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Abstract: Nineteen tosylated acyl hydrazone derivatives were synthesized, and their inhibitory
activities against monoamine oxidases (MAOs), acetylcholinesterase (AChE), butyrylcholinesterase
(BChE), and β-secretase (BACE-1) were evaluated. Compound 3o was the most potent inhibitor
of MAO-A, with an IC50 value of 1.54 µM, followed by 3a (IC50 = 3.35 µM). A structural compar-
ison with 3a indicated that the 3-F group in 3o increased its inhibitory activity against MAO-A.
Compound 3s was the most potent inhibitor of MAO-B, with an IC50 value of 3.64 µM, followed
by 3t (IC50 = 5.69 µM). The MAO-B inhibitory activity increased in the order of 3- > 4- > 2-NO2

groups in 3s, 3t, and 3r, respectively. All the compounds weakly inhibited AChE and BChE, which
retained >50% residual activity at 10 µM, except for 3a, which inhibited BChE with an IC50 value of
16.1 µM. Interestingly, 3e, 3f, and 3n inhibited BACE-1 with IC50 values of 8.63, 9.92, and 8.47 µM,
respectively, which were lower than the IC50 of the quercetin reference. Compounds 3o and 3s were
found to be reversible competitive inhibitors of MAO-A and MAO-B, respectively, with Ki values of
0.35 ± 0.074 and 1.97 ± 0.65 µM, respectively. Moreover, compounds 3e, 3f, and 3n were effective
BACE-1 inhibitors. The lead molecules were further investigated by molecular docking studies to
elucidate the binding interactions with the target enzymes.

Keywords: tosylated acyl hydrazide derivatives; monoamine oxidases; cholinesterases; β-secretase;
structure–activity relationship; inhibitory activity; molecular docking
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1. Introduction

Dementia is a serious disease that predominantly affects aging patients, especially
the elderly population. Alzheimer’s disease (AD) is one of the most common causes of
dementia and is related to the loss of cognitive functions. Although the mechanism of
AD pathogenesis is not fully understood, AD is principally caused by low acetylcholine
(ACh) levels, oxidative stress, and β-amyloid plaque deposits [1]. Numerous studies have
reported that cognitive functions are related to the cholinesterase (ChE) system, by breaking
down the neurotransmitter ACh, and, therefore, ChE inhibition is effective for the treatment
of AD [2]. ChE inhibitors suppress the degradation of this chemical messenger in the brain,
which is important for memory and learning [3]. The cholinergic hypothesis suggests that
the role played by ChE inhibitors in AD is related to neurotransmitter transfer [4].

AD is associated with decreases in neurotransmitter, particularly ACh, and signifi-
cant increases in acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) levels [5].
In addition, monoamine oxidase (MAO) is responsible for the oxidative deamination of
endogenous amines such as serotonin, epinephrine, and other neurotransmitters [6]. The
amount of MAO increases with aging and neuronal damage, suggesting that MAO inhibi-
tion could be effective in treating AD. Importantly, oxidative stress, associated with free
radicals and tissue damage, creates an obstacle in the repair of cognitive functions [7]. On
the other hand, β-secretase (β-site amyloid precursor protein cleaving enzyme 1, BACE-1)
is a protease that catalyzes the production and deposition of amyloid-β peptide, and it has
been considered a promising target for the treatment of AD [8].

Drugs approved by the FDA for the treatment of AD are AChE inhibitors (donepezil,
rivastigmine, and galantamine) and N-methyl-D-aspartate receptor antagonists (meman-
tine). However, these drugs are not able to stop the progression of AD and only alleviate
the symptoms; therefore, further studies are needed in the field of medicinal chemistry to
develop agents, which are more effective and show less side effects than the drugs currently
used [1].

We examined the structures and possible interactions with AChE and planned to
provide the amine group required for enzyme interactions with hydrazide–hydrazone
moiety [1]. Therefore, we designed the compounds by taking advantage of the possible
activities of parabens, hydrazide–hydrazones.

Parabens are widely used as preservatives in the food, cosmetic, and pharmaceutical
industries. They have low toxicity and effective antimicrobial activity [9], and the most
frequently used are methyl-/ethyl-/propyl-paraben [10]. Hydrazides are remarkably ef-
fective in the field of pharmaceutical chemistry because they engage in many types of
reactions to form different derivatives possessing diverse pharmacological profiles, includ-
ing antiviral [11], antibacterial [12], antimalarial [13], and antitumor [14] activities. These
activities highlight the importance of these compounds and derivatives in drug design.

Hydrazones carrying an azomethine structure constitute an important class of com-
pounds and are target molecules for various biological activities [15]. The hydrazide–
hydrazone structure is known to have antimycobacterial, antibacterial, antifungal, and car-
bonic anhydrase inhibition activities [16–20]. With their wide range of activities, these com-
pounds have been recognized as important building blocks in medicinal chemistry studies.

In this study, hydrazide derivatives of ethyl paraben were synthesized in reactions
with various benzaldehydes, resulting in 19 tosylated acyl hydrazide derivatives (3a–t), and
their potential biological activities were evaluated by analyzing their inhibitory activities
against MAOs, AChE, BChE, and BACE-1 enzymes, as well as their antioxidant activities.
In addition, the structure–activity relationship between tosylated acyl hydrazide deriva-
tives and enzymes was characterized, and inhibition kinetic experiments and docking
simulations were performed.
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2. Materials and Methods
2.1. Chemistry

All reactions were monitored by analytical thin layer chromatography using Merck
pre-coated silica gel plates with F254 indicator. Melting points were determined using
a Thermoscientific 9200 capillary melting point apparatus (Philadelphia, PA, USA). 1H
and 13C NMR spectra were recorded on a Varian Mercury 400 Digital FT-NMR (400 MHz)
instrument with tetramethylsilane as an internal standard in DMSO-d6 solutions. Chemical
shifts (δ) are reported in parts per million (ppm) and coupling constants (J) in Hertz with
multiplicities, described as s = singlet, d = doublet, t = triplet, q = quartet, and m = multiplet.
Mass spectrometry was conducted using a Micromass ZQ LC-MS spectrometer (ESI-mode)
connected with Waters Alliance HPLC.

The purities of the compounds were evaluated by Prominence series of a high-pressure
liquid chromatography (HPLC) system with photodiode array detector (DAD). The chro-
matographic conditions were as follows: column, Raptor ARC-18 (100 × 4.6 mm, 2.7 µm);
mobile phase, 0.1% formic acid/methanol mixture (35:65, v/v); flow rate, 0.8 mL/min;
oven temperature, 25 ◦C, injection volume, 10 µL. Column eluate was monitored at 254 nm.
Working solutions of target compounds were prepared at different concentrations.

Compound 3a was registered in ScienceFinder with CAS number 889795-07-7 and
was synthesized here with this method. The chemical structures of the compounds were
established by using 1H- and 13C-NMR, and mass analysis spectroscopic methods, and
their purities were determined with HPLC (Supplementary Materials Tables S1–S76).

NOE spectra were recorded to identify the isomers obtained, and the compounds
were E isomers (Figure 1).
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Figure 1. NOE spectra for compound 3g.

Synthesis of Ethyl Paraben Hydrazide (1). Hydrazine hydrate (5.8 mL) was added portion-
wise to a solution of p-hydroxybenzoic acid ethyl ester (0.02 mol) in ethanol (25 mL), and
the mixture was heated in a water bath under reflux until the reaction was complete, as
described previously [21]. The product was purified by recrystallization from methanol.
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Synthesis of N′-(4-/3-/2-/non-substituted benzylidene)-4-(hydroxy)benzohydrazides (2a–t).
p-Hydroxybenzoic acid hydrazide (compound 1) (3 mmol) was dissolved in ethanol (15 mL)
and heated in a water bath under reflux with 4-/3-/2-/non-substituted benzaldehyde
(3 mmol) until the reaction was complete, as described previously [22]. It was stirred
for approximately 20 h at room temperature, and the solid obtained was recrystallized
from methanol.

Synthesis of N′-(4-/3-/2-/non-substituted benzylidene)-4-[(4-methylphenyl)sulfonyloxy] ben-
zohydrazides (3a–t). p-Hydroxybenzoic acid 4-[(4-/3-/2-/non-substituted phenyl)methylene]
hydrazide–hydrazone (compound 2a–t) (7 mmol) was mixed in dichloromethane solvent
(10 mL) with K2CO3 (10 mmol) and p-toluenesulfonyl chloride (7 mmol) in an ice bath, as
described previously [23]. The progress of the final product formation was monitored by
thin-layer chromatography (TLC; chloroform–methanol = 90:10). The solid obtained was
purified by recrystallization from methanol–water.

N′-(Phenylmethylidene)-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3a). Yield 65.0%.
mp 199.8–200.5 ◦C. HPLC tR: 5.844 min, purity: 98.44%. 1H NMR (DMSO-d6, 400 MHz)
δ: 2.40 (s, 3H, C1-CH3), 7.19–7.21 (d, 2H, J = 9.2 Hz, H2′, H6′), 7.44–7.47 (t, 3H, J = 6.0 Hz,
H3′′, H4′′, H5′′), 7.47–7.49 (d, 2H, J = 8.4 Hz, H2, H6), 7.72–7.74 (d, 2H, J = 8.0 Hz, H2′′,
H6′′), 7.76–7.79 (d, 2H, J = 8.4 Hz, H3, H5), 7.90–7.93 (d, 2H, J = 8.4 Hz, H3′, H5′), 8.42
(s, 1H, N=CH), 11.90 (s, 1H, CONH). 13C NMR (DMSO-d6, 100 MHz) δ: 21.18 (C1-CH3),
122.14 (C2′, C6′), 127.14 (C2′′, C6′′), 128.27 (C4′), 128.84 (C3′′, C5′′), 129.67 (C3, C5), 130.18
(C4′′), 130.33 (C2, C6), 131.19 (C4), 132.46 (C3′, C5′), 134.19 (C1′′), 146.03 (C1), 148.11
(N=CH), 151.21 (C1′), 162.01 (C=O). MS (ESI) m/z calcd. for C21H18N2O4S [M]+ 394.09,
found 393.92.

N′-[(2-Methylphenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3b).
Yield 94.0%. mp 202.8–203.2 ◦C. HPLC tR: 8.656 min, purity: 98.85%. 1H NMR (DM-
SOd6, 400 MHz) δ: 2.40 (s, 3H, C2′′-CH3), 2.41 (s, 3H, C1-CH3), 7.17–7.19 (d, 2H, J = 8.8 Hz,
H2′, H6′), 7.22–7.24 (d, 1H, J = 7.6 Hz, H3′′), 7.26–7.30 (q, 2H, J1 = 7.2 Hz, J2 = 6.4 Hz,
H4′′, H5′′), 7.45–7.47 (d, 2H, J′ = 8.0 Hz, H2, H6), 7.75–7.77 (d, 2H, J = 8.0 Hz, H3, H5),
7.81–7.83 (d, 1H, J = 8.4 Hz, H6′′), 7.89–7.91 (d, 2H, J = 8.8 Hz, H3′, H5′), 8.70 (s, 1H, N=CH),
11.83 (s, 1H, CONH). 13C NMR (DMSO-d6, 100 MHz) δ: 19.43 (C2′′-CH3), 21.63 (C1-CH3),
122.58 (C2′, C6′), 126.29 (C5′′), 126.63 (C3′′), 128.70 (C4′), 130.05 (C3, C5), 130.29 (C2, C6),
130.75 (C4′′), 131.31 (C4), 131.65 (C6′′), 132.60 (C3′, C5′), 132.92 (C1′′), 137.35 (C2′′), 146.46
(C1), 147.18 (N=CH), 151.64 (C1′), 162.29 (C=O). MS (ESI) m/z calcd. for C22H20N2O4S
[M+H]+ 409.12, found 409.62.

N′-[(3-Methylphenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3c).
Yield 98.1%. mp 162.8–163.2 ◦C. HPLC tR: 9.047 min, purity: 96.07%. 1H NMR (DM-
SOd6, 400 MHz) δ: 2.35 (s, 3H, C3′′-CH3), 2.42 (s, 3H, C1-CH3), 7.18–7.20 (d, 2H, J = 8.4 Hz,
H2′, H6′), 7.24–7.25 (d, 1H, J = 7.2 Hz, H4′′), 7.32–7.35 (t, 1H, J1 = 8.0 Hz, J2 = 7.2 Hz), 7.48-
7.50 (d, 3H, J = Hz, H2, H6, H2′′), 7.55 (s, 1H, H6′′) 7.77–7.79 (d, 2H, J = 8.4 Hz, H3, H5),
7.90–7.92 (d, 2H, J = 8.4 Hz, H3′, H5′), 8.38 (s, 1H, N=CH), 11.82 (s, 1H, CONH). 13C NMR
(DMSO-d6, 100 MHz) δ: 20.84 (C3′′-CH3), 21.16 (C1-CH3), 122.10 (C2′, C6′), 124.54 (C5′′),
127.36 (C6′′), 128.23 (C4′), 128.71 (C4′′), 129.64 (C3, C5), 130.30 (C2, C6), 130.88 (C2′′), 131.20
(C4), 132.46 (C3′, C5′), 134.12 (C1′′), 138.07 (C3′′), 146.01 (C1), 148.14 (N=CH), 151.18 (C1′),
161.97 (C=O). MS (ESI) m/z calcd. for C22H20N2O4S [M]+ 408.11, found 408.04.

N′-[(4-Methylphenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3d).
Yield 88.5%. mp 209.2–210.0 ◦C. HPLC tR: 8.614 min, purity: 98.15%. 1H NMR (DM-
SOd6,400 MHz) δ: 2.33 (s, 3H, C4′′-CH3), 2.42 (s, 3H, C1-CH3), 7.18–7.20 (d, 2H, J = 7.6 Hz,
H2′, H6′), 7.25–7.27 (d, 2H, J = 8.4 Hz, H3′′, H5′′), 7.47–7.49 (d, 2H, J = 8.0 Hz, H2, H6),
7.60–7.62 (d, 2H, J = 8.4 Hz, H2′′, H6′′), 7.77–7.79 (d, 2H, J = 8.0 Hz, H3, H5), 7.89–7.92 (d,
2H, J = 8.8 Hz, H3′, H5′), 8.39 (s, 1H, N=CH), 11.78 (s, 1H, CONH). 13C NMR (DMSO-d6,
100 MHz) δ: 21.03 (C4′′-CH3), 21.19 (C1-CH3), 122.13 (C2′, C6′), 127.14 (C2′′, C6′′), 128.28
(C4′), 129.46 (C3′′, C5′′), 129.65 (C3, C5), 130.34 (C2, C6), 131.20 (C4), 131.48 (C1′′), 132.54
(C3′, C5′), 140.04 (C4′′), 146.04 (C1), 148.15 (N=CH), 151.17 (C1′), 161.93 (C=O). MS (ESI)
m/z calcd. for C22H20N2O4S [M]+ 408.11, found 408.10.
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N′-[(2-Methoxyphenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3e).
Yield 97.2%. mp 199.3–199.8 ◦C. HPLC tR: 7.147 min, purity: 97.79%. 1H NMR (DMSO-d6,
400 MHz) δ: 2.41 (s, 3H, C1-CH3), 3.85 (s, 3H, OCH3), 6.99–7.03 (t, 1H, J1 = J2 = 7.6 Hz,
H5′′), 7.09–7.11 (d, 1H, J = 8.4 Hz, H3′′), 7.17–7.19 (d, 2H, J = 8.8 Hz, H2′, H6′), 7.39–7.43 (t,
1H, J1 = J2 = 7.2 Hz, H4′′), 7.47–7.49 (d, 2H, J = 8.4 Hz, H2, H6), 7.76–7.78 (d, 2H, J = 8.0 Hz,
H3, H5), 7.85–7.87 (d, 1H, J = 7.6 Hz, H6′′), 7.92–7.94 (d, 2H, J = 8.8 Hz, H3′, H5′), 8.78
(s, 1H, N=CH). 11.89 (s, 1H, CONH). 13C NMR (DMSO-d6, 100 MHz) δ: 21.18 (C1-CH3),
55.67 (C2′′-OCH3), 111.83 (C3′′), 120.74 (C5′′), 122.09 (C2′, C6′), 122.16 (C1′′), 125.50 (C6′′),
128.57 (C4′), 129.64 (C3, C5), 130.32 (C2, C6), 131.19 (C4), 131.67 (C4′′), 132.42 (C3′, C5′),
143.55 (N=CH), 146.03 (C1), 151.17 (C1′), 157.78 (C2′′), 161.76 (C=O). MS (ESI) m/z calcd.
for C22H20N2O5S [M + H]+ 424.11, found 423.96.

N′-[(3-Methoxyphenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3f).
Yield 96.1%. mp 147.1–147.8 ◦C. HPLC tR: 7.106 min, purity: 99.42%. 1H NMR (DMSO-
d6, 400 MHz) δ: 2.42 (s, 3H, C1-CH3), 3.80 (s, 3H, OCH3), 7.00–7.02 (dd, 1H, J1 = 8.0 Hz,
J2 = 1.6 Hz, H4′′), 7.19–7.21 (d, 2H, J = 8.8 Hz, H2′, H6′), 7.27–7.28 (d, 2H, J = 4.0 Hz, H2′′,
H6′′), 7.35–7.39 (t, 1H, J1 = 8.4 Hz, J2 = 7.6 Hz, H5′′), 7.47–7.49 (d, 2H, J = 8.0 Hz, H2, H6),
7.77–7.79 (d, 2H, J = 8.4 Hz, H3, H5), 7.90–7.92 (d, 2H, J = 8.8 Hz, H3′, H5′), 8.39 (s, 1H,
N=CH), 11.90 (s, 1H, CONH). 13C NMR (DMSO-d6, 100 MHz) δ: 21.15 (C1-CH3), 55.14
(C3′′-OCH3), 111.23 (C2′′), 116.30 (C4′′), 120.07 (C6′′), 122.11 (C2′, C6′), 128.23 (C4′), 129.65
(C3, C5), 129.92 (C5′′), 130.30 (C2, C6), 131.21 (C4), 132.42 (C3′, C5′), 135.60 (C1′′), 146.00
(C1), 148.00 (N=CH), 151.19 (C1′), 159.53 (C3′′), 162.01 (C=O). MS (ESI) m/z calcd. for
C22H20N2O5S [M]+ 424.11, found 423.87.

N′-[(4-Methoxyphenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3g).
Yield 95.1%. mp 172.1–172.8 ◦C. HPLC tR: 6.158 min, purity: 99.77%. 1H NMR (DMSO-
d6, 400 MHz) δ: 2.41 (s, 3H, C1-CH3), 3.79 (s, 3H, OCH3), 7.00–7.02 (d, 2H, J = 8.4 Hz,
H3′′, H5′′), 7.18–7.20 (d, 2H, J = 8.4 Hz, H2′, H6′), 7.47–7.48 (d, 2H, J = 7.6 Hz, H2, H6),
7.66–7.68 (d, 2H, J = 8.4 Hz, H2′′, H6′′), 7.76–7.78 (d, 2H, J = 8.4 Hz, H3, H5), 7.90–7.92 (d,
2H, J = 8.8 Hz, H3′, H5′), 8.36 (s, 1H, N=CH), 11.77 (s, 1H, CONH). 13C NMR (DMSO-d6,
100 MHz) δ: 21.16 (C1-CH3), 55.26 ((C4′′-OCH3), 114.32 (C3′′, C5′′), 122.08 (C2′, C6′), 126.74
(C1′′), 128.24 (C4′), 128.75 (C2′′, C6′′), 129.58 (C3, C5), 130.30 (C2, C6), 131.23 (C4), 132.62
(C3′, C5′), 146.00 (C1), 148.02 (N=CH), 151.12 (C1′), 160.91 (C4′′), 161.83 (C=O). MS (ESI)
m/z calcd. for C22H20N2O5S [M]+ 424.11, found 423.94.

N′-[(2-Bromophenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3h).
Yield 99.1%. mp 192.3–193.0 ◦C. HPLC tR: 10.518 min, purity: 98.25%. 1H NMR (DMSO-d6,
400 MHz) δ: 2.40 (s, 3H, C1-CH3), 7.18–7.20 (d, 2H, J = 8.4 Hz, H2′, H6′), 7.34–7.37 (t, 1H,
J1 = 8.0 Hz, J2 = 7.4 Hz, H4′′), 7.42–7.45 (t, 1H, J = 8.0 Hz, H5′′), 7.45–7.47 (d, 2H, J = 8.0 Hz,
H2, H6), 7.65–7.67 (d, 1H, J = 7.2 Hz, H3′′), 7.75–7.77 (d, 2H, J = 8.4 Hz, H3, H5), 7.91–7.93 (d,
2H, J = 9.2 Hz, H3′, H5′), 7.92–7.99 (d, 1H, J = 7.2 Hz, H6′′), 8.77 (s, 1H, N=CH), 12.12 (s,1H,
CONH). 13C NMR (DMSO-d6, 100 MHz) δ: 21.63 (C1-CH3), 122.63 (C2′, C6′), 124.07 (C2′′),
127.71 (C5′′), 128.54 (C4′), 128.70 (C6′′), 130.18 (C3, C5), 130.76 (C2, C6), 131.63 (C4), 132.26
(C4′′), 132.63 (C3′, C5′), 133.38 (C3′′), 133.61 (C1′′), 146.47 (C1), 146.79 (N=CH), 151.76 (C1′),
162.51 (C=O). MS (ESI) m/z calcd. for C21H17BrN2O4S [M + 2H]+ 474.02, found 473.91.

N′-[(3-Bromophenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3i).
Yield 99.2%. mp 187.0–187.5 ◦C. HPLC tR: 11.956 min, purity: 97.63%. 1H NMR (DMSO-d6,
400 MHz) δ: 2.42 (s, 3H, C1-CH3), 7.19–7.21 (d, 2H, J = 8.8 Hz, H2′, H6′), 7.39–7.43 (t,
1H, J1 = 8.0 Hz, J2 = 7.6 Hz, H5′′), 7.47–7.50 (d, 2H, J = 8.8 Hz, H2, H6), 7.61–7.62 (d, 1H,
J = 7.6 Hz, H4′′), 7.71–7.72 (d, 1H, J = 7.2 Hz, H6′′), 7.76–7.79 (d, 2H, J = 8.4 Hz, H3, H5),
7.90–7.92 (d, 3H, J = 7.2 Hz, H3′, H5′, H2′′), 8.38 (s, 1H, N=CH), 11.98 (s, 1H, CONH).
13C NMR (DMSO-d6, 100 MHz) δ: 21.17 (C1-CH3), 122.15 (C2′, C6′), 122.15 (C3′′), 126.24
(C2′′), 128.23 (C4′), 129.15 (C6′′), 129.71 (C3, C5), 130.30 (C2, C6), 130.98 (C5′′), 131.19 (C4),
132.24 (C4′′), 132.65 (C3′, C5′), 136.65 (C1′′), 146.02 (C1), 146.25 (N=CH), 151.26 (C1′), 162.13
(C=O). MS (ESI) m/z calcd. for C21H17BrN2O4S [M]+ 472.01, found 472.02.

N′-[(4-Bromophenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3j).
Yield 85.7%. mp 202.8–203.5 ◦C. HPLC tR: 12.025 min, purity: 98.81%. 1H NMR (DMSO-d6,
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400 MHz) δ: 2.49 (s, 3H, C1-CH3), 7.19–7.21 (d, 2H, J = 8.4 Hz, H2′, H6′), 7.47–7.49 (d, 2H,
J = 8.8 Hz, H2, H6), 7.63–7.65 (d, 2H, J = 8.8 Hz, H3′′, H5′′), 7.66–7.69 (d, 2H, J = 8.8 Hz,
H2′′, H6′′), 7.76–7.79 (d, 2H, J = 8.4 Hz, H3, H5), 7.90–7.92 (d, 2H, J = 8.4 Hz, H3′, H5′), 8.40
(s, 1H, N=CH), 11.91 (s, 1H, CONH). 13C NMR (DMSO-d6, 100 MHz) δ: 21.16 (C1-CH3),
122.12 (C2′, C6′), 123.40 (C4′′), 128.23 (C4′), 128.96 (C2′′, C6′′), 129.67 (C3, C5), 130.30 (C2,
C6), 131.20 (C4), 131.82 (C3′′, C5′′), 132.33 (C3′, C5′), 133.46 (C1′′), 146.00 (C1), 146.82
(N=CH), 151.12 (C1′), 162.03 (C=O). MS (ESI) m/z calcd. for C21H17BrN2O4S [M]+ 472.01,
found 472.04.

N′-[(2-Chlorophenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3k).
Yield 98.9%. mp 188.8–189.2 ◦C. HPLC tR: 11.096 min, purity: 99.47%. 1H NMR (DMSO-d6,
400 MHz) δ: 2.40 (s, 3H, C1-CH3), 7.18–7.20 (d, 2H, J = 8.4 Hz, H2′, H6′), 7.41–7.51 (m, 3H,
H3′′, H4′′, H5′′), 7.45–7.47 (d, 2H, J = 8.8 Hz, H3′, H5′), 7.75–7.77 (d, 2H, J = 8.0 Hz, H2, H6),
7.91–7.93 (d, 2H, J = 8.4 Hz, H3, H5), 7.98–8.00 (d, 1H, J = 7.2 Hz, H6′′), 8.81 (s, 1H, N=CH),
12.09 (s, 1H, CONH). 13C NMR (DMSO-d6, 100 MHz) δ: 21.63 (C1-CH3), 122.61 (C2′, C6′),
127.32 (C3′′), 128.06 (C5′′), 128.70 (C4′), 130.17 (C3, C5), 130.37 (C6′′), 130.76 (C2, C6), 131.64
(C4), 131.88 (C4′′), 132.02 (C1′′), 132.63 (C3′, C5′), 133.69 (C2′′), 144.45 (N=CH), 146.47
(C1), 151.76 (C1′), 162.48 (C=O). MS (ESI) m/z calcd. for C21H17ClN2O4S [M+2H]+ 430.07,
found 429.91.

N′-[(3-Chlorophenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3l).
Yield 98.7%. mp 141.7–142.2 ◦C. HPLC tR: 10.518 min, purity: 98.96%. 1H NMR (DMSO-d6,
400 MHz) δ: 2.42 (s, 3H, C1-CH3), 7.19–7.21 (d, 2H, J = 8.8 Hz, H2′, H6′), 7.47–7.49 (d, 4H,
J = 8.4 Hz, H2, H6, H4′′, H6′′), 7.68 (s, 1H, H5′′), 7.76–7.78 (d, 3H, J = 8.4 Hz, H3, H5, H2′′),
7.90–7.92 (d, 2H, J = 7.6 Hz, H3′, H5′), 8.40 (s, 1H, N=CH), 11.98 (s, 1H, CONH). 13C NMR
(DMSO-d6, 100 MHz) δ: 21.17 (C1-CH3), 122.14 (C2′, C6′), 125.82 (C6′′), 126.32 (C2′′), 128.24
(C4′), 129.72 (C3, C5), 129.78 (C4′′), 130.31 (C5′′), 130.72 (C2, C6), 131.19 (C4), 132.24 (C3′,
C5′), 133.64 (C1′′), 136.42 (C3′′), 146.02 (C1), 146.38 (N=CH), 151.27 (C1′), 162.14 (C=O). MS
(ESI) m/z calcd. for C21H17ClN2O4S [M]+ 428.06, found 428.05.

N′-[(4-Chlorophenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3m).
Yield 91.2%. mp 201.8–202.4 ◦C. HPLC tR: 10.485 min, purity: 99.13%. 1H NMR (DMSO-d6,
400 MHz) δ: 2.48 (s, 3H, C1-CH3), 7.17–7.19 (d, 2H, J = 8.4 Hz, H2′, H6′), 7.21–7.74 (d,2H,
J = 8.8 Hz, H2′′, H6′′), 7.45–7.47 (d, 2H, J = 8.4 Hz, H3′′, H5′′), 7.48–7.50 (d, 2H, J = 8.8 Hz,
H2, H6), 7.75–7.77 (d, 2H, J = 8.4 Hz, H3, H5), 7.88–7.90 (d, 2H, J = 8.4 Hz, H3′, H5′), 8.39
(s, 1H, N=CH), 11.93 (s, 1H, CONH). 13C NMR (DMSO-d6, 100 MHz) δ: 21.63 (C1-CH3),
122.58 (C2′, C6′), 128.70 (C4′), 129.19 (C2′′, C6′′), 129.37 (C3, C5), 130.13 (C3′′, C5′′), 130.76
(C2, C6), 131.66 (C4), 132.79 (C3′, C5′), 133.58 (C4′′), 135.05 (C1′′), 147.19 (N=CH), 146.46
(C1), 151.68 (C1′), 162.48 (C=O). MS (ESI) m/z calcd. for C21H17ClN2O4S [M+2H]+ 430.06,
found 429.91.

N′-[(2-Fluorophenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3n).
Yield 93.0%. mp 146.5–147.0 ◦C. HPLC tR: 7.470 min, purity: 99.77%. 1H NMR (DMSO-d6,
400 MHz) δ: 2.42 (s, 3H, C1-CH3), 7.19–7.21 (d, 2H, J = 8.4 Hz, H2′, H6′), 7.28–7.32 (t, 2H,
J1 = 8.4 Hz, J2 = 8.0 Hz, H3′′, H5′′), 7.48–7.50 (d, 3H, J = 8.0 Hz, H2, H6, H6′′), 7.76–7.78 (d,
2H, J = 8.0 Hz, H3, H5), 7.91–7.95 (d, 3H, J = Hz, H3′, H5′, H4′′), 8.66 (s, 1H, N=CH), 12.00 (s,
1H, CONH). 13C NMR (DMSO-d6, 100 MHz) δ: 21.16 (C1-CH3), 115.89, 116.09 (C3′′), 121.66,
121.76 (C1′′), 122.15 (C2′, C6′), 124.91 (C5′′), 126.30 (C6′′), 128.24 (C4′), 129.66 (C3, C5),
130.30 (C2, C6), 131.19 (C4), 132.06, 132.14 (C4′′), 132.21 (C3′, C5′), 140.76 (N=CH), 146.02
(C1), 151.27 (C1′), 159.55 (C2′′), 161.95 (C=O). MS (ESI) m/z calcd. for C21H17FN2O4S
[M]+ 412.09, found 411.99.

N′-[(3-Fluorophenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3o).
Yield 98.5%. mp 153.8–154.1 ◦C. HPLC tR: 6.909 min, purity: 98.84%. 1H NMR (DMSO-d6,
400 MHz) δ: 2.42 (s, 3H, C1-CH3), 7.19–7.21 (d, 2H, J = 8.8 Hz, H2′, H6′), 7.24–7.28 (t,
1H, J1 = 8.4 Hz, J2 = 6.8 Hz, H4′′), 7.47–7.49 (d, 2H, J = 8.0 Hz, H2, H6), 7.53–7.57 (t, 3H,
J1 = 7.2 Hz, J2 = 6.4 Hz, H2′′, H5′′, H6′′), 7.76–7.79 (d, 2H, J = 8.4 Hz, H3, H5), 7.90–7.92 (d,
2H, J = 8.0 Hz, H3′, H5′), 8.43 (s, 1H, N=CH), 11.95 (s, 1H, CONH). 13C NMR (DMSO-d6,
100 MHz) δ: 21.16 (C1-CH3), 112.94, 113.16 (C2′′), 116.79, 117.01 (C4′′), 122.18 (C2′, C6′),
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123.47 (C6′′), 128.24 (C4′), 129.71 (C3, C5), 130.31 (C2, C6), 130.97, 130.87 (C5′′), 131.20
(C4), 132.28 (C3′, C5′), 136.72, 136.79 (C1′′), 146.03 (C1), 146.69 (N=CH), 151.27 (C1′),
161.17, 162.12 (C3′′), 163.60 (C=O). MS (ESI) m/z calcd. for C21H17FN2O4S [M]+ 412.09,
found 412.07.

N′-[(4-Fluorophenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3p).
Yield 98.8%. mp 174.8–175.5 ◦C. HPLC tR: 6.625 min, purity: 99.07%. 1H NMR (DMSO-d6,
400 MHz) δ: 2.40 (s, 3H, C1-CH3), 7.18–7.21 (d, 2H, J = 8.8 Hz, H2′, H6′), 7.26–7.30 (d, 2H,
J = 9.2, 8.4 Hz, H3′′, H5′′), 7.46–7.48 (d, 2H, J = 8.4 Hz, H2, H6), 7.76–7.80 (d, 4H, J = 8.4,
7.6 Hz, H3, H5, H2′′, H6′′), 7.90–7.92 (d, 2H, J = 8.4 Hz, H3′, H5′), 8.41 (s, 1H, N=CH), 11.92
(s, 1H, CONH). 13C NMR (DMSO-d6, 100 MHz): δ 21.19 (C1-CH3), 115.81, 116.03 (C3′′,
C5′′), 122.68 (C2′, C6′), 128.28 (C4′), 129.29, 129.38 (C2′′, C6′′), 129.69 (C3, C5), 130.33 (C2,
C6), 130.80, 130.83 (C1′′), 131.22 (C4), 132.44 (C3′, C5′), 146.05 (C1), 146.99 (N=CH), 151.24
(C1′), 161.96, 162.05 (C4′′), 164.42 (C=O). MS (ESI) m/z calcd. for C21H17FN2O4S [M]+
412.09, found 411.99.

N′-[(2-Nitrophenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3r). Yield
96.3%. mp 180.0–180.4 ◦C. HPLC tR: 6.586 min, purity: 99.39%. 1H NMR (DMSO-d6,
400 MHz) δ: 2.41 (s, 3H, C1-CH3), 7.19–7.22 (d, 2H, J = 8.8 Hz, H2′, H6′), 7.47–7.49 (d,
2H, J = 8.0 Hz, H2, H6), 7.65–7.68 (t, 1H, J = 7.6 Hz, H4′′), 7.76–7.78 (d, 2H, J = 8.0 Hz, H3,
H5), 7.78–7.81 (t, 1H, J = 7.6 Hz, H5′′), 7.93–7.95 (d, 2H, J′ = 7.6 Hz, H3′, H5′), 8.05–8.07 (d,
1H, J = 8.0 Hz, H3′′), 8.11–8.12 (d, 1H, J = 7.2 Hz, H6′′), 8.54 (s, 1H, N=CH), 12.19 (s, 1H,
CONH). 13C NMR (DMSO-d6, 100 MHz) δ: 21.15 (C1-CH3), 122.14 (C2′, C6′), 124.65 (C3′′),
127.93 (C1′′), 128.23 (C4′), 128.60 (C6′′), 129.79 (C3, C5), 130.29 (C2, C6), 130.71 (C4′′), 131.19
(C4), 132.00 (C3′, C5′), 133.69 (C5′′), 143.33 (C2′′), 146.01 (C1), 148.20 (N=CH), 151.37 (C1′),
162.19 (C=O). MS (ESI) m/z calcd. for C21H17N3O6S [M]+ 439.08, found 439.03.

N′-[(3-Nitrophenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3s).
Yield 97.7%. mp 182.5–183.1 ◦C. HPLC tR: 6.820 min, purity: 99.04%. 1H NMR (DMSO-d6,
400 MHz) δ: 2.42 (s, 3H, C1-CH3), 7.20–7.22 (d, 2H, J = 8.8 Hz, H2′, H6′), 7.47–7.49 (d, 2H,
J = 8.0 Hz, H2, H6), 7.72–7.74 (t, 1H, J = 7.6 Hz, H5′′), 7.76–7.78 (d, 2H, J = 8.4 Hz, H3, H5),
7.91–7.93 (d, 2H, J = 8.4 Hz, H3′, H5′), 8.13–8.15 (d, 1H, J = 7.6 Hz, H6′′), 8.24–8.26 (d, 1H,
J = 7.6 Hz, H4′′), 8.51–8.53 (d, 2H, H2′′, N=CH), 12.15 (s, 1H, CONH). 13C NMR (DMSO-d6,
100 MHz) δ: 21.16 (C1-CH3), 120.95 (C4′′), 122.16 (C2′, C6′), 124.31 (C2′′), 128.23 (C4′),
129.76 (C3, C5), 130.30 (C2, C6), 130.43 (C5′′), 131.20 (C4), 132.13 (C3′, C5′), 133.38 (C6′′),
136.05 (C1′′), 145.63 (C3′′), 146.03 (C1), 148.20 (N=CH), 151.34 (C1′), 162.26 (C=O). MS (ESI)
m/z calcd. for C21H17N3O6S [M]+ 439.08, found 438.97.

N′-[(4-Nitrophenyl)methylidene)]-4-[(4-methylphenyl)sulfonyloxy]benzohydrazide (3t). Yield
98.8%. mp 227.3–228.0 ◦C. HPLC tR: 6.564 min, purity: 99.20%. 1H NMR (DMSO-d6,
400 MHz) δ: 2.43 (s, 3H, C1-CH3), 7.20–7.22 (d, 2H, J = 8.4 Hz, H2′, H6′), 7.48–7.50 (d,
2H, J = 8.4 Hz, H2, H6), 7.77–7.79 (d, 2H, J = 8.4 Hz, H3, H5), 7.91–7.93 (d, 2H, J = 8.0 Hz,
H3′, H5′), 7.97–7.99 (d, 2H, J = 8.0 Hz, H2′′, H6′′), 8.27–8.29 (d, 2H, J = 8.0 Hz, H3′′, H5′′),
8.51 (s, 1H, N=CH), 12.13 (s, 1H, CONH). 13C NMR (DMSO-d6, 100 MHz) δ: 21.18 (C1-
CH3), 122.19 (C2′, C6′), 124.05 (C3′′, C5′′), 128.05 (C2′′, C6′′), 128.25 (C4′), 129.80 (C3, C5),
130.33 (C2, C6), 131.20 (C4), 132.09 (C3′, C5′), 140.47 (C1′′), 145.58 (C4′′), 146.05 (C1), 147.91
(N=CH), 151.38 (C1′), 162.29 (C=O). MS (ESI) m/z calcd. for C21H17N3O6S [M]+ 439.08,
found 439.12.

2.2. Enzyme and Antioxidant Inhibition Assays

MAO activities were assayed with recombinant human MAO-A and MAO-B with
0.06 mM of kynuramine and 0.3 mM of benzylamine substrates in 50 mM sodium phosphate
buffer (pH 7.2), respectively, using a spectrophotometer (Optizen Pop, KLAB, Daejeon,
Korea), as described previously [24]. The Km values of these substrates were 0.047 and
0.085 mM, respectively; thus, the substrate concentrations were 1.3 × and 3.5 × Km, re-
spectively. AChE and BChE activities were measured using the enzymes of Electrophorus
electricus Type VI-S and equine serum, respectively, in the presence of 0.5 mM acetylth-
iocholine iodide (ATCI) and butyrylthiocholine iodide (BTCI) as substrates, in 100 mM
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sodium phosphate buffer (pH 7.5), respectively, and 0.5 mM 5,5′-dithiobis(2-nitrobenzoic
acid) (DTNB) was used as a color developing agent, as described previously [25,26]. In-
hibitory activities were measured after preincubating enzymes and inhibitors for 15 min.
BACE-1 activity was measured using a BACE-1 activity detection kit, measuring at an
excitation wavelength of 320 nm and emission wavelength of 405 nm using a fluorescence
spectrometer (FS-2, Scinco, Seoul, Korea) [27]. Antioxidant activity was measured using
0.2 mL of ethanol solution at 517 nm after incubating 50 µM compound and 0.1 mM 2,2-
diphenyl-1-picrylhydrazyl (DPPH) for 15 min in the dark, as described previously [27].
Enzymes and chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). The
experiments were carried out for duplicate or triplicate.

2.3. Analysis of Enzyme Inhibition and Kinetics

The inhibitory activities of 19 compounds against MAO-A, MAO-B, AChE, BChE, and
BACE-1 were first observed at concentrations of 10 µM. The IC50 values of the compounds
that resulted in residual enzyme activities of <50% were then determined. Reversibility
and kinetic studies were performed on the most potent inhibitors, i.e., 3o for MAO-A and
3s for MAO-B, as previously described [28]. Kinetic experiments were carried out at five
substrate concentrations and three inhibitor concentrations.

2.4. Analysis of Inhibitor Reversibility

The reversibility of 3o and 3s was analyzed using a dialysis method after preincubating
the compounds with MAO enzymes for 30 min, as previously described [29]. In the
reversibility experiments of MAO-A, the concentrations used were 3.0 µM for 3o, 2.0 µM
for toloxatone as a reversible MAO-A reference inhibitor, and 0.014 µM for clorgyline as an
irreversible MAO-A reference inhibitor. In MAO-B experiments, the concentrations used
were 7.0 µM for 3 s, 0.20 µM for lazabemide as a reversible MAO-B reference inhibitor,
and 0.28 µM for pargyline as an irreversible MAO-B reference inhibitor. The relative
activities for undialyzed (AU) and dialyzed (AD) samples were compared to determine the
reversibility patterns.

2.5. Molecular Docking

The three-dimensional X-ray structures of MAO-A, MAO-B, and BACE-1 were ob-
tained from the Protein Data Bank (entries 2Z5X, 2V5Z, and 3TPP, respectively) [30–32].
Optimization and minimization of the crystal structures were carried out with the Protein
Preparation wizard, and ligands were treated with the Ligprep Tool to find all possible tau-
tomers and protonation states at physiological pH, as well as conformation states. GLIDE
software was used to perform the molecular docking analysis. Enclosing boxes for each
simulation were created by using the center of mass of cognate ligands, and the SP docking
protocol was used by setting 50,000 poses per ligand for the initial phase and 4000 poses
per ligand for energy minimization with the OPLS3e force field [33–35]. To confirm the
reliability of docking simulations, redocking analyses were performed on the cognate
ligands in their binding sites. Cognate ligands moved back to the original positions with
Root Mean Square Deviations (RMSD), based on all the heavy atoms, as small as 0.155 Å,
0.208 Å, and 0.467 Å for BACE-1, MAO-A, and MAO-B cognate ligands, respectively.

3. Results and Discussion
3.1. Synthesis

The general synthesis of 3a–t is depicted in Scheme 1. Compounds were synthe-
sized starting from ethyl paraben hydrazide (compound 1). Then, by the reaction of this
compound (1) with various benzaldehydes, hydrazide–hydrazone derivatives (N′-(4-/3-/
2-/non-substituted benzylidene)-4-(hydroxy)benzohydrazides; compounds 2a–t) were
obtained. By the reaction of these compounds (2a–t) with tosyl chloride, new tosylated acyl
hydrazide derivatives (compounds 3a–t) were obtained (Scheme 1).
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3.2. Inhibitory Activities against MAOs, AChE, BChE, and BACE-1 and Antioxidant Activity

Among the 19 derivatives, four and three compounds showed effective inhibitory
activities against MAO-A and MAO-B, respectively, with residual activities of <50% at
10 µM (Table 1). Compound 3o was the most potent inhibitor of MAO-A, with an IC50 value
of 1.54 µM, followed by 3a and 3p (IC50 = 3.35 and 4.77 µM, respectively). A structural
comparison with 3a indicated that the 3-F group in 3o increased its inhibitory activity
against MAO-A. Compound 3s was the most potent inhibitor of MAO-B, with an IC50 value
of 3.64 µM, followed by 3t and 3a (IC50 = 5.69 and 7.69 µM, respectively). It was observed
that MAO-B inhibitory activity was increased in the order of 3- > 4- > 2-NO2 groups in 3s, 3t,
and 3r, respectively. The selectivity index (SI) values of 3s and 3a for MAO-B over MAO-A
were 4.31 and 0.44, respectively, indicating that 3s and 3a are moderately selective for
MAO-B and MAO-A, respectively. Benzylidene-4-[(4-methylphenyl)sulfonyloxy] moiety in
this study was less effective in potency and MAO-A selectivity than 3-benzylquinoxaline
moiety previously reported, in which benzyl moiety strongly bound to MAO-A with
aromatic interactions through Val210 and Phe208 [36]. On the other hand, all compounds
weakly inhibited AChE and BChE, which retained >50% residual activities at 10 µM, except
for 3a, which inhibited BChE with an IC50 value of 16.1 µM.

Interestingly, 3e, 3f, and 3n inhibited BACE-1 with IC50 values of 8.63, 9.92, and
8.47 µM, respectively, which were lower than the IC50 of the quercetin reference. BACE-1
inhibitors have been studied as pharmaceuticals, and some of them have been submitted
to phase I–III clinical trials [37]. The potency of 3n against BACE-1 was slightly weaker
than that of compound PC3, a piperazine-substituted chalcone, with an IC50 value of
6.72 µM [38]. These results suggest that 3e, 3f, and 3n can be considered potential agents
for the treatment of AD. In an antioxidant assay using DPPH, lead compounds 3a, 3o, 3p,
3s, and 3t showed negligible inhibition (0.18–3.36%).



Appl. Sci. 2021, 11, 5830 10 of 16

Table 1. Inhibition of MAO-A, MAO-B, AChE, BChE, and BACE-1 by N′-(4-/3-/2-/non-substituted benzylidene)-4-[(4-
methylphenyl)sulfonyloxy] benzohydrazides (3a–t) a.

Compound
Residual Activity at 10 µM (%) IC50 (µM)

SI b

MAO-A MAO-B AChE BChE BACE-1 MAO-A MAO-B BACE-1

3a 0.77 ± 0.36 36.3 ± 1.63 82.1 ± 1.19 53.4 ± 3.75 83.1 ± 0.61 3.35 ± 0.22 7.69 ± 0.27 0.44
3b 80.3 ± 1.86 83.5 ± 2.59 82.0 ± 0.63 67.9 ± 0.36 53.5 ± 5.11 >40 >40 -
3c 70.4 ± 0.93 65.8 ± 0.41 80.9 ± 3.41 71.2 ± 0.71 54.2 ± 2.52 >40 25.1 ± 1.32 >1.59
3d 67.2 ± 2.44 57.8 ± 3.62 85.0 ± 6.68 76.7 ± 3.47 78.4 ± 0.63 14.6 ± 0.33 13.2 ± 0.23 1.11
3e 71.3 ± 0.00 65.7 ± 1.95 89.3 ± 7.15 68.4 ± 1.30 49.5 ± 2.07 >40 23.1 ± 0.65 8.63 ± 0.46 >1.73
3f 67.2 ± 2.44 61.4 ± 3.37 83.4 ± 6.36 66.6 ± 1.30 41.9 ± 1.87 >40 >40 9.92 ± 0.67 -
3g 58.8 ± 5.94 63.9 ± 7.17 92.5 ± 3.91 89.8 ± 4.13 90.2 ± 0.59 11.7 ± 0.53 22.7 ± 1.32 0.52
3h 73.1 ± 0.00 78.9 ± 3.94 91.7 ± 7.34 81.4 ± 0.52 65.2 ± 4.04 >40 >40 -
3i 76.5 ± 3.57 72.0 ± 2.64 85.8 ± 7.17 90.5 ± 1.03 87.0 ± 0.60 25.2 ± 0.10 >40 <0.63
3j 80.0 ± 1.23 66.1 ± 3.89 84.2 ± 4.85 85.3 ± 0.99 82.9 ± 0.30 >40 >40 -
3k 69.6 ± 1.23 62.4 ± 5.19 92.5 ± 9.07 75.9 ± 3.46 62.7 ± 5.62 >40 >40 -
3l 72.2 ± 1.23 75.2 ± 2.59 92.2 ± 4.43 85.0 ± 4.45 93.4 ± 0.21 16.3 ± 0.51 >40 <0.41

3m 75.0 ± 6.00 60.2 ± 5.75 89.1 ± 0.22 85.4 ± 1.87 81.0 ± 1.02 19.4 ± 1.88 29.1 ± 1.44 0.67
3n 78.8 ± 0.67 56.5 ± 2.87 81.9 ± 9.33 59.6 ± 1.87 45.8 ± 4.98 13.0 ± 1.66 11.1 ± 0.96 8.47 ± 0.76 1.17
3o 1.79 ± 0.36 57.3 ± 1.72 82.8 ± 1.00 70.5 ± 2.34 90.8 ± 0.43 1.54± 0.032 14.2 ± 2.11 0.27
3p 4.05 ± 0.64 55.6 ± 4.08 78.1 ± 0.32 79.5 ± 0.00 99.4 ± 0.55 4.77 ± 0.13 14.0 ± 1.10 0.34
3r 75.2 ± 0.64 65.6 ± 2.03 74.9 ± 1.55 80.3 ± 464 68.8 ± 0.75 >40 27.6 ± 0.65 >1.45
3s 64.6 ± 2.65 31.5 ± 2.14 78.7 ± 2.13 77.2 ± 1.44 99.7 ± 0.31 15.7 ± 1.90 3.64 ± 1.61 4.31
3t 18.3 ± 0.47 34.7 ± 3.61 79.5 ± 2.24 76.6 ± 2.87 72.7 ± 0.28 6.05 ± 0.33 5.69 ± 0.47 1.06

Toloxatone 1.08± 0.025 - -
Lazabemide - 0.11 ± 0.016 -

Clorgyline 0.0070 ±
0.00070 - -

Pargyline - 0.14 ±
0.0059 -

Quercetin - - 13.4± 0.035
a Results are expressed as the means± standard errors of duplicate or triplicate experiments; b Selectivity index (SI) values are expressed for
MAO-B as compared with MAO-A; IC50 values of donepezil for AChE and BChE were 0.0095 ± 0.0019 and 0.18 ± 0.0038 µM, respectively;
Values for reference compounds were determined after preincubation them with enzymes for 30 min.

3.3. Structure–Activity Relationship (SAR)

In addition to evaluating the inhibitory activities of 3a–t against MAOs, AChE, BChE,
and BACE-1, we investigated their structures. For the enzyme inhibitory activity against
MAO-A (reference compound toloxatone; IC50: 1.08 µM), compound 3o (IC50: 1.54 µM)
carrying 3-F and the non-substituted compound 3a (IC50: 3.35 µM) were found to have the
highest activity. Compound 3p (IC50: 4.77 µM) carrying 4-F in its structure showed high
activity, while compound 3n carrying 2-F (IC50: 13.0 µM) showed low activity. The fluorine
atom is inductively electron-attracting and resonantly electron-donating. The fluorine atom
increased the activity when it is in the meta position but decreased it when it is in the
ortho position. This suggests that the addition of fluorine in meta improves the interactions
with the enzyme, perhaps participating in halogen bond or favoring conformations for
π-stacking. Otherwise, in the ortho position it probably hinders the interaction with
the enzyme.

For the MAO-B enzyme inhibition activity (reference compound pargyline IC50:
0.14 µM), the compounds showing the highest activity were the 3-NO2-carrying com-
pound 3s (IC50: 3.64 µM), the 4-NO2 derivative compound 3t (IC50: 5.69 µM), and the
non-substituted compound 3a (IC50: 7.69 µM). The activity of compound 3r, which carries
a 2-NO2 substituent (IC50: 27.6 µM), was found to be quite low. The higher activity of
the compound carrying the nitro group in the meta position (compound 3s), compared
to the non-substituted derivative (compound 3a), suggested that the inductive effect of
nitro played an important role. In addition, the activity of the compound having the
nitro substituent in the para position (compound 3t) was higher than the non-substituted
derivative (compound 3a), but the nitro moiety in the ortho position (compound 3r) de-
creased activity. It suggested that the electron donor nitro group in the meta-para position
probably increases and enhances the interactions with the enzyme, maybe establishing
π–hole interactions or favoring π-stacking; conversely, when the nitro group is in the ortho
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position it is possible that it generates a steric hindrance which reduces the interactions
with the enzyme.

The AChE and BChE enzyme inhibition activities were found to be very low compared
with the IC50 values of the references Tacrine and Donepezil. Compared with Donepezil
(IC50: 0.18 µM), only the non-substituted derivative compound 3a showed notable in-
hibitory activity (IC50: 16.1 µM). These results show that substituents on these compounds
inhibit their interaction with the AChE and BChE enzymes.

Several compounds effectively inhibited BACE-1 activity. The IC50 value of the
reference compound quercetin was 13.4 µM, and those of 3n, 3e, and 3f were 8.47, 8.63, and
9.92 µM, respectively, which were the lower among the tested compounds. Compound 3n
carries 2-F, 3e carries 2-OCH3, and 3f carries 3-OCH3. The presence of fluorine or methoxy
in the second position of the compound was observed to increase its interaction with the
BACE-1 enzyme. Since the fluorine and methoxy groups attract electrons inductively and
donate electrons resonantly, their greater activity in the middle position indicates that the
inductive effect is dominant. In general, our compounds showed a moderate inhibitory
effect on the MAO-A, MAO-B, and BACE-1 enzymes.

3.4. Reversibility Studies

In the dialysis experiments, the inhibition of MAO-A by 3o was reversed, and its
activity increased from 38.7% (the value of AU) to 79.2% (the value of AD) (Figure 2A). The
degree of MAO-A recovery after its inhibition by 3o was similar to that observed with the
reversible reference inhibitor toloxatone (from 29.7% to 84.5%) and contrary to the values
obtained with the irreversible reference inhibitor pargyline (from 25.2% to 26.1%), from
which the enzyme activity did not recover. The inhibition of MAO-B by 3s was reversed,
and its activity increased from 35.0% (AU) to 84.0% (AD) (Figure 2B). The recovery was also
similar to that observed with the reversible reference lazabemide (from 35.3% to 87.9%),
whereas the inhibition of MAO-B by the irreversible inhibitor pargyline was not reversed
(from 30.6% to 33.8%). These experiments show that 3o and 3s are reversible inhibitors of
MAO-A and MAO-B, respectively.
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3.5. Kinetics of MAO-A and MAO-B Inhibition

In kinetic studies of MAO-A inhibition by 3o, Lineweaver–Burk plots and secondary
plots showed that 3o competitively inhibited MAO-A (Figure 3A), with a Ki value of
0.35 ± 0.074 µM (Figure 3B). In kinetic studies of MAO-B inhibition by 3s, Lineweaver–
Burk plots and secondary plots showed that 3s competitively inhibited MAO-B (Figure 3C),
with a Ki value of 1.97 ± 0.65 µM (Figure 3D). These results suggest that 3o and 3s
are competitive inhibitors for MAO-A and MAO-B, respectively, and compete with the
substrate for the active site.
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Figure 3. Lineweaver–Burk plots for the inhibition of MAO-A by 3o (A) and MAO-B by 3s (C) and their respective secondary
plots (B,D) of the slopes vs. inhibitor concentrations.

3.6. Molecular Docking

In order to investigate the binding mode of compounds 3e, 3f, and 3n towards BACE-1
and 3o and 3s towards MAO-A and MAO-B, molecular docking analyses were performed.

As shown in Figure 4, the binding modes of the three compounds demonstrate that the
sulfone moiety and the carbonyl group are crucial for establishing a network of hydrogen
bonds with both the main and side chains of T232 (at a distance of 2.2 Å, 2.3 Å and 2.5 Å
for 3e, 3f and 3n) and the side chain of S325 (at a distance of 2.2 Å, 2.2 Å and 2.1 Å for
3e, 3f and 3n, respectively) in the S2 pocket. Furthermore, the 2-methoxy-benzyl moiety
and the 2-fluorine benzyl moiety of compounds 3e and 3n, respectively, are involved in
π–π interactions with Y71 at the S1 pocket. The docking scores were −5.59, −5.90, and
−6.88 kcal/mol for 3e, 3f, and 3n, respectively.
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Figure 4. Catalytic site of BACE-1 in complex with compounds 3e (a), 3f (b), and 3n (c), depicted as green, yellow, and blue
sticks, respectively. Hydrogen bonds and π–π interactions are indicated by red arrows and green lines, respectively.

As indicated in Figure 5, the para-methyl phenyl ring of compound 3o is trapped in the
aromatic cage formed by FAD, Y407, and Y444 of MAO-A and FAD, Y398, and Y435 residues
of MAO-B. In addition, compound 3o can establish π-stacking and T-shape π–π contacts with
Y407 and F352 of MAO-A, respectively. For MAO-B, π-stacking and T-shape π–π interactions
were detected with Y398 and Y326, a MAO-B selective residue. The docking scores were
−9.73 and −9.89 kcal/mol in simulations of MAO-A and MAO-B, respectively.
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Figure 5. Panels (a,b) show the catalytic sites of MAO-A and MAO-B, respectively, in complex with compound 3o, depicted
as green sticks. The π–π interactions are indicated by green lines.

As shown in Figure 6, the para-methyl ring of compound 3s interacts with the network
of aromatic rings of FAD, Y398 and Y435 of MAO-B. Specifically, compound 3s forms
π-stacking and T-shape π–π interactions with the Y398 and Y326 of MAO-B. On the other
hand, the binding pose of 3s within MAO-A binding pocket resulted to be inverted. Its
3-NO2-benzyl ring was partially trapped in the aromatic cage made of Y407, Y444, and
FAD, but stabilized due to the presence of a dipole interaction with F352 residue. The
docking scores were −5.67 and −9.88 kcal/mol for MAO-A and MAO-B, respectively.
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For the sake of completeness, all the interactions observed in docking simulations
were automatically flagged by GLIDE software, for which the default distance thresholds
are equal to 2.8 Å for hydrogen bonds, and to 4.5 Å and 5.5 Å for π-stacking and T-shape
contacts, respectively.

3.7. ADME Prediction

In order to evaluate the drug-likeness of the proposed compounds, physiochemical
properties were analyzed by using Qikprop tool [39]. The computation of physiochemical
properties can help to draw the ADME profile. As shown in Table 2, all the compounds do
not show violations of the Lipinki’s rule of five, a well-known parameter for the evaluation
of drug-like molecules, and also display a very good value for human oral absorption, a
parameter related with potential metabolites, solubility and cell permeability [40].

Table 2. Physiochemical properties relevant to drug-likeness.

MW logP HBA HBD MR Human Oral
Absorption

Violation of
Lipinski’sRule of Five

3s 439.441 4.199 3 1 114.993 2 0
3o 412.434 4.510 3 1 107.885 3 0
3f 424.470 4.288 4 1 114.132 3 0
3e 424.470 4.288 4 1 114.132 3 0
3n 412.434 4.510 3 1 107.885 3 0

MW—molecular weight; logP—the logarithm of the 1-octanol/water partition coefficient; HBA/HBD—the number of hydrogen bond
acceptor/donor atoms; MR—molar refractivity; Human oral absorption, predicted qualitative human absorption (1, 2, or 3 indicate low,
medium, and high amounts, respectively); Lipinski’s rule of five, the number of violations (zero is optimal).

4. Conclusions

In this study, 19 novel N′-(4-/3-/2-/non-substituted benzylidene)-4-[(4-methylphenyl)
sulfonyl-oxy]benzohydrazide derivatives were synthesized, and compounds 3o and 3s
were found to have the most potent inhibitory activity against MAO-A and MAO-B,
respectively, with IC50 values of 1.54 µM for 3o towards MAO-A and 3.64 µM for 3s
towards MAO-B, and moderate selectivities. MAO-B inhibitory activity was increased in
the order of 3- > 4- > 2-NO2 groups in 3s, 3t, and 3r, respectively. All compounds weakly
inhibited AChE and BChE. However, 3e, 3f, and 3n inhibited BACE-1 with IC50 values of
8.63, 9.92, and 8.47 µM, respectively, with higher potencies than the reference compound
quercetin. Compounds 3o and 3s were reversible and competitive inhibitors of MAO-A
and MAO-B, respectively. It is concluded that 3o and 3s are effective MAO-A and MAO-B
inhibitors, respectively, and 3e, 3f, and 3n are effective BACE-1 inhibitors. These results
suggest that these compounds can be considered potential agents for the treatment of AD.
Computational studies shed light on the interactions of compounds 3e, 3f, and 3n with
BACE1 and those of 3s and 3o with MAOs, and these results agree with the experimental
data. Compounds 3e, 3f, and 3n can strongly interact with the S1 and S2 binding regions
of the BACE-1 catalytic site through a set of both polar and hydrophobic interactions.
For compounds 3o and 3s, the networks of aromatic interactions with FAD, Y407, and
Y444 of MAO-A and FAD, Y398, and Y435 of MAO-B are crucial for binding at the MAO
binding sites. Furthermore, dipole and π–π contacts with the F352 and Y326 residues of
MAO-A and MAO-B, respectively, enhance the interaction with binding pockets and can
thus explain the IC50 experimental data.

Supplementary Materials: The following is available online at http://www.mdpi.com/xxx/s1.
Figures S1–S76 for 1H-NMR, 13C-NMR, EST MS, and chromatogram data of the compounds.
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