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Limitations of the Transition State Variation Model. Part 8. Dual Reaction 
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Solvolyses of 3,4-dimethoxybenzenesulfonyl chloride (DSC) in water, DzO, CH3OD, and in aqueous binary 
mixtures of acetone, acetonitrile, 1,4-dioxane, ethanol, methanol, and 2,2,2-trifluoroethanol (TFE) have been 
investigated at 25.0 °C. Kinetic solvent isotope effects (KSIE) in water and in methanol and product 
selectivities in alcohol-water mixtures are also reported. The Grunwald-Winstein plot of first-order rate 
constants for the solvolyic reaction ofDSC with Yqi shows marked dispersions into separated lines for various 
aqueous mixtures. With use of the extended Grunwald-Winstein equation, the I and m values obtained are L12 
and 0.58 respectively for the solvolyses of DSC, The relatively large magnitude of I is consistent with 
substantial nucleophilic solvent assistance. From Grunwald-Winstein plots the rate data are dissected 
approximately into contributions from two competing reaction channels. This interpretation is supported for 
alcohol-water mixtures by the trends of product selectivities, which show a maximum for ethanol-water 
mixtures. From the KSIE of 1.45 in methanol, it is proposed that the reaction channel favored in methanol
water mixtures and in all less polar media is general-base catalysed and/or is possibly (but less likely) an 
addition-elimination pathway. Also, the KISE value of L35 for DSC in water is expected for Sn2-Sn1 
processes, with minimal general base catalysis, and this mechanism is proposed for solvolyses in the most polar 
media.
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Introduction

Sulfonyl halides are known to be solvolyzed through a 
borderline mechanism1 as in the solvolysis of benzyl chlo
ride? There have been, however, much dispute over the 
mechanism as to whether it is an Sn23 or an SaN4 process, 
the former being preferred lately A particularly important 
system which contains tetracoordinate sulfur is ArSCbCl; 
sulfonyl chlorides are important reagents in organic syn
thesis and substitution reactions of these compounds bridge 
inorganic and organic chemistry.

Solvent effects and linear free energy relationships in the 
solvolyses of sulfonyl halides,23 especially substituted ben
zenesulfonyl chlorides, have received much attention,3 but 
little work has been done on the solvent stoichiometric effect 
on alcohol-water mixed solvents, especially for the solvo
lyses of electron rich substituted aromatic sulfonyl chlorides.

Dispersion into separated lines in the correlation of the 
specific rates of solvolysis of substrates in various binary 
mixtures was documented6-10 in early treatments using the 
Grunwald-Winstein eq. (1)J1-14?17

lo^k/ko) = mY+c (1)

In general, dispersion effects in unimolecular solvolysis16 
make smaller contributions to the overal linear free energy 
relationship (LFER) than solvent nucleophilicity effects in 
bimolecular solvolysis.이& It was suggested that a second 
term which is governed by the sensitivity I to solvent 
nucleophilicity^ should be added to Eq. (1) for bimolecular 
solvolysis?8 The resulting Eq. (2) is often referred to as the 
extended Grunwald-Winstein eqation?8

log(A/fe) = mY+ IN+c (2)

Solvolytic reactions in alcohol-water mixtures lead to 
alcohol and ether products from which selectivities can be 
calculated using Eq. (3)尸⑵

S = [ether product]/[alcohol product]
x [water]/[alcohol solvent] (3)

In this work, we determined rate con마ants for solvolyses 
of of 3 ?4-dimethoxybenzenesulfdnyl chloride (DSC) in 
aqueous binary solvents of acetone, ethanol, methanol, 
methanol-d and pure water at various temperatures. Transi
tion state variation is also discussed by applying the 
Gnmwald-Win마ein equation, extended Grunwald-Winstein 
equation, Kinetic solvent isotope effects (KSIE) and acti-
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Table 1. Rate constant (A/或)for solvolysis of 3,4-Dimethoxybenzenesulfony 1 chloride in binary solvent mixture at 25 °C"

solvent _
composition

rate constant (A/s-1)
methanol-water ethanol-water acetone-water

100 (1.44 ±0.01)，: 1(尸 (2.99 士 0.28) 1(尸 -
90 (3.34±0.09广 IO"* (8.72 士 0.20) 1(尸 -
80 (5.97±0.00广 IO"* (1.51 ±0.01 广 1(尸 (1.63 ± 0.22)1(尸
70 (9.86±0.04) x IO"* (2.28 士 0.02)，: 1(尸 (3.61 ±0.15广 10~5
60 (1.51 ±0.01 广 1(尸 (3.43 ±0.13) 1(尸 (8.69 ±0.08 广 10~5
50 (2.24 ±0.01 广 1(尸 (5.65 士 0.06) 1(尸 (1.98 ±0.02) X 1(尸
40 (3.12 ±0.01 广 1(尸 (1.03 ±0.00广 1(尸 (4.28 ±0.10 广 1(尸
30 (4.17 ±0.01) 1(尸 (2.12 士 0.00) 1(尸 (9.40 ±0.00 广 1(尸
20 (5.07 ± 0.02) X 10-3 (3.57 ±0.01 广 1(尸 (1.78 ±0.19 广 1(厂3
10 (5.33 ±0.01 广 1(尸 (4.83 士 0.00) 1(尸 (3.46 ±0.02) X 1(厂3
0 (5.47 ± 0.01) X 10-3 (5.47 ± 0.01) X 10-3 (5.47 ±0.01) 1(厂3

TFE-water 1,4-dioxane-water acetonitrile-water
97 (2.67±0.00广 lb。 - -
80 (1.91 ±0.01 广 1(尸 - -
70 (4.05 士 0.03) 10~5 - -
60 (6.86 ±0.00 广 10~5 - -
50 (1.27 ±0.00 广 1(尸 - -
40 (2.47 ±0.01 广 1(尸 - -
30 (8.54 士 0.02)，: 1(尸 (5.52 士 0.02)，: 1(尸
20 (1.80 ± 0.01) X 10-3 (1.44 ± 0.00) X 10-3
10 (3.21 士 0.02)，: 1(尸 (3.40 ±0.03) 1(尸

“D어em血ed condu없imetically in duplicate; errors shown are average deviations.

vation parameters. In extending this work to the reactions of 
sulfonyl chlorides, we examined solvolyses of DSC with 
electron rich substituent as methoxy group and found that 
these also showed competing reaction channels?2*e)

Resets and Discussion

Kinetic data for solvolyses of DSC at 25.0 °C are given in 
Table 1 and KSIE in water, 50% methanol-water and 
methanol are in Table 2, and the results at various temper
atures are given in Table 3 along with the corresponding 
activation parameters. Selectivity data were obtained from

Table 2. Kinetic solvent isotope eflfect of 3,4-dimethoxybenzene- 
sulfonyl chloride at 25 °C"

solvent feon 左SOD KSIE

100% MeOH 1.44 1(尸 9.96 10~5 1.45
50%MeOH 2.24 1(厂3 1.5"： 1(厂3 L50

Water 5.47 1(戸 4.04 X 10-3 1.35
"Detennined cotidii없imetically in duplicate: average deviation < ±3%.

product analyses as soon as possible after 10 half-lives of 
reaction.22 Selectivity data for solvolyses of DSC in ethanol- 
water and methanol-water mixtures at 25.0 °C are given in 
Table 4.

As shown in Table 1, the first-order rate constants increase 
in the order 2,2,2-trifluoroethanol (TFE) -water < acetone

Table 3. Additional rate constants (M-1) for solvolyses of 3,4- 
dimethoxybenzenesulfonyl chloride in aqueous alcohol mixtures 
and the activation parameters calculated using data at 25 °C, 35 °C 
and 45 °C

Solvent T(°C) kIO,(或)
AH* 

(kcalmol-1)
-AS* 

(calK-imoL)

25 22.4 14.0 23
50% MeOH 35 50.3

45 106

25 1.44 15.7 23
100% MeOH 35 3.62

45 8.20

25 5.65 15.3 22
50% Eton 35 13.8

45 30.5
25 0.300 15.4 27

loo% Eton 35 0.722
45 L65

25 1.98 15.0 25
50% Acetone 35 4.99

45 10.4
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Table 4. Selectivities (S) for solvolyses of 3,4-dimethoxybenzene
sulfonyl chloride in aqueous binary mixtures at 25 °C

% (v/v)
Methanol-water Ethanol-water

[Ester]/[acid] S’ [Ester]/[acid] S’
95 1L15 L32 7.47 1.28
90 8.18 2.04 3.98 1.43
85 6.00 2.38 3.00 L71
80 4.72 2.66 2.41 L95
70 3.14 3.02 L65 2.30
60 2.20 3.30 1.23 2.65
50 1.54 3.46 0.80 2.59
40 1.07 3.60 0.49 2.39
30 0.68 3.55 0.22 1.68
20 0.42 3.81 0.10 1.32
10 0.17 3.45 0.04 1.1.2

“D어em血ed at least in duplicate by HPLC analyses of two independent 
solutions: error estimate ±3%.
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Figure 1. Plot of logarithms of first-order rate constants for 
solvolyses of 3,4-dimethoxybenzenesulfony 1 chloride against Iq at 
25 °C: log侬偽)us. Ya (solvent code: •, methanol; O, ethanol; 
▲, acetone; ■, TFE-H2O; □, 1,4-Dioxane; △, acetonitrile; ▽, 
water).

H?O < ethanol-H?O < methanol-H^O. The rate constant also 
increases as the water content in the mixed solvents 
increases, indicating that the reaction rate is accelerated by 
the solvent with higher ionizing power, Y except TFE-H2O. 
Fir아-order rate constants increases as the ionizing power Y 
changes from a lower value to a higher one, Ze, k\ increases 
from 0.0163 x 10一3 to 5.47 x 10-3s-1 as the Y changes from 
一0.8 (80% acetone-20% water) to 4.57(H?O)8 for solvolyses 
ofDSC. •

The Grunwald-Winstein plots (equation 1) are presented 
in Figure 1 using the solvent ionizing power scale 
determined from solvolysis of 1-adamantyl chloride.811'14 
Examination of Figure 1 shows that the plots for the three

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

1.12/V+0.58Y+0.16

Figure 2. Grunwald-Winstein plot for solvolyses of 3,4- 
dimethoxybenzenesulfonyl chloride at 25 °C (1.12M、+ 0.581 ci) r = 
0.974 (solvent code: methanol; O, ethanol; ▲, acetone; 
TFE-H2O; □, 1,4-Dioxane).

aqueous mixtures exhibit dispersions into separate lines. The 
plots fbr methanol-water, ethanol-water and acetone-water 
아low a large m value, m = 0.28 (r > 0.998), m = 0.32 (r > 
0.998) and m = 0.46(r > 0.999) and the data points fbr 97% 
TFE solvent mixture show quite large deviations from the 
correlation of Grunwald-Winstein plots for aqueous alcohol 
and acetone.

Greater rate constants in 40% v/v ethanol-water than in 
97% w/w trifluoroethanol-water (solvent of approximately 
equal ionizing power) show the importance of nucleophilic 
solvent assistance (Sn2 character). Rate ratios in two 
solvents which have same lei value, ie, the same degree of 
solvent assistance for bond cleavage but different nucleo
philicity provides measures of the minimum extent of 
nucleophilic solvent assistance (eg., [Lioew/腐7tfe] = 386, 
EW = ethanol-water).23 Thus relatively small m values found 
(< 0.46) and a large 血oew/腐7tfe ratio implies that the 
solvolyses of DSC in the binary mixtures proceed through 
Sn2/SaN公 pathway channels rather than through an SnI 
channel.

In order to examine the cause of this dispersion pheno
menon, the rate data were correlated using Eq. (2). Inclusion 
of the nucleophilicity parameter (N) resulted in considerable 
improvement, indicating that solvent nucleophilicity is 
important for the current solvolyses of DSC (see Figure 2).

Therefore, such phenomenon can be explained as dis
persion effects caused by solvent nucleophilicity. With use 
of the Grunwald-Winstein Eq. (3), I and m values of 1.12 
and 0.58 have been obtained for the solvolyses of DSC 
(Figure 2). This study has shown that the magnitude of I and 
m values associated with changing solvent compositions is 
able to predict the Sn2/SaN2:> reaction mechanism rather 
than SnL

Quantitative dissection of the rate-rate profiles (Figure 1) 
into contributions from the competing reaction channels was 
carried out by a similar method to that reported recently for 
solvolysis of benzoyl choride,7 and 2,4>6-trimethylbenzene- 
sulfbnyl chloride24 for which two linear regions could be
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Scheme 1. Mechanism for hydrolysis ofDSC - the mechanism favoured in most aqueous alcohols is Sn2 with general-base catalysis (GBC); 
the importance of GBC is lower for ethanol-water (compared with methanol-water) and for more polar media.

seen clearly for each binary mixture.24 The dissected rate 
constants, calculated for the reaction channel dominant in 
more polar media, correlated (without significant dispersion) 
with rate constants for solvolyses of model compound (p- 
methoxybenzoyl chloride).7,26 A more approximate proce
dure was necessary to dissect the rate data for solvolyses of 
DSC, because the reaction channel dominant in more 
aqueous media is not so clearly visible (Figure 1) and the 
choice of model compound is less clear-cut. The dashed line 
(Figure 1) is a least-squares fit to the data points for nine 
non-alcoholic solvents (Ze. water, 10-20% acetone-water 
and dioxane-water, and 10-30% acetonitrile-water), and 
which appears on the inspection of Figure 1 to be 시ose to 
linear. The data points for 10% ethanol-water also fit this 
line well: it is the line estimated for the rate-rate profile of 
the reaction channel dominant in more polar media. When 
the observed rate con아ant is greater than predicted from the 
dashed line the results may be explained through a mech
anistic change involving additional contributions from a 
second reaction channel.24 A line of lower slope could 
include several data point for ethanol-water mixtures, but 
not methanol-water mixtures.

Because of ambiguities in the interpretation of Figure 1, 
independent supporting evidence fbr the proposal of dual 
reaction channels was obtained from product selectivities. 
Maximum S values are observed (Table 4) in 60% ethanol- 
water mixtures, but there is no clear maximum fbr methanol
water mixtures.

The point for 97% w/w trifluroethanol-water deviates by a 
factor of 175 from the hatched correlation line (Figure 1), 
showing the importance of solvent nucleophilicity in these 
reactions.27 It is now generally accepted that typical solvo
lyses of sulfonyl chlorides are not SnI processes?응 The large 
slope (0.69) of the dashed line of the lei correlation (Figure 
1) including data for highly aqueous media is consistent with 
the proposal of an unusually low degree of charge delocali
zation from the sulfijr atom to the benzene ring in the 
transition 아ate of an Sn2 reaction.24 Such a large positive 
charge in the transition 아ate is likely to lead to an unusual 
response to changes in solvent ionizing power?4 This dis
persion c이dd further complicate interpretation of rate-rate 
profiles for sulfonyl chlorides (eg., Figure 1) because, 
unlike solvolyses of carboxylic acid chlorides,次 the reac
tion channel favoured in more polar media may show 
dispersion. However, Sn2 reactions of benzyl halides do not 
show significant reversals in trends of 5 values,*。so the S 
values (Table 4) are consistent with a dual reaction channels 
for solvolyses in ethanol-water mixtures.

The KSIE fbr reaction ofDSC in methanol and water at 25 
°C are summarized in Table 2. If the reaction channel 
favored in highly aqueous media is an Sn2 process, a 
different mechanism is required for the second reaction 
channel favored in the less polar media.24 In ethanol- and 
methanol-water mixtures having a high alcohol content, the 
slopes (0.3, Figure 1) are much smaller than the dashed line 
(0.69, Figure 1). The KSIE (Table 1) of 1.45 for solvolyses 
of DSC in methanol is greater than that of 1.35 in water 
(Table 2). Hence, the KSIE obtained from methanol is 
consistent with a general-base catalysed displacement for the 
second reaction channel?81 ax(b^30 The KSIE (1.34) value in 
water for solvolysis ofDSC is smaller than that reported for 
solvolyses ofp-methoxybenzyl chloride (1.41)xc) and meth- 
anesulfbnyl chloride (>1.51 ).公 Values in the range from L41 
to 1.82 fbr solvolyses of p・sub아ituted benzenesulfbnyl 
chlorides (p-OMe to p-NO?) at 15 °C have been correlated 
with Hammett (rvalues.히0)Also, the value of 1.35 fbr DSC 
is in the range expected for Sn2-Sn1 processes;31 an almost 
identical value of 1.33 was reported for the hydrolysis of 
dimethylsulphamoyl chloride."® The activation parameters 
for solvolyses of DSC in aqeuous solvents at 25 °C are 
summarized in Table 3. The negative AS* and large positive 
△H* support that the solvolytic reaction proceeds through a 
typical bimolecular reaction.19

Experimental Section

Materials. 3,4・Dimethoxybenzenesulfbnyl chloride is a 
commercial grade (Merck GR-grade >99%). Merck GR- 
grade (<0.1% H?O) acetone, ethanol and methanol were 
used without further purification. D?O and CH3OD were 
from Aldrich (99.9% D). Distilled water was redistilled with 
Buchi Fontavapor 210 and treated using ELGA UHQ PS to 
obtain specific conductivity of less than 1.0 x 10-6 mhos/cm.

Rate measurments and product selectivies. Rates were 
measured conductimetrically at least in duplicate as in the 
previous work.b Activation parameters were determined 
using the Arrhenius and Eyring equations. The solvolysis 
products, sulfonic acid and sulfonyl ester, were identified by 
HPLC analysis as described previously21 and the product- 
selectivities, S, were calculated from Eq. (3). The S values 
were calculated from the observed peak area ratios of 
sulfonic acid and sulfonyl ester, divided by the appropriate 
response factor. For response calibrations, area ratios from 
solvolyses of DSC in pure alcohol and in 40% aceonitrile- 
water mixtures were used. The eluent was 78% methanol
water mixture and the flow rate was adjusted to 1 mL/min.
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The HPLC system was a Hewlett-Packard 1050 Series with 
a 250 x 4 mm Spherisorb ODS reversed column.
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