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sahedral {Mo72Fe30} cluster
catalyzes the aerobic synthesis of benzimidazoles†

Zohreh Garazhian, Abdolreza Rezaeifard * and Maasoumeh Jafarpour *

In this study, the catalytic efficiency of amorphous {Mo72Fe30} nanocapsules as a safe Keplerate

polyoxometalate in organic synthesis was exploited. The easy-made solid catalyst exhibited high

efficiency using a very low dosage (0.02–0.05 mol%) in the catalyzed condensation of various aromatic

1,2-diamines and aldehydes for the aerobic synthesis of benzimidazoles with very small E-factor values

(0.11–0.33). The superior catalytic activity of amorphous nanoclusters compared to that of its crystalline

counterpart was demonstrated. The high activity and recyclability of heterogeneous catalysts in a green

reaction media under oxygen atmosphere, make this environmentally benign organic process

appropriate for our applied goals.
Introduction

In recent decades, carbon–heteroatom bond formations have
been the central subject of modern organic synthesis. Among
them, N-containing heteroaromatic compounds are useful and
important structures found in natural and synthetic
compounds.1,2 Benzimidazole and its derivatives are an impor-
tant and promising class of N-heterocycles due to their diverse
biological activities and pharmacological properties.3 Extensive
interest in benzimidazole-containing structures has led to wide
studies for their synthesis. Three methods have been reported
for the synthesis of these compounds including (i) condensa-
tion of o-phenylenediamines with carboxylic acids and their
derivatives (imidates, nitriles, or orthoesters) which oen
requires high reaction temperatures and strong acidic condi-
tions,4 (ii) transition-metal catalyzed coupling reactions to
create the benzimidazole nucleus,5 and (iii) the condensation of
o-phenylenediamine with aldehydes,6 which has been exten-
sively used due to the accessibility of a large number of alde-
hydes although it requires a stoichiometric oxidant for
dehydration.7 In addition to some signicant limitations such
as the use of expensive and noxious reagents, harsh conditions,
low isolation yields and toxic metal oxidants, the use of
homogeneous catalysts that cannot be recovered from the
reaction medium is a serious drawback. Accordingly, the design
of heterogeneous catalysts for the straight and easy synthesis of
benzimidazoles is of extreme demand.8 In recent years, various
catalysts including metal oxides and supported heteropolyacid
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61
catalysts have been developed as heterogeneous catalysts for
benzimidazole derivatives synthesis.9,10

Polyoxometalates (POMs) as a subset of metal oxides, have
an unmatched range of physical and chemical properties and
the ability to form dynamic structures. They have been well
considered as alternative oxidation catalysts in the past few
decades.11 POMs with a structure of Keplerate, are giant metal-
oxide-based nanocapsules in which 12 pentagonal [(Mo)–Mo5-
O21(H2O)6]

6� units are linked together by 30 linkers such as
{MoV2O4} in {Mo132}, or FeIIIaq, Cr

III
aq and VOaq

2+ in mixed metal
derivatives. Keplerate-type polyoxometalates have attracted
more and more attention of scientists in the areas of chemistry,
physics, biology, and materials.12 Recently, it was established
that, iron containing Keplerate, {Mo72Fe30} nanocluster, has
potential for using in targeted delivery of drugs because of lack
of toxicity.13 It can be isolated in two forms, (i) crystalline form
of cluster resulting from replacement of the {MoV2O4} linkers in
{Mo132} by aqua-Fe

III polyhedra [FeIIIO5(H2O)]
3+ in a long time,14

and (ii) amorphous form of cluster,15 which is prepared easily
and immediately in high yield by addition of an iron salt to an
acidied aqueous solution of sodium molybdate. The amor-
phous cluster is insoluble in water and ethanol making a golden
opportunity for heterogeneous catalysis in green media. Just
recently, we discovered catalase-like activity of {Mo72Fe30}
nanoclusters in aqueous solution under visible-light irradia-
tion.16 Our nding revealed the superior catalytic activity of
amorphous {Mo72Fe30} than that of crystalline counterpart.16

The catalytic utilization of Keplerates in organic reaction, unlike
the Keggin and Dawson POMs, has not been considered
extensively.11 The oxidation of suldes catalyzed by crystalline
form of {Mo72Fe30} reported in 2009 is the rst study on catalytic
activity of Keplerate.17 Aer that, other research groups
including us, tried to use different Keplerates in a variety of
organic transformations.18–25 As {Mo72Fe30} as concerned,
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Synthesis of benzimidazole derivatives by {Mo72Fe30} nanoclusters and O2 as oxidant.
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suldes oxidation,17,23 and epoxidation of olens,22 are few
works performed in the present of crystalline form of cluster,
and to the best of our knowledge, there is no report on catalytic
Fig. 1 The screening of (i) solvent nature (ii) solvent amount (iii) catalys
imidazole from 4-chlorobenzaldehyde and o-phenylenediamine with m

This journal is © The Royal Society of Chemistry 2019
utilization of amorphous {Mo72Fe30} as a high yield and easy-
made heterogeneous catalyst in organic transformation yet.
Following our ongoing research on catalytic activity of
t dose (iv) temperature and (v) various oxidant on synthesis of benz-
olar ratio of 1/1.2 catalyzed by amorphous {Mo72Fe30}.
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Table 1 Effect of substituent (on aromatic ring) on the reaction rate of benzimidazoles synthesis a

Entry R1 R2 Productb Yield%c E-factor Time (min)

1 H H 91 0.194 25

2 H 4-Cl 94 0.167 20d (40)e

3 H 2-Cl 87 0.286 20

4 H 4-OMe 92 0.198 40 (60)e

5 H 4-NO2 85 0.29 150

6 H 2-NO2 88 0.26 150

7 H 4-Me 90 0.234 25 (35)e

8 H 2-Me 87 0.276 25

9 H 4-OH 83 0.337 50

10 H 2-OH 89 0.235 125

11 NO2 4-Cl 36 1.71 150

12 CH3 4-Cl 93 0.178 40

13 H 89 0.21 25

14 NO2 4-CH3 34 2.28 150

34856 | RSC Adv., 2019, 9, 34854–34861 This journal is © The Royal Society of Chemistry 2019
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Table 1 (Contd. )

Entry R1 R2 Productb Yield%c E-factor Time (min)

15 Br 4-Cl 88 0.11 150

a The reactions were run under continues stream of O2 conditions at 60 �C using 0.2 mmol aldehydes and 0.21 mmol 1,2-phenylenediamines (1/1.2
molar ratio), 2 mg catalyst (0.05 mol%), in 1 mL EtOH. b The products were identied by comparison with authentic samples.24 c Yield of isolated
products. d 91% yield within 35 min at 40 �C using 0.025 mol% of catalyst. e The numbers in parentheses are the reaction time for crystalline
{Mo72Fe30}.
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Keplerates,21–25 and in the line of our interest on development of
new green methods for the synthesis of benzimidazoles,24,26,27

herein, for the rst time the catalytic efficiency of amorphous
{Mo72Fe30} in organic synthesis is exploited. A simple, mild, and
efficient procedure for the synthesis of benzimidazole deriva-
tives that employs only oxygen as the oxidant in the presence of
amorphous {Mo72Fe30} as a safe heterogeneous catalyst in
ethanol is described (Scheme 1). The nanoscopic poly-
oxometalate catalyst proved to be reusable while maintaining
icosahedral integrity.
Experimental

The synthesis procedures for amorphous and crystalline
{Mo72Fe30} with full characterization are given in ESI.†
General procedure for the synthesis of benzimidazoles

To a mixture of benzaldehyde (0.2 mmol) and o-phenylendi-
amine (0.21 mmol) in 1 mL EtOH, 2 mg {Mo72Fe30} nanocluster
(0.1 mmol, 0.05 mol%) was added and the reaction mixture was
stirred under 1 atm O2 (7–10 mL min�1) at 40–60 �C for the
required time. Progress of the reaction was monitored by TLC.
Aer the completion of the reaction, the mixture was cooled to
room temperature and the catalyst was separated by ltration
and washed with EtOH. The desired product (liquid phase) was
extracted by plate chromatography, and eluted with n-hexane/
ethyl acetate (10/3). Assignments of the products were made
by comparison with authentic samples.24
Results and discussion

The catalytic activity of {Mo72Fe30} was tested in the synthesis of
benzimidazoles (Scheme 1) by choosing a model reaction
between o-phenylenediamine and 4-chlorobenzaldehyde. Trace
amount of benzimidazole product was detected in a blank
experiment where the model reaction was performed in the
absence of {Mo72Fe30} at different conditions, suggesting the
This journal is © The Royal Society of Chemistry 2019
need of catalyst for successful conversion of reactants to prod-
ucts. To obtain the optimum reaction conditions in the pres-
ence of amorphous {Mo72Fe30}, the effect of solvent,
temperature, catalyst dose and oxidant was screened (Fig. 1). As
shown in Fig. 1(i and ii) ethanol is the best solvent for the
reaction to proceed faster. In addition to solubility of materials,
hydrogen bonding between alcohol molecules and hydroxyl/
water sites on POM surface is reasonable for such an exhibi-
tion.28 The results presented in Fig. 1(iii) showed that the model
reaction reached to highest performance using only 1 mg (0.05
mmol, 0.025 mol%) of the catalyst featuring a turnover number
of 4000 within 25 min. Also, a minor increasing in the
temperature to 35 and 40 �C reduces signicantly the reaction
time from 300 to 150 and 35 min respectively (iv) for conden-
sation of the above mentioned substrates. However, less reac-
tive substituted aldehydes and diamines required higher
catalyst dose of 0.05 mol% (2 mg) and temperature of 60 �C to
react efficiently at appropriate times (Table 1).

Finally, different common oxidants were screened and both
molecular oxygen and TBHP showed to be the best (v). Never-
theless, clear environmental and economic benets of using O2

as the terminal oxidant as well as the possible disintegration of
capsule in the presence of TBHP should be taken into account.
Under these optimized aerobic conditions, the catalytic system
showed a wide applicability for a range of substrates for the
synthesis of various benzimidazole derivatives. A variety of
benzaldehydes and o-phenylenediamines carrying different
substituents reacted successfully together under the catalytic
inuence of amorphous {Mo72Fe30} and good to excellent
product yields were obtained (Table 1).

The environmental impact of the catalytic protocol which
measures the amount of waste generated during a synthetic
process was assessed through E-factor calculations (E-factor ¼
total waste (kg)/total product (kg)).29 It should be noted that
the mass of {Mo72Fe30} cluster has been omitted from the E-
factor calculations, because of efficient recovery during the
process for further usage. The calculated E-factor values for
RSC Adv., 2019, 9, 34854–34861 | 34857
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Table 3 Structural properties of {Mo72Fe30} nanoclusters
a

Catalyst SBETb (m2 g�1) VBJH
c (cm3 g�1) RBJH

d (nm)

Amorphous {Mo72Fe30} 15.38 0.2777 72.206
Crystalline {Mo72Fe30} 5.9 0.0098 6.6

a BET hysteresis curves are given in Fig. S10 and S19. b Specic surface
area. c Pore volume. d Average pore diameters.
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the synthesis of all the benzimidazole derivatives given in
Table 1, are very small ranging between 0.11 and 0.33. These
results highlight the green nature of the protocol resulting
from minimum waste generation using this aerobic protocol
employing ethanol as reaction medium in the presence of
highly active recyclable heterogeneous {Mo72Fe30} nano-
cluster. However, the reaction performance was greatly
decreased by introduction of electron withdrawing substitu-
ents on the aromatic ring of diamine molecule. E-factor values
for nitro containing benzimidazoles formation resulting from
4-nitro-1,2-phenylenediamine increased to 1.7 and 2.28 for
condensation with 4-chlorobenzaldehyde and 4-methyl-
benzaldeyde respectively (entries 11 and 14). As expected from
the rst step of mechanism (vide infra) which is nucleophilic
attack of o-phenylenediamine on aromatic aldehyde, electron
withdrawing nitro group decreases the nucleophilicity of –NH2

group of o-phenylenediamine retarding the formation of C]N
bonds, and consequently declines the conversion and selec-
tivity of desired benzimidazoles.
Scheme 2 Proposed mechanism for catalytic action of {Mo72Fe30}
nanoclusters.
Mechanistic aspects of catalysis with {Mo72Fe30}

To clarify the catalytic role of {Mo72Fe30}, the effect of the simple
salts used in the synthesis of Keplerate was investigated.
Inspection of the results in Table 2 demonstrated the superi-
ority of Keplerate in terms of activity and particularly selectivity.
We also replaced the amorphous {Mo72Fe30} by crystalline
counterpart to compare their catalytic performance. As shown
in Table 1 (entries 2, 4 and 7) and Table 2, the use of crystalline
{Mo72Fe30} lengthened the reaction with a factor of 1.5–2, while
maintaining the selectivity. The larger specic surface area and
particularly pore volume of amorphous cluster (Table 3, Fig. S10
and S19†) caused by its low crystallinity and formation of
blackberry structures resulting from aggregation of nano-
particles (evidenced by SEM images; Fig. S8 and S17†) may be
reasonable for this exhibition.30 Furthermore, greater disorders
in the structure of amorphous materials providing more
unsaturated sites for adsorption of molecules onto the solid
surface, increase their catalytic activity.31,32 It should be noted
that, metal-oxide {Mo9O9} pores resulting from structural
organization of the pentagons and linkers in Keplerates
provides access to the capsule's interior just for very small
molecules.14 Thus, considering the above mentioned structural
properties, it is reasonable to accept that the reaction taking
place on the surface of the {Mo72Fe30} nanocapsule and not
Table 2 The comparison of catalytic activity of amorphous {Mo72Fe30}

Catalyst Conversion%

FeCl3$6H2O 80
Na2MoO4$2H2O 90
FeCl3$6H2O + Na2MoO4$2H2O 80
Amorphous {Mo72Fe30} 100
Crystalline {Mo72Fe30} 100

a Reaction conditions: 4-chlorobenzaldehyde: o-phenylenediamine molar
were used according to their stoichiometry in {Mo72Fe30}.

34858 | RSC Adv., 2019, 9, 34854–34861
inside it. As depicted in Scheme 2, the MoVI sites in the
{Mo72Fe30} activate the carbonyl carbon of the aromatic alde-
hyde for nucleophilic attack by –NH2 group of o-phenylenedi-
amine. The resulting imine is further attacked by second –NH2

to form dihydrobenzimidazole (benzimidazoline) followed by
aromatization in the presence of molecular oxygen mediated by
FeIII centers to give 2-aryl-1H-benzimidazoles as product. Con-
ducting the reaction under anoxic conditions (Ar) removed the
oxidation product (benzimidazole) and just 20% by-product was
observed accompanied with imine as main product. This result
with its simple saltsa

Benzimidazole selectivity% Time (min)

30 35
40 80
40 10

100 20
100 40

ratio is 1/1.2, catalyst 0.05 mol%, EtOH (1 mL) at 60 �C. The simple salts

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 FT-IR spectra of fresh (black) and used catalyst (red).
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along with the lack of 1,2-disubstituted benzimidazole products
are reasonable to suggest an oxidative mechanism for this
reaction under catalytic inuence of {Mo72Fe30} as presented in
Scheme 2.33 Deprotonation of water molecules ligated to FeIII

centers in the amorphous cluster generating 16OH� groups,30

facilitates the inner sphere interaction of the metal ion with
oxygenic species,34 which accelerates the oxidative aromatiza-
tion process at nal step of reaction.
The stability and reusability of Keplerate

To elucidate the heterogeneity of the solid catalyst, hot ltration
test in association with AAS for elemental analysis of Mo and Fe
was performed. The amount of elements in ltrate were trace and
not detectable using this analysis method (<1 ppm) conrming
the real heterogeneity of the reaction and structural stability of
catalyst. More evidence for this issue was observed by comparing
the FT-IR spectra of used catalyst with fresh one (Fig. 2). The
Table 4 Comparison of catalytic performance of present catalytic
benzimidazoles

Entry Catalyst Catalyst dose/mol% T

1 {Mo72Fe30} 0.025 (0.05) 0.
2 VOSO4 3 1
3 TiCl3OTf 10 0.
4 Ce(NO3)3$6H2O 30 1.
5 PhSiH3 4 equiv. 2
6 CuFe2O4 NPs 20 24
7 Fe3O4–SiO2–(NH4)6Mo7O24 220 mg 0.
8 a-MoO3 nanobelts 2 0.
9 CuI Nps 10 1
10 TiO2–Fe2O3 20 mg 3
11 Pt/TiO2 1 1
12 H2O2/SiO2–FeCl3 100 mg 0.
13 LaCl3 10 2–
14 p-TsOH 10 0.

a Entry 2 in Table 1.

This journal is © The Royal Society of Chemistry 2019
characteristic ngerprint of the icosahedral structure (1000–
500 cm�1) as well as the typical bands for bridging acetate ligands
at 1534 and 1416 cm�1 remained intact.15 Aer the completion of
the reaction, ethanol was added, and the catalyst was separated
by centrifugation and decantation of the reaction mixture, dried
and then reused. The recovered heterogeneous catalyst exhibited
the same activity and selectivity and just a 4 percentage reduction
in conversion was observed aer ve runs (90% compared to
entry 2 in Table 1), demonstrating the reusability of catalyst
under the reaction conditions.
Comparison with other catalytic systems

To show the merit of title methodology for the synthesis of 2-
aryl-1H-benzimidazole derivatives, the reaction conditions
and the catalytic performance of a number of catalysts in
literature, are summarized in Table 4 in comparison with this
work.35–46 Most of the catalysts given in Table 4, suffer seri-
ously from toxicity and high catalyst dose. Additionally, they
require toxic solvents and tedious work-up procedures or long
reaction times. Although, the transition metal oxide nano-
particles demonstrated high efficiency and recoverability, in
some cases such as LaCl3,6 and Pt@TiO2,44 the cost factor
cannot be ignored for the industrial implementation. The
present system employing {Mo72Fe30} nanocluster as an easy-
made biocompatible heterogeneous catalyst in ethanol green
solvent under oxygen atmosphere is found to minimize the
environmental impacts evidenced by very small E-factor
values and consequently qualify all requirements of an effi-
cient catalytic system for applied goals. The high activity,
environment benignity, cost effectiveness, recyclability and
ease of product separation highlights the potential of this
protocol in industry and make it amenable to scalability
readily. When the reaction performed under a semi scale up
procedure (10 mmol), 90% of the corresponding benzimid-
azole (Table 1, entry 2) was secured at the same time and
conditions mentioned in Table 1.
system with literature reports for the synthesis of 2-substituted

ime/h Solvent T/�C Yield/% Ref.

5 (0.3) EtOH 40 (60) 91 (94) This worka

EtOH r.t. 92 35
8 EtOH r.t. 86 36
5–2 DMF 80 �C 93 37

DMF 120 �C 95 38
Toluene/O2 110 �C 89 39

5 EtOH/H2O2 r.t. 90 40
5 S$F/TBHP 50 �C 93 41

CH3CN/O2 r.t. 96 42
H2O/O2 40 �C 97 43
Mesitylene Reux 78 44

5 Solvent-free 150 �C 25 45
4 CH3CN r.t. 85–95 6
2–1 DMF 80 �C Trace-85 46

RSC Adv., 2019, 9, 34854–34861 | 34859
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Conclusion

In conclusion, Keplerate {Mo72Fe30} as a safe nanoscopic
icosahedral polyoxometalate was demonstrated as a robust,
efficient, and recyclable solid molecular catalyst for aerobic
synthesis of benzimidazoles under mild conditions. Amor-
phous {Mo72Fe30} exhibited superior catalytic activity in the
synthesis of benzimidazole derivatives than that of crystalline
one. The larger specic surface area and particularly pore
volume of amorphous cluster evidenced by BET analysis
resulting from aggregation of nanoparticles is a key factor for
such an exhibition. A variety of benzimidazole derivatives could
be synthesized in good to excellent yields with catalyst dose as
low as 0.02 to 0.05 mol% in ethanol green solvent under oxygen
atmosphere. These signicant conditions for a system
employing a safe and biocompatible catalyst minimize the
environmental impact of process opening up a promising
perspective within the scope of metal cluster-catalyzed organic
reactions and transformations in future.
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