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Structural study and thermodynamics of complexation between p-cyclodextrin (B-CD) and flufenamic acid (FFA)
are explored by means of several quantum chemical methods. The different orientation modes of FFA in the cavity
of p-CD are studied. PM3MM, ONIOM?2 and DFT methods show that the complex FFA/B-CD in A orientation is found
to be the most favorable energetically. The statistical thermodynamic calculations at 1 atm and 298.15 K reveal that
the complexation process is exothermic and enthalpically driven. Finally, the calculated chemical shifis of free FFA
and its complex at B3LYP/6-31G(d) level by employing the Gauge-Including Atomic Orbital (GIAO) method are in good
agreement with NMR experimental data.
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Ilposedeno  cmpykmypnoe — ucciedoéanue U U3VHEHA — MEPMOOUHAMUKA — KOMNIEKCOOOPA3068aHUSL  MENCOY
S-yuxnooexcmpurom (P-CD) u ¢pnygpenamosou kucromou (FFA) ¢ nomowwio keanmogo-xumuueckux memooos. Mccie-
dosanvl paznuunvle cnocodbwl opuenmayuu FFA 6 nonocmu [-CD. Memoovr PM3MM, ONIOM?2 u DFT nokaszviéarom,
umo xomniexc FFA/B-CD 6 opuenmayuu A okaszvieaemcs Haubdonee sHepeemuyecku 6bi200ubiM. Cmamucmuieckue
mepmoodunamuyeckue pacuemol npu 1 amm u 298,15 K demoncmpupyrom, umo npoyecc KOMnieKcooopaz06ans seisi-
emcsi IK30MePMUYECKUM U IHMATbRUYECKU Konmponupyemvim. Hakoney, pacuemnvie xumuueckue cosueu c60600HOU
FFA u ee komnnexca na ypoeune B3LYP/6-31G(d) ¢ ucnonvzosanuem memooa Kaiubpo8ouHO-UHEAPUAHMHBIX AMOMHBIX
opoumaneii (GIAO) xopowio coenacyromces ¢ skcnepumenmanbHolmu OanHvimu AMP.

KaroueBrble ciioBa: B—HI/IKHO,HGKCTPI/IH, (bﬂy(i)eHaMOBaH KHUCJIOTa, BOOOPOAHAA CBA3b, KOMIIJICKCHI BKIIFOUCHM A, KBAHTOBO-
XUMHUYECKUE PACUCThl, TCPMOJANHAMMKA.
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Inclusion Complex Formation of B-Cyclodextrin

Introduction

Fenamates such as flufenamic acid, tolfenamic acid,
mefenamic acid, meclofenamic acid and niflumic acid
are derivatives of anthranilic acid.! Several pharmaco-
logical studies were carried out for this class of nonsteroidal
anti-inflammatory drugs (NSAIDs) to evaluate the anti-
inflammatory, analgesic and antipyretic properties as well
as their inhibitory activity.?®] The poor water solubility
of flufenamic acid (FFA) causes difficulties related to the
design of pharmaceutical formulations for oral or parenteral
route administration, leading thus to low oral bioavailabil-
ity." Complexation with cyclodextrins is an approach that
can be used to circumvent this problem by improving their
solubility.>]

Cyclodextrins (CDs) are a family of water-soluble
natural cyclic polysugars consisting of (a-1,4)-linked a-D-
glucopyranose units, that act as cages-like molecules.
The most known and studied members of this family are
a-CD, f-CD and y-CD which can complex a broad array
of organic molecules through host-guest inclusion systems.
CDs are widely used in various fields such as food tech-
nology, pharmaceutical, cosmetics and textile industry,”!3!
their cone-shaped structures enclose a hydrophilic external
surface and a relatively hydrophobic inner cavity, result-
ing in the ability of CDs to encapsulate small hydrophobic
organic guest molecules.

The predominant driving forces involved in drug-CD
complex formation are van der Waals interactions, hydrogen
bonds, hydrophobic interactions between the host and guest
molecules and entropy released by uncomplexed water mol-
ecules from the CD cavity.!'*!"

Among these macrocycles, f-CD exhibiting the lowest
aqueous solubility is the most commonly used as a cheapest
molecular host because its cavity diameter can bind ef-
ficiently various molecules such as hormones, '#!° metals®”
and vitamins.?"-?!

In the last decades, experimental techniques includ-
ing Proton Nuclear Magnetic Resonance spectroscopy
("H NMR) used in combination with computational investi-
gations, have been dedicated to the study of inclusion com-

Figure 1. Geometrical structures of FFA (a) and 5-CD (b).
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plexes of CDs.?*? There are several computational methods
used in molecular modeling studies such as semi-empirical
methods™33 hybrid ONIOM method (our Own N-layer
Integrated Orbital Molecular mechanics),?** Hartree Fock
(HF),B*4 density functional theory (DFT)¥4%! and Monte
Carlo simulation.””*¥1 Among these methods, semi-empirical
calculations using PM3MM level of theory™” is generally
acceptable and used for the structural assignment of CD
inclusion complexes.

Recently, C.G. Floare et al.5% have studied the com-
plexation process between flufenamic acid and tolfenamic
acid with £-CD by '"H NMR spectroscopy.

Only a few theoretical studies on fS-CD complexes
formation with NSAIDs drugs derived from fenamic acid
have been reported in the literature.'-54

In the present work, we study the encapsulation of FFA
into f-CD (Figure 1) by means of molecular modeling,
using the semi-empirical method PM3MM, the ONIOM2
(B3LYP/6- 31G(d):PM3MM) hybrid technique and DFT
approach.

Computational Methods

The initial structure of the FFA was constructed using
Hyperchem 7.5 molecular modeling package.**! The starting geom-
etry of f-CD was taken from Chem-Office 3D ultra (version 10,
Cambridge Software).*®! Then two structures, FFA and -CD, were
optimized by means of PM3MM semi-empirical method prior
to using Gaussian09%"! for all relevant calculations. The coordinate
system used to define the process of complexation is shown in Fig-
ure 2. The method of Liu ef al. was applied to locate the lowest
energy minimum of the FFA/f-CD inclusion complex.?®!

The glycosidic oxygen atoms of #-CD are placed in XY plane
and their center is defined as the center of the whole system. FFA
approaches and passes through the cavity of f-CD from +Z to —Z di-
rection. The guest is initially located at a Z coordinate of 10 A and is
moved through the host cavity along the Z axis to —10 A with a step
of 1 A. For each step, the geometry of the complex is fully optimized
by PM3MM without symmetry restrictions. In order to find an even
more stable structure of the complex, each guest molecule is calcu-
lated for all of the structures obtained by scanning 6, clock wisely
circling around Z axis, at 20° intervals from 0° to 360°.
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Orientation A

Figure 2. Coordinate systems defining the process of inclusion for FFA/f-CD, A and B orientations.

To quantify the interaction between host and guest in the opti-
mized geometries, we have evaluated the complexation energy (4E)
using the following formulae (Equation 1)

AE= mmplex7 (E/reeF['}i + E/ree p-Ci D)’ (l )
where E ot Etee prcs and E, .. represent, respectively, the total

energy of the complex, the free optimized S-CD and the free opti-
mized FFA energy.

The deformation energy for each component, host and guest
throughout the formation of the complex was defined as the differ-
ence in the energy of the totally optimized component compared
to its energy in the complex (Equation 2)

E orma o (component)=E| [component]sp"l” —E [component]om. 2)

Then, different levels of calculation were made using DFT
and hybrid method (ONIOM2) in vacuum and aqueous solution
in the aim to perform a more accurate inspection on the geometry
and electronic structure of FFA/S-CD complex.

At last, based on ONIOM2 optimized geometries, 'H NMR
calculations were carried out to quantify the chemical shifts of pro-
tons of f-CD, FFA and their inclusion complex.

Results and Discussion
Conformational Energy Search

Conformational energy searching enabled us to identify
the most energetically preferred conformations correspond-
ing to the lowest energy structures. The most stable con-
formers found for A and B orientations by PM3MM method
are shown in Figure 3. To account for solvation effects,
CPCM water solvent model was used to simulate the aque-
ous environment.

The energy of the complex decreases as the guest mol-
ecule penetrates the 5-CD cavity, suggesting that weak inter-
molecular interactions cooperatively contribute to the stable
complex formation. The negative stability energies in all
positions show that the complex formation is highly proba-
ble. In the range from —10 A to -3 A, structures in B orienta-
tion are more stable than A orientation, while the structures
in A orientation are more stable within the range from -2 A
to 10 A, except for 0 A and 6 A configurations. When the
distance between the reference atom and the plane of glyco-
sidic oxygen atoms of f-CD is 2 A and -5 A for A and B con-
figurations with AE=-15.25 kcal/mol and —13.23 kcal/mol,
respectively, the energy of the system is minimal in vac-
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Figure 3. Complexation energy of FFA/f-CD in the gas phase
calculated for both orientations at different positions of Z-axis
using PM3MM method.

uum, thus indicating the formation of the supramolecular
complexes, inclusion complex of FFA/S-CD for A model
is the most thermodynamically favorable due to its higher
negative value of AE, which is in good agreement with the
predicted mode of inclusion process by the experimental
study.B”

Thermodynamics

The statistical thermodynamics calculationst**! were
performed using harmonic frequency analysis in PM3MM
method for the most stable structures which correspond
to true minima on the potential energy surface. The fre-
quencies analyses were then used for the evaluation of the
thermodynamic parameters, such as enthalpy changes (H°),
entropy contribution (S°) and Gibbs free energy (G°),
for the statistical thermodynamic parameters in binding
process of FFA with 5-CD at 298.15 K and 1 atm were sum-
marized in Table 1.

The negative enthalpy changes indicate that the inclu-
sion complexation process of FFA with £-CD is exothermic.
The enthalpy change for the A configuration is more negative
than that of B configuration pointing out that both the inclu-
sion processes are enthalpically favorable in nature.
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Table 1. Energetic terms and thermodynamic parameters of FFA/f-CD complexes calculated at PM3MM level.

FFA S-CD A orientation B orientation
In vacuum
E (kcal/mol) —-195.68 —1449.15 —-1660.08 —1658.06
AE (kcal/mol) -15.25 -13.23
E  omation (FFA) 0.64 0.31
E i moaiion (B-CD) —5.46 -5.25
H° (kcal/mol) —46.67 —660.68 —719.12 —718.51
AH® (kcal/mol) -11.91 —-11.15
G° (kcal/mol) -87.78 —783.68 -859.95 —866.60
AG® (kcal/mol) 11.49 4.86
S° (kcal/mol) -0.29 0.07 —78.09 —53.74
AS° (kcal/mol) -0.28 -0.29
In water
E (kcal/mol) —200.09 —1482.26 —-1701.49 -1697.95
AE (kcal/mol) -19.14 —-15.60
E  omation (FFA) 0.64 0.31
E iormation B-CD) —5.46 -5.25

In addition, it can be seen that the entropy chang-
es (AS) of A and B configurations are also both negative,
therefore suggesting that the formation of the inclusion
complexes is an enthalpy-driven process. The formation
of all of the complexes is non-spontaneous process because
of the positive Gibbs free energy changes of complexation.

The complexation energies of FFA/f-CD for A and
B configurations in vacuum were —15.25 kcal/mol and
—13.23 kcal/mol, respectively. In water, the complexation
energies become —19.14 kcal/mol for A configuration and
—15.60 kcal/mol for B configuration leading to a larger en-
ergy difference of 3.54 kcal/mol when compared to vacuum.

ONIOM Calculations

To gain a better understanding of molecular recogni-
tion between the guest and the host, we applied ONIOM?2
method. In our hybrid model study, we submitted the host
molecule B-CD to the low level of quantum calculations
(PM3MM) since we assumed it provides only an environ-
mental effect and contains the larger number of atoms, while
the guest molecule FFA was treated at a high level of calcu-
lation using B3LYP and M05-2X functionals in conjunction
with the 6-31G(d) basis set. The results of the ONIOM2

study are summarized in Table 2. It is interesting to note
that the complexation process in the A orientation is more
favorable than the B orientation both in vacuum and in wa-
ter, which is in agreement with previous results obtained
with PM3MM method.

Hydrogen Bonding Analysis

Hydrogen bonds are a fundamental specific interac-
tions because they play a major role in a wide variety
of materials in several areas, particularly physics, chem-
istry and biology.l’*$!" A structural analysis is performed
to study the effect of hydrogen bonds on the stability
of the inclusion complexes. As shown in Figure 4, for A
orientation, the guest is totally encapsulated in S-CD
cavity. The structural analysis of A orientation shows the
presence of one hydrogen bond formed between hydrogen
atom H (173) of carboxylic group oxygen of FFA and in-
terglycosidic oxygen atom O (56) of -CD with a distance
of 1.82 A.

In the case of B orientation, no H-bonds were found
and the guest molecule is partially encapsulated in f-CD
cavity, this explains why the binding energy of the inclusion
in the A orientation is lower than that of the B orientation.

Table 2. Relative energy for the optimized structures of complexes FFA/f-CD in both orientations as calculated by ONIOM2 method.

E (kcal/mol) A orientation B orientation AE
In vacuum
Eiom (B3LYP/6-31G(d):PM3MM) —656762.27 —-656761.71 -0.54
E\om M05-2X/6-31G(d):PM3MM) —656706.87 —656706.69 —0.18
In water
E\om B3LYP/6-31G(d):PM3MM) —656794.47 —656792.73 -1.74
Eyion M05-2X/6-31G(d):PM3MM) —656718.44 —656716.58 —1.86
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Figure 4. ONIOM?2 optimized structures of FFA/#-CD complexes in the (a) A and (b) B orientations. Hydrogen bonds are indicated

by dotted lines.

Natural Bond Order Analysis (NBO)

The natural bond order analysis (NBO) was performed
at B3LYP/6-311G(d,p) level of theory, the stabilization
energy (E®) is used to characterize the interaction between
occupied Lewis-type NBO orbitals and formally unoccupied
non-Lewis NBO orbitals and is related to the delocalization
trend of electrons from the bonding (BD) or nonbond-
ing orbitals (LP) to the anti-bonding orbitals (BD*).[6263
Stabilization energy (E®) associated as a result of electron
delocalization between donor NBO (i) and acceptor NBO (j)
is estimated by following equation:

E*= q F(ij)

E()-E(i)

where ¢, is the donor orbital occupancy; E(i) and E(j)
are orbital energies of donor and acceptor NBO orbitals
and F(ij) is the off-diagonal Fock matrix. The most important
delocalization of electron densities are those arise from
electron lone pairs (LP) of oxygen atoms as donors and OH
bonds as acceptors.

The interactions energies clearly show that the shorter
contact of the interaction, the larger value of £@. By analyzing
the second-order perturbation energies of the lowest energy
complex in A orientation, it was found that the molecular
recognition has been achieved through several interactions.
The most important delocalization of electron densities are
those arise from electron lone pairs (LP) of oxygen atoms
as donors and OH bonds as acceptors. Their corresponding
energies show that the £ values are increased with shorten-
ing hydrogen bonds distance d (O—H).

The interactions are in detail:

For A orientation. When FFA plays the role of donor,
the important intermolecular hydrogen bond is observed
between LP (2) O55 and o°(1) O171 — H176 with energy
equal to 12.70 kcal/mol.

On the other side, when FFA is an acceptor, the impor-
tant H-bond is formed between LP (1) O172 and ¢" (1)
C15 — H93 with energy of 4.01 kcal/mol.

Maxkpozemepoyurnvt / Macroheterocycles 2018 11(2) 203-209

For B orientation. FFA plays the role of donor, the im-
portant intermolecular hydrogen bond is observed between
LP (1) O 76 and 6" (1) O171 — H176 with energy equal
to 9.92 kcal/mol.

On the other side, when the FFA is an acceptor, the
important H-bond is formed between LP (2) O 171 and ¢*
(1) C53 — H116 with energy of 2.20 kcal/mol. The most
important intermolecular contacts in the NBO analysis are
represented in Figure 5.

More detailed analysis of intermolecular interactions
using NBO is reported in Table 3.

Table 3. The electron donor orbital, electron acceptor orbital
and the corresponding E® energies with NBO (B3LYP/6.311G(d,p))
calculations for A and B orientations.

Donor Acceptor E® (kcal/mol)

A orientation

FFA proton donor and $-CD acceptor

LP (1) 047 6" (1) C157 - H161 1.02
LP (1) 055 6" (1) 0171 - H176 0.77
LP (2) 055 6" (1)0171 —H176 12.70
LP (1) 063 6" (1) C149 —F151 0.97
LP (2) 074 c*(1)C169—H173 1.60

S-CD proton donor and FF acceptor
LP (1) 0172 c" (1) C15—-H93 4.01
LP (2) 0172 c* (1) C15—H93 3.22

B orientation

FFA proton donor and $-CD acceptor

LP (1) 061 6" (1) C166 — H170 1.51
LP (1) 076 6'(1)0171 — H176 9.92
LP (2) 076 6'(1)0171 — H176 5.97

S-CD proton donor and FF acceptor

LP (2) O171 6" (1) C53 - H116 2.20
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Figure 5. The significant intermolecular contacts using NBO analysis for the structures of FFA/$-CD complexes in the (a) A and (b) B

orientations.

GIAO/DFT NMR Study

Based on ONIOM2 optimized geometries, the Gauge-
Including Atomic Orbital (GIAO) method as implemented
in Gaussian 09 was applied for 'H NMR calculations®¢
and by employing B3LYP functional and 6-31G(d) basis
set with using corresponding TMS shielding calculated
at the same theoretical level as the reference. The solvent
effects have been investigated using the PCM method for
water as a solvent (¢=78.39).

Experimental '"H NMR chemical shifts obtained from
C.G. Floare et al.®" and our calculated values for the opti-
mized structures referred to as (6 Exp) and (6 Calc) are sum-
marized in Table 4.

Table 4. '"H NMR chemical shifts (ppm) of FFA before and after
complexation and comparison of experimental and theoretical 'H
chemical shifts of inclusion complex of FFA/#-CD calculated at the
B3LYP/6-31G (d) level of the theory.

FFA (ppm) FFA/B-CD (ppm)
Proton inff{iéi(ob;)focr;c. 8 Exp. iniiﬂ"é’i'grl(; Cale ® IAB— )
complex  Ofree
H2 7.45 7.78 7.67 0.22
H3 6.33 6.89 6.56 0.23
H4 6.84 7.29 7.62 0.78
H5 7.48 7.20 7.71 0.23
H6 7.51 7.26 7.80 0.29
H7 6.86 7.45 7.54 0.68
H8 6.65 7.40 6.84 0.19
H10 6.63 7.37 6.77 0.14
CH, - - - -
208

From Table 4, the variation of the chemical shifts
is observed for protons of aromatic ends of FFA indicating
the possibility of presence of two types of complexes at ratio
1:1 involving the inclusion of both aromatic ring sides moie-
ties inside the 5-CD cavity in accordance with experimental
results of 'TH NMR spectroscopy.

Conclusions

The inclusion process for FF acid with f-CD was
studied according two orientations using quantum mechan-
ics PM3MM, B3LYP level theory with 6-31G(d) basis set
and ONIOM2 (B3LYP/6-31G(d): PM3MM) hybrid cal-
culations. The minimum energy structure for each model
was localized with PM3MM method. The affinity of these
minimum energies structures was carried out with DFT
and ONIOM methods. The DFT and ONIOM results show
that the A orientation is preferred according to complexation
energy. The analyses of the thermodynamic calculations
indicate that the negative AG, AH and AS values suggest that
the formations of S-CD/FF inclusion complexes in vacuo
are a spontancous and enthalpy-driven process. Finally,
theoretical 'H NMR chemical shifts correlate with the expe-
rimental findings.
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