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Solvent Effects on the Solvolysis of Benzyl p-Toluenesulfonates”
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Solvolysis rates of benzyl p-toluenesulfonate were determined in a wide variety of solvents. The solvent
effects were analyzed based on the Winstein—Grunwald equation. The solvent effect on benzyl solvolysis failed
to give a single linear correlation with the 2-adamantyl Yors parameter. The lower response to the solvent
polarity and the pattern of dispersion for each binary solvent series can be qualitatively interpreted in terms
of nucleophilic solvent assistance. The Winstein—-Grunwald analysis gave m=0.67 and [=0.36, but with less
satisfactory precision. The use of the polarity scale Yheo derived from 2-methyl-2-phenylpropyl solvolysis in
place of Yors gave an improved correlation. A solvent polarity scale Yyeo is better applicable to benzyl solvolysis
than 2-adamantyl-based Yorts, since the former is compatible with the entire 7-delocalization of cationic charge
between aryl ring and the reaction center in the transition state.

The mechanism of the solvolytic displacement of sub-
stituted benzyl substrates is highly controversial, par-
ticularly with regard to the role of the solvent in the
process. There are various approaches to investigate
the mechanistic details of the benzyl solvolysis.? %
We have investigated the precise mechanism based
on the correlation analysis of the substituent effect.?
The Yukawa-Tsuno treatment provides a single smooth
curved correlation; it thus strongly supports a k.—ks(or
Sn1-Sn2) mechanistic transition with change in the
ring substituent.®’ The reduced p value can be utilized
as a measure of solvent nucleophilic assistance. The
solvolysis of benzyl tosylates (p-toluenesulfonates) ex-
hibits a gradual change in mechanism from Sy1 for
the range of strongly electron-donating substituents,
through the borderline region, to the conventional Sy2
mechanism as the substituent becomes increasingly
electron-withdrawing.?—9

Another approach to investigate the mechanism is
to apply solvent effect correlation analysis.®*—'® The
Winstein—Grunwald equation®'®) has generally been
used as a mechanistic probe, especially for analyzing
the extent of the involvement of solvent nucleophilicity
in the solvolytic processes:'*

log (k/ksop) = mY + IN, (1)

where k£ and kgog are the rate constants in a given
solvent and in the reference solvent (80 vol% aqueous
EtOH), and Y and N are the solvent ionizing power and
nucleophilicity parameters, respectively, m and [ being
the sensitivities to these parameters. The conventional
Yors and NoT1s parameter scales for the description of
tosylate reactivities were defined, based on 2-adamantyl
and methyl tosylates as reference substrates:!*")

log (k/ksor) = mYors + INoTs. (2)

There is no doubt about the significant change with
aryl substituents in the extent of nucleophilic involve-
ment of solvent in the transition state for benzyl solvoly-

sis in nucleophilic solvents. The mechanistic changeover
between Syl and Sy2 mechanisms will usually take place
somewhere within the range of variation of the aryl sub-
stituent, depending also on the nature of solvents. The
k. process expected for activated substrates can be read-
ily differentiated by a large response (m value in Eq. 1 or
2) of the rate to the solvent polarity from the ks process
of deactivated substrates, with lower responses gener-
ally implying significant nucleophilic assistance. The
solvolysis of a series of substituted benzyl tosylates will
therefore be suitable as a model system for examining
the validity of the Bentley—Schleyer characterization of
solvolytic mechanisms and for confirming the concept
of a continuous spectrum of k;—k. mechanisms.!?

The solvent effect on the solvolysis of benzyl tosy-
lates was studied earlier by Winstein and co-workers,®
and most recently by Kevill in the ordinary solvolyz-
ing solvents.!® Harris and others attempted to ratio-
nalize the complicated solvent dependence of the benzyl
solvolysis in terms of mechanistic changes with the ring
substituent.!? However, their simple pattern recogni-
tion analysis has provided only intuitive and qualitative
interpretation for the mechanistic changeover. Further-
more, the data so far available in the literature®—!®
are not sufficient for us to examine critically the ap-
plicability of the Schleyer-Bentley treatment (Eq. 2).
Accordingly, we have carried out extensive studies con-
cerning the dependence of the solvent effect upon aryl
substituents in the solvolysis of substituted benzyl tosy-
lates. In the present paper we will be concerned mostly
with the behavior of the parent benzyl tosylate. We
have also determined the solvolysis rates of m-meth-
ylbenzyl and m-chlorobenzyl tosylates in an extended
range of solvents, and have analyzed the solvent effect
in terms of Eq. 2.

Results

Solvolysis rates of unsubstituted benzyl, m-methyl-
benzyl, and m-chlorobenzyl tosylates were determined
in a wide variety of solvents. The range of solvents cov-
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ers aqueous binary solvent mixtures of ethanol, meth-
anol, acetone, acetonitrile, dioxane, 2,2,2-trifluoro-
ethanol (TFE), and 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP), and also includes ethanol-TFE mixtures (ET),
acetic acid, and formic acid.

The rate measurement in aqueous organic solvents
was usually carried out by conductimetric method and
the determination in organic acid was made by the or-
dinary titrimetric method. The conductivity method
is generally convenient for accurately determining the
rate constants in the range of 1075—1072 s~! in most
aqueous organic solvents; our precision was generally
within 1.5 % reproducibility. The results are listed in
Tables 1, 2, and 3, together with relevant literature
data.

In Fig. 1, the solvolysis rates of benzyl tosylate at 25
°C are plotted, on a lograrithmic scale, against the 2-
adamantyl-based Yors. The solvent parameters used
are listed in Table 4. No simple linear mY relation-
ship was observed for the solvolysis of benzyl tosylate.
Aqueous ethanol-aqueous methanol plots and aqueous
acetone plots fall on separate lines of different slopes
(mew=0.55 for aq ethanol series and maw=0.77 for aq
acetone series) with a significant gap (0.65 log-unit at
YoTs=0), and the plots for less nucleophilic solvents,
acids and fluorinated alcohols, lie below the aq alco-
holic and acetone lines. The significantly lower m value
than unity anticipated for the k. substrate as well as
the characteristic deviation pattern of non-nucleophilic
solvents in the decelerating direction is at least qual-
itatively consistent with the interpretation in terms of
the mechanistic involvement of the solvent nucleophilic-
ity. However, the results of the correlation analysis with
Eq. 2 as summarized in Table 5 cannot characterize the
above dispersion behavior in terms of the response to
the nucleophilicity of solvents. For the set of all sol-
vents, a direct application of Ypo1s parameter fails to
result in any satisfactory correlation, whereas the dual
parameter Eq. 2 involving the nucleophilicity term re-
sults in a fairly improved correlation of m=0.67 with an
{value of 0.36 (Entry 1 in Table 5). The susceptibility of
benzyl tosylate to solvent nucleophilicity is quite com-
parable to that observed for isopropyl tosylate.!3¢:14:18)
However, the precision of the fit to Eq. 2 is not suffi-
ciently improved to attain a practical criterion of the
precision level of acceptable conformity. Particular dis-
persion for respective binary solvent series still remains
clearly visible in the (mY ors+INors) plot for the un-
substituted benzyl tosylate (in Fig. 2). Entry 2, exclud-
ing the aqueous acetone series, can give no improved
correlation with Eq. 2, whereas the set (Entry 3) con-
sisting of aq acetone and less nucleophilic solvents gives
an excellent correlation with a [ value of 0.3. The set
(Entry 4) consisting only of aq acetone and aq etha-
nol series results in a correlation with a high [ value of
ca. 1.8. This extraordinarily high [ value'® has already
been criticized as a correlational artifact arising from
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the large discrepancy between the two main series of
the above binary solvent mixture.'3b20—22)

The solvent effects on solvolyses of m-methylbenzyl
and m-chlorobenzyl tosylates also were analyzed in the
same manner based on Eq. 2. Quite analogous results
were obtained with a comparable precision to that for
the unsubstituted one, as summarized in Table 5. The
precision of the fit to Eq. 2 is again not sufficiently im-
proved to attain a practical criterion of acceptable con-
formity. In contrast, the m-methyl derivative can be
related linearly with the unsubstituted one with the aid
of the solvent nucleophilicity term, log (k/ksor)m-Me=
1.073log (k/ksor)u—0.110No1s+0.016; SD=+0.043 and
R=0.9991. It is also apparent that m-chloroben-
zyl results in an interrelation of excellent linearity
with significant involvement of nucleophilicity to un-
substituted benzyl tosylate, with an excellent preci-
sion of R=0.995 and SD=+0.079; log (k/ksor)m-c1=
0.766log (k/kgOE)H +0.342No1s—0.025.

The precise linearity among these three benzyl to-
sylates implies that there may be a common solvent
polarity Yg, scale, as well as a common nucleophilicity
scale NoTs, capable of precisely describing the solvent
effect characteristic of the benzyl solvolysis system.

The precision of the Winstein—Grunwald plots can be
improved considerably by taking into account specific
solvation effects, e.g., significant differences in solvation
between aryl and alkyl substrates.!6*16¢:20—28) [ order
to account for the deviation from the mY correlation
in terms of the nucleophilicity (IN) term, a reference
YB, scale particularly suitable to describing the polarity
dependence (mY) term in this system is required:

log (k/ksor) = mYsz + [NoTs. (3)

We have demonstrated that the solvent polarity scale
based on the neophyl (2-methyl-2-phenylpropyl) solvol-
ysis is applicable not only to aryl-assisted solvolyses
but also to the solvolyses of benzylic tosylates.?!??
It has also been proposed that a-(t-butyl)benzyl to-
sylate is a suitable model compound for benzylic Sx1
solvolytic reactivities.?*>2® The extra solvation of aro-
matic rings can also be taken into account as a com-
mon factor in the comparison with such a benzylic ref-
erence solvolysis. The reference Yp, scales based on
neophyl and p-methoxyneophyl tosylates®? and a-(#-bu-
tyl)benzyl tosylate,?°>2% in addition to the adamantyl-
based Yors, listed in Table 4 are utilized to analyze
the present data based on Eq. 3; the correlation results
are summarized in Table 6. The improvement of the
precision of these Yp, correlations with Eq. 3 is signifi-
cant compared with that of the correlation based on the
conventional 2-adamantyl Yors. The solvent effects in
these benzyl solvolyses correlate best with the kinetic
solvent polarity scale Y, defined by the solvolysis of
neophyl tosylate. In the correlation 3 using the neophyl
VB, scale (Yyeo) in Fig. 3, the plots for all binary sol-
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Solv.”) 10° k/s™" (Temp/°C) 10%k/s™! AHZo oo ASZzoc®
25 °C kcal mol ™! e.u.

30E 121.4(0), 528.9(15) 1378 15.1 —~16.4
40E 33.18(0) 459.3 16.4 —-14.2
50E 9.760(0), 484.5(35) 179.0, 2009 18.1 -10.4
60E 5.118(0), 628.7(45) 93.41, 97.49 17.9 ~12.5
70E 51.28, 55.49
80E 210.2(45) 29.59, 30.7,%) 32.4% 17.9 —14.7
90E 110.2(45) 15.94 17.6 -16.8
EtOH 41.56(45) 5.357, 5.33% 18.7 ~15.3
50M 599.0
60M 296.7
80M 79.35
MeOH 17.84, 16.79)
-PrOH 2.153
20A 1676
30A 35.64(0) 485.9 16.3 —14.4
40A 9.139(0) 137.3 17.0 —14.8
50A 2.483(0), 294.4(45) 42.27 17.7 —145
60A 100.7(45) 13.33 18.5 -14.3
70A 35.49(45) 4.564 18.7 -15.5
80A 11.80(45) 1.410 19.4 —15.6
50D 51.81
60D 16.82
80D 1.69
50AN 36.44
60AN 15.26
80AN 2.608
90AN 0.5525
30T 528.2
40T 288.3
50T 201.8
70Tw 127.2
80T 437.1(45) 74.44 16.1 —18.9
97Tw 3.035(0), 327.9(45) 47.51 17.4 —15.5
TFE 42.25
20ET 19.52
40ET 13.23
60ET 10.26
80ET 8.030
97HFIPw 669.1
50HFIP 220.8
AcOHP 0.2694, 0.261,2 0.276

5.51(50)," 62.9(75)" 0.31549)
HCOOH? 139(15), 235(20),% 490,) 423" 18.8%) —6.5%

733(30)%)

a) Conductimetrically determined, otherwise noted. b) Volume percent of first-named organic component, otherwise
noted. Abbreviation, E=ethanol, A=acetone, M=methanol, AN=acetonitrile, D=dioxane, T=TFE=2,2 2-trifluoroethanol,
HFIP=1,1,1,3,3,3-haxafluoro-2-propanol, and ET=Ethanol-TFE mixture (e.g., 20ET =20 vol EtOH: 80 vol TFE mixture).

Suffix w means weight percent.
g) Ref. 8 at 25.05 °C in the presence of 0.20 wt% Ac2O. h) Ref. 4.

temperatures.

c) 1 cal=4.184 J.

k) Ref. 13c.

d) Ref. 9. e) Ref 8 at 25.05 °C.

i) Ref. 3b.

f) Titrimetrically determined.
j) Extrapolated from rate data at other

vent series are obviously coalesced into a single straight-
line correlation. This contrasts sharply with the signif-
icantly dispersed Yors—Nots plot in Fig. 2. A single
linear correlation with Yg,—NoT1s makes the deviations
of EtOH, 90E (90 vol% aqueous EtOH), MeOH, and
2-propanol points even more significant, but the rea-
son for the deviations of these solvents is unknown at

present. If these solvents of high alcohol content are
excluded, the precision of the fit of Eq. 3 is improved to
R20.98 and SD£0.17 (Table 6).

Discussion

The present benzyl solvolysis shows a considerably
lower response (m value) to the solvent polarity of any
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Table 2. Rate Data of Solvolysis of m-Methylbenzyl Tosylate®
Solv.?) 10° k/s~' (Temp/°C) 10%k/s™! AHZ .o ASZoc®
25 °C kcal mol ! e.u.
30E 341.4(0), 1422(15) 3230 14.0 —-18.4
40E 72.76(0) 1004 16.4 —-12.7
50E 20.10(0) 350.2 17.9 -9.7
60E 9.489(0) 169.5 18.1 -10.6
70E 5.161(0), 623.5(45) 91.12 17.8 -12.7
80E 2.729(0), 340.8(45) 50.09 18.0 -13.5
90E 1.354(0), 173.1(45) 25.26 18.0 -14.5
EtOH 66.46(45) 8.989 18.3 -15.8
50M 101.6(0) 1347 16.1 —-13.0
60M 43.02(0) 627.0 16.8 —-124
80M 9.112(0) 151.4 17.6 -124
MeOH 1.574(0) 30.33 18.6 -124
-PrOH 3.148
30A 85.60(0) 1137 16.2 -13.3
40A 19.58(0) 279.4 16.6 —14.5
50A 4.723(0), 540.0(45) 78.69 17.6 -13.7
60A 174.4(45) 22.93 18.5 —13.0
70A 60.91(45) 7.460 19.2 -13.0
80A 18.12(45) 2.262 19.0 ~16.0
50D 96.80
60D 28.69
80D 2.55
50AN 74.37
60AN 30.14
80AN 4.717
90AN 0.9378
30T 153.7(5) 15274
40T 856.8
50T 63.15(5) 627.2 18.3 —-7.2
70Tw 420.7
80T 17.75(0) 265.0 16.9 —13.6
97Tw 10.96(0) 194.7 18.0 -10.5
TFE 168.0
20ET 56.66
40ET 28.75
60ET 19.53
80ET 13.38
97HFIPw 3498
50HFIP 892.5
AcOH® 4.47(40)9 0.5767, 0.8728)
HCOOH® 1430P

a)b)c) See footnotes a,b, and c in Table 1. d) Estimated value from the rate constant at 5 °C based on linear log k relation
between 5 and 25 °C for aq TFE series. €) Titrimetrically determined. f) Ref. 4. g) Ref. 3b, estimated value based on

the rate constant at 40 °C in Ref. 4. h) Ref. 3b.

binary solvent series than that of close to unity for the
limiting k. solvolysis. There is remarkable dispersion of
the plot against the conventional Yors for binary aque-
ous solvent series, accompanied by downward deviations
for weak nucleophilic solvents. It is likely that there is
no simple linearity against the 2-adamantyl-based Yors,
in the so-called borderline solvolyses where nucleophilic
assistance is apparently important. The dispersion for
binary solvent mixture series in Fig. 1 may be plausibly
interpreted in terms of relatively higher nucleophilici-
ties of alcoholic mixtures than those of non-alcoholic
ones, whereas the less significant deviations of solvents

of distinctly low nucleophilicity are in fact inconsistent
with the significant separation between alcoholic and
non-alcoholic lines. The points for aqueous TFE and
EtOH-TFE mixtures in Fig. 1 are within 0.5 in logk
unit from the main correlation lines. Obviously, the plot
in Fig. 2 displays little improvement of the fit to Eq. 2
when the [N term for the solvent nucleophilicity is in-
cluded. The Bentley—Schleyer treatment based on Yors
and Nots parameters has only limited applicability to
the solvolyses of benzyl tosylates. There seems to be a
distinct difference between benzylic substrates and sim-
ple aliphatic substrates, e.g., 2-adamantyl tosylate, in
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Table 3. Rate Data of Solvolysis of m-Chlorobenzyl Tosylate®

Solv.” 10° k/s™! (Temp/°C) 10%k /s~ AHZo o ASZoc®)
25 °C kcal mol ! e.u.

30E 63.77

40E 26.91

50E 94.04(45) 13.22 17.9 -16.3

60E 56.75(45) 8.563 17.2 —~19.4

70E 41.47(45) 5.583 18.3 -16.6

80E 28.81(45) 3.833 18.4 -17.0

90E 6.733(35), 42.53(55) 2.342 18.2 -18.8

EtOH 7.897(45) 0.9370, 0.9853% 19.5 —16.2

50M 41.08

60M 24.70

80M 9.102

MeOH 2.663

i-PrOH 3.152(45), 35.48(75) 0.4788" 17.2 —-25.3

20A 68.85

30A 23.67

40A 8.386

50A 3.217

60A 1.309

70A 0.5789

80A 0.686(35),% 1.975(45), 4.76(55)Y 0.2557°) 18.5 —22.0

50D 3.702

60D 1.476

80D 0.256

50AN 2.406

60AN 1.212

80AN 0.3004

90AN 0.6170(45), 7.115(75) 0.091979 17.3 —28.0

30T 14.87

40T 7.879

50T 5.243

70Tw 2.926

80T 3.985(35), 10.52(45) 1.414P 18.3 -19.3

97Tw 5.411(45), 8.442(55) 0.5081 18.3 —-21.2

TFE 0.4706

50HFIP 2.790

97HFIPw 1.732

80ET 1.210

60ET 1.266

40ET 1.088

20ET 0.7757

AcOHY 3.51(75),%) 29.6(99.8)® 0.0162,59 0.0136™ 21.68) —17.29)

HCOOH?Y 5.338)

a)b)c) See footnotes a,b, and ¢ in Table 1.
determination (see Experimental).

the solvent-effect behavior of the limiting k. mechanism.
Similar dispersion behavior for different binary solvent
series has been pointed out for the solvent effects on
solvolyses of benzylic precursors,'62:16¢:20—28) leading to
a pessimistic conclusion about the definition of a gener-
ally applicable kinetic solvent scale for Sy1 reactions.?®
Indeed, the neophyl solvolysis as well as relevant aryl-as-
sisted solvolyses which are mechanistically independent
of any nucleophilic solvent assistance show nonlinear
response to the solvent polarity Yors.2%?Y) Nonlinear
log k vs. Yors plots were also found for solvolyses of a-
arylvinyl derivatives.?? Bentley et al. particularly note

f) Extrapolated from other temperatures.

d) Titrimetrically determined. e) Ampoule technique with conductivity

g) Ref. 3b. h) Ref. 4.

that their treatment with Eq. 2 should be applied ex-
clusively to simple saturated alkyl substrates, which do
not yield resonance-stabilized carbocations and do not
undergo neighboring group participation.'4

The Winstein—- Grunwald correlation (Eq. 1) of
the solvolysis of benzyl tosylate can be appreciably
improved as seen in Fig. 3, when either neophyl
tosylate*2!) or a-(t-butyl)benzyl tosylate®® is used as
a reference Yp, substrate instead of 2-adamantyl tosy-
late; as clearly shown in the Y., plot of Fig. 4, the
separation between aqueous acetone and aqueous eth-
anol lines is significantly reduced, and the extent to
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benzyl tosylate.

which the plots for non-nucleophilic or very weakly nu-
cleophilic solvents deviate downward from the ethanol
and acetone lines can now be accounted for even quan-
titatively by the Nors parameters of solvents. The dis-
persion of the Yors plots for various series of aque-
ous binary solvent mixtures observed in Fig. 1 should
be due not simply to the solvent nucleophilicity (the
IN term) but also to certain other factors associated
with the benzylic Sy1 ionization process (involved in
the mY term). The 2-adamantyl-based Yors parame-

benzyl tosylate.

ter is completely free of mechanistic involvement of sol-
vent nucleophilicity in the rate-determining transition
state, whereas Yor1s shows limited applicability to the
correlation analysis of benzylic k. solvolysis systems.
A wide range of “dispersion” phenomena have been
rationalized by differences in solvation between aro-
matic and aliphatic derivatives.!616%:20—28) The con-
ventional Yors parameter based on the solvolysis of
2-adamantyl! tosylate reflects the solvent effect on the
solvolyses to form a localized, highly congested carboca-
tion which demands an extensive external stabilization
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Table 4. Solvent Parameters®

SOlV~b) YOTs NOTS Yneoc) YAd) Yt-Bue)

25 °C 45°C 45 °C 25 °C
EtOH —1.75 0.00 -1.055 -—-0.790 —1.280
90E —0.62 0.01 —-0.395 -0.281 —0.489
80E 0.00 0.00 0.000 0.000 0.000
70E 049 -0.05 0.274 0.223 0.433
60E 0.95 -0.09 0.537 0.394 0.815
50E 1.37 -0.11 0.816 0.612 1.247
40E 197 -0.22 1.137 0.833 1.816
30E 2.67 —-0.31 1.513 1.117 2.526
MeOH -0.92 -0.04 -0.487 -0.368 —0.326
80M 0.47 —-0.05 0.394 0.298 0.719
60M 1.52 -0.13 0.904 0.735 1.581
50M 2.00 -0.19 1.196 0.928 2.011
#PrOH  (—=2.23) —0.06 (-1.22) —1.008 —2.028
80A -095 -042 -0.889 -0.823 —0.946
70A -0.20 -0.38 -—0.456 —0.454 -0.317
60A 045 —-0.34 -0.039 -0.120 0.298
50A 1.09 -0.35 0.381 0.199 0.915
40A 1.75 —-0.39 0.813 0.546 1.552
30A 243 -0.40 1.240 0.909 2.240
20A 305 —044  1.669 1237 (2.84)
80D -1.30 -0.29 -0.954 -0.833 —1.338
60D 0.25 —-0.26 -0.083 -0.111 0.079
50D 1.03 -0.29 0.373 0.311 0.778
50AN 1.31 -0.57 0.488 0.320 1.089
60AN 0.89 —-0.64 0.192 0.091 0.697
80AN -0.01 -0.90 -0.539 -0.408 -0.103
90AN  (-0.80) —1.24 (-1.1) —0.828 —0.811
TFE 1.76 -3.0 1.504 1.277 2.059
97Tw 1.83 -2.79 1.374 1.123 2.031
80T 1.92 -1.90 1.342 1.092 2.058
70Tw 2.00 -1.20 1.336 1.068  (2.08)
50T 2.15 -1.14 1.373 1.081 2.129
40T 2.27  —-0.92 1.410 1.111 2.219
30T 243 -0.80 1.494 1.152 2.405
S8OET  (-1.18) —0.19 —0.443 —0.393 —0.722
60ET —-0.44 -0.55 —-0.092 0.015 —0.100
40ET 0.21 -1.01 0.413 0.454 0.603
20ET 0.98 —-1.72 0.943 0.824 1.329
97THFIPw 3.61 —4.27 2.730 2.088 4.247
50HFIP 2.51 -1.78 1.816 1.424 2.704
AcOH -0.61 —-2.35 -—0.443 -0.325 —-0.731
HCOOH 3.04 -2.35 1.940 1.706 2.855

a) Data taken from Refs. 14, 20, and 21, otherwise
determined here. The values in parenthesis are esti-
mated from the appropriate linearity. b) See foot-
note b in Table 1. ¢) Yneozlog(k/kBOE)Neophyl OTs-
d) Ya=log (k/kSOE)p-Methoxyneophyl OTs- ©) Yi-Bu=
log (k/k8oE)a- (t-Butyl)benzyl OTs-

from the solvent. The transition state for a benzyl-
ic cation formation is stabilized by 7t-delocalization of
cationic charge into the aryl group, and hence it requires
less stabilization by external solvation. It is highly likely
that the effective charge dispersal causes a significant
loss of the highly oriented specific solvation at the re-
action center and a significant change in the relative
importance of cation/anion solvations. This must be
the important cause of dispersion of the mY plot. In
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practice, we need an appropriate reference Yg, scale
based on the delocalized carbocation solvolysis, in or-
der to achieve a quantitative estimation of the Sy1 and
Sn2 character of the transition state of the solvolysis of
benzyl tosylates. The present study clearly shows that
the polarity scale Yp, based on the p-methoxyneophyl
or neophyl solvolysis, which of course involves a highly
delocalized cationic transition state, can be applied to
the solvolyses of benzyl tosylates. The neighboring aryl
group in the anchimeric assistance mechanism plays the
role of an intramolecular nucleophile displacing the leav-
ing group, from the rear side of the reaction center,
and the transition state of the aryl-assisted solvolysis
is structurally quite close to the trigonal-bipyramidal
transition state of the Sy2 displacement reaction with
a fixed incoming nucleophile. The neophyl solvolysis
of the Yp, scale based thereon models most reasonably
the solvent polarity effect on the entirely charge-delo-
calized transition state of a spectrum of carbocationic
Sn2 solvolyses of benzyl tosylates.

The extent of the nucleophilic solvent assistance can
be evaluated more accurately as the deviation from the
expected behavior only when the proper Yp, parameter
is used. This enables us to examine the actual validity
of Nots parameters. Kevill introduced a set of nucle-
ophilicity parameters, Nky,, based on the triethyloxo-
nium ion solvolysis and demonstrated its applicability
to the solvent effect correlations of various solvolyses.!®
In particular, for the solvolysis of substituted benzyl to-
sylates, better correlations with Eq. 2 were reported by
using the Nk parameter instead of using the conven-
tional Nors parameter.'®® Applying this type of mod-
ification for N value, we can achieve much better re-
sults for these benzyl tosylates, to lend some support
for Kevill’s previous conclusion,®*” whereas the better
results do not immediately lead to a conclusion about
the inadequacy of Nors parameter values. We often
see that the Sy2 solvolyses exhibit nonlinear responses
to the conventional nucleophilicity NoTs scale based on
the methyl tosylate solvolysis.'® The importance of the
involvement of solvent nucleophilicity may vary as a
quadratic function of the solvent nucleophilicity, imply-
ing the enhanced shift in mechanism with solvents.!®
There is considerable doubt about whether or not the
linearity of the solvent nucleophilicity holds over a wide
range of substituted benzyl series. Further examination
will be necessary of the solvolysis of strongly deacti-
vated benzyl tosylates, where the solvent nucleophilicity
plays a more important role.

The present results of Winstein—Grunwald analysis
lead to a conclusion that the solvolysis of benzyl tosy-
lates having moderately enhanced reactivity shows in-
termediate responses to both the solvent polarity and
the solvent nucleophilicity. Conformity to Eq. 3 or the
additivity of the polarity mY and the nucleophilicity
[N terms points to a single-step displacement mecha-
nism for any benzyl tosylates, and it appears difficult
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Table 5. Results of Correlation Analysis by Eq. 22)
No. Solvents m l c R SDY nd
Unsubstituted benzyl tosylate
1. All solvents 0.67+0.04 0.36+0.06 -0.16 0.939 +0.33 42
2. Exc. AW® 0.67+0.04 0.38+0.06 —0.09 0.935 +0.33 35
3. Exc. EW-MW-ET? 0.80+0.03 0.27+0.04 —0.59 0.987 +0.17 25
4. AW and EW® 0.73+0.04 1.78+0.31 0.11 0.984 +0.18 15
m-Methylbenzyl tosylate
5. All solvents 0.72+0.05 0.27+0.06 —-0.16 0.937 +0.35 41
6. Exc. AW® 0.72+0.05 0.30+0.07 —0.08 0.939 +0.35 35
7. Exc. EW-MW-ET? 0.8740.03 0.19+0.04 —-0.61 0.986 +0.19 24
8. AW and EW® 0.75£0.05 1.85+0.34 0.13 0.981 +0.19 14
m-Chlorobenzyl tosylate
9. All solvents 0.51+0.03 0.61+0.05 —0.15 0.933 +0.28 42
10. Exc. AW® 0.50+0.04 0.63+0.05 -0.09 0.930 +0.28 35
11. Exc. EW-MW-ET 0.6040.02 0.5240.03 —-0.53 0.985 +0.14 25
12. AW and EW® 0.58+0.03 1.80+0.27 0.07 0.979 +0.16 15

a) log(k/ksop)=mYors+! Nors+c. b) Correlation coefficients. c¢) Standard deviations. d) Numbers of data points
involved. e) Excluding aqueous acetone series. f) Excluding -PrOH, aqueous ethanol, aqueous methanol, and ethanol-
TFE mixtures. g) Partial correlation for aqueous ethanol and aqueous acetone series.

Table 6. Correlation Analysis by Eq. 2 or 3

Ya,® Solvents m l c RY SD® nd

m-Methylbenzyl tosylate
Yors All 0.72+0.05 0.2740.06 —0.16 0.937 +0.35 41
Exc. E, 90E, M® 0.82+0.04 0.271+0.05 -0.33 0.959 +0.29 37
YiBu Al 0.80+0.03 0.39+0.05 -0.17 0.972 +0.24 41
Exc. E, 90E, M® 0.87+0.03 0.39+0.03 —0.28 0.984 +0.18 37
Yhneo Al 1.194+0.04 0.43+0.04 0.00 0.983 +0.19 41
Exc. E, 90E, M® 1.25+0.03 0.4240.03 —0.08 0.990 +0.14 37
Ya Al 1.5040.05 0.46+0.04 0.04 0.979 +0.21 41
Exc. E, 90E, M® 1.5740.05 0.46+0.04 —0.02 0.984 +0.18 37
Unsubstituted benzyl tosylate
Yors All 0.67+0.04 0.36+0.06 -0.16 0.939 +0.33 42
Exc. E, 90E, M® 0.76+0.04 0.35%+0.05 -0.32 0.960 +0.27 38
YiBu Al 0.75+0.03 0.46£0.04 -0.17 0.972 +0.23 42
Exc. E, 90E, M® 0.80£0.03 0.46+0.03 —0.28 0.983 +0.18 38
Yhneo Al 1.114+0.04 0.50+0.04 —0.01 0.980 +0.19 42
Exc. E, 90E, M® 1.16+0.03 0.50+0.03 —0.08 0.987 +0.15 38
Ya Al 1.41+0.05 0.5440.04 0.03 0.976 +0.21 42
Exc. E, 90E, M® 1.474+0.05 0.54+0.04 —0.02 0.980 +0.19 38
m-Chlorobenzyl tosylate
Yors Al 0.51+0.03 0.61+0.05 —0.15 0.933 +0.28 42
Exc. E, 90E, M® 0.58+0.03 0.61+0.04 —0.27 0.954 +0.24 38
Yo All 0.57+0.03 0.69+0.04 —0.16 0.966 +0.20 42
Exc. E, 90E, M® 0.61+0.03 0.69+0.03 —0.24 0.976 +0.18 38
Yheo All 0.84+0.04 0.72+0.04 —0.03 0.970 +0.19 42
Exc. E, 90E, M® 0.89+0.04 0.72+0.03 —0.09 0.977 +0.17 38
Ya Al 1.07+0.05 0.75+0.04 0.00 0.969 +0.19 42
Exc. E, 90E, M® 1.124+0.05 0.75+0.04 —0.04 0.973 +0.19 38

a) log(k/ksor)=mYB,+INoTs+c.  YiBu=log(k/ksoE)a-(t-Butyl)benzyl OTs» Yneo = 10g (k/kgoE)Neophyl OTs, and
Y =log (k/k8oE) p-methoxyneophyl OTs- b) Correlation coefficients. c¢) Standard deviations. d) Numbers of data points
involved. e) Excluding the data in +PrOH, EtOH, 90E, and MeOH.

to fit the solvent-effect behavior of these benzyl sub-  variation of the I/m ratio with substituents suggests a
strates into the classical Sy1-Sn2 framework. The wide variation in the extent of nucleophilic solvent assistance
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Fig. 4. The mY,eo plots for solvolysis of benzyl tosylate.

in the Sy2 transition state, namely a new mechanis-
tic scheme of a continuous spectrum of “intermediate
Sn1-Sn2 mechanism,” with a clear mechanistic distinc-
tion between Sy1 and Sn2 reactions. The mechanistic
spectrum can reasonably interpret the relatively high m
and appreciable [ values observed for the benzyl border-
line solvolysis. Schleyer and Bentley assumed that sim-
ple secondary substrates for which there was evidence
for nucleophilic assistance by solvent nucleophile and
evidence for a reaction intermediate forming solvated
ion pairs in the rate-determining step undergo solvoly-
sis by a “Sn2 (intermediate)” mechanism.®") This new
mechanism may be considered to have a dissociative bi-
molecular displacement structure in the rate-determin-
ing transition state, and the transition state lies close
to the carbocationic end in a continuous spectrum of
Sn2 mechanisms of varying tightness.

According to the classical framework of solvolysis
mechanisms, on the other hand, simultaneous occur-
rence of Sy1 and Sy2 mechanisms should result in a
clear deviation from the exact linear correlation (for
Egs. 1, 2, and 3), since the solvolysis rate constant
for such a system should be given by a sum of the
rate constants for competing Sy1 and Sny2 processes.
Richard and Jencks have argued for the simultaneous
occurrence of classical Sy1 and Sn2 processes, based
on the independent evidence from the product selectiv-
ity analysis.!® Kevill also prefers the superimposition
of Sy1 and Sy2 mechanisms rather than intermediate
mechanism,'*® but no evidence appears definitive. Nev-
ertheless the pattern of dispersion of the mY plot is
not in line with the simultaneous occurrence of simple
classical Sy2 and Sy1 mechanisms, at least for these
substituted derivatives of borderline region. This can

be readily demonstrated by a simulation analysis set-
ting the overall rates as a sum of competing rates of
a typical Sy1, e.g., 2-adamantyl tosylate, and a clas-
sical Sx2 process, e.g., methyl tosylate. The signifi-
cant downward deviations of the plot for aqueous TFE
can not be related to the competition scheme of clas-
sical mechanisms. Presumably, the incomplete confor-
mity to the dual parameter treatment (Eq. 2 or 3), e.g.,
accompanied by the deviations of EtOH, 90E, MeOH,
and +PrOH might be accounted for by the competi-
tion scheme of this Sy2 (intermediate) and classical Sy1
mechanisms, while the deviation from the correlation 3
with proper Yp, is too small to warrant interpretation.

The role of ion-pair intermediates in solvolyses has
received much attention. They can cause deviations
from expected solvent effect behavior. The term “Sy2
(intermediate)” emphasized the possibility that an Sx2
reaction may proceed via a nucleophilically solvated ion-
pair intermediate without any internal return.!43% This
mechanism may be energetically more feasible than the
Sneen ion-pair Sx2 mechanism,*? while the absence of
internal return in solvolysis of simple secondary sub-
strates has already been criticized.?® In the recent 80O
scrambling study, internal return has been shown to
be operative to different extents in most of the solvol-
yses of typical benzylic tosylates™*% and many sim-
ple secondary alkyl tosylates as well as for 2-adamantyl
tosylate.3®3%) Most important, significant internal re-
turn was observed in the solvolysis of unsubstituted
benzyl tosylate in acetic acid, aqueous TFE, and to
a slightly lesser extent in aqueous acetone and aque-
ous ethanol.”™ This argues strongly against the op-
eration of any single (intermediate) mechanism pro-
ceeding through an essentially non-dissociative rate-
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determining transition state, in the moderately sol-
vent-assisted solvolysis of benzyl tosylates. If the Sn2
(intermediate) mechanism occurs without internal re-
turn as assumed by Bentley et. al.,*") the present ben-
zyl solvolysis should have occurred through the Sn2
(intermediate) mechanism competing with the classi-
cal Sy1 machanism, accompanied by significant inter-
nal return. The Sneen unified ion-pair mechanism also
is clearly not supported, since the ion-pair return ob-
viously diminishes as the Sy1 character is decreased
with electron-attracting substitutent.™ The investiga-
tion should be extended to the solvent effects on the
wider range of substituted members of this series.

Experimental

Materials: Benzyl tosylates were prepared by the
Schotten—-Bauman method,?) as described before®® and
were recrystallized from ether-hexane; unsubstituted deriva-
tive, mp 57.4—58.0 °C, lit,>® mp 58—59 °C, 58.5—
58.9 °C.%9) Anal. Found: C, 63.97; H, 5.17%. Calcd for
C14H1403S: C, 64.10; H, 5.38%. m-Methyl derivative, re-
crystallized from ether—petroleum ether, mp 60.2—61.0 °C,
1it,®® mp 60.5—61.5 °C, 65.1—65.5 °C.>® Anal. Found: C,
65.30; H, 5.86%. Calcd for C15H1603S: C, 65.19; H, 5.84%.
m-Chloro derivative, recrystallized from ether—hexane, mp
81.3—82.0 °C, 1it,* mp 80.5—81.5 °C, 81—83 °C,* 81.5—
82 °C.*® Anal. Found: C, 56.63; H, 4.46%. Caled for
C14H1303SCl: C, 56.66; H, 4.42%.

Anhydrous acetic acid, acetone, dioxane, ethanol, meth-
anol, 2,2,2-trifluoroethanol, and water were purified as de-
scribed before.?%:212437) 2_Propanol was refluxed with alu-
minum isopropoxide and fractionated. Acetonitrile (spectral
grade) was refluxed with P»>Os, distilled onto Nay;COgs, and
fractionated through Widmer column. 1,1,1,3,3,3-Hexafluo-
ro-2-propanol (purity >99.99%) offered from Central Glass
Co., Ltd., was directly employed without further purifica-
tion.

Binary solvents were prepared by mixing corresponding
volumes or weights of pure solvents at 25 °C.

Kinetic Measurement: Solvolyses in aqueous binary
solvents were followed conductimetrically.2:2%2%) Conduc-
tance measurements were made using approximately 25 or
50 cm® of 1073—10"* moldm™? solution of the starting
tosylate in a thermostatted bath at an appropriate temper-
ature controlled within £0.01 °C. For a conductivity mea-
surement in aqueous solvent of high water content, com-
plete dissolution can be attained relatively quickly by first
dissolving the substrate in a small amount of the organic
solvent to the respective aqueous organic solvents added an
adjustable amount of water. Conductance readings were
taken automatically by using a conductivity meter (CM-
50AT and CM-60S, Toa Electronics Ltd.). Solvolyses were
followed by taking at least 100 readings at appropriate inter-
vals for 3 half-lives, and the infinity reading was taken after
10 half-lives. The precision of fit to first-order kinetics was
generally satisfactory over 3 half-lives (R>0.99998). The
rates of solvolysis for less reactive substrate were followed
by using the ampoule technique with conductivity determi-
nation. The ester solution of a similar concentration was
made up and sealed in twenty (5 ml) ampoules for one run.
The ampoules were allowed to react in a thermostatted bath
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and the reaction was stopped by withdrawing an ampoule
and immersing it in ice water at appropriate intervals for
2.5 half-lives. Several ampoules were allowed to react for 10
half-lives to provide an infinity conductivity reading. The
ampoules were fitted with a conductivity cell; after equili-
bration at 25 °C, the conductivity readings were taken using
a conductivity meter.

The rates of acetolysis and several slow solvolysis rates
were determined by the ordinary titrimetric method using
the usual ampoule technique.®”

The experimental errors in respective runs were generally
less than 1.0% and rate constants from repeated runs were
reproducible within an accuracy of 1.5%.

The present work was supported in part by Grants-in-
Aid for Scientific Reserch Nos. 02640398 and 02403010
from the Ministry of Education, Science and Culture.
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