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Abstract: A simple and practical procedure has been adopted for one pot synthesis of benzimidazole
derivatives under mild reaction conditions, starting from cinnamyl alcohol (COH) with bimetallic
nanoparticles (BNPs) and supported bimetallic nanoparticles of Cu, Ti, Zn, Mn, Ag, and Co. All the
catalysts were characterized by Scanning Electron Microscopy (SEM), Energy Dispersive X-ray
Spectroscopy (EDX), X-Ray Diffractometry (XRD), Brunauer Emmett-Teller (BET) surface area, and
pore size analyzer. The products were identified/quantified with 'THNMR, FT-IR, and MS. 98% yield
of substituted derivatives of benzimidazole was obtained with Cu-Ti supported on FMWCNTs
in ethanol with excellent selectivity. Quantum chemical calculations of molecular reactivity of
substituted cinnamaldehyde (CHO) and ortho phenylenediamine (OPD) have good consistency with
experimental results. The returns of this work were the use of readily available catalysts, high yield,
short reaction time, and simplicity of the process.

Keywords: cinnamyl alcohol; cinnamaldehyde; benzimidazole; nanoparticless FEMWCNTs

1. Introduction

In heterocyclic aromatic organic compounds, benzimidazole is an important moiety which is
made up of the fusion of benzene and imidazole rings [1]. In order to develop molecules of medicinal
and biological importance among heterocycles containing a nitrogen atom, benzimidazole and its
substituted derivatives are considered important intermediates [2]. Benzimidazoles have commercial
importance especially, in veterinarian medicines, for example, treatment of ulcers, as antihelminth
agents and as antihistamines [3-6].

Substituted derivatives of benzimidazoles have gained much attraction for the community of
synthetic organic chemists, therefore they are using catalytic technology for the synthesis of these
heterocyclic compounds. For the synthesis of benzimidazoles, different synthetic methods have been
reported such as reaction of ortho phenylenediamine (OPD) with carboxylic acids, aldehydes and their
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substituted derivatives. Variety of catalysts such as lanthanum chloride [7], solid Co(OH), and CoO
(II) [8], ammonium chloride [9], alumina, silica gel and zeolite HY [10], indium triflate [In(OTf)3] [11],
zinc triflate [12], polyphosphoric acid (PPA) [13], animal bone meal (ABM) and Lewis acids doped
ABMs [14], oxalic acid [15], aminoxyl radical [16], heteropoly acids (HPAs) [17], L-proline [18], and
polyaniline-sulfate salt [19] have been used for the synthesis of benzimidazole derivatives under a
multiplicity of reaction conditions.

Reddy etal. [20] have reported the fluctuation of chemical reactivity of aryl halides with substitution
toward the synthesis of benzimidazole. The percentage yield was boost up with electron withdrawing
groups attach to aryl halides. Similarly, structural and electronic properties of substituted aniline
was predicted by DFT-B3LYP/6-311++ G (d, p) level of theory and reveals that methoxy-aniline has
more nucleophilic character, less value of hardness, and has greater reactivity than other derivatives of
aniline towards nucleophilic addition with benzaldehyde [21]. This provokes us to study chemical
reactivity of substituted derivatives of substituted cinnamaldehyde (CHO) and OPD with Density
Functional Theory (DFT).

Recently, for the synthesis of substituted derivatives of benzimidazole, heterogeneous and
homogeneous catalysis have gained extensive attraction due to the advantageous approach of these
techniques which include easy availability, simple handling, and easy workup [22]. However, most of
these methods have some limitations, for example laborious workup procedure, long reaction times,
high temperature, use of expensive catalyst, by-product formation, low yields, and elevated reaction
conditions [23-27]. Therefore, it is necessary to introduce new methods or extend the prevailing ones
to overcome these mentioned difficulties or limitations via new catalytic methods for the synthesis
of substituted derivatives. In the present study, we are going to use easily available, less toxic,
reusable, and low-cost catalysts combined with a simple procedure, to provide an economic and
waste-free chemical method for the synthesis of benzimidazole derivatives and simple descriptor will
be developed for investigating the effect of substitution on the molecular reactivity of CHO and OPD
using density functional theory with B3LYP/6-311++ G (d, p).

2. Results and Discussion

2.1. Physical Characterization of the Catalysts

The SEM images of the pure Zn-Mn NPs and Zn-Mn/FMWCNTs (Figure Sla,b) reveals that Zn-Mn
NPs are present in the form of agglomerates while well dispersed when supported on FMWCNTs.
The EDX spectra of Zn Mn NPs (Figure Slc,d) show that the major elements are Zn and Mn while
in case of Zn-Mn/FMWCNTs also possess peaks for carbon and oxygen. XRD patterns of Zn-Mn
NPs and Zn-Mn/ FMWCNTs (Figure Sle,f) shows that the long peaks placed at 36° while small peaks
were appeared at 34° and 48.5° indexed to the hexagonal wurtzite phase of ZnO. The formation of
crystalline MnO, nanoparticles was confirmed by the peak appeared at 23° and 33° and 66° while
the peaks appeared at 44.5° and 60° indexed the formation of tetragonal Mn3QOy. The particle size of
Zn-Mn NPs calculated from SEM and XRD were 33.8 nm and 30.5 nm (Table 1, entry 1) while the
surface area of Zn-Mn NPs and Zn-Mn/FMWCNTs were 34.5 m?/g and 229.3 m?/g (Table 1, entries 1
and 2), respectively [28].
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Table 1. Particle size, morphology, X Ray Diffractions, and BET surface area of the prepared catalysts.
S.No Catalyst SEM nm * Morphology XRD 20 Values nm ** BET (m?/g)
1 Zn-Mn S1(a) 33.8 Agglomerated Si(e) 34.5°,37.1°,48°,61°,65.6°,75.1° 30.5 345
2 Zn-Mn/FMWCNTs ~ S1(b) - Dispersed and S1 (f) 34.5°,37.1° 48° 53.5°,61.3°,75.15°,79° - 229.3
Agglomerated
3 Ag—Co S2(a) 27.5 Dispersed S2 (e) 32.8°,33.6°,38.1°,44.2°,55.2°,77.3° 28.2 27.3
Dispersed and 18.5°,32.8°,33.6°,33.7°,38.1°,38.2°,44°,
4 Ag—Co/FMWCNTs  S2(b) - Agglomerated S2(f) 56.3° 77.3° - 231.5
5 Cu-Ti S3(a) 22.7 Irregular shaped S3 (e) 25.3°,35°,38.6°,48.1°,54° 23.5 31.8
6 Cu-Ti/FMWCNTs  S3(b) Dispersed and S3 (f) 25.3° 35°,38°,48.1° 54°63° - 230.1
agglomerated
7 Co-Ti S4(a) 22.3 Dispersed 4 (e) 25.15°,38.45°,48°,54°,4°,69°,70°,76° 229 26.4
8 Co-Ti/EMWCNTs S4(b) - Dispersed 54 (f) 25.3°,37.7°,48°,54° ,64°,76° - 233.7

* Average particle size calculated from SEM images by average grain intercept (AGI) method, ** Particle size calculated from XRD by the Scherrer Equation (7 =

KA )
peosO /*
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The SEM images of Ag—Co NPs and Ag-Co/FMWCNTs were shown by (Figure S2a,b). The Ag—Co
NPs are smooth and segregated. Similarly, SEM micrograph of Ag—Co/FMWCNTs show that the NPs
are well dispersed on the surface of FMWCNTs. The EDX spectra of Ag—Co NPs and Ag-Co/FMWCNTs
(Figure S2c,d) reflects presence of Ag and Co in the case of NPs while carbon and oxygen in the case of
supported BNPs. XRD patterns (Figure S2e,f) of Ag—Co NPs and Ag—Co/FMWCNTs shows that the
long peaks placed at 32.85°, 33.65°, 38.1°, 44.25°, 55.25°, and 77.35° which are the characteristic peaks
of Ag and Co NPs. The particle size of Ag—Co NPs calculated from SEM and XRD (Table 1, entry 3)
were 27.5 nm and 28.2 nm while the surface area of Ag-Co NPs and Ag-Co/FMWCNTs were 27.3 m?/g
and 231.5 mz/g (Table 1, entries 3 and 4), respectively [29].

The SEM images of Cu-Ti NPs and Cu-Ti/FMWCNTs were presented by (Figure S3a,b) which
reveal that Cu-Ti NPs are mostly irregular and dispersed. Similarly, SEM micrograph of Cu-Ti
/FMWCNTs showed that Cu-Ti NPs are dispersed/aggregated on the surface of FMWCNTs. The EDX
spectra (Figure S3c,d) show that in both catalysts, Cu and Ti are present in large quantity, while
the carbon and oxygen peaks appeared in Cu-Ti/FMWCNTs due to FMWCNTs. The presence of
oxygen peaks indicates the formation of metal oxides and functionalization of MWCNTs during
acid treatment, which introduced carboxylic functional group. From the XRD patterns of the Cu-Ti
NPs and Cu-Ti/FMWCNT (Figure S3e,f), characteristic peaks appeared at 25.3° and 48.1° shows the
anatase phase of TiO, NPs, clarifying the absence of brookite and the rutile phase of titania. The XRD
spectrum also gives peaks at about 35° and 54°, which shows that the copper oxide NPs are also formed
successfully. The particle size of Cu-Ti NPs calculated from SEM and XRD were 22.7 nm and 23.5 nm
(Table 1, entry 5) while the surface area of Cu-Ti NPs and Cu-Ti/FMWCNTs were 31.8 m?/g and 230.1
m2/g (Table 1, entries 5 and 6), respectively [30].

The SEM images of Co-Ti NPs and Co-Ti/FMWCNTs were given by (Figure S4a,b) which reflect
smooth morphology of BNPs. The SEM micrograph of Co-Ti/FMWCNTs shows that the Co-Ti NPs
are well dispersed on the surface of FMWCNTs. The EDX spectra (Figure S4c,d) reveal that in both
catalysts, Co and Ti are present in large quantity, while due to FMWCNTs carbon and oxygen peaks
appeared in Co-Ti/FMWCNTs. XRD patterns of the Co—Ti NPs and Co-Ti/FMWCNT (Figure S4e,f)
show characteristic peaks appeared at 25.15°, 38.45°, 48°, 54°, 64°, 69°, 70°, and 76° responsible for
Co-Ti and Co-Ti/FMWCNTs. The particle size of Co-Ti NPs calculated from SEM and XRD were 22.3
nm and 22.9 nm (Table 1, entry 7) while the surface area of Co-Ti NPs and Co-Ti/FMWCNTs were 26.4
m?/g and 233.7 m?/g (Table 1, entries 7 and 8), respectively [31]

2.2. Catalysts Screening

The conversion of COH to CHO (yield; 99.2%, selectivity 99.9%) was carried out in different
solvents (ethanol, n-hexane, acetonitrile, and water ) under the optimized set of reaction parameters
such as Cat; 0.1 g, COH; 120 mg (0.89 mmol) in 10 mL solvent, Time; 60 min, Temp; 70 °C, Stirring;
1200 rpm; Oxidant; O, (1 atm). After the completion of COH to CHO oxidation, reactor was flushed
with N and OPD were loaded to the same reactor. Although the reaction between substituted OPD and
CHO were also investigated under vigorous stirring to obtain substituted derivatives of benzimidazole
as shown in Table 2. The same reaction was also investigated in different solvents such as ethanol,
n-hexane, and acetonitrile. The blank test for the reaction of CHO and OPD was performed under
same set of reaction parameters in the absence of catalyst. A small amount of product was observed
even after a long time. Similarly, the reaction was repeated with FMWCNTs in ethanol under the same
set reaction parameters without convincing yield after 4 h. The IR (KBr) v values were as follows:
3377, 3027, 2924, 2853, 1948, 1805, 1633, 1598, 1495, 1449, 1402, 1355,1326, 1284, 1194, 1153, 1070, 1018,
963,918, 841, 737, 691, and 558 cm~! as shown by Figure S5 and melting point was 198-202 °C with
73% yield. The Electron Impact Mass Spectrometry (EIMS) m/z values were (% relative abundance):
221 (M+), 194, 173,155,144, and 134 as shown by Figure S6. THNMR (600 MHz, DMSO): § 7.0-8.3 m
(9H, Ar-H), 6.6-6.9 d (2H, CH=CH), 5.3 m (1H, NH) as shown in Figure S7. The results are in close
agreement with reported literature [32].
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Table 2. Synthesis of benzimidazoles from substituted OPD and CHO in ethanol.

NH Q SN
. e X 2 N o H Cu-Ti/FMWCNTs Ry I P \ _
i = + Rz_: Temp:55°C, Time: 240 min E \ /\/R2
NH, F
ENTRY Ry R, % Yield
1 H H 73
2 4-OMe 4-NO, 98
3 4-OMe 4-Cl 95
4 4-OMe 3-Me 82
5 4-OMe 3-OMe 77
6 4-Me 4-NO, 94
7 4-Me 4-C1 92
8 4-Me 3-Me 76
9 4-Me 3-OMe 69
10 4-Cl1 3-OMe 66
11 4-Cl 3-Me 71
12 4-C1 4-NO, 88
13 4-NO, 3-Cl 84
14 4-NO, 3-Me 65
15 4-NO, 3-OMe 61

2.3. Time Profile Study

For the cyclization of OPD and CHO, BNPs and BNPs/FMWCNTs were used in the time range
60-240 min while keeping other parameters constant. The time effect on the percent yield in catalytic
synthesis of benzimidazole and its substituted derivatives shows linear correlation with reaction
duration due to the interaction of OPD and CHO with the active sites of the catalyst as given in the
Figure 1. It is clear from Table S1 that Cu-Ti/FMWCNTs was the most efficient catalyst which give
maximum yield of 98% after 240 min. Comparative studies of reported and current catalysts are
presented in Table 3. Nagaraju and coworkers [32] claimed 92% yield with reasonable selectivity to
desire products with Mn/ZrO; in ethanol but the high temperature of the reaction makes it open for
further investigation. Similarly, graphene oxide was efficiently used for benzimidazole synthesis in
methanol from CHO and OPD at 60 °C in 4 h [33]. However, the process is unfavorable for large scale
synthesis due to the use of toxic solvent. In the current project, we have reported the cyclization of
OPD and CHO to substituted derivatives of benzimidazole at 55 °C in ethanol after 240 min with a
maximum yield of 98%.

% Yield
RV

o W e

240

A

Figure 1. Effect of time on the percentage yield of substituted derivatives of benzimidazole over 0.1 g
of catalysts in ethanol at 55 °C.



Catalysts 2019, 9, 1000 6 of 14

Table 3. Comparison of the catalytic activity of reported catalysts with the present one, being used for
the synthesis of benzimidazoles from cinnamaldehyde and ortho phenylenediamine.

Catalyst Reaction Conditions % Yield Reference

CHO (1 mmol), OPD (1 mmol), EtOH (2

Co/SBA-15 nanocatalyst (0.014 g) mL), temp (60 °C), time (4 h) 98 [34]
Graphene Oxide (0.02 g) CHO %Sﬁgg{po(g(?°%)ﬁﬁi)(, 41\;[30H 3 81 [33]
Silica sulfuric acid (0.05 g) OSSRC:ZTEQS 3e$gl?§‘)5 %I;Dtl&;“gﬁ;) 90 [35]
MnZrO; (0.2 g) CHOIES,I?;%@ ?;’(?og)j?f;‘;”('fﬁ?H ¢ 92 [32]
Cu-Ti/FMWCNTs (0.1 g) CHO (0.89 mmol), OPD (1.07 mmol), EtOH 98 Present Study

(10 mL), temp (55 °C), time (4 h)

2.4. Solvent Effect

The effect of different solvents: ethanol, acetonitrile, and n-hexane were investigated on the
percentage yield of isolated product. The reaction was found more efficient in ethanol as compared to
other solvents as shown in Figure 2. Acetonitrile and n-hexane resulted in a lower yield while water
can also be used as a solvent with reasonable yield but limited by reflux conditions due to solubility
difficulties of organic molecules and laborious isolation of the products. Synthesis of benzimidazole
with a Bronsted acidic ionic liquid while using polar and protic solvents such as ethanol, methanol,
dimethyl formamide (DMF), dimethyl sulfoxide (DMSQO), and water have investigated elsewhere [36].
They reported good to excellent yield in all solvent except water and also claim a decrease in selectivity
of desired products. The reaction was performed in solvent free conditions but in due course of time,
reaction was not completed and also showed loss of selectivity to desired products (4a). A similar
trend was observed by Baltork et al. [35] while using silica sulfuric acid as a catalyst for synthesis of
benzimidazole in solvent free conditions at 85 °C. Nagaraju and co-workers [32] have investigated the
use of different solvents e.g., DMSO, DMF, water, methanol, ethanol, chloroform, and acetonitrile for
the synthesis of benzimidazole with Mn/ZrO,. They observed that the ethanol was excellent solvent
for the synthesis of benzimidazole among other solvents. Similarly, Kalhor et al. [37] investigated the
synthesis of benzimidazole from OPD and 4-nitro-benzaldehyde while using different catalysts of
hexahydrate, nitrate of copper, nickel, cobalt, iron, and manganese in the presence of different solvents
like ethanol, methanol, DMSO, and acetonitrile. They observed a 92% yield with ethanol keeping other
parameters constant. In the current study, a 98% yield was achieved with ethanol in the presence of
Cu-Ti/FMWCNTs in 240 min at 55 °C.

100

=75 oAl ONONONO® . -hexane
= 50 ‘ i Ethanol
X 2(5) n ‘ 9 n Acetonit...

S

Figure 2. Effect of solvent on the percentage yield of substituted derivatives of benzimidazole over 0.1
g of catalyst in 240 min at 55 °C.
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2.5. Thermal Effect

The thermal effect was explored on percentage yield of 2-styryl-1H-benzo[d]imidazole from OPD
and CHO in the range 25-55 °C while using BNPs and BNPs/FMWCNTs in ethanol. With an increase in
the temperature, the percentage yield of substituted derivatives of benzimidazole was proportionally
increased as shown in Figure 3. The activation energy calculated from Arrhenius equation showed
that the temperature has a paramount effect on the rate of reaction, Cu-Ti/FMWCNTs has a less value
of activation energy among the applied catalysts with maximum productivity value 2.3 mmolg~'h~! at
55 °C as shown in Figure S8. A similar trend was also observed by Nagaraju et al. [32] in the synthesis
of benzimidazole over Mn/ZrO, in ethanol at a temperature range of 25-100 °C. They achieved
maximum yield with high selectivity at 80 °C while at high temperature no increase was observed
in conversion, although selectivity to desire product decreases. The correlation of activation energy
and productivity clarify the order of catalytic activity of the catalysts being used for the synthesis of
substituted derivatives of benzimidazole (Cu-Ti/FMWCNTs > Zn-Mn/FMWCNTs > Co-Ti/FMWCNTs
> Ag—Co/FMWCNTs) as presented in Figure 4.

100
3 550C
< 50 )
9 45°C
.;: 25 ® o g 35°C
0 ® o ® 0 ® ©® © )5

.

&> > SIS 0,#' e 0,~"

Figure 3. Effect of temperature on the percentage yield of substituted derivatives of benzimidazole in
ethanol over 0.1 g of catalyst in 240 min.

e Co-Ti/CNTs
i Cu-Ti/CNTs
P Ag-Co/CNTs
- Zn-Mn/CNTs

Ea(kl/mole) Productivity
(mmol/g h)

Figure 4. Correlation of activation energy with productivity of benzimidazoles.
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2.6. Structural and Electronic Properties

It is clear from the Table S2 that among substituted CHO (electron withdrawing and electron
donating groups), 4-NO,-CHO was more reactive derivative than the other substituted CHO due
to the lower values of HOMO-LUMO energy gap as shown in Figure S9 and chemical hardness ().
The greater the electronic chemical potential, the less stable or more reactive the compound will be.
Therefore, compound 4-NO,-CHO is more reactive than all derivatives of CHO due to a greater value
of electronic chemical potential as shown in Figure 5a. It has been observed that electron withdrawing
groups in the aromatic ring of CHO increase the reaction rate and decrease the reaction time by
increasing the electrophilicity. The electrophilicity values (w) of substituted CHO show that compound
4-NO,-CHO was the strongest electrophile having a high value of w. The order of reactivity of the
substituted CHO being used for the synthesis of benzimidazoles as presented in Scheme 1.

IAE (V) Hn(eV) a
02
i [
0.1 | I
i)
Z 01 |
0.05
N s L= L L L L. L. w
0
O L0 0O O O O L0 L0 PO L L oW
F ST Ty
o~ q AT A . : sis
Or O O OO LE L NO L Cx
W AS A v A L S

eV
[ =]
) < —
[ ok Ln

0

yorY L oPP ) Ao otP
i - -3‘"‘ g

__\,(,\"L

AMES

Figure 5. Effect of substitution on the chemical reactivity of (a) CHO and (b) OPD.

It is clear from Table S3 among different derivatives of OPD (electron withdrawing and electron
donating groups), 4-OMe OPD was the more reactive due to low band gap energies as shown in
Figure 510 and chemical hardness than all other derivatives of OPD. The greater value of the band gap
energies, the molecule will be harder and more stable or less reactive as shown in Figure 5b. It has
been observed that electron donating groups in the OPD increase the reaction rate and decrease the
reaction time by increasing the nucleophilicity of the OPD. The order of reactivity of the substituted
OPD being used for the synthesis of benzimidazoles as presented in Scheme 2.
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CHO CHO CHO CcHO
X X X X
NO,
> >
>
O5N
NO, cl
CHO CHO CHO CHO
ol CHs
> > >
cl H3C
CHO CHO CHO CHO
X X X X
OCHs
> > >
OCH;
CHs
OCHs

Scheme 1. Order of chemical reactivity of substituted cinnamaldehyde.

NH
’ NH; NH, NH,
NH
’ NH, NH, NH,
> > >
OMe
Me Cl NO,

Scheme 2. Order of Chemical Reactivity of Substituted ortho phenylenediamine.

3. Experimental

The chemicals and reagents used in the current study were of high purity and purchased from
Merck, Sigma Aldrich, Alfa Aesar and Daejung. Multiwalled carbon nanotubes (MWCNTs; O.D. x
L 6-13 nm x 2.5-20 um) were purchased from Sigma Aldrich. Gases like oxygen and nitrogen were
supplied by British Oxygen Company (BOC), Pakistan, Ltd. For the removal of traces from the gases,
specific filters (C.R.5.Inc.202268) and (C.R.S.Inc.202223) were used.
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3.1. Functionalization of MWCNTs

MWCNTs were refluxed for one hour with para aminobenzoic acid. Functionalized multiwalled
carbon nanotubes were separated through centrifugation, washed in modified Soxhlet apparatus
(discontinue the circulation of water) with 0.1 N HCI and Millipore water until neutral pH, then dried
over night at 110 °C in oven.

3.2. Synthesis of the Nanoparticles

For the synthesis of nanoparticles (NPs) and bimetallic nanoparticles (BNPs),
precipitation/co-precipitation methods were adopted respectively. Metal salts (0.01 M) were titrated
against base (NH4OH), dense precipitate of metal hydroxide was filtered, washed with Millipore water
and dried.

3.3. Synthesis of Supported Nanoparticles

The prepared nanoparticles (0.1 g) were dispersed in ethanol by sonication (30 min). 0.1g of
functionalized multiwalled carbon nanotubes (FMWCNTs) were added to the suspension. The mixture
was further sonicated for 30 min. Nanoparticles supported FMWCNTs were separated by centrifugation,
washed with Millipore water and dried in oven at 100 °C.

3.4. Characterization of Catalysts

The catalysts were characterized by using Scanning Electron Microscopy (SEM, JSM 5910,
JEOL, Tokyo, Japan). Elemental analysis of samples was investigated by Energy Dispersive X-ray
Spectroscopy (EDX, JSM 5910, JEOL, Tokyo, Japan). The phase of the catalysts was determined by
X-Ray Diffractometer (XRD, JDX-3532, JEOL, Tokyo, Japan) with radiation source CuK« with A =
0.15418 nm, while operating voltage of 20-40 kV, in the 20 range of 0-160° at a step size of 0.05°. BET
surface area of the BNPs and BNPs/FMWCNTs was measured by using surface area and pore size
analyzer (NOVA2200e, Quantachrome, Boynton Beach, FL, USA).

3.5. Catalytic Test

0.1 g of catalyst and 120 mg (0.89 mmol) cinnamyl alcohol in 10 mL solvent, were loaded to three
necked double walled round bottom batch reactor equipped with condenser and quick fit thermometer.
The reaction mixture was stirred under continuous flow of oxygen at 1 atm (760 torr) while desired
temperature was attained by circulation of glycol through the walls of reactor. Product of alcohol
oxidation was analyzed by Gas Chromatography (GC) as shown in Scheme 3.

N"oH Ny
+Oz

1 2

Scheme 3. Oxidation of cinnamyl alcohol (COH) to substituted cinnamaldehyde (CHO) with 0.1
g catalyst, 10 mL substrate solution at 70 °C in 60 min under vigorous stirring 1200 rpm using O,
as oxidant.

After selective oxidation (selox) of cinnamyl alcohol (COH) to CHO the reactor is flushed with Np
and 116.6 mg (1.07 mmol) OPD were loaded to same reactor in case of starting from COH, otherwise
benzimidazole was synthesized from direct cyclization of CHO and OPD. The reaction mixture was
stirred vigorously to obtain the desired product (E)-2-styryl-1H-benzo[d]imidazole (4a) and undesired
product 1,2-di((E)-styryl)-1H-benzo[d]imidazole (4b) in case of using aqueous medium as shown
in Scheme 4. The chemical reactions periodically monitored by TLC and all yields refer to isolated
products. 'HNMR in dimethyl sulfoxide DMSO-dg on a (DRX-600 ADVANCE) 600 MHz spectrometer
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(Bruker, Zurich, Switzerland) were reported in ppm related to TMS. Mass spectra of product were
analyzed on a Finnigan MAT 1020 (Thermo Fisher Scientific, Waltham, MA, USA) mass spectrometer
operating at 70 eV. Infrared spectra of the products were recorded on a FI-IR Spectrometer (Tensor 37)

by Bruker (Bruker, Zurich, Switzerland) in KBr with the absorption in cm™.

(@]
NH
©/\)\H @ 2 ©[N>_//_© @[ N\>_//_©
+ S—— +
NH, N N
H —
2 3 4a 4b

Scheme 4. CHO reaction with OPD (1.07 mmol) in solvents; ethanol, n-hexane, acetonitrile and water
(10 mL) with catalyst (0.1 g) at 55 °C in 240 min under vigorous stirring.

3.6. Computational Studies

To investigate the theoretical-experimental consistency, quantum chemical calculations were
performed using Gaussian 09 software. The complete geometry optimizations were done using
the hybrid-density-functional B3LYP method [38] while employing 6-311++G(d, p) basis set.
The minimized structures were assessed by frequency analysis to show whether or not the structures of
these compounds represent true minimum energy geometries with no imaginary frequencies to ensure
they don’t represent transition states or other saddle points. Simple chemical reactivity descriptors
were designed to calculate total energy (E), chemical hardness (1), electronic chemical potential
(1) and electrophilicity (w) without laborious calculation. The resistance to change in the electron
distribution or charge transfer is measured by the chemical hardness which associates with the stability
and reactivity of a chemical system. On the basis of frontier molecular orbitals, chemical hardness
corresponds to the gap between the highest occupied molecular orbital (HOMO; H) and lowest
unoccupied molecular orbital (LUMO; L). Chemical hardness was approximated using Equation (1).

Er-Eg

= M

where E; and Ep are the LUMO and HOMO energies. Electronic chemical potential was calculated
using Equation (2).
Er +Eqy
— LT =H 2

u > @)

Physically, u defines the escaping tendency of electrons from an equilibrium system.
Electrophilicity index (w), was calculated by using Equation (3) [39].
u

w = 2 3)

4. Conclusions

In the current study, cinnamyl alcohol selectively oxidized to cinnamaldehyde over BNPs and
BNPs/FMWCNTs at mild reaction conditions using solvents (ethanol, acetonitrile, and n-hexane), the
reaction was extended for the synthesis of benzimidazole in the same pot efficiently. Substituted
derivatives of benzimidazoles were synthesized from substituted OPD and CHO to explore the
effect of substitution on the rate of reaction. An experimental and theoretical study revealed that
the presence of methoxy substitution on OPD and nitro substitution on CHO increased percentage
yield of benzimidazole from 73% to 98%. Among the catalysts used, Cu-Ti/FMWCNTs showed good
performance for both cinnamyl alcohol oxidation and benzimidazole synthesis in ethanol at 55 °C in
240 min.
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