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This work is focused on designing an innovative, efficient, and reusable heterogeneous ZnO/Cul/PPy
nanocomposite via the self-assembly approach where pyrrole is oxidized into polypyrrole (PPy) and
pyrrole also behaves as a reductant in the presence of Kl. This so-obtained material was characterized by
XRD, FTIR, FESEM, EDX, TEM, XPS, and ICP. TEM clearly shows a spherical morphology with the particle
size ranging between 18 and 42 nm. The fabricated nanomaterial was tested for one-pot catalytic
synthesis of biologically active 2,4,5-trisubstituted imidazoles under solvent-free conditions. The present
work includes the benefits of an easy work-up procedure, higher product yield, shorter reaction

duration, and no additional additive requirement under green and sustainable conditions. Moreover, the
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Accepted 19th March 2023 catalyst exhibited reusability for six runs with no considerable reduction in the respective yields and

reactivity (confirmed by XRD, SEM, and TEM of the recycled catalyst). The ICP study shows very low
leaching of copper (2.08 ppm) and zinc (0.12 ppm) metals. The approach also presented better values of
rsc.li/nanoscale-advances green metrics like the E-factor, process mass intensity, carbon efficiency and reaction mass efficiency.
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1 Introduction containing drugs are shown in Fig. 1. Moreover, the substituted
imidazoles have additional applications such as organocatalysts

Multicomponent reactions (MCRs) have emerged as a potent in metalloenzymes, functional materials in organic electrolu-

tool for rapidly and efficiently constructing interesting biologi- ~minescent devices, precursors for stable carbene ligands,

cally active compounds.! Reactants such as aldehydes/ketones, —conjugated and functional polymers, and ionic liquids."!

isonitriles, ammonia/amines, carboxylic acids and their deriv- Various catalysts have been used in synthesizing substituted

atives are commonly used for multicomponent reactions. These

reactions offer significant benefits over conventional syntheses,

such as simple procedures, waste prevention, high atom

economy, and convergent character.”* O O cl
Imidazoles are a significant category of heterocyclic — IN\

compounds that have gained attention based on their HOH,c~ N

numerous biological and pharmacological actions such as anti- NN O i

N=N,
I NH

inflammatory properties,® and as glucagon receptor antago- |
nists,® antitumor agents,” antiulcerative agents,® proton pump
inhibitors,” and pesticides.’® Some of the biological imidazole Trifenagrel Losartan
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imidazole such as acetic acid,"? silica sulfuric acid,”® ZrCl,,"
InCl;-3H,0," L-proline,*® 1,,"” and DABCO."™ However these
methods encountered several drawbacks like the use of toxic
and expensive reagents, harsh reaction conditions, prolonged
reaction times and low product yields. As a result, there is
a broad scope for developing efficient, clean, and environmen-
tally benign methods for synthesizing such compounds.

Nanomaterials seem to be sustainable substitutes to other
conventional materials as catalyst supports, robust and hetero-
geneous catalysts with high surface area. The small nano-sized
particles enhance the exposed surface area of the active part of
the catalyst. Also, selectivity and activity of nanocatalysts can be
controlled by modifying physical and chemical properties such as
the shape, size, morphology and metal support.*® Among various
inorganic metal oxides, zinc oxide (ZnO) is an essential material
in research due to its widespread applications and unique
properties. ZnO is a non-toxic metal oxide that low-cost methods
can synthesize. It has been discovered to be an effective catalyst
for several organic transformations due to numerous environ-
mental benefits such as minimum waste production and execu-
tion time, accessible transport and catalyst recycling.*

Polypyrrole (PPy) is one of the most promising polymers
because of its facile synthesis, high conductivity, good environ-
mental stability, and usage as a support of noble metals, namely,
Cu and Pd, for application in heterogeneous catalysis.”* Among
various noble metals, copper is a very soft and malleable element
with high thermal and electrical conductivity. Due to its envi-
ronmentally benign nature, high natural abundance, low cost and
unique properties of showing various oxidation states, such as
Cu(0, I, 11, IIT), Cu-based nanocatalysts have discovered numerous
applications in nanotechnology, including electrocatalysis, pho-
tocatalysis and organic catalytic transformations.”> Among
copper nanoparticles, cuprous iodide (Cul) has attracted much
interest due to its several applications as an adsorbent for heavy
metal pollutants and nanocatalysts for organic transformations.*

In continuation of our work towards fabricating various
nanocatalysts for the greener synthesis of numerous biologi-
cally active scaffolds.>* herein, we design a ZnO/Cul/PPy
nanocatalyst to synthesize 2,4,5-trisubstituted imidazole using
benzil, aldehyde, and ammonium acetate under neat condi-
tions. The nanocomposite was characterized using FTIR, XRD,
EDX, FESEM, TEM, XPS and ICP. The material was stable under
the performed reaction conditions, resulting in excellent
product yield. Also, it was recovered quickly and recycled for
upto six cycles without much decrease in % yield.
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Fig. 2 Schematic diagram for the fabrication of the ZnO/Cul/PPy
nanocatalyst.
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2 Results and discussion
2.1 Design and synthesis of the nanocatalyst

The design and synthesis of the catalyst are illustrated in Fig. 2.
It involves the synthesis of the catalyst by a simple one pot
method which includes stirring for 12 hours at room tempera-
ture resulting in the ZnO/Cul/PPy nanocatalyst.

Fig. 3 shows the XRD spectrum of the ZnO/Cul/PPy nano-
catalyst. The peaks at the values of 26 = 32.0, 34.5, 36.4, 47.6,
56.7, 62.5 and 68.8° corresponding to (100), (002), (101), (102),
(110), (103) and (201) are in agreement with regular patterns of
ZnO, whereas the peaks at 26 = 25.6, 29.6, 25.1, 32.8, 39.6, 43.2
and 47.4° corresponding to (111), (200), (220), (311), (400), (331)
and (422) of Cul are also in agreement with the JCPDF file (06-
0246).>3' The peak at 26 around 20° represents the presence of
polypyrrole.*

Fig. 4 shows the FT-IR spectrum obtained for the synthesized
ZnO/Cul/PPy nanocatalyst. The characteristic peak for the
fundamental vibration of PPy was observed at 1608 cm™".** The
peak at 1107 cm™ " could be attributed to the vibration peak of
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Fig. 3 XRD spectrum of the ZnO/Cul/PPy nanocatalyst.
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Fig. 4 FTIR spectrum of the ZnO/Cul/PPy nanocatalyst.
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Fig. 7 EDAX of the ZnO/Cul/PPy nanocatalyst.

C-N.** Also, the vibration peak of C=C was observed at
1022 cm ™', and for C-H vibration of the five-membered ring of
PPy, a peak was observed at 955 cm ™~ ".%* These peaks confirmed
the presence of polypyrrole. The broad band at 3332 cm™* could
be allotted to O-H stretching vibrations of ZnO. Moreover, the
peaks at 727 and 598 cm ™' are related to the symmetric and
asymmetric stretching of the zinc hydroxyl groups,
respectively.*®

The morphology of the fabricated nanocomposite was
characterized by FESEM (surface morphology) and TEM

2354 | Nanoscale Adv, 2023, 5, 2352-2360

View Article Online

Paper

Zn Ka
CuKp ZnKp

6.5 7.8 91 104 117 130

(internal morphology) techniques as illustrated in Fig. 5 and 6.
The FESEM images depict the smooth flake-like morphology.
The TEM images at 20, 50 and 100 nm shows discreet spherical
particles in the size range of 18-42 nm.

The existence of copper (7.3 wt%), iodine (1.56 wt%), oxygen
(33.12 wt%), zinc (21.13 wt%), carbon (27.79 wt%) and nitrogen
(9.11 wt%) in the ZnO/Cul/PPy nanocatalyst was examined by
energy-dispersive X-ray analysis (EDAX) as shown in Fig. 7.

Furthermore, the existence of Cul in the ZnO/Cul/PPy

nanocatalyst was confirmed by X-ray photoelectron

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 XPS spectrum in the region of Cu 2p and | 3d of the ZnO/Cul/PPy nanocatalyst.

Table 1 ZnO/Cul/PPy nanocatalyst used for optimization in the synthesis of 2,4,5-trisubstituted imidazole by using benzil (1), p-methyl-

benzaldehyde (2) and ammonium acetate (3)¢

* Catalyst ‘/ N\> < >
(o)
O Solvent, ”
NH,OH temperature O
1 2 4a
3

Entry Catalyst/amount (mg) Solvent Temp. (°C) Time (min) Yield (%)
1 — — 100 40 51

2 ZnO/Cul/PPy (20) DMF 100 40 Trace
3 ZnO/Cul/PPy (20) DMSO 100 40 Trace
4 ZnO/Cul/PPy (20) Ethanol Reflux 40 —

5 ZnO/Cul/PPy (20) Methanol Reflux 40 —

6 ZnO/Cul/PPy (20) Water 100 40 —

7 ZnO/Cul/PPy (20) EG 100 40 88

8 ZnO/Cul/PPy (20) Neat 100 40 95

9 ZnO/Cul/PPy (10) Neat 100 40 77

10 ZnO/Cul/PPy (30) Neat 100 40 95

11 ZnO/Cul/PPy (20) Neat 80 40 82

12 ZnO/Cul/PPy (20) Neat 120 40 95

13 ZnO/Cul/PPy (20) Neat 100 20 61

14 ZnO/Cul/PPy (20) Neat 100 30 83

¢ Reaction conditions: benzil 1 (1 mmol), aldehyde 2 (1 mmol), ammonium acetate 3 (5 mmol), ZnO/Cul/PPy (10-30 mg) and solvent (4 mL) were

stirred at the mentioned temperature.

spectroscopy as displayed in Fig. 8. The values at 619 and 632 eV
were associated with I 3p and values at 932.4 and 952.3 eV were
associated with Cu 2p. The values were found to be similar to
the existing data of Cul nanoparticles that confirmed the +1
oxidation state of copper.’”

2.1.1 Catalytic activity of the ZnO/Cul/PPy nanocatalyst

2.1.1.1 ZnO/Cul/PPy as a nanocatalyst for the synthesis of
imidazole scaffolds. To know the suitable conditions for the
reaction and to obtain high % yields of 2,4,5-trisubstituted
imidazoles, various parameters have been optimized by using 4-
methylbenzaldehyde, benzil and ammonium acetate as the

© 2023 The Author(s). Published by the Royal Society of Chemistry

model reaction partners. When no catalyst and solvent were
used, the product was formed in 51% (entry 1, Table 1). When
solvents such as DMF and DMSO, which are polar aprotic, were

Table 2 Green metrics values

Present
Entry Green metrics Ideal values®® method
1 Process mass intensity 1 2.42
2 E factor 0 1.42
3 Reaction mass efficiency 100% 41.26%
4 Carbon efficiency 100% 95%

Nanoscale Adv., 2023, 5, 2352-2360 | 2355
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Fig. 9 Possible mechanism for synthesis of 2,4,5-trisubstituted imid-
azole by using the ZnO/Cul/PPy nanocatalyst.
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used, it was found that the product formed was in trace
amounts in both DMF and DMSO (entries 2-3, Table 1). When
solvents like ethanol, methanol, water, and EG (ethylene glycol)
were used, no reaction in ethanol, methanol and water was
observed, but in EG, the product formed was 88% (entries 4-7,
Table 1). When the reaction was performed under neat condi-
tions, the product formed was 95% (entry 8, Table 1). Then
when the catalyst amount was decreased to 10 mg, yield was
77%, and when increased to 30 mg, yield was 95% (entries 9-10,
Table 1). Next, the influence of temperature was studied, and
the yield was found to be less when the temperature was
decreased to 80 °C and it remained the same when the
temperature was increased to 120 °C (entries 11-12, Table 1).
Moreover, the reaction progress was determined after 20 and 30
minutes and the yield was found to be 61 and 83%, respectively

%5

Catalyst N\
Neat u
NH4OH 100 °C
4
3
: j i N >:
b: :[ E \
N
O -
4a (95%) 4b (91%) 4c (87%)

O MeO
N

@ :I%O C ”@

4d (96%) 4de (93%) 4f (88%)
49 (86%) 4h (94%) 4i (97%)
41 (89%) :\/[ 4k (91%) bi 41 (86%)

Scheme 1 ZnO/Cul/PPy nanocatalyst catalyzed synthesis of 2,4,5-trisubstituted imidazole derivatives. *Reaction conditions: benzil 1 (1 mmol),
aldehyde 2 (1 mmol), ammonium acetate 3 (5 mmol), ZnO/Cul/PPy (10—-30 mg) and solvent (4 mL) were stirred at 100 °C temperature.
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Fig. 10 Recyclability of the ZnO/Cul/PPy nanocatalyst.

(entries 13-14, Table 1). Hence, the appropriate reaction
condition was 20 mg of ZnO/Cul/PPy for 40 min under solvent-
free conditions.

Derivatives of 2,4,5-trisubstituted imidazole were synthe-
sized using the most appropriate conditions as shown in Table
2. As a result, excellent yields of the products were obtained in
all cases from the benzaldehyde precursors (4a-41).

A possible route for this reaction catalyzed by the ZnO/Cul/
PPy nanocatalyst is presented in Fig. 9. The first step includes
the activation of the aldehydic carbonyl oxygen by the catalyst
and condensation with two molecules of ammonia, resulting in
intermediate diamine A. The intermediate A further condenses
with the carbonyl carbons of benzil, followed by dehydration to
give the intermediate B, which results in trisubstituted imid-
azole C by the transfer of a proton (Scheme 1).

The reaction was setup on a large scale and the recyclability
of the ZnO/Cul/PPy nanocatalyst was examined for six repeated
cycles for benzil (1), p-tolualdehyde (2) and ammonium acetate
(3) as a model reaction under suitable conditions, as presented
in Fig. 10. The outcomes undoubtedly showed that there was no
substantial loss in the catalytic efficacy of the material over six
consecutive rounds which was confirmed by FESEM, TEM, and
XRD (ESI Fig. S1-S3t). The ICP analysis of the filtrate was
measured after the removal of the catalyst from the reaction

View Article Online
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mixture and it was found that leached concentrations for metal
ion copper and zinc are 2.08 and 0.12 ppm, respectively, that are
lesser than the authentic concentration value of the respective
ions, according to WHO terms.**

The present methodology is sustainable as the values of
green metrics are near the ideal values as shown in Table 2.

Table 3 shows the comparison of the ZnO/Cul/PPy nano-
catalyst with various catalysts for the creation of 2,4,5-trisub-
stituted imidazole. It can be seen that the current catalyst has
better results when compared with various other catalysts.

3 Experimental section
3.1 Preparation of ZnO nanoparticles

The ZnO nanoparticles were synthesized by the co-precipitation
method using ZnCl, as a precursor. Briefly, 3 g of ZnCl, was
added to 100 mL of distilled water with continuous stirring at
70 °C. After 5 min, 8 mL of NH,OH was added to the solution,
and stirred for 2 hours at 70 °C. Afterwards, the solid was
recovered by centrifugation, washed with distilled water to
remove impurities, and was dried at 60 °C for 24 hours. Finally,
the material was calcined at 300 °C for 2 hours to obtain ZnO
nanoparticles.*®

3.2 Preparation of the ZnO/Cul/PPy nanocatalyst

Initially, 0.2 g of ZnO, 1 mol potassium iodide, 0.5 mol
CuSO,-5H,0 and 0.3 mL of pyrrole monomer were added to
50 mL water and the resultant solution was continuously stirred
for 12 hours at ambient temperature. The obtained product was
separated by centrifugation and thoroughly washed with
distilled water and ethanol numerous times to eliminate
impurities, and then dried overnight in an oven at 50 °C for 12
hours.

3.3 Procedure for the synthesis of 2,4,5-trisubstituted
imidazoles

A combination of benzil (1 mmol), aldehyde (1 mmol), ammo-
nium acetate (5 mmol) and ZnO/Cul/PPy nanocatalyst (20 mg)
was stirred at 100 °C in an oil bath. The progress of the reaction
was checked by TLC. After the reaction was over, the catalyst was
removed by filtration. The organic layer was concentrated under
reduced pressure, and the product was purified by column

Table 3 Comparison of catalytic efficiency of the ZnO/Cul/PPy catalyst with that of previously reported catalysts

S. No. Catalyst Reaction conditions Temperature Time Yield (%) Ref.

1 InCl;-3H,0 Methanol r.t. 8.3 h 82 40

2 PTSA Ethanol 80 °C 1h 84 41

3 I, Ethanol 75 °C 15 min 99 42

4 Yb(OPf); Fluorous solvents 80 °C 6h 97 43

5 CS-SO;H Solvent-free 110 °C 90 min 93 44

6 [HbIm]BF, Solvent-free 100 °C 60 min 95 45

7 Fe;0,/Si0,/urea Ethanol 80 °C 50 min 87 46

8 HNO;@nanoSiO, Solvent-free 100 °C 2.15h 92 47

9 ZnO/Cul/PPy Neat 100 °C 40 min 95 This work

© 2023 The Author(s). Published by the Royal Society of Chemistry
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chromatography to give the pure 2,4,5-trisubstituted imidazole
derivatives.

4 Conclusion

In summary, we developed a ZnO/Cul/PPy nanocatalyst as an
effective and robust catalyst for the preparation of 2,4,5-
trisubstituted imidazole from benzil, aldehyde, and ammonium
acetate under sustainable conditions. The material was reused
for six consecutive cycles with no significant loss in its catalytic
activity. The current methodology is beneficial due to the easy
protocol for catalyst preparation, neat conditions without
additives, excellent yields and ideal values of green metrics.

4.1 Spectral data

4.1.1 2-(4-Methylphenyl)-4,5-diphenyl-1H-imidazole (4a).
White solid; yield: 95%; "H NMR (400 MHz, DMSO-d,) 12.57 (s,
1H), 7.97-7.95 (d, J = 8.25 Hz, 2H), 7.52-7.49 (d, ] = 7.15 Hz,
4H), 7.35-7.24 (m, 8H), 2.31 (s, 3H). "*C NMR (100 MHz, DMSO-
de) 0 146.24, 138.23, 129.78, 128.92, 128.23, 127.59, 125.74,
21.42; anal. calcd for C,,H,(N,: C, 84.58; H, 6.45; N, 8.97; found
C, 84.55; H, 6.43; N, 8.95.

4.1.2 2-(3-Methylphenyl)-4,5-diphenyl-1H-imidazole (4b).
White solid; yield: 91%; "H NMR (400 MHz, DMSO-dg) 12.62 (s,
1H), 7.89 (s, 1H), 7.85-7.83 (d, ] = 7.83 Hz, 2H), 7.49-7.47 (d,] =
7.28 Hz, 4H), 7.34-7.22 (m, 6H), 7.16-7.14 (d, J = 7.83 Hz, 1H),
2.34 (s, 3H). >C NMR (100 MHz, DMSO-d,) ¢ 146.16, 138.36,
130.75, 129.48, 129.14, 126.27, 122.91, 21.63; anal. calcd for
C,oH,0Ny: C, 84.58; H, 6.45; N, 8.97; found C, 84.61; H, 6.46; N,
8.98.

4.1.3 2-(2-Methylphenyl)-4,5-diphenyl-1H-imidazole (4c).
White solid; yield: 87%; "H NMR (400 MHz, DMSO-d,) 12.66 (s,
1H), 7.82-7.81 (d, ] = 5.77 Hz, 4H), 7.65 (s, 4H), 7.48 (s, 4H), 7.21
(s, 2H), 2.49 (s, 3H). "*C NMR (100 MHz, DMSO-dg) ¢ 136.31,
135.39, 132.14, 130.96, 129.49, 128.86, 128.53, 128.07, 127.57,
127.22, 126.68, 125.69, 20.81; anal. caled for C,,HyoN,: C, 84.58;
H, 6.45; N, 8.97; found C, 84.56; H, 6.45; N, 8.96.

4.1.4 2-(4-Methoxyphenyl)-4,5-diphenyl-1H-imidazole (4d).
White solid; yield: 96%; "H NMR (400 MHz, DMSO-d,) 12.53 (s,
1H), 8.02-7.99 (d, J = 8.79 Hz, 2H), 7.51-7.48 (d, ] = 7.15 Hz, 4H)
7.34-7.25 (m, 6H), 7.03-7.00 (d, J = 8.93 Hz, 2H), 3.77 (s, 3H).
3C NMR (100 MHz, DMSO-dg) 6 159.97, 146.18, 128.92, 128.24,
127.26, 123.65, 114.62, 55.73; anal. calcd for C,,H,oN,O: C,
80.46; H, 6.14; N, 8.53; found C, 80.45; H, 6.16; N, 8.53.

4.1.5 2-(3-Methoxyphenyl)-4,5-diphenyl-1H-imidazole (4e).
White solid; yield: 93%; "H NMR (400 MHz, DMSO-d,) 12.68 (s,
1H), 7.68-7.65 (d, J = 12.23 Hz, 2H), 7.52-7.50 (d, J = 12.23 Hz,
4H), 7.37-7.27 (m, 7H), 6.92-6.90 (d, J = 10.03 Hz, 1H), 3.80 (s,
3H). "*C NMR (100 MHz, DMSO-d,) 6 160.09, 145.91, 132.18,
130.36, 128.97, 127.44, 118.17, 114.76, 110.71, 55.73; anal. caled
for C,,H,oN,0: C, 80.46; H, 6.14; N, 8.53; found C, 80.49; H,
6.15; N, 8.55.

4.1.6 2-(2-Methoxyphenyl)-4,5-diphenyl-1H-imidazole (4f).
White solid; yield: 88%; 'H NMR (400 MHz, DMSO-d,) 11.91 (s,
1H), 8.01-7.99 (d, J = 6.05 Hz, 1H), 7.47-7.45 (d, ] = 7.42 Hz,
4H), 7.37-7.25 (m, 7H), 7.14-7.01 (m, 2H), 3.88 (s, 3H). >*C NMR

2358 | Nanoscale Adv., 2023, 5, 2352-2360
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(100 MHz, DMSO-d,) 6 156.54, 143.67, 130.34, 129.40, 128.90,
127.38, 121.12, 112.12, 56.08; anal. caled for C,,H,(N,O: C,
80.46; H, 6.14; N, 8.53; found C, 80.43; H, 6.16; N, 8.57.

4.1.7 2-(N,N-Dimethylaminophenyl)-4,5-diphenyl-1H-imid-
azole (4g). White solid; yield: 86%; "H NMR (400 MHz, DMSO-
de) 7.95-7.93 (d,J = 8.52 Hz, 2H), 7.55-7.53 (d,J = 8.11 Hz, 4H),
7.32-7.28 (t,] = 8.11 Hz, 4H), 7.25-7.21 (t,] = 7.97 Hz, 2H) 6.74-
6.72 (d, J = 8.52 Hz, 2H), 3.00 (s, 6H). >’C NMR (100 MHz,
DMSO0-dg) ¢ 155.34, 151.91, 138.26, 133.18, 132.91, 131.79,
131.67, 123.15, 116.77; anal. calcd for C,3H,3N3: C, 80.90; H,
6.79; N, 12.31; found C, 80.92; H, 6.82; N, 12.33.

4.1.8 2-(4-Bromophenyl)-4,5-diphenyl-1H-imidazole (4h).
White solid; yield: 94%; "H NMR (400 MHz, DMSO-d,) 8.03 (s,
2H) 7.65-7.33 (m, 12H). **C NMR (100 MHz, DMSO-d) 6 145.01,
133.35, 132.25, 129.93, 128.99, 128.33, 127.70, 122.07; anal.
caled for C,;H,7BrN,: C, 66.85; H, 4.54; N, 7.43; found C, 66.81;
H, 4.56; N, 7.44.

4.1.9 2-(4-Chlorophenyl)-4,5-diphenyl-1H-imidazole  (4i).
White solid; yield: 97%; "H NMR (400 MHz, DMSO-d,) 8.09-8.07
(d,J = 8.66 Hz, 2H), 7.53-7.48 (t, ] = 8.79 Hz, 7H) 7.35-7.32 (t,]
=7.01 Hz 4H), 7.28-7.25 (m, 1H). "*C NMR (100 MHz, DMSO-d)
0 144.85, 133.67, 132.97, 129.36, 129.02, 128.36, 127.98, 127.58;
anal. caled for C,;H,,CIN,: C, 75.78; H, 5.15; N, 8.42; found C,
75.74; H, 5.13; N, 8.46.

4.1.10 2-(3-Chlorophenyl)-4,5-diphenyl-1H-imidazole (4j).
White solid; yield: 89%; "H NMR (400 MHz, DMSO-d,) 12.80 (s,
1H), 8.13 (s, 2H), 8.03-8.01 (d, J = 7.83 Hz, 1H), 7.51-7.45 (m,
7H) 7.40-7.28 (m, 4H). **C NMR (100 MHz, DMSO-dg) 6 144.52,
134.12, 132.81, 131.22, 128.98, 128.44, 125.19, 124.22; anal.
calcd for C,;H;5CIN,: C, 75.78; H, 5.15; N, 8.42; found C, 75.77;
H, 5.18; N, 8.44.

4.1.11 2-(4-Nitrophenyl)-4,5-diphenyl-1H-imidazole  (4Kk).
Yellow solid; yield: 91%; '"H NMR (400 MHz, DMSO-d) 8.34-
8.28 (m, 2H), 7.91-7.89 (d, J = 7.56 Hz, 4H), 7.76-7.72 (t, ] =
7.28 Hz, 4H), 7.59-7.50 (m, 4H). "*C NMR (100 MHz, DMSO-d;)
6 145.01, 133.35, 132.25, 129.93, 128.99, 128.33, 127.70, 122.07;
anal. caled for C,;H;5N;0,: C, 73.89; H, 4.43; N, 12.31; found C,
73.89; H, 4.44; N, 12.30.

4.1.12 2-(4-Cyanophenyl)-4,5-diphenyl-1H-imidazole (4l).
White solid; yield: 86%; "H NMR (400 MHz, DMSO-d,) 13.02 (s,
1H), 8.27-8.25 (d, J = 7.83 Hz, 1H), 8.06-8.05 (d, / = 5.08 Hz,
1H), 7.92-7.87 (m, 2H), 7.64-7.62 (d, J = 7.42 Hz, 3H), 7.51-7.38
(m, 7H). *C NMR (100 MHz, DMSO-d,) 6 163.98, 134.02, 131.71,
131.13, 130.18, 127.91, 126.32, 122.15, 117.88, 115.41, 115.02;
anal. caled for C,,H;5N3: C, 82.22; H, 4.70; N, 13.08; found C,
82.23; H, 4.68; N, 13.09.

Author contributions

S. K., N,, G. R, S. H,, and R. C. designed the schemes. S. K.
and N. performed the experiments. S. K., and G. R. evaluated the
data and prepared the figures and tables. S. K., N., G. R, S. H.,
and R. C. revised and reviewed the manuscript.

Conflicts of interest

The authors declare no competing financial interest.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00077j

Open Access Article. Published on 20 March 2023. Downloaded on 7/29/2024 8:26:52 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Acknowledgements 18

S. K. acknowledges CSIR for the award of a Junior Research 19
Fellowship (File No: 08/0529(13252)/2022-EMR-I) and is also

thankful to the University of Delhi, India-110007.

References 20

1 (a) L. Ugi, A. Domling and B. Werner, J. Heterocycl. Chem.,
2000, 37, 647-658; (b) C. O. Kappe, Acc. Chem. Res., 2000,
33, 879; (¢) T. Ngouansavanh and J. Zhu, Angew. Chem.,
2006, 45, 3495-3497.

2 R. V. Orru and M. de Greef, Synthesis, 2003, 10, 1471-1499.

3 M. Paravidino, R. S. Bon, R. Scheffelaar, D. ]J. Vugts,
A. Znabet, R. F. Schmitz, F. J. De Kanter, M. Lutz,
A. L. Spek, M. B. Groen and R. V. Orru, Org. Lett., 2006, 8,
5369-5372.

4 N. Elders, R. F. Schmitz, F. ]J. de Kanter, E. Ruijter,
M. B. Groen and R. V. Orru, J. Org. Chem., 2007, 72, 6135~
6142.

5 T. F. Gallagher, S. M. Fier-Thompson, R. S. Garigipati,
M. E. Sorenson, J. M. Smietana, D. Lee, P. E. Bender,
J. C. Lee, J. T. Laydon, D. E. Griswold, M. C. Chabot-
Fletcher, J. J. Breton and J. L. Adams, Bioorg. Med. Chem.
Lett., 1995, 5, 1171.

6 S. E. De Laszlo, C. Hacker, B. Li, D. Kim, M. MacCoss,
N. Mantlo, J. V. Pivnichny, L. Colwell, G. E. Koch,
M. A. Cascieri and W. K. Hagmann, Bioorg. Med. Chem.
Lett., 1999, 9, 641.

7 L. Wang, K. W. Woods, Q. Li, K. J. Barr, R. W. McCroskey,
S. M. Hannick, L. Gherke, R. B. Credo, Y. H. Hui,
K. Marsh, R. Warner, J. Y. Lee, N. ZielinskyMozng,
D. Frost, S. H. Rosenberg and H. L. Sham, J. Med. Chem.,
2002, 45, 1697.

8 R. W. Brimblecombe, W. A. M. Duncan, G. J. Durant,
J. C. Emmett, C. R. Ganellin and M. E. Parsons, J. Int. Med.
Res., 1975, 3, 86-92.

9 Y. Tanigawara, N. Aoyama, T. Kita, K. Shirakawa, F. Komada,
M. Kasuga and K. Okumura, Clin. Pharmacol. Ther., 1999, 66,
528-534.

10 T. Maier, R. Schmierer, K. Bauer, H. Bieringer, H. Buerstell
and B. Sachse, US Pat., S4820335A, 1989.

11 S. Yugandar, S. Konda, G. Parameshwarappa and H. Ila, J.
Org. Chem., 2016, 81, 5606-5622.

12 N. Kumar, P. K. Sharma, V. K. Garg and P. Singh, Curr. Res.
Chem., 2011, 3, 114-120.

13 A. Shaabani and A. Rahmati, J. Mol. Catal. A: Chem., 2006,
249, 246-248.

14 G. V. M. Sharma, Y. Jyothi and P. S. Lakshmi, Synth.
Commun., 2006, 36, 2991-3000.

15 S. D. Sharma, P. Hazarika and D. Konwar, Tetrahedron Lett.,
2008, 49, 2216.

16 S. Samai, G. C. Nandji, P. Singh and M. S. Singh, Tetrahedron,
2009, 65, 10155.

17 M. Kidwai, P. Mothsra, V. Bansal, R. K. Somvanshi,
A. S. Ethayathulla, S. Dey and T. P. Singh, J. Mol. Catal. A:
Chem., 2007, 265, 177-182.

21

22

23

24
25

26

27

28

29

30

31

32

33

34

35

36

37

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

S. N. Murthy, B. Madhav and Y. V. D. Nageswar, Tetrahedron
Lett., 2010, 51, 5252-5257.

(@) V. Polshettiwar and R. S. Varma, Green Chem., 2010, 12,
743-754; (b) M. Singh, M. Chauhan, Y. K. Mishra,
S. L. Wallen, G. Kaur, A. Kaushik and G. R. Chaudhary, J.
Nanostruct. Chem., 2022, 1-16.

(@) S. Nair, A. Sasidharan, V. V. Divya Rani, D. Menon, S. Nair,
K. Manzoor and S. Raina, J. Mater. Sci.: Mater. Med., 2009, 20,
235-241; (b)) M. Premanathan, K. Karthikeyan,
K. Jeyasubramanian and G. Manivannan, Nanomedicine,
2011, 7, 184-192; (¢) H. Sharghi and M. Hosseini,
Synthesis, 2002, 8, 1057-1060; (d) M. H. Sarvari and
H. Sharghi, J. Org. Chem., 2004, 69, 6953-6956; (e)
M. Gupta, S. Paul, R. Gupta and A. Loupy, Tetrahedron
Lett., 2005, 46, 4957-4960; (f) M. H. Sarvari, Synthesis, 2005,
5, 787-790; (g) Y. J. Kim and R. S. Varma, Tetrahedron Lett.,
2004, 45, 7205-7208; (k) F. Tamaddon, M. A. Amrollahi
and L. Sharafat, Tetrahedron Lett., 2005, 46, 7841-7844.

E. Gautron, A. Garron, E. Bost and F. Epron, Catal. Commun.,
2003, 4, 435-439.

M. B. Gawande, A. Goswami, F. X. Felpin, T. Asefa, X. Huang,
R. Silva, X. Zou, R. Zboril and R. S. Varma, Chem. Rev., 2016,
116, 3722-3811.

B. C. Ranu, R. Dey, T. Chatterjee and S. Ahammed,
ChemSusChem, 2012, 5, 22-44.

D. Das, ChemistrySelect, 2016, 1, 1959-1980.

R. Kozhummal, Y. Yang, F. Giider, U. M. Kiiciikbayrak and
M. Zacharias, ACS Nano, 2013, 7, 2820-2828.

S. Kohli, G. Rathee, S. Hooda and R. Chandra, Dalton Trans.,
2021, 50, 7750-7758.

G. Rathee, S. Kohli, N. Singh, A. Awasthi and R. Chandra,
ACS Omega, 2020, 5, 15673-15680.

G. Rathee, S. Kohli, S. Panchal, N. Singh, A. Awasthi,
S. Singh, A. Singh, S. Hooda and R. Chandra, ACS Omega,
2020, 5, 23967-23974.

S. Kohli, G. Rathee, S. Hooda and R. Chandra, RSC Adv.,
2023, 13, 1923-1932.

K. H. Ghanbari and A. Hajian, J. Electroanal. Chem., 2017,
801, 466-479.

M. Rawat and D. S. Rawat, ACS Sustainable Chem. Eng., 2020,
8,13701-13712.

(@) J. Zhang, L. Li, J. Chen, N. He, K. Yu and C. Liang, J. Phys.
Chem. Solids, 2021, 150, 109861; (b) P. Phukan, R. Chetia,
R. Boruah, S. Konwer and D. Sarma, Adv. Mater., 2021, 2,
6996-7006.

L. Jiang, C. Dong, B. Jin, Z. Wen and Q. Jiang, J. Electroanal.
Chem., 2019, 851, 113442.

F.Han, D. Li, W. C. Li, C. Lei, Q. Sun and A. H. Lu, Adv. Funct.
Mater., 2013, 23, 1692-1700.

X. Liang, Y. Liu, Z. Wen, L. Huang, X. Wang and H. Zhang, /.
Power Sources, 2011, 196, 6951-6955.

E. Indubala, M. Dhanasekar, V. Sudha, E. P. Malar, P. Divya,
J. Sherine, R. Rajagopal, S. V. Bhat and S. Harinipriya, RSC
Adv., 2018, 8, 5350-5361.

X. Wang, Y. Shen, A. Xie, L. Qiu, S. Li and Y. Wang, J. Mater.
Chem., 2011, 21, 9641-964643.

Nanoscale Adv., 2023, 5, 2352-2360 | 2359


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00077j

Open Access Article. Published on 20 March 2023. Downloaded on 7/29/2024 8:26:52 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

38 W. Yang, B. Vogler, Y. Lei and T. Wu, Environ. Sci.: Water Res.
Technol., 2017, 3, 1143-1151.

39 M. Rawat, T. Taniike and D. S. Rawat, ChemCatChem, 2022,
14, €202101926.

40 S. D. Sharma, P. Hazarika and D. Konwar, Tetrahedron Lett.,
2008, 49, 2216-2220.

41 K. Vikrant, M. Ritu and S. Neha, Res. J. Chem. Sci., 2012, 2,
18-23.

42 M. Kidwai, P. Mothsra, V. Bansal, R. K. Somvanshi,
A. S. Ethayathulla, S. Dey and T. P. Singh, J. Mol. Catal. A:
Chem., 2007, 265, 177-1824.

43 M. G. Shen, C. Cai and W. B. Yi, J. Fluorine Chem., 2008, 129,
541-544.

2360 | Nanoscale Adv,, 2023, 5, 2352-2360

View Article Online

Paper

44 H. Song, C. Xing, B. Li and W. Shen, ChemistrySelect, 2016, 1,
301-308.

45 S. A. Siddiqui, U. C. Narkhede, S. S. Palimkar, T. Daniel,
R. J. Lahoti and K. V. Srinivasan, Tetrahedron, 2005, 61,
3539-3546.

46 A. Maleki, Z. Alrezvani and S. Maleki, Catal. Commun., 2015,
69, 29-33.

47 K. Nikoofar and S. M. Dizgarani, J. Saudi Chem. Soc., 2017,
21, 787-794.

48 N. Kharb, S. Kohli, N. Sharma and R. Chandra, Appl
Organomet. Chem., 2023, €7049.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00077j

	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...

	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...

	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...

	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...
	Exploring the untapped catalytic application of a ZnO/CuI/PPy nanocomposite for the green synthesis of biologically active 2,4,5-trisubstituted...


