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1 | INTRODUCTION

Alzheimer's disease (AD) is the most common form of dementia
worldwide. According to the World Alzheimer's Report in 2018, 50

million people were affected by dementia, and this number is
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Abstract

A series of tacrine-donepezil hybrids were synthesized as potential multifunctional anti-
Alzheimer's disease (AD) compounds. For this purpose, tacrine and the benzylpiperidine
moiety of donepezil were fused with a hydrazone group to achieve a small library of
tacrine-donepezil hybrids. In agreement with the design, all compounds showed
inhibitory activity toward both acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) with ICsq values in the low micromolar range. Kinetic studies on the most potent
cholinesterase (ChE) inhibitors within the series showed a mixed-type inhibition
mechanism on both enzymes. Also, the docking studies indicated that the compounds
inhibit ChEs by dual binding site (DBS) interactions. Notably, tacrine-donepezil hybrids
also exhibited significant neuroprotection against H,O,-induced cell death in a
differentiated human neuroblastoma (SH-SY5Y) cell line at concentrations close to
their ICso values on ChEs and showed high to medium blood-brain barrier (BBB)
permeability on human cerebral microvascular endothelial cells (HBEC-5i). Besides, the
compounds do not cause remarkable toxicity in a human hepatocellular carcinoma cell
line (HepG2) and SH-SY5Y cells. Additionally, the compounds were predicted to also
have good bioavailability. Among the tested compounds, H4, H16, H17, and H24 stand
out with their biological profile. Taken together, the proposed novel tacrine-donepezil
scaffold represents a promising starting point for the development of novel anti-ChE
multifunctional agents against AD.
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expected to triplicate by the end of 2050.%2 As the life expectancy
increases, the incidence of the disease expands in paraIIeI.[3] In
contrast to its huge impact on the economy of countries, the drug
development failure rate in AD is significantly high. The lack of

distinctive biomarkers to support cognitive tests for a proper and

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Authors. Archiv der Pharmazie published by Wiley-VCH GmbH on behalf of Deutsche Pharmazeutische Gesellschaft.

Arch. Pharm. 2024;357:€2300575.
https://doi.org/10.1002/ardp.202300575

wileyonlinelibrary.com/journal/ardp 1 of 19


http://orcid.org/0000-0002-1477-4440
mailto:vildan.alptuzun@ege.edu.tr
https://wileyonlinelibrary.com/journal/ardp
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fardp.202300575&domain=pdf&date_stamp=2024-04-09

BAYRAKTAR ET AL.

™ |L_DPhG ARCH

early diagnosis and the multifactorial nature of AD are considered
[5-7]
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important factors contributing to this high attrition rate.

Most of the approved anti-Alzheimer therapeutics worldwide
rely on the so-called “cholinergic hypothesis,” which is based on the
observation that in AD patients, there is a clear impairment in the
cholinergic system in the brain areas that are involved in memory and
cognition. In agreement with this hypothesis, a series of anti-
cholinesterase agents with different selectivity profiles toward the
two cholinesterase (ChE) enzymes, namely, acetylcholinesterase
(AChE) and butyrylcholinesterase (BChE), have been approved for
the symptomatic treatment of AD.!®!

Other than cholinergic impairment, AD is characterized by well-
defined pathological hallmarks, which include amyloid-B (AB) peptide
aggregation and neurofibrillary tangles formation.!”*® Aducanumab
(Aduhelm™, Biogen), an anti-AB monoclonal antibody, was approved
by the Food and Drug Administration (FDA) and has become the first

3] Recently, the humanized immuno-

disease-modifying therapy.
globulin gamma 1 (IgG1) monoclonal antibody lecanemab-irmb
(Legembi™, Eisai-Biogen), which specifically recognizes soluble and
insoluble AR aggregates, was also granted accelerated approval by
the FDA.[1]

Apart from classical hallmarks such as cholinergic impairment, AR
aggregation, and neurofibrillary tangles formation, AD pathology is
also characterized by calcium and biometal dyshomeostasis, en-
hanced oxidative stress, neuroinflammation, and mitochondrial
dysfunction.””1%*2 Although those pathological features seem to
be interconnected, the link between them remains elusive. Therefore,
an extensive investigation is in progress.

Concerning oxidative stress, a progressive accumulation of reactive
oxygen species (ROS) naturally occurs during brain aging. This is a
consequence of the progressive decrease of the antioxidant capacity of
the brain, which is paralleled by a higher oxygen consumption.
Furthermore, AB plaques may act as a ROS reservoir, while increased
ROS levels are known to trigger the amyloid cascade. Therefore,
antioxidants may also be beneficial to tackle the disease.[?101213]

Drug discovery approaches for ChE inhibitors have also evolved
in the last decades in parallel with the increasing knowledge of the
role of those enzymes in AD and their interconnection with other AD
players. Indeed, the hydrolysis of the neurotransmitter acetylcholine
(ACh) and subsequent termination of the cholinergic transmission has
led to a reconsideration of the role of BChE in moderate forms of the
disease. Since AChE/BChE ratio significantly decreases with AD
progression, due to a progressive loss of cholinergic neurons, BChE is
supposed to play an increasing compensatory role as ACh hydrolyz-
ing enzyme.[“’m In light of this observation, nonselective ChE
inhibitors, cholinesterase inhibitors acting at both enzymes or BChE-
selective inhibitors might be beneficial in compensating cholinergic
impairment in mild-to-moderate forms of AD.[*718!

Furthermore, AChE may trigger AB aggregation by acting as a
molecular chaperone, and this noncatalytic function seems to involve
the enzyme's peripheral binding site (PAS).' This finding has
triggered the development of AChE inhibitors acting as dual binding
site (DBS) ligands, which are compounds able to simultaneously

interact with both PAS and catalytic active site (CAS) with the aim of
enhancing the cholinergic transmission and simultaneously inhibit
AChE-mediated AB aggregation. As a result, these compounds could
be more beneficial owing to their interference with amyloidogenic
pathways to exert not only symptomatic but also disease-modifying

effects.[1720]

Regarding anti-Alzheimer drug discovery, various
DBS AChE inhibitors served as initial multitarget-directed ligands
(MTDLs).[8:21]

A variety of MTDLs were, indeed, developed keeping in mind the
multifactorial nature of the disease and rather palliative clinical
effects of the approved small-molecule drugs. -In the scenario,
design, synthesis, and bioactivity evaluation of new tacrine-donepezil

hybrids were presented here.

1.1 | Design of novel tacrine-donepezil hybrids

Notwithstanding tacrine, the first ChE inhibitor approved by the FDA
was withdrawn from the market due to its hepatotoxicity; tacrine
scaffold is considered an intriguing pharmacophore in the design of
MTDLs endowed with anticholinesterase activities, thanks to its good
inhibitory activity toward both AChE and BChE, tolerance to minor
structural modifications, relatively easier synthetic protocols and
lipophilic nature which eases blood-brain barrier (BBB) penetration.
Besides, choosing a simple core such as tacrine may limit issues
related to high molecular weight and low solubility.??! Furthermore,
it has been largely shown by several groups that tacrine scaffold can
be variously decorated and linked to other pharmacophoric frag-
ments to obtain hybrid molecules that are able to trigger multiple
anti-Alzheimer responses such as reduction of ROS levels, inhibition
of AB aggregation, reduction of AB-induced oxidative stress or H,O,-
induced apoptosis, and inhibition of multiple enzymes involved in AD
pathology other than ChEs.?223! Tacrine exerts its inhibitory action
by binding the CAS of ChEs (with a slight preference for BChE).
However, it also shows a lower affinity for AChE's PAS, as shown by
X-ray analyses of tacrine homodimers.!*?2%!

Donepezil, the first-choice medication in AD management, is an
AChE-selective inhibitor that interacts with both of the AChE binding
sites. In detail, the indanone moiety interacts with PAS while
benzylpiperidine lies along the gorge toward CAS, establishing m-mt
and cation-mt interactions.?*) Owing to the DBS inhibitory mecha-
nism of action, donepezil is also able to prevent, although to a quite
limited extent, AChE-induced amyloid aggregation.l?”

In this work, a hydrazone fragment was selected as a connecting
fragment to widen the biological profile of the novel tacrine-donepezil
hybrids. Indeed, we previously reported the synthesis and characteri-
zation of the biological profile of 1,4-dihydropyridine hydrazones and
pyridinium hydrazones. Those compounds showed good ChE inhibition
as well as inhibitory properties toward AB aggregation.2¢?”)
Hydrazone-bearing compounds were also reported by others to be
endowed with antioxidant and neuroprotective properties.m]

Herein, in the pursuit of novel multifunctional anti-AD agents, we

rationally designed and synthesized a small library of tacrine-donepezil
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hybrids as ChE inhibitors endowed also with cell protective capacity.
To this aim, we selected a tacrine scaffold and the benzylpiperidine
moiety of donepezil as core structures and fused them using a
hydrazone functional group (Figure 1). The effect of introducing
different electron withdrawing or electron-donating groups at differ-
ent positions of the benzyl ring on the bioactivity was explored to
define structure-activity relationships for this new class of hybrids.
Besides, a phenethyl derivative was also synthesized to explore the
impact of chain length on the activity.

Hence, 26 novel hydrazone-containing tacrine-donepezil hybrids
were synthesized, and their activity profile was assessed toward
AChE and BChE enzymes. For the most promising hybrids,
neuroprotective properties against H,O,-induced cell death were
evaluated. The hepatotoxic potential of hybrids was also tested
against the human hepatocellular carcinoma cell line (HepG2). To get

further insights into the mechanism of action in vitro kinetic studies

Benzylpiperidine group
of donepezil

Hydrazone group

Tacrine

FIGURE 1 Design of the novel tacrine-donepezil hybrids.
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and molecular docking studies were performed. Furthermore,
physicochemical properties of the title compounds were calculated.
Last but not least, in consideration of the pursued central action, the
blood-brain barrier (BBB) permeability of selected hybrids was also
evaluated using an in vitro cell-based model.

2 | RESULTS AND DISCUSSION
2.1 | Chemistry

The synthesis of novel tacrine-donepezil hybrids was realized in four
steps, as summarized in Scheme 1.

Anthranilic acid and cyclohexanone were reacted with POCl; to
obtain 9-chloro-1,2,3,4-tetrahydroacridine (1).[29] Following the crystal-
lization of crude product from acetone, 1 underwent an aromatic
nucleophilic substitution with hydrazine hydrate in n-propanol to give 9-
chloro-1,2,3,4-tetrahydroacridine hydrochloride (2).?”! The two broad
singlets at & 5.43pmm and & 9.72 ppm in the *H NMR spectra of 2
indicated the hydrazine group introduction to the 1,2,34-
tetrahydroacridine ring. Additionally, the absence of chlorine isotopic
pattern (3:1 relative intensity of (M+H]*/[M+H+2]*)) in the mass
spectrum of 2 also confirmed the substitution with the hydrazine group.

On the other hand, to obtain various substituted benzylpiper-
idinone intermediates (3-28), substituted benzyl bromides/chlorides
were reacted with piperidinone hydrochloride in the presence of
K>COs in acetonitrile:water (1:1) then the oily residue was purified by
column chromatography.®® The structures of substituted benzylpi-
peridinone intermediates were confirmed by mass spectra and IR
spectra/melting points, and the data were in accordance with the
literature.l*®! Regarding mass spectra, the presence of chlorine (7, 15,
22, 28) and bromine (8, 16, 23) was confirmed by the observed

_NH,
HN

(i)

+ NH,NH,-H,0 —> ‘HCI1

A/

0
Br/CIV 'y (iii) NV A (iv)
- yR—> IR+ _ -
N N 0 N
H 328

n=1; R=-H, -CH;, -OCHj, -F, -Cl,

-Br, -NO,, -CN, CF,

n=2; R=-H

2
=
R |
S
),
N
%J “HCI
N
HN
CCO
—
N

H3-H28

SCHEME 1 Synthesis of the novel tacrine-donepezil hybrids. Reagents and conditions: (i) reflux, 2 h; (ii) n-propanol, reflux, 25 h; (iii) K,COs,

acetonitrile/water (1:1), reflux, 4 h; (iv) ethanol, rt, 8-12 h.
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isotopic pattern with the relative intensity of 3:1 ((M+H]*/[M+H+2]*)
and 1:1 ([M+H]*/[M+H+2]"), respectively. The carbonyl stretching
band of ketone was observed between 1712 and 1704 cm™! in the IR

Archiv der Pharmazie

spectra.

In the last step, compound 2 and various substituted benzylpi-
peridinone derivatives (3-28) were stirred in ethanol to obtain the
final compounds. Intriguingly, oily and unstable products formed for
all reactions except for H17, H18, H19, H24, and H25. Hydrochloride
salts were prepared from the unstable oily compounds by the
addition of aqueous 2 N HCI to improve stability and solubility.

The identity of final compounds was confirmed by acquiring IR,
IH NMR, ¥C NMR, two-dimensional (2D) NMR, and mass
spectroscopic techniques.

The proton signals were observed with the expected splitting
patterns, coupling constant at the expected chemical shifts in the *H
NMR spectra. DEPT 135, COSY, HSQC, and HMBC analyses were
performed on H3 (nonsubstituted derivative) for further characteri-
zation as a representative compound; therefore, considering the
observed interactions, the signals in *H and *3C spectra of H3 were
assigned in the structure in Section 4 (see Supporting Information S2:
spectra 5-10).

In *H NMR spectra of the title compounds, generally, 18 aliphatic
and eight aromatic protons were observed along with the exchange-
able protons. On the other hand, piperidine hydrogens were
observed in the higher field (6 2.57-2.87 ppm) for the compounds
that have not been treated with HCI for salt formation, namely H17,
H18, H19, H24, and H25. The methylene protons of the benzyl group
were detected with a & 3.66-4.73 ppm chemical shift as singlet
peaks. Multiplet splitting patterns were observed for these protons in
the o-substituted phenyl derivatives due to the steric effects of the
substituents. The exchangeable ~N*H protons due to salt formation
were seen between & 10.13-10.26, & 14.33-14.70, and &
11.42-12.55ppm chemical shifts, as broad singlets, except H4,
H17, H18, H19, and H25.

The assessment of the signals and chemical shifts in *3C NMR
spectra demonstrated that the aromatic and aliphatic carbons were
observed in the expected regions. Regarding DEPT135 spectra of H3,
the representative compound, the signals observed between &
20.0-58.0 ppm and & 118.5-132.4 ppm indicated nine methylene
and seven methine carbons, respectively. The absence of the signals
(6 110.8, 115.2, 138.0, 150.1, 151.3, 159.7 ppm) that were observed
in ¥C NMR spectra confirmed that these signals belong to
quaternary carbon atoms. Similar patterns in 3C NMR spectra were
observed for other derivatives depending on their substitutions.

The calculated monoisotopic m/z, [M+H]*, for tested compounds
were in accordance with the experimental values; moreover, the
presence of chlorine (H7, H15, H22, H28) and bromine (H8, H16,
H23) was confirmed by the observed isotopic pattern. Additionally,
the observed m/z 198 peak was in association with the 9-amino-
1,2,3,4-tetrahydroacridine cation.

The purity of the final compounds was determined by elemental
analysis, and the analytical results were within +0.4% of the

calculated values.

2.2 | Bioactivity evaluation
2.2.1 | Cholinesterase inhibition

The inhibitory potencies of all final hybrids toward AChE and BChE
were evaluated by Ellman's method using AChE from an electric eel,
human recombinant AChE, equine BChE and BChE from human
serum (Table 1).°Y The tested derivatives showed inhibitory
activities, expressed as ICsq values, in the micromolar to submicro-
molar range.

Considering eeAChE inhibition, all compounds showed inhibitory
potency ranging from 0.105 to 0.718 uM. The comparison of the non-
substituted derivative to substituted compounds roughly revealed that
the introduction of substituents to the phenyl ring increases the
inhibitory potency. Substitution on o- and m- positions of the phenyl
group enhanced the inhibitory activity more than p- substitution, with
the exception of methyl group (H5, H12, and H20). Generally, bromo-
and nitro- containing derivatives exhibited the highest activity while
the presence of a trifluoromethyl substituent led to the least active
compounds in o- and p- substituted series. The introduction of a
second o- substitution (H6, H27 and H7, H28) did not cause any
significant change in the activity. Besides, to continue with o- position,
the isosteric replacement of a hydrogen with a fluorine atom resulted
in a higher potency (compare H6, H27 to H3). Lastly, an increase in the
inhibitory activity in phenethyl derivative (H4) in comparison with the
benzyl-bearing derivative (H3) was observed.

When moving to the inhibition of the human isoform of the
enzyme, a slight decrease in the inhibitory activity was observed
compared with eeAChE. Notwithstanding this lower activity, all
compounds inhibited hAChE in the low micromolar range (ICso:
0.50-6.10 uM).

Similar to eeAChE inhibition, the introduction of substituents to the
phenyl ring generally increased the inhibitory activity. However, taking
into account the position of substituents, m- and p- substitutions
favored the activity rather than o-positioned substitutions. For instance,
considering fluorine-containing derivatives, m- and p-substituted
compounds were more potent than the unsubstituted ones, while the
o-substituted derivatives were less potent. On the other hand, the 2,6-
disubstitution of the benzyl ring with a fluorine (H27) and a chlorine
(H28) showed a potency similar to a nonsubstituted derivative (H3).
Besides, nitro-containing compounds exhibited the highest inhibitory
activity in their respective o-, m-, p- substituted series, followed by
cyano-bearing derivatives. Regarding the o-substituted series, a
remarkable decrease in activity was observed when the fluoro and
trifluoromethyl groups were introduced. Similarly, compound H5
(bearing a methyl substitution) exhibited a twofold increased inhibitory
activity compared with its bioisoster, H11 (trifluoromethyl derivative).
On the other hand, phenethyl derivative (H4) showed a remarkably
higher inhibitory potency in comparison with benzyl derivative (H3) for
both eeAChE and hAChE with the ICsq values of 0.196 and 0.05 uM,
respectively. Based on this, it might be speculated that the distance
between 1,2,3,4-tetrahydroacridine and phenyl rings plays a role in the
interaction with the enzyme gorge.
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TABLE 1 ICs values of the final compounds against AChE and BChE enzymes.

‘HCl
N
N— N .
R
7 A
Compound -R n eeAChE 1C5o (UM) hAChE ICso (uM) eqBChE ICsp (M) hBChE IC5q (uM) S| (hAChE/hBChE)
H3 -H 1 0.24 +0.056 2.550+0.530 0.164 +0.003 0.318 +0.001 8.23
H4 -H 2 0.196 +0.008 0.501 +0.080 0.079 £0.012 0.045 +0.029 11.93
H5 2-CH3 1 0.154 +0.006 2.970+0.090 0.103 £ 0.004 0.274 +0.003 10.84
Hé 2-F 1 0.161 +0.005 3.262 +0.060 0.063 +0.002 0.433+0.019 7.53
H7 2-Cl 1 0.231+0.012 1.710+0.200 0.141 +0.005 0.368 +0.008 4.65
H8 2-Br 1 0.137 £0.004 1.703 £0.200 0.098 + 0.002 0.227 +0.012 7.50
H9 2-NO, 1 0.155+0.006 1.190+0.010 0.035+0.003 0.110+0.003 10.82
H10 2-CN 1 0.239 +£0.010 1.760+0.130 0.445 +0.092 0.138 +0.005 12.75
H11 2-CF3 1 0.274 +0.015 6.101+0.860 0.075+0.003 0.367 +0.020 16.62
H12 3-CHs 1 0.312+0.011 nd. 0.131 +0.007 nd. nd.
H13 3-OCHj3 1 0.151 +0.004 1.690 +0.060 0.115+0.007 0.299 +0.011 5.65
H14 3-F 1 0.145 +0.007 1.682+0.210 0.083+0.013 0.357+0.025 4.71
H15 3-Cl 1 0.108 +0.003 2.471+0.150 0.028 + 0.0003 0.279 +0.090 8.86
H16 3-Br 1 0.152 +0.004 1.140+£0.221 0.071 £ 0.004 0.148 +0.030 7.70
H17 3-NO, 1 0.105 +0.006 0.830+0.050 0.127 £0.003 0.295+0.013 2.81
H18 3-CN 1 0.211 +0.006 1.102 £ 0.040 0.235+0.020 0.466 +0.019 2.36
H19 3-CF3 1 0.263 £ 0.006 1.240+0.280 0.363+£0.051 0.679 +£0.052 1.83
H20 4-CHj3 1 0.220+0.005 2.040+0.130 0.064 +0.002 0.278+0.018 7.34
H21 4-F 1 0.288 £ 0.009 1.520+£0.120 0.236+0.010 0.325+0.009 4.68
H22 4-Cl 1 0.429 +0.015 1.340+0.330 0.108 + 0.024 0.340+0.011 3.94
H23 4-Br 1 0.227 £0.010 3.384+0.610 0.066 +0.008 0.402+0.016 8.42
H24 4-NO, 1 0.239 +£0.013 0.740+0.070 0.137 +0.003 0.275+0.017 2.69
H25 4-CN 1 0.250+0.018 0.930+0.100 0.223+0.008 0.405+0.032 2.30
H26 4-CF3 1 0.718 +0.025 2.102+0.250 0.188 + 0.008 0.467 +0.021 4.50
H27 2,6-diF 1 0.169 £ 0.005 2.160+0.240 0.183 £ 0.004 0.589 +0.033 3.67
H28 2,6-diCl 1 0.261 +0.006 2.703 +0.400 0.099 +0.004 0.201 +0.008 13.45
Tacrine-HCI - - 0.041 £ 0.005 0.320+0.010 0.005 + 0.0006 0.035+0.005 9.14

Abbreviations: AChE, acetylcholinesterase; BChE, butyrylcholinesterase; nd., not determined.

Concerning the inhibition of eqgBChE, the compounds inhibited
the enzyme with the ICso values differentiating from 0.028 to
0.445 pM. Among the substituents, methyl, chloro, bromo, and nitro
favored the activity while cyano disfavored it. Besides, halogen
substitution remarkably increased the activity when introduced in the

meta position. On the other hand, in line with what was observed for
AChE, the phenethyl derivative showed stronger inhibitory potency
than the benzyl-bearing compound (H3).

Regarding hBChE, all compounds inhibited the enzyme in an ICsq
range of 0.0446-0.679 uM. Similar to what was observed for AChE

85U8017 SUOWIWIOD SIS0 8|qedt|dde auy Aq pausenob a1e ssppie YO ‘88N J0 S3|nJ 1oy Ariq1T 8UIIUO AB[IAA UO (SUORIPUOD-PUR-SWBH WD A8 |ImAteIq 1 Bul|UO//:SANY) SUORIPUOD PUe SWIB | 8U} 89S *[7202/60/.0] U0 Ariqi]aulluO 8|1 uswinood 3 Hedi@ IWeKSIS Ba1y Aq G/G00€202 dp e/z00T 0T/I0p/wod A8 |imAeIq1pul|uo//:Sdny wo.y papeojumod ‘L ‘v20Z ‘¥8TYTZST



BAYRAKTAR ET AL.

™ L_DPhG ARCH

inhibition, inhibitory potencies toward the human isoform were lower
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than those observed with the egBChE. The most active compounds in
the o- series were derivatives H9 and H10, while compound H16 was
found to be the most potent compound among the m-substituted
series. Focusing on the derivatives bearing a halogen in the o- and
m- positions, the activity increased in parallel to the substituent's
atomic radius. Conversely to what was observed for o- and
m-substituted derivatives, in the p-substituted series, the inhibitory
potency of halogenated compounds decreased with the increase of the
atomic radius. Comparing nitro, cyano, and trifluoromethyl series, the
activity increased with the substitution of phenyl ring in the order of
p-, m-, and o-positions. On the other hand, fluoro derivatives and
trifluoromethyl derivatives showed weaker activity in comparison with
the corresponding unsubstituted and methyl-substituted derivatives.

Similar to what was observed with eqBChE, lengthening the
methylene chain to an ethylene one resulted in a 10-fold increase in
the activity. Therefore, phenethyl derivative (H4) resulted to
be the most active compound toward hBChE with an IC5q value of
0.045 pM.

The selectivity index (ICsohAChE/IC50hBChE) of the compounds
was calculated to be 1.83-16.62, meaning a slight preference for
BChE over AChE, that were in agreement with the tacrine scaffold.
Considering that BChE levels increase to compensate for declined
AChE levels in mild-to-moderate stages of AD, compounds endowed
with BChE inhibitory activity might be beneficial for moderate forms
of AD.[1532]

Taken together all ChE (both eeAChE and hAChE; eqBChE and
hBChE) activity results, substitution of the benzyl group resulted in
improving or maintaining inhibitory activity. Yet, no correlation
between the nature of the substituent and activity could not be
found. On the other hand, the extension of the chain between the
phenyl and piperidine ring from methylene (H3) to ethylene (H4)
notably increased the ChE inhibitory activity.

Lineweaver-Burk

54

1/Rate (umol/min/mg)

1/[ATC] (mM)

Many different structures have been designed bearing
tacrine-donepezil hybrids since the initial example of this class of
compounds by Shao et al.®33%! |t was observed that the introduction
of tacrine moiety improves the activity greatly by Shao et al.B% The
literature survey indicated that the ChE inhibitory activity of the
tacrine-donepezil hybrids was generally improved or kept compared
with the parent drugs.*3-3! Similarly, in our study, the ChE inhibitory
activity was retrained. All compounds inhibited both AChE and BChE
at low uM concentrations, and the most active derivatives were found
to be H17 (ICsq: 0.105 uM, eeAChE), H4 (ICso: 0.50 uM, hAChE), H15

(ICs0: 0.028 uM, eqBChE), and H4 (IC50: 0.045 uM, hBChE).

AChE and BChE inhibition: Kinetic studies

To gain further insights into the mechanism of inhibition of this new
class of hybrids, kinetic studies were performed on the most potent
compound, H4, against both hAChE and hBChE. Lineweaver-Burk
reciprocal plots (1/rate vs. 1/[substrate]) showed an increase in both
slope (decreased Vmax) and intercepts (higher K,,,) with the increase
of the inhibitor concentration (Figures 2 and 3). This trend indicated
that H4 is able to bind to both the free and acetylated form of the
enzyme. This behavior is likely associated with the ability of H4 to
bind both the CAS and the PAS of AChE. Similarly, enzyme kinetic
studies on BChE revealed a mixed-type inhibition. The K; values were
calculated for AChE and BChE as 0.164 and 0.071 uM, respectively
(Table 2). On the other hand, the most potent compound, namely
H15 for eeAChE and eqBChE enzymes, showed similar interaction

patterns (Supporting Information S2: Figures S52, S53, Table S3).

2.2.2 | Neuroprotection assay

In consideration of ChE inhibitory activities and design strategy of

tacrine-donepezil hybrids, 9 compounds, namely H4, H6, H9, H15,

I = no inhibitor
1=0.25 uyM
1=0,5pM
I=1puM

4949 0 e

FIGURE 2 Kinetic study on the hAChE
inhibition of H4. Lineweaver-Burk reciprocal
plots of 1/V versus 1/[ATC].
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FIGURE 3 Kinetic study on the hBChE
inhibition of H4. Lineweaver-Burk reciprocal
plots of 1/V versus 1/[BTC].

1/Rate (umol/min/mg)
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Lineweaver-Burk

| = no inhibitor
1=0,025 uM
1=0,05uM
1=0,1uM

9 4 000

TABLE 2 hAChE and hBChE K;, Viay and K., values of H4.

R2 Ki (IJ-M) vmax Km
hAChE 0.985 0.164 4.20 0.175
hBChE 0.987 0.071 2.10 0.380

Abbreviations: AChE, acetylcholinesterase; BChE, butyrylcholinesterase.

H16, H17, H20, H23, and H24, were selected as prototypes of the
scaffold and were evaluated for cytotoxic effects and neuroprotec-
tive potency against H,O,-induced cell death on differentiated
human neuroblastoma (SH-SY5Y) cell line. All selected compounds
were assayed at 0.1, 1.0, and 10 uM concentrations that are also in
the range of their ChE inhibitory potencies. Meanwhile, the
hepatotoxic potential of the compounds was tested. None of the
tested compounds exhibited any significant cytotoxicity on SH-SY5Y
and HepG2 cells up to 10uM concentration (cell viability:
95.7%-87.2%, Figure 4a and 91.2%-81.4%, Figure 4c), which is
fairly above their ChE inhibitory potency.

On the basis of these promising results, the same set of
compounds was tested for neuroprotection activity toward H,O»-
induced cell death using the same cell line. Pretreatment of SH-SY5Y
cells with compounds H4, H6, H9, H15, H16, H17, H20, H23, and
H24 significantly prevented cell death caused by exposure to H,O,
as shown in Figure 4b. Noteworthy, all compounds showed similar
protective activity to reference compounds resveratrol (5 and 10 uM)
and curcumin (50 and 100 uM) at significantly lower concentrations
(0.1-10 uM) (Figure 4b, Supporting Information S2: Figure S54). The
neuroprotective activity spanned a close range with cell viability
percentages comprised between 38.3% and 57.6% (vs. 22.7% cell
viability at cells treated with H,O,). This may indicate that the
neuroprotective effects of the compounds occur in a nondose-

1/[BTC] (mM)

dependent manner at tested compound concentrations. The most
potent hybrid was compound H16 which exhibited good neuropro-
tective effects at concentrations close to its ICsq values on ChE, that
is, 1.14 and 0.148 puM toward hAChE and hBChE. Indeed, cell viability
recovered by 30.19% and 34.945% when H16 was assayed at 0.1
and 1 uM, respectively.

Taken together, the designed tacrine-donepezil scaffold showed
a significant neuroprotective potency against H,O,-induced cell

death at concentrations close to ChE inhibitory potencies.

2.2.3 | In vitro BBB permeability

BBB permeability of the prototype compounds H6, H15, H20, and
tacrine were evaluated using human cerebral microvascular endothe-
lial cells (HBEC-5i). Apparent permeability (P,,,) values of Hé
(0.1 mM), H15 (0.1 mM), H20 (0.1 mM), and tacrine (0.1 and
0.5mM) were found to be 6.9x107¢ 4.7x107% 7.2x107°,
7.6x107°, 2.32 x 107° cm/s, respectively (Figure 5). Therefore, H20
and reference compound tacrine possess high permeability, and H6
and H15 might be classified as medium BBB permeable compounds.
Cell-based investigations confirmed in silico predictions for BBB

permeability.

2.3 | Molecular modeling studies

2.3.1 | Insilico prediction of the ADME profile

The theoretical pharmacokinetic properties of all derivatives were

predicted using the QikProp tool (Supporting Information S2:
Table S1). The predicted CNS activity of the compounds was found
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FIGURE 4 (a) Cell viability assay of different concentrations (0.1-10 uM) of compounds on human neuroblastoma cell lines. (b) Percentages
of cell viability after exposure to compounds against H,O,-treated cells. All values are means + SDs (n = 4-6). *p < 0.05 significant difference
from untreated and DMSO-treated cells, **p < 0.05 significant difference from H,O,-treated cells. (c) Cell viability assay of compounds on
human hepatocarcinoma cell line (HepG2). All values are means + SDs (n = 4-6). *p < 0.05 significant difference from untreated and
DMSO-treated cells, **p < 0.05 significant difference from H,O,-treated cells.

85U8017 SUOWIWIOD SIS0 8|qedt|dde auy Aq pausenob a1e ssppie YO ‘88N J0 S3|nJ 1oy Ariq1T 8UIIUO AB[IAA UO (SUORIPUOD-PUR-SWBH WD A8 |ImAteIq 1 Bul|UO//:SANY) SUORIPUOD PUe SWIB | 8U} 89S *[7202/60/.0] U0 Ariqi]aulluO 8|1 uswinood 3 Hedi@ IWeKSIS Ba1y Aq G/G00€202 dp e/z00T 0T/I0p/wod A8 |imAeIq1pul|uo//:Sdny wo.y papeojumod ‘L ‘v20Z ‘¥8TYTZST



BAYRAKTAR ET AL.

0.00009

ARCH DPhG 9 of 19

Archiv der Pharmazie

7.68x10°

0.00008

7.25x10°

0.00007

0.00006

0.00005

0.00004

Papp (cm/s)

0.00003

0.00002

2.32x10°

0.00001

0.00000 T

H20 TAKO.1mM  TAKO0.5 mM

FIGURE 5 Permeability values of H6 (0.1 mM), H15 (0.1 mM), H20 (0.1 mM), and tacrine HCI (TAK 0.1 mM and 0.5 mM) through the

obtained BBB model for 60 min.

to be between 0 to +2 (active). Considering the target of the designed
compounds, the theoretical predictions were in accordance with the
activity of the compounds. Additionally, QPlogBB values ((-0.76) -
(+0.64)), an indicator of BBB penetration, were found to be within the
recommended range ((-3.0) - (+1.2)) to cross BBB. This was
subsequently confirmed by cell-based studies (see the following
section). On the other hand, predictions of % oral absorption
(92%-100%) indicated compounds should be orally bioavailable.
Taken together, the pharmacokinetic predictions by QikProp confirm
compliance of the designed scaffold with requirements for oral
absorption and BBB permeation as required for their therapeutic

application.

2.3.2 | Molecular docking and dynamic simulations
Molecular docking simulations were performed to rationalize the
observed experimental outcomes from in vitro investigations with
human cholinesterases (hChEs). According to the docking results,
although a linear correlation between experimental data and theoreti-
cal binding affinity values (Supporting Information S2: Table S2) was
not found, all proposed tacrine-donepezil hybrids were able to
recognize active sites of both hChEs, establishing interactions with
crucial amino acid residues. In particular and in agreement with in vitro
kinetic studies, the docking poses obtained for hAChE suggested that
all ligands were endowed with the capability to interact both with CAS
and PAS adopting very similar binding modes (Figure 6 and Supporting
Information S2: Figures 51-525).

Indeed, except for H13 (Supporting Information S2: Figure S10),
H24 (Supporting Information S2: Figure S21), and H26 (Supporting
Information S2: Figure S23), our derivatives oriented the tetrahy-
droacridine part toward Trp286 and the variable portion toward the

inner side, where most of the CAS residues are located, including
Trp86. As a matter of fact, for hAAChE recognition, we could assume a
quite moderate influence of the substituents in agreement with the
changes in the inhibitory profiles. Focusing on the most interesting
derivative, H4 (Figure 5), it could bind hAChE establishing cation-r/
ni-1t interactions with PAS residues Trp286 and Tyr72 by means of
the tetrahydroacridine moiety; piperidine, and phenylethyl groups
interacted with CAS residues Tyr341, Tyr337, Trp86. Compared with
the binding mode reported for tacrine®® which mainly interacts with
CAS residues Trp86 and His447, H4 directing the tetrahydroacridine
portion to the PAS residues was oriented in an opposite way. Such
different orientations could be addressed not just to the H4 greater
steric hindrance with respect to the tacrine structure, but also to the
possibility of directing the phenylethyl and piperidine groups similarly
to the donepezil.®”! H4 also displayed favorable binding mode in
hBChE gorge, establishing cation-n/m-m contacts with Trp82,
hydrogen bonds with Asp70, and m-m contacts with Trp231, a key
amino acid residue for tacrine binding t0o.[%®!

Analyzing the outcomes from the docking poses of other hybrids
on hBChE, a low influence of substituents was encountered (Figure 5
and Supporting Information S2: Figures S$26-S50). Specifically,
derivatives H5 (Supporting Information S2: Figure S27), H6 (Support-
ing Information S2: Figure $28), H7 (Supporting Information S2:
Figure 529), and H8 (Supporting Information S2: Figure S30) shared
almost superimposable binding mode underlining a similar contribu-
tion of the methyl, fluorine, chlorine, and bromine atoms at position 2
of the phenyl ring. In particular, docking poses suggested that the
tetrahydroacridine moiety establishes cation-n/m-nt contacts and
hydrogen bonds with the backbone of Trp82 and His438 residues,
respectively, while the phenyl ring was involved in m-mt interactions
with Phe329 and Trp231. A comparable pose was observed for
compounds H12 (Supporting Information S2: Figure S34), H14
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FIGURE 6 Best docking pose of H4 in the (a) hAChE and (b)
hBChE active sites, represented in green and purple cartoons,
respectively. The most relevant interacting residues and the catalytic
triad are depicted in the tube; meanwhile, the ligand is shown as a
yellow ball and stick representation. - interactions, mt-cation
contacts, and hydrogen bonds are respectively represented in red,
orange, and light blue. AChE, acetylcholinesterase; BChE,
butyrylcholinesterase.

(Supporting Information S2: Figure S36), and H27 (Supporting
Information S2: Figure S49). This leads to assuming a similar influence
of the following: positions 2 and 3 for the methyl group, positions 2-,
3- and 2,6- for the fluorine atom, methyl and fluorine substituents at
positions 2 and 3. Conversely, compounds H13 (Supporting
Information S2: Figure S35), H15 (Supporting Information S2:
Figure S37), H16 (Supporting Information S2: Figure S38), H17
(Supporting Information S2: Figure S39), and H20 (Supporting
Information S2: Figure S42) showed a different arrangement in the
hBChE active site. In detail, the tetrahydroacridine moiety interacted
with Tyr332 and Asp70. Notwithstanding this different orientation,
these two hybrids maintained m-m interactions with Phe329 and/or
Trp231. Interestingly the nitro group caused a different effect on
ligand configuration depending on its position, however, permitting
compound H9 (Supporting Information S2: Figure S31), H17
(Supporting Information S2: Figure S39), and H24 (Supporting

Information S2: Figure S46) to execute productive interactions with
hBChE pivotal residues. In addition, the binding modes of the
compound H24 and H26 (Supporting Information S2: Figure S48),
overlapped, proposing a similar contribution of the nitro and
trifluoromethyl groups at position 4. Tetrahydroacridine moiety of
both H24 and H26 established HB and by m-mt interactions with
His438 backbone and Trp82, respectively, whereas their charged
piperidine nitrogen electrostatically interacted with Asp70. Compar-
ing binding poses of H series (trifluoromethyl analogs), H11, H19, and
H26 (Supporting Information S2: Figures S33 and S41), equivalent
interactions could be detected only for the tetrahydroacridine
portion. Concerning derivatives bearing a cyano group, the presence
of a cyano group at position 3 (H18) (Supporting Information S2:
Figure S40) and 4 (H25) (Supporting Information S2: Figure S47)
produced a similar pose characterized by the formation of a hydrogen
bond with His438 backbone and cation-rii/m-m contacts with Trp82.
On the other hand, when the cyano group was at position 2 (H10,
Supporting Information S2: Figure S32), the binding mode changed
and resulted closer to those observed for compounds H13 (Support-
ing Information S2: Figure S35), H20 (Supporting Information S2:
Figure S42), H15 (Supporting Information S2: Figure S37), H16
(Supporting Information S2: Figure S38), and H17 (Supporting
Information S2: Figure S39) than to that observed for the other
cyano analogs. Compound H21 (Supporting Information S2:
Figure 543), H22 (Supporting Information S2: Figure S44), and H23
(Supporting Information S2: Figure S45) bearing halogen atoms at
position 4 showed similar binding modes with the tetrahydroacridine
fragment establishing a hydrogen bond with the His438 side chain
and the piperidine nitrogen interacting with Ty332 and Asp70. Such
binding pose was also shared by the not substituted compound H3
(Supporting Information S2: Figure S26). However, it must be underlined
that H3 could also interact with Trp231 and Phe239. Regarding the 2,6
halogen disubstituted compounds H27 (Supporting Information S2:
Figure S49) and H28 (Supporting Information S2: Figure S50), they only
shared interactions involving the tetrahydroacridine fragment. Then,
based on experimental data, the attention was refocused on compound
H4, and with the aim of deeply evaluating the molecular interactions and
their stability with both hChEs, the docking complexes were submitted to
250ns of molecular dynamics (MD) simulations. As reported in
Supporting Information S2: Figure S51, the interactions most stable in
the hAChE active site were cation-mt with Tyr341 and Trp286, confirming
the capability of our most promising compound to stably recognize both
CAS and PAS sites. Regarding hBChE, MD simulations demonstrated the
stability of cation-n/m-nt contacts with Trp82 and the opportunity to
perform additional interactions with Asp70 and Glu197 that character-
ized the great part of the MD trajectory time.

In conclusion, the molecular modeling computations performed
to elucidate the influence of substituents on the benzyl group did not
suggest major changes in terms of binding modes. Thus, theoretical
studies were concentrated on the compound endowed with the best
biological activity, denoting that H4 is a promising template for
developing multifunctional tacrine-donepezil hybrids since it could
recognize significant active site residues in both targets.
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3 | CONCLUSION

In this study, a series of novel tacrine-donepezil hybrids were
designed and synthesized as MTDL compounds acting as ChE
inhibitors and endowed with neuroprotective effects.

All compounds exhibited AChE and BChE inhibitory activity at
low or submicromolar levels. In general, the substitution on the
phenyl ring positively affected inhibitory activity on both enzymes,
but no clear SARs on the effect of the position of the substituent on
ChE activity could be drawn. In addition, elongation of the linker
connecting 1,2,3,4-tetrahydroacridine and phenyl rings improved the
inhibitory activity of both enzymes. In vitro and in silico investigations
on the mode of inhibition/interaction indicated a mixed-type
inhibition for both enzymes and especially in the case of AChE, the
compounds can interact with DBSs. Furthermore, studies on
neurotoxicity and neuroprotection showed that those hybrids were
not significantly neurotoxic and could exert remarkable neuropro-
tective effects against H,O,-induced cell death. Besides, the tested
compounds were found to be noncytotoxic on HepG2 cells. In
addition, in vitro BBB permeability assay showed that the tested
compounds also had a good permeability. Finally, in silico ADME
predictions confirmed that tacrine-donepezil hybrids show good
bioavailability. Among the title compounds, H4, H16, H17, and H24
stand out with their promising biological profile.

Although the hybrid molecules are not superior to tacrine and
donepezil regarding AChE activity, these hybrids having ChE
inhibitory effect at low micromolar levels provide a neuroprotective
effect on SH-SY5Y cells and do not cause toxicity on HepG2 cells at
similar concentrations to their ChE inhibitory activity. Hence, this
hybrid skeleton could be promising for further study to combat AD.

4 | EXPERIMENTAL
41 | Chemistry
411 | General

Regents and solvents were commercially available materials of
reagent grade and were purchased from Alfa Aesar, TCI Chemicals,
Sigma-Aldrich, VWR, or Merck. Melting points were determined by
using a capillary melting point apparatus (Barnstead Electrothermal 1A
900). Analytical thin layer chromatography (TLC) was run on Merck
silica gel plates (Kieselgel 60 F254), and detection was performed by
using a UV lamp (254 nm). Merck silica gel 60 was used as a
stationary phase for column chromatography. The FT-IR spectra of
the compounds were acquired by attenuated total reflectance (ATR)
(PerkinElmer Spectrum 100 FT-IR, Shelton). Nuclear magnetic
resonance (NMR) spectra (400 MHz for *H NMR and 100 MHz for
13C NMR) were recorded in deuterated DMSO on an AS400 Mercury
Plus NMR Varian (Varian Inc.) and a Bruker AV 400 instrument
(Bruker Biopsin). Chemical shifts were measured in parts per million
(8). Coupling constants (J) are reported in hertz (Hz). Splitting patterns
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were designated as follows: s (singlet); d (doublet); t (triplet); ddd
(doublet doublet doublet); td (triplet doublet); bs (broad singlet), and
m (multiplet). Liquid chromatography-mass spectrometry (LC/MS)
analyses were performed on a Thermo MSQ Plus/DSQ Il mass
spectrometer equipped with an electrospray (ESI) ion source in
positive mode. Elemental analyses were performed on a Leco
TruSpec Micro CHNS (Leco, St. Joseph), and obtained values were
within £0.4% of the theoretical values.

The InChl codes of the investigated compounds, together with

some biological activity data, are provided as Supporting Information.

41.2 | General procedure for the synthesis
of 9-chloro-1,2,3,4-tetrahydroacridine (1)

A volume of 3mL POCI; was added into a mixture of 740 mg
anthranilic acid (5.39 mmol) and 0.54 mL cyclohexanone (5.17 mmol)
in an ice bath. The reaction mixture was refluxed for 3 h. After
cooling down, the reaction media was neutralized with a saturated
K,CO3 solution. The aqueous phase was extracted with ethyl acetate
(3x50mL). Collected ethyl acetate was washed with brine, dried
over NaySOy4, and evaporated under reduced pressure. The crude
product was crystallized from acetone.”! Yellow crystal; 45% vyield;
mp 67°C (crys. from acetone)”; IR (ATR) Viaks: 3050, 2937, 2869,
1612, 1578, 1533, 1481, 766, 752 cm™?; *H NMR (400 MHz, DMSO-
dg): 6 1.91-1.95 (m, 4H), 2.94-3.08 (m, 4H), 7.60 (ddd, J=8.2/6.9/
1.2Hz, 1H), 7.71 (ddd, J = 8.4/6.9/1.4 Hz, 1H), 7.93 (d, J = 8,4 Hz, 1H),
8.14 (d, J= 8,4 Hz, 1H) ppm; MS (ESI, MeOH) m/z: 218.38 ([M+H]"*,
100%), 220.33 ([M+H+2]*, 32%).

41.3 | General procedure for the synthesis of
9-hydrazino-1,2,3,4-tetrahydroacridine hydrochloride (2)

9-Chloro-1,2,3,4-tetrahydroacridine (2.17 g, 10 mmol) and 0.66 mL
hydrazine hydrate (10 mmol) were refluxed for 25h in n-propanol.
The precipitate was filtered and used without further purification.?”!
Yellow crystal; 79% vield; mp 290°CH°); IR (ATR) Vinaks: 3169, 3045,
2985, 2838, 1630, 1591, 1520, 1474, 1450, 1430, 761, 677 cm™; *H
NMR (400 MHz, DMSO-dy): § 1.81 (d, J = 5.3 Hz, 4H), 2.51-2.56 (m,
2H), 2.92 (t, J=5.3Hz, 2H), 5.43 (bs, 2H), 7.44 (ddd, J=8.5/6.80/
1.4Hz, 1H), 7.78 (ddd, J=8.4/6.8/1.2Hz, 1H), 7.84 (dd, J=8,5/
1.1 Hz, 1H), 9.50-9.57 (m, 1H), 9.72 (bs, 1H), 13.44 (bs, 1H) ppm; MS
(ESI, MeOH) m/z: 214.40 ([M+H]*, 100%), 215.33 ([M+H+1]*, 11%).

414 | General procedure for the synthesis of
1-(substitutedbenzyl)-4-piperidinone derivatives (3-28)

Various substituted-benzyl bromide/chloride (5.2 mmol) and K,CO3
(8.4 mmol) were added into the solution of 648 mg 4-piperidinone
monohydrate hydrochloride (4.2 mmol) in acetonitrile/water (1:1). The
mixture was refluxed for 4 h, extracted with CH,Cl, then washed with
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brine and evaporated under reduced pressure. The oily residue was
[30]
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purified by column chromatography (ethyl acetate/n-hexane 7:3).

1-Benzylpiperidin-4-one (3): Compound 3 was provided
commercially.

1-Phenethylpiperidin-4-one (4): Beige solid; 45% yield; mp 57°C 11
MS (ESI, MeOH) m/z: 105.26 ([CgHo]", 100%), 204.39 (IM+H+]", 31%),
205.33 ((M+H+1]", 4%).

1-(2-Methylbenzyl)piperidin-4-one (5): Pale yellow oil; 70% vyield;
MS (ESI, MeOH) m/z: 118.29 ([CgHgN]*, 100%), 204.35 ([M+H+]",
62%), 205.33 ([M+H+1]", 6%).

1-(2-Fluorobenzyl)piperidin-4-one (6): Pale yellow oil; 71% yield,;
MS (ESI, MeOH) m/z: 109.24 ([C;H4F]", 100%), 150.31 ([CoH9FN]",
86%), 208.34 ([M+H+]", 43%), 209.33 ([M+H+1]", 7%).

1-(2-Chlorobenzyl)piperidin-4-one (7): Pale yellow oil; 51% vyield;
MS (ESI, MeOH) m/z: 166.19 ([CoHsCIN]*, 100%), 224.35 ([M+H]",
66%), 226.33 ([M+H+2]*, 23%).

1-(2-Bromobenzyl)piperidin-4-one (8): Beige crystal; 65% vyield;
mp 71°C; MS (ESI, MeOH) m/z: 210.21 ([CoH10BrN]*, 100%), 212.21
(IM+H]", 32%), 270.28 ([M+H+2]*, 31%).

1-(2-Nitrobenzyl)piperidin-4-one (9): Light orange crystal; 67%
yield; mp 75°C; MS (ESI, MeOH) m/z: 136.26 ([C;HsNO,]*, 100%),
235.32 ([M+H+]*, 24%), 236.30 ([M+H+1]", 5%).

1-(2-Cyanobenzyl)piperidin-4-one (10): White crystal; 80% yield,;
mp 65 °C; MS (ESI, MeOH) m/z: 157.28 ([C10H9N2]", 100%), 215.35
(IM+H]*, 10%), 216.31 ([M+H+1]", 2%).

1-[2-(Trifluoromethyl)benzyl]piperidin-4-one (11): Yellow crystal;
76% yield; mp 72 °C; MS (ESI, MeOH) m/z: 200.32 ([C10HoF3N]*,
100%), 258.34 ([M+H]", 34%), 259.34 ([M+H+1]*, 4%).

1-(3-Methylbenzyl)piperidin-4-one (12): Pale yellow oil; 69% yield;
MS (ESI, MeOH) m/z: 105.28 ([CgHs]*, 100%), 204.41 ([M+H+]", 49%),
205.33 ([M+H+1]*, 6%).

1-(3-Methoxybenzyl)piperidin-4-one (13): Pale yellow oil; 72%
yield; MS (ESI, MeOH) m/z: 162.30 ([C10H1,NO]*, 100%), 220.34 ([M
+H+]", 36%), 221.33 ([M+H+1]*, 6%).

1-(3-Fluorobenzyl)piperidin-4-one (14): Pale yellow oil; 73%
yield; MS (ESI, MeOH) m/z: 150.33 ([CoHyFNI*, 75%), 208.34
(IM+H+]*, 100%), 209.33 ([M+H+1]*, 20%).

1-(3-Chlorobenzyl)piperidin-4-one (15): Pale yellow oil; 75%
yield; MS (ESI, MeOH) m/z: 166.15 ([CoHoCIN]*, 100%), 224.26
(IM+H]*, 55%), 226.33 ([M+H+2]*, 16%).

1-(3-Bromobenzyl)piperidin-4-one (16): Pale yellow oil; 51%
yield; MS (ESI, MeOH) m/z: 268.40 (IM+H]", 59%), 270.40
(IM+H+2]*, 44%), 300.41 ([M+H+CH3OH]*, 100%), 302.41 ([M+H
+CH3;0H+2]*, 96%).

1-(3-Nitrobenzyl)piperidin-4-one (17): Orange crystal; 79% vyield;
mp 78 °C MS (ESI, MeOH) m/z: 177.37 ([CoH9N,0,]*, 100%), 235.35
(IM+H+]%, 51%), 236.31 ([M+H+1]*, 6%).

1-(3-Cyanobenzyl)piperidin-4-one (18): Yellow crystal; 73% vyield,;
mp 53 °C; MS (ESI, MeOH) m/z: 157.28 ([C10H9N,]", 100%), 215.35
(IM+H]*, 63%), 216.31 ([M+H+1]", 8%).

1-[3-(Trifluoromethyl)benzyl]piperidin-4-one (19): Yellow oil;
75% vyield; MS (ESI, MeOH) m/z: 200.32 ([C1oHoF3N]*, 95%),
258.34 ([M+H]", 100%), 259.34 (M+H+1]*, 10%).

1-(4-Methylbenzyl)piperidin-4-one (20): Pale yellow oil; 78%
yield; MS (ESI, MeOH) m/z: 105.28 ([CgHsl*, 100%), 204.41
(IM+H+]", 13%), 205.33 ([M+H+1]*, 4%).

1-(4-Fluorobenzyl)piperidin-4-one (21): Pale yellow oil; 60%
yield; MS (ESI, MeOH) m/z: 109.23 ([C;HsF]*, 100%), 208.34
(IM+H+]*, 53%), 209.33 ([M+H+1]*, 13%).

1-(4-Chlorobenzyl)piperidin-4-one (22): Pale yellow oil; 85%
yield; MS (ESI, MeOH) m/z: 125.25 ([C;H4CI]*, 100%), 224.32
(IM+HI*, 51%), 226.33 ([M+H+2]", 16%).

1-(4-Bromobenzyl)piperidin-4-one (23): Yellow crystal; 80%
yield; mp 64 °C(lit); MS (ESI, MeOH) m/z: 268.40 (IM+H]*, 7%),
270.39 ([M+H+2]*, 7%), 300.37 ([M+H+CH3OH]*, 99%), 302.41
([M+H+CH30H +2]*, 99%).

1-(4-Nitrobenzyl)piperidin-4-one (24): Beige crystal; 60% yield;
mp 106 °C; MS (ESI, MeOH) m/z: 235.41 ([M+H+]", 64%), 236.33
(IM+H+1]*, 10%), 267.47 (IM+H+CH3OH]*, 100%).

1-(4-Cyanobenzyl)piperidin-4-one (25): Pale yellow oil; 52%
yield; MS (ESI, MeOH) m/z: 157.24 ([C10H9N,]", 100%), 215.35
(IM+H]*, 57%), 216.33 ([M+H+1]", 8%).

1-[4-(Trifluoromethyl)benzyl]piperidin-4-one (26): Pale yellow
oil; 67% vyield; MS (ESI, MeOH) m/z: 200.28 ([C1oHsF3N]*, 100%),
258.34 ([M+H]*, 47%), 259.34 ([M+H+1]*, 6%).

1-(2,6-Difluorobenzyl)piperidin-4-one (27): Beige crystal; 62%
yield; mp 90 °C; MS (ESI, MeOH) m/z: 168.24 ([CoHgF,N]*, 100%),
226.34 ([M+H]", 27%), 227.33 ([M+H+1]*, 3%).

1-(2,6-Dichlorobenzyl)piperidin-4-one (28): White crystal; 68% yield;
mp 82 °C; MS (ESI, MeOH) m/z: 200.26 ([CoHgCloN]*, 100%), 258.28
(IM+H]*, 46%), 260.33 ([M+H+2]*, 26%), 262.31 (IM+H+4]*, 5%).

41.5 | General procedure for the synthesis of 9-[2-
(1-substitutedbenzylpiperidin-4-ylidene)hydrazinyl]-
1,2,3,4-tetrahydroacridine hydrochloride derivatives
(H3-H28)

A  mixture of 249mg 9-hydrazinyl-1,2,3,4-tetrahydroacridine
(1 mmol) and 1-(substitutedbenzyl)-4-piperidinone (1 mmol) in etha-
nol was stirred for 8-12 h. In the case of H17, H18, H19, H24, and
H25, the formed precipitate was filtered, then washed with cool
ethanol, and crystallized from isopropanol.m] Due to difficulties in
the purification of the compounds, the title products except H17,
H18, H19, H24, and H25 were isolated in their 3 mole HCl salt forms.
To isolate the compounds in their 3 mole HCI salt forms, the
reactions were treated with 2N HCI after the evaporation of the
ethanol under vacuum. The formed precipitate was filtered and
crystallized using an isopropanol/methanol (1:1) mixture.
9-[2-(1-Benzylpiperidin-4-ylidene)hydrazinyl]-1,2,3,4-
tetrahydroacridine trihydrochloride (H3): Yellow crystal; 64%
yield; mp 246°C (crys. from isopropanol); IR (ATR) Vimaks: 2947,
2682,2549,1631, 1583, 1519, 1474, 1428, 1407, 752, 699 cm™%;
1H NMR (400 MHz, DMSO-dy): & 1.78-1.88 (m, 4H, H-2, H-3),
2.72-3.31 (m, 10H, H-1, H-4, H-2'/H-6', H-3’, H-5’), 3.49-
3.60 (m, 2H, H-2'/H-6’), 4.34-4.50 (m, 2H, NH-CH,-phenyl),
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7.43-7.49 (m, 3H, H-3", H-4", H-5"), 7.50 (t, J=7.9 Hz, 1H, H-7),
7.68-7.74 (m, 2H, H-2", H-6"), 7.85 (t, J=7.7 Hz, 1H, H-6), 8.08
(d,J=8.5Hz, 1H, H-8), 9.06 (d, J = 8.8 Hz, 1H, H-5), 10.18 (bs, 1H, NH),
12.21 (bs, 1H, NH), 14.67 (bs, 1H, NH) ppm; 3C NMR (100 MHz,
DMSO-dg): 6 20.2 (C-2/C-3), 21.2 (C-2/C-3), 23.5 (C-1/C-4), 25.0
(C-3'/C-5)), 27.9 (C-1/C-4), 30.6 (C-3'/C-5'), 49.49 (C-2'/C-6'), 50.1
(C-2'/C-6)), 58.2 (NH-CH,-phenyl), 110.8 (C-9a), 115.2 (C-8a), 118.7
(C-8),125.17 (C-7), 127.9 (C-5), 20.2 (C-2/C-3),128.7 (2C, C-3"/C-4"/
C-5"), 129.4 (C-3"/C-4"/C-5"), 129.8 (C-1"), 1314 (2C, C-2", C-6"),
132.59 (C-6), 138.0 (C-10a), 150.1 (C-9), 151.3 (C-4a), 159.7 (C-4)
ppm; MS (ESI, MeOH) m/z: 184.35 ([Ci3H13N]*, 47%), 197.35
(IC13H11NL]*, 59%), 385.38 ([M+H]", 100%), 386.39 (IM+H+1],
23%); elemental analysis, calcd. for CysHogN4-3 HCI-0.5 C3H,OH:
C, 60.75; H, 6.73; N, 10.69; found: C, 60.78; H, 6.89; N, 10.96.
9-[2-(1-Phenethylpiperidin-4-ylidene)hydrazinyl]-1,2,3,4-
tetrahydroacridine trihydrochloride (H4): Yellow crystal; 23% yield; mp
245°C (crys. from isopropanol); IR (ATR) Vimaks: 2938, 2874, 2652,
2513, 2465, 1633, 1585, 1513, 1474, 1436, 1405, 758, 702cm™%; *H
NMR (400 MHz, DMSO-dy): 6 1.77-1.89 (m, 4H), 2.78-3.32 (m, 14H),
3.72-3.86 (m, 2H), 7.22-7.41 (m, 5H), 7.54 (t, J=8.3Hz, 1H), 7.86
(t,J=7.5Hz 1H), 8.09 (d, J= 8.6 Hz, 1H), 9.09 (d, J = 8.8 Hz, 1H), 10.21
(bs, 1H), 12.05 (bs, 1H) ppm; *3C NMR (100 MHz, DMSO-dj): & 20.3,
21.3,23.5, 25.2,28.0, 29.5, 30.7, 49.8, 50.7, 55.9, 110.9, 115.2, 118.7,
125.2, 126.8, 128.0, 128.6 (2C), 128.7, 132.6, 137.1, 138.0, 150.1,
151.4, 159.5 ppm; MS (ESI, MeOH) m/z: 197.35 ([C43H11N,]", 62%),
399.49 (IM+H]*, 100%), 400.41 ([M+H+1]", 15%); elemental analysis,
calcd. for CygH30N4-3 HCI-C3H,OH: C, 61.32; H, 7.28; N, 9.86; found:
C, 61.64; H, 7.11; N, 9.82.
9-{2-[1-(2-Methylbenzyl)piperidin-4-ylidenelhydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H5): Yellow crystal; 78% vyield;
mp 242°C (crys. from isopropanol); IR (ATR) Vimaks: 3045, 2941, 2860,
2695, 2636, 2569, 1633, 1588, 1517, 1472, 1458, 1410, 756, 742,
676 cm™; *H NMR (400 MHz, DMSO-dy): & 1.80-1.89 (m, 4H), 2.47
(s, 3H), 2.73-3.32 (m, 10H), 3.55-3.64 (m, 2H), 4.36-4.45 (m, 2H,
NH-CH,-phenyl), 7.25-7.37 (m, 3H), 7.54 t, J=7.9 Hz, 1H), 7.77 (d,
J=7.5Hz, 1H), 7.86 (t,J = 7.8 Hz, 1H), 8.05 (d, J = 8.5 Hz, 1H), 9.09 (d,
J=8.8Hz, 1H), 10.17 (bs, 1H), 11.61 (bs, 1H), 14.52 (bs, 1H) ppm; *3C
NMR (100 MHz, DMSO-dy): 6 19.7, 20.3, 21.3, 23.5, 25.5, 28.0, 30.8,
49.9, 50.6, 55.9, 110.9, 115.3, 118.8, 125.3, 126.2, 128.0, 129.6
(2C),130.9,132.4,132.7,138.1, 138.7, 150.2, 151.4, 160.0 ppm; MS
(ESI, MeOH) m/z: 399.49 (IM+H]", 100%), 400.41 ([M+H+1]", 18%);
elemental analysis, calcd. for CygH3oN4-3 HCI-0.05 C3;H,OH: C,
61.47; H, 6.59; N, 10.97; found: C, 61.62; H, 6.25; N, 11.09.
9-{2-[1-(2-Fluorobenzyl)piperidin-4-ylidene]lhydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H6): Yellow crystal; 60% yield;
mp 132°C (crys. from isopropanol); IR (ATR) Vinaks: 2917, 2849, 2695,
2576, 1632, 1585, 1521, 1494, 1456, 1403, 767, 677 cm™%; TH NMR
(400 MHz, DMSO-dy): & 1.78-1.87 (m, 4H), 2.73-3.23 (m, 10H),
3.55-3.66 (m, 2H), 4.45 (s, 2H), 7.29-7.37 (m, 2H), 7.49-7.58 (m,
2H), 7.84 (ddd, J =8.3/7.1/1.1 Hz, 1H), 7.90 (td, J = 7.7/1.3, 1H), 8.08
(d, J=7.9 Hz, 1H), 9.06 (d, J=8.3 Hz, 1H), 10.16 (bs, 1H), 12.23 (bs,
1H), 14.69 (bs, 1H) ppm; ¥C NMR (100 MHz, DMSO-d): & 20.3,
21.2, 23.5, 25.2, 28.0, 30.8, 49.5, 50.4, 51.3, 110.9, 115.2, 115.7,
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1159, 118.7, 124.9, 125.2, 128.0, 132.6, 134.3, 138.0, 150.1,
151.34, 159.5, 160.0, 162.42 ppm; MS (ESI, MeOH) m/z: 403.39 ([M
+H]*, 100%), 404.40 ([M+H+1]*, 25%); elemental analysis, calcd. for
CosHa7FN4-3 HCI-1.5 H,0: C, 55.72; H, 6.17; N, 10.40; found: C,
55.54; H, 5.87; N, 10.73.
9-{2-[1-(2-Chlorobenzyl)piperidin-4-ylidene]hydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H7): Yellow crystal; 66% vyield;
mp 158°C (crys. from isopropanol); IR (ATR) Vinaks: 3041, 2847, 2776,
2695, 2576, 1631, 1584, 1522, 1473, 1445, 1403, 861, 767,
677 cm™%; 'H NMR (400 MHz, DMSO-dy): & 1.79-1.90 (m, 4H),
2.71-3.30 (m, 10H), 3.54-3.68 (m, 2H), 4.54 (s, 2H), 7.45-7.61 (m,
4H), 7.86 (ddd, J=8.3/6.9/1.0 Hz, 1H), 8.05-8.11 (m, 2H), 9.08 (d,
J=8.6Hz, 1H), 10.17 (bs, 1H), 12.19 (bs, 1H), 14.66 (bs, 1H) ppm; 1°C
NMR (100 MHz, DMSO-dy): § 20.3, 21.2, 23.5, 25.2, 27.9, 30.8, 49.8,
50.7, 55.2, 110.9, 115.2, 118.7, 125.2, 127.7, 128.0, 129.8 (2C),
131.5,132.6,134.2, 134.7, 138.1, 150.2, 151.4, 159.6 ppm; MS (ESI,
MeOH) m/z: 198.30 ([C13H12No]Y, 67%), 419.33 ([M+H]*, 100%),
421.37 ((M+H+2]", 37%); elemental analysis, calcd. for C,5H,7CIN4-3
HCI-H,O: C, 54.96; H, 5.90; N, 10.25; found: C, 55.03; H, 5.62;
N, 10.16.
9-{2-[1-(2-Bromobenzyl)piperidin-4-ylidene]hydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H8): Yellow crystal; 69% yield;
mp 213°C (crys. from isopropanol); IR (ATR) Viaks: 2941, 2856, 2625,
2525, 2416, 1633, 2587, 1516, 1473, 1437, 1409, 756, 676 cm™1; *H
NMR (400 MHz, DMSO-d): 6 1.77-1.89 (m,4H), 2.73-3.29 (m, 8H),
3.52-3.66 (m, 4H), 4.55 (s, 2H), 7.41 (t, J=7.7, 1H), 7.49-7.58 (m,
2H), 7.75 (d, J= 8.0 Hz, 1H), 7.86 (t, J = 7.7 Hz, 1H), 8.07 (d, J = 8.5 Hz,
1H), 8.14 (d, J=7.4Hz, 1H) 9.08 (d, J=8.8 Hz, 1H) 10.16 (bs, 1H),
12.12 (bs, 1H), 14.60 (bs, 1H) ppm; *3C NMR (100 MHz, DMSO-d,): §
20.3, 21.3, 23.5, 25.5, 28.0, 30.9, 49.9, 50.8, 57.8, 110.9, 115.2,
118.7, 125.2, 125.4, 128.5, 128.3, 131.7, 132.7, 133.2 (2 C), 134.0,
138.1, 150.2, 151.4, 159.7 ppm; MS (ESI, MeOH) m/z: 197.36
([C13H11NL]*, 100%), 463.21 ([M+H]*, 50%), 465.23 ([M+H+2]",
51%); elemental analysis, calcd. for Co5H27BrN,4-3 HCI-0.25 H,0: C,
52.01; H, 5.33; N, 9.71; found: C, 51.79; H, 5.46; N, 9.33.
9-{2-[1-(2-Nitrobenzyl)piperidin-4-ylidenelhydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H9): Orange crystal; 45% yield;
mp 193°C (crys. from isopropanol); IR (ATR) Vinaks: 3071, 2951, 2722,
1643, 1589, 1530, 1479, 1442, 1406, 1339, 866, 763,679 cm™%; *H
NMR (400 MHz, DMSO-dy): 6 1.78-1.89 (m, 4H), 2.76-3.39 (m, 10H),
3.60-3.72 (m, 2H), 4.73 (s, 2H), 7.59 (ddd, J=9.6/6.7/1.0 Hz, 1H),
7.78 (td, J=8.4/1.2 Hz, 1H), 7.83-7.92 (m, 2H), 8.08 (d, J = 8,1 Hz,
1H), 8.17-8.24 (m, 2H), 9.08 (d, J = 8.7 Hz, 1H) 10.22 (bs, 1H), 11.75
(bs, 1H), 14.63 (bs, 1H) ppm; 1°C NMR (100 MHz, DMSO-d,): 6 20.3,
21.3, 23.6, 25.6, 28.0, 30.7, 50.6, 51.5, 55.4, 110.9, 115.3, 118.8,
125.2,125.4,128.0,128.1, 131.3, 132.7, 134.2, 134.3, 138.1, 149.2,
150.2, 151.4, 159.7 ppm; MS (ESI, MeOH) m/z: 197.35 ([C13H11N3]",
89%), 430.47 ([M+H]*, 100%), 431.40 ([M+H+1]", 25%); elemental
analysis, calcd. for C,5sH,7N50,-3 HCI-1.5 H,0: C, 53.06; H, 5.88; N,
12.38; found: C, 52.84; H, 6.24; N, 12.19.
9-{2-[1-(2-Cyanobenzyl)piperidin-4-ylidene]hydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H10): Yellow crystal; 41% vyield;
mp 195°C (crys. from isopropanol); IR (ATR) Vmaks: 2941, 2889, 2780,
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2710, 2625, 2230, 1629, 1585, 1520, 1469, 1448, 1403, 776 cm™%;
1H NMR (400 MHz, DMSO-dy): 6 1.77-1.91 (m, 4H), 2.73-3.22 (m,
10H), 3.57-3.69 (m, 2H), 4.48-4.63 (s, 2H), 7.55 (t, J=7.8 Hz, 1H),
7.68 (t, J=7.7Hz, 1H), 7.83-7.90 (m, 2H), 7.98 (d, J=7.5Hz, 1H),
8.04 (d, J=8.5Hz, 1H), 9.09 (d, J = 8.8 Hz, 1H), 10.14 (bs, 1H), 12.43
(bs, 1H), 14.49 (bs, 1H) ppm; *3C NMR (100 MHz, DMSO-dy): § 20.3,
21.2, 23.5, 25.3, 27.9, 30.8, 50.0, 50.9, 56.5, 110.9, 113.7, 115.2,
117.3, 118.7, 125.2, 128.0, 130.4, 132.6, 133.0 (2C), 133.5, 133.6,
138.1, 150.2, 151.4, 159.6 ppm; MS (ESI, MeOH) m/z: 410.39 (M
+H]*, 100%), 411.38 ([M+H+1]", 24%); elemental analysis, calcd. for
Co6H27N5:3 HCI-1.5 H,0: C, 57.20; H, 6.09; N, 12.38; found: C,
57.60; H, 6.09; N, 12.82.
9-(2-{1-[2-(Trifluoromethyl)benzyl]piperidin-4-ylidene}hydrazinyl)-
1,2,3,4-tetrahydroacridine trihydrochloride (H11): Yellow crystal; 80%
yield; mp 230°C (crys. from isopropanol:methanol); IR (ATR) Vaks: 3013,
2940, 2868, 2699, 2650, 2544, 1634, 1587, 1520, 1474, 1443, 1409,
1310, 1164, 1115, 777, 759, 677 cm™; *H NMR (400 MHz, DMSO-dj):
6 1.79-1.88 (m, 4H), 2.71-3.33 (m, 10H), 3.52-3.65 (m, 2H), 4.54 (s,
2H), 7.55 (t, J=7.9 Hz, 1H), 7.69 (t, J=7.6 Hz, 1H), 7.81-7.90(m, 3H),
8.07 (d, J=8.5Hz, 1H), 8.14 (d, J= 7.4 Hz, 1H) 9.09 (d, J = 8.8 Hz, 1H)
10.16 (bs, 1H), 12.23 (bs, 1H), 14.58 (bs, 1H) ppm; *C NMR (100 MHz,
DMSO-dy): 6 20.3, 21.3, 23.5, 25.5, 28.0, 30.9, 50.4, 51.3, 55.0, 62.0,
110.9,115.3,118.8, 125.2, 126.4 (3 C), 128.0, 130.0, 132.7, 133.1 (2 C),
138.1, 150.2, 1514, 173.6 ppm; MS (ESI, MeOH) m/z: 198.35
([C13H12N", 56%), 453.49 ([M+H]*, 100%), 454.47 ((M+H+1]*, 26%);
elemental analysis, calcd. for Co¢H,7F3N4-3 HCI:0.1 C3HsOH: C, 55.62;
H, 5.47; N, 9.87; found: C, 55.34; H, 5.83; N, 9.60.
9-{2-[1-(3-Methylbenzyl)piperidin-4-ylidenelhydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H12): Yellow crystal; 40% vyield;
mp 195°C (crys. from isopropanol); IR (ATR) Vmaks: 2929, 2860, 2772,
2699, 2650, 2569, 1633, 1586, 1518, 1473, 1441, 1406, 776,
698 cm™; TH NMR (400 MHz, DMSO-dy): & 1.79-1.90 (m, 4H), 2.33
(s, 3H), 2.70-3.30 (m, 10H), 3.51-3.62 (m, 2H), 4.29-4.44 (m, 2H),
7.21 (d, J=7.6Hz, 1H), 7.35 (t, J=7.7 Hz, 1H), 7.47-7.57 (m, 3H),
7.86(t,J=7.7 Hz, 1H), 8.05 (d, J = 8.1 Hz, 1H), 9.06 (d, J = 8.8 Hz, 1H),
10.16 (bs, 1H), 11.99 (bs, 1H), 14.55 (bs, 1H) ppm; '3C NMR
(100 MHz, DMSO-dy): 6 20.3, 21.0, 21.2, 23.5, 25.0, 28.0, 30.7, 49.5,
50.2, 58.3, 110.9, 115.2, 118.7, 125.3, 128.0, 128.5 (3C), 128.7,
130.1, 132.0, 132.7, 138.0, 150.2, 151.4, 159.8 ppm; MS (ESI,
MeOH) m/z: 399.47 (IM+H]*, 100%), 400.41 ([M+H+1]", 18%);
elemental analysis, calcd. for CogH3oN4-3 HCI: C, 61.47; H, 6.55; N,
11.03; found: C, 61.88; H, 6.15; N, 11.07.
9-{2-[1-(3-Methoxybenzyl)piperidin-4-ylidene]hydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H13): Yellow crystal; 28% yield;
mp 205°C (crys. from isopropanol); IR (ATR) Vimaks: 2938, 2835, 2664,
2558, 2423, 1633, 1586, 1515, 1470, 1438, 1406, 1251, 1034, 754,
695cm™; 'H NMR (400 MHz, DMSO-dy): & 1.78-1.89 (m, 4H),
2.73-3.29 (m, 10H), 3.50-3.60 (m, 2H), 3.80 (s, 3H), 4.30-4.46 (m,
2H), 7.02 (dd, J=8.1/2.1Hz, 1H), 7.21 (d, J=7.4Hz, 1H), 7.36 (t,
J=79Hz 1H), 7.43 (s, 1H), 7.52 (t, J=7.5Hz, 1H), 7.85 (t, J=7.6 Hz,
1H), 8.01 (d, J=8.4Hz, 1H), 9.06 (d, J=8.7 Hz, 1H), 10.17 (bs, 1H),
12.18 (bs, 1H), 14.64 (bs, 1H) ppm; °C NMR (100 MHz, DMSO-dy): &
20.2,21.2, 23.4, 25.0, 28.0, 30.6, 49.5, 50.2, 55.2, 58.2, 110.9, 115.3,
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116.7 (2C), 118.8, 123.3, 125.2, 128.0, 129.8, 129.9, 132.7, 138.0,
150.2, 151.4, 159.4, 160.0 ppm; MS (ESI, MeOH) m/z: 197.35
([C1gH11No]", 66%), 415.46 ([M+H]*, 100%), 416.39 ([M+H+1]%,
17%); elemental analysis, calcd. for Co¢HzoN4O-3 HCI: C, 59.60; H,
6.35; N, 10.69; found: C, 59.98; H, 6.02; N, 11.04.
9-{2-[1-(3-Fluorobenzyl)piperidin-4-ylidene]hydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H14): Yellow crystal; 63% yield;
mp 219°C (crys. from isopropanol); IR (ATR) Vinaks: 3052, 2940, 2863,
2689, 2557, 2500, 1633, 1586, 1516, 1490, 1471, 1408, 781, 751,
690cm™; 'H NMR (400 MHz, DMSO-dy): & 1.77-1.89 (m, 4H),
2.69-3.31 (m, 10H), 3.51-3.62 (m, 2H), 4.36-4.53 (m, 2H), 7.27-7.35
(m, 1H), 7.59-7.67 (m, 3H), 7.66 (d, J =9 Hz, 1H), 7.85 (ddd, J = 8.3/
6.9/1.1 Hz, 1H), 8.07 (d, J = 8.3 Hz, 1H), 9.06 (d, J = 8.7 Hz, 1H), 10.17
(bs, 1H), 12.31 (bs, 1H), 14.62 (bs, 1H) ppm; *C NMR (100 MHz,
DMSO-dy): & 20.2, 21.2, 23.5, 25.0, 27.9, 30.6, 49.6, 50.2, 57.4,
110.9,115.2,116.3, 116.5, 118.7, 125.2, 127.6, 127.9, 130.8, 130.9,
132.6, 138.0, 150.1, 151.4, 160.7, 163.1 ppm; MS (ESI, MeOH) m/z:
198.35 ([C13H12No]Y, 54%), 403.46 ([M+H]*, 100%), 404.40 ([M+H
+1]*, 30%); elemental analysis, calcd. for Cp5H,7FN4-3 HCI: C, 58.66;
H, 5.91; N, 10.95; found: C, 59.03; H, 5.66; N, 10.73.
9-{2-[1-(3-Chlorobenzyl)piperidin-4-ylidene]hydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H15): Yellow crystal; 38% yield;
mp 225°C (crys. from isopropanol); IR (ATR) Vaks: 2937, 2856, 2660,
2540, 2395, 1633, 1586, 1518, 1474, 1436, 1406, 869, 778, 702,
675cm™; *H NMR (400 MHz, DMSO-d,): & 1.78-1.88 (m, 4H),
2.73-3.30 (m, 10H), 3.51-3.63 (m, 2H), 4.37-4.53 (m, 2H), 7.47-7.56
(m, 3H), 7.68 (d, J = 7.0 Hz, 1H), 7.83-7.88 (m, 2H), 8.07 (d, J = 8.4 Hz,
1H), 9.06 (d, J = 8.7 Hz, 1H), 10.18 (bs, 1H), 12.31 (bs, 1H), 14.63 (bs,
1H) ppm; **C NMR (100 MHz, DMSO-d,): § 20.2, 21.2, 23.5, 25.0,
27.9, 30.6,49.6, 50.2, 57.3,110.9, 115.2, 118.7, 125.2, 127.9, 129.5,
130.2, 130.6, 131.3, 132.1, 132.6, 133.3, 138.0, 150.1, 151.4, 159.6
ppm; MS (ESI, MeOH) m/z: 419.69 ([M+H]*, 31%), 421.37 ([M+H
+2]*, 6%); elemental analysis, calcd. for Co5H,7CIN4-3 HCI: C, 56.83;
H, 5.72; N, 10.60; found: C, 56.66; H, 5.43; N, 10.63.
9-{2-[1-(3-Bromobenzyl)piperidin-4-ylidene]hydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H16): Yellow crystal; 65% vyield;
mp 200°C (crys. from isopropanol); IR (ATR) Vinaks: 2940, 2863, 2661,
2475, 2391, 1634, 1587, 1520, 1471, 1431, 1408, 780, 757,
695cm™; *H NMR (400 MHz, DMSO-d,): & 1.74-1.89 (m, 4H),
2.73-3.31 (m, 10H), 3.50-3.61 (m, 2H), 4.36-4.52 (m, 2H), 7.43 (t,
J=7.9Hz, 1H), 7.52 (ddd, J=8.1/7.3/1.1 Hz, 1H), 7.66 (dd, J= 8.1/
1.1Hz, 1H), 7.73 (d, J=7.7 Hz, 1H), 7.85 (ddd, J=8.3/7.1/1.1 Hz,
1H), 7.96-7.99 (m, 1H), 8.07 (d, J=8.0Hz, 1H), 9.06 (d, J=8.4 Hz,
1H), 10.18 (bs, 1H), 12.30 (bs, 1H), 14.65 (bs, 1H) ppm; C NMR
(100 MHz, DMSO-dy): 6 20.2, 21.2, 23.5, 25.0, 27.9, 30.6, 49.6, 50.2,
57.2,110.8, 115.2, 118.7, 121.9, 125.2, 127.9, 130.6, 130.8, 132.4,
132.6, 134.1, 138.0 (2 C), 150.1, 151.4, 159.6 ppm; MS (ESI, MeOH)
m/z: 198.43 ([C13H12N,]", 100%), 463.43 (IM+H]", 89%), 465.40 (M
+H+2]", 88%); elemental analysis, calcd. for C,5H,7BrN,4-3 HCI: C,
52.42; H, 5.28; N, 9.78; found: C, 52.82; H, 5.58; N, 9.42.
9-{2-[1-(3-Nitrobenzyl)piperidin-4-ylidene]lhydrazinyl}-1,2,3,4-
tetrahydroacridine hydrochloride (H17): Yellow crystal; 82% yield;
mp 238°C (crys. from ethanol); IR (ATR) Viaks: 3083, 2936, 2695,
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2655, 1630, 1587, 1520, 1475, 1443, 1405, 1345, 766, 735cm™%; 1H
NMR (400 MHz, DMSO-dy): 6 1.80-1.87 (m, 4H), 2.58-2.83 (m, 10H),
2.99-3.07 (m, 2H), 3.69-3.91 (m, 2H), 7.52 (t, J = 7.6 Hz, 1H), 7.68 (t,
J=7.9Hz, 1H), 7.81-7.89 (m, 2H), 7.94 (d, J = 8.3, 1H), 8.15-8.28 (m,
2H), 9.13 (d, J=8.8Hz, 1H) ppm; MS (ESI, MeOH) m/z: 198.31
(IC13H12No]", 62%), 430.35 ([M+H]*, 100%), 431.40 ([M+H+1]",
26%); elemental analysis, calcd. for CosH,7N504.-HCI: C, 64.44; H,
6.06; N, 15.03; found: C, 64.51; H, 6.07; N, 14.80.
9-{2-[1-(3-Cyanobenzyl)piperidin-4-ylidene]hydrazinyl}-1,2,3,4-
tetrahydroacridine hydrochloride (H18): Yellow crystal; 83% vyield; mp
240°C (crys. from ethanol); IR (ATR) Vimaks: 2936, 2814, 2688, 2665,
2224, 1629, 1604, 1584, 1519, 1474, 1440, 1402, 780, 766, 688 cm™%;
IH NMR (400 MHz, DMSO-dy): & 1.80-1.88 (m, 4H), 2.59-2.87 (m,
10H), 3.00-3.06 (m, 2H) 3.66-3.88 (m, 2H), 7.53 (t, J=8.4Hz, 1H),
7.57-7.63 (m, 1H), 7.74-7.89 (m, 4H), 7.93 (d, J = 8.4 Hz, 1H), 9.12 (d,
J=8.8Hz, 1H) ppm; MS (ESI, MeOH) m/z: 410.45 (IM+H]", 100%),
411.40 ((M+H+1]", 32%); elemental analysis, calcd. for CogHp7Ns-HCI:
C, 70.02; H, 6.33; N, 15.70; found: C, 69.71; H, 6.39; N, 15.66.
9-(2-{1-[3-(Trifluoromethyl)benzyl]piperidin-4-ylidene}hydrazinyl)-
1,2,3,4-tetrahydroacridine hydrochloride (H19): Yellow crystal; 54%
yield; mp 223°C (crys. from ethanol); IR (ATR) Vimaks: 2945, 2828, 2578,
1630, 1586, 1522, 1475, 1442, 1404, 1325, 1116, 763, 701 cm™%; *H
NMR (400 MHz, DMSO-dy): 6 1.79-1.88 (m, 4H), 2.59-2.87 (m, 10H),
2.98-3.06 (m, 2H), 3.71-3.90 (m, 2H), 7.51 (t, J=7.8Hz, 1H),
7.59-7.76 (m, 4H), 7.83 (t, J=7.6 Hz, 1H), 7.94 (d, J=8.3Hz, 1H),
9.12 (d, J=8.7Hz, 1H) ppm; MS (ESI, MeOH) m/z: 198.33
([C13H1NLIY, 45%), 453.30 ([M+H]*, 100%), 454.33 ([M+H+1]",
27%); elemental analysis, calcd. for CogHo7F3N4-HCI-H,O: C, 61.60;
H, 5.96; N, 11.05; found: C, 61.87; H, 5.64; N, 10.85.
9-{2-[1-(4-Methylbenzyl)piperidin-4-ylidene]hydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H20): Yellow crystal; 43% vyield;
mp 201°C (crys. from isopropanol); IR (ATR) Vnaks: 2939, 2863, 2692,
2571, 1632, 1586, 1516, 1472, 1408, 802, 758cm™%; 'H NMR
(400 MHz, DMSO-dy): 6 1.78-1.90 (m, 4H), 2.34 (s, 3H), 2.73-3.27
(m, 10H), 3.49-3.59 (m, 2H), 4.32-4.43 (m, 2H), 7.27 (d, J=7.9 Hz,
2H), 7.51-7.60 (m, 3H), 7.86 (ddd, J=8.3/6.8/1Hz, 1H), 8.04 (d,
J=8.0Hz, 1H), 9.07 (d, J = 8.8 Hz, 1H), 10.14 (bs, 1H), 12.01 (bs, 1H),
14.50 (bs, 1H ppm; C NMR (100 MHz, DMSO-dg): & 20.7, 21.3,
21.7, 24.0, 25.5, 28.4, 31.1, 49.8, 50.4, 58.4, 111.3, 115.7, 119.2,
125.6, 127.2, 128.4, 129.7 (2C), 131.9 (2C), 133.0, 138.5, 1394,
150.6, 151.8, 160.2 ppm; MS (ESI, MeOH) m/z: 198.32 ([C13H12N,]",
55%), 398.37 (IM-H]", 12%), 399.39 ([M+H+]", 100%) 400.31 ([M+H
+1]*, 10%); elemental analysis, calcd. for CogHzoN4-3 HCI: C, 61.48;
H, 6.55; N, 11.03; found: C, 61.70; H, 6.24; N, 10.93.
9-{2-[1-(4-Fluorobenzyl)piperidin-4-ylidene]lhydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H21): Yellow crystal; 27% vyield;
mp 201°C (crys. from isopropanol); IR (ATR) Vimaks: 3059, 2942, 2688,
2579, 1632, 1587, 1511, 1459, 1407, 759, 677cm™%; 'H NMR
(400 MHz, DMSO-dy): & 1.77-1.89 (m, 4H), 2.73-3.29 (m, 10H),
3.50-3.61 (m, 2H), 4.34-4.50 (m, 2H), 7.31 (t, J = 8.9 Hz, 2H), 7.53 (t,
J=79Hz, 1H), 7.77 (dd, J=8.4/5.6 Hz, 1H), 7.85 (t, J=7.7 Hz, 1H),
8.06 (d, J=8.5Hz, 1H), 9.06 (d, J=8.8 Hz, 1H), 10.18 (bs, 1H), 12.21
(bs, 1H), 14.62 (bs, 1H) ppm; *3C NMR (100 MHz, DMSO-dy): § 20.3,
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21.2, 23.5, 25.0, 27.9, 30.7, 49.4, 50.0, 57.2, 110.9, 115.2, 115.6,
115.8, 118.7, 125.2, 126.1, 127.9, 132.6, 133.9, 138.0, 150.1, 151.4,
159.7, 161.5, 163.9 ppm; MS (ESI, MeOH) m/z: 222.94 ([C14H13N3]",
100%), 403.73 ([M+H]*, 97%), 404.70 (IM+H+1]", 14%); elemental
analysis, calcd. for Cy5Ho7FN4-3 HCI: C, 58.66; H, 5.91; N, 10.95;
found: C, 58.44; H, 5.91; N, 10.93.
9-{2-[1-(4-Chlorobenzyl)piperidin-4-ylidene]hydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H22): Yellow crystal; 13% vyield;
mp 220°C (crys. from isopropanol); IR (ATR) Vinaks: 2942, 2783, 2695,
2531, 2423, 1633, 1586, 1516, 1474, 1408, 804, 756, 675cm™L; 1H
NMR (400 MHz, DMSO-dy): 6 1.75-1.90 (m, 4H), 2.73-3.29 (m, 10H),
3.49-3.61 (m, 2H), 4.35-4.50 (m, 2H), 7.50-7.57 (m, 3H), 7.74 (d,
J=8.4Hz, 2H), 7.86 (ddd, J=8.2/6.8/0.8 Hz, 1H), 8.06 (d, J = 8.3 Hz,
1H), 9.05 (d, J = 8.7 Hz, 1H), 10.17 (bs, 1H), 12.26 (bs, 1H), 14.59 (bs,
1H) ppm; 3C NMR (100 MHz, DMSO-dy): & 20.3, 21.2, 23.5, 25.1,
28.0, 30.6, 49.5, 50.1, 57.3,110.9, 115.2, 118.7, 125.2, 127.9, 128.7,
128.8 (2C), 132.7, 133.4 (2C), 134.4, 138.0, 150.2, 151.4, 159.7
ppm; MS (ESI, MeOH) m/z: 419.66 (IM+H]*, 29%), 421.60 ([M+H
+2]*, 9%); elemental analysis, calcd. for C,5H,7CIN4-3 HCI: C, 56.83;
H, 5.72; N, 10.60; found: C, 56.90; H, 5.59; N, 10.37.
9-{2-[1-(4-Bromobenzyl)piperidin-4-ylidene]hydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H23): Yellow crystal; 18% yield; mp
208°C (crys. from isopropanol); IR (ATR) Viake: 2943, 2692, 2576, 1633,
1587, 1517, 1491, 1473, 1409, 756, 677 cm™%; *H NMR (400 MHz,
DMSO-dy): 6 1.79-1.91 (m, 4H), 2.76-3.24 (m, 10H), 3.50-3.62 (m, 2H),
4.31-4.48 (m, 2H), 7.55 (t, J=7.8 Hz, 1H), 7.61-7.71 (m, 4H), 7.87 (t,
J=7.7Hz, 1H),8.02 (d, J = 8.5 Hz, 1H), 9.08 (d, J = 9.1 Hz, 1H), 10.12 (bs,
1H), 12.13 (bs, 1H), 14.36 (bs, 1H) ppm; *3C NMR (100 MHz, DMSO-dj):
620.3,21.2,235,25.1, 280, 30.7,49.5,50.1,57.3,110.9, 115.2, 118.7,
123.2,125.2,128.0,129.1,131.7 (2C), 132.7,133.7 (2 C), 138.0, 150.2,
151.4, 159.7 ppm; MS (ESI, MeOH) m/z: 198.35 ([C13H12N5]", 100%),
463.32 (M+H]", 16%), 465.30 ([M+H+2]", 16%); elemental analysis,
calcd. for CysH»7BrN4-3 HCI0.25 H,O: C, 52.01; H, 5.33; N, 9.70;
found: C, 51.70; H, 5.41; N, 9.55.
9-{2-[1-(4-Nitrobenzyl)piperidin-4-ylidenelhydrazinyl}-1,2,3,4-
tetrahydroacridine hydrochloride (H24): Yellow crystal; 22% vyield;
mp 218°C (crys. from ethanol); IR (ATR) Vimaks: 2329, 2849, 2479,
2412, 1632, 1585, 1516, 1470, 1437, 1405, 1344, 856, 763,
690cm™; *H NMR (400 MHz, DMSO-d,): & 1.89-1.99 (m, 4H),
2.79-3.09 (m, 8H), 3.30-3.51 (m, 2H), 3.64-3.79 (m, 2H), 4.63 (s,
2H), 7.55(t, J=7.9 Hz, 1H), 7.82 (d, J = 8.4 Hz, 1H), 7.89 (t, J = 7.7 Hz,
1H), 7.94 (d, J=8.4Hz, 2H), 8.37 (d, J=8.3Hz, 2H), 9.23 (d,
J=9.0Hz, 1H) ppm; MS (ESI, MeOH) m/z: 430.72 ([M+H]*, 100%),
431.70 ([M+H+1]*, 30%); elemental analysis, calcd. for
CysHy7N505-3HCI: 55.72; H, 5.61; N, 13.00; found: C, 55.87; H,
5.40; N, 13.02.
9-{2-[1-(4-Cyanobenzyl)piperidin-4-ylidene]hydrazinyl}-1,2,3,4-
tetrahydroacridine hydrochloride (H25): Yellow crystal; 20% vyield; mp
225°C (crys. from ethanol); IR (ATR) Vs 3048, 2940, 2792,
2692,2640, 2440, 2313, 2225, 1629, 1585, 1519, 1472, 1403, 761,
679cm™t; 'H NMR (400MHz, DMSO-dg): & 1.79-1.87 (m, 4H),
2.57-2.58 (m, 10H), 2.29-3.05 (m, 2H), 3.70-3.79 (m, 2H), 7.49 (t,
J=7.8Hz, 1H), 7.56-7.64 (m, 2H), 7.78-7.86(m, 3H), 7.98 (d, J = 9.3 Hz,
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1H), 9.10 (d, J=8.7Hz, 1H) ppm; MS (ESI, MeOH) m/z: 198.32
([C13H12N", 82%), 410.37 ([M+H]*, 100%), 411.40 ((M+H+1]*, 23%);
elemental analysis, calcd. for Co4Ho7N5-HCI-0.5 H,0-0.5 C3H,OH: C,
68.10; H, 6.86; N, 14.44; found: C, 67.82; H, 6.58; N, 14.30.

9-(2-{1-[4-(Trifluoromethyl)benzyl]piperidin-4-ylidene}hydrazinyl)-
1,2,3,4-tetrahydroacridine trihydrochloride (H26): Yellow crystal; 15%
yield; mp 225°C (crys. from ethanol); IR (ATR) Vimaks: 2937, 2765, 2692,
2654, 2486, 2388, 1632, 1585, 1519, 1473, 1408, 1324, 1161, 1115,
760, 677 cm™%; *H NMR (400 MHz, DMSO-d): & 1.80-1.90 (m, 4H),
2.71-3.27 (m, 10H), 3.52-3.64 (m, 2H), 4.31-4.61 (m, 2H), 7.56 (t,
J=8.3Hz, 1H), 7.55-7.97 (m, 5H), 8.01 (d, J=8.6Hz, 1H), 9.09 (d,
J=8.6Hz, 1H), 10.13 (bs, 1H), 12.28 (bs, 1H), 14.33 (bs, 1H) ppm; MS
(ESI, MeOH) m/z: 198.31 ([C13H1oN,]*, 82%), 453.35 (IM+H]", 100%),
454,32 (IM+H+1]", 24%); elemental analysis, calcd. for CogHo7F3N4-3HCI:
C, 55.58; H, 5.38; N, 9.97; found: C, 55.27; H, 5.02; N, 9.90.

9-{2-[1-(2,6-Difluorobenzyl)piperidin-4-ylidene]hydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H27): Yellow crystal; 81% yield; mp
250°C (crys. from isopropanol); IR (ATR) Viaks: 2937, 2695, 2657, 2554,
2510,1627, 1585, 1521, 1471, 1430, 1404, 895, 763, 676 cm™%; H
NMR (400 MHz, DMSO-dy): & 1.76-1.88 (m, 4H), 2.74-3.39 (m, 10H),
3.59-3.70 (m, 2H), 4.42 (s, 2H), 7.26 (t, J=8.2Hz, 2H), 7.53 (t,
J=79Hz1H), 7.64 (ddd, J=8.2/6.9/1.3 Hz, 1H), 7.85 (t, J = 7.4 Hz, 1H),
8.09 (d,J=8.4Hz, 1H),9.08 (d, J = 8.7 Hz, 1H), 10.17 (bs, 1H), 12.21 (bs,
1H), 14.70 (bs, 1H) ppm; 3C NMR (100 MHz, DMSO-d,): § 20.3, 21.2,
23.5, 255, 27.9, 49.7, 50.7, 62.0, 110.8, 1120, 112.2 (2C), 115.2,
118.7,125.2,128.1, 132.6 (2 C), 138.1, 150.1, 151.4, 160.3, 162.9 (2 C)
ppm; MS (ESI, MeOH) m/z: 421.46 (IM+H]*, 100%), 422.40 (M+H+1]",
32%); elemental analysis, calcd. for CosHo¢F2N4-3 HCI-0.4 C3H,OH: C,
56.81; H, 5.86; N, 10.11; found: C, 56.75; H, 6.23; N, 9.90.

9-{2-[1-(2,6-Dichlorobenzyl)piperidin-4-ylidene]hydrazinyl}-1,2,3,4-
tetrahydroacridine trihydrochloride (H28): Yellow crystal; 70% yield; mp
190°C (crys. from isopropanol); IR (ATR) Viaks: 2958, 2858, 2545, 2454,
1631, 1583, 1519, 1474, 1437, 1411, 792, 762, 702cm™%; 'H NMR
(400MHz, DMSO-dy): & 1.77-1.88 (m, 4H), 2.74-3.34 (m, 10H),
3.55-3.69 (m, 2H), 4.62 (s, 2H), 7.51-7.57 (m, 2H), 7.63 (d, J=8.0 Hz,
2H), 7.86 (t, J=7.7 Hz, 1H), 8.10 (d, J= 8.4 Hz, 1H), 9.10 (d, J=8.8 Hz,
1H), 10.24 (bs, 1H), 11.42 (bs, 1H), 14.72 (bs, 1H) ppm; *C NMR
(100 MHz, DMSO-dy): 6 20.3, 21.3, 23.6, 25.3, 25.5, 27.9, 51.3, 52.4,
54.5,110.9, 115.2, 118.7, 125.2, 128.0, 129.2 (3C), 132.6 (2C), 137.1
(20Q), 138.1, 150.1, 151.4, 159.5 ppm; MS (ESI, MeOH) m/z: 198.31
([C13H12NL]", 100%), 453.35 ([M+H]", 22%), 455.33 ([M+H+2]", 14%),
457.33 ([M+H+4]", 4%); elemental analysis, calcd. for CosH6CloN4-3
HCI-0.75 H,0: C, 52.10; H, 5.33; N, 9.72; found: C, 52.30; H, 5.45;
N, 9.43.
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4.2 | Pharmacological/biological assays
421 | ChE inhibition
Inhibition of eeAChE and eqBChE activities

AChE (E.C. 3.1.1.7., Type VI-S, from electric eel) and BChE (E.C.
3.1.1.8, from equine serum) were purchased from Sigma-Aldrich.

5,5'-Dithiobis(2-nitrobenzoic acid) (DTNB, Ellman's reagent) acet-
ylthiocholine iodide (ATC), and butyrylthiocholine iodide (BTC) were
obtained from Fluka. Buffer salts (potassium dihydrogen phosphate,
potassium hydroxide) and sodium hydrogen carbonate were pur-
chased from Merck. Spectrophotometric measurements were per-
formed on a Shimadzu 160-A UV-Vis spectrophotometer.

The inhibitory effects of the final compounds on AChE and BChE
were evaluated using a slightly modified Ellman's method.[2¢34
Tacrine was used as a reference compound. Before use, all solutions
were adjusted to 20°C. Enzyme solution (50 uL) and inhibitor solution
(50 uL) were added into cuvettes containing phosphate buffer
(1.5mL; 0.1 M, pH 8.0). After 5min incubation, aliquots of DTNB
solution (50 puL) and substrate, that is, ATC or BTC (10 uL), were
added to start the reaction. After rapid and immediate mixing,
absorption at 412 nm was measured. The assay was carried out in the
absence and presence of an inhibitor. The blank solutions were
prepared in parallel and contained 1.5 mL buffer, 100 pL water, 50 uL
DTNB, and 10 pL substrate. The enzyme activity was determined in
the presence of at least five different concentrations of inhibitor,
generally between 1072 and 1077 M, to obtain inhibition of AChE or
BChE activity between 0% and 100%. Each concentration was
assayed in triplicate.

Inhibition of hAChE and hBChE activities

Initial rate assays were performed at 37°C using a Jasco V-530 double-
beam Spectrophotometer (Jasco Europe). The rate of increase in the
absorbance at 412 nm was followed for 3 min. AChE stock solution
was prepared by dissolving human recombinant AChE (E.C.3.1.1.7)
lyophilized powder (Sigma) in 0.1 M phosphate buffer (pH=8.0)
containing Triton X-100 0.1%. The stock solution of BChE from
human serum was prepared by dissolving the lyophilized powder
(Sigma) in an aqueous solution of 0.1% gelatin. Stock solutions of
inhibitors (2mM) were prepared in methanol. Five increasing
concentrations of inhibitor were used, able to give an inhibition of
the enzymatic activity in the range of 20%-80%. The assay solution
consisted of a 0.1 M phosphate buffer pH 8.0, with the addition of
340 uM DTNB, 0.02 unit/mL of human recombinant AChE or hBChE,
and 550 uM of substrate (ATC or BTC). A volume of 50 pL aliquots of
increasing concentrations of the tested compound were added to the
assay solution and preincubated for 20 min at 37°C prior to the
addition of the substrate. In parallel, blank solutions containing all
components except the enzyme were prepared to account for the
nonenzymatic hydrolysis of the substrate in the assay buffer. The
reaction rates obtained in the absence and presence of the inhibitor
were compared and the percent inhibition due to the presence of
tested inhibitor at increasing concentration was calculated. Each
concentration was analyzed in duplicate, and ICso values were
determined graphically from log concentration-inhibition curves
(GraphPad Prism 4.03 software, GraphPad Software Inc.).BY

Kinetic characterization of AChE and BChE inhibition
Compounds H4 and H15 were selected to investigate the mechanism
of action of hAChE, hBChE, and eeAChE, egBChE inhibition,
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respectively. Investigations were carried out, adapting Ellman's
method.®Y Three different concentrations of H4, namely, 0.25, 0.5,
1uM, and H15, namely 0.05, 0.1, and 0.2 uM, were selected to
assess kinetics of AChE inhibition while inhibitor concentrations of
0.025, 0.05, 0.1 uM for H4 and 0.015, 0.03, 0.06 uM for H15 were
used for investigations on BChE. Concentrations of substrate, either
ATC or BTC, ranged from 0.11 to 0.68 mM (in detail: 0.11, 0.17, 0.23,
0.34,0.45, 0.56, and 0.68 mM). The assay was performed in triplicate.
The inhibition mode was determined by building Lineweaver-Burk

plots, that is, reciprocal plots of 1/V versus 1/[S], by SigmaPlot 12.5.

422 | Cell viability assay

SH-SY5Y cells 5 x 102 cells/well were incubated for 24 h. After 24 h, the
cells were treated with compounds at indicated concentrations (0.1, 1,
and 10 uM) for 2 h. Cells were treated with 250 uM of H,O, in sterile
PBS (with Ca%* and Mg?*) for 1h. After 1h, the H,O, solution was
replaced with a warm medium and incubated for 17 h. After the 18 h
exposure, the cell viability was determined using the 2-(4-iodophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1) assay kit
(Takara Bio Inc.). Briefly, following exposures, 10 pL Premix WST-1 was
added to each well, and plates were incubated for 2 h at 37°C in a 5%
CO, humidified incubator. Then the absorbance was measured at
440nm using a microplate reader (VersaMax, Molecular Devices).
Percent survival was plotted relative to vehicle control cells, which were
normalized to 100% survival. At the same time, all compounds, alone,
were evaluated for possible cytotoxicity.[42] To screen hepatotoxicity,
HepG2 human hepatocellular carcinoma cells were exposed to the test
compounds (0.1, 1, and 10 uM) for 24 h. Cell viability was measured by
using WST-1 as described above.

423 | BBB permeability assay

Human cerebral microvascular endothelial cells (HBEC-5i, ATCC,
CRL-3245) were cultivated with Dulbecco's Modified Eagle Medium/
Nutrient Mixture F12 (DMEM/F12), supplemented with 40 pg/mL
endothelial growth supplement (ECGs, E2759, Sigma-Aldrich) and
10% fetal bovine serum (FB, AO500-3010, Cegrogen). To obtain the
BBB model, PET membrane transwell inserts (Thincert, 662610,
Greiner Bio-One) were used. Insert membrane was coated with
sterile 0.1% porcine gelatin (G2500, Sigma-Aldrich) solution before
the cell seeding. HBEC-5i cells were trypsinized, seeded at
1x10%cells/cm? on the inserts, and cultivated for 24h in a
humidified cell culture incubator (37°C and 5% CO,). Lucifer Yellow
CH dipotassium salt (LY, L0144, Sigma-Aldrich) molecule was passed
through the model to control the permeability of the models. The

permeability was calculated as follows:

V (cm?3) A[Clyasolateral (ﬁ)
At(s) ’

cm) _
P(?) Alcm?) x [C]apical(ﬁ) )

ARCH
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where P is the permeability value, V is the volume of the media in the
basolateral part, A is the cross-sectional surface area of the hydrogel,
and [C] is the concentration of the molecule.

It is suggested that the LY permeability value should be <2 x 107
cm/s to show that the tight junctions between endothelial cells are
suitable for modeling the BBB. The permeability value of the LY
passed through the models for 60 min was found to be 5 x 107 cm/s.
A longer period of cell cultivation is required to obtain lower
permeability values, but since the cells are sensitive and detach from
the PET membrane surface after the 2nd day, it was decided that the
LY permeability value obtained for the model was suitable for
performing the test.

Compounds Hé6 (0.1 mM), H15 (0.1 mM), H20 (0.1 mM), and
tacrine HCI (0.1 mM and 0.5 mM) were prepared in Ringer's HEPES
solution, and H6, H15, H20 concentrations were measured at
248 nm, and the tacrine HCI concentration was measured at
238 nm. Calibration graphs were obtained. After calibration, all
compounds were passed through the model for 60 min (three
replicates), and the permeability values were calculated according

to the formula above.[?!

424 | Statistical analysis

All quantitative data values of BBB permeability are represented as
means + standard deviation of experiments made with three
replicates (n=3). Statistical analyses were performed using the
parametric two-way analysis of variance (ANOVA) test. Multiple
comparisons were analyzed using Tukey's post-hoc method. Statisti-
cal significance was described in all statistical analyses accordingly
(p<0.05, p<0.01, p<0.001, and p < 0.0001). All data were statisti-
cally analyzed using the GraphPad Prism 7 Statistic Program.

4.3 | Molecular modeling

The Schrédinger Suite 2018-14 and OPLS_2005 force field“! were
considered for all molecular modeling tasks. The theoretical
pharmacokinetic properties of all derivatives were predicted using
the QikProp tool. The hAChE and hBChE enzyme three-dimensional
models were obtained from the Protein Data Bank (PDB)E”!
crystallographic structures 4EY7%! and 5NNO,[4”! respectively. Both
PDB entries used in this study were chosen not only taking into
account the absence of mutation and the presence of a reversible
ligand but also the resolution, R-free value, and the diffraction-

component precision index (DPI)84%%

a global criterion that assesses
both model and data quality. Before computing the grid for docking
simulation, hChE structures were adjusted employing the Protein
Preparation Wizard.!®® The workflow includes the assignment of
correct atom bond orders, the addition of hydrogen, the optimization
of hydrogen bonds, the determination of the most favorable ligand
protonation state, and the minimization of the protein. Then, target

binding sites were defined by means of a regular grid box of about
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64,000 A% centered on the catalytic serine residues. All docking
[51] (

Archiv der Pharmazie

simulations were computed using Glide ligand flexible algorithm

at standard-precision (SP) level. MD investigations were performed
using Desmond software.®? The SPC explicit solvent model was
applied for generating solvated systems. The overall electrostatic net
charge was neutralized including Na* ions into the hAChE systems
and CI” ions into the hBChE ones. The default Desmond protocol was
applied for equilibrating solvated systems. The production run of MD
simulations was executed at 300 K, up to 250 ns, with an integration
time step equal to 2fs. MD frames were sampled at regular time

intervals equal to 250 ps, collecting 1000 frames for each simulation.
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