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epoc ABSTRACT: Variations in reactivity of substituted salicylic acid derivatives are appraised in the light of the work of
Jencks on transition-state structures, variations in transition-state structure and variations in reaction mechanism. The
transition states for the intramolecular general acid-catalysed hydrolyses of a variety of compounds derived from
salicylic acid are shown to be closely related to those for the corresponding spontaneous hydrolysis reactions of
compounds derived from substituted phenols. Free energy relationships are used to estimate the potential benefits of
improving intramolecular hydrogen bond geometry in an aqueous environment. Copyright # 2004 John Wiley &
Sons, Ltd.
Additional material for this paper is available in Wiley Interscience
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INTRODUCTION

The energetic coupling of proton transfers between
heteroatoms and heavy atom rearrangements is one of
the most widely used mechanisms by which enzymes
achieve their remarkable rate accelerations. At pHs near
neutrality, general acid- and general base-catalysed pro-
cesses can provide competing reaction pathways of lower
activation energy than spontaneous (water-catalysed),
specific acid- or specific base-catalysed pathways for
hydrolysis and other reactions. The quantitative descrip-
tion of transition-state structures and variations in
structure for intermolecular general acid- and general
base-catalysed reactions using free-energy relationships
is well understood, thanks largely to the studies of Jencks
and co-workers.1,2 However, the systematic application
of free energy relationship analysis to systems displaying
intramolecular general acid or base catalysis has been
relatively neglected. This is due in part to synthetic
difficulties, and reflects also the problems that can arise
when substituent effects do not act independently on
reacting functionalities.3–8 However, it represents a sig-
nificant limitation in our understanding of intramolecular
reactions, which seek to replicate the proximity in which
reactive functionalities are held in enzyme Michaelis
complexes, and provide a starting point for linking the
studies of small molecule model reactions of bioorganic

relevance and the reactivity of macromolecular enzyme
mimics.9,10

Compounds derived from salicylic acid have long been
used as enzyme models. Capon11 and Piszkiewicz and
Bruice12 reported a significantly accelerated pH-indepen-
dent rate of spontaneous hydrolysis in the cleavage of
arylglycoside 1 (Scheme 1) at pH values below the pKa

value of the carboxyl group; however, their mechanistic
interpretations of this behaviour differed. In principle the
ortho-carboxyl/carboxylate group may act as an intra-
molecular general acid, general base or nucleophile, or as
a source of electrostatic stabilization of an adjacent
positively charged group. Analysis of the pH–rate profiles
for the reactions of unsubstituted salicylic acid derivatives
provides a clue to the role of the carboxyl group in
catalysing the reaction of adjacent groups, but cannot
distinguish between kinetically equivalent mechanisms,
such as hydrogen bond-stabilized specific acid catalysis
[in hydrogen bond-stabilized specific acid catalysis, pro-
ton transfer from the catalytic acid to the substrate (here the
leaving group) is formally complete in the rate-determining
transition state and the substrate conjugate acid is stabilized
by hydrogen bonding to the conjugate base of the catalytic
acid; for catalysis to be significant, the resultant increase in
concentration of the conjugate acid must outweigh its
stabilization] and general acid catalysis. Kirby, Williams
and their co-workers have synthesized a range of substituted
salicylic acid derived compounds 2–5 (Scheme 1) and
analysed variations in their rates of hydrolysis to probe
transition-state structure.4,5,7,8

Reactivity was varied by introducing substituents X
into the two positions indicated in Scheme 1. These are
meta and para to the catalytic carboxyl, but para and

Copyright # 2004 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2004; 17: 498–506

*Correspondence to: A. J. Kirby, University Chemical Laboratory,
University of Cambridge, Cambridge CB2 1EW, UK.
E-mail: ajk1@cam.ac.uk
yDedicated to the incomparable Bill Jencks.
zSelected paper part of a special issue entitled ‘Biological Applications
of Physical Organic Chemistry’.



meta to the phenolic oxygen. Thus a substituent X will
alter both the leaving group ability of the phenolic
oxygen and the acidity of the adjacent carboxylic acid.
Following Jencks,1 we define the two reaction coordi-
nates as y0 and x, respectively.1 The reactivity of these
compounds was originally analysed in terms of Jaffé’s
extended Hammett equation.13 In this approach, the
single substituent exerts (independent) influences on
both carboxylic acid and phenolic centers according to
the free-energy relationship given by

log kxy0 ¼ �x�x þ �y0�y0 þ C ð1Þ

This equation represents the simplest extension that may
be made to the Hammett equation in an attempt to
correlate structural perturbations that influence more
than one reacting center. Just as the Hammett equa-
tion corresponds to a Taylor series expansion of the
equation

log kx ¼ f ð�xÞ ð2Þ

truncated at the first derivative terms, so Jaffé’s extended
Hammett equation truncates the Taylor series expansion
of Eqn (3) at its first-derivative terms.

log kxy0 ¼ f ð�x; �y0 Þ ð3Þ

A major contribution of Jencks and co-workers over a
number of years has been the development and applica-
tion of the higher order derivative terms in the Taylor
series expansion of equations such as Eqn (3) in probing
variations in transition-state structures and reaction
mechanisms. The theoretical basis of this approach was
established by Jencks and Jencks14 and the principles
later collated in the so-called ‘BeMa HaPoThLe’.1 Jencks
and Jencks used the mathematical form of the potential
energy surface given in Eqn (4) to analyse variations in
transition-state structure.

�G

2:303RT
¼ ax2 þ by02 þ cxy0 þ dxþ ey0 þ f ð4Þ

First-derivative terms in free energy relationships (such
as �x and �y0) are related to coefficients d and e in Eqn (4);
and define the position of a transition-state structure on a
two-dimensional More O’Ferrall15–Jencks16 diagram
(see Fig. 1). The ‘cross’ second-derivative term
ð�xy0 ¼ @2kxy0=@�x@�y0 Þ is related to coefficient c in
Eqn (4) and may be used to explain variations in transi-
tion-state structure along the reaction coordinate (i.e. the
curvature along the reaction coordinate). ‘Direct’ second-
derivative terms (for example, �xx ¼ @2kxy0=@�

2
x) are

related to coefficients a and b in Eqn (4) and represent
variations in transition-state position (curvatures of the
potential energy surface) parallel to the ordinates of the
More O’Ferrall–Jencks diagram. The significance of
quadratic terms in free-energy relationships has been
the subject of comment and analysis by O’Brien and
More O’Ferrall17 and Dubois et al.18 In recent times, Lee
and co-workers have made extensive use of ‘cross’
second-derivative terms in analysing transition-state
structures, noting that they often contribute more signifi-
cantly to variations in reactivity than do the ‘direct’
second-derivative terms.19,20

Scheme 1. Salicylic acid derivatives showing general acid
catalysis of hydrolysis

Figure 1. More O’Ferrall–Jencks diagram showing varia-
tions in transition-state structure
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It the light of these findings, it has been noted that the
extended Hammett equation of Jaffé cannot account for
variations in the reactivity of a two-component (e.g.
general acid and leaving group) system whose variation
in transition-state position is governed by the reactivity–
selectivity principle (RSP).18 In the context of catalysis
of hydrolysis in salicylic acid-derived compounds, a
stronger general acid might be expected to elicit a lower
sensitivity to leaving group ability. Indeed, just as the
minimum Taylor series expansion of Eqn (2) is found to
be sufficient in many cases for explaining the reactivity of
one-component systems (in the absence of a change in
mechanism or rate-determining step significant curvature
in Brønsted plots is rarely observed), so the minimum
Taylor series expansion of Eqn (3) capable of providing
an RSP-consistent analysis of two component systems is
that given in Eqn (5), in which the second-derivative
cross-interaction term is included. This modification was
originally introduced by Miller21 and applied by Cordes
and Jencks to the general acid-catalysed formation of
semicarbazones.22

log kxy0 ¼
@kx0

@�x

� �
y0
�x þ

@k0y0

@�y0

� �
x

�y0

þ @2kxy0

@�x@�y0

� �
�x�y0 þ C

ð5Þ

In the spirit of the work of Jencks and his co-workers,
we have re-examined the behaviour of the salicylic acid
derived model compounds 2–5 to include an analysis
of variations in transition-state structure and reaction
mechanism.

METHODOLOGY

Kinetic data (see Supplementary material available in
Wiley Interscience) from the original journal
sources4,5,7,8 were fitted to Eqns (6)–(9) using a least-
squares analysis.23 Standard � values (�� for the 5-NO2

substituent) were used24 except for van Bekkum et al.’s
recommended values of �p ¼ �0:111 for the 5-MeO
substituent.25

log kxy0 ¼ �x�x þ �y0�y0 þ C ð6Þ

log kxy0 ¼ �x�x þ �y0�y0 þ �xy0�x�y0 þ C ð7Þ

log kxy0 ¼ �x�x þ �y0�y0 þ �xx�
2
x þ C ð8Þ

log kxy0 ¼ �x�x þ �y0�y0 þ �y0y0�
2
y0 þ C ð9Þ

In each of these cases the value of log kxy0 is fitted to the
expression shown rather than the value of logðkxy0=k00Þ to
the equivalent expression less the constant C. This
ensures that each of the data points corresponding to a
single compound (including that of the compounds
X¼H, reacting with a rate k00) is given equal weight
during the fitting procedure.

The extended Hammett equation originally used to
describe the kinetic data and establish transition-state
positions performed well in correlating rate data with
substituent constants in many cases (the exceptions being
the benzyl-ether derived compounds 5). It was therefore
important to establish the significance of the second-
derivative terms as they will make only small contribu-
tions to observed variations in reactivity. This was
achieved by applying the guidelines provided by
Shorter.26 Standard deviations associated with all param-
eters provide the most straightforward indication of the
reliability of the reaction parameters calculated; in partic-
ular, relatively large errors may be expected in second-
derivative parameters that are not significant in explain-
ing observed variations in transition-state structure (i.e.
deviations from behaviour as determined by Jaffé’s ex-
tended Hammett equation). The significance of second-
derivative terms in explaining deviations from behaviour
according to Jaffé’s extended Hammett equation may be
quantified using partial correlation coefficients, r14:23

2

[Eqn (10)], which quantify the additional fraction of the
variance of the observed data from the model of Eqn (6)
explained by the introduction of an additional parameter
according to Eqns (7)–(9); F values for each fit provide
similar information, with a significant increase in the F
value associated with the fitted equation (i.e. beyond that
of the extended Hammett equation), indicating that the
additional parameter introduced has improved the sig-
nificance of the fitted equation.

r14:23
2 ¼ R1:234

2 � R1:23
2

1 � R1:23
2

ð10Þ

(R1:234
2 is the correlation coefficient for observed data

points 1, when explained using explanatory parameters 2,
3 and 4 (e.g. �x; �y0 and �xy0), whereas R1:23

2 is the
correlation coefficient for observed data points 1 when
explained using only the explanatory parameters 2 and 3
(e.g.�x and �y0).

A final method of testing the plausibility of the results
obtained is pragmatic and chemical rather than statistical.
Where similar intermolecular reactions have been stud-
ied, comparisons of the signs of second-derivative para-
meters determined for the intramolecular and the
intermolecular reactions is important. Similar chemistries
may be expected to display the same signs of both first
and second derivative terms in the Taylor series expan-
sion of Eqn (3).
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RESULTS AND DISCUSSION

Table 1 provides the Hammett-type sensitivity param-
eters for acetal 2, phosphate dianion 3 and sulfate 4
derived using the fitting procedures described above.

The mechanisms of hydrolysis of 2–4 are expected to
be qualitatively similar. The methoxycarbenium ion de-
rived from formaldehyde,27,28 the metaphosphate mono-
anion29 and sulfur trioxide30,31 have all been shown to
have lifetimes less than the dielectric relaxation time (�1)
of the water molecule in water. Thus enforced SN2
mechanisms are indicated, in which nucleophilic water
is bound to the electrophilic carbon, phosphorus or sulfur
at the transition state at least to some extent.32,33 The
tightness of the transition state (see later) will depend on
the nature of the central atom.

The results presented in Table 1 support and reinforce
the conclusions drawn in the original papers concerning
the position of the transition state for intramolecular
catalysis in these reactions. The transition states are
characterized by appreciable charge build-up on the
phenolic oxygen atom of the leaving group coupled to
relatively small extents of proton transfer from the
carboxylic acid group.4,5,7 For 2–4 the inclusion of a
term representing curvature (�xx) at the transition state
parallel to the �x dimension (proton transfer) is uniformly
insignificant in explaining variations in transition-state
position. This is related to the small extents of proton
transfer observed in all cases, the extent of proton transfer
being zero in the case of sulfate 4, �0.1 in the case of
acetal 2 and �0.2 for phosphate dianion 3 [taking the
values obtained from the most significant fit obtained
using Eqns (7)–(9)]. (The ground-state form of the
phosphate dianion 3 contains a negatively charged car-
boxylate group and a phosphate group also bearing a
single negative charge. The hydrolysis reaction has been
shown to occur via a general acid-catalysed mechanism
which requires a pre-equilibrium transfer of a proton
from the phosphate group to the carboxylate group prior
to the rate-determining proton transfer from the resulting

COOH group to the leaving group oxygen atom. The
extent of negative charge build-up on the carboxylic acid
group in the rate-determining step with respect to the
preceding intermediate is therefore equal to �x þ 1.)

The addition of second-derivative terms �xy0 and �y0y0
(rows in bold in Table 1) proves better at describing
variance from behaviour according to the extended Ham-
mett equation than the term �xx. Although in the case of
acetal 2 the �xy0 and �y0y0 terms do not significantly
improve the correlation with the observed rate data, the
terms do prove useful in explaining variations in transi-
tion state positions for the phosphate dianion 3 and the
sulfate 4. The cross-interaction coefficient �xy0 is shown
to be negative in all cases (though significantly so only in
the cases of phosphate dianion 3 and sulfate 4). This
indicates that variations in transition state position are in
accordance with the RSP, with better leaving groups
tending to elicit less assistance (i.e. less proton transfer
in the transition state) from the general acid catalyst
(Hammond behaviour). It is unfortunate that there are
no reports of significant intermolecular catalysis in the
hydrolysis of phosphate dianion monoesters and sulfate
monoesters for comparison. Capon and Nimmo have,
however, reported the general acid-catalysed hydrolysis
of substituted phenyl methyl acetals derived from ben-
zaldehyde34 and their data may be analysed to yield
an interaction coefficient, �xy0 , with a value of
�0.447� 0.034.19 The negative value obtained from the
data of Capon and Nimmo34 is consistent with the sign
and magnitude of the values of �xy0 obtained for the
hydrolysis of 2–4.

The hydrolyses of the ethers 5 could not all be followed
at the same temperature (rates of hydrolysis of benzylic
ethers are exceptionally sensitive to the stability of the
resulting carbocation). The Hammett sensitivity para-
meter, �y, is found to be �6.1 based on literature �þ

values. If, however, the � values are corrected for im-
balanced polar and resonance effects according to the
Yukawa–Tsuno equation,35,36 using the value of �þ ¼ 2:1
determined by Richard and Jencks for similar reverse

Table 1. Parameters describing transition-state structures and variations in transition-state structures for 2--4a

Compound �x �y0 �xy0 �xx �y0y0 F r14:23
2

Acetal 2 0.09� 0.06 0.84� 0.04 582
0.11� 0.06 0.91� 0.07 �0.12� 0.11 406 0.20
0.09� 0.07 0.84� 0.08 0.02� 0.21 324 0.00
0.09� 0.06 0.93� 0.07 �0.07� 0.05 455 0.29

Phosphate dianion 3 �0.95� 0.17 1.36� 0.13 62
�0.77� 0.10 1.77� 0.11 �0.79� 0.17 152 0.75
�0.79� 0.20 1.45� 0.14 �0.43� 0.32 45 0.20
�1.01� 0.11 1.80� 0.15 �0.37� 0.10 107 0.65

Sulfate 4 �0.01� 0.05 1.43� 0.04 1963
�0.01� 0.04 1.55� 0.06 �0.18� 0.08 2315 0.58
�0.00� 0.05 1.48� 0.08 �0.17� 0.21 1230 0.15
�0.04� 0.04 1.55� 0.06 �0.09� 0.04 2381 0.56

a Parameters were obtained using the extended Hammett equation [Eqn (6), first row in each case], or including (separately) second derivative terms [Eqns (7)–
(9), rows 2–4]. Rows for correlations involving �xy0 and �y0y0 are in bold. These descriptive terms produce similar �x and �y0 terms. For a detailed discussion, see
the text.
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reactions, a value of �y ¼ 4:1 is obtained.37) The rates of
hydrolysis of the ethers with substituents Y¼ 3-Br and
Y¼ 4-Me were followed over a range of temperatures for
different X substituents and extrapolated to 39 �C (the
temperature at which the hydrolysis of the unsubstituted
benzylic, i.e. Y¼H, series of compounds was followed).8

The relative unreliability of this extrapolation procedure
when used in the context of a small number of experi-
mental points is illustrated for the substituted ethers with
Y¼ 3-Br, using the rates extrapolated to 39 �C. In this
case the best fits to Eqns (6)–(9) produce negative (and
hence chemically meaningless) values of �x. For small
sample sizes any procedure including extrapolations
made over a large range of temperatures therefore seem
unreliable. As a result, the data for a given substituent Y
for the three different benzylic carbocations were fitted at
a temperature common to all X substituents. The param-
eters determined in this fashion were less accurate than
those obtained for acetal 2, phosphate dianion 3 and
sulfate 4 (owing to the smaller number of data points
obtained), yet an avoidable source of error was elimi-
nated and useful values of sensitivity parameters and
interaction coefficients obtained.

The data in Table 2 are largely consistent with those
found in Table 1. The most reliable values of �x obtained
are small (although with large degrees of experimental
uncertainty), suggesting relatively insignificant charge
build-up on the carboxylic acid group at the transition
state. Furthermore, the original paper indicated that the
kinetically determined pKa values of the carboxylic acid
groups were correlated with the associated �x values with
gradients that were in some cases substantially greater
than 1, suggesting that the associated Brønsted � values
might be substantially smaller than the values of �x
reported here.8 As for 2–4, addition of a parameter �xx

in �x
2 does not improve the correlations obtained to a

significant extent. The introduction of the interaction
coefficient �xy0 or a term in �y0y0 does seem to improve
correlation with the experimental data. The negative
values of �xy0 obtained are consistent with Hammond-
type variations in transition state position.

Of the reaction sensitivities obtained at the common
temperature of 39 �C, we may have the greatest confi-
dence in the results obtained for the substituents Y¼H
and 4-Me. Furthermore, these two series of data illustrate
the potential importance of the inclusion of interaction
coefficients in describing the reactivity of the systems
involving multiple interacting components. [The signs of
the cross-interaction parameters �xyy0 , �xy and �xy0 based
on the data for Y¼H and Y¼ 4-Me at 39 �C, are not well
defined (Table 2). They are, however, consistent with
the signs determined by Jencks and co-workers for the
corresponding intermolecular reactions, for which the
data are more reliable, since all three components x; y
and y0 could be varied independently.] The values of �x,
�y0 and �xy0 obtained from Eqn (7) may be used as a basis
for an analysis of how these parameters vary with chan-
ging carbocation structure. Increasing the stability of the
carbocation produced on hydrolysis of the ether by 4-
methyl substitution (�þ for the 4-Me group is �0.250) is
associated with an increase in �x and a decrease in �y0 and
�xy0 . These changes in transition-state position may be
expressed in terms of an additional axis in a three-
dimensional description of the transition state structure
(the additional dimension being that described by the
ordinate �y relating to the stability of the carbocation).
The positive value of �yy0 ð¼ @�y0=@�yÞ indicates a varia-
tion in transition-state position according to Hammond-
type behaviour: the greater the stability of the carbocation
generated the lower the sensitivity of the reaction to the

Table 2. Results describing transition-state structures and their variation for ethers 5, using Eqns (6)--(9) (format as for Table 1)

Compound �x �y0 �xy0 �xx �y0y0 F r2
14:23

Ether (Y¼H, 39 �C) 0.28� 0.25 0.62� 0.17 39
0.38� 0.11 1.09� 0.17 �0.77� 0.25 137 0.90
0.27� 0.38 0.58� 1.04 0.12� 3.00 13 0.00
0.26� 0.10 1.10� 0.16 �0.39� 0.12 161 0.92

Ether (Y¼ 3-Br, 39 �C)a �0.70� 0.53 1.33� 0.36 13
�0.48� 0.19 2.35� 0.29 �1.68� 0.42 75 0.94
�0.55� 0.69 2.41� 1.92 �3.19� 5.53 6 0.25
�0.73� 0.20 2.36� 0.32 �0.83� 0.23 62 0.93

Ether (Y¼ 3-Br, 65 �C) 0.16� 0.37 0.67� 0.25 17
0.30� 0.25 1.32� 0.38 �1.07� 0.56 27 0.79
0.12� 0.55 0.36� 1.51 0.90� 4.36 6 0.04
0.14� 0.23 1.34� 0.36 �0.54� 0.27 30 0.81

Ether (Y¼ 4-Me, 39 �C)a 0.50� 0.32 0.37� 0.22 18
0.63� 0.02 1.01� 0.03 �1.05� 0.04 5065 1.00
0.54� 0.47 0.69� 1.30 �0.92� 3.75 6 0.06
0.47� 0.01 1.03� 0.01 �0.52� 0.01 62598 1.00

Ether (Y¼ 4-Me, 25 �C) 0.20� 0.27 0.40� 0.19 14
0.32� 0.03 0.94� 0.05 �0.89� 0.07 905 0.99
0.23� 0.41 0.62� 1.12 �0.66� 3.23 5 0.04
0.18� 0.02 0.95� 0.03 �0.45� 0.02 2077 1.00

a These data are from an extrapolation (see the text). The remainder are experimental.

502 I. R. GREIG AND A. J. KIRBY

Copyright # 2004 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2004; 17: 498–506



ability of the leaving group. The negative value of
�xyð¼ @�x=@�yÞ indicates anti-Hammond behaviour in
the position of the transition state with more stabilized
carbocations eliciting more assistance from the general
acid catalyst. A positive value of �xyy0 ð¼ @�xy0=@�yÞ
indicates that the energetic coupling (or the magnitude
of �xy0) between the leaving group and the general acid
decreases for less stable carbocations.

Variations in transition-state positions for the general
base-catalysed addition of alcohols to 1-phenylethyl
carbocations by Jencks and co-workers constitute the
key body of works in understanding transition-state
structures, variations in transition-state structures and
variations in reaction mechanism in such systems.37–41

The reaction studied is effectively the intermolecular
reverse reaction of the intramolecular general acid-cata-
lysed cleavage of benzylic ethers described by Kirby
et al.,8 so the nature of the transition states described is
expected to display similar sensitivities to variations in
structure. This is indeed found to be the case. Cordes–
Jencks interaction coefficients express variations in tran-
sition-state structure in terms of changes in � (the
Brønsted parameter associated with a general base),
pKnuc (the pKa value of nucleophile) and � (the Hammett
reaction constant associated with the benzylic carboca-
tion) according to Eqns (11)–(13):

pxy0 ¼
@�

�@pKnuc

¼ �a�xy0 ð11Þ

pxy ¼
@�

�@�cation

¼ �b�xy ð12Þ

pyy0 ¼
@�nuc

�@�cation

¼ þc�yy0 ð13Þ

where a, b and c are positive constants.
Ta-Shma and Jencks41 have reported a positive value of

p�xyy0 [Eqn (14), where d is a positive constant] for the
general base-catalysed addition of alcohols to benzylic
carbocations, which is consistent with the positive value
of �xyy0 reported here for the salicylic acid-derived benzyl
ether hydrolysis.

p�xyy0 ¼
@pxy0

�@�y
þ d�xyy0 ð14Þ

Ta-Shma and Jencks41 also carried out a systematic
analysis of the significance of all possible third-derivative
terms describing variations in transition state in the 1-
phenylethyl carbocation system. A positive value of �xyy0
is significant as it describes a mechanistic change that
produces an uncoupling of the interaction between leav-
ing group and general acid necessitated as decreasing
carbocation stability drives the mechanism from one of
general acid catalysis (pathway I, Fig. 1) to uncatalysed
hydrolysis (pathway II, Fig. 1).

Across the range of compounds 2–5, the salicylic acid
group can be been seen to act in a consistent fashion in
catalysing the departure of a phenolic leaving group:
small extents of negative charge build-up on the car-
boxylic acid group are observed, indicating predomi-
nantly vertical reaction pathways at the transition state
as expressed on the More O’Ferrall–Jencks diagram
(Fig. 1). These predominantly vertical pathways are
consistent with negligible contributions of �xx terms to
reactivity (implying that the level line14 A in Fig. 1 is
close to horizontal) and significant contributions of �xy0
terms and of �yy0 terms (implying that level line B in Fig.
1 falls close in orientation to that of line A). The uniform
behaviour of the salicylic acid leaving groups in 2–5 is
reflected in the relationships of these general acid-cata-
lysed reactions with the corresponding spontaneous (or
water-catalysed) hydrolyses of acetals, sulfates, phos-
phates and ethers with phenolic leaving groups. Table 3
summarizes Brønsted parameters (�leaving group) for the
spontaneous hydrolyses of 6–9 (corresponding to 2–5
without the carboxyl group) and for the general acid-
catalysed hydrolyses of 2–5 (based on the values of the
�y0 terms in Tables 1 and 2, obtained using equations
including a term in �xy0). [These Brønsted parameters are
obtained from the corresponding Hammett parameters by
dividing by the sensitivity parameter for phenol ioniza-
tion (�2.23).42] In cases where appropriate effective
charges (derived from the Brønsted sensitivities of
the equilibrium hydrolysis reaction) are available, the
Brønsted coefficients thus obtained may be converted to
Leffler parameters, or �y0 terms. These describe, on a
scale from zero to one, the extent of negative charge
build-up on the phenolic oxygen of the leaving group

Table 3. Bro/ nsted and Leffler coefficients for the phenolic leaving groups in intramolecular general acid-catalysed (GAC) and
spontaneous hydrolyses of acetals, phosphate monoester dianions, sulfates and ethers of salicylic acid

Effective charge �y0 (H2O)
Compound type on phenolic O �y0 (GAC) �y0 (GAC) �y0 (H2O) �y0 (H2O) ��y0 (GAC)

Acetals 2, 6 (þ0.3, see text) 0.41 (0.32, see text) 0.8243 (0.63, see text) (0.31, see text)
Phosphate dianions 3, 7 þ0.3644 0.79 0.58 1.2345 0.90 0.32
Sulfates 4, 8 þ0.746 0.70 0.41 1.2547 0.71 0.30
Ethers 5, 9 (Y¼ 4-Me) þ0.247,48 0.45 0.38 0.958 0.79 0.31
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(which will be a function of both carbon—oxygen bond
cleavage and the extent of proton transfer from the
general acid).

Table 3 shows that for phosphate dianions 3, sulfates 4
and ethers 5 the effect of the addition of the o-COOH of
the salicylic acid leaving group on the transition-state
position, with respect to the spontaneous reaction, is to
bring the transition state forward (make it earlier) by
around 0.3 Leffler units. No values of effective charge
(derived from Brønsted �eq values) for phenolic acetal
oxygen atoms have been determined empirically to date,
but we can estimate a value as follows. If we assume that
the Leffler reaction parameters for the spontaneous and
intramolecularly catalysed hydrolyses of acetals differ by
0.31 units (the mean and almost constant value deter-
mined for 3, 4 and 5), we can estimate the effective
charge on the phenolic oxygen atom of O-methoxy-
methylphenols as þ0.3 (equivalent to a Brønsted �eq

value of 1.3 for the hydrolysis of the O-methoxymethyl-
phenols). This is consistent with the expectation that the
effective charge will be larger than that found for phe-
nolic ethers.47

INTRAMOLECULAR HYDROGEN BOND
GEOMETRY AND REACTIVITY

The influence of hydrogen bond geometry on the rates of
general acid-catalysed processes in constrained systems
is of great interest, as it has a direct bearing on the
question of whether enzymes achieve high catalytic
efficiencies by the accurate positioning of acidic func-
tionalities. Although salicylic acid-derived scaffolds pro-
vided the first means of placing a general acid near a
leaving group heteroatom, other scaffolds based on
benzofuran, benzisoxazole and naphthalene have been
developed more recently.49,50 The benzofuran scaffold
(10, Scheme 2) is designed so that the intramolecular
hydrogen bond obtained is close to linear. This optimized
geometry is thought to contribute to preferential transi-
tion-state stabilization in the general acid-catalysed hy-
drolysis reaction.

The free energy relationships derived for acetal
2 may be used to estimate the extra transition-state
stabilization derived from the benzofuran scaffold
compared with the salicylic acid system, for the same
reaction taking place under the same conditions. Differ-
ences in the pKa values of the leaving group phenols
and the carboxylic acids of benzofuran 10 and acetal
2 (X¼H) can be used to predict the rate of reaction
(kpredicted) for a compound with the salicylic acid
framework of acetal 2 but the leaving group ability and
catalyst acidity of benzofuran 6. The ratio of this rate
relative to rate for the hydrolysis of 2-methoxymethoxy-
benzoic acid 2, is given by Eqn (15) {the cross term
[�0.054��pKa(COOH)��pKa(phenol)] makes a neg-
ligible contribution (see above) and has therefore been

omitted from Eqn (15)} (the coefficients are derived from
the data for 2 in Table 1, line 2).

�ðlog kpredictedÞ ¼ �0:11 ��pKaðCOOHÞ
� 0:408 ��pKaðphenolÞ

ð15Þ

The value of �pKa(COOH)¼ 0.07 is obtained from the
observed pH–rate profiles of 2 and 10.49,50 Our best
estimate for �pKa(phenol) is 0.43. [We have estimated
previously a value of 8.52 for the effective pKa of the
salicylate leaving group.50 Based on this figure, and a
transmission coefficient of 0.451 to take account of the
extra carbon atom in 10, the replacement of the 3-methyl
group of 11 (pKa¼ 9.65 at 20 �C52) by COOH could
lower the effective pKa of the phenolic OH group by up to
0.7 units, to 8.95.] These differences substituted into
Eqn (15) give a value of kpredicted at 39 �C which is
lower by a factor of 3.8 than the observed rate constant
for the general acid-catalysed hydrolysis of 10
[(3.55� 0.15)� 10�3 s�1 at 39 �C]. This difference be-
tween observed and predicted rates of reaction of benzo-
furan 10 corresponds to an energy difference of up to
3.4 kJmol�1 at 39 �C.

Scheme 2. Compounds used for comparisons of intermo-
lecular and intramolecular reactivity

504 I. R. GREIG AND A. J. KIRBY

Copyright # 2004 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2004; 17: 498–506



This figure is a measure of the stabilization of the
transition state for the general acid-catalysed hydrolysis
reaction by the benzofuran scaffold, relative to the salicyl
framework. It includes changes in both through-ring and
through-hydrogen bond interactions between the phenol
and carboxylic acid groups in the transition state of both
frameworks. It suggests that intramolecular general acid-
catalysed processes involving phenolic leaving groups in
an aqueous environment are relatively insensitive to
geometric constraints, once the conditions for the forma-
tion of a strong intramolecular hydrogen bond are
fulfilled. (Catalysis disappears when the rigid framework
of 10 is removed, as in 12.53)

This low sensitivity is not surprising, in view of the
relatively small extents of proton transfer from the
carboxylic acid group and the substantial charge build-
up of negative charge on the departing phenolic oxygen in
the transition state. The effects of optimizing the geo-
metry, and thus maximizing the strength of the develop-
ing hydrogen bond, will be more significant for the
(relatively) earlier transition states involved in the reac-
tions of typical biological acetals, with aliphatic oxygen
leaving groups. So far only two such model systems have
been identified54,55 and further, detailed studies are
needed to establish the potential magnitude of such
effects. Of course medium effects (specifically those
prevailing in the complicated microenvironment of an
enzyme active site) will also be of major importance in
determining the significance of constrained hydrogen
bond geometry in general acid-catalysed processes
(lower dielectric permittivities producing stronger hydro-
gen bonds and hence further scope for variations of
strength with geometry).

Within certain limitations, our analysis suggests that
the positioning of an effective catalytic general acid or
base within an enzyme active site may tolerate a certain
amount of flexibility. Mutagenesis studies carried out on
general acids found within enzyme active sites [invol-
ving, for example, the interconversion of glutamic acid,
aspartic acid and S-(carboxymethyl)cysteine residues]
show a range of sensitivities to the positioning of general
acids: in one case aryl glycoside hydrolysis was shown to
be relatively insensitive to general acid position (3–23-
fold decreases in the values of kcat/KM being observed)56

whereas in the case of triose phosphate isomerase altera-
tion of the length of the side-chain carrying the general
base resulted in a 500-fold decrease in the value of
kcat/KM.57

CONCLUSIONS

The structure-reactivity relationships developed by
Jencks and co-workers are shown to be applicable to
intramolecular general acid catalysis of the hydrolysis of
a variety of substrates derived from salicylic acid. The
correlations show the behaviour of salicylic acid as a

leaving group to be consistent over a range of substrates
with widely different reactivities, and provide some in-
sight into the influence of hydrogen bond geometry in
determining activation free energies for intramolecular
general acid-catalysed hydrolyses.

Supplementary material

Kinetic data from the original journal sources4,5,7,8 are
available in Wiley Interscience.
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