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lanthanum trifluoroacetate and
trichloroacetate as an efficient and reusable water
compatible Lewis acid catalyst for synthesis of
2,4,5-triarylimidazoles via a solvent-free green
approach†

Dnyaneshwar Purushottam Gholap, Ramdas Huse, Sudarshan Dipake
and Machhindra K. Lande *

In the present research article, we have developed solid heterogenous silica supported lanthanum

trifluoroacetate and trichloroacetate as green Lewis acid catalysts. These catalysts were synthesized by

a novel, simple, cheap, clean, and environment friendly method. The physicochemical properties of the

prepared catalysts were well studied and characterized by sophisticated spectroscopic techniques such

as FTIR, TGA, XRD, EDX, SEM, TEM and BET analysis. The catalyst was utilized in the synthesis of

arylimidazole derivatives via green protocols under solvent-free conditions at 70 °C with a higher yield,

mild reaction conditions and a short reaction time. The catalyst works superiorly in water as well as in

various organic solvents as a reusable and easily recoverable catalyst.
1. Introduction

Heterogeneous catalysts are considered as a building block,
rapidly growing and emerging area in the eld of catalysis to
promote diverse reactions.1 The development and design of
novel heterogeneous catalysts are in high demand due to their
wide range of applications in organic transformations in
various elds of green chemistry.2–4 The heterogenous catalysts
show several advantages such as reusability and recyclability
with easy processability compared to homogenous catalysts.5

The Lewis acid catalysts having chemical stability, thermal
stability and inherent Lewis acidity are well known for
promoting numerous reactions including biomass conversion,
biodiesel production and synthesis of both natural and
synthetic organic molecules.6 Lewis acid catalysed reactions
have a great scope due to their distinctive reactivity, selectivity
and mild reaction conditions.7,8

In 1991, the rst ever water compatible Lewis acid lantha-
nide triate was revealed by Kobayashi.9 lanthanide triates
have been literature known compound at that time however
their role and use in organic transformations have been
restrained. Prior to it, lanthanide triate was used as homoge-
neous catalysts for the synthesis of amidine in anhydrous
organic solvent.10 Until this synthesis, it was widely assumed
b Ambedkar Marathwada University,

kl_chem@yahoo.com

tion (ESI) available. See DOI:

03
that Lewis acid catalysis required to be carried out in
a completely anhydrous state. The major distinguishing char-
acteristics of lanthanide triates are that they are stable and
operate as Lewis acids in water. Following this rst report, not
only homogeneous lanthanide triates but also rare earth metal
triates that are water-compatible Lewis acids were reported.11

In recent times, silica supported lanthanide triates, rare earth
metal triates and silica supported triuoroacetic acid or tri-
chloroacetic acid heterogenous Lewis acid catalysts were
developed and utilized in many organic transformations.12,13

These heterogeneous Lewis acid catalysts carry out a variety of
useful reactions and have a number of notable advantages,
making them environmentally friendly green Lewis acid cata-
lysts.14 This unique properties of green Lewis acid catalysts have
also made them ideal alternatives to the conventional Lewis
acid catalysts, since they are needed in a stoichiometric
amount, stable and function as Lewis acid in both water and
organic solvents, found to be water-competent, easily retrieved
and reused aer a reaction without losing their catalytic
activity.15 Moreover, these green Lewis acids are highly efficient
chemoselective, regioselective and stereoselective catalysts for
different series of organic transformations.16

However, both homogeneous and heterogeneous lanthanide
triates and rare earth metal triates catalyst have several
limitations and restrictions, mainly they are highly sensitive to
moisture and hygroscopic in nature, require strict storage under
anhydrous, moisture-free, and dry conditions. They are also
expensive catalysts in terms of price, and their synthesis
required specic inert reaction condition. To overcome these
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
problems, we have developed silica supported lanthanum tri-
uoroacetate and trichloroacetate Lewis acid catalysts as
a competent alternative for the lanthanide triates and rare
earth metal triates catalysts. The presently synthesized silica
supported catalysts are nonhygroscopic, moisture insensitive
and less expensive as they are prepared by commercially avail-
able starting materials at normal reaction conditions. Further,
they are required in a stoichiometric amount, stable, and
function as Lewis acid in both water and organic solvents, and
found to be water competent. They can also be easily recovered
and reused aer a reaction without losing their catalytic activity.

In recent years, imidazole-containing heterocycles have very
high demands as they are present in a wide spectrum of
bioactive compounds with a variety of medicinal and biological
applications. The imidazole nucleus has been found in a variety
of pharmacologically active compounds, including histamine
and histidine hormone.17 Notably, imidazole nuclei can be
found in a variety of pharmacologically active molecules, such
as eprosartan,18 losartan,19 and clotrimazole,20 alpidem,21 u-
mazenil.21 However, a variety of heterocyclic frameworks con-
taining imidazole cores have piqued our interest due to their
biological actions and importance in therapeutics and medi-
cine.22,23 In this context, the synthesis of a ve-membered
nitrogen-containing ring structure is still a hot topic. A litera-
ture survey of several methods for the synthesis of highly
functionalized tetra- and trisubstituted imidazole scaffolds
reveals that24–29 some of these procedures suffer from tedious
synthetic paths, harsh reaction conditions, prolonged reaction
time, corrosiveness, toxicity, cost, and catalyst reusability. As
a result of this simple, environment friendly, and versatile
processes are still required. Now-a-days, multicomponent
reaction protocol became a tool, which has been approved as an
advanced tool for renewable and sustainable synthetic organic
chemistry. The efficiency of catalytic techniques used in
multicomponent reaction protocol has made it easier to gain
Scheme 1 Synthesis of lanthanum trifluoroacetate (La(OCOCF3)3$nH2O

© 2023 The Author(s). Published by the Royal Society of Chemistry
access to novel libraries of organic compounds with great bio-
logical potential.

In this concern, we have introduced a new and greener route
for the one-pot synthesis of 2,4,5-triaryl substituted imidazole
derivatives from benzil, aldehyde, and ammonium acetate
under solvent-free conditions at 70 °C with a high product yield
in a shorter period of time with easy and simple reaction
workup. The presently synthesized catalysts showed signicant
catalytic activity in these derivative syntheses.

2. Experimental section
2.1. Materials and methods

All the chemicals and solvents were purchased by Sigma-
Aldrich, Merck and Molychem companies of high purity and
used directly in the reaction protocol without further purica-
tion. The powder X-ray diffraction technique was utilized with
well-calibrated instrument a Bruker D8-advanced diffractom-
eter with Cu Ka radiation ranges from 5° and 60° (2q values).
The FTIR spectra were obtained on a Shimadzu FTIR 8300
spectrophotometer. The elemental composition was carried via
objects 8724. The specic surface area and pore volume were
determined on Quantachrome instruments version 3.01 with
Brunauer–Emmett–Teller method. Morphology of the Lewis
acid catalyst samples was analyzed by FE-SEM on instrument
Nova Nano SEM NPEP303 and high-resolution transmission
electron microscopy images were captured using an instrument
JEOL JEM 2100 Plus microscope. All the organic trans-
formations progress were preliminary monitored by thin-layer
chromatography (TLC). The 1H NMR spectra (400 MHz) and
13C NMR spectra (100 MHz) were run on a Bruker (400 MHz)
spectrometer using DMSO-d6 solvent and tetramethyl silane
(TMS) as an internal reference. All reactions were carried out
under reux conditions using a laboratory equipment oil bath
and magnetic stirrer. Melting points were recorded on the
digital melting point apparatus.
) and trichloroacetate (La(OCOCCl3)3$nH2O).
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2.2. Synthesis of lanthanum triuoroacetate
(La(OCOCF3)3$nH2O) and trichloroacetate
(La(OCOCCl3)3$nH2O)

The lanthanum triuoroacetate and trichloroacetate were
prepared by new and slight modication in Fujihara method30

by direct reaction between lanthanum acetate (1 g) with
a slightly excess amount of triuoroacetic acid/trichloroacetic
acid (4 g) respectively in 1 : 3 equivalence ratio in 100 ml
round bottom ask. The reaction mixture was reuxed at 60 °C
for 10–12 hours. The white product obtained in the reaction was
further separated via vacuum ltration to remove unreacted
acid and side product acetic acid from the reactionmixture. The
product was washed with n-hexane and dried in an oven at 50 °C
for 2–3 hours (Scheme 1).

2.3. Synthesis of silica supported lanthanum
triuoroacetate (La(OCOCF3)3$nH2O/SiO2) and
trichloroacetate (La(OCOCF3)3$nH2O/SiO2) Lewis acid catalyst

The silica supported lanthanum triuoroacetate and tri-
chloroacetate Lewis acid catalyst was prepared according to
literature known procedures31 with slight modications. The
lanthanum triuoroacetate/trichloroacetate (1 g) was added to
methanol solvent (50 ml) in 100 ml round bottom ask con-
nected with a reux condenser and a magnetic stirrer bar. The
supporting material Kieselgel K100 or silica gel (10 g), was
adding up and the resultant slurry of the reaction mixture was
well stirred at room temperature for 7–8 hours. The solvent was
then evaporated in a sonicator at 70 °C for 1 hour. Finally solid
porous form of catalyst was kept in a vacuum desiccator for 2–3
hours to obtain its anhydrous form (Scheme 2).

2.4. General procedure for synthesis of 2,4,5-triarylimidazole
derivatives (4a–l)

A mixture of benzil (1 mmol), benzaldehyde (1 mmol), ammo-
nium acetate (3 mmol) and silica supported lanthanum
Scheme 2 Silica supported lanthanum trifluoroacetate (La(OCOCF3)3$n
catalyst.

2092 | RSC Adv., 2023, 13, 2090–2103
triuoroacetate catalyst (0.04 g) were stirred in oil bath at 70 °C
for 14 minutes under solvent-free condition. The progress of
reaction was supervised by thin layer chromatography tech-
nique (TLC). The reaction mixture was diluted with hot ethanol
(15 ml) once the reaction was completed, and it was then
ltered to separate the catalyst. Further, the ltrate of reaction
mixture was poured into crushed ice to obtain crude solid
product which was ltered and recrystallized by using hot
ethanol to get a pure crystal of product. The recovered catalyst
was washed with ethanol and dried in an vacuum desiccator for
2–3 hours for further reuse.
3. Result and discussion
3.1. Catalyst characterization

3.1.1. FTIR spectroscopic analysis. FTIR spectroscopy was
primarily employed to conrm the successful functionalization
of lanthanum triuoroacetate, lanthanum trichloroacetate,
silica supported lanthanum triuoroacetate and tri-
chloroacetate catalysts (Fig. 1).

The FTIR spectra of synthesized catalysts exhibited ve
characteristic frequencies. The unsupported lanthanum tri-
uoroacetate and trichloroacetate have FTIR spectrum at 1633
and 1622 cm−1 is associated with a CO2 asymmetric vibration
and band appears at 1462, 1452 cm−1 represent, CO2 symmetric
vibration. While, silica supported lanthanum triuoroacetate
and trichloroacetate shows CO2 asymmetric vibration band at
1658, 1645 cm−1. This modication in higher vibrational value
in silica supported catalyst is the result of interaction of silica
and lanthanum triuoroacetate and trichloroacetate. Another
characteristics doublet spectrum at 1165, 1138 and 1198 cm−1

assigned to C–F, C–Cl and C–O bond vibrations of the tri-
uoroacetate or trichloroacetate groups, while bands in the 850
and 835 cm−1 indicate dasCF3 and dasCCl3.32 Moreover, FTIR
spectrum of silica-supported catalyst showed lower shi and
observed new sharp additional bands appears at 1082 cm−1 and
H2O/SiO2) and trichloroacetate (La(OCOCCl3)3$nH2O/SiO2) Lewis acid

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FT-IR analysis of lanthanum trifluoroacetate, silica supported
lanthanum trifluoroacetate, lanthanum trichloroacetate and silica
supported lanthanum trichloroacetate composites.

Fig. 2 XRD analysis of lanthanum trifluoroacetate, silica supported
lanthanum trifluoroacetate, lanthanum trichloroacetate and silica
supported lanthanum trichloroacetate composites.
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663 cm−1 assigned to Si–O–Si & La–O–Si bond vibrations,
attribute more clear conrmation of the successful functional-
ization and strong electrostatic interaction of lanthanum tri-
uoroacetate and trichloroacetate with the mesoporous silica
support material. The above FTIR results reect the successful
functionalization of silica-supported catalysts having Lewis
acidic sites which are actively involved in the synthesis of 2,4,5-
triarylimidazoles.

3.1.2. XRD analysis. The ne dispersion of lanthanum tri-
uoroacetate and trichloroacetate on silica support was
conrmed by XRD spectral analysis. Fig. 2 represent the XRD
patterns of lanthanum triuoroacetate (La(OCOCF3)3$nH2O),
silica supported lanthanum triuoroacetate (La(OCOCF3)3-
$nH2O/SiO2), lanthanum trichloroacetate (La(OCOCCl3)3$nH2O)
and silica supported lanthanum trichloroacetate
(La(OCOCCl3)3$nH2O/SiO2) composites. Unsupported
lanthanum triuoroacetate and trichloroacetate show charac-
teristics diffraction peaks mainly includes 2q value = 10°, 16°,
23°, 33°, 38°, 47°, 55°.32,33

Moreover, silica supported lanthanum triuoroacetate and
trichloroacetate shows modied and prominent intense char-
acteristics diffraction peaks at 2q = 14°, 25°, 29°, 32°, and 49°,
54°. These results provide clear evidence that lanthanum tri-
uoroacetate and trichloroacetate were nely dispersed on the
silica supported material in the La(OCOCF3)3$nH2O/silica and
La(OCOCCl3)3$nH2O/silica catalysts. The broad humped
diffraction peaks observed in silica supported lanthanum tri-
uoroacetate and trichloroacetate catalysts compared to the
© 2023 The Author(s). Published by the Royal Society of Chemistry
sharp diffraction peaks in unsupported lanthanum tri-
uoroacetate and trichloroacetate clearly indicate the distur-
bance in original crystallinity of catalysts. This change in
crystallinity of silica supported catalyst is caused by the strong
electrostatic interaction of lanthanum triuoroacetate and tri-
chloroacetate with the silica support material, which converts
the supported catalyst to amorphous nature.34

3.1.3. SEM-TEM analysis. The surface morphology and
texture of synthesized Lewis acid catalysts were investigated
using SEM (Fig. 3a–d) and TEM (Fig. 3e and f) analysis. The
Fig. 3a and b indicate irregularly spherical shaped particles with
so and smooth surface for unsupported lanthanum tri-
uoroacetate and trichloroacetate samples. The SEM images of
silica supported lanthanum triuoroacetate and tri-
chloroacetate are shown in Fig. 3c and d respectively. These
images clearly shows that the surface morphology of the sup-
ported catalyst is relatively similar to that of unsupported
lanthanum triuoroacetate and trichloroacetate samples. The
unchanged surface morphology of the catalysts conrmed that
lanthanum triuoroacetate and trichloroacetate were nely
distributed into the mesoporous silica material pores. Further,
no separate crystallites of the bulk phase of lanthanum tri-
uoroacetate and trichloroacetate were observed in silica sup-
ported lanthanum triuoroacetate and trichloroacetate
catalysts respectively.

The TEM images of unsupported lanthanum triuoroacetate
and trichloroacetate (Fig. 3e and f) shows that most of the
specically arranged ne particles covered with dark colour.
While, the TEM images of silica supported lanthanum tri-
uoroacetate and trichloroacetate (Fig. 3g and h) indicates
proper layered dark colour ne particles on another surface
layer of supporting material. This provides strong evidence for
uniform dispersion of lanthanum triuoroacetate and
RSC Adv., 2023, 13, 2090–2103 | 2093
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Fig. 3 FE-SEM images of (a) lanthanum trifluoroacetate (b) lanthanum trichloroacetate (c) silica supported lanthanum trifluoroacetate (d) silica
supported lanthanum trichloroacetate and HR-TEM images of (e) lanthanum trifluoroacetate (f) lanthanum trichloroacetate (g) silica supported
lanthanum trifluoroacetate (h) silica supported lanthanum trichloroacetate.
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View Article Online
trichloroacetate inside the mesoporous pores of silica support
material.

3.1.4. EDX analysis and mapping images. The chemical
constitution of lanthanum triuoroacetate, silica supported
lanthanum triuoroacetate, lanthanum trichloroacetate and
silica supported lanthanum trichloroacetate are conrmed by
EDX spectral analysis represented in (Fig. 4). The EDX spectral
study of newly synthesized lanthanum triuoroacetate
(La(OCOCF3)3$nH2O) conrm the presence of La, O, C, and F
elements (Fig. 4a), while lanthanum trichloroacetate
(La(OCOCCl3)3$nH2O) conrm the presence of La, O, C, and Cl
elements (Fig. 4c).

Moreover, the EDX results of silica supported lanthanum
triuoroacetate (La(OCOCF3)3$nH2O/SiO2) showed the presence
of La, O, C, and F elements of La(OCOCF3)3$nH2O and Si, and O
of silica (Fig. 4b), while silica supported lanthanum tri-
chloroacetate (La(OCOCCl3)3$nH2O/SiO2) showed the presence
of La, O, C, and Cl elements of La(OCOCCl3)3$nH2O and Si, and
O of silica (Fig. 4d), which strongly indicates the successful
formation of silica supported lanthanum triuoroacetate and
trichloroacetate Lewis acid catalysts. The results of EDX
elemental image mapping shown in (Fig. 4e and f), revealed the
atomic percentage of La, O, C, F, Cl, Si, and O in the synthesized
catalysts.

Further, EDX mapping images provides additional valida-
tion or conrmation for a uniform distribution of La, O, C, and
F in the desired lanthanum triuoroacetate (La(OCOCF3)3-
$nH2O) catalyst system (Fig. 4a), while La, O, C, and Cl in the
lanthanum trichloroacetate (La(OCOCCl3)3$nH2O) catalyst
system (Fig. 4c). The elemental mapping of Fig. 4b and
d represents the construction of a nely dispersed blended
material of La, O, C, F, Cl, Si, and O in the synthesized silica
supported lanthanum triuoroacetate (La(OCOCF3)3$nH2O/
2094 | RSC Adv., 2023, 13, 2090–2103
SiO2) and lanthanum trichloroacetate (La(OCOCCl3)3$nH2O/
SiO2) Lewis acid catalyst that is in moral agreement with FT-IR,
XRD and SEM-TEM spectral results.

3.1.5. BET analysis. The specic surface area is a signi-
cant indicator of a catalyst. The BET technique was used to
measure the specic surface area, pore diameter, and pore
volume of the synthesized supported and unsupported Lewis
acid catalysts. The specic surface area of the lanthanum tri-
uoroacetate (La(OCOCF3)3$nH2O), lanthanum trichloroacetate
(La(OCOCCl3)3$nH2O), silica supported lanthanum tri-
uoroacetate (La(OCOCF3)3$nH2O/SiO2) and lanthanum tri-
chloroacetate (La(OCOCCl3)3$nH2O/SiO2) Lewis acid catalysts
were 21.278, 19.198, 113.545 and 45.001 m2 g−1, respectively
(Table 1). The porosity of these catalyst samples was analysed by
the nitrogen adsorption–desorption measurement.

The nitrogen adsorption–desorption isotherm is of type V in
nature according to the IUPAC classication. The bulk unsup-
ported lanthanum triuoroacetate, lanthanum trichloroacetate,
silica supported lanthanum triuoroacetate and tri-
chloroacetate Lewis acid catalysts exhibit a well expressed H3

hysteresis loop (Fig. 5a–d), in the order of 0.4–1.0P/P0 at high
relative pressure, which is most common for mesoporous
materials.35 As represented in Table 1, the average pore diam-
eter of the lanthanum triuoroacetate, lanthanum tri-
chloroacetate, silica supported lanthanum triuoroacetate and
lanthanum trichloroacetate catalyst were 9.0766, 7.5292, 11.102
and 11.958 nm respectively. Also, total pore volume (0.0436–
0.3151 cm3 g−1) of the catalysts was calculated using the BJH
method (see Fig. 5a–d).

The BET study proved that the surface area of lanthanum
triuoroacetate and trichloroacetate catalysts supported by
silica was marginally greater than that of the same catalysts
without support. The main cause of this might be the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Elemental mapping images of (a) lanthanum trifluoroacetate (b) silica supported lanthanum trifluoroacetate (c) lanthanum tri-
chloroacetate (d) silica supported lanthanum trichloroacetate and EDX spectra for atomic percentage of (e) lanthanum trifluoroacetate (f) silica
supported lanthanum trifluoroacetate (g) lanthanum trichloroacetate (h) silica supported lanthanum trichloroacetate.
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deposition and incorporation of lanthanum triuoroacetate or
trichloroacetate into the pores of the mesoporous silica support
material. The increased surface area, average pore diameter and
total pore volume of silica supported Lewis acid catalysts may
become one of the key features in enhancing catalytic
performance.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.1.6. TGA analysis. Thermogravimetric analysis (TGA) was
used to determine the thermal stability of unsupported and
silica-supported lanthanum triuoroacetate and tri-
chloroacetate Lewis acid catalyst. The rst characteristic TGA
curves of all synthesized Lewis acid catalysts (from temperature
range 74 °C to 140 °C) are associated with the loss of water
RSC Adv., 2023, 13, 2090–2103 | 2095
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Table 1 BET analysis of the Lewis acid catalyst series

Entry Catalyst sample SBET (m2 g−1) Dpore (nm) Vpore (cm
3 g−1)

1 La(OCOCF3)3$nH2O 21.278 9.0766 0.0436
2 La(OCOCCl3)3$nH2O 19.198 7.5292 0.0361
3 La(OCOCF3)3$nH2O/SiO2 113.545 11.102 0.3151
4 La(OCOCCl3)3$nH2O/SiO2 45.001 11.958 0.1345
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molecules as shown in Fig. 6. In unsupported lanthanum tri-
uoroacetate and trichloroacetate catalysts, the second char-
acteristic curve (from temperature range 184 °C to 252 °C) with
minimummass loss of 26 and 44% respectively, was assumed to
be due to a partial loss of triuoroacetate and trichloroacetate
group of the anhydrous Lewis acid. While third curve (from
temperature range 259 °C to 310 °C) with maximum mass loss
of 65 and 70% respectively, was associated due to a complete
loss of triuoroacetate and trichloroacetate group of the anhy-
drous Lewis acid with the formation of LaF3 and LaCl3
decomposition product.32,33

In the TGA of silica supported lanthanum triuoroacetate
and trichloroacetate catalysts, the second characteristic curves
(from temperature range 198 °C to 271 °C) with minimummass
loss of 14 and 12% respectively, were assumed to be due to
a partial loss of triuoroacetate and trichloroacetate group of
Fig. 5 Nitrogen adsorption–desorption isotherms of (a) lanthanum
lanthanum trifluoroacetate (d) silica supported lanthanum trichloroaceta

2096 | RSC Adv., 2023, 13, 2090–2103
the anhydrous Lewis acid. While third curve (from temperature
range 276 °C to 326 °C) with maximummass loss of 19 and 15%
respectively, were associated due to a complete loss of tri-
uoroacetate and trichloroacetate group of the anhydrous Lewis
acid.

Herein, TGA study of these Lewis acid catalyst provides
strong conrmation that the thermal stability of supported
Lewis acid catalysts were increased than that of the catalyst
alone. This must be due to the interaction between silica and
bulk lanthanum triuoroacetate or trichloroacetate catalyst.
These advancements in thermal stability of the supported
catalyst leads to moderate a range of temperatures over which it
can be used without a signicant loss in catalytic activity,
achieving reactions at higher temperatures as well as preventing
sintering of metal in order to prolong life of the catalyst.
trifluoroacetate (b) lanthanum trichloroacetate (c) silica supported
te.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TGA analysis of lanthanum trifluoroacetate, silica supported
lanthanum trifluoroacetate, lanthanum trichloroacetate and silica
supported lanthanum trichloroacetate composites.

Table 2 Comparative study of catalytic activity/efficiency of synthe-
sized Lewis acid catalysts in 2,4,5-trisubstituted arylimidazole deriva-
tive synthesis (4a)a

Entry Catalyst sample Timeb (min) Yieldc (%)

1 La(OCOCF3)3$nH2O 45 71
2 La(OCOCCl3)3$nH2O 48 68
3 La(OCOCF3)3$nH2O/SiO2 14 96
4 La(OCOCCl3)3$nH2O/SiO2 17 94
5 Kieselgel K100 (silica gel) 220 41

a Reaction conditions: benzaldehyde (1 mmol), benzil (1 mmol),
ammonium acetate (3 mmol) and synthesized Lewis acid catalysts.
b Reaction progress monitored by TLC. c Isolated yields.
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3.2. Catalytic activity of silica supported Lewis acid catalysts
for the synthesis of 2,4,5-trisubstituted arylimidazole
derivatives

The rst focus of our studies was to evaluate the efficiency of
synthesized Lewis acid catalysts and optimization of the best
reaction conditions for the one-pot synthesis of 2,4,5-triar-
ylimidazole derivatives. Benzaldehyde (1 mmol), benzil (1
mmol) and ammonium acetate (3 mmol) were chosen as
substrates for the model reaction (Scheme 3).

In order to evaluate the efficiency of synthesized Lewis acid
catalysts, the model reaction was carried via unsupported Lewis
acid catalysts La(OCOCF3)3$nH2O & La(OCOCCl3)3$nH2O and
silica supported Lewis acid catalysts La(OCOCF3)3$nH2O/SiO2 &
La(OCOCCl3)3$nH2O/SiO2 under solvent free condition (Table
2). The unsupported Lewis acid catalysts show lesser catalytic
efficiency in respect of reaction time period and product yields
as compared to similar catalysts with silica support. It was
found that product yield and reaction time period was improved
a lot by the silica supported Lewis acid catalysts. While, pure
silica supporting material shows incredibly poor catalytic
activity in terms of the expected product yield and reaction time
period (Table 2, entry 5).
Scheme 3 Silica supported lanthanum trifluoroacetate and trichloroace

© 2023 The Author(s). Published by the Royal Society of Chemistry
This indicates that silica supported Lewis acid catalysts
La(OCOCF3)3$nH2O/SiO2 & La(OCOCCl3)3$nH2O/SiO2 shows
very high catalytic activity/efficiency. The increase in activity of
the silica supported Lewis acid catalysts were due to high
dispersion of lanthanum triuoroacetate or trichloroacetate
Lewis acid catalyst on silica support. As a result, it would have
more surface area and active Lewis and Brønsted sites than the
unsupported Lewis acid catalysts La(OCOCF3)3$nH2O &
La(OCOCCl3)3$nH2O. Moreover, the comparative study of cata-
lytic efficiency of silica supported lanthanum triuoroacetate
(La(OCOCF3)3$nH2O/SiO2) and lanthanum trichloroacetate
(La(OCOCCl3)3$nH2O/SiO2) Lewis acid catalysts were also per-
formed, which clearly indicates that silica supported
lanthanum triuoroacetate shows higher catalytic activity/
efficiency than silica supported lanthanum trichloroacetate.

Further, we have monitored the model reaction under many
conditions, such as the various solvents, temperature range and
catalyst amount, in order to determine the ideal reaction
parameters for this multicomponent reaction in presence of
synthesized silica supported Lewis acid catalysts. The different
range of solvents (polar and non-polar solvent) were utilized to
examine the catalytic activity of the synthesized silica supported
lanthanum triuoroacetate and trichloroacetate Lewis acid
catalysts. It was observed that the solvent-free environment
produced the best results in terms of reaction time and product
yield (Table 3). This must be because in solvent-free conditions,
the larger availability of the reactant molecules allows for easy
access to the active sites through the pores of the catalyst, and
this porous structure produces the best results compared to in
a solvent. In a solvent, the presence of solvent molecules
tate Lewis acid catalysed synthesis of 2,4,5 triaryl imidazole.
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Table 3 Optimization of solvents and comparison of temperature for silica supported lanthanum trifluoroacetate (La(OCOCF3)3$nH2O/SiO2)
and lanthanum trichloroacetate (La(OCOCCl3)3$nH2O/SiO2) Lewis acid catalysts in the synthesis of 2,4,5-trisubstituted arylimidazole derivatives
(4a)a

Entry Solvents
Reaction
condition (temp.)

Timeb (min) Yieldc (%)

A Catalyst B Catalyst A Catalyst B Catalyst

1 Water Reux 64 72 70 68
2 Ethanol Reux 38 40 90 89
3 DMF Reux 46 48 76 72
4 THF Reux 43 47 81 78
5 Acetonitrile Reux 68 74 67 62
6 Chloroform Reux 65 70 69 67
7 Toluene Reux 84 90 65 62
8 Solvent free Reux 17 22 85 83
9 Solvent free 50 °C 20 24 78 74
10 Solvent free 60 °C 14 17 85 81
11 Solvent free 70 °C 14 17 96 94
12 Solvent free 80 °C 14 17 96 94
13 Solvent free 90 °C 14 17 96 94

a Reaction conditions: benzaldehyde (1 mmol), benzil (1 mmol), ammonium acetate (3 mmol) and (A Catalyst) – silica supported lanthanum
triuoroacetate or (B Catalyst) – silica supported lanthanum trichloroacetate. b Reaction progress monitored by TLC. c Isolated yields.
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reduces the availability of reactant molecules, which lowers the
yield of the product in comparison to a solvent-free reaction.
Since solvent free reaction condition provided the best results
in terms of reaction time and product yield, temperature opti-
mization was also carried out at the solvent free condition, in
order to examine the best reaction temperature for the overall
synthesis of the 2,4,5-trisubstituted arylimidazole derivatives
listed in Table 3. The reaction time and product yield improved
gradually and steadily as the temperature range increased from
50 to 70 °C. The results show that 70 °C is the ideal reaction
temperature for this one-pot, solvent-free multicomponent
synthesis. Furthermore, the reaction progress time and product
yield were not signicantly affected by the temperature increase
above 70 °C.

The determination of appropriate and stoichiometric
amount of the catalyst for the reaction is another crucial factor
for reaction effectiveness. To nd appropriate amount of cata-
lyst required, the model reaction was carried out under solvent
Table 4 Optimization of the amount of silica supported Lewis acid cat
synthesis of (4a)a under solvent free condition

Entry
Amount of
catalyst (g)

Reaction
condition (temp.)

Tim

A Ca

1 0.01 70 °C 14
2 0.02 70 °C 14
3 0.03 70 °C 14
4 0.04 70 °C 14
5 0.05 70 °C 14
6 0.06 70 °C 14

a Reaction conditions: benzaldehyde (1 mmol), benzil (1 mmol), ammo
triuoroacetate or (B Catalyst) – silica supported lanthanum trichloroacet

2098 | RSC Adv., 2023, 13, 2090–2103
free condition in the presence of different amounts (0.01, 0.02,
0.03, 0.04, 0.05, and 0.06 g) of both silica supported lanthanum
triuoroacetate and trichloroacetate lewis acid catalysts and
obtained results are summarized in Table 4.

When the amount of these Lewis acid catalysts increases
progressively, product yield also increases (Table 4, entries 1–6).
The obtained results demonstrate that 0.04 g amount of both
silica supported lanthanum triuoroacetate and tri-
chloroacetate Lewis acid catalysts gave 96% and 94% yield of
product respectively at 70 °C temperature (Table 4, entry 4). An
additional increase in the amount (0.05, and 0.06 g) of these
Lewis acid catalysts does not increase yield of the product (Table
4, entry 5, 6). This could be as a result of the catalyst reaching its
maximum conversion efficiency.

Finally, the 2,4,5-trisubstituted arylimidazole derivatives
(4a–l) were synthesized employing the catalytic system under
the optimum reaction conditions, and excellent results were
achieved, which are well described in Table 5. However, out of
alysts and comparison of reaction time and product yield (%) for the

eb (min) Yieldc (%)

talyst B Catalyst A Catalyst B Catalyst

17 67 66
17 74 71
17 85 81
17 96 94
17 96 94
17 96 94

nium acetate (3 mmol) and (A Catalyst) – silica supported lanthanum
ate. b Reaction progress monitored by TLC. c Isolated yields.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Silica supported lanthanum trifluoroacetate (La(OCOCF3)3$nH2O/SiO2) and lanthanum trichloroacetate (La(OCOCCl3)3$nH2O/SiO2)
Lewis acid catalysed synthesis of 2,4,5-trisubstituted arylimidazole derivatives (4a–l)a

Entry
Substituent
‘R’

Timeb (min) Yieldc (%)
M.P. (°C)
observed M.P. (°C) reportedA Catalyst B Catalyst A Catalyst B Catalyst

4a H 14 17 96 94 269–270 270–272 [37]
4b 4-OMe 15 18 96 93 229–231 231–232 [38]
4c 4-Me 16 18 95 93 228–230 231–232 [39]
4d 4-Br 14 17 95 92 257–260 254–256 [40]
4e 4-F 14 19 96 94 188–190 190 [41]
4f 4-Cl 14 17 96 92 261–263 257–260 [42]
4g 4-NO2 16 20 92 90 242–245 241–242 [43]
4h 2-Me 16 19 95 92 253–255 255–258 [44]
4i 2-Cl 15 18 95 93 189–192 188 [45]
4j 3-Br 16 17 93 91 293–295 298–300 [45]
4k 4-OH 14 18 96 93 255–258 254–256 [46]
4l 3-OH 15 19 93 91 259–261 260–261 [47]

a Reaction conditions: benzaldehyde (1 mmol), benzil (1 mmol), ammonium acetate (3 mmol) and (A Catalyst) – silica supported lanthanum
triuoroacetate or (B Catalyst) – silica supported lanthanum trichloroacetate. b Reaction progress monitored by TLC. c Isolated yields.
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this silica supported lanthanum triuoroacetate and tri-
chloroacetate Lewis acid catalysts, silica supported lanthanum
triuoroacetate shows more catalytic activity compared to silica
supported lanthanum trichloroacetate in respect of all optimi-
zation parameters and arylimidazole derivatives (4a–l)
synthesis. Actually, this is due to the fact that high electroneg-
ative uorine atoms increase the acidity of Lewis acid catalyst by
its more withdrawing nature as compared to chlorine atoms.

A comparative study, which includes silica supported
lanthanum triuoroacetate and trichloroacetate Lewis acid as
Table 6 Comparison of the current catalysts with reported catalysts for

Entry Catalyst Conditio

1 Without catalyst Reux
2 CH3COOH Reux
3 Montmorillonite K10 EtOH, re
4 Polymer–ZnCl2 EtOH, re
5 Nano-SnCl4.SiO2 Solvent-
6 Ceric ammonium nitrate EtOH, re
7 Yb(OTf)3 Acetic ac
8 Y(TFA)3 Reux/1
9 ZSM-11 Solvent-
10 La(OCOCCl3)3$nH2O/SiO2 Solvent-
11 La(OCOCF3)3$nH2O/SiO2 Solvent-

a Reaction conditions: benzaldehyde (1 mmol), benzil (1 mmol), ammoniu
silica supported lanthanum trichloroacetate Lewis acid catalysts. b Reacti

© 2023 The Author(s). Published by the Royal Society of Chemistry
a catalyst was performed for the synthesis of 2,4,5-trisubstituted
arylimidazole derivatives with various catalysts reported in the
literature (see Table 6). In comparison to silica supported
lanthanum triuoroacetate and trichloroacetate Lewis acid
catalysts in solvent-free systems, reactions with other different
catalysts required a higher amount of catalyst and longer reac-
tion time period which produces a low yield of the desired
product also. As a result, the present Lewis acid catalyst
promoted the reactions more successfully than the other cata-
lysts and should become one of the best options for choosing an
the synthesis of 2,4,5-trisubstituted arylimidazole derivatives (4a)a

ns Timeb (min) Yieldc (%)

720 NR
120 40 [48]

ux 90 70 [40]
ux 240 96 [49]
free/130 °C 120 96 [50]
ux 360 75 [51]
id, reux 160 92 [52]
00 °C 180 95 [53]
free/110 °C 30 90 [54]
free, 70 °C 17 94 (this work)
free, 70 °C 14 96 (this work)

m acetate (3 mmol) and silica supported lanthanum triuoroacetate or
on progress monitored by TLC. c Isolated yields.
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Fig. 8 XRD spectrum of fresh and recovered silica supported
lanthanum trifluoroacetate and lanthanum trichloroacetate Lewis acid
catalysts.
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economically convenient, and environmentally eco-friendly
catalyst.

3.3. Proposed plausible structure for active site of silica
supported Lewis acid catalyst

The proposed model of active site of silica supported
lanthanum triuoroacetate and trichloroacetate Lewis acid
catalysts is well depicted in Fig. 7. These catalysts mainly indi-
cate Lewis acid sites on lanthanum metal which is attached to
the mesoporous surface of silica support material. The tri-
uoroacetate or trichloroacetate group withdraws the electron
density from the metal atom (La) which leads to making it
electron decient and developing Lewis acidity. The interaction
of triuoroacetate or trichloroacetate with surface –OH groups
of silica bind them on the silica surface without moderating its
Lewis acidity. It is well reported that the silica supported
lanthanum triuoroacetate and trichloroacetate solid hetero-
geneous catalysts mainly includes Lewis acidity, which is actu-
ally originated from the loaded lanthanum triuoroacetate or
trichloroacetate.36

3.4. Recycling of catalyst

The recyclability of the catalysts is one of the key features of the
current methodology. The catalysts were recovered from the
reaction mixture by means of simple ltration technique, in
such a way that aer completion of the reaction, reaction
mixture was diluted with hot ethanol and ltered for the sepa-
ration catalyst. Filtered, solid catalysts were washed with the
ethanol/water system (1 : 1). The recovered catalysts were kept
under vacuum-oven for 20 min at 80 °C for drying and activa-
tion, aer which they were weighed and reused in the next run.
They were used for ve runs without any further treatment in
the subsequent reaction. It was found that recovered catalysts
almost have consistent activity aer several time of use. The
Fig. 7 The proposed model of active site of silica supported lanthanum

2100 | RSC Adv., 2023, 13, 2090–2103
present silica supported lanthanum triuoroacetate and tri-
chloroacetate Lewis acid catalysts even aer the h recycling,
shows 92% and 87% catalytic efficiency respectively (Fig. 9).
These studies proved that the current silica supported green
Lewis acid catalysts are highly active, efficient and reusable
without a considerable loss in catalytic activity. Furthermore,
trifluoroacetate and trichloroacetate Lewis acid catalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Recyclability of silica supported lanthanum trifluoroacetate and trichloroacetate Lewis acid catalyst in the synthesis of 2,4,5-triar-
ylimidazole derivatives.
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aer the h cycle, the recycled catalyst was recovered, washed,
dried and weighed. This recovered catalyst was then charac-
terized by using powder XRD analysis for its comparative
morphological study with fresh catalyst. The diffraction peaks
at 2q = 14°, 25°, 29°, 32°, 49°, and 54° of recovered catalysts
were exactly identical to the fresh silica supported lanthanum
triuoroacetate and trichloroacetate Lewis acid catalysts
(Fig. 8).
3.5. Plausible reaction mechanism

The proposed plausible mechanism for the synthesis of 2,4,5-
trisubstituted arylimidazole in presence of currently
Scheme 4 The proposed reaction mechanism for the formation of 2
lanthanum trifluoroacetate or trichloroacetate Lewis acid catalyst under

© 2023 The Author(s). Published by the Royal Society of Chemistry
synthesized green Lewis acid catalyst is well described in
Scheme 4, based on literature reports.13,54 The carbonyl groups
of benzil (2) and aromatic aldehydes (1) are activated by silica
supported lanthanum triuoroacetate or trichloroacetate Lewis
acid catalyst which leads to an increase in electrophilicity of
carbonyl carbon. Then nucleophilic attack of the nitrogen atom
of ammonia molecule takes place due to the presence of its free
lone pair of electron. The ammonia molecules are generated in
situ from ammonium acetate which attack on the activated
carbonyl carbon of benzil and aromatic aldehydes resulting in
the formation of 2-imino-1,2-diphenylethanone intermediate
(3) and aryl methanimine intermediate (4). Further, nucleo-
philic attack of aryl methanimine intermediate (4) to another
,4,5-triarylimidazole derivatives in the presence of silica supported
solvent-free condition.

RSC Adv., 2023, 13, 2090–2103 | 2101

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07021a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 8

:2
4:

02
 A

M
. 

 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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
carbonyl carbon of 2-imino-1,2-diphenylethanone (3) gives 1-
(benzylidene amino)-2-imino-1,2-diphenylethanol intermediate
(5), which aerward undergoes the cyclization leads to the
formation of 2,4,5-triphenyl-2H-(1-imidazolium) intermediate
(6) further converted into 2,4,5- trisubstituted arylimidazole
derivatives by dehydration. However, the catalyst which regen-
erated aer end of each reaction are available for the next
reaction cycle.

4. Conclusion

In an overview, we have developed silica supported
lanthanum triuoroacetate and trichloroacetate as water-
compatible green Lewis acid catalysts via novel, simple, and
eco-friendly method. The morphology and properties of
synthesized Lewis acid catalysts were studied by FTIR, TGA,
XRD, EDX, SEM, TEM and BET analysis techniques. The
synthesized catalysts were utilized in the synthesis of 2,4,5-
trisubstituted arylimidazole derivatives under solvent-free
green reaction protocols. The silica supported lanthanum
triuoroacetate and trichloroacetate catalysts work superi-
orly in presence of water as well as in organic solvents
without loss in their catalytic activity compared to conven-
tional Lewis acid catalysts. However, the best reaction results
were found in solvent-free conditions at 70 °C optimum
temperature. This reaction protocol has many advantages as
being highly efficient with excellent product yield in shorter
reaction time, work-up simplicity and no side reactions. The
comparative study of catalytic efficiency of these two catalysts
was also performed in terms of reaction time, reaction
temperature, and inuence of different solvents on yield of
the product. This clearly indicates that silica supported
lanthanum triuoroacetate shows higher catalytic activity
and efficiency than silica supported lanthanum
trichloroacetate.

These catalysts offer several remarkable features. They are
non-hazardous, water compatible, work superiorly in the
different range of solvents under mild reaction conditions
with best product yields, easily recovered and reused in
reactions. These catalysts were economically valuable as they
were synthesized from commercially available cheap starting
materials. Moreover, the synthesized silica supported Lewis
acid catalysts are non-hygroscopic, moisture insensitive,
environment friendly and inexpensive compared to metal
triate Lewis acid catalysts. This will make them one of the
best competent alternatives for metal triate Lewis acid
catalysts as well as to the heterogeneous acid catalysts.
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