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ABSTRACT
Multiple complexation by y-CD has been studied by self-diffusion coefficients (DOSY)

and chemical kinetics experiments in which 4-methoxybenzenesulfonyl chloride
(MBSC) solvolysis was used as a chemical probe. The addition of surfactant as a third
component to the reaction mixture induced a very complex reactivity pattern that was
explained on the basis of multiple complexation phenomena and surfactant self-
assembly to form micelles. A cooperative effect that yielded a ternary complex formed
by cyclodextrin-surfactant-MBSC was observed. The larger cavity of y-CD in
comparison with 3-CD is responsible for the change from the competitive complexation
mechanism predominant with B-CD to a cooperative/competitive mixed mechanism
operating for the larger derivative. The cavity size in y-CD is large enough to bind two
surfactant alkyl chains with a cooperative effect. Water molecules released by the
formation of 1:1 host/guest complexes made the cavity more hydrophobic and promoted
further inclusion. A reduction in the available volume of the cavity should be

considered on binding a second guest.
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INTRODUCTION

Cyclodextrins (CDs) are cyclic oligosaccharides composed of D-glucopyranose units
linked by a(l1—4) bonds to give units that are shaped like a truncated cone with a
hydrophobic cavity'. Commercially available o, B, and y-CDs have six, seven, and eight
D-glucopyranose units, respectively. CDs have a relatively hydrophobic cavity and, as a
consequence, an organic molecule with appropriate dimensions can be incorporated into
the CD cavity to form an inclusion complex. The driving force for native CDs to bind
organic guests has been discussed in terms of hydrophobic and van der Waals
interactions, hydrogen bonding, the release of high energy water molecules, and steric
strain — all effects that are often not sufficient to achieve strong and selective
complexationl’z. Multiple sites and modes of interaction are prerequisites to improve the
binding affinity and manipulate the arrangement of guest molecules within the CD
cavity.

Host:guest interactions involving CDs and small organic molecules
predominantly yield inclusion complexes with a 1:1 stoichiometric ratio’. However, two
CD molecules are frequently bound to a single guest molecule to form a 2:1 CD-guest
inclusion complex®. In some cases, a single CD molecule can accommodate two guest
molecules to form a 1:2 CD-guest inclusion complex'®%.

Surfactants are suitable model guests to perform detailed investigations on
host:guest interactions with cyclodextrins because their structural properties can be
easily modified. The length and number of alkyl chains can be varied along with the
charge and size of the head group and such changes allow different complex structures
and stoichiometries to be obtained. The interaction of B-CD with sodium
alkylsulfonates'’, sodium dodecyl sulfate (SDS) or tetradecyltrimethylammonium
bromide (TTABr)" yields complexes with a 1:1 stoichiometric ratio. On changing from
cetyl (Ci¢TACI) to octadecyltrimethylammonium chloride (CisTACI), 1:1 and 2:1
complexes with B-CD can be formed', respectively.

In comparison with other native cyclodextrins, the y-derivative has a large cavity
that can accommodate two molecules of appropriate size and shape'®. When two guest
molecules are located together within the CD cavity, one would expect them to interact
with each other. This two-guest inclusion phenomenon was first reported in y-CD-
induced excimer fluorescence'’. The possibility of the simultanecous formation of

complexes with different stoichiometries must also be considered. For example, y-CD
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facilitated the formation of the ternary catalyst-substrate-y-CD complex in a 1:1:1 ratio
and a redox reaction took place in this system'”'®. Molecular interactions between an
organic anion with y-CD and several organic cations were investigated by means of
absorption and fluorescence spectroscopy'® and capillary electrophoresis®. The
association between y-CD and the organic anion yielded a negatively charged 1:1
inclusion complex with improved affinity for the inclusion of a second cationic guest.
The results suggest that the formation of the ternary complex is favored with organic
cations that bear long alkyl chains.

Our interest is currently focused on the use of cyclodextrins as molecular
reactors, which are essentially miniature vessels for the assembly of reactants at the
molecular level. The use of hosts for supramolecular catalysis will introduce new
interactions that can be classified according to their nature: (i) Molecular interactions
responsible for the formation of host:guest complexes may affect chemical reactivity by
stabilizing intermediates and/or transition states. (if) Molecular receptors can simply act
as nanoscale reaction vessels by increasing local concentrations of reagents and thus the
reaction rate. The aim of the work described here was to obtain evidence of the
formation of three-component inclusion complexes and to study the role that the third
component might play in promoting chemical reactivity. With this aim in mind, a
kinetic study was carried out with the chemical probe 4-methoxybenzenesulfonyl
chloride (MBSC, see Scheme 1), which is a molecule that has a suitable geometry and
polarity for complex formation with y-CD. A combination of kinetic and DOSY
experiments provided evidence for the formation of different types of complexes in the
presence of a surfactantﬂ, C.TAB, as the third component. Different cyclodextrin
binding mechanisms were observed for MBSC in the presence of the third component:
the competitive mechanism with B-CD and the cooperative one with y-CD lead to very

different chemical reactivities.

Scheme 1
o, 0 0. 0
\V/ \/
a i, SoH  + HCI
CH,0 CH,0
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EXPERIMENTAL SECTION

All chemicals used were of the highest commercially available purity and did not
require further purification. y-CD was supplied by Cyclolab. MBSC stock solutions
were prepared in acetonitrile due to the instability of this material in water. The final
acetonitrile concentration in the reaction medium was 1% (v/v). y-CD/Surfactant
systems were prepared by mixing appropriate volumes of stock aqueous y-CD solutions
and surfactant.

Kinetic runs were initiated by injecting an MBSC stock solution into the mixed
system in a 1 cm cuvette. Stock solutions of MBSC were prepared in acetonitrile due to
the low solubility of this compound in water. The final acetonitrile concentration in the
reaction medium was 1% (v/v). Reaction kinetics were recorded by measuring
absorbance due to the MBSC at 270 nm in a Cary 50 UV-Vis spectrophotometer (see
Figure S-1, supporting information, for a reaction spectrum) with a cell holder
thermostated at (25.0£0.1) °C. The MBSC concentration was 1.0 x 10°* M in all cases.
The absorbance-time data for all kinetic experiments were fitted by first-order
integrated equations and the values of the pseudo-first-order rate constants, k,s, were
reproducible to within 3%. An example of the absorbance-time data fit to the first order
rate equation for MBSC solvolysis is shown in Figure S-1 (see supporting information).

The electrical conductivity (k) was measured with a Crison conductivimeter
calibrated using two KCI conductivity standard solutions supplied by Crison ([KCI] =
0.01 M, x = 1413 uS/cm at 25 °C and [KCI] = 0.1 M, x = 12.88 mS/cm at 25 °C). The
error in the accuracy of these measurements was + 0.5%. During the measurements of
electrical conductivity the temperature was regulated using a thermostat-cryostat with a
precision of + 0.1 °C. Solutions were prepared with doubly distilled water (k = 0.1-0.50

puS/cm). Electrical conductivity was used for cmc value determinations.

NMR Experiments. The stock solutions of y-CD and C,(TAB were prepared in D,O
(99.9%) and the para-nitrophenyl acetate (NPA) stock solution was prepared in DMSO-
ds. In order to study the complexation of NPA by y-CD the ester concentration was kept
constant, [NPA] = 1 mM, and the y-CD concentration was varied. The C;(TAB/y-CD
systems were prepared by mixing the appropriate volumes of stock solutions of y-CD
and C;oTAB. In all cases the C;(TAB concentration (12.5 mM) was kept constant,

below the critical micellar concentration (cmc), and the y-CD concentration was varied.
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In the complexation process of NPA in the presence of the y-CD/C;(TAB mixed system,
the concentrations of NPA (1 mM) and y-CD (27 mM) were kept constant and the
concentration of C;yTAB was varied. Diffusion-Ordered NMR Spectroscopy (DOSY)
was carried out at 25 °C on a Varian Inova 400 spectrometer. The DOSY spectra were
acquired with the standard stimulated echo pulse using LED and bipolar gradient
pulses?. Square-shaped pulsed gradients (G) of 2 ms duration were applied with the
power level linearly incremented from 2 to 64.3 cm ' in 20 steps. To obtain reliable
results for the diffusion coefficient, D, the diffusion time, A, of the experiments was
optimized for each sample to a value between 50 and 200 ms. The raw data were
processed using the MestreC program.

Quantitative analysis of the intensity of a relevant echo peak in the diffusion
spectrum provided the respective translational diffusion coefficient of the corresponding
molecule. This was achieved by nonlinear fitting of the signal intensity to the Stejskal—
Tanner equation®

I = Ioyexp |[-Dy?G?6? (a- g)] (1)
where / is the measured signal intensity, 7, is the signal intensity at the lowest gradient
pulse power, y is the magnetogyric ratio of the observed nucleus, and the rest of the
parameters are defined above. In all experiments, the intensity decay of the signals gave
good fits to eq. 1, which shows that they represent a single self-diffusion coefficient. A
typical plot of intensity decay vs y"G*6°(A-5/3) and the nonlinear fit to eq. 1 is shown in
Figure 1.

o

20

Intensity (a. u.)

2x10° 4x10° 6x10° 8x10°
Y2G28%(A-813) (slem?)

Figure 1: Representative echo decays for C;(TAB in the absence (0) and in the presence of y-CD (30
mM) (e). The data were fitted to an exponential function (solid lines).



Organic & Biomolecular Chemistry

RESULTS AND DISCUSSION

The use of y-CD as a reaction vessel in supramolecular catalysis requires a knowledge
of the binding constants and stoichiometries of the species that act as guests. The large
size of the y-CD cavity in comparison with a- or B-CD cavities means that the
formation of 1:2 host:guest complexes should be considered. In order to evaluate this
possibility and to gauge its influence on chemical reactivity we designed a system with
two potential guests: a small organic molecule (NPA or MBSC) and a cationic
surfactant. The preparation of different combinations of nitrophenyl acetate and the
cationic surfactant would allow quantification of the simultaneous inclusion of two
different guests by the y-CD. Moreover, on using MBSC it is possible to assess the
kinetic effect that the formation of complexes with different stoichiometries has on
chemical reactivity.

The studies described in this section are presented in the following order: (7) the
formation of 1:1 and 1:2 host:guest complexes in the individual systems formed by y-
CD and the cationic surfactant or y-CD plus the small organic molecule (NPA) is
discussed. (i7) The second step concerns an investigation into the formation of multiple
complexes by the simultaneous addition of the cationic surfactant and NPA to a y-CD
solution. The formation of four different host:guest complexes, namely CD-NPA, CD-
Surfactant, = CD-Surfactant-Surfactant and  CD-NPA-Surfactant, and  their
interconversion are discussed. (iii)) The formation of different complexes will have
important consequences for the chemical reactivity on using MBSC as a chemical

probe.

1. Homocomplexes (cationic and neutral) formed by y-CD. The ability of y-CD to
sequester two surfactant molecules to form 1:2 host:guest complexes is widely reported
in the literature®. In order to quantify this process we analyzed the self-diffusion
coefficients of the cationic surfactant C;gTAB and the cyclodextrin. Formation of the
inclusion complexes was studied by varying the concentration of y-CD while keeping
the surfactant concentration constant at a value well below its critical micelle
concentration, cmc, in order to guarantee that only monomers were present in solution.
The self-diffusion coefficients for C;oTAB as a function of the [y-CD] are represented in
Figure 2. It should be noted that self-diffusion coefficients for y-CD remain largely

unaffected by the addition of surfactant, a finding in agreement with literature data for

6
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B-CD?. It can be observed that the self-diffusion coefficients for C;¢TAB decrease as
the concentration of y-CD increases, a trend that is due to the formation of an inclusion

complex with y-CD.

6x10° 1
0,8 [
& 06 |-
5 ax100 x |
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Molar Ratio ([y-CD}/[C10TAB]) Molar Ratio ([y-CD]/[C10TAB])

Figure 2: (Left) Self-diffusion coefficients for [C;(TAB] = 12.5 mM on varying y-CD concentrations.
Lines show the fit to the model with a 1:1 complex (dashed line) and to the model with 1:1 and 1:2
host:guest complexes (solid line). (Right) Mole fraction (X) distribution of free C;(TAB (blue line), 1:1
complex (green line) and 1:2 complex (red line). It should be noted that experimental conditions shown in
the left-hand figure correspond to the dark region in the right-hand figure.

In order to carry out a quantitative analysis, the experimental data were fitted to
a 1:1 complexation model (see section II in supporting information) and this yielded a
binding constant ch:lloTAB = (225+25) M'. As can be seen from Figure 2, this model
(dashed line) mainly fails to reproduce the experimental behavior at low molar ratios
where the percentage of 1:2 complex will be significant.

A model that takes into account the formation of 1:1 and 1:2 complexes allowed
eq 2 to be derived and this reproduces the experimental data reasonably well (see

section III in supporting information).

C10TAB _ +,C1oTAB C1oTAB C10TAB  C1oTAB C10TAB C10TAB
Dobs - Xf Df +X1:1 Dl:l + 2X1:2 D1:2 (2)

As the concentration of y-CD increases, the self-diffusion coefficients of the surfactant
show a significant decrease, mainly due to the formation of a 1:2 inclusion complex
with the y-CD [Figure 2 (right, red line)]. A steady decrease in the self-diffusion
coefficients is observed and this lower slope indicates an increase in the molar fraction

of the 1:1 complex [Figure 2 (right, green line)]. In order to obtain the molar fractions
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for the different species [i.e., free surfactant, XfC 1°TAB, CD-Surfactant 1:1 complex,
X 16:11°TAB, and CD-(Surfactant), 1:2 complex, Xf};TAB] it is necessary to know the values

of the binding constants between y-CD and C,(TAB (K1C:11°TAB and ch:lz"TAB). This

equation was solved for different values of Kf:lloTAB and Kfé"TAB, thus allowing the

molar fractions of the different species at each y-CD concentration to be obtained. The

values of K{2°™% and K{»"*?, for which the best root-mean-square deviation (y’)

values were obtained in the fitting of eq 2 to the experimental results were taken as
optimal [see curve in Figure 2 (left)]. The use of this method gave the optimal values
KioTP= (25+3) M and K{3°"*% = (350+£40) M. This fitting procedure also provided

the values of the diffusion coefficients for free surfactant monomers, ch 10T4B

C10TAB

(5.68+0.09) x 10° cm*s ', 1:1 host:guest complex, D7 = (2.0£0.1) x 10° cm*s ™,

and 1:2 complex, ch:lonAB = (1.50£0.1) x 107° cm’s™". These results are consistent with

an increase in the molecular weight due to the formation of the host:guest complexes.
This experiment provided evidence for the formation of 1:1 and 1:2 inclusion
complexes between y-CD and C;¢TAB, in such a way that the formation of the 1:2
complex occurs in a cooperative mode. The formation of host:guest complexes by
cyclodextrins is mainly driven by hydrophobic effects and van der Waals interactions. It
has been reported that a large space remains in the y-CD cavity of the 1:1 inclusion
complex and this results in weak van de Waals interactions®®. However, in the 1:2
complex, the area of the van de Waals contact between the host and the guest becomes
significantly larger. Additionally, the cooperative effect observed in the formation of the
1:2 complex could be explained on the basis of the increase in the hydrophobic
character of the y-CD cavity upon formation of the 1:1 inclusion complex. The
formation of inclusion complexes by cyclodextrins results in a release of water
molecules from their cavity and this results in an increase in its hydrophobic character.
Molecular dynamics simulations also support the formation of 1:1 and 1:2 inclusion
complexes between the y-CD and the anionic surfactant®’.

The quantitative analysis of the inclusion behavior of small organic molecules
will have important consequences on the modeling of their reactivity in the presence of
cyclodextrins. The solvolysis of MBSC was used to model the behavior of the
cyclodextrin cavity as a reaction vessel, but the low stability of this compound

precludes the study of its inclusion behavior by NMR. NPA was used as an alternative

8
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model compound as this molecule has a similar size, structure, and hydrophobicity. The
influence of [y-CD] on the self-diffusion coefficient of NPA is shown in Figure 3. The
complexation process was investigated while keeping the NPA concentration constant
(1 mM) and varying the y-CD concentration. As can be observed, the self-diffusion
coefficients of NPA decrease as a function of cyclodextrin concentration and this is due
to the formation of an inclusion complex.

On using a similar procedure with C;oTAB, the data in Figure 3 can be fitted to
the formation of a 1:1 host:guest complex. Under this assumption a value of KNP4 =
(25+3) M was obtained for the binding constant and DNP4 = (2.0£0.1) x 10°° cm’s™
for the self-diffusion coefficient of the host:guest complex. As the simultaneous
formation of 1:1 and 1:2 complexes is observed with C;yTAB, this possibility was
tested in the case of NPA. Under the assumption of a cooperative 1:2 complex different

combinations of K{'1“ and K54

values were tested where KNF4 > KNPA  As an
example, the situation with KN4 =25 M and KNJ4 = 350 M'', where the difference
between the 1:1 and the 1:2 complexes is the same as with C;(TAB, is shown in Figure
S-2 in the supporting information. Under this assumption the calculated self-diffusion
coefficient is smaller than the experimental one, indicating that the fraction of bound
NPA should be smaller than the predicted one. This discrepancy is a consequence of
KNPA being close to KP4 due to the large volume of the NPA molecule in comparison
with the alkyl chain of C;(TAB. Water molecules are released from the CD cavity upon
formation of 1:1 complexes and this yields a more hydrophobic cavity, which in turn
has a higher tendency to bind a second guest in a cooperative way. Meanwhile,
formation of the 1:1 complex reduces the empty volume in the CD available to bind a
second guest (1:2) and thus its binding constant is reduced. The balance between these
two effects is responsible for the behavior observed. Accommodation of two NPA
molecules inside the cavity is not as favorable as in the case of C;(TAB because of the
larger volume occupied by the aromatic ring of the ester in comparison with the alkyl
chain.

A simulation procedure similar to that described previously for C(TAB (see
section III in supporting information) allowed the optimal values (see Figure 3) for the

NPA binding constants to be obtained: KN4 = (20+3) M and KN§4 = (30£4) M.
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Figure 3: (Left) Self-diffusion coefficients for [NPA] = 1 mM for varying y-CD concentrations. The
black line shows the fit to the model with 1:1 and 1:2 host:guest complexes. (Right) Respective mole
fraction (X) distribution of free NPA (blue line), 1:1 complex (green line) and 1:2 complex (red line). The
experimental conditions shown in the left-hand figure correspond to the dark region in right-hand figure.

The species distribution shown in Figure 3 (right) can be calculated from the
binding constants. As can be observed, the maximum fraction of 1:2 complex is less
than 1% and it is almost negligible under the experimental conditions used in this study.
As a consequence of this small percentage of 1:2 complex, the experimental results can
be fitted to the exclusive formation of a 1:1 complex or the simultaneous inclusion of

one and two guests.

2. Heterocomplexes formed by y-CD. As both C(TAB and NPA bind the y-CD cavity
it is possible to obtain mixed structures where 1:1:1 complexes are obtained in addition
to the previously described 1:1 and 1:2 complexes. In order to study this type of
heterocomplex the self-diffusion coefficients were determined by keeping the NPA (1
mM) and y-CD (27 mM) concentrations constant and varying the cationic surfactant
concentration. The observed self-diffusion coefficients for NPA and C;(TAB in the
mixed system formed by y-CD, C;(TAB, and NPA are shown in Figure 4.

From a qualitative point of view, the experimental data can be split into four

different regions. For low C;(TAB concentrations, [C;(TAB] = 1 X 10° M, the self-

diffusion coefficient is much lower (Dgl}gTAB~3.5x10‘6 cm?s~1) than the value obtained
in pure water (Df 10748 _ 568106 cm2?s~1 ) due to its inclusion in the cyclodextrin

cavity. Under these experimental conditions [y-CD]/[C1(TAB] =27, i.e., more than 90%
of the C1yTAB is bound to the cyclodextrin in such a way that 55% of the surfactant

forms 1:1 complexes and 35% is in the form of 1:2 host:guest complexes [see Figure 2

10
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(right)]. On increasing the C;(TAB concentration [regions I and II in Figure 4 (left)] the
percentage of uncomplexed surfactant increases but its self-diffusion coefficients
continue to decrease. This effect is a consequence of the formation of 1:2 complexes
[from Figure 2 (right)] and one would expect a maximum fraction of 1:2 complexes at a
molar ratio [y-CD]/[C;(TAB] = 4, corresponding to a [C;(TAB] = 7 x 10°M in Figure
4 (left). Region III in Figure 4 (left) corresponds to a situation where an excess of
surfactant over cyclodextrin exists and the fraction of 1:2 complex predominates over
the 1:1 complex. A small increase in the observed self-diffusion coefficient is expected
because the diffusion is lower for the 1:2 than the 1:1 complex. A further increase in
surfactant concentration [region IV in Figure 4 (left)] induces micellization and the
surfactant self-diffusion coefficient drops very rapidly due to aggregation of this
component.

The NPA self-diffusion coefficient as a function of C;(TAB concentration in the
presence of y-CD is shown in Figure 4 (right). For a very low surfactant concentration,
[Ci1oTAB] = 1 x 10° M, the observed self-diffusion coefficient for NPA,

NPA

DNPA~50x107% cm?s™!, is  smaller than its value in bulk water,

Df'P4 = 7.25x107¢ cm?s™?, but is compatible with the expected value for its

complexation by y-CD. An increase in the C;oTAB concentration in the mixed system
will decrease the cyclodextrin concentration available to bind the NPA because of the
competitive binding of the surfactant. As a consequence of the competitive binding, one
would expect the NPA self-diffusion coefficient to increase on increasing [CioTAB].
The experimental results show the opposite behavior and this is a consequence of an
additional complexation mode in the mixed system. The hydrophobicity of the
cyclodextrin cavity increases upon surfactant inclusion to form 1:1 complexes because
of the release of water. As a consequence, the ability to sequester NPA is much higher
in the case of the y-CD:surfactant host:guest complex than for pure cyclodextrin. This
implies that a 1:1:1 heterocomplex in which both surfactant and NPA are
simultaneously bound by y-CD can be achieved. When [C;(TAB] is in the range from 7
to 50 mM [regions II and III in Figure 4 (right)] the percentage of
cyclodextrin:surfactant with a 1:2 stoichiometry decreases from 25% to 18%, thus

allowing the possibility of including NPA as a third component.

11
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Figure 4: Observed self-diffusion coefficients for (e) C;;TAB and (e) NPA for varying C;,TAB
concentrations and at [NPA] =1 mM and [y-CD] = 27 mM.

It can be seen from region III in Figure 4 (right) that the NPA self-diffusion
coefficient increases at surfactant concentrations close to 100 mM. Under these
conditions it can be estimated that almost 55% of the cyclodextrin is bound by the
surfactant. This reduction in the amount of cyclodextrin available to bind the NPA
results in a reduction in the fraction of bound NPA and, consequently, an increase in the
self-diffusion coefficient is observed. A further increase in the surfactant concentration
[region IV in Figure 4 (right)] induces self-aggregation to form micelles, with the
consequent loss of NPA and a decrease in its diffusion coefficient. It should be noted
that the self-diffusion coefficient for NPA is higher than that for C;(TAB in I, II, and III
in Figure 4 because of the different size and molecular weight. However, these diffusion
coefficients are almost equal in the presence of high surfactant concentrations (e.g., high
concentrations in region IV of Figure 4). This effect occurs because most of the
surfactant is aggregated in the micelles (where NPA is dissolved) and the micelle and

the dissolved NPA both have the same diffusive behavior.

3. Influence of simultaneous complexation on chemical reactivity. The aim of this
work was to quantitatively evaluate the y-CD cavity as a reaction medium and to assess
the influence of multiple complexation. To this end, the solvolysis of 4-
methoxybenzenesulfonyl chloride, MBSC, was used as a chemical probe. This reaction
is suitable for this purpose because the size of MBSC allows multiple complexation
and it is a solvolytic process that is affected by the properties of the medium in such a
way that the reaction rate decreases by a factor close to 10% on changing from water to

90% ethanol:water”™. The observed solvolytic rate constant, k5, allowed the

12
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complexation process of MBSC by y-CD to be studied. The observed rate constant was
experimentally obtained in a series of experiments in which the MBSC concentration
(0.1 mM) was kept constant and the y-CD concentration was varied from [y-CD] = 2
mM to 100 mM. As can be seen from Figure 5, the observed rate constant decreased on
increasing the cyclodextrin concentration. This experimental behavior is due to the
incorporation of MBSC within the cyclodextrin cavity, where the solvolytic reaction is

much slower than in bulk water as a consequence of the lower polarity of this space.
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Figure 5: Influence of y-CD concentration on k., for the hydrolysis of MBSC at 25.0 °C. Curve
representation fits the experimental data to equation 3.

In order to analyze the results in Figure 5 quantitatively it is necessary to
propose a complexation scheme between MBSC and y-CD. It will be shown that not
only the size but also the binding constants of NPA and MBSC are similar. Based on
this information one would expect the possibility of binding one or two MBSC
molecules within the cyclodextrin cavity. However, a close examination of the species
distribution shown in Figure 3 (right) allowed us to discard the minimum percentage of
inclusion complex with a 1:2 stoichiometry. Under the kinetic experimental conditions
the ratio [y-CD]/[MBSC] ranges from 20 to 10°, i.c., the percentage of 1:2 complex is
less than 0.5%. Given this information the kinetic behavior can be explained by Scheme
2, where the solvolytic reaction takes place simultaneously in two well-differentiated

environments: water (k) and the y-CD cavity (kcp).
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Scheme 2

The following rate equation can be derived from Scheme 2, where K{755¢ is the
binding equilibrium constant of MBSC to the y-CD, k.p is the rate constant for the
reaction in the cavity of y-CD, and k,, is the rate constant for solvolysis in the aqueous

medium.

ko = kwtKIP*CkeplCD] 3)
obs 1+KMPSC[cD]

On considering that the solvolytic rate constant is much larger in water than in
the cyclodextrin cavity, and because the binding equilibrium constant is small, the
inequality (k,, >» K}*E5Ck.[CD]) can be considered. On the basis of this assumption
equation 3 can be simplified to equation 4, which can be rewritten as a function of its
inverse. This latter equation predicts a linear dependence between 1/k,,; and [CD]

(Figure 5, inset).

MBSC
o = S (D] “)

kops = ——wmee—— OT
obs ™ 14 kMBSCcp) Kobs  kw Ko

Equation 4 provides a good fit to the experimental data (Figure 5, inset), from
which the parameters k,, = (5.7+0.1) x 107 s and KMBSC = (38+2) M were obtained,
with the latter value similar to that observed for NPA (KNP4 =20 M™).

Prior to the reactivity study in the three-component system (y-
CD/surfactant/MBSC) it was necessary to analyze the influence of surfactant
concentration on the solvolytic rate constant. The observed rate constant, k,p, is
unaffected by the addition of small amounts of surfactant up to the critical micelle

concentration, as shown in Section V in the supporting information. A further increase
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in surfactant concentration results in both micelle formation and the incorporation of
MBSC in the micellar core. As a consequence, k., decreases on increasing the
surfactant concentration. This kinetic behavior is well documented in the literature® and
analysis of the data provides both the binding constant of MBSC to the micellar core,
KMBSC and the solvolytic rate constant inside the micelle, k.. As shown in Section V of
the supporting information, the MBSC binding constant increases on increasing the
alkyl chain length of the surfactant (CsTAB; C;(TAB; C14TAB and C;3TACI) due to the
corresponding increase in hydrophobic character.

Solvolysis of MBSC in a three component system (y-CD/surfactant/MBSC) was
studied by keeping the MBSC and y-CD concentrations constant at 0.1 and 20 mM,
respectively, and varying the [C;(TAB]. As an example, the results obtained on using
C10TAB in the presence of y-CD are shown in Figure 6 (see Figure S-7 in the supporting
information for other surfactants). The complex kinetic behavior observed is
qualitatively the same regardless of the alkyl chain length of the surfactant.

A kinetic model to explain reactivity in the cyclodextrin/surfactant mixed system
has recently been developed in our group®’. The kinetic model is a combination of the
traditional pseudophase model, which includes ion exchange, and a competitive binding
model for the CD-catalyzed reaction. Some characteristics of mixed CD-surfactant
systems can be highlighted: (i) a complexation equilibrium between the surfactant and
the cyclodextrin can be established. As the surfactant concentration increases, the
concentration of uncomplexed surfactant monomers in equilibrium with the CD is
sufficient for the micellization process to begin. (if) The critical micelle concentration
has been found to shift to higher values in the presence of CD. (iii) Once the
micellization has started, interactions between CD and the micellar system will not be
established. (iv) At the micellization point an appreciable concentration of uncomplexed
CD must exist, [CD].

It can be seen from the solid line in Figure 6 that the competitive binding model
(see section VIII in supporting information) fails to explain the kinetic behavior. The
competitive binding model does not take into consideration the formation of
heterocomplexes, i.e., it only considers the formation of 1:1 and 1:2 homocomplexes
with C;¢TAB and a competitive binding of MBSC displacing C;yTAB to the bulk
aqueous media. The competitive binding model predicts that k,,; values increase on

increasing [C1oTAB] due to its competitive binding and release of MBSC to bulk water,
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where its solvolytic rate constant is much higher than that in the cyclodextrin cavity.
The observed rate constant increases up to a maximum value where the concentration of
free surfactant monomers is sufficient for micellization to occur. A further increase in
C10TAB concentration increases the number of micelles available for MBSC
solubilization in such a way that the kinetic behavior parallels that observed in the
presence of pure micellar aggregates. It can be observed that there is a large discrepancy
between the calculated and the observed rate constants, with the calculated values being
much higher than the experimentally obtained ones. As discussed below, this
discrepancy is mainly due to the omission of the MBSC:CD:C,(TAB 1:1:1 cooperative

complex in the reaction scheme.

6x10°

4x10°

kobs(s-l)

2x103

10+ 103 102 10
[C1oTAB] (M)

Figure 6: Influence of the surfactant concentration on ks for the hydrolysis of MBSC at 25.0 °C in the
presence of y-CD and C,,TAB. [y-CD] = 2 x 102 M; [MBSC] = 1 x 10 M. The solid line signifies
calculated values corresponding to a competitive binding by the cyclodextrin (see text).

On considering the results obtained previously from DOSY experiments it is
easy to understand the experimental behavior represented in Figures 6 and 7 from a
qualitative point of view. Four different regions can be considered to explain the
influence of [C19TAB] on k,: (i) For very small [C(TAB] (charts A and B in Figure 7)
there is a large excess of y-CD and the observed kinetic behavior is due to the inclusion
of MBSC and C;(TAB in the cyclodextrin cavity. The large excess of y-CD in
comparison with available guests means that the magnitude of &, is unaffected. (if) For
[C10TAB] ranging from (1-20) mM the observed rate constant decreases on increasing
the surfactant concentration. The formation of a 1:1:1 complex takes place in this region
(chart C in Figure 7), thus increasing the total amount of MBSC incorporated in the

cyclodextrin cavity and, consequently, decreasing its solvolytic reaction rate. (iii) An

16
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increase of k,,, with the surfactant concentration is observed in the region of [C;(TAB]
= (20-90) mM. In this concentration range the formation of 1:2 host:guest complexes
between y-CD and C;yTAB is observed along with the concomitant release of MBSC
from the 1:1:1 complex to bulk water. (iv) A further increase in the surfactant
concentration, [C;TAB]>100 mM, induces self-aggregation to form micelles along
with a consequent decrease in k,,; due to MBSC as a consequence of its incorporation
within the hydrophobic micellar core.

Once the micelles are formed, an inhibitory effect is observed because MBSC is
incorporated into the micelles. Therefore, the minimal surfactant concentration
necessary to observe an appreciable change in the maximum of kg is attributed to the
micellization point. It is important to mention that independent experiments confirmed
that the maximum in Figure 7 (observed for [C;yTAB] close to 100 mM) corresponds to
surfactant micellization under the reaction conditions. Under these experimental
conditions the critical micelle concentration was obtained from conductivity

experiments (see Figures S-5 and S-6 in supporting information), which gave a value of

cme = 100 mM.
MBSC ==—
L e
B
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| |
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w % — MBSC
D

D

)
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Figure 7: Influence of the surfactant concentration on ks for the hydrolysis of MBSC at 25.0 °C in the
presence of y-CD and C;oTAB. [y-CD] =2 x 10 >M; [MBSC] = 1 x 10 * M. The solid line corresponds to
the fit of equation 5 to the experimental data.
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The maximum observed in the plot of &, vs. surfactant concentration is due to
surfactant micellization. As can be observed in Figure S-7 in the supporting
information, the amount of surfactant needed for micellization in the presence of [y-CD]
=20 mM increases in the order C1sTACI (ca. 15 mM), C14TAB (ca. 22 mM);, C,(TAB
(ca. 100 mM), and CsTAB (ca. 250 mM). These values follow the trend in the critical
micelle concentrations in the absence of cyclodextrin: C;sTACI (0.22 mM), C4TAB
(3.5 mM), C(TAB (60 mM), and CsTAB (200 mM). The addition of cyclodextrin to a
surfactant solution increases the critical micelle concentration due to the inclusion of
surfactant in the CD cavity. This effect on the critical micelle concentration depends on
the balance between cyclodextrin complexation and surfactant self-aggregation in such
a way that a significant fraction of uncomplexed cyclodextrin coexists with the micellar
system.

Previous studies on mixed systems formed by B-CD and surfactants have shown
a competitive complexation scheme. In these studies®' the competitive formation of an
inclusion complex between the surfactant and B-CD leads to the release of MBSC to
bulk water and this gives rise to an increase in the observed rate constant. On the basis
of the information depicted in Figure 6, this possibility can be ruled out in the case of y-
CD because the large size of the cavity allows multiple complexation. The kinetic
model should be broadened in the present case in order to take into account the
possibility of multiple complexation in a cooperative way. The actual kinetic model is
depicted in Scheme 3, where the absence of interactions between micelles and y-CD as
well as the existence of two simultaneous reaction paths are considered: the reaction of
the free substrate in the aqueous medium, 4, and the reaction of the substrate associated
with the micelle, k,,. As shown previously, the reaction of the substrate bound to the y-
CD can be neglected because of the low polarity of its cavity. The release of water from
the cyclodextrin cavity in multiple complexation (1:1:1) is greater than for binary
complexes, thus resulting in a cavity with a lower polarity. The solvolytic rate constant
in the ternary 1:1:1 complex is expected to be much lower than in the 1:1 complex and,

as a consequence, this can be neglected.

18

Page 18 of 27



Page 19 of 27

Organic & Biomolecular Chemistry

Scheme 3
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This mechanistic scheme allowed us to derive the following expression for the

observed rate constant:

Kw+km KN BSC[Dy]

5
1+KMBSC[D,, 1+ KMBSC(cp] r+K S10T4P ¢, g TAB][CD] )

kops =

To solve the above equation it is necessary to know the concentration of micellized
surfactant in the mixed system, [D,], and this is obtained as the total surfactant
concentration minus the critical micelle concentration of the mixed system. The critical
micelle concentration is assumed to be the surfactant concentration corresponding to the
maximum value of &, in Figure 7 (close to 100 mM). It is important to note that this
assumption was confirmed by conductimetric determination of the cmc (see Figures S-5
and S-6 in the supporting information). Moreover, it is necessary to know the
concentration of uncomplexed cyclodextrin, [CD], for each surfactant concentration.

This value can be obtained from binding constants taking into account simultaneous

substrate complexation by CD, K{7P5¢, surfactant complexation with a 1:1, K1C,11°TAB,
and 1:2 stoichiometry, KE;OTAB, as well as ternary complexes with the simultaneous
inclusion of MBSC and surfactant, K1C1101T AB:MBSC.
KMBSC — [CD: MBSC] C1oTAB _ [CD: C1(,TAB] (6)
' [MBSC],,[cD]; "t [CD];[C1oTAB]
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g CloTAB _ [CD: (CyTAB),] K CroTAB:MBSC _ [MBSC:CD: C;,TAB]

1:2 [CD: C,,TAB][C1,TAB] L1l [MBSC][CD: C,,TAB]

The mass balances for the total concentrations of y-CD, surfactant, and substrate for

surfactant concentrations below the critical micelle concentration are:

[CD]7 = [CD]; + [CD: MBSC] + [CD: C1TAB] + [CD: (C1oTAB),] + [MBSC: CD: C1sTAB]  (7)

[Sl = [S]; + [CD: C;oTAB] + 2[CD: (C1oTAB),] + [MBSC: CD: C;,TAB] ~ (8)

[MBSC]y = [MBSC]; + [CD: MBSC] + [MBSC: CD: C;,TAB] )
In order to obtain [CD]; the values of KMBSC, K{10™8 | (10748 and g§10lA5HESE

C1oTAB

. C10TA
are required. The values of K|} 3

and K;2°™*" were previously determined by DOSY

KMBSC

experiments. The binding constant for MBSC to y-CD, K{:°°“ was previously obtained

from kinetic experiments carried out in the absence of C;(TAB. In order to obtain the

value of K[114PMP5C the above equations were solved for different values of

K 20TAPMESC and this provided the concentration of uncomplexed y-CD for each

surfactant concentration. The [CD]; values and the [D,] values can be used to fit the

experimental ko values to equation 5 (solid curve in Figure 7). The value of

K 0TABMBSC - for which the best root-mean-square deviation (x”) values were obtained

in the fitting of eq. 5 to the experimental results, was taken as optimal. From this

method the optimal value K, 2% “#**P5¢ = 585 M"! was obtained. Moreover, fitting of the

experimental results to eq. 5 by a nonlinear regression method provided the values for
the distribution constant of MBSC between the water and the micellar pseudophase, Ky,
=90 Ml, the rate constant in the micellar pseudophase, &, = 1.8 x 10 s_l, and the rate
constant in water, ky = 5.7 X 107 s7L. 1t should be mentioned that the value for the

ternary complex, K, 201 A#MPS¢ = 585 M', is much higher than that obtained when both

guests are the same. In the case of the C;(TAB surfactant a value of chéoTAB =350 M!
was obtained and for NPA, a guest with similar structure to MBSC, a value of K\J4 =
30 M was obtained. It is thought that these results are a consequence of the perfect fit

in the y-CD cavity of the alkyl chain of the surfactant and the MBSC.
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The formation of a ternary complex is of major importance in the reaction
pathway. Values of k. are very useful to obtain [CD]; in cases where a competitive
complexation mechanism operates13 5 In this situation the calibration curve can be
obtained by regrouping equation 4 and using previously obtained values for KMZ5¢ and
k,,. According to this procedure, and on using the k,, values at the maximum, k,»; = 3.2
x 107s™, a value of [CD] 5 = 11.5 mM can be calculated and this indicates that almost
57% of the cyclodextrin is uncomplexed in equilibrium with the micellar systems
formed by C1yTAB. This value is much higher than that obtained from equilibrium
constants, [CD]; = 0.54 mM, which correspond to 2.7% uncomplexed cyclodextrin. The
main reason for this discrepancy is that the calibration procedure does not take into
account the formation of ternary 1:1:1 complexes.

Equations 6-9 can be used to calculate the concentration distribution of the
different species that are present in the mixed system (see Figure 8) before the
micellization process begins ([C;(TAB] = 0.1 M). Firstly, it should be mentioned that
there is a non-zero concentration of uncomplexed y-CD. This result is consistent with
previous studies in our laboratory, in which it was found that saturation of the
cyclodextrin complexation ability is not necessary prior to micellization. Instead,
cyclodextrin complexation and surfactant self-assembly are processes that take place
simultaneously and the balance between them should be responsible for the existence of
[CD]¢ in equilibrium with the micellar system. The percentage of uncomplexed
cyclodextrin'® increases both on decreasing and increasing the surfactant
hydrophobicity, with a minimum value found for alkyl chains close to 10 carbon atoms.
On decreasing the hydrophobicity the predominant effect is the low tendency to
complex formation by the cyclodextrin cavity. Surfactants with very high
hydrophobicity bind strongly to cyclodextrins but their ability to self-assemble also

increases to the extent that micellization predominates over cyclodextrin complexation.
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Figure 8: (Left) Concentration distribution of [CD]; (red line); CD:C;(TAB complex (blue line);
CD:(C(TAB), complex (black line) and MBSC:CD:C;(,TAB ternary complex (green line) as a function
of [C1oTAB] in the presence of [y-CD] = 2 x 10> M. (Right) Concentration distribution of uncomplexed
MBSC (green line); CD:MBSC complex (blue line) and MBSC:CD:C;(TAB ternary complex (red line) as
a function of [C;yTAB] in the presence of [y-CD] =2 x 102 M.

It can be seen from Figure 8 (left) that the CD:C;(TAB 1:1 complex
predominates over the CD:(C;oTAB), 1:2 complex for regions with a large excess of
cyclodextrin over surfactant. When the ratio [CD]/[C;(TAB] approaches unity or
increases beyond this point, the higher stoichiometric complex predominates. It should
be noted that the concentration of the 1:2 complex reaches a limiting value on
increasing the surfactant concentration because almost all of the cyclodextrin is
complexed. Under these conditions a further increase in C;(TAB cannot yield more
complex due to the absence of available cyclodextrin. More relevant for the present
study is the fact that the evolution of the 1:1:1 complex increases with C(TAB
concentration up to a maximum value, after which it decreases in the presence of a large
excess of surfactant when the 1:2 complex predominates. The concentration of this
complex is much lower than that of the CD:C;(TAB 1:1 and CD:(C,(TAB), complexes
as a result of the large excess of y-CD (20 mM) in comparison with MBSC (0.1 mM).

The situation depicted in Figure 8 (right) has significant implications on
chemical reactivity results because different states of MBSC are shown. From a kinetic
point of view, it should be mentioned that only the uncomplexed MBSC contributes to
the solvolytic rate constant. In fact, it can be observed that the kinetic profile shown in
Figure 7 parallels the uncomplexed MBSC concentration profile shown in Figure 8. It
should be noted that almost 60% of uncomplexed MBSC is present at very low C;(TAB
concentration. On increasing the surfactant concentration the percentage of CD:MBSC

1:1 complex decreases, as one would expect from a competitive binding situation, but
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the molar fraction of MBSC:CD:C(TAB increases due to cooperative binding. As a
consequence of the cooperative binding, the 1:1:1 complex is the predominant species
until [C1¢TAB] is equal to 30 mM. A further increase in surfactant concentration leads
to an increase in the percentage of the CD:(C;(TAB), 1:2 complex and a decrease in the
concentration of the 1:1:1 ternary one, with a consequent increase in the uncomplexed
MBSC concentration. This increase in the concentration of uncomplexed MBSC is the
reason why k. increases prior to surfactant micellization in Figure 7. We have shown
previously that the calibration method failed in calculating the fraction of uncomplexed
cyclodextrin in equilibrium with the micellar system. This failure is due to an inherent
limitation in the calibration procedure because both the 1:1 CD:MBSC and 1:1:1
MBSC:CD:C;(TAB are kinetically silent from the point of view of solvolytic reactivity.
As a consequence, the value of the observed rate constant at the micellization point is
attributed to the balance between free MBSC and 1:1 complex but the existence of the

ternary 1:1:1 complex is ignored.
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CONCLUSIONS

The results obtained from kinetic and DOSY experiments allowed us to conclude that y-
CD molecules can form different types of complexes (1:1, 1:2 and 1:1:1) with two
guests operating simultaneously. A cooperative effect is observed in the formation of
the ternary heterocomplexes (1:1:1) as in the case of the surfactant complexation. This
behavior is in contrast to that observed with 3-CD, for which competitive formation of
the PB-CD:surfactant inclusion complexes is observed. In the case of B-CD, the
formation of these inclusion complexes displaces the MBSC to the aqueous medium.
However, in the case of y-CD a binary inclusion complex y-CD:MBSC (1:1 complex) is
observed first and a further increase in surfactant concentration induces the formation of
a hetero inclusion complex formed by y-CD:surfactant:MBSC (1:1:1 complex). Finally,
a subsequent increase in surfactant concentration leads to the formation of a v-
CD:(surfactant), (1:2 complex) in a competitive way, which displaces the MBSC to the
aqueous medium. As a consequence of this multiple complexation the chemical

reactivity shows very complex behavior.
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Multiple recognition by cooperative/competitive mechanisms to form a 1:1:1 inclusion

complex plays a crucial role in determining chemical reactivity in the y-CD cavity.
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