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A highly efficient magnetically separable nano cobalt ferrite catalyst was synthesized via the sol-gel auto com-
bustion method, characterized by powder XRD, SEM, TEM, UV-Visible, FT-IR, magnetic study, and BET isotherm
analysis. The synthesized material was found to be an efficient heterogeneous Lewis acid catalyst for the syn-
thesis of 2-aryl benzimidazole derivatives via solvent-free mechanochemical synthesis. The notable features of
this new protocol include solvent-free reaction, cost-effectiveness, good yields, and environmental friendliness to
afford the products within a short reaction time along with easy recovery and reuse of the nano catalyst.

1. Introduction

Magnetic nanoparticles are well recognized for stringent properties
leading to a plenty of applications and have acquired a considerable
interest in various fields, including magnetic drug delivery, magnetic
resonance imaging, magnetic high-density information storage, and
cancer hyperthermia treatment [1]. Furthermore, the magnetic nano-
particles constitute effective catalysts in synthetic chemistry due to ease
of separation by an external magnet. Magnetic separation is an
intriguing and distinguishing characteristic of these materials that
makes magnetically separable catalysts more popular over their non-
magnetic catalytic materials. Their magnetic property prevents the
loss of material and enhances reusability, leading to cost-effectiveness
and promising alternatives for industrial applications [2]. Thus, the
development of magnetic nanoparticles with tunable catalytic activity
has become an area of academic and industrial research. The cubic
spinel ferrites constitute an important class of magnetic transition metal
oxide materials. Among the spinel ferrites, cobalt ferrite nanoparticles
are of great interest due to their potential applications in adsorption,
sensors, recording media, memory chips, magnetic technologies, and
catalysis [3]. Cobalt ferrite possesses a moderate saturation magneti-
zation, high electrical resistivity, moderate photo-catalytic properties,
and reproducible characteristics [4]. Mixed metal oxide nanoparticles
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(MMONs) are widely studied, and are actively pursued in the develop-
ment of greener reaction protocols in synthetic organic chemistry [5].
Catalytic processes developed by using magnetically separable MMONs
are quite simple, economically efficient, and more environmentally
benign, thus constituting effective tools of “green chemistry” [6]. The
MMONSs are sustainable alternatives to conventional materials due to
their high surface area, robustness, cheapness, and economical nature.
The MMONSs particles possess enhanced surface area that assists to in-
crease the contact between reactants dramatically, thus mimicking the
homogeneous counterparts. The insolubility of this material in common
organic solvents renders their ease of separation from the reaction
mixture, making easy product isolation without much efforts. Thus,
MMONSs represent the most important and widely employed materials in
the field of catalysis [7].

An eco-friendly sustainable protocol focuses on the reduction of
wastes, minimum or no use of solvents, and the development of methods
with easy product separation, isolation, and purification. Mechano-
chemical processes follow the features of sustainable chemistry and
thus have emerged as an attractive alternative to the traditional methods
[8]. These involve the reactions induced by the mechanical energy of
grinding or ball-milling. Mechanochemical synthesis by “ball-milling” is
successful for typical organic reactions [9]. Thus, in the recent era, these
methods have become popular for the development of synthetic routes
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for heteroaromatic compounds of biological interest [10]. Among the
benzo-fused heteroaromatics, benzimidazoles are the common struc-
tural scaffolds of biological interest [11]. Benzimidazoles are well
recognized for a wide range of pharmacological activities, including:
antibacterial, antifungal, antiviral, antihypertensive, anticancer, anti-
ulcer, and antihistaminic potential [12]. The scaffolds are the parts of
commercially marketed drugs such as esomeprazole that is an anti-
ulcerative drug [13]. Besides, imidazoles constitute the key in-
termediates in various organic reactions [14] and present in the skele-
tons of several functional materials [15]. Thus, the development of new
strategies for the synthesis of these heterocyclic compounds becomes
inevitable. Traditionally, benzimidazoles are synthesized by the
condensation of o-phenylenediamine with aldehyde / carboxylic acid or
its derivatives by using various catalysts and reagents such as clay
supported titanium catalyst [16], sulfonic acid functionalized graphene
oxide [17], lanthanum chloride [18], NaY zeolite [19], Fe3O4@-
SiOs@polylonene/Brs-core-shell magnetic nanoparticles [20], magnetic
core-shell nanoparticles containing I3~ [21], p-toluene sulfonic acid
[22], ceric mmonium nitrate / polyethylene glycol [23], silver carbon-
ate on celite [24], aluminum nitride / aluminum [25], 2,3-Dichloro-5,6-
dicyano-1,4-benzoquinone DDQ [26], and so on.

In continuation of our research on the development of magnetic
nanocatalysts for organic transformations [27], we herein report a green
synthesis of cobalt ferrite nanocatalyst by sol-gel auto combustion and
the development of an efficient mechanochemical protocol for the
synthesis of 2-aryl benzimidazoles by using cobalt ferrite NPs as a
magnetically separable heterogeneous catalyst (Scheme 1). The syn-
thesis of benzimidazoles was studied by grinding a mixture of o-phe-
nylenediamine and aldehydes in the presence of a catalytic amount of
cobalt ferrite nanocatalyst in an agate mortar-pestle to afford the
products in high yields. The protocol is solvent-free and environmentally
benign involving easy separation of the catalyst in a short reaction time.

2. Experimental
2.1. Materials and methods

All the required chemicals were Merck or SD Fine made and used
without further purification. The reaction progress was monitored by
Thin Layer Chromatography (TLC) on Aluchrosep Silica Gel 60 TLC
plates under UV- 254 nm light. Melting points of the products were
determined in capillaries open at one end on a TANCO® melting point
apparatus. The synthesized products were characterized by 'H and 3C
NMR after using a Bruker Avance II 400 NMR spectrometer at 400 MHz
in CDCl3 solvent and using TMS as an internal standard. The mass
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spectra were obtained on a Shimadzu-GCMS-QP2010 spectrometer
operating at 70 eV.

2.2. Sol-gel auto combustion method for the preparation of cobalt ferrite
magnetic nanoparticles

Cobalt ferrite magnetic nanoparticles were synthesized by the sol-gel
auto combustion method after using glycine as a green fuel. AR grade
chemicals such as cobalt nitrate Co(NO3),.6H20), ferric nitrate (Fe
(NO3)3.9H,0), and glycine (C2HsNO,) were used for the synthesis. The
metal nitrates to fuel ratio was taken as 1:4.4. Ammonia solution was
added to maintain the pH of solution at 7. The resulting powder was
sintered at 600 °C for 5 h, characterized, and then used for further
investigations.

2.3. Characterization of nano cobalt ferrite

The synthesized nano cobalt ferrite was characterized for its surface,
morphology, optical, magnetic, and electrical properties. The material
was characterized by powder X-ray diffraction (XRD) (Regaku model).
The X-ray diffractograms of the sample were recorded at ambient tem-
perature in the 20 range from 20° to 80° by using Cu-Ka radiation (A =
1.54056 A). Scanning Electron Microscope (SEM) images of the sample
were obtained on JEOL-JSM 840 SEM analyzer at an operating voltage
of 20 kV attached with EDX equipment.

The optical investigations of the nanomaterial were studied after
using PerkinElmer UV WinLab Lambda 900 UV/VIS/NIR, in the wave-
length range of 200-800 nm. Magnetic properties of the films were
studied by a vibrating sample magnetometer (Lakeshore VSM 7410) at
room temperature. Transmission electron microscopy (TEM, Philips
CM200) was used for microstructural analysis and surface morphology.

2.4. General procedure for the synthesis of 2-aryl benzimidazole
derivatives using CoFe204 nanocatalyst

A mixture of aldehyde (0.5 mmol), o-phenylenediamine (1 mmol),
and CoFe»04 nanoparticles (5 mol%) was ground in an agate mortar and
pestle. The contents were turned into a pasty mass after 5 to 10 min of
grinding. After this, the remaining half quantity of the aldehyde (0.5
mmol) was added, and the grinding was continued for a further time as
specified in Table 1. The reaction progress was monitored on TLC by
using AcOEt: n-hexane (1:4) as the mobile phase. After completion of the
reaction as indicated by TLC, the reaction mixture was diluted with ethyl
acetate (10 mL) and the catalyst was separated by an external magnet.
The filtrate was evaporated under reduced pressure to obtain pure
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Scheme 1. Synthesis of CoFe;04 NPs and their catalytic activity for the mechanochemical synthesis of benzimidazoles.



R.M. Borade et al. Catalysis Communications 159 (2021) 106349

Table 1
. Synthesis of 2-phenyl-1H-benzimidazoles using cobalt ferrite nanocatalyst under mechanochemical grinding.a
Entry Diamines Aldehydes Products Yield (%)" Time MP (°C) Observed
(min) [MP Lit.][Ref]
1 N H C H O N 97 10 293-295
2 ©/ ©: \>_© [202] [30]
NH, N
H
2 94 10 274-276
NH, CHO ©: N\ [275-276] [18]
NH, N C
H
3 N 95 08 205-207
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Iz _Z

NO NO,
2
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O o 7 R
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Cl
H
6 NH CHO N 90 08 175-176
2 ©: \ ::E oF [174] [35]
3
NF; FaC N -
F
7 96 08 287-289
NH, CHO ©: N\ : : : N/ [288-290] [18]
NH, N N \
|
8 07 173-174

Zz
I
)

o
jas}
&
a
jas}
o

Z
©
N

\> [173-175] [34]

88 10 195-197
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z e
I
N
Iz

QAR ARR AR
:

H
10 93 08 235-236
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NH, N
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> < \> 3
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@ Reaction condition: Phenylene diamine (1.0 mmol), aldehyde (1.0 mmol), catalyst (5 mol%)
b Isolated yield of product.
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crystals of the 2-aryl benzimidazole. The catalyst was washed with
diethyl ether, dried in the furnace at 110 °C and reused for subsequent
runs.

2.4.1. Spectral data of the representative compounds:

2-(3-Nitro Phenyl)-1H-Benzimidazole (Table 1, Entry 3):1H NMR
(CDCl3, 400 MHz): § ppm 8.76 (s, 1H), 8.66 (s,1H), 8.28-8.30 (d, 1H),
8.24-8.22 (d, 1H), 7.66-7.60 (m, 1H), 7.14-7.11 (m, H), 6.82-6.77 (m,
2H); IR (cm™b): 3375, 2883, 1615, 1519, 1347; Mass (m/z): 240.0 (M).

2-(4-N,N-Dimethylaniline)-1H-Benzimidazole (Table 1, Entry
7):1H NMR (400 MHz, CDCl3) § ppm: 12.49 (s, 1H), 7.98-8.01 (m, 2H),
7.48 (s, 2H), 7.11-7.14 (m, 2H), 6.78-6.86 (m, 2H), 2.9 (s, 6H); MS (ESI)
m/z: 238 [M + H]™; IR (cm-1): 3387, 3047, 1607.

3. Results and discussion

In the present study, glycine was used as a green fuel for the synthesis
of cobalt ferrite nanoparticles by the sol-gel auto combustion method.
Glycine, the first amino acid is abundantly available and has a negative
heat of combustion. It is a non-hazardous and eco-friendly material
compared to oxalic acid and citric acid fuels used in the traditional sol-
gel method. Because of the negative heat of combustion, glycine pro-
vides a sufficient temperature required for the combustion to form pure
spinel ferrite nanoparticles of CoFeyO4.

3.1. X-ray diffraction (XRD) analysis

The cobalt ferrite nanoparticles were characterized for phase purity
by using the XRD technique. The XRD pattern recorded at room tem-
perature is shown in Fig. 1, which reveals reflections belonging to the
cubic spinel structure of cobalt ferrite nanocatalyst before (CF-0) and
after the seventh reuse (CF-7). It can be observed that all the reflections
are identical. The absence of any extra peak indicates high purity of the
material. From XRD data, the single-phase cubic spinel structure of the
material was confirmed, and there was no alteration observed in the
structure of cobalt ferrite catalyst before and after catalytic applications.
It indicates high stability of the catalyst towards solvents and chemical
environments. The XRD data, crystallite size, the lattice constant, and
unit cell volume were found as 12 nm, 8.378 A, and 588.05 A, respec-
tively. These values are in good agreement with those reported in the
literature.

22000+ (311) — CF-0

— CF-7

20000+

Intensity (a.u.) |

18000+

1 (220) (440)

16000+

14001

1200

. . . . . .
20 30 40 50 60 70 80
20 (degree)

Fig. 1. XRD pattern of CoFe,O4 nanoparticles fresh (CF-0) and after seventh
reuse (CF-7).
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3.2. Morphology study

The surface morphology of cobalt ferrite nanoparticles was investi-
gated by Scanning Electron Microscopy (SEM) and Transmission Elec-
tron Microscopy (TEM) analyses. Fig. S1 shows the SEM micrographs of
the cobalt ferrite nanoparticles (Supplementary Information, SI).
Morphology of the material indicated the presence of spherical grains.
Agglomeration of the grains could be possibly due to synthetic proced-
ure and experimental conditions. TEM analysis conducted to understand
the crystalline size and morphology (Fig. 2) of cobalt ferrite nano-
particles before use as catalytic material (CF-0) indicated the presence of
spherical nanopaticles. Some particles were agglomerated, and some
separated as can be observed in Fig. 2. Particle size of the nanoparticles
was found to be in the range of 10 to 15 nm, which is in good agreement
with the fine conformity and crystallite size calculated on the basis of
XRD.

3.3. FT-IR analysis

FTIR analysis of the fresh (CF-0) and seventh times reused (CF-7)
catalyst is depicted in the Supporting Information (SI). The comparison
of the spectra shows no change in the IR absorption frequency, indi-
cating no change in the catalyst structure (Fig. S2, SI). In the FT-IR
spectrum of CF-0, two absorption IR bands appeared at 420 cm ™! (pi3)
and 551 cm ™! (p1), while in the FT-IR spectrum of reused CF-7 cobalt
ferrite nanocatalyst absorption bands appeared at 412 em ™! (jy) and
547 cm ™! (p1), which correspond to intrinsic vibrations of the octahe-
dral complex and intrinsic vibrations of the tetrahedral complex,
respectively. The presence of these two absorption bands in the FT-IR
spectrum reveals the formation of a cubic spinel structure. From the
FT-IR analysis of the fresh (CF-0) and seventh times reused (CF-7)
catalyst, only a minute deviation from 420 cm ™! to 412 cm ™! and from
551 cm ™! to 547 cm ! was observed. The FTIR spectra of CoFe,04 spinel
were compared with the standard [28]. Absence of major change in the
IR absorption frequency in the CF-0 and CF-07 samples indicates no
remarkable change in the structure of the catalyst, thus high stability of
the material.

3.4. Magnetic properties study

The M-H plot of the synthesized cobalt ferrite nanoparticles was
recorded at room temperature and the nature of the curve is depicted in
Fig. 3.

Using the M-H plot, the values of the magnetic parameters such as

Fig. 2. TEM image of CoFe,0, nanoparticles.
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Fig. 3. M-H plot of CoFe;04 nanoparticles.

saturation magnetization (Mg), remanence magnetization (M;), and
coercivity (HC) were deduced. The values of the Mg, M,, and HC were
found to be 83.89 emu/g, 20.13 emu/g, and 287.62 Oe, respectively.
These values match well with reported values [29]. Thus, the cobalt
ferrite nanoparticles showed good magnetic properties.

3.5. BET surface area measurements

Fig. 4 depicts the Np-adsorption-desorption isotherm of CoFeyO4
nanoparticles measured by the Autosorb iQ Station 2 instrument. The
analysis revealed the formation of porous nanoparticles having average
pore width of 3.95 A and a surface area of 8.1 m?/g. The isotherm dis-
plays a typical Ha-type hysteresis for CoFe;O4 nanoparticles, which is
usually attributed to the predominance of mesopores.

3.6. UV-visible studies

The optical properties of the cobalt ferrite fresh nanocatalyst (CF-0)
were investigated by UV-Vis spectroscopy in the wavelength range
400-1000 nm (Fig. S3, SI). The energy band gap was anticipated by
plotting a Tauc plot of hv versus (ahv)? for direct intercept method. The
optical absorption coefficient was calculated by the following Eq. (1):

ahv = A(hv — Eg)} (€9)]

12

Volume @stp (cc/gm)
o
1

0 T ’ T Y T T v T v T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure

Fig. 4. Ny-adsorption-desorption isotherm of CoFe,O4 nanoparticles.

Catalysis Communications 159 (2021) 106349

where, a, h, v, A, and Eg are the light frequency, Planck constant, ab-
sorption coefficient, proportionality constant and band gap, respec-
tively. Cobalt ferrite catalyst (CF-0) has a band gap energy of 2.784 eV.

3.7. Catalytic activity and recyclability

Catalytic activity and reusability of cobalt ferrite nanoparticles
synthesized by the green route were studied for the synthesis of 2-
substituted benzimidazole derivatives via eco-friendly mechano-chem-
ical synthesis. To show the generality of this method, several aldehydes
were screened for the synthesis of corresponding benzimidazoles as
summarized in Table 1. The catalyst optimization conditions are shown
in Table S1 (SD). 5 mol% of the catalyst was sufficient to catalyze the
reaction. In general, aldehydes bearing electron-withdrawing sub-
stituents show a fast reaction in minimum time due to the increased
electrophilic character of aromatic aldehydes. The synthesis of benz-
imidazoles was achieved in high yields by simply grinding a mixture of
o-phenylenediamine and the corresponding aldehydes with cobalt
ferrite nanocatalyst in an agate mortar pestle. As envisaged, the CoFesO4
catalyst was effectively separated from the reaction mixture by an
external magnetic field after the completion of the reaction. We used the
same catalyst for subsequent runs from fresh to seventh catalytic run.
The decreasing yields for the subsequent runs can be accounted for
minor losses of the catalytic material during its recovery at each run.

The utility of catalyst for scalable synthesis was also attempted for
the reaction of OPD with cinnamaldehyde (5 mmol) using the mortar
and pestle. The reaction required 16 min for completion when carried
out on 5 mmol of cinnamaldehyde. The more time required for the
completion of the reaction can be possibly accounted for the limitation
of mechanochemical synthesis for scale-up processes.

A plausible mechanism for the green and practical method to
construct benzimidazoles is illustrated in Scheme 2. o- phenylenedi-
amine (1a) and benzaldehyde (1b) initially dehydrate to form imine
(1c). The intermediate 1d was generated through the intramolecular 1,
2-addition of intermediate 1c. Finally, the intermediate 1d was easily
oxidized by air to produce the desired product 1e with the loss of water
molecule.

The reusability of the catalyst was also examined. We prepared 2-
phenyl-1H-benzimidazole (1e) by using o-phenylenediamine (1a) and
benzaldehyde (1b) as the starting materials. At the end of the reaction,
the catalyst was separated by an external magnet, washed with ethyl
acetate, and reused under similar conditions. The catalyst worked
without remarkable loss of activity (Table S2, SI).

The comparison of present protocol with some of the literature
methods is summarized in Table 2. It is noted that the method described
herein constitutes a valuable addition to the existing methods for the
synthesis of benzimidazoles by the reaction of aldehydes with OPD.
Thus, in summary, in the present work, we have developed a green and
practical method to construct benzimidazoles, which are ubiquitous
structural units in several biologically active compounds. In addition,
oxidant-free conditions, and the use of air as the oxidant make this
transformation green, practical, and environment friendly.

4. Conclusions

In conclusion, we have developed an efficient and cost-effective
synthesis of spinel cobalt ferrite magnetic nanocatalyst by sol-gel auto
combustion method using water as solvent and glycine as a green fuel.
The cobalt ferrite nanocatalyst was thoroughly characterized by
different spectroscopic techniques. Cobalt ferrite magnetic nanomaterial
has been demonstrated to be a highly efficient catalytic material as a
unique heterogeneous Lewis acid catalyst for the synthesis.

of 2-aryl benzimidazole derivatives via solvent-free mechanochem-
ical synthesis. The catalyst could be easily separated from the reaction
mixture by using an external magnet which was reused several times
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Scheme 2. A plausible mechanism for the synthesis of 2-arylbenzimidazoles.

Table 2
Comparison of the present protocol with some literature methods for the syn-
thesis of benzimidazoles.

Sr. Conditions Yield Reference

No. (%)

1. Lanthanum chloride (10 mol%), Acetonitirle, 85-95 [18]
r.t,2-4h

2. NaY Zeolite (100 mg for 0.0025 mol of OPD), 26-93 [19]
EtOH, r.t., 48 h

3. Fe304@SiO>@polyionene/Brs 67-97 [20]

- MNPs (0.05 g / mmol of OPD), solvent free,
110 °C, 12-90 min

4. Fe304@Si0>@(CH2)3N"Mejl; ™ (0.007 g / mmol ~ 88-94 [21]
of OPD), 100 °C, 13-20 min

5. CAN (5 mol%), PEG, 50 °C, 1.5-3 h 90-98 [23]

6. Ag,CO3/Celite (25 mol%), EtOH, 70 °C, 3 h 88-99 [24]

7. AIN/Al (20 wt%), ethanol, reflux 87-93 [25]
30-90 min

8. CoFe304 (5 mol%), grinding, 7-11 min 88-97 Present

work

without appreciable loss of its initial catalytic activity. Operational
simplicity, solvent-free condition, cleaner reaction profile, easy workup,
higher yields, and short reaction times make this protocol more
valuable.
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