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ABSTRACT

Aim: A highly efficient one-step method has been developed for the synthesis of benzofuranyl
derivatives from 2-benzoylcyclohexane-1-carboxylic acid derivatives
isocyanate. This novel method provides a practical, cost-effective and efficient approach. Materials
& methods: The inhibitory effects of benzofuranyl derivatives on acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE) enzymes were investigated. Ki values were determined to range from
0.009 to 0.61 uM for AChE and 0.28 to 1.60 M for BChE. Molecular docking analysis provided
insights into the interaction modes and binding patterns of these compounds with AChE and BChE.
Conclusion: Kinetic findings of our study suggest that some of our compounds exhibited more
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effective low micromolar inhibition compared with the reference, and these derivatives could be to

design more powerful agents.

1. Background

Cholinesterases are a group of enzymes found in organ-
isms that play important roles in the body. Choline,
a compound with significant functions in the body, is
regulated by cholinesterases, which are present in the
brain, muscles, nervous system and other tissues [1].
Among others, acetylcholinesterase (AChE) and butyryl-
cholinesterase (BChE), are the best-known cholinesterase
enzymes.

AChE, present in the nervous system, terminates
the action of a neurotransmitter called acetylcholine.
Acetylcholine is a compound used for communication
between nerve cells,and AChE breaks down acetylcholine
molecules, rendering them inactive. In this way, it ensures
the proper control of nerve transmission [2]. The break-
down of acetylcholine through cholinesterases com-
pletes nerve transmission after its release from choliner-
gic synapses [3].

Choline is a component of phosphatidylcholine, a
phospholipid that makes up the structure of cell mem-
branes. BChE recycles choline by breaking down choline
esters, contributing to the maintenance of cell membrane
structure and function. BChE also breaks down acetyl-
choline, contributing to the regulation of nerve signals [4].
Certain anesthesia drugs are metabolized by BChE, which

contributes to the termination of their effects and is
important in controlling the effects of these drugs [5].

AChE inhibitors inhibit the action of acetyl-
cholinesterase but do not inhibit butyrylcholinesterase.
BChE performs the hydrolysis of various ester deriva-
tives [6]. Alzheimer’s disease affects cognitive functions,
including memory and thinking abilities. It has seen a sig-
nificant increase in developed countries due to the aging
population [7,8]. Many researches have demonstrated
that the activity of BChE and AChE change in Alzheimer’s
disease [9]. Acetylcholinesterase inhibitors are used to
treat cognitive symptoms of neurodegenerative cir-
cumstances such as Alzheimer's disease, Parkinson'’s
disease, Lewy body dementia and dementia. Addition-
ally, inhibitors of AChE have the potential to be used in
the treatment of disorders like autism [10].

Benzofuranyl groups are useful scaffolds that possess
desirable bioactive properties [11,12]. The benzofuranyl
moiety serves as an important part of natural products
(e.g., digitoxin, (-)-incrustoporin, plumieride, patulin) and
a series of pharmacologically active compounds (rofe-
coxib, digoxin, protoanemonin) (Figure 1A) [13,14]. These
molecules exhibits wide spectrum of biological activities
such as antibacterial, antifungal, antitumor, insecticides
and neurotoxicity [15-20]. Therefore, a practical, mild and
effective route is highly desirable for the synthesis of «, 8-
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Figure 1. Research background of benzofuranyl derivatives. (A) Bioactive natural and pharmacological products comprising

butenolides. (B) Metal catalyzed synthesis of butenolides. (C) This work: metal-free synthesis of butenolides

unsaturated lactones. For the first time, all new molecules
have been synthesized racemically.

The syntheses of benzofuranyl were reported from g-
Bromovinyl aldehydes reacting with alcohols and carbon
monoxide at 125°C in 66% yields via palladium-catalyzed
(Figure 1B-i) [21], and from carbonylative cyclization of 3-

bromoallyl alcohols via palladium-catalyzed (Figure 1B-
ii) [22]. However, the pharmaceutical industry and organic
syntheses have disadvantages such as hard conditions,
high reaction temperatures, long reaction times and the
use of metal catalysis. We recently published the use
of chlorosulfonyl isocyanate (CSI) as a versatile reagent



in organic synthesis [23-25]. Here we report a practical,
novel, synthesis of benzofuranyl groups via intramolecu-
lar cyclization with chlorosulfonyl isocyanate without any
metal catalysts in good yields and under mild conditions
(Figure 1C) Here we report the in vitro inhibition activi-
ties of these benzofuranyl derivatives on AChE and BuChE
enzymes.

2. Experimental
2.1. General remarks

Solvents, hexahydroisobenzofuran-1,3-dione and CSl
were commercially available. 2-benzoylcyclohexane-
1-carboxylic acid and their derivatives (1a-j) were
synthesized with Friedel-Crafts Acylation as stated in
the literature [26]. IR spectra were obtained from solu-
tions in 0.1 mm cells and in CH,Cl, with a Perkin-Elmer
spectrophotometer (MA, USA). "H-NMR and '3C-NMR
spectra were recorded on a Bruker spectrometers (MA,
USA) at 400 and 100 MHz, respectively, and NMR shifts
are presented as § in ppm. Melting points were recorded
on a melting-point apparatus (Gallenkamp, Canada;
WA11373). All docking runs were performed using
AutoDock 4.2.6 (https://autodock.scripts.edu) while
adopting the docking protocol described in [27]. All
protein-ligand visualization was done using Biovia DS
Visualizer v4.5 (BIOVIA, CA, USA).

2.2. General procedure synthesis of benzofuranyl
derivatives

CSI (1.1 eq) was added to a solution of 2-
benzoylcyclohexane-1-carboxylic acid and their deriva-
tives (1a-j) (1.0 eq) and a catalytic amount of TfOH
(trifluorosulfonic acid) in 10 ml dichloromethane and
stirred for 3 h at room temperature. After that, volatiles
were evaporated under reduce pressure. TLC was used to
purify the residue that resulted, and EtOAc:n-hexane (1:4)
was used as the eluent to produce the pure product.

2.2.1. 3-Phenyl-4,5,6,7-tetrahydroisobenzofuran-
1(3H)-one (2a)

Yellow liquid (86%); '"H-NMR (400 MHz, CDCl;, ppm) §
7.35-7.39(m, 3H), 7.19-7.22 (m, 4H), 5.69 (s, 1H), 2.27-2.30
(m, 2H), 2.18-2.24 (m, 1H), 1.92-1.98 (m, 1H), 1.63-1.78
(m, 4H); '*C-NMR (100 MHz, CDCl;, ppm) § 19.9, 21.5(2C),
23.1, 84.6, 126.3, 126.5, 129.0, 129.1, 135.1, 163.9, 173.9;
IR (CHCI;, cm™): 3065, 2938, 1750, 1678, 1454, 1299, 1235,
1025; HRMS (ESI): calcd for C;4H,,0, [((M+H)11: 214.0994;
found: 214.0990.
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2.2.2. 3-(p-Tolyl)-4,5,6,7-tetrahydroisobenzofuran-
1(3H)-one (2b)

Yellow liquid (88%); 'H-NMR (400 MHz, CDCl;, ppm) §7.17
(d, J: 8.1 Hz, 2H), 7.08 (d, J: 8.1 Hz, 2H), 5.66 (s, 1H), 2.35
(s,3H),2.27-2.29 (m, 2H), 2.16-2.22 (m, 1H), 1.98-2.03 (m,
TH), 1.64-1.76 (m, 4H); "*C-NMR (100 MHz, CDCl,, ppm) §
20.0, 21.5, 21.6(2C), 23.1, 84.5, 125.9, 126.5, 129.6, 132.0,
139.1, 163.9, 173.9; IR (CHCI;, cm™): 2936, 1754, 1677,
1515, 1448, 1391, 1300, 1235, 1113, 1028; HRMS (ESI):
caled for C;sH, 0, [(M+H)"1: 228.1150; found: 218.1142.

2.2.3. 3-(4-ethylphenyl)-4,5,6,7-tetrahydroisoben
zofuran-1(3H)-one (2c)

Yellow liquid (75%); "H-NMR (400 MHz, CDCl;, ppm) §7.13
(d, J: 8.1 Hz, 2H), 7.04 (d, J: 8.1 Hz, 2H), 5.59 (s, 1H), 2.57 (q,
J: 7,7 Hz, 2H), 2.22-2.24 (m, 2H), 2.09-2.17 (m, 1H), 1.87-
1.97 (m, 1H), 1.57-1.71 (m, 4H), 1,16 (t, J: 7.7 Hz, 3H); "3C-
NMR (100 MHz, CDCl;, ppm) § 15.4, 20.0, 21.5, 21.6, 23.6,
28.6, 84.5, 126.1, 126.6, 128.4, 132.3, 145.3, 163.8, 173.8;
IR (CHCI;, cm™): 2931, 1753, 1678, 1390, 1297, 1107, 1027,
941; HRMS (ESI): calcd for C;¢H,505 [((M+H)"]: 242.1307;
found: 342.1325.

2.2.4. 3-(4-propylphenyl)-4,5,6,7-tetrahydroisoben
zofuran-1(3H)-one (2d)

Yellow liquid (77%); "H-NMR (400 MHz, CDCl;, ppm) 6 7.10
(d,J: 8.1 Hz, 2H), 7.02 (d, J: 8.1 Hz, 2H), 5.58 (s, TH), 2.50 (t, J:
7,8Hz, 2H),2.19-2.21 (m, 2H), 2.08-2.17 (m, TH), 1.86-1.91
(m, TH), 1.50-1.69 (m, 6H), 0,87 (t, J: 7.8 Hz, 3H); '*C-NMR
(100 MHz, CDCl;, ppm) § 13.8, 19.9, 21.5, 21.6, 23.2, 24.4,
37.7,84.5, 126.0, 126.5, 129.0, 132.3, 143.8, 163.8, 173.9;
IR (CHCI;, cm™): 2931, 2862, 1754, 1679, 1351, 1296, 1027;
HRMS (ESI): calcd for C,H,,0, [(M+H)*1: 256.1463; found:
256.1472.

2.2.5. 3-(4-isopropylphenyl)-4,5,6,7-tetrahydroisoben
zofuran-1(3H)-one (2e)

Yellow liquid (79%); "H-NMR (400 MHz, CDCl;, ppm) §7.15
(d, J: 8.1 Hz, 2H), 7.04 (d, J: 8.1 Hz, 2H), 5.59 (s, 1H), 2,83
(septet, J: 6.9 Hz, TH), 2.22-2.24 (m, 2H), 2.10-2.17 (m, TH),
1.88-1.96 (m, 1H), 1.58-1.65 (m, 4H), 1.16 (d, J: 6.9 Hz, 6H);
13C-NMR (100 MHz, CDCl;, ppm) § 20.0, 21.5, 21.6, 23.2,
23.9, 33.9, 84.5, 126.1, 126.6, 127.0, 132.4, 149.9, 163.7,
173.8; IR (CHCl;, cm™):2958, 1755, 1678, 1513, 1390, 1108,
1027; HRMS (ESI): calcd for C,,H,,0, [(M-+H)*1: 256.1463;
256.1455.

2.2.6. 3-(3,4-dimethylphenyl)-4,5,6,7-tetrahydroiso
benzofuran-1(3H)-one (2f)

White solid (82%), m.p 92-94°C; "H-NMR (400 MHz, CDCl;,

ppm) § 7.14 (d, J: 8.1 Hz, TH), 6.93-6.96 (m, 2H), 5.64 (s,

1H), 2.30-2.32 (m, 2H), 2.27 (s, 6H), 2.18-2.25 (m, TH), 1.96—

2.02 (m, 1H), 1.66-1.78 (m, 4H); "*C-NMR (100 MHz, CDCl,,
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ppm) § 19.6, 19.8, 20.0, 21.5, 21.6, 23.1, 84.6, 124.1, 125.9,
127.6, 130.1, 132.4, 137.3, 137.7, 163.9, 173.9; IR (CHCl,,
cm™): 2928, 1757, 1677, 1449, 1389, 1298, 1106, 1026;
HRMS (ESI): calcd for C,4H,50, [(M+H)11: 242.1307; found:
242.1316.

2.2.7. 3-(2,5-dimethylphenyl)-4,5,6,7-tetrahydroiso
benzofuran-1(3H)-one (2g)

White solid (84%), m.p 96-98°C; "H-NMR (400 MHz, CDdl;,
ppm) § 7.05-7.12 (m, 2H), 6.80 (s, 1H), 5.98 (s, 1H), 2.38 (s,
3H),2.31-2.36 (m, 2H), 2.29 (s, 3H), 2.20-2.27 (m, 1H), 2.01-
2.07 (m, 1H), 1.67-1.80 (m, 4H); "*C-NMR (100 MHz, CDCl,,
ppm) § 18.8,20.1,21.0, 21.5, 21.6, 23.3,81.7, 126.5, 126.7,
129.6, 130.9, 132.7, 133.1, 136.2, 163.9, 174.0; IR (CHCl,,
cm™): 2930, 1752, 1677, 1504, 1448, 1389, 1294, 1148,
1026; HRMS (ESI): calcd for C,H, 50, [(M+H)*1: 242.1307;
found: 242.1304.

2.2.8. 3-(2,4-dimethylphenyl)-4,5,6,7-tetrahydroiso
benzofuran-1(3H)-one (2h)

White solid (83%), m.p 99-101°C; "H-NMR (400 MHz,
CDCl;, ppm) § 7.04 (s, TH), 7.01 (d, J: 8.0 Hz, 1H), 6.88 (d, J:
8.0 Hz, 1H), 5.97 (s, TH), 2.39 (s, 3H), 2.32 (s, 3H),2.29-2.31
(m, 2H), 2.19-2.27 (m, 1H), 2.03-2.09 (m, 1H), 1.74-1.77
(m, 4H); "*C-NMR (100 MHz, CDCl5, ppm) § 19.1,20.1,21.1,
21.6(2C),23.4,81.7,126.4,126.8,127.3,129.9,131.7,136 4,
138.8, 163.7, 173.9; IR (CHCl;, cm™'): 2927, 1754, 1678,
1448, 1391, 1295, 1027; HRMS (ESI): calcd for C,4H, 50,
[(M+H)T1: 242.1307; found: 242.1319.

2.2.9. 3-([1,1-biphenyl]-4-yl)-4,5,6,7-tetrahydroiso
benzofuran-1(3H)-one (2i)

White solid (82%), m.p 76-78°C; 'H-NMR (400 MHz, CDdl;,
ppm) § 7.48-7.53 (m, 4H), 7.34-7.38 (m, 2H), 7.26-7.30
(m, 1H), 7.20 (d, J: 8.0 Hz, 2H), 5.66 (s, 1H), 2.23-2.25 (m,
2H), 2.14-2.19 (m, 1H), 1.91-1.98 (m, 1H), 1.58-1.70 (m,
4H); 3C-NMR (100 MHz, CDCl;, ppm) § 20.0, 21.5(20),
23.2,84.3,126.2,127.0, 127.1, 127.6, 127.7, 128.9, 134.0,
140.3, 142.1, 163.7, 173.8; IR (CHCI;, cm™): 3056, 2921,
1754, 1662, 1463, 1301, 1242, 1037; HRMS (ESI): calcd for
CyoH150, [(M+H)T1: 290.1307; found: 290.1332.

2.2.10. 3-(4-bromophenyl)-4,5,6,7-tetrahydroiso
benzofuran-1(3H)-one (2j)

White solid (92%), m.p 83-85°C; "H-NMR (400 MHz, CDCl;,
ppm) 8 7.47-7.50 (m, 2H), 7.07-7.09 (m, 2H), 5.64 (s, TH),
2.26-2.29 (m, 2H), 2.18-2.23 (m, 1H), 1.88-1.94 (m, TH),
1.61-1.76 (m, 4H); "*C-NMR (100 MHz, CDCl5, ppm) § 19.9,
21.4(2C), 23.0,83.7,123.1,126.3,128.2,132.1,134.2,163.4,
173.5; IR (CHCl;, cm™):3063,2934,2251,2047,1901, 1755,
1589, 1488, 1296, 1007; HRMS (ESI): calcd for C,,H,;BrO,
[(M+H)*1: 292.0099; found: 292.0106.

2.3. Determination of AChE/BChE enzymes activity

The spectrophotometric method, reported by Ell-
man et al., was used to determine the inhibitory effects
of the derivatives on AChE/BChE enzymes [28]. 5,5'-
dithiobis(2-nitrobenzoic) acid (DTNB) was used to eval-
uate the activity of the enzymes AChE and BChE. The
activity of both enzymes was determined spectrophoto-
metrically at 412 nm [29].

2.4. Molecular modeling

The crystal protein structure of AChE (Protein Data Bank
[PDB] ID: 6052) [30] and BChE retrieved from the Pro-
tein Data Bank (www.rcsb.org/) [31], was prepared using
PlayMolecule PrepareProtein protocol (www.playmolecu
le.com/) utilizing the estimated pKa values of the titrat-
able residues in the protein [32]. The 3D structures of all
ligands were sketched using ChemSketch (www.acdlabs.
com) and optimized using UCSF Chimera [33]. Docking
grid files were made utilizing the cocrystal ligand bind-
ing coordinates with the help of the MGLTools 1.5.6 pro-
gram. AChE (x:5.01,y:35.37 and z:-8.38 A), BChE (x: 42.16,
y:-17.91 and z: 42.72 A). For both proteins, a grid box of
x: 40, y: 40 and z: 40 A dimension was used. The merg-
ing of all non-polar hydrogen atoms and the addition of
gasteiger charges to all atoms were done using MGLTools
1.5.6 software. Compounds 2b and 2h were docked into
the active site, while compounds 2i and 2j were docked
into the apparently allosteric site of AChE using AutoDock
4.2.6 (https://autodock.scripts.edu) [34], employing Lar-
mackian Genetic algorithm with exhaustiveness value of
10 (10 runs per ligand). The binding energy of the ligand’s
poses were calculated and the interaction of the best pose
for each ligand with AChE and BChE was examined using
Biovia DS Visualizer v4.5 (BIOVIA, CA, USA).

3. Results & discussion
3.1. Chemistry

Initial reaction condition screening was started with 2-
benzoylcyclohexane-1-carboxylic acid (1a) using CSI as
the model substrate and without acid or base catalyst
at room temperature in DCM or in acetonitrile. After
3h, 3-phenyl-4,5,6,7-tetrahydroisobenzofuran-1(3H)-one
(2a) was isolated in 32 and 37% yield respectively,
(Table 1, entry 1-7). Chemical characterization of (2a)
was approved by "H-NMR, '*C-NMR, HRMS and IR. To
improve the yield, optimization studies were carried out.
On changing with AcOH and TFA (Table 1, entries 2-5
and 8-11), the yield of 2a increased slightly (38 and 45%)
(Table 1, entries 2-3) and, (42 and 64%) (Table 1, entries
8-9), respectively. With TfOH, 2a increased to 73 and 87%
(Table 1, entries 4-10). Changing the catalyst as NEt;,



Table 1. Condition optimization.
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(0]
O  COOH | o
Acid or Base
. O\\ 2, 0 —
cI”°>N® solvent
1a csl 2a
Entry Solvents Acid or baset Yield* (%)
1 Acetonitrile None 32
2 AcOH 38
3 TFA 45
4 TfOH 73
5 NEt, ND
6 TfOH and without CSI ND
7 DCM None 37
8 AcOH 42
9 TFA 64
10 TfOH 87
11 NEt, ND
12 TfOH and without CSI ND

TReaction conditions: 1a (1.0 eq), CSI (1.1 eq), base or acid (cat.), solvent (10 ml).
*ND: Not detected.

Bold Values indicates ‘The best yield

CSI: Chlorosulfonyl isocyanate.

optimization reactions of 2a products were not observed
(Table 1, entries 5-11). Also, the optimization condition of
desired product 2a was not detected with TfOH as cata-
lyst without CSI (Table 1, entries 6 and 12). The ideal reac-
tion media was are ultimately determined in 87% vyield,
as follows, TfOH as acid catalyst in DCM at room temper-
ature (Table 1, entry 10).

With the optimized reaction conditions in hand, trans-
formation and the scope were carefully examined and
the results are summarized in Figure 2. The reaction
of 2-benzoylcyclohexane-1-carboxylic acid derivatives (p-
methyl, p-ethyl, p-n-propyl, p-iso-propyl, 3,4-dimethyl,
2,5-dimethyl, 2,4-dimethyl, biphenyl and p-bromo) with
CSl proceeded smoothly to furnish 2b (88%), 2¢ (75%), 2d
(77%), 2e (79%), 2f (82%), 2g (84%), 2h (83%), 2i (82%),
and, 2j (92%) excellent yields in mild conditions without
any metal catalyst, respectively.

A plausible mechanism for the synthesis of 2a was sug-
gested in light of the data. First, the carbonyl group of
isocyanates and the COOH group of benzoic acid (1a) are
attacked nucleophilically to produce carbamic anhydride
(I). Following the protonation of the carbonyl oxygen by
TfOH, carbamic anhydride (l) is then rearranged to carba-
mate (Il) by CO,NHSO,Cl. Finally, intermatiated Il under-
goes isomerization to provide compound 2a (Figure 3).

3.2. Invitro inhibition studies

Inhibition properties were investigated for benzofuranyl
derivatives on AChE and BChE enzymes at a minimum of
five different inhibitor doses. The IC, values were deter-
mined from the activity (%) — (benzofuranyl groups) plots

for each drug, defining the concentration of any com-
pound causing 50% inhibition. The control cuvette con-
tained no benzofuranyl groups, resulting in 100% enzyme
activity. Lineweaver and Burk’s curves were employed to
determine inhibitor types and to calculate Ki values [35].

3.3. AChE & BChE inhibition result

Inhibitors of cholinesterase (ChE) are commonly used to
treat cholinergic neurotransmission disorders [36]. Their
effect on BChE and AChE is associated with the thera-
peutic effects of various drugs [37]. In Alzheimer’s dis-
ease, downregulation of acetylcholine and butyrylcholine
levels occur, which play a role in facilitating communica-
tion between nerve cells. BChE and AChE inhibitors inhibit
the BChE and AChE enzymes in the brain, leading to an
increase in acetylcholine and butyrylcholine levels. This
can alleviate symptoms observed in Alzheimer’s disease,
such as memory impairment, cognitive dysfunction and
overall quality of life [38].

Benzofuranyl derivatives synthesized through the reac-
tion of 2-benzoylcyclohexan-1-carboxylic acid derivatives
with CSI exhibited significantly higher AChE inhibition
activity compared with standard AChE inhibitors. The
benzofuranyl derivatives effectively inhibited AChE, with
Kivalues ranging from 0.09 £ 0.006 t0 0.61 £ 0.15 M. The
Ki values for benzofuranyl derivatives (2a-j) and the stan-
dard compound tacrine (TAC) are summarized in Table 1.
The benzofuranyl compounds (2a-j) strongly inhibited
AChE, with Ki values ranging from 0.09 to 0.61 uM.
However, these benzofuranyl derivatives (2a-j) exhibited
almost similar inhibitory activities. Among the benzo-
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Figure 2. Substrate scope for synthesis of benzofuranyl derivatives®.
2Reaction conditions: 2-benzoylcyclohexane-1-carboxylic acid derivatives (1.1 eq) (1a-j), CSI (1.1 eq), TfOH (0,1 eq), DCM (10 ml),
reaction was stirred for 3h. Plsolated yield.
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Figure 4. The Lineweaver-Burk graphs of molecules 2b, 2h, 2i and 2j demonstrating the best inhibition on AChE.
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Figure 5. The Lineweaver-Burk graphs of molecules 2g and 2e demonstrating the best inhibition BChE.

Table 2. The enzyme inhibition results against BChE and AChE of benzofuranyl derivatives synthesized by the reaction of 2-

benzoylcyclohexane-1-carboxylic acid derivatives with CSI (2a-j).

Compounds ICy, (kM) K (uM)
AChE r? BChE r? AchE BChE

2a 4.81 0.9588 15.06 0.9569 0.61+0.157 0.56 +0.239
2b 4.78 0.9838 14.74 0.9205 0.23 £ 0.008 0.45+0.121
2c 4.95 0.9625 16.50 0.9843 0.33 £0.098 0.76 £ 0.240
2d 5.21 0.9474 34.65 0.9085 0.46 £ 0.055 0.66 £ 0.064
2e 430 0.9843 34.65 0.9085 0.32 £ 0.080 0.28 £ 0.080
2f 4.38 0.9887 33.00 0.9772 0.31 £ 0.091 0.32 £ 0.060
2g 4.25 0.9403 31.50 0.9827 0.27 £0.078 0.31 £0.071
2h 3.51 0.9384 33.00 0.9739 0.24 +£0.072 0.41 £0.105
2i 412 0.9843 33.00 0.9085 0.009 =+ 0.006 0.43 £0.071
2j 3.26 0.9569 14.74 0.9085 0.23 £0.031 1.60 4+ 0.807
TACt 3.74 0.9557 3.74 0.9757 6,19 £2.20 1.31£2.30

tTacrine (TAC) was used as a control for AChE and BChE enzymes.

Table 3. Binding propensity of the synthetic compounds against AChE and BChE.

Compounds Binding energy (kcal/mol) Mode of inhibition
AChE BChE Competitive Uncompetitive
2b -6.71 -5.89 AChE BChE
2h -6.45 -5.51 AChE BChE
2i -8.13 -8.98 BChE AChE
2j -7.79 -8.74 BChE AChE

furanyl derivatives, 2b, 2h, 2i and 2j effectively inhib-
ited AChE, while 2g, 2e and 2f inhibited BChE strongly.
(Figures 4 & 5) The most effective compound against
AChE was 2j, with Ki values of 0.009 &+ 0.006 uM. The
inhibition values for AChE were examined in the follow-
ing order: TAC (3.74 M, r2: 0.9557) < 2h (3.51 uM, r2:
0.9384) < 2j(3.26 uM, r2:0.9569). As shown in Table 1, the
benzofuranyl derivatives (2a-j) inhibited BChE, with Ki
values ranging from 14.74 + 0.9085 to 34.65 4 0.9085 uM
(Tables 2 & 3).

3.4. Molecular docking

Crystallographic studies based on various kinetic or
calorimetric measurements have demonstrated that the
active site of both cholinesterase enzymes includes ester

and anionic subsites, catalytic converters and acetyl-
choline binding sites. The active site is formed by three
catalytic residues: Glu, Ser and His. In the treatment of
Alzheimer’s disease, certain compounds inhibit BChE and
AChE, thereby increasing ACh levels in synapses. Drug
groups such as galantamine and donepezil are currently
used as AChE inhibitors in clinical practice [39-41]. Our
results indicate that compound 2i was approximately
300-times much stronger AChE inhibitor compared with
TAC. For AChE, 2a, 2d, 2e, 2i and 2j exhibited uncompet-
itive inhibition, while 2b, 2h, 2f, 2g and 2c showed com-
petitive inhibition. For BChE, 2a, 2b, 2h and 2c demon-
strated uncompetitive inhibition, whereas 2f, 2g, 2d, 2e,
2i and 2j displayed competitive inhibition.

In this study, the binding affinity and interaction of
compounds 2b, 2h, 2i and 2j against AChE and BChE



were predicted. Compounds 2b and 2h were consid-
ered competitive inhibitors and showed a similar bind-
ing mode to that of the cocrystal ligand in the crystal
structure of AChE (PDB ID: 6052). On the other hand,
2i and 2j were treated as potential allosteric inhibitors
that bound to an allosteric pocket close to the active
site of AChE (Supplementary Figure S1). Compounds 2b
(Supplementary Figure S2A) and 2h (Supplementary Fig-
ure S2B) were engaged with the active site of AChE
via T-m stacked interactions, hydrophobic contacts and
a couple of Van der Waals interactions, with a unique
H-bond formed between the carbonyl oxygen on the
benzofuranyl group of 2h and Phe295 in the active
site of AChE (Supplementary Figure S2B). These inter-
actions yielded a binding energy -6.71 kcal/mol for 2b
and -6.45 kcal/mol for 2h. Phe295 is considered as one
of the important constituents of the AChE active site,
which participate in formation of the acyl pocket sub-
site [42]. In the case of potential allosteric inhibitors, 2i
and 2j demonstrated common interactions comprising
2H-bonds, a couple of hydrophobic contacts and Van der
Waals interactions, with r—cation found to be unique to
2i (Supplementary Figure S1A) and w—anion interaction
present in 2j (Supplementary Figure S1B). In particular,
the 2H-bonds formed between the benzofuranyl group of
2iand Arg521 and Lys332 may be critical for inhibiting the
activity of AChE (Supplementary Figure S3A). Similarly, 2j
formed 2H-bonds with Arg433 and Lys332 in the allosteric
site of AChE via its benzofuranyl group (Supplementary
Figure S3B). Compounds 2i and 2j were predicted to have
binding energy -8.13 and -7.79 kcal/mol, respectively. In
the case of the BChE complex with 2i, two hydrogen
bonds with Ala199; four hydrophobic interactions with
Pro285, Leu286, Ala328 and Phe398; as well as a few
Van der Waals interactions that strengthened the bind-
ing (Supplementary Figure S2A). Ala328 is a catalytically
essential residue whose mutation affects the activity of
BChE [43]. Similarly, compound 2j formed two hydrogen
bonds with the backbone of Gly177 and Ala99 via the
benzofuranyl fragment; 7 -sigma and 7 -7 stacking inter-
actions with Trp231 and Phe398, respectively, and a few
Van der Waals interactions (Supplementary Figure S4B).
These interactions may contribute greatly to the overall
binding propensity of these ligands, reflected in the bind-
ing energy -8.98 and -8.74 kcal/mol for 2i and 2j, respec-
tively. The interaction of 2b and 2h with allosteric pocket
was rather interesting; the benzofuranyl group on both
2b and 2h was involved in the formation of two key 2H-
bonds with Lys323 and Asn504 in the allosteric pocket
of BChE (Supplementary Figure S5A & B), with respective
binding energies-5.89 and -5.51 kcal/mol. Taken together,
these interactions may account for the inhibitory activity
of the compounds against the AChE and BChE.
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4. Conclusion

In this study, a simple, efficient and one-step novel
method was developed for the synthesis of benzofu-
ranyl derivatives using CSI from 2-benzoylcyclohexane-
1-carboxylic acid derivatives, and they were obtained in
good yields. This method offers advantages such as a
short reaction time, environmentally friendly conditions
without the need for metals and mild reaction conditions.
Additionally, the compounds were examined for BChE
and AChE inhibition.

Molecular docking is widely used in pharmaceutical
research and development to predict the binding mode
ofaligand toareceptor.In this study, the inhibitory effects
of benzofuranyl derivatives on AChE and BChE enzymes
were investigated, and molecular docking was applied
to examine the binding propensity and interactions of
the most effective molecules, particularly 2b, 2h, 2i and
2j against AChE and BChE. It was observed that 2i and
2j exhibited high binding affinity and interactions. As a
result of these investigations, it has been demonstrated
that some of the benzofuranyl derivatives exhibit signif-
icantly higher inhibition on AChE and BChE compared
with TAC molecules.

Alzheimer’s is a complicated neurological illness with
no effective treatment currently available. Drugs like
TAC and similar ones can alleviate the symptoms of
Alzheimer’s disease, but their ability to halt or reverse
the progression of the disease is limited. In compari-
son to drugs used for the treatment of Alzheimer’s dis-
ease, such as TAC and similar ones, benzofuranyl deriva-
tives, especially molecules like 2b, 2h, 2i and 2j, may
be considered more effective and promising drug can-
didates as inhibitors for AChE and BChE enzymes. Con-
sequently, these new compounds have the potential to
exert a greater impact on the treatment of various dis-
eases, including Alzheimer’s disease and neurological dis-
orders. This method can be highly practical and beneficial
for the synthesis of benzofuranyl derivatives in pharma-
ceutical and industrial applications.

Summary points

- Highly effective one-pot synthesis of novel benzofuranyl
derivatives.

« Inhibitory potentials and molecular docking of synthesized novel
benzofuranyl derivatives were investigated.

- Kinetic studies were conducted for benzofuranyl derivatives with
AChE and BChE.

+ IC,, and Ki values were determined with AChE and BChE.

« The inhibition types of the inhibitors were determined.

+ The most effective inhibitors were identified as 2i for AChE and 2e
for BChE.
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