 at 235°]. The sec
ond fraction, retention time 7.5 min, had a molecular ion of m/e 
225 corresponding to compound 11: nmr (CDC13) <> 8.2-7.3 (m, 5, 
ArH), 7.0 (s, 1, ArH), 3.67 (s, 2, -CH2-), 3.3-2.6 (m, 6, 3 CH2), 
2.49 (s, 3, NCH3), 1.33 (t, 3, J  = 1 Hz, -CH3); ir i>max (CS2) 1655, 
750 cm 1  uv Amax (MeOH) 231 nm (e 48,600), 286 (5790), 323 
(680).

Anal. Calcd for Ci6H19N: C, 85.28; H, 8.50; N, 6.22. Found: C, 
84.19; H, 8.65; N, 5.90.

l,3,4,7,8,8a-Hexahydro-2-methylisoquinolin-6-one (17). To a
solution of 185 g (0.77 mol) of diketo ester 6b in 1800 ml of water 
was added 428 g (3.1 mol) of K2C03 and the reaction mixture was 
refluxed under N2 for 2 hr, then stirred for an additional 1 hr at 
room temperature. Following addition of 400 g of K2C03, the so
lution was cooled in an ice bath and extracted four times with a 
total of 1.6 1. of ether. The ether extracts were combined, dried 
over K2C03, and concentrated. The residue was distilled in 
vacuo, yield 74 g (58.2% of theory) of 17:5 bp 103-111° (0.2-0.3 
mm); 98-99% pure by glc [VC-W98, 3% on Chromosorb G (acid 
washed and silanized) mesh 60/80, retention time 3.6 min, 180°]; 
nmr (CDC13) 5 5.81 (s, 1 , CH=C), 2.3 (s, 3, NCH3); ir rmax (liq
uid) 1670,1626 c m 1.

Anal. Calcd for Ci0Hi5NO: C, 72.69; H, 9.15; N, 8.48. Found: 
C, 72.23; H, 9.85; N, 8.67.

1,3,4,7,8,8a-Hexahydro-2-methyl-4a-phenylisoquinolin- 
6(8/7)-one (18). To a stirred suspension of 38 g of cuprous iodide 
(previously washed with anhydrous ether) in 150 ml of anhydrous 
ether under nitrogen and cooled to 0-5° was added over a period 
of 20 min a solution of phenyllithium freshly prepared by allowing 
69 g of bromobenzene and 6.1 g of lithium wire to react in 375 ml 
of anhydrous ether. The mixture was stirred for 30 min at 0°; 
then a solution of 16.5 g of 17 in 100 ml of anhydrous ether was 
added dropwise over a 30-min period. After stirring for 30 min at 
0-5° and 1.5 hr at room temperature the reaction mixture was 
poured into a stirred mixture of 75 g of ammonium chloride in 200 
ml of water and ice. The mixture was well shaken and filtered 
and the layers were separated. The aqueous layer was extracted 
with ether, and the combined ether extracts were washed with
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water, dried over anhydrous sodium sulfate, filtered, and concen
trated under reduced pressure, leaving an oil that was distilled, 
bp 145-155° (0.3 mm), yield 18.2 g (75%). The oil was crystallized 
from 50 ml of hexane, yield 13.8 g (57%) of the ketone 18: mp 72- 
74°; m/e 243 (M+); nmr (CDC13) 5 7.6-7.1 (m, 5, ArH), 2.34 (s, 3, 
NCH3); iri/max (liquid) 1703, 754, 695 cm“ 1.

Anal. Calcd for Ci6H2iNO; C, 78.97; H, 8.70; N, 5.76. Found: 
C, 78.91; H, 8.41; N, 5.40.

This was further characterized as the methobromide, mp 300°.
Anal. Calcd for Ci7H24BrNO: C, 60.39; H, 7.15; N, 4.14. 

Found: C, 60.31; H, 7.16; N, 4.20.
This methobromide was crystallized from methanol to obtain a 

crystal for X-ray crystallographic analysis.
1,3,4,7,8,8a-Hexahydro-6-hy droxy-6-(m-methoxyphenyl)-2- 

methylisoquinoline. A 15-g portion of m-bromoanisole was treat
ed with 2 g of magnesium turnings in 50 ml of anhydrous THF. 
Reagent was added to a stirred suspension of Cul in 40 ml of THF 
under N2 and cooled in an ice bath. After stirring for 45 min at 5° 
a solution of 6.6 g of the hexahydroisoquinolone 17 in 20 ml of 
THF was added dropwise over a 20-min period. The reaction mix
ture was stirred for 1 hr at 5° and 2.5 hr at room temperature, 
and then was poured into a stirred solution of 20 g of ammonium 
chloride in 150 ml of ice water. Ether was added, the mixture was 
well shaken and filtered, and the layers were separated. The 
aqueous layer was extracted once more with ether, and the com
bined ether extracts were washed with water, dried over sodium 
sulfate, filtered, and concentrated in vacuo, leaving a dark brown 
oil which was purified by preparative tic. The only pure identifia
ble product was the 1,2-addition product: mp 109-111°; nmr 
(CDC13) 5 7.8-6.6 (m, 4, ArH), 5.51 (s, 1, C=CH), 3.82 (s, 3, 
OCH3), 2.22 (s, 3, NCH3); irxmax (Nujol) 3115, 1666,1253 cm -1.

Anal. Calcd for Ci7H23N02: C, 74.69; H, 8.48; N, 5.12. Found: 
C, 75.01; H, 8.54; N, 5.06.

1,3,4,5,6,7,8,8a-Octahydro-2-methyl-4a-phenylisoquinolin-6- 
ol (19). A mixture of 2.4 g of 18 and 1 g of 10% Pd/C in 25 ml of 
glacial acetic acid was hydrogenated at 60° (1000 psi) for 6 hr. 
The mixture was filtered and concentrated in vacuo, and the resi
due was dissolved in water, basified with 10% Na2C03, and ex
tracted three times with ether. The combined ether extracts were 
washed with water, dried over K2C03, filtered, and concentrated 
in vacuo, yielding 2.1 g (86% of theory) of an oil, the alcohol 19, 
nmr (CDC13) 5 7.7-7.0 (m, 5, ArH), 4.0-3.2 (m, 1, CHOH), 2.3 (s, 
3, NCH3).

l,3,4,5,6,7,8,8a-Octahydro-2-methyI-4a-phenylisoquinolin-6-
ols (19 and 20). To a stirred solution of 2.4 g of 18 in 50 ml of an
hydrous ethanol, 1.13 g of sodium borohydride was added in sev
eral portions. After stirring for 75 min at room temperature the 
solution was concentrated in vacuo, water and ether were added, 
and the layers were separated. The aqueous layer was extracted 
once with ether, and the combined ether extracts were washed 
with water, dried over Na2S04, filtered, and concentrated in 
vacuo, leaving 2.3 g (94% of theory) of an oil that was an isomeric 
mixture of compounds 20 and 19: nmr (CDC13) 6 7.71-7.1 (m, 5, 
ArH), 4.17-3.0 (m, 1, CHOH), 2.31 (s, 3, NCH3); ir i/max (CHC13) 
3610 cm-1.

Anal. Calcd for Ci6H23NO: C, 78.32; H, 9.45; N, 5.71. Found: 
C, 78.53; H, 9.91; N, 5.71.

1,3,4,5,6,7,8,8a-Octahydro-2-methyl-4a-phenylisoqumolin-6- 
ol Propionates (21 and 22). A solution of 4.8 g of a mixture of the 
octahydroquinolinols 20 and 19 in 3.75 ml of propionic anhydride 
and 6 ml of pyridine was allowed to stand at room temperature for 
4 days. The solution was diluted with toluene and concentrated in 
vacuo. The residue was dissolved in ether, treated with ice and 
10% aqueous Na2C03, filtered, and concentrated in vacuo, leav
ing 4.4 g (74.5%) of an oil. This oil was dissolved in acetone and 
the solution was acidified by addition of HCl-EtOAc solution. 
Two isomers were obtained by fractional crystallization from ace
tone-ether. The major isomer 22 (1.7 g, 25.7% had mp 247-248° 
dec; nmr (CDC13) d 7.9-7.1 (m, 5, ArH), 5.2-4.7 (m, 1 -CHO-),
2.96 (d, 3, J  = 4.5 Hz, NCH3), 1.13 (t, 3, J  = 7 Hz, CCH3) .

Anal. Calcd for C19H27N 02-HC1: C, 67.54; H, 8.35; N, 4.15. 
Found: C, 67.20; H, 8.14; N, 4.30.

The minor isomer 21 (0.45 g, 6.8%) had mp 233° dec; nmr 
(CDC13) b 7.43 (s, 5, ArH), 5.33-4.77 (m, 1, -CHO-), 2.68 (d, 3, 
NCH3), 1.06 (t, 3, J  = 7 Hz, CCH3).

Anal. Calcd for CWH27N 02-HC1: C, 67.54; H, 8.35; N, 4.15. 
Found: C, 67.45; H, 8.46; N, 3.96.

The alcohol 19 obtained from catalytic reduction was acylated 
under the same conditions. Only a single propionate hydrochlo
ride could be obtained identical (melting point, mixture melting 
point, nmr, ir) with 22.

1,3,4,5,6,7,8,8a-Octahydro-2,6-dimethyl-4a-phenylisoquino- 
lin-6-ol (23 and 24). A stirred solution of methyllithium (pre
pared from 17 g of methyl iodide and 1.7 g of lithium in 200 ml of 
anhydrous ether) under nitrogen was cooled to -70° and a solu
tion of 9.6 g of 18 in 50 ml of anhydrous ether was added dropwise 
over a 30-min period. The reaction mixture was stirred for 15 min 
at —70° and then allowed to warm to room temperature over
night. The mixture was cautiously poured into a stirred solution 
of 50 g of ammonium chloride in 150 ml of ice water. The mixture 
was shaken in a separating funnel and the layers were separated. 
The aqueous layer was extracted twice with methylene chloride, 
the combined organic layers were dried, filtered and concentrated 
in vacuo, and the residue was triturated with ether, leaving a 
mixture of two solid isomers which were separated by fractional 
crystallization from acetone-ether. The major isomer 24 (28%) 
had mp 177-181°; nmr (CDC13) S 7.3 (broad s, 5, ArH), 2.10 (s, 3, 
NCH3), 1.04 (s, 3, CCH3); ir «max (Nujol) 3190, 765, 693 cm -1.

Anal. Calcd for Ci7H25NO: C, 78.71; H, 9.72; N, 5.40. Found: 
C, 79.07; H, 9.26; N, 5.50.

The minor isomer 23 (5.7%) had mp 91-93°; nmr (CDC13) d
7.6-7.0 (m, 5, ArH), 2.28 (s, 3, NCH3), 1.18 (s, 3, CCH3). As a 
satisfactory elemental analysis could not be obtained on this ma
terial, it was characterized as the maleate, mp 175-176°.

Anal. Calcd for Ci7H25N0-C4H40 4: C, 67.18; H, 7.78; N, 3.73. 
Found: C, 67.40; H, 7.91; N, 3.61.

The major isomer 24 was also converted to a maleate, mp 198- 
203° dec, for comparison purposes.

Anal. Calcd for Ci7H25N0-C4H40 4: C, 67.18; H, 7.78; N, 3.73. 
Found: C, 67.40; H, 7.53; N, 3.87.

l,3,4,5,6,8a-Octahydro-2,6-dimethyl-4a-phenylisoquinolin-
6-ol Propionate (25). A solution of 4 g of 24 in 6 g of propionic 
anhydride and 20 ml of pyridine was refluxed for 8 hr and then 
allowed to stand at room temperature for 16 hr. The solution was 
concentrated in vacuo, and the residue was dissolved in methy
lene chloride, washed with cold 10% sodium carbonate solution 
and water, and dried over sodium sulfate. Filtration and concen
tration in vacuo left an oil that was triturated with ether-hexane 
(1:1) and the insoluble solid was filtered off and identified as 
starting material. The filtrate was concentrated and the maleate 
salt was prepared from the oil, yield 3.3 g (68%) of oil, 3.6 g (53%) 
of the maleate: mp 185-186°; nmr (CDC13) S 7.38 (s, 5, ArH), 6.27 
(s, 2, maleate), 2.66 (s, 3, NCH3), 1.42 (s, 3, CCH3), 1.12 (t, 3, J  
= 7 Hz, CCH3).

Anal. Calcd for C2oH2gN02: C, 66.80; H, 7.71; N, 3.35. Found: 
C, 66.81; H, 7.55; N, 3.46.

Wolff-Kishner Reduction of 18. A mixture of 2.4 g of 18, 2 g of 
hydrazine hydrate (99-100%), 2 g of KOH, and 30 ml of diethyl
ene glycol was heated to 100° until the KOH dissolved. The solu
tion was heated to reflux (200° oil bath) for 1 hr, then material 
was distilled until the temperature of distillate rose to 175° (in
ternal) and the solution was refluxed for 1.5 hr. After cooling to 
room temperature the solution was diluted with water and ex
tracted four times with ether. Combined extracts were washed 
with water, dried over K2C03, filtered, and concentrated under 
reduced pressure. The oily residue was dissolved in ethyl acetate 
and acidified with HCl-EtAc solution. The precipitate was re- 
crystallized from acetone-isopropyl alcohol to yield 1.15 g 
(43.3%), mp 222-224°, of compound 26: nmr (CDC13), 5 7.7-7.0 
(m, 5, ArH); ir ymax (Nujol) 761, 698 cm '1.

Anal. Calcd for Ci6H23N.HC1: C, 72.29; H, 9.10; N, 5.27. 
Found: C, 72.49; H, 9.02; N, 5.52.

The hydrochloride was converted to the free base and a picrate 
formed, mp 144-146°.

Anal. Calcd for Ci6H23N.C6H3N30 7: C, 57.63; H, 5.72; N,
12.22. Found: C, 57.51; H, 5.76; N, 12.26.

The picrate, mp 212-213°, obtained from Professor Boekel- 
heide8 was reanalyzed in view of its age.

Anal. Calcd for Ci6H23N.C6H3N30 7: C, 57.63; H, 5.72; N,
12.22. Found: C, 57.62; H, 5.41; N, 12.26.

The two picrates were not identical by melting point and the 
depression of melting point on admixture. Tic was carried out on 
the two picrates (A120 3 GF254 Merck, CHC13; detection Dragen- 
dorff reagent): Rf 0 (picric acid), 0.3 (major), 0.53 (trace) (Boek- 
elheide sample); Rf 0 (picric acid), 0.53 (major) (picrate of 26).

Wittig Reaction of 18 to 27. To a stirred solution of the triphen- 
ylmethylenephosphorane under N2 (prepared by treating 17.4 g of 
triphenylmethylphosphonium bromide with 32 ml of 1.6 M  n- 
butyllithium) in 150 ml of anhydrous ether a solution of 18 (9.6 g) 
in 50 ml of anhydrous ether was added dropwise. A pale yellow 
solid precipitated. After stirring for 20 hr at room temperature 
the solids were filtered off and washed with ether. The combined
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ether fractions were washed with water until the water filtrate 
was neutral and then dried over anhydrous Na2SC>4. Filtration 
and concentration under reduced pressure left 6.5 g of an oil that 
was distilled, bp 120-135° (0.3 mm), to give 27: 4.3 g (43%); nmr 
(CDClg) h 7.6-7.0 (m, 5, ArH), 4.67 (d, 2, J  = 4 Hz, =C H 2), 2.16 
(s, 3, NCH3).

Anal. Calcd for Ci7H23N: C, 84.59; H, 9.60; N, 5.80. Found: C, 
84.24; H, 9.33; N, 5.73.

This oil 27 was further characterized as the hydrochloride, mp
208-209° dec.

Anal. Calcd for C17H23N-HC1: C, 73.49; H, 8.71; N, 5.04. 
Found: C, 73.12; H, 8.98; N, 5.06.
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Studies of the initial reaction rate and product composition for the reaction of phenylacetylene, 1-phenylpro- 
pyne, 1-hexyne, and fert-butylacetylene with HC1 in HOAc at 25° are reported. The stereochemistry of HC1 ad
dition to 1-hexyne-l-d at 50° was also examined. The results are found to be consistent with reaction via com
peting AdE2 and anti Ad3 reaction mechanisms. The results show that the AdE2 and Ad3 mechanisms involve 
different regiospecificity, as well as stereospecificity. The effect of structure upon reaction rate is found to be 
quite different in the two mechanisms, implicating significantly different transition-state structures.

In previous papers1-6 we have presented evidence for 
two distinct mechanisms for addition of HC1 to olefins 
and acetylenes in acetic acid. Reaction via the AdE2 
mechanism1-3 occurs by slow protonation of the unsatu
rated compound to form a carbonium chloride ion pair in
olefin (acetylene) +  HC1 —*- [R+C1_] — *-

RCI +  ROAc — *■ (ketone) 
termediate which collapses to a mixture composed mainly 
of chloride and some acetate, the vinyl acetates formed 
from acetylenes undergoing a rapid subsequent reaction to 
form a ketone. The rate of reaction depends upon unsatu
rated reactant and HC1 concentrations, but the ratio of 
the RCI to ROAc is not influenced by the HC1 concentra
tion. Moreover, the presence of chloride salt does not in
crease the percentage of RCI formed and, at 0.2 M , causes 
a less than threefold rate increase. This shows that, once 
formed, the ion-pair intermediate collapses rapidly to a 
product mixture determined solely by the structure of the 
ion pair and not significantly influenced by the composi
tion of the external reaction solution. The effect of salt

upon the rate results from a salt effect upon the rate of 
formation of the carbonium ion pair. Styrene and te rt- 
butylethylene react exclusively via  this mechanism.3

Other olefins and acetylenes exhibit different behavior 
under the same reaction conditions. Thus, the ratio o f RCI 
to ROAc obtained from 3-hexyne2 and also from cyclohex
ene4’5 varies with the HC1 concentration. The presence of 
chloride salt not only markedly increases the ratio of RCI 
to ROAc but gives rise to a rate increase indicative of ca
talysis by chloride ion. Under these conditions addition 
occurs with anti stereochemistry. The observations imply 
that an Ad3 addition, formally the reverse of E2 elimina
tion, is involved.

The reaction of 1,2-dimethylcyclohexene has been found 
to involve AdE2 addition, giving largely syn HC1 adduct, 
at low HC1 concentration, but in the presence o f chloride 
salt a more rapid anti Ad3 addition of HC1 dominates.6

An understanding of how structure influences reactivity 
in each of these mechanisms is important in designing 
synthetic procedures and also in understanding the elec
tronic structure of the transition states. We report here
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studies designed to provide information concerning the 
effect of structure upon reactivity for reaction of acetyl
enes with HC1 in HOAc. Stereochemistry of addition and 
the effect of chloride salt upon rate and product composi
tion are employed as the criteria of mechanism.

Experimental Section
An Aerograph Model 200 gas chromatograph equipped with 

thermal conductivity detectors and a Disc integrator was em
ployed for all glpc analyses. Chromosorb P (acid washed) was 
used as solid support. Pmr spectra were measured on a Varian 
T-60 spectrometer as approximately 15% v/v solutions in CC14; 
chemical shifts are reported in parts per million downfield from 
tetramethylsilane as internal standard.

Materials. Acetophenone, l-phenyl-2 -propanone, p-xylene, 
chlorobenzene, and pinacolone were obtained from Matheson 
Coleman and Bell. Phenylacetylene, 1-phenylpropyne, and 1 -hex- 
yne were obtained from Farchan and purified by vacuum distilla
tion on a spinning band column. These purified acetylenes and 
tert-butylaeetylene (Farchan) were shown to be >99.9% pure by 
analytical glpc. Samples of (Z)- and (E)-2-chloro-l-phenylpropene 
were prepared as described previously.7 A sample of 2,2-dichloro- 
hexane was obtained from the reaction of 2-hexanone with PCI5;8 
the product was first purified by vacuum distillation through 
a glass helix column and then by preparative glpc. All other ma
terials were as described in previous studies. 1 ’2

Preparation of 1-Hexyne-f-d. A3 M ethereal solution (250 ml) 
of méthylmagnésium bromide (Arapahoe) was added dropwise 
with stirring to 30 g of 1-hexyne in 50 ml of ether, after which the 
mixture was refluxed for 3 hr. The mixture was cooled to 0°, 60 
ml of D2O was added, the mixture was stirred for 2 hr, and 100 
ml of 2.5 M  HC1 was added. An additional 100 ml of ether was 
added and the ether layer was separated, dried over anhydrous 
MgSO*, and concentrated by removal of ether through a Vigreux 
column. Spinning-band distillation of the concentrated ether 
fraction yielded 14 g of 1-hexyne-J-d, bp 70.5-71.0°, found by glpc 
to be 99.6% pure (0.4% ether) and by pmr to contain >98% deu
terium at C-I.

Addition to Phenylacetylene. Reaction mixtures containing 
0.8 M  phenylacetylene, 0.75 M  HC1, and 0.039 M  l-phenyl-2 -pro- 
panone (internal standard) were prepared with and without 
tétraméthylammonium chloride (TMAC) (0.2 M) in volumetric 
flasks as described previously and placed in a 25° thermostated 
bath. Samples (5 ml) were withdrawn at intervals and quenched 
by mixing with 25 ml of 10% aqueous NaCl and 10 ml of pentane. 
The aqueous fraction was washed with two 5-ml portions of pen
tane; the combined pentane fractions were washed with 10  ml of 
10% aqueous NaHCOa and dried over anhydrous K2CO3. The 
pentane fraction was concentrated by evaporation and analyzed 
by glpc on a 0.125-in. column packed with 20% SE-52 (first 4 ft) 
and 20% DEGS (last 8 ft) operated at 150° with a helium flow 
rate of 15 ml/min. Retention times in minutes follow: phenylac
etylene, 4; a-chlorostyrene, 9; acetophenone, 14.5; l-phenyl-2-pro- 
panone, 18. Initial rates and product compositions were deter
mined at 1-9% conversion. The two major products were isolated 
by preparative glpc from a sample of a reaction mixture without 
added TMAC at near complete reaction. The pmr spectrum of 
the major product was identical with that of authentic a-chlo- 
rostyrene, while the pmr spectrum of the minor product was iden
tical with that of authentic acetophenone. Calibrations with the 
internal standard accounted for 95-100% of the starting acetylene 
as product or recovered starting material.

Addition to 1-Hexyne. Reaction solutions were prepared and 
reaction samples were worked up in the same fashion as described 
previously1 -2 for addition to 3-hexyne; p-xylene was employed as 
an internal standard. Analysis by glpc was carried out on a 25 ft 
X 0.125 in. 10% XF1150 column operated at 100° and 13 ml/min 
of helium. Retention times in minutes follow: 1-hexyne, 6 ; (Z)-2- 
chloro-2-hexene and 2-chloro-l-hexene, 10; (E)-2-chloro-2-hexene, 
13; p-xylene, 23; 2,2-dichlorohexane, 27; 2 -hexanone, 29. Quan
titative measurements were made at 1-9% conversion (Figure 1).

Products were isolated by preparative glpc from runs at higher 
temperatures so that significant conversion could be obtained in 
reasonable time periods. Reaction o f 0.87 M  1-hexyne with HC1 
(0.82 M) in the presence of TMAC (0.42 M) at 50° for 6 days gave 
60% conversion of 1 -hexyne. Samples of 2 -chloro-l-hexene, (E)-2- 
chloro-2 -hexene, 2 ,2 -dichlorohexane, and 2 -hexanone were isolat
ed from the product mixture and their pmr spectra were mea
sured. The spectrum of 2 -hexanone proved to be identical with

Figure 1. Appearance of products as a function of time in the 
reaction of 1-hexyne (0.8 M ) with HC1 (0.75 M ) in the presence of 
TMAC (0.2 M) at 25.0° in HOAc: (A) 2 -chloro-l-hexene plus 
(Z)-2-chloro-2-hexene; (B) 2 -hexanone; (C) (E)-2-chloro-2-hexene; 
(D) 2,2-dichlorohexane. Solid lines represent the calculated 
values (see text).

that of an authentic sample. Pmr spectral data for 2-chloro-l- 
hexene in CCU exhibited a narrow multiplet (5 5.10, 2 H), a 
broad triplet (3, 2.35, 2 H, J  = 7 Hz), a multiplet (3 1 .2 - 1 .7, 4 H), 
and an unsymmetrical triplet (3 0.93, 3 H). In benzene the spectrum 
gave a doublet (3 5.05, 1  H, J  = 1 Hz), an approximate quartet (3
4.82, 1 H, J  = 1 Hz), a broad triplet (3 2.13, 2 H, J  = 7 Hz), a 
multiplet (3 1.0-1.6, 4 H), and another multiplet (3 0.77, 3 H). 
The pmr spectrum (CC14) of (E)-2-chloro-2-hexene consisted of a 
broad triplet (5 5.58, 1 H, J  = 2 Hz), a broad singlet overlapping 
a multiplet (3 2.05 and 2.0, 5 H), a sextet (3 1.43, 2 H, J  = 7 Hz), 
and an unsymmetrical triplet (3 0.93, 3 H, J  = 7 Hz). The pmr 
spectrum of 2,2-dichlorohexane showed a multiplet (3 2.18, 2 H), a 
singlet (3 2.13, 3 H), a multiplet (3 1.2-1.8, 4 H), and an unsym
metrical triplet (3 0.98, 3 H, J  -  7 Hz). A sample (30% of prod
uct) consisting of 95% (Z)-2-chloro-2-hexene and 5% 2 -chloro-l- 
hexene was isolated by glpc from a reaction of 0.8 M  1-hexyne 
with 0.8 M  HC1 at 125° for 4 days; the pmr spectrum of the major 
isomer exhibited a broad triplet (3 5.43, 1 H, J  = 7 Hz), a broad 
doublet (3 2.14, 2  H, J  — 7 Hz), a doublet (5 2.10, 3 H, J  = 1 Hz), 
a broad sextet (3 1.43, 2 H, J  =  7 Hz), and an unsymmetrical 
triplet (5 0.94, 3 H, J  = 7 Hz). For reactions carried to >50% con
version at 50°, calibration with internal standard showed that 
¿97% of the initial 1 -hexyne was accounted for as products or un
reacted starting material.

Addition to l-Hexyne-l-d. Reactions of 1-hexyne-1-d (0.8 M) 
with HC1 (0.75 M) in the presence and absence of TMAC (0.2 M) 
were conducted in ampoules at 50° for 2-3 weeks. The peak corre
sponding to 2 -chloro-l-hexene was isolated by preparative glpc 
and the pmr spectrum was determined in benzene as solvent. The 
relative amounts of syn and anti adduct were determined from 
the ratio of the peak areas for the resonances at 5.05 and 4.82 
ppm.

Addition to 2-Hexyne. Reaction of 2 -hexyne (0.9 M) with HC1 
(0.8 M ) in the presence of TMAC (0.4 M) in a sealed ampoule at 
50° was allowed to proceed for 6 days and then worked up. Analy
sis by glpc as described for addition to 1 -hexyne indicated ~75%
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Table IInitial Rates and Product Composition for the Reaction of Acetylenes (0.8 M ) with HC1 (0.75 M )  in Acetic Acid at 25 0 in the Absence and Presence of TMAC
Registry [TMAC], -Products (%)---------------»

no. Acetylene M 107 r } M  sec-i Chloride Ketone

536-74-3 P hC =C H 0 79 1 (92) 2 (8)
0.2 174 1 (88) 2 (12)

693-02-7 1-Hexyne 0 0.29 3 (35) 4 (65)
0.2 2 .2 3 (82) 4 (18)

917-92-0 ierf-Butylacetylene 0 0.094 8 (26) 9 (74)
0.2 0.48 8 (75) 9 (25)

928-49-4 3-Hexyne'1 0 0.87 (47)" 3-HOc (53)
0.21 16.7 (96) " 3 -H O  (4)

“ From ref 2; 0.81 M  3-hexyne, 0.78 M  HC1. " Zraras-3-Chloro-3-hexene. c 3-Hexanone; <1%  ci's-3-chloro-3-hexene formed.

conversion of 2-hexyne with a peak having a retention time iden
tical with that of 2-chloro-l-hexene accounting for 97% of the 
product. The pmr spectrum of material obtained by glpc purifica
tion of the major product peak was consistent with an equal mix
ture of (jE)-2-chloro- and (E)-3-chloro-2-hexene. Comparison with 
the spectrum of the 2-chloro-2-hexene obtained from reaction of
1-hexyne with HC1 at 125° (see above) gave rise to an nmr assign
ment for (F)-3-chloro-2-hexene having a broad quartet (5 5.48, 1 
H, J  = 7 Hz), a broad triplet (5 2.27, 2 H, J  = 7 Hz), a doublet (J 
= 7 Hz) of triplets (J = 1 Hz) (6 1.73, 3 H), a multiplet (5 1.46, 2 
H), and an unsymmetrical triplet (6 0.92, 3 H, J  = 7 Hz).

Addition to fert-Butylacetylene (3,3-Dimethyl-l-butyne). 
Reaction solutions were prepared and worked up as described for
1-hexyne but using chlorobenzene as internal standard. Analysis 
by glpc was carried out on a 25 ft X 0.125 in. 10% XF1150 column 
operated at 97° and 12 ml/min of helium. Retention times in 
minutes follow: tert-butylacetylene, 4; 2-chloro-3,3-dimethyl-l- 
butene, 6.5; pinacolone, 14; chlorobenzene, 27. Two unidentified 
minor products with retention times of 10 and 23 min were ob
served at less than 10% conversion and contributed about 2 and 
3.5%, respectively, of the total product. The two major products 
were isolated from a reaction of feri-butylacetylene (0.8 M) with 
HC1 (0.75 M) carried out in a sealed ampoule at 50° for 3 weeks. 
The pmr spectrum of glpc-purified product with 6.5-min retention 
time (2-chloro-3,3-dimethyl-l-butene) exhibited an AB multiplet 
at 5.09 ppm (2 H) and a singlet at 1.17 ppm (9 H). The pmr spec
trum of the product with 14-min retention time was identical 
with that of authentic pinacolone.

Addition to 1-Phenylpropyne. Reaction mixtures were pre
pared and worked up as described previously.1-2 Analysis by glpc 
was conducted on a 25 ft X 0.125 in. 20% XF1150 column oper
ated at 170° and 18 ml/min of helium. Retention times in min
utes follow; 1-phenylpropyne, 12.5; (F)-l-chloro-l-phenylpropene, 
17.5; (£)-2-chloro-l-phenylpropene, 20; (Z)-l-chloro-l -phenylpro- 
pene, 22.5; (Z)-2-chloro-l-phenyIpropene, 24.2; propiophenone, 39; 
(E)-l-acetoxy-l-phenylpropene, 45; (-Z)-l-acetoxy-l-phenylpro- 
pene, 51. To check for isomerization, a 0.85:1 mixture of (£,')- to 
(Z)-2-chloro-l-phenylpropene (0.06 M) was allowed to react in 
0.75 M  HC1 containing 0.34 M  TMAC for 28 hr at 50°; analysis by 
glpc showed that the ratio of isomers was unchanged.

Results
Phenylacetylene. The reaction of phenylacetylene with 

HC1 in HOAc at 25° was found to yield two products, a -
chlorostyrene (1) and acetophenone (2 ). Quantitative

P h C = C H HCl j PV P hC O C B j

2
HOAc ’  /cr

l
measurements at 1- 10% conversion showed that the prod
uct composition does not vary with time, indicating that 
secondary reactions of the initial products are unimpor
tant under these conditions. Initial rates and product 
compositions for reaction in the presence and absence of 
tétraméthylammonium chloride (TMAC) are given in 
Table I. The reaction yields primarily 1, but the presence 
of 0.2 M  TMAC, while causing a slightly greater than 
twofold increase in rate, results in a decrease in the ratio 
of 1 to 2 .

1-Hexyne. The reaction of 1-hexyne with HC1 in HOAc 
was studied in a similar manner. At low conversion only 
two main products were observed. These were isolated 
using preparative glpc and their structures were estab
lished as 2-chloro-l-hexene (3) and 2-hexanone (4) on the

0

3
basis of their pmr spectra. At longer reaction times two 
additional products were observed by glpc. Moreover, the 
pmr spectrum of the peak corresponding to 3 changed, 
showing that a third new product with identical glpc re
tention time with that of 3 was being formed. These three 
products are observable only after significant (> 1%) con
version of 1-hexyne to 3 has occurred and must, therefore, 
be secondary reaction products.

The structures of the secondary products were estab
lished using glpc-purified samples obtained from runs car
ried out to high conversion. One of the two glpc separable 
products proved identical in glpc retention time and pmr 
spectrum with authentic 2,2-dichlorohexane. The other 
had a pmr spectrum very similar to that of the secondary 
product having identical retention time with that of 3 ; 
both pmr spectra were consistent with the structure 2 - 
chloro-2 -hexene and these two secondary products are 
therefore assigned as the isomeric 2 -chloro-2-hexenes.

In order to confirm this assignment and establish the 
stereochemistry of the 2 -chloro-2-hexenes, 2-hexyne was 
treated with HC1 in HOAc containing TMAC. By analogy 
with the results obtained with 3-hexyne2 this reaction was 
expected to yield a mixture of (Z)-2 -chloro-2 -hexene (5 ) 
and (Z)-3-chloro-2-hexene (6). At 78% conversion three

product peaks were observed by glpc, one accounting for 
97% of the product and having a retention time identical 
with that of 3 and the unidentified 2-chloro-2-hexene iso
mer obtained from 1-hexyne. The pmr spectrum of the 
glpc-purified material showed that it was composed of es
sentially equal amounts of 5 and 6 . Thus, the 2-chloro-2- 
hexene obtained from 1-hexyne which has the same reten
tion time as 3 is 5 and the one with different retention time 
must be (£)-2-chloro-2-hexene (7).

A quantitative study of the 1-hexyne reaction in the 
presence of TMAC showed that, once formed, 3 reacts 
with HC1 to give the three secondary products in the ap
proximate amounts shown in eq 1 . Figure 1 shows the re
sults of glpc analysis of the reaction products at less than
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Table IIEffect of TMAC on the Hydrochlorination of 1-Phenylpropyne in Acetic Acid
--------1------------Product composition, % b--------------- -

[HC1], M  [CiHs], M  [TMAC], M  10= R ,a M  sec-i 10 11 12' 14

0 .7 5 0 .8 0 0 .209
0.0°
24 49 40 7 .5 4 .1

0 .1 0 0 .1 0 0
25.0°

1 .1 81 8 11 < 0 .3
0 .1 0 0 10 0 .0 8 0 2 .2 59 26 10 4 .2
0 .1 0 0 .1 0 0 .1 6 3 .2 51 34 8 6 .4
0 .1 0 0 .1 0 0 .5 0 5 .7 36 46 7 1 0 .6
0 .7 5 0 10 0 26 80 12 8 0 .3
0 .7 5 0 10 0 .063 34 62 24 11 < 3 .2
0 .7 5 0 10 0 .1 6 7 67 53 33 9 5 .5
0 .7 5 0 10 0 .5 0 94 39 45 8 8 .4
0 .7 5 0 10 1 .0 0 102 30 51 10 10
0 .7 5 0 .8 0 0 198 77 12 11 0.1
0 .7 5 0 80 0 .094 318 59 28 11 2 .2
0 .7 5 0 .8 0 0 .1 8 8 411 52 34 11 3 .4
0 .7 5 0 80 0 .2 0 9 470 51 35 10 3 .8

0 .7 5 0 80 0
50.0°

2 ,080 77 12 11 < 0 .3
0 .7 5 0 80 0 .2 0 9 5 ,580 53 33 10 3 .4

0 .7 5 0 .8 0 0
80.0°

23 ,400 74 13 13 < 0 .3

“ Average deviation less than ±5%. b In all cases, 13 constituted <0.3% of the products. c Includes small amounts of HOAc adducts; c f .  ref 1.
10% conversion. Also shown are the calculated amounts of 
products (solid lines) formed assuming that 1-hexyne

undergoes a pseudo-first-order reaction to give 3 and 4 as 
the initial products in a ratio of 83.5:16.5 and that 3 
undergoes a secondary reaction (eq 1) following pseudo- 
first-order kinetics at a rate equal to that of 1-hexyne. The 
reaction was simulated on a programmable electronic calculator to obtain the calculated product distribution as a 
function of time. The agreement between calculated and 
observed values shows that the assumptions concerning the primary product composition, and the rate and prod
ucts for secondary reaction of 3, are valid.

Values for the initial rate and the product composition 
for addition of HC1 to 1-hexyne in the presence and ab
sence of TMAC are given in Table I. The important fea
tures of these results are (1) in the absence of TMAC 
substantially more ketone than choride is formed; (2) TMAC causes a marked increase in reaction rate which is reflected primarily in increased chloride formation.

In order to establish the stereochemistry of addition to 
1-hexyne, the reaction of 1-hexyne-I-d with HC1 was studied. The syn and anti adducts have different pmr spectra

in benzene solution, the proton cis to the alkyl group 
being shifted to higher field and having a large coupling to the C-3 methylene group relative to the proton trans to the alkyl group.9-11 Reactions were run at 50°, rather than 
25°, so that reasonable amounts of product (25-50% con
version) could be obtained in a period of 2-3 weeks. The peak corresponding to 3 was isolated by preparative glpc and the stereochemistry was established from the relative 
areas of the two vinylic resonances in the pmr spectrum measured in benzene. For reaction'of 1-hexyne-Td (0.8 
M) with 0.75 M  HC1, the ratio of anti to syn adduct was

found to be 40:60, whereas in the same reaction conducted with 0.2 M  TMAC present the ratio was 90:10. These re
sults. establish that TMAC accelerates the reaction primarily by promoting the anti addition of HC1.ferf-Butylacetylene. A study of addition to terf-butyl- 
acetylene (3,3-dimethyl-l-butyne) showed that > 9 4 %  of the product at <10% conversion is 2-chloro-3,3-dimethyl-l- 
butene (8), identified by pmr, and pinacolone (9), identi-

C1
trpi |

i-BuC=CH f-Bu—  C=CH2 + i-BuCOCH3
HOAc

8 9
fied by comparison to an authentic sample. Initial rates 
and product ratios determined at <3% conversion are 
given in Table I. As with 1-hexyne, less chloride than ke
tone is formed in the absence of TMAC, and the presence of TMAC increases the amount of chloride formed with an 
accompanying increase in reaction rate.1-Phenylpropyne. The reaction of 1-phenylpropyne 
with HC1 in HOAc was studied at <10% conversion using methods described in an earlier report.1 The major prod
ucts in the absence of chloride salts include the HC1 ad
ducts (£)- and (Z)-l-chloro-l-phenylpropene, and propio- phenone as the secondary product formed from the HOAc 
adducts as initial products.1 The HC1 adducts from proton attack at C-l, (£)- and (Z)-2-chloro-l-phenylpropene, 
each account for <0.3% of the product in the absence of chloride salts. However, in the presence of TMAC, significant amounts of 14 (but not 13) are observed. In a control 
experiment, it was shown that 13 is stable to the reaction conditions so that 14 is not formed by secondary isomer
ization of 13.
PhC=CCH3 HCl

HOAc

Ph

S~\Cl Ph

11 12

Ph
w

'Cl
B

Ph Cl
W

14
The results of quantitative studies of the reaction under 

various conditions are given in Table II. The most impor-
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tant feature of the results is that the presence of TMAC 
in the reaction mixture leads to a marked increase in the 
amount of 11 formed and causes 14 to become an impor
tant reaction product.

Discussion
Addition to Phenylacetylene. The results obtained 

show that phenylacetylene reacts exclusively via the AdE2 
mechanism. The high ratio of chloride to ketone (12:1) is 
consistent with that expected from a collapse of a carbo- 
nium-chloride ion pair. The fact that 0.2 M  chloride salt

Ph— —  + HC1

increases the reaction rate by a factor of only 2 and does 
not increase the fraction of chloride formed (Table I) im
plicates the AdE2 process. In fact, the presence of 0.2 M  
chloride salt actually results in a decrease in the ratio of 
chloride to ketone to 7:1. A similar observation was made 
ir. the analogous reaction of styrene.3 Since capture by 
added nucleophile is a long-standing criterion for estab
lishing the presence of a carbonium ion intermediate, this 
seems, at first, a surprising observation. However, it must 
be remembered that the species formed in the present 
reaction is a tight ion pair and very probably collapses 
within the solvent cage without ever encountering exter
nal nucleophile. The effect of added salt in reducing the 
fraction of chloride formed can then be reasonably ex
plained as a medium effect which slightly weakens the 
ion-pair interaction and thereby increases capture by sol
vent.

Addition to 1-Hexyne. The results obtained with 1-hex- 
yne are quite different, and resemble those observed pre
viously with 3-hexyne (Table I) .2 Specifically, the low 
ratio (0.54) of chloride to ketone in the absence of chloride 
salt, the increase in this ratio with added chloride salt, 
and the nearly eightfold rate increase caused by 0.2 M  
TMAC are indicative of chloride ion catalysis and reac
tion primarily via competing Ad3 addition of HC1 and 
HOAc (eq 2). Yet, the stereochemical results indicate that

N: = Cl-orHOAc
a fraction of the reaction does occur via an AdE2 path 
(eq 3). So, at 50° in the absence of chloride salt 40% of

c r

the 2-chloro-l-hexene is formed by syn addition. Since the 
carbonium chloride ion pair favors collapse to syn adduct, 
the AdE2 mechanism is implicated. Assuming that a 
comparable fraction of syn adduct obtains at 25° and that 
no more than an equal amount of ketone derives from the 
AdE2 process, about 35% of the reaction at 0.8 M  HC1

could occur via the vinyl cation, with 15 and 50% occur
ring via Ad3 addition of HC1 and HOAc, respectively. On 
the same basis 95% of the reaction involves anti Ad3 addi
tion of HC1 when 0.2 M  TMAC is present.

A fairly complete product study was made with 1-hex- 
yne and the results illustrate the complexities that can 
arise as the result of secondary reactions of the initial 
products. Thus, 1-chloro-l-hexene is about as reactive as 
1-hexyne itself and gives rise to products consistent with 
an AdE2 reaction of 2-chloro-l-hexene with HC1 (eq 4). Rea
sonable yields of 2-chloro-l-alkenes are obtained from 1 -al- 
kynes only at high chloride ion concentration and when the 
reaction is stopped at 50-75% conversion of 1-alkyne.

+  HC1 — ►
Cl

Addition to feri-Butylethylene. Since it had been 
found previously that fer£-butylethylene reacts with HC1 
in HOAc via an AdE2 mechanism in which Wagner- 
Meerwein rearrangement accounts for ~40% of the prod
uct,3 it was of some interest to ascertain whether ter t-  
butylacetylene would react similarly. However, the sub
stantial effect of chloride salt upon the reaction rate and 
the ratio of chloride to ketone (Table I) show that reaction 
of iert-butylacetylene occurs primarily via competing Ad3 
addition of HC1 and HOAc rather than via the AdE2 
mechanism. This conclusion is consistent with the fact 
that little or no rearrangement accompanies the addition. 
This observation shows that Ad3 addition is favored, rela
tive to AdE2 addition, to a greater extent for alkynes than 
for the corresponding alkenes. It is clear, however, that 
£er£-butylacetylene can react via an AdE2 mechanism in
volving a cationic intermediate under other reaction con
ditions. Thus, Griesbaum and Rehman12 find for reaction 
of HC1 with ier£-butylacetylene in the absence of solvent 
that 30-60% of the product derives from an intermediate 
in which a methyl group has shifted from C-3 to C-2 .

Addition to 1-Phenylpropyne. At low HC1 concentra
tion and in the absence of chloride salt addition to 1- 
phenylpropyne occurs predominantly by the AdE2 mecha
nism, giving syn HC1 adduct as the major product (eq 
5). However, the fraction of anti HC1 addition increases

Ph— s = —  + HC1

+

Ph

Cl
8%

+
AcO

P h

Ph'
(5)

11%
markedly in the presence of chloride salt and a new prod
uct appears which arises from anti HC1 addition with pro
ton attack at C-l rather than C-2 . At >0.5 M  chloride salt 
these two products together account for over half of the 
total. In view of the fact that chloride salt does not in-
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crease the fraction of chloride formed in the reaction of 
phenylacetylene, where a vinyl cation of similar stability 
is formed, this observation with 1-phenylpropyne cannot 
plausibly be attributed to capture of an intermediate vinyl cation by the added chloride salt. These products 
logically derive from competing anti Ad3 reactions as shown in eq 6.

Ph—  = —  + HC1 +  o r

/  \
"Ph H er" Ph Cl"
W W

r/ ~ \L ci j _cr h  J
1 J

Ph Cl
w

\

The results with 1-phenylpropyne demonstrate an im
portant difference in the regiospecificity, as well as in stereospecificity, of the AdE2 and Ad3 additions. Thus, 
while addition v i a  the AdE2 mechanism occurs with pro
ton attack at C-2 occurring at least 300 times more rapid
ly than attack at C-l, the corresponding ratio for attack in 
the Ad3 mechanism is only about five.

Relative Reactivity in AdE2 Addition. From the results obtained in the absence of chloride salts and the 
foregoing analysis it is possible to assign relative rates for 
reaction v i a  the AdE2 mechanism. The results are sum
marized below, arrows indicating the position of proton 
attack. The value for 3-hexyne2 has been reduced by the

1 -0.05 <0JL

Ph— -  ph- -

20 800
statistical factor of 2. The relative rates vary by a factor of 
—104 and we see that substitution of alkyl by phenyl at 
the incipient cationic carbon results in a rate increase of 
between 400 and 800. This clearly reflects the ability of 
the phenyl group to stabilize the intermediate vinyl cation. Replacement of H by alkyl at the position of proton 
attack results in a rate decrease of between 20-fold and
40-fold. This effect is of the same magnitude as found for 
hydration of 1-phenylpropyne relative to phenylacetyl
ene13 and has been attributed to a larger change in C-C than in C-H bond energies as the hybridization of carbon 
varies from sp to sp2 upon formation of the vinyl cation.13

Relative Reactivity in Ad3 Addition. Using the initial 
rate data obtained in the presence of 0.2 M  chloride salt and the mechanistic assignments described above, relative 
rates were calculated for addition of HC1 v i a  the Ad3 mechanism. These are summarized as follows.

Scheme I

— C = C —  -I- HC1 =»=*=

HiCl

-C ssC -

HC1

=«=̂  products

HC1

— C + cr —
H— ClI
I

€ —

cr
products

The relative rates span a range of less than 102. We see 
that substitution of alkyl by phenyl at the site of chloride 
attachment results in a decrease in rate, in sharp contrast to the large increase found for AdE2 addition. This shows 
that the Ad3 transition state does not closely resemble a vinyl cation intermediate.

The Ad3 transition state does not appear to be strongly 
subject to steric effects. The observation that Ad3 addi
tion to 2-hexyne gives essentially equal amounts of anti 
HC1 adduct from attack at C-2 and at C-3 shows that n-Pr and Me exhibit no differentiating effect. The com
parison of 1-hexyne with tert-butylacetylene above shows 
that even the i-Bu group causes only a fivefold reduction in rate.

Comparing 1-hexyne and 3-hexyne we see that replacement of H by alkyl at the site of proton attack results in a 
modest rate increase for addition v i a  the Ad3 mechanism, 
the effect again being opposite to that found for AdE2 addition. This observation indicates that the transition state 
for Ad3 addition involves little rehybridization at the site of proton attack.

Reaction Mechanism. These differences in reactivity support the view that the AdE2 and Ad3 mechanism in
volve distinctly different transition states. The transition 
state for AdE2 addition must closely resemble the vinyl cation chloride ion pair intermediate. The transition state 
for Ad3 addition is described as having little cationic 
character and little rehybridization at the carbon attacked by the proton. These considerations are summarized in 
Scheme I.An acetylene-HCl molecular complex is formulated 
here as a common intermediate to obviate the implication of a termolecular collision in the Ad3 process. There is no 
direct evidence for involvement of such a complex and as
sociation of the reactants within a solvent cage would 
serve the same purpose. However, the description of the Ad3 transition state as a distorted acetylene-HCl complex associated with chloride ion accommodates the available 
structure-reactivity data.The same general scheme applies for reaction of olefins with HC1 in HOAc, and some qualitative comparisons of olefin and acetylene reactivity are possible. Both styrene3 
and phenylacetylene react exclusively v i a  the AdE2 mechanism with styrene being about threefold more reactive than phenylacetylene under similar conditions. Judging 
from the rates of syn HC1 addition, AdE2 addition to cyclohexene4’5 is about tenfold faster than AdE2 addition to3-hexyne.2 These differences are similar to those found for addition of trifluororoacetic acid addition to alkenes and 
alkynes.10’14 The anti Ad3 addition of HC1 occurs at about the same rate for cyclohexene and 3-hexyne, and is 
the dominant reaction in both cases. Reaction of t e r t -  
butylethylene occurs about fivefold more rapidly than 
that of iert-butylacetylene but the evidence indicates that an AdE2 mechanism operates for the olefin and an Ad3
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mechanism for the acetylene. This change in mechanism 
may arise from the somewhat greater reactivity of olefins 
than acetylenes via the AdE2 mechanism, possibly com
bined with a lower sensitivity to steric effects for Ad3 ad
dition to acetylenes relative to olefins. For both olefins 
and acetylenes the balance between AdE2 and Ad3 addi
tion appears to be delicate, so that changes in reactant 
structure or reaction conditions can lead to a shift from 
one mechanism to the other as the predominant pathway 
for reaction.
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The decomposition of re-butyl xanthate in water, pH <5, and in metanolic methanesulfonic acid gives re
butyl alcohol and CS2 by spontaneous elimination from xanthic acid. Similar observations were made on ethyl 
xanthate in water. At pH <0 the rate decreases because of the formation of unreactive protonated xanthic acid, 
and acid dissociation constants for both protonation equilibria are calculated. The decomposition of tert-butyl 
xanthate occurs with alkyl-oxygen fission and isobutylene is a major product. The reaction is much faster than 
that of re-butyl xanthate, and the rate is proportional to the concentration of ierf-butylxanthic acid up to 1 M  
HC1 or HCIO4, but at higher hydrogen ion concentrations protonation of tert-butylxanthic acid increases the 
rate. The activation parameters for reaction of re-butyl- and £ert-butylxanthic acid are, respectively, AH* = 16.3 
and 18.1 kcal mol-1, and AS* = -8.4 and 2 eu.

Monoalkyl xanthates and their derivatives are impor
tant in the cellulose industry and in mineral flotation.2 
The acid-catalyzed hydrolyses of ethyl xanthate have been 
examined by several workers,4 ’5 and at pH >2 the first- 
order rate constant was proportional to the concentration 
of ethylxanthic acid. It has been suggested that an ion- 
pair complex of a proton and an alkyl xanthate ion is the 
reactive species,6 but such an ion pair seems to be an im
probable reactive intermediate and alternative formula
tions of a unimolecular mechanism are

S

s ci A
ROCSH — ► RO S — >- ROH +  CS,

\ i 
\ /or H

S S
Il + II

ROCSH ^  RO— C— S'" — » ROH + CS,
I

H
I

Similar spontaneous unimolecular eliminations have 
been observed in decarboxylations7 and hydrolysis of 
phosphate ester monoanions.8 However, the evidence does 
not exclude the Aac 2 mechanism of ether hydrolysis.9

The rate of hydrolysis of ethylxanthic acid reaches a 
maximum at ca. 0.5 M  HC1 and then decreases. This be
havior was treated in terms of formation of a xanthic 
acid-hydronium ion association,5 but Iwasaki and Cooke 
detected a new species spectrophotometrically when the 
acid concentration was >0.5 M , and they suggested that 
this was the unreactive protonated xanthic acid.4b How
ever, similar rate maxima are very common in the acid 
hydrolysis of weakly basic substrates such as amides, and 
are explained, at least partially, in terms of decreasing 
water activity at acidities where the substrate is fully pro
tonated.10 Rate maxima are also observed in A2 hydroly
ses of some weakly basic substrates, such as aryl phos
phates8 and phosphonates.11 However, these reactions in
volve nucleophilic attack by water. In the hope of throw
ing more light on this problem, we used re-butyl and ter t-  
butyl xanthate, because the ease of formation of the ter t-  
butyl cation might introduce a new mechanism of hydrol
ysis,12 with a change in the dependence of rate upon acid
ity. A few experiments were also made with ethyl xan
thate.

Experimental Section
Materials. The potassium alkyl xanthates were prepared in 

the usual way by the reaction of CS2 with the alkoxide ion in the 
alcohol or CS2 as solvent.13 They were purified by precipitation 
from the alcohol or acetone by addition of Et20  followed by re- 
crystallization.
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Table IDecomposition of «-Butyl Xanthate in Aqueous Acids“
[HC1], M [HCIO,], M Obsd

c

Calcdc

0 .0 0 1 0 . 3 7 0.38
0 .0 0 2 0 . 7 5 0.74
0.005 1 . 6 6 1.67
0.01 2 . 7 9 2.90
0.02 4.38 4.59
0.05 6.92 7.02
0.1 9.02 8.60
0.2 10.6 9.66
0 .5 9.90 9.58
0.5 9.45* 9.58

0.5 9 .016 8.95
1.0 9.05 8.63
1.0 8.70* 8.63

1.00 7.71* 8.10
1.25 8.84* 8.52

1.25 7.33* 7.65
1.5 8.42* 8.33

1.5 6.13* 7.10
2.0 7.28 7.55
2.25 6.72* 7.05

2.25 4.91* 5.10
2.5 6.48* 6.55

2.5 4.39* 4.35
3.0 6.01* 5.55

3.05 3.63* 3.01
4.0 3.93 3.55

“ A t  25.0°. *Stopped-flow measurements. c Calculated
using k  =  0.11 sec-1 and Ffa =  2.9 X 10 - 2; and K J  =  14
in HC1 and 9 in HC104.

Table IIReaction of re-Butyl Xanthate in  Acidic Methanol“
10» [H + I, M 102 krp, s e c "1

0.82 4.90*
0.96 4.85*
4.8 4.74
9.6 5.00*

19.0 5.08

“ Followed at 301 nm at 25.0° in M eS03H-MeOH. * Mean 
o f two values. c Mean o f three values.

Methanesulfonic acid was purified by vacuum distillation, and 
freshly prepared solutions of it in dried MeOH were used.

Kinetics. The reaction was followed spectrophotometrically, 
usually at 25.0°, using a Gilford spectrophotometer for the slower 
reactions and a Durrum-Gibson stopped-flow spectrophotometer 
for the faster reactions, especially of teri-butyl xanthate. Under 
conditions in which the substrate is present as the xanthate ion 
the reaction was followed at 301 nm, but in acidic solution where 
the xanthic acid is present the reaction was followed at 270 nm. 
These wavelengths correspond to Xmax for xanthates and xanthic 
acids. Using the stopped-flow spectrophotometer we could observe 
the spectrum of re-butylxanthic acid formed by the rapid mixing 
of HC1 and the potassium xanthate and observed Xmax 270 nm (t 
4520) in 0.05 M  HC1 in agreement with data for ethylxanthic acid 
in water and in CHCI3.14

Ethyl and «-butyl xanthate are stable in neutral water, but 
teri-butyl xanthate slowly decomposes under these conditions 
and freshly made up solutions of it were always used.

The alkyl xanthate concentration was ca. 5 X 10" 5 M, and the 
first-order rate constants, k in reciprocal seconds, were calculat
ed using the integrated first-order rate equation.

For experiments using the Gilford spectrophotometer a small 
amount of xanthate solution was added to the reaction solution 
using a square Teflon plunger. For reactions in the stopped-flow 
spectrophotometer, the xanthate in water was mixed with an 
equal volume of acid. Heat of dilution of the acid is apparently 
not causing a problem because rate measurements in both the 
Gilford and stopped-flow spectrophotometers agreed.

Products. The decomposition of re-alkyl xanthates in dilute 
aqueous acid gives the alcohol and CS2.4’5 The reaction of re
butyl xanthate in methanol containing methanesulfonic acid also

gives CS2 (as shown by its absorbance at 206 nm). For the reac
tion of re-butyl xanthate in aqueous 0.05 M  HC1 we identified re
butyl alcohol as the reaction product by glc (Carbowax 600 14 ft 
X 0.125 in. on Chromosorb W 60/80), and found no evidence for 
butene formation; however, the reaction of tert-butyl xanthate 
gave only a small peak for tert-butyl alcohol, and a large peak for 
isobutylene.

Results and Discussion
Variation of Rate Constant with pH. Our results with 

ethyl xanthate agree with earlier work,4 -5 and re-butyl 
xanthate behaves very similarly; and the rate-acidity pro
file fits the following scheme.

ROCSU +  H+ =5̂ = ROCS2H products
Ka

Neglecting activity effects we obtain eq 1, which fits the 
data up to 0.5 M  hydrochloric acid (Figure 1 and Table I).

=  fc[H+]/(K a +  [H+D (1)
The values for up to 0.5 M  HC1 (Table I) were calculat

ed using k = 0.11 sec-1, and K a = 2.9 X 10- 2 (measured 
spectrophotometrically) .15

The relation between rate and pH is essentially the 
same for buffers and dilute HC1 (Figure 1), with no evi
dence for general acid catalysis.

For methanesulfonic acid in methanol in the concentra
tion range 1-20 X  10" 3 M  the first-order rate constant is 
independent of the acid concentration (Table II), suggest
ing that re-butylxanthic acid is much weaker in methanol 
than in water. The formation of CS2 in this reaction con
firms that the predominant mechanism of decomposition 
is a spontaneous elimination, because bimolecular attack 
would lead to ester exchange and would not be observed 
spectrophotometrically.

re-BuO-S,H +  MeOH ^  re-BuOH +  MeO-CS2H
t erf-Butyl xanthate is much more reactive than the re

alkyl xanthates, although for dilute acid the rate-pH pro
files are very similar (Figure 2). There are many examples

Figure 1. Variation of rate constant and absence of buffer cataly
sis for the hydrolysis of ethyl xanthate (circles) and re-butyl xan
thate (squares) at 25.0°. The line is drawn with unit slope: O, 0.1 
M  acetate; •, 0.2 M  acetate; 9 , 0.4 M  acetate; □, dilute HC1; ■, 
acetate buffer.
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Ho pH

Figure 2. Variation of rate constant with acidity for the decom
position of tert-butyl xanthate at 25.0°. The broken line has unit 
slope. The data represented by solid points were obtained on a 
stopped-flow spectrophotometer, those represented by open points 
on a Gilford spectrophotometer: HC1, circles; HCIO4, squares.

of ester hydrolyses in which a tert-alkyl compound is 
much more reactive than the corresponding n- or sec-alkyl 
compound because o f the ease of loss of tert-alkyl cat
ions.9 ’12  It is therefore tempting to suggest that tert-butyl 
xanthate reacts by an SnI mechanism

H+ slow
i-BuO-CSr ^  i-BuO-CS2H — *■ i-Bu+ +  OCS2H-  

and the xanthate monoanion should be a reasonably good 
leaving group, especially in water.

The reaction of tert-butylxanthic acid in dilute acid 
gives largely isobutene, demonstrating alkyl oxygen fission 
in the decomposition. Xanthate esters pyrolyze to olefins, 
by a reaction which is probably a cyclic elimination, 16 al
though with some carbocation character in the transition 
state.17  We could assume that the decomposition of tert- 
butylxanthic acid is similarly concerted with C -0  bond 
breaking assisted by proton loss. Alternatively, we could

Me2C— 0 
/  \

H,C C— SHA  /
H— S

O
\

H2C=CM e2 +  C— SH
/ I

HS

H,0 +  CS,
assume that an intimate ion pair is formed and then loses 
a proton either to the solvent or the counterion.18 Sneen

M e .C-0-CS2H [Me3C 0-CSzH] — *  Me2C =C H 2 +  CS, +  110

and his coworkers have discussed these types of elimina
tions (cf. ref 19).

Reactions in Moderately Concentrated Acid. The rate 
maximum in the decomposition of ethylxanthic acid has 
been explained in terms of protonation of ethylxanthic 
acid to give an unreactive species.4b Alternative explana
tions are not particularly attractive; for example, there is 
no obvious reason why small changes in water activity 
should be important, or why hydronium or chloride ions of 
HC1 should retard the reaction, because salt effects are 
small. Because it seemed probable that decomposition of 
tert-butylxanthic acid followed an Sn1-E1 mechanism, we 
examined this reaction under conditions in which a pro-

Figure 3. Relation between reaction rate and protonating power 
for hydrolysis of n-butyl xanthate in moderately concentrated 
acid. The points are calculated from the data in Table I and Fig
ure 2: HC1, circles; HCIO4, squares. The solid points use data ob
tained on the stopped-flow spectrometer.

tonated xanthic acid (II) should be present, because it 
should decompose with alkyl oxygen fission more readily 
than tert-butylxanthic acid.

f-BuO-CS2 ^  t-BuO-CS2H ===* i-BuOCS2H,

, 1 - ,  1"
i-Bu +  OCS2H t-Bu +  OCS2H2

(In formulating these reactions we do not specify the 
position of the protons and we do not know whether iso
butene is formed directly or from the te r t-butyl cation be
cause of the ease of interconversion of these species in 
strong acid.) The rate of decomposition of tert-butylxan- 
thic acid increases sharply with acid concentrations great
er than 0.5 M  (Figure 2 and Table IE), whereas that for 
n-butylxanthic acid decreases (Table I) as was found for 
ethylxanthic acid .4 ’5 The most economical explanation for 
the different kinetic forms is that the decrease o f the reac
tion rate of n-butylxanthic acid at hydrogen ion concen
trations above 0.5 M  is indeed due to protonation of the 
xanthic acid.

In this context we note that the rate decrease for n- 
butylxanthic acid at high acid concentrations is greater 
for perchloric than for hydrochloric acid (Table I) in ac
cord with the greater protonating power o f the former as 
shown by indicator measurements.20

For the decomposition of tert-butylxanthic acid at rela
tively high concentrations of perchloric or hydrochloric 
acid the situation is opposite to that observed with n- 
butylxanthic acid because the reaction rate in perchloric 
acid is faster than that in hydrochloric acid (Table HI). 
This is in the expected direction in terms of protonating 
power of the acids,20 and in addition it seems that per
chloric acid is a more effective catalyst than hydrochloric 
acid for reactions in which carbocations are generated, 
probably because of favorable interactions between the 
carbocation and perchlorate ion .2 1 However, the rates of 
decomposition of tert-butylxanthic acid are similar in 
media of the same protonating power as measured by 
-H o -20Quantitative Treatment of the Inhibition by Strong Acid. We assume that protonated n-butylxanthic acid 
cannot readily eliminate CS2, and if protonation of the 
xanthic acid follows Hammett’s acidity function20 we ob
tain eq 2 , where K a' is the acid dissociation constant for
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Table IIIDecomposition of ferf-Butyl Xanthate in Aqueous Acid“
Table VKinetic Salt Effects upon the Decomposition of ferf-Butyl Xanthate“

[H+], M HCl h c io 4 [NaCI], M [NaClOfi, At 0.001 M  HCl 0.1 M  HCl
0.05 0.85 1.94 9 .8
0.10 0.98 0.10 1.90 9 .4 4
0.50 1.08 1.03 0.20 1.60 1 0 . 1
1.00 1.12 1.14 0 .2 0 1.89
1.25 1.23 1.20 0.40 1.57 8.90
1.50 1.17 1.19 0.40 1.40
2.25 1.44 1.53 0.60 1.65
2.50 1.56 1.82 0.80 1.79
3.00 2.16 0.80 1.52
3.05 3.03 0.98 2.09
3.05 3.44 0.98 1.45

“ Values of at 25.0°, in reciprocal seconds. “ Values of 10 k j ,, at 25.0°, in reciprocal seconds.

Table IV Table VIKinetic Salt Effects on the Decomposition of Temperature Effects“re-Butyl Xanthate“
[NaClO.], M 0.001 M  HCl 0.1 M  HCl Temp, °C n-Bu £-Btl

3.69 90.2 9 .4 3.19
0.05 3.16 14.7 0.13
0.08 2.70 14.7 3 .146
0.10 2.49 75.5 16.7 4 2 .66
0.20 2.51 75.5 20.0 0.22

20.0 5 .626
“ Values o f 103k j, at 25.0°, in reciprocal seconds. 25.0 0.37 21.3

25.0 9.026 9 8 .56
protonated n-butylxanthic acid and k is the first-order 29.3 0.59
rate constant for decomposition of ra-butylxanthic acid.22 29.3 12.9*

1 1 hç, 31.9 2106
kt ~  k +  k K / (2) “ Values of 102 k p ,  in reciprocal seconds, in 10- 3 M  HCl

Equation 2 is followed reasonably well except that plots of unless specified. * In 0.1 M  HCl.

k/ky against ho curve at high acid concentrations (Figure
3). From these plots we calculate k =  0.1 sec-1  and K a' = 
14 for reaction in HC1 and 9 in HCIO4. (The results for 
ethylxanthic acid5 car. be fitted to K a' 10, although 
they are too few to test the treatment.) The difference be
tween the values of K a' in the two acids is not at all unrea
sonable because there is no reason why the protonation of 
an alkylxanthic acid should exactly follow he, and there 
could be kinetic salt effects of the acids. These values are

Table VIIActivation Parameters“
[HCl], M

-Alkyl group—
n-Bu i-Bu

10
0.1

17.7 (3.5)
16.3 ( - 8 .4 )

19.8 (18) 
18.1 (2)

0 Values of A H *  are in kilocalories per mole; the values of 
AS* in entropy units are in parentheses.

slightly larger than that of 7.68 calculated at 20° using 
“ hydrogen ion activity.” 4 The value of k = 0.1 sec-1  
agrees with the value of 0.11 sec-1  obtained from results 
at higher pH (Table I).

Kinetic Salt Effects. Kinetic salt effects are small. The 
decomposition of n -butyl xanthate is retarded by added 
sodium perchlorate (Table IV), and the retardation at pH 
3 can be explained at least in part by increased acid dis
sociation of rc-butylxanthic acid; this explanation is con
sistent with the smaller salt effect at pH 1. At pH 3 the 
decomposition of tert-butyl xanthate is inhibited by sodi
um chloride, although for sodium perchlorate we observed 
a rate minimum (Table V). These observations are consis
tent with the assumption that here the net effect is that 
of increased acid dissociation of tert-but.ylxanthic acid, 
and stabilization of a cationoid transition state, especially 
by perchlorate ion.21 Transition-state stabilization would 
become relatively more important with decreasing pH.

Activation Parameters. Values of entropies of activa
tion are useful mechanistic criteria for acid-catalyzed hy
drolysis, and generally activation entropies are zero or 
positive for Al hydrolyses of weakly basic substrates and 
20-30 eu more negative for A2 hydrolyses.23

The rate constants for decomposition of n- and ter t-  
butyl xanthates at various temperatures are given in 
Table VI. For reactions in 10~ 3 M  HC1 where the xan
thate ion is the predominant species the entropies of acti-

vation (Table VH) are calculated from the second-order 
rate constants, but in 0.1 M  HC1 the xanthic acid is the 
predominant species and the entropies are then calculated 
from the observed first-order rate constants. (To this ex
tent the two sets of data are not directly comparable.) Al
though the mechanistic test based on entropies of activa
tion is generally applied to acid-catalyzed hydrolyses, the 
values which we observe are reasonable for reactions 
which involve spontaneous heterolysis.23 The values of 
AS* are more positive for reactions of tert-butyl xanthate, 
which is understandable because the transition state for 
decomposition of n-butylxanthic acid could have a struc
ture close to that of the dipolar species (I), and should 
therefore be more strongly hydrated than the transition 
state for decomposition of tert-butylxanthic acid, which 
should be similar to a carbocation-anion pair. The enthal
pies of activation are slightly larger for tert-butyl than for 
n-butyl xanthate, as expected if decomposition of the lat
ter involves loss of a carbocation. The values of AS* are 
more positive for reaction in 10” 3 M  than in 0.1 M  HC1 
for both esters, and this difference should be related to 
the entropy of protonation of the alkyl xanthate ions, and 
therefore be relatively independent of the nature of the 
alkyl group.

Registry No.—rc-Butyl xanthate, 110-50-9; tert-butyl xanthate, 
21807-44-3.
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Imidazoles and several related structures with a -X —Y = Z - system have been found to be excellent catalysts 
for phosgénation of lauric acid to lauroyl chloride. In contrast to carboxamide catalysts, imidazole can be recycled 
from batch to batch without appreciable loss of catalytic activity.

Over the past several decades the catalyzed phosgéna
tion of carboxylic acids has become a prime preparative 
method (eq 1). Tertiary amines,2 and more recently car-

-ÿ*® catalyst s fQ  I  I
RCtT + C0C12 --------*- RC; + C02l +  HC1I (1)\  4 A \  ’

OH Cl
boxamides,3 have been used as catalysts for this phosgé
nation reaction. Both catalyst types, however, have re
strictions which limit their large-scale application. Catal
ysis by tertiary amines2 usually requires a reaction tem
perature in excess of 120°. Yields are variable, depending 
upon amine and type of carboxylic acid. Catalysis by car
boxamides3 normally provides high yields at reaction tem
peratures below 100°. Once the substrate acid has been 
consumed, however, the carboxamide-derived catalyst de
composes to nonactive tar. The tar can foul equipment4 
and has no catalytic value upon recycle to subsequent 
reactions.

An ideal phosgénation catalyst should provide acid 
chlorides in high yield from an assortment of carboxylic 
acids at moderate reaction temperature and short resi
dence time. Moreover, it should maintain its activity 
upon recycle with reaction residues from one batch reac
tion to another. We have found a number of catalysts 
which fit this description.

Results and Discussion
A large number of compounds have been tested as cata

lysts for the phosgénation of lauric acid to lauroyl chlo
ride. The results of a number of these experiments are re
corded in Table I. The catalysts in group A are five-mem-

bered heterocyclic compounds containing nitrogen, oxy
gen, or sulfur atoms adjacent to a carbon-nitrogen double 
bond. Most of these materials are excellent phosgenation 
catalysts, providing yields of lauroyl chloride in excess of 
90% at reaction temperatures of less than 100°. Group B 
catalysts are six-membered heterocyclic compounds con
taining nitrogen, oxygen, or sulfur atoms adjacent to car
bon-nitrogen unsaturation. Of those selected, the six- 
membered heterocyclics were less effective catalysts than 
the five-membered species. Group C is composed of com
pounds containing carbon-nitrogen unsaturation. The ef
fectiveness of these materials for conversion of lauric acid 
to lauroyl chloride varies from excellent to essentially nil. 
This effectiveness is seen with the series of Schiff bases, 
isobutylidene-n-butylamine, N-benzylidenemethylamine, 
and Af-benzylideneaniline, wherein the yield of lauroyl 
chloride varies inversely with aromatic substitution on the 
carbon-nitrogen double bond. Group D consists of isocy
anates and compounds of carbon-carbon unsaturation, n- 
Butyl isocyanate provided an excellent yield of lauroyl 
chloride, whereas the aromatic specie did not. Carbon- 
carbon unsaturation provided poor conversion to lauroyl 
chloride, except for the enamine, l-dimethylamino-2 - 
methylpropene.

Carbon-nitrogen unsaturation, and in one case nitro
gen-nitrogen unsaturation, is present in each compound 
in Table I which showed high catalytic activity. Usually, 
this unsaturation is adjacent to an atom possessing an 
available pair of electrons, the combination of which form 
the structure -X—Y =Z-. This XYZ structure is appar
ently responsible for the observed catalytic activity. Using
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Table I
Phosgénation of Laurie Acid to Lauroyl Chloride“

Phosgene
consumed,

Registry no. Cataiyst Temp, °C mol % b Yield, %*

Group A
l-Butyl-4- (or 5-)m ethyl-l,2,3-triazole 66-91 100 96.6

143-07-7 2-Benzothiazole 88-95 103 96.4
112-16-3 Imidazole^ 90-99 102 94.5
26588-27-2 2,5-Dimethyl-l,3,4-oxadiazole 82-100 97 93.8
95-16-9 1,2-Dimethylimidazole 90-105 99 93.0e
288-32-4 2-Methylimidazole 90-98 96 90.9
13148-65-7 2-Methylimidazole hydrochloride 93-98 75 69.8
1739-84-0 2-n-Butylimidazole 84-94 97 90.0
693-98-1 3,5-Dimethylpyrazole 90-98 93 88.5
36443-78-4 3,5-Dimethylisoxazole 93-103 90 82.9
50790-93-7 2-Thiazoline-2-thiol 94-106 86 77.4

67-51-6
Group B

1,5-Diazobicyclo [5.4.0 ]undec-5-ene 73-105 102 96.0
300-87-8 1,3,5-Triethyltriazine 93-90 103 94.5
96-53-7 Quinoxaline 91-100 92 88.9
6674-22-2 Phenazine 73-94 95 88.2
1009-74-1 Pyridazine 84-100 76 67.1
91-19-0 Pyrimidine 90-100 56 50.9

92-82-0
Group C

Isobutylidene-n-butylamine 66-94 100 93.0
289-80-5 Bieyclohexylcarbodiimide 78-99 97 95.5
289-95-2 iV-Benzylidenemethylamine 88-102 70 61.8
6898-75-5 Acetone oxime 87-92 64 57.4
538-75-0 IV-Benzylideneamline 90-126 <10 d

622-29-7
Group D

n-Butyl isocyanate 98-100 103 97.8
127-06-0 1-D imethylamino-2-propene 88-101 101 94.5
111-36-4 Toluene diisocyanate 85-100 66 70.6
2155-94-4 Tetravinylsilane 97-106 50 46.2
1321-38-6 Isobutyl vinyl ether 81-123 <10 d
1112-55-6 1-Hexyne 90-109 <10 d

° Unless otherwise specified 2.0 mol % catalyst based on acid was used. 6 Calculated from averaged flowmeter readings, and 
presented as mole per cent based on acid. e Yields based on lauric acid and 100% conversion of acid to acid chloride. Products 
distilled directly from completed reaction mixture was generally 99.0-100.5% pure as measured by Mohr (inorganic) chloride 
analysis. d Observed very sluggish reaction. Product not isolated. e A  flocculant precipitate, apparently a complex of catalyst 
and acid chloride, was observed in the distilled product. '  Used 0.5 mol % catalyst based on acid.

CH=CH I
HN<T ^ N :  +  Cl— C— Cl

0 “
CH= C H  I 

H N -^  > N +— C— Cl
-CH'

-Cl

CH=CH \
HN (T ^ :N — C— Cl

hc;
OH

cr SCH

0
VCH=CH ^

HN+< , > :N — C— Cl
=CH

Cl H— Ô— C— R
^  II

0
0  0

CH=CH + I ||
HN: ^ N : +  HCl I +  R— C— 0 — C— Cl

'CH5 II

R iT  +  C02 
^C1

imidazole as the model, the depicted mechanism can be 
written for the catalyzed phosgenation of carboxylic acids 
to acid chlorides.

This mechanism shows the catalyst as the activator for 
phosgene in its reaction with carboxylic acid. Imidazole 
and phosgene yield reactive specie I, which reacts with 
carboxylic acid to yield acyl chloroformate (II), hydrogen 
chloride, and catalyst. Acyl chloroformate (II) decomposes 
at reaction temperature to yield acid chloride and carbon 
dioxide. Whether the catalyst is complexed with hydrogen 
chloride is a moot point. As seen in Table I, phosgenation 
in the presence of 2-methylimidazole is significantly more 
complete than in the presence of the preformed hydro
chloride salt (2-methylimidazole hydrochloride). This 
data implies that catalyst is not complexed with hydrogen 
chloride.

The decomposition of the acyl chloroformate is perhaps 
the rate-determining step. Carbon dioxide is evolved from 
the reaction mixture at 90-100° following cessation of 
phosgene feed and hydrogen chloride evolution (see Ex
perimental Section). This evolution indicates the decom
position of an intermediate after the last point at which 
hydrogen chloride is evolved. This phenomenon was ob
served with acids of acidities different from that of lauric 
acid, for instance benzoic and chloroacetic acids.5

For Schiff bases, the ease with which phosgene reacts 
with nitrogen of the carbon-nitrogen unsaturation, and 
subsequently the yield of acid chloride, should depend
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upon the ability of the adjacent groups to stabilize the re
sulting quaternary charge. The all-aliphatic, the ali
phatic-aromatic, and the all-aromatic structures (see 
Table I) provided respective yields of lauroyl chloride of
93.0, 61.8, and <10%. This order of catalytic activity is in 
keeping with capacity to stabilize the quaternary charge, 
although steric factors associated with the aromatic 
groups may also contribute to decreasing activity within 
the series.Recycle of Reaction Residues. A significant failure of 
carboxamide catalysts is the loss of activity once the sub
strate acid has been consumed.4 Imidazole, and many of 
the other catalysts listed in Table I, retain their activity 
upon consumption of acid. The reaction residues remain
ing after product distillation can be recycled as useful cat
alyst for subsequent phosgénations. Data illustrating recy
cle experiments using imidazole as catalyst and lauric 
acid as substrate are shown in Table II.

Imidazole, in 0.5 mol % concentration based on acid, 
was used as catalyst in experiment 1 . Upon complete 
reaction (see Experimental Section), the acid chloride 
product was removed by distillation under vacuum, and 
fresh lauric acid was added to the distillation residue. The 
phosgénation was repeated and the lauroyl chloride was 
collected as before. The process was repeated a third 
time. Although catalyst was added only to the initial 
charge, no difference in rate of reaction or yield and pu
rity of lauroyl chloride was observed throughout the recy
cle series.

Experimental Section
Typical Phosgénation Experiment. A 500-ml, round-bottomed 

flask is fitted with a ‘paddle stirrer, a gas inlet tube, a thermo
well, and a Dry Ice-acetone deflamator (Dry Ice condenser). The 
flask and fittings are arranged so that gaseous phosgene could be 
fed below the surface of the stirred, reacting medium, and that 
phosgene escaping from the hot medium could be condensed on 
the Dry Ice-acetone deflamator and returned directly to the me
dium as a liquid. The deflamator is connected to two Dry Ice- 
acetone traps in series, the traps are connected to a water scrub
ber, and the scrubber is open to the atmosphere within the con
fines of a fume hood. (Caution! Phosgene is not sufficiently irri
tating at time of exposure to give warning of lethal amounts.) As 
by-products, hydrogen chloride and carbon dioxide are evolved 
from the reaction medium; they pass up through the deflamator, 
through the Dry Ice-acetone trap, and into the top of the water 
scrubber. In the scrubber, the gases react with a steady stream of 
water and pass down through a long glass column (4 ft) packed 
with glass beads. If the rate of phosgénation is too rapid, i.e., an 

1 excessive reaction temperature, etc., phosgene entrained in the 
by-product gases will not be adequately condensed by the deflam
ator and began to appear in the Dry Ice-acetone trap. To this 
end, the incorporation of these traps in the off-gas system helps to 
establish facile reaction conditions.

The flask is charged with lauric acid (200 g, 1.0 mol) and cata-

Table IIPreparation of Lauroyl Chloride via Recycle of Imidazole Catalyst in Reaction Residues®
Phosgene

Expt.
no.

Catalyst
added&

Temp,
°C

Time,
hr

consumed, 
mole % c

Yield,
% d

i 0.5 89-98 5.0 101 93.4
2 0.0 88-100 5.0 97 93.8
3 0.0 84-97 5.0 99 92.9

93.4e

® Lauric acid (1.0 mol) phosgenated neat with 0.5 mol % 
imidazole catalyst in expt 1. In each succeeding experiment,
1.0 mol of acid was added to distillation residue o f the pre
vious reaction. b Mole per cent imidazole added during reac
tion, as based on 1.0 mol of acid added wth each experiment. 
e Calculated from averaged flowmeter readings, and pre
sented as mole per cent based on acid. d Calculations based 
upon lauric acid and 100% conversion of acid to acid chlo
ride. Products distilled directly from completed reaction 
mixture were o f 99.4-100.0% pure as measured by Mohr 
(inorganic) chloride analysis. c Presented as overall yield.

lyst (2.0 mol %, based on acid), and the mixture is heated with 
stirring to 90°. The stirred mixture is maintained at 90° for 1 hr, 
at which time gaseous phosgene (cylinder) is added below the 
surface of the liquid at a rate necessary to maintain a gentle 
phosgene reflux from the deflamator. Phosgene addition is regu
lated and calculated via a tubular flowmeter. Reaction is contin
ued, generally within the range of 80-100°, until hydrogen chlo
ride ceases to be evolved (cessation of heat generation at top of 
water scrubber). Phosgene feed is stopped and the reaction is held 
at 85-95° with gentle phosgene reflux from the deflamator until 
evolution of carbon dioxide ceases (30-60 min, as evidenced by 
cessation of gas at base of scrubber column). Occasionally, addi
tional phosgene is required during this period to maintain phos
gene reflux and to complete the reaction.

Following complete reaction, the deflamator is replaced by a 
10-in. glass helix packed distillation column fitted with a total re
flux head, and dissolved phosgene is removed from the stirred 
reaction product by sparging at 90° with dry nitrogen for 2 hr. 
The product is distilled at 10 mm as a single fraction.

The product is analyzed for contained chlorine via the Mohr 
(inorganic) chloride analysis (titration of chloride ion with silver 
nitrate solution).

Registry No.—COCl2, 75-44-5.
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The position of the tautomeric keto-enol equilibrium in aqueous solution was studied for the compounds 
CH3COCHRCO2C2H5 (R = H, CH3, C2H5, n-C.3H7, n-C4H9, ¿-C3H7, S-C4H9) by the T-jump relaxation tech
nique under alkaline conditions of catalysis: EH + OH ^  E~ + H20^±CH + OH~. The kinetics is character
ized by two relaxation times, one in the microsecond range, corresponding to the enol reactivity, and the other 
in the millisecond range, corresponding to the ketone reactivity. In all cases, the slow relaxation time has been 
measured. Only for R = H and a substituted compound presenting a similar enol structure (ethyl 2-hydroxycy- 
clohexenecarboxylate) is there a sufficiently high enol content to allow the measurement of the fast relaxation 
time. Results show that the alkyl substituent effect on the enol content and the ketone acidity and deprotona
tion rate is large. The a-alkyl substituent effect on the enol form is often explained as being steric in nature. Al
though we do not completely reject this hypothesis, we present a number of arguments in favor of an electronic 
effect on the keto form.

Our knowledge of the keto-enol interconversion in aque
ous media of <3-keto esters bearing alkyl groups in the a  
position is particularly limited. These compounds 
(CH3COCHRCO2C2H5 series), which exist in both keto 
and enol forms, are weak acids dissociating according to 
the following scheme.

Ketone (CH) +  H20  =5=̂  Enolate (E ) +  H30+ K CH — k jk 2 
k2

(1)
*3

Enol (EH) +  H20  Enolate (E~) + H30+ K m = k3/k t
kj,

The overall change may be represented as follows.
K T [EH]

Ketone -* Enol ~  Kch/^ eh (2)

The equilibrium constant (K T = 0.0039 at 20 ±  1°) for 
the first member of the series, R = H, was measured by 
Schwarzenbach and Felder.2 In this case the keto-enol 
equilibrium strongly favors the keto form. By an indirect 
method these authors determined the acidity constants of 
this same compound at 20 ±  1°: pKCH = 10.49 and 
= 8.09. Their method, generally applicable to /3-dicarbon- 
yl compounds, allows a calculation of KEH and KCH from 
the overall acidity (K g = [E'][H3 0 +]/[EH] + [CH]) and 
the enol content, according to the following equations.

K ck =  K g( l  +  K t )  =  Kg (for K r «  1) (3)
Ke„ = Kg(l +  1/KT) (4)

Rumpf and Reynaud,3 identifying the overall acidity 
with that of the keto form, determined the K ch acidity 
constants at ambient temperature for R = H, CH3, C2H5, 
and n-C4H9. These values are given in the last column of 
Table I. They demonstrate an attenuation of the degree of 
ionization of the keto form as the chain length of R in
creases. Owing to experimental difficulties the authors 
were unable to measure the acidity constants for secon
dary R groups.

From the reactivity of enol toward bromine, Eidinoff4 as 
well as Pearson and Mills5 has measured k 3 fob R = H 
and C2H5 (1.2 X 10' 3 and 7.5 x 10-6  sec 4, respectively). 
From determination of X CH, these authors were able to 
calculate k2 (5.8 x 107 and 3.8 X 107 Af' 1 sec“ 1, respec
tively) . These results show that the k2 constant is not sen
sitive to the structural effect produced by replacing H by 
C2H5. On the other hand, the ionization constant (fci) is 
considerably diminished by the same structural change.

Apart from their structures, the keto form belongs to 
the class of CH acids while the enol form belongs to that 
of acids possessing an intramolecular hydrogen bond. 
From observation of acid reactivity toward bases, Eigen6 
has shown that it is possible to classify the former either 
in terms of the two classes cited above or as normal acids. 
We may represent the acid-base transformation as fol
lows.

k,
AH +  B =5=*= A-  +  BH+ (5)

K

When the equilibrium lies far to the right, it is possible 
to use the k ( value to classify acids according to these 
three categories (Figure 1). The order of magnitude of k f 
for normal acids is 1010 M r 1 se c '1. This corresponds to 
the diffusion limit. For acids with an internal hydrogen 
bond, the ionization reaction is rendered more difficult by 
the fact that the proton is bound up in this bond. A mea
surement of k f constitutes a kinetic means of evaluating 
the strength of the internal hydrogen bond. In certain 
cases (e .g ., the presence of electron-attracting groups in 
the vicinity of the acidic hydrogen) the reactivity of CH 
acids extends into the range of rapid reactions, but does 
not reach the diffusion limit. There are relatively few ki
netic studies of CH acids by fast kinetics methods. How
ever, this area is of great importance since it concerns 
carbanion formation, vital to organic synthesis.

A complete kinetic study of the keto-enol interconver
sion of /3-dicarbonyls would be very difficult using classi
cal methods but becomes possible using the fast kinetics 
methods (Figure 1); and this can be a good indirect meth
od to derive in turn the K T values not easily attainable by 
direct measurements. Such a study will be carried out on 
a series of /3 keto esters CH3COCHRCO2C2H5 (where R = 
alkyl) so as to specify the influence of the alkyl groups on 
the degree of enolization in aqueous media, and to discuss 
the thermodynamic stabilities of the tautomeric forms.

Experimental Section
Solvent and Reagents. Rate and equilibrium constants have 

been determined in doubly distilled water. The salts used to ad
just the ionic strength, NaBr and NaC104, were recrystallized, 
dried, and stored in a desiccator. The /3-keto esters were purified 
by glpc (DEGS and XF 1150 columns) at very low injection tem
peratures, in order to avoid any decomposition. The final purity 
was checked by the same method and in every case was better 
than 99.5%.

Rate Constant Measurement. The stock solutions were pre-
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Table IRate Constants for the Acid-Base Equilibrium of the Keto Form CH3COCHRCO2C2H5. Ketone Acidity
Init concn, 

M~l pH
T32, ^ 3 2 » M  1 k 23>

sec ~1 sec sec -1 PKCH

I. c h 3c o c h 2c o 2c 2h 5
12.01 87.5
12.02 80
11.92 67
11.82 64

~ 4  X 11.57 29.5
1 0 11.53 33.5 6 .7  X 3 .0 10.65“

11.36 18 103 10.49»
11.36 16 10.68'
11.33 16 10.81*
10.52 5.5 10.90'
10.00 4 10.64'

II. CH3C 0C H (C H 3)C 0 2C2H5
12.92 12.8
12.83 10.5

^ 1 .4 12.72 9.1
X 12.58 6.25 1.07 X 1.8 12.25“
1 0 - 4 12.52 5 .6  102 12.59'

12.26 4.2 12.42/
11.96 3.0

III. CH3C 0C H (C 2H5)C 0 2C2H 5
13.06 11.1
12.97 9.5
12.90 8.35
12.78 5.9
12.74 7.1

^ 1 .3 12.70 4.65 6 .4  X 1.9 12.50“
X 12.53 4 .3  101 12.93'
10 12.27 3.5 12.87/

12.16 2.2 13.01/
12 .74»

IV. CHjCOCH (n-C3H7) C 0 2C2H5
12.84 6.30
12.81 5.90
12.75 5.55

~ 2 .4 12.68 4.00
X 12.56 3.30 5 .3  X 1.3 12.40“

1 0 - i 12.42 2.40 101 12.98'
12.31 2.30
12.24 2.20
12.07 2.00

V. CH3C 0CH (n-C 4H 9)C 0 2C2H6
12.94 4.50
12.85 3.45

~ 2  .2 12.72 3.20
X 12.65 2.90 3.1 X 1.45 12.70“
1 0 - 4 12.50 2.60 101 13.04'

12.25 2.20 13.20/
12.09 2.05

VI. CH3COCH(f-C3H ,)C 02C2H 6
13.08 12.3
12.84 9.35

~ 1 .7 12.71 9.8
X 12.58 9.1
IO“ 3 12.40 7.15 2 .2  X 8 13.5“

12.23 8 .0  101 13.24»
12.06 8.35 >15/

VII. CH3COCH (sec-CJHs) C 0 2C2H 6
12.90 4.35

~ 1 .6 12.72 3.60
X 12.50 3.10 1.95 X 2 .7 13.1“
10 “ 3 12.39 3.20 101 13.31'

12.16 3.30
“ Our values. b See ref 2. c See ref 4. d W . Walisch and

H. A. Ruppersberg, Chem. Ber., 92, 2622 (1959). 'These 
values have been calculated from the equation p-Kch = 
12.59 — 3.44 <r*; see re fl7 . t  See ref 3.« See ref 5.

pared by injecting, with a microsyringe, a small quantity of pure 
d-keto ester in an aqueous solution. The ionic strength was ad
justed by using NaCICh; 100 ml of each stock solution was pre
pared in a graduated flask in order to perform five to six kinetic 
runs.

CH acids intramolecular H 
bonded acids normal acids

k, IM'

__________J*L
classical ,
m e t h o d s  i

f a s t  k i n e t i c  m e t h o d s

J

Figure 1. Types of acids according to their rates of ionization, kt 
(OH as base).

0

TIME
Figure 2. Slow relaxation time (compound IH): A, scope 50 x 
10~3 V and 0.2 sec, pH 12.27; B, scope 20 X 10 3 V and 0.2 sec, 
pH 12.70.

For each kinetic run the pH was adjusted to the desired value 
by injecting with a microsyringe a predetermined amount of a 1 
N  alkali solution. The pH was measured with a Beckman Re
search type pH meter at 25°. The alkaline glass electrode used 
operates in the range 0-14 without correction. All solutions were 
0.1 M  in NaClCH. In this way relaxation times have been deter
mined at different ionic strength varying from about 0.1 (pH 
lower than 12) to about 0.2 (pH near 13). The effect of this ionic 
strength variation on the rate constant was experimentally found 
to be extremely weak and to lie within the experimental error.

The solution to be investigated was then transferred into the 
T-jump cell. In order to prevent any carboxylation the -cell was 
hermetically sealed by use of a plastic film.

After the T-jump experiment, the final pH was checked again 
directly in the cell. pH variations during the relaxation experi
ment did not exceed 0.05 pH unit.

Relaxation experiments were carried out using a commercial 
T-jump apparatus7 (Messanlagen Studiengesellschaft, Gottingen, 
Germany). Unexpected oscillations due to the light source insta
bility (Osram lamps XBO and HBO) were suppressed by using a 
second photomultiplier between the cell and the monochromator. 
Satisfactory reproducibility was obtained in the millisecond 
range. The final temperature after the T-jump was 25°. The ki
netic analysis was performed at a wavelength corresponding to 
the maximum absorption of the enolate ion, 280 nm. The given 
relaxation times represent the average of five to six values.

At high pH (pH > 12.5), the decomposition of the keto ester 
was observed in competition with the slow chemical relaxation 
time. This produces a continuous decrease of the enolate ion ab
sorbance. The hydroxide ion concentration does not vary, since 
the overall d-keto ester concentration is much smaller. The calcu
lation of the relaxation time takes account of this by a graphical 
method shown in Figure 2B. In this way the measured relaxation
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times and the rate constants are not affected by the decomposi
tion.

Equilibrium Constant Measurement. The enol content was 
determined by the enol reactivity toward bromine. This method 
is based on the assumption that bromination is much more rapid 
than the keto-enol transformation. The bromine concentration 
was electrochemically measured by means of a couloamperome- 
tric apparatus described elsewhere.8 Experiments were performed 
at 25°, in acidic aqueous solution at a 0.1 constant ionic strength 
by use of NaBr. The experimental error reaches 10%, essentially 
owing to the imprecise determination of the titration end point.

Spectroscopic Data. Nuclear magnetic resonance spectra of 
the pure liquids were recorded, at 27°, on a JEOL JNM PS 100 
spectrometer. The high sensitivity of this apparatus allowed the 
detailed analysis of the enol signal. Tetramethylsilane was used 
as internal standard.

Calculation of Relaxation Times
The keto-enol transformation catalyzed by the hydrox

ide ion is shown in the following equation.
k,2 k'l'j

Enol +  OH-  =5=̂  Carbanion-Enolate +  H20  Ketone +  OH-  
1 2 *” 3

(6)
Equation 6 is generally characterized by two relaxation 

times, ri2 and t32.7 If one of these equilibria is much 
more rapid than the other, a simple analytical expression 
can be derived for ti2 and t32 from the kinetic and equi
librium data.

If the enol content is very small, the acidity of the enol 
form is much stronger than that of the keto form and eq 3 
and 4 reduce to

pM h <  P-Kg and pifcH =  p ig  (7)
Thus the relaxation time ri2 is related to the fast enol- 
enolate equilibrium.

t  i2_ 1 =  k 21 +  *12([ÔÏT] +  [ËH]) (8 )
This classical result means that the rapid equilibrium is 

not disturbed by the slow one.
t32 is given by considering the rate equation 

form CH.
of the keto

= -  M C H IO H -] +  M E ] (9)

Instantaneous concentrations are expressed by
[CH] = [CH] +  <5[CH] (10)

[E] = [E] +  <5[E] (ID

[OH- ] = [OH- ] +  ¿[OH- ] (12)
[CH], [E], and [OH- ] being equilibrium concentrations. 

Equation 9 becomes

= _  ^([CH ] +  ô[CH])([OH~] +  0[OH- ]) +
MCE] +  ¿[ED (13) 

By considering the fast equilibrium constant K\ from eq 
6 , one obtains for eq 13

= -5 [C H ][M [O H ~] +  a[CH]) +  **«] (14)

_________ M O  H~]
01 1 +  M [EH] +  [OH- ])

In eq 14, the term between brackets corresponds to the 
relaxation time r32.

T 32_1 = &23« +  3̂2 ([OH ] +  «[CH]) (15)
a takes into account the influence of the fast equilibri

um. Typical experimental data concerning compound II 
allow the determination of a .

[OH- ] =  2 X 10-2  M  [EH] =4X 10" 7ltf [E] =  7X10~SM  
a  =0:995

Taking a  equal to 1, with an approximation better than 
1%, eq 15 becomes eq 16.

TaT1 =  A» +  M fc H l +  [OH- ]) (16)
This unexpected result leads to the interesting conclu

sion that both relaxation times are dependent solely on 
the corresponding equilibrium.

Unfortunately, the observation of the rapid phenome
non is extremely difficult when compounds have a low 
enol content. In this series ri2 could only be measured for 
acetoacetic ester.9 We also obtained ri2 for a 0-keto ester 
showing a highly analogous enolic structure: ethyl 2-hy- 
droxycyclohexenecarboxylate (enol content about 2 % ).10

Rate constants were obtained by plotting r32-1  (or 
Ti2-1) vs. hydroxide ion concentration. The slope gives k 32 
(or k 12) and the intercept k 23 (or k 2%). Experimental 
error is of the order of 10% for k 12 and k 32 and 20% for k 21 
and k23.

Results
A typical example of the slow relaxation curve is shown 

in Figure 2A. In strong alkaline solutions the enolate ion 
and the ketone concentrations decrease continuously be
cause of decomposition. This phenomenon is accompanied 
by a decrease of the total amplitude of the relaxation 
curve. For instance, after a delay of about 10 min, decom
position of compound III is so important that observation 
of the relaxation curve is no longer possible. Rate con
stants are shown in Table I.

For compounds VI and VII, the observed relaxation 
times show poor sensitivity to hydroxide ion concentra
tion. In fact, by varying this concentration by a factor of 
10, t32-1  decreases from 9.35 to 8.35 sec-1  (VI) and from
4.35 to 3.30 sec-1  (VII). This is related to a continuous 
decrease of the difference between k 32 and k 23 which 
makes k 23 no longer negligible with respect to k 32.

The keto form acidity (p-Kch) is given by

tfcH = 10-14̂  (17)
This equation is derived by setting

&32 _  [E] _  Uê H+ 1
"  [CH][OH_] "  [CH] [OH_][H+] 7 e7 h+

where aE and aH+ are activities and 7 k and 7 H+ are the 
corresponding activity coefficients. By assuming 7 E = 
7 oh_, which is a very good approximation, one obtains 
[0H- ][H+]7e7h+ = 10-14  at 25°.

The values obtained here are reported in Table I to
gether with the literature data. Rumpf3 has pointed out 
the difficulty of measuring this acidity by conventional 
techniques because of the rapid hydrolysis of the ester 
function in alkaline solution. These studies are so difficult 
that the determination is quite impossible for secondary R 
substituents. Thus it appears that the high instability of 
the chemical systems studied requires a fast observation 
time technique, such as T-jump relaxation.

The enol content obtained for dilute aqueous solution is 
presented in Table II. Each value has been averaged from at
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Table IIDetermination of the Enol Content ( K t )  by Bromination. Enol Acidity

Compd Expt

[Bra], 
X 10’, 
M - '

[jß-keto
ester]

X 105, M-1 K t  X 102 PÎ EH
i 0 .39« 8.24
h 1 4.02 2 .4 3

2 4.13 3.01
3 2.27 1.69
4 4.40 3.79 0.29 9.70
5 2.08 2.38
6 2.91 2.95

h i 1 2.04 1.93
2 2.14 2.85
3 1.99 1.85 0.17 9.70
4 2.12 2.65
5 4.07 3.68

IV 1 3.45 2.95
2 3.45 3.65
3 5.70 5.45
4 3.42 2.86 0.13 9.60
5 3.62 4.07
6 4.33 4.05
7 5.8 5.05

V 1 3.62 4.53
2 3.73 4.88
3 5.9 8.7
4 3.72 4.83 0.09 9.65
5 3.65 5.25
6 6.15 8.96
7 6.28 10.10

VI 1 2.24 0.675
2 4.22 1.69
3 4.45 2.48
4 2.26 0.68 0.05 10.20
5 2.23 0.905
6 4.30 1.78
7 4.38 2.35

VII 1 1.68 4.50
2 1.64 6.6
3 3.08 11.1
4 3.22 13.8 0.04 9.70
5 1.63 4.34
6 3.06 8.5

° See ref 2.

Table IIIChemical Shifts and Coupling Constants of the Enolic Protons
—------------ So(H), Ppm —' Coupling

Measured Literature0 constant, Hz

I 12.16 12.17 0.6
II 12.70 12.63 0.6
III 12.70 12.73 0.6
IV 12.80 12.80 0.6
V 12.75 12.85
VI 12.97 12.98
VII 13.09 13.1s

“ J. L. Burdett and M . T . Rogers, J .  A m e r .  C h e m .  S o c . ,  86,2105 (1964). 6S. T. Ioffe, E. I. Fedin, P. V. Petrovskii,
and M. I. Kabachnik, T e t r a h e d r o n  L e t t . ,  2661 (1966).

least five experimental runs. The calculated enol acidity 
constants (p-KEH) are tabulated in the same table.

The chemical shifts and coupling constants of the enolic 
proton are presented in Table HI. The value of the chemi
cal shift expresses the strength of the intramolecular H 
bond,11 which appears to be weaker than for the symmet
ric d-diketones CH3COCHRCOCH3.9 Compounds I-IV 
present a sufficiently high enol content to allow a fine 
structure analysis of the enolic peak (Figure 3). It exhibits 
a quartet with a single coupling constant of 0.6 Hz.

Figure 3. Nuclear magnetic resonance spectra of the enolic pro
ton.

The possibility of coupling with the vinylic proton has 
been proposed by Burdett.12 However, it should result in 
a doublet and not in a quartet. Moreover, for R ^ H this 
coupling should disappear. From a decoupling experiment 
(Figure 3), it is seen that coupling takes place with the 
methyl group. This coupling shows that the enolic proton 
is closer to the carbonyl oxygen than to the ester oxygen, 
whereas for the above-mentioned /f-diketones it is equidis
tant from these two oxygen atoms.13 This result leads us 
to propose the following structure for the enolic forms of 
our /3-keto esters.

R
I

CH* \ S C^ C' 0C# '

Discussion
It is generally accepted that the carbanion-enolate 

anion is an intermediate species in the base-catalyzed 
keto-enol transformation. This anion is at the same time 
the conjugate base of both the ketone and the enol, and is 
produced by the abstraction of the acidic proton by a base 
in the reacting medium. Equation 6 represents catalysis 
by the hydroxide ion occurring in our kinetic experiments. 
If now the medium is slightly acidic (in order to avoid any 
protonation of the carbonyl function), the concentration of 
the carbanion-enolate intermediate will decrease and be
come very low compared with that of the un-ionized 
species. This is the case for the water-catalyzed transfor
mation occurring in our equilibrium constant determina
tions.14

Enol-Enolate Equilibrium. Some 30 years ago, 
Schwarzenbach and Felder measured the acidity of both 
tautomers of acetoacetic ester.2 They observed a higher 
acidity for the enol than for the keto form. Our results 
show that the introduction of R = alkyl leads to a signifi
cant constant decrease in the enol acidity. All the substi
tuted keto esters present a P-Keh value of about 9.7, without
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Figure 4. The relationship between the a* constants and the de
protonation rate constants k32 of the keto form.

Figure 5. The relationship between the a* constants and the 
keto-enol equilibrium constants K r  in aqueous media.

any marked difference for primary or secondary alkyl sub
stituents.

The enol deprotonation rate constant of I, k 12 =  2.5 X 
1 0 8 M - 1  sec _ 1 , 9 lies significantly under the diffusion-con- 
trolled value accepted for aqueous solution (k 12 ss 1 0 1 0  

M  1  sec-1 ), which argues for the existence of an intramo
lecular hydrogen bond in the enol form in aqueous solu
tion. T his h yd rogen  bond ing is essen tia lly  resp on sib le  fo r  
th e  s ta b ility  o f  th e  en o l and any m od ifica tion  o f  its con 
form a tion  shou ld  resu lt in a varia tion  o f  k 12 and en o l con 
ten t. k %2 being unknown for compounds II-VII, we investi
gated the deprotonation rate of ethyl 2 -hydroxycyclohex- 
enecarboxylate, which may be taken as a model for alkyl- 
substituted d-keto, esters. The rate constant obtained, k i2 
= 2.4 X 108 M - 1  sec 1, is very close to that of I. For the 
chemical shift of the enolic proton of this compound, we 
obtained 12.24 ppm, a value extremely close to that found 
for ethyl acetoacetate (12.16 ppm). Thus k 12 and oOH ap
pear to be two independent estimates of the intensity of 
intramolecular hydrogen bonding. Considering the larger 
chemical shift for compounds II-VII ( ~ 1 2 . 8  ppm) it 
would appear that representative value of k i 2 is slightly 
less than 2.4 x 108 Af - 1  sec-1 . This has been demon
strated directly for /3-dicarbonyl compounds of the form 
CH3COCHRCOCH3 .9 This result tends to show that the 
hydrogen bond is only slightly modified by R substitution.

A possible explanation is that our results can be accom

modated within the currently accepted framework that 
alkyl structural effects are exerted on the enol form .3 -1 5  

According to this view, if one assumes that there is no dif
ference in the steric requirements of the enol and enolate 
(a reasonable assumption, since they are both flat), then a 
lack of variation of pXBH with alkyl subtitution is expect
ed. The lower for R = H would be the consequence 
of an inductive effect. This hypothesis assumes that the 
nature of the effect is necessarily steric. In our opinion the 
fact that the two forms are planar does not require that 
the steric effect be identical in each case; a more com
plete knowledge of their structures is necessary. The ge
ometry of the enol form is quite well known (cyclic planar 
structure, enolization toward the carbonyl) but that of the 
enolate is less evident. There are two possibilities which 
may be drawn as follows.

x c f -  N N  
' II

, 0

0 0
I I

If structure A corresponds to the real situation a simi
larity of steric effects between enol and enolate appears 
quite probable, while this is not the case if structure B is 
operating. From an analysis of the infrared and Raman 
spectra of the anion corresponding to penta-2,4-dione, 
Emstbrunner1 6  has shown that in organic solvents struc
ture A prevails while in aqueous solution B is by far the 
more important. Thus one can reasonably assume this 
same structure for the anion of ethyl acetoacetate, and 
consequently reject the hypothesis that steric effects are 
equally important for the enol and enolate forms. More
over, a destabilization of the enol form seems incompati
ble with the invariable intensity of hydrogen bonding, 
considering that this bonding is probably the most impor
tant factor determining enol stability. It seems to us that 
the hypothesis of a very weak effect on the ionization 
equilibrium of the enol is more consistent with the factors 
we have just discussed.

Ketone-Enolate Equilibrium. The ketone acidity is 
more sensitive to structural effects than the enol acidity. 
It decreases significantly as the number of carbon atoms 
increases for primary alkyl substituents, and as the degree 
of branching of a substituent increases. Barlin and Per
rin1 7  showed for these /3-keto esters the existence of a lin
ear free energy relationship between the overall acidity, 
which may be identified with the ketone acidity in view of 
the very weak enol content, and the Taft a* constants: 
p K cll = 12.59 -  3.44(7*.

In order to carry out a more accurate analysis of the 
structural effect on the equilibration step 2 . - 3 from eq 6 , 
we shall examine the rate constants k23 and fe.32. We find 
that, while k 23 is remarkably constant, k 32 varies, by a fac
tor of 350, in the same direction as pXCH. Thus «-alkyl 
substitution affects the ketone reactivity tremendously. A 
thorough investigation of the k 32 variation in relation to 
the structure shows a linear relationship between log k 32 
and the Taft a* constants (Figure 4). Furthermore, the 
same analysis on the keto-enol equilibrium constant K T 
shows a similar relationship between log K {  and a* (Fig
ure 5), with the exception of the point corresponding to R 
= H, which is ruled out without any doubt. 1 8  Conse
quently there exists, for alkyl groups, a linear free energy 
relationship between the rate constant of ketone deproto
nation and the enol content. In a strictly formal sense, 
this is compatible with the two limiting hypotheses under 
discussion: a steric effect on the enol or an electronic ef-
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feet on the ketone. We will now consider the arguments in 
favor of the first hypothesis. The increase of pXCH with 
the degree of branching is expected since the enolate has 
greater steric requirements than the ketone. The constan
cy of & 2 3  and the variation of ft 3 2  with pffeu are explicable 
if the steric requirements of the enolate are the same as 
those of the transition state. This is expected, since only a 
flat transition state will allow conjugation with the car
bonyl oxygens. Unfortunately, we have practically no 
knowledge of the structure of the keto form (all we know 
is that the dipole moment is greater for the ketone than 
for the enol) and it does not seem certain to us that the 
effect, if it is steric, would be more important on the eno
late than on the ketone. Moreover, the probability of an 
isosteric effect on the enol, enolate, and ketonic transition 
state appears difficult to accept; the condition of simulta
neous coplanarity is not sufficient to reach such a conclu
sion. The following considerations lead us to believe that 
an electronic effect operating principally on the keto form 
is the most probable.

(1) The correlations p ifCH, log K T, and log ft3 2  = f(c*) 
do not support a steric effect interpretation.

(2) Ingold, 1 9  quoting Hughes, concludes that the +1 ef
fect of alkyl groups would lead to an increase in the ther
modynamic stability of the ketone.

(3) The coupling constant between the methyl and aci
dic protons is not affected by alkyl substitution, probably 
indicating a constant planar geometry for the enol form.

(4) The variation of the enol content with respect to R 
= H corresponds to a decrease for electron-donating sub
stituents and an increase for electron-withdrawing sub
stituents.
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Acid-catalyzed rearrangements of trans- and cis-l-acetoxy-3,4-expoypentanes gave, respectively, cis- and 
iraps-2-methyl-3-acetoxytetrahydrofuran. Similar reaction of cis- and trans-l-acetoxy-4,5-epoxyhexane gave 
threo- and erytftro-2-(l-acetoxyethyl)tetrahydrofuran. In the course of these rearrangements the configuration 
at the epoxide carbons is retained. The mechanism of these rearrangements, elucidated by 180-labeling experi
ments, is consistent with the intermediacy of ortho esters. When the ester group is further removed from the ep
oxide moiety no participation is observed.

The present investigation, as part of a general study of 
the chemistry of epoxides, was prompted by the possibili
ty of forming bicyclic ortho esters 2  by intramolecular hy
droxyl attack on 1,3-dioxolenium ions 1.

Neighboring-group participation by ester groups to give
1,3-dioxolenium ions is now well established. 1  In 1942 
Winstein and Buckles2  found that solvolysis of 2-acetoxy-

3-bromobutanes in dry acetic acid-silver acetate takes 
place with retention of configuration, threo bromo acetate 
giving the dl diacetate and the erythro bromo acetate giv
ing meso diacetate. The postulated 1,3-dioxolenium ion 
intermediate 4 was later observed3 by nmr spectroscopy 
whan 3-acetoxy-2-chloro-2,3-dimethylbutane (3) was dis
solved in SbF5 -S 0 2  or SbF5 -FS0 3 H -S 0 2  at -60°. Meer-
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CH,

H (Y  + '0

CH3 ■ H -(CH2)„
OH H

1 2
wein, e t  a l.,4 were able to prepare stable 1,3-dioxolen- 
ium salts 6  by reaction of fluoro esters 5 with boron tri
fluoride.

Cl CH3 

CH.-7— (-C H ,
ch3 0

ch 3 ch3 

ch3 X X  ch3
0 ^ + a 0

1,3-Dioxolenium ions react with anionic nucleophiles 
and with water or alcohols. For reaction with water, ring 
opening occurs via an ortho ester 8  rather than attack by 
water at a C-C carbon. 5  This is demonstrated by reaction 
of acetonium ion 7 with water to give the cis alcohol ester
9.

•OH

*OCOCH,
9

Ring opening of ortho esters takes place with remark
able stereospecificity. 6 The 1,3-dioxolenium ion 10 in 
moist acetic acid gives the thermodynamically less stable 
acetoxy alcohol 1 1 .

Partial hydrolysis of the ortho ester 12 under mild con: 
ditions gives almost exclusively axial ester 11. Ortho es
ters can be prepared by reaction of 1,3-dioxolenium ions

R
with alcohols or by reaction of epoxides with carboxylic 
esters in the presence of catalytic amounts of BF3 . In the 
presence of greater amounts of BF3 only the 1,3-dioxolen
ium salt 6  is observed.

Results
We now report the preparation (Scheme I) and acid- 

catalyzed reactions of cis- and irans-l-acetoxy-3,4-epoxy
pentanes (13 and 15), -l-acetoxy-4,5-epoxyhexanes (17 and 
21), and -l-acetoxy-5,6 -epoxyheptanes (25 and 28).

The common intermediate to the synthesis of trans- 
pent-3-en-l-ol, -hex-4-en-l-ol, and -hept-5-en-l-ol, precur
sors to the required trans epoxides, was trans-l-bromo- 
pent-3-ene. 7  A 1:9 mixtures of cis- and trans- 1-bromo- 
pent-3-ene was prepared by reaction of cyclopropylcarbi
nol with hydrogen bromide. The pure tra ns - 1  -bromopent-
3-ene could not be separated from this mixture by distil
lation. The l-acetoxypent-3-enes prepared by reaction of 
the mixed l-bromopent-3-enes with potassium acetate in 
glacial acetic acid were similarly inseparable. After alka
line hydrolysis trans-pent-3-en-l-ol could be purified by 
distillation. The required irons-l-acetoxy-3,4-epoxypen
tane was prepared by oxidation of tra n s-l-acetoxypent-3- 
ene with monoperoxyphthalic acid. The acetoxy olefin was 
prepared by acetylation of the corresponding hydroxy ole
fin. The cis-pent-3-en-l-ol was prepared from the mixed 
pent-3-en-l-ols by bromination and dehydrobromination 
with sodium amide to give pent-3-yn-l-ol.8 The yield was 
low (13%) and extensive variation of reaction conditions 
failed to improve the yield. Hydrogenation of pent-3-yn-
l-ol to ci’s-pent-3-en-ol was carried out over Lindlar cata-

Scheme I
OH
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lyst. The cis-pent-3 -en -l-ol was acetylated with acetic an
hydride-pyridine and epoxidized with m onoperoxyphthal- 
ic acid to give cis-l-acetoxy-3,4-epoxypentane (13).

A  mixture o f c is - and irans-hex-4-en-l-ol was prepared 
by  addition o f form aldehyde to the Grignard reagent 

-formed from c is - and tra n s- l-brom opent-3-enes. T he reac
tion was, however, inefficient and the mixture o f alcohols 
could not be separated by preparative glc. An alternative 
reaction pathway9 involving reaction o f 3-chloro-2-m ethyl- 
tetrahydropyran with sodium  afforded a 1:19 mixture o f 
c is - and trcm s-hex-4-en-l-ol. The m ixed hydroxy alkenes 
were brom inated and dehydrobrom inated to  give hex-4- 
y n -l-o l in good yield. Reduction o f h ex-4 -yn -l-o l with so
dium  in liquid am m onia afforded pure irans-hex-4-en-l-ol, 
which after acetylation followed by  epoxidation with mo- 
noperoxyphthalic acid gave inm s-l-acetoxy-4 ,5-epoxyhex- 
ane (21). Hydrogenation o f h ex-4 -yn -l-o l over Lindlar ca t
alyst gave cis-hex-4-en -l-ol. T he alkene was converted 
into cis-l-acetoxy-4,5-epoxyhexene (17) in the usual m an
ner.

A  1:9 mixture o f c is - and irans-hept-5-en-l -ols was pre
pared by reaction o f the Grignard reagent prepared from 
the c is - and tr a n s -l-brom opent-3-ene mixture with ethyl
ene ox ide .10 The c is - and irans-hept-5-en-l-ols could not 
be separated by  preparative glc and were prepared in a 
similar manner to  the hexenols.
Rearrangements of Rpoxy Acetates. Reaction o f cis-

l-acetoxy-3,4-epoxypentane (13) with boron trifluoride 
etherate in ether as solvent gave £rarcs-3-acetoxy-2-meth- 
yltetrahydrofuran (14) in 40% yield. T he identity o f this

H

C H ; (C H A O A c

13
'O A c

14

product follows from  the nmr spectra and from its identi
ty after hydrolysis with the m ajor product from  reduction 
o f d ihydro-2-m ethylfuran-3(2if)-one with sodium in moist 
ether. Reduction o f d ihydro-2-m ethylfuran-3(2ff)-one 
under these reaction conditions favors the form ation o f 
the therm odynam ically more stable trans isomer. R eac
tion o f im ns-l-acetoxy-3,4-epoxypentane (15) with boron 
trifluoride etherate in ether gave the isom eric furan, cis-
3-acetoxy-2-m ethyltetrahydrofuran (16), but in higher 
yield (68% ). Reduction with L iA lH 4 gave cis-2-m ethyltet- 
rahydrofuran-3-ol, identical with the minor product o b 
tained with sodium -m oist ether reduction o f dihydro-2- 
m ethylfuran-3(2/7)-one. The configuration o f the 2-meth- 
yltetrahydrofuran-3-ols was further established in that the 
m ethyl group for the cis isomer was deshielded (5 1.25) in 
the nmr spectra relative to the trans isomer (5 1.18), con
sistent with the proxim ity o f the m ethyl and hydroxyl 
groups in the former com pound .11 The c is - and tra n s -1 -  
acetoxy-3,4-epoxypentanes ( 13 and 14) also gave the corre
sponding tra n s- and cis-3-acetoxy-2-m ethyltetrahydrofur- 
ans (14 and 16) when the reaction was carried out using 
p-toluenesulfonic acid or trifluoroacetic acid in ether. The 
form ation o f the rearranged furans in the p-toluenesulfon- 
ic acid and trifluoroacetic acid reactions excludes the pos
sible interm ediacy of fluorohydrins in the analogous reac
tion using boron trifluoride etherate. On reaction with p- 
toluenesulfonic acid the cis epoxide 13 gave a mixture of 
trans (14, 64%) and cis furans (16, 24% )12 and two uni
dentified products. In the presence o f trifluoroacetic acid,

C H 3 ____  H

H X ^ /x C lU O A c

the major product detected by glc was trans furan (14, 
97%). Only a trace o f  the cis furan 16 could be detected. 
Similar reaction o f trans epoxide 15 with p-toluenesulfonic 
acid or trifluoroacetic acid gave mixtures containing 10% 
trans furan 14 and 80% cis furan 16 and 5% trans furan 14 
and 95% cis furan 16, respectively.

Reaction o f c is - and £rans-l-acetoxy-4,5-epoxyhexane
(17) with boron trifluoride etherate in ether was slower 
than reaction o f the corresponding epoxypentanes and 
gave from the cis epoxide 17 e o ,£hro-2-(l-acetoxyethyl)tet- 
rahydrofuran (18, 30%), threo-l-acetoxy-5-fluorohexan-4- 
ol (19, 14%), £hreo-l-acetoxy-4-fluorohexan-5-ol (20, 7%),
l-acetoxyhexan-5-one (14%), and l-acetoxyhexan-4-one 
(30% ); and from the trans epoxide 21 th r e o -2 -(l-a cetoxy - 
ethyl)tetrahydrofuran (22, 62%), erythro-l-acetoxy-ô-fluo- 
rohexan-4-ol (23, 17%), erythro-1 -acetoxy-4-fluorohexan-
5-ol (24, 13%), l-acetoxyhexan-5-one (trace), and 1-ace- 
toxyhexan-4-one (3% ). The structures o f the 2 -(l-acetoxy - 
ethyl)tetrahydrofurans (18 and 22) were established from 
the nmr spectra and from the conversion o f the acetates 
into known threo and erythro alcohols by  reaction with 
L 1AIH4. Solution infrared spectra o f these alcohols estab
lished the configuration, intramolecular hydrogen bonding 
being less favored for the erythro isomer than for the threo 
isom er.13 The configuration o f the fluorohydrins follows 
from the known preference for opening o f epoxides with 
inversion14 o f  configuration at the site o f  nucleophilic at
tack and from reaction with K O -t-B u -t-B u O H ,15

C H :i

H V t ( H  H - } - >

C h T  V  W ) A c  I----------K  0 A c  l  V
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H

R eaction o f c is - and frans-l-acetoxy-5 ,6-epoxyheptanes 
(25 and 28) with boron trifluoride etherate in ether is slow 
and gives from the cis epoxide 25 l-acetoxyheptan-5-one 
(35%), l-acetoxyheptan-6-one (25%), th reo-l-acetcxy-6- 
fluoroheptan-5-ol (26, 13%), and ihreo-l-acetoxy-5-fluoro- 
heptan-6-ol (27, 10%); and from  the trans epoxide 28 5- 
acetoxy-2-m ethylpentan-l-al (29, 5% ), 1-acetoxyheptan-
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Scheme II
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5-one (11%), l-acetoxyheptan-6-one (8%), e r y t h r o -  1-ace- toxy-6-fluoroheptan-5-ol (30, 36%), and e r y t h r o - 5-fluoro- heptan-6-ol (33,35%).
Discussion

The acid-catalyzed reactions of t r a n s -  and cts-l-ace- toxy-3,4-epoxypentanes and -l-acetoxy-4,5-epoxyhexanes 
gave products that can only arise from intramolecular acetate participation with epoxide C-0 bond cleavage. The 
reaction of c i s -  and trans-l-acetoxy-5,6-epoxyheptanes (17, and 21) with boron trifluoride etherate is, however, dominated by two reaction processes which do not involve intramolecular ester participation. Attack by a fluoride-containing nucleophile occurs with consequent fluorohydrin 
formation and hydride migration occurs with rearrangement to ketone products. For both the c i s -  and trims-1- 
acetoxy-5,6-epoxy heptanes little discrimination is observed between the epoxide carbons for the site of nucleophilic attack. Attack by fluoride is the dominant reaction 
path for the trans epoxide; however ketone formation pre
dominates from the cis epoxide. The fluorohydrin products were shown by separate experiment to be stable under the reaction conditions and are therefore not inter
mediates in the formation of ketone products.The same features of reaction were observed for reaction of c i s -  and trans-l-acetoxy-4,5-epoxyhexanes (17 and 21) with boron trifluoride etherate. Fluorohydrin formation 
was favored from the trans epoxide 21 and hydride migration was favored from the cis epoxide 17. The most notable feature16 of the reaction of the hexane epoxides was the stereoselective formation of t h r e o -  and e r y t h r o - 2 - { \ -  
acetoxyethyl)tetrahydrofuran (22 and 18). Products analogous to these furans were isolated from the reaction of c i s -  and frans-l-acetoxy-3,4-epoxypentane (13 and 15).The formation of these furans 14 and 16 from epoxides 
13 and 15 and 18 and 22 from epoxides 17 and 21 can be accounted for as shown in Scheme II for the trans epoxides. Participation by the terminal acetate with cleavage of the epoxide C-0 bond results in formation of a dioxo- lenium ion which by attack with the OBF3- moiety gives the ortho ester 32. The ortho ester can rearrange intra

molecularly to give, when n  =  1, the furan 16 and, when n  = 
2, furan 22.

The validity of the reaction scheme was demonstrated by 180-labeling experiments. Rearrangement of trans-1- 
acetoxy-3,4-epoxypentane (15), 180  enriched at the acetate carbonyl, gave cis-3-acetoxy-2-methyltetrahydrofuran (16, 21.5% 180) which on hydrolysis to the alcohol 
showed no significant loss of oxygen label (20% 180). The carbonyl oxygen of the starting acetate must therefore be present as the ether or hydroxyl oxygen in the product. 
Reaction of trans-l-acetoxy-4,5-epoxyhexane (21) labeled at the carbonyl oxygen with 180  gave labeled t h r e o - 2-(l- acetoxyethyl)tetrahydrofuran (22, 21% 180 ) which on hydrolysis gave i/ireo-2-(l-hydroxyethyl)tetrahydrofuran with complete loss of oxygen label.

Experimental Section
trans- l-Bromopent-3-ene. The procedure of Julia, et al.,7 was 

used in the preparation of this material. A mixture of 32.5 g of a- 
methylcyclopropanemethanol and 150 ml of 48% hydrobromic 
acid was stirred rapidly for 10 min. The reaction mixture was ex
tracted with light petroleum ether, neutralized with sodium bi
carbonate solution, and dried with sodium sulfate. The solvent 
was removed to give a 1:9 mixture of cis- and trans-1-bromopent-
3-ene: bp 125°; 970 c m '1; nmr 5 5.45 (W1/2  = 60 Hz, C3 H,
C4 H), 3.30 (apparent t, J  = 7 Hz, -CH2Br), 2.83-2.25 (C2 H2),
1.65 (d, J  = 4.5 Hz, C5H3).

trans-l-Acetoxypent-3-ene. The method of Julia et al.,7 was 
used. A solution of 70 g of cis- and trans-l-bromopent-3-ene and 
146 g of potassium acetate in 300 ml of acetic acid was heated 
under reflux for 12 hr. The product was extracted into ether, 
washed with aqueous sodium bicarbonate, and dried with anhy
drous sodium carbonate. After removal of solvent, distillation 
gave a 1:9 mixture of cis- and trans-l-acetoxypent-3-ene (53 g): 
bp 92° (100 mm); f max 1745, 1360, 1345, and 965 cm-1; nmr 5 5.46 
(W1/2 = 48 Hz, C3 H, C4 H), 4.05 (apparent t, J  = 7 Hz, 
-CH2OAc), 2.50-2.10 (C2 H2), 2.02 (-COCH3), 1.63 (d, J  = 4.5 Hz, 
C5HS).

trans-Pent-3-en-5-ol. A solution of 42 g (1:9) of cis- and trans-
l-acetoxypent-3-ene and 56 g of potassium hydroxide in 200 ml of 
methanol was heated under reflux for 1 hr. The hydroxy olefin 
was extracted into ether washed with water and dried. After re
moval of solvent the mixture was carefully distilled through an 
annular teflon spinning band distillation column to give trans- 
pent-3-en-l-ol free of the cis isomer: bp 78-79° (88 mm); »mM
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3375 and 965 c m '1; nmr 5 5.50 (W V 2  = 48 Hz, C3 H, C4 H), 3.60 
(apparent t, J  = 6.5 Hz, -CH2OH), 2.47-2.05 (C2 H2), 1.67 (d, J  
=  4.5 Hz, C5 H3). Acetylation of trans-pent-3-en-l-ol in acetic 
anhydride-pyridine gave trarcs-l-acetoxypent-3-ene.

trans-Ace toxy-3,4-epoxypentane (15). A solution of 1.28 g of 
frans-l-acetoxypent-3-ene in 50 ml of a 0.35 M  monoperoxy- 
phthalic acid-ether solution was kept at 5° for 1 week. Excess an
hydrous potassium carbonate was added and the mixture was fil
tered. After the ether was removed by distillation, preparative glc 
gave trans-l-acetoxy-3,4-epoxypentane (15, 0.86 g): vmax 1745, 
1360, 1350 cm-1 ; nmr S 4.18 (apparent t, J  = 6 Hz, -CH2OAc),
2.93-2.58 (C3 H, C4 H), 2.12-1.65 (C2 H2), 2.03 (-COCH3), 1.28 
(d, J = 5 Hz, C5 H3).

Anal. Calcd for C7Hi20 3: C, 58.3; H, 8.4. Found: C, 57.8; H, 8.4.
Pent-3-yn-l-ol. The procedure of Crombie and Harper8 was 

used in the preparation of this material. To a solution of 30 g of 
frares-pent-3-en-l-ol in 100 ml of ether was added 1 molar equiv of 
bromine. After removal of ether the dibromo alcohol was added to 
a solution prepared by the addition of 50 g of sodium to 1.5 1. of 
ammonia liquid to which 0.25 g of ferric chloride had been added. 
After 30 min ammonium chloride was added and the ammonia 
was allowed to evaporate. The product was extracted into ether, 
washed with water, and dried. After removal of solvent, pent-3- 
yn-l-ol was isolated by preparative glc. The maximum yield of 
product that could be isolated was 13%: bp 154-157°; 3375
cm-1; nmr 5 3.67 (apparent t, J  = 6 Hz, -CH2OH), 2.55-2.20 (C2 
H2), 1.78 (t, J  =  2.5 Hz, C5 H3).

cjs-Pent-3-en-l-ol. The method of Crombie and Harper8 was 
used. A mixture of pent-3-yn-l-ol and 50 mg of Lindlar catalyst 
was stirred in a hydrogen atmosphere until 1 mol of hydrogen had 
been adsorbed. The reaction was slow and the catalyst was 

. changed several times. After filtration to remove the catalyst and 
evaporation of the solvent, cis-pent-3-en-l-ol was isolated by pre
parative glc: rmax 3350 and 710 cm-1 ; nmr d 5.54 (W \ / 2  = 48 Hz, 
C3 H, C4 H), 3.60 (apparent t, J  = 6 Hz, -CH2OH), 2.55-2.11 (C2 
H2), 1.63 (d, J = 5 Hz, C5 H3).

cis-l-Acetoxy-3,4-epoxypentane (13). A solution of 0.5 g of cis- 
pent-3-en-l-ol in 2.5 ml of pyridine and 0.6 ml of acetic anhydride 
was kept at room temperature overnight. Ether was added and 
the pyridine was removed by washing with dilute aqueous acid. 
After removal of solvent the residue was epoxidized with mono- 
peroxyphthalic acid in the usual manner. The product, cis-l-ace- 
toxy-3,4-epoxypentane (13, 0.49 g) was obtained pure by prepara
tive glc: vmax 1740, 1370, and 1360 c m '1; nmr 5 4.22 (apparent t, 
J  = 6  Hz, -CH2OAc), 3.27-2.83 (C3 H, C4 H), 2.05 (-OCOCH3),
1.92 (m, Ji 2 = J2,3 s  6 Hz, C2 H2), 1.28 (d, J  = 5.5 Hz, C5 
H3).

Anal. Calcd for C7Hi20 3: C, 58.3; H, 8.4. Found: C, 58.1; H,
8.4.

trans-Hex-4-en-l-ol. The method of Crombie and Harper9 was 
used. A solution of 2440 g of cis- and trans-3-chloro-3-methyltet- 
rahydropyran in 1 1. of ether was treated with 92 g of sodium. 
After all the sodium had reacted the mixture was washed with 
water and the solvent was removed by distillation. After distilla
tion of 1:9 mixture of cis- and £rons-hex-4-en-l-ol was obtained: 
bp 68° (15 mm); i/max 3350 and 960 cm-1; nmr 5 5.44 (VFi /2 = 16 
Hz, C4 H, C5 H), 3.60 (apparent t, J  = 6 Hz, -CH2OH), 2.27-1.85 
(C3 H2), 1.85-1.30 (C2 H2), 1.63 (d, J  = 5.5 Hz, C6 H3).

trares-l-Acetoxy-4,5-epoxyhexane (21). A solution of 2 g of 
mixed cis- and trans-hex-4-en-l-ols in 10 ml of pyridine and 2 ml 
of acetic anhydride was kept at room temperature overnight. The 
product was isolated and epoxidized with monoperoxyphthalic 
acid. Preparative glc gave 1.9 g of pure trans-l-acetoxy-4,5-epoxy- 
hexane (21): vmax 1725, 1370, and 1360 c m 1; nmr 5 4.10 (appar
ent t, J  = 6 Hz, -CH20Ac), 2.92-2.52 (C4 H, C5 H), 2.02 
(-OCOCH3), 1.97-1.40 (C2 H2, C3 H2), 1.28 (d, J  = Hz, C6 Hi).

Anal. Calcd for CgH^Os: C, 60.7; H, 8.9. Found: C, 60.7, H,
8.9.

eis-Hex-4-en-l-ol. To a solution of 30 g of trans-hex-4-en-l-ol in 
100 ml of ether was added 1 molar equiv of bromine. After remov
al of excess bromine the dibromo alcohol was added to a solution 
prepared by addition of 50 g of sodium to 1.5 1. of liquid ammonia 
to which 0.25 g of ferric chloride had been added. The product 
hex-4-yn-l-ol was purified and then hydrogenated over Lindlar 
catalyst. The reaction product was purified by preparative glc to 
give 3.9 g of ci's-hex-4-en-l-ol: rmax 3350 and 710 c m 1; nmr 6 5.45 
(W 1 / 2  =  40 Hz, C4 H, C5 H), 3.63 (apparent t, J  = 6 Hz, 
-CH2OH), 2.38-1.86 (C3 H2), 1.86-1.35 (C2 H2), 1.62 (d, J  = 5 Hz, 
C6H3).

cis-l-Acetoxy-4,5-epoxyhexane (17). A solution of 1 g of cis- 
hex-4-en-l-ol in 50 ml of pyridine and 1 ml of acetic anhydride

was kept at room temperature overnight. The product was isolat
ed in the usual manner and epoxidized with monoperoxyphthalic 
acid. The reaction product was purified by preparative glc to give 
0.95 g of cis-l-acetoxy-4,5-epoxyhexane (17): rmax 1740, 1375, and 
1350 cm-1 ; nmr 5 4.13 (apparent t, J  = 6 Hz, -CH2OAc), 3.27-
2.75 (C4 H, C5 H), 2.03 (OCOCH3), 2.00-1.38 (C2 H2, C3 H2),
1.27 (d, J  = 5 Hz, C6 H3).

Anal. Calcd for C8Hi4 0 3: C, 60.7; H, 8.9. Found: C, 60.7; H,
8.9.

trans-Hept-5-en-l-ol. The procedure of Dreger10 was used in 
the preparation of this compound. The magnesium derivative of
27.5 g of a 1:9 mixture of cis- and trans-l-bromopent-3-ene was 
prepared in 90 ml of ether and allowed to react with an excess of 
ethylene oxide. The product was isolated in the usual manner 
and distillation on a spinning band column gave 20 g of a 1:9 
mixture of cis- and trans-hept-5-en-l-ol: <<max 3340 and 960 cm-1 ; 
nmr 6 5.37 (Wi/2 = 15 Hz, C5 H, C6 H), 3.50 (apparent t, J  = 6 
Hz, -CH2OH), 2.20-1.77 (C4 H2), 1.77-1.17 (m, C3 H2, C4 H2, C7 

H3).
trans-l-Acetoxy-5,6-epoxyheptane (28). A solution of 2 g of a 

1:9 mixture of cis- and traras-hept-5-en-l-ols in 10 ml of pyridine 
and 2 ml of acetic anhydride was kept at room temperature over
night. The product was isolated in the usual manner and epoxid
ized with monoperophthalic acid. The reaction product was puri
fied by preparative glc to remove the cis isomer and gave 1 .8  g of 
trans-l-acetoxy-5,6 -epoxyheptane (28): vmax 1740, 1370, and 1355 
cm-1 ; nmr 8 4.07 (apparent t, J  = 6  Hz, -CH2OAc), 2.94-2.50 (C5
H, C6 H), 2.05 (-OCOCH3), 1.83-1.43 (C2 H2, C3 H2, C4 H2), 1.28 
(d, J = 5 Hz, C7 H3).

Anal. Calcd for C9H16O3: C, 62.8; H, 9.4. Found: C, 62.9; H,
9.3.

ci.s-Hept-5-en-l-ol. To a solution of 30 g of a 1:9 mixture of cis- 
and trans-hept-5-en-l-ols in 100 ml of ether was added 1 molar 
equiv of bromine. After removal of excess bromine thé dibromo 
alcohol was added to a solution prepared by addition of 50 g of 
sodium to 1.5 1. of ammonia in the presence of catalytic amounts 
of ferric chloride. The product hept-5-yn-l-ol was purified by pre
parative glc and then hydrogenated over Lindlar catalyst to give
5.8 g of cjs-hept-5-en-l-ol: Kmax 3350 and 710 cm-1 ; nmr S 5.42 
(W1/2 = 30 Hz, C5 H, C6 H), 3.65 (apparent t, J  = 6  Hz, 
-CH2OH), 2.42-1.86 (C4 H2), 1.77-1.10 (C2 H2, C3 H2), 1.62 (d, J  
= 5 Hz, C7 H3).

cis-l-Acetoxy-5,6-epoxyheptane (25). cis-Hept-5-en-l-ol (1 g) 
was acetylated and epoxidized with monoperoxyphthalic acid in 
the usual manner. The final reaction product was purified by pre
parative glc to give 0.90 g of cis-l-acetoxy-5,6-epoxyheptane (25): 
¡'max 1740, 1380, and 1365 cm-1; nmr 5 4.09 (apparent t, J  = 6 
Hz, -CH2OAc), 3.23-2.73 (C5 H, C6 H), 2.03 (-OCOCH3), 1.97-
I. 40 (C2 H2, C3 H2) C4 H2), 1.27 (d, J  = 5 Hz, C7 H3).

Anal. Calcd for C9H160 3: C, 62.8; H, 9.4. Found: C, 62.8; H,
9.3.

Rearrangement of cis-l-Acetoxy-3,4-epoxypentane (13) with 
Boron Trifluoride Etherate in Ether. A solution of 120.1 mg of 
cis-l-acetoxy-3,4-epoxypentane in 120 ml of sodium-dried ether 
was stirred and 430 mg of boron trifluoride etherate was added. 
After 2.5 hr at room temperature the reaction was quenched by 
adding 0.5 ml of a saturated potassium carbonate solution. After 
the mixture was stirred for 15 min, 118.2 mg of tetrahydrofurfuryl 
acetate was added as an internal standard for glc analysis. Anhy
drous potassium carbonate was added to remove the water and 
the mixture was filtered. The crude reaction product was shown 
by glc to contain 40% £rans-3-acetoxy-2-methyltetrahydrofuran 
and traces of two compounds that had retention times character
istic of ketone products. No other low-boiling compounds or fluo- 
rohydrins were found. The reaction was carried out in duplicate.

trans-3-Acetoxy-2-methyltetrahydrofuran (14) was isolated by 
preparative glc from a reaction carried out using 0.5 g of epoxide 
15: ¡'max 1735, 1365, and 1350 cm-1; nmr <5 4.86 (m, J3 4 = 3, J 3 2 

=  6 Hz, C3 H), 4.15-3.70 (C2 H, C5 H2), 2.57-1.50 (C4 H2), 2.03 
(-OCOCH3), 1 .2 2  (d,J = 6 Hz, C2 CH3).

Anal. Calcd for C7Hi20 3: C, 58.3; H, 8.4. Found: C, 58.1; H,
8.3.

Rearrangement of trans- l-Acetoxy-3,4-epoxypentane (15) 
with Boron Trifluoride Etherate in Ether. Rearrangement of 
trans- l-acetoxy-3,4-epoxy pentane (15) was carried out as above 
for the cis isomer. The crude reaction product was shown by glc 
using tetrahydrofurfuryl acetate as internal standard to contain 
cis-3-acetoxy-2-methyltetrahydrofuran (16) in 68% yield and trac
es of three compounds that had retention times characteristic of 
ketone products. The latter of these compounds had the same re
tention time as one of the trace products from rearrangement of
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cis epoxide. No products with retention times characteristic of 
fluorohydrins were found.

cis-3-Acetoxy-2-methyltetrahydrofuran (16) was isolated by 
preparative glc from a reaction carried out on 1  g of traras-l-ace- 
toxy-3,4-epoxypentane: vmax 1740 and 1360 cm-1 ; nmr 6 5.27 (m, 
J  = 5.5, 2.2, 3.7 Hz, C3 H), 4.25-3.52 (C2 H, C5 H2), 2.67-1.67 (C4 
H2), 2.07 (-OCOCH3), 1.20 (d, J  = 6 Hz, C2 CH3).

Anal. Calcd for C7H120 3: C, 58.3; H, 8.4. Found; C, 58.2; H,
8.3.

Rearrangement of cis-l-Acetoxy-3,4-epoxypentane (13) with 
p-Toluenesulfonic Acid and Trifluoroacetic Acid in Ether. The
reaction was carried out as for the boron trifluoride etherate cata
lyzed reaction but using an equivalent amount of an azeotropical- 
ly dried solution of 4.7 g of p-toluenesulfonic acid in 1 1. of ether. 
The reaction product was isolated in the usual manner and shown 
by glc to be a mixture of £rans-3-acetoxy-2-methyltetrahydrofur- 
an (14, 64%), c£s-3-acetoxy-2-methyltetrahydrofuran (16, 24%), 
and two unknown products (6% each). The reaction was carried 
out in the usual manner but with an equivalent amount of a solu
tion of trifluoroacetic acid in ether as the acid catalyst. The reac
tion product, volatile to glc, contained £r<ms-3-acetoxy-2-methyl- 
tetrahydrofuran (14, 97%) and a trace of cis-3-acetoxy-2-methyl- 
tetrahydrofuran (16).

Rearrangement of trans- l-Acetoxy-3,4-epoxypentane (15) 
with p-Toluenesulfonic Acid and Trifluoroacetic Acid in 
Ether. The reaction was carried out as above but with p-toluene
sulfonic acid as catalyst. The crude reaction product was shown 
by glc to contain trarcs-3-acetoxy-2-methyltetrahydrofuran (14, 
10%), cis-3-acetoxy-2-methyltetrahydrofuran (16, 80%), and two 
unidentified compounds (6 and 4%). When trifluoroacetic acid 
was used as catalyst, the reaction product was cis-3-acetoxy-2- 
methyltetrahydrofuran (16, 95%) and trans-3-acetoxy-2-methylte- 
trahydrofuran (14,5%).

Rearrangement of cis-l-Acetoxy-4,5-epoxyhexane (17) with 
Boron Trifluoride Etherate in Ether. The reaction of cis- 1-ace- 
toxy-4,5-epoxyhexane (17) with boron trifluoride etherate in ether 
was carried out as for cis-l-acetoxy-3,4-epoxypentane above. Cy- 
clohexanol was used as the internal standard for glc analysis. The 
crude reaction product was shown to contain eryfhro-2 -(l-acetox- 
yethyl)tetrahydrofuran (18, 30%), l-acetoxyhexan-4-one (30%),
l-acetoxyhexan-5-one (14%), threo-l-acetoxy-5-fluoro-4-hydroxy- 
hexane (19, 14%), and threo-l-acetoxy-4-fluoro-5-hydroxyhexane 
(20, 7%). The fluorohydrins were unstable to preparative glc and 
were converted by reaction with acetyl chloride in pyridine to the 
corresponding fluoro diacetates. The components were separated 
by preparative glc. erythro-2-(l-Acetoxyethyl)tetrahydrofuran
(18) had i>max 1740 and 1350 cm-1; nmr 5 4.90 (m, JMe,h = 6, 
Jn,C2H = 4.5 Hz, CHOAc), 4.70-3.60 (C= H2), 2.13-1.53 (C3 
H2, C4 H2), 2.03 (-OOCOCHs), 1.22 [d, J  = 6 Hz, -CH- 
(OAc)CH3]. Hydrolysis by LiAlH4 gave erythro-2-(l-hydroxy- 
ethyl)tetrahydrofuran: »max (CCI4) 3560 and 3588 cm-1; nmr 5
4.12-2.50 (C2 H, CHOH, C5 H2), 2.03-1.67 (C3 H2, C4 H2), 1.13 
[d,</CH,Me = 6  Hz, CH(OH)CH3],

l-Acetoxyhexan-4-one had vm.dx 1740, 1718, and 1350 cm-1; 
nmr 6 4.07 (apparent t, J  = 6 Hz, -CH2OAc), 2.50 (t, J2,3 = 6 
Hz, C3 H2), 2.45 (q, Jg,g = 7 Hz, C= H2), 2.2-b6 (C2 H2), 2.03 
(-OCOCH3), 1.05 (t, Jg, 6 = 7 Hz, C6 H3).

Anal. Calcd for CsHi4 0 3: C, 60.8; H, 8.9. Found: C, 60.8; H,
8.8.

l-Acetoxyhexan-5-one had »mlj 1740, 1720, and 1350 cm-1; 
nmr & 4.07 (apparent t, J \,2 = 6 Hz, -CH2OAc), 2.48 (Wi/ 2 = 15 
Hz, C4 H2), 2.13 (COCH3), 2.03 (-OCOCH3), 1.77-1.48 (C2 H2, 
C3 H2).

Anal. Calcd for C8Hi40 3: C, 60.7; H, 8.9. Found: C, 60.8; H,
8.9.

£/ireo-1-4,Diacetoxy-5-fluorohexane (19) had vmax 1740 and 1350 
cm-1; nmr & 4.95 (m, J4iF =  17, t/4,5 =  4 Hz, t/4,3 not deter
mined, C4 H), 4.65 (m, Jg,F s  49, Js.g = 6, Js,4 ~  4 Hz, C5 H),
4.08 (apparent t, J i,2 = 6 Hz, -CH2OAc), 2.10 (C4 OCOCH3),
2.03 (C1  OCOCH3), 1.92-1.10‘(C2 H2, C3 H2), 1.30 (d of d, J 6 ,f  =  
24, Jg 5 = 6 Hz, C6 H3).

Anal. Calcd for C10H17FO4: C, 54.5; H, 7.8; F, 8.6. Found: C, 
54.1; H, 7.9; F, 8.8.

threo-l,5-Diacetoxy-4-fluorohexane (20) had rmax 1740 and 1350 
cm-1; nmr 5 5.02 (m, Jg,F s; 22, Jg,g = 6, Js,i s  4 Hz, Cs H),
4.35 (m, J4 F g  47, J4 5 s  4 Hz, J i ,3 not determined, C4 H), 4.10 
(apparent t, J i 2 = 6 Hz, -CH2OAc), 2.07 (C5 OCOCH3), 2.03 (C1 
OCOCH3), 2.00-1.10 (C2 H2, C3 H2), 1.27 (d, J  = 6 Hz, C6 H3).

Anal. Calcd for C10H17FO4: C, 54.5; H, 7.8; F, 8.6. Found: C, 
54.1; H, 8.0; F, 9.1.

Rearrangement of trans-l-Acetoxy-4,5-epoxy hexane (21)

with Boron Trifluoride Etherate in Ether. The reaction of 
trans-1-acetoxy-4,5-epoxyhexane (21) with boron trifluoride ether
ate in ether was carried out under similar reaction conditions to 
that of the cis isomer. Cyclohexanol was used as the internal 
standard for glc analysis. The crude reaction product was shown 
to contain threo-2 -(l-acetoxyethyl)tetrahydrofuran (2 2 , 62%), 1 - 
acetoxyhexan-4-one (3%), l-acetoxyhexan-5-one (trace), erythro-
l-acetoxy-5-fluorohexan-4-ol (23, 17%), and erythro-1-acetoxy-4- 
fluorohexan-5-ol (24, 13%). The fluorohydrins were unstable to 
preparative glc and were converted, by reaction with acetyl chlo
ride in pyridine, to the corresponding fluoro diacetates. The prod
ucts were then separated by preparative glc.

threo-2-(l-Acetoxyethyl)tetrahydrofuran (22) had 1735
and 1350 cm-1 ; nmr & 4.85 [m, Jh,2 = 6, Jn.Me — 6 Hz, 
-CH(CH3)OAc], 4.05-3.58 (C2 H, C5 H2), 2.25-1.50 (C3 H2, C4 
H2), 2.05 (-OCOCH3), 1.20 [d, J  = 6 Hz, -CH(OAc)CH3], Hy
drolysis by reaction with LiAlH4 gave threo-2-(l-hydroxyethyl)te- 
trahydrofuran: i/max (CCI4) 3578 cm-1; nmr ô 4.23-2.87 (C2 H, 
CHOH, C6 H2), 2.05-1.23 (C3 H2, C4 H2, C5 H2), 1.12 [d, JCh Me 
= 6 Hz, -CH(OH)CH3].

erythro-l,4-Diacetoxy-5-fluorohexane (24) had Fmax 1742, 1736, 
and 1355 cm-1; nmr 5 4.95 (m, e/5,F = 19, J g ,g  = 6, Jg,g s  4 Hz, 
C5 H), 4.45 (m, J4 F = 49, J4 5 si 4, Hz, J4 3 not determined, C4 
H), 4.10 (apparent t, Jx,2 = 6 Hz, -CH2OAc), 2.07 (C5 OCOCH3),
2.03 (C1 OCOCHa), 1.97-0.92 (C2 H2, C3 H2), 1.25 (m, Jg 5 = 6, 
J6,f = 1-2 Hz, C6 H3).

Anal. Calcd for C10H17FO4: C, 54.5; H, 7.8; F, 8 .6 . Found: C, 
55.0; H, 8.0; F, 9.0.

The ketones l-acetoxyhexan-4-one and l-acetoxyhexan-5-one 
were identical with samples isolated from rearrangement of cis 
epoxide 17.

Rearrangement of cis-l-Acetoxy-5,6-epoxyheptane (25) with 
Boron Trifluoride Etherate in Ether. A solution of 120.2 mg of 
cis-l-acetoxy-5,6-epoxyheptane (25) in 120 ml of sodium-dried 
ether was stirred and 960 mg of boron trifluoride etherate was 
added in three equal amounts over a period of 2 hr. The reaction 
was kept at room temperature for 24 hr. The boron trifluoride 
etherate was quenched by the addition of 1 ml of a saturated po
tassium carbonate solution. The product was isolated in the usual 
manner and shown by glc using tetrahydrofurfuryl acetate as 
standard to contain l-acetoxyheptan-5-o'ne (35%), 1-acetoxyhep- 
tan-6-one (25%), threo-1 -acetoxy-6-fluoroheptan-5-ol (26, 13%), 
and £hreo-l-acetoxy-5-fluoroheptan-6-ol (27, 10%) The products 
were isolated from a reaction using 1 g of epoxide. The acetoxy- 
fluoro alcohols decompose on preparative glc and so the reaction 
mixture was acetylated with acetyl chloride-pyridine before chro
matography.

l-Acetoxyheptan-5-one had Fmax 1740, 1718, and 1350 cm-1; 
nmr i  4.05 (apparent t, J2 1 = 6 Hz, -CH2OAc), 2.65-2.22 (C4 H2, 
C6 H2), 2.03 (OCOCH3), 1.78-1.45 (C2 H2, C3 H2), 1.05 (t, Jg 7 = 
7 Hz, C7 H3).

Anal. Calcd for C9H160 3: C, 62.8; H, 9.4. Found: C, 62.7; H,
9.3.

l-Acetoxyheptan-6-one had i>max 1740, 1718, and 1350 cm-1; 
nmr Ô 4.03 (apparent t, J2 1 = 6 Hz, -CH2OAc), 2.43 (ca. t, Jg 4 
= 6 Hz, C5 H2), 2.13 (COCHs), 2.03 (C1 OCOCH3), 1.90-1.17 (C2 
H2, C3 H2, C4 H2).

Anal. Calcd for C9H160 3: C, 62.8; H, 9.4. Foupd: C, 62.8; H,
9.3.

£hreo-l,5-Diacetoxy-6-fluoroheptane had Fmax 1740 and 1355 
cm-1; nmr Ô 4.93 (m, J6iF s  17, Jg,a ~  4 Hz, Jg,4 not deter
mined, C5 H), 4.67 (m, Jg,F = 49, Jg,2 = 6 , Jg,g s  4 Hz, C6 H),
4.05 (apparent t, J \,2 = 6 Hz, CH2OAc), 2.10 (C5 OCOCH3), 2.02 
(C1 OCOCHs), 1.92-1.10 (C2 H2, C3 H2, C4 H2), 1.28 (m, J7,f = 
24,e/7,6 = 6 Hz, C7 H3).

Anal. Calcd for CnHi9F0 4 : C, 56.4; H, 8.2; F, 8.1. Found: C, 
56.1; H, 8.2; F, 8 .6 .

threo-l,6-Diacetoxy-5-fluoroheptane had rmax 1740 and 1355 
cm-1; nmr 5 5.00 (m, Jg,F = 22, J g j = 6, Jg,g = 4 Hz, C6 H), 4.37 
(m, Jg f =  47, Jg 6 =  4 Hz, C5 H), 4.05 (apparent t, J \,2 = 6 Hz, 
CH2OAc), 2.07 (C6 OCOCHs), 2.03 (C1 OCOCH3), 1.95-1.10 (C2 
H2, C3 H2, C4 H2), 1.25 (m, Jg 7 = 6, J 7 ,f  = 0.8 Hz, C7 H3).

Anal. Calcd for CnHi9F04: C, 56.4; H, 8.2; F, 8.1. Found: C, 
56.0; H, 8.1; F, 8.5.

Rearrangement of trans-l-Acetoxy-5,6-epoxyheptane (28) 
with Boron Trifluoride Etherate in Ether. The reaction of 
trans- l-acetoxy-5,6-epoxyheptane (28) with boron trifluoride eth
erate was carried out in duplicate under the same reaction condi
tions as those of the cis isomer. Tetrahydrofurfuryl acetate was 
used as the internal standard for glc analysis. The crude reaction 
product was shown to contain 5-acetoxy-2-methylpentan-l-al (29,
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5%), l-acetoxyheptan-5-one (11%), l-acetoxyheptan-6-one (87c), 
eryiftro-l-acetoxy-6-fluoroheptan-5-ol (30, 36%), and erythro-1- 
acetoxy-5-fluoroheptan-6-ol (33, 35%). The products were sepa
rated by preparative glc.

5-Acetoxy-2-methylpentan-l-al (29) had b 9.60 (d, J  = 2 Hz, 
CHCHO), 4.05 (apparent t, J6A = 6 Hz, CH2OAc), 2.67-2.17 (C2 
H), 2.03 (OCOCHs), 1.85-1.05 (C2 H2, C3 H2, C4 H2), 1.10 (d, 
Jh.ms = 6.5 Hz, CHOH3). The aldehyde decomposed rapidly on 
storage.

l-Acetoxyheptan-5-one and l-acetoxyheptan-6-one were identi
cal in all respects with the same ketones obtained from rearrange
ment of the cis epoxide.

erytfiro-l-Acetoxy-6-fluoroheptan-5-ol (30) had vmax 3475, 1740, 
1370, and 1350 cm-1; nmr b 4.55 (m, J6,f =  49, J6,7 = 6, J6,5 = 4 
Hz, C6 H), 4.08 (apparent t, J 1.2 = 6 Hz, CH2OAc), 3.93-3.50 (m, 
C5 H), 2.03 (OCOCHs), 1.83-1.22 (C2 H2, C3 H2, C4 H2), 1.30 (m, 

= 25, c/7,6 ”  6 Hz, C7 H3).
A n a l. Calcd for C9H17FO3: C, 56.2; H, 8.9; F, 9.9. Found: C, 

56.2; H, 8.9, F, 10.6.
er>fhro-l-Acetoxy-5-fluoroheptan-6-ol (31) had Fmax 3475, 1740, 

1370, and 1350 cm-1; nmr 5 4.33 (m, Js,F = 49, Js,e sr 5, Js,4 =  6 
Hz, C5 H), 4.07 (apparent t, Ji,2 = 6 Hz, CH2OAc), 3.87 (m, J6jF 
m 22, Je 7 = 6, J65 3  4 Hz, C6 H), 2.03 (OCOCHs), 2.10-1.00 
(C 2 H2, C3 H2, C4 H2), 1.20 (m, J7,6 = 6, J7,F = 1.2 Hz, C7 H3).

Anal. Calcd for C9H17FO3: C, 56.2; H, 8.9; F, 9.9. Found: C, 
55.9; H, 8.8; F, 10.3.

Synthesis and Rearrangement of C = 180  trims-1-Acetoxy-
3.4- epoxypentane (15). To a solution of irans-l-hydroxy-3,4-ep
oxypentane in 2 ml of pyridine was added 230 mg of acetyl chlo
ride containing 21% 180  label. The mixture was kept at room 
temperature for 16 hr. The product was isolated by means of 
ether and the pyridine was removed by washing with dilute acid. 
The solvent was removed by careful distillation and the crude ac- 
etoxy olefin was treated with 20 ml of 0.35 M  monoperoxyphthalic 
acid at 5° for 9 days. Anhydrous potassium carbonate was added 
and the mixture was stirred overnight. The organic phase was re
moved by filtration and the ether was removed by careful distil
lation. The product, C = 180  traps-l-acetoxy-3,4-epoxypentane
(15), was allowed to react with boron trifluoride etherate in ether 
in the usual manner and the product cis-3-acetoxy-2-methyltet- 
rahydrofuran (16) was purified by preparative glc. The percent
age of oxygen label was determined from the ratio of M/(M + 2) 
and (M — M )/ (M + 2 -  Me) peaks in the mass spectrum to be 
21.5%. Reaction of cis-3-acetoxy-2-methyltetrahydrofuran (16) 
with LiAlHé in ether gave cis-2-methyltetrahydrofuran-3-ol. The 
mass spectra showed 20% incorporation of 180  label in this furan- 
ol.

Synthesis and Rearrangement of 0 = 180  frans-l-Acetoxy-
4.5- epoxyhexane (21). Synthesis of irans-l-acetoxy-4,5-epoxyhex
ane (21) from irans-4,5-epoxyhexan-l-ol was carried out in a simi
lar manner to above.

Rearrangement of C = 180  labeled irons-l-acetoxy-4,5-epoxy
hexane with boron trifluoride etherate in ether gave threo-2 -(l- 
acetoxyethyl)tetrahydrofuran (22) containing 21% lsO label. Re
duction of ihreo-2 -(l-acetoxyethyl)tetrahydrofuran (2 2 ) with 
LLAIH4 in ether gave ihreo-2-(l-hydroxyethyl)tetrahydrofuran 
containing no detectable 180  label.
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Chrysin (1) when heated with prenyl bromide in the presence of methanolic methoxide gives 6-prenyl (3) and
6,8-diprenyl (2) derivatives, but with 2-hydroxy-2-methyl-3-butene in the presence of boron trifluoride etherate 
affords, besides the above two compounds, the 8-prenyl derivative (11). Their structures have been established 
by nmr spectra of themselves, their acetates, and partial methyl ethers and by acid cyclization of the hydroxy 
compounds and their partial methyl ethers. Cyclodehydrogenation of the three prenyl compounds (3, 11, and 2) 
has been accomplished by DDQ in benzene; the first two formed chromenes 10 and 14, respectively, and the last 
one yielded 3-deoxy derivatives of sericetin (16) and isosericetin (15).

Thirteen isopentenylated flavones have been isolated 
from species o f the two genera Artocarpus  and M orus  by 
Venkataraman, et a l.2 They are artocarpesin, 3 cycloarto- 
carpesin,4 oxydihydroartocarpesin, 4 artocarpin,5 norarto- 
carpin, 5 cycloartocarpin , 6 heterophyllin, 7 cycloheterophyl- 
lin,7 chaplashin, 8 mulberrin, 9 mulberrochromene, 9 cyclo- 
mulberrin,9 and cyclomulberrochromene.9 They are either 
5,7,2',4'-tetra- or SJ^ '^ '^ '-pentaoxygenated  flavones 
having isopentenylation at either C -6  or C -8  or C-3 and 
C-6 , or C-3, C-6 , and C-8 . The isopentenyl unit is either 
y,y-dimethylallyl (prenyl), 3-methyl-l-butenyl, a con
densed 2 ,2 -dimethylpyran ring, 2 -(2 -methyl-2 -propenyl)- 
pyran, or exepine ring. Besides the above flavones, 8 - 
prenylluteolin10 ’1 1  and laceolatin A 12  have been isolated 
from other plant families. The last named compound is 
unique in having an unusual C5 moiety, viz. a 3-hydroxy-
3-methyl-l-butenyl unit in the 8 position. Although the 
constitutions o f all the above 15 flavones have been estab
lished on the basis of their spectral data and degradation, 
none of them has been synthesized so far. As a model ex
periment, the simplest flavone, chrysin ( 1 ), has been 
subjected to nuclear prenylation under two different con
ditions in order to see which positions are affected. Fur
ther oxidative cyclization o f the resulting o-prenyl phenols 
has been accomplished to get the corresponding chro
menes.

Chrysin13 (1) when refluxed with prenyl bromide in the 
presence of methanolic methoxide gave two products sep
arable by column chromatography (reaction 1). The first 
eluate analyzed for a diprenyl derivative and formed a 
monomethyl ether (nmr 5 3.80, s, 3 H, OCH3) with 1 mol 
of dimethyl sulfate in the presence of potassium carbonate 
and acetone. The positive ferric reaction of both the hy
droxy compound and the partial methyl ether indicated 
that both hydroxyl groups were free. This was confirmed 
by the formation of a diacetate (nmr S 2.34, 2.45, 2 s, 6 H, 
OCOCH3). Further, both prenyl units were found to be in 
the nuclear positions of ring A by the nmr signals of H-3 
and the protons of intact side phenyl ring but not of ring
A. The nmr spectra also showed the signals of two benzyl- 
ic methylene groups, two methine protons, and four ole- 
finic methyl groups (see Experimental Section). Hence 
the first prenylation product could be assigned formula 2  
(5,7-dihydroxy-6,8-diprenylflavone) which was further 
confirmed by preparing its bisdihydropyran derivative (6) 
on heating with formic acid (reaction 2). The structure of 
6 was confirmed by its nmr spectrum.

The second prenylation product also showed a positive 
ferric reaction and formed a diacetate [nmr 5 2.34, 2.46 (2 
s, 6 H, -O CO CH 3)] and a 7-methyl ether [nmr S 3.92 (s, 3 
H, OCH3)]. The nmr spectra of the diacetate and the 7- 
methyl ether show the presence of only one prenyl unit

and one aromatic H of ring A. Hence, it could be either a
6 -prenyl or a 8 -prenyl derivative. The precise location of 
the prenyl unit was established by studying the cycliza
tion of the hydroxy compound and its 7-methyl ether with 
formic acid. The latter gave 7 (reaction 3), which had a 
negative ferric reaction and exhibited two characteristic 
triplets of methylene protons in its nmr spectrum at 5 1.78 
and 2.65 (J  = 7 Hz). The formation of a dihydropyran is 
possible only when the prenyl group is in the 6 position.
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The same conclusion was reached on acid cyclization of 
the dihydroxy compound (3), which yielded two dihydro- 
pyrans (reaction 4). One dihydropyran derivative, mp 
180°, which gave a positive ferric reaction and has two 
characteristic triplets of methylene protons in its nmr 
spectrum at 5 1.85 and 2.77 (J = 7 Hz) was assigned 
structure 8. Since the other dihydropyran of mp 296° gave 
no ferric reaction and was isomeric with 8, it was assigned 
structure 9. Cyclodehydrogenation of 3 with DDQ provid
ed further confirmation for its structure by yielding the 10 
(reaction 5), which was identical in melting point with the 
chromene obtained by Hlubucek, e t  ad.,14 on heating 
chrysin with 3-chloro-2-methyl-l-butyne.

In the second method of prenylation, treatment of 
chrysin with 2-hydroxy-2-methyl-3-butene, in the presence 
of boron trifluoride etherate, gave three compounds which 
were separated by column chromatography (reaction 6). 
The first eluate was 2 and the second eluate 3. The third 
eluate was a new monoprenyl derivative, which gave a 
positive ferric reaction and formed a diacetate [nmr 5 
2.36, 2.40 (2 s, 6 H, -OCOCH3)] and a partial methyl 
ether [nmr 8 3.99 (s, 3 H, -OCH3)J, still showing a pos
itive ferric reaction. Hence both of the hydroxyls were 
free. The nmr spectra of both the diacetate and the par
tial methyl ether showed the presence of one prenyl unit 
in ring A. Thus these were signals of protons of the intact 
phenyl ring, a proton in position 3, one aromatic proton of 
ring A, one benzylic methylene, one methine, and two 
methyl groups at the unsaturated center (see Experimen
tal Section). Since the prenyl in the product was different 
from 3, it was assumed to be 8-prenyl chrysin (11). This 
was established as follows. While the partial methyl ether 
12 did not undergo any cyclization with formic acid, the 
dihydroxy compound 11 could be cyclized to afford 5-hy- 
droxy-6,,,6"-dimethyl-4",5/,-dihydropyrano[2",3":7,8]fla- 
vone (13) (reaction 7) as shown by a positive ferric reac
tion and the characteristic two nmr triplets at 8 1.88 and
2.80 ppm (J  =  7 Hz). Further 11 gave the angular chro
mene, 5-hydroxy-6",6,/-dimethylpyrano[2",3,,:7,8]flavone
(14) on treatment with DDQ, identical with the one ob
tained by Hlubucek, e t  a l .,1* (reaction 8).
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The above results indicate that only the 6 and 8 posi
tions are affected by prenylation of chrysin and that the 3 
position remains unaffected. Hence flavones having prenyl 
groups in ring A can be synthesized in this manner and

those having a prenyl group in position 3 by using some 
active substrate like a 1,3 diketone.

Mulberrochromene9 has free prenyl unit and a fused 
pyran system in the ring A of flavonoids. An analogous ex
ample in the flavonol series is sericetin which was isolated 
from the roots of M u n d u lea  s er icea 15 and identified as
8-prenyl-6/,,6 ',-dimethylpyrano[2",3":7,6]galangin. It is 
therefore likely that analogous derivatives of chrysin may 
also be isolated from nature. In view of this possibility, 
cyclodehydrogenation of 6,8-diprenylchrysin with DDQ 
has been studied (reaction 9). A mixture of. two isomeric 
products was obtained which was separated first by col
umn chromatography and then by fractional crystalliza
tion. The major product, mp 156°, was identified as the 
angular chromene, 5-hydroxy-6-prenyl-6",6"-dimethylpy- 
rano[2",3":7,8]flavone [3-deoxyisosericetin (15)] on the 
basis of its nmr and mass spectra. Thus the nmr spectrum 
showed signals of one prenyl unit, a condensed 2,2-di- 
methylpyran unit, a proton in 3 position, and a phenyl 
group (see Experimental Section). The mass spectrum 
showed characteristic (M — 56) mass fragments at m /e  
332 (63%) which establishes its angular nature.16 The 
minor products, mp 166°, was therefore the linear iso
mer16 (3-deoxysericetin). The structure was confirmed by 
nmr and mass spectra. The mass spectrum showed the 
characteristic (M -  55) fragment at m /e 333 (73%), which 
establishes its linear nature.16

2 5 2 1
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Experimental Section17
Nuclear Prenylation of Chrysin (1) Using Prenyl Bromide.

To a solution of chrysin13 (4 g) in anhydrous methanol (125 ml) 
was added a methanolic solution of sodium methoxide, i.e. 5.6 g 
of Na/60 ml of methanol. The mixture was cooled, treated with 
prenyl bromide (7.6 ml) in one lot, and refluxed for 3 hr. After re
moval of the solvent, the mixture was treated with ice and acidi
fied in cold with dilute HC1. The solid product was examined on 
tic using solvent system B which showed the presence of two com
pounds. It was therefore subjected to column chromatography 
and the column eluted successively with (1) light petroleum-ben
zene (8:2) and (2) benzene, giving the following fractions A and B.

Fraction A was crystallized from the benzene-light petroleum 
mixture yielding 5,7-dihydroxy-6,8-di-CC-prenylflavone (2) as 
shining yellow needles (l g): mp 196°; soluble in aqueous 
Na2C0 3 ; intense green ferric reaction; Rs 0.42 (solvent A); nmr 5 
1,80, 1.84 [2 d, 12, J  = 4 and 1.5 Hz, (CH3)2C=], 3.47, 3.65 (2 d, 
4, J  = 6 Hz, ArCH2), 5.36 (broad m, 2, -C H =), 6.72 (s, 1 H in 
position 3), 7.58 (m, 3 H in positions 3', 4', and 5'), and 7.96 (m, 
2 H in positions 2' and 6').

Anal. Calcd for C25H260 4: C, 76.9; H, 6.7. Found: C, 76.9; H,
6.8.

The diacetate, prepared from 2 by the acetic anhydride-pyri
dine method, was crystallized from ethyl acetate-light petroleum 
mixture as colorless needles: mp 176°; R( 0.50 (solvent D); nega
tive ferric reaction; nmr 8 1.72, 1.74 [2 s, 12, (CH3)2C = ], 2.34,
2.45 (2 s, 6, OCOCH3), 3.29, 3.57 (2 d, 4, J  = 6 Hz, CH2), 5.18 
(m, 2, -C H = ), 6.68 (s, 1 H in position 3), 7.51 (m, 3 H in posi
tions 3', 4', and 5') and 7.85 (m, 2 H in positions 2' and 6').

Anal Calcd for C29H3o06: C, 73.4; H, 6.3. Found: C, 73.4; H,
6.4.

Fraction B was crystallized from the ethyl acetate-light petro
leum mixture to give 5,7-dihydroxy-6-prenylflavone (3) as yellow 
plates [0.5 g): mp 216°; Rf 0.69 (solvent C); soluble in aqueous 
Na2C 03; green ferric reaction.

Anal. Calcd for C20Hi80 4: C, 74.5; H, 5.6. Found: C, 74.5; H,
6.0.
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The diacetate prepared from 3 by the acetic anhydride-pyri
dine method was crystallized from methanol as shining needles: 
mp 116°; Rt 0.41 (solvent D); negative ferric reaction; nmr 5 1.69, 
1.74 [2 s, 6, (CH3)2C=], 2.34, 2.46 (2 s, 6, -OCOCH3), 3.30 (d, 2 , 
J  = 6 Hz, ArCH2), 5.03 (m, 1 , -C H =), 6.68 (s, 1 H in position 3),
7.36 (s, 1  H in position 8), 7.54 (m, 3 H in positions 3', 4', and 5'), 
and 7.86 (m, 2 H in positions 2' and 6').

Anal. Calcd for C24H220 6: C, 70.9; H, 5.5. Found: C, 70.9; H,
5.6.

5-Hydroxy-7-methoxy-6,8-diprenylflavone (4). A solution of
5,7-dihydroxy-6,8-diprenylflavone (2, 100 mg) in acetone (20 ml) 
was refluxed with dimethyl sulfate (0.03 ml) and K2CO3 (500 mg) 
for 3 hr. Acetone was distilled off and water added to the residue. 
The solid thus obtained was purified by column chromatography 
and crystallized from the ethyl acetate-light petroleum mixture;
5-hydroxy-7-methoxy-6,8-diprenylflavone (4) was obtained as long 
yellow needles (80 mg): mp 128°; Rt 0.80 (solvent B); intense 
green ferric reaction; nmr 5 1.70, 1.83 [2 s, 12, (CH3)2C=], 3.43,
3.60 (2 d, 4, J  = 6 Hz, ArCH2), 3.80 (s, 3, OCH3), 5.29 (m, 2 , 
-CH =), 6.70 (s, 1 H in position 3), 7.57 (m, 3 H in positions 3', 4', 
and 5') and 7.94 (m, 2 H in positions 2' and 6').

Anal Calcd for CseHjgO*: C, 77.2; H, 7.0. Found: C, 76.8; H,
7.2.

6",6",6 '",6 ,"-Tetramethyl-4",5":4'",5"/-bis(dihydropyran-
o)[2",3":7,8;2"',3'":5,6]flavone (6). A solution of 2 (300 mg) in 
formic acid (20 ml) was heated on a steam bath for 2 hr and then 
poured over ice. The solid thus obtained was purified by column 
chromatography. Elution with benzene gave 6, which was crystal
lized from benzene-light petroleum mixture as yellow prisms (100 
mg): mp 186°; Rs 0.40 (solvent C); negative ferric reaction; nmr d 
1.38, 1.43 [2 s, 1 2 , (CH3)2C<], 1.86  (m, 4, -CH2-), 2.64, 2.96 (2 t, 
4, J  = 6 Hz, -CH2-), 6.64 (s, 1 H in position 3), 7.47 (m, 3 H in 
positions 3', 4', and 5') and 7.88 (m, 2 H in positions 2' and 6').

Anal. Calcd for C^HseCU: C, 76.9; H, 6.7. Found: C, 77.3; H,
7.2.

5-Hydroxy-7-methoxy-6-prenylflavone (5). A solution of 3 (100 
mg) in acetone (18 ml) was refluxed with dimethyl sulfate (0.025 
ml) and K2CO3 (500 mg) for 3 hr. The product was crystallized 
from ethyl acetate-light petroleum mixture to afford 5 (70 mg) as 
glistening light yellow crystals: mp 162-63°; Rf 0.80 (solvent C); 
green ferric reaction; nmr d 1.70, 1.83 [2 s, 6, (CH3)20= ], 3.39 (d, 
2, J  = 6 Hz, ArCH2), 3.92 (s, 3, OCH3), 5.29 (m, 1, -C H =), 6.52 
(s, 1 H in position 3), 6.68 (s, 1 H in position 8), 7.57 (m, 3 H in 
positions 3', 4', and 5'), and 7.90 (m, 2 H in positions 2' and 6').

Anal. Calcd for C21H20O4: C, 75.0; H, 6.0 Found: C, 75.4; H,
6.3.

7-Methoxy-6",6"-dimethyl-4",5"-dihydropyrano[2",3":5,6]- 
flavone (7). 5 upon treatment with formic acid gave 7 which was 
crystallized from methanol as light yellow needles: mp 250°; Rt 
0.50 (solvent D); negative ferric reaction; nmr 5 1.42 [s, 6, 
(CH3)2C<], 1.78, 2.65 (2 t, 4, J  = 7 Hz, -CH2-), 3.90 (s, 3, 
OCH3), 6.47 (s, 1 H in position 8), 6.58 (s, 1 H in position 3), 7.47 
(m, 3 H in 3', 4', and 5' positions), and 7.82 (m, 2 H in positions 
2 ' and 6').

Anal. Calcd for C21H20O4: C, 75.0; H, 6.0. Found: C, 74.5; H,
6.5.

Reaction of 5,7-Dihydroxy-6-prenylflavone (3) with formic 
acid. A solution of 3 (400 mg) in formic acid (30 ml) was kept at 
room temperature for 1 hr, water added and the whole mixture 
extracted with CHC13. The product in CHCI3 showed two spots 
on tic, one showing positive ferric reaction and the other negative. 
It was separated by column chromatography. Elution with ben
zene-light petroleum (1:1) gave 5-hydroxy-6",6"-dimethyl- 
4",5"-dihydropyrano[2",3":7,6]flavone (8), which was crystal
lized from methanol as yellow needles (200 mg): mp 180°; Rf 0.78 
(solvent C); bluish green ferric reaction; nmr 6 1.39 [s, 6, 
(CH3)2C<], 1.85, 2.77 (2 t, 4, J  = 7 Hz, -CH2-), 6.47 (s, 1 H in 
position 8), 6.66 (s, 1 H in position 3), 7.54 (m, 3 H in positions 3', 
4', and 5'). and 7.91 (m, 2 H in positions 2' and 6 ').

Anal. Calcd for C20H18O4: C, 74.5; H, 5.6. Found: C, 74.8; H,
6.0.

Further elution with benzene-ethyl acetate (7:3) gave a com
pound which was crystallized from ethyl acetate to give 7-hy- 
droxy-6",6"-dimethyl-4",5"-dihydropyrano[2",3":5,6]flavone (9) 
as yellow hexagonal plates (50 mg): mp 296°; R[ 0.36 (solvent D); 
negative ferric reaction.

Anal. Calcd for C20Hi8O4: C, 74.5; H, 5.6. Found: C, 74.9; H, 
5.2.

5-Hydroxy-6",6"-dimethylpyrano[2",3":7,6]flavone (10). 3 
(100 mg) was dissolved in dry benzene (20 ml), and the solution

was refluxed for 35 min; colorless hydroquinone separated out. It 
was filtered and purified by column chromatography. When the 
column was eluted with benzene-light petroleum (5:95) and the 
eluate crystallized from methanol, 10 was obtained as pale yellow 
needles: mp 188° (lit.14 mp 187-188°); Rt 0.56 (solvent B); bluish 
green ferric reaction; nmr 5 1.47 (s, 6, (CH3)2C =), 5.60, 6.71 (2d, 
2, J  = 10 Hz, two olefinic H of pyran ring), 6.50 (s, 1 H in posi
tion 8), 6.60 (s, 1 H in position 3), 7.50 (m, 3 H in positions 3', 4', 
and 5'), and 7.90 (m, 2 H in positions 2' and 6').

Anal. Calcd for C20H16O4: C, 75.0; H, 5.0. Found: C, 75.1; H,
5.0.

Nuclear Prenylation of Chrysin (1) using 2-Hydroxy-2- 
methyl-3-butene. To a stirred solution of chyrsin (6 g) in dry di- 
oxane (140 ml) was added gradually boron trifluoride etherate 
(3.5 ml) at room temperature during a course of 30 min, and the 
solution acquired a pink-red color. To this was added a solution 
of 2-hydroxy-2-methyl-3-butene (3 ml) in dry dioxane (20 ml), 
and the whole solution was stirred for 4 hr and kept at room tem
perature overnight. After dilution with moist ether (300 ml), the 
ethereal solution was washed with water (6 x 100 ml), whereby 
the color of the solution discharged. It was then extracted with 
1% aqueous Na2C03 (3 X 100 ml) to remove unreacted chrysin (3 
g); the remaining ethereal solution on examination by tic (solvent
B) showed the presence of three compounds. Hence it was 
subjected to column chromatography and column eluted succes
sively with (1 ) benzene-light petroleum (2 :8), .(2 ) benzene, and
(3) benzene-ethyl acetate (9:1) giving the following three distinct 
fractions A, B, and C.

Fraction A was crystallized from the benzene-light petroleum 
mixture affording 2 (240 mg), identical in melting point, mixture 
melting point, and R{ with the sample prepared earlier.

Fraction B was crystallized from the ethyl acetate-light petro
leum mixture yielding 3 (480 mg), identical in melting point, 
mixture melting point, and Rt with the sample prepared earlier.

Fraction C was crystallized from benzene to give 11 (1 g) as 
yellow needles: mp 206°; soluble in aqueous Na2C0 3; intense 
green ferric reaction; Rf 0.60 (solvent C).

Anal. Calcd for C2oHi80 4: C, 74.5; H, 5.6. Found: C, 75.0; H,
5.7.

The diacetate prepared from 11 by acetic anhydride-pyridine 
method was crystallized from methanol as colorless needles: mp 
173°; Rt 0.40 (solvent C); negative ferric reaction; nmr <5 1.72 (1 
broad s, 6, (CH3)2C =), 2.36, 2.40 (2 s, 6, OCOCH3), 3.60 (d, 2 , J  
= 7 Hz, ArCH2), 5.22 (m, 1, -C H =), 6.98 (s, 1 H in position 3),
7.30 (s, 1 H in position 6), 7.53 (m, 3 H in positions 3', 4', and 5'), 
and 7.95 (m, 2 H in positions 2' and 6').

Anal. Calcd for C24H22O6: C, 70.9; H, 5.5 Found: C, 70.7; H,
5.9.

5-Hydroxy-7-methoxy-8-prenylflavone (12). It was prepared 
from 11 as the 6-prenyl isomer and was crystallized from ethyl 
acetate-light petroleum mixture. It formed glistening yellow crys
tals: mp 156°; Rt 0.87 (solvent C); intense green ferric reaction; 
nmr S 1.72, 1.82 (2 broad s, 6, (CH3)2C =), 3.43 (d, 2, J  = 7 Hz, 
ArCH2), 3.99 (s, 3, OCH3), 5.24 (m, 1, -C H =), 6.60 (s, 1  H in po
sition 3), 7.35 (s, 1 H in position 6), 7.49 (m, 3 H in positions 3', 
4', and 5'), and 7.99 (m, 2 H in positions 2' and 6').

Anal. Calcd for C2iH2oO,t: C, 75.0; H, 6.0. Found: C, 75.2; H,
6.4.

It was recovered unchanged when heated with formic acid.
5-Hydroxy-6",6"-dimethyl-4",5"-dihydropyrano[2",3":7,8]- 

flavone (13). 11 upon treatment with formic acid and subsequent 
crystallization of the product from ethyl acetate-light petroleum 
mixture gave 13 as light yellow needles: mp 210°; Rf 0.74 (solvent
C) ; light green ferric reaction; nmr 6 1.37 [s, 6, (CH3)2C<], 1 .88,
2.80 (2 t, 4, J  = 7 Hz, -CH2-), 6.70 (s, 1 H in position 3), 7.36 (s, 
1 H in position 6), 7.59 (m, 3 H in positions 3', 4', and 5'), and
7.86 (m, 2 H in positions 2' and 6').

Anal. Calcd for C2oHigO,i: C, 74.5; H, 5.6. Found: C, 74.2; H,
6.0.

5-Hydroxy-6",6,'-dimethylpyrano[2",3":7,8]flavone (14). 11
(100 mg) was refluxed with DDQ (70 mg) in dry benzene (20 ml) 
for 35 min and the product purified by column chromatography. 
Elution with benzene-light petroleum (9:1) gave angular chro- 
mene 14 (60 mg) which was crystallized from ethyl acetate-light 
petroleum mixture as yellow prisms: mp 178° (lit.14 mp 176- 
177°); Rf 0.50 (solvent B); intense green ferric reaction; nmr 5 1.49 
[s, 6, (CH3)2C=], 5.65, 6.76 (2 d, 2, J  = 10 Hz, two olefinic H of 
pyran ring), 6.48 (s, 1 H in position 3), 7.45 (s, 1 H in position 6), 
7.56 (m, 3 H in positions 3', 4', and 5'), and 7.96 (m, 2 H in posi
tions 2 ' and 6').
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Anal. Calcd for C20H16O4: C, 75.0; H, 5.0. Found: C, 75.0; H,
5.0.

3-Deoxysericetin (16) and 3-Deoxyisosericetin (15). To a so
lution of 2 (500 mg) in dry benzene (40 ml) was added DDQ (300 
mg) and the whole solution refluxed for 1 hr. It was filtered while 
hot, benzene distilled off, and the residue subjected to column 
chromatography. Elution with benzene-light petroleum (2:8) gave 
a solid which again proved to be a mixture. Fractional crystalli
zation with light petroleum (mother liquor A) yielded the spar
ingly soluble solid which on recrystallization from ethyl acetate- 
light petroleum mixture afforded 5-hydroxy-6-prenyl-6",6"-di- 
methylpyrano[2",3":7,8]flavone [3-deoxyisosericetin (15)] (120 
mg): mp 156°; 0.78 (solvent A); light green ferric reaction; nmr
6 1.50 [s, 6, (CH3)2C<], 1.70, 1.83 [2 broad s, 6, (CH3)20 = ], 3.41 
(d, 2, J  = 7 Hz, ArCH2), 5.33 (m, 1, -C H =), 5.67 6.88 (2 d, 2, J  
= 10 Hz, two olefinic H of pyran ring), 6.70 (s, 1 H in position 3),
7.59 (m, 3 H in positions 3', 4', and 5') and 7.93 (m, 2 H in posi
tions 2' and 6'); mass spectrum (70 eV) m/e (rel intensity) 388 
(85), 373 (100), 345 (57), 332 (63), 317 (11), 215 (17), 165 (11), 105
(11), 77 (10).

Anal. Calcd for C^H^CL: C, 77.3; H, 6.2. Found: C, 76.8; H,
5.9.

The mother liquor A yielded a solid which after crystallization 
twice from methanol yielded 5-hydroxy-8-prenyl-6",6"-dimethyl- 
pyrano[2",3":7,6]flavone [3-deoxysericetin (16)] (80 mg) as pale 
yellow needles: mp 166°; Rt 0.74 (solvent A); intense green ferric 
reaction; nmr S 1.50 [s, 6, (CH3)2C<], 1.72, 1.79 [2d, 6, J  = 2 Hz, 
(CH3)2C=], 3.56 (d, 2, J  = 7 Hz, ArCH2), 5.26 (m, 1, -C l^ ) ,  
5.66, 6.81 (2 d, 2, J  = 10 Hz, two olefinic H of pyran ring), 6.71 (s, 
1 H in position 3), 7.59 (m, 3 H in positions 3', 4', and 5'), and 
7.96'(m, 2 H in positions 2' and 6'); mass spectrum (70 eV) m/e 
(rel intensity) 388 (82), 373 (100), 345 (68), 333 (73), 215 (28), 165 
(14), 105 (27), 85 (36), 77 (22), 71 (55), 55 (46).

Anal. Calcd for C^HmOi : C, 77.3; H, 6.2. Found: C, 76.8; H,
5.9.
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The conformation of l,8-di(bromomethyl)naphthalene has been determined in the crystalline state and it has 
been found that the molecule has essentially twofold symmetry about the C-9-C-10 bond with the bromines lo
cated above and below the plane of the ring. The carbon-bromine bonds are inclined toward one another about 
10° from planes perpendicular to the naphthalene ring which contain the C-l-C-11 and C-8-C12 bonds. This 
conformation has formally nonbonded H---Br distances of 2.85 A which are substantially less than the sum of 
the van der Waals radii and could well indicate some degree of electrostatic binding. The strain in the molecule 
is largely relieved both by in-plane and out-of-plane bending of the C-l-C-11 and the C-8-C-12 bonds as well as 
some skeletal distortion of the ring. Low-temperature proton nmr studies of l,8-di(bromomethyl)naphthalene 
and some related compounds showed no evidence of barriers to rotation about the C-l-C-11 and C-8-C-12 bonds 
large enough to be detectable.

Alkyl or aryl substituents at the 1,8 positions (the peri 
positions) of naphthalene are in close proximity to one an
other and provide many interesting opportunities for 
study of conformations and barriers to rotation about the 
extracyclic bonds, C -l-C -11 and C-8-C-12.3-4 Relatively 
few other simple molecules have the special feature of

having the substituents close to one another and attached 
to a relatively rigid framework by essentially parallel 
bonds. Because of the importance of knowing just what 
conformations are, in fact, favored for molecules o f this 
type, we have determined the structure of l,8-di(brom o- 
methyl)naphthalene (1) by X-ray diffraction. On the as-
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Figure 1. Bond angles and bond distances found for 1 in the crys
tal. Estimated standard deviations in the bond distances are 
about 0.006 A for C-Br, 0.01 A for C-C, and 0.06 A for C-H.

sumption that the conformation observed for the solid state might also be important in solution, we have investigated the proton nmr spectra of 1 and of several related compounds (2-4) at low temperatures.
XCH2 ch2x

1, X = Br
2, X = H
3, X = Cl
4, X = OH

Most of the 1,8-disubstituted naphthalenes bearing sub
stituents at the 1,8 positions whose structures have been investigated by X-ray diffraction have been halogen derivatives. These substances have no complications of extra- 
cyclic conformations but do show substantial nonplanarity, both of the halogens with respect to the rings and of the naphthalene rings themselves.5 Relief of steric strain is normally most easily achieved by bond bending, but for1.8- disubstituted naphthalenes there is a buttressing ef
fect exerted by the 2,7 hydrogens which tends to favor out-of-plane distortions. This type of interaction for dihal- onaphthalenes reaches an extreme with 1,8-diiodonaph- thalene.6

The crystallographic investigations of substances where conformational properties should be important include 3- 
bromo-1,8-dimethyl-7 and octamethylnaphthalenes,8 but in these two studies the methyl hydrogens were not located; 1,8-dinitronaphthalene,9 where the planes of the nitro groups are twisted about 43° from the plane of the ring;1.4.5.8- tetranitronaphthalene10 with similar conformations of the nitro groups; l,8-diphenylnaphthalene,4a where the 
phenyl rings are face-to-face but substantially splayed outward and inclined to approximately 45° from the plane 
of the naphthalene ring; 1,4,5,8-tetraphenylnaphthalene,11 which is similarly disposed; the conjugate acid of 1,8-bis- (dimethylamino)naphthalene,12 which has the added proton in the plane of the ring shared between the two nitrogen lone pairs; the methyl groups are above and below the

plane; and l,8-bis(dimethylamino)naphthalene,13 the only 
case really comparable to the present one in that it in
volves saturated substituents. l,8-Bis(dimethylamino)- naphthalene assumes what appears to be a compromise conformation (5), with the methyl groups not in the most favorable location to avoid the hydrogens on C-2 and C-7, with the unshared pairs not face-to-face, and possibly with some degree of lone-pair delocalization in the ring (which, of course, would be particularly favored with the 
methyl groups in the plane of the ring).

Some of the more symmetrical, possible conformations of 1 are 6-8, which represent end-on views at C-ll and C-12 and are chosen to avoid close proximity of bromines with the respective opposite carbons C-ll and C-12, or other obvious steric conflicts between substituents on these atoms. Of these, 6 would be expected to be the least 
favorable because of the eclipsing of the hydrogens and the interactions of the bromines with the hydrogens at C-2 and C-7. Arrangements 7 and 8 relieve these interactions at the cost of creating new nonbonded hydrogen-hydrogen 
(and, for 8, hydrogen-bromine) interactions. Clearly, the mode by which the molecule resolves these conflicts is of substantial interest.

Br
8

Experimental Section
l,8-Di(bromomethyl)naphthalene (1) was prepared as de

scribed14 and recrystallized from ether. Preliminary Weissenberg 
and precession photographs indicated the monoclinic space group 
C2/c (systematic absences: hkl for (h + k) odd; hOl for l odd). 
Unit-cell dimensions were derived from a least-squares fit to 20 
values for 15 medium- to high-angle reflections centered on a dif
fractometer; they are a = 23.500 ±  0.004 A, 6 = 7.662 ±  0.002 A, 
c = 12.543 ± 0.006 A, 0 = 95.73 ±  0.02°.15 The density calculated 
for eight molecules in the unit cell is 1.856 g cm-3, in satisfactory 
agreement with the value 1.850 ±  0.002 g cm-3 measured by flo
tation.

The crystal used for collection of intensity data was an approx
imate cube, 0.2 mm on an edge, mounted along the c axis. Inten
sities were measured using a Datex-automated General Electric 
three-circle diffractometer equipped with a copper-target X-ray 
tube, Ni filter, scintillation counter, and pulse-height analyzer.

Figure 2. Stereoview of l,8-di(bromomethyl)naphthalene (1) as it exists in the crystal.
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Table IAtomic Coordinates As Determined byX-Ray Diffraction“
X y Z

Br (1) 0.15221 (3) -0 .2 9 0 8 8  (8) 0.00417 (5)
Br (2) 0.09420 (3) 0,16626 (9) -0 .2 4 0 6 5  (5)
C (1) 0.1777 (2) 0.0748 (7) 0.0346 (4)
c (2) 0.2267 (3) 0.1128 (10) 0.1000 (5)
c (3) 0.2270 (4) 0.2348 (11) 0.1820 (6)
c (4) 0.1785 (4) 0.3152 (10) 0.2002 (5)
c (5) 0.0752 (4) 0.3690 (8) 0.1591 (5)
c (6) 0.0258 (3) 0.3454 (9) 0.0981 (6)
c (7) 0.0251 (3) 0.2396 (8) 0.0079 (5)
c (8) 0.0719 (2) 0.1498 (7) -0 .0 1 8 2  (4)
c (9) 0.1251 (2) 0.1657 (6) 0.0470 (4)
c (10) 0.1261 (3) 0.2834 (7) 0.1365 (4)
c (11) 0.1838 (3) -0 .0 6 8 2  (9) -0 .0 4 5 2  (5)
C (12) 0.0623 (3) 0.0475 (8) -0 ,1 2 0 2  (4)
H (1) 0.223 (2) -0 .0 9 5  (7) -0 .0 4 8  (4)
H d ') 0.166 (2) -0 .0 5 5  (7) -0 .1 1 6  (4)
H (2) 0.261 (2) 0.039 (7) 0.081 (4)
H (3) 0.262 (2) 0.254 (7) 0.216 (4)
H (4) 0.176 (2) 0.396 (7) 0.250 (4)
H (5) 0.081 (2) 0.431 (7) 0.208 (4)
H (6) -0 .0 0 6  (2) 0.404 (7) 0.114 (4)
H (7) -0 .0 0 6  (2) 0.227 (7) -0 .0 3 7  (4)
H (8) 0.022 (2) 0.038 (7) -0 .1 4 5  (4)
H (8') 0.077 (2) -0 .0 6 7  (7) -0 .1 2 5  (4)

“ Values in parentheses are standard deviations in the
last digit.

All reflections with 28 <120° were recorded using a 8-26 scan 
mode at a scan rate of 1° (in 20)/min; the scan width varied from 
2.0° at 28 = 0° to 2.9° at 26 = 120°. A 20-sec background count 
was recorded at each scan extremum. Three check reflections (10, 
2, 2; 10, 0, 6; 0, 2, 4) were recorded periodically; they showed 
steady but somewhat unequal drops in intensity, averaging about 
10% over the 5-day period. The recorded intensities were correct
ed for this average decay, and for Lorentz and polarization ef
fects; no absorption corrections were applied (jir «  1.0). Assigned 
variances a2(Fa2) were based on counting statistics plus the term 
(0.02S)2, where S is the scan count. Of the 1675 independent re
flections that were recorded, 1551 had net intensities greater than 
zero.

The structure was derived by standard heavy-atom techniques 
beginning with a three-dimensional Patterson map.18 Two cycles 
of least-squares refinement of the heavy-atom coordinates (C and 
Br) gave an R value of 0.17. During the remaining eight least- 
squares cycles, additional parameters were added until they to
taled 158: coordinates and anisotropic temperature factors for the 
14 heavy atoms, coordinates for the 10 hydrogen atoms (which 
were initially assigned on geometric grounds), a scale factor, and 
a secondary-extinction parameter.17 The hydrogen atoms were 
assigned fixed, .isotropic temperature factors with B = 5.0 A2. 
During the final refinement cycle, the largest shift in a heavy- 
atom parameter was 0.5a and, in a hydrogen-atom coordinate,

Figure 3. Arrangement of molecules of 1 in the crystal.

0.9a. The goodness-of-fit, [Sw{F02 -  FC2)2/(N  -  P)]1/2 for N  = 
1675 reflections and P = 158 parameters, was 1.36; the R index, 
2||F0| -  |FC||/2|F0|, was 0.056 for the 1551 reflections with net 
intensities greater than zero.

Results and Discussion
The final atomic coordinates are. given in Table I and 

the anisotropic temperature parameters in Table II. Bond 
distances and angles are shown in Figure 1, a stereoptic 
view of the molecule in Figure 2, and the arrangement of 
the molecules in Figure 3.

Bond distances in the naphthalene ring are in excellent 
agreement with values found in l,8-bis(dimethylamino)- 
naphthalene, the only other 1,8-disubstituted naphtha
lene derivative to have been studied with comparable ac
curacy. Once again we note that the four ring C-C bonds 
involving C -l and C-8 are appreciably longer—by an aver
age of 0.025 Á in the present case—than the corresponding 
bonds involving C-4 and C-5. In the case of l,8-bis(di- 
methylamino)naphthalene13 the effect was somewhat 
larger, 0.035 Á, and was attributed in part to the electron- 
withdrawing ability of the substituent nitrogen atoms, 
and in part to overcrowding of the peri groups. In the 
present case, the substituent -CF^Br groups should have 
little electronic influence on the ring bonds, so that the 
distortion must be blamed almost entirely on overcrowd
ing. A comparison of bond distances with those found for 
naphthalene18 and perdeuterionaphthalene19 suggests that 
this overcrowding leads to a redistribution of bonding 
electrons within the naphthalene nucleus, the bonds in
volving C-4 and C-5 being shortened by about the same 
amount that those involving C-l and C-8 are lengthened.

Overcrowding between the peri -CHaBr groups is re
lieved in two additional ways; in-plane bending of the C-
1 -C -ll and C-8-C-12 bonds, and out-of-plane distortions 
involving the entire molecule. Deviations of the individual

Table IIAnisotropic Temperature Parameters“
Bn Bn Bzz Bn Bn Bn

Br (1) 6.06 (4) 4.59 (3) 5.27 (4) 1.41 (3) 1.22 (3) 0.72 (3)
Br(2) 6.08 (4) 5.77 (4) 3.40 (3) -0 .1 6 (3 ) 0.02 (2) 1.24 (3)
C (1) 3 .7  (3) 4 .1 (3 ) 3 ,4 (2 ) 0 .0  (2) 0 .3  (2) 1.1 (2)
C (2) 4 .2  (3) 6 .9  (4) 4 .5 (3 ) 0 .2  (3) - 0 . 2  (3) 0 .9  (3)
C (3) 5 .5  (4) 7 .3 (5 ) 5 .0  (4) -1 .6 ( 4 ) -1 .4 (3 ) 1 .4 (3 )
C (4) 8 .7 (5 ) 5 .2 (4 ) 3 .8  (3) -2 .0 ( 4 ) 0 .0 (3 ) 0 .0  (3)
C (5) 8 .9  (5) 3 .4  (3) 4 .6  (3) - 0 . 2  (3) 2 .3  (4) - 0 . 9  (2)
C (6) 5 .6  (4) 4 ,7 (3 ) 7 .3 (4 ) 1 .1 (3 ) 2 .4 (4 ) 0 .4 (3 )
C (7) 4 .7 (3 ) 4 .7 (3 ) 4 .9  (4) 0 .6  (3) 0 .2  (3) 0 .3  (3)
C (8) 4 .2 (3 ) 3 .1 (2 ) 3 .3  (2) 0 .1 (2 ) 0 .7  (2) 0 .8  (2)
C (9) 4 .2 (3 ) 3.1 (2) 2 .8  (2) -0 .5 ( 2 ) 0 .5 (2 ) 0 .7  (2)
C (10) 5 .8  (3) 3.2 (3) 3 .1 (3 ) -0 .9 ( 3 ) 0 .4  (2) 0 .4  (2)
C (11) 4 .0  (3) 5 .8  (3) 3 .6  (3) 1 .1 (3 ) 0 .7  (2) 1 .1  (3)
C (12) 4 .1 (3 ) 3.9 (3) 3 .5  (3) -0 .1 (2 ) - 0 . 3  (2) 0 .5  (2)

“ Values in parentheses are standard deviations in the last digit. The temperature factors have the general form exp — y 4 
(Buh2a *2- - ■ ■ -\-2Bnklb*c*).
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T able  III
D eviations from  the Least-Squares P lane o f  the 

N aphthalene R in g“
&

Atom Deviation, Â Atom Deviation, Â

C (1) -0 .0 6 8 C (8) 0.051
C (2) -0 .0 2 0 C (7) 0.045
C (3) 0.047 C (6) -0 .0 4 1
C (4) 0.037 C (5) -0 .0 4 1
C (9) 0.000 C (10) -0 .0 1 0
C (11) -0 .2 2 9 C (12) 0.188
Br (1) -2 .1 1 0 Br (2) 2.024

“ The plane was passed through atoms C -l-C -10, all 
weighted equally. The direction cosines of the plane rela
tive to a, b, and c are 0.2911, 0.7511, and —0.6186, and the 
origin-to-plane distance is 1.445 A.

Table IV
R in g -P roton  C oupling C onstants and C hem ica l-Sh ift 
D ifferences fo r  l,8 -D i(b rom om eth y l)n ap h th a len e  (1),

1 ,8 -D im ethylnaphthalene (2),
l,8 -D i(ch lorom eth y l) naphthalene (3), and

1,8-D i (hydroxym ethyl) naphthalene (4)
Compd Solvent c/23, Hz t/24, Hz J34, Hz ¿>43, ppm §42, ppm

l c c i 4 7 . 5 1 . 6 8 . 5 0.28 0.43
2 CCI, 7 . 0 1 . 8 7 . 4 0.38 0.42
3 CCI, 7 . 5 1 . 4 8 .9 0.30 0.44
4 D M S O 7 . 5 1 . 5 8.6 0.23 0.42

“ Dimethyl sulfoxide.

atoms from the mean plane of the naphthalene ring are 
given in Table HI. These deviations are smaller than in 
the dimethylamino compound,13 while the in-plane 
splaying of the C -C H 2Br bonds is larger; presumably the 
double-bond character in the C -l-N  and C-8-N  bonds of 
the dimethylamino compound makes bond bending a less 
attractive mechanism for relieving strain than in the pres
ent case.

The puckering of the naphthalene system is accom
plished primarily by a twist about the central C-9-C-10 
bond by about 4° in the present compound and 9° in the 
dimethylamino compound. This twist apparently results 
in a redistribution of electrons in the ring system, for in 
both compounds (as well as in other peri compounds7-13 
the C-9-C-10 bond is significantly longer than in naphtha
lene and perdeuterionaphthalene while the C-2-C-3 and 
C-6-C-7 bonds are marginally shorter.

The C -l-C -11 and C-8-C-12 bonds are sufficiently non
parallel as to result in a C-11---C-12 distance of 3.05 Â 
compared to 2.57 Â for C -1---C -8. This C-11---C-12 
distance is substantially larger than the corresponding 
distance in 3-bromo-l,8-dimethylnaphthalene, 2.92 Â .7 
The conformations about the C-CH^Br bonds are such 
that the bromine atoms are directed to opposite sides of 
the molecular plane: the torsion angles C -2 -C -l-C -ll-B r - 
1 and C-7-C-8-C-12-Br-2 are 101.1 and 101.8°. A number 
of the nonbonded distances (Figure 2) are less than the 
sums of the van der Waals radii as given by Pauling20 or 
Bondi.21 The most uncomfortable interactions appear to 
be the Br-1- • -H-8' (2.85 À) and B r-2 ...H -1 ' (2.76 A) 
contacts; however, it is possible that these interactions in
clude electrostatic attraction effects of the type postulated 
to account for the unusual stability of axial halogens on 
cyclohexane rings in the presence of polar groups.22

Nmr Studies. The arrangement and general tightness 
of the bromomethyl groups of 1 as shown in Figure 2 
suggest that the hydrogens on the methylene groups 
should be nonequivalent and that there might be a signifi
cant barrier to rotation, a process which would, of course, 
make the methylene hydrogens on the average equivalent. 
For this reason, some variable-temperature nmr studies

were made of 1 and some related compounds, 2, 3, and 4. 
At room temperature, the proton interactions on the ring 
carbons of 1-4 were analyzed23 as independent ABC spin 
systems on the assumption that the couplings between the 
hydrogens on opposite sides of the molecule were small, as 
they are in other naphthalene derivatives.24 The results of 
these analyses are shown in Table IV and they accord gen
erally with the work of others.24 -25

For compounds 1-4, the methylene proton signals were 
single sharp lines at room temperature in carbon tetra
chloride, while with 4 in dimethyl sulfoxide, hydroxyl ex
change was slowed sufficiently so that the methylene sig
nal was split into a doublet corresponding to a J HC0H cou
pling of 5.3 Hz.

The singlets observed for the methylene protons at room 
temperature remained unchanged for 1 in vinyl chloride 
down to -130°, for 2 in the same solvent to —140°, for 3 in 
dimethyl ether to -130°, and for 4 in carbon disulfide to 
—40°. Although these results are perhaps not too surpris
ing in view of what has been reported recently,40 at the 
time the experiments were carried out, we considered 
some possible explanations of the results which did not re
quire that the barrier to rotation be small, especially for
1. Briefly, these were (1) that the conformation of 1 in the 
crystal is dictated not by intramolecular but rather by in- 
termolecular forces so that the stable conformation in so
lution is, in fact, 6; and (2) that the methylene protons 
might coincidentally have the same shifts even for 8. The 
arguments against the first proposition are that the crys
tal structure shows no unusual intermolecular interactions 
which would favor 8 over 6, although this argument is 
weakened by not having crystals o f 6 and knowing what 
their structure would be like, and also that 6 would be ex
pected to have very substantial H -2 ---B r-l and H-
7 -  .-Br-2 interactions. The possibility that the chemical 
shifts would be coincident seems highly unlikely on the 
basis of a crude ring-current effect calculation which 
suggests that there should be perhaps 0.15 ppm difference 
in shift between them. There will also be a substantial in
fluence produced by the bromines on the immediately ad
jacent hydrogens, of Br-1 on H-8' and of Br-2 on H -l '. 
Qualitatively, one would expect that these influences on 
the close protons would be in the same direction (down- 
field) as the ring-current effect. For this reason, it seems 
quite unlikely that accidentally coincident chemical shifts 
are involved, and we conclude that rapid rotation is the 
correct explanation for the variable-temperature spectra. 
For 1-3, the free energies of activation for rotation are 
probably less than 8 kcal/m ol.

Registry No.—1, 2025-95-8; 2, 569-41-5; 3, 50585-29-0; 4, 2026-
08- 6.
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A kinetic study of the hydrolysis of benzonitrile was re
cently published by Hyland and O ’Connor.3 This prompts 
us to report a set of data obtained some years ago4 con
cerning rates of hydrolysis of o-tolunitrile in HCIO4 solu
tions at 133.5°.

The hydrolysis reaction is represented in eq 1. An ana
lytical technique was chosen that reveals only destruction 
of the nitrile and is insensitive to further hydrolysis of 
amide to acid. The data obtained in 1.5-6 M  HCIO4 solu
tions are listed in Table I.

These data are correlated quite well by the linear free 
energy relationship (LFER) of eq 2, in which H 0 is the 
Hammett acidity function, ky, is the measured pseudo- 
first-order rate constant at any acid concentration, and 
k 2° is the second-order rate constant (first order in sub
strate, first order in H+) at infinite dilution in water as 
reference state.5 The correlation and the resulting param
eters are summarized in Table II. The slope (</> value) is 
+0.61.

log  k+ +  H 0 =  <j>(H„ +  l o g [H +] )  +  log  k 2° (2 )

Correlation of log k t  +  H 0 with log aw ,6 where aw is the 
activity of water, was also attempted. That correlation is 
also summarized in Table II. The slope (w value) is 
+3.33. As revealed particularly by the standard deviations 
of points from the linear regression lines, oy, the correla
tion with log aw is less satisfactory than with (H 0 +  log 
[H+]). A plot of the correlation with log aw shows slight 
but persistent curvature, whereas the LFER plot is

Table IKinetics of Hydrolysis of o-Tolunitrile in Aqueous Perchloric Acid at 133.5°
[HC104],

M
105 ktfz, 
sec ~1 ° Ho Ho + log [H + ]

1 . 4 7 2 .1 2 + 0 .0 6 -0 .5 9 -0 .4 1
3 . 0 1 6.42 ± 0 .4 3 -1 .3 3 -0 .8 6
4 .0 0 1 2 .5 + 0 .5 5 -1 .7 9 - 1 .1 8
4.51 16.0 ± 0 .3 5 -2 .0 2 -1 .3 8
4.99 1 9 .8 + 0 .5 3 -2 .2 8 - 1 .5 8
5.50 32.06 -2 .5 9 -1 .8 5
6.02 38.3 ±  1.15 -2 .9 0 -2 .1 2

“ Standard deviations are shown. h Average of 31.7 ±
0.7 and 32.3 ± 1 .4 .

Table IISummary of Rate Correlations
Correlation Slope Intercept <rya , b yC°sl r

(log ky, +  Ho) vs.
(H„ +  log [H+]) 

(log ky, +  H 0) vs.
+  0 .61d -4 .9 9 0.03 0.02 0.997

log aw +  3 .33e f 0.04 0.16 0.994
log ky, VS. —Ho +  0.55 f 0.05 0.03 0.994

“ Standard deviation of points, in the y  direction, from 
the linear regression line. 6 Standard deviation of slope. 
° Correlation coefficient. d <j> value. ‘  w  value. 1  N ot listed; 
has no fundamental significance.

straight except for small random deviations most likely 
due to experimental error.

Correlation of log h  with ~ H ()7 was also attempted, 
and the correlation is summarized in Table II. The ay 
values show that this correlation gives the least satisfacto
ry fit of experimental points to a straight line. The slope 
is 0.55.

The H 0 values8 and log cy values6 employed in these 
correlations are for 25° or thereabouts, while the reactions 
were conducted at 133.5°. Also, acid concentrations were 
not corrected for thermal expansion of the reaction solu
tions from room to reaction temperature. The magnitudes 
of the slopes and intercepts may therefore be somewhat 
affected. The <t> parameters measured by Hyland and
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O’Connor3 for benzonitrile hydrolysis diminish from +0.64 
at 70° to +0.48 at 111° and crudely extrapolate to about 
+0.38 at 133.5°. The </> parameter we obtain for o-toluni- 
trile hydrolysis at 133.5°, namely +0.61, is considerably 
higher than +0.38.

From Arrhenius extrapolation of the log k 2°  values of 
Hyland and O’Connor to 133.5°, we reckon k 2° for benzo
nitrile hydrolysis at that temperature to be 5.3 X 10“ 6 
M -1 sec-1 . This compares with 1.1 x  10-5  M ~1 sec-1  for
o-tolunitrile from our data. The ortho methyl group ap
proximately doubles the hydrolysis rate. This augmenta
tion probably is to be attributed to a favorable effect of
o-methyl on equilibrium protonation of the nitrile. It also 
suggests that there is minimal steric hindrance by o- 
methyl to attack of water at carbon of the protonated ni
trile.

For hydrolysis of a weakly basic substrate, the $ param
eter is composite, being the sum of <t>e for equilibrium pro
tonation of the substrate and 4>T for the step(s) in which 
the protonated substrate progresses to transition state and 
thence to products.5 Inasmuch as only the <pT value could 
be related to reaction mechanism and there are no data 
available from which to calculate the 4>e value for nitrile 
protonation, we eschew attempting to draw mechanistic 
conclusions from our kinetic data.

Experimental Section
A small amount of o-tolunitrile was dissolved in a standardized 

solution of HCIO4 in distilled water. Aliquots were sealed in glass 
ampoules which were immersed, all at once, in a thermostat at
133.5 ±  0.2°. At measured times ampoules were removed, plunged 
into cold water, and opened, and 2 -ml portions transferred by pipet 
into 10-ml volumetric flasks containing 3 ml of 6 M  aqueous 
NaOH. The flasks were diluted to the mark with distilled water 
and the absorbances of the resulting solutions were immediately 
measured at 231 nm by means of a Beckman Model DU spectro
photometer. (Independent measurements showed that in alkaline 
solution o-toluamide and o-toluate ion have equal extinction coef
ficients at 231 nm.) Plots of In (At -  A „)  were linear, and the 
negatives of their slopes (calculated by linear regression analysis) 
were taken as k^.

Registry No.—o-Tolunitrile, 529-19-1; perchloric acid, 7601- 
90-3.
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To date, the only clear-cut electrophilic substitution 
reaction carried out with the unsubstituted acridizinium 
ion 1 has been sulfonation,2 which occurs at position 10 of 
the cation. The mechanism of the halogenation reaction is 
obscure. It was suggested3 that at least some of the prod
ucts were formed by an addition-elimination mechanism.

To date, there has been no report of the nitration of the 
acridizinium ion.

X"

1, R = H 3, Z = COOH
2, R = N02 4, Z = H

Earlier experiments showed that, when acridizinium 
salts are heated with nitric acid, the product is a com
pound formed by oxidation4 as well as nitration. When a 
mixture of concentrated nitric and sulfuric acids at below 
-5 °  is used, a mononitro acridizinium salt is obtained in 
good yield. The product is so susceptible to nucleophilic 
attack that it can be crystallized satisfactorily only if acid 
is present. Oxidation of the new nitroacridizinium salt at 
100° in concentrated nitric acid afforded a 2-(2-carboxyni- 
trobenzoyl)pyridine which, on decarboxylation, yielded 
the known5 2-(2-nitrobenzoyl)pyridine (4). From this, it 
follows that the acid is 3 and the original nitration prod
uct is the 10-nitro derivative (2).

The 10 position, like the 8 position, does not bear a pos
itive charge in any of the canonical forms contributing to 
the resonance hybrid. It is probable that nitration and 
sulfonation occur predominantly at position 10 (rather 
than 8) because of the greater reactivity of a  positions in 
polycyclic systems. The observation parallels exactly that 
of the nitration of the benzo[c]quinolizinium ion6 (yield
ing 5) in that the nitration occurs in the ring most remote 
from the positive charge and at that a  position which does 
not bear a positive charge in any of the canonical forms 
contributing to the resonance hybrid. Another interesting 
parallel is the nitration of isoquinoline. In mixed acid, in 
which it exists as its conjugate acid 6, it affords the 5- 
nitro derivative in 90% yield.7 This orientation is explica
ble on the same basis as that of the two benzoquinoliz- 
inium systems (2 and 5). Reduction of the nitro group of 2 
is accompanied by reduction of the quinolizinium system.

7 8 1

5 6
As was reported earlier,8 acridizinium salts can be re

duced over a palladium catalyst to yield the 6,11-dihydro 
product (7). Nitration of 7 afforded a 70% yield of 8-nitro-
6,11-dihydroacridizinium salt (8), the identity of which 
was established by oxidation to the known4 2-(2-carboxy-
4-nitrobenzoyl)pyridine (10). The discovery that this oxi-

X-

7, R =  H
8, R =  N02

9, R = H
10, R = N02

dation could be carried out by the use of permanganate 
prompted a reinvestigation of the oxidation of acridiz
inium bromide. In the first paper9 dealing with acridiz
inium salts, the statement was made that the crude per
manganate oxidation product, obtained in 81% yield, was 
impure phthalic acid. This statement, based only on a
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melting point and on sublimation experiments which were 
discontinued after a few milligrams of phthalic anhydride 
was obtained, is obviously in error. Oxidation of acridiz- 
inium bromide with potassium permanganate has now 
been found to afford a 36% yield of 2-(2-carboxybenzoyl)- 
pyridine (9).

Our nitration experiments make it clear that, in the oxi
dative nitration which converts the acridizinium ion into
2-(2-carboxy-4-nitrobenzoyl)pyridine (10), oxidation must 
precede nitration or else the product would be 3. It has 
now been shown that 9 is not an intermediate since it is 
recovered unchanged when subjected to the conditions of 
the oxidative nitration.

Experimental Section
10-Nitroacridizinium Perchlorate (2, X = C104). To a me

chanically stirred solution containing 50 ml of concentrated sulfu
ric acid and 50 ml of concentrated nitric acid, cooled to -5  to 
-10°, 5 g of acridizinium bromide10 was added in small portions. 
After an additional 15 min, the mixture was poured into 400 ml of 
ice-water. The resulting solution was allowed to come to room 
temperature and filtered to remove some reddish solid. Addition 
of 100 ml of 35% perchloric acid to the filtrate and cooling gave
4.2 g of yellow needles. Recrystallization from water containing 
perchloric acid afforded 3.8 g (65.5%) of pure yellow needles, mp 
197-198°.

Anal. Calcd for C13H9CIN2O6: C; 48.07; H, 2.77; N, 8.63. 
Found: C, 48.19; H, 2.70; N, 8.65.

The bromide was prepared by suspending 1  g of the perchlorate 
salt (2) in 25 ml of methanol which had been saturated with po
tassium bromide. After the slurry had been warmed and stirred 
for 2 hr, the potassium perchlorate was filtered off, the solution 
concentrated, and crystallization induced by addition of ethyl ac
etate. The bromide consisted of yellow platelets, mp 225-227°.

Anal. Calcd for Ci3H9N20 2Br: C, 48.29; H, 3.40; N, 8.67. 
Found: C, 48.19; H, 3.38; N, 8.79.

2-(2-Carboxy-6-nitrobenzoyl)pyridine (3). A solution of 2 g of
10 -nitroacridizinium perchlorate in 20 ml of concentrated nitric 
acid was heated for 6 hr on a steam bath. The solution was cooled 
and diluted with 50 ml of water; solid sodium bicarbonate was 
added in small portions. At a pH ~2, 0.7 g (42%) of a colorless 
solid, mp 203-207°, precipitated. Recrystallization from acetic 
acid-water afforded a product, mp 224-225°.

Anal. Calcd for Ci3H8N20 5: C, 57.36; H, 2.96; N, 10.29. Found: 
C, 56.99: H, 3.05; N, 10.40.

2-(2-Nitrobenzoyl)pyridine (4). A mixture of 0.5 g of 3 with 0.1 
g of copper powder was heated for 30 min at 180°. The solid was 
thoroughly extracted with boiling ethanol, and the extract filtered 
and concentrated, causing the crystallization of 0.25 g of tan nee
dles, mp 117-118° (lit.4 117-118°).

Anal. Calcd for Ci2H8N20 3: C, 63.15; H, 3.53; N, 12.28. Found: 
C, 62.67; H, 3.52; N, 12.06.

10-Ammobenzo[b]quinolizidine Methiodide. A suspension of 2 
g of 10 -nitroacridizinium perchlorate (2 ) with 0.2 g of platinum 
oxide in 100 ml of ethanol was hydrogenated at atmospheric pres
sure. After absorption of the theoretical amount of hydrogen, the 
catalyst was removed and the solution concentrated under re
duced pressure. The salt was converted into the free base from 
which the methiodide was prepared. The tan solid was recrystal
lized from methanol-ethyl acetate to give 0.7 g (32%) of tan nee
dles, mp 254-256°.

Anal. Calcd for C14H2iIN2-V2H20: C, 47.60; H, 6.28; N, 7.93. 
Found: C, 47.94; H, 6.13; N, 7.72.

8-Nitro-6,ll-dihydroacridizinium Perchlorate (8). A mixture 
of 15 ml of concentrated sulfuric acid and 15 ml of concentrated 
nitric acid was cooled to 0° and 1.5 g of 6,11-dihydroacridizinium 
bromide (7)s was added over a period of 15 min. After an addition
al 1 hr, the mixture was poured into 200 ml of ice-water. The solu
tion was filtered and 25 ml of 35% perchloric acid added to the 
filtrate. The mixture was refrigerated overnight and then collect
ed and recrystallized from water containing a few drops of per
chloric acid. The yield was 1.3 g (70%) of tan needles, mp 190- 
193°.

Anal. Calcd for Ci3HnClN20 6: C, 47.79; H, 3.39; N, 8.58. 
Found: C, 47.70; H, 3.43; N, 8.48.

2-(2-Carboxy-4-nitrobenzoyl)pyridine (10 ). A. By Oxidation 
with Nitric Acid. A 1-g sample of 8-nitro-6,ll-dihydroacridizin- 
ium perchlorate (8) in 25 ml of concentrated nitric acid was heat

ed overnight on a steam bath. The nitric acid was removed under 
reduced pressure and the residue extracted with sodium bicar
bonate solution. The extract was filtered and acidified, affording 
the crude product. Recrystallization from acetic acid-water af
forded 0.3 g (36%) of product, mp 215-217°.

B. By Oxidation with Permanganate. A 1-g sample of 8 was 
suspended in 25 ml of hot water on a steam bath and the solution 
stirred while powdered potassium permanganate was added. 
When the color was no longer immediately discharged, the hot so
lution was filtered to remove manganese dioxide and then acidi
fied. Upon cooling, 0.3 g (36%) of product, mp 217-218°, crystal
lized. Both products were shown to be identical by mixture melt
ing point and ir spectra and were shown to be identical with an 
authentic specimen.4

2-(2-Carboxybenzoyl)pyridine (9). A 1-g sample of acridiz
inium bromide was oxidized with permanganate essentially as in 
the case of 8 except that acidification Of the alkaline solution with 
dilute hydrochloric acid was carefully done to pH 5. The product 
consisted of colorless needles, mp 225-227°; yield, 0.3 g (36%).

Anal. Calcd for C13H9N03: C, 68.72; H, 3.97; N, 6.17. Found: 
C, 68.54; H, 3.87; N, 6.13.

A sample of the keto acid (9), dissolved in concentrated nitric 
acid and heated on the steam bath for 12  hr, was recovered un
changed.

Registry No.—1 (X = Br), 7547-88-8; 2 (X = CIO4), 50585-79- 
0; 2 (X = Br), 50585-80-3; 3, 50678-82-5; 4, 50678-83-6; 7 (X = 
Br), 15757-24-1; 8 (X = C104), 50585-82-5; 9, 27693-49-8; 10, 
50585-83-6; 10-aminobenzo[6]quinolizidine methiodide, 50678-84-
7.
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Recent interest in studies using nonradioactive labels 
for tracing metabolic pathways and as general biological 
probes has led us to develop new methods for labeling the 
internal ring positions of nicotinamide (1). The following 
describes an efficient method for preparing gram quan
tities of specifically labeled 1 containing 13C at the C-6 
position. The incorporation of this base into the coenzyme 
NAD+ (2) using biosynthetic techniques can be and has 
been readily accomplished.1

The ease with which quinolines can be prepared and 
then oxidized to pyridinecarboxylic acids suggested that 
an attractive synthetic scheme could be developed incor
porating these transformations as key steps. Specifically, 
a high yield of 2-methylquinoline-2-13C (3) was obtained 
from o-aminobenzaldehyde and acetone-2-13C under Fried- 
lander reaction conditions, as is shown in Scheme I. Pre
liminary experiments had shown that the attempted di
rect oxidative degradation of 3 to a pyridinecarboxylic 
acid under a variety of conditions resulted in only partial
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functionalization of the 2-methyl group. This problem was 
circumvented by transforming2 3 into its tribromomethyl 
derivative 4 prior to oxidation. Degradation of the benze- 
noid ring under vigorous oxidative conditions3 led to pyri
dine-2,5-dicarboxylic acid, which was converted without isolation to its dimethyl ester 5. Partial hydrolysis of 
diester 5, according to the procedure of Isagawa and coworkers,4 gave the monoacid 6, which was readily decar - 
boxylated on heating in anisole to methyl nicotinate-6-13C(7) in excellent yield. Nicotinamide-6-13C (8) was prepared from ester 7 following standard procedures.6 An 
overall yield, based on acetone-2-13C, of approximately 50% for the multistep sequence can be obtained if the aci
dic residues of the hydrolysis and decarboxylation steps (5 
— 7) were treated with diazomethane (presumably forming 5) and recycled as described in the Experimental Section. It should be noted, however, that the overall yield of 
labeled 1 was improved by only a few per cent by this 
recycling procedure. Other schemes for degrading quinoline and synthesizing pyridines to label C-6 of compound 
1 were investigated prior to the above-cited labeling 
scheme. However, the method described herein was the 
method of choice owing to the high yields and reliability of each reaction. In addition, this series of reactions was 
designed so that each intermediate synthon that required 
purification was readily isolated by partitioning into the organic phase of a water-organic solvent extraction.6

Obviously this nonradioactive label is only of use as a 
biological probe or tracer agent by virtue of its spectroscopic properties, and accordingly the various nmr param
eters such as chemical shifts (13C, XH) and coupling con
stants (13C-H) have been recorded in the Experimental 
Section. It is further evident that this reaction sequence could be adapted to label other internal ring positions of 
niacinamide (1). Studies are now underway to develop 
new techniques to specifically label additional positions of 
pyridine dinucleotide 2 as well as other biologically 
important compounds.

Experimental Section
2-Methylquinoline-2-13C. To a stirred solution of sodium eth- 

oxide (0.9 g of sodium in 100 ml of absolute ethanol) was added 
dropwise a solution of acetone-2-13C (1.17 g, 19.8 mmol, 90% 13C) 
with o-aminobenzaldehyde (2.44 g, 20.2 mmol) in 50 ml of abso
lute ethanol. The mixture was heated under reflux for 12 hr. The 
volume was reduced to 50 ml and the mixture was cautiously 
added to cold distilled water. After adjusting the pH to 7, the 
aqueous mixture was extracted with five 50-ml portions of methy
lene chloride. These organic extracts were combined, washed with 
water, and dried (MgSCU). Evaporation of the volatiles afforded a 
residue that was distilled [bulb to bulb, 130-140° (18 mm)], giving
2.79 g (98%) of a colorless liquid: ir (neat) 3075, 1605, 820 cm-1; 
pmr (neat) 5 2.60 (d, 3 H, 2J c ,h  = 6 Hz, CH3), 6.81 (dd, 1 H, ^3,4 
= 8.5, 2Jc,h = 3.0 Hz, C3H), 7.08-8.39 (m, 5 H).

2-Tribromomethylquinoline-2-13C. To a mechanically stirred

7 1

solution of 2-methylquinoline-2-13C (2.79 g, 19.4 mmol), anhydrous 
sodium acetate (10  g), and glacial acetic acid (20 g) was adcjed bro
mine (9.6 g, 0.12 g-atom) over'a period of 15 min.

The mixture was heated at reflux for a period of 1 hr, and then 
cooled and poured into ice and water. The precipitate of tribromide 
was filtered, washed with cold water, and dried. Methylene chloride 
extraction (5 x 50 ml) of the combined filtrate and washing afford 
additional solid material upon evaporation. This material, when 
combined with the precipitate, afforded 6.74 g (91%) of a yellow 
solid (2-tribromomethylquinoline-2-13C): mp 129-130° (lit.2 mp 
128°); ir (KBr) 760, 710 cm“ *; pmr (CDC13) S 7.25-820 (m).

Dimethyl Pyridine-2,5-dicarboxylate-2-13C. 2-Tribromometh- 
ylquinoline-2-13C (6.74 g, 17.7 mmol) was dissolved in 11 ml of 
cold, concentrated sulfuric acid and heated with stirring until the 
vigorous evolution of bromine was observed (bath temperature 
approximately 140-150°). A slow stream of argon was passed over 
the mixture and the temperature was maintained at 150°. Bro
mine vapors were displaced by a continuous flow of argon. The 
temperature was then raised to 260° and concentrated nitric acid 
(11 ml) was cautiously added over a 2-hr period. Following addi
tion, the excess nitric acid was removed by the use of a slow 
stream of argon. During this time the temperature rose to 275° 
and the solution became clear, bright yellow in color.

The mixture was cooled to room temperature and slowly added 
to cold methanol (200 ml). The methanolic solution was main
tained at reflux for 18 hr. The volume was slowly reduced to 50 
ml by periodic distillation of methanol and the resulting solution 
was poured onto ice and neutralized with sodium bicarbonate. 
The aqueous mixture was extracted five times with 125-ml por
tions of methylene chloride. The combined organic extracts were 
washed with water and dried (MgSCU). Concentration of the or
ganic solution (in vacuo) left 2.46 g (71%) of diester: mp 166° (lit. 
mp 164°); ir (CH2C12) 1730, 1270, 1130 cm "1; pmr (CDCI3) & 3.98 
(s, 3 H, CH3), 4.03 (s, 3 H, CH3), 8.14 (ddd, 1 H, J 3A =  8.2, J 3 , 6 

= 0 .8 , 2J C H = 1.5 Hz, C3H), 8.42 (ddd, 1 H, J 3 4  =  8.2, J i ,e =  
2.0, 3J C h  ’=  7.0 Hz, C4H), 9.25 (ddd, 1 H, J 3.6  = 0.8, J 4,e = 2.0, 
3JC,H = 11.5 Hz, C6H); cmr (CH2C12) 151.5 ppm.

5-Carbomethoxypyridine-2-carboxylic Acid-2-13C. Dimethyl 
pyridine-2,5-dicarboxylate-2-13C (1.58 g, 81 mmol) was dissolved 
in 50 ml of absolute methanol and a solution of 85% potassium 
hydroxide (0.54 g, 82 mmol) in 15 ml of absolute methanol was 
added. The stirred solution was maintained at reflux for 2 hr and 
the solvent was removed under reduced pressure. The residue was 
dissolved in water and acidified to pH 2, extracted with methy
lene chloride (150 ml), and then subjected to continuous (methy
lene chloride) extraction for 48 hr. The organic extracts (continu
ous and separative) were combined, dried (MgS0 4 ), and concen
trated under reduced pressure to give monoacid ester (1.29 g,
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88%) as a white solid: mp 186-187° (lit.4 mp 186°); ir (KBr) 1700, 
1280 cm -1; pmr (CF3CO2H) 5 4.22 (s, 3 H, CH3), 8.76-9.70 (m, 3 
H, C3H, C4H, and C6H).

Methyl Nicotinate-6-13C. A suspension of 5-carbomethoxypyri- 
dine-2 -carboxylic acid-2-13C (2.05 g, 11.3 mmol) in anisóle (50 ml) 
was refluxed for 6 hr. The anisóle solution was concentrated to 5 
ml by fractional distillation (at atmospheric pressure). This mix
ture was then distilled at 14 mm (bulb to bulb) at 100-140°, giv
ing a clear, colorless solution of methyl nicotinate-6-13C in ani
sóle.

The distillation residue (0.25 g) was dissolved in methylene 
chloride and treated with excess diazomethane. The dimethyl 
pyridine-2 ,5-dicarboxylate thus obtained could successfully be re
cycled (hydrolysis and decarboxylation), yielding additional 
quantities of methyl nicotinate-2-13C.

The spectral characteristics of the anisóle solution of methyl 
nicotinate-6-13C were ir (anisóle) 1725 and 1120 cm -1; pmr (ani
sóle) 5 3.57 (s', 3 H, CH3), 6.4-7.2 (m, anisóle ring protons and 
C5H), 7.95 (dddd, 1  H, J2 4 = 2 .2 , J4,5 = 8.0, J4,6 = 1.8, 3JC,h =
7.5 Hz, C4H), 8.47 (ddd, 1  H, J4 6 = 1.8, J5 6 = 5.0, V c H = 180 
Hz), 9.14 (dd, 1 H, 3Jc,h = H-5, J2.4. = 2.2 Hz, C2H); cmr (ani
sóle) 153.57 ppm.

Nicotinamide-6-13C. The combined portions of methyl nicotin- 
ate in anisóle were mixed with 150 ml of water and cooled in an 
ice bath. Ammonia was bubbled through the mixture for 6 hr at 
3° and then for 12 hr at room temperature. Ether (50 ml) was 
added and the layers were separated. The etheral solution was 
extracted with water (25 ml). The combined aqueous portions 
were lyophilized, leaving 1.17 g (85%)7 of a white solid: mp 128- 
130° (lit. mp 129.5-130.5°); ir (KBr) 3350, 3160, 1675, 1395 cm” 1; 
pmr (D20) á 7.50 (m, 1  H, 2J c ,h  = 3.5, Ji,s = 8 .2 , J5,6 = 5.1 Hz, 
C5H), 8.13 (m, 1 H, 3JC h = 7, Jz,4 = 2.2, J4,6 = 1.8, J4,5 = 8.2 
Hz, C4H), 8.61 (ddd, 1 H, V c.h = 182. J4,6 = 1.8, J6,6 = 5.1 Hz, 
C6H), 8.78 (dd, 1 H, V C,H = 11, Jz.i = 2.2 Hz); cmr (D20) 152.64 
ppm. •
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In 1971, a review was written by Pearson and Buehler1 
on unusual electrophilic aromatic substitution reactions. 
A section discusses ortho enhancement, which, was defined 
as a reaction which produces more than 66.7% ortho sub
stitution, the statistical percentage of this position. The 
review states that the first successful attempts in the

ortho chlorination of phenols were accomplished by ter t-  
butyl hypochlorite usually in ethanol and/or carbon tetra
chloride. The review also states that solvent effects and 
temperature have a slight influence on the ortho/para 
ratio but not to the extent that one would choose these 
factors alone to control orientation.

The statement concerning te r t-butyl hypochlorite is de
rived from the work of Clark2,3 and Ginsburg.4,5 Clark2,3 
reported that the tert-butyl hypochlorite chlorination of 
phenol in ethanol yields 92.3% 2-chlorophenol and 87.4%
2,4-dichlorophenol, while in carbon tetrachloride it yields 
57% 2-chlorophenol. Ginsburg4,5 reported that ierf-butyl 
hypochlorite reacts with 2-chlorophenol in carbon tetra
chloride to yield 73% 2,6-dichlorophenol, a result which is 
quoted in a text on aromatic halogenation,6 but reacts 
with 2-methylphenol to yield only 31% 6-chloro-2-methyl- 
phenol. Ginsburg5 implied that alkyl hypochlorites attack 
phenol by a free-radical mechanism.

In 1961, Harvey and Norman7 investigated the chlorina
tion of various aromatic compounds, including phenols, 
with chlorine and ferf-butyl hypochlorite utilizing vpc for 
analysis. Chlorine chlorination of molten phenol yields 
39.5% 2-chlorophenol and 60.5% 4-chlorophenol. These re
sults have been substantiated by Bing8 and Zee.9 Chlorin
ation of phenol with chlorine in carbon tetrachloride 
yielded 74.0% 2-chlorophenol and with tert-butyl hypo
chlorite 51.0% 2-chlorophenol. From these data they con
cluded that tert-butyl hypochlorite does not give rise to 
high ortho/para ratios in the chlorination of phenols. 
Based on their observations, Harvey and Norman also 
proposed and gave evidence that the reaction was ionic 
via  the formation of chlorine rather than free radical.

Harvey and Norman, however, did not repeat the work 
of Clark2 or Ginsburg.4 All of these authors ran their reac
tions at various concentrations and temperatures. For ex
ample, Harvey and Norman7 chlorinated a 5.3% solution 
of phenol in carbon tetrachloride with chlorine and a 13% 
solution of phenol in carbon tetrachloride with tert-butyl 
hypochlorite.

Gne of the purposes of this work is to reexamine the 
chlorination of phenol in ethanol with tert-butyl hypo
chlorite. Temperature and concentration effects on the 
chlorination of phenol in carbon tetrachloride with chlo
rine and tert-butyl hypochlorite will be reported. Finally 
the results of a direct comparison of the chlorination of 
three phenols (phenol, 2-methylphenol, and 2-chlorophe
nol) with chlorine and te r t-butyl hypochlorite, maintain
ing a constant temperature and concentration, will be dis
cussed.

Results and Discussion
The claim of Clark2 that chlorination of phenol with 

tert-butyl hypochlorite in ethanol yields 92.3% 2-chloro
phenol could not be reproduced. On the contrary, tert- 
butyl hypochlorite chlorination of a 10% solution of phenol 
in ethanol at 15° yields 30.3% 2-chlorophenol and 65.3% 4- 
chlorophenol for an ortho/para ratio of 0.46. Chlorination 
under the same conditions except that the solvent was 
95% ethanol and 5% water gave essentially the same re
sults; i.e ., the maximum yield of 2-chlorophenol is 
29.4% and the ortho/para ratio is 0.45. However, the ad
dition of 2 equiv of ieri-butyl hypochlorite to a 10% solution 
of phenol in ethanol at 15° did yield 86.9% 2,4-dichloro
phenol, in good agreement with the 87.4% yield reported by 
Clark.2

Ethanol has been reported by Campbell and Shields10 
to be one of the solvents that favor para substitution in 
the chlorine chlorination of 2-methylphenol. We con
firmed this report by chlorinating a 10% solution of phe-
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Table IChlorination of Phenol in Carbon Tetrachloride
Maximum 
yield of 2-

Chlorinating Concentration, Temp, chlorophenoL,
agent wt % "C wt, % Ortho/para

Cl2 Neat 60 29 0.65“
C k 10 78 5 7 .7 1.6Cl2 5 78 68.0 2 .5Cl2 10 18 5 2.8 1 .3(CH3)3COCl 10 78 5 3.3 1 .3(CH3)3COCl 10 15 45.8 0.92(CH3)3C0C1 33 78 4 7.5 1.0
a Reference 8.

noi in refluxing ethanol and obtained a yield of 27.5% 2- 
chlorophenol and 56.0% 4-chlorophenol for an ortho/para ratio of 0.49.

In their study of solvents, Campbell and Shields10 
found that the isomer ratios obtained from the chlorine chlorination of a 25% sohition of 2-methylphenol in the 
various solvents varied owing to the hydrogen bonding be
tween the hydroxy group and the solvent. The bound sol
vent molecule exerts a steric effect on the ortho position 
and thus leaves the para position open to attack and consequently increases the yield of the 4-chloro isomer. Thus, 
polar solvents that solvate the hydroxy group, such as ni
trobenzene, nitromethane, acetonitrile, and sulfur dioxide, gave the highest yields of 4-chloro-2-methylphenol. Non
polar solvents, such as carbon tetrachloride and benzene, 
which do not solvate the hydroxy group and actually de
crease the hydrogen bonding of 2-methylphenol in solu
tion, gave the highest yields of 6-chloro-2-methylphenol. Thus, the ortho/para ratio varied from 0.15 in nitrometh
ane to 1.1 in carbon tetrachloride. The hydrogen bonding 
of 2-methylphenol in various solvents was observed in the 
ir.10 For example, in carbon tetrachloride and benzene, 
the hydroxy group showed a sharp absorbance at 3618 
cm '1, indicating a “free” OH, while a solution of 2-meth- ylphenol in nitromethane and nitrobenzene showed only a 
broad absorbance at 3545 and 3530 cm-1, respectively, indicating a hydrogen-bondèd OH. Similar observations 
concerning the absorption frequencies of phenols have 
been previously reported.11 In regard to solvent effects, a recent article has shown a correlation between the log 
ortho/para ratio and the dielectric constant for the media 
in the chlorine chlorination of anisole.12Thus, from the above discussion on hydrogen bonding, 
it would seem unlikely that ethanol would be a unique 
solvent to prepare 2-chlorophenol from the ferf-butyl hypochlorite chlorination of phenol if the reaction is ionic. 
This explanation was indeed verified by our experimental 
observations.Based on previous work with solvents, we decided to investigate the chlorination of phenol with chlorine and tert-butyl hypochlorite in carbon tetrachloride to deter
mine what effect temperature and concentration had on 
the product distribution. These results are listed in Table 
I. Complete analyses of all reaction products are listed in the Experimental Section. In regard to Table I, it is nec
essary to list both the maximum yield of 2-chlorophenol and the ortho/para ratio. The maximum yield of 2-chloro
phenol is determined from the reaction profile and usually 
occurs very close to the disappearance of phenol when there are also dichlorophenols formed. It is not possible to determine the maximum yield of 2-chlorophenol from the 
ortho/para ratio alone. For example, an ortho/para ratio 
of 2.5 might be expected to yield 72% 2-chlorophenol but

actually yields 68.0% owing to unreacted phenol and di- ehlorophenol present in the product. Chlorination to the 
extinction of phenol is important from a preparative point 
of view, since phenol and 2-chlorophenol have very similar 
boiling points, 182 and 175°, respectively, and form an azeotrope.13

The results in Table I show that for the chlorine chlorination of phenol, as the concentration of phenol de
creases from a neat to a 5% solution in carbon tetrachlo
ride, the ortho/para ratio increases from 0.65 to 2.5, and 
the maximum yield of 2-chlorophenol increases from 29 to 
68.0%. As the temperature is increased from 18 to 78°, the 
ortho/para ratio increases from 1.3 to 1.6 and the maxi
mum yield of 2-chlorophenol increases from 52.8 to 57.7%. Similar temperature effects were observed by Campbell and Shields10 in all the solvent systems they studied, t e r t -  
Butyl hypochlorite chlorinations of phenol in carbon tet
rachloride follow the same pattern. At 78°, a decrease in concentration from 33 to 10% increases the ortho/para 
ratio from 1.0 to 1.3 and increases the maximum yield of
2-chlorophenol from 47.5 to 53.3%. An increase in temper
ature from 15 to 78° increases the ortho/para ratio from
0.92 to 1.3 and the maximum yield of 2-chlorophenol from
45.8 to 53.3%. Thus, for the maximum yield of 2-chloro- phenol from the chlorination of phenol with either chlorine or tert-butyl hypochlorite in carbon tetrachloride, 
high temperatures and low concentrations should be used.The above results are consistent with the change in the ortho/para ratio being due primarily to the hydrogen 
bonding in phenolic solutions, since dilute solutions and high-temperature chlorinations of phenols in nonpolar sol
vents should shift the equilibrium from a hydrogen-bonded to a nonhydrogen-bonded species. The shift in equilibrium to nonhydrogen-bonded phenols would yield more
2-chlorophenols, since the ortho position would be more 
available for attack. Evidence for the above explanation 
can be found in the infrared spectra of phenol in carbon tetrachloride and also in the comparison of the chlorine 
chlorination of phenol and anisole in carbon tetrachloride.The infrared spectrum of neat phenol in the hydroxyl 
stretching frequency region shows only a very broad absorbance at 3350 cm-1 which is characteristic of intermo- 
lecular hydrogen bonding.11 When phenol is diluted with 
carbon tetrachloride to 25, 10, 5, and 1% solutions, there is an increasing appearance with dilution of a sharp ab
sorbance characteristic of a “free” OH at 3615 cm '1. In 
fact, there is a linear relationship between the ortho/para ratios determined from the chlorine chlorination of phenol 
in carbon tetrachloride and the amount of “free” or non- 
hydrogen-bonded phenol as determined from the infrared spectrum. This correlation is shown in Figure 1 and fur
ther supports our conclusion that the ortho/para ratio is primarily a function of the amount of hydrogen bonding of 
phenol in carbon tetrachloride.Further evidence that the results shown in Table I are 
due to hydrogen bonding of the phenol can be observed from the chlorination of an aromatic compound, such as 
anisole, that is of the same reactivity as phenol, but is not 
capable of strong hydrogen bonding.

OCH3 och3

( g ) )  +  Ck —  ( g ) )  +  HC1

Cl

Results from the chlorination of anisole with chlorine 
with and without carbon tetrachloride as a solvent are
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listed in Table II. The conversions to monochloroanisoles 
were kept at less than 25% so that accurate para/ortho ra
tios could be determined. The low conversions are necessary since some of the 4-chloroanisole formed reacts further with chlorine to form l,3,4,5,6-pentachloro-4-methox- 
ycyclohexene.14The increase in the para/ortho ratio from 4.7 to 6.0 
when anisole is chlorinated neat and in a 10% carbon tet
rachloride solution, respectively, is minimal when com
pared to the ortho/para ratio increase from 0.65 to 1.3 
when phenol is chlorinated neat and in a 10% carbon tet
rachloride solution, respectively. The chlorination of a 10% solution of anisole in refluxing carbon tetrachloride was attempted, but was found to be a very slow reaction, 
presumably owing to the low solubility of chlorine in carbon tetrachloride at 80°. The above observations further 
varify that the variation of the ortho/para ratio with con
centration and temperature when phenols are chlorinated in nonpolar solvents is primarily due to the phenolic in- 
termolecular hydrogen bonding, since the product distri
bution varies only slightly when anisole is chlorinated (Table II) but changes dramatically when phenol is chlori-

Table IIChlorine Chlorination of Anisole
Solvent

Concn, 
wt %

Temp,
°C

4-Chloro- 
anisole, %

2-Chloro- 
anisole, %

Para/
ortho

None Neat 25 18.4 3 . 9 4 . 7
None Neat 85 17.2 3 . 5 4 .9
CCU 10 25 19.1 3 . 2 6 .0

nated (Table I). Explanation of the changes in the isomer 
distribution as seen in Table I based on solvation of the 
chlorinating agent as noted in the chlorination of alkyl- benzenes15 cannot be operative, since it is known that 
chlorine does not form a complex with carbon tetrachloride.16 However, minor changes in the product distribu
tion could also be due to solvation of the active chlorinat
ing species (e . g ., R~-C1+) or solvation of the transition 
state.Based on the previous results that carbon tetrachloride 
was one of the best solvents for preparing 2-chlorophenols 
and that high temperatures and low concentrations were 
also necessary, a series of comparative chlorinations of 10% phenolic solutions in refluxing carbon tetrachloride 
were run using chlorine and terf-butyl hypochlorite. In Table HI are listed the results of chlorinating phenol, 2- 
methylphenol, and 2-chlorophenol.

J "Free" OH

Figure 1. Correlation of ortho/para ratio in the chlorine chlorina
tion of phenol in CCU with the amount of “ free” OH.

terf-butyl hypochlorite can be explained. Harvey and 
Norman7 obtained an ortho/para ratio .of 2.8 when chlori
nating a 5.3% phenol solution in carbon tetrachloride with 
chlorine. Zee9 obtained an ortho/para ratio of 1.3 when a 23% solution of phenol in carbon tetrachloride was chlori
nated with chlorine and an ortho/para ratio of 2.2 with a 
7.4% solution. Both chlorinations were run at 20°. Harvey 
and Norman7 obtained an ortho/para ratio of 1.0 when 
13% solution of phenol in carbon tetrachloride was chlori
nated with terf-butyl hypochlorite. While there are slight 
discrepancies, all these results are reasonably consistent 
with the data in this paper.When Campbell and Shields10 chlorinated a 25% solu
tion of 2-methylphenol in carbon tetrachloride at 50° with 
chlorine, they obtained a 47.8% yield of 6-chloro-2-meth- 
ylphenol and an ortho/para ratio of 1.1, again consistent with our results. No evidence could be obtained for the 
product distribution described by Ginsburg4 for the chlo
rination of 2-methylphenol with t e r t -butyl hypochlorite,
i . e . ,  38% 2-methylphenol, 31% 6-chloro-2-methylphenol, 
and 18% 4,6-dichloro-2-methylphenol. Our results show a 
smooth chlorination curve for this reaction, producing 
62.3% 6-chloro-2-methylphenol with 1.6% unreacted 2- 
methylphenol and 3.1% 4,6-dichloro-2-methylphenol.

Table IIIChlorination with Chlorine and tert-Butyl Hypochlorite of aRefluxing Carbon Tetrachloride 10 % Phenolic Solution in
Reactant Product Max yield,® wt % Ortho/para Max yield,  ̂wt % Ortho/para

Phenol 2-Chlorophenol 5 7 . 7 1 .6 5 3 . 3 1 . 3
2-M ethyl phenol 6-Chloro-2-methylphenol 6 8 .3 2 . 7 62.3 1 . 9
2-Chlorophenol 2,6-Dichlorophenol 69.0 2 . 7 63.7 2 . 2

° Yield with chlorine. b Yield with terf-butyl hypochlorite.

These data clearly show that tert-butyl hypochlorite is not a selective ortho-chlorinating reagent for phenols. In fact, chlorine gives higher yields of the ortho chloro isomer 
in all three examples. It can also be concluded from these results that the ortho selectivity of these reactions is not 
due to the chlorinating reagent but rather due primarily to the solvent effect previously discussed.

In retrospect, with the knowledge of concentration and 
temperature dependencies of this reaction, the results of others on the chlorination of phenols with chlorine and

From a preparative point of view, it is necessary to chlorinate to the disappearance of 2-methylphenol since it has a 
very similar boiling point to that of 6-chloro-2-methylphe- nol, 191 and 190°, respectively.

The work of Ginsburg4 on the chlorination of a 21% solution of 2-chlorophenol in carbon tetrachloride with tert- 
butyl hypochlorite at 25° to reflux giving a 73% yield of
2,6-dichlorophenol also could not be reproduced. Duplication of Ginsburg’s procedure resulted in only 51.9% 2,6- dichlorophenol and a 2,6/2,4 ratio of 1.3. One possible ex-
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planation for this discrepancy could be the similar boiling 
points of 2,6-dichlorophenol, 220°, and 2,4-dichlorophenol, 
215°, since the mixture was purified by distillation. The 
dilute chlorine chlorination of 2-chlorophenol in carbon tetrachloride has recently been described in a Russian 
patent.17 The patent claims the chlorination of a 7.7% so
lution of 2-chlorophenol in refluxing carbon tetrachloride to give product that analyzed to be 82.5% 2,6-dichlorophe- 
nol with a 2,6/2,4 ratio of 4.8. The 2,6-dichlorophenol pro
duced could then be purified by extraction17 or crystallization.18 Other methods of preparing 2,6-dichlorophenol are known.19

The fact that different maximum yields of 2-chlorophe- 
nols and ortho/para ratios are obtained from the chlorination of the various phenols with chlorine and ferf-butyl 
hypochlorite under exactly the same conditions, as shown 
in Table m, indicates that the two reactions differ to 
some extent. Recently the chlorination of toluene and m -  xylene in nitromethane with chlorine and ferf-butyl hypo
chlorite has been suggested not to involve the same chlori
nating agent, and a direct reaction between the hypohal- 
ite and the aromatic was suggested, as evidenced by dif
ferences in the product distribution and the rates of reac
tion.20

Inspection of the reaction of phenol with chlorine and ferf-butyl hypochlorite in carbon tetrachloride shows that, 
although the reactions can be run under identical condi
tions such as concentration and temperature, they are still different, since different by-products are produced.

Reaction 1 liberates hydrogen chlorine while reaction 2 
liberates t e r t -butyl alcohol. The ortho/para ratio remains 
constant during chlorination (eq 1), implying that the hy
drogen chloride has no effect on the product distribution. It is well known from the work of Campbell and Shields10 
that alcohols as solvents increase the yield of para prod
ucts when compared to carbon tetrachloride. Therefore, it is possible that the ferf-butyl alcohol that is liberated in 
reaction 2 is solvating with the phenol and thus decreasing the ortho/para ratio compared to reaction 1. The pro
posal was tested and confirmed by the simultaneous addi
tion of 1 equiv of ierf-butyl alcohol/equiv of chlorine in 
reaction 1. The results are shown in Table IV.

Table IVChlorination of 10 % Solution of Phenol in Refluxing CC14
Max yield, 

wt % 2-
Chlorinating agent Additive chlorophenol Ortho/para

Cl2 ~  57^7 V 6
(CH3)3C0C1 53.3 1.3
Cl2 a 53.5 1.3

“ 1 equiv of (CH3) 3C O H /l equiv of Cl2.

It is doubtful that chlorine would react with the fert- butyl alcohol to form fert-butyl hypochlorite under these

reaction conditions,5-21 and therefore the results from 
Table IV clearly show that the differences in the maxi
mum yield of 2-chloro isomer and the ortho/para ratio for 
the chlorination of phenol, 2-methylphenol, and 2-chlorophenol with chlorine and fert-butyl hypochlorite, as 
shown in Table III, are due to the fert-butyl alcohol liberated during the reaction of the phenols with fert-butyl hypochlorite.

The similar product distribution shown in Table IV 
suggests that ferf-butyl hypochlorite and chlorine react with phenol u i a  a common reagent, i . e . ,  chlorine, by an electrophilic aromatic substitution reaction. This is 
consistant with the known fact that fert-butyl hypochlo
rite reacts under acidic conditions, such as with hydrogen chloride, to form fert-butyl alcohol and chlorine.21

(CH3)3C0C1 +  HC1 — ► (CH3)3COH + Cl2
Previously, Harvey and Norman7 had proposed that 

phenol was acidic enough to cause the above reaction to take place. Our results are consistent with the above.The fact that the product distribution of the above-de
scribed reactions of phenol in carbon tetrachloride with 
chlorine and fert-butyl hypochlorite were unaffected by oxygen, light (200-W Hanovia lamp, mercury arc), and 
free-radical initiators such as dibenzoyl peroxide further suggests that the reactions described in this paper are 
ionic and not free radical.From the data presented in this paper, it can be con
cluded that fert-butyl hypochlorite is not a selective ortho-chlorinating reagent for phenols in either ethanol or 
carbon tetrachloride. It is also shown that solvents can be 
used to change the isomer distribution from predominantly 4-chlorophenols to 2-chlorophenols. From a preparative 
point of view, it appears that dilute chlorine chlorination of phenols in refluxing carbon tetrachloride affords the 
highest yields of 2-chloro isomer.

Experimental Section
Phenol, 2-methylphenol, and 2-chlorophenol were distilled to 

ensure high purity (99.8%) and to azeotropically remove water. 
Absolute ethanol was distilled from magnesium22 and then from 
calcium hydride to ensure dryness. Carbon tetrachloride was dis
tilled in glass reagent. Chlorine (99.5%) was obtained from Ma- 
theson Corp.

The chlorinations with both chlorine and ferf-butyl hypochlo
rite were run using a similar procedure. The phenol and solvent 
were mixed and the solution was purged with dry nitrogen both 
before and during the chlorinations. When ferf-butyl hypochlorite 
was the chlorinating agent, the lights were turned off to prevent 
photolytic decomposition.23 The chlorinating agent was added 
over a 1-2.5-hr period. During the reaction, small aliquots were 
withdrawn and after the solvent was removed the chlorophenols 
were analyzed by vpc. A column 10 ft X 0.125 in. packed with 
20% Carbowax 20M terminated with terephthalic acid on 60/80 
mesh Chromosorb W (AW-DMCS) and operated at 210° and a 
helium flow rate of 62 ml/min was used for analyses. In the case 
of chlorophenols, the elution order is 2-chlorophenol, phenol, 2,6- 
dichlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol, and 4- 
chlorophenol. In the case of chloro-2-methylphenols, the elution 
order is 6-chloro-2-methylphenol, 2-methylphenol, 4,6-dichloro-2- 
methylphenol, and 4-chloro-2-methylphenol. Anisole chlorination 
products were analyzed on a 15 ft x 0.125 in. column packed with 
10% UCW-98 on 80/100m Gas-Chrom Q operated at 110° isother- 
mally until the 2-chloroanisole eluted and then the temperature 
was programmed at 10°/min to a final temperature of 175°. The 
helium flow rate was 25 ml/min. The elution order is anisole, 4- 
chloroanisole, 2-chloroanisole, 2,6-dichloroanisole, 2,4-dichloroani- 
sole, and 2,4,6-trichloroanisole. Appropriate standards were pre
pared to convert the analysis to weight per cent. Various samples 
of chlorophenols prepared with chlorine and ferf-butyl hypochlo
rite were examined by mass spectrum, nmr, and ir. Only the list
ed aromatic products were observed. Analysis by gc using the 
UCW-98 column described above showed less than 0.5% 3-chloro- 
phenol, which was the lower limit of detectability. Note that all
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results given in the Experimental Section and throughout this 
paper are in weight per cent. Details of the procedure and analy
sis for each experiment are given below.

Preparation of terf-Butyl Hypochlorite. tert-Butyl hypochlo
rite was prepared by the method of Mintz and Walling.23 The 
tert-butyl hypochlorite was used on the day of preparation.

Chlorination of Phenol in Ethanol with tert-Butyl Hypochlo
rite. Phenol (9.41 g, 0.100 mol) was dissolved in ethanol (84.7 g), 
and tert-butyl hypochlorite (10.86 g, 0.100 mol) was added slowly 
over 1 hr while the temperature was maintained at 15 ±  2°. The 
product analyzed in weight per cent to be phenol, 1.9; 2-chloro- 
phenol, 30.3; 4-chlorophenol, 65.3; 2,6-dichlorophenol, 0.2; and
2.4- dichlorophenol, 2.3. Another equivalent of tert-butyl hypo
chlorite (10.86 g, 100 mol) was added in 1 hr at 15 ±  2° and the 
product was analyzed in weight per cent to be 2-chlorophenol, 0.1;
4-chlorophenol, 0.9; 2,6-dichlorophenol, 8.0; 2,4-dichlorophenol, 
86.9; and 2,4,6-triehlorophenol, 4.1.

Phenol (9.41 g, 0.100 mol) was dissolved in ethanol (80.46 g) 
and water (4.24 g). tert-Butyl hypochlorite (10.86 g, 0.100 mol) 
was added slowly over 1.5 hr at 1*7 ±  2°. The product analyzed in 
weight per cent to be phenol, 1.7; 2-chlorophenol, 29.4; 4-chloro- 
phenol, 65.4; 2,6-dichlorophenol, 0.4; and 2,4-dichlorophenol, 3.1.

Chlorination of Phenol in Ethanol with Chlorine. Phenol 
(9.41 g, 0.100 mol) was dissolved in ethanol (84.7 g). Chlorine was 
sparged into the refluxing solution (79.5°) at a flow rate of 20 ml/ 
min. After 1.75 hr, the solution analyzed in weight per cent to be 
phenol, 6.6; 2-chlorophenol, 27.5; 4-chlorophenol, 56.0; 2,6-dichlo
rophenol, 0.8; 2,4-dichlorophenol, 8.2; and 2,4,6-triehlorophenol, 
0.9.

Chlorination of Phenol in Carbon Tetrachloride with Chlo
rine. Phenol (18.82 g, 0.200 mol) was dissolved in carbon tetra
chloride (169.4 g), and chlorine gas was added to the refluxing so
lution (78°) at a flow rate of 41 ml/min for 1.75 hr. The product 
analyzed in weight per cent to be phenol, 2.9; 2-chlorophenol, 
57.7; 4-chlorophenol, 35.9; 2,6-dichlorophenol, 0.2; and 2,4-dichlo
rophenol, 3.3.

The above procedure was repeated except that the temperature 
was 18 ±  2°. The product analyzed in weight per cent to be phe
nol, 2.0; 2-chlorophenol, 52.8; 4-chlorophenol, 39.7; 2,6-dichloro
phenol, 0.4; and 2,4-dichlorophenol, 5.1.

Phenol (9.41 g, 0.100 mol) was dissolved in carbon tetrachloride 
(169.4 g) and chlorine gas was added to the refluxing solution 
(78°) at a flow rate of 20 ml/min. After 1.8 hr, the product ana
lyzed in weight per cent to be phenol, 2.3; 2-chlorophenol, 68.0;
4-chlorophenol, 26.7; 2,6-dichlorophenol, 0.2; and 2,4-dichlorophe
nol, 2.8.

Chlorination of Phenol in Carbon Tetrachloride with tert- 
Butyl Hypochlorite. Phenol (18.82 g, 0.200 mol) was dissolved in 
carbon tetrachloride (169.4 g) and heated to reflux (78.5°). tert- 
Butyl hypochlorite (21.72 g, 0.200 mol) was added in 2.5 hr. The 
product analyzed in weight per cent to be phenol, 2.2; 2-chloro
phenol, 53.3; 4-chlorophenol, 40.6; 2,6-dichlorophenol, 0.6; and
2.4- dichlorophenol, 3.3.

The above procedure was repeated except that the temperature 
was 15 ±  2°. The' product analyzed in weight per cent to be phe
nol, 1.3; 2-chlorophenol, 45.8; 4-chlorophenol, 49.5; 2,6-dichloro
phenol, 0.5; and 2,4-dichlorophenol, 2.9.

Phenol (9.41 g, 0.100 mol) was dissolved in carbon tetrachloride 
(18.8 g) and heated to reflux (78.5°). fert-Butyl hypochlorite 
(10.86 g, 0.100 mol) was added in 0.5 hr. The product analyzed in 
weight per cent to be phenol, 2.0; 2-chlorophenol, 47.5; 4-chloro
phenol, 47.5; 2,6-dichlorophenol, 0.5; and 2,4-dichlorophenol, 2.5.

Chlorination of 2-Methylphenol in Carbon Tetrachloride 
with Chlorine. 2-Methylphenol (21.6 g, 0.200 mol) was dissolved 
in carbon tetrachloride (194.4 g), and after heating to reflux 
(78.5°) chlorine gas was sparged in at a flow rate of 41 ml/min. 
After 2 hr, the sample analyzed in weight per cent to be 2-meth- 
ylphenol, 2.3; 6-chloro-2-methy)phenol, 68.3; 4-chloro-2-methyl- 
phenol, 26.7; and 4,6-dichloro-2-methylphenol, 2.7.

Chlorination of 2-Methylphenol in Carbon Tetrachloride 
with ferf-Butyl Hypochlorite. 2-Methylphenol (21.6 g, 0.200 
mol) was dissolved in carbon tetrachloride (194.4 g) and the solu
tion was heated to reflux (79°). tert-Butyl hypochlorite (21.72 g, 
0.200 mol) was added over 2.3 hr. The product analyzed in weight 
per cent to be 2-methylphenol, 1.6; 6-chloro-2-methylphenol, 62.3;
4-chloro-2-methylphenol, 33.0; and 4,6-dichIoro-2-methylphenol,
3.1.

Chlorination of 2-Chlorophenol in Carbon Tetrachloride 
with Chlorine. 2-Chlorophenol (25.72 g, 0.200 mol) was dissolved 
in carbon tetrachloride (231.4 g) and the solution was heated to

reflux (80°). Chlorine gas was sparged in and after 2.0 hr the 
product analyzed in weight per cent to be 2-chlorophenol, 0.5;
2,6-dichlorophenol, 69.0; 2,4-dichlorophenol, 25.5; and 2,4,6-tri- 
chlorophenol, 5.0.

Chlorination of 2-Chlorophenol in Carbon Tetrachloride 
with tert-Butyl Hypochlorite. 2-Chlorophenol (25.72 g, 0.200 
mol) was dissolved in carbon tetrachloride (231.4 g) and heated to 
reflux (80°). tert-Butyl hypochlorite (21.72 g, 0.200 mol) was 
added in 2.3 hr. After a slight induction period, the reaction pro
ceeded rapidly to yield a product that analyzed in weight per cent 
to be 2-chlorophenol, 4.2; 2,6-dichlorophenol, 63.7; 2,4-dichloro
phenol, 28.4; and 2,4,6-triehlorophenol, 3.7.

The procedure described by Ginsburg4 was repeated. 2-Chloro- 
phenol (25.72 g, 0.200 mol) was dissolved in carbon tetrachloride 
(60 ml). tert-Butyl hypochlorite was added over a 1.5-hr period. 
An induction period occurred when half of the tert-butyl hypo
chlorite was added. The temperature of the reaction rose from 25° 
to reflux (80°). After all the tert-butyl hypochlorite was added, 
the solution was refluxed for 2 hr. The product analyzed in weight 
per cent to be 2-chlorophenol, 3.9; 2,6-dichlorophenol, 51.9; 2,4- 
dichlorophenol, 39.9; and 2,4,6-triehlorophenol, 4.3.

Chlorination of Anisole with Chlorine. Anisole (21.6 g, 0.200 
mol) was maintained at 25° while chlorine was introduced for 1 
hr. The product analyzed in weight per cent to be anisole, 76.0;
4-chloroanisole, 18.4; 2-chloroanisole, 3.9; 2,6-dichloroanisole, 0.2;
2,4-dichloroanisole, 0.6; 2,4,6-trichloroanisole, 0.1.

The above procedure was repeated at 85°. The product ana
lyzed in weight per cent to be anisole, 77.3; 4-chloroanisole, 17.2;
2-chloroanisole, 3.5; 2,6-dichloroanisole, 0.3; 2,4-dichloroanisole, 
1.5; and 2,4,6-trichloroanisole, 0.1.

Anisole (21.6 g, 0.200 mol) was dissolved in carbon tetrachloride 
(194.7 g) and chlorine was introduced for 1 hr at 25°. The product 
analyzed in weight per cent to be anisole, 75.9; 4-chloroanisole, 
19.1; 2-chloroanisole, 3.2; 2,6-dichloroanisole, 0.5; 2,4-dichloroani
sole, 0.7; and 2,4,6-trichloroanisole, 0.1.
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ll,ll,12 ,12 -T etracyan on aph th o-2 ,6 -qu in od im eth an  
(TNAP, 1) is an extended conjugated analog of 7,7,8,8- 
tetracyanoquinodimethan (TCNQ, 2), the acceptor mole
cule on which the highest conductivity organic solids are 
based. Indeed, giant conductivity maxima, attributed to 
superconducting fluctuations at high (60°K) tempera
tures, have been observed in charge-transfer salts where 
the donor is based on tetrathiafulvalene (TTF, 3) and the 
acceptor is 2.2

(CN)2C C(CN)2

2

(CN)2C < K >  C(CN)2 

4
At the molecular level, the features of 2 which are es

sential for these properties are clear. In the anion-radical 
salts of 2 the unpaired electron is largely localized on the 
terminal dicyanomethylene groups. In a solid in the event 
of an ionic fluctuation with two excess electrons a single 
molecule of 2, there is a clear tendency for the two elec
trons to localize at opposite ends of the molecule and cor
relate to stay apart in order to reduce their mutual Cou
lomb repulsion. This correlated structure may be de
scribed by a generalized Heitler-London-type wave func
tion

i  =  i  +  0 a(2)0b(1)] (1)

where <j>A denotes the wave function for one dicyanometh
ylene group and (j>B denotes the wave function at the op
posite group (B).3 It is the ability of 2 to accommodate 
two excess electrons in the manner described above which 
distinguishes 2 from other types of acceptor molecules. 
Other molecules which allow Heitler-London-type correla
tion, as in 2, and which might further reduce Coulomb in
teractions due to their extended conjugated systems 
are 1 and 13,13,14,14-tetracyanodiphenoquinodimethan 
(TCNDQ, 4). The crucial importance of a reduced effec
tive Coulomb interaction for achieving and maintaining a 
metallic state in organic systems has been discussed ear
lier.3

Given the interest cited above in acceptors such as 1 
and 4, the present work was stimulated by the disadvan
tages found in an earlier4-5 synthesis of 1. 2,6-Naph- 
thalenediacetonitrile (5), the second compound in a six- 
step synthesis, is available in only 25% yield. 2,6-Naph- 
thalenedimalononitrile (6), the immediate precursor to 
1, was prepared from 5 via the classical7 aryl malononi- 
trile synthesis. In this synthesis diethyl 2,6-naphthalene- 
dicyanoacetate is prepared from 5 as a mixture of diaste- 
reomers. The purification of this compound is essentially 
the separation of a mixture of diastereomers and the po
tential yield is therefore limited.

In the present work, the stereochemical problem in the 
earlier4 synthesis of I was averted by the adoption of a 
novel synthesis of aryl malononitriles via arylenedicy-

BrCH.

Scheme I
Synthesis of TNAP (1)
CH2Br

NaCN

NCCH;

aq ale dioxane

CH2CN ’ ■ Na0Et- Et2C03 
2. C1CN

(CN)2C
JOCTC(CN)2

anoacetates.8 Further, a high yield preparation of 5 has 
been achieved.

Reaction of 2,6-bis(bromomethyl)naphthalene4 with so
dium cyanide in aqueous alcoholic dioxane at room tem
perature gives 5 in 70% yield. Reaction of 5 with sodium 
ethoxide and diethyl carbonate, followed by reaction of 
the resultant dianion with cyanogen chloride, leads to a 
60% yield of diethyl 2,6-naphthalene a^a^a '-tetracyan o- 
diacetate (7). Hydrolysis and decarboxylation of 7 leads to 
6, and oxidation of this compound leads to a mixture of 1 
and a highly insoluble substance previously described.4 
Separation and purification of 1 may be achieved by chro
matography on Florisil and subsequent recrystallization 
from acetonitrile. The relevant chemistry is outlined in 
Scheme I.

In acetonitrile solution, 1 reacts with 3 to give the 1:1 
complex TTF-TN AP. This complex has a resistivity 
(room temperature compaction) less than 0.2 ohm-cm and 
accordingly is the lowest resistivity TNAP complex pre
pared to date.4 Although unsuccessful to date, further at
tempts to grow single crystals of TTF-TN A P and other 
TNAP salts are in progress.

Two attempts to synthesize 4 have been reported. Oxi
dation of p.p'-biphenylenedimalononitrile (8) with N-io- 
dosuccinimide led to a polymer of 4,9 and thermal or pho- 
tolytic decomposition of 3-diazo-6-dicyanomethylene-l,4- 
cyclohexadiene also did not lead to 4.10

Since 8 prepared by the reported method9 is quite dif
ficult to purify, it was hoped that its preparation via the 
dicyanoacetate method8 might lead to material of suffi
ciently improved purity11 so as to allow isolation of 4. A c
cordingly, p,p'-bis(cyanomethyl)biphenyl12 was converted 
into diethyl l,12-biphenylene-a,a,a,,a ,-tetracyanodiace- 
tate as described above, and this compound was used to 
prepare 8. However, attempted preparation of 4 via 8 
again led to polymer.9

Experimental Section13
2,6-Naphthalenediacetonitrile (5). To a mixture of sodium cy

anide (94.5 g, 1.93 mol) in water (114 ml), ethanol (227 ml), and 
dioxane (280 ml) stirred mechanically at room temperature was 
added 2,6-bis(bromomethyl)naphthalene (140 g, 0.446 mol). This 
mixture was stirred for 16 hr at room temperature and then was
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filtered. The filter cake was washed with ca. 2 1. of water and air- 
dried to give 5 as an off-white solid, 82 g (89%), mp 153-159°. 
This solid was recrystallized in four batches from 50:50 v/v ace
tone-absolute ethanol to give 5, 65.4 g (71%), mp 163-166, 164- 
167, 163-165, 162-165° (lit.4 mp 163.5-165.5°). The infrared spec
trum of the product exhibited absorption due to a nonconjugated 
cyano group at 2275 cm - 1  (lit.4 2280 cm-1).

Diethyl 2,6-Naphthalene-a,a,a',a'-tetracyanodiacetate (7). 
To sodium ethoxide [freshly prepared from sodium metal (22.6 g, 
0.548 g-atom) and absolute ethanol (240 ml), followed by removal 
of excess alcohol at reduced pressure] was added diethyl carbonate 
(292 g, 2.48 mol), toluene (100 ml), and 5 (52.5 g, 0.25 mol). This 
mixture was stirred mechanically and distilled until the boiling 
point reached 111°. Toluene (100 ml) was added, and the mixture 
was cooled to 0°. Cyanogen chloride (36.9 g, 0.60 mol) was dis
tilled into the reaction mixture kept at 0-5°. After the completion 
of the cyanogen chloride addition (ca. 6 hr), the mixture was 
heated at 55-60° for 2 hr and then cooled to room temperature 
and filtered. The filter cake was washed with ice-water and re- 
crystallized from benzene to give 7 as an off-white solid, 60 g 
(60%), mp 141.5-143.5°. Recrystallization from benzene gave mp 
142-143.5°. This compound showed infrared absorption at 2270 
(nonconjugated CN), 1750 (ester carbonyl), and 1240 cm - 1  (ester 
C-O). The nmr spectrum of 7 exhibited absorption at 5 1.20-1.45 
(triplet, J  = 7.5 Hz, 6 H, -CH2CH3), 4.25-4.65 (quartet, J  -  7.5 Hz, 
4 H, -CH2CH3) and 7.75-8.35 (multiplet, 6 aromatic protons).

Anal Calcd for C22H16N40 4: C, 66.00; H, 4.03; N, 13.99. 
Found: C, 65.68; H, 3.83; N, 14.12.

2,6-Naphthalenedimalononitrile (6).14 To a magnetically 
stirred 10% potassium hydroxide solution was added 7 (4.00 g, 10 
mmol), and this mixture was stirred at room temperature until 
homogeneous. Hydrochloric acid (6 N, 11.2 ml) was added care
fully, and a quantitative yield of 6, mp 233-240° dec, precipitat
ed.15 The precipitate was recrystallized from acetonitrile4 to give 
6, 1.86 g (72%), mp 251-253° dec (lit.4 mp 241-243° dec). The in
frared spectrum of this material (Nujol and Fluorolube) is in ac
cord with that previously reported.4

Anal. Calcd for C^HaN-i: C, 74.99; H, 3.15; N, 21.86. Found: C, 
74.98; H, 3.18; N, 21.80.

11,11,12,12-Tetracyano-2,6-naphthoquinodimethan (TNAP,
1). General Method of Preparation from 7.14 As described 
above, 7 (10.0 g, 25 mmol) and 10% potassium hydroxide (75 ml) 
were stirred until homogeneous. Hydrochloric acid (6 N, 28 ml) 
was added; a precipitate of 6 formed. To this suspension of 6 
was added bromine (5.0 g, 31.2 mmol) in ice-water (250 ml), and 
a purple precipitate formed immediately. This precipitate was fil
tered and washed with ice-water, acetonitrile, and ether to give 6 
g (100%) of crude 1. This material was purified in batches as fol
lows. Crude 1 (ca. 500 mg) was suspended in boiling acetonitrile 
(2000 ml), the suspension was filtered, and a precipitate (300-400 
mg) of 1 and its oligomer4 formed. This precipitate was dissolved 
in acetonitrile and chromatographed on Florisil (60-100 mesh) 
and eluted with acetonitrile until no more 1 was eluted, as judged 
by the color of the column effluent. As much as 1 g of 1 and its ol
igomer could be chromatographed on 350-400 g of Florisil. The 
column effluent was concentrated by evaporation under reduced 
pressure, and the precipitated 1 was recrystallized from acetoni
trile to give 1 as metallic purple plates, mp >365° (lit.4 mp 
>420°). The recovery of 1 from the chromatographic experiment 
is ca. 50%. The infrared and uv-visible spectra of 1 are in accord 
with those previously reported.4

Anal. Calcd for Ci6H6N4: C, 75.58; H, 2.38; N, 22.04. Found: C, 
75.57; H, 2.57; N, 21.98.

T e trathiafulvalinium 11,11,12,12-Tetracyanonaphtho-2,6-
quinodimethanide (TTF-TNAP). To a hot solution of 1 (16 mg, 
0.063 mmol) in acetonitrile (65 ml) was added a hot solution of 3 
(14.2 mg, 0.069 mmol) in acetonitrile (5 ml). The mixture slowly 
cooled to room temperature, was filtered, and vacuum dried, 
240-245° dec.

Anal. Calcd for C22H10N4S4: C, 57.62; H, 2.20; N, 12.22; S,
27.96. Found: C, 57.75; H, 2.35; N, 12.51; S, 27.97.

Diethyl 1,12-Biphenylene-ffa'-tetracyanodiacetate. A 
mechanically stirred mixture of diethyl carbonate (146.1 g, 1.24 
mol), sodium ethoxide (18.0 g, 0.265 mol), p,p'-bis(cyanomethyl)- 
biphenyl (29.0 g, 0.125 mol), and toluene (100 ml) was distilled 
until a boiling point of 111° was reached. The mixture was cooled 
to 0°, and cyanogen chloride (18.45 g, 0.30 mol) was distilled into 
the mixture, which was kept at 0-5°. After cyanogen chloride ad
dition was completed, the mixture was heated at 50°55° for 2 hr. 
Addition of hexane to the mixture formed a precipitate which was

washed with ice-water to give a gummy solid. The gummy solid 
was heated in benzene and filtered. Evaporation of the benzene 
solution gave an oil which slowly crystallized. Absolute ethanol 
was found to be a satisfactory recrystallization solvent, and three 
crystallizations from it gave 7.0 g (13%) of the desired compound, 
mp 125-127.5°. This compound showed infrared absorption at 
2270 (nonconjugated CN), 1760 (ester carbonyl), and 1230 cm-1 
(ester C-O). The nmr spectrum exhibited resonances at 6 1.20-
1.50 (triplet, J  = 7.5 Hz, 6 H, -CH2CH3), 4.20-4.65 (quartet, J  =
7.5 Hz, 4 H, -CH2CH3), and 7.65-8.00 (complex, 8 H, aromatic 
protons).

Anal. Calcd for C24Hi8N4 0 4: C, 67.60; H, 4.25; N, 13.14. 
Found: C, 67.59; H, 4.22; N, 13.15.

Acknowledgments. The technical assistance of P. J. 
Nigrey, S. Goldberg, and Mrs. C. Folk is gratefully ac
knowledged.

Registry No.—1, 6251-01-0; 3, 31366-25-3; 5, 4949-02-4; 6, 4948-
93-0; 7, 50764-74-4; TTF-TNAP, 50764-75-5; 2,6-bis(bromometh- 
yl)naphthalene, 4542-77-2; p,p'-bis(cyanomethyl)biphenyl, 7255-
83-6; diethyl l,12-biphenylene-a,a,a,,o:'-tetracyanodiacetate, 
50764-76-6.

References and Notes
(1) (a) This work was supported by the National Science Foundation 

through the Laboratory for Research on the Structure of Matter and 
Grant No. GP-29583 and by the Advanced Research Projects 
Agency through DAHC-15-72C-0174. (b) Portions of this paper 
were presented at the 166th National Meeting of the American 
Chemical Society, Chicago, III., Aug. 26-31, 1973, Abstracts of Pa
pers, ORGN 145. (c) Correspondence should be directed to this 
author at Xerox Corporation, Webster Research Center, W-114, 
Webster, New York 14580.

(2) L. B. Coleman, M. J. Cohen, D. J. Sandman, F. G. Yamagishi, A. F. 
Garito, and A. J. Heeger, Solid State Commun.', 12, 1125 (1973).

(3) A. J. Epstein, S. Etemad, A. F. Garito, and A. J. Heeger, Phys. Rev. 
B, 5, 952 (1972).

(4) J. Diekmann, W. R. Hertler, and R. E. Benson, J. Org. Chem.. 28, 
2719 (1963).

(5) This earlier publication4 also reports the preparation of several 
anion-radical salts of 1 and a study of their resistivities as room 
temperature compactions. In ail cases reported, the salts of 1 have 
resistivities comparable to, and in some cases lower than, those 
reported6 for salts of 2. Neither single crystal conductivity nor crys
tal structure data are available as yet for 1 and its anion-radical 
salts. Accordingly, it is not feasible at present to attempt a detailed 
discussion of the properties of 1 and its salts. However, the close 
resemblance of the resistivities observed for the salts of 1 to those 
of analogous salts of 2 makes it reasonable to assume that the to
pographical features to be found in crystal structures of the salts of 
1 may be generally analogous to those found in salts of 2 .

(6) L. R. Melby, R. J. Harder, W. R. Hertler, W. Mahler, R. E. Benson, 
and W. E. Mochel, J. Amer. Chem. Soc., 84, 3374 (1962).

(7) J. C. Hessler, Amer. Chem. J.. 32, 119 (1904).
(8) E. L. Martin, U. S. Patent 3,504,001.
(9) W. R. Hertler, U. S. Patent 3,153,658.

(10) H. D. Hartzler, J. Amer. Chem. Soc., 86, 2174 (1964).
(11) See preparation of 6 in Experimental Section, for example.
(12) D. D. Reynolds and K. R. Dunham, U. S. Patent 2,789,971.
(13) Melting points are uncorrected. Elemental analyses were performed 

by Galbraith Laboratories, Knoxville, Tenn., or Midwest Microlab, 
Ltd., Indianapolis, Ind. Infrared spectra were recorded as Nujol 
mulls on a Perkin-Elmer 700 spectrophotometer. Proton magnetic 
resonance spectra were recorded on a Varian A-60 spectrometer in 
ca. 10% CDCI3 solution. Chemical shifts are reported in parts per 
million downfieid from internal tetramethylsilane.

(14) This experiment is best carried out in a glove box under an inert 
atmosphere.

(15) Material of this quality may be used for the preparation of 1; in
deed, 7 may be converted to 1 in one flask.8

Antimetabolites Produced by Microorganisms. IX. 
Chemical Synthesis of N 5-Hydroxyornithine and 

A^-Hydroxyarginine1

Hubert Maehr* and Michael Leach
Chemical Research Department, Hoffmann-La Roche Inc., 

Nutley, New Jersey 07110

Received October 16, 1973

2V5-Hydroxyomithine (1), isolated as a degradation 
product of a host of naturally occurring hydroxamic
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acids,2’3 has not as yet been observed free in nature. In view of its antimicrobial activity,4 an efficient chemical 
synthesis of 1 has again become of interest. The first previous approach,5 based on partial reduction of 2 followed by hydrolysis, gave racemic 1 in very low overall yield. Al
ternatively, alkylation of O-benzyl-iV-tosylhydroxylamine with 1,3-dibromopropane, subsequent condensation with 
diethyl acetamidomalonate, hydrolysis, decarboxylation, and acetylation furnished racemic 3 which served as substrate for enzymatic resolution, eventually affording both enantiomers of 1 in unspecified yield.6 A^-Hydroxyor- nithine was also prepared,7 analogous to the methods employed in the synthesis of ferrichrome,8 by partial reduc
tion of methyl 2-acetamido-5-nitrovalerate9 followed by hydrolysis.

We synthesized racemic l by hydrolysis of nitrone 5, prepared by N-alkylation10-11 of anii-benzaldoxime12 with methyl 2-acetamido-5-iodovalerate9 derived from 4.13 In a modification of Buehler’s procedure10 crystalline thallium® anti-benzaldoximate. was reacted with methyl 2- 
acetamido-5-iodovalerate in dimethylformamide, but the yield of nitrone 5 was essentially the same as that attained with lithium and sodium salts of anti-benzaldox- ime in methanol. Hydrolysis of the purified nitrone 5 afforded 1 in crystalline form for the first time.

AcHN COOMe 
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„NO,

'NH
HN-
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' N"T s

AcHN CONH2 H2N COOH AcHN COOH
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iV®-Hydroxy-L-arginine (9), recently isolated as a metabolite of N a n n i z z i a  g y p s e a ,  a mold belonging to the 
class of A s c o m y c e t e s ,14 and as a metabolite of a B a c i l l u s  species,1 exhibits antibiotic properties reversible by L-ar- 
ginine and L-citrulline.15 To further evaluate the biological properties of this new amino acid, a chemical synthe
sis of 9 was desirable.Racemic 9 was prepared starting with nitrone 5, which, after conversion to amide 6 and short treatment with hydrochloric acid, afforded 7 containing the proper protective groups. The carboxamide function in 7 was desirable 
in view of the facile ring closure of 1 to give 3-amino-l- hydroxy-2-piperidone.16 Amide 7 was treated with S -  methylisothiourea and the reaction mixture was hydro
lyzed to afford 9, which was isolated as the crystalline hydrochloride. As expected, synthetic 9 exhibited 50% of the 
antibiotic activity of the naturally occurring l form.1

Experimental Section
Melting points were observed on a Reichert Thermopan hot 

stage and are uncorrected; pmr spectra were recorded on a Varian 
H-100 spectrometer with TMS as either internal (CDC13) or ex
ternal (D20) standard depending upon the solvent. Precoated sil
ica gel F-254 layers (E. Merck, Darmstadt) were employed for tic 
in connection with systems 1 (chloroform-ether, 1:5, v/v), 2 
(chloroform-methanol-concentrated ammonium hydroxide-water, 
1:4:2:1, v/v), and 3 (chloroform-ethyl acetate-methanol, 5:5:1, 
v/v). Adsorption chromatography was performed with silicic acid, 
100 mesh (Mallinckrodt), or with silica gel, 0.05-0.20 mm (M. 
Woelm).

anii-Benzaldoxime Thallium® Salt. To a solution of 2.65 g 
(21.9 mmol) of onii-benzaldoxime12 in 25 ml of anhydrous ethanol 
was added 100 ml of 0.219 N  thallous ethoxide solution, where
upon the product immediately deposited as light-yellow prisms. 
The suspension was concentrated to near dryness after addition of 
100 ml of anhydrous benzene, resuspended in hexane, and filtered 
to yield 6.85 g of the thallium® salt (96.5% yield), mp >175° dec.

Anal. Calcd for C7H6N0T1: C, 25.91; H, 1.86; N, 4.32. Found:
C. 25.57; H, 1.77; N, 4.32.

Methyl 2-Acetamidovalerate 5-(a-Phenylnitrone) (5). Proce
dure A. To a solution of 2.416 g (8.08 mmol) of methyl 2-acet- 
amido-5-iodovalerate9 in 20 ml of methanol and 10 ml of di
methylformamide was added 2.621 g (8.08 mmol) of arafi-benzal- 
doxime thallium® salt. After stirring for 22 hr the pH value had 
dropped to ca. 8.5 (wet indicator paper) and solid ammonium 
chloride was added to reach neutrality. The mixture was filtered, 
the thallium salts were washed with methanol, and filtrate and 
washings were concentrated to a syrup. This syrup was extracted 
repeatedly with boiling chloroform; the extracts were filtered, 
concentrated, and charged to a column containing 100 ml of a 
chloroform slurry of silicic acid. The column was developed with 
250 ml of chloroform eluting benzaldoxime, O-alkylated benzal- 
dcxime emerged from the column after continued development 
with 250 ml of chloroform containing 2.5% 2-propanol; 5 was elut
ed as a sharp band with chloroform-2-propanol, 3:1, v/v, and ob
tained as crystalline residue after evaporation of the solvent. Re
crystallization from ethyl acetate gave 0.970 g of colorless needles 
(41% yield): mp 127°; Rf 0.35 (system 3); <5TMs (CDC13) 1.98 [m, 
(CH2)2], 2.00 (s, CH3CO), 3.72 (s, CHsO), 3.98 (t, H-5, J4.5 = 6 
Hz), 4.62 (dt, H-2, e/2j3a = 5 and J 2 . 3b = «/2,nh — 7.5 Hz), 6.59 (d, 
NH, J2>NH = 7.5 Hz), 7.41 (s, -C H =, superimposed H-3', H-4', 
and H-5'), and 8.22 (m, H-2' and H-6').

Anal. Calcd for Ci5H2oN20 4 : C, 61.63; H, 6.90; N, 9.58. Found: 
C, 61.89; H, 6.92; N, 9.56.

Procedure B. To a solution of 8.08 g (66.7 mmol) of arcft-benz- 
aldoxime and 19.95 g (66.7 mmol) of methyl 2-acetamido-5-iodo- 
valerate in 48 ml of dimethylformamide was added 47.6 ml of 1.4 
M  lithium methoxide solution in methanol. The reaction mixture 
was concentrated to a syrup under reduced pressure after 20 hr, 
redissolved in chloroform, chromatographed, and purified as de
scribed in procedure A to yield 9.33 g of recrystallized 5 (48% 
yield).11

The yield of the N-alkylation step depends to a certain extent 
upon the purity of the anii-benzaldoxime employed, whose analy
sis is particularly desirable if older preparations are to be used. 
The ratio of syn/anti in a given preparation of benzaldoxime can 
be ascertained by nmr spectroscopy18 but is more conveniently 
estimated by tic (system 1 ), which permits differentiation be
tween syn (Rt 0.82) and anti (Rc 0.72) isomers of benzaldoxime 
and its salts.

.\'s-Hydroxy-i)i.-ornithine (1). A solution of.1.5 g (5.13 mmol) 
of nitrone 5 in 30 ml of 6 N  hydrochloric acid was heated on the 
steam bath for 4 hr, and the solution was concentrated to dryness 
under reduced pressure and redissolved in 6 ml of solvent system
2. After 2 hr 374 mg (2.52 mmol) of crystalline 1 base (49%) was 
deposited: mp 197° dec; Rt 0.72 (system 2 ); 5TMS (D20) 2.30 [m, 
broad, (CH2)2), 3.50 (t, H-5, J4,5 = 7 Hz), 4.30 (t, H-2, J2,s = 6 
Hz).

,V5-Hydroxyornithine (1) gave positive tests with ninhydrin and 
triphenyltetrazolium19 and a negative test with FeCl3, and could 
be degraded to ornithine (Rt = 0.55, system 2) upon treatment 
with 47% hydriodic acid at 100° for 10 hr.

'Anal. Calcd for C5Hi2N20 3: C, 40.53; H, 8.16; N, 18.91. Found: 
C, 40.30; H, 8.19; N, 18.94.

The mother liquor was purified by chromatography on a col
umn of Dowex 50® and the resulting 1 dihydrochloride was con
verted to the crystalline 2-nitro-l,3-indandione salt of 1® (415 mg,
1 .2 2  mmol), exhibiting ir and nmr spectra identical with those of 
authentic N®-hydroxy-L-omithine 2-nitro-l,3-indandione salt ob
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tained from a hydrochloric acid hydrolysate of iron-free albomy- 
cin,20'21 5Tms (DMSO-de) 1.77 [m, broad, (CH2)2], 3.04 (m, broad 
H-5), 3.62 (m, broad, H-2 ), and 7.20 (broad envelope representing 
6 protons) overlapping with 7.51 (m, H-5'-H-8').

Anal. Calcd for C5H12N2O3.C9H5NO4: C, 49.56; H, 5.05; N,
12.38. Found: C, 49.41; H, 5.00; N, 12.42.

2-Acetamidovaleramide 5-(a-Phenylnitrone) (6). A suspen
sion of 4.00 g (13.68 mmol) of 5 in ca. 40 ml of liquid ammonia 
was kept in a sealed tube at 50° for 4.5 days. The residue ob
tained after evaporation of ammonia was recrystallized from 
methanol-ether to afford colorless needles (3.19 g, 84% yield) of 6, 
mp 170°, R t  0.06 (system 3).

Anal. Calcd for C14H19N3O3: C, 60.64; H, 6.91; N, 15.15. Found: 
C, 60.43; H, 6.92; N, 15.21.

iV5-Hydroxy-DL-arginine (9). A solution of 3.19 g (11.5 mmol) 
of 6 in 70 ml of concentrated hydrochloric acid (d 1.188) was heated 
on the steam bath for 15 min. The solution was concentrated to 
dryness under reduced pressure and the resulting crude 7 was 
dried over sodium hydroxide in vacuo overnight. The entire resi
due was dissolved in 8 ml of water, 3.19 g (22.9 mmol) of S-meth- 
ylisothiourea sulfate was added, and the pH of the solution was 
adjusted to 7 with dilute sodium hydroxide solution. The mixture 
was kept at room temperature for 5 days. During this period the 
pH of the solution was occasionally readjusted to 7. The solution 
of crude 8 was evaporated to dryness under reduced pressure, and 
the residue was redissolved in 100 ml of 6 N  hydrochloric acid and 
heated on the steam bath for 10 hr, evaporated, and dried over 
sodium hydroxide. The resulting residue was dissolved in 50 ml of 
water and the solution, after pH adjustment to 3, was charged to 
a column (25 x 680 mm) of Dowex 50W X-8, 200-400 mesh 
(Na+), previously rinsed with 3.4 1 of a pH 6.1 buffer, prepared 
by adding 0.1 M  citric acid to 0.2 M  dibasic sodium phosphate 
solution until pH 6.1 was reached (approximate ratio of solutions 
was 15:8).

The column was subsequently developed with the pH 6.1 buffer 
to which 0.1 mol of sodium chloride per liter had been added. 
After 800 ml of effluent had been collected the column was eluted 
with the pH 6.1 buffer containing 0.3 mol of sodium chloride per 
liter. The effluent was now collected in 20-ml fractions, the anti
biotic activity of the fractions was monitored bioautographically,1 
and fractions 50-120 were pooled and desalted by charging to a 
column (50 X 400 mm) of Dowex 50W X-4, 50-100 mesh (H+). 
This column was rinsed with water until the effluent was neutral 
and then developed with 1 N  ammonium hydroxide solution. 
Fractions of 500 ml each were collected as soon as ammoniacal 
development had started; fractions 7-11, containing the bioactive 
material, were pooled and concentrated to yield 1.1 g of viscous 9. 
This material was redissolved in water, and the solution was ad
justed to pH 5 with hydrochloric acid, concentrated, and diluted 
with ethanol to afford 1.04 g of 9 hydrochloride as needles (40% 
yield based on the conversion of 6 to 9 hydrochloride) with identi
cal R ;  values and pmr spectrum as reported for the l form.1

Anal. Calcd for C6Hi4N40 3 -HC1: C, 31.79; H, 6.67; N, 24.72. 
Found: C, 31.75; H, 6.91; N, 24.86.

Registry No.—1, 40162-08-1; 1 dihydrochloride, 50678-85-8; 1
2-nitro-l,3-indandione salt, 50678-86-9; 5, 50585-17-6; 6, 50585-18- 
7; 9 hydrochloride, 50585-19-8; anii-benzaldoxime thallium(I) 
salt, 50585-20-1; anii-benzaldoxime, 622-32-2; methyl 2-acet- 
amido-5-iodovalerate, 21753-88-8.
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Both lithium dialkylcuprates and organolithium re
agents have recently been shown to be extremely useful 
reagents for the synthesis of unsymmetrical hydrocarbons 
via a Wurtz-type coupling process between the organome- 
tallic reagents and alkyl halides.2 Lithium dialkylcuprates 
couple readily with a wide variety of alkyl, aryl, and vinyl 
halides2a-b and organolithium reagents condense with pri
mary and secondary halides.2c~g The products from the 
coupling reaction can frequently serve as key intermedi
ates for the synthesis of carbonyl compounds.2c’g One of 
the limitations of these versatile reagents appeared to be 
the low yields associated with the reaction when per
formed with cycloalkyl halides. Although lithium dimeth- 
ylcuprate and cyclohexyl iodide did condense to give a 
75% yield of methylcyclohexane,2“ the reaction between 
cyclohexyl bromide and lithium di-n-butyl-(tri-u-butyl- 
phosphine)cuprate only gave a 25% yield of the coupled 
product, n-butylcvclohexane.2h

Resonance stabilized organolithium reagents, such as 
benzyllithium and allyllithium, are both strong nucleo
philes and relatively weak bases compared to alkyllithium 
reagents such as n-butyllithium.3 This combination of 
properties has proved to be compatible with the displace
ment of both bromide and iodide ions from cyclohexyl and 
cyclopentyl systems so that high yields of substituted cy
cloalkanes can be obtained by a direct Wurtz-type cou
pling procedure

RLi +  R/X — * RR' +  LiX
Tables I and II summarize the results of this study with 
five different organolithium reagents and two cycloalkyl 
systems.

Four trends in reactivity are indicated from the data in 
Table I. (1) The use of cyclohexyl bromide and cyclohexyl 
iodide led to much higher yields of coupled products than 
the corresponding reactions with cyclohexyl chloride or 
cyclohexyl tosylate. (2) The yields from reactions with cy
clohexyl bromide were greater than yields from reactions 
with cyclopentyl bromide. (3) Benzylic reagents, benzyl- 
and benzhydryllithium, were slightly superior to the allyl- 
ic reagent in the displacement reaction. (4) Diethyl ether 
appeared to be slightly superior to tetrahydrofuran as a 
solvent for these reactions.4 It should also be noted that 
displacement of the tosylate group was accomplished
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RLi

CH2= C H C H 2Li
(3052-45-7)

PhCH2Li
(766-04-1)

PhCH2MgCl
(Ph)2CHLi

(881-42-5)

Table I
Coupling Reactions with Cycloalkyl Halides“ 6

'%  yield of coupled products, R R ,C— ——------ -------------------------------------------------------,
R 'B r  R 'l  R 'O T s6

10/ 78 (68)9 (70)h 86 21
(2114-42-3) (3524-75-2)
35 (20)9 90 (75)9 (56)A 89 55
(4410-75-7) (4410-78-0)

24 80
93 (85)4 67
(50585-08-5) (50585-09-6)

“ All reactions were run in diethyl ether solvent at room temperature under an atmosphere o f dry N 2 unless otherwise noted. 
6 Registry no. for cycloalkyl halides: cyclohexyl chloride, 542-18-7; cyclohexyl bromide, 108-85-0; cyclopentyl bromide, 137-
43-9; cyclohexyl iodide, 626-62-0. Registry no. for compounds are in parentheses under compound or yield. 0 Yields are based 
on R  'X  added (not consumed) and represent distilled samples at least 98 % pure by glc. d R ' =  cyclohexyl unless otherwise 
noted. ‘ Ts = tosyl. Registry no. for cyclohexyl tosylate, 953-91-3. 1 The reaction mixture was refluxed for 24 hr before 
work-up. About 80% o f the cyclohexyl chloride was recovered. s The reaction was run in tetrahydrofuran solvent. h R ' = 
cyclopentyl.

Table IIReactions with Methyl-Substituted Allyllithium Reagents“ 6
■% coupling at------------------ - Total

Reaction RLi R'Br C-l C-3 yield,

1 CH3C(3,H=CHC(I)H2Li c-CeHnBr 68 32 7 5

2
(1637-44-9)

CH3C (3)H =CH C(i,H 2Li PhCH2CH2Br
(5860-28-6)

63
(50585-11-0)

37 74
3 (CH3) 2Ci3)= C H C (1,H2Li c-CeHnBr 85 15 70

4
(50585-10-9)

(CH3)2C(3)= C H C (i)H2Li PhCH2CH2Br
(50585-12-1)

100
(50830-96-1)

75

“ All reactions were run in diethyl ether solvent.6 Registry no. are found in parentheses.

more effectively with the benzyl Grignard reagent than 
with the benzyllithium reagent.5The greatest synthetic potential of these reactions may 
reside in the selectivity of reaction when there are two different and competitive anionic sites, on C-l and C-3 of the allylic reagent, where coupling can occur. Resonance forms indicate the two possible positions for substitution

Ri R-t . * +■ R.RX' A'H— C : 11:
Rt and R2 =  CH3 or H

When Rr and R2 are both methyl groups, substitution oc
curs almost exclusively at the terminal position C-l and not at the internal position C-3. The reaction of (2-bro- 
moethyl)benzene with 3-methylbutenyllithium (reaction 4, Table II) led to only one product, (5-methyl-4-hexenyl)- 
benzene, and when the same organolithium reagent was coupled with cyclohexyl bromide (reaction 3, Table II), 85% of the coupling product was (3-methyl-2-butenyl)cy- clohexane. This would indicate that hydrocarbons of the structure type RCH2CH=CR'R", of considerable inter
est in terpene synthesis, can be readily prepared by this 
procedure, and that the procedure of generating allyllithium from allyl phenyl ether surmounts the synthetic difficulties observed when allylic reagents are prepared from allyl mesitoates and coupled with saturated alkyl halides.2*1 When crotyllithium was used, Ri = CH3, R2 = H (reactions 1 and 2, Table II), there was an increase in substitution at C-3, but the predominant product (about 70%) was still derived from substitution at C-l in contrast to reactions with crotyl Grignard reagent which produces sec-butenyl derivatives.6 The exact ratio of substitution at C-l and C-3 appears to be a complex relationship between the solvent type, and the structure of the organolithium 
reagent and alkyl halide.7At room temperature and with diethyl ether solvent, 
the coupling reactions with cyclohexyl iodide and cyclohexyl tosylate were complete in less than 2 hr, but the 
reactions with cyclohexyl bromide required up to 8 hr for completion when a 50% excess of the organolithium re

agent was used. The ease of preparing the relatively stable resonance stabilized organolithium reagents in diethyl ether or tetrahydrofuran, the rapid rate of reaction, and 
the high yields of hydrocarbons obtained should make Wurtz-type coupling reactions with allylic and benzyllic 
reagents attractive for general organic synthesis.

Experimental Section
The general method of performing these reactions as well as the 

procedures for preparing allyllithium, benzyllithium, and benzhy- 
dryllithium have been described previously.2*-8 Crotyllithium and
3-methylbutenyllithium were prepared in a manner analogous to 
that of the preparation of allyllithium. Comparison of physical 
constants with those reported in the literature as well as the 
agreement of infrared and nmr spectra with the assigned struc
tures confirmed the identity of the products. An example of the 
experimental procedure is described below.

Reaction of 3-Methylbutenyllithium with Cyclohexyl Bro
mide. The organolithium reagent was prepared by slowly adding 
an ethereal solution (50 ml) containing 3-methyl-3-butenyl phenyl 
ether (12.1 g, 0.075 mol) to a rapidly stirred mixture of anhydrous 
diethyl ether (100 ml) and lithium metal wire (1.4 g, 0.2 mol). As 
the reaction proceeded, the solution turned a deep red color. Oc
casionally, a mixture containing about 20% of the total allyl phe
nyl ether must be stirred up to 2 hr and gently heated before the 
reaction starts. The organolithium reagent was separated from 
excess lithium metal by carefully pumping the ethereal solution 
by N2 pressure into a clean reaction vessel. Cyclohexyl bromide 
(7.9 g, 0.05 mol), dissolved in ether (50 ml), was slowly added to 
the organolithium reagent and the mixture stirred for 8 hr. Work
up consisted of washing the organic layer with 10% NaOH, three 
times with water, and drying over sodium sulfate. Gc analysis of 
the crude mixture showed two principal peaks corresponding to 
the two isomers. (3-methyl-2-butenyl)cyclohexane, and (1,1-di- 
methyl-2-propenyl)cyclohexane, in a ratio of 85:15. Four fractions 
(5.3 g) of the desirable hydrocarbons were collected on distillation 
through a spinning band column. The first three fractions con
tained mixtures of the two isomers. However, fraction 1 (0.2 g), bp
100-102° (16 Torr), contained about 80% (gc purity) (1,1-di
methyl -2-propeny 1)cyclohexane: nmr (CDCI3) 5 0.9 (s, 6 H, meth
yl protons), 5.2 (m, 3 H, vinyl protons), and 1.5 (broad m, 11 H, 
cyclohexyl protons). Fraction 4 contained 2.6 g (98% gc purity) of 
(3-methyl-2-butenyl)cyclohexane: bp 106-108° (16 Torr), n25d 
1.4613, nmr (CDCI3) 5 1.8 (s, 6 H, methyl protons), 1.5 (broad m,
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13 H, cyclohexyl and methylene protons), and 5.5 (m, 1 H, vinyl 
proton) [lit.9 bp 101-102.5° (lOTorr), n 2 s d 1.4640],
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We have found a new method to transform (J-hydroxy 
sulfoxides (2) into a protected form of a-hydroxy aldehydes (3) by the Pummerer reaction with acetic anhydride in the presence of sodium acetate.1 Since ¡ 3 -hydroxy

O OAc

RCH=CH2 ^  RCHCH2SAr RCHCHSAr

OH OAc

sulfoxides are obtained by the cooxidation of olefins and thiols with oxygen,2 a combination of the cooxidation and the subsequent Pummerer reaction will provide an attrac
tive route to a-hydroxy aldehydes from a  olefins (1). However, the cooxidation is actually limited to olefins conjugated with electron-attacting groups such as aro
matic rings, ester, and nitrile.3 After some experimentation to establish a general method to get 2 from 1, we 
have found that the irradiation of a black-light fluorescent 
lamp is most suitable for the cooxidation of 1 and arene- thiol with oxygen because the light is effective enough to 
give the porduct and does not decompose it. The use of approximately 2 equiv of 1 to thiol affords the product in good yield. The various types of 2 were prepared as summarized in Table I.The similar cooxidation of 1-pentene (4) and p-toluene- thiol in hexane did not give the corresponding /J-hydroxy

sulfoxide (6) but many unidentified substances. The reac
tion in hexane-ethyl acetate (4:1) or hexane-acetone (4:1) 
as solvent, however, afforded the corresponding /3-hydro- 
peroxy sulfide (5) in good yield. It was found that 5 can be 
converted into 6 by simply stirring the reaction mixture in the presence of a catalytic amount of V2O5, oxobis(ace- tylacetonato)vanadium(IV), or dioxobis(acetylacetonato)- molybdenum(VI). The sulfoxide 6 was isolated in 63-67% 
yields (see Table I). The by-products were the correspond
ing sulfide 7 and sulfone 8.
CH3CH2CH2CH=CH2 n- PrCHCH2SAr — ►

re-PrCHCH2SAr +  n-PrCHCH2SAr +  ra-PrCHCH2S02Ar

OH OH OH
6 7 8

Thus, in the cooxidation of olefins and thiols with oxygen, olefins can be classified into three groups: (1) the 
conjugated olefins such as styrene, acrylonitrile, and 
methacrylate, which are known to be easily cooxidized to 
the corresponding /3-hydroxy sulfoxides,3 (2) the a  olefins 
as shown in Table I, which are cooxidized under the irra
diation of a black-light fluorescent lamp, and (3) 1-al- kenes, which need catalyst in the transformation of /3-hy- 
droperoxy sulfides to /3-hydroxy sulfoxides.

The /3-hydroxy sulfoxides (2) obtained here are all new 
compounds, and this work in conjunction with the Pum
merer process1 constitutes a new and simple two-step syn
thesis of a-hydroxy aldehyde derivatives (3) from a  olefins
(1). Recently /3-hydroxy sulfoxides were found to be converted to a,/3-unsaturated sulfoxides,1 /3-chloro sulfones,5 
and a,/3-unsaturated sulfones.6

Experimental Section
The cooxidation reactions were carried out using freshly dis

tilled olefins. The product is a diastereomeric mixture.
Procedure A -l. Preparation of 3-Acetoxy-2-hydroxypropyl 

p-Tolyl Sulfoxide (2, R = AeOCH2). A solution of p-toluenethiol 
(0.89 g, 7.15 mmol) and allyl acetate (1.30 g, 13.0 mmol) in hex
ane (100 ml) contained in a 100-ml cylinder was efficiently bub
bled with oxygen by means of a sintered-glass bubbler from the 
bottom of the container under the irradiation of a black-light flu
orescent lamp (Toshiba FL-20BLB)7 at room temperature over
night. The formed white crystals were freed from the solvent by 
decantation to give 1.515 g (82%) of 2 (R = AcOCH2). The prod
uct was recrystallized from chloroform-hexane: ir (Nujol) 1008, 
1025, 1243, 1728, and 3265 crar1; nmr (CDC13) « 2.06 (3 H), 2.44 
(3 H), 2.55-3.35 (2 H), 4.0-4.65 (4 H), and 7.45 (4 H).

Anal. Calcd for Ci2Hi60.tS: C, 56.24; H, 6.29; S, 12.51. Found: 
C, 56:15; H, 6.10; S, 12.54.

Procedure A-2. Preparation of 2-Hydroxy-3-phenylpropyl 
p-Tolyl Sulfoxide (2, R = PI1CH2). A solution of p-toluenethiol 
(1.13 g, 9.09 mmol) and allylbenzene (2.15 g, 18.2 mmol) in hex
ane (200 ml) was subjected to the cooxidation under the same 
condition as above for 2 days. The formed crystals were collected 
to afford 1.83 g (73%) of 2 (R = PhCH2). The mother liquor was 
stirred with ca. 30 mg of V20 5 for E hr to give 0.25 g (10%) of the 
additional product as insoluble crystals. The product was recrys
tallized from benzene-hexane: ir (Nujol) 700, 810, 1045, 1085, and 
3325 c m 1; nmr (CDC13) « 2.39 (3 H), 2.85 (4 H), 4.00 (1 H), 4.95 
(1H), and 7.30 (9 H).

Anal. Calcd for CieHisCHS: C, 70.04; H, 6.61; S, 11.69. Found: 
C, 70.05; H, 6.60; S, 11.73.

Procedure A-3. Preparation of 3-Acetoxy-2-hydroxybutyl p- 
Tolyl Sulfoxide [2, R = CH3VH(OAc)]. A solution of p-toluene- 
thiol (1.00 g, 8.05 mmol) and 3-acetoxy-l-butene (2.21 g, 19.4 
mmol) in hexane (300 ml) was stirred in a 500-ml flask under the 
atmosphere of oxygen and the irradiation of a black-light fluo-
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Table I/3-Hydroxy Sulfoxides (2) from a  Olefins (1) and Arenethiols
Ar° R (equiv)b Registry no. Mp,c °C Yield, % Registry no.

C> AcOCHa (1.0) 591-87-7 140-143 63 d 50921-23-8
c AcOCHa (2.0) 92 d
T * AcOCHa (1.8) 136-145 82" 50921-24-9
p t f i AcOCHa (1.2) 107-109 547 50921-25-0
T HOCHa (2.4) 107-18-6 117-126 904 50921-26-1
T CH3CH(OAc) (2.4) 6737-11-7 88-109 767 50921-27-2
T  . PhCHaOCHa (2.1) 14593-43-2 135-136 874 50921-28-3
T PhOCH2 (2.2) 1746-13-0 92-98 804 50921-29-4
T CICHa (2.4) 107-05-1 134-136 794 50921-30-7
T CICHaCHCl (2.0) 760-23-6 202-204 824 50921-31-8
T PhCH2 (2.0) 300-57-2 136-141 83' 50921-32-9
T 4-Acetoxy-3-methoxy- 93-28-7 129-138 777 50921-33-0

benzyl (1.05)
T CHs(CHa)a 109-67-1 43-75 67» 50921-34-1
T CHs(CHa)a 66*
T CH3(CH2)a 63*
T CH3(CH2)5 111-66-0 68-71 68* 50921-35-2

a C = p-chlorophenyl, T  = p -to ly l.6 Equivalent of olefins to th iol.e Melting point o f diastereomeric mixtures after a few 
recrystallizations. d By procedure A -l. ' By procedure A-2. 1 By procedure A-3. » With V 20 5 by procedure B. h With 
VO(acac)2 by procedure B. • With M o 0 2(acac)2 by procedure B. ’ Registry no., 106-54-7. k Registry no., 106-45-6. 1 Registry
no., 108-98-5.

rescent lamp overnight. The solvent was evaporated under vacu
um to give an oil, which was chromatographed on silica gel with 
benzene. The elution with benzene-ethanol (95:5) furnished 1.65 g 
(76%) of 2 [R = CH3CH(OAc)]. The product crystallized on 
standing and was recrystallized from benzene-hexane: ir (Nujol) 
810, 1040, 1245, 1375, 1735, and 3300 cm“ 1; nmr (CDC13) 5 1.24 (3 
H), 2.02 (3 H), 2.42 (3 H), ~3.1 (2 H), 4.2 (1 H), 4.53 (1 H), 5.0 
(1H), and 7.46 (4H).

Anal. Calcd for Ci3Hi80 4S: C, 57.76; H, 6.71; S, 11.86. Found: 
C, 58.04; H, 6.85; S, 11.90.

Procedure B. Preparation of 2-Hydroxypentyl p-Tolyl Sulf
oxide (2, R = CH3CH2CH2). A solution of p-toluenethiol (1.00 g,
8.05 mmol) and 1-pentene (1.29 g, 18.4 mmol) in 200 ml of hex
ane-ethyl acetate (4:1) was stirred in the same condition as pro
cedure A-3 overnight. Then the solution was stirred with ca. 30 
mg of V2O5 for 5 hr. The solvent was removed under vacuum to 
give an oil, which was chromatographed with benzene. The elu
tion with benzene-ethyl acetate (8:2) furnished 1.23 g (67%) of 2 
(R = CH3CH2CH2). The product crystallized on standing and 
was recrystallized from benzene-hexane: ir (Nujol) 803, 1026, and 
3320 cm -1; nmr (CDCI3) Ò 0.87 (3 H), 1.41 (4 H), 2.36 (3 H),
2.5-3.25 (2 H), 4.06 (1H), 4.14 (1 H), and 7.1-7.7 (4 H).

Anal. Calcd for Ci2Hi80 2S: C, 63.68; H, 8.02; S, 14.16. Found:
C. 63.67; H, 8.15; S, 14.00.
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Communications
Evidence for Steric Enhancement of Rate in Cycloaddition

S u m m a r y :  The acceleration in the rate of cycloaddition 
observed when methyl groups are introduced into the meso positions of anthracene or the acridizinium ion must be largely steric rather than electronic in origin.
S i r :  Since the acridizinium ion (la) is electrophilic1 in 
nature, it was surprising to find that introduction of a methyl group at position 11 (see lb) produced over a 13- fold i n c r e a s e  in the rate of cycloaddition with styrene.2 An alternative to the earlier2’3 electronic explanation for the rate enhancement, and one compatible with the increas
ing evidence1'4 of the importance of position 6 of the acridizinium ion in the rate-controlling process, is that the methyl at position 11 is under strain as the result of peri interactions with adjacent hydrogens (at positions 1 and 10) and that this strain is relieved when the methyl group moves out of plane during cycloaddition (see 2). If this assumption is correct, the introduction of a methyl group into a position peri to the 11-methyl should result in a further rate enhancement.

g styrene

a, Rj = R2 = R3 = H;b, R2 = R2 = H, R3 = Me;
c, Rj =  R2 =  R3 =  Me

For convenience in synthesis, the 7,10,11-trimethylacri- dizinium ion (lc) was studied. The observed rate of cy

cloaddition with styrene was more than 10 times that of the 11-methyl derivative, direct evidence of steric acceler
ation.5Steric acceleration in the conventional Diels-Alder 
reaction has been overlooked because of a general inability to assess the relative importance of such acceleration when polar effects would also be expected to speed the reaction. An obvious, but hitherto unrecognized, example of such steric acceleration may be seen in published data6 
concerning anthracene derivatives. The introduction of methyl groups into both of the meso positions of anthracene results in a 218-fold acceleration of the rate of cycloaddition with maleic anhydride, while methoxyl' groups at the same positions actually cause a d e c r e a s e  in rate. The suggestion,6 “the increase in rate produced by me- thoxy groups is smaller than that of alkyl groups because 
of the impaired coplanarity (peri-hydrogens),” would imply that steric inhibition of resonance had rendered the methoxyl groups less electron-releasing than methyl groups. That this is not the case is evidenced by recent7 
19F substituent chemical shift data for 10-substituted 9- fluoroanthracenes. It is more likely that the greater effective size of the methyl group is largely responsible for the rapid rate of cycloaddition reported6 for 9,10-dimethylan- thracene.
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