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INTRODUCTION

The reactions of esters involving the carbonyl group, i.e.
hydrolysis 177, alcoholysis®:®, and ammonolysis!0;!!, have
been widely discussed in the literature, but considerably
less work has been doneon the corresponding reactions in-
volving the sulphonyl group: those with sulphonyl chlorides
and the esters of aromatic sulphonic acids.

The significance of these reactions in organic chemistry
is notlimited to the production of dyes!?, drugs?!?, surface-
-active agents }, insecticides!®, etc.!®* They occupy an
important position in the general theory of solvolytic pro-
cesses. In the present review an attempt will be made to
summarise and systematise published information on the
hydrolysis of aromatic sulphonyl chlorides and aryl and
alkyl sulphonates, and alsoto compare the specific features
of reactions involving the sulphonyl group with the corre-
sponding reactions in which the carbonyl group takes part.

1. SUBSTITUTION IN COMPOUNDS CONTAINING SUL-
PHONYL OR CARBONYL GROUPS

In the carbonyl group an octet is formed by the carbon-
oxygen double bond in the

/°

R—C\OR'
group and by the two covalent bonds linking the carbon with
oxygen and with the radical R. Owing to the presence of
mobile 7 electrons and also the great electronegativity of
oxygen, the double bond is readily polarised in the direc-
tion of the oxygen, so that the electron density is dimin-
ished on the carbonyl carbon and increased on the oxygen,
which thus forms the negative pole, while the carbon is
the positive pole, of the molecular dipole. The electro-
philic character of the carbon creates favourable conditions
for its attack by nucleophilic réagents; hence most nucleo-
philic substitution and addition reactions in compounds
containing a carbonyl group involve the nucleophilic reagent
attacking the carbonyl carbon 7,18,
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In compounds containing a sulphonyl group the octet rule
can be maintained provided that, if two oxygen atoms are
linked with the sulphur atom in a sulpho-group by semipolar
bonds

o
5+,

i

the other two bonds (linking the sulphur with oxygen and
with the radical R) are covalent. With this distribution of
electrons the sulphur is positively charged, which would
seemingly facilitate attack by nucleophilic reagents. Actu-
ally, the presence of a complete octet hinders this attack.
Nevertheless, when it is remembered that the octet rule
does not extend to elements of the third and higher periods
in the Periodic System, and the sulphur atom can enlarge
its octet, the following interpretation is possible for the
structure of the >SO, group

Py 4 - B~12) S41 (Do~
:@—‘%‘——(:g: or = :Q—S—0Q:

Adoption of the two extreme formulae (Ia) and (IIa):

(ta) 79 -—*%*—- 67 and o=%=o ma)

does not, of course, represent the actual distribution of
electrons, and is useless for predicting reactivity.

Recently the presence of a semipolar bond in these com-
pounds has been denied on the basis of the following results.
The §-0 interatomic distances in the >SO, group have been
found to be 1.432 A, which approximates to the length of a
double bond, while those of an S—O single bond in the group
S-O-Rare 1.7 A; this is attributed!® to the formation of a
7 bond by the 3d orbitals of the sulphur atom. On the other
hand, the Hammett constant o for the p-SO; group is similar
to the values obtained for other para-substituents (the pK
relates to the ionisation of a proton in the substituent
groups, not the SO,H, in substituted benzenesulphonic acids),
which suggests that conjugation occurs also in sulphonate
ions, and that the sulphur atom in sulphonic acids can ex-
pand its octet to a decet or a dodecet*:2!, However, the
tendency to such expansion is slight, since compounds con-
taining the >80, group do not yield enolic forms22. Con-
sequently the sulphur in the SO, group is positively charged,
its shell of valence electrons contains vacant orbitals, and
like carbonyl carbon it can undergo nucleophilic attack,
although to a considerably smaller extent. Thus, whereas
the carbonyl group readily adds on anions or molecules
having lone pairs of electrons, such reactions are difficuit
with the sulphonyl group.

The second difference lies in peculiarities associated
with the formation of the transition state. A reactant car-
boxylic ester molecule has a planar structure of the type:

R
AN
C=0;
rR07

as the nucleophilic-reagent approaches, all three substi-
tuent groups move closer and, at the instant of formation
of the intermediate, yield a tetrahedral structure, with

2

electrophilic reagents adding on to the oxygen, and nucleo-
philic reagents to the carbon

oz

/|

R OR’ O-E

If the resultant splits off a simple molecule and gives a
functional group with a double bond, this does not affect the
kinetics, since the slowest process is the addition. Bender
showed that the intermediate product is tetrahedral # in
alkaline and in acid hydrolysis:

OH

w-con

OR

The sulphur in a sulphonyl group is coordinatively satu-
rated, and it is therefore difficult to imagine the formation
of an intermediate product by addition of a nucleophilic
species to the sulphur atom. If, however, reactions in-
volving the sulphonyl group are accomplished in a single
transition state, the bonds can probably be distributed in
two possible ways: (a) the attacking and the eliminated
groups are in the same plane as the sulphur and oxygen
atoms:

or (b) the attacking and the eliminated groups are in a plane
perpendicular to the O «— § — O plane

N ;.om

o

Changes in bond angle then require considerable amounts
of energy.

Finally, the third difference between compounds contain-~
ing sulphonyl and carbonyl groups consists in the different
polarities of the S—Cl and C-Cl bonds in sulphonyl and acyl
chlorides respectively, of the S-OAr and C-OAr bonds in
aryl sulphonates and benzoates, and of S~OAlk and C-OAlk
bonds in alkyl sulphonates and benzoates. All these fac-
tors should produce differences with respect to catalysts,
and in the steric effects of substituents, in the influence of
the polarity of the solvent and the nucleophilic character of
reagents on the rate of hydrolysis, and hence should be
shown also in reaction mechanisms.

2. SITE OF BOND RUPTURE ON HYDROLYSIS

The hydrolysis of esters may take place either by an
acyl-oxygen2¢~2" or by an alkyl-oxygen -3¢ mechanism,
more rarely by both mechanisms at the same time 35-3,
The mechanism of hydrolysis is substantially affected by
the electronegativity of R and R’ in the ester R.COOR’, and
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also by the presence of substituents which cause steric
hindrance at the point where reaction occurs?9,%9,%, Esters
formed by carboxylic acids with primary aliphatic alcohols,
substituted benzyl alcohols, and phenols are hydrolysed by
an acyl-oxygen mechanism4:-#, An alkyl-oxygen mech-
anism is favoured by increasing the strength of the acid3®
and by introducing electron-donor groups into R’, which
increase the stability of its ionic carbonium form, as is
the case withthe estersof tertiary alcohols*. The question
of the site of bond rupture is settled unambiguously by iso-
topic and stereochemical methods.

Use of water containing heavy oxygen in the study of the
hydrolysis of alkyl and aryl sulphonates has enabled the
site of bond rupture to be established with certainty: in
the former case it is the alkyl-oxygen bond which is
broken“, and in the latter case the bond linking sulphur
with the oxygen of the phenoxy-group+’s»*8. Investigation of
the reactivities of alkyl and aryl sulphonates in other
nucleophilic substitutions, such as their reactions with
amines, alkoxides, etc., also indicates the presence not
only of different labile bonds but also of different reactive
centres, in the first type of compound the carbon atom of
the alkyl group, and in the second the sulphur atom of the
sulpho-group 49-56,

3. INFLUENCE OF CATALYST ON THE MECHANISM
OF HYDROLYSIS

The kinetics of the saponification of esters by acid
hydrolysis is complicated by the effect of the acid formed
during hydrolysiss7:5¢. 1In hydrolysis in acid medium it is
the cation of the protonated form of the ester RCOOHR*
which reacts59%°. This is supported by the presence of an
ortho-effect in the hydrolysis of substituted phenyl acetates
in the presence of an acid catalyst®’. Bender was able to
show that, in the acid hydrolysis of ethyl benzoates in the
presence of H,'80, the rate of oxygen exchange is 20% of
that of hydrolysis, and hence that a true intermediate, not
a transition complex, is formed?*. In several cases, how-
ever, no strict proportionality is observedbetween logk and
the Hammett acidity function, the reaction velocity being
proportional to the acid concentration, which indicates that
the intermediate compound is very complex. The reaction
is probably bimolecular, rapid addition of H* to the oxygen
of the ester first taking place, followed by the rate-deter-
mining stage of the reaction in which the carbon atom is
attacked by water molecules.

Alkyl-oxygen and acyl-oxygen bonds are not affected in
the same manner by the use of acid and alkaline catalysts.
In saponification with alkalis it is mainly the latter type of
bond which is cleaved; hydrolysis in neutral and acid
media favours rupture of the alkyl-oxygen bond.

It has been shown by an isotopic method that the alkaline
hydrolysis of trimethyl phosphate involves fission almost
exclusively of P-O bonds:

OCH,
0 =P5—~—0CH;+}+3H¥OH-+O=P(1%OH),+3CH,0H .

OCH,4

In contrast, the acid-catalysed or autocatalytic hydrolysis
of trimethyl phosphate is accompanied by bond cleavage in
both the possible ways, 30% at the expense of P-O and 70%
at the expense of C-O bonds 82,83,

The effect of substituents in the acid hydrolysis of car-
boxylic esters is slight and shows little regularity #*.

With esters of strong acids, in contrast to those of car-
boxylic acids, the rate of hydrolysis does not increase in
the presence of acid catalysts 36,54-86, This is probably be-
cause the basicity of carboxylic esters is substantially
greater than that of sulphonic esters or sulphonyl chlorides.
As a result, the concentration of the protonated form of the
latter is vanishingly small at low acidities; this is respon-
sible for the absence of acid catalysis. In the vicinity of
100% H,S80,, in oleum, and in an H,SO,~HSO,Cl mixture,
acid solvolysis of ArSO,Cl occurs and involves preliminary
addition of two protons to the SO,Cl group®’. The rate of
hydrolysis of ethyl benzenesulphonate is constant at pH
1.4-6.4 and at low alkali concentrations, but increases in
proportion to the alkali concentration when this exceeds
0.1 N.%8 Therefore the kinetics of the hydrolysis of alkyl
sulphonates in acid, neutral, and feebly alkaline solutions
obeys a first-order equation.

The hydrolysis of benzenesulphonyl chlorides occurs in
a similar manner to that of alkyl benzenesulphonates. The
reaction velocity remains constant from pH 1 to 8, and in-
creases sharply at pH 9. In neutral and acid media hydro-
lysis is produced almost exclusively by unionised water
molecules®7°, Substituted phenyl esters of benzenesul«
phonic acid, other than mono- and di-nitrophenyl benzene-~
sulphonates, are not hydrolysed at all in neutral and weakly
acidic media?'. Thus, phenyl benzenesulphonate does not
yield even traces of phenol when heated in 60% aqueous
dioxan at 120° for 3 weeks 2. Hence, whereas the hydrolysis
of carboxylic esters is accelerated by acid and alkaline
catalysts, the rate of hydrolysis of alkyl and aryl sulphon-
ates is independent of the hydrogen-ion concentration.

In spite of the apparent similarity between alkyl and
aryl sulphonates, they differ fundamentally in their behav-
iour in neutral and weakly alkaline media. Whereas the
rate of hydrolysis of alkyl sulphonates increases slowly
and progressively with increase in alkalinity of the medium,
the rate of hydrolysis of aryl sulphonates increases sharply
under these conditions.

In the absence of bases, the hydrolysis of alkyl ben-
zenesulphonates occurs according to the equation*®

RSO,0Alk+H,0 - RSO,0H-AIKOH
and obeys the first-order law:

dx
x = k (@a—x),

where a—x is the concentration of the ester.

In the presence of bases, the hydrolysis of alkyl ben-
zenesulphonates occurs according to the equation?3:

RSO,0AlIk+4OH- - RSO,0-+AIKOH,  (R=CqHj)

and obeys the kinetic equation:

—‘Z—= kr(@— %)+ ka(a—x) (6 — ).
where a—x is the ester concentration, b—x the hydroxide-
-ion concentration, %, the first-order rate constant, and
k, the rate constant of the bimolecular reaction. If re-
latively high alkali concentrations are used, the neutral
hydrolysis can be neglected. Thus for ethyl benzenesul-
phonate in 0.01 N NaOH, k, = 0.0730 litre mole~! sec!, and
at this temperature &, =0.000482 sec ™! (in aqueous—aicoholic
medium). The activation energies of alkaline and neutral
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hydrolysis differ little from one another (21120 and
22030 cal mole-!). For ethyl m-nitrobenzenesulphonate
in 0.033 N NaOH %, = 5.7 X 102 litre mole-! sec~! and &, =
=5.23 X 10-5 sec. The activation energies for neutral and
alkaline hydrolysis of this ester are also quite close to one
another, 19570 and 18 270 cal mole~!.7* The values given
here for %, and 2, were calculated independently of one
another, and therefore k, includes both alkaline and neutral
“aqueous” hydrolysis. In order to calculate &, for alkaline
hydrolysis alone, a method of graphical differentiation can
be used, where

k% _ dx/dt — k,(a — x)

@—x@E—x
for ethyl m-nitrobenzenesulphonate 4} = 0.00081 and k, =
=0.00114 litre mole~* min~!. A graph of the variation of
x with ¢ shows that under these conditions the “aqueous”
hydrolysis accounts for 30% of the total change in concen-
tration of the compound.

Tommila and Lindholm*° note also that, in the solvoly-
sis of ethyl benzenesulphonate (in water, methanol, or
ethanol), the activation energy is constant (~ 22000 cal) and
the differences in reaction velocities are produced solely
by a change in the frequency factor, the logarithm of which
varies between 11.22 and 9.5. This can probably be attri-
buted to the absence of any displacement of electrons in the
SO, group under the influence of the field of the hydroxide
ion or the water dipoles, since the corresponding car-
boxylic esters show an appreciable difference in activation
energy with change in polarity of the medium or in the
nature of the catalyst.

Aryl sulphonates are hydrolysed only in the presence of
alkaline catalysts, according to the equation

ArSO,0Ar’ + 20H™ — ArSO,0™ + Ar'O- + H,0,

the reaction following a second-order expression which
takes into account the double consumption of alkali

dx
I k(@ —x)(b—2x).

The activation energy E and the frequency factor A for
hydrolysis in alkaline aqueous dioxan solution are lower
with phenyl benzenesulphonate than with the corresponding
ethyl ester (17860 cal mole~! and log A = 8.66 compared
with 19070 cal mole-! and 9.65), providing a further indi-
cation of different mechanisms of hydrolysis with these
esters.

According to Hinshelwood et al.? the activation energy
is affected by two factors, the necessity for (1) overcoming
the repulsion between the ester molecule and the OH" ion,
and (2) weakening the original bonds (deflecting them from
the normal position to the configuration in the transition
state).

In the alkaline hydrolysis of carboxylic esters repulsion
is least at the carbonyl carbon, and the hydroxide ion
attacks this atom, since repulsion is weak, and the activa-
tion energy comparatively low. A diminution in activation
energy is also favoured by addition of water molecules and
formation of an intermediate complex, which probably pre-
cedes addition of the OH™ ion2-4:

0 o

R~(‘i/—0R'+0H--.:R——c/—-0H - R—C+ROH4-OH~
Nor’ NoH
HOH ;
H----OH

It has recently been suggested that in the transition state
an ester molecule, a water molecule, and a hydroxide ion
form a six-membered ring. Such an active complex, in
which bonds which are being broken alternate with bonds
which are being formed, is produced more easily if an
alternation of charges on the ions and on the polar bonds
is achieved. This additional electrostatic effect lowers
the energy of repulsion and favours the formation of cyclic
transition complexes 5,76

Nucleophilic substitution occurs quite-differently in ben-
zenesulphonic esters. Nucleophilic attack on the sulphur
atom in the >80, group is difficult, although the atom is
positively charged. The latter tends to draw off the elec-
trons in the chain towards itself: S < O+ C; as a result,
the alkyl carbon acquires a weak positive charge, and the
hydroxide ion adds on to this atom. However, the attrac-
tion between the negative ion and the carbon atom is weak,
and consequently the activation energy and the frequency
factor for the hydrolysis of alkyl sulphonates are far higher
than for the corresponding carboxylic esters. In the alka-
line hydrolysis of ethyl benzoate in water, for example,
E =121700 cal and log A = 7.76, while with ethyl benzene-
sulphonate in water E = 21100 cal and log A = 12.70.81 On
the other hand, the entropy of activation is less negative
with alkyl sulphonates (-10 cal deg~! mole~!) than with ethyl
benzoate (-24.9 cal), indicating different degrees of strain
in the structures in the transition state.

Whereas in the alkyl sulphonates the transition state has
a free, unstrained structure, in the carboxylic esters there
is a rigid structure, associated with a redistribution of
electron density in the carboxyl group in the transition
state.

The hydrolysis of alkyl benzenesulphonates is bimole-
cular, takes place in one step, and, in conformity with
Hughes and Ingold's terminology, is an Sy2 reaction

o H - o0

|

Rﬂ%—o—cl:—k%x—» {R——SI—O'"C‘:H,R'} - R-—%—o—+cu.n' ,
o H o X o

where X = OH™, C,H;O", or other nucleophilic reagent.

It is probable that solvolysis takes place by the same
mechanism 78,79,

Reaction of alkyl sulphonates with alkali-metal carboxyl-
ates occurs by an Sy2 mechanism with Walden inversion 8,8!:

Ry Ry

| |
R;—C'—OSOaR+CH,(I)O‘ — CH;COOC—R,+RS0,0~.

Ry s

With phenyl benzenesulphonates the difficulty of nucleo-
philic attack by the OH™ ion on the phenyl group results in
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hydrolysis occurring by its attack on the sulphur atom, and
perhaps corresponding to the transition state 7?72

o 0 OCHT-

' t

XCH—$—OC/H,+OH" = | XCHSS : — XCyH,S0,0~+C¢H,0H .
) o “oH

In contrast to the alkyl sulphonates, the reaction occurs
here by an “acyl” -oxygen mechanism. Whereas with car-
boxylic esters such a mechanism of hydrolysis depends on
the electrophilic character of the carbonyl carbon and the
polarity causing rupture of the C-O bond, with benzene-
sulphonic esters it depends on the electrophilic character
of the sulphur and on the polarity of the S—O bond, which,
incidentally, is greater in the aryl sulphonates than in the
alkyl sulphonates. Aryl sulphonates provide convenient
subjects for studying the mechanism of hydrolysis, since
both of these factors can be varied by varying the nuclear
substituents in the phenol and in the benzenesulphonic acid.
Rupture of the S-0O bond was established in an isotopic in-
vestigation?® of the alkaline hydrolysis of phenyl p-nitro-
benzenesulphonate, nitrophenyl benzenesulphonate,
2,4-dinitrophenyl o -nitrobenzenesulphonate, and 2,4-dinitro-
phenyl toluene-p-sulphonate and of the neutral hydrolysis of
the latter two esters and also of 2,4-dinitrophenyl benzene-
sulphonate.

In the alkaline hydrolysis of phenyl benzenesulphonate
(on being heated with KOH in a dioxan-H,80 mixture at 90°
for 1 h) no exchange of 80 with the oxygen atoms in the
ester takes place. These results indicate that the reactions
under investigation do not involve the intermediate addition
of the OH~ ion to the sulphur atom, but are reactions of
type Sn2 occurring by a synchronous one-step mechanism 8.
In this respect the phenyl benzenesulphonates resemble the
phenyl benzoates. Whereas when the OH™ ion attacks the
carbonyl carbon in ethyl benzoate an intermediate product
is formed with a life corresponding to the molecule and a
period of existence comparable with the collision period 2,
with phenyl benzoate no isotopic oxygen is detected in the
unchanged molecule, and the reaction probably takes place
by a synchronous mechanism, which facilitates an increase
in polarity of the C~O bond?2.

In the acid hydrolysis of carboxylic esters, the proton
combines with the ethereal oxygen, and the second step
results in addition to the carbonyl carbon of an OH™ ion
from the water?57:

o
1 +

R—G—OR' ~ R—t—5—R' = RCOOH+ROHT

HOH HOH, H-bH OH,

Syrkin gives convincing arguments against the above
scheme for acid hydrolysis. It is not clear how the desol-
vation of H,0* aq, which requires much energy, is com-
pensated for, and it is difficult to understand why the pro-
ton adds on to the ethereal and not the carbonyl oxygen,
which has a larger negative charge. The possibility of
redistributing the p-electrons of the oxygen gives the car-
bonyl oxygen a partial negative charge, while the ether
oxygen has a partial positive charge, so that the proton

probably adds on to the former, while the hydroxyl from
water adds on to the more positive carbonyl carbon™
according to the scheme:

R_OR
4

~ R OR’
¢ T—H N M
H H /
LYy

with subsequent addition of a water molecule or H,0*

g o
R—?-}ER R—C-{OR
or H

I

Such a six-membered mechanism is, in the opinion of
its authors, free from the defects of earlier schemes.

The presence of the intermediate compound (I) was
demonstrated by the work of Bender 28.

The absence of double bonds in benzenesulphonic esters
makes impossible the displacement of electrons necessary
for both the above processes; therefore the hydrogen ion
has no catalytic effect on the hydrolysis of alkyl and aryl
sulphonates.

4. INFLUENCE OF THE POLAR EFFECTS OF SUB-
STITUENTS ON THE RATE OF ALKALINE HYDROLYSIS
OF ESTERS

(@) Influence of the Nature of the Acid Component and of
Substituents in the Acid Component

The influence of substituents, transmitted through the
benzene ring™ to the sulpho-group, follows, according to
results obtained for the alkaline hydrolysis of alkyl and
aryl sulphonates ¢ and also the “aqueous” hydrolysis of
aromatic sulphonyl chlorides®3, the general rules. Elec-
trophilic substituents increase, whereas electron-donor
substituents decrease, the rates of hydrolysis of alkyl and
aryl sulphonates and of aromatic sulphonyl chlorides 30,83
(see Table 1).

TABLE 1. Rate of hydrolysis of alkyl and aryl sulphonates and
of aromatic sulphonyl chlorides (70% dioxan—water
solution).

Aryl sulphonates Ethyl sulphonates Aromatic sulphonyl chlorides
XC¢H,SQ;0CHy XCgH,S0,0C,H, XCgH,$0,C
Substituent
X
1%, | E |{logP, [ 10%y | E | logP, | 10%y, ‘ E l log P,
4CH;0 | 0.076 | 19260 | 8.92 | 0.248 | 20880 | 10.49 [ 22.6 | 14550 | 6.20
4-CH, 0.145 | 18650 | 8.78 | 0.291 | 20150 | 10.10 | 24.5 | 13810 | 5.74
H 0.374 | 17860 | 8.66 | 0.596 | 19070 | 9.85 | 34.3 | 13430 | 5.30
4Cl 1.120 | 17190 | 8.72 | 1.445 | 18800 | 9.88 [ 49.7 | 12310 [ 5.02
4-Br 1.128 | 17060 | 8.60 | 1.440 | 18270 | 9.52 | 49.1 | 12310 | 5.05
4-NO, 26.3 | 13160 | 7.40 | 6,52 | 17710 | 9.80 |,.=1233 10350 | 4.56
3-NO, 11,54 | 15200 | 8.35 | 5.45 | 18270 | 10.10 [28.7 | 11000 | 4.55
2:NO, 7.34 | 16350 | 8.92 [14.08 | 18580 | 10,72 { 456.3 |1 5.87
2,5-Cly 2.97 [ 17030 | 9.00 | 5.82 | 18240 | 10.12 | 34,17 | 12870 | 5.25
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A similar order for the effect of substituents is ob-
served in the hydrolysis of esters formed by bishydroxy-
phenyl sulphone with substituted benzenesulphonic acids 72,%4,8
(see Table 2).

The units of the rate constants for the alkaline hydro-
lysis of alkyl and aryl sulphonates are litres mole~! sec™?;
the rate constants for the hydrolysis of aromatic sulphonyl
chlorides are measured in sec~!.

In the bimolecular reaction the substituents increase the
activation energy in the same sequence (4-NO, < 4-Cl1 <
< 4-Br < 4-CH, < 4-CH,0) as that in which they increase
the electron density at the point of reaction.

However, although the effects of different substituents
on the rates of hydrolysis of ethyl and aryl sulphonates and
of benzenesulphonyl chlorides are in the same order, their
relative magnitudes differ for the two reactions. Phenyl
benzenesulphonate is saponified more slowly than the cor-
responding ethyl ester. Introduction of chlorine or brom-
ine in the para-position has some effect in levelling out the
rates of hydrolysis of esters formed by the two types of
alcohol. Introduction of a p-methoxy-group diminishes the
rates of hydrolysis of the ethyl and phenyl esters by factors
of 2.3 and 5 respectively. When a nitro-group is introduced
into the meta- and especially the para-position, the rate of
hydrolysis of the phenyl esters begins to exceed that of the
ethyl esters (introduction of NO, in the para-position in-
creases the rates of hydrolysis by factors of 70 and 11.5
respectively). With two nitro-groups, in positions 3 and 5,
the phenyl ester is saponified six times as rapidly as the
corresponding ethyl ester. These results show that sub-
stituents in the acid component exert a greater influence on
the rate of hydrolysis of phenyl esters than of ethyl esters.

The variation in the activation energy and the pre-
exponential factor support the above suggestion. Their
values are lower, and vary within wider limits, with the
phenyl than with the ethyl esters. The lowest values are
obtained with the p-nitro-derivatives, 13160 and 7.4 re-
spectively for the aryl sulphonates, and 17710 and 9.8 for
the ethyl sulphonates; the highest values are observed
with the methoxy-derivatives, 19260 and 8.92 for the aryl
sulphonates, and 20 880 and 10.49 for the ethyl sulphonates.
The wide variations in activation energies and preexponen-
tial factors with the aryl sulphonates are a consequence of
the greater influence of the nature of substituents in the
acid component on the rate of hydrolysis in the case of aryl
sulphonates compared with ethyl sulphonates.

The difference in the influence of the orientation of sub-
stituents on the rates of hydrolysis of ethyl and aryl sul-
phonates is especially marked with ortho-substituents.
Ethyl o-nitrobenzenesulphonate is saponified twice as
rapidly as the corresponding para-derivative, while phenyl
o-nitrobenzenesulphonate is saponified at one-quarter of
the rate for the corresponding p-nitrobenzenesulphonic

TABLE 2,
Acid
p-XC‘H‘S0,0H‘ 10°ky \ 10%ky, \ E l log P,
H 3.10 15.45 ' 15420 8.64
p-Cl 4.42 21.70 15400 8.80
p-Br 3.84 16.19 | 15100 8,49
m-NO, 38.8 171.20 | 14400 9.33

ester. The effect of the position of the nitro-group on the
rate of hydrolysis of the ethyl esters can be represented by
the following sequence:

0-NO, > p-NO, > m-NO, > H;
for the phenyl esters the sequence is different:
p-NO, > m-NO, > 0-NO, > H.

2,5-Dichlorobenzenesulphonic esters are saponified
more rapidly than the corresponding unsubstituted esters,
the increase in rate of hydrolysis being particularly great
with the ethyl ester, and ethyl 2,5-dichlorobenzenesul-
phonate being saponified twice as rapidly as the corre-
sponding phenyl ester. Thus introduction of substituents
into the ortho-position, compared with the meta- and para-
-positions, facilitates hydrolysis of ethyl sulphonates and
hinders that of aryl sulphonates.

It is interesting that the effect of ortho-substituents on
rate of hydrolysis shows the same trend with aryl sulphon-
ates as with aromatic sulphonyl chlorides and carboxylic
esters, as is evident from Table 3. Ethyl o-nitrobenzoate
and phenyl o-nitrobenzenesulphonate are saponified more
rapidly than the unsubstituted esters, but considerably
more slowly than the m- and especially the p-nitro deriva-
tives (see Table 3).

The effect of meta- and para-substituents in benzene-
sulphonic acid on the rate of alkaline hydrolysis of the aryl
sulphonates is in the same order as with the benzoic
esters #,87 (see Table 4).

Thus aryl sulphonates exhibit greater resemblances to
carboxylic esters than to ethyl sulphonates, which confirms
the different mechanisms of hydrolysis with alkyl and with
aryl sulphonates. In the former case the reactive centre
is the carbon of the alcohol radical, and in the latter the

TABLE 3. Effect of the position of the nitro-group
in the benzene nucleus on the rate of
hydrolysis of aromatic sulphonyl chlor-
ides, aryl sulphonates, and ethyl car-
boxylates and sulphonates (values of 105k50).

Substituent X ‘ H l mNO, I PNO, l o=NO,

C¢H,SO,Cl *° 3.2 128.7 — 45.3

C¢H,S0,0C¢H; 37.4 1144.0 2630,0 734.0

CgH,CO,C;H, 55.0 3110.0 5090,0 334.0

CHSO,0CH, 56.9 545. 652.0 1408.0

TABLE 4. Effect of orientation of substituents

in benzenesulphonic acid on rate of
alkaline hydrolysis of aryl sulphonates
(10%;,, litre mole™ min~?).

Substis|
ru;m p-XC.H‘S0,0C‘Hr‘ meXCgH,SO,0CH,

NH, 0.0027 0.034
CH0|  0.015 0.142
CH, 0.030 0.055
H 0.078 0,078
Cl 0.233 0.525
NO, 5.50 2,27
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sulphur atom of the sulpho-group. In the aryl sulphonates
the substituent in the benzene ring will be considerably
closer to the reactive centre, the sulphur atom of the
sulpho-group, and therefore its effect on the rate constant
of hydrolysis, the activation energy, and the preexponential
factor will also be more strongly developed than in the alkyl
sulphonates. The shift in the reactive centre from the
carbon of the alcoholic radical (in alkyl sulphonates) to the
sulphur of the sulpho-group (in aryl sulphonates) also ex-
plains the difference in the effect of substituents in the
ortho-position. ortho-Substituents exert a retarding in-
fluence on the hydrolysis of aryl sulphonates, aromatic
sulphonyl chlorides, and carboxylic esters, where the
reactive centre, the sulphur of the sulpho-group and the
carbon of the carboxyl group, are directly linked to the
benzene ring; and they increase the rate of hydrolysis of
ethyl sulphonates, in which the reactive centre is some-
what remote. The decrease in rate of hydrolysis observed
in the former case is due to the presence of an ortho effect,
whereas in the latter case the ortho effect is absent.

Although in the case of alkyl and aryl sulphonates and
aromatic sulphonyl chlorides a parallelism is observed be-
tween rate of hydrolysis and strength of acid (Figs.1 and 2),
such parallelism is not observed with esters of acids be-
longing to different classes of organic acids and differing in
strength — acetic, benzoic, and benzenesulphonic acids 72,%8
(see Table 5).

In the above series of acid components, the greatest
rate of hydrolysis is shown by acetic esters, and the lowest
by benzenesulphonic esters

CH;COOH > GoH;COOH > C,H,S0,0H.

log (10*K)

Fig.1l, Linear relations between dissociation
constants of substituted benzoic acids and
hydrolysis constants of the phenyl esters of
the substituted benzenesulphonic acids.

0aQ5Q o9 1113151719
log (10°K)

Fig.2. Linear relations between
hydrolysis constants of sulphonyl
chlorides and dissociation constants
of the corresponding acids.

TABLE 5. Alkaline hydrolysis of ethyl esters.
Acid component | 10%ky { 10%ky I 10*%y, | E
Acetic 132 | 4.3 - 14450
Benzoic 1.47 5.52 —_ 15400
Benzenesulphonic - ; 0.213 1,09 1600

* k in litre mole™! sec™!,

Within each series, there is a linear relation between
hydrolysis rate constant and dissociation constant42:88 (see
Table 6).

The ionisation constants of the acids form to some extent
a basis for assessing polar effects on the hydrolysis rate
constant. An increase in strength of the acid forming the
ester should diminish the stability of its ether bond.

The absence of a correlation between acid strength and
rate of hydrolysis in benzoic and benzenesulphonic esters
is due to the different mechanisms of hydrolysis and espe-
cially to different reactive centres, the carbonyl carbon in
the first case and the alkyl carbon in the second.

Let us examine the reasons for deviations from this rule
in acetic and benzoic esters. Conjugation between the
7 electrons of the benzene ring and of the carbonyl group,
w7 conjugation, tends to stabilise the carboxylate ion, and
thereby facilitates the splitting off of a proton from benzoic
acid. Since in the alkaline hydrolysis of carboxylic esters
the transition state is saturated, and there is no consider-
able conjugation with the functional group, the activation
energy of hydrolysis for benzoic esters can be expected to
exceed that for acetic esters by the stabilisation energy due
to the conjugation

el
in the former esters. It is the presence of this conjugation

which diminishes the susceptibility of the carbonyl carbon
to nucleophilic attack.

Although, therefore, the phenyl group represents a sys-
tem of conjugated o and 7 bonds, is electron-accepting, and
should tend to weaken the C-O bond, i.e. favour hydrolysis,
benzoic esters are hydrolysed by alkalis more slowly than
the corresponding acetic esters. Exactly the same situa-
tion occurs with cinnamic and crotonic esters®. The

TABLE 6. Effect of acid strength on
rate of hydrolysis of esters
RCOOCgH;.

Hydrolysis ' Acid dis-

rate con- sociation

R stant™, | constant ’,
10°k, 10°K,,
H idl 214.2

samgxlxif{ed

CH, 5.4 18.0
C,H; 150.0 13,4
C,Hs 22.3 63.0
C4H,CH, €05.0 56.6
CeH,CH,CH, 165.0 22.7
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steric effect of the phenyl ring is slight, and therefore the
appreciably lower rates cannot be due to this cause. Re-
moval of the benzene ring from the carbonyl carbon destroys
the conjugation, and an increase in rate of hydrolysis is
observed in phenylacetic and phenylpropionic esters owing
to the favourable inductive effect42.

The effect of remoteness of the phenyl radical from the
carbonyl carbon on rate of hydrolysis can be determined by
calculating the transfer factor of the effect.

From the ratio of the rate constants for the hydrolysis
of

CeHuCOOCHy (£1),  C:HsCH,COOC,Hs (ks), CeHyCHyCH,COOCHs (ks),

totherate of hydrolysis of phenyl acetate £, wehave &,; &, =
=0.09. The ratio is less than unity owing to conjugation;
the transfer factor of the effect is 2.47 for phenylacetic
acid, and 1.27 for phenylpropionic acid.

When conjugation between the benzene ring and the car-
bonyl group of the ester is impossible, as with a phenyl-
acetic, alkaline hydrolysis is more rapid than with the
corresponding acetic ester (Table 6). This result can be
regarded as evidence of the great capacity of the phenyl
group for withdrawing electrons. The phenylpropionic
ester shows a decrease in the transfer factor owing to
weakening of the inductive effect of the benzene ring. The
inductive effect of a substituent is approximately halved by
the introduction of the methylene group.

Esters of substituted benzoic acids show complete paral-
lelism between the dissociation constants of the acids and
the reactivity of the ester link 0,91,

Comparison of the rate constants for the alkaline hydro-
lysis of phenyl methanesulphonate? &2, =0.555 litre mole~! X
X sec~! and phenyl toluene-p-sulphonate 2, = 0.191 litre X
X mole~! sec~! shows no great decrease in rate of hydro-
lysis due to introduction of the benzene ring. The ratio of
the rate constants k,: 2, = 3, whereas the corresponding
ratio for phenyl acetate and benzoate is 14. The small
difference between the rates of hydrolysis of the sulphonic
esters shows either that the benzene ring is not conjugated
with the sulphonyl group or that the initial and transition
states have the same structure. The slight decrease in
rate of hydrolysis can be attributed to the steric effect of
the ring. The hydrolysis rate constants of the chlorides of
carboxylic acids (acetyl and benzoyl chlorides) vary in con-
formity with the same rules as were observed with carboxy-
lic esters. Different relations are observed with the sul-
phonyl chlorides: the hydrolysis rate constant of benzene-
sulphonyl chloride is 10%,, = 4.33, while the value for
methanesulphonyl chloride®? is 10%,, = 1.5 sec™': here
introduction of a benzene ring does not diminish but in-
creases the rate of hydrolysis, probably owing to the pre-
dominant influence of the polarity of the S—Cl bond, not of
the nucleophilic character of the sulphur, on the rate of
hydrolysis of aromatic sulphonyl chlorides.

() Influence of the Nature of the Alcoholic Component and
of Substituents in the Alcoholic Component

The rate of hydrolysis of carboxylic esters is governed
mainly by the electrophilic character of the carbonyl carbon.
Increase in the electronegativity or acidic properties of the
alcohol radical as a result of the inductive effect enhances

the electrophilic character of the carbonyl carbon in the
ester and thereby facilitates the addition of OH™ ions 42,93,84,

The alcoholic components arrange themselves in the
following sequence with respect to their effect on the rate
of alkaline hydrolysis of the acetic and benzoic esters:
C,H,OH < C,H,CH,CH,OH < C,H,CH,OH < C ;H,OH <
< HOC¢H,50,C,H,ONa < HOC,H,SO,C H,.

The difference in the rates of hydrolysis of ethyl ben-
zoate (¢,) and phenyl benzoate (&,) can be attributed to the
electronic effect of the phenyl radical. The ratio is
ky:k,=22.3:1.47 =15. With the benzyl ester this ratio is
1.67, while with the phenethyl ester it approaches unity: i.e.
the electronic effect of the phenyl ring on the carbonyl car-
bon is almost completely extinguished when they are sepa-
rated by two methylene groups. The large transfer factor
for the phenyl radical is probably due to the influence of the
inductive effect and the conjugation effect:

u—@\—b’)-w

In the benzyl and phenethyl esters the alcoholic components
are not involved in the conjugation, and only a slight induc-
tive effect is developed.

A change in the nature of the alcoholic component in
esters formed by benzenesulphonic acid with aliphatic
alcohols affects not only the rate but also the mechanism
of the reaction. If R in the ester XC;H,SO,OR is derived
from a primary alcohol, reaction takes place by an Sx2
mechanism *%7; if R represents the radical of a benzyl %,
cycloalkyl %, or a secondary or tertiary aliphatic alcohol,
hydrolysis takes place by an ionic mechanism . Alkyl
benzenesulphonates in some respects resemble alkyl
halides. The alkaline hydrolysis of methyl and ethyl
halides in aqueous acetone or alcohol is mainly an Sn2 re-
action, whereas isopropyl and t-butyl halides undergo
hydrolysis in two steps by an Sx1 mechanism 20,2},98-100,

A study of the kinetics of the hydrolysis of methyl, ethyl,
n-propyl, and isopropyl benzenesulphonates in aqueous
solution showed that reaction velocity increases in the
series4?

n-propyl < methyl = ethyl < isopropyl.

The rate of hydrolysis of isopropyl benzenesulphonate in
aqueous acetone or in aqueous dioxan is independent of the
concentration of OH™ ions, and remains constant in alka-
line, neutral, and acid media. The reaction velocity is
governed by fission of the C-O bond:

RSO,0CH (CHy); — [RSO;0° . .. CH19 (CHy),) -

+
— RSO,0+4-CH (CHy)y (slow),
(CHy), C+H+HOH — (CHy)s CHOH-+-H* = (rapid).

s-Butyl benzenesulphonate behaves similarly.

The activation energy in the hydrolysis of sulphonic
esters RSO,OCH,R’ is determined mainly by the repulsion
between the attacking reagent (OH™ or H,0) and the alkyl
carbon atom.

When R’ = H, repulsion is insignificant, and reaction
occurs by an Sn2 scheme. When, however, the energy of
repulsion is significant, reaction takes place by an Sx1
mechanism. In conformity with this, the Sn1 mechanism
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usually requires a greater activation energy than does Sx2
for similar molecules. The frequency factor is greater
for the former than for the latter type of process. Intro-
duction into the alkyl radical of substituents which increase
the negative charge on carbon favours the unimolecular and
hinders the bimolecular mechanism.

If R' is an aryl radical, as in the hydrolysis of substi-
tuted benzyl toluene-p -sulphonates *** CH,C;H,SO,0CH,C,H,X
in 76.6% aqueous acetone (values of 10%, in sec~! for
various substituents X are: p-NO, 0.224, m-Br 0.880,
p-Br 4.30, m-CH,0 6.50, H 11.0, m-CH, 19.7, p-CH,
310.0, p-CH,0O 480.0), reaction occurs by the Sx1 mech-
anism and obeys a first-order equation.

The influence of the electronic nature of the substituents
and the polarity of the medium on the rate of hydrolysis of
benzyl toluene-p-sulphonates confirms the presence of an
Sn1 ionic mechanism, in which the polarity of the C-O bond
plays the decisive part. Therefore substituents which in-
crease the electron density at the site of the reaction accel-
erate the reaction, while those which diminish the electron
density retard the reaction.

The value of p for solvolysis is -2.2. The minus sign
indicates a more complete intermediate dissociation of the
C-0 bond than in the solvolysis of C;gH,CH,Cl1 (p = -1.33),
which is probably linked with the greater solvation of the
toluene-p-sulphonate ion compared with the chloride ion.
Values of ¢ for all substituents other than p-CH, and
p-CH,O (0 = -0.65 and -2.5 respectively) coincide with
those calculated earlier. The discrepancies are due to
stabilisation of the ArCH} ion in the intermediate state by
the supply of electrons from the p-CH, and p-CH,O groups.

The solvolysis of cycloalkyl toluenesulphonates contain-
ing rings of different sizes (n = 4-15) also passes through
a stage of slow ionisation of the toluene-p-sulpho-group®.

Replacement of an alkyl by an aryl radical in the alco-
holic component of benzenesulphonic esters fundamentally
changes not only the reaction mechanism but also the point
of attack. The sulphur atom in the sulpho-group then be-
comes the reactive centre, and the reaction becomes bi-
molecular with an Sx2 mechanism (see Table 7).

Alcoholic components arrange themselves in the follow-
ing sequence according to rate of hydrolysis: C,H,OH <
< C,H,0H < pp’'-HOC,H,SO,C;H,ONa < p-HOC,H,SO,C.H;.

This sequence corresponds to increasing acidity of the
reactants with the exception of phenyl benzenesulphonate,
which, because of the change in reaction mechanism on

TABLE 7. Alkaline hydrolysis of benzene-
sulphonic esters C¢H;SO,0OR,
having different phenolic com-

ponents, in 70% dioxan—water

solution %,
R 10%%, l 10%ky, log P, E
C,H, 0.213 1.09 7.88 16000
C,H, — 0.43 — —
CHSO,CHOH | 3.10 15 45 8.64 | 16500
«H:SO,CeH 4.92 23.25 8.10 15100

* E in litre mole~! sec”!.

passing from alkyl to aryl sulphonates, does not fit into this
order. The esters of the di- and mono-hydroxy derivatives
of diphenyl sulphone show a further diminution in the stabil-
ity of the ester link to hydrolysis.

The alcoholic components arrange themselves inthe fol-
lowing sequence with respect to the rate of hydrolysis of the
carboxylic esters (acetates and benzoates): C,H,0H <
< C¢H;OH < HOC,H,SO,C,H,ONa < HOC,H,SO,C,H,, i.e. in
order of increasing acidic properties. The phenyl esters
showed no deviation from this sequence, in conformity with
the common mechanism of hydrolysis of these esters.

Substituted phenyl benzenesulphonates show a complete
parallelism between the acidity of the alcoholic components
and the rate of hydrolysis.

Electrophilic and nucleophilic substituents affect the rate
of hydrolysis in the same sense, independently of their
orientation in the benzene ring of the phenol or of the ben-
zenesulphonic acid (Table 8 collates the rate constants for
the hydrolysis of aryl sulphonates with the dissociation con~
stants of the substituted phenols).

Although the order of the effect of different substituents
is the same, the relative magnitude of the effect for each
substituent depends on whether it is located in the benzene
ring of the acid or of the alcoholic component. Electro-
philic substituents (p-Cl, p-NO,) exert a greater influence
on the rate of hydrolysis of aryl sulphonates when they are
located in the phenolic ring (see Table 8). The influence of
electron-donor substituents transmitted through the benzene
ring of the phenol is weaker than that of the same substitu-
ents in the benzenesulphonic acid. If it is assumed that the
reactive centre in the hydrolysis of aryl sulphonates is the
sulphur atom in the sulpho-group, the greater effect of
electrophilic substituents in the benzene ring of the phenol
can be explained either by the presence on the oxygen of two
pairs of p-electrons conjugated with the electrons of the
benzene ring or by a considerable increase in polarity of
the S-O bond. The variation in the activation energy and
the frequency factor corresponds to the changes observed
in the rate constant. The influence of substituents in the
ortho-, meta-, and para-positions develops differently
depending on whether the benzene ring is in the acid or the
alcoholic component.

In esters formed by benzenesulphonic acid and a sub-
stituted phenol the influence of a nitro-group on the rate of

TABLE 8. Effect of the nature of the substituents
in the phenyl ring on the rate of
alkaline hydrolysis of aryl sulphonates ™
CgH;S0,0CeH X,

Substituent Dissociati
¢ S;(l'uen m”‘:n | log P, l E ' c:ru:?
2-CH, 0.429 10.24 20900 6.3-10-11%»
4-CH,y 0.184 8.78 18500 6.7-10-1n
3-CH, 0.263 8.82 18300 9.8-10-1
H 0.374 8.66 17900 1.0-10-11
4-Cl 2.47 8.77 16700
3-NO, 31.50 8.95 15400 5.3.10-*
4-NO, 76.65 9.23 15300 9.6.10-8
2-NO, 134.90 8.95 1000 7.5-10-¢

* k in litre mole~! sec™!.

** See Ref.102.
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hydrolysis varies in the following sequence: 0-NO, >

> p-NO, > m-NQ,; whereas a different order is found in
esters of phenol with a substituted benzenesulphonic acid:
p-NO, > m-NO, > 0-NO,. Thus a nitro-group in the ortho-
-position in the benzenesulphonic acid diminishes the rate
of hydrolysis of aryl sulphonates and aromatic sulphonyl
chlorides, whereas a nitro-group in the ortho-position in
phenol has a favourable influence, exhibiting only its elec-
tronic effect, and producing no steric hindrance.

The influence of substituents, transmitted through the
benzene ring of benzoic acid, on the rate of hydrolysis of
ethyl and phenyl benzoates is far greater than their influ-
ence in the benzene ring of phenol: Z.e. the observed regu-
larity is opposite to that found for aryl benzensulphonates
(see Table 9).

Introduction of a p-NO, group into benzoic acid increases
the rate of hydrolysis of a benzoate by a factor of 85, but a
p-NO, group in phenol increases the rate of hydrolysis of
the phenyl ester by a factor of only 15. Yet introduction of
this group into a benzenesulphonic acid increases the rate
of hydrolysis of a phenyl benzenesulphonate by a factor of
70, while the corresponding factor for its introduction into
the phenol is 205.

Such a difference in the effect of substituents in the
alcoholic component on the rates of hydrolysis of carboxylic
and of benzenesulphonic esters results from the difference
in the mechanism of their hydrolysis. The reactivity of
carboxylic esters is influenced by the electrophilic charac-
ter of the carbon, which facilitates the approach of the OH™
ion and increases the polarity of the C-O bond undergoing
rupture. The reactivity of sulphonic esters depends on the
electrophilic properties of the sulpho-group and the polarity
of the S—O bond undergoing rupture. Since substituents
have a greater effect when present in the acid component
than in the alcoholic component of carboxylic esters, the
main factor influencing the rate and activation energy of the
hydrolysis of such esters is the electrophilic character of
the carbon. In benzenesulphonic esters the greater effect
of substituents in the phenolic moiety indicates that it is the
polarity of the S-O bond whichgoverns the reaction velocity.
The more polar the bond, the more readily is it ruptured,
which also facilitates a synchronous mechanism of Sx2 type.

Thus the hydrolysis of carboxylic esters can beregarded
as a nucleophilic addition, since the reaction velocity will
be governed by addition to the carbonyl carbon; whereas
the hydrolysis of benzenesulphonic esters is rather a
nucleophilic substitution, since the rate depends mainly on the
stability of the S—O bond under synchronous reaction con-
ditions.

TABLE 9. Rate of alkaline hydrolysis
of phenyl acetates and ethyl
benzoates %,

Substituent |XCsHaOCOCH, C,HgOCOCH X

X 10%k, 10%kyg

H 53.7 0.2891
m-CHy 38.83 0.1686
p-CH 31.91 0.1142
m-NQ, 549.00 13.65
p-NO, 805.0 24.63

- 28.15 0.0864

Introduction of more than one nitro-group, whether in
the acid or in the alcoholic component, gives a consider-
able increase in rate of alkaline hydrolysis compared with
the mononitrated esters®8,88,103, The increase in rate of
hydrolysis is especially noticeable when two nitro-groups
are introduced into the phenolic component (see Table 10).

In order to compare the effect of two nitro-groups in the
benzenesulphonic acid with the effect of the same groups in
the phenol, it is useful to calculate the transfer factor of
the electronic effect of substituents at different ends of the
system, from the ratios of the hydrolysis rate constant of
phenyl 2,4-dinitrobenzenesulphonate (%,) to that of the un-
substituted phenyl benzenesulphonate (&,) and the ratio of
that of 2,4-dinitrophenyl benzenesulphonate (&,) to k&,

_k _183 _aneg g _ ko _ 880 _ R
h= = =3050, = 2 = L= 14300; fu:h=47.

Similarly, for the p-mononitro-derivatives

>

ke 6.79 X _ ks 159 .
ho= 2 =G =113 fu= 5 = g = 265

The relatively high value of f, compared with f, is due
to the operation of two factors, firstly the increase in
polarity of the S—-O bond, and secondly the presence of an
ortho effect in phenyl 2,4-dinitrobenzenesulphonate. The
latter effect is confirmed also by the considerably higher
activation energy of hydrolysis (by 5000 cal) in phenyl
2,4-dinitrobenzenesulphonate compared with 2,4-~dinitro-
phenyl benzenesulphonate.

With regard to the effect of orientation on the rate of
hydrolysis of aryl sulphonates, the following sequence is
obtained for the dinitro-compounds: 2,6 > 2,4 > 2,5 > 3 ,4.
In this case, too, the greatest accelerating effect is exerted
by two o-nitro-groups. Thus such groups exert no steric
hindrance, which is consistent with an acyl-oxygen mech-
anism for the hydrolysis of these esters.

TABLE 10. Alkaline hydrolysis of nitro-substituted aryl sul-
phonates.

Ester ! 10%,; | 10%, E log P, As
C¢HSO,0CH5(NO,),-2,4 318.0 | 996.0 | 11900 9.02 | —19.88
2,4-(NO,);CH3S0,0C,H; 38.0 183.0 | 16400 | 11.68
3,5-(NO,):C¢H550,0CH; 1.45 5.8 | 14400 8.67
2-NO,CoH,SO,0C,Hy(NO,),-2,4 2450 - - - -
2,4-(NO,);CH;S0:0C,H,NO; -2
4-CICqH,S0,0C{H;(NO,);-2,6 1980 — - - -
4-CIC,H,SO,0C,Hy(NO,)»-2,4 1170 — — — -
§-CICeH,S0,0C{H;(NO,);-2,5 702 | 2310 12400 9.77 | —16,41
4-CIC{H,SO,0C{H(NO,)2-3,4 178 560 11990 8.85 | —20.67
4-CIC4H,S0,0C{H;—2-NO,-4-Cl 4.2 183 14800 | 10,49 | —13.14
4-CICgH,SO,0C¢H,—~2-Cl-4-NO, 36.7 144 14200 9.97 | —15.56
4-CIC4H,S0,0C,Hy—2-Cl-3-NOy 12.6 63.5 | 16800 | 11.53 | — 8.43
C(H,SO,0CH(NO,), 2,6 737 2200 11400 8.98 | —20.05
2,4,6-(CHy)3CeH,S0,0CsHy(NO2)a-2,6 168 631 13800 | 10.27 | —44.17
§-CH;CoH,SO,0CH(NO,),-2,4 182 382 12800 9.28 | —18,75
2,4,6=(CH,);C4H,S0,0C,Ha(NOy)s-2,4 84.2 306 13600 9.82 | —16.19

* E in litre mole™! sec™!,
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The influence of several different substituents on 2, E,
and P; does not show the strict regularity characteristic of
single para-substituents. In this case relations are com-
plicated by variation not only in the nature of the substitu-
ents but also in their position. With each individual ester,
however, variation in the rate constant depends on the acti-
vation energy, the reaction velocity increasing when the
latter decreases. The temperature-independent factor Pz
increases with increase in activation energy.

The entropy of activation is very negative, fluctuating
between -13 and -20 cal deg~! mole~!, which approaches
the entropy of activation for the hydrolysis of benzoic
esters (-24.9) and differs from the corresponding value for
ethyl benzenesulphonates (~10 cal deg™* mole~!). Such a
difference in entropy of activation is caused by differences
in the electron distribution on formation of the transition
structures. The more negative the entropy of activation,
the more polar is the active complex. With aryl sulphon-
ates there is a rigid structure, associated with the electron
distribution and with a change in solvation on formation of
the transition state.

Introduction of methyl groups into benzenesulphonic
acid, which decrease the positive charge on the sulphur,
diminishes the rate of hydrolysis (Table 10). Theintroduc-
tion of three methyl groups in the 2,4,6-positions, which
produce steric hindrance to the hydrolysis of esters, slows
down the hydrolysis of sulphonates far less than could have
been expected.

5. INFLUENCE OF SOLVENTS

With most nucleophilic substitutions, increasing the
polarity of the medium increases the rate of hydrolysis,
since it tends to increase the charge at the site of reaction.

The total activation energy includes the energy of bond
rupture Ep and the repulsion energy Ex. If the dielectric
constant € is infinite, Ex falls to zero.

The relation between activation energy and dielectric
constant can be expressed by the equation:

€ = Ep + (Ex/Eqy).

Thus the hydrolysis of esters is most rapid in water;
organic solvents, such as ethanol, acetone, dioxan, etc.,
diminish the reaction velocity to a greater or lesser
extent 39,104=110 At the same time, the rate constant de-
pends on the molecular structure of the solvent and not on
its macroscopic properties®., As a result, the empirical
relation established between activation energy and dielec-
tric constant of the solvent represents a special case?®.
However, interaction no doubt occurs between the reactants
and the solvent, resulting in the formation of either cyclic
complexes ™5™ or solvates 11!,

The hydrolysis of sulphonyl chlorides is accelerated by
an increase in polarity of the solvent 92,112-114,

Data available on the influence of the nature and position
of substituents™ (Table 1) and also of the polarity of the
solvent on rate of hydrolysis indicate that the uncatalysed
hydrolysis of substituted benzenesulphonyl chlorides occurs
by an Sn2 mechanism, being represented by a pseudouni-
molecular expression where the solvent molecule is a
direct reactant°:

o
R—%—Cl +H,0 — H*4RSO,0H+-Cl-
o ,

and reaction is accomplished by nucleophilic attack on the
positively charged sulphur atom.

Whereas for hydrolysis in 70% dioxan-water medium
substituents are arranged in the following sequence with
respect to their accelerating influence: 4-NO, > 2,4,6-
-(CH,); > H > 2,4-(CH,), > 4-CH, > 4-CH,0, the change in
polarity of the medium on passing to 40% dioxan-—water
solution gives a different sequence !%5: 2,4,6-(CHy), > 4-NO,>
> H > 2,4-(CH,), > 4-CH,0 > 4- CHS, the sequence in water
is 4-CH,0 > 4-CH > 4- NO > 4-Cl (Fig.3).

The inductive effect of substituents on the rate of hydro-
lysis of aromatic sulphonyl chlorides can be estimated by
means of Taft's equation: log k/k, = p°0°, 1V where k£ and
k, are the hydrolysis rate constants for the substituted and
unsubstltuted benzenesulphonyl chlorides respectively,
0° is the inductive constant of the substltuents (C¢H, being
taken as standard, for which ¢° = 0), and p° is a constant
indicating the sensitivity of the given reaction series to the
inductive effect of the substituents. The graph of log &
plotted against the 0° constants is shown in Fig.4. All the
substituents other than 2,4,6-(CH )3 and 2,4-(CH,), fit well
on the same straight line.

The value of p° in Taft's equation is positive and dimin-
ishes with increasing proportion of water: for 70, 60, 50,
and 40% dioxan—water solutions the reaction constant is
1.33, 1.13, 0.93, and 0.80 respectively. In the cases of
2,4- (CH ), and 2 4,6 -(CH,), the reaction constant is nega-
tive (-3 44) A large negative value of p° indicates a
change in mechanism.

Thus the polar and steric effects of these substituents
continuously decrease the absolute reaction velocity by the
Sn2 mechanism, while the rate by the Sx1 mechanism in-
creases starting from 2,4-(CH,),.

Increasing the polarity of the medium (on passing from
a 70% dioxan-water solution to water, with a change in
dielectric constant from 18 to 80) increases the rate of
hydrolysis of all benzenesulphonyl chlorides, but not to
the same extent, the factor being 3 in the case of p-NO,
and 175 for p-CH;O.

log (10%ky,)
25
.92
2}
s
1
w_
&t
V'] 1 L 1 i 1
I
£t
TR

Fig.3. Effect of the nature and orientation
of substituents on the hydrolysis rate constant
of substituted benzenesulphonyl chlorides in
dioxan—water solutions: 1) 70%; 2) 40%.
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log (10%ky)
25

2

7 w6

Fig.4. Dependence of the hydrolysis rate
constants of substituted benzenesulphonyl
chlorides on ¢° in dioxan—water solutions:
1) 70%; 2) 60%; 3) 50%; 4) 40%.

The dependence of log £ on the ionising power of the sol-
vent in the Grunwald-Winstein equation is linear, the
straight lines lying close together and that for p-nitroben-
zenesulphonyl chloride having the lowest slope (Fig. 5).

The Grunwald-Winstein equation is '18:
logk;;/ko; = m;loghko; /oo,

where k;jj represents the rate constant for the hydrolysis
of substituted benzenesulphonyl chlorides in different
dioxan-water solutions, k&; the corresponding rate con-
stant for hydrolysis in the standard solvent (80% ethanol by
volume), k, oj the rate constant for the hydrolysis of t-butyl
chloride in the given solvent, and %, the corresponding
rate constant in 80% aqueous alcohol *The ratio log k&, /Ieoo
is denoted by Y andis termedthe “ionising power of the sol-
vent”. The equation is abbreviated log k,j/koo =mzY, mg
being a constant depending solely on the nature of the sub-
stance. Values of Y can be calculated for any solvent by
means of the formula

Y =a+bN + cN?+ dN® + eN¢, 1)

where N is the mole fraction of water and a, b, c,

are correction factors, their values under our conditions
being: @ = -5.641; b =15.837; ¢ =20.374, and d = 13.885.
Values of Y calculated by means of Eqn. (1) are listed in
Table 11.

The presence of linear relations (Fig.5) and the increase
in the value of m indicate that the hydrolysis of benzenesul-
phonyl chlorides takes place partly by an Snx1 mechanism,
except in the case of the p-nitro-derivative.

The existence of two mechanisms, Sn2-Sn1, in the
hydrolysis of aromatic sulphonyl chlorides follows also
from a calculation of the number of water molecules asso-
ciated with the chlorides in the transition state?. If the
reaction velocity is assumed to be proportional to the nth
power of the molar concentration of water, the rate equa-
tion will be of the form

L = kla—x]HOL",

whence
logk = logk, + nlogCyq p.

logk = nlog[H,Cl] + const.

TABLE 11.

4 Concn. of

ioxan —water N, Y

soln., v:;. ; | H;0 l
40 0.88 +1.99
50 0,82 +1.33
60 0,75 +0.65
70 0.685 —0.13

log &y,

-a;.; 0' m;: ' -L\B‘ Y
Fig.5. Dependence of the hydrolysis rate
constants on the ionising power Y of the
solvent: I) 2,4, 6-(CHj)y; II) 4-NOy; III) H;
V) 2,4-(CHg)y; V) 4-CHj.

The value of #n was found from the slope of the plot of
log # against the molar concentration of water (Fig.6).

The reaction is first order with respect to the sulphonyl
chloride, but the reaction order with respect to water de-
pends both on the nature of the substituent and on the con-
centration of dioxan. With p-NO, in 70-40% dioxan-water
solutions the reaction is first order with respect to water;
with the other chlorides in 70-50% dioxan-water solutions
the reaction is third order with respect to water, and in
50-40% dioxan-water solutions the reaction order is 4-5.

From these results it follows that, at all dioxan concen-
trations between 40 and 70%, p-nitrobenzenesulphonyl
chloride entraps one molecule of water and is hydrolysed
by a bimolecular Sy2 mechanism, which involves nucleo-
philic attack by the water.

All other sulphonyl chlorides at dioxan concentrations of
60-70% associate with about three water molecules, while
in 40% solution four water molecules are closely involived
in formation of the transition complex. This last fact indi-
cates the tendency of sulphonyl chloride to react by a mixed
Sn2-Sn1 mechanism with the latter predominating in 40%
solution.

Values close to three are greater than are required for
reaction by an Sx2 mechanism. It is probable that solva-
tion of the sulphonyl chloride molecules by a few water
molecules is sufficient to produce the energy required to
split the S-C1 bond, and after sufficient extension, one of
the water molecules of the solvate layer can react with the
sulphonyl group. The transition state is probably formed
within a cell made up of four molecules of water and an
outer layer of oriented water molecules. Variation in the
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log (10%4y,) TABLE 12, Effect of the polarity of the solvent
1 on the rate of alkaline hydrolysis
0 of p-nitrophenyl benzenesulphonate 15,
wr B
) d
v Content of | -10%;, 10%, log P, £
vol. % A. Aqueous dioxan solution
r 40 12.80 52,70 8.033 13760
50 13.05 54,00 8.104 13850
60 13.60 57,30 8.225 13990
a5 70 14,00 60.00 8.356 14150
17.30 76.60 8.67 14460
i ll‘l U a 7 W wt. % B. Aqueous acetone solution
log [H,0] 40 9.4 36.5 7.70 13500
50 9.7 40.5 g.g{i) }ggsog
60 10.1 4.8 .
Fig.6. Relation between log % and log [H,0]: 70 12.0 51.8 8,32 12400

I) 2,4, 6-(CHyg); II) 4-NO,; IMO) H;
1V) 2,4-(CHg)y; V) 4-CHj.

nucleophilic character of the reagent shows that trimethyl-
benzenesulphonyl chloride is very insensitive to change in
alkalinity of the medium, which in turn confirms the Sn1
mechanism in this case, involving ionisation according to
the scheme:

(CHy)sCyH,SOLCI — (CHp)sCoHsSO; +Cl= (slow) »
(CH)5CsHsSO] + HyO —» (CH,)sCeH,SO;0H -+ H* (rapid).

Alkyl benzenesulphonates exhibit a tendency to react
more rapidly by the Sn2-Sn1 mechanisms than by either of
them separately 74,78,112, The transition from an Sx2 to an
Sn1 mechanism becomes more marked with increasing
polarity of the solvent. The effect of the solvent on the
uncatalysed hydrolysis of alkyl sulphonates shows a great
similarity to the hydrolysis of alkyl halides. The reaction
velocity by the Sx1 mechanism increases.with increase in
the ionising properties of the solvent. With bimolecular
reactions the transition from the initial to the intermediate
state is linked with the magnitude of the charges, and
therefore it depends, nevertheless, on the ionising proper-
ties of the solvent, although to a smaller extent. These
points have been verified for the alkyl halides and the sol-
volysis of alkyl sulphonates 3¢,120-122, The rate of hydro-
lysis of isopropyl benzenesulphonate increases steadily with
increasing content of water in the solvent: 50° the rate in
pure water is 4.3 times that in 17.8% aqueous acetone, and
1000, 10000, and 73000 times those in 80, 92.5, and 98%
aqueous acetone, respectively.

The influence of the polarity of the medium is consider-
ably less marked in the hydrolysis of ethyl and n-propyl
benzenesulphonates. The corresponding factors for the
former ester are 2.3, 86, 500, and 1080 respectively. The
relation log & = n log [H,0] remains linear when the concen-
tration of acetone in water varies between 0 and 60-70%.
The slope of the curve indicates that seven molecules of
water are involved in formation of the transition state in
the case of t-butyl chloride, six with the corresponding
bromide, but only two with ethyl bromide.

The number of molecules of water involved in the tran-
sition state with the alkyl sulphonates is as follows:

Isopropyl benzenesulphonate in 0-50% dioxan 6.0 molecules (2)
50-90% " 2.6 "

0-50% " 3.6
50-95% " 2,1 "

Ethyl benzenesulphonate in

* F in litre mole™! sec™!.

The value n» = 6 is characteristic of the Sy1 mechanism in
the range 0-50%. Values of 2.1~1.7 for alkyl benzenesul-
phonates correspond to a medium containing < 50% of water
and represent the Sn2 mechanism. In the rate-determining
stage of the reaction, one molecule of water forms a bond
with the alkyl carbon, while the other forms a hydrogen
bond with the oxygen of the O-C group. The transition
state can be represented by the scheme:

R—S0,0—CHyR'

HOH HOH
or
RSO,0...CH,R’
R —+ RS0,0~-aq 4 R'CH,0H + H,0%.
HOH HOH..,OH,

In the case of the Sn1 reaction, experiment shows that
six molecules of water are required. They determine the
activation energy required to split the C-O bond. A car-
bonium ion is formed without the participation of the aqueous
solvent, and then reacts with one of the water molecules.

The values of 3.6 and 3.8 for an n-alkyl benzenesulphon-
ate are larger than are required for the Sn2 reaction.
They show, moreover, that four molecules of water are
involved in forming the transition state.

These results can be summarised by stating that ethyl
and n-propyl benzenesulphonates react by an intermediate
mechanism in solvents having a high water content, and by
the Sn2 bimolecular mechanism in solvents containing less
than 50% of water. Isopropyl benzenesulphonates undergo
hydrolysis by a unimolecular mechanism, but this becomes
difficult in solvents containing a small quantity of water.

The influence of the polarity of the medium on the rate
and mechanism of the alkaline hydrolysis of aryl sulphon-
ates corresponds to a typical Sn2 mechanism 71,7415, In-
creasing the polarity of the solvent — changing from 80
to 40% dioxan in water solution, and from 70 to 40% ace-
tone in water solution — decreases the rate of alkaline
hydrolysis to 1/1.35-1/1.3 of its value. The comparatively
slight decrease in rate of hydrolysis of aryl sulphonates
with increasing polarity of the medium may be explained
(in conformity with Ingold's views) by a decrease in polar-
ity of the reactants in the transition state (compared with
the initial state) due to dispersal of the charges 198 (see
Table 12).

13
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With each class of compounds a transition from an Sx2
to an Sn1 mechanism can probably be traced for change in
polarity of the substituent, in the nucleophilic character of
the reagent, and in the ionising properties of the solvent.

6. INFLUENCE OF STERIC FACTORS ON THE RATE AND
MECHANISM OF THE HYDROLYSIS OF THE CHLORIDES
OF CARBOXYLIC AND SULPHONIC ACIDS

It is of interest to study steric effects in the hydrolysis
and solvolysis of benzenesulphonyl chlorides and aryl sul-
phonates, since this provides an independent approach to
establishing the mechanism of hydrolysis with this class of
compounds. Depending on the reaction mechanism, the
spatial factor may produce either steric hindrance or steric
promotion 74,83,115

Experimental results on the influence of the structure of
the initial benzenesulphonyl chloride, the ionising proper-
ties of the solvent, and the nature of the reagents on the
rate of hydrolysis indicate that trimethylbenzenesulphonyl
chloride is hydrolysed by an Sx1 mechanism, whereas the
dimethylated compound hydrolyses partly by an Sx2 and
partly by an Sx1 mechanism.

Comparison of the relative rates of hydrolysis of sub-
stituted benzenesulphonyl chlorides with those of alkyl
benzenesulphonates 2! and alkyl halides (Table 13) 20,123,124
shows that aromatic sulphonyl chlorides are similar in some
respects to alkyl halides and the alkyl sulphonates. Inde-
pendently of whether the Alk-Br, Alk-O-S, or ArSQO,-Cl
bond is broken, the accumulation of electron-donor groups,
by creating steric hindrance at the reaction site, in all
cases diminishes the reaction velocity by the Sx2 mechan-
ism and favours the Sx1 mechanism.

A change in the nature of the group which is eliminated
(Br-, C,H,S0,0", Cl7) has a considerable effect on the ab-
solute rate of substitution, but an insignificant effect on the
reaction mechanism. The latter is understandable, since
the group which is eliminated completely removes at the
same time the previously delocalised electrons, indepen-
dently of the reaction mechanism. With the alkyl sulphon-
ates and alkyl bromides the minimum rate is shown by the

TABLE 13, Comparison of the relative rate of
hydrolysis of substituted benezene-
sulphonyl chlorides (A) with methyl,
ethyl, and isopropyl benezene-
sulphonates and with the corres-
ponding bromides (B).

A | B
R CH,SO0,Cl* R l C,H,S50;0R** RBr***

H 1 CH, 1 1

CH,C,H, 0.76 C,Hg 0.43 0.76

(CH3),CsH, 0.98 (CHg)sCH 4.17 1.46

(CHy)sCgHy 3.80 s-butyl 6.00

* 50% dioxan—water solution.
** 56% acetone—water solution %.
**%+ 509 ethanol—water solution®’,

14

TABLE 14. Reactions of substituted benzoyl
chlorides XC$H40001 with
alcohols 126,127,

Rxc H,cocl
Substituent X } T o
C,HLCOC!
H 1.00
0-OCH, 66.0
oCH, 5.2
p-CH, 0.68
0-NO, 1.8
p-NO, 15.
2,4,6=(N0,), very slow
2,4,6-(CH,), very rapid

ethyl derivative, but with the alkylated benzenesulphonyl
chlorides by the methyl compound (see Table 13).

Substituted benzenesulphonyl chlorides show greater

- varidtions in relative rate constants with change in the

nature of the substituent than is the case with alkyl brom-
ides, and smaller than with substituted alkyl sulphonates.
It is very probable that the C-O bond in these sulphonates
is the most ionic in character, then follows the S—Cl bond
in the sulphonyl chlorides, and the least polarised bond is
the C-Br linkage in the bromides. Thus nucleophilic sub-
stitution at the S atom in benzenesulphonyl chlorides can be

effected by Sn2—Sn1 mechanisms, as occurs at a saturated
carbon atom 34,20,21,57,98,99,108,109,123,124

Carboxylic acid chlorides are readily hydrolysed, since
chlorine has a higher electron affinity than has hydroxyl
(or the OR’ group in esters), and the conjugation of the
carbonyl which normally occurs in acids and in esters
breaks down.

Most reactions of acid halides could occur in two pos-
sible ways: (1) addition at the carbonyl carbon, and (2)
ionisation 1%5:

OH

R—COCI+CH,0H — R—(%,—Cl - RCOOCH,+HCI , (1)
OCH,

RCOCI — RCO*4-CI- O RCOOCH,+HCI . 2)

Reactions occurring according to Eqn. (1) are confirmed
by the steric effects observed in both the hydrolysis and the
alcoholysis of acid halides. In substituted benzoyl chlor-
ides all groups (other than p-methyl) increase the rate of
reaction with alcohols (see Table 14).

In the cases of the methyl and methoxy-compounds, the
ortho-isomers show considerably higher reaction velocities
than do the meta- and para-isomers. Steric hindrance
appears in reactions taking place by an ionic mechanism,
and reaches a maximum with 2,4,6-trimethylbenzoyl chlor-
ide, which at 0° reacts with methanol too rapidly for the
reaction velocity to be measured!®. Study of the kinetics
of the hydrolysis of substituted and unsubstituted benzoyl
chlorides in the presence of different amounts of the
hydroxide ion in a water—acetone mixture supports still
more strongly the possibility of Sn2 and Sx1 mechan-
isms 128,12, The latter mechanism is favoured by an in-
crease in the water content of the mixture. 2,4,6-Tri-
nitrobenzoyl chloride hydrolyses mainly by the Sx2 mech-
anism, whereas 2,4,6-trimethylbenzoyl chloride hydrolyses
mainly via an ionic stage. Thus whether steric factors im-
pede hydrolysis depends on the mechanism of the latter.
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7. INFLUENCE OF STERIC FACTORS ON THE RATE AND
MECHANISM OF THE ALKALINE AND AQUEOUS HYDRO-
LYSIS OF ARYL SULPHONATES

The considerable influence of polar effects on the rate
of alkaline hydrolysis of substituted phenyl benzenesul-
phonates shows that movement of electrons from the attack-
ing agent to the displaceable phenoxy-group is not complete
in the transition state. Therefore a change in polarity of
the replaceable group should affect the reaction velocity ™.
The influence of the polar substituents (Tables 1 and 8) and
of the polarity of the medium (Table 12) on the alkaline
hydrolysis of aryl sulphonates indicates that such reactions
are effected by an Sn2 mechanism*® and are accompanied
by fission of the S-OAr bond.

Investigation of the alkaline hydrolysis of 2,4~ and 2,6-
-dinitrophenyl mesitylenesulphonates in the presence of
H,#0 also indicates an acyl-oxygen mechanism. With
such a mechanism of hydrolysis it is quite obscure why
phenyl mesitylenesulphonate is hydrolysed by alkalis only
slightly more slowly than is phenyl toluene-p-sulphonate,
whereas the corresponding mesitylenecarboxylic ester is
very difficult to hydrolyse owing to the difficulty of nucleo-
philic attack on the carbonyl carbon %,

Although the rate constant for the alkaline hydrolysis
of methyl benzoate at 25° is 5.02, the corresponding value
for methyl 2,4,6-trimethylbenzoate at 25° is 1.35. Intro-
duction of activating substituents into the para-position has
little effect on the rate constant.

Alkaline hydrolysis of a methyl 2,6-dimethyl-4-X-ben-
zoate involves attack on the alkyl carbon of the ester group 1%:

HC HC

OH-+ CH,ooc—-é‘D—x - HOCH,+60C—§;>_X ,

H,C HyC

the presence of considerable steric hindrance results in a
different bond being broken. -

Measurement of the dissociation constants of a series of
4-substituted 2,6-dimethylbenzoic acids **! (in 20 vol.%
aqueous dioxan and in 50% aqueous ethanol) }* shows that
the polar effect of the 4-substituent is fundamentally equal
to the corresponding effect on the dissociation of the para-
-substituted benzoic acid under the same conditions 132,133,
Thus the dissociation of both series of acids obeys the
Hammett equation, the values of p being very similar.
This shows that dissociation of sterically hindered benzoic
acids, in contrast to their hydrolysis, does not disturb the
conjugated of the substituted groups with the reactive centre.

The steric effect of methyl groups in the 2,6- and 2,4,6-
-positions of benzoic esters on their rate of hydrolysis is
readily visualised from the structure of the transition com-
plex, in which three substituent groups moveto give a tetra-
hedral structure, the presence of three methyl groups in
the benzene ring undoubtedly impeding formation of the
intermediate.

It is considerably more difficult to produce a spatial
representation for the effect of steric factors on reactions
at an unsaturated sulphur atom. In the initial ArSO,0Ar’
molecule the valence bonds are probably arranged tetra-
hedrally, but sulphur, in contrast to carbonyl carbon, is
coordinatively saturated, and attack by a nucleophilic re-
agent can occur in two possible ways, the sulphonyl group

being arranged in a plane either coplanar with or perpen-
dicular to that containing the attacking and eliminated groups
(see Section 1); this determines whether the sulphonyl
group will or will not be conjugated with the benzene ring,
and hence whether or not steric hindrance may occur.

Experimentally, introduction of an NO, group into phenyl
benzenesulphonate ortho to the sulpho-group has a retarding
influence compared with para- or meta-substitution, show-
ing that in this case the benzene ring remains coplanar
and the 0-NO, group sterically hinders the approach of re-
agents. The introduction of methyl groups in the 2,4,6-
-positions of the benzene ring of the acid part in substituted
phenyl benzenesulphonates can be expected not only to force
the ring out of planarity but also to change the mechanism
of hydrolysis.

In order to clear up the anomalous behaviour of the
mesitylenesulphonic ester, let us examine the influence of
the polarity of the medium and the accumulation of methyl
groups in the acyl part of the ester on the rate of hydro-
lysis of methylated aryl sulphonates (see Tables 15 and 16).

Increasing the polarity of the solvent — on passing from
a 70 to a 50% dioxan—water solution — diminishes the rate
of hydrolysis of dinitrophenyl and phenyl methylated ben-
zenesulphonates by a factor of 1.7-1.8. The comparatively
small decrease in rate of hydrolysis of aryl sulphonates
with increase in polarity of the medium may be explained
by a diminished polarity of the reactants in the transition
state compared with the initial state, due to dispersion of
the charges. Furthermore, an increase in polarity of the
medijum in the alkaline hydrolysis of aryl sulphonates is
accompanied by a decrease in activation energy and in the
preexponential factor. The dispersion of the charge prob-
ably weakens electrophilic character of the sulphur atom,
and at the same time the increase in polarity of the solvent
increases the polarity of the S-O bond undergoing rupture,
thereby diminishing the activation energy.

TABLE 15. Alkaline hydrolysis of dinitrophenyl benzene~
sulphonates XCgH;S0,0CH;3(NO,)y-2,4 in 70
and 50% dioxan~water medium 115,
70% 50%
Substitvent X | o0y | o P, E | 0%, | logP; E

H 996 9.02 | 11900 560 8,26 | 11200
4-CH, 282 9.28 | 12800 247 8.76 | 12300
2,4(CHy)s | 270 9.72 | 13600 148 9.31 | 13400
2,4,6-(CHy)s| 301 9.46 | 13200 176 9.48 | 13100

TABLE 16, Alkaline hydrolysis of phenyl
benzenesulphonates XCgHySO,0CgH;

in 70 and 50% dioxan-water

medium.
|___70% 50%
Substituent X 10, 10,
H 18.97 0.1
4-CH, 8.0 4.6
2,4-(CHy)y 7.0 4.4
2,4,6-(CHy)s 8.0 4.9
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Study of the effect of electron-donor groups on the rate
of alkaline hydrolysis confirms the presence of an Sn2
mechanism. Aryl methylated sulphonates arranged them-
selves in the following sequence of decreasing reaction
velocity:

H>4-CH,>2,4,6-(CH)a>2,4-(CHy)s .

The mesitylenesulphonic ester behaves somewhat ano-
malously (Fig.7).

Introduction of three methyl groups, by causing steric
hindrance at the site of reaction, gives a slight increase,
instead of the expected decrease, in the rate of hydrolysis,
which can be explained by the trimethylated benzene ring
being forced out of coplanarity, so that nucleophilic attack
on the sulphur atom is facilitated.

Introduction of a nitro-group into the phenyl part of the
ester has a substantial effect on the rate of alkaline hydro-
lysis (Tables 15 and 16): phenyl benzenesulphonate is
saponified at a rate which is only 1/15000 of that of the
corresponding 2,4-dinitrophenyl ester, providing evidence
of the great effect of two nitro~groups on the polarity of the
S-0 bond.

Of the mono- and di-nitro-substituted phenyl benzene-
sulphonates only those with a nitro-group in the phenolic
part undergo uncatalysed hydrolysis with water. Thus the
amounts of 2,4-dinitrophenyl benzenesulphonate and phenyl
2,4 -dinitrobenzenesulphonate hydrolysed in a given time
are 46 and 4% respectively. An analogous phenomenon is
observed when a third nitro-group is introduced into the
phenol or into the benzenesulphonic acid. o-Nitrophenyl
2,4-dinitrobenzenesulphonate also is not hydrolysed by
water, whereas 2,4-dinitrophenyl o-nitrobenzenesulphonate
is hydrolysed rapidly.

The rate of aqueous hydrolysis of aryl sulphonates is
considerably lower than that of the corresponding ethyl
sulphonates [¢,,=3.14 X 10~ min~* for m-NO,C;H,S0,0C,H;,
while &, = 0.54 X10~* min-! for CgH;S0,0C,H;(NO,),-2,4].

Among the dinitrated aryl sulphonates the 3,4-dinitro-
phenyl esters show the lowest rate of hydrolysis. Chloro-
nitro-derivatives other than the 4-chloro-2-nitrophenyl
ester are not hydrolysed by water. Dinitro-substituted
esters containing methyl groups in the benzenesulphonic
acid are hydrolysed more rapidly than the corresponding

&%

M

T T T T T

A

Fig.7. Rate of alkaline hydrolysis of
aryl sulphonates in 70% solution:

1) alkaline, log (103k15); 2) neutral,
log (10% ).
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non-methylated esters, whereas the opposite order is ob-
served in alkaline hydrolysis. Investigation of the neutral
hydrolysis of 2,4-dinitrophenyl mesitylenesulphonate in the
presence of H,®0 points to an acyl-oxygen mechanism
alone4®. The phenols isolated after hydrolysis contain no
heavy oxygen isotope. Unchanged 2;4-~dinitrophenyl toluene-
sulphonate recovered after neutral hydrolysis in the pre-
sence of H,’®0 contained no #0. This suggests that the
intermediate complex

0 oar
Ar—-é /
g \"OH

is formed reversibly during the hydrolysis or not at all.
The proton has insufficient time to move from one oxygen
atom to another before the complex decomposes, and thus
the oxygen atoms do not lose their identity. The reaction
has a synchronous bimolecular mechanism. On the basis
of an acyl-oxygen mechanism of neutral hydrolysis and its
occurrence only with mono- and di-nitrophenyl esters, and
also in view of the absence of steric effects in the presence
of two o-methyl groups, the main factor influencing the
neutral hydrolysis of aryl sulphonates can be assumed to
be the polarity of the S—O bond.

Examination of the kinetics of the neutral hydrolysis of
dinitrophenyl benzenesulphonates containing nucleophilic
substituents enables an approach to be made to an inter-
pretation of the mechanism of neutral hydrolysis 15 (see
Table 17).

In this case an increase in polarity of the medium — the
change from a 70to a 50% dioxan~water solution — does not
diminish the rate of hydrolysis of dinitrophenyl benzene-
sulphonates, but increases it by a factor of 3.1. The oppo-
site influence of solvent polarity on the rates of alkaline and
of neutral hydrolysis of aryl sulphonates is evidence of dif-
ferent reaction mechanisms. In the former case the Sn2
mechanism predominates, whereas in the latter an Sx1
mechanism may develop.

The activation energy for neutral hydrolysis is high,
21200 as compared with 11 900 for alkaline hydrolysis, and
approximates to that for the hydrolysis of alkyl sulphonates
(19100). In this case increase in solvent polarity produces
an increase in activation energy and in the preexponential
factor for H, 4-CH,, and 2,4-(CH,),. With 2,4,6-(CH,),
there is a fall in activation energy accompanied by an in-
crease in the preexponential factor.

The rate of neutral hydrolysis gives the following se-
quence for methylated aryl sulphonates:

2,4,6-(CHy)y > H > 4-CH, > 2.4(CHy)a.

TABLE 17. Neutral hydrolysis of dinitrophenyl benzenesul-
phonates XCgHSO,0C4H3(NO,),-2,4 in 70 and 50%
dioxan—water medium.

70% o 50%
Substituent X 1044, log P, E 10%ky log P, l E
H 0.53 9.22 24 1.64 9.86 21 500
4-CH, 0.304 9.25 21 600 1,19 9.90 21 800
2,4-(CHy)g 0.206 9.36 22 1.(8 10.42 22 100
2,4,6-(CHy)s 0.64 8.88 20 500 2,20 9.20 20 200
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The fact that in this case the activation energy and the pre-
exponential factor are changed in opposite senses may indi-
cate a different mechanism of hydrolysis for the trimethyl-
benzenesulphonate compared with the other arenesulphonates.
Replacement of H by 4-CH, and by 2,4-(CH,), produces a
successive decrease in rate of hydrolysis; introduction
of three methyl groups is accompanied by an increase in
rate of hydrolysis (k;, = 1.64 X 10~ for 2,4-dinitrophenyl
benzenesulphonate, &,, = 2.2 X 10-* for the correspond-
ing methylated compound), which may be explained by

a change in mechanism from Sn2to Sx1 resuiting from the
accumulation of methyl groups causing steric hindrance to
nucleophilic attack at the site of reaction (Fig.7).

The effect of all the above factors on the rate of the
aqueous hydrolysis of aryl sulphonates suggests that 2,4-
-dinitrophenyl benzenesulphonates can react in the more
polar solvents by an Sx1 mechanism. This can be regarded
as proved in the case of the trimethylated ester.

The fact that aqueous hydrolysis occurs only when two
nitro-groups are present in the phenol, and not when they
are present in the benzenesulphonic acid, can be inter-
preted on the basis oftwo mechanisms Sn2 and Sn1 being
present. Whereas the activation energy of alkaline hydro-
lysis is determined by the electrophilic character of the
sulphur, and is employed mainly in overcoming the re-
pulsion of the approaching reagent, in aqueous hydrolysis
the activation energy is determined by the ease of rupture
of the S—0 bond, and therefore aqueous hydrolysis takes
place only with aryl sulphonates containing electronegative
substituents in the phenolic part of the ester.

8. CORRELATION OF RATE CONSTANTS FOR THE
ALKALINE HYDROLYSIS OF ARENESULPHONIC ESTERS
WITH THEIR STRUCTURE 154

Rate constants have been cited earlier for alkaline hydro-
lysis in the reaction series %0,%8,71,72,74,83,103: (1) CoH,S80,0Ar,
(2) ArSO,0CH,, (3) ArSO,0Ar’, and (4) ArSO,0C,H;. The
symbols Ar and Ar’ denote mono- or poly-substituted phenyl
groups. The experimental results can be evaluated quanti-
tatively by means of the rule of linear relations between the
free energy changes of activation for the standard substance
and for substances containing different substituents within
a given reaction series. The change in free energy can be
measured by the expression log k; /&g, i.e. the logarithm of
the ratio of the rate constant for a substance containing a
substituent ¢ to that for the standard substance. The total
change in free energy is the sum of the separate elementary
changes due to the various structural factors affecting re-
activity.

In general, the dependence on the nature of Ar of the
reactivity of compounds of the type Ar-Y, where Y repre-
sents the reactive centre, can be expressed®’:

logk = logko+ po0® + ¥ + S, (1)

where k&, is the rate constant for C;H;-Y, ¢° the inductive
constant of the substituent Ar with C;H; as standard (for
which ¢° = 0), p, is a constant representing the sensitivity
of the given reaction to the inductive effect of the substitu-
ent Ar, Y a term representing the quantitative effect of
direct polar conjugation between the reactive centre and the
substituent X in X-C;H, = Ar, and S a measure of the steric
factor in the case of ortho-substituents in Ar.

For all meta-substituents and those para-substituents
which cannot undergo direct conjugation with the reactive

centre, Eqn. (1) reduces to the Hammett equation 1,13 with
o replaced by ¢°

logk = logko + Po0°. 2)

Fig.8 illustrates the relations between log £ and ¢° for
the reaction series (1)=(3). The straight lines are drawn
through points corresponding to substituents for which y
and S are put equal to zero.

(1) Alkaline hydrolysis of substituted
phenyl benzenesulphonates in 70% aqueous
dioxan (Table 8). In this case there are no deviations
from a linear relation between logk and ¢°, indicating
practically complete absence of possible conjugation be-
tween para-substituents of type St and the reactive centre:

9
Can—Soz_“j’\’(‘ l‘/ .
=y

Consequently the influence of substituents in the phenol
ring on the reactive centre is transmitted only as an induc-
tive effect. The electronegative group >SO, probably sup-
presses conjugation of the p-electrons of the oxygen with
the benzene ring.

At 50° p, = 2.747 + 0.041, logkcac = -3.36, and v =
=0.9996. The reaction constant for the hydrolysis of sub-
stituted phenyl benzenesulphonates is quite high, which
indicates the great sensitivity of the hydrolysis rate con-
stant to structural changes in the ester molecule. This

log k&
2, 2
-+ /
/T 2
1
1
o
/ 1
|
o
[} °
. il
L 7 i
Srs a Sess
5% ¢ gEef

Fig.8. Dependence of log & on inductive constants
o° of aromatic substituents in the hydrolysis of:
1) ArSO,0C,H;; 2) ArSO,0CeH;; 3) CgHsSO,0AT.

t Substituents of type +S possess an unshared pair of electrons
and are electron-donors; substituents of type -S are electron-
-acceptors by a mechanism of polar conjugation o1,

17
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reaction series is extremely convenient for calculating new
values of ¢° by means of the formula ¢° = (logk +3.36)/2.747,
the following having been obtained. 2-CH,-0.19, 2-NO,
+0.91, 4-p-HOC,H,SO, + 0.56, and 4-C,H,SO, + 0.66. The
value of 0° for 0-NO, is somewhat greater than published
values of o-ortho for this substituent (+0.80 17 and +0.65).
This clearly indicates that in this case S = 0. This con-
clusion is not unexpected, since the sulphur atom under-
going attack by the OH™ ion is quite remote from the sub-
stituted benzene ring.

At 0° p, = +3.09 + 0.059, log kcaic = -5.63, and » = 0.999.
The temperature-dependence of p, is represented by the
equation

po = + 0.20 + 3660/2.3 RT .

(2) Alkaline hydrolysis of phenyl esters of
substituted benzenesulphonic acids in 70%
aqueous dioxan (Table 1). In this case para-
and ortho-substituents of +S type can be directly conjugated
with the reactive centre. Values of p; and pc in the equa-
tion

logk = logk, + p,0° + pcod

calculated by the method of least squares from experimen-
tal data for the substituents 4-CH;0, 4-CH,, H, 4-Cl,
4-Br, 3-NO,, and 4-NO, at 50° are p] = +2.24, pc = +0.54,
and logk, = -3.43. The reaction constant for the hydro-
lysis of aryl sulphonates, +2.24, is close to the value of
+2.6 calculated by Hammett *! for the hydrolysis of ethyl
benzoates.

Since in this case the hydroxyl attacks a sulphur atom
directly linked with a substituted phenyl group, steric hin-
drance is to be expected with ortho-substituents, and S # 0.
The deviations of the experimental values of logk from the
straight line

logk = -3.43 + 2.240°

yield in the case of the ortho-substituted phenyl esters
values of S = -0.75 for 2-NO, and of ¢+ S = -0.65 for 2-Cl.

(3) Alkaline hydrolysis of phenyl benzene-
sulphonates substituted in both benzene
rings (Table 10). This reaction series (3) includes
series (1) and (2) as well. In this case methods of “cross-
-correlation” (the superposition of several independent
correlation equations) 1% must be employed to calculate the
rate constants. In view of this, the following equation can
be written down for this reaction series

logk;j = log ko -+ PoZ0f + ps 20} + p°ZaiZ o]+ pcol, +S..., (3)

where the subscript i refers to nuclear substituents in the
benzenesulphonic acid, and j to substituents in the phenyl

ring. The value of p* is found from the relation
pt = Pok—Po _ Por—Po ,
% 'k

where p,, and p{, relate to the hydrolysis reaction series
X*C,H,SO,0Ar and ArSO,0C,H,X?, X being some constant
substituent. The equality p* = 0 means that substitution in
one ring has no effect on the interaction between the reac-
tive centre and substituents in the other ring, and con-
versely. The value of p* calculated by the method of least
squares from the values given for p,, pj, and pc and ex-
perimental values of logkjj at 0°is p* = -0.61 + 0.06. Thus
the quantity p* cannot be neglected in the present case.
The negative value of p* indicates that the presence of

18

electronegative substituents in one ring diminishes inter-
action between the reactive centre and electronegative sub-
stituents in the other ring, and conversely.

Neglecting the temperature-dependence of pe, p*, and
S, we obtain the following equation for calculating rate con-
stants when substituents are present in both aromatic rings

logky = 8.35—17 400/2.3 RT + (— 0.20 + 3660/2.3 RT) =65 -
+ (0.20 4 3660/2.3 RT) 2af — 0.61 2a§ 2o + 0.54 0% + S. (4)

The precision of the equation is shown by the value
S =0.,185 for a change in logk;j by more than six orders of
magnitude.

Calculation of the rate constants for 2,4,6-trimethylben-
zenesulphonic esters gives satisfactory agreement with
experimental results only if the term 0.540&% in Eqn. (4) is
omitted and it is assumed that S = 0. This proves that two
o-methyl groups, without offering steric hindrance to attack
by the hydroxide ion, nevertheless destroy the coplanarity
of the system and “cut out” direct conjugation with the re-
active centre.

(4) Alkaline hydrolysis of substituted ethyl
benzenesulphonates in 70% aqueous dioxan
(Table 1). Direct conjugation of +S-type substituents in
para- and ortho-positions with the reactive centre is
theoretically possible. However, the deviations from the
straight line logk = logk, + p,0° are small with the 4-CH;0
and 4~CH, groups, and are altogether absent with the halo-
gens. In the case of the latter, at least, the quantity ¢ can
be neglected.

At 50° p, = +1.425 + 0.091, logkcac = -3.23, and
r =0.991.

The absence of deviations when a nitro- or a chloro-
-group is present in the ortho-position shows that steric
hindrance is absent (S = 0). This is because the hydroxide
ion is then attacking the ethyl carboni¢. Differences in
the value of p for the hydrolysis of aryl and alkyl sulphon-
ates confirm that these reactions have different mechan-
isms.

The above results show that the rule of the linear rela-
tion between changes in free energy and the principle of the
independence and additivity of the effects of individual
structural factors on reactivity can be successfully applied
to these series of reactions.
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I. INTRODUCTION

There are now many publications on the chemistry of the
diene hydrocarbons. They are concerned mainly with the
order of addition of various nucleophilic and electrophilic
reagents, and also with developing ideas on the ability of
dienes to form polymers, especially the industrially im-
portant buta-1,3 -diene and isoprene rubbers.

The most recent views on the properties of dienes, and
in particular of butadiene, are inseparably linked with their
stereochemistry. Establishment of the cis- and frans-
-configurations of dienes is a most important contemporary
stage in the evolution of diene chemistry. Conformational
analysis makes it possible to obtain a deeper understanding
of the various reactions of dienes, and also the structure
and properties of the diverse derivatives of these com-
pounds.

The present paper represents an attempt to give a sys-
tematic account of the most important investigations asso-
ciated with various syntheses, leading ultimately to hetero-
-substituted buta-1,3 -dienes.



