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Solvolyses of a-methoxy-a-(trifluoromethyl)phenylacetyl chloride in H2O, D2O, CH3OD, 50% D2O-CH3OD, 
and in aqueous binary mixtures of acetone, dioxane, ethanol and methanol are investigated at 25.0 oC. The 
Grunwald-Winstein plots of first-order rate constants for a-methoxy-a-(trifluoromethyl)phenylacetyl chloride 
with Yci show a dispersion phenomenon. Solvent nucleophilicity N has been shown to give considerable im
provement when it is added as an lN term to the original Grunwald-Winstein for the solvolyses of a-methoxy- 
a-(trifluoromethyl)phenylacetyl chloride. The dispersions in the Grunwald-Winstein correlations in the present 
studies are caused by solvent nucleophilicity. The magnitude of l and m values associated with a change of sol
vent composition predicts the associative SN2 transition state. The kinetic solvent isotope effects determined in 
deuterated water and methanol are consistent with the proposed mechanism of the general base catalyzed as
sociative Sn2 or SaN mechanism for the of a-methoxy-a-(trifluoromethyl)phenylacetyl chloride.

Introduction

The mechanism of nucleophilic substitution reaction of aroyl 
halides has been investigated intensively for many years 
experimentally1 and theoretically.2 Recent mechanistic work 
on the solvolysis of acyl chlorides in alcohol-water mixtures 
indicated that the reactions proceed by competing mecha
nisms involving two broad channels:3,4 electron donation by 
an aryl group favors a carbocation or an SN2-SN1 process 
whereas electron withdrawal favours a general base cataly
sed process having a lower sensitivity to changes in solvent 
ionizing power. Lee et al.,5 investigated the mechanism of 
the reactions of benzoyl fluorides and chlorides with anilines 
in methanol and acetonitrile. The results of all these works 
are reported to be consistent with a concerted displacement 
mechanism. Nucleophilic substitution reactions of furoyl chlo
ride and thenoyl chloride were reported to proceed via differ
ent reaction mechanisms, the former by an addition-elimination 
and the latter by an SN2 mechanism based on a product-rate 
study.6,7 And also, nucleophilic substitution of para-substi
tuted phenyl chloroformates has been reported to react via 
SN2 like SAN reaction mechanism based on kinetic solvent 
isotope effects (KSIE), quantum mechanical (QM) model and 
product study.8

In order to see the effects of highly electron deficient car
bonyl center on the mechanism of solvolytic reactions, we 
chose a-methoxy-a-(trifluoromethyl) phenylacetyl chloride 
(I, PAC) in this work.

Competing nucleophilic substitution reactions in alcohol- 
water mixtures are interpreted in terms of product selectivi- 
ties, S, defined from molar ratios of products and of solvents 
[Eq. (1)]. If these reactions simply involve competitive 
attack upon the substrate by either water or alcohol, S values 
would be independent of solvent composition.9

S = [ester] [water]/[acid] [alcohol] (1)

Dispersion into separate lines in the correlation of the spe
cific rates of solvoysis of a substrate in various binary mix
tures was documented10-14 in early treatments using the 
Grunwald-Winstein Eq. (2).15~17

log(k/ko) = mY + c (2)

In general, dispersion effects in unimolecular solvoyses18,19 
make smaller contribution to the overall linear free energy 
relationship (LFER) than solvent nucleophilicity effects in 
bimolecular solvolyses. It was suggested that a second term 
which is governed by the sensitivity l to solvent nucleophi
licity N, should be added to Eq. (1) for bimolecular solvoly- 
ses.20 The resulting Eq. (3) is often referred to as the extended 
Grunwald-Winstein equation.20

log(kk) = mY + lN (3)

Another possible cause for the scatter could be the differ
ent solvation behavior of the charge that is developing on the 
aromatic substrate from that on the aliphatic standard com
pounds used for the determination of Y or YCl scale.

Kevill et. al. recently suggested21〜24 that, since the disper
sion seems to follow a consistent pattern, it should be possi
ble to develop an aromatic ring parameter (I), which, as 
qualified by the appropriate sensitivity (h), can be added to 
Eqs. (2) or (3) to give Eqs. (4) or (5), respectively.25,26

log(k/ko) = mY + hI + c (4)

log(k/ko) = lN + mY + hI + c (5)

In this work, we determined rate constants and products 
selectivities for solvolysis of PAC in EtOH-H2O, MeOH- 
H2O, Acetone-H2O, and Dioxane-H2O mixtures at 25 oC, and 
transition state variation is discussed by applying the Grun- 
wald-Winstein equation, extended Grunwald-Winstein equa
tion, kinetic solvent isotope effect and selectivity.
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Scheme 1

Result and Discussion

Solvent Effect. Rate constants for solvolysis of a-meth- 
oxy-a-(trifluoromethyl) phenylacetyl chloride (PAC, Scheme 
1) in aqueous binary mixtures of dioxane, acetone, ethanol, 
methanol, and trifluoroethanol (TFE) and TFE-ethanol mix
tures at 25 oC are reported at Tables 1 and 2.

Rate constants increase in the order TFE-H2O < acetone- 
H2O < dioxane-FbO < ethanol-RO < methanol-RO. The rate 
increases slowly as the water content of the mixtures increases, 
and it means that the rate is slightly accelerated by the sol
vent with higher ionizing power, Y, suggesting little bobd- 
breaking in the transition state. The rate decreases remark
ably with the TFE contents in the TFE-EtOH mixtures indi
cating that nucleophilicity decreases with increase in the

Table 1. Rate constants (k, 5-1) solvolyses of a-methoxy-a- 
(trifluoromethyl)phenylacetyl chloride in aqueous binary mixtures 
at 25 oC

Table 2. Rate constants (k, s-1) solvolyses of a-methoxy-a- 
(trifluoromethyl)phenylacetyl chloride in aqueous binary mixture- 
sat 25 oC

v/v%
MeOH EtOH Acetone Dioxane

k X 102
100 1.07 0.157
90 1.84 0.376
80 3.18 0.511 0.199 0.365
70 3.57 0.675 0.339 0.598
60 4.55 0.887 0.572 0.965
50 6.88 1.24 0.777 1.57
40 8.22 2.21 1.52 1.95
30 11.8 4.65 2.89 4.19
20 14.1 6.15 3.84 7.35
10 8.97 12.4 8.22 10.3

H2O 7.23 7.23 7.23 7.23

U/U% k X 104
97TFE - 3H2O 0.0185
90TFE - 10H2O 0.291
70TFE - 30H2O 3.57
50TFE - 50H2O 15.6
80TFE - 20EtOH 0.407
60TFE - 40EtOH 2.06
40TFE - 60EtOH 5.47
20TFE - 80EtOH 10.7

trifluoroethanol contents in the mixture.
Such a phenomenon implies that the solvolysis of PAC 

proceeds by predominantly SN2 or SAN pathway with a tight 
transition state. First-order rate constants for solvolysis of 
PAC vary over seventy nine-fold range in alcohol-water mix
tures, whereas the observed first-order rate constants for ben
zyl halide or thenoyl chloride vary over hundreds or thousands- 
fold range which is known to react via an SN1 or SN1 like- 
Sn2 reaction mechanism.6,27,28 These results indicate that the 
rate determining step is not the bond breaking step as found 
in the reaction of benzyl halide27,28 or thenoyl chloride6 but 
the addition step for the reaction of PAC, since transition 
state is not sensitive to solvent ionizing power. These results 
are very similar to those of solvolytic reaction of p-nitroben- 
zoyl chloride,12a,29 〃-nitrobenzensulfbnyl chloride10,9,30 furoyl 
chloride6 and ary1 chloroformates,8,31 but they are different 
from the results of solvolytic reactions of thenoyl chloride,6 
〃-methoxybenzoyl chloride11,27 and benzyl halides.6,27,28

The Grunwald-Winstein plots of the rates in Table 1 are 
presented in Figure 1 using the solvent ionizing power scale 
Yci, based on 2-adamantyl chloride.32

Examination of Figure 1 shows that the plots for the five 
binary mixtures exhibit dispersion into separate lines. The 
plot for alcohol-water and acetone-water binary mixtures 
shows a very small m value of ca. 0.25, and show very low 
reactivity for TFE-water and TFE-EtOH binary solvent mix
tures. The low reactivity of TFE solvent mixtures shows a 
large deviation from the correlation of Grunwald-Winstein 
plots for aqueous alcohol and acetone. Rate ratios in solvents 
of the same YCl value and different nucleophilicity provide 
measures of the minimum extent of nucleophilic solvent 
assistance (eg., [k40EW/k97TFE〕Y = 119 X 102, EW = ethanol- 
water).33 The low nucleophilicity and high ionizing power of 
the fluorinated alcohol, CF3CH2OH, show large deviations 
from Figure 1. Such a small m value and large value of 
k40EW/k97TFE implies that solvolysis of PAC in the binary

Figure 1. Logarithms of first-order rate constants for solvolyses 
of a-methoxy-a-(trifuoromethyl)phenylacetyl chloride at 25 oC log 
(k/ko) vs. Yci (solvent code: • ; methanol, O ; ethanol, ▼; acetone, ■; 
TFE-H2O).
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Figure 2. Logarithms of first-order rate constants for solvolyses 
of a-methoxy-a-(trifluoromethyl)phenylacetyl chloride at 25 oC 
log(k/ko) vs. Yci (solvent code: ■ ; TFE-EtOH, • ; TFE-H2O).

-3 -2 서 。 1 2
1.87N+0.35Y-KJ.35

Figure 3. Plot of log(k/ko) for a-methoxy-a-(trifluoromethyl) 
phenylacetyl chloride against (1.87N + 0.35Y + 0.35) (r = 0.938) 
(solvent codes: • ; methanol, O ; ethanol, ▲ ; acetone, □ ; TFE- 
EtOH, ■ ; TFE-H2O).

mixtures proceeds by an addition-elimination (SaN) or asso
ciative Sn2 mechanism channel rather than by an Sn1 chan
nel.

The Grunwald-Winstein plots of the rates in Table 2 for 
solvolysis of PAC in TFE-water and TFE-ethanol solvent 
mixtures are presented in Figure 2 using the solvent ionizing 
power scale Yci, based on t-butyl chloride.34 Examination of 
Figure 2 reveals an unusual correlation of substrate reactiv
ity with solvent ionizing power. Reactivity decreases as sol
vent ionizing power of TFE-ethanol mixtures increases, and 
reactivity increases as solvent ionizing power for TFE-water 
mixtures increases.

In spite of the higher ionizing power with increased con
tents of TFE in TFE-ethanol mixtures, low reactivity is an 
indication that bond-formation is important. However, for 
the TFE-water solvent mixtures, slightly increased reactivity 
is obtained as water content increases suggesting little bond
breaking in the transition state. These results imply that sol
volysis of PAC in the binary mixtures proceeds by the addi
tion-elimination (SAN) or associative SN2 mechanism with 
little bond-breaking in the transition state.

The rate data in Table 1 is correlated using the extended 
Grunwald-Winstein equation.20,34 It has been shown that 
inclusion of the nucleophilicity parameter (N) results in con
siderable improvement when it is added as an lN term to the 
original Grunwald-Winstein equation.16 The extended Grun- 
wald-Winstein plots show good correlations (r = 0.938) for 
solvolysis of PAC (Figure 3) indicating an importance of 
solvent nucleophilicity compared to aromatic ring parameter. 
With use of the extended Grunwald-Winstein equation,20,34 
the l and m values are 1.87 and 0.35, respectively in this 
work. The magnitude of l and m values associated with a 
change of solvent composition therefore predicts an associa
tive SN2 or SAN pathway with a relatively tight transition 
state, where bond formation is more progressed than bond 
cleavage of the leaving group. This results implies that nega

tive charge of the carbonyl anion is stabilized by the strong 
electron withdrawing substituents, -CF3 and -OCH3, which 
are located at neighboring position of benzoyl carbonyl group 
in the transition state. Therefore, nucleophilic solvolysis of 
acid halides with strong electron withdrawing substituent at 
a neighboring position of carbonyl group proceeds predomi
nantly by an associative SN2 or SAN reaction mechanism.

Kinetic Solvent Isotope Effects. We have determined 
the kinetic solvent isotope effect (KSIE), ksoH/ksoD, for the 
solvoysis of PAC using deuterated water (D2O), 50% D2O- 
CH3oD, and methanol-d (CH3oD), and the results are pre
sented in Table 3. Bentley reported a small KSIE value for 
the SN2 solvolyses of methyl tosylate and SN1 solvolysis of 
diphenyl chloromethane,35~37 but he also found large l and 
KSIE value for the Sn2(P) solvolysis of (PhO)2POCl.38 Per
haps the small kinetic solvent isotope effects indicate an 
early transition state, and the large kinetic solvent isotope 
effects indicate a late transition state in typical SN2 solvoly- 
ses.37 Therefore, the large KSIE shows importance of bond
formation in the transition state of nucleophilic displacement 
reaction.37 The KSIE is not a criterion of the reaction mecha
nism, but an indication of a degree of bond-formation in the 
transition state. Table 3 reveals that the magnitude of the 
KSIE varies from 2.4 (MeOH) to 5.3 (H2O) at 25 oC. The 
KSIE in water solvent, which has the strongest ionizing 
power, is larger than that of methanol and 50% methanol sol-

Table 3. Rate constant (k, s-1) and kinetic solvent isotope effects 
for solvolyses of a-methoxy-a-(trifluoromethyl)phenyl acetyl 
chloride in methanol, 50% methanol and water at 25 oC

u/u % kSOH x 10-3 kSOD x 10-3 KSIE
Water 72.3 13.6 5.3

CH3OD 10.7 4.42 2.4
50% D2O-CH3OD 68.8 25.9 2.7
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Scheme 2

vents. This implies that bond formation in water has pro
gressed extensively in the transition state. Thus general base 
catalysis is important for the solvolytic reaction of PAC in 
water solvent; especially (Scheme 2).

Product Study. Product selectivities [S, Eq. (1)] for sol
volysis of PAC in aqueous alcohol mixtures at 25 oC are 
reported in Table 4. Table 4 shows that selectivity is 
increased as the water contents of aqueous alcohol mixtures 
increase, indicating that reactivity-selectivity principle (RSP)39 
is not obeyed: S values increase in water-rich media as the 
reactivity increases.14,33,40b,41

In general, selectivity values (S) in water-rich media are 
smaller than highly alcoholic mixture, because the amount 
of ester product by alcohol decreases and one of the acid 
product by water increases as water content of aqueous alco
hol mixtures increases. This S value increase with the increase 
of alcohol content in aqueous alcohol mixtures can be inter
preted to show that in alcohol-rich media alcohol as nucleo
phile. Such a phenomenon reveals that the bond-formation is 
more important than bond-breaking in the transition-state. 
These results of product study are consistent with the results 
of solvent effects and kinetic solvent isotope effect.

Cosolvent Effects. For solvolysis in water-cosolvent 
mixtures, interpretation based on a third order mechanism is 
more complex, but significant new information is available 
because cosolvent is acting as a general base catalyst. Thus, 
there are two possible third-order rate constants in the sol
volysis reaction: (i) kww for a mechanism in which one mole
cule of water acts as a nucleophile and second molecule acts 
as a general base; (ii) kwc in which water acts as a nucleo-

Table 4. Selectivity (S) for solvolyses of a-methoxy-a- (trifluoro- 
methyl)phenylacetyl chloride in methanol-water at 25 oC

"Solvents are % v/v methanol/water; molar conentration of methanol and 
water are calculated by ignoring the small volume of mixing as follows 
([MeOH], [H2이. 10M, 2.47, 49.94; 20M, 4.94, 44.41; 30M, 7.41, 38.85; 
40M, 9.88, 33.31; 50M, 12.35, 27.75; 60M, 14.82, 22.20.

solvents" (Ester/Acid)raw (Ester/Acid)true S

10% MeOH 0.0752 0.0621 1.25
20% MeOH 0.238 0.197 1.77
30% MeOH 0.386 0.319 1.67
40% MeOH 0.506 0.418 1.40
50% MeOH 1.14 0.938 2.10
60% MeOH 1.94 1.61 2.40

phile and cosolvent acts as a general base.31 Therefore, 
observed first-order rate constants in water-cosolvent mix
tures are given by Eq. (6).

kobs = kww [water]2 + kwc [water] [cosolvent]

kobs 」 * [ cosolvent ]
- -—3 = kww + kwc —rwaterl—
[water ] [ water ] (6)

Plots (Figures 4 and 5) of third-order rate constants against 
molar ratios of [cosolvent]/[water] for solvolysis of PAC in 
acetone-water (slope = 0.78) and dioxane-water (slope = 
1.57) mixtures show that the kwc value for the dioxane-water 
solvent mixture is two times greater than that for acetone
water solvent mixtures. This suggests that the role of cosol
vent as a general base catalyst is more important in dioxane 
than in acetone.

Figure 4. Plot of k/[water]2 x 10-5 for a-methoxy-a-(trifluoro- 
methyl)phenylacetyl chloride against [acetone]/[water] (kwc = 0.78).

Figure 5. Plot of k/[water]2 x 10-5 for a-methoxy-a-(trifluoro- 
methyl)phenylacetyl chloride against [dioxane]/[water] (kwc = 1.57).
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Scheme 3

General base catalysis by cosolvent is not favoured in the 
mixture with a stronger hydrogen-bond acceptor cosolvent 
[acetone (月 = 0.48) > dioxane (月 = 0.37)].42 This result 아lows 
that the hydrogen bond between cosolvent and water is 
stronger in acetone-water mixture than that in dioxane-water 
mixture in ground state. Therefore, general base catalytic 
ability is decreased in solvent with higher hydrogen-bond 
accepter basicity.

Experimental Section

Methanol, ethanol, acetone, and dioxane were Merck GR 
grade (< 0.1% H2O), and D2O and CH3OD were from Ald
rich (99.9% D). Distilled water was redistilled with Buchi 
Fontavapor 210 and treated using ELGA UHQ PS to obtain 
specific conductivity of less than 1 x 10-6 mhos/cm. a-Meth- 
oxy-a-(trifluoromethyl)phenylacetyl chloride (PAC) was Ald
rich GR grade (> 99%). The rate were measured conducto
metrically at 25(士 0.03) oC at least in duplicate as described 
previously,40 with substrate concentrations of substrate ca. 
10-3 M. The solvolysis products, ester and acid, were deter
mined by HPLC analysis described previously,30 and the 
product selectivity (S) were calculated from Eq. (5). The S 
values calculated from the observed peak area ratios of ester 
and acid gave Sraw values, which were divided by a response 
factor [(methyl ester/acid) =1.21] to afford at true S values. 
Eluent solvent used was 68% methanol-water mixture and 
flow rate adjusted to 1mL/min. The HPLC system used was 
Hewlett-Packard 1050 Series with 125 x 4 mm Spherisorb 
ODS reversed phase column, and wave length of UV detec
tor is fixed to 256 nm.
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