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Abstract: The hydrolysis of phenyl 2-hydroxy-5-nitrophenylmethanesulfonate possesses a sigmoid pH dependence with a ki
netic pKs close to the thermodynamic value for the phenolic hydroxyl. This result is consistent with intramolecular nucleophilic 
participation by the hydroxyl group followed by hydrolysis of the intermediate sultone. Evidence supporting this conclusion 
is: (a) absence of buffer catalysis; (b) almost complete absence of a solvent deuterium oxide isotope effect; (c) a slightly positive 
entropy of activation; (d) the fast decomposition of the sultone compared with the observed rate constant for the sulfonate; (e) 
observation of an intermediate under conditions predicted from the sultone rate constant and that for the sulfonate; (f) the exis
tence of a mass law effect on solvolyses carried out in solutions containing added phenol. The equilibrium constant for forma
tion of the phenyl ester from sultone is 1.4 X 105 M - ' , which reflects the strained nature of the five-membered ring sultone. 
A crude estimate of the effective molarity gives a lower limit of 10s M, a relatively small value probably due to ring strain in 
the transition state of the intramolecular reaction. 

It was argued recently that the observed absence of an 
EIcB mechanism in the hydrolysis of sultones (I)1 is consistent 
with stereoelectronic considerations.23 The demonstration of 
nucleophilic attack on sultones3 indicates that, by the principle 
of microscopic reversibility, the reverse step will also not utilize 

o , No> ^ 0XX: SO2OC6Hr, (1) 

I 
O" 

II 

the sulfene pathway (III), although it is well established that 
this mechanism predominates in the alkaline hydrolysis of aryl 
phenylmethanesulfonates (IV).2'4 Reference to structure III 

confirms that cyclization will be a difficult process, since it 
requires a 90° rotation about a C = S double bond. 

0,N 
SO2OAr 

Studies of the reverse step of eq 1 are likely to be complicated 
by the hydrolysis of sultone (I), which is a relatively labile 
species, and by a possible direct and general-base-catalyzed 
formation of product from II. If it is possible to measure the 
rate constant for the reverse step then we may estimate the 
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equilibrium constant for the ring opening reaction because we 
know the forward rate constant.3 The high rate constants for 
hydrolysis of five-membered sultones compared with their 
acyclic analogues have been attributed to strain energy5 and 
x-ray crystallography indicates a small value for the ring angle 
around the sulfur atom (96.1 °)6 compared with a more usual 
value of approximately 107°.7 This work seeks to confirm the 
existence of strain in the five-membered ring sultone from a 
thermodynamic standpoint and also presents the first example 
of an intramolecular nucleophilic catalysis of sulfonate ester 
hydrolysis by a phenolate oxyanion. Further, the results of this 
study confirm the conclusions of Kaiser and his co-workers' 
concerning direct attack in sultone hydrolysis as opposed to 
the EIcB mechanism. 

Experimental Section 

Materials. Phenyl 2-hydroxy-5-nitrophenylmethanesulfonate was 
synthesized by adding a solution of 2-hydroxy-5-nitrophenylmeth-
anesulfonic acid sultone (I, from a previous study,3 2.15 g, 10 mmol) 
in an ethanol/acetonitrile solution (25 mL) to a solution of sodium 
phenolate (1.16 g, 10 mmol) in ethanol (10 mL). The mixture was 
stirred at room temperature for 15 min, acidified with ethanolic HCl, 
and evaporated in vacuo to give an oil which solidified on treatment 
with water. The solid was recovered by filtration, washed with water, 
and recrystallized from benzene as a white powder, mp 141-143 0C. 
Anal. Calcd for CI 3 HMNSO 6 : C, 50.5; H, 3.6; N, 4.5. Found: C, 50.5; 
H, 3.7; N, 4.6. Analyses were carried out by Mr. G. M. J. Powell using 
a Hewlett-Packard Model 185 CHN analyzer. Infrared spectra 
(Unicam SP 200), NMR spectra (Perkin-Elmer R 10), and mass 
spectra (AEI MS 902) confirmed the identity of the compound. 

Buffers and other materials were of analytical reagent grade or were 
recrystallized before use. Deuterium oxide (99.8% D) was obtained 
from Ryvan Chemical Co. and water used throughout the work was 
doubly distilled from glass. 

Methods. Kinetics were measured by following the reactions 
spectrophotometrically at the appropriate wavelength previously 
determined using a repetitive scanning instrument (Unicam SP 800). 
The stock solution of sulfonate in ethanol (~50 fiL) was placed on the 
flattened tip of a glass rod and introduced into the buffer (2.5 mL) 
in a silica cell in the thermostated cell compartment of a Unicam SP 
800, 600, or Beckman DBG spectrophotometer equipped with a ser-
voscribe recorder. The trace was activated at the instant the glass rod 
entered the solution; first-order rate constants were estimated from 
the recorder traces from plots on two-cycle logarithmic paper utilizing 
infinity readings. 

The pH of buffer solutions was measured after each kinetic run 
using a Pye-Dynacap pH meter accurate to ±0.01 units and calibrated 
with EIL standard buffers accurate to the same tolerances. 

The estimation of thermodynamic pA'a's of species was carried out 
spectrophotometrically at an appropriate wavelength in buffer solu
tions with pH spanning the pKa. Since the sulfonate undergoes hy
drolysis at alkaline pH's the absorbance at zero time for a particular 
pH was obtained by extrapolation. The experimental data (Apw -
ACiI(.A w — ACi were plotted vs. pH on two-cycle logarithmic paper 
and the best theoretical line was drawn through the points using a 
normalized line 

>•= 1/(1 + 10"AP*<0 (2) 

to the same scale on tracing paper. The parameter Apw represents the 
observed optical density, A]_ and Aw the invarient optical densities 
at pH's lower and higher than that corresponding to the pAV,. The same 
technique was used to determine k\m and pA:a

kinetic for the plot of log 10 
k vs. pH (Figure 1) for the hydrolysis data. The 2-hydroxy-5-nitro-
phenylsulfonic acid (for pKa determination) was prepared by dis
solving the sultone (I) in a few drops of acetonitrile, adding a few drops 
of ethanol, and diluting to 5 mL with 0.1 M KOH. The solution was 
kept for 2 h to ensure hydrolysis and then used as a stock solution to 
determine the p/fa spectrophotometrically. 

Deuterium oxide buffers were prepared from solutions of sodium 
carbonate in D2O and made up to 1 M ionic strength with KCl. The 
pD was estimated according to the equation76 

Figure 1. The pH dependence of the hydrolysis of phenyl 2-hydroxy-5-
nitrophenylsulfonate at 25 0C and ionic strength made up to 1 M with KCl 
(line A, filled circles). Line B represents the hydroxide ion catalyzed hy
drolysis of the sultone (1) and the open circles are the rate constants for 
the reaction of the sultone in the buffers used for hydrolysis of the sulfo
nate. Line A is theoretical according to eq 4 and the parameters given in 
Table II. 

Results 
The rates of reaction of the phenyl sulfonate (II) obeyed 

good first-order kinetics and the product was shown to be the 
same as that from the sultone under the same conditions by 
comparison with the final absorbance of an equivalent amount 
of the latter (I) at 400 nm in the same buffer. The rate con
stants were independent of the type of buffer and of the buffer 
concentration employed, although this is not true of sultone 
hydrolysis.3 The pH dependence of the rate constants is illus
trated in Figure 1 and a sigmoid kinetic law is obeyed 

£ = A W ( l + f l H + /-KakinetiC) (4) 

p D - pH(mcter reading) + 0.37 

from measured pH readings. 

(3) 

The results are given in Table I and the parameters k\im and 
p^kinetic a r e (52 ± o.6) X 10~4 s-' and 6.0 ± 0.1, respectively. 
In selected kinetic experiments (see Figure 1) the rate constant 
for sultone reaction was measured and found to exceed the 
phenyl sulfonate (II) value under the same conditions of pH, 
buffer concentration, temperature, and ionic strength. The 
hydroxide component to the sultone reaction is represented by 
the line of unit slope derived from data already published from 
this laboratory.3 The buffer component of the sultone reaction 
was dependent on the buffer concentration and on the nature 
of the buffer itself. 

The absence of a hydroxide term to the kinetic equation for 
the hydrolysis is consistent with the low reactivity of phenyl 
phenylmethanesulfonate to hydroxide attack; the effect of the 
2-oxyanion in II is likely to exceed that of the 5-nitro group and 
make its alkaline hydrolysis slower than that of the former 
compound. The value of /COH for phenyl phenylmethanesul
fonate (4.9 X 10-5 M - 1 s~')8a gives rise to a pseudo-first-order 
rate constant of 4.9 X 10~5 S-> at 1 M NaOH, which is an 
upper limit for the hydrolysis of II and is well below the ob
served plateau rate constant (kum). 

The temperature dependence of k\jm was measured with 
carbonate buffers from 25 to 50 0C and the results given in 
Table I together with the deuterium oxide solvent isotope effect 
on this parameter. The pAVs determined spectrophotometri
cally by the method given in the Experimental Section come 
close to the expected values and are reported in Table II. 

Demonstration of Sultone Intermediate. We examined the 
reaction of the sulfonate (II) under conditions where sultone 
(I) is produced faster than it decomposes, namely in the pH 
region 6-7 with nonnucleophilic buffers. 2,6-Lutidine is a 
suitable species as it acts as a general base on the sultone rather 
than as a nucleophile and is only weakly catalytic.3 Addition 
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Table I. Kinetic Data for the Hydrolysis of Phenyl 2-Hydroxy-5-
nitrophenylmethanesulfonate and the Corresponding Sultone (I)" 

Table H. Collection of Rate and Thermodynamic Data for the 
Hydrolysis of Phenyl 2-Hydroxy-5-Nitrophenylmethanesulfonate'3. 

PH Buffer 

k/s~] X 104, 
sulfonate 

( I I ) ' 

fc/s"1, 
sultone (I) 
(405 nm) 

13.94 
12.94 
12.61 
11.37 (pD) 
10.80 
10.7 
9.70 
9.69 
9.63 

9.59 

8.71 
8.04 
7.55 
7.27 
6.62 
6.02 
6.57 
5.63 
5.59 
5.58 
5.46 
5.29 
9.65(31.1 
9.65(36.7 
9.65 (43.4 

0C) 
0C) 
0C) 

9.65 (49.4 0C) 

NaOH 
NaOH 
NaOH 

Carbonate 
Carbonate 
Carbonate 
Carbonate 
Carbonate 
Triethyl-

amine 

Triethyl-
amine 

Carbonate 
Trisrf 

Tris 
Tris 

Phosphate 
Phosphate 
Lutidine 
Acetate 

Phosphate 
Phosphate 

Acetate 
Acetate 

Carbonate 
Carbonate 
Carbonate 
Carbonate 

6.7 
5.2 
4.7 
4.7 (D2O) 
4.6 
5.4 
5.2 
4.8 
1.3 (with 
0.05 M 

phenol) 
5.2 

5.9 
5.5 
3.3 
3.5 
4.3* 
2.9* 
5.2* 
2.3* 
1.7* 
1.1* 
1.6* 
0.94* 

12.5, 11.7 
18.7,18.8 
40.4,38.4 
73.6,74.7 

0.13 

0.16 

4.9 X 1 0 - 4 

1.5 X 1O -3 

1.0 X 1O-3 

2.0X 1O-3 

1.4 X 1O -3 

2.3 X 10" 

" Conditions: 25 0 C (except for the temperature studies), ionic 
. •„ i x/t „,: th K Q b A t 4oo or 405 nm. ' At 440 nm. strength made up to 1 M wi. . . . 

d Trishydroxymethylaminomethane. 

of sulfonate (II) to the lutidine buffer at pH 6.6 initiated a large 
decrease in absorbance (405 nm) caused by sultone formation. 
The rate constant for this decrease (5.15 X 10 -4 S- ') comes 
close to that expected from eq 4 using the kinetic parameters 
quoted earlier. Very slowly the absorbance returned and the 
first-order rate constant for this ((7.8 ± 1) X 10-5 s-1) is close 
to that for the hydrolysis of the sultone in the same buffer ((6.1 
± 1) X 10 -5 S-1) calculated from data already acquired.3 

Mass Law Effect with Added Phenol. If the hydrolysis of II 
proceeds via the sultone then added phenol might decrease the 
overall rate constant for depletion of the sulfonate. Since we 
know the rate constant for phenol attack on sultone (I)3 and 
may accurately determine the rate of reaction of sultone under 
the conditions of the experiment we calculate that a measur
able decrease should be observed. The rate constant for sul
fonate decomposition is given by the expression 

* = klimk2/(k2 + MC6H5O]) (5) 

where k\m is the rate constant for formation of sultone, k2 is 
that for decomposition of sultone under the prevailing condi
tions, and /CB that for phenolate attack.3 In an experiment at 
pH 9.7 with triethylamine buffers (0.1 M, 1 M ionic strength 
made up with KCl) containing 0.05 M phenolate the rate 
constant (1.3 ± 0.1) X 10 - 4S - 1 was observed. The value of k2 
measured under the same conditions of the experiment (0.16 
± 0.03 s-1) together with k& and k\\m gave, using eq 5, a value 
of (1.1 ± 0.2) X 1O - 4S - 1 , which is equal to the observed 
quantity within the experimental error limits. 

Discussion 
The hydrolysis of phenyl 2-hydroxy-5-nitrophenylmeth-

p/^kinetic 
pj^" thermodynamic 

P ^ 3 (sulfonic 
acid) 

£lim/s -1 

fc|imH2°/fclim
D2° 

6.0 ±0.1 
6.0 ±0.1 (440 

nm) 
6.8 ±0.1 (440 

nm) 
(5.2 ±0.6) X 1O-4 

0.97 ± 0.05 

AG* 19.6 ± 0.9 kcal/mol 
AH* 20.1 ±0.8 kcal/mol 

AS* 1.7±5eu/mol 

a Parameters for 25 0 C and ionic strength made up to 1 M with 
KCl. 
Figure 1. The pH dependence of the hydrolysis of phenyl 2-hydroxy-5-
nitrophenylsulfonate at 25 0C and ionic strength made up to 1 M with KCl 
(line A, filled circles). Line B represents the hydroxide ion catalyzed hy
drolysis of the sultone (I) and the open circles are the rate constants for 
the reaction of the sultone in the buffers used for hydrolysis of the sulfo
nate. Line A is theoretical according to eq 4 and the parameters given in 
Table II. 

anesulfonate (II) involves direct nucleophilic attack of the 
2-phenoxyanion and not intramolecular general-base catalyzed 
attack of water (V). Evidence consistent with this hypothesis 

°2N'f*Y>*-Q>C6H5 
O2N, J SO2-Q)C6H2 

9/ 

V 

H ^ B 
VI 

is as follows: (a) The intermediate sultone (I) decomposes 
under the conditions of all the experiments faster than the 
observed rate attributed to the intramolecular nucleophilic 
attack. Figure 1 illustrates this for selected pH's; sultone de
composition entails nucleophilic catalysis3 and regular hy
droxide catalysis predominates only in the high pH region. In 
the pH range corresponding to the ionization of the substrate 
the sultone decomposition is fast, owing to buffer catalysis, (b) 
Hydrolysis of the sulfonate (II) is independent of buffer con
centration or type and there is too small a solvent deuterium 
oxide isotope effect to support either mechanism V or VI. 
General-base-catalyzed hydrolysis in VI is not in any case 
expected because intramolecular attack by the 2-oxyanion 
group would be more efficient and the latter group is present 
at higher concentrations than the conjugate acid in the pH 
region corresponding to the plateau, (c) The enthalpy of ac
tivation for the reaction of the conjugate base of the sulfonate 
(II) comes close to that expected for oxyanion attack on aro
matic sulfonate esters.9 The slightly positive-entropy of acti
vation favors an intramolecular reaction rather than an in
termolecular process, (d) An intermolecular mechanism 
consistent with the observed rate law is attack of hydroxide ion 
on the neutral species (VII) or sulfene formation (VIII). Using 

°'NOC SO2—OC6H5 

OH OH 

H ^ J I OH 

° ' N CC° A 

VII VIII 

the pATa of the 2-hydroxyl group (6.0) and the value for k\\m 
(5.2 X 10"4 s -1) we can estimate the rate constant to be 5.2 
X 104 M - 1 s -1. This value is some nine orders of magnitude 
larger than the rate constant for hydrolysis of phenyl phenyl-
methanesulfonate (IV) in alkali; even allowing for the possible 
noncompensatory effects of the 5-nitro and 2-hydroxyl sub-
stituents this rate constant difference is too large to support 
the same mechanism. The pathway for alkaline hydrolysis of 
IV involves sulfene formation1 -2^8 and the direct attack of alkali 
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on the sulfur (VII) would involve an even larger rate constant 
difference. It is apparent from earlier studies10 that hydroxide 
attack on esters is not enhanced sufficiently by neighboring 
electrophiles, even when located correctly for maximum in
teraction with the carbonyl oxygen, for such large rate dif
ferences to be explained in this way. (e) Rate limiting proton 
transfer from the methylene group (eq 6) is a possible mech-

0,N 
CH2SO2OC6H5 

O" 

* °"NGC 
CHSO2OQH-, 

'O-

+ H+ -^* sulfene product 

(6) 
anism, but it is unlikely that the decomposition of the carbanion 
(£3) to yield sulfene would be faster than the intramolecular 
donation of a proton from the 2-hydroxyl group to the carb
anion. The former rate constant would be approximately the 
same as that for IV, the unsubstituted ester (2.9 X 104 s - l ) , 8 a 

and the latter (k-\) is presumably a diffusion-limited rate 
constant (~1010 s~'). The overall first-order rate constant for 
this mechanism may be estimated from data already availa
ble83 to be KsHki/Ka, where KSH and Ka are the ionization 
constants for the carbanion and 2-hydroxyl group, respectively. 
If we can assume, as before, that the 5-nitro and 2-hydroxyl 
electronic effects cancel, then we may use A^SH and ^ 3 for the 
reaction of IV8a (respectively ICT228 and 2.9 X 104 s - l ) 8 a to 
give an estimated rate constant via this mechanism of 4.6 X 
1O-13 M - 1 s - ' , some eight orders of magnitude lower than the 
observed value, (f) Direct evidence for intramolecular nu-
cleophilic attack is the observation of the sultone intermediate 
(I) followed by its decomposition. Experiments at pH 6.6 with 
2,6-lutidine buffers indicate that an intermediate is formed in 
an initial relatively fast step and the large decrease in ab-
sorbance at 405 nm for decay of the intermediate is within the 
confidence limits the same as the decay of sultone (I) in the 
same buffer, (g) The mass law effect of added phenol on the 
rate constant for the decomposition of the phenyl sulfonate (II) 
provides further conclusive evidence for the proposed mecha
nism. 

The equilibrium constant for formation of the phenyl sul
fonate from sultone and the phenolate anion, derived from the 
forward and reverse rate constants from eq 1, indicates that 
the sulfonate is the more stable state (K = 1.4 X 105 M - 1 ) -
Some of this stability must be due to the phenolate state being 
essentially less stable than the /7-nitrophenolate as judged from 
the difference in pATa's between 4-nitrophenol and phenol; this 
probably contributes some 1000 to the equilibrium constant. 
Since the reaction should involve an entropy loss due to the 
formation of single species from two reactants the equilibrium 
constant for formation might be expected to be unfavorable, 
especially as the component groups in reactants and products 
are similar. The favorability of the reaction is judged to be 
further evidence of strain in five-membered ring sultones.5,6 

It is not possible at present to obtain an accurate estimate 
of the effective molarity because the intermolecular reaction 
of a phenolate anion (of pATa ~6) with a phenyl sulfonate ester 
is far too slow to measure. Data from the laboratory of Vizgert9 

for high temperatures allow us to calculate the rate constant 
for hydroxide attack on phenyl benzenesulfonate (3.2 X 10 - 5 

M - 1 s - 1 ) . The only evidence available so far to enable us to 
estimate the rate constant for phenolate attack is the Br^nsted 
type plot for attack of nucleophiles on sultone (I).3 Enough 
oxyanion data are available to give a rough estimate that the 

phenoxide ion of pKa = 6 is some 104-fold less reactive than 
hydroxide ion. The value could well be larger for benzenesul-
fonates, as these esters are very unreactive compared with 
sultone (I), and this leads to an upper limit of 3.2 X 1O-9 M - 1 

s - ' for the rate constant for attack of phenoxide on phenyl 
benzenesulfonate. The effective molarity estimated from this 
(>105 M) is well in the region expected for an intramolecular 
covalent bond formation and might be higher for an unstrained 
sultone. In any case the high value for the effective molarity 
is yet further evidence against an intramolecular general-base 
assisted attack on the sulfonate (V) . " So far as we are aware 
the only examples of neighboring group participation in sul
fonic acid chemistry to be studied thoroughly, namely sul
fonamide hydrolysis catalyzed by carboxylic acid,12 do not 
allow as yet the estimation of an effective molarity to compare 
with our lower limit. 

The results of this investigation for ring closure of the sul
fonate provide us with an explanation for the observation in 
sultone hydrolysis of general-base catalysis with tertiary 
amines as opposed to the operation of a nucleophilic pathway:3 

(eq 7). General-base catalysis results in a high deuterium oxide 

SO2N= 
N = 

SO, 

gbc so; (7) 

0" 
solvent isotope effect for tertiary amines and also a bimolecular 
rate constant some tenfold less than expected from the 
Br^nsted plot for secondary and primary amine attack (after 
due consideration of steric hindrance effects). The phenolate 
leaving group is predicted to be poor in comparison with the 
amine leaving group derived from the quaternary nitrogen 
derivatives; in the series CH 3 CON + R 3 and CH3COOC6H5

1 3 

the rate constant difference for hydrolysis in water is some five 
or six orders of magnitude for groups of similar pKa. Thus, 
although the high energy intermediate may be formed it rap
idly returns to sultone and the equilibrium constant for for
mation is sufficiently low, especially for weakly basic amines, 
for there to be little effect on the overall rate. 
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