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Abstract—In this paper, we analyze the energetic and conformational preferences involved in the chiral discrimination of ibuprofen (Ibu)
isomers by beta-cyclodextrin ($-CD) when forming inclusion complexes in water. This study was performed by means of atomistic
molecular mechanics simulations upon four different penetration modes of the guest, and a structural 2D NMR experiment. The trajectories
of these simulations were treated with the MM/GBSA method in order to obtain the relative weights of the different free energy components.
The resulting values of the free energy of binding and other geometrical features indicate that this chiral selectivity is influenced by a
preferred penetration mode involving the S-(+)-Ibu isomer. The calculated AAG of binding is in good agreement with published

experiments.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Chiral discrimination is one of the most intriguing
phenomena in chemistry. It is of great importance in
analytic, organic, and biological chemistry. Stereoselective
recognition is the basis of asymmetric synthesis, chromato-
graphy techniques, enzymatic catalysis, and origin of the
chiral composition of the molecules constituting biological
systems." Despite the fundamental importance of this effect,
its origin and nature are still far from being well understood
at the atomic level. Chiral cyclodextrin (CD) hosts have
been used extensively as models for investigating chiral and
molecular recognition. Solution studies of CD inclusion
complexes®® and binding constants,* have provided
thermodynamic data useful for chromatographic appli-
cations.’ However, despite intense efforts, the mechanism
of the recognition is not fully understood and many essential
data are missing.
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In pharmacology chirality is an important factor in drug
efficacy. About 56% of the drugs currently in use are chiral
compounds, and about 88% of these chiral synthetic drugs
are used therapeutically as racemates. Unfortunately, there
are many racemic drugs where the stereospecificity of the
metabolism and/or pharmacodynamic effect of the enantio-
mers is not known. Studying the chiral recognition by CDs
is of considerable importance in view of its enantiodiffer-
entiation of drugs. A large number of experimental®'® and
theoretical works have been performed over the past few
years on CDs drug complexes.''™!3

Besides experimental measurements, it is possible to
accurately estimate the free energy of binding (AGyinding)
between small druglike molecules and a larger target
molecule using computer simulation methods. One way is
to use the very CPU intensive methods like the free energy
perturbation (FEP) and thermodynamic integration (TI)
techniques. Another way is to use the MM-PBSA/GBSA
method'* that in the last decade has been applied
successfully to estimate the binding free energies of
different biological systems.'>'® This approach combine
molecular mechanics energies for the solute with a
continuum solvation approach and normal mode analysis
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to evaluate the total free energy. Depending on whether the
continuum solvation model is based in solving the Poisson—
Boltzmann equation or the Generalized Born equation is
called MM-PBSA or MM-GBSA. The MM-PBSA/GBSA
method is faster by at least a factor of 10 than the traditional
FEP and TI techniques. Furthermore, it does not require any
experimental data or fitting of parameters, it calculates the
free energies of the end states directly, avoiding the time-
consuming simulation of intermediate states as in FEP and
TI methods."”

Given that in the chiral recognition process the guest
molecules being discriminated have the same size, same
molecular charges, same physicochemical properties, etc.
they can only be discerned when different diasteromeric
responses take place when they associate with another chiral
molecule. It is generally accepted that the intermolecular
forces responsible for enantiomer discrimination are the
same as those involved in other types of molecular
recognition, although the differences in binding energies
of the enantiomers are much smaller in magnitude. In spite
of this belief the so called three-point interaction model!8-20
between one enantiomer and the chiral selector, and the
induced fit effect on chiral discrimination must be studied in
more detail.

In this study, we used B-cyclodextrin (8-CD) as the chiral
host and the two ibuprofen (4-isobutyl-2-phenyl-propionic
acid) isomers as the chiral guests. B-CD is a cyclic oligomer
made of seven a-D-glucose residues arranged in a donut-
shaped ring with a dipole moment of about 2.311 D. The
specific coupling and conformation of these glucose units
give the cyclodextrin a rather rigid, toroidal molecular
structure with a hollow interior of specific volume. The
lining of the cavity is formed by hydrogen atoms and
glycosidic bridging oxygen atoms; consequently this
surface is fairly hydrophobic. The unique shape and
physical-chemical properties of the cavity allows the
formation of inclusion complexes with organic molecules,
where the extent of the complex formation depends on the
polarity of the absorbed molecules. The hydrophilic

characteristic of B-CD is provided by its two different
rims: one narrower (N) or primary hydroxyl rim and another
wider (W) or secondary hydroxyl rim. These features are
shown in Figure 1. Ibuprofen (Ibu) is a drug molecule
containing a single chiral center, a long non-polar (NP)
chain and a polar (P) end; properties that are useful for
constructing a simple and good model in which study chiral
discrimination. Ibu is one of the most effective and widely
used non-steroidal analgesic and anti-inflammatory agent.
Ibu is a polar molecule with a dipole moment around 1.8 D
(computed with PM3 method). It is marketed as a racemic
mixture though it is known that the pharmacological activity
resides in the S-(+)-Ibu (IbuS) enantiomer only. However,
in vivo testing the presence of an isomerase can convert the
R-(—)-Ibu (IbuR) to the active IbuS enantiomer.
Complexes of Ibu with B-CD and modified B-CD have
been reported.”!

Most of the experimental studies around Ibu chiral
separation have been carried out in aqueous solution using
a large variety of techniques such as: fluorescence
measurements,”>>> differential scanning calorimetry,**
crystallography,® capillary electrophoresis,”® potentio-
metric studies,”’ spectroscopy,” and supercritical fluid
chromatography.®® In turn, the number of theoretical
studies on the complexation of Ibu by B-CD are few.
These include use of MC/SD,27 simulated annealing,30 AM1
semi-empirical calculations,” and semi-empirical PM3
calculations.>’ Both experimental and theoretical studies
suggest that features such as guest fit to the CD cavity,
solvent interactions, hydrogen bonding potential of the
guest molecules, and van der Waals forces combine to play
a significant role in chiral discrimination. However, none
of those studies furnish data regarding the specific role
of the enantiomeric interactions and the spatial
arrangements involved in the chiral discrimination of the
guest molecules.

This article describes the results of several 4.5 ns molecular
dynamics simulations, carried out on four different
penetration modes of the Ibu isomers into the B-CD cavity
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Figure 1. Structures of ibuprofen and B-CD.
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Figure 2. An schematic representation of the four different penetration modes of Ibu into B-CD. The corresponding minimized geometries are used as the

starting points for the MD simulations.

in the presence of explicit solvent (Fig. 2). Detailed analyses
of our results reveal that among the four penetration modes,
there is one that appears to possess the most predominant
discriminating features. During most of the simulation time,
this penetration mode produces a large number of hydrogen
bonds between the carboxyl group of IbuS and
the secondary hydroxyl groups of B-CD. A trace analysis
shows that for this penetration mode there are evident
differences in occupancy and orientation between the two
Ibu enantiomers inside the B-CD cavity, which in turn plays
an important role in maximizing hydrogen bonding. The
results of the remaining three penetration modes are also
presented and we discuss how they contribute to the average
AAGhpinging that facilitate the chiral discrimination of Ibu in
a racemic mixture.

It is known that the carboxylic group of benzoic acid (BA)
binds well within a-CDs,”” especially in its non-ionized
form, and that ionization of the carboxylic group leads to a
much weaker binding.*> Recent studies on the crystal
structure of the inclusion complex of B-CD with BA show
that the COOH groups of the BA molecules protrude at the
B-CD O-6 sides,”* and maintained in position by hydrogen
bonding to the surrounding O-6-H groups. However,
conflicting views are expressed in the literature regarding
the stereoselectivity of inclusion of benzoic acid deriva-
tives. Thus, in order to gain some extra information about
the intermolecular interactions accompanying complexation
we also report the results of association experiments via
electronic absorption spectroscopy and a NMR 2D-NOESY
study on complexes of the ionic form of ibuprofen

(Ibu™ ') with B-CD. We expected that NMR results would
give structural information about the system by showing any
particular interaction as a corresponding cross peak.

2. Results and discussion
2.1. MM/GBSA analysis

The results of the MM/GBSA analysis upon the 4.5 ns MD
trajectories on the four penetration modes are gathered in
Tables 1-3. In Table 1, we show the free energy
contribution of the ligands alone. Solvation energies
(Golvation) for isolated IbuR and IbuS are identical for all
arrangements (about —8.2 kcal/mol), however, small
differences of about 1-4 kcal/mol are observed among the
different conformers of B-CD (Table 1) and the respective
complexes (Table 2). These results suggest that solvation by
itself does not contribute significantly to the chiral
selectivity; instead they suggest that chiral selectivity arises
mainly from a delicate balance between internal energies.
According to these calculated results, the complexes formed
with the IbuS enantiomer are more stable than those for
IbuR; however, if we consider the stability of the guests
relative to the host we find that both the complex and the
guest favor the [IbuSCB-CD] complex, while the host
favors the [IbuR C 3-CD] complex.

The results shown in Table 3 indicate that the initial
arrangements P-W, NP-N and P-N have no clear chiral
selectivity, while the initial orientation NP—W is responsible
for a reasonable degree of enantioselectivity. Our



C.-J. Nuriez-Agiiero et al./ Tetrahedron 62 (2006) 4162—4172 4165

Table 1. Energy contribution of the ligands alone [A =B-CD, B=Ibu]

Energy NP-W,, NP-W, (std) P-Wpg (std)  P-Wg(std)  NP-Ng (std) NP-Ng(std) P-Ng(std)  P-Nj (std)
(kcal/mol) (std)*

A E.icetr 439 (0.4) 446.3 (0.4) 444.3 (0.4) 438.0 (0.4) 441.9 (0.4) 441.7 (0.4) 443.3 (0.1) 445.1 (0.4)
Eyaw 16.2 (0.2) 14.8 (0.2) 15.7 (0.2) 16.8 (0.2) 16.0 (0.2) 16.3 (0.2) 16.3 (0.2) 16.2 (0.2)
Gnon-polar GB) 8.7 (0.0) 8.7 (0.0) 8.7 (0.0) 8.7 (0.0) 8.7 (0.0) 8.7 (0.0) 8.7 (0.0) 8.7 (0.0)
Ggg —71.5(0.2) —75.0 (0.2) —75.0 (0.2) —71.3(0.2) —72.3(0.2) —76.3 (0.2) —73.1 (0.3) —75.4 (0.2)
Grotvation —628(02) —663(02) —663(02) —626(02) —63.6(02) —650(02) —644(02) —66.7(0.2)
Eotal, GB) 543.5 (0.5) 549.6 (0.4) 546.7 (0.4) 554.0 (0.3) 552.2 (0.3) 549.8 (0.4) 555.7 (0.2) 554.3 (0.3)
AE o, GB) 6.1 —3.4 —1.4

B Eoecr —36.5(0.1) —48.5 (0.1) —46.4 (0.1) —48.6 (0.1) —46.5 (0.1) —46.5 (0.1) —46.8 (0.1) —48.6 (0.1)
E,qw 6.0 (0.0) 6.0 (0.0) 5.9 (0.0) 6.2 (0.0) 6.1 (0.0) 6.1 (0.0) 6.2 (0.0) 6.1 (0.0)
G on-polar GB) 3.3 (0.0) 3.3 (0.0) 3.2 (0.0) 3.3 (0.0) 3.3 (0.0) 3.3 (0.0) 3.3 (0.0) 33 (0.0)
Gge —11.4 (0.0) —11.4 (0.0) —11.4 (0.0) —11.4 (0.0) —11.5(0.0) —11.4 (0.0) —11.3 (0.0) —11.3 (0.0)
Golvation —8.1(0.0) —8.2 (0.0) —8.2 (0.0) —8.1(0.0) —8.2 (0.0) —8.1 (0.0) —8.0 (0.0) —8.0 (0.0)
Eotal, GB) —18.1(0.1) —295(0.1) —27.8(0.1) —282(0.1) —267(0.1) —272(0.1) —260(0.1) —28.5(0.1)
AE o Gy ~11.4 —04 0.5 25

The notation used for the four different penetration modes is that described in the text. The subindexes R and S have been added in order to make reference to

the data obtained for IbuR and IbusS, respectively.
# Standard errors of the mean values.

Table 2. Energy contribution of the complex [AB=Ibu(R,S) C f-CD]

Energy NP-W; NP-Wy (std) P-Wk (std) P-Wy (std) NP-Ng (std) NP-Ng(std) P-Ng (std) P-Ng (std)
(kcal/mol) (std)*

AB Eelectr 399.8 (0.4) 392.3 (0.4) 396.5 (0.4) 388.0 (0.4) 394.1 (0.4) 394.0 (0.4) 393.4 (0.4) 392.1 (0.4)
Evqw 7.9 (0.3) 2.4 (0.3) 4.2 (0.3) 6.5 (0.3) 6.0 (0.3) 6.6 (0.3) 5.3(0.3) 4.6 (0.3)
Gnon-polar GB) 8.4 (0.0) 8.0 (0.0) 8.1 (0.0) 8.2 (0.0) 8.2 (0.0) 8.2 (0.0) 8.1 (0.0) 8.1 (0.0)
Ggs —789(0.2) —788(0.2) —81.6(02) —779(0.2) —79.3(0.2) —809(0.2) —784(0.2) —79.8(0.2)
Golvation —-70.5(0.2) -—=709(0.2) —=73.5(0.3) —69.7(0.2) —=71.1(02) —=727(0.2) —702(0.3) —71.7(0.2)
E(otal, GB) 508.8 (0.7) 499.7 (0.5) 501.0 (0.5) 509.0 (0.4) 508.7 (0.5) 506.0 (0.5) 511.5 (0.4) 506.7 (0.4)
AE otal, GB) —-9.1 8.0 —-2.7 —4.8

# Standard errors of the mean values.

Table 3. Energy difference of the complex formation [Agjpging=AB— (A +B)]
Energy NP-Wx NP-Wy (std) P-Wp (std) P-Wj (std) NP-Ng (std) NP-Ng(std) P-Ng (std) P-Nj (std)
(kcal/mol) (std)?

Aginding  Eelectr —2.7 (0.1) —5.5(0.1) —1.5(0.1) —1.4(0.1) —1.3(0.1) —1.2(0.1) —3.2(0.1) —4.3(0.1)
Evaw —14403) —185(0.3) —174(0.3) —165(03) —162(03) —159(0.3) —17.2(0.3) —17.8(0.3)
G (non-polar GB) —3.6 (0.0) —4.0 (0.0) —3.8(0.0) —3.8(0.0) —3.8(0.0) —3.8(0.0) —3.8(0.0) —3.8(0.0)
Ggs 4.1 (0.1) 7.6 (0.1) 4.8 (0.1) 4.8 (0.1) 4.5 (0.1) 4.1 (0.1) 6.0 (0.1) 6.8 (0.1)
Giolvation 0.4 (0.1) 3.6 (0.2) 1.0 (0.1) 1.0 (0.1) 0.7 (0.1) 0.4 (0.1) 2.2 (0.1) 3.0 (0.1)
Etotal, GB) —16.6(0.3) —204(0.2) —179(0.2) —169(0.2) —168(0.2) —16.6(0.2) —182(0.2) —19.1(0.2)
AE(otal, GB) —3.8 0.2 —0.9

# Standard errors of the mean values.

calculations suggest that the total chiral selectivity action by
B-CD favors the IbuS enantiomer by about 0.9 kcal/mol.
The computed average binding energies of — 17.4 kcal/mol
for the IbuR and of — 18.3 kcal/mol for the IbusS, are about
three times larger than the more recent experimentally
available AG omplex formation data of —5.45 kcal/mol** and
of —5.35 kcal/mol** for Ibu racemic mixtures.

The calculated — TAS values for the complexes [IbuR C 3-
CD] and [IbuSCB-CD] are 8.282 and 8.373 cal/mol,
respectively. Thus the resulting A(TAS) was too small to
have an effective contribution to the overall AGy;nging and it
was not included in the present energy analysis. Recent
thermodynamic studies on several enantiomeric pairs
forming inclusion complexes with natural occurring CDs
also report small differences on AAS and AAH in the overall
complexation process.>

2.2. Hydrogen bond analysis

A full analysis of all possible hydrogen bonds formed
between the primary or secondary hydroxyl groups of B-CD
with the carboxylic group of IbuR and IbuS was carried out
with the help of the PTRAJ subroutine of AMBER. For this
analysis, the carboxyl group of Ibu was considered to act
either as acceptor (through the CO or through the OH) or as
donor (through the OH); similar properties were considered
for the hydroxyl groups of B-CD. We used Jeffrey’s
hydrogen bond distance and bond angle criterion® to
classify these from strong to weak hydrogen bonds. Table 4
compares the total number of hydrogen bonds present in all
penetration modes studied.

Since the NP-W penetration mode was computed to
contribute the most in the chiral selection process, only
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Table 4. Hydrogen bonds formed per picosecond of simulation time during
the complexation process for all penetration modes

Moderate Moderate +

weak

NP-W B-CD donor 0.40 1.21
IbuR B-CD acceptor 0.06 0.46

Total 0.46 1.67

B-CD donor 0.73 1.88

Ibus B-CD acceptor 0.08 0.56

Total 0.81 2.44

P-W B-CD donor 0.02 0.17
IbuR B-CD acceptor 0.01 0.14

Total 0.03 0.31

B-CD donor 0.45 1.41

IbuS B-CD acceptor 0.66 (0.48)* 1.04

Total 1.11 (0.92)* 245

NP-N B-CD donor 0.04 0.20
IbuR B-CD acceptor 0.02 0.10

Total 0.06 0.30

B-CD donor 0.02 0.15

IbuS B-CD acceptor 0.02 0.08

Total 0.04 0.23

P-N B-CD donor 0.50 1.42
IbuR B-CD acceptor 0.11 0.64

Total 0.61 2.06

B-CD donor 0.56 1.56

IbuS B-CD acceptor 0.14 0.64

Total 0.70 2.20

# Number of H-bonds formed without considering the contacts with the O4
oxygen.

the results obtained in this arrangement are going to be
described here. The results from the penetration modes and
their intricate hydrogen bonding pattern formed during the
simulation are discussed and depicted in the Supplementary
material (Figs. 1-4).

In the NP-W penetration mode no strong hydrogen bonds
were observed in any of the [Ibu(R,S)C B-CD] inclusion
complexes, however, only moderate and weak H-bonds
were detected. Upon further analysis, we observed that in
both [Ibu(R,S) C B-CD] complexes the hydroxyl group on
Ibu formed fewer hydrogen bonds than the corresponding
carbonyl oxygen. Moreover, the first were classified as weak
while the second were classified as moderate-weak. In most
cases the hydrogen bonds were bifurcated between the
hydroxyl groups of C3 and C2 of any glucose moiety.

Figure 1 of Supplementary material shows that more
hydrogen bonds (moderate plus moderate-weak) were
formed between the B-CD and the IbuS enantiomer than

with the IbuR enantiomer in the NP-W penetration mode.
The average number of total H-bonds in the [IbuR C B-CD]
complex is 2.07 h bonds/ps while in the [IbuSC 3-CD]
complex the number raises up to 3.37 h bonds/ps; this is
about 50% more hydrogen bonds than in the former. When
moderate H-bonds are considered only, the difference
between both isomers is even larger (about twice).

A sample of the hydrogen bonding trajectory is shown in
Figure 3. This figure depicts the trajectory for the O---H
distances between the carbonyl oxygen of IbuS and the
hydroxylic hydrogen corresponding to the OH in position 2
for any glucose residue in the NP-W penetration mode. This
figure shows that the C=0 forms a single H-bond with one
of the secondary OH most of the simulation time, and that
the H-bond position alternates between three different
glucose units: two adjacent and a third one separated from
the other two by one residue of glucose. After careful
analysis of the geometries involving the H-bonds shown in
this figure, we saw that they tend to be linear with O-H:---O
bond angles between 140 and 180° and H---O distances
between 1.6 and 2.0 A, these parameters are in agreement
within those assigned to strong H-bonds. This analysis also
indicates that when intermolecular H-bonds are formed
between Ibu and the host, the intramolecular H-bonds
between the O2 and O3 of B-CD are broken.

2.3. Trace of the chiral atom

The course followed by the chiral atom of Ibu in its
corresponding [Ibu(R,S) CB-CD] complexes (hereinafter
called trace) along the whole MD trajectory was computed
with the help of the gOpenMol®’ program. The results for
the trace in the NP-W inclusion mode are shown in
Figure 4. The B-CD and corresponding Ibu isomer structure
are the average structures computed over the 4500 ps of
simulation, while the Ibu trace shown corresponds to the
nonaveraged isomers and it is the trajectory of the chiral
atom within the B-CD cavity.

The trace for IbuR is more spherical than the one for IbusS.
This is an indication that the latter has a more restricted
motion within the CD cavity. The difference in the cavity
volume explored by Ibu isomers is consistent with the
results of the MM/GBSA and hydrogen bond analyses.
Moreover, the average structure for the B-CD is more
distorted in the [IbuRCB-CD] complex than in the
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Figure 3. Distances between the carbonyl oxygen of IbuS and the hydroxylic oxygen of the OH in position 2 for three specific glucose units.
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[IbuR=B-CD]

Upper view

Side view

Figure 4. Trace followed by the chiral atom of Ibu in the [IbuR C B-CD] and [IbuS C B-CD] complexes in the NP-W arrangement in both upper and side view.

[IbuS C B-CD] one. Upon further observation, we saw that
the first complex presents two glucose units that have lost
their parallel arrangement and are tilted (with the secondary
hydroxyls pointing towards the interior of the cavity), while
the second complex presents only one of such tilted
glucoses.

2.4. Structural features

In this section, we present the structural aspects for the
average structures of the [Ibu(R,S)CB-CD] inclusion
complexes as arising from 4.5 ns molecular dynamics
simulations relative to available experimental thermodynamic
and X-ray data.

All penetration modes formed a 1:1 inclusion complex in the
first 10 ps of simulation, and they remained as such thereafter.
However, in the P-W penetration mode an association
complex was observed for the Ibu$ isomer. Since the
energetic analysis shows the NP—W penetration mode as the
most representative of the inclusion complexes formed (see
Table 3), in Figure 5a and b we present the averaged structures
of IbuR and Ibu$ as obtained from MOIL-View for this
arrangement. The RMSd for the best fit of the non-minimized
structures [IbuRC B-CD] versus [IbuSCB-CD] and the
corresponding minimized structures are 2.042 and 1.867,
respectively. The superimposition of the non-minimized and
minimized structures of IbuR is shown in Figure 5c and the
corresponding structures of IbusS in Figure 5d. The RMSd for
their best fit are 0.9615 and 0.7524, respectively. It is
noteworthy that after minimization, in the absence of explicit

solvent, IbuR moves into the B-CD cavity where the aromatic
ring and the polar group suffer a better orientation due to
electrostatics, while IbuS suffers minor geometric adjust-
ments. The preferred NP-W penetration mode of Ibu
inclusion correlates well with "H NMR results.”* Moreover,
in similar solvent, temperature and pH conditions our
simulation predicts the correct elution order of the enantiomers
in capillary electrophoresis experiments.”**

A recent crystallographic stud2y of the inclusion complex
between pure IbuS and B-CD> presents a 2:1 host—guest
stoichiometry in a head-to-head dimer, where the carboxylic
end of the IbuS molecule faces the narrower rim of B-CD,
position further stabilized by a hydrogen bond with one of
the primary hydroxyl groups of the host. This mode of
inclusion is ogg)osite to the one we report and to the 'H
NMR results.”® The disagreement might originate because
our simulations correspond to a solvated inclusion complex
in a 1:1 host—guest stoichiometry, while in the crystal
structure the formation of a 2:1 host—guest stoichiometry
favors a channel type structure that could give extra stability
to the IbuS orientation. Since the crystallographic structure
does not indicate the direction of inclusion, we hypothesize
that only the P-W and NP—N penetration modes could favor
this orientation.

2.5. Electronic absorption data

Ibuprofen forms 1:1 inclusion complexes with o, B and vy
cyclodextrins, in pH 7.5 buffer aqueous solutions.
The interaction constant of [Ibu_ICB-CD] at 298 K is
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(a)

(d)

Figure 5. Average structures of the [IbuRCB-CD] and [IbuSCB-CD] complexes after 4.5ns of simulation of the initial NP-W arrangement.
(a) Nonminimized structures, in blue that of the IbuR enantiomer and in magenta that of the IbuS enantiomer. (b) Minimized structures of the same complexes
shown in (a). (c¢) Comparison of the nonminimized (blue) and minimized (orange) average structure of [IbuR C 3-CD]. (d) Comparison of the nonminimized

(blue) and minimized (orange) average structure of [IbuSC 3-CD].

170+£10 M~ '; some of its thermodynamic parameter
values were determined: AH;yeraction aNd ASinieractions
+2.82kcal mol ™! and +0.019 kcal mol ™' K™ 1, respect-
ively. While the values of the corresponding interaction
constants for [Ibu~!'Ca-CD] and [Ibu_ICy-CD]
complexes, under the same reaction conditions, are:
190410 and 170+ 15 M~ !, respectively.>® Therefore, the
magnitude of these interaction constants for the 1:1
complexes seems to indicate that the cavity size of the
cyclodextrins is not an important factor for the Ibu
complexation. Additionally, these interaction constants are
small in comparison with other reported values for anti-
inflammatory-cyclodextrin binding constants.>® There are
several reports® in the literature about the complexation of
guest molecules containing alkyl chains and cyclodextrins,
where the alkyl moieties are included into the cyclodextrin
cavity; in these cases the binding constants are also small.

2.6. Two dimensional NMR spectra

The alkyl chain of Ibu is part of its hydrophobic moiety
involved in the complexation. The negatively charged group
of this guest species drives the direction in which it is
oriented during the inclusion process. The carboxylate
group remains in contact with the aqueous solution and the
uncharged moiety is included in the cyclodextrin cavity.

The NOESY spectrum (see Fig. 5 of the Supplementary
material) shows changes corresponding to the signals of H-3
of the B-CD. Significant changes in the corresponding
signals of the H-2 and H-4 are also observed on cyclodextrin
external protons. This NOESY spectrum is indication of a
weak interaction between the Ibu molecule and the B-CD.
Both, the aromatic and the alkyl moieties are included into
the cyclodextrin ring and are protected from the aqueous

solution and the B-CD hydroxylic groups. The interaction of
the guest with H-3, localized in the interior of the B-CD
cavity and close to its wide part, and is due to the iso-alkyl
group and the aromatic ring, when Ibu is included. The iso-
butyl chain is completely included; however, the characte-
ristic band associated with the interaction of H-5 of B-CD is
absent in this spectrum. Perhaps, the great difference
between the iso-butyl chain size and the internal cyclodex-
trin diameter, (=4.3 and 7.8 A, respectively) is responsible
for this weak interaction.

The B-CD external section is also affected by the interaction
with the iso-butyl chain of the guest molecule. When the
[Ibu~ ' CB-CD] complex is formed the iso-butyl chain is
completely included, the -CH, group and the benzene ring
remain close to H-5 and H-3, respectively. However, only
the interaction with H-3 can be inferred in this spectrum,
since the ibuprofen —CH, group weakly interacts with the
internal H-5 of the host molecule.

The —CH group of the iso-butyl chain displays a small
interaction signal with the H-6 of the B-CD, the remaining
methyl and C-H groups of the guest that are not included
within the confinement of the cyclodextrin, interact with the
host external hydrogen atoms.

It can be suggested that the small interaction constant values

is due to the small surface contact between the guest and
host molecules, since ibuprofen is small for the cavity.

3. Conclusions

The main driving forces for complexation are dominated by
non-bonded van der Waals intermolecular interactions and



C.-J. Nuriez-Agiiero et al./ Tetrahedron 62 (2006) 4162-4172 4169

the non-polar contributions to solvation, although the
relative orientation of the interacting molecules and
the presence of topical H-bonds between the polar part of
the drug and the OH groups of the $-CD rims play a further
role in stabilizing the supramolecular assemblies. Calcu-
lations of the energy components showed that under the
conditions considered all 1:1 inclusion complexes are stable
and, that a preferential way of insertion was detected,
exception made for IbuS$ in the P-W penetration mode in
which an association complex was formed.

The preferred penetration mode found corresponds to a
geometry where the non-polar group of Ibu faces the wider
cavity of the B-CD (NP-W). In this geometry, the IbuR
enantiomer moves more freely inside the host cavity after
insertion, while the IbuS enantiomer presents a more
restricted motion. Moreover, the IbuS enantiomer forms a
significant number of moderate to strong hydrogen bonds
with the secondary hydroxyl groups of B-CD during the
entire simulation time, while the IbuR enantiomer does not
present such feature. In general, the energetic analysis
reveals that the IbuS enantiomer is about 1 kcal/mol more
tightly bonded than the IbuR enantiomer. This rather small
energy difference is not enough to explain the chiral
selectivity shown by B-CD upon Ibu isomers, however, the
apparent geometrical differences shown by the
[Ibu(R,S) C B-CD] molecular complexes suggest that the
Ibu chiral discrimination is also due to an induced fit effect.

In summary, we have shown that the recognition process is
based upon four steps. Stepl: formation of the guest—host
complex. Step 2: positioning of both guest and host to
optimize interactions (conformational adjustments). Step 3:
formation of secondary interactions (activation of the
complexes). Step 4: expression of molecular fit (chiral
recognition). Within the limits of this study we did not
detect any three-point recognition process.

The small contact surface formed from the inclusion
complexes of Ibu~' ion and the cyclodextrin cavity
discards van der Waals interactions as a stabilizing factor
of the inclusion complex. The positive values of the
AHiperaction ad ASjperactions computed from the absorption
electronic spectroscopic data, lead to the identification of
the hydrophobic effect as the driving force for the formation
of the [Ibu~' C B-CD] complex in aqueous solution; while
the geometry of this inclusion complex was established by
the 10njpyproren—dipoleg.cp interaction. The Ibu~' ion
produces 1:1 inclusion complexes with the smallest
interaction constant values, when compared with other
anti-inflammatory-cyclodextrin complexes.

4. Construction of models

The atomic coordinates for the S-(+)-Ibu enantiomer
(IbuS) were obtained from the 3D Pharmaceutical Structure
Database (3DPSD).*' The R-(—)-Ibu enantiomer (IbuR)
was obtained from reflection of the first one. The B-CD
molecule was built using the PREP/LINK/EDIT/PARM
modules of the AMBER v.5 programs*? suite, by connecting
seven D-glucop}ranose units from the GLYCAM_93
fragment library™® through the a-(1,4) glycosidic linkages.

The starting orientations for the inclusion complexes were
built by the combination of all the insertion possibilities,
thereby identified as the penetration modes NP-W, NP-N,
P-W and P-N shown in Figure 2. For instance, NP-W
means that the non-polar chain of Ibu is placed at the
entrance of the wide rim, or secondary hydroxyl rim, of
B-CD. The rest of the labels are self explanatory.

The 1:1 inclusion complexes were constructed between -
CD and each one of the two Ibu enantiomers in the neutral
moiety. The corresponding geometries were achieved with
the aid of the docking module of the InsightIl program
package.** Unfavorable interactions within these structures
were relieved by energy minimization with steepest descent
followed by conjugate gradient energy minimization until
the RMS of the elements of the gradient vector was less than
10~ * keal/(mol A).

5. Computational methodology

The parm94 force ﬁeld,45 the GLYCAM_9343 set of
parameters and the AMBER program** were used through-
out this work. The partial atomic charges for the neutral Ibu
isomers were obtained following the RESP methodology.*®
Accordingly, four low energy conformations of each Ibu
enantiomer were minimized with the DFT method (B3LYP/
6-31G**)*” implemented in the Jaguar program,*® and the
electrostatic potential (ESP) was calculated at the HF/6-
31G* level. For a better estimation of the guest atomic
charges in the hydrophobic interior of B-CD, the ESP mesh
was computed as if the Ibu molecule was immersed in
cyclohexane. This was accomplished using the correspon-
ding solvation module of Jaguar. In these calculations the
solute is represented by a set of atomic charges and the
solvent as a layer of charges at the solute molecular surface.
The final set of atomic charges used in these computations is
the result of averaging a total of eight conformations (four
for each enantiomer). The atomic charges for B-CD were
taken from the literature.*?

The 1:1 inclusion complexes were solvated by a cubic box
of 35 A per side of TIP3P*’ water molecules, equivalent to a
0.001 M solution of pH 4.5. These conditions resemble
those reported on capillary electrophoresis experiments.”*>!
The water imbibed models were gradually heated from O to
300 K in three steps of 100 K each. Each step had duration
of 5 ps with diminishing restrains for the solute. The full
system with no-restrains was equilibrated for approximately
20 ps at 300 K. This was followed by 4500 ps of data
collection runs in order to examine the complex dynamics
and structure. The temperature was maintained at 300 K by
the Berendsen coupling algorithm,’” with separate solute—
solvent and solvent-solvent coupling. A total of 4500
snapshots were saved during the data collection period, one
snapshot per 1ps of MD simulation. Visual inspection
showed that the 1:1 inclusion complex was formed within
the first picoseconds of simulation and that it was stable
during the entire simulation period. In order to compare with
experimental results, various physical properties associated
with the host molecule were calculated using the various
modules present in the AMBER V.5 suite of programs.*?
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The MD simulations were carried out under an NPT
ensemble. Periodic boundary conditions with a primary
cutoff of 9 and 15 A for a secondary cutoff for non-bonded
interactions were applied. The long range electrostatic
interactions were evaluated by the Ewald method.”® The
leap-frog algorithm with a time step of 1 fs with sampling
taken every 1 ps was used. SHAKE was used for all bonds
containing hydrogens.>*

To estimate the binding free energy on the complex
formatlon we employed the MM-PBSA/GBSA method-
ology'*>>3° since it has been successfully apphed to studéy
the binding of small druglike molecules®”® to proteins,

RNA®' and DNA.'® In the frame of this methodology the
free energy of binding for the association reaction A+B —
AB is calculated using the following thermodynamic cycle:

y + B AGbinding AB

aqu aqu
A B AB
i(*AGmlv \L*AGSOIV \LAG.W)IV
AGggs
gas
Agas + B gas 4B gas

AGbinding = AGgas AGsolv AGsolv + AGsolv
= AHy, —TAS — AGgpsp —AGGsa + AGGisa

where AG,,; is the interaction energy between A and B in
the gas phase and AG%,,, AGE,, and AGAE, are the
solvation free energies of A, B and AB, which are estimated
usmg a continuum approach, that is,
AGL,, = AGAgsa = AGA + AGS,, etc. Therefore,

solv ™

AGbinding = AHgas _TAS + AAGGB + AAGSA

where

AI_Igas = AEgas = AEintra + AEeleclrostatic + AEvdw = EMM

and

AAGgp = AGap — (AGGs + AGEs)

AAGsy = MGy — (AGSs + AGS,)

The polar solvation energy contribution is computed in
continuum solvent with the Generalized Born (Ggg) model
using the PARSE van der Waals radii,®* with interior and
exterior dielectric constants of 1 and 80, respectively; while
the non-polar solvation energy contribution or the solvent
accessible surface area (SASA) for each isolated state (host,
guest, or complex) is calculated as Gsa=7YSA+b, where
v=0.00542 kcal/(mol AZ) and b=0.92 kcal/mol, and SA is
estimated with the MSMS program.®®

The change of solute entropy upon binding, —TAS, was
estimated using the NMODE module of AMBER and the
MOIL-View program® v.10.0. With MOIL-View we
performed a cluster analysis of the [Ibu(R,S)CB-CD]
complex structures within a RMSD of 1 A during the MD
trajectories. We focused on the six most populated clusters
and obtained an average structure for each one of these
clusters. These structures were minimized using a distance
dependent dielectric constant of e=4r;, to account for

solvent screening, and its entropy was calculated using
classical statistical formulas and normal mode analysis.

We also assumed that if one wishes to calculate the binding
free energy difference between two similar guests bound to
the same host, this process can be described by the
following thermodynamic cycle:

AGblfrldi;'lg
— e

IbuR + BCD IbuR: B CD

\LAGsolv J{AGB

S
buS + B CcD —2Cinding - ps . g cp

In such a way that,
AAG = AGinging — AGhinging = MGy, —AGp,

where AGEmding and AGﬁindmg are the binding free energies
for the R and S isomers of Ibu, respectively, and AGy,,, and
AGg are the nonphysical transmutation free energy from the
R to the S isomer of Ibu in free and bound states. Since we
are interested in learning about the structural and energetic
features that lead to chiral discrimination, we propose that
we can calculate the binding free energy difference of the
two enantiomers as AAG = AGying — AGpinging: Where the
AGyinging 18 calculated using the MM/GBSA methodology
as described above. The ensemble of structures was
generated by sampling the MD trajectory every 4 ps.

The hydrogen bond analysis was done with the hbond
subroutine the PTRAJ module of AMBER. The maximum
distance between acceptor oxygen and donor oxygen
was considered to be 4.05 A, and resulting hydrogen
bonds were Clasmﬁed as strong, moderate and weak
according to Jeffrey.*

AMBER MD calculations were performed on a SGI Onix
R4400 with OS IRIX 6.5 and the MM/GBSA calculations
were carried out in a PC Pentium III computer with Linux
v.7.1.

6. Experimental

6.1. Chemical reagents

Ibuprofen (Boehringer-Ingelheim Promeco laboratories,
Mexico City); B-CD was a donation from Arancia Mexico.
The buffer components, Na,HPO, and KH,PO,, and D,O
(99.9 at.% D) were supplied by Aldrich. NaCl, R.A. was
purchased from Mallinckrodt. Water was distilled in a
Barnstead Thermolyne System and given a second
treatment in the Easypure RF Compact Ultrapure Water
System. All chemical reagents were used without further
purification except for B-CD. A 2% aqueous solution of
B-CD was left to stand at room temperature for a long time
in order to promote aggregation of insoluble impurities and
complexes; the solution was then filtered off before
recrystallization. B-CD was recrystallized from boiling
water and it was then rinsed several times with ethanol,
acetone and cold water.®
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6.2. Preparation of the inclusion complexes

Prior to the inclusion complex study, we prepared a series of
ibuprofen solutions in the calculated concentration range in
aqueous solution to generate a calibration curve. The
calibration curve was used to determine the absorbance
of the guest at 10> mol dm™>. In aqueous solution,
the absorbance of B-CD in the concentration range studied
(10_3—10_2m01 dm_3) was also known. Inclusion
compounds were prepared by direct dissolution. The 10~°
mol dm ™ guest solutions were employed to dissolve
increasing concentrations of cyclodextrin. In this way, the
inclusion compound solutions were prepared. The buffer
solution, pH 7.5, consists of Na,HPO4/KH,PO4
(0.07895 mol dm_3) with constant ionic strength of
0.1 mol dm > NaCl. At this pH the carboxylic group
of ibuprofen takes the ionic form of the ibuprofenate
ion (Tbu=1).

The absorption spectra of each solution series were
measured 24 h after their preparation using a 1 cm path
length cell. Each solution was measured several times.
Thus, the resulting absorption data are average values, to
minimize the measurement errors. The same general
procedure was followed for the formation of inclusion
complexes in the other reaction media.

6.3. Spectroscopic measurements

The UV-vis electronic absorption spectra were determined
using a Hewlett Packard 8452A Diode Array Spectro-
photometer. The temperature was kept constant by means of
a Peltier Hewlett Packard 89090A system. Water was used
as blank in all measurements.

"H NMR experiments were carried out in non-buffered D,O
solutions. 1D "H NMR spectra were collected on a 300 MHz
Varian Unity Plus spectrometer using a frequency of
299.95 MHz, with a 45° pulse (6.7 ps), spectral width of
3229.5 Hz, 3.002 s of acquisition time and 298 K. The
number of transients acquired (32-128) depended on the
sample sensitivity. Nuclear Overhauser Effect (NOESY)
data were collected with the same 300 MHz Varian Unity
Plus spectrometer, with a broad band switchable probe.
Spectral width was 2731.5 Hz in both dimensions, with an
acquisition time of 0.187 s.
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