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uic acid-based deep eutectic
solvent-mediated green synthesis of 1,2,4,5-
tetrasubstituted imidazoles †

Hadis Goudarzi, Davood Habibi * and Arezo Monem

A novel protocatechuic acid-based deep eutectic solvent (ETPPBr/PCA-DES) was prepared by mixing

ethyltriphenylphosphonium bromide (ETPPBr) and protocatechuic acid (PCA = 3,4-dihydroxybenzoic

acid), and its structure was fully investigated by using the FT-IR, TGA/DTA, densitometer, eutectic point

and 1H NMR techniques. Different molar ratios of ETPPBr to PCA were examined and the eutectic point

phase diagram showed that the best ratio for the synthesis of the new DES is the one-to-one ratio of the

two starting materials (ETPPBr and PCA). Then, the novel DES was used as a new and capable catalyst for

the green synthesis of diverse 1,2,4,5-tetrasubstituted imidazoles a1–a12 from the four-component

condensation reaction of phenanthrene-9,10-dione, aromatic amine, aromatic aldehyde, and

ammonium acetate with high yields and very short reaction times. High yields and very short reaction

times are two advantages of our proposed method compared with the previous reported methods.
1. Introduction

In recent years, the use of new solvents such as ionic liquids
(ILs) and deep eutectic solvents (DES) as powerful solvents with
unique properties is of great importance in the synthesis of
organic compounds. More recently, a new generation of green
solvents, namely DESs, have emerged as a suitable alternative to
hazardous organic solvents in various applications, and have
been used as a low-cost alternative to ILs to overcome their
disadvantages such as non-biodegradability or high toxicity.1

But some scientists consider them to be a new class of ILs
because they have similar properties to ILs.2 The basis of the
formation of DESs is the formation of hydrogen bonds between
two or more hydrogen bond donor (HBD) and hydrogen bond
acceptor (HBA) components, which results in a mixture with
a lower melting point than their constituents.3,4 A DES generally
consists of two or three safe and inexpensive components that
are linked together through hydrogen bonding interactions and
form a eutectic mixture.5 In DESs, the hydrogen bond acceptor
component is usually phosphonium or ammonium salt, and
the hydrogen bond donor component is alcohol, acid, amine,
amino acid, etc.6–9 In these compounds, the unusual reduction
of the melting point of the eutectic mixture is signicant
compared to the ingredients. This behavior was reported for the
rst time in the combination of 1 : 2 molar fraction of choline
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chloride powder with a melting point of 302 °C and urea crystal
with a melting point of 133 °C, which led to the formation of
a eutectic mixture with a melting point of 12 °C.10 The use of
DES for the synthesis of organic compounds in catalyzed and
uncatalyzed reactions is considered one of their important
applications. Among the reactions carried out in this eld:
substitution, condensation, oxidation and reduction reac-
tions,11 esterication and halogenation reactions,12 synthesis of
pyridine derivatives,13 synthesis of 5-ethoxymethylfurfural,14

synthesis of piperidine derivatives15 and so on.
Multicomponent reactions (MCRs) involve more than two

chemicals in a one-pot process that leads to the production of
a specic product. In ordinary multi-step syntheses, a lot of
waste is usually produced and it is difficult to separate each
batch, so MCRs are important from an environmental and
economic point of view.16,17

Polycyclic heterocyclic molecules are signicant as an
important group of organic materials in the eld of optical
materials, medicine, and sensors.18–20 The rst synthesis route
to the imidazole nucleus was reported in 1882 (ref. 21 and 22)
and the name imidazole was rst coined by a German chemist
in 1887.23 Poly-substituted imidazoles can potentially have new
therapeutic activities and in recent years, due to their many
chemical and biological applications, they have attracted a lot of
attention in the eld of industry and pharmaceuticals. The
biological and medicinal applications of poly-substituted
imidazoles are: anti-cancer,24 anti-inammatory,25 anti-
tumor,26 antibacterial,27 non-nucleoside inhibitor against HIV-1
reverse transcriptase,28 antidiabetic,29 anticonvulsant,30 and
treatment of tuberculosis.31
RSC Adv., 2024, 14, 22459–22469 | 22459
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Scheme 1 Synthesis of the novel DES.

Scheme 2 Synthesis of 1,2,4,5-tetrasubstituted imidazoles.
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In continuing our researches to nd new catalysts, we would
like to report preparation of a novel DES from the one-to-one
molar ratio of ETPPBr (ethyltriphenylphosphonium bromide)
and PCA (protocatechuic acid) (Scheme 1).

Then, the prepared novel DES was used as a new and capable
catalyst for the green synthesis of 1,2,4,5-tetrasubstituted
imidazoles in the four component condensation reactions of
phenanthrene-9,10-dione, aromatic amine, aromatic aldehyde,
and ammonium acetate in solvent-free conditions at 80 °C
(Scheme 2).
Fig. 1 The FT-IR spectra of (a), (b), (c), and (d).

22460 | RSC Adv., 2024, 14, 22459–22469
2. Experimental
2.1. Materials

Chemicals were purchased from the Merck and Sigma-Aldrich
companies. Progress of the reactions was monitored by thin
layer chromatography (TLC) using silica gel 60-F-254 plates.
Melting points were measured in capillary tubes using Stuart
melting point instrument without correction. FT-IR spectra
were recorded with KBr pellets on PerkinElmer Spectrometer.
The NMR spectra were recorded on a Bruker Ultrashield 250
MHz spectrometer in CDCl3.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2. General procedure for preparation of ETPPBr/PCA-DES

The one-to-one molar ratio mixture of ETPPBr (m.p.: 206 °C)
and PCA (m.p.: 221 °C) was heated at 130 °C and stirred until
Fig. 2 The eutectic point phase diagram of the novel DES.

Fig. 3 The 1H NMR spectrum of ETPPBr.

© 2024 The Author(s). Published by the Royal Society of Chemistry
a homogeneous transparent liquid was obtained (about 30 to 40
minutes). It was cooled in room temperature and kept for
further reactions. The melting point of the obtained novel DES
is about 95–100 °C.
RSC Adv., 2024, 14, 22459–22469 | 22461
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2.3. General procedure for the synthesis of a1–a12

A mixture of phenanthrene-9,10-dione (1 mmol), aromatic
amine (1 mmol), aromatic aldehyde (1 mmol), ammonium
acetate (1.5 mmol) and the DES catalyst (0.5 g) was heated and
stirred at 80 °C for appropriate times under solvent-free
conditions (Table 4). The progress of the reaction was moni-
tored (a sample is removed from the reaction using a spatula
and dissolved in acetone) by TLC (ethyl acetate/n-hexane 2 : 8).
Also, the spots of the products are bright and uorescent which
is a good help to check the reaction progress.

Aer completion of the reaction (TLC), ethanol (10 mL) was
added to the mixture, ltered, washed by hot ethanol, dried,
and characterized with comparison of their FT-IR, 1H NMR, 13C
NMR, Mass spectra, andmelting points with authentic samples.

The mixture of chloroform/water (50 : 50, 20 mL) was added
to ethanolic ltrate, decanted, the DES catalyst was separated
from the aqueous phase, dried, and stored for further reactions.

2.3.1. 2-(3-Nitrophenyl)-1-phenyl-1H-phenanthro[9,10-d]
imidazole (a1). Green solid, M.P.: 206–208 °C; IR (KBr) n= 3057,
1619, 1524, 1497, 1168, 1045, 754, 669 cm−1; 1H NMR (250 MHz,
CDCl3) d = 8.86 (d, J = 7.8 Hz, 1H), 8.72 (dd, J = 16.2, 8.3 Hz,
2H), 8.36 (s, 1H), 8.12 (d, J= 8.1 Hz, 1H), 8.00 (d, J= 7.8 Hz, 1H),
7.75 (t, J = 7.3 Hz, 2H), 7.67 (d, J = 6.9 Hz, 3H), 7.60–7.37 (m,
4H), 7.34–7.17 (m, 2H). 13C NMR (62.5 MHz, CDCl3) d = 134.84,
130.61, 129.24, 128.85, 127.47, 126.46, 126.00, 125.40, 124.17,
Fig. 4 The 1H NMR spectrum of PCA.

22462 | RSC Adv., 2024, 14, 22459–22469
123.79, 123.24, 122.73, 120.91, 77.53, 77.03, 76.52. MS: m/z =

415 [M+], 415 (base peak).
2.3.2. 1-(4-Chlorophenyl)-2-(4-isopropylphenyl)-1H-phe-

nanthro[9,10-d]imidazole (a2). White solid, M.P.: 234–236 °C;
IR (KBr) n = 3050, 2956, 2869, 1611, 1573, 1492, 1471, 1375,
1084, 845, 754, 669 cm−1; 1H NMR (250MHz, CDCl3) d= 8.88 (d,
J= 7.8 Hz, 1H), 8.73 (dd, J= 17.7, 8.2 Hz, 2H), 7.60 (ddt, J= 46.9,
21.2, 7.3 Hz, 9H), 7.30 (q, J= 6.3 Hz, 2H), 7.17 (s, 2H), 2.90 (p, J=
6.8 Hz, 1H), 1.24 (d, J= 6.8 Hz, 6H). 13C NMR (62.5 MHz, CDCl3)
d = 151.07, 150.03, 137.31, 135.71, 130.43, 129.38, 127.35,
126.99, 126.51, 126.36, 125.73, 124.95, 124.21, 123.08, 122.86,
120.60, 77.53, 77.03, 76.52, 33.91, 23.74. MS:m/z= 446 [M+], 446
(base peak).

2.3.3. 1-(4-Chlorophenyl)-2-(3-nitrophenyl)-1H-phenanthro
[9,10-d]imidazole (a3). Yellow solid, M.P.: 182–185 °C; IR (KBr) n
= 3093, 1609, 1581, 1526, 1342, 1088, 1018, 761, 706 cm−1; 1H
NMR (250 MHz, CDCl3) d = 8.89–8.65 (m, 3H), 8.42 (s, 1H), 8.17
(d, J = 8.3 Hz, 1H), 7.92 (d, J = 7.8 Hz, 1H), 7.83–7.60 (m, 4H),
7.60–7.42 (m, 4H), 7.40–7.19 (m, 2H). 13C NMR (62.5 MHz,
CDCl3) d = 147.94, 136.58, 134.78, 131.69, 130.89, 130.20,
129.46, 128.46, 127.59, 126.65, 126.19, 125.60, 124.31, 124.05,
123.55, 123.19, 122.76, 120.70, 77.52, 77.01, 76.51. MS: m/z =

449 [M+], 449 (base peak).
2.3.4. 1-(4-Chlorophenyl)-2-(p-tolyl)-1H-phenanthro[9,10-d]

imidazole (a4). Cream solid, M.P.: 181–182 °C; IR (KBr) n = 3045,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The 1H NMR spectrum of the novel DES.
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2910, 1611, 1575, 1493, 1379, 1090, 1018, 753, 673 cm−1; 1H NMR
(250 MHz, CDCl3) d = 8.87 (d, J = 7.8 Hz, 1H), 8.73 (dd, J = 17.7,
8.2 Hz, 2H), 7.70 (dt, J = 22.5, 7.0 Hz, 3H), 7.56 (d, J = 7.9 Hz, 1H),
7.52 (s, 1H), 7.43 (d, J= 7.8 Hz, 4H), 7.38–7.18 (m, 2H), 7.13 (d, J=
7.6 Hz, 2H), 2.35 (s, 3H). 13C NMR (62.5 MHz, CDCl3) d = 151.09,
139.26, 137.23, 135.72, 130.42, 129.39, 129.10, 128.29, 127.37,
126.93, 126.40, 125.77, 125.01, 124.22, 123.09, 122.89, 120.62,
77.55, 77.04, 76.54, 21.33. MS: m/z = 418 [M+], 418 (base peak).
Fig. 6 The 1H NMR spectra of PCA and DES.

© 2024 The Author(s). Published by the Royal Society of Chemistry
2.3.5. 2-(4-Isopropylphenyl)-1-phenyl-1H-phenanthro[9,10-
d]imidazole (a5). White solid, M.P.: 188–189 °C; IR (KBr) n =

3063, 2960, 1609, 1597, 1496, 1475, 849, 747, 698 cm−1; 1H NMR
(250 MHz, CDCl3) d = 8.91 (d, J = 7.9 Hz, 1H), 8.74 (dd, J = 15.7,
8.3 Hz, 2H), 7.81–7.64 (m, 2H), 7.63 (d, J= 2.0 Hz, 1H), 7.62–7.45
(m, 6H), 7.25 (d, J = 7.9 Hz, 2H), 7.20–7.10 (m, 3H), 2.88 (p, J =
7.0 Hz, 1H), 1.24 (s, 3H), 1.21 (s, 3H). 13C NMR (62.5 MHz,
CDCl3) d = 150.82, 138.61, 130.18, 129.88, 129.43, 129.13,
127.87, 127.38, 126.41, 126.29, 125.75, 124.95, 124.10, 123.07,
120.83, 77.54, 77.03, 76.52, 33.90, 23.72. MS:m/z= 412 [M+], 412
(base peak).

2.3.6. 1,2-Diphenyl-1H-phenanthro[9,10-d]imidazole (a6).
White solid, M.P.: 200–202 °C; IR (KBr) n = 3057, 1619, 1524,
1497, 1168, 1045, 754, 669 cm−1.

2.3.7. 1-(4-Chlorophenyl)-2-(3,4-dimethoxyphenyl)-1H-phe-
nanthro[9,10-d]imidazole (a7). White solid, M.P.: 184–186 °C;
IR (KBr) n = 3052, 2991, 2836, 1601, 1568, 1494, 1260, 1140,
1022, 756, 725 cm−1.

2.3.8. 2-(4-Chlorophenyl)-1-phenyl-1H-phenanthro[9,10-d]
imidazole (a8). Cream solid, M.P.: 234–235 °C; IR (KBr) n =

3063, 1619, 1596, 1498, 1145, 1013, 757, 695 cm−1; 1H NMR (250
MHz, CDCl3) d = 8.86 (d, J = 8.1 Hz, 1H), 8.72 (dd, J = 15.1,
8.4 Hz, 2H), 7.83–7.62 (m, 4H), 7.62–7.44 (m, 6H), 7.31 (d, J =
8.9 Hz, 1H), 7.29–7.14 (m, 3H).
RSC Adv., 2024, 14, 22459–22469 | 22463
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Fig. 7 The TGA-DTA pattern of the novel DES.

Table 1 Optimization of the DES amount at 80 °C, in 10 min

Entry DESa (g, mmole) Yield (%)

1 0.78–1.5 81
2 0.50–1 92
3 0.26–0.5 60
4 0.13–0.25 56

a 0.5 g of the DES catalyst is about 1.0 mmole (MW of Ph3PEt–Br = 371
and MW of PCA= 154, so the MW of DES= 371 + 154= 525. As a result,
0.5 g of DES is equal to 0.5 O 525 × 1000 = 0.95 z 1.0 mmole.

Table 2 Optimization of temperature by DES (0.5 g) in 10 min

Entry Temp. (°C) Yield (%)

1 60 50
2 80 92
3 100 91
4 120 95

Table 3 Optimization of solvent by DES (0.5 g), in 10 min

Entry Temp. (°C) Solvent Yield (%)

1 Reux Ethanol 50
2 Reux Water 10
4 Reux Ethyl acetate 33
5 Reux n-Hexane —
6 80 Solvent free 92
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2.3.9. 1-Phenyl-2-(p-tolyl)-1H-phenanthro[9,10-d]imidazole
(a9). Cream solid, M.P.: 200–201 °C; IR (KBr) n: 3063, 2907, 1619,
1597, 1495, 1187, 1037, 752, 696 cm−1; 1H NMR (250 MHz,
CDCl3) d = 8.74 (dd, J = 15.3, 8.3 Hz, 2H), 7.82–7.54 (m, 6H),
7.54–7.43 (m, 5H), 7.33–7.05 (m, 4H), 2.33 (s, 3H).

2.3.10. 1-(4-Chlorophenyl)-2-phenyl-1H-phenanthro[9,10-
d]imidazole (a10). Cream solid, M.P.: 220–221 °C; IR (KBr) n =
3055, 1609, 1572, 1494, 1089, 755, 698 cm−1.

2.3.11. 1-(4-Chlorophenyl)-2-(4-methoxyphenyl)-1H-phe-
nanthro[9,10-d]imidazole (a11). Cream solid, M.P.: 240–244 °C;
IR (KBr) n= 3065, 2836, 1609, 1580, 1493, 1249, 1177, 1025, 760,
666 cm−1; 1H NMR (250 MHz, CDCl3) d = 8.86 (d, J = 7.9 Hz,
1H), 8.72 (dd, J = 17.0, 8.3 Hz, 2H), 7.69 (dq, J = 15.1, 7.3 Hz,
2H), 7.58–7.41 (m, 6H), 7.38 (s, 1H), 7.34–7.11 (m, 2H), 6.84 (d, J
22464 | RSC Adv., 2024, 14, 22459–22469
= 8.4 Hz, 2H), 3.79 (d, J = 8.5 Hz, 3H). 13C NMR (62.5 MHz,
CDCl3) d = 160.27, 150.89, 137.27, 135.81, 130.93, 130.44,
129.49, 129.20, 128.25, 127.34, 126.83, 126.39, 125.74, 124.95,
124.19, 123.87, 123.07, 122.87, 122.25, 120.56, 113.85, 77.56,
77.05, 76.55, 55.26.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.3.12. 4-(1-(4-Chlorophenyl)-1H-phenanthro[9,10-d]imid-
azole-2-yl)-N,N-dimethylaniline (a12). White solid, M.P.: 239–
240 °C; IR (KBr) n = 3086, 2984, 2803, 1607, 1480, 1361, 1196,
758, 66 cm−1.
Table 4 Synthesis of a1–a12 by the DES catalyst

Entry R1 R2 Product Time (min)

1 H 3-NO2 a1 5
2 4-Cl 4-iso-Pr a2 5
3 4-Cl 3-NO2 a3 13
4 4-Cl 4-Me a4 10
5 H 4-iso-Pr a5 5
6 H H a6 10
7 4-Cl 3,4-diOMe a7 7
8 H 4-Cl a8 10
9 H 4-Me a9 6
10 4-Cl H a10 15
11 4-Cl 4-OMe a11 17
12 4-Cl 4-N,N-diMe a12 16

a TON (turn over number): mole of aldehyde converted per mole of the ca

Scheme 3 The structural formula of a1–a12.

© 2024 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1. Characterization of ETPPBr/PCA-DES

The prepared novel DES compound was characterized by FT-IR,
NMR, densitometer, eutectic point, and TGA-DTA techniques.
Yield (%) M.P. °C (found, lit.) ref. TONa TOFb

97 206–208, NEW 97 19.4
89 234–236, NEW 89 17.8
91 182–185, NEW 91 7
93 181–182 NEW 93 9.3
90 188–189, NEW 90 18
92 200–202, 206 (ref. 32) 92 9.2
88 184–186 (ref. 33) 88 12.5
97 234–235, 233 (ref. 34) 97 9.7
98 200–201, 186–189 (ref. 35) 98 16.3
75 220–221, 227–228 (ref. 34) 75 5
89 240–244, 176–178 (ref. 35) 89 5.2
90 239–240, 224–226 (ref. 33) 90 5.6

talyst. b TOF (turn over frequency): TOF = TON O time.

RSC Adv., 2024, 14, 22459–22469 | 22465
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Scheme 4 Proposed mechanism for the synthesis of a1–a12 by the
DES catalyst.
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3.1.1. Characterization by FT-IR. Fig. 1 shows the IR
spectra of PCA (a), ETPPBr (b), the fresh DES (c), and the
recovered DES (d). In spectrum (a), the peaks at 3600 and
1670 cm−1 are related to the O–H, and the C]O of the –COOH
groups, respectively. In spectrum (b), the peaks at about 2900–
3100 cm−1 are related to the aromatic and aliphatic hydrogens,
and the peak at about 750 cm−1 is related to the C–P bonds,
respectively. In the (c) spectrum, the mentioned peaks can be
seen in both (a) and (b) spectra, which conrm the structure of
the DES catalyst.

Also, the IR spectrum of the recovered DES was recorded to
be compared with the fresh one. This shows that there is no
signicant difference between the fresh and recovered (used) IR
spectra, and is another conrmation of the synthesized DES
structure.

3.1.2. Characterization by eutectic points. Eutectic point
test was performed to check the best ratio of ETPPBr to PCA. In
this experiment, ve different molar ratios of ETPPBr to PCA (3 :
1, 2 : 1, 1 : 1, 1 : 2 and 1 : 3) were obtained, and the melting point
of the resulting mixture was measured in each step. The
following phase diagram was obtained which shows that the
best ratio of ETPPBr to PCA is one to one with melting point
about 95–100 °C (Fig. 2).

3.1.3. Characterization by 1H NMR
3.1.3.1. The 1H NMR spectrum of ETPPBr. Fig. 3 shows the 1H

NMR spectrum of ETPPBr. Peaks at 1.31–1.40 (integration = 3),
3.72–3.81 (integration = 2) and 7.65–7.82 (integration =

14.86) ppm are related to the CH3 hydrogens, CH2 hydrogens,
and een hydrogens of phenyl rings, respectively.

3.1.3.2. The 1H NMR spectrum of PCA. Fig. 4 shows the 1H
NMR spectrum of PCA. Peaks at 6.77–6.79 (integration = 1.40),
7.27–7.30 (integration = 1.40), and 7.33–7.34 (integration =

1.38), correspond to the hydrogens of phenyl ring. Peaks at 9.31
(integration= 1.30), and 9.68 (integration= 0.97) correspond to
two hydrogens of two hydroxy groups and peak at 12.33 (inte-
gration = 1.16) is related to the hydrogen of the –COOH group.

3.1.3.3. The 1H NMR spectrum of ETPPBr/PCA-DES. Fig. 5
shows the 1H NMR spectrum of ETPPBr/PCA-DES. Peaks at
1.18–1.26 (6H), 3.55–3.62 (4H), 6.77–6.79 (2H), 7.27–7.30 (2H),
7.33–7.34 (1H), 7.75–7.93 (30H), 9.28 (2H), 9.66 (1H) and 12.30
(1H) are related to six hydrogens of two CH3 groups, four
hydrogens of two CH2 groups, six hydrogens of two benzene
rings of PCA, thirty hydrogens of six phenyl groups of ETPPBr,
hydrogen of hydroxy group at position 4, hydrogen of hydroxy
group at position 3 and hydrogen of the –COOH group,
respectively.

The shi of the peaks of the ethyl group of ETPPBr to a lower
place compared to the starting materials, that is, a shi from
1.31–1.40 to 1.18–1.26 (CH3) and from 3.72–3.82 to 3.55–3.62
(CH2), as well as a decrease in the intensity of the hydrogen
signals are indications of the presence of hydrogen bonds and
formation of the new DES.

Incidentally, a decrease in splitting patterns of the peaks in
DES, compared to the starting materials can also be a very nice
evidence of hydrogen bonds formation between the two
components (ETPPBr and PCA).
22466 | RSC Adv., 2024, 14, 22459–22469
3.1.3.4. Comparison of the 1H NMR spectrum of PCA and DES.
Fig. 6 shows the comparison of the 1H NMR spectra of PCA and
DES. As can be seen, the peaks related to the hydrogen of two
hydroxy groups at position 3 and 4 and the hydrogen of the –

COOH in DES have an integral decrease compared to PCA with
a slight shi. The weakness of these two peaks is due to the
intramolecular hydrogen bond and DES formation. Shis of
these peaks compared to the starting material is clear evidence
for the DES formation.36

3.1.4. Characterization of the ETPPBr/PCA-DES by TGA-
DTA. To investigate the stability and thermal behavior of
ETPPBr/PCA-DES, the TGA-DTA analysis was performed (Fig. 7).
The curve apparently shows ve weight losses at about 200, 356,
376, 454 and 700 °C which are probably related to the removal of
water, organic solvents, acidic compound, breakdown of the
hydrogen bond and ionic bonds, and decomposition of mole-
cules, respectively. These results indicate the high thermal
stability of ETPPBr/PCA-DES.
Fig. 8 Reusability of the DES catalyst.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison of DES with other catalysts

Entry Catalyst Condition Time (min) Yield (%) Ref.

1 CTSA Solvent free/90 °C 32 86 35
2 MPS MeOH + H2O/rt 300 86.5 33
3 K5CoW12O40$3H2O 140 °C 120 88.6 38
4 SBPPSA Solvent free/140 °C 60 90 39
5 MCM-41 AcOH/reux 32 82 40
6 H3PW12O40/Fe3O4@Si EtOH/reux 60 95 41
7 MCM-41-nPr-NHSO3H Solvent free/130 °C 76 95.5 42
8 [Bmim]Br Solvent free/140 °C 120 90 43
9 ETPPBr/PCA-DES Solvent free/80 °C 10 92 This work
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3.1.5. Characterization of ETPPBr/PCA-DES by densitom-
eter. DESs usually have a density of 1.0 to 1.35 g mL−1, so
a certain weight of the novel DES was mixed with a certain
volume of water and its density was calculated using the rele-
vant formula,37 which is about 1.252 g mL−1.

3.2. Optimization of the reaction conditions for the
synthesis of a6

The effect of different solvents, temperatures, and amounts of
the DES catalyst was investigated on model reaction (reaction of
phenanthrene-9,10-dione, aniline, benzaldehyde, and ammo-
nium acetate) to optimize the reaction conditions.

First, the model reaction was carried out with different
amounts of the DES catalyst which 0.5 g = 1.0 mmole of the
catalyst had the best yield (Table 1).

Then, the model reaction was conducted in different
temperatures which the temperature of 80 °C had the best
efficiency (Table 2).

Finally, the model reaction was performed in ethanol, water,
ethyl acetate, n-hexane, and the DES conditions which the DES
conditions showed to be the best (Table 3).

Overall, we concluded that the best condition was found to
be the 1 : 1 : 1 : 1.5 molar ratio of phenanthrene-9,10-dione,
aniline, benzaldehyde, and ammonium acetate with 0.5 g (1.0
mmol) of the DES catalyst at 80 °C in 10 minutes.

3.3. Synthesis of diverse a1–a12

Based on the results obtained from the optimized conditions
(synthesis of a6), a1–a12 were synthesized from the reaction of
phenanthrene-9,10-dione, aromatic amine, aromatic aldehyde,
and ammonium acetate at 80 °C in 0.5 g of the DES catalyst with
high yields and appropriate times (Table 4).

The corresponding structural formula of a1–a12 is given
below (Scheme 3).

3.4. A proposed mechanism for the synthesis of a1–a12 is
presented below

The possible mechanism for the reaction is shown in Scheme 4.
First, aniline attacks to the DES-activated aldehyde to give

the imine intermediate I.
Next, NH3 (fromH4NOAc) will attack to intermediate I to give

the intermediate II. Then, the intermediate II attacks to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
DES-activated phenanthrene-9,10-dione with the subsequent
internal cyclization and removing of water to from the inter-
mediate III. Removing of water from intermediate III produces
the nal product.
3.5. Reusability of the novel DES catalyst

Aer completion of the reaction, the mixture was diluted with
water and chloroform and shaked well. Then, the aqueous
layer containing the DES catalyst was separated from the
organic layer by simple liquid–liquid extraction, dried to
remove water, and reused in successive runs. Results show no
signicant loss of catalytic activity (92, 87, 78, 76 and 75%
respectively), conrming the stability of the DES catalyst
(Fig. 8).
3.6. Comparison of the catalyst activities

Table 5 shows the comparison of different methods for the
synthesis of a1–a12 indicating the advantage of our proposed
procedure over other methods.
4. Conclusion

In conclusion, a novel DES was prepared by a mixture (molar
ratio 1 : 1) of ETPPBr and PCA, characterized with different
methods and used as a capable and novel catalyst for the green
synthesis of the ve new a1–a5 and the seven known 1,2,4,5-
tetrasubstituted imidazoles a6–a12 in solvent-free conditions,
in very short reaction time, high yields, and easy recycling and
separation of the DES catalyst.
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M. Sedić and M. Mintas, Novel 1,2,4-triazole and imidazole
derivatives of L-ascorbic and imino-ascorbic acid:
Synthesis, anti-HCV, and antitumor activity evaluations,
Bioorg. Med. Chem., 2012, 20, 3675–3685.

27 S. Ganguly, V. V. Vithlani, A. Kumar Kesharwani, R. Kuhu,
L. Baskar, P. Mitramazumder and A. Dev, Synthesis,
antibacterial and potential anti-HIV activity of some novel
imidazole analogs, Acta Pharm., 2011, 61, 187–201.

28 R. Singh and S. Ganguly, Molecular docking studies of novel
imidazole analogs as HIV-1-RT inhibitors, Int. J. Pharm. Sci.
Res., 2017, 8, 3751–3757.
© 2024 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/d4ra03302g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
9/

20
25

 2
:3

9:
35

 P
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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
29 C. A. Valdez, J. C. Tripp, Y. Miyamoto, J. Kalisiak, P. Hruz,
Y. S. Andersen and L. Eckmann, Synthesis and
electrochemistry of 2-ethenyl and 2-ethanyl derivatives of
5-nitroimidazole and antimicrobial activity against Giardia
lamblia, J. Med. Chem., 2009, 52, 4038–4053.

30 L. Wang, K. W. Woods, Q. Li, K. J. Barr, R. W. McCroskey,
S. M. Hannick and H. L. Sham, Potent, orally active
heterocycle-based combretastatin A-4 analogues: synthesis,
structure−activity relationship, pharmacokinetics, and in
vivo antitumor activity evaluation, J. Med. Chem., 2002, 45,
1697–1711.

31 S. A. Siddiqui, U. C. Narkhede, S. S. Palimkar, T. Daniel,
R. J. Lahoti and K. V. Srinivasan, Room temperature ionic
liquid promoted improved and rapid synthesis of 2,4,5-
triaryl imidazoles from aryl aldehydes and 1, 2-diketones
or a-hydroxyketone, Tetrahedron, 2005, 61, 3539–3546.

32 A. Ivanauskaite, R. Lygaitis, S. Raisys, K. Kazlauskas,
G. Kreiza, D. Volyniuk and J. V. Grazulevicius, Structure–
property relationship of blue solid state emissive
phenanthro-imidazole derivatives, Phys. Chem. Chem. Phys.,
2017, 19, 16737–16748.

33 C. Mukhopadhyay, P. K. Tapaswi and M. G. Drew, Room
temperature synthesis of tri-, tetrasubstituted imidazoles
and bis-analogues by mercaptopropylsilica (MPS) in
aqueous methanol: application to the synthesis of the drug
trifenagrel, Tetrahedron Lett., 2010, 51, 3944–3950.

34 Y. Sakaino, Complexes of substituted imidazoles with
chloranil, Nippon kagaku zassi., 1971, 92, 365–370.

35 E. Kanaani and M. Nasr-Esfahani, Citrate trisulfonic acid: A
heterogeneous organo-catalyst for the synthesis of highly
substituted Imidazoles, J. Chin. Chem. Soc., 2019, 66, 119–
125.

36 W. Chen, X. Li, L. Chen, G. Zhou, Q. Lu, Y. Huang and
W. Zhu, Tailoring hydrophobic deep eutectic solvent for
© 2024 The Author(s). Published by the Royal Society of Chemistry
selective lithium recovery from the mother liquor of
Li2CO3, Chem. Eng. J., 2012, 420, 127648.

37 H. Wang, Y. Jing, X. Wang, Y. Yao and Y. Jia, Ionic liquid
analogous formed from magnesium chloride hexahydrate
and its physicochemical properties, J. Mol. Liq., 2011, 163,
77–82.

38 L. Nagarapu, S. Apuri and S. Kantevari, Potassium
dodecatugstocobaltate trihydrate (K5CoW12O40$ 3H2O):
a mild and efficient reusable catalyst for the one-pot
synthesis of 1,2,4,5-tetrasubstituted imidazoles under
conventional heating and microwave irradiation, J. Mol.
Catal. A: Chem., 2007, 266, 104–108.

39 K. Niknam, A. Deris, F. Naeimi and F. Majleci, Synthesis of
1,2,4,5-tetrasubstituted imidazoles using silica-bonded
propylpiperazine N-sulfamic acid as a recyclable solid acid
catalyst, Tetrahedron Lett., 2011, 52, 4642–4645.

40 R. H. Shoar, G. Rahimzadeh, F. Derikvand and M. Farzaneh,
Four-component, one-pot synthesis of tetra-substituted
imidazoles using a catalytic amount of MCM-41 or p-TsOH,
Synth. Commun., 2010, 40, 1270–1275.

41 R. Ghorbani-Vaghei, V. Izadkhah, J. Mahmoodi, R. Karamian
and M. Ahmadi Khoei, The synthesis of imidazoles and
evaluation of their antioxidant and antifungal activities,
Monat. für Chem., 2018, 149, 1447–1452.

42 A. Ghorbani-Choghamarani, F. Ghorbani, Z. Yousofvand
and G. Azadi, Mesoporous MCM-41-nPr-NHSO3H as novel
and effective nanoreactor catalyst for the synthesis of
multi-substituted imidazoles under solvent-free conditions,
J. Porous Mater., 2015, 22, 665–673.

43 A. Hasaninejad, A. Zare, M. Shekouhy and J. Ameri Rad,
Catalyst-free one-pot four component synthesis of
polysubstituted imidazoles in neutral ionic liquid 1-butyl-
3-methylimidazolium bromide, J. Comb. Chem., 2010, 12,
844–849.
RSC Adv., 2024, 14, 22459–22469 | 22469

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra03302g

	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g

	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g

	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g
	The protocatechuic acid-based deep eutectic solvent-mediated green synthesis of 1,2,4,5-tetrasubstituted imidazoles Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra03302g


