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Sulfonated ethylenediamine supported on silica-coated magnetite nanoparticles, Fe3Os@SiO2@(CHz2)3-en-SO3H/H2SO4 as a new efficient
solid acid catalyst was synthesized and fully characterized using various techniques such as FT-IR, FESEM, EDS, TEM, TGA, XRD and
VSM. The resulting nanostructure catalyst was applied in the green synthesis of benzimidazole derivatives by the cyclocondensation reaction

of o-phenylendiamine with aromatic aldehydes in refluxed ethanol and under solvent-free conditions. The nanocatalyst can be recovered

magnetically and can be reused several times without a considerable loss in its catalytic activity.
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INTRODUCTION membered ring, which is present in the structure of

Functionalization of magnetic nanoparticles (MNPs) and
immobilization of organic catalysts on the surface of MNPs
are being widely studied in industries and academic centers
because of their potential extensive applications in medicine,
material science, chemistry and catalysis [1]. They can be
classified as potent alternatives to the usual solid support
materials for heterogenization of catalysts due to their
surface area and easy

diversity, availability, high

functionalization. Magnetic nanocatalysts are easily
separated from the reaction mixture using an external
magnet without the need for other complex work-up
procedures. These types of nanocatalysts are active, stable,
reusable and environmentally friendly, which are very
important in green chemistry [2-4].

Benzimidazole has two nitrogen atoms in the five-
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numerous natural products. The compounds possessing
benzimidazole scaffold exhibit a wide range of biological
and pharmaceutical activities such as anticancer,
anti-HIV,

antibacterial activities [5-7]. In addition, derivatives of

antimicrobial, antifungal, antiviral and
benzimidazole are also very important as inhibitors of
angiotensin II [8], smooth muscle cell proliferation [9] and
topoisomerase [10]. Also, they are very significant in organic
syntheses [11-18]. There are various synthetic procedures for
the synthesis of benzimidazole derivatives by the reaction of
o-phenylenediamine with carboxylic acids or their
derivatives and aldehydes [13]. Most of these methods have
practical limitations such as the use of toxic materials and
hazardous organic solvents, production of undesirable
wastes and low atom economy. Therefore, there is still a
need to develop green, efficient, simple and mild methods
for the synthesis of 2-arylbenzimidazoles.

Given the

catalytic importance of functionalized
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magnetic nanoparticles and in continuation of our previously
reported articles for the synthesis of heterocyclic compounds
[19-22], we now report the synthesis of a new nanomagnetic
solid acid catalyst (Fe;04@SiO2@(CH2)3-en-SO3H/H2S04)
and its characterization by various techniques. Moreover, the
catalytic performance of the supported organocatalyst was
studied in the cyclocondensation of arylaldehydes with

o-phenylenediamine to 2-aryl benzimidazoles.

EXPERIMENTAL

General

All of the materials utilized in the present study were
purchased from Sigma-Aldrich and Merck. Magnetite
nanoparticles and silica-coated Fe;Os NPs were prepared
based on the previously reported methods [23]. Thin layer
chromatography on silica gel polygram SILG/UV 254 plates
were employed to monitor the reaction’s progress. All of the
produced compounds were characterized by a comparison of
their physical properties with authentic samples. Melting
points were measured by an electrothermal 9200 apparatus
in open capillary tubes. The different functional groups
present in the synthesized compounds were confirmed by
running their infrared spectra using KBr discs on a Shimadzu
IRPrestige-21 spectrophotometer. The crystalline structure
of nanoparticles was identified by XRD analysis using a
PANalytical X'Pert Pro X-ray diffractometer. FESEM image
and EDS spectrum of the catalyst nanoparticles were
obtained with a Zeiss-Sigma VP microscope. TEM image of
the catalyst was visualized with a Zeiss Em10C electron
microscope. TGA was recorded on a TA-Q600 instrument
under the air atmosphere in the temperature range of 25-
800 °C at a rate of 10 °C min!. VSM was measured at room
temperature on a Meghnatis Daghigh Kavir Co., Kashan,

Iran.

Sulfonated
Immobilized on Magnetite Nanoparticles
2 g of Fes04@SiO, was dispersed in toluene (100 ml)

and ultrasonicated for

Synthesis  of Ethylenediamine

20 min. 2 ml of (3-chloropropyl)

triethoxysilane was added into the mixture and stirred
12 h. The

nanoparticles

under reflux conditions for
Fe;04@Si0,@(CH;)3-Cl
magnetically, washed with EtOH and dried at 60 °C.
Next, to a suspension of 2 g of Fe;04@SiO>@(CH»)3-Cl in

acetonitrile (200 ml), 10 ml of ethylenediamine was added

resulting

were separated

and stirred under reflux over 12 h. The resulting
Fe304@Si0,@(CHy)s-en nanoparticles were magnetically
collected, washed with ethanol and dried at 60 °C. To a
mixture of ethylenediamine immobilized on MNPs (2 g) in
CH>Cl; (50 ml), 2 ml of chlorosulfonic acid was added drop-
wise and stirred at room temperature for 6 h to produce
Fe304@Si0,@(CHy)3-en-SO3H/HCI that it was isolated
magnetically, washed with EtOH and dried at 60 °C. To a
mixture of produced MNPs (1.5 g) in water (20 ml),
potassium hydrogen sulfate (excess, ~ 0.5 g) was added and
stirred at room temperature overnight. The resultant
(Fe;:04@Si0@(CHz)3-en-SO3H/H2S04)  was
isolated magnetically, washed with EtOH and dried in

product

vacuum.
Typical Procedure for the Synthesis of 2-
Arylbenzimidazoles Catalyzed by

Fe;04@SiO:@(CH_3)3-en-SO:H/H,SO4 in Ethanol
To a solution of o-phenylenediamine (1 mmol) and
aromatic aldehydes (1 mmol) in EtOH (3 ml), the catalyst
(0.01 g) was added and the mixture was stirred under reflux
conditions for the appropriate time (Table 2). When the
reaction was complete, as indicated by TLC (EtOAc:n-
hexane 1:3), the nanocatalyst was removed in the presence
of an external magnet. The mixture was then cooled down
on ice, filtered off and recrystallized in aqueous ethanol (1:1,

5 ml) to give the desired products in high yields.

Typical Procedure for the Synthesis of 2-
Arylbenzimidazoles Catalyzed by
Fe304@SiOz@(CH2)3-en-SO3H/stO4 under

Solvent-free Conditions
To a mixture of o-phenylenediamine (I mmol) and

aromatic aldehydes (1 mmol), the catalyst(0.01 g) was
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added and stirred at 50 °C for the appropriate time (Table 2).
After the reaction was complete, as indicated by TLC
(EtOAc:n-hexane 1:3), hot ethanol (5 ml) was added to the
mixture and the nanocatalyst was removed in the presence
of an external magnet. The mixture was then cooled down
on ice, filtered off and recrystallized in aqueous ethanol (1:1,

5 ml) to give the desired products in high yields.

Selected Characterization Data

2-Phenyl-1H-benzimidazole (1). M.p. =288-290 °C; IR
(KBr):  (cm™) 3048,2962, 1443, 1408, 1277, 968, 741, 702;
'H NMR (CDCl;, 400 MHz): § (ppm) 6.71-6.82 (m, 2H),
6.91-7.05 (m, 3H), 7.39-7.51 (m, 2H), 7.84-7.91 (m, 2H),
12.87 (br s, 1H); 3C NMR (CDCls;, 100 MHz): § (ppm)
122.4,126.1, 128.2,128.9, 129.1, 129.7, 130.7, 152.1.

2-(4-Methylphenyl)-1H-benzimidazole (3). M.p.
263-265 °C; IR (KBr): © (em™) 3049, 2961, 1441, 1407,
1275, 971, 750; '"H NMR (CDCls, 400 MHz): § (ppm) 2.26
(s, 3H), 7.21-7.26 (m, 2H), 7.34-7.39 (m, 2H), 7.43-7.57 (m,
2H), 7.81-7.89 (m, 2H), 12.64 (br s, 1H); '*C NMR (CDCls,
100 MHz): & (ppm) 23.4, 122.8, 123.2, 127.9, 128.7, 130.4,
143.4,143.9, 153 .4.

2-(2-Chlorophenyl)-1H-benzimidazole (4). M.p.
229-231 °C; IR (KBr): © (em™) 3059, 2971, 1443, 1404,
1231, 972, 745; '"H NMR (CDCls, 400 MHz): & (ppm) 7.28-
7.32 (m, 2H), 7.37-7.42 (m, 2H), 7.51-7.56 (m, 2H), 7.87-
7.97 (m, 2H), 12.72 (br s, 1H); *C NMR (CDCls, 100 MHz):
S (ppm) 115.7, 123.4, 127.4, 128.1, 128.7, 129.4, 130.1,
137.9, 142.6, 152.9.

RESULTS AND DISCUSSION
The

magnetic

sulfonated ethylenediamine immobilized on

(Fe304@Si02@(CH2)3—en-
SO;H/H,S04) was prepared by a concise route depicted in

nanoparticles

Scheme 1. Silica-coated magnetite nanoparticles were
prepared based on the reported procedure [23]. Then, (3-
chloropropyl)triethoxysilane was added and refluxed in
toluene. The nucleophilic attack of ethylenediamine to

Fe;04@SiO,@(CHy)3-Cl  led to the immobilization of
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Scheme 1. The synthetic route for Fe;04@SiO>@(CHz)3-en-
SO;H/H,>SO4 nanocatalyst

ethylenediamine on the surface of magnetic nanoparticles.
The MNPs were sulfonated by the addition of chlorosulfonic
acid and finally, the expected solid acid nanocatalyst
(Fe;04@Si02@(CH3)3-en-SO3H/H2SO4) was produced by
treatment with an aqueous solution of potassium hydrogen
sulfate at room temperature.

The structure of the catalyst was explored by several
techniques such as FT-IR, FESEM, EDS, TEM, VSM, TGA
and XRD analyses. Important infrared spectral absorption
vibrations of magnetic nanoparticles are presented in Fig. 1
in the form of a stacked spectrum. In the vibrational
of the (Fe;04@Si0,@(CHz)s-en-
SO;H/H,SOs), a strong peak appeared at 559 cm' is

spectrum catalyst
assigned to the Fe-O stretching vibration and three important
bands attributed to the Si-O-Si asymmetric stretching,
symmetric stretching and bending vibrations are observed at
1080, 964 and 463 cm', respectively. The entry of
ethylenediamine is validated by the N-H bending absorption
bands at 1512 cm’. The symmetric and asymmetric
stretching absorption bands of O=S=0 around 1050 to
1200 cm' overlapped with Si-O-Si asymmetric stretching

vibrations. The presence of the broadband at 3414 cm™!
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Fig. 1. A stacked infrared spectrum of (a) Fes;O4, (b)
Fe;04@SiOs, (c) Fe;04@Si0>@(CH,)3-Cl, (d)
Fe;04@SiO>@(CHz)s-en, (e) Fes04@SiO>@(CH)sz-en-
SOs;H/HCI and (f) Fe3;04@SiO>@(CHz)3-en-SO3H/H,SO4.

related to the O-H stretching absorption and O-H deformed
vibration near 1628 cm™! confirmed the existence of SO;H
moieties in the structure of the catalyst.

The FESEM of Fe;04@SiO>@(CH»)s-en-
SO3H/H,SO4 shown in Fig. 2 indicates that the synthesized

image

nanocatalyst has a nearly spherical morphology. Based on
the SEM image, the particle size of the catalyst is less than
100 nm. Moreover, the TEM image confirmed the core-shell
structure of the nanocatalyst and substantiated the results
obtained from SEM (Fig. 3). The black dots in TEM image
display the core of the Fe3O4 nanoparticles and introduce that
the MNPs were successfully surrounded by a silica shell.
The EDS results obtained from the SEM analysis of the
catalyst are presented in Fig. 4 and shows the presence of
oxygen, iron, silicon, carbon, nitrogen and sulfur in the
structure of the catalyst as expected. Au peak has been
observed in EDX analysis because of the gold coating
deposited on the samples before FESEM/EDX analysis.
Figure 5 shows the thermal stability of the synthesized
catalyst determined by thermogravimetric analysis (TGA)
which displays two-step weight loss steps over the

temperature range of TG analysis (25-800 °C). The first
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Fig. 2. FESEM
SO;H/H,S04.

image of Fe;04@SiO,@(CH;)s-en-

30 nm Mag = 100.000 KX  DayPetronic Company w
Fig. 3. TEM image of Fe;04@SiO,@(CHy)s-en-
SO3;H/H>SO4.

weight loss (~ 2.8 %) below 150 °C might be ascribed to the
removal of physically absorbed water and hydroxyl groups
on the surface of the catalyst. The second weight loss
(~ 12.1 %) up to 200 °C can be ascribed to the breakdown
and decomposition of organic moieties and thermal crystal

phase transformation [24].
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Fig. 4. EDS spectrum of Fe;04@SiO@(CH,)s-en-

SOs;H/H,SOs4.
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Fig. 5. TGA curve of Fe3;04@SiO@(CH,)s-en-
SOs;H/H,SOs4.

The crystalline degree of magnetite nanoparticles in the
synthesized catalyst was obtained by XRD analysis in the 26
region of 10-80° (Fig. 6). As can be seen in the XRD pattern,
the intensity and positions of the diffraction peaks at 20 =
30.40°, 35.72°, 43.30°, 53.97°, 57.35° and 63.04° are fully
agree with the Fe;O4 pattern (20 = 30.31°, 35.69°, 43.32°,
53.81°,57.26° and 62.92°) [25].

The magnetic properties of the bare Fe;04, Fe;04@SiOs
core-shell nanostructure and Fe;04@SiO@(CHy)3-en-
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SO;H/H,SO4 nanocatalyst were investigated by a vibrating
sample magnetometer (VSM) at ambient temperature
(Fig. 7). The magnetic curves show that the saturation
magnetization of the catalyst is 24 emu/g, which is much less
than that of naked magnetic iron oxide (58 emu/g) and
Fe;04@Si0, (42

saturation of the catalyst is due to the presence of non-

emu/g). The decrease in magnetic

magnetic materials such as silica shell, linker and sulfonated

ethylenediamine on the surface of nanoparticles.

o AFe0,
)\
Amorphous I A
. Si0; 220 |‘~ S Mo
b\ 81
= [T | lf . A ‘
I Wrw 'MMMWW ol W\VMWWW*
o 20 3 4 s 6 70 s
20 (degree)
Fig. 6. XRD pattern of Fe;04@SiO,@(CHy)s-en-
SO;H/H,S0s.
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Fig. 7. The magnetization curves of (a) Fe;O4, (b)
Fe304@Si02 and (C) FC304@SiOz@(CH2)3—en-SO3H/st04.
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After successful synthesizing and
the Fe304@siOz@(CH2)3-en—SO3H/stO4,

surveyed for the preparation of 2-

characterizing

its catalytic
efficiency was
arylsubstituted  benzimidazoles. @ The reaction of
benzaldehyde with o-phenylenediamine was chosen as a
model reaction to obtain optimizing reaction conditions.
After preliminary experiments, it was found that the best
results are obtained when the reaction is carried out in
refluxed ethanol or under solvent-free conditions in the
presence of 0.01 g of the catalyst (Table 1).

As shown in Table 1, the reaction was incomplete in the
absence of the catalyst. The rate of conversion was increased
with the increase in the amount of catalyst and complete
conversion was achieved when 0.01 g of the catalyst was
used. The higher amount of the catalyst has no discernible
influence on the rate of the reaction or the yield of the
product. Also, by changing the reaction temperature in EtOH,
it can be found that the rate of reaction is directly
proportional to temperature and the best results were
observed under reflux conditions (Table 1, Entry 6). Due to
the importance of organic syntheses in neat conditions, this
reaction was also investigated under solvent-free conditions,
which showed that the reaction at 50 °C was completed after
1 h (Table 1, Entry 12).

After obtaining the optimal conditions, we then
evaluated the generality of these conditions to other aromatic
aldehydes with electron-donating and electron-withdrawing
substituents (Scheme 2, Table 2). It is obvious from Table 2
that all of the studied arylaldehydes were completely
converted into their respective 2-arylbenzimidazoles in short
reaction times and with high isolated yields. Interestingly,
only 2-arylbenzimidazoles are produced in all cases
under the optimal conditions and when two equivalents
of benzaldehyde are employed, the di-substituted
benzimidazoles are obtained as a by-product.

To check the constancy of the catalyst activity, the
catalyst was reused five times in the condensation reaction
between benzaldehyde and o-phenylenediamine in refluxed

ethanol. The catalyst was magnetically separated from the
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Table 1. Optimization of the Reaction Conditions in the
Model Reaction®

Entry Catalyst Solvent/conditions Tir.ne Yield
(2 (min) (%)
1 0.01 H,O/reflux 60 Trace
2 0.01 EtOAc/reflux 60 Trace
3 0.01 CHCly/reflux 60 Trace
4 0.01 CHCls/reflux 60 40
5 0.01 MeCN/reflux 60 65
6 0.01 EtOH/reflux 20 92
7 - EtOH/reflux 60 Trace
8 0.02 EtOH/reflux 18 93
9 0.01 EtOH/r.t. 60 40
10 0.01 EtOH/60 °C 60 70
11 0.01 Solvent-free, r.t. 60 43
12 0.01 Solvent-free, 50 °C 25 93
13 0.01 Solvent-free, 75 °C 22 92
aReaction conditions: benzaldehyde (1 mmol), o-

phenylenediamine (1 mmol), catalyst, solvent (3 ml).

NH, CHO ) N
@[ . ©/ Fes0,@S10,@(CHy)y-en-803H/H,80, @: \>_®
h s
NH, R/ % EtOH, reflux Iﬁl W R

or Solvent-free, 50 °C

Scheme 2. Synthesis of 2-arylbenzimidazoles in the presence
of Fe304@SiOz@(CH2)3—en-SO3H/H2$O4

reaction mixture after each run, washed with ethanol and
acetone, dried in an oven at 60 °C for an hour and reused in
the subsequent run. Very low reduction in the product yields
(92%, 92%., 89%, 86%, and 85% in cycles 1-5, respectively)
indicated that the catalyst can be recycled and reused at least

five times without a significant decrease in its activity
(Fig. 8).
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Table 2. Synthesis of 2-Arylbenzimidazoles Catalyzed by Fe;O4s@SiO2@(CH2)3-en-SO3sH/H2SO4

In ethanol Solvent-free m.p. (°C)

Entry Product Time (min)/Yield Time (min)/Yield

Found Reported [Ref.]
(%) (%)

—_—

N
@EN\F@ 20/92 25/93 288-290  292-294[17]
H

N
2 ©:;>—©—OM6 25/91 30/90 20204 222-224[18]
H
N
3 @[}?—QW 22/90 30/88 263265  260-262[17]
H
Cl
N
4 @[ \>_© 30/89 35/90 229231 230-232[18]
h
Cl
N
5 @[ \>_© 25/87 30/89 194-195  194-196[16]
N
N
6 @[;@Cl 20/90 20/92 285287  289-291[14]
H
N
7 ©:N\>_@Br 20/88 25/89 279281 268270 [17]
H
N
8 @[N\F@O” 22/85 30/85 236-238 234-236 [18]
H

N
9 @[N\ NMe, 25/87 30/88 271272 276278 [14]

H
ON
N
10 ©: \>_© 20/89 25/91 262-264 260 [26]
N
H

NO,
N
1 @[ \>_© 18/90 20/36 186-188  186-188 [26]
N
N
D NO
12 @[N@ : 15/87 25/91 >300  315317[26]
H
MeQ

N

13 @[ N 25/86 30/85 211-214 212-214[16]
N
H OMe

[solated yields.
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Fig. 8. Recyclability of the catalyst.

The comparison of the efficacy of Fe304@SiO.@(CH,)s-
en-SO3H/H,SO;  in  the

phenylenediamine and benzaldehyde along with a few

condensation between o-

protocols already documented in the previous manuscripts is
presented in Table 3. It is revealed from the results obtained
that the present technique overcomes the drawbacks of the
previously reported methodologies and has dominance
because of the high percentage yield, shorter reaction time

and the amount of catalyst loaded.

CONCLUSION

In conclusion, sulfonated ethylenediamine was
successfully supported on the surface of silica-coated
nanomagnetite and was fully characterized by various
techniques. The magnetic nanocomposite was then utilized
in the synthesis of 2-arylbenzimidazoles by the condensation
aldehydes

method has

reaction of various aromatic with  o-

phenylenediamine. The present many
advantages over the previously reported procedures in terms
of reduced reaction timings, higher yield, simplicity in
operation and work-up, avoiding the application of

dangerous acids or bases, simple recovery of the
nanomagnetic catalyst and reuse of the catalyst several times

without a remarkable decrease in its activity.
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