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ABSTRACT: Developing more sustainable catalytic processes for
preparing N-heterocyclic compounds in a less costly, compact, and
greener manner from cheap and readily available reagents is highly
desirable in modern synthetic chemistry. Herein, we report a
straightforward synthesis of benzimidazoles by reductive coupling
of o-dinitroarenes with aldehydes in the presence of molecular
hydrogen. An innovative molecular cluster-based synthetic strategy
that employs Mo3S4 complexes as precursors have been used to
engineer a sulfur-deficient molybdenum disulfide (MoS2)-type
material displaying structural defects on both the naturally
occurring edge positions and along the typically inactive basal
planes. By applying this catalyst, a broad range of functionalized 2-
substituted benzimidazoles, including bioactive compounds, can be
selectively synthesized by such a direct hydrogenative coupling protocol even in the presence of hydrogenation-sensitive functional
groups, such as double and triple carbon−carbon bonds, nitrile and ester groups, and halogens as well as diverse types of
heteroarenes.

KEYWORDS: defective molybdenum sulfide, molecular clusters, heterogeneous catalysis, o-dinitroarenes, hydrogenative coupling,
benzimidazoles

■ INTRODUCTION

Benzimidazoles are key heterocyclic scaffolds for drug design in
the pharmaceutical industry owing to their remarkable
medicinal and pharmacological properties.1−4 Based on the
benzimidazole molecular framework as an essential pharmaco-
phore, several classes of drugs exhibiting antiviral, anticancer,
antihypertensive, antihistaminic, antiarrhythmic, and antifungal
activities have been developed.5−7 In addition to their
therapeutic uses, benzimidazole derivatives have also been
employed as biologically active compounds to prepare
pesticides, including fungicides, herbicides, and insecticides,
for the agricultural sector.8 Materials science is another field in
which benzimidazoles have found interesting applications as
structural subunits for the fabrication of high-performance
polymers,9 adsorbent materials,10,11 and liquid crystals.12

Furthermore, they have proved to be an essential core for dye
sensitized solar cells,13 and organic light emitting devices
(OLEDs).14

In view of these applications, it is not surprising that
tremendous efforts have been devoted to the development of
methods for preparing these valuable fused heterocycles. In
general, the most commonmethodologies for the synthesis of 2-
subtituted benzimidazoles rely on using o-phenylenediamines as
starting materials. The traditional synthesis involves the reaction

of these reagents with carboxylic acid derivatives under strongly
acidic conditions, sometimes at high temperature or under
microwave irradiation.15−25 Another conventional method
makes use of aldehydes, which led to the formation of the
Schiff’s bases by condensation reaction with o-phenylenedi-
amines, followed by cyclization and aerobic oxidation of the C−
N bond to form the target compounds.26−39 In addition, the
metal-catalyzed oxidative40 or acceptorless dehydrogena-
tive41−44 coupling of primary alcohols with o-phenylenedi-
amines have also been proposed as effective synthetic methods
for the preparation of benzimidazoles.
Currently, the quest for sustainable chemistry in organic

synthesis has led researchers to develop new synthetic
approaches based on domino or tandem processes, in which
the preparation of high valuable products takes place through
more benign and straightforward multistep one-pot reac-
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tions.45−53 Nitroarenes are a cheap and readily available
feedstock, and their reduction is the method of choice for
producing anilines. Therefore, their use as starting reagents for
the synthesis of substituted secondary and tertiary aniline
derivatives, including aromatic N-heterocyclic compounds, is
highly attractive since prior isolation of the primary amines can
be avoided. In this regard, more sustainable methodologies to
access benzimidazoles have been accomplished by reaction of o-
nitroanilines with alcohols through a borrowing hydrogen (also
called hydrogen autotransfer) mechanism54−61 or, to a lesser
extent, by reductive coupling of these reagents with
aldehydes,62−66 in both cases in the presence of transition
metal-based catalysts. Moreover, redox condensation reactions
of o-nitroanilines with aryl derivatives (alcohols,67 amines,68

acetic acids,69 chlorides70) catalyzed by Fe(or Co)/sulfur
systems have also been reported.
However, in spite of the evident potential associated with the

more straightforward and step economy route of using
dinitroarenes as viable starting reagents to access N-heterocyclic
compounds,71−73 the preparation of benzimidazoles from these
readily available reactants has so far been scarcely investigated
(Scheme 1). Synthetic strategies based on the redox

condensation of o-dinitroarenes with orthoesters or aldehydes
to form 2-subtituted or 1,2-disubstituted benzimidazoles were
stablished by using an excess of metal (In74 or Fe75) as reductant
and acetic or citric acid as the proton source, respectively.
Meanwhile, Cao and co-workers reported the reductive N-
formylation of o-dinitroarenes, catalyzed by an Au/TiO2
(Rutile) heterogeneous catalyst, in which formic acid is used
as both a reductant and a C1 source.

76 Interestingly, the same
group also introduced the synthesis of 2-phenylbenzimidazole as
a single example of a transfer hydrogenation coupling reaction of
o-dinitroarenes with aldehydes using formic acid as a reducing
agent.77

Nevertheless, besides the limited substrate scope, all these
protocols have several drawbacks such as low atom efficiency as
well as the use of corrosive acids, excess amounts of metals as
reductants, or precious metal-based catalysts. In this respect, the
use of the most “green” reductant, i.e., molecular hydrogen, in
combination with a noble-metal-free catalyst would provide
compelling benefits. However, the implementation of a
hydrogenative coupling methodology for preparing benzimida-
zole derivatives that makes use of dinitroarenes and other readily
available reagents, such as for instance aldehydes, remains

elusive mainly due to the need to find efficient catalysts capable
of performing this challenging transformation.
Molybdenum sulfides could be promising candidates to

catalyze such a direct hydrogenative synthetic strategy.
Molybdenum disulfide (MoS2)-based materials are key catalysts
for hydrotreating processes, performed in the refining industry
to eliminate sulfur and nitrogen heteroatoms from crude
feedstocks.78,79 Consequently, extensive work has been done
to improve the catalytic activity of this kind of catalysts, and to
date, it is an area of continuing interest for the chemical industry
and academic research. Within the lamellar structure of MoS2,
which is constituted by stacked S−Mo−S trilayers, active sites
are mainly localized at the edges whereas the basal planes are
largely inert.80−82 More specifically, coordinatively unsaturated
sites (CUS), created as sulfur vacancies, and the presence of
metal-like electronic states at the brim sites are the proposed
active sites of MoS2,

83−85 whose number can be significantly
increased by adsorption of promoters (such as Co or Ni) at the
edge positions of the layered structure.86−92 Taking advantage of
this knowledge, in 2017, we reported the hydrothermal
preparation of cobalt-promoted MoS2 materials and their
unprecedented use as catalysts for the chemoselective hydro-
genation of nitroarenes to anilines, including dinitro com-
pounds.93 In the following years, we prepared cobalt−
molybdenum sulfides (Co−Mo−S) with tunable phase
composition that displayed enhanced catalytic activity for the
chemo- and regioselective hydrogenation of quinoline deriva-
tives94 and for the borrowing hydrogen synthesis of thioethers
from alcohols.95 Later on, bimetallic ironmolybdenum selenides
were applied as catalysts for the preparation of pyrrolo[1,2-
a]quinoxalines from o-nitroanilines.96

In the meantime, nonpromoted MoS2-based materials have
also been established as efficient catalysts for the reduction of
nitroarenes in the presence of different reducing agents, such as
hydrazine,97,98 ammonium formate,99 or sodium borohy-
dride.100,101 However, due to the inherent limited catalytic
activity of these materials, several strategies were adopted to
obtain catalysts with a high degree of active defect sites on both
the edges and the typically unreactive basal planes. These
strategies involved the preparation of an oxygen-implanted
MoS2 via an incomplete sulfidation and reduction method,97,99

the Li intercalation/exfoliation to generate the 1T-phase of
MoS2,

100 a wet-chemical activation with hydrazine of solvent-
dispersed 2D-MoS2 nanosheets,

101 and a carbon insertion to
obtain interlayer-expanded MoS2.

98 Nevertheless, since hydro-
gen activation is more challenging, the use of nonpromoted
MoS2-derived catalysts for the hydrogenation of nitroarenes is
quite limited. It was reported that MoS2, obtained by
atmospheric pressure reduction from MoS3,

102 and Zr-
intercalated MoS2

103 catalyzed the conversion of nitrobenzene
into aniline in low yield (<40%), a transformation which was
later quantitatively accomplished by applying hydrothermally
prepared MoS2 microflowers containing CUS in a high
degree.104More recently, the catalytic activity ofMoS2, prepared
via a hydrothermal synthesis, was improved by sublimation
induced sulfur vacancy creation, and it was applied for the one-
pot cascade nitro-hydrogenation and reductive amination for
synthesizing secondary amines.105

Herein, we report a new bottom-up strategy to obtain a sulfur
deficient MoS2-type material derived from molecular complexes
containing a Mo3S4 cluster core, a class of structural motif that
displays structure similarities to MoS2, and since Mo3S4 clusters
have been shown to catalyze reductive organic transforma-

Scheme 1. Synthesis of Benzimidazoles from o-Dinitroarenes
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tions,106−113 it also shares behavioral catalytic patterns. This
approach allows engineering an efficient catalyst, containing a
high degree of active sites on the basal planes, for the first
straightforward synthesis of 2-substituted benzimidazoles from
o-dinitroarenes and aldehydes in the presence of molecular
hydrogen.

■ RESULTS AND DISCUSSION

Preparation and Structural Characterization of Catalyst
{Mo3S4}n

The starting Mo3S4 molecular complex used to synthesize our
novel sulfur deficient MoS2-type material, namely {Mo3S4}n,
features an apical sulfur atom (μ3-S), three bridging sulfur
ligands (μ-S), and three molybdenum atoms, these latter in a
triangular arrangement (Figure 1a). The outer positions around
the Mo sites are occupied by chloride and triphenylphosphine
ligands. In addition, although it was first proposed to be a
coordinatively unsaturated compound,114 it is generally
accepted that solvent molecules from the preparation procedure
(i.e., MeOH) fill the remaining vacant coordination sites.115,116

The substitutional lability of these ligands and the robustness of
the Mo3S4 cluster core prompted us to imagine this precursor as
a convenient building block for the construction of a higher
nuclearity material, retaining, in principle, the Mo3S4 motif. To
this end, hydrazine hydrate was added at room temperature into
a green-colored dispersion of the molecular complex in water,
which turned black over the course of the reaction (see the
Experimental Details for details on the preparation). This
process implies the chemical reduction of themolecular complex
by hydrazine, thereby enabling the intercluster assembly by
nucleophilic attack from the bridging sulfur ligands to the outer
coordination sites of Mo atoms, whereby the {Mo3S4}n material

is formed. It should be noted that although coordination
chemistry involving Mo3S4 molecular complexes has extensively
been investigated, such a type of reaction remains unknown.
The X-ray diffraction (XRD) pattern of {Mo3S4}n, dominated

by the presence of three broad diffraction peaks centered at 2θ
values of 13.1, 37.1, and 50.3, resembles that of the poor
crystalline hexagonal structure of previously reported MoS2
(Figure SI1).93 Inductively coupled plasma optical emission
spectrometry (ICP-OES) measurements in combination with
elemental analysis performed on {Mo3S4}n revealed a S/Mo
molar ratio of 1.25, similar than that of the theoretical one of
1.33 in the molecular complex precursor. This result confirms
that a negligible sulfur loss occurred under hydrazine treatment
during the material preparation.
The preservation of the Mo3S4 structural motif in the

synthesized {Mo3S4}n material was investigated by Raman
spectroscopy. Remarkably, the Raman spectrum of this material
exhibits the same Raman signatures as those of the starting
molecular complex (Figure 1b). Besides Raman bands,
characteristic of metallic bonds (ν(Mo−Mo)) at 125−230
cm−1 and molybdenum sulfide bonds (ν(Mo−S)) at 240−384
cm−1, vibration bands of bridging sulfur ligands (ν(μ-S−Mo))
and the apical sulfur atom (ν(μ3-S−Mo)) appear at 430 and 448
cm−1, respectively.117,118 Importantly, a decrease of the band
intensity ratio of bridging to apical sulfides is observed in the
spectrum of {Mo3S4}n as result of the transformation from one
to the other, whereby the intercluster assembly takes place.
Additional broad bands centered at around 710 and 880 cm−1

indicate the presence of MoIV−OH and MoVO species,
respectively.117,119,120

The chemical composition of {Mo3S4}nwas further verified by
X-ray photoelectron spectroscopy (XPS; Figure 1c). The high-
resolution S 2p core-level spectra of both the molecular complex

Figure 1. (a) Synthesis of {Mo3S4}n from molecular complexes. Raman (b) and XPS (c) spectra of the Mo3S4 molecular complex and {Mo3S4}n
material. (d) Low- and high-resolution TEM images of {Mo3S4}n. The red dashed areas show lattice-distorted (circle) and ordered (hexagons) zones
on the basal planes.
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precursor and the {Mo3S4}nmaterial could be fitted into two sets
of doublets, each of them characteristic of the spin−orbit
splitting of S 2p3/2 and S 2p1/2 orbitals. The doublet at binding
energies (BEs) of 161.9/163.0 eV is associated with the bridging
sulfur ligands (μ-S) and the other one at 162.5/163.7 eV with
the apical sulfur atom (μ3-S).

121 Nevertheless, different
percentages of each type of sulfur atoms were ascertained.
Whereas the bridging and apical signals of the molecular
complex precursor have a 77:23 area ratio, a higher contribution
of the components associated with the apical sulfur atom
(67:33) was found for {Mo3S4}n.
The high-resolution Mo 3d core-level spectra showed in both

cases two peaks at 229.9 and 233.0 eV corresponding to the Mo
3d5/2 and Mo 3d3/2 orbitals, respectively, characteristic of
Mo(IV) species. Moreover, for the {Mo3S4}n material an
additional doublet with a minor contribution at 230.9 and 234.4
eV was also detected after deconvolution and fitting, which
could be ascribed to the presence of molybdenum oxysulfides
(MovOxSy),

117 in good agreement with the Raman character-
ization results. Remarkably, the XPS survey spectrum of
{Mo3S4}n revealed the absence of Cl and P peaks but proved
the presence of N (Figure SI2). This observation suggests that
chloride and triphenylphosphine ligands were fully removed
during the intercluster assembly and that some hydrazine
molecules lie in the structure, likely occupying remaining vacant
coordination sites around Mo atoms.
The morphology and atomic structure of {Mo3S4}n were

investigated by transmission electron microscopy (TEM) at
different magnifications (Figure 1d; see Figure SI3 for HAADF-
STEM and EDS elemental mapping characterization). The
obtained images revealed that {Mo3S4}n comprises randomly
agglomerated nanosheets that preferentially expose their basal
planes. The atomic structure of these basal planes is short-range
ordered but long-range disordered with some regions displaying
a hexagonal atomic arrangement of Mo atoms characteristic of a
well-crystallized phase, but in general, they are mainly
constituted by lattice-distorted zones. Consequently, such an

imperfect structure configuration implies the presence of active
sites on the naturally occurring edge positions as well as along
the typically inactive basal planes, thereby giving rise to a sulfur-
deficient MoS2-type catalyst that may display an excellent
catalytic activity.

Catalytic Results for the Model Reaction

The hydrogenative reductive coupling of 1,2-dinitrobenzene
(1a) with benzaldehyde (2a) for synthesizing 2-phenyl-
benzimidazole (3aa) was selected as a model reaction to
demonstrate the performance of our {Mo3S4}n material as a
catalyst for this type of one-pot reaction sequence that involves
the hydrogenation of nitro groups and the formation of C−N
bonds, including a cyclization process. Initial experiments were
performed in toluene at 100 °C and under 10 bar H2 pressure,
conditions whereby 1a was almost fully converted (in 94%) into
1,2-nitroaniline and 3aa in 81 and 13% yield, respectively.
Gratifyingly, pressure and temperature were shown to have a
high impact on the efficiency of the reaction toward the
formation of the desired benzimidazole product 3aa (Table
SI1). In fact, by increasing the temperature up to 120 °C and/or
the pressure up to 20 bar H2, full conversion of 1a was achieved
affording 3aa from 89 to 97% yield together with traces (<3%) of
1-benzyl-2-phenyl-1H-benzo[d]imidazole (4aa) as a byproduct.
Surprisingly, besides traces of nonreacted benzaldehyde and its
hydrogenated/oxidized derived compounds (i.e., benzyl alcohol
and benzoic acid, respectively), small amounts of benzalazine,
which is a byproduct that may be generated by dehydration
reaction between benzaldehyde and hydrazine, were also
detected (Scheme SI1). This result supports the idea that
some of the hydrazine used in the preparation of catalyst
{Mo3S4}n remains in its structure and justifies the observation of
the N peak in the XPS survey spectrum (Figure SI2). The use of
other solvents was also investigated (Table SI2). Whereas 1,4-
dioxane led to lower reactivity, full conversion of 1a and good to
excellent yields of the desired benzimidazole 3aa, but slightly
lower than with toluene, were reached by using THF, CH3CN,
EtOH, and iPrOH. Further catalytic reactions were performed

Figure 2. Catalyst recycling experiments (a) and reaction profile versus time (b) for the hydrogenative coupling of o-dinitrobenzene (1a) with
benzaldehyde (2a) in the presence of catalyst {Mo3S4}n. Reaction conditions: 1a (0.25 mmol), 2a (0.375 mmol), {Mo3S4}n (10 mg), toluene (2 mL),
20 bar H2, 120 °C, 16 h. Traces (<3%) of product 4aa were detected in all reaction runs.
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to optimize the catalyst loading, which could be halved with no
significant influence on the yield of the desired benzimidazole
product 3aa (Table SI3).
To confirm the importance of presenting structural defects

derived from the Mo3S4-type extended structure of {Mo3S4}n,
we prepared another material, namely, S-{Mo3S4}n, from the
same molecular complex precursor but under hydrothermal
sulfurization conditions at 180 °C (see the Supporting
Information for details on the preparation and characterization).
The sulfurized material S-{Mo3S4}n, with a S/Mo molar ratio of
1.74, comprises stacked nanosheets constituted by a hexagonal
(2H)−trigonal (1T) mixed-phase of MoS2 and nonsulfurized
Mo3S4 domains to a lesser extent (Figures SI4−SI7). This
structure configuration results in a catalyst that, compared with
{Mo3S4}n, displays a lesser defect-rich structure along basal
planes, which, in addition, are less accessible to the reactants. In
consequence, the sulfurized catalyst S-{Mo3S4}n exhibited a
significant lower catalytic activity for the investigated tandem
reaction (Figure SI8). Likewise, when nondefective commer-
cially available crystalline MoS2 was used as a catalyst, no
reaction at all took place (Scheme SI2).
The catalyst {Mo3S4}n was proven to have good recyclability

for the model reaction, achieving full conversion of 1a and
excellent yield of 3aa for six consecutive runs (Figure 2a).
Notably, no byproduct derived from hydrazine was detected in
the second and subsequent runs, thus indicating that hydrazine
was fully removed from the catalyst structure in the first reaction.
Characterization of the six-times-recycled catalyst by XRD,
HRTEM, and HAADF-STEM showed no obvious structure
modifications (Figures SI9−10), which could be discerned
through an accurate XPS investigation (Figure SI11). More
specifically, the high-resolution S 2p XPS core-level spectrum
revealed that the recycled catalyst displayed a lower percentage
of sulfur bridging ligands (∼20% less) and the presence of a new
band at 170.0 eV that may be attributed to physically adsorbed
sulfate species derived from the partial elimination of these

bridging sulfide moieties.122 This finding is consistent with a
previous study made on Mo3S4 complexes that proposes the
bridging sulfur ligands as the active sites where H2 undergoes
dissociative adsorption,113 which makes these moieties rather
than apical sulfur atomsmore prone to be removed. Incidentally,
the presence of molybdenum oxysulfides (MovOxSy) was also
detected to a slightly higher extent in the high-resolution Mo 3d
XPS core-level spectrum. In good agreement with the XPS
results, a weakening of the Raman vibration band associated
with the bridging sulfur ligands (ν(μ-S−Mo)) was sensed in the
Raman spectrum of the six-times-recycled catalyst (Figure
SI12). However, the main Raman signatures of the Mo3S4 motif
were preserved, thus indicating no significant loss of the cluster-
like structure of catalyst {Mo3S4}n along the reaction runs. It
should be noted that only residual Mo traces (<0.15 wt %),
which resulted to be catalytically inactive (Figure SI13), were
found by ICP analysis into the cumulative reaction mixtures
obtained from six consecutive runs.
The reaction monitoring over time (Figure 2b) showed that,

as the conversion of 1,2-dinitrobenzene (1a) increases, 1,2-
nitroaniline is formed as a primary product. After reaching a
maximum, the concentration of 1,2-nitroaniline dropped in
concomitance with the formation of 2-phenylbenzimidazole
(3aa) with no detection of other reaction intermediates, thus
suggesting that the hydrogenation of 1,2-nitroaniline entails a
kinetically less favored reaction step than the subsequent ones.
Further analysis of this reaction profile reveals that the
hydrogenation of 1,2-nitroaniline takes place at a higher reaction
rate than that of the starting dinitroarene 1a, and therefore, its
accumulation along the reaction likely arises from a preferential
adsorption of 1a on the catalyst surface. This result is in line with
our previous work on the hydrogenation of dinitroarenes in the
presence of a cobalt-promoted MoS2-based catalyst, in which
good yields of the partially hydrogenated nitroanilines were
reported.93

Scheme 2. {Mo3S4}n-Catalyzed Synthesis of Benzimidazoles by Hydrogenative Coupling of Various o-Dinitroarene Derivatives
with Benzaldehydea

aReaction conditions: 1b−1k (0.25 mmol), 2a (0.375 mmol), {Mo3S4}n (10 mg), toluene (2 mL), 20 bar H2, 120 °C, 16 h. b{Mo3S4}n (15 mg).
c140 °C. Yields of isolated products are given.
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From a mechanistic point of view, once 1,2-nitroaniline is
formed, in addition to a condensation step with benzaldehyde,
the synthesis of 3aa should involve either the intermediacy of a
hydroxylamine derivative, followed by cyclization and dehy-
dration, or alternatively, the complete hydrogenation of the nitro

group to the amine functionality, cyclization, and dehydrogen-
ation (Scheme SI3).62 Since a dehydrogenative step under H2

pressure is rare, the feasibility of this route was investigated by
using o-phenylenediamine as reactant (Scheme SI4). This
control experiment was performed under optimized reaction

Scheme 3. {Mo3S4}n-Catalyzed Synthesis of Benzimidazoles by Hydrogenative Coupling of o-Dinitrobenzene with Different
Aldehydesa

aReaction conditions: 1a (0.25 mmol), 2b-e′ (0.375 mmol), {Mo3S4}n (10 mg), toluene (2 mL), 20 bar H2, 120 °C, 16 h. b1a (5 mmol), 2d′−e′
(7.5 mmol), {Mo3S4}n (200 mg), toluene (30 mL), 20 bar H2, 140 °C, 16 h. Yields of isolated products are given.
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conditions but using a 5-fold excess of catalyst loading to
emulate the transient nature of this intermediate when it is
formed in-route from the dinitroarene substrate. Surprisingly,
the desired benzimidazole product 3aa was afforded in 56%
yield, thereby indicating that in the presence of catalyst
{Mo3S4}n the occurrence of the dehydrogenative pathway is
highly likely.

Substrate Scope

Having established the optimized conditions and investigated
the catalytic performance of {Mo3S4}n for the model reaction,
we were curious to examine the use of various o-dinitroarenes as
starting reagents (Scheme 2). When methyl-substituted
dinitroarenes were coupled with benzaldehyde, the correspond-
ing benzimidazole products 3ba and 3ca were obtained in 98
and 87% isolated yields, respectively. Likewise, electron-rich
dinitroarenes containing metoxy groups or a cyclic acetal also
underwent this reaction in high yields (3da−3fa). The use of
electron-deficient dinitroarenes was also explored, and a
significant electronic effect in the presence of such a type of
functional groups was observed. Whereas 2-benzyl-6-fluoro-1H-
benzo[d]imidazole (3ga) and 2-benzyl-6-chloro-1H-benzo[d]-
imidazole (3ha) were achieved in nearly 90% isolated yields, the
introduction of a second halogen atom or the presence of a
nitrile group resulted in a slightly lower reactivity toward the
formation of the desired benzimidazoles 3ia−3ka, which were
isolated in moderate yields (50−59%). It should be noted that
no dehalogenated products were detected.
Next, the general applicability of this hydrogenative reductive

coupling methodology was further investigated by reaction of o-
dinitrobenzene with a broad range of aldehydes (Scheme 3). To
our delight, irrespective of the electro-withdrawing or -donating
nature of the functional groups attached to the aromatic
aldehydes, an outstanding reactivity to furnish the desired N-
heterocyclic ring construction was achieved. o-Dinitrobenzene
(1a) was reductively coupled with alkyl-, alkoxy-, and dimethyl-
amine-substituted aldehydes resulting in good to excellent yields
of the expected benzimidazole products (3ab−3aj). Halogen-
ated aldehydes, even the bromide and iodide derivatives, also
reacted efficiently, and again, the halide groups were well
tolerated (3ak−3aq). Importantly, the {Mo3S4}n catalyst was
demonstrated to be compatible with the presence of potentially
reducible double (3ar−3as) and triple (3at) carbon−carbon
bonds, nitrile (3au), and ester (3av) groups. Heterocyclic
aldehydes displaying a pyridine (3aw)-, quinoline (3ax)-, or
phthalimide (3ay)-type structure were also suitable reactants to
accomplish the reductive coupling reaction. Furthermore, 2-
substituted benzimidazoles derived from the use of linear (3az−
3aa′), branched (3ab′) and cyclic aliphatic (3ac′) aldehydes as
coupling reagents were also accessible in up to 92% yield.
Finally, having knowledge of the catalytic behavior of catalyst

{Mo3S4}n, preparative-scale synthesis of pharmaceutical as well
as agrochemical products was conducted as a proof-of-
applicability (Scheme 3). Diabazole (3ad′), a spasmolytic,
vasodilator, and hypotensive drug with cardiovascular applica-
tions,25 was synthesized by hydrogenative coupling of o-
dinitrobenzene with 2-phenylacetaldehyde and isolated in 88%
yield. Furthermore, the same synthetic strategy was successfully
applied for the preparation of the fungicide Fuberidazole (3ae′),
which is widely used in the farm sector for pre- and postharvest
treatment to avoid diverse types of fungal diseases on fruits and
vegetables.6 Gratifyingly, the reaction of o-dinitrobenzene with

biomass-derived furfuraldehyde resulted in 84% yield of 3ae′
after isolation.

■ CONCLUSION
In conclusion, we have established a molecular cluster-based
synthetic strategy to engineer a sulfur-deficient MoS2-type
material from Mo3S4 complexes as precursors. The resulting
material comprises randomly agglomerated nanosheets that
preserve the specific atomic arrangement of the cluster motif
within a Mo3S4-type extended structure, which entails the
presence of structural defects on the naturally occurring edge
positions as well as along the typically inactive basal planes. This
peculiar structure configuration has enabled its application as an
effective catalyst for the development of the first direct synthesis
of benzimidazoles by reductive coupling of o-dinitroarenes with
aldehydes using molecular hydrogen as a clean reducing agent.
The catalyst displays good recyclability, affording the desired
benzimidazole products in high yield even after six consecutive
reaction runs. A wide variety of functionalized 2-substituted
benzimidazoles have been accessed in good to excellent yields,
even those containing potentially reducible and sensitive
functional groups, such as double and triple carbon−carbon
bonds, nitrile and ester groups, and halogens as well as diverse
types of heteroarenes. The synthetic value of this methodology
has been further demonstrated by synthesizing bioactive
compounds with pharmaceutical and agrochemical applications.
It is worth mentioning that the present catalytic methodology
offers an attractive straightforward synthesis of benzimidazoles
from cheap and readily available organic compounds using
hydrogen as the reducing agent and a non-noble metal-based
catalyst, thus constituting an environmentally benign way to
access such a type of N-heterocyclic compounds in terms of
compactness, cost, and atom efficiency. Moreover, the reported
catalyst synthetic strategy could open a new avenue to engineer
MoS2-based materials with improved catalytic activity for
organic chemistry, among others.

■ EXPERIMENTAL DETAILS

Synthesis of Mo3S4(PPh3)3Cl4(MeOH)2
The Mo3S4 molecular complex was prepared following a slightly
modified procedure with respect to the method reported in the
literature.114 Briefly, a 100 mL Schlenk flask containing a stirring bar
was charged under nitrogen with (n-Bu4N)2[Mo3S7Cl6] (2 g) and
methanol (50 mL) as a solvent. After stirring to dissolve the solid,
triphenylphosphine (2.9 g) was added. A color change was observed
from orange to green. The mixture was stirred for 20 min at room
temperature. After this time, the mixture was filtered under vacuum,
and the recovered solid was washed using a mixture of cold n-
hexane:toluene (1:1) and then with hot n-hexane. Finally, the obtained
green solid was allowed to dry under ambient conditions.

Preparation of Catalyst {Mo3S4}n
Mo3S4(PPh3)3Cl4(MeOH)2 (900 mg) was dispersed in distilled water
(120 mL) into a beaker. Then, hydrazine monohydrate (64−65%, 6
mL) was slowly added under stirring conditions. A color change was
observed from green to black. The mixture was stirred for 45 min at
room temperature. After this time, the mixture was filtered under
vacuum, and the recovered solid was washed using plenty of water,
ethanol, and diethyl ether. Finally, the obtained black powder was
allowed to dry under ambient conditions and stored under nitrogen
atmosphere.

Preparation of Catalyst S-{Mo3S4}n
S-{Mo3S4}n was prepared by a hydrothermal sulfurization process from
the Mo3S4 molecular complex in a 130 mL Parr stirred reactor.
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Mo3S4(PPh3)3Cl4(MeOH)2 (600 mg), sulfur (83.2 mg), distilled water
(57 mL), and hidrazine monohydrated (64−65%, 5.5 mL) were
introduced in a stainless steel autoclave vessel. Then, the autoclave was
closed tightly and purged twice with nitrogen for leak testing. The
mixture was heated and stirred until the desired internal temperature
(180 °C) was reached and then maintained under static conditions at
this temperature. After 22 h, the autoclave was cooled down to room
temperature, and the generated gas was carefully released. The reaction
mixture was filtered, and the recovered solid was washed with distilled
water, ethanol, and diethyl ether. Finally, the obtained black solid was
dried under ambient conditions and stored under a nitrogen
atmosphere.

General Procedure for the Synthesis of 2-Substituted
Benzimidazoles by Hydrogenative Coupling of
o-Dinitroarenes with Aldehydes
An 8 mL glass vial containing a stirring bar was charged with the
corresponding o-dinitroarene (0.25 mmol), the aldehyde (1.5 equiv),
the catalyst {Mo3S4}n (10 mg), dodecane (50 μL) as internal standard,
and toluene (2mL) as a solvent. Then, the reaction vial was capped with
a septum equippedwith a syringe and placed in an alloy plate, which was
then introduced into a 300 mL autoclave. Once sealed, the autoclave
was purged with 30 bar H2 (3 times), then pressurized to 20 bar H2, and
placed into a preheated aluminum block located on a heating plate,
which was previously set to 120 °C and 750 rpm of stirring speed. After
16 h, the autoclave was cooled down to room temperature and carefully
depressurized. The reaction mixture was diluted with ethanol and an
aliquot was taken for GC analysis. Finally, the product was purified by
silica gel column chromatography (n-hexane/ethyl acetate mixtures) to
give the desired product.
Instead of using an 8 mL glass vial, the preparative-scale syntheses of

benzimidazoles were carried in a 50 mL round-bottom flask containing
a stirring bar, which was charged with o-dinitrobenzene (5 mmol), the
aldehyde (1.5 equiv), the catalyst {Mo3S4}n (200 mg), and toluene (30
mL) as a solvent. The catalytic reaction was run at 140 °C, and the other
experimental procedure was the same as described above.
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