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ABSTRACT: A new family of lawsone—quinoxaline hybrids was
designed, synthesized, and evaluated as dual binding site
cholinesterase inhibitors (ChEIs). In vitro tests revealed that e —
compound 6d was the most potent AChEI (ICs, = 20 nM) and e 5 2 \
BChEI (ICy, = 220 nM). The compound 6d did not show HN N ‘ PP
cytotoxicity against the SH-SYSY neuronal cells (Gl > 100 uM). @NJ - Nﬂ@i)
In silico and enzyme kinetic experiments demonstrated that o 2
compound 6d bound to both the catalytic anionic site and the
peripheral anionic site of HuAChE. The lawsone—quinoxaline
hybrids exhibited potential for further development of potent
acetylcholinesterase inhibitors for the treatment of Alzheimer’s
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HuAChE, IC5= 0.74 pM HuAChE, IC5= 0.022 pM

HuBChE, ICs= 0.22 M

disease.

1. INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder that
impairs cognitive function as well as other behavioral abilities.
As the major form of dementia, it currently affects 55 million
senior people globally, with the number expected to climb to
78 million by 2030." As the world’s population ages, effective
anti-Alzheimer agents are still required. Among the patho-
logical hallmarks of AD are decreased levels of the cholinergic
neurotransmitter acetylcholine (ACh), hyperphosphorylation
of the tau protein, beta-amyloid protein deposition, biometal
imbalances, oxidative stress, and neuroinflammation.”® The
most widely recognized hypothesis for the discovery of anti-
AD medications is the cholinergic hypothesis.
Acetylcholinesterase (AChE: EC 3.1.1.7) is a serine
hydrolase that is responsible for ACh activity termination.
The catalysis of ACh occurs at the bottom of the 20 A deep
active site gorge by the action of Ser203, which forms a
catalytic triad (CT) with His447 and Glu334. Near the CT,
there are the catalytic anionic site (CAS) and acyl pocket. The
peripheral anionic site (PAS) is located at the entrance of the
active site gorge and is made up of several aromatic amino
acids.” Butyrylcholinesterase (BChE, EC 3.1.1.8) is another
ACh-degrading enzyme widely distributed in the body.” In a
healthy brain, AChE plays the principal role in ACh hydrolysis.
However, in the individuals with progressing AD, the level of
BChE significantly increased.” AChE and BChE inhibitors
(AChEI and BChEI), which can raise brain ACh levels, have
thus been the focus of the treatment for AD.” Due to their
capacity to reinforce the cholinergic neurotransmitter system,
acetylcholinesterase inhibitors (AChEIs) have been approved
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by the Food and Drug Administration (FDA) for the treatment
of AD since 1993, in the case of tacrine. However, these
medications have so far only been able to temporarily reduce
AD symptoms; therefore, there is still a need for new effective
anti-AD agents.8

X-ray crystallographic studies revealed that some approved
AChEIs, such as tacrine and galanthamine, bound to the CAS
region and prevented ACh from reaching the CT, thus
reducing the rate of ACh hydrolysis.” Donepezil can interact
with both the CAS and PAS sites and show excellent potency
in AChE inhibition and increased AChE selectivity.'’ The dual
binding site inhibitors have been recognized as an approach to
find the promising anti-AD candidates in the search for more
effective anti-Alzheimer’s agents. One strategy for developing a
potent dual-binding site inhibitor is to design hybrid molecules
made of CAS and PAS ligands linked together with an

1-20 . .
Our group reported new quinoxaline

appropriate linker.'
derivatives as potent acetylcholinesterase inhibitors. In silico
studies suggested that the quinoxaline derivatives interacted
with the amino acids in the PAS.”" To discover AChEIs with
greater efficacy, we further developed lawsone—quinoxaline

hybrids as dual binding site inhibitors in this study.
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Naphthoquinones (NQs) are extensively distributed in
nature and showed significant biological activities. Recent
studies have also shed light on the neuroprotective effects,
acetylcholinesterase inhibition, and Af aggregation inhibition
performed by 1,4-NQ-derived compounds.””~>° Lawsone (2-
hydroxy-1,4-napthoquinone) is the main natural dye from the
leaves of Henna plants.”® AChEI activity of some synthetic
lawsone derivatives and lawsone-like derivatives was re-
ported.7“7_29 According to the in silico simulations, the 1,4-
NQ_system interacted with amino acid residues along the
AChE active site gorge.”””® The para-quinone moiety
primarily interacted with the amino acid residues at the CAS
site, while the aromatic ring interacted with the amino acid
residues in the PAS.”*** Therefore, lawsone was proposed to
be a CAS ligand for the design of the hybrid molecule that act
as dual binding site AChE inhibitors.

The 6-aminoquinoxaline moiety could serve as a PAS
ligand,”" whereas the lawsone molecule could be a promising
candidate for CAS binding.””** This led to the new idea of
connecting both moieties via the linker to generate the
synthesized compound that could act as the dual site-bound
ligand to increase inhibitory efficacy. In this study, we designed
and synthesized new hybrids of lawsone and quinoxaline as
dual-binding site acetylcholinesterase inhibitors. A lawsone
molecule (as the CAS ligand) and 6-aminoquinoxaline moiety
(as the PAS ligand) were linked together via a 1,2,3-triazole
linker. The optimal linker length to permit interactions with
both CAS and PAS sites was determined by varying the length
of the methylene chain.

The 1,2,3-triazole heterocycle has been widely used in drug
design, including new dual binding site AChE inhibitors, due
to its facile synthesis, low toxicity, good pharmacokinetic
profile, and resistance to acidic or basic conditions. The
nitrogen atoms in the 1,2,3-triazole ring also contributed to
enzyme—inhibitor interactions.”® The synthesized compounds
were evaluated for AChE and BChE inhibition. The inhibition
mode of the active compound was determined by the enzyme
kinetic study. In-depth binding interactions between the
inhibitor and the enzymes were explored by in silico studies.
The cytotoxicity of the synthesized compounds was evaluated
in neuronal cells. The rationale for the design of the lawsone—
quinoxaline hybrids is illustrated in Figure 1.

2. RESULTS AND DISCUSSION

2.1. Chemistry. The synthesis of lawsone—quinoxaline
hybrids (6a-8d) was conducted according to the steps shown
in Scheme 1. The starting materials, 6-aminoquinoxaline
derivatives (la-l1c), were prepared as described in the
literature.”" Initially, compounds la-1c were treated with
propargyl bromide under basic conditions to afford N-(prop-2-
ynyl)naphthalen-2-amine derivatives (2a-2c) under the con-
ditions previously reported.”’ Lawsone (3) was reacted with a
solution of the corresponding dichloroalkane in basic
conditions, in the presence of KI and a phase-transfer catalyst
to yield 4a-4d.”” Then, 4a-4d were further reacted with NaN,
to yield azidoalkyl derivatives of lawsone (Sa-5d) as previously
reported.33 Finally, 5a-5d and 2a-2¢ underwent cyclization via
copper-catalyzed azide—alkyne cycloaddition (Cu-AAC) re-
actions to yield the desired lawsone—quinoxaline hybrids (6a-
8d) in moderate to good yield.**

2.2. Biological Activities. 2.2.1. In Vitro Enzyme
Inhibition Assays. The lawsone—quinoxaline hybrids (6a-8d)
were evaluated in vitro for their anti-cholinesterase activity

HN N_ R,
N R,

Lawsone 6-aminoquinoxaline

CAS Ligand \ /

PAS Ligand

(Suwanhom et al. 2021)

CAS

Lawsone-quinoxaline hybrids

Dual binding site inhibitor

Figure 1. Conceptual design for the lawsone—quinoxaline hybrids.

against AChE and BChE in comparison to the reference drugs
tacrine and donepezil (Table 1). For cholinesterase, Ellman’s
method***® was used to assess the inhibition potential of these
compounds against human AChE (HuAChE) and BChE from
equine serum (EqBChE).

Table 1 summarizes the lawsone—quinoxaline hybrid anti-
cholinesterase activities. To better understand the structure—
activity relationships (SARs), the synthesized compounds were
divided into three groups: compounds 6a-6d, 7a-7d, and 8a-
8d. In the first group, compound 6d, possessing a methylene
linker (n = 6) and an unsubstituted quinoxaline moiety,
displayed excellent AChE inhibitory activity with an ICy, value
of 0.022 + 0.004 uM. This was much more active than tacrine.
However, it was still less potent than donepezil (ICs, = 0.006
+ 0.0006 #M). AChEI activity was reduced when the length of
the methylene linker was deleted (as in compounds 6a, 6b, and
6¢). In the second group, compounds 7a (n = 1) and 7b (n =
2) were found to be moderately potent AChE inhibitors (ICs,
=3.6 + 1.2 uM and ICyy = 7.1 + 1.2 uM, respectively), while
compounds 7c and 7d showed no inhibitory activity (ICs, >
100 uM). Considering the inhibitory activity of compounds
8a-8d in the third group, compound 8d showed the most
potent activity with an ICy, value of 3.5 + 0.3 uM.

Meanwhile, compounds 8a, 8b, and 8c exhibited decreased
activity because of a shorter methylene linker. For anti-BChE
activity, the presence of hydrogen atoms at R, and R, positions
on the quinoxaline ring, linker n = 6 (6d), led to relatively
good activity (ICs, = 022 + 0.02 uM). This compound
exhibited higher potency than donepezil (IC5, = 1.8 + 0.5
uM) but lower potency than tacrine (IC5, = 0.017 £ 0.0006
uM). The substitution of quinoxaline with a phenyl at the R,
position (as in compounds 7a-7d) or a dimethyl group on the
R, and R, positions (as in compounds 8a-8d) led to decreased
BChE activity. When the selectivity index (SI) was compared
with those of the AChE-selective drug, donepezil (SI = 300),
and the non-selective cholinesterase inhibitors (tacrine; SI =
0.1), the lawsone—quinoxaline hybrids tended to be non-
selective cholinesterase inhibitors. Owing to the remarkable
inhibitory activity on both AChE and BChE, compound 6d
needs further intensive investigation.

According to Table 1, we found that the inclusion of a
phenyl group in the quinoxaline ring and a longer linker carbon
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Scheme 1. Synthesis of the Lawsone—Quinoxaline Hybrids (6a-8d)
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“Reaction conditions: (i) KI, K,CO5, DMF, 80 °C; (ii) dichloroalkane, K,COs, ACN, 80 °C; (iii) NaN3, EtOH, 120 °C; (iv) CuSO,-5H,0, Cu-

powder, EtOH, rt.

chain could reduce the AChE and BChE activities, compared
to the non-existence of the phenyl group (6d). The reason can
be speculated from the intramolecular 7—n stacking of the
molecule. The carbon linker in compounds 6d and 7d is
identical; however, only 7d could preferably form intra-
molecular 7—7 stacking as both aromatic moieties and a long
linker. The phenyl group is present in 7b as well as 7d, but the
shorter linker does not allow for intramolecular stacking. This
could explain why the molecules were less able to stretch to fit
the AChE gorge site when the phenyl group was located at the
quinoxaline ring. The figure of this speculated statement is
provided in the Supporting Information.

2.2.2. Determination of Kinetic Parameters for Com-
pound 6d. The kinetic behavior of the most active compound,
6d, was investigated using Ellman’s method. There were
reciprocal Lineweaver—Burk plots between 1/velocity at the Y
axis against the increasing concentration of 1/substrate
(ATChI: 0.5, 1.5, 5.0, and 10 uM) at the X axis in the
presence of different inhibitor concentrations (0, 4, 7.5, and 15
uM). After being calculated by the Prism software, compound
6d exhibited a mixed-type inhibition pattern (Figure 2). Also,
alpha data shown at 4.18 was greater than one; this meant that
the inhibitor was preferentially bound to the free enzyme. Both
increasing slopes (decreased V,,,,) and intercepts (increased

K,,) suggested that 6d might be able to bind the PAS as well as
the CAS of AChE.

2.2.3. In Vitro Cytotoxicity Evaluation. SH-SYSY is a
standard cell line used for establishing the neurotoxic effect of
a potential drug and a well-founded in vitro model of
neurodegenerative disorders.’®”*’ SRB assays were performed
to evaluate the cytotoxicity of our compounds at various
concentrations, varying from 3.125 to 100 uM, on SH-SYSY
neuron cells. The Glg, values were determined as the half-
maximal inhibitory concentration of cell growth. As shown in
Table 2, the results demonstrated that most of these
compounds at all concentrations up to 100 uM, except 8a
and 8b, did not show significant toxicity to the SH-SYSY (Gl
> 90 uM), while donepezil, as a reference drug, showed a Gl
value of 92.67 + 8.49 uM. Compound 6d exhibited AChE
inhibitory activity with an ICs, value of 22 nM (Table 1) but
became cytotoxic to half of the SH-SYSY cells at more than a
4500 times higher concentration; therefore, this compound
was considered to be non-toxic to the neuronal cells.

2.3. In Silico Analysis of ChE Inhibition Characteristics
of Compound 6d. Because of the remarkable AChE and
BChE inhibition activity of compound 6d, an in silico study was
performed to understand the inhibition mechanism within the
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Table 1. Inhibitory Activity against AChE and BChE by
Compounds 6a-8d

AChE ICy, BChE ICs, +
Cpd. n R, R, +SD (uM)“ SD (uM)® SI¢
62 1 H H 162 + 0.4 154 + 1.2 0.95
6b 2 H H 311+ 06 35.5 + 0.9 1.14
6c 4 H H 0.58 + 0.05 14+ 03 2.41
6d 6 H H 0.022 + 0.004  0.22 + 0.02 10
72 1 Ph H 3.6+ 12 >100 >27.78
7b 2 Ph H 71+ 12 >100 >14.08
7c 4 Ph H >100 >100
7d 6 Ph H >100 44 + 04 <0.044
8 1 CH,; CH; 5404 >100 >18.52
8b 2 CH, CH, 155+06 >100 >6.45
8 4 CH, CH; 90=x09 3.8+ 03 0.42
8d 6 CH; CH, 35%03 1.7 + 0.3 0.49
tacrine 0.17 + 0.01 0.017 + 0.0006 0.1
(0.11 £ 0.01)*"  (0.006 +
0.001)*"
donepezil 0.006 + 0.0006 1.8 + 0.5 300
(0.004 + (1.42)"
0.0001)**

“Human recombinant AChE. *BChE from equine serum. “Selectivity
index = BChE IC,,/AChE ICj,.

e 0puM
s 4puM
A 7.5uM
v 15 uM

1/[V] (minAA™)

1/[ATCI] (uM)

Figure 2. Lineweaver—Burk plot for the inhibition of AChE by
compound 6d.

Table 2. GI;, (uM) Values of Selected Lawsone—
Quinoxaline Hybrids (6a-8d) in the SH-SYSY Cell Line

Cpd. G, + SD (uM)
6a 93.98 + 8.89
6b 93.19 + 9.54
6¢ >100
6d >100
7a >100
7b >100
7c >100
7d >100
8a 31.18 + 14.30
8b 42.60 + 10.00
8c >100
8d >100
donepezil 92.67 + 8.49

active site of the target enzymes (HuAChE: PDB ID: 7D90O
and HuBChE: PDB ID: 4BDS).

2.3.1. Molecular Docking Studies of the AChE and BChE
Enzyme. Molecular docking experiments were performed on
the AChE and BChE enzyme crystal structures to illustrate
how the active compound 6d and donepezil interacted with

the active site gorge. The 6d and donepezil were considered.
From the molecular docking results, compound 6d has shown
comparable interactions with AChE and BChE with donepezil.
The docking scores of 6d against AChE and BChE are given in
Table 3.

Table 3. Docking Scores (kcal/mol) of 6d and Donepezil
(HuAChE and HuBChE)

docking score to AChE docking score to BChE

Cpd. (kcal /mol)“ (kcal/mol)”
6d —11.56 —10.29
donepezil —11.46 —10.64

“Human recombinant AChE (PDB ID: 7D90). “Human BChE
(PDB ID: 4BDS).

The 6d interacted with important amino acid residues in the
AChE enzyme pocket site with a binding free energy of —11.56
kcal/mol. The quinoxaline ring formed a 77—z stack with the
Trp80 (a key residue in the CAS of AChE), and the 6-NH
group on the quinoxaline ring displayed a hydrogen bond with
Glyl114, as shown in Figure 3a. The naphthoquinone ring of
the lawsone moiety also formed a 7—7 interaction with Trp280
(a key residue in the PAS of AChE) and Tyr118. Furthermore,
the triazole group formed a 7—x interaction with Trp80. A
methylene chain is located in the HuAChE mid-gorge between
CAS and PAS. This chain formed an 7z-alkyl interaction with
Tyr331 and Tyr33S. Therefore, 6d could bind both HuAChE
sites, consistent with the kinetic result.

Similarly, donepezil also showed interactions with the active
site of AChE with a docking score of —11.46 kcal/mol. The
benzyl piperidine core of donepezil is surrounded by CAS
pocket residues, while the indanone ring is oriented toward the
PAS pocket (Figure 3b). The benzyl group formed a 7—n
interaction with Trp80. The nitrogen atom of the piperidine
ring also formed a cation-7 interaction with Tyr331. The 7—x
bond was observed between the piperidine ring and Tyr332.
The carbonyl group of the indanone ring showed a hydrogen
bond with Phe289. In addition, the indanone ring interacted
with Trp280 and Tyr33S. Also, the methoxy group formed a
hydrogen bond with Tyr33S.

For BChE, compound 6d (—10.29 kcal/mol) exhibited
similar interaction modes as the reference compound (—10.64
kcal/mol). The 7—x bond has been formed by the quinoxaline
ring of the ligand with the amino acid residue Tyr332 in Figure
3c. The 6-NH group displayed a hydrogen bond with Thr120.
The triazole ring established a 7—7 interaction with the Trp82.
The interaction of the lawsone ring is important for binding to
CAS. The lawsone moiety constitutes a hydrogen bond
formation between the carbonyl of the lawsone and the
amino acid of Thr128, and the lawsone ring also formed a 7—x
interaction with Trp82. Furthermore, the z-alkyl bond has
been formed between the methylene chain and Trp430.

The docking pose of donepezil with the BChE enzyme
revealed that the benzyl ring displayed 7—r interaction with
Trp82. The n—n bond was observed between the indanone
ring with the Tyr332, and the carbonyl group of the indanone
ring exhibited a hydrogen bond with Trp82, as shown in Figure
3d.

In this study, we used BChE isolated from horse serum for in
vitro assays and human BChE for in silico research. We
compared CAS and PAS sites across species using sequence
alignment to see if they were similar. According to the

https://doi.org/10.1021/acsomega.3c02683
ACS Omega 2023, 8, 32498—32511


https://pubs.acs.org/doi/10.1021/acsomega.3c02683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02683?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 3. Molecular docking of 6d and donepezil with AChE and BChE. (a) Predicted binding modes of 6d and AChE (PDB ID: 7D90). (b)
Predicted binding modes of donepezil and AChE (PDB ID: 7D90). (c) Predicted binding modes of 6d and BChE (PDB ID: 4BDS). (d) Predicted
binding modes of donepezil and BChE (PDB ID: 4BDS). The red color represents hydrogen bonding interactions, the blue color represents 7—x
interactions, the green color represents 7-alkyl interactions, and the brown color represents cation-7 interactions.

supplementary materials, we found that the two enzymes are
more than 90% similar. These may provide justification for, or
at least a hint toward, comparing horse BChE results to human
BChE in silico results.

2.3.2. Conceptual Summary. The binding pattern of 6d
was analyzed in the active site gorge to understand dual
binding site properties: PAS and CAS. When the docking pose
of compound 6d was examined, it was detected that it was
bound to the enzymes in a location similar to that of donepezil.
The hydrogen bonds and 7—x interactions were assumed to be
key factors for its binding. We expected that the lawsone ring
(CAS ligand) and quinoxaline ring (PAS ligand) were linked
together via a 1,2,3-triazole linker. A quinoxaline ring is mostly
surrounded by residues of the CAS pocket, while a lawsone
ring is oriented toward the PAS pocket for the HuAChE
enzyme. In contrast, lawsone is oriented toward the CAS and
the quinoxaline ring is located in the PAS site for HuBChE.
Meanwhile, the 1,2,3-triazole group interacted in the CAS site
via 7—7 interaction with Trp (Trp80 for AChE and Trp82 for
BChE).

2.3.3. Molecular Dynamics Simulation. Molecular dynam-
ics (MD) simulations were investigated for the stability of the
docking complexes of 6d and donepezil with HuAChE. The
root mean square distance (RMSD) values were monitored to
measure the stability of the ligand and protein that they

possess. In this study, we found that RMSD values of 6d-
HuAChE and donepezil- HUAChE complexes displayed system
stability after the system was run for 200 ns (Figure 4). The
relative binding energy of 6d and donepezil was calculated
using molecular mechanics Poisson—Boltzmann surface area
(MM-PBSA). Table 4 shows values of —63.73 + 0.16 and
—40.78 + 0.15 kcal/mol, respectively.

Additionally, 6d and donepezil specifically interacted with
HuAChE through Trp. An analysis revealed that both
compounds formed z—z interactions through Trp80 and
Trp280 (Figure Sb,d). These amino acids are the key amino
acid residues in the active site of the enzyme (Trp80: CAS and
Trp280: PAS). The result displayed that the RMSD of all
compounds presented relatively stable fluctuations within the
150 ns MD simulation, indicating that the simulated system
has basically reached equilibrium (Figure Sa,c).

The difference in the relative binding energy of 6d and
donepezil was due to the 7—x interactions. Even though both
can perform the 7—7 stacking, 6d could form both sandwich-
like stacking with Trp280 and Trp80 (Figure Sb), while
donepezil could form only sandwich-like stacking with Trp280.
The other 7—x stacking of donepezil to Trp80 was t-shaped, a
less preferable interaction (Figure S5d). Furthermore, the
sandwich-liked interaction of 6d occurred at a closer distance
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Figure 4. RMSD plot of MD simulations versus simulation time. The MD trajectory consisted of 2000 equidistant snapshots taken from a
simulation of 200 ns. Based on the protein backbone atoms (N, C, and Ca), the RMSD was plotted using the crystal structure PDB ID: 7D90. The
RMSD of the ligand (6d or donepezil) was based on all atoms except hydrogen, from the docked pose. (a) Compound 6d-HuAChE, (b) donepezil-

HuAChE, (c) compound 6d, and (d) donepezil.

Table 4. MM-GBSA Relative Binding Energy (kcal/mol) of
Compound 6d and Donepezil (HuAChE)

Cpd. MM-GBSA relative binding energy to AChE (kcal/mol)*
6d —63.73 £ 0.16
donepezil —40.78 + 0.15

“Human recombinant AChE (PDB ID: 7D90).

compared to donepezil (Figure Sa,c), suggesting a stronger
interaction leading to the lower binding energy of 6d.

3. CONCLUSIONS

In summary, a novel series of lawsone—quinoxaline derivatives
were successfully designed and synthesized by click chemistry
as efficient for the treatment of AD. All the target compounds
were synthesized and screened as ChE inhibitors. Most of the
synthesized compounds displayed moderate to excellent
AChEI and BChEI activity. Our results showed that compound
6d binds to both CAS and PAS in the active sites of AChE and
BChE, which implies that these compounds could act as dual
binding site inhibitors. Finally, the results suggest that these
new compounds could be considered as a new lead for further
development of potent ChEIs for treatment of AD.
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4. EXPERIMENTAL SECTION

4.1. Chemistry. Lawsone (3), dimethylformamide (DMF),
benzyltriethylammonium chloride (TEBAC), and all other
starting materials, solvents, and reagents were purchased from
commercial sources. "H-NMR and "C-NMR spectra were
recorded in CDCly or DMSO-dg on a Varian Unity Inova 500
MHz instrument. The chemical shifts (§) and coupling
constants (J) were represented in parts per million (ppm)
and hertz (Hz), respectively. Mass spectral analyses (ESI-MS)
were carried out by a Thermo Finnigan MAT 95XL and
Agilent Technology G6545A. Column chromatography was
performed on silica gel 60 A, 60—200 ym from SiliCycle Inc.
(Quebec City, Canada). Thin-layer chromatography (TLC)
was performed on 20 cm X 20 cm (0.2 mm) precoated silica
gel plates (Aluminum Oxide 60 Neutral F,g,).

4.1.1. General Procedure for the Synthesis of N-(Prop-2-
ynyl)naphthalen-2-amine Derivatives (2a-2c). Derivatives of
6-aminoquinoxaline (la-1c, 2.5 mmol) were exactly prepared
according to the literature,"> K,COj; (3.5 mmol) and propargyl
bromide (3.5 mmol) were added to a round-bottom flask, and
10 mL of dry DMF was added as a solvent and refluxed at 80
°C overnight. After the reaction was monitored by TLC, the
reaction was terminated, quenched with water, and extracted
with ethyl acetate (EtOAc, SO mL, three times). The combined
organic layer was washed with distilled water (10 mL, two
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times) and brine (10 mL). Trace of water remaining in the
organic layer was removed by addition of Na,SO,. The
product was purified by column chromatography over silica gel
to furnish the pure product using EtOAc:hexane (40:60) as the
mobile phase and recrystallized from EtOAc. The products
were characterized by the corresponding spectroscopic data
("H-NMR, "*C-NMR, and ESI-MS of each compound are in
the Supporting Information).

4.1.1.1. N-(Prop-2-ynyl)quinoxaline-6-amine (2a). Com-
pound 2a was obtained from compound la and propargyl
bromide as described in the general procedure. Yellow solid;
yield 68%; IR (KBr): 3433.7, 3298.1, 3216.7, 1622.9, 1533.9,
1441.8, 1237.9, 953.9, 857.5 cm™’. 'H-NMR (500 MHz,
DMSO-d,): & 8.68 (1H, d, J = 2.0 Hz, H2), 8.53 (1H, d, ] =
2.0 Hz, H3), 7.80 (1H, d, J = 9.10 Hz, HS), 7.32 (1H, dd, ] =
2.60,9.10 Hz, H8), 7.00 (1H, t, ] = 5.80 Hz, NH), 6.93 (1H, d,
J = 2.54 Hz, H6), 4.06 (2H, dd, ] = 2.40, 5.80 Hz, CH,), 3.16
(1H, t, J = 2.40 Hz, CH). 3C-NMR (125 MHz, DMSO-d): §
149.37, 145.54, 145.29, 140.78, 137.49, 129.90, 122.94, 103.55,
81.62, 74.00, 32.43. ESI-MS: caled. for C,,HyN; [M + H]*:
184.0869, found: 184.0869.

4.1.1.2. 3-Phenyl-N-(prop-2-ynyl)quinoxaline-6-amine
(2b). Compound 2b was obtained from compound 1b and
propargyl bromide as described in the general procedure.
Yellow solid; yield 62%; IR (KBr): 3450.2, 2950.3, 2935.9,
1738.0, 1623.9, 14322, 1216.9, 916.1, 690.0 cm™' '"H-NMR
(500 MHz, DMSO-d,): 6 9.43 (1H, s, H3), 8.28 (2H, d, ] =

32504

7.3 Hz, HI', HS'), 8.02 (1H, d, J = 9.30 Hz, HS), 7.70 (1H,
dd, J = 2.80, 9.30 Hz, H8), 7.55 (4H, m, H2/, H3’, H4', NH),
7.35 (1H, d, ] = 2.80 Hz, H6), 4.41 (2H, d, ] = 2.20 Hz, CH,),
325 (1H, t, J = 2.20 Hz, CH). *C-NMR (125 MHz, DMSO-
dg): 6 148.38, 148.03, 143.98, 143.03, 136.99, 136.49, 130.08,
130.04, 129.51, 127.26, 121.96, 109.04, 80.01, 75.84, 40.62.
ESI-MS: caled. for C;H;3N; [M + HJ]*: 260.1182, found:
260.1185.

4.1.1.3. 2,3-Dimethyl-N-(prop-2-ynyl)quinoxaline-6-
amine (2c). Compound 2c was obtained from compound 1c
and propargyl bromide as described in the general procedure.
Yellow solid; yield 69%; IR (KBr): 3263.2, 3191.4, 3051.1,
16224, 1510.8, 1441.7, 1246.9, 994.2, 709.4 cm™'. '"H-NMR
(500 MHz, DMSO-d,): & 7.82 (1H, d, ] = 9.20 Hz, H5), 7.51
(1H, dd, J = 2.80, 9.20 Hz, H8), 7.23 (1H, d, ] = 2.80 Hz, H6),
433 (3H, m, NH, CH,), 3.21 (1H, t, J = 2.30 Hz, CH), 2.61
(6H, d, J = 8.20 Hz, 2 X CH,). *C-NMR (125 MHz, DMSO-
dg): 6 154.09, 150.43, 147.65, 142.17, 135.44, 128.73, 120.06,
109.28, 80.13, 75.71, 40.58, 23.16, 22.80. ESI-MS: calcd. for
Cy;H3N, [M + H]*: 212.1182, found: 212.1182.

4.1.2. General Procedure for the Synthesis of Chloroalkyl
Derivatives of Lawsone (4a-4d). To a solution of lawsone (3,
10 mmol) in acetonitrile (CH,CN, 20 mL), KI (1.6 mmol),
K,CO; (10 mmol), TEBAC (10 mmol) in CH;CN (20 mL),
and a solution of corresponding dichloroalkane (S0 mmol)
dissolved in 10 mL of CH;CN were added, and the mixture
was heated at reflux 80 °C for 24 h. After the reaction was
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monitored by TLC, the reaction mixture was then cooled to
room temperature. The solid was filtered off, and the filtrate
was collected and evaporated. The obtained crude product was
purified by column chromatography on silica gel to furnish the
pure product using EtOAc:hexane (20:80) as the mobile phase
and recrystallized from CH,Cl, The products were charac-
terized by the corresponding spectroscopic data ('H-NMR,
BC-NMR, and ESI-MS of each compound are provided in the
Supporting Information).

4.1.2.1. 2-(3-Chloropropoxy)naphthalene-1,4-dione (4a).
Compound 4a was obtained from lawsone (3) and 1,3-
dichloropropane as described in the general procedure. Yellow
solid; yield 81%; IR (KBr): 3056.2, 2963.4, 1686.3, 1608.5,
1332.3, 1018.3, 879.0, 723.1 cm™'. 'H-NMR (500 MHz,
DMSO-d,): & 8.11 (2H, m, HS, H8), 7.74 (2H, m, H6, H7),
620 (1H, s, H3), 4.17 (2H, t, ] = 5.87 Hz, H1’), 3.78 (2H, t,
= 6.11 Hz, H2'), 2.36 (2H, m, H3'). '3C-NMR (125 MHz,
DMSO-dy): 6 184.90), 179.93, 159.51, 134.33, 133.37, 131.98,
131.12, 126.69, 126.20, 110.53, 65.69, 40.93, 31.23. ES-MS:
caled. for C,3H,,ClO; [M + H]*: 251.0469, found: 251.0469.

4.1.2.2. 2-(4-Chlorobutoxy)naphthalene-1,4-dione (4b).
Compound 4b was obtained from lawsone (3) and 1,4-
dichlorobutane as described in the general procedure. Yellow
solid; yield 79%; IR (KBr): 3055.5, 2939.0, 1685.1, 1655.1,
1331.0, 1021.2, 892.9, 729.7 cm™’. 'H-NMR (500 MHz,
DMSO-d,): & 8.10 (2H, m, HS, H8), 7.73 (2H, m, H6, H7),
6.16 (1H, s, H3), 4.06 (2H, t, ] = 6.0 Hz, H1'), 3.64 (2H, t, ] =
6.23 Hz, H4'), 2.05 (4H, m, H2’, H3’). 3*C-NMR (125 MHz,
DMSO-dy): 5 184.97, 180.01, 159.65, 134.29, 133.35, 131.99,
131.14, 126.69, 126.17, 110.32, 68.66, 44.42, 29.03, 25.79. ESI-
MS: caled. for C,H5ClO; [M + HJ*: 265.0626, found:
265.0636.

4.1.2.3. 2-(6-Chlorohexyloxy)naphthalene-1,4-dione (4c).
Compound 4c was obtained from lawsone (3) and 1,6-
dichlorohexane as described in the general procedure. Yellow
solid; yield 85%; IR (KBr): 2941.5, 2856.2, 1683.1, 1645.7,
1247.0, 1014.7, 877.5, 7243 cm™'. 'H-NMR (500 MHz,
DMSO-d,): & 8.10 (2H, ddd, J = 0.87, 7.30, 21.04 Hz, HS,
HS8), 7.73 (2H, m, H6, H7), 6.15 (1H, s, H3), 4.02 (2H, t, ] =
6.48 Hz, H1'), 3.56 (2H, t, ] = 6.62 Hz, H6"), 1.95—1.79 (4H,
m, H2/, HS'), 1.56—1.51 (4H, m, H3', H4'). 3C-NMR (125
MHz, DMSO-d,): 6 185.05, 180.14, 159.83, 134.25, 133.30,
132.02, 131.17, 126.69, 126.14, 110.23, 69.37, 44.90, 32.38,
28.16, 26.50, 25.27. ESI-MS: calcd. for C,4H,,ClO; [M-H]":
292.0788, found: 291.0790.

4.1.2.4. 2-(8-Chlorooctyloxy)naphthalene-1,4-dione (4d).
Compound 4d was obtained from lawsone (3) and 1,8-
dichloroocthane as described in the general procedure. Yellow
solid; yield 80%; IR (KBr): 2919.0, 2854.2, 1683.5, 1643.8,
1248.8, 1022.0, 873.5, 722.6 cm™'. 'H-NMR (500 MHz,
DMSO-dg): 6 8.10 (2H, ddd, ] = 0.96, 7.38, 21.57 Hz, HS,
HS), 7.73 (2H, m, H6, H7), 6.15 (1H, s, H3), 4.01 (2H, t, ] =
6.60 Hz, H1'), 3.54 (2H, t, ] = 6.72 Hz, H8'), 1.94—1.86 (2H,
m, H2'), 1.82—1.74 (2H, m, H7'), 1.54—1.31 (8H, m, H3/,
H4/, HS', H6'). *C-NMR (125 MHz, DMSO-d): § 185.08,
180.17, 159.88, 134.24, 133.28, 132.03, 131.19, 126.69, 126.12,
110.21, 69.58, 45.10, 32.57, 29.07, 28.73, 28.23, 26.77, 25.79.
ESI-MS: caled. for CgH,,ClO; [M-H]™: 319.1101, found:
319.1110.

4.1.3. General Procedure for the Synthesis of Azidoalkyl
Derivatives of Lawsone (5a-5d). To a solution of the
corresponding chloroalkyl derivatives of lawsone (4a-4d, 3.21
mmol) and NaNj; (9.64 mmol) dissolved in 20 mL of N,N-

dimethylsulfoxide (DMF). The reaction mixture was heated at
120 °C for 2 h. The resulting suspension was then tempered to
room temperature with ice-cold water and extracted with
diethyl ether (S0 mL, three times). The collected organic layer
was washed with distilled water (10 mL, two times) and brine
(10 mL). Diethyl ether was evaporated, and the product was
purified by column chromatography over silica gel to furnish
the pure product using hexane:CH,Cl,:EtOAc (80:10:10) as
the mobile phase and recrystallized from EtOAc. The products
were characterized by the corresponding spectroscopic data
("H-NMR, *C-NMR, and ESI-MS of each compound are in
the Supporting Information).

4.1.3.1. 2-(3-Azidopropoxy)naphthalene-1,4-dione (5a).
Compound Sa was obtained from compound 4a and NaNj,
as described in the general procedure. Yellow solid; yield 63%;
IR (KBr): 34482, 2970.1, 2098.8, 1740.1, 1609.2, 1454.3,
1366.4, 1214.7, 1050.6, 722.6 cm~'. 'H-NMR (500 MHz,
DMSO-d,): 6 8.02—7.96 (2H, m, HS, H8), 7.88—7.81 (2H, m,
H6, H7), 6.38 (1H, s, H3), 4.13 (2H, t, ] = 6.18 Hz, H1'), 3.51
(2H, t, ] = 6.71 Hz, H2'), 2.03 (2H, p, ] = 6.44 Hz, H3'). 3C-
NMR (125 MHz, DMSO-d,): & 184.59, 179.55, 159.47,
134.57, 133.70, 131.56, 130.90, 126.15, 125.61, 110.42, 66.42,
47.46, 27.40. ESI-MS: calcd. for C;H;;N3;O; [M + Nal*:
280.0693, found: 280.0694.

4.1.3.2. 2-(4-Azidobutoxy)naphthalene-1,4-dione (5b).
Compound 5b was obtained from compound 4b and NaNj,
as described in the general procedure. Yellow solid; yield 70%;
IR (KBr): 3448.0, 2942.0, 2097.4, 1740.1, 1607.7, 1456.8,
1364.3, 12102, 1042.5, 724.5 cm™’. '"H-NMR (500 MHz,
DMSO-dy): 6 8.03—7.95 (2H, m, H5, H8), 7.88—7.81 (2H, m,
Hé6, H7), 6.38 (1H, s, H3), 4.13 (2H, t, ] = 6.18 Hz, H1'), 3.51
(2H, t, ] = 6.71 Hz, H2'), 2.50 (2H, m, H3"), 2.03 (2H, quin, ]
= 6.44 Hz, H4'). 3C-NMR (125 MHz, DMSO-d;): § 184.60,
179.56, 159.47, 134.58, 133.72, 131.57, 130.90, 126.16, 125.62,
110.42, 66.43, 47.47, 27.41. ESI-MS: caled. for C,,H,;N;0,
[M + Nal*: 294.0849, found: 294.0850.

4.1.3.3. 2-(6-Azidohexyloxy)naphthalene-1,4-dione (5c).
Compound 5S¢ was obtained from compound 4c and NaNj as
described in the general procedure. Yellow solid; yield 61%; IR
(KBr): 3446.8, 2938.9, 2096.0, 1651.8, 1607.2, 1459.2, 1326.5,
1242.9, 1016.9, 725.4 cm™". "H-NMR (500 MHz, DMSO-d,):
5 8.03—7.94 (2H, m, HS, HS), 7.88—7.81 (2H, m, H6, H7),
635 (1H, s, H3), 4.05 (2H, t, ] = 6.47 Hz, H1'), 2.50 (2H, m,
H2'), 1.81-1.74 (2H, m, H3'), 1.59-1.53 (2H, m, H4'),
1.47—1.35 (4H, m, HS’, H6'). *C-NMR (125 MHz, DMSO-
dg): 6 184.54, 179.63, 159.66, 134.48, 133.59, 131.54, 130.87,
126.08, 125.52, 110.19, 69.16, 50.56, 28.13, 27.69, 25.74,
24.89. ESI-MS: caled. for C,4H,,N;O, [M + Na]*: 322.1162,
found: 322.1156.

4.1.3.4. 2-(8-Azidooctyloxy)naphthalene-1,4-dione (5d).
Compound Sd was obtained from compound 4d and NaNj,
as described in the general procedure. Yellow solid; yield 59%;
IR (KBr): 3422.4, 2933.8, 2094.8, 1651.3, 1606.4, 1464.5,
1330.1, 1242.8, 1016.5, 7247 cm~’. 'H-NMR (500 MHz,
DMSO-d,): 6 7.99 (2H, ddd, ] = 1.27, 7.35, 18.30 Hz, HS,
HS), 7.88—7.81 (2H, m, H6, H7), 6.34 (1H, s, H3), 4.04 (2H,
t,J = 6.60 Hz, H1'), 3.31 (2H, t, ] = 6.72 Hz, H2'), 1.79—1.73
(2H, m, H7’), 1.56—1.50 (2H, m, H8’), 1.45—1.30 (2H, m,
H3', H4', H5', H6'). C-NMR (125 MHz, DMSO-dy): §
184.54, 179.64, 159.88, 134.48, 133.59, 131.5S5, 130.87, 126.08,
125.52, 110.19, 69.26, 50.61, 28.48, 28.43, 28.21, 27.80, 26.07,
25.26. ESI-MS: calcd. for C;gH,; N304 [M + Na]*: 350.1475,
found: 350.1471.
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4.1.4. General Procedure for the Synthesis of Lawsone—
Quinoxaline Hybrids (6a-8d). A mixture of the corresponding
azidoalkyl derivatives of lawsone ($a-5d, 3.32 mmol) and the
corresponding N-(prop-2-ynyl)naphthalen-2-amine derivatives
(2a-2c¢, 3.32 mmol) was dissolved in ethanol (EtOH, 25 mL)
in a round bottom flask under a nitrogen atmosphere. Then,
copper powder (10 mg) and CuSO,-SH,0 (2 mL) were added
to the mixture, and it was continued for 24—48 h. After the
reaction was monitored by thin layer chromatography, the
reaction was terminated. The solid was removed by filtration,
the solvent was evaporated under vacuum, and the product was
purified by silica gel column chromatography using
CH,Cl,:MeOH (98:2) as the mobile phase and recrystalliza-
tion by dichloromethane and hexane. The products were
characterized by the corresponding spectroscopic data ('H-
NMR, “C-NMR, and ESI-MS data of each compound are
available in the Supporting Information).

4.1.4.1. 2-(3-(5-((Quinoxalin-6-ylamino)methyl)-1H-1,2,3-
triazol-1-yl)propoxy)naphthalene-1,4-dione (6a). Com-
pound 6a was obtained from compound 2a and compound
Sa as described in the general procedure. Red solid; yield 38%;
IR (KBr): 3438.4, 3291.5, 3138.9, 2943.5, 1686.5, 1649.1,
1603.2, 1439.7, 1333.0, 1207.4, 1023.6, 785.1 cm™. '"H-NMR
(500 MHz, DMSO-d,): 6 8.59 (1H, d, J = 1.98 Hz, H3"), 8.44
(1H, d, J = 1.98 Hz, H2"), 8.12 (1H, s, H5"), 8.00~7.96 (2H,
m, HS, H8), 7.87—7.83 (2H, m, H6, H7), 7.72 (1H, d, ] = 9.12
Hz, triazole), 7.33 (1H, dd, J = 2.58, 9.14 Hz, H8"), 7.08 (1H,
t, ] = 5.60 Hz, NH), 6.86 (1H, d, ] = 2.54 Hz, H6"), 6.30 (1H,
s, H3), 4.51 (2H, t, ] = 6.91 Hz, CH,-NH), 4.44 (2H, d, ] =
5.59 Hz, H1'), 4.04 (2H, t, ] = 6.14 Hz, H3'), 2.32 (2H, p, ] =
6.52 Hz, H2'). >*C-NMR (125 MHz, DMSO-d,): § 184.56,
179.52, 159.40, 149.51, 145.00, 144.77, 139.97, 136.94, 134.59,
133.73, 131.56, 130.89, 129.42, 126.16, 125.63, 123.34, 122.61,
110.39, 102.18, 66.20, 46.27, 38.41, 28.78. ESI-MS: calcd. for
CyH,0NgO; [M + Nal*: 463.1489, found: 463.1489.

4.1.4.2. 2-(4-(5-((Quinoxalin-6-ylamino)methyl)-1H-1,2,3-
triazol-1-yl)butoxy)naphthalene-1,4-dione (6b). Compound
6b was obtained from compound 2a and compound Sb as
described in the general procedure. Yellow solid; yield 46%; IR
(KBr): 3428.5, 3340.8, 3126.0, 2929.7, 1679.5, 1611.3, 1529.2,
1440.5, 1306.4, 1210.2, 1009.4, 854.4 cm™. '"H-NMR (500
MHz, DMSO-d,): 5 8.60 (1H, d, ] = 1.97 Hz, H3"), 8.45 (1H,
d, J = 1.97 Hz, H2"), 8.10 (1H, s, H5"), 7.98 (2H, ddd, | =
1.23, 7.34, 13.01 Hz, HS, H8), 7.87—7.81 (2H, m, H6, H7),
7.73 (1H, d, J = 9.11 Hz, triazole), 7.34 (1H, dd, ] = 2.57, 9.14
Hz, H8"), 7.10 (1H, t, ] = 5.62 Hz, NH), 6.87 (1H, d, ] = 2.53
Hz, H6"), 631 (1H, s, H3), 4.45—4.42 (4H, m, H1/, CH,-
NH), 4.04 (2H, t, ] = 6.33 Hz, H4'), 1.98—1.92 (2H, m, H3),
1.74—1.69 (2H, m, H2'). 3C-NMR (125 MHz, DMSO-dy): 6
184.62, 179.67, 159.60, 149.55, 145.08, 145.01, 144.60, 139.98,
136.96, 134.59, 133.70, 131.58, 130.90, 129.43, 126.17, 125.62,
123.20, 122.65, 110.28, 102.23, 68.76, 48.90, 38.41, 26.63,
24.81. ESI-MS: calcd. for C,sH,,N4O5 [M + Nal*: 477.1646,
found: 477.1645.

4.1.4.3. 2-(6-(5-((Quinoxalin-6-ylamino)methyl)-1H-1,2,3-
triazol-1-yl)hexyloxy)naphthalene-1,4-dione (6c). Com-
pound 6c was obtained from compound 2a and compound
Sc as described in the general procedure. Yellow solid; yield
73%; IR (KBr): 3490.8, 3390.7, 3125.8, 2945.0, 1680.3,
1605.6, 1519.9, 1463.7, 1345.9, 1243.4, 1021.4, 722.1 cm™..
'H-NMR (500 MHz, DMSO-d,): § 8.62 (1H, d, ] = 1.98 Hz,
H3"), 8.46 (1H, d, ] = 1.98 Hz, H2"), 8.06 (1H, s, H5"),
8.00—7.95 (2H, m, HS, H8), 7.85—7.72 (2H, m, H6, H7), 7.73

(1H, d, J = 9.11 Hz, triazole), 7.31 (1H, dd, ] = 2.58, 9.14 Hz,
H8"),7.09 (1H, t, ] = 5.62 Hz, NH), 6.86 (1H, d, ] = 2.55 Hz,
H6"), 6.32 (1H, s, H3), 4.44 (2H, d, ] = 5.60 Hz, CH,-NH),
433 (2H, t, ] = 7.02 Hz, H1'), 3.99 (2H, t, ] = 6.47 Hz, H6'),
1.84—1.67 (4H, m, H2, HS'), 1.42—1.23 (4H, m, H3', H4').
13C.NMR (125 MHz, DMSO-d): & 184.55, 179.64, 159.65,
149.48, 145.05, 144.96, 144.49, 139.91, 136.91, 134.49, 133.60,
131.55, 130.87, 129.36, 126.10, 125.54, 122.94, 122.60, 110.17,
102.17, 69.11, 49.21, 38.38, 29.61, 27.60, 25.41, 24.72. ESI-
MS: caled. for C,yH,sNgO; [M + Na]*: 505.1959, found:
505.1957.

4.1.4.4. 2-(8-(5-((Quinoxalin-6-ylamino)methyl)-1H-1,2,3-
triazol-1-yl)octyloxy)naphthalene-1,4-dione (6d). Com-
pound 6d was obtained from compound 2a and compound
Sd as described in the general procedure. Brown solid; yield
92%; IR (KBr): 33982, 2929.5, 1677.9, 1606.7, 15244,
1436.4, 1353.6, 1210.1, 1017.9, 7249 cm™. 'H-NMR (500
MHz, DMSO-d,): § 8.62 (1H, d, ] = 1.98 Hz, H3"), 8.46 (1H,
d, J = 1.98 Hz, H2"), 8.01 (1H, s, HS"), 8.01-7.96 (2H, m,
HS, H8), 7.87—7.80 (2H, m, H6, H7), 7.73 (1H, d, J = 9.11
Hz, triazole), 7.34 (1H, dd, ] = 2.58, 9.14 Hz, H8"), 7.09 (1H,
t, ] = 5.63 Hz, NH), 6.86 (1H, d, ] = 2.54 Hz, H6"), 6.33 (1H,
s, H3), 444 (2H, d, ] = 5.62 Hz, CH,-NH), 432 (2H, t, ] =
7.01 Hz, H1'), 401 (2H, t, ] = 6.51 Hz, H8'), 1.81—1.69 (4H,
m, H2', H7'), 1.37-1.17 (8H, m, H3’, H4/, H5/, H6'). 13C-
NMR (125 MHz, DMSO-d,): & 184.55, 179.65, 159.67,
149.46, 145.04, 144.93, 144.48, 139.90, 136.90, 134.48, 133.59,
131.55, 130.87, 129.35, 126.09, 125.52, 122.89, 122.59, 110.18,
102.18, 69.24, 49.25, 38.35, 29.70, 28.40, 28.25, 27.77, 25.73,
25.22. ESI-MS: caled. for C,0H3N4O; [M + Na]*: §33.2272,
found: 533.2272.

4.1.4.5. 2-(3-(5-((3-Phenylquinoxalin-6-ylamino)methyl)-
1H-1,2,3-triazol-1-yl)propoxy) naphthalene-1,4-dione (7a).
Compound 7a was obtained from compound 2b and
compound Sa as described in the general procedure. Orange
solid; yield 58%; IR (KBr): 3446.2, 2929.0, 1737.6, 1620.9,
1498.5, 1436.0, 1366.2, 1227.8, 1021.8, 780.8 cm™~". 'H-NMR
(500 MHz, DMSO-dy): § 9.24 (1H, s, H3"), 8.20—8.17 (2H,
m, HS, H8), 8.15 (1H, s, HS"), 8.00 (1H, dd, J = 1.50, 7.41
Hz, H6), 7.95 (1H, dd, ] = 1.46, 7.44 Hz, H7), 7.87—7.80 (2H,
m, H1”, HS"), 7.78 (1H, d, ] = 9.10 Hz, triazole), 7.54 (2H, d,
J=4.69,10.31 Hz, H2”, H4"), 7.49—7.45 (1H, m, H3"), 7.36
(1H, dd, J = 2.55, 9.14 Hz, H8"), 7.14 (1H, t, ] = 5.60 Hz,
NH), 6.91 (1H, d, ] = 5.60 Hz, H6"), 6.30 (1H, s, H3), 4.52
(2H, t, ] = 6.90 Hz, CH,-NH), 447 (2H, d, ] = 5.53 Hz, H1'),
4.05 (2H, t, ] = 6.15 Hz, H3'), 2.33 (2H, p, ] = 6.61 Hz, H2').
3C-NMR (125 MHz, DMSO-d): & 184.48, 179.44, 159.34,
149.45, 145.74, 144.72, 143.80, 142.75, 136.81, 135.85, 134.51,
133.65, 131.50, 130.84, 129.57, 129.13, 128.96, 126.43, 126.09,
125.57, 123.33, 110.36, 102.12, 66.15, 46.22, 38.41, 28.74. ESI-
MS: caled. for C4H,,NgO; [M + Na]*: 539.1802, found:
539.1808.

4.1.4.6. 2-(4-(5-((3-Phenylquinoxalin-6-ylamino)methyl)-
1H-1,2,3-triazol-1-yl)butoxy) naphthalene-1,4-dione (7b).
Compound 7b was obtained from compound 2b and
compound Sb as described in the general procedure. Yellow
solid; yield 50%; IR (KBr): 3431.6, 2928.0, 1715.4, 16219,
1498.0, 1454.3, 1366.9, 1226.0, 1053.7, 756.3 cm™". 'H-NMR
(500 MHz, DMSO-d,): § 9.25 (1H, s, H3"), 8.19—-8.17 (2H,
m, HS, H8), 8.12 (1H, s, HS"), 7.96 (2H, ddd, J = 1.25, 7.42,
12.46 Hz, H6, H7), 7.86—7.78 (3H, m, H1”, HS", triazole),
7.53 (2H, dd, ] = 4.68, 10.27 Hz, H2"”, H4"), 7.48—7.46 (1H,
m, H3"), 7.37 (1H, dd, ] = 2.55, 9.14 Hz, H8"), 7.16 (1H, t, |
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= 5.62 Hz, NH), 6.92 (1H, d, ] = 2.50 Hz, H6"), 6.31 (1H, s,
H3), 4.48 (2H, d, ] = 5.56 Hz, CH,-NH), 4.44 (2H, t, ] = 7.00
Hz, H1'), 4.04 (2H, t, ] = 6.30 Hz, H3'), 1.99—1.93 (2H, m,
H3'), 1.75—1.69 (2H, m, H2'). ®*C-NMR (125 MHz, DMSO-
dg): 6 184.51, 179.47, 159.35, 149.46, 145.78, 144.75, 143.80,
142.77, 136.82, 135.87, 134.54, 133.68, 131.51, 130.85, 129.59,
129.16, 128.99, 126.45, 126.12, 125.59, 123.35, 110.37, 102.14,
66.16, 46.24, 38.43, 28.75. ESI-MS: calcd. for C;;H,,N,O; [M
+ Na]*: §53.1959, found: 553.1960.

4.1.4.7. 2-(6-(5-((3-Phenylquinoxalin-6-ylamino)methyl)-
1H-1,2,3-triazol-1-yl)hexyloxy) naphthalene-1,4-dione (7c).
Compound 7c¢ was obtained from compound 2b and
compound Sc as described in the general procedure. Yellow
solid; yield 77%; IR (KBr): 3421.3, 2929.4, 1681.0, 1606.7,
1437.9, 1359.8, 1331.4, 1240.8, 1053.8, 781.8 cm™". '"H-NMR
(500 MHz, DMSO-d,): & 9.26 (1H, s, H3"), 8.21-8.15 (2H,
m, HS, H8), 8.07 (1H, s, H5"), 7.97 (2H, ddd, ] = 1.24, 7.35,
16.14 Hz, H6, H7), 7.88—7.77 (3H, m, triazole, H2"”, H4"),
7.50 (2H, t, ] = 7.51 Hz, H1”, HS"), 7.44 (1H, m, H3"), 7.37
(1H, dd, J = 2.55, 9.14 Hz, H8"), 7.15 (1H, t, J = 5.62 Hz,
NH), 6.90 (1H, d, J = 2.51 Hz, H6"), 6.29 (1H, s, H3), 4.47
(2H, d, ] = 5.57 Hz, CH,-NH), 4.34 (2H, t, ] = 6.97 Hz, H1'),
3.96 (2H, t, ] = 7.97 Hz, H6'), 1.87—1.61 (4H, m, H2', HS'),
1.42—1.21 (4H, m, H3’, H4'). *C-NMR (125 MHz, DMSO-
dg): 6 184.55, 179.63, 159.63, 149.48, 145.76, 144.54, 143.82,
142.77, 136.79, 135.88, 134.50, 133.61, 131.56, 130.87, 129.58,
129.14, 128.97, 126.42, 126.11, 125.55, 123.00, 110.16, 102.20,
69.12, 49.26, 38.44, 29.63, 27.63, 25.44, 24.74. ESI-MS: calcd.
for C33HyoNgO; [M + Nal*: §81.2272, found: 581.2266.

4.1.4.8. 2-(8-(5-((3-Phenylquinoxalin-6-ylamino)methyl)-
1H-1,2,3-triazol-1-yl)octyloxy) naphthalene-1,4-dione (7d).
Compound 7d was obtained from compound 2b and
compound S5d as described in the general procedure. Yellow
solid; yield 49%; IR (KBr): 3431.9, 2926.0, 1713.2, 1621.2,
1523.2, 1437.2, 1363.9, 1239.5, 1048.8, 778.4 cm™*. 'H-NMR
(500 MHz, DMSO-dq): 6 9.26 (1H, s, H3"), 8.19 (2H, d, HS,
H8), 8.06 (1H, s, HS"), 7.97 (2H, ddd, J = 1.00, 7.30, 16.97
Hz, H6, H7), 7.87—7.80 (3H, m, triazole, H2"”, H4"), 7.52
(2H, t, ] = 7.62 Hz, H1”, H5"), 7.44 (1H, t, ] = 7.32 Hg,
H3"), 7.37 (1H, dd, ] = 2.51, 9.13 Hz, H8"), 7.15 (1H, t, ] =
5.60 Hz, NH), 6.91 (1H, d, ] = 2.40 Hz, H6"), 6.30 (1H, s,
H3), 4.47 (2H, d, ] = 5.55 Hz, CH,-NH), 4.34 (2H, t, ] = 6.98
Hz, H1'), 3.97 (2H, t, ] = 6.52 Hz, H8'), 1.81—1.66 (4H, m,
H2', H7'), 1.28—1.15 (8H, m, H3/, H4', HS/, H6'). *C-NMR
(125 MHz, DMSO-d): & 184.54, 179.63, 159.65, 149.45,
145.72, 144.50, 143.81, 142.74, 136.78, 135.85, 134.48, 133.59,
131.54, 130.86, 129.55, 129.12, 128.96, 127.11, 126.40, 126.40,
122.94, 110.16, 102.19, 69.23, 49.27, 38.40, 29.70, 28.41,
28.25, 27.77, 25.72, 25.21. ESI-MS: calcd. for C35H3,NO; [M
+ Na]*: 609.258S, found: 609.2583.

4.1.4.9. 2-(3-(5-((2,3-Dimethylquinoxalin-6-ylamino)-
methyl)-1H-1,2,3-triazol-1-yl)propoxy) naphthalene-1,4-
dione (8a). Compound 8a was obtained from compound 2¢
and compound S5a as described in the general procedure.
Orange solid; yield 68%; IR (KBr): 3393.9, 2928.2, 1680.9,
1680.6, 1516.1, 1437.8, 1339.5, 1242.7, 1045.4, 781.9 cm™".
'"H-NMR (500 MHz, DMSO-d,): 6 8.10 (1H, s, H5"), 8.01—
7.95 (2H, m, HS, H8), 7.88—7.81 (2H, m, H6, H7), 7.59 (1H,
d, J = 9.02 Hz, triazole), 7.17 (1H, dd, ] = 2.55, 9.01 Hz, H8"),
6.79 (2H, d, J = 4.08, 7.36 Hz, NH, H6"), 6.27 (1H, s, H3),
4.50 (2H, t, J = 6.90 Hz, CH,-NH), 4.40 (2H, d, J = 5.60 Hz,
H1'), 403 (2H, t, ] = 6.15 Hz, H3'), 2.52 (6H, s, 2 X CH,),
2.31 (2H, p, J = 6.51 Hz, H2'). *C-NMR (125 MHz, DMSO-

dg): 6 184.50, 179.48, 159.36, 152.81, 147.71, 145.09, 142.85,
134.60, 134.57, 133.71, 131.53, 130.86, 128.27, 126.14, 125.61,
123.27, 120.67, 110.35, 102.35, 68.17, 46.22, 38.5S, 28.76,
22.60, 22.10. ESI-MS: caled. for CpeH, N,O; [M + Nal*:
491.1802, found: 491.1801.

4.1.4.10. 2-(4-(5-((2,3-Dimethylquinoxalin-6-ylamino)-
methyl)-1H-1,2,3-triazol-1-yl)butoxy) naphthalene-1,4-
dione (8b). Compound 8b was obtained from compound 2c
and compound Sb as described in the general procedure.
Yellow solid; yield 45%; IR (KBr): 3395.5, 2921.1, 1681.5,
1607.8, 1516.0, 1442.0, 1340.8, 1242.5, 1046.3, 780.7 cm™.
'H-NMR (500 MHz, DMSO-d,): 5 8.08 (1H, s, HS'), 7.99—
7.95 (2H, m, HS, H8), 7.87—7.80 (2H, m, H6, H7), 7.59 (1H,
d, J = 9.01 Hz, triazole), 7.18 (1H, dd, ] = 2.55, 9.01 Hz, H8"),
6.82—6.78 (2H, m, NH, H6"), 6.29 (1H, s, H3), 4.42 (4H, dd,
J = 625, 13.05 Hz, H1/, CH,-NH), 4.03 (2H, t, ] = 6.33 Hz,
H4'), 2.53 (6H, s, 2 X CH,), 1.98—1.92 (2H, m, H3'), 1.73—
1.67 (2H, m, H2'). *C-NMR (125 MHz, DMSO-dy): 6
184.57, 179.59, 159.55, 152.80, 148.61, 147.69, 144.90, 142.85,
134.59, 134.56, 133.66, 131.55, 130.85, 128.26, 126.13, 125.58,
123.16, 120.69, 110.22, 102.42, 68.76, 48.85, 38.55, 26.64,
24.75, 22.61, 22.09. ESI-MS: calcd. for C,,H,(N,O; [M +
Na]*: 505.1959, found: 505.1959.

4.1.4.11. 2-(6-(5-((2,3-Dimethylquinoxalin-6-ylamino)-
methyl)-1H-1,2,3-triazol-1-yl)hexyloxy)-naphthalene-1,4-
dione (8c). Compound 8c was obtained from compound 2c
and compound Sc as described in the general procedure.
Yellow solid; yield 61%; IR (KBr): 3407.2, 2921.1, 1717.2,
1650.9, 1607.5, 1365.8, 1242.8, 1206.1, 1018.4, 882.1 cm™".
'H-NMR (500 MHz, DMSO-d,): 5 8.04 (1H, s, HS'), 7.99—
7.95 (2H, m, HS, H8), 7.87—7.80 (2H, m, H6, H7), 7.60 (1H,
d, ] = 9.02 Hz, triazole), 7.18 (1H, dd, ] = 2.56, 9.04 Hz, H8"),
6.81—6.78 (2H, m, NH, H6"), 6.31 (1H, s, H3), 4.39 (2H, d, ]
= 5.61 Hz, CH,-NH), 4.33 (2H, t, ] = 7.01 Hz, H1'), 3.98
(2H, t, J = 6.47 Hz, H6), 2.53 (6H, d, ] = 11.87 Hz, 2 X CH,),
1.84—1.66 (4H, m, H2/, HS'), 1.42—1.23 (4H, m, H3', H4').
BC-NMR (125 MHz, DMSO-dy): § 184.52, 179.60, 159.62,
152.73, 148.58, 147.62, 144.82, 142.84, 134.57, 134.48, 133.59,
131.53, 130.85, 128.21, 126.08, 125.53, 122.86, 120.66, 110.15,
102.34, 69.09, 49.18, 38.52, 29.59, 27.58, 25.39, 24.70, 22.57,
22.07. ESI-MS: caled. for C,oH;0N4O; [M + Nal*: 5332272,
found: 533.2272.

4.1.4.12. 2-(8-(5-((2,3-Dimethylquinoxalin-6-ylamino)-
methyl)-1H-1,2,3-triazol-1-yl)octyloxy)-naphthalene-1,4-
dione (8d). Compound 8d was obtained from compound 2c
and compound S5d as described in the general procedure.
Yellow solid; yield 50%; IR (KBr): 3438.4, 2929.0, 1714.9,
1607.7, 1515.5, 13413, 1242.6, 1154.5, 1019.3, 827.6 cm™".
'"H-NMR (500 MHz, DMSO-d,): 6 8.03—7.84 (5H, m, HS,
HS8, HS', H6, H7), 7.60 (1H, d, ] = 9.0 Hz, triazole), 7.18 (1H,
dd, J = 2.55,9.04 Hz, H8"), 6.79 (2H, m, NH, H6"), 6.32 (1H,
s, H3), 4.39 (2H, d, J = 5.63 Hz, CH,-NH), 431 (2H, t, ] = 7.0
Hz, H1'), 4.00 (2H, t, ] = 6.52 Hz, H8'), 2.53 (6H, d, ] = 9.41
Hz, 2 X CH,), 1.74 (4H, m, H2', H7'), 1.26 (8H, m, H3', H4/,
HS', H6'). BC-NMR (125 MHz, DMSO-d): 5 184.59,
179.69, 159.70, 152.78, 148.61, 144.85, 142.86, 134.60, 134.53,
133.64, 130.89, 128.24, 126.13, 125.57, 122.88, 120.70, 110.21,
102.40, 69.28, 49.29, 38.54, 29.72, 28.42, 28.27, 27.79, 25.76,
2524, 22.61, 22.10. ESI-MS: calcd. for CyHyN,O; [M +
Na]*: 561.258S, found: 561.2583.

4.2, Biological Materials and Methods. 4.2.1. In Vitro
AChE and BChE Inhibition Assay. The cholinesterase
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inhibition was evaluated by the Ellman assay. Human
recombinant AChE and equine serum BChE were used for
the cholinesterase inhibition experiments. Acetylthiocholine
iodide (ATChI) and butyrylthiocholine iodide (BTChI) were
used as the substrates of the assays, respectively. Test
compounds were dissolved in absolute EtOH. The assay
solution consisted of 25 L of 1.5 mM ACTTI or 25 uL of 1.5
mM BTChI, 50 yL of SO mM phosphate buffer (pH 8), 125
uL of 3 mM §,5-dithiobis-(2-nitrobenzic acid) (DTNB), and
25 uL of 100 uM of test compounds. Then, 25 uL of HUAChE
and equine serum of BChE in S0 mM Tris-HCl buffer
contained 0.1% (w/v) BSA (pH 8). Reactions were initiated by
the addition of the enzyme into the medium. The production
of the yellow of 5-thio-2-nitrobenzoic was measured with a
microplate reader at 405 nm every 11 s for 2 min. Each
experiment was repeated in triplicate. In this study, tacrine and
donepezil were used as reference drugs. Percent inhibition and
enzyme activities were calculated using the following formulas:
% inhibition = [(mean velocity of blank — mean velocity of the
sample) X 100]/mean velocity of blank. The ICy, value is
defined as the concentration of the test compounds required to
inhibit AChE and BChE by 50%. This experiment was
calculated using GraphPad Prism 2.01 software. The selectivity
of AChEI activity of the compounds can be calculated by the
ratio between IC;, of EqBChE and ICs, of HuAChE and
shown as the selectivity index (SI).*'

4.2.2. Kinetic Characterization of AChE Inhibitory Activity.
The kinetic study for the AChE inhibition by compound 6d
was carried out according to the Ellman assay using four
different concentrations of the inhibitor (0, 4, 7.5, and 15 uM).
The Lineweaver—Burk plot was generated by plotting 1/[V]
against 1/[S] at variable concentrations of substrates (ATChl:
0.5, 1.5, 2.5, 5, and 10 uM). Then, mode of inhibition can be
determined from the variation of K, and V,,, by the Prism
program.**

4.2.3. SRB Assay. Human neuroblastoma SH-SYSY cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
located at 37 °C in a humidified atmosphere containing 5%
CO,, changed every 2—3 days. Cell viability was determined
using a sulforhodamine B (SRB) assay. SH-SYSY cells were
seeded into a 96-well plate at 10,000 cells/well, incubated at 37
°C in a humid 5% CO, atmosphere for 24 h, and treated with
or without different concentrations of test compounds (6a-
8d). After 48 h of incubation, the cells were fixed with 40%
(w/v) trichloroacetic acid (TCA). The cells were then
incubated at 4 °C for 1 h. SRB solution (100 L) was
added to each well, and the cells were incubated for 1 h at
room temperature. The supernatant was discarded, washed
three times with 1% glacial acetic acid water, and air-dried.
Finally, to each well, 100 yL/well for 10 mM Tris base solution
was added, and the OD value was measured at 492 nm using a
microplate reader."”**

4.3. In Silico Analysis of ChE Binding Characteristics.
4.3.1. Preparation of the Protein Structure. The AutoDock
Tools (ADT) version 1.5.6 program was utilized to conduct
docking studies.”> 7D90 (human recombinant acetylcholines-
terase) and 4BDS (human butyrylcholinesterase) were
extracted from the RCSB Protein Data Bank (www.rcsb.
org)*® as complexes bound with inhibitors HOL (donepezil
analogue)”” and THA (tacrine). Therefore, water molecules
and the original inhibitors were eliminated from both protein
structures.

4.3.2. Preparation of Ligands. The lawsone 3D structure
file was downloaded from the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/). The lawsone structure was taken
from a structure with CID 6755, and other ligands were
established by the Public Computational Chemistry Database
Project (www.pccdb.org) and saved in a mol2 format file,
which was then converted into a PDB file using Obabel."®
Polar hydrogen atoms were added to all ligands. ADT was then
used to write the structure into the PDBT format file.

4.3.3. Molecular Docking Study. Molecular docking
research was conducted with the AutoDock4 program. In the
process, the structure of the protein was fixed as a rigid
molecule with a flexible ligand. The active site box of HuAChE
and HuBChE has dimensions of 60 X 60 X 60 cubic angstroms
(A®). All maps were generated with a grid point interval of
0.375 A. The centers of the protein structures of HuAChE
(PDB ID: 7D90) and HuBChE (PDB ID: 4BDS) are located
at x = 10.64, y = 48.01, and z = 34.23 and x = 131.88, y =
116.41, and z = 40.78, respectively. AutoDock4 was used to
operate a genetic algorithm (GA) with SO iterations and a
population size of 200 using the default parameters. The
conformation of the ligand—enzyme with the lowest energy
(AG values) was measured to analyze the interaction between
the inhibitor and enzyme.*

4.3.4. Interaction Analysis and Structural Visualization
from Molecular Docking. Biovia Discovery Studio packa%e
version 2021 and visual molecular dynamics (VMD) package”
were used for interaction analysis and visualization. For the
ligand—protein interactions, the hydrogen bond, n—7 inter-
action, cation-7 interaction, s-alkyl interaction, and cation-z
interaction were considered.

4.4. Molecular Dynamics (MD) Simulation. The
HuAChE enzyme selected was the PDB structure code
7D90 (a resolution of 2.45 A).*” AMBER20 parameters
were used for MD simulation to simulate the dynamic aqueous
condition. The docked 6d-HuAChE complex and donepezil-
HuAChE in the PDB format were used as starting coordinates.
First, the restrained electrostatic atomic partial potential
(RESP) charge was parameterized using geometry optimiza-
tion and electrostatic single-point charge for all ligands, such as
compound 6d and donepezil drug. The process was carried out
using the Gaussian16 package’s B3LYP/6-31G* calculation.”"

Second, all protein structures were modeled with AMBER20
parameters, and the protonation state of each ionizable amino
acid was determined with the PropKA web server.”” The
protonation of glutamates was set GLH in AMBER name:
Glu7, Glu84, Glu202, Glu285, Glu313, Glu450, Glu4S2,
Glu469, Glu491, and Glu519. No protonation of aspartate
(Asp) was found. Five doubly protonated histidines (His) were
set HIP in AMBER name: His212, His223, His322, His40S,
and His447. Furthermore, HuAChE includes three disulfide
bonds: Cys69-Cys96, Cys257-Cys272, and Cys409-Cys529.
The HuAChE, or compound 6d-HuAChE, and donepezil-
HuAChE system were solvated at a 14 A distance by TIP3P
water and neutralized by eight chlorides (Cl™) using the Leap
module. The 40 Na*Cl™ pairs were added. Finally, the system
included a HuAChE, a ligand (compound 6d and donepezil),
40 Na*, 48 CI7, and 22,294 TIP3P waters, yielding a 0.10 M
NacCl solution.

The MD simulation began with the best docked pose from
the molecular docking study, like previous studies.””>* Under
the periodic boundary condition, the steepest descent method
for 1000 steps and the conjugate gradient method for 1000
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steps were used. To deal with nonbonded/electrostatic
interaction, the NVT simulation was set at 298 K (25 °C)
with a cutoff of 16 A. Harmonic restraint was applied to the
compound—protein coordinates with force constants of 200,
100, 50, 25, and 10 kcal mol™* A% Each force constant lasted
for 400 ps with a 1 fs time step, from which a 2 ns simulation
was then obtained. The NPT simulation, without positional
restraints, was then simulated with a pressure of 1.013 bar. The
temperature and pressure were monitored by the weak-
coupling algorithm.”® The simulation lasted for 200 ns, with
a time step of 2 fs. The MD simulation was performed using
the PMEMD module implemented in AMBER20.

The VMD program achieved the root-mean square displace-
ment (RMSD) calculation of the equidistant 2000 snapshots
obtained from the MD trajectory for 200 ns as well as structure
visualization. The distance between the ligand and the
interested amino acids (Trp80 and Trp280) was calculated
using the AMBER20 package’s CPPTRAJ module to
investigate the z—n interaction between the sidechain and
aromatic ring of the synthesized compound. Using the
molecular mechanics/generalized born surface area (MM/
GBSA) method, the average binding free energy was
calculated.”® The energy calculation was summarized in the
previous study.”’
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