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Abstract Alzheimer’s disease (AD) is a neurodegenerative disorder and cholinesterase (ChE)

enzymes are considered as crucial targets for the treatment of AD. Herein, a series of heteroaryl

substituted imidazole derivatives (5a-5x) was prepared using amino acid catalyzed, one-pot facile

synthetic approach. In this context, the catalytic potentials of different amino acids were investi-

gated and 15 mol% of glutamic acid was identified as the most suitable catalyst to obtain the target

products in good yields up to 90 %. These structurally exciting heterocyclic hybrids were screened

against acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) enzymes. This series dis-

played moderate to excellent inhibitory potential against AChE with IC50 values > 25 mM and

the most active compound was 3-(4-(1-(3,5-dimethylphenyl)-4,5-diphenyl-1H-imidazol-2-yl)-1-

phenyl-1H-pyrazol-3-yl)–2H-chromen-2-one (5x) with IC50 value of 25.83 ± 0.25 mM.This inhibi-

tory potential was attributed to hydrophobicity as the major contributory factor. The most potent

compound against BChE was 1,3-diphenyl-4-(1,4,5-triphenyl-1H-imidazol-2-yl)-1H-pyrazole (5a)

with IC50 value of 0.35 ± 0.02 mM followed by other potent compounds 5p, 5 m, 5x, 5b, 5c, 5e
war).
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and 5f with IC50 values < 10 mM. SAR studies further revealed that coumarinyl moiety at R1 posi-

tion in the imidazolylpyrazole skeleton significantly improved the overall cholinesterase inhibitory

potential. However, a simple phenyl ring attached at this R1 site was highly effective and selective

for BChE inhibition (5a) over AChE. Docking data also demonstrated the interaction of 5x and

AChE with a docking score of 7564 and atomic contact energy (ACE) value of –291.90 kcal/mol

whereas docking score for 5a against BChE was 7096 with ACE value of –332.95 kcal/mol. The

results altogether suggest further investigations of the heteroaryl substituted imidazole core skeleton

in search of potential leads towards designing of new anti-cholinesterase drugs for the treatment of

AD.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Dementia is a neurodegenerative and a progressive cognitive impair-

ment among the elderly people. This lethal syndrome has physical, psy-

chological as well as social influences (Lott and Head 2019). Dementia

is a 7th leading cause of mortality. Globally, more than 55 million peo-

ple are struggling with the dementia per year. This estimate would be

increased up to 132 million by the year of 2050 which is an alarming

situation (Athar et al. 2021; Gaugler et al. 2022; Porsteinsson et al.

2021). Some of its universal forms have included: Alzheimer’s disease

(AD), vascular, Lewy bodies, frontotemporal dementia and Parkin-

son’s disease. About 60–70 % of the dementia cases are associated with

the AD. For many years, the AD was considered as a simple brain dis-

order. The generalized atrophy, b-amyloid plaques, and neurofibrillary

tangles are some of the major AD pathological hallmarks. Scientists

have envisaged etiology for the AD progression and also considered

proteins as potential therapeutic targets (Cummings et al. 2022).

Two forms of cholinesterases (ChEs); acetylcholinesterase (AChE,

EC 3.1.1.7) and butyrylcholinesterase (BChE, EC 3.1.1.8), are engaged

in regulating the acetylcholine levels which acts as neurotransmitter in

a healthy brain. Sometimes this cholinergic disturbance causes sub-

stantial impact on cognition and could lead to neurodegeneration

(Kabir et al. 2019). The structures of both enzymes are fairly similar;

however, some differences have been observed in the sizes of their

active site gorges which most probably affect the working approach

of both ChEs (Chatonnet and Lockridge 1989; Jing et al. 2019;

Rosenberry et al. 2017). So far, the most commonly prescribed formu-

lations to treat AD are the anticholinesterase drugs such as Rivastig-

mine (Exelon�), Donepezil (Aricept�), Eserine (Anticholium�),

Tacrine (Cognex�) and Galantamine (Razadyne�) (Grutzendler and

Morris 2001; Kumari et al. 2022) (Fig. 1). The AChE was mainly tar-

geted as key enzyme during AD treatment for a long time. As BChE

activity is also enhanced in AD patients and associated with Ab depos-

its, therefore, BChE inhibition is also suggested as a prudent curative

approach towards minimizing the AD development (Darvesh 2016;

Fernández-Bolaños and López 2022; Li et al. 2017b; Purgatorio

et al. 2019).

Literature survey represents various N-heterocyclic scaffolds as the

promising dual or highly selective inhibiting agents of ChE enzymes

(Benazzouz-Touami et al. 2022; Derabli et al. 2018; Kumari et al.

2022; Li et al. 2021; Ma et al. 2020; Mlakić et al. 2022; Tariq et al.

2022; Tripathy et al. 2020). Imidazole is an example of N-heterocycle

which constitutes many important biomolecules like histamine, purine,

nucleic acid, and biotin etc. Medicinal chemists usually employ this

easily ionizable N-heterocyclic moiety in improving the pharmacoki-

netics of lead molecules (Alghamdi et al. 2021). Due to its wide-

spread applications, different imidazole and/or benzimidazole ana-

logues are proposed as effective molecules that can deal with AD

and other neurodegenerative disorders. A benzimidazole derivative -

PQ912 was recently discovered as the most potent glutaminyl cyclase

inhibitor and currently under Phase II trials in the patients of AD

(Vijverberg et al 2021). Another analogue of benzimidazole has dis-
played excellent activity against a different target enzyme: C-jun N-

terminal kinase (Jun et al. 2021; Qin et al. 2022). A biphenyl linked imi-

dazole derivative was also proposed as a promising inhibitor of glu-

taminyl cyclase (Li et al. 2017a). Recent discoveries have highlighted

the imidazole based templates as ChEs inhibitors also (Almansour

et al. 2020; da Costa et al. 2013; Dhingra et al 2022; Karlsson et al.

2012; Kuzu et al. 2019; Obaid et al. 2022; Ramrao et al. 2021; Sari

et al. 2022) (Fig. 1).

There are limited clinical options of medications to treat AD. The

rapid increase in the drug resistance and different side effects associ-

ated with some of the existing clinical drugs underline the need to

design and prepare new and more potent ChEs inhibitors for the better

treatment of AD. The pivotal role of imidazoles in the prior literature

has motivated us to design current research study. In this context, an

imidazole based core skeleton of the targeted molecules was prepared

through a facile and an efficient synthetic approach. So far, different

catalysts have been reported in the literature to prepare imidazole

derivatives via one-pot multi-component reaction (MCR) (Nguyen

et al. 2019; Rossi et al. 2019; Takeda et al. 2022). Amino acids and

their derivatives are among those promising versatile organocatalysts

that could promote handy, facile and expedient transformations of

precursors in to various heterocycles (Kaur et al. 2022; Vachan et al.

2020). Thus, the utility of amino acids in the preparation of heteroaryl

imidazoles was explored in the present study through a model prepa-

ration of a derivative 5a. The scope of current strategic methodology

is further increased in delivering versatility by preparing other N-

substituted imidazoles (5b-5x). Furthermore, all of these synthesized

derivatives were evaluated against both ChEs to find out inhibiting

potential of these molecules. The most potent compounds of the series

could be further investigated as ‘‘lead” molecules towards designing of

new drugs for better AD treatment.

2. Materials and methods

2.1. Chemicals and physical measurements

Chemicals and reagents of Sigma-Aldrich were purchased

from commercial sources. TLC was performed over aluminum
supported sheets of DC-Alufolien Silica Gel 60, F254 Merck.
For the determination of melting points, Gallen Kamp appara-
tus was used. FTIR spectra were recorded in Agilent Tech-

nologies Cary 630 FTIR spectrophotometer. After dissolving
compounds in CDCl3 solvent, their 1H (13C) NMR spectra
were acquired either on MHz Bruker DPX Instruments of

300 (75), 500 (125) or on 700 (175) MHz with the coupling
constant (J) in Hz. Mass spectra of the samples were recorded
on GC MS DFS-Thermo and for elemental analyses; Perkin

Elmer 2400 Series II CHN/S Analyzer was used. Pyrazole-4-
carbaldehydes (1a-1g) were prepared by following conven-
tional formylation protocol (Abdel-Wahab et al. 2011).

http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Fig. 1 Significant clinical drugs of AD and imidazole based potent anti-cholinesterase agents as rationale of the present study.
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2.2. General synthetic protocol of heteroaryl-imidazoles (5a-5x)

A mixture of the corresponding aldehyde (1a-1g) (2.0 mmol,
1.0 equiv), substituted aniline (2a-2f) (2.0 mmol, 1.0 equiv),
benzil (3) (2.0 mmol, 1.0 equiv), ammonium acetate (4)

(2.0 mmol, 1.0 equiv) and glutamic acid (15 mol%, 0.3 mmol,
0.15 equiv) in EtOH (10 mL) was heated under reflux till reac-
tion completion. The reaction mixture was allowed to cool
down to r.t. The solution was diluted with cold water with vig-

orous stirring to obtain the precipitates of the desired product
(5a-5x) which were filtered off and later purified through
recrystallization with EtOH. The formation of compounds

5a, 5b, and 5k-5x was confirmed by comparing with the
already reported data (Chaudhry et al. 2017c; Chaudhry
et al. 2019; Shirole et al. 2017). Characterization data of the

novel derivatives (5c-5j) are given below.

2.2.1. 4-(1-(4-Bromophenyl)-4,5-diphenyl-1H-imidazol-2-yl)-

1,3-diphenyl-1H-pyrazole (5c)

Yield 72 % as white powder; m.p. 180–182 �C; IR (neat, mmax-
cm�1): 3137–3049 (CAH), 1596 (C‚N), 1578 (C‚C); 1H
NMR (500 MHz, CDCl3) d/ppm 6.33 (d, 2H, J = 8.5 Hz;

Ar3-2H), 6.97 (d, 2H, J = 8.5 Hz; Ar3-2H), 7.09 (d, 2H,
J = 6.5 Hz; Ar4-2H), 7.21–7.24 (m, 6H; Ar1-1H, Ar2-3H,
Ar4-1H & Ar5-1H), 7.27–7.34 (m, 6H; Ar2-2H, Ar4-2H &
Ar5-2H), 7.48 (t, 2H, J = 7.9 Hz; Ar1-2H), 7.64 (d, 2H,

J = 7.3 Hz; Ar5-2H), 7.77 (d, 2H, J = 7.8 Hz; Ar1-2H),
8.34 (s, 1H; H-5 Py); 13C NMR (125 MHz, CDCl3) d/ppm
112.19 (C-4 Py), 119.11, 121.54 (C-Br), 126.94, 126.96,

127.44, 127.80, 128.17, 128.32, 128.33, 128.37, 128.70, 129.16,
129.52, 129.65, 130.09 (CH-5 Py), 130.35 (C-40 Im), 131.03,
131.41, 132.84, 134.24, 134.93, 138.52 (C-50 Im), 139.73,

140.55 (C-20 Im), 152.09 (C-3 Py); MS (EI+); m/z (%),
592.0 (M+, 89.1), 594.1 ([M + 2]+, 90.2); Anal. Calcd. for
C36H25BrN4; C, 72.85; H, 4.25; N, 9.44 %. Found: C, 72.69;

H, 4.18; N, 9.35 %.

2.2.2. 4-(1-(4-Methoxyphenyl)-4,5-diphenyl-1H-imidazol-2-
yl)-1,3-diphenyl-1H-pyrazole (5d)

Yield 80 % as purple powder; m.p. 156–158 �C; IR (neat, mmax-
cm�1): 3053–2844 (CAH), 1601 (C‚N), 1591 (C‚C), 1249 &
1026 (Ar3-O-CH3);

1H NMR (500MHz, CDCl3) d/ppm 3.68 (s,

3H; –OCH3), 6.43 (d, 2H, J = 8.2 Hz; Ar3-2H), 6.48 (d, 2H,
J = 8.2 Hz; Ar3-2H), 7.13–7.16 (m, 2H; Ar4-2H), 7.24–7.34
(m, 10H; Ar1-1H, Ar2-3H, Ar4-3H & Ar5-3H), 7.42–7.45 (m,
2H, Ar2-2H), 7.49 (t, 2H, J = 7.5 Hz; Ar1-2H), 7.69 (d, 2H,

J = 7.2 Hz; Ar5-2H), 7.78 (d, 2H, J = 7.5 Hz; Ar1-2H), 8.27
(s, 1H; H-5 Py); 13C NMR (125 MHz, CDCl3) d/ppm 55.36
(–OCH3), 112.38 (C-4 Py), 113.51, 119.05, 126.72, 126.78,

127.37, 127.81, 127.80, 128.03, 128.06, 128.25, 128.30, 128.48,
128.75, 128.82, 129.46 (CH-5 Py), 129.58, 130.61 (C-40 Im),
130.75, 131.05, 132.97, 137.93 (C-50 Im), 139.79, 140.79 (C-20

Im), 152.19 (C-3 Py), 158.56 (C-OCH3); MS (EI+); m/z (%),
544.5 (M+, 100); Anal. Calcd. for C37H28N4O; C, 81.59; H,
5.18; N, 10.29 %. Found: C, 81.47; H, 5.10; N, 10.32 %.

2.2.3. 4-(1-(3,5-Dimethylphenyl)-4,5-diphenyl-1H-imidazol-2-
yl)-1,3-diphenyl-1H-pyrazole (5e)

Yield 71 % as white powder; m.p. 102–104 �C; IR (neat,

mmax-cm
�1): 3064–2918 (CAH), 1598 (C‚N), 1561 (C‚C);
1H NMR (500 MHz, CDCl3) d/ppm 1.94 (s, 6H; 2 � CH3),
6.11 (s, 2H; Ar3-2H), 6.63 (s, 1H; Ar3-1H), 7.11–7.50 (m,
16H; Ar1-3H, Ar2-5H, Ar4-5H & Ar5-3H), 7.64 (dd, 2H,

J = 8.2, 1.1 Hz; Ar5-2H), 7.74 (d, 2H, J = 8.5 Hz; Ar1-2H),
8.23 (s, 1H; H-5 Py); 13C NMR (125 MHz, CDCl3) d/ppm
21.07 (2 � CH3), 112.67 (C-4 Py), 119.15, 125.68, 126.67,

126.77, 127.39, 127.93, 127.96, 127.98, 128.28, 128.29, 128.37,
129.39 (CH-5 Py), 129.44, 129.60, 130.57 (C-40 Im), 130.87,
131.03, 132.99, 134.67, 135.79 (C-50 Im), 137.86 (2 � C-

CH3), 137.98, 139.91, 140.59 (C-20 Im), 152.42 (C-3 Py); MS
(EI+); m/z (%), 542.5 (M+, 100); Anal. Calcd. for
C38H30N4; C, 84.10; H, 5.57; N, 10.32 %. Found: C, 84.33;
H, 5.65; N, 10.40 %.

2.2.4. 3-([1,10-Biphenyl]-4-yl)-4-(1-(3-chlorophenyl)-4,5-
diphenyl-1H-imidazol-2-yl)-1-phenyl-1H-pyrazole (5f)

Yield 77 % as white powder; m.p. 158–160 �C; IR (neat,
mmax-cm

�1): 3050–3028 (CAH), 1595 (C‚N), 1588 (C‚C),
763 (C-Cl); 1H NMR (500 MHz, CDCl3) d/ppm 6.42 (s, 1H;
Ar3-1H), 6.47 (d, 1H, J = 8.0 Hz; Ar3-1H), 6.82 (t, 1H,

J = 8.0 Hz; Ar3-1H), 6.97 (d, 1H, J = 8.0 Hz; Ar3-1H), 7.08
(d, 2H, J = 6.5 Hz; Ar4-2H), 7.18–7.21 (m, 4H; Ar2-1H &
Ar4-3H), 7.24–7.28 (t, 2H; Ar2-2H), 7.29–7.33 (m, 2H; Ar1-1H

& Ar5-1H), 7.36 (d, 2H, J = 8.0 Hz; Ar2-2H), 7.41 (t, 2H,
J = 7.5 Hz; Ar5-2H), 7.45–7.48 (m, 4H; Ar1-2H & Ar2-2H),
7.57 (d, 2H, J = 7.5 Hz; Ar5-2H), 7.62 (d, 2H, J = 7.5 Hz;

Ar1-2H), 7.75 (d, 2H, J = 8.0 Hz; Ar2-2H), 8.31 (s, 1H; H-5
Py); 13C NMR (75 MHz, CDCl3) d/ppm 111.54 (C-4 Py),
119.22, 126.03, 127.05, 127.21, 127.50, 127.98, 128.04, 128.11,

128.44, 128.55, 128.75, 128.88, 129.24, 129.67, 129.81, 129.91,
130.22, 130.97, 131.56 (C-40 Im), 133.85 (C-Cl), 136.46,
136.72, 137.88 (C-50 Im), 139.68, 140.43, 140.82, 141.11 (C-20

Im), 151.78 (C-3 Py); Anal. Calcd. for C42H29ClN4; C, 80.69;

H, 4.68; N, 8.96 %. Found: C, 80.78; H, 4.76; N, 9.15 %.

2.2.5. 3-([1,10-Biphenyl]-4-yl)-4-(1-(4-chlorophenyl)-4,5-
diphenyl-1H-imidazol-2-yl)-1-phenyl-1H-pyrazole (5 g)

Yield 75 % as white powder; m.p. 200–202 �C; IR (neat, mmax-
cm�1): 3066–3028 (CAH), 1598 (C‚N), 1577 (C‚C), 764 (C-
Cl); 1H NMR (700 MHz, CDCl3) d/ppm 6.45 (d, 2H,

J = 8.4 Hz; Ar3-2H), 6.83 (d, 2H, J = 8.4 Hz; Ar3-2H),
7.10 (d, 2H, J = 6.9 Hz; Ar4-2H), 7.21–7.26 (m, 4H; Ar2-1H
& Ar4-3H), 7.29 (t, 2H, J = 7.7 Hz; Ar2-2H), 7.33 (t, 1H,

J = 7.7 Hz; Ar5-1H), 7.35–7.37 (m, 3H; Ar1-1H & Ar2-2H),
7.45 (t, 2H, J = 7.7 Hz; Ar5-2H), 7.46–7.50 (m, 4H; Ar1-2H
& Ar2-2H), 7.59 (d, 2H, J = 7.7 Hz; Ar5-2H), 7.66 (d, 2H,

J = 7.6 Hz; Ar1-2H), 7.79 (d, 2H, J = 7.9 Hz; Ar2-2H),
8.38 (s, 1H; H-5 Py); 13C NMR (175 MHz, CDCl3) d/ppm
112.13 (C-4 Py), 119.09, 126.97, 127.00, 127.09, 127.46,
127.56, 128.22, 128.33, 128.39, 128.41, 128.71, 128.90, 128.99,

129.66, 130.11 (C-40 Im), 130.22, 131.00, 131.84, 133.50 (C-
Cl), 134.08, 134.37, 138.41 (C-50 Im), 139.69, 140.53, 140.83,
140.95 (C-20 Im), 151.64 (C-3 Py); MS (EI+); m/z (%),

624.7 (M+, 100), 626.5 ([M + 2]+, 39.8); Anal. Calcd. for C42-
H29ClN4; C, 80.69; H, 4.68; N, 8.96 %. Found: C, 80.77; H,
4.75; N, 9.01 %.

2.2.6. 3-([1,10-Biphenyl]-4-yl)-4-(1-(4-bromophenyl)-4,5-
diphenyl-1H-imidazol-2-yl)-1-phenyl-1H-pyrazole (5 h)

Yield 78 % as white powder; m.p. 218–220 �C; IR (neat,

mmax-cm
�1): 3064–3028 (CAH), 1598 (C‚N), 1561 (C‚C);
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1H NMR (500 MHz, CDCl3) d/ppm 6.37 (d, 2H, J = 8.5 Hz;
Ar3-2H), 6.97 (d, 2H, J = 8.5 Hz; Ar3-2H), 7.09 (dd, 2H,
J = 7.5, 1.2 Hz; Ar4-2H), 7.20–7.26 (m, 4H; Ar2-1H & Ar4-

3H), 7.29 (t, 2H, J = 7.5 Hz; Ar2-2H), 7.31–7.34 (m, 3H;
Ar2-2H & Ar5-1H), 7.36–7.37 (m, 1H; Ar1-1H), 7.44–7.51
(m, 6H; Ar1-2H, Ar2-2H & Ar5-2H), 7.60 (d, 2H,

J = 7.4 Hz; Ar5-2H), 7.65 (d, 2H, J = 7.4 Hz; Ar1-2H),
7.79 (d, 2H, J = 7.9 Hz; Ar2-2H), 8.41 (s, 1H; H-5 Py); 13C
NMR (125 MHz, CDCl3) d/ppm 112.15 (C-4 Py), 119.08,

121.63 (C-Br), 126.97, 127.10, 127.47, 127.56, 128.24, 128.34,
128.29, 128.72, 128.99, 129.19, 129.67, 130.01 (C-40 Im),
130.19, 131.00, 131.37, 131.83, 134.07, 134.09, 134.86, 138.45
(C-50 Im), 139.69, 140.48, 140.84, 140.94 (C-20 Im), 151.64

(C-3 Py); MS (EI+); m/z (%), 668.0 (M+, 84.1), 670.0
([M + 2]+, 88.2); Anal. Calcd. for C42H29BrN4; C, 75.33;
H, 4.37; N, 8.37 %. Found: C, 74.20; H, 4.28; N, 8.46 %.
2.2.7. 3-([1,10-Biphenyl]-4-yl)-4-(1-(4-methoxyphenyl)-4,5-
diphenyl-1H-imidazol-2-yl)-1-phenyl-1H-pyrazole (5i)

Yield 82 % as purple powder; m.p. 186–187 �C; IR (neat,

mmax-cm
�1): 3053–2972 (CAH), 1602 (C‚N), 1578 (C‚C),

1244 & 1024 (Ar1-O-CH3);
1H NMR (500 MHz, CDCl3)

d/ppm 3.63 (s, 3H; –OCH3), 6.38 (d, 2H, J = 8.8 Hz;

Ar3-2H), 6.47 (d, 2H, J = 8.8 Hz; Ar3-2H), 7.10 (dd, 2H,
J = 7.8, 2.0 Hz; Ar4-2H), 7.16–7.20 (m, 4H; Ar2-1H &
Ar4-3H), 7.24–7.34 (m, 4H; Ar1-1H, Ar2-2H & Ar5-1H),

7.40–7.47 (m, 8H; Ar1-2H, Ar2-4H & Ar5-2H), 7.57 (d, 2H,
J = 7.4 Hz; Ar5-2H), 7.62 (d, 2H, J = 7.3 Hz; Ar1-2H),
7.73 (d, 2H, J = 7.8 Hz; Ar2-2H), 8.21 (s, 1H; H-5 Py); 13C

NMR (5 MHz, CDCl3) d/ppm 55.39 (–OCH3), 111.69 (C-4
Py), 113.53, 119.13, 126.92, 127.05, 127.50, 128.21, 128.39,
128.57, 128.80, 128.95, 129.63, 129.94, 130.29, 130.58, 131.05,

131.89 (C-40 Im), 133.72, 137.35, 137.41 (C-50 Im), 139.71,
140.65, 140.78, 140.86 (C-20 Im), 151.75 (C-3 Py), 158.69

(-C-OCH3); MS (EI+); m/z (%), 620.6 (M+, 100); Anal.
Calcd. for C43H32N4O; C, 83.20; H, 5.20; N, 9.03 %. Found:
C, 83.09; H, 5.11; N, 8.90 %.
2.2.8. 3-([1,10-Biphenyl]-4-yl)-4-(1-(3,5-dimethylphenyl)-4,5-
diphenyl-1H-imidazol-2-yl)-1-phenyl-1H-pyrazole (5j)

Yield 73 % as light brown powder; m.p. 164–166 �C; IR (neat,

mmax-cm
�1): 3127–2919 (CAH), 1598 (C‚N), 1561 (C‚C); 1H

NMR (700 MHz, CDCl3) d/ppm 1.93 (s, 6H; 2 � CH3), 6.18 (s,
2H; Ar3-2H), 6.64 (s, 1H; Ar3-1H), 7.14 (dd, 2H, J = 6.6,

1.1 Hz; Ar4-2H), 7.19–7.23 (m, 4H; Ar2-1H & Ar4-3H), 7.29
(t, 2H, J = 7.7 Hz; Ar2-2H), 7.31 (t, 1H, J = 7.7 Hz; Ar5-
1H), 7.35 (t, 1H, J = 7.7 Hz; Ar1-1H), 7.44 (t, 2H,

J = 7.7 Hz; Ar5-2H), 7.46–7.53 (m, 6H; Ar1-2H & Ar2-4H),
7.61 (d, 2H, J = 7.7 Hz; Ar5-2H), 7.67 (d, 2H, J = 7.7 Hz;
Ar1-2H), 7.76 (d, 2H, J = 8.4 Hz; Ar2-2H), 8.27 (s, 1H; H-5
Py); 13C NMR (175 MHz, CDCl3) d/ppm 21.12 (2 � CH3),

112.52 (C-4 Py), 119.15, 125.69, 126.74, 126.81, 126.91,
127.07, 127.42, 127.44, 128.02, 128.31, 128.32, 128.40, 128.92,
129.36 (CH-5 Py), 129.58, 129.62, 130.58 (C-40 Im), 130.73,

131.01, 132.07, 134.49, 135.70 (C-50 Im), 137.91 (2 � C-
CH3), 139.87, 140.54, 140.64, 140.87 (C-20 Im), 151.97 (C-3
Py); MS (EI+); m/z (%), 618.6 (M+, 100); Anal. Calcd. for

C44H34N4; C, 85.41; H, 5.54; N, 9.05 %. Found: C, 85.52;
H, 5.46; N, 8.95 %.
2.3. Cholinesterase inhibition assay

Ellman’s method with slight modification was used for the
inhibition studies against AChE and BChE as reported earlier
(Tariq et al. 2022). Total assay volume of 100 mL contained

60 mL of 50 mM phosphate buffer (pH 7.7), 10 mL of
0.5 mM test compounds (5a-5x) and 10 mL of 0.005 units of
electric eel AChE enzyme (Sigma) or 0.0005 units equine serum
BChE enzyme (Sigma). Reaction contents were pre-incubated

at 37 �C for 10 min and pre-read at 405 nm using Synergy
HTX BioTek 96-well plate reader. Reaction was started by
the addition of 10 mL of substrate (acetylthiocholine iodide

or butyrylcholine bromide), 10 mL of coloring reagent DTNB
and incubation continued at 37 �C for 30 min. Contents were
read at 405 nm and the percentage inhibition was calculated

using following formula.

Inhibition %ð Þ ¼ Abs of control�Abs of test compd:

Abs of control

� �
� 100

All experiments were performed in triplicates with negative
and positive controls. IC50 values of the active compounds
were determined by repeating assays with suitable dilutions
of the test compounds and computing data using EZ-FIT soft-

ware of Perrella Int., USA. Data is presented as
Mean ± SEM, n = 3.

2.4. Molecular docking calculations

The crystal structures of AChE and BChE proteins were recov-
ered from PDB (ID4M0E and 4BDS). The coordinate files

were subjected to the Discovery Studio 4.5 Visualizer for
pre-docking receptor formation by eliminating water mole-
cules and incorporating hydrogen atoms. Compounds 5a-5x

were docked with both the enzymes by PatchDock which is a
molecular docking tool targeted to find docking transforma-
tions that produce good molecular shape complementarity
(Schneidman-Duhovny et al. 2005). The input files comprised

of the receptor protein and ligand in PDB format. PatchDock
server afforded multiple solutions and the ‘‘solution 1” was
selected as it surrounded the most significant amino acid resi-

dues as binding pouch for docking analyses assigned in crystal
structure of AChE and BChE receptor (Cheung et al., 2013;
Nachon et al. 2013). The docked complexes were observed

via Discovery Studio 4.5 Visualizer. The binding affinities of
the docked complexes were assessed as scores and ACE
(atomic contact energy) of the docked structures. The

hydrophobic and hydrogen bonding contacts of each ligand
were evaluated inside the binding pouch of receptor protein.

3. Results and discussion

3.1. Chemistry

The convenience of MCR synthetic strategy and role of differ-
ent catalysts in building of imidazole nucleus are acknowl-
edged in the literature (Nguyen et al. 2019; Rossi et al. 2019;

Takeda et al. 2022). Our research group has continuously been
involved in finding better reaction conditions of imidazole syn-
thesis (Chaudhry et al. 2017a; Chaudhry et al. 2017b; Naureen

et al. 2017). Therefore, present work is another effort which



Scheme 1 Probing amino acid catalyzed synthesis of heteroaryl substituted imidazoles (5a-5x).
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showed the expedient preparation of some aryl decorated imi-
dazolylpyrazoles (5a-5x) (Scheme 1).

Catalytic utility of some amino acids was explored through
a model reaction which was performed between the substrates:
1a, 2a, 3 and 4. For preliminary screening of amino acids, six

different amino acids were carefully selected for the investiga-
tion. Glycine, a simplest amino acid, was first explored on the
basis of our previous findings (Chaudhry et al. 2017a; Naureen

et al. 2017). The reaction has involved refluxing of the MCR
mixture in EtOH along with glycine (15 mol%) as a catalyst.
Proline is one such amino acid which had been used as a cat-
alyst in the green synthesis of different heterocycles (Vachan
Table 1 Optimization of the reaction conditions of a model reactio

Entry Catalyst (mol%) Solvent (10 m

1 Glycine (15) EtOH/Reflux

2 Proline (15) EtOH/Reflux

3 Aspartic acid (15) EtOH/Reflux

4 Glutamic acid (15)[a] EtOH/Reflux

5 Lysine (15) EtOH/Reflux

6 Histidine (15) EtOH/Reflux

7 – EtOH/Reflux

8 Glutamic acid (15) CH2Cl2/Refl

9 Glutamic acid (15) CH3CN/Refl

10 Glutamic acid (15) MeOH/Reflu

11 Glutamic acid (15) DMF/Heatin

12 Glutamic acid (15) DMSO/Heat

13 Glutamic acid (15) H2O/Reflux

14 Glutamic acid (5) EtOH/Reflux

15 Glutamic acid (10) EtOH/Reflux

16 Glutamic acid (20) EtOH/Reflux

[a] Optimized reaction conditions.
et al. 2020) and also gave better results in our present research
study. Product 5a was obtained in good yield by using aspartic

acid or glutamic acid, probably the acidic catalysis enhances
the reaction development. However, basic amino acids (lysine
and histidine) gave moderate yield of the product even reflux-

ing for 6 hrs. A catalyst-free reaction (Entry-7) did not result in
good product yield.

The reaction was afterwards performed by loading different

mole percentages (5–20 mol%) of the glutamic acid. The 5 mol
% amount of catalyst resulted in 40 % product yield. The most
suitable catalyst dose was screened out to be 15 mol% with
83 % product yield with in just 30 min reflux time, while,
n.

L)/Condition Time (min) Yield (%)

60 80

60 75

30 80

30 83

360 33

360 30

360 < 20

ux 60 32

ux 60 45

x 30 78

g at 100 �C 60 50

ing at 100 �C 60 54

120 75

30 40

30 54

30 82



Table 2 Preparation of aryl- and heteroaryl-decorated imidazoles[a] (5a-5x).

Sr. No. R
1

R
2

Product Time (min) Yield
[b]

(%) m.p. (�C) Lit m.p. (�C) (Ref)

1 Ph H 5a 30 82 200–202 194 (Shirole et al. 2017)

2 Ph para-Cl 5b 45 75 215–217 214 (Shirole et al. 2017)

3 Ph para-Br 5c 45 72 180–182 –

4 Ph para-OCH3 5d 30 80 156–158 –

5 Ph 3,5-(CH3)2 5e 30 71 102–104 –

6 Biph meta-Cl 5f 60 77 158–160 –

7 Biph para-Cl 5g 60 75 200–202 –

8 Biph para-Br 5h 60 78 218–220 –

9 Biph para-OCH3 5i 45 82 186–187 –

10 Biph 3,5-(CH3)2 5j 45 73 164–166 –

11 para-ClPh para-Br 5k 30 82 218–220 220 (Chaudhry et al. 2019)

12 para-ClPh para-OCH3 5l 30 85 200–201 202 (Chaudhry et al. 2019)

13 para-ClPh 3,5-(CH3)2 5m 45 88 170–172 170 (Chaudhry et al. 2019)

14 para-BrPh para-Cl 5n 45 80 194–196 194 (Chaudhry et al. 2019),

198 (Shirole et al. 2017)

15 para-BrPh para-OCH3 5o 45 86 200–202 200 (Chaudhry et al. 2019)

16 para-BrPh 3,5-(CH3)2 5p 45 90 168–170 168 (Chaudhry et al. 2019)

17 para-OCH3Ph para-OCH3 5q 30 85 178–180 180 (Chaudhry et al. 2019)

18 para-OCH3Ph 3,5-(CH3)2 5r 30 88 173–174 172 (Chaudhry et al. 2019)

19 meta-NO2Ph para-OCH3 5s 45 90 214–216 214 (Chaudhry et al. 2019)

20 meta-NO2Ph 3,5-(CH3)2 5t 45 92 158–160 158 (Chaudhry et al. 2019)

21 Coumarinyl para-Cl 5u 90 85 204–206 205 (Chaudhry et al. 2017c)

22 Coumarinyl para-Br 5v 90 82 260–262 260 (Chaudhry et al. 2017c)

23 Coumarinyl para-OCH3 5w 60 80 238–240 238 (Chaudhry et al. 2017c)

24 Coumarinyl 3,5-(CH3)2 5x 60 86 210–212 210 (Chaudhry et al. 2017c)

[a] Reaction condition: pyrazole-3-carbaldehydes 1a-1g (1 mmol), anilines 2a-2f (1 mmol), benzil 3 (1 mmol), ammonium acetate 4 (1 mmol),

glutamic acid (15 mol %), refluxed in EtOH.
[b] Isolated yields.
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20 mol% catalyst dose also gave comparable results. Different
solvents were also selected while searching out for the most

suitable conditions. Out of six solvents, two solvents MeOH
and EtOH were upended to be as the best choice. The reaction
completion time was the same with the slight difference in pro-

duct yield (Table 1).
Considering the reaction completion times, calculated

yields, and as a simple convenient approach; refluxing of

MCR mixture with 15 % glutamic acid in EtOH was preferred
for further preparations of 5b-5x. The scope of current reac-
tion approach is evident in Table 2, wherein, the optimized
conditions were applied in the MCRs of different substituted

anilines and other aldehydic precursors also. The novel prod-
ucts of the series, 5c-5j were characterized with the help of
physical and spectral records. Initially FTIR spectra were

taken and there was no residual band observed for the precur-
sor’s functional groups which indicated the complete conver-
sion of reactants into their respective products. There was no

absorption band detected in NAH region which supported
the plausible formation of N-substituted imidazoles. Absorp-
tion bands of the finger-print region were also in accordance
with the designed molecular structures of 5c-5j.
All 1H NMR and 13C NMR spectra (5c-5j) had proton and
carbon-13 signals at their appropriate positions as well. NMR

spectra of the derivative 5c (as a representative analogue) are
shown in Fig. 2. The H-5 of pyrazole appeared downfield as
a singlet at d 8.34 ppm. Two doublets were spotted with J

value 8.5 Hz for the protons of para-Br substituted phenyl ring
(Ar3) at d 6.33 ppm and d 6.97 ppm. Other phenyl protons
appeared in the aromatic region around d 7.0 ppm to d
8.0 ppm. In 13C NMR, two most important signals were
observed, one of quaternary C-2 imidazole detected at d
140.55 ppm while second significant signal of linking C-4 of
pyrazole found near to d 112.19 ppm.

Considering the expected stability associated with such
bulky aryl- and heteroaryl- tethered molecules, the molecular
ion peaks (M+) were detected as base peaks in MS data of

nearly all derivatives (5c-5j). The expulsion of halogens
(M+�Cl and/or M+�Br) was observed in halogenated mole-
cules (5c, 5f, 5g, and 5h). A characteristic stable fragment of m/

z 165 was also found in all cases which probably produced
through skeletal rearrangement of an unstable intermediate
fragment (Chaudhry, et al. 2021; Compernolle and Dekeirel
1971). Identification of probable key fragments in the mass



Fig. 2 Characteristics signals in 1H NMR and 13C NMR spectra of novel derivative (5c) as a representative analogue.

Fig. 3 Characteristics mass spectrum of novel derivative (5j) as a representative analogue.
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Table 3 AChE and BChE inhibitory profiles of compounds (5a-5x), Mean ± SEM, n = 3.

SrNo. Compound R1 R2 AChE IC50 (mM) BChE IC50 (mM) Selectivity Index (SI)

AChE
[a]

BChE
[b]

1 5a Ph H 41.27 ± 0.56 0.35 ± 0.02 0.01 117.91

2 5b Ph para-Cl 36.82 ± 0.45 7.82 ± 0.12 0.21 4.71

3 5c Ph para-Br 71.46 ± 0.62 8.43 ± 0.11 0.12 8.48

4 5d Ph para-OCH3 142.91 ± 0.49 138.21 ± 0.22 0.97 1.03

5 5e Ph 3,5-(CH3)2 175.28 ± 0.75 9.75 ± 0.13 0.06 17.98

6 5f Biph meta-Cl 312.53 ± 0.82 9.84 ± 0.11 0.03 31.76

7 5g Biph para-Cl 332.91 ± 0.93 > 500 – –

8 5h Biph para-Br 354.26 ± 0.87 > 500 – –

9 5i Biph para-OCH3 132.68 ± 0.56 136.91 ± 0.25 1.03 0.97

10 5j Biph 3,5-(CH3)2 116.35 ± 0.54 21.43 ± 0.14 0.18 5.43

11 5k para-ClPh para-Br 78.52 ± 0.47 333.44 ± 0.2 4.25 0.24

12 5l para-ClPh para-OCH3 135.46 ± 0.49 147.16 ± 0.25 1.09 0.92

13 5m para-ClPh 3,5-(CH3)2 41.36 ± 0.36 5.73 ± 0.09 0.14 7.22

14 5n para-BrPh para-Cl 192.32 ± 0.53 > 500 – –

15 5o para-BrPh para-OCH3 35.19 ± 0.42 235.34 ± 0.15 6.69 0.15

16 5p para-BrPh 3,5-(CH3)2 63.27 ± 0.56 3.60 ± 0.12 0.06 17.58

17 5q para-OCH3Ph para-OCH3 62.75 ± 0.52 > 500 – –

18 5r para-OCH3Ph 3,5-(CH3)2 34.12 ± 0.35 > 500 – –

19 5s meta-NO2Ph para-OCH3 342.62 ± 0.85 > 500 – –

20 5t meta-NO2Ph 3,5-(CH3)2 36.25 ± 0.37 142.00 ± 0.18 3.92 0.26

21 5u Coumarinyl para-Cl 64.12 ± 0.28 24.94 ± 0.21 0.39 2.57

22 5v Coumarinyl para-Br 437.52 ± 0.87 19.62 ± 0.15 0.04 22.30

23 5w Coumarinyl para-OCH3 35.61 ± 0.36 14.93 ± 0.09 0.42 2.39

24 5x Coumarinyl 3,5-(CH3)2 25.83 ± 0.25 7.64 ± 0.13 0.30 3.38

25 Eserine – – 0.19 ± 0.06 0.62 ± 0.08 3.26 0.31

[a] Selectivity for AChE = IC50 (BChE) / IC50 (AChE).
[b] Selectivity for BChE = IC50 (AChE) / IC50 (BChE).

 

Fig. 4 Structure of the most potent and highly selective BChE

inhibitor (5a) of the series.

Treatment of Alzheimer’s Disease 9
spectrum of representative 5j is presented in Fig. 3. Elemental
CHN-analyses also confirmed the synthesis and isolation of

pure products.

3.2. AChE and BChE inhibitory activities with SAR studies

Herein, these heteroaryl substituted imidazoles (5a-5x) were
further investigated for their in vitro AChE and BChE inhibi-
tion activity in the quest of new and potent AChE and BChE

inhibitors (Table 3). The most potent BChE inhibitory activity
was displayed by the simplest molecule 5a of the series with
IC50 0.35 ± 0.02 mM in contrast with the reference drug eser-

ine (0.62 ± 0.08 mM) (Fig. 32S). The calculated SI value
117.91 is highlighting the high selectivity of this compound
for BChE inhibition over AChE enzyme inhibition (Fig. 4).

The region A and region B of the main template were fur-

ther modified with different substitutions to examine the over-
all SAR (Fig. 7). A para-Cl derivative 5b and para-Br
derivative 5c also showed potent BChE inhibition with IC50



 
Fig. 5 Variation in AChE and BChE inhibitions with structural modifications in the compounds: 5b-5e, 5 g-5j and 5u-5x.
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Fig. 6 Variation in AChE and BChE inhibitions with structural modifications in the compounds: 5 k-5 t.
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7.82 ± 0.12 mM and IC50 8.43 ± 0.11 mM respectively. On the

other side, 5b and 5c exhibited moderate AChE inhibitory
activity. It is reported that methoxy group substituted struc-
tural frameworks are good cholinesterase inhibitors (Gao

et al. 2021). However, in the present case, insertion of methoxy
group at the para position in compound 5d had no significant
improvement in the ChEs inhibition profile (AChE IC50 142.

91 ± 0.49 mM and BChE IC50 138.21 ± 0.22 mM). Substitu-
tion of two hydrophobic methyl groups in N-aryl ring of imi-
dazole (5e) led to strong in BChE inhibitory activity with IC50

9.75 ± 0.13 mM (SI for BChE = 17.98) (Fig. 4) (Larik et al.
2020).



 

Fig. 7 The summarized SAR of heteroaryl substituted imidazole derivatives (5a-5x).

Fig. 8 Overlap of bound complexes of compounds (5a-5x) showing overlap in the hotspot 5a (grey), 5b (pink), 5c (yellow magenta), 5d

(beige), 5e (mustard), 5f (baby pink), 5g (purple), 5h (brown), 5i (green), 5j (orange), 5k (parrot green), 5l (olive green), 5m (mauve), 5n

(reddish brown), 5o (chocolate brown), 5p (pearly purple), 5q (ink blue), 5r (navy blue), 5s (dirty green), 5t (red), 5u (dark purple), 5v (see

green), 5w (shocking pink), 5x (sky blue) and eserine (black).
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Fig. 9 The analyses illustrating H-bonds (A) and hydrophobic contacts (B) of compound 5x. In the hydrophobic interactions (right) the

blue color demonstrates favorable structural features (atoms and torsions) donating to the total binding energy within the AChE hotspot

(PDB ID: 4m0e), the pink corresponds to unfavorable, and the white is neutral one. Fig. 9C is 3D and Fig. 9D is 2D depictions of docked

ligand 5x.
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Wang et al. documented biphenyl derivatives as good ChEs
inhibitors (Wang et al. 2017). On the contrary, in the present
studies, extending the phenyl to bulky biphenyl group reduced

the ChEs inhibitory activity. Substitution of electron with-
drawing halogen functionalities did not display much positive
influence on inhibitory profile. It has been observed that meta-

Cl derivative 5f is 31.76 folds more selective BChE inhibitor
with IC50 9.84 ± 0.11 mM. However, the placement of Cl from
meta to para position as in 5g (IC50 > 500 mM against BChE,

IC50 332.91 ± 0.93 mM against AChE), leads to complete loss
of inhibitory activity (Rehuman et al. 2021). It is therefore pro-
posed that the positioning of substituents affects the enzyme
inhibitory activity of the compounds and even may result in

the loss of activity. A para-Br analogue 5h was also found inac-
tive because of the same reason. On the other hand, replace-
ment of halogen with methoxy group as noticed in 5i,
slightly improved the inhibitory activity while the substitution
of 3,5-dimethyl in 5j significantly enhanced the inhibition of

both enzymes (AChE IC50 116.35 ± 0.54 mM and BChE
IC50 21.43 ± 0.14 mM) (Fig. 5).

ChEs inhibition was much improved by the introduction of

coumarin moiety in the molecular framework (5u-5x) as
observed in another study (Rehuman et al. 2021). The AChE
and BChE IC50 values of para-Cl derivative 5u are

64.12 ± 0.28 mM and 24.94 ± 0.21 mM respectively. Surpris-
ingly, the AChE inhibition by para-Br derivative 5v was less
than of anti-BChE activity with 22.30 folds selectivity for
BChE over AChE. Though presence of electron donating

methoxy group in compound 5w displayed better inhibition
but switching to 3,5-dimethyl substitution has significantly



Fig. 10 3D and 2D depictions of docked ligands � 5o (a) and 5r (b): demonstrating unfavorable bump (red), p-cation (brown), p-alkyl
(light pink), amide p-stack (pink) and p-p T-shaped (shocking pink) contacts inside a hotspot of the AChE (PDB ID: 4M0E).

14 F. Chaudhry et al.
enhanced the ChEs inhibitory potentials, thus, 5x was found
out to be the best AChE inhibitor of the series with IC50 25.

83 ± 0.25 mM (Fig. 5). A dihalogenated derivative 5k dis-
played moderate AChE inhibition (IC50 78.52 ± 0.47 mM)
but poor BChE inhibitory activity (IC50 333.44 ± 0.2 mM).

Swapping the halogens such as para-Cl with para-Br substitu-
tions in 5n did not confer better outcomes. However, some
interesting variations were observed with further modifications
in the substitutions. When para-Br functionality was replaced

with para-OMe group (5l), its BChE inhibiting activity was
slightly improved to IC50 147.16 ± 0.25 mM. However, by
doing so there was a decline in the AChE inhibition (IC50

135.46 ± 0.49 mM). Comparable trend was found in 5o deriva-
tive with BChE (IC50 235.34 ± 0.15 mM), while there was a
significant increase in AChE inhibition (IC50 35.19 ± 0.42 m
M) with selectivity of 6.69 over BChE. The replacement of

halogens with hydrophobic dimethyl substitutions has signifi-
cantly increased the anti-cholinesterase activity in derivative
5m (AChE IC50 41.36 ± 0.36 mM and BChE IC50 5.73 ± 0.

09 mM) and derivative 5p (AChE IC50 63.27 ± 0.56 mM and
BChE IC50 3.60 ± 0.12 mM). Three methoxy analogues (5q-
5s) of the series were inactive against BChE. On the contrary,
derivatives 5q and 5r have displayed good anti-AChE activity

IC50 62.75 ± 0.52 mM and IC50 34.12 ± 0.35 mM. A meta-NO2

derivative (5t) possessing dimethyl functionalities is also found
to be a good AChE inhibitor (IC50 36.25 ± 0.37 mM) due to

possible hydrogen bonding of –NO2 group with amino acids
(Fig. 6).



Table 4 Binding contacts of compounds (5a-5x) to AChE protein (PDB ID 4M0E) using PatchDock.

Compound Score ACE

(kcal/mol)

Hydrogen

bond

interactions

Distance

(Å)

Hydrophobic interactions p-p T-shaped

interactions

5a 6016 –378.78 – – Trp231, Ala232, Ala229, Trp522, Pro527, Pro401, Thr523,

Glu404, Asn228, Leu307, Phe227, Pro303, Val294

–

5b 5976 –312.87 – – Asp304, Pro303, Met302, Ser235, Thr234, Val361, Val529,

Phe526, Phe526, Tyr396, Pro527, Trp522, Thr523, Cys400,

Glu404, Asn228

–

5c 6832 –334.87 – – Asn384, Gln380, Thr374, Gln518, Ala388 Trp376,

Tyr373,

Tyr373,

His372

5d 6190 –367.34 – – Pro285, Asn289, Glu276, Gln119, Asp70, Gly117, His438,

Ser198, Ala199, Phe329, Asn397

Trp231,

Gly116

5e 5980 –334.56 – – Val136, Glu137, Lys476, Tyr477, Asn473, Ser487, Ile462,

Ser466

–

5f 6878 –421.54 – – Asn289, Val288, Pro359, Tyr396, Phe358, Phe526, Ser362,

Tyr237, Asn241

Tyr282

5g 6678 –389.67 – – Phe357, Asn397, Pro230, Phe358, Ser362 Tyr396

5h 6679 –355.89 Gln176 2.18 Asn181, Lys9, Trp177, Tyr33, Gln47, Pro46, Asp297, Phe298 –

5i 6490 –400.54 – – Val436, Glu422, Met511, Leu514, Tyr500, His372, Tyr373,

Ala388, Arg386, Gly390, Thr327, Asp324

Lys323

5j 6567 –367.44 – – Thr327, Gly390, Glu387, Thr374, Lys513, Leu514, Tyr500,

Glu422

Tyr373

5k 6467 –423.90 – – Glu276, Asn289, Gln119, Pro285, Gly117, Phe329, Phe398,

Ala199, His438, Gly115, Trp82

Trp231

5l 6467 –378.45 – – Asn289, Val288, Gly117, Ser198, Ala199, Gly115, Glu197,

Pro84, Ser79, Asn83, Asp70

Trp82

5m 6856 –400.45 – – Asn289, Glu238, Asn241, Phe526, Phe358, Tyr396, Phe357,

Val288

Val361

5n 6489 –378.56 – – Val393, Asn397, Phe357, Tyr396, Phe526, Ser287, Asn289,

Thr284

Phe358

5o 7346 –341.21 – – Val436, Glu422, Thr505, Pro431, Trp433, Gly435, Met434 Arg424

5p 711.90 –345.90 – – Val361, Val529, Phe526, Tyr396, Pro527, Trp522, Cys400,

Thr523, Glu404, Asp304, Asn228, Ala232, Ser235, Thr234

–

5q 6367 –378.34 – – Ala62, Tyr61, Asn57, Asp54, Asp91, Ser89, Asp87 –

5r 7411 –311.09 – – Ser198, His438, Gly115, Phe329, Asn83, Asp70, Leu273,

Asn289, Gln119, Gly117, Pro285

Trp231,

Gly116

5s 6056 –323.45 Thr59,

Lys60

3.25,

1.34

Ser89, Asp91, Tyr94, Trp56, Asn57, Ala58, Gly30, Leu29 –

5t 6589 –300.45 Thr59,

Lys60

3.25,

1.34

Ser89, Asp91, Tyr94, Trp56, Asn57, Ala58, Gly30, Leu29 –

5u 6789 –356.23 Tyr420 3.13 His372, Tyr373, Trp376, Ala388, Gly435, Glu387, Tyr500 –

5v 6789 –312.34 – – His372, Tyr373, Ala388, Glu387, Thr327, Asp324, Lys323,

Glu422, Met511, Tyr500

–

5w 6456 412.67 – – Asn342, Asp391, Arg515, Gly435, Glu422, His423, Arg381,

Glu383

–

5x 7564 –291.90 Tyr420 3.24 Thr327, Glu387, Glu422, Met511, Tyr500, His372, Tyr373,

Ala388

–

Eserine

(Std.)

4826 –183.17 Tyr124 2.78 Glu202, Ser203, Phe238, Phe395, Phe297, Arg296, Trp286,

Asp74, Trp86, Gly121

Tyr341
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Fig. 11 Overlap of bound conformations of compounds 5a-5j showing overlap in two clusters in the binding pocket 5a (grey), 5b (lemon

yellow), 5c (magenta), 5d (pearly purple), 5e (parrot green), 5f (brown), 5g (dirty green), 5h (sky blue), 5i (mustard), 5j (purple), 5k

(mauve), 5 l (chocolate brown), 5m (navy blue), 5n (orange), 5o (black), 5p (beige), 5q (shocking pink), 5r (reddish brown), 5s (baby pink),

5t (dark purple), 5u (olive green), 5v (red), 5w (dark green), 5x (yellow) and eserine (green).

16 F. Chaudhry et al.
This general SAR model concludes that such aryl and/or
heteroaryl decorated imidazole derivatives (5a-5x) appear to

be a new potent class of ChEs inhibitors wherein the nature
and bulkiness of the substituents greatly influenced the binding
of the ligand with the target enzyme (Fig. 7). Overall selectivity

data facilitates in identifying three selective AChE inhibitors of
the series (5k, 5o, and 5t) and five highly selective BChE inhi-
bitors of the series (5a, 5e, 5f, 5p, and 5v) (Table 3). Neverthe-

less, in silico molecular docking investigations helped to
further understand the significant ligand-enzyme interactions
in correlation with these in vitro findings.

3.3. Molecular docking studies

3.3.1. AChE docking calculations

The docked conformations of compounds (5a-5x) were exam-
ined in order to evaluate the qualitative estimation and the
recognition of molecular basis of the analyzed biological activ-

ities (IC50), as shown in Fig. 8. In the preliminary evaluation of
the docked complexes of AChE, it was revealed that all com-
pounds (5a-5x) showed considerable contact patterns

(Table S1).
Compound 5x exhibited the most potent contact with

AChE with a score of 7564 and an ACE of –291.90 kcal/mol.
The interacting residues of this complex are His372, Tyr373,

Ala388, Glu387, Glu422, Met511, Tyr500, Pro527, Thr327
and Gly117. Ligand 5x has shown hydrogen bonding with
Tyr420. The length of hydrogen bond was 3.24 Å. Compound

5x also exhibited hydrophobic interaction potential with
pocket amino acids Thr327, Glu387, Glu422, Met511,
Tyr500, His372, Tyr373 and Ala388 residues (Fig. 9).

Interestingly, other two best ligands 5o and 5r exhibited no
hydrogen bond contact with AChE receptor but instead found
considerable geometric fit of these compounds in the receptor
and therefore scoring in PatchDock being based on shape com-
plementarity principles, it revealed a score of 7346 and 7411
and ACE values –341.21 and –311.09 kcal/mol respectively

in the docked interactions with the AChE enzyme. Compound
5o and 5r have shown p-p T-shaped contacts with Arg424 and
Trp231, Gly116 accordingly (Fig. 10). Compound 5t has

shown two hydrogen bond contacts with hydroxyl group of
Thr59 and oxygen of NO2 functionality with an average dis-
tance of 3.25 Å. Similarly, another hydrogen bonding was

observed between amino of Lys60 and oxygen of NO2 group
(1.34 Å). Compound 5t revealed hydrophobic contact poten-
tial with amino acid residues Ser89, Asp91, Tyr94, Trp56,
Asn57, Ala58, Gly30 and Leu29 (Table S1). Other potent com-

pounds such as 5a, 5b, 5m and 5w illustrated hydrophobic con-
tact potential with AChE receptor amino acids and compound
5m has exhibited p-p T-shaped contact with Val361 (Table S1).

However, our docking evaluations have suggested that com-
pounds 5o, 5r and 5x for AChE revealed the significant inhibi-
tory potential against AChE and these outcomes are consistent

with the IC50 values of these ligands. The conformational
poses of all structures (5a-5x) are demonstrating the maximal
biological activities with their constructive contacts in the
binding hotspots (Table 4).

3.3.2. BChE docking calculations

The qualitative assessment and the recognition of molecular

basis of the calculated BChE inhibitory activity (IC50), the
docked conformations of compounds (5a-5x) were examined
as shown in Fig. 11.

In the preliminary evaluation of the docked complexes of

BChE, it was revealed that all compounds (5a-5x) showed sig-
nificant interaction patterns (Table S2). Compound 5a exhib-
ited the most potent contact with BChE with a score of 7096

and an ACE of –332.95 kcal/mol. The interacting residues of
this complex are Phe398, Gly116, Ala388, Asp391, Gln518,
Phe371, Asn384, Arg381, Glu387, Tyr373, Trp82, Trp231



Fig. 12 The analyses showing H-bonds (A) and hydrophobic contacts (B) of compound 5a. In the hydrophobic contacts (right) the blue

color shows favorable structural features (atoms and torsions) donating to the whole binding energy inside the BChE binding pouch (PDB

ID: 4bds), the pink representing unfavorable, and the white is neutral one. Fig. 12-C is 3D and Fig. 12-D is 2D representations of docked

ligand 5a.
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and Trp376 (Fig. 12). Compound 5a exhibited hydrophobic
interaction potential with pocket amino acids Tyr440, Asn83,
Asp70, Ser287, Thr284, Val288, Gly117, Phe398, Gly116,

His438, Glu197 residues and also illustrated p-p T-shaped con-
tact potential with Trp82, Phe329, Trp231 amino acid residues.
Interestingly, best two ligands 5a and 5m exhibited no hydro-
gen bond contact with BChE receptor but instead found con-

siderable geometric fit of these compounds in the receptor and
therefore scoring in PatchDock being based on shape comple-
mentarity principles. The compound 5m revealed a score of

6998 and ACE value –404.36kcal/mol in the docked interac-
tions with the BChE enzyme. Ligand 5p has shown a hydrogen
bond interaction with amino group of Ala388 and bromo

of 4–bromophenyl moiety with an average distance of
3.02 Å. Compounds 5m and 5p depicted hydrophobic interac-
tion potential with BChE receptor amino acids Ala388,
Glu387, Arg381, Asn384, Gln384, Thr374 and Glu387,

Thr374, Gln380, Asp395, Phe371 respectively. Compound
5m and 5p has formed p-p T-shaped interaction with Tyr373,
Tyr373, Trp376 and Tyr373, Tyr373, Trp376 correspondingly
(Fig. 13).

Resultantly, our docking calculations have proposed that
compounds 5a, 5m and 5p for BChE exhibited the excellent
inhibitory potential against BChE and these results are consis-

tent with the IC50 values of these compounds. The conforma-
tional orientations of all compounds (5a-5x) are
demonstrating the maximal biological activities with their

favorable interactions in the binding pouches (Table 5).



Fig. 13 3D and 2D depictions of docked ligands – 5m (a) and 5p (b): demonstrating H-bond (light green), unfavorable bump (red), p-
alkyl (light pink), amide p-stack (pink) and p-p T-shaped (shocking pink) contacts inside a binding pouch of the BChE (PDB ID: 4BDS).
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Table 5 Binding interactions of compounds (5a-5x) to BChE protein (PDB ID: 4bds) using PatchDock.

Compound Score ACE

(kcal/mol)

Hydrogen bond

interactions

Distance

(Å)

Hydrophobic interactions p-p T-shaped

interactions

5a 7096 –332.95 – – Tyr440, Asn83, Asp70, Ser287, Thr284, Val288, Gly117,

Phe398, Gly116, His438, Glu197

Trp82, Phe329,

Trp231

5b 6978 –345.85 – – Gly127, Ser198, Phe398, Gly116, Trp82, Asn83, Asp70,

Asn68, Glu276, Asn289, Gln119, Val288

–

5c 6940 –356.56 – – Ala388, Asp391, Gln518, Phe371, Thr374, Asn384,

Arg381, Glu387

Tyr373

5d 5870 –363.06 – – Phe371, Thr374, Asn384, Glu387, Ala388, Asp391,

Asp395

Tyr332

5e 5862 –311.73 – – Gln380, Arg381, ASn384, Glu383, Glu387, Ala388,

Asp391, Tyr373, Asp395, Gln518, His372

Trp376

5f 6472 –457.04 – – Asp70, Asn83, Gly116, Thr120, Pro285, Thr284, Asn397,

Gly117, Phe398, Gly115, Glu197

Trp82, Trp231

5g 6576 –378.61 – – Thr374, His372, Gln518, Ala388, Tyr373, Glu387,

Arg381

Trp376

5h 6474 –348.11 – – Asn384, Arg381, Glu383, Asp391, Ala388, Gln518,

Phe371, Thr374

Trp376

5i 6998 –414.34 – – Ser79, Asn83, Glu276, Asn289, Ser287, Gln119, Gly117,

Val288, Phe398, Asn397, His438, Ile442

Trp231

5j 6462 –362.67 – – Gln380, Arg381, Glu387, Tyr373, Ala388, Gln518,

His372, Phe371, Thr374

Trp376

5k 6320 –410.48 – – Thr284, Ser189, His438, Gly115, Asn83, Glu276 –

5l 6038 –357.18 – – Ala388, Thr374, Phe371 Tyr373

5m 6998 –404.36 – – Ala388, Glu387, Arg381, Asn384, Gln384, Thr374 Tyr373, Tyr373,

Trp376

5n 6386 –369.44 – – Thr284, Glu276, Phe398, Ala199, His438, Gly115, Trp231, Phe329,

Gly116, Gly116

5o 6156 –297.92 – – Thr374, Phe371, Ala388, Asp391 Tyr373, Trp376

5p 7029 –356.84 Ala388 3.02 Glu387, Thr374, Gln380, Asp395, Phe371 Tyr373, Tyr373,

Trp376

5q 6192 –389.06 – – Gln380, Ala388, Arg380, Thr374 Tyr373, Tyr373,

Trp376

5r 6028 –336.77 – – Arg515, Phe371, Thr374, Ala388 Tyr373, Trp376,

Trp376

5s 6198 –314.69 – – Phe371, Ala388, Thr374 Tyr373, Trp376

5t 6288 –312.13 – – Phe371, Ala388, Thr374 Tyr373, Trp376

5u 6408 –388.41 – – Phe398, Tyr440, Met437, Ser79 Phe329, Trp231

5v 6198 –336.65 – – Gly78, Met437, Tyr440, Ser79, Asn83, Phe398, Phe118 Trp231

5w 6348 400.51 – – Glu197, Gly115, Ala199, Asn397, Asn83, Ser79, Tyr332,

Glu276

Gly116, Trp82

5x 6252 –520.40 – – Glu276, Leu273, Ala199, Thr284, Asn83, Phe389, His438 Gly116, Trp231

Eserine 4462 170.03 Tyr128 3.35 Leu125, Ile442, Glu197, Phe329, Tyr332, Trp430, Ser79,

Tyr440, Met437, Gly78

Trp82
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4. Conclusion

A series of heteroaryl substituted imidazoles (5a-5x) was synthesized

and screened against AChE and BChE to evaluate their inhibitory

potential in search of leads in the treatment of AD. At first, the syn-

thetic reaction conditions were optimized by using different amino

acids as catalysts, and polar / non-polar solvents. The facile and effi-

cient synthetic methodology was adopted to prepare target series in

excellent yields by employing the glutamic acid as a useful catalyst.

The novel derivatives were further characterized through FTIR, EI-

MS, 1H NMR, 13C NMR and CHN analyses. These compounds were

further tested against both AChE and BChE enzymes. It is concluded

from SAR results that imidazole is a core moiety and the aryl/hetero-

aryl rings along with structural modifications in the region-A and

region-B are strongly correlated with enzyme inhibitions. A coumari-

nyl moiety containing imidazolylpyrazole derivative 5x was the most

active AChE enzyme inhibitor with IC50 25.83 ± 0.25 mM. While a

simple phenyl decorated imidazolylpyrazole scaffold 5a was the most

potent BChE inhibitor with IC50 0.35 ± 0.02 mM when compared to
standard eserine (BChE IC50 0.62 ± 0.08 mM). This molecule also

has SI of 117.91 for BChE. Docking simulation disclosed the strong

hydrophobic and p-p T-shaped interactions of 5a with the enzyme

though hydrogen bonding was not involved in the enzyme inhibitor

complex. Other potent BChE inhibitors of the series are 5p, 5m, 5x,

5b, 5c, 5e and 5f with IC50 values from 3.60 ± 0.12 mM to 9.84 ± 0.

11 mM. Moreover, molecular docking studies of all the synthesized

compounds have depicted critical interaction patterns with AChE

and BChE enzymes and are in complete agreement with the in vitro

findings. Hence, this study highlights some hopeful structural features

for further studies in detail wherein potent compounds could be

employed in new drug discovery.
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inhibitors as potential anti-Alzheimer’s agents: an updated patent

review (2018-present). Expert Opin. Ther. Pat. 32 (8), 913–932.

https://doi.org/10.1080/13543776.2022.2083956.

Gao, H., Jiang, Y., Zhan, J., Sun, Y., 2021. Pharmacophore-based

drug design of AChE and BChE dual inhibitors as potential anti-

Alzheimer’s disease agents. Bioorg. Chem. 114,. https://doi.org/

10.1016/j.bioorg.2021.105149 105149.

Gaugler, J., James, B., Johnson, T., Reimer, J., Solis, M., Weuve, J.,

Buckley, R.F., Hohman, T.J., 2022. 2022 Alzheimer’s disease facts

and figures. Alzheimer’s Dement. 18 (4), 700–789. https://doi.org/

10.1002/alz.12638.

Grutzendler, J., Morris, J.C., 2001. Cholinesterase inhibitors for

Alzheimer’s disease. Drugs 61 (1), 41–52. https://doi.org/10.2165/

00003495-200161010-00005.

Jing, L., Wu, G., Kang, D., Zhou, Z., Song, Y., Liu, X., Zhan, P.,

2019. Contemporary medicinal-chemistry strategies for the discov-

ery of selective butyrylcholinesterase inhibitors. Drug Discov. 24

(2), 629–635. https://doi.org/10.1016/j.drudis.2018.11.012.

Jun, J., Baek, J., Yang, S., Moon, H., Kim, H., Cho, H., Hah, J.M.,

2021. Discovery of a potent and selective JNK3 inhibitor with

neuroprotective effect against amyloid b-induced neurotoxicity in

primary rat neurons. Int. J. Mol. Sci. 22 (20), 11084. https://doi.

org/10.3390/ijms222011084.

Kabir, M.T., Uddin, M., Begum, M., Thangapandiyan, S., Rahman,

M., Aleya, L., Mathew, B., Ahmed, M., Barreto, G.E., Ashraf, G.

M., 2019. Cholinesterase inhibitors for Alzheimer’s disease: mul-

titargeting strategy based on anti-Alzheimer’s drugs repositioning.

Curr. Pharm. Des. 25 (33), 3519–3535. https://doi.org/10.2174/

1381612825666191008103141.

Karlsson, D., Fallarero, A., Brunhofer, G., Guzik, P., Prinz, M.,

Holzgrabe, U., Erker, T., Vuorela, P., 2012. Identification and

characterization of diarylimidazoles as hybrid inhibitors of butyryl-

cholinesterase and amyloid beta fibril formation. Eur. J. Pharm.

Sci. 45 (1–2), 169–183. https://doi.org/10.1016/j.ejps.2011.11.004.

https://doi.org/10.1016/j.arabjc.2022.104384
https://doi.org/10.3998/ark.5550190.0012.103
https://doi.org/10.2147/DDDT.S307113
https://doi.org/10.1016/j.bmcl.2019.126789
https://doi.org/10.1007/s11033-021-06512-9
https://doi.org/10.1007/s11033-021-06512-9
https://doi.org/10.1016/j.molstruc.2021.131591
https://doi.org/10.1042/bj2600625
https://doi.org/10.1080/00397911.2016.1263336
https://doi.org/10.1080/00397911.2016.1263336
https://doi.org/10.1016/j.bioorg.2017.01.017
https://doi.org/10.1016/j.bioorg.2017.01.017
https://doi.org/10.1016/j.bioorg.2017.05.009
https://doi.org/10.1016/j.bioorg.2017.05.009
https://doi.org/10.1016/j.bioorg.2018.10.047
https://doi.org/10.1016/j.bioorg.2021.104686
https://doi.org/10.1016/j.bioorg.2021.104686
https://doi.org/10.1021/ml400304w
https://doi.org/10.1002/oms.1210050408
https://doi.org/10.1002/trc2.12295
https://doi.org/10.1016/j.ejmech.2013.01.029
https://doi.org/10.1016/j.ejmech.2013.01.029
https://doi.org/10.2174/1567205013666160404120542
https://doi.org/10.1016/j.bmcl.2018.05.063
https://doi.org/10.2174/1389557522666220104152141
https://doi.org/10.2174/1389557522666220104152141
https://doi.org/10.1080/13543776.2022.2083956
https://doi.org/10.1016/j.bioorg.2021.105149
https://doi.org/10.1016/j.bioorg.2021.105149
https://doi.org/10.1002/alz.12638
https://doi.org/10.1002/alz.12638
https://doi.org/10.2165/00003495-200161010-00005
https://doi.org/10.2165/00003495-200161010-00005
https://doi.org/10.1016/j.drudis.2018.11.012
https://doi.org/10.3390/ijms222011084
https://doi.org/10.3390/ijms222011084
https://doi.org/10.2174/1381612825666191008103141
https://doi.org/10.2174/1381612825666191008103141
https://doi.org/10.1016/j.ejps.2011.11.004


Treatment of Alzheimer’s Disease 21
Kaur, M., Priya, A., Sharma, A., Singh, A., Banerjee, B., 2022.

Glycine and its derivatives catalyzed one-pot multicomponent

synthesis of bioactive heterocycles. Synth. Commun. 1–22. https://

doi.org/10.1080/00397911.2022.2090262.

Kumari, S., Maddeboina, K., Bachu, R.D., Boddu, S.H., Trippier, P.

C., Tiwari, A.K., 2022. Pivotal role of nitrogen heterocycles in

Alzheimer’s disease drug discovery. Drug Discov. 27, (10). https://

doi.org/10.1016/j.drudis.2022.07.007 103322.

Kuzu, B., Tan, M., Taslimi, P., Gülçin, _I., Tas�pınar, M., Menges, N.,
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Barić, D., Škorić, I., 2022. New naphtho/thienobenzo-triazoles

with interconnected anti-inflammatory and cholinesterase inhibi-

tory activity. Eur J. Med. Chem. 241,. https://doi.org/10.1016/j.

ejmech.2022.114616 114616.

Nachon, F., Carletti, E., Ronco, C., Trovaslet, M., Nicolet, Y., Jean,

L., Renard, P.Y., 2013. Crystal structures of human cholinesterases

in complex with huprine W and tacrine: elements of specificity for

anti-Alzheimer’s drugs targeting acetyl- and butyryl-cholinesterase.

Biochem. J. 453 (3), 393–399. https://doi.org/10.1042/BJ20130013.

Naureen, S., Ijaz, F., Nazeer, A., Chaudhry, F., Munawar, M.A.,

Khan, M.A., 2017. Facile, eco-friendly, one-pot protocol for the

synthesis of indole-imidazole derivatives catalyzed by amino acids.

Synth. Commun. 47 (16), 1478–1484. https://doi.org/10.1080/

00397911.2017.1332766.

Nguyen, T.T., Le, N.P.T., Tran, P.H., 2019. An efficient multicom-

ponent synthesis of 2,4,5-trisubstituted and 1,2,4,5-tetrasubstituted

imidazoles catalyzed by a magnetic nanoparticle supported Lewis

acidic deep eutectic solvent. RSC Adv. 9 (65), 38148–38153. https://

doi.org/10.1039/C9RA08074K.

Obaid, R.J., Naeem, N., Mughal, E.U., Al-Rooqi, M.M., Sadiq, A.,

Jassas, R.S., Moussa, Z., Ahmed, S.A., 2022. Inhibitory potential

of nitrogen, oxygen and sulfur containing heterocyclic scaffolds

against acetylcholinesterase and butyrylcholinesterase. RSC Adv.

12 (31), 19764–19855. https://doi.org/10.1039/d2ra03081k.
Porsteinsson, A.P., Isaacson, R.S., Knox, S., Sabbagh, M.N., Rubino,

I., 2021. Diagnosis of early alzheimer’s disease: clinical practice in

2021. J. Prev. Alzheimer’s Dis. 8 (3), 371–386. https://doi.org/

10.14283/jpad.2021.23.

Purgatorio, R., de Candia, M., Catto, M., Carrieri, A., Pisani, L., De

Palma, A., Toma, M., Ivanova, O.A., Voskressensky, L.G.,

Altomare, C.D., 2019. Investigating 1,2,3, 4,5,6-hexahydroazepino

[4,3-b] indole as scaffold of butyrylcholinesterase-selective inhibi-

tors with additional neuroprotective activities for Alzheimer’s

disease. Eur. J. Med. Chem. 177, 414–424. https://doi.org/10.1016/

j.ejmech.2019.05.062.

Qin, P., Ran, Y., Liu, Y., Wei, C., Luan, X., Niu, H., Peng, J., Sun, J.,

Wu, J., 2022. Recent advances of small molecule JNK3 inhibitors

for Alzheimer’s disease. Bioorg. Chem. 128,. https://doi.org/

10.1016/j.bioorg.2022.106090 106090.

Ramrao, S.P., Verma, A., Waiker, D.K., Tripathi, P.N., Shrivastava,

S.K., 2021. Design, synthesis, and evaluation of some novel

biphenyl imidazole derivatives for the treatment of Alzheimer’s

disease. J. Mol. Struct. 1246,. https://doi.org/10.1016/j.mol-

struc.2021.131152 131152.

Rehuman, N.A., Oh, J.M., Nath, L.R., Khames, A., Abdelgawad, M.

A., Gambacorta, N., Nicolotti, O., Jat, R.K., Kim, H., Mathew, B.,

2021. Halogenated coumarin–chalcones as multifunctional

monoamine oxidase-B and butyrylcholinesterase inhibitors. ACS

Omega 6 (42), 28182–28193. https://doi.org/10.1021/acsomega.

1c04252.

Rosenberry, T.L., Brazzolotto, X., Macdonald, I.R., Wandhammer,

M., Trovaslet-Leroy, M., Darvesh, S., Nachon, F., 2017. Compar-

ison of the binding of reversible inhibitors to human butyryl-

cholinesterase and acetylcholinesterase: a crystallographic, kinetic

and calorimetric study. Molecules 22 (12), 2098. https://doi.org/

10.3390/molecules22122098.

Rossi, R., Angelici, G., Casotti, G., Manzini, C., Lessi, M., 2019.

Catalytic synthesis of 1,2,4,5-tetrasubstituted 1H-imidazole deriva-

tives: state of the art. Adv. Synth. Catal. 361 (12), 2737–2803.

https://doi.org/10.1002/adsc.201801381.

Sari, S., Akkaya, D., Zengin, M., Sabuncuoğlu, S., Özdemir, Z.,
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