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Abstract The inclusion complex of [-cyclodextrin (/3-
CD) and 4-methylbenzyl-4'-[trans-4- (guanidinomethyl)
cylohexylcarbonyloxy]-biphenyl-4-carboxlylate monohy-
drochloride (7G44) had been investigated by using densify
functional theory (DFT) and PM3 semiempirical method.
The results indicate that the 8-CD includes predominantly
the biphenyl moiety of 7G44, and the inclusion complex
formed by 7G44 entering into the cavity of §-CD from its
narrow side (the primary hydroxyl group side) is more
stable than that formed by 7G44 entering into the cavity of
0-CD from its wide side (the secondary hydroxyl group
side). The negative enthalpy changes calculated from the
statistical thermodynamic calculations at 1 atm and
298.15 K suggest that the inclusion complexes are favored
enthalpy-driven processes. The molecular modeling results
are in good agreement with the experiment for 2D 'H-'*C
H HETCOR spectroscopic and H-NMR spectroscopic
observations.

Keywords Cyclodextrin - Density functional
theory (DFT) - Inclusion complex - PM3 - 7G44

Introduction

The study of inclusion complexes of organic molecules with
cyclodextrins has attracted the interest of many experimental
and theoretical chemists during the past decades[l, 2].
Cyclodextrins are the natural cyclic oligosaccharides consti-
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tuted mainly by the six (a-cyclodextrin, -CD), seven ((-
cyclodextrin, $-CD) and eight (v-cyclodextrin, v-CD) D-
glucose units linked in a-(1—4) (Fig. 1a) [3]. Cyclodextrins
are known for their ability to bind organic molecules by non-
covalent interactions and it has been reported that the
hydrophobic effects, van der Waals interactions, dipole-
dipole interactions and charge transfer interactions are the
possible driving forces for the inclusion complex [4]. In
particular, [-cyclodextrin (5-CD) has an internal cavity
shaped like a truncated cone of about 8 A deep and 6.0-
6.4 A in diameter. This cavity possesses a relatively low
polarity, so it can accommodate guest organic molecules
inside [5]. By this means, $-CD can improve the stability,
dispersing and dissolving properties of some drugs, and
enhance its physical and chemical activity through the
inclusion complexes [6]. Therefore, 5-CD is by far the most
widely used in pharmaceutical sciences and different fields
of chemistry ranging from analytical to synthetic chemistry
in cyclodextrins [7, 8].
4-Methylbenzyl-4'-[trans-4-(guanidinomethyl)cylohexyl-
carbonyloxy]-biphenyl-4-carboxlylate monohydrochloride
(TG44, Fig. 1b) is a newly synthesized Helicobacter pylori
(H. pylori) eradicating agent with high selectivity to H.
pylori, compared with other Gram-negative and Gram-
positive bacteria [9, 10]. In recent years, the association
between Helicobacter pylori and gastritis, gastric ulceration,
and duodenal ulceration, as well as gastric cancer, has been
clarified [11, 12]. H.pylori is well recognized as a major
etiologic factor for gastritis and peptic ulceration [13, 14]
and the eradication of H. pylori drastically reduces the
recurrence of ulceration and is considered essential to treat
ulceration. However, pharmaceutical applications of 7G44
are limited due to its very low solubility in water (0.036+
0.004 mM at 25°C) [15]. However, the H.pylori eradicating
activity of 7G44 is markedly enhanced when it is orally
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Fig. 1 Molecular structures
of 5-CD (a), TG44 (b) and
B3LYP/6-31G* optimized
structure of 7G44 (c¢)

Fig. 2 Coordinate systems
used to define the process of
complexation for: (a) head up
and (b) head down. Part 1
represents the methylbenzene
moiety. Part 2 represents the
biphenyl moiety. Part 3 repre-
sents the cyclohexane moiety
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Table 1 Thermodynamic ]

parameters of the models C and Species 7G44 5-CD Head up Head down

c calculated by PM3 method and PM3

the single point energies by

B3LYP/6-31G* E*(kJ molK ™) -384.04 -6085.41 -6551.17 -6548.78
AE*(kJ molK ™) — — -81.72 -79.33
HykJ molK™) 1221.79 -2778.65 -1629.44 -1627.19
AH(kJ molK ™" — — -72.61 -70.33
G(kJ molK™) 929.14 -3279.39 -2334.02 -2333.56
AG®(kJ molK™) — — 16.23 16.69
AS(J mol " K — — -297.97 -291.87
Epomo(eV) -9.20 -10.56 -9.28 -9.28
ELUM()(CV) -1.01 1.09 -1.09 -1.22

4 E is the HF energy, AE is the Enomo —Erumo (€V) -8.19 -11.65 -8.19 -8.06

stabilization energy of complexes; B3LYP/6-31G*

* A= Acompix— E*(kJ molK ™) -4274999.02 -11224644.99 -15499659.14 -15499635.42

(Asubst +Aﬁ—CD)> A=H, G;

AE*(kJ molK ™)

-15.13

8.59

©AS = (AH — AG)/T

administered in the form of 5-CD complex, compared with
TG44 alone. The enhanced antimicrobial activity of 7G44/
[-CD complex may be ascribed to improved dissolving
properties of the [3-CD complex. However, due to the
limitations of the experimental methods, the geometrical
structure and stability of the complex as well as the
inclusion energetics of the formation process between the
guest molecule and the 3-CD host are still not reported yet.
Therefore, the molecular modeling methods of cyclodex-
trins complexes are powerful tools for the understanding of
the geometry and the interaction energy of the inclusion
compounds.

However, the use of traditional molecular modeling
techniques for the study of cyclodextrins is somewhat
limited due to the size and flexibility of some molecules,
which represent a real challenge for computational methods
[16]. As a result, the extensive progress has been made in
the use of molecular mechanics (MM) and molecular
dynamics (MD) techniques for the study on cyclodextrins
and their inclusion complexes [17-19]. However, these
methods lack a representation of electron density, missing

many chemically important quantum based effects in spite
of they have the advantage of being less resource
demanding [20, 21]. In recent years, the quantum chemical
calculations of the semiempirical level have become
affordable for the study of cyclodextrins and their inclusion
complexes. Semiempirical methods employ approximations
that accelerate the solution of the Roothan-Hall equations.
Thus, they improve the description of quantum phenomena
over MM techniques [22]. However, the precision of
semiempirical methods is limited since they are parame-
trized to reproduce experimental observables for a large
number of molecules. Moreover, semiempirical methods
can fail when treating systems that are not considered in the
initial parametrization procedure. Diverse semiempirical
methods, such as CNDO [23, 24], AMI1 [25], and PM3
[26], have been employed in the study of cyclodextrins and
their inclusion compounds. Since 1995, several authors
have employed AM1 and PM3 techniques in the study of
cyclodextrins. The work of Bodor [27] have been studied in
detail about the performances of AMI1. The work of
Avakyan [28] and Liu [29-33] has proved that PM3 has a

Fig. 3 Stability energies of the a b
inclusion complexation of 7G44 A .
into 3-CD at different positions 404 % = 401 .
(Z) and models:(a) head up;(b) 3 . n S .
head down. Point A, B, C, D § 50 . \ - / L\E, -50 \
represent Za=-15 A, Zz=-9 A, 2 / J £ v .
Zc=-1 A, Zp=8 A, respectively. 5 " \ ! _/ . § 60 o . \/ . I
Point a, b, c, d represent Z,= § 60+ L . o g ™M / \ n / " / /
154, 2,=9A,Z=0 A, Z;= w b /= / = = \ . A \ -
10 A respectively E’ 70 n /-/ - J £ 704 ¥ /¥ '\ /'

g / - I'¢ .g A ne :

& B " D @ \_ I

-80- -\_/ -804 H
c

T T T T T T T T
-16141210-8 -6 -4 -2

Z(A)

024

T T T T

T T T T T T T T
-16141210-8 6-4-20 2 4 6

Z(A)

T T T T T T T T T T T
6 8 10121416 8 10121416

@ Springer



916

J Mol Model (2011) 17:913-920

better performance in the cyclodextrin geometry optimiza-
tion since it can deal with intramolecular hydrogen bonds.

Computational methods

The inclusion model can be seen in Fig. 2. It contains one
passing process and one circling process. The glycosidic

Fig. 4 Structures of the inclu-
sion models C and ¢ optimized
by the PM3 method. The inclu-
sion complexes are formed by
TG44 entering into the cavity of
[0-CD from its narrow side (the
primary hydroxyl group side) (a,
¢) and wide side (the secondary
hydroxyl group side) (b, d). Fig
(a) and (c) are the top and side
view of model C, respectively.
Fig (b) and (d) are top and side
view of model c, respectively.
Dotted lines are the H-bonds
length (A) between TG44 and
(3-CD. Gray balls represent the
carbon atoms, red balls represent
oxygen atoms, white balls
represent hydrogen atoms

@ Springer

oxygen atoms of 3-CD are placed in XY plane and their
center is defined as the center of the whole system. 7G44
approaches and passes through the cavity of 5-CD from +
Z to — Z direction, and the distance between the labeled
carbon atom C* (symmetric center of 7G44) and (-CD
ranges from -15 to +15 A. The guest is initially located at a
Z-coordinate of 15 A and is moved through the host cavity
along the Z-axis to -15 A at with a stepwise 1 A. For each
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step, the geometry of the complex is fully optimized by
PM3 without imposing any symmetrical restrictions. In
order to find an even more stable structure of the complex,
each guest molecule is calculated for all of the structures
obtained by scanning 6, clockwisely circling around Z-axis,
at 30° intervals from 0° to 360°. Stabilization energy upon
complexes between 7G44 and the (-CD is calculated
for the minimum energy structure according to AE =
Ecomplx - (Esubst + E,B7CD)- Ecomplxa Egubst and EB—CD repre-
sent HF energies (heats of formation) of the complex, the
free substrate and the free (3-CD, respectively. The
magnitude of the energy change would be a sign of the
driving force toward complexes.

The initial structure of 3-CD is built with CS Chem3D
Ultra (Version 8.0) from the crystal structure [34] and fully
optimized by PM3 method without imposing any symmet-
rical restrictions. Frequency calculations using PM3 are
performed to confirm the completeness of optimization, and
no negative eigenvalue was found for the final structures.
The density functional theory (DFT) at the level of B3LYP/
6-31G*, which considers the electron correlation and high
precision of energy calculations [35, 36], is applied to
calculate the single point energies of the inclusion com-
plexes. All the calculations are performed with the
Gaussian03 software package [37].

Results and discussion
Passing process

All the optimized structures obtained by scanning the 6
angle, from 0 to 360° at 30° intervals, and the coordinate Z,
from -15 to +15 A at 1 A intervals, were used to find the

Fig. 5 PM3 optimized structure
of 5-CD (a) and structure of
(-CD after guest inclusion (b).
Fig (b) is model C after removal
of the structure of the 7G44.
The solid lines length represent
the distance between numbered
atoms. H-bonds are formed
between underlined atoms
0-106, 0-96, 0-92 and the
TG44. The glycosidic oxygen
atoms of 3-CD number are
0-97, 0-102, 0-107, O-113,
0-118, 0-122, O-126. Gray
balls represent the carbon atoms,
red balls represent oxygen atoms

most favorable approach of the 7G44/6-CD. Two AE
minima are found at Z=-1 A, §=150° and Z=0 A, §=330°
for head up model (7G44 entering into the cavity of 3-CD
from its narrow side, defined as model C) and head down
model (TG44 entering into the cavity of 5-CD from its wide
side, defined as model ¢). The models are shown in Fig. 2.
The negative AE changes demonstrate that 5-CD can form
a stable complex with 7G44, and the changes are similar to
the reports for MM studies on cyclodextrin systems [38].
The thermodynamic parameters are listed in Table 1, the
single point energy of model C (-15.13 kJmol ') is 23.72
kJmol ™' lower than that of model ¢ (8.59 kJmol ') and the
PM3 binding energy (-81.72 kJmol ') of model C is also
2.39 kJmol ' lower than that of model ¢ (-79.33 kJmol ).
This suggests that model C is more stable than model ¢, and
the results predict that the 7G44 molecule prefers to enter
the cavity of §-CD from its narrow side rather than the wide
side. Besides, The gap (Erumo-Fuomo) 18 an important
stability index [39], and chemicals with larger (Epumo-
Enomo) values tend to have higher stability, therefore, the
head up model is significantly more favorable than the head
down model by (Erymo-Enomo) values.

The energy changes of TG44/3-CDycag-up and TG44/[3-
CDhpead-down 10 the passing process are shown in Fig. 3a, b,
respectively. As shown in Fig. 3a (the methylbenzene
moiety entering from narrow primary hydroxyl sides of the
cavity), the energy decreases by 34.696 kJmol ' from the
starting point A (Z,=-15 A. Z, is the Z-coordinate of point
A) to point B (Zg=-9 A). Then, the energy increases
sharply, and rapidly drops down to the point C (Zc=-1 A).
Finally, the energy increases slowly, and drops down to the
point D (Zp=8 A) suddenly through a certain degree of
perturbation. When the 7G44 molecule enters into the
cavity of 5-CD from the wide side, the energy curve
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(Fig. 3b) is somewhat similar to the process entering from
the narrow side. Points a, b, ¢, d appear in Z,=-15 A, Z,=
9 A, Z=0A, Z;=10 A respectively. Obviously, point C
and c are the global minimum of the whole curve, the
curves indicate that 7G44 and (3-CD could form the most
stable complexes. In these two positions (Zc=-1 A and Z.=
0 A), the biphenyl moiety of TG44 just full access to the

central of 3-CD cavity. This is in a good agreement with the
conclusion of the solid NMR spectroscopic experiment [6],
in which the (3-CD includes predominantly the biphenyl
moiety of 7G44. Besides, the methylbenzene moiety full
access to central of 3-CD cavity at point B and b (Zg=-9 A
Zy=-9 A) and the cyclohexane moiety full access to central
of 3-CD cavity near the point D and d (Zp=8 A, Z;=10 A).

Table 2 Mulliken charges(e)

of the heavy atoms of 7G44, TG44

Atoms

Head up Head down

charge transfer of the two
models calculated by B3LYP/6- PM3

B3LYP/6-31G* PM3

B3LYP/6-31G* PM3 B3LYP/6-31*

31G* and PM3 methods

N, 0.0632 -0.2741
C, 0.0252 0.1691
Cs -0.0925 0.5211
Ny -0.1265 -0.3503
N5 0.1239 -0.0812
Cs -0.0126 0.0154
C; 0.0194 0.0093
Cg 0.0248 0.0304
Co 0.0079 -0.0064
Cio 0.0220 0.0193
Cyy 0.0208 0.0139
Ciz 0.3546 0.5508
O3 -0.3304 -0.4438
Oy4 -0.1826 -0.4823
Cis 0.0582 0.2955
Cie -0.0117 -0.0098
Cy7 0.0358 -0.0267
Cig -0.0451 0.0868
Cio 0.0345 -0.0203
Cyo 0.0126 -0.0052
Cy -0.0022 0.0908
Cx -0.0017 -0.0303
Cys 0.0748 0.0036
Coy -0.1229 0.0617
Cys 0.0753 0.0030
Cye -0.0011 -0.0297
Cyy 0.4273 0.5369
Osg -0.3790 -0.4783
Os9 -0.2627 -0.4661
Csg 0.2464 0.2099
Cs, -0.1435 0.0973
Cs; 0.0336 -0.0283
Css -0.0072 -0.0406
Csy -0.0618 0.1298
Css -0.0026 -0.0386
Cse 0.0523 -0.0031
Csz; 0.0734 -0.0293
Charge

-0.0000 0.0000
transfer

0.0663 -0.2716 0.0637 -0.2751
0.0232 0.1659 0.0262 0.1727
-0.0915 0.5214 -0.0911 0.5228
-0.1295 -0.3525 -0.1301 -0.3518
0.1214 -0.0844 0.1261 -0.0788
-0.0116 0.0151 -0.0072 0.0209
0.0160 0.0074 0.0157 0.0134
0.0331 0.0358 0.0334 0.0313

0.0254 -0.0112 0.0150 -0.0058
0.0285 0.0277 0.0303 0.0119
0.0173 0.0117 0.0222 0.0214
0.3882 0.6246 0.3949 0.6127
-0.3681 -0.477 -0.4005 -0.491

-0.2169 -0.5351 -0.2043 -0.5192
0.1033 0.3415 0.0760 0.3022
-0.0070 -0.0386 0.0115 0.0066
0.0337 -0.0142 0.0493 -0.0057
-0.0679 0.0674 -0.0431 0.0421

0.0442 -0.0323 0.0294 -0.0339
0.0179 0.0426 -0.0092 0.0135
0.0149 0.0934 -0.0173 0.0552

-0.0022 -0.0129 0.0200 0.0072

0.0513 -0.0389 0.0551 0.0065

-0.1531 0.0124 -0.1384 0.0230
0.0584 0.0036 0.0718 0.0151

0.0189 -0.0057 0.0062 -0.0181
0.4175 0.5069 0.4021 0.4887

-0.362 -0.4532 -0.3238 -0.4266
-0.2219 -0.4064 -0.2284 -0.4166
0.2115 0.1733 0.1829 0.1638

-0.1276 0.1238 -0.1166 0.1087

0.0207 -0.0303 0.0399 -0.0115
-0.0033 -0.0540 -0.0008 -0.0393
-0.0553 0.1265 -0.0629 0.1324
0.0030 -0.0304 -0.0002 -0.0404
0.0448 -0.0188 0.0411 -0.0187
0.0774 -0.0177 0.0719 -0.0327
0.0189 0.0159 0.0106 0.0068
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Based on the above energy analysis, the most stable

structure is model C. A similar conclusion is obtained by
H-NMR experiment [15].

().

).

Geometrical structure The PM3-optimized structures of
models C and c are shown in Fig. 4, there are several
intermolecular H-bonds in the structures. Here, the H-
bond is defined as C-H--O or O-H--O and the C-H--O
H-bond length shorter than 3.0 A which just falls in the
reported data [40]. In order to observe the H-bonds
more clearly, the extra hydrogen atoms have been
omitted. Obviously, the hydrogen bonds of model ¢
are less than that of model C. This explains why
the binding energy of the inclusion model C is
2.394 kJmol™' lower than that of model c. The
calculated results are in a good agreement with the
peak of ROESY spectrum experiments [15] in head up
model. Unexpectedly, the optimized geometries reveal
that there is no O-H-O H-bond interactions between
B-CD and the TG44 because the [O--O] distanse
shorter than 2.5 A which just falls in the reported data
[41, 42]. Besides, the geometrical changes of $-CD
after guest inclusion are shown in Fig. 5. We found that
solid lines length in Fig. 5b are shorter than Fig. 5a. As
H-bonds are formed between underlined atoms O-106,
0-96, 0-92 and the 7G44, the round cavity of §-CD
turns into an oval-shaped cavity. Atoms O-106 and
0-96 are part of the hydroxyl groups of the top rim of
(-CD. Atom O-92 is the part of the hydroxyl groups of
bottom rim of 3-CD. Therefore, the hydroxyl groups
of the top/bottom rim of 3-CD play a significant role in
binding the 7G44.

Charge transfer Liu and Guo suggest that charge
transfer interactions play a relevant role in the
stabilization of their inclusion complexes [43]. The
Mulliken charges of the heavy atoms of 7G44, charge
transfer of the models are summarized in Table 2 by
B3LYP/6-31G* and PM3 methods. The data show that

Fig. 6 Stability energies of the

Q).

the 5-CD molecule accepts the electron from 7G44,
and the charge transfer of 7G44 head up model (PM3:
0.018%, B3LYP/6-31G*:0.0159%) is larger than head
down model (PM3: 0.0106e, B3LYP/6-31G*:0.0068¢).
Thermodynamic analysis To investigate the thermody-
namics of the binding process, the statistical thermo-
dynamic 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 1. The complex reactions of TG44 with 3-CD
are exothermic judged from the negative enthalpy
changes. And the negative enthalpy changes suggest
that both the inclusion processes are enthalpically
favorable in nature. On the other hand, the enthalpy
change for the head up model is more negative than
that for the head down model, which is surely
attributed to the more tightly van der Waals interac-
tions. In addition, it can be seen that the entropy
change (AS) of model C and c are also both negative,
this indicates that the formation of the complex
becomes an enthalpy-driven process. Certainly, since
the inclusion reactions happen in aqueous solution, the
influence of water molecules on the inclusion process
should be very important. However, because of the
limitation of our computer, it can hardly calculate the
interactions of cyclodextrins systems in aqueous
solution. Therefore, the values of thermodynamics
calculated has no absolute meaning.

Circling process

The most stable initial structures studied in circling process
are the models C and c. 7G44 is placed in XY plane and
circled clockwisely around the Z-axis from 0° to 360° at 30°
intervals. The energy changes of head up and head down are
shown in Fig. 6. The energy undulates in a certain scope

o
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which ranges from 0 to 18.06 kJmol ' for head up and 0 to
14.84 kJmol ' for head down, respectively. The purpose of
the circling process is to improve the accuracy of the lowest
energy and most stable structure at each step [33].
Theoretically, the whole potential energy surface can be
scanned and the global minimum can be identified when the
angle of rotation is reduced at each step. But as the computer
restrictions, 30° intervals may be more reasonable.

Conclusions

The stable structures and the inclusion process for 7G44/3-
CD inclusion complexes were studied by use of quantum
mechanics DFT and PM3 methods. The (-CD includes
predominantly the biphenyl moiety of 7G44, and the
inclusion complex formed by 7G44 entering into the cavity
of B-CD from its narrow side (the primary hydroxyl group
side) is more stable than that formed by 7G44 entering into
the cavity of B-CD from its wide side (the secondary
hydroxyl group side). In addition, the statistical thermody-
namic calculations suggest that the formation of the
inclusion complex is an enthalpy-driven process. The
calculations on the complexes of $-CD with 7G44 support
the experimental results of 2D 'H-'*C H HETCOR
spectroscopic and H-NMR spectroscopic.
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