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Number and Structure of Solvolysis Intermediates. Part 2.
A Novel Example of the Common Ion Rate Depression Arising at the Stage
of the Second Ion Pair Intermediate in the Sny1 Solvolysis
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The solvolysis of 2,2-dimethyl-1-(p-methoxyphenyl)propyl p-nitrobenzoate in phenol provides a novel exam-
ple of the common ion salt effect (rate depression) which arises at the stage of the second ion pair intermediate
(Int-2; the rear-side shielded ion pair intermediate), not the dissociated (free) carbocation intermediate as gener-
ally supposed so far. This example demonstrates that “the common ion rate depression” could not give evidence
for the intermediacy of the dissociated carbocation intermediate in the Sn1 solvolysis, but an indicator for the
stability of solvolysis intermediates including the ion pair intermediate.

It has been accepted by most researchers in the field
that the Winstein ion pair mechanism for sequential ion-
ization (Scheme 1),2® involving two kinds of ion pair
intermediate (Int-1 and Int-2)* and a dissociated (free)
carbocation intermediate, provides a reasonable general
framework for discussion of solvolysis reactions.® How-
ever, we cannot find an example of the solvolysis system
which has been ascertained to contain all the three kinds
of intermediate in the medium. The mechanism of Sy1
solvolysis should be, in general, discussed after confir-
mation of the number of solvolysis intermediate stages,
via which the solvolysis proceeds. The pattern analysis
for the salt effect on the k,—k; diagram (k,: polarimetric
rate constant, k;: titrimetric rate constant), which was
partly proposed by Winstein and his coworkers>3® and
established by us,” can serve as a practically-useful tool
for the determination of the number of solvolysis inter-
mediate stages; i.e., a single stage or multiple stages.
The kp—k pattern method, however, can provide no
information which can serve to distinguish the interme-
diation of the dissociated carbocation intermediate in
the Sy1 solvolysis system.®

For the intermediacy of the dissociated carbocation
in the Syx1 solvolysis reaction, the observation of “the
common ion rate depression (mass law effect)” has been
considered to give strong evidence.!®!V It was explained
in the classical solvolysis theory, assuming a single car-
bocation intermediate, that the rate depression might
be caused by the acceleration of recombination of the
dissociated carbocation with the counter anion.®® Af-
ter the finding of the intervention of the ion pair in-
termediates (Scheme 1),2%'? the common ion effect
has been explained by an enhancement of “external ion
return.”®') On the other hand, the common ion rate
depression in the solvolysis of t-butyl chloride in phe-
nol was supposed to be caused at the stage of an ion
pair intermediate.'® However, none of many examples
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of common ion rate depression!®!!) have given exper-
imental evidence for the solvolysis intermediate stage
(i-e., truly the dissociated carbocation intermediate stage
or/and an ion pair intermediate stage 7), at which the
added common ion salt attacks to generate the common
ion effect.>®® Thus, we intended to examine the com-
mon ion salt effect on a solvolysis system which has been
ascertained to proceed via multiple solvolysis intermedi-
ate stages. Many examples of solvolysis are confirmed
to proceed via a single ion pair intermediate stage,”
whereas a few examples of solvolysis provide experi-
mental evidence for the existence of multiple solvoly-
sis intermediate stages;? such a few examples are only
the phenolyses of 2,2-dimethyl-1-(p-methoxyphenyl)pro-
pyl®»%>9 and 1-(p-methoxyphenyl)ethyl system®!* and
the acetolysis of the 2-(p-methoxyphenyl)-1-methylpro-
pyl system.®%1%) On the two former phenolysis systems,
the common ion salt effect has not been studied. For
the latter acetolysis system, no common ion rate de-
pression was reported.>'®) As a target system for the
investigation, we have chosen the phenolysis of 2,2-di-
methyl-1-(p-methoxyphenyl)propyl system in which no
dissociated carbocation intermediate participates (vide
infra)."

In this paper, we wish to report a novel example of
the common ion rate depression arising at the stage of
the second ion pair intermediate (Int-2; the rear-side
shielded ion pair intermediate®) in the solvolysis of 2,
2-dimethyl-1-(p-methoxyphenyl)propyl p-nitrobenzoate
in phenol.

Results and Discussion

Solvolysis Rates in the Presence of Tetrabutyl-
ammonium p-Nitrobenzoate. Optically active and
racemic 2,2-dimethyl-1-(p-methoxyphenyl)propyl p-ni-
trobenzoates (ROPNB) were solvolyzed in phenol in the
presence of a common ion salt, tetrabutylammonium p-
nitrobenzoate ((n-Bu)4N*tOPNB™), at 75 °C under the
conditions identical with those employed in the previous
work® except the addition of the salt. The solvolysis
rates were measured by both the polarimetric and the
titrimetric methods. Satisfactory first-order kinetic be-
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havior, as expected for the Sx1 solvolysis, was observed
at variable concentrations (0.000—0.399 M) (1 M=1
moldm~3) of the added common ion salt (correlation
coefficients >0.9990 for k; and >0.9980 for k). The &,
and k; values are summarized in Table 1 and are plotted
against the salt concentration in Fig. 1.

The effect of the added common ion salt appears as a
rate depression, i.e., “common ion rate depression,” 0!V
on the k; values at the 0.05—0.15 M region of the added
salt concentration (Fig. 1). Extrapolation of the plots
at 0.10—0.15 M region in Fig. 1 to zero salt concentra-
tion furnishes estimation of fully depressed solvolysis

Table 1. The Solvolysis Rates of 2,2-Dimethyl-1-(p-
methoxyphenyl)propyl p-Nitrobenzoate (ROPNB)

in the Presence of Tetra- n- butylammonium
p-Nitrobenzoate ((n-Bu)sNTOPNB™) in Phenol at
75 °C®
(n-Bu)4N*OPNB~ /M ky/s™t ®) kp/s™1®
0.000% 1.02x107%  1.71x107*
0.050 9.56x107° 1.92x107*
0.1009 9.51x107°
0.101 1.96x1074
0.150 1.05x107*
0.197 1.04x107*
0.231 1.96x107*
0.301 9.06x107°
0.399 7.95%10~5
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a) [ROPNB]Jp 0.0995—0.100 M. b) Titrimetric rate
constant; accurate to within £2%. c¢) Polarimetric rate
constant; accurate to within £3%. d) An average value
for duplicate measurements.
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Fig. 1. Effect of added (n-Bu)4NTOPNB~ on the po-
larimetric and titrimetric rate constants (k, and k)

for the solvolysis of 2,2-dimethyl-1-(p-methoxyphen-
yl)propyl p-nitrobenzoate in phenol at 75 °C.
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rate constant, k¢, correlated for normal salt effects.!'®

The ratio, & /K, characterizing the common ion rate
depression is 1.3 (£0.1) in this case. This ratio is com-
parable to those in the acetolyses of cholesteryl bro-
sylate and tosylate and 2-(2,4-dimethoxyphenyl)ethyl
brosylate, for which the values are 1.13, 1.2¢, and 1.57,
respectively.!!® Such a rate depression is not observed
in the k, values (vide infra). If this rate depression was
eliminated, the k values would show a similar simple
increase (normal salt effect'®) to that for the k, values
with an increase in the added salt concentration in the
region lower than 0.15 M (Fig. 1). The rate decrease in
both the k; and k, values at the higher concentrations
than 0.15 M is most probably due to the decrease in the
concentration of solvent phenol.'® Since the common
ion rate depression arises at about one tenth concentra-
tion of the added common ion salt in the solvolyses in
the other solvents than phenol,!®!? no rate measure-
ment was carried out at such the range of higher con-
centrations as that in phenol, where the rate decrease
owing to the decrease in the solvent concentration might
be observed.

Product Distribution. The product distribution
was analyzed by the use of G.L.P.C. for the solvoly-
sis of ROPNB in the presence of (n-Bu)yNTOPNB~
under the conditions identical with those employed for
the rate study (Table 2). The solvolysis produced a
major amount of ROPh and small amounts of o- and p-
RCegH;OH similar to those in the absence of the added
common ion salt.?’ The product distribution is invari-
able within experimental errors over the whole range
of added salt concentrations, which suggests that the
product-forming solvolysis intermediate in the presence
of the added common ion salt may have the same struc-
ture (rear-side shielded ion pair) as that in the absence
of the added common ion salt.®

Stereochemical Courses. Optically active
ROPNB was subjected to the solvolysis in the pres-
ence of (n-Bu)4)NtTOPNB~ (0.100 M) under the identi-

Table 2. The Product Distribution for the Solvol-
ysis of 2,2- Dimethyl- 1- (p- methoxyphenyl)pro-
pyl p- Nitrobenzoate (ROPNB) in the Pres-
ence of Tetra-n-butylammonium p-Nitrobenzoate
((n-Bu)sN*tOPNB™) in Phenol at 75 °C?

(n-Bu)4N*OPNB~ Product distribution/%"®

M ROPh o0-RC¢H4sOH p-RCsH4OH
0.000 96.6 1.1 2.3
0.052 97.6 0.2 2.2
0.099 97.1 0.4 2.5
0.199 98.7 0.4 0.9
0.300 96.9 1.2 1.9
0.400 98.4 0.4 1.2

a) [ROPNB]p=0.100—0.102 M. b) Determined by
G.L.P.C.; (ROPh+0-RCeH4OH+p-RCsH4OH) % =100
%.
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The Stereochemical Courses for the Products of the Solvolyses of 2,2-Dimethyl-1-(p-methoxyphen-

yl)propyl p-Nitrobenzoate (ROPNB) in the Presence of Tetra-n-butylammonium p- Nitrobenzoate ((n-

Bu)4sNTOPNB™) in Phenol at 75 °C

Added salt Concentration ROPNB/M Net stereochemical course/a%,” {[a]p(°)}*
M {la]p(®)}* ROPh 0-RCeH4OH pRC¢H4OH
(n-Bu);NTOPNB~ 9 0.100 0.100 0.85(£0.09) ret.  7.56(£1.80)ret.  2.26(+0.65) ret.
{+77.04  {+0.187(£0.019)} {-2.36(£0.59)}  {+0.661(+0.190)}
(£0.12)}9
None®) 0.000 0.0973 1.09(£0.13) ret.  20.4(£5.1) ret.  3.57(£0.29) ret.
NaOPh® 0.102 0.0956 3.83(+0.13) ret.  6.31(£0.81)ret.  5.02(+0.76) ret.

a) In benzene, c 0.81—7.05.

b) Calculated from the optical purity of the product on the basis of that of the starting

ROH, from which ROPNB was synthesized; the maximum specific rotations are taken to be —44.83°, +161.4°, +45.0°,
—64.5°, and +60.4° for ROH, ROPNB, ROPh, 0-RCgH4OH, and p-RCsH4OH with S-configuration, respectively (cited
from Ref. 5). c) Synthesized from (S)-ROH, {[a]3!® —21.72+0.04° (benzene)}. d) In the presence of 2,6-di-t-butyl-4-

methylpyridine (0.10 M). e) Cited from Ref. 5.

cal conditions with those mentioned above. The solvol-
ysis produced partially retained ROPh, o-RC¢H4OH,
and p-RC¢H4OH with predominant racemization, re-
spectively (Table 3). The products were not completely
racemized under the reaction conditions. The racemiza-
tion % for each product is somewhat larger than those in
the absence of the common ion salt. These stereochem-
ical facts indicate the increase in the external return
rate in the presence of the common ion salt.

Reaction Pathway. For the solvolysis mechanism
of ROPNB in phenol, the confirmed facts have been
summarized as follows.

(1) The k,—k; pattern analysis method indicates that
the phenolysis of ROPNB proceeds via multiple solvol-
ysis intermediate stages (“two ion pair intermediate
stages” or “two ion pair and a dissociated carbocation
intermediate stages”).>®

(2) The comparison of the phenolysis reaction with
the nucleophilic reactions on the in situ generated car-
bocation exhibits that no dissociated (free) carbocation
intermediate intervenes in the solvolysis of ROPNB in
phenol.!)

(3) The formation of the partially retained products
reveals that the solvolysis gives rise to the retained
products at the stage of the ion pair intermediate, not
the dissociated carbocation intermediate which provides
the racemized products, under the reaction conditions.

(4) It demonstrates no intermediacy of the dissoci-
ated carbocation intermediate in the phenolysis system
that the solvolysis product, o-RCgH4OH, is not less
racemized in the presence of NaOPh?® than that in
the absence of NaOPh (Table 3).5% If both Int-2 and
the dissociated carbocation intermediate participated in
the product formation, the phenoxide ion with higher
nucleophilicity?? should tend to attack Int-2 to afford
the less recemized products before the dissociation of
Int-2 to the dissociated carbocation intermediate.

All the reaction conditions for the phenolyses of
ROPNB are identical with each other except the addi-
tion of a small amount of the salt ((n-Bu)yNtOPNB~

or NaOPh) which is much more nucleophilic than a sol-
vent phenol molecule.??) It is, consequently, concluded
that no dissociated carbocation intermediate takes part
in the solvolysis of ROPNB in phenol.

Accordingly, the common ion rate depression in the
phenolysis of ROPNB does not arise at the stage of the
dissociated (free) carbocation intermediate as generally
expected until now,>!V but at the stage of the second
ion pair intermediate (Int-2).

These experimental features can be expressed by the
following reaction scheme, which contains two kinds of
ion pair intermediate(Scheme 2).5:917

According to the Scheme 2, the total rate expressions
for k; and k, can be derived as following Egs. 1 and 2.

k
R — 1)
Lt ety
k
kp = lk y (2)

- —1
1+ {k2k3/(ks+k_2)}+2ks

where
k_o=k_o +k_on [X_-].

The fact that the rate depression is not observed in
the k, values (vide supra) is most probably due to the
much larger self-racemization rate (ks) of Int-1 than the
other elementary rate constants including k_o (Eq. 2),
which could be supported by the predominant racem-
ization of solvolysis products (Eq. 2 and Scheme 2) and
the large ratio of k,/k (Eqgs. 1 and 2).

As Int-2 in this system has a structure of a rear-side
shielded ion pair® (Scheme 2), the nucleophilic attack
by an added common ion salt should occur from the
front side of Int-2. The nucleophilic attack should ac-
celerate the external ion pair return®'V to generate the
rate depression and might accompany “a common anion
exchange reaction,”®7P:11a110.23) j o - another common
ion effect, which has been postulated to occur at the
stage of Int-2 for the acetolyses of some systems.!!:?®
For the mechanism of the common ion rate depression
in the solvolysis of ROPNB, further examination is in
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kq ko
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OH
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OH
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(B)- Int2

Scheme 2.

progress by the use of an isotope-labelled anion common
to the leaving group of the substrate.

Contrary to the phenolysis of ROPNB, no common
ion rate depression has been reconfirmed!'%) in the ace-
tolysis of 2-(p-methoxyphenyl)-1-methylpropyl tosylate,
which proceeds via multiple solvolysis intermediates.®
On the basis of the stability(reactivity)-selectivity rela-
tionships for solvolysis intermediates,?* the distinction
in the common ion salt effect between the phenolysis
of ROPNB and the acetolysis of the tosylate indicates
that Int-2 in the former should be more stable than that
in the latter. In conclusion, this novel example which is
caused at the stage of Int-2 indicates that the observa-
tion of a common ion rate depression in Sy1 solvolysis
cannot provide evidence for the intermediacy of the dis-
sociated carbocation intermediate, but is an indicator
for the stability of solvolysis intermediate including the
ion pair intermediate. Now we are looking for evidence
for the intervention of the dissociated carbocation in-
termediate in the Sy1 solvolysis.

Experimental

13C and 'H NMR spectra were taken with a JEOL model
JNM FX-90Q Fourier transform instrument (*H; 90 MHz)
with a 3C and 'H dual probe. IR spectra were recorded
with a Hitachi model 215 spectrophotometer. Optical ro-
tations were measured with a JASCO model DIP-SL po-
larimeter. G.L.P.C. was performed with Hitachi model 163
instrument. M.P.L.C. was done with a Chemco chromato-
graph system composed of a FMI model RP-SY-2 pump
and a Merck silica gel 60 column. Mp’s were measured
on a Yamato model MP-21 apparatus. Solvolysis products
were identified by comparison of their IR, **C and *H NMR,
spectra, and chromatographic data with those of authentic
samples.”

Materials. Tetrabutylammonium p-nitrobenzoate was
prepared by a known method.?) Preparation of 2,6-di-t-
butyl-4-methylpyridine was accomplished by the use of a re-
ported procedure.?®) 2 2-Dimethyl-1-(p-methoxyphenyl)-1-
propanol was synthesized and resolved in the previously re-
ported manner.®) Optically active and racemic 2,2-dimethyl-
1-(p-methoxyphenyl)propyl p-nitrobenzoates were prepared
by the usual method.®) All the other organic reagents were
of an analytical grade, dried, and fractionated prior to use.

Solvolysis Rate Measurements. The usual aliquot
technique®'¥) was employed for measurements of k, and

ki. The rate data against the added salt concentration are
shown in Table 1 and Fig. 1.

Product Distribution Analysis. Product distribu-
tion for the solvolysis was analyzed by G.L.P.C. in a similar
manner to those reported earlier.’” The data are summa-
rized in Table 2.

Isolation of Solvolysis Products. The previous
procedures® were followed. ROPNB (6.86 g, 20.0 mmol;
[@]3' 477.04+0.12° (¢ 1.67, benzene), synthesized from (S)-
ROH, [a]F —21.7240.04° (¢ 5.01, benzene)) was solvolyzed
in a phenol solution (200 ml) containing (n-Bu)sNtOPNB~
(8.18 g, 20.0 mmol) and 2,6-di-t-butyl-4-methylpyridine (3.92
g, 20.0 mmol) at 75.0£0.1°C for 22 h. After the usual work-
up, the products were separated by MPLC (silica gel) to af-
ford ROPh (4.66 g; [0 +0.187£0.019° (¢ 9.97, benzene)),
0-RCsH4OH (0.0190 g; [o]dt —2.3640.59° (c 4.24, ben-
zene)), and p-RCeH4OH (0.0973 g; []3' +0.661+0.190° (c
7.05, benzene)). The stereochemical outcomes are summa-
rized in Table 3 along with the previously reported ones.”
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