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Octopamine [OA, 2-amino-1-(4-hydroxyphenyl) etha-
], a biogenic amine that has functions analogous to
se of the adrenergic system in vertebrates, is a well-
blished neurotransmitter, neurohormone, and neuro-

dulator in many invertebrate species [1,2]. Octopamine,
sent in trace amounts in mammalian brain [3] and

an plasma [4], has long been hypothesized to play a
 in different diseases, including hepatic encephalo-

hy [5,6], schizophrenia [7], and renal diseases [8]. To
y characterize the roles of octopamine in different
ases, the determination of octopamine in biological
ples such as human plasma is required. It is also found

urally in numerous plants, including Citrus aurantium

ter orange) [9–11].

Many analytical methods have been developed for the
separation and quantification of biogenic amines including
octopamine. Chromatographic and electrophoretic meth-
ods are the preferred analytical techniques, because of
their highly efficient separation before detection of
individual components [12]. Cyclodextrins (CDs) are used
as chiral selectors in chromatographic separations of these
amines in fruits, extracts, and herbal products of
C. aurantium.

CDs are water-soluble compounds produced as a result
of intramolecular transglycosylation reaction from degra-
dation of starch by cyclodextrin glucanotransferase
(CGTase) enzyme [13]. Mainly, three cyclic oligosacchar-
ides are obtained: a-, b- and g-cyclodextrin, consisting
respectively of six, seven and eight a-D-glucopyranose
units in the 4C1 chair conformation. b-Cyclodextrin is the
most accessible, the cheapest, and generally the most
widely used. This macrocycle has the shape of a hollow
truncated cone with a central hydrophobic cavity and
hydrophilic exterior edges [14]. The primary hydroxyls of
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The inclusion process involving b-cyclodextrin with octopamine (OA) was investigated by

using PM6, HF/3-21G*, B3LYP/6-31G (d), WB97XD/6-31G (d) methods and several

combination of ONIOM2 hybrid calculations. The obtained results clearly indicate the

orientation in which the guest molecule penetrates into the hydrophobic cavity of b-CD

with the aromatic ring is energetically preferred. The structures show the presence of

several intermolecular hydrogen bond interactions that were studied on the basis of

natural bonding orbital (NBO) analysis, employed to quantify donor–acceptor interactions

between host and guest molecules. A study of these complexes in solution was carried out

using the CPCM model to examine the influence of solvation on the stability of the

octopamine/b-CD complex.

� 2014 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Corresponding author.

E-mail address: Lachi_n@yahoo.fr (L. Nadia).

Contents lists available at ScienceDirect

Comptes Rendus Chimie

ww w.s c ien c edi r ec t . c om

://dx.doi.org/10.1016/j.crci.2014.03.010
1-0748/� 2014 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.crci.2014.03.010&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crci.2014.03.010&domain=pdf
http://dx.doi.org/10.1016/j.crci.2014.03.010
mailto:Lachi_n@yahoo.fr
http://www.sciencedirect.com/science/journal/16310748
http://dx.doi.org/10.1016/j.crci.2014.03.010


L. Nadia et al. / C. R. Chimie 17 (2014) 1169–11751170
the glucose units are located at the narrow face of the cone
and the secondary hydroxyls at the wide face [15]. These
amphiphilic molecular structures of CDs form easily
inclusion complexes with many organic, inorganic, and
biological compounds without covalent bond. The result-
ing inclusion complexes can induce a modification of the
physicochemical properties of the guest molecule. CDs
have been used extensively in separation science because
they have been shown to discriminate between positional
isomers, functional groups, homologues, and enantiomers.
This property makes them one of the most useful agents for
a wide variety of separations [16].

Nowadays, because of the limitation of the experi-
mental methods, molecular modeling is very popular in CD
chemistry [17–24].

The aim of this work is to study the inclusion complex
between OA and b-CD specifically to determine its
optimum geometrical structure, to describe the conforma-
tional changes of OA inside the b-CD cavity, the stability of
the complex and the principal intermolecular interactions
between the guest molecule and the host CD.

In this paper, several levels of calculations were carried
out. In the first part, we use PM6 semi-empirical method
implemented in the MOPAC 2010 program [25] in order to
localize the minimum energy structures, which are used as
starting structures for subsequent optimizations. After
that, the structures are subjected to higher-level calcula-
tions, such HF, DFT (single-point) and ONIOM2 [B3LYP/6-
31G (d): HF/3-21G*, WB97XD/6-31G (d): HF/3-21G* and
B3LYP/6-31G (d): B3LYP/3-21G*] methods to approach the
ideal geometry and provide further insight into the
complexation process of OA with b-CD. The natural
bonding orbital (NBO) analysis is employed to quantify
the donor–acceptor interactions between the host and the
guest.

2. Computational method

All the calculations were performed using MOPAC
10 Software packages and Gaussian 09 [26]. The starting

structures of b-CD and octopamine (OA) were built with
the help of the Chembridge ChemBio 3D Ultra (version
11.0, Chembridge Software). OA was optimized with B3LYP
method at the 6-31G* level, and b-CD was used without
optimization, see Fig. 1.

The coordinate system used to define the process of
complexation is shown in Fig. 2. The construction method
was reported in [27]. The glycosidic oxygen atoms of the
cyclodextrin molecule were placed onto the XY-plane and
their center was defined as the origin of the coordinate
system. The secondary hydroxyl groups of b-CD were
placed pointing toward the positive Z-axis. Then, the guest
molecule, placed on the Z-axis was allowed to approach
and pass through the b-CD cavity from �6A8 to +6A8 with a
step of 1A8. The generated structures at each step were
optimized with PM6 methods without imposing any
symmetrical restrictions.

In order to find an even more stable structure of the
complex, the guest molecule was rotated around the Z-axis
at 208 intervals from 08 to 3608. Once the preliminary
energy minima were determined, each derived complex
was re-optimized, removing restraint on the b-CD and the
reference atom (C3) of octopamine. Two possible orienta-
tions were considered (Fig. 2):

� the aliphatic ring oriented toward the center of mass of
b-CD, namely orientation 1;
� the aromatic ring oriented toward the center of mass of

b-CD, namely orientation 2.

Complexation energy upon complexes between OA and
b-CD is calculated for the minimum energy structure
according to eq. (1):

Ecomplexation ¼ Ecomplex � Ehost þ Eguest

� �
(1)

where Ecomplex; Eb�CD; EOA represent the energies of the
complex, the free b-CD, and the free OA, respectively.

The deformation energy for each component, host and
guest throughout the formation of the complex was
defined as the difference between the energy of the totally
Fig. 1. (Color online.) Molecular structure of: a: b-cyclodextrin; b: octopamine.
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imized component compared and its energy in the
plex (Eq. (2)) [28]:

ormation componentð Þ ¼ E componentð Þopt
sp

�E componentð Þopt

(2)

The gas-phase full optimizations were carried out at
6 and HF/3-21G*. To improve the precision of the
oretical results, we adopted ONIOM2 methods [29]. In

 hybrid model study, we submitted the host molecule
D to the low level of quantum calculations HF/3-
*and B3LYP/3-21G*, whereas the guest molecule is
ted at a high level of calculation B3LYP/6-31G (d) and
97XD/6-31G (d). The ONIOM energy is described as
]:

iom ¼ E high; modelð Þ þ E low; realð Þ

� E low; modelð Þ (3)

ere: E high; modelð Þ is the energy of OA at the high level
heory, E low; realð Þ is the energy of the complex at the

 level of theory, and E low; modelð Þ is the energy of b-
at the low level of theory.
B3LYP/6-31G (d) and WB97XD/6-31G (d) single-point
ulations were corrected for basis set superposition
r (BSSE) using the counterpoise method.

Solvent effects on the conformational equilibrium have
n taken into account using the CPCM model for water as
lvent. The solvation calculations were carried out using
YP/6-31G (d) and WB97XD/6-31G (d) single-point.
Finally, the natural bond orbital analyses (NBO) were
lied to quantify the donor–acceptor interactions
ween host and guest.

esults and discussion

The graphical representation of the complexation
rgy involved during the inclusion process of octopa-
e into b-CD at different distances for the two

All the energetic values upon the complexation process
are negative, which means that OA/b-CD complex is
thermodynamically favorable. The most stable structure is
located at �3 Á̊ and 0 Á̊ for orientations 1 and 2,
respectively. At this point, complexation energies are
�17.70 and �19.62 kcal/mol, as shown in Table 1. Orienta-
tion 2 is significantly more favorable than orientation 1 by
an energy difference of 1.92 kcal/mol according to PM6
calculations.

The computed deformation energies given in Table 1
indicate that the guest needs only 1.14 kcal/mol for
conformational adaptation inside the b-CD cavity for
orientation 1, and 1.17 kcal/mol for orientation 2. On the
contrary, the b-CD deformation energy is important. This
deformation seems to be one of the driving factors
leading to the formation of inclusion complexes. Indeed,
complex 2 is more energy demanding than complex 1 by
1.86 kcal/mol.

Fig. 2. (Color online.) The proposed structures of the octopamine/b-CD complex for: a: orientation 1; b: orientation 2.
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Furthermore, the energetic gap between the two
orientations is increased using HF/3-21G*, and ONIOM
(B3LYP/6-31G (d): HF/3-21G*, WB97XD/6-31G (d): HF/3-
21G* and B3LYP/6-31G (d): B3LYP/3-21G*) calculations,
which confirms the preference for orientation 2. The
energy difference between the two orientations in the four
calculations varies considerably from 10.10 to 25.91 kcal/
mol. These results indicate that the difference between the
complexation energies in ONIOM methods is much larger
than that in PM6 method, and the more stable complex is
obtained with the [B3LYP/6-31G (d): B3LYP/3-21G*] level
(Table 1).

The same result is also obtained with the B3LYP/6-
31G (d) and WB97XD/6-31G (d) single-point calculations
(Table 2), in which the energy difference becomes in
vacuo and in water respectively 3.71 and 0.54 kcal/mol
for B3LYP/6-31G (d), 7.36 and 4.23 kcal/mol for
WB97XD/6-31G (d). The energy difference in solution
becomes a little smaller than the calculated result in
vacuo. The difference in Ecomplexation with BSSE correction
in vacuo is 0.27 and 4.40 kcal/mol for B3LYP/6-31G (d)
and WB97XD/6-31G (d), respectively. It can be seen that
orientation 2 is more preferred than orientation 1, i.e.,
the interactions between octopamine in orientation 2 are
stronger than those between the guest in orientation
1 and b-CD.

As can be seen in Fig. 4, the structure of inclusion
complexes obtained by ONIOM optimization shows
that the guest is totally included in the hydrophobic
cavity of the most favorable structure (complex 2);
so there is a stronger hydrophobic interaction between
the guest and b-CD. The NH2 group points toward
secondary hydroxyls and the reference atom C3 shifts
upwards by 0.77 Å from the center of the coordination
system. In complex 1 (orientation 1), we can see that
the guest molecule is partially incorporated in the
cavity, and the hydroxyl catechol of OA is left out of

The B3LYP/6-31G (d): HF/3-21G* and WB97XD/6-31G
(d): HF/3-21G* optimized structures (Fig. 5) are similar to
those obtained by B3LYP/6-31G (d): B3LYP/3-21G*, where
the aromatic ring is encapsulated in the cavity toward the
smaller rim in orientation 2 (Fig. 5b and d), while in
orientation 1, OA is partially included in b-CD. The
aliphatic chain is embedded in the cavity and the aromatic
ring is directed toward the wider rim (Fig. 5a and c).

Natural bond orbital (NBO) analysis offers an efficient
method for studying intra- and intermolecular bonding
and interaction between bonds, and also provides a
convenient basis for investigating charge transfer or
conjugative interaction in molecular systems.

Some electron-donor orbitals, acceptor orbital and the
interacting stabilization energy resulting from the sec-
ond-order micro-disturbance theory are reported
[31,32]. The second-order Fock matrix was calculated to
evaluate the donor–acceptor interactions in NBO analysis
[33]. For each donor (i) and acceptor ( j), the stabilization
energy E(2) associated with delocalization i ! j is
estimated as:

E 2ð Þ ¼ DEi j ¼ qi

F i; jð Þ
e j � ei

(4)

where qi is the donor orbital occupancy, ei and ej are
diagonal elements and F(i, j) is the off-diagonal NBO Fock

Table 2

Single-point energies calculated at B3LYP/6-31G (d) and WB97XD/6-31G

(d) in vacuo and in water for OA/b-CD inclusion complex.

Energies (kcal/mol) Orientation 1 Orientation 2 DE

In vacuo

B3LYP/6-31G (d)

Ecomplexation �63.44 �67.15 3.71

Ecomplexation with BSSE

correction

�52.84 �53.11 0.27

WB97XD/6-31G (d)

Ecomplexation �82.87 �90.23 7.36

Ecomplexation with BSSE

correction

�74.03 �78.43 4.40

In water

B3LYP/6-31G (d)

Ecomplexation �52.45 �52.99 0.54

WB97XD/6-31G (d)

Ecomplexation �70.74 �74.97 4.23

In vacuo

B3LYP/6-31G (d)

Ecomplexation �63.44 �67.15 3.71

Ecomplexation with BSSE

correction

�52.84 �53.11 0.27

WB97XD/6-31G (d)

Ecomplexation �82.87 �90.23 7.36

Ecomplexation with BSSE

correction

�74.03 �78.43 4.40

In water

B3LYP/6-31G (d)

Ecomplexation �52.45 �52.99 0.54

WB97XD/6-31G (d)

Ecomplexation �70.74 �74.97 4.23

OA: octopamine. DE: difference in complexation energy between the two

orientations: DE = Ecomplexation(1) � Ecomplexation(2).

Table 1

HF/3–21G* and the ONIOM complexation energies of the inclusion

complexes OA/b-CD for both orientations.

Energies (kcal/mol) Orientation 1 Orientation 2 DE

PM6

Ecomplexation �17.70 �19.62 1.92

Edeformation (guest) 1.14 1.17 0.03

Edeformation (host) 1.41 1.86 0.45

HF/3-21G*

Ecomplexation �13.36 �24.09 10.73

ONIOM

B3LYP/6-31G (d):

HF/3-21G*

Ecomplexation �13.62 �24.28 10.66

WB97XD/6-31G (d):

HF/3-21G*

Ecomplexation �13.99 �24.09 10.10

B3LYP/6-31G (d):

B3LYP/3-21G*

Ecomplexation �30.50 �56.41 25.91

OA: octopamine. DE: difference in complexation energy between the two

orientations: DE = Ecomplexation(1) � Ecomplexation(2).
matrix element [34]. The delocalization of the electron
the wider rim.
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sity between occupied Lewis-type (bond or lone-pair)
 orbitals and formally unoccupied (anti-bond or

gberg) non-Lewis NBO orbitals corresponds to stabiliz-
 donor–acceptor interactions.
The geometrical parameters of the established H-bond
he inclusion complex and the stabilization energies E(2),
ulated using B3LYP/6-31G (d) and WB97XD/6-31G (d)

gle-point methods are presented in Table 3. The
cture of the energy minimum obtained with ONIOM
ulations shows the presence of several intermolecular
rogen bond interactions, see Fig. 4.

In complex 1, the guest molecule is partially incorpo-
d in the cavity. In this structure, one strong (O���H–O)
rogen bond is established between the glycosidic
gen atom O 97 and the hydrogen atom H 17 of the O 8–
7 bond located at 2.1 Á̊ with an angle equal to 123.38
h stabilization energy E(2) equal to 6.17 kcal/mol.

Conversely, for complex 2, the guest is totally included
in the b-CD cavity. In this disposition, two H–bonds (O���H–
O) are formed: the first one between the O 69 of b-CD and
the H 22 of the hydroxyl group of the guest (O 69���H 22–O
11) positioned at 1.7 Á̊ with an angle of 164.68. The second
one is (O 83���H 17–O 8) located at 1.8 Á̊, with an angle
equal to 147.18. The interaction energy for the second
hydrogen bond (11.59 kcal/mol) is lower than that for the
first one (32.60 kcal/mol).

At the same time, a great number of C–H���O or N–H���O
hydrogen bonds occurs between the cavity and the guest
molecule. We notice that when the guest acts as a donor,
the acceptors are the anti-bonding s* (C–H) orbitals of b-
CD. The important interaction is observed between LP O8
and s* C 55–H 137 (4.32 kcal/mol) for complex 1 and
between LP O8 and s* C 37–H 115 (7.22 kcal/mol) for
complex 2.

4. (Color online.) Geometric structures of octopamine/b-CD complexes optimized by ONIOM (B3LYP/6-31G (d): B3LYP/3-21G*); (a) and (c) seen from

secondary hydroxyl rim of the b-CD cavity correspond respectively to orientations 1 and 2, (b) and (d) seen from the side of the b-CD wall correspond

ectively to orientations 1 and 2. Dotted lines represent the hydrogen bonds.
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When b-CD acts as a donor, the greater interaction is
formed between LP O 67 atom and s*N 10–H 20 (7.23 kcal/
mol) for complex 1; for complex 2, important interactions
are established between donor orbital LP O 87 and acceptor
orbital N 10–H 21 (7.91 kcal/mol). So, it can be deduced

that the interactions in complex 2 are the strongest,
suggesting that the complex is the most stable. As an
overall conclusion, we can confirm that intermolecular
hydrogen bond is the main driving force in the formation of
the inclusion complex.

Fig. 5. (Color online.) Structures of the optimized complexes obtained by ONIOM2; (a) structure of B3LYP/6-31G (d): HF/3-21G* for orientation 1, (b)

structure of B3LYP/6-31G (d): HF/3-21G* for orientation 2, (c) structure of WB97XD/6-31G (d): HF/3-21G* for orientation 1, and (d) structure of WB97XD/6-

31G (d): HF/3-21G* for orientation 2.
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le 3

tron-donor orbitals, electron-acceptor orbitals, and corresponding E(2) energies, distances, and angles for complexes 1 and 2.

nor Acceptor E(2) B3LYP/6-31G (d) E(2) WB97XD/6-31G (d)

mplex 1

Guest donor b-CD acceptor

LP O 8 s*C 55–H 137 3.65 (2.2A8, 140.68) 4.32 (2.2A8, 140.68)
LP O 8 s*C 57–H 139 2.45 (2.2A8, 141.08) 2.83 (2.2A8, 141.08)

b-CD donor guest acceptor

LP O 67 s*N 10–H 20 6.02 (2.1A8, 158.08) 7.23 (2.1A8, 158.08)
LP O 81 s*C 2–H 13 4.24 (2.2A8, 155.68) 5.14 (2.2A8, 155.68)
LP O 96 s*C 5–H 14 3.24 (2.4A8, 178.08) 3.95 (2.4A8, 178.08)
LP O 97 s*O 8–H 17 5.10 (2.1A8, 123.38) 6.17 (2.1A8, 123.38)

mplex 2

Guest donor b-CD acceptor

LP O 8 s*C 37–H 115 6.02 (2.1A8, 102.78) 7.22 (2.1A8, 102.78)
LP O 8 s*C 45–H 124 1.96 (2.4A8, 111.58) 2.37 (2.4A8, 111.58)
LP O 11 s*C 63–H 145 2.32 (2.3A8, 107.58) 2.83 (2.3A8, 107.58)

b-CD donor guest acceptor

LP O 69 s*O 11–H 22 27.79 (1.7A8, 164.68) 32.60 (1.7A8, 164.68)
LP O 77 s*C 9–H 18 1.65 (2.3A8, 143.58) 2.04 (2.3A8, 143.58)
LP O 83 s*O 8–H 17 9.63 (1.8A8, 147.18) 11.59 (1.8A8, 147.18)
LP O 87 s*N 10–H 21 6.52 (2.2A8, 176.48) 7.91 (2.2A8, 176.48)
LP O 93 s*C 1–H 12 1.00 (2.50A8, 163.98) 1.27 (2.5A8, 163.98)
LP O 98 s*C 2–H 13 3.85 (2.2A8, 151.48) 4.55 (2.2A8, 151.48)
A Mol. Biomol. Spectrosc. 77 (2010) 612.
Anal. 29 (2002) 1113.
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