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The relative stabilities of 1-aryl-1-(trifluoromethyl)ethyl cations were determined by measuring the proton-transfer
equilibria of 1-aryl-1-(triffuoromethyl)ethylenes or the chloride-transfer equilibria of 1-aryl-1-(trifluoromethyl)ethyl chlo-
rides in the gas phase. The stability of 1-phenyl-1-(trifluoromethyl)ethyl cation was found to be 16 kcalmol™" lower
than that of the a-cumyl (1-phenyl-1-methylethyl) cation. The substituent effect on the stability of this cation can be
correlated in terms of the Yukawa—Tsuno equation, giving an r* of 1.41 and a p of —10.0 (in log K/ Koo~ unit). While
the p value is nearly identical to that of the @-cumyl cation series, the r* value is remarkably higher than the value of
unity for the @-cumyl cation, indicating that such a highly electron-deficient carbocation system should be characterized
by an extremely large * value compared with that of the stable @-cumyl cation. In addition, this r* value agrees with
that for the Sx1 solvolysis of 1-aryl-1-(trifluoromethyl)ethyl tosylates. Such agreement of the r* values between the gas
phase and solvolysis reactions has been generally observed for the benzylic carbocation systems. It is concluded that
the enhanced r* value for the solvolysis of 1-aryl-1-(trifluoromethyl)ethyl tosylates must reflect the intrinsic resonance
demand characteristic of the parent 1-phenyl-1-(trifluoromethyl)ethyl cation, itself, and that the extremely large p* values
given by a simple correlation with ¢ (+* =1) are an artifact due to an improper analysis of underestimating the resonance
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demand for such highly deactivated substrates.

The solvolysis of extremely deactivated benzylic sub-
strates with an electron-withdrawing group at a reaction site
has been characterized by a remarkably high response of the
rate due to aryl substituents.>~ For a typical “highly elec-
tron-deficient carbonation” system, the solvolysis of 1-aryl-1-
(trifluoromethyl)ethy] tosylates, Liu et al. noticed a remark-
ably large p* value of —10 based on the simple Brown o*
correlation.?® Similarly, large p* values of —10 to —12 were
reported for other deactivated benzylic solvolyses by several
research groups.*— These p* values were merely inferred
from the electron-donor portion of the substituents, whereas
the electron-withdrawing portion gave relatively smaller p*
values of —6 to —7. This is quite serious because the signif-
icant curvature or break in the o™ plot forces us to conclude
that a mechanistic change occurs along with the change of
substituents from electron-releasing to electron-withdraw-
ing. However, the p* values of —6 to —7 for the electron-
withdrawing portion of the plots seem to be too large in mag-
nitude to be assigned to any processes of solvolysis other than
the k. ionization process, because this size of the p* value
is comparable to, or even larger than, that for the ordinary
benzylic substrates, such as substituted a-cumyl (1-methyl-
1-phenylethyl) chlorides and substituted 1-phenylethyl chlo-
rides, which are considered to proceed through the k. ioniza-
tion mechanism.® On the other hand, an application of the
Yukawa—Tsuno (Y-T) equation (Eq. 1)” to the substituent
effects of solvolyses of deactivated benzylic substrates with
an electron-withdrawing group at a reaction site gave very

high r* values compared with the value of unity defined for
the a-cumyl solvolysis and p values of normal size,*?

log (k/ko) = p(0° + r* ATY). (1)

In equation (1) 0° and ATy are the normal substituent
constant and the resonance substituent constant, respectively,
and r* is the resonance demand parameter, representing the
degree of zr-delocalization of the positive charge into the aryl
s-system. For example, the solvolysis of 1-aryl-1-(trifluo-
romethyl)ethyl tosylates in aq 80% ethanol was excellently
correlated with an r* value of 1.39 and a p value of —6.29.%
This correlation does not show any curvature or break in the
plot, indicating the involvement of no mechanistic change
with a variation of substituents from electron-releasing to
electron-withdrawing, in contrast to a simple o* correlation.
Thus, the conclusion from analysis of the solvolysis of de-
activated benzylic substrates by Eq. 1 apparently disagrees
with that from the simple o*-analysis.

The thermodynamic stabilities of carbocations can be
determined by measuring the equilibrium constants of
ion—molecule reactions in the gas phase,'®~'> which are free
from mechanistic complexities. Such gaseous thermody-
namic data of carbocations would therefore provide impor-
tant information concerning the inherent nature of carbo-
cations which correspond to the intermediate and transition
state of the k. ionization process of the solvolysis.'*='® It
is instructive to study substituent effects on the stability of
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highly electron-deficient benzylic cations in the gas phase
in order to clarify the nature of the substituent effects for
the k. ionization process. This would provide decisive evi-
dence as to whether our analysis of the substituent effect
based on Eq. 1 properly describes the reaction mechanism
of the solvolysis of highly deactivated benzylic substrates.
In this paper we report on the substituent effect of the gas-
phase stability of 1-phenyl-1-(trifluoromethyl)ethyl cation
as an example of a highly electron-deficient benzylic cation
system.

Results and Discussion

The gas-phase stabilities of the 1-aryl-1-(trifluoromethyl)-
ethyl cations were determined by measuring the equilibrium
constants for the proton-transfer reaction of 1-aryl-1- (trifluo-
romethyl)ethylenes with reference bases of known basicity
(Eq. 2). Measurements of the equilibrium constants were
performed on a pulsed ion cyclotron resonance mass spec-
trometer built in our laboratory' and on an Extrel FTMS
2001. The standard free-energy changes for the respective
equilibria are given in Table 1. The uncertainty in most of the
AG? values reported was estimated to be + 0.2 kcal mol ™.
For some derivatives with electron-withdrawing substituents,
particularly the 3,5-F, derivative, which had a very low ba-
sicity, the reliability of the data may be low, because the
gas-phase basicity (GB) values of the reference compounds
are not established well.'> The GB of the m-CF; derivative
could not be determined, because the amount of its conjugate
acid ion generated under the present conditions was too small
to be accurately measured. Accordingly, we also measured
the equilibrium constants for chloride-ion transfer reactions
(Eq. 3) of the 1-aryl-1-(trifluoromethyl)ethyl chlorides, which
gave the corresponding carbocations by electron-impact ion-
ization. The chloride-transfer equilibrium method may have
an advantage in that the position of the positive charge in
the molecule is well defined in contrast with protonation of
an olefin, where protonation occurs at the most basic site in
the molecule.'"*?% The relative chloride ion affinity (CIA)
values are given in Table 2.
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The GB of the unsubstituted 1-phenyl-1-(trifluoromethyl)-
ethylene was found to be 3.5 kcal mol~! lower than that of
isobutene to give #-butyl cation by the addition of a proton,
indicating that 1-phenyl-1-(trifluoromethyl)ethyl cation is
less stable than z-butyl cation. This difference in the GB
value is in good agreement with the value of the standard free-
energy change of the chloride transfer equilibrium between
1-phenyl-1-(trifluoromethyl)ethyl chloride and #-butyl cation
(Eq. 3). Recently, we found a good linear relationship with
a slope of unity between the relative chloride ion affinity

Table 1.

1-Aryl-1-(trifluoromethyl)ethyl Cations

Standard Free Energy Changes of Proton-Transfer

Equilibria and Selected GB Values of 1-Aryl-1-(trifluo-
romethyl) ethylenes

Subst. Reference base  [GB]® —AG°® GBY

p-MeO i-Pr,O0 [197.6] —0.2 1974
i-PrC,0 [196.0] 1.5
3-Cl-4-MeQ? [194.3] 3
3-F-4-MeO? [194.3] 3

p-MeS i-Pr,0 [197.6] —0.6 196.8
cyclo-PrCOCH;  [196.3] 0.5
Bu,CO [1959] 0.5
i-Pr,CO [196.11 0.6
Pr,CO [195.1] 14
3-Cl-4-MeS? [1942] 2.6

3-Cl-4-MeO  p-MeO? [197.4] -3 194.3
Pr,CO [195.1] —0.8
cyclo-Hexanone [194.0] 0.3
Pr,O [1939] 0.3

3-F-4-MeO  p-MeO? [197.4] -3 194.3
p-MeS? [196.8] —2.6
Pr,CO [195.1] —0.8
cyclo-Hexanone [194.0] 0.4
Pr,O [193.9]1 04

3-Cl-4-MeS  cyclo-Hexanone [194.0] 0.2 194.2
Pr,0 [193.9] 04

p-Me i-PrCN [185.7] 3.0 188.5
Acetone [1879] 04

p-t-Bu cyclo-Pentanone  [190.5] —0.4 190.1
THF [190.4] —0.2
MeOAc [189.2] 1.0

3,4-Me; EtCOMe [190.7] —0.1 190.6
cyclo-pentanone  [190.5] 0.0
THF [190.4] 0.3

3,5-Me, Acetone [187.9] —0.2 187.9
Isobutene [186.4] 1.8
i-PrCN [185.7] 2.2

m-Me Dioxane [185.1] —0.2 185.0
PrCN [184.8] 0.3

3-Cl-4-Me i-PrCHO [184.0] 0.3 183.7
EtCN [183.6] 0.3
PrCHO [183.01 0.7
PrOH [182.0] 1.8

H BuOH [182.5] 0.3 182.9
PrOH [182.0] 1.0
EtOH [179.8] 3.0

p-F EtCN [183.6] —0.4 183.2
PrCHO [183.0] 0.2
BuOH [182.5] 0.6
PrOH [182.01 14

p-Cl EtCN [183.6] —0.5 183.2
PrCHO [183.0] 0.2
PrOH [182.0] 1.3

m-Cl MeOH [174.1] 4.0 178.0
CF;COzEt [176.8] 1.5
CsFsN [177.11 0.7

m-F MeOH [174.1] 3.6 177.9
CF;CO,Pr [177.9] 04
CF;CO,Bu [178.01 0.0

3,5-F; CF;CO;Me [171.01 24 174.24+0.9
CH;NO, [171.7] 2.0
MeOH [174.1] 1.5

All values in kcalmol~!, 1 cal=4.184 J. a) Reference bases used
(and their GB values). Ref. 12 and private communication from
R. W. Taft. These GB values were anchored by NH3=195.6
kcalmol—!. b) Directly measured for the proton transfer equi-
librium at 343 K between a given and a standard base, ArC-
(CF3)=CH, +Bo,H* = ArC*(CF3)CH3 +B,. A positive sign of
—AG® means that the given base is stronger than the reference
base, in kcalmol=! ¢) Selected GB values. d) Subsitutent of
a-trifluoromethylstyrenes.
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Table 2. Standard Free Energy Changes of Chloride-Transfer Equilibria®

R* R,*? [ACIA® —AG®? —OAG®?

C¢HsC*(CF3)CH; m-ClCsH4CH,* [4.3] 04 ~3.9(0.0)
m-FCsHsCH,* [5.01 1.2

m-FCsH4C*(CF3)CHs m-CNCgH4CH,* [9.0] —02 —9.1(-5.2)
p-CNC(,H4CH2+ [93] 02

m-CF3C¢H4C* (CF3)CH; m-FCsH4C*(CF3)CH; 9.1] -0.8 —10.1(-6.2)
p-CNC¢H4CH,* [9.3] -09

3,5-F,CsH3C*(CF3)CH; 3,5-(CF3),CsH3CH; [13.4] 1.4 —12.1(-8.2)
m-ClCsHsC* (H)CF3 [11.4] -0.7

a) All values in kcalmol~!. b) Reference carbocations.

c) Chloride affinity values of reference carbocations relative to ¢-buty! cation,

in keal mol —!. Taken from Ref. 18. d) Directly measured free energy change for the chloride-transfer equilibrium between a given and

a reference cation. ArC(CF3)(Me)Cl+Ro* &2 ArC*(CF3)CH3+RoCl.
f) Selected chloride affinity values relative to ¢-butyl cation. Values in parentheses are relative

lower affinity than the reference cation.
to the unsubstituted 1-phenyl-1-(trifluoromethyl)ethyl cation.
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Fig. 1. Plot of gas-phase stabilities of 1-aryl-1-(trifluoro-

methyl)ethyl cations against the corresponding a-cumyl

cations: Open circles; para s-donor substituents, closed
circles; meta substituents.

values of carbocations and the gas-phase basicities of the
corresponding olefins, which lead to the same carbocations
by the addition of a proton.'® It seems reasonable that both
the relative chloride ion affinities and the gas-phase basicities
should be combined to give a single scale of stabilities of the
1-aryl-1-(trifluoromethyl)ethyl cations, so that the variation
of the substituents covers a sufficient range for a correlation
analysis of the substituent effects. Thus, we have constructed
a scale of relative stabilities of 1-aryl-1-(trifluoromethyl)eth-
yl cations which covers a range of over 23 kcal mol~! from
p-MeO to 3,5-F, derivatives. The relative stabilities of the
1-aryl- 1-(trifluoromethyl)ethy] cations are summarized in
Table 3 together with those of the a-cumyl cations.
Substituent Effects. A plot of the relative stabilities
of the 1-aryl-1-(trifluoromethyl)ethyl cations against those

e) A positive sign of —AG® means that the given cation is of

Table 3. Relative Gas Phase Stabilities of Carbocations®

—~8AG°/kcal mol™!

Subst. Me, CFY Me, Me®
p-MeO 14.5 10.5
3-Cl-4-MeO 114 6.7
3-F-4-MeO 114 6.7
p-MeS 13.9 10.0
3-Cl-4-MeS 112 6.2
p-t-Bu 7.2 5.8
3,4-Me, 7.7 6.1
p-Me 5.6 4.1
3-Cl-4-Me 0.8 -0.7
m-Me 2.1 1.8
3,5-Me;, 5.0 3.5
p-F 0.3 —0.1
p-Cl 0.3 —0.4
m-Cl —49 —4.7
m-F —5.19 -5.1
m-CF3 —6.29 —6.3
3,5-F, —8.5% -85
H 0.0 0.0

(=3.5)P 12.7 )P

(=392 (12.1 )@

a) A positive value means a more stable carbocation. b) 1-
Aryl-1-(trifluoromethyl)ethyl cations. c¢) 1-Aryl-1-methylethyl
cations. AGB values of a-methylstyrenes, Ref. 15. d) Average
value of ACIA and AGB. ¢) ACIA value. f) GB values of the
corresponding olefins relative to that of isobutene. g) CIA value
relative to r-butyl cation.

of the corresponding a-cumyl cations is shown in Fig. 1.
This plot of the 6 AG® arc+(cEs)ch; VS. O AG® arc+(CHg), COITE-
sponds to a o*-plot in the gas phase, because the substituent
effect on the gas-phase basicity of the a-methylstyrenes,
which can be related to the relative stabilities of the a-cumyl
cations formed, is excellently described by the ordinary set
of o™ values in solution.'” Figure 1 clearly shows that there
exists no simple linear relationship between these two quan-
tities for the whole set of substituents, suggesting that there
is no common set of ¢* substituent constants for the sub-
stituent effects on the gas-phase carbocation stabilities. A
closer inspection of this figure indicates that while meta sub-
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Fig. 2. Hammlet plots of intrinsic stabilities of 1-aryl-1-(tri-

fluoromethyl)ethyl cations against: o (open circles), ¢°
(closed circles), and ¢ with r=1.41 (squares).

stituents provide an excellent linear relationship with a slope
of 1.05, all para sr-donor substituents show systematic posi-
tive deviations from the meta-line, i.e., the stronger para -
donor substituents cause a greater stabilization in the 1-phen-
yl-1-(trifluoromethyl)ethyl cation. This is indicative of an
exalted resonance effect of such substituents in the 1-phen-
yl-1-(trifluoromethyl)ethyl cation compared with that in the
a-cumyl cation. The deviations of the para s-donors are
indeed related to the resonance substituent parameter, AGg
(=0*—0"), as shown by an analysis based on the following
equation, which gives a correlation coefficient of 0.998 and
a standard deviation of +0.46 (n=18):

— 8AG3crcrycn,; = 1.05(— 8AGacrcry,) — 5.2TATR +0.2. (4)

This correlation also tells us that the Y-T equation (Eq. 1) is
applicable to an analysis of this substituent effect, since Eq. 4

1-Aryl-1-(trifluoromethyl)ethyl Cations

is equivalent in form to Eq. 1, in so far as — AG® arc+(CHa),
is described by o* (=1.000°+1.00ATg)."”

—SAG° =p'(6° +r'AGY) 5)

In fact, the application of Eq. 5 to the stabilities of the 1-aryl-
1-(trifluoromethyl)ethyl cations gave a p’ of —13.7 and r*
of 1.41 with a correlation coefficient of 0.998 and a standard
deviation of 0.4 kcalmol~! (Fig. 2). The p’ value is sim-
ilar to that observed for the relevant benzylic carbocations
in spite of differences in the stabilities of the parent carbo-
cations (ring-substituent=H). In contrast with the p’ value,
the r* value of 1.41, higher than that of unity for the a-cumyl
cation, clearly indicates that the resonance effects of the para
m-donors are exalted in the 1-phenyl-1-(trifluoromethyl)eth-
yl cation system compared with those in the a-cumyl cation.
The magnitude of the r* value of 1.41 also appears to fit the
trend observed for other benzylic carbocation systems, indi-
cating that the less stable carbocations intrinsically have the
greater resonance demand (Table 4). This reveals that the
resonance demand parameter is a function of the structure
of a carbocation, itself,''*?" and that 1-phenyl-1-(trifluoro-
methyl)ethyl cation is characterized by an r* value of 1.41,
which is merely a unique point within a continuous spectrum
of resonance demands of benzylic carbocations. The depen-
dence of the r* value on the stability of the parent carbocation
may be interpreted as follows. The s-interaction between
the vacant p-orbital of a carbocation and the sr-orbital of
the benzene ring would be stronger in a highly electron-
deficient carbocation system with an electron-withdrawing
group at the cation site than that in a relatively stable carbo-
cation, such as a-cumyl cation. This makes the Ph—C* bond
shorten, i.e., increase the double-bond character, and results
in a large decrease in the electron density at the para position
of the benzene ring. Such a molecular structure enhances the
JT-interaction between the para sr-donor substituents and the
positive charge. As a result, exalted r* values are observed
for the electron-deficient carbocation system. Recently, we
in fact found that the empirical r* values are linearly related
to theoretical resonance indices, such as bond length, bond

Table 4. Results of Subsituent Effect Analysis by Eq. 1 for the Gas-phase Stability of Benzylic Cations and for the

Solvolysis of Corresponding Substrates

+ _R! Gas-phase Solvolysis
X ~R2 AGHY stability reactivity
R! R? kcal mol ! 0 O r p rt
CF; Me 16.2 —13.7 (—10.0) 141 —6.29° 1.399
H H 12.2 —14.0 (—10.3)° 1.299 —5.239 1.28D
H Me 4.9 —13.8 (-10.1)9 1.149 —5.459 1.159
Me Me 0.0 —13.0 (=9.5) 1.00 —4.59M 1.00"

a) In kcalmol~!.

Relative stabilities of respective parent carbocations estimated from proton-transfer or chloride-transfer

equilibria, see also Ref. 18. A positive value indicates a lower stability. b) Values in parentheses are obtained by multiplying
the p’ of gas-phase stability by the factor 1000/2.303RT, i.e., log K/K- o~ ' unit c) Ref. 18. d) Ref. 17. ) Tosylates in 80%
aq ethanol at 25 °C, Ref. 8. f) Tosylates in 80% aq aceton at 25 °C, Ref. 24. g) Chlorides in 80% aq acetone, Ref. 7b and
M. Fujio, T. Adachi, Y. Shibuya, A. Murata, and Y. Tsuno, Tetrahedron Lett., 25, 4557 (1984). p value corrected to 25 °C.
h) Chlorides in 90% aq acetone at 25 °C, H. C. Brown and Y. Okamoto, J. Am. Chem. Soc., 79, 1944 (1957); J. Am. Chem.
Soc., 80,4979 (1958); L. M. Stock and H. C. Brown, Adv. Phys. Org. Chem., 1, 35 (1963).
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Fig. 3.
1-aryl-1-(trifluoromethyl)ethyl cations.

order, and population based on ab initio MO calculations.*”
Thus, the variation in the * value with the system is consis-
tent with the concept of resonance theory, supporting the idea
that the r* value is a good parameter for indicating the degree
of the resonance interaction between the benzylic vacant p-
orbital and the benzene sz-system.

Comparison with Substituent Effects in Solution. We
can now compare the present results with those of the sub-
stituent effects on the Sy1 solvolysis of 1-aryl-1-(trifluoro-
methyl)ethyl tosylates to give the same carbocation interme-
diates as formed in the gas phase (Eq. 6). Figure 3 shows a
plot of the logarithms of the rate constants for this solvoly-
sis in 80% aq ethanol® against the corresponding values of
the equilibrium constants for the proton- or chloride-transfer
equilibria in the gas phase. At first glance a linear rela-
tionship between the two quantities is less than excellent.
However, excluding polarizable substituents and the p-fluo-
ro group, it improves the linearity significantly, so there is no
observable trend in the data, such as a curvature or change
in the slope along with a variation of substituents from elec-
tron-releasing to electron-withdrawing. This suggests that
both substituent effects are correlated with a common set of
substituent constants.

CF3
I slow +_CHg fast
Ph—C'7~OTs Ph—C CF. T Product
3
CHg

(6)
Substituents excluded from the correlation in Fig. 3 show
similar deviations when the substituent effects in the solu-
tion are compared with those in the gas phase, suggesting
that it may be necessary to use a different set of substituent
constants for these substituents in the gas phase.'” In fact,
substituent constants, which are modified slightly from the
standard values determined in solution, were used for these
substituents in the gas-phase.”® The negative deviations of
p-t-Bu, 3,4-Me,, 3,5-Me;, and m-Me groups are presumably
due to a polarizability effect because their stabilization of

Comparison of substituent effects between solvolysis of 1-aryl-1-(trifluoromethyl)ethyl tosylates and gas-phase stabilities of

the positive charge of a cation is only effective in the gas
phase.” A small deviation of 3-Cl-4-SMe may be attributed
to the same cause. Although the cause of the positive de-
viation of the p-fluoro group is not yet clear, this trend is
commonly observed in comparisons of the substituent ef-
fects between the gas- and solution-phases.”>™'® There is
generally no difficulty in comparing the correlation results
of solvolyses with those of the gas-phase carbocation sta-
bilities based on the substituent constants in the gas phase,
because the substituent constant values are normally appli-
cable to both solution- and gas-phase substituent effects with
only a few exceptions.

Indeed, the Y-T analysis of the solvolysis data of 28 sub-
stituted 1-aryl-1-(trifluoromethyl)ethyl tosylates gave an r*
value of 1.39,® which, surprisingly, is identical with that ob-
served for the carbocation stabilities in the gas phase. In
addition, there is no break in this correlation, as shown in
Fig. 3. If a mechanistic change occurs along with a change
in the substituent, the Y-T correlation with a proper r* value
does indeed show a smooth curvature with changing polarity
of the substituents, as observed for substituent effects upon
the solvolysis of primary benzyl tosylates.?® This is also con-
sistent with the result from the graphical analysis mentioned
above.

Such an identity of the r* value has generally been ob-
served for other benzylic carbocation systems."!>~'82D This
agreement suggests that the degree of sz-delocalization of
the positive charge into the substituted phenyl ring relative
to charge-delocalization by the inductive/field effect will re-
main essentially the same in the gas phase as in the solution.
The solvation of a cation reduces the central charge to lower
the response to substituent perturbation, essentially without
changing the nature of the intramolecular charge-delocaliza-
tion. Furthermore, this fact suggests that the charge-delo-
calization in the transition state of the Sy1 solvolysis should
also be quite close to that of the carbocation intermediate.
Accordingly, the enhanced r* value of 1.39 obtained for the
solvolysis of 1-aryl-1-(trifluoromethyl)ethyl tosylates must
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1-Aryl-1-(trifluoromethyl)ethyl Cations

Table 5. Physical Data of 1-Aryl-1-(trifluoromethyl) ethylenes and 1-Aryl-1-(trifluoromethyl)ethyl Chlorides

Subst. Bp (mmHg) Carbon (%) Hydrogen (%)
°C Found Caled Found Calcd
a-Trifluoromethylstyrenes
p-MeO 102—102 24) 59.13 59.41 4.47 4.49
p-MeS 133—134 24) 54.75 55.04 4.14 4.16
3-F-4-MeO 113—114 (25) 54.35 54.55 3.65 3.66
3-Cl-4-MeO 136—137 24) 50.66 50.76 347 341
3-Cl-4-MeS a) 47.51 47.53 3.25 3.19
3-Cl-4-Me 140—142 (80) 54.34 54.44 3.63 3.65
3,4-Me; 105—108 42) 65.90 65.99 5.51 5.54
3,5-Me; a) 65.75 65.99 5.66 5.54
m-Me 158—162 (760) 64.41 64.51 491 4.87
H 138—143” (760) 62.90 62.79 4,00 4.10
p-F 145—148 (760) 56.60 56.85 3.05 3.18
p-Cl 165—170 (760) 52.18 52.32 2.96 2.93
m-F 142—142° (760) 56.82 56.85 3.20 3.18
m-CF; 153—156 (760) 49.71 50.01 2.48 2.52
3,5-F> 143—145 (760) 51.87 51.94 2.37 242
1-Aryl-1-(trifluoromethyl)ethyl chlorides
H 83 21 51.75 51.82 3.87 3.87
m-F a) 47.87 47.71 3.16 3.11
m-CF; a) 43.26 43.42 2.64 2.55
3,5-F, 7576 (28) 44.36 44.20 2.55 247

a) Purifield by GLC. b) Lit,?® 148—151°C. c¢) Lit,?® 157—158 °C.

reflect the intrinsic resonance demand characteristic of the
parent 1-phenyl-1-(trifiuoromethyl)ethyl cation, itself. The
p value of this solvolysis given by the Y-T analysis is as
large as that of the solvolysis of the a-cumyl and 1-phenyl-
ethyl halides in contrast with the remarkably large p* values
given by the o* plot. This indicates that the large p* values
observed for highly deactivated substrates, which were em-
phasized as an inherent feature of such substrates, must be
an artifact arising from an improper o* analysis. The break
in the correlation observed in the simple o* -plot, which im-
plies a mechanistic shift with the change of substituents, is
also an artifact. In conclusion, the present results are strong
evidence for the validity of the Y~T analysis of the solvolysis
of 1-aryl-1-(trifluoromethyl)ethyl tosylates, and indicate that
the enhanced resonance demand is an essential feature of the
electron-deficient benzylic carbocation system.

Acid-catalyzed hydration of a carbon—carbon double bond
is an alternative route to generate a carbocation intermediate
in solution. Itis therefore of interest to compare the gas-phase
substituent effect with that of the acid-catalyzed hydration of
1-aryl-1-(trifluoromethyl) ethylenes, since protonation on the
double bond to give 1-phenyl-1-(trifluoromethyl)ethyl cation
is assumed to be a rate-determining step of this reaction
(Eq. 7).

CFy
1 , Slow + __CHg fast

Ph=C=CH; + H" ——m Ph—CZC ——» Product
CF3 +H0

@)

The application of Eq. 1 to available data of hydration
of thel-aryl-1-(trifluoromethyl) ethylenes in acetic acid—wa-
ter—sulfuric acid at H,=—7.50* gives an r* of 1.15 and a

p of —4.77. The p value is somewhat smaller than that of
the solvolysis of 1-phenyl-1-(trifluoromethyl) ethylenes to-
sylates, but is still as large as that of ordinary benzylic Sy1
solvolysis. This p value therefore seems to be consistent
with the currently accepted mechanism of a rate-determining
formation of 1-phenyl-1-(trifluoromethyl) ethylenes cation.
In contrast to the p value, the r* of 1.15 for the hydration is
noticeably smaller than that of the corresponding cation in
the gas phase and of the solvolysis. Although the data used
for this correlation involve only five substituents, the small
r* value seems unlikely to be a correlational artifact, because
a similar reduction of the r* values is generally observed for
the acid-catalyzed hydration of styrenes, a-methylstyrenes,
and phenylacetylenes.'® One may expect that the external
stabilization of the transition state by solvation decreases the
r* values as well as the p value. As discussed above, the
solvation of a cation reduces the central charge and lowers
the response to substituent perturbation, apparently without
changing the nature of the intramolecular charge-delocaliza-
tion. Accordingly, the disagreement of the r* value between
the hydration rates and the gas-phase carbocation stabilities
or solvolysis rates suggests that the structure of the transition
state of the acid-catalyzed hydration is appreciably different
from the corresponding stable cationoid intermediates or Sy1
transition state with respect to sz-delocalization of the posi-
tive charge at the reaction center. For further understanding
of the nature of the transition state of the hydration reaction
theoretical calculations may be helpful.?”

Experimental

Materials. Substituted 1-aryl-1-(trifluoromethyl) ethylene
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were prepared by heating the corresponding alcohols with P,Os
at atmospheric pressure, as described.”® Most of the 2-aryl-1,1,
1-trifluoropropan-2-ols were available from our previous studies.®
Several alcohols were prepared from @, @, a-trifluoroacetophenones
by the addition of methylmagesium iodide, and were characterized
as follows: 2-(3,5-Difluorophenyl)-1,1,1-trifluropropan-2-ol; bp
135—137 °C/104 mmHg (1 mmHg=133.322 Pa). 2-(3-Chloro-4-
methylphenyl)-1,1,1-trifluoropropan-2-ol; bp 145°C/21 mmHg. 2-
Aryl-2-chloro-1,1,1-trifluoropropanes were prepared from the cor-
responding alcohols by heating with PCls. The physical properties
of the styrenes and chlorides are summarized in Table 5. All of
the samples were purified by distillation or GLC just before use,
and were checked for purity based on their ICR mass spectra. Each
sample was subjected to several freeze-pump-throw cycles on the
ICR inlet system to remove entrapped volatile impurities.

Measurements. The equilibrium constant measurements of a
proton-transfer reaction (Eq. 8) and a chloride-ion transfer (Eq. 9)
were performed on a homemade pulsed ion cyclotron resonance
mass spectrometer equipped with a capacitance bridge detector™
and on an Extrel FTMS 2001 spectrometer with a modified inlet
system. The details concerning the experimental techniques used
for the measurements of the equilibrium constants (K) are described
elsewhere:'?

B+B.,H' @BH" +B, ®)

R-Cl+R." @R"+R,—Cl )

K = [Bo/B]-[BH"/BoH'] or [Ro—CI/R-CI]-[R*/R.*]  (10)
AG° =RTInK. an

The equilibrium constants is expressed by Eq. 10, where B refers to
a given substituted a-trifluoromethylstyrene and B, is a reference
base. R—Cl and R,—Cl are a given substituted 2-chloro-2-phenyl-
1,1,1-trifluoropropane and a reference alkyl chloride, respectively.
All of the measurements were performed at 1.3 T magnetic-field
strength, or 3 T on an Extrel FTMS 2001. The pressures of the
neutral reactants were measured by means of a Bayard—Alpert type
ionization gauge with appropriate correction factors being applied to
correct the gauge reading for the different ionization cross-sections
of the various compounds.’**" The overall pressures of the reagents
were maintained at 1 to 3x 10™* Pa by controlled rates through leak
valves (Anelva) from a parallel inlet manifold into the vacuum
chamber. After a reaction period of 1 to 3 s, depending upon the
reactant, the equilibrium was attained and the relative abundances
of the ions were measured by the signal intensities of the ICR
spectra. Each experiment was performed at several ratios of the
partial pressures and at different overall pressures. The arithmetic
means of the values of K were used to calculate AG® at 343 K, the
average uncertainty being #0.2 kcalmol™' in most of these cases.
More than two reference compounds were used to ensure the internal
consistency of the data. The GB values for the reference compounds
were taken from the literature.'” The chloride ion affinities of the
reference cations were previously determined in our laboratory.'®)

The authors gratefully acknowledge support for this re-
search by a Grant-in-Aid for Scientific Research from the
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