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Evidence for complexes of different stoichiometries between organic solvents
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The influence of the organic solvent on the acid and basic hydrolysis of N-methyl-N-nitroso-p-
toluenesulfonamide (MNTS) in the presence of a- and b-cyclodextrins has been studied. The observed
rate constant was found to decrease through the formation of an unreactive complex between MNTS
and the cyclodextrins. In the presence of dioxane, acetonitrile or DMSO, the inhibitory effect of b-CD
decreased 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. The disparate size of
the organic solvent molecules resulted in stoichiometric differences between the complexes; the
b-CD–dioxane and b-CD–DMSO complexes were 1 : 1 whereas the b-CD–acetonitrile complex was 1 :
2. The basic and acid hydrolysis of MNTS in the presence of a-CD showed a different behavior; thus,
the reaction gave both 1 : 1 and 2 : 1 a-CD–MNTS complexes, of which only the former was reactive.
This result was due to the smaller cavity size of a-CD and the consequent decreased penetration of
MNTS into the cavity in comparison to b-CD. The acid hydrolysis of MNTS in the presence of a-CD
also revealed decreased penetration of MNTS into the cyclodextrin cavity, as evidenced by the bound
substrate undergoing acid hydrolysis. In addition, the acid hydrolysis of MNTS in the presence of
acetonitrile containing a-CD gave 1 : 1 a-CD–acetonitrile inclusion complexes, which is consistent with
a both a reduced cavity size and previously reported data.

Introduction

Cyclodextrins are cyclic oligosaccharides1 and a-, b- and c-
cyclodextrins consist of 6, 7 and 8 a-amylose units, respectively.
These macrocycles can act as hosts to form inclusion complexes
with guest molecules in the solid state or in solution. The shape of
a cyclodextrin molecule is a hollow, truncated cone (a toroid) of
height 7.8 Å, which represents the width of the amylose unit.2 The
diameter of the cavity depends on the number of amylose units
present.3 All hydroxyl groups in a cyclodextrin are projected
outward, so the cavity is hydrophobic and nonpolar. Thus,
despite the prevalence of hydroxyl groups, cyclodextrins possess
a hydrophobic surface to which organic molecules in aqueous
solutions can bind hydrophobically. The primary requirement for
a guest to be included in a cyclodextrin cavity is obviously that its
size should be smaller than the cavity itself. If the guest molecule
is of an appropriate size, then the hydrogen bonding network can
be extended within the cavity through the open ends of the toroid
and a hydration sheath can be formed around the guest molecule.
A supramolecule containing a cyclodextrin molecule as the host
is perhaps the model that best describes an enzyme–substrate
complex.
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It is clear that most studies concerning the stability of cyclodex-
trin complexes have been conducted in pure aqueous solutions;
however, a number of authors have examined the formation
of cyclodextrin complexes in aqueous–organic binary solvent
mixtures or in pure organic solvents. There is evidence that the
nature of the solvent can influence or even determine the structure
of the complex.4 Indeed, some cyclodextrin complexes have been
found to be more stable in mixed solvents and pure organic
media than in aqueous solutions5 or more stable in D2O than
H2O.6 However, the solvent effect usually reduces the stability
of the complex relative to water.7 Most studies in this context
have used aqueous mixtures with common water-miscible solvents
such as alcohols, dimethyl sulfoxide (DMSO), dimethylformamide
(DMF), dioxane or acetonitrile; however, complexes have also
been found to form in pure solvents of these types8 as well as in
hydrocarbons and similar nonpolar solvents.5d,9

The effects of solvents on the stability of cyclodextrin com-
plexes have been examined in light of various hypotheses.10 One
approach is based on the assumption that organic cosolvents
act as competitive substrates; as their concentration is raised,
their ability to compete in displacing the primary substrate
from the guest cavity increases.11 This hypothesis allows one
to evaluate binding constants for the postulated cosolvent–
cyclodextrin complex formation reactions, the results of which
are usually chemically reasonable. Another hypothesis involves
the assumption that the organic cosolvent undergoes inclusion
alongside the primary substrate to form a complex in a 1 : 1 : 1—
or higher—proportion.5a,5b,5e,12 This hypothesis accounts for the
increased complex stability observed when an organic cosolvent is
added to an aqueous system.
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In the work described here, we used a kinetic method to study
the complexation of dioxane, DMSO and acetonitrile by a- and
b-cyclodextrin. We examined the influence of the dioxane, DMSO
and acetonitrile concentrations on the acid and basic hydrolysis of
N-methyl-N-nitroso-p-toluenesulfonamide (MNTS) (Scheme 1)
in the presence of a- and b-CD. Both reactions were previously
examined in an aqueous medium.13

Scheme 1

The results allowed us to determine the binding constants
for the complexes formed between the organic solvents and the
cyclodextrins and also gave the stoichiometries of the complexes.
The most salient finding is that, while dioxane and DMSO form
1 : 1 complexes with a- and b-CD, acetonitrile forms host–guest
complexes with a 1 : 1 stoichiometry with a-CD and a 1 : 2
stoichiometry with b-CD. It should be noted that these organic
molecules are frequently used as solvating agents in studies on the
catalytic efficiency of cyclodextrins.

Experimental

MNTS, spectroscopic grade solvents (dioxane, DMSO and ace-
tonitrile) and the cyclodextrins were purchased from Sigma or
Fluka and used as received. Cyclodextrin solutions were prepared
taking into account the amount of water contained in commercial
a- and b-CD.

The kinetic procedures largely conformed to well-established
practices.13 Reactions were monitored through the first-order acid
or basic hydrolysis of MNTS at 250 nm, using a Hewlett-Packard
8453 spectrophotometer with the observation cell thermostated at
(25.0 ± 0.1) ◦C. All kinetic tests were conducted under pseudo first-

order conditions ([MNTS] = 1.56 × 10−5 M � [OH−] or [H+]).
The integrated first-order rate law was fitted to the absorbance–
time data by linear regression (r > 0.999) in all cases. The
observed rate constants, kobs, were thus reproduced to within
±3%. In the tests that did not involve organic solvent, MNTS
was dissolved in water containing CD and a small volume of the
resulting solution was subsequently added to the reaction mixture;
in experiments involving an organic cosolvent, MNTS was first
dissolved in dioxane, DMSO or acetonitrile and further solvent
was subsequently added to the reaction medium in the required
proportion.

Results and discussion

In this section the results obtained in the acid and basic hydrolysis
of MNTS in the presence of a- or b-CD in dioxane, acetonitrile or
DMSO as organic cosolvent are presented and discussed.

1. b-Cyclodextrin

1a. Acid and basic hydrolysis of MNTS in the presence of
dioxane and DMSO. The influence of the b-CD concentration
on kobs for the acid hydrolysis of MNTS in dioxane over a range
of concentrations as an organic cosolvent is illustrated in Fig. 1a.
As can be seen, kobs decreased on increasing the concentration of
b-CD. These results are consistent with a mechanism involving
the formation of an unreactive complex between MNTS and the
cyclodextrin. In the absence of dioxane, the observed rate constant
decreased by a factor of about 10 on increasing the cyclodextrin
concentration from 4.00 × 10−4 M to 8.00 × 10−3 M. In the
presence of dioxane, the inhibitory effect decreased from about
7 to 2.3 times on increasing the cosolvent concentration from
1.95 × 10−2 to 0.234 M.

The results outlined above rule out the formation of mixed
inclusion complexes with MNTS and the organic cosolvent. Thus,
ethanol forms inclusion complexes with b-CD and the small size
of this system may allow the co-inclusion of ethanol and the
substrate.14 The inclusion of the organic cosolvent in the b-CD
cavity must increase its hydrophobicity through the displacement
of water molecules from within. The increased hydrophobicity that
results should lead to an increase in the binding constant of MNTS

Fig. 1 (a) Influence of the concentration of b-CD on kobs for the acid hydrolysis of MNTS in the presence of 0.160 M and variable concentrations of
dioxane at 25.0 ◦C. (�) [Dioxane] = 1.95 × 10−2 M; (�) [dioxane] = 3.90 × 10−2 M; (�) [dioxane] = 7.03 × 10−2 M; (�) [dioxane] = 0.117 M; (�)
[dioxane] = 0.172 M; and (�) [dioxane] = 0.234 M. (b) Fitting of the data to eqn (2).
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to b-CD as the proportion of organic solvent is raised. However,
our results for dioxane, DMSO and acetonitrile contradict this
assumption and do not support the formation of mixed inclusion
complexes in this situation.

For a long time it was widely believed that cyclodextrins formed
inclusion complexes only in pure aqueous solutions, mainly
because attempts to induce precipitation of CD adducts from
organic solvents failed. The first successful study concerning the
influence of the solvent on the formation of inclusion complexes
with CD was described by Siegel and Breslow,15 who determined
the stability constants for the complexes of various organic species
with b-CD in DMF, DMSO and water–DMSO mixtures. Their
results led to the following conclusions: (1) the solvent plays a
key role in the binding process; (2) the complexes formed in
nonaqueous and water–organic mixed solvents are weaker than
those obtained in pure aqueous solutions. However, Nelson et al.16

determined the stability constants of the complexes formed by
pyrene with b- and c-CD in the presence of 10% tert-butyl alcohol
as being one order of magnitude greater than those obtained in
pure aqueous solutions. Furthermore, other studies5e have shown
b-CD and hydroxypropyl-b-CD to form ternary complexes in the
presence of alcohols.

The effect of cyclodextrins on the acid hydrolysis of MNTS is
due to the formation of an inclusion complex between MNTS
and the cyclodextrin. Our kinetic results in the presence of a
cosolvent are consistent with a competitive process involving the
binding of dioxane molecules to the cyclodextrin. Raising the
dioxane concentration increased the amount of b-CD that binds
the organic cosolvent and, as a result, decreased the quantity of b-
CD available for binding MNTS (see Scheme 2). As a consequence,
the inhibitory effect of b-CD on the acid hydrolysis of MNTS
decreases on increasing the concentration of organic solvent.

Scheme 2

In the reaction mechanism depicted in Scheme 2, kw is the
bimolecular rate constant for the acid hydrolysis of MNTS in

an aqueous medium, Kb-CDH
MNTS the equilibrium binding constant of

MNTS to unionized cyclodextrin and Kb-CDH
dioxane that for the formation

of the inclusion complex between dioxane and the neutral form
of the cyclodextrin. From Scheme 2 it is possible to derive the
following expressions:17

kobs = kw[H+]

1 + Kb-CDH
MNTS [CD]free

Kapp = Kb-CDH
MNTS

1 + Kb-CDH
dioxane [dioxane]T

(1)

The pseudo first-order rate constant can be written in linear form
as:

1
kobs

= 1
kw [H+]

+ Kapp

kw [H+]
[CD]T (2)

The good fit between the experimental results obtained at variable
dioxane concentrations and eqn (2) is shown in Fig. 1b. The Kapp

and kw values obtained at each organic cosolvent concentration
studied are shown in Table 1. It can be seen that both constants
decrease on increasing the proportion of dioxane in the reaction
medium. The variation of kw with the dioxane concentration
is consistent with the influence of the solvent polarity on the
reaction rate in the absence of cyclodextrin.18 On the other hand,
the variation of Kapp with the proportion of organic cosolvent
conforms to the following equation:

1
Kapp

= 1

Kb-CDH
MNTS

+ Kb-CDH
dioxane

Kb-CDH
MNTS

[dioxane]T (3)

As can be seen from Fig. 2a, the acid hydrolysis of MNTS in
the presence of b-CD and dioxane fits eqn (3) quite closely. This
equation allowed us to determine the binding constant of MNTS
to unionized cyclodextrin, Kb-CDH

MNTS = (1380 ± 220) M−1, which
is consistent with the value obtained in the absence of organic
cosolvent: Kb-CDH

MNTS = (1530 ± 90) M−1. Similarly, we were able to
obtain the binding constant of dioxane to the unionized form of
b-CD− Kb-CDH

dioxane = (23.8 ± 3.7) M−1 (see Tables 2 and 3).
The experimental results for the basic hydrolysis of MNTS in the

presence of variable concentrations of dioxane exhibited a similar
trend to those for the acid hydrolysis (refer to the ESI). Thus, kobs

decreased on increasing the proportion of CD in the reaction
medium. This was a result of the formation of an unreactive
inclusion complex between MNTS and the ionized form of the
cyclodextrin, with Kb-CD−

MNTS . As the proportion of dioxane in the
reaction medium was raised, a competitive equilibrium between
the complexation of MNTS and dioxane by the anionic form
of cyclodextrin was established. Consequently, the experimental
results can be interpreted in terms of a mechanism similar to that
in Scheme 2 and with rate equations similar to (2) and (3). This

Table 1 Kinetic constants obtained by fitting eqn (2) to the experimental results for the acid and basic hydrolysis of MNTS in the presence of b-CD and
variable concentrations of dioxane at 25.0 ◦C

[NaOH] = 0.175 M [HCl] = 0.160 M

[Dioxane]/M Kb-CD−
app /M−1 102 kw/M−1 s−1 [Dioxane]/M Kb-CDH

app /M−1 102 kw/M−1 s−1

0 1690 ± 280 3.21 ± 0.54
0.0156 275 ± 11 7.51 ± 0.30 0.0195 886 ± 39 2.83 ± 0.12
0.039 212 ± 3 9.24 ± 0.15 0.039 650 ± 20 2.89 ± 0.09
0.117 103 ± 2 9.27 ± 0.16 0.0703 539 ± 14 2.95 ± 0.08
0.234 64 ± 1 9.19 ± 0.18 0.117 386 ± 4 2.99 ± 0.03
0.586 30 ± 1 9.65 ± 0.29 0.172 250 ± 3 2.81 ± 0.03
0.937 7 ± 1 9.59 ± 0.59 0.232 219 ± 3 2.85 ± 0.04
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Fig. 2 (�) Variation of Kapp for the acid (a) and basic (b) hydrolysis of MNTS in the presence of b-CD and dioxane as a function of the organic solvent
concentration. (�) Fitting of the data to eqn (3).

binding model allowed us to determine Kapp and kw at different
dioxane concentrations (see Table 1). As predicted by eqn (3), both
parameters decrease on increasing the proportion of dioxane. The
good fitting of eqn (3) (in Fig. 2b) allowed us to determine the
binding constants of MNTS and dioxane to the anionic form of
cyclodextrin, viz. Kb-CD−

MNTS = (325 ± 30) M−1 and Kb-CD−
dioxane = (16.8 ±

1.6) M−1, respectively (see Table 3).
The difference between the binding constant for the anionic

and neutral forms of cyclodextrin is consistent with previously
reported results: the binding constant of the substrate to the
cyclodextrin anion is lower than that to the neutral cyclodextrin.19

Quantitative analysis of the solvent effect. Our results show that
the addition of dioxane to a b-CD solution leads to the formation
of a 1 : 1 complex between the solvent and the cyclodextrin. This
reduces the amount of b-CD available for binding to MNTS and
results in the inhibitory effect of the addition of CD decreasing

on increasing the concentration of organic cosolvent. Providing
a quantitative explanation for the experimental results entails
considering the twofold effect of the addition of dioxane to a b-CD
solution, namely: (a) the binding of dioxane to the cyclodextrin
reduces the concentration of free b-CD; and (b) because the
concentration of dioxane will normally be much higher than that
of b-CD, the properties of the aqueous medium may be altered by
the presence of the organic cosolvent.

The evaluation of [b-CD]free entails solving the following equa-
tion (refer to the ESI for details):

([b-CD]free)2 + [b-CD]free (1 + Kb-CDH
dioxane [dioxane]T − Kb-CDH

dioxane

[b-CD]total) − [b-CD]T = 0 (4)

A simulated value for the formation constant of the inclusion
complex between dioxane and cyclodextrin, Kb-CDH

dioxane , was used to
calculate [b-CD]free at each [b-CD]T value, with the resulting data

Table 2 Kinetic constants obtained by fitting eqn (2) and (3) to the experimental results for the acid and basic hydrolysis of MNTS in the presence of
b-CD and variable concentrations of acetonitrile at 25 ◦C

[NaOH] = 0.175 M [HCl] = 0.160 M

[CH3CN]/M Kb-CD−
app /M−1 102 kw/M−1 s−1 [CH3CN]/M Kb-CDH

app /M−1 102 kw/M−1 s−1

0 1690 ± 280 3.21 ± 0.54
0.0957 292 ± 10 7.28 ± 0. 26 0.0638 1467 ± 9 3.06 ± 0.02
0.638 252 ± 7 7.59 ± 0.22 0.510 1196 ± 33 2.79 ± 0.08
0.957 248 ± 3 8.24 ± 0.11 0.957 1009 ± 25 2.77 ± 0.07
1.910 142 ± 2 8.76 ± 0.12 1.468 813 ± 24 2.80 ± 0.08
2.870 53 ± 1 6.79 ± 0.16 1.978 476 ± 7 2.03 ± 0.03
3.830 29 ± 1 5.46 ± 0.15 2.872 244 ± 4 1.83 ± 0.03

Table 3 Thermodynamic parameters for the acid and basic hydrolysis of MNTS in the presence of a- or b-CD and dioxane, DMSO or acetonitrile as
organic cosolvent. The solvent–cyclodextrin and cyclodextrin–MNTS complexes were both 1 : 1

Cyclodextrin Cosolvent Eqn KCDH
MNTS/M−1 KCD

MNTS/M−1 KCDH
solvent/M−1 KCD

solvent/M−1

b-CD None (1) 1530 ± 90 400 ± 20 — —
b-CD Dioxane (3) 1380 ± 220 325 ± 30 23.8 ± 3.7 16.8 ± 1.6

(5) 1180 ± 14 363 ± 4 20.0 ± 2.5 20.0 ± 2.5
b-CD DMSO (3) 1600 ± 270 480 ± 200 2.8 ± 0.5 3.1 ± 0.4

(5) 1780 ± 50 430 ± 13 4.0 ± 0.5 2.5 ± 0.5
a-CD None (9) 47 ± 4 — — —
a-CD Acetronitrile (3) 45 ± 3 — 9.0 ± 0.6 —

(10) 51 ± 2 — 7.0 ± 1.0 —
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Fig. 3 (a) (�) Influence of the concentration of free b-CD on kobs/kw for the acid hydrolysis of MNTS in the presence of variable concentrations of
dioxane (data from Fig. 1). (�) Fitting of the data to eqn (5). (b) Analysis of the experimental results for the basic hydrolysis of MNTS (data from the
ESI).

employed to solve the rate equation

kw

kobs

= 1
[H+]

+ Kb-CDH
MNTS

[H+]
[b-CD]free (5)

The simulated Kb-CDH
dioxane values that best fit eqn (5) were adopted.

The linearity criterion used was the correlation coefficient and
the Kb-CDH

dioxane value resulting in the highest coefficient in each case
was adopted. The variation of the correlation coefficient used to
fit eqn (5) to the experimental data as a function of Kb-CDH

dioxane and
Kb-CD−

dioxane for the acid and basic hydrolysis of MNTS, respectively,
is given in the ESI. The values obtained, viz. Kb-CDH

dioxane = (20.0 ±
2.5) M−1 and Kb-CD−

dioxane = (20.0 ± 2.5) M−1, are consistent with the
previous ones. The good fitting of eqn (5) to the results for the
acid (Fig. 3a) and basic (Fig. 3b) hydrolysis of MNTS is shown in
Fig. 3. It should be noted that Fig. 3 includes the results obtained
at variable dioxane concentrations. As can be seen, all data fitted
a single equation and the solvent effect can therefore be assumed
to be twofold, namely: (a) an alteration of the properties of the
medium that can be corrected using the kobs/kw ratio; and (b) a
competitive binding equilibrium involving the organic solvent and
b-CD.

The kinetic implications of the changes in the properties of
the medium are significant; in fact, the acid and basic hydrolysis
of MNTS are both sensitive to the amount of organic cosolvent
present in the reaction medium.13 The term corresponding to the
competitive binding of dioxane arises from the solvent molecule
being sufficiently large to fill most of the b-CD cavity; this excludes
the possibility of a single cyclodextrin molecule simultaneously
binding a dioxane molecule and an MNTS molecule.

The investigation into the influence of organic cosolvents on
the acid and basic hydrolysis of MNTS in the presence of b-
CD was extended to DMSO. The rate constants for the two
reactions were found to decrease on increasing the concentration
of cyclodextrin (see the ESI). As in the previous case, one can
assume the formation of 1 : 1 MNTS–b-CD and DMSO–b-CD
inclusion complexes. The reaction mechanism must be similar to
that shown in Scheme 2 and the resulting equations similar to
those previously formulated for dioxane, with Kb-CDH

DMSO instead of
Kb-CDH

dioxane as the equilibrium constant. The use of eqn (3) enabled us
to determine the binding constant of MNTS to the ionized and
unionized forms of cyclodextrin in the acid and basic hydrolysis

reaction. The values found were Kb-CDH
MNTS = (1600 ± 270) M−1

and Kb-CD−
MNTS = (480 ± 200) M−1, respectively. These values are

similar to those obtained in water containing dioxane (vide
supra). We also obtained Kb-CDH

DMSO = (2.8 ± 0.5) M−1 and Kb-CD−
DMSO =

(3.1 ± 0.4) M−1.
The quantitative analysis of the solvent effect on the acid and

basic hydrolysis of MNTS in the presence of b-CD was based
on the same mathematical treatment previously used for diox-
ane. The optimization procedure provided the following values:
Kb-CDH

DMSO = (4.0 ± 0.5) M−1 and Kb-CDH
MNTS = (1780 ± 50) M−1 for the

acid hydrolysis, and Kb-CD−
DMSO = (2.5 ± 0.5) M−1 and Kb-CD−

MNTS = (430 ±
15) M−1 for the basic hydrolysis of MNTS, respectively.

1b. Acid and basic hydrolysis of MNTS in the presence of
acetonitrile. We also examined the influence of the b-CD con-
centration on the acid and basic hydrolysis of MNTS in media
containing variable concentrations of acetonitrile. The addition of
b-CD was found to decrease kobs in all cases. The inhibition due to
the addition of cyclodextrin becomes less marked on increasing the
proportion of acetonitrile in the reaction medium (see Fig. 4 for the
acid hydrolysis). The addition of high proportions of acetonitrile
caused the kobs value at a zero concentration of b-CD to decrease
on increasing the content of organic cosolvent. This observation is
consistent with the effect of organic solvents on the rate of acid and
basic hydrolysis of MNTS (see the results for the basic hydrolysis
in the ESI).

It can be seen from Fig. 4 that eqn (3) fits the experimental
results quite well. The Kb-CDH

app and Kb-CD
app values obtained are

given in Table 2 along with the rate constants for the reactions
in the absence of cyclodextrin and the presence of variable
concentrations of acetonitrile. In contrast to the previous results—
and the predictions of eqn (3)—a linear relationship between
1/Kb-CDH

app or 1/Kb-CDH
app and the acetonitrile concentration was

not observed; rather, the plot (not shown) was clearly curved,
which suggests that the stoichiometry of the complex between
acetonitrile and b-CD is higher than 1 : 1. The formation of a
2 : 1 acetonitrile–b-CD complex is illustrated in Scheme 3.

Bearing in mind that the concentration of cyclodextrin bound
to MNTS was negligible relative to the combination of free
and acetonitrile-bound cyclodextrin, if one assumes that the
concentration of acetonitrile bound to cyclodextrin is negligible
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Fig. 4 (a) Influence of the concentration of b-CD on kobs for the acid hydrolysis of MNTS in the presence of variable concentrations of acetonitrile. (�)
[CH3CN] = 6.38 × 10−2 M; (�) [CH3CN] = 0.510 M; (�) [CH3CN] = 0.957 M; (�) [CH3CN] = 1.468 M; (�) [CH3CN] = 1.978 M and (�) [CH3CN] =
2.872 M. [HCl] = 0.160 M; T = 25.0 ◦C. (b) Plot of 1/kobs as a function of [b-CD] based on eqn (2).

Scheme 3

relative to the total concentration of the solvent, then Kb-CDH
app can

be expressed as follows:

Kb-CDH
app = Kb-CDH

MNTS

1 + Kb-CDH
CH3CN[CH3CN]2

T

;

(6)
1

KCDH
app

= 1

Kb-CDH
MNTS

+ Kb-CDH
CH3CN

Kb-CDH
MNTS

[CH3CN]2
T

Eqn (6) predicts a linear relationship between 1/Kb-CDH
app or 1/Kb-CDH

app

and [CH3CN]2. The results obtained for the acid and basic
hydrolysis of MNTS (Fig. 5) are quite consistent with this
prediction and hence with the presence of a 2 : 1 complex between
acetonitrile and b-CD. Plots such as that shown in Fig. 5 were used

Fig. 5 Fitting of eqn (6) to the 1/Kb-CDH
app values obtained as a function

of [CH3CN]2 in the acid (�) and basic (�) hydrolysis of MNTS in the
presence of b-CD.

to determine the binding constants of MNTS to b-CD in acidic and
basic media. These constants were found to be Kb-CDH

MNTS = (1690 ±
200) M−1 and Kb-CD−

MNTS = (495 ± 240) M−1, respectively. These values
are consistent with the results previously obtained in the absence
of an organic solvent. The relationship between the slope and
the intercept allowed us to determine the equilibrium formation
constants for the (CH3CN)2–b-CD complex in acidic and basic
media: Kb-CDH

CH3CN = (0.70 ± 0.08) M−1 and Kb-CD−
CH3CN = (1.05 ± 0.50) M−1,

respectively.

Quantitative analysis of the solvent effect. Once the stoichiome-
try of the inclusion complex formed by acetonitrile and b-CD had
been determined, we sought to confirm whether the proposed re-
action scheme would account for the body of experimental results.
The proposed model assumes that the properties of the aqueous
medium are altered by the addition of the organic cosolvent. The
effect of this addition on the reactivity can be suppressed by using
the kw/kobs ratio, where kw is the rate constant in the absence of
cyclodextrin. We studied aqueous media consisting of either water
alone or water–organic cosolvent mixtures. We also assumed that
the cyclodextrin established a competitive equilibrium where the
binding of acetonitrile molecules decreased the amount of b-CD
available for binding MNTS.

The mass balances for MNTS, acetonitrile and the cyclodextrin
yield the equation

Kb-CD
CH3CN [CH3CN]3

free + (2 Kb-CD
CH3CN [b-CD]T − Kb-CD

CH3CN

[CH3CN]T)[CH3CN]2
free + [CH3CN]free − [CH3CN]T = 0 (7)

This third-order equation was solved by using the method
described previously: a simulated value for the formation constant
of the complex between acetonitrile and b-CD was used to
calculate the concentration of unbound acetonitrile [eqn (7)].
The relationship between the observed rate constant and the free
cyclodextrin concentration, eqn (5), was then used to identify the
Kb-CDH

CH3CN value that provided the free b-CD concentrations that best
fitted eqn (5). In this way, the following values were obtained:
Kb-CDH

CH3CN = (0.60 ± 0.05) M−2 and Kb-CDH
CH3CN = (0.50 ± 0.05) M−2.

The results obtained in this way for the acid and basic hydrolysis
of MNTS are shown in Table 4 and Fig. 6. As can be seen, all
experimental data fitted a single curve—a fact that confirms the
accuracy of the proposed method, which assumes the solvent effect
to encompass two contributions: namely, the alteration of the
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Table 4 Thermodynamic parameters for the acid and basic hydrolysis of MNTS in the presence of a- or b-CD. The complex formed by b-CD with
acetonitrile as the cosolvent was 2 : 1 (see Scheme 3) and that formed by a-CD with MNTS in the basic hydrolysis reaction was 1 : 2 (see Scheme 4)

Cyclodextrin Cosolvent Eqn KCDH
MNTS/M−1 KCD

MNTS/M−1 KCDH
solvent/M−2 KCD

solvent/M−2

b-CD Acetonitrile (6) 1690 ± 200 495 ± 240 0.70 ± 0.09 1.05 ± 0.50
(5) 1490 ± 15 340 ± 4 0.60 ± 0.05 0.50 ± 0.05

a-CD None (8) — 2.6 ± 0.3 — —

Fig. 6 (a) (�) Influence of the concentration of free b-CD on kobs/kw for the acid hydrolysis of MNTS in the presence of variable concentrations of
acetonitrile (data from Fig. 4). (�) Fitting of eqn (5) to the data. (b) Analysis of the experimental results for the basic hydrolysis of MNTS (data from the
ESI).

properties of water and the competitive binding of the organic
solvent to the cyclodextrin.

Our results contradict those of Taraszewska,20 who studied
the binding of ethanol, DMSO, DMF, acetone and acetonitrile
to b-CD and obtained constants similar to those found for
a-CD and CD–solvent complexes of 1 : 1 stoichiometry, as
well as a binding constant of Kb-CD

1 : 1 = 6.0 M−1 for the b-
CD–acetonitrile complex. It should be noted that the binding
constants varied with the proportion of organic solvent. This is
because the change in the concentration of free cyclodextrin on
increasing the amount of the organic solvent in the mixture was
ignored. Furthermore, Taraszewska found differences between the
complexes of acetonitrile and acetone and those of the other
solvents, and assumed that the zone inside the b-cavity where
o-chloronitrobenzene could be accommodated in the presence
of acetone and acetonitrile was more hydrophobic than in the
presence of other solvents. Park21 studied the complexes of
various organic solvents, including acetonitrile, with b-CD by
spectrophotometry. In that study the inhibitory effect of solutes
on the binding of CD by phenolphthalein was investigated. All
complexes were 1 : 1 and the resulting binding constant of
acetonitrile to b-CD was Kb-CD

1 : 1 = 0.54 M−1. Park’s values for the
binding constant of acetonitrile to b-CD are consistent with our
own; however, the stoichiometry of the complex is different. We
believe that Park’s results may have been influenced by the fact that
the acetonitrile concentrations considered only covered a small
range (viz. 0.73–0.86 M). In the study described here, acetonitrile
concentrations from ca. 6.00 × 10−2 M to 3.00 M were considered.
The wider range used here may have allowed us to detect the
presence of 2 : 1 complexes. Other authors have also studied the
displacement of phenolphthalein from its complex with b-CD by
the addition of tetrahydrofuran.22

2. a-Cyclodextrin

2A. Basic hydrolysis of MNTS. The basic hydrolysis of
MNTS in the presence of b-CD is strongly inhibited by the
formation of an unreactive complex between MNTS and the
cyclodextrin. The presence of a-CD results in a distinct type
of behavior: kobs increases moderately to a maximum value on
increasing the a-CD concentration but beyond this maximum the
constant decreases on further increasing [a-CD] (see Fig. 7). The
experimental results can be interpreted in terms of the mechanism
shown in Scheme 4.

Scheme 4

Such a mechanism enables the following rate law to be derived:

kobs = kw[OH−] + kCDKa-CD−1 : 1
MNTS [a-CD]T

1 + Ka-CD−1 : 1
MNTS [a-CD]T + Ka-CD−1 : 1

MNTS Ka-CD-1 : 2
MNTS [a-CD]2

T

(8)

where kw and kCD are the rate constants for hydrolysis by OH−

ions in water and by the alkoxide groups in the cyclodextrin,
respectively; and Ka-CD−1 : 1

MNTS and Ka-CD−1 : 2
MNTS are the equilibrium binding

constants for the 1 : 1 complex and 1 : 2 complex [MNTS-(CD)2]
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Fig. 7 Influence of the concentration of a-CD on kobs for the basic
hydrolysis of MNTS. [OH−] = 0.162 M, T = 25.0 ◦C.

between MNTS and the anionic form of a-CD, respectively.
By fitting eqn (8) to the experimental data, and keeping the
kw value constant (kw = 0.083 M−1 s−1), we obtained kCD = (3.1 ±
0.1) × 10−2 s−1, Ka-CD−1 : 1

MNTS = (15 ± 2) M−1 and Ka-CD−1 : 2
MNTS = (2.6 ±

0.3) M−2.
Although kCD (in s−1) and kw (in M−1 s−1) cannot be compared

directly, the fact that the latter exceeded the former is worthy
of note. The hydrolysis reaction via the MNTS–CD complex
is equivalent to nucleophilic attack of an alkoxide ion on

MNTS. Such a reaction was studied in our laboratory23 and
its rate was found to exhibit a Brønsted-type relationship with
the basicity of the starting alcohol for methanol, isopropanol,
tetrafluoroethanol and hexafluoroisopropanol, with a slope bnucl =
0.49 ± 0.01. The reactivity of the OH− ion was lower than expected
from its basicity, probably due to the need for desolvation prior
to nucleophilic attack, as in other hydroxyl ion- and thiolate-
catalyzed reactions.24 The observed rate constant for the reaction
via the ionized hydroxyl group in the cyclodextrin was roughly half
that expected for an alkoxide with a similar pKa (e.g. CF3CH2O−).

The results are consistent with the formation of 1 : 1 and 1 : 2
MNTS–a-CD complexes, as well as with transition states that
involve a cyclodextrin molecule. These differences between the
behavior of a-CD and b-CD must be a result of geometric factors.
The binding of guests to cyclodextrins is determined largely by
two factors: namely, the size of the included moiety and its
hydrophobicity.25 The disparate binding abilities of a- and b-CD
must be ascribed to the widths of their cavities (4.5 and 7.0 Å,
respectively) since their depths are identical (7.0 Å). The energy-
minimized structures obtained using the MNTS dimensions and
optimal geometry derived from molecular mechanics calculations
are shown in Scheme 5. Based on the size of MNTS, the molecule
can be fully accommodated inside the b-CD cavity (1), so the
sulfonyl group will hardly be able to approach the ionized RO−

group in b-CD.

Scheme 5
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In the presence of a-CD, the toluene group in MNTS is too large
to be fully accommodated inside the a-CD cavity. Therefore, the
binding constant of MNTS to both the neutral form (vide infra)
and the anionic form of a-CD will be quite small relative to that for
b-CD. The kinetics of the basic hydrolysis of MNTS with ionized
a-CD clearly indicate that both 2 : 1 and 1 : 1 binding situations
are substantial. The initial increase in the rate constant suggests
that the former binding stoichiometry involves the toluene group
(2), whereas the latter involves the nitroso group (3).

2B. Acid hydrolysis of MNTS in the presence of acetonitrile.
We studied the influence of a-CD on the acid hydrolysis of
MNTS in the presence of variable amounts of acetonitrile. As an
illustrative example, the results obtained in the presence of variable
concentrations of cosolvent ranging from 3.19 × 10−2 to 0.511 M
are shown in Fig. 8. The resulting kobs values differed markedly
from those found in the presence of b-CD (see Fig. 4). As can be
seen in Fig. 8b, the variation of the rate constant with the a-CD
concentration (dashed line) deviated strongly from linearity.

This finding is inconsistent with both eqn (2) and the reaction
mechanism shown in Scheme 2, but is consistent with the
mechanism in Scheme 6.

Scheme 6

The acid denitrosation of MNTS can occur in the aqueous
medium (kw) or through the MNTS–CD complex (kH

CD). The bind-
ing constants Ka-CDH

CH3CN and Ka-CDH
MNTS correspond to the formation of

the respective inclusion complexes between MNTS or CH3CN and
the neutral form of a-cyclodextrin. The corresponding observed

rate constant can be expressed as

kobs = kw[H+] + kH
CDKa-CDH

app [H+][a-CD]free

1 + Ka-CDH
app [a-CD]free

(9)

where Ka-CDH
app is the apparent binding constant of MNTS to a-

CD. As can be seen from Fig. 8, this equation closely fits the
results obtained at variable concentrations of acetonitrile. The
Ka-CDH

app , kw and kH
CD values obtained for different concentrations of

cosolvent are shown in Table 5. As the acetonitrile concentration
in the reaction medium was increased, the polarity and the rate
constants kw and kH

CD decreased. The error in the determination of
kH

CD increased with increasing concentration of acetonitrile in the
reaction medium. This trend is a result of the fact that Ka-CDH

app was
low at high acetonitrile concentrations, where k w � kH

CD Ka-CDH
app

[a-CD]free.
The ability of the a-CD-bound substrate to react with H+ ions

in the aqueous medium is due to the geometry of the inclusion
complex. As shown in 1–3 (Scheme 5), the size of a-CD is sufficient
to accommodate the toluene group in MNTS, but the nitroso
group remains outside—a situation that facilitates attack by H+

ions in the medium. This situation cannot occur in b-CD as its
cavity is large enough to accommodate the nitroso group as well.

It can be seen from Table 5 that raising the acetonitrile
concentration in the reaction medium led to a decrease in
Ka-CDH

app , a change due to the formation of an inclusion complex
between CH3CN and a-CD. Therefore, the variation of Ka-CDH

app

with the acetonitrile concentration should fit an equation similar
to (3). This assumption was confirmed. Fitting eqn (3) to
the experimental results (Fig. 9) provided the following values:

Table 5 Kinetic constants obtained by fitting eqn (9) to the experimental
results for the acid hydrolysis of MNTS in the presence of a-CD, 0.168 M
HCl and variable concentrations of acetonitrile at 25.0 ◦C

[CH3CN]/M Ka-CDH
app /M−1 102kw/M−1 s−1 103kH

CD/M−1 s−1

0 47 ± 4 3.17 ± 0.03 8.9 ± 0.1
3.19 × 10−2 30 ± 1 3.10 ± 0.02 5.5 ± 0.4
6.38 × 10−2 30 ± 2 3.21 ± 0.02 5.9 ± 0.4
0.128 22 ± 3 3.11 ± 0.04 6 ± 1
0.195 17 ± 1 3.03 ± 0.01 4.5 ± 0.4
0.319 11 ± 2 2.97 ± 0.03 2 ± 2
0.511 8 ± 2 2.98 ± 0.04 3 ± 3

Fig. 8 (a) Influence of the concentration of a-CD on kobs for the acid hydrolysis of MNTS in the presence of 0.168 M HCl and variable concentrations
of acetonitrile at 25.0 ◦C. (�) [CH3CN] = 3.19 × 10−2 M; (�) [CH3CN] = 6.38 × 10−2 M; (�) [CH3CN] = 0.128 M; (�) [CH3CN] = 0.195 M; (�)
[CH3CN] = 0.319 M; and (�) [CH3CN] = 0.511 M. (b) Analysis of the data using eqn (9).
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Fig. 9 (�) Variation of Kapp for the acid hydrolysis of MNTS in the
presence of a-CD and acetonitrile as a function of the concentration of
organic cosolvent. (�) Fitting of the results to eqn (3).

Ka-CDH
MNTS = (45 ± 3) M−1 and Ka-CDH

CH3CN = (9.0 ± 0.6) M−1, both
of which are consistent with the Ka-CDH

MNTS value obtained in the
absence of acetonitrile [(47 ± 4) M−1] (see Table 5).

The kinetic results reveal the formation of a 1 : 1 complex
between acetonitrile and a-CD, which is consistent with previous
results obtained from X-ray diffraction measurements.26 Further-
more, the results for b-CD suggest the formation of a 2 : 1 complex.
This disparate behavior is a result of the increased cavity size of b-
CD relative to a-CD, which allows the former to accommodate two
acetonitrile molecules rather than one. The larger size of dioxane
relative to acetonitrile results in the formation of a 1 : 1 complex
with b-CD.

A more rigorous quantitative interpretation of the experimental
results can be provided by considering a reaction mechanism such
as that shown in Scheme 6. On the basis of this mechanism
the observed rate constant can be expressed in terms of the
concentration of free a-CD as follows:

kobs

kw

= [H+] + kH
CD

kw
Ka-CDH

MNTS [H+][a-CD]free

1 + Ka-CDH
MNTS [a-CD]free

(10)

where [a-CD]free can be obtained by using the simulation procedure
previously employed with dioxane [eqn (4)]. The Ka-CDH

CH3CN value
obtained in this way was (7 ± 1) M−1 and provided the free a-
CD concentrations shown in Fig. 10. Finally, fitting the data in

Fig. 10 (�) Influence of the concentration of free a-CD on kobs/kw for
the acid hydrolysis of MNTS in the presence of variable concentrations of
acetonitrile [data from Fig. 8 as fitted to eqn (10)]. (�) Results obtained in
the absence of acetonitrile.

the figure to eqn (10) provided values of Ka-CDH
MNTS = (51 ± 2) M−1 and

kH
CD/kw = (0.23 ± 0.02) M−1, both of which are quite consistent

with values reported previously for this system.
The spectrophotometric results reported by Connors27 are

consistent with the formation of inclusion complexes between
a-CD and methanol, DMSO, ethylene glycol, dioxane (Ka-CD

1 : 1 =
30.6 M−1), 2-propanol, acetonitrile (Ka-CD

1 : 1 = 40.3 M−1) and
acetone, all with a 1 : 1 stoichiometry. The binding of organic
molecules to a-cyclodextrin has also been studied by 1H-NMR
spectroscopy.28 The results revealed the formation of a 1 : 1 a-
CD–acetonitrile complex and the binding constant was found to
be Ka-CD

1 : 1 = 5.6 M−1. A potentiometric study of the formation
of weak inclusion complexes between a-cyclodextrin and small
organic molecules—including ethanol, 2-propanol, 2-methyl-2-
propanol, cyclohexanol, dioxane, DMSO and phenol—in an
aqueous medium at 25.0 ◦C provided a Ka-CD

1 : 1 value of 5.6 M−1

in acetonitrile and 4.5 M−1 in dioxane.29 These results are quite
consistent with our value [Ka-CDH

CH3CN = (7 ± 1) M−1], which provides
further evidence of the accuracy of the proposed model.

Conclusions

The acid and basic hydrolysis reactions of MNTS in the presence
of b-cyclodextrin have been studied and the formation of an
unreactive b-CD–MNTS complex was observed in both cases.
The results with b-CD were different as a consequence of the
smaller cavity size of this cyclodextrin, which allows only partial
penetration of MNTS. The basic hydrolysis process involved
the formation of a reactive 1 : 1 a-CD–MNTS complex at low
cyclodextrin concentrations but a 2 : 1 complex was formed as the
a-CD concentration was raised.

Size differences in the host and guest molecules resulted in
different stoichiometries for the complexes. For example, dioxane
and DMSO were found to form 1 : 1 inclusion complexes with b-
and a-CD, respectively. On the other hand, acetonitrile formed 1 :
2 inclusion complexes with b-CD. The competitive formation of
such inclusion complexes accounts for the experimental behavior
observed in the acid and basic hydrolysis of MNTS in the presence
of a- or b-CD and variable amounts of organic cosolvent.
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