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Abstract The interaction of 4-nerolidylcatechol (4-NRC),
a potent antioxidant agent, and 2-hydroxypropyl-f-cyclo-
dextrin (HP--CD) was investigated by the solubility
method using Fourier transform infrared (FTIR) methods
in addition to UV-Vis, "H-nuclear magnetic resonance
(NMR) spectroscopy and molecular modeling. The inclu-
sion complexes were prepared using grinding, kneading and
freeze-drying methods. According to phase solubility
studies in water a Bg-type diagram was found, displaying a
stoichiometry complexation of 2:1 (drug:host) and stability
constant of 6494 4+ 837 M. Stoichiometry was estab-
lished by the UV spectrophotometer using Job’s plot
method and, also confirmed by molecular modeling. Data
from "H-NMR, and FTIR, experiments also provided for-
mation evidence of an inclusion complex between 4-NRC
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and HP-$-CD. 4-NRC complexation indeed led to higher
drug solubility and stability which could probably be useful
to improve its biological properties and make it available to
oral administration and topical formulations.
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Introduction

4-Nerolidylcatechol (4-NRC) (Fig. la) is the major sec-
ondary metabolite from Pothomorphe umbellata L. Miq.
(Piperaceae), which is known, in Brazil, as “caapeba” or
“pariparoba”. Their role as a potent antioxidants and,
consequently, in the prevention of photodamage has
received a great deal of attention lately [1-4], including a
patent application claiming for the plant extract on UVB
photoprotection [5]. Other pharmacological properties of 4-
NRC comprise analgesic and anti-inflammatory action [6],
antimicrobial [7] and cytotoxic activity [8] showing a
protective genototoxic effect against cyclophosphamide
[9]. However, the therapeutic usefulness of the catechol is
limited by its unfavorable physicochemical properties, such
as its very poor water solubility, in addition to its photo-
sensitivity, making them a challenge to undertake.
Inclusion complexation with cyclodextrins (CDs) has
been widely used to improve the solubility and dissolution
rate of poor-soluble water drugs [10—12]. Among the CDs,
B-CD and HP--CD, a hydrophilic derivative (Fig. 1b), are
the first choices as they have suitable cavity sizes and
relatively low costs. HP-B-CD deserves special attention
because of its higher aqueous solubility, lower toxicity as
well as a more hydrophobic cavity compared to the parent
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Fig. 1 a Chemical structure of

4-NRC. b HP--CD (R=H or (a)
isopropyl group): schematic

representation

compound [13-15], making this CD a choice for incorpo-
ration of lipophilic molecules into a CD cavity.

Chemically, lipophilic guest compounds are capable of
forming stable complexes with properly sized drug mole-
cules. The binding forces within these complexes may
involve hydrophobic, van der Waals interactions, hydrogen
bonding, or dipole interactions [16].

In our previous work [17], pure 4-NRC could be solu-
bilized up to about 2.5 mg/mL, using a 30% HP-$-CD
solution. However, no further details were investigated
about the chemical structure, stability or kinetics properties
of the complex. The formation of the complex between 4-
NRC and HP-$-CD would probably increase the aqueous
solubility, stability, bioavailability and mainly it could
improve skin permeation of 4-NRC, allowing their use in
various pharmaceutical forms, including for oral adminis-
tration or topical formulations.

Therefore, the aim of this study was to investigate and
characterize the interactions between 4-NRC and HP-f-CD
in the inclusion complex, and also, to study the stoichi-
ometry and the topology of the obtained complex.

Experimental
Reagents and 4-nerolidylcatechol (4-NRC) isolation

4-NRC was obtained from the crude Pothomorphe um-
bellata L. Miq. ethanolic roots extract, as previously
described [9, 17, 18]. Drug purity grade was assessed by
HPLC-PDA, according to a validated method (manuscript
in preparation), and characterized by spectroscopic analysis
(UV, MS, and 'H and '>C NMR, data not shown). HP-f-
CD was purchased from Sigma-Aldrich Chemical Com-
pany (averaged MW ~ 1,380 and degree of substitution:
0.8, Milwaukee, USA). Methanol and acetonitrile were of
HPLC grade (Tedia Company, USA). All the other
reagents were of analytical grade. Deionized water was
used throughout the experiments (Mili-Q, Millipore, USA).
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Preparation of the 4-NRC/HP-f-CD solid binary
systems

Physical mixtures were obtained by mixing 4-NRC (oil)
and HP-p-CD powder by simple blending them in a glass
mortar, at the same molar ratio (1:1).

Kneading product was prepared at stoichiometric
quantities of 4-NRC and HP-$-CD (1:1 molar ratio) by
grinding them with a small amount of ethanol: water (1:1)
mixture. The slurry was kneaded for 60 min and then dried
under vacuum at 39 £ 1 °C. Next, the product was frozen
and lyophilized.

Freeze-dried product was prepared by adding different
concentrations (0.0-50.0 mM) of HP--CD aqueous solu-
tions to 10 mL stoppered borosilicate glass flasks
containing equal amounts of the 4-NRC (1.0 mg). The
mixtures were stirred using an orbital multipoint magnetic
shaker over a period of 3 days, at 23 £ 1 °C and protected
from light. Each experiment was carried out in triplicate
samples. After equilibrium had been reached, samples of
each flask were filtered through a Millipore membrane
(0.45 um), frozen and freeze-dried over 24 h in a Freezone
4.5 Labconco® system.

Characterization of the solid binary systems
Phase solubility studies

Phase solubility studies were performed in aqueous
medium as described by Higuchi and Connors [19]. HP-f-
CD aqueous solutions of different concentrations (0.0-
50.0 mM) were added to individual borosilicate flasks
(10 mL) containing equal amounts of 4-NRC (1 mg) cov-
ered with aluminum foil to protect from light exposure.
Triplicate samples were shaken over a period of 3 days, at
23 £ 1 °C using a multipoint magnetic stirrer. After
equilibrium had been reached, the content of each flask was
filtered through a PTFE membrane 0.45 pm (Millipore,
Sao Paulo, Brazil). All samples were analyzed by high
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performance liquid chromatography (HPLC) under the
following conditions: a Varian ProStar 210 equipment
coupled to a UV detector 340 set at 282 nm, using a RP-18
Synergi Fusion® column (4y, 150 x 4.6 mm) from Phe-
nomenex (Torrance, USA) and, methanol: acetonitrile:
trifluoroacetic acid 0.1% (62:20:18 v/v, 1.0 mL/min), as
mobile phase. The stability constant (K.) was calculated
from the linear and ascendant portion of the phase solu-
bility diagram (Fig. 2a) according to Eq. 1 [19]:

I
K slope

=51~ slope] W

where, slope is the value found on the linear regression and
So is the intrinsic aqueous solubility of the 4-NRC, deter-
mined in the absence of HP-f-CD.

Stoichiometry of the complex

Stoichiometry of the complex was assessed by the continuous
variation method using UV-Vis spectrometry [20]. UV
spectra were obtained for a series of 4-NRC: HP--CD mix-
tures. The total concentration of guest and host molecule were
kept constant (2 mM) but varying the molar ratio fraction of
each component from 0 to 1. An analogous set of solutions
containing only 4-NRC was prepared in methanol for the drug
calibration curve. The absorbance of free 4-NRC in methanol
was determined, as a control, and each solution was measured
in triplicate. Spectra were recorded using a Varian Cary 50
spectrophotometer and a quartz cell with optical path length of
1.00 cm, at 282 nm, at room temperature.

Fourier transform infrared (FT-IR)

FT-IR spectral studies were carried on a BX/RX Perkin
Elmer 60508 model using the KBr disc method (hydraulic
press Perkin Elmer 4037). Scanning was carried out from
4,000 to 400 cm™'. The FT-IR spectra of binary complexes
were compared with their physical mixture, and with pure
HP-$-CD and 4-NRC [21].

'"H-NMR

One-dimensional spectra were recorded on a Varian Inova
500 MHz spectrometer. Unbuffered deuterated water
(D,0O) was used as the solvent system. Typical acquisition
parameters consisted of 16 K points covering a sweep
width of 4998.14 Hz, digital zero filling to 128 K and a
0.5 Hz exponential function were applied to the FID before
Fourier transformation. The resonance at 4.75 ppm due to
residual solvent, present as impurities (H,O and HDO),
was used as internal reference at 298 K. The data were
collected without an external reference to avoid possible
interactions with the HP--CD.

Molecular modelling

The inclusion complexes of 4-NRC in HP-f-CD have been
investigated by the docking approach, essentially by
molecular mechanics and molecular dynamics. However,
for calculations accuracy, and for a better understanding
about molecular behavior, in terms of stability and flexi-
bility, the compounds were firstly studied separately, than a
1:1 stoichiometry was considered for the inclusion process
to, finally, come to the 2:1 proportion. The simulations
were performed using the Accelrys’ program-package
Studio (MS) version 4.2 [22]. Molecular
mechanics calculations were carried out using Discover
version 2007.1 with PCFF force field [23, 24], through the
conjugate gradient (Polak-Ribiere) algorithm. Energy
minimizations were performed until a maximum derivative
of 1.0 x 10™* keal mol™" A™".

Molecular dynamics trajectories were observed at
298 K, under vacuum. A good compromise for the equili-
bration period was 200 ps, for single structures, and for the
complexes, with a time step of 1 fs and a cut-off equal to
9.5 A. When a 4-NRC dimer was introduced into HP- p-CD
cavity, fixed constraints were imposed to that structure, in
order to avoid unexpected structural distortions. Energy
minimizations were performed to permit guest adjustments
into the host cavity. After strong steric hindrance correc-
tions, the constraints were removed and the systems were
freely reoptimized, before being submitted to dynamics
simulations.

The f-cyclodextrin structure (-CD) was extracted from
the Protein Data Bank (PDB code: 1DMB; resolution:
1.8 A) [25, 26], where the cyclomaltoheptaose (-CD) was
complexed with the maltodextrin binding protein (MBP)
[27]. The hydrogen atoms and the hydroxypropyl chains
were added to the crystal atomic coordinates set in order to
have the HP--CD structure. The 4-NRC guest was built by
MS/Build tools. Molecular systems were optimized as
described above. After fluctuation analysis, the chosen
models were resubmitted to molecular mechanics optimi-
zation, giving us, for each model, an order of relative
potential energies. For each result the Connolly surface
area [28, 29] and the occupied volume were calculated.
Special attention was given to HP-f-CD surfaces in order
to quantify the structural distortions due to 4-NRC
inclusion.

Materials

Results and discussion
Phase solubility studies

One important pharmaceutical application of CDs is to
enhance drug solubility in aqueous solutions. In this work,
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Fig. 2 a Phase solubility diagram for 4-NRC at increasing HP--CD concentration, determined at 23 °C. b Linear part of the phase-solubility
diagram for 4-NRC at increasing HP--CD concentration, determined at 23 + 1 °C

the 4-NRC solubility was assessed as a function of HP-f-
CD concentration showing a nonlinear process where the
drug solubility increases with a negative deviation from
linearity (Fig. 2a). Accordingly to Higuchi and Connors
[19], such a phase solubility diagram characterizes a Bg
type solubility profile.

The determination of the apparent stability constant (K,,)
between the drug and CD is based on the index measure-
ment of the changes in physicochemical properties of a
compound upon inclusion. Most determining methods of
the K, values are based on an analysis of concentration
dependencies, using titration experiments of the drug
molecule with the CDs [30]. In this work, the K, was
calculated from the initial linear part (Fig. 2b) of the phase-
solubility diagram [19]. Importantly, equilibrium was
reached and the complex drug-CD stability constant could
be calculated. The intrinsic solubility (Sy) of 4-NRC in
water was found to be 1.06 x 107> mM (3.32 pg/mL).
Subsequently, the apparent stability constant was calcu-
lated (6,494 + 837 M™') confirming a highly stable
complex formation, as previously reported for other similar
catechol molecules [31, 32].

According to Blanco et al. [33] and Pitta et al. [34], only
complexes showing K,, values between 200 and 5,000 M~
have practical applications. It means that, complexes
showing K, < 200 M~ are generally very labile exhibit-
ing premature drug liberation profile or, instead, they are
very stable (K, > 5,000 M~") displaying an incomplete or
very slow drug release rate. Therefore, the K, value found
in this work (6494 4 837 M™") fell outside the practical
range. Conversely to previously cited articles, some other
authors [35] have shown practical applicability of those
inclusion complexes, which may contribute to improving
the stability of catechol molecules and, also, the bioavail-
ability of the poorly water-soluble drugs. It should also be
pointed out that preliminary data, under investigation with
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a collaborative research group, has shown higher antican-
cer activity for 4-NRC inclusion complex than pure
compound (manuscript in preparation), corroborating
previously cited Pothomorphe umbellata crude extract
bioactivity [36].

Taking into account the above mentioned 4-NRC
aqueous solubility (intrinsic) and, its solubility after
experimental addition of HP-$-CD (0.27 mM) (Fig. 2), we
found it 26 times higher than the original one (3.3 vs.
85.8 pg/mL), highlighting the importance of the presence
of HP--CD, and the use of the inclusional technique in the
discovery and development of new drugs.

Characterization of inclusion complexes
Stoichiometry of the complex

The stoichiometry of the complex was investigated by
continuous variation method (Job’s plot) by means of UV—
Vis spectrometry observations [37]. The difference of
absorbance (AA) of 4-NRC with and without HP--CD
was measured at 282 nm and 21 £ 2 °C. Figure 3 repre-
sents a Job’s plot of AA x r as a function of r = m/
(m + n) where m and n are the molar ratios of 4-NRC and
HP-f-CD, respectively. The plot shows a maximum value
at r = 0.67, corresponding to 2:1 (4-NRC: HP-3-CD)
stoichiometry.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FT-IR): The
inspection of the HP--CD spectrum (Fig. 4a) shows high
intensity bands centered at 3,400 cm ™, related to free —OH
groups stretching vibrations, while the pure 4-NRC spec-
trum (Fig. 4b) also shows free —OH group centered at
3,500 cm ™! besides more characteristic as C=C olefinic
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Fig. 3 Job’s plot for the complexation of 4-NRC: HP--CD system.
AA = difference of absorbance of 4-NRC at 282 nm with and
without HP-B-CD; r = m/(m 4 n). (m and n are the molar ratios of
4-NRC and HP-f-CD, respectively)

and C=C aromatic stretching bands at 1,635 and
1,522 cm ™!, respectively, in addition to an absorption band
at 1,283 cm™! related to C-O phenolic strectch.

For the drug—CD physical mixture spectrum (Fig. 4c)
the sum of the FTIR spectra of the pure compounds were
expected. Although only some 4-NRC aromatic bands were
still observed (1,286 cm~!and 1,522 cm_l) while the free
v(OH) and aliphatic bands (2,968 and 1,635 cm_l) were
overlapped by v(-CH/-CH,) and hydrated bonds of the
HP-$-CD bands, all centered at 3,400, 2,930 and
1,654 cm™", respectively. This could suggest that the
phenolic portion of 4-NRC is probably not included (or
interacting) in the CD cavity.

Kneading product spectrum (Fig. 4d) showed more
intense bands at 3,392, 2,929 and 1,644 cm ™! attributed to
free -OH, —CH/CHj stretching vibration of HP-f-CD. The

Fig. 4 FT-IR spectra of (a) HP-
p-CD, (b) 4-NRC, (c) physical
mixture, (d) kneaded product,
(e) inclusion complex
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same correspondent bands were seen in the freeze-dried
product (Fig. 4e) at 3,391, 2,930 and 1,654 cm™!, while
the ascribed 4-NRC bands at 1,635, 1,522 and 1,245 cm™!
have disappeared in both kneading and freeze-dried prod-
uct. This evidence generally is taken as an indication of the
inclusion complex formation [31], although IR spectros-
copy is not generally very suitable for unambiguously
detecting the inclusion of compounds in CD’s, because
CD’s bands can easily mask the guest’s absorptions (p.e.
different molar ratios between CD/guest compound),
especially when there is close related groups, as seen here
for both molecules, aside from phenolic group of 4-NRC,
which is assigned in a crowded band area of the IR spectra.

Nuclear magnetic resonance characterization

'"H-NMR spectrum of cyclodextrin (Fig. 5; Table 1)
showed six assignable signals hydrogens H;, H, H, being
at the outer surface of cyclodextrin, while H; and Hs are
facing the interior of CD cavity (the inner surface) and,
therefore, they are particularly important for studying host—
guest interactions. Hg is located at the rim of the truncated
cone of $-CD with primary alcohols groups, while H, and
H, are at the opposite entrance of the cavity.

Thus, the inclusion of 4-NRC into the HP--CD cavity
was evaluated by changes in the chemical shifts (d) of the
HP-$-CD hydrogens in the presence and absence of 4-NRC
(Fig. 5). Some assignable HP--CD and 4-NRC hydrogen
atoms, along with the chemical shift deviations due to
complexation are presented (Table 1). The H, and Hy
hydrogens could not be assigned to HP--CD due to signal
overlapping in the '"H NMR spectrum. The higher upfield
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Fig. 5 "H-RMN spectra of
4-NRC, kneaded product,
inclusion complex, physical
mixture and HP--CD
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shifts observed for the internal hydrogens (H; and Hs) are
indicative that guest molecules (a dimer of 4-NRC) are
located close to the hydrogens inside the HP--CD cavity
for which a shielding is observed [37]. This displacement is
due to the anisotropic magnetic effect induced by the
presence of the aromatic group of the guest molecule. This
strongly shift suggest complexation involving inclusion
into the cavity of the host [28], in addition to interactions
external to the cavity, as the external hydrogen H; was
affected, even though to a lesser extent when compared to
H; and Hs (Table 1).

@ Springer
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The larger shift observed in the presence of 4-NRC for
Hs with respect to Hj, and the significant shift of Hg,
indicates that this drug penetrates into the CD cavity from
the primary hydroxy] site of the macrocycle. Similar results
have been obtained by Ventura et al. [35] and Xinyi and
Lindenbaum [38] for chenodeoxycholic acid. The opposite
magnitude of H; and Hs shifts in the presence of the guest
molecule indicates a probable opposite penetration of the
drug. In addition, 4-NRC methylic hydrogens assignable to
C,,,C,5 and C,, and C,5 were deshielded (Table 1). This
can be explained due to hydrogen bonds between HP-f-CD



J Incl Phenom Macrocycl Chem (2009) 64:23-35

29

primary OH groups or glycosidic oxygen atoms and 4-NRC
(see discussion item 2:1 Guest: host interactions).

Molecular modeling studies
Host structures

Primary alcohols of the f-cyclodextrins are involved in
hydrogen bonded networks constituted, on average, by the
linkages between OH, to OHzy, OH3 to Ogjycosigzic, OHy to
O’ giycosidicc OHy to OH,,, OH, to OHsr, and so succes-
sively. The pB-CD structure is well described in the
literature [39—41], as a truncated cone in which the primary
alcohol groups are oriented to the narrower edge, and the
secondary hydroxyl groups point toward the wider edge.
Hydroxypropyl chains were added to the secondary
alcohol groups of -CD backbone to form the HP-S-CD
guest. Due to their flexibility, a larger movement of those
chains would be expected. During dynamic trajectories, one
can observe that the tendency of the hydroxyl groups seems
to be oriented to the interior of the structure, favouring the
hydrogen bond interactions (OH---OH and OH---O¢) and
keeping those chains as closed as possible. It can induce a
variable effect over the form of the truncated cone. The new
defined contour looks like a truncated cylindrical form,
measuring around 14.5 A of width by 11.4 A of height.

Guest behavior—models for single molecule and for dimer
molecules

To cover the molecular movement of 4-NRC, at 298 K, a
trajectory of 200 ps was necessary to search the conforma-
tional space. A smaller time was not enough to find a folded
structure. The six stable conformers chosen to exemplify
4-NRC molecular flexibility are shown in Fig. 6a. Reported
energy values correspond to the geometries reoptimized after
dynamics. To measure molecular extensions, a pseudo-atom,
X, was positioned in the center of mass of the aromatic ring.
The distances were measured from X to C4 and C; 5 methyl
groups, located in the end of the 4-NRC alkenylated chain.
Reported values evaluate the near carbon to the pseudo-
atom, and varied from 12.5 A to 6.9 A. The most stable
geometry, under vacuum, got a folded conformation (E =
—31.3 kcal mol™") and the energy increment to the longest
geometries varies from 1.0 to 2.5 kcal mol ™! (E=— 294,
—28.4 and —26.9 kcal mol ™).

In order to construct a reasonable approach to model
4-NRC inclusion, a dimer was studied in two different
orientations. Two extended conformers, the most stable
found from dynamic calculations, were positioned in par-
allel and in anti-parallel orientations (Fig. 6b).

The starting positions were chosen by visual analysis,
optimized and submitted to standard dynamic procedures.

Table 1 'H-NMR chemical shift displacement (AS, ppm) of HP-f-
CD in freeze-dried product in D,O

R=-H
or
- CH,CHOHCH,
HPSCD o free o complex Ad*
H-1 5.08 5.08 0.00
H-2 n.r. n.r. n.d.
H-3 3.97 3.94 —0.03
H-4 n.r. n.r. n.d.
H-5 3.73 3.72 —0.01
H-6 3.88 3.87 —0.01

4-NRC 0 free 0 complex Ao
CHj; (12'a) 1.07 1,45 +0.38
CH, (15'b) 1.38 1,62 +0.24
CH, (14'a) 1.46 1,66 +0.20
CH, (13a) 1.54 1,73 +0.19
CH, (5;9)  1.84;1.93 (nr) 1.95;2.04 (nr) -+0.11; +0.11
CH, @;8) 1.6-175(mr) nd n.d.
CH, (1'a; 1'b) n.d. n.d. n.d.
CH, (6/; 10')  4.99 (n.r) 5.08 (n.r.) +0.09
CH (2) 5.73 (n.r.) 6.08 (n.r.) +0.35
CH (5) 6.48 (n.r.) n.d. n.d.
CH (6) 6.59 (n.r.) 6.77 (n.r.) +0.18
CH (3) 6.72 (n.r) 6.81 (n.r.) +0.09

n.r. not resolved; n.d. not determined

* Ao was expressed as Ad = Scomplex — Ofree CD

In both models the structures stayed together during the
trajectory calculations. No important energy variations
permit any preference between both models. So, energy
values are not valuable criteria in that case. However, the
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E(kcalimol)= -31.3

Fig. 6 a Six stable conformers representing the 4-NRC conformational space (#p). b Two extended 4-NRC conformers positioned in parallel

and in anti-parallel orientations (down)

parallel model had a stable dynamic profile, during the
observed period of time. The conformations conserved a
similar extension (d¢xi_ci4/cisy = 11.1 A 117 10\) and
the aromatic rings stabilized at a distance of 5.8 A, mea-
sured from their pseudo-atoms.

The second model, in which the 4-NRC molecules were
placed in an anti-parallel orientation, seems to be less
preferable in those conditions (free molecules and under
vacuum), because it had taken 140 ps to get a relative
stability. It was raised when one molecule had taken a fold
conformation, besides the second molecule remained
extended (dxi—cia/ci1sy = 6.7 A; 11.1 A). The collected
data are reported in Table 2.

Stoichiometry of the inclusion complex for 4-NRC:
cyclodextrin

1:1 Guest: host interactions The complexes were per-
formed following the same strategy. One 4-NRC molecule
was included into the cavity, always using the most
extended geometry as the initial atomic coordinates set
(Fig. 7, models a—d). Firstly, the pyrocatechol moiety
comes into the HP--CD cavity by the primary hydroxyl
groups side, leaving the isoprenyl chain externally [39, 41].
Then, this aromatic head progressively slides to the HP
chains edge. Secondly, the inverse sense of the sliding
movement was studied.

We note that calculation procedures are not able to slide
ligand in the sense of a translate movement, along the most
important HP--CD extension (z axis). This movement was

@ Springer

reproduced by many models, and we are discussing only
the most significant among them. The guest is extremely
stable in all situations. As the cavity is large, it comes
easily in and is stabilized mainly by electrostatic interac-
tions. The two OH (phenolic) groups of 4-NRC may form
an intramolecular hydrogen bond and another one with HP-
B-CD external OH groups. They are good models to verify
the short distance interactions among OH groups of aro-
matic ring and H; and/or Hs of HP-$-CD, as well as the c,
and Clzl, C13I and C14’/C15’ methyl groups of 4-NRC
molecule (Fig. 1a). The most difficult interactions to be
verified are the ones involving C;4/C;s methyl groups,
because they are dependent of the 4-NRC chains move-
ment. To do that, the chain needs to be folded, as a “u”
form, to turn those methyl groups toward the HP chains.
Those movements take at least 145 ps to be reached and
stabilized.

There is no energetic difference when 4-NRC enter from
the one or another side of the host, and stay in an almost
extended conformation (Fig. 7, models a and c¢). Those
orientations do not favour the interactions among C4/C;5
methyl groups of 4-NRC and the host. Due to the multiple
HP-f-CD intramolecular hydrogen bonds formed during
movement in those guest conformations, the complexes
keep their truncated cylinder shape.

Nevertheless, when the guest (phenolic side) is stabi-
lized almost in the middle of the host, the alkenyl chain is
particularly lengthy and stays outside enough to be folded
and the extreme methyl groups might interact with HP-f-
CD (Fig. 7, models b and d). The minimum energy was
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Table 2 Structural data, Connolly occupied volume and surface area calculated for all discussed models

Models E, (kcal mol™h)

Connolly surface

Occupied volume (1&3)

Surface area (1&2)

dxi—ciarcisy (A)*

Initial and host structures
p-CD —177.0
HP-$-CD —431.9

Study for flexibility and shape complementarities
for a single 4-NRC molecule and for a dimer

4-NRC (folded conformation) —-31.3
4-NRC (extended conformation) —-29.4
4-NRC—dimer in parallel orientation —-94.1
4-NRC—dimer in anti-parallel orientation —94.7
Inclusion—single 4-NRC

Catechol-in by 1*™ OH side—model a —547.4
Catechol-in by 1™ OH side—model b —584.0
Catechol-in by HP side—model ¢ —547.8
Catechol-in by HP side—model d —570.1

Inclusion—4-NRC dimmer

Catechol moieties turned to host —641.2
centre—model e, conformation a

Catechol moieties turned to host —693.0
centre—model e, conformation b

Parallel orientation—model f —541.2
Anti-parallel orientation—model g —617.2
Parallel orientation, catechol moieties —621.7

out of HP side—model h

Parallel orientation, catechol moieties —625.3
out of 1*¥ OH side—model i

Anti-parallel orientation, catechol moieties —631.9
are out of HP-$-CD, aliphatic chains
are fully inside—model j

1020.29
1514.14

359.49
354.80
749.17
751.62

1510.22 (HppCD)
356.66 (4-NRC)
1978.27 (both)
1514.58 (HpCD)
361.81 (4-NRC)
1970.91 (both)
1523.02 (HppCD)
357.20 (4-NRC)
1909.38 (both)
1510.83 (HpBCD)
358.86 (4-NRC)
1967.91 (both)

1519.57 (HpBCD)
727.72 (4-NRC’s)
2365.25 (all)
1523.67 (HpBCD)
732.82 (4-NRC’s)
2368.89 (all)
1504.39 (HpfCD)
722.87 (4-NRC’s)
2322.28 (all)
1509.55 (HpBCD)
730.23 (4-NRC’s)
2365.10 (all)
1510.93 (HpBCD)
746.27 (4-NRC’s)
2391.23 (all)
1515.14 (HpBCD)
741.60 (4-NRC’s)
2376.83 (all)
1512.33 (HpBCD)
729.31 (4-NRC’s)
2371.56 (all)

865.73
1220.52

362.03
371.41
684.45
655.28

1250.77
359.77
1292.96
1251.73
354.81
1350.38
1206.40
359.40
1274.89
1241.49
376.75
1429.0

1289.73
694.51
1604.52
1303.54
690.58
1576.84
1302.53
611.32
1418.05
1275.69
634.93
1459.58
1331.76
620.82
1406.04
1356.05
649.91
1523.29
1331.66
647.39
1443.73

8.6

12.2

11.1/11.7

6.7/11.1

11.5

10.0

11.8

8.0

8.3/9.7

8.5/9.6

12.1/8.5

8.4/13.1

12.5/12.9

10.8/12.7

12.6/12.9

* The distances were measured from the pseudo-atom of the catechol moiety to the nearest C14’ or C15’ methyl group located in the end of

4-NRC chain
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Fig. 7 Inclusion of a single 4-NRC molecule in two directions.
Pyrocatechol comes into the cavity from primary hydroxyl groups
(models a, b) or from hydroxypropyl side chains (models ¢, d). The

obtained for that middle position of catechol ring, when the
4-NRC isoprenyl side chain is folded over the primary
hydroxyl groups. In model b, 15 hydrogen bonds stabilize
the inclusion complex. Also, four short distance interac-
tions were measured between the phenolic groups OH; and
OH,, H;» and H,,/, whose interactions are with a OH and a
hydrogen atom from two HP chains, and with H; atoms
from two different glucose monomers of the f-CD moiety.
The overall form of the host changes once again, to become
a truncated cone. The narrow edge is formed by the OH
groups of -CD side and the wider edge formed by the HP
chain side. That was clearly the most stable complex for a
single 4-NRC inclusion and the energy value was largely
lower than the other ones (Emoder by = —384.0 kcal -
mol~!) (Table 2).

2:1 Guest: host interactions Experimental results gave a
stoichiometric relationship of two 4-NRC molecules to one
HP-f-CD molecule [42]. Carefully our study was driven to
this direction. The next computational steps were carried
out to verify the adaptation, best orientation, stability,
electrostatic and hydrogen bond interactions among two
guests—a dimer and one host molecules.

Two 4-NRC molecules were inserted into the cavity
following the knowledge about molecular behavior raised
previously. In the first dimer model for inclusion (Fig. 8,

Fig. 8 Inclusion of a 4-NRC dimer in two opposite directions,
the pyrocatechol rings stabilized almost in the middle of the cavity.
Two stable conformations of the complex were clearly formed—
(model e, cf. a) E = —641.2 kcal mol™!; (model e, cf. b) E =

@ Springer
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most stable orientation was reached when the 2-hydroxylphenol ring
stabilizes in a medium position of HP-$-CD cavity (model b)

model e), the ligand molecules were introduced in their
extended form, the two catechol moieties turned to the
center of the host, taking the best orientation reached
through the model b, explained on previous section.

Two system conformations (Fig. 8, cf. a and cf. b) were
found during dynamic trajectory, with a significant energy
variation of 52 kcal mol~'. The most stable system was
reached when both 4-NRC alkenyl chains were folded
enough to interact with the extremities of the host, at
around 2.5 A. The centre of mass of the catechol aromatic
rings stabilizes at a distance of 4.1 A (Fig. 8, cf. b) and
with the lower energy value found in this study. Further
dynamic simulations confirm the high molecular system
stability, with no significant changes in the reported com-
plex conformation.

Due to their relative positions and electrostatic interac-
tions, the phenolic groups of 4-NRC remain close, inducing
a slight ring distortion to their planarity. Those distortions
were not corrected by calculations in spite of the energetic
gradient convergence until 1.0 x 107> kcal mol ™' Al
The short distance interactions among phenolic OH; and
OH, and hydrogen atoms H,, H; and/or Hs of HP-$-CD, as
well as the Cy hydrogen atoms, and the methyl groups C,;y,
C;3 and C;4/Cy5 of 4-NRC molecule were also verified
and measured. A first series of measurements made from

o

—693.0 kcal mol™")—as it is shown during dynamic trajectory at
298 K, for 200 ps. The best plane shows that relative position of the
two pyrocatechol moieties, in the centre of HP-$-CD cavity
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one of the 4-NRC molecules (magenta colour in Fig. 8)
show eight important steric proximities between 4-NRC
and six different glucose monomers: phenolic OH;---Hs
(237 A) and phenyl Hg-Ojpracyetic (2.38 A) (with the
same glucose monomer); phenolic OHj:-Ogiycosidic
2.24 A) H,---OH, (1.92 A) one hydrogen atom of
methyl C12' H3 (189 A), and, ﬁnally, C13/, C14’/C15'
interact with OH; coming from three different glucose
rings (2.35 A, 243 and 3.24 A). The second series of
measurements made from the second 4-NRC molecule
(green colour in Fig. 8) and HP-$-CD show seven impor-
tant steric proximities, involving five glucose monomers:
phenolic OH,--H; (1.74 A) and OH,H, (2.42 A);
HS(phenyl) HS(glucose) and H6(pheny1) HS(same monomer) (2 13
and 2.36 A) H,--OHs (1.91 A) H3phenyn)' OHS(glucose)
2.22 A) and one H atom of Cj,---Hz (1.89 A) Six
hydrogen bonds formed between primary hydroxyl groups
or glycosidic oxygen atoms and two others formed between
HP hydroxyl groups contribute to the system stability. As a
reference frame for the relative molecular orientation of
that model, the best plane and its central axe were calcu-
lated and represented in Fig. 8.

Two 4-NRC molecules were then inserted together into
the cavity, firstly in a parallel orientation (Fig. 9, models f,
h and i), than in an anti-parallel orientation (Fig. 9, models
g and j). Their adaptation in the cavity is quite unbeliev-
able, and they seem to have naturally the necessary
movements to fit the cavity without significant distortion

over the full HP-f-CD structure. As unreal as it looks like,
both guest molecules seem to fit very comfortably, and to
be absorbed by this strongly lipophilic and cylindrical
tunnel.

For model f (Fig. 9), in which guests are in parallel
orientation, the aromatic centres of catechol slide one from
another, stabilizing at 3.7 A. Isoprenyl chains found an
extended and a folding conformation and turns toward the
HP host chains. The dynamic trajectory had shown a very
stable system. A few picoseconds were necessary to the
complex to find a good complementarity among them, and
the three molecules composing the complex remain
extended, one throughout the others. Nevertheless, in spite
of the good molecular complementarity and very strong
stability during dynamics, this complex presented the
most important energetic value among the dimer models
(E = —541.2 kcal mol™").

In spite of still describing a parallel orientation for the
guests, the models h and i are slightly different because the
4-NRC isoprenyl chains where fully inserted into the cyl-
inder, instead of the catechol moieties, which were located
almost outside of the HP-S-CD molecular core. When
insertion kept the head of catechol moieties near the HP
side chains, the aromatic rings stabilize in a distance of
4.2 A, considering their centre of mass (Fig. 9, model h).
Fifteen picoseconds had been necessary to stabilize the
system and further fluctuations did not introduce significant
system changes.

Fig. 9 (Left) 4-NRC dimer inclusion in parallel orientations (up row:
model f; down: models h and i). The snapshots show the guests
adaptation into the host cavity. (Right) 4-NRC dimer inclusions in
anti-parallel orientation. The snapshots show the guests adaptation

into the host cavity (up row: model g; down: model j). The
polyhedrons show that the truncated cone representing the HP-f-CD
structure is appropriate for model i

@ Springer
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When guests were inserted from the primary OH side of
the host, the aromatic rings stabilize in a distance of 5.6 A
(Fig. 9, model i). Thirty picoseconds (30 ps) had been
necessary to slide these aromatic catechol rings, to fold one
of the guest alkenyl chain and to stabilize the system
(E = —621.7 and —625.3 kcal mol ™", respectively).

Once again, the results based on the energy variation
show that it has no significant difference for guest inser-
tions, when the aromatic rings stay near the primary OH
host side, or near the HP side chains. Nevertheless, the 4-
NRC dimer seems to be able to stay in an extended con-
formation and very close one to other when the catechol
aromatic rings are located near the primary OH groups.

For the anti-parallel model g (Fig. 9), the molecules
found their complementarities after almost 20 ps and the
later fluctuations represented just minor adjustments. The
aromatic centres of catechol are displaced by 10.2 A. One
4-NRC molecule conformation is folded; its aromatic ring
stabilizes into the cavity. Another is extended, the HP
chains had been opened allowing this guest aromatic ring
to be exposed to the outside, decreasing probably steric
hindrance.

Model g volume is somewhat bigger than model f, its
homologue in the parallel orientation (Fig. 8; Table 2) and
presents a lower energy value than model f (E = —617.2
and —541.2 kcal mol ™", respectively). Their energy vari-
ation amount (AE = 76.0 kcal mol™") is almost the same
as that found between model g and model e, cf. b, which
has the two catechol moieties positioned in the middle of
the host cavity (E = —617.2 and —693.0 kcal molfl,
respectively).

Our last model, j, in which catechol moieties remain
both in opposite direction, showed a very stable dynamic
profile. Guest molecules stayed in an extended form, the
alkenyl chains are perfectly adapted one to another and
they are also well adapted, stabilized and fully inserted into
the core of host molecule. Catechol rings are mainly
exposed to the outside of host molecule. This system j is
more stable (E = —631.9 kcal molfl) than all other
inclusion complexes of two 4-NRC molecules, excepting
model e.

Finally, comparison of all models confirms that the
guest dimer, in an antiparallel orientation is preferred,
independent of the catechol moieties position, which could
be located fully into the host cavity or outside, without
significant increase in energy for the molecular system.
Besides, the hydrogen bond network, the low molecular
system energy, the steric interactions and the good agree-
ment with the upfield and downfield chemical shift
displacements observed in 'H NMR spectra gave us precise
data to confirm model e, conformation b, as the best model
for the dimer guest:HP--CD host complexation.

@ Springer

Conclusions

This study presented the preparation and physicochemical
characterization for the 4-NRC: HP-f-CD inclusion
complex. The results indicated a stable 4-NRC: HP--CD
complex (K, = 6494 £+ 837 M_l) and a stoichiometry of
complexation of 2:1 (4-NRC: HP-$-CD). All data obtained
from UV-Vis, FT-IR, '"H NMR techniques support the
formation of the inclusion complex. Molecular modeling
studies confirm the stoichiometry of the complex and
showed that two guests molecules are in an anti-parallel
orientation and their pyrocatechol groups are positioned in
the middle of the host cavity. 4-NRC complexation indeed
led to higher drug stability and could probably be useful to
improve its biological properties (antioxidant, analgesic,
anti-inflammatory and others) and make it available for
oral administration and topical formulations. In vivo
studies of the complexes are in progress to evaluate the
effect of CDs on bioavailability and pharmacological
activity of the drug.
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