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Abstract

Background and pur pose: Malaria and cancer are two major health issues affecting millions of lives annually.
Maltol complexes and derivatives have been extensively investigated as chemotherapeutic and antimalarial
activities. In this study, the design, synthesis, biological activities, and docking study of a novel series of
pyridinones derivatives were reported.

Experimental approach: The chemical structures of synthesized compounds were approved by FTIR,
'"HNMR, *CNMR, and mass spectroscopies. The antimalarial activity was evaluated through B-hematin
inhibition assay and the cytotoxicity activities were evaluated against PC12 and fibroblast cell lines via MTT
and cell uptake assays. To theoretically investigate the ability of compounds to inhibit hemozoin formation,
the synthesized compounds were docked in a heme sheet to explore their binding mode and possible
interactions.

Findings/Results: B-Hematin inhibition assay showed acceptable activity for 7f, 7c, and 7d compounds and
the molecular docking study showed 7h and 7f had effective interactions with the heme sheet. The cytotoxic
study revealed compound 4b (ICso= 18 uM) was significantly more active against PC12 cells than docetaxel
(ICs0=280 pM). The observations of cell uptake images were also shown both cell penetration and monitoring
potential of synthesized compounds.

Conclusion and implications. The compounds showed a moderate ability to inhibition of heme
polymerization and also good interaction with heme through molecular docking was observed. Additionally,
some of them have a good cytotoxic effect on the study2 cell line. So further study on these compounds can
lead to compounds that can be considered as anti-malarial and/or anticancer agents.

Keywords: Antimalarial activity; Anti-proliferative assay; p-hematin, Pyridinone derivatives.

INTRODUCTION 2 million annual deaths, especially in children
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Malaria and cancer are two major health
issues affecting millions of lives annually.
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Benzyloxy-4-oxopyridin benzoate as an antimalarial and cytotoxic agent

A major problem about malaria is the rapid
appearance and spread of resistant strains
across endemic areas which makes the current
antimalarial drugs such as the quinine family
and antifolate pyrimethamine inactive and
require the search for new chemotherapeutic
agents (2, 3).

One strategy to control malaria infections is
disruption of the parasite life cycle in the host
body (4). Inhibition of hemozoin formation is a
validated strategy for most of the well-known
existing antimalarial drugs and is considered an
appropriate target to develop new antimalarials
(4,5).

Contrary to malaria, which is an infectious
disease, cancer is a non-communicable disease,
ranking as the second leading cause of death
globally, responsible for approximately 1 in 6
deaths. Current cancer treatments are surgery,
chemotherapy, and radiation therapy (6).
Among the three treatments, the most powerful
approach to kill the cancer cells that have
spread is the use of synthetic drugs through
chemotherapy.  However, this  specific
treatment can also lead to treatment failure and
the development of cancer (7). Several types of
cancer cells have exhibited resistance to current
chemotherapeutic drugs such as cisplatin,
therefore new anticancer drugs are needed to
fight cancer (8).

Maltol as a member of the 2-alkyl-3-
hydroxy4-pyrones family is a naturally
occurring compound and exhibits many
practical applications primarily in the food,
cosmetic, and pharmaceutical industry (9).
Maltol is used in drugs such as ferric trimaltol
for the treatment of iron deficiency anemia and
vanadylmaltolate for the treatment of diabetes
(10). This compound is a promising
polyfunctional heterocyclic skeleton with
several important centers enabling additional
reactions like alkylation, acylation, oxidation,
nucleophilic, and electrophilic substitution
reduction, Michael addition, and chelation are
often used as desired procedures in the
synthesis of many other biologically active
agents (11). Maltol is known for its
antioxidative properties (12) and its ability to
chelate metal ions (13). It is an effective ligand
for increasing absorption and bioavailability of
metal ions (14) to combat widespread multiple
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drug resistance in human malaria. The effect of
maltol was also investigated on the growth of P.
falciparum in a series of experiments (15).
Maltol inhibited the growth of P. falciparum by
about 15% and 50% at 0.01 mM and 0.10 mM,
compared to control, respectively (15). These
findings made the hydroxyl pyridinone scaffold
a good candida for antimalarial agents and the
synthesis of different derivatives showed that
increased affinity to iron as well as increased
lipophilicity may improve antimalarial activity
(16). On the other hand, maltol can improve
immune functions, induce apoptosis, and
inhibit angiogenesis, consequently suppressing
the tumor growth of H22 transplanted tumors
(17). Furthermore, maltol complexes and
derivatives have been extensively investigated
in the past decades as chemotherapeutic agents
against cancer and some of them were found to
have significant cytotoxicity towards human
cancer cell lines (ICso below 10 um) (11,18,19).

Considering the aforementioned facts and in
continuation of our previous findings on the
biological activity of maltol derivatives (20), in
the current study, we are interested in further
exploring the biological activities of some
novel maltol derivatives to provide new leads
for antimalarial and/or anticancer drug
development studies. Here, the use of maltol is
not due to its iron-chelating properties, but it
has been used as a moiety that can prevent the
formation of beta-homozygous through
hydrophobic interaction with heme. Therefore
in this work, the benzyl groups in the structure
were preserved and the debenzylation reaction
will not be performed. After structural
confirmation of novel synthesized derivatives,
we examined the compounds for antimalarial
and cytotoxic activity through standard related
protocol and the structure-activity relationships
discussed by introducing different substituents
at benzoate ring on their antimalarial and
cytotoxic activities.

MATERIALSAND METHODS

All reagents were procured from Merck and
Sigma-Aldrich (Germany) and used without
extra purification, except dichloromethane
stored on a molecular sieve. Thin-layer
chromatography (TLC, silica-gel 60 F2s4 plates,
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Merck) was employed for monitoring the
reaction. Proton and carbon-13 nuclear
magnetic resonance ('H NMR and *C NMR)
spectra were assigned on a Varian-INOVA
spectrometer (500 MHz), running at ambient
probe temp. Chemical shifts () were stated in
ppm. Si(CH3)s, was applied as the internal
standard. Direct mass spectrometry (MS) was
recorded using an Agilent 5975C operating
with an EI source. The uncorrected melting
point was measured on the electrothermal
melting point apparatus. Fourier transform
infrared (FT-IR) spectra (Shimadzu IR, USA)
was recorded in the range of 400-4000 cm'.

Synthesis  of  3-(3-(benzyloxy)-2-methyl-
4-oxopyridin-1(4H)-yl)  propyl  benzoate
derivatives

The synthesized 3-(3-(benzyloxy)-2-methyl-
4-oxopyridin-1(4H)-yl)  propyl  benzoate
derivatives (7a-7h) were prepared as illustrated
in Schemel.

Synthesis of the 3-(benzyloxy)-2-methyl-4H-
pyran-4-one (3)

A 250 mL double-necked round-bottomed
flask that fitted with a magnetic mixer was
charged with maltol (6.3 gr, 50 mmol),
methanol (60 mL), and aqueous NaOH (5 mL,
11 M), followed by the dropwise addition of

MeOH, H,0, reﬂux

(€} ®)

o
A
Ro=t
4

benzyl chloride (6.33 mL, 50 mmol), then the
reaction was mixed and refluxed overnight.
After finalization of the reaction, the solvent
was removed by rotary evaporation, the crude
product was washed by 5% aqueous NaOH
(2 x 50 mL) and water (2 x 50 mL). Then, the
resulting mixture was extracted with
dichloromethane (3 x 50 mL), the organic
portion was dried over anhydrous MgSO4 and
filtered out. The solvent was removed by rotary
evaporation to give a brown oil, which was
sprinkled with diethyl ether, cooled at 0 °C,
gave compound 3 as pure needle-shaped
crystals (21).

Synthesis of 3-(benzyloxy)-1-(3-hydroxypropyl)-
2-methylpyridin-4(1H)-one (4)

To  preparation of precursor (4),
benzylmaltol (3) (1 g 4.6 mmol) in
water/ethanol (50/50), and 3-amino-1-propanol
(0.6 g, 8 mmol) were mixed and sodium
hydroxide solution (5%) was added to adjust
pH 13. The reaction was refluxed overnight
and then the pH of the reaction mixture was
adjusted to 7 with hydrochloric acid (6 M)
and  extracted with  dichloromethane
(3 x 50 mL). The organic layer was extracted,
dried over anhydrous MgSOs, sieved, and
concentrated to give compound 4 as a pure
brownish oil (21).

OH(CH2)3NH2 NaOH,
EtOH, H,0, reflux

(CH2)30H

® O]

)
O socl,, EtN X cl
— g
R, R,

(6a-h)

(4) + (6a-h) —»o% /\/\o)‘\Q

7a: R=Cl , R,=CI

7b: Ry=Cl , Ry=H

7c: Ri=H , R,=m-Cl
7d: R;=H, Ry=p-CI
7e: Ri=H , R,=p-Me
7f: Ry=H, Ry=p-Br
79: Ri=NO, , Ry=H
Ry 7h: R;=H , R;=p-NO,

2

Scheme 1. Synthesis steps of 3-(3-(benzyloxy)-2-methyl-4-oxopyridin-1(4H)-yl) propyl benzoate derivatives.
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General procedure synthesis of benzoyl
chloride derivatives (6a-6h)

To synthesize benzoyl chloride derivatives,
triethylamine as a catalyst was added to a
stirring suspension of 4-chlorobenzoic acid
derivatives (8 mmol) in dichloromethane
(50 mL). Then, thionyl chloride (0.6 mL,
8. mmol) was added to the mixture at 0 °C and
the reaction was stirred for completion. After
completion of reaction through checking by
TLC, the solvent was evaporated under
vacuum, and the desired compounds were
purified through washing with cold n-hexane.

General  procedure  synthesis of 3-
(3-(benzyloxy)-2-methyl-4-oxopyridin-1(4H)-
yl) propyl benzoate derivatives (7a-7h)

For the synthesis of final compounds,
4 mmol (1 g) of compound 4 was dissolved in
dichloromethane in presence of triethylamine
(4 mmol, 0.56 mL) and then, added to benzoyl
chloride derivatives. Afterward, the solution
was stirred at room temperature for 48 h. Upon
completion, the resulting mixture was
concentrated under vacuum to yield the crude
product, which was prewashed with water and
then purified TLC using a mixture
EtOAc/petroleum ether 9:1 (v/v) as eluent.

In vitro f-hematin inhibition assay

Bioassay was carried out by the inhibition
test of heme detoxification (ITHD) method
(22). The test was carried out at hemin
concentrations (30, 60, 120 uM), pHs (3.6, 4,
4.4, 4.8, and 5) at 37 °C, 60 °C three times
(4, 24, 48 h). Bioassay procedure was as
follows, hemin chloride was dissolved in
dimethyl sulfoxide (DMSO) diluted to
60 pg/mL by sodium acetate buffer (1 M,
pH = 4.5), instead of B-hematin, hemin was
employed in acidic condition (acetate buffer),
Tween® 20 was diluted to 0.012 g/L with
distilled water and synthesized compounds
were dissolved by DMSO. Hemin, samples, and
Tween® 20 were distributed in each well of a
96-well plate with a ratio of 9:9:2, respectively,
in triplicate. The final concentration of all the
materials in each well was 200 pg/mL (22).

As a control, these samples were prepared in
triplicate under the same condition in lack of
hemin. These controls allowed being prevented
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interference absorption of those remains from
matrix samples. Negative control samples were
dissolved in DMSO  without hemin.
Chloroquine phosphate was used as a positive
control. The plates were incubated at 60 °C for
24 h. Finally, the materials in plates were mixed
with a micropipette and then adsorption of the
solutions was read at 405 nm by ELISA reader
(Epoch, BioTeK, USA).

In vitro antiproliferative assay

Cytotoxicity of synthesized compounds was
studied against PC12 derived from a
pheochromocytoma of the rat adrenal medulla
(C153) and fibroblast (C646) cells through the
MTT method (23). For this purpose, the cell
lines were obtained from the Institute of
Pasteur, Tehran, Iran. The cell-cultured in 5000
cells per well of PC12 and fibroblast cells were
separately cultured with Dulbecco's modified
essential medium (DMEM) containing 10%
heat-inactivated fetal bovine serum (FBS),
penicillin (100 U/mL), and streptomycin
(100 pg/mL) in 96-well plates, incubated for
24 h. Then, the confluence of cells reached 80%
of the appropriate concentrations of each
compound, docetaxel, and cisplatin as positive
controls (1, 5, 10, 20, 40, 80, 120, and
360 pg/mL) were added to each well and
incubated for 48 h. After this time, 10% of MTT
solution (5 mg/mL in PBS buffer pH 7.4) was
added to each well and incubated for another
3-4 h. The supernatants of the wells were then
removed and 100 pL of DMSO was added to
each of them to solubilize formazan crystals.
Finally, the absorbance of each well was read at
570 nm using an ELISA reader (Bio-rad. USA).
The ICso values were calculated by a Graphpad
prism 6 version and Excel software, 16 version

Cellular uptake of target compounds
Neuronal PC12 cancer cell line at a density
of 5 x 10* cells/well in a 6-well plate was
cultured in DMEM supplemented with
10% FBS and antibiotics. The culture was
maintained in a 95% air humidified atmosphere
containing 5% CO2 at 37 °C. The cells
were incubated with 50 and 100 puM/mL
synthesized compounds at 37 °C for 24 h,
the medium removed, washed with cold
PBS three times, and then washed with
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sterilized distilled water for 3 min (24).
Finally, the pictures of fluorescent emission
of treated and non-treated cells were recorded
by fluorescent microscope (BioTekTM
CytationTM 1 Cell Imaging Multi-Mode
Reader, USA)

Molecular docking

Structure-based evaluation is a usual method
for the prediction of receptor-ligand
interactions in the drug development process.
Docking studies were performed using
the Gold 5.3 program (The Cambridge
Crystallographic Data Center, Cambridge,
UK). The structures of synthesized compounds
were built using the ChemDraw program and
then transferred into Discovery Studio 4.1
(Accelryslne, San Diego, CA, USA). Ligand
structures were typed with CHARMm force
field and partial charges were calculated by the
Momany-Rone option (25). Then, they were
minimized with Smart Minimizer which
performs 1000 steps of steepest descent with a
root mean square (RMS) gradient tolerance of
3 and conjugate gradient minimization (26).
The crystal structure of heme was taken from
RCSB Protein Data Bank (ID: E529). GOLD
utilizes a genetic algorithm for conformational
search and molecular docking. As a result,
10 ligand conformations were obtained and
were ranked according to the GOLD fitness
function. Finally, the best poses were chosen
for binding analysis (27).

RESULTS

Characterization of synthesized compounds
3-(benzyloxy)-2-methyl-4H-pyran-4-one (3)

Needle crystals; yield 8.7 g (80%); mp
53-54 °C (21); IR (cm™): 1647 (C=0),
1577 (C=C).

3- (benzyloxy) -1- (3- hydroxypropyl) -2-
methylpyridin-4(1H)-one (4)

Brownish oil; yield 1.1 g (87%); IR (cm™):
3329 (broad strong O-H stretch), 1627 (ketone
C=0 stretch), 1261 (C-O stretching), 2873-
2924 (C-H, aliphatic, stretching), 1338 (C-N
stretching), 1261 (C-O stretching) 3070
(aromatic C-H stretching) ,1519 (C=C,
aromatic, bending), 2873-2924 (C-H, aliphatic,
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stretching). 'H NMR (CDCls, 500 MHz) &
(ppm) 1.72 (m, 2H, N-CH2CH, CH2), 2.01
(s, 3H, 2-CH3), 3.51 (t, 2H, NCH:CH,), 3.63-
3.71 (br, 1H, OH), 3.90 (t, 2H, CH.CH:0), 5.02
(s, 2H,CH>ph), 6.31 (d, 1H, 5-H(pyridinone)),
7.22-7.32 (m, 6H, Ar and 6-H(pyridinone)). 1*C
NMR (CDCl;, 500 MHz) & (ppm) 12.3, 32.9,
50.7, 57.4, 73.1, 116.6, 128.1, 128.3, 128.9,
137.3, 139.3, 141.9 145.9, 173.2. MS: m/z 273
[M]" 2D).

3- (3- (benzyloxy)-2-methyl -4-oxopyridin-
1(4H)-yl) propyl 2, 4-dichlorobenzoate (7a)
Light brownish oil; yield 0.97 g (55%); IR
(cm™): 1732 (ester C=O stretch), 1625
(o, B-unsaturated ketones C=O stretch), 1354
(C-N stretching), 1251-1290 (C-O stretching),
3066 (aromatic C-H stretching), 837 (aromatic
weak CH out-of-plane bending modes), 2854-
2926 (C-H, aliphatic, stretching), 1533 (C=C,
aromatic, bending) 'H NMR (CDCl3, 500
MHz) & (ppm) 2.00-2.10 (br, 5H, N-
CH2CH>CH20 and 2-CH;), 3.90 (t, 2H,
NCH:CH2), 4.31 (t, 2H, CH2CH:0), 5.20
(s, 2H,CHzph), 6.52 (d, 1H, 5-H (pyridinone))
7.21-7.40 (br, 6H, Ar), 7.71-7.80 (br, 2H, Ar)
7.90 (d, 1H, 6-H (pyridinone)). '3*C NMR
(CDClIs, 500 MHz) 6 (ppm) 12.4, 29.5, 50.6,
62.4, 73, 117.4, 123.8, 125.5, 127.73, 128,
128.2,129.1,130.2, 132.3, 133.1, 137.4, 138.4,
142.6, 148.30, 164.9, 173. MS: m/z 443 [M]*.

3-(3- (benzyloxy) -2 -methyl-4- oxopyridin-
1(4H)-yl) propyl 2-chlorobenzoate (7b)

Light brownish oil; yield 0.71 g (43%); IR
(cm™): 1728 (ester C=0 stretch), 1625 (ketone
C=0 stretch), 1379 (C-N stretching), 1249-
1292 (C-O stretching), 3064 (aromatic C-H
stretching), 833 and 875 (aromatic weak CH
out-of-plane bending modes) 2854-2926 (C-H,
aliphatic, stretching), 1514 (C=C, aromatic,
bending), "H NMR (CDCl3, 500 MHz) & (ppm)
2.11 (m, 5H, N-CH2CH>CH20 and 2-CH3),
4.00 (t, 2H, NCH:CH2), 432 (t, 2H,
CH2CH>0), 5.21 (s, 2H,CH>2ph), 6.71 (d, 1H,
5-H (pyridinone)), 7.31-7.50 (br, 9H, Ar), 7.81
(d, 1H, 6-H (pyridinone)). 3C NMR (CDCls,
500 MHz) 6 (ppm) 12.4, 29.8, 50.8, 61.6, 73,
117.4, 126.8, 128, 128.2, 129.1, 129.6, 131.2,
131.5, 133, 136.2, 137.4, 138.3, 140.9, 140,
165.5, 173.1. MS: m/z 411 [M]".
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3- (3- (benzyloxy) -2-methyl-4- oxopyridin-
1(4H)-yl) propyl 3-chlorobenzoate (7c)

Light brownish oil; yield 0.77 g (46%); IR
(cm™):1722 (ester C=0 stretch, 1625 (ketone
C=0 stretch), 1379 (C-N stretching), 1253-
1286 (C-O stretching), 3064 (aromatic C-H
stretching), 833 and 877 (aromatic weak CH
out-of-plane bending modes), 2854-2947 (C-H,
aliphatic, stretching), 1517 (C=C, aromatic,
bending). "H NMR (CDCls, 500 MHz) & (ppm)
2.11 (m, 5H, N-CH2CH>CH20 and 2-CH3),
3.51 (t, 2H, NCH2CH»), 4.00 (t, 2H,
CH2CH>0), 5.22 (s, 2H,CH>ph),6.51 (d, 1H, 5-
H (pyridinone), 7.32-7.52 (br, 7H, Ar), 7.61 (d,
1H, Ar, H-meta to the carboxyl group), 7.91 (d,
1H, Ar, H-ortho to the carboxyl group), 8.00 (d,
1H 6-H(pyridinone)). 3C NMR (CDCl3, 500
MHz) 6 (ppm) 12.3, 29.8, 50.5, 61.5, 72.9,
117.4, 127.6, 128, 128.2, 129, 129.5, 131.2,
133.3,134.6, 137.4, 138.2, 140.6, 146.1, 164.9,
173.2. MS: m/z 411 [M]*.

3-(3- (benzyloxy) -2-methyl- 4-oxopyridin-
1(4H)-yl) propyl 4-chlorobenzoate (7d)

Light brownish oil; yield 0.74 g (45%);
IR (cm™): 1712 (ester C=O stretch), 1624
(ketone C=0O stretch), 136 (C-N stretching),
1261-1280 (C-O stretching) 1593 (shouldered,
aromatic C=C bending), 3066 (aromatic C-H
stretching), 844 and 879 (aromatic weak CH
out-of-plane bending modes), 2854-2947 (C-H,
aliphatic, stretching), 3429 (intermolecular
hydrogen bonding), 1519 (C=C, aromatic,
bending). "H NMR (CDCl3, 500 MHz) & (ppm)
2.22 (m, 2H, N-CH2CH: CH20), 2.52 (s, 3H, 2-
CH3), 4.31 (t, 2H, NCH2CH>»), 4.53 (t, 2H,
CH2CH0), 5.01 (s, 2H,CH>ph), 7.41-7.52 (br,
6H, Ar and 5-H (pyridinone)) 7.62 (d, 2H, Ar,
H-meta to the carboxyl group), 7.90 (d, 2H, 4r,
H-ortho to the carboxyl group), 8.43 (d, 1H, 6-
H(pyridinone)). 3C NMR (DMSO-ds, 500
MHz) ¢ (ppm) 13.4, 28.9, 53.5, 62.5, 74.3,
113.4, 128.7, 128.8, 128.9, 129, 129.3, 131.5,
136.7, 138.8, 142.4, 143.6, 148.9, 165.2, 173.3.
MS: m/z 411 [M]".

3-(3-(benzyloxy)-2-methyl-4-oxopyridin-
1(4H)-yl) propyl 4-methylbenzoate (7e)

Light brownish oil; yield 0.76 g (48%);
IR (cm™'): 1714 (ester C=O stretch), 1622
(ketone C=O stretch), 1247-1274 (C-O
stretching), 3061 (aromatic C-H stretching),
837 (aromatic weak CH out-of-plane bending
modes), 2854-2924 (C-H, aliphatic, stretching),
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3415 (intermolecular hydrogen bonding). 'H
NMR (CDCls, 500 MHz) & (ppm) 2.00 (br, 5H,
N-CH2CH:CH20 and 2-CH3), 2.41 (m, 3H,
para CH3 to the carboxyl group), 4.00 (t, 2H,
NCH2CH»), 4.31 (t, 2H, CH2CH>0), 5.23 (s,
2H,CH>ph), 6.63 (d, 1H, 5-H (pyridinone))
7.21-7.40 (br, 9H, Ar) 791 (d, 1H, 6-H
(pyridinone)). 3C NMR (CDCls, 500 MHz) &
(ppm) 12, 29.7, 50.7, 61, 73, 117.5, 125.9,
126.6, 128, 128.2, 129.5, 130.1, 137.3, 137.5,
137.8, 139.5, 140, 144.2, 152.1, 166.2, 173.2.
MS: m/z 391 [M]".

3- (3- (benzyloxy)-2-methyl -4-oxopyridin-
1(4H)-yl) propyl 4-bromobenzoate (7f)

Light brownish oil; yield 1.07 g (58%); IR
(cm™): 1720 (ester C=0 stretch), 1624 (a, B-
unsaturated ketones C=O stretch) 3023-3062
(aromatic =C-H stretching), 1587 (C-C stretch
in-ring), 1253-1271 (C-O stretching), 588 (C-
Br stretching), 1398 (C-N stretching), 2924-
2954 (C-H, aliphatic stretching), 3437
(intermolecular hydrogen bonding). 'H NMR
(CDCI3, 500 MHz) 6 (ppm) 2.01 (m, 5H, N-
CH2CH>CH20 and 2-CHs), 3.92 (t, 2H,
NCH2CH»), 4.33 (t, 2H, CH2CH>20), 5.23 (s,
2H,CH>ph), 6.42 (d, 1H, 5-H (pyridinone),
7.23-7.44 (br, TH, Ar), 7.66 (d, 2H, Ar, H-meta
to the carboxyl group), 7.94 (d, 1H 6-H
(pyridinone)). MS: m/z 457 [M]".

3- (3- (benzyloxy)-2- methyl -4-oxopyridin-
1(4H)-yl) propyl 2-nitrobenzoate (7g)

Light brownish oil; yield 0.57 g (33%); IR
(cm™):1732 (ester C=0 stretch, 1624 (ketone
C=0 stretch), 1253-1290 (C-O stretching),
3064 (aromatic C-H stretching), 839 (aromatic
weak CH out-of-plane bending modes), 2852-
2922 (C-H, aliphatic, stretching), 3427
(intermolecular hydrogen bonding), 1352 and
1533 (symmetric and asymmetric stretch
respectively of the NO:2 group). 'H NMR
(CDCI3, 500 MHz) & (ppm) 2.00 (br, SH, N-
CH2CH>CH20 and 2-CH3), 3.82 (t, 2H,
NCH:CH»), 4.33 (t, 2H, CH2CH20), 5.23 (s,
2H,CH>ph), 6.44 (d, 1H, 5-H (pyridinone)),
7.25-7.45 (br, 6H Ar and, H-ortho to the
carboxyl group), 7.73-7.82 (br, 3H, H-meta and
para to the carboxyl group), 7.92 (d,1H, 6-H
(pyridinone)). 3C NMR (CDCls, 500 MHz) &
(ppm) 12.3,29.5,50.5,62.4,72.9,117.5, 123.8,
126.7, 127.9, 128.2, 129, 130.1, 132.3, 133.1,
137.5, 138.3, 140.6, 146.1, 148.2, 164.9, 173.2.
MS: m/z 422 [M]*.
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Table 1. The inhibitory activity of the synthesized compounds 7a-7h.

Compounds Absorption of compounds ~ Absor ption of Heme A_bsor ption Heme inhibition
Mean + SD Mean + SD difference (%)

Ta 0.174 £ 0.002 0.054 +0.001 0.12 39

7b 0.18 +£0.009 0.051 +0.0006 0.129 34

7c 0.14 +0.005 0.062 +0.001 0.078 49

7d 0.32 £ 0.006 0.113 £0.002 0.207 45

Te 0.244 £ 0.02 0.054 +0.001 0.19 4

7t 0.148 £0.015 0.055 +0.001 0.093 53

79 0.21+£0.018 0.054 +0.0007 0.156 1

7h 0.212 +0.05 0.056 + 0.002 0.156 20
Chloroquine 0.245 £ 0.022 0.085 +0.002 0.160 93

3- (3- (benzyloxy)-2-methyl- 4-oxopyridin-
1(4H)-yl) propy! 4-nitrobenzoate (7h)

Light brownish oil; yield 0.51 g (30%);
IR (cm™):1726 (ester C=0 stretch), 1616
(ketone C=0O stretch), 1570 (shouldered,
aromatic C=C bending), 1246-1274 (C-O
stretching), 3111 (aromatic C-H stretching),
850 (aromatic weak CH out-of-plane bending
modes), 2854-2924 (C-H, aliphatic, stretching),
3415 (intermolecular hydrogen bonding), 1348
and 1525 (symmetric and asymmetric stretch
respectively of the NO2 group). 'H NMR
(CDCl3, 500 MHz) & (ppm) 2.10 (br, SH, N-
CH2CH:CH20 and 2-CH3), 3.90 (t, 2H,
NCH2CHy»), 4.33 (t, 2H, CH2CH:0), 5.25 (s,
2H,CH>ph), 6.42 (d, 1H, 5-H (pyridinone)),
7.23-7.47 (br, 7TH Ar and, H-ortho to the
carboxyl group), 8.13 ((d, 2H, H-meta to the
carboxyl group), 834 (d, 1H, 6-H
(pyridinone)). '3C NMR (CDCls, 500 MHz) &
(ppm) 12.4, 29.7, 50.6, 62.1, 73, 117.5, 123.7,
128, 128.2, 129, 130.6, 131.3, 134.7, 137.4,
138.1, 140.5, 150.7, 164.3, 173. MS: m/z 422
[M]".

Bioassay protocol
P-hematin screening

The synthesized compounds 7a, 7b, 7c, 7d,
7e, 7f, 79, and 7h were tested for activity
against the formation of B-hematin, a synthetic
form of heme detoxification biomineral,
hemozoin. The results were shown as the
percentage of heme detoxification inhibition
and polymerization. The assay results were
deemed positive if the percentage of inhibition
was more than 90%, while less than 90% were
illustrated as negative results. The screening
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value of all target compounds has been shown
in Table 1.

Cytotoxic effects of synthesized compounds

All of the synthesized compounds were
evaluated for their antiproliferative effects
against PC12 and fibroblast cell lines via MTT
assay. As Fig. 1A and B show the growth
inhibitory of the target compounds were
evaluated on the PC12 and fibroblast cell lines.

Cell uptake assay

According to gained results of the MTT
method, 7a, 7b, 7¢, 7d, 7e, and 7f, were selected
to detect cellular uptake potential by PCI12
cells. Because of the fluorescent feature of these
compounds, staining them was not required.
The cellular uptake efficiency at 100 ug/mL of
the abovementioned compounds was evaluated
upon 24 h incubation of PC12 cells. Obtained
images of fluorescent microscope revealed the
cellular uptake potential of all target
compounds (Fig. 2) with a sharp blue emission
to treated cells indicating both monitoring
characterization and anticancer power of them.
Obtained images of fluorescent microscope
manifested that all the compounds possessed
halogen and methyl had emission in cellular
uptake.

Molecular docking study

The Gold algorithm and Gold score fitness
of synthetic compounds that contain m-alkyl,
n-n stacking, and Fe...C are illustrated in
Table2. Interaction of some compounds (7c, 7d,
7f, and chloroquine) with the heme sheet is
shown in Fig. 3.



Benzyloxy-4-oxopyridin benzoate as an antimalarial and cytotoxic agent

A

140
120

320

=280 =160

240

=820

s

il — 5 55 SRR

=10

w5

(=4 f=1 =
L= = k=

(o) fupquip

e

= s T
* R Y

N e

=3
o~

Cisplatin

Docetaxel

pred

Te Ta

7

Te

Th

]

Compounds

820 ©O40 B850 =160 2320

@10

ol

=0

e

O

]

A

A AR
* O NI
o o e T

R o I EEEEEEEEEREREEEE NN R EREREREERE]
.,.-.uuV////////////////////////////////////f/////é

B et ot

- B S S R S ]
* el sl Bl s S
n..\“\:-\\..\\.\\\\.\.\\.\. \.

g 8 8 & 8 °

[CARSHICLIAN

pred

Th

Te

Ta

7d

Tb

Compounds

differences compared to the 0 concentration (negative control) corresponding to each compound, P < 0.05 versus

MTT assay. Each value represents mean + SEM. All experiments were done in triplicate. *P < 0.05 Indicates significant
docetaxel, and SP < 0.05 against cisplatin.

Fig. 1. Toxicity effects of target compounds against (A) PC12 cell line via MTT assay and (B) fibroblast cell line via

°C. The cellular

GFP, and DAPI emissions: left image from bright

field; middle images from DAPI, and right images from GFP emissions. a-g are contributed to non-treated cells,

Fig. 2. Fluorescent microscopy of PC12 cells after 24-h incubation with synthesized compounds at 37

uptake was visualized by overlaying images obtained by bright field

]

7b, 7c, 7d, 7f, 7e, 7a compounds, respectively. GFP, Green fluorescent protein; DAPI, 4’,6-diamidino-2-phenylindole.
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Fig. 3. Predicted binding mode of 7f, 7c, 7d, and cq compounds with heme sheet by docking procedure.

Table 2. GOLD docking score for each synthesized
compound.

o

BnO,
o N/\/\O
— R,

Ry

GOLD
Entry R1 R2 fitness
score
7a Cl Cl 44.37
7b Cl H 42.00
7c H meta-Cl 41.32
7d H para-Cl 44.37
7e H para-Me 41.42
7f H para-Br 50.24
79 NO2 H 44.19
7h H para- 50.28
Chloroquine 48.58
DISCUSSION
Maltol was chosen for the synthesis

4-pyridinones core, associated with minimal
toxicity and facility for synthetic manipulation.
All of pyridinones derivatives were prepared
through several steps according to Scheme 1.
Firstly 3-hydroxyl group of maltol was
O-benzylated  through  Williamson  ether
synthesis. This step is responsible for protecting,
increasing lipophilicity, and interplaying with
the 7 system of the porphyrin ring (28). In the
next step, an aliphatic linker was introduced to
the structure through Aza-Michael addition
which not only converts pyran-4-one core to
pyridinone-4-one but creates a site to continue
the structure. In this reaction, a catalyst is often
used to remove the proton. The catalytic role of
NaOH can be replaced by increasing the reflux
temperature up to 150 °C. The obtained
compound of this stage (4), in the presence of
triethylamine, was reacted with different
benzoyl chloride derivatives to produce the
final products (7a-7h). It should be noted that
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benzoyl chloride derivatives were obtained
from the reaction of various benzoic acids with
thionyl chloride which is an excellent chlorine
reagent. Since resonance contributions are
deemed far superior for nitrogen than oxygen,
pyridinone-4-one has emission fluorescence
compared with pyran-4-one (29).

The synthesized compound was structurally
confirmed with FT-IR, NMR, and MS
techniques (the results are presented in the
experimental part).

As seen in the IR spectra, in the reaction of
known compound 3 with aliphatic amino
alcohol linker, the formation of hydroxyl peak
in region 2329 cm’!' as well as stretching
aliphatic hydrogen peaks in 2873-2924 cm’!
confirm the structure of compound 4. Then, in
the reaction of benzoyl chloride derivatives
with compound 4, the disappearance of the
hydroxy peak in 2329 ¢cm™! and the appearance
of the new carbonyl peak in the region of
1712-1732 cm™! confirm the formation of the
final esteric structures.

The NMR spectral data of the synthesized
products recorded in CDCl; along with its
possible assignments was reported in the
experimental part. The chemical shift of
NCH>CH2 was seen as a triplet peak at 3.5 ppm
in compound 4 which was shifted to around
4 ppm in final products. Similarly, the peak
related to CH2CH20 which was observed as a
triplet peak at 3.9 ppm in compound 4, appeared
in 4.2-4.3 ppm as a result of the esteric group in
the final products. The protons related to
N-CH2CH2CH20 were overlapped with 2-CH3
in targeted derivatives and appeared in the
multiple peaks around 2.2 ppm. The OH peak
of the alcoholic intermediate which was
observed at 3.6 ppm was disappeared in the
target compounds. As *C NMR indicated,
peaks around 170 and 164 ppm were assigned
to C=0 bonds of ketone and ester, respectively.
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Aromatic C=C atoms were observed close
to 128.2-148.4 ppm. C2-C5 was seen at
113-130 ppm. CH2ph was shown around
73 ppm and aliphatic C-C atoms were observed
in 30-60 ppm. The chemical shift around
12 ppm supports 2-CHs assignment. To
summarize, the NMR spectra showed
characteristic peaks for the synthesized
compounds. The molecular mass of the
compounds was also confirmed by MS analysis
and given in the experimental part.

However, all compounds showed less
B-hematin inhibition activity than the positive
control (chloroquine), according to the
biological results. Among the mentioned
compounds, more activity in [-hematin
inhibition belonged to the 7f, 7c, and 7d
compounds which showed about 50% activity
in f-hematin inhibition. Therefore 7f, 7c, and
7d were considered more potent regarding
B-hematin inhibition among the studied
compounds. It is remarkable to say para
substitutions of Br on the aromatic ring (7f)
showed better inhibition activity than other
compounds. These results revealed that
substitution of Cl and Br atoms (negative
inductive effect and positive mesomeric effect)
on para and meta positions increased inhibition
activity (30). The substitution of Cl on meta
position (7¢) was a little more active than para
position (7d). Compound 7a with two Cl atoms
on ortho and para positions showed activity
middle of compounds 7b and 7d, this is
probably due to the unfavorable ortho position
for Cl substitutions. Replacement of methyl as
a short-chain aliphatic with a weak electron-
donating group (31) in the para position of
aromatic ring caused a significant reduction in
potency of the 7e compound. The o-/p-NO2
substituted led to increasing polarity and
unfavorable in vitro activity, however, 7h was
more active than 7g. For the 7g compound, in
addition, ortho-substitution of the NO2 group
did not seem appropriate as well. The better -
hematin inhibition activity of 7f, 7c, and 7d
compounds might be attributed to - stacking,
n-alkyl of benzyloxy with the porphyrin rings
in heme sheets. Moreover, since that O in the
benzylic substitution, Cl and Br as metal
acceptors contributed to the favorable result in
B-hematin inhibition, as previous studies have

261

shown (20), such interactions can be effective
in B-hematin inhibition.

Among synthesized compounds, the highest
inhibitory effect against PC12 was related to 7b
with the ICso of 18 pg. The ICso of 7a, 7c, 7d,
7e, Tf, 79, as well as cisplatin and docetaxel as
positive controls against PC12 were 37, 43, 77,
83, 60, 180, 8, and 280 pg/mL, respectively.
The 7h and alcoholic precursor didn’t display
remarkable toxicity in defined concentrations.
ICso of 7a, 7b, 7c, 7d, 7e, 7f, and 7g on
fibroblast cell line were 44, 26, 59, 85, 95, 71
and 190 pg/mL, respectively. 7h did not show
acceptable growth-inhibitory impact for the
determination of ICso at applied concentrations
(Fig. 1b). Regarding the obtained results, it can
be found that 7a, 7b, 7c, 7d, 7e, and 7g could
be better cytotoxic agents, respectively.

All synthesized compounds except 7h
showed higher potency compared to docetaxel
as a positive control against PC12. As seen from
the results, cytotoxicity of targeted molecules is
directly related to drug lipophilicity which is a
key factor in transport across the biological
membranes  (32). The structure-activity
relationship indicated that bulky lipophilic and
also ortho, meta, and para substitution with
halogen atoms led to better activity than the
other compounds. The o-Cl substituted, (7b)
compound demonstrated excellent potency
(about 16 folds more potent) than docetaxel.
The meta-Cl substituted led to a decrease in the
effect of 7c (2 folds less potent than 7b
compound). The 7d compound showed nearly
2 folds less potent than the 7c compound. It
seemed potency of 7a compound with a double
Cl on ortho and para position was almost in the
middle of 3 compounds mentioned above, this
result confirmed that para substitution led to
decrease or complete loss of activity. It is worth
pointing out that para substitution of Br (7f) has
a remarkable effect on the potency that
originated from one more -electron shell
compared with the Cl atom and increased the
lipophilicity. The 7e compound was about
2-fold more potent than docetaxel, this result
disclosed that cytotoxicity was alleviated by the
replacement of para-methyl substitution.
Although the NO2 imposed a lot of polarity on
compound 79 and reduced hydrophobic
interactions, it showed one fold and half
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potency against PC12 to the replacement of
nitro in the ortho position. This result strongly
confirmed the importance of ortho-substitution.
It is desirable to note that, not only NO2 was not
a suitable functional group, but also para
substitution led to a decrease of potency for
compound 7h.

The most effective compound in cancer
treatment (7b) had the most emission in cellular
uptake. Probably in this compound the
interaction of carbonyl group with Br facilitated
singlet-to-triplet conversion via so- named
heavy-atom- effect, and resulted in more
emission of 7f versus compound 7e (32).
Fluorescence  quenching  effect  being
remarkable for the bromide, negligible for
chloride led to intersystem crossing to dark
triplet states and decline of the fluorescence
intensity. Two heavy atoms of Cl could
significantly reduce the fluorescence intensity
for compound 7a. The quenching of
fluorescence for compounds 79 and 7h was
attributed to the quenching ability of the
electronegative NO2 groups (32).

The synthesized esteric derivatives of
pyridinone were docked into the heme and
compared with chloroquine binding mode as a
positive control. Recent research has proven the
- stacking between benzyloxy group of
compounds with the porphyrin ring
which would play an influential role in
inhibition (33,34). Benzyloxy and benzoate
ring and also hydrophobic R1 and R2
substitution in these compounds established
n-m stacking interaction with porphyrin ring.
Similar to the B-hematin inhibition assay,
among the synthesized compounds 7f is one of
the potent compounds in interaction with the
heme sheet.

Briefly in this study, cytotoxic assay, cell
uptake, and P-hematin inhibition bioassay
revealed that synthesized compounds in
addition to their moderate ability to inhibition
of heme polymerization, had acceptable
cytotoxic activity, like chloroquine, quinoline
caffeic acid, and ethyl ester of caffeic
acid which possess antimalarial and significant
anticancer activity (35). So, this study
introduced novel compounds that could be
antimalarial and/or anticancer agents through a
further study on these compounds.
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CONCLUSION

In conclusion, we synthesized a small library
of novel benzyloxy-4-oxopyridin benzoate
derivatives. All compounds were characterized
by IR, 'H NMR, '3C NMR, and mass spectral
data and evaluated for B-hematin inhibition.
7f, 7c, and 7d showed moderate ability
in B-hematin inhibition. These results revealed

that substitution of CI and Br atoms
(negative inductive effect and positive
mesomeric effect) on para and meta

positions increased inhibition activity. The
molecular docking study showed 7h and 7f had
effective interactions with the heme sheet
through hydrophobic interaction. The MTT
assay of targeted compounds verified the
cytotoxic properties of the synthesized
compounds. The results showed that bulky
lipophilic and also ortho, meta, and para
substitution with halogen atoms led to better
activity than the other compounds. The best
cytotoxic compound (7b) showed more activity
compared with docetaxel. Cell uptake results
also confirmed the potential of the synthesized
compounds as an interpolative agent. These
results revealed that further study on these
compounds can lead to exploring compounds
that can be considered anti-malarial or
cytotoxic agents.
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