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Abstract: MAO-B inhibitors are frequently used in the treatment of neurodegenerative diseases
such as Parkinson’s and Alzheimer’s. Due to the limited number of compounds available in this
field, there is a need to develop new compounds. In the recent works, it was shown that various
thiosemicarbazone derivatives show hMAO inhibitory activity in the range of micromolar concen-
tration. It is thought that benzofuran and benzothiophene structures may mimic structures such
as indane and indanone, which are frequently found in the structures of such inhibitors. Based
on this view, new benzofuran/benzothiophene and thiosemicarbazone hybrid compounds were
synthesized, characterized and screened for their hMAO-A and hMAO-B inhibitory activity by an
in vitro fluorometric method. The compounds including methoxyethyl substituent (2b and 2h) were
found to be the most effective agents in the series against MAO-B enzyme with the IC50 value of
0.042 ± 0.002 µM and 0.056 ± 0.002 µM, respectively. The mechanism of hMAO-B inhibition of
compounds 2b and 2h was investigated by Lineweaver–Burk graphics. Compounds 2b and 2h were
reversible and non-competitive inhibitors with similar inhibition features as the substrates. The Ki

values of compounds 2b and 2h were calculated as 0.035 µM and 0.046 µM, respectively, with the
help of secondary plots. The docking study of compound 2b and 2h revealed that there is a strong
interaction between the active sites of hMAO-B and analyzed compound.

Keywords: thiosemicarbazone; benzofuran; benzothiophene; hMAO enzymes; molecular docking

1. Introduction

Neuropsychiatric diseases such as Parkinson’s disease (PD), Alzheimer’s disease (AD)
and depression, which have all become a serious health problem in the world, still do not
have an effective treatment for these diseases, mainly due to insufficient understanding of
the multi-component pathogenesis [1,2]. Among the well-studied etiologies, the irregular
expression of mitochondrial enzyme monoamine oxidases (MAO, EC 1.4.3.4) has been
recognized as a main cause. This depends on the fact that a neurodegenerative disorder is
the result of unnecessary monoamine metabolites produced by the overexpression of MAO.
The neurotransmitter-catabolizing MAOs are classified into the A and B isoforms [3–5].

The MAO enzyme, which catalyzes the oxidative deamination of various monoamines,
both endogenous and exogenous, has important roles in metabolizing released neurotrans-
mitters and detoxifying a wide variety of endogenous and exogenous amines. Mainly
involved in the breakdown of norepinephrine, melatonin, serotonin, and epinephrine,
MAO-A is expressed almost everywhere in the human body. MAO-B, which degrades
benzylamine and phenethylamine, is highly expressed in the central nervous system (CNS).
Tryptamine, tyramine, and dopamine can be metabolized by both isoforms with individual
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metabolic activity for each substrate [6–8]. In light of all this information, the develop-
ment of new MAO inhibitors (MAOIs) for the treatment of numerous neurological and
psychiatric disorders represents a very important and useful approach [9,10]. The disad-
vantages of non-reversible or non-selective inhibitors have seriously reduced the use of
these inhibitors in therapy. Selective MAO-A inhibitors are used in the treatment of mental
disorders and have found use in therapy as antidepressants and anxiolytics [11,12], while
selective MAO-B inhibitors are used as adjuvants for the treatment of Alzheimer’s disease,
Parkinson’s disease, and Huntington’s disease [13–16]. The design of such reversible and
selective inhibitors of MAO-A and MAO-B to identify suitable drug candidates for the
treatment of neurological diseases has become a highly studied area [17].

Some MAO-B inhibitors have been evaluated in clinical trials for the treatment of AD
(e.g., Rasagiline, Lazabemide, Safinamide, and Selegiline, and these have shown positive
effects on memory patterns and progression of disease [10,17–19]. A clinical trial with the
selective MAO-A inhibitors, Moclobemide and Clorgyline, has shown improvement in
symptoms of depression and cognition in elderly patients with memory impairment [20,21].

A literature survey has revealed many important observations about structure-activity
relationships of MAO inhibitors [3,15,22–29].

Our understanding of where and how substrates (or inhibitors) enter the active sites
of MAO-A and MAO-B is invaluable for rational use of design strategies. The structural
data indicate that the ligands MAO-A and MAO-B follow the same binding pathways
as the target protein [30]. In addition, it was also revealed that the cavity-shaping loop
(residues 210–216 in MAO-A) took on a helical conformation, which was conserved in all
MAO-A structures except in hMAO-A complexed with Clorgyline. Generally, the MAO-B
isoform, which is of a hydrophobic nature, contains a small, highly conserved hydrophilic
region in the inlet cavity. [31]. The cavity may contain a small inhibitor (e.g., Isatin) or a
cavity-filling ligand (e.g., Rasagiline [32]) reliant on the conformation of the Ile199 gating
residue. It may contain a small inhibitor because the active site is limited to a smaller
cavity separated from an entrance cavity space. On the contrary, binding of inhibitors,
such as Rasagiline or Selegiline [30] can induce a mid-span cavity type because these
ligands are large enough to push the Ile199 gating residue into the open conformation. It
should be noted that this cavity plasticity in MAO-B is probably determined by the subtle
conformational changes [3].

Studies from some research groups show that MAO inhibitors Moclobemide, Se-
legiline, Clorgyline, Lazabemide, and Safinamide have identified some common struc-
tural features attributed to the presence of (A) an aryl ring, (B) a chain to four atoms
containing nitrogen, (C) an electron-rich area due to an amino group or a triple bond
(Figure 1) [24,25,27].

Figure 1. MAO-inhibitors (Moclobemide, Selegiline, Clorgyline, Lazabemide, and Safinamide) and
their common structure features.
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By analysis of experimental and computer data, the following significant pharma-
cophoric elements influencing the binding affinity and potency of some major MAO-B
inhibitors (semicarbazone derivatives) were identified: (1) A hydrophobic aromatic ring at
the terminus of semicarbazone is essential for binding to the substrate cavity of the MAO-B
active site; (2) Another hydrophobic moiety is crucial for efficient binding and stabilization
in the MAO-B inlet cavity space; (3) A flexible linker having hydrogen bonding regions is
also essential to guide the optimal orientation of the two hydrophobic aryl residues in their
respective binding pockets within the active site of MAO-B (Figure 2) [15,22,28].

Figure 2. Some novel MAO inhibitor agents and reference model of target compounds.

The data from these two SAR studies described above encouraged us to design new
compounds. In this study, we report the synthesis and in vitro evaluation of a novel
series of thiosemicarbazone derivatives which include both reference models on the same
structure. In vitro evaluation includes the inhibition of the MAO-A, MAO-B enzymes in
direct assays. Molecular docking and molecular simulation (MD simulation) studies were
also performed to elucidate the interaction of potent compounds with the active site of
enzymes (Figure 3).
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Figure 3. Design of obtained compounds (2a–2l).

2. Results and Discussion
2.1. Chemistry

The compounds 2a–2l were obtained as presented in Scheme 1. Firstly, thiosemicar-
bazide derivatives (1a–1f) were obtained by means of reaction between isothiocyanate
derivatives and hydrazine hydrate using an ice bath. Finally, the resulting thiosemicar-
bazide derivatives (1a–1f) and the appropriate benzaldehydes were reacted to synthesize
the target compounds. 1H-NMR, 13C-NMR, APCI-MS, and HRMS are used as spectroscopic
methods (supplementary material).

In benzofuran containing compounds (2a–2f), benzofuran was recorded between
7.26 ppm and 7.30 ppm as doublet of triplet with 1H integration value. Other benzofuran
hydrogens were recorded between 7.35 ppm and 7.42 ppm as multiplet with 2H integration
value, 7.52 ppm and 7.61 ppm as double doublet with 1H integration value, 7.68 ppm
and 7.71 ppm as double doublet with 1H integration value. In benzothiophene containing
compounds (2g–2l), benzothiophene was recorded between 7.36 ppm and 7.43 ppm as
multiplet with 2H integration value. Other benzothiophene hydrogens were recorded
between 7.75 ppm and 7.77 ppm as singlet with 1H integration value, 7.82 ppm and
7.86 ppm as multiplet with 1H integration value, and 7.93 ppm and 7.97 ppm as multiplet
with 1H integration value. Methylene protons were recorded between 8.10 ppm and
8.49 ppm as singlet. Additionally, APCI-MS and HRMS results were also well-suited with
theoretical m/z values. Moreover, in the purity studies using the PDA detector, it is seen
that all of the compounds have a purity value above 95%.
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Compounds X R

2a –O –Ethyl
2b –O –2-Methoxyethyl
2c –O –Butyl
2d –O –Cyclohexyl
2e –O –Phenyl
2f –O –2-Chlorophenyl
2g –S –Ethyl
2h –S –2-Methoxyethyl
2i –S –Butyl
2j –S –Cyclohexyl
2k –S –Phenyl
2l –S –2-Chlorophenyl

Scheme 1. The synthetic route for target compounds (2a–2l).

2.2. MAO Inhibition

The inhibition power on MAO isoenzymes of the synthesized compounds was eval-
uated by using the in vitro fluorometric method declared previously by our research
group [33–39]. The results of the first step of enzyme activity assay were given in Table 1;
that of the second step was presented in Table 2. The second step was performed with
further concentrations (by serial dilutions ranging from 10−5 M to 10−9 M) of the reference
drug and selected derivatives that showed more than 50% inhibitory activity at 10−4 M
concentration. Therefore, the half maximal inhibitory concentration (IC50) values of the
selected compounds and reference inhibitor could be calculated, and these results are given
in Table 2.

Table 1. % Inhibition of compounds 2a–2l against MAO-A and MAO-B.

Compounds
MAO-A % Inhibition MAO-B % Inhibition

10−3 M 10−4 M 10−3 M 10−4 M

2a 34.128 ± 0.927 22.314 ± 0.824 74.159 ± 1.412 46.356 ± 0.997
2b 32.951 ± 0.955 28.357 ± 0.899 91.625 ± 1.652 87.357 ± 1.388
2c 30.357 ± 0.902 26.735 ± 0.820 76.345 ± 1.623 43.451 ± 0.728
2d 37.518 ± 0.897 20.856 ± 0.834 82.624 ± 1.318 41.052 ± 0.956
2e 36.735 ± 0.910 23.402 ± 0.832 85.486 ± 1.528 40.828 ± 0.827
2f 31.057 ± 0.994 24.174 ± 0.711 82.366 ± 1.332 47.398 ± 0.930
2g 38.935 ± 0.854 28.692 ± 0.803 78.951 ± 1.702 44.774 ± 0.758
2h 36.751 ± 0.741 21.873 ± 0.750 90.412 ± 1.602 84.362 ± 1.325
2i 35.654 ± 0.863 29.162 ± 0.816 84.654 ± 1.628 46.035 ± 0.931
2j 33.667 ± 0.729 23.041 ± 0.863 82.923 ± 1.621 42.957 ± 0.965
2k 31.065 ± 0.911 27.859 ± 0.815 80.451 ± 1.475 46.651 ± 0.899
2l 36.741 ± 0.966 24.389 ± 0.721 83.642 ± 1.597 42.249 ± 0.763

Clorgiline 99.411 ± 1.955 98.257 ± 1.824 - -
Selegiline – – 99.387 ± 1.385 95.629 ± 1.456
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Table 2. IC50 values of compounds 2b, 2h, and Selegiline against MAO-B.

Compounds
MAO-B % Inhibition IC50

(µM)
Selectivity

Index10−3 M 10−4 M 10−5 M 10−6 M 10−7 M 10−8 M 10−9 M

2b 91.625 ±
1.652

87.357 ±
1.388

81.547 ±
1.722

74.951 ±
1.634

66.379 ±
0.975

41.513 ±
0.856

25.820 ±
0.765

0.042 ±
0.002 >23.812

2h 90.412 ±
1.602

84.362 ±
1.325

80.792 ±
1.045

72.188 ±
1.388

64.970 ±
1.107

42.826 ±
0.948

30.945 ±
0.782

0.056 ±
0.002 >17.857

Selegiline 99.387 ±
1.385

95.629 ±
1.456

86.205 ±
1.200

78.324 ±
1.108

66.871 ±
1.056

42.875 ±
0.865

16.748 ±
0.596

0.037 ±
0.001 –

It was understood by analyzing Table 1 that some of the synthesized compounds in
the series showed remarkable inhibition potency at 10−3 M concentration; however, none
of them displayed significant inhibitory activity at 10−4 M concentration against MAO-A
enzyme. It was seen that all obtained derivatives had higher inhibition rates on MAO-B
enzyme than MAO-A enzyme. So, it was concluded that all synthesized compounds
showed selective MAO-B enzyme inhibitory activity. All compounds displayed more than
50% inhibitory activity at 10−3 M concentration, while only compounds 2b and 2h had
more than 50% inhibitory activity at 10−4 M concentration for MAO-B enzyme, and thus,
the second step of enzyme inhibition assay was carried out by using further dilutions
of these compounds. Compounds 2b and 2h were found to be the most effective agents
in the series with the IC50 value of 0.042 ± 0.002 µM and 0.056 ± 0.002 µM, respectively.
Furthermore, it was noteworthy that these compounds performed a very similar degree of
inhibition to reference drug Selegiline (IC50 value = 0.037 ± 0.001 µM). It is noteworthy that
both compounds with high activity values carry methoxyethyl residues. It was thought
that this residue contributed positively to the activity. When these two derivatives are
compared, it is seen that the compound carrying the benzofuran ring is more active.

2.3. Kinetic Studies of Enzyme Inhibition

Enzyme kinetic studies help to determine the inhibitory character of the relevant
compound on the enzyme as irreversible or reversible inhibition, and to evaluate the nature
of the inhibition of the relevant compound. The linear Lineweaver–Burk plots are the most
commonly used method for this purpose. Compounds 2b and 2h which were found to
be the most effective derivatives in the series, were included in the enzyme kinetic assay
to evaluate the inhibition types of them on MAO-B enzyme. Enzyme kinetic assay was
applied in the same way as previously mentioned [33–39]. The IC50/2, IC50, and 2(IC50)
were used as the concentrations of these compounds. The rate curves of substrates were
reported in the absence and presence of these compounds. In all cases, initial velocity
measurements were collected at various substrate (tyramine) concentrations ranging from
20 µM to 0.625 µM. Thus, linear Lineweaver–Burk graphs of compounds 2b and 2h were
formed as in Figures 4A and 5A, respectively. The secondary plots of slope (Km/Vmax)
versus varying concentrations (0, IC50/2, IC50, and 2(IC50)) (Figures 4B and 5B) were
formed to measure the Ki values of these compounds.
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Figure 4. (A) Lineweaver–Burk plots for the inhibition of hMAO-B by compound 2b. [S], substrate
concentration (µM); V, reaction velocity (nmol/min/mg protein). Inhibitor concentrations are shown
at the left; (B) Secondary plot for the calculation of the steady-state inhibition constant (Ki) of
compound 2b. Ki was calculated as 0.035 µM.
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Figure 5. (A) Lineweaver–Burk plots for the inhibition of hMAO-B by compound 2h. [S], substrate
concentration (µM); V, reaction velocity (nmol/min/mg protein). Inhibitor concentrations are shown
at the left. (B) Secondary plot for the calculation of the steady-state inhibition constant (Ki) of
compound 2h. Ki was calculated as 0.046 µM.

According to Lineweaver–Burk plots, reversible and irreversible inhibition type consti-
tute two general categories. Mixed-type, uncompetitive, competitive, and non-competitive
inhibition types are included in the reversible inhibition [33–39]. As seen in the Lineweaver–
Burk graphs of compounds 2b and 2h (Figures 4 and 5), the lines were intersected on the
x-axis, and their slopes and y-intercepts were different. This observation indicated that
compounds 2b and 2h were reversible and non-competitive inhibitors with similar inhibi-
tion features as the substrates. The Ki values of compounds 2b and 2h were calculated as
0.035 µM and 0.046 µM, respectively, with the help of secondary plots.
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2.4. Cytotoxicity Assay

Compounds 2b and 2h exhibited potent MAO-B inhibition profile and were further
tested for toxicity using the MTT assay in the NIH/3T3 cell line; the IC50 value of this
compound is shown in Table 3. Compound 2b and 2h showed an IC50 value of 129.631 µM
and 81.266 µM against NIH/3T3 cells, which was significantly higher than its IC50 value
(0.042 µM and 0.056 µM, respectively) against MAO-B. Consequently, compounds 2b and
2h were found to be non-cytotoxic at its effective concentration against MAO-B. This result
further increases the biological importance of this compound.

Table 3. IC50 values of compounds 2b and 2h against the NIH/3T3 cell line.

Compounds IC50 (µM) NIH3T3 Cell Line IC50 (µM) MAO-B Enzyme

2b 0.042 ± 0.002 129.631 ± 0.235
2h 0.056 ± 0.002 81.266 ± 0.158

2.5. Molecular Docking

Docking studies were carried out on using the X-ray crystal structure of MAO-B
enzyme (PDB Code: 2V5Z) [40] in order to determine the possible interactions between
the enzyme active site and compounds 2b and 2h which were the most active derivatives
among the synthesized compounds whose enzyme activities were evaluated.

The docking poses of these compounds were given in Figures 6–9. When analyzed,
especially Figure 6, it was understood that compounds 2b and 2h were positioned in a very
similar position at the active site of MAO-B enzyme. These compounds showed the same
interactions including a π-π interaction and two hydrogen bond formations (Figure 7). The
π-π interaction was observed between benzofuran/benzothiophene ring and the phenyl of
Tyr326. The hydrazide moiety was essential for polar interactions. The amino of hydrazide
formed a hydrogen bond with the carbonyl of Ile198. The last hydrogen bond was detected
between the oxygen atom of methoxyethyl group near to thioamide and the hydroxyl of
Try435. This interaction of this residue in the enzyme active site shows the contribution of
this residue to the activity.

Figure 6. The superimposition pose of compounds 2b and 2h in the active region of hMAO-B (PDB
ID: 2V5Z). The important residues in the active site and compounds 2b and 2h are presented by tube
model and colored with white, green, and pink, respectively.
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Figure 7. The three-dimensional interacting modes of compounds 2b (A) and 2h (B) in the active region of hMAO-B. The
inhibitors and the important residues in the active site of the enzyme are presented by tube model. The FAD molecule is
colored red with ball-stick model.

Figure 8. The van der Waals interactions of compounds 2b (A) and 2h (B) with active region of hMAO-B. The active ligands
has a lot of favorable van der Waals interactions (red and pink).

Figure 9. The electrostatic interactions of compounds 2b (A) and 2h (B) with active region of hMAO-B. The residues are
colored (blue, red, and pink) according to the distance from ligand by Per-Residue Interaction panel.

Actually, the last mentioned interaction was an indicator to explain the difference in
the enzyme inhibition profiles of the synthesized compounds and why compounds 2b and
2h were found to be the most effective agents. Compounds 2b and 2h had methoxyethyl
group different from the other derivatives in the series. It was thought that the substituents,
which were capable of the formation of a hydrogen bond, such as the methoxyethyl moiety,
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strongly contributed to binding to the active site of the enzyme. Thus, this situation could
explain why compounds 2b and 2h exhibited stronger inhibition profiles than the other
compounds, because only these compounds had such mentioned substituents, which were
different from the other compounds in the series.

In order to analyze the contribution of van der Waals and electrostatic interactions
in binding to the enzyme active site, docking studies were carried out, detailed by using
Glide according to Per-Residue Interaction panel. Figures 8 and 9 presented van der Waals
and electrostatic interactions of compounds 2b and 2h. It was seen that these compounds
had favorable van der Waals interactions (displayed with pink and red colors as described
in the user guide of Glide [41]) with Leu171, Cys172, Ile198, Gln206, Tyr326, Phe343,
Tyr398, Tyr435, and FAD molecule. Similarly, promising electrostatic contributions of these
compounds were determined with Gln65, Cys172, Tyr188, Ile198, Gln206, Tyr326, Tyr435,
and FAD molecule.

3. Materials and Methods
3.1. Chemistry

All reagents were purchased from commercial suppliers and were used without
further purification. Melting points (M.p.) were determined on Mettler Toledo-MP90
Melting Point System and were uncorrected. 1H NMR and 13C NMR spectra was recorded
on a Bruker Fourier 300 (Bruker Bioscience, Billerica, MA, USA), respectively, in DMSO-d6
(Bruker, Bioscience, Billerica, MA, USA), respectively. Mass spectra were recorded on an
APCI-MS (Advion, New York, NY, USA) by using the at atmospheric-pressure chemical
ionization (APCI) method. Mass spectra were recorded on an LCMS-IT-TOF (Shimadzu,
Kyoto, Japan) equipped with a PDA detector (Supplementary Material). Silica gel 60 F254
with thin-layer chromatography (Merck KGaA, Darmstadt, Germany) was used to check
the purity of compounds.

General Procedure for the Synthesis of the Compounds
General procedure for the synthesis of thiosemicarbazide derivatives (1a–1f)
Isothiocyanate derivatives (0.007 mol) were dissolved in EtOH (10 mL). Excess of

hydrazine hydrate was added in reaction mixture as portions at ice-bath. After completion
of the reaction, the mixture was poured into ice-water (50 mL), precipitated product was
filtered, washed with cooled EtOH, and dried. Experimental melting degrees are as fol-
lows, respectively: 83.0–84.0 ◦C, 88.1–89.3 ◦C, 73.9–74.1 ◦C, 140.0–142.2 ◦C, 151.0–152.3 ◦C,
131.3–133.5 ◦C [42–47].

General procedures of target compounds (2a–2l)
Corresponding aldehyde derivatives (0.002 mol) and appropriate isothiocyanate

derivative (0.002 mol) in EtOH (25 mL) were refluxed for 8 h. The mixture was cooled in
an ice-bath, precipitated product was filtered, dried, and recrystallized from EtOH.

2-(Benzofuran-2-ylmethylene)-N-ethylhydrazine-1-carbothioamide (2a)
Yield: 85%, M.P.: 179.9–182.1 ◦C. Purity: 99.9%. 1H-NMR (300 MHz, DMSO-d6):

δ = 1.15 (3H, t, J = 7.1 Hz, -NHCH2CH3), 3.60 (2H, p, J = 6.8 Hz, -NHCH2CH3), 7.29 (1H,
td, J1 = 0.9 Hz, J2 = 7.7 Hz, Benzofuran), 7.36–7.41 (2H, m, Benzofuran), 7.60 (1H, dd,
J1 = 0.8 Hz, J2 = 8.2 Hz, Benzofuran), 7.69 (1H, dd, J1 = 0.7 Hz, J2 = 7.1 Hz, Benzofuran),
8.10 (1H, s, -CH = N-), 8.42 (1H, t, J = 5.8 Hz, -NHCH2CH3), 11.65 (1H, s, -NH). 13C-NMR
(75 MHz, DMSO-d6): δ = 14.96, 38.90, 109.86, 111.78, 122.24, 126.46, 128.39, 132.21, 151.72,
155.10, 177.06. APCI-MS [M + H]+: 248.3. HRMS (m/z): [M + H]+ calcd. for C12H13N3OS:
248.0852; found: 248.0860.

2-(Benzofuran-2-ylmethylene)-N-(2-methoxyethyl)hydrazine-1-carbothioamide (2b)
Yield: 80%, M.P.: 147.5–148.8 ◦C. Purity: 100.0%. 1H-NMR (300 MHz, DMSO-d6):

δ = 3.29 (3H, s, NHCH2CH3OCH3), 3.53 (3H, t, J = 5.8 Hz, -NHCH2CH2OCH3), 3.76 (2H,
q, J = 5.8 Hz, -NHCH2CH3OCH3), 7.29 (1H, td, J1 = 0.8 Hz, J2 = 7.7 Hz, Benzofuran),
7.36–7.42 (2H, m, Benzofuran), 7.61 (1H, dd, J1 = 0.8 Hz, J2 = 8.2 Hz, Benzofuran), 7.69
(1H, dd, J1 = 0.6 Hz, J2 = 7.7 Hz, Benzofuran), 8.12 (1H, s, -CH=N-), 8.30 (1H, t, J = 5.8 Hz,
-NHCH2CH3OCH3), 11.78 (1H, s, -NH). 13C-NMR (75 MHz, DMSO-d6): δ = 43.48, 58.45,
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70.44, 110.24, 110.28, 111.80, 122.29, 124.04, 126.56, 128.35, 132.52, 132.56, 151.55, 155.13,
177.56. APCI-MS [M + H]+: 278.3. HRMS (m/z): [M + H]+ calcd. for C13H15N3O2S:
278.0958; found: 278.0953.

2-(Benzofuran-2-ylmethylene)-N-butylhydrazine-1-carbothioamide (2c)
Yield: 79%, M.P.: 120.4–121.2 ◦C. Purity: 100.0%. 1H-NMR (300 MHz, DMSO-d6):

δ = 0.91 (3H, t, J = 7.3 Hz, -CH3), 1.25–1.37 (2H, m, -CH2-), 1.58 (2H, p, J = 7.3 Hz, -CH2-),
3.54–3.56 (2H, m, -CH2-), 7.26 (1H, td, J1 = 0.8 Hz, J2 = 7.7 Hz, Benzofuran), 7.36–7.41
(2H, m, Benzofuran), 7.60 (1H, dd, J1 = 0.8 Hz, J2 = 8.2 Hz, Benzofuran), 7.69 (1H, d,
J = 7.2 Hz, Benzofuran), 8.10 (1H, s, -CH=N-), 8.39 (1H, t, J = 5.9 Hz, -NH), 11.65 (1H, s,
-NH). 13C-NMR (75 MHz, DMSO-d6): δ = 14.28, 20.04, 31.40, 43.75, 109.79, 111.78, 122.24,
124.02, 126.45, 128.39, 132.21, 151.73, 155.10, 177.26. APCI-MS [M + H]+: 276.3. HRMS
(m/z): [M + H]+ calcd. for C14H17N3OS: 276.1165; found: 276.1158.

2-(Benzofuran-2-ylmethylene)-N-cyclohexylhydrazine-1-carbothioamide (2d)
Yield: 85%, M.P.: 191.2–192.9 ◦C. Purity: 99.6%. 1H-NMR (300 MHz, DMSO-d6):

δ = 1.16–1.46 (5H, m, cyclohexyl), 1.59–1.92 (5H, m, cyclohexyl), 4.16–4.19 (1H, m, cyclo-
hexyl), 7.28 (1H, td, J1 = 0.8 Hz, J2 = 7.7 Hz, Benzofuran), 7.36–7.41 (2H, m, Benzofuran),
7.61 (1H, dd, J1 = 0.6 Hz, J2 = 8.2 Hz, Benzofuran), 7.68 (1H, dd, J1 = 0.6 Hz, J2 = 8.2 Hz, Ben-
zofuran), 7.92 (1H, d, J = 8.5 Hz, -NH), 8.11 (1H, s, -CH=N-), 11.66 (1H, s, -NH). 13C-NMR
(75 MHz, DMSO-d6): δ = 25.37, 25.55, 32.23, 52.22, 109.92, 111.85, 122.24, 124.03, 126.48,
128.37, 132.38, 151.63, 155.13, 176.11. APCI-MS [M + H]+: 302.4. HRMS (m/z): [M + H]+

calcd. for C16H19N3OS: 302.1322; found: 302.1310 [48].
2-(Benzofuran-2-ylmethylene)-N-phenylhydrazine-1-carbothioamide (2e)
Yield: 88%, M.P.: 205.2–206.8 ◦C. Purity: 100.0%. 1H-NMR (300 MHz, DMSO-d6):

δ = 7.21 (1H, tt, J1 = 1.1 Hz, J2 = 7.4 Hz, Benzofuran), 7.30 (1H, td, J1 = 0.8 Hz, J2 = 7.7 Hz,
Benzofuran), 7.35–7.42 (3H, m, Aryl-H), 7.52 (1H, d, J = 0.8 Hz, Benzofuran), 7.59–7.62
(3H, m, Aryl-H), 7.70 (1H, dd, J1 = 0.8 Hz, J2 = 7.1 Hz, Benzofuran), 8.21 (1H, s, -CH=N-),
10.04 (1H, s, -NH), 12.06 (1H, s, -NH). 13C-NMR (75 MHz, DMSO-d6): δ = 109.86, 111.86,
122.33, 124.07, 125.81, 125.92, 126.56, 128.38, 128.61, 133.01, 139.34, 151.69, 155.20, 176.42.
APCI-MS [M + H]+: 296.3. HRMS (m/z): [M + H]+ calcd. for C16H13N3OS: 296.0852; found:
296.0864 [48].

2-(Benzofuran-2-ylmethylene)-N-(2-chlorophenyl)hydrazine-1-carbothioamide (2f)
Yield: 89%, M.P.: 203.6–204.9 ◦C. Purity: 100.0%. 1H-NMR (300 MHz, DMSO-d6):

δ = 7.27–7.34 (2H, m, Aryl-H), 7.36–7.43 (2H, m, Aryl-H), 7.50 (1H, d, J = 0.7 Hz, Benzofu-
ran), 7.56 (1H, dd, J1 = 1.6 Hz, J2 = 7.8 Hz, 1,2-Disubstituebenzene), 7.61 (1H, dd, J1 = 0.7 Hz,
J2 = 8.1 Hz, Benzofuran), 7.71 (1H, d, J = 7.2 Hz, Benzofuran), 7.75 (1H, dd, J1 = 1.6 Hz,
J2 = 7.8 Hz, 1,2-Disubstituebenzene), 8.21 (1H, s, -CH=N-), 10.02 (1H, s, -NH), 12.22 (1H,
s, -NH). 13C-NMR (75 MHz, DMSO-d6): δ = 110.15, 111.84, 122.39, 124.09, 126.64, 127.68,
128.27, 128.35, 129.80, 130.73, 133.26, 136.76, 151.56, 155.21, 177.04. APCI-MS [M + H]+:
330.3. HRMS (m/z): [M + H]+ calcd. for C16H12N3OSCl: 330.0462; found: 330.0468.

2-(Benzo[b]thiophen-2-ylmethylene)-N-ethylhydrazine-1-carbothioamide (2g)
Yield: 77%, M.P.: 198.9–201.0 ◦C. Purity: 99.8%. 1H-NMR (300 MHz, DMSO-d6):

δ = 1.16 (3H, t, J = 7.1 Hz, -NHCH2CH3), 3.60 (2H, p, J = 6.8 Hz, -NHCH2CH3), 7.36–7.43
(2H, m, Benzothiophen), 7.75 (1H, s, Benzothiophen), 7.82–7.85 (1H, m, Benzothiophen),
7.93–7.96 (1H, m, Benzothiophen), 8.23 (1H, t, J = 5.8 Hz, -NHCH2CH3), 8.36 (1H, s, -CH=N-),
11.61 (1H, s, -NH). 13C-NMR (75 MHz, DMSO-d6): δ = 14.96, 38.91, 123.02, 124.71, 125.29,
126.39, 127.93, 127.97, 137.76, 139.67, 139.79, 176.91. APCI-MS [M + H]+: 264.2. HRMS
(m/z): [M + H]+ calcd. for C12H13N3S2: 264.0624; found: 264.0614 [49].

2-(Benzo[b]thiophen-2-ylmethylene)-N-(2-methoxyethyl)hydrazine-1-carbothioamide (2h)
Yield: 78%, M.P.: 164.9–166.2 ◦C. Purity: 100.0%. 1H-NMR (300 MHz, DMSO-d6):

δ = 3.30 (3H, s, NHCH2CH3OCH3), 3.53 (3H, t, J = 5.8 Hz, -NHCH2CH2OCH3), 3.75
(2H, q, J = 5.7 Hz, -NHCH2CH3OCH3), 7.38–7.41 (2H, m, Benzothiophen), 7.77 (1H, s,
Benzothiophen), 7.83–7.86 (1H, m, Benzothiophen), 7.94–7.97 (1H, m, Benzothiophen),
8.12 (1H, t, J = 5.6 Hz, -NHCH2CH3), 8.38 (1H, s, -CH=N-), 11.76 (1H, s, -NH). 13C-NMR
(75 MHz, DMSO-d6): δ = 43.50, 58.52, 70.44, 123.06, 124.77, 125.33, 126.48, 128.26, 128.30,
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138.13, 139.51, 139.78, 177.36. APCI-MS [M + H]+: 294.3. HRMS (m/z): [M + H]+ calcd. for
C13H15N3OS2: 294.0729; found: 294.0715.

2-(Benzo[b]thiophen-2-ylmethylene)-N-butylhydrazine-1-carbothioamide (2i)
Yield: 80%, M.P.: 168.9–170.7 ◦C. Purity: 100.0%. 1H-NMR (300 MHz, DMSO-d6):

δ = 0.92 (3H, t, J = 7.3 Hz, -CH3), 1.28–1.36 (2H, m, -CH2-), 1.57 (2H, p, J = 7.3 Hz, -CH2-), 3.57
(2H, q, J = 6.8 Hz, -CH2-), 7.37–7.40 (2H, m, Benzothiophen), 7.75 (1H, s, Benzothiophen),
7.82–7.85 (1H, m, Benzothiophen), 7.93–7.96 (1H, m, Benzothiophen), 8.18 (1H, t, J = 5.8 Hz,
-NH), 8.36 (1H, s, -CH=N-), 11.63 (1H, s, -NH). 13C-NMR (75 MHz, DMSO-d6): δ = 14.27,
20.06, 31.38, 43.75, 123.02, 124.71, 125.28, 126.38, 127.92, 127.96, 137.73, 139.69, 139.80, 177.10.
APCI-MS [M + H]+: 292.3. HRMS (m/z): [M + H]+ calcd. for C14H17N3S2: 292.0937;
found: 292.0949.

2-(Benzo[b]thiophen-2-ylmethylene)-N-cyclohexylhydrazine-1-carbothioamide (2j)
Yield: 77%, M.P.: 213.7–215.1 ◦C. Purity: 100.0%. 1H-NMR (300 MHz, DMSO-d6):

δ = 1.18–1.44 (5H, m, cyclohexyl), 1.57–1.92 (5H, m, cyclohexyl), 4.15–4.18 (1H, m, cy-
clohexyl), 7.38–7.41 (2H, m, Benzothiophen), 7.69 (1H, t, J = 8.3 Hz, -NH), 7.77 (1H, s,
Benzothiophen), 7.83–7.86 (1H, m, Benzothiophen), 7.94–7.97 (1H, m, Benzothiophen), 8.36
(1H, s, -CH=N-), 11.67 (1H, s, -NH). 13C-NMR (75 MHz, DMSO-d6): δ = 25.09, 25.55, 32.18,
52.74, 123.07, 124.76, 125.33, 126.46, 128.08, 128.12, 137.83, 139.56, 139.82, 175.97. APCI-MS
[M + H]+: 318.3. HRMS (m/z): [M + H]+ calcd. for C16H19N3S2: 318.1093; found: 318.1098.

2-(Benzo[b]thiophen-2-ylmethylene)-N-phenylhydrazine-1-carbothioamide (2k)
Yield: 82%, M.P.: 213.9–216.0 ◦C. Purity: 98.4%. 1H-NMR (300 MHz, DMSO-d6):

δ = 7.19–7.24 (1H, m, Aryl-H), 7.35–7.44 (4H, m, Aryl-H), 7.60 (2H, d, J = 7.7 Hz, 1,4-
Disubstituebenzene), 7.85 (1H, s, Benzothiophen), 7.86–7.88 (1H, m, Benzothiophen),
7.94–7.97 (1H, m, Benzothiophen), 8.47 (1H, s, -CH=N-), 9.88 (1H, s, -NH), 12.02 (1H,
s, -NH). 13C-NMR (75 MHz, DMSO-d6): δ = 123.08, 124.82, 125.32, 125.80, 126.53, 128.58,
128.64, 128.64, 138.65, 138.68, 139.38, 139.43, 139.75, 140.04, 176.15. APCI-MS [M + H]+:
312.3. HRMS (m/z): [M + H]+ calcd. for C16H13N3S2: 312.0624; found: 312.0611.

2-(Benzo[b]thiophen-2-ylmethylene)-N-(2-chlorophenyl)hydrazine-1-carbothioamide (2l)
Yield: 84%, M.P.: 212.6–214.4 ◦C. Purity: 96.0%. 1H-NMR (300 MHz, DMSO-d6):

δ = 7.26–7.31 (2H, m, Aryl-H), 7.36–7.45 (3H, m, Aryl-H), 7.57 (1H, dd, J1 = 1.5 Hz, J2 = 7.9 Hz,
1,2-Disubstituebenzene), 7.86-.78 (2H, m, Aryl-H), 7.96–7.99 (1H, m, Benzothiophen), 8.09
(1H, dd, J1 = 1.6 Hz, J2 = 8.0 Hz, 1,2-Disubstituebenzene), 8.49 (1H, s, -CH=N-), 9.93 (1H, s,
-NH), 12.26 (1H, s, -NH). 13C-NMR (75 MHz, DMSO-d6): δ = 123.16, 124.91, 125.38, 126.67,
127.60, 127.65, 127.93, 129.01, 129.11, 129.76, 136.40, 138.99, 139.27, 139.75, 140.00, 175.99.
APCI-MS [M + H]+: 346.3. HRMS (m/z): [M + H]+ calcd. for C16H12N3S2Cl: 345.0234;
found: 346.0234.

3.2. MAO-A and MAO-B Inhibition Assay

The in vitro MAO inhibition test was performed using the available fluorometric
method, and the percentages and IC50 values of obtained compounds were calculated as
previously described by our research group [33–39].

3.3. Enzyme Kinetic Studies

The same materials used in the MAO inhibition assay were used in this experiment.
In accordance with the assay given in our previous studies, compounds 2b and 2h, which
were identified as the most active selective MAO-B inhibitor candidates, were experienced
at three independent concentrations of IC50/2, IC50, and 2(IC50) [33–39]. All processes were
evaluated in quadruplicate. The results were analyzed with Microsoft Office Excel 2013
using Lineweaver–Burk diagrams. The Vmax values of the Lineweaver–Burk plots were
replotted versus the inhibitors’ concentrations, and the Ki values were determined from
the x-axis intercept as -Ki.
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3.4. Cytotoxicity Assay

The NIH/3T3 mouse embryonic fibroblast cell line (ATCC® CRL-1658™, London, UK)
was used for cytotoxicity assays. The incubation period of NIH/3T3 cells was based on the
supplier’s recommendation. NIH/3T3 cells were seeded at 1 × 104 cells into each well of
96-well plates. MTT assay was carried out in accordance with the standards previously
described [50,51]. The most effective compounds 2b and 2h were tested between 1 mM and
0.000316 mM concentrations. Inhibition % for each concentration was calculated according
to the following formula, and IC50 values were reported by plotting the % inhibition dose
response curve against the compound concentrations tested [50–52]:

% inhibition = 100 − (mean sample × 100/mean solvent).

3.5. Molecular Docking

A structure based in silico procedure was applied to discover the binding modes of
compounds 2b and 2h to hMAO-B enzyme active site. The crystal structures of hMAO-B
(PDB ID: 2V5Z) [40], which was crystallized with safinamide, were retrieved from the
Protein Data Bank server (www.pdb.org, accessed at 15 September 2021). The docking
procedure was conducted according to the published papers priorly by our research
community [33–39].

4. Conclusions

Non-selective MAO inhibitors have many disadvantages. Selective inhibitors are more
suitable for use in treatment instead of these inhibitors, which have the risk of side effects
such as cheese effect. Parkinson’s disease is one of the most common neurodegenerative
diseases after Alzheimer’s disease. In addition to the use of selective MAO-B inhibitors in
the treatment of Parkinson’s, they are also used as dual inhibitors in Alzheimer’s disease.
The frequency of use in such areas shows how important it is to develop new selective
MAO-B inhibitors.

In this study, designed for this purpose, thiosemicarbazone derivatives with proven
MAO-B effects were used, and molecular modifications were used to obtain compounds
with high activity values. We have reported the synthesis of 12 new benzofuran/benzothio-
phene derivatives and investigated them for their in vitro MAO inhibitory activity. The
derivatives 2b and 2h (bearing benzofuran/benzothiophene ring with methoxyethyl moi-
ety) among the synthesized compounds demonstrated remarkable inhibitory activity
against MAO-B enzyme. Compounds 2b and 2h were found to be the most effective agents
in the series with the IC50 value of 0.042 ± 0.002 µM and 0.056 ± 0.002 µM, respectively.
Furthermore, it was noteworthy that these compounds performed a very similar degree of
inhibition to reference drug Selegiline (IC50 value = 0.037 ± 0.001 µM). Besides, binding
modes of these compounds with the active site of MAO-B enzyme were elucidated owing
to molecular docking studies. It was found that these derivatives were settled down in
similar and proper positions in the active region. As a result, all this information we gained
from this study may enable medicinal chemists to obtain more potent and selective MAO-B
inhibitors by doing chemical modifications on benzofuran/benzothiophene derivatives.

Supplementary Materials: The following are available online. Figure S1: 1H-NMR spectra of the
compound 2a. Figure S2: 13C-NMR spectra of the compound 2a. Figure S3: APCI-MS spectra of
the compound 2a. Figure S4: HRMS spectra of the compound 2a. Figure S5: LCMS spectra of the
compound 2a. Figure S6: 1H-NMR spectra of the compound 2b. Figure S7: 13CNMR spectra of the
compound 2b. Figure S8: APCI-MS spectra of the compound 2b. Figure S9: HRMS spectra of the
compound 2b. Figure S10: LCMS spectra of the compound 2b. Figure S11: 1H-NMR spectra of the
compound 2c. Figure S12: 13C-NMR spectra of the compound 2c. Figure S13: APCI-MS spectra of
the compound 2c. Figure S14: HRMS spectra of the compound 2c. Figure S15: LCMS spectra of the
compound 2c. Figure S16: 1H-NMR spectra of the compound 2d. Figure S17: 13C-NMR spectra of
the compound 2d. Figure S18: APCI-MS spectra of the compound 2d. Figure S19: HRMS spectra of
the compound 2d. Figure S20: LCMS spectra of the compound 2d. Figure S21: 1H-NMR spectra of
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the compound 2e. Figure S22: 13C-NMR spectra of the compound 2e. Figure S23: APCI-MS spectra
of the compound 2e. Figure S24: HRMS spectra of the compound 2e. Figure S25: LCMS spectra of
the compound 2e. Figure S26: 1H-NMR spectra of the compound 2f. Figure S27: 13C-NMR spectra of
the compound 2f. Figure S28: APCI-MS spectra of the compound 2f. Figure S29: HRMS spectra of
the compound 2f. Figure S30: LCMS spectra of the compound 2f. Figure S31: 1H-NMR spectra of the
compound 2g. Figure S32: 13C-NMR spectra of the compound 2g. Figure S33: APCI-MS spectra of
the compound 2g. Figure S34: HRMS spectra of the compound 2g. Figure S35: LCMS spectra of the
compound 2g. Figure S36: 1H-NMR spectra of the compound 2h. Figure S37: 13C-NMR spectra of
the compound 2h. Figure S38: APCI-MS spectra of the compound 2h. Figure S39: HRMS spectra of
the compound 2h. Figure S40: LCMS spectra of the compound 2h. Figure S41: 1H-NMR spectra of
the compound 2i. Figure S42: 13C-NMR spectra of the compound 2i. Figure S43: APCI-MS spectra of
the compound 2i. Figure S44: HRMS spectra of the compound 2i. Figure S45: LCMS spectra of the
compound 2i. Figure S46: 1H-NMR spectra of the compound 2j. Figure S47: 13C-NMR spectra of the
compound 2j. Figure S48: APCI-MS spectra of the compound 2j. Figure S49: HRMS spectra of the
compound 2j. Figure S50: LCMS spectra of the compound 2j. Figure S51: 1H-NMR spectra of the
compound 2k. Figure S52: 13C-NMR spectra of the compound 2k. Figure S53: APCI-MS spectra of
the compound 2k. Figure S54: HRMS spectra of the compound 2k. Figure S55: LCMS spectra of the
compound 2k. Figure S56: 1H-NMR spectra of the compound 2l. Figure S57: 13C-NMR spectra of the
compound 2l. Figure S58: APCI-MS spectra of the compound 2l. Figure S59: HRMS spectra of the
compound 2l. Figure S60: LCMS spectra of the compound 2l.
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