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Solvolysis rates of p-methylbenzyl and 3-bromo-4-(methylthio)benzyl p-toluenesulfonates were measured
in a wide variety of solvents and the solvent effects were compared with those for less activated benzyl tosylates
and other related benzylic substrates. Plots of the dual parameter Winstein—Grunwald Equation failed to
give satisfactory correlations using the ordinary 2-adamantyl Yors parameter. m Values close to unity for
both derivatives were obtained but the linearity of the correlations was unsatisfactory. Although the high
response (m value) to the solvent polarity and the low [ value may indicate a nearly limiting mechanism,
the pattern of dispersion observed in binary solvent mixtures cannot be interpreted in terms of nucleophilic
solvent assistance. The use of the polarity scale Ya derived from 2-methyl-2-(p-methoxyphenyl)propyl
tosylate solvolysis instead of Yors significantly improved the correlations. The dispersion can be ascribed to
the varying solvation-desolvation interactions characteristic of highly delocalized cationic centers in binary
solvent mixtures. We used extended similarity comparison analysis, log (k/ksoe)=mc Yors+ma Ya+(IN).
Based on the resulting characteristic susceptibility parameters, the mechanisms of benzyl solvolysis and the
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structures of relevant benzylic solvolyses transition states are discussed.

Solvent effects on the solvolyses of benzyl tosylate
(p-toluenesulfonate) and its ring-substituted deriva-
tives by electron-withdrawing substituents (1) have
been analyzed and discussed,® in terms of the
Winstein—Grunwald—Schleyer—Bentley dual parameter
Eq. 1,>%

log (k/ksor) = mYors + I Nors, 1)

where the most widely used ionizing power and nucle-
ophilicity parameters YoTs and Nots are derived from
the solvolyses of 2-adamantyl tosylate and methyl tosy-
late, respectively.¥ While Eq. 1 had shown broad appli-
cability for solvolyses of secondary and tertiary alkyl to-
sylates, an important limitation has been recently found
in correlating the solvolyses of benzylic substrates.>—%
We also reported that the solvolysis of benzyl tosylates
gave no satisfactory correlations with the conventional
Yors and Nots parameters but showed significant dis-
persal of the mY plots for different binary solvent mix-
tures, with significantly low m values in these cases.?
A more successful correlation with Eq. 1 was found by
using an alternative kinetic solvent polarity scale, Yg,,
based either on the solvolysis of a-(¢-butyl)benzyl to-
sylate (2) or of neophyl(2-methyl-2-phenylpropyl) tosy-
late (3) (Chart 1). The solvolyses of the unsubstituted
benzyl tosylate (1H) and m-chlorobenzyl tosylate (1C)
were found to include a significant contribution of sol-

CH,OTs
1S: X=3-Br,4-MeS 2 3 A : X=p-MeO
M: X=p-Me H:X=H
H: X=H
C: X=m-Cl

Chart 1.

vent nucleophilicity, with [ values of 0.4 and of about
0.6, respectively.?

Consequently, the dispersion of the logk vs. Yors
plots for various series of aqueous binary solvent mix-
tures could not be due to the solvent nucleophilicity but
should reflect other factors associated with the benzylic
Sn1 ionization process. Similar dispersions have already
been observed for solvolysis of other benzylic tosylates.
For example, the neophyl tosylate (3H) solvolysis has
a nonlinear response and a significant dispersion for bi-
nary solvent mixture series when correlated with the
solvent polarity Yors scale.'') Identical behavior was
observed in the solvolysis of 1-(p-methoxyphenyl)vinyl
tosylate.'? The m values in these cases are substan-
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tially lower than m=1.0, the value observed for Sy1
solvolyses of alkyl tosylates and significant dispersions
are observed in the mY plots. These features are most
likely due to a direct w-interaction between the charged
carbocationic center and the a-aryl group.

In recent studies of the solvent effect on the solvolysis
of benzyl tosylates, we have used the dual-parameter
Eq. 2 using the solvent polarity (ionizing power) scale
YBZ’I,Z)

log (k/ksor) = mYs, + INors. (2)

Indeed, appreciably improved correlations for the un-
substituted benzyl tosylate 1H and related benzyl to-
sylates were obtained by using the log k values based on
the solvolysis of unsubstituted neophyl tosylate (3H)
as a reference Yp, scale. Log k values for 2'%) can also
serve as an appropriate reference scale for describing
the behavior of benzylic precursors.

The precise mechanism of benzyl tosylate solvoly-
sis has also been probed by analyzing the substituent
effect.!*—*® The Yukawa—Tsuno treatment,'” which
gave a single smooth-curved correlation, led to inter-
pretation in terms of an Sy1-Sx2 mechanistic shift on
changing the ring substituent.!>!® There is a large vari-
ation in the extent of the solvent nucleophilicity contri-
bution in the transition state with the nature of the
aryl substituent.!21%:16:18) The difficulty in assigning a
mechanism for the benzyl series is mainly in evaluat-
ing the extent of nucleophilic solvent involvement in
the transition state. It is apparent that benzyl to-
sylates substituted by strongly electron-donating ring
substituents solvolyze by a near-limiting k. mechanism.
Hence, their solvolysis rate should be almost exclusively
dependent upon the solvent ionizing power and essen-
tially independent of the solvent nucleophilicity. Conse-
quently, solvent participation should be less important
in solvolyses of the highly activated p-methyl (1M) and
3-bromo-4-methylthio (1S) derivatives than for the un-
substituted one, and for solvolytically more deactivated
benzyl tosylates than 1H. 1M and 18 should be appro-
priate candidates for examining the applicability of the
Winstein—Grunwald treatment, and for examining the
validity of the solvent polarity scales applied for corre-
lating the solvolysis of benzyl tosylates. We therefore
extended our studies to the solvolysis of these benzyl to-
sylates bearing strongly electron-donating substituents,
which are anticipated to solvolyze by a limiting or a
near-limiting k. mechanism.

Results

Solvolysis rates of 1M and 1S were measured in a
wide variety of solvents including binary aqueous mix-
tures with ethanol (E), methanol (M), acetone (A),
dioxane (D), acetonitrile (AN), and 2,2,2-trifluoroeth-
anol (TFE=T), and ethanol-TFE mixtures (ET). The
high reactivity of these tosylates caused high solvolysis
rates in highly polar solvents, which were inconvenient
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to follow by our conductimetric method. Unfortunately,
accurate rate measurements in aqueous TFE mixtures,
which are the most informative regarding the involve-
ment of solvent nucleophilicity, were limited, but we
were able to measure the rates of solvolysis in varying
TFE-EtOH mixtures for the more reactive tosylate 1S.
The results are listed in Tables 1 and 2.

In Fig. 1, logarithmic rate constants for the solvolysis
of 1M at 0 °C are plotted against the 2-adamantyl to-
sylate-based Yors. The plot shows extensive dispersal
from linearity. The mgw values are 0.80 for the aque-
ous ethanol series and maw=1.02 for the aqueous ace-
tone series; more important, there is a significant gap
of 0.56 units between the interpolated logk values at
Yots=0. The points for less nucleophilic, aqueous TFE
(mrre=1.00) and EtOH-TFE mixtures (mgr=0.77),
fall on the aqueous alcohol line, while the point for ace-
tic acid is below the aqueous acetone line. Obviously,
the deviations from the mY correlation are inconsistent
with the pattern anticipated for a contribution from
the solvent nucleophilicity. This conclusion is brought
to light in Fig. 2; in spite of the incorporation of the IN
term for the solvent nucleophilicity, there is no signifi-
cant improvement of the dispersal in Eq. 1. Indeed, the
correlation analysis based on Eq. 1, which is given in Ta-
ble 3, clearly indicates that the dispersion is not due to
a contribution from solvent nucleophilicity-to the over-
all process. The poor linearity (R=0.96; SD=10.33)
of the correlation with Eq. 1 is not significantly im-
proved by including the best calculated (Fig. 2) but
low nucleophilicity term of [=0.06. The dispersion ob-
served for 1M (Fig. 2) in the binary solvent mixtures
series resembles that for 1H. The precision of fit to
Eq. 1 is still poorer than the precision level, R=0.99
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Fig. 1. The mY ots plot for solvolysis of p-methylben-

zyl tosylate.
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Table 1. Solvolysis Rates of p-Methylbenzyl Tosylate®

10%k /st 10%k /s~ (Temp/°C) AHgoCC) ASgoCc)
Solvent® 0°C kcalmol ™! e.u.
40E 2330
50E 472.8
60E 162.4
70E 74.34
80E 30.53 543.9 (25) 18.1 —8.2
90E 10.71 195.7 (25) 18.3 —9.7
EtOH 2.138 46.63 (25) 19.4 —-8.7
50M 2670
60M 946.8
80M 110.5 1766 (25),9) 1469 (23.2) 17.4 —8.2
MeOH 10.14 197.0 (25) 18.7 —-8.3
i-PrOH 0.7713
30A 3310
40A 672.7
50A 124.6
60A 26.00 485.2 (25) 18.4 ~7.4
70A 6.145 128.3 (25) 19.1 -7.6
80A 1.299 29.10 (25) 19.6 -9.0
50D 114.8
60D 24.84
80D 1.219 25.70 (25), 209.7 (45) 19.2 -10.4
50AN 84.96
60AN 30.73
80AN 5.363
90AN 0.9789 18.02 (25) 18.3 ~14.2
80ET 5.053
60ET 12.93
40ET 40.34
20ET 181.4
30T 5260
40T 3200
50T 2150
80T 1340
97Tw 1110
TFE 1200 ~
AcOH 1.26%°) 21.8 (25),>9 97 (40),®

0.833% 17.7 (25),% 19.60 (25),% 96.3 (40)"

a) Conductimetrically determined, unless otherwise noted. b) Volume percent (v/v) of first-
named organic component of mixed aqueous organic solvent, unless otherwise noted. Abbreviation,
E=ethanol, M=methanol, A=acetone, D=dioxane, AN=acetonitrile, T=TFE=2,2 2-trifluoroetha-
nol, and ET=ethanol-TFE mixtures (e.g., 80ET=80:20 (v/v) EtOH-TFE). Suffix w means weight

percent (w/w).

data at other temperatures. e) Ref. 14c.

determined. h) Conductimetrically determined; less reliable (Ref. 15b).

and SD=40.1—0.15 of acceptable conformity.

The correlations based on Eq. 2 using various sets of
YB, scales appropriate for solvolysis of benzylic deriva-
tives are summarized in Table 3. Both 1M and 18 do
not correlate linearly with the Yors parameter (Figs. 1
and 3), and the degree of fit of the correlation with al-
ternative Yp, scales depends significantly upon the Yg,
scale chosen. The p-methyl derivative 1M still requires
an appreciable contribution of the NoTs term to give a
satisfactory fit to Eq. 2. However, for 1S, we obtained
an excellent linear correlation against the neophyl 3H
Yheo scale alone (R=0. 991; SD=40.16), excluding the
significant deviation of the point for AcOH. Conse-

c) 1cal=4.184 J and 1 e.u.=4.184 JK~ ! mol—1.
f) Estimated value from kygoc.

d) Extrapolated from rate
g) Titrimetrically
i) Ref 14d.

quently, the solvent effects on the solvolyses of 1S and
1M differ distinctly.

Discussion

Substituent Effects in Benzyl Tosylate Solvol-
ysis. There is a gradual change in the solvolysis mech-
anism from Sy1 to the conventional Sx2 mechanism in
the series of substituted benzyl tosylates as the sub-
stituent becomes more electron-withdrawing, and the
solvent dependence of the p value should be a comple-
mentary probe of nucleophilic solvent assistance. Based
on the solvolysis rates of benzyl tosylates 1M and 1H,
we estimated two points p values vs. the Yukawa—Tsuno
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Table 2. Solvolysis Rates of 3-Bromo-4-(methylthio)benzyl Tosylate™

109 /s 10%k /s~1 (Temp/°C) AHL.Y  ASL
Solvent® 0°C kcalmol™?! e.u.
40E 8140
50E 2130
60E 893.0
70E 369.1
80E 147.4
90E 44.04 810.9 (25) 18.3 —6.7
EtOH 5.799 129.0 (25) 19.5 —6.2
50M 13800% 7580 (—5), 1085 (—20) 16.9 -0.3
60M 4572
80M 549.5
MeOH 34.38 683.1 (25) 18.8 5.4
i-PrOH 2.237
50A 576.5
60A 124.2
70A 28.23 545.8 (25) 18.6 —6.4
80A 6.081 130.2 (25) 19.3 7.0
50D 411.4
60D 79.85
80D 3.319 12.16 (10), 72.73 (25) 19.5 -7.6
50AN 539.4
60AN 209.5
80AN 47.64
90AN 10.15
80ET 21.35
60ET 95.81
40ET 449.3
20ET 2278
50T 16500
80T 121009 7140 (—5), 1300 (—20) 14.8 -85
97Tw 11500 7110 (=5), 1480 (—20) 13.6 -13.0
TFE 122009 7370 (—5), 1430 (—20) 14.2 —-10.5
AcOH 44779 100.1 (25)°

a)b)c)d) See footnotes a, b, ¢, and d of Table 1. e) Estimated value from the linear
logarithmic rates plot between 25 and 0 °C. f) See footnote h of Table 1.

o-value at r=1.3 for the benzyl solvolysis'® in vari-
ous solvents. Similar two-points p values for a more
deactivating substituent were estimated from previous
data for 1H and m-chlorobenzyl tosylate 1C.Y These
p values (Table 4), which are the tangents of the curved
Hammett plot at each substituent, range from —1.5 to
—5.5 for the substituents investigated. The p values for
limiting Sn1 solvolysis of benzylic substrates are close
to —5 in most solvents, except in aqueous TFE mixtures
where a slightly higher value of —7 was found. As the
magnitude of p is considered to reflect the charge devel-
oped at the benzylic a-carbon, the p values in Table 4
display a clear trend of increased charge with either an
increase in Y or decrease in N value of the solvent. The
tangent p values for the 3-bromo-4-methylthio substi-
tuted system seem to reach the limiting value ascribed
to the Sy1 solvolysis in essentially all the solvents. In
contrast, nucleophilic solvent assistance is clearly seen
as small |p| values for the solvolysis of 1M at least in the
strongly nucleophilic solvents, e.g., EtOH, MeOH, and
i-PrOH. The different dependence of the p value for 1S

and 1M on the Y and N scales of the solvent is inter-
preted as due to a limiting Sy1 mechanism for 1S and
a concerted Sy2 mechanism with a varying transition
state structure for 1M.

Analysis of the Solvent Effect. In the analy-
sis of the solvolysis of 1M by the Winstein—-Grunwald
Eq. 1, an m value close to unity was found as expected
for the limiting Sx1 mechanism. This and the reduced
[ value compared with those observed for solvolyses of
secondary alkyl systems (where the value was ascribed
to nucleophilic solvation of a developing carbocation)
suggest a large component of an ionization (Sy1) proc-
ess. However, the great dispersion between various bi-
nary aqueous solvent mixtures, coupled with the lack
of downward deviations of the low- or non-nucleophilic
solvents, indicates that Fq. 1 is incapable of describing
precisely the solvent effect on the benzylic solvolysis.
Nevertheless, there is a precise interrelation between
the solvent effects of 1M and 1H (Eq. 3) indicating a
little difference in the degree of involvement of solvent
nucleophilicity,



M. Fujgio et al.

log (k/kgog) at 0 °C
(=]

O aq. EtOH
O ag. Acetone

§ aq. MeOH

@4 EtOH-TFE

® aq.TFE i
O aq. Acetonitrile
V ag. Dioxane

0.89Y7s + 0.06 Nots

Fig. 2. The (mYors+INors) plot for solvolysis of
p-methylbenzyl tosylate.
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Fig. 3. The mY ors plot for solvolysis of 3-bromo-4-
(methylthio)benzyl tosylate.

log (k/ksor)11=0.72 log (k/ksor)1m + 0.36 NoTs
(R=0.994 .and SD = £0.09). 3)

A similar interrelation but with different m and [ values
is found between 1S and 1M;

log (k/ksoE)1s=1.04 log (k/k:goE)1M - 0-14N0Ts
(R=0.994 and SD = =+0.13). (4)

These correlations (Eqs. 3 and 4) suggest that com-
mon solvent polarity Yp, and common nucleophilicity
Nots scales could account for the benzylic solvolysis.
Indeed, the correlation of 1M with Eq. 2 can be appre-
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ciably improved when either neophyl tosylate 3H or a-
(t-butyl)benzyl tosylate 2 are used as the reference sub-
strates in place of 2-adamantyl tosylate, i.e., when Y,
or Y,-pu is used as the Yp, scale in Eq. 2 (Table 3).
This is not surprising because both the aryl-assisted
and the benzylic Sx1 solvolyses involve a similar degree
of the aryl m-delocalization interaction mechanism of
the incipient carbocation charge in the transition state,
and most of the factors that cause the characteristic
“dispersion behavior” of benzylic Sx1 solvolysis can be
accounted for on this basis.

An analysis based on Eq. 2 indicates that solvoly-
sis of 1S proceeds through an appreciably delocalized
transition state within the limiting k. mechanism, and
the good correlation with the Y,e,—Nors treatment for
1M indicates the involvement to a small extent ({~0.2)
of solvent nucleophilicity. This may suggest a solvolysis
through the Sn2 (intermediate) mechanism*!® for 1M,
but not for 18.

The Yots parameter reflects the solvent effect on an
ionization leading to a localized 2-adamantyl carbo-
cation. However, the dispersal is generally more
significant for reactions involving highly delocalized
carbocations.®'? An important reason for the disper-
sion of the mY ors plot for benzylic solvolyses is that
the transition state for benzylic cation formation is ef-
fectively stabilized by the delocalization of the incipient
cationic charge into the aryl ring. The resulting charge
dispersal may be accompanied by a significant loss of
the highly oriented solvent molecules at the reaction
center, which differ for the different binary solvent mix-
tures.

We have proposed a new similarity comparison anal-
ysis of solvent effects (Eq. 5) for anchimerically assisted
solvolyses.?%)

log (k/ksoe) = mcYors + maYa. (5)

In this analysis, 2-adamantyl and p-methoxyneophyl
(8A) tosylates model the k. (Snx1) and ka mecha-
nistic extremes, respectively, for the range of com-
pounds undergoing neighboring group assistance. The
adjustable blending parameters m. and ma show the
extent to which any substrate approaches the unas-
sisted 2-adamantyl (ma =0) or fully assisted p-meth-
oxyneophyl (m.=0) in behavior.

We have demonstrated that a wide range of aryl-as-
sisted ka solvolyses with varying degrees of neighboring
group assistance display successful LFER using the dual
parameter Eq. 5 with the Yo1s and YA parameters.??
The My value defined by 0.51ma /(mc+0.51ma)?Y ap-
pears to monitor precisely the varying extent of aryl-
bridging at the transition state of anchimerically as-
sisted solvolyses. The extent of charge dispersal mea-
sured by Ma consistently changes on increasing the ex-
tent of aryl-assistance. The transition state for the aryl-
assisted ionization is stabilized by m-delocalization ac-
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Table 3. Correlation Analysis by Eq. 1 or Eq. 22)

Ya, m ! c R SDY ¥
p-Methylbenzyl tosylate 1M
Yors 0.89+0.05 0.06+0.08 —0.09 0.961  £0.33 35
Yi-Bu 1.00+0.03 0.20+0.05 -0.12 0.984  +0.21 35
Yaeo 1.4640.04 0.24+0.04 0.10 0.991 +£0.16 35
Ya 1.844-0.06 0.30£0.05 0.18 0.985  £0.20 35
3-Bromo-4-(methylthio)benzyl tosylate 1S
Yors 0.934+0.05 -0.10 0.959  +0.33 31
0.904+0.06  —0.11+0.08 —0.16 0.962 +0.33 31
Yi-Bu 1.01+0.03 -0.20 0.989  +0.18 31
1.02+0.03 0.03+0.05 -0.19 0.989  +0.18 31
Yaeo 1.42+0.04 —0.01 0.991  +0.16 31
1.44+0.04 0.04+0.04 0.01 0.992 +£0.16 31
Ya 1.75+£0.05 0.02 0.989  £0.18 31
1.81+0.05 0.10+0.04 0.07 0.990 £0.16 31

a)  Excluding the data in AcOH. b)
Yo-Bu =log (k/k80E)a-(t-Buty1)benzyl OTs>»
c) Correlation coefficient.
e) Number of data points involved.

YA =log (k/kgoE)p-MeO-neophyl OTs-
deviation.

log (k/kgor) = mYBs + INoTs + C.
Yneo = log (k/kgoE)Neophyl OTs; and
d) Standard

Table 4. Substituent Effects on the Solvolysis of Benzyl Tosylates
at 25 °C®
Solvent PA PMe PMeS,Br Yors Nors
80E -2.4 -3.5 —4.99 0.00 0.00
EtOH -2.0 -2.6 -3.16 -1.75 0.00
i-PrOH -1.8 -24 -3.38 —2.23 —0.06
50M -3.1 —5.18 2.00 —-0.19
80M -2.5 -3.7 —5.09 047 —-0.05
MeOH -2.2 -2.9 -3.88 -0.92 —0.04
80A ~2.0 -3.6 —4.89 —-0.97 —-0.42
50D -3.1 —-4.04 1.03 —-0.29
80D —2.2 -3.3 —3.22 —1.30 -0.29
50AN -3.2 —5.85 1.31 -0.57
90AN -2.1 —4.2 -7.37 —0.80 -1.24
30T —-4.2 2.43 —0.80
97Tw -5.3 -7.0 —-7.37 1.83 -2.79
20ET -3.8 —8.03 0.98 —-1.72
80ET —2.2 —4.54 —1.18 —-0.19
AcOH -3.3 -5.0 —4.38 -0.61 —-2.35
HCOOH -5.3 3.04 —2.35

a) pa=log(ka/km-c1)/(—0.373), pme=log (kp-Me/kr)/(—0.367), and
PMes,Br (at 0 °C)=log (k4-MeS-3-Br/ kp-Me)/(—0.137) based on r=1.3.

companied by the positive charge dispersal. Since the
mechanism of charge delocalization by an aryl group is
independent of whether the aryl group acquires it by
anchimeric assistance or by being directly connected to
the reaction center, the Ma scale should be also capa-
ble of correlating solvolysis reactions of various benzyl-
ic substrates. Thus, Eq. 5 had successfully correlated
solvolysis reactions proceeding via transition states in
which enhanced delocalization of the incipient carbo-
cation charge takes place. The correlation results for
relevant systems are summarized in Table 5.

Excellent correlations are of course obtained for aryl-

assisted solvolyses; in particular, the solvolysis of neo-
phyl tosylate 3H — the reference Yp, in Eq. 2 — is
precisely correlated by Eq. 5 with an Ma value of 0.75.
The solvent effect on the solvolysis of 2 is likewise cor-
related and the Y, g, parameter is characterized by an
M value of 0.42. The solvolysis of 1S was found now
also to be satisfactorily correlated with Eq. 5 (Fig. 4).
Equation 5 may be rewritten in the form of Eq. 6,

log (k/ksor) = m[Ye + Ma (Y 5 — Y2)], (6)

where Y. is the ionizing power scale for the nondelocal-
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Table 5. Correlation Analysis of Solvent Effects on Solvolyses:® log (k/ksor)=mc Yors+ma Ya+INors

No. RinROTs °C me ma 1 MaP m® RY  SDY af
1. p-Methoxyneophyl 45 0.00 1.00 1.00 0.51 (Definition)
2. Neophyl 45 0.16 0.95 0.75 0.64 0.998 +£0.06 45
3.  a-(t-Butyl)benzyl 25 0.55 0.79 042 095 0995 +£0.15 41
057 0.75 -0.02 040 095 0.995 +0.15 41
4.  a-(t-Butyl)-m-chlorobenzyl 25 057 0.68 038 0.92 0.994 +0.14 31
0.56 0.71 002 039 092 0994 +0.14 31
5.  @a-CF3-a-Me-benzyl 45 0.70 0.40 0.23 090 0.991 +£0.16 38
0.60 0.71 0.15 038 096 0996 +0.12 38
6. a-CFs-a,p-Mes-benzyl 45 0.58 0.89 0.44 1.03 0.995 +0.12 29
060 086 —-0.02 042 1.03 0995 £0.12 29
7.  0o-CF3-p-MeO-benzyl 45 0.30 0.87 060 0.74 0.995 +0.10 33
031 0.8 -0.02 058 073 0995 +£0.10 33
8.  a-CF3-p-Me-benzyl 45 0.80 0.29 0.16 095 0.994 +0.13 26
0.62 0.76 0.15 0.38 1.00 0.998 +0.07 26
9. 1-(m-Cl-phenyl)ethyl 25 055 0.65 0.36 037 088 0993 +£0.13 32
10.  1-(p-NOo-phenyl)ethyl 25 057 032 074 022 073 0988 +£0.16 33
0.59 0.28 088 0.19 0.73 0993 £0.12 329
11.  3-Bromo-4-(methylthio)benzyl 0 028 1.28 0.70 093 0994 £0.13 31
026 1.35 0.06 072 094 0995 +0.12 31
12.  p-Methylbenzyl 0 038 1.01 058 . 090 0.981 +0.23 35
0.28 1.32 0.25 070 094 0991 £0.17 35
13.  m-Methylbenzyl 25 016 1.25 0.50 0.80 0.79 0.991 +0.13 37®
14.  Bengzyl 25 018 112 058 076 074 0991 013 38%
15.  m-Chlorobenzyl 25 010 091 080 0.82 0.56 0.985 +0.14 38"
16.  p-Nitrobenzyl 25 0.20 042 1.00 051 041 0991 _+£0.10 35
17. 2-Adamantyl 25 1.00 0.00 0.00 1.00 (Definition)

a) Excluding data of AcOH. b) Ma=0.51ma/(mc+0.51mp).
f) Number of data points involved. g) Excluding data of 97Tw. h) Excluding data of

e) Standard deviation.
MeOH, EtOH, i-PrOH, and 97% HFIP.

log (ikgog) at 0 °C

L MeOH

O aq. Acstone
N aq. MeOH

@ EtOH-TFE

@ aq. TFE

& aq. Acstonitrile
Vv aq. Dioxane

-2 -1 0 1 2 3
1.28Ya + 0'28Y0Ts

Fig. 4. The (mcYors+ma Ya) plot for solvolysis of 3-
bromo-4-(methylthio)benzyl tosylate.

ized transition state referable to Yo, and Ya is that
for the delocalized transition state referred to the nor-
malized Y, scale by a factor of 1/0.51.%") The suscepti-
bility parameter m corresponds to m.+0.51ma and the

¢) m=mc+0.51ma. d) Correlation coeflicient.

coefficient Ma corresponds to 0.51ma/(mc+0.51ma)
in Eq. 5. We have used in Eq. 6 the same framework
of charge-localization and delocalization components
by the solvent as we had done in the Yukawa—Tsuno
framework for the substituent effect.!” The Ma value
parallels the resonance demand parameter r in the
Yukawa-Tsuno Equation (Eq. 7),'”

log (k/ke) = plo® + (0™ = °)], (7)

and it is a generalized scale capable of diagnosing the de-
gree of charge delocalization (including the delocaliza-
tion of aryl-bridging) in the transition state. Thus, Yyeo
with Ma=0.75 and Y,-g, with Ma=0.42 are placed on
a single Ma scale with the points Ma =1.00 for the p-
methoxyneophyl Ya and Ma=0.00 for the 2-adamantyl
Yors. This unified treatment removes the proliferation
in the appropriate Yy, references required for the simple
similarity comparison analysis (Eq. 2). The Ma value
of 0.70 for 18 is close to the value for 3H in line with the
fact that the best Yg, function for correlative purposes
(Table 3) is Yheo. An interesting example is the solvol-
ysis of tris(p-methoxyphenyl)vinyl tosylate, for which
the extremely high Ma value of 1.56 indicates highly
enhanced delocalization by the p-methoxyphenyl group
on the o-position forming a transition state.'® A wide
range of benzylic chloride solvolyses, including p-meth-
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oxybenzyl, 1-(substituted phenyl)ethyl, o-cumyl, and
benzhydryl chlorides, have been correlated successfully
with equations similar to Eq. 5.5®) Unfortunately, due to
the high solvolytic reactivities of benzyl tosylates, the
available tosylate solvolysis data are limited to systems
leading to strongly destabilized carbocations. Hence,
for most of them, a significant contribution of solvent
nucleophilicity must be taken into account by correla-
tion with the multi-parameter Eq. 8.

log (k/ksoe) = mcYors + maYa +IN. (8)

Thus Eq. 8 rather than Eq. 5 has been used to correlate
the solvolysis data for 1M and derivatives carrying elec-
tron-withdrawing substituents, and for other relevant
deactivated benzylic precursors (Table 5). Obviously,
Eq. 8 can be successfully applied to benzylic solvolyses
ranging widely from typical Sy1 to Sn2 mechanisms.
For many of them we find excellent correlations with
none or only small involvement of the nucleophilicity.
This strongly suggests that Eqgs. 5 and 6 are generally
applicable to tosylate solvolyses proceeding through the
Sn1 mechanism. For example, the behavior of 1S dif-
fers from that of the slightly less deactivated 1M. The
m value decreases significantly and the [ value increases
rapidly in parallel as the substituent becomes more elec-
tron-withdrawing. The strong cation-stabilizing effect
of the 3-bromo-4-(methylthio)phenyl group appears a
necessary condition for the solvolysis of 1S proceed-
ing by a limiting Sn1 mechanism in all the solvents.'5®
Less activated substrates react by a nucleophilically as-
sisted, Sx2 and/or Sn2 (intermediate) mechanism. A
very significant feature is that despite the significant in-
volvement of solvent nucleophilicity, all the derivatives,
including strongly electron-withdrawing ones, display
a high Ma value of about 0.7, which is expected only
for processes generating an appreciable positive charge.
This behavior contrasts sharply with that of the 1-phen-
ylethyl solvolysis,?® where the m-chloro and p-nitro
derivatives gave a low Ma of 0.2—0.4 and an m as high
as 0.8. As measured by Mu, the extended delocaliza-
tion is much more important in the primary benzylic
than in the secondary benzylic systems, regardless of
whether the Sy1 or Sy2 mechanism is operating.
Mechanisms of Benzylic Solvolysis. This
analysis of the Winstein—Grunwald Equation leads to
the conclusion that the solvolysis of tosylates 1M and
1H shows an intermediate response both to the sol-
vent polarity Y and to the solvent nucleophilicity N.
The correlation with both the enhanced polarity and
nucleophilicity terms suggests a single-step concerted
displacement mechanism with a high incipient cationic
charge in the solvolysis. It is difficult to fit such sol-
vent effects into the classical Sy1 vs. Sy2 division, and
a spectrum of transition states between those for the
pure Syl and Sy2 mechanisms, and possibly involv-
ing the “Sn2 (intermediate)” mechanism seems more
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likely. By the term “Sy2 (intermediate)”, Bentley and
Schleyer emphasized the possibility that an Sy2 reac-
tion may proceed via a nucleophilically solvated (ion
pair) intermediate.*!®) Its rate-determining transition
state may involve a late transition state (i.e., a tran-
sition state close to the intermediate) for a bimolec-
ular displacement with a high carbocationic character
in a continuous spectrum of Sy2 mechanisms. In con-
trast, the borderline solvolysis where the classical Sy1
and Sy2 mechanisms are simultaneously operative can
not be exactly described by the mY and IN terms of
Eq. 1; its rate should be given by a sum of the rate con-
stants for independent Sy1 and Sny2 processes. Good
linear interrelations (Egs. 3 and 4) among substituted
benzylic derivatives displaying varying contributions of
solvent nucleophilicity may argue for a common con-
certed Sn2 displacement mechanism, but are inconsis-
tent with the simultaneous operation of simple clas-
sical Sny2 and Sny1 mechanisms in the borderline re-
gion. Nevertheless, Richard and Jencks have argued
for the latter blend of processes for the benzylic solvol-
ysis, based on product selectivity analysis.?® Likewise,
Kevill prefers, but without supporting evidence, the su-
perimposition of Sy1 and Sy2 mechanisms over the in-
termediate mechanism.?%

We have recently observed a significant internal re-
turn in the solvolysis of 1S and 1M in most solvents,
and even varying extents of internal return in the solvol-
ysis of the parent 1H in the lower nucleophilicity sol-
vents but none in nucleophilic solvents.!® The exis-
tence of ion pair return is the most convincing evi-
dence against the operation of any single-step mech-
anism proceeding without an intermediate through an
essentially nondissociative rate-determining transition
state. Hence, the Sy2 (intermediate) mechanism seems
highly likely for the moderately solvent-assisted solvol-
ysis of benzyl tosylates 1M and 1H. However, if this
mechanism occurs without internal return as assumed
by Schleyer, Bentley, and co-workers,*'® the benzylic
solvolyses must proceed through a parallel SN2 [or Sy2
(intermediate)] mechanism and a classical Sy1 mech-
anism involving significant internal return. There is
no particular reason to assume the absence of return
from the “Sn2 (intermediate)” process. Indeed, the
Jencks—Richard preassociation mechanism may involve
a preequilibrium jonization step of the nucleophilically
solvent-associated precursor,?® which should be equiva-
lent to the Sn2 (intermediate) mechanism, as far as the
structure of the transition state species is concerned.
The simplest assignment is a classical Sy1 mechanism
for 1S and an Sx2 (intermediate) mechanism involving
appreciable return for 1M. The transition state for the
latter reaction involves a small extent of solvent nucleo-
philicity ({~0.1 in Eq. 1) so that the transition state in
any less nucleophilic solvent should be essentially indis-
cernible from the limiting Sx1 transition state. The
deviations of highly nucleophilic EtOH, MeOH, and
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i-PrOH from the mY=IN correlation for 1M and 1H
may be attributed to a decreased internal return due
to effective capture at the ion pair stage of the Sn2
(intermediate) process by the strongly nucleophilic sol-
vent. Even though the deviation might be rationalized
by a competition of this extended Sy2 and classical Sy1
mechanisms as well as by a single Sx2 (intermediate)
mechanism, the extent of deviation from Eq. 8 in the
solvolysis leading to a rather stable cation is too small
and is observable only in a few solvents to warrant in-
terpretation. To identify the nature of the transition
state or of the ion pair, it seems necessary to examine
in further detail the salt effects in these solvolyses.

On the other hand, we often encounter: cases where
Sn2 solvolyses have a nonlinear response to the conven-
tional NoTs scale based on MeOTs solvolysis.?® Indeed,
only by a precise evaluation of the dependence on Y can
we gather sufficient information to enable us to discuss
in detail the nature of the involvement of solvent nucle-
ophilicity. The degree of the solvent assistance may vary
as a nonlinear (quadratic) function of the solvent nucle-
ophilicity, implying an enhanced mechanistic shift in
stronger nucleophilic solvents.?®) There is still consider-
able doubt whether the linearity of log k with solvent nu-
cleophilicity holds over a wide range of substituted ben-
zyl series. Further examination of the solvent nucleo-
philicity term in the solvolysis of strongly deactivated
benzyl tosylates, where it should play a more important
role, is required.

Experimental

Materials: Benzyl tosylates were prepared by the
Schotten—Bauman method,'*® as described earlier:\:%152)
The p-methyl derivative 1M, was recrystallized from
ether—petroleum ether, mp 49—51 °C (decomp), lit,?” mp
57.9—58.5, 49.5—50.5 °C.1*9 Anal. Found: C, 64.99; H,
5.98%. Calcd for C15H1603S: C, 65.19; H, 5.84%. The 3-
bromo-4-methylthio derivative 1S, mp 80.0-—84.5 °C, was
recrystallized from benzene—petroleum ether. Anal. Found:
C, 46.70; H, 3.96%. Calcd for C15H1503S2Br: C, 46.52; H,
3.90%.

Organic solvents and water were purified as described
earlier.1»26:10:11,26,28) Phe binary solvent mixtures were pre-
pared by mixing the corresponding volumes or weights of
the pure solvents at 25 °C.

Kinetic Measurements: Solvolyses in aqueous bi-
nary solvents were followed conductimetrically using 10™*—
107° moldm ™ solution of the starting tosylate in a ther-
mostatted bath at the appropriate temperature, which was
controlled within £0.01 °C."? The acetolysis rates were
measured by the ordinary titrimetric method®® and also by
the conductimetric method.*®?)

The experimental errors in the rate constants calculated
from the conductivity runs were generally less than 1.0%.
The titrimetrically measured rate constants were slightly
less accurate but were nevertheless reproducible within
+1.5% in repetitive runs.
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