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Abstract: Introduction: Alzheimer’s Disease (AD) is a complicated and advanced neu-
rodegenerative condition accompanied by gradual cholinergic neuronal death and higher
levels of monoamine oxidase-B (MAO-B) enzyme. In this study, a series of novel hy-
brid compounds combining 1,3,4-oxadiazole and quinoline moieties were synthesized
and evaluated for their potential as inhibitors of acetylcholinesterase (AChE), butyryl-
cholinesterase (BuChE), and MAO enzymes.

Methods: The chemical structures of the synthesized compounds were confirmed using
various analytical techniques, such as mass spectrometry, infrared spectroscopy (IR),
proton nuclear magnetic resonance (1H-NMR), and carbon and nuclear magnetic reso-
nance (13C-NMR). The final products were evaluated for anticholinesterase potential by
applying modified Ellman’s spectrometric method, whereas a fluorometric method was
used to assess MAO inhibition properties. /n-silico studies using molecular docking and
molecular dynamics simulation (MDS) methods has been also conducted.
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10.2174/0109298673333159240815061350 Results: Among the synthesized compounds, 5a, 5c, and 6a demonstrated substantial ac-

tivity against AChE, with IC,, values of 0.033 pM, 0.096 uM, and 0.177 uM, respective-
ly. A molecular docking study was performed to elucidate the binding modes and estab-
lish the structure-activity relationship (SAR) of the most active compounds (5a, Sc, and
6a). Molecular dynamics simulation (MDS) of the most potent compound, 5a, was also
conducted to examine the stability of the interactions with the receptor. Moreover, the
physicochemical properties of the active products were also studied.

Conclusion: Overall, this research contributes to the development of 1,3,4-oxadia-
zole-quinoline hybrids as potential AChE inhibitors for the treatment of Alzheimer’s dis-
ease.

Keywords: 1,3,4-oxadiazole, quinoline, Alzheimer’s disease, anticholinesterase, molecular docking, B-amyloid
plaques.

1. INTRODUCTION

Alzheimer's Disease (AD) is a gradually worsening
neurodegenerative disorder recognized for its impact
on the aging population. It is primarily distinguished

(NFTs), and the loss of neurons [1]. Extensive endeav-
ors have been dedicated to elucidating the fundamental
neuropathological mechanisms underlying these patho-
logical alterations [2].

by the accumulations of atypical f-amyloid plaques,
the formation of intraneuronal neurofibrillary tangles
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A widely accepted proposal is the cholinergic hy-
pothesis, which highlights the significant impairment
of cholinergic pathways that play a vital role in neural
function, learning, and brain plasticity. The primary
cholinergic neurotransmitter, acetylcholine (ACh), un-
dergoes hydrolysis by acetylcholinesterase (AChE) in-
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to choline and acetic acid, thereby regulating the levels
of acetylcholine in the brain. However, in individuals
with Alzheimer's disease, there is a noticeable reduc-
tion in acetylcholine levels within synaptic gaps due to
an accelerated degradation rate of acetylcholine and de-
generation of cholinergic neurons [3]. Consequently,
this leads to the termination of synaptic transmission
between neurons. The deficiency of acetylcholine is
thus responsible for memory loss, learning deficits,
and cognitive function deterioration associated with
Alzheimer's disease [4].

In addition, the loss of cholinergic neurons has a
significant impact on other aspects of the disease, ex-
acerbating the progressive accumulation of AP (B-amy-
loid) plaques, inflammation, and oxidative stress. As a
result, acetylcholinesterase inhibitors are commonly
utilized as the primary pharmacological interventions
in order to restore acetylcholine levels. This approach
provides symptomatic relief for Alzheimer's disease,
aiming to alleviate the cognitive impairments associat-
ed with the condition [5].

Another significant cholinesterase enzyme is bu-
tyrylcholinesterase (BuChE), whose activity has been
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observed to increase progressively in the advanced
stages of AD, eventually becoming the primary en-
zyme responsible for breaking down acetylcholine [6].
Moreover, several studies have demonstrated that in-
hibitors of BuChE can impede the formation and aggre-
gation of amyloid-beta fibrils [7]. Hence, medications
that target both AChE and BuChE are anticipated to
provide superior therapeutic advantages, leading to im-
proved cognitive function [8, 9]. Numerous investiga-
tions have been conducted to create highly effective
analogs of anticholinesterase [10, 11].

Currently, the pharmacological options available
for the management of Alzheimer's disease include cho-
linesterase inhibitors, namely donepezil, rivastigmine,
and galantamine, as shown in Fig. (1). These medica-
tions function by increasing the levels of acetylcholine
and are typically prescribed for individuals with mild
to moderate cases of the disease. Additionally, as an ad-
junctive therapy alongside cholinesterase inhibitors,
the N-methyl-d-aspartate receptor (NMDAR) inhibitor
memantine is commonly utilized in moderate cases of
AD [12].
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Fig. (1). Anti-Alzheimer’s agents. (4 higher resolution / colour version of this figure is available in the electronic copy of the

article).
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In 2021, the first disease-modifying immunothera-
py known as aducanumab received approval for the
treatment of mild cognitive impairment or mild
Alzheimer's disease. Aducanumab is purported to func-
tion by targeting and eliminating abnormal beta-amy-
loid plaques in the brain, with the intention of reducing
their overall quantity. However, the extent to which
this drug effectively decelerates the progression of cog-
nitive function impairment remains uncertain [13].

Furthermore, it has been observed that monoamine
oxidase-B (MAO-B) is upregulated in the brains of in-
dividuals with Alzheimer's disease, and its activity is
significantly increased, up to three-fold, particularly in
brain regions associated with plaques, notably in astro-
cytes. In an attempt to impede the neurodegenerative
process associated with Alzheimer's disease, several
MAO-B inhibitors, including selegiline, rasagiline, and
lazabemide, have been utilized. These inhibitors aim to
exert neuroprotective effects through various mech-
anisms [14-16].

ACHhE active site is mainly composed of two main
binding regions, namely peripheral anionic site (PAS)
and catalytic active site (CAS). Recent research has al-
so provided evidence demonstrating the role of the
PAS of acetylcholinesterase in regulating enzyme ex-
pression and facilitating the accumulation of amyloid
plaques. Consequently, it is anticipated that enzyme in-
hibitors capable of interacting with the amino acids in
the PAS would exert a mitigating effect on the deposi-
tion of amyloid plaques, thereby exhibiting neuropro-
tective properties. Current investigations have focused
on the development of dual-binding site inhibitors that
target both the CAS and PAS domains, with the aim of
simultaneously preventing acetylcholine degradation
and AChE-induced A aggregation [6, 17].

So far, several studies have been carried out to pre-
pare skeletons that have the ability to ameliorate AD
by dual inhibition of cholinesterase and MAO-B en-
zymes aiming to increase the efficiency of the com-
pounds as anti-Alzheimer’s agents [18].

The need for the development of multi-target
agents has led researchers to explore the design of hete-
rocycle-based compounds for the production of effec-
tive drugs targeting Alzheimer's disease. Extensive lit-
erature indicates that numerous heterocyclic com-
pounds exhibit notable anti-Alzheimer’s activity,
suggesting their potential in the development of novel
therapeutic agents for the disease [19].

One of the most important heptacyclic cores that
have been used in the course of design and synthesis of
medicinal agents is the 1,3,4-oxadiazole ring due to its
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wide range of chemical and biological properties [20,
21]. 1,3,4-Oxadiazole derivatives have exhibited excep-
tional potential in modulating Alzheimer's disease
through multiple pathways. For example, certain deri-
vatives have demonstrated a neuroprotective effect
against toxicity induced by AP (amyloid-beta) [22].
Other compounds have shown inhibitory activity
against glycogen synthase kinase-3p (GSK-3p), lead-
ing to a reduction in tau hyperphosphorylation and [-
amyloid production. Furthermore, it has been estab-
lished that numerous 1,3,4-oxadiazole derivatives pos-
sess anticholinesterase activity, which plays a critical
role in Alzheimer's disease [22-26]. Additionally, sev-
eral studies have demonstrated the ability of 1,3,4-oxa-
diazole derivatives to inhibit MAO enzymes [27, 28].
In 2019, Sharma et al. designed, synthesized, and test-
ed a series of N-benzylpiperidine -1,3,4-oxadiazole
multitargeted hybrids for Alzheimer’s disease (Fig.
2I). Several hybrids have displayed significant acetyl-
cholinesterase (AChE), butyrylcholinesterase (BChE),
and beta-secretase-1 (BACE-1) inhibition properties,
as well as antioxidant properties [29].

In another study, Choubey et al. (2021) incorporat-
ed 1,3,4-oxadiazole and N-benzylpyrrolidine in the
same skeleton and evaluated their potential to inhibit
AChE, BChE, and BACE-1 enzymes (Fig. 2II). Some
derivatives demonstrated a remarkable potential to
ameliorate cognitive dysfunction in in-vivo animal
models [26].

Furthermore, 1,3,4-oxadiazole has been combined
with ferulic acid in a single backbone and derivatized
and then screened for AChE, BChE, and BACE-1 inhi-
bition properties (Fig. 2III). Numerous derivatives
were found to have multifunctional inhibitory potential
with significant IC,, against these enzymes [25].

Another intriguing and fundamental heterocyclic
core is quinoline, which has garnered significant inter-
est in medicinal chemistry, particularly within the
realm of heterocyclic compounds. This is primarily at-
tributed to their broad spectrum of pharmacological ac-
tivities, including anti-AD properties [30-34]. Further-
more, extensive research has been conducted on the
quinoline core due to its known biological activity in
inhibiting anticholinesterase and MAO, indicating its
potential as a promising pharmacophore for the patho-
genesis related to Alzheimer's disease [10, 32-37].

In 2021, Ziab et al. prepared a series of quino-
line-thiosemicarbazone compounds and evaluated their
cholinesterase inhibitory activities. One of the deriva-
tives showed a highly potent anticholinesterase activity
(Fig. 21V) [38]. Moreover, some coumarin-quinoline
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Fig. (2). Some quinoline and 1,3,4-oxadiazole hybrids with anti-Alzheimer’s properties. (4 higher resolution / colour version

of this figure is available in the electronic copy of the article).

hybrids were produced, and in-vitro studies were con-
ducted on their anticholinesterase and iron-chelating
properties (Fig. 2V) [39].

The objective of this research was to produce a se-
ries of compounds incorporating quinoline and 1,3,4-
oxadiazole cores in their molecular structure, with the
aim of pursuing an improved therapeutic profile in the
context of Alzheimer's disease. Specifically, the struc-
tures were designed to simultaneously target cho-
linesterase and monoamine oxidase enzymes in order
to target multiple pathways. Additionally, this study
aimed to conduct in-silico analysis using molecular
docking techniques to predict and analyze the binding
interactions between the most active candidates and
their respective target receptors.

2. MATERIALS AND METHODS
2.1. Chemistry

The chemicals were purchased from Merck Chemi-
cals (Merck KGaA, Darmstadt, Germany) and Sig-
ma-Aldrich Chemical Co. (Sigma-Aldrich Corp., St.
Louis, MO, USA). Melting points (m.p.) were uncor-
rected and measured using the MP90 digital melting
point apparatus (Mettler Toledo, Ohio, USA). The reac-
tions were controlled by thin-layer chromatography
(TLC) using Silica Gel 60 F,;, TLC plates (Merck

KGaA, Darmstadt, Germany). The mobile phase of
TLC was petroleum ether-ethyl acetate (9:1, 3:1, and
1:1). Shimadzu 8040 LC/MS/MS system (Shimadzu,
Tokyo, Japan) was used to determine the mass spectra
HRMS of final compounds. 'H-NMR and "C-NMR da-
ta were obtained using NMR, Bruker DPX- 300 FT-
NMR spectrometer (Bruker Bioscience, Billerica, MA,
USA) in DMSO-d, as solvent. The data were ex-
pressed as chemical shifts or 6 values (ppm) relative to
the internal standard TMS, and coupling constants (J)
were given in Hz.

2.1.1. Synthesis of Ethyl 2-(Quinolin-8-yloxy) Acetate
(D)

8-Hydroxyquinoline (7.25 g, 0.05 mol) was dis-
solved with the base potassium carbonate (13.82 g, 0.1
mol) and stirred for 15 min, then ethyl bromoacetate
(6.61 mL, 0.06 mol) was added to the reaction mixture
and heated at reflux temperature for 2-3 hours in ace-
tone (100 mL). After TLC analysis, the solvent was
evaporated, and the product was washed, filtered out
of the water, and dried [40].

2.1.2. Synthesis of 2-(Quinolin-8-yloxy) Acetohy-
drazide (2)

Ethyl 2-(quinolin-8-yloxy)acetate (1) (10.3 g, 0.047
mol) was stirred with hydrazine monohydrate 85%
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(0.01 mol, 7.3 mL) in ethanol (250 mL) for 1 hour at
room temperature. The reaction was controlled using
TLC, and the solid product was filtered and recrystall-
ized from ethanol [40].

2.1.3. Synthesis of 5-[(Quinolin-8-yloxy)Methyl]
-1,3,4-Oxadiazole-2-thiol (3)

An ethoxide solution was prepared by dissolving
2.44g of KOH (0.043 mol) in 100 mL of absolute
ethanol. To this basic solution, 2-(quinolin-8-yloxy)ace-
tohydrazide (2) (9.27 g, 0.0432 mol) was added, fol-
lowed by the gradual addition of CS, (5.1 mL, 0.085
mol) to the reaction. The resulting mixture was then re-
fluxed for 5-6 hours. After the reaction completion, the
mixture was slowly poured into iced water and acidi-
fied with aqueous HCI until the pH reached 5-6. The
crude product was then filtered and dried [41].

2.1.4. Synthesis of 1-(Substituted Phenyl)-2-[[5-((Qui-
nolin-8-yloxy)Methyl)-1,3,4-oxadia-
zol-2-ylJthio]ethan-1-one (4a-4d)

For this process, 0.5g (0.001 mol) of 5-[(quino-
lin-8-yloxy)methyl]-1,3,4-oxadiazole-2-thiol (3) was
mixed with 0.001 mol of substituted phenacyl bromide
(0.001 mol) in the presence of the base potassium car-
bonate (0.0015 mol) in acetone (20 mL) at ambient
temperature. After the reaction completion, the solvent
was evaporated, and the resulting product was washed
with water, filtered, and dried [42].

2.1.4.1. _1-Phenyl-2-[[5-((Ouinolin-8-yloxy)Methyl)
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140.135,  140.91,
192.71(C=0).

HRMS (m/z): [M+H]" calculated for C,,H,;N,O,S:
378.0907; found: 378.0910.

153.35, 164.14, 165.05,

2.1.4.2. 2-[[5-((Ouinolin-8-yloxy)methyl)-1,3,4-oxadi-
azol-2-yllthio]-1-(p-tolyl)ethan-1-one (4b)

Yield 64%, m.p.= 148-149°C. FTIR (ATR, cm™):
3053 (aromatic C-H stretching), 2848-2954 (aliphatic
C-H stretching), 1674 (C=0 stretching), 1602-1490
(C=N, C=C stretching), 1261 (C-O stretching, oxadia-
zole), 1165 (C-O stretching, ether), 1118 (1,4 disubsti-
tuted benzene).

'"HNMR: (400 MHz, DMSO-d,, ppm) J: 2.40 (3H,
s, phenyl-CH,;), 5.11 (2H, s, CO-CH,), 5.60 (2H, s, O-
CH,), 7.36 (1H, d, J=1.76 Hz, quinoline C,-H), 7.52
(1H, t, J= 7.95 Hz, phenyl-H), 7.56-7.63 (3H, m, aro-
matic-H), 7.93 (2H, d, J=8.2 Hz, aromatic-H), 8.36
(1H, dd, J= 8.3, J,=1.67 Hz, quinoline C,-H), 8.95
(1H, dd, J=4.12, J,=1.7 Hz, quinoline C,-H).

“C-NMR: (100 MHz, DMSO-d,, ppm)J: 21.69
(CH,), 41.10 (S-CH,), 60.88 (O-CH,), 111.97, 121.94,
122.53, 127.07, 129.02, 129.62, 129.89, 132.96,
136.55, 140.02, 145.05, 149.86, 153.30, 164.10,
165.09, 192.19(C=0).

HRMS (m/z): [M+H]" calculated for C,,H,,.N,O,S:
392.1063; found: 392.1049.

2.1.4.3. _1-(4-Methoxyphenyl)-2-[[5-[(Quinolin-8-y-
loxy)Methyl)-1,3,4-oxadiazol-2-yl[thio]ethan-1-one

-1,3,4-oxadiazol-2-yl]thio]ethan-1-one (4a)

Yield 73%, m.p.=110-111°C. FTIR (ATR, cm™):
3053 (aromatic C-H stretching), 2920-2960 (aliphatic
C-H stretching), 1676 (C=0), 1500-1600 (N=C, C=C
stretching), 1261 (aromatic C-O stretching, oxadia-
zole), 1172 (aliphatic C-O stretching), 1118 (monosub-
stituted benzene).

'H-NMR: (400 MHz, DMSO-d,, ppm) J: 5.16
(2H, s, CO-CH,), 5.60 (2H, s, O-CH,), 7.36 (1H, dd,
J=1.74,J,=1.06 Hz, quinoline C,-H),7.52 (1H, t, J=
8.04 Hz, phenyl C,-H), 7.55-7.63 (4H, m, aromatic-H),
7.71 (1H, t, J=7.42 Hz, phenyl C,-H), 8.02 (2H, d,
J=7.12 Hz, phenyl C,;-H), 8.35 (1H, dd, J,= 8.30 ,
J,=1.70 Hz, quinoline C,-H), 8.87 (1H, dd, J=4.13 , J,
=1.74 Hz, quinoline C,-H).

“C-NMR: (100 MHz, DMSO-d,, ppm)J: 41.10(S-

CH,), 60.89(0-CH,), 111.94, 121.94, 122.53, 127.03,
128.91, 129.36, 129.61, 134.46, 135.45, 136.45,

(£19]

Yield 71%, m.p.=170-171°C. FTIR (ATR, cm™):
3010-3057 (aromatic C-H stretching), 2918-2848
(aliphatic C-H stretching), 1668 (C=0O stretching),
1500-1595 (C=N, C=C stretching), 1257 (C-O stretch-
ing, oxadiazole), 1165 (C-O stretching, ether), 1107
(1,4 disubstituted benzene).

'"HNMR: (400 MHz, DMSO-d,, ppm) J: 3.86 (3H,
s, O-CH,), 5.09 (2H, s, CO-CH,), 5.61 (2H, s, O-CH,),
7.08 (2H, d, J=1.76 Hz, phenyl-H), 7.37 (1H, d, J=
6.93 Hz, quinoline C,-H), 7.52-7.63 (3H, m, quino-
line-H), 8.02 (2H, d, J=8.9 Hz, phenyl-H), 8.36 (1H,
dd, J=8.29 , J=1.50 Hz, quinoline C,-H), 8.88 (1H,
dd, J=4.09 , J,=1.58 Hz, quinoline C,-H).

“C-NMR: (100 MHz, DMSO-d,, ppm)J:40.91 (S-
CH,), 56.12 (O-CH,), 60.91 (O-CH,), 112.01, 114.57,
121.94, 122.53, 127.08, 128.30, 129.62, 131.34,
136.62, 139.96, 149.83, 153.28, 164.07, 164.21,
165.17, 190.98 (C=0).
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HRMS  (m/z): [M+H]  calculated for
C,,H,,N,0,S:408.1013; found:408.1019.

2.1.4.4. 1-(2,5-Dimethoxyphenyl)-2-[[5-((Quino-
lin-8-yloxy)Methyl)-1,3,4-oxadiazol-2-yl] thio]ethan-
1-one (4d)

Yield 69%, m.p.= 124-125°C. FTIR (ATR, ecm™):
3000-3050 (aromatic C-H stretching), 2835-2937
(aliphatic C-H stretching), 1643 (C=O stretching),
1608 (C=N stretching), 1494 (C=C stretching), 1263
(C-O stretching, oxadiazole), 1157 (C-O stretching,
ether).

'"HNMR: (400 MHz, DMSO-d,, ppm) J: 3.37 (3H,
s, O-CH,), 3.89 (3H, s, O-CH,), 4.92 (2H, s, CO-CH,),
5.60 (2H, s, O-CH,), 7.19 -7.22 (2H, m, aromatic-H),
7.37 (1H, d, J= 7.7, J=1.02 Hz, quinoline C,-H),
7.50-7.63 (4H, m, aromatic-H), 8.34 (1H, dd, J,= 8.33,
J,=1.72 Hz, quinoline C,-H), 8.87 (1H, dd, J= 4.14 ,
J,=1.71 Hz, quinoline C,-H).

BC-NMR: (100 MHz, DMSO-d,, ppm)J:45.01 (S-
CH,), 56.04 (O-CH,), 56.95 (O-CH,), 60.91 (O-CH,),
111.94, 114.15, 114.80, 121.81, 121.93, 122.51,
125.48, 127.01, 129.61, 136.44, 140.13, 149.89,
153.37, 153.47, 153.88, 164.06, 165.27, 192.64 (C=0).

HRMS  (m/7): [M+H]"  calculated  for
C,,H (N;O,S:438.1118; found: 438.1119.

2.1.5. Synthesis of 2-Chloro-N-(Substituted)Ace-
tamide

A solution of 2-chloro-N-(thiazol-2-yl/phenyl)ace-
tamide (0.005 mol) was prepared in 20 mL of tetrahy-
drofuran (THF) along with triethylamine (TEA) (0.005
mol) at a temperature of 0-5°C. Subsequently,
chloroacetyl chloride (0.006 mol) was added dropwise
to the reaction mixture while continuously stirring for
1-2 hours. After the completion of the reaction, THF
was evaporated, and the resulting precipitate was
washed with distilled water and dried [43].

2.1.6. N-(4-Substituted phenyl)-2-[[5-((quinolin-8-y-
loxy)methyl)-1,3,4-oxadiazol-2-yl[thio]acetamide (5a-
9

A solution of 2-chloro-N-(substituted)acetamide
(0.001 mol) in acetonitrile was slowly added dropwise
to a solution containing  5-[(quinolin-8-y-
loxy)methyl]-1,3,4-oxadiazole-2-thiol (0.5 g, 0.001
mol) and NaOH (0.04 g, 0.001 mol) in acetonitrile (10
mL). The resulting mixture was refluxed for 10 hours.
After refluxing, the solvent was evaporated, and the
product was washed with brine water. Subsequently,
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the product was recrystallized from ethanol to obtain
pure crystals [44].

2.1.6.1. N-(4-Chlorophenyl)-2-[[5-((quinolin-8-y-
loxy)methyl)-1,3,4-oxadiazol-2-yl]thio]acetamide (5a)

Yield= 79%, m.p.=182-183°C. FTIR (ATR, cm™):
3172-3207 (N-H stretching), 3051-3061 (aromatic C-H
stretching), 2920-2978 (aliphatic C-H stretching), 1730
(C=0 stretching),1662 (C=N stretching), 1490-1570
(C=C stretching), 1240 (C-O stretching, oxadiazole),
1087(C-O stretching, ether), 1116 (1,4 disubstituted
benzene).

'H-NMR: (400 MHz, DMSO-d,, ppm)J: 4.10
(2H, s, CO-CH,), 4.75 (2H, s, O-CH,), 7.30 (1H, d,
J=7.67 Hz, aromatic-H), 7.36 (1H, d, /=8.86 Hz, qui-
noline C-H), 7.50-7.60 (6H, m, aromatic-H),
8.34-8.37 (1H, m, quinoline-H), 8.80-8.89 (1H, m, qui-
noline-H), 10.52 (1H, s, NH).

“C-NMR: (100 MHz, DMSO-d,, ppm)J: 37.22
(8-CH,), 56.49 (S-CH,), 111.98, 121.20, 121.96,

122.51, 127.04, 127.69, 129.21, 136.44, 138.05,
140.14, 149.90, 153.37, 164.19, 165.07, 165.27 (C=0).

HRMS (m/z): [M+H]' calculated for C,,H,;N,O,Cl-
S:427.0626; found: 427.0609.

2.1.6.2. N-(4-Fluorophenyl)-2-[[5-((quinolin-8-y-
loxy)methyl)-1,3,4-oxadiazol-2-yl]thio]acetamide (5b)

Yield= 87%, m.p.=182-183°C. FTIR (ATR, cm™):
3292-3122 (N-H stretching), 3066 (aromatic C-H
stretching), 2976-2841 (aliphatic C-H stretching), 1707
(C=0 stretching), 1618 (C=N stretching), 1544 (C=C
stretching), 1228 (C-O stretching, oxadiazole), 1116
(1,4 disubstituted benzene).

'H-NMR: (400 MHz, DMSO-d,, ppm)J: 3.92
(2H, s, CO-CH,), 4.55 (2H, s, O-CH,), 7.28-7.37 (4H,
m, aromatic-H), 7.51-7.58 (4H, m, aromatic-H), 8.36
(1H, d, J=6.17 Hz, quinoline C,-H), 8.77-8.80 (1H, m,
quinoline C,-H).

“C-NMR: (100 MHz, DMSO-d,, ppm)J: 32.49
(S-CH,), 51.04 (S-CH,), 116.07, 116.29, 120.31,
122.45, 127.60, 129.19, 130.85, 132.53, 136.84,
139.80, 149.65, 172.05 (C=0).

HRMS  (m/z): [M+H]"  calculated for
C,H,.N,O,FS: 411.0922 : found: 411.0916.

2.1.6.3. N-(4-Methoxyphenyl)-2-[[5-((quinolin-8-y-
loxy)methyl)-1,3,4-oxadiazol-2-yl]thiolacetamide (5c)

Yield= 74%, m.p.= 206-207°C. FTIR (ATR,
em™): 3251-3196 (N-H stretching), 3053 (aromatic C-
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H stretching), 2954-2848 (aliphatic C-H stretching),
1674 (C=0 stretching), 1620 (C=N stretching), 1556
(C=C stretching), 1244 (C-O stretching, oxadiazole),
1170 (C-O stretching, ether), 1029 (1,4 disubstituted
benzene).

'"H-NMR: (400 MHz, DMSO-d,, ppm)J: 3.79
(3H, s, O-CH,), 4.20 (2H, s, CO-CH,), 4.85 (2H, s, O-
CH,), 7.03 (2H, d, J=8.9 Hz, phenyl C,,;-H), 7.23 (2H,
d, /=8.9 Hz, phenyl C,,,-H), 7.29 (1H, d, J/=7.44 Hz,
quinoline C,-H), 7.50-7.63 (3H, m, aromatic-H), 8.38
(1H, dd, J= 8.28, J,=1.5 Hz, quinoline C,-H), 8.95
(1H, dd, J,= 4.12, J,=1.5 Hz, quinoline C,-H), 10.79
(1H, s, NH).

“C-NMR: (100 MHz, DMSO-d,, ppm)J: 33.44
(S-CH,), 55.84 (O-CH,), 69.28 (O-CH,), 113.00,
114.74, 121.20, 121.75, 122.54, 127.27, 127.82,
129.82, 136.64, 140.35, 150.01, 154.40, 159.58,
159.68, 164,59, 171.77 (C=0).

HRMS (m/z): [M+H]  calculated for C,,H,(N,O,S:
423.1122 ; found: 423.1122 .

2.1.7. N-(Substituted thiazol-2-yl)-2-[[5-((quino-
lin-8-yloxy)methyl)-1,3,4-oxadiazol-2-yl[thio]ace-
tamide (6a-c)

2.1.7.1. N-(4,5-Dimethylthiazol-2-yl)-2-[[5-((quino-
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2.1.7.2. _Ethyl  4-methyl-2-[2-/(5-((quinolin-8-y-
loxy)methyl)-1,3,4-oxadiazol-2-yl)thio]acetamido]thia-
zole-5-carboxylate (6b)

Yield 88%, m.p.= 208-209°C. FTIR (ATR, cm™):
3145 (N-H stretching), 3062 (aromatic C-H stretch-
ing), 2985-2873 (aliphatic C-H stretching), 1693 (C=0
stretching), 1622-1500 (C=N, C=C stretching), 1284
(C-O stretching, oxadiazole), 1166 (C-O stretching,
ether).

'"H-NMR: (400 MHz, DMSO-d,, ppm)J: 1.27
(3H, t, J = 7.1 Hz, CH,-CH,), 2.54 (3H, s, thia-
zole-CH3), 3.34 (2H, q, J/=7.1, CH,-CH,), 4.43 (2H, s,
CO-CH,), 5.60 (2H, s, O-CH,), 7.36 (1H, dd, J= 7.7,
J,=1.03 Hz, quinoline C,-H), 7.50-7.61 (3H, m, aromat-
ic-H), 8.34 (1H, dd, J= 8.33 , J,=1.68 Hz, quinoline
C,-H), 8.86 (1H, dd, J=4.12 , J,=1.71 Hz, quinoline
C,-H), 12.91 (1H, s, NH).

“C-NMR: (100 MHz, DMSO-d,, ppm)J:
14.63(CH,-CH,), 17.44 (thiazole-CH,), 35.89 (S-CH,),
60.93 (CH,-CH,), 61.04 (O-CH,), 111.96, 114.87,
121.95, 122.47, 127.00, 129.60, 136.40, 140.13,
149.87, 153.36, 162.42, 164.35, 166.60 (C=0).

HRMS (m/z): [M+H]" calculated for C,,H,,N,O,S,:
486.0900 ; found: 486.0908.

2.1.7.3. N-(4-Phenylthiazol-2-yl)-2-[[5-((quinolin-8-y-

lin-8-yloxy)methyl)-1,3,4-oxadiazol-2-yl|thio]ace-
tamide (6a)

Yield= 83%, m.p.= 175-176°C. FTIR (ATR,
em™): 3153 (N-H stretching), 3045 (aromatic C-H
stretching), 2918 (aliphatic C-H stretching), 1670
(C=0 stretching), 1618-1500 (C=N, C=C stretching),
1253 (C-O stretching, oxadiazole), 1163 (C-O stretch-
ing, ether).

'H-NMR: (400 MHz, DMSO-d,, ppm)J: 2.15
(3H, s, thiazole CH,), 2.23 (3H, s, thiazole CH,), 4.36
(2H, s, CO-CH,), 5.60 (2H, s, O-CH,), 7.36 (1H, d, J=
7.45 Hz, quinoline C,-H), 7.50-7.63 (3H, m, aromat-
ic-H), 8.35 (1H, d, J= 8.16 Hz, quinoline C,-H), 8.87
(1H, d, J= 2.56 Hz, quinoline C,-H), 12.27 (1H, s,
NH).

“C-NMR: (100 MHz, DMSO-d,, ppm)J: 10.81 (-
CH,), 14.68 (-CH,), 35.93 (S-CH,), 60.97 (O-CH,),
112.02, 121.97, 122.49, 127.02, 129.61, 136.41,
140.15, 149.90, 153.37, 164.28, 164.82 (C=0).

HRMS (ml7): [M+H]"  calculated  for
C,,H,,N;0,S,:428.0846; found 428.0851.

loxy)methyl)-1,3,4-oxadiazol-2-yl]thiolacetamide (6¢)

Yield 86%, m.p.= 188-189°C. FTIR (ATR, cm™):
3128 (N-H stretching), 3062-3026 (aromatic C-H
stretching), 2991-2848 (aliphatic C-H stretching), 1678
(C=0 stretching), 1698-1562 (C=N, C=C stretching),
1236 (C-O stretching, oxadiazole), 1163 (C-O stretch-
ing, ether).

'H-NMR: (400 MHz, DMSO-d,, ppm)J: 4.46
(2H, s, CO-CH,), 5.61 (2H, s, O-CH,), 7.33 (1H, t,
J=7.28 Hz, aromatic-H), 7.37 (1H, d, J=7.64 Hz, qui-
noline C,-H), 7.44 (2H, t, J=7.48 Hz, aromatic-H),
7.50-7.62 (3H, m, aromatic-H), 7.67 (1H, s, thia-
zole-H), 7.9 (2H, d, J=7.98, aromatic-H), 8.35 (1H, d,
J=8.15 Hz, quinoline C,-H), 8.87 (1H, d, J=3.97 Hz,
Quinoline C,-H), 12.75 (1H, s, NH).

“C-NMR: (100 MHz, DMSO-d,, ppm)J: 35.89,
61.02, 108.91, 112.13, 121.99, 122.50, 126.15, 127.06,
128.33, 129.22, 129.62, 134.62, 136.55, 140.04,
149.45, 149.86, 149.86, 153.31, 158.03, 164.33,
164.80, 164.87 (C=0).

HRMS (m/z): [M+H]  calculated for C,;H,,N,0,S,:
476.0846; found: 476.0805 (Figs. S1-S40).
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2.2. Determination of Anticholinesterase Activity

The inhibitory activity of the synthesized products
against acetylcholinesterase and butyrylcholinesterase
was assessed using a modified Ellman's spectrometric
method in 96-well plates. The pipetting processes were
carried out using the Biotek Precision XS robotic sys-
tem from Winooski, VT, USA. The inhibition percent-
ages were measured at 412 nm using a BioTek-Syner-
gy H1 microplate reader from Winooski, VT, USA. Pri-
or to the analysis process, all solutions were equilibrat-
ed at 20-25°C. Each well of the 96-well plates con-
tained a mixture comprising 140 pL of phosphate buf-
fer (0.1 M, pH = 8), 20 pL of 5,5’-dithiobis-(2-nitroben-
zoic acid) DTNB (0.01 M), 20 pL of enzyme solution
acquired from electric eel AChE or equine serum
BuChE in 1% gelatin solution (2.5 U/mL), 20 pL of
the inhibitor solution prepared in 2% aqueous DMSO,
and 10 pL of the substrate solution (0.075 M acetylthio-
choline iodide (ATC) or butyrylthiocholine iodide
(BTC)), resulting in a final volume of 210 pL in each
well. A preliminary prescreening evaluation was con-
ducted to assess the enzyme inhibitory activities, and
the results were presented as percentages at concentra-
tions of 10° M and 10 * M. For the evaluation of
acetylcholinesterase inhibitory activity, donepezil was
tested as a reference drug. Furthermore, for the evalua-
tion of butyrylcholinesterase inhibitory activity, tacrine
was employed as a reference agent.

The enzyme-inhibitor solutions were prepared by
adding the enzyme, inhibitor, and chromogenic reagent
DTNB to the phosphate buffer and then incubating the
mixture at 25°C for 15 minutes. Subsequently, the subs-
trate solution of acetylthiocholine iodide (ATC) or bu-
tyrylthiocholine iodide (BTC) was poured into the mix-
ture. The yellow color produced during the reaction
was controlled by determining the absorbance at 412
nm for a duration of 5 minutes. Additionally, a control
solution without the inhibitor was prepared for com-
parison. To obtain the corrected readings, the absor-
bance values of both the control and inhibitor samples
were adjusted by subtracting the blank readings. The
percentage inhibition (% inhibition) was then quanti-
fied using the following formula (1).

% inhibition =

[(A(0)-A(B))—(A(D-A(B))]
1
(A(C)-A(B)) *100 ()
Blank (B): inhibitor and substrate-free well.
Control (C): inhibitor-free well.

A(B): The blank measurements absorbance differ-
ence.
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A(C): The control measurements absorbance differ-
ence.

A(I): The inhibitor measurements absorbance differ-
ence.

Compounds that exhibited inhibition higher than
50% at a concentration of 10° M were further
screened at lower concentrations from 10° M to 10
M. A dose-response curve was constructed using
GraphPad Prism software (version 5.0) by plotting the
percentage inhibition against the logarithm of the con-
centration. This curve allowed for the determination of
the 1C,, values, which represent the concentration of
the compound prerequisite to decrease the enzyme ac-
tivity by 50% [45, 46].

2.3. Determination of Monoamine Oxidase Inhibito-
ry Activity

For the evaluation of MAO isoenzyme inhibition,
the synthesized compounds were subjected to an in-
-vitro fluorometric method. Solutions of the inhibitors
in 2% DMSO were prepared at concentrations of 10~
M and 10° M. Additionally, recombinant human
MAO-A (0.5 U/mL) and MAO-B (0.64 U/mL) en-
zymes were prepared in phosphate buffer. A working
solution mixture consisting of horseradish peroxidase
(200 U/mL, 100 pL), Ampliflu™ Red (20 mM, 200
uL), and tyramine (100 mM, 200 pL) in a solution of
phosphate buffer was also prepared. All the volumes
were adjusted to a definitive volume of 10 mL.

In the 96-well micro test plate, 20 pL of the inhibi-
tor solution was introduced to each well, followed by
the addition of 100 pL of AIMAO-A or AIMAO-B en-
zyme solution. The plate was then incubated for 30
minutes at 37°C. After the initial incubation, 100 pL of
the working solution was added to each well, and the
plate was incubated for an additional 30 minutes. Fluo-
rescence measurements were taken at 5S-minute inter-
vals with excitation/emission wavelengths set at
535/587 nm. To investigate the potential inhibitory ef-
fect of the compounds on horseradish peroxidase, paral-
lel testing proceeded using a 3% H,O, solution (20
mM, 100 pL) instead of the enzyme solutions. To as-
sess the possible non-enzymatic inhibition of the com-
pounds, the inhibitor and working solutions were
mixed separately [47, 48]. All experiments were con-
ducted in quadruplicate, and the inhibition percentage
was quantified by applying the following equation (2).

(FCty—FC¢1)—(Flgz=Flg1)

*100 (@
FCt;—FCty

%inhibition =
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FC,: Fluorescence emitted by the control at t, time.
FC,,: Fluorescence emitted by the control at t, time.

FI,: Fluorescence emitted by the inhibitor at t,
time.

FI,;: Fluorescence emitted by the inhibitor at t,
time.

2.4. ADME Parameters

The pharmacokinetic profile and physicochemical
characteristics of the active molecules were calculated
using the SwissADME online tool. Parameters, such as
the number of hydrogen-bond (H-bond) acceptors and
donors, lipophilicity, blood-brain barrier permeability,
topological polar surface area, and drug-likeness prop-
erties, were evaluated and compared to those of
donepezil [49].

2.5. Molecular Docking

The binding modes of the most potent derivatives
were determined through docking simulations using
the crystal structure of human acetylcholinesterase
(PDB ID: 4EY7) obtained from the Protein Data Bank
(PDB). The crystal structure was optimized by remov-
ing water molecules, heteroatoms, and co-factors using
the Protein Preparation Wizard protocol available in
the Schrodinger Suite 2020. The ligands were opti-
mized by assigning protonation states, bond orders,
and atom types using the LigPrep module in
Schrédinger Maestro. Prior to the docking runs, a grid
was generated by applying the Glide module, and the
docking was performed using the standard precision
docking mode [50].

2.6. Molecular Dynamics Simulation

Molecular dynamics simulations are recognized as
a crucial computational tool for assessing the time-de-
pendent stability of ligand-receptor complexes. In this
research, we conducted MDS simulations for a dura-
tion of 100 nanoseconds to ensure the stability of the
most potent compound identified in the docking re-
sults. To achieve this, we utilized the Desmond applica-
tion, employing the Schrodinger Suite's standard force
field (OPLS3e¢) along with the transferable intermolecu-
lar potential with a 3-point (TIP3P) water model. The
complex underwent an energy minimization process,
and system neutralization was accomplished by intro-
ducing Na” and CI ions. Additionally, 150 mM NaCl
in the dynamic conditions was included. Following the
setup of the system, molecular dynamics simulation
was started using NPyT ensemble modified heat,
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which was 310.55 K as obtained for optimal body tem-
perature. Key structural parameters, such as the radius
of gyration (Rg), root mean square fluctuation (RMS-
F), and root mean square deviation (RMSD), were pro-
duced using the Desmond application [47, 51].

3. RESULTS AND DISCUSSION
3.1. Chemistry

The compounds discussed in the study share a com-
mon skeleton consisting of a 1,3,4-oxadiazole ring con-
nected to a quinolin-8-yloxy methyl group at the 5" po-
sition. To generate different derivatives, modifications
were made to the groups attached to the thiol group lo-
cated at position 2 of the 1,3,4-oxadiazole ring.

The study yielded the final compounds through a
four-step synthetic procedure represented in Scheme 1.
Initially, 8-hydroxyquinoline was combined with ethyl
bromoacetate under basic conditions, resulting in the
formation of a compound (1). Subsequently, com-
pound (1) was reacted with hydrazine monohydrate to
generate an acylhydrazine (2). The produced hydrazide
was then cyclized into 1,3,4-oxadiazole (3) using car-
bon disulfide in an ethoxide solution. Finally, the final
products were synthesized using two distinct substitu-
tion reaction (SN,) methods (Table 1). The first proce-
dure took place at room temperature using potassium
carbonate and acetone (4a-4d), while the second proce-
dure occurred at 100°C using sodium hydroxide and
acetonitrile (5a-5c¢, 6a-6c¢).

In the compounds that contained amide structures
(5a-5c¢, 6a-6¢), an N-H band was observed in the range
of 3100-3300 cm™', while the carbonyl group was de-
tected in the range of 1670-1707 cm™. The stretching
of sp’ hybridized carbons with C-H bonds was ob-
served above 3000 cm”, while the sp’ hybridized car-
bons were identified in the region of 2885-2990 cm.
The signals occurring at 1228-1284 cm™ indicated the
aromatic C-O stretching of the oxadiazole ring. Addi-
tionally, peaks in the range of 1170-1000 cm™ indicat-
ed the presence of aliphatic C-O bonds.

The samples were dissolved in DMSO-d,, which ap-
peared as a quintet at 2.5 ppm in all spectra. A strong
singlet at approximately 3.34 ppm was observed in the
spectra of all compounds, indicating the presence of
water protons. Upon examining the 'H-NMR spectra
of the compounds, the C,, C, and C, protons of the qui-
noline ring were identified as doublets or doublet of
doublets within the respective ppm ranges of
7.29-7.45, 8.34-8.38, and 8.77-8.95 (Fig. 3).
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4a-d: X=CO; R=subtituted phenyl
5a-c: X=CONH; R= substituted phenyl
6a-c: X=CONH; R= substituted thiazol-2-yl
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Scheme 1. Schematic representation of the synthetic pathways. Reaction conditions: (a) CH,BrCO,C,H;, K,CO,, acetone, re-
flux; (b) NH,NH,.H,0, ethanol, r.t; (¢) CS, KOH, ethanol, reflux; (d) substituted phenacyl bromides or 2-chloro-N-(substitut-
ed)thiazole/ phenylacetamide derivatives, base.

Table 1. The substitution of the final compounds.

R—-X
—
O:r N
0)
N
X
=
Compounds X R
4a -CO- phenyl
4b -CO- p-tolyl
4c -CO- 4-methoxy phenyl
4d -CO- 2,5-dimethoxy phenyl
5a -CONH- 4-chloro phenyl
5b -CONH- 4-fluoro phenyl
Sc -CONH- 4-methoxy phenyl
6a -CONH- 4,5-dimethylthiazol-2-yl
6b -CONH- 4-CH; 5-COOEt thiazol-2-yl
6¢ -CONH- 4-phenylthiazol-2-yl
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Fig. (3). 'HNMR of quinoline -oxadiazole derivatives ranges (compound 6b 'NMR). (4 higher resolution / colour version of

this figure is available in the electronic copy of the article).

The C,-H, C;-H, and C,-H protons were observed
as multiplets within the range of 7.5-7.63 ppm. Howev-
er, in structures containing substituted phenyl ace-
tamide, the protons of the oxymethylene group connect-
ed to quinoline-C; appeared as singlets at 5.60-5.61
ppm. In substituted phenyl acetamide structures, the
oxymethylene protons were detected as singlets in the
range of 4.55-4.85 ppm. The protons of the methylene
group attached to the phenyl acyl group in compounds
4a-4¢ were detected as singlets within the range of
4.90-5.16 ppm. On the other hand, the methylene pro-
tons attached to the acetamide group were shielded and
appeared at 3.90-4.46 ppm in compounds Sa-5c¢ and
6a-5c. In compound 4b, the phenyl-CH, protons were
detected at 2.40 ppm as singlets. However, in com-
pound 4¢, the methoxy protons were observed at a
downfield position, considering the deshielding effect
of the oxygen atom. In the "C-NMR spectra (Fig. 4),
the solvent peak appeared as a septet at approximately
39.95 ppm. Each sample required one hour for analy-
sis. The chemical shifts of the oxymethylene carbon

and thiomethylene carbon were observed in the upfield
region, within the ranges of 56-70 ppm and 32-45
ppm, respectively. On the other hand, the carbonyl car-
bon was the most deshielded carbon in all compounds.
In amide groups, the carbonyl carbon appeared in the
range of 164-173 ppm, while in non-amidic structures,
it was deshielded to 190-192 ppm. All aromatic car-
bons were observed within the range of 111-165 ppm.
HRMS spectroscopy results of the compounds were
found to be in good agreement with the calculated
molecular weights of the compounds.

3.2. Anticholinesterases Activity Evaluation

All compounds in this study showed a higher inhibi-
tion profile against AChE compared to BuChE (Table
2). With the exception of compound 4d, all com-
pounds displayed an inhibition percentage greater than
50% at a concentration of 10° M. An interesting obser-
vation is that all structures containing acetamide
groups (5a-5¢ and 6a-6¢) exhibited inhibitory percent-
ages higher than 75% at a concentration of 10° M for
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AChE. Furthermore, when the concentrations were re-
duced to 10" M, compounds 5a, Sc¢, and 6a still demon-
strated more than 80% inhibitory activity. Following
the preliminary screening, compounds Sa, 5c¢, and 6a
were selected to determine their IC,, values for acetyl-
cholinesterase. These compounds were tested at con-
centrations ranging from 10~ to 10 M against AChE
alongside the reference drug donepezil. The reference
drug donepezil showed an IC,, value of 0.0201 uM
while the IC,;s of compounds 5a, 5¢, and 6a were cal-
culated as 0.033 uM, 0.096 uM, and 0.177 uM, respec-
tively. These results indicate that compound 5a exhibit-
ed the highest potency, followed by compound Se,
while compound 6a demonstrated slightly lower inhibi-
tory activity against acetylcholinesterase.

The most potent compound in this series was Sa,
with an IC,, value of 0.033 puM. It had a 4-chloropheny-
lacetamide substitution connected by a thioether bridge
to the fifth position of the 1,3,4-oxadiazole ring. Re-
placing the chlorine atom at the para position of com-
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pound 5a with a methoxy group in compound 5¢ result-
ed in a three-fold reduction in the inhibitory action, as
indicated by the IC,, value of 0.096 uM. On the other
hand, when the chlorine atom was replaced with a fluo-
rine atom in compound 5b, the inhibitory activity was
found to be non-significant. Furthermore, substituting
the 4-chlorophenyl acetamide group in compound Sa
with a 4,5-dimethylthiazole group in compound 6a led
to a decrease in inhibitory activity, with an IC,, value
of 0.177 uM. It is important to note that other thiazole
substitutions displayed relatively low activity com-
pared to compound 6a. The synthesized products,
along with the reference tacrine, were tested on BuChE
at concentrations of 10° M and 10 M. The results
showed that compounds 5a, S¢, and 6a exhibited en-
zyme inhibition of higher than 50% at the concentra-
tion of 10° M. However, when the concentrations
were reduced to 10 M, the inhibition percentages
were reduced to less than 35% for these compounds.
Therefore, they were not further tested at lower concen-
trations.
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Fig. (4). "CNMR of quinoline -oxadiazole derivatives ranges (compound 6b 13CNMR). (4 higher resolution / colour version

of this figure is available in the electronic copy of the article).
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Table 2. Inhibition results of the acetylcholinesterase and butyrylcholinesterase.
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AChE BuChE
Code % Inhibition AChE % Inhibition BuChE 1 ectivity SI*
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Abbreviations: *SI: selectivity Index (SI=IC,, BUChE/ IC,, AChE).
3.3. Monoamine Oxidases Inhibition Evaluation 3.4. ADME Parameters

The final compounds were screened for their inhibi-
tory activities against MAO isoenzymes using the 10-
acetyl-3,7-dihydroxyphenoxazine (Amplex Red™) as-
say. This assay relies on the oxidation of Amplex Red
to the fluorescent compound resorufin by horseradish
peroxidase and H,0,. At a concentration of 10° M, the
screening results for MAO-A inhibition showed inhibi-
tion percentages ranging from 26% to 39% when com-
pared to the reference inhibitors moclobemide (94%)
and clorgyline (96%). For MAO-B inhibition, the
range was between 30% and 48% at the same concen-
tration. Upon reducing the concentrations to 10™ M,
the inhibition percentages against MAO-A and MAO-
B decreased to 20-31% and 20-35%, respectively.
Consequently, further investigations at lower concen-
trations were omitted due to the weak inhibitory action
of the compounds. The results are displayed in Table
3.

The physicochemical descriptors, pharmacokinetic
properties, and medicinal chemistry friendliness of the
most potent structures were determined using the Swis-
SADME online tool. The log p values, which indicate
the lipophilicity via the partition coefficient between
octanol and water, were found to be 3.52 for 5a, 2.99
for Sc¢, and 3.12 for 6a. Compounds 5a and Sc¢ were
predicted to have a high gastrointestinal absorption
ability, indicating good bioavailability. However, the
thiazole-containing structure 6a had lower bioavailabil-
ity. All active structures had 6 or 7 hydrogen bond ac-
ceptors (HBA) and only one hydrogen bond donor
(HBD). Structures Sa and 5c¢ exhibited no deviation
from Lipinski, Ghose, Veber, Egan, and Muegge's
rules, which indicate drug-likeness properties. Howev-
er, structure 6a deviated from these rules due to its
high TPSA.

The prediction of the physicochemical parameters
for the active compounds and the reference drug
donepezil are illustrated in Table 4.
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Table 3. % inhibition of the prepared molecules against MAO-A and MAO-B enzymes.
MAO-A % Inhibition MAO-B % Inhibition
Compound 3 ” 9 ”
10" M 10°M 10" M 1°M
4a 29.421+0.922 23.751+0.732 41.787+0.933 29.361+0.836
4b 38.911+0.949 20.248+0.857 45.408+1.275 30.733+0.920
4c 26.308+0.758 22.812+0.790 40.967+1.098 35.964+1.154
4d 30.134+0.836 20.435+0.846 48.048+1.348 31.012+0.830
5a 37.875+0.902 31.928+1.128 31.855+0.862 27.457+0.764
5b 30.590+0.777 27.116+0.875 36.223+0.935 20.628+0.622
5c 27.056+0.859 23.564+0.836 30.714+0.914 26.267+0.875
6a 39.621+0.921 31.355+1.044 40.695+1.262 33.018+1.091
6b 31.764+0.720 27.486+0.751 46.414+1.146 30.126+0.861
6¢ 35.599+1.246 29.804+0.880 43.768+1.451 28.430+0.728
Moclobemide 94.121+2.760 82.143+£2.691 - -
Clorgyline 96.940+ 1.250 91.308+ 1.305 - -
Selegiline - - 98.258+1.052 96.107+1.165

Table 4. In-silico physicochemical properties of the active compounds.

MW (g/mol) HBA | HBD TPSA (A% Log P GI abs. DL BBB perm.
5a 426.88 6 1 115.44 3.52 High 5/5 No
S¢ 422.46 7 1 124.67 2.99 High 5/5 No
6a 427.50 7 1 156.57 3.12 Low 2/5 No
Donepezil 379.49 4 0 38.77 4.00 High 5/5 Yes

Abbreviations: MW, molecular weight; HBA, the number of hydrogen bond acceptor; HBD, the number of hydrogen bond donor; TPSA, the topological po-
lar surface area; Log P, partition coefficient (Consensus Log P,,,); GI abs, gastrointestinal absorption; DL, drug-likeness (including Lipinski, Ghose, Veber,

Egan, and Muegge’s rules); BBB perm., the Blood-Brain Barrier permeability.

3.5. Molecular Docking

This study utilized a high-resolution crystal struc-
ture (with a resolution of 2.35 A) of human acetylcho-
linesterase co-crystallized with donepezil (PDB ID:
4EY7) as the basis for conducting the molecular model-
ing investigation [50].

The findings obtained from the molecular docking
investigation of compound Sa with acetylcho-
linesterase (AChE) revealed the occurrence of five n-n
interactions between 5a and AChE. Notably, three of
these interactions were observed between the quinoline
ring of the ligand and Trp286 situated in the peripheral
anionic site (PAS) region, while the remaining two n-n
interactions occurred between the phenyl ring of the li-
gand and Trp86 within the CAS of the enzyme (Fig.
5).

Additionally, the compound demonstrated two halo-
gen interactions, wherein the chloro-substitution in the
ligand engaged with Tyr133 and Glyl20 in AChE.

Moreover, two ar-H (aromatic hydrogen) interactions
were observed in the 3D model representation (Fig. 6).
The first ar-H interaction took place between quinoline
C;-H of the ligand and Ser293 in the enzyme, while the
second ar-H interaction was identified between the oxy-
gen in the ether bridge of the ligand and Tyr341 in
AChE.

Blue carbons: compound 5a; white carbons: bind-
ing site residues; cyan dashes: aromatic H-bond; blue
dashes: n-m interaction; purple dashes: halogen interac-
tion.

Compound 5¢ exhibited five -n interactions in the
molecular docking study. Specifically, two of these in-
teractions occurred between the quinoline ring of the li-
gand and Trp86 in the active site. Additionally, the oxa-
diazole ring of the compound engaged in two n-n stack-
ing interactions with Tyr337 and Tyr341, while
another n- stacking interaction was distinguished be-
tween the phenyl ring of the ligand and Trp286 (Fig.
7).
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Notably, the phenyl ring of the ligand also demons-
trated two Ar-H interactions involving the phenyl H,
and H, atoms, which interacted with Tyr341 and
Arg296, respectively. Furthermore, an Ar-H interac-
tion was observed between the quinoline C,-H and

Ser125. The overall binding conformation was further

stabilized by a hydrogen bond formation between
Phe295 and the carbonyl group of the ligand. These in-
teractions collectively contribute to the favorable posi-
tioning of S¢ in the binding pocket of the enzyme (Fig.
8).

Fig. (8). 3D interactions of compound 5c at the binding region (PBDID: 4EY?7). (4 higher resolution / colour version of this

figure is available in the electronic copy of the article).
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Blue carbons: compound Sc¢; white carbons: bind-
ing site residues; cyan dashes: aromatic H-bond; blue
dashes: ©-m interaction; purple dashes: halogen interac-
tion.

The interaction analysis of compound 6¢ revealed
several significant interactions with the active site.
Notably, the quinoline ring of compound 6¢ was found
to interact with the indole residue of Trp86 through a
7-1 interaction. Additionally, a T-n interaction was ob-
served between the oxadiazole ring of the ligand and

Tyr341. Furthermore, the carbonyl moiety of the com-
pound formed a hydrogen interaction with Phe295, fur-
ther stabilizing its binding conformation within the ac-
tive site (Fig. 9). Moreover, two Ar-H interactions
were detected: the quinoline C,-H formed an interac-
tion with Tyr133, while the quinoline C(-H formed an
interaction with His447. These interactions collective-
ly contribute to the favorable positioning of compound
6¢ within the binding pocket and may play a crucial
role in its potential biological activity (Fig. 10).

Fig. (10). 3D interactions of compound 6¢ at the binding region (PBDID: 4EY7). (4 higher resolution / colour version of this
figure is available in the electronic copy of the article).
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Blue carbons: compound 6¢; white carbons: bind-
ing site residues; cyan dashes: aromatic H-bond; blue
dashes: m-m interaction; purple dashes: halogen interac-
tion.

Based on the aforementioned findings, compounds
5a, 5¢, and 6a demonstrated the capability to interact
with key amino acid residues Trp86 and Tyr341 in a
manner comparable to the reference agent donepezil.
Additionally, compounds 5a and Se¢, characterized by
the presence of 4-chloro and 4-methoxy substitutions
on the acetanilide part, exhibited an essential interac-
tion with Trp286 in the PAS. Both compounds Sc and
6a also demonstrated potential interactions with
Phe295.

Furthermore, compound 6a displayed elemental in-
teractions with one component of the catalytic triad
amino acids, His447. Importantly, all of these interac-
tions were previously observed with donepezil, a po-
tent acetylcholinesterase inhibitor. As a result, it is rea-
sonable to anticipate that compounds 5a, 5¢, and 6a
possess high inhibitory activity against acetylcho-
linesterase comparable to donepezil.

Furthermore, the study has uncovered that com-
pounds 5a and 6a possess the ability to interact with
Tyr133, which is involved in accommodating these
compounds within the active site of acetylcho-
linesterase, akin to the interaction observed between
huperzine A and AChE. This suggests that compounds
5a and 6a may share a similar binding mechanism with
huperzine A, a known inhibitor of AChE [52].

Of particular interest, compound Sa demonstrated
the capability to bind with Gly120, which is an integral
part of the glycine loop, forming the walls of the gorge
alongside the catalytic serine. This interaction has the
potential to influence the conformation of the glycine
loop, which is recognized as a significant factor deter-
mining the geometry of the active center in huperzine
and its inhibitory action. The binding of compound 5a
to Gly120 may, therefore, impact the structural arrange-
ment and functionality of the glycine loop, further in-
fluencing the overall binding and inhibitory properties
of the compound [53].

Additionally, it has been demonstrated that Tyr337
plays a crucial role in the interactions of compound Sc¢
with the enzyme, contributing to its positioning in a
manner similar to huperzine A and tacrine. Further-
more, it is predicted that Ser125 contributes to stabiliz-
ing 5c within the binding pocket, similar to the stabil-
ization observed with aflatoxins in the catalytic anionic
site (CAS). Moreover, the bonding with Arg296 is
suggested to further strengthen the positioning of com-
pound Se¢ [54-56].

Saffour et al.

These findings indicate that the in-vitro enzyme
study results align with the outcomes of the in-silico
study. The observed interactions and positioning of
compound 5S¢ in the active site of the enzyme, as sup-
ported by both experimental and computational ap-
proaches, provide valuable insights into its potential in-
hibitory activity against acetylcholinesterase.

3.6. Molecular Dynamics Simulation (MDS) Study
Evaluation

Based on the molecular docking study results, we
intended to perform MDS for the best candidate Sa to
evaluate the stability of the interactions with the en-
zyme acetylcholinesterase during the simulation time.
Three plots were examined: the root mean square devi-
ation (RMSD) versus time (ns), the root mean square
fluctuation (RMSF) versus residue index, and the ra-
dius of gyration (Rg) versus time (ns) [57]. The mini-
mal fluctuation observed in the Rg plot throughout the
simulation course provided evidence of a high level of
compactness in the protein and/or complex. The
RMSD value of the protein was observed to alter by
less than 1.80 A, indicating the stability of the struc-
ture over the simulation course. Moreover, the fluctua-
tion of the RMSD value of ligand fit on ligand has min-
imal changes, as shown in Fig. (11). The analysis of
the RMSF plot has demonstrated the stability of the
protein structure due to minimum fluctuation of the a-
helix (red areas) and the B-strand (blue areas), as pre-
sented in Fig. (12). The loop region (white area) was al-
so stabilized by interactions between the protein and
the ligand. MDS data showed that the ligand 5a inter-
acted with the enzyme by forming hydrophobic interac-
tions, H-bonds, and water bridges, as shown in Fig.
(13). The hydrophobic interactions were formed with
Tyr72, Val73, Leu76, Trp86, Tyr124, Trp286, Phe297,
Tyr337, Phe338, and Tyr341. Meanwhile, the H-bonds
were observed with Tyr124, Ser125, and Tyr337 ami-
no acids. The water-mediated interactions were dis-
played with Tyr72, Asp74, Leu76, Thr83, Trp86,
Glyl21, Glyl22, Tyrl24, Serl25, Trp286, Ser293,
Phe295, Arg296, Tyr337, Phe338, Tyr341, His447,
and Tyr449 residues. Hydrophobic and water-mediated
interactions were notably conserved during the entire
simulation. The 2D plot of the minimum contact
strength was generated to demonstrate the robustness
of the interactions between the ligand and AChE
throughout the entire simulation (Fig. 14). All the rings
in the compound (aromatic) quinoline, 1,3,4-oxadia-
zole, and phenyl rings participated in the interactions
with the protein forming n-n interactions with Trp286,
Tyr341, and Trp86 residues, as shown in Fig. (14) and
Video 1. The protein-ligand system was also further
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stabilized by aromatic-H bonds (blue dashes) and aro-
matic-halogen interactions (purple dashes), which are
shown in Video 2. The chlorine atom in the para posi-
tion of the phenyl ring displayed notable aromatic-halo-
gen interaction with Gly120 throughout the simulation
process. The oxygen of the amide group formed aro-
matic-H bonds with Glyl21, Ser125, and Phe338.
Meanwhile, the oxygen of oxadiazole rings participat-
ed as an aromatic-H bond acceptor with Ser125 and
Phe338 residues. Moreover, the quinoline ring interac-
tion with the binding site was further reinforced by aro-
matic-H bond formation with Ser293, Phe338, Tyr72,
and Asp74 amino acids.

Both docking and MDS investigations provided evi-
dence that 5a effectively occupied the binding site of
the enzyme, thereby elucidating the high inhibitory ef-
fect.

3.7. Structure-Activity Relationship Evaluation

The activity results and molecular docking studies
provide insights into the preliminary structure-activity
relationship of the compounds, as illustrated in Fig.
(15). The presence of the quinoline ring is crucial for
activity due to its ability to engage in hydrophobic in-
teractions with key residues (Trp86 and Trp286)
within the binding site of the acetylcholinesterase
(AChE) enzyme [58]. The binding of the ligand within
the active site was also enforced by the quinoline H-
bonding with Ser293.

ACHhE inhibition:
Cl>OCH; >>>F ™ R,

—S
-
\
O
Hydrophobic
interactions

Fig. (15). Structure-activity relationship. (4 higher resolu-
tion / colour version of this figure is available in the elec-
tronic copy of the article).

Noticeably, replacing the amide group between the
thioether bridge and the aromatic ring (5a-c, 6a-c) with

Current Medicinal Chemistry, 2025, Vol. 32, No. 21 4279

a carbonyl group (4a-d) significantly decreases the po-
tency of the compounds. Thus, the spacer length has an
impact on the positioning of the compounds. The pres-
ence of a 4-substituted phenyl group contributes to
notable inhibitory action through =m-m interactions,
whereas substituting this group with 4,5-substituted thi-
azole-2-yl leads to a pronounced decline in activity,
highlighting the geometric size importance within the
active site. Specific substitutions on the phenyl ring
greatly influence activity; for instance, including 4-
chloro and 4-methoxy groups leads to superior inhibi-
tion against AChE with IC,, of 0.033 pM and 0.096
uM, respectively. The highly potent potency produced
by the chloro-substituted derivative might be explained
by the “magic chloro” that has the ability to introduce
aromatic-halogen interactions with crucial amino
acids, affecting the conformation of the compound
[59]. Moreover, the stable planar methoxy group at the
para position was impacted by moderate inhibition,
which resulted from its steric blocking properties and
ability to fix the conformation of the ligand [60].

Moreover, introducing a fluorine atom at the para
position dramatically reduced inhibitory activity
(IC5=0.177 uM). Although fluorine has higher elec-
tronegative properties, its smaller size compared to
chlorine affected its ability to interact properly with
the key residues within the active site. These findings
emphasize the importance of specific structural fea-
tures and substitutions in determining the inhibitory po-
tency of the molecules against AChE, providing valu-
able insights for further optimization and development
of potential AChE inhibitors.

CONCLUSION

In the pursuit of novel anticholinesterase and MAO
inhibitors for the treatment of AD, a series of quino-
line-oxadiazole hybrids were synthesized and assessed
as potential candidates. Among the synthesized com-
pounds, 5a, 5S¢, and 6a displayed the most potent inhibi-
tory activity against acetylcholinesterase with ICs, val-
ues of 0.033 uM, 0.096 puM, and 0.177 uM, respective-
ly. However, none of the compounds exhibited notable
inhibitory action against butyrylcholinesterase. Further-
more, the compounds were evaluated for their poten-
tial to inhibit the enzymes MAO-A and MAO-B. How-
ever, the inhibition percentages of the compounds
were less than 50% at 10° and 10™ concentrations.

The physicochemical properties of compounds 5a,
Sc, and 6a were calculated and compared to those of
donepezil. Additionally, molecular modeling and MDS
methods were employed to study the binding modes
and the interaction stability of the potent structures
with AChE.
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The higher potency of compound 5a was attributed
to its ability to interact with critical amino acid resi-
dues within the active site, similar to donepezil. Com-
pound S¢ was found to retain the ability to bind with
both the peripheral anionic site and the catalytic anion-
ic site of the AChE enzyme. This dual inhibition of
ACHE by Sc suggests its potential for an additional neu-
roprotective effect through reducing amyloid plaque de-
position.

Overall, the structure-activity relationship of the
compounds was elucidated based on the combination
of activity results and molecular docking findings. Th-
ese insights provide valuable information for the de-
sign and optimization of novel AChE inhibitors for the
treatment of Alzheimer's disease.
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