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Design, Synthesis, and Biological Activity of Donepezil: Aromatic
Amine Hybrids as Anti-Alzheimerss Drugs
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ABSTRACT: In this study, benzylpiperidine, the active group of 3 O O n
donepezil (DNP), was connected with the neurotransmitter phenyl- oy % + j:f + ;F\N/Q/\Q
ethylamine by square amide, in which the fat chain of phenylethyl- R won g

amine was reduced and the benzene rings were substituted. A series of Linker

multifunctional hybrid compounds, including DNP—aniline hybrids
(1-8), DNP—benzylamine hybrids (9—14), and DNP—phenylethyl-
amine hybrids (15—21) were obtained and their cholinesterase |
inhibitory activity and neuroprotection of the SH-SYSY cell line were |
determined. Results showed that compound 3 exhibited excellent
acetylcholinesterase inhibitory activity with an ICy, value of 4.4 uM,
higher than that of positive control DNP and significant neuro-
protective effects against H,O,-induced oxidative damage in SH-SYSY
cells with 80.11% viability rate at 12.5 #M, much higher than that of the model group (viability rate = 53.1%). The mechanism of
action of compound 3 was elucidated by molecular docking, reactive oxygen species (ROS), and immunofluorescence analysis. The
results suggest that compound 3 could be further explored as a lead compound for the treatment of Alzheimer’s disease. In addition,
molecular docking research indicated that the square amide group formed strong interactions with the target protein. Based on the
above analysis, we believe that square amide could be an interesting construction unit in anti-AD agents.
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1. INTRODUCTION

Alzheimer’s disease (AD) is a multifactorial neurodegenerative
disease. Its clinical manifestations include loss of memory
function, cognitive function, visual space function, and self-care
ability.' ™ The progression of AD is associated with loss of
cholinergic transmission, oxidative damage, imbalance of
metallics, excitotoxicity, and neuroinflammation, which can
lead to a “domino” cascade of events in AD.* ™ At this stage, the
efficacy of most single drugs can only be based on delaying the
course of the disease, and it is difficult to further prevent and
block the course of the disease fundamentally and as a whole.
Due to the complexity of AD disease, smgle target drugs cannot
provide an ideal therapeutic effect.'® Therefore, there was
potential significance in the study of multi-target anti-AD agents.
Molecular hybridization mainly combines the basic structure
of two or more drugs in one molecule or pharmacophore groups
of different drugs in one molecule to exert pharmacological
activity or dual action. Since the 21st century, the application of
molecular hybridization in the research and development of new
drugs has become more and more common, has achieved good
results, and has gradually become a breakthrough in new drug
research and development."'™"* Among them, the design
concept of Benoxate is to hybridize aspirin with acetaminophen
using molecular hybridization, which reduces the 1rr1tat10n of
aspirin in the gastrointestinal tract and synergizes the effect.'*
Donepezil (DNP) has been approved by the FDA for the
treatment of Alzheimer’s disease as the second generation of
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reversible specific central acetylcholinesterase (AChE) inhib-
itor."> N-benzylpiperidine in its structure is the primary
pharmacophore responsible for AChE inhibition, which could
inhibit the hydrolysis of acetylcholine, accumulate the release of
acetylcholine released from cholinergic nerve fibers continu-
ously, and excite choline receptors.'®'” Phenylethylamine is a
kind of monoamine neurotransmitter that plays an important
role in neuroregulation by increasing the level of dopamine in
extracellular fluid and inhibiting the activation of the dopamine
nerve. Phenylethylamine has been widely used in the treatment
of Parkinson’s disease.'® Since DNP and phenylethylamine have
significant therapeutic activity in neurodegenerative diseases,
combining hotspot drugs for PD with anti-AD drugs may
provide a new avenue for the treatment of AD.

Barbora Svobodova’s research group'” first introduced a
square amide group in the design of anti-Alzheimer’s drugs in
2019, and its four-ring system can act as an ideal hydrogen bond
donor or acceptor so that the group not only acts as a linker but
its own hydrogen bond donor and acceptor groups can also
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Scheme 1. Synthesis of DNP-Phenylethylamine Hybrids
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Table 1. Inhibitory Activity against AChE by Compounds 1-21

AChE inhibition [%]“

compound 25 umol/L 12.5 pmol/L
1 55.71 + 1.56 48.82 + 0.32
2 66.67 + 2.35 53.45 +1.38
3 76.97 + 0.44 68.86 + 2.46
4 69.47 £ 1.36 55.59 + 1.64
S 50.42 + 0.54 43.18 £ 0.54
6 64.48 + 1.25 58.96 £ 0.76
7 62.42 + 2.34 49.57 £ 1.74
8 42.90 + 0.34 40.36 + 0.48
9 51.63 + 1.39 38.67 + 2.54
10 54.86 + 2.65 42.03 £ 0.79
11 65.89 + 1.34 60.97 + 0.53

AChE inhibition [%]“

compound 25 pmol/L 12.5 pmol/L
12 70.06 + 1.34 60.94 +2.43
13 60.29 + 0.65 45.21 £ 042
14 54.11 + 2.52 42.92 £ 192
15 59.00 + 1.47 4545 £0.33
16 63.85 + 0.71 48.30 + 0.38
17 69.46 + 1.43 60.14 +2.22
18 52.17 + 1.54 43.85 £ 1.34
19 54.61 + 0.32 45.68 + 0.55
20 5§9.33 +2.12 50.93 + 1.27
21 45.65 + 1.40 30.06 + 1.32
DNP 75.38 + 0.47 64.22 + 1.59

“AChE from Electrophorus electricus was used, and percent inhibition data are the mean + SD of three independent experiments performed in

duplicate.

interact with complementary sites in a variety of ways.”” Given
the great potential for the application of square amide groups in
the design of Alzheimer’s disease drugs, we use square amide as a
bridge to connect to link the N-benzylpiperidine in DNP with
phenylethylamine to design DNP-square amide-phenylethyl-
amine derivatives, with aliphatic chain reduction of the
phenylethylamine portion and various substitutions on the
benzene ring, resulting in DNP—benzylamine hybrids, and
DNP—aniline hybrids. Subsequently, the cholinesterase inhib-
itory activity, SH-SYSY cytotoxicity, and neuroprotective effects
against H,O,-induced oxidative damage in cells of the prepared

compounds were determined.
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2. RESULTS AND DISCUSSION

2.1. Chemistry. The synthesis of DNP-phenylethylamine
heterozygous derivatives is described (Scheme 1.) All the
compounds were synthesized according to the previously
reported method.”' The types of bases are discussed, as well
as sodium ethoxide, sodium hydride, and triethylamine. As an
organic base of the system, the results show that when
triethylamine is added to the reaction system as an acidic
binder, the reaction can be carried out more efficiently, and
when the reaction time is controlled at about 10 h, the yield is
improved. In general, the Michael addition reaction of 4-amino-
1-benzylpiperidine with diethyl squarate was carried out to
obtain the intermediate B. Then, the phenylethylamine portion
was subjected to aliphatic chain curtailment and various

https://doi.org/10.1021/acsomega.3c01427
ACS Omega 2023, 8, 21802—-21812
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substitutions on the benzene ring, and the amino part
subsequently further reacted with another ethoxy in diethyl
squarate to prepare the target compound. Three series of
derivatives, namely aniline (1—8), benzylamine (9—14), and
phenylethylamine (15—21), were designed and synthesized.
According to the method described in the reference, an array of
aniline with diversely substituted aryl groups reacted smoothly
with intermediate B in the presence of triethylamine, providing
corresponding products 1—8 with moderate to good yield. On
the other hand, moderate to outstanding yields were generally
attained for benzylamines with diversely substituted aryl groups
(products 9—14). Moreover, phenethylamines with diversely
substituted aryl groups were also applicable to produce products
15—21 in excellent yields. All the structures of target products
were determined according to their nuclear magnetic resonance
spectrum analysis and liquid chromatography mass spectrom-
eter.

2.2. Biological Activities. 2.2.1. Evaluation of ChE
Inhibitory Activity. The determination of the inhibitory capacity
of a drug on AChE is an important aspect when designing drugs
for AD treatment. By measuring the inhibitory activity of a drug
against AChE, the utilization of ACh in cholinergic synapses can
be further evaluated. On this basis, we assessed the inhibitory
activity of compounds for the AChE using the Ellman method.*
Overall, the results showed that there were many synthetic
derivatives that exhibited moderate or excellent AChE inhibitory
activity at 25 uM (Table 1).

(1) In the series of DNP—aniline hybrids, we observed that
when there was no substituent at the aniline para-position
(compound 1), it achieved $5.71% acetylcholinesterase
inhibition at 25 M. The cholinesterase inhibition rate
was significantly enhanced when the aniline para-position
was attached to an electron donor group compared to
compound 1. Compound 3, which had an amino group
attached to the aniline para-position, showed the most
significant bioactivity (AChE inhibition = 76.97%) than
the positive drug DNP at 25 uM, followed by compounds
2 and 4, with an inhibition rate of 66.67 and 69.47%,
respectively. The structural difference between com-
pound 3 and compound 2 lies in the difference in
substituents. The nitrogen atom of the primary amine in
compound 3 has a lone pair of electrons, which is
conjugated to the benzene ring and has a strong electron-
giving ability. However, the hydroxyl group in compound
2 is not as strong an electron donor as the amino group,
and its inhibitory activity is reduced. In contrast, when the
electron-absorbing group bromine atom was attached to
the aniline para-position, as in compound 8 (AChE
inhibition = 42.90%), its biological activity was signifi-
cantly reduced.

(2) In the series of DNP—benzylamine hybrids, we observed
that the acetylcholinesterase inhibition rate could reach
51.63% when benzylamine had no substituent at the para
position (compound 9). In contrast, the acetylcholines-
terase inhibition rate was 65.89 and 70.06% when the
benzylamine was attached to the electron-donating group
methoxy at the para-position (compound 11 and
compound 12). When the electron-absorbing group
bromine atom was attached to the benzylamine para-
position, as in compound 14 (AChE inhibition =
54.11%), its biological activity was significantly reduced.

(3) In the series of DNP—phenylethylamine hybrids, we
observed that when there was no substituent at the
phenylethylamine para-position (compound 15), it
exhibited 59.00% acetylcholinesterase inhibition. In
contrast, when the phenylethylamine para-position was
attached to the electron-donating groups hydroxyl and
amino in turn (compound 16 and compound 17), its
cholinesterase inhibitory activity showed a slight increase
relative to compound 185, with acetylcholinesterase
inhibition rates of 63.85 and 69.46%. In contrast, when
the electron-absorbing group bromine atom was attached
to the para-position of phenylethylamine, as in compound
21 (AChE inhibition = 45.65%), its biological activity
decreased significantly.

From the above activity data analysis, it can be concluded that
the acetylcholinesterase inhibitory activity of the DNP—aniline
hybrids was superior to that of the benzylamine and phenyl-
ethylamine DNP hybrids. The analysis of the bioactivity data
showed that the introduction of amino, hydroxyl, and methoxy
groups enhanced the bioactivity, whereas the introduction of
bromine atoms reduced it. Among them, compound 3 showed
higher inhibition of acetylcholinesterase at 25 uM than the
positive drug DNP.

The derivatives with excellent anti-AChE effect at 25 uM were
assayed at a half maximum inhibitory concentration (ICs). As
shown in Table 2, compound 3 had the best acetylcholinesterase

Table 2. IC,, Values of Selected Compounds against AChE”

compound ICo = SD (uM)”
2 9.6 + 1.5
3 44+ 1.7
4 83+12
11 7.0+ 0.5
12 5.6+ 19
17 6.9 +£04
DNP 4.7 £ 0.7

“AChE from electric eel was used. “Data are the means + SD of at
least three determinations.

inhibitory activity (ICs, = 4.4 uM), which was higher than the
positive control DNP (ICg, = 4.7 uM). Compounds 12 (ICg, =
5.6 uM) and 17 (ICyy, = 6.9 uM) showed a comparable
inhibitory capacity to the positive control.

2.2.2. Molecular Docking Study of Selected Compounds
with AChE. Molecular docking is a useful tool for complex
interactions between the receptor and the ligand. To further
investigate the binding ability and mode of selected compounds
with AChE, molecular modeling was carried out.

Due to the significant acetylcholinesterase inhibitory activity
of compound 3, we present the interaction pattern of compound
3 with the amino acid residues of AChE (PDB:4EY7),” as
shown in Figure 1.

The docking results showed that compound 3 docked to the
central gap region of the AChE protein and formed an intense
interaction with AChE through the formation of hydrogen
bonds and hydrophobic interactions with nearby amino acid
residues. The central docking active site is the cavity composed
of amino acid residues such as TRP86, TYR337, PHE338,
TYR341, ASP74, TYR72, and TYRI124. Analysis of the
interactions showed that the nitrogen atom on the piperidine
ring of benzyl piperidine forms m—cationic interactions with
amino acid residues TYR337, ASP74, and PHE338. The

https://doi.org/10.1021/acsomega.3c01427
ACS Omega 2023, 8, 21802—-21812


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

(@

i

A

a5, &

Interactions

I Attractive Charge

B Conventional Hydrogen Bond
[ Carbon Hydrogen Bond

I Pi-Cation
[ Pi-Pi Stacked
[ Pi-Pi T-shaped

®)

TYR337

TYRI24

TYR72

PHE338

TYR341

Figure 1. (a) Optimal pose of compound 3 at the active site of AChE (b) residues of the active site involved in ligand binding. PDB:4EY7.

benzene ring of benzyl piperidine forms a 7—cation interaction
with TYR341 and the amino group in the aniline ring forms a
hydrogen bond with TYR72. The carbonyl group in the square
amide forms van der Waals interactions with GLY121, whose
double bonds form 77— stacked with TRP86.

We further predicted the binding site of compound 8 to AChE
because of its lowest acetylcholinesterase inhibitory activity. The
difference in the aniline para group in the structures of
compound 3 and compound 8 resulted in a large difference in
activity, where the aniline para group of compound 8 was
attached to a bromine atom which, by molecular docking
analysis, formed an unfavorable interaction with PRO8S,
resulting in a reduced binding capacity for AChE. (Figure S6).

The binding sites of other selected compounds with AChE
were predicted. The molecular docking results showed
compounds 2, 4, 11, 12, and 17, also accommodated well in
AChE with the energy of —18.7, —19.2, —19.6, —19.9, and —19.7
kcal/mol (Table 3). The highest-scored poses of the ligands are
depicted in Supporting Information Figures S1—SS.

Table 3. Interaction Energy of Selected Compounds Docked
with AChE

compound interaction energy (kcal/mol)
2 —18.7
3 —-20.2
4 —19.2
11 -19.6
12 —-19.9
17 —19.7
DNP —=20.1

As shown by the interaction energy, compound 3 was the
compound with the lowest interaction energy, indicating that it
bound most strongly to AChE. Compound 12 had slightly
higher interaction energy than compound 3. Compound 2 had
the highest interaction energy compared to the other selected
compounds, indicating that it was less able to bind AChE.

Molecular docking showed that compound 3 has a strong
interaction with AChE as well as a low binding energy, and from
this perspective, we further verified that compound 3 has
excellent acetylcholinesterase inhibitory activity.

2.2.3. Neuroprotective Effects against H,0,-Induced
Oxidative Damage in Cells. Safety is extraordinarily important
for central nervous system drugs, so the MTT method®* was

21805

used to determine the toxicity of the synthesized compound in
neuron cell line SH-SYSY. As shown in Table 4, most
compounds showed low toxicity to SH-SYSY cells at 12.5 and
6.25 umol/L.

Protection of neuronal cells from damage is an effective way to
slow or prevent the progression of AD. Therefore, the
neuroprotective activity of compounds against H,O,-induced
oxidative damage in cells was evaluated by MTT assays. Then,
the compounds with low toxicity to SH-SYSY cells were selected
to study further the neuroprotective effects of these compounds
on H,0,-induced oxidative cells.

As shown in Table S, compared with DNP, most compounds
showed neuroprotective effects on H,O,-induced oxidative
damage in cells from the analysis of bioactivity data:

(1) In the series of DNP—aniline hybrids, we observed that
when there was no substituent attached to the aniline para
position (compound 1), the cell survival rate could reach
62.64%. The neuroprotective activity was significantly
enhanced when the aniline para-position was attached to
an electron-giving group compared to compound 1.
Compound 3 showed the most significant biological
activity (survival rate = 80.11%) with the amino group
attached to the aniline para-position, while compounds 2,
4, and 6 showed better biological activity with cell survival
rates of 70.21, 68.16, and 60.63%, respectively. In
contrast, when the electron-absorbing group bromine
atom was attached to the para-position of aniline, as in
compound 8 (survival rate = 50.46%), the biological
activity was significantly reduced.

(2) In the series of DNP—benzylamine hybrids, we observed
that cell survival rates of 57.44% were achieved when
there was no substituent at the benzylamine para-position
(compound 9). The neuroprotective activity was slightly
increased compared to compound 9 when the hydroxyl
and methyl groups were attached to the benzylamine
para-position in sequence, as in compound 10 and
compound 13, with cell survival rates of 59.59 and
58.87%, respectively. Notably, in this series, compounds
11 and 12 were both attached to methoxy, but their
biological activity was slightly lower than that of
compound 9 without the substituent, with cell survival
rates of only 54.57 and 55.72%.

In the series of DNP—phenylethylamine hybrids, we
observed that when there was no substituent at the
phenylethylamine para-position (compound 15), the cell

3)

https://doi.org/10.1021/acsomega.3c01427
ACS Omega 2023, 8, 21802—-21812
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Table 4. Toxicity of Compounds 1-21 on SH-SYSY Cells

survival rate (%)

compound 12.5 pmol/L 6.25 pumol/L
1 117.14 + 0.46 124.30 + 0.49
2 101.89 + 1.32 102.39 + 1.49
3 102.86 + 2.34 104.07 + 0.52
4 94.83 + 0.43 99.85 + 1.43
5 67.61 +2.11 88.08 + 2.02
6 101.97 £ 1.57 103.25 + 0.48
7 79.33 + 2.57 76.36 + 1.98
8 96.09 + 0.57 101.08 + 1.44
9 113.66 + 1.64 123.57 £ 0.43
10 97.82 +2.14 102.67 + 2.01
11 100.63 + 0.73 101.47 = 1.79

“Data are expressed as means + SD of three independent experiments.

survival rate (%)%

compound 12.5 pmol/L 6.25 pumol/L
12 102.01 + 0.97 105.60 + 0.67
13 95.67 + 1.64 101.54 + 1.74
14 84.74 + 0.63 91.95 + 0.52
15 118.01 + 2.16 120.69 + 1.55
16 87.29 + 1.99 97.85 + 0.46
17 96.36 + 0.14 101.80 + 2.78
18 101.34 + 2.64 107.83 + 0.69
19 77.87 £ 0.55 90.60 + 2.06
20 98.34 + 1.58 107.57 + 1.38
21 91.45 + 0.65 107.26 + 0.59
DNP 95.21 + 1.68 96.14 + 0.12

Table S. Neuroprotective Effects against H,0,-Induced Cell
Death in SH-SYSY Cells

a a

survival rate (%) survival rate (%)

compound 12.5 pumol/L compound 12.5 pumol/L
1 62.64 + 1.32 12 55.72 + 0.64
2 7021 + 1.22 13 58.87 + 1.48
3 80.11 + 0.32 15 58.11 + 0.26
4 68.16 + 1.56 17 60.28 + 0.55
6 60.63 + 0.23 18 58.72 + 1.38
8 50.46 + 0.43 20 57.87 +0.26
9 57.44 + 1.63 21 46.05 + 1.59
10 59.59 + 0.65 DNP 57.21 + 0.54
11 54.57 +1.23

+

“Data are expressed as means SD of three independent

experiments.

survival rate could reach 58.11%. The neuroprotective
activity also showed a slight increase relative to compound
15 when the phenylethylamine para-position was
attached to the electron-donating groups amino and
methyl (compound 17 and compound 18), with cell

survival rates of 60.28 and 58.72% in that order. Similarly,
in this series of compounds, compound 20 was attached
to methoxy, but its biological activity was slightly lower
than that of compound 15 without substituents, with a cell
survival of 57.87%, and the presence of methoxy had no
significant effect on this biological activity.

From the above conformational analysis, it can be concluded
that the neuroprotective activity of aniline—DNP hybrids was
better than benzylamines and phenylethylamine DNP hybrids.
By analysis of the bioactivity data, the carbon chain interval had a
particular effect on the neuroprotective activity. When the
aliphatic chain is at its shortest, the aniline nitrogen atom not
only forms a p—n conjugation with the benzene ring but also
forms a p—7 conjugation with the square acid system, leaving the
system in a highly conjugated state, which appears to enhance its
neuroprotective activity. In addition, the entry of amino,
hydroxyl, and methyl groups enhances the biological activity,
and the entry of methoxy has no significant effect on this
biological activity, while the entry of bromine atoms reduces the
biological activity.

Next, we further investigated in detail the neuroprotective
effects of compounds 2, 3, and 4, which have excellent

Compound 2 Compound 3 Compound 4
150 150+ 150 -
~ ~_~
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3 S S
— N’
s 100 100+ x 5 100+
- 8 N
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Figure 2. Protective activity of compounds 2, 3, and 4 against H,0,-induced neuronal cell damage. All data were representative of at least three
independent experiments. *p < 0.1, **p < 0.01, and ***p < 0.001, vs H,O,-treated group.
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Figure 3. (a) Optimal pose of compound 3 at the active site of catalase (b) residues of the active site involved in ligand binding. PDB:1DGH.

neuroprotective activity, on H,O,-induced SH-SYSY cells at
different concentrations (12.5, 6.25, 3.125, 1.563, 0.781 uM). As
shown in Figure 2, all the selected compounds showed
neuroprotective effects in the concentration range and
concentration-dependent neuroprotective activity at low con-
centrations. Of these, compound 3 showed the most significant
neuroprotective activity, with a cell survival rate of 80.11% at
12.5 pumol/L.

2.2.4. Molecular Docking Study of Compound 3 with
Catalase. Predicting possible interactions of compound 3 with
catalase (PDB:1DGH)* involved in oxidative stress-related
pathways using molecular docking analysis (Figure 3).

The docking results showed that compound 3 docked to the
central void region of the catalase protein and formed a strong
interaction with catalase by forming hydrogen bonds and
hydrophobic interactions with nearby amino acid residues. The
central docking active site is a cavity consisting of amino acid
residues GLU71, ARG68, LYS169, ASP389, PRO172, ARG170,
and HIS175. Analysis of the interactions shows that the nitrogen
atoms on the benzyl piperidine ring form m—cationic
interactions with the amino acid residues ASP389. The benzene
ring of benzyl piperidine forms z—cationic interactions with
GLU71, and the amino group on the aniline ring forms a
hydrogen bond with PRO172. The carbonyl group in the square
amide forms a hydrogen bond with ARG170, and the amino
group in the square amide forms a hydrogen bond with
ARG170.

2.2.5. Prediction of Compound 3’s Pharmacokinetics
Properties. Prediction by lipophilicity, water solubility,
pharmacokinetics, and drug affinity presentation of compound
3 by the “pkCSM-pharmacokinetics” online platform (Table
S1). Overall, absorption predictions indicate that compound 3
would be greatly absorbed by intestinal cells but not by the skin,
which is desired since the compound is not meant to be dermally
administered.

The five principles of pharmacophore determination show
that compound 3 is a promising compound with good oral
absorption and high bioavailability (Bioavailability Score: 0.55).

In addition, the water solubility of compound 3 with Log S
(ESOL) = —3.93, soluble; Log S(Ali) = —4.42, moderately
soluble; Log S(SILICOS-IT) = —6.36, insoluble. The

predictions show that the water solubility of compound 3 is
average. In subsequent experiments, we will further improve the
aqueous solubility of compound 3.

2.2.6. Mechanism of Neuroprotective Activity of Com-
pound 3. H,0, causes a decrease in mitochondrial membrane
potential by activating oxidative stress, leading to apoptosis of
nerve cells, and resulting in brain cell loss, while damage to
apoptosis is thought to be mediated by ROS.*® Because
compound 3 has excellent acetylcholinesterase inhibitory
activity and significant neuroprotective activity, the neuro-
protective activity mechanism of compound 3 was further
studied to explore whether compound 3 can inhibit intracellular
apoptosis in nerve cells caused by ROS accumulation.

As shown in Figure 4A, the results indicate a dramatic increase
in ROS production in the H,O,-treated cells relative to the
control group. A significant reduction in intracellular ROS levels
was observed in cells treated with compound 3 compared to
model cells. The results suggest that compound 3 can inhibit
H,0,-induced apoptosis by suppressing intracellular ROS
accumulation.

By Tunel staining (Figure 4B), there was a large number of
apoptosis in the H,O, group, while compound 3 showed a
significant ability to reverse apoptosis. This suggests that
compound 3 can reduce the number of ROS in cells, thereby
inhibiting H,0,-induced apoptosis.

2.2.7. Evaluation of the Complexing Ability of Metal lons.
Metal ions such as Cu®*, Zn?*, Fe?*, and AI** contribute to the
production of ROS, promote oxidative stress, and damage nerve
cells.”” Therefore, adjusting the concentration of metal ions is
beneficial for the treatment of AD. The results of the above
experiments showed that compound 3 exhibited significant
neuroprotective and excellent acetylcholinesterase inhibitory
activity. We further explored its metal-chelating ability to
discover drugs possessing multiple activities. We used UV—vis
spectroscopy”® to evaluate the metal chelating ability of
compound 3 (Figure S). UV spectroscopy was used to study
the chelating ability of biological metals such as Cu?*, Zn**, Fe*”,
and AI**. The results showed that the UV absorption intensity of
compound 3 changed significantly when aluminum, copper,
iron, and zinc ions were added to the solution. The variation in
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Figure 4. Compound 3 inhibits the production of ROS and protects
against H,0,-induced apoptosis in SH-SYSY cells. (A) SH-SYSY cells
were pretreated with 12.5 uM of compound 3 for 24 h, followed by
treatment with 850 uM H, O, for 4 h. ROS levels in SH-SYSY cells were
then measured by flow cytometry. Representative images and
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were treated with H,0, and compound 3, stained with Tunel, and then
observed with fluorescence microscopy. Scale bar: 50 ym. Apoptotic
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Figure S. UV spectra of compound 3 (35 #M in methanol) alone and in
the presence of CuCl,, ZnCl,, FeSO4, or AICl; (35 #M in methanol).

the intensity of the samples confirms the existence of some
interaction between compound 3 and the metal ions.

3. CONCLUSIONS

In summary, we used square amides as a bridge to connect N-
benzyl piperidine with phenylethylamine compounds, by
shortening the aliphatic chain of phenylethylamine and thus
obtaining DNP—phenylethylamine hybrids, DNP-benzylamine
hybrids, and DNP-aniline hybrids. The biological evaluation
showed that compound 3 has excellent acetylcholinesterase
inhibitory activity and prominent neuroprotective. The
mechanism of action of compound 3 was elucidated by
molecular docking, reactive oxygen species (ROS), and
immunofluorescence analysis. Compound 3 was shown to
inhibit H,0,-induced apoptosis by inhibiting the accumulation
of intracellular ROS. The results suggest that compound 3 could
be further explored as a lead compound for the treatment of

Alzheimer’s disease. In addition, molecular docking research
indicated that the square amide group formed strong
interactions with the target protein. Based on the above analysis,
we believe that square amide could be an interesting
construction unit in anti-AD agents.

4. EXPERIMENTAL SECTION

4.1. Chemical Synthesis. A solution of 3, 4-diethoxycyclo-
but-3-ene-1,2-dione (200 mg, 1.17 mmol, 1.0 equiv) and Et;N
(1.41 mmol, 1.2 equiv) in S mL of EtOH is cooled to 0 °C. Then,
4-amino-1-benzyl piperidine (1.17 mmol, 1.0 equiv) to the
reaction mixture was added. The reaction mixture was stirred at
room temperature for 24 h. The solvent was removed under
reduced pressure. The crude product was purified by column
chromatography (30 g of silica gel, eluent: dichloromethane/
methanol = 15:1) to afford the intermediate B. A solution of B
(200 mg, 0.64 mmol, 1.0 equiv) and Et;N (0.76 mmol, 1.2
equiv) in S mL of EtOH is cooled to 0 °C. Then, the
corresponding aniline (0.76 mmol, 1.2 equiv) is added to the
reaction mixture. The reaction mixture is stirred at room
temperature for 24 h. The solvent is removed under reduced
pressure. The crude product is purified by column chromatog-
raphy (30 g silica gel, eluent: dichloromethane/methanol =
15:1) to afford the target products.

Compound 1. White powder, yield: 71.3%. "H NMR (400
MHz, CDCl,:DMSO-dg = 1:1) : 9.80 (s, 1H), 7.96 (s, 1H),
7.77 (d, ] = 8.0 Hz, 2H), 7.63 (s, 2H), 7.63—7.62 (m, 2H), 7.61
(s, 1H), 7.59 (s, 1H), 7.56 (s, 1H), 7.31—=7.25 (m, 1H), 4.36—
426 (m, 1H), 3.88 (s, 2H), 3.19 (d, ] = 11.0 Hz, 2H), 2.60—2.50
(m, 2H), 2.33 (dd, J = 12.8, 4.2 Hz, 2H), 2.01—1.89 (m, 2H).
13C NMR (100 MHz, CDCl;: DMSO-d¢ = 1:1) §: 183.3, 180.0,
168.1, 163.6, 138.7, 128.9, 128.8, 128.6, 127.8, 126.7, 122.2,
117.7,62.0,51.0, 50.7, 32.8. HRESIMS m/z 362.1879 [M + H]*
(caled for C5,H,,N;0,, 362.1869).

Compound 2. White powder, yield: 76.3%. "H NMR (400
MHz, CDCl;: DMSO-d, = 1:1) 8: 923 (s, 1H), 9.03 (s, 1H),
8.00 (s, 4H), 7.29 (d, ] = 4.4 Hz, 1H), 7.24—7.17 (m, 3H), 6.73
(d,] = 8.8 Hz, 2H), 3.93 (s, 1H), 3.49 (s, 2H), 2.81 (d, J = 11.0
Hz, 2H), 2.19-2.05 (m, 2H), 1.98 (d, ] = 9.8 Hz, 2H), 1.58 (q, ]
=10.8 Hz, 2H). *C NMR (100 MHz, CDCl;: DMSO-d; = 1:1)
5: 182.6, 1802, 167.6, 163.7, 1532, 137.9, 130.5, 128.5, 127.7,
126.5, 119.4, 115.5, 62.2, 51.1, 50.8, 33.0. HRESIMS m/z
378.1815 [M + H]* (caled for Cy,H,,N;05, 378.1818).

Compound 3. White powder, yield: 51.3%. '"H NMR(400
MHz, DMSO-d,) 8: 9.31 (s, 1H), 7.53 (s, 1H), 7.34—7.26 (m,
4H), 7.23—7.20 (m, 1H), 7.08 (d, ] = 8.2 Hz, 2H), 6.57—6.45
(m,2H), 4.94 (s,2H), 3.90—3.75 (m, 1H), 3.47 (s, 2H), 2.75 (4,
J=11.2Hz, 2H),2.09 (t, ] = 11.2 Hz, 2H), 1.95—1.83 (m, 2H),
1.61—-1.47 (m, 2H). *C NMR (100 MHz, DMSO-d,) &: 182.4,
180.4, 167.7, 163.8, 144.9, 138.2, 128.9, 128.2, 128.1, 127.0,
119.7,114.3,61.9,51.1, 50.7, 32.8. HRESIMS m/z 377.1978 [M
+ H]" (calcd for C,,H,iN,0,, 377.1978).

Compound 4. White powder, yield: 47.7%. '"H NMR (400
MHz, CDCly: DMSO-d = 1:1) 8: 6.53—6.45 (m, 6H), 6.43—
6.39 (m, 1H), 6.28 (d, ] = 8.2 Hz, 2H), 2.67 (s, 2H), 1.99 (d, ] =
12.4 Hz, 2H), 1.73—1.71 (m, 1H), 1.46 (s, 3H), 1.35—1.28 (m,
2H), 1.16 (d, J = 9.4 Hz, 2H), 0.85—0.66 (m, 2H). *C NMR
(100 MHz, CDCl;: DMSO-dg = 1:1) §: 183.1, 180.0, 167.9,
163.5, 138.0, 136.2, 131.5, 129.4, 128.5, 127.8, 126.5, 117.7,
62.1, 51.1, 50.7, 33.0, 20.2. HRESIMS m/z 376.2023 [M + H]"
(caled for C,3H4N;O;, 376.2025).

Compound 5. White powder, yield: 80.7%. '"H NMR (400
MHz, CDCly: TFA-d = 10:1) 8: 7.94—7.92 (m, 3H), 7.94 (d, ] =
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14.4,7.2 Hz, 2H), 7.65 (d, ] = 7.8 Hz, 2H), 7.55 (s, 2H), 4.95—
4.85(m, 1H),4.72 (s,2H),4.09 (d,J = 12.4 Hz,2H), 3.53 (d,] =
13.6 Hz, 2H), 3.07 (q, ] = 7.6 Hz, 2H), 2.81—2.64 (m, 4H), 1.65
(t,J=7.6 Hz, 3H). *C NMR (100 MHz, CDCl,: TFA-d = 10:1)
5: 183.3,170.1, 167.4, 134.2, 133.7, 133.4, 132.9, 132.2, 130.0,
129.9, 124.1, 64.9, 54.8, 52.5, 32.8, 31.2, 18.1. HRESIMS m/z
390.2203 [M + H]* (caled for C,,H,3N;0,, 390.2182).

Compound 6. White powder, yield: 62.6%. "H NMR (400
MHz, CDCl;: DMSO-dg = 1:1) 8: 9.32 (s, 1H), 7.31—7.26 (m,
7H), 6.87—6.82 (m, 2H), 3.91 (s, 1H), 3.74 (s, 3H), 3.48 (s,
2H), 2.80 (d, J = 11.2 Hz, 2H), 2.19—2.08 (m, 2H), 2.03—1.91
(m, 2H), 1.57 (d, J = 12.0 Hz, 2H). *C NMR (100 MHz,
CDCl;: DMSO-dg = 1:1) 6: 182.8, 180.1, 167.8, 163.6, 155.0,
138.0, 132.0, 128.5, 127.8, 126.5, 119.3, 114.1, 62.1, 54.9, 51.1,
50.8, 33.0. HRESIMS m/z 392.1975 [M + H]" (caled for
C,3H,¢N;0;, 392.1974).

Compound 7. Brunette powder, yield: 76.9%. "H NMR(400
MHz, CDCl;: DMSO-dg = 1:1) 6: 9.36 (s, 1H), 7.49 (d, ] = 7.8
Hz, 1H), 7.40 (s, 1H), 7.29 (d, ] = 44 Hz, 3H), 7.22 (q, ] = 4.4
Hz, 1H), 6.83 (d, ] = 8.8 Hz, 1H), 6.74 (dd, ] = 8.6, 2.4 Hz, 1H),
3.92 (d, ] = 11.0 Hz, 1H), 3.82 (s, 3H), 3.77 (s, 3H), 3.49 (s,
2H),2.81 (d, ] = 11.4 Hz, 2H), 2.13 (t, ] = 11.2 Hz, 2H), 2.04—
1.92 (m, 2H), 1.59 (tt, J = 11.2, 5.8 Hz, 2H). *C- NMR (100
MHz, CDCl;: DMSO-d; = 1:1) §: 182.7, 180.3, 167.9, 163.4,
149.2, 144.4, 138.0, 132.7, 128.5, 127.8, 126.5, 112.1, 109.1,
103.2,62.1,55.7,55.3, 51.1, 50.8, 33.0. HRESIMS /2 422.2076
[M + H]" (caled for C,,H,3BrN;0,, 422.2080).

Compound 8. White powder, yield: 70.4%. "H NMR( 400
MHz, CDCl,: DMSO-dg = 1:1) 8: 9.56 (s, 1H), 8.15 (s, 1H),
7.64 (s, 1H), 7.43—7.38 (m, 4H), 7.30 (d, ] = 4.4 Hz, 3H), 7.23
(d,]J = 4.6 Hz, 1H), 3.92 (s, 1H), 3.50 (s, 2H), 2.81 (d, ] = 11.4
Hz, 2H),2.13 (t,] = 11.2 Hz, 2H), 2.05—1.94 (m, 2H), 1.59 (d, ]
=11.4 Hz, 2H). *C NMR (100 MHz, CDCl;: DMSO-d, = 1:1)
5: 183.4,179.9, 168.2, 162.9, 138.1, 137.9, 131.7, 128.5, 127.7,
126.5, 119.5, 114.3, 62.1, 51.1, 50.8, 32.9. HRESIMS m/z
440.0985 [M + H]" (caled for C,,H,3BrN;0,, 440.0974).

Compound 9. White powder, yield: 47.7%. "H NMR (400
MHz, CDCl;: DMSO-dg = 1:1) 6: 6.53—6.50 (m, 4H), 6.44 (d,]
= 3.8 Hz, SH), 6.40—6.35 (m, 1H), 3.91 (s, 2H), 2.63 (s, 2H),
1.93 (d,J=10.8 Hz,2H), 1.70 (t, ] = 1.8 Hz, 1H), 1.35—1.21 (m,
2H), 1.08 (d, J = 12.0 Hz, 2H), 0.69 (q, ] = 9.8 Hz, 2H). *C
NMR (100 MHz, CDCl,;: DMSO-dg = 1:1) &: 180.9, 180.8,
165.8, 165.5, 137.0, 136.8, 127.2, 127.1, 126.5, 126.1, 126.0,
125.3, 60.9, 49.8, 49.0, 45.6, 31.7. HRESIMS m/z 376.2023 [M
+ H]J* (calcd for C,3H,¢N,0,, 376.2025).

Compound 10. White powder, yield: 85.9%. "H NMR (400
MHz, CDCl,: DMSO-dg = 1:1) 8: 6.35 (d, J = 5.8 Hz, 4H), 6.29
(dd,]J=6.2,2.4Hz,1H),6.20 (d,]= 8.6 Hz,2H), 5.82 (d, ] = 8.4
Hz, 2H), 3.67 (s, 2H), 2.89—2.80 (m, 1H), 1.81 (d, J = 11.2 Hz,
2H), 1.59—1.45 (m, 2H), 1.25—1.08 (m, 2H), 0.96 (d, ] = 12.2
Hz, 2H), 0.58 (q, J] = 11.6 Hz, 2H). *C NMR (100 MHz,
CDCl;: DMSO-dg = 1:1) 6: 180.5, 180.2, 165.3, 165.0, 155.0,
136.4, 127.2, 126.8, 126.1, 124.9, 113.4, 60.4, 49.4, 48.5, 44.7,
31.2. HRESIMS m/z 392.1975 [M + H]* (caled for
C,3H,¢N;03, 392.1974).

Compound 11. White powder, yield: 65.1%. "H NMR (400
MHz, DMSO-d;) 6: 7.23—7.09 (m, 7H), 6.80 (d, ] = 8.6 Hz,
2H), 4.51 (d,] = 6.2 Hz, 2H), 3.61 (s, 3H), 3.24 (s,2H), 2.59 (d,
J=11.4Hz, 2H),2.41-2.31 (m, 1H), 1.93 (t, ] = 11.2 Hz, 2H),
1.72 (s, 2H), 1.36 (q, J = 10.4, 9.8 Hz, 2H). '*C NMR (100
MHz, DMSO-d,) 6: 182.4, 182.2, 167.3, 167.2, 158.7, 138.3,
130.9, 129.1, 128.8, 128.2, 126.9, 114.1, 62.0, 55.1, 51.2, 50.5,

46.3, 33.0. HRESIMS m/z 406.2151 [M + H]* (calcd for
C,,H,4N,05, 406.2131).

Compound 12. White powder, yield: 71.4%. '"H NMR(400
MHz, DMSO-di) 6: 7.23—7.10 (m, SH), 6.88—6.79 (m, 2H),
6.74 (dd, ] =8.2,2.0 Hz, 1H),4.50 (d, ] = 6.0 Hz, 2H), 3.61 (d, ]
= 1.8 Hz, 6H), 3.33 (s, 2H), 3.23 (s, 1H), 2.59 (d, ] = 11.2 Hz,
2H), 1.93 (t,J = 11.0 Hz, 2H), 1.73 (d, J = 12.2 Hz, 2H), 1.37 (4,
J = 11.8 Hz, 2H). *C NMR (100 MHz, DMSO-d,) 6: 182.5,
182.2, 167.4, 167.2, 148.8, 148.3, 138.3, 131.2, 128.8, 128.2,
126.9,120.0, 111.9, 111.7, 62.0, 55.6, 55.5, 51.2, 50.5, 46.7, 33.0.
HRESIMS m/z 436.2259 [M + H]* (caled for C,sH,N;0,,
436.2236).

Compound 13. White powder, yield: 57.3%. "H NMR (400
MHz, CDCl;: DMSO-dg = 1:1) 6: 7.27—7.24 (m, 4H),7.20 (d,]
=8.2Hz, 3H),7.13 (d,J = 7.8 Hz,2H), 4.67 (d, ] = 6.2 Hz, 2H),
3.90—3.76 (m, 1H), 3.45 (s, 2H), 2.74 (d, J = 11.4 Hz, 2H), 2.29
(s,3H),2.09 (t,] = 11.2 Hz,2H), 1.90 (d, ] = 12.2 Hz, 2H), 1.50
(q,J=11.0 Hz, 2H). *C NMR (100 MHz, CDCl;: DMSO-dy =
1:1) 6: 182.3, 182.1, 167.2, 166.9, 138.0, 136.6, 135.3, 128.9,
128.5, 127.8, 127.4, 126.5, 62.1, 51.1, 50.3, 46.8, 33.0, 20.6.
HRESIMS m/z 390.2176 [M + H]* (calcd for C,,H,gN;0,,
390.2182).

Compound 14. White powder, yield: 71.9%. '"H NMR(400
MHz, CDCl,: TFA-d = 10:1) §: 7.66—7.57 (m, SH), 7.52—7.43
(m, 2H), 7.28 (d, ] = 8.2 Hz, 2H), 4.89 (s, 2H), 4.55—4.46 (m,
1H), 4.39 (s, 2H), 3.74 (d, J = 12.4 Hz, 2H), 3.22 (td, ] = 12.6,
4.8 Hz, 2H), 2.40—2.33 (m, 4H). *C NMR (100 MHz, CDCl,:
TFA-d =10:1) 6: 183.2,182.3,170.6,169.1, 137.7, 135.5, 134.4,
133.7, 133.1, 132.7, 129.9, 126.0, 65.0, 54.9, 52.1, 51.5, 32.7.
HRESIMS m/z 454.1126 [M + H]* (caled for C,;H,BrN;0,,
454.1130).

Compound 15. White powder, yield: 72.6%. "H NMR (400
MHz, Acetic Acid-d,: DMSO-d, = 1:1) 6: 8.06—7.87 (m, SH),
7.82—7.62 (m, SH), 4.74 (s, 2H), 4.53 (s, 1H), 427 (t,J = 7.0
Hz,2H), 3.88 (d,] = 12.8 Hz, 2H), 3.66—3.49 (m, 2H), 3.34 (t,]
=7.0Hz,2H),3.07 (t,J=2.2 Hz,2H), 2.60 (d,] = 11.2 Hz, 2H).
13C NMR (100 MHz, Acetic Acid-d,: DMSO-d,=1:1) §: 188.5,
188.0, 174.3, 172.8, 144.5, 137.3, 135.7, 135.7, 135.0, 134.9,
134.5, 1324, 65.2, 56.0, 53.9, 50.8, 43.1, 35.8. HRESIMS m/z
390.2162 [M + H]* (caled for Cp,H,4N;0,, 390.2182).

Compound 16. White powder, yield: 87.1%. "H NMR (400
MHz, CDCl;: DMSO-dg = 1:1) 6: 9.00 (s, 1H), 7.26—7.21 (m, |
= 4.0, SH), 6.98 (d, ] = 8.4 Hz, 2H), 6.68 (d, ] = 8.6 Hz, 2H),
3.82 (s, 1H), 3.71 (d, ] = 6.6 Hz, 2H), 3.45 (s, 2H), 2.73 (q, ] =
7.8, 6.6 Hz, 4H), 2.08 (t, ] = 11.2 Hz, 2H), 1.88 (d, ] = 10.2 Hz,
2H), 1.48 (q, J = 12.8, 11.6 Hz, 2H). *C NMR (100 MHz,
CDCl;: DMSO-dg = 1:1) &: 182.1, 181.8, 167.4, 166.7, 155.5,
137.8, 129.1, 128.3, 127.9, 127.6, 126.3, 114.9, 61.9, 51.0, 50.1,
44.7, 36.0, 32.8. HRESIMS m/z 406.2127 [M + H]" (calcd for
C,H,sN;05, 406.2131).

Compound 17. White powder, yield: 76.7%. "H NMR (400
MHz, CDCl;: DMSO-dg = 1:1) 8: 7.98 (s, SH), 7.25 (s, 2H),
6.88 (d, ] = 8.4 Hz, 2H), 6.54 (d, ] = 8.2 Hz, 2H), 3.81 (s, 1H),
3.69 (t, ] = 6.6 Hz, 2H), 3.44 (s, 2H), 3.29 (d, ] = 9.6 Hz, 2H),
2.75(d,J=11.8 Hz,2H), 2.68 (t, ] = 6.8 Hz, 2H), 2.13—2.02 (m,
2H), 1.89 (d, J = 10.4 Hz, 2H), 1.48 (td, ] = 10.8, 7.2 Hz, 2H).
3C NMR (100 MHz, CDCl;: DMSO-dg = 1:1) &: 180.9, 180.6,
166.2, 165.4, 144.8, 136.7, 127.6, 127.2, 126.4, 125.2, 124.3,
112.9,60.9,49.8,48.9,43.5, 34.9, 31.7. HRESIMS m/z 405.2283
[M + H]* (caled for C,,H,oN,0,, 405.2291).

Compound 18. White powder, yield: 79.4%. "H NMR (400
MHz, DMSO-d;) 8: 7.36—7.19 (m, SH), 7.11 (s, 4H), 3.85—
3.64 (m, 4H), 3.47 (s, 2H), 2.78 (s, 2H), 2.73 (s, 1H), 2.25 (s,
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3H), 2.05 (s, 2H), 1.84 (s, 2H), 1.47 (s, 2H). *C NMR (100
MHz, CDCL;: TFA-d = 10:1) &: 180.8, 180.1, 168.3, 166.1,
136.8,133.9, 131.0, 130.9, 129.9, 129.5, 128.7, 127.4, 61.6, 51.7,
48.9, 46.4, 36.8,29.8, 21.0. HRESIMS m/z 404.2348 [M + H]*
(caled for C,gH;oN;0,, 404.2338).

Compound 19. White powder, yield: 70.4%. '"H NMR (400
MHz, CDCl;: DMSO-d, = 1:1) 8: 6.39—6.31 (m, 4H), 6.37—
626 (m, 2H), 5.97—5.82 (m, 3H), 2.93—2.87 (m, 1H), 2.86 (s,
3H),2.57 (s,2H), 1.94 (t, ] = 7.0 Hz, 2H), 1.87 (d, ] = 11.0 Hz,
2H), 1.63 (q, ] = 1.8 Hz, 2H), 1.19 (t, ] = 11.2 Hz, 2H), 1.06—
0.94 (m, 2H), 0.60 (q, J = 10.4 Hz, 2H). *C NMR (100 MHz,
CDCl,;: DMSO-dg = 1:1) 6: 180.8, 180.6, 166.0, 165.3, 157.7,
138.3, 136.7, 127.7, 127.1, 126.4, 125.1, 119.3, 112.7, 110.2,
60.7, 53.2,49.7, 48.8, 42.8, 35.6, 31.6. HRESIMS m/z 420.2276
[M + H]* (caled for C,sH3N;O5, 420.2287).

Compound 20. White powder, yield: 76.9%. "H NMR (400
MHz, CDCl,: DMSO-d, = 1:1) 8: 7.28 (d, ] = 8.2 Hz, 1H), 7.24
(s, 1H),7.23—7.19 (m, 1H), 7.00 (d, ] = 8.2 Hz, 1H), 6.93—6.89
(m, 1H), 6.79 (d,] = 8.8 Hz, 1H), 6.74 (d, ] = 1.8 Hz, 2H), 3.83
(s, 3H), 3.81 (s, 3H), 3.46 (s, 2H), 2.82 (s, 1H), 2.79—2.72 (m,
6H),2.10 (t,] = 10.4 Hz,2H), 1.94 (d,] = 9.2 Hz,2H), 1.49 (q,]
=11.4 Hz, 2H). *C NMR (100 MHz, CDCl;: DMSO-d, = 1:1)
0: 182.3, 182.1, 167.3, 166.8, 148.2, 146.9, 137.4, 130.3, 128.5,
127.5, 1264, 120.2, 111.7, 110.8, 62.3, 55.3, 55.2, 51.1, 50.3,
44.6, 36.5, 33.0. HRESIMS m/z 450.2404 [M + H]* (calced for
Cy,H,4N;0,, 450.2393).

Compound 21. White powder, yield: 66.5%. "H NMR(400
MHz, Acetic Acid-d,: DMSO-d, = 1:1) &: 8.04 (d, J = 3.4 Hz,
2H), 8.02—7.98 (m, SH), 7.72 (d, ] = 8.2 Hz, 2H), 4.82 (s, 2H),
4.59 (s, 1H), 4.32 (t, ] = 6.8 Hz, 2H), 4.00—3.90 (m, 2H), 3.62
(dt,]=122,6.2 Hz,2H),3.39 (t, ] = 7.0 Hz, 2H), 3.14 (t, ] = 2.0
Hz, 2H),2.67 (d, ] = 13.4 Hz, 2H). *C NMR (100 MHz, Acetic
Acid-d,: DMSO-d = 1:1) 5: 188.9, 188.4, 174.6, 173.3, 144.3,
137.7,137.6, 137.5, 136.1, 136.0, 135.3, 126.0, 65.6, 56.3, 54.3,
50.8, 42.8, 36.1. HRESIMS m/z 468.1276 [M + H]" (calcd for
C,,H,-BiN,0,, 468.1287).

4.2.In Vitro Anti-ChE Assay. The cholinesterase inhibitory
activity of the target compounds was measured using Ellman’s
assay. AChE (E.C.3.1.1.7, Type VI-S, from Electric Eel), 5,5’
dithiobis (2-nitrobenzoic acid) (Ellman’s reagent, DTNB), and
acetylthiocholine (ATC) were purchased from Sigma-Aldrich
(Steinheim, Germany). The experimental process is as follows:
the compounds to be tested were diluted in DMSO to 25 and
12.5 uM and all measurements were carried out in 0.2 M
NaH,P0,/Na,HPO, buffer (pH 6.7, pH 8.0). AChE,
iodothioacetylcholine (ATCI), and S-dithiobis (2-nitrobenzoic
acid) (DTNB) were all dissolved in phosphate buffer and
prepared for use. The enzyme solution was prepared by
dissolving 2.6 mg (0.5 U/mL) of AChE in pH 8.0 buffer (1
mL). Phosphate buffer (pH = 6.7) (140 uL 0.2 M) was added to
each well in the 96-well plate. The sample solution (10 L) and
10 uL of enzyme solution were added in the experimental group,
20 uL of phosphate buffer was added in the background control
group, and 10 uL of phosphate buffer and 10 yL of enzyme
solution were added in the blank control group. There are three
compound holes in each group. After each hole was mixed
evenly, 20 min was incubated at 25 °C. Then, DTNB (0.75 mM,
10 uL) solution and ATCI (1.5 mM, 10 uL) solution were added
to incubate for 20 min at 37 °C. Then, the absorbance of each
hole was detected at 405 nm wavelength and the inhibition rate
was calculated. The formula for the AChE inhibition rate is as
follows: AChE inhibition rate (%) = (ODpjauk control group —

ODtest group)/(ODblank control group
100%.

4.3. Molecular Docking Analysis. Database and software
database: (1) protein database (Protein Data Bank, referred to
as PDB database, https://www.rcsb.org/) is a database for
storing three-dimensional structures of macromolecules such as
proteins and nucleic acids, which is created and managed by the
World protein data Organization (Worldwide Protein Data
Bank). (2) The structure of compound 3 was drawn in Chem
Draw and copied into the SMILES format and introduced into
Discovery Studio. First, all small molecules in the chemistry-
hydrogen function were hydrotreated, and then, ligand
preparation (Prepare Ligands) and energy minimization
(Minimize Ligands) were carried out under the small molecules
function module of the software. It is worth noting that the basic
nitrogen atoms in compound 3 will form salt in the body. In
order to simulate this situation, it is necessary to increase the
charge on the nitrogen atoms. The AChE protein file was
obtained from the PDB database and imported into the
Discovery Studio software. The nonprotein components such
as water molecules and small molecular ligands were deleted
from the Hierarchy interface; then, the protein was hydro-
genated under chemistry hydrogen, and then, the receptor
protein was processed under the Macromolecules function
module of the Discovery Studio software, and the protein was
cleaned by Clean Protein function. The processed protein was
saved as a PDB format file for backup. (3) Using the COCKER
algorithm in Discovery Studio software, the processed receptor
protein file and ligand file are set to dock the receptors and
ligands needed for docking. When the ligand and receptor dock
successfully in a reasonable way, it will reduce the overall energy,
that is, the docking binding energy is negative, and the lower the
value, the closer the binding. If the binding energy is positive, it
shows that the docking is unreasonable.

4.4. Determination of Toxicity against the SH-SY5Y
Cell Line. The toxicity of all compounds was determined and
evaluated by the MTT method. Human SH-SYSY neuro-
blastoma cells were purchased from ATCC (Manassas, VA,
USA) and cultured in a wet incubator of 5% CO, at 37 °C, and
MTT were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The specific steps are to dissolve the sample with DMSO
and then dilute it to 12.5 #uM in a medium and prepared it for
use. SH-SYSY cells were cultured overnight in 100 yL medium
with a density of 8000 cells per well. After the cells were
incubated with the compound for 24 h, the culture medium was
removed and 0.5 mg/uL MTT was added. After incubation at 37
°C for 4 h, 150 uL of dimethyl sulfoxide (DMSQO) was added to
each hole and shaken slowly for S min. The absorbance was
detected by an enzyme labeling instrument (492 nm).

4.5. Determination of Neuroprotection against the
SH-SY5Y Cell Line. The neuroprotective activities of all
compounds in human SH-SYSY cell lines were measured and
evaluated by the MTT method. The specific steps were that the
sample was dissolved in DMSO and diluted to 12.5 yM in the
medium for use. SH-SYSY cells were inoculated overnight in 100
p#L medium with a density of 8000 cells per well. After the cells
were incubated with the compound for 24 h, the culture medium
was removed, and hydrogen peroxide solution (H,0, 650 uM)
was added to the cells, incubated for 4 h, and 0.5 mg/uL MTT
was added. After incubation at 37 °C for 4 h, 150 uL of dimethyl
sulfoxide (DMSO) was added to each hole and 10 min was
shaken on the shaker. The absorbance value was detected by an
enzyme labeling instrument (492 nm). The cell survival rate was

ODbackground control group) X
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calculated as follows: cell inhibition rate (%) = 1 — (OD
- ODblank group/ODcontrol group ODblank group) X 100%.

4.6. Reactive Oxygen Species for Flow Cytometric
Analysis. Reactive oxygen species (ROS) for flow cytometry
analysis. SH-SYSY cells (9 X 105 cells/mL) are cultured in 6-
well plates for 24 h and then pretreated with compound 3 (12.5
uM). After 24 h of incubation, the cells are collected and
centrifuged after treating them with hydrogen peroxide solution
(H,0,, 850 uM). Then, DCFH-DA is added to stain the ROS in
the cells for 30 min at 37 °C. The stained cells were collected and
analyzed using the FACS Caliber instrument (Becton Dick-
inson, Mountain View, California, USA).

4.7. Immunofluorescence. After incubating SH-SYSY cells
(8 X 104 cells/mL) in a 24-well plate for 24 h, compound 3
(12.5 uM) is added overnight. Hydrogen peroxide solution
(H,0,, 850 uM) is subsequently added and incubated for
another 4 h. The supernatant is aspirated and the exposed cells
are fixed with 4% paraformaldehyde for 30 min. After three
washes with PBS, the cells are treated with 0.2% TritonX-100 for
S min. Subsequently, apoptotic cells were detected using the
Tunel Apoptosis Assay Kit (Beyotime Institute of Biotechnol-
ogy, Shanghai, China) and observed under a fluorescence
microscope.

4.8. ADMET Analysis. The “pkCSM-pharmacokinetics”
online platform was used for the prediction of the
pharmacokinetics of compound 3 by analyzing parameters of
lipophilicity, water solubility, pharmacokinetics, and druglike-
ness. The 2D structure of compound 3 was drawn in the
ChemBioDraw Ultra 13.0 software and then converted to the
SMILE sequence. Then, the SMILE was uploaded in the pkCSM
online server (http://www.swissadme.ch/) in order to obtain
the predicted pharmacokinetics profile of compound 3.

4.9. Evaluation of the Complexing Ability of Metal
lons. Chelation was studied by UV—vis spectroscopy. The UV
absorption spectra of compound 3 were determined after one
hour of incubation at room temperature, both individually and
in the presence of CuCl, ZnCl, AICl;, and FeSO,.The
wavelength range is 190~400 nm. The final volume of the
reaction mixture is 3 mL, and the final concentration of the
tested compound and metal is 35.0 yM.

test group
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