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a b s t r a c t

The crystal structures of the inclusion complexes of the b-citronellol (cl) inb-Cyclodextrin (b-CD), hep-
takis(2,6-di-O-methyl)-b-Cyclodextrin (DM-b-CD) and heptakis(2,3,6-tri-O-methyl)-b-Cyclodextrin (TM-
b-CD) have being investigated by X-ray crystallography. The cl/b-CD inclusion complex crystallizes in the
P1space group forming dimers which are arranged along the c-axis according to the Intermediate
Channel packing mode. Inside the dimeric host cavity two enantiomeric guest molecules are accom-
modated. The inclusion complexes of cl/DM-b-CD and cl/TM-b-CD crystallize in the P212121 space group
having both 1:1 guest:host stoichiometry, the guest found always with the (�)-cl enantiomeric config-
uration. The guest is fully encapsulated inside the DM-b-CD host cavity whereas is partially encapsulated
in the TM-b-CD which is severely puckered as in all TM-b-CD complexes and its primary side is efficiently
blocked by the methoxy groups. The complex units in the case of cl/DM-b-CD pack along the crystal-
lographic a-axis in a head-to-tail manner forming columns of herringbone mode whereas in the case of
cl/TM-b-CD are arranged also head-to-tail, parallel to the b-axis, in a screw-channel mode.

MD simulations based on the determined crystal structures showed that in a simulated aqueous
environment the guest maintains the inclusion mode observed crystallographically in every case. MM/
GBSA-calculations used for comparison of the inclusion complexes binding affinity with each other,
indicated that the inclusion of b-citronellol in TM-b-CD is less favorable than in b-CD and DM-b-CD.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Mosquitoes are insects of major public health concern as their
bites may cause allergic responses and transmit life threatening
diseases [1] and thus the use of mosquito repellents is necessary.
There is a variety of mosquito repellents which are classified into
two categories: synthetic and natural. Most of the synthetic anti-
mosquito products contain DEET (diethyl-meta-toluamide), a
compound that causes risks to human health and environment. On
the other hand, various essential oils have been reported as
mosquitoes' repellents having an eco-friendly and biodegradable
nature [2]. Citronella oil which is mainly constituted by b-
b-CD; 2,6-di-O-methyl-b-CD,
citronellol, geraniol and citronellal is a natural insect repellent [3],
considered to be safe and more suitable for small children [4].
However, citronella oil should not be directly applied onto the skin
as it may cause skin irritation and sensitization [5]. b-citronellol (cl)
or dihydrogeraniol (3,7-Dimethyl-6-en-1-ol) is a natural acyclic
monoterpenoid occurring in two enantiomeric modes (þ)- and
(�)-cl (Fig. 1a and b). Although it has been traditionally used as a
mosquito repellent, its high volatility leads to a short-lasting pro-
tection. Among other techniques that can eliminate this disad-
vantage and increase their repellent efficiency (polymer mixtures,
microcapsules, nanoemulsion etc) [4], the encapsulation of these
substances into cyclodextrins (CDs) is an effective and common
used method.

CDs are able to incorporate apolar molecules (guests) or parts of
molecules inside their hydrophobic cavity resulting in better sta-
bility, higher water solubility and increased bioavailability or
decreased undesirable side effects of the hydrophobic molecules.
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Fig. 1. Schematic representation of (a) (þ)-cl, (b) (�)-cl, (c) b-CD, DM-b-CD and TM-b-CD.
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Moreover, they offer a slow release of the guests sustaining their
action. Although b-CD(Fig. 1c) is the less soluble cyclodextrin in
water, it is the most popular member of CDs for several applications
due to its cavity size and its low cost. Methylated CDs (Fig. 1c) are
commercially available CD derivatives having improved physico-
chemical properties and inclusion capacity compared to the parent
CDs [6]. The formation and study of inclusion complexes in meth-
ylated CDs is also of interest as they present enhanced aqueous
solubility and can modulate the release rates of the guest
molecules.

The inclusion of (þ)- and (�)-cl in b-CD has been previously
studied in solid state by Fourier Transform Infrared Spectroscopy
(FTIR), Scanning Electron Microscopy (SEM) and Differential Scan-
ning Calorimetry (DSC) [4]. Evolved gas detection and TG-MS
coupling has also been applied to prove the actual inclusion com-
plex formation between citronellol and a-, b- and g-CDs whereas
predictions of their inclusion modes and compositions have been
given by molecular modeling calculations [7]. However, the struc-
ture of these inclusion compounds has not been determined yet.
Crystallographic analysis offers a detailed description of the formed
inclusion complexes (stoichiometry, inclusion geometry, etc.) in the
crystalline state. In this work we present the crystal structures of
the inclusion compounds of cl in b-CD, 2,6-di-O-methyl-b-CD (DM-
b-CD) and 2,3,6-tri-O-methyl-b-CD (TM-b-CD) as determined by X-
ray crystallography. Moreover, based on the crystallographically
determined atomic coordinates, molecular dynamics (MD) simu-
lations were performed for the three inclusion compoundswith the
aim to monitor the dynamic behavior of cl in different hosts, study
the different inclusion modes and calculate the host-guest binding
affinity in each case.
2. Materials and methods

2.1. Materials

The enantiomeric mixture of b-citronellol ((þ)- and (�)-cl), b-
CD, DM-b-CD and TM-b-CD were obtained from Sigma-Aldrich and
used as received (commercially available products of analytical
grade).
2.2. Sample preparation

Crystals of the inclusion compound of cl/b-CD were formed by
using the slow cooling crystallization technique. 17 mL of enantio-
meric mixture of b-citronellol (d¼ 0.857 g/mL) were added in a
5mL aqueous solution of b-CD (0.08mmol, ~0.016M), stirred at
70 �C for 1 h and the final mixture was gradually cooled to room
temperature over a period of seven days. Crystals of cl/DM-b-CD
and cl/TM-b-CD complex were obtained by adding suitable
amounts of enantiomeric mixture of b-citronellol in a 0.3M
aqueous solution of DM-b-CDor a 0.05M aqueous solution of TM-b-
CD in a host:guest molar ratio of 1:1, respectively. The final mix-
tures were stirred at room temperature for 30min and then were
maintained in a water bath at 48 �C until colorless transparent
prismatic crystals were formed. X-ray data were collected from
crystals of these three inclusion compounds under cryo-conditions
using paraffin oil as cryoprotectant.
2.3. X-ray data collection, structure solution and refinement

The X-ray data were collected at 100(2) K on a Bruker D8-
VENTURE diffractometer, using CuKa radiation (l¼ 1.54178 Å) and
an Oxford Cryosystems low-temperature device. Data integration
and global-cell refinement was performed with the program SAINT
[8]. Absorption correction was performed with SADABS [9]. The
structures have been solved by Patterson-seeded dual-space recy-
cling in the SHELXD program [10] refined by full-matrix least squares
against F2 using SHELXL-2014/7 [11]through the SHELXLE GUI [12].
Due to the limited resolution and structural complexity of the
model, soft restraints on bond lengths and angles of the host and
guest molecules were applied using the PRODRG2 webserver [13].
Anisotropic displacement parameters were refined using the rigid
bond restraint (RIGU) implemented in the SHELXL program [14];
SIMU and DELU restraints were also applied where necessary. All H-
atoms of the host molecules were placed geometrically for tem-
perature of 100 K and allowed to ride on the parent atoms. Uiso(H)
values were assigned in the range 1.2e1.5 times Ueq of the parent
atom. In order to maintain a high (>8.0) data/parameters ratio,
anisotropic thermal parameters were imposed to selected, non-H



Table 1
Experimental details, crystal data and refinement statistics.

cl/b-CD cl/DM-b-CD cl/TM-b-CD

Chemical formula 2[C42H70O35]$2[C10H20O] C56H98O35$C10H20O C63H112O35$C10H20O
Mr 1449.12 1505.23 1571.91
Crystal system space group Triclinic

P1
Orthorhombic
P212121

Orthorhombic
P212121

Temperature (K) 100 100 100
a, b, c (Å) 15.383 (2), 15.409 (2), 17.713 (2) 10.391 (3), 15.1063(18), 51.050 (8) 14.9291 (19), 20.947 (3), 27.683 (4)
ab, g (�) 113.898 (9), 99.431 (9), 102.109 (9)
V (Å3)/Z 3604.9 (9)/2 8013 (3)/ 8657 (2)/
Radiation type CuKa CuKa CuKa
Crystal size (mm) 0.5� 0.44� 0.18 0.5� 0.3� 0.2 0.1� 0.08� 0.05
(sin q/l)max (Å�1) 0.618 0.550 0.510
Reflections collected
Limiting indices

70467
�18� h� 18
�19� k� 16
�21� l� 21

80357
�11� h� 11
�16� k� 16
�56� l� 56

39739
�15� h� 15
�21� k� 16
�28� l� 28

Independent, observed reflections[I > 2s(I)] 25966/25329 11133/10595 9129/8745
Rint 0.047 0.045 0.074
Goodness-of-fit 0.92 1.07 1.14
R[F2> 2s(F2)] wR(F2) 0.079

0.219
0.093
0.255

0.089
0.242

No. of parameters/restraints 1243/163 882/66 883/33
Largest difference peak and hole (e Å�3) 0.89, �0.75 0.75, �0.51 0.67, �0.60
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atoms of the host molecules. The graphics programs used to illus-
trate and geometrically analyze the crystal structures are Mercury
3.9 [15] and Olex2 [16]. Crystallographic data are given in Table 1.
Crystallographic information files with embedded structure factors
have been deposited into the Cambridge Structural Database (CSD)
under the deposition numbers CCDC: 1574446, 1575058, 1574710.

2.4. Molecular dynamics

The Amber12 suite [17] was used for the 12 ns simulations, with
the most recent parametrization of the AMBER related additive
force fields, CLYCAM [18] and q4md-CD [19] for native b-CD and
methylated b-CD (DM-b-CD and TM-b-CD) atoms, respectively. The
starting atomic coordinates for all simulations were taken from the
crystallographically determined structures of cl/b-CD, cl/DM-b-CD
and cl/TM-b-CD inclusion complexes. GAFF parameters and
AM1BCC charges were applied to the guest enantiomers using
ANTECHAMBER [20].

Each complex was solvated by explicit waters and hydrogen
atoms were added with xLEaP in all systems. The “solvateoct”
command of xLEaP was utilized to create a periodic, octahedral
solvent box around the solutes with buffer distances of 10.0 Å be-
tween the walls of the box and the closest atoms of the solute.

MD calculations and minimizations were carried out with the
program SANDER. Periodic boundary conditions were imposed by
means of the particle mesh Ewald method using a 10 Å limit for the
direct space sum. The protocol included energy minimization for
hydrogen atoms with positional restraints of 50 kcalmol�1 Å�2 on
the non-hydrogen atoms, heating equilibration of the solvent in the
canonical ensemble (NVT) using positional restraints and the
Berendsen thermostat algorithm with coupling constants of 0.5 ps
to control temperature and pressure, unrestrained energy mini-
mization, gradual temperature increase from 5 to 300 K with
10 kcalmol�1 Å�2 restraints on the atoms of the inclusion complex,
gradual release of the restraints in successive steps at 300 K and
density equilibration in the isobaric-isothermal (NPT) ensemble for
250 ps. Subsequently, production runs using a Berendsen-type al-
gorithm with coupling constants of 1.0 ps were carried out under
physiological conditions for additional 11 ns in the NPT ensemble.
Root mean square deviation (RMSD) calculations and geometric
analysis were performed by CPPTRAJ [21] and VMD 1.9.2 [22].
Moreover, the binding free energy DG(GB) between the bound
and unbound state of the solvated host and guest molecules energy
for each complex was computed also by the MM/GBSA (Molecular
Mechanics-Generalized Born/Surface Area (LCPO)) methodology
implemented in AMBER [23], in order to compare the binding af-
finities between inclusion complexes. DG(GB) value includes the van
derWaals contribution frommolecular mechanics, the electrostatic
energy calculated by the molecular mechanics force field, the
electrostatic contribution to the solvation free energy calculated by
the GB model and the nonpolar contribution to the solvation free
energy calculated using 'LCPO0 surface areas. In order to estimate
the absolute binding free energy DG(all), the entropy term T,DSwas
also calculated from normal mode analysis with constant temper-
ature using the respective module of the Amber 12 suite and added
to the DG(GB) term according to:

DGðallÞ ¼ DGðGBÞ � T$DS

The entropy term was calculated by taking snapshots every 100
frames for as long as the equilibrated system of the inclusion
complex was subjected to MD simulations. However, it should be
noted that the estimation of the entropy term is often problematic
as the normal mode lacks information of the conformational en-
tropy and alternative methods do not give converged results [24].
Thus, this term is usually omitted and the comparison of binding
affinities between similar complexes is based on the DG(GB) term
solely.
3. Results and discussion

3.1. Description of the crystal structures

3.1.1. The cl/b-CD inclusion complex
The cl/b-CD inclusion complex crystallizes in P1 space group and

its asymmetric unit contains two b-CD host molecules (hostA and
hostB), a couple of cl enantiomeric guest molecules and 25 water
molecules distributed over 29 sites. The two host molecules are
arranged co-axially so that the secondary wide rim (head) of the
one faces the secondary rim of the other forming a head-to-head
dimer via intermolecular hydrogen bonds between their O3nH
hydroxyl groups (Fig. 2a). Both enantiomeric configurations of cl are



Fig. 2. (a) The cl/b-CD inclusion complex forms a ‘classical’ head-to-head dimer with a host:guest stoichiometry of 2:2. Water molecules are omitted for clarity. (b), (c) projection of
the crystal packing along a- and c-axis respectively.
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found inside the hostA cavity (sites denoted as 1(þ) and 1(�)),
having an occupation factor of 0.5 each. Inside the hostB cavity, the
two enantiomeric configurations are also present, with one of them
(site denoted as 2(þ)), having an occupancy factor of 0.5 whereas
the other, 2(�), is found disordered over two sites: 2a(�) and 2b(�)
with occupancy factors of 0.3 and 0.2 respectively. Due to steric
reasons indicated by the geometrical features of the occupied sites,
the encapsulated guests can co-exist only as 1(�)/2(þ) or 1(þ)/
2a,b(�) couples. The estimated occupancy factors are in accordance
with this observation. Thus in every case, a couple of enantiomers is
hosted inside the b-CD dimeric cavity forming an inclusion com-
plex of 2:2 host:guest stoichiometry in the crystalline state. The
guest molecules are accommodated axially inside the dimeric
cavity with their long axis (mean axis along O1eC1eC2eC3e
C4eC5eC6eC7 atoms, see Fig.1a and b, 2a) forming angles with the
approximate seven-fold molecular axis of the host that range be-
tween 1.3� and 25.5�. The hydrophobic alkyl groups of the guests
are located in the interface of the dimer, their C8 or C9 methyls
forming closed shell interactions with the inner H3 atoms of the b-
CD hydrophobic cavity. The hydroxyl groups of the guests protrude
from the primary host regions (Fig. 2a) connected to the hosts of
adjacent inclusion complexes either directly, via hydrogen bonds
with their primary hydroxyls (Fig. 2b), or indirectly via hydrogen
bonds with bridging water molecules (main hydrogen bonds are
listed in supplementary file, Table S1).

Geometrical features defining the conformation of the host
molecules are listed in supplementary Table S2. The glucosidic O4n
atoms in both host molecules form nearly regular heptagons as
indicated by their distances from their approximate centroids and
their deviations from the O4n mean plane. The glycosidic residues
have positive tilt angles indicating that their primary sides incline
towards the approximate sevenfold axis of the cavity. Almost all the
primary hydroxyl groups of both hosts A and B have the gauche-
gauche (gg) conformation pointing outwards the cavity, hydrogen
bonded with bridging water molecules. Only one disordered pri-
mary hydroxyl in each host has the gauche-trans (gt) conformation
pointing inwards the cavity.

The b-CD dimers stack along the c-axis and form layers along the
ab crystal plane (Fig. 2b and c). Their approximate seven-fold axis
forms an angle of 20.07� with the c-axis. The shift between
successive dimers along the c-axis is 5.93 Å. This displacement is
very close to the average value of 6 Å observed in the case of the
dimeric structures crystallizing according to the Intermediate
Channel (IM) packing mode [25]. This well-known packing
arrangement has been observed in numerous isostructural dimeric
b-CD inclusion complexes [26]. Among them the structure of ge-
raniol/b-CD [27] has many similarities with cl/b-CD as in both cases
the acyclic monoterpenoid guest is encapsulated in the same
manner in the cavity of b-CD dimers that stack along c-axis forming
IM channels. On the other hand, linalool, which is also a linear
monoterpenoid alcohol, forms inclusion complexes with b-CD di-
mers that stack along a-axis forming screw channels as the vinyl
group and the position of the hydroxyl group of linalool affect the
arrangement of successive dimers and thus the crystal packing of
the inclusion complex [28].

3.1.2. The cl/DM-b-CD inclusion complex
The complex crystallizes in the orthorhombic space group

P212121 and its asymmetric unit contains one host molecule and
one cl guest molecule, disordered over two sites, (�) a and (�) b, of
occupancy factor 0.5 each, both sites having the (�)-cl configura-
tion. Thus, the host:guest stoichiometry of the inclusion complex is
1:1. Furthermore, 4.3 water molecules have been located and
distributed over 7 sites, with fractional sof's (0.3e1). The guest
molecule in both occupied sites is fully encapsulated into the DM-b-
CD cavity with its hydroxyl and its alkyl group located in the pri-
mary and secondary region of the host respectively (Fig. 3a). The
accommodation of the guest in the hydrophobic cavity of the host is
arranged mainly via CeH…O bonds and H…H closed shell in-
teractions between its alkyl group (atoms C8 and C9) and the sec-
ondary rim of the host whereas only a CeH…O bond between a
disordered primary methoxy group of the host and the hydroxyl
group of the (�) a occupied site of the guest is observed in the
crystalline state.

The host DM-b-CD cavity is stabilized by the commonly
observed intramolecular O3(n) … O2(nþ1) hydrogen bonds in the
crystalline state. The geometrical features of DM-b-CD quoted in
supplementary Table S3, indicate a host macrocycle that is close to
a regular heptagon similar to that of native b-CD. All the methoxy-
glycosidic residues have positive tilt angles, indicating that their



Fig. 3. (a) The asymmetric unit of (�) cl/DM-b-CD inclusion compound (b), (c) projections of the crystal packing along b- and a-axis respectively, only one of the two guest's
occupied sites is drawn for clarity.
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primary sides incline towards the approximate sevenfold axis of the
host's macrocycle. Among the five fully occupied primary methoxy
sites, 3 of them are found to have the gg conformation and two the
gt conformation pointing outwards and inwards the host's cavity
respectively. The two disordered methoxy groups have both gt and
gg conformations. Therefore, the host is characterized by an open
truncated cone conformation which allows the guest to protrude
from its primary rim.

The complex units stack in columns parallel to the a-axis in a
head-to-tail fashion. The displacement of two successive com-
plexes of the same column is 5.32 Å and the distance between them
8.92 Å. In this motif, two successive host molecules are inclined to
the a-axis, their O4nmean plane forming an angle of 30.87� with bc
plane, so that two primary methoxy groups of the uppermost
molecule are partially included within the cavity of the translated
molecule. The angle between the O4n mean planes of the hosts of
adjacent columns is 61.73� forming a herringbone crystal packing
(Fig. 3b and c). The water molecules located in the interspace of the
inclusion complexes are hydrogen bonded with the O6noxygen
atoms of the primary methoxy groups of the host and with sec-
ondary hydroxyls of neighboring hosts bridging the adjacent
Fig. 4. (a) The asymmetric unit of cl/TM-b-CD (b) A packing diagr
columns and aiding the crystal packing. (supplementary Table S1
and Fig. 3b and c). The cl/DM-b-CD is isostructural to the trans-
resveratrol/DM-b-CD inclusion complex [29] which crystallizes in
the same space group with similar unit cells and also according to a
herringbone packing arrangement. The similarity in the crystal
packing of the above inclusion complexes is interesting as trans-
resveratrol is a bulky guest molecule and its 1,3-benzenediol res-
idue protrudes from the secondary rim of the host, laying in the
interspace of the complex units, whereas b-citronellol is fully
encapsulated in the DM-b-CD cavity. Closer examination of the
mode that complex units stack in columns in both cases, reveals the
same extent of self-inclusion between successive hosts as described
above. Therefore, it seems that DM-b-CD self-inclusion tendency
can drive to the same packing arrangement inclusion complexes
with guests of different size and inclusion geometry.
3.1.3. The cl/TM-b-CD inclusion complex
The cl/TM-b-CD inclusion complex crystallizes in the ortho-

rhombic space group P212121. Its asymmetric unit contains one TM-
b-CD molecule, one guest molecule and one water molecule having
an occupancy factor of 0.50. The guest molecule is accommodated
am of the inclusion complex cl/TM-b-CD viewed along c-axis.
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in the host's cavity having a different orientation compare to that
observed in the cases of cl inclusion complexes in b-CDand DM-b-
CD. Its hydroxyl group is located in the wide rim of the host,
forming a hydrogen bonded with the O24 atom of the host's sec-
ondary methoxy group (O1A … O24 distance 2.90(2) Å) and a
CeH…O bond with a primary methoxy group of a neighboring TM-
b-CD (C75eH75A(i)

… O1 distance 2.67(2) Å; i: �0.5 þ x, 0.5�y,
1�z). Its aliphatic tail protrudes from the secondary rim of the host
and is mainly located in the interspace of adjacent inclusion com-
plexes (Fig. 4a and b). The sole, partially occupied, watermolecule is
found hydrogen bonded with the O54 atom of TM-b-CD (OW1 /
O54¼ 2.81(3) Å).

The conformation of the TM-b-CD host molecule is quite
different than that of the hosts in the cases of the cl/b-CD and cl/
DM-b-CD complexes. Geometrical parameters regarding TM-b-CD
conformation are given in supplementary Table S4. The glucosidic
O4n atoms deviate noticeably from their mean plane forming an
elliptical heptagon. Thus, the host molecule is severely distorted, a
feature commonly observed in the crystal structures of the TM-b-
CD inclusion complexes due to the absence of the intramolecular
hydrogen bonds between the secondary methoxy groups. The
observed methylglucose ring tilt angles span a very wide range,
from �15.58(4)� (for G5) to 40.53(7)� (for G4). Five residues have
positive tilt angles indicating that their primary sides incline to-
wards the approximate sevenfold axis of the macrocycle whereas
two methyl-glucose residues (G2 and G5) have negative tilt angles
inclining outwards the host cavity. This is also a common feature to
the majority of the TM-b-CDcomplexes. Moreover, the O5n-C5n-
C6n-O6n torsion angles indicate the gg conformation for all primary
methoxy groups except for two partially disordered sites where the
gauche-trans (gt) and the trans-gauche (tg) conformation is
observed. These features resulted in the formation of a ‘lid’ in the
primary region of the host, a characteristic usually observed inTM-
b-CD inclusion complexes [30], that prevents the deep penetration
of the guest.

The complex units pack in a screw-channel mode and are ar-
ranged in a head to-tail manner parallel to the b-axis (Fig. 4b). The
shift between alternate host molecules in a particular column is
3.94 Å. Parallel and anti-parallel columns are arranged along a- and
c-axis respectively, stabilized primarily by a large number of
intermolecular host CeH …O(host) bonds and completing a fairly
commoncrystal packing that characterizes several other iso-
structural TM-b-CD complexes [26].

3.2. Molecular dynamics

The crystallographically determined atomic coordinates of cl/b-
CD, cl/DM-b-CD and cl/TM-b-CD inclusion complexes (host:guest
ratio 2:2, 1:1 and 1:1, respectively) were subjected to equilibration
and subsequent molecular dynamics simulations at 300 K in
explicit water solvent for almost 12 ns as described in paragraph
2.4.

In the case of cl/b-CD, the starting model comprises of a duet of
guests having different enantiomeric configuration, guest 1(�) and
2(þ), encapsulated in a head-to-head b-CD dimer. By monitoring
the frames during the time interval of the simulation, we observed
that the guest molecules rotate about the seven-fold molecular axis
of the hosts retaining their initial orientation in a stable b-CD dimer.
The hydroxyl groups of the guests are almost always hydrogen
Fig. 5. Plots of H-bond distances between the O1 atom of the hydroxyl group of the b-
citronellol guest and (a) O6n atoms of the primary hydroxyls of selective glucopyr-
anose units of b-CD (case of 1(�) in hostA), (b) O6n atoms of the primary methoxy
groups of selective glucopyranose units of DM-b-CD (c) O2n atoms of the secondary
methoxy groups of selective glucopyranose units of TM-b-CD.
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bonded with alternate primary hydroxyls of the hosts (Fig. 5a)
whereas their alkyl groups, located in the interface of the dimer,
form closed-shell weak H…H interactions with the inner hydro-
gens (H3n) of the secondary rim of the hosts.

In the case of 1(�)/DM-b-CD, the guest molecule remains
encapsulated ‘axially’ inside the hydrophobic DM-b-CD cavity
during the 12 ns simulation rotating about the seven foldmolecular
axis of the host. As DM-b-CD retains its open cone conformation,
the hydroxyl group of the guest projects always through the host's
primary rim forming hydrogen bonds with oxygens of alternate
primary methoxy groups and water molecules (Fig. 5b). The depth
of immersion of the guest in the hydrophobic cavity of the host
varies accordingly. Its alkyl group is located in the secondary rim of
the host when its hydroxyl group is hydrogen bonded with a host's
primary methoxy group whereas is deeply immersed in the hy-
drophobic cavity of the host when the hydroxyl of the guest forms
H-bonds with solvent water molecules.

On the other hand, in the case of 1(�)/TM-b-CD, the guest is
accommodated ‘equatorially’ in the host's wide (secondary) rim.
TM-b-CD macrocycle, far deviating from a regular heptagon, is
significantly distorted during the time frame of the simulation. Its
primary rim remains ‘closed’ not allowing to the hydroxyl group of
the guest to penetrate the primary methoxy groups ‘lid’. Thus, the
hydroxyl of the guest is located in the wide rim of the host,
hydrogen bonded most of the time with its secondary methoxy
groups (Fig. 5c). In the short time intervals where these H-bonds
are not observed, the guest adopts an axial orientation opposite to
that observed in cl/b-CD and cl/DM-b-CD inclusion complexes, with
its aliphatic chain towards the primary rim of the host and its hy-
droxyl group fully exposed to the polar solvent. This is not a stable
inclusion mode as the hydroxyl of the guest rapidly reforms H-
bonds with methoxy groups of the host and the guest turns back to
its initial equatorial position.

In order to estimate the binding affinity in the case of the cl/b-CD
inclusion complex, two separate calculations were made as follows:
(i) calculation of the binding energy of guest 1(�) using the system
of the two hosts (hostA and hostB) and the 2(þ) molecule as re-
ceptor and (ii) calculation of the binding energy of 2(þ) guest using
the two hosts and the 1(�) as receptor. Both calculations resulted in
similar values indicating the formation of a stable inclusion complex
mainly via van der Waals interactions (Table 2). The binding energy
calculated for the 1(�)/DM-b-CD inclusion complex (1:1 guest:host
stoichiometry) is close to that of cl/b-CD, their difference being
within the error margins of the method, indicating an also stable
Table 2
Binding free energies (kcal/mole) resulting from MM/GBSA analysis of the b-citro-
nellol inclusion compounds with native and methylated b-CDs.

cl/b-CD (i) cl/b-CD (ii) 1(�)/DM-b-CD 1(�)/TM-b-CD

DEvdW �29.6± 2.1 �29.5± 2.3 �24.8± 2.7 �17.4± 4.7
DEele �1.9± 2.0 �2.7± 2.8 �2.9± 2.7 �3.1± 2.9
DEGB 13.3± 2.4 14.6± 2.8 11.0± 2.6 10.7± 3.2
DEsurf �3.8± 0.2 �3.8± 0.2 �3.4± 0.3 �2.7± 0.4
DGgas �31.5± 2.9 �31.9± 3.2 �27.7± 3.7 �20.5± 5.4
DGsolv 9.5± 2.3 10.7± 2.7 7.6± 2.6 8.0± 3.0
DG(GB)a �21.9± 2.0 �21.2± 1.9 �20.1± 2.7 �12.4± 4.0
T,DS �17.2± 2.3 �17.5± 2.2 �16.5± 1.7 �16.0± 1.7
DGall

b �4.7± 3.0 �3.7± 2.9 �3.6± 3.2 þ3.6 ± 3.3

DEvdW¼ van der Waals contribution from molecular mechanics.
DEele¼ electrostatic energy as calculated by the molecular mechanics force field.
DEGB¼ the electrostatic contribution to the solvation free energy, calculated by GB
model.
DEsurf¼ nonpolar contribution to the solvation free energy, calculated by an
empirical model.

a DG(GB)¼DGsolv þ DGgas.
b DG(all)¼DG(binding) þ (T$DS).
inclusion complex. On the other hand, the binding energy calculated
for the 1(�)/TM-b-CD is significant lower compared to the other two
cases confirming the inefficient inclusion of the guest in the hy-
drophobic cavity of the permethylated b-CD.

4. Conclusions

The X-ray crystal structures of the cl/b-CD, cl/DM-b-CD and cl/
TM-b-CD inclusion complexes confirm the inherent tendency of b-
citronellol to form inclusion complexes with native andmethylated
b-CDs mainly via the hydrophobic effect and provide accurate
molecular parameters of the inclusion geometry.

The crystal structure of cl/b-CD reveals the encapsulation of a
duet of enantiomeric b-citronellol molecules in a head-to-head b-
CD dimer. The inclusion compound crystallizes in the P1 space
group and the dimers form Intermediate Channels (IM) along c-
axis. The cl/DM-b-CD and cl/TM-b-CD inclusion complexes crys-
tallize both in theP212121space group with 1:1 guest:host stoichi-
ometry. The guest in both complexes is found only with the (�)-cl
enantiomeric configuration, fully encapsulated axially inside the
DM-b-CD host cavity with its hydroxyl group protruding from the
primary rim of the host and partially encapsulated in the TM-b-CD,
equatorially accommodated with its alkyl group protruding from
the secondary side of the host whose primary side is efficiently
blocked by the methoxy groups. The complex units in the case of cl/
DM-b-CD pack along the crystallographic a-axis in a head-to-tail
manner forming columns of herringbone mode whereas in the
case of cl/TM-b-CD are arranged also in a head-to-tail manner,
parallel to the b-axis in a screw-channel mode.

MD simulations based on the determined crystal structures of
the examined inclusion complexes, showed that in a simulated
aqueous environment, although the hydroxyl group of b-citronellol
switches between different hydrogen bonding partners, the guest
maintains the inclusion mode observed crystallographically in
every case. Intramolecular (host) and intermolecular (host-guest)
hydrogen bonds play significant roles in the relative stabilization of
the observed binding modes. Moreover, the lack of mode in-
terconversions may indicate that the binding modes are deter-
mined during guest entry in the CD cavity, before incorporation of
the complex in the growing crystal. Finally, MM/GBSA-calculations
used for comparison of the inclusion complexes binding affinity
with each other, indicated that the inclusion of b-citronellol in TM-
b-CD is less favorable than in b-CD and DM-b-CD.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.molstruc.2018.02.037.
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