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Relative chloride ion affinities of 48 carbocations have been measured by the chloride ion transfer equi-
librium of benzyl chlorides in the gas phase. The substituent effects on the chloride affinity of benzyl cation
have been analyzed in terms of the LArSR Eq., giving a p=—14.0 and an r*=1.29. The r* value higher than
the corresponding value of unity for the a-cumyl(2-phenyl-2-propyl) cation clearly indicates that the benzyl
cation has an enhanced resonance demand in the intrinsic carbocation stability compared with that of the o~
cumyl one. Most importantly, the unique rt value of 1.29 for the gas-phase benzyl cation stability has been
found to be identical with the value observed for the k. ionization process of the solvolysis of the activating
substituent range of benzyl tosylates. The identity of the 7" value, which is consistent with previous obser-
vations for the relevant benzylic carbocation systems, suggests that the intramolecular charge-delocalization
in the transition state of the k. solvolysis should be quite close to that of the carbocation intermediates. It
is concluded that the exalted r* value observed for the k. solvolysis of benzyl tosylates is not a correlational
artifact arising as a result of the non-linearity caused by the k-—ks mechanistic transition but is due to the
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enhanced resonance stabilization of the benzyl cation compared with the a-cumyl cation.

The LArSR Eq. 1 has been widely applied to a se-
ries of benzylic solvolyses in which a positive charge
is generated at the conjugative position with the aryl
group.>—®

logk/ke = p(o° +rt AFE) (1)

The 7T value indicates a degree of m-electronic interac-
tion between aryl substituents and the charge of a re-
action center. This resonance demand (r*) was found
to vary significantly with the system; e.g., from r+=
1.00 for the solvolysis of a-cumyl(2-phenyl-2-propyl)-
chlorides to 1.39 for 1-phenyl-1-(trifluoromethyl)ethyl
tosylates.¥ Thus the r* value has provided quite im-
portant information on the structure of the transition
state, the charge-delocalization into an aryl ring. The
resonance demand of the Sy1 solvolysis of the benzyl
substrate is of particular interest as a reference ben-
zylic cation system and also as a system giving an un-
stable primary carbocation, in which there is current
interest.” Moreover, much attention is given to the re-
action mechanism itself of the benzyl solvolysis because
the substituent effect for the solvolysis of benzyl sub-
strates is generally nonlinear behavior due to the solvent
nucleophilic participation to this system, i.e., a change
in reaction mechanism from Sy1 for the activating sub-
stituent range to Sn2 for the deactivating one.5—Y

A mechanistic transition with a change of substituent
may bring about inevitable difficulties in the correlation
analysis of the substituent effect based on the LArSR
Eq. 1. This point has been stressed as the cause of ob-
scurity of the physical significance of the rt value from
a standpoint of a single parameter analysis using o
substituent constant corresponding to 7+=1.00 in the
LArSR Eq. 1.1 Shorter noted that the pronounced de-
viation from conformity to o in a direction to r*>>1.0
in benzyl solvolysis is considered to be due to the chang-
ing proportion of Sy1 and SN2 mechanisms, and the r
value, if calculated, would not give information on the
resonance stabilization of the benzyl cation.'® However,
a mechanistic shift with a change of substituent is com-
pletely independent of whether the resonance demand
for the Sn1 solvolysis of the benzyl system is compa-
rable to that of the a-cumyl solvolysis. It would be
possible to apply the LArSR Eq. 1 to a limited range

“of the substituent effects for the benzyl solvolysis, the

electron donor substituent region where the solvent nu-
cleophilic participation is not important. An r* of 1.3
and a p of —5.2 were in fact obtained for the acetolysis
of benzyl tosylates thereby.®® Thus, the k. process via
benzyl cations was characterized by a unique r* value
higher than unity for the formation process of a-cumyl
cations.
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Thermodynamic stabilities of carbocations have re-
cently become available from studies on ion-molecule
equilibria in gas-phase.’* 2% The equilibrium constants
are determined by the free energy difference between
neutral ground state and charged molecules, mostly by
the free energy of the charged molecule, and of course
are absolutely free from mechanistic complexities aris-
ing from mechanistic involvement of solvent as nucleo-
phile, i.e., a mechanistic shift from Sy1 to Sny2. Such
gaseous thermodynamic stabilities of carbocations will
provide important and decisive information on the in-
herent nature of carbocations that correspond to the
intermediates and/or on the transition state of the k.
ionization process of the solvolysis. It will, therefore, be
highly instructive to study the substituent effect on the
stability of benzyl cation in the gas phase to clarify the
real features of the substituent effect for the k. ioniza-
tion process of the benzyl substrates. This will also be
a critical test for the reality and physical significance of
the r* value for a reaction with accompanying mecha-
nistic transition with a change of ring-substituent.

Most of data on intrinsic carbocation stability
have come from gas-phase proton-transfer equilib-
rium between a carbocation and the corresponding
olefin.'*'!") However, this method cannot be appli-
cable to the case of primary carbocations like benzyl
cations. Recent comprehensive studies on gas-phase
ion-molecule reacions suggest that the chloride-transfer
equilibrium (2) as well as the hydride-transfer equilib-
rium can be used for estimation of intrinsic stabilities of
carbocations, and that the chloride-transfer equilibrium
has some advantages over the hydride-transfer equilib-
rium such as the well-defined position of the positive
charge in the molecule and the faster rate of attainment
of equilibrium.2!—24

@—EHZ . Orchll a (O)-CHCl + . @—EHZ
(2

In this work, we have measured relative chloride ion
affinities for a series of benzyl cations together with a
variety of alkyl cations. The substituent effect on the
intrinsic stability of the benzyl cation has been analyzed
in terms of the LArSR Eq. 1, and compared with that
of the solvolysis of benzyl tosylates.

Results and Discussion

The standard free energy changes of chloride trans-
fer equilibria (2) have been measured by the equilib-
rium constants with a pulsed ion cyclotron resonance
(ICR) mass spectrometer at 343 K. Experimental data
for the free energy changes of m,p-substituted benzyl
cations and several relevant carbocations have been ob-
tained based on overlapping equilibria between carbo-
cations of nearly equivalent chloride affinity strengths
as presented in Fig. 1. The scale covers a range of 28
kcal mol~! from 3,5-bis(trifluoromethyl)benzyl cation to
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1-(3,4-dimethylphenyl)ethyl cation. The internal con-

sistency of the overlaps is better than £0.2 kcalmol~! in

most cases. Chloride ion affinity values of several ben-
zyl cations are available from the literature.?::?? Those
values were measured by a pulsed -high pressure ion-
source mass spectrometer (HPMS) at quite high tem-
perature (600 K). Chloride ion affinity values of substi-
tuted benzyl cations relative to ¢-butyl cation obtained
by Kebarle et al. using HPMS as well as the corrected
values at 300 K tend to be greater by 1 to 2 kcal mol~!
compared to the corresponding values obtained in this
study at 343 K. Although the causes of these discrepan-
cies are not clear, this analysis of the substituent effect
has been done only on the basis of data obtained in this
study because of the good consistency of the overlaps
for the entire range of chloride affinities.

Chloride ion affinities have been also measured for
several substituted 1-phenylethyl cations, «-cumyl
cation, and 1-phenyl-1-(trifluoromethyl)ethyl cation, of
which relative stabilities were independently estimated
from the gas-phase basicity measurement of the corre-
sponding olefins (styrenes) based on the proton-transfer
equilibrium. Both results are listed in Table 1. We can
see that the relative chloride ion affinity of 1-phenyleth-
yl cation is in good agreement with the corresponding
basicity of styrene.

CsHsCH(CH3)Cl + t-C4H = C¢HsCH(CH3)1 + t-C4HoCl
—AG° =T7.7kcalmol™'  (3)

CsHs CH=CH,+t-C4Hg =CeHs CH(CH3) " +(CH;z)2C=CH>
—AG°=7.5 kcalmol* ?%) (4)

The same is true for other substituted 1-phenylethyl
cations, a-cumyl cation, and 1-phenyl-1-(trifluorometh-
yl)ethy! cation. There is indeed an excellent linear re-
lationship between these quantities as shown in Fig. 2,
suggesting that the chloride ion affinity values of carbo-
cations and proton affinities of the corresponding olefins
have an identical response to substituent perturbation.
Therefore, free energy changes of the chloride-trans-
fer equilibrium and the proton-transfer equilibrium will
be equally referred to the relative stabilities of carbo-
cations in the gas phase. Combining both results ob-
tained from proton-transfer and chloride-transfer equi-
libria, we can find a spectrum of intrinsic stabilities of
benzylic carbocations which varies significantly over 16
kecalmol~! with substituent(s) attached to the central
carbon atom.

R* PhC(Me)s > PhCHMe" > PhCHJ >
kcalmol™' 124 7.5 0.2
t-But > PhC(CF3)Me*
0.0 —-38

This variation in stability of benzylic carbocations
would primarily be referred to the electronic effect
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Benzyl cations Rt AGP®/ keal mot-1 -3AG°
3,4-Me,CgH,C*(Me)H 14.8
p-OMe 0.7 14.1
2,4,6-Meg —3 038 — 118 — 138
p-MeS 05 8 55 182
P-MeCgH,C*(Me)H 1.7 = 128
3,5-Me,CgHoC*(Me)H 12 —_— — 122
CeHsC*(Me), = 1.6 12.1
2,356 Me, : 12.0
3-Cl-4-MeO —{1.1 1.2
3-F-4-MeO 1.1 10 108
(C4Hg)aC* = 12 10.1
345Meg - — 04 | & 08 9.9
3-Cl-4-MeS 05 1.0 s 9.7
(C3Hp)sC - - 9.0
p-+-Bu 1.2 2.0 8.2
3,4-Me, to4 T 15 7.8
+ : 23— 7.7
3-CN-4-MeO CeHsC*MeH ~r5 fos5 |1.8 3
Ve 13 1.9 60
0.2 -
.
BsC* %05 14 59
3-CN-4-MeS 53
0.8 1.9
3,5-Me, 13 45
MeC*Et, —| 1.6 2 40
22
mMeQ 0.6 29
mMe - 0.7 2.3
. Me,C*Et —{1.0 3 T 32
P 0.3 : :
: 1.1 22 1.0
:C' gg 11— 0.2
+C4Ho* T 18 >0 0.0
oCl 02 -1.6
o-F 0.7 -1.8
3,5-Me,CgH3C*(CFg)H — 23
CeHsC*(CFgMe  —xo—r 20 -3.9
mCl : 12 -4.3
mF o8 5.0
p-FCgH4CH(CFg)H 15 1.7 5% 3 65
m-CF, —11 - 67
pCFa -7.6
3.5-Fp 1.2 -88
m-CN 02 0.5 -9.0
pCN 14 159 03
m-NO, -10.2
pNO, 1.2 -10.8
m-CICgH,CHCFa)H g-ﬁ 0.9 1.4
m-FCgH,C*(CFa)H : 07 —|— -11.8
3,5-F5CgHsC*(CFa)Me - -12.1
35{CFy), j4 134

Fig. 1.

Ladder of AG® values for chloride transfer equilibria measured at 343 K. Chloride ion affinity increases and

stability of R* decreases from top to bottom. Selected chloride ion affinity values relative to t-butyl cation are given

in the last column.

of a-substituent(s), i.e., the electron-withdrawing a-
substituent(s) destabilizes a carbocation.

The relative stabilities of representative m,p-substi-
tuted benzyl cations to the unsubstituted one are sum-
marized in Table 2. For the correlation analysis of the
gas-phase substituent effects, a unique set of substituent
constants very different from those in solution may be
required. However, recently we have shown that the
substituent effect on the gas-phase basicity of a-meth-
ylstyrene, which can be directly referred to the relative

stabilities of a-cumyl cations, is excellently described by
the ordinary set of 0¥ values determined in solution.?®
There seems to be no difficulty in defining a gas-phase
o™ scale by this set of stabilities of substituted a-cumyl
cations. Accordingly, the plot of relative stabilities of
substituted benzyl cations against those of the corre-
sponding a-cumyl cations shown in Fig. 3 can be re-
garded as the gas-phase o"-plot. We can clearly see that
there is neither a simple linear relationship nor a mono-
tonic curvature as seen for the substituent effect on the
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Table 1.

Substituent Effects on the Stability of Benzyl Cation

Relative Stabilities of Various Carbocations Determined from

Proton and Chloride Transfer Equilibrium in the Gas Phase

—8AG® /kcal mol ™"

Type of 1-Phenylethyl cations a-Cumyl 1-CF3-1-Phenyl
equilibrium H m-Me 3,5-Mes p-Me cation ethyl cation
Chloride transfer® 7.7  10.1 12.2 12.8 12.1 -39
Proton transfer®  7.59 9.29 1149 1259 12.69 -3.6%

a) Free energy changes of a reaction;

ArC(R)MeCl+MesCF=ArC(R)Me*t +MezCCL.

b) Free energy changes of a reaction;

ArC(R)=CHz+Me3CT=ArC(R)Me* +MeaC=CHa,

where R=H, Me, CF3. c) Ref. 30. d) Ref. 25. e) Ref. 27.
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AGB of the corresponding olefins / kcal mol-1
Fig. 2. Comparison between chloride ion affinities of

carbocations and gas-phase basicities of the corre-
sponding olefins.

solvolysis of this system® and that there is no common
set of o1 substituent constants for the substituent ef-
fects on the gas-phase carbocation stabilities. In this
figure, a good linear relationship with a slope of unity
is observed for meta substituents and pare m-electron at-
tracting substituents, but all para m-donor substituents
significantly deviate upward from the line of unit slope.
The linear relationship with unit slope for non-conjuga-
tive substituents clearly suggests the same contribution
of inductive/field effects to both systems. Therefore,
significant deviations of para m-donor substituents must
be due to different contribution of resonance effect be-
tween both systems. In fact, a close examination has
shown that the deviations of para m-donors are system-
atic and indicate a greater stabilization by the stronger
para T-donor substituents. Such a pattern of deviations
of para m-donors is just what would be expected for the
system of an enhanced resonance demand. Indeed, the
deviations of para m-donors of the benzyl cation can be

accurately related to the resonance substituent param-
eter, Aﬁﬁ, defined from reactivities in solution® with a
correlation coefficient of 0.998 and a standard deviation
of £0.47 (n=23).

—8AG ensyl cation = 1.06(—8AG®) a-cumyl cation — 4.24AF
+0.2

The effect of the p-t-butyl group on the stability of ben-
zyl cation is unexpectedly great compared with that of
the corresponding a-cumyl cation regardless of its small
resonance effect. This may not be surprising because
the positive charge of carbocations in the gas phase is
significantly stabilized through charge-induced dipole
interaction, i.e., the highly polarizable substituents can
substantially stabilize the benzyl cation while this ef-
fect is not important in solution.?®2?*) Excluding these
particular substituents, the LArSR Eq. 1 can be equally
‘applicable to treatment of the gas-phase substituent ef-
fect, and the benzyl cations must have an enhanced
resonance demand in the intrinsic carbocation stabil-
ity compared with that of the a-cumyl cation. Us-
ing gas-phase substituent constant values listed in Ta-
ble 3, which are slightly modified from standard values
owing to no specific substituent-solvent interaction,?®
the LArSR analysis provides an excellent correlation as
shown in Fig. 4. An r* of 1.29 and a p of —14.0 obtained
by this correlation are practically in complete agree-
ment with the values given by standard substituent con-
stants. The rt value of 1.29 higher than the value of
unity for the a-cumyl cation clearly shows that the con-
tribution of resonance effects of para m-donors involved
in the substituent effect on the stability of carbocations
is increased in the benzyl cation system compared with
that in the a-cumyl cation. Since the unsubstituted
benzyl cation is significantly less stable by 12 kcal mol~!
than the corresponding a-cumyl cation as noted above,
this result leads to a suggestion that the more electron-
deficient carbocation seems to have the greater reso-
nance demand. This trend is consistent with previous
observations for relevant benzylic carbocations as sum-
marized in Table 4. The rather stable 1-phenylethyl
carbocation has an rT value of 1.14, which is just in-
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Table 2. Relative Stabilities of Benzyl Cations and the Corresponding
«a-Cumyl Cations in the Gas-Phase

—8AG° [kcal mol ™!

Subst. Benzyl® o-Cumyl®  Subst. Benzyl® a-Cumyl®
p-OMe 13.9 10.5 p-F 1.1 —0.1
3-Cl-4-OMe  11.0 6.7 m-F —~5.2 —-5.1
3-F-4OMe  10.6 6.7 p-Cl 0.8 —0.4
3-CN-4-OMe 7.1 3.0 m-Cl —45 —4.7
p-SMe 13.0 10.0 p-CF3 —7.8 7.2
3-Cl-4-SMe 9.5 6.2 m-CF3 —6.9 —6.3
3-CN-4-SMe 5.1 1.7 p-CN -9.5 -9.5
m-OMe 2.7 2.1 m-CN —-9.2 —-9.0
p-Me 5.8 4.1 3,5-Fy -9.0 —8.59
p-t-Bu 8.0 5.8 p-NO2 —-11.0 —
m-Me 2.1 1.8 m-NOy  —10.4 -94
3,4,5-Mes 9.7 — 3,5-(CF3)z —13.6  —12.6
3,4-Me; 7.6 6.19 H 0.0 0.0
3,5-Mes 43 3.5 0.2)% (11.9)9

a) Free energy changes of reactions,
ArCH;Cl+CgHs CHy =ArCHY +CgHs CH2CL

b) Free energy changes of reactions,

ArC(Me)=CHz + CeHsC(Me)F =ArC(Me)F +CeHs C(Me)=CHa, Ref. 26.

c) Determined in this study. 3,4-Mez; AG°=1.2, —0.2, and —0.9 kcalmol~?
relative to 2-chloropyridine, trimethyl phosphate, and 2-pyrrolidone, respec-
tively. 3,5-Fg; AG°=1.0, —0.3, —1.6, and —2.8 kcal mol~! relative to dimeth-
yl carbonate, tetrahydrofuran, methyl acetate, and acetone, respectively.
d) Relative to t-butyl cation. e) —8AG® values of 1.2 kcalmol~! (303 K)
and —0.2 kcalmol~! (300 K) were reported (Refs. 22 and 23, respectively).

20 |

Q

b p-OMe
15 } (5 p-SMe

+ 3-Cl-4-OMe

+:(.:;“ 3-F-4-OMe

3-Cl-4-SMe

10 @x p-t-Bu \\:

ﬂ 3-CN-4-OMe —_, 3,4-Me,

3-CN-4-SMe —__ p-Me

-3AGP of chioride transfer equilibrium / kcal mol-1
[4)]
1

(;?\1 3,5‘Mez
é m-OMe
0r %
+
3
SO slope=1.0
-10
3,5-(CFg),
-15 5 e + Mo
O-&M 4 Orc-cn, ==, DL + O-com,
Me Me
| 1 | 1 1 1 1
-15 -10 -5 0 5 10 15

AGB of a-methylstyrenes / kcal mol-!

Fig. 3. Plots of relative stabilities of substituted benzyl cations against relative gas-phase basicities of the corresponding
a-methylstyrenes.
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Table 3. Substituent Constants Used for the LArSR
Analysis of Gas Phase Substituent Effects

Subst. o° (g) ATy (g) Subst. o° (g) AT (g)
»OMe 010 -0.70 pF 020 —017
3-Cl-4-OMe 0.22 -0.72 p-Cl 0.20 -—-0.15
3-F-4-OMe 0.22 —-0.72 m-F 0.39 0.00
3-CN-4-OMe 0.47 ~0.73 m-Cl 0.36 0.00
p-SMe 0.04 —-0.73 3,5-F2 0.65 0.00
3-Cl-4-SMe 0.25 —-0.73 m-CF3 0.50 0.00
3-CN-4-SMe 0.60 —0.73 p-CF3 0.56 0.00
p-Me —0.13 -0.20 m-CN 0.69 0.00
3,4-Me2 -0.24 —-0.21 p-CN 0.73 0.00
3,5-Me2 —0.28 0.00 m-NO-2 0.73 0.00
m-Me —0.12 0.00 p-NOq2 0.80 0.00
H 0.00 0.00 3,5-(CF3)2 0.98 0.00

termediate between the benzyl cation and the a-cumyl
cation,?® and the highly electron-deficient 1-phenyl-1-
(trifluoromethyl)ethyl cation has an r* value of 1.40
higher than that for benzyl cation.?” It is clear that
the rF value varies substantially with the intrinsic sta-
bility of respective parent benzylic carbocations while
the p value remains surprisingly constant in magnitude
among these benzylic carbocations. A similar trend of
the resonance demand was observed for a series of sub-
stituent effects on the gas-phase stability of conjugate
acid ions of benzoyl systems, ArC(OH)Y™: p and rt,
respectively, for Y=CF3;—11.5; 1.20, H;—12.1; 1.04,

Substituent Effects on the Stability of Benzyl Cation

Me;—12.3; 0.78, OMe;—11.9; 0.45, and NMey;—12.7;
0.23.31) These facts are fully consistent with the basic
concept of varying resonance demand. Thus the reso-
nance demand is an inherent characteristic of each ben-
zylic carbocation itself, and the primary unstable ben-
zyl cation has been characterized evidently by a unique
rT of 1.29 distinctly higher than the r values of the ter-
tiary o-cumyl cation and the secondary 1-phenylethyl
cation.

It is highly instructive to compare this result for the
gas-phase stability of benzyl cation with the solvoly-
sis reactivity of benzyl tosylates. Substrates with acti-
vating substituents are considered to proceed predomi-
nantly through the k. ionization process.'® The p value
of —5.2 obtained for the acetolysis of benzyl tosylates®®
is significantly smaller than that for the gas-phase sta-
bilities of benzyl cations. This may be attributed to the
reduced positive charge in the rate-determining transi-
tion state due to effective solvation. Most important is
the fact that the v~ value for the acetolysis of benzyl
tosylates is identical with the value of 1.29 obtained for
the gas-phase stabilities of benzyl cations. This also
is the case for relevant benzylic systems of which the
solvolysis is well-defined as a k. mechanism.?"-*? Simi-
larly, the identity of the r value between gas and solu-
tion phases was observed for the substituent effects on
the basicity of benzoyl compounds where the chemical

15 L p-OMe
p-SMe
— e
3-Cl-4-OMe

- 10 L 3-F-4-OMe
= 3-Cl4-SMe
= p-t-Bu
8 3,4_Me2 3'CN'4'OMe
x
S 5 F p-Me 3-CN-4-SMe
5 3,5-Me,
©
3]
R 0k
c
@
o
S
é _5 B p =-14.0
ﬁ rt=1.29
[7,]
g
£ -10 |
3 ® oO° p-NOo
o o ot

O G (=129

45 L 35{CFa)p
| 1 | 1 {
-1.0 -0.5 0.0 05 1.0

O-scale

Fig. 4. LArSR plots of stabilities of benzyl cations: ®; ¢°, O; o*, [0; & (r=1.29).
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Results of LArSR Analysis for Gas Phase Stabilities of Ben-

zylic Carbocations and the Corresponding k. Solvolyses

AI‘—C+ (Rl )R2 pgas 2) "';—a,s 2) psolvolysis k) T:;ﬂvolysisb)
R! R?

Me Me  —13.0 (=9.5)°  1.009 —4.599 1.009

H Me ~13.8 (-10.1)2  1.149  —5.459 1.159

H H —14.0 (—10.3) 1.29 —5.238) 1.288)
CF; Me —14.0 (-10.3)®  1.40Y  —6.29Y 1.399

a) For gas phase stabilities of carbocations in kcalmol™!.

Values in

parentheses were obtained by multiplying the p values by the factor of
1000/2.303 RT. b) For the solvolysis of the corresponding substrates,

logk/ko. c) Ref. 26.

Adv. Phys. Org. Chem., 1, 35 (1963).
g) Ref. 6(a), in acetic acid. The same p and rt values were observed
h) Ref. 27.

tone.
in 80% aq acetone, Ref. 6(b).

process of interest was exactly the same in both phases,
while the p values were significantly reduced in solu-
tion compared with the corresponding value in the gas
phase.??) The corollary is that the resonance demand

should be an inherent feature of carbocations regard-

less of external solvent stabilization. Thus the solva-
tion of a cation reduces the central charge to lower the
response (the magnitude of p value) to substituent per-
turbation, essentially without change in intramolecular
charge-delocalization. Accordingly, the identity of rt
value between the solvolysis and the gas-phase stability
of carbocations strongly suggests that the intramolec-
ular charge-delocalization in the Syl transition state
should also be quite close to that of the carbocation
intermediate.

In conclusion, the exalted rt value of 1.3 obtained
for the solvolysis of benzyl substrates is not a corre-
lational artifact arising as a result of the non-linearity
caused by the k.—ks mechanistic transition as suggested
by Shorter,'¥ but must be an intrinsic feature charac-
terizing the nature of the transition state of k. solvol-
ysis of benzyl tosylate. The less stable primary benzyl
cation should have an inherent resonance demand dis-
tinctly higher than the value of rT=1.0 of the tertiary a-
cumyl cation system. This result provides a new insight
into the mechanistic transition in the benzyl solvoly-
sis. In Fig. 5 are plotted logarithmic rate constants of
the solvolysis of benzyl tosylates in acetic acid against
a calculated set of LArSR substituent constants with
r+=1.3.%%) A single curved correlation is observed as a
whole. All activating substituents down to p-halogens
construct a sufficiently linear plot, giving a p of —5.2 for
the k. mechanism of this system, and the plots of deac-
tivating substituents fall on the relatively flat portion of
the single curved correlation in which the approximate
slope of —1 may be an acceptable value in magnitude
as a p value for the &k mechanism. The mechanistic
transition with a change of substituent should also be
a continuous function of substituent polarity, and any
mechanistic change must therefore give a single smooth-
curved or a bisected plot against an appropriate set of

d) In 90% aq acetone, L. M. Stock and H. C. Brown,

e) Ref. 30. f) Ref. 2in 80% aq ace-

i) Ref. 4, in 80% aq ethanol.

substituent constants. The significant split observed
for strong 7-donor substituents in the o™ plot indicates
not only a simple failure of the ot-treatment but also
a vital inconsistency of the interpretation in terms of
the mechanistic transition. More importantly, a sin-
gle curved correlation with r*=1.3 has held similarly
in more nucleophilic solvents like 80% aqueous acetone,
while the curvature itself changes with solvent nucleo-
philicity, arising as a result of change in the p value
for the ks region.®® This suggests that the resonance
demand for the solvolysis of benzyl tosylates remains
essentially constant within the same framework of the
transition state structure. It is likely that the resonance
demand of a reaction is independent of the magnitude
of developed positive charge in the transition state and
hence the extent of cleavage of a leaving group in the
transition state of the solvolysis. This is reconciled with
the identity of the r* value between the gas-phase sta-
bilities of carbocations and the solvolyses of the corre-
sponding precursors. Clearly, these results have con-
firmed that the 7+ value is an “inherent nature charac-
teristic of the carbocation structure itself.” This is our
answer to the criticism against the LArSR Eq. 1 that
the physical significance of the v+ parameter is obscure
even though the correlation can be improved.

Experimental

Measurements. The measurements of chloride ion
transfer and proton transfer equilibria were done with the
homemade pulsed ion cyclotron resonance mass spectrome-
ter as described previously®® and several experiments were
done by using an Extrel FTMS 2001 Fourier transform mass
spectrometer equipped with a 3.0 Tesla superconducting
magnet and with a modified sample inlet system. The
temperature of the chamber of an ICR ion-trapping cell
was maintained at 70 °C. A Bayard—Alpert type ioniza-
tion gauge was used to monitor pressures of neutrals with
appropriate correction factors being applied to correct the
gauge readings for the different ionization cross-section of
various compounds.®® A total pressure of about 10~% Torr
(1 Torr=133.2 Pa) was maintained for RCl and RoCl by con-
trolled rates through leak valves (Anelva) from a parallel in-
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Fig. 5. Plots of log (k/ko) of acetolysis of benzyl tosylates against & (r*=1.3) and o™.

let manifold into the vacuum chamber. After a reaction pe-
riod of 1 to 3 s depending upon the reactant, an equilibrium
was attained and the relative abundance of R and R was
measured by signal intensities of ICR spectra. The equilib-
rium constant for chloride ion transfer reaction was obtained
by K=[R*]/[R]x[RoCl]/[RC]], then the standard free en-
ergy changes were calculated by AG°=—RTIn K. Several
measurements were done for each equilibrium at different
pressures of the neutral reactants to avoid artifacts. Arith-
metic mean values of K were used for the calculation of AG°
and the average uncertainty is estimated to be better than
0.2 kcal mol ™! in most cases.

Materials. Most of the alkyl chlorides used for this
study were prepared from the corresponding alcohols with
thionyl chloride or concentrated hydrochloric acid, and pu-
rified by general methods. These compounds were charac-
terized as follows. All boiling points and melting points
are uncorrected. 5-Butyl-chlorononane; bp 78 °C/2 mmHg
(1it,* bp 91.5—92.5 °C/2.5 mmHg) (1 mmHg=133.32 Pa).
4-Chloro-4-propylheptane; bp 48—52 °C/1.5 mmHg (lit,3®
bp 78—79 °C/11 mmHg). 3-Chloro-3-ethylpentane; bp 55—
57 °C/30 mmHg (lit,>” bp 64—65 °C/52 mmHg). 3-Chlo-
ro-3-methylpentane; bp 45 °C/41 mmHg (lit,37) bp 68—69
°C/160 mmHg). p-Trifluoromethylbenzyl chloride; bp. 85
°C/20 mmHg (1it,*® bp 86—87 °C/20 mmHg). m-Trifluoro-
methylbenzyl chloride; bp 80 °C/27 mmHg (lit,>*® bp 70—
71 °C/11 mmHg). p-Fluorobenzyl chloride; bp 89 °C/32
mmHg (1it,*” bp 76 °C/20 mmHg). o-Fluorobenzyl chlo-
ride; bp 38—39 °C/3 mmHg (lit,*” bp 67.5—68 °C/16
mmHg). m-Fluorobenzyl chloride; bp 93 °C/60 mmHg

(1it,*® bp 67—68 °C/15 mmHg). m-Chlorobenzyl chlo-
ride; bp 45 °C/0.1 mmHg (lit,") bp 111—111.2 °C/25.4
mmHg). m-Methoxybenzyl chloride; bp 124—125 °C/22
mmHg (1it,>® bp 87—87.5 °C/2 mmHg). p-t-Butylben-
zyl chloride; bp 58—60 °C/0.2 mmHg (lit,*? bp 110—115
°C/6—7 mmHg). 3,4-Dimethylbenzyl chloride; bp 68 °C/1
mmHg (lit,*® bp 109—110 °C/16 mmHg). 2,4,6-Trimethyl-
benzyl chloride; mp 39—40 °C (lit,** mp 37 °C). 3,4,5-Tri-
methylbenzyl chloride; bp 72 °C/0.7 mmHg (lit,*> mp 36—
37 °C). 2,3,5,6-Tetramethylbenzyl chloride; mp 66—67 °C
(lit,46) mp 67—68 °C). 3-Fluoro-4-methoxybenzyl chloride;
bp 62 °C/0.2 mmHg (lit,*” bp 122 °C/13 mmHg). 3-Chlo-
ro-4-methoxybenzyl chloride; bp 102—103 °C/0.8 mmHg
(1it,*® bp 130—131 °C/3 mmHg). m-Nitrobenzyl chloride;
p 45.5—46.2 °C (1it,*) mp 45.2—45.4 °C. 3,5 Bis(tri-
fluoromethyl)benzyl chloride; bp 82—84 °C/30 mmHg, mp
30.0—31.2 °C. Anal. Caled for CoH5ClFs: C, 41.17; H,
1.92%. Found: C, 41.19; H, 1.97%. 3,5-Difluorobenzyl
chloride; bp 82 °C/22 mmHg. Anal. Calcd for C7H5CIF3:
C, 51.72; H, 3.10%. Found: C, 51.62; H, 3.09%. 3-Cy-
ano-4-methoxybenzyl chloride; mp 100—101 °C; 'HNMR
(CCL) 6§=3.95 (3H), 4.48 (2H), 6.85—7.57 (m, 3H); IR
(Nujol) 2305 cm™! (CN). Anal. Caled for CoHsCINO: C,
59.52; H, 4.44; N, 7.71%. Found: C, 59.49; H, 4.44; N,
7.58%. 3-Cyano-4-methylthiobenzyl chloride; mp 105—106
°C, 'HNMR, (CDCl;) §=2.57 (3H), 4.52 (2H), 7.19—7.61
(m, 3H). Anal. Calcd for CoHsCINS: C, 54.68; H, 4.08; N,
7.09%. Found: C, 54.75; H, 4.08; N, 6.96%. IR (Nujol) 2340
cm™! (CN). 1-Phenyl-1-(trifluoromethyl)ethyl chloride; bp
83 °C/21 mmHg. Anal. Calcd for CgHgClIF3: C, 49.00; H,
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3.52, N; 8.16%. Found: C,49.01; H, 3.54; N, 8.19%. p-
Methoxy and p-methylthiobenzyl chlorides were purified by

vacuum line trap-to-trap distillation and characterized as -

follows. p-Methoxybenzyl chloride; *HNMR, (CCly) 6=3.70
(3H), 4.42 (2H), 6.72 (d, J=7.4 Hz, 2H), 7.17 (d, J=8.4 Hz,
2H). p-Methylthiobenzyl chloride; "HNMR (CCly) §=2.44
(3H), 4.47 (2H), 7.19 (4H). 3-Chloro-4-methylthiobenzyl
chloride was purified by preparative GLC. 'HNMR (CCly)
6=2.55 (3H), 4.49 (2H), 7.19—7.57 (m, 3H). Anal. Calcd for
CsHsClS: C, 46.39; H, 3.89%. Found: C, 46.44; H, 3.88%.
Preparation and physical constants of several 1-aryl-2,2,2-
trifluoroethyl chlorides used for constructing a ladder of a
chloride ion affinity scale will be described in a.subsequent
paper. The remaining compounds were obtained commer-
cially or from our previous studies. All samples were checked
for purity by GLC and their ICR mass spectra. Each sam-
ple was subjected to several freeze-pump-thaw cycles on the
ICR inlet system to remove entrapped impurities.
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