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Bond Scission Processes in Sulphur Compounds. Part IX.t Nucleo-
philic Catalysis in the Methanolysis of Methyl p-Nitrophenyl Sulphate

By Erwin Buncel,* Claudio Chuaqui, Paul Forsythe, Susan Mahoney, Alain Raoult, and James F. Wilt-
shire, Department of Chemistry, Queen’s University, Kingston, Ontario, Canada

Two consecutive processes are observed in the reaction of methyl p-nitrophenyl sulphate in methanol containing
lithium perchlorate, as followed by u.v.~visible spectroscopy at 25°.  In this solvolytic process, an initial conversion
to p-nitrophenyl sulphate ion (carbon—oxygen scission) is followed by a further reaction to give p-nitrophenol
(sulphur—oxygen scission). In reaction media containing perchloric acid the rate of the second stage is increased
but the rate of the first stage remains unchanged. Therefore, there is no acid catalysis in the primary process
yielding p-nitrophenyl sulphate ion. An apparent increase in the rate of this reaction which is observed in media
containing hydrogen chloride can be ascribed to chloride ion catalysis. Similarly, nucleophilic catalysis is observed
with bromide, fluoride, and azide ions. The reactivity order followed is typical of substitution at aliphatic carbon.
A preference of alkyl aryl sulphates for reaction with nucleophiles at the alkyl carbon, rather than at aryl carbon or

sulphonyl sulphur centres, is noted.

THOUGH esters of sulphuric acid enjoy wide utility as
alkylating agents, % and they are also of biological
importance,3® past studies have been concerned chiefly
with the common dialkyl sulphates. However, we re-
ported recently € on the first quantitative study with a
mixed alkyl aryl sulphate, methyl p-nitrophenyl sulphate.
Inthatstudy, results were given for the alkaline methano-
lysis and also for the neutral methanolysis. Alkaline
methanolysis was found to proceed solely by alkyl-
oxygen scission, yielding p-nitrophenyl sulphate ion
[reaction (1)]. Neutral methanolysis gave first -
nitrophenyl hydrogen sulphate (alkyl-oxygen scission),
which was followed by its conversion to p-nitrophenol

+ Part VIII, E. Buncel, A. Raoult, and L.-I. Lancaster, J.
Amer. Chem. Soc., 1973, 95, 5964.

1 Some results of the reaction in methanolic HCI were included
in a preliminary communication.®

1 H. O. House, ‘ Modern Synthetic Reactions,” Benjamin, New
York, 2nd edn., 1972.

2 R. O. C. Norman, °Principles of Organic Synthesis,’
Methuen, London, 1968.

3 E. T. Kaiser, Accounts Chem. Res., 1970, 8, 145.

4 S. J. Benkovic, Trans. New York Acad. Sci., 1970, 82, 330.

(sulphur—oxygen scission). The latter stage is an acid-
catalysed reaction,”® as given by reactions (2) and (3).

In order to explore further the reactivity, and modes of
bond scission, of methyl p-nitrophenyl sulphate under
various conditions we have now studied the reaction with
a variety of nucleophiles. In addition, we have in-
vestigated the possibility of acid-catalysed processes; {
hitherto there has been no report of the occurrence of
acid catalysis in the solvolysis of dialkyl, or diaryl
sulphates. The aspect of the work concerned with dilute
acid media is considered first.

Experiments designed to test for Acid Catalysis.—The
alkyl-oxygen and the sulphur-oxygen centres in methyl

5 E. J. Fendler and J. H. Fendler, Adv. Phys. Org. Chem.,
1970, 8, 271.

¢ E. Buncel, A. Raoult, and J. F. Wiltshire, J. Amer. Chem.
Soc., 1973, 95, 799.

? J.L. Kiceand J. M. Anderson, J. Amer. Chem. Soc., 1966, 88,
5242.

8 E. J. Fendler and J. H. Fendler, J. Org. Chem., 1968, 383,
3852.
® E. Buncel, H. Jarrell, and A. Raoult, J.C.S. Chem. Comm.,
1972, 918.
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p-nitrophenyl sulphate could potentially serve as acid-catalysed solvolysis, and since we had previously
protonation sites, thus rendering the adjacent carbon and  studied the alkaline and neutral methanolysis processes,
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sulphur susceptible to acid-catalysed solvolytic displace- we proceeded to examine the reaction of methyl p-
ment. It was decided to test for the occurrence of such  nitrophenyl sulphate in methanol containing perchloric
and hydrochloric acids. Accompanying control experi-
ments were deemed necessary with lithium perchlorate
and lithium chloride in order to test for ionic strength
cffects. The reaction was studied spectrophotometric-
ally, by the method described previously.%10

Two consecutive processes are observed in the reaction
of methyl p-nitrophenyl sulphate in methanolic LiClO,
solution. The spectral characteristics of the reaction are
illustrated in Figure a. There is the initial conversion of
methyl p-nitrophenyl sulphate to p-nitrophenyl sulphate
ion (a decrease in absorbance at 260 nm, an increase at
283 nm, and isosbestic points at 230 and 270 nm), fol-
lowed by the conversion of the intermediate p-nitro-
phenyl sulphate ion to p-nitrophenol (a decrease in
absorbance at 283 nm, an increase at 311 nm, and isosbes-
tic points at 243 and 295 nm). The final spectrum
corresponds quantitatively with that of $-nitrophenol in
this medium. The two processes are well defined in
Figure a because the first stage of the reaction is ap-
preciably more rapid than the second.

First-order rate constants (k.s) for the conversion of
methyl p-nitrophenyl sulphate to p-nitrophenyl sulphate
ion were obtained from plots 12 of log (4; — A«) against
¢t at 243 and 295 nm (the isosbestic points for the conver-
sion of p-nitrophenyl sulphate ion to p-nitrophenol).
The resulting rate data, given in Table 1, show that 2y
is invariant with changing lithium perchlorate concen-
tration. The value of ks compares favourably with the
value 5-56 X 107 s previously obtained for the neutral

Absorbance

23535375360 395 350 reaction. Thus the kinetic results and spectral charac-
Alnm teristics of the reaction of methyl p-nitrophenyl sulphate

_ in methanolic LiClO, solutions are identical with those
Spectral characteristics in the methanolysis of methyl p-nitro-

henyl sulphate at 25°: a, reaction in the presence of 0-06M- ) )
EiClC})’,; b?reaction with 1 x 10*M-HCIO,; c, reaction with 10 E. Buncel, A. Raoult, and J. T. Wiltshire, J. Chem. Educ.,
6 x 10-3m-HCIO, 1974, 51, 814.
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previously obtained 6 for the neutral methanolysis reac-
tion [equation (4)]. The subsequent reaction of p-
nitrophenyl sulphate ion to p-nitrophenol (Figure a) is an

J.C.S. Perkin I1

order rate constants for the disappearance of methyl p-
nitrophenyl sulphate obtained from plots of log (4w —
A,) at 295 nm [the isosbestic point for the conversion of
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acid-catalysed process [equation (2) and (3)] and was
characterized in the previous study.®

Kinetic runs with added perchloric acid exhibited a
visual appearance that was quite different in character
from that of the LiClO, runs. At low HCIO, concen-
tration (ca. 1 X 107mM), the spectral characteristics of the

TABLE 1

Kinetic data for the conversion of methyl p-nitrophenyl
sulphate to p-nitrophenyl sulphate ion in methanol
containing LiCl0,, HCIO,, and HCI at 25° ¢

Reagent 10%[Reagent]/Mm  10%kgps/s™?
LiCIO, 21-6 5-56
307 5-50
61-4 5-45
100-1 5-60
HCIO, 0-10 5-29
0-55 5-03
6-06 5-27
61-4 5-40
122-8 5-42
245-6 5-25
HCI 0-09 558
0-50 5-78
2-40 5-59
6-00 6-07
11-9 6-53
1556 7-14
31-0 8-65
61-4 11-4

s All runs were performed at a substrate concentration of
5 x 107%M. The reaction medium contained 1%, ether and, in
the case of the acid runs, <0-5%, water by volume.

reaction are similar to those of Figure a, though the
isosbestic points at 270 and 295 nm are somewhat less
distinct (Figure b). As HCIO, is gradually increased in
concentration, these isosbestic points begin to merge,
until finally (HCIO4 > 6 X 1073M) the metamorphosis is
complete and the reaction is characterized solely by a
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decrease in absorbance at 260 nm due to methyl p-
nitrophenyl sulphate, a single sharp isosbestic point at
281 nm, and an increase in absorbance at 311 nm due to
p-nitrophenol (Figure c). Table 1 lists the pseudo-first-
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p-nitrophenyl sulphate ion to p-nitrophenol (Figure a}] or
at 260 nm (with the spectral characteristics of Figure c).
The rate of reaction is seen to be invariant with [HCIO,],
the rate constant being identical to that obtained for the
conversion of methyl p-nitrophenyl sulphate to p-nitro-
phenyl sulphate ion in methanolic LiClO, solution, and
for the neutral methanolysis reaction.

A rationalization of these results may be given, in that
the processes shown in the Figure represent the conver-
sion of methyl p-nitrophenyl sulphate to p-nitrophenyl
sulphate ion [neutral methanolysis, equation (4)], which
is not acid catalysed, but which is followed by an acid-
catalysed conversion of the intermediate to p-nitro-
phenol at a gradually increasing rate. At the high acid
concentrations (Figure ¢) the rate constant for the second
stage is considerably larger than for the first, so that the
intermediate p-nitrophenyl sulphate ion cannot accumu-
late. The overall observed reaction is therefore the
transformation of methyl p-nitrophenyl sulphate to p-
nitrophenol.

Chioride Ion Catalysis—Results obtained when the
methanolysis was performed in the presence of hydro-
chloric acid show similarities, but also differences, when
compared to the perchloric acid system. In the region
of low HCI concentrations (0-1-—2 x 1073M) the results
follow closely those obtained with added HCIO,. Thus
one observes spectrally an A —» B —» C consecutive
reaction system which merges to an A —» C process
with increased acidity, once the B — C rate surpasses
the A —» B rate. In the meanwhile the measured Z,ps
remained at the 5:6 x 104 s™ level, corresponding to the
neutral methanolysis rate. On the other hand, with
[HCI] > 6 X 1073M the &y, values are found to increase
(Table 1), though the visual appearance of the spectra
during a given run retains the character of an A —» C
process (a single isosbestic point at 281 nm is maintained,
as in Figure ¢). In view of the present results with
added HCIO,, this increase in rate with added HCI, which
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was previously interpreted as evidence for the advent of

an acid-catalysed process,® must now be ascribed to

chloride ion catalysis [equation (5; Nu~ = CI7)].
Further evidence for chloride ion catalysis was sought
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by performing the reaction with added lithium chloride,
in which case there should be no possibility of acid
catalysis. The rate constant for the conversion of methyl
p-nitrophenyl sulphate to p-nitrophenyl sulphate ion, in
the presence of added LiCl, was in fact observed to in-
crease with increasing LiCl concentration (Table 2). A

TABLE 2

Kinetic data for the nucleophile catalysed conversion of
methyl p-nitrophenyl sulphate to p-nitrophenyl sul-
phate ion in methanol at 25° ¢

10%[Nucleophile]/ 10%k,/1 mol-*
Reagent M 10%kpefs7 2 ste
Me,NT 20-8 5-94 2-02
36-2 6-35
419 6-50
60-0 6-76
725 6-91
108-7 7-89
LiCl 30-0 8-52 11-0
61-4 11-3
75-0 13-7
98-6 185
LiBr 30-7 19-0 45-0
61-4 37-5
115-9 57-3
NaN, 3-3 7-9 76-8
16-4 18-3
32-8 29-9
36-1 334
61-4 52-8
112-0 91-8

@ Substrate concentration = 5 x 10-*M. Reaction solutions
contain 1% ether by volume. ? The observed pseudo-first-
order rate constant. <¢Calculated from slope of plot of Zgs
against [Nucleophile].

plot of &g against [LiCl] is linear and the slope yields the
second-order coefficient with respect to chloride ion,
ko- = 11-0 X 103 1 mol™! s (from a similar plot of the
HCI data, &q- = 9-7 x 102 1 mol? s71). The intercept
in this plot has the value 5-4 x 107* s! and corresponds
to the neutral methanolysis rate.

In the kinetic runs performed with added LiCl the
primary reaction (A — B) yielding p-nitrophenyl
sulphate ion was seen to be followed by a much slower
conversion of the latter to p-nitrophenol. The B —» C
reaction [equations (2) and (3)] in this case is induced by
the acid generated in the neutral methanolysis of methyl

* The suppression of the second stage of the reaction can be
attributed to one or both of (a) the inability of the methanolysis
reaction to compete effectively with the nucleophile catalysed
reaction, and (b) neutralization of acid by the relatively basic
nucleophiles. However, it was found that the second stage could
be induced by the addition of an excess of acid.

+ An estimate was made of the extent to which lyate ion con-
tributes to the observed rate of the A — B process by calculating
the extent of the ionizations Nu— -4+ MeOH =g— NuH -+
MeO- using the acid dissociation constants of NuH and the auto-
protolysis constant of the solvent. In no case was the contribu-
tion to the rate by the lyate ion significant.

11 C. A. Bunton, ‘ Nucleophilic Substitution at a Saturated
Carbon Atom,’ Elsevier, Amsterdam, 1963.

12 E. R. Thornton, ‘Solvolysis Mechanisms,” Ronald Press,
New York, 1964, ch. 4.
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#p-nitrophenyl sulphate to p-nitrophenyl hydrogen sul-
phate [equation (4)] which competes with the chloride
ion catalysed reaction [equation (5)], which does not
generate acid. The B -—» C reaction was not investi-
gated in detail, though it was noted that increasing the
chloride ion concentration resulted in a reduced rate of
the B — C reaction, which is as would be expected.

Catalysts by Other Nucleophiles.—In order to establish
the generality of nucleophilic catalysis in this system, the
reaction of methyl p-nitrophenyl! sulphate was extended
to other common nucleophiles, namely Br~, F~, and N,~.
In each case reaction was observed to yield cleanly the
p-nitrophenyl sulphate ion, with pseudo-first-order
kinetics.*

Second-order rate coefficients for the A —= B reaction
with respect to the nucleophiles examined were obtained
from linear plots of kg against [Nu=].+ The overall
reactivity order obtained is Ny~ > Br~ > ClI- > F-,
which is typical for substitution at an aliphatic carbon
centre.l’13 In contrast, reaction at sulphonyl centres is
characterized by high reactivity of nonpolarizable
nucleophiles.}415 Thus the sulphonyl centre has been
termed ‘ hard ’ 1 on the Pearson terminology.16

It is noteworthy that throughout this study, and the
previous study ® of the neutral and base-catalysed
methanolysis reactions, no evidence was obtained for
substitution at aromatic carbon or at sulphonyl sulphur.
An SyAr process 1719 might have been expected in this
system as a result of the presence of the activating nitro-
substituent and since the MeOSO,~ ion is known to be a
good leaving group. Methoxide and azide ions have been
used as common nucleophiles in SyAr reactions. With
respect to the preference which has been observed in this
system for reaction at alkyl carbon rather than at
sulphonyl sulphur, the nucleophilic substitution reac-
tions of mixed alkyl aryl sulphates appear to closely
parallel those of the related dialkyl sulphates.2%21 A
further similarity between these two classes of compound
lies in the absence of any report of an acid-catalysed
solvolysis reaction.?%21

EXPERIMENTAL

The method of preparation and characterization of methyl
p-nitrophenyl sulphate has been described previously.22 23

13 C. K. Ingold, ‘ Structure and Mechanism in Organic Chem-
istry,” Cornell University Press, Ithaca, 1969, 2nd edn., ch. 7.

1 J. L. Kice and G. J. Kasperek, J. Amer. Chem. Soc., 1969, 91,
5510.

15 J. L. Kice and E. Legan, J. Amer. Chem. Soc., 1973, 95, 3912.

18 R. G. Pearson and J. Songstad, J. Amer. Chem. Soc., 1967,
89, 1827; R. G. Pearson, ibid., 1963, 85, 3533.

17 J. ¥. Bunnett, Quart. Rev., 1958, 12, 1.

18 J. Miller, ‘ Nucleophilic Aromatic Substitution,” Elsevier,
Amsterdam, 1968.

1% E. Buncel, A. R. Norris, and K. E. Russell, Quart. Rev.,
1968, 22, 123.

20 T, Lauder, I. R. Wilson, and B. Zerner, Austral. J. Chem.,
1961, 14, 41.

2t E. T. Kaiser, M. Panar, and F. H. Westheimer, J. Amer.
Chem. Soc., 1963, 85, 602.

22 G. R. Chalkley, D. J. Snodin, G. Stevens, and M. C. Whiting,
J. Chem. Soc. (C), 1970, 682.

28 T, Buncel and A. Raoult, Canad. J. Chem., 1972, 50, 1907.
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Potassium p-nitrophenyl sulphate (Sigma chemicals) showed
no u.v. absorption due to p-nitrophenoxide ion in alkaline
medium, and gave 989, p-nitrophenol after complete acid
hydrolysis. Commercial absolute methanol was distilled
from iodine-activated magnesium. Other reagents were of
analytical quality.

Stock solutions of the substances listed below were pre-
pared in methanol, except for the substrate in which case
anhydrous ether was used. The following spectral charac-
teristics were obtained: methyl p-nitrophenyl sulphate,
Apnx 260 nm (e 9430); p-nitrophenyl sulphate (potassium
salt), A, 283 nm (e, 9200); p-nitrophenol, A 311 nm
(Epax. 10,600).

Spectral measurements were made on a Unicam SP 800
spectrophotometer in a thermostatted cuvette (20 mm).
Reactions were followed by repeated scanning over the
region 225—350 nm or, in the case of fast runs, absorbance

J.C.S. Perkin II

was followed at the wavelength corresponding to the absorp-
tion maximum of the product species. Infinity spectra
were obtained at the completion of the reactions.

Kinetics were performed under pseudo-first-order condi-
tions, with the reagent present in excess. Runs were
initiated by the addition, with a calibrated syringe, of the
stock solution (60 pl) of the substrate (5 X 1073M) in ether to
the methanolic reagent solution (5-94 ml) contained in the
thermostatted cuvette. In the case of acidic media, stock
HCIO, and HCI solutions were prepared in aqueous medium
and were of such concentration that the final methanolic
reaction solution, on addition of a portion of the aqueous
acid, contained a maximum of 0-5%, water by volume.
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