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Abstract The mechanism of the enantioselective binding
of L-histidine with Cgq fullerene and its derivatives, (1,2-
methanofullerene Cg)-61-carboxylic acid, diethyl (1,2-
methanofullerene Cg)-61-61-dicarboxylate and tert-butyl
(1,2-methanofullerene Cgg)-61-carboxylate based chiral
selectors was studied by quantum chemical calculations.
All the molecules were fully optimized at RHF/6-31G*
basis set. Relative energies between the different complexes
were subsequently estimated with single-point electronic
energies computed using Moller-Plesset perturbation theory
(MP2). Stability and feasibility of all the generated
structures were supported by their respective energy
minima and fundamental frequencies. It was observed that
interaction of fullerene derivatives with L-histidine is due to
the existence of hydrogen bonding forces during the
complex formation. The intermolecular forces, flow of
atomic charges, binding energy, hardness, dipole moment
and localization of electrostatic potential are in agreement
with enantioselective interaction of L-histidine with Cgq
fullerene and its derivatives. It is found that theoretical
evaluation to be consistent with the experimental data.
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Introduction

Chiral recognition, as an aspect of molecular recognition,
has been a subject of great interest because the majority of
bioorganic molecules are chiral and the behaviour of
enantiomers in a chiral environment is different [1]. It
implies a set of weak forces of interactions ranging from
hydrogen bonding to van der Waals interactions through
ionic and dipole-dipole interactions [2]. Various types of
intermolecular forces have been extensively studied and
well documented [3]. In some cases the weak intermolec-
ular forces are most discriminating, while in other cases the
strong hydrogen bonding forces are most responsible,
enantiodiscriminating forces are thus case dependent.
Precisely how intermolecular forces act, in concert, to
discriminate between enantiomers is not well established.

An important feature of fullerene molecules is that they
have numerous points of attachment, allowing for precise
grafting of active chemical groups in three-dimensional
orientations [4]. This attribute, the hallmark of rational drug
design, allows positional control in matching fullerene
compounds to biological targets [5]. Studies towards
yielding valuable viable fullerene-based products, have
demonstrated beneficial in vitro biological applications for
Cgo and its organic-functionalized derivatives [6—11].
Recent studies show that the fullerene carbon cage is
relatively non-toxic and not metabolized in vivo [12].
Wilson et al. identified and modeled the probable binding
site for Cgo fullerene and discuss the interatomic interac-
tions that stabilize the antibody-fullerene complex [13].
Recently, it has been reported that the shape of Cg
fullerene enhances the selectivity and enantioselectivity of
their interaction with a specific enantiomer [14].

From the theoretical point of view, electronic structure
studies have been mainly carried out for magic number

@ Springer



532

J Mol Model (2007) 13:531-536

Fig. 1 Molecular structures by
computations: a Cgq fullerene
showing two binding types (6,5)
and (6,6); b electrostatic poten-
tial map of L-histidine, selected
atomic charges are labelled; |
¢ electron density of complex \
formed between Cgq fullerene

and L-histidine, showing overall

size and shape of the molecules

during intermolecular interac-

tion; d density encoded with
electrostatic potential of the a
complex formed between Cg
fullerene and L-histidine, some
selected atomic charges are
labelled, red is the electronega-
tive region and blue is the
electropositive region
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fullerene where, in general, the high symmetry of these
structures is of great help to perform calculations [15]. It
has been well studied by possible existing computational
methods such as ab initio and Density function theory, [16]
semi-empirical [17]. Several research groups have pub-
lished papers on novel physico-chemical properties of
buckyball [18]. Owing to high polarizability, large size
and electronic effect, Cgo fullerenes forms a lot of
molecular complex [19, 20].

L-Histidine is one of the essential amino acids. It has been
shown that an indispensable amino acid, L-histidine, which
is a precursor of histamine, possesses anticonvulsant activity
in several seizure models and can be a beneficial adjuvant
for anticonvulsive therapy [21]. A fine scaly erythematous
dermatitis is developed for patients on long-term total

Fig. 2 Distances obtained from
computational calculations of
complexes: a Cg fullerene with
L-histidine; b (1,2-methanoful-
lerene Cgp)-61-carboxylic acid
with L-histidine; ¢ diethyl (1,2-
methanofullerene Cg)-61-61-
dicarboxylate with L-histidine §;
d tert-butyl (1,2-methanofuller- a
ene Cg)-61-carboxylate with
L-histidine 9
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parental nutrition if no histidine is included in the intrave-
nous nutrient solution [22]. It is necessary for L-histidine to
be considered to be at least partially a dietary essential even
though L-histidine is not nutritionally important.

It has been reported previously [23] that the fullerene
and its derivatives which showed enantioselective response
characteristics, successfully determinate the enantiopurity
of L-histidine as raw material and of its pharmaceutical
formulations. This report is a further step dealing with the
computational study directed towards the understanding of
intermolecular forces of interactions take place between
L-his and Cgq fullerene or its derivatives. Indeed, structural
elucidation and physicochemical properties of all the
molecules involved in this study could be beneficial for
the drug design and pharmacological utility.
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Fig. 3 Electrostatic potential
map and selected atomic
charges: a (1,2-methanofuller-
ene Cg)-61-carboxylic acid;

b complex between (1,2-metha-
nofullerene Cgp)-61-carboxylic
acid and L-histidine, showing
intermolecular interaction;

¢ diethyl (1,2-methanofullerene
Cgp)-61-61-dicarboxylate;

d complex between diethyl
(1,2-methanofullerene Cg)-61-
61-dicarboxylate and L-histidine
showing intermolecular interac-
tion; e tert-butyl (1,2-methano-
fullerene Cg()-61-carboxylate;

f complex between tert-butyl
(1,2-methanofullerene Cgg)-
61-carboxylate and L-histidine
showing intermolecular
interaction

Methods

The molecular structures of Cgq fullerene (1), (1,2-meth-
anofullerene Cgp)-61-carboxylic acid (2), diethyl (1,2-
methanofullerene Cgy)-61-61-dicarboxylate (3), tert-butyl
(1,2-methanofullerene Cgg)-61-carboxylate (4), L-histidine
(L-his) (5), complex between Cgy and L-his (6), complex
between (1,2-methanofullerene Cgq)-61-carboxylic acid and
L-his (7), complex between diethyl (1,2-methanofullerene
Ce0)-61-61-dicarboxylate and L-his (8), and complex be-
tween tert-butyl (1,2-methanofullerene Cgg)-61-carboxylate
and L-his (9), were generated for the prediction of interaction
between fullerene and its derivatives with L-histidine.

The electronic structures with lower energy conforma-
tion and derived physicochemical properties of all the
compounds 1 to 9 were obtained by ab initio theory.
However, molecular calculations started with the fully

optimized semiempirical PM3 level of theory, followed by
the minimal STO-3G basic set Hartree-Fock model. The
resulting wavefunction, Hessian matrix and the geometry of
the molecules obtained were used to perform the next
calculation with the split-valence basis set 3-21G(*). The
procedure was applied further for next calculation at HF/6-
31G* level. Relative energies between the different com-
plexes were estimated with single-point electronic energies
computed using wavefunctions incorporating electron cor-
relation through Moller-Plesset perturbation theory (MP2).
Asterisk means that “d” polarization functions were added
for carbon, oxygen and nitrogen atoms.

To obtain the real and detain picture of intermolecular
interaction, the following physicochemical parameters were
explored: total energy, highest occupied MO (HOMO),
lowest unoccupied MO (LUMO), intermolecular distances,
atomic charges, electrostatic potential, bond length, hard-

Table 1 Calculated most representative bond lengths of fullerene and its derivatives separately and with L-histidine as complexes

Bond Molecules

1 6 2 7 3 8 4 9
(6,6) 1.378 1.369 1.552 1.553 1.592 1.549 1.550 1.551
6,5) 1.464 1.455 1.497 1.498 1.488 1.499 1.496 1.495

Bond lengths calculated in Angstroms
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ness (1) and dipole moment (). Fundamental frequencies
at the semiempirical level (PM3) of all the molecules were
calculated and assigned as minima (all real frequencies).
The software utilized was Spartan’04 Windows [24] and
Core]DRAW 12.

Results and discussion

It has been reported experimentally [23] that Cg fullerene
and its derivatives electrodes are simple, fast and repro-
ducible, low cost and reliable for the enantioanalysis of
L-histidine. The present report gives more detail on how the
intermolecular forces act between L-histidine and Cyg,
fullerene 1 or its derivatives 2, 3 and 4. The lower energy
electronic structures of 1, 2, 3, 4 and 5 molecules and 6, 7,
8 and 9 complexes were calculated.

The theoretical results revealed that RHF/6-31* calcu-
lations are satisfactory for optimizing the geometry of
complexes. However, they show inability to satisfactorily
take into account electron correlation and, therefore,
dispersion, which has its origin in molecular polarization
and electron correlation would be in principal required for
such a study. Thus relative energies between the different
complexes were subsequently estimated with single-point
electronic energies computed using wavefunctions incorpo-
rating electron correlation through Moller-Plesset perturba-
tion theory (MP2).

Electronic structures of all the molecules and complexes
are presented in Figs. 1, 2 and 3. The fullerene X-ray
structure [25] shows two different bond lengths (1.389 A
and 1.432 A) for the bond between two hexagons and for
those between a hexagon and a pentagon, referred as (6,6)
and (6,5), respectively, as shown in Fig. la. Both numbers
lie between standard sp>-sp> (1.33 A) and sp>-sp® (1.54 A)
bond lengths. Table 1 displays the most representative bond
lengths (6,6) and (6,5), obtained in these computations. It is
worthwhile to mention here that computed bond lengths

Table 2 Values of the physicochemical properties of all the
compounds

Compound Energy® HOMO-1° HOMO® LUMO® LUMO+1°

1 —2271.82123 —6.05 -6.04 —-3.09 -3.07
2 —2499.67768 —5.69 -582 -3.16 —3.07
3 —2845.48755 —5.93 =579 3.11 -3.04
4 —2656.94640 —5.91 =576  —-3.15 —3.01
5 —547.123755 —9.06 -5.80 039 5.45

6 —2819.56811 —6.11 =597 =277 2.0
7 —3048.43321 —5.89 -5.74  -3.02 -3.00
8 —3394.26248 —5.84 -582 —3.12 -3.08
9 —3205.69927 —5.85 =575 —3.09 -3.01

Hartrees, ° electron Volts (eV)
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Fig. 4 Dipole moment profile for the molecular interaction between
Ceo fullerene and its derivatives with L-histidine

always reasonably reproduce some experimental differ-
ences. In significant manner, the (6,6) bond length (C59-
C60) of fullerene derivatives 2, 3, 4 and of their complexes
7, 8 and 9 show the single bond character due to the
presence of bridging C61 carbon atom with fullerene cage,
which changes the corresponding sp>-sp bond character of
(6,6) bond of (C59-C60) to sp*-sp> bond. Accordingly, the
bond lengths are in favour of the accuracy of the geometry
and symmetry of the Cgo fullerene and its derivatives
obtained from theoretical investigation.

The distances from carbon atoms of Cg, fullerene to
hydrogen atoms of L-his in complex 6 were found as 3.1 A
and 3.0 A, respectively, which exhibit a very weak
interaction between hydrogen atoms of L-his amino acid
and 7t electrons of the fullerene cage. Intermolecular
distances of interaction involved in all the complexes are
presented in Fig. 2. Hydrogen-bonding distances (1.7 A)
were found in complexes 7, 8 and 9, which are responsible
for selectivity and enantioselectivity. The complex 7 has
two hydrogen bonding distance which is between two
carboxylic groups as shown in Fig. 2b. In 8 and 9,
hydrogen bonding is between carboxylate oxygen of
fullerene derivatives and carboxylic hydrogen of L-histi-
dine. It is concluded that the fullerene derivative 2 shows
significant interaction with L-his than fullerenes 1, 3, 4, as
indicated by the two hydrogen bonding distances in the
former as demonstrated in Fig. 2b. It is in good agreement
with the EPME experiment [23] since the slope of the
electrode 2 has been obtained as 57.71, follows the ideal
Nernst equation and thus reported as the best responding
electrode.

Some molecular properties changed from structure 1
(Cep fullerene) to 6 (complex between Cgy and L-his) as a
consequence of different electronic distribution. As
revealed from Fig. la, carbon atoms C59 and C60 of
molecule 1 increased their electronegativity, when com-
pared with complex 6 (Fig. 1d). Thus, the interaction of Cg
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Fig. 5 Hardness profile for the molecular interaction between Cgg
fullerene and its derivatives with L-histidine

with L-his is in agreement with the changes in atomic
charges as the polarization of C atoms from molecule 1
(Fig. 1a) to complex 6 (Fig. 1d) signify that C atoms could
share charges with H1 and H2 atoms of L-his. As a result,
hydrogen atoms H1 and H2 show the increase and decrease
in electropositivity, respectively, when compared Fig. 1b
with Fig. 1d. Atomic charges calculated in electrons.

It is observed that oxygen and hydrogen atoms increased
their electronegativity and electropositivity, respectively,
from fullerene derivatives 2, 3, and 4 (Fig. 3a,c,e ) to their
respective complexes 7, 8, and 9 (Fig. 3b,d,f). The increase
of electronegativity and electropositivity of oxygen and
hydrogen atoms, respectively, were found from free L-his
molecule 5 (Fig. 1b) to complexes 7, 8 and 9. It is obvious
that the oxygen atoms due to the lack of charges attract
charges from hydrogen atom, become more electronegative
and thus leaves hydrogen atoms more electropositive,
which results in a hydrogen bonding interaction. It is
worthwhile to mention here that the presence of proton
accepter as well as donor oxygen in 7, 8 and 9 result in
hydrogen bonding forces of interactions. The localization of
electrostatic potential changed in good agreement with
atomic charges that is increase in electronegativity of atoms
decrease their electrostatic potential.

The common feature of intermolecular interaction
between fullerenes 1, 2, 3 and 4 with L-his 5 is the

Scheme 1 Complexation of L-
histidine with Cg( fullerene
derivatives

R! R?

H H
COOC,Hs C,H;

H C(CHa)s

ol
+ H2N>(|1—C—OH

decrease in total energy of their respective complexes 6, 7,
8 and 9 as summarized in Table 2. It has been observed
experimentally that fullerene and its derivative depict
interaction with L-his, it is possible to gain of 547.1
hartrees corresponding to the addition of L-his molecule.
This is a regular situation because there are reported
Hartree-Fock energies for atoms, where it has been
observed that energy diminishes when the number of atoms
increases. [26]

The binding energy of fullerene Cgo(1) with L-his (5),
391.01 kcal mol ™' is calculated as the energy difference
between the total energy of the 6 and the sum of the total
energies of 1 and 5. Similarly, 1023.9 kcal mol ',
1036.1 kcal mol™" and 1022.3 kcal mol ' are the values
of the binding energy of fullerene derivatives 2, 3 and 4
with L-his, respectively. Thus, the complex 8 formed
between diethyl (1,2-methanofullerene Cg()-61-61-dicar-
boxylate 3 and L-his 5 is more stable than complexes 6, 7
and 9. Thus, the obtained theoretical data are in quite good
agreement with the experimental results, since diethyl
(1,2-methanofullerene Cg)-61-61-dicarboxylate has been
reported previously as the best and stable electrode for
enantioanalysis of L-histidine than other fullerenes 1, 2
and 4.

LUMO and LUMO+1 of all the compounds along 1 to 9
have higher in energy than their respective HOMO and
HOMO-1. Accordingly, the Fukui postulate [27] is fulfilled
since electrons in orbital with higher energy are more
susceptible to receive the nucleophilic species, whereas the
electrons in orbital with lower energy are more susceptible
to receive the electrophilic species.

Dipole moments (p) as shown in Fig. 4, of the
complexes 6, 7, 8 and 9 are greater than their respective
fullerenes 1, 2, 3 and 4 as the addition of polar L-his 5
modifies the charge distribution in the complexes. Fullerene
derivatives 2, 3 and 4 have higher dipole moment than Cgg
fullerene 1, probably because of the presence of bridge
carbon atom C61 and functional group attached to it
increase their polarity. Cgo fullerene double bonds have
polarization in opposite direction of its other double bonds
that nullifies the electronic density of Cgo and thus has the
zero dipole moment.

e

CH,

i

NN
\\—NH

H-bondding

L-Histidine
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It is observed that the hardness values clearly indicate
that the molecule 5 (L-his) is harder than all the other
molecules, however on interaction with 1, 2, 3 and 4
slightly increases the hardness values of its respective
complexes 6, 7, 8 and 9 (Fig. 5). Thus, this property
supports the fact that according to Pearson [28] the soft
molecules are more reactive than the hard molecules.

Computing their harmonic normal modes of vibration
assessed the structural stability and feasibility of all the
molecules 1 to 9. The lowest-lying normal mode of
vibration of each of the molecules 1 to 9 is of frequency
at 266.72 cm ', 14.00 cm ', 25.45 cm ', 24.68 cm !,
44.62 cmﬁl, 90.11 cmfl, 12.58 cmfl, 1247 cm ' and
14.59 cm™', respectively. The absence of imaginary
frequencies indicates that the structures of the all molecules
are local minima on the corresponding potential energy
surfaces.

Successful rationalizations of enantioselectivity depend
upon comprehensive knowledge about the reaction mech-
anism [29]. The complex formation mechanism for fuller-
ene derivatives 2, 3 and 4 with L-his is demonstrated below
in Scheme 1. The complex between 2 and L-his is a result
of two intermolecular hydrogen bonding interactions.
While the complex between 3 and 4 with L-his is a result
of one intermolecular hydrogen bonding interaction.

The total energy, frontier orbital energies, hardness,
dipole moment, atomic charges, intermolecular forces of
interaction and bond length parameters, were helpful to
provide a logical explanation of the nature in which the
complexation between Cgq fullerene and different fullerene
derivatives with L-his occurs.

Conclusion

Based on the obtained results from computational calcu-
lations; it is concluded that there is intermolecular forces of
interaction implicated between L-histidine and native
fullerene or/and different fullerene derivatives. The inter-
actions between fullerene derivatives and L-histidine are
the hydrogen bonding interactions. These computational
and experimental results certainly promise the enantiose-
lective application of fullerene and its derivatives for the
analysis of L-histidine in pharmaceutical formulation.
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