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The influence of temperature on the solvolysis of substituted benzoyl chlorides in the presence of di-
methyl-b-cyclodextrin (DM-b-CD) was studied. Based on the influence of the DM-b-CD concentration on
chemical reactivity in this process, the cyclodextrin has a catalytic effect on the solvolysis of 4-nitro-
benzoyl chloride (4-NO2) but an inhibitory effect on that of 4-methoxy-(4-MeO), 3-chloro-(3-Cl) and
3-trifluoromethyl-(3-CF3) benzoyl chlorides. These disparate effects are related to a difference in reaction
mechanism; thus, DM-b-CD catalyses associative solvolysis and inhibits dissociative solvolysis. Exam-
ining the influence of temperature on the solvolytic process allowed the stoichiometry of the host–guest
complexes formed to be established. The formation constants for the complexes of meta-substituted
benzoyl chlorides increased with increasing temperature. On the other hand, the equilibrium formation
constants for the 1:1 host–guest complexes of para-substituted benzoyl chlorides exhibited the opposite
trend. The equilibrium formation constant for 2:1 host–guest complexes for the para-substituted benzoyl
chlorides increased with increasing temperature. These differences are ascribed to the release of water
from the DM-b-CD cavity during the formation of the host–guest complex.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Cyclodextrins (CDs) are the most important host molecules in
supramolecular chemistry.1–4 In fact, the cyclodextrin molecule is
often described as a torus, but is more realistically pictured as
a shallow truncated cone, the primary hydroxyl rim of the cavity
opening having a somewhat reduced diameter relative to the sec-
ondary hydroxyl rim. It is the position of this cavity that makes CDs
attractive subjects for study.5

In aqueous solutions, the non-polar cyclodextrin cavity is occu-
pied by water molecules, which can be readily substituted by ap-
propriate guest molecules (G) with a lower polarity than water. 6–10

Most CD–G complexes have a 1:1 and 2:1 stoichiometry but com-
plexes of 1:2 and 2:2 stoichiometries have also occasionally been
reported.11–21 The driving forces leading to the inclusion complexa-
tion of cyclodextrin were thought to include electrostatic, van der
Waals, hydrophobic, charge-transfer and hydrogen-bonding in-
teractions.22 Additional factors are penetration of the hydrophobic
part of the G molecule into the CD cavity and dehydration of the
organic G,7,23,24 conformational changes, 3,6,25–27, and the release of
water molecules from the CD. 24,28–30 Thermodynamic studies of the
þ34 981 595012.
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inclusion of different guests in cyclodextrins were carried out in the
last years31–36 Recently Valente et al. evaluated the thermodynamic
factors of the CD–G association between bolaform surfactants and
cyclodextrins.37 It was found that the association is stronger between
G and a-CD than that found for the same bolaform surfactant and b-
CD. The complex formation was exothermic, more so for a-CD than
for b-CD and the process has a negative entropy change for the
former and a positive for the latter. The different thermodynamic
behaviour observed between a- and b-CD was explained based on
the curvature of the cavity of the CD, the properties of the included
water and interactions between surfactant and water with the in-
terior of the cavity.

The primary aim of this work was to acquire a deeper knowl-
edge of the factors governing the formation of host–guest com-
plexes between cyclodextrins and hydrophobic organic
compounds. Solvent effects on the kinetics of the inclusion of the G
(ruthenium complex) in b-CD were described as a consequence of
the competition of the cosolvent for the b-CD cavity.38 In our lab-
oratory we have studied hydrolysis reactions and how the presence
of dioxane, acetonitrile or DMSO decrease the inhibitory effect of
b-CD on increasing the proportion of organic cosolvent as a result of
a competitive reaction involving the formation of an inclusion
complex between b-CD and the cosolvent.39 We used a kinetic
method in order to determine the solvolysis rate in the presence of
cyclodextrin at variable temperatures. The reaction used as probe
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was the solvolysis of benzoyl chlorides, the size and hydrophobic
nature of which make them highly suitable guests for inclusion in
the DM-b-CD cavity (the host). The mechanism behind the solvol-
ysis of benzoyl chlorides (BzCl) in water and various other solvents
is well known.40–42

Previous studies in our laboratory have shown the influence of
a-, b- and g-cyclodextrins on the solvolysis of substituted benzoyl
chlorides.43 We found that the presence of a- and g-CD causes al-
terations in behaviour, which are related to the stability of the CD–
G complexes, the stoichiometry of the complexes (causing the
formation of complexes a-CD–BzCl with 1:1 stoichiometries for
those which are substituted in the meta position and 2:1 for those
substituted in the para position) and the displacement of water in
the interior of the cavity causing the solvolysis reaction to be
detected in the interior of the cavity of g-CD when meta-substituted
BzCl are used. In more recent work, we determined the stoichio-
Scheme 1.
metry of CD–BzCl complexes and the electrophilicity or nucleo-
philicity of the cyclodextrin involved.44 With a given BzCl, the
mechanism can be associative or dissociative depending on
whether the solvolytic reaction takes place in the bulk water or
within the CD hydrophobic cavity. Based on our results, the for-
mation of the CD–BzCl complex additionally involves the sub-
stitution of water molecules in the DM-b-CD cavity. Clearly,
inclusion of a benzoyl chloride in a CD cavity cannot lead to the
displacement of all water molecules present in it. The more closely
the guest can be fitted in the cyclodextrin cavity, the greater will be
the number of water molecules released from the cavity. The
combination of these two effects (viz. inclusion of the benzoyl
chloride and displacement of water molecules) affects the equi-
librium formation constants for CD–G complexes in various ways.
2. Results

Examining the influence of the DM-b-CD concentration on the
solvolysis rate constants for various benzoyl chlorides (BzCl) at
25 �C revealed three different types of experimental effects (viz.
inhibition, catalysis and a combination of both) depending on the
particular halide.44 The influence of the temperature precluded an
unambiguous interpretation of the results; thus, the stoichiometry
of some CD–BzCl complexes was found to change with this variable.
We will first discuss the two reaction schemes used to study the
solvolysis of benzoyl halides in the presence of DM-b-CD and then
examine the ensuing rate laws against experimental evidence.
2.1. Complexation models

Benzoyl halides can form 1:1 and 2:1 CD–BzX complexes.
Whichever the stoichiometry, the reaction develops in the bulk
water or the complexed halide reacts with the CD cavity. If both
mechanisms occur, then the rate constant will be the combina-
tion of the solvolysis rate of BzX in water and that of the CD-
complexed benzoyl halide. Under these conditions, experimental
evidence can be examined in the light of various reactions
schemes depending on the stoichiometry of the particular
complex.

2.1.1. 1:1 CD–G complexes. Simplification of Scheme 1 provides the
simplest way of interpreting the experimental results obtained in
the solvolysis of benzoyl halides in the presence of CDs leading to
the formation of a 1:1 complex.
This kinetic scheme conforms to the following rate law:

kobs ¼
kw þ kCDK1:1½DM � b� CD�

1þ K1:1½DM � b� CD� (1)

where kw and kCD are the solvolysis rate constants for the ben-
zoyl halides in water and their inclusion complexes with cyclo-
dextrin; and K1:1 is the equilibrium formation constant for the
CD–BzCl complex. If the extent of reaction within the CD cavity is
negligible relative to the aqueous medium (i.e., kw»kCDK1:1[DM-
b-CD]), then Eq. 1 reduces to a linear relation between 1/kobs and
[DM-b-CD].

2.1.2. 2:1 CD–G complexes. Scheme 1 shows the reaction mecha-
nism for the formation of 2:1 CD–BzX inclusion complexes. Three
potential reaction sites have been considered, namely: the bulk
water, the 1:1 complex and the 2:1 complex.

This mechanism conforms to the following rate law:

kobs ¼
kwþkCDK1:1½DM�b�CD�þkCD2K1:1K2:1½DM�b�CD�2

1þK1:1½DM�b�CD�þK1:1K2:1½DM�b�CD�2

(2)
If the reactivity of the 2:1 complex within the CD cavity is

negligible, then kCD»kCD2[DM-b-CD] and Eq. 2 simplifies to

kobs ¼
kw þ kCD þ K1:1½DM � b� CD�

1þ K1:1½DM � b� CD� þ K1:1K2:1½DM � b� CD�2
(3)
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2.2. Influence of temperature on the solvolysis of 4-NO2

The solvolysis of 4-NO2 takes place via an associative mecha-
nism. Figure 1 illustrates the influence of the DM-b-CD concen-
tration on the observed solvolysis rate constant for 4-NO2 at
a variable temperature. In general, kobs increased with increasing
temperature. By contrast, the DM-b-CD concentration had two
distinct effects. Thus, as can be seen from Figure 1A and 1B, kobs

increased with increasing DM-b-CD concentration displaying
a levelling off behaviour at 15.0 �C�T�30.0 �C. The solid lines in
Figure 1and 1B testify to the close fitting of Eq. 1 to the experi-
mental values. This equation corresponds to the formation of a 1:1
CD–G complex. By fitting Eq. 1 to experimental data, we obtained
the rate constant for the reaction within the CD cavity (kCD), as well
as the overall equilibrium constant (K1:1). Table 1 shows the results,
which are consistent with the expected solvolytic behaviour for
benzoyl chlorides bearing electron-withdrawing substituents by
effect of hydroxyl groups in cyclodextrin acting as efficient nucleo-
philes in an associative reaction mechanism (Scheme 2).43,44
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Figure 1. Influence of the DM-b-CD concentration on kobs for the solvolysis of 4-NO2 at a variable temperature: (B) 15 �C, (C) 20 �C, (,) 25 �C, (A) 30 �C, (-) 35 �C, (6) 40 �C and
(:) 45 �C. The solid lines were obtained by fitting Eq. 1 and 2 to experimental data.

Table 1
Kinetic parameters obtained by fitting Eqs. 1 and 2 to experimental data for 4-NO2

T/�C kcd/s�1 kw/s�1 K1:1/M�1 K2:1/M�1 kCD2/s�1

15 (1.28�0.02)�10�1 (2.8�0.1)�10�2 110�9
20 (5.5�0.1)�10�1 (4.9�0.2)�10�2 49�4
25 (8.5�0.2)�10�1 (8.2�0.4)�10�2 36�3
30 1.04�0.01 (1.1�0.1)�10�1 32�2
35 1.59�0.04 (1.88�0.09)�10�1 20�2 32�4 (8�3)�10�2

40 3.10�0.07 (2.5�0.1)�10�1 14�2 84�7 (1.7�0.2)�10�1

45 7.4�0.3 (4.1�0.2)�10�1 10�1 220�30 (3.4�0.3)�10�1
At higher temperatures (35.0 �C�T�45.0 �C), however, kobs in-
creased to a peak value with increasing DM-b-CD concentration and
then decreased throughout. This disparate experimental behaviour
suggests that 4-NO2 is complexed in a different manner by DM-b-CD
as the temperature is raised. Thus, above 30 �C, the reactants can form
both 1:1 and 2:1 complexes (see Scheme 3). Figure 1C and 1D testify to
the close fitting of Eq. 2 to the experimental results. As can be seen,
only the 1:1 complex was formed in the presence of low concentra-
tions of DM-b-CD above 35 �C; also, because solvolysis in the CD cavity
was stronger than in the bulk water, kobs increased with increasing
DM-b-CD concentration. Once the peak rate was reached, further
increasing such a concentration favoured the formation of a 2:1
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complex. In addition, the reaction rate approached a limit exceeding
that in the bulk water, which confirms that the 2:1 complex is reactive.
At the highest DM-b-CD levels studied, kobs was the combination of
the reactivity in water and that of the 2:1 complex in the CD cavity.
Scheme 3.
As can be seen from Table 1, the rate constant for the 1:1 complex
in the CD cavity invariably exceeded that in the bulk water (kCD>kw);
also, the difference increased with increasing temperature. Above
30 �C, the 2:1 complex was also formed, albeit at a lower rate in the
cavity than in the bulk water (kCD>kw>kCD2). Also, the corresponding
binding constants varied with the temperature. Thus, increasing T
favoured the formation of the 2:1 complex (K2:1 increased with in-
creasing T) over the 1:1 complex (K1:1 decreased with increase in T).
Table 2
Kinetic parameters obtained by fitting Eq. 3 to the experimental data for 4-MeO

T/�C kcd/s�1 kw/s�1 K1:1/M�1 K2:1/M�1

20 (1.67�0.06)�10�1 30�1 820�40 20�1
25 (2.79�0.09)�10�1 46�2 640�30 29�1
35 (7.5�0.3)�10�1 133�5 464�60 35�4
2.3. Influence of the CD concentration on the solvolysis
of 4-MeO

In recent work, we found the solvolysis of 4-MeO in water with
and without an added cyclodextrin to take place via a dissociative
mechanism.44 The solvolysis of benzoyl chlorides, which involves
a dissociative mechanism, is highly sensitive to the solvent polar-
ity.41,42 Figure 2 illustrates the effect of the DM-b-CD concentration
on the observed rate constant for the solvolysis of 4-MeO. As can be
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Figure 2. Influence of the DM-b-CD concentration on kobs (left) and krel for the solvolysis of 4
3 to experimental data.
seen, kobs clearly decreased with increasing DM-b-CD concentra-
tion, whatever the temperature.

The previous results are quite consistent with a reaction
mechanism involving the formation of a 1:1 CD–G complex and
a 2:1 complex only the former of which is reactive. As can be seen
from Figure 2, the solvolysis rate tends to zero at high DM-b-CD
concentrations. The solid line in the figure represents the fitting of
Eq. 3 to the experimental data; based on it, the complex formed has
a 2:1 stoichiometry and is therefore unreactive. Table 2 gives the
equilibrium formation constants for the host–guest complexes
between 4-MeO and DM-b-CD, and the solvolysis rate constants in
the bulk water and within the cyclodextrin cavity.
In order to more effectively compare the influence of tempera-
ture on our reaction medium, we normalized the rate constants at
different temperatures by defining a relative constant krel such that
[DM-β-CD]/M
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Table 3
Kinetic parameters obtained by fitting experimental data for 3-CF3 and 3-Cl to Eq. 1
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krel ¼
kobs
½CD�¼0

(4)
T/�C kcd/s�1 kw/s�1 K1:1/M�1

3-CF3 25 (1.84�0.07)�10�2 (3.3�0.2)�10�2 120�30
3-CF3 35 (3.4�0.1)�10�2 (8.9�0.4)�10�2 150�13
3-CF3 40 (4.6�0.1)�10�2 (1.4�0.1)�10�1 210�20

3-Cl 15 (6.1�0.2)�10�3 (1.82�0.08)�10�2 135�13
3-Cl 20 (7.6�0.3)�10�3 (2.7�0.1)�10�2 260�40
3-Cl 25 (1.3�0.2)�10�2 (4.7�0.2)�10�2 345�30
3-Cl 30 (1.95�0.04)�10�2 (8.9�0.4)�10�2 460�25
3-Cl 35 (2.6�0.1)�10�2 (1.45�0.06)�10�1 560�40
3-Cl 40 (2.7�0.2)�10�2 (2.4�0.1)�10�1 660�30
kobs

Figure 2B illustrates the influence of the DM-b-CD concentration on
krel at three different temperatures. By plotting krel instead of kobs

one suppresses the kinetic effect of temperature, so the results can
only reflect the dependence of the CD–G complexation equilibria
on this variable. As can be seen form Figure 2B, there were no
appreciable differences in krel between temperatures; therefore, as
can be inferred from Table 2, constants K1:1 and K2:1 had a mutual
compensation effect. Raising the temperature favoured the for-
mation of the 2:1 complex at the expense of the 1:1 complex.
Table 2 illustrates to what extent an increase in temperature de-
creased the formation rate constant for the 1:1 complex. This effect,
however, was countered by an increase in the constant for the 2:1
complex. The reaction rate for the 1:1 complex in the DM-b-CD
cavity was invariably about 170 times smaller than in the bulk
water (Table 2). The inhibitory effect was identical at any temper-
ature since it was a result of the polarity of the medium. These
results, and others of previous studies, confirm that the polarity of
the cyclodextrin cavity is similar to that of an alcohol–water
mixture.44

2.4. Influence of temperature on the solvolysis of 3-CF3

and 3-Cl

The kinetic study of the solvolytic reaction of the benzoyl ha-
lides 3-CF3 and 3-Cl in the presence of DM-b-CD revealed that
raising the cyclodextrin concentration decreased kobs (see Fig. 3). As
shown elsewhere,44 the solvolysis of these chlorides in the pres-
ence of cyclodextrins takes place via an associative mechanism. The
inhibitory effect observed can be better understood by assuming kw

to be greater than kCD and hence that the observed rate with the
substrate completely bound to the cyclodextrin is smaller than in
the bulk water, but still markedly different from zero.
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Figure 3. Influence of the DM-b-CD concentration on kobs for the solvolysis of 3-CF3 (left) and 3-Cl (right) at a variable temperature: (B) 25 �C, (C) 35 �C and (,) 45 �C. The solid
lines were obtained by fitting Eq. 1 to experimental data.
The complexation mechanism best fitting the experimental re-
sults is that of the simplification of Scheme 1, which assumes the
presence of a 1:1 CD–BzCl complex and reaction within the CD
cavity. Also, the stoichiometry of the complexes is temperature-
independent. Eq. 1 was used to obtain the kinetic parameters given
in Table 3.

The rate constant within the CD cavity, kCD, was smaller than
that in the bulk water; this accounts for the decrease in kobs with
increase in the amount of DM-b-CD present in the medium. It
should be noted that the solvolysis of 3-CF3 and 3-Cl was in-
creasingly inhibited by increasing temperatures. These results
suggest that the inhibitory effect is due to the formation of 1:1
complexes. Surprisingly, K1:1 increased with increasing tempera-
ture (see Table 2).
3. Discussion

The most salient result obtained in this study is that, based on
the equilibrium constants of complexation obtained in the pres-
ence of DM-b-CD, the solvolysis of benzoyl chlorides with a meta or
para substituent involves one and two water molecules, re-
spectively. Also, the equilibrium constants are affected in disparate
ways by the temperature. Thus, the stability of the 1:1 complexes of
the meta-substituted benzoyl chlorides increases with increasing
temperature and the opposite holds for their para-substituted
counterparts. In addition, the stability of the 2:1 complexes be-
tween a cyclodextrin and a para-substituted benzoyl chloride in-
crease with increasing temperature. Accurately interpreting this
behaviour entails examining the main factors governing the sta-
bility of CD–G complexes.

Thermodynamically, the formation of CD–G complexes is
influenced by various factors, namely: (a) penetration of the hy-
drophobic part of the guest molecule into the cyclodextrin cavity;
(b) dehydration of the organic guest; (c) hydrogen-bonding in-
teractions; (d) conformational changes in the cyclodextrin mole-
cule upon complexation; and (e) release of water molecules
originally included in the cyclodextrin cavity to the bulk water.37,45
The benzoyl chlorides studied here have a similar structure and
hence an also similar hydrophobicity. The electronic effects of the
substituent are usually examined in terms of Hammett parameters.
Based on reported data, however, such effects by themselves afford
no rationalization of the complexation thermodynamics of cyclo-
dextrins. Careful examination of the data in Tables 1–3 reveals that
the most surprising outcome of the kinetic study conducted in this
work is the disparate behaviour of meta- and para-substituted
benzoyl halides. Therefore, one must consider the geometry of the
compounds (Schemes 3 and 4) and examine its potential effects on
the formation of the different complexes.

While the two benzoyl halides with a para substituent form
both 1:1 and 2:1 CD–BzX complexes (Scheme 4), their meta
counterparts only form 1:1 complexes (Scheme 3). Also, as can be



Scheme 4.
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inferred from the data in Tables 1–3, the equilibrium constants for
the 1:1 complexes (BzX–CD), K1:1, of 4-MeO and 4-NO2 decrease
with increasing temperature, whereas that for the 2:1 complex
(CD–BzX–CD), K2:1, exhibits the opposite trend. On the other hand,
raising the temperature favours the formation of the 1:1 complexes
of 3-Cl and 3-CF3, and increases K1:1 as a result. We calculated the
enthalpy and entropy of formation of the complexes from the
variation of K1:1 and K2:1 with temperature.

The cyclodextrin cavity can accommodate up to 12 water mole-
cules in b-CD46 and up to 15 in DM-b-CD.47 One should bear in mind
that the number of water molecules released from the inside of the
cavity is usually very small (2–3 for b-CD28,29); however, that of water
molecules, which undergo a change in some property by effect of the
formation of a complex varies. Water molecules can migrate not only
from the bulk water to the CD cavity, but also from the CD and sub-
strate hydration shells. Thus, a recent study revealed that up to 20–25
molecules of water can be released to the bulk water by effect of the
complexation of 1-adamantanecarboxylic acid by b-CD.30 In our case,
the number of water molecules released to the bulk water must have
been influenced by the particular geometry of the different chlorides.
Scheme
The experimental differences between the 1:1 complexes of
the meta- and para-substituted halides can be ascribed to those in
their geometries (see Schemes 3 and 4). Thus, the guest molecule
penetrates the cyclodextrin via its most hydrophobic region. If
the host molecule is equalled to a cylinder, then the para chlo-
rides will occupy a smaller volume of the CD cavity than will the
meta chlorides; therefore, the former will release fewer water
molecules from the CD cavity. Also, the way K1:1 varies with T
suggests that each benzoyl chloride penetrates the cavity in
a different manner. Thus, if the four benzoyl chlorides had pen-
etrated 3.9 Å within the CD cavity (i.e., to one-half its depth), then
the volume occupied by 4-NO2, 4-MeO, 3-Cl and 3-CF3 would
have been 62, 60, 76 and 110 Å, respectively. Therefore, the 1:1
complex of 4-CF3 would have caused nearly twice as many water
molecules to be released as would 4-MeO (Scheme 5). Com-
plexation of the para-substituted halides is enthalpy-favoured;
also, while some water molecules are inevitable released from the
CD cavity (Scheme 6), van der Waals interactions have a stronger
effect on the displacement of water in the formation of the 1:1
complex.
5.
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3.1. Thermodynamic parameters for 3-CF3 and 3-Cl

Table 4 shows the enthalpy and entropy changes for the com-
plexation of meta-substituted benzoyl halides by DM-b-CD
obtained from the variation of K11 with T. Intracavity interactions
between CD and the guest can be more accurately described by
a ‘non-classical’ hydrophobic model where the enthalpy and en-
tropy changes (DH0 and DS0, respectively) can be either positive or
negative than they are by a ‘classical’ model where both DH0 and
DS0 are positive.48 Our DH0 and DS0 values for 3-CF3 and 3-Cl were
both positive. As stated above, raising the temperature favoured the
formation of the 1:1 complex (i.e., K1:1 increases with T). Based on
the corresponding thermodynamic parameters, the complexation
process is governed by the entropic factor. Although the process is
enthalpically unfavourable (DH1:1>0), the effect is countered by
a positive entropy. Large positive entropy changes can be ascribed
to a relatively high flexibility in the guest upon complexation, ex-
tensive desolvation from the hydrophilic moieties of the host and
guest, or the release and/or restructuring of the water molecules
inside and around the cavity.39 For example Valente et al. discussed
the difference in magnitude and sign between a-CD (negative en-
tropy) and b-CD (positive entropy) complexes based on the cur-
vature of the cavity of the CD and suggested that the water
molecules inside the a-CD cavity are not able to maintain their
hydrogen bond network. Upon complex formation these water
molecules are expelled and reform their hydrogen bond network.37
Table 4
Thermodynamic parameters for meta-substituted benzyl chlorides as calculated
from Gibbs free energy values

DH1:1/kJ mol�1 DS1:1/J mol�1 K�1

3-CF3 þ29�8 þ135�25
3-Cl þ45�5 þ200�20
The results suggest that the most influential factor in our case is
the release of water molecules from the cyclodextrin cavity
(Scheme 5). Therefore, the formation of complexes between DM-b-
CD and benzoyl halides will depend largely on the number of water
molecules that are released from the cavity dand its neighbour-
hoodd, which affects the polarity and nucleophilicity of the re-
action medium.

At this point, one must consider some essential differences
between b-CD and DM-b-CD. Thus, the latter is much more
readily soluble in water than is b-CD; also, the water solubility of
DM-b-CD has a negative temperature coefficient and that of b-CD
a positive one. This reflects in the solubility of DM-b-CD (60 g/
100 mL at room temperature, but only 1 g/100 mL above 70 �C).49

A recent study of DM-b-CD crystallization revealed that water
molecules in its hydration shell increase in mobility and diffuse
into the bulk water as the more favourable environment when the
temperature is raised.50 Molecular dynamics calculations and
Monte Carlo simulations have been used to find a plausible ex-
planation for the negative solubility coefficient of methylated
cyclodextrins in water.51 The prevalence of the hydrophobic effect
at high temperatures has been ascribed to massive destruction of
hydration shells around the methyl groups. Also, the number of
water molecules in the integral hydration shell around DM-b-CD
increases dramatically with increasing temperature. Therefore,
one must consider the number of water molecules inside the DM-
b-CD cavity dwhich exceeds that for b-CDd and the fact that
raising the temperature causes a large number of water molecules
in the hydration shell to be displaced to the bulk water. The dis-
placement of water molecules from the hydration shell by effect
of an increase in temperature raises the hydrophobicity of the
cyclodextrin and the stability of its host–guest complexes as
a result.
3.2. Thermodynamic parameters for 4-MeO and 4-NO2

Table 5 shows the enthalpy and entropy changes for the 1:1 and
2:1 complexes of DM-b-CD with the para-substituted benzoyl
chlorides. As can clearly be seen, both exhibit identical trends. Thus,
DH1:1<DH2:1, so the 1:1 complex is enthalpy-favoured and the 2:1
complex entropy-favoured in both cases. This is a result of the ar-
omatic ring, which is the most hydrophobic part of the molecule,
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displacing fewer water molecules from the non-polar CD cavity in
the first step of the solvolysis process (Scheme 6).
Table 5
Thermodynamic parameters for para-substituted benzoyl halides as calculated from
Gibbs free energy values

DH1:1/kJ mol�1 DS1:1/J mol�1 K�1 DH2:1/kJ mol�1 DS2:1/J mol�1 K�1

4-NO2 �57�4 �16�14 þ160�1 þ545�4
4-MeO �28�2 �39�7 þ26�9 þ115�30
Interactions between the cavity and the aromatic group are
favourable and lead to a negative DH1:1 value. As widely docu-
mented,48 large negative enthalpy changes are usually due to
strong van der Waals interactions arising from the precise matching
in size and shape between the host and guest. Likewise, because the
entropy is also negative, and based on the classification of Inoue
and Rekharsky, we can assume enthalpy-driven complexation
(DH0<0, TDS0<0) in our 1:1 complexes.48 These enthalpic and
entropic features are usually assigned to a prevalence of van der
Waals interactions arising from the precise CD–G complementari-
ness in size and shape and to the accompanying significant de-
creases in translational and structural freedom upon complexation.
The formation constant for the 1:1 CD–G complexes, K1:1, decreases
with increase in T; as a result, the benzoyl chloride penetrates to
a decreasing depth with increasing temperature. Although van der
Waals forces are thermodynamically responsible for the complex
formation, 4-NO2 displaces a greater number of water molecules
from the CD cavity at 15 �C than it does at 30 �C.

In the second complexation step, the hydrophilic acid chloride
group is dlooselyd enclosed in the non-polar cavity of a second CD
molecule. Interactions between the group and cavity are unfav-
ourable and lead to a positive DH2:1 value. Under these conditions,
the formation of the 2:1 complex is facilitated by the entropic
factor. In addition, as previously shown for meta-substituted ben-
zoyl chlorides, water release from the CD cavity is the most in-
fluential factor on the process for their para counterparts as well. In
the first complexation reaction, the aromatic ring in the benzyl
chloride displaces water molecules from the CD cavity and the re-
leased molecules solvate the hydrophilic acid chloride group,
thereby increasing the overall order of the system. The water
molecules are more ‘ordered’ in this situation than they were in the
hydrophilic CD cavity. In the second complexation reaction, the
second CD molecule has the acid chloride group inserted into its
cavity. This causes the release of further water molecules from the
cavity and, more importantly, breaks the solvation of the acid
chloride group in the 1:1 BzX–CD complex by the water molecules
from the first CD cavity. Thus, although this step involves 1 mole-
cule (CD–BzX–CD) rather than 2 (CDþBzX�CD), the release of the
water molecules previously solvating the acid chloride group re-
sults in an overall decrease in order and hence in a positive DS2:1

value.

4. Conclusion

In this work, we determined thermodynamic properties of the
inclusion complexes of benzoyl halides with dimethyl-b-cyclo-
dextrin (DM-b-CD). The results allow us to draw the following
thermodynamic conclusions:

(a) The release of water molecules from the CD cavity is enthalp-
ically unfavourable but entropically favourable. The number of
molecules released depends on the geometry of the particular
benzoyl halide, which dictates to what an extent it can pene-
trate the cavity.

(b) The desolvation of the halides is entropically favourable but has
a positive enthalpy. Because the number of water molecules
solvating the four benzoyl halides studied here is very similar,
their contribution to the complexation process must be es-
sentially identical.

(c) The inclusion of the halides in the CD cavity is enthalpically
favourable and entropically favourable (DS>0) or unfavourable
(DS<0). The process is driven mainly by van der Walls forces
between the two species forming the complex.

The benzoyl halides with a meta substituent (3-Cl and 3-CF3)
only form the 1:1 complex, the process involving desolvation of the
host molecule and, especially, the release of water molecules. In the
para-substituted halides (4-MeO and 4-NO2), the first complexa-
tion step is governed by van der Waals interactions and the second
by the release of water molecules. As a result, the 1:1 complex is
enthalpically favoured and the 2:1 complex entropically favoured.
The most salient difference between the two processes is the
number of water molecules, that is, displaced from the DM-b-CD.
The molecular geometry of the meta-substituted halides results in
their occupying a larger volume within the CD cavity than the para-
substituted halides and hence in their displacing a greater number
of water molecules from it.

5. Experimental

5.1. General

Dimethyl-b-cyclodextrin (DM-b-CD) was supplied by Sigma in
purity higher than 98% and used without further purification. The
water content stated on the label was considered in preparing the
solutions. The benzoyl chlorides were obtained from Aldrich in
97–98% purity and used as received. Stock solutions containing
appropriate amounts of each chloride to obtain a 1.0�10�4 M
concentration in dry acetonitrile were prepared on a daily basis.

Solvolytic reactions were monitored via the UV absorbance of
substrate solutions as measured with a Varian Cary 500 Scan UV–
vis–NIR spectrophotometer or an Applied Photophysics stopped-
flow spectrophotometer with unequal mixing. For kinetic runs
with the stopped-flow spectrophotometer, each benzoyl chloride,
dissolved in dry acetonitrile, was placed in the smaller syringe
(0.1 mL) and an aqueous solution of the cyclodextrin in the larger
one (2.5 mL). The total acetonitrile concentration was always
3.85% (v/v).

All reactions were monitored over the wavelength range
250–350 nm. The ensuing kinetic data fitted a first-order integrated
rate law with r>0.999. Throughout the paper, kobs denotes pseudo
first-order rate constants. All kinetic tests were reproducible with
an error less than 3%. Also, the final spectrum for each reaction
product was checked to match another obtained in pure water in
order to ensure that the presence of the cyclodextrin would not
alter the outcome of the process.
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