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etal–organic frameworks as
catalysts: synthesis of 2-nitro-3-arylimidazo[1,2-a]
pyridines via oxidative amination under air using
MIL-68(In) as an effective heterogeneous catalyst†

Phuong T. M. Ha, Thien N. Lieu, Son H. Doan, Trang T. B. Phan, Tung T. Nguyen,
Thanh Truong and Nam T. S. Phan *

The metal–organic framework MIL-68(In) has emerged as a productive heterogeneous catalyst for the

synthesis of 2-nitro-3-arylimidazo[1,2-a]pyridines via oxidative amination between 2-aminopyridines and

nitroalkenes using air as an oxidation agent. The catalyst displayed impressively higher efficiency for the

generation of 2-nitro-3-arylimidazo[1,2-a]pyridines than various other MOFs and several common

homogeneous catalysts. Heterogeneous catalysis was verified for the reaction of 2-aminopyridines with

nitroalkenes employing the framework-based catalyst. It was possible to collect and reuse the catalyst

for the production of 2-nitro-3-arylimidazo[1,2-a]pyridines without a pronounced deterioration in

catalytic efficiency. To the best of our knowledge, the preparation of 2-nitro-3-arylimidazo[1,2-a]

pyridines has not been formerly conducted utilizing heterogeneous catalysts. Furthermore, indium-based

catalysts were not previously employed for this transformation.
1. Introduction

Imidazo[1,2-a]pyridines are a prominent collection of biologi-
cally active nitrogen-containing heterocycles that exhibit
universal applications in medicinal chemistry, agro chemistry,
and materials science.1–6 A variety of synthetic strategies,
including multicomponent condensation, oxidative coupling,
and tandem reaction protocols, have been developed to produce
imidazo[1,2-a]pyridine derivatives with numerous substituents
at the 2 and 3-positions of this moiety.7–9 Gryko et al. reported
a productive path to a wide range of imidazo[1,2-a]pyridines via
the condensation of acetophenones with 2-aminopyridines.10

Huang et al. demonstrated an FeCl3-catalyzed tandem three-
component coupling nitration transformation of nitroalkanes,
aldehydes, and 2-aminopyridines providing imidazo[1,2-a]pyri-
dine derivatives.11 Volkova et al. developed the preparation of
functionalized imidazo[1,2-a]pyridines by the Cu(OAc)2-cata-
lyzed one-pot three-component reactions of 2-aminopyridines,
propiolate derivatives, and benzaldehydes.12 Liang et al. per-
formed the rst illustration of a CuBr-catalyzed production of 3-
nitro-2-arylimidazo[1,2-a]pyridines from nitroolens and ami-
nopyridines using air as oxidation agent in a one-pot proce-
dure.13 Interestingly, using similar starting materials, Hajra
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et al. recently demonstrated, for the rst time, a unique
Fe(NO3)3-catalyzed generation of 2-nitro-3-arylimidazo[1,2-a]
pyridine derivatives with rare selectivity via C–H amination in
ambient air.14 Although interesting results were achieved, this
homogeneous catalyst could not be recycled and reutilized. To
promote more environmentally benecial methods for the
generation of 2-nitro-3-arylimidazo[1,2-a]pyridines, recyclable
heterogeneous catalysts must be investigated.

Metal–organic frameworks (MOFs) are established by joining
metal-containing units with organic ligands, producing crystalline
materials with permanent porosity.15–19 An abundant number of
MOFs could be synthesized using multifarious organic linking
ligands and innumerable metal cations, generating disparate
unique properties.20–22 Although challenges in evolution still
remain to be addressed, probable applications of MOFs have been
substantially explored.23–25 Throughout the last few years,
tremendous endeavors have been directed to investigate the crit-
ical aspects of MOFs in catalysis.26–29 Some indium-based MOFs
have been synthesized and explored for applications in gas and
vapor adsorption and separation,30 proton conductivity,31 and
removal of tetracycline from waste water.32 However, reports on
applications of these frameworks in catalysis have been very
uncommon in the literature. Monge et al. performed the acetali-
zation of carbonyl compounds,33 and the reduction trans-
formations of nitroarenes34 using indium framework as a catalyst.
Zheng et al. employed this material as a catalyst for the synthesis
of numerous amino acids.35 Sun et al. recently employed
anthracene-based In-MOFs for visible-light-induced atom transfer
RSC Adv., 2017, 7, 23073–23082 | 23073
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Scheme 1 Synthesis of 2-nitro-3-phenylimidazo[1,2-a]pyridine
utilizing MIL-68(In) catalyst.
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radical polymerization.36 MIL-68(In) possessed a three-
dimensional network with innite chains of the octahedral units
of InO4(OH)2 connected via terephthalate linkers, generating
triangular and hexagonal channels.37,38 In this manuscript, we
would like to present the synthesis of 2-nitro-3-arylimidazo[1,2-a]
pyridines via the oxidative amination between 2-aminopyridines
and nitroalkenes utilizing the framework MIL-68(In) as an effec-
tive heterogeneous catalyst using air as an oxidation agent. To our
best judgment, solid catalysts have not been used for the synthetic
preparation of 2-nitro-3-arylimidazo[1,2-a]pyridines.
Fig. 1 Yields of 2-nitro-3-phenylimidazo[1,2-a]pyridine at varied
temperatures.
2. Experimental
2.1. Catalyst synthesis

The MIL-68(In) was prepared from terephthalic acid and indium
nitrate by a solvothermal protocol, using a literature procedure
formerly published by Latroche et al.37 In a representative experi-
ment, In(NO3)3$6H2O (0.408 g, 1.35 mmol) and H2BDC (H2BDC¼
terephthalic acid; 0.200 g, 1.20 mmol) were dissolved in DMF
(DMF ¼ N,N0-dimethylformamide; 5 mL). The resulting solution
was added to a 10 mL vial. The vial was then covered carefully and
heated to 100 �C in an oven for 48 h, generating crystals during the
course of the experiment. Following this step, the vial was cooled
to room temperature. The frameworks were isolated by decanta-
tion and washed in DMF (3 � 10 mL). Solvent interchange was
carried out with dichloromethane (3 � 10 mL) at room tempera-
ture. The framework was then heated on a Schlenk line under
vacuum at 150 �C for 6 h, producing 0.33 g of MIL-68(In) in the
form of white crystals (71% based on terephthalic acid). The MIL-
68(In) was then characterized by various techniques (see ESI†).
2.2. Catalytic studies

In an exemplary experiment, 2-aminopyridine (0.0940 g, 1 mmol),
trans-b-nitrostyrene (0.1788 g, 1.2 mmol), and 4-bromoanisole
(0.0187 g, 1 mmol) were dissolved in dichloroethane (2.0 mL), and
the solution was then added to a 10 mL pressurized vial enclosing
the pre-determined quantity of catalyst. The catalyst portion was
employed based on the indium/2-aminopyridinemole correlation.
The reaction mixture was stirred magnetically in air at 100 �C for
6 h. Samples were withdrawn, diluted with ethylacetate (3 mL),
dried with anhydrous Na2SO4, and analyzed by GC using 4-bro-
moanisole as a standard. The mixture remains were puried by
column chromatography to achieve 2-nitro-3-phenylimidazo[1,2-a]
pyridine. GC-MS, 1H NMR and 13C NMR analyses were performed
to validate the structure of the product. To look into the reusability
of catalyst in the generation of 2-nitro-3-phenylimidazo[1,2-a]
pyridine, the catalyst was isolated, collected, and washed with
large amounts of DMF and dichloromethane to remove any
physisorped reagent, dried in a Schlenk line at 150 �C under
vacuum in 2 h, and then reused for new reactions.
3. Results and discussion

The indium framework was evaluated for its catalytic activity in
the cyclization of trans-b-nitrostyrene with 2-aminopyridine
under atmospheric air to provide 2-nitro-3-phenylimidazo[1,2-
23074 | RSC Adv., 2017, 7, 23073–23082
a]pyridine as the major product (Scheme 1). The initial studies
investigated the impact of temperature on the yield of 2-nitro-3-
phenylimidazo[1,2-a]pyridine. The reaction was implemented
under air in dichloroethane for 6 h with 10 mol% catalyst and
10 mol% acetic acid as a co-catalyst using 2-amino-
pyridine : trans-b-nitrostyrene mole proportion of 1 : 1.2, at a 2-
aminopyridine concentration of 0.5 M at ambient temperature,
40 �C, 60 �C, 80 �C, 100 �C, and 110 �C. No reaction occurred at
ambient temperature, with no trace quantity of the anticipated
product aer 6 h. The conversion progressed with difficulty at
40 �C, providing only 5% yield aer 6 h. The generation of 2-
nitro-3-phenylimidazo[1,2-a]pyridine was not increased when
the temperature was boosted to 60 �C. The reaction conducted
at 80 �C produced a 35% yield aer 6 h. It was possible to
improve the yield of the expected product to 74% by raising the
reaction temperature to 100 �C. However, experimental data
revealed that performing the cyclization reaction at 110 �C did
not bring about an impressive augmentation in the production
of 2-nitro-3-phenylimidazo[1,2-a]pyridine, though 75% yield
was noticed aer 6 h (Fig. 1).

One more concern that must be studied for the cyclization of
trans-b-nitrostyrene with 2-aminopyridine to generate 2-nitro-3-
phenylimidazo[1,2-a]pyridine is the required catalyst quantity.
In the rst instance of the synthesis of 2-nitro-3-arylimidazo[1,2-
a]pyridine derivatives from nitroolens and aminopyridines via
C–H amination in ambient air, Hajra et al. employed 20 mol%
Fe(NO3)3 as a catalyst.14 Liang et al. performed the preparation
of 3-nitro-2-arylimidazo[1,2-a]pyridines from the same starting
materials employing 10 mol% CuBr catalyst.13 The reaction was
implemented at 100 �C in air in dichloroethane for 6 h with 10
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Yields of 2-nitro-3-phenylimidazo[1,2-a]pyridine at various
catalyst amounts.
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mol% acetic acid as a co-catalyst with 2-aminopyridine : trans-b-
nitrostyrene mole proportion of 1 : 1.2, at 2-aminopyridine
concentration of 0.5 M, at 2.5 mol%, 5 mol%, 7.5 mol%, and 10
mol% catalyst, respectively. A 13% yield of 2-nitro-3-phenyl-
imidazo[1,2-a]pyridine was recorded aer 6 h in the absence of
both the framework and acetic acid catalysts. In addition, 24%
yield was obtained aer 6 h in the presence of 10 mol% acetic
acid without using the framework as a catalyst. These data
highlight the need for the indium framework as a catalyst for
the conversion. Positively, deploying the framework catalyst for
the reaction caused an impressive advancement in the reaction
yield. The reaction using 2.5 mol% catalyst could continue to
59% yield aer 6 h, while 69% yield was obtained on employing
5 mol% catalyst. The yield could be improved to 73% aer 6 h in
the presence of 7.5 mol% catalyst. Using more than 7.5 mol%
catalyst was found to be non-essential because the generation of
2-nitro-3-phenylimidazo[1,2-a]pyridine was not enhanced
signicantly (Fig. 2).

Aerwards, we investigated the consequence of the reactant
mole proportion to the generation of 2-nitro-3-phenylimidazo
Fig. 3 Yields of 2-nitro-3-phenylimidazo[1,2-a]pyridine with diverse
reactant mole proportions.

This journal is © The Royal Society of Chemistry 2017
[1,2-a]pyridine. The reaction was performed at 100 �C in air in
dichloroethane for 6 h with 10 mol% catalyst and 10 mol%
acetic acid as a co-catalyst at a 2-aminopyridine concentration
of 0.5 M, employing a 2-aminopyridine : trans-b-nitrostyrene
mole proportion of 1 : 1, 1.2 : 1, 1.5 : 1, 2 : 1, 1 : 1.2, 1 : 1.5, and
1 : 2, respectively. The experimental data showed that the
reactant mole proportion exhibited a noteworthy impact on the
yield of the expected product. The reaction utilizing 1 equivalent
of trans-b-nitrostyrene afforded 62% yield aer 6 h. Using an
excess of 2-aminopyridine resulted in a decrease in the yield of
2-nitro-3-phenylimidazo[1,2-a]pyridine. Indeed, the reaction
using a 2-aminopyridine : trans-b-nitrostyrene mole proportion
of 1.2 : 1 progressed to 58% yield aer 6 h, while 49% yield was
noted on using 2-aminopyridine : trans-b-nitrostyrene mole
proportion of 1.5 : 1. The yield was decreased signicantly to
only 30% when 2 equivalents of 2-aminopyridine was employed.
It was noticed that the reaction was favored using an excess of
trans-b-nitrostyrene. The yield could be improved to 73% aer
6 h with an aminopyridine : trans-b-nitrostyrene mole propor-
tion of 1 : 1.2. However, utilizing more than 1.2 equivalents of
trans-b-nitrostyrene provoked lower yields. Certainly, the 66%
yield of the anticipated product was recorded for the reaction
with a aminopyridine : trans-b-nitrostyrene mole proportion of
1 : 1.5, while a 62% yield was realized for that employing 2
equivalents of trans-b-nitrostyrene (Fig. 3).

As the cyclization of trans-b-nitrostyrene with 2-amino-
pyridine to produce 2-nitro-3-phenylimidazo[1,2-a]pyridine was
implemented in the liquid phase, the solvent might have
showed a signicant impact on the conversion. In the rst
illustration of the synthesis of 2-nitro-3-arylimidazo[1,2-a]pyri-
dine derivatives from aminopyridines and nitroolens, Hajra
et al. performed the reaction in diverse solvents and demon-
strated that dichloroethane should be used.14 For the CuBr-
catalyzed synthesis of 3-nitro-2-arylimidazo[1,2-a]pyridines
from the same starting materials, Liang et al. pointed out that
DMF was the solvent of choice.13 It was accordingly decided to
study the impact of the solvent on the generation of 2-nitro-3-
phenylimidazo[1,2-a]pyridine. The reaction was conducted at
100 �C in air for 6 h with 7.5 mol% catalyst in the presence of 10
mol% acetic acid as a co-catalyst using a 2-amino-
pyridine : trans-b-nitrostyrene mole proportion of 1 : 1.2 at a 2-
aminopyridine concentration of 0.5 M, in DMF, DMSO,
dichloroethane, dichlorobenzene, chlorobenzene, toluene, and
diglyme, separately, as the solvents. Both DMF and DMSO were
incompatible for the reaction using the framework catalyst with
only 9% and 10% yields of 2-nitro-3-phenylimidazo[1,2-a]pyri-
dine, respectively, aer 6 h. The reaction continued slowly in
dichlorobenzene and chlorobenzene, providing 42% and 46%
yields, respectively, aer 6 h. The reaction conducted in toluene
produced 2-nitro-3-phenylimidazo[1,2-a]pyridine in 46% yield,
whereas 50% yield was observed for diglyme. Among these
solvents, dichloroethane produced the best results with 73%
yield aer 6 h (Fig. 4).

The cyclization of trans-b-nitrostyrene with 2-aminopyridine
to produce 2-nitro-3-phenylimidazo[1,2-a]pyridine could
provide only 51% yield aer 6 h in the absence of acetic acid,
hence denoting the usefulness of the Brønsted acid co-catalyst.
RSC Adv., 2017, 7, 23073–23082 | 23075
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Fig. 4 Yields of 2-nitro-3-phenylimidazo[1,2-a]pyridine in the
miscellaneous solvents.

Fig. 5 Yields of 2-nitro-3-phenylimidazo[1,2-a]pyridine with different
co-catalysts.

Fig. 6 Yields of 2-nitro-3-phenylimidazo[1,2-a]pyridine at varied co-
catalyst quantities.

Fig. 7 Yields of 2-nitro-3-phenylimidazo[1,2-a]pyridine at diverse 2-

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 1

1/
24

/2
02

5 
3:

13
:1

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Different Brønsted acid co-catalysts were then assessed for the
synthesis of 2-nitro-3-phenylimidazo[1,2-a]pyridine. The reac-
tion was conducted in air at 100 �C in dichloroethane for 6 h
with 7.5 mol% catalyst, 10 mol% co-catalyst, and a 2-amino-
pyridine : trans-b-nitrostyrene mole proportion of 1 : 1.2 at a 2-
aminopyridine concentration of 0.5 M, using formic acid, acetic
acid, pentanoic acid, fumaric acid, benzoic acid, and tereph-
thalic acid as the co-catalysts, separately. A 73% yield of 2-nitro-
3-phenylimidazo[1,2-a]pyridine was obtained aer 6 h for the
reaction using acetic acid as a co-catalyst. This yield was 74%
yield for the reaction using benzoic acid as the co-catalyst.
Employing pentanoic acid, the conversion was 72% aer 6 h.
Fumaric acid and terephthalic acid produced only 61% and
53% yields, respectively, aer 6 h. Among these co-catalysts,
23076 | RSC Adv., 2017, 7, 23073–23082
formic acid showed the highest efficiency, 80% aer 6 h
(Fig. 5). In addition, the quantity of the co-catalyst also regu-
lated the production of 2-nitro-3-phenylimidazo[1,2-a]pyridine.
The best result was observed for the reaction using 10 mol%
formic acid as a co-catalyst. Expanding or lowering the quantity
of formic acid caused a decrease in the reaction yield (Fig. 6). In
addition, the concentration of 2-aminopyridine also affected
the reaction, and the reaction was conducted with a 2-amino-
pyridine concentration of 0.5 M (Fig. 7).

Because the reaction of trans-b-nitrostyrene with 2-amino-
pyridine to produce 2-nitro-3-phenylimidazo[1,2-a]pyridine was
conducted in the liquid phase, a leaching phenomenon might
have occurred throughout the course of the reaction, which
must be considered. To determine if the active sites dissolved
from the solid catalyst promoted the generation of 2-nitro-3-
phenylimidazo[1,2-a]pyridine, a leaching assessment was
accordingly performed. The reaction was implemented in air at
100 �C in dichloroethane for 6 h, 7.5 mol% catalyst, 10 mol%
formic acid as co-catalyst, utilizing 2-aminopyridine : trans-b-
aminopyridine concentrations.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Leaching assessment showed that 2-nitro-3-phenylimidazo
[1,2-a]pyridine was not generated in the absence of a solid catalyst.

Fig. 9 Yields of 2-nitro-3-phenylimidazo[1,2-a]pyridine with miscel-
laneous homogeneous catalysts.

Fig. 10 Yields of 2-nitro-3-phenylimidazo[1,2-a]pyridine with
miscellaneous MOF-based catalysts.
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nitrostyrene mole proportion of 1 : 1.2, and a 2-aminopyridine
concentration of 0.5 M. Aer the initial 1 h period with 49%
yield being noted, the catalyst was collected by centrifugation.
The solution phase was then added to a new and clean pres-
surized vial and stirred magnetically for an additional 5 h at
100 �C. No more 2-nitro-3-phenylimidazo[1,2-a]pyridine was
generated aer the catalyst was isolated (Fig. 8). These data
suggest that cyclization of trans-b-nitrostyrene with 2-amino-
pyridine to produce 2-nitro-3-phenylimidazo[1,2-a]pyridine only
continued in the existence of the framework-based catalyst, and
the donation of homogeneous catalysis to the generation of 2-
nitro-3-phenylimidazo[1,2-a]pyridine was insignicant.

The efficiency of the indium framework in the cyclization of
trans-b-nitrostyrene with 2-aminopyridine to produce 2-nitro-3-
phenylimidazo[1,2-a]pyridine was correlated to a number of
regular homogeneous catalysts. The reaction was conducted in
This journal is © The Royal Society of Chemistry 2017
air at 100 �C in dichloroethane for 6 h using 7.5 mol% catalyst,
10 mol% formic acid as a co-catalyst, 2-aminopyridine : trans-b-
nitrostyrene mole proportion of 1 : 1.2, and a 2-aminopyridine
concentration of 0.5 M. FeCl3 was inactive for the conversion,
while a 16% yield was noted aer 6 h in the reaction using
Fe(NO3)3 catalyst. Cu(NO3)2 and CuCl2 showed low activity for
the reaction with 19% and 21% yields of the heterocyclic
product, respectively, aer 6 h. The reaction utilizing the
indium framework could continue to 80% yield aer 6 h.
However, homogeneous indium salts displayed substantially
lower catalytic activity than the solid indium framework cata-
lyst. Certainly, the InCl3-catalyzed reaction of trans-b-nitro-
styrene with 2-aminopyridine afforded only 28% yield aer 6 h.
To clarify the active sites for the reaction, several control
experiments were conducted. The reaction using In(NO3)3, the
precursor of the framework, expressed low activity with only
24% yield aer 6 h, while the reaction under terephthalic acid,
a framework linker, afforded only 47% yield. Remarkably, the
conversion utilizing the mixture of terephthalic acid with
In(NO3)3 as a catalyst proceeded to 21% yield of 2-nitro-3-phe-
nylimidazo[1,2-a]pyridine aer 6 h (Fig. 9). In addition, almost
no progress was observed in the reaction using the MIL-68(In)
soaked and poisoned by pyridine. The above observations
support the active In sites and the cooperative effect between
the metal cluster and organic linker within the MIL-68
framework.

To determine the benets of employing MIL-68(In) as a cata-
lyst for the reaction between trans-b-nitrostyrene and 2-amino-
pyridine to produce 2-nitro-3-phenylimidazo[1,2-a]pyridine, its
productivity was compared with that of other MOFs. The reaction
was implemented in air in dichloroethane for 6 h using 7.5 mol%
catalyst, 10 mol% formic acid as co-catalyst, 2-amino-
pyridine:trans-b-nitrostyrene mole proportion of 1 : 1.2, and a 2-
aminopyridine concentration of 0.5 M. Among these MOFs,
Fe3O(BDC)3 revealed the lowest catalytic activity, reaching only
RSC Adv., 2017, 7, 23073–23082 | 23077
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Fig. 11 TEMPO test showing that the reaction could not proceed in
the presence of radical trapping reagent.

Fig. 12 Argon test indicating that the reaction could proceed in
dichloroethane under argon.

Fig. 13 Argon test indicating that yield was adjusted by the amount of
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9% yield of 2-nitro-3-phenylimidazo[1,2-a]pyridine aer 6 h.
Fe3O(BPDC)3 was more active than Fe3O(BDC)3 with 29% yield
achieved aer 6 h. The Ni2(BDC)2(DABCO)-catalyzed reaction
could continue to 38% yield aer 6 h, while 35%, 36%, and 47%
yields were noted for Cu-MOF-74, Cu2(OBA)2(BPY), and Cu2(-
BDC)2(DABCO), respectively. To conrm the effect of structure on
the catalytic activity, reactions using various In-MOFs catalysts
constructed with different linkers were performed. In particular,
reaction using In-MOF-10 catalyst with a 4,40-biphenyldicarbox-
ylate linker provided 57% yield aer 6 h. Similarly, only 51% yield
of the heterocyclic product was achieved aer 6 h for the reaction
using In-MOF-11, which possesses 1,3,5,7-adamantanete-
tracarboxylate in the framework. In-CPM-14 synthesized using
4,40-oxybis(benzoic acid) and In(NO3)3 was more active. However,
only 72% yield of 2-nitro-3-phenylimidazo[1,2-a]pyridine was
produced aer 6 h (Fig. 10). These results conrm the hypothesis
in the excellent structure-activity relationship in the MIL-68(In)
for the cyclic reaction.

To obtain more information about the pathway of the cycli-
zation reaction between trans-b-nitrostyrene and 2-amino-
pyridine to produce 2-nitro-3-phenylimidazo[1,2-a]pyridine,
23078 | RSC Adv., 2017, 7, 23073–23082
further mechanistic studies were conducted. The reaction was
performed at 100 �C in air for 6 h in dichloroethane using 7.5
mol% catalyst, 10 mol% formic acid as co-catalyst, a 2-amino-
pyridine : trans-b-nitrostyrene mole proportion of 1 : 1.2, and
a 2-aminopyridine concentration of 0.5 M. Aer the rst hour
with 48% yield being recorded, 15 mol% of (2,2,6,6-
tetramethylpiperidin-1-yl)oxy (TEMPO) as a radical trapping
reagent was introduced, and the mixture was heated at 100 �C
for an additional 5 h. Only 51% yield was obtained (Fig. 11). Up
to 80% yield of 2-nitro-3-phenylimidazo[1,2-a]pyridine was
achieved aer 6 h for the reaction in the absence of TEMPO.

In another experiment, the reaction was performed under an
argon atmosphere. The desired product 2-nitro-3-phenyl-
imidazo[1,2-a]pyridine was achieved in 75% yield aer 6 h
(Fig. 12), implying that the cyclization reaction could still
proceed in the absence of air. Indeed, Hajra et al. suggested that
dichloroethane also displayed the function as an oxidant for the
transformation.14 To clarify the role of dichloroethane in the
formation of 2-nitro-3-phenylimidazo[1,2-a]pyridine, the reac-
tion was conducted in toluene or diglyme under argon for 6 h, at
7.5 mol% catalyst with 10 mol% formic acid as a co-catalyst,
employing 2-aminopyridine : trans-b-nitrostyrene mole propor-
tion of 1 : 1.2, at 2-aminopyridine concentration of 0.5 M.
Toluene and diglyme possessed no oxidizing properties. The
transformation proceeded slowly in these solvents under argon,
generating the desired product in only 14% and 10% yield,
respectively, aer 6 h (Fig. 12). To further address this issue, the
reaction was also performed in a mixture of dichloroethane and
toluene (1 : 1, v/v) in air and argon. The results showed 63%
yield of 2-nitro-3-phenylimidazo[1,2-a]pyridine for the reaction
under air, whereas 59% yield was recorded for the reaction
under argon (Fig. 13). These data conrmed that dichlorothane
would work as both solvent and oxidant for the oxidative ami-
nation between trans-b-nitrostyrene and 2-aminopyridine, and
that the contribution of dichloroethane to the yield of the ex-
pected product was signicant. The fact that 75% yield was
achieved for the reaction conducted in dichloroethane under
argon, while 80% yield was obtained for the reaction under air
dichloroethane.

This journal is © The Royal Society of Chemistry 2017
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Scheme 2 Plausible reaction mechanism.

Fig. 15 X-ray powder diffraction patterns of the new (a) and recovered
(b) catalyst.
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suggested that the oxygen in air also contributed to the trans-
formation, but the role of dichloroethane was more important.

The reaction mechanism is depicted in Scheme 2. First, 2-
aminopyridine underwent Michael addition in endocyclic
manner to form a Michael adduct (1).14 Radical reduction
through single electron transfer (SET) subsequently occurred in
the presence of the indium catalyst to form intermediate (2).39

Next, radical dehydrogenation of (2) proceeded to generate (3),
which was further oxidized to afford the radial cation (5)
through the formation of cyclic (4).40 Another single electron
transfer from (5) generated the indium catalyst to the catalytic
cycle and provided the desired product.

As previously pointed out, the indium framework displayed
better efficiency in the cyclization reaction than various
homogeneous and heterogeneous catalysts. To determine the
benets of this catalyst in the reaction between trans-b-nitro-
styrene and 2-aminopyridine to generate 2-nitro-3-phenyl-
imidazo[1,2-a]pyridine, one factor that should be considered is
the possibility of the catalyst reusability. The catalyst was
accordingly explored for reusability in the reaction over 7
consecutive runs. The reaction was conducted in air at 100 �C in
dichloroethane for 6 h using 7.5 mol% catalyst, 10 mol% formic
acid as co-catalyst, a 2-aminopyridine : trans-b-nitrostyrene
Fig. 14 Catalyst reusability.

This journal is © The Royal Society of Chemistry 2017
mole proportion of 1 : 1.2, and 2-aminopyridine concentration
of 0.5 M. Upon completion of the rst run, the catalyst was
collected, washed carefully with DMF and dichloromethane,
Fig. 16 FT-IR spectra of the new (a) and recovered (b) catalyst.
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Table 1 Synthesis of 2-nitro-3-arylimidazo[1,2-a]pyridines utilizing MIL-68(In) catalyst

Entry Reactant 1 Reactant 2 Product Isolated yields (%)

1 77

2 74

3 72

4 75

5 76

6 70

7 73

23080 | RSC Adv., 2017, 7, 23073–23082 This journal is © The Royal Society of Chemistry 2017
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Table 1 (Contd. )

Entry Reactant 1 Reactant 2 Product Isolated yields (%)

8 74

9 69
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and desiccated at 150 �C under vacuum in a Schlenk line for 2 h.
The recovered catalyst was subsequently reused in new experi-
ments. The experimental data proved that the catalyst could be
reused numerous times in the reaction of trans-b-nitrostyrene
with 2-aminopyridine to generate 2-nitro-3-phenylimidazo[1,2-
a]pyridine without considerable deterioration in efficiency.
Undoubtedly, 72% yield of 2-nitro-3-phenylimidazo[1,2-a]pyri-
dine was still recorded in the 7th run (Fig. 14). Furthermore, the
integrity of the catalyst could be retained aer the reaction, as
indicated by XRD (Fig. 15) and FT-IR (Fig. 16) spectra of the
recovered framework.

The research scope was subsequently expanded to the
synthesis of different 2-nitro-3-arylimidazo[1,2-a]pyridines
utilizing MIL-68(In) catalyst via the cyclization reaction. In the rst
experiment series, reactions between 2-aminopyridine and various
trans-b-nitrostyrenes possessing substituent were performed. The
reaction was conducted in air at 100 �C in dichloroethane for 6 h
using 7.5 mol% catalyst, 10 mol% formic acid as co-catalyst, a 2-
aminopyridine : trans-b-nitrostyrene mole proportion of 1 : 1.2,
and 2-aminopyridine concentration of 0.5 M. The products were
puried by column chromatography, and the isolated yields were
then recorded. Under these conditions, 2-nitro-3-phenylimidazo
[1,2-a]pyridine was generated in 77% yield (entry 1). The presence
of a substituent on the benzene ring in trans-b-nitrostyrene
decreased the yield slightly. The reaction between 2-amino-
pyridine and 4-methyl-trans-nitrostyrene produced 2-nitro-3-p-tol-
ylimidazo[1,2-a]pyridine in 74% yield (entry 2), while 72% yield of
3-(4-chlorophenyl)-2-nitroimidazo[1,2-a]pyridine was achieved for
the reaction between 2-aminopyridine and 4-chloro-trans-nitro-
styrene (entry 3). The ester group was tolerated in this reaction,
and 75% yield of methyl 4-(2-nitroimidazo[1,2-a]pyridin-3-yl)
benzoate was obtained via the reaction of 2-aminopyridine with
(E)-methyl 4-(2-nitrovinyl)benzoate (entry 4). Next, 2-amino-6-
methylpyridine was used as a starting material for the cycliza-
tion reaction under similar conditions, producing 5-methyl-2-
nitro-3-m-tolylimidazo[1,2-a]pyridine (entry 5) and 5-methyl-2-
nitro-3-phenylimidazo[1,2-a]pyridine (entry 6) in 76% and 70%
This journal is © The Royal Society of Chemistry 2017
yield, respectively. In another experimental series, reactions
between 2-amino-4-methylpyridine and different trans-b-nitro-
styrenes were conducted. Similarly, 7-methyl-2-nitro-3-m-tolylimi-
dazo[1,2-a]pyridine (entry 7), 7-methyl-2-nitro-3-phenylimidazo
[1,2-a]pyridine (entry 8), and 7-methyl-2-nitro-3-p-tolylimidazo[1,2-
a]pyridine (entry 9) were produced in 73%, 74%, and 69% yield,
respectively (Table 1).
4. Conclusions

Metal–organic framework MIL-68(In) has emerged as a produc-
tive heterogeneous catalyst for the synthesis of 2-nitro-3-aryli-
midazo[1,2-a]pyridines via oxidative amination between 2-
aminopyridines and nitroalkenes using air as an oxidation
agent. The presence of formic acid as a co-catalyst accelerated
the transformation remarkably. The indium framework showed
higher efficiency for the synthesis of 2-nitro-3-arylimidazo[1,2-a]
pyridines than miscellaneous MOF-based catalysts. The catalyst
also displayed higher productivity than a number of homoge-
neous catalysts. Heterogeneous catalysis was veried for the
cyclization reaction employing the framework-based catalyst.
The catalyst could be collected and reused for the production of
2-nitro-3-arylimidazo[1,2-a]pyridines without a pronounced
deterioration in catalytic efficiency. To the best of our knowl-
edge, the preparation of 2-nitro-3-arylimidazo[1,2-a]pyridines
was not formerly achieved using heterogeneous catalysts.
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