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4-Oxoquinoline derivatives have been often used in drug discovery programs due to their pharmaco-
logical properties. Inspired on chromone and 4-oxoquinoline chemical structure similarity, a small series
of quinoline-based compounds was obtained and screened, for the first time, toward human monoamine
oxidases isoforms. The data showed the N-(3,4-dichlorophenyl)-1-methyl-4-oxo-1,4-dihydroquinoline-
3-carboxamide 10 was the most potent and selective MAO-B inhibitor (IC50 ¼ 5.30 ± 0.74 nM and SI:
�1887). The data analysis showed that prototropic tautomerism markedly influences the biological ac-
tivity. The unequivocal characterisation of the quinoline tautomers was performed to understand the
attained data. To our knowledge, there have been no prior reports on the characterisation of quinolone
tautomers by 2D NMR techniques, namely by 1He15N HSQC and 1He15N HMBC, which are proposed as
expedite tools for medicinal chemistry campaigns. Computational studies on enzyme-ligand complexes,
obtained after MM-GBSA calculations and molecular dynamics simulations, supported the experimental
data.

© 2021 Elsevier Masson SAS. All rights reserved.
1. Introduction

4-Oxoquinolines or simply 4-quinolones are a class of natural
and synthetic heterocycles that present an extensive array of
pharmacological activities associated with infection, pain,
ischemia, immunomodulation, inflammation, and cancer events
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served.
[1,2].
From the drug discovery programs based on 4-oxoquinoline

core, several drugs were approved by Food and Drug Administra-
tion (FDA), for instance, the antimicrobials Ciprofloxacin and Elvi-
tegravir and more recently Ivacaftor for the treatment of cystic
fibrosis (Fig. 1) [3]. However, few works described their potential
for neurodegenerative disorders [4e7].

Monoamine oxidases (MAOs) are FAD-dependent enzymes that
exist in mammals in two isoforms, MAO-A and MAO-B. They have a
key role in the regulation of monoamine neurotransmitters in the
central nervous system (CNS) [8]. The MAO-B expression and ac-
tivity enhance during the ageing process and represents a valid
target for the therapy of neurodegenerative diseases, such as Par-
kinson and Alzheimer [9,10]. Irreversible MAO-B inhibitors (IMAO-
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Fig. 1. 4-Oxoquinoline-based drugs.

Scheme 1. Synthesis of N-phenyl-4-oxoquinoline-3-carboxamide derivatives 2e4.
Reagents and conditions: (a) TBTU, DIPEA, DMF, appropriate amine, rt, overnight.
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B) were, until FDA approval of safinamide in 2017, the first-line
drugs used in the adjunctive treatment of Parkinson’s disease
(PD). However, due to reported drugs side-effects, the discovery of
reversible and selective IMAO-B is still a relevant issue.

In recent years, our research has been focused on chromone
(1,4-benzopyrone) as a privileged scaffold for the development of
monoamine oxidase inhibitors. Our structure-activity relationship
(SAR) studies on this type of molecules allow lead optimisation
through a selection of chemical modifications aimed to improve
affinity and/or selectivity [11e13]. The second stage of the project
was to map pharmacophore features of the most potent, selective,
and reversible MAO-B inhibitor by bioisosteric and scaffold hop-
ping approaches. These methods are often used in medicinal
chemistry to change structural fragments with other chemical
features or to diversify the scaffold space to improve activity,
reduce toxicity, change pharmacokinetic properties without a sig-
nificant perturbation in the activity profile [14].

Inspired by chromone and 4-oxoquinoline chemical structure
similarity, in this work we report the design and synthesis of a
small set of 4-oxoquinoline-based compounds based on the most
potent and selective chromone-based IMAO-B described by Reis
et al. (Fig. 2) [12] As far as we know, only a few 4-oxoquinoline
derivatives were screened towards MAOs [15,16].

After synthesis, the compounds were screened toward human
MAOs isoforms (hMAO-A and hMAO-B) and the cytotoxic outline of
the best compounds was evaluated in differentiated human neu-
roblastoma (SH-SY5Y) cell lines. Molecular docking studies were
also performed to provide insights on ligand-enzyme interactions
at a molecular level.
2. Results and discussion

2.1. Chemistry

The N-phenyl-4-oxoquinoline-3-carboxamide derivatives 2e4
were synthesised in satisfactory yields (35e80%) by a one-pot
condensation reaction that occurred between 4-oxoquinoline-3-
carboxylic acid (compound 1, Scheme 1) and 3,4-dimethylaniline,
3-chloroaniline, or 3,4-dichloroaniline in alkaline conditions
(DIPEA) (Scheme 1). The coupling reagent selected for the carbox-
ylic acid activation was 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium tetrafluoroborate (TBTU) [17]. Phosphoryl
chloride (POCl3), often used in the synthesis of chromone-
derivatives [12], was found not suitable for the synthesis of these
type of amides due to the formation of numerous side products
[18].
Fig. 2. General structure of chromone-based IMAO-B studied by Reis et al. [12].

2

The N-methyl-4-oxoquinoline derivatives 8e10 were syn-
thesised by a two-step synthetic route, as the starting carboxylic
acid was not commercially available (Scheme 2). Firstly, the ethyl-
4-oxoquinoline-3-carboxylate 5 was obtained from aniline and
diethyl ethoxymethylenemalonate (DEEMM) by a Gould-Jacobs
reaction. Then, the enaminoester intermediate was subjected to a
thermal driven intramolecular cyclisation in diphenyl ether [19].
The ester derivative 5 was alkylated with methyl iodide to provide
the N-methyl derivative 6 (Scheme 2, step a). After alkaline hy-
drolysis (NaOH) the corresponding carboxylic acid 7 was obtained
(Scheme 2, step b) [17,20]. The N-methyl-4-oxoquinoline de-
rivatives 8e10 were obtained in good yields by amidation of
compound 7 with the appropriate aniline (3,4-dimethylaniline, 3-
chloroaniline, and 3,4-dichloroaniline) using TBTU as coupling
agent (Scheme 2, step c) [3].

The structural elucidation of all compounds was performed by
NMR spectroscopy (1H, 13C and DEPT-135) and electronic impact
mass spectrometry (EI-MS). Similar data (primarily based on H-2,
NH, and C-4 chemical shifts) was described for other N-phenyl-4-
oxoquinoline-3-carboxamides, namely ivacaftor [3].

2.2. Monoamine oxidase inhibition studies

The MAOs inhibition profile of the N-phenyl-4-oxoquinoline-3-
carboxamide (2e4) and N-phenyl-1-methyl-4-oxoquinoline-3-
carboxamide (8e10) derivatives was evaluated by a spectrophoto-
metric assay using kynuramine as substrate and recombinant
hMAO-A and hMAO-B isoforms [21]. The results of the hMAOs in-
hibition activity (IC50 values) and selectivity (SI) of compounds 2e4,
compounds 8e10 and reference drug inhibitors (rasagiline and
safinamide for hMAO-B, clorgyline for hMAO-A) are depicted in
Table 1.

The biological results showed that derivatives 2e3 were not
active at the highest concentration tested (10 mM) and that the
derivative 4 displayed a hMAO-B IC50 value (IC50 ¼ 11.1 ± 0.9 nM)
approximately two-fold lower than safinamide. Furthermore,
compound 4 showed a weak inhibitory activity towards hMAO-A
(IC50 ¼ 1743 ± 146 nM) with a selectivity index (SI) of 157. On the
other hand, the N-methyl derivatives 8 and 9 exhibited inhibitory
Scheme 2. Synthesis of N-phenyl-1-methyl-4-oxoquinoline-3-carboxamide de-
rivatives 8e10. Reagents and conditions: (a) CH3I, K2CO3, DMF, 60 �C, 1 h, argon; (b)
NaOH (aq), reflux, 4 h; (c) TBTU, DIPEA, DMF, appropriate amine, rt, overnight.



Table 1
hMAOs inhibitory activities of N-phenyl-4-oxoquinoline-3-carboxamide (2e4) and
N-phenyl-1-methyl-4-oxoquinoline-3-carboxamide (8e10) derivatives and refer-
ence inhibitors (Rasagiline, Safinamide, and Clorgyline).

Compound IC50 (nM) SIa

hMAO-B hMAO-A

2 35%b 15%b e

3 40%b 8%b e

4 11.1 ± 0.9 1743 ± 146 157.0
8 82.3 ± 9.1 1611 ± 65 19.6
9 29.0 ± 1.5 7482 ± 1506 258.0
10 5.3 ± 0.7 38%b �1887c

Rasagiline 45.7 ± 3.0 2340 ± 125 51.2
Safinamide 25.3 ± 1.8 13%b �395.1c

Clorgyline 2212 ± 264 3.2 ± 0.2 0.001

a Selectivity Index (SI¼ IC50(hMAO-A)/IC50(hMAO-B)).
b Percentage of inhibition at 10 mM (highest concentration tested).
c Values obtained under the assumption that the corresponding IC50 against

hMAO-A is the highest concentration tested (10 mM). Results are represented as
mean ± SD from at least three independent experiments, performed in triplicate.
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activity towards both hMAOs (compound 8 hMAO-B
IC50 ¼ 82.3 ± 9.1 nM and hMAO-A IC50 ¼ 1611 ± 65 nM; compound
9 hMAO-B IC50 ¼ 29.0 ± 1.5 nM and hMAO-A
IC50 ¼ 7482 ± 1506 nM) and a SI of 19.6 and 258, respectively.
Noteworthy, compound 10 was the most potent and selective
IMAO-B (IC50 ¼ 5.3 ± 0.7 nM and SI: �1887).

Taken into account the previous data of our group on chromone-
3-carboxamides [12,13], the results obtained were quite intriguing.
In fact, we expected that, due to structural analogy, N-phenyl-4-
oxoquinoline-3-carboxamides 2e4 followed the same trend as
the equivalent chromone-based IMAO-B. Moreover, it was pre-
dictable that the activity of derivatives 8e10 was compromised by
the presence of the N-methyl moiety considering the shape of the
active pocket of MAO-B [22]. The unexpected biological data drive
us to an in-depth structural study on 4-oxoquinoline system. Thus,
we postulated that tautomerism of 4-oxoquinolines can somehow
influences the MAOs inhibition profile of the ligands. Therefore,
additional studies were carried out to rationalise the data obtained.
3. 4-Oxoquinoline tautomerism

The structural elucidation of 4-oxoquinoline derivatives has
been carried out by several analytical methodologies, mainly UV, IR,
X-ray crystallography, and NMR [23e26]. However, despite the
large data set, the structural characterisation of 4-oxoquinoline
tautomers (Fig. 3A) is somewhat ambiguous. Almost all reported
NMR data were recorded in DMSO‑d6, possibly due to solubility
constraints of the bicyclic structures, and the prevalence of the 4-
oxo tautomer is proposed [3,26,27]. However, Wentrup and co-
workers [28] showed by NMR that for 2-substituted-4-
oxoquinolines, the presence of 4-hydroxy tautomer is favoured in
DMSO‑d6 while the 4-oxo tautomer in observed in CDCl3.

Nevertheless, besides the influence of the polarity and hydrogen
binding ability of the solvents used in NMR [26,29,30] other factors
Fig. 3. (A) Structure, numbering, and tautomeric equilibrium of 4-oxoquinoline and (B)
4-oxoquinoline-3-carboxylic acid.
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can disturb the tautomeric equilibrium, namely the type of sub-
stituents located in the 4-oxoquinoline scaffold [27,29,31]. It has
been described that the 4-hydroxy tautomer is favoured in systems
bearing hydrogen bond acceptors at position C-3, such as a carboxyl
group, as observed for the 4-hydroxyquinoline-3-carboxylic acid
and its derivatives [26,27,31]. On the contrary, the 4-oxo tautomer
was described as prevalent in quinolone systems enclosing
electron-withdrawing groups at position C-2 [26,29]. This type of
tautomerism was also described for 4-pyridones and 4-
hydroxypyridines [30,32].

Generally, the NMR assignments of the 4-oxo or 4-
hydroxyquinoline tautomers are largely based on the chemical
shifts of H-2 or H-3, NH and C-4 atoms [27,31,33e36]. Based on the
NMR data, several groups claim that the occurrence of 4-oxo or 4-
hydroxy tautomers can be unquestionably ascribed to the chemical
shift of C-4, being the signals at dC � 170 ppm attributed, in general,
to the C-4 bearing a carbonyl group [27,31,35,36].

Taken in mind the data attained in our enzymatic assays and the
possibility of the existence of 4-oxo and 4-hydroxy tautomers in the
compounds 2e4, which is blocked in the case of their N-methyl
counterparts 8e10, a systematic NMR study was carried out. To
note that all the efforts to obtain suitable crystals for X-ray analysis
have failed.

3.1. NMR analysis of 4-oxoquinoline-3-carboxylic acid (compound
1)

The first step of our studies was focused on the NMR charac-
terisation of the starting material 4-oxoquinoline-3-carboxylic acid
(compound 1, Fig. 3B). The study was performed with the 4-
oxoquinoline-3-carboxylic acid purchased from Fluorochem (CAS
number: 13721-01-2), and the 4-hydroxy tautomer (4-
hydroxyquinoline-3-carboxylic acid, CAS Number: 34785-11-0)
acquired to Sigma-Aldrich (Fig. 3B). The 1H and 13C NMR (DMSO‑d6)
spectra of both compounds were recorded in the same experi-
mental conditions and at the same concentration (10 mg/700 mL).
When compared a perfect spectral correspondence was obtained,
which indicates the presence of the same type of tautomer in so-
lution (Table 2). Spectral matching was also observable by FT-IR,
reinforcing the statement that both compounds are in the same
tautomeric form (Figure S1, supporting information).

In the 1H NMR it was observed the presence of a high downfield
broad signal (1H; d¼ 15.38 ppm) suggesting that an intramolecular
hydrogen bond, is present although we cannot distinguish if it is a
OH/N or an O/ NH bond. From the 13C NMR data, two downfield
signals at d ¼ 178.2 and 166.3 ppm were observed that can be
assigned to the function located at position 4 (carbonyl or hy-
droxyl). The spectra showed the presence of ten carbons, which
indicate the presence of only one tautomer in solution. Then, 1D
(DEPT) and 2D (COSY, HSQC and HMBC) NMR experiments were
accomplished, and some signals were unequivocally assigned
(Table 2). However, after the spectra analysis, the doubts related to
the type of tautomer present in solution remained.

Therefore, 2D-NMR experiments using 15N heteronuclear cor-
relations were performed as they can figure out the existence of
NeH interactions. As no correlation was noticed in the 1He15N
HSQC we conclude that the 4-hydroxy tautomer is the only species
present in solution. The data was corroborated by 1He15N HMBC
(Fig. 4), which revealed the presence of long-range interactions
between the nitrogen at d¼ 150.6 ppm, and the hydrogen signals at
d ¼ 8.90 ppm (s), and d ¼ 7.83 ppm (dd, J ¼ 8.3, 1.3 Hz), which were
assigned as H-2 and H-8, respectively (Table 2). The nitrogen signal
at d ¼ 150.6 ppm, when compared with the values obtained for
similar systems [22] is upfield due to the presence of an intra-
molecular hydrogen bond (Fig. 3B). No traces of 4-oxoquinoline



Table 2
1H,13C, and13C- HMBC spectroscopic data of compound 1.

Atom number Chemical shifts (ppm, DMSO‑d6) HMBC correlations

d 1H (mult, J, Hz) d13C

2 8.90 (s) 145.2a 107.5 (C-3); 166.3 (COOH); 178.2 (C-4)
3 e 107.5b

4 e 178.2b,c

4a e 139.5b

5 8.31 (dd J ¼ 8.1, 1.1) 124.9a 139.5 (C-4a); 178.2 (C-4)
6 7.90 (ddd, J ¼ 8.1, 6.9, 1.4) 133.8a 139.5 (C-4a);
7 7.61 (ddd, J ¼ 8.3, 6.9, 1.1) 133.8a 124.3 (C-8a)
8 7.83 (d, J ¼ 8.3) 119.7a 124.3 (C-8a); 178.2 (C-4)
8a e 124.3b

COOH 15.38 (s) 166.3b,c

Distortionless enhancement by polarization transfer (DEPT) signals are reported as underlined values.
a Assignment based on the 1He13C-HSQC data.
b Assignment based on the 1He13C-HMBC data.
c Assignment based on the 1He15N HMBC data.

Fig. 4. Expansion of the 1He15N HMBC spectrum of compound 1.
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tautomer were found in the spectral analysis.

3.2. NMR analysis of N-phenyl-4-oxoquinoline-3-carboxamides
(2e4)

The same workflow described previously for the NMR analysis
of 4-oxoquinoline-3-carboxylic acid was followed for the complete
structural elucidation of compounds 2e4. In particular, the data
obtained from 1D NMR analysis for the principal diagnostic/infor-
mative peaks (1H and 13C) are reported in Table 3. Furthermore, the
complete data obtained from 1D (DEPT) and 2D NMR (COSY, HSQC,
and HMBC), analysis is presented in Table S1 supporting
information.

The 1He15N HSQC experiments showed the presence of only one
4

NeH direct correlation signal. In compound 2, for example, it
occurred between the nitrogen signal at d ¼ 131.8 ppm and the
hydrogen at d ¼ 12.35 ppm (Fig. 5A, Table 4). In the 1He15N HBMC
spectrum, a long-range interaction between the nitrogen at
d ¼ 143.6 ppm and the hydrogens at d ¼ 8.85 ppm (H-2, s) and at
d¼ 7.75 ppm (H-8, dd, J¼ 8.4,1.2 Hz) was detected (Fig. 5B, Table 4).
Accordingly, the signal at d ¼ 143.6 ppm was assigned as the ni-
trogen of the 4-hydroxyquinoline moiety and the signals at
d ¼ 12.35 ppm and at d ¼ 131.8 ppm were attributed to the
hydrogen and the nitrogen of the amide group, respectively. The
NMR data of compounds 3e4 (Table 4) were in conformity. As
demonstrated, only the 1He15N HSQC and 1He15N HBMC data lead
to an unequivocal structural characterisation of compounds 2e4.
Based on these observations, we can conclude that 4-hydroxy
tautomer is the single species present in DMSO. Due to com-
pounds’ solubility limits, it was not possible to record the NMR
spectra in other solvents, namely D2O and CDCl3.

2D NOESY experiments were also carried out for compounds
2e4. The data showed, for all compounds, an interaction between
the peaks around 13 ppm (assigned by us to 4-OH) with the re-
sidual peak of water from DMSO‑d6. This type of 2D NMR spec-
troscopy allowed to unequivocally assign the 30-CH3 and 40-CH3

groups of compound 2 (Table S1 and Figure S2, supporting
information).
4. Computational studies on enzyme-ligand complexes

Taken into consideration the biological data and the previous
data, molecular modelling studies were performed to investigate
the binding mode of the N-phenyl-4-oxoquinoline-3-carboxamides
(compounds 2e4) and N-phenyl-1-methyl-4-oxoquinoline-3-
carboxamides (compounds 8e10) towards hMAOs. The data
showed that all the compounds recognised both hMAOs but dis-
played the best values of both interaction (G-Score) and binding
free energy (DGbind) towards the hMAO-B (Table S2). In particular,
the analysis of the different free energy components for each
docking complex showed that VdW strongly favoured hMAO-B
binding compared to hMAO-A (Table S2). The lower affinity of the
compounds towards hMAO-A can also be explained through the
formation of unfavourable steric contacts in the binding pocket,



Table 3
1H and13C NMR data of compounds 2e4.

Atom number Compound 2 (R1 ¼ R2 ¼ CH3) Compound 3 (R1 ¼ Cl; R2 ¼ H) Compound 4 (R1 ¼ R2 ¼ Cl)

Chemical shift, (ppm, DMSO‑d6)

d 1H (mult, J, Hz) d13C d 1H (mult, J, Hz) d13C d 1H (mult, J, Hz) d13C

2 8.85 (s) 143.9 8.88 (s) 144.2 8.86 (s) 144.5
4 e 176.2 e 176.2 e 176.2
5 8.33 (dd, J ¼ 8.4, 1.2) 125.3 8.33 (ddd, J ¼ 8.1, 1.5, 0.5) 125.4 8.33 (dd, J ¼ 6.9, 1.1) 125.4
8 7.75 (dd, J ¼ 8.4, 1.2) 119.1 7.76 (ddd, J ¼ 8.1, 1.5, 0.5) 119.2 7.75 (d, J ¼ 8.2) 119.7

4-OH 12.90 (s) e 12.99 (s) e 12.99 (broad) e

CONH 12.35 (s) 162.4 12.64 (s) 163.1 12.68 (s) 163.4

Distortionless enhancement by polarization transfer (DEPT) signals are reported as underlined values. For more information, see Table S1 (supporting information).
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especially with residues Phe 208, Cys 323, Asn 181 and Ala 111,
which are replaced in the isoform B with Ile199, Thr314, Cys 172
and Pro 102, respectively (Figure S3, supporting information). In the
hMAO-A pocket, all compounds exhibited a similar binding ge-
ometry characterised by the heterocycle ring facing towards FAD
(Figure S3, supporting information), except for the docking pose of
compound 4.
Fig. 5. (A) Expansion of 1He15N HSQC and (B

Table 4
1He15N HSQC and 1He15N HMBC data of compounds 2e4.

Compound 15N-HSQC

1H (ppm) 15N (

2 12.35 (CONH) 13

3 12.65 (CONH) 13

4 12.68 (CONH) 13

5

Regarding the hMAO-B, two distinct binding geometries for N-
phenyl-4-oxoquinoline-3-carboxamides (compounds 2e4) and N-
phenyl-1-methyl-4-oxoquinoline-3-carboxamides (compounds
8e10) were observed (Fig. 6). The N-phenyl-4-hydroxyquinoline-3-
carboxamides maintained the same binding pose, characterised by
the heterocycle ring facing FAD (Fig. 6AeC). However, for com-
pound 4, the only active compound of the series, the complex was
) 1He15N HBMC spectra of compound 2.

15N-HMBC

ppm) 1H (ppm) 15N (ppm)

1.8 8.85 (H2)
7.74 (H8)

143.6

1.3 8.88 (H2)
7.76 (H8)

144.7

0.5 8.86 (H2)
7.75 (H8)

146.1



Fig. 6. 3D representation of the lowest energy complexes with hMAO-B, obtained after MM-GBSA calculation, for compounds: (A) 2, (B) 3, (C) 4, (D) 8, (E) 9 and (F) 10. Ligands are
shown in green carbon ball-and-sticks, while the protein is represented as grey surface and FAD in CPK. Halogen and p-p interaction are displayed as violet lines and dashed cyan,
respectively. Amino acid residues involved in the molecular interactions are shown as grey carbon sticks.
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stabilised by a p-p interaction between the quinoline ring and the
side chain of Tyr326, and by a halogen bond occurring between the
chlorine located in a meta-position and the Leu164 (Fig. 6C).
Moreover, for compound 4 we observed a superior number of hy-
drophobic interactions, when compared to compounds 2 and 3
(Fig. 6AeC), as also pointed out by the DGbind Lipo (Table S2).

Conversely, the N-phenyl-1-methyl-4-oxoquinoline-3-
carboxamides (compounds 8e10) showed an opposite geometry,
characterised by the heterocycle ring facing the residues Trp 119,
Leu164, Leu 167, and Phe 168, which are part of the highly hydro-
phobic region of the entrance cavity in the enzyme (Fig. 6DeF).

Comparing the docked conformations of the ligand-enzymes
complexes with the related global minimum energy, the two se-
ries of the compounds under study showed a completely different
behaviour. As the global minimum energy conformers of com-
pounds 2e4 and 8e10, are characterised by the formation of an
intramolecular H-bond between the amidic NH and the oxygen at
C-4 of the quinoline ring we have measured the dihedral angle (c)
consisting of C3’, CO, NH and C1. For compounds 8e10 we observed
that c assumed the value of 180� allowing a high degree of “flat-
ness” of quinoline ring with respect to amide portion (Figure S4D-F,
supporting information). Conversely, for compounds 2e4 this angle
is modestly reduced (178.7�) (Figure S4D-F, supporting
information).

Further docked conformer analysis demonstrated that com-
pounds 8e10 bind to the hMAO-B pocket with a conformation very
close to their related minimum energy (Fig. 6DeF and S4D-F, sup-
porting information). In fact, along with their interaction with the
hMAO-B binding pocket, they maintained the intramolecular H-
bond (dihedral angle c values around 175.0�e173.9�) with a high
degree of planarity (Fig. 6DeF). On the other hand, docked com-
pounds 2e4 conformations show a flip of amide portion with
respect to the related minimum energy one (Fig. 6 and S4). This
structural change leads to the establishment of an intramolecular
H-bond between the carbonyl and the hydroxyl groups in com-
pounds 2 and 4. For these compounds, we also observed a greater
6

change of dihedral angle c values, ranging to 158.9� and 163.3�, by
resulting in a lower flatness, when compared to N-phenyl-1-
methyl-4-oxoquinoline-3-carboxamides (compounds 8e10).
Accordingly, these studies suggest that for this type of derivatives, a
remarkable conformational preorganisation occurred during the
hMAO-B recognition process.

Finally, the lowest energy complexes with hMAO-B, obtained
after MM-GBSA calculations, were submitted to explicit water
solvent molecular dynamic (MD) simulations. By analysing the
RMSD plot of each ligand (Figure S5), we observed a preserved
binding mode with an average RMSD value around 2 Å. Only
compound 2 exhibited a different behaviour, having regard to its
Root Mean Square Deviation (RMSD) values higher than 4 Å and
therefore a less geometrical stability after 90 ns of MD simulation Å.
Thus, the enzyme-ligand interactions occurring more than 30.0% in
the 200 ns of the trajectory were monitored (Fig. 7). Interestingly,
for all active compounds we observed the establishment of pro-
ductive H-bonds through their amide portion. In particular, in the
case of N-phenyl-1-methyl-4-oxoquinoline-3-carboxamides (com-
pounds 8e10) the target-ligand complex is stabilised by the for-
mation of an H-bond between the carbonyl group at position C-4
and the side chain of Tyr326 and/or Gln 206 (Fig. 7DeF). For the
most potent IMAO-B (compound 10) the analysis also revealed an
additional p-p interaction between its phenyl group and the
Tyr398. Remarkably, compound 4 was the unique N-phenyl-4-
hydroxyquinoline-3-carboxamide able to establish an H-bond be-
tween its amidic nitrogen and the side chain of Ile199, two p-p
interactions with Tyr326 and Phe 343 and additional hydrophobic
interactions (Fig. 7C).

Convincingly, during the MD simulation, we observed that the
intramolecular H-bond between the amidic NH and the 4-
oxoquinoline core is preserved for more than 94%. Conversely, in
the hydroxyl derivatives the intramolecular H-bond occurs less
than 53%, causing a loss of flatness.



Fig. 7. Ligand atom interactions with the protein residues, for compounds (A) 2, (B) 3, (C) 4, (D) 8, (E) 9, and (F) 10. Only interactions that occur more than 30.0% of the simulation
time in 200 ns of the trajectory are shown.

Fig. 8. Cellular viability of differentiated SH-SY5Y cell line after incubation for 24 h with compounds 4 (red data), 8 (green data), 9 (blue data) and 10 (purple data) at 1 and 10 mM.
Cellular viability was assessed by measuring (A) metabolic and (B) lysosomal activities and (C) cell density using resazurin reduction, neutral red (NR) uptake and sulforhodamine-B
(SRB) methods, respectively. Results are represented as mean ± SD from at least three independent experiments, performed in triplicate. Statistical comparisons were performed by
using the two-way ANOVA. In all cases, p values lower than 0.05 were considered significant (**p ˂ 0.01, ***p ˂ 0.001 vs control cells).

F. Mesiti, A. Maruca, V. Silva et al. European Journal of Medicinal Chemistry 213 (2021) 113183
5. Evaluation of cytotoxic profile

The cytotoxicity of compounds 4, 9e10 was evaluated in
differentiated human neuroblastoma (SH-SY5Y) cell lines, as they
are often used to assess the safety potential of CNS-drug candidates
[37,38]. The SH-SY5Y cells were incubated with the compounds at 1
and 10 mM for 24 h. The cell viability was evaluated by measuring
cell density, lysosomal, and mitochondrial activities using
sulforhodamine-B (SRB), neutral red (NR) uptake, and resazurin
reduction assays, respectively [39,40]. The results obtained (Fig. 8)
are expressed as mean (% of control) ± standard deviation (SD) of
three independent experiments (n ¼ 3).

The data showed that all compounds at both concentrations did
not alter the NR uptake or the SRB absorbance (Fig. 8B and C), when
7

compared to the control cells, meaning that both lysosomal activity
and density of the cells were not affected. In terms of metabolic
activity (Fig. 8A), despite the significant difference observed in
resazurin reduction for compounds 9 (p < 0.001) and 10
(p < 0.0001) at the highest concentration (10 mM), the values ob-
tained were higher than 90%. This slight decrease in metabolic
activity can be related to an alteration of the mitochondrial activity
[41].

Furthermore, the drug-like properties of the active derivatives
(Compound 4, 8e10) were also calculated. Physicochemical pa-
rameters including molecular weight (MW), topological polar sur-
face area (TPSA in Å2), number of hydrogen acceptors (HBA),
number of hydrogen donors (HBD), and number of rotatable bonds
(RB) were estimated. Overall, the values obtained for the tested
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compounds were in line with the general drug-likeness re-
quirements of the of CNS-active drugs (Table S3). In particular, the
estimated LogBB value suggested the ability of the quinoline de-
rivatives to cross the BBB and reach the CNS (Table S3).

6. Conclusions

The synthesis, biological evaluation, and cytotoxicity profile of a
small set of N-phenyl-quinoline-3-carboxamides derivatives was
successfully accomplished. The screening assays against MAOs
isoforms showed that compounds 2 and 3 were not active at the
highest concentration tested and that compound 10 was the most
potent and selective IMAO-B (IC50 ¼ 5.30 ± 0.74 nM and SI:�1887).
No significant cytotoxic effects in differentiated SH-SY5Y cells were
observed for the most active compounds in the range of concen-
tration tested.

Moreover, we found that the prototropic tautomerism of com-
pounds 2e4, which is blocked in compounds 8e10, markedly
influenced the MAO-B inhibitory activity. The unequivocally char-
acterisation of the type of tautomer present in solution was only
possible by using 2D NMR 1He15N HSQC and 1He15N HMBC tech-
niques. Computational studies and explicit water solvent MD sim-
ulations on enzyme-ligand complexes supported the experimental
data. Interestingly quinolones have a dissimilar binding pose in
MAO-B active site than chromones.

To our knowledge, there have been no prior reports on the
characterisation of quinolone tautomers by 1He15N HSQC and
1He15N HMBC, whichwere shown to be valid and expedite tools for
drug discovery programs, in which tautomerism of the chemical
libraries is foreseen.

7. Experimental section

7.1. Synthesis of quinoline derivatives

7.1.1. Synthesis of N-phenyl-4-hydroxyquinoline-3-carboxamides
(2e4)

General Procedure. To a solution of 4-oxo-quinoline-3-
carboxylic acid (1) (1.05 mmol), TBTU (1.05 mmol), DIPEA
(2.1 mmol) in DMF (10 mL) the appropriate aromatic amine
(1.26 mmol) was added. The reaction was stirred at room temper-
ature overnight. Then, the mixture was diluted with DCM (50 mL),
extracted with H2O (3 � 15 mL), HCl 1 M (3 � 15 mL), and NaHCO3
saturated solution (3 � 15 mL). The combined organic phases were
dried over Na2SO4 anhydrous, filtered, and concentrated under
reduced pressure. The crude product was purified by
recrystallisation.

N-(3,4-Dimethylphenyl)-4-hydroxyquinoline-3-carboxamide
(2). The compound was recrystallized from MeOH and obtained in
80% yield. 1H NMR (400 MHz, DMSO‑d6): d 12.90 (1H, s, OH), 12.35
(1H, s, CONH), 8.85 (1H, s, H2), 8.33 (1H, dd, J¼ 8.4, 1.2 Hz, H5), 7.81
(1H, ddd, J¼ 8.4, 6.9, 1.2 Hz, H6), 7.75 (1H, dd, J¼ 8.4 Hz,1.2 Hz, H8),
7.53 (1H, ddd, J ¼ 8.4, 6.9, 1.2 Hz, H7), 7.51 (1H, dd, J ¼ 8.0, 2.1 Hz,
H60), 7.47 (1H, d, J ¼ 2.1 Hz, H20), 7.11 (1H, d, J ¼ 8.0 Hz, H50), 2.23
(3H, s, 30CH3), 2.19 (3H, s, 40CH3). 13C NMR (100 MHz, DMSO- d6)
d 176.2 (C4), 162.4 (CONH), 143.9 (C2), 139.1 (C4a), 136.6 (C10), 136.5
(C30), 132.8 (C6), 131.0 (C40), 129.8 (C50), 125.8 (C8a), 125.3 (C5),
125.1 (C7),120.6 (C20), 119.1 (C8),116.8 (C60),110.7 (C3),19.5 (30CH3),
18.7 (40CH3). MS/EI m/z (%): 89 (8), 106 (13), 116 (13), 117 (6), 119
(12), 121 (100), 122 (9), 172 (25), 292 (Mþ, 6).

N-(3-Chlorophenyl)-4-hydroxyquinoline-3-carboxamide (3).
The compound was recrystallized from MeOH and obtained in 48%
yield. 1H NMR (400 MHz, DMSO‑d6): d 12.99 (1H, s, OH), 12.64 (1H,
s, CONH), 8.88 (1H, s, H2), 8.33 (1H, ddd, J¼ 8.1, 1.5, 0.5 Hz, H5), 8.05
(1H, dd, J ¼ 2.0, 2.0 Hz, H20), 7.82 (1H, ddd, J ¼ 8.1, 6.9, 1.5 Hz, H6),
8

7.76 (1H, ddd, J ¼ 8.1, 1.5, 0.5 Hz, H8), 7.55 (1H, ddd, J ¼ 8.1, 6.9,
1.5 Hz, H7), 7.51 (1H, ddd, J ¼ 8.0, 2.0, 1.0 Hz, H60), 7.39 (1H, dd,
J ¼ 8.0, 8.0 Hz, H50), 7.15 (1H, ddd, J ¼ 8.0, 2.0, 1.0 Hz, H40). 13C NMR
(100 MHz, DMSO‑d6) d 176.2 (C4), 163.1 (CONH), 144.2 (C2), 140.1
(C10), 139.0 (C4a), 133.2 (C30), 133.0 (C6), 130.5 (C50), 125.8 (C8a),
125.4 (C5), 125.3 (C7), 123.0 (C40), 119.2 (C8), 119.0 (C2’), 118.0 (C6’),
110.1 (C3). MS/EI m/z (%): 89 (16), 116 (25), 127 (77), 129 (25), 172
(100), 298 (Mþ, 58) 300 (Mþ2, 19).

N-(3,4-Dichlorophenyl)-4-hydroxy-1,4-dihydroquinoline-3-
carboxamide (4). The compoundwas recrystallized fromMeOH and
obtained in 35% yield. 1H NMR (400 MHz, DMSO‑d6) d 12.68 (1H, s,
CONH), 8.86 (1H, s, H2), 8.33 (1H, dd, J¼ 6.9, 1.1 Hz, H5), 8.20 (1H, d,
J ¼ 1.4 Hz, H20), 7.82 (1H, dd, J ¼ 6.9, 1.1 Hz, H50), 7.75 (1H, d,
J ¼ 8.2 Hz, H8). 7.61e7.56 (2H, m, H6, H60), 7.54 (1H, dd, J ¼ 8.2,
6.9 Hz, H7). 13C NMR (DMSO‑d6) d 176.2 (C4), 163.4 (CONH), 144.5
(C2), 139.3 (C4a), 138.8 (C10), 133.1 (C6), 130.8 (C50), 125.9 (C8a),
125.4 (C5), 120.9 (C20), 119.7 (C8), 119.4 (C60), 110.0 (C3). C7, C30, C4’
were not possible to assign. MS/EI m/z (%): 77 (26), 103 (11), 115
(36), 131 (18), 159 (100), 160 (12), 319 (12).

7.1.2. Synthesis of ethyl-4-oxo-1,4-dihydroquinoline-3-carboxylate
(5)

A mixture of aniline (10.73 mmol) and DEEMM (10.73 mmol)
was heated at 120 �C for 1 h. After cooling the solid obtained was
dissolved in diphenyl ether (32 mL). The reaction was refluxed for
2 h. After cooling, diethyl ether (25 mL) was added and the solid
was filtered and recrystallized from DMF (yield 80%). 1H NMR
(400 MHz, DMSO‑d6) d: 12.31 (1H, s, NH), 8.55 (1H, s, H2), 8.16 (1H,
dd, J ¼ 7.6, 1.5, 0.6 Hz, H5), 7.71 (1H, dd, J ¼ 7.6, 6.9, 1.5 Hz, H7), 7.62
(1H, dd, J¼ 7.6,1.5, 0.6 Hz, H8), 7.42 (1H, dd, J¼ 7.6, 6.9 Hz, H6), 4.22
(2H, q, J ¼ 7.1 Hz, CH2), 1.29 (3H, t, J ¼ 7.1 Hz, CH3).

7.1.3. Synthesis of ethyl-1-methyl-4-oxo-1,4-dihydroquinoline-3-
carboxylate (6)

Ethyl-4-oxo-1,4-dihydroquinoline-3-carboxylate (5)
(1.15 mmol) and DMF (5 mL) were placed in a round bottom flask.
Then, K2CO3 (1.72 mmol) was added, and the reactionwas stirred at
room temperature in argon atmosphere. At that time, CH3I
(2.30 mmol) was introduced dropwise. The reaction was stirred at
60 �C for 1 h. After, the mixture was diluted with water and
extracted with DCM (3� 15mL). The combined organic layers were
dried over anhydrous Na2SO4, and the solvent was evaporated
under reduced pressure. The crude product was crystallised from
DCM (70% yield). 1H NMR (400 MHz, CDCl3) d: 8.53 (1H, dd, J ¼ 8.0,
1.6, 0.6 Hz, H5), 8.46 (1H, s, H2), 7.70 (1H, dd, J¼ 8.6, 7.2, 1.6 Hz, H7),
7.49e7.39 (2H, m, H8, H6) 4.40 (2H, q, J ¼ 7.1 Hz, CH2), 3.88 (3H, s,
NCH3), 1.42 (3H, t, J ¼ 7.1 Hz, CH3).

7.1.4. Synthesis of 1-methyl-4-oxo-1,4-dihydroquinoline-3-
carboxylic acid (7)

A suspension of ethyl-1-methyl-4-oxo-1,4-dihydroquinoline-3-
carboxylate (6) (4.41 mmol) in 10% aq. NaOH (12 mL) was
refluxed for 4 h. After cooling to room temperature, the mixture
was acidified with conc. HCl until pH 3. The resulting solid was
filtered and washed with water (95% yield). 1H NMR (400 MHz,
DMSO‑d6) d: 15.26 (1H, s, COOH), 9.06 (1H, s, H2), 8.39 (1H, dd,
J ¼ 8.1, 1.5, 0.7 Hz, H5), 8.04e7.94 (2H, m, H7, H8), 7.70 (1H, dd,
J ¼ 8.1, 6.2, 1.8 Hz, H6), 4.11 (3H, s, NCH3).

7.1.5. Synthesis of N-phenyl-1-methyl-4-oxo-1,4-dihydroquinoline-
3-carboxamides (8e10)

General Procedure. The N-phenyl-1-methyl-4-oxo-1,4-
dihydroquinoline-3-carboxamides (8e10) were synthesised
following the general procedure previously described for com-
pounds 2e4, by using 1-methyl-4-oxo-1,4-dihydroquinoline-3-
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carboxylic acid (7) as starting material.
N-(3,4-Dimethylphenyl)-1-methyl-4-oxo-1,4-

dihydroquinoline-3-carboxamide (8). The compound was recrys-
tallized from DCM and obtained in 58% yield. 1H NMR (400 MHz,
DMSO‑d6) d: 12.29 (1H, s, CONH), 8.97 (1H, s, H2), 8.41 (1H, dd,
J ¼ 8.1, 1.4 Hz, H5), 7.95e7.85 (2H, m, H8, H7), 7.62 (1H, dd, J ¼ 8.1,
6.4, 1.6 Hz, H6), 7.52 (1H, dd, J ¼ 8.1, 2.3 Hz, H60), 7.45 (1H, d,
J ¼ 2.3 Hz, H20), 7.11 (1H, d, J ¼ 8.1 Hz, H50), 4.07 (3H, s, NCH3), 2.23
(3H, s, 30CH3), 2.19 (3H, s, 40CH3). 13C NMR (100 MHz, DMSO‑d6) d:
176.2 (C4), 162.7 (CONH), 149.7 (C2), 140.4 (C8a), 137.2 (C30), 137.0
(C40), 133.7 (C7), 131.7 (C10), 130.3 (C50), 127.2 (C4a), 126.5 (C5),
125.9 (C6), 121.2 (C20), 118.2 (C8), 117.5 (C60), 111.0 (C3), 41.9 (NCH3),
20.0 (30CH3), 19.3 (40CH3). MS/EI m/z (%): 63 (11), 89 (22), 101 (21),
173 (100), 174 (10), 333 (12), 335 (9).

N-(3-Chlorophenyl)-1-methyl-4-oxo-1,4-dihydroquinoline-3-
carboxamide (9). The compound was recrystallized from DCM and
obtained in 80% yield. 1H NMR (400 MHz, DMSO‑d6) d: 12.59 (1H, s,
CONH), 9.00 (1H, s, H2), 8.41 (1H, dd, J ¼ 8.1, 1.5, 0.6 Hz, H5), 8.04
(1H, dd, J¼ 2.0, 2.0 Hz, H20), 7.96e7.87 (2H, m, H8, H7), 7.63 (1H, dd,
J¼ 8.1, 6.4,1.6 Hz, H6), 7.52 (1H, dd, J¼ 8.1, 2.0,1.0 Hz, H60), 7.39 (1H,
dd, J ¼ 8.1, 7.8 Hz, H50), 7.15 (1H, dd, J ¼ 7.8, 2.0, 1.0 Hz, H40), 4.08
(3H, s, NCH3). 13C NMR (100 MHz, DMSO‑d6) d: 175.6 (C4), 162.8
(CONH), 149.4 (C2), 140.1 (C8a), 139.8 (C10), 133.3 (C30), 133.2 (C7),
130.6 (C50), 126.6 (C4a), 125.9 (C5), 125.5 (C6), 123.0 (C40), 119.0
(C8), 118.0 (C20), 117.7 (C6’), 109.9 (C3), 41.4 (NCH3). MS/EI m/z (%):
103 (10), 130 (18), 186 (100), 312 (Mþ, 28), 313 (6), 314 (Mþ2, 9).

N-(3,4-Dichlorophenyl)-1-methyl-4-oxo-1,4-dihydroquinoline-
3-carboxamide (10). The compound was recrystallized from MeOH
and obtained in 83% yield. 1H NMR (400 MHz, DMSO‑d6) d 12.66
(1H, s, CONH), 9.00 (1H, s, H2), 8.41 (1H, dd, J ¼ 8.4, 1.5 Hz, H5),
8.21e8.20 (1H, m, H20), 7.97e7.86 (2H, m, H8, H50), 7.63 (1H, dd,
J ¼ 8.2, 6.5, 1.5 Hz, H7), 7.62e7.60 (2H, m, H6, H60), 4.09 (3H, s,
NCH3). 13C NMR (100 MHz, DMSO‑d6) d 175.6 (C4), 163.0 (CONH),
149.4 (C2), 139.9 (C8a), 138.7 (C10), 133.3 (C7), 131.1 (C30), 130.7
(C20), 126.6 (C4a), 125.9 (C5), 125.6 (C6), 124.7 (C40), 120.8 (C60),
119.7 (C5’), 117.7 (C8), 109.7 (C3), 41.4 (NCH3). MS/EIm/z m/z (%): 63
(4), 77 (10), 103 (14), 115 (4), 130 (25), 131 (7), 158 (8), 186 (100), 187
(12), 346 (30), 347 (Mþ, 6), 348 (20), 349 (Mþ2, 4).

7.2. Enzymatic assays

7.2.1. Evaluation of hMAOs inhibitory profile
The inhibitory activity of the selected compounds towards

hMAO-A and hMAO-B was assessed using an experimental protocol
previously described [21]. (See SI).

7.2.2. Evaluation of hMAOs oxidases kinetics
The enzymatic activity of both isoforms was studied in the

presence of six different concentrations of kynuramine
(10e100 mM) to determine the steady-state kinetic parameters (Km,
Michaelis constant, and Vmax, maximum velocity) of hMAO-A and
hMAO-B. (See SI).

7.3. In vitro toxicology

7.3.1. Cell line and culture conditions
Human neuroblastoma (SH-SY5Y) cell line was obtained from

the American Type Culture Collection (ATCC, Manassas, VA, USA).
SH-SY5Y cell culture and differentiation were performed as previ-
ously reported by Fernandes et al. [39] (See SI).

7.3.2. Evaluation of cytotoxicity profile
Stock solutions of the compounds under study (100 mM) were

freshly prepared in DMSO. Final concentrations of the compounds
under study were obtained by diluting into culture medium
9

immediately before use, giving a final maximum concentration of
0.1% DMSO. In cytotoxicity studies, the differentiated SH-SY5Y cell
line was exposed to the compounds under study (1 mM and 10 mM)
for 24 h. Controls were treated with culture media containing 0.1%
DMSO. Cell viability was estimated using three different methods:
SRB, NR uptake and resazurin reduction assays. The cytotoxicity
end-points were performed as described in the literature [39,40].
(See SI).

7.4. Modelling studies

All computer calculations were carried out by means
Schr€odinger Suite version 2018 [42].

7.4.1. Protein preparation
The crystallographic structures for both hMAO isoforms were

downloaded from the Protein Data Bank (PDB) [43]. In particular,
models with the PDB code 2Z5X [44] and 6FW0 [22] were selected
as theoretical structures for hMAO-A and hMAO-B, respectively. For
the in silico simulations, original PDB structures were submitted to
the Protein Preparation Wizard tool [45] using OPLS2005 as force
field [46]. (See SI).

7.4.2. Ligand preparation
The 3D structures of compounds 2e4 and 8e10 were drawn by

means Maestro GUI [47]. LigPrep tools were used for modelling and
calculating their protonation state at pH 7.4 [48]. (See SI).

7.4.3. QM-polarized ligand docking (QPLD) procedure
The co-crystallised ligands were removed in both hMAO iso-

forms, and a grid box of 64,000 Å3 for each active target site was
built by centring on the FAD N5 atom and considering a receptor
van der Waals scaling of 1.0. The QM-Polarized Ligand Docking
(QPLD) protocol was used for docking calculations [49e52]. (See SI)
In a first step, ligands were docked into both hMAO isoforms
binding site using Glide Standard Precision (SP) version 7.8 [53]; the
initial charges were calculated by semi-empirical methods, and the
5 best poses for each ligand were retained. In the second step, the
Quantum Mechanical (QM) treatment of charges, calculated as ESP
with the semi-empirical method, allowed to take into consider-
ation the polarization of the charges in the ligand-induced by the
protein. In the final step, ligands with improved charges were re-
docked, retaining maximum of 10 poses per ligand. All generated
complexes were submitted to Molecular Mechanics Generalized
Born/Surface Area (MM-GBSA) method [54], applying molecular
mechanics and continuum solvation models in order to compute
their binding free energies (DGBind). Finally, for each compound, the
docking pose with the best DGBind was selected and analysed.

7.4.4. Molecular dynamics (MD)
The lowest energy complexes obtained after MM-GBSA calcu-

lation were submitted for Molecular Dynamics simulations (MDs),
which were performed using Desmond software [55]. (See SI).
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Abbreviations

FDA Food and Drug Administration
MAOs Monoamine oxidases
CNSCentral Nervous System
IMAO-B MAO-B inhibitors
PD Parkinson’s disease
SAR Structure-Activity Relationship
SH-SY5Y Human neuroblastoma
DIPEA N.N-Diisopropylethylamine
TBTU 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium

tetrafluoroborate
DEEMM Diethyl ethoxymethylenemalonate
EI-MS Electronic impact mass spectrometry
SI Selective index
DGbind Binding free energy
MD Molecular dynamic
RMSD Root Mean Square Deviation
SRB Sulforhodamine-B
NR Neutral red
SD Standard deviation
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