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The polarisability potential as a steric indexy
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The acid-catalysed hydrolysis of carboxylic esters is t
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of steric effects. In this work, the polarisability potential (Hehre, et al., J. Am. Chem. Soc. 1986, 108, 1711–1712) is
identified as quantum-mechanical size of substituent groups. Correlation is found between this quantity and
reactivity features of the reference reaction. Copyright � 2010 John Wiley & Sons, Ltd.
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INTRODUCTION

The rate and product outcome of a chemical reaction can be
influenced by the ability of a substituent group to occupy space.
This observation is the phenomenological description of the
so-called steric effect. The intuitive view points to situations
where atom contacts between reaction sites are made more
difficult by the electrostatic repulsion of moieties close to each
other, that do not otherwise participate in the molecular change.
The steric parameter Es was defined by Taft, based on a

suggestion by Christopher Ingold, on the basis of kinetic mea-
surements for the acid-catalysed hydrolysis of carboxylic esters:[1]

X� CO2Rþ H2O �!
Hþ

ROHþ X� CO2H

Es ¼ log
kX
kMe

� �

This quantity was shown to be approximately insensitive to
polar effects, and thus assumed to account for steric effects
only (e.g. the cases where X¼ alkyl and monohaloalkyl groups).
Extensive tables have been assembled from data collected for the
reference chemical reaction, in different reaction conditions.[2]

Dubois defined the Taft–Dubois steric parameter Es
0 in the

same way as Es, but the kinetic data were measured using only
one standard chemical reaction: the acid-catalysed esterification
of X—CO2H at 40 8C in methanol.[3] Es and Es

0 are useful as long as
no interaction exists between the X and CO2R moieties via a
mechanism such as conjugation. This is the case of phenyl and
conjugated alkenyl substituents. Proposals to correct Es para-
meters have been devised,[2] but no attempt is made in this paper
to review Es.
Correlation between quantummechanical size and steric effect

has given fruitful insights. Large groups have a greater number of
occupied molecular orbitals with large amplitudes in the space
occupied by the moiety. This means that stronger repulsions may
arise between the occupied molecular orbitals of reacting mole-
cules or groups situated at close distances within the same
molecule (or transition-state complex).
Fujimoto et al.[4] studied the nature of the steric effect of alkyl

groups by paired-interacting orbitals analysis. The results of these
authors agreed with the known experimental observation that
steric repulsion is not governed by the global size of substituents
but determined principally by their local arrangement of bonds.
g. Chem. 2010, 23 955–959 Copyright � 2010
Hollett et al.[5] explored a quantum mechanical definition of
molecular size and shape, as formulated from the electronic
second moment of the Hartree–Fock wave function. This quan-
tum-mechanical quantity correlated well with Es

0 for halogens
and first-row hydrides, but significant positive deviations were
observed for groups such as N———C, MeO, MeS or CH2

——CH. The
experimental log (kX/kH) values for HO andMeO are�0.55 and for
both HS and MeS are �1.07. This observation indicates that
the acid-catalysed hydrolysis of esters is mainly affected by the
oxygen and sulphur atoms, and not by the entire substituent as
calculated from the electronic second moment.
In a more recent study of Liu and collaborators,[6] the so-called

steric energywas related to Es
0. This quantummechanical quantity

represents a hypothetical state with all electrons packed into the
lowest orbital and other effects entirely excluded. Thus, it is a
measure of the intrinsic space occupied by an electronic system.
The quality of correlation between steric energy and Es was better
for this model than for the result of Hollett et al.[5]

A conceptually simpler structural parameter that may correlate
with steric feature is the polarisation potential of Hehre, Taft and
co-workers, sa.

[7] This quantity gives the energy of interaction
between a particular CH3—X molecule and a positive charge
located 3 Á̊ away from the methyl group, along the C—X axis. The
stabilisation of the system depends on how easily is electron
density ‘projected’ towards the positive charge. This electro-
n-density plasticity depends on the polarisability of X. There is a
general relationship between polarisability and molar refraction.
This latter quantity gives the actual volume (without free space)
John Wiley & Sons, Ltd.
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Table 1. Kinetic data for the acid-catalysed hydrolysis of
esters at 30.0 8C. sa values from the work of Hehre et al.[7] are
denoted by asterisk. The other values were obtained from the
empirical relationship between sa and molar refraction (refer
the Experimental section)

X
105 k2/s

�1

(mol dm�3)�1
DzG8

(kJmol�1)
sa

(kJmol�1)
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of groups or molecules of various sizes, shapes and degrees of
polarity.[8] Therefore, a relation between size and sa should be
expected to exist. Thus, it is an acceptable working hypothesis to
state that sa can be considered as a steric index.
We aim to draw attention to the notion that steric hindrance

stems from electron-density distribution in substituent groups,
rather than mass distribution. This work presents an analysis of
the use of sa for the correlation of the steric effect in the model
hydrolysis reaction.
H 501� 3 87.6 0*

Me 19.3� 0.4 95.8 �1.46*
Et 18.4� 0.3 96.2 �2.05*
n-Pr 8.4� 0.2 97.9 �2.26*
i-Pr[9] — 100.3 �2.59*
t-Bu[9] — 107.3 �3.10*
Bn 3.6� 0.1 100.0 �5.91
Cl—CH2 9.9� 0.6 97.5 �2.06
Br—CH2 6.5� 0.2 98.5 �2.58
N———C—CH2 2.2� 0.6 101.3 �2.02
CH2

——CH 0.76� 0.07 104.0 �2.09*
Me—CH——CH 0.32� 0.03 106.1 �3.01
Ph[9] — 110.8 �3.39*
EtO2C 3.3� 0.1 100.2 �3.22
EtO2C—CH2 1.28� 0.06 102.6 �4.01
EtO2C—CH2—CH2 1.67� 0.05 102.0 �4.80
Me—CH(OH) 16.2� 0.2 96.2 �2.27

Table 2. Reduced moments of inertia for internal rotation of
different groups and the corresponding values of S

� free
int rot at

30.0 8C

X I’r (kgm
2) S

� free
int rot ðJK�1mol�1Þ

H 0 0
Me 5.22� 10�47 19.4
Et 4.95� 10�46 28.8
i-Pr 9.02� 10�46 31.3
t-Bu 1.20� 10�45 32.5
Bn 2.66� 10�45 35.8
Cl—CH2 1.12� 10�45 32.2
Br—CH2 1.64� 10�45 33.8
N———C—CH2 1.20� 10�45 32.5
CH2

——CH 3.38� 10�46 27.2
Ph 1.04� 10�45 31.9
EtO2C 1.73� 10�45 34.0
Me—CH(OH) 8.63� 10�46 31.1
HO—CH2 5.80� 10�46 29.4
MeO—CH2 3.73� 10�45 37.1
RESULTS AND DISCUSSION

The effect of structure on the acid-catalysed hydrolysis of carbo-
xylic esters was proposed by Taft as the reference chemical
reaction for the quantitative estimation of steric effect.[1] For the
case of Alkyl-CO2R’s, DzH8 is quite insensitive to the nature of the
substituent groups (68� 2 kJmol�1).[9] This observation indicates
that the variation of reactivity results mainly from the difference
of DzS8 values between Alkyl-CO2Et and H—CO2Et. There is evid-
ence that considerable electrostriction of transition-state (TS)
complexes occurs in the acid-catalysed hydrolysis of simple
unfunctionalised esters. The observations that lead to such con-
clusion are: lower DzH8 values for the hydrolysis of esters with
hydrogen-bonding capability,[10] negative activation volumes
(�9 cm3mol�1)[11,12] and activation entropies in the range from
�0.08 to �0.12 kJ K�1mol�1.[9] The only conceivable difference
amongst the group of esters is the loss of internal rotational
freedom of the TS complex, relative to reagent molecules.[13]

The amount of entropy associated with the internal rotation of
groups in molecules can be calculated from the well-established
relationships of statistical thermodynamics:[14]

Sint rot ¼ R lnQint rot þ RT
@ lnQint rot

@T

� �
V

(1)

Qfree
int rot ¼

8p2I0r kBT

h

� �1=2

(2)

Equation (2) gives the partition function for a free rotor, where
the only structural feature that describes the nature of the sub-
stituents is the reduced moment of inertia for internal rotation of
the group, I’r.
Since DzH8 can be taken as a constant along the series, one

should expect the following relation to hold:

ln
kX
kH

� �
¼ D6¼S�ðXÞ � D6¼S�ðHÞ

R
(3)

and the logical consequence would be

D 6¼S�ðXÞ � D 6¼S�ðHÞ ¼ �S�int rotðXÞ (4)

Table 1 gives the second-order rate constants for the
acid-catalysed hydrolyses of the ethyl esters studied at 30.0 8C
and the corresponding values of sa. Table 2 gives the calculated
reduced moments of inertia for internal rotation of different
groups and the corresponding values of Sfreeint rot. Gas-phase
moments of inertia must be significantly different for the more
polar ester molecules in solution. Using more real values of I’r of X
groups is at the present time out of the scope of this paper.
Figure 1 shows the semi-quantitative validity of the type of

association given by Eqn (4), for the case of X¼ alkyl and mono-
View this article online at wileyonlinelibrary.com Copyright � 2
haloalkyl. The data fit Eqn (3) adequately:

D 6¼S�ðXÞ � D 6¼S�ðHÞ
¼ �ð1:2� 0:3Þ � S

� free
int rot r¼ 0:95; p< 0:005

(5)

The goodness of fit given by r¼ 0.95 is good and the existence
of correlation between the quantities is definitely well estab-
lished. One reason for having obtained this r-value stems from the
010 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2010, 23 955–959



Figure 1. Reactivity of X—CO2Et at 30.0 8C (X¼ alkyl andmonohaloalkyl)
as the result of freezing of the internal rotation of X in the transition state

Figure 2. Polarisation potential as steric-effect index for the acid-

catalysed hydrolysis of X—CO2Et at 30.0 8C. X are alkyl, phenyl, alkenyl

conjugated to the carboxylic moiety and groups with non-bonding
electron pairs
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inclusion of the significantly larger t-Bu. For the acid-catalysed
hydrolysis of ethyl pivalate (X¼ t-Bu), DzH8¼ 77 kJmol�1,[9] a
value higher than the range 68� 2 kJmol�1. Exclusion of the
data point for t-Bu gives the expected statistically better regress-
ion equation D6¼S�ðXÞ � D 6¼S�ðHÞ ¼ �ð1:1� 0:3Þ � S

� free
int rot

r¼ 0.98. Nevertheless, the writers believe that the inclusion of
the outlier in Fig. 1 is instructive.
From a conceptual point of view, although S8int rot is indeed a

function of I’r, it is also a function of the barrier to free rotation
about the X—CO2Et bond.
Pitzer[15–17] has given numerical values that allow the calcu-

lation of entropy contributions to internal rotation, as a function
of the magnitude of potential-energy barriers. For example,
the barrier for internal rotation in CH3—CO2Me is reported as
1.2 kJmol�1.[18,19] By using the tables of Pitzer, the entropy dec-
rease from free rotation is estimated as 0.2 J K�1mol�1 (Sfreeintrot¼
19.4 J K�1mol�1). An analogous calculation was done for i-Pr—
CO2Me. Its barrier for internal rotation is 4.2 kJmol�1,[20] and the
correction turns out to be 2 J K�1mol�1 (Sfreeintrot¼ 31.3 J K�1mol�1).
Corrections to Sfreeintrot can be done whenever values of torsional
barriers are available, but one may expect that corrections for
X¼Alkyl are not significant in carboxylic ester molecules.
Despite this first approximation assumed as valid, one can

recognise in Eqn (5) the qualitative rule of Price and Hammett.[13]

The rule states that for reactions that involve highly polar TS
complexes, the more entropy is contributed to reactant mole-
cules by the substituent groups, the more entropy becomes
frozen out in the TS.
This result indicates that structure-reactivity effects in the

hydrolysis of Alkyl-CO2Et have an entropy origin that can be
calculated approximately from the inertial characteristics of X.
Since the moment of inertia I’ is the second moment of mass,
I0 ¼

R
V r

2dm, one can finally conclude that the steric effect of alkyl
andmonohaloalkyl groups stemsmainly from amass-distribution
effect in the group X.
Phenyl, trans-1-propenyl and vinyl groups in ester molecules

(groups conjugated to the carboxyl moiety) fail to fit the simple
inertial model. The corrections needed for phenyl and vinyl
groups are much more significant than for alkyl groups. For the
case of ethyl acrylate (X¼ vinyl), the internal rotational barrier is
reported as 25 kJmol�1 [21] and the corresponding correction is
9 J K�1mol�1 (Sfreeintrot¼ 27.2 J K�1mol�1). The Gibbs-energy barrier
in Ph—CO2Me has been determined by 13C NMR experiments to
be equal to 20.6 kJmol�1.[22] One may take this value as close
J. Phys. Org. Chem. 2010, 23 955–959 Copyright � 2010 John Wiley &
to the actual torsional potential-energy barrier (mean ratio of
jTDzS8j/DzH8¼ 0.2 at 300 K for a series of interconversions of
rotamers[23]). Thus, correction results as 8 J K�1mol�1 (Sfreeint rot¼
31.9 J K�1mol�1). This observation is understood in terms of the
theoretical requirement that there must be a single interaction
mechanism, in order for a simple extra-thermodynamic relation-
ship to exist.[24] For these three cases at hand, there are two
effects: the inertial effect and the delocalisation of electron
density from X to the carboxyl moiety.
Esters with the more polar unconjugated X groups other than

haloalkyl also fail quantitatively the free-rotor inertial model with
r¼ 0.61, p< 0.5 (X¼NC—CH2, EtO2C, Me—CH(OH), HO—CH2

[25]

and MeO—CH2
[25]). This leads to the formulation of the following

question: Does the steric effect stem from electron-density
distribution in the X moieties, rather than mass distribution? For
the case X¼ alkyl, all atoms are C and H. Thus, variations in mass
distribution run in parallel to electron-density distribution.
Figure 2 shows an acceptable correlation between activation

barriers and the corresponding values of sa:

DzG�¼ 87:2� 5:5 sa r¼� 0:81 p < 0:0002 n¼ 14 (6)

Three groups grossly fail the correlation: Bn (þ20% deviation),
EtO2C—CH2 (þ8.3% deviation) and EtO2C—CH2—CH2 (þ13%
deviation). These data points are not included in the graph. This
can be explained in terms of the inaccuracy in determining their sa

values frommolar refraction calculations (vide infra). It is reasonable
to think that not all of the structure of X contributes significantly to
sa, the same way as the case of the electronic second moment of
the Hartree–Fock wave function, discussed above.[5]

A test of validity of Eqn (6) is the prediction of DzG8 values, for
substituents of known sa from the work of Hehre and co-
workers.[7] The observed DzG8 for the hydrophobic ester ethyl
cyclohexylcarboxylate (sa¼�4.0 kJmol�1) is 104.1 kJmol�1.[9]

Equation (6) gives the value 109.1 kJmol�1 (þ4.8% error). For
ethyl methoxyacetate (sa¼�1.8 kJmol�1), the observed value is
96.9 kJmol�1, and Eqn (6) predicts 97.1 kJmol�1 (þ0.2% error).
A further test of validity is the prediction ofDzG8 values for simple

X groups, small enough to guarantee accuracy in their calculated sa

from molar refraction: (a) FCH2—CO2Et, sa¼�1.15 kJmol�1,
DzG8(obs)¼ 98.4 kJmol�1,[25] DzG8(calc)¼93.5kJ mol�1 (þ3.2%
error); (b) HOCH2—CO2Et, sa¼�1.43 kJmol�1, DzG8(obs)¼
95.4 kJmol�1,[25] DzG8(calc)¼ 95.1 kJmol�1 (þ0.3% error).
A note of caution was pointed out by a Reviewer, concerning

the intermingling of the rate data of this work in aqueous HCl
Sons, Ltd. View this article online at wileyonlinelibrary.com
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and data taken from Reference [9], determined in 70% aqueous
acetone (X¼ i-Pr, t-Bu, c-Hx and Ph). The consideration of the data
put together is useful, because the difference in activation
barriers in the two media is relatively small.
For example, the activation barriers in this work for the

acid-catalysed hydrolyses of ethyl acetate, ethyl propionate and
ethyl phenylacetate in aqueous HCl differ from those in 70%
aqueous acetone[9] by 2.7, 2.3 and 1.4% (mean difference 2.1%
equivalent to 2.1 kJmol�1). Seventy per cent aqueous acetone
implies [H2O]� 21mol dm�3. This means that DzG8 should
increase in the H2O-acetone mixture by RT ln (55/21)¼
2.4 kJmol�1. This crude estimate checks well enough, consider-
ing that a medium dielectric effect also plays a role.
This relative success in the use of sa for the assessment of

the steric effect in the hydrolysis of esters prompts to inquire
about the validity of the model for the esterification of X—CO2H.
Correlation of rate data for the Fischer esterification of five car-
boxylic acids with methanol at 40 8C gives the following result:[26]

DzG�=kJ mol�1¼ 26:3� 5:1 sa r¼� 0:81 p < 0:04 n¼ 5

(7)

This value of (@DzG8/@sa)¼�5.1 is similar to the value �5.5 in
Eqn (6), as expected from the mechanistic corollary of the prin-
ciple of microscopic reversibility.
The results of this work support the hypothesis that the polari-

sation potential can be regarded as an index of quantum mech-
anical size and that steric hindrance arises as an electron-density
distribution effect, rather than a mass-distribution effect in the
substituent groups.
Limitations of using sa: Modern thinking in chemistry is based

on establishing associations (correlations) between molecular
features and observed reactivity or equilibrium properties of
materials. We have presented in this paper an empirical approach
to the nature of steric hindrance, based on a simple working
hypothesis that stems from observation and intuition.
The association between effective quantum size of substituent

groups (measured by sa) and DzG8 was well established at
p< 0.0002 for the acid-catalysed hydrolysis of carboxylic esters, the
reference chemical reaction proposed by Taft for the quantitative
estimation of steric hindrance. On the other hand, the quality of
the regression equation found to describe the sa–DzG8 association
can be assessed as fair, with an r¼�0.81, though it yields values of
activation barriers within a mean error range of �2.5%.
Limitations of using gas-phase sa values for reactions in

solution are subjected to the effect of the microenvironment on
the polarisability potential of groups, because compression of the
bonding electrons in X by the solvating molecules increases their
electron density.[27]
CONCLUSION

The degree of steric hindrance of substituent groups in the
acid-catalysed hydrolysis of ethyl carboxylates (HCl, 30 8C) and
the Fischer esterification of X—CO2H (MeOH, 40 8C) are fairly
accounted for by the polarisation potential of Hehre, Taft and
co-workers, sa.

[7] The groups included in this study were alkyl,
monohaloalkyl, phenyl, alkenyl conjugated to the carboxyl
moiety, as well as unconjugated groups with non-bonding
electron pairs. The proposed model in this work produces Gibbs
View this article online at wileyonlinelibrary.com Copyright � 2
activation barriers within �2.5% error, for the acid-catalysed
hydrolysis of carboxylic esters.
As a general result, steric hindrance is the result not of mass-

distribution effect but of electron-density distribution in X
moieties.
EXPERIMENTAL

Materials: All esters were common chemicals from different
commercial sources. Small quantities were distilled prior to each
kinetic series.
Rate measurements: The reaction mixtures were made by

dissolving 2 or 3 cm3 of a particular ester in 100 cm3 of aqueous
0.3mol dm�3 HCl. The rates were measured by titration of free
X—CO2H at suitable reaction times with 0.1mol dm�3 NaOH –
phenolphthalein in 3.00 cm3 aliquot portions withdrawn from the
reaction flask. In all experiments, data points were collected up to
at least 90% of the total extent of reaction.
The data were fitted to the first-order kinetic scheme [NaOH]/

cm3¼A� B exp(�k1t), by using a nonlinear least-squares com-
puter programme. The reported uncertainty limits are standard
deviations from the mean obtained from at least three experi-
ments. Second-order specific rates were obtained by dividing the
observed k1 by the corresponding value of [HCl]. The k2 values for
the three diesters in Table 1 include the ½ statistical correction.
Polarisation potentials: The sa values of groups not given by

Hehre, Taft and collaborators[7] were estimated by the linear
correlation found between sa and molar refraction calculated
from atom contributions[28] (sa/kJmol�1¼�0.16 [R]� 0.28, r¼
�0.86, n¼ 22).
Reduced moments of inertia of the X groups, I’r: The exp-

erimentally determined geometries of the corresponding X—H
were obtained from the Computational Chemistry and Bench-
mark Database of NIST (http://cccbdb.nist.gov). For each case, the
‘connecting carbon atom’ in X—H (X—CO2Et) was translated to
the Cartesian origin and then a 3D rotation was done in order to
have the chosen C—H bond placed on the x-axis. After such a
geometrical transformation is done, the moment of inertia for
internal rotation of substituent X is reduced to the calculation of
Ixx(X—H). The I’r values were then calculated as 1/I’r(X)¼ 1/
Ixx(X)þ 1/Ixx(CO2Et). The procedure applied to obtain Ixx(CO2Et)
was the same described, but applied to ethyl formate.
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