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Two series of dimethoxyindanone imbedded novel fluorinated spiropyrrolidine heterocyclic hybrids were
synthesized employing two different less explored azomethine ylides and were measured for their effi-
ciency as inhibitors for Alzheimer’s disease. Among the spiropyrrolidine heterocyclic hybrids, the indole
based fluorinated compound with a methoxy substituent at the meta- position of the aryl ring exhibited

the utmost potent AChE and BChE inhibitory activities with an ICsq of 1.97 + 0.19 pM and 7.08 + 0.20 uM
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studies.

respectively. The plausible mechanism of inhibition on ChE receptors was unveiled via molecular docking
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1. Introduction

Alzheimer’s disease (AD) is a major and increasing global health
challenge, the dominant reason for dementia, is an irreversible
memory linked neurodegenerative illness categorized by develop-
ing weakening of memory and perception (Terry & Buccafusco,
2003). AD projected it the 5th leading cause of global deaths.
WHO recognizes dementia as a public health priority, it is esti-
mated global incidence around 50 million cases with a dementia
accounts for 60-70% living in low and middle-income countries.
It is estimated that total number of people with dementia will
reach 82 million in 2030 and 152 million in 2050, whereas this sce-
nario is estimated to increase twofold every 20 years (WHO, 2017,
2019). Based on the cholinergic hypothesis, one of the major
prominent therapeutic approach to boost cholinergic function is
by administering cholinesterase inhibitors (Cummings, 2004).
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Two ChEs viz. acetylcholinesterase (AChE) and butyryl-
cholinesterase (BChE) are accountable for degradation and regu-
lates ACh in human body and therefore dual inhibitors are
treasured and beneficial compounds in AD therapy (Genc et al.,
2016; Topal et al., 2017). Existing clinically accepted treatments
for AD are restricted to cholinesterase inhibitors (ChEI's), working
through the inhibition of cholinesterases by hydrolyzing Ach. Lim-
itations of the currently available ChEIls such as short bioavailabil-
ity and half-lives, slim therapeutic value led us to the unearth
novel drug entrants as ChEIs with greater effectiveness and
reduced toxicity.

In this perception, heterocyclic hybrids with spiro rings are very
fascinating structural motifs for drug discovery as these three-
dimensional structures enable communications with three-
dimensional binding sites with no difficulty compared to the pla-
nar aromatic ring system as ligand. Spiro compounds present in
natural products were found to interrelate more proficiently with
binding pockets in proteins and were found to have better solubil-
ity, a vital property in the development of drugs (Zheng & Tice,
2016). Fluorine is one of the highly active element and is com-
monly employed in drugs (Champagne et al., 2015; Wilcken
et al., 2013). Incorporation of fluorine into bioactive molecules
expands its drug-like properties by hindering undesired metabo-
lism at a definite site and ultimately improves the bioavailability.

1319-562X/© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University.
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More than 20% of the presently available drugs comprise fluorine
atoms and consequently, derivatization of active molecules to flu-
orinated analogues is a prominent strategy to attain potent drug
like molecules in drug discovery (Jasem et al., 2016; Wang et al,,
2014). In an effort to improve the cholinesterase inhibitory activity
of spiropyrrolidine analogues of our interest, in the present study,
we have designed and synthesized a library of fluorine embedded
spiropyrrolidine heterocyclic hybrids and assessed for their choli-
nesterase inhibitory activity.

The rising death rate and the abridged therapeutic potential of
the presently accessible options to treat AD in coincidence with
our sustained interest in the construction of novel drug like spiro
heterocycles (Almansour et al., 2020; Kia et al., 2013a; Kia et al,,
2013b; Kia et al., 2014a; Kia et al., 2014b; Kia et al., 2014c; Basiri
et al., 2013a; Basiri et al., 2013b; Basiri et al., 2014; Kumar et al,,
2014a), prompted us in the present work to report a sustainable
synthesis of some new fluorinated spiro heterocyclic hybrids and
their cholinesterase inhibitory activity. Particularly, the high
potency of the spiropyrrolidine heterocyclic hybrids reported by
us (Kumar et al.,, 2014b; Kumar et al.,, 2018; Almansour et al.,
2015) prompted us to focus our attention towards their fluorinated
analogs. As the molecular docking simulation plays a vital part in
drug design and employed in visualizing the bonding affinity and
total binding energy of heterocyclic drug candidates to the active
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site of their target enzymes (Kitchen et al., 2004), we performed
the molecular docking simulation of the most active fluorinated
analog to reveal its binding interaction mechanisms at the active
site of AChE and BChE. Synthetic strategy employed in the present
work for the formation of fluorinated spiroheterocyclic hybrids is
summarized in scheme 1.

2. Materials and methods

2.1. General experimental procedure for the construction of
spiropyrrolidine heterocyclic hybrids 4/6(a-j)

A mixture of arylmethylidenedimethoxyindenone 1 (1 mmol),
trifluoromethoxy isatin 2 (1 mmol), and tryptophan/phenylalanine
3/5 (1 mmol) in 1-Butyl-3-methylimidazolium bromide ([bmim]
Br) (200 mg) was heated with stirring at 100 °C for 1 h. The reac-
tion progress and completion were assessed by TLC analysis. Then
10 mL of ethyl acetate was added and the mixture was allowed to
stir for 15 min. The solvent phase was separated, washed repeat-
edly with water, and dried. Column chromatography was used to
further purify the spiropyrrolidine heterocyclic hybrids employing
ethyl acetate and petroleum ether (2:3 v/v) as eluent. The ionic liq-
uid [bmim|Br used in the reaction was completely dried under vac-
uum and recycled for successive reactions.

Imine
formation

F4CO
“NHy i
1,3-Dipolar B
cycloaddition - COH
\
(0]

1,3-Dipole generation
(-COy)

|

Scheme 1. Retro synthetic approach employed in the present work.

Scheme 2. Synthesis of fluo

[bmim]Br
—_—
100 °C
1h
= Bonds created
4/6
g
4(a4); R= |
N

Ar = Substituted
phenyl

6(a-); R = @f

rinated spiropyrrolidines 4/6(a-j).

755



Raju Suresh Kumar, A.I. Almansour, N. Arumugam et al.
2.2. Physical and characterization data of representative compounds

2.2.1. Spiropyrrolidine heterocyclic hybrid, 4b

White solid, (80%); mp = 163-165 °C; IR (KBr) vimax 3380, 2935,
1726, 1684, 1618, 1585 cm~'. "H NMR (CDCl;, 500 MHz): 5y 1.97
(s, 3H, CH3), 2.64 (d, J = 18.5 Hz, 1H, 3-CH,), 2.76 (d, ] = 18.0 Hz,
1H, 3-CH5), 3.02-3.06 (m, 1H, 6’-CH,), 3.13-3.18 (m, 1H, 6'-CH,),
3.74 (s, 3H, OCH3), 3.78 (s, 3H, OCH3), 4.22 (d, 1H, J = 9.5 Hz, H-
4), 5.08-5.11 (m, 1H, H-5"), 6.41 (s, 1H, Ar-H), 6.45 (d, 1H,
J = 8.0 Hz, Ar-H), 6.76-6.84 (m, 2H, Ar-H), 6.91-7.39 (m, 7H, Ar-
H), 7.49 (d, 1H, J = 8.0 Hz, Ar-H), 8.01 (d, 1H, J = 8.0 Hz, Ar-H),
8.06 (s, 1H, Ar-H), 8.45 (s, 1H, Ar-H). '3C NMR (CDCl;, 125 MHz):
dc 20.42, 31.74, 35.14, 55.79, 56.01, 56.12, 64.44, 66.99, 74.97,
104.07, 106.57, 109.98, 112.92, 113.10, 118.47, 119.22, 120.46,
121.79, 122.53, 122.60, 125.97, 126.36, 127.28, 129.14, 130.28,
131.33, 136.18, 138.08, 139.05, 139.71, 145.40, 147.90, 149.40,
155.45, 155.67, 159.29, 179.79, 206.70. Anal. calc. for C3gH3;F3N5-
Os: C, 68.36; H, 4.83; N, 6.29. Found: C, 68.53; H, 4.71; N, 6.40%.

Table 1
Cholinesterase inhibitory activities of 4(a-j).
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2.2.2. Spiropyrrolidine heterocyclic hybrid, 6b

White solid, (89%); mp = 148-150 °C; IR (KBr) vyax 3425, 1723,
1685, 1615, 1593 cm™'; 'H NMR (CDCls, 500 MHz): &4 1.81 (brs,
1H, NH), 1.97 (s, 3H, CHs), 2.60 (d, J = 18.5 Hz, 1H, 3-CH,), 2.75
(d, J = 18.0 Hz, 1H, 3-CH,), 2.89 (dd, J = 14.0, 9.0 Hz, 1H, 6'-CH,),
3.01 (dd, J = 14.0, 4.0 Hz, 1H, 6'-CH5), 3.75 (s, 3H, OCHj3), 3.78 (s,
3H, OCH3), 4.13 (d, J = 9.0 Hz, 1H, H-4'), 4.91-4.95 (m, 1H, H-5'),
6.40 (s, 1H, Ar-H), 6.48 (d, 1H, J = 8.5 Hz, Ar-H), 6.84-6.86 (m,
1H, Ar-H), 6.90 (s, 1H, Ar-H), 7.02 (d, 1H, J = 7.0 Hz, Ar-H), 7.08-
7.2 (m, 2H, Ar-H), 7.18-7.27 (m, 5H, Ar-H), 7.94 (d, 1H,
J = 7.5 Hz, Ar-H), 8.19 (s, 1H, NH). *C NMR (CDCls, 125 MHz): 8¢
20.39, 35.17, 40.42, 54.39, 55.80, 56.02, 65.13, 66.98, 74.90,
104.07, 106.48, 109.71, 120.59, 122.55, 126.21, 126.34, 126.66,
127.32, 128.31, 128.51, 128.92, 129.45, 130.19, 137.30, 137.92,
138.95, 139.64, 144.26, 147.81, 149.36, 155.58, 179.60, 206.50.
Anal. calcd for C3gH31F3N,0s5: C, 68.78; H, 4.97; N, 4.46. Found: C,
68.94; H, 4.85; N, 4.57%.

Materials, methods and complete experimental details can be
found in the “Supplementary data” section.

Entry Ar Comp AChE inhibition ICso uM (£SD) BChE inhibition ICso M (+SD) AChE?® selectivity BChE" selectivity
1 : 57{ 4a 5.94 + 0.12 8.41 £ 0.15 1.42 0.71
2 '??{ 4b 6.43 + 0.09 8.51+0.18 1.10 0.91
: “CH,
3 g{ 4c 248 +0.22 18.36 £ 0.09 7.40 0.14
[ :I CH,
O/
4 : *1{ 4d 9.12 £ 0.18 13.25 £ 0.16 1.45 0.69
Cl
5 g{ 4e 1.97 £ 0.19 7.08 £0.20 4.32 0.23
H C/O
3
6 '71: af 2.54 £ 0.10 19.40 + 25 7.64 0.13
O,N
7 ‘g{ 4g 12.78 £ 0.15 9.40 £ 0.23 0.74 1.36
H;C” i
8 '72: 4h 3.46 £ 0.20 7.12 £0.20 2.06 0.49
?
CH
3
9 : 1{ 4i 7.22 £0.26 21.05 + 0.16 2.92 034
Cl
10 : ‘z{ 4j 14.35 £ 0.14 11.08 £ 0.23 0.77 1.30
Cl Cl
11 - Galanthamine 2.08 £0.12 19.24 £ 0.11 9.25 0.11

2 AChE Selectivity = ICso(BChE)/ICso(AChE).
b BChE Selectivity = ICso(AChE)/ICso(BChE).
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Table 2

Cholinesterase inhibitory activities of 6(a-j).

Saudi Journal of Biological Sciences 28 (2021) 754-761

Entry Ar Comp AChE inhibition ICso pM (+SD) BChE inhibition ICso pM (+SD) AChE" selectivity BChE" selectivity

1 '7_{ 6a 10.62 + 0.17 17.22 £0.12 1.62 0.62

2 ‘11: 6b 12.50 + 0.15 19.43 £ 0.20 1.55 0.64

CH;

3 ‘1?{ 6¢ 6.41 + 0.10 12.72 £0.11 1.35 0.74
L o

4 ‘2{ 6d 17.14 £ 0.20 14.51 £ 0.12 0.85 1.18

Cl

5 ‘77{ 6e 2.06 + 0.21 18.50 £ 0.14 8.98 0.11

1,0
3

6 '1‘{ 6f 221+0.18 14.09 + 0.15 6.38 0.16

7 : "1: 6g 10.65 + 0.20 12.17 £0.15 1.14 0.88
H3C

8 : 1,{ 6h 3.24+0.18 18.05 + 0.09 5.57 0.18
Q
CH;

9 /@1{ 6i 11.32 £ 0.09 17.68 + 0.24 1.56 0.64
Cl

10 : ‘7,{ 6j 8.49 + 0.16 15.12 £ 0.21 1.78 0.56
Cl Cl

11 - Galanthamine 2.08 +0.12 19.24 £ 0.11 9.25 0.11

3 AChE Selectivity = ICso(BChE)/ICso(AChE).
b BChE Selectivity = ICso(AChE)/ICso(BChE).

Fig. 1. (A and B) Peripheral anionic site and catalytic active site of hAChE displaying 4e.
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Fig. 2. Active site of hBChE displaying 4e in the binding pocket of enzyme.

3. Results

The starting substrates 2-arylmethylidene-5,6-dimethoxyinde
nones 1(a-j) required for the construction of fluorinated spirohete-
rocyclic hybrids 4/6(a-j) were synthesized following the literature
procedure (Ali et al., 2009). The synthetic procedure adopted for
the construction of fluorinated spiroheterocyclic hybrids was
shown in scheme 2 and the reaction condition optimized in our
previous studies was employed (Almansour et al., 2015). The one
pot three-component cycloaddition reaction of 2-arylmethyli
dene-5,6-dimethoxyindenones 1(a-j) with azomethine ylides gen-
erated insitu from 5-fluoroisatin and tryptophan/phenylalanine in
[bmim|Br furnished the spiropyrrolidine heterocyclic hybrids 4/6
(a-j) in moderate to good yields. These two series of spiropyrro-
lidine heterocyclic hybrids 4/6(a-j) derived using tryptophan and
phenylalanine respectively were evaluated in vitro for their ChEI
activity against AChE and BChE and the results are described in
Tables 1 and 2.

4. Discussion
4.1. Chemistry

In a typical reaction, an equimolar mixture of 1b, fluoroisatin
and tryptophan in [bmim|Br at 100 °C was heated with continuous
stirring to afford the fluorinated spiroheterocyclic hybrid good
yield (80%). The other spiropyrrolidines of this series employing
differently substituted dipolarophiles were also obtained in good
yields (76-86%). Similarly, the same synthetic procedure was

Table 3

Saudi Journal of Biological Sciences 28 (2021) 754-761

applied for the synthesis of analogues of spiropyrrolidines employ-
ing the azomethine ylide derived from 5-fluoroisatin and pheny-
lalanine. It is pertinent to mention that the reaction progressed
regio and stereoselectively in [bmim]|Br, producing only the
diastereoisomer 4/6 in racemic form even with the existence of
multiple stereocenters. It is also significant to mention that these
cycloaddition reactions progressed well irrespective of the steric
or electronic properties of the structural sub-units substituted on
the aromatic ring of 1.

Structural interpretation of the spiropyrrolidine heterocyclic
hybrids 4/6(a-j) was performed using spectroscopic techniques.
Structural interpretation of these compounds was derived by con-
sidering a representative example 6b. A singlet at 6 1.97 ppm is
readily assigned to the methyl group of the aryl ring whereas the
other two singlets at § 3.75 ppm and 3.78 ppm were due to the
methoxy group substituted at dimethoxyindanone ring. The dou-
blet at § 2.60 ppm with J = 18.5 Hz is due to one of the 3-CH; proton
of the dimethoxyindanone ring. H,H-COSY correlation of this pro-
ton with the other doublet at § 2.75 ppm is associated to the
remaining proton of 3-CH,. The two doublet of doublets at
2.89 ppm and 3.01 ppm were attributed to 6'-CH,. The doublet at
4.13 ppm and the multiplet at 4.91-4.95 ppm were assigned to
H-4'" and H-5' respectively. The singlets, doublets and multiplets
around 6.40-8.19 ppm were due to the aromatic protons. In the
13C NMR spectrum, the presence of nine carbon signals in the ali-
phatic region confirms the presence of —CH3;, —OCH3; —CH, —CH,
and spiro carbons. The signals at 179.60 ppm and 206.50 ppm were
due to the carbonyl carbons whilst the aromatic carbons resonated
between 104.07 ppm and 155.58 ppm. The structure of other hete-
rocyclic hybrids was also derived by similar considerations. The
fluorinated spiropyrrolidines 4/6(a-j) are formed through a mech-
anistic pathway as reported by us for analogues compounds
involving the creation of two new C—C and one C—N bonds
(Kumar et al., 2014a; Kumar et al.,, 2018; Almansour et al., 2015).
[Bmim|Br play dual roles, both as a green solvent and catalyst in
these cycloaddition reactions affording the cycloadducts 4/6(a-j)
regio- and stereoselectively in moderate to good yields.

4.2. Biology

All the spiropyrrolidine heterocyclic hybrids embedded with
indole subunit 4(a-j), displayed moderate to good AChE inhibitory
activities (Table 1). Among them, four compounds namely 4c, 4e,
4f and 4 h with ICsp 2.48 + 0.22, 1.97 + 0.19, 2.54 £+ 0.10 and 3.46

+ 0.20 uM showed comparable activity with the standard drug
galanthamine with ICsq of 2.08 + 0.12 puM. Furthermore, com-
pounds 4a, 4b, 4d and 4i displayed activity <10 pM and com-
pounds 4 g and 4j displayed activity with ICso 12.78 + 0.15 and
14.35 £+ 0.14 pM. It is appropriate to note from table 1 that the
compounds with methoxy substituent at different positions of

Amino acid residues in the binding pockets of hAChE and hBChE interacting with compound 4e.

Compound  Protein Binding Energy Amino acids involved in Interactions
(Kcal/mol)
4e hAChE (peripheral -10.5 Hydrophobic Interactions: Tyr72, Asp74, Leu76, Trp286, Leu289, GIn291, Glu292, Ser293, Phe295, Gly342
anionic site) Hydrogen Bonding: His287 (bond length, 3.23) Tyr341 (bond length, 2.93)
4e hAChE (catalytic 6.9 Hydrophobic Interactions: Asp74, Gly82, Thr83, Gly120, Gly121, Gly122, Tyr124, Gly126, Leu130, Tyr133,
active site) Glu202, Phe295, Phe297, Tyr337, Phe338, Tyr341, Trp439, Pro446,
Hydrogen Bonding: Trp86(bond length, 1.95); Ser125(bond length, 2.88); Ser203(bond length, 2.92); Tyr449
(bond length, 2.75)
His447 has ligand bond with 4e
4e hBChE -11.0 Hydrophobic Interactions: [1e69, Asp70, Ser79, Trp82, Asn83, Gly115, Gly116, Gly117, Thr120, Leu125,

Glu197, Ser198, Leu286, Ser287, Val288, Ala328, Phe329, Trp332, Phe398, His438
Hydrogen Bonding: Tyr128 (bond length, 3.22)
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Fig. 3. (A and B) Amino acid residues of hAChE involved in the hydrogen and hydrophobic interactions with 4e at Peripheral anionic and catalytic active sites.

the aryl subunit at C-4’ of the pyrrolidine ring displayed the most
potent activity among other analogues. Whereas all these synthe-
sized compounds displayed comparable BChE inhibitory activities
ranging from 7.08 + 0.20 to 21.05 + 0.16 pM when compared to
the standard drug galanthamine with ICso of 19.24 + 0.11 pM. It

Fig. 4. Amino acid residues of hBChE involved in the hydrogen and hydrophobic
interactions with 4e.

is noteworthy to mention that the most active compound being
the same as in AChE, the meta methoxy substituted analogue, 4e.
Over-all, as stated in our earlier report (Kumar et al., 2014a),
among the spiropyrrolidine heterocyclic hybrids 4(a-j), com-
pounds with ortho- and meta substituents at the aryl ring dis-
played enhanced inhibition compared to para-substituted aryl
rings (Table 1).

The spiropyrrolidine heterocyclic hybrids 6(a-j) with phenyl
subunit also displayed good ChEI activities but with a less magni-
tude compared to their indole analogues 4(a-j). AChE inhibitory
activities of the series 6(a-j) ranges from ICsy 2.06 + 0.21 to 17.1
4 + 0.20 uM (Table 2). The highest AChE inhibitory activity was
recorded for compound 6e with ICsy 2.06 + 0.21 uM followed by
the compound 6f with meta- nitro substituted aryl ring with an
ICsp 0of 2.21 £ 0.18 uM. Compounds 6 h and 6c¢ are the subsequent
potent compounds of the series with ICsg of 3.24 + 0.18 uM and 6.
41 £ 0.10 pM. Other compounds of the series viz, 6a, 6b, 6d, 6g and
6i showed IC5o > 10 M while compound 6j possessed an ICs of 8.
49 + 0.16 pM. As mentioned earlier, the compounds with methoxy
substituents showed predominant AChE inhibitory activity when
compared to other compounds of the series. All the compounds,
6(a-j) of the series displayed notable BChE inhibitory activity with
ICs0 ranging from 12.17 + 0.15 uM to 19.43 + 0.20 puM. In general,
the spiropyrrolidine heterocyclic hybrids 4(a-j) with indole sub-
unit displayed comparably better ChEI activity than the hybrids
with phenyl units 6(a-j).

4.3. Molecular docking simulation

The most active compound, meta methoxy substituted spiropy-
rrolidine heterocyclic hybrid 4e, is selected for docking simulations

Fig. 5. (A and B) Cartoon view of hAChE with 4e, at the peripheral anionic and catalytic active sites.
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Fig. 6. Cartoon view of hBChE with 4e.

using AutoDock/Vina (Trott & Olson, 2010) plugin for PyMOL. The
affinity of compound 4e to hAChE is higher with the peripheral
anionic site (PAS) (binding energy: —10.5 Kcal/mol than the cat-
alytic active site (CAS) (binding energy: 6.9 Kcal/mol). At the PAS,
compound 4e formed 10 hydrophobic interactions and 1 hydrogen
bond with hAChE. At the CAS, though it formed 18 hydrophobic
interactions and 4 hydrogen bonds, His447 formed a ligand bond
with 4e. The binding affinity of compound 4e with hBChE is found
to be better with a binding energy of —11.0 Kcal/mol compared to
hAChE. 4e formed 20 hydrophobic interactions and 1 hydrogen
bond with hBChE. The docked 4e in the PAS and CAS of hAChE
are depicted in Fig. 1A and Fig. 1B and with hBChE in Fig. 2. The
compound 4e represented as sticks, is docked in the active site of
the two cholinesterases shown in surface view and the Table 3
summarizes the binding energies (Kcal/mol) and the interacting
amino acid residues of hAChE at PAS (Fig. 3A) and CAS (Fig. 3B)
and the amino acid residues of hBChE, interacting with the com-
pound 4e (Fig. 4). The ribbon view of the two cholinesterases with
4e docked at the PAS and CAS of hAChE and hBChE are shown in
Fig. 5A and Fig. 5B and Fig. 6, respectively.

To evaluate the physiochemical properties and assess the
absorption, distribution, metabolism and excretion (ADME) of
compound 4e, we used the Swiss ADME web tool (Daina et al.,
2017) (http://www.swissadme.ch) and summarized some of these
important properties of compound 4e in Table S1 (vide supple-
mentary data).

5. Conclusions

Two series of fluorine impregnated spiropyrrolidine hetero-
cyclic hybrids were synthesized through a three-component
cycloaddition reaction of less explored azomethine ylides gener-
ated insitu from trifluoromethoxyisatin and tryptophan/phenylala-
nine with 2-arylmethylidene-5,6-dimethoxyindenones in good
yields employing [bmim]|Br as the green solvent. Both series of
compounds exhibited promising AChE and BChE inhibitory activi-
ties, the spiropyrrolidine heterocyclic hybrids with indole subunit
displayed comparably better ChEI activity than the heterocyclic
hybrids with phenyl units. It is noteworthy to mention that the
compounds with methoxy substituted aryl ring displayed ICsq val-
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ues comparable with that of the standard drug galanthamine,
molecular docking studies of this compound disclosed good corre-
lations between ICsq values and free binding energy.
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