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Abstract: The supramolecular interactions between Imipramine hydrochloride (IMI), a tricyclic antidepres-
sant, and f-cyclodextrin (SCD) have been investigated by experimental techniques and theoretical
calculations. The association between these molecules might be lead to a host/guest compound, in which
the physical chemistry properties of the guest molecule, such as high solubility, can be decreased. These
new properties acquired by the inclusion phenomena are important to develop a strategy for pharmaceutical
formulation. Nuclear magnetic resonance and horizontal attenuated total reflectance provided relevant
information on the complex stoichiometries and the sites of interactions between the host and guest
molecules. Stoichiometries of 1:2, 1:1, and 2:1 SCD/IMI have been detected in solution. Self-diffusion
coefficient and dynamic light scattering analysis provided information on the self-aggregation of the complex.
Also, isothermal titration calorimetry studies indicated the existence of equilibrium between different
complexes in solution. In order to determine the preferred arrangement for the inclusion complex formed
by the IMI molecule and SCD, theoretical calculations were performed. Of all proposed supramolecular
structures, the 2:1 SCD/IMI complex was calculated to be the most energetically favorable, in both gas
and aqueous phases. The calculations indicated that the intermolecular hydrogen bonds involving the
hydroxyl groups of SCD play a major role in stabilizing the supramolecular 2:1 structure, corroborating

experimental findings.

1. Introduction

Understanding supramolecular topology and stoichiometry is
fundamental for the design and control of supramolecular
systems.' The interactions that occur between molecules in order
to assemble the supramolecular systems determine their proper-
ties, which can be quite different from those of the individual
molecular species.” Among these properties, one can highlight
changes in solubility, reactivity, volatilization, and also, when
in the solid state, the microcrystalline structure.® In general,
supramolecular systems can be generated by various interactions,
which can involve simultaneous interaction between two or more
moieties.* The main interactions observed in the supramolecular
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systems are electrostatic interactions, hydrogen bonding, van
der Waals forces, and hydrophobic interactions.’

One of the most investigated classes of molecules, which
possess the ability to form a supramolecular system, are
cyclodextrins (CDs), naturally occurring water-soluble oligosac-
charides.® Such molecules have a toroidal shape with a
hydrophobic cavity, into which can be inserted a variety of
organic and inorganic guest molecules, with formation of
inclusion complexes (ICs).>’~° The hydrophilic nature of the
outer surface of the cyclic structure makes the cyclodextrins
somewhat water-soluble.
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Figure 1. Structure of (a) Imipramine hydrochloride and (b) S-cyclodextrin monomer.
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Figure 2. Comparison of the FTIR-HATR spectra of SCD 6.65, IMI 13.35 mM, and the respective IC, at 1600—800 cm ™' region.

CDs have been extensively used in several research areas.
These compounds find important applications in particular in
biochemistry and drug research, due to their multifunctional
characteristics and bioadaptability. The study of drug inclusion
with pharmaceutical activity is one of the most extensively
researched fields. The main advantages in using CDs in
pharmaceutical formulations include enhanced aqueous solubil-
ity, bioavailability, and stability.'” In addition, from the
viewpoint of pharmacotherapy optimization, drug release should
be controlled in accordance with the therapeutics proposed and
the pharmacological properties of active substances.'’

Another significant research area is the self-assembly of
inclusion complexes to give high molecular weight species.'?
Recently the self-aggregation of CDs themselves has also been

postulated.'>'* Self-aggregation could fundamentally effect the
release of the guest molecule from the nanostructured matrix,
and it could account for the sustained release profiles of several
pharmaceutical compounds from IC formulations. Thus, it is
crucial to understand the nature of these interactions, which lead
to the formation of high molecular weight systems.

In this article we report on the complexation between
p-cyclodextrin (3CD) and Imipramine (IMI), Figure 1, and their
topologies and stoichiometry. IMI is a tricyclic antidepressant
(TCA): it is only effective in 60—70% of cases and is in use
today.'® This class of drug is increasingly prescribed for multiple
indications but is responsible for many pediatric poisoning
fatalities.'® Tn order to design a more advanced dosage form
and to reduce the drawbacks from its administration, the
association of IMI with SCD can be considered an alternative

(10) Davis, M. E.; Brewster, M. E. | NG NENINIGIEGEET 2004. 5.

1023-1035.
(11) Hirayama, F.; Uekama, K. | N NN 1999. 36. 125-
141

(12) Denadai, A. M. L.; Santoro, M. M.: Silva. L. H. D.: Viana_ A. T.:

Santos, R. A. S.; Sinisterra, R. D. | I N

Chem. 2006, 55, 41-49.

(13) Bonini, M.; Rossi, S.; Karlsson, G.; Almgren, M.; Nostro, P. L.;
Baglioni, P. Legeudy 2006, 22, 1478-1484.
(14) Loftsson, T.; Masson, M.; Brewster, M. E. J. Pharm. Sci. 2003, 92,

1091-1099.
(15) Wong, M.-L.; Licinio, J. | N 2004. 3. 136-
151.

(16) Rosenbaum, T. G.; Kou, M. jinsida. 2005, 28, 169-174.
J. AM. CHEM. SOC. = VOL. 130, NO. 26, 2008 8427


http://pubs.acs.org/action/showImage?doi=10.1021/ja801080v&iName=master.img-000.png&w=351&h=170
http://pubs.acs.org/action/showImage?doi=10.1021/ja801080v&iName=master.img-001.jpg&w=299&h=224

ARTICLES

Sousa et al.

Table 1. 'H NMR (at 400 MHz, in D2O) Chemical Shifts of IMI and
ICs at 1:1 and 2:1 SCD/IMI at 27.0 °C

hydrogens o IMI 0 1C 1:1 A0S IC 1:12 d1C 21 Ad IC 2:1°
171" 6.92 7.03 —0.11 7.04 —0.12
2/2' 7.12 7.19 —0.07 7.19 —0.07
3/3" 7.04 7.16 —0.12 7.14 —=0.10
6/6' 7.06 7.16 —0.10 7.14 —0.08
s 2.99 3.23 —0.24 3.25 —0.26
8 3.64 3.97 —0.30 4.00 —0.36
9 1.78 2.06 —0.28 2.08 —0.30
10 2.88 3.15 —-0.27 3.17 —0.29
11/11 2.56 2.75 —0.19 2.77 —0.21
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Figure 3. Titration process of IC, FTIR-HATR transmittance (at 1030
cm ') versus molar ratio (IMI/ACD).

AU =
Job's Plot
1 RCD/MI 2:1
25 | ]
¥

| 20+ i
E ’ .
B J _ =
B 154 E ]
i .
_E 1.0 i
5

054 pcoaMi 12 E E % {

0.0 - [ E " Gaussian function R’= 098583

0.5 T v T ¥ T T T T T T

0.0 02 04 0.6 0.8 I
[BCDVABCDEEIMID

Figure 4. Continuous variation plot (Job plot) obtained from the SCD
FTIR-HATR transmittance at 1030 cm™".

Scheme 1. Most probable supramolecular complexes (1:1; 2:1,
and 1:2 SCD/IMI) which occur in solution
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strategy for pharmaceutical formulation. It is also important to
mention that the high solubility of IMI is not a desirable feature
for a drug delivery system, since it reduces its biodisponibility.
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“Ad =06 IMI -6 1:1 BCD/IML * Ad = & IMI - § 2:1 SCD/IML

Another focus of our work was the determination of whether
the simple inclusion compounds were able to form high
molecular weight aggregates. In order to investigate and
characterize the SCD/IMI IC a variety of experimental tech-
niques have been used: nuclear magnetic resonance techniques
(lH, spin—lattice relaxation times, nuclear Overhauser effect,
and diffusion-ordered spectroscopy),®'” horizontal attenuated
total reflectance,'®'® dynamic light scattering, and also isother-
mal titration calorimetry.'” In addition, all topologies and
stoichiometries proposed for the ICs were also investigated by
theoretical calculations carried out at semiempirical and density
functional theory (DFT) levels of theory.

2. Experimental Section

Reagents and Inclusion Compounds Preparation. Imipramine
hydrochloride (IMI) and 3-cyclodextrin (6CD) were obtained from
Galena, Minas Gerais (Brazil), and Xiamen Mchem, Xiamen
(China), respectively. All ICs were prepared by the freeze-drying
method using 0.5:1, 1:1, and 2:1 SCD/IMI molar ratios. An aqueous
solution of the components, SCD and IMI, was stirred for 4 h to
ensure that equilibrium had been reached and then were frozen in
liquid nitrogen and lyophilized (Savant ModulyoD - Freeze-Dryer,
Thermo Electron Corp., Waltham, MA, USA) for 48 h.

FTIR-HATR Spectroscopy. A Perkin-Elmer spectrophotometer
model (Spectrum GX; Perkin-Elmer, Boston, MA, USA), with a
KBr beam splitter, equipped with a Horizontal Attenuated Total
Reflectance (HATR) accessory with a ZnSe cell was used to acquire
all spectra. The spectra, 128 scans, were recorded in the range
4000—590 c¢cm™ !, with a resolution of 4 cm™'. The reference
spectrum of pure water was subtracted from each spectrum obtained
during the titration process. To reduce atmosphere effects, the
sample detector was purged with Ny, before collecting the back-
ground and titration spectra. All spectra were recorded in triplicate
at room temperature, 23.0 £ 1.0 °C.'%"?

Two methodologies were used to investigate the SCD/IMI
inclusion complex: (i) the Job (continuous variation) plot, using
BCD vcoc at 1030 cm ™ ': the total molar concentration of the two
components was kept constant (10.0 mM) but the molar fraction
of ACD {[BCD]/([ACD] + [IMI])} varied from 0.05 to 0.95;%° (ii)
titration of SCD with IMI in which the concentrations of the species,
BCD and IMI, varied from 12.0 to 6.0 mM and 2.7 to 15.0 mM,
respectively. These two methodologies were used not only to
investigate the vibrational spectral changes but also to estimate the
existence of different stoichiometries in aqueous solution.

(17) Lula, I.; Denadai, A. L.; Resende, J. M.; De Sousa, F. B.; de Lima,
G. F.; Pilo-Veloso, D.; Heine, T.; Duarte, H. A.; Santos, R. A. S.;
Slmsterra R. D. WZOW 28 2199-2210.

(18) De Sousa, F. B.; Denadai, A. M. L.; Lula, L. S.; Lopes, J. F.; Dos
Santos, H. F.; De Almeida, W. B.; Smlsterra R. D. Int. J. Pharm
2008, 353, 160—169.

(19) De Sousa, F. B.; Oliveira, M. F.; Lula, I. S.; Sansiviero, M. T. C.;
Cortés, M. E.; Sinisterra, R. D. i . 2008, 46, 57-62.
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Figure 5. Expansion of "H NMR spectra (at 400 MHz in D,0) at 6 = 6.80—7.30 to (a) pure IMI, (b) IC at 1:1 SCD/IMI molar ratio, and (c) 2:1 SCD/IMI

molar ratio.

Table 2. Ty Values to IMI, ICs at 1:1 and 2:1 SCD/IMI, and the
ATi/s for each system

hydrogens Ti/s IMI Ti/s IC 1:1 ATs Ti/s IC 2:1 ATs
1 1.76 1.27 0.49 1.10 0.66
2/2' 1.67 1.03 0.64 1.09 0.58
3/3'

6/6'

s 0.62 0.43 0.19 0.38 0.24
8 0.37 0.24 0.13 0.22 0.15
9 0.50 0.36 0.14 0.32 0.18
10 0.64 0.45 0.19 0.40 0.24
11/11 0.91 0.84 0.07 0.77 0.14

“ATy/s = Ti/s IMI — Ty/s IC 1:1. ® ATi/s = Ty/s IMI — Ty/s IC 2:1.

Nuclear Magnetic Resonance Spectroscopy. The ICs prepared
by the freeze-drying method were dissolved in D,O (Cambridge
Isotope Laboratories, Inc. - 99.9% of isotopic purity) and used to
investigate the inclusion process by nuclear magnetic resonance
spectroscopy.

NMR spectra were recorded at 27.0 °C on a Bruker DRX 400 -
AVANCE spectrometer (Bruker BioSpin, Rheinstetten, Germany)
operating at 400 MHz, equipped with a 5 mm inverse probe with
a z-gradient coil. '"H NMR spectra were achieved using the
WATERGATE technique for suppression of the residual water
signal.?'*? The nuclear Overhauser enhancement spectroscopy (2D

(21) Piotto, M.; Saudek, V.; Sklenar, V. J. Biomol. NMR 1992, 2, 661—
665.

NOESY) experiments (mixing time 500 ms) and spin—lattice
relaxation times (7;) were acquired using standard experiments from
the spectrometer library.?** Diffusion-ordered spectroscopy (DOSY)
experiments were performed using the simulated echo with a bipolar
gradient pulse pair sequence, modified with an introduction of a
presaturation pulse for solvent signal suppression (STEBPGP1S).%°2¢
The magnetic field pulse gradients duration (J) and the diffusion
times (D) were optimized for each sample in order to obtain a
complete signals dephasing with the maximum gradient strength.
A series of 16 STEBPGPIS spectra on 16 K data points were
collected in each NMR experiment, and the 6 and D values were
3 and 33 ms, respectively. The pulses gradients were incremented
from 2 to 95% of the gradient strength in a linear ramp.
Dynamic Light Scattering. The dynamic light scattering (DLS)
measurements were performed in a Zetasizer ZS Nano Series
(Malvern Instruments Ltd., United Kingdom), using a polyethylene
square cell to measure the average hydrodynamic diameter of pure
IMI and the 1:1 SCD/IMI complex. The solutions were subjected
to scattering by a monochromatic light (10 mW He—Ne laser,

(22) Sklenar, V.; Piotto, M.; Leppik, R.; Saudek, V. | NI
A 1993, 102, 241-245.

(23) Bax, A.; Davis, D. G. J. Magn. Reson. 1969, 63, 207-213.

(24) Gil, V. M. S.; Geraldes, C. F. Ressondncia Magnética Nuclear.
Fundamentos, Métodos e Aplicacdes; Fundacao Calouste Gulbenkian:
Portugal, 1987.

(25) Pelta, M. D.; Barjat, H.; Morris, G. A.; Davis, A. L.; Hammond, S. J.

. 1999, 36, 706-714.

(26) Tillett, M. L.; Lian, L.-Y.; Norwood, T. J. jiniay. 1998, /33,

379-384.
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Figure 6. (a) NMR 2D NOESY contour map (at 400 MHz, mixing time 500 ms) in D,O of SCD/IMI inclusion complex and (b) expansion of the NMR

2D NOESY contour map of the IMI aromatic region.

LogD
L L ‘Ll . | * b | )J“. . LogD
a) | “ 960 b)
I 1l -9.60]
'| ! | ! .40 H
| BN | | |
' ' -9.40]
) : 920 ‘ I
l | -920]
-9.00
-9.00]
-8.80
ppm 8.0 6.0 40 240 0.0 ppm 80 64 40 2.0 00
A I _ML | LogD . u !L l | LogD
<) [ 980 d)
I . I I 98
N -
‘ ! | 960 h
) ‘ | X h 96
l | 940
' [ 9.4
| | ®20 92
[ 900 90
|_ppm 80 60 40 20 0.0 Iom 840 60 10 20 040

Figure 7. Representative DOSY spectra of different molar ratio ICs at (a) 0.5:1 SCD/IML, (b) 1:1 SCD/IMI, (c) 1.5:1 SCD/IMI, and (d) 2:1 SCD/IML

wavelength 632.4 nm), with a scattering light angle of 90°. The
experiment temperature was controlled at 25 °C.

The Milli-Q water was filtered, using a Durapore membrane
filters (0.1 xm), before the solution preparation and DLS analysis.
The hydrodynamic diameters are the average of five independent
measurements, each one obtained as the mean of 20 counts.

Isothermal Titration Calorimetry. Calorimetric titrations were
performed in duplicate with a VP-ITC Microcalorimeter (Microcal
Company, Northampton, MA, USA) at 25 °C for electrical and
chemical calibration. Each titration experiment consisted of 41

8430 J. AM. CHEM. SOC. = VOL. 130, NO. 26, 2008

successive injections of an aqueous solution of IMI (10.0 mM) into
the reaction cell charged with 1.5 mL of a SCD aqueous solution
(0.5 mM), with time intervals of 300 s, which were sufficiently
long for the signal to return to the baseline, in order to ensure that
equilibrium had been reached. The first injection of 1 uL was
discarded to eliminate diffusion effects of material from the syringe
to the calorimetric cell. Subsequent injections of constant volume
of 5 uL of IMI were made with an injection time of 2 s.

The SCD concentration in the calorimeter cell varied from 0.5
to 0.44 mM, and the concentration of IMI, from 0.0 to 1.17 mM.
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The ITC data were analyzed by the software supplied with the
calorimeter (Microcal Origin 5.0 for ITC).

The peaks produced during the titration were converted to heat
output per injection by integration and correction for the cell volume
and sample concentration. The dilution process of IMI was carried
out in water to evaluate the heat of dilution of this molecule. In
addition, the heat dilution curve was subtracted from the titration
curve (IMI in ACD) to eliminate interactions between IMI and
water. Binding enthalpies, stoichiometry, and binding constant were
obtained by nonlinear fitting (Wiseman isotherm),?’ incorporated
in the software, which assumes a single set of identical binding
sites.

3. Computational Details

Both crystal structures of IMI and SCD, obtained from the
Protein Data Bank (PDB)*® and from our previous work,*
respectively, were fully optimized at the DFT level using the
BLYP* functional with the 6-31G(d,p)*' basis set containing
polarization functions on all atoms.

Three orientations were initially assumed for the 1:1 SCD/
IMI supramolecular complexes: form A, when the IMI aromatic
ring A is included in the SCD cavity; form B, when the B
aromatic ring is included; and finally form C, in which the IMI
aliphatic group is placed into the SCD cavity. The last structure
has already been proposed in the literature.*® The initial
orientation proposed for the 2:1 SCD/IMI complexes had the
IMI molecule placed between two SCDs molecules, with their
aromatic rings A and B located inside the distinct SCDs cavities.
The formation of a 1:2 SCD/IMI complex was also considered.
In this case, the SCD was placed between two IMI molecules,
with the A and B aromatic rings of different IMI molecules
located inside the cavity of SCD for either a wider and narrower
rim of SCD.

Semiempirical and DFT calculations were carried out to
obtain reliable structures and energetic properties of the SCD/
IMI complexes. The initial guess geometries for the distinct
arrangements were fully optimized at the semiempirical PM3*
level, which has been shown to give very reasonable geometrical
parameters for CDs.>> PM3 harmonic frequency calculations
were also performed for the equilibrium structures, character-
izing them as true minima on the potential energy surface (all
frequencies are real). Afterward, the electronic plus nuclear
repulsion energy contribution (AEcje.nuc) Was evaluated as single
point BLYP/6-31G(d,p)/PM3 calculations using the fully opti-
mized PM3 geometries. This sequential methodology has been
successfully used for CD hydrated species.>*>

Within the quantum mechanical formalism the solvent effect
was considered using the polarized continuum model (IEF-
PCM).*® In the condensed phase, the presence of the solvent is
replaced by its dielectric constant (for water ¢ = 78.39). The

(27) Turnbull, W. B.; Daranas, A. H. jiniiissiiam. 2003, /25, 14859—
14866.

(28) Singh, S. K.; Yamashita, A; Gouaux, E. RCSB PDB Protein Data
Bank 2007, ID:2Q72, IN:IXX.

(29) Britto, M. A. F. O.; Nascimento Jr., C. S.; dos Santos, H. F. Quim,

2004, 27, 882-888.

(30) Becke, A. D. jpdiiitanitsiind 1988, 38, 3098-3100.

(31) Hehre, W. J.; Ditchfield, R.; Pople, J. A. junfsisiiis. 1972, 56,
2257-2261.

(32) Junquera, E.; Romero, J. C.; Aicart, E. ogigiay 2001, /7, 1826—
1832.

(33) Stewart, J. J. P. il 1989. /0, 221-264.

(34) Nascimento, C. S., Jr.; Anconi, C. P. A.; Dos Santos, H. F.; De
Almeida, W. B. jiinatissl 2005, /09, 3209-3219.

(35) Nascimento, C. S., Jr.; Dos Santos, H. F.; De Almeida, W. B. Chgm,
laelgti. 2004, 397, 422-428.

solute is placed in a cavity of suitable shape to enclose the whole
molecule, which is immediately contemplated in the continuum
dielectric. The PCM single-point calculations in solution were
carried out at the BLYP/6-31 G(d,p)/PM3 level theory.

All theoretical calculations were carried out using the
Gaussian 2003 quantum mechanical package.®’

4. Results and Discussion

4.1. Experimental Results. 4.1.1. FTIR-HATR Spectroscopy.
The utilization of the FTIR-HATR spectroscopy technique to
investigate changes in the vibrational modes of host and guest
molecule in aqueous solution was previously reported by our
research group.'” At this time, the FTIR-HATR spectroscopy
approach was used to give support for evaluation of possible
BCD/IMI stoichiometries in solution.

The FTIR-HATR spectra of both molecules, SCD and IMI,
indicated linear dependences of intensities with concentration,
as already reported, for the SCD/tetracycline complex.'” How-
ever, the spectra obtained during the titration of IMI (30.0 mM)
in BCD (12.0 mM) showed significant concentration/intensity
deviations, mainly with the SCD vcoc 1030 cm™'. This could
arise from the exchange of the high enthalpy intracavity water
molecules with the guest molecule (IMI). The comparison
among FTIR-HATR spectra of SCD (6.65 mM), IMI (13.35
mM), and the respective IC are depicted in Figure 2, to clarify
the vibrational differences among them.

The ICs stoichiometries were obtained from the titration data,
Figure 3. Since the transmittance, as a function of molar ratio,
did not exhibit linearity, two sigmoid curves were obtained, with
the inflections providing the ICs stoichiometries. The results
plotted in Figure 3 suggest that two complexes are favored: a
1:1 and 2:1 SCD/IML. This nonlinear profile of the complexation
process might be attributed to the cooperation interactions on
the host/guest systems, where the cooperative effect of several
weak forces governs the association processes.'”®

A Job plot was also used to investigate the supramolecular
complex stoichiometry, Figure 4. The existence of a 2:1 SCD/
IMI complex was indicated from the Job plot, confirming the
conclusion from the titration process. These results indicate that
this supramolecular structure would be favored at higher
concentration of SCD in solution. The Job curve suggests also
the existence of a 1:2 SCD/IMI complex when SCD concentra-
tion is less than that of IMI. All FTIR-HATR experiments
indicate equilibria between different complexes (1:2; 1:1, and
2:1 SCD/IMI) in aqueous solution. Scheme 1 summarizes the
most probable supramolecular structures of the SCD/IMI
complexes. Significantly, the FTIR-HATR results demonstrate
that the 2:1 SCD/IMI complex is the most favored. To confirm
these possibilities, and also propose the supramolecular topol-
ogy, by the interactions sites of host and guest molecule, NMR
techniques were used.

4.1.2. Nuclear Magnetic Resonance Spectroscopy. The chemi-
cal shifts of the IMI hydrogen’s in the IC at 1:1 and 2:1 SCD/
IMI are listed in Table 1. A change in the chemical shift values
is observed on increasing the relative SCD concentration in
solution. This observation is more evident with the aliphatic
hydrogens of IMI, which are assumed to be closest of the SCD

(36) Barone, V.; Cossi, M.; Tomasi, J. jiiaiies 1997, /07, 3210-
3221.

(37) Frisch, M. J. Gaussian 2003, revision C.02; Gaussian, Inc.: Walling-
ford, CT, 2004.

(38) Rekharsky, M. V.; Inoue, Y. (ahgiienitgy. 1998, 98, 1875-1918.
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hydroxyl groups. However, this result might also arise from
the inclusion of this aliphatic region within the SCD cavity.
The hypothesis that these aliphatic hydrogens are close to the
BCD hydroxyl group can only be considered, if the aromatic
rings of the IMI molecule are interacting with the SCD cavities,
forming a sandwich type structure. Figure 5 shows the change
in the chemical shifts of the aromatic protons in the 1:1 and
2:1 SCD/IMI complexes. The proposed 2:1 SCD/IMI complex
is in accordance with the results obtained by FTIR-HATR
experiments (titration and Job plot).

To verify the mobility of the IMI hydrogens, 7} measurements
were carried out, and these data are presented in Table 2. For
organic molecules the relaxation process occurs mainly by a
dipolar relaxation mechanism, thus the 77 is inversely propor-
tional to the molecular correlation time (z.) or directly propor-
tional to the rotational diffusion coefficient (D;o), eq 1.'> The
data shown in Table 2 indicate an interaction of the IMI aromatic
rings with the SCD cavity, since the major reductions in 7}
values were observed with the hydrogens (H1 and H2) of IML
In addition, the smaller reduction in 7 values of the aliphatic
hydrogens indicate their greater mobility, and this result
corroborates the "H NMR spectral data.

T, (DD)(I_%(XDM @))

Figure 6a shows the 2D NOESY contour map, in which the
intermolecular cross peak between all IMI aromatic hydrogens
with the internal and external protons of the SCD can be seen.
These dipolar correlations are better observed in the contour
expansion map, Figure 6b: the dipolar correlation indicates the
inclusion of the IMI aromatic rings in the SCD cavity. Inclusion
of both rings, in the 2:1 SCD/IMI complex, was indicated too
by the FTIR-HATR experiments as the most stable arrangement.
This arrangement allows the close approach of the hydroxyl
BCD groups to the aliphatic IMI hydrogens, thereby resulting
in the greater change in the chemical shifts presented in Table
1 and also the major 7; reduction listed in Table 2. The
nondipolar correlations between the IMI aliphatic hydrogen’s
with the SCD molecule indicate that this region of the IMI
molecule is not included in the SCD cavity. In addition, the
cross peak correlation between the IMI aromatic hydrogens with
the external SCD hydrogen’s (H2 and H4) might be explained
by the formation of a large supramolecular structure, with a
high molecular weight, as a the self-assembly of the supramo-
lecular complex.

In order to gain a deeper insight into the self-assembly
process, DOSY experiments were carried out. In addition, self-
diffusion coefficients (D) of the free guest molecule and the
ICs at different molar ratios (1:1; 2:1, and 3:1 SCD/IMI) were
also determined. Figure 7 depicts the DOSY spectra of these
supramolecular complexes, and one can observe that when the
PCD concentration increases in solution, the IMI and SCD
molecules tend to have the same D values. This observation
can be best observed with the 3:1 SCD/IMI complex, in which
both molecules have the same diffusion coefficient. This result
indicates the tendency of the IMI molecule to form ICs with
high concentrations of SCD, as in a larger aggregate.

In addition, an exponential decay fit could be adjusted to the
D values for the pure IMI (2.5 mg/0.7 mL) and the respective
ICs (0.5:1; 1:1; 2:1, and 3:1 SCD/IMI); see Figure 8. In all
experiments, dioxane was used as a reference. Analysis of the
D values (Dsample/Ddioxanc) Teveals that an increase in the SCD
concentration makes the supramolecular system diffuse more
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Figure 9. DLS measurements of pure IMI (at 0.1, 0.5, 1.0, and 2.0 mM)
and of IC at 1:1 SCD/IMI (at 0.1, 0.5, 1.0, and 2.0 mM).

slowly than the pure IMI molecule. This tendency might be
associated with the interaction between host and guest mol-
ecules, and also to the possibility of the self-aggregation of this
supramolecular complex formed in solution, in accordance with
other systems referred to in the literature.*® In order to determine
the supramolecular complex size in solution, DLS measurements
were carried out.

4.1.3. Dynamic Light Scattering. The DLS curves (size versus
concentration) of the pure IMI and the 1:1 SCD/IMI complex
are presented in Figure 9. The IMI at 0.1, 0.5, 1.0, and 2.0 mM
do not exhibit a size variation, their size remaining near 220
nm. This result indicates that the IMI molecule has a tendency
to aggregate in solution; this observation is in accordance with
the results already reported in the literature.*> However, the 1:1
BCD/IMI (0.1, 0.5, 1.0, and 2.0 mM) has a tendency to self-
aggregate and this aggregation process makes the assembly
larger, as a function of the concentration. This observation was
also verified for other supramolecular systems studied by our
research group.”'>*° The comparison between the two species
(IMI and 1:1 complex) is in accordance with the results
determined by the DOSY experiments, in which IMI presented
a higher D value than that of the 1:1 complex, indicating the
small size of the IMI assembly.
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4.1.4. Isothermal Titration Calorimetry. Another technique
used to investigate the interaction between the host and guest
molecules was ITC, which provides more information about
the thermodynamic parameters of the complexation process.
Figure 10a shows the IMI titration in water and its titration in
BCD solution.

The enthalpy variation during the titration can be related to
intermolecular association. In this case, the IMI titration curve
in water reveals that these molecules tend to keep their size,
since the enthalpy variation for this process is close to zero.
This result is in accordance with the DLS experiment. However,
in the presence of SCD, the IMI titration process assumes
exothermic values demonstrating the host/guest interactions.

The sigmoidal profile obtained for the IMI in the SCD titration
process allowed the fitting of the experimental data to a
Wiseman isotherm, eq 2, in which the stoichiometry coefficient
(N = 0.73), equilibrium constant (K ~ 6832 £ 138), and the
enthalpy (AH® = —30.6 kJ*mol ") were calculated.”’

1= Xg —
(—d IC;AQI ) ZAH"VO%—F kT 2)
(Mo ] 21+ X, — 1) — 4X,

The equation relates the stepwise change in the heat of the
system normalized with respect to IMI concentration added per
injection (dQ/d[IMI])p, at constant pressure, to the absolute
ratio of ligand to receptor concentration (Xg = [IMI];o/[CD] 1)
at any point during the titration process. The AH®, V,, and r
are, respectively, the molar enthalpy of binding, the effective
volume of the solution in the titration cell, and a composition
variable 1/[SCD] * Keg.

The N value suggests the formation of more than one complex
in solution, and it was already verified by the spectroscopic
techniques (FTIR-HATR and NMR experiments). From eqs 2,

3, and 4, the Gibbs energy (AG°® = —21.9 kJ -mol™!) and the

entropic contribution (TAS °® = —8.7 kJ-mol ") were determi-
nated.*!

AG° = —RTInK 3)

AG = AH® — TAS’ ()

The ITC curve declivity for the IMI in SCD solution, Figure
10b, demonstrates a strong interaction between the species, when
compared with other supramolecular systems related in the
literature.®'7** These strong intermolecular interactions could
be associated with equilibria involving many different species
in solution and also to the greater affinity of the SCD cavity
for the IMI aromatic rings, what favors van der Waals
interactions. In addition, the possibility of a hydrogen bond
between the hydroxyl groups of two SCD molecules in the 2:1
BCD/IMI complex might contribute to the high equilibrium
constant.

The enthalpy changes could be attributed to the binding of
the high enthalpy intracavity water molecules released from the
BCD cavity with the bulk water molecules,® as well as to the
formation of cooperative interactions between host and guest
molecules.

The entropic contribution was attributed to a balance of
desolvation of guest molecules during the complexation, where
water molecules must gain translational and rotational degrees
of freedom, while a more rigid architecture and new conforma-
tion assumed by species upon complexation confer a greater

(39) Guerrero-Martinez, A.; Palafox, M. A.; Tardajos, G. i
2006, 432, 486-490.

(40) Denadai, A. M. L.; Teixeira, K. L; Santoro, M. M.; Pimenta, A. M. C.;
Cortes, M. E.; Sinisterra, R. D. Sniniiag 2007, 342, 2286-
2296.

(41) Klotz, I. M.; Rosenberg, R. M. Chemical Thermodynamics. Basic
Theory and Methods, 6th ed.; John Wiley & Sons, Inc.: 2000.

(42) Rekharsky, M.; Inoue, Y. insinniiinian. 2000, /22, 10949-10955.
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Figure 11. Equilibrium structures obtained through theoretical calculations at the PM3 level. (a) IC optimized geometry formed when the IMI aromatic ring
A is included in the cavity, (b) when the B aromatic ring is included, (c) when the aliphatic group is included, (d) 2:1 SCD/IMI optimized geometry having
the IMI molecule placed between two SCDs with their aromatic rings located inside the cavity, (e) 1:2 SCD/IMI optimized geometry having two IMI
molecules, being the A and B aromatic ring of distinct IMI located inside the cavity.

molecular volume and the least rotational and translational
degrees of freedom when compared to pure substances. This
observation can be linked to both the DOSY and DLS results,
which indicated the formation of a structure with high molecular
weight, in other words the self-assembly of the supramolecular
complex.

4.2. Computational Results. One of the strengths of compu-
tational chemistry is the ability to generate data, in which an
experimentalist may gain insight and thus rationalize the
behavior of determined physical and chemical phenomena. In
most cases, such insights are not extremely accurate from a
quantum mechanical viewpoint, due to the size of the systems
investigated. However, an investigation on the molecular level
can be very useful to predict experimental findings.

Theoretical calculations were performed to determine the
preferred arrangement of the ICs, formed from IMI and SCD.
Distinct modes of inclusion were proposed based on the
orientations and ratios of the species involved in these com-
plexes. Our main goal was an attempt to model the structural
and energetic parameters of the ICs, which could be used to
predict the most favorable SCD/IMI complex conformation. A
detailed understanding of the interactions between the IMI and
BCD at a molecular level is very relevant to support interpreta-
tion of experimental findings. The respective structures of five
IC forms optimized at the PM3 level of theory are depicted in
Figure 11.
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Table 3. Relative Interaction Energy (AE) for the Inclusion
Process of IMI and CD Evaluated at the BLYP/6-31G(d,p)//PM3
Level of Theory According to the Equation nfCD + nIMI —
[ACD],. . .[IMI],2

AE

gas phase agueous phase

inclusion complex (kcal-mol ") (kcal -mol ")
1:1 SCD/IMI (form A) 20.0 223
1:1 SCD/IMI (form B) 27.7 314
1:1 BCD/IMI (form C) 24.1 28.5
2:1 SCD/IMI 0.0 0.0
1:2 SCD/IMI 94 12.7

“ Values in kcal*mol .

Table 3 contains the relative interaction energy (AE )
evaluated at the BLYP/6-31G(d,p)//PM3 level for the inclusion
process. The most favorable of the 1:1 IC conformations was
the BSCD/IMI form A, being 7.7 and 4.1 kcal*mol ' more stable
in the gas phase than forms B and C, respectively. The reason
for this slight stability, compared to the other conformations at
the same ratio, can be attributed to a hydrogen bond formed
between the chloride atom and the secondary hydroxyl group
of the fCD (OH...Cl =~ 1.7 A) resulting in this form being
energetically favored. It is opportunistic to mention that although
form C is 3.6 kcal-mol ' more stable than form B in the gas
phase, the formation of this species was not detected by the 2D
NOESY experiments.
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Figure 12. PM3 fully optimized geometry of the 2:1 inclusion complex of IMI and SCD. The hydrogen bond distances are quoted, and dotted lines were

drawn to ease the visualization of the H-bonds.

From Table 3, we can observe that, among the five forms
proposed, the global minima in both the gas phase and aqueous
phase is the 2:1 SCD/IMI complex, with the IMI molecule
placed between two SCDs molecules (Figure 11d). BLYP/6-
31G(d,p)//PM3 calculations indicated that the formation of this
orientation was the most energetically favored. For this con-
figuration, the relative interaction energy (AE') in the gas phase
was 9.4 kcal*mol ! more stable than the 1:2 SCD/IMI complex.
This can be explained by a meticulous structural analysis at
the molecular level, which detected the occurrence of four
hydrogen bonds between the secondary hydroxyl groups of the
two SCDs molecules (Figure 12). These hydrogen bonds are
the main forces responsible for the stabilization of the 2:1 SCD/
IMI complex. A similar result concerning the major role of
hydrogen bonds to stabilize the dimeric CDs structures was also
observed in our previous study involving o-CD dimers.**

The solvent effect was also considered in the PCM method.
The result supports the previous conclusion obtained in the gas
phase concerning not only the energetic stability order of the
species but also the higher stability of the supramolecular 2:1
PCD/IMI complex. In this case, the presence of the solvent
medium increases the stabilization of the 2:1 complex form from
9.4 (gas phase) to 12.7 kcal*mol ', when compared to 1:2 SCD/
IML

The theoretical relative energy results reported in Table 3,
for the species in aqueous solution, can be regarded as a fair
estimate of the enthalpy values for the inclusion process in
solution. These theoretical data are quite useful for the
experimentalist, since a direct relationship of the thermodynamic
quantity with a specific spatial molecular arrangement for the
IC is made, and so, an understanding of the intermolecular
interactions in solution at a molecular level is possible. The
theoretical data presented in Table 3 strongly indicate that the
2:1 SCD/IMI IC should be the preferred mode of interaction in

water solution. Thus, this result is contrary to the E. Junquera
and co-workers findings, in which the 1:1 stoichiometry was
suggested as their preliminary conclusion.*?

With this theoretical work, we can describe energetic
parameters for the formation of the SCD/IMI complex at a
molecular level which were in good agreement with the
experimental findings. In addition, a systematic structural
analysis indicated interactions of the aliphatic IMI hydrogens
with the secondary hydroxyl groups of SCD, the distance
encountered between them ranging 2.1—2.7 A. This result
corroborates the '"H NMR spectral data, which demonstrated a
high change in the chemical shift for these hydrogens when
compared to aromatic hydrogens of IMI.

Finally, the possibility of aggregation was suggested by the
experimental findings. Our research group has already begun a
theoretical investigation of high molecular weight, supramo-
lecular species, such as the 4:3 SCD/IMI complex.

5. Conclusion

In this article was demonstrated the supramolecular topology
resulting from the noncovalent interaction between host (3CD)
and guest (IMI) molecules. The FTIR-HATR experiments,
continuous variation plot, and titration process indicated equi-
libria among 1:2, 1:1, and 2:1 SCD/IMI complexes.

Confirmation of the intermolecular interactions was obtained
from 2D NOESY experiments, which provided the dipolar
correlations among the IMI aromatic hydrogens within the SCD
cavity. In addition, 'H and T, experiments indicated that the
IMI rings interact with SCD. However, a greater change in the
chemical shift of the IMI aliphatic hydrogens was also observed,
suggesting the possible inclusion of this part of the guest
molecule in the SCD cavity. The DOSY spectra suggested the
self-aggregation of the supramolecular structures, especially at
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high SCD concentrations. This self-aggregation was also
confirmed by DLS measurements.

The ITC curves demonstrated a high affinity between the host
and guest molecules, with a large equilibrium constant. The
stoichiometry (N = (.7) obtained by ITC titration indicated that
more than one complex is formed in solution, as was also
suggested by FTIR-HATR spectroscopy. In addition, the inclu-
sion process can be considered as being both enthalpy and
entropic controlled.

The most stable calculated structure, in gas and condensed
phases, was a 2:1 SCD/IMI complex with both IMI aromatic
rings included in the cavities of two distinct SCD molecules.
The formation of hydrogen bonds between the secondary
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hydroxyl groups of the two SCDs confers stability to this
conformation.
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