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In order to discover new dual-active agents, a series of novel Biginelli hybrids (tetrahydropyrimidines) and their
ruthenium(II) complexes were synthesized. Newly synthesized compounds were characterized by IR, NMR, and
X-ray techniques and investigated for their cytotoxic effect on human cancer cell lines HeLa, LS174, A549, A375,
K562 and normal fibroblasts (MRC-5). For further examination of the cytotoxic mechanisms of novel complexes,
two of them were chosen for analyzing their effects on the distribution of HeLa cells in the cell cycle phases. The
results of the flow cytometry analysis suggest that the proportion of cells in G2/M phase was decreased following
the increase of subG1 phase in all treatments. These results confirmed that cells treated with 5b and 5¢ were
induced to undergo apoptotic death. The ruthenium complexes 5a-5d show significant inhibitory potency against
SARS-CoV-2 MP™, Therefore, molecule 5b has significance, while 5e possesses the lowest values of AGpinq and Ki,
which are comparable to cinanserin, and hydroxychloroquine. In addition, achieved results will open a new
avenue in drug design for more research on the possible therapeutic applications of dual-active Biginelli-based
drugs (anticancer-antiviral). Dual-active drugs based on the hybridization concept “one drug curing two dis-
eases” could be a successful tactic in healing patients who have cancer and the virus SARS-CoV-2 at the same
time.

1. Introduction such as anti-inflammatory [6], anti-HIV [7], anticancer [8,9], antioxi-
dant [10], and many others [11].
The species severe acute respiratory syndrome-related coronavirus 2

(SARS-CoV-2) [12], the virus that caused COVID-19 the respiratory

Pietro Biginelli was an Italian chemist who realized the first one-pot
multicomponent synthesis. He developed a method that later would be

named in his honor as Biginelli synthesis [1,2]. Even though was the first
multicomponent reaction, the scientific community does not pay
attention to the Biginelli reaction, calling it old-fashioned [3]. However,
with the discovery of monastrol [ethyl 1,2,3,4-tetrahydro-4-(3’-hy-
droxyphenyl)-6-methyl-2-thioxopyrimidine-5-carboxylate] as  the
kinesin-5 inhibitor, the Biginelli chemistry has become a hot topic [4,5].
To date, thousands of tetrahydropyrimidines-THPMs [former name 3,
4-dihydropyrimidine-2-(thi)ones] were produced via the Biginelli reac-
tion. THPMs derivatives possess broad spectra of biological activities
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illness responsible for the COVID-19 pandemic [13]. Coronavirus is
100-nm-wide bubble of genes that caused over 4.5 million deaths,
reshaped the world, and put the planet in an uncertain and unpredict-
able future [14]. The patients exposed to chemotherapy/radiotherapy
are more susceptible to broad spectra of infections, and they are denoted
as a highly sensitive group during the COVID-19 pandemic [15]. Hence,
cancer and COVID-19 are marked as a dangerous mix of diseases whose
weaken the immune system. Following mentioned facts, there is
reasonable to think that cancer patients undergoing chemotherapy,
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Fig. 1. Structure of molnupiravir.
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Fig. 2. Structure of BOLD-100.

targeted therapy or immunotherapy could have a more aggressive
course if positive for Coronavirus disease [15-17]. At the same time, one
of the pharmaceutical industry’s mainstream trends is developing
dual-active (multitarget) drugs to treat complex associated diseases [18,
19]. Besides anticancer activities [20-22], these days the most crucial
target of THPMs could be a SARS-CoV-2 MP™, the protein responsible for
COVID-19 disease. A decade ago, Ramajayam et al. synthesized a series
of the thiourea-based Biginelli hybrids that are showed significant
inhibitory activity (2-10 pM) against SARS-CoV 3CLP™ [23].

A huge number of already known drugs are employed in the global
fight with COVID-19 [24,25]. An excellent example is molnupiravir
(Fig. 1, 2-oxo-pyrimidine) that is an active ingredient in the first
approved anti-COVID pill [26,27]. Nevertheless, one ruthenium com-
plex named BOLD-100 [28] has the potential to reduce viral loads in
different COVID-19 variants, involving the more virulent B.1.1.7,
initially identified in the United Kingdom [29]. Unlike vaccines, which
are more effective against certain viral variants, BOLD-100 (Fig. 2) with
a broad antiviral mechanism of action, appears to remain active on all
mutant variants [30]. Very important and promising anticancers are
thiolato-bridged dinuclear arene ruthenium complexes family [31].

There is an burning need to design and synthesis of novel prospective
dual-active compounds, especially anticancer-antiviral [32-34]. Our
interest is the design, synthesis, and pharmacological evaluation of the
heterocyclic compounds, especially those derived from the Biginelli
reaction [35-43]. Selected molecules have proven to be excellent li-
gands for the synthesis of copper and palladium complexes with
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significant anticancer and antimicrobial activity [44-47]. Considering,
primary goal in this study is to synthesise novel THPMs and their
iminothiolate-bridged ruthenium complexes, investigation of biological
activity, and inhibitory potency towards SARS-CoV-2 main protease
MPre,

2. Material and methods

All solvents and substrates were purchased from Sigma. The melting
points (mp) were determined on a Mel-Temp apparatus and are uncor-
rected. The IR spectra were recorded by a Perkin—-Elmer Spectrum One
FT-IR spectrometer on a KBr pellet. NMR spectra of ligands and com-
plexes were performed in DMSO-dg, with TMS as internal standard on a
Varian Gemini 200 MHz NMR spectrometer (1H at 200 and '3C at 50
MHz). NMR spectra of ligands 4a-e and their ruthenium complexes 5a-e
are presented in Supplementary Material.

2.1. Synthesis of ligands 4a-e

To 45 mmol of N-methylthiourea, methyl acetoacetate (33 mmol)
and aldehyde (30 mmol) was dissolved in boiled ethanol (25 ml), and
after that amidosulfonic acid (23 mmol) was added. Twenty-four hours
later, solution is diluted with water (10-30 ml) and cooled down. The
formed yellow product was filtered, washed with chloroform, cold
ethanol and water to achieve the desired product with a high purity
grade. Synthesis of 4e was done under different reaction conditions as
follow as: 7.5 mmol of N-methylthiourea, 5.5 mmol of methyl acetoa-
cetate, 5 mmol of aldehyde 1e, and 25 mol% MgCl; (anhydrous) in 15
ml of glacial acetic acid was added at 80 °C. Workup is the same as
described above.

2.1.1. Methyl 1,2,3,4-tetrahydro-1,6-dimethyl-2-thioxo-4-phenylpyrimi-
dine-5-carboxylate (4a)

Yield 45%, light yellow powder; 'H NMR (200 MHz, DMSO-ds) &
2.53 (s, 3H, CH3), 3.47 (s, 3H, NCH3), 3.63 (s, 3H, OCH3), 5.19 (d, J =
4.6 Hz, 1H, Bn), 7.22 (dd, J = 8.8, 2.3 Hz, 2H, CHja,), 7.53-7.34 (m, 2H,
CHa,), 9.90 (d, J = 4.7 Hz, 1H, NH); *C NMR (50 MHz, DMSO-de) 5
178.2,165.8,148.2,142.1,128.7,127.8,126.1, 105.3, 52.3, 51.7, 36.4,
16.5 ppm; Calcd. for C14H;6N20,S: C 60.85, H 5.84, N 10.14; Found: C
60.69, H 5.75, N 10.02 (%).

2.1.2. Methyl 4-(4'-chlorophenyl)-1,2,3,4-tetrahydro-1,6-dimethyl-2-
thioxopyrimidine-5-carboxylate (4b)

Yield 33%, light yellow powder; H NMR (200 MHz, DMSO-dg) &
2.53 (s, 3H, CHjy), 3.47 (s, 3H, NCH3), 3.63 (s, 3H, OCH3), 5.19 (d, J =
4.6 Hz, 1H, Bn), 7.22 (dd, J = 8.8, 2.3 Hz, 2H, CHja,), 7.38-7.44 (m, 2H,
CHay), 9.90 (d, J = 4.7 Hz, 1H, NH) ppm; '*C NMR (50 MHz, DMSO-dg) 6
178.1, 165.6, 148.7,140.9, 132.4, 128.7, 128.0, 104.8, 51.7, 36.4, 16.5
ppm; Caled. for C14H;5CIN2O5S: C 54.10; H 4.86; N 9.01; Found: C
53.89, H 4.80, N 8.92 (%).

2.1.3. Methyl 4-(4'-nitrophenyl)-1,2,3,4-tetrahydro-1,6-dimethyl-2-
thioxopyrimidine-5-carboxylate (4c)

Yield 30%, yellow powder; TH NMR (200 MHz, DMSO-dg) § 2.55 (s,
3H, CHs), 3.48 (s, 3H, NCH3), 3.64 (s, 3H, OCH3), 5.33 (s, 1H, Bn),
7.45-7.50 (m, 2H, CHa,), 8.17-8.23 (m, 2H, CHa,), 9.99 (s, 1H) ppm;
3¢ NMR (50 MHz, DMSO-dg) § 178.4, 165.6, 149.4, 149.1, 147.2,
127.6, 124.1, 104.3, 51.9, 51.9, 36.5, 16.6 ppm; Calcd. for
C14H15N304S: C52.33, H4.70, N 13.08; Found: C 52.25, H 4.57,N 12.94
(%).

2.1.4. 4-(5-(methoxycarbonyl)-1,2,3,4-tetrahydro-1,6-dimethyl-2-
thioxopyrimidin-4-yl)benzoic acid (4d)

Yield 59%, light yellow powder; IH NMR (200 MHz, DMSO-dg) &
2.54 (s, 3H, CH3), 3.48 (s, 3H, NCH3), 3.64 (s, 3H, OCH3), 5.27 (d, J =
4.7 Hz, 1H, Bn), 7.32 (d, J = 8.3 Hz, 2H, CHy,), 7.92 (d, J = 8.3 Hz, 2H,
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CHay), 9.95 (d, J = 4.8 Hz, 1H, NH), 12.96 (br.s, 1H, COOH) ppm; '3C
NMR (50 MHz, DMSO-ds) 5 178.3, 167.0, 165.7, 148.8, 146.7, 130.3,
129.9, 126.3, 104.8, 52.2, 51.8, 36.4, 16.5 ppm; Calcd. for
C15H16N204S: C 56.24, H 5.03, N 8.74; Found: C 55.92, H 5.07, N 8.70
(%).

2.1.5. Methyl 1,2,3,4-tetrahydro-4-(4'-hydroxy-3'-methoxyphenyD)-1,6-
dimethyl-2-thioxopyrimidine-5-carboxylate (4e)

Yield 25%, light yellow powder; 1H NMR (200 MHz, DMSO) 6§ 2.51
(s, 3H, CH3), 3.48 (s, 3H, NCH3), 3.62 (s, 3H, OCH3), 3.71 (s, 3H, OCH3),
5.10 (d, J = 4.6 Hz, 1H, Bn), 6.56 (dd, J = 8.2, 2.1 Hz, 1H, CHa,),
6.68-6.76 (m, 2H, CHy,), 9.01 (s, 1H, OH), 9.77 (d, J = 4.6 Hz, 1H, NH)
ppm; 13C NMR (50 MHz, DMSO) 5 178.0, 165.9, 147.8, 147.6, 146.3,
133.1, 118.3, 115.5, 110.6, 105.7, 55.7, 52.0, 51.7, 36.3, 16.5 ppm;
Caled. for C;5H18N204S: C 55.88, H 5.63, N, 8.69; Found: C 55.74, H
5.51, N 8.64 (%).

2.2. Synthesis of Ru(Il) complexes 5a-e

Appropriate ligands 4a-e (0.25 mmol) were dissolved at 50 °C in
solvent mixture EtOH: acetone: H,O (15 : 5 : 2 ml) that contains sodium
acetate (0.4 mmol), afterwards complexing salt [Ru(p-cymene)Cly]a
(0.1 mmol) was added. Twelve hours ago reaction mixture was cooled at
room temperature. The precipitation of complex salt was induced using
an excess of NH4PFg. Immediately after adding of ammonium salt, the
orange crystalline product falls out of the solution. The resulting com-
plexes were filtrated and washed with cold water, ethanol, and ether.

2.2.1. Complex 5a [(p-cymene)Ru(4a)]2 (PF¢)2

Yield 64%, orange powder; Mp = 264 °C; IR v 3424, 1715, 1647,
1572, 1362, 1170 cmfl; H NMR (200 MHz, DMSO-dg) 6 0.82 (d, J =
6.8 Hz, 3H, cym-CH—-(CH3s)>), 1.09 (d, J = 6.8 Hz, 3H, cym-CH-(CH3s)>),
2.16 (s, 3H, C=CHs), 2.32 (s, 3H, cym-CH3), 2.55-2.62 (m, 1H, cym-
CH-(CH3)5), 3.28 (s, 3H, NCH3), 3.54 (s, 3H, OCH3), 3.86 (d, J = 5.6 Hz,
1H, cym-CHp,), 5.22 (s, 1H, Bn), 5.45 (d, J = 6.3 Hz, 1H, cym-CHy,),
5.80 (d, J = 6.3 Hz, 1H, cym-CHy,), 6.22 (d, J = 6.1 Hz, 1H, cym-CHp,),
7.49-7.68 (m, 5H, CHy,) ppm; 13C NMR (50 MHz, DMSO-dg) § 165.0,
163.0, 144.0, 142.8, 129.1, 128.2, 108.8, 103.1, 84.4, 82.7, 82.0, 80.7,
63.9, 51.4, 31.9, 30.7, 23.0, 21.3, 17.6, 15.7 ppm; Calcd. for
C4gHsgF1oN404P2RULSy: C 43.97, H 4.46, N 4.27; Found: C 44.15, H
4.35, N 4.20 (%).

2.2.2. Complex 5b [(p-cymene)Ru(4b)]; (PFg)2

Yield 56%, orange crystals; Mp = 275 °C; IR v 3424, 1716, 1647,
1568, 1362, 1169 cm™'; 'H NMR (200 MHz, DMSO-d) 5 0.85 (d, J =
6.9 Hz, 3H, cym-CH-(CH3)5), 1.11 (t, J = 7.4 Hz, 3H, cym-CH-(CH3)5),
2.17 (s, 3H, C=CHs), 2.30 (s, 3H, cym-CH3), 2.70-2.54 (m, 1H, cym-
CH-(CH3),), 3.25 (s, 3H, NCH3), 3.54 (s, 3H, OCHs), 3.99 (d, J = 5.7 Hz,
1H, cym-CHp,), 5.24 (s, 1H, Bn), 5.52 (d, J = 6.2 Hz, 1H, cym-CHy,),
5.81 (d, J = 6.0 Hz, 1H, cym-CHa,), 6.25 (d, J = 6.4 Hz, 1H, cym-CHy,),
7.54 (d, J = 8.4 Hz, 2H. CHy,), 7.72 (d, J = 8.5 Hz, 2H, CHy,) ppm; 13C
NMR (50 MHz, DMSO-dg) § 165.0, 163.5, 144.5, 141.9, 134.1, 130.3,
129.2,108.9,103.3, 84.7, 82.9, 82.2, 80.9, 63.1, 51.7, 32.2, 30.8, 23.3,
21.2, 17.8, 15.6 ppm; Calcd. for C48H56C12F12N4O4P2RUZSZZ C 41.77, H
4.09, N 4.06; Found: C 41.95, H 4.19, N 4.11 (%).

2.2.3. Complex 5c [(p-cymene)Ru(4c)]z (PFs)2

Yield 50%, orange crystals; Mp = 278 °C; IR v 3443, 1639, 1433,
1352, 1169 cm™!; 'H NMR (200 MHz, DMSO-de) § 0.84 (d, J = 6.9 Hz,
3H, cym-CH-(CH3)5), 1.11 (d, J = 6.9 Hz, 3H, cym-CH-(CH3)5), 2.19
(s, 3H, C=CH3s), 2.32 (s, 3H, cym-CH3), 2.63-2.73 (m, 1H, cym- CH-
(CHs)3), 3.29 (s, 3H, NCH3), 3.54 (s, 3H, OCH3), 3.99 (d, J = 5.7 Hz, 1H,
cym-CHy,), 5.39 (s, 1H, Bn), 5.57 (d, J = 6.2 Hz, 1H, cym-CHy,), 5.78 (d,
J = 6.0 Hz, 1H, cym-CHy,), 6.25 (d, J = 6.4 Hz, 1H, cym-CHy,), 8.01 (d,
J=8.7 Hz, 2H. CHy,), 8.30 (d, J = 8.7 Hz, 2H, CHy,) ppm; '3C NMR (50
MHz, DMSO-dg) 6 164.9, 164.2, 149.5, 148.1, 145.3, 129.8, 124.3,
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109.2,103.1, 102.5, 85.2, 83.0, 82.3, 80.6, 63.1, 51.8, 32.5, 31.0, 23.5,
20.8, 17.9, 15.8 ppm; Calcd. for C4gHs6F12NgOgP2Ru2Se: C 41.14, H
4.03, N 6.00; Found: C 39.85, H 4.15, N 6.10 (%).

2.2.4. Complex 5d [(p-cymene)Ru(4d)], (PFg)2

Yield 62%, orange powder; Mp = 258 °C; IR v 3442, 1712, 1645,
1361, 1171 em™}; 'H NMR (200 MHz, DMSO-dg) 5 0.82 (d, J = 6.9 Hz,
3H, cym-CH-(CH3)5), 1.11 (d, J = 6.9 Hz, 3H, cym-CH-(CH3)»), 2.16
(s, 3H, C=CH3), 2.32 (s, 3H, cym-CH3), 2.69-2.54 (m, 1H, cym- CH-
(CHs)2), 3.28 (s, 3H, NCH3), 3.53 (s, 3H, OCH3), 3.88 (overlapped with
water, d, 1H, cym-CHy,), 5.29 (s, 1H, Bn), 5.48 (d, J = 6.0 Hz, 1H, cym-
CHay), 5.79 (d, J = 5.9 Hz, 1H, cym-CHy,), 6.23 (d, J = 6.7 Hz, 1H, cym-
CHay), 7.79 (d, J = 8.3 Hz, 2H. CHy,), 8.02 (d, J = 8.2 Hz, 2H, CHa,)
ppm; 3C NMR (50 MHz, DMSO-de) 6 167.4, 165.0, 163.6, 146.9, 144.6,
130.0, 128.6, 109.0, 103.2, 102.8, 84.8, 82.9, 82.3, 80.7, 63.6, 51.7,
40.9, 40.5, 40.1, 39.7, 39.3, 38.9, 38.5, 32.3, 30.8, 23.3, 21.2, 17.9,
15.7 ppm; Caled. for CsoHsgF1oN40gP2RusSy: C 42.92; H 4.18, N, 4.00;
Found: C 42.75, H 3.94, N 4.10 (%).

2.2.5. Complex 5e [(p-cymene)Ru(4e)]> (PFg)2

Yield 78%, orange crystals; Mp = 197 °C; IR v 3423, 1702, 1644,
1514, 1360 cmfl; 'H NMR (200 MHz, DMSO-dg) 6 0.88 (d, J = 6.8 Hz,
3H, cym-CH—(CH3)), 1.14 (d, J = 6.8 Hz, 3H, cym—CH-(CH3)2), 2.17
(s, 3H, C=CHs), 2.29 (s, 3H, cym-CHj3), 2.68-2.53 (m, 1H, cym- CH-
(CHs),), 3.25 (s, 3H, NCH3), 3.82 (s, 3H, OCH3), 4.05 (d, J = 5.7 Hz, 1H,
cym-CHa,), 5.13 (s, 1H, Bn), 5.48 (d, J = 5.9 Hz, 1H, cym-CHy,), 5.83 (d,
J = 5.5 Hz, 1H, cym-CHay), 6.23 (d, J = 6.1 Hz, 1H, cym-CHa,), 6.84 (d,
J = 8.3 Hz, 1H, CHa,), 6.99 (d, J = 8.3 Hz, 1H, CHy,), 7.12 (s, 1H, CHa,)
ppm; 3C NMR (50 MHz, DMSO-de) 6 165.3, 162.6, 147.6, 147.5, 143.5,
134.2,121.1,116.0, 112.2, 108.8, 103.6, 102.9, 84.8, 82.9, 82.1, 80.9,
63.5, 56.1, 51.5, 32.0, 30.9, 23.2, 21.3, 17.8, 15.4 ppm; Calcd. for
CsoHeaF1oN40sPsRUsSy: C 42.80, H 4.45, N 3.99; Found: C 42.95, H
4.27, N 4.08 (%).

2.3. Single-crystal X-ray crystallography

A suitable single crystal of 5a was mounted on a glass fiber and
crystallographic data were collected using the Rigaku (Oxford Diffrac-
tion) Gemini S diffractometer with a CCD area detector and wavelength
of graphite monochromated incident radiation Apeky = 0.71073 A at
295 K. CrysAlisPro and CrysAlis RED software packages [48] were
employed for data collection and data integration. Final cell parameters
were determined by a global refinement of 7733 refiections (2.6 < 6 <
28.2°). Numerical absorption correction was performed using Gaussian
integration over multifaceted crystal model [49]. Crystal structure was
solved using intrisic phasing algorithm SHELXT [50] implemented
within OLEX2 [51] graphical user interface. The structure was subse-
quently refined with SHELXL-2018/3 [52]. Non-hydrogen atoms were
refined freely with anisotropic displacement parameters. All hydrogen
atoms were placed in geometrically idealized positions and refined as
riding on their parent atoms, with their Uiso values approximated by the
Ueq values of their carrier atoms. Finally, MERCURY [53] software was
employed for molecular graphics.

Several crystals of 5a were non-merohedrally twinned, indicated by
splitting of the reflections during crystal screening procedure. Owing to
the fact that no untwinned crystal could be found, full data collection
was performed for twinned crystal. Successful indexing of observed
diffraction peaks was attained on two independently oriented identical
lattices. Their mutual orientation was characterized by the twin law that
was determined by CrysAlisPRO [48] software. Reflections from both
domains were simultaneously integrated and deconvolution of the in-
tensities of partially overlapped reflections yielded twin ratios of
51.64% for domain 1 and 48.36% for domain 2. In total, 31488 com-
posite observations were collected (14709 fully isolated and 16779
overlapped). Reduced data were prepared for the structure solution by
selecting 24125 reflections belonging to domain 1, 18258 of which
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represented reflections with an overlapping factor <0.547 (chosen so
that the data completeness was 80%). After successful solution using
SHELXT [50], a full dataset (17179 unique reflections), containing both
isolated and overlapped reflections of both domains (HKLF5), was used
for the structure refinement with SHELXL-2018/3 [52] using the BASF
command for twin domain ratio refinement.

2.3.1. Accession code

CCDC 2103331 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/data_request/cif or by emailing data request@ccdc.cam.ac.uk, or
by contacting The Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

2.4. Determination of the cytotoxic activity of the compounds

Cytotoxic activity of the compounds was examined against five
human cancer cell lines: cervical adenocarcinoma HeLa, lung carcinoma
A549, colon adenocarcinoma LS174, malignant melanoma A375,
chronic myelogenous leukemia K562 cells, as well as against one normal
human cell line, lung fibroblasts MRC-5. Human cell lines were main-
tained in RPMI 1640 medium supplemented with 10% fetal bovine
serum, 2 mM r-glutamine, 25 mM HEPES, and penicillin-streptomycin
(100 U/mL of penicillin and 0.1 mg/mL of streptomycin) at 37 °C in
an atmosphere of 5% CO5 and humidified air. In brief, HeLa (2000 cells
per well), A549 (5000 cells per well), LS174 (7000 cells per well), A375
(3000 cells per well), MRC-5 (5000 cells per well) were seeded in 96-
well cell culture plates and were allowed to adhere for 20 h before
treatment, while K562 cells which grow in a suspension were seeded in
plates (5000 cells per well) 2 h before addition of compounds. After
treatment which lasted 72 h, MTT cell survival test was performed.

2.5. Cell cycle phase analysis

The cell cycle phase distribution of HeLa cells exposed for 24 h and
48 h to ICsp and 2ICsp concentrations of the compounds 5b and 5¢ was
examined by flow cytometry. HeLa cells (200000 cells per well) were
seeded into the 6-well cell culture plates. After 20 h incubation, the cells
were treated with the compounds. After 24 h or 48 h incubation, the cell
samples were collected, washed, and fixed in 70% cold ethanol. Before
performing the flow cytometry analysis, the cells were incubated with
RNase A for 30 min at 37 °C. Subsequently, the propidium iodide was
added to the cells. HeLa cell cycle phase distribution was analyzed on
the BD FACSCaliburTM flow cytometer using BD CellQuest ProTM
software (BD Biosciences).

2.6. FITC annexin V/propidium iodide double staining assay

HeLa cells (200000 cells per well) were seeded in 6-well plates. The
next day, the cells were treated with ICs5g and 2ICs concentrations of the
compounds 5b and 5¢ for 24 h. After incubation the cells were harvested
by trypsinization, washed with PBS and stained with FITC Annexin V
and propidium iodide, incubated for 15 min at room temperature in the
dark and analyzed on BD FACSCalibur™ flow cytometer using BD
CellQuest Pro™ software (BD Biosciences Franklin Lakes, NJ, USA). For
each examined sample 10000 cells were collected in a gate and
analyzed.

2.7. Determination of in vitro cytotoxicity of complexes against EA.
hy926 cell line

The human umbilical vein cell line, EA.hy926 was maintained in
Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10%
fetal calf serum (FCS) at 37 °C in humidified atmosphere with 5% COs.
EA.hy926 cells were seeded in 96-well flat-bottomed microtiter plates at
density of 7000 cells/100 pL in each well. After 24 h of incubation cells
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were treated with 50 pL of investigated complexes. Treatments were
applied at final concentrations in the range from 200 pM to 12.5 pM.
Clear medium only was added to the control cell samples, while treat-
ments without cells were used as blank. Experiments were performed in
triplicates. Microculture tetrazolium test (MTT) was used for determi-
nation of cell viability [54]. After 48 h of treatment, 10 pL of MTT so-
lution was added to each well. Samples were incubated for 4 h and then
100 pL of 10% SDS (100 g/L sodium dodecyl sulfate) was added to
dissolve formazan, the product of conversion of MTT dye by viable cells.
Twenty four hours later, absorbance was measured at 570 nm using
Multiskan EX reader (Thermo Labsystems Beverly, MA, USA). The in-
tensity of the absorbance was proportional to the number of viable cells
in each well. ICsq is defined as a concentration of the treatment which
inhibits cell survival by 50% compared to the control, and is used for
representing the cytotoxic effect of the investigated complexes.

2.8. Endothelial cell tube formation assay

EA.hy926 cell line was used for determining the anti-angiogenic ef-
fect of complexes. The volume of 200 pL of Corning® Matrigel® base-
ment membrane matrix was added in 24-well plates. After an hour,
40.000 of EA.hy926 cells in volume of 400 pL were added into coated
wells, as well as additional 200 pL of treatments at sub-toxic concen-
trations (ICy0). Control sample was treated with clear nutrient medium
only. After incubation of 48 h at 37 °C in an atmosphere of 5% CO5 and
humidified air photomicrographs of cells were captured under the
inverted phase-contrast microscope.

2.9. Antimigratory effect — in vitro “scratch” assay

EA.hy926 cells were seeded (70.000 cells/600 pL per well) in DMEM
with 10% FCS in 24-well plates. After the 48 h cells formed a confluent
monolayer. Medium was removed and cell monolayer was scraped in a
straight line to create a “scratch” using the yellow tip for the pipette
(p200) in each sample. Cells were gently washed with the growth me-
dium, and then treated with investigated complexes at subtoxic con-
centrations (ICzp). The images of cell migration were captured by
camera (Olympus® Corporation, Tokyo, Japan) at three time points (Oh,
24h and 48h from treatment) and used for analysis of antimigratory
effect of complexes in comparison to control sample.

2.10. Computational methodology

The compounds investigated in this study are prepared for molecular
docking simulations by optimization of their geometries in the gas phase
applying density functional theory (DFT). These calculations are per-
formed using Gaussian09 software [55]. Global hybrid Generalized
Gradient Approximation (GGA) functional B3LYP with empirical
dispersion corrections D3BJ (with Becke and Johnson damping) [56] is
employed, in combination with the 6-311G (d,p) basis set for C, N, O, Cl,
S and H atoms, and def2-TZVP basis set for Ru atom. The
three-dimensional (3D) crystal structure of SARS-CoV-2 main protease
MP™ is downloaded from the Protein Data Bank (PDB ID: 6LU7) [57].
The molecular docking simulations are carried out using the AutoDock
4.0 software [58]. The preparation of protein for docking simulations is
carried out in Discovery Studio 4.0 [59]. The affinity maps of the target
protein are established using AGFR (AutoGridFR) software [59]. These
data are further used by AutoDock to predict binding sites by detecting
pockets and cavities of the known 3D structure of proteins. Binding site
with the lowest expected binding energy, according to AGFR, were used
for molecular docking simulations. The grid box center with dimensions
—13.642 A x 13.303 A x 73.551 A in -x, -y, and -z directions are used to
cover the protein binding site and accommodate ligand to move freely. A
grid point spacing of 0.375 A was used for auto grid runs. The protein
structure is released from the co-crystallized ligand, water molecules,
and co-factors. The AutoDockTools (ADT) graphical user interface is
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Scheme 1. Synthesis of Biginelli hybrids 4a-e and their ruthenium(II) complexes 5a-e. Reaction conditions: A = ethanol, HoNSOsH, reflux (4a-d) or acetic acid,
MgCl,, reflux (4e); B = a) [Ru(p-cymene)Cl,];, CH3COONa, EtOH: acetone: HyO (15 : 5 : 2 ml), reflux, b) NH4PFe.

used for the addition of polar hydrogen atoms and the calculation of
Kollman charges. During the preparation for molecular docking simu-
lation, the bonds in the ligands are set to be rotatable and ligand is set to
be flexible. The structure of protein remains standing as rigid. The La-
marckian Genetic Algorithm (LGA) is used for protein-ligand flexible
molecular docking simulations. All the molecular docking simulations
are performed at a temperature of 298.15 K. Analysis of molecular
docking simulation results and visualizations are performed using BIO-
VIA Discovery Studio.

For estimation of the binding affinity, AutoDock uses empirical
scoring functions based on the free energy of binding (AGypipg). The value
of AGpinq depends on the values of Final Intermolecular Energy (FIE),
Final Total Internal Energy (FTIE), Torsional Free Energy (TFE) and
Unbound System’s Energy (USE) (eq. (1)). The value of FIE is a summary
of the van der Waals energy, energy of hydrogen bonds, desolvation
energy of the system, and electrostatic energy. The value of AGyping

F4A
w
F2A pIN

F2B

F3B ‘
P1B
F1B
F6B
v

represents energy that is realized in the formation of interactions be-
tween a ligand and protein. This value is calculated by AutoDock pro-
gram according to the following equation:

AGhing = [(FIE)+(FTIE)+(TFE)-(USE)] @

There is one more significant parameter in the prediction of binding
affinity and that is the constant of inhibition (K;). AutoDock calculates
this value after estimation of free energy of binding, by the following
equation:

Ki = exp(AGyping /RT)

where R is the gas constant (R = 1.99 cal/molK), and T is the room
temperature (298.15 K).

c17A@.C18A

~

e

Fig. 3. MERCURY [53] drawing of the molecular structure of the complex 5a.
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Fig. 4. MERCURY [53] drawing showing the crystal packing of complex 5a. Hydrogen bonds are shown as black and red dashed lines.
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Fig. 5. The finger-print plot of 5a decomposed into different interactions.
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3. Result and discussion
3.1. Synthesis and characterization

In the first step, five ligands (THPMs 4a-d) were synthesized via acid-
catalyzed one-pot Biginelli reaction using aromatic aldehydes 1a-e, N-
methylthiourea 2, and methyl acetoacetate 3 (Scheme 1). Amidosulfonic
acid in ethanol was used for the synthesis of 4a-d. However, a catalytic
system CH3COOH/MgCl, was employed to synthesise of 4e. Compounds
4c-e are synthesized and characterized for the first time. With the li-
gands (4a-e) in hands, we have started with optimization the reaction
conditions. Dichloro(p-cymene)ruthenium(II) dimer (RD) was used as a
complexing agent. THPMs are in thione form in solid-state, and also in
solution. Therefore, easy trapping of THPMs by ruthenium ions can be
realized by moving thione-thiole equilibrium towards thiol form.
Tautomerism in THPM core can be reached exclusively in solution in the
presence of a base. Sodium acetate was chosen as the best solution for
this synthetic manipulation. The newly-synthesized ruthenium com-
plexes 5a-e were produced heating excess (2.5 eq.) of ligands 4a-e with
RD in solvent mixture EtOH: acetone: HyO (15 : 5 : 2 ml). Finally,
appropriate complexes fall out from the solution by adding ammonium
hexafluorophosphate. The ligands (4a-e) and corresponding ruthenium
complexes (5a-e) were assigned using NMR and IR spectroscopy
(Figs. S1-520). One complex (5a) was suitable for crystallographic
analysis. The proton NMR spectra of 4a-e showed signal of benzylic
proton in the range 5.2-5.4 ppm. Thioamidic proton has appeared
around 9.9 ppm as broad singlet or doublet. Aromatic protons are in
range from 6.5 to 8.5 ppm. The carbon of thioketo function (C=S) was at
178 ppm in all cases.

3.2. Crystal structure analysis

A perspective view of the molecular structure of 5a with adopted
atom-numbering scheme is shown in Fig. 3. Crystal data, selected bond
lengths, bond angles, and torsion angles are listed in Tables S1 and S2.

The complex has two ruthenium ions, both n°—coordinated to p-
cymene molecule and to methyl 1,2,3,4-tetrahydro-1,6-dimethyl-2-thi-
oxo-4-phenylpyrimidine-5-carboxylate (4a) ligand (L) (via N1A,B and
S1A,B atoms) leading to the formation of a three-legged piano-stool
coordination environment. Conformation around both ruthenium ions
are between staggered and eclipsed orientations with regard to the p-
cymene ring and the other three coordinated atoms. Distances between
ruthenium ions and the p-cymene ring centroids are 1.699 A for RulA
and 1.709 A for RulB. The bond angles between ring cen-
troid—metal—ligand atoms (N1A,B and S1A,B) are in the range 125.64°
— 136.15°. Complex 5a crystallized as racemic mixture. In Fig. 3 is
presented R,R enantiomer.

The p-cymene ring is slightly puckered with Ru-C distances in the
range 2.182 (8) — 2.261 (11) A. The groups RulN1S1C1 (A and B) are
almost perfectly planar since the largest displacement from the same
weighted least-squares plane in both Ls and L ligands is 0.01 A for C1B
atom. Comparing the angles between RulN1C1S1 planes and
C2C3C4N1C1IN2 planes in ligand Ly (3.34°) and Ly (5.58°), one can
observe that the non— phenyl part of ligand B is more disordered from
planarity (Table S2).

The crystal packing and intermolecular interactions in the solid 5a
complex are presented on Fig. 4. Additional hexafluorophosphate (PF¢)
anions, inserted between the molecules of Ru(II) complex, creates
complicated pattern of C-H---F contacts leading to the formation of 1D
chain that is aligned approximately along the a—axis. Parameters of
intermolecular C-H---F as well as intramolecular C-H---O contacts are
collected in Table S3.

Fingerplot analysis. The Hirshfeld surface surrounds the molecule
and defines the volume of space where the promolecule electron density
exceeds of all neighboring molecules. The quantitative contribution of
different intermolecular contacts to the Hirshfield surface is given by the
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Table 1

Cytotoxic activity (ICso values) of ligands 4a-e and complexes 5a-e against
human cancer cell lines. ICso values were expressed as the mean + SD deter-
mined from the results of MTT assay in three independent experiments. cis-DDP
was used as a positive control.

Compounds ICso(pM)
HeLa A549 LS174 A375 K562 MRC-5
4a 128.20 N/A 170.46 122.94 162.77 92.97
+15.37 +1.28 +7.17 + 4.62 +0.59
4b 81.84 122.72 153.13 102.41 95.88 28.17
+9.57 +6.05 +9.08 +6.26 +1.85 +0.32
4c 121.80 N/A 185.11 157.58 193.00 88.92
+12.83 + 5.50 + 7.84 + 3.75 + 6.31
4d 138.99 N/A >200 199.58 194.61 169.13
+7.64 +0.59 +7.62 +8.98
4e 156.55 N/A 195.55 175.58 197.00 114.33
+6.52 +2.87 +2.90 + 0.54 +2.36
5a 34.70 61.99 67.43 + 14.14 11.44 32.46
+ 1.23 + 0.36 1.24 +1.11 + 1.19 + 0.47
5b 16.39 24.87 32.78 + 14.00 11.45 14.81
+0.43 +1.14 3.38 +0.10 +0.15 +2.16
5c 17.89 33.85 34.00 £+ 13.94 8.63 £ 14.28
+0.7 +2.74 1.39 +0.25 0.24 + 0.66
5d 69.66 N/A 81.79 + 199.53 198.09 66.49
+4.33 4.28 +0.67 +1.58 +4.73
Se 78.28 N/A 97.77 £ 116.66 130.48 57.17
+3.26 1.43 +5.72 +3.13 +1.18
cisplatin 2.36 + 17.93 20.8 + 2.56 + 5.56 + 4.26 +
0.28 + 0.44 0.44 0.42 0.23 0.46

2D finger—print plot, thus enabling a clarification of the crystal packing
of 5a. Reciprocal contacts are also included while calculating the per-
centage contribution of interatomic contacts. Fig. 5 shows the finger-
—print plots of 5a, displaying the normalized distances, de and di to the
Hirshfield surface, where de is the distance from the surface to the
nearest outside atom and di is the distance from the surface to the
nearest atom inside [60,61]. F---H and dispersive H---H contacts
accounted for more than 86% of the Hirshfield surface in this solvate
form of the complex.

3.3. Biological activity

3.3.1. Cytotoxicity

The newly synthesized ruthenium compounds based on Biginelli
hybrids (4a-e) were investigated for in vitro cytotoxic activity against
five human cancer cell lines, cervix adenocarcinoma cell line (HeLa),
human colon carcinoma (LS174), chronic myelogenous leukemia
(K562), malignant melanoma (A375), non-small cell lung carcinoma
(A549) and normal cell line, human fetal lung fibroblast cell line (MRC-
5) using a MTT assay (Table 1). Based on the obtained ICsg values, it was
observed that compounds 5b and 5c¢ showed strong cytotoxic activity
against HelLa cell lines. Compounds 5a, 5d, and 5e showed weaker to
moderate cytotoxic activity against tested cell lines. ICsg values for 5b
and 5c are ranging from 16.39 + 0.43 to 36.53 £ 0.17 pM indicate that
these compounds exhibited significant in vitro cytotoxic activity against
HeLa as well as moderate cytotoxicity towards A549 and LS174. The
compounds 5a, 5b, and 5c exerted strong cytotoxic effects on melanoma
A375 and chronic myelogenous leukemia K562 cell lines with ICsg
values ranging from 8.63 pM to 14.14 pM. The K562 cells were more
sensitive to the activity of these three compounds than A375 cells. The
other seven tested compounds did not exhibit significant cytotoxic ac-
tivity against K562 cells (ICso = 95.88-198.09 uM) as well as A375 cells
(ICs0 = 102.41 pM-199.58 pM). Ruthenium complexes 5a-c displayed
higher selectivity index [SI = IC5¢9 (MRC-5)/ICs50(K562)] compared to
cis-DDP. Most significant selectivity index [SI (K562) = 3] among others
has ruthenim complex 5a. Furthermore, complex 5¢ also demonstrated
promising selectivity [SI (K562) = 1.5 that is followed by lowest ICsg
value (8.63 + 0.24 pM). Obtained results suggest that chlorine and nitro
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Table 2
Concentrations of compounds that induced a 50%
decrease in EA.hy926 [expressed as ICso (pM)].

Compounds ICso(pM) EA.hy
5a 56.96 + 11.50
5b 35.24 + 1.08
5¢ 33.85 +1.68
5d N/A

Se N/A

group as substituents on the aromatic ring (Scheme 1) increased
cytotoxicity.

3.3.2. Invitro cytotoxic activity of complexes against EA.hy926 cell lin

The anticancer activity of investigated Ru complexes was examined
against human umbilical vein cell line, EA.hy926, by MTT test. The
obtained ICs( concentrations are shown in Table 2. Complexes 5b and 5¢
showed the highest cytotoxic activities against EA.hy926 cells, with ICsg
of 35.24 and 33.85 pM, respectively. Complex 5a showed moderate
cytotoxic activity, while 5d and 5e didn’t show measurable ICs, values
at all. These results were used for further investigation of antimigratory
and antiangiogenic potential of investigated complexes.

The antiangiogenic potential of ruthenium complexes was examined
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against EA.hy926 cell line using in vitro endothelial cell tube formation
assay. Complexes 5a, 5b and 5c at subtoxic ICy concentrations induced
strong morphological changes of EA.hy926 cells. After 48 h of treatment
cells became rounded and they lost their connectivity. Anti-angiogenic
effects of complexes 5d and 5e were much weaker, but they led to the
decreasing the number of cell junctions and inhibiting the tube forma-
tion. All treated samples were compared with the control sample of EA.
hy926 cells incubated in medium only. As shown in Fig. 6, cells in the
control sample formed three-dimensional capillary-like tubes.

3.3.3. Antimigratory activity of 5a-e

Antimigratory effect of complexes is determined using in vitro
“scratch” assay. All tested complexes showed antimigratory effect after
24 h and 48 h of treatment applied on EA.hy926 cell line when
compared to the control sample. The control sample was incubated with
a clear medium only, while investigated complexes were applied at their
subtoxic concentrations (ICyo). Antimigratory effect of the complexes is
represented in Fig. 7. After 48 h of incubation control sample almost
formed smooth and confluent monolayer. According to the changes of
the wound width, the strongest antimigratory activity had complexes
5a, 5b, and 5c. Cells lost their original morphology, and the wound
width retained the same as it was at time point Oh. Even complexes 5d
and 5e showed weaker antimigratory activity, as it could be seen in

Fig. 6. Effects of compounds 5a-e on angiogenesis of endothelial EA.hy926 cells. Applied concentrations of compounds are subtoxic (IC3g). Representative pho-

tomicrographs of one out of two independent experiments are shown.
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Fig. 7. Antimigratory effect of complexes 5a-e after 24 h and 48 h of treatment applied on EA.hy926 cell line.

Fig. 7, samples treated with those complexes also retained formed
wound but to a lesser extent. A small number of cells grew into the space
of the wound.

3.3.4. Cell cycle distribution

The inhibition of cancer cell proliferation, the cessation of cell cycle
progression and the induction of apoptosis have all been targeted in
chemotherapeutic strategies for cancer treatment. Therefore we,

evaluated whether 5b and 5c¢, as complexes with the strongest cytotoxic
activity, altered the cell cycle of HeLa cells and induced apoptosis of
HelLa cells using flow cytometry. The cell-cycle phase distribution in
Hela cells was analyzed after exposure to different concentrations of 5b
and 5c for 24 and 48 h.

As shown in Fig. 8, treatment with 5b and 5c led to a marked dose-
and time-dependent increase in the proportion of cells in the subG1
phase compared to control. The proportion of cells in G2/M phase was
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Fig. 9. Flow cytometric analysis of control (C) and HeLa cells treated with
compounds 5b and 5c¢ for 24 h and stained with Annexin V-FITC and propidium
iodide. AP~ (FITC Annexin V positive, propidium iodide negative), A"P~
(FITC Annexin V positive, propidium iodide positive), and A"P* (FITC Annexin
V negative, propidium iodide positive).

decreased following the increase of subG1 phase in all treatments. This
confirmed that cells treated with 5b and 5¢ were induced to undergo
apoptotic death. Furthermore, a population of sub-Gl-phase cells, a
characteristic of apoptosis, was increased double with increased in the
concentrations. For 24 h of treatment the total percentage of cells in the
phases subG1 and G2/M together was similar after all treatments. Sig-
nificant differences in treatments were more visible after 48h.

The alteration of the percentage of cells in the S phase after 24 h and
48 h treatment with different concentrations of complexes showed a
slight but not significant increase, while the percentages of cells in G1
phase were decreased.

3.3.5. Determination of HeLa cell death mode
Examination of possible proapoptotic effects of the compounds 5b an
5c on human cervical adenocarcinoma HelLa cells is presented in Fig. 9.
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For control and treated HeLa cells, the percentages of Annexin V' pro-
pidium iodide-early apoptotic cells, Annexin V* propidium iodide™ late
apoptotic/secondary necrotic cells, and Annexin V™ propidium iodide™
dead cells are shown. Treatment of HeLa with 2ICso concentrations of
the compounds 5b and 5c¢ caused increase in the percentage of early
apoptotic and late stage apoptotic/secondary necrotic cells when
compared with untreated control cells. The compound 5c¢ applied at
lower ICsy concentration also increased the percentage of early
apoptotic and late stage apoptotic/secondary necrotic HeLa cells, while
the effect of the compound 5b applied at ICsy concentration was weaker.
All these changes in treated HeLa cell samples were accompanied with
increase in the percentage of dead cells (Annexin V™~ propidium iodide™)
for both tested concentrations of compounds 5b and 5c.

3.4. Anti-SARS-CoV-2 activity

In this study, the protein-ligand interactions between the two drugs
used for COVID-19 treatment and synthesized compounds 5a-5e
(Fig. 10) were investigated toward SARS-CoV-2 main protease MP™
using molecular docking simulations. Drugs cinanserin and hydrox-
ycholoquine are involved in current research as model systems.
Cinanserin shows noteworthy antiviral potential against the SARS-CoV-
2, since it possesses inhibitory potency of the 3C-like protease toward
SARS-coronavirus (SARS) [62]. Hydroxychloroquine has been
considered as the drug which can treat COVID-19, but clinical trials
found a possible risk of dangerous side effects [63].

A careful examination of the interactions allows elucidation of the
inhibitory potency of the investigated compounds used as ligands in
molecular docking simulations toward SARS-CoV-2 main protease MP™,
At the beginning of the research, the pockets and binding sites of the
targeted protein were determined using the AGFR software [64]. The
bound ligand (N3) was removed from MP™, and binding pocket analysis
was accomplished. After configuring and computing affinity maps for a
receptor protein, the one with potentially the lowest expected binding
energy was used for AutoDock4 calculations. Further, molecular dock-
ing simulations were performed with the two referent drugs and syn-
thesized derivatives 5a-5e in the same docking position. The binding
modes of protein-ligand complexes that exhibit the best inhibitory po-
tency are considered and further discussed. The achieved thermody-
namic parameters from molecular docking simulations for all examined
compounds are given in Table 3. The interactions in the most stable
conformations of complex structures of compounds 5a-5e with MP™ are
presented in Fig. 11. Compounds with the lowest values of AGp;pg and K;
have significant binding affinity to targeted protein and possess good
inhibitory potency. Also, the lower values of the K; indicate the greater
binding affinity, and that the smaller concentration of a compound is
required to inhibit the activity of the receptor. The results presented in
Table 3 point out that the values of AGpinq and K; are in correlation.
Namely, the lower values of AGp;nq are followed by lower values of K;. It
is observed that values of AGping obtained for MP™-cinanserin and
MP™-hydroxychloroquine complexes are very similar. The difference
between values of AGy;yg is negligible, minor than 1 pM. On the other
hand, the difference between K; values of MP*-cinanserin and MP™--
hydroxychloroquine complexes is significant and based on K; values it
could be said that cinanserin possesses better inhibitory potency
against SARS-CoV-2 MP™,

Further analysis of results presented in Table 3 specifies compound
5e as the compound of interest. Namely, significantly lower values of the
AGping and Kj (—7.34 kcal/mol and 4.18 pM, respectively) are obtained
for MP*-5e protein-ligand complex than for other examined protein-
ligand complexes. Other protein-ligand complexes showed consider-
ably higher values of the AGyping and K; (Table 3). The results achieved in
the molecular docking simulations of MP™-5a and MP™-5b are very
similar, as well as the results obtained for MP™-5¢ and MP™-5d com-
plexes. In addition, the compounds 5a-5d show inhibitory potency
against SARS-CoV-2 MP™, but lower than 5e, cinanserin, and
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Fig. 10. Structures of cinanserin, hydroxychloroquine, and newly-synthesized compounds 5a-5e.
Table 3
The important thermodynamical parameters from docking simulations between 5a-5e with SARS-CoV-2 MP™.
AGying (keal/ K; FIE (kcal/ vdW + Hbond + desolv Electrostatic Energy FTIE (kcal/ TFE (kcal/ USE (kcal/
mol) (uM) mol) Energy (kcal/mol) (kcal/mol) mol) mol) mol)
MP*-cinanserin -7.81 1.88 -9.27 —9.22 —-0.05 -1.70 +2.39 -0.77
MPre. —7.00 7.43 —9.83 —9.33 —0.49 —0.67 +2.98 —0.52
hydroxychloroquine

MPr-5a —6.40 20.25 -8.26 —-8.12 —0.14 —4.64 +2.47 —4.03
MP™.5b —6.24 26.84 —8.28 -8.15 —0.13 —4.66 +2.47 —4.23
MP™.5¢ —5.53 88.62 —8.02 —8.32 +0.29 —4.56 +3.02 —4.04
MP°-5d -5.32 124.98 —8.38 —8.60 +0.23 —4.44 +3.57 -3.92
MP™.5e —7.34 4.18 —8.77 —8.85 +0.08 —5.88 +3.57 -3.75

hydroxychloroquine. The calculated K; values for 5a and 5b indicate
that these compounds could be considered as potential inhibitors of
SARS-CoV-2 MP™. Additionally, compounds 5c¢ and 5d possesses high
values of K; can not be considered as inhibitors of SARS-CoV-2 MP™.

To explain the inhibitory potency, first, it will be said about the
structure of the SARS-CoV-2 MP™ protein. The SARS-CoV-2 MP™ is a
dimer composed of two protomers, and each is formed from three do-
mains: domain I (residues 8-101), domain II (residues 102-184), and
domain III (residues 201-303) [57]. Domain III is linked to domain II by
a long loop region (residues 185-200). The substrate-binding site is
located in a cleft between domain I and domain II. The binding pocket of
the SARS-CoV-2 MP™ represents an antiparallel sheet with residues
164-168 of the long strand (residues 155-168) on one side and with
residues 189-191 of the loop that links domain II to domain III on the
other. The amino acids Phel40, Leul41, Asn142, Glul66, His163, and
His172 are involved in the formation of the binding subsite.

A detailed analysis of the interactions achieved in molecular docking
simulations shows that all ligands interact with a few amino acids from
SARS-CoV-2 MP™ (Phe140, Leul41, Asn142, Met165, Glu 166, Leul67,
Pro 168, Ala 191). All of these amino acids are from the binding site of
SARS-CoV-2 MP™ [57]. The different types of interactions are estab-
lished, and that are mainly hydrogen bonds, van der Waals, alkyl, and
n-alkyl interactions. Two types of hydrogen bonds are represented in the
protein-ligand complex structures. The first type is conventional
hydrogen bonds. The second type of hydrogen bond is carbon hydrogen
bond, and those are formed with carbon atoms.

The results from Table 3 predict that the binding affinity of 5e is
similar as for the referent drugs, and interactions in these protein-ligand
complex are carefully analyzed. In Table S4 are collected corresponding
amino acid with its position in the structure of the protein, type of
interaction during bond formation, and distance between respective
active sites of ligand and amino acids from SARS-CoV-2 for used referent
drugs and compound 5e. It is noticed that examined referent drugs,
cinanserin and hydroxychloroquine formed only few hydrogen bonds
and a lot of hydrophobic contacts, such as n-alkyl, alkyl, = —Cation, and
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n-0 interactions. These interactions are in the range 2.6-5 A. Cinanserin
established one conventional hydrogen bond and one carbon hydrogen
bond, with His164 and Asn142, respectively. In the molecular docking
simulation between hydroxychloroquine and MP™ two conventional
hydrogen bonds are formed (Table S4). From these results, it could be
concluded that hydrophobic contacts have a significant impact on the
binding affinities of cinanserin and hydroxychloroquine.

Compound 5e possesses a similar binding affinity as referent drugs,
and it forms four hydrogen bonds, and two of them are conventional
hydrogen bonds established with Phe140 and Asn142. The other two
hydrogen bonds are carbon hydrogen bonds formed with Glul66 and
Leul67. All these bonds are in the range 2-3 A. Despite these, alkyl and
n-alkyl contacts are established with Pro168 and they are fairly longer
(4.3-5.4 A).

The results collected in Table S5 are obtained from molecular
docking simulations between compounds 5a-5e and SARS-CoV-2 MP™,
These results show that a significant number of both types of hydrogen
bonds are formed. Since the compounds 5a-5e show lower inhibitory
potency than referent drugs, it can be inferred that increase of a number
of hydrogen bonds decreases the values of free energy of binding, in this
particular case.

4. Conclusion

In the first stage of this article, we have synthesized five (three novel)
Biginelli hybrids (2-thioxo-1,2,3,4-tetrahydropyrimidines). Dichloro(p-
cymene)ruthenium(Il) dimer was used as a complexing salt. Five
ruthenium half-sandwich complexes containing Biginelli ligands were
synthesized and characterized. X-ray analyses of complex 5a confirmed
that two ruthenium atoms and two ligands 4a formatted a three-legged
piano-stool coordination environment. Anticancer activities potential on
various cell lines (HeLa, LS174, K562, A375 and A549) were checked for
ligands (4a-d) and appropriate ruthenium complexes (5a-d). All com-
plexes demonstrated lower (up to ten times) ICsq values on all tested cell
lines than ligands. Therefore, most active complexes were included in
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Fig. 11. The interactions of the most stable conformations of complex structures of compounds 5a-5e with SARS-CoV-2 MP™.
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the investigation of the mechanism of action. The outputs of the flow
cytometry analysis imply that the proportion of cells in G2/M phase was
decreased following the increase of subG1 phase. Considering these, we
verified that cells treated with 5b and 5¢ were induced apoptosis. Then,
we investigate the potential of our complexes for inhibition of SARS-
CoV-2 protease at the computational level. Significant inhibitory po-
tency has 5b, therefor 5e possesses the lowest values of AGypig and K;.
Experimental and computational results suggest that at least one
ruthenium complex (5b) has an affinity to become a possible candidate
for dual therapy (anticancer-antiviral) in the future. Among tested novel
half-sandwich ruthenium complexes containing Biginelli hybrids, the
compounds 5b and 5c¢ showed the most promising anticancer activity
due to strong cytotoxicity, proapoptotic effects, antimigratory and
antiangiogenic properties. The molecular mechanisms of anticancer ef-
fects of these compounds and their in vivo anticancer efficacy need to be
investigated in a further robust research. The good results obtained from
molecular docking study point out that the inhibitory properties of the
synthesized compounds, especially for 5b, against SARS-CoV-2 virus
deserve to be studied in a new independent research.
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