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Sulfonyl Transfer Reactions 2 A Kinetic Study on the Solvolysis of
p-(Dimethylamino)benzenesulfonyl Chloride in Aqueous Acetic Acid
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Measured activation parameters, as well as the effect on rate
of adding inert electrolytes, are consistent with solvolysis of
p-(dimethylamino)benzenesulfonyl chloride XI occurring

Introduction

Our previous work on mechanisms of acyl transfer reac-
tions has shown that derivatives of arenesulfonic acids bear-
ing good leaving groups (such as nitro-substituted phenox-
ides) can hydrolyse in aqueous alkali by following a dissoci-
ative mechanism of the E1cB type rather than the more
common, associative SN2(S)-type mechanism, provided that
an efficient ‘‘internal’’ nucleophilic centre 2 i.e., a powerful
electron-supplying substituent, capable of stabilising the in-
cipient sulfonylium cation 2 is present para or ortho to the
sulfonyl group. As shown in Scheme 1, aryl phenolsulfon-
ates I2IV (and the ‘‘extended’’ form V) have been shown,
after ionisation into their conjugate bases, to hydrolyse in
aqueous alkali through E1cB mechanisms involving the sul-
foquinone intermediates VI2X, respectively.[1]

Solvolysis of other arenesulfonyl derivatives (e.g., 2,4,6-
trimethyl-, 4-methoxy-, 2,4-dimethoxybenzenesulfonyl
chlorides) had previously been proposed as occurring by
SN1 mechanisms, but these claims were subsequently dis-
proved.[2] Solvent polarity, and also the presence of added
strong nucleophilic species, however, can have some bearing
on the mechanistic selection: on increasing amine nucleo-
philicity, a change from E1cB to SN2(S) mechanism is ob-
served in the aminolysis of 4-hydroxy-3,5-dimethylben-
zenesulfonyl chloride in acetonitrile.[3]

As far as other benzenesulfonyl chlorides possessing in-
ternal nucleophilic centres other than the hydroxy group are
concerned, previously published studies on solvolysis of p-
(dimethylamino)benzenesulfonyl chloride (XI) have sug-
gested the plausibility of the occurrence of a dissociative
mechanism.[4] Indeed, it has been claimed that decomposi-
tion of XI in 80% aqueous acetic acid takes place by an
SN1 mechanism involving the cationic sulfene intermediate
XII. This proposal was put forward because solvolytic re-
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through a concerted, asynchronous bimolecular mechanism,
in which bond breaking takes place far ahead of bond forma-
tion in the transition state.

Scheme 1

activity of XI was some 2200 times greater than that pre-
dicted on the basis of a Hammett correlation involving nine
other, ‘‘regular’’ m- and p-substituted benzenesulfonyl
chlorides. The observation that added sodium acetate (up
to 0.5  concentration) had a negligible effect on rate was
considered to be strong additional evidence in favour of the
dissociative nature of the reaction.

A few years later, Forbes and Maskill carried out an in-
vestigation aimed at better definition of the factors dir-
ecting competition between SN2 and SN1 mechanisms of
sulfonyl transfer reactions. As a result, these authors sug-
gested that solvolysis of compound XI in anhydrous trifluo-
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roethanol occurs through a mechanism corresponding to an
‘‘exploded’’ SN2 pattern, in which bond breaking takes
place well ahead of bond formation in the transition state.[5]

It is a reasonable hypothesis that the different solvents
employed in the two sets of experiments could be respons-
ible for the contrasting mechanistic conclusions.

As far as our own research is concerned, we have found
that nitrogen (as part of a p-acetylamino or p-benzoylamino
group) is unable to direct the reaction course toward disso-
ciative pathways, in view of the hydrolyses of 4-nitro- and
2,4-dinitrophenyl esters of p-substituted benzenesulfonic ac-
ids.[1b,6] However, work in progress on the alkaline hydro-
lysis and aminolysis of sulfanilyl chloride XIII seems to sug-
gest that in aqueous solution a dissociative mechanism pro-
ceeding through the sulfoquinone imine XIV might take
place in competition with the SN2(S) mechanism.[7] In less
polar solvents (e.g., acetonitrile) only the associative route
is followed. In the light of these facts, and in order to im-
prove our knowledge of the mechanism of this reaction, we
decided to reinvestigate the hydrolysis of p-(dimethylamino)-
benzenesulfonyl chloride in 80% aqueous acetic acid, and
the effect on reactivity of addition of electrolytes.

Results and Discussion

Although suffering to some degree from ambiguity, one
of the mechanistic tools generally used to distinguish be-
tween associative and dissociative pathways in sulfonyl
transfer reactions is the determination of activation para-
meters. Comprehensive studies carried out by us on the hy-
drolysis of compounds closely related to those presently of
interest (i.e., aryl esters of o- and p-hydroxyarenesulfonic
acids[1] and o- and p-hydroxybenzoic acids[8] and their vi-
nylogues) have provided convincing evidence that simple bi-
molecular processes give rise to large, negative activation
entropies, counterbalanced by activation enthalpies that are
relatively low in value. This can easily be explained, since
the SN2 transition state is more ordered than the reagents
that are going to interact; the matching moderate value of
the activation enthalpy is the result of the bond breaking
involved in the leaving group departure being partly com-
pensated by bond formation with the incoming nucleophile.

In contrast, when the acyl group transfer process is disso-
ciative in nature, positive (or sometimes very slightly nega-
tive) values are generally found for ∆S?.

By way of example: for the hydrolysis of 29,49-dinitro-
phenyl 1-hydroxy-4-naphthalenesulfonate, ∆S? 5 1 10.8
e.u. (solvent 20% dioxane-water, pH 5 4.4).[1b] More ex-
amples are reported in refs.[1,8]

Although solvent reorganisation might well play an im-
portant role in the unimolecular expulsion of the leaving
group, to the best of our knowledge its contribution to ac-
tivation entropy is hardly high enough to make it as large
and negative as is found in the associative processes.

Therefore, we decided to start evaluating the activation
parameters for the reaction under investigation. The tem-
perature dependencies of the pseudo-first order rate con-

Eur. J. Org. Chem. 2001, 1512154152

stants kobs for the hydrolysis of XI were measured, and the
rate constants and the derived activation parameters are re-
ported in Table 1, Part A. For purposes of comparison, the
reaction of sulfanilyl chloride (XIII) was also studied under
the same conditions. Results are shown in Table 1, Part B.

Table 1. The dependence of rates on temperature, and the derived
activation parameters for the solvolysis of p-(dimethylamino)ben-
zenesulfonyl chloride (XI) (A) and sulfanilyl chloride (XIII) (B) in
80% aqueous acetic acid; all runs were performed in duplicate

104 kobs (s21)
T [°C] A B

18.4 16.2 6 0.01 4.65 6 0.02
25.0 29.3 6 0.01 8.32 6 0.03
35.1 64.2 6 0.01 2
36.2 2 21.8 6 0.01

∆H? 5 14.1 6 0.26 kcal/mol ∆H? 5 15.0 6 0.26 kcal/mol
∆S? 5 222.9 6 0.9 e.u.[a] ∆S? 5 222.4 6 0.3 e.u.[a]

[a] Calculated at 25 °C.

The relatively low value of the activation enthalpy and
the large, negative value of the activation entropy suggest
that the hydrolyses of both compounds might follow an as-
sociative mechanism. It is interesting to note, however, that
chloride XI is ca. 3.5 times more reactive than sulfanilyl
chloride; i.e., the p-dimethylamino group (σp 5 2 0.83)[9]

is a stronger activating group than the unsubstituted amino
group (σp 5 2 0.57).[9] A rough value of the Hammett sens-
itivity ρ as estimated from a two-point relationship is ca.
22.1, quite different from that reported for the associative
mechanism (ρ 5 1 1.34).[4] The electronic demand of the
reaction is rather suggestive of a dissociative, SN1 process,
which in the transition state involves the build-up of posit-
ive charge on the sulfur atom.

In order to reconcile these apparently conflicting results,
the effect on rate of adding increasing concentrations of
various electrolytes (KCl, CH3CO2Na, NaClO4) was as-
sessed. Results are collected in Table 2, and displayed
graphically in Figure 1.

Table 2. The effect of salt addition on reactivity of the sulfonyl
chloride XI; temperature 25 °C; unless otherwise stated, no effort
was made to keep the ionic strength I constant; I values, therefore,
are the same as those of the salt concentration shown; in the ab-
sence of any added salt kobs 5 2.93 1023 s21

103 kobs (s21)
[Salt] CH3CO2Na KCl NaClO4 CH3CO2Na[a]

0.10 3.44 3.59 4.01 4.98
0.20 3.99 2 2 4.94
0.30 4.33 4.22 5.52 5.11
0.40 4.87 2 2 5.13
0.50 5.03 4.75 6.61 5.03
0.75 5.91 2 2 2

[a] I was kept at 0.5  with KCl.

Inspection of Table 2 and Figure 1 shows that, in all
cases, the dependence of rate on salt concentration is virtu-
ally linear, and the accelerating effect follows the order:

KCl ø CH3CO2Na , NaClO4
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Figure 1. The effect of salt addition on reactivity in solvolysis of
p-(CH3)2NC6H4SO2Cl; solvent CH3COOH/H2O (80:20), T 5 25
°C; legend: (A) CH3COONa, (B) KCl, (C) NaClO4, (D)
CH3COONa, I was kept constant at 0.5  with KCl, (E) no ad-
ded salt

In the protic solvent used, acetate ion is expected to be
a stronger base and better nucleophile than chloride ion;
nevertheless, they both have almost the same effect on rate.
This is also shown by the rates being almost independent
of acetate ion concentration, if ionic strength is kept con-
stant by addition of KCl.

It is noteworthy that, despite the exceedingly weak basic
and nucleophilic properties of perchlorate ion, NaClO4

shows the greatest accelerating effect. These observations
clearly rule out any occurrence of base catalysis, as well as
nucleophilic catalysis, in this reaction.

Also the fact that rates are lowered by addition of per-
chloric acid (kobs is reduced by a factor of 3.6 in the pres-
ence of 0.5  HClO4)[4] gives further support to the conclu-
sion that a ‘‘regular’’ SN2(S) mechanism is not followed,
since in this case, reactivity should increase as a result of
the increasing concentration of protonated substrate [cf.
σp(NH3

1) 5 1.70; σp(NH2) 5 20.57].[9]

Data from the literature[10] suggest that KCl and
CH3CO2Na behave like good electrolytes in the employed
solvent system, but HClO4 and, quite probably, NaClO4

are stronger.
It is therefore confirmed that, while the observed rate in-

crease is independent of the nucleophilic power of the ad-
ded species, it is to some degree related to the ‘‘effective’’
ionic strength of the medium, to which the above salts are
expected to make increasing contributions as follows:

KCl ø CH3CO2Na , NaClO4

that is the same as the observed order of the accelerating
effect. In other words, the reaction is subject to a positive
salt effect, which is consistent with a considerable degree of
charge separation in the transition state.[11]

These results seem to suggest that, in the transition state,
both the leaving chloride ion and the nucleophile (a solvent
molecule, most probably water) are bound to sulfur, al-
though the last-mentioned has a strong sulfonylium ion
character, thus accounting for the very substantial, negative
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entropy of activation found. This would correspond to a
concerted, asynchronous bimolecular mechanism proceed-
ing through a transition state in which bond breaking takes
place far ahead of bond formation (‘‘exploded’’ transition
state).

A simple depiction of the transition state, together with
a reasonable location for it on the pathway followed by the
reaction under investigation, are illustrated in the
Jencks2MoreO’Ferrall plot shown in Scheme 2. For pur-
poses of comparison, paths corresponding to the dissociat-
ive, SN1 process and to the associative, ‘‘synchronous’’ SN2
process are also displayed in the same Scheme.

Scheme 2. Jencks2MoreO’Ferrall diagram and reaction coordin-
ates for SN1, SN2 and solvent-assisted SN2 (‘‘exploded’’ SN2) mech-
anisms for the sulfonyl-transfer process; contour lines are omitted
for clarity

Conclusion

Our results are consistent with the solvolysis in 80%
aqueous acetic acid of p-(dimethylamino)benzenesulfonyl
chloride (XI) [and presumably also that of sulfanilyl chlor-
ide (XIII)] occurring through an ‘‘exploded’’ SN2 mechan-
ism, similar to that proposed by Forbes and Maskill for the
solvolysis of XI in trifluoroethanol.[5]

A referee has suggested that electrostriction of solvent
generated by developing charge separation might suffice to
account for the negative value of activation entropy found.
Although this possibility cannot definitely be ruled out at
the moment, we believe that the close similarity between
the system studied here and those investigated in refs.[1,8],
for which a relationship between ∆S? and molecularity of
the hydrolytic mechanism has been firmly established, lends
good support to our conclusions.

It seems reasonable to suppose that this ‘‘exploded’’ SN2
mechanism is a ‘‘smooth’’ transition between the two ex-
tremes represented by proper SN1 and SN2 mechanisms.
Previous work has shown that, in the alkaline hydrolysis of
the aryl esters of o- and p-hydroxyarenesulfonic acids, a
sudden changeover from the E1cB to an SN2 mechanism
occurs in which nucleophilic attack of the hydroxide ion
onto the sulfonyl group of the substrate conjugate base
takes place. This would imply that no assistance from an
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‘‘external’’ nucleophile is needed because the powerful ‘‘in-
ternal’’ nucleophile (the oxy anion) is able to expel the leav-
ing group on its own.

In essence, the E1cB mechanism can be regarded as an
SN1 mechanism taking place on the negatively charged con-
jugate base of the substrate. This confers extra stability onto
the reaction intermediate, which is neutral in this case, since
the positive charge of the SN1 intermediate is compensated
by the pre-existing negative charge.

This does not seem to occur when the p-dimethylamino
function, which is less efficient as an electron-releasing
group, is involved. In this case, cooperation of a solvent
molecule would be required for the expulsion of the leaving
group. The failure of the amino group to promote the SN1
solvolysis of XIII can easily be explained, as it is somewhat
weaker than the dimethylamino group as an electron donor.
On the other hand, the acidity of the NH2 group is far too
low as to allow accumulation of a sufficient concentration
of the substrate conjugate base in aqueous solution, which
is prerequisite for the E1cB process.

Experimental Section

General Remarks: Starting reagents and solvents were of analytical
reagent grade; when necessary, salts were dried prior to use. Water
was doubly distilled and preboiled to free it from dissolved carbon
dioxide. Dioxane (used for the preparation of stock solutions of
substrates) was purged of peroxides by passage of the analytical-
grade product through an activated-alumina column. The absence
of peroxides was assessed by the KI test. 2 NMR spectra were
recorded with a Varian Gemini 200 spectrometer (200 MHz) with
TMS as internal standard and [D6]acetone or CDCl3 as solvent.

Starting Materials: Compounds XI[12] and XIII[13] were synthesized
according to published procedures, and had 1H NMR spectra con-
sistent with their structures.

Rate Measurements: The technique generally employed for measur-
ing reaction rates has already been described in previous papers.[1]

Reactions were monitored by following the decrease of absorbance
due to substrate consumption at either 330 nm (compound XI) or
305 nm (compound XIII). The rates of hydrolysis obeyed pseudo-
first order kinetics over at least 80% of the total reaction. Tight
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isobestic points were observed during the spectral scanning, indic-
ating that reaction intermediates were either absent or at a negli-
gible concentration. ‘‘Infinity’’ spectra matched well with those of
the corresponding sulfonic acids, thus showing that simple hydro-
lysis was being followed. The solvent employed was prepared by
mixing together 8 volumes of acetic acid and 2 volumes of doubly
distilled water. Special care was taken in measuring exact volumes,
since preliminary experiments revealed that rates are influenced sig-
nificantly even by small differences in solvent composition.
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