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1. Introduction composed of 5-12 a-(1-4)-linked D(+) glucopyranose units linked in
macrocyclic ring. The most widely used (CDs) are «, 3, and & (CDs).
Cyclodextrins (CDs) are cyclic oligosaccharides with central hydro- The ability of -CD to form inclusion complexes with different products

phobic cavities and hydrophilic exterior edges. Cyclodextrins are is well known. In particular, 3-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

"+ Corresponding author. possesses a relatively low polarity that can accommodate guest organic
E-mail address: fatiha_madi@yahoo.fr (F. Madi). molecules inside. The formation of inclusion complexes of organic
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molecules with cyclodextrins is important for their pharmaceutical and
technological applications [1-3].

The study of inclusion complexes of organic molecules with cyclo-
dextrins (CDs) has attracted the interest of many experimental [4-6]
and theoretical chemists during the past decades. Computational
methods in combination with experimental techniques have been
mainly focused on the conformational study of inclusion complex of
natural CDs or their derivatives. At present, there are a great number
of theoretical methods used in molecular modeling for supermolecular
systems such as the complexes of CDs or their derivatives with guest
molecules [7-9].

L-Proline (Pro), as an amino acid, contains an amino group and a
carboxylic acid. Pro is the only naturally occurring amino acid with a
secondary a-amino group, which explains its more basic character
with respect to many other cc-amino acids. Pro and its derivative are
often used as asymmetric catalysts in organic reaction. Pro is an
osmoprotectant and therefore is used in many pharmaceutical, biotech-
nological applications. In brewing, proteins rich in Pro combine with
polyphenols to produce haze (turbidity) [10-11].

The proline can catalyze the reaction of aldol with various arom by
formation of inclusion complex with B-cyclodextrin. Moreover, the for-
mation of proline/cyclodextrin inclusion complex was studied experi-
mentally but until now no theoretical of such complex was done to
propose a model for the inclusion complex [12-13].

In this paper, we have investigated the inclusion processes of Pro
into B-CD cavity experimentally and using a B3LYP/3-21G ™ level of the-
ory with the aim to give some insights about the geometry, electronic
properties and the driving forces governing the formation of the inclu-
sion complex.

2. Material and molecular modeling
2.1. Preparation of the inclusion complex

L-Proline (Pro) and p-cyclodextrin (3-CD) were purchased from
Sigma and Aldrich chemical company and used as such. Solid L-Pro/
3-CD inclusion complex was prepared using co-precipitation meth-
od [14]. Briefly, 3-CD (10~* M) was dissolved in 50 ml of a mixture
of ethanol and distilled water (10:90, v/v) at 55 °C on a hot plate.
After cooling the solution to 35 °C, L-Pro (10~*) was added to pro-
duce L-Pro/p-CD complex (1:1). After that, the mixtures were stirred
for 4 h at 35 °C and later maintained overnight at 4 °C. The cold
precipitated L-Pro/B-CD inclusion complexes were recovered by
vacuum-filtration and then dried in a convection oven at 50 °C for
24 h. Finally, the inclusion complex was further analyzed using FT-
IR, UV visible.

Absorption spectral measurements were carried out with Perkin
Elmer instrument Lambda 25 UV-visible spectrometer in the range
190 nm-800 nm. The Fourier Transform infrared spectra were recorded
for powdered samples of Pro, 3-CD and Pro/B-CD crystals using JASCO
FT-IR Model 410 spectrophotometer by KBr pellet technique in the
range of 400-4000 cm™'. Band positions are reported in reciprocal
centimeters (cm™ ).

2.2. Computational procedure

The initial structure of zwitterionic form of Pro was constructed using
Hyperchem program [15]. The starting geometry of 3-CD was taken from
Chem-Office 3D ultra (version 10, Cambridge software). Then the two
structures Pro and 3-CD were optimized by B3LYP/3-21G ™" level of theory
[16].

The complex is formed by introducing the Pro in 3-CD cavity accord-
ing to two models illustrated in Scheme 1.

In all optimizations of the host, guest and inclusion complexes, the
B3LYP/3.21G ™ level of theory was used. The calculations and the analy-
sis of results were done by Gaussview and Gaussian09 programs

respectively [17]. The calculations of maximum visible absorption of
the studied complexes were performed by the TD-DFT method the sol-
vent effects on the conformational equilibrium have been investigated
using the PCM model for water (¢ = 78.39) as a solvent with B3LYP/
3.21G* method. Finally the natural bond orbital analyses (NBO) were
applied as a powerful approach for the evaluation of the intermolecular
interactions between [3-CD and Pro molecules.

3. Results and discussion
3.1. Absorption spectral studies

UV-Vis technique has been widely applied to study inclusion com-
plexes of cyclodextrins for the determination of constant stability [18,
19]. In our study we are limited on studying the electronic absorption
of Pro, 3-CD and Pro/B-CD inclusion complex for comparison with the-
oretical TD-DFT calculation.

The electronic absorption spectra of Pro, 3-CD and Pro/3-CD inclu-
sion complex, recorded in water in the range 190 nm to 800 nm are pre-
sented in Fig. 1. From the spectra, it is observed that the pure Pro, 3-CD
and Pro/p-CD inclusion complex show good absorption in the UV re-
gions. The absorption spectrum of Pro shows a N\jax at 202 nm assigned
to n-* transition, while that of 3-CD shows absorption band at 204 nm
(0-0* transition). When Pro and 3-CD are mixed together; it is ob-
served that new absorption peak (198 nm) appears in the visible region
where neither donor nor acceptor has any absorption. This wavelength
band is broad and has an increased intensity which is indicative of for-
mation of the inclusion complex.

3.2. FTIR spectroscopy

FTIR is a useful technique for confirming the formation of the
inclusion complex. The FTIR spectra of Pro (a), 3-CD (b) and Pro/
B-CD(c) inclusion are shown in Fig. 2.

The formation of the inclusion complex is further confirmed when
the characteristic bands C=0 and ™ NH, of Pro are shifted upon inclu-
sion into 3-CD cavity. These bands in free Pro are observed at 1626
and 2988 cm™ ! for (=0 and asymmetrical vibration of © NH, respec-
tively. While, in the inclusion complex, C=0 and * NH, are observed
at 1649 and 2921 cm™ .

The broader O-H stretching band of the inclusion complex in the
range of 3000-3500 cm™ ! corresponds to the multiple O-H functional
groups of 3-CD molecule.

Since the amount of guest molecules included in the inclusion com-
plex does not exceed 10%, the FT-IR spectrum of the guest molecules is
usually obscured by cyclodextrin. Fig. 2 shows that the FT-IR spectrum
of Pro is almost obscured by the very intense and broad 3-CD bands in
the physical mixture.

Additionally to experimental IR spectrum, the calculated one is ob-
tained by B3LYP/3-21G™ for A complex the favored model. The theoret-
ical spectrum present the absorption bands of CO and NH3 at 1651 and
2946 cm™ ! respectively. A small difference between experimental and
calculated vibration modes is observed. This discrepancy can come
from the formation of intermolecular hydrogen bonding. Also, we note
that the experimental results belong to solid phase and theoretical cal-
culations belong to gaseous phase.

3.3. Molecular modeling
3.3.1. Energy

The complexation energy (AE) upon complexation between Pro and
3-CD is defined in Eq. (1):

AE = Ecomplex_ (EPI'O + E[’»*CD) (1)
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A complex

B complex

Scheme 1. The proposed structure of Pro/B3-CD complex for A and B complexes.

where Ecompiexs Epro and Eg_cp represent the relatives energies of com-
plex, free Pro and free 3-CD respectively.

The deformation energy of the guest or the host molecule can be ob-
tained by Egs. (2) and (3):

Edeformation (GueSt) = E[G}g{;t _E[G} opt (2)

Edeformation (HOSt) = E[H]ggt -

E[H]op 3)
where Egeformation (guest) stands for the deformation energy of the Pro
guest, E[G]?" is the single point energy of the Pro using its geometry
in the optimized complex, and E[G],y is the energy of the optimized ge-
ometry of the guest.

Highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) are very important parameters for quantum
chemistry. The frontier orbital gap helps to characterize the chemical re-
activity and kinetic stability of the molecule. A molecule with a small
frontier orbital gap is more polarizable and is generally associated
with a high chemical reactivity, low kinetic stability and is also termed
as soft molecule. The eigenvalues of HOMO and LUMO and their energy
gap reflect the chemical activity of the molecule. A greater HOMO-
LUMO energy gap has been taken as an indication of a high stability of
the title molecule [20].

The highest occupied molecular orbital (HOMO) of Pro/3-CD com-
plex and the lowest unoccupied molecular orbital (LUMO) are shown
in Fig. 3. The HOMO and LUMO orbitals are localized on both host and
guest molecules signifying that mutual interactions are established be-
tween Pro and p-CD. (See Fig. 4.)

The HOMO-LUMO energy gap A(HOMO-LUMO) of the A
complex is predicted to be —7.03 eV which is greater than the B
complex by 1.52 eV in water (0.32 eV in vacuum) for the B3LYP/
3-21G™).calculation.

The calculated complexation energy for Pro/3-CD for A and B com-
plexes with and without solvent are mentioned in Table 1. The com-
plexation energies in vacuum were found equal to —24.03 kcal/mol
for Amodel and to — 23.80 kcal/mol for B model; corresponding to a dif-
ference between the two models equal to 0.23 kcal/mol. Generally, the
complex with more negative complexation energy is considered the
most favored one (A complex).

It is well known that generally the formation of the inclusion
complexes involving 3-CD takes place in aqueous solution; so, the
binding behavior of 3-CD and Pro in solution seems to be more
important than their in vacuum. For this, we undertook B3LYP/3-
21G™ calculations in solutions in order to examine the influence of
the salvation effect on the complexation energy, deformation energy
and dipole moments of the inclusion complexes. The results of calcu-
lations listed in Table 1 confirm those obtained in vacuum and the
energy difference in H,O between the two models is 3.07 kcal/mol
in favor of A complex. The computed deformation energies given in
Table 1 indicate that 3-CD is more deformed (>19 kcal/mol) in the
two models during the inclusion process allowing the guest mole-
cule to accommodate easily. Thus, the guest molecule needs only
about 3 kcal/mol to adopt inside the 3-CD cavity for A and B com-
plexes. These results are confirmed with calculation carried out in
vacuum.

Compared the dipole moment of the two complexes in vacuum, we
can obtain that the dipole moment of B complex is 8 Debye smaller than
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Fig. 1. Absorption spectra of (a) Pro, (b) 3-CD and (c)Pro/3-CD.
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Fig. 2. FT-IR spectra of (a) Pro (b) B-CD, (c) the inclusion complex of Pro/3-CD and (d) the calculated Pro/3-CD inclusion complex.
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Fig. 3. Plots of molecular orbitals.

that of A complex, which means that the dipole moment of the complex
have a closed relation with the polarity of the guest molecule.

3.3.2. Geometrical parameters

The optimized structural parameters (bond lengths) of the Pro mol-
ecule in a free and complexed form (Table 2) have been obtained by
using the B3LYP/3-21G™").level of theory.

Fig. 4. Molecular structure and atomic numbering of Pro.

As shown in Table 2, the calculated bond distances of Pro guest are
little changed upon complexation into 3-CD cavity. The important
modification has occurred in the COO™ group of Pro. Thus is explained
by the formation of intermolecular H-bond between the two oxygen's
of COO™ and the hydrogen's of hydroxyl groups of 3-CD (See NBO

section).

Comparing the calculated bond distances of free Pro with the
experimental results we can found that the deviation is comprised
between 0.004 and 0.118 A. This divergence may be due to the fact
that the calculations are performed for the isolated molecules
(vacuum) while the experimental parameters are recorded in

solid phase.

Table 1

Energies of the studied complexes (B3LYP/3-21G™).
In vacuum In water

A complex Bcomplex  Acomplex B complex

AE (kcal/mol) —24.03 —23.80 —14.87 —11.80
HOMO (eV) —6.84 —6.49 —6.39 —5.73
LUMO (eV) —0.36 —033 0.64 —0.22
A(HOMO-LUMO) (eV) —6.48 —6.16 —7.03 —5.51
DEF (Pro) (kcal/mol) 1.77 3.68 3.08 3.82
DEF (B-CD) (kcal/mol) 29.33 19.25 32.06 —22.85
1 (Debye) 12.20 4.16 14.65 6.71
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Table 2
Bond distances (A) of Pro before and after inclusion in 3-CD, (B3LYP/3-21G ™" calculation).

Free Pro Proin A complex ProinBcomplex Experimental [7]
Ni4g—Cia9  1.469 1.537 1474 1.490
Ni4g-Cis9  1.506 1.538 1514 1510
Cia9-Cis1 1.523 1.581 1.525 1.536
Ci40-Ci53 1556 1.521 1.555 -
Ci56-C1s9 1553 1.557 1.568 -
Ci56-Cis3  1.549 1.554 1.550 -
Ci51-0152  1.228 1.246 1.259 1.238
Ci51-0163 1391 1315 1.344 1.273
Table 3
Main calculated transitions for Pro/3-CD inclusion complex (B3LYP/3-21G™).
E(evV) f Configuration Main attribution
Complex1 Band1 5466 0.0005 H - L(13.02%) Pro/B-CD
H - L+4(32.18%) Pro/B-CD
Band2 6.197 0.0018 H-5— L(7.52%) Pro/B-CD
H-5->L+4(15.68%) Pro/p-CD
Band3 6.298  0.0038 H — L (66.60%) Pro/B-CD
H-L+2(8.11%) Pro/p-CD
Complex2 Band1 4.1806 0.0032 H — L(98.91%) Pro/B-CD
Band 2 5.3236 0.0017 H - L+1(74.26%) Pro/B-CD
Band3 54408 0.0019 H-L+1(9.57%) Pro/R-CD
H- L+5(43.16%)  Pro/3-CD
H - L+8(10.07%) Pro/p-CD

3.3.3. Electronic properties

The TD-DFT method is able to detect accurate absorption wave-
lengths at a relatively small computing time which correspond to
vertical electronic transitions computed on the ground state geome-
try, especially in the study of solvent effect for vertical excitation en-
ergy of electronic spectra [21,22]. To investigate the nature of
electronic transitions, the electronic spectra of the studied com-
plexes were calculated using the time-dependent density functional
theory.TD-DFT approach at the B3LYP/3-21G™ level on the basis of
fully optimized ground-state structure. Calculations are performed
in water at PCM model.

The calculated energies of excited states with oscillator strength are
collected in Table 3.

From Table 3, the TD-DFT absorption spectrum (Fig. 5) of A complex
shows three bands at 226.82, 200.06 and 196.84 nm assigned to
H— L+4,H-5 - L+4 and H — L transitions respectively. The transition
H — L is comparable to experimental results (198 nm).

The calculated UV-Vis spectrum of B complex (Fig. 6) reveals also
three absorption bands at 296.57, 232.90 and 227.88 nm with transi-
tions assignment to H — L, H - L+ 1 and H — L+ 5. The compositions
of the occupied and virtual MOs are very useful to assign the character
of each electronic transition. It can be seen from (Fig. 3) that H and L or-
bitals are localized on (3-CD guest and Pro respectively. The contribution
of frontier molecular orbitals indicates clearly that a charge transfer has
occurred between host and guest compounds in the studied complex.

UV-VIS Spectrum
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Fig. 5. TD-DFT calculated absorption spectra of Pro/3-CD A complex.
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Fig. 6. TD-DFT calculated absorption spectra of Pro/3-CD B complex.
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Table 4
Donor-acceptor interactions and stabilization energies E‘® (kcal/mol) in vacuum.

Donor E® (kcal/mol)

B3LYP/3-21G*

Acceptor

Pro/B-CD (A complex)
3-CD proton donor and Pro proton acceptor

LP (1) 055 o* C149-H150 2.58
LP (1) 06 0* N148-H162 5.89
LP (2) 056 0" N148-H162 13.17
Pro proton donor and 3-CD proton acceptor

LP (2) 0152 o* C29-H109 1.15
LP (1) 0164 o0* 063-H137 17.78
LP (2) 0164 o* 063-H137 1.37
LP (2) 0164 o* C23-H102 1.17

Pro/B-CD (B complex)
3-CD proton donor and Pro proton acceptor

0 063-H135 o* 0163-H164 4.80
LP (1) 063 0*0163-H164 245
LP (2) 063 0" 0163-H164 51.54
LP (1) 075 o* C159-H161 1.78
LP (1) 076 0* N148-H162 5.01
Pro proton donor and 3-CD proton acceptor

LP (1) N148 C35-H116 4.95
LP (1) 0152 o* C17-H95 2.05
LP (1) 0152 o0* 063-H135 6.60
LP (2) 0152 0" 063-H135 23.31
LP (1) 0163 o* C29-H109 1.29
LP (2) 0163 o* C23-H102 1.36
00163-H164 0* 063-H135 1.07

3.3.4. NBO analysis

The NBO analysis was performed by B3LYP/3-21G™ level of theory in
vacuum at the optimized geometries. The Table 4 illustrate only the in-
teractions with stabilization E® > 1 kcal/mol.

As can be seen from Table 4 for A complex, the following occupied
orbitals of B-CD: LP (1) 055 and LP (1) 056 plays an important role to
donate proton to vacant orbitals 0* C149-H150, 0* N148-H162 respec-
tively of Pro molecule.

When Pro acts as proton donation the following orbitals: LP
(2) 0152 and LP (1) 0163 participate to proton donation to: o*
C29-H109, o* 063-H137 and o* C23-H102.

In the case of B complex, the occupied orbitals of 3-CD donate proton
to unoccupied orbital of Pro with stabilization energies comprised be-
tween 1.78 and 51.54 kcal/mol. In the other hand, the unoccupied or-
bitals of 3-CD accept proton from Pro with stabilization energies
ranges of 1.07 and 23.31 kcal/mol. Additionally, the formation of intra-
molecular H-bond was observed between 0152 of Pro and H135 with
stabilization energy equal to 23.31 kcal/mol.

3.3.5. Structure

The structures of A and B complexes obtained with B3LYP/3-21G™"
optimization are shown in Fig. 7. For both complex, the Pro is totally en-
capsulated in 3-CD cavity; in A complex, Pro guest is included in 3-CD
cavity and COO~ group is pointed to the external portal (primary
hydroxyl). While in B complex the COO™ group is oriented to secondary
hydroxyl.

The structural analysis of the studied complexes shows the presence
of stronger inter conventional H-bond formed between Pro and (3-CD
host molecule. For inter H-bond in A complex, this is formed between
H162 (NH) and 056(interglucosidic oxygen of 3-CD) at 1.946 A.

In the case of B complex, three H-bonds were established: the
first H-bond with a length of 2.132 A was formed between H162 (NH)
and 076 of B-CD. The second was formed between 0152 (COOH)
and H135 of primary OH of B-CD positioned at 2.540 A and the third
H-bond with a length of 2.603 A was formed between 0163 (COO™)
and H135 of p-CD.

B complex

Fig. 7. Geometric structures of Pro/3-CD complexes optimized by B3LYP/3-21G™.

4. Conclusion

In this paper we report theoretical results of B3LYP/3-21G™" calcula-
tion and experimental FTIR and UV-visible spectra of the inclusion com-
plexes formed between Pro and (3-CD. The results showed that the
studied complex is stables and Pro guest is totally included into 3-CD
cavity. Electronic excitation given by TD-DFT and NBO calculation
clearly demonstrates that a charge transfer has occurred between Pro
and 3-CD molecules.
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