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Sulfonic acid functionalized over biguanidine fabricated silica-coated heterogeneous magnetic
nanoparticles (NP@QSO3H) have been synthesized, well characterized and explored for the first time, as an
efficient and recyclable catalyst for N-formylation of primary amines under mild reaction conditions.
Exploiting the magnetic nature of FezO,4, the prepared catalyst was readily recovered from the reaction
mixture via an external magnet. The catalyst can be reused for up to six cycles without any substantial
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Introduction

Formamides are an important class of organic compounds
which possess a very wide range of applications in synthetic
chemistry such as Vilsmeier formylation reactions™ and as
polar solvents in various organic reactions and medicinal
chemistry.® By statistical figures, it is found that nearly one-
fourth of all pharmaceuticals drugs such as paracetamol, for-
moterol, captopril and chloramphenicol have amide bonds
(Fig. 1).

All these drugs are clinically used for the treatment of fever,
lung diseases, hypertension and bacterial diseases respec-
tively.** Formamides are also extensively used as Lewis base
catalysts in allylation, and hydrosilation” of carbonyl
compounds. Moreover, it is also well documented that the
formyl group is the best amino-protecting group in peptide
synthesis,® and they are also important precursors in the prep-
aration of formamidines, isocyanides, and heterocycles.®
Generally, the N-formylation reaction of amines are proceeded
by various formylating reagents such as formic acid-DCC,"
formic acid-EDCL,*™* formic acid in toluene,” N,N-dime-
thylformamide (DMF)," acetic formic anhydride,"* ammonium
formate," chloral'® trialkyl orthoformates, enol formates, cya-
nomethyl formate,"” and cyanide™® etc.

Since then, many reports have appeared in the literature for
the formylation of amines under the influence of several cata-
lysts, various solvents and under reaction conditions. The
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yield and easy work-up are the additional advantages of present catalytic system.

numerous catalysts including their methodology and biological
application have also been reported till date such as copper,
Fe(u),", [Pd(OAc),],*® ZnCl, and Lewis acids,* ZnO,>* carbon
nanotube-gold nanohybrid (Au-CNT),* indium,* nanocerium
oxide,” K3PO,,>® heteropolyanion-based ionic liquids (HPAILS),>
oaryloxide-N-heterocyclic carbene ruthenium(u) ([Ru-NHC]
complex),”® molybdate sulfuric acid,” H,S0,Si0O,,** sulfated
tungstate catalyst,®* and many others. Most of these methodolo-
gies have some drawbacks such as harsh reaction conditions,
low yield, high temperature, long reaction time and expensive
reagents. Moreover, these catalysts are either toxic or less acces-
sible, thermally unstable, poor functional group or formation of
side products, applicable only to aromatic amines and the
preparation and use of these reagents require strictly anhydrous
conditions.*** Thus, there is still some scope to improve and
develop newer, simple and an efficient reagent to overcome or
minimize these drawbacks. Therefore, the development of a new
methodology for N-formylation is still desirable.

Our research group is working on designing inorganic-
organic hybrid magnetic nanocatalyst for catalytic activity. In

Paracetamol

o NH
OH
Captopril Chloramphenicol

Fig. 1 Some of market drugs containing amide functional group.
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continuation of our research work,** we are here reporting an
efficient, mild and green method for the N-formylation of
amines with formic acid using NP@SO;H as a newer catalyst
comprising of sulfonic acid over biguanidine moieties.

Biguanides are widely used as a antihyperglycemic agents
that suppress hepatic glucose production, increase peripheral
glucose uptake, and moderately reduce LDL cholesterol and
triglyceride levels. For example metformin is widely used to
treat diabetes, proguanil and chlorproguanil are used as anti-
malarial drugs. As compared to a guanidine biguanide has
a higher ability to bind metals because of the two imine-like
functions and thus acts as a bidentate ligand (Fig. 2).***°

The regular acid catalysts includes mineral acids viz. H,SO,,
HCI, HF and other organic acids like p-toluene sulfonic acid,
leading to severe disadvantages like corrosion, toxicity, tedious
separation of catalysts from homogeneous reaction mixtures
and urgency of neutralization of waste streams. Among them
sulfonic acid is corrosive liquid acid having high activity, is
efficiently used to synthesize different organic compounds.
However, being corrosive in nature, it is hazardous and harmful
for environment as well as public health. It is deadly if inhaled
or swallowed and cause eyes and skin burn. It reacts readily with
water generating toxic liquid, hydrochloric acid (HCI) and sulfur
dioxide (SO,). Also, the adversity of its separation from reaction
medium limits its applicability in pharmaceutics and indus-
tries.*””** Thus, we have designed and synthesized heteroge-
neous sulfonic acid fabricated over biguanidine functionalized
silica coated iron oxide nanoparticles to overcome the draw
backs and make it suitable and safer use of this efficient acid
heterogeneous catalyst.

To the best of our knowledge, this is the first report on
catalytic performance of NP@SO;H for N-formylation of
amines. Moreover, the newer synthesized catalyst is expected to
show very unique and efficient catalytic performance owing to
heterogeneous as well as presence of large number of catalytic
sites.*® This newer developed nanocatalyst also has an advan-
tage of being magnetically recoverable from reaction mixtures
using external magnetic force, thereby eliminating the
requirement of catalyst filtration or centrifugation after
completion of the reaction as in the case of other solid support
materials. Hence, the major advantage of the present magnetic
nanocatalyst, apart from their relative non-toxicity, high air and
thermal stability, chemical stability, easy separation from

Guanidine Biguanidine
1
NH : NH NH
)J\ I
1
H,N NH, : H;N N NH,
1

3 binding sites 5 binding sites

Fig. 2 Comparison of binding sites for guanidine and biguanidine
group.
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reaction medium, facile recyclability, non-hygroscopic nature,
and excellent catalytic performance. We further believe that the
present nanocatalyst can be surface-modified so as to increase
its catalytic activity as well as selectivity towards different
organic transformations.

Experimental
Materials

Ferric and ferrous sulfate were procured from Sisco Research
Laboratory (SRL). Tetra-ethyl orthosilicate (TEOS) and APTES
were obtained from Sigma-Aldrich. All analytical grade chem-
icals used in the experiment were purchased from Merck and
Alfa-Aesar and used without any further purification. Double-
distilled water was used throughout the experiment.

Instrumentation

Fourier transform infrared (FT-IR) spectra were recorded using
KBr pellet method that was operative in the range of 400-
4000 cm~ ' at room temperature on a PerkinElmer Spectrum
RXI-Mid IR spectrometer. The information about the size, shape
and morphology of the nanocatalyst was obtained through
transmission electron microscopy (TEM), performed on a 200
kv, TECNAI 20G2 FEI and scanning electron microscopy
measurement (SEM) using a ESEM QUANTA-200. Energy-
Dispersive X-ray (EDX) studies (equipped with the SEM instru-
ment) were performed for elemental analysis of NP@SO;H. The
mass and nuclear magnetic resonance (‘*H and **C) spectra of
the N-formylation product were recorded on a HR-MS and JEOL
GS-400 model at 400 MHz and 100 MHz respectively.

Catalyst preparation

Preparation of the amine functionalized magnetic Fe;0,
nanoparticles (ASMNPs). The amine functionalized silica
coated nanoparticles (ASMNPs) were prepared as per our
previous report.> Briefly magnetic nanoparticles (MNPs) were
prepared by co-precipitation method. Then these MNPs were
coated with dense layer of silica by sol-gel approach to avoid
leaching of iron from the core and obtain silica coated magnetic
nanoparticles (SMNPs). Afterwards, SMNPs were functionalized
with APTES to obtain ASMNPs.

Incorporation of biguanidine group to Fe;0,@SiO,-NH,
magnetic nanoparticles. In order to extend the number of
catalytic sites over the surface of nanoparticles, biguanidine
functionality was introduced on ASMNPs. To achieve it,
ASMNPs (3 g) and dicynoguanidine (750 mg) were suspended in
100 mL of absolute ethanol. The reaction mixture was refluxed
at 60 °C for 12 h. The resulted biguanidine group containing
magnetic nanoparticles (NP) were separated using external
magnet and washed thoroughly with deionized water (2 x 5 mL)
and ethanol (2 x 5 mL) and dried in vacuum oven for 6 h.

Incorporation of SO;H group to Fe;0,@SiO,-NH, contain-
ing biguanidine group (NPs). Biguanidine functionalized silica
coated magnetic nanoparticles (NPs) (3 g) were dispersed in dry
CH,Cl, (150 mL) using ultrasonic bath for 30 min. Subse-
quently, 12 mL chlorosulfuric acid (CISO;H) was added

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07476d

Open Access Article. Published on 12 November 2020. Downloaded on 2/8/2026 6:57:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

dropwise with constant stirring over a period of 45 min in ice
both. Hydrogen chloride (HCl) gas evolved from the mixture
immediately. The prepared sulfonated nanoparticles
(NP@SO;H) were separated by magnetic decantation and
washed with dry CH,Cl, (5 x 4 mL) to remove the unattached
substrates and dried well under vacuum oven.

Procedure for N-formylation using NP@SO;H as a catalyst. A
mixture of formic acid (4 mmol), aromatic amine (1 mmol) and
NP@SO;H (10 mg) taken in oven-dried round bottom flask,
were dispersed in absolute ethanol (2 mL). The reaction mixture
was allowed to stir at room temperature and progress of the
reaction was monitored by TLC. After the completion of the
reaction, the catalyst was separated using external magnet and
washed thoroughly with absolute ethanol. The remaining
ethanol in the round bottom flask was evaporated using rota-
vapour and that crude product was purified by recrystallization
using n-hexane/ethyl acetate or by short column chromatog-
raphy on silica gel to obtain pure product. The purified products
were characterized by using HR-MS, 'H and *C NMR.

Results and discussion

The stepwise synthesis of magnetic nanoparticles NP@SO;H is
shown in Scheme 1.

Firstly, MNPs were prepared using co-precipitation method
by mixing two different salts of iron (Fe*" and Fe** ions) in basic
solution. Subsequently, a small layer of silica around the MNPs
was formed using sol-gel approach, which further prevented
the agglomeration of the Fe;O, nanoparticles. Subsequently,
the amine (NH,) functionalities were introduced onto the
surface of SMNPs using 3-aminopropyl triethoxysilane (APTES).
In order to enhance the number of NH, groups on the surface,
biguanidine moiety was introduced. Finally, the obtained

0

Ethanol APTES
———— —
NH,OH
o]
60°C, 6h =

SMNP
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magnetic nanoparticles (NPs) were subjected to sulfonation
using chlorosulfonic acid in order to obtain acidic catalyst
(NP@SO3H). Finally, the structure of the nanocatalyst was
confirmed systematically by characterization using various
modern sophisticated techniques such as FT-IR, PXRD, SEM,
TEM, EDS, and VSM.

Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra was recorded to affirm the various functional
groups present in these nanocomposite. The FT-IR spectrum of
Fe;0, depicts an intense bands at 580 cm ' due to Fe-O
vibration and a broad band at 3360 cm™*, which is attributed to
the surface -OH groups (Fig. 3a).* Further, silica coating over
Fe;0, was established by the presence of characteristic peaks at
921 cm ! and 1081 ecm™ !, which are attributed to Si-O-Si
asymmetric stretching vibrations (Fig. 3b). For ASMNPs the
bands centred at 3284 cm ' represents the asymmetric
stretching vibrations of N-H groups* (Fig. 3c). Fig. 3d repre-
sents the FT-IR spectra of NPs. Further, the presence of sulfonyl
moiety is asserted with 1188 and 994 cm ' bands in FT-IR
spectra (Fig. 3e).*®

Powder X-ray diffraction (PXRD) analysis

To check purity and crystallographic structure of synthesized
nanoparticles, powder XRD was carried out and represented in
Fig. 4. Fig. 4a displayed Bragg peaks at 26 = 30.3, 35.6, 43.3,
57.4, 62.9°, which are attributed to (22 0),(311),(400),(51 1),
and (4 4 0) crystallographic faces of magnetite, respectively.**
Similar peaks were obtained for NP@SO;H (Fig. 4b), which
indicated the retention of crystalline magnetic core after silica
coating and fabrication with various functional groups.

CISO;H
Dry CH,Cl,

Scheme 1 Schematic illustration of formation of sulfonated magnetic nanoparticles (NP@QSOzH).
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Fig.3 FT-IR curves of (a) MNPs, (b) SMNPs, (c) ASMNPs, (d) NPs and (e)
NP@SO3H.

SEM TEM analysis

The size, shape and morphology aspects of the newer NP@SO;H
were analysed using TEM and SEM analysis (Fig. 5). TEM
analysis reveals that the size of the nanocatalyst ranged from
34-50 nm. Moreover, the study reveals that the catalyst is made
up with core shell structure having spherical morphology.
However, the exact size of the particles was difficult to deter-
mine because the particles aggregate due to their paramagnetic
nature. Further, it is evident from the SEM imaging, that the
particles are roughly spherical in nature.

Further, to gain knowledge of stoichiometric distribution of
elements in the synthesized NP@SO;H nanocatalyst, EDX
spectrum was collected. The collected EDX spectrum revealed
the presence of expected constituent elements like iron, oxygen,
silicon, sulphur and nitrogen in the sample (Fig. 6).

amorphous
Sio,

(b) NP@SO,H

20 30 40 5 60 70 80
Two theta (deg.)

Fig. 4 PXRD patterns of (a) FesO4 (MNPs), (b) NP@SO3zH.
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Vibrating sample magnetometric analysis (VSM)

Magnetization measurements of well dried magnetic nano-
particles were determined using vibration sample magnetom-
eter (VSM) at room temperature in the external magnetic range
of —10 000 to +10 000 Oe. The magnetic hysteresis curves sug-
gested the super magnetic behaviour of these nanoparticles. It
is evident from Fig. 7 that the MNPs, SMNPs, ASMNPs, NPs and
NP@SO;H showed a saturation magnetization value of 56, 43,
37,28 and 21 emu g~ respectively.

This decline in saturation magnetization was accredited to
the existence of non-magnetic amorphous coatings of SiO, and
functional groups over the surface of MNPs. Irrespective of the
saturation magnetization (M;) value than MNPs,
NP@SO;H can be separated smoothly from reaction mixture
using an external magnet.

lower

Evaluation of the catalytic activity of the NP@SO;H for N-
formylation of amines

After the successful characterization of the synthesized magnetic
nanocatalyst (NP@SO;H), its catalytic activity was explored for N-
formylation of amines with formic acid under different reaction
conditions (Table 1). The optimization of reaction conditions such
as amount of catalyst, effect of solvents, temperature etc. were
carried out using aniline (1 mmol) and formic acid (4.0 mmol) as
model substrates. The reaction was carefully monitored by thin
layer chromatography (TLC) for its completion manifested by the
complete consumption of the aniline.

NH, HN

NP@SO:H

+

Firstly, we started our investigation by optimizing the
amount of the catalyst. The amount of catalyst was varied from
0-20 mg (Table 1, entry 1-6) and it was observed 10 mg of
NP®@SO;H is sufficient to carry out the reaction (Table 1, entry
4). When the amount of catalyst was reduced to 5 mg and
increased up to 20 mg, the yield of product was found to be 64%
and 95%, respectively. Thus, the optimum amount of catalyst was
found 10 mg, as decrease in the catalyst amount resulted in
decrease in the yield of the product (Table 1, entry 2 and 3) whereas
an increase in the catalyst amount had no such significant effect
on the percentage yield of product (Table 1, entry 5 and 6). Further,
the yield of product was found to be maximum when ethanol was
taken as solvent in comparison to CH;CN, H,O, THF and under
the solvent free condition (Table 1, entry 4 and 7-10). The increase
in yield can be attributed to better dispersion of magnetic
NP@SO;H nanoparticles in the ethanol. Further, ethanol being
a green solvent maintains the spirit of green chemistry.

After optimizing the reaction conditions we examined the
applicability of NP@SO;H nanocatalyst for N-formylation of
diverse aromatic amines using formic acid. As shown in Fig. 8,
the reactions of all the substituted aromatic amines proceeded

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 SEM images of MNPs (a), SMNPs (b) SMNPs, (c) NP@QSOsH and TEM images of (d) MNPs, (e) SMNPs and (f) NP@SOzH.

very smoothly and efficiently with no side products. However,
the reaction was largely dependent on the substituent on the
aromatic ring in terms of product yield. The anilines bearing an
electron-donating group like methyl, methoxy, or hydroxyl
proceeded more effectively than the reactions of anilines with
an electron-withdrawing group such as chlorine, bromine
(Fig. 8). Thus, NP@SO3;H showed admirable activity with
diversified aniline substrates in a short reaction time (10 min)
and with excellent yields (83-95%).

Proposed reaction mechanism

The role of nanocatalyst NP@SO;H in the synthesis of form-
amide is shown in Fig. 9. Presumably, the mechanism of the
reaction proceeds through activation of carbonyl group of for-
mic acid in situ by the action of SO3H group of nanocatalyst.*”*®
In the first step, the SO;H proton of the nanocatalyst interacts
with the oxygen atom of the carbonyl group of the formic acid,
thereby increasing the electrophilic character of the carbonyl
carbon probably through hydrogen bond formation. Then, the

sak O Element |Weight% | Atomic% | Error%
iR FeK 19.4 7.3 22
4724 SiK 2.4 7.0 59
4134 NK 23 34 191
- sK 118 7.7 43
s oK 57.2 74.7 7.9
2.95K]
Si
2.36K}
177K] Fe
118K}
0soK| S Ire s e
Si

000K A S

00 17 34 51 68 85 102 119 136 153

lsec:300  73Cnts  0290keV  Det Apolio XP-SDD Det

Fig. 6 EDX of NP@SOzH.
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lone pair of electron on the nitrogen atom of aniline attack the
cationic carbon of formic acid. Finally, dehydration of a water
molecule leads to the formation of formamide, and the
NP@SO;H nanocatalyst is regenerated back and reused in
subsequent catalytic cycles.

Reusability

The recovery or recyclability of catalyst is an important factor
and determining factor for chemical industries. Therefore, the
recovery and reusability of NP@SO;H was investigated (Fig. 10).
After the completion of reaction, the catalyst was separated by
external magnet, washed with ethanol and dried at 60 °C in
oven for 1 h, and reused under similar reaction condition. As
shown in Fig. 10, our experiment showed that the catalyst can
be reused at least six times without any significant loss of its

604
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Fig. 7 Magnetization curves obtained using VSM for the (a) MNPs, (b)
SMNPs, (c) ASMNPs, (d) NPs and (e) NP@SOzH at room temperature.
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catalytic activity. The results were further verified by FT-IR and
powder XRD of reused catalyst obtained after 6 serial runs
(Fig. S1 and S2 of ESIf), which demonstrated the intact of
structure and morphology of the nanocatalyst. Thus, NP@SO;H
proved to be efficient catalyst giving high yields of product in
shorter reaction times (10 min). In addition, the advantages of
NP@SO;H nanocatalyst are its ease of magnetic separation,
recyclability and its very simple work-up.

Comparison with the literature precedents of N-formylation of
amines using formic acid

Further, extensive literature survey divulges that various
heterogeneous as well as homogeneous catalyst have been
described for the N-formylation of amines using formic acid as
oxidant (Table 2). However, the present solid acid catalyst was
found to be superior to previously reported catalysts in terms of
mild reaction conditions, yield of product, reaction time and

View Article Online

Paper

Table 1 Optimization of reaction conditions®

Entry Catalyst’ Solvent Temp/time® Yield” (%)
1 0 EtOH RT/30 NR
2 5 EtOH RT/10 64
3 7 EtOH RT/10 80
4 10 EtOH RT/10 95
5 15 EtOH RT/10 94
6 20 EtOH RT/10 95
7 10 EtOH 70/10 83
7 10 CH;CN RT/10 60
8 10 THF RT/10 65
9 10 H,0 RT/10 53
10 10 Solvent free RT/10 87

¢ Reaction conditions: aniline (1.0 mmol), formic acid (4.0 mmol),
solvent (2 mL). ? Catalyst (mg). “ Temp (°C) and time (min). ¢ %
isolated yield.

HN™

| N NP@SO;H | AN
+ —_—
Ethanol, rt
/\R anol, r X
R
1(a-m) 2 3(a-m)
NH NH NH NH NH
Cl F
Cl H3C CH;
OCH; cl
(3a, 87%) (3b, 94%) (3¢, 83%) (3d, 95%) (3e, 95%)

NH NH
f OH

(38, 90%)

NH
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OCgHs
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OH
(3k, 95%)

(3h, 88%)

2,
o
o
(e}
=

Cl

(3i, 90%) (3j, 84%)

L 2
=

(3m, 83%)

Fig. 8 List of synthesized compounds. Reaction conditions: aniline (1 mmol), formic acid (4.0 mmol), ethanol (2 mL), catalyst (10 mg), rt, 10 min.
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Fig. 9 Plausible mechanism for the N-formylation of amines catalysed by NP@SOzH.

exceptional recyclability of the catalyst (Table 2). This
outstanding catalytic performed can be credited to the presence
of large number of catalytic sites.

96 = 3

04 i
. n %
=
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~: 88 87
e
S 86

84

82

80 — =

1 2 3 4 5 6

Number of runs

Fig. 10 Recyclability of the NP@SOsH nanocatalyst in the N-for-
mylation of aniline with formic acid.

Table 2 Previously reported catalyst for
using formic acid as formylating agent

N-formylation of amines

S. No. Catalyst Solvent T (°C) Time (min) Ref.

1 DES/SBA-15 Solvent-free r.t. 40-120 47
2 [PVP—SO3H] HSO, Solvent-free 60 2-20 48
3 CuO/HZSM-5 Solvent-free r.t. 10-100 49
4 Nano-Al,O; Solvent-free 40-70 5-300 50
5 Co3;0,4 NPs Solvent-free 40 4-20 51
6 Fe;0,@phendiol@Co Solvent-free r.t. 8-200 52
7 CoFe,0,@Si0,-PTA Solvent-free r.t. 25-60 53
8 v-Fe,O;@HAP-SO;H  Solvent-free r.t. 15-60 54
9 NP@SO;H EtOH I.t. 10 P.W.

This journal is © The Royal Society of Chemistry 2020

Conclusions

In the present study, NP@SO;H heterogeneous magnetic
nanocatalyst was successfully synthesized, characterized and
was used perform N-formylation of primary aromatic amines
using formic acid at room temperature within 10 minutes. The
notable features of prepared heterogeneous acid catalyst are
ease of recovered by using an external magnetic force. Further,
it could be reused up to six catalytic cycles without any signifi-
cant loss in catalytic activity. In addition to the simplistic
catalytic recovery and excellent recycling efficiency, the use of
inexpensive materials makes this protocol economically prac-
ticable and superior to earlier established protocols. Some of
the other fascinating features that adds to the effectiveness of
present work are mild reaction conditions, use of non-toxic
chemicals, shorter reaction period, simple workup procedure
and broad substrate scope. Thus, present catalytic system will
encourage green and sustainable organic synthesis by opening
up new opportunities for the large scale synthesis of several
other industrially significant products.
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