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Abstract The inclusion process involving fi-cyclodextrin
(p-cyclodextrin-CD) and phenylurea herbicide metobrom-
uron (MB) has been investigated by using the MM+, PM3,
B3LYP, HF, ONIOM2 and NBO methods. The binding and
complexation energies for both orientations considered in
this research are reported. The geometry of the most stable
complex shows that the aromatic ring is deeply self-
included inside the hydrophobic cavity of -CD also an
intermolecular hydrogen bond is established between host
and guest molecules. This suggests that hydrophobic effect
and hydrogen bond play an important role in the com-
plexation process. The statistical thermodynamic calcula-
tions by PM3 demonstrate that 1:1 MB/S-CD complex is
favored by a negative enthalpy change. Moreover, NBO
calculations proved also that are a very useful means to
quantify the interaction energies of the hydrogen bonds.

Keywords f-cyclodextrin - MM+ - PM3 - DFT - HF -
ONIOM2 - NBO

Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides with a
small number of glucose units. The most common CDs are
o-, f- (Fig. 1a) and y-CDs that differ in the number of p-
glucopyranose (CgH;(Os) units: 6, 7 and 8, respectively
[1]. The resultant inclusion complexes can induce modifi-
cation of the physicochemical properties of the ‘guest’
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molecules, particularly in terms of water solubility and
solution stability [2]. Therefore, it is important to clarify
the structures of the inclusion complexes from a viewpoint
of enzyme-substrates within the hydrophobic cavities of
CDs [3]. Formulation and practical application of pesti-
cides are often rendered difficult due to their adverse
physicochemical properties such as poor solubility, chem-
ical and thermal instability, mammalian toxicity, malodor,
volatility, high soil mobility, persistence and poor wetta-
bility. Complexation between pesticides and cyclodextrins
can result in products with superior performance (e.g.,
enhanced pesticide solubility and stability, reduction of
volatility) [4]. Metobromuron (3-(p-bromophenyl)-1-
methoxy-1-methylurea) (Fig. 1b, c) is a phenylurea herbi-
cide that is used for the control of broadleaf weeds in cereal
and vegetable crops, acting through the inhibition of pho-
tosynthesis [5, 6]. The compound has a relatively low
aqueous solubility (3.3.10™* g/mL at 25 °C).

Recently, Smith et al. [7] have studied experimentally
the encapsulation of phenylurea herbicide metobromuron
(MB) in 5-CD to test its affinity for CD. To our knowledge,
the complexation of CD with MB has not yet been studied
theoretically. So, the aim of this investigation is to study
the inclusion complex between MB and f-CD with stoi-
chiometry 1:1 specifically to determine its optimum geo-
metrical structure, to describe the nature of intermolecular
binding, the conformational changes of MB inside the
f-CD cavity, the stability of the complex as well as the
inclusion energetic of the formation process between the
guest molecule and the host CD including thermodynamic
parameters. Currently, there is great interest in the theo-
retical study of supramolecular systems. For this purpose,
molecular mechanics (MM) [8] or semi empirical methods
[9, 10] are the most widely used as ab initio and density
functional theory (DFT) methods are prohibitively
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Fig. 1 Molecular structures of
B-CD (a), phenylurea herbicide
metobromuron (b) and B3LYP/
6-31G* optimized structure of

MB (¢)
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expensive in treating such large systems. Unfortunately, in
general, MM methods do not accurately describe the
geometries or energetic of intermolecular interactions.
With no representation of electron density, many chemi-
cally important quantum based effects are missed. Addi-
tionally, intermolecular interactions for a number of MM
force fields are known to be poorly reproduced [11]. Semi
empirical methods employ approximations to accelerate
solution of the Roothan-Hall equations; thus, they are
quantum mechanical in nature and are an improvement
over MM methods in accounting for quantum phenomena.
However, empirical solutions are substituted for the large
number of multi electron integrals, and these are parame-
trized to reproduce experimental observables for a large
number of molecules. These approximations sharply limit
the precision of semi empirical methods, particularly in
treating systems that were not present in the initial
parametrization procedure [12]. However, such investiga-
tion of larger molecular system is limited by the compu-
tational effort required and the accuracy of the method
used, theoretical chemistry has turned its interest to the
so-called hybrid methods that use multiple approaches of
varying accuracy and cost to simultaneously treat different
parts of a system. The use of hybrid methods is very
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important for the study of large molecules or supramolec-
ular systems. Among these hybrid approaches, the hybrid
ONIOM method developed by Morokuma and co-workers
[13] is especially appealing as it can combine any quantum
mechanics/quantum mechanics (QM/QM) or QM/MM
method within one other.

In CD chemistry, under many circumstances the CD
only provides an environment effect and we are more
interested in the chemistry of the guest molecules in the
CD environment. Therefore, it appears a promising field to
use the ONIOM method to study CD chemistry. To this
purpose, we have performed an ONIOM study of the
complex reactions of -CD with the herbicide MB. The
complexes were divided into two layers. The inner layer
(the herbicide MB molecule) was treated by the DFT
B3LYP and ab initio Hartree-Fork (HF) employing the
6-31G* basis set, respectively, while the outer layer
(p-CD) by the semi empirical PM3 method. Liu et al. [14]
suggested PM3 should be advantageous in direct structure
optimization of -CD. The inclusion of the outer layer
was important for obtaining reasonable results for the
proposed complexes configuration. The results offer sig-
nificant insights into the inclusion interactions between
f-CD and the herbicide MB.
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Fig. 2 Coordinate systems used
to define the process of
complexation for: A and B
Orientations

(A) orientation

Computational method

All calculations were carried out using Hyperchem 7.51
[15] and Gaussian 03W version 6.0 [16] packages respec-
tively for molecular and QM methods. Starting geometries
of f-CD and MB were built with the help of Chem-office
3D ultra (Version 6.0, Cambridge software). MB was
optimized with B3ALYP method at 6-31G* level and the
B-CD was optimized by PM3 method [17]. For the con-
struction of MB/S-CD complex, the glycosidic oxygen
atoms of ;-CD were placed onto the XY plane; their centre
was defined as the origin of the coordinate system. The
second hydroxyl groups were oriented pointing towards the
positive Z axis. The guest molecule placed on the Z axis
was allowed to approach the -CD cavity from the large
side at a distance of 8 A which separates the -CD equa-
torial plane and the reference atom (N-8) in MB (Fig. 2 ).
The inclusion process emulation was then achieved along
the Z axis to —8 A with a step of 1 A. The structure
generated at each step is then optimized allowing changes
from the initial conformations but keeping the movement
of the reference atom (N-8) and S-CD totally restricted.
Once the preliminary energy minimum was determined for
each orientation, we re-optimized the system removing all
restrictions. In order to explore more conformational space
and to find an even more stable structure of the complex,
MB was rotated in the cavity around the Z axis at 30°
intervals from 0° to 360° and the system was re-optimized
at each position without imposing any restrictions. Two
possible orientations were considered (see Fig. 2).

* Aliphatic ring orientated to the centre of mass of -CD,
namely A orientation.

(B) orientation

* Aromatic ring orientated to the centre of mass of -CD,
namely B orientation.

The lowest energy complexes obtained by MM+ cal-
culations were in turn fully optimized using a semi-
empirical PM3 method. To quantify the interaction
between host and guest in the optimized geometries, we
have evaluated binding (E binding) and complexation
energy (E compl) using the following formulae [18, 19]:

Epinging = Ewis/p—cp_(Eisolacams + Eisolatedp—cp ) (1)
E complexation = E complex — (Eopip—cp + Eoptvs)
(2)
E (component) opt
(3)

According the relation (2), the complexation energy is
defined as the energy difference between the optimized
complex and the energies of isolated host and guest, on
their optimized conformations from complex. The defor-
mation energy for each component, host and guest
throughout the formation of the complex was defined as the
difference in the energy of the totally optimized component
compared to its energy in the complex (Eq. 3) [20].

Sp

DEF (component) = E (component),,, —

ONIOM calculations

For a deeper understanding of the molecular recognition,
the equilibrium geometries of both MB/S-CD complexes
were also completely optimized using the ONIOM method.
The ONIOM method is a hybrid computational method that
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allows different levels of theory to be applied to different
parts of a molecular system. In the two-layered ONIOM
method, the molecular system under study is divided into
an inner and an outer layer. The inner layer consists of the
most critical elements of the system, and the rest of the
system comprises the outer layer. In the terminology of
Morokuma and co-workers [13], the full system is called
““real’” and is treated with a low level of theory. The inner
layer is termed ‘‘model’’ and is treated with both the low
level of theory and a high level of theory. The total ONI-
OM energy EO™OM is given by

EONIOM _ F (high; model) + E (low; real)
— E (low; model) (4)

Where E (high, model) is the energy of the inner layer at the
high level of theory (the MB molecule), E (low, real) is the
energy of the entire system at the low level of theory (the
complexes), and E (low, model) is the energy of the model
system at the low level of theory (B-CD. In this study
were used, the MB/fS-CD complexes generated from PM3
optimization were divided into two the high level of cal-
culation RHF/6-31G*, RHF/3-21G*, RB3LYP/6-31G* and
RB3LYP/3-21G* are carried out on the MB and the low
level on the -CD is treated with a low level method (PM3).

Finally, charge transfers between host and guest mole-
cules have been studied using natural bond orbital (NBO)
population analyses. Moreover, in the NBO approach [21],
a stabilization energy E® related to the delocalization
trend of electrons from donor to acceptor orbital is calcu-
lated via perturbation theory. A large stabilization energy
E® between a lone pair LP(Y) of an atom Y, and an
antibonding 0* (X-H) orbital, is generally indicative of a
X-H:--Y hydrogen bond.

Results and discussion
Binding energy of the -CD/MB complex

In this study we have considered only the inclusion com-
pounds in molar proportion 1:1 formed between one mol-
ecule of -CD and one molecule of MB. We have adapted
MM+ method with a Root mean square gradient of
0.01 kcal/mol; to search for the lowest energy structures.
Different minima were localized for the whole system. The
graphical representation of the binding energy involved in
the inclusion process for the two orientations is displayed
(Fig. 3) The energy minimum for the A orientation is
located at 6 A but for the B orientation is located at 0 A.

The results summarized in Table 1 for the most stable
structures obtained by MM+ study confirm that both
complexation, binding and van der waals energies are in
favor of B orientation and the energy difference of the

@ Springer

0 -
—n—E
L
5 —— Euow
s |
.
g 10 \
S L . A
£ \ A
3 . [
@ 154 \i {
c \ i
o 3 I
2 \ ./
§ ) \: e t/
= 3 S
m \ ./.}'\\ A | I|I
| et \: S/ \\ |
-25 4 " ! —p
LA [ L LA B SN LA L LA LA LN S S L L B |
76 543210123 4516 7 89
Z coordinate [A%)
(a)
_-_Enu-
0 S EVD'
= \ J
N f
[} .‘-\ /i
(4] -10 4 | N
5 0 /,f. \‘\ . '/
> e W L] |
=] N\ o S
; 15 . \:‘ . . ff 1]
c \ f -
@ ' o /
=) \ [N,
£ -20 1 \ K L
=] \ /
c -
m .25 Iw_'/
T

TTrTrTTrT T T T T ora r*7rr1r7rrvrrvrrvirTi
8746543241201 23425W1%6172829
Z coordinate [A%)

(b)

Fig. 3 Binding energy of the inclusion complexation of MB into
p-CD at different positions (Z) for both orientations

complexes in the two orientations correspond respectively
to —0.9, —0.15 and —0.41 kcal/mol.

Semi-empirical and quantum mechanical calculations

The intermolecular interactions and hydrogen bond cannot
be accurately estimated by the MM+ approach because
this method does not treat explicitly the electrons [22].
Though, we have undertaken quantum calculations (PM3)
in order to help us to have a deeper comprehension Semi-
empirical (PM3) calculations were performed starting from
the structures of minimal binding energy obtained in
the previous MM+ study. Table 2 shows the calculated
binding energy (BE) of MB complexed with f-CD.
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Fig. 4 Structures of the energy
minimum of B orientation
obtained by the PM3 (4.1.a),
B3LYP/6-31G* (4.1.b) and
RHF/6-31G*(4.1.c). PM3
optimized structure of -CD
(4.2.a) and structure of f-CD
after guest inclusion (4.2.b).
Figure (4.2.b) is the B
orientation after removal of the
structure of the MB. The dotted
lines length represents the
distance between numbered
atoms. The glycosidic oxygen
atoms of f-CD number are
0-76, 0-66, 0-61, O-56, O-50
and O-45

(4.1.b)

(4.2.a)

The negative binding energy (BE) changes upon com-
plexation clearly demonstrate that f-CD can form stable
complexes with MB, which is observed in the experiments
[7]. The B orientation is significantly more favourable than
the A orientation by an energy difference of 1.02 kcal/mol

(4.2.b)

according to PM3 calculations. The same result is also
obtained with the B3LYP/6-31G and HF/6-31G single
point calculation in vacuum in which the energy difference
becomes —4.00 and —5.48 kcal/mol, respectively. The BE dif-
ference with BSSE correction is —7.59 and —4.72. Kcal/mol
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Table 1 Binding, Van der Waals and complexation energies (kcal/mol) at the minimum energy for both orientations

Energetic terms Phenylurea herbicide metobromuron p-CD A orientation B orientation AE?*
MM+

Ecomp (kcal/mol) —-1.27 113.01 85.98 85.08

AE oy (kcal/mol) —25.76 —26.66 —0.90
E (kcal/mol) 2.61 108.13 84.18 84.03

BE (kcal/mol) —26.56 —26.71 —0.15
Evpw (kcal/mol) 0.83 —53.35 —77.18 —77.59

AEypw (kcal/mol) —24.66 —25.07 —0.41

AE = E complexation (B) — E complexation (A)

It is important to note that the binding energy and VDW energy have similar results, which signify that the inclusion process is governed by Van

der Waals interaction

% AE is the relative energy difference of the optimized complexes in B and A orientations

for the DFT and HF methods. While these energy differ-
ences may be contribute to intermolecular hydrogen bond
formation for the B orientation To investigate the thermo-
dynamics of the binding process, the statistical thermody-
namic calculation were carried in vacuum by PM3 method,
and their B3LYP/6-31G*, and HF/6-31G* single point
energies [23].

Furthermore, the (Egomo—ELumo) gap is an important
stability index [24] and chemicals with larger (Egomo—
Ey umo) values tend to have higher stability, so we inves-
tigated the electronic structure of the complexes in the two
orientations using PM3 method. The results are reported in
Table 2. In fact, with the increase of the (Eyomo—ErLumo)
gap for the complexes formed in the B orientation, we
present a new confirmation that MB/f-CD inclusion com-
plexes are more stable when the aliphatic ring of MB enters
the cavity by its large side, which agrees well with the
calculated results of the binding energies discussed above.

Thermodynamic analysis for the complexation process
of f-CD with MB

To investigate the thermodynamics of the binding process,
the statistical thermodynamic calculation were carried out
at 1 atm and 298.15 K by PM3. The thermodynamic
quantities, the enthalpy change (AH), the thermal Gibbs
free energy (AG) and entropy contribution (AS) are given
in Table 2. From Table 2, we can be seen that the com-
plexation reactions of MB with f-CD are exothermic
judged from the negative enthalpy changes. And the neg-
ative enthalpy changes suggest that both the inclusion
processes are enthalpically favorable. On the other hand,
the enthalpy changes for B orientation is more negative
than the A orientation, which is surely attributed to the
more tightly van der Waals interactions. The two com-
plexation reactions have negative AG values and are
therefore spontaneous processes, implying that binding
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interactions are favored [25]. The enthalpy changes and the
thermal Gibbs free energy are of similar magnitude to the
experimental data AH and AG [7].

On the other hand, the results of the investigation of
deformation energy reported in Table 2 demonstrate that
the MB molecule in B orientation requires a slightly more
energy for conformation adaptation inside the f-CD cavity
than that of A orientation. The corresponding values are
respectively 0.02 and 6.35 kcal/mol.

Finally, from the semi-empirical study, we noticed that
the dipole moment values of native CD and free MB
increase when the hydrophobic guest enters into the CD
cavity and the complex is formed which is an indication of
the augmentation of the polarity.

Geometrical structure

The main features of the favorable structure obtained by
PM3 method are, the aromatic ring entered full into
the cavity of $-CD and one intermolecular H-bond of B
orientation is formed between O (12) atom of CO group of
MB and one primary OH of -CD is shown in Fig. 4(4.1.a,
4.1.b and 4.1.c). This explains why the complexation
energy of the B orientation is more favored than that of A
orientation. By B3LYP and HF methods it was observed
two intermolecular H-bonds. The first H bond is defined
between the N (18) atom, the second with O (12) of MB
and an H of primary hydroxyl of -CD, the H-bond length
ranges from 3.16 Ato 1.80 A respectively. In A orientation
no hydrogen bonding is reported.

Besides, the geometrical changes of -CD after guest
inclusion are shown in Fig. 4 (4.2.a and 4.2.b). We found
that dotted lines lengths in Fig. 4.2.b are shorter than
Fig. 4.2.a. The round cavity of -CD turns into an oval
shaped cavity. Atoms O-53 and O-73 are part of the
hydroxyl groups of the top rim of f-CD. Atoms O-44 and
0-64 are the part of the hydroxyl groups of bottom rim of
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Table 2 Energies, thermodynamic characteristics, HOMO-LUMO and the deformation energy of substrate calculations using PM3 method and
single point energy evaluated at B3LYP and HF level for MB/f-CD inclusion complexes

MB B-CD Orientation A Orientation B AE°

PM3

E* (kcal/mol) —0.54 —1,457.10 —1,474.38 —1,475.40

BE? (kcal/mol) —16.74 —17.76 —1.02

Ecomp (kcal/mol) —6.68 —1,454.67 —1,474.38 —1,475.40

AE omp (kcal/mol) —12.54 —14.05 —1.51

DEF (guest) 0.02 6.35 6.33

DEF (host) 1.50 243 0.93

Elomo (€V) —8.08 —10.54 —8.04 —8.19

E{ umo (eV) —0.54 1.47 —0.71 —0.83

Enomo—ELumo gap (eV) —7.54 —12.01 —7.33 —7.46

(D) 3.45 5.46 8.57 9.28

He (kcal/mol) 124.92 —667.31 —555.04 —555.98

AH° (kcal/mol) —12.65 —13.59 —0.86

G° (kcal/mol) 90.09 —784.46 —696.59 —697.60

AG® (kcal/mol) —222 —323

S° (cal/mol-Kelvin) 116.82 406.38 47475 474.55

AS°® (cal/mol-K) —48.45 —48.65 —02

RHF/6-31G*

E* (kcal/mol) —19,92532.88 2,666,495.63 —4,659,088.51 —4,659,093.99

BE® (kcal/mol) (—4,659,078.26)" (—4,659,083.86)"
—60.00 —65.48 —5.48
(=50.63)f (=55.35)" (—4.72)f

RB3LYP/6-31G*

E* (kcal/mol) —1,995,976.53 —2,681,832.20 —4,677,880.93 —4,677,884.93
(—4,677,870.91)f (—4,677,878.50)f

BE?® (kcal/mol) —72.20 —76.20 —4.00
(—62.18)f (—69.77)f (—7.59)

* E is the total optimized energy (heats of formation), DEF is the deformation energy of the substrate, BE is the binding energy upon complex,
BE = E[CJopt — E[S]opt — E[CD]pt
® E energy of the Highest Occupied Molecular Orbital, E° energy of the lowest noccupied Molecular Orbital' ¢ Dipole moment in Debye

° E energy of the Highest Occupied Molecular Orbital

¢ E energy of the lowest noccupied Molecular Orbital

4 Dipole moment in Debye

¢ AE = AEcompB - AEcompﬂ.

" The HF and DFT BEs in vacuum using the counterpoise method for correcting the basis set superposition error (BSSE)

pB-CD. Therefore, the hydroxyl groups of the top/bottom
rim of f-CD play a significant role in binding the MB.

In order to further understand molecular recognition
between the guest and the host we adopted ONIOM2
methods (HF/6-31G*:PM3 and B3LYP/6- 31G*:PM3).
The geometries of both complexes obtained by PM3 cal-
culations were optimized at two different levels of theory,
(RHF/6-31G*:RPM3) and (RB3LYP/6-31G*:RPM3 are
given in Fig. 5.

In Table 3, we reported and compared the energetic
values computed with ONIOM 2 method to those obtained
from PM3 calculations. We found that the ONIOM

calculations confirm PM3 results. In fact both ONIOM
(RHF/6-31G*:RPM3), ONIOM (RHF/3-21G*:RPM3),
ONIOM (RB3LYP/6-31G*:RPM3) and ONIOM (RB3LYP/
3-21G*: RPM3) predicted B orientation to be more favor-
able than A orientation by respectively —6.27, —6.24, —6.28
and —6.30 kcal/mol. The relative energy difference of the
optimized complexes has the same order of magnitude than
that obtained by PM3 method.

The aromatic ring of the MB molecule is totally inserted
in the hydrophobic cavity of the most favorable struc-
ture (B orientation) positioned at the secondary rim
and aliphatic ring closer to the primary one; and one
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Fig. 5 Geometrical structures
of MB/f-CD complex of B
orientation optimized at
ONIOM2 by (RB3LYP/6-
31G*:RPM3) (C1) and (RHF/6-
31G*:RPM3) (C2)

(CD

(C2)

Table 3 EONOM, Epindging and relative energy difference AE (Kcal/mol), and intermolecular hydrogen bonds distance (A°)

Computational methods A orientation B orientation AE

E (PM3) —1,474.38 —1,475.40 -1.02
d (012---H128) 1.821

EONIOM (RB3LYP/6-31G*:RPM3) —1,997,571.86 —1,997,578.14 —6.28
d (012---H128) 1.81

EONOM (RB3LYP/3-21G*: RPM3) —1,997,571.32 —1,997,577.62 —6.30
d(012---H128) 1.81

EONOM (RHF/6-31G*:RPM3) —1,994,057.75 —1,994,064.02 —6.27
d(012---H128) 1.81

EONIOM (RHF/3-21G*:RPM3) —1,991,464.40 —1,991,458.16 —6.24
d(012---H128) 1.81

E is the total optimized energy for the PM3 method

EONOM s the total ONIOM optimized energy based on the PM3-optimized complexes, EONOM — E (high, model) + E (low, real)

—E(low, model)

AE is relative energy difference, AE = E (B orientation) — E (A orientation)

intermolecular H-bond of B orientation is formed between
O (12) atom of CO group of MB and one primary OH of
p-CD is shown in Fig. 5. These remarks are the same for
the energy minimized PM3 structure illustrated in
Fig. 4.1.a. The calculated ONIOM?2 optimized O-H dis-
tance is 1.810 A smaller than that of the PM3.

In Table 4, we report the bond distances, bond angles
and the most interesting dihedral angles MB molecule
before and after complexation as calculated by PM3, HF
6-31G*, B3LYP6-31G* and ONIOM?2 methods for the
most stable structures in B orientation. It is evident that in
p-CD, the geometry of MB is completely altered. The
alteration is significant in dihedral angles, which, indi-
cates that MB must adapt a specific conformation to form
a more stable inclusion complex. The interactermolecular
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hydrogen bonds also play pivotal role for the conforma-
tional exchange. The calculation dihedral angle (12-9-8-2)
was changed to 19.3417°, —2.57702° and —4.6941° for the
B orientation based on PM3, ONIOM (RHF/6-31G*:
RPM3, and ONIOM (RB3LYP/6-31G*:RPM3)) methods,
respectively.

Hydrogen bonding and population analysis

In the NBO analysis of X-H---Y hydrogen bonded systems,
the interaction between the LP(Y) lone pair of the proton
acceptor and ¢ x (X-H) anti-bond of proton donor is
characterized by a significant E® stabilization energy. The
latter values are given in Table 5 in the case of the B
orientation.



J Incl Phenom Macrocycl Chem (2012) 74:191-200

199

Table 4 Geometrical parameters of MB before and after inclusion in -CD, bond distances (A), angle (°) and dihedral angles (°) calculated by

PM3 and ONIOM2 methods

PM3/RHF6-31G*/
B3LYP6-31G* Free MB

B orientation PM3/
RHF6-1G*/B3LYP6-31G*

B orientation (RHF/6-31G*:RPM3)/

(RB3LYP/6-31G*:RPM3)

Bond lengths (A)

013-Cl14 1.3906/1.42996/1.4300 1.40197/1.41063/1.41061 1.4720/1.4432
O13-N10 1.51665/1.3600/1.3600 1.49095/1.33272/1.33267 1.4400/1.4700
N10-C11 1.46732/1.47004/1.4700 1.47377/1.46139/1.46145 1.4500/1.4600
N10-C9 1.4194/1.31995/1.3200 1.44401/1.38060/1.38060 1.3723/1.3910
C9-N8 1.41818/1.32004/1.3200 1.41782/1.38002/1.38003 1.3521/1.3710
N8-C2 1.43049 1.2200/1.3200 1.43952/1.42734/1.42734 1.4121/1.4160
C9-012 1.23302/1.31995/1.3200 1.23519/1.22923/1.22929 1.2332/1.2265
05-Br7 1.86786/1.90994/1.2200 1.86837/1.88741/1.88742 1.8530/1.8400
Bond angles (°)
C14-013-N10 115.361/109.469/109.47 114.763/112.82/112.832 112.718/110.31
O13-N10-C11 122.848/119.999/120.00 114.722/119.48/119.478 115.180/113.981
O13-N10-C9 114.81/120.001/120.00 114.756/121.916/121.921 121.781/114.651
C11-N10-C9 122.342/120.000/120.00 119.028/118.578/118.577 115.600/121.502
N10-C9-N8 120.102/120.000/120.00 118.963/118.371/118.371 124.431/114.852
O12-C9-N8 122.492/119.999/120.00 121.593/121.196/121.195 128.044/128.090
C9-N8-C2 124.033120.000/120.00 122.769/129.547/129.546 122.230/124.012
Dihedral angle (°)
C14-013-N10-C11 0/0/0 54.6071/78.0844/78.088 90.2421/81.70
C14-013-N10-C9 180/180/180 —88.5737/—100.059/—100.057 —121.4510/—122.02
C11-N10-C9-N8 180/180/180 —167.44/173.217/173.22 153.8312/153.4912
O13-N10-C9-N8 0/0/0 —25.9446/—8.62352/—8.61872 8.1021/10.0230
012-C9-N8-C2 0/0/0 19.3417/8.11855/8.12536 —4.6941/—-2.5702

Table 5 B3LYP method calculated main E hydrogen bonds inter-
actions energies of the B orientation

Donor NBO (i) Acceptor NBO (j) E® kcal/mol

6-31G* 3-21G*
LP (O 136) 6 x (H119-0173) 3.60 3.20
LP (O 46) 6 x (C151-H166) 0.85 0.82
LP (O 169) 6 x (C25-H91) 0.60 0.60
LP (O 60) 6 x (C159-H171) 1.62 1.64

Indeed, as it can be seen significant interaction ener-
gies are obtained for the expected hydrogen bonds,
especially the O173-H119---O136 one. These hydrogen
bonds are also highlighted by the NBO populations of
the proton acceptors; the O136 lone pair bears an elec-
tronic charge equal to 1.879 (instead of 2) and LP (060)
a charge of 1904, indicating the expected electron
transfers.

As it was expected the interaction energies of the C151—
H166--046 and C25-H91---:0169 hydrogen bonds are
small, respectively 0.6 and 0.85 kcal/mol; these values are

typical of weak hydrogen bonds for which energies vary
between 0.5 and 2 kcal/mol [26].

Conclusion

In general, the present theoretical investigation provides
better picture and gives more insights of the intermolecular
interactions on the inclusion complex MB/S-CD. The
obtained results show that the mainly driving forces in the
process complex are the hydrophobic forces and the bond-
ing hydrogen. Though the MM+ method makes it possible
to reach an acceptable minimum it proved very limiting for
the estimate of the hydrogen bonds. Among the used
methods, ONIOM2 was shown very effective to evaluate
this type of interaction. Moreover, NBO calculations proved
also that are a very useful means to quantify the interaction
energies of the hydrogen bonds. In addition, the statistical
thermodynamic calculations suggest that the formation of
the inclusion complex is an enthalpy-driven process.
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