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In  the present  work,  structural  studies  on 2-chloromethyl-1H-benzimidazole  hydrochloride  have  been
performed  extensively  by  X-ray  crystallography, 1H  NMR,  FT-IR,  UV/vis,  and  elemental  analysis.  The  title
compound  crystallizes  in a monoclinic  space  group  P21/c with  a =  7.1982  (3) Å, b  =  9.4513  (5) Å, c  =  14.0485
(7) Å and  ˇ = 102.440  (3)◦ forming  an  infinite  chain  structure  parallel  to  “b”  axis  through  the  intermolecu-
eywords:
enzimidazole
ydrogen bonding
rystal structure
BO
D-DFT

lar  hydrogen  bond.  Optimized  geometrical  structure,  harmonic  vibrational  frequencies,  natural  bonding
orbital (NBO)  and frontier  molecular  orbitals  (FMO)  were  obtained  by  DFT/B3LYP  method  combined  with
6-31G(d)  basis  set.  TD-DFT  calculations  help  to assign  the  electronic  transitions.  The 1H  NMR  chemi-
cal  shifts  were  computed  at the  B3LYP/6-311  +  G(2d,p)  level  of  theory  in different  solvents  by  applying
GIAO  method  using  the  polarizable  continuum  model  (PCM).  The  title compound  was  screened  for  its
antibacterial  activity  referring  to Tetracycline  as a  standard  antibacterial  agent.
. Introduction

The benzimidazole nucleus is a crucial pharmacophore in
rug discovery. Pharmaceutical properties including antiviral, anti-
umor [1],  antihistaminic, antimicrobial [2],  and antihelminthic
3] activities are unique characteristics known for benzimida-
ole derivatives. Recently, some chloroaryl–oxyalkyl derivatives
howed considerable bactericidal activity against Salmonella Typhi
-901 and Staphylococcus aureus A 15091 [4].  In addition, these
ompounds are used extensively in industrial processes as cor-
osion inhibitors for metal and alloy surfaces [5].  A considerable
umber of metal benzimidazole complexes including Cr–Zn, Pd,
t, Au, and Re was studied [6,7]. These different applications of
enzimidazole compounds have attracted many experimental-

sts and theorists to investigate the spectroscopic and structural
roperties of benzimidazole and some of its derivatives. Since
928 [8],  2-chloromethyl-1H-benzimidazole played an important
ole in generation of some biologically active compounds [6].
ynthesis of 2-chloromethyl-1H-benzimidazole was  achieved by
hillips [8] through heating a mixture of 1,2-phenylenediamine
nd chloroacetic acid in 5 N HCl followed by precipitation of the
roduct with aqueous ammonia in an ice bath, however, it was

ound that this procedure gave unwanted by-products. In the view
f these facts and importance of benzimidazole moiety, the aspect
f this study is synthesis of 2-chloromethyl-1H-benzimidazole
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hydrochloride (Fig. 1), which may  be used as an antimicrobial sub-
stance, act as a precursor for synthesis of other benzimidazole
derivatives and can be neutralized to give ultra pure 2-chloro-
methyl-1H-benzimidazole without any further purification. The
title compound was  characterized by X-ray crystallography, FT-
IR, 1H NMR, UV/vis, and elemental analysis. In addition, structural
optimization by DFT calculations was performed and the results
were compared with X-ray data and simulated vibrational and NMR
spectra. In addition to this, HOMO, LUMO, and NBO analysis have
been used to elucidate the information regarding charge transfer
within the molecule.

2. Experimental

2.1. Synthesis

All chemicals used in the preparation and investigation of the
title compound were of reagent grade quality. 2-Chloromethyl-1H-
benzimidazole hydrochloride was  synthesized by refluxing equi-
molar quantities of 1,2-phenylenediamine with chloroacetic acid
in 60 ml  4 N HCl for 24 h, and the purified product was obtained by
re-crystallized from water. Anal. Calc. for C8H8Cl2N2: %C, 47.32; %H,
3.97; %Cl, 34.92; %N, 13.80. Found: %C, 47.30; %H, 3.93; %Cl, 34.88;
%N, 13.74.
2.2. Physical measurements

Infrared spectrum was recorded as potassium bromide pel-
let using FTIR-460 plus, JASCO,  in 4000–200 cm−1 region. The 1H

dx.doi.org/10.1016/j.saa.2011.11.024
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:noureta2002@yahoo.com
dx.doi.org/10.1016/j.saa.2011.11.024
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Fig. 1. ORTEP plot of 2 chloromethyl-1H-benzimidazole hydrochloride.

MR  spectra were run at 300 MHz  in DMSO-d6 using Varian-Oxford
ercury VX-300 NMR. Elemental microanalyses were performed

t the Micro-analytical Center, Cairo University. The UV/vis mea-
urements were carried out using automated spectrophotometer
V/vis SHIMADZU Lambda 4B using 1 cm matched quartz cells.

.3. Computational details

The gas phase geometry of 2-chloromethyl-1H-benzimidazole
ydrochloride in the ground state was optimized by DFT/B3LYP
ethod [9] with 6-31G(d) basis set. The starting geometry for DFT

alculations was constructed based on crystallographic data with-
ut any symmetry restriction. The calculations were carried out
sing GAUSSIAN03 [10] program. The optimized geometry of the
itle compound was verified by performing a frequency calcula-
ion. Vibrational modes were analyzed using GAUSSVIEW software
11]. Based on the optimized geometry, the electronic spectrum of
he title compound was obtained by using time-dependent den-
ity functional theory (TD-DFT) [12]. Net atomic charges had been
erformed using the natural bond orbital (NBO) analysis of Wein-
old and Carpenter [13]. Frontier molecular orbitals (FMO) were
btained at the same level of theory. The NMR chemical shifts
ere computed at the B3LYP/6-311 + G(2d,p) level of theory in the

aseous state by applying GIAO approach [14] and the values for
he 1H isotropic were referenced to TMS, which was calculated at
he same level of theory. The effect of solvents (DMSO, H2O, and
HCl3) on the theoretical NMR  parameters was performed using
he default PCM model.

.4. Crystal structure determination and refinement

The crystallographic analysis was carried out on an Enraf–Nonius
AD4 diffractometer,  using graphite monochromated Mo-K˛

adiation (k = 0.71069 Å) at room temperature. Three standard
eflections were monitored during data collection and no signifi-
ant intensity decay was observed. All diffracted intensities were
orrected for Lorentz and polarization effects [15,16]. The structure
as solved by direct methods and was refined by the full-matrix

east-squares method using SIR92 [17] computer programs in the
pace group P21/c. All diagrams and calculations were performed
sing maXus [18], while the molecular graphics were given using
RTEP (Johnson [19]). The figures involving Hydrogen-bonds and

acking were drawn using Mercury [19]. Further relevant crys-
allographic data are summarized (Supplementary material, Table
1).
imica Acta Part A 86 (2012) 605– 613

2.5. Biological activity studies

The antimicrobial activity of the test sample was determined
by a modified Kirby–Bauer disc diffusion method using culture
of Bacillus subtilis, Staphylococcus aureus,  and Streptococcus fae-
calis as Gram-positive bacteria and Escherichia coli, Pseudomonas
aeruginosa, and Neisseria gonorrhea as Gram-negative bacteria as
described previously [6].  The antimicrobial activities could be cal-
culated as a mean of three replicates. The results (in water as a
solvent) were compared with a similar run of Tetracycline as an
antibacterial agent.

3. Results and discussion

3.1. X-ray crystallography

A view of the molecular structure of 2-chloromethyl-1H-
benzimidazole hydrochloride is shown in Fig. 1 and its selected
crystallographic data are presented in Table 1. The cell packing
is shown (Supplementary material, Fig. (S1)). The title compound
is almost a planar molecule, but the chloride substituent (Cl1)
deviates somewhat from that plane, where the dihedral angle
(Cl1–C8–C5–N4) is 84.55◦. A growing number of experimental and
computational studies has been focused on the classification of
H-bonds [20]. The most well known type is the conventional H-
bond, defined as A–H· · ·B where A, and B are electronegative atoms
such as nitrogen, oxygen or halogen. Another type of H-bonding
is the blue-shifting hydrogen bond, usually C–H·  · ·B, where B is
either an electronegative atom carrying one or more electron lone
pairs or a region of excess electron density (� electrons of an aro-
matic system) [20]. The studied compound crystallizes in the space
group P21/c with a = 7.1982(3) Å, b = 9.4513(5) Å, c = 14.0485(7) Å
and  ̌ = 102.440(3)◦ and forms an infinite chain structure with
a trans-zigzag type along the crystallographic axis “b”, through
an intermolecular hydrogen bond. In fact, the ionizable chlo-
ride atom (Cl2) connects three molecules of the title compound
through intermolecular H-bond (Fig. 2), two of them through-
out the NH groups and the third molecule through its methylene
group. The two N3–H· · ·Cl2 and N4–H· · ·Cl2 distances are 2.096
and 2.147 Å, respectively, while the C8–H8· · ·Cl2 hydrogen bond
distance is 2.925 Å. The H3–Cl2–H4i, H3–Cl2–H8i and H4–Cl2–H8i

(i: other molecule) bond angles are 133.16◦, 101.10◦, and 125.70◦.
It is renowned that linear H-bonds and those that approach lin-
earity are usually stronger than the bonds where the X–H· · ·Y
angle is far from 180◦ [21]. Thus, the strongest H-bond in the
title compound is N3–H3·  · ·Cl2 with DHA = 174.04◦, followed by
N4–H4· · ·Cl2 (161.20◦) and finally the C8–H8· · ·Cl2 hydrogen bond
with angle 116.70◦.

On the other hand, the chloride atom (Cl1) is involved in inter-
molecular H-bond with H9 of the phenyl ring with donor–acceptor
distance 2.946 Å and the DHA angle is 149.97◦. There is no sig-
nificant difference between the bond lengths N3–C5 and N4–C5.
This confirms that the hydrogen atom is fixed at the two  nitro-
gen atoms. Direct attachment of the imidazole ring to the benzene
moiety leads to variation in the C–C bond distances from 1.368
to 1.403 Å. It is possible to observe the �–� stacking interactions
along the “b” crystallographic axis, as evidenced by the distance
of ca. 3.58 Å between the ring planes. The bond angle N3–C5–N4
(109.10◦) is close to that of 2-methyl benzimidazole (112.7◦).

3.2. DFT studies
3.2.1. Geometry optimization
The calculated molecular structure of 2-chloromethyl-1H-

benzimidazole hydrochloride was constructed based on its
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Table 1
Selected experimental and calculated geometry parameters for 2-chloromethyl-1H-benzimidazole hydrochloride.

Bond lengths (Å) Exp. Calcd. Bond angles (◦) Exp. Calcd. Dihedral angles Exp. Calcd. Charges (e)

Cl1C8 1.776 (3) 1.818 C5N3C6 108.4 (2) 106.04 C5N4C7C6 −0.5 (3) 1.0 Cl1 = −0.073
N3C5  1.324 (3) 1.315 C5N4C7 109.5 (2) 107.53 C5N3C6C7 0.9 (3) 0.40 Cl2 = −0.393
N3C6  1.385 (3) 1.389 N3C5N4 109.1 (2) 112.25 N4C7C6N3 −0.2 (3) −0.9 N3 = −0.517
N4C5 1.325 (3) 1.368 N3C5C8 125.8 (2) 123.91 C7C6N3C5 0.9 (3) 0.4 N4 = −0.558
N4C7 1.378 (3) 1.386 N4C5C8 125.1 (2) 123.73 C6C7N4C5 −0.5 (3) 1.0 C5 = 0.418
N3N4 2.158 (2) 2.228 N3C6C7 107.1 (2) 109.34 N3C5N4C7 1.1 (3) −0.9 C6 = 0.123
C5C8  1.476 (3) 1.492 N3C6C9 130.9 (2) 130.30 N4C5N3C6 −1.2 (3) 0.3 C7 = 0.130
C6C7  1.375 (3) 1.413 C7C6C9 122.0 (2) 120.34 Cl1C8C5N4 84.55 (4) −44.0 C8 = −0.470
C6C9  1.402 (3) 1.399 N4C7C6 105.9 (2) 104.80 N3C5C8Cl1 84.5 (4) 139.8 C9 = −0.221
C7C10 1.392 (3) 1.396 N4C7C10 133.1 (2) 132.82 C7C6C9C11 0.6 (4) 0.2 C10 = −0.260
C9C11 1.367 (4) 1.390 C6C7C10 121.1 (2) 122.36 C10C7C6C9 −1.8 (4) −0.4 C11 = −0.242
C10C12 1.375 (3) 1.391 Cl1C8C5 110.5 (2) 111.91 C9C6C7C10 −1.8 (4) −0.4 C12 = −0.226
C11C12 1.384 (3) 1.410 C6C9C11 115.9 (2) 117.53 C10C7C6C9 −1.8 (4) −0.4 H3  = 0.290
Cl2H3  2.096 (6) 1.354 C7C10C12 117.0 (2) 116.53 C6C7C10C12 1.9 (4) 0.3 H4  = 0.449
Cl2H4i 2.146 (6) C9C11C12 122.5 (2) 121.53 C12C10C7N4 −178.6 (6) −179.6 H8  = 0.274
N3H3  0.960 (2) 1.700 C10C12C11 121.4 (3) 121.68 C7C10C12C11 −1.0 (4) −0.1 H9  = 0.254
N4H4  0.960 (2) 1.010 C5N3H3 119.4 (2) 122.10 C12C11C9C6 0.3 (4) 0.1 H10  = 0.243
Cl1C8  1.776 (3) 1.818 C6N3H3 132.2 (2) 131.84 C9C11C12C10 −0.1 (4) −0.1 H11  = 0.244
N3C5  1.324 (3) 1.315 C5N4H4 119.5 (2) 124.85 C11C12C10C7 −1.0 (4) −0.1 H12  = 0.243
N3C6 1.385 (3) 1.389 C7N4H4 131.0 (2) 127.18 C10C12C11C9 −0.1 (4) 0.1
N4C5 1.325 (3) 1.368 H3–Cl2–H4i 133.16
N4C7 1.378 (3) 1.386 H3–Cl2–H8i 101.10
C5C8 1.476 (3) 1.492 H4–Cl2–H8i 125.70
C6C7 1.375 (3) 1.413 N3–H3·  · ·Cl2 174.04 173.0
N3–H·  · ·Cl2 2.096 135.94 N4–H· · ·Cl2 161.20
N4–H·  · ·Cl2 2.147 C8–H8· · ·Cl2 116.70

S

c
c
c
s
H
t
m
p

C8–H8·  · ·Cl2 2.925

ymmetry code: (i) x,1/2 − y,1/2 + z.

rystallographic data and the obtained optimized geometry was
hecked as minima on the potential energy surfaces by frequency
alculations. The global energy minimum obtained by DFT of the
tructure optimization for the title compound was −1339.594

5 −1
artree (−8.41 × 10 kcal mol ). The optimization studies of the
itle compound showed that the molecule belongs to C1 sym-

etry point group. The experimental and optimized structural
arameters of 2-chloromethyl-1H-benzimidazole hydrochloride

Fig. 2. Intermolecular hydrogen bonding stabilizing the crystal pa
calculated at the B3LYP level of theory with 6-31G(d) basis set are
listed in Table 1 in accordance with the atom numbering given in
Fig. 1.

As shown in Table 1, the relative errors in the calculated values

are less than 2%. Most of the optimized bond lengths are slightly
longer than the experimental values agreeing within 0.003–0.023 Å
except the N3–N4 (0.070 Å), N4–C5 (0.043 Å) and Cl1–C8 (0.042 Å)
bond lengths. This discrepancy may  be justified on the basis that

cking of 2 chloromethyl-1H-benzimidazole hydrochloride.
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Table  2
The most important interactions between “filled” (donors) Lewis-type NBOs and “empty” (acceptors) non-Lewis NBOs.

Donor a Lewis-type NBOs (A–B) Occupancy Acceptor b non
Lewis NBOs

NBOs E(2)
(kJ mol−1)

E(j) − E(i)c

×103 (kJ mol−1)
F(i, j)d

×103 (kJ mol−1)

�(N3–C5) 1.983 �*(C6–C7) 0.471 16.84 0.35 0.076
�(C6–C7) 1.602 �*(N3–C5) 0.379 17.71 0.30 0.066
�(C6–C7) 1.602 �*(C10–C12) 0.320 17.91 0.29 0.065
�(C10–C12) 1.721 �*(C6–C7) 0.471 20.41 0.27 0.070
LP(1)N4 1.604 �*(N3–C5) 0.379 55.12 0.27 0.110
LP(1)N4 1.604 �*(C6–C7) 0.471 32.02 0.30 0.090

Occupancy of natural orbitals (NBOs) and hybrids calculated for 2-chloromethyl-1H-benzimidazole hydrochloride (selected)

Donora Lewis-type NBOs (A–B) Occupancy Hybride AO (%)f Acceptorb non Lewis NBOs NBOs

�(C6–C7) 1.966
sp2.08d0.00 (C6) s(32.46)p(67.49)d(0.05)

�*(C6–C7) 0.034sp2.03d0.00 (C7) s(32.98)p(66.98)d(0.04)

�(C6–C7) 1.602
sp1.00d0.00 (C6) s(0.00)p(99.97)d(0.03)

�*(C6–C7) 0.471sp2.03d0.00 (C7) s(0.00)p(99.97)d(0.03)

�(C6–C9) 1.977
sp1.59d0.00 (C6) s(38.56)p(61.42)d(0.03)

�*(C6–C9) 0.022sp1.96d0.00 (C9) s(33.72)p(66.23)d(0.05)

�(N3–C5) 1.983
sp1.76d0.01 (N3) s(36.20)p(63.61)d(0.19)

�*(N3–C5) 0.017sp1.96d0.00 (C5) s(33.78)p(66.17)d(0.05)

�(N3–C5) 1.880
sp99.99d5.98 (N3) s(0.04)p(99.71)d(0.25)

�*(N3–C5) 0.379sp99.99d6.56 (C5) s(0.02)p(99.88)d(0.10)

�(N4–C5) 1.986
sp1.89d0.00 (N4) s(34.63)p(65.33)d(0.03)

�*(N4–C5) 0.039sp2.34d0.00 (C5) s(29.89)p(69.66)d(0.12)

�(Cl1–C8) 1.987
sp5.76d0.03 (Cl1) s(14.73)p(84.84)d(0.43)

�*(Cl1–C8) 0.023sp4.71d0.16 (C8) s(17.48)p(82.36)d(0.01)
LP(1)Cl1 1.997 sp0.18d0.00 s(84.77)p(15.22)d(0.01) RY*(1)Cl1 0.0020
LP(2)Cl1 1.983 sp99.99d0.05 s(0.36)p(99.63)d(0.02) RY*(2)Cl1 0.00169
LP(1)N3 1.837 sp2.24d0.00 s(30.82)p(69.10)d(0.08) RY*(1)N3 0.00194
LP(1)N4 1.604 sp99.99d0.05 s(0.37)p(99.16)d(0.02) RY*(1)N4 0.00197

a LP(n)A is a valence lone pair orbital (n) on A atom.
b (*) denotes antibonding, and Ry corresponds to the Rydberg NBO orbital.
c Energy difference between donor and acceptor i and j NBO orbitals.
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d F(i, j) is the Fock matrix element between i and j NBO orbitals.
e Hybrid on A atom in the A–B bond or otherwise, as indicated.
f Percentage contribution of atomic orbitals in NBO hybrid.

he calculations were performed on a single molecule in the
aseous state contrary to the experimental values, which were
ecorded in presence of intermolecular interactions. The disagree-
ent between the experimental and calculated values of the N3–N4

ond distance leads to inconsistency in the C6–C7 (0.038 Å) and
11–C12 (0.026 Å) bonds due to the participation of N3 and N4
toms in intermolecular hydrogen bonds. As found experimen-
ally, the phenyl ring appears little distorted and the angles are
lightly out of perfect hexagonal structure. It is due to the attach-
ent of the imidazole moiety to the benzene ring in the place of

ydrogen atoms. The breakdown of hexagonal symmetry of the
enzene ring is obvious from the elongation of C6–C7 (1.413 Å)
nd C11–C12 (1.410 Å) from the remaining C6–C9, C7–C10, C9–C11
nd C10–C12 bond lengths. Owing to the low scattering factors
f hydrogen atoms in X-ray diffraction, the experimental bond
engths of X–H bonds are expected to be shorter than the estimated
ond lengths. On the other hand, the bond angles of the title com-
ound are slightly different by 0.28–1.97◦ except the N–C–C angles
2.24–5.35◦). These deviations may  be attributed to the solid-state
ntermolecular interaction related to the strong hydrogen bonding
nd the crystal packing effects as previously mentioned.

.2.2. Natural bond orbital (NBO) analysis
The natural bond orbital (NBO) calculation [13] of the title com-

ound was performed using NBO 3.1 program implemented in the
AUSSIAN03 package at the DFT/B3LYP/6-31G(d) level. The ideal
ewis structure picture is constructed from Lewis �-type (donor)
BOs that are complemented by the non-Lewis �-type (acceptor)

BOs. The filled NBOs of the natural Lewis structure are well
dapted to describe covalency effects in molecules. The anti-bonds
epresent empty valence–shell capacity and spanning portions of
he atomic valence space that are formally unsaturated by covalent
bond formation. Since the non-covalent delocalization effects are
associated with � → �* interactions between filled (donor) and
unfilled (acceptor) orbitals, it is natural to describe them as being of
donor–acceptor, charge transfer, or generalized “Lewis base–Lewis
acid” type. Weak occupancies of the valence anti-bonds signal irre-
ducible departures from an idealized localized Lewis picture, i.e.,
true “delocalization effects”. Therefore, NBO analysis provides an
efficient method for studying intra- and intermolecular bonding,
and provides a convenient basis for investigating charge transfer
or conjugative interaction in molecular systems. Three classes of
NBOs are included in Table 2, the Lewis-type (s and p bonding
or lone pair) orbitals, the valence non-Lewis (acceptors, formally
unfilled) orbitals and the Rydberg NBOs, which originate from
orbitals outside the atomic valence shell.

Hyperconjugation may  be given as a stabilizing effect that arises
from an overlap between an occupied orbital with another neigh-
boring electron deficient orbital when these orbitals are properly
oriented. The hyperconjugative interaction energy was deduced
from the second-order perturbation approach of Fock Matrix in
NBO basis between donor–acceptor orbitals [22]. The larger the
second order interaction energy (E2) value, the more intensive
is the interaction between electron donors and electron accep-
tors, i.e., the more donating tendency from electron donors to
electron acceptors and the greater the extent of conjugation of
the whole system. These interactions can be identified by finding
the increase in electron density (ED) in anti-bonding orbital that
weakens the respective bonds. The results of NBO analysis show
that the �(N3–C5) participates as donor and the �*(C6–C7) anti-

bond as acceptor [�(N3–C5) → �*(C6–C7)], and the charge transfer
energy value is 350 kJ mol−1. This interaction weakens the C6–C7
bond with elongation of its bond length (1.413 Å). The �(N3–C5)
is formed from sp1.7d0.01 hybrid on N3 (which is a mixture of
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Fig. 3. Molecular orbital surfaces an

6.20% s, 63.61% p and 0.19% d atomic orbitals) and sp1.96 on
5 (66.17% p contribution). Moreover, the increasing p characters
n carbons C6 and C7 bond orbitals result in lengthening of the
(C6–C7) bond than the other C–C bond lengths in the studied com-
ound (Table 1). Decreased occupancy of the localized �(C6–C7)
rbital in the idealized Lewis structure, and increased occupancy
f �*(C6–C7) of the non-Lewis orbital and their subsequent impact
n the molecular stability and geometry are also related with the
ure p character of the two carbons C6 and C7 of the �(C6–C7)
ond orbital as shown in Table 2. Small and nearly equal values of
he calculated d contribution of all atoms in the �-bond show that

 orbitals have little importance in bonding. The intramolecular
yperconjugative interaction of the � electrons occurs from C6–C7
o �*(C10–C12) (ED ≈ 0.320e and E2 = 290 kJ mol−1) leads to strong
tabilization of the benzimidazole moiety. The lone pair interaction
f LP N4 with anti-bonding �*(N3–C5) has a large energy differ-
nce (∼270 kJ mol−1), which is an evidence for charge transfer from
itrogen atom to the �*(N3–C5) and induces partial � character.

.2.3. Frontier molecular orbitals
The frontier molecular orbitals play an important role in the

lectric and optical properties [23]. The frontier orbital gap helps
o characterize the chemical reactivity and kinetic stability of the

olecule. A molecule with a small frontier orbital gap is more
olarizable, is generally associated with a high chemical reactivity,

ow kinetic stability, and is termed as soft molecule. Fig. 3 shows
he distributions and energy levels of the HOMO-1, HOMO, LUMO

nd LUMO+1 orbitals computed at the B3LYP/6-31G(d) level for
ur benzimidazole derivative. The value of the energy separation
etween the HOMO and LUMO is 4.11 eV. This low value makes it
ore reactive and less stable.
rgy levels of the studied compound.

3.3. Vibrational analysis

The theoretical IR spectrum of the title compound was obtained
at DFT/B3LYP level of theory using 6-31G(d) basis set as shown
in Fig. 4. All band assignments are presented in Table 3. It is well
known that the calculated harmonic frequencies by DFT method
are usually higher than the corresponding experimental quantities
due to the fact of the electron correlation approximate treatment,
anharmonicity effects and basis set deficiencies, etc. [24]. To com-
pensate these shortcomings, scale factors were introduced and an
explanation of this approach was discussed [25]. Two  different
methods were applied: (i) uniform scaling [25], the scaling factor
is 0.963 for 6-31G(d) basis set (ii) linear regression method [25],
in this method, the plot of the calculated frequencies versus their
experimental values resulted in a straight line, whose equation was
used to correct the calculated frequencies (�calc).

The title molecule has a strong intermolecular hydrogen bond in
the solid state (Fig. 4), which makes the IR spectrum shows strong
and broad absorption band in the region 3100–2200 cm−1. How-
ever, the bands located at 3428 and 3331 cm−1 are assigned to the
stretching modes of the benzimidazolic N3H and N4H, respectively.
The discrepancy between the latter modes is related to the strength
of the intermolecular H-bond operating on the NH groups, which
reflects in terms of their bond lengths as previously mentioned. The
stretching vibrational mode of C N bond is in agreement with those
of Mohan and Sundaraganesan [26]. The broad band at 1671 cm−1

is assigned to �(C N) and is in a good agreement with the un-scaled
calculated mode, 1679 cm−1. It is possible to notice that in the latter

range, the scaling is not necessary, as already pointed by Agathabay
[27] and Miranda et al. [28].

Theoretically, the benzimidazole derivative gives rise to four
C–H aromatic stretching mode of vibration corresponding to the
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Fig. 4. Infrared spectra of 2 chloromethyl-1H-benzimidazole hydrochloride (a) Experimental and (b) theoretical.

Table 3
Observed and calculated selected frequencies (cm−1) and assignments of the fundamental modes for 2-chloromethyl-1H-benzimidazole hydrochloride.

No Exp. freq. Calculated un-scaled frequency Scaled frequency Vibrational assignments

Uniform scaling Linear regression scaling

1 3428 3644 3509 3493 �NHss

2 3331 �NHss

3 3138 3225 3106 3091 �CHss

4 3215 3096 3081 �CHass

5 3205 3086 3072 �CHass

6 3195 3077 3062 �CHass

7 3019 3184 3066 3052 �CH2
ass

8 2962 3109 2994 2980 �CH2
ss

9 1671 1679 1617 1609 �CC +  ̌ NH + �C N
10  1616 1643 1582 1574 �CC + ˇNH
11  1522 1582 1523 1516 �CC + ˇNH + �C N + ısCH2

12 1504 1448 1441 �CC + ısCH2

13 1323 1274 1267 ωCH2

14 1304 1256 1249 ωCH2 + �CC + ˇCH
15  1216 1263 1216 1210 ˇCH + ˇNH
16  1230 1184 1178 ˇCH + ˇNH
17  1199 1155 1149 �CH2

18 871 1184 1140 1134 �CH
752  1147 1105 1099

982 945 940
938 903 898
865 833 828
778 749 745
761 732 728
586 564 561
440 423 421

19  1051 1012 1007 Rtorsion
1029 991 986

20  611 946 911 906 �CH2

635 611 608
21  912 878 873 Rtrigd
22  747 719 715 �CH2–Cl
23 514 495 491 �NH/An

R, ring; ss, symmetric stretching; ass, asymmetric stretching; �, stretching; ˇ, in-plane bending; � , out-of-plane bending; ıs, scissoring; ω, wagging; �, twisting; �, rocking;
trig,  trigonal; trigd, trigonal deformation.
Slope is equal 1.043 and the linear coefficient is 0.9986.
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Table 4
Experimental and calculated 1H NMR  chemical shifts for title compound.

Atom ı Calcd. ı Exp.

Gaseous DMSO Water CHCl3 DMSO

H3 8.70 9.30 9.31 9.11 5.21
H4 12.20 13.04 13.05 12.83
H8 5.19 5.25 5.25 5.23 5.21
H9 8.13 8.09 8.08 8.11 7.75
H10 7.62 7.93 7.94 7.83
H11 7.67 7.75 7.75 7.73 7.50
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H12 7.66 7.80 

R2 0.9704 0.9935 

resence of four aromatic C–H bonds at 3106, 3096, 3086, and
077 cm−1. The C–H stretching vibrations of the methylene group
re at lower wavenumbers than those of the aromatic C–H ring
tretching. For assignments of CH2 group frequencies theoreti-
ally, six fundamentals can be associated to each CH2 group [29].
he bands observed at 3066 and 2994 cm−1 are ascribed to CH2
symmetric and symmetric stretching vibration. Infrared bands
stablished at 1523, 1274, 1155, and 911 cm−1 are attributed to
sCH2 (scissoring), ωCH2 (wagging), �CH2 (twisting), and �CH2
rocking) vibration modes, respectively. Moreover, the bands
bserved at 3019 and 2962 cm−1 in FT-IR spectrum are assigned
o CH2 asymmetric and symmetric stretching vibrations, respec-
ively. The RMS  error of the wavenumbers between the un-scaled
nd experimentally observed in our compound was  found to be
2 cm−1. After scaling, the RMS  error is found to be 26 cm−1.

.4. 1H NMR  spectral analysis

In order to provide an unambiguous assignment of 1H NMR
pectra of the studied compound, we undertook a series of NMR
alculations using GIAO approximation, and the results of these
alculations are shown in Table 4. The default PCM model provided
y GAUSSAIN03 was also tested in order to describe the influence
xerted by solvent on the NMR  spectra of the given compound.
he title compound exhibits a signal at 5.21 ppm with integration
quivalent to two protons, recognized to the aliphatic CH2 group.
he aromatic protons of the studied compound give rise to two lines
attern at 7.50 and 7.75 ppm corresponding to H11,12 and H9,10,
espectively. The 1H chemical shifts of the methylene and aromatic
rotons are in a good agreement with the theoretically computed
alues as shown in Table 4. Results of linear regression fit between
xperimental and calculated 1H chemical shifts performed for the
tructure tested are also included in Table 4. The regression coef-
cient between the calculated and experimental chemical shifts is

mproved in presence of DMSO as a solvent. It was  observed that
he chemical shifts in water as a solvent are the same as compared
ith those obtained in DMSO. It is clear from the 1H NMR  spec-

rum that the title compound exhibits signals for the intermolecular
-bonded NH protons (H3 and H4) that obscured by the CH2 sig-
al, i.e., near 5.21 ppm. The assignment of these protons could be
evealed from the integration values before and after the deuter-
tion. The calculated values of H3 and H4 remain unacceptable
part from the experimental values, being obviously that chemi-
al shifts associated with these protons are not correctly described
y continuum model. Thus, it is clear that continuum model fails in
eproducing the experimental findings for the hydrogen-bonded
rotons (N3 and N4) and specific solute–solvent interactions are

xpected to completely explain the NMR  spectra of the studied
ompound [21]. Thus, the GIAO method showed significant differ-
nces in chemical shifts between the hydrogen-bonding protons
nd non-hydrogen-bonding protons.
7.80 7.76

0.9935 0.9704

3.5. Electronic absorption

The electronic spectrum of 2-chloromethyl-1H-benzimidazole
hydrochloride in ethanol displayed four absorption bands at 212,
243, 273, and 280 nm.  The first two  bands may be assigned to
medium and low energy �–�* transitions within the phenyl ring of
the benzimidazole ring [6].  It is well established that the n–�* tran-
sition is not observed in the benzimidazole compounds, although
the system has a lone pair of electrons on the tertiary nitrogen
atom [30]. The bands at 273, and 280 nm may  be assigned to �–�*
transitions within the benzimidazole ring and these bands appear
doublet due to the probable existence of a tautomeric structure [6].
This phenomenon is supported by comparing our spectrum with
the spectrum of 1-methyl-2-phenyl-benzimidazole [30], where
this fine structure is lost.

The absorption spectrum of our compound was observed in
solvents of different polarity and of hydrogen bond formation ten-
dency, water, 2-propanol, acetonitrile, dioxane, DMF and DMSO.
The two bands observed at 273 and 280 nm in ethanol are blue
shifted to 268 and 274 nm in water (hydrogen-bonding solvent)
suggests that the benzimidazole derivative is acting as a proton
acceptor [31] at the pyridine-type nitrogen. In addition, the latter
bands are red-shifted in DMF  and DMSO (hydrogen bond accep-
tor solvents) due to an almost proton transfer from the solute
molecules to these solvents. Moreover, the other two  bands, 212
and 243 nm are red shifted with increasing the polarity from
ethanol to water. The values of the observed transition energies
(Eobs) and oscillator strengths (fobs) of all the bands in the electronic
spectra of the title compound in different solvents were calculated
[32] and tabulated in Table 5.

The lowest 10 singlet-to-singlet spin-allowed excitation states
were taken into account for the calculation of the electronic absorp-
tion spectrum by using TD-DFT method. The calculated energy
of excitation states and transition oscillator strength (f) (only
f > 0.005 is listed) of the title compound are taken into consider-
ation. The absorption spectrum was simulated using GAUSSSUM
software [33] based on the obtained TD-DFT results. Each excited
state was interpolated by a GAUSSIAN convolution with the full-
width at half-maximum (FWHM) of 3000 cm−1. The theoretical
UV/vis spectrum of the studied compound in the gaseous state
is characterized by four bands at 203, 212, 246, and 254 nm. The
first calculated band with maximum at 254 nm (4.87 eV) is con-
nected with the HOMO-1 → LUMO (86%), HOMO → LUMO+1 (7%),
and HOMO → LUMO+2 (7%) transitions. A band at 246 nm charac-
terizes the electron transition from HOMO to LUMO. Moreover, the
band with the maximum at 212 nm is contributed from the tran-
sitions between HOMO-1 and LUMO (5%)/LUMO+1 (20%)/LUMO+2

(24%) in addition to HOMO → LUMO+1 (45%) transition. The highest
energy band at 203 nm is assigned to HOMO-1 → LUMO+1 (43%),
HOMO → LUMO+1 (23%), HOMO → LUMO+2 (29%) and HOMO-
7 → LUMO (3%) transitions.
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Table  5
Maximum wavelengths (�max, nm), wavenumbers ( �̄max, cm−1), molar absorptivities (εmax, L mol−1 cm−1), �–�* transition energy (Eobs), and oscillator strength (fobs), of the
benzimidazole derivative in different solvents.

Solvent �max (nm) �̄max ×104 (cm−1) εmax ×104 Eobs (eV) fobs Solvent �max (nm) �̄max ×104 (cm−1) εmax ×104 Eobs (eV) fobs

Ethanol

212 4.72 2.68 5.86 0.312
Dioxane

250 4.00 1.16 4.97 0.232
243  4.12 0.87 5.11 0.109 274 3.65 1.25 4.53 0.015
273  3.66 0.89 4.55 0.022 279 3.58 1.23 4.45 0.015
280  3.57 0.79 4.43 0.012

2-
Propanol

217 4.61 3.17 5.72 0.414
DMF

274 3.65 0.89 4.53 0.016
243 4.12 0.94 5.11 0.188 281 3.56 0.78 4.42 0.009
273 3.66 0.92 4.55 0.04
280 3.57 0.82 4.43 0.01

Water

219 4.57 0.37 5.67 0.074
DMSO

274 3.65 0.25 4.53 0.005
250  4.00 0.56 4.97 0.112 281 3.56 0.22 4.42 0.003
268  3.73 0.84 4.63 0.168
274 3.65 0.91 4.53 0.017

Acetonitrile

206 4.85 3.41 6.03 0.646
Gaseous
statea

203 4.93 0.23 6.10 0.0118
249  4.02 1.01 4.99 0.138 212 4.72 0.52 5.84 0.0636
273 3.66 0.97 4.55 0.012 246 4.07 1.8 5.03 0.1997
279  3.58 0.93 4.45 0.011 254 3.94 1.50 4.87 0.0907

a Calculated values of the title compound.
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ig. 5. Antibacterial activities of 2 chloromethyl-1H-benzimidazole hydrochloride
.  coli, N. Gonorrhea as Gram-negative bacteria.

.6. Biological activity

The antimicrobial activities were carried out using cultures
f B. subtilis,  S. aureus,  and S. faecalis as Gram-positive bacte-
ia and E. coli, P. aeruginosa, and N. gonorrhea as Gram-negative
acteria (Supplementary material, Fig. S2).  The data showed that
he title compound has the capacity of inhibiting the metabolic
rowth of the investigated bacteria to different extents especially
. aeruginosa as shown in Fig. 5. In classifying the anti-bacterial
ctivity as gram-positive or gram-negative, it would be expected
hat a much greater number of drugs would be active against
ram-positive than gram-negative bacteria [34]. However, in this
resent study, the title compound is active against both types
f bacteria, which may  indicate broad-spectrum properties. The
ariation in the effectiveness of the studied compound against
ifferent organisms depends either on the impermeability of the

ells of the microbes or on differences in ribosome of microbial
ells. It is found that the remarkable activity of this compound
ay  be arising from the benzimidazole ring, which may  play

n important role in the antibacterial activity [35]. A possible
etracycline against B. subtilis, S. aureus,  S. faecalis as Gram-positive, P. aeruginosa,

explanation for the lower activity or incomplete inhibition of this
compound with respect to Tetracycline may  be due to its ability
to chelate metals essential for the metabolism of microorganisms
and/or to form hydrogen bonds with the active centers of cell
structures, resulting in interference with the normal cell process.
In fact, the title compound is involved in strong intermolecu-
lar hydrogen bond with water molecules and hence it cannot
efficiently block or inhibit the growth of the microorganism in
water.

4. Conclusion

Better approach to the synthesis of 2-chloromethyl-1H-
benzimidazole hydrochloride was  developed. The comparisons of
the DFT calculations with the crystal structure and the vibrational

and NMR  spectra showed excellent agreement. TD-DFT calculations
help to assign the electronic transitions. The results showed that the
title compound has the capacity of inhibiting the metabolic growth
of the investigated bacteria to different extents.
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