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In an effort to develop new therapeutic agents to treat Alzheimer’s disease, a series of donepezil-based
analogs were designed, synthesized using an environmentally friendly route, and biologically evaluated
for their inhibitory activity against electric eel acetylcholinesterase (AChE) enzyme. In vitro studies re-
vealed that the phenyl moiety of donepezil can be successfully replaced with a pyridine ring leading to
equally potent inhibitors of electric eel AChE. Further kinetic evaluations of the most potent inhibitor
showed a dual-binding (mixed inhibition) mode, similar to donepezil. Molecular modeling studies sug-
gest that several additional residues could be involved in the binding of this inhibitor in the human AChE
enzyme active site compared to donepezil.
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease char-
acterized by memory loss, dementia and cognitive impairment in
elderly populations [1-5]. Acetylcholinesterase (AChE) is an impor-
tant enzyme that hydrolyses the neurotransmitter acetylcholine at
cholinergic synapses in both the central nervous system and pe-
ripheral nervous system [6]. It has been observed that the pro-
gression of AD is complex and connected with multiple hallmarks
such as the destruction of cholinergic nerves in the brain and de-
creased levels of acetylcholine (ACh), accumulation of amyloid 8
(AB) plaques, oxidative stress, dyshomeostasis of metal ions, mi-
tochondrial malfunction and many others [7-11]. According to the
cholinergic hypothesis, AChE inhibitors represent a promising ther-
apeutic strategy for treating the symptoms of AD [12,13]. To date,
there are three AChE inhibitors approved by the Food and Drug
Agency where donepezil (Fig. 1) is the most commonly used [14].
However, the approved AChE inhibitors are associated with sev-
eral adverse effects and are used for the treatment of only mild
to moderate symptoms in the early stages of AD [15,16].
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Current approaches in the treatment of AD are focused in de-
veloping Designed Multiple Ligands (DMLs) [17], small molecules
specifically designed to simultaneously interact with several bi-
ological targets involved in the pathogenesis of AD [18]. Given
the complex and multifactorial etiology of AD, this approach, also
known as polypharmacology, can be highly beneficial for future AD
therapeutic strategies. Many of these multitargeted efforts utilize
acetylcholinesterase as one of the targets [19-21]. Therefore, there
is clearly an interest for the development of new AChE inhibitors
with improved potencies that can be used in future multitarget
drug discoveries of novel AD therapeutics.

The active site of the AChE enzyme is composed of the pe-
ripheral binding site, a deep and narrow gorge called the periph-
eral anionic site (PAS), and the catalytic site, which is formed by
three amino acids: serine (S203), histidine (H447) and glutamic
acid (E334) [22,23]. It is believed that PAS serves as a recogni-
tion site for the substrate acetylcholine, and the important amino
acid involved in binding the substrate is tryptophan (W286) [24].
Another important residue involved in intermolecular interactions
with the substrate ACh is tryptophan (W86) and is located in the
proximity of the catalytic triad S203-H447-E334 [25]. Donepezil,
the selective AChE inhibitor clinically used to treat AD, interacts
with both PAS and catalytic site [26].
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Fig. 1. The structure of Donepezil and SAR study sites.

Here we describe the design, synthesis, and structure-activity
relationship (SAR) study of new AChE inhibitors based on the
donepezil structure using electric eel AChE enzyme, a convenient
and well-studied model [24,25]. We also report the kinetic studies,
molecular docking experiments and several predicted pharmacoki-
netic properties for the most potent compound discovered in this
study.

2. Results and discussion
2.1. Design and synthesis

Previously, several structure-activity relationship (SAR) studies
have been reported for the clinically approved acetylcholinesterase
inhibitor donepezil [27-29]. Together with X-ray crystallographic
data (PDB ID: 4EY7), it was found that an indanone moiety (Site 1
- shown in red, Fig. 1) is responsible for binding to the peripheral
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anionic site (PAS) of AChE via aromatic -7 stacking interactions
[26], while the piperidine ring (Site 2 - shown in blue, Fig. 1) in-
teracts with the amino acid tyrosine (Y337) located in the anionic
part of catalytic active site (Fig. 2) [30,31]. The benzyl moiety (Site
3 - shown in green, Fig. 1) of donepezil is in close proximity of
tryptophan (W86), and two amino acids, H447 and S203, both part
of the catalytic triad [32]. Previously it has been shown that mod-
ification of the benzene ring of Site 3 can lead to a strong AChE
inhibition [27]. Thus, we decided to design new AChE inhibitors
with modifications at Site 3. Although, there were numerous and
extensive SAR studies of donepezil in the past 25 years [27,33], in-
terestingly, only a few studies explore the effects on AChE inhibi-
tion with replacement of the benzyl group with a pyridylmethyl
group [34,35]. In order to further investigate how the addition of
a nitrogen to Site 3 will affect the inhibition potencies, we started
with the design of analogs 1-3 (Table 1). We hypothesized that the
introduction of the basic nitrogen to the molecule, which will be
protonated at a physiological pH, will provide an additional ionic-
7 interaction within the catalytic site of AChE and lead to more
potent inhibitors. Next, we explored the effects on the inhibition
potency of the more bulky quinolyl moiety with the design of ana-
log 4. In addition, we designed eight analogs with modifications
of the pyridyl ring with fluoro-, chloro-, bromo-, and methyl- sub-
stituents placed at various positions, as represented with analogs
5-12.

The synthetic route for synthesis of the donepezil analogs 1-
12 is shown in Scheme 1. The reductive amination of commer-
cially available 5,6-dimethoxy-2-(4-piperidinylmethyl)-1-indanone
and corresponding aldehydes, using sodium triacetoxyborohydride
as a reductive agent and microwave irradiation for 20 min at 80
°C, furnished the target analogs 1-12 in moderate yields. The struc-
tures and purity of the final compounds were characterized by pro-
ton and carbon NMR spectroscopy (See Supplemental information)
and high-resolution mass spectrometry (HRMS).

29

Fig. 2. Binding of Donepezil in the human AChE active site (2D representation): green shading represents hydrophobic regions; gray parabolas represent accessible surfaces
for large areas; gray dotted lines represent hydrogen bonds; the broken thick line around the donepezil shape indicates accessible surface; the size of residue ellipses

represents the strength of the contact.



M. Makarian, M. Gonzalez, S.M. Salvador et al.

0
~0 + \[/

NH
5,6-Dimethoxy-2-(4-piperidinyl
methyl)-1-indanone

Journal of Molecular Structure 1247 (2022) 131425

0O

Analogs 1-12

Scheme 1. Reagents and conditions: NaBH(CH;C0OO0);, DCM, MW irradiation, 20 min, 80 °C.

2.2. Biological evaluation

All synthesized analogs, and donepezil as the control inhibitor,
were tested for inhibitory activity on electric eel AChE enzyme us-
ing Ellman’s spectrophotometric method [36]. The inhibition po-
tencies of analogs 1-12 for AChE enzyme are summarized in
Table 1. Our SAR study started with the evaluation of the analogs
1-3. We noticed that the introduction of the basic nitrogen into
position 2 and 4 of phenyl ring (Fig. 1) led to 20- and 8-fold de-
creases in potency relative to donepezil. Analog 2, on the other
hand, with the nitrogen atom in position 3, led to inhibitory po-
tency comparable to donepezil, with an ICsg value of 51 nM. This
SAR exploration suggests that enhanced potency of analog 2, com-
pared to analogs 1 and 3, is not due to increased polarity and ba-
sicity from the nitrogen atom, but rather due to the location of
the nitrogen atom, and thus being better tolerated within the ac-
tive site at position 3 of the phenyl ring. It also shows the im-
portance of aromatic hydrogens in positions 2 and 4, but further
investigations at these positions are needed to assess the particu-
lar role of these substituents with the inhibition potencies. Next,
we introduced a quinoline ring as shown in analog 4, which led
to the moderate inhibition potency of AChE, with an ICsq value of
356 nM. Although the quinoline moiety led to decreased inhibition
potency compared to donepezil, the quinoline ring offers access to
many diverse chemical substituents that could improve AChE inhi-
bition which will be explored in the future SAR studies. Placement
of chloro- and bromo- substituents in position 3 of the 4-pyridyl
ring, as shown in analogs 5 and 6, led to low micromolar inhibitory
potency relative to donepezil. On the other hand, placement of a
chloro- group in position 2 of the 4-pyridyl moiety (analog 7), was
better tolerated and led to a moderate inhibition potency, with an
IC59 value of 364 nM. The introduction of the 2,6-disubstitution
for chloro- group (analog 8) led to significant decrease in the in-
hibitory potency on the AChE enzyme. Adding fluoro-, chloro-, and
bromo- groups in position 2 of the 3-pyridyl moiety, as shown in
analogs 9-11, did not improve activity and led to higher IC5y values
relative to donepezil. This suggests that the steric effects of these
groups probably coupled with electronic effects play an important
role in the binding to the enzyme and contribute negatively to the
inhibition potency for this set of analogs. Similarly, placement of a
methyl- group in position 4 of the 3-pyridyl ring (analog 12), was
not well tolerated and led to the high nanomolar inhibition po-
tency, with an ICsy value of 928 nm.

However, encouraged with the inhibition potency of analog 2,
we decided to further explore the mechanism of inhibition of this
analog. The kinetic studies of the electric eel AChE enzyme for the
substrate acetylthiocholine in the presence of analog 2 were per-
formed using Ellman’s method as described in the Experimental
section. Analysis of a Lineweaver-Burke double reciprocal plot of
1/velocity versus 1/substrate (Fig. 3) shows that slopes are increas-
ing at increasing concentrations of analog 2, and are intersecting
above the x-axis, indicating mixed-type inhibition, i.e., binding to
both PAS and the catalytic active site of AChE. Dual-binding site

character is also reported for donepezil [26]. Using a Dixon plot, a
linear transformation of reciprocal enzyme rates vs. inhibitor con-
centrations (Fig. 4), we were able to calculate a K; value of 62 nM
for analog 2. Since the human AChE and electric eel AChE se-
quences share 60% sequence identity (Fig. S1), and are significantly
similar in the region of the catalytic active site, we expect that ana-
log 2 will have similar binding modes in PAS and the catalytic site
of human AChE, and probably similar strong inhibition potency in
the nanomolar range.

2.3. In silico studies

To further understand and predict binding modes of donepezil
analogs 1-12 with human AChE we conducted molecular docking
studies. Using the ICM Pro Molsoft software package, we first pre-
pared the enzyme structure using standard ICM Pro guidelines, and
subsequently performed molecular docking of donepezil analogs
1-12 and donepezil. The obtained docking scores (Table 1) and vi-
sual inspection of their binding modes suggested that all analogs
synthesized in this study should not have any steric or not-allowed
contacts with the binding site of human AChE. Next, we compared
the binding modes of donepezil and analog 2 within the active site
of human AChE. We observed the benzyl ring of donepezil (Fig. 2)
in the proximity of tryptophan (W86), with possible -7 stacking.
We also noticed possible interactions with amino acids S203 and
H447, both part of the AChE catalytic triad. Next, we observed a
hydrogen bonding of donepezil’s carbonyl group with phenylala-
nine (F295), acting as a hydrogen bond donor. The middle part of
donepezil, the piperidine ring, interacts with Y337 and D74, while
the indanone ring is located near to W286, F295, F338 and Y341,
making strong hydrophobic interactions. Based on our molecular
docking experiment, the binding of analog 2 is very similar to
donepezil, but more complex (Fig. 5). The pyridylmethyl group is
also located in the proximity of tryptophan (W86), and the two
amino acids that are part of the catalytic triad, S203 and H447.
We also observed that pyridylmethyl moiety interacts with G121,
E202 and G448. In addition, we noticed a spacious open pocket
where the nitrogen of pyridine ring is located, suggesting that this
analog will probably be well accommodated in the human AChE
active site (Figs. 5 and 6). The piperidine ring and indanone moi-
ety both have very similar interactions as donepezil, and we also
noticed the same hydrogen bonding with phenylalanine (F295). Fi-
nally, analog 2 showed a similar docking score as donepezil, thus,
further in vitro evaluation of this promising analog in human AChE
enzyme should be performed in the future.

Using the ICM Pro Chemistry software, we calculated several
important ADMET properties of the most potent inhibitor identi-
fied in this study, analog 2, in comparison to donepezil. Since our
therapeutic target is located in the brain, we first decided to de-
termine whether the potential drug candidate will penetrate the
blood brain barrier (BBB). A BBB prediction score above 4 indicates
that the tested compound can pass the BBB [37]. Both, analog 2
and donepezil had BBB scores greater then 4, 4.93 and 5.28, re-
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Table 1
AChE inhibitory activities of Analogs 1-12.
Compound R ICs0s (nM) Docking Score
Analog 1 XN 793 -18.4
=
Analog 2 AN 51 -17.63
N
Analog 3 X 334 -17.24
P
N
AN NNNNN
Analog 4 X 356 -12.67
Z
N
Analog 5 X 2064 -16.24
=
N Cl
Analog 6 X 1796 -16.22
=
N Br
Cl
Analog 7 X 364 -13.42
=
N
Analog 8 cl X cl 4318 -14.01
P
N
F
Analog 9 AN 718 -14.28
/ N
Cl
Analog 10 X 414 -13.59
N
Br
Analog 11 X 1116 -16.11
N

(continued on next page)
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Table 1
(continued)
Compound R ICs0s (nM) Docking Score
X
Analog 12 928 -13.07
/N
Donepezil 44 -17.57
15
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Fig. 3. Lineweaver-Burke double reciprocal plot for Analog 2.

13
11
e 0.5mMATCI
e 0.25mMATCI
® 0.125 mM ATCI :
e 0.0625 mM ATCI 9
® 0.03125 mM ATCI
0.015625 mM ATCI

e 0.007813 mM ATCI
@ 0.003906 mM ATCI

1/Vi (min1 AA%Y)

50 100

[Analog 2] nMm

5 d

Fig. 4. Dixon plot for Analog 2.
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Fig. 5. Binding of Analog 2 in human AChE active site (2D representation): green shading represents hydrophobic region; gray parabolas represent accessible surfaces for
large areas; gray dotted lines represent hydrogen bond; the broken thick line around analog 2 shape indicates accessible surface; the size of residue ellipses represents the
strength of the contact. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

1451

289

W286

Fig. 6. Binding of Analog 2 in human AChE active site (3D representation).

spectively, suggesting that both drugs will cross the BBB (Table 2).
Next, we wanted to estimate if analog 2 will have a relative likeli-
hood to be administrated orally. According to Lipinski’s rule of five
[38], an orally active drug has no more than one violation of the
following criteria: (1) molecular weight under 500 daltons (Da);
(2) no more than 5 hydrogen bond donors; (3) no more than 10
hydrogen bonds acceptors; and (4) an octanol-water partition co-
efficient log P of less than 5. According to our calculations, analog

2 would be considered as a potential oral drug as it doesn’t vio-
late any of the four abovementioned rules: the molecular weight
is 380.488 Da, it has no hydrogen bond donors, has six hydro-
gen bond acceptors and the calculated log P is 3.17. Using Veber
et al’s rule [39], we investigated the drug absorption of analog 2.
Molecular flexibility and polar surface play an important role in
drug absorption, namely, too many rotatable bonds (above 10) and
a polar surface area (PSA) above 140 Angstroms, are not good pa-
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Table 2
Predicted ADMET properties for Analog 2 and Donepezil.
No. of
BBB No. of No. of Molecular Rotatable HALF-LIFE LDsg
Compound  Score HBA HBD Weight cLogP PSA Bonds (hours) hERG Tox Score  Tox Groups (mg/kg)
Analog 2 4.93 6 0 380.488 3.17 41.91 6 6.72 0.54 0 N/A 412
Donepezil 5.28 5 0 379.500 4.46 32.39 6 6.72 0.45 0 N/A 344

rameters for drug absorption according to Veber’s rule. Analog 2
has 6 rotatable bonds and a PSA of 41.91 A suggesting good ab-
sorption. Since orally absorbed drugs pass through the liver be-
fore they are distributed to the rest of the body, we were inter-
ested in calculating the half-life of the analog 2. Our predictions
show that analog 2 would probably undergo a similar metabolic
pathway as donepezil, since we found the same half-life value of
6.72 h for both compounds. Finally, we analyzed the potential tox-
icity, by calculating the hERG binding prediction, Tox scores and
LDsq. Oral toxicity prediction results show that analog 2 has LDsg
value of 412 mg/kg, comparing to donepezil with predicted LDsg
value of 344 mg/kg. According to the ICM Pro guidelines, hERG val-
ues above 0.5 suggest that the tested compound will likely exhibit
some hERG inhibition at 100 uM or less. Our calculations show
that analog 2 has a hERG value slightly above the reference value,
0.54, while donepezil is slightly below 0.5. Nevertheless, since it
has inhibition potency in the nanomolar range, we believe that
analog 2 represents a good candidate as a follow up lead com-
pound. In addition, Tox score of 0, suggest that there are no poten-
tially toxic groups or reactive chemical functionalities present in
analog 2.

3. Conclusion

Herein, we present the discovery of a new AChE inhibitor ana-
log 2, having an ICsy in the range of the FDA-approved drug
donepezil. Our kinetic studies determined that this inhibitor binds
to the enzyme as a mixed-type inhibitor, binding to both the
peripheral anionic site (PAS) and catalytic active site, similar to
donepezil. Molecular docking experiments not only revealed the
potential binding position and interactions of this analog in the
binding pocket of human AChE but also that the pyridylmethyl
moiety could successfully replace the benzyl ring of donepezil
without steric or other interferences. Analog 2 also satisfies sev-
eral predicted pharmacokinetic and pharmacodynamic parame-
ters suggesting that this inhibitor should be further tested in
the human AChE enzyme and used as guide for future SAR
studies.

4. Material and methods

All solvents and reagents were obtained from Sigma-Aldrich,
Matrix Scientific, TCI, and Acros Organic and used without fur-
ther purification. Analytical thin-layer chromatography (TLC) was
performed on aluminum plates precoated with silica gel, also
obtained from Sigma-Aldrich. Column chromatography was car-
ried out on Merck 938S silica gel, and a Teledyne CombiFlash
Rf Flash Chromatography system. Proton and carbon NMR spec-
tra were recorded with a Bruker 400 MHz NMR spectrome-
ter. Spectra were referenced to the residual solvent peak: pro-
ton chemical shifts are reported relative to the residual solvent
peak (chloroform = 7.26 ppm) as follows: chemical shift (&), pro-
ton ID, multiplicity (s = singlet, bs = broad singlet, d = dou-
blet, bd = broad doublet, dd = doublet of doublets, t = triplet,
q = quartet, m = multiplet, integration, coupling constant(s) in
Hz). Carbon chemical shifts are reported relative to the resid-

ual deuterated solvent signals (chloroform = 77.2 ppm). Melting
points were measured with a MEL-TEMP II melting point appara-
tus and are reported uncorrected. All compounds described were
> 95% purity. Purity was confirmed by high-resolution liquid chro-
matography mass spectrometer (ThermoFisher Ultimate 3000 bi-
nary UPLC coupled to a Q Exactive Focus Orbitrap mass spec-
trometer). The elution gradient increased from acetonitrile:water
(20:80 + 0.1% formic acid) to acetonitrile:water (70:30 + 0.1%
formic acid) over 3 min and held for one minute at a flow rate of
0.4 mL/min. Microwave reactions were carried out in a CEM Dis-
cover SP microwave synthesizer. Electric eel AChE enzyme (Type
VI-S, lyophilized powder, Item No. C3389) was obtained from
Sigma Aldrich. Molecular modeling studies and docking experi-
ments were performed using ICM Pro Molsoft software.

4.1. Experimental

4.1.1. Chemistry

General procedure for the preparation of donepezil analogs: 5,6-
Dimethoxy-2-(4-piperidinylmethyl)-1-indanone, HCl salt (680 mg)
was dissolved in a 25 mL aqueous solution of saturated sodium
bicarbonate (NaHCO3) and a 25 mL of ethyl acetate. It was
stirred vigorously for approximately 25 min and the organic
layer was separated. The aqueous layer was washed twice with
25 mL dichloromethane, the organic layers were combined, dried
over anhydrous sodium sulfate and concentrated. Freebased 5,6-
dimethoxy-2-(4-piperidinylmethyl)-1-indanone was obtained as a
pale orange solid (350 mg). 0.86 mmol of the freshly freebased 5,6-
dimethoxy-2-(4-piperidinylmethyl)-1-indanone, sodium triacetoxy-
borohydride (2.58 mmol), and corresponding aldehyde (0.86 mmol)
were dissolved in 20 mL of anhydrous dichloromethane. The re-
action mixture was subjected to microwave irradiation at 80 °C
for 20 min. The mixture was transferred to a separatory fun-
nel and the organic layer was washed with an aqueous solu-
tion of saturated NaHCO3; (20 mL). The organic layer was then
dried over anhydrous sodium sulfate, filtered and concentrated.
The crude product was purified by column chromatography (using
2-5% methanol/dichloromethane or 1:1 ethyl acetate/hexane sol-
vent systems) or using a CombiFlash chromatography system.

5,6-dimethoxy-2-((1-(pyridin-2-ylmethyl)piperidin-4-
yl)methyl)-2,3-dihydro-1H-inden-1-one, Analog 1: 2-
pyridinecarboxaldehyde was used as a starting material to obtain
1 as a clear thick oil (40% yield); "H NMR (400 MHz, CDCl;) § 8.53
(s, 1H), 7.63 (t, ] = 7.2 Hz, 1H), 743 (d, | = 6.8 Hz, 1H), 7.14 (s,
2H), 6.83 (s, 1H), 3.93 (s, 3H), 3.88 (s, 3H), 3.66 (s, 2H), 3.25-3.19
(m, 1H), 2.93 (s, 2H), 2.68 (d, ] = 14 Hz, 2H), 2.12-2.08 (m, 2H),
1.75-1.65 (m, 1H), 1.54-1.29 (m, 4H). 13C NMR (100 MHz, CDCl3):
8 207.6, 155.4, 149.4, 149.1, 148.7, 136.3, 129.3, 123.3, 122.0, 107.3,
104.4, 64.8, 56.2, 56.1, 54.0, 45.4, 38.6, 34.2, 33.3, 32.8, 31.6 ppm.
HRMS-ESI+: calculated for C,3HgN,03 + H: 381.2178; Found:
381.2169.

5,6-dimethoxy-2-((1-(pyridin-3-ylmethyl)piperidin-4-
yl)methyl)-2,3-dihydro-1H-inden-1-one, Analog 2: 3-
pyridinecarboxaldehyde was used as a starting material to obtain
2 as a pale yellow oil (73% yield); 'TH NMR (400 MHz, CDCl3)
8 8.53-8.51 (m, 2H), 7.72 (d, ] = 7.6 Hz, 1H), 7.29-7.27 (m, 1H),
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717 (s, 1H), 6.86 (s, 1H), 3.96 (s, 3H), 3.91 (s, 3H), 3.56 (s, 2H),
3.27-3.21 (m, 1H), 2.94-2.50 (m, 1H), 2.70 (m, 2H), 2.07-2.02 (m,
3H), 1.94-1.90 (m, 1H), 1.73 (t, ] = 16.4 Hz, 2H), 153 (d, ] = 8
Hz, 1H), 1.43-1.30 (m, 3H). 3C NMR (100 MHz, CDCl3): § 207.7,
155.5, 150.4, 149.5, 148.7, 148.5, 1371, 133.4, 129.3, 123.4, 107.3,
104.4, 60.3, 56.2, 56.1, 53.6, 45.3, 38.6, 34.2, 33.4, 32.6, 31.5 ppm.
HRMS-ESI+: calculated for Cp3HygN,03 + H: 381.2178; Found:
381.2166.
5,6-dimethoxy-2-((1-(pyridin-4-ylmethyl)piperidin-4-
yl)methyl)-2,3-dihydro-1H-inden-1-one, Analog 3: 4-
pyridinecarboxaldehyde was used as a starting material to obtain
3 as a yellowish oil (69% yield); TH NMR (400 MHz, CDCl3) §
8.52 (d, ] = 6 Hz, 2H), 7.27 (t, ] = 6.8 Hz, 2H), 7.16 (s, 1H), 6.85
(s, TH), 3.95 (s, 3H), 3.89 (s, 3H), 3.48 (s, 2H), 3.23 (dd, J = 9.2,
8 Hz, 1H), 2.87-2.82 (m, 2H), 2.72-2.67 (m, 2H), 2.04-1.98 (m, 2H),
1.93-1.89 (m, 1H), 1.75-1.66 (m, 2H), 1.53-1.49 (m, 1H), 1.38-1.30
(m, 3H). 13C NMR (100 MHz, CDCl;): § 207.7, 155.5, 149.6, 149.4,
148.7, 148.0, 129.2, 123.9, 1211, 107.3, 104.4, 62.0, 56.2, 56.1, 53.9,
454, 38.6, 34.2, 33.3, 32.9, 31.7 ppm. HRMS-ESI+: calculated for
Cy3HygN,03 + H: 381.2178; Found: 381.2167.
5,6-dimethoxy-2-((1-(quinolin-4-ylmethyl)piperidin-
4-yl)methyl)-2,3-dihydro-1H-inden-1-one,  Analog 4: 4-
quinolinecarboxaldehyde was used as a starting material to
obtain 4 as a clear oil (38% yield); 'H NMR (400 MHz, CDCl3) §
8.87 (d, ] = 44 Hz, 1H), 8.26 (d, ] = 7.6 Hz, 1H), 813 (d, ] = 8
Hz, 1H), 7.72 (t, ] = 6.8 Hz, 1H), 7.57 (t, ] = 6.8 Hz, 1H), 7.46 (d,
J = 4.4 Hz, 1H), 7.18 (s, 1H), 6.87 (s, 1H), 3.97 (s, 3H), 3.93 (s, 2H),
3.92 (s, 3H), 3.25 (dd, J = 9.2, 8 Hz, 1H), 2.96 (t, ] = 10.4 Hz, 2H),
2.75-2.69 (m, 2H), 213 (t, ] = 11.2 Hz, 2H), 1.97-1.91 (m, 1H),
1.79-1.69 (m, 2H), 1.61-1.51 (m, 1H), 1.45-1.32 (m, 3H). 13C NMR
(100 MHz, CDCl3): § 207.7, 155.5, 150.1, 149.5, 148.7, 148.3, 144.6,
129.9, 129.3, 129.0, 127.7, 126.2, 124.1, 121.1, 107.3, 104.4, 59.8,
56.2, 56.1, 54.3, 45.4, 38.7, 34.3, 33.3, 33.1, 31.9 ppm. HRMS-ESI+:
calculated for C,;H3gN,05 + H: 431.2335; Found: 431.2325.
2-((1-((2-chloropyridin-4-yl)methyl)piperidin-4-yl)methyl)-
5,6-dimethoxy-2,3-dihydro-1H-inden-1-one, Analog 5: 2-chloro-
isonicotinaldehyde was used as a starting material to obtain 5 as
a thick colorless oil (27% yield); "TH NMR (400 MHz, CDCl3) § 8.30
(s, 1TH), 7.32 (s, 1H), 7.20 (s, 1H), 7.16 (s, 1H), 6.85 (s, 1H), 3.95 (s,
3H), 3.90 (s, 3H), 3.47 (s, 2H), 3.27-3.21 (m, 1H), 2.83 (s, 2H), 2.70
(d, ] = 14 Hz, 2H), 2.02 (t, ] = 11.2 Hz, 2H), 191 (¢, ] = 10.8 Hz,
1H), 1.76-1.67 (m, 2H), 1.51 (bs, 1H), 1.41-1.25 (m, 3H). 3C NMR
(100 MHz, CDCl3): § 207.6, 155.5, 151.9, 151.7, 149.4, 148.7, 129.3,
124.0, 122.5, 107.3, 104.4, 61.5, 65.2, 56.1, 53.9, 45.4, 38.6, 341,
33.3, 32.9, 31.8. HRMS-ESI+: calculated for Cp3H,7CIN,O3 + H:
415.1788; Found: 415.1778.
2-((1-((2-bromopyridin-4-yl)methyl)piperidin-4-yl)methyl)-
5,6-dimethoxy-2,3-dihydro-1H-inden-1-one, Analog 6: 2-bromo-
4-pyridinecarboxaldehyde was used as a starting material to
obtain 6 as a tan oil (53% yield); '"H NMR (400 MHz, CDCl5) §
8.26 (s, 1H), 746 (s, 1H), 7.22 (s, 1H), 7.14 (s, 1H), 6.84 (s, 1H),
3.94 (s, 3H), 3.88 (s, 3H), 3.44 (s, 2H), 3.22 (dd, J = 9.6, 8 Hz, 1H),
2.81 (s, 2H), 2.68 (d, ] = 14 Hz, 2H), 2.00 (t, ] = 11.2 Hz, 2H),
1.90 (s, 1H), 1.75-1.66 (m, 2H), 1.50 (bs, 1H), 1.39-1.23 (m, 3H).
13C NMR (100 MHz, CDCl3): § 207.6, 155.5, 151.7, 149.9, 149.4,
148.7, 142.4, 129.2, 127.2, 127.8, 122.9, 107.4, 1044, 614, 56.2, 56.1,
53.9, 45.3, 38.6, 34.1, 33.3, 32.9, 31.8. HRMS-ESI+: calculated for
Cy3H,7BrN, 03 + H: 459.1283; Found: 459.1274.
2-((1-((3-chloropyridin-4-yl)methyl)piperidin-4-yl)methyl)-
5,6-dimethoxy-2,3-dihydro-1H-inden-1-one, Analog 7: 3-
chloroisonicotinaldehyde was used as a staring material and 7
was obtained as a white solid (30% yield); mp = 122-125 °C;
TH NMR (400 MHz, CDCl3) § 8.50 (s, 1H), 8.43 (d, J= 4.8 Hz, 1H),
748 (d, ] = 5 Hz, 1H), 7.16 (s, 1H), 6.86 (s, 1H), 6.85 (s, 1H), 3.95
(s, 3H), 3.90 (s, 3H), 3.58 (s, 2H), 3.24 (q, J= 8.4 Hz, 1H), 2.89-2.84
(m, 2H), 2.70 (d, J= 14.4 Hz, 2H), 2.11 (t, ] = 11.2 Hz, 2H), 1.96-
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1.89 (m, 1H), 1.78-1.67 (m, 2H), 1.51 (bs, 1H), 1.43-1.31 (m, 3H).
13C NMR (100 MHz, CDCl3): § 207.8, 155.7, 149.7, 149.3, 148.9,
147.9, 146.0, 131.9, 129.5, 124.5, 107.5, 104.6, 58.7, 56.4, 56.3, 54.3,
45.6, 38.9, 344, 33.5, 33.3, 32.1 ppm. HRMS-ESI+: calculated for
Cy3H,7CIN, 03 + H: 415.1788; Found: 415.1780.
2-((1-((3,5-dichloropyridin-4-yl)methyl)piperidin-4-
yl)methyl)-5,6-dimethoxy-2,3-dihydro-1H-inden-1-one, Analog
8: 3,5-dichloroisonicotinaldehyde was used as a starting material
and 8 was obtained as a white solid (18% yield); mp = 162-164 °C;
TH NMR (400 MHz, CDCl;) § 8.45 (s, 2H), 7.48 (d, ] = 5 Hz, 1H),
716 (s, 1H), 6.84 (s, 1H), 3.95 (s, 3H), 3.89 (s, 3H), 3.69 (s, 2H),
3.22 (q, J= 84 Hz, 1H), 2.89-2.85 (m, 2H), 2.71-2.66 (m, 2H),
2.26-2.19 (m, 2H), 1.91-1.85 (m, 1H), 1.72-1.62 (m, 3H), 1.52 (bs,
1H), 1.33-1.20 (m, 4H). 3C NMR (100 MHz, CDCl3): § 207.8, 155.6,
149.5, 148.8, 147.8, 143.3, 134.1, 129.4, 1074, 104.5, 100.1, 56.3,
56.2, 56.1, 54.1, 45.5, 38.7, 34.4, 334, 33.1, 31.9 ppm. HRMS-ESI+:
calculated for Cy3H;6CI;N,03 + H: 449.1399; Found: 449.1389.
2-((1-((2-fluoropyridin-3-yl)methyl)piperidin-4-yl)methyl)-
5,6-dimethoxy-2,3-dihydro-1H-inden-1-one, Analog 9: 2-
fluoronicotinaldehyde was used as a starting material and 9
was obtained as a clear oil (56% yield); 'TH NMR (400 MHz,
CDCl3) 8§ 8.11 (d, ] = 4.8 Hz, 1H), 7.87 (t, J= 9.2 Hz, 1H), 7.20-7.17
(m, 2H), 6.86 (s, 1H), 3.97 (s, 3H), 3.91 (s, 3H), 3.56 (s, 2H), 3.24
(q, J= 8.4 Hz, 1H), 2.91-2.87 (m, 2H), 2.73-2.69 (m, 2H), 2.12-2.05
(m, 2H), 1.95-1.88 (m, 1H), 1.78-1.67 (m, 2H), 1.49 (bs, 1H), 1.38-
1.30 (m, 3H). 3C NMR (100 MHz, CDCl3): § 207.6, 155.4, 149.4,
148.7, 145.9, 145.8, 1414, 129.2, 121.3, 120.6, 107.4, 104.5, 56.2,
56.0, 55.1, 53.6, 45.4, 38.6, 34.2, 33.2, 33.0, 31.8 ppm. HRMS-ESI+:
calculated for Cy3H,7FN,03 + H: 399.2084; Found: 399.2077.
2-((1-((2-chloropyridin-3-yl)methyl)piperidin-4-yl)methyl)-
5,6-dimethoxy-2,3-dihydro-1H-inden-1-one, Analog 10: 2-
chloronicotinaldehyde was used as a starting material and 10 was
obtained as a clear oil (44% yield); TH NMR (400 MHz, CDCl;)
8 827 (s, 2H), 791 (s, 2H), 7.25-7.24 (m, 1H), 7.16 (s, 1H), 6.86
(s, 1H), 3.96 (s, 3H), 3.90 (s, 3H), 3.61 (s, 2H), 3.24 (q, J= 8.4
Hz, 1H), 2.91-2.89 (m, 2H), 2.71 (d, J= 14.4 Hz 2H), 2.16 (¢, J=
10.8 Hz 2H), 191 (bs, 1H), 1.79-1.68 (m, 2H), 1.59-1.24 (m,
5H). 13C NMR (100 MHz, CDCl3): § 207.6, 155.4, 150.9, 149.4,
148.6, 147.7, 129.2, 122.5, 107.3, 104.3, 58.7, 56.2, 56.0, 53.9, 45.3,
38.6, 34.1, 33.2, 32.9, 31.7, 29.6 ppm. HRMS-ESI+: calculated for
Cy3H,7CIN,03 + H: 415.1788; Found: 415.1781.
2-((1-((2-bromopyridin-3-yl)methyl)piperidin-4-yl)methyl)-
5,6-dimethoxy-2,3-dihydro-1H-inden-1-one, Analog 11: 2-
bromonicotinaldehyde was used as a starting material and 11 was
obtained as a clear oil (51% yield); 'TH NMR (400 MHz, CDCl;) §
8.26 (d, J= 4.8 Hz, 1H), 7.84 (d, J= 7.6 Hz, 1H), 7.28-7.25 (m, 2H),
718 (s, 1H), 6.87 (s, 1H), 3.97 (s, 3H), 3.92 (s, 3H), 3.57 (s, 2H),
3.26 (q, J= 8.2 Hz, 1H), 2.89 (t, ] = 10.4 Hz, 1H), 2.74-2.71 (m, 2H),
2.19-2.13 (m, 2H), 1.97-1.91 (m, 1H), 1.80-1.68 (m, 3H), 1.55 (bs,
1H), 1.40-1.32 (m, 3H). 13C NMR (100 MHz, CDCl3): § 207.7,
155.4, 149.4, 148.7, 148.1, 143.7, 138.5, 135.7, 129.3, 122.8, 107.3,
104.4, 60.9, 56.1, 54.0, 45.4, 38.6, 34.2, 33.2, 31.8 ppm. HRMS-ESI+:
calculated for C;3H»7BrN,O3 + H: 459.1283; Found: 459.1275.
5,6-dimethoxy-2-((1-((6-methylpyridin-3-
yl)methyl)piperidin-4-yl)methyl)-2,3-dihydro-1H-inden-1-one,
Analog 12: 6-methylnicotinaldehyde was used as a start-
ing material and 12 was obtained as a clear oil (41% yield);
TH NMR (400 MHz, CDCl3) § 8.36 (s, 1H), 7.56 (d, ] = 6 Hz, 1H),
7.13-7.08 (m, 2H), 6.83 (s, 1H), 3.93 (s, 3H), 3.87 (s, 3H), 3.46 (s,
2H), 3.21 (q, J= 8.4 Hz, 1H), 2.88-2.84 (m, 2H), 2.68-2.65 (m, 2H),
2.51 (s, 3H), 2.00-1.95 (m, 2H), 1.90-1.84 (m, 1H), 1.73-1.64 (m,
2H), 1.49 (bs, 1H), 1.35-1.28 (m, 3H). 13C NMR (100 MHz, CDCl3):
8 207.6, 157.1, 155.4, 149.7, 149.4, 148.6, 137.2, 129.2, 122.8, 107.3,
104.3, 60.1, 56.1, 56.0, 53.6, 53.5, 45.3, 38.6, 34.2, 33.3, 32.7, 31.6,
24.0 ppm. HRMS-ESI+: calculated for C;4H3gN,03 + H: 395.2335;
Found: 395.2329.
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4.1.2. AChE inhibition assays

AChE inhibition was determined using the Ellman et al’s
method [36] with acetylthiocholine iodide (ATCI) as a substrate. In
brief, in a 96-well microplate, 45 uL of electric eel AChE in assay
buffer (400 U/L in 20 mM Tris-HCl, 150 mM NaCl, pH 7.5) was
added to each of the wells, followed by 5 uL of inhibitor dissolved
in DMSO, and incubated at 24 °C for 15 min. Then, 150 uL of the
reaction mix (100 mM ATCI in water, 10 mM DTNB in ethanol and
assay buffer) was added to each well and the absorbance was mea-
sured at 412 nm (A412). The absorbance was measured again at
412 nm after 10 min. Percent inhibition was calculated by com-
paring the rates for the samples relative to the blank (5 wL DMSO
instead of test compound solution) using the following formula:
(1 - AA Test Cpd /AA Blank) x 100%, where: AA Test Cpd is the
A412 value of a test compound well at 0 min subtracted from the
A412 value of the same well at 10 min; AA Blank is the A412
value of the DMSO Control well at 0 min subtracted from the A412
value of the DMSO Control well at 10 min. ICsy values were calcu-
lated by nonlinear regression analysis using GraphPad Prism soft-
ware. Each experiment was performed in triplicate. Kinetic analy-
sis of AChE inhibition was performed using the spectrophotometric
method according to Ellman’s procedure with some modifications
[40]. In short, Lineweaver-Burke and Dixon plots were constructed
at eight different concentrations of the substrate ATCI. Analog 2
was added to the assay buffer (20 mM Tris-HCI, 150 mM Nadl,
pH 7.5) and pre-incubated with the electric eel AChE enzyme at
24 °C for 15 min, followed by the addition of ATCI. The assay so-
lution containing analog 2 (1/2 ICsq, IC59, 2XIC50), DTNB (1 mM),
AChE (400 Units/L) and ATCI (0.5, 0.25, 0.125, 0.0625, 0.03125,
0.015625, 0.0078125 and 0.00390625 mM) were dissolved in the
assay buffer. Kinetic characterization of the hydrolysis of acetylth-
iocholine catalyzed by AChE was done at 412 nm. A parallel control
experiment was carried out without the analog 2 in the mixture.
Each experiment was performed in triplicate. Determination of the
type of inhibition was assessed from Lineweaver-Burke. The K; cal-
culation was derived from the Dixon plot [41]. Data analysis was
performed with GraphPad Prism software.

4.1.3. Molecular modeling

For the docking studies of the donepezil analogs 1-12, a crys-
tal structure of human acetylcholinesterase (AChE) enzyme com-
plexed with donepezil (PDB ID: 4EY7) was used. PDB file 4EY7 was
first converted to an ICM file and the inhibitor donepezil was re-
moved. Docking experiments were performed following the pro-
gram guidelines. ICM scores were obtained after this procedure.
ADMET properties for all synthesized target analogs were calcu-
lated using the ICM Pro software.
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