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eight more times in the same manner, after which the ether 
was dried over anhydrous magnesium sulfate and the tolu-
enesulfonate precipitated with pentane. Recrystallization 
from Skellysolve B gave 6.2 g. of material, m.p . 80.5-81.3°, 
acetolysis rate constant (1.16 ± 0.01) X 10 - 5 s ec . - 1 in 0.01 
M solution at 50.0°. An ether solution (125 ml.) of this 
purified material (5.5 g.) was then subjected to nine more 
washes with 200-rnl. portions of distilled water. Isolation 
of the solid and one recrystallization from Skellysolve B 
yielded 4.7 g. of material, m.p . 80.5-81.3°, acetolysis rate 
constant (1.17 ± 0.01) X 1O-6 sec."1 in 0.01 M solution at 
50.0°. 

Salts.—Lithium bromobenzenesulfonate and lithium per-
chlorate were prepared and handled in anhydrous acetic 
acid as described previously.6^* Solutions of lithium acetate 
and lithium toluenesulfonate in anhydrous acetic acid were 
prepared as described previously* from lithium carbonate 
and toluenesulfonic acid. 

Solutions of lithium toluenesulfonate were also prepared 
from solid material prepared as follows. To a solution of 
18.5 g. (0.25 mole) of lithium carbonate in 600 ml. of acetic 
acid were added 95.1 g. (0.50 mole) of recrystallized p-
toluenesulfonic acid monohydrate and 77 g. (0.75 mole) 
of pure acetic anhydride, and the mixture was heated over­
night. Upon cooling, crystalline lithium toluenesulfonate 
separated. This product was recrystallized three times from 
acetic acid and dried for two days at 2 mm. and 140° over 
potassium hydroxide to yield 65 g. (73%) of salt. 

Anal. Calcd. for C7H7O3SLi: C, 47.20; H, 3.96; S, 
18.00. Found: C, 46.94; H, 3.90; S, 17.57. 

Tetra-rc-butylammonium perchlorate was prepared by 
the method of Darwish80 and Smith.31 Two recrystalliza-
tions from an ethyl acetate-pen tan e mixture yielded mate­
rial, m.p. 212-212.5° [reported30." 213-213.5°, 213° and 
also1 ' 203-204". 

(30) D. Darwish, Thesis, U.C.L.A., 1958. 
(31) S. Smith, Thesis, U.C.L.A., 1959. 
(32) M. B. Reynolds and C. A. Kraun, THIS JOORNAL, 70, 1709 

(1948). 

Anal. Calcd. for Ci6H88O1NCl: C, 56.20; H , 10.61. 
Found: C, 56.47; H, 10.50. 

Tetra-w-butylammonium acetate containing one mole of 
acetic acid of crystallization was prepared according to a 
method devised by Smith.31 Five recrystallizations from 
ethyl acetate yielded material, m.p . 116.5-117.5°, equiva­
lent weight by titration with perchloric acid in acetic acid 
solvent, 358 (calcd. 361.6). 

Tetrabutylammonium toluenesulfonate was prepared as 
follows. To 53.4 g. (0.145 mole) of tetra-M-butylammonium 
iodide in 200 ml. of ethanol and 150 ml. of water was added 
excess freshly prepared silver oxide. The mixture was stirred 
until the supernatant liquid gave a negative test for iodide 
ion. After filtration and careful neutralization of the solu­
tion with toluenesulfonic acid monohydrate, the solvent was 
removed under reduced pressure to give 52 g. (87%) of 
crude material, m.p . 68-72°. The product was crystallized 
at low temperatures from ethyl acetate, yielding 35 g. of 
salt, m.p . 72-73°. Three more recrystallizations from ethyl 
acetate, followed by drying at 1.5 mm. over phosphorus 
pentoxide for several days, gave 28 g. of hygroscopic mate­
rial, m.p . 73.5-74.5° (sealed tube) . 

H, 10.48; S, Anal. Calcd. for C 5 ,H«0,NS: C, 66.78; 
7.75. Found: C, 66.58; H, 10.51; S, 7.57. 

Kinetic Procedure.—Anhydrous acetic acid designed to 
contain 0.01 M acetic anhydride was prepared in the usual 
way from reagent grade solvent. Karl Fischer titration on 
the final dried solvent always showed less than 0.002% 
water. Checks of the water content from time to time never 
showed more than a negligible increase in the percentage 
of water over periods of many months. 

The titration methods and the rate measurements have 
been amply described.^*8 

(33) S. Winstrin, E. Grunwald and L. L. Ingraham, ibid., 70, 821 
(1948). 
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The distributions of products arising on methanolysis of the isomeric a-phenyl-7-methyl- and a-methyl-7-phenylallyl 
£-nitrobenzoates have been determined by a combination of kinetic and ultraviolet spectrophotometric techniques and were 
found to be identical; of the ethereal products each ester furnished 39% of a-phenyl-7-methylallyl methyl ether and 6 1 % of 
a-methyl-7-phenylallyl methyl ether. Substitution of a ^-methyl group into the phenyl ring of the 7-phenyl ester had no 
discernible effect on the product distribution: a-methyl-7-^-tolylaIlyl £-nitrobenzoate underwent methanolysis to furnish 
the corresponding solvolysis products of which a-^-tolyl-7-methylallyl methyl ether constituted 37.5 ± 1.5%. However 
when the solvolysis of ot-phenyl-7-methylaHyl ^-nitrobenzoate was conducted in 60 per cent, aqueous dioxane, a-phenyl-7-
methylallyl alcohol constituted only ca. 16% of the solvolysis product mixture. 

Introduction 
The first paper in this series1 described the un-

catalyzed first-order solvolysis of a-phenyl-7-
methyl- (RX) and a-methyl-y-phenylallyl p-nitro-
benzoate (R'X) in aqueous dioxane.2 The former 
compound was found to be the more reactive by a 
factor of ca. 300 and to furnish, in addition to 
solvolysis products, the isomeric a-methyl-7-
phenylallyl £-nitrobenzoate. These results were 
interpreted in terms of a scheme involving an ion 
pair intermediate, common to the reactions of both 
allylic esters. 

(1) R. A Sneen, J. Am. CUm. Soc, 82, 4261 (1960). 
(2) In this as well as in the accompanying paper, the symbols RX 

and R'X will always relef to a-phenyl- y-methyl- and a-methyl-7 
phenylallyl p-nitrobenzoate, respectively. 
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The present work is a continuation of these earlier 
experiments and was undertaken with a view to­
ward unravelling the details of the solvolysis steps 
(summarized as &3) of the reaction scheme and, if 
possible, the number and kinds of intermediate 
species capable of giving rise directly to solvolysis 
product. In particular we were interested in 
tracing down the factors which influence the rates 
of nucleophilic attack on the cationic centers in an 
unsymmetric allylic ion. We here describe the 
product distributions resulting from the solvolysis 
of the isomeric phenylmethylallyl ^-nitrobenzoates 
under conditions of varying solvent (methanol and 
aqueous dioxane) and charge distribution in the 
ion (phenyl and ^-tolylmethylallyl ^-nitrobenzo-
ates). In an accompanying paper3 we describe 
the effect on product distribution of varied nucleo­
philic charge type (neutral solvents and azide ion), 
establish conclusively the existence of the intimate 
ion pair (Re X e ) as a true intermediate in these 
solvolysis reactions, and provide evidence that 
neither solvent nor azide ion is capable of attacking 
this intimate ion pair at a rate commensurate with 
its rate of dissociation (or further ionization). 

Results 
A complicating feature we expected to encounter 

in the course of determining the product distribu­
tions resulting from the solvolyses of the isomeric 
allylic esters was the presumed instability of the 
less stable solvolysis product, ROS, under the 
conditions of its formation. In an attempt to ob­
viate this difficulty, we carried out our initial 
solvolysis studies in anhydrous methanol in which, 
it was (mistakenly) assumed, the solvolysis prod­
ucts would be relatively more stable (with respect 
to the corresponding esters) than in the aqueous 
dioxane solvent systems used previously.1 The 
kinetic results in methanol are recorded in Table I 
and are compared with selected results from earlier 

TABLE I 

RATES OP SOLVOLYSIS OP SOME ALLYL ^-NITROBENZOATES 

ix METHANOL AND IN AQUEOUS DIOXIDE 
In-

k, sec. l fmity, i> 
X 10« % 

a-Phenyl-7- 2.17 Methanol 35.0 8.38 ± 0 . 1 4 72.6 
methyl- 2.27 60% D:W 25.0 7.07 =fc .15 61.5 

a-Methyl-7- 1.90 Methanol 65.0 1.51 ± .03 96.7 
phenyl- 2.27 6 0 % D : W 50.0 0.619 ± .016 

a-Methyl-7- 1.74 Methanol 65.0 12.7 ± .3 97.6 
p-to\y\ 60% D:W 50.0 5.10 ± .06 
a 60% D : W = 60 volume per cent, aqueous dioxane; 

data in this solvent taken from ref. 1. 'Percentage of 
theoretical acid liberated after ten half-lives. 

work in aqueous dioxane.1 Solvolyses in meth­
anol followed the pattern established in aqueous 
dioxane: a-phenyl-7-methylallyl p-nitrobenzoate 
proved to be more reactive than its allylic isomer 
by a factor similar to that in aqueous dioxane, and 
it furnished rearranged ester in addition to solvo­
lysis products, the extent of rearrangement being 
somewhat less (27%) than in 60% aqueous diox­
ane (39%); further, the rate enhancement ef­
fected by ^-methyl substitution into a-methyl-7-
phenylallyl /)-nitrobenzoate was nearly the same in 

(3) R. A. Sneen and A. M. Rosenberg, J. Am. Chem. Soc, 83, 900 
(196IJ, 

Allyl 
0-nitro- [ROpNB] Sol- Temp., 
benzoate X 10! vent" 0 C. 

methanol at 65° (8.4) as in 60% aqueous dioxane at 
50° (8.25). 

Analysis for reaction products resulting from 
solvolysis of the allyl esters involved the coupling 
of titrimetric and ultraviolet spectrophotometric 
techniques. Ultraviolet spectrophotometry ap­
peared to be the obvious method for differentiating 
between the weakly absorbing unconjugated a-
aryl products and the intensely absorbing con­
jugated 7-aryl products.4 Since the ^-nitrobenzoyl 
chromophore absorbs intensely in the region of the 
ultraviolet spectrum characteristic of the solvolysis 
products, it had to be removed before ultraviolet 
analysis. This involved the removal of not only p-
nitrobenzoic acid but also, in the solvolyses of the 
a-aryl-7-methylallyl ^-nitrobenzoates, the removal 
of the acyl portion of the rearranged ester. This 
was accomplished by the hydroxide ion-catalyzed 
hydrolysis of the ester in the reaction mixture,5 a 
reaction which proceeds via acyl-oxygen cleavage 
to produce the unrearranged alcohol. £>-Nitro-
benzoic acid was extracted from the resulting solu­
tion in the form of its salt by a process shown by 
control experiments to be quantitative. The re­
sulting solution was then quantitatively diluted 
with methanol and analyzed by ultraviolet spec­
trophotometry at the wave length of maximum 
absorption.6 

The resulting spectra are assumed to meas­
ure the combined concentrations of a-methyl-
7-arylallyl methyl ether (or alcohol in aqueous 
dioxone) resulting from solvolysis, and a-methyl-7-
arylallyl alcohol, obtained by saponification, since 
the absorption of unconjugated derivatives under 
these conditions is negligible.7 Further, since the 
concentration of rearranged ester, and therefore of 
conjugated alcohol, are known from titration data, 
the concentrations of the isomeric methyl ethers, 
the solvolysis products, can be calculated. 

Each step of this procedure was cross-checked 
for both precision and accuracy and the details of 
these control experiments are described in the Ex­
perimental. Incidentally, the absence of phenyl-
butadiene among the solvolysis products is estab­
lished by the absence of any detectable absorption 
in the ultraviolet spectra at 280 mju.8 

Our first experiments were carried out with a-
phenyl-7-methylallyl ^-nitrobenzoate. The ester 
was allowed to solvolyze in methanol at 35.0° under 
kinetic conditions for 10 half-lives (>99.9% reac­
tion). The usual extraction procedure and ultra-

(4) E. A. Braude, E. R. H. Jones and E. S. Stern, J. Chem. Soc, 1087 
(1947). 

(5) Control experiments, described in the Experimental, established 
that all saponifications were carried out under conditions where the 
esters are stable to alkyKoxygen fission. 

(6) Xmax 252 mp for phenylmethylallyl compounds and >.max 25ft 
mfi for ^-tolylmethylallyl compounds. 

(7) Attempts to prepare a pure sample of a-phenyl-7-methylal!yl 
alcohol for an accurate determination of its absorbance were unsuccess­
ful; the product was always contaminated with small amounts of 
the much more intensely absorbing allylic isomer. Braude4 has re­
ported that, at the wave length of its maximum absorption, Xmax 251 
mfi, a-methyl-7-phenylallyl alcohol has e 19,500 in ethanol and the iso­
meric a-phenyl-7-methylallyl alcohol has « 450. Probably some of the 
absorption observed with the latter compound was due to trace 
amounts of the more stable isomer. In any case, neglect of the ab­
sorbance of the a-phenyl isomer introduces into our calculations an 
error of, at most, less than 2.5%. 

(S) Phenylbutadiene* has Xmax 280 mu, « 28,300. 



Feb. 20, 1961 PRODUCTS FROM ALLYLIC CARBONIUM IONS 897 

Allyl £-nitro-
benzoate 

a-Phenyl- 7-methyl 

a-Methyl-7-phenyl 

a-Methyl-7-i>-tolyl 

[ROpNB] 
X 10» 

2.17 

1.89 

1.88 

2.28 

1.90 

1.74 

Solvent 

Methanol 

60% D : W 

Methanol 

Methanol 

Methanol 

Temp., 
°C. 

35.0 

25.0 

f35.0 \ 

\ 6 5 . 0 / 

65.0 

65.1 

Half-
lives 

10 

20 

10 

20 

106 

20c 

9.4 

12.5 

15.9 

Infinity, <* 

% 
72.6 

74.8 

59.3 

60.0 

99.3 

100.4 

96.6 

96.7 

97.5 

TABLE II 

PRODUCT DISTRIBUTIONS FROM UNBUFFERED SOLVOLYSES IN METHANOL AND AQUEOUS DIOXANE 

ROMe,«% 

34.3 

28.9 

16.5 

15.1 

99.7 

98.9 

99.2 

(100)/'» 

(100)/'4 

" 6 0 % D : W = 60 volume per cent, aqueous dioxane. bTen half-lives of a-phenyl ester at 35.0° and 10 half-lives 
of 7-phenyl ester at 65.0°. c Ten half-lives of a-phenyl ester at 35.0° and 20 half-lives of 7-phenyl ester at 65.0°. 
d Percentage of theoretical acid liberated. * Percentage of a-aryl ether among solvolysis products: [a-ether/(a-ether 
+ 7-ether)] X 100. I Assumed 100% and used to calculate extinction coefficient. « e 1.865 X 10*. * e 2.09< X 10.4 

violet analysis described above indicated the reac­
tion products to consist of 27.4% rearranged ester, 
24.9% a-phenyl-7-methylallyl methyl ether 
(ROMe) and 47.7% a-methyl-7-phenylallyl methyl 
ether (R'OMe). Of the solvolysis products (ex­
cluding rearranged ester) the a-phenylallyl ether 
(ROMe) constituted 34.3%. The analysis was re­
peated after 20 half-lives of reaction, when it was 
found that the percentage of a-ether in the solvoly­
sis products had dropped to 28.9%. Thus the a-
ether is isomerized under the reaction conditions 
into the more stable 7-ether. This problem is 
intensified when the solvolysis is conducted under 
more vigorous conditions with the slower solvolyz-
ing 7-aryl esters. Indeed, the isomerization was 
found to be essentially complete after 9.4 half-
lives of reaction of 7-phenyl- a-methylallyl p-mtro-
benzoate.9 This conclusion was confirmed by an 
experiment in which a-phenyl-7-methylallyl p-
nitrobenzoate was allowed to react for 10 half-
lives of reaction at 35° and the resulting reaction 
mixture was then transferred to a 65° bath and 
aliquots were allowed to react at this temperature 
for 10 and 20 half-lives of solvolysis of the 7-phenyl 
ester. Ultraviolet analysis of these solutions indi­
cated the presence of 99.7% and 98.9% of a-methyl-
7-phenylallyl methyl ether, respectively.10 These 
data are assembled in Table II. 

Table II also records the product results of the 
methanolysis of a-methyl-7-^-tolylallyl ^-nitro-
benzoate and the solvolysis of a-phenyl-7-methyl-
allyl ^-nitrobenzoate in 60% aqueous dioxane. 
In this latter solvent, of course, the solvolysis 
products are alcohols. In contrast to the meth­
anolysis results, the composition of the isomeric 
products in aqueous dioxane was constant, within 
experimental error, between 10 and 20 half-lives. 
This result suggests that a-phenyl-7-methylallyl 
alcohol is more stable to acid-catalyzed rearrange-

(9) One can calculate that there should be less than 1% of the a-
ether present at equilibrium.1 

(10) Since authentic ot-methyl-7-phenylallyl methyl ether, prepared 
by the method of Kenyon,11 was difficult to purify, the extinction coef­
ficient of this ether was calculated from the absorption spectrum re­
sulting from solvolysis of highly purified a-methyl-7-phenylallyl p-
nitrobenzoate, assuming quantitative conversion of this ester to the 
7-phenyl ether. I t was calculated to be t I.865 X 10*. Analyses of 
the spectra resulting from solvolysis of the a-phenyl methyl ester for 
10 and 20 half-lives of the 7-phenyl ester provide a good internal check 
on this value (see Table I I ) . 

(11) J. Kenyon, S. M. Partridge and H. Phillips, J. Chem. Soc, 207 
(1937). 

ment (with respect to the a-phenyl ester) in aqueous 
dioxane than is the a-phenyl methyl ether (with 
respect to the ester) in methanol. 

The data of Table II permit an accurate evalua­
tion of the kinetically-controlled product distribu­
tion from the solvolysis of a-phenyl-7-methylallyl 
/>-nitrobenzoate in aqueous dioxane and suggest 
that an approximate distribution of the products 
from methanolysis of this ester can be calculated by 
extrapolation of the data at 10 and 20 half-lives 
(ca. 39% a-phenyl ether). However we wished, 
for several reasons, to establish that a similar 
product distribution results from both allylic iso­
meric esters. Accordingly we undertook to carry 
out these solvolyses under buffered conditions in 
order to slow down the acid-catalyzed isomeriza­
tion of the initially formed products. 

The first buffer tried, sodium phenoxide, was 
found to be too nucleophilic with the result that 
the esters reacted by a non-carbonium ion process, 
the first step of which involved acyl-oxygen cleav­
age of the ^-nitrobenzoate ester, followed by a very 
interesting sequence of reactions which culminated 
in the formation of dimethyl ether by a reaction of 
the type labeled BAI2 by Ingold.12 This series of 
reactions is discussed in detail elsewhere.13 

Sodium acetate proved to be a satisfactory buffer 
for all of the systems investigated in this work, 
although even this relatively weak nucleophile 
attacked the carbonyl groups of the slower-solvo-
lyzing esters to some extent. 

The data for the runs carried out in the presence 
of sodium acetate are found in Table III. It is 
immediately apparent from these data that sodium 
acetate has effectively quenched any isomeriza­
tion of the initially formed products of solvolysis, 
even in the case of the slowest solvolyzing ester, 
a-methyl-7-phenylallyl ^-nitrobenzoate. Further 
it can be seen that in the case of the rapidly solvo­
lyzing a-phenyl ester, the presence of sodium ace­
tate has negligible effect on either the rate of reac­
tion or the amount of the theoretical acid liber­
ated after ten half-lives. Thus one can conclude 
that, with this ester, acetate ion does not compete 
with solvent for carbonium ion, nor does acetate 
ion attack the carbonyl group of the ester at a rate 
comparable with ionization. (Further, the magni-

(12) C. K. Ingold, "Structure and Mechanism in Organic Chemis­
try," Cornell University Press, Ithaca, N. Y., pp. 765 et set. 

(13) R. A. Sueen and A. M. Rosenberg, J, On. Chem., in press, 

file:///65.0/
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TABLE I I I 

PRODUCT DISTRIBUTIONS FROM BUFFERED SOLVOLYSBS IN METHANOL AT 65.0° 
AUyI #-nitro-

benzoate 

o-Phenyl-y-methyl 

a-Methyl-y-phenyl 

a-Methyl-7-£-tolyl 

[ROpNB] 
X 10» 

2.17 
1.87 
1.90 
1.90 
1.91 
1.86 

1.74 
1.77 

[NaO Ac] 
X 10' 

1.80 
8.38 

-i X 10" 

± 0 .W 
8.45 
1 
1 
1 

.45 

1.85 

± 
51 ± 
66 ± 
68 ± 
07 ± 

12. 
13. 

± 
± 

.14<* 

.03 

.06 

.03 

.08 

.3 

.3 

HaIf-
Hves 

10 
10 
12.5 

>10 
>10 

8.2 
18 
15.9 
16.9 
30.9 

Infinity," 
% 

72.6 
74.0 
96.6 
83.6 
83.5 
65.4 
64.0 
97.8 
97.2 
96.6 

a-Ether, k 
% 

34.3 
39.1 

36.9 
34.8 
38.7 
39.5 

37.5-

• Percentage of theoretical acid liberated. • Percentage of a-aryl ether among solvolysis products: [a-ether/(a-
ether + 7-ether)] X 100. • ± 1.5; limits defined by extreme assumptions that acid unaccounted for (2.8%) is 
either in the form of a-aryl products (36.0%) or -y-aryl products (39.0%). ''Temperature, 35.0°. 

tude of the salt effect of sodium acetate at this 
concentration is shown to be negligible.) 

With the slower solvolyzing a-methyl-7-phenyl-
allyl ester, however, an acyl-oxygen cleavage re­
action must be invoked to explain both the rate 
enhancement as well as the decreased formation of 
acid. The measured rate of reaction is, pre­
sumably, the sum of the ordinary first-order solvoly­
sis reaction and a second order acetate- or meth-
oxide-catalyzed process, either of which would re­
sult in the destruction of starting material without 
a concomitant production of acid.14 

Since the acetate-catalyzed cleavage reaction 
proceeds by acyl-oxygen fission, the ultraviolet 
data have been treated assuming that methanolysis 
of a-methyl-7-phenylallyl p-nitrobenzoate fur­
nished unrearranged a-methyl-7-phenylallyl alco­
hol in an amount equal to the discrepancy between 
the observed infinity titer and 100%. 

Discussion 
The problem of identifying the factors respon­

sible for the distribution of products which result 
when an allylic or homoallylic carbonium ion is at­
tacked by nucleophilic agents has been a puzzling 
one. Some of the more interesting features of this 
problem are dramatically evident in the reactions 
of the cyclocholesteryl cation16; this ion on meth­
anolysis furnishes 90 ± 2% of 6/3-cyclocholesteryl 
methyl ether and 10 ± 2% of the homoallylic 
cholesteryl methyl ether. Since the cyclic 6/3-
derivative is some 9 kcal. less stable than its iso­
mer,1' product stability is not an important factor 
in determining their rates of formation. Nor can 
steric effects of any normal kind be of significance 
in determining product ratios since the transition 
states for formation of the axial 6/3-derivatives are 
certainly the more sterically hindered, being 
flanked by the C9-angular methyl group. 

It occurred to us that the position of attack in 
resonating carbonium ions by nucleophiles may be 

(14) It Is easily «hown that either of these processes requires the ex­
istence of quantitative relationships among the observed acid titer 
at infinite time, the rate enhancement (after empirical correction for 
salt effects), the ultraviolet spectral data and the concentration of 
sodium acetate. I t was found that all of the data obtained in the run 
at 5.42 X 10"» M sodium acetate conform to predictions from the 
data at lower acetate concentrations. 

(15) E. M. Kosower and S. Winstein, J. Am. Chsm. Soc, 78, 4347 
(1956). 

(16) S. Winstein and E. M. Kosower, ibid., 81, 4389 (1959). 

largely a function of the charge distribution in the 
ion, an idea first advanced by Hammond.17 Al­
though the distribution of charge in the cyclochol­
esteryl cation is not known with certainty it may be 
concentrated heavily at the C6-position.18 Further 
support for this point of view is lent by the results of 
studies19 of the solvolyses of a series of unsymmet-
rically substituted allylic chlorides under limiting 
conditions; whereas the silver oxide-catalyzed 
hydrolysis of a-methylallyl chloride furnishes 33% 
of the primary isomeric alcohol, a,a-dimethylallyl 
chloride under the same conditions furnishes only 
15% of the corresponding primary isomer. 

The homologous phenylmethyl- and p-tolyl-
methylallyl carbonium ions appeared to be suitable 
systems in which to test the importance of charge 
distribution in determining the rates of product 
formation. In the event that the introduction of a 
p-methyl group significantly affects the product 
distribution, the importance of charge distribution 
in the intermediate ion is established. In the event 
that this substitution does not affect product dis­
tributions, either or both of two consequences must 
follow: either charge distribution in the ion is un­
important in determining product distributions or 
substitution of a ^-methyl group into the phenyl-
methylallyl carbonium ion affects both positive 
centers similarly. Experimentally it was found 
that p-methyl substitution had no detectable effect 
on the distribution of products of methanolysis (see 
Table III) . Since evidence presented in the ac­
companying paper suggests that charge distribu­
tion in the ion is of importance in determining the 
rate of reaction with nucleophiles,20 it is our feel­
ing that this insensitivity of product distribution to 
p-methyl substitution is a result of the second alter­
native listed above; namely, that p-methyl sub­
stitution affects the electronic distribution at both 
allylic centers similarly. Substantiating evidence 
for this view comes from two related sources: first 
the effects of p-methyl substitution on the rates of 
solvolysis of a-phenyl-7-methyl-(10.4) and a~ 
methyl-7-phenylallyl p-nitrobenzoate (8.6) are 
appreciable but similar; and second, the ratio of 

(17) G. S. Hammond, ibid.. 77, 334 (1955). 
(IS) M. Simonetta and S. Winstein, ibid., 76, 18 (1954). 
(19) R. H. DeWoHe and W. G. Young, CUm. Revs., 66, 794 (1950). 
(20) Azlde ion competes with solvent for the #-tolylmethylal!yl 

carbonium ion more than three times as effectively as it does for the 
phenylmethylallyl carbonium ion.1 



Feb. 20, 1961 PRODUCTS FROM ALLYLIC CARBONIUM IONS 899 

rates of formation of a-phenyl-7-methyl- and di­
methyl-y-phenylallyl ^-nitrobenzoate from the 
allylic ion pair (60/40) is similar to the correspond­
ing ratio of rates from the £-tolylmethylallyl p-
nitrobenzoate ion pair (53/47).21 All of these lines 
of reasoning point to the conclusion that the corre­
sponding transition states resemble very closely 
the ionic intermediates and that reactions of these 
ionic intermediates take place via very fast, exo­
thermic, unselective processes. Finally, the ob­
servation that methanolysis of a-methyl-y-phenyl-
allyl ^-nitrobenzoate furnished a distribution of 
solvolysis products different from that of solvolysis 
of this ester in 60% aqueous dioxane is not sur­
prising in view of the similar variations in product 
distributions accompanying change in solvent in 
other allylic19 and homoallylic15 systems. However, 
at present there appears to be no simple explanation 
for these variations which are presumably associ­
ated with solvation effects. 

Experimental 
Materials.—The preparation of the allylic alcohols and 

p-nitrobenzoate esters has been described previously.W 
An improved recrystallization procedure for the phenyl-
methylallyl esters was developed using pentane-carbon 
disulfide mixtures which furnished a-phenyl-7-methylallyl-
£-nitrobenzoate, m.p. 99.5-100.5° (lit.1 96.5-98°), and 
a-methyl-7-phenylallyl ^-nitrobenzoate, m.p. 59-60° (lit.1 

59°). 
Rate Measurements.—The procedure used for runs in 

aqueous dioxane has already been described.1 Kinetic runs 
in methanol were similar. Technical grade methanol was 
purified by refluxing for 2 hours over magnesium turnings 
and was then distilled.83 In general, weighed samples of an 
ester and, in some cases, sodium acetate (J. T. Baker 
analyzed) were placed in a volumetric flask and dis­
solved to 100 ml. of solution with methanol. For ki­
netic runs at 25 and 35°, these volumetric flasks were 
placed in a constant temperature bath. The runs at 50 
and 65° were conducted in sealed glass ampoules. Por­
tions of the reaction mixture were divided among seventeen 
glass ampoules, sealed under nitrogen and introduced into 
a constant temperature bath. In all cases 5-ml. aliquots 
were removed at appropriate time intervals, quenched in 
10 ml. of commercial grade acetone and titrated to the phe-
nolphthalein end-point with ca. 2.0 X 10 - ' M aqueous sod­
ium hydroxide, previously standardized against potassium 
acid phthalate. In all cases a blank was determined on 
the solvent-quench system. Nearly all of the runs for which 
rate data are reported are averages of from eight to fifteen 
separate kinetic points. The precision within a run was 
usually about 2-3% and separate runs under identical con­
ditions gave results reproducible well within their combined 
experimental uncertainties. Wherever product distribu­
tion calculations required both kinetic and ultraviolet meas­
urements, aliquots of the same reaction mixture were 
used to obtain both types of data. 

Spectral Measurements.—All ultraviolet spectral meas­
urements were made using a Cary, model 10-1IM, re­
cording spectrophotometer. Absorbancy readings were 
recorded. The maximum absorbancy readings were usually 
in the 0.3 to 0.7 region. Slit widths were determined by 
the needs of the instrument when the sensitivity was set 
at zero and never exceeded 0.1 mm. Matched, fused, 1-
cm. quartz cells were used and temperature was maintained 
by flowing tap water. Solutions of pure compounds in 
methanol were prepared for ultraviolet analysis by weighing 
known quantities of the compounds into methanol and di­
luting quantitatively with methanol to the appropriate 

(21) Because of the experimental uncertainties in the kinetic method 
used to evaluate these rate ratios the differences between the two sys­
tems may not be real. 

(22) J. Kenyon, S. M. Partridge and H. Phillips, J. CUm. Soc, 86 
(1936). 

(23) L. F. Fieser," Experiments in Organic Chemistry," D. C. Heath 
and Co., Boston, Mass., 1941, p. 360. 

concentration. ^-Nitrobenzoic acid had Xn,, 257 mju, 
e l .li X 104; a-phenyl-7-methylallyl ^-nitrobenzoate had 
Xm„ 258 m/i, e 1.64 X 104; a-methyl-7-phenylallyl alcohol 
had Xm« 251 m/u,«1.8I6 X 104. 

Ultraviolet analysis of the solvolysis product mixtures 
was preceded by the removal from the reaction mixtures of 
all forms of the p-nitrobenzoyl group. In those cases_ in 
which a-methyl-7-phenylallyl ^-nitrobenzoate is a reaction 
product the procedure was as follows: a 5-ml. aliquot of 
the reaction mixture was transferred to a 60-ml., short-
stemmed separatory funnel which contained 5 ml. of water 
and 5 ml. of a 0.04 M alcoholic potassium hydroxide solu­
tion. The funnel was shaken and the mixture allowed to 
stand for 3 hr. After this time 25 ml. of water was added 
and the resulting solution was extracted four times with 10-
ml. portions of ether. The combined ethereal layers were 
then extracted five times with 10-ml. portions of aqueous 0.04 
M potassium hydroxide and diluted quantitatively with 
methanol to the appropriate final concentrations. In those 
cases where the reaction mixture to be analyzed contained 
no ^-nitrobenzoate ester, the procedure was the same except 
that no time was allowed for saponification. 

Analysis for products of solvolysis in aqueous dioxane 
was similar, the only difference being in the composition of 
the saponification mixture; a 5-ml. aliquot was diluted with 
5 ml. of alcoholic 0.04 M potassium hydroxide, 3 ml. of 
water and 2 ml. of absolute ethanol. 

Saponification of a-methyl-7-phenylallyl ^-nitrobenzoate 
at room temperature under the conditions of the above pro­
cedure proved to have a half-life of ca. 990 seconds. Since 
the saponification mixtures (for both methanolysis _ and 
aqueous dioxane solvolysis) are considerably poorer ionizing 
solvents than is 60% aqueous dioxane,24 the fact that the 
half-life for solvolysis of a-methyl-7-phenylallyl ^-nitro­
benzoate in this latter solvent at 25°, is t'/, = 800 hr. 
establishes that solvolysis of this ester under saponification 
conditions is negligible. 

That the extraction procedure described above was 
quantitative is established indirectly by the general con-

TABLE IV 

METHANOLYSIS OF 2.17 X 10~2 M O>PHENYL-7-METHYL-
ALLYL p-NlTROBBNZOATE AT 35.0° 

Titrimetric data 
Titrant + 2.068 X 10"' M potassium hydroxide; blank (sol­
vent + quench): 0.314 ml. titrant; theoretical infinity titer: 

5.249 ml. titrant. 

Time, sec. 

0 
2066 
2862 
3832 
4729 
6038 
7076 

10089 
14959 
18643 
10 half-lives 
20 half-lives 

Titrant, ml. 

0.760 
1.284 
1.452 
1.662 
1.858 
2.095 
2.280 
2.700 
3.181. 
3.470 
4.122 
4.238 

k, sec.- ' X 

8.23 
8.08 
8.16 
8.37 
8.39 
8.50 
8.53 
8.52 
8.80" 

Av. 8.38 ± 0 . 1 4 

% of theory = (4.122 - 0.314)/5.249 X 100 = 72.6% 
Ultraviolet data6 

Time, half-lives Wave length, m*i Absorbancy, A c 

10 252 1.51 
20 252 1.57 

• Deleted in calculating rate. h Obtained by subjecting 
a 5-ml. aliquot of reaction mixture to the usual extraction 
procedure and diluting with methanol to a total volume of 
11. • Absorbancy, A =* dc, where Z is the length of the 
cell in cm., c is the concentration in moles/1, and e the ex­
tinction coefficient. 

(24) A. H. Fainberg and S. Winstein, J. Am. Cham. Soc, 78, 2770 
(1956). 
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sistency of all of the data presented in this paper. In addi­
tion, ^-nitrobenzoic acid was separately shown by ultra­
violet analysis to be completely removed from a methanolic 
solution by the extraction procedure. It was further estab­
lished that the non-acidic solvolysis products of a-methyl-
7-phenylallyl ^-nitrobenzoate (under unbuffered conditions 
in 60% aqueous dioxane) are quantitatively retained in the 
organic phase during the extraction procedure since, after 
dilution with methanol, the ultraviolet absorbance of the 
products was within 1% of that calculated from the sepa­
rately determined absorbancy of pure authentic a-methyl-
y-phenylallyl alcohol. Actually the extinction coefficients 
of a-methyl-7-phenylallyl methyl ether (<• I.865 X 104) 
and of a-methyl-7-p-tolylallyl methyl ether (e 2.094 X 104, 
Xmax 255 tmi) were calculated from the spectra obtained 
from infinity samples of the methanolysis products of the 
corresponding £-nitrobenzoate esters (see Table II). 

The ultraviolet data for a-methyl-7-^-tolylallyl alcohol 
were obtained by saponification of the corresponding p-
nitrobenzoate, followed by the usual extraction procedure: 
Amax 255 miit 2.052 X 10.4 

The data from a typical run are summarized in Table IV. 
Calculations.—The data of Table IV will serve to il­

lustrate the method used in calculating the product distribu­
tions reported in this work. The percentage of the theo­
retical acid liberated at 10 half-lives defines the concentra­
tion of rearranged ester; thus [R'X] = [R'OH] = 0.274 
X 2.17 X 10~2M. The absorbancy, A, was determined 

Introduction 
The first two papers in this series1,2 have re­

ported the results of an investigation into the 
solvolytic behavior of an isomeric pair of allylic 
esters, a-phenyl-7-methylallyl- and a-methyl-7-
phenylallyl ^-nitrobenzoate. The first paper dealt 
mainly with a s tudy of the rates of reaction of the 
isomeric esters whereas the second paper reported 
the results of a s tudy of the product ratios ob­
tained when each ester undergoes solvolysis. Both 
kinetic and product da ta were determined under 
conditions of varying solvent (methanol and aque­
ous dioxane) and of varying substi tution (phenyl-
and ^-tolylmethylallyl ^-nitrobenzoates). 

In an a t t empt to identify further of the mechan­
istic details of the processes involved in these 
solvolytic reactions we init iated a series of experi­
ments in which solvolyses were conducted in the 
presence of the highly nucleophilic azide ion, a 
technique first used to advantage in the elucida­
tion of reaction mechanisms by the University 

(1) R. A. Sneen, J. Am. Chan. Sac, 82, 4261 (1960). 
(2) R. A. Sneen and A. M. Rosenberg, ibid., 83, 895 (1961). 

after dilution of the reaction mixture by a factor of 200 
and is assumed to measure the combined concentrations of 
7-aryl derivatives R'OMe and R'OH (produced on saponi­
fication of R'X) with extinction coefficients en'one = 
I.865 X 104 and (=R'OH = 1.83s X 104, respectively. Then 

A = [R'OH]eR'OH + [R'OMe] «R'OM, 
At ten half-lives 

[R'OMe] X 1.865 X 104 

and [R'OMe] = 5.177 X 10~6. Therefore the concentra­
tion of 7-ether before dilution equals 200 X 5.177 X 10~5 = 
1.035 X HTW. 

By difference, the concentration of a-phenyl ether is cal­
culated to be 5.40 X 1O-3Af. Thus the products of sol­
volysis at 10 half-lives consist of 27.4% rearranged ester 
(R'X), 47.7% 7-phenyl ether (R'OMe) and 24.9% a-
phenyl ether (ROMe); and of the solvolysis products, 
a-phenyl ether constitutes 24.9/(24.9 + 47.7) X 100 = 
34.3%. 
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College school.3 The results of these experiments, 
which constitute the work described in the present 
paper, establish conclusively the existence of an 
int imate ion pair as a discrete intermediate in these 
solvolysis reactions and provide evidence t ha t 
neither solvent nor azide ion is capable of at tack­
ing this species at a ra te commensurate with its rate 
of dissociation. 

The esters investigated in this work were the 
isomeric a-pheiiyl-7-methyl- and a-methyl-7-phen-
ylallyl ^-nitrobenzoates as well as a-methyl-7-p-
tolylallyl ^-nitrobenzoate. Each of these esters 
was allowed to solvolyze in the presence of varying 
concentrations of azide ion under conditions other­
wise identical with those described in the two 
previous papers of this series.1 2 The presence of 
azide ion in the solvolyzing mixture altered the 
course of these solvolyses by providing an alter­
na te route of reaction for the destruction of ester, 
the formation of alkyl azides; and the incursion of 
this reaction affected not only the stoichiometry 

(3) See C. K. IngoM, "Structure and Mechanism in Organic Chemis 
try," Cornell University Press, Ithaca, N, Y., pp. 353 el. srq 
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Solvolyses of a-phenyl-7-methyl-, a-methyl-7-phenyl- and a-methyl-7-^-tolylallyl p-nitrobenzoate have been carried 
out in methanol and in 60 volume per cent, aqueous dioxane in the presence of varying concentrations of sodium azide, 
conditions under which alkyl azides are formed by carbonium ion processes. The presence of sodium azide was found to 
have essentially no effect on the total rate of reaction nor did it depress significantly the amount of rearranged ester produced 
during the solvolysis of a-phenyl-y-methylallyl ^-nitrobenzoate.1'2 Most of the alkyl azide arises at the expense of allyl 
ethers (in methanol) or alcohols (in aqueous dioxane). It is concluded that, for the most part, azide ion enters the reaction 
scheme only at a later stage than those which determine the rate of reaction and the amount of rearrangement products. 
It is shown that, both in methanol and in aqueous dioxane, only one of the two possible allylic azides is produced in measure-
able amounts; the a-methyl-7-arylallyl azides are formed to the exclusion of their allylic isomers. An argument is developed 
which establishes definitely an ion pair as an intermediate in these solvolysis reactions. The reactivity of this ion pair inter­
mediate was investigated and it is shown that neither solvent nor azide ion is capable of attacking it at a rate commensurate 
with its rate of dissociation. 


