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Abstract

PM3 and B3LYP/3-21+g(d) calculations were performed on the inclusion complexation of «- and B-cyclodextrin with
inorganic cations and anions including Li*, Na™, F~, and CI~. Both the gas-phase interaction and solvent effect were taken
into consideration. The CD complex with an anion was more stable than that with a cation, which was in agreement with
the experimental findings. It was proposed that hydrogen bonding between the anion and the cyclodextrin cavity was the

physical origin of such behavior.

Introduction

Cyclodextrins (CDs), cyclic oligomers of «-D-glucose units
connected through glycosidic «-1,4 bonds, can form inclu-
sion complexes with a variety of organic compounds [1].
CD chemistry has attracted much attention, not only due
to its applications to pharmaceutical science and separa-
tion technology, but also because inclusion represents an
ideal model mimicking enzyme-substrate interactions [2].
CD inclusion complexes are also valuable models for under-
standing non-covalent intermolecular interactions because
of their relatively simple and rigid structures [3]. The major
driving forces leading to complexation have been proposed
to include electrostatic interaction, van der Waals interac-
tion, hydrophobic interaction, and hydrogen bonding [4,
5]

The electrostatic interaction energy is the energy of in-
teraction between the undistorted charge distributions of the
two molecules interacting with each other. It includes all
electrostatic forces between permanent charges, dipoles and
higher multipoles present in the system. Normally, three
types of electrostatic interactions are the most important,
i.e., ion-ion interaction, ion—dipole interaction, and dipole—
dipole interaction. As CDs are neutral molecules, the ion-ion
interaction does not occur in CD complexation, unless the
CD is appropriately modified with charged groups [6]. On
the other hand, the ion-dipole interaction is expected to take
place in CD complexation apparently because CDs are polar
molecules. However, the occurrence of this interaction is
difficult to show.

Nevertheless, CD complexes with inorganic ions should
be a good system where the ion—dipole interaction is ex-
pected to be important. Fortunately, the CD-ion binding
constants have also been known to be measurable in water
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with various methods such as conductometry, potentiometry,
spectrophotometry, and polarography [7]. In particular, the
binding of CDs with anions (e.g., F~ and C1™) were found
to be much stronger than the binding of CDs with cations
(e.g., LiT and Na™) [8]. This is a very interesting yet unad-
dressed phenomenon especially when one notices that Na™
and F~ are isoelectronic. Therefore, it prompted us to carry
out a theoretical study on the inclusion complexation of CDs
with inorganic ions in order to understand the underlying
interactions.

Clearly, our theoretical study on CD complexation would
rely much on the gas phase interactions. The solvation effect
could be included using various continuum solvation mod-
els, but whether these models could give reasonable results
remains to see. Nevertheless, it should be mentioned that
the CD inclusion complexes have been successfully detected
in the gas phase recently using various techniques includ-
ing electrospray ionization, matrix assisted laser desorption
ionization, and fast atom bombardment mass spectroscopy
[9]. Considering the importance of simple cations and anions
in modern mass spectroscopy techniques, it would also be
valuable to study the gas phase CD-ions interactions.

In fact, as early as 1994, Lebrilla et al., studied the CD
complexes with cations including Lit, Na™, KT, and Cs* in
the gas phase using liquid secondary ion mass spectrometry
[10]. They found that decay rates of the CD complexes de-
crease as the size of cations increase. In 1997, Bowers et al.
studied gas phase structrues of sodiated «-cyclodextrin in
the gas phase using both experimental and theoretical meth-
ods [11]. Their results suggested that the CD-Na™ complex
should be an inclusion one because Na™ is located in the
CD cavity. However, it was proposed that in the complex
CD was highly distorted and Na™ could interact with four
sugar units. Moreover, in 1999 Kojima et al. studied the CD
complexes with triply charged metal ions such as Sc3* and
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Y3+ [12]. All these studies indicate that besides the hydro-
phobic effect, which cannot take place in the gas phase, other
interactions should also be important for CD complexation.

Methods

All the calculations were done with GAUSSIAN 98 [13].
a- and B-CD were built and optimized with PM3 from the
crystal structure [14]. The glycosidic oxygens were placed
onto the XY plane and their center was defined as the center
of the coordination system. The primary OH groups were
placed pointing toward the positive Z-axis. The inclusion
complex was constructed from the PM3-optimized CD and
the inorganic substrate. The position of the substrate was
defined by its Z coordinate. The inclusion complexation
was emulated by entering the substrate from one end of
the CD and then letting it pass through the CD by steps.
At each step, the geometry of the complex was completely
optimized with PM3 without any restriction. DFT single-
point calculation at the level of B3LYP/3-21+g* was then
performed on all the PM3-optimized species to obtain more
accurate total energies, both in vacuo and in water solu-
tion by using the Onsager continuum solvation model based
on the self-consistent reaction field (SCRF) method [15]. It
should be mentioned that this continuum solvation model
only considers the solvent as a continuous dielectric with a
cavity accurately modeled for the solute. In the model, the
solvent reacts against the solute charge distribution, generat-
ing a reaction field, and the electrostatic interaction between
the solute and the solvent is introduced as a perturbation
operator in the solute hamiltonian.

Results and discussion

The graphic presentation of the energy changes produces
roughly V-shape curves for the inclusion complexation of
ions into CDs, typically as shown in Figure 1. From these
curves, it is clear that computation on CD complexation is a
multiple-minimum problem, because every spot on the curve
is a real minimum on the potential surface. Therefore, a thor-
ough examination of the potential surface is necessary using
the systematic multi-step technique as mentioned above. The
resulting energy curves show that the complex is the most
stable when the substrate approaches to the center of the host
cavity.

Nevertheless, we are more interested in the global min-
imum spot on the potential surface, whose position can be
easily found according to Figure 1. Using this method, we
obtained the optimal structures of the CD-ion complexes as
shown in Figure 2. The energetic aspects of all the com-
plexes are summarized in Table 1. From Figure 2, it can
be seen that CDs indeed are able to form inclusion com-
plexes with inorganic ions. The negative binding energies
as shown in Table 1 clearly demonstrate that these inclusion
complexes are also stable, at least in the gas phase. Notably,
the stabilization energies upon complexation calculated with
PM3 are qualitatively close to those with B3LYP/3-21+g*.
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Figure 1. Graphic presentations for the inclusion complexation of fluoride
anion into (a) «-CD and (b) 8-CD cavities.

Thus, optimization with PM3 on CDs is not only feasible
but also qualitatively reliable.

However, when continuum solvation effects are taken
into consideration by SCRF calculations, the binding ener-
gies become a little larger. The magnitudes of the binding
energies in water, 40-350 kJ/mol, clearly would predict
much larger binding constants than those ever measured for
the ions (<100 L/mol). Therefore, the continuum solva-
tion model completely fails for the CD-ion complexes. It
is conceivable that the ions should be complexed to water
molecules before they bind to CDs. Breaking these water-
ion complexes would need considerable free energy, which
is not taken into consideration by the continuum solvation
model [16].

Nevertheless, a binding energy of 40-350 kJ/mol is reas-
onable for a gas phase molecule-ion complex. Therefore,
we expect that our calculations of the CD-ion complexes
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Figure 2. PM3 optimized structures of the complexes of «-CD with (a) lithium cation (b) fluoride anion. (c¢) sodium cation (d) chloride anion, and 8-CD
with (e) lithium cation (f) fluoride anion. (g) sodium cation and (h) chloride anion.
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Figure 2. Continued.
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Figure 2. Continued.

in vacuum should provide valuable insights into the real
interactions whose many aspects are hard to reveal experi-
mentally. For example, from calculations it is clear that in
both the - and B-CD complexes, F~ always has a larger
binding energy than C1~. This observation is interesting, be-
cause according to the experimental measurements (in water,
however) the binding constants of CDs with halide anions
should decrease in the order I™ > Br™ >F~ > CI™.
Obviously, the reason that iodide binds more strongly
than other halide anions lies in the larger size of iodide which
enhances the van der Waals interaction between the substrate
and CD [5]. The same mechanism can also be used to ex-
plain the stronger binding of bromide anion than fluoride and
chloride anions. However, the situation changes when we
compare the fluoride and chloride anions. The only possible
reason for this behavior should be the hydrogen bond.
According to Figure 2, fluoride and chloride anions are
located in the cavity of «-CD near its secondary rim. Three
hydrogen bonds are identified between the anion and the
secondary hydroxyl groups of «¢-CD. On the other hand, in
the B-CD complexes, fluoride is hydrogen bonded to three
hydroxyl groups of the primary rim, whereas chloride is
hydrogen bonded to two hydroxyl groups of the secondary

rim. The fact that 8-CD is more flexible than «-CD clearly
is the reason for the more complicated modes of binding
seen with the 8-CD. Nevertheless, because the F~ ... H-—
O hydrogen bonding (101.7 kJ/mol for F~ ... H-O-CH3
by PM3) is much stronger than the C1~ ... H-O one (e.g.,
73.2 kJ/mol for C1™ ... H-O by PM3), it is understandable
than the fluoride-CD complex should be more stable than
the chloride one although the latter enjoyed a larger van der
Waals force.

In contrast to CD binding with anions, CDs bind much
more weakly with cations. The same trend is also observed
experimentally, although the medium is water. Obviously,
the reason for the weaker binding is the lack of any hydrogen
bond. In fact, in all the cation-CD complexes, the cation
is located right at the center of the CD cavity surrounded
by six or seven glycosidic oxygens. The conformation of
the CD cavity is not significantly distorted by the binding,
either. Also interestingly, according to Table 1 the CD-Na™
complexes are more stable than the CD-Li™ complexes. Pre-
sumably, the larger size of Na™ causes larger van der Waals
interaction in the sodium complex than the lithium one.
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Table 1. Energies of the complexes of CDs with inorganic ions (kJ/mol)

Complex Method Total energy of ion  Total energy of CD  Total energy of complex  Binding energy
PM3 - —5212.44 —5056.02 -
a-CD-Lit B3LYP/3-21+g* (in vacuo) —18974.53 —9560937.40 —9579970.45 —58.5
B3LYP/3-21+g* (in water) —18974.53 —9560938.89 —9579970.70 —57.3
PM3 - —5212.44 —5217.37 -
«@-CD-Na™  B3LYP/3-21+g* (in vacuo) —422498.51 —9560937.40 —9983534.72 —98.8
B3LYP/3-21+g* (in water) —422498.51 —9560938.89 —9983534.96 —-97.6
PM3 —130.55 —5212.44 —5685.33 —342.3
a-CD-F~ B3LYP/3-21+g* (in vacuo) —260638.47 —9560937.40 —0821832.57 —256.8
B3LYP/3-21+g* (in water) —260638.47 —9560938.89 —9821839.07 —261.7
PM3 —214.14 —5212.44 —5655.29 —228.7
«-CD-CI™ B3LYP/3-21+g* (in vacuo)  —1201841.9 —9560937.40 —10762905.11 —125.8
B3LYP/3-21+g* (in water) —1201841.9 —9560938.89 —10762914.66 —133.9
PM3 - —6082.82 —5921.47 -
B-CD-Lit B3LYP/3-21+g* (in vacuo) —18974.53 —11154227.99 —11173154.52 —45.8
B3LYP/3-21+g* (in water) —18974.53 —11154228.73 —11173410.25 —48.2
PM3 - —6082.82 —6082.82 -
B-CD-Nat  B3LYP/3-21+g* (in vacuo) —422498.51 —11154227.99 —11576795.37 —68.9
B3LYP/3-21+g* (in water) —422498.51 —11154228.73 —11576798.66 —71.4
PM3 —130.55 —6082.82 —6554.96 —341.6
B-CD-F~ B3LYP/3-21+g* (in vacuo) —260638.47 —11154227.99 —11415250.19 —383.7
B3LYP/3-21+g* (in water) —260638.47 —11154228.73 —11415253.08 —385.9
PM3 —214.14 —6082.82 —6529.79 —232.8
B-CD-CI— B3LYP/3-21+g* (in vacuo)  —1201841.9 —11154227.99 —12356347.05 —277.2
B3LYP/3-21+g* (in water) —1201841.9 —11154228.73 —12356350.04 —279.4
Conclusions Rekharsky and Y. Inoue: Chem. Rev. 98, 1875 (1998). (d) L. Liu, K.-S.

PM3 and B3LYP/3-21+g* calculations in vacuum and in
water were performed on the complexation of CDs with in-
organic cations and anions. The results suggested that the
complexation of CDs with the anions was more favorable
than that with cations. Hydrogen bonding between the anion
and CD cavity was proposed as the physical origin of such a
behavior.
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