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Background: Alzheimer’s disease (AD) belongs to neurodegenerative disease, and the increasing number of AD patients has placed a heavy
burden on society, which needs to be addressed urgently. ChEs/MAOs dual-target inhibitor has potential to treat AD according to reports.
Purpose: To obtain effective multi-targeted agents for the treatment of AD, a novel series of hybrid compounds were designed and
synthesized by fusing the pharmacophoric features of 3,4-dihydro-2 (1H)-quinolinone and dithiocarbamate.
Methods: All compounds were evaluated for their inhibitory abilities of ChEs and MAOs. Then, further biological activities of the
most promising candidate 3e were determined, including the ability to cross the blood-brain barrier (BBB), kinetics and molecular
model analysis, cytotoxicity in vitro and acute toxicity studies in vivo.
Results: Most compounds showed potent and clear inhibition to AChE and MAOs. Among them, compound 3e was considered to be
the most effective and balanced inhibitor to both AChE and MAOs (IC50=0.28 µM to eeAChE; IC50=0.34 µM to hAChE; IC50=2.81
µM to hMAO-B; IC50=0.91 µM to hMAO-A). In addition, 3e showed mixed inhibition of hAChE and competitive inhibition of
hMAO-B in the enzyme kinetic studies. Further studies indicated that 3e could penetrate the BBB and showed no toxicity on PC12
cells and HT-22 cells when the concentration of 3e was lower than 12.5 µM. More importantly, 3e lacked acute toxicity in mice even at
high dose (2500 mg/kg, P.O.).
Conclusion: This work indicated that compound 3e with a six-carbon atom linker and a piperidine moiety at terminal position was
a promising candidate and was worthy of further study.
Keywords: Alzheimer’s disease, cholinesterase, monoamine oxidase, 3,4-dihydro-2(1H)-quinolinone, dithiocarbamate

Introduction
Alzheimer’s disease (AD) is an age-related neurodegenerative disease that is characterized by memory loss, decreased language
ability, and cognitive impairment.1 According to the World Alzheimer Report, nearly 47 million people worldwide are now
suffering from AD, and this number of AD patients is expected to triple by 2050.2 Therefore, AD has become a serious public
health problem, which places a heavy burden on the public health system in the world and needs to be solved urgently.3

For many years, a lot of drug researchers and institutions have been committed to the development of new drugs, but most
of them end in failure.4 Due to the insidious onset and unclarified etiopathogenesis of AD, many factors and targets are related
to the occurrence and development of AD, such as acetylcholine (ACh) deficiency, Aβ aggregation, metabolic homeostasis

Drug Design, Development and Therapy 2022:16 1495–1514 1495
© 2022 Guo et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Drug Design, Development and Therapy Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 6 January 2022
Accepted: 10 May 2022
Published: 18 May 2022

D
ru

g 
D

es
ig

n,
 D

ev
el

op
m

en
t a

nd
 T

he
ra

py
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
http://www.dovepress.com/permissions.php
https://www.dovepress.com


disruption of bio-metals, oxidative stress, tau protein hyperphosphorylation, etc.5,6 At present, the clinical treatment of AD
mainly focuses on the defects of acetylcholine (ACh).7 There are three AChE inhibitors of the four clinical drugs (Donepezil,
Galantamine, Rivastigmine and Memantine) approved by the US Food and Drug Administration (FDA) for the treatment
of AD.8 Many related studies have shown that decline of ACh level in brain of AD patients can lead to memory deficits and
cognitive impairment, so reducing ACh metabolism may alleviate these terrible symptoms.9,10 In the central nervous system
(CNS), there are two types of cholinesterases (ChEs), including acetylcholinesterase (AChE) and butyrylcholinesterase
(BuChE). In contrast to BuChE, the AChE accounts for about 80% of the hydrolysis of ACh in the normal brains. Thus,
AChE has received considerable attention over the past few decades.11 The crystallographic structure of AChE shows that the
enzyme has a deep and narrow gorge which includes two binding active sites: a catalytic active site (CAS) at the bottom of the
gorge and a peripheral anion site (PAS) at the entrance of the gorge. A goodAChE inhibitor should have a core ring system that
binds to PAS and a basic center that interacts with CAS, as well as a linking structure that can connect the two parts.12–15

Apart from AChE, monoamine oxidase (MAOs) is also an effective therapeutic target for AD. MAOs is an enzyme
containing flavin adenine dinucleotide (FAD), which is responsible for the oxidative deamination of various biogenic and
xenobiotic amines.16 MAOs is widely distributed in the human body, especially in tissue cells such as liver, brain and kidney.
MAOs exists as two distinct enzymatic isoforms, namely MAO-A and MAO-B.17 MAO-A focuses on the decomposition and
deamination of polar aromatic amines, such as serotonin (5-HT), norepinephrine and epinephrine, while MAO-B prefers non-
polar amines. Selective MAO-A inhibitors can be used to treat depression. Meanwhile, selective MAO-B inhibitors are usually
used to treat Parkinson’s disease.18 According to research, it has been found that the level of MAO-B has been increased in the
brains of AD patients, which increases the metabolism of amines and generates a large amount of hydrogen peroxide to induce
oxidative stress that damages the nerve cells, so inhibiting the activity ofMAO-Bmay also play an important role in the treatment
of AD.19 In addition, the researchers find that AD patients usually experience depressive symptoms during the onset of the
disease. Based on this, it is believed that elevatedMAO-A level is also a risk factor for the development of AD.20 Therefore, dual
inhibition of MAO-A and MAO-B, rather than MAO-B alone, may be more valuable for the treatment of AD.

Due to the complex pathogenesis of AD, its occurrence and development involve multiple targets and molecular signaling
pathways.21 More and more studies have proved that the “one molecule, one target” approach cannot achieve satisfactory
therapeutic effects, although these single-target drugs can temporarily delay the progression of patients’ cognitive decline.
Currently, two approaches are commonly used for multi-target therapeutics. The first approach is to combine drugs with one
target or a single active ingredient, respectively, while the second approach is multi-target directed ligands (MTDLs).22 The
former approach can provide better dosing flexibility and lower treatment costs by directly adjusting the ratio of the mixed
drugs. However, drug combinations often suffer from more side effects, such as dose-limiting toxicities, drug–drug interac-
tions and poor patient compliance. MTDLs strategy means that one drug can act on multiple targets at the same time and
participate in the regulation of different mechanisms.23 Compared with a mixture, MTDLs increase therapeutic efficacy
through low-dose synergy and reduce adverse effects, resulting in a larger therapeutic window.
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Our group has made great efforts to find potential MTDLs targeting AChE and MAOs. As shown in Figure 1, in the
development of MAOs inhibitors for the treatment of neurodegenerative diseases, 3,4-dihydro-2(1H)-quinolinone derivatives
are obvious MAOs inhibitors, among which C-7 substituted compound 49 possesses the best inhibitory on MAO-B with IC50
values of 0.0029 μM according to reports.24 The 3,4-dihydro-2(1H)-quinolinone core (marked in the red color as shown in
Figure 1) is the main structure of 49, which can occupy the catalytic site of MAO-B to achieve the effect of inhibiting MAO-B.
Moreover, the 3,4-dihydro-2(1H)-quinolinone core can also act on the PAS site of AChE. On the other hand, the structure of
dithiocarbamate (marked in the blue color as shown in Figure 1) is a multifunctional pharmacophore with a wide range of
biological activities, such as antioxidant, antiviral, antibacterial and antitumor, etc. However, it is rarely reported to have
activities related to neurodegenerative diseases. Our group found that the structure of dithiocarbamate can interact with CAS site
of AChE to achieve the purpose of inhibiting AChE.25 Therefore, in this work, we design a new series of 3,4-dihydro-2(1H)-
quinolinone-dithiocarbamate derivatives for the treatment of AD. The designed compounds were synthesized and evaluated for
their biological activities including the inhibitory abilities of ChEs andMAOs, the ability to cross the blood-brain barrier (BBB),
kinetics and molecular model analysis, cytotoxicity in vitro and acute toxicity studies in vivo.

Design Strategy
Like our previous design, we attempted to connect the 3,4-dihydro-2(1H)-quinolinone core with dithiocarbamate moiety
through different lengths of the carbon chain linker to design novel multifunctional compounds for AD treatment (Figure 1).
3,4-dihydro-2(1H)-quinolinone core was chosen to inhibit the MAO-B and interact with the PAS of AChE. The dithiocar-
bamate moiety was utilized to bind to the CAS of AChE. At the same time, the change of the alkylamine side chain might
increase the inhibitory activities of MAO-A.26 In the initial step, compounds with different linker lengths were first
synthesized to obtain the optimal linker length for balanced inhibition of AChE and MAO-B. Once the optimal linker length
was determined, various secondary amine groups were introduced into the dithiocarbamate moiety for SAR studies.

Materials and Methods
Chemistry
All chemical reagents and solvents used in the experiment were purchased from commercial suppliers and used without
further purification. Reactions were monitored by thin-layer chromatography (TLC) on silica gel GF254 (Qingdao
Haiyang Chemical Plant, Qingdao, China), and then visualized with a UV lamp (254 nm). Column chromatography
was performed using silica gel (100–200 mesh; Qingdao Haiyang Chemical Plant, Qingdao, China). Melting points were

Figure 1 Design strategy of 3,4-dihydro-2(1H)-quinolinone-dithiocarbamate derivatives.
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measured on an XT-4 micromelting point apparatus and uncorrected. 1H NMR spectra (600 MHz) and 13C NMR spectra
(151 MHz) were recorded on a Bruker ACF-600 spectrometer at 25°C using the TMS as internal standard and CDCl3 or
DMSO-d6 as the solvent. The purity of these compounds was determined by analytical high performance liquid
chromatography (HPLC) performed on a Waters ACQUITY Arc HPLC system equipped with a 2998 PDA detector
(Column: Agilent XDB-C18, 5 mm particle size, 4.6 mm×250 mm; mobile phase: A=CH3OH, B=H2O (0.1% acetic
acid); isocratic elution, A = 80%, B = 20%; flow rate = 1 mL/min; λ=254 nm; 10μL injection). High-resolution mass
spectra were conducted on an AB Sciex Triple TOF 5600 spectrometer (HR-ESI-MS) and the error analysis of the
HRMS results was summarized in Table S1 (Table S1 in the Supporting Information).

General Procedures for the Preparation of Compounds 2a-i
Compound 1 (0.2 g, 1.23 mmol) and anhydrous K2CO3 (2eq, 0.34 g, 2.45 mmol) were suspended in acetone (20 mL). The
suitable α, ω-dibromoalkanes (30eq, 6.91 g, 36.77 mmol) were added, and the mixture was stirred under reflux for 6 h. After
cooling, the reaction mixture was filtered, and the filtrate was evaporated under reduced pressure. The obtained residue was
purified by silica gel chromatography with PE/EA (1:1 to 3:1) as eluent to give compounds 2a-i as white solid.

7-(2-bromoethoxy)-3,4-dihydroquinolin-2(1H)-one (2a). Yield 65%; white solid; mp 143.7–145.9°C; 1H NMR (600
MHz, CDCl3) δ 8.34 (s, 1H), 7.08 (d, J=8.3 Hz, 1H), 6.56 (dd, J=8.3, 2.4 Hz, 1H), 6.39 (d, J=2.4 Hz, 1H), 4.29 (t, J=6.2
Hz, 2H), 3.64 (t, J=6.2 Hz, 2H), 2.93 (t, 2H), 2.65 (t, 2H) (Figure S1 in the Supporting Information).

7-(3-bromopropoxy)-3,4-dihydroquinolin-2(1H)-one (2b). Yield 82%; white solid; mp 110.8–113.8°C; 1H NMR (600
MHz, CDCl3) δ 8.28 (s, 1H), 7.08 (d, J=8.3 Hz, 1H), 6.56 (dd, J=8.3, 2.4 Hz, 1H), 6.37 (d, J=2.4 Hz, 1H), 4.10 (t, J=5.8
Hz, 2H), 3.62 (t, J=6.4 Hz, 2H), 2.92 (t, 2H), 2.65 (t, 2H), 2.37–2.25 (m, J=6.1 Hz, 2H) (Figure S2 in the Supporting
Information).

7-(4-bromobutoxy)-3,4-dihydroquinolin-2(1H)-one (2c). Yield 85%; white solid; mp 107.2–110.1°C; 1H NMR (600
MHz, CDCl3) δ 8.20 (s, 1H), 7.07 (d, J=8.3 Hz, 1H), 6.54 (dd, J=8.3, 2.4 Hz, 1H), 6.35 (d, J=2.4 Hz, 1H), 3.99 (t, J=6.1
Hz, 2H), 3.51 (t, J=6.6 Hz, 2H), 2.92 (t, 2H), 2.64 (t, 2H), 2.15–2.02 (m, 2H), 2.03–1.90 (m, 2H) (Figure S3 in the
Supporting Information).

7-((5-bromopentyl) oxy)-3,4-dihydroquinolin-2(1H)-one (2d). Yield 71%; white solid; mp 122.4–124.1°C; 1H NMR (600
MHz, CDCl3) δ 8.26 (s, 1H), 7.06 (d, J=8.3 Hz, 1H), 6.54 (dd, J=8.3, 2.4 Hz, 1H), 6.35 (d, J=2.0 Hz, 1H), 3.96 (t, J=6.3 Hz,
2H), 3.46 (t, J=6.8 Hz, 2H), 2.92 (t, 2H), 2.64 (t, 2H), 1.99–1.90 (m, 2H), 1.88–1.77 (m, 2H), 1.66–1.61 (m, 2H) (Figure S4 in
the Supporting Information).

7-((6-bromohexyl) oxy)-3,4-dihydroquinolin-2(1H)-one (2e). Yield 89%; white solid; mp 83.5–86.2°C; 1H NMR
(600 MHz, CDCl3) δ 8.17 (s, 1H), 7.06 (d, J=8.3 Hz, 1H), 6.54 (dd, J=8.3, 2.4 Hz, 1H), 6.35 (d, J=2.3 Hz, 1H), 3.95 (t,
J=6.4 Hz, 2H), 3.45 (t, J=6.8 Hz, 2H), 2.92 (t, 2H), 2.69–2.59 (m, 2H), 1.96–1.87 (m, 2H), 1.85–1.76 (m, 2H), 1.59–1.46
(m, 4H) (Figure S5 in the Supporting Information).

7-((7-bromoheptyl) oxy)-3,4-dihydroquinolin-2(1H)-one (2f). Yield 88%; white solid; mp 83.9–84.9°C; 1H NMR
(600 MHz, CDCl3) δ 8.19 (s, 1H), 7.06 (d, J=8.3 Hz, 1H), 6.54 (dd, J=8.3, 2.4 Hz, 1H), 6.35 (d, J=2.3 Hz, 1H), 3.94 (t,
J=6.4 Hz, 2H), 3.44 (t, J=6.8 Hz, 2H), 2.92 (t, J=7.5 Hz, 2H), 2.66–2.62 (m, 2H), 1.95–1.85 (m, 2H), 1.84–1.74 (m, 2H),
1.49 (m, J=15.0, 7.3 Hz, 4H), 1.42–1.36 (m, 2H) (Figure S6 in the Supporting Information).

7-((8-bromooctyl) oxy)-3,4-dihydroquinolin-2(1H)-one (2g). Yield 75%; white solid; mp 82.2–84.3°C; 1H NMR (600
MHz, CDCl3) δ 8.10 (s, 1H), 7.06 (d, J=8.3 Hz, 1H), 6.54 (dd, J=8.3, 2.4 Hz, 1H), 6.34 (d, J=2.4 Hz, 1H), 3.94 (t, J=6.5
Hz, 2H), 3.43 (t, J=6.8 Hz, 2H), 2.92 (t, 2H), 2.64 (t, 2H), 1.92–1.83 (m, 2H), 1.83–1.74 (m, 2H), 1.52–1.42 (m, 4H),
1.43–1.31 (m, 4H) (Figure S7 in the Supporting Information).

7-((9-bromononyl) oxy)-3,4-dihydroquinolin-2(1H)-one (2h). Yield 78%; white solid; mp 83.1–84.6°C; 1H NMR (600
MHz, CDCl3) δ 8.02 (s, 1H), 7.06 (d, J=8.3 Hz, 1H), 6.54 (dd, J=8.3, 2.4 Hz, 1H), 6.34 (d, J=2.3 Hz, 1H), 3.94 (t, J=6.5 Hz,
2H), 3.43 (t, J=6.8 Hz, 2H), 2.92 (t, 2H), 2.64 (t, 2H), 1.92–1.84 (m, 2H), 1.82–1.74 (m, 2H), 1.50–1.42 (m, 4H), 1.41–1.33
(m, 6H) (Figure S8 in the Supporting Information).

7-((10-bromodecyl) oxy)-3,4-dihydroquinolin-2(1H)-one (2i). Yield 71%; white solid; mp 84.7–86.1°C; 1H NMR (600
MHz, CDCl3) δ 7.90 (s, 1H), 7.06 (d, J=8.3 Hz, 1H), 6.54 (dd, J=8.3, 2.4 Hz, 1H), 6.33 (d, J=2.3 Hz, 1H), 3.94 (t, J=6.5 Hz,
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2H), 3.43 (t, J=6.9 Hz, 2H), 2.92 (t, 2H), 2.64 (t, 2H), 1.92–1.84 (m, 2H), 1.83–1.72 (m, 2H), 1.50–1.40 (m, 4H), 1.35 (dd,
J=19.2, 8.2 Hz, 8H) (Figure S9 in the Supporting Information).

General Procedure for the Preparation of Compounds 3a-i and 3e1-e11
To a solution of appropriate secondary amine (2.2eq, 0.14 g, 1.63 mmol) and TEA (2eq, 0.15 g, 1.48 mmol) in DMF (2 mL)
was added CS2 (2.4eq, 0.14 g 1.78 mmol) dropwise. After stirring for 5 min, another solution containing intermediate
compounds 2a-i (0.2g, 0.74 mmol) in DMF (8 mL) was added, and the mixture was stirred at 25°C for 12 h. After
completion, the mixture was diluted with 20 mL of water, and extracted with ethyl acetate. The combined organic phase was
washed with water (20 mL×3), dried over anhydrous Na2SO4, concentrated under vacuum, and purified by silica gel
chromatography with PE/EA (1:2 to 4:1) as eluent to give the desired compounds 3a-i and 3e1-e11.

2-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) ethyl piperidine-1-carbodithioate (3a). Yield 85%; white solid; mp
170.5–172.8°C; 1H NMR (600 MHz, CDCl3) δ 7.73 (s, 1H), 7.07 (d, J=8.3 Hz, 1H), 6.60 (dd, J=8.3, 2.5 Hz, 1H), 6.41
(d, J=2.4 Hz, 1H), 4.25 (br s, 2H), 4.24 (d, J=6.3 Hz, 2H), 3.93 (br s, 2H), 3.76 (t, J=6.4 Hz, 2H), 2.90 (t, J=7.2 Hz, 2H),
2.64 (t, J=6.6 Hz, 2H), 1.92–1.51 (m, 6H) (Figure S10 in the Supporting Information). 13C NMR (151 MHz, CDCl3) δ
194.72, 171.45, 158.13, 138.07, 128.75, 116.14, 108.88, 102.37, 66.78, 53.25, 51.49, 35.78, 31.08 (2C), 24.61 (2C),
24.27 (Figure S11 in the Supporting Information). HRMS: calcd for [M+H]+ 351.1196, found 351.1196 (Figure S12 in
the Supporting Information). HPLC purity 99.28% (Figure S13 in the Supporting Information).

3-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) propyl piperidine-1-carbodithioate (3b). Yield 87%; white solid; mp
127.7–128.6°C; 1H NMR (600 MHz, CDCl3) δ 7.83 (s, 1H), 7.08 (d, J=7.8 Hz, 1H), 6.56 (dd, J=8.3, 2.4 Hz, 1H), 6.34
(d, J=2.4 Hz, 1H), 4.32 (br s, 2H), 4.06 (t, J=6.1 Hz, 2H), 3.91 (br s, 2H), 3.51 (t, J=7.1 Hz, 2H), 3.05–2.81 (m, 2H),
2.73–2.57 (m, 2H), 2.32–2.11 (m, 2H), 1.79–1.65 (m, 6H) (Figure S14 in the Supporting Information). 13C NMR (151
MHz, CDCl3) δ 195.38, 171.56, 158.48, 138.08, 128.73, 115.90, 108.72, 102.20, 66.65, 52.99, 51.29, 33.46, 31.10, 28.68
(2C), 24.61 (2C), 24.32 (Figure S15 in the Supporting Information). HRMS: calcd for [M+H]+ 365.1352, found 365.1348
(Figure S16 in the Supporting Information). HPLC purity 99.69% (Figure S17 in the Supporting Information).

4-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) butyl piperidine-1-carbodithioate (3c). Yield 90%; white solid; mp
115.5–116.1°C; 1H NMR (600 MHz, CDCl3) δ 8.00 (s, 1H), 7.06 (d, J=8.3 Hz, 1H), 6.54 (dd, J=8.3, 2.4 Hz, 1H), 6.34
(d, J=2.4 Hz, 1H), 4.32 (br s, 2H), 4.10–3.86 (m, 2H), 3.92 (br s, 2H), 3.47–3.30 (m, 2H), 2.97–2.83 (m, 2H), 2.64 (t,
J=7.8 Hz, 2H), 1.93–1.91 (m, 4H), 1.81–1.47 (m, 6H) (Figure S18 in the Supporting Information). 13C NMR (151 MHz,
CDCl3) δ 195.69, 171.67, 158.60, 138.08, 128.69, 115.77, 108.69, 102.23, 67.59, 52.93, 51.33, 36.75, 31.11, 28.46, 25.53
(2C), 24.60 (2C), 24.34 (Figure S19 in the Supporting Information). HRMS: calcd for [M+H]+ 379.1509, found 379.1497
(Figure S20 in the Supporting Information). HPLC purity 99.65% (Figure S21 in the Supporting Information).

5-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) pentyl piperidine-1-carbodithioate (3d). Yield 91%; white solid; mp
109.7–110.4°C; 1H NMR (600 MHz, CDCl3) δ 7.74 (s, 1H), 7.06 (d, J=8.3 Hz, 1H), 6.54 (dd, J=8.3, 2.4 Hz, 1H), 6.33
(d, J=2.4 Hz, 1H), 4.32 (br s, 2H), 3.96 (t, J=6.4 Hz, 2H), 3.92 (br s, 2H), 3.36 (t, J=7.2 Hz, 2H), 2.91 (t, J=6.0 Hz, 2H),
2.64 (t, J=6.6 Hz, 2H), 2.13–1.02 (m, 12H) (Figure S22 in the Supporting Information). 13C NMR (151 MHz, CDCl3) δ
195.87, 171.49, 158.69, 138.02, 128.72, 115.72, 108.72, 102.16, 67.93, 52.81, 51.21, 36.98, 31.12, 28.77, 28.57, 25.47
(2C), 24.60 (2C), 24.35 (Figure S23 in the Supporting Information). HRMS: calcd for [M+H]+ 393.1665, found 393.1659
(Figure S24 in the Supporting Information). HPLC purity 99.79% (Figure S25 in the Supporting Information).

6-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) hexyl piperidine-1-carbodithioate (3e). Yield 89%; white solid; mp
110.7–113.2°C; 1H NMR (600 MHz, CDCl3) δ 8.00 (s, 1H), 7.06 (d, J=8.3 Hz, 1H), 6.54 (dd, J=8.3, 2.4 Hz, 1H), 6.34
(d, J=2.4 Hz, 1H), 4.32 (br s, 2H), 3.94 (t, J=6.5 Hz, 2H), 3.91 (br s, 2H), 3.33 (t, J=7.8 Hz, 2H), 2.91 (t, J=7.8 Hz, 2H),
2.64 (t, J=7.8 Hz, 2H), 1.89–1.61 (m, 14H) (Figure S26 in the Supporting Information). 13C NMR (151 MHz, CDCl3) δ
195.98, 171.67, 158.71, 138.08, 128.67, 115.65, 108.73, 102.16, 68.04, 52.73, 51.18, 37.09, 31.13, 29.03, 28.70, 28.68,
25.60 (2C), 24.60 (2C), 24.35 (Figure S27 in the Supporting Information). HRMS: calcd for [M+H]+ 407.1822, found
407.1821 (Figure S28 in the Supporting Information). HPLC purity 99.98% (Figure S29 in the Supporting Information).

7-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) heptyl piperidine-1-carbodithioate (3f). Yield 87%; white solid; mp
116.6–118.7°C; 1H NMR (600 MHz, CDCl3) δ 8.07 (s, 1H), 7.06 (d, J=8.1 Hz, 1H), 6.54 (d, J=8.2 Hz, 1H), 6.35 (s, 1H),
4.31 (s, 2H), 3.94 (t, J=5.9 Hz, 2H), 3.92 (s, 2H), 3.32 (t, J=7.2 Hz, 2H), 2.91 (t, J=7.2 Hz, 2H), 2.63 (t, J=7.2 Hz, 2H),
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1.81–1.76 (m, 2H), 1.71 (d, J=15.6 Hz, 8H), 1.45 (dd, J=29.2, 6.5 Hz, 6H) (Figure S30 in the Supporting Information).
13C NMR (151 MHz, CDCl3) δ 196.05, 171.79, 158.73, 138.09, 128.63, 115.61, 108.71, 102.22, 68.14, 52.75, 51.19,
37.20, 31.12, 29.12, 28.89, 28.82, 28.65, 25.99, 25.89, 25.46, 24.60, 24.35 (Figure S31 in the Supporting Information).
HRMS: calcd for [M+H]+ 421.1978, found 421.1980 (Figure S32 in the Supporting Information). HPLC purity 98.54%
(Figure S33 in the Supporting Information).

8-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) octyl piperidine-1-carbodithioate (3g). Yield 70%; white solid; mp
86.9–89.1°C; 1H NMR (600 MHz, CDCl3) δ 8.12 (s, 1H), 7.06 (d, J=8.3 Hz, 1H), 6.54 (d, J=8.3 Hz, 1H), 6.35 (s, 1H), 4.31
(s, 2H), 3.94 (d, J=6.4 Hz, 2H), 3.92 (s, 2H), 3.31 (t, J=7.4 Hz, 2H), 2.91 (t, J=7.5 Hz, 2H), 2.63 (t, J=7.5 Hz, 2H), 1.82–1.76
(m, J=14.1, 6.9 Hz, 2H), 1.75–1.69 (m, 8H), 1.49–1.36 (m, 8H) (Figure S34 in the Supporting Information). 13C NMR (151
MHz, CDCl3) δ 196.07, 171.75, 158.74, 138.06, 128.64, 115.60, 108.71, 102.18, 68.16, 52.78, 51.22, 37.25, 31.12, 29.23,
29.17, 29.09, 28.94, 28.68, 26.04, 25.95, 25.43, 24.59, 24.35 (Figure S35 in the Supporting Information). HRMS: calcd for
[M+H]+ 435.2135, found 435.2140 (Figure S36 in the Supporting Information). HPLC purity 96.07% (Figure S37 in the
Supporting Information).

9-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) nonyl piperidine-1-carbodithioate (3h). Yield 74%; white solid; mp
100.6–102.7°C; 1H NMR (600 MHz, CDCl3) δ 7.96 (s, 1H), 7.06 (d, J=8.1 Hz, 1H), 6.54 (d, J=8.2 Hz, 1H), 6.34 (s, 1H),
4.31 (s, 2H), 3.94 (d, J=6.0 Hz, 2H), 3.90 (s, 2H), 3.31 (t, J=7.3 Hz, 2H), 2.92 (s, J=8.7 Hz, 2H), 2.63 (t, J=7.2 Hz, 2H),
1.81–1.75 (m, 2H), 1.70 (d, J=6.0 Hz, 8H), 1.44 (s, J=56.0 Hz, 10H) (Figure S38 in the Supporting Information).
13C NMR (151 MHz, CDCl3) δ 196.12, 171.72, 158.76, 138.07, 128.63, 115.60, 108.69, 102.20, 68.18, 52.73, 51.19,
37.29, 31.12, 29.36, 29.25, 29.19, 29.09, 29.00, 28.69, 26.09, 25.96, 25.46, 24.60, 24.35 (Figure S39 in the Supporting
Information). HRMS: calcd for [M+H]+ 449.2291, found 449.2292 (Figure S40 in the Supporting Information). HPLC
purity 99.48% (Figure S41 in the Supporting Information).

10-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) decyl piperidine-1-carbodithioate (3i). Yield 80%; white solid; mp
80.4–83.8°C; 1H NMR (600 MHz, CDCl3) δ 7.96 (s, 1H), 7.06 (d, J=8.2 Hz, 1H), 6.54 (d, J=8.2 Hz, 1H), 6.34 (s, 1H),
4.31 (s, 2H), 3.94 (d, J=6.1 Hz, 2H), 3.89 (s, 2H), 3.31 (t, J=7.2 Hz, 2H), 2.91 (t, J=7.3 Hz, 2H), 2.63 (t, J=7.2 Hz, 2H),
1.81–1.76 (m, 2H), 1.75–1.70 (m, J=6.5 Hz, 8H), 1.47–1.32 (m, 12H) (Figure S42 in the Supporting Information).
13C NMR (151 MHz, CDCl3) δ 196.14, 171.70, 158.77, 138.06, 128.64, 115.59, 108.71, 102.17, 68.20, 52.72, 51.23,
37.31, 31.12, 29.46, 29.39, 29.31, 29.21, 29.16, 29.03, 28.69, 26.10, 26.00, 25.45, 24.60, 24.35 (Figure S43 in the
Supporting Information). HRMS: calcd for [M+H]+ 463.2448, found 463.2450 (Figure S44 in the Supporting
Information). HPLC purity 99% (Figure S45 in the Supporting Information).

6-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) hexyl dimethyl-carbamodithioate (3e1). Yield 85%; white solid; mp
115.9–116.9°C; 1H NMR (600 MHz, CDCl3) δ 8.22 (s, 1H), 7.05 (d, J=8.3 Hz, 1H), 6.53 (d, J=8.2 Hz, 1H), 6.36 (s, 1H),
3.94 (t, J=6.4 Hz, 2H), 3.57 (s, 3H), 3.38 (s, 3H), 3.31 (t, J=7.4 Hz, 2H), 2.91 (t, J=7.5 Hz, 2H), 2.63 (t, J=7.5 Hz, 2H),
1.83–1.77 (m, 2H), 1.75 (dd, J=14.2, 7.2 Hz, 2H), 1.55–1.48 (m, 4H) (Figure S46 in the Supporting Information).
13C NMR (151 MHz, CDCl3) δ 197.56, 171.80, 158.69, 138.09, 128.64, 115.63, 108.75, 102.18, 68.02, 45.29, 41.47,
37.51, 31.11, 29.03, 28.66, 28.61, 25.59, 24.59 (Figure S47 in the Supporting Information). HRMS: calcd for [M+H]+

367.1509, found 367.1506 (Figure S48 in the Supporting Information). HPLC purity 99.16% (Figure S49 in the
Supporting Information).

6-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) hexylethyl (methyl)- carbamodithioate (3e2). Yield 77%; white solid;
mp 90.1–92.8°C; 1H NMR (600 MHz, CDCl3) δ 8.13 (s, 1H), 7.06 (d, J=8.3 Hz, 1H), 6.54 (d, J=8.2 Hz, 1H), 6.35 (s, 1H),
4.14 (dd, J=13.8, 6.8 Hz, 1H), 3.94 (t, J=6.4 Hz, 2H), 3.83 (dd, J=13.8, 6.8 Hz, 1H), 3.51 (s, 2H), 3.32 (s, J=7.1 Hz, 3H),
2.91 (t, J=7.5 Hz, 2H), 2.64 (t, J=7.5 Hz, 2H), 1.82–1.77 (m, 2H), 1.77–1.72 (m, 2H), 1.52–1.26 (m, 7H) (Figure S50 in the
Supporting Information). 13C NMR (151 MHz, CDCl3) δ 196.50, 171.75, 158.69, 138.07, 128.65, 115.64, 108.73, 102.17,
68.03, 51.82, 49.31, 42.88, 38.85, 31.12, 29.04, 25.60, 24.59, 12.15, 11.33 (Figure S51 in the Supporting Information).
HRMS: calcd for [M+H]+ 381.1665, found 381.1666 (Figure S52 in the Supporting Information). HPLC purity 99.63%
(Figure S53 in the Supporting Information).

6-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) hexyl diethyl-carbamodithioate (3e3). Yield 72%; white solid; mp
85.9–87.1°C; 1H NMR (600 MHz, CDCl3) δ 8.25 (s, 1H), 7.05 (d, J=8.3 Hz, 1H), 6.53 (d, J=8.2 Hz, 1H), 6.36 (s, 1H),
4.05 (dd, J=13.7, 6.8 Hz, 2H), 3.94 (t, J=6.4 Hz, 2H), 3.76 (dd, J=13.8, 6.8 Hz, 2H), 3.31 (t, J=7.5 Hz, 2H), 2.91 (t, J=7.5

https://doi.org/10.2147/DDDT.S354879

DovePress

Drug Design, Development and Therapy 2022:161500

Guo et al Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com/get_supplementary_file.php?f=354879.pdf
https://www.dovepress.com
https://www.dovepress.com


Hz, 2H), 2.63 (t, J=7.5 Hz, 2H), 1.83–1.78 (m, 2H), 1.77–1.73 (m, 2H), 1.51–1.27 (m, 10H) (Figure S54 in the
Supporting Information). 13C NMR (151 MHz, CDCl3) δ 195.92, 171.84, 158.70, 138.08, 128.64, 115.63, 108.74,
102.19, 68.04, 49.38, 46.66, 37.06, 31.12, 29.06, 28.73, 28.61, 25.62, 24.59, 12.43, 11.64 (Figure S55 in the Supporting
Information). HRMS: calcd for [M+H]+ 395.1822, found 395.1810 (Figure S56 in the Supporting Information). HPLC
purity 99.92% (Figure S57 in the Supporting Information).

6-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) hexyl pyrrolidine-1-carbodithioate (3e4). Yield 88%; white solid; mp
120.7–124.1°C; 1H NMR (600 MHz, CDCl3) δ 8.29 (s, 1H), 7.05 (d, J=8.2 Hz, 1H), 6.53 (d, J=8.2 Hz, 1H), 6.36 (s, 1H),
3.96 (d, J=7.1 Hz, 2H), 3.93 (s, J=6.7 Hz, 2H), 3.66 (t, J=6.9 Hz, 2H), 3.32 (t, J=7.4 Hz, 2H), 2.91 (t, J=7.5 Hz, 2H),
2.63 (t, J=7.5 Hz, 2H), 2.11–2.06 (m, 2H), 2.02–1.96 (m, 2H), 1.82–1.76 (m, 4H), 1.51 (s, 4H) (Figure S58 in the
Supporting Information). 13C NMR (151 MHz, CDCl3) δ 193.09, 171.85, 158.68, 138.09, 128.63, 115.62, 108.77,
102.18, 68.03, 54.93, 50.61, 36.34, 31.11, 29.02, 28.84, 28.62, 26.04, 25.58, 24.59, 24.31 (Figure S59 in the Supporting
Information). HRMS: calcd for [M+H]+ 393.1665, found 393.1655 (Figure S60 in the Supporting Information). HPLC
purity 99.18% (Figure S61 in the Supporting Information).

6-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) hexyl 2-methyl piperidine-1-carbodithioate (3e5). Yield 91%; white
solid; mp 76.8–78.6°C; 1H NMR (600 MHz, CDCl3) δ 8.24 (s, 1H), 7.05 (d, J=8.3 Hz, 1H), 6.53 (d, J=8.2 Hz, 1H), 6.36
(s, 1H), 5.75 (d, J=209.6 Hz, 1H), 4.78 (d, J=287.2 Hz, 1H), 3.94 (t, J=6.4 Hz, 2H), 3.33 (t, J=7.4 Hz, 2H), 3.15 (s, 1H),
2.91 (t, J=7.5 Hz, 2H), 2.63 (t, J=7.5 Hz, 2H), 1.80 (d, J=6.6 Hz, 2H), 1.75 (d, J=2.6 Hz, 2H), 1.72–1.50 (m, 9H), 1.34–
1.24 (m, 4H) (Figure S62 in the Supporting Information). 13C NMR (151 MHz, CDCl3) δ 196.33, 171.83, 158.70,
138.08, 128.64, 115.63, 108.74, 102.19, 68.04, 53.89, 53.86, 36.91, 31.11, 30.17, 30.06, 29.71, 29.05, 28.75, 28.59,
25.62, 24.59, 18.69 (Figure S63 in the Supporting Information). HRMS: calcd for [M+H]+ 421.1978, found 421.1980
(Figure S64 in the Supporting Information). HPLC purity 99.56% (Figure S65 in the Supporting Information).

6-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) hexyl 4-methylpiperidine-1-carbodithioate (3e6). Yield 95%; white
solid; mp 78.2–79.7°C; 1H NMR (600 MHz, CDCl3) δ 8.25 (s, 1H), 7.05 (d, J=8.3 Hz, 1H), 6.53 (d, J=8.3 Hz, 1H), 6.36
(s, 1H), 5.56 (d, J=3.5 Hz, 1H), 4.63 (d, J=3.4 Hz, 1H), 3.94 (t, J=6.4 Hz, 2H), 3.32 (d, J=2.2 Hz, 2H), 3.13 (d, J=47.1
Hz, 2H), 2.91 (t, J=7.5 Hz, 2H), 2.63 (t, J=7.5 Hz, 2H), 1.80 (s, 2H), 1.74 (s, 2H), 1.73–0.94 (m, J=241.8, 75.6 Hz, 12H)
(Figure S66 in the Supporting Information). 13C NMR (151 MHz, CDCl3) δ 196.05, 171.84, 158.69, 138.09, 128.64,
115.63, 108.75, 102.19, 68.03, 52.05, 50.40, 37.14, 33.84, 31.11, 30.99, 29.71, 29.04, 28.70, 28.67, 25.61, 24.59, 21.31
(Figure S67 in the Supporting Information). HRMS: calcd for [M+H]+ 421.1978, found 421.1976 (Figure S68 in the
Supporting Information). HPLC purity 100% (Figure S69 in the Supporting Information).

6-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) hexyl 2,6-dimethylpiperidine-1-carbodithioate (3e7). Yield 94%;
white solid; mp 110.0–113.1°C; 1H NMR (600 MHz, CDCl3) δ 8.13 (s, 1H), 7.05 (d, J=8.3 Hz, 1H), 6.53 (d, J=8.3
Hz, 1H), 6.35 (s, 1H), 5.61 (s, 1H), 4.69 (s, 1H), 3.94 (t, J=6.4 Hz, 2H), 3.31 (s, 2H), 3.13 (d, J=43.4 Hz, 2H), 2.91 (t,
J=7.5 Hz, 2H), 2.69–2.54 (m, 4H), 1.95–1.73 (m, 6H), 1.64–1.45 (m, 10H) (Figure S70 in the Supporting Information).
13C NMR (151 MHz, CDCl3) δ 196.45, 171.72, 158.68, 138.08, 128.65, 115.64, 108.73, 102.15, 68.02, 62.11, 50.95,
50.24, 49.24, 37.28, 31.12, 29.71, 29.03, 28.68, 28.62, 26.17, 25.59, 24.59, 24.58 (Figure S71 in the Supporting
Information). HRMS: calcd for [M+H]+ 435.2135, found 435.2131 (Figure S72 in the Supporting Information). HPLC
purity 99.53% (Figure S73 in the Supporting Information).

6-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) hexyl 4-hydroxypiperidine-1-carbodithioate (3e8). Yield 86%; white
solid; mp 129.4–131.1°C; 1H NMR (600 MHz, CDCl3) δ 8.23 (s, 1H), 7.05 (d, J=8.3 Hz, 1H), 6.54 (d, J=8.3 Hz, 1H), 6.36
(s, 1H), 4.67 (s, 1H), 4.17 (d, J=49.1 Hz, 2H), 4.09 (t, J=6.9 Hz, 1H), 3.94 (t, J=6.4 Hz, 2H), 3.78 (s, 1H), 3.32 (s, 2H), 2.91
(t, J=7.5 Hz, 2H), 2.63 (t, J=7.5 Hz, 2H), 1.98 (s, 2H), 1.83–1.73 (m, J=14.2, 6.7 Hz, 6H), 1.51 (s, 5H) (Figure S74 in the
Supporting Information). 13C NMR (151 MHz, CDCl3) δ 196.60, 171.89, 158.68, 138.04, 128.66, 115.64, 108.80, 102.19,
68.00, 66.26, 48.37, 46.76, 37.30, 33.62, 31.10, 29.71, 28.99, 28.60, 28.58, 25.57, 24.56 (Figure S75 in the Supporting
Information). HRMS: calcd for [M+H]+ 423.1771, found 423.1771 (Figure S76 in the Supporting Information). HPLC
purity 99.38% (Figure S77 in the Supporting Information).

6-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) hexyl [1,4’-bipiperidine]-1’-carbodithioate (3e9). Yield 78%; white
solid; mp 143.6–144.7°C; 1H NMR (600 MHz, CDCl3) δ 8.20 (s, 1H), 7.05 (d, J=8.3 Hz, 1H), 6.54 (d, J=10.0 Hz, 1H),
6.36 (s, 1H), 5.98–5.71 (m, J=9.8, 3.3 Hz, 1H), 5.02–4.86 (m, 1H), 3.94 (t, J=6.4 Hz, 2H), 3.44–3.21 (m, 2H), 2.91 (t, J=7.4
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Hz, 2H), 2.63 (t, J=7.5 Hz, 2H), 1.97–1.84 (m, 1H), 1.85–1.74 (m, 6H), 1.75–1.18 (m, 18H) (Figure S78 in the Supporting
Information). 13C NMR (151MHz, CDCl3) δ 197.01, 171.81, 158.70, 138.08, 128.64, 115.63, 108.74, 102.19, 68.05, 53.47,
53.41, 52.78, 52.76, 36.93, 31.12, 30.42, 30.17, 29.71, 29.06, 28.80, 28.44, 25.63, 24.59, 19.77, 18.73, 13.99 (Figure S79 in
the Supporting Information). HRMS: calcd for [M+H]+ 490.2557, found 490.2542 (Figure S80 in the Supporting
Information). HPLC purity 99.87% (Figure S81 in the Supporting Information).

6-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) hexyl morpholine-4-carbodithioate (3e10). Yield 89%; white solid;
mp 141.7–142.9°C; 1H NMR (600 MHz, CDCl3) δ 8.28 (s, 1H), 7.06 (d, J=8.3 Hz, 1H), 6.53 (d, J=8.3 Hz, 1H), 6.36 (s,
1H), 4.37 (s, 2H), 4.08–3.85 (m, 4H), 3.78 (s, 4H), 3.35 (t, J=7.4 Hz, 2H), 2.91 (t, J=7.5 Hz, 2H), 2.63 (t, J=7.5 Hz, 2H),
1.82–1.73 (m, 4H), 1.58–1.46 (m, 4H) (Figure S82 in the Supporting Information). 13C NMR (151 MHz, CDCl3) δ
197.98, 171.85, 158.68, 138.11, 128.64, 115.65, 108.73, 102.17, 67.99, 66.29, 66.16, 51.16, 50.27, 36.92, 31.11, 29.03,
28.67, 28.57, 25.59, 24.58 (Figure S83 in the Supporting Information). HRMS: calcd for [M+H]+ 409.1614, found
409.1609 (Figure S84 in the Supporting Information). HPLC purity 99.93% (Figure S85 in the Supporting Information).

6-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl) oxy) hexyl 4-methylpiperazine-1-carbodithioate (3e11). Yield 91%; white
solid; mp 115.4–117.1°C; 1H NMR (600 MHz, CDCl3) δ 8.09 (s, 1H), 7.06 (d, J=8.3 Hz, 1H), 6.53 (d, J=8.2 Hz, 1H), 6.34
(s, 1H), 4.39 (s, 2H), 4.09–3.85 (m, J=17.2, 10.8 Hz, 4H), 3.33 (t, J=7.4 Hz, 2H), 2.91 (t, J=7.5 Hz, 2H), 2.63 (t, J=7.5 Hz,
2H), 2.51 (s, 4H), 2.35 (s, 3H), 1.79–1.75 (m, 4H), 1.57–1.48 (m, 4H) (Figure S86 in the Supporting Information). 13C NMR
(151 MHz, CDCl3) δ 197.38, 171.71, 158.68, 138.07, 128.66, 115.66, 108.72, 102.15, 68.02, 54.46, 54.41, 50.94, 49.57,
45.64, 37.06, 31.11, 29.03, 28.68, 28.60, 25.59, 24.59 (Figure S87 in the Supporting Information). HRMS: calcd for [M
+H]+ 422.1935, found 422.1916 (Figure S88 in the Supporting Information). HPLC purity 99.71% (Figure S89 in the
Supporting Information).

Biological Evaluation
In vitro Inhibition of ChEs
The in vitro inhibitory activities of designed compounds against ChEs were determined according to classic Ellman’s
method. Acetylcholinesterase (AChE) from electric eel (eeAChE, C3389) and human erythrocytes (hAChE, C1682),
butylcholinesterase (BuChE) from equine serum (eqBuChE, C1057) and human serum (hBuChE, B4186), acetylthiocho-
line iodide (ATCI, A5751), S-butylthiocholine iodide (BTCI, 20820) and 5,5'-dithiobis-(2-nitrobenzoic acid) (Ellman’s
reagent, DTNB, D8130) were obtained from Sigma-Aldrich (St. Louis, MO, USA), and their detailed procedures could
be configured according to the product instructions (for example, 0.22 U/mL eeAChE: 1 mL of Tris-HCl buffer solution
was added to the purchased product to form 500 U/mL eeAChE solution. Then, the 500 U/mL eeAChE solution was
divided and diluted to 0.22 U/mL).

The specific experimental operations were as follows: Firstly, the test compounds were dissolved in DMSO, and then
diluted with Tris-HCl buffer solution (50 mM, pH = 8.0, 0.1 M NaCl, 0.02 M MgCl2·H2O) (DMSO <0.01%) to yield
corresponding concentrations. Then, the experimental protocol was performed on 96-well plate. For each test well, 160
μL of DTNB (1.5 mM) and 50 μL of AChE (0.22 U/mL eeAChE or 0.05 U/mL hAChE) or 50 μL of BuChE (0.12 U/mL
eqBuChE or 0.024 U/mL hBuChE) were incubated with 10 μL of different concentrations of test compounds at 37°C for
5 min. After this, 30 μL of substrate (15 mM, ATCI or BTCI) was added quickly and the absorbance was measured at
a wavelength of 405 nm at different time intervals (0, 60, 120, and 180 s). The inhibition activity of the target compound
was reported with IC50 value that was calculated as concentration of the compound that produced 50% enzyme activity
inhibition. These results were expressed as mean±SD of three independent experiments. Data analysis was performed
using Graph Pad Prism 4.03 software (San Diego, CA, USA).

In vitro Inhibition of MAOs
The inhibitory activities of the compounds 3a-i and 3e1-e11 towards MAOs were assayed by the Amplex Red
fluorescence method. The recombinant human MAOs (hMAO-A, M7316 and hMAO-B, M7441) and p-tyramine
(T90344) were obtained from Sigma-Aldrich (St. Louis, MO, USA). hMAO-A and hMAO-B and Amplex Red assay
kit were used to determine the production of H2O2 from substrate p-tyramine. The test compounds were dissolved in
DMSO and then diluted to different concentrations with PBS buffer solution (DMSO <0.01%). 80 μL of hMAO-A or
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hMAO-B and 20 μL of different concentrations of compounds were added to a 96-well black microtiter plate, and then
incubated for 15 min at 37°C in the dark. After this period, a substrate mixture was added quickly and the results were
tested by a multi-detection microplate fluorescence reader with excitation/emission wavelengths of 544/590 nm. Data
were shown as mean±SD of three independent experiments.

In vitro Blood-Brain Barrier Permeation Assay
The permeability of all synthetic compounds on the blood-brain barrier (BBB) was detected by parallel artificial
membrane penetration assay (PAMPA). The materials of experiment included porcine brain lipid (PBL, Avanti Polar
Lipids, 141101P), dodecane (Sigma-Aldrich, D221104), donor 96-well filter microplate (PVDF membrane, pore size 0.45
μm, Millipore, MAIPN4550), acceptor indented 96-well microplate (Millipore, MATRNPS50) and the 96-well UV plate
(Corning Incorporated, 3635). Compound 3e was configured with DMSO to 5 mg/mL, and then diluted to 50 μg/mL with
buffer solution (PBS:EtOH = 70:30). The PBL was dissolved in dodecane, and 5 μL was added dropwise on the acceptor
microplate. And then, 300 μL of diluted solution was added to each test donor well and 200 μL of buffer solution (PBS:
EtOH = 70:30) was added to the corresponding acceptor wells. The donor microplate was carefully put on the acceptor
microplate to form a sandwich, which maintained undisturbedly for 18 h at room temperature. After incubation, the
donor microplate was carefully removed, and the concentration of test compound in acceptor wells was determined by
a UV plate reader (SpectraMax Plus 384, Molecular Devices, Sunnyvale, CA, USA). The calculation formula of Pe is as
follows: Pe={-VdVa/[(Vd+Va)At]}ln(1-drugacceptor /drugequilibrium), where Vd is the volume of donor well, Va is volume in
acceptor well, A is the filter area, t is the permeation time, drugacceptor is the absorbance obtained in the acceptor well and
drugequilibrium is the theoretical equilibrium absorbance. Each compound was analyzed at five wavelengths in four wells at
least three independent runs, and the results were expressed as mean±SD.

Kinetic Study of Inhibition on hAChE
In order to determine the inhibitory mechanism of the potential compound, compound 3e was selected for kinetic studies
of hAChE inhibition using Ellman’s method. The specific operation was similar to that mentioned above in enzyme
inhibition assay. Four varied concentrations of compound 3e (0, 0.25, 0.5, 1 μM) were selected for the assay and
evaluated against six concentrations of substrates (0.05, 0.075, 0.1, 0.15, 0.2, 0.5 mM for ATCI). Lineweaver-Burk
reciprocal plots were established by reciprocal plots of 1/velocity against 1/[substrate]. The effect of concentrations of
compound 3e on the activity for the catalysis of hAChE at 37°C was also studied. Assay conditions were the same as
described in protocol except for the final concentrations of enzyme (0–0.2 U/mL). Concentrations of compound 3e (0,
0.25, 0.5, 1 μM) were used for the determination of reversible as well as irreversible binding of inhibitors at enzyme,
respectively. All measurements were performed in triplicate and data analysis was performed with Graph Pad Prism 4.03
software (San Diego, CA, USA).

Kinetic Study of Inhibition on hMAO-B
The inhibitory mechanism of hMAO-B by compound 3e was obtained by construction of the Lineweaver-Burk reciprocal
plots. Compound 3e at four different concentrations (0, 1.5, 3, 6 μM) was applied for kinetic study. The establishment of
a curve was based on the initial catalytic rate of hMAO-B in the absence and presence of the corresponding concentration
of compound 3e and six different concentrations (0.05, 0.1, 0.5, 1.0, 1.5, and 3.0 mM) of p-tyramine. The results were
analyzed by Graph Pad Prism 4.03 software (San Diego, CA, USA).

Molecular Docking and Molecular Dynamics Simulations
Molecular Operating Environment (MOE) software (Montreal, Canada, version 2015.10) was used for molecular
modeling calculations and docking studies. The crystal structures of the hAChE (PDB ID: 4EY7) and hMAO-B (PDB
ID: 2V61) enzymes were obtained from the Protein Data Bank (PDB). Firstly, all water molecules in downloaded PDB
files were removed and several charges were added. Then, compound 3e was constructed using the builder module, and
energy minimized using the Merck Molecular force field (MMFF94x, RMSD gradient: 0.05 kal mol−1 Å−1). Next, 3e was
docked into the active site of the protein by the “Triangle Matcher” method. All postures produced by the docking were
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analyzed, and the highest-score posture with the lowest binding energy of each compound was selected to further study
the interaction with the corresponding enzyme.

After docking, the best pose of 3e-hAChE and 3e-hMAO-B complexes were imported into MOE software for molecular
dynamics (MD) simulations. The Amber 10 EHT force field was chosen for energy minimization combined with Reaction
Field electrostatics and configured the partial charges in all atoms through Hydrogen and lone pairs. In addition, we kept all
crystal parameters at their default settings, and the Nosé-Poincaré-Andersen (NPA) algorithm of motion was used for MD
simulations with a multi-stage protocol, which included heating the system for 100 ps (0 to 300 K), then stabilizing for 300
ps (T = 300), and finally cooling to 0 K. Figure S90 was obtained by plotting atomic potential energy vs time.

Cell Culture and Toxicity Assay
All cells were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cytotoxicity of
compound 3e on PC12 cells (rat adrenal pheochromocytoma cells) and HT-22 cells (Mouse hippocampal neuron cell) was
determined by CCK-8 assay. All cells were cultured in high-glucose DEME containing 10% fetal bovine serum (FBS), 100
U/mL penicillin, and 100 U/mL streptomycin in a humidified atmosphere of 5% CO2 at 37°C. PC12 cells or HT-22 cells
(1×104 cells/well) were grown in 96-well plates for 24 h. Then, the cells were treated with different concentrations of
compound 3e (3.125–100 μM) for 1 day. The cell viability was determined by the CCK-8 assay according to the
manufacturer’s instructions. All experimental data were presented as the mean±SD of three independent experiments.

Acute Toxicity Test
All Kunming (KM) mice (half male and half female, 18–22g) were obtained from Hunan SJA Laboratory Animal Co.,
Ltd (Hunan, People’s Republic of China). They were maintained under a 12 h light/dark cycle and allowed free access to
tap water and standard laboratory chow. The room was maintained at temperature of 23±2°C with a relative humidity of
55±5%. All procedures were carried out according to the Animal Management Rules of the Chinese Ministry of Health
(Revised 2017). The animal study complied with ARRIVE guidelines and was approved by the Ethical Committee at
Jiangxi University of Chinese Medicine (No. JZLLSC2021-0310).

A total of 40 KMmice were randomly divided into corresponding groups. Before experiment, mice were fasted overnight
and allowed free access to water. Three doses of compound 3e (625, 1250, and 2500 mg/kg) were uniformly dispersed in
0.5% carboxymethyl cellulose sodium (CMC-Na) salt solution and were given by oral administration.27 The mice were
observed continuously for the first 4 h including tremor, spasm, death and other neurotoxic reactions after administration of
the compound. The mice were continuously observed for 14 days. All animals were sacrificed on the 14th day and the liver,
spleen and other organs of the mice were taken to observe the pathological changes of the tissues and organs.

Results and Discussion
Chemistry
The specific synthesis process of the target compounds 3a-i and 3e1-e11 was described in Scheme 1. Firstly, 3,4-dihydro-2
(1H)-quinolinone and the corresponding α, ω-dibromoalkanes underwent a substitution reaction in acetone. To make the
reaction proceed smoothly, K2CO3 was added as an acid binding agent and catalyst. Then, the intermediate compounds
2a-i were obtained. Finally, according to reported method,28 compounds 2a-i were reacted with CS2, a suitable secondary
amine and TEA in DMF to obtain the target compounds 3a-i and 3e1-e11.

Biological Evaluation
In vitro Biological Activity Evaluation
Firstly, Ellman’s method was used to determine the inhibitory activities of compounds 3a-i and 3e1-e11 on electric eel
acetylcholinesterase (eeAChE) and equine serum butyrylcholinesterase (eqBuchE) (Table 1), and then compounds 3b-f,
3e2, 3e5 and 3e9 with good and selective inhibition on eeAChE were selected to determine their inhibitory activities
towards human cholinesterase (hChEs) (Table 2).29 The inhibitory activities of target compounds 3a-i and 3e1-e11 against
human monoamine oxidase (hMAOs) were determined by Amplex Red fluorescence method.30,31 Donepezil and
iproniazid were used as positive controls to reflect the inhibitory effects of all the resulting compounds. As shown in
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Table 1, most of the target compounds show effective inhibitory activities towards eeAChE with IC50 values ranging
from micromolar to submicromolar. Among these compounds, compound 3e held the best inhibitory activity on eeAChE
with IC50 value of 0.28 μM. For hMAOs, the target compounds also had moderate to good inhibitory activities.
Compound 3e4 was the most effective inhibitor of hMAOs in these series with IC50 value of 0.76 μM on hMAO-B and
IC50 value of 0.78 μM on hMAO-A, which was higher than those of iproniazid (IC50=6.52 μM to hMAO-B; IC50=7.48
μM to hMAO-A). More meaningfully, almost all compounds could selectively inhibit eeAChE, and possessed almost no
inhibitory effects on eqBuChE, which might be more conducive to the treatment of AD.32,33 Meanwhile, this series of
compounds retained inhibitory activities on both hMAO-B and hMAO-A, so these compounds showed certain potential
for the treatment of AD.

Our previous studies demonstrated that the length of the linker was related to the eeAChE and hMAOs inhibitory
activities of compounds.34 Therefore, compounds 3a-i with different linker lengths (n = 2–10) were prepared to study the
inhibitory activities. It can be seen from Table 1 that the inhibitory activities of these compounds on eeAChE are varied
significantly with changing the alkyl chain length. When the linker length was increased from two- to six-carbon atoms,
the inhibitory activities of the compounds on eeAChE were gradually improved (3a: IC50=44.21 µM; 3e: IC50=0.28 µM).
However, the activity was decreased when the linker length was extended to seven-carbon atoms (3f: IC50=4.53 µM).
Simultaneously, the same trend was appeared in the determination of hMAOs inhibitory activities of target compounds.
Taken together, compound 3e with six-carbon atoms showed better activity than other compounds, which indicated that
linker length with six-carbon atoms was the best.

With compound 3e as the lead compound, compounds 3e1-e11 were obtained by changing the terminal amine group to
discuss the structure–activity relationship (Table 1).35,36 It was found that the change of the terminal amine group had a greater
impact on the eeAChE and hMAOs activities of the compounds. When the terminal group was a ring-opened alkylamine, the
inhibitory activities of compounds on eeAChE had a certain degree of decrease. However, the inhibitory activities on hMAOs
existed no obvious change compared with compound 3e. Compound 3e2 (IC50=14.43 µM to eeAChE; IC50=2.08 µM to
hMAO-B; IC50=2.59 µM to hMAO-A) bearing a methylethylamine group exhibited more potent activity than its congeners

Scheme 1 Synthesis of compounds 3a-i and 3e1-e11. Reagents and conditions: (a) α, ω-dibromoalkanes, K2CO3, acetone, reflux, 6 h, yield: 65%-90%; (b) appropriate
secondary amines, CS2, TEA, DMF, r.t., 12 h, yield: 70%–95%.
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3e1 (IC50=62.33 µM to eeAChE; IC50=5.17 µM to hMAO-B; IC50=1.44 µM to hMAO-A) and 3e3 (IC50=24.05 µM to
eeAChE; IC50=2.8 µM to hMAO-B; IC50=3.26 µM to hMAO-A).

Compounds 3e6, 3e8, 3e9 were obtained by modification of piperidine at position 4 with different substituents. Compared
with compound 3e, the introduction of the 4-substituent resulted in a sharp reduction in the inhibitory activities of eeAChE.
Surprisingly, compound 3e6 (IC50=0.99 µM to hMAO-B; IC50=0.90 µM to hMAO-A) bearing 4-methylpiperidine held better

Table 1 Inhibition of ChEs and hMAOs by Compounds 3a-i and 3e1-e11

Compd. n R IC50 values (μM) or Inhibition Rate (%)a

eeAChE eqBuChE hMAO-B hMAO-A

3a 2 A 44.21±0.04 21.10±1.81%a 25.89±2.10%a 11.75±1.23%a

3b 3 A 6.13±0.05 39.40±2.91%a 32.01±0.98%a 15.61±1.54%a

3c 4 A 5.95±0.02 77.85±0.69 46.45±0.71 11.70±1.18%a

3d 5 A 1.05±0.15 25.10±1.11%a 46.56±0.88 38.87±2.92%a

3e 6 A 0.28±0.01 34.10±3.34%a 2.81±0.19 0.91±0.05
3f 7 A 4.53±0.03 30.00±2.09%a 2.89±0.79 4.47±0.91

3g 8 A 46.67±0.41 14.30±1.01%a 114.42±0.10 0.13±0.08

3h 9 A 47.92±3.2%a 14.40±0.99%a 40.49±4.11%a 34.51±2.77%a

3i 10 A 70.36±0.79 11.00±0.79%a 24.67±2.07%a 38.58±3.07%a

3e1 6 B 62.33±1.12 15.30±1.01%a 5.17±0.57 1.44±0.19

3e2 6 C 14.43±0.99 21.80±1.87%a 2.08±0.96 2.59±0.23
3e3 6 D 24.05±0.89 19.10±0.77%a 2.8±0.49 3.26±0.91

3e4 6 E 38.65±2.10%a 31.60±2.07%a 0.76±0.01 0.78±0.09

3e5 6 F 12.41±0.56 9.70±0.59%a 31.14±2.73%a 35.12±3.04%a

3e6 6 G 44.80±2.77%a 7.40±0.95%a 0.99±0.06 0.90±0.08

3e7 6 H 22.31±0.19 3.91±0.84%a 32.37±2.71%a 29.17±1.07%a

3e8 6 I 7.16±3.82%a 9.70±0.76%a 2.43±0.88 3.46±0.99
3e9 6 J 7.23±0.19 23.50±2.01%a 14.65±0.94 7.20±0.87

3e10 6 K 57.90±0.59 31.00±2.78%a 41.42±0.85 1.76±0.69

3e11 6 L 91.98±0.84 15.7±1.15%a 33.53±3.01%a 13.00±0.81
Donepezil 0.041±0.008 4.22±0.20 nd nd

Iproniazid nd nd 6.52±0.27 7.48±0.34

Notes: aeeAChE, eqBuChE, hMAO-B and hMAO-A inhibition were tested at 100 μM. All values were expressed as mean±SD from three independent experiments.
Abbreviation: nd, not determined.

Table 2 Inhibition of Human ChEs by Selected Compounds

Compd. n R IC50 values (μM) or Inhibition Rate (%)a

hAChE hBuChE

3b 3 A 31.35±0.09 27.52±0.91%a

3c 4 A 7.73±0.01 68.51±0.79

3d 5 A 3.1±0.71 32.03±1.01%a

3e 6 A 0.34±0.02 26.74±1.78%a

3f 7 A 21.93±0.92 21.59±0.95%a

3e2 6 C 12.14±0.17 42.48±1.16%a

3e5 6 F 1.80±0.06 33.39±2.01%a

3e9 6 J 16.05±0.13 30.18±1.11%a

Donepezil 0.021±0.001 2.24±0.11

Notes: ahAChE, hBuChE inhibition were tested at 100 μM. All values were expressed as mean±SD from three independent
experiments.
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hMAOs inhibitory activities than compound 3e. When the 4-position methyl group was moved to the 2-position or
2,6-dimethyl, this trend was reversed compared with 3e6. The contraction of the piperidine ring to pyrrole ring made the
inhibitory activity on eeAChE of compound 3e4 (38.65% inhibition rate to eeAChE; IC50=0.76 µM to hMAO-B; IC50=0.78
µM to hMAO-A) almost lost. To our surprise, its inhibitory activities on hMAOs were significantly improved. Compounds e10
(IC50=57.9 µM to eeAChE; IC50=41.42 µM to hMAO-B; IC50=1.76 µM to hMAO-A) and e11 (IC50=91.98 µM to eeAChE;
33.53% inhibition rate to hMAO-B; IC50=13.00 µM to hMAO-A) possessing a morpholinyl moiety and a 4-methylpiperazine
moiety, respectively, displayed weak inhibitory activities on eeAChE and hMAO-B. However, they were provided with good
selective inhibitory activities on hMAO-A. This implied that the presence of heteroatoms at the terminal amine group would
increase the inhibitory activities on hMAO-A.

To evaluate the inhibitory activities of the designed compounds on ChEs more reasonably, eight compounds 3b-f, 3e2,
3e5 and 3e9 with good inhibitory activities on eeAChE were selected for further determination of the inhibitory activities
on human ChEs. The results in Table 2 show that the compounds 3b-f, 3e2, 3e5 and 3e9 had almost no inhibitory
activities on hBuChE, while they still maintained the high inhibitory activities and good selectivity on hAChE with IC50

values fluctuating from micromolar to submicromolar. Among them, compound 3e, the best inhibitor on eeAChE, also
grasped the most effective inhibitory activity on hAChE with IC50 value of 0.34 µM.

In vitro Blood-Brain Barrier (BBB) Permeation Assay
Blood-brain barrier (BBB) permeability is the primary requirement for successful CNS drugs.37 Therefore, to determine
whether the selected compound 3e could penetrate blood-brain barrier, a parallel artificial membrane penetration assay
(PAMPA-BBB) was performed.38,39 Firstly, the permeability of 10 commercial drugs was used to verify the method in
Table 3. A plot of experiment data versus the bibliographic values gave a good linear correlation: Pe (exp.)=0.9286×Pe
(bibl.)-0.0268 (R2=0.9602) (Figure 2). From this equation and taking into account the limits established by Di et al.40 For
BBB permeability, we classified compounds as follows:

(a) “CNS+” (high BBB permeation predicted): Pe (10−6 cm/s)>3.69
(b) “CNS-” (low BBB permeation predicted): Pe (10−6 cm/s)<1.83
(c) “CNS±” (uncertain BBB permeation): 1.83<Pe (10−6 cm/s)<3.69
According to the measured permeability, the Pe value of compound 3e showed 13.74, which was higher than 3.69 and

indicated that the selected compound 3e could penetrate the BBB and exert biological effects in the CNS.

Kinetic Study of Inhibition on hAChE and hMAO-B
In order to explore the inhibition mechanism of the synthesized compounds on hAChE and hMAO-B, the most
representative compound 3e was selected for enzyme kinetic study. Firstly, we figured out the enzyme kinetic study of
compound 3e on hAChE. As can be seen in Figure 3A, the plots of the remaining enzyme activity versus the

Table 3 Permeability Pe (× 10−6 cm/s) in the PAMPA-BBB Assay for 10
Commercial Drugs in the Experiment Validation

Commercial Drugs Bibliographya Experimentb

Testosterone 17.0 18.65±0.71

Corticosterone 5.1 3.76±0.11
Estradiol 12 12.58±0.13

Hydrocortisone 1.9 0.96±0.02

Progesterone 9.3 9.99±0.08
Ofloxacin 0.8 0.97±0.06

Chlorpromazine 6.5 6.41±0.92

Atenolol 0.8 3.65±0.91
Caffeine 1.3 1.21±0.62

Theophylline 0.1 1.11±0.09

Notes: aTaken from Ref.40 bExperimental data were the mean±SD of three independent experiments,
using PBS:EtOH (70:30) as solvent.
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Figure 2 Lineal correlation between experimental and reported permeability of commercial drugs using the PAMPA-BBB assay. Pe (exp.)=0.9286×Pe (bibl.)-0.0268
(R2=0.9602).

Figure 3 Kinetic study on the inhibition mechanism of hAChE and hMAO-B by compound 3e: (A) Lineweaver-Burk plots of hAChE inhibition kinetics of compound 3e; (B)
The Lineweaver-Burk secondary plots of compound 3e on hAChE; (C) and on hMAO-B.
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concentration of enzyme (0, 0.025, 0.05, 0.1, 0.2 U/mL) in the presence of different concentrations of compound 3e for
the catalysis of hAChE give a series of straight lines. All the lines intersected at the same point and the increasing
inhibitor concentration resulted in a decrease in the slope of the lines, which indicated that compound 3e was reversible
hAChE inhibitor. The Lineweaver-Burk double reciprocal plots are shown in Figure 3B. The slopes and intercepts
increased with the concentration of compound 3e increasing, which indicated that compound 3e was mixed-type
inhibitor. The above results explained that compound 3e could interact with PAS and CAS of hAChE, belonging to dual-
site binding reversible inhibitor.

Then, the interaction mechanism between compound 3e and hMAO-B was investigated. As shown in Figure 3C, the
Lineweaver-Burk double reciprocal plots were established by the rates of the catalytic oxidation of hMAO-B for
p-tyramine (0.05–3.0 mM) as substrate at different concentrations (0, 1.5, 3 and 6 μM) of compound 3e. All lines
were crossed on the Y-axis, which pointed out that compound 3e was a competitive inhibitor on hMAO-B.

Molecular Docking and Molecular Dynamics Simulations
To further clarify the binding mode of compound 3e with the amino acid residues of hAChE and hMAO-B, molecular
docking studies were carried out using Molecular Operating Environment (MOE) software based on the X-ray crystal
structures of hAChE (PDB code: 4EY7) and hMAO-B (PDB code: 2V61).

The docking results of 3e-hAChE showed that compound 3e occupied enzymatic catalytic site (CAS), the mid-gorge
site and peripheral anionic site (PAS) of hAChE completely (Figure 4A and 4C). Among them, the benzene ring of

Figure 4 Molecule docking results: (A and C) were 3D and 2D docking models of compound 3e with hAChE; (B and D) were 3D and 2D docking models of compound 3e
with hMAO-B. Atom colors: yellow-carbon atoms of 3e, green-carbon atoms of residues of hAChE, blue-nitrogen atoms, red-oxygen atoms, light yellow-sulfur atoms. The
figure was generated with MOE.
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3,4-dihydro-2(1H)-quinolinone core of compound 3e could bind to the Typ286 of PAS site via a π-π stacking interaction.
In addition, the nitrogen atom and oxygen atom of 3,4-dihydro-2(1H)-quinolinone core were found to bind to ser293 via
two hydrogen bonds which made the connection between compound 3e and the PAS site stronger. The flexible alkyl
chain passed through the mid-gorge extending into the CAS site. In mid-gorge, the long dimethyl chain interacted with
the Tyr341 via “arene-H”. The dithiocarbamate moiety of 3e was oriented towards the CAS of hAChE, exhibiting
a hydrogen bond with the residues Gly121. The above results indicated that compound 3e occupied the entire active sites
of AChE enzyme and was a dual-site binding inhibitor.

In 3e-hMAO-B complex (Figure 4B and 4D), compound 3e passed through the substrate cavity and the entrance
cavity of hMAO-B. The benzene ring of the 3,4-dihydro-2(1H)-quinolinone moiety of compound 3e established a π-π
stacking interaction with Tyr398 in the substrate cavity which was faced to the flavin adenine dinucleotide (FAD)
cofactor. Besides, the carbonyl oxygen of this moiety generated a hydrogen bond with Met436. The piperidinyldithio-
carbamate moiety interacted with Phe168, Ile198, Pro102, Leu164, Pro104, Ile316 through van der waals and hydro-
phobic interactions in entrance cavity. In addition, the oxygen atom in the side chain was observed to bind to Ile199
through hydrogen bond interaction.

To explore the dynamic stability of the 3e-hAChE complex and 3e-hMAO-B complex, the time-dependent potential
energy of the complexes was calculated during molecular dynamics (MD) simulations. It was found that 3e-hAChE
complex achieved equilibrium around 100 ps. Meanwhile, 3e-hMAO-B complex achieved the equilibrium around 100 ps
(Figure S90 in the Supporting Information), which demonstrated that they were stable during the MD simulations.

In summary, the results of molecular docking and MD simulations of compound 3e with hAChE and hMAO-B were
consistent with kinetic study, which explained the rationality of the compounds molecular design.

In vitro Cytotoxicity Evaluation
To determine the potential toxicity of compound 3e, nerve cells (PC12 and HT-22) were used to evaluate its cytotoxicity,
and donepezil was taken as a reference compound. After treating the cells with compound 3e or donepezil at different
concentrations (3.125, 6.25, 12.5, 25, 50 and 100 μM) for 24 h, the viability of the cells was determined by the CCK-8
method.41 As shown in Figure 5, when the concentration of compound 3e is less than 12.5 μM, it has almost no toxicity
to nerve cells (PC12 and HT-22).

Acute Toxicity Assay
The toxicity of new chemicals is a major obstacle on the road to drug discovery and development.42 Therefore,
compound 3e was selected for acute toxicity assay in vivo to further test its safety. After delivering compound 3e to
Kunming (KM) mice with different dosages (625, 1250 and 2500 mg/kg) by oral administration, no dead mice were
found. As shown in Figure 6, there are no obvious abnormal fluctuations in the weight of the mice in the two weeks after
the administration. Furthermore, all mice were sacrificed on the 14th day after drug administration. Hematoxylin-eosin
(HE) staining showed that compared to control mice, no significant histopathological changes in the vital organs (heart,

Figure 5 (A) Cytotoxicity of compound 3e and donepezil on PC12 cells. (B) on HT-22 cells. PC12 and HT-22 cells were incubated with different concentrations of
compound 3e or donepezil (3.125–100 µM) for 24 h. The results were shown as cell viability after treated with compound 3e or donepezil vs untreated control cells. Date
were expressed as mean±SD from three independent experiments.
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liver, lung, kidney and brain) of mice at the maximum tested dosage 2500 mg/kg were discovered (Figure 7).43 Overall,
compound 3e did not demonstrate acute toxicity and exhibited safety in vivo.

Conclusion
In order to find effective drugs for the treatment of Alzheimer’s disease, a series of novel inhibitors 3a-i and 3e1-e11 by
hybridization of 3,4-dihydro-2(1H)-quinolinone and dithiocarbamate were designed, synthesized and evaluated. All the target
compounds were investigated for their abilities to inhibit the ChEs and MAOs. The results indicated that compound 3e with
a six-carbon atom linker and a piperidine moiety at terminal position displayed the balanced activities to inhibit AChE and
MAOs. Kinetic and molecular modelling studies showed that compound 3e was a dual-site binding inhibitor that could
simultaneously bind PAS and CAS of AChE and a competitive inhibitor for MAO-B. Moreover, it showed good ability to
penetrate the BBB and no significant toxicity on PC12 cells and HT-22 cells when the concentration of 3ewas lower than 12.5
µM. In vivo, compound 3e did not display any acute toxicity in mice at doses up to 2500 mg/kg (P.O.). Taken together, these
results proposed that compound 3e was a promising candidate and was worthy of further study.

Figure 6 The change on body weight of mice after oral administration of different concentrations of compound 3e. Data were expressed as the average weight±SD of mice.

Figure 7 Histological analysis of heart, liver, lung, kidney, and brain for the acute toxicity studies of compound 3e at dosage of 2500 mg/kg in mice; 200 mm indicated the
scale bar of images (HE staining). Representative images of HE-stained heart, liver, lung, kidney and brain for each group were shown.
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Supporting Information
The 1H NMR charts of intermediates 2a-i, 1H NMR, 13C NMR, HRMS, HPLC purity charts and HRMS error analysis
data of the target compounds 3a-i, 3e1-e11 were available as Supporting Information. The figure of molecular dynamics
simulation was also available as Supporting Information.
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