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4.1 Abstract

In the present work, nitro functionalized chromium terephthalate
[MIL-101(Cr)-NO,] metal-organic framework is prepared and
characterized by powder X-ray diffraction (XRD), elemental analysis,
infrared spectroscopy (IR), X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM) and Brunauer—Emmett—Teller
(BET) surface area. The inherent Lewis acidity of MIL-101(Cr)-NO, is
confirmed by FT-IR spectroscopy using CD;CN as a probe molecule.
The performance of MIL-101(Cr)-NO, as bifunctional catalyst (acid
and redox) promoting the synthesis of wide range of benzimidazoles
has been examined by catalyzed condensation on acid sites and
subsequent oxidation dehydrogenation. The catalytic activity of MIL-
101(Cr)-NO, is found to be superior than analogues catalysts like MIL-
101(Cr)-SOsH, MIL-101(Cr)-NH,, UiO-66(Zr), Ui0-66(Zr)-NO,, MIL-
100(Fe) and Cus(BTC), (BTC: 1,3,5-Benzenetricarboxylate) under
identical reaction conditions. The structural stability of MIL-101(Cr)-
NO, is supported by leaching analysis and reusability tests. MIL-
101(Cr)-NO, solid is used five times without decay in its activity.
Comparison of the fresh and five times used MIL-101(Cr)-NO2 solids
by powder XRD, SEM and elemental analysis indicate identical
crystallinity, morphology and the absence of chromium leaching,

respectively.



4.2 Introduccion

Metal organic frameworks (MOFs) are crystalline porous materials
whose crystal structure is assembled by the coordination of metal
ions or clusters with rigid organic linkers defining one, two and three-
dimensional structures. Since the discovery of MIL-101 (MIL:
Materiaux de I'Institute Lavosier) by Ferey and co-workers," this solid
has been extensively used as Lewis acid for wide range of organic
reactions®® including acetalization, condensation, oxidation, CO,
fixation and coupling reactions due to its robust stability.” ® The
catalytic activity derives from the presence of coordinatively
unsaturated metal centres around Cr** ions upon removal of solvent
molecules by thermal activation and its robust structure.
Furthermore, isostructural MIL-101 MOFs were also prepared by
replacing terephthalic acid present in the parent MIL-101 by 2-
aminotherephthalic acid or 2-hydroxysulfonylterephthalic acid,
among others, to obtain MIL-101(Cr)-NH, or MIL-101(Cr)-SO3H,
respectively. The activity of MIL-101(Cr)-NH, and MIL-101(Cr)-SO;H
has been studied in base catalyzed reactions including Knoevenagel
condensation®™ and Bronsted acid catalyzed reactions™?"’,
respectively. Besides introducing active sites on the ligand, the Lewis
acidity around Cr** can also be enhanced by electron withdrawing
substituents on the linker, thus, increasing the catalytic performance
of MIL-101(Cr)-H*. Hence, compared to MIL-101(Cr)-H, MIL-101(Cr)-
NO, has shown improved activity in the oxidative coupling of benzyl

amine™ and acetalization of benzaldehyde.® However, the number



of examples determining the promotional effect in the catalytic

activity of MIL-101(Cr)-H due to the presence of NO, is still limited.

Many biologically relevant compounds, natural products and drug

20, 21 as a common core unit and

molecules contain benzimidazole
hence considerable efforts have been made to develop new and
efficient methods for the synthesis of benzimidazole and its
derivatives. Benzimidazoles have been synthesised through the
reaction between benzaldehydes and o-phenylenediamine, either
with homogeneous or heterogeneous catalysts which include
sulfamic acid,”® FeCl;-6H,0,” In(OTf)3,** Sc(OTf);,> ionic liquids,*
iodine,” activated carbon,?® clayzic,29 and FeCly/Al,05.3° On other
hand, benzimidazole has also been synthesised by a series of MOFs
as heterogeneous catalysts with different active centres. For
example, a zinc-based MOF was reported to promote the
condensation of aldehyde with diamines to obtain benzimidazoles.*!
l,@Cd-MOF was used as heterogeneous catalyst to perform the
condensation of aldehydes and amines to give benzimidazoles.* On
other hand, UiO-66(Zr)-NHSOsH (UiO: University of Oslo) was
reported as a heterogeneous Bronsted acid catalyst for the synthesis
of benzimidazole derivatives.®® In another report, UiO-66(Zr)-NH,-TC-
Cu (TC: thiophene-2-carbaldehyde) was employed as solid catalyst for
the synthesis of various benzimidazoles.* These catalysts require
post-synthetic modification of the as-synthesised material to install
the active sites while such post-synthetic treatment is not required in

the present work.



MOFs comprising Lewis acid metal nodes as part of a highly
porous lattice are currently under investigation as solid catalysts.*>’
One of the current interests in heterogeneous catalysis by MOFs is to
show the ability of these materials to act as multifunctional catalysts
promoting reactions in where the reaction mechanism requires more

%44 Multifunctionality in MOFs can arise

than one type of active site.
from the activity of transition metal centers as Lewis acid as well as
their ability to act as oxidation centers to promote oxidation
reactions.”’ In a previous study, we have shown that MOFs can
promote aerobic oxidations by activation of molecular oxygen and
generation of hydroperoxyl and other reactive oxygen species.”™
Moreover it has been shown that the catalytic activity to promote
aerobic oxidations is also strongly influenced by the presence of
substituents on the linker. Inductive effects can increase the
electronegativity of the linker and, as consequence, the oxidation

potential of the nodal metal cation.'® *°

In the present study two robust MOF solids are used to
demonstrate the bifunctional catalytic activity. These MOFs were
selected based on their catalytic and structural stability. Specifically
herein we have used MIL-101 both of the Cr and Fe forms and UiO-
66(Zr) as solid catalysts due to their high stability. Both MOFs have in
common terephthalic acid as organic linker and for both types of
structures preparation of isostructural materials with organic
substituents in the terephthalic acid has been reported in the
literature.'® Other common points between these two MOFs are their

large specific BET surface area and their high porosity that allow easy



diffusion of the reagents and products within the internal pores.
Therefore, the catalytic performance of a series of MOFs like MIL-
101(Cr)-H, MIL-101(Cr)-NO,, MIL-101(Cr)-SOsH, MIL-101(Cr)-NH,,
Ui0-66(Zr), UiO-66(Zr)-NO,, MIL-100(Fe) and Cu;(BTC), is studied in
the  cyclocondensation  between  benzaldehyde and o-
pheneylenediamine to achieve 2-phenylbenzimidazole involving

Lewis and redox active sites.

4.3 Experimental

4.3.1 Materials

All the reagents, solvents were purchased from Sigma-Aldrich with

analytical or HPLC grade and used as received.

4.3.2 Catalyst preparation

MIL-101(Cr)-X (X: H, NO,, NH,, SOsH) solids have been prepared

51 Briefly, the corresponding amount

according to previous reports.
(1.5 mmol) of terephthalic acid or 2-nitroterephthalic acid and
Cr(NOs3);3'9H,0 (for the synthesis of MIL-101(Cr)-H) or CrCl; (for the
synthesis of MIL-101(Cr)-NO,) (1 mmol) were introduced into a Teflon
autoclave containing demineralized water (8 mL). Then, HF (10 pL)
was added for the synthesis of MIL-101(Cr)-H. The autoclave was
closed and heated at 200 °C for 8 h or 180 °C for 120 h for the
preparation of MIL-101(Cr)-H and MIL-101(Cr)-NO,, respectively.

Then, the autoclave was cooled down to room temperature and the



obtained solid was washed two consecutive times using
dimethylformamide (DMF, 120 °C for 1 h) and, then, three
consecutive times with ethanol (80 2C) both under continuous
magnetic stirring. MIL-101(Cr)-NH, was prepared by the post-
synthetic reduction of the nitro groups present in preformed MIL-
101(Cr)-NO, solid with SnCl,-H,0 according to previous reports.’® >
Further, MIL-101(Cr)-SOsH was obtained by post-synthetic
sulfonation of the parent MIL-101(Cr)-H with chlorosulfonic acid as

previously reported.’ ** These resulting solids were dried in an oven

at 100 eC for 24 h.

UiO-66(Zr)-X (X: H or NO,) solids have been prepared by adopting

854 Briefly, terephthalic acid or 2-

previously reported procedures.
nitroterephthalic acid (1 mmol) and ZrCl, (1 mmol) were added to a
Teflon autoclave containing DMF (3 mL). The autoclave was closed
and heated at 220 2C for 12 or 24 h for the preparation of UiO-66(Zr)
and UiO-66(Zr)-NO,, respectively. Once the autoclave was cooled to
room temperature by standing at the ambient, the resulting solids
were collected and washed with DMF at 60 2C for 1 h. Then, the
solids were submitted to Soxhlet extraction using methanol as

solvent for 12 h. The resulting solids were dried in an oven at 100 2C

for 24 h.

4.3.3 Catalyst characterization

Powder XRD of MIL-101(Cr)-X (X: H, NO,, NH,, SOsH) and UiO-
66(Zr)-X (X: H or NO,) were recorded using a Philips XPert



diffractometer equipped with a graphite monochromator (40 kV and
45 mA) employing Ni-filtered CuK[] radiation. ATRFTIR spectra of the
MIL-101(Cr)-X and UiO-66(Zr)-X series were measured with a Bruker
Tensor 27 instrument. Prior to ATR-FTIR measurements the solid
samples were dried in an oven at 100 oC for 16 h to remove
physisorbed water. X-ray photoelectron spectra (XPS) of the solids
prepared were collected on a SPECS spectrometer with a MCD-9
detector using a monochromatic Al (Ka= 1486.6 eV) X-ray source.
Spectra deconvolution was performed with CASA software using the
C 1s peak at 284.4 eV as binding energy reference. Isothermal
nitrogen adsorption measurements were collected at 77 K using a
Micromeritics ASAP 2010 apparatus. The metal content of the MOFs
was determined by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES). The solid MOF samples were digested in
concentrated HNO; (15 mL, 80 9C, 24 h) prior to ICP-AES analyses.
Thermogravimetric analyses (TGA) were measured on a
TGA/SDTA851e Mettler Toledo station. SEM images were captured

using a Zeiss instrument.

4.3.4 Reaction procedure

In a typical reaction procedure, 1,2-benzenediamine (1, 0.5 mmol)
and benzaldehyde (2, 0.55 mmol) were dissolved in 2 mL of solvent.
To this solution 30 mg (0.1 mmol of Cr) MIL-101(Cr)-NO, catalyst was
added. The catalyst loading of other tested catalysts was 0.1 mmol of
metal. This suspension was placed in hot plate preheated at 70 °C.

The progress of the reaction was monitored by gas chromatography



by sampling periodically aliquots of the reaction mixture using known
amounts of nitrobenzene as internal standard. The conversion of 2
and the selectivity of the final product were determined by gas
chromatography using calibration plots. Product identity was

confirmed by GC-MS and 'H-NMR spectroscopy.

Hot-filtration experiment was performed following the typical
reaction procedure as described above. However, the catalyst was
filtered after 10 min reaction time and the reaction mixture without
solid was allowed to react further for the remaining time. Also, the
course of the reaction was followed as indicated above determining
the reaction mixture at identical time intervals as in the case when
the MOF was not filtered. Kinetic plots with and without solid catalyst

were compared.

Reusability experiments were performed following the typical
reaction procedure as described above. After the reaction time, the
catalyst was recovered by filtration and repeatedly washed with
acetonitrile and dried at 100 2C in an oven for 24 h. Then, this used
catalyst was employed for subsequent runs with fresh reactants and

solvents.

4.4 Results and discussion

4.4.1 Structural description of catalysts



MIL-101(Cr)-H and its isostructural materials were prepared

L1851 powder XRD confirms

following earlier reported procedures.
that the MIL-101(Cr)-X (X: H, NO,, NH, and SOsH) are isostructural
with the parent MIL-101(Cr)-H (Fig. 1). FT-IR spectroscopy shows the
presence of the corresponding functional groups on the
terephthalate ligand by providing their characteristic vibrations peaks
(Fig. S1-S4). The chromium metal content was determined by ICP-AES
of previously digested MIL-101(Cr)-X samples and the values are in
good agreement with the theoretical formula of these MOFs (Table
1). Isothermal nitrogen adsorption measurements confirm the high
surface area and pore volume of the parent MIL-101(Cr)-H solid. The
presence of functional groups on the terephthalate linker decreases
these values reflecting the space occupied by the substituents.
Thermogravimetric analysis of MIL-101(Cr)-H and MIL-101(Cr)-NO,
are provided in Fig. S5. No significant differences in thermal stability
were observed for both materials. XPS of the MIL-101(Cr)-X (X: H,
NO,, SOs;H and NH,) solids confirms the presence and types of the
individual atoms expected for the corresponding MOF (C1s, O1s, Cr,
N or S) in agreement with previous reports (Fig. $6-59).* Specifically,
it shows the presence of two individual components attributed to the
aromatic carbons at 284.6 eV and carboxylate groups at 288.06 eV.
The experimental O 1s peak contains in some cases a single
component attributed to the carboxylate groups. All the samples also
present a single component for Cr based on the Cr 2p peak with only
very minor shift in the binding energy. In contrast, the position of the
N 1s peak in MIL-101(Cr)-NH, compared to that of MIL-101(Cr)-NO,

undergoes a remarkable change in binding energy from 395.0 to



405.5 eV, respectively. Similar to powder XRD (Fig. 1), metal content
determination by ICP-AES (Table 1), isothermal nitrogen adsorption
(Table 1) and XPS also support the successful preparation of UiO-
66(Zr) and UiO-66(Zr)-NO, samples (Fig. $10-511).*
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Fig. 1 Powder XRD of (a) MIL-101(Cr)-X and (b) UiO-66(Zr)-X solids.

Table 1 List of MOFs employed as catalysts in this work together with some relevant
textural and analytical data.

Entry Catalyst BET Surface Pore Theoretical
area (m2 g"l) volume metal content (%) /
(cm3 g'l) Calculated by
ICP (%)
1 MIL-101(Cr)-H 2740 2.20 21.77 /22.84
{Cr3F(H,0),0(BDC);)}
2 MIL-101(Cr)-NO, 1848 1.47 17.73/16.40

{CI’3C|(H20)20(BDC-NOZ)g)}

3 MIL-101(Cr)-SO3H 1550 1.30 16.96 /17.01
{Cr;CI(H,0),0(BDC-SO3H)3)}

4 MIL-101(Cr)-NH, 1555 1.15 20.97 /21.50
{CrsCI(H,0),0(BDC-NH,)3)}

5 Uio-66(Zr) 1258 0.73 32.80/34.70

6 UiO-66(Zr)-NO, 700 0.23 28.20/32.60

7 MIL-100(Fe) 1205 0.55 23.00/22.20
{Fe3F;0(BTC)3}

8  Cus(BTC), 1250 0.57 31.20/32.40




4.4.2 Catalytic activity

Aimed at demonstrating the influence of substituents on the
activity of MOFs as bifunctional catalysts, the present study has
focused on a model reaction of general interest in heterocyclic
chemistry such as the cyclocondensation of o-phenylendiamine (1)
with benzaldehyde (2) to form 2-phenylbenzimidazole (4).
Benzimidazoles are nitrogenated heterocycles that find application as
therapeutic agents and pharmaceutical compounds.> The reaction
mechanism leading to the formation of the benzimidazole from 2 and
1 is well understood and comprises one step leading to the
dihydrobenzimidazole that is catalyzed by acids and a subsequent
step involving the oxidative dehydrogenation of the
dihydrobenzimidazole intermediate resulting in the final
heterocycle.”® In those cases in where the oxidation step does not
occur at a sufficient rate, formation of byproducts such as N,N’-
dibenzylidenediimine (5) and 1-benzyl-2-phenyl-1H-benzoimidazole
(6) can be observed. Scheme 1 illustrates the elementary steps of the
accepted reaction mechanism involved in the formation of the

various products.



Scheme 1 Elementary steps with indication of the nature of the catalytic site in the
reaction pathway leading to 4 from 2 and 1 and by-products 5 and 6.

According to the reaction mechanism shown in Scheme 1, a
suitable catalyst for the cyclocondensation of 1 and 2 leading to 4
should be able to promote two elementary steps, the acid-catalyzed
formation of 2-(benzylidendeamino)aniline 3 and its oxidative
aromatization towards 4.>° In principle imine formation does not
require strong acid sites and can be promoted by acids of weak or
medium acid strength. Regarding the oxidative step, although
aromaticity of the ring is driving towards the final benzimidazole
product, oxidation sites are required, particularly to avoid by-product

formation. Considering that earlier results have shown the positive



influence of electron withdrawing groups on the linker on the
catalytic activity, it can be expected that the same trend should be
found here in the benzimidazole formation. The results presented
below confirm the bifunctional activity of MOF in this
cyclocondensation/oxidation showing the beneficial influence of
nitro groups on the terephthalate linker to promote the oxidative

steps in the mechanism.

The reaction of 1 with 2 to obtain 4 is typically catalyzed either by

29, 57 56, 58

Lewis or Bronsted acids and redox centers. Initials attempts
were made to synthesize these compounds using Cusz(BTC), MOFs,
due to its intrinsic Lewis acid sites and redox activity of dimeric Cu
metal centres. However, the chemical stability of Cus(BTC), MOFs
used for the condensation of 1 and 2 for benzimidazole synthesis is
limited and the solid decomposes.® Hence, the present work aims to
employ some of the structurally most robust MOFs as heterogeneous
solid catalysts for the synthesis of benzimidazole. The results
achieved are summarized in Table 2. The reaction of 1 and 2 in the
presence of MIL-101(Cr)-H at room temperature afforded 32% vyield
of 4 at room temperature after 5 h (entry 1, Table 2). Under identical
conditions, the use of MIL-101(Cr)-NO, afforded 42% yield (entry 2,
Table 2). These results show the increase of activity for the synthesis
of product 4 when using MIL-101(Cr)-NO, (TOF 0.38 h™) respect to
MIL-101(Cr)-H (TOF 0.21 h™) working at room temperature. In a
related work, Hamadi and co-workers also showed the benefits of

using the heterogeneous UiO-66(Zr)-NHSOz;H solid as Bronsted acid

catalyst respect to the parent UiO-66(Zr)-NH, for the preparation of



benzimidazole.®® The reaction of 1 with 2 in the presence of MIL-
101(Cr)-H and MIL-101(Cr)-NO, was carried out at 70 2C and the
yields were 54 and 79%, respectively after 5 h (entries 3 and 5, Table
2). Then, the activity of MIL-101(Cr)-NO, was screened for the
reaction between 1 and 2 under identical conditions in various
solvents including acetonitrile/ethanol and toluene, observing 55 and
37% vyields of 4, respectively (entries 4 and 6 Table 2). The highest
yield (82%) was achieved after 4 h in acetonitrile (entry 8, Table 2). It
is likely that protic solvents such as ethanol interact strongly with the
acid and basic sites, therefore decreasing the catalytic activity, while
aromatic solvents may interact with the organic ligand and are
typically strongly adsorbed in some MOF. A control experiment for
the reaction of 1 and 2 under argon atmosphere resulted in a
conversion of about 94% with around 10% vyield of 4. This result
reinforces the need of oxygen to promote the oxidative
dehydrogenation to form the imidazole ring. This oxidative
dehydrogenation could involve either metal-oxygen adducts such as
metaloxirane or metalo hydroperoxide and together with Lewis
acidity required in the amino-carbonyl condensation, determines that
MIL-101(Cr)-NO, acts as bifunctional (acid and redox) catalyst. In
agreement with the role of oxygen as reagent to promote
dehydrogenation, an additional control reaction was performed with
similar conditions in the presence of pure oxygen atmosphere (Table
2, entry 20). A selectivity of 90% to 4 with 100% conversion of 1 (Fig.
S12) was observed under pure oxygen atmosphere, thus reinforcing
the role of the oxygen to promote imidazole formation as indicated in

the Scheme 1. Table S1 summarizes the obtained turnover number



(TON) and turnover frequency (TOF) values for the series of catalysts
tested in this work at 70 2C. SEM images comparing the morphology
of MIL-101(Cr)-NO, before and after catalytic uses showed no
significant differences suggesting catalyst stability (Fig. S13). Further,
SEM images of the recovered after one use of MIL-101(Cr)-H, MIL-
101(Cr)-NH,, MIL-101(Cr)-SOsH, MIL-100(Fe), UiO-66(Zr), UiO-66(Zr)-
NO, and solids showed almost similar morphology compared to their
respective fresh catalysts (Figs. S14-19) while Cuz(BTC), indicated

some change in its morphology (Fig. S20).

Table 2 Summary of the catalytic results for the cyclocondensation of 1 and 2 to form 4 using MIL-
101(Cr)-H and UiO-66(Zr)-based solid catalysts.?

Entry Catalyst Solvent Time (h) T(°C) Conversion Yield (%)b
(%)° 3 4 5 6
1 MIL-101(Cr)-H CH5;CN 5 rt 72 4 32 36 28
2 MIL-101(Cr)-NO, CH;CN 5 rt 79 7 42 24 27
3 MIL-101(Cr)-H CH;CN 5 70 78 5 54 23 18
4  MIL-101(Cr)-NO, CH5CN 5 70 67 3 55 8 34
/EtOH
5 MIL-101(Cr)-NO, CH;CN 2 70 93 1 79 11 9
6 MIL-101(Cr)-NO, Toluene 3 70 88 2 37 25 36
7 MIL-101(Cr)-NO, CH,CN 3 70 82 6 56 22 16
8  MIL-101(Cr)-NO, CH,CN 4 70 100 2 8 6 10
9 MIL-101(Cr)-SOsH CH5;CN 4 70 93 18 67 9 6
10 MIL-101(Cr)-NH, CH;CN 4 70 99 30 40 8 22
11  MIL-100(Fe) CH;CN 4 70 99 15 54 14 17
12 Ui0-66(zr) CH,CN 4 70 90 26 19 47 8
13 Ui0-66(zr)-NO, CH,CN 4 70 99 17 59 22 2
14  Cus(BTC), CH5;CN 4 70 98 31 51 15 3
15 Cr,03 CH;CN 4 70 95 22 51 23 4
16  Cr(OAc); CH,CN 4 70 96 15 47 30 8
17 - CH5CN 4 70 98 27 44 25 4
18  2-nitroterephthalic CH;CN 4 70 100 1 6 1 92
acid
19 MIL-lOl(Cr)-NOzc CH;CN 4 70 100 4 69 0 27
20 MIL-101(Cr)-NO,® CH,CN 4 70 100 0 9% 0 10

®Reaction condition: 1 (0.5 mmol), 2 (0.55 mmol), catalyst (0.1 mmol of metal), solvent (2 mL).
® Determined by GC.
“Reaction was performed in the presence of pyridine (0.1 mmol).



®Reaction was performed in the pure oxygen atmosphere.

As commented earlier, a wide range of Lewis and Bronsted acids
have been reported as catalysts for the synthesis of benzimidazole
derivatives. Therefore it was of special interest to study the activity
of MIL-101(Cr)-SOz;H that combines the Lewis acidity of Cr metal
nodes with the Bronsted acid sites of sulfonic groups. In this context,
MIL-101(Cr)-SOsH has already been reported as an efficient Bronsted
acid catalyst for a series of reactions particularly in biomass
valorisation.®® ®* It was observed that MIL-101(Cr)-SOsH exhibits 67%
of yield for the reaction of 1 and 2 in acetonitrile at 70 2C after 4 h
(entry 9, Table 2). Further, the use of MIL-101(Cr)-NH, afforded 40%
yield of 4 under similar reaction conditions (entry 10, Table 2). On
other hand, the reaction of 1 with 2 using MIL-100(Fe) as catalyst
reached 54% yield of 4 under identical reaction conditions (entry 11,

Table 2).

To further expand the study on the influence of substituents on
the catalytic activity of robust MOFs, UiO-66(Zr) was also tested as
catalyst for the condensations between 1 and 2. The yield of 4 was
19% with UiO-66(Zr) under the optimized reaction conditions (entry
12, Table 2) which is comparatively lower than using MIL-101(Cr)-H
and MIL-100(Fe) as catalysts. Interestingly, the yield of product 4
under identical conditions increased to 59% using UiO-66(Zr)-NO, as
solid catalyst under identical conditions (entry 13, Table 2). These
control experiments have clearly demonstrated that under identical

reaction conditions the activity of MIL-101(Cr)-H or UiO-66(Zr) is



lower compared to MIL-101(Cr)-NO, or UiO-66(Zr)-NO, solid
catalysts. This higher activity of nitro-functionalized MIL-101(Cr)-NO,
or Ui0-66(Zr)-NO, is attributed due to the higher strength of the
Lewis acid centres in these catalysts due to the electron-withdrawing
effect of -NO, group on the aromatic ring. Furthermore, Cu;(BTC),
was also employed as solid catalyst for this reaction, observing 51%

yield of 4 (entry 14, Table 2) under identical conditions.

In order to understand the role of MIL-101(Cr)-NO, in this
reaction, a series of control experiments were performed and the
results are given in Table 2. The use of homogeneous metal salts such
as Cr,0; and Cr(OAc); as catalysts resulted in 51 and 47% yields of 4
under identical conditions (entries 15-16, Table 2). On other hand,
the reaction of 1 with 2 under similar conditions in the presence of 2-
nitroterephthalic acid afforded 6% yield of the product (entry 18,
Table 2). These experiments clearly reveal that the catalytic activity
of MIL-101(Cr)-NO, originates from the Lewis acidity around the
nodal Cr** atoms in MIL-101(Cr)-NO,. These results are in agreement

with earlier reports in a wide range of reactions.'® *

Fig. 2 shows the
evolution of yield of 4 from 1 and 2 using MIL-101(Cr)-H and MIL-
101(Cr)-NO, as catalysts. Furthermore, the activity of MIL-101(Cr)-
NO, was significantly reduced for the reaction of 1 with 2 upon
addition of pyridine as a catalyst poison. This lower activity of MIL-

101(Cr)-NO, in the presence of pyridine can be explained considering

neutralization of Lewis sites (Cr**) by pyridine (entry 19, Table 2).
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Fig. 2 Time-yield plot for benzimidazole formation using MIL-101(Cr)-NO, (e) or MIL-
101(Cr)-H (m) as catalysts. Control experiments using pyridine in the presence (o) or
in the absence of MIL-101(Cr)-NO, (¢) are also shown. Reaction condition: 1(0.5
mmol), 2 (0.55 mmol), catalysts (0.1 mmol of metal), CH;CN (2mL), 70 C.

Reusability tests using the most active MIL-101(Cr)-NO, catalyst
show that the activity decreases from the first to the third catalytic
cycle, while, then, the activity is maintained up to the fifth cycle.
Importantly, it was observed that the catalyst retains its initial
crystallinity upon extensive use as catalyst and SEM analysis of the
samples show no changes in the particle morphology (Fig. S13).
Furthermore, elemental analysis by ICP-AES of the liquid phase after
removal of the solid indicated negligible amount of Cr 0.02 wt%, thus
supporting the heterogeneity of the process in the case of MIL-
101(Cr)-NO,. Combustion elemental analysis of the used MIL-
101(Cr)-NO, catalyst showed slight increase of the nitrogen content,
even though it has been thoroughly washed with CH;CN (see
experimental section), respect to the fresh sample. This increase of
nitrogen content has been attributed to the occurrence of strong
adsorption of the basic nitrogen reagents and intermediates on to
the acid sites of the MIL-101(Cr)-NO, and, therefore, partially
blocking the active sites (Table S2).
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Fig. 3 a) Reusability of the MIL-101(Cr)-NO, for the condensation of 1 with 2 to form
the corresponding benzimidazole 4; b) PXRD of the fresh (a), 1% use (b), 3 use (c)
and 5™ use (d) MIL-101(Cr)-NO, catalyst. Reaction condition: 1(0.5 mmol), 2 (0.55
mmol), catalysts (0.1 mmol of metal), CH;CN (2mL), 70 eC.

An important issue in heterogeneous catalysis is to confirm that
the process is promoted by the active sites on the solid or not by any
possible leached metal species present in the solution. To address
this point, hot-filtration experiment was performed starting the
reaction under the conventional conditions and removing the solid
catalyst by filtration at about 50% conversion. Then, the reaction
mixture was stirred in the absence of catalyst for the remaining time.
The results are presented in Fig. 3. It was observed that the reaction
did not progress without the solid catalyst and the product yield
remains constant. These data are compatible with the conclusion
that the reaction is being promoted exclusively by the active sites of

MIL-101(Cr)-NO, solid rather than by any leached species.

Table 3 provides a comparison of the catalytic performance of
MIL-101(Cr)-NO, with some of the catalysts reported in the literature
for the synthesis of 4 in terms of solvent, reaction temperature, time

and the number of reuses. As it can be seen there, the activity of MIL-



101(Cr)-NO, is slightly lower or comparable to other reported
catalysts. However, MIL-101(Cr)-NO, appears as a stable catalyst at
least for five uses. Further, MIL-101(Cr)-NO, is one of the few
examples in where the solid is used without the requirement of post-

synthetic modification.

Table 3 Comparison of the catalytic activity of MIL-101(Cr)-NO, with other
catalysts for the synthesis of 4.

Catalyst Conditions Yield Reuses Ref.
(%)

Cu0/Sio, MeOH, RT, 4 h 93 5 [62]

Ag,C0O5/celite EtOH, 70°C,3 h 94 - [63]
Fe(Il1)-Schiff base/SBA-15 H,0, reflux, 3 h 92 6 [64]
N,N-DMA/graphite EtOH,75°C,3 h 67 3 [65]
(DMA: N,N-dimethylaniline)
CoO EtOH, RT,6 h 93 4 [66]
Nano ZnO EtOH, reflux, 2 h 88 3 [67]
Nano sulphated zirconia EtOH, 78 °C, 5 h 92 3 [67]
Nano-y-alumina EtOH, 75°C,5h 85 3 [67]
Nano ZSM-5 EtOH, 75°C,5h 75 3 [67]
Si0,—0SO5H EtOH, 80°C,0.5 h 92 3 [68]
Ui0-66(2Zr)-NH-SO3H EtOH, RT, 1 h 97 5 [33]
TiCl;OTf EtOH, RT, 1.25 h 84 - [69]
VOSO, EtOH,RT,1h 92 4 [70]
MIL-101(Cr)-NO, ACN, 70°C, 4 h 82 5 This work

After screening different catalysts and various reaction conditions
for the synthesis of 4, the scope of MIL-101(Cr)-NO, was explored as
heterogeneous solid catalyst for the synthesis of a wide range of
benzimidazole derivatives (Table 4). The reaction of 1-
naphthylbenzaldehyde with 1 using MIL-101(Cr)-NO, as catalyst
afforded the corresponding naphthyl benzimidazole derivative in 84%
yield. 2-Hydroxy- and 4-methoxybenzaldehydes were reacted
successfully with 1 in the presence of MIL-101(Cr)-NO, to afford 71

and 78% yields of their corresponding products. On other hand, the



reaction between 2-hydroxy-5-chlorobenzaldehyde and 1 afforded
the expected benzimidazole in 60% vyield. Furthermore, 4-
phenylbenzaldehyde also reacted with 1 to give 54% vyield of the
corresponding product. These lower yields may be due to the bulkier
nature of these aldehydes which may experience some diffusion
limitations to reach the active sites. Interestingly, aldehydes bearing
electron withdrawing substrates like 2-fluoro-, 2-bromo- and 3-
nitrobenzaldehydes reacted with 1 to provide respective
benzimidazoles in 80, 71 and 92% yields under the optimized
conditions. The enhanced activity of these aldehydes respect to
aldehydes with electron donating groups may be due to the rapid
formation of the corresponding imine due to the higher reactivity of
carbonyl groups with higher positive charge density. Analogously, 3-
styrylbenzaldehyde reacted with 1 in the presence of MIL-101(Cr)-
NO, to give the respective product in 91% yield. This enhanced yield
is highly promising since the final heterocyclic product bears vinyl
groups which can be readily used as monomers in the synthesis of
polymers. Heterocyclic aldehydes like 2-thiophenenecarbaldehyde, 2-
furfural and 2-pyridinecarbaldehyde also reacted with 1 using MIL-
101(Cr)-NO, as catalyst to afford the corresponding benzimidazoles in
72, 64 and 51% yields under identical conditions. These lower yields
may be due to the competitive binding of heteroatoms with the
Lewis acid sites, but further studies are necessary to prove this
hypothesis.  4-Ethoxy-3-methoxybenzaldehyde and 3-t-butyl-2-
hydroxybenzaldehydes also gave the respective benzimidazoles in 84
and 70% vyields using MIL-101(Cr)-NO, as solid catalyst without much

diffusion limitations. Finally, the reaction between 1-heptanal and 1



exhibited 53% vyield of the hexylbenzimidazole under identical

conditions. This moderate activity may be due to the lower reactivity

of aliphatic aldehyde than aromatic aldehydes. These results indicate

that MIL-101(Cr)-NO, is a general and convenient solid catalyst for the

synthesis of wide ranges of benzimidazoles in moderate to high

yields.

Table 4 Structures and the corresponding yields of benzimidazole derivatives
prepared using MIL-101(Cr)-NO, as a multifunctional solid catalyst.’?
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® Reaction conditions: aldehyde (0.5 mmol), 2 (0.55 mmol), MIL-101(Cr)-NO, (0.1

mmol Cr), ACN (2 mL), 70 °C, 4 h.

® Determined by GC.




4.4.3 Characterization of the Lewis acid centers

In order to get some understanding of the higher catalytic activity
achieved with MIL-101(Cr)-NO, as solid Lewis acid catalyst respect to
the parent MIL-101(Cr)-H, infrared spectroscopy was employed as a
spectroscopic tool for CD;CN as a probe molecule to determine the
relative Lewis acid sites.”* Prior to the FT-IR measurements, the solid
samples were activated at 150 2C under vacuum for 3 h to remove
the water molecules coordinated to the Cr’* metal centers.”” 7
Subsequently, CD;CN was supplied to the thermally activated solids.
Fig. 4 shows the equilibrated curve corresponding to the adsorption
of CD;CN on the activated solids. In agreement with previous reports,
the characteristic v(CN) and v(CDs3) vibration bands corresponding to
CD;CN physisorbed or coordinated to the Cr** Lewis centers can be
clearly distinguished.” It should be noted that for the FT-IR
experiments the same amount of solid was employed, thus, the
higher intensity of the band at about 2323 cm™ for the MIL-101(Cr)-
NO, respect to the MIL-101(Cr)-H indicates the higher population of
Cr* Lewis centers present in this sample. In addition, the higher v(CN)
wavenumber measured for MIL-101(Cr)-NO, solid respect to that
observed for MIL-101(Cr)-H (2320 cm™) is an indication of the
stronger Lewis character of the former sample. Interestingly, the
Lewis acidity of the MIL-101(Cr)-NO, characterized by the v(CN) at
2323 cm™ is higher than that observed for related MIL-100(Fe) or
MIL-100(Al) material with analogous metal nodes.” It is well-known
that the Lewis acidity of A** ions is higher than that of Cr’* ones,

while in this case the presence of the nitro group in the terephthalate



organic ligand of the MIL-101(Cr)-NO, has a positive effect inducing a

I** ones. All

stronger acidity on the Cr** metal centers respect to A
these observations support that the higher catalytic activity observed
for the MIL-101(Cr)-NO, solid derives from the increased Lewis
acidity around Cr*" nodes that enhances both the acid and redox

steps in benzimidazole formation.

a) Cr3* Lewjs acid sites b)
D3C-C=N--[]

v(CN)
o Physisorption

‘0_1 Absorbance units

12323

Abserbance (a.u)

2400 2350 2300 2250 2200 2150 2100 2050 2400 2350 2300 2250 2200 2150 2100 2050
Wavenumber (cm1) Wavenumber cm”)

Fig. 4 a) FT-IR spectra of CD;CN adsorbed in MIL-101(Cr)-NO, at 6 mbar and -170 2C;
Blue line spectra show the CD3CN desorption from MIL-101(Cr)-NO,. b) Comparison
of the FT-IR spectra of CD;CN adsorbed on MIL-101(Cr)-NO, (red line) or MIL-101(Cr)-
H (black line) at 6 mbar and -170 2C.

4.5. Conclusions

The results provided here show that the activity and selectivity of
MIL-101(Cr)-H for the cyclocondensation of 1 and 2 to give 4 can be
improved by nitro substitution on the terephthalate linker resulting
in MIL-101(Cr)-NO,. The process requires a bifunctional (Lewis acid

and oxidation sites) catalyst.® Further, MIL-101(Cr)-NO, is stable up



to five uses without activity decay as shown by leaching tests to
prove the heterogeneity of the reaction. The catalyst exhibited a
wide scope respect to the benzaldehyde derivatives to obtain
different benzimidazole derivatives. MIL-101(Cr)-NO, does not need
any post-synthetic treatment, while some of previously reported

catalysts require post-synthetic modifications.** ** *°

Overall, the
present catalytic data provide additional insights to the existing
literature in using MIL-101(Cr)-NO, as heterogeneous bifunctional

catalyst for the synthesis of nitrogen heterocycles.
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