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To explore new scaffolds for the treat of Alzheimer’s disease appears to be an inspiring goal. In this context, a
series of varyingly substituted flavonols and 4-thioflavonols have been designed and synthesized efficiently. All
the newly synthesized compounds were characterized unambiguously by common spectroscopic techniques (IR,
1H-, ¥C NMR) and mass spectrometry (EI-MS). All the derivatives (1-24) were evaluated in vitro for their
inhibitory potential against cholinesterase enzymes. The results exhibited that these derivatives were potent
selective inhibitors of acetylcholinesterase (AChE), except the compound 11 which was selective inhibitor of
butyrylcholinesterase (BChE), with varying degree of ICs, values. Remarkably, the compounds 20 and 23 have
been found the most potent almost dual inhibitors of AChE and BChE amongst the series with ICs, values even

less than the standard drug. The experimental results in silico were further validated by molecular docking
studies in order to find their binding modes with the active pockets of AChE and BChE enzymes.

1. Introduction

Flavonols (Fig. 1) are one of the significant subclasses of flavonoids
and have been extensively studied for their antioxidant properties in
the food and health sciences [1-3]. They are ubiquitously distributed in
plants with a wide range of biological and pharmacological activities
such as antifungal, antimicrobial, neuroprotective, antioxidant, HIV-
inhibitory and anticancer activities [4-6]. However, these compounds
are found naturally in limited amounts. Therefore, there is need of the
hour to find chemical pathways for the synthesis of analogues of such
significant structures in large amounts in order to cope with new
challenges in medicinal chemistry.

Moreover, sulfur containing compounds usually possess good bio-
logical activities, which can be speculated by their ability to scavenge
free radicals, high potential of chelating metal cations and capacity of
affecting key redox enzymes [7]. Interestingly, recent studied have
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emphasized that sulfur containing small molecules and enzymes played
a key role in a wide range of fundamental biological functions, which
intensely attracted many researchers to develop new thio-compounds in
disease therapy and prevention [8]. In this context, 4-thioflavonols
(Fig. 1) and their derivatives have been reported to possess potent
biological properties such as anticancer, antimicrobial and green pes-
ticides etc. [9-11]. However, despite the fact that the conversion of the
carbonyl (C=O0) group in 2-phenylchromone framework into thio-
carbonyl (C=S) group has been usually described as a feasible strategy
[8,12], the inhibitory potential against cholinesterase enzymes of
sulfur-containing flavonols have been much less reported.

Alzheimer’s disease (AD) which is characterized by the B-amyloid
plaque formation or neuromediator acetylcholine deficiency is a neu-
rodegenerative disease and is one of the most frequent forms of de-
mentia and has become one of the serious halt problem among the el-
derly people [13-15]. The acetylcholinesterase (AChE) and
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Fig. 1. Representative structures of flavonol (X = O) and 4-thioflavonol
X =09).

butyrylcholinesterase (BChE) enzymes have been documented as cri-
tical targets for the effective management of AD by an increase in the
availability of acetylcholine in the brain regions and decrease in the Ab
deposition because both of these enzymes play an important role in Ab-
aggregation during the early stages of senile plaque formation [16].
Although a large number of AChE and BChE inhibitors have been re-
ported in literature [17], but these inhibitors still have possible side
effects and bioavailability problems, due to which there is still great
interest in finding better AChE and BChE inhibitors. Recently the fla-
vonoids are prescribed acetylcholinesterase inhibitor as they have the
advantages of been more tolerable, cheaper and easy natural occur-
rence [18,19]. However, the role of synthetic flavanols and 4-thio-
flavonols as potential cholinesterase inhibitors remains an interesting
goal and a constant endeavor. These compounds could thus be appeared
as promising lead structures for the development of new scaffolds for
the treatment of Alzheimer’s disease.

Owing to the potential pharmacological applications and much less
synthetic work on these compounds have enforced us to synthesize
these novel compounds and also to evaluate their role as cholinesterase
enzymes inhibitors. In addition, because of the significant relevance of
flavonol derivatives in medicinal chemistry and our continuous quest to
develop potent cholinesterase inhibitors, we aimed to explore the
cholinesterase inhibition potential of flavonols and 4-thioflavonols,
which to the best of our knowledge have not been reported so far.
Moreover, it is also desire to study the effect of replacing oxygen with
sulfur and various substituents on cholinesterase inhibitory potential of
these compounds, and to establish the structure activity relationship
(SAR) for each of the synthesized compound. The experimental results
have also been validated by molecular docking studies.

2. Material and methods

All the chemicals were purchased from Merck (Germany) and
Sigma-Aldrich (USA) and used as delivered. Melting points were mea-
sured on an Electrothermal melting point apparatus and are un-
corrected. The IR spectra were recorded on a Bio-red spectro-
photometer. NMR spectra were measured on a Bruker DRX 300
instrument (*H, 500 MHz, '3C, 125 MHz). Accurate mass measurements
were carried out with the Fisons VG sector-field instrument (EI) and a
FT-ICR mass spectrometer. The IR values are mentioned in 0 units and
NMR chemical shift values were determined in ppm units. Absorption
spectra were recorded in dichloromethane on Jasco UV-VIS V-660 or
Jasco UV-VIS V-670 instrument.
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2.1. General procedure for the synthesis of flavonols and 4-thioflavonols

A mixture of 2-hydroxyacetophenone (1.2mL, 10.0 mmol) and
10.0 mL aqueous solution of sodium hydroxide (30%) was stirred for
30 min in methanol (15.0 mL) followed by the addition of benzaldehyde
(1.0mL, 10.0 mmol), and the reaction mixture was further stirred for
4h at ambient temperature. The progress of the formation of 2-hy-
droxychalcone was monitored by comparative TLC. Chalcone formed,
in situ, was further cyclized by adding 1.5 mL hydrogen peroxide solu-
tion (35%) in the same reaction mixture (without isolating it from the
reaction mixture) and allowed it to stir for further 1-2 h. After com-
pletion of the reaction (checked by TLC), HCl (10%) was added to the
reaction mixture in order to neutralize it. As a result, precipitates of
flavonol were formed. These precipitate were filtered through Buchner
funnel followed by washing with a plenty of water. The residue ob-
tained was then dried and recrystallized by ethanol. To a solution of
simple flavonol (238.23 mg, 1.0 mmol) in anhydrous toluene (10.0 mL)
was added Lawesson’s reagent (485.37 mg, 1.2 mmol), producing a
turbid yellow color, and the reaction mixture was heated to reflux
(120-125°C) for 20 h (monitored the reaction by TLC) under an argon
atmosphere. The reaction mixture was protected from light with alu-
minum foil. After the completion of reaction, the resulting red-brown
solution was filtered under vacuum to remove insoluble impurities, and
the filtrate was evaporated to dryness on a rotorary evaporator giving a
reddish oil. The residue oil was purified by column chromatography
with CH,Cl, as elutant, yielding the product as a red-brown crystalline
solid after removal of solvent. The final products were protected from
light.

2.2. Enzyme inhibition assay

Enzyme inhibitory studies were carried out by using Ryan and
Ellman method [20] with slight modification. 100 puL of each sample
(20, 40, 60, 80, 100 uM) was mixed with 50 uL enzyme (AChE/BChE)
and allowed it to stand for 10min. 50 uL of substrate ie. acet-
ylthiocholine iodide (0.71 mM) for AChE or butyrylthiocholine chloride
(0.2mM) for BChE, 50 uL. (0.5mM) of DTNB [5,5'-dithio-bis(2-ni-
trobenzoic acid)] and 500 pL phosphate buffer of pH 8 added to above
mixture and incubated for 20 min at 37 °C. Solution turned yellow due
to formation of 5-thio-2-nitrobenzoate anion as a result of hydrolysis of
substrate. The hydrolysis of substrate is monitored spectro-
photometrically by measuring absorbance at wavelength of 400 nm and
412nm for AChE and BChE, respectively. Percentage inhibition was
calculated by this formula:

(%)Inhibition = X 100

Here A = absorbance of the enzyme with test
B = absorbance of enzyme without test sample.

Each experiment was repeated thrice and concordant value was
used. ICsy value was calculated through simple linear regression.
Donepezil was used as reference compound [21].

sample;

2.3. Molecular docking studies

Molecular docking studies were performed to predict the interaction
of enzyme and ligand. Crystal structure of AChE and BChE was obtained
from (RCSB) protein data bank ACD Chemsketch and 3D Pro 12.0 were
used for the 3D optimization of given compounds and were saved as
SYBYL mol 2 file format. AutoDock Tool v1.5.6 was used for docking,
100 different configurations were optimized. Discovery Studio
Visualizer v 4.0 was used for visualization of most potent and best poses
of under study compounds [20,21].



E.U. Mughal, et al. Bioorganic Chemistry 91 (2019) 103124

. 0 §  DNaOHMeOH
1 CH, R2 . 4 h,rt
+
ol o 2) 35% H,0,
R4 1.5h, rt
2-Hydroxyacetophenones Substituted (1-12)

Benzaldehydes One Pot Synthesis

Ss
MeO PP OMe
\S/ II
S

(Lawesson's reagent)

Toluene, 20 h, reflux

(13-24)
Flavonols | 4-Thioflavonols | R, R, R3 R4
1 13 H H H H

2 14 H | OCH; OCH; OCH;
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11 23 Br H Br H
12 24 Br H NO, H

Scheme 1. Synthesis of varyingly substituted flavonols (1-12) and 4-thioflavonols (13-24).
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3. Results and discussion
3.1. Chemistry

A series of 3-hydroxyflavones (1-12) were synthesized starting from
2-hydroxyacetophenones and varyingly substituted aromatic aldehydes
through two-step one-pot literature procedure [21,22], as depicted in
Scheme 1.

The base-catalyzed Claisen-Schmidt condensation of 2’-hydro-
xyacetophenones with various aromatic aldehydes in methanolic solu-
tion produced 2’-hydroxychalcones as intermediate compounds. These
chalcones were then directly oxidatively cyclized with 30% hydrogen
peroxide (H»0,), without isolating from the reaction mixture, through
well-known Algar-Flynn-Oyamada (AFO) reaction in order to furnish
flavonols (1-12) in moderate to excellent yields. These compounds
were purified through recrystallization by ethanol. Subsequently, fla-
vonols were refluxed with Lawesson’s reagent in the presence of an-
hydrous toluene under inert conditions to afford reddish to brown co-
lored 4-thioflavolnols as crystalline solids in good to excellent yields.
These target compounds were purified through silica-gel column
chromatography using dichloromethane as eluting solvent. The struc-
tures of synthetic 4-thioflavonols (13-24) were elucidated by FTIR,
NMR spectroscopy and Mass Spectrometry. For instance, in IR spec-
trum, the disappearance of the C=O0 signal (1605-1650cm ') and
appearance of C=S new signal around 1200-1300 cm ~ ! unequivocally
confirms the replacement of oxygen by a sulfur atom in the target
molecules. This result was further supported by the C=S signal ob-
served in their 1*C NMR spectra between 185 and 190 ppm. In addition,
'H spectra show a characteristic singlet between 8 and 9.0 ppm, which
corresponds to only one hydroxyl (OH) in the molecules. The molecular
masses of the compounds were confirmed by Electron Ionization mass
spectrometry (EIMS). Their mass spectra showed the presence of mo-
lecular ion peaks as base peaks and give characteristics fragmentation
pattern of 4-thioflavonols. All the obtained spectral data were found in
full accordance with depicted structures of the newly synthesized
compounds.

To the best of our knowledge, the compounds (1-7), 9 and 13 are
already known, and thus their spectroscopic data can be found in the
literature [[23-29] (1-7 and 9), 10 (13)]. A part from this, all the re-
maining compounds (8, 10-12 and 14-24) are new. The physico-che-
mical data of all the newly synthesized compounds are given below:

2-(4-isobutylphenyl)-3-hydroxy-7-bromo-4H-chromen-4-one
(8)

Yellow crystalline solid; Yield: 92%; m.p. 117-119 °C; UV Apax
(CH,Cly) = 325nm; FTIR (cm™'): 3375, 3064, 1640, 1557, 1465,
1201, 1122; 'H NMR (500 MHz, DMSO-de): § 9.71 (s, 1H, OH), 8.16 (d ,
J=5.0Hz, 1H, Ar-H), 8.02 (d, J = 10.0Hz, 2H, Ar-H), 7.80 (dd,
J =5.0, 10.0Hz ,1H, Ar-H), 7.65 (d, J = 5.0 Hz, 1H, Ar-H), 7.25 (d,
J=10.0Hz, 2H, Ar-H), 2.54 (d, J=5.0Hz, 2H, CH,CH(CHa),),
1.93-1.89 (m, 1H, CH,CH(CH3)5), 0.90 (d, J = 5.0Hz, 6H, CH,CH
(CH3)) ; 3C NMR (125 MHz, DMSO-dg): § 173.0, 154.1, 147.2, 146.1,
14.0, 136.6, 131.4, 130.6, 129.7, 128.0, 127.8, 123.0, 119.7, 45.6
(—CH,CH(CHs),), 30.2 (—CH,CH(CHs),), 22.5 (—CH,CH(CHs;),); ac-
curate mass (EI-MS) of [M]*" Caled. for C,9H;7BrO5 372.0361; found
372.0354.

3-hydroxy-2-(4-isobutylphenyl)-4H-chromen-4-one (10)

Yellow crystalline solid; Yield: 88%; m.p. 262-265 °C; UV Apax
(CH,Cly) = 240 nm; FTIR (cm™'): 3442, 3024, 2910, 1695, 1566,
1490, 1301, 1204, 1198; 'H NMR (500 MHz, DMSO-d,): § 9.55 (s, 1H,
OH), 8.16-8.11 (m, 3H, Ar-H), 7.83-7.75 (m, 2H, Ar-H), 7.49-7.46 (m,
1H, Ar-H), 7.45-7.34 (m, 2H, Ar-H), 2.53-2.50 (m, 2H, CH,CH(CHs)-),
1.93-1.85 (m, 1H, CH,CH(CH3)5), 0.89 (d, J = 5.0Hz, 6H, CH,CH
(CH3),); *C NMR (125 MHz, DMSO-dq): § 173.3, 155.0, 146.0, 143.8,
139.2, 134.1, 129.5, 129.2, 128.0, 125.2, 125.0, 121.7, 118.8, (2 car-
bons are isochrounas), 44.8 (—CH,CH(CHs),), 30.0 (—CH,CH(CH3),),
22.6 (—CH,CH(CHs3),); accurate mass (EI-MS) of [M]*: Calced. for
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C10H15035 294.1255; found 294.1250.
2-(4-bromo-3-hydroxy-7-bromo)-4H-chromen-4-one (11)
Light-Yellow solid; Yield: 75%; m.p. 112-115 °C; UV Apax

(CH,Cl,) = 316 nm; FTIR (cm™'): 3378, 3039, 1638, 1556, 1498,

1342, 1213, 1124; 'H NMR (500 MHz, DMSO-dg): 6§ 9.60 (s, 1H, OH),

8.30 (d, J=5.0Hz, 1H, Ar-H), 8.10 (d, J=10.0Hz, 2H, Ar-H),

7.95-7.83 (m,1H, Ar-H), 7.65 (d, J=5.0Hz, 1H, Ar-H), 7.32 (d,

J = 10.0 Hz, 2H, Ar-H); 13C NMR (125 MHz, DMSO-dg): § 172.7, 160.6,

148.0, 143.8, 142.2, 134.8, 130.6, 130.2, 128.8, 122.0, 121.5, 118.6,

114.5; accurate mass (EI-MS) of [M]*: Caled. for C;5HgBr,O3

393.8840; found 393.8833.
3-hydroxy-2-(4-nitrophenyl)-7-bromo-4H-chromen-4-one (12)
Yello solid; Yield: 68%; m.p. 120-122 C UV Apax

(CH,Cl,) = 305 nm; FTIR (em™1): 3380, 3060, 1645, 1578, 1480,

1330, 1203, 1106; 'H NMR (500 MHz, DMSO-dg): é 9.66 (s, 1H, OH),

8.48-8.37 (m, 2H, Ar-H), 7.78 (d, J = 5.0Hz, 1H, Ar-H), 7.57 (d,

J =10.0Hz, 1H, Ar-H), 7.46-7.37 (m, 2H, Ar-H), 7.21-7.10 (m, 1H, Ar-

H); *C NMR (125 MHz, DMSO-de): § 174.3, 162.0, 160.8, 156.7, 151.8,

145.4,144.8,139.6, 132.7, 129.4, 129.1, 128.3, 128.0, 115.3; accurate

mass (EI-MS) of [M]*: Caled. for C;sHgBrNOs 360.9585; found

360.9580.
2-(2,3,4-trimethoxy)phenyl)-3-hydroxy-4H-chromen-4-thione

a4)

Orange crystalline solid; Yield: 77%; m.p. 183-185 °C. UV Apax
(CH,Cl,) = 372 nm; FTIR

(em™1): 3415, 3064, 1591, 1552, 1431, 1417, 1274; 'H NMR
(500 MHz, CDCls): § 8.79 (s, 1H, OH), 8.61-8.57 (m, 1H, Ar-H),
7.73-7.62 (m, 4H, Ar-H), 7.51-7.43 (m, 1H, Ar-H), 3.99 (s, 6H, OMe),
3.97 (s, 3H, OMe); '>CNMR (125 MHz, CD Cl3): 6 187.3, 174.0, 162.8,
147.4, 144.1, 140.0, 134.1, 126.2, 125.4, 124.1, 115.4, 114.6, 55.4;
accurate mass (EI-MS) of [M]*": Calcd. for C;gH;605S 344.0718; found
344.0710.

2-(4-dimethylamino) phenyl)-3-hydroxy 4H-chromen-4-thione
(15)

Brigh-purple crystalline solid; Yield: 68%; m.p. 187-189 °C; UV
Amax (CHCly) = 322 nm; FTIR (cm™b): 3421, 2896, 1608, 1581, 1514,
1375, 1201, 1180; 'H NMR (500 MHz, CDCl3): § 8.80 (s, 1H, OH),
8.59-8.53 (m , 1H, Ar-H), 8.40 (d, J = 10.0 Hz, 2H, Ar-H), 7.78-7.58
(m, 2H, Ar-H), 7.47-7.40 (m, 1H, Ar-H), 6.68 (d, J = 10.0 Hz, 2H, Ar-
H), 3.12 (s, 6H, N(CH3),); >C NMR (125 MHz, CDCl5): § 189.1, 172.6,
164.3, 163.2, 157.4, 155.7, 152.4, 148.8, 142.8, 136.8, 129.0, 122.8,
116.1, 114.5, 111.3, 38.7; accurate mass (EI-MS) of [M] " Calcd. for
C;,H,5NO,S 297.0823; found 297.0817.

3-hydroxy-2-(4-chlorophenyl)-4H-chromen-4-thione (16)

Light-orange crystalline solid; Yield: 82%; m.p. 180-181 “C; UV Amax
(CHCl,) = 360nm; FTIR (cm™Y): 3400, 3107, 2920, 1600, 1590,
1487, 1280, 1244; 'H NMR (500 MHz, CDCl,): 8 8.75 (s, 1H, OH),
8.60-8.55 (m, 1H, Ar-H), 8.35 (d, J = 10.0 Hz, 2H, Ar-H), 7.78-7.62
(m, 3H, Ar-H), 7.58 (d, J = 10.0 Hz, 2H, Ar-H); 13C¢ NMR (125 MHz,
CDCl,). 5 188.2, 164.8, 162.4, 156.6, 150.2, 147.4, 142.0, 134.3, 131.8,
128.1, 127.4, 120.0, 116.6, 115.2, 114.7; accurate mass (EI-MS) of
[M] ™" Caled. for C;5HoClO5S 288.0011; found 288.0006.

2-(3, 4-dimethoxy) phenyl)-3-hydroxy-4H-chromen-4-thione
17)

Orange crystalline solid; Yield: 75%; m.p. 208-210 °C; UV Apax
(CH.Cl,) = 452nm; FTIR (cm™'): 3421, 2999, 2833, 1593, 1517,
1340, 1267, 1226; 'H NMR (500 MHz, CDCls): § 8.78 (s, 1H, OH),
8.58-8.53 (m, 1H, Ar-H), 8.05 (dd, J = 5.0, 10.0 Hz, 1H, Ar-H), 8.00 (d,
J = 5.0Hz, 1H, Ar-H), 7.77-7.60 (m, 3H, Ar-H), 7.05 (d, J = 10.0 Hz,
1H, Ar-H), 4.01 (s, 3H, OMe), 3.99 (s, 3H, OMe); '>C NMR (125 MHz,
CDCl3): §187.2,173.5,162.4, 148.0, 144.2, 139.8, 135.0, 126.1, 125.1,
123.8, 115.3, 114.5, 55.3; accurate mass (EI-MS) of [M] " Calcd. for
C1,H,404S 314.0612; found 314.0602.

2-(4-methoxyphenyl)-3-hydroxy-4H-chromen-4-thione (18)

Orange crystalline solid; Yield: 83%; m.p. 208-210 °C; UV Apax
(CH,Cl,) = 352 nm; FTIR (cm-Y): 3418, 3001, 2845, 1590, 1505, 1335,
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Table 1
Cholinesterase inhibition efficacy of compounds (1-24).

Compound No. AChE ICso + SEM? (uM) BChE ICso = SEM" (uM)

1 20.25 * 0.45 38.15 + 0.19
2 2.12 + 0.54 3.21 + 0.04
3 10.33 + 0.25 12.36 + 0.47
4 8.70 % 0.01 9.01 + 0.23
5 10.08 + 0.11 12.23 + 0.06
6 11.25 + 0.20 14.00 + 0.10
7 2 * 0.45 15.51 + 0.25
8 1.04 + 0.03 1.50 * 0.07
9 10.60 + 0.03 16.01 + 0.12
10 2.16 * 0.76 2.48 + 0.20
1 2.01 * 0.36 1.40 + 0.12
12 12.03 + 0.15 15.56 + 0.78
13 212 + 0.04 4.34 + 0.98
14 1.98 * 0.11 2.50 * 0.01
15 13.04 + 06 15.02 + 0.78
16 1.15 + 0.02 3.74 + 0.03
17 2.38 * 0.26 432 + 0.85
18 3.00 * 0.30 3.85 = 0.25
19 3.25 + 0.01 4.36 + 0.06
20 0.08 * 0.02 0.12 * 0.08
21 1.23 + 0.15 2.36 * 0.64
22 1.96 + 0.34 3 +0.18

23 0.07 % 0.02 0.15 * 0.05
24 2.01 * 0.09 450 * 0.87
Donepezil®* 0.09 + 0.01 0.13 + 0.04

@ ICso values (mean + standard error of mean); S'Standard inhibitor for
AChE and BChE enzymes.

1265, 1225; 'H NMR (500 MHz, DMSO-ds): 8 8.94 (s, 1H, OH),
8.45-8.38 (m, 1H, Ar-H), 8.12 (dd, J = 5.0, 10.0 Hz, 1H, Ar-H), 8.39
(dd, J = 5.0, 10.0 Hz, 2H, Ar-H), 8.12-8.01 (m, 1H, Ar-H), 7.92-7.88
(m, 1H, Ar-H), 7.48-7.45 (m, 1H, Ar-H), 7.21 (dd, J = 5.0, 10.0 Hz, 2H,
Ar-H), 3.89 (s, 3H, OMe); °C NMR (125MHz, DMSO-dg): § 186.3,
161.0, 155.0, 146.1, 138.8, 134.0, 130.0, 125.5, 124.06, 122.0, 118.8,
118.3, 114.7, 56.0; accurate mass (EI-MS) of [M]*: Caled. for
C16H1203S 284.0507; found 284.0500.

2-(4-fluorophenyl)-3-hydroxy-4H-chromen-4-one (19)

Red crystalline solid; Yield: 78%; m.p. 120-122 °C; UV Apax
(CHxCl,) = 428 nm; FTIR (em™Y): 3410, 2995, 1608, 1596, 1342,
1311, 1301, 1235; 'H NMR (500 MHz, DMSO-dg): § 9.02 (s, 1H, OH),
8.45-8.40 (m, 3H, Ar-H), 7.93-7.87 (m, 2H, Ar-H), 7.61-7.58 (m, 1H,
Ar-H), 7.51-7.46 (m, 2H, Ar-H); *C NMR (125 MHz, DMSO-dg): &
188.1, 164.8, 162.8, 150.2, 146.4, 141.1, 134.3, 131.88, 131.81,
128.18,128.10,127.4,119.4, 116.63, 116.45; accurate mass (EI-MS) of
[M] " Caled. for C;5HoFO,S 272.0307; found 272.0302.

2-(4-isobutylphenyl)-3-hydroxy-7-bromo-4H-chromen-4-thione
(20)

Bright-red crystalline solid; Yield: 80%; m.p. 194-196 °C; UV Apax
(CHxCl,) = 374nm; FTIR (cm™!): 3415, 3025, 2952, 1586, 1503,
1332, 1264, 1251; 'H NMR (500 MHz, DMSO-dg): § 9.03 (s, 1H, OH),
8.50 (d, J = 5.0Hz, 1H, Ar-H), 8.27 (d, J = 10.0 Hz, 2H, Ar-H), 8.01
(dd, J = 5.0, 10.0 Hz ,1H, Ar-H), 7.90 (d, J = 5.0 Hz, 1H, Ar-H), 7.41
(d, J =10.0Hz, 2H, Ar-H), 2.55 (d, J = 5.0 Hz, 2H, CH,CH(CHas)5),
1.94-1.89 (m, 1H, CH,CH(CHs),), 0.90 (d, J = 5.0Hz, 6H, CH,CH
(CHs)3) ; 13C NMR (125 MHz, DMSO-dg): 6 186.0, 149.2, 147.0, 145.7,
142.8, 136.3, 130.0, 129.8, 129.4, 129.1, 128.1, 122.1, 119.4, 45.0
(_CH2CH(CH3)2), 30.0 (_CHQCH(CH3)2), 22.6 (_CH2CH(CH3)2), ac-
curate mass (EI-MS) of [M] *: Calcd. for C;oH;7BrO,S 388.0132; found
388.0128.

2-(4-methoxyphenyl-3-hydroxy-7-bromo-4H-chromen-4-thione
(21)

Bright-red crystalline solid; Yield: 86%; m.p. 188-190 °C; UV Apax
(CHxCl,) = 438 nm; FTIR (em™Y): 3420, 3029, 2865, 1593, 1507,
1378, 1250, 1220; 'H NMR (500 MHz, DMSO-dg): § 9.00 (s, 1H, OH),
8.39-8.15 (m, 3H, Ar-H), 7.93-7.80 (m, 2H, Ar-H), 7.18 (s, 2H, Ar-H),
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3.88 (s, 3H, OMe); 13C NMR (125 MHz, DMSO-dg): § 184.7, 162.3,
149.1, 146.6, 143.1, 136.1, 131.3, 129.8, 129.3, 122.6, 122.0, 119.3,
115.0, 56.0; accurate mass (EI-MS) of [M]" " Calcd. for C;¢H;1BrO3S
361.9612; found 361.96102.

3-hydroxy-2-(4-isobutylphenyl)-4H-chromen-4-thione (22)

Light-orange crystalline solid; Yield: 82%; m.p. 147-149 °C; UV
Amax (CH>Cl,) = 380 nm; FTIR (cm™1): 3398, 3080, 2965, 1602, 1527,
1468, 1354, 1250, 1210; 'H NMR (500 MHz, DMSO-d): & 8.95 (s, 1H,
OH), 8.45-8.43 (m, 1H, Ar-H), 8.29-8.27 (m, 2H, Ar-H), 7.92-7.86 (m,
2H, Ar-H), 7.60-7.57 (m, 1H, Ar-H), 7.42-7.40 (m, 2H, Ar-H), 2.55 (d,
J =10.0Hz, 2H, CH,CH(CHs),), 1.94-1.88 (m, 1H, CH,CH(CHs),),
0.89 (d, J = 5.0 Hz, 6H, CH,CH(CHs),);

13C NMR (125 MHz, DMSO-de): & 187.4, 150.2, 146.4, 145.5, 142.3,
134.1, 130.0, 129.0, 128.3, 128.1, 127.9, 126.7, 119.4, 45.0 (—CH,CH
(CHs)»), 30.0 (—CH,CH(CH3),), 22.6 (—CH,CH(CHs3),); accurate mass
(EI-MS) of [M] ™" Caled. for C;oH;505S 310.1027; found 310.1020.

2-(4-bromo-3-hydroxy-7-bromo)-4H-chromen-4-thione (23)

Reddish crystalline solid; Yield: 80%; m.p. 183-184 °C; UV Apax
(CH,Cl,) = 396 nm; FTIR (em™1): 3414, 3004, 2898, 1598, 1509,
1349, 1285, 1237; 'H NMR (500 MHz, DMSO-dg): 6 8.89 (s, 1H, OH),
8.45 (d, J = 5.0Hz, 1H, Ar-H), 8.14 (d, J = 10.0 Hz, 2H, Ar-H), 7.95
(dd, J = 5.0, 10.0 Hz ,1H, Ar-H), 7.70 (d, J = 5.0 Hz, 1H, Ar-H), 7.50
(d, J = 10.0 Hz, 2H, Ar-H); *C NMR (125MHz, DMSO-d): § 186.0,
161.8, 148.7, 144.6, 142.0, 135.1, 131.0, 130.0, 129.1, 122.1, 121.7,
118.8, 114.6; accurate mass (EI-MS) of [M]*" Caled. for C;5HgBr,05S
409.8611; found 409.8601.

3-hydroxy-2-(4-nitrophenyl)-7-bromo-4H-chromen-4-thione
24)

Dark-red solid; Yield: 75%; m.p. 180-182 ‘C UV Apax
(CH,Cl,) = 395nm; FTIR (cm™'): 3435, 3101, 2936, 1603, 1512,
1428, 1326, 1247, 1232; 'H NMR (500 MHz, DMSO-dg): 6 9.05 (s, 1H,
OH), 8.65 (dd, J = 5.0, 10.0 Hz, 2H, Ar-H), 7.95 (d, J = 5.0 Hz, 1H, Ar-
H), 7.80 (d, J = 10.0 Hz, 1H, Ar-H), 7.50 (dd, dd, J = 5.0, 10.0 Hz, 2H,
Ar-H), 7.42-7.35 (m, 1H, Ar-H); *C NMR (125MHz, DMSO-d¢): &
187.8, 163.2, 161.7, 157.5, 152.4, 146.6, 145.1, 139.7, 133.4, 129.3,
129.0, 128.4, 128.0, 115.4; accurate mass (EI-MS) of [M] " Calcd. for
C15HgBrNO4S 376.9357; found 376.9345.

3.2. Cholinesterase enzymes inhibition assay

In continuation to our efforts on cholinesterase enzymes inhibition
studies [20,21], all the flavonols (1-12) and 4-thioflavonols (13-24)
were investigated, in vitro, for their inhibitory potential against com-
mercially available electric eel acetylcholinesterase (AChE) and horse
serum butrylcholinesterase (BChE) enzymes by employing precedent
spectrophotometric method. The obtained experimental results were
summarized in Table 1. Their ICso, values were also calculated, and
Donepezil was used as a reference compound.

3.3. Structure-activity relationship

All the tested compounds (1-24) exhibited potent varying degree of
inhibition (ICs5o = SEM = 0.07 = 0.02 to 15.51 * 0.25uM) as com-
pared to the standard drug Donepezil (ICso + SEM = 0.09 + 0.01
(AChE) and 0.13 = 0.04 uM (BChE). Noteworthy, the experimental
results revealed that all these compounds are potent selective inhibitors
of AChE enzyme. Relatively smaller active site of the AChE enzyme that
can assimilate the smaller groups unlike the larger active site of BChE
enzyme are accountable for such kind of unique behavior.
Notwithstanding that all the structural features are actively taking part
in inhibitory activity, however, the variation of different groups on
main structural motif was actually accountable for alteration in in-
hibitory potential. Remarkably, among the series, the compounds 20
(ICso = 0.08 = 0.02 for AChE and 0.12 = 0.08 uM for BChE) and 23
(IC50 = 0.07 *= 0.02 for AChE and 0.15 * 0.05 for BChE) were found
the most potent dual inhibitors of AChE and BChE enzymes, even more
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AChE (ICso + SEM) = 1.04+0.03 M

BChE (ICsp = SEM) = 1.50+0.07 uM

ACHE (ICso + SEM) = 2.01+0.36 uM

BChE (ICsop = SEM) = 1.40+0.12 pM

20

AChE (ICso = SEM) = 0.08+0.02 uM

BChE (ICso + SEM) = 0.12+0.08 pM

23

AChE (ICso = SEM) = 0.07+0.02 uM

BChE (ICso = SEM) = 0.15£0.05 uM

Fig. 2. Structure-activity relationship of the most potent compounds.

active than standard Donepezil drug (Fig. 2). However, these both
compounds are comparatively more active against AChE than BChE
(Table 1). The compound 20 has bromo group at position-7 in ring A
and isobutyl at 4’ position in ring B of the flavonol carbon framework.
The high inhibitory potential of this compound is mainly due to hy-
drophobic interactions of that alkyl group with non-polar pockets and
strong polar interactions with polar active pockets of the envisioned
enzymes.

Moreover, the other most potent dual inhibitor is compound 23
(ICs0 = 0.07 = 0.02uM for AChE and 0.15 = 0.05uM for BChE)
having one bromo group at 7-position of the ring A and other bromo
group at 4’ position of the ring B. Its inhibitory potential is due to the
formation of strong non-bonding interactions with active pockets of the
envisioned enzymes. In addition, the next most potent dual inhibitors
were the oxygen analogues (the compounds 8 and 11) of the com-
pounds 20 and 23. Their structural pattern is similar to that of sulfur
analogs (20 and 23) (Fig. 2). Because of this fact, their interactions
towards the AChE and BChE enzymes are also similar to the derivatives
20 and 23. However, they have strong interactions with previously
mentioned enzymes owing to the relatively better coordination of sulfur
than oxygen. It is noteworthy that the compound 11 was found the
selective inhibitor of BChE amongst the whole series. Probably, it nicely
fits into the active pockets of BChE, and thus has stable and substantial
interactions with it.

Furthermore, the simple flavonol derivative was appeared to be
about least inhibitor against both enzymes among the series (Table 1).
However, its sulfur analogue 13 has relatively more inhibitory activity
against AChE and BChE. Interestingly, it has been noticed that 4-thio-
flavonols (13-24) are comparatively better inhibitor against AChE as
compared to BChE (Table 1). These findings could be attributed to the
better coordinating properties of sulfur than oxygen. 4-thioflavonols
make significant interactions with the active sites of both enzymes.
However, overall, all the synthetic derivatives (1-24) are found to be
selective inhibitor of AChE. The obtained results displayed that the
nature and pattern of substitution at both rings A and B enhance

inhibitory potential of these compounds against both the envisioned
enzymes. Since, all the intended compounds have common 3-hydro-
xyflavone skeleton in their structures; the inhibitory potential of these
compounds appears to be purely due to the presence of different sub-
stituents at various positions of the main 3-hydroxyflavone scaffold as
well as thio-keto group in 4-thioflavonols. Both factors are accountable
to raise the inhibitory activity of these planned compounds (1-24).
Furthermore, in addition to the compounds 20 and 23, the remaining
derivatives were found as either selective inhibitors of acet-
ylcholinesterase or have shown dual inhibition towards both the en-
zymes. These experimental results were further supported by in silico
computational studies (molecular docking). Based on these results, 4-
thioflavonols with multiple functionalities could pave the way for de-
signing and the development of new structural motifs for the cure of
Alzheimer disease.

3.4. Molecular docking studies

In order to validate the experimental results and to find out plau-
sible binding interactions of inhibitors with the active pocket sizes of
the proposed enzymes, the molecular docking studies were performed.
Also, these theoretical studies were planned to figure out protein-ligand
interactions at molecular level for establishing SAR studies. In this
context, X-ray structures of human AChE (PDB ID: 4BDT) and BChE
(PDB ID: 4BDS) were selected as templates. The lowest bonding en-
ergies of the compounds (1-24) obtained after docking analysis are
given in the Table 2.

The results in vitro clarified the most potent derivative is compound
20 even more active than standard drug. This ligand inherits the in-
hibition capabilities against AChE via numerous kinds of interactions,
such as it associates with the TRP86 and TYR337 of catalytic triad
amino acid residues via hydrophobic pi-pi stacked and hydrophobic pi-
alkyl type of attractive forces respectively. SER125, GLU202, MET443,
PRO446, TYR449 amino acid residues of AChE possess the pi-donor
hydrogen bond, conventional hydrogen bond, hydrophobic alkyl and
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Fig. 3. Putative binding interactions of compound 20 against AChE.

Fig. 4. Interactions of the compound 20 with AChE at 3D space. Interactions with specific amino acid residues are shown in the box. The 3D ribbon represents the
enzyme-stick model is the lowest energy conforms of the inhibitor 20 along with amino acids of AChE interacting with it.

hydrophobic pi-alkyl type of interactions with the ligand 20 inside the
pocket of AChE as diagrammatically elaborated in Figs. 3 and 4.
Similarly, this ligand shows its inhibitory potential inside the active
pockets of BChE by developing conventional hydrogen bonding with
GLU197 and SER198 of oxyanion hole. TRP 82 of peripheral anion site
(PAS) exhibit hydrophobic pi-pi T-shaped type association with this
ligand inside BChE. ALA328, PHE329, LEU286, VAL288, TRP231,
PHE398 also possess the hydrophobic pi-alkyl, hydrophobic alkyl and
hydrophobic pi-sigma types bonding with the compound 20 inside

BChE as shown in Figs. 5 and 6.

Furthermore, another the most potent dual inhibitor of AChE and
BChE was the derivative 23. This ligand also unveils its inhibitory po-
tential against AChE via numerous types of linkages. It uses all of its
three rings A, B and C to form hydrophobic pi-pi stacked interaction
with the catalytic triad amino acid residues TRP86 and TYR337 inside
the active pockets of AChE. It also uses its OH group at C-3 for hydrogen
bonding with HIS447 inside the AChE as depicted in Figs. 7 and 8.

In the same way, theoretical studies of compound 23 reveals its
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TRPS82

Fig. 6. Interactions of the compound 20 with BChE at 3D space. Interactions with specific amino acid residues are shown in the box. The 3D ribbon represents the
enzyme-stick model is the lowest energy conforms of the inhibitor 20 along with amino acids of BChE interacting with it.

inhibition potential against BChE. Heterocyclic ring and thio-keto
group of this ligand develops hydrophobic pi-pi T-shaped and pi-sul-
phur type interactions with the TRP82 of peripheral anionic site residue
(PAS) inside BChE. SER198 shows hydrogen bonding with this ligand
inside the active pocket of BChE. This ligand also possesses the hy-
drophobic pi-alkyl, hydrophobic pi-pi T-shaped and hydrogen bonding
type interactions with ALA328, HIS438, GLU197 inside the active
pockets of BChE as displayed in Figs. 9 and 10.

Thus, these terrific and robust interactions anchored the derivative
20 and derivative 23 and, helped them in stabilizing in the active site of
the receptors. The derivatives 20 and 23 showed promising binding
energies —10.09 KJ mol™! and —10.20 KJ mol~! for AChE and,
—9.80 KJ mol ™! and —9.41 KJ mol " for BChE, respectively (Table 2)
which can be accredited to observed interactions. Results of the docking
simulations are quite consistent with the experimental finding. Hence
good acetylcholinesterase and butyrylcholinesterase activities with
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Fig. 7. Putative binding interactions of compound 23 against AChE.

lowest IC 50 values (Table 1) of derivative 20 and derivative 23 can be
accredited to their good binding energies and tremendous interactions
with key amino acids. These striking interactions and binding energies
suggest that the derivative 20 and derivative 23 possess the strong
potential to influence the catalytic activities of the enzyme and can act
as a potential surrogate for the development of novel acet-
ylcholinesterase and butyrylcholinesterase inhibitors.

4. Conclusions

In summary, we have designed and synthesized a fascinating series
of flavonol derivatives, bearing diverse substitution pattern, by em-
ploying precedent methodologies. These compounds were then effi-
ciently chemically transformed into 4-thioflavonols by using Lawesson’s
reagent as thionating agent, and also successfully characterized by

Fig. 8. Interactions of the compound 23 with AChE at 3D space. Interactions with specific amino acid residues are shown in the box. The 3D ribbon represents the
enzyme-stick model is the lowest energy conforms of the inhibitor 23 along with amino acids of AChE interacting with it.
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SER198

Fig. 10. Interactions of the compound 23 with BChE at 3D space. Interactions with specific amino acid residues are shown in the box. The 3D ribbon represents the
enzyme-stick model is the lowest energy conforms of the inhibitor 23 along with amino acids of BChE interacting with it.

usual spectroscopic techniques. All these compounds (1-24) were
screened for their inhibitory potential against AChE and BChE enzymes.
The results revealed that all the investigated compounds were selective
inhibitors of AChE except the compound 11, which was selective in-
hibitor of BChE. Moreover, enzymes inhibition assay showed that thio-

10

analogues (13-24) were comparatively more active than their pre-
cursors (1-12). This is attributed to the better co-ordination of sulfur
atom than oxygen. Notably, the derivatives 20 and 23 were found
highly potent as nearly dual inhibitors of AChE and BChE among the
whole series, even more active than Donepezil. Also, the SAR studies
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Table 2
Binding energies of selective modes against human AChE and BChE enzymes.

Compound No.  h AChE Lowest Binding h BChE Lowest Binding Energy

Energy AG in KJ mol ™! AG in KJ mol ~?
1 —8.31 —7.95
2 -9.22 —9.04
3 —8.38 —8.41
4 —8.80 —8.51
5 -8.35 —8.34
6 —8.54 —8.15
7 —8.43 —7.84
8 —9.40 -9.10
9 —8.66 —8.32
10 —9.06 —9.47
11 —9.00 —9.84
12 -8.24 —8.23
13 -9.15 —8.66
14 -9.63 -9.39
15 -8.94 —8.84
16 —9.54 —9.05
17 —9.38 —8.88
18 -9.14 —9.01
19 -9.16 —8.57
20 —10.09 —9.80
21 —9.66 —8.82
22 —9.88 -9.16
23 —10.20 —9.41
24 —9.20 —8.76
Standard —10 (HUW) —6.83 (THA)

were established on the basis of substitution pattern on flavonol
structure as well as keto-and thioketo- groups. The experimental results
were further supported by molecular docking analysis. The computa-
tional results were in good agreement with the experimental results. On
the basis of above-mentioned findings, new scaffolds could be envi-
sioned and developed for the treatment of Alzheimer disease. We are
quite confident that these results may be of interest for applications in
medicinal/pharmaceutical chemistry.
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