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ABSTRACT

This study reports the structural characterization of a bis-benzimidazole derivative, 1,4-Bis(1-methyl-2-
benzimidazolyl)benzene (BMBB), by using spectroscopic and quantum chemical methods. The BMBB
molecule was synthesized under microwave conditions and was characterized by using single-crystal
X-ray diffraction, FT-IR, dispersive Raman and NMR spectroscopies. The potential energy surface scan
study was carried out for the conformation of the theoretical structure. Quantum chemical calculations
of relative energies, molecular geometry, vibrational wavenumbers, frontier molecular orbitals, atomic
charges and gauge including atomic orbital (GIAO) 'H and '>*C-NMR chemical shifts of the compound
were carried out by using density functional method (DFT) at B3LYP/6-311++G(d,p) theory level. The
complete assignments of the vibrational modes were performed with DFT calculations combined with
scaled quantum mechanics force field (SQMFF) methodology. A satisfactory consistency between the
experimental and theoretical findings was obtained. On account of the relative energies, population anal-
ysis and XRD results, the most stable conformational form of the molecule was also determined.

© 2012 Elsevier B.V. All rights reserved.

Introduction

ods, it is possible to describe molecular properties of molecules
with close chemical accuracy using theoretical methods [1,2].

Vibrational (IR, Raman) and NMR spectroscopies are extensively
used in order to investigate dynamical and structural properties of
molecules. With the recent developments in computational meth-
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The density functional theory (DFT) calculations using B3LYP
method shows good agreement with the experimental data at
molecular electrostatic potentials, bond energies, optical proper-
ties, vibrational frequencies and geometric parameters of organic
compounds [3-11].

Bis-benzimidazoles are an important class of bioactive molecules
in the field of chemistry and pharmacology. Bis-benzimidazole
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derivatives have been found to possess varied pharmacological activ-
ities such as antimicrobial [12-14], antifungal [15], and anti-tumor-
al [16-18] effects. In addition, bis-benzimidazole derivatives are
used in industrial processes as membranes for direct methanol fuel
cells [19] or in dye-sensitized solar cells [20]. The wide ranges of
applications on bis-benzimidazole compounds have attracted many
scientists to investigate the structural and spectral behaviors of bis-
benzimidazoles that necessary for understanding their chemical or
biological properties.

In our previous work, we have reported the synthesis and struc-
tural characterization of some 2-substituted benzimidazoles by
using experimental and theoretical methods [8,9]. To the best of
our knowledge, no evidence of similar studies on bis(2-benzimi-
dazoles) have been reported in the open chemical literature to
date. In continuation of our work, herein, 1,4-Bis(1-methyl-2-benz-
imidazolyl)benzene (BMBB) was synthesized under neat micro-
wave conditions. The BMBB compound was characterized by
using single-crystal X-ray diffraction, FT-IR, dispersive-Raman,
13C and "H NMR spectroscopies. In addition, a detailed conforma-
tional analysis by DFT/B3LYP/6-311++G(d,p) theory level was per-
formed and the theoretical data of stable four conformers were
compared with experimental spectroscopic findings. A complete
assignment of the vibrational modes was performed with the help
of the potential energy distributions (PEDs) values by using the
scaled quantum force field (SQMFF) methodology. In addition,
frontier molecular orbitals (FMOs), and natural bond orbitals
(NBOs) analysis were performed at the same level of theory. These
calculations are also valuable for providing insight into molecular
parameters, vibrational and NMR spectra. The aim of this work is
to explore the structural parameters and spectroscopic features
of the title compound that rule its chemical behavior.

Experimental
Instrumentation

All the chemicals and solvents were of the highest analytical
grade and used as supplied. Reactions under microwave irradiation
were performed in a modified domestic microwave oven (Bosch
HMT 812C). Reactions were monitored by thin-layer chromatogra-
phy (TLC) on silica-gel 60 F254 plates (Merck) and an UV lamp. The
melting point was determined using a capillary tube and a digital
melting point apparatus (Gallenkamp Electrothermal) and was
uncorrected. The ATR-IR spectrum of BMBB was recorded in the
range of (4000-500 cm™!) region with a Bruker Vertex 80v FTIR
spectrometer. The FT-IR (4000-400 cm™!) spectra between KBr
windows as Nujol or 1,3-hexachlorobutadiene mulls of the sample
were recorded via a Bruker Optics IFS66v/s FTIR spectrometer with
2 cm™! resolution in vacuum. The dispersive Raman spectrum was
recorded using a Bruker Senterra Dispersive Raman microscope
spectrometer at 532 nm excitation from a doubled Nd/YAG laser
having 3 cm™! resolution between 4000 and 60 cm~! spectral re-
gion. The 'H and '>C-NMR spectra were recorded on a Bruker Av-
ence [[-400 MHz NMR spectrometer using tetramethylsilane
(TMS) as an internal standard and DMSO-dg as solvent. Crystallo-
graphic data were recorded on a Bruker Kappa APEXII CCD area
detector diffractometer using Mo Ko radiation (k=0.71073 A) at
T=100K.

Synthesis of 1,4-Bis(1-methyl-2-benzimidazolyl)benzene

The 1,4-Bis(1-methyl-2-benzimidazolyl)benzene (C;HigN4)
compound was obtained by condensation of N-methyl-o-phenyl-
enediamine with the NaHSO3 adduct of terephthalaldehyde accord-
ing to Ridley et al. [21], but under neat microwave conditions;

Terephthalaldehyde 2.73 g (20 mmol) was dissolved in 40 ml etha-
nol and NaHSO3 4.16 g (40 mmol) in 20 ml water was added in por-
tions. The mixture was stirred vigorously an hour in an ice bath. The
precipitate was NaHSO3 adduct of terephthalaldehyde, filtered as
white solid and dried under vacuo 6.65 g (yield: 97%). 2 mmol
(0.24 g, 0.234 ml) N-methyl-o-phenylenediamine and 1.2 mmol
(0.41 g) NaHSO3 adduct of terephthalaldehyde were mixed. After
adding a few drops of dimethylformamide, the mixture was irradi-
ated in a modified domestic microwave oven for 35 min until the
reaction was completed according to the TLC data. The mixture
was cooled and poured into ice cold water under vigorous stirring.
The precipitate was collected by filtration, washed with water and
dried (0.27 g, yield: 80%, m.p. 281-283 °C. The suitable single crys-
tals for X-ray analysis were obtained by recrystallisation from eth-
anol/water. The synthesis procedure of 1,4-Bis(1-methyl-2-
benzimidazolyl)benzene is shown in Scheme 1.

X-ray crystallography

A suitable colorless block-shaped crystal sample of size
0.18 mm x 0.26 mm x 0.45 mm was chosen for the crystallographic
study. All diffraction measurements were performed at 100 K using
graphite monochromated Mo Ko radiation (k=0.71073A) in
w-scanning mode. Details of the data collection conditions and
parameters of refinement process are given in Table 1.

Calculations

Potential energy surfaces (PESs) of 1,4-Bis(1-methyl-2-benzim-
idazolyl)benzene molecule were primarily obtained in order to get
the most stable conformer. Therefore, PES were determined via
MOPAC2002 geometry optimization by using semi-empirical
PM5 Hamiltonian within Fujitsu CAChe WS Pro v.7.5.0
Windows software package [22] on a personal workstation
for the possible stable structures of BMBB, where the torsion
angles 7;(N1C7C8C10"), T,(N2!C7iC8C9'), 75(CIN2C11H11A) and
75(C1'N2'C11'H11AY) were changed by 3°. The appropriate
structures were then selected by considering the heat of formation
energy (AH) values were lower than 132.00 kcal/mol.

For the selected structures, local minima or transition states on
the PES were then examined through geometric optimization and
vibrational frequency analysis by using Becke’s three-parameter
exchange functional [3] in combination with the Lee-Yang-Parr
correlation functional [23] (B3LYP) method with 6-311++G(d,p)
basis set by using the Gaussian 03W program package [24]. The re-
sult of complete geometry optimization and vibrational frequency
analysis computations indicate that BMBB has only four stable con-
formers which are adopted C; point group containing no symmetry
element. Before calculating vibrational and NMR properties of the
conformers, the other appropriate point groups such as C;, C, and
Cs were taken into account and the stability of each conformers
were also tested at the same level of theory.

The PED corresponding to each of the observed vibrational
wavenumbers were calculated by using SQMFF which show the
relative contributions of the redundant internal coordinates to
each vibrational mode of the molecule and thus make it possible
to describe the character of each mode numerically [25,26]. The
relative Raman intensity (I?), which simulates the measured Ra-
man spectrum, was calculated by using the following relation de-
rived from the intensity theory of Raman scattering [7];

_ f(V — Vi)4Si
I = vl — e)((]p(—hcvi/kT)] (1)

where vq is the exciting frequency (18,798 cm™!), v; is the vibra-
tional wavenumber of the ith normal mode (in cm™! units), S; is
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Scheme 1. Synthesis of 1,4-Bis(1-methyl-2-benzimidazolyl)benzene.

the Raman scattering activity of the normal mode g, h, ¢, and k are
fundamental constants, T=298.15°K and f{2 x 1071%) is a suitably
chosen common normalization factor for all peaks. For the plots
of simulated IR and Raman spectra, pure Lorentzian band shapes
were used with a bandwidth of 10 cm™™.

Main atomic charges of non-hydrogen atoms using the natural
population analysis (NPA) analysis and frontier molecular orbitals
were obtained at the same level of theory. For the NMR calcula-
tions, the stable four conformers of BMBB were initially reoptim-
ized at B3LYP/6-311++G(d,p) theory level in DMSO-dg using the
by using the integral equation formalism polarizable continuum
model (IEFPCM) method [27,28]. After optimization, 'H and '3C
NMR isotropic shielding tensors of BMBB were calculated GIAO
method [29,30] in DMSO-dgs at the same theory level as imple-
mented in Gaussian 03W program package. Isotropic shielding ten-
sors of 13C and 'H were changed into chemical shifts by using a
linear relationship suggested by Alyar et al. [10].

Results and discussion
Stability of the conformers

The results of the computations have clearly demonstrated that
1,4-Bis(1-methyl-2-benzimidazolyl)benzene molecule has four
possible stable conformers at room-temperature. The calculated
relative energies of these possible stable conformers at B3LYP/6-
311++G(d,p) theory level is presented in Table 2 with respect to
the zero point energy (ZPE), self-consistent field (SCF) and Gibbs
free energy (AG). On account of the relative energies, population
analysis and XRD results, Conformer1 was found to be the most
stable conformer and was only considered in the crystallographic
and vibrational spectral analysis.

Geometrical structure

The optimized geometric structure of Conformer1 and the ob-
tained XRD structure of 1,4-Bis(1-methyl-2-benzimidazolyl)ben-
zene are shown in Fig. 1. The experimental and optimized
geometrical parameters (bond lengths, bond and dihedral angles)
of BMBB obtained at B3LYP/6-311++G(d,p) are listed in Table 3.

According to obtained experimental XRD results, BMBB crystal-
lizes in the monoclinic space group P 21/c with two molecules in
the unit cell. The BMBB molecule is composed of two 1-methyl-
benzo[d]imidazole groups and a benzene ring. The benzene and
benzimidazole rings of the molecule are not coplanar and have a
dihedral angle of 43.48 (7)°. Furthermore, the dihedral angle be-
tween the five- and six-membered rings of the benzimidazole ring
system is 1.80 (7)°. The crossed torsion angles at the junction,
N1—C6—C1—C2 and C5—C6—C1—N2, are found —177.87(11)° and
179.01(10)°. The steric effect of the methyl substitution at N2 atom

Table 1

Crystal data and structure refinement parameters for 1,4-Bis(1-methyl-2-

benzimidazolyl)benzene.
CCDC deposition no. 886,035
Color/shape Colorless/block
Chemical formula C22 H18 N4
Formula weight 338.40
Temperature (K) 100
Wavelength (A) 0.71073 Mo Ko
Crystal system Monoclinic
Space group P21[c
Symmetry space group name Hall ~ —P 2ybc

Unit cell parameters

a b, c(A) 17.7652(7), 4.3867(2), 10.9717(4)
Volume (A%) 816.77(6)

Z 2

Calculated density (Mg/m?) 1376

w(mm™') 0.084

Tiins Trmax 0.974, 0.985

Fooo 356.00

Crystal size (mm?)

Structure solution

Corrections applied

Index ranges

Theta range for data collection (°)

0.18 x 0.26 x 0.45

Direct methods

Lorentz-polarization
-23<h<23,-5<k<5, -14<I< 14
1.20 < 0 < 28.61

Measured reflections 1842

Independent/observed reflections 13328/2079

Rinc 0.0422

Refinement method Full-matrix least-squares on F?
Data/restraints/parameters 13328/0/397

Goodness-of-fit on F? 1.120

R indices [I > 20(I)]
R indices (all data)
APma APmin (€/A%)

Ry =0.0422, wR, =0.1119
Ry =0.0482, WR, =0.1255
0.385, —0.301

Table 2

The selected molecular properties of the possible stable conformers of BMBB at DFT

B3LYP method with 6-311++G(d,p) basis set.

Conformer1® Conformer2 Conformer3 Conformer4
Symmetry G C, G Cs
UroraL (Debye) 0.00 429 4.84 6.64
ASCF (kcal/mol)  0.00 0.33 0.48 0.88
AG (kcal/mol) 0.00 0.45 0.49 0.67
N; (%) 44.89 21.00 19.63 14.48
Torsion angle (°)
TN1C7C8C10' —36.20 —33.74 —38.12 3437
TN2C7C8C10' 144.17 146.44 142.18 146.00
TN1'C7'C8'C10 36.20 -33.74 139.41 —~142.32
TN2iC7'C8'C10 —~144.17 146.44 —40.28 37.34
TtCIN2C11H11A  154.37 152.50 155.14 153.17
TC1IN2IC11' H11A"  —154.37 152.50 155.14 —~153.17
TN1C7C7'N1! 180.00 108.79 -78.23 0.03
TN1C7C7'N2! —0.52 —70.46 101.38 179.94

2 The relative energies of the conformers were given in respect to the calculated
self-consistent field (SCF), zero point energy (ZPE) and Gibbs free energy (AG) of
Conformer1. The SCF and AG energies of Conformer1 are —670488.31 kcal/mol and
—670299.12 kcal/mol.
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Fig. 1. The molecular structure of 1,4-Bis(1-methyl-2-benzimidazolyl)benzene: (a) Conformer1, calculated; (b) XRD, experimental.
Table 3
The experimental geometrical parameters of BMBB compound and comparison with calculated data of the Conformer1 at B3LYP/6-311++G(d,p) theory level.
Parameters® X-ray Conformer1 Difference Parameters® X-ray Conformer1 Difference
Bond lengths (A) Bond angles (°)
Cc1—C2 1.3940(16) 1.3956 —0.0016 N2—C7—C8 124.06(10) 124.39 -0.33
c2—C3 1.3855(16) 1.3912 —0.0057 C7—N1—C6 104.32(10) 105.70 -1.38
C3—C4 1.4010(18) 1.4082 —0.0072 C7—N2—C1 106.26(9) 106.18 0.08
C4—C5 1.3817(17) 1.3889 —0.0072 C11—N2—C1 125.08(10) 12413 0.95
C5—C6 1.3976(15) 1.3995 —0.0019 C11—N2—C7 128.35(9) 129.14 -0.79
C6—C1 1.4023(16) 1.4127 —0.0104 Torsion angles (°)
C7—C8 1.4700(15) 1.4705 —0.0005 C3—C4—C5—C6 0.30(19) 0.05 0.25
Cc8—C9 1.4010(15) 1.4032 —0.0022 C4—C3—C2—C1 —0.15(18) —0.01 -0.14
C8—C10i 1.3943(16) 1.4018 —0.0075 C5—C4—C3—C2 0.15(19) 0.13 0.02
C9—C10 1.3849(15) 1.3884 —0.0035 C6—C1—C2—C3 -0.31(17) —0.32 0.01
N1—C6 1.3887(14) 1.3796 0.0091 C7—C8—C9—C10 -179.49(11) -177.98 -1.51
N1—C7 1.3201(15) 1.3164 0.0037 C8—C9—C10—C8! 0.30(2) 0.44 -0.14
N2—C1 1.3801(13) 1.3848 —0.0047 €10—C8—C9—C10' -0.30(2) —0.43 0.13
N2—C7 1.3723(15) 1.3907 -0.0184 C4—C5—C6—N1 177.59(12) 177.64 —0.05
N2—C11 1.4545(15) 1.4554 —0.0009 C7—N1—-C6—C5 —178.53(12) -179.76 1.23
Bond angles (°) C7—N1—C6—C1 ~0.08(13) ~0.25 0.17
C1—C2—C3 116.39(11) 116.81 -0.42 C1—N2—C7—C8 -179.11(10) -179.16 0.05
C2—C3—C4 121.61(11) 121.50 0.11 C5—C6—C1—N2 179.01(10) 179.95 —0.94
C3—C4—C5 121.52(11) 121.39 0.13 C7—N2—C1—C6 -0.50(12) -0.31 -0.19
C4—C5—C6 118.01(11) 118.01 —0.00 C7—N2—C1—C2 177.52(12) 179.67 -2.15
C5—C6—C1 119.63(11) 119.93 —0.30 N2—C1—C2—C3 —178.04(11) —179.60 1.56
C6—C1—C2 122.83(10) 122.37 0.46 C6—N1—C7—N2 -0.26(13) —0.46 0.20
C7—C8—C9 121.69(10) 121.92 -0.23 N1—C6—C1—N2 0.37(13) 0.04 0.33
C7—C8—C10' 119.27(10) 118.62 0.65 C1—N2—C7—N1 0.50(13) 0.50 0.00
C8—C9—C10 120.27(11) 120.83 —0.56 C11—N2—C1—C2 3.50(2 ) 7.49 -3.99
C9—C8—C10i 119.03(10) 11841 0.62 C11—N2—C1—-C6 —-174.52(10 -171.88 —2.64
C9—C10—C8' 120.69(10) 120.75 —0.06 C11—N2—C7—C8 —5.36(18) -9.18 3.82
N1—C6—C1 110.29(10) 109.97 0.32 C11—N2—C7—N1 174.26(11) 171.16 3.10
N1—C6—C5 130.06(11) 130.06 0.00 N1—C6—C1—C2 -177.87(11) -179.49 1.62
N1—C7—C8 122.32(10) 122.93 -0.61 N1—C7—C8—C9 136.40(12) 141.35 —-4.95
N1—C7—N2 113.62(10) 112.68 0.94 N2—C7—C8—C9 —44.03(17) —38.28 -5.75
N2—C1—C2 131.62(11) 132.16 —0.54 N1—C7—C8—C10} —42.82(17) —36.20 —6.62
N2—C1—C6 105.52(10) 105.47 0.05 N2—C7—C8—C10' 136.75(12) 14417 —7.42

2 Coordinate descriptions are carried out by the numbers as in Fig. 1.
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Table 4

Intermolecular interactions of 1,4-Bis(1-methyl-2-benzimidazolyl)benzene.
D—H.--A D—H (A) H---A(A) D---A(A) D—H---A (°)
C11—H11B.--Cg1? 0.98 2.89 3.408(14) 114
C11—H11B.--N2? 0.98 3.00 3.601(16) 121
C11—H11C---N1° 0.98 2.86 3.784(16) 158
C9—H9. - .N1° 0.95 3.06 3.993(15) 168
C5—H5- - :N2¢ 0.95 3.09 3.934(15) 148

Cg1: The centroid of the C6—C7 ring.
axy+1,z
b x, 12—y, z+1/2.
Cx 12—y, 12—z

Table 5
Energy (in eV) of frontier molecular orbitals for the conformers of 1,4-Bis(1-methyl-2-
benzimidazolyl)benzene.

DFT/B3LYP/6-311++G(d,p)

Conformer1 Conformer2 Conformer3 Conformer4
HOMO-1 —6.3574 -6.3613 -6.3629 -6.3610
HOMO -5.9819 —5.9523 —5.9931 —5.9740
LUMO -1.8599 —1.8828 —1.8395 —1.8806
LUMO+1 —-0.8232 -0.8223 —0.8555 —0.8340
AL-H 4.1220 4.0695 4.1536 4.0934

causes the torsion angle of N2—C7—C8—C9 is 1.21° larger than the
torsion angle of N1—C7—C8—C10',

The imine (C=N) bond length is expected to be shorter than the
amine (C—N) bond length. In the title molecule the imine C7=N1
and amine C7—N2 bond distances are 1.320(15)A and
1.372(15) A. The close proximity of the values with each others
may be due to the electronic delocalization effect resulted from
the super-conjugation system formed in the whole benzimidazole
condensed ring. These bond lengths are in good agreement with
values of 1-(Thiophen-2-yl-methyl)-2-(thiophen-2-yl)-1H-benz-
imidazole [1.315(3) and 1.387(3)A] [31], 2-(4-Chlorophenyl)-1-
methyl-1H-benzo[d]imidazole [1.330(3) and 1.380(3)A] [9] and
1,4-Bis[(2-ethyl-1H-benzimidazol-1-yl)methyl]benzene [1317(5)
and 1372(5) A] [32].

The XRD results showed that there are no intermolecular hydro-
gen-bondings and intramolecular interactions in the molecular
structure, but the molecular packing is stabilized by van der Waals
forces. The crystal structure is further stabilized by five weak inter-
molecular interactions, one of them being a C—H- - -Cg(mt-ring) con-
tact and four of the rest being C—H- - -N contacts. The details of the
intermolecular interactions in the molecule are listed in Table 4.
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It might be worth mentioning that the largest difference be-
tween experimental and calculated geometrical parameters are
about 0.0184 A for bond lengths, 1.38° for angles and 7.42° for tor-
sion angles and the root mean square deviation (RMSD) is found to
be about 0.0072 A for bond lengths, 0.56° for angles and 2.84° for
torsion angles, indicating that B3LYP method correlates well with
the XRD results for the geometric parameters. However, it was
noted here that the experimental results belong to solid phase
and the theoretical calculations belong to gaseous phase. In the so-
lid state, the existence of the crystal field along with five weak
intermolecular interactions has connected the molecules together,
which result in the maximum differences of geometrical parame-
ters (1-methylimidazole moiety of benzimidazole) between the
calculated and experimental values.

To understand the influence of the structural features of the
conformers of BMBB, energies of the frontier molecular orbitals
were calculated at B3LYP/6-311++G(d,p) theory level. It is well
known that both the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) are the main
orbitals taking part in chemical reactions. The HOMO energy char-
acterizes the ability of electron giving, LUMO energy characterizes
the ability of electron accepting, and the gap between HOMO and
LUMO characterizes the molecular chemical stability [33]. The dis-
tributions and energy levels of the HOMO-LUMO orbitals for each
conformer was listed in Table 5 and was also depicted in Fig. 2. As
seen from the figure, both the HOMO and LUMO are mainly delo-
calized among all atoms. However, the HOMO—-1 and LUMO+1
orbitals are partially localized on different parts of the conformers.
The HOMO-1orbitals are delocalized on the benzimidazole ring,
while LUMO+1 orbitals are delocalized on the benzene ring. Both
of the HOMOs and LUMOs are mostly m-antibonding type orbitals.
The energy gap value between HOMO and LUMO is found around
4.1 eV for the four stable conformers. This low value makes the
BMBB molecule more reactive.

Additionally, main atomic charges (i.e. the charges on non
hydrogen atoms computed by natural population analysis) were
also calculated at the same theory level and were listed in Table 6.
According to atomic charge results, the common atoms in these
conformers such as C2, C3, C4, C11, N1, and N2 possess richly neg-
ative charges, which are beneficial to the bioactivity [34].

Vibrational spectra
The XRD results indicated that the unit cell contains two

molecules; each is at C; symmetry. The free molecule has 126
normal vibrational modes and belongs to C; point group,

LUMO LUMO+1

"

‘:}: 33:

3

.‘." ;J! 5

Fig. 2. HOMO-1, HOMO, LUMO and LUMO+1 molecular orbital surfaces for the conformers of 1,4-Bis(1-methyl-2-benzimidazolyl)benzene. The positive phase is red and the
negative phase is green. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 6
NBO charges (in e) for the conformers of 1,4-Bis(1-methyl-2-benzimidazolyl)benzene.

Nucleus DFT/B3LYP/6-311++G(d,p)
Conformer1 Conformer2 Conformer3 Conformer4
c1/ct 0.144 0.144 0.143 0.144
c2/c2! —0.243 —0.243 —0.243 —0.244
c3/c3! -0.202 —-0.202 -0.202 -0.202
c4/c4' -0.220 -0.220 -0.220 —-0.220
C5/C5' -0.191 -0.191 —0.190 -0.190
C6/C6' 0.114° 0.114 0.113 0.114
c7/cT 0.410° 0.410° 0.410° 0.410°
C8/c8' —-0.086% —-0.087% —0.086% —-0.087%
C9/C9 ) -0.190* -0.191* -0.164* -0.174*
c1o/c10’ —-0.147* —-0.1472 -0.174* -0.164*
c1i/cint -0.357 -0.356 -0.356 —-0.356
N]/le —0.492 —0.491 —0.490 —0.489*
N2/N2! -0.419 —-0.420° -0.421* -0.421*
¢ Average value.
@0
10 | 2 (a)

0.2

Absorbance (a.u.)

0.0
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Fig. 3. The infrared spectra of 1,4-Bis(1-methyl-2-benzimidazolyl)benzene: (a)
ATR-IR spectrum; (b) FT-IR spectrum in Nujol or 1,3-hexachlorobutadiene mulls;
and (c) Conformer1, calculated.

I'yin(Ci) = 53A, + 53A,. Properties of the gerade (g) and ungerade
(u) irreducible representations are symmetric and antisymmetric
by application of the inversion operation. The fundamental transi-
tions corresponding to the normal modes of A, are Raman active
only, whereas they are infrared active only for A, [35].

Before offering an explanation for the vibrational assignments of
BMBB molecule, FT-IR and dispersive Raman spectra along with the
calculated spectra of Conformer1 were given in Figs. 3 and 4. The
vibrational data of this comparison was also tabulated in Table 7;

see also Tables S1 (Supporting Information) for the descriptions of
all vibrational modes.

The absence of any bands in the region 3200-2700 cm~! which
is the characteristic N—H stretching mode for benzimidazole
[36,37] indicates that N-methyl-o-phenylenediamine reacted to
form benzimidazole ring. In addition, the absence of intermolecu-
lar hydrogen-bonding interactions in the molecule allows us to
observe aromatic C—H stretching vibrations, easily. The C—H
stretching vibrations of BMBB were assigned to three bands ob-
served at 3053, 3034, 3016cm~! in the IR spectrum and
3065 cm~! in the Raman spectrum. The calculated values of these
bands are 3058, 3051, 3041 and 3058 cm™! respectively with sig-
nificant PED value (>94%). The asymmetric and symmetric ali-
phatic stretching vibrations of the methyl group are observed at
2993, 2949, 2916 cm™! in the IR spectrum and 2952 cm™! in the
Raman spectrum. These bands were calculated at 3012 (PED
96%), 2959 (PED 97%), 2901 (PED 100%) and 2959 cm~' (PED
97%). The characteristic C—H out of plane bending band of p-disub-
stituted benzene was observed at 847 (IR) and 842 cm~! (Raman).
The other infrared active very strong intense band at 733 cm™~! and
the weak band at 920 cm™! were assigned to C—H out of plane
bending of benzimidazole rings. The calculated C—H out of plane
bending mode values for p-disubstituted benzene ring at
848 cm~! (PED 68%), 836 cm™! (PED 99%) and for benzimidazole
rings at 733 cm ! (PED 66%) and 917 cm ™' (PED 66%) are in excel-
lent agreement with experimental observation. The experimental
values are well agreement with theoretical values [36,37].

The characteristic regions of the benzimidazole derivatives
spectrum is 1650-1500cm~! which generally includes C=C
stretching vibrations [38]. All substituted derivatives have bands
in this region that vary in position and intensity with the nature
and position of substituent. The IR active bands at 1612 and
1543 cm™~ ! were assigned to C=C stretching vibrations of the benz-
imidazole and the benzene rings respectively, which were calcu-
lated at 1598 cm™! (PED 58%) and 1523 cm™! (PED 32%). Their
counterparts in Raman spectrum were at 1617 and 1563 cm™!
which were calculated at 1599 cm™! (PED 49%) and 1544 cm™!
(PED 61%).

The identification of C=N and C—N vibrations are rather diffi-
cult since, the mixing of vibrations is possible in this region. How-
ever, with the help of the theoretical calculations, these vibrations
are identified and assigned easily. The bands at 1466 and
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Fig. 4. The Raman spectra of 1,4-Bis(1-methyl-2-benzimidazolyl)benzene: (a)
dispersive Raman spectrum; (b) Conformer1, calculated.
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The experimental vibrational assignments of 1,4-Bis(1-methyl-2-benzimidazolyl)benzene and comparison with the calculated data of Conformer1.

Mode  Experimental® B3LYP/6-311++G(d,p)
Assignments IR(solid)  IR(Nujol) Raman(solid) v© vd NIR®  Igaman® PED (potential energy distributions)’ > 3
124,Ag C—H stretch 3065 vw 3195 3058 0.00 0.05 VR12C3,4,5—H.; (94)
123,Au C—H stretch 3053 vw 3018 3195 3058 025 0.00 VR12C3,4,5—H,; (94)
%
121,Au  C—H stretch 3034 vw 3033 3187 3051 025 0.00 VR;2C2,3,5—H,; (99)
sh vwP
117,Au  C—H stretch 3016 vw 3015 3176 3041 0.10 0.00 VR; ,C—H,; (100)
vwP
113,Au  C—Hj3 asymmetric stretch 2993 vw 2993 3146 3012 0.07 0.00 VasC—Hmetny1 (96)
vwP
112,Ag C—Hs; asymmetric stretch 2952 vw 3091 2959 0.00 0.01 VasC—Hmethy (97)
111,Au  C—Hs3 asymmetric stretch 2949 vw 2949 3091 2959 0.22 0.00 VasC—Hmetny (97)
vwP
109,Au  C—Hj; symmetric stretch 2916 vw 2916 3030 2901 0.51 0.00 VsC—Hmethyi (100)
sh vwP
108,Ag C=C stretch 1617 vs 1652 1599 0.00 0.72 VR12C=C,, (49)
107,Au  C=C stretch 1612 w 1611 vw 1650 1598 0.09 0.00 VR ,C=C;, (58)
103,Ag C=C stretch 1563 vw 1595 1544 0.00 0.10 VRC=C,, (61)+3RC—H,, (12)
102,Au  C=C stretch 1543 vw 1547 vw 1572 1523 0.04 0.00 VRC=C,; (32)+Vv,sC7—C8 (14)+VR;,C7=N1 (10)
br
101,Ag C=N stretch 1501 vs 1532 1483 0.00 1.00 VR12C7=NT1 (31)+v,C7—C8 (14)+VR; ,C2—C3 (7)
100,Au  C—H in-plane bend 1483 w 1483 wP 1520 1471 0.14 0.00 3R 2C—H3,4 (29)+VR,,C2,4—C3,5 (20)
98,Au  C=N stretch 1466 m 1468 m° 1508 1464 0.60 0.00 VR;2C7=NT1 (26)+3RC9—H,, (22)+VRC8—C10i (7)
93,Au C—Hj3 asymmetric deformation 1450 w® 1486 1436 0.34 0.00 sCiC—Hmetny (58)
92,Ag C—Hs asymmetric deformation 1450 m 1482 1435 0.00 043 SCiC—Hmetny (29)
91,Ag C—Hs symmetric deformation 1437 vw 1465 1413 0.00 0.29 WC—H pethyi (66)
90,Au C—H; symmetric deformation 1431w 1434 wP 1463 1412 045 0.00 WC—Hethy (47)
89,Au  C—H in-plane bend 1402 w 1404 wP 1434 1390 0.27 0.00 SRC—H,, (30)+VRC9—C10 (25)
88,Ag C—N strech/aromatic 1378 vw 1401 1357 0.00 0.10 VR;2C7—N2 (21)+VsR; 2N2—C11 (14)
87,Au  C—N strech/aromatic 1373 m 1373 wP 1395 1351 0.67 0.00 VR 2C7—N2 (18)+V,sR; ,N2—C11 (15)+VRC9—C10
(8)+3RC9—H9I (6)
86,Ag  C=C stretch 1360 w br 1387 1340 0.00 0.25 VR 2C=C;; (28)+3R; 2,C—H3 (18)+VR;,C1—N2 (14)
83,Au  C—H in-plane bend 1325 w 1327 wP 1350 1308 0.50 0.00 8R12C—H2,4 (15)+VR;2C7=N1 (11)+VR; ,C2—C3
(10)+VR; ,C1—N2 (10)
82,Ag  C—H in-plane bend 1329 vw br 1333 1294 0.00 0.04 SRC—H,, (68)
81,Au C=C stretch/aromatic 1284 w 1285 w 1321 1278 0.22 0.00 VasRC—C—Cyrg (24)+3R; ,C—H4,5 (21)+VR; ,C6—N1
(13)
80,Ag C=C stretch/aromatic 1283 m 1308 1268 0.00 0.38 VRC=C,, (54)+VR;,C7=N1 (8)
79,Au  C—H in-plane bend 1269 w 1270 w 1300 1254 0.37 0.00 8R12,C—H4,5 (25)+VR;2C6—N1 (17)+VR; ,C4—C5
(9)+VR;,C7=N1 (7)
78,Au  C—N strech/aromatic 1246 w 1247 w 1278 1237 0.22 0.00 VR;2C6—N1 (28)+VR; ,C7=N1 (8)+VR;,C1—C6 (8)
77,Ag  C—N strech/aromatic 1248 m 1278 1234 0.00 0.12 VR12C6—N1 (29)+VR; ,C7=N1 (9)+VR;,C1—C6 (7)
74,Ag  C—H in-plane bend 1190 w 1209 1171 0.00 0.25 SRC—H,, (71)+VRC9—C10 (12)
72,Au  C—H in-plane bend 1159 w 1150 w 1177 1140 0.08 0.00 8Ry2C—H2,3,4 (78)+V,sRy 2C2—C3—C4 (20)
br
71,Au C—Hjs asymmetric deformation 1124 w 1124 w 1147 1113 0.06 0.00 tWC—Hmetnyl (72)
70,Ag C—Hj; asymmetric deformation 1127 w 1146 1113 0.00 0.21 tWC—Hmethyi (75)
69,Au  C—H in-plane bend 1111w 1110w 1143 1109 0.03 0.00 3R 2C—H4,5 (33)+VR;,C2,4—C3,5
(18)+tWC_Hmethyl (16)
68,Ag  C—H in-plane bend 1100 w 1143 1108 0.00 0.10 S8Ry 2C—H4,5 (33)+VR;2C2,4—C3,5
(22)+tWC—Hetny: (16)
64,Au  C—Hjs rock + C—N strech/ 1063 w 1065 w 1077 1052 0.22 0.00 PC—Hmetnyt (19)+VR; ,C7—N2 (19)+VRC8—C10
aromatic (11)+8,RC9—C8—C10' (8)
63,Ag Ring breath 1047 w 1054 1022 0.00 0.12 R breathing (37)+VR; ,C7—N2 (18)
62,Au C—C—C asymmetric in-plane 1016 w 1030 1014 0.13 0.00 82sRC—C—Cyrg (67)+V,sRC9—C8—C10' (28)
bend
61,Ag  C=C strech 1009 w 1028 993 0.00 0.05 VsR;2C2,3,4—C3,4,5(69)
60,Au  C=C strech 1007 w 1007 w 1028 993 0.19 0.00 ViR 2C2,3,4—C3,4,5 (69)
59,Au C—H out-of-plane bend 972 vw 970 vw 994 970 0.02 0.00 YRC—H,, (82)
55,Au C—H out-of-plane bend 920 vw 921 vw 940 917 0.02 0.00 YR1 2C—Ha; (66)
52,Au C—N strech/aromatic 899 vw 898 w 911 899 0.01 0.00 VR 2C—Nj; (33)+8,5R1 2C—C—Cyrg (20)
51,Au C—H out-of-plane bend 847 m 849 s 868 848 0.26  0.00 YRC—C—H,, (68)
50,Ag C—H out-of-plane bend 842 w 857 836 0.00 0.11 YRC—C—H,, (99)
46,Au  C=C strech 808 w 809 w 827 804 0.10 0.00 VR 2C=C;,, (34)+VR;,C6—N1 (7)
45,Ag Ring asymmetric deformation 761 vw 776 757 0.00 0.01 dasRi2 (29)
44 Au Ring asymmetric deformation 764 w 765 m 775 756 0.10 0.00 dasR12 (49)
43 Ag C=C out-of-plane bend 748 vw 771 753 0.00 0.02 YRC=C,(36)
41,Au C—H out-of-plane bend 733 vs 737 vs 752 733 1.00 0.00 YR12C—Ha,;, (66)
38,Ag  C—C—C symmetric in-plane 718 w 725 717 0.00 0.01 8RC—C—Cyg (13)+5,5C7—C8—C9 (9)+VRC8—C10!
bend (8)
34,Au C—C—C symmetric in-plane 613 w 610 w 620 614 0.06 0.00 8sR1 2C—C—Cyrg (18)+8,Ry ,C2—C1—N2
bend (8)+vasC7—C8 (7)
33,Au  C—C—C symmetric in-plane 600 w 600 w 608 604 0.06 0.00 8sR1 2C—C—Cyrg (18)+8,C8—C7=N,, (14)

bend



30,Au
29,Ag
28,Au
26,Au
24,Au
15,Ag
13,Ag
12,Ag
10,Ag

8,Ag
6,Ag

B. Eren, A. Unal/Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 103 (2013) 222-231

C=C out-of-plane bend 588 w 584 vw
C=C out-of-plane bend

Ring breath
Ring torsion
Ring torsion
Ring torsion
Ring torsion
C—Hs torsion
Rings symmetric

554 w 554 m
501 w
437 w

stretch + C—Hs torsion

Ring-CH3 twist
Rings wag

582w

292 w
240 vw
186 vw br
165 vw

121 m
107 s

588
587
562
515
442
275
228
182
157

126
106

574
573
555
505
431
270
224
177
154

123
105

0.02
0.00
0.09
0.04
0.05
0.00
0.00
0.00
0.00

0.00
0.00

0.00 YRy 2C=C,, (63)
0.02 YR12C=C,; (62)

0.00 R1 breathing (34)+v,sR; 2N2—C11 (16)

0.00  TRC=C, (38)
0.00 TRy 2C=Cy (34)
0.16 1Ry, (23)

001 1Ry, (32)+y.C7T—C8—C9 (6)
002  TC—Hmemy (28)+VsC7—C8 (13)
001  v,C7—C8 (19)*+TC—Hmetny (19)+3,RC8—CI—C104g

(9)

002  tWRy—CHmerny (76)
007  ysC8—C7—N,;, (40)+1,C7—C8 (12)

229

a

s: Strong, m: medium, w: weak, v: very, sh: shoulder and br: broad.

b The infrared active vibrational wavenumbers are obtained in hexachloro-1,3-butadiene.
¢ Unscaled vibrational wavenumbers.
4 Wavenumbers are scaled by SQM FF methodology (See the text).
¢ NI: Intensities are normalized to 1, I: Intensity, IR: infrared and the relative intensities of the simulated spectra were obtained after using the pure Lorentzian band shape
a bandwidth 10 cm™.
f R: benzene ring, R; and R,: benzimidazole rings, ar: aromatic, v: bond stretching, 5: in-plane angle bending, v: out-of-plane angle bending, sci: scissoring, w: wagging,
tw: twisting, p: rocking, d: deformation, t: torsion, trg: trigonal, as: asymmetric and s: symmetric.
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Table 8
The experimental '>C and '"H NMR chemical shifts (ppm) together within the
calculated data for the stable conformers of BMBB in DMSO-ds.

Nucleus Experimental B3LYP/6-311++G(d,p)?

Conformer1 Conformer2 Conformer3 Conformer4
Cc7 152.73 153.85 154.23 154.69 153.29
C6 142.97 143.84 144.03 143.99 143.99
C1 137.19 138.27 138.20 138.11 138.25
c8 131.55 132.36 132.25 132.58 132.67
C9,10i 129.94 129.83 129.79 130.00 129.97
c3 123.08 123.77 123.54 124.01 123.85
c4 122.57 122.47 122.47 122.74 122.60
c5 119.58 119.79 119.78 119.87 119.87
c2 111.14 109.50 109.31 109.21 109.44
C11 32.29 31.00 31.15 31.19 31.21
H—C9,10i 8.07 s 8.22 8.25 8.17 8.25
H—C5 7.72d 7.99 8.00 8.00 8.00
H—C2 7.66 d 7.74 7.73 7.70 7.71
H—C4,C3 7.34-725m 7.71-7.61 7.68-7.59 7.72-7.67 7.64-7.63
H—C11 3.96s 3.89 3.95 3.88 3.97

3 ¢ Transform into § using equations given in Ref. [10]; 5'3C = 175.7-0.963 ¢'3C

and 6'H =31.0-0.970 ¢'H.

1373 cm~! (IR) and at 1501 and 1378 cm~! (Raman) were assigned
to C=N and C—N vibrations. These values support the reported re-
sults [8,9,38-42].

The low wavenumber region generally gives more qualified
information about the conformational behaviors of the compounds
[7,10]. Computational vibrational wavenumbers in this region (be-
low 600 cm™') are sensitive than the high wavenumber region. As
clearly seen from Table 7, the computed wavenumbers are great
agreement with the experimental ones. This agreement tends us
to make more reliable vibrational assignment of title compound.
The skeletal vibrations, such as C=C=C out-of-plane bending, ring
breathing, ring or CHs torsion vibrations are undoubtedly assigned.

It might be worth mentioning that RMS error and correlation of
the wavenumbers between experimental and theoretical wave-
numbers were found to be 7.93 cm~! and 0.9998.

NMR spectra

The 3C and 'H NMR spectra using TMS as an internal standard
and DMSO-dg as solvent are shown in Fig. 5. The experimental '3C
and 'H NMR chemical shifts (ppm) together within the calculated
data for the stable conformers of the BMBB are given in Table 8. As
can be clearly seen from the table, calculated data for all stable
conformers are nearly in accordance with the experimental values.
This shows that, BMBB molecule can be existed in each one of all
conformers in liquid phase.

The singlet signal at the lowest field (8.07 ppm) accounting for
four protons was easily assigned to equivalent protons of the 1,4-
disubstituted benzene ring (H—C9,10,9i,10i). H—C5 and H—C2 pro-
tons appeared as two different doublet signals at 7.72 and
7.66 ppm, respectively. H—C4 and H—C3 protons appeared together
as multiplet at the region 7.34-7.25 ppm. The protons of the methyl
group (H—C11) at the benzimidazole ring appeared as singlet signal
at 3.96 ppm. There are two very simple peaks in the '*C NMR spec-
trum which could be identified clearly. The first peak at 32.28 ppm
is certainly belongs to methyl group which is the single aliphatic
carbon atom in the structure. The second peak at 152.73 ppm is as-
signed to C7 carbon in C=N form which supports the formation of
the benzimidazole ring. The tallest peak at 129.94 ppm must be
due to the four carbons of the benzene ring (C9, C10, C9i, C10i)
which are both in the same environment. As shown in Fig. 5, all
the other carbons in the benzimidazole ring appear separately at
the expected regions. Consequently, the experimental 'H and '3C

spectra data also support the structure of the title compound and
in accordance with reported values [43,44].

Conclusion

The conformational analysis results indicated that 1,4-Bis(1-
methyl-2-benzimidazolyl)benzene compound has four stable con-
formers at room temperature. The relative energies and population
analysis were showed that Conformer1 is the most stable form. The
molecular structure of 1,4-Bis(1-methyl-2-benzimidazolyl)ben-
zene was characterized by single-crystal X-ray diffraction, FT-IR,
dispersive Raman, 'H-NMR and '3C-NMR spectroscopies. The
molecular properties of the Conformerl such as, geometrical
parameters, vibrational and NMR data were also determined at
DFT-B3LYP/6-311++G(d,p) theory level and were compared with
experimental spectroscopic findings.

The general agreement with theoretical calculations and single-
crystal structure was in a good range, even as a few differences ob-
served in the geometrical parameters. These differences were com-
pletely observed in 1-methylimidazole moiety of BMBB which was
affected by weak intermolecular interactions in the crystal field.
The frontier molecular orbitals and natural bond orbitals analyses
on all stable conformers showed that 1,4-Bis(1-methyl-2-benzim-
idazolyl)benzene is a potential candidate for bioactivity studies.

The sufficient consistency between the experimental and
calculated wavenumbers of 1,4-Bis(1-methyl-2-benzimidazol-
yl)benzene molecule allowed us to safely assign the complete
vibrational spectrum. Any differences observed between the exper-
imental and the calculated wavenumbers was thought to be the
fact that, the calculations have been performed for single molecule
in the gaseous state contrary to the experimental values which re-
corded in the presence of intermolecular interactions or solid-state
effects.

The calculated NMR shifts of four stable conformers were nearly
consistence with the experimental values. This suggests that, the
molecule could be existed in each one of all conformers due to
the intermolecular interactions in liquid phase.
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