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ABSTRACT 
Aim: A highly efficient one-step method has been developed for the synthesis of benzofuranyl 
deriv a tiv es fr om 2-benz o ylc yclohexane-1- car boxylic acid der iv a tiv es using chlor osulf on yl 
isocy ana te. T his no v el method pr ovides a practical , cost-effectiv e and efficient approach. Materials 
& methods: The inhibitory effects of benzofuranyl deriv a tives on ac etylcholinest erase (AChE) and 
butyrylcholinesterase (BChE) enzymes w er e inv estigated . Ki values w er e det ermined t o range from 

0.009 to 0.61 μM for AChE and 0.28 to 1.60 μM for BChE. Molecular docking analysis provided 
insigh ts in to the in teraction modes and binding pa tt erns of these c ompounds with AChE and BChE. 
Conclusion: Kinetic findings of our study suggest that some of our compounds exhibited more 
effective low micromolar inhibition compared with the reference, and these deriv a tives could be to 
design more powerful agents. 
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. Background 

holinesterases are a group of enzymes found in organ-
sms that play important roles in the body. Choline,
 compound with significant functions in the body, is
egulated by cholinesterases, which ar e pr esent in the
rain, muscles, nervous sy st em and other tissues [ 1 ].
mong others, ac etylcholinest erase (AChE) and butyryl-
holinesterase (BChE), are the best-known cholinesterase
nzymes. 

AChE , presen t in the nervous sy st em, t erminat es
he action of a neurotransmitter called acetylcholine.
cetylcholine is a compound used for communication
etw een nerv e cells, and AChE br eaks down acetylcholine
olecules, r endering them inactiv e. In this way, it ensur es

he pr oper contr ol of nerv e transmission [ 2 ]. The br eak -
own of acetylcholine through cholinesterases com-
letes nerve transmission after its release from choliner-
ic synapses [ 3 ]. 

Choline is a component of phosphatidylcholine, a
hospholipid that makes up the structure of cell mem-
ranes. BChE r ecy cles choline by breaking down choline
st ers, c ontributing t o the maint enanc e of c ell membrane
tructure and function. BChE also breaks down acetyl-
holine, c ontributing t o the r egulation of nerv e signals [ 4 ].
ertain anesthesia drugs are metabolized by BChE, which
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c ontribut es t o the t ermination 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 perf orms the h y dr oly sis of various est er deriva-
tives [ 6 ]. Alzheimer’s disease affects c og nitive functions,
including memory and thinking abilities. It has seen a sig-
nificant increase in developed countries due to the aging
population [ 7 , 8 ]. Many r esear ches hav e demonstrated
that the activity of BChE and AChE change in Alzheimer’s
disease [ 9 ]. Ac etylcholinest erase inhibit ors are used t o
treat c og nitive sympt oms of neur odegenerativ e 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 trea tmen t of disorders like autism [ 10 ]. 

Benzofuranyl groups are useful scaffolds that possess
desirable bioactiv e pr operties [ 11 , 12 ]. T he benz ofuranyl
moiety serves as an important part of natural products
(e.g., dig it oxin, (-)-incrust opor in, plumier ide, patulin) and
a series of pharmac olog ically active c ompounds (rofe-
co xib, digo xin, pr otoanemonin) ( Figur e 1 A) [ 13 , 14 ]. These
molecules exhibits wide spectrum of biological activities
such as an tibacterial, an tifungal, an titumor, insecticides
and neur otoxicity [ 15–20 ]. Ther efor e, a practical , mild and
effectiv e r oute is highly desirable for the synthesis of α, β-
568919.2024.2342641 
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A) Bioactive Natural and Pharmacological products comprising butenolides

Digoxin

B) Metal catalyzed Synthesis of Butenolides
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Figure 1. Resear ch backgr ound of benzofur anyl deriv ativ es. (A) Bioactiv e na tural and pharmac ological products c omprising 
butenolides. (B) Metal catalyzed synthesis of butenolides. (C) This work: metal-free synthesis of butenolides 
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nsa tura t ed lact ones. For the first time, all new molecules
ave been synthesized racemically. 
he syntheses of benzofuranyl w er e r eported fr om β-
romovin yl aldeh ydes reacting with alcohols and carbon
onoxide at 125 ◦C in 66% yields via palladium-catalyzed

 Figure 1 B-i) [ 21 ], and from carbonyla tive cycliza tion of 3-
bromoallyl alcohols via palladium-catalyzed ( Figure 1 B-
ii) [ 22 ]. How ev er, the pharmaceutical industry and organic
syn theses have disadv an tages such as hard conditions,
high r eaction temperatur es, long r eaction times and the
use of metal cataly sis. We rec ently published the use
of chlorosulf on yl isocy ana te (CSI) as a versa tile reagen t
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n organic synthesis [ 23–25 ]. Here we report a practical,
ov el , synthesis of benzofuranyl groups via intramolecu-

ar cyclization with chlorosulf on yl isocy ana te without any
etal catalysts in good yields and under mild conditions

 Figur e 1 C) Her e w e r eport the in vitro inhibition activi-
ies of these benzofuranyl deriv a tives on AChE and BuChE
nzymes. 

. Experimental 

.1. General remarks 

olv ents, hexahy dr oisobenzofuran-1,3-dione and CSI
 er e commer cially available. 2-benz o ylcyclohexane-

-carboxylic acid and their deriv a tiv es ( 1a–j ) w er e
ynthesized with Friedel-Crafts Acylation as stated in
he literature [ 26 ]. IR spectra w er e obtained fr om solu-
ions in 0.1 mm cells and in CH 2 Cl 2 with a Perkin-Elmer
pectrophot omet er (MA, USA). 1 H-NMR and 

13 C-NMR
pectra w er e r ecor ded on a Bruker spectr ometers (M A,
SA) at 400 and 100 MHz, r espectiv ely, and NMR shifts
r e pr esented as δ in ppm. Melting points w er e r ecor ded
n a melting-point apparatus (Gallenkamp, Canada;
A11373). All docking runs w er e performed using
utoDock 4.2.6 ( https://autodock.scripts.edu ) while
dopting the docking prot oc ol described in [ 27 ]. All
rotein–ligand visualiza tion w as done using Biovia DS
isualizer v4.5 (BIOVIA, CA, USA). 

.2. General procedure synthesis of benzofuranyl 
derivatives 

SI (1.1 eq) was added to a solution of 2-
enz o ylc yclohexane-1- carboxylic acid and their deriva-

ives ( 1a–j ) (1.0 eq) and a catalytic amount of TfOH
trifluorosulfonic acid) in 10 ml dichloromethane and
tirred for 3 h at r oom temperatur e. After that, v olatiles
 er e ev apora t ed under reduc e pressure. TLC was used to
urify the residue that r esulted , and E tOAc: n -he xane (1:4)
as used as the eluent to produce the pure product. 

.2.1. 3-Phen yl-4,5,6,7-tetrah y dr oisobenz ofuran- 
1(3H)-one (2a) 

ellow liquid (86%); 1 H-NMR (400 MHz, CDCl 3 , ppm) δ
.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); 13 C-NMR (100 MHz, CDCl 3 , ppm) δ 19.9, 21.5(2C),
3.1, 84.6, 126.3, 126.5, 129.0, 129.1, 135.1, 163.9, 173.9;

R (CHCl 3 , cm 
-1 ): 3065, 2938, 1750, 1678, 1454, 1299, 1235,

025; HRMS (ESI): calcd for C 14 H 14 O 2 [(M + H) + ]: 214.0994;
ound: 214.0990. 
2.2.2. 3-(p-Tolyl)-4,5,6,7-tetrah y dr oisobenz ofuran- 
1(3H)-one (2b) 

Yellow liquid (88%); 1 H-NMR (400 MHz, CDCl 3 , ppm) δ 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,
1H), 1.64–1.76 (m, 4H); 13 C-NMR (100 MHz, CDCl 3 , ppm) δ
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 (CHCl 3 , cm 

-1 ): 2936, 1754, 1677,
1515, 1448, 1391, 1300, 1235, 1113, 1028; HRMS (ESI):
calcd for C 15 H 16 O 2 [(M + H) + ]: 228.1150; found: 218.1142. 

2.2.3. 3-(4-eth ylphen yl)-4,5,6,7-tetrah y droisoben 

zofuran-1(3H)-one (2c) 
Yellow liquid (75%); 1 H-NMR (400 MHz, CDCl 3 , ppm) δ 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); 13 C-
NMR (100 MHz, CDCl 3 , ppm) δ 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 (CHCl 3 , cm 

-1 ): 2931, 1753, 1678, 1390, 1297, 1107, 1027,
941; HRMS (ESI): calcd for C 16 H 18 O 5 [(M + H) + ]: 242.1307;
found: 342.1325. 

2.2.4. 3-(4-propylphen yl)-4,5,6,7-tetrah y droisoben 

zofuran-1(3H)-one (2d) 
Yellow liquid (77%); 1 H-NMR (400 MHz, CDCl 3 , ppm) δ 7.10
(d, J : 8.1 Hz, 2H), 7.02 (d, J : 8.1 Hz, 2H), 5.58 (s, 1H), 2.50 (t, J :
7,8 Hz, 2H), 2.19–2.21 (m, 2H), 2.08–2.17 (m, 1H), 1.86–1.91
(m, 1H), 1.50–1.69 (m, 6H), 0,87 (t, J : 7.8 Hz, 3H); 13 C-NMR
(100 MHz, CDCl 3 , ppm) δ 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 (CHCl 3 , cm 

-1 ): 2931, 2862, 1754, 1679, 1351, 1296, 1027;
HRMS (ESI): calcd for C 17 H 20 O 2 [(M + H) + ]: 256.1463; found:
256.1472. 

2.2.5. 3-(4-isopropylphen yl)-4,5,6,7-tetrah y droisoben 

zofuran-1(3H)-one (2e) 
Yellow liquid (79%); 1 H-NMR (400 MHz, CDCl 3 , ppm) δ 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, 1H), 2.22–2.24 (m, 2H), 2.10–2.17 (m, 1H),
1.88–1.96 (m, 1H), 1.58–1.65 (m, 4H), 1.16 (d, J : 6.9 Hz, 6H);
13 C-NMR (100 MHz, CDCl 3 , ppm) δ 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 3 , cm 

-1 ): 2958, 1755, 1678, 1513, 1390, 1108,
1027; HRMS (ESI): calcd for C 17 H 20 O 5 [(M + H) + ]: 256.1463;
256.1455. 

2.2.6. 3-(3,4-dimeth ylphen yl)-4,5,6,7-tetrah y droiso 

benzofuran-1(3H)-one (2f) 
White solid (82%), m.p 92–94 ◦C; 1 H-NMR (400 MHz, CDCl 3 ,
ppm) δ 7.14 (d, J : 8.1 Hz, 1H), 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, 1H), 1.96–
2.02 (m, 1H), 1.66–1.78 (m, 4H); 13 C-NMR (100 MHz, CDCl 3 ,
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pm) δ 19.6, 19.8, 20.0, 21.5, 21.6, 23.1, 84.6, 124.1, 125.9,
27.6, 130.1, 132.4, 137.3, 137.7, 163.9, 173.9; IR (CHCl 3 ,
m 

-1 ): 2928, 1757, 1677, 1449, 1389, 1298, 1106, 1026;
RMS (ESI): calcd for C 16 H 18 O 2 [(M + H) + ]: 242.1307; found:
42.1316. 

.2.7. 3-(2,5-dimeth ylphen yl)-4,5,6,7-tetrah y droiso 

benzofuran-1(3H)-one (2g) 
hite solid (84%), m.p 96–98 ◦C; 1 H-NMR (400 MHz, CDCl 3 ,

pm) δ 7.05–7.12 (m, 2H), 6.80 (s, 1H), 5.98 (s, 1H), 2.38 (s,
H), 2.31–2.36 (m, 2H), 2.29 (s, 3H), 2.20–2.27 (m, 1H), 2.01–
.07 (m, 1H), 1.67–1.80 (m, 4H); 13 C-NMR (100 MHz, CDCl 3 ,
pm) δ 18.8, 20.1, 21.0, 21.5, 21.6, 23.3, 81.7, 126.5, 126.7,
29.6, 130.9, 132.7, 133.1, 136.2, 163.9, 174.0; IR (CHCl 3 ,
m 

-1 ): 2930, 1752, 1677, 1504, 1448, 1389, 1294, 1148,
026; HRMS (ESI): calcd for C 16 H 18 O 2 [(M + H) + ]: 242.1307;

ound: 242.1304. 

.2.8. 3-(2,4-dimeth ylphen yl)-4,5,6,7-tetrah y droiso 

benzofuran-1(3H)-one (2h) 
hite solid (83%), m.p 99–101 ◦C; 1 H-NMR (400 MHz,

DCl 3 , ppm) δ 7.04 (s, 1H), 7.01 (d, J : 8.0 Hz, 1H), 6.88 (d, J :
.0 Hz, 1H), 5.97 (s, 1H), 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); 13 C-NMR (100 MHz, CDCl 3 , ppm) δ 19.1, 20.1, 21.1,
1.6(2C), 23.4, 81.7, 126.4, 126.8, 127.3, 129.9, 131.7, 136.4,
38.8, 163.7, 173.9; IR (CHCl 3 , cm 

-1 ): 2927, 1754, 1678,
448, 1391, 1295, 1027; HRMS (ESI): calcd for C 16 H 18 O 2

(M + H) + ]: 242.1307; found: 242.1319. 

.2.9. 3-([1,1 
′ -biphen yl]-4-yl)-4,5,6,7-tetrah y droiso 

benzofuran-1(3H)-one (2i) 
hite solid (82%), m.p 76–78 ◦C; 1 H-NMR (400 MHz, CDCl 3 ,

pm) δ 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,
H), 2.14–2.19 (m, 1H), 1.91–1.98 (m, 1H), 1.58–1.70 (m,
H); 13 C-NMR (100 MHz, CDCl 3 , ppm) δ 20.0, 21.5(2C),
3.2, 84.3, 126.2, 127.0, 127.1, 127.6, 127.7, 128.9, 134.0,
40.3, 142.1, 163.7, 173.8; IR (CHCl 3 , cm 

-1 ): 3056, 2921,
754, 1662, 1463, 1301, 1242, 1037; HRMS (ESI): calcd for
 20 H 18 O 2 [(M + H) + ]: 290.1307; found: 290.1332. 

.2.10. 3-(4-bromophen yl)-4,5,6,7-tetrah y droiso 

b enzofuran-1(3H)-one (2j ) 
hite solid (92%), m.p 83–85 ◦C; 1 H-NMR (400 MHz, CDCl 3 ,

pm) δ 7.47–7.50 (m, 2H), 7.07–7.09 (m, 2H), 5.64 (s, 1H),
.26–2.29 (m, 2H), 2.18–2.23 (m, 1H), 1.88–1.94 (m, 1H),
.61–1.76 (m, 4H); 13 C-NMR (100 MHz, CDCl 3 , ppm) δ 19.9,
1.4(2C), 23.0, 83.7, 123.1, 126.3, 128.2, 132.1, 134.2, 163.4,
73.5; IR (CHCl 3 , cm 

-1 ): 3063, 2934, 2251, 2047, 1901, 1755,
589, 1488, 1296, 1007; HRMS (ESI): calcd for C 14 H 13 BrO 2

(M + H) + ]: 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 deriv a tives 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 det ermined spectrophot o-
metrically at 412 nm [ 29 ]. 

2.4. Molecula r mo deling 

The crystal protein structure of AChE (Protein Data Bank
[PDB] ID: 6O52) [ 30 ] and BChE r etriev ed fr om the Pr o-
tein Data Bank ( www.rcsb.org/) [ 31 ], was pr epar ed using
PlayMolecule Pr epar ePr otein pr otocol ( www.playmolecu
le.com/) utilizing the estimated pKa values of the titr at -
able residues in the protein [ 32 ]. The 3D structures of all
ligands w er e sket ched using ChemSket ch ( www.acdlabs.
com ) and optimized using UCSF Chimera [ 33 ]. Docking
grid files w er e made utilizing the c ocry stal ligand bind-
ing c oordinat es with the help of the MGLTools 1.5.6 pro-
gram. AChE (x: 5.01, y: 35.37 and z: -8.38 Å), BChE (x: 42.16,
y: -17.91 and z: 42.72 Å). For both prot eins, a g rid box of
x: 40, y: 40 and z: 40 Å dimension was used. The merg-
ing of all non-polar hy dr ogen atoms and the addition of
gasteiger charges to all atoms w er e done using MGLTools
1.5.6 software. Compounds 2b and 2h were docked into
the active site, while compounds 2i and 2j w er e docked
in to the apparen tly allost eric sit e of AChE using Aut oDock
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 w er e 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-
benz o ylc yclohexane-1- carboxylic acid ( 1a ) using CSI as
the model substrate and without acid or base catalyst
a t room tempera ture in DCM or in ac et onitrile. Aft er
3h, 3-phen yl-4,5,6,7-tetrah y dr oisobenzofuran-1(3H)-one
( 2a ) w as isola ted in 32 and 37% yield r espectiv ely,
( Table 1 , entry 1–7). Chemical characterization of ( 2a )
was appr ov ed by 1 H-NMR, 13 C-NMR, HRMS and IR. To
impr ov e the yield, optimization studies were car r ied 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), r espectiv ely. With TfOH, 2a increased to 73 and 87%
( Table 1 , entries 4–10). Changing the catalyst as NEt 3 ,
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Table 1. Condition optimization. 

 

Entry Solvents Acid or base † Yield ‡ (%) 

1 Acetonitrile None 32 
2 AcOH 38 
3 TFA 45 
4 TfOH 73 
5 NEt 3 ND 
6 TfOH and without CSI ND 
7 DCM None 37 
8 AcOH 42 
9 TFA 64 
10 TfOH 87 
11 NEt 3 ND 
12 TfOH and without CSI ND 
†Reaction conditions: 1a (1.0 eq), CSI (1.1 eq), base or acid (cat.), solvent (10 ml). 
‡ND: Not det ect ed. 
Bold Values indicates ‘The best yield’. 
CSI: Chlorosulfonyl isocyanate. 
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ptimization reactions of 2a products were not observed
 Table 1 , entries 5–11). Also, the optimization condition of
esir ed pr oduc t 2a was not detec ted with TfOH as cata-

yst without CSI ( Table 1 , entries 6 and 12). The ideal reac-
ion media was are ultimately determined in 87% yield,
s follows, TfOH as acid catalyst in DCM at room temper-
ture ( Table 1 , entry 10). 
ith the optimized reaction conditions in hand, trans-

ormation and the scope w er e car efully examined and
he results are summarized in Figure 2 . The reaction
f 2-benz o ylc yclohexane-1- car boxylic acid der iv a tives ( p -
eth yl, p -eth yl, p -n-prop yl, p - iso -prop yl, 3,4-dimethyl,

,5- dimethyl, 2,4- dimethyl , biphenyl and p -br omo) with
SI proceeded smoothly to furnish 2b (88%), 2c (75%), 2d

77%), 2e (79%), 2f (82%), 2g (84%), 2h (83%), 2i (82%),
nd, 2j (92%) excellent yields in mild conditions without
ny metal catalyst, r espectiv ely. 
 plausible mechanism for the synthesis of 2a was sug-
ested in light of the data. First, the carbonyl group of

socy ana tes and the COOH group of benzoic acid ( 1a ) are
ttacked nucleophilically t o produc e carbamic anhydride
 I ). Following the protonation of the carbonyl oxygen by
fOH, carbamic anhydride ( I ) is then rearranged to carba-
ate ( II ) by CO 2 NHSO 2 Cl. Finally, int ermatiat ed III under-

oes isomerization to provide compound 2a ( Figure 3 ). 

.2. In vitro inhibition studies 

nhibition pr operties w er e inv estigated for benzofuranyl
eriv a tives on AChE and BChE enzymes at a minimum of
v e differ en t inhibitor doses. The IC 50 v alues w er e deter-
ined from the activity (%) – (benzofuranyl groups) plots
for each drug, defining the c onc en tra tion of any com-
pound causing 50% inhibition. The control cuvette con-
tained no benzofuranyl gr oups, r esulting in 100% enzyme
activity. Linew eav er and Burk’s curves were employed to
det ermine inhibit or types and t o calculat e Ki values [ 35 ]. 

3.3. AChE & BChE inhibition result 

Inhibit ors of cholinest erase (ChE) are c ommonly used t o
tr eat cholinergic neur otransmission disor ders [ 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 betw een nerv e 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 alleviat e sympt oms observed in Alzheimer’s disease,
such as memory impairment, c og nitive dy sfunction and
overall quality of life [ 38 ]. 
B enzofuranyl der iv a tives syn thesized thr ough the r eac-
tion of 2-benz o ylc yclohexan-1- carboxylic acid deriv a tives
with CSI exhibit ed sig nificantly higher AChE inhibition
activity compared with standard AChE inhibitors. The
benzofuranyl deriv a tiv es effectiv ely inhibited AChE, with
Ki values ranging from 0.09 ± 0.006 to 0.61 ± 0.15 μM. The
Ki values for benzofuranyl deriv a tives ( 2a–j ) and the stan-
dard compound tacrine (TAC) are summarized in Table 1 .
T he benz ofuranyl compounds ( 2a–j ) strongly inhibited
AChE, with Ki values ranging from 0.09 to 0.61 μM.
How ev er, these benzofuranyl deriv a tives ( 2a–j ) exhibited
almost similar inhibitory activities. Among the benzo-
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CSI (1.1 eq)
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Figure 2. Substra te sc ope for synthesis of benzofur anyl deriv atives a,b . 
a Reaction 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. b Isolated yield. 
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Figure 3. Pr oposed r eaction mechanism. 
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Figure 4. T he Linewea ver-Burk g r aphs of molecules 2b , 2h , 2i and 2j demonstr ating the best inhibition on AChE. 
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Figure 5. T he Linewea ver-Burk g r aphs of molecules 2g and 2e demonstr ating the best inhibition BChE. 

Table 2. The enzyme inhibition results against BChE and AChE of benzofur anyl deriv atives synthesized by the reaction of 2- 
benzoylcyclohexane-1-carboxylic acid derivatives with CSI ( 2a-j ). 

Compounds IC 50 ( μM) K i ( μM) 

AChE r 2 BChE r 2 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 4.30 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 4.12 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 ± 0.807 
TAC † 3.74 0.9557 3.74 0.9757 6,19 ± 2.20 1.31 ± 2.30 
†Tacrine (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 

f  

i  

(  

A  

i  

i  

0  

b  

v  

(

3

C  

c  

a  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

uranyl deriv a tives, 2b , 2h , 2i and 2j effectively inhib-
ted AChE, while 2g , 2e and 2f inhibited BChE strongly.
 Figures 4 & 5 ) The most effective compound against
ChE was 2j , with Ki values of 0.009 ± 0.006 μM. The

nhibition values for AChE w er e examined in the follow-
ng order: TAC (3.74 μM, r2: 0.9557) < 2h (3.51 μM, r2:
.9384) < 2j (3.26 μM, r2: 0.9569). As shown in Table 1 , the
enzofuranyl deriv a tives ( 2a–j ) inhibited BChE , with Ki
alues ranging from 14.74 ± 0.9085 to 34.65 ± 0.9085 μM
 Tables 2 & 3 ). 

.4. Molecula r do cking 

ry stallog raphic studies based on various kinetic or
alor imetr ic measurements have demonstrated that the
ctive 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 H is. I n the trea tmen t 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-
strat ed unc ompetitiv e inhibition, wher eas 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
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 er e pr edicted . Compounds 2b and 2h w er e consid-
r ed competitiv e inhibitors and show ed a similar bind-

ng mode to that of the cocrystal ligand in the crystal
tructure of AChE (PDB ID: 6O52). On the other hand,
i and 2j w er e tr eat ed as pot ential allost eric inhibit ors

hat bound to an allosteric pocket close to the active
ite of AChE ( Supplementary Figure S1 ). Compounds 2b
 Supplementary Figure S2A ) and 2h ( Supplementary Fig-
r e S2B ) w er e engaged with the activ e site of AChE
ia π–π stacked interactions, hy dr ophobic contacts and
 couple of Van der Waals interactions, with a unique
-bond formed between the carbonyl oxygen on the
enzofuranyl group of 2h and Phe295 in the active
ite of AChE ( Supplementary Figure S2B ). These inter-
ctions yielded a binding energy -6.71 kcal/mol for 2b
nd -6.45 kcal/mol for 2h . Phe295 is considered as one
f the important constituents of the AChE active site,
hich participate in formation of the acyl pocket sub-

ite [ 42 ]. In the case of potential allosteric inhibitors, 2i
nd 2j demonstrated common interactions comprising
H-bonds, a couple of hy dr ophobic contacts and Van der
aals in teractions, with π–ca tion found to be unique to

i ( Supplementary Figure S1A ) and π–anion interaction
resent in 2j ( Supplementary Figure S1B ). In particular,

he 2H-bonds formed between the benzofuranyl group of
i and Arg521 and Lys332 may be critical for inhibiting the
ctivity of AChE ( Supplementary Figure S3A ). Similarly, 2j
ormed 2H-bonds with Arg433 and Lys332 in the allosteric
ite of AChE via its benzofuranyl group ( Supplementary
igure S3B ). Compounds 2i and 2j w er e pr edict ed t o have
inding energy -8.13 and -7.79 kcal/mol , r espectiv ely. In

he case of the BChE complex with 2i , two hydrogen
onds with Ala199; four hy dr ophobic interactions with
ro285, Leu286, Ala328 and Phe398; as well as a few
 an der W aals in teractions tha t strengthened the bind-

ng ( Supplementary Figure S2A ). Ala328 is a catalytically
ssential residue whose mutation affects the activity of
ChE [ 43 ]. Similarly, compound 2j formed two hydrogen
onds with the backbone of Gly177 and Ala99 via the
enzofur anyl fr ag ment; π–sig ma and π–π stacking int er-
ctions with Trp231 and Phe398, r espectiv ely, and a few
 an der W aals in teractions ( Supplemen tary Figure S4B ).
hese interactions may con tribute grea tly to the overall
inding propensity of these ligands, reflected in the bind-

ng energy -8.98 and -8.74 kcal/mol for 2i and 2j , respec-
ively. The interaction of 2b and 2h with allosteric pocket
 as ra ther in t eresting; the benzofuranyl g roup on both
b and 2h was inv olv ed in the formation of two key 2H-
onds with Lys323 and Asn504 in the allosteric pocket
f BChE ( Supplementary Figure S5A & B ), with r espectiv e
inding energies -5.89 and -5.51 kcal/mol. Taken together,

hese interactions may account for the inhibitory activity
f the compounds against the AChE and BChE. 
4. Conclusion 

In this study, a simple, efficient and one-step novel
method was developed for the synthesis of benzofu-
ranyl deriv a tiv es using CSI fr om 2-benz o ylcyclohexane-
1-car boxylic acid der iv a tiv es, and they w er e obtained in
good yields. This method offers adv an tages such as a
short r eaction time, envir onmentally friendly conditions
without the need for metals and mild reaction conditions.
Additionally, the compounds w er e examined for BChE
and AChE inhibition. 

Molecular docking is widely used in pharmaceutical
r esear ch and development to predict the binding mode
of a ligand to a receptor. In this study, the inhibitory effects
of benzofuranyl deriv a tives on AChE and BChE enzymes
w er e inv estigated , 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 int eractions. A s 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 c omplicat ed neurolog ical illness with
no effective trea tmen t curren tly av ailable. Drugs like
TAC and similar ones can alleviate the symptoms of
Alzheimer’s disease, but their ability to halt or r ev erse
the pr ogr ession of the disease is limited . In compari-
son to drugs used for the trea tmen t 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-
didat es as inhibit ors for AChE and BChE enzymes . C on-
sequently, these new compounds have the potential to
exert a g reat er impact on the trea tmen t of v arious dis-
eases, including Alzheimer’s disease and neurological dis-
orders. This method can be highly practical and beneficial
for the synthesis of benzofuranyl deriv a tives in pharma-
ceutical and industrial applications. 

Summary points 

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

• Inhibit ory pot en tials and molecular docking of syn thesized novel 
benzofur anyl deriv ativ es w er e inv estigated . 

• Kinetic studies w er e conducted for benzofuranyl derivatives with 
AChE and BChE. 

• IC 50 and Ki values w er e determined with AChE and BChE. 
• The inhibition types of the inhibitors w er e determined . 
• The most effective inhibitors were identified as 2i for AChE and 2e 

for BChE. 
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