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Rate and product studies in the solvolyses of two arenesulfonic anhydrides
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The specific rates of solvolysis of benzenesulfonic anhydride (1) and p-toluenesulfonic anhydride (2) have been 
measured conductometrically at –10°C in 34 solvents for 1 and 33 solvents for 2. Studies at higher temperatures 
have allowed extrapolated values in additional solvents to be calculated. All of the values, for 35 solvents for 1 
and for 37 solvents for 2, have been used in an extended Grunwald–Winstein equation treatment using NT and 
YOTs values. Activation parameters in several solvents and kinetic solvent isotope effects (MeOH/MeOD) have been 
determined for both substrates. Product selectivity values (S) have been determined for binary mixtures of water 
with ethanol, methanol, or 2, 2, 2-trifluoroethanol. The results from the kinetic and product studies are compared 
to those previously reported for methanesulfonic anhydride (3). An SN2 mechanism is proposed for the solvolytic 
displacement reactions of the three substrates in all of the solvents used in the investigation.
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We report a kinetic and product study of the solvolyses of 
two arenesulfonic anhydrides: benzenesulfonic anhydride 
(1) and p-toluenesulfonic anhydride (2). We have previously  
reported 1 a parallel study of the solvolyses of an alkane-
sulfonic anhydride: methanesulfonic anhydride (3).

	(C6H5SO2)2O	 (p-CH3C6H4SO2)2O	 (CH3SO2)2O
	 1	 2	 3

There have only been a few mechanistic studies involving 
substitution reactions of sulfonic anhydrides,1-5 some of 
which1,3-5 involve their solvolysis reactions.

Christensen3 showed that the solvolyses of arenesulfonic 
anhydrides in aqueous acetone and dioxane were 100–400 fold 
faster than the corresponding solvolyses of the arenesulfonyl 
chloride. The specific rates were conveniently determined 
by a stopped-flow technique. An extension to determine the  
kinetic isotope effect (kH2O/kD2O) in aqueous acetone and dioxane  
led to values in the range of 1.2–1.4, significantly lower 
than values of 1.5–1.8 determined6,7 for sulfonyl chlorides 
(RSO2C1) under similar conditions. The original8 (simple) 
Grunwald–Winstein equation [eqn (1)] was applied and a low 
m value was taken to imply that the

	 log k/ko = m Y + c	 (1)

mechanism was SN2 in character in most solvents. However, 
an increase in m value to 0.72 for the solvolyses of 2 with 60–
76% water was taken to indicate a change to a more SN1-like 
mechanism. This interpretation was probably influenced by a 
slightly earlier claim that the hydrolyses of sulfonyl chlorides in 
water-rich aqueous dioxane proceed by the SN1 mechanism.9 In 
eqn (1), k and ko represent the specific rates of solvolysis of the 
substrate in the solvent under consideration and in the standard 
solvent (80% ethanol), m is the sensitivity towards changes in 
solvent ionising power (Y), and c is a constant (residual) term. 
When nucleophilic participation by the solvent is an important 
factor, an extended form of the original Grunwald–Winstein 
equation, incorporating the sensitivity (l) to changes in solvent 
nucleophilicity (N) is recommended.10-13 [eqn (2)].

	 log(k/ko) = l N + m Y + c	 (2)

Application of this equation to the solvolyses of methane-
sulfonic anhydride1 and several sulfonyl chlorides1,14,15 
has given no evidence for a unimolecular pathway, and the 
appreciable l values obtained have provided good evidence for 
bimolecular character. Even in solvents of low nucleophilicity 

and high ionising power, incorporating high percentages of 
2,2,2 – trifluoroethanol (TFE) or 1,1,1,3,3,3 – hexafluoro-2-
propanol (HFIP), no evidence for a change to a unimolecular 
pathway was obtained.

In binary mixtures of hydroxylic solvents, R1OH and 
R2OH, selectivity values (S) can give useful information about 
reaction mechanism [eqn (3)]. Studies of the

	 S = [Product from R1OH attack] [R2OH in solvent]	 (3) 
	 [Product from R2OH attack] [R1OH in solvent]

product partitioning can be especially useful if a change in 
the trend of S values during systematic variation of solvent 
composition is observed. This can be indicative of a change 
in mechanism and evidence of this type is considerably 
strengthened if changes in the sensitivities to variations in 
solvent nucleophilicity and ionising power (l and m values) 
are observed in the same region of solvent composition.16,17

Results
The specific rates of solvolysis were determined at –10.0°C in 
34 solvents for 1 and in 33 solvents for 2. The solvents consisted 
of ethanol, methanol and TFE and their binary mixtures with 
water, binary mixtures of water with acetone or HFIP, and 
TFE-ethanol mixtures. The values are reported in Table 1 
together with one value for 1 and four values for 2 obtained 
for HFIP-water mixture by Arrhenius equation extrapolation 
of values (from Table 2) obtained at higher temperatures. 
Also contained within Table 1 are the solvent nucleo-
philicity (NT)12,13 and solvent ionising power (YOTs)11,18-20  

values.
In addition to the specific rates at higher temperatures for 

four HFIP–water compositions, specific rates at temperatures 
other than –10.0°C are also reported in Table 2 for 100% 
and 80% ethanol, 100% methanol, and 100% and 97% TFE.  
The enthalpies and entropies of activation using the entries 
from Table 2 and (when determined at –10.0°C) from Table 1, 
are reported in Table 3.

The percentages of reaction with water and alcohol for 
solvolyses in water–alcohol mixtures can be estimated from 
the infinity acid titres. Reaction with water produces two 
equivalents of acid and with alcohol only one equivalent of 
acid [eqn (4)]. The percentages of reaction with water can be 
calculated by
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(ArSO2)2O

H2O
a
ROH
b

2ArSO2OH

ArSO2OR + Ar2SO2OH

(4)
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taking the excess titre over that for reaction in 100% ethanol 
(all pathway b) relative to the corresponding excess titre 
for solvolysis in 60% acetone (all pathway a). Values from 
duplicate experiments were recorded at 10, 15, and 20 half 
lives. Since no variation was observed over these time ranges, 
the values reported in Table 4 are based on the average of the 
six determinations for each binary composition. Determinations 
were carried out for solvolyses of both 1 and 2 in mixtures of 
water with ethanol, methanol, or TFE. Also reported in Table 4 
are the S values calculated using equation (3).

Discussion

The specific rates of solvolysis of 1 and 2 at –10.0°C are 
higher than those previously measured for 3.1 This parallels 
the observation that, for solvolyses of sulfonyl chlorides at 
25.0°C, the kPh/kMe ratio has a value of 30 for ethanolysis 
and 17 for methanolysis.21 Similarly, for the corresponding 
anhydrides, 1 and 3, ethanolysis at 20.0°C gives a value for 
the ratio of 8.7 and methanolysis at 10.0°C gives a value of 
17 (using data from Table 2 and ref. 1). The methanolysis 
ratios are essentially identical and the ethanolysis ratio for 
the anhydrides is about 3.4 times lower than for the chlorides. 
Caution is required in interpreting these comparisons since 
for the chlorides only the one organic grouping within the 

sulfonyl chloride is varied but for the anhydrides there is 
also variation within the leaving group (benzenesulfonate or 
methanesulfonate in this case). However, the observation18,19a 

that over a wide variety of solvents, the adamantyl esters show 
kOTs/kOMs ratios in a narrow range of 0.5 to 2.1 suggests that 
the major factor determining the kPh/kMe value is the influence 
of the organic group within the sulfonyl group at which the 
nucleophilic attack occurs, consistent with the similar ratios 
for chlorides and anhydrides.

In a comparison of the specific rates of solvolysis of 1 and 
2 (Table 1) as a function of solvent composition, the relative 
rates are modestly solvent dependent. In ethanol, methanol 
and their aqueous mixtures and in aqueous acetone, 1 is 
consistently more reactive than 2, by factors of up to three. 
However, in TFE and in aqueous TFE and aqueous HFIP, 
the situation is reversed and 2 becomes more reactive by 
factors of up to 3.5. In the five TFE–H2O solvents studied, 
the value falls as the water content increases and in 50% 
TFE (w/w) the specific rates are essentially identical. 
Similarly, the values are almost identical in 50% HFIP (w/w).  
For TFE–ethanol mixtures, the full range of solvent 
composition could be studied and the ratio of 2.4, favouring 2 
in 100% TFE gradually falls, as ethanol is added, to a value of 
0.71 in 100% ethanol. Interpolation indicates that the specific 
rates of 1 and 2 would be identical at about 70% TFE–30% 

Table 1  Specific rates of solvolysis (k) of benzenesulfonic anhydride (1) and p-toluenesulfonic anhydride (2) at –10.0°C and NT and 
YOTs values for the solventsa

Solventb	 103k(1)/s-lc	 103k(2)/s-1c	  NT
d	 YOTs

e

100% EtOH 	 5.15 ± 0.05	 3.66 ± 0.08	 0.37	 –1.95
90% EtOH	 13.9 ± 0.3	 8.84 ± 0.19	 0.16	 –0.77
80% EtOH 	 21.9 ± 0.5	 15.7 ± 0.8	 0.00	 0.00
70% EtOH	 30.7 ± 1.1	 19.8 ± 0.3	 –0.20	 0.47
60% EtOH	 41.6 ± 1.3	 33.5 ± 0.9	 –0.38	 0.92
50% EtOH	 65.9 ± 0.1	 48.3 ± 0.5	 –0.58	 1.29
40% EtOH	 184 ± 10	 108 ± 2	 –0.74	 1.97
100% MeOH	 21.1 ± 0.3f	 14.6 ± 0.1g	 0.17	 –0.92
90% MeOH	 55.2 ± 1.9	 38.2 ± 0.7	 –0.01	 –0.05
80% MeOH	 126 ± 8	 74.5 ± 0.8	 –0.06	 0.47
70% MeOH	 242 ± 9	 129 ± 5	 –0.40	 1.02
60% MeOH		  217 ± 6	 –0.54	 1.52
95% Acetone	 0.232 ± 0.005	 0.103 ± 0.016	 –0.49	 –2.95
90% Acetone	 0.602 ± 0.002	 0.207 ± 0.008	 –0.35	 –1.99
80% Acetone	 1.71 ± 0.03	 0.680 ± 0.008	 –0.37	 –0.94
70% Acetone	 4.13 ± 0.01h	 1.62 ± 0.04h	 –0.42	 0.07
65% Acetone		  2.35 ± 0.18	 –0.48i	 0.36i

60% Acetone	 7.89 ± 0.06	 3.97 ± 0.04	 –0.52	 0.66
50% Acetone	 27.2 ± 0.7	 10.3 ± 0.4	 –0.70	 1.26
40% Acetone	 73.9 ± 0.7	 25.8 ± 1.6	 –0.83	 1.85
30% Acetone	 133 ± 4	 103 ± 6	 –0.96	 2.50
100% TFEj	 0.108 ± 0.001k	 0.263 ± 0.005	 –3.93	 1.77
97% TFEj	 0.286 ± 0.001	 0.466 ± 0.012	 –3.30	 1.83
90% TFEj	 0.790 ± 0.009	 1.14 ± 0.01k 	 –2.55	 1.90
80% TFEj	 1.87 ± 0.03	 2.44 ± 0.04	 –2.19	 1.94
70% TFEj 	 3.33 ± 0.08	 3.89 ± 0.10	 –1.98	 2.00
50% TFEj	 7.38 ± 0.05	 7.33 ± 0.11	 –1.73	 2.14
97% HFIPj	 0.0495l	 0.102l	 –5.26	 3.61
90% HFIPj	 0.148 ± 0.003	 0.511l	 –3.84	 2.90
70% HFIPj	 1.28 ± 0.02	 1.72l	 –2.94	 2.40
50% HFIPj	 2.64 ± 0.03	 2.57l	 –2.63	 2.26
90T-10Em	 1.76 ± 0.03	 2.27 ± 0.06	 –2.62i	 1.32i

80T-20Em	 3.31 ± 0.06	 3.85 ± 0.04	 –1.76	 0.98
60T-40Em	 6.81 ± 0.08	 5.76 ± 0.09	 –0.94	 0.21
50T-50Em	 8.48 ± 0.12	 7.55 ± 0.04	 –0.64i	 0.14i

40T-60Em	 9.61 ± 0.06	 7.38 ± 0.11	 –0.34	 –0.44
20T-80Em	 8.95 ± 0.13	 6.37 ± 0.03	 0.08	 –1.18i

aSubstrate concentration of 6.0 ¥ 10-4 M for 1 and 1.5 × 10-4 M for 2 and unless otherwise indicated all runs performed at least in 
duplicate. bUnless otherwise indicated, on a volume–volume basis at 25.0°C, with the other component water (each solvent also 
contains 0.2% of CH3CN). cWith associated standard deviations. dFrom refs 12 and 13. eFrom refs 11, 18–20. fAlso a value of 15.4 ± 
0.1 in methanol-d (MeOD) for a kMeOH/kMeOD ratio of 1.37 ± 0.03. gAlso a value of 10.4 ± 0.2 in methanol–d (MeOD) for a kMeOH/kMeOD 
ratio of 1.40 ± 0.03. hAn Arrhenius equation extrapolation of data for 69.4% acetone at 15–42°C, from ref 3, leads to a value of 5.80 
for 1 and of 1.95 for 2. iObtained by interpolation. jOn a weight–weight basis. kSingle run. lFrom Arrhenius equation, extrapolation 
of data from Table 2.m T–E are TFE–ethanol mixtures.
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ethanol (v/v). In all solvents, the differences are relatively 
small (a factor of 3.5 or less), consistent with the introduction 
into 1 of the electron-supplying p-methyl group, leading to 
2, having compensating influences on the breaking of the 
bond to the leaving group and the formation of the bond to 
the attacking nucleophilic solvent molecule.22 The inversion 
of the relative reactivities in solvents rich in fluoroalcohol 
is consistent with a modest variation in an SN2 transition-
state structure on transfer from aqueous ethanol, methanol, 
or acetone to a weakly nucleophilic and highly electrophilic 
fluoroalcohol-rich medium. This modest influence of solvent 
variation suggests that small differences may be observed in 
the l and/or m values when eqn (2) is applied to the specific 
rates of solvolysis of the two substrates.

The activation parameters (Table 3) are consistent with a 
bimolecular mechanism, with enthalpies of activation ranging 
from 11.9 kcal mol-1 for 2 in 97% HFIP to 14.9 kcal mol-1 for 
2 in 50% HFIP. The entropies of activation are all appreciably 
negative, ranging from –31.6 cal mol-1K-1 for 2 in 97% HFIP 
to –11.3 cal mol-1K-1 for 1 in 80% EtOH. The enthalpy of 
activation for 1 in 97% HFIP is also quite low at 13.1 kcal 
mol-1 and the most unusual feature of the analyses is the low 
activation energies for the relatively slow solvolyses in 97% 
HFIP.

The extended Grunwald–Winstein equation [eqn (2)] has 
been applied to the specific rates of solvolysis in the solvents 
listed in Table 1 (35 solvents for 1 and 37 solvents for 2). The 
analyses incorporate the listed NT and YOTs values. Strictly 
speaking, for solvolyses of 1, a scale based on the solvolyses 
of an adamantyl benzenesulfonate should be used, but 
values are not available and the YOTs values are considered 
to be a good substitute.18 The l and m values and measures 
of the goodness of fit are reported in Table 5, together with 
corresponding values for solvolyses of 3 and of related 
sulfonyl chlorides. The l and m values obtained for solvolyses 
of 1 (Fig. 1) are essentially identical to those previously 
reported1 for solvolyses of 3. The m values are essentially 
identical for the solvolyses of 1, 2, and 3. The major variation 
within the sensitivity values is a slightly reduced value of 0.85 

Table 2  Specific rates of solvolysis of benzenesulfonic 
anhydride (1) and p-toluenesulfonic anhydride (2) at various 
temperaturesa

Solventb	 T/°C	 103k(1)/s-1c	 103k(2)/s-1c

100% EtOH	 –19.5	 1.91 ± 0.01	
	 0.0	 14.7 ± 0.1	 9.58 ± 0.20
	 10.0	 39.9 ± 0.5	 22.9 ± 0.3
	 20.0	 97.7 ± 0.5	 55.9 ± 0.4
80% EtOH	 –20.0	 6.93 ± 0.05d	 5.56 ± 0.03
	 0.0	 58.1 ± 0.5	 38.6 ± 1.0
	 10.0	 158 ± 2	 105 ± 3
100% MeOH	 –20.0	 8.32 ± 0.02d	 4.97 ± 0.01
	 0.0	 57.9 ± 0.5	 41.2 ± 0. 9
	 10.0	 161 ± 3	 100 ± 1
100% TFE	 0.0	 0.240 ± 0.001	
	 10.0	 0.631 ± 0.001	
	 20.0	 1.36 ± 0.04	
	 25.0	 1.91 ± 0.03	
97% TFE	 –20.0		  0.163 ± 0.001
	 0.0	 0.700 ± 0.001	 1.15 ± 0.01
	 10.0	 1.82 ± 0.01	 2.66 ± 0.02
	 20.0	 3.96 ± 0.09	
	 25.0	 5.67 ± 0.01	
97% HFIP	 0.0	 0.128 ± 0.001	 0.240 ± 0.004
	 10.0	 0.316 ± 0.010	 0.570 ± 0.005
	 20.0	 0.696 ± 0.012	 1.14 ± 0.02
	 25.0	 1.06 ± 0.01	
90% HFIP	 0.0		  1.35 ± 0.08
	 10.0		  3.33 ± 0.04
	 20.0		  7.72 ± 0.08
70% HFIP	 0.0		  4.98 ± 0.01
	 10.0		  13.3 ± 0.4
	 20.0		  32.2 ± 0.5
50% HFIP	 0.0		  7.60 ± 0.05
	 10.0		  20.3 ± 0.9
	 20.0		  52.8 ± 0.3
aSubstrate concentration of 3 ¥ 10-3 M. b80% EtOH on 
volume–volume basis and other binary solvents on weight–
weight basis, each solvent also contained 0.2% CH3CN.  
cWith associated standard deviations. dAt –19.5°C.

Table 3  Enthalpies (DH‡/kcal mol-1) and entropies (DS‡/cal mol-1K-1) of activation for the solvolyses of benzenesulfonic anhydride 
(1) and p-toluenesulfonic anhydride (2)a,b

	 1	 2

Solvent	 DH‡
283.2	 DS‡

283.2	 DH‡
283.2	 DS‡

283.2

100% EtOH	 14.3 ± 0.2	 –14.7 ± 0.7	 13.3 ± 0.2	 –18.8 ± 0.7
80% EtOH	 14.5 ± 0.3	 –11.3 ± 1.1	 13.3 ± 0.2	 –16.0 ± 0.9
100% MeOH	 13.8 ± 0.4	 –13.4 ± 1.6	 13.8 ± 0.2 	 –14.3 ± 0.7
100% TFE	 12.5 ± 0.3	 –28.9 ± 1.1		
97% TFE	 12.9 ± 0.2	 –25.6 ± 0.8	 12.7 ± 0.2	 –25.4 ± 0.7
97% HFIP	 13.1 ± 0.1	 –28.3 ± 0.4	 11.9 ± 0.5	 –31.6 ± 1.8
90% HFIP			   13.3 ± 0.1	 –22.8 ± 0.2
70% HFIP			   14.3 ± 0.2	 –16.6 ± 0.7
50% HFIP			   14.9 ± 0.2	 –13.7 ± 0.8
aUsing the specific rate data of Table 2, plus (when available) the experimental value at –10.0°C from Table 1. bWith associated 
standard errors.

Fig. 1  Plot of log (k/ko) for solvolyses of benzenesulfonic 
anhydride at –10.0°C against (0.97NT + 0.60 YOTs).
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± 0.06 for l for solvolyses of 2 (Fig. 2), as compared to values 
for solvolyses of 1 of 0.97 ± 0.05 and of 3 of 0.95 ± 0.04. This 
reduction is consistent with the solvent-induced inversion 
of the relative rates for solvolyses of 1 and 2 mentioned 
earlier and with a reduced demand for external nucleophilic 
assistance in the presence of the electron-supplying p-methyl 
substituent.

The lower l values for 1–3 (0.85 to 0.97), relative to those 
presented for sulfonyl chlorides1,14,15 in Table 5 (1.17 to 
1.28), are consistent with a reduced demand for nucleophilic 
assistance in the presence of a sulfonate leaving group, which 
is a better leaving group than chloride.

For the methanolysis, the kinetic solvent isotope effect 
(KSIE) was studied by use of both methanol and methanol-
d. The ratio kMeOH/kMeOD was 1.37 ± 0.03 for solvolyses of 
1 and 1.40 ± 0.03 for solvolyses of 2 (Table 1). These values 
are very close to the value of 1.35 ± 0.02 reported1 for 3. 
Corresponding values for sulfonyl chlorides include values at 
25.0°C of 1.62 for solvolyses of methanesulfonyl chloride23 
and 2.54 for solvolyses of 2-propanesulfonyl chloride.24 
Lower KSIE values for arenesulfonic anhydrides, than for 
the corresponding chloride, have also been observed for 
hydrolyses in water or deuterium oxide.4,6,7 Again, the lower 
KSIE values observed for anhydrides are consistent with 
lowered demand for nucleophilic assistance in the presence of 
a better leaving group.

Selectivity values (S) have been measured (Table 4) using 
equation (3) for solvolyses in water–alcohol mixtures of both 
1 and 2. The values obtained for solvolyses of 1 parallel quite 
closely those previously reported1 for solvolyses of 3.

In aqueous ethanol, there is a slight increase in value 
with increasing water content and, in aqueous methanol (90 
and 80%), the values are virtually identical. Low solubility 
for both 1 and 2 prevents the extension to highly aqueous 
mixtures. For 2, the S values are somewhat larger in aqueous 
ethanol and methanol. For both 1 and 2 (and also for 3) the S 

values are much lower in TFE–water mixtures, where attack 
by water is favoured over the considerably less nucleophilic 
TFE12,13 by a factor of about 6. The S values are also very 
similar to those previously observed for solvolyses of sulfonyl 
chlorides with, in particular, a close resemblance in mixtures 
of water with ethanol or methanol to those observed25 with p-
methoxybenzenesulfonyl chloride as the substrate. In water–
TFE mixtures there is a close resemblance to the S values seen 
in solvolyses of N, N-dimethylsulfamoyl chloride.15

Fig. 2  Plot of log (k/ko) for solvolyses of p-toluenesulfonic 
anhydride at –10.0°C against (0.84NT + 0.62YOTs).

Table 4  Selectivity values (S)a for solvolyses at –10.0°C of benzenesulfonic anhydride (1) and p-toluenesulfonic anhydride (2) in 
binary mixtures of water with ethanol, methanol, or 2,2,2-trifluorethanol and a comparison with S values from the solvolyses of 
methanesulfonic anhydride (3)

	  1	  2	 3c

Solvent b	 % Esterd	  S	 % Esterd	  S	 S

90% EtOH	 81.7	 1.6	 91.8	 4.0	 1.2
80% EtOH	 74.8	 2.4	 85.1	 4.6	 2.0
70% EtOH	 63.3	 2.4	 80.5	 5.7	 2.1
60% EtOH			   72.7e	 5.7e	 2.9
90% MeOH	 92.4	 3.0	 92.6	 3.1	 3.7
80% MeOH	 84.8	 3.1	 89.5	 4.8	 3.7
97% TFE	 37.4	 0.10			 
90% TFE	 22.4	 0.18	 21.2	 0.17	 0.06
80% TFE	 10.6	 0.17	 11.2	 0.17	 0.12
aAs defined in eqn. 3. bAqueous ethanol and methanol on volume–volume basis at 25.0°C and aqueous TFE on weight–weight 
basis. cValues from ref. 1. dMolar percentage of ArSO2OR formed in competition with ArSO2OH (both formed in conjunction with 
an equimolar amount of ArSO2OH). eAt 0.0°C.

Table 5  Coefficients from extended Grunwald–Winstein treatments [equation (2)] of the solvolyses of benzenesulfonic anhydride 
(1) and p-toluenesulfonic anhydride (2) and a comparison with coefficients previously obtained for solvolyses involving nucleophilic 
substitution at sulfur

Substrate	 n a	 l b	 mb	 c b	 R c	 F d

(C6H5SO2)2O	 35	 0.97 ± 0.05	 0.60 ± 0.05	 0.17 ± 0.06	 0.959	 196
(p-CH3C6H4SO2)2O	 37	 0.84 + 0.06	 0.62 + 0.06	 0.06 + 0.06	 0.921	 95
(MeSO2)2O	 41	 0.95 + 0.04	 0.61 + 0.03	 -0.10 + 0.05	 0.973	 342
p-MeC6H4SO2C1e	 33f	 1.25 + 0.15	 0.62 + 0.04	 0.21 + 0.20g	 0.967	 216
MeSO2C1h	 39f	 1.17 + 0.04	 0.49 + 0.02	 0.23 + 0.05	 0.981	 454
Me2CHSO2C1i	 19f	 1.28 + 0.05	 0.64 + 0.03	 0.18 + 0.06	 0.988	 333
aNumber of data points. bWith associated standard errors. cMultiple correlation coefficient. dF-test value. eFrom ref. 14. fNo T-E 
solvents, not studied for p-toluenesulfonyl chloride and omitted from the correlation for methanesulfonyl and 2-propanesulfonyl 
chlorides. gAssociated with the standard error of the estimate. hFrom ref. 1. iFrom ref. 15.
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Conclusion
The solvolyses of the two arenesulfonic anhydrides, 1 and 2, 
show characteristics very similar to those previously found for 
methanesulfonic anhydride, 3. The specific rates of solvolysis 
are quite well correlated by an extended Grunwald–Winstein 
equation [eqn (2)], incorporating a term governed by solvent 
nucleophilicity as well as the one governed by solvent 
ionising power. A slightly lower sensitivity to changes in 
solvent nucleophilicity (l value) for 2 can be rationalised in 
terms of a reduced demand in the presence of the electron-
supplying p-methyl substituent. A corollary of this difference 
is a reversal of the ordering of specific rates of solvolysis, with 
1 being more reactive in the traditional aqueous alcohols and 
aqueous acetone and 2 being more reactive in solvents rich in 
fluoroalcohol.

The KSIE values for reaction in methanol relative to 
methanol-d are essentially identical, at 1.35 to 1.40, for 
solvolyses of 1, 2, and 3. These values are somewhat lower than 
a literature value of 1.62 for methanolysis of methanesulfonyl 
chloride and considerably lower than a literature value of 2.5 
for the methanolysis of 2-propanesulfonyl chloride. The lower 
values for anhydrides suggest less nucleophilic assistance 
from the solvent than in the methanolyses of the chlorides. 
Fully consistent with this explanation is the observation that 
the l values of 0.85 to 0.97 for 1, 2, and 3 are appreciably 
lower than the literature values of 1.17 to 1.28 for the three 
sulfonyl chlorides listed, for comparison, in Table 5.

The selectivity values (S), defined in equation (3), show 
preference for attack by the more nucleophilic component: 
ethanol and methanol in their aqueous mixtures and water in 
aqueous TFE. The values, especially for 1, are similar to those 
previously reported for 3 and for sulfonyl chlorides such as p-
methoxybenzenesulfonyl chloride and N,N-dimethylsulfamoyl 
chloride.

The observations from the different aspects of the 
investigation are all consistent with a concerted SN2 mechanism 
across the full range of solvents for both substrates, but with a 
slight variation in transition-state structure favouring reduced 
bond formation to the nucleophilic solvent molecule both 
relative to the attack on sulfonyl chlorides and, also, as the 
solvent is varied, by use of solvents rich in fluoroalcohol, 
which have high electrophilicity and low nucleophilicity.

Experimental
The benzenesulfonic anhydride (TCI America) and p-toluenesulfonic 
anhydride (Aldrich, 97%) were used as received. The solvents 
were purified as previously described.12 The product ratios were 
determined by titration of the acid developed in experiments carried 
out separately from the kinetic runs. For solvolyses of 1, duplicate 
determinations were carried out at –10.0°C by adding 0.40 ml of a 
0.723 M stock solution of 1 in acetonitrile to 20 ml of the appropriate 
solvents and removing 5-ml samples at 10, 15, and 20 half-lives 
(determined from specific rates of Table 1) for titration of the 
developed acid against a 2.25 × 10-3 M solution of sodium methoxide 
in methanol, as previously described.12 The same procedure was used 
in the solvolyses of 2, except that 0.45 ml of a 0.127 M stock solution 
was used and the determination in 60% ethanol was at 0.0°C.

The fraction of the overall reaction of the anhydride with water in 
an alcohol–water mixture is based on the increase in the acid titre over 
that for the solvolysis in the pure alcohol relative to the corresponding 
increase in acid titre for solvolysis in 60% acetone (100% hydrolysis) 
over that for solvolysis in the pure alcohol. Accordingly, the presence 
of either acid impurity, such as that initially present in the substrate 
or formed during preparation of the concentrated stock solution, or 
inert impurity will not influence the determined product ratio and the 
derived S values.

When the six acid titre determinations are averaged, the standard 
deviations are in the range of 0.2–0.7% of the average value. 
Other factors being equal, the S values will be most accurate when 
appreciable amounts of both reaction pathways are followed and the 
precision will fall considerably if one of the products is formed only 
in small amounts, due to the small difference between the two titres 

now being associated with a relatively large error. We will consider 
the two extreme examples from within Table 4. In 90% methanol, 
only 7.4% of product is from reaction of 2 with water and the S value 
can be estimated as 3.11 ± 0.43 (the standard deviation being 14% of 
the value). For solvolysis of 1 in 97% TFE, 62.6% of reaction is with 
water and the S value can be estimated as 0.103 ± 0.008 (the standard 
deviation being 8% of the value).

The kinetic runs were followed using an apparatus which allows 
rapid response to changes in conductivity.26 The apparatus used has 
been previously described.27 Typically, the determinations involved 
the injection of 4.0 ml of a solution of the substrate in acetonitrile 
(0.30 M for 1 and 0.075 M for 2) into 2.0 ml of the solvent under 
investigation. Specific rates (first-order rate coefficients) and the 
associated standard deviations were determined from a computer 
analysis (Guggenheim method28) of the plots of conductivity against 
time. The multiple regression analyses were carried out using 
commercially available statistical packages.
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