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ntroduction

Cyclodextrins (CD) are macrocyclic oligomers of a–D-
cose [1]. They are shaped like truncated cones with

ary and secondary hydroxyl groups crowning the
rower rim and wider rim, respectively. Three species of

 are the most widely used [2]. They have rings
prising from six to eight glucose units: a-CD (six

ts), b-CD (seven units), g-CD (eight units). Because CDs
e a hydrophilic exterior and a hydrophobic cavity of

appropriate dimension, they can bind with various guest
molecules to form inclusion complexes in aqueous
solution [3]. The b-CD is the most widely used in the
CD family, but it presents a solubility of only 1.5 g/mL at
25 8C in water, which is a limiting factor for its use. In order
to enhance the solubility of the b-CD in aqueous media,
totally and partially methylated b-CD derivatives have
been synthetesized [4]. Methylated CDs have attracted
considerable attention due to their solubility both in water
[5] and in organic solvents [4]. Moreover, inclusion
complexes of methylated CDs are usually more stable
than the corresponding complexes of unmodified CDs [5].
Some b-cyclodextrin derivatives (heptakis-2, 6-di-O-
methyl-b-CD [Dimeb]), amorphous randomly substituted
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A B S T R A C T

The geometry of the inclusion complexes of 2-O-methyl-beta-cyclodextrin (called MebCD

or Crysmeb) with the two tautomers (enol and keto) isomer of doxycycline (DOX) in the

gas phase, is determined using PM6 and ONIOM2 calculations with [B3LYP/6-31G(d):HF/

3-21G*] level. Inclusion process pathways are described and the most probable structure

of the 1:1 complex is sought through a potential energy scan using the PM6 method.

Within the ONIOM2 procedure two levels of calculation are defined: B3LYP/6-31G(d) for

DOX and the HF/3-21G* level for Meb CD. The geometry of the most stable complex in the

keto or enol forms obtained with the two methods, in which the aromatic ring is included

inside the hydrophobic cavity of Crysmeb. The energetic differences between the two

forms are 0.17 and 6.27 kcal/mol, respectively with PM6 and [B3LYP/6-31G(d):HF/3-21G*]

calculations. These energies also include ZPE corrections. The energetically more favorable

structure obtained with the ONIOM2 method leads to the formation of six intermolecular

H-bonds between DOX and Crysmeb, i.e. three conventional H-bonds, one between the

oxygen atom (O197) of the OH bond of DOX and the hydrogen atom (H140) of Crysmeb

and the second between oxygen atom (O53) and a hydrogen atom (H218) of the hydroxyl

group of DOX. The last one is between the oxygen atom (O73) and a hydrogen atom (H214)

of the hydroxyl group of DOX. These H-bond are assisted by three weak H-bonds of type

(C-H � � � O). All these interactions were investigated using the Natural Bond Orbital (NBO)

approach.
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methyl-b-CD (RAMEB) and semi-crystalline methyl-b-CD
(Crysmeb) were investigated and compared with those of
natural (a-, b- and g-) CD [6–10]. These modified CDs have
been widely used, for example, as enzyme mimics,
supramolecular receptors and chiral selectors in separa-
tion science and technology [11].

Doxycycline (DOX), a semi-synthetic derivative of
oxytetracycline, exists in two tautomeric forms (keto
and enol) in which the keto-enol equilibrium in aqueous
media is in favor of the enol form [12]. It is a potent
antibacterial drug commonly used as DOX hyclate (DOX-
h). As other tetracyclines, it is remarkably tissue-irritating
when injected. DOX-h spectrum may be useful to treat
important bacterial infections in calves, such as pneumo-
nias, skin and soft tissue infections, genital tract and
gastrointestinal tract bacterial diseases such as salmone-
losis and colibacilosis [13].

The formation of the DOX:Crysmeb complex allows one
to reduce irritation and enhance the absorption rate.

Recently, the DOX:Crysmeb complex was investigated
using REOSY NMR technique [12]. Thus, a stoichiometry of
1:1 had been determined for the complexation process and
the authors revealed that the DOX molecule was included
in the Crysmeb cavity by its aromatic ring [12]. Unfortu-
nately, this investigation had not allowed the authors to
give us a clear picture on this inclusion complex. In order to
provide complementary information on the DOX: Crysmeb
complex and a better understanding of the interactions of
such inclusion processes of the CDs, and to complete
experiment results, we undertaken a theoretical study
using quantum mechanics calculations.

In the present work, we will determine the energy, the
interactions and the geometry of Crysmeb complexation
with DOX using semi-empirical PM6 and ONIOM [B3LYP/
6-31G(d):RHF/3-21G*] methods [14–22].

2. Computational method

In the present investigation, all the calculations were
carried out with MOPAC 20091 and the Gaussian 03
programs [23]. The molecular structures of DOX and
Crysmeb were built by the Chem-Office package2. The
geometries of keto and enol tautomeric forms of DOX were
optimized using the density functional theory (DFT)
method with B3LYP hybrid functional at the 6-31G* level
and the Crysmeb molecule was optimized at the Hartree-
Fock (HF) level with the basis set 3-21G* (Fig. 1). For the
construction of DOX:Crysmeb complex, the glycosidic
oxygen atoms of b-CD were placed onto the XY plane and
their centre was defined as the origin of the coordinate
system. Bond 1–2 of DOX is coincident with the Z axis and
the relative position between DOX and Crysmeb was
measured by the X coordinate of carbon atom 1 of DOX
(Fig. 2). The inclusion complexation was emulated by
entering the guest molecule from the wide end of Crysmeb
and then letting it pass through the Crysmeb in several

steps. In each step, the geometry of the complex was fully
optimized without any restriction using the PM6 method.
This procedure of complexation was adapted for the keto
and enol forms of DOX. DOX molecule was initially located
at Z coordinates of –8 Å and was moved through the b-CD
cavity along the Z axis to –2 Å with a step of 0.5 Å. In order
to find an even more stable structure of the complex, each
DOX molecule was rotated around the C1-C2 bond of DOX
that coincide with the Z-axis, by 208 intervals from 08 to
3608. The complexation energy Ecomplexation was defined as
the difference between the sum of energy of individual
host and guest molecules and the energy of inclusion
complex. In PM6 calculations, we replaced the potential
energy term by the heat of formation in Eq. (1).

EComplexation ¼ EComplex � Efreeguest
� Efreehost

� �
(1)

After that, ONIOM [RB3LYP/6-31G(d):RHF/3-21G*]
calculations were carried out with the energy minimum
of tautomeric forms. In ONIOM method, the high level
RB3LYP/6-31G* is carried out on DOX and the low level
RHF/3-21G* on CRYSMEB. The integrated energy for the
two-layered ONIOM approach is defined as:

EðONIOM2Þ ¼ EðHigh; ModelÞ þ EðLow; RealÞ�EðLow; ModelÞ
(2)

3. Results and discussion

The results of the inclusion process in the cavity of
Crysmeb for both enol and keto forms of DOX obtained by
PM6 method are summarized in Fig. 3 and Table 1. The
Fig. 3 illustrates the stabilization energy variation of the
inclusion processes for both enol and keto forms of DOX
into Crysmeb at different distances. The minimum energy
for the enol form is located at –4 Å but for the keto form is
located at –5 Å. All the energy values obtained by the two
latter methods are calibrated by inclusion of zero-point
energy (ZPE) correction.

The negative binding energy changes upon complexa-
tion clearly demonstrate that Crysmeb can form stable
complexes with DOX (enol and keto form) but favor the
enol form of 0.44 and 0.17 kcal/mol, respectively, in
agreement with experiment observations [12].

The structures with minimum energy obtained from
ONIOM calculations for the enol and keto forms of DOX are
shown in Fig. 4. DOX tend to bond strongly with Crysmeb
by penetrating its cavity by the wider and the more
accessible face. However, the cavity of Crysmeb is just wide
enough to allow full penetration for enol and keto forms of
DOX. Moreover, the DOX molecule is too large to fit
entirely in the cavity and the effect of the steric barrier
becomes large after natural b-CD was modified, which
causes difficulties to the DOX molecule to penetrate into
the Crysmeb cavity. In fact, an inspection of the geometry
of the two complexes shows that the aromatic ring of DOX
entered fully into the cavity of Crysmeb, while the methyl-
6 group remains on the rim of Crysmeb on the one hand
and the rest of molecule keep outside the hydrophilic
exterior of the cavity on the other hand. This obvious
configuration is due certainly to the presence of CO,

1 Stewart J.J.P., MOPAC2009 version 9.034W, web: http://openMO-

PAC.net.
2 Version 6.0, Cambridge software.
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H2 and N(CH3)3 groups which add charged sites on the
X and make it more hydrophilic.
According to the results highlighted in Table 2, the enol

 was found significantly more favorable than the keto
 by the binding and the complexation energy

erence of 20.71 and 6.27 kcal/mol, respectively, with
IOM (B3LYP/6-31G(d):RHF/3-21G*) (Table 2). These
ults included the scaled ZPE correction.
We can see in Fig. 4 the formation of several hydrogen
ds in the favorable structure (enol form) obtained with

two layers ONIOM [B3LYP/6-31G (d):RHF/3-21G*] meth-
od. Thus, in the case of where DOX is regarded as an H-
bond donor, two conventional H-bonds were expected.
The first one between the oxygen atom (O53) and the
hydrogen atom (H218) of H218-O197 bond, separated by
1.8 Å and with O53 � � � H218-O197 angle equal to 153.88.
The second one between the oxygen atom (O73) and the
hydrogen atom (H214) of H214-O195 bond, separated by
1.7 Å and with an O73 � � � H214-O195 angle equal to
1508 (Fig. 4).

1. Top view of (a) doxycycline (DOX) (b) Crysmeb; a: RB3LYP (6-31G*) optimized doxycycline enol form (right) and keto form (left); b: 2-O-methyl-bCD

smeb) and glycopyranose unit.
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These conventional H-bonds are assisted by three weak
H-bonds namely O � � � H-C which can play a significant role
in the stability of inclusion complexes. The oxygen atom
O54 can establish two weak H-bonds. The first one with
the hydrogen atom (H219) of H219-C197 bond separated
of 2.2 Å and with an O54 � � � H219-C197 angle equal to
151.78. The second one is expected with the hydrogen
atom (H222) of H222-C200 bond separated by 2.4 Å and an
O54 � � � H222-C200 angle equal to 151.88. The oxygen atom
O45 is expected to give weak hydrogen bond with a
hydrogen atom (H205) of H205-C177 bond separated by
2.4 Å and an O45 � � � H205-C177 angle equal to 152.08
(Fig. 5). However, in the case where DOX is regarded as
acceptor group, only one H-bond was established between
the oxygen atom (O197) and the hydrogen atom (H140) of
H140-O59 bond separated by 1.7 Å and an
O197 � � � H140-O59 angle equal to 169.48 (Fig. 4).

4. Natural Bond Orbital (NBO) analysis

The formation of a hydrogen bonded complex implies
that a certain amount of electronic charge is transferred
from the proton accepter to the proton donor [24].
Delocalization effects can be identified from the presence
of diagonal elements of the Fock matrix in the NBO basis.
The strengths of these delocalization interactions E(2) are
estimated by second order perturbation theory [25].

The stabilization energies E(2) calculated using RB3LYP/
6-31G(d) single point methods and the geometric para-
meters of the established H-bond in the inclusion complex
are presented in Table 3. Indeed, as it can be seen, significant
interaction energies are obtained for the expected hydrogen
bonds. Approximately, it was stated that conventional
hydrogen bond O � � � H-O variable to 1 to 10 kcal/mol while
the weak H-bond namely O � � � H-C for which energies vary
between 0.5 and 2 kcal/mol [26]. Indeed, we can consider
the obtained values (Table 3) of H-bond energies as

Fig. 2. The relative position between the doxycycline (DOX) and the Crysmeb.
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Fig. 3. Complexation energies of the inclusion complexation of

doxycycline (DOX) into Crysmeb at different positions (Z) and for both

Table 1

Heat of formation, binding and complexation energy obtained by PM6.

Crysmeb/

doxycycline

enol

Crysmeb/

doxycycline

keto

DE = Eketo – EEnol

DHf –1868.16 –1867.57 0.59a

0.63b

Ebinding –24.07 –23.66 0.41a

0.44b

Ecomplexation –16.87 –17.02 0.14a

0.17b

Energies are in kcal/mol.
a Difference of complexation energy between the two forms

DE = Eenol – E1keto.
forms; a: enol; b: keto.
b DE zeo-point energy correction.
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acceptable except the O73 � � � H214-O195 conventional H-
bond which is underestimated (1.32 kcal/mol) by compari-
son with the values obtained for O � � � H-C weak H-bond.
Similar results were obtained in the previous study [27,28].

We can notice an interesting interaction that was
detected by RMN only in the enol form [12]. This
interaction occurs between hydrogen atoms H108 of
DOX and H208 of cavity of Crysmeb. As it was expected,
NBO calculation confirms the existence of this Van der
Waals interaction only in the enol form and was estimated

4. ONIOM [RB3LYP/6-31G(d):RHF/3-21G*]; a: Crysmeb/doxycycline

l; b: Crysmeb/doxycycline Keto.

le 3

 electron donor and accepter orbital, the corresponding E(2) hydrogen bonds interactions energies, distances and angles obtained with RB3LYP/6-31G(d).

ysmeb/doxycycline enol Natural Bond Orbital (NBO) donor Natural Bond Orbital acceptor E(2) (Kcal/mol)

ysmeb proton acceptor and doxycycline donor

O � � � H-O LP(1) O53 BD*O197-H218 5.72 (1.8 Å, 153.88)
LP(1) O73 BD*O195-H214 1.32 (1.7 Å, 150.08)

O � � � H-C LP(1) O45 BD*C177-H205 1.76 (2.5 Å, 151.68)
LP(1) O54 BD*C199-H219 1.96 (2.2 Å, 151.78)
LP(2) O54 BD*C200-H222 1.70 (2.4 Å, 145.38)

xycycline proton acceptor and Crysmeb donor

O � � � H-O LP(1) O197 BD*O59-H140 2.32 (1.7 Å, 169.78)

Fig. 5. Weak H-bonds in Crysmeb/doxycycline enol: ONIOM [RB3LYP/6-

31G(d):RHF/3-21G*].

Table 2

Binding and complexation energy ONIOM (RB3LYP/6-31G(d):RHF/3-

21G*).

Complex (Enol) Complex (keto) DE = Eketo – EEnol

Ebinding –51.06 –29.49 21.57a

20.71b

EComplexation –22.66 –17.52 5.14a

6.27b

Energies are in kcal/mol.
a Difference of complexation energy between the two orientations

DE = Eenol – Eketo.
b DE zero-point energy (ZPE) correction.
rgies are in kcal/mol.
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at 1.37 kcal/mol. This involved an approaching of the two
hydrogen atoms; the distance of H-bond is 1.9 Å in the enol
form while this distance became equal to 2.8 Å in the keto
form (Fig. 4).

Intramolecular hydrogen bonding can be also a signifi-
cant factor in determining the preference in DOX:Crysmeb
complex. First of all, it is important to know that several
intramolecular H-bonds can occur in DOX molecule and its
inclusion in the CD cavity can allow their disappearance or
maybe the appearance of the new ones. Firstly, the oxygen

atom (O192) as well as in the free DOX-keto or DOX-enol
forms, establish a very strong intramolecular H-bond with
hydrogen atom (H212) of O191-H212 bond, and with
stabilization energy E(2) equal to 9.20 kcal/mol and
9.35 kcal/mol, respectively. However, these values of
energy become lower in the DOX-keto and DOX-enol
inclusion complex, 6.44 kcal/mol and 5.89 kcal/mol, re-
spectively. In both free form of the DOX intramolecular H-
bond was detected with hydrogen atom (H204) of H204-
O176 bond the oxygen atom (O192) and is predicted more

Fig. 6. The intramolecular hydrogen bond of the doxycycline (DOX); a: doxycycline enol in complex; a1: doxycycline enol free; b: doxycycline keto

incomplex; b1: doxycycline keto free.



fav
Sec
lar 

bon
stab
res

DO
hyd
to 5
inc
sam
wit
E(2)

dec
5.5

5. C

pro
inte
res
tha
spe
stab
ins
DO
tion
bon
stab
DO

Ack

Hig
Dir
of p
D01
the
wh

Ref

[1]

Tab

Intr

Na

LP

LP

LP

LP

LP

Ene

S. Benghodbane, D. Khatmi / C. R. Chimie 15 (2012) 371–377 377
orable with enol form with E(2) equal to 7.37 kcal/mol.
ondly, the oxygen atom (O175) establish intramolecu-
H-bond with hydrogen atom (H203) of N176-H203
d only in the free DOX-keto and DOX-enol forms with
ilization energy E(2) equal to 7.73 and 7.86 kcal/mol,

pectively.
Finally, intramolecular H-bond was detected just in
X-keto form between the oxygen atom (O193) and
rogen atom (H214) of O182-H214 bond with E(2) equal
.13 kcal/mol which had disappeared completely in its

lusion complex; and yet, in the DOX-enol form, the
e oxygen atom O193 establish intramolecular H-bond

h hydrogen atom (H213) of O194-H213 bond with
equal to 6.32 kcal/mol which was accompanied by a
rease of the E(2) value in its inclusion complex to attain
7 kcal/mol (Fig. 6, Table 4).

onclusion

The results obtained by employing ONIOM2 method
vide important insights into the geometry and the
ractions between DOX and Crysmeb molecules. These

ults clearly show that the enol form is more favorable
n the keto form, in agreement with mass and NMR
ctroscopy observations. The geometry of the most
le complex shows that the aromatic ring is included

ide in the hydrophobic cavity of b-CD while the rest of
X molecule keeps outside. The intermolecular interac-
s such as hydrogen bonding (conventional and weak H-
d) and hydrophobic interactions are the key players in
ilizing energetically of the most favorable structure of

X:Crysmeb complex.

nowledgement

This paper was supported by the Algerian Ministry of
her Education and Scientific Research and General
ection of Scientific and technological research as a part
rojects CNEPRU projects (No: E01520080026 and No:
520100004) and PNR (8/u24/4814). We acknowledge

 department of chemistry at Guelma University in
ich this work was performed.

erences

 W. Saenger, J. Jacob, K. Gessler, T. Steiner, S. Daniel, H. Sanbe, K. Koisumi,
S.M. Smith, T. Takaha, Chem. Rev. 98 (1998) 1787.

[2] H. Ueda, J. Inclus. Phenom. Macrocycl. Chem. 44 (2002) 53.
[3] K.A. Connors, Chem. Rev. 97 (1997) 1325.
[4] J. Szejtli, Cyclodextrine and their inclusion complex, Akadémiai Kiado,

Budapest, 1982.
[5] M. Casu, B. Reggiani, G.R. Sandrerson, Carbohydr. Res. 76 (1979) 59–66.
[6] F. Maestrelli, M. Cecchi, M. Cirri, G. Capasso Natascia Mennimi, P. Mura,

J. Inclus. Phenom. Macrocyclic. Chem. 63 (2009) 18–25.
[7] H. Viernstein, P. Weiss-Greiler, P. Wolschann, J. Inclus. Phenom. Mac-

rocyclic. Chem. 44 (2002) 235–239.
[8] C. Yujuan, X. Xiaohua, L. Runhua, G. Qingxiang, J. Inclus. Phenom.

Macrocyclic. Chem. 46 (2003) 195–200.
[9] L. Xinyi, J. Yong Chen, H. Gastpard, Z. Yongmin, P. Sinay, C. R. Chimie 7

(2004) 25–28.
[10] H. Sanyo, Bull. Chem. Soc. Jpn. 65 (1992) 2323–2327.
[11] J.L. Atwood, J.E.D. Davies, D.D. MacNicol, Inclusion compounds, Vol. 3,

Academic Press, London, 1984p. 1984.
[12] Y. Bakkour, G. Vermeersch, M. Morcelet, F. Boschin, B. Martel, N.

Azaroual, J. Inclus. Phenom. Macrocyclic. Chem. 54 (2006) 109.
[13] D. Vargas-Estrada, J. Gracia-Mora, H. Sumano, Res. Vet. Sci. 84 (2008)

477–482.
[14] Y. Xia, X. Wang, Y. Zhang, B. Luo, Comput. Theoretic. Chem. (2011),

doi:10.1016/j.copmtc.2011.03.010.
[15] J.J.P. Stewart, J. Mol. Model. 14 (2008) 499–535. , doi:10.1007/s00894-

008-0299-7.
[16] J.J.P. Stewart, J. Mol. Model. 13 (2007) 1173–1213.
[17] J.M. Giussi, B. Gastaca, A. Albesa, M.S. Cortizo, E. Patricia, Allegretti

Spectrochim. Acta Part A 78 (2011) 868–873.
[18] K. Morokuma, Bull. Korean Chem. Soc. 24 (6) (2003) 797–801.
[19] W. Snor, E. Liedl, P. Weiss-Greiler, H. Viernstein, P. Wolschann, Int. J.

Pharm. 381 (2009) 146–152.
[20] M.-J. Huang, Z. Quan, Y.-M. Liu, Int. J. Quantum Chem. 109 (1) (2009)

81–90. , doi:10.1002/qua.21852.
[21] A.D. Becke, J. Chem. Phys. 37 (1993) 5648–5652.
[22] C. Lee, W. Yang, R.G. Parr, Phys. Rev. B 37 (1988) 785–789.
[23] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R.

Cheeseman, J.A. Montgomery Jr., T. Vreven, K.N. Kudin, J.C. Burant, J.M.
Millam, S.S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G.
Scalmani, N. Rega, G.A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, M. Klene, X. Li, J.E. Knox, H.P. Hratchian, J.B. Cross, C.
Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin,
R. Cammi, C. Pomelli, J.W. Ochterski, P.Y. Ayala, K. Morokuma, G.A.
Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S. Dapprich, A.D.
Daniels, M.C. Strain, O. Farkas, D.K. Malick, A.D. Rabuck, K.K. Ragha-
vachari, J.B. Foresman, J.V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford, J.
Cioslowski, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi,
R.L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara,
M. Challacombe, P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong, C.
Gonzalez, J.A. Pople, Gaussian 03, Revision B.03, Gaussian Inc., Pitts-
burgh PA, 2003.

[24] A. Ebrahimi, H. Roohi, M. Habibi, M. Mohammadi, R. Vaziri, Chem. Phys.
322 (2006) 289–297.

[25] A. Nowroozi, H. Raissi, Theochem. 759 (2006) 93–100.
[26] G. Uccello-Barretta, F. Balzano, G. Sicoli, D. Paolino, S. Guccione, Bioorg.

Med. Chem. 12 (2004) 447–458.
[27] O. Attoui Yahia, D.E. Khatmi, Theochem. 912 (2009) 38–43.
[28] F. Madi, D. Khatmi, N. Dhaoui, A. Bouzitouna, M. Abdaoui, A. Boucek-

kine, C.R. Chimie 12 (2009) 1305–1312.

le 4

amolecular hydrogen bond in free doxycycline and in their inclusion complex.

Enol Keto

tural Bond Orbital (NBO) Donor Natural Bond Orbital (NBO) acceptor Incl-comp Free Incl-comp Free

 O192 BD*O191-H212 5.89 (1.9 Å) 9.20(1.5 Å) 6.44 (1.9 Å) 9.35(1.5 Å)

 O192 BD*N176-H204 7.37 (1.9 Å) – 7.14 (1.9 Å) –

 O175 BD*N176-H203 – 7.73(1.9 Å) – 7.86(1.9 Å)

 O193 BD*O194-H213 5.57 (1.6 Å) 6.32(1.6 Å) – –

 O193 BD*O182-H214 – – 5.13 (1.7 Å) –

rgies are in kcal/mol.
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