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KEYWORDS Abstract 1,4-Dihydropyridine is a privileged scaffold present in many bioactive molecules, from
Cancer: coenzymes to commercially available drugs. Among other interesting properties, it has been found
Hydrazide; good anticancer activity in some of these 1,4-DHPs, therefore many research groups are trying to
1.4-Dihydropyridine; develop new compounds based on this structural core.

In vitro; For this purpose, in this work, a family of 23 new 1,4-dihydropyridines has been synthesized
In vivo (mice); using hydrazide and malononitrile derivatives as precursors. This straightforward catalytic process
Paraptosis has given rise to the desired products with moderate to excellent yields. All the compounds have

been tested against four different cancer cell lines [HeLa (human cervical carcinoma), Jurkat (leu-
kemia), A549 (human lung cancer) and MIA PaCa-2 (pancreatic cancer)] to establish a preliminary
structure—activity relationship. From this study, and among the best candidates, we chose
4-chlorophenyl and 4-(trifluoromethyl)phenyl derivatives in the malononitrile ring to synthesize a
second generation of molecules with enhanced cytotoxicity, modifying the substituent in the N-
heterocyclic position (acylhydrazine moieties). With this second generation of compounds, we suc-
cessfully decreased the 1Csq until 7 uM.
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An in-depth analysis of their biological properties suggests that these promising compounds trig-
ger a non-conventional cell death mechanism known as paraptosis. Moreover, the tested photo-
physical properties of these products show in some cases an interesting long wavelength emission
and excitation, potentially leading to new biosensors or theragnostic agents.

Finally, in vivo assays concerning the acute toxicity in mice of two of the most active com-
pounds (with an alkyl chain of seven carbon atoms in the acylhydrazine moiety) demonstrated
that even dosed at thousands fold the corresponding ICsy values (2500 and 3300 times more
concentrated than the ICsy values for the two compounds studied), there was no sign of harmful
effects on the tested subjects, results that support their use in further studies to discover new

anticancer drugs.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The 1,4-dihydropyridine (1,4-DHP) core is present in many versatile
synthetic intermediates giving access to biologically active targets
(Edraki et al., 2009; Carosati et al., 2012; Dhinakaran et al., 2015;
Sharma and Singh, 2017). The first appearance in synthetic chemistry
of these structures came with the pioneering work of Arthur Hantzsch
and his method for the synthesis of pyridines in 1881 (Hantzsch, 1881).
However, it was not until the mid-1970s when the activity of molecules
containing this structural moiety such as nifedipine, a well-known anti-
hypertensive agent used in the treatment of cardiovascular diseases,
was discovered (Fig. 1) (Loev et al., 1974). Since then, many other
potential structures have been developed and commercialized as excel-
lent calcium channel blockers (Safak and Simsek, 2006; Toan et al.,
2011; Bruncko, 2012). Moreover, further studies have shown that
1,4-DHP derivatives can also exhibit relevant anti-inflammatory
(Idhayadhulla et al., 2015; Indumathi et al., 2015), antimicrobial
(Chhillar et al., 2006; Sirisha et al., 2010; Sirisha et al., 2011; Mehta
and Verma, 2013; Olejnikova et al., 2014), anticonvulsant
(Hadizadeh et al., 2013; Ramirez-San Juan et al., 2014), analgesic
(Gadotti et al., 2015), anti-HIV (Hilgeroth, 2002) or antioxidant
(Milkovic et al., 2018) activity, among others.

1,4-Dihydropyridines are also systems of crucial importance due to
their presence in the core of biologically relevant molecules such as
cofactors NADH and NADPH (Pollak et al., 2007; Griendling et al.,
1994; Liu et al., 2002). Therefore, the involvement of these compounds
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Fig. 1  Structures of biologically active 1,4-dihydropyridines.

in many biological processes has turned them into potential therapeu-
tic targets of great interest in medicinal chemistry (Reddy et al., 2007;
Mai et al., 2009; Sharma and Singh, 2017; Talwan et al., 2017).

Because of this wide variety of pharmacological properties, a good
number of studies on the synthesis of this type of compounds have
been carried out during the last decades, making it an active and highly
relevant field of research these days (Saini et al., 2008; Wan and Liu,
2012; Pham et al., 2012).

In the context of our own research, we have lately described impor-
tant approaches focused on the development of new enantioenriched
1,4-DHPs, becoming some of the few reported examples in this field
to date (Auria-Luna et al., 2015, 2017, 2018). More recently, in our
search for new potential anticancer agents (Fernandez-Moreira et al.,
2016, 2019a,b; Goitia et al., 2013; Gutiérrez et al., 2014, 2015;
Montanel-Pérez et al., 2015; Ortego et al., 2016; Quintana et al.,
2016; Salvador-Gil et al., 2017), we have also published an interesting
work using new 1,4-DHPs with potential theragnostic properties
(Auria-Luna et al., 2020).

It is also worth mentioning that 1,4-dihydropyridines have also
been explored as antitumoral agents (Voigt et al., 2007; Shekari
et al., 2015) because of the importance of this illness as one of the lead-
ing causes of death in the world today (Bray et al., 2021; World, 2021).
The treatment of cancer has attracted the efforts of many scientific
groups with the main goal of decreasing the growth of tumor cells
avoiding side effects or reducing them to improve the patient’s quality
of life and survival (Alexiou et al., 2006; Bruijnincx and Sadler, 2008;
Salari et al., 2022; Cuciniello et al., 2021; Prabahar et al., 2021;
Dhankhar et al., 2021). Concerning the use of 1,4-DHPs as anticancer
agents, these have been less explored, and the only cases reported so far
have been using (1H)-dihydropyridines (Morshed et al., 2005;
Bazargan et al., 2008; Abbas et al., 2010; Firuzi et al., 2013; Azzam
and Mohareb, 2015; Gomez-Galeno et al., 2018; Goto et al., 2018),
maybe by similitude with NADH. In this sense, our recent results
are pioneering, as we have demonstrated that N-phenyl-1,4-
dihydropyridines and their ureido derivatives could also show potent
anticancer activity, achieving competitive results in comparison with
those previously reported in the literature (Auria-Luna et al., 2020).
Moreover, designing these compounds bearing luminescent fragments
will allow us to find out the biodistribution of the molecules within the
tumor cells (Fernandez-Moreira et al., 2014; Fernandez-Moreira and
Gimeno, 2018; Fernandez-Moreira and Sastre-Martin, 2017; Luengo
et al., 2017; Visbal et al., 2016).

All these interesting properties make 1,4-DHP derivatives crucial
leads in the ongoing search for new drug candidates and an appealing
target for new effective cancer therapies. Therefore, herein we describe
a pioneering study using 23 new l-benzamido-1,4-dihydropyridine
derivatives with potential bioactive properties. The toxicity of this
new family of compounds has been evaluated against four different
cancer cell lines: HeLa (human cervical carcinoma), Jurkat (leukemia),
A549 (human lung cancer) and MIA PaCa-2 (pancreatic cancer).
Additional biological assays have been performed to obtain informa-
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tion regarding the mechanism of cellular death associated with the
compounds. Further photophysical properties have been analyzed to
evaluate these compounds as plausible theragnostic agents. Finally,
the best candidates were also analyzed in in vivo toxicity assays to
establish the way for a future efficacy study with the ultimate aim of
discovering new potential anticancer drugs.

2. Materials and methods

2.1. Chemistry and photophysics. General experimental methods
and instrumentation

All commercial reagents and solvents were used without prior
purification.

Analytical thin-layer chromatography was performed on
0.25 mm silica gel 60-F plates. ESI ionization method and
MicroTof-Q Bruker mass analyzer were used for the HRMS
measurements. NMR spectroscopy was conducted using Bru-
ker ARX300, AV300 or AV400 spectrometers. 'H NMR spec-
tra were recorded at 300 or 400 MHz, and *C{'H}-APT NMR
spectra were recorded at 75 or 100 MHz, using DMSO-d; as
the deuterated solvent. Chemical shifts were reported in the
& scale relative to residual DMSO (2.50 ppm) for '"H NMR
and to the central line of DMSO-ds (39.52 ppm) for '*C
{'"H}-APT NMR.

Room temperature steady-state emission and excitation
spectra were recorded in DMSO solution with a Jobin-Yvon-
Horiba Fluorolog FL3-11 spectrometer.

2.2. General procedure for the synthesis of 1,4-DHP derivatives
7

Hydrazone 3a-g (0.5 mmol) is weighed and solved in 2 mL of
methanol (for 3a) or ethanol (for 3b-g). Then, an excess of the
precursor 6a-k (0.6 mmol) is added and Et;N (20 mol%,
14 pL) is incorporated. The reaction mixture is stirred at room
temperature for 24 h. Then, precipitating the reaction crude
with hexane, filtering the solid under vacuum, and washing
successively with the same solvent, allowed to isolate the cor-
responding DHP with high purity.

2.2.1. Dimethyl 6-amino-1-benzamido-5-cyano-4-phenyl-1,4-
dihydropyridine-2,3-dicarboxylate (7aa)

Following the general procedure, compound 7aa was obtained
as a pale-yellow solid in 85 % yield (184.7 mg). '"H NMR
(300 MHz, DMSO-dg) 6 3.51 (br s, 3H), 3.64 (br s, 3H), 4.36
(s, 0.7H), 4.47 (br s, 0.3H), 6.31 (s, 1.5H), 6.46 (s, 0.5H),
7.24 (t, J = 7.3 Hz, 1.5H Ar), 7.35 (t, J = 7.1 Hz, 2H Ar),
7.53 (t, J = 7.1 Hz, 3H Ar), 7.63 (t, J = 7.1 Hz, 1.5H Ar),
7.78-7.90 (m, 2H Ar), 11.23 (br s, 0.7H), 11.33 (br s, 0.3H).
BC{'H}-APT NMR (75 MHz, DMSO-ds) ¢ 51.9 (1C), 52.8
(1C), 58.5 (1C), 104.6 (1C), 1209 (1C), 126.9 (1C), 127.7
(2C), 1279 (2C), 128.4 (20), 128.5 (2C), 131.3 (1C), 132.5
(1C), 142.6 (1C), 145.7 (1C), 151.2 (1C), 162.5 (1C), 164.7
(1C), 166.3 (1C), 166.7 (1C). IR (neat) (cm™ ') IR (neat)
(em™Y) 3671, 3412, 3334, 3247, 2190, 1717, 1685, 1662, 1590,
1477, 1433, 1375, 1336, 1302, 1231, 1187, 1120, 1076, 1066,
1038, 1028, 944, 767, 710, 698, 687. HRMS (ESI +) calculated
for Ca3H,0N4NaOs 455.1326; found 455.1326 [M + Na] ™.

2.2.2. Diethyl 6-amino-1-benzamido-5-cyano-4-phenyl-1,4-
dihydropyridine-2,3-dicarboxylate (7ba)

Following the general procedure, compound 7ba was obtained
as a white solid in 19 % vyield (44.4 mg). "H NMR (400 MHz,
DMSO-dg) ¢ 0.95-1.08 (m, 6H), 3.89-4.00 (m, 2H), 4.01-4.14
(m, 2H), 4.36 (s, 0.7H), 4.48 (s, 0.3H), 6.39 (s, 1.5H), 6.44 (br s,
0.5H), 7.19-7.28 (m, 1.5H Ar), 7.31-7.40 (m, 2H Ar), 7.46—
7.67 (m, 4.5H Ar), 7.81-7.94 (m, 2H Ar), 11.23 (s, 0.7H),
11.34 (br s, 0.3H). *C{"H}-APT NMR (100 MHz, DMSO-ds)
0 13.5 (1C), 13.7 (1C), 39.3 (1C), 60.4 (1C), 61.8 (1C), 104.7
(10), 121.0 (1C), 126.8 (1C), 127.2 (2C), 127.9 (2C), 128.2
(20), 128.5 (2C), 131.2 (10), 132.6 (1C), 142.5 (1C), 145.8
(1C), 151.2 (10), 161.9 (1C), 164.2 (1C), 165.9 (1C), 166.5
(10). IR (neat) (cm™") 3662, 3429, 3344, 3221, 2987, 2901,
2184, 1932, 1729, 1704, 1663, 1594, 1506, 1479, 1427, 1393,
1374, 1299, 1269, 1250, 1218, 1103, 1075, 1066, 1057, 1028,
891, 863, 714, 699, 688. HRMS (ESI +) calculated for C,sHy4-
N4NaOs 483.1639; found 483.1639 [M + Na]™.

2.2.3. Diethyl 6-amino-1-benzamido-5-cyano-4-(naphthalen-1-
yl)-1,4-dihydropyridine-2,3-dicarboxylate (7bb)

Following the general procedure, compound 7bb was obtained
as a pale-yellow solid in 83 % yield (212.4 mg). '"H NMR
(400 MHz, DMSO-dg) ¢ 0.66 (t, J = 0.7 Hz, 0.8H), 0.72 (t,
J = 0.7 Hz, 1.9H), 0.99 (t, J = 1.0 Hz, 0.9H), 1.05 (t,
J = 1.0 Hz, 1.9H), 3.67-3.82 (m, 2H), 3.96-4.19 (m, 2H), 5.
42 (br s, 0.7H), 5.48 (br s, 0.3H), 6.33 (s, 1.5H), 6.37 (br s,
0.5H), 7.41-7.68 (m, 6H Ar), 7.78-7.97 (m, 4H Ar), 8.11 (d,
J = 8.1 Hz, 1H Ar), 8.38-8.50 (m, 1H Ar), 11.28 (s, 0.7H),
11.39 (s, 0.3H). *C{'H}-APT NMR (100 MHz, DMSO-d;) §
13.5 (1C), 13.4 (1C), 59.1 (1C), 60.2 (1C), 61.8 (1C), 105.6
(10), 1209 (1C), 123.7 (1C), 125.5 (1C), 125.9 (1C), 126.1
(1C), 127.0 (1C), 127.2 (10), 127.9 (1C), 128.2 (1C), 128.3
(10), 128.5 (1C), 130.4 (1C), 131.2 (1C), 132.6 (1C), 133.0
(10), 1429 (1C), 151.1 (1C), 162.0 (1C), 164.2 (1C), 166.5
(1C). IR (neat) (cm™') 3684, 3662, 3421, 3345, 3221, 2988,
2901, 2181, 1933, 1722, 1701, 1681, 1661, 1593, 1508, 1475,
1407, 1393, 1376, 1263, 1241, 1103, 1075, 1066, 1057, 1027,
892, 864, 775, 712, 680. HRMS (ESI +) calculated for Co9Hg-
N,NaOs 533.1795; found 533.1793 [M + Na] ™.

2.2.4. Diethyl 6-amino-1-benzamido-5-cyano-4-(thiophen-2-yl )-
1,4-dihydropyridine-2,3-dicarboxylate (7bc)

Following the general procedure, compound 7bc was obtained
as a dark brown solid in 40 % yield (93.3 mg). '"H NMR
(400 MHz, DMSO-d¢) ¢ 0.93-1.22 (m, 6H), 3.94-4.17 (m,
4H), 4.66 (s, 0.6H), 4.83 (s, 0.4H), 6.49 (s, 1.2H), 6.56 (s,
0.8H), 7.31-8.02 (m, 8H Ar), 11.22 (s, 0.6H), 11.39 (s, 0.4H).
BC{'H}-APT NMR (100 MHz, DMSO-dg) é 13.5 (1C), 13.8
(1C), 33.7 (1C), 60.6 (1C), 61.8 (1C), 104.3 (1C), 117.5 (10),
120.9 (10), 124.5 (1C), 125.0 (1C), 127.1 (1C), 127.9 (1C),
128.4 (10), 131.2 (1C), 132.1 (1C), 142.2 (10C), 1459 (1C),
148.8 (1C), 151.3 (1C), 161.7 (1C), 164.0 (1C), 166.0 (1C). IR
(neat) (cm™") 3685, 3674, 3423, 3314, 3200, 2987, 2901, 2226,
2189, 1934, 1731, 1708, 1660, 1578, 1506, 1479, 1450, 1434,
1406, 1393, 1382, 1249, 1229, 1066, 1057, 1028, 892, 879,
867, 708, 690. HRMS (ESI +) calculated for C,3H,,N4NaOsS
489.1203; found 489.1199 [M + Na]™.
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2.2.5. Diethyl 6-amino-1-benzamido-5-cyano-4-(3-nitrophenyl )-
1,4-dihydropyridine-2,3-dicarboxylate (7bd)

Following the general procedure, compound 7bd was
obtained as a pale-brown solid in 92 % yield (233.8 mg).
'H NMR (300 MHz, DMSO-ds) & 0.93-1.13 (m, 6H),
3.84-4.02 (m, 2H), 4.03-4.22 (m, 2H), 4.62 (s, 0.75H), 4.76
(s, 0.25H), 6.59 (br s, 1.5H), 6.66 (br s, 0.5H), 7.47-7.77
(m, 4.5H Ar), 7.83-7.95 (m, 2H Ar), 8.04-8.21 (m, 2H
Ar), 833 (s, 0.5H Ar), 11.33 (s, 0.75H), 11.44 (br s,
0.25H). “C{'H}-APT NMR (75 MHz, DMSO-ds) d 13.5
(1C), 13.6 (1C), 39.2 (10), 60.7 (1C), 61.9 (1C), 104.1
(1C), 120.6 (1C), 122.0 (1C), 122.3 (1C), 128.0 (2C), 128.5
(2C), 130.1 (1C), 131.0 (1C), 132.6 (1C), 134.9 (1C), 143.2
(1C), 147.7 (1C), 148.1 (1C), 151.7 (1C), 151.9 (1C), 161.7
(10), 163.9 (1C), 166.6 (1C). IR (neat) (cm™') 3685, 3661,
3413, 3339, 3249, 3218, 2987, 2901, 2181, 1922, 1725,
1702, 1681, 1663, 1589, 1530, 1505, 1475, 1433, 1405,
1394, 1377, 1345, 1324, 1300, 1268, 1250, 1231, 1107,
1066, 1057, 1027, 897, 879, 866, 811, 733, 718, 703, 688.
HRMS (ESI+) calculated for C,sH,3NsNaO,; 528.1490;
found 528.1486 [M + Na]™.

2.2.6. Diethyl 6-amino-1-benzamido-4-(3-chlorophenyl)-5-
cyano-14-dihydropyridine-2,3-dicarboxylate (7be)

Following the general procedure, compound 7be was obtained
as a white solid in 89 % yield (221.1 mg). '"H NMR (300 MHz,
DMSO-dg) ¢ 0.92-1.09 (m, 6H), 3.88-4.16 (m, 4H), 4.40 (s,
0.75H), 4.52 (s, 0.25H), 6.48 (s, 1.5H), 6.55 (br s, 0.5H),
7.17-7.44 (m, 2.5H Ar), 7.46-7.67 (m, 4.5H Ar), 7.80-7.93
(m, 2H Ar), 11.26 (s, 0.75H), 11.36 (s, 0.25H). *C{'"H}-APT
NMR (75 MHz, DMSO-d¢) ¢ 13.5 (1C), 13.7 (1C), 39.2
(1C), 60.6 (1C), 61.9 (1C), 104.3 (1C), 120.7 (1C), 126.0 (1C),
126.7 (1C), 126.9 (1C), 128.0 (2C), 128.4 (1C), 128.5 (2C),
130.1 (1C), 131.1 (1C), 132.6 (1C), 133.0 (1C), 142.8 (1C),
148.3 (1C), 151.4 (1C), 161.8 (1C), 164.0 (1C), 166.6 (1C). IR
(neat) (cm™") 3685, 3662, 3420, 3336, 3222, 2987, 2901, 2184,
1932, 1727, 1703, 1662, 1590, 1505, 1475, 1428, 1406, 1393,
1378, 1349, 1325, 1298, 1249, 1241, 1103, 1076, 1066, 1057,
1028, 892, 870, 789, 770, 713, 695, 687. HRMS (ESI +) calcu-
lated for C,5H3CINGNaOs 517.1249; found 517.1249
M + Na]™.

2.2.7. Diethyl 6-amino-1-benzamido-5-cyano-4-(4-nitrophenyl )-
1,4-dihydropyridine-2,3-dicarboxylate (7bf)

Following the general procedure, compound 7bf was obtained
as a brown solid in 96 % vyield (241.9 mg). 'H NMR
(300 MHz, DMSO-dg) ¢ 0.89-1.13 (m, 6H), 3.82-4.21 (m,
4H), 4.57 (s, 1H), 6.57 (s, 2H), 7.37-8.02 (m, 7H Ar), 8.12—
828 (m, 2H Ar), 1131 (br s, 1H). “C{'H}-APT NMR
(75 MHz, DMSO-dg) 6 13.5 (1C), 13.7 (1C), 45.8 (1C), 60.6
(10), 61.9 (1C), 103.8 (1C), 116.5 (1C), 120.6 (1C), 123.7
(1C), 128.0 (20C), 128.5 (20), 128.9 (2C), 131.1 (10C), 132.6
(20), 146.5 (1C), 151.7 (1C), 153.1 (1C), 161.2 (1C), 163.8
(1C), 165.9 (1C), 166.6 (1C). IR (neat) (cm™") 3674, 3449,
3330, 3201, 2987, 2901, 2184, 1933, 1737, 1704, 1653, 1580,
1515, 1475, 1406, 1393, 1373, 1345, 1305, 1249, 1241, 1226,
1103, 1066, 1057, 1027, 892, 859, 822, 692. HRMS (ESI +) cal-
culated for C,sH,3NsNaO; 528.1490; found 528.1492
[M + Na]™.

2.2.8. Diethyl 6-amino-1-benzamido-4-(4-chlorophenyl)-5-
cyano-1,4-dihydropyridine-2,3-dicarboxylate (7bg)

Following the general procedure, compound 7bg was obtained
as a pale-pink solid in 80 % yield (197.9 mg). '"H NMR
(300 MHz, DMSO-dg) 6 0.92-1.10 (m. 6H), 3.87-4.16 (m,
4H), 4.39 (s, 0.75H), 4.51 (s, 0.25H), 7.20-7.28 (m, 0.5H Ar),
7.37-7.67 (m, 6.5H Ar), 7.81-7.93 (m, 2H Ar), 11.26 (s,
0.75H), 11.35 (br s, 0.25H). *C{'H}-APT NMR (75 MHz,
DMSO-dy) 6 13.5 (1C), 13.7 (1C), 38.7 (1C), 60.5 (1C), 61.8
(1C), 1044 (1C), 120.8 (1C), 127.9 (1C), 128.3 (2C), 128.5
(2C), 129.7 (20), 131.1 (1C), 131.5 (1C), 132.6 (2C), 142.7
(1C), 144.8 (1C), 151.3 (10C), 161.3 (1C), 164.0 (1C), 165.8
(1C), 167.0 (1C). IR (neat) (cm™') 3685, 3674, 3419, 3329,
3204, 2987, 2901, 2184, 1933, 1704, 1653, 1580, 1510, 1488,
1407, 1393, 1372, 1304, 1249, 1241, 1225, 1066, 1057, 1027,
892, 8635, 836, 712, 690. HRMS (ESI +) calculated for CysHa;3-
CIN4NaOs 517.1249; found 517.1254 [M + Na] ™.

2.2.9. Diethyl 6-amino-1-benzamido-4-(4-bromophenyl)-5-
cyano-1,4-dihydropyridine-2,3-dicarboxylate (7bh)

Following the general procedure, compound 7bh was obtained
as a pale-yellow solid in 74 % yield (198.8 mg). '"H NMR
(300 MHz, DMSO-ds) 6 0.93-1.10 (m, 6H), 3.87-4.17 (m,
4H), 4.38 (s, 0.75H), 4.50 (s, 0.25H), 6.46 (s, 1.5H), 6.52 (br
s, 0.5H), 7.19 (d, J = 7.2 Hz, 0.5H Ar), 7.45-7.67 (m, 6.5H
Ar), 7.81-7.94 (m, 2H Ar), 11.27 (s, 0.75H), 11.35 (br s,
0.25H). BC{'H}-APT NMR (75 MHz, DMSO-ds) 6 13.5
(1C), 13.7 (1C), 38.7 (1C), 60.5 (1C), 61.8 (1C), 104.3 (10),
120.0 (1C), 120.8 (1C), 127.9 (1C), 128.5 (1C), 129.4 (1C),
130.1 (1C), 131.1 (1C), 131.2 (1C), 131.4 (1C), 132.6 (1C),
142.8 (10), 143.2 (1C), 1452 (1C), 151.3 (10), 151.7 (1C),
161.8 (1C), 164.0 (1C), 165.6 (1C), 166.5 (1C). IR (neat)
(cm™") 3685, 3672, 3443, 3261, 3224, 3190, 2987, 2901, 2183,
1934, 1717, 1655, 1579, 1512, 1484, 1435, 1406, 1393, 1383,
1371, 1327, 1310, 1221, 1074, 1066, 1057, 1027, 892, 863,
833, 744, 684. HRMS (ESI+) calculated for CysH4BrN4Os
539.0925; found 539.0925 [M + H]".

2.2.10. Dimethyl 6-amino-I-benzamido-5-cyano-4-(4-
cyanophenyl)-1,4-dihydropyridine-2,3-dicarboxylate (7ai)

Following the general procedure, compound 7ai was obtained
as a pale-yellow solid in 96 % yield (220.0 mg). '"H NMR
(400 MHz, DMSO-dg) ¢ 3.51 (s, 3H), 3.64 (s, 3H), 4.49 (br s,
1H), 6.55 (s, 2H), 7.39-8.05 (m, 9H Ar), 11.29 (br s, 1H).
BC{'H}-APT NMR (100 MHz, DMSO-dy) ¢ 39.3 (1C), 52.0
(1C), 52.9 (1C), 103.9 (1C), 109.8 (1C), 118.9 (1C), 120.5
(1C), 1279 (10), 128.5 (4C), 131.2 (1C), 132.6 (4C), 141.1
(1C), 143.3 (1C), 150.9 (1C), 151.5 (1C), 162.2 (1C), 164.4
(1C), 166.8 (1C). IR (neat) (cm™') 3685, 3673, 3412, 3328,
3206, 2987, 2901, 2231, 2191, 1933, 1750, 1704, 1666, 1589,
1505, 1485, 1432, 1407, 1394, 1382, 1361, 1334, 1300, 1271,
1251, 1242, 1225, 1103, 1066, 1057, 929, 891, 867, 847, 717,
686. HRMS (ESI+) calculated for C,4H 9NsNaOs 480.1278;
found 480.1278 [M + Na] ™.

2.2.11. Diethyl 6-amino-1-benzamido-5-cyano-4-(4-
cyanophenyl )-1,4-dihydropyridine-2,3-dicarboxylate (7bi)
Following the general procedure, compound 7bi was obtained
as a brown solid in 91 % yield (220.8 mg). '"H NMR
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(300 MHz, DMSO-dg) 0 0.96-1.13 (m, 6H), 3.98 (q,
J = 7.1 Hz, 2H), 4.03-4.24 (m, 2H), 4.52 (s, 0.75H), 4.64 (s,
0.25H), 6.53 (s, 1.5H), 6.59 (br s, 0.5H), 7.40-7.98 (m, 9H
Ar), 11.31 (s, 0.75H), 11.38 (br s, 0.25H). “C{'H}-APT
NMR (75 MHz, DMSO-ds) & 12.3 (1C), 13.9 (1C), 39.8
(1C), 60.8 (1C), 62.1 (1C), 103.7 (1C), 104.2 (1C), 110.0 (1C),
119.2 (1C), 120.8 (1C), 128.2 (1C), 128.7 (2C), 129.0 (20),
131.3 (1C), 132.7 (2C), 132.9 (2C), 143.4 (1C), 151.3 (1C),
151.7 (1C), 161.9 (1C), 164.1 (1C), 166.8 (1C). IR (neat)
(cm™") 3685, 3672, 3444, 3274, 3224, 3191, 2987, 2901, 2232,
2183, 1932, 1727, 1713, 1675, 1659, 1577, 1504, 1483, 1437,
1406, 1393, 1382, 1321, 1255, 1227, 1076, 1066, 1057, 892,
880, 862, 847, 768, 684. HRMS (ESI +) calculated for CogHos-
N;sNaOs 508.1591; found 508.1569 [M + Na]™.

2.2.12. Diethyl 6-amino-1-benzamido-5-cyano-4-(p-tolyl)-1,4-
dihydropyridine-2,3-dicarboxylate (7bj)

Following the general procedure, compound 7bj was obtained
as a white solid in 92 % yield (218.6 mg). "H NMR (400 MHz,
DMSO-dg) 6 1.01-1.22 (m, 6H), 2.33-2.42 (m, 3H), 3.96-4.10
(m, 2.5H), 4.11-4.15 (m, 1.5H), 4.41 (s, 0.7H), 4.53 (s, 0.3H),
6.42 (s, 1.5H), 6.48 (s, 0.5H), 7.16-7.29 (m, 2.5H Ar), 7.49—
7.56 (m, 1.5H Ar), 7.57-7.66 (m, 2H Ar), 7.67-7.76 (m, 1H
Ar), 7.90-8.04 (m, 2H Ar), 11.28 (s, 0.7H), 11.41 (s, 0.3H).
BC{'H}-APT NMR (100 MHz, DMSO-dg) é 13.5 (1C), 13.7
(1C), 20.7 (1C), 38.8 (1C), 60.4 (1C), 61.7 (1C), 104.8 (10),
121.0 (10), 127.1 (1C), 127.8 (1C), 127.9 (10C), 128.3 (1C),
128.4 (10), 128.8 (1C), 130.2 (1C), 130.7 (1C), 131.2 (1C),
132.5 (1C), 135.9 (1C), 142.3 (1C), 142.9 (10C), 145.7 (1C),
151.2 (1C), 162.0 (1C), 164.2 (1C), 166.4 (1C). IR (neat)
(cm™") 3672, 3435, 3349, 3248, 3220, 2987, 2981, 2901, 2185,
1932, 1731, 1706, 1665, 1594, 1509, 1478, 1428, 1407, 1393,
1373, 1296, 1267, 1250, 1215, 1098, 1077, 1065, 1057, 1027,
880, 860, 803, 714, 687. HRMS (ESI +) calculated for CogHg-
N,4NaOs 497.1795; found 497.1799 [M + Na] ™.

2.2.13. Diethyl 6-amino-1-benzamido-5-cyano-4-(4-
(trifluoromethyl) phenyl)-1,4-dihydropyridine-2,3-dicarboxylate
(7bk )

Following the general procedure, compound 7bk was obtained
as a brown solid in 96 % vyield (254.5 mg). 'H NMR
(300 MHz, DMSO-ds) ¢ 0.86-1.07 (m, 6H), 3.92 (q,
J = 7.2 Hz, 2H), 3.97-4.17 (m, 2H), 4.47 (s, 0.75H), 4.59 (s,
0.25H), 6.48 (s, 1.5H), 6.54 (s, 0.5H), 7.34-7.97 (m, 9H Ar),
11.27 (s, 0.75H), 11.35 (br s, 0.25H). "*C{'H}-APT NMR
(75 MHz, DMSO-dg) ¢ 13.5 (1C), 13.6 (1C), 57.8 (1C), 60.5
(1C), 619 (1C), 1042 (1C), 120.6 (1C), 1243 (q,
J = 271.0 Hz, 1C), 125.3 (1C), 127.5 (q, J/ = 31.5 Hz, 1C),
127.9 (20), 128.5 (2C), 128.6 (2C), 131.0 (10), 132.6 (2C),
143.1 (1C), 150.3 (1C), 151.5 (1C), 151.8 (10C), 161.7 (1C),
163.9 (1C), 166.6 (1C). IR (neat) (cm™') 3685, 3663, 3410,
3333, 3240, 2987, 2901, 2180, 1932, 1726, 1709, 1680, 1651,
1581, 1503, 1473, 1449, 1440, 1406, 1394, 1382, 1326, 1249,
1230, 1164, 1106, 1057, 1027, 1017, 892, 863, 842, 721, 694.
HRMS (ESI+) calculated for C26H23F3N4N3.O5 551.1513;
found 551.1513 [M + Na]".

2.2.14. Diethyl 6-amino-4-(4-chlorophenyl)-5-cyano-1-(2-
phenylacetamido )-1,4-dihydropyridine-2,3-dicarboxylate (7cg)
Following the general procedure, compound 7cg was obtained
as a pale-brown solid in 45 % yield (114.5 mg). '"H NMR

(400 MHz, DMSO-dg) & 0.76-1.32 (m, 6H), 3.41-3.68 (m,
2H), 3.72-4.14 (m, 4H), 4.32 (s, 0.75H), 4.46 (s, 0.25H),
6.33-6.53 (m, 2H), 7.11-7.52 (m, 9H Ar), 10.85 (s, 0.7H),
10.92 (s, 0.3H). *C{'H}-APT NMR (75 MHz, DMSO-d;) 6
13.5 (1C), 13.6 (1C), 38.7 (1C), 61.9 (1C), 62.5 (1C), 63.8
(1C), 104.1 (1C), 120.7 (1C), 128.2 (1C), 128.3 (1C), 128.5
(1C), 128.7 (1C), 129.0 (1C), 129.5 (1C), 129.6 (1C), 130.3
(1C), 133.7 (1C), 134.7 (1C), 142.6 (1C), 144.8 (1C), 147.6
(1C), 151.1 (1C), 159.1 (1C), 164.0 (1C), 168.9 (1C), 170.8
(1C). IR (neat) (cm™') 3685, 3662, 3429, 3345, 3296, 3196,
2987, 2901, 2184, 1933, 1719, 1709, 1652, 1630, 1589, 1485,
1453, 1432, 1407, 1394, 1374, 1342, 1302, 1260, 1242, 1222,
1106, 1075, 1066, 1056, 1028, 1011, 892, 866, 835, 728, 698.
HRMS (ESI+) calculated for C,sH,sCIN4NaOs 531.1406;
found 531.1406 [M + Na] ™.

2.2.15. Diethyl 6-amino-5-cyano-1-(2-phenylacetamido )-4-(4-
(trifluoromethyl) phenyl)-1,4-dihydropyridine-2,3-dicarboxylate
(7ck)

Following the general procedure, compound 7ck was obtained
as a yellow solid in 70 % yield (189.9 mg). 'H NMR
(400 MHz, DMSO-ds) 6 0.99-1.23 (m, 6H), 3.46-3.69 (m,
2H), 3.81-4.11 (m, 4H), 4.51 (s, 0.7H), 4.57 (s, 0.3H), 6.41-
6.60 (m, 2H), 7.19-7.41 (m, 5H Ar), 7.57-7.78 (m, 4H Ar),
10.88 (s, 0.7H), 10.95 (s, 0.3H). C{'H}-APT NMR
(100 MHz, DMSO-dq) 6 13.5 (1C), 13.7 (1C), 39.2 (1C), 57.5
(1C), 60.5 (1C), 61.9 (1C), 103.9 (1C), 120.6 (1C), 125.2 (10),
126.5 (q, J = 270.5 Hz, 1C), 126.7 (2C), 127.5 (q,
J = 31.8 Hz, 1C), 128.3 (2C), 128.4 (2C), 129.5 (2C), 134.4
(1C), 1429 (1C), 150.2 (1C), 151.2 (1C), 161.5 (1C), 163.8
(1C), 170.8 (2C). IR (neat) (cm™') 3311, 2984, 2188, 1711,
1657, 1581, 1423, 1371, 1323, 1221, 1164, 1109, 1066, 1017,
847, 730, 697. HRMS (ESI +) calculated for C,7H,5F3N4NaOs
565.1670; found 565.1669 [M + Na]*.

2.2.16. Diethyl 6-amino-4-(4-chlorophenyl)-5-cyano-1-
octanamido- 1 ,4-dihydropyridine-2,3-dicarboxylate (7dg)

Following the general procedure, compound 7dg was obtained
as a white solid in 45 % yield (116.3 mg). "H NMR (300 MHz,
DMSO-dg) 6 0.74-1.60 (m, 19H), 1.98-2.33 (m, 2H), 3.84-4.05
(m, 2H), 4.09-4.27 (m, 2H), 4.33 (s, 0.75H), 4.48 (s, 0.25H),
6.35 (s, 2H), 7.20 (d, J = 7.2 Hz, 0.5H Ar), 7.30-7.60 (m,
3.5H Ar), 10.54 (s, 0.75H), 10.62 (s, 0.25H). *C{'H}-APT
NMR (75 MHz, DMSO-d¢) ¢ 13.6 (1C), 13.7 (1C), 14.0
(1C), 22.1 (1C), 24.7 (1C), 28.5 (1C), 28.6 (1C), 31.2 (10),
32.8 (10), 38.7 (1C), 60.5 (1C), 61.9 (1C), 104.0 (1C), 120.8
(1C), 128.2 (1C), 128.9 (1C), 129.7 (1C), 131.5 (1C), 132.2
(1C), 142.7 (1C), 1449 (1C), 151.2 (1C), 160.2 (1C), 161.7
(1C), 164.0 (1C), 172.8 (1C). IR (neat) (cm™") 3685, 3662,
3437, 3328, 3206, 2987, 2901, 2192, 1933, 1736, 1709, 1694,
1662, 1636, 1586, 1489, 1468, 1436, 1408, 1393, 1376, 1350,
1324, 1301, 1257, 1242, 1222, 1172, 1100, 1075, 1066, 1056,
1027, 988, 892, 860, 839, 761, 646. HRMS (ESI+) calculated
for C,6H33CIN,NaOs 539.2032; found 539.2032 [M + Na] .

2.2.17. Diethyl 6-amino-5-cyano-1-octanamido-4-(4-
(trifluoromethyl) phenyl)-1,4-dihydropyridine-2,3-dicarboxylate
(7dk)

Following the general procedure, compound 7dk was obtained
as a yellow solid in 96 % yield (263.9 mg). 'H NMR
(300 MHz, DMSO-ds) ¢ 0.93-1.58 (m, 19H), 2.00-2.39 (m,
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2H), 3.89-3.99 (m, 2H), 4.09-4.25 (m, 2H), 4.42 (s, 0.75H),
4.58 (s, 0.25H), 6.42 (br s, 2H), 7.32-7.78 (m, 4H Ar), 10.57
(s, 0.75H), 10.65 (s, 0.25H). '*C{'H}-APT NMR (75 MHz,
DMSO-dy) & 13.6 (1C), 13.7 (1C), 14.0 (1C), 22.1 (1C), 24.3
(1C), 28.5 (1C), 31.1 (1C), 32.8 (1C), 39.2 (1C), 57.5 (1C),
60.6 (1C), 62.0 (1C), 103.7 (1C), 120.7 (1C), 1244 (q,
J = 2767 Hz, 1C), 1252 (1C), 125.6 (1C), 127.5 (q,
J = 32.5 Hz, 1C), 127.9 (1C), 128.5 (1C), 143.1 (1C), 150.4
(1C), 151.3 (1C), 161.7 (1C), 163.9 (1C), 172.8 (2C). IR (neat)
(cm™") 3685, 3662, 3440, 3333, 3207, 2987, 2901, 2192, 1924,
1734, 1707, 1663, 1637, 1583, 1467, 1434, 1407, 1393, 1374,
1348, 1322, 1300, 1255, 1222, 1164, 1103, 1066, 1027, 1019,
988, 892, 864, 846, 772, 686. HRMS (ESI+) calculated for
C»7H33F3N4NaOs 573.2295; found 573.2315 [M + Na]*.

2.2.18. Diethyl 6-amino-4-(4-chlorophenyl)-5-cyano-1-(4-
nitrobenzamido )-1,4-dihydropyridine-2,3-dicarboxylate (7eg)
Following the general procedure, compound 7eg was obtained
as a yellow solid in 77 % yield (207.9 mg). 'H NMR
(300 MHz, DMSO-dg) 6 0.94-1.10 (m, 6H), 3.87-4.13 (m,
4H), 4.41 (br s, 1H), 6.55 (br s, 2H), 7.32-7.63 (m, 4H Ar),
8.02-8.19 (m, 2H Ar), 8.30-8.44 (m, 2H Ar), 11.66 (br s,
1H). "*C{'H}-APT NMR (75 MHz, DMSO-d,) § 13.5 (1C),
13.7 (1C), 38.8 (1C), 45.8 (1C), 60.5 (1C), 61.9 (1C), 104.2
(1C), 1209 (1C), 123.5 (20C), 128.3 (4C), 129.5 (20), 131.5
(2C), 1449 (20), 149.6 (1C), 151.4 (1C), 161.8 (1C), 164.0
(2C). IR (neat) (cm™') 3674, 3420, 3330, 3218, 2987, 2901,
2200, 1933, 1709, 1688, 1663, 1600, 1527, 1474, 1406, 1379,
1344, 1324, 1298, 1228, 1181, 1075, 1066, 1056, 1028, 1015,
892, 869, 848, 840, 717. HRMS (ESI +) calculated for C,sHa,-
CINsNaO; 562.1100; found 562.1100 [M + Na] ™.

2.2.19. Diethyl 6-amino-5-cyano-1-(4-nitrobenzamido )-4-(4-
(trifluoromethyl) phenyl)-1,4-dihydropyridine-2,3-dicarboxylate
(7ek)

Following the general procedure, compound 7ek was obtained
as a yellow solid in 91 % yield (259.6 mg). 'H NMR
(400 MHz, DMSO-ds) 6 0.92-1.08 (m, 6H), 3.84-4.18 (m,
4H), 4.50 (s, 0.75H), 4.61 (s, 0.25H), 6.66 (s, 1.5H), 6.70 (s,
0.5H), 7.35-7.49 (m, 0.5H Ar), 7.67-7.84 (m, 3.5H Ar), 8.00—
8.20 (m, 2H Ar), 8.29-8.43 (m, 2H Ar), 11.70 (s, 0.7H),
11.74 (s, 0.3H). "*C{'H}-APT NMR (75 MHz, DMSO-d,)
13.5 (1C), 13.6 (1C), 39.2 (10), 60.6 (1C), 62.0 (1C), 104.4
(10), 120.6 (1C), 121.0 (1C), 1236 (2C), 1243 (q,
J = 273.0 Hz, 1C), 125.3 (2C), 127.6 (g, J = 34.5 Hz, 1C),
128.5 (20), 129.5 (2C), 136.7 (1C), 142.3 (1C), 149.4 (1C),
150.2 (1C), 151.3 (1C), 161.7 (1C), 163.4 (1C), 165.3 (1C). IR
(neat) (cm™") 3685, 3662, 3412, 3327, 3243, 3209, 2988, 2901,
2191, 1933, 1737, 1719, 1683, 1658, 1607, 1579, 1527, 1488,
1467, 1440, 1406, 1394, 1371, 1322, 1303, 1266, 1250, 1220,
1173, 1100, 1076, 1065, 1027, 1016, 989, 891, 868, 848, 835,
792,709, 601. HRMS (ESI +) calculated for C,cH,,F3NsNaO,
596.1364; found 596.1348 [M + Na]™.

2.2.20. Diethyl 6-amino-1-(4-chlorobenzamido )-4-(4-
chlorophenyl)-5-cyano-1,4-dihydropyridine-2,3-dicarboxylate
(718)

Following the general procedure, compound 7fg was obtained
as a white solid in 44 % yield (116.5 mg). '"H NMR (400 MHz,
DMSO-dy) ¢ 0.93-1.09 (m, 6H), 3.87-4.16 (m, 4H), 4.39 (s,
0.75H), 4.50 (s, 0.25H), 6.51 (s, 1.5H), 6.56 (br s, 0.5H), 7.24

(d, J = 7.2 Hz, 0.5H Ar), 7.35-7.47 (m, 2H Ar), 7.51-7.68
(m, 3.5H Ar), 785 (d, J = 7.9 Hz, 0.5H Ar), 791 (d,
J = 7.9 Hz, 1.5H Ar), 11.37 (s, 0.75H), 11.44 (s, 0.25H). '*C
{'"H}-APT NMR (75 MHz, DMSO-d;) ¢ 13.5 (1C), 13.7
(10), 38.7 (10), 60.5 (1C), 61.9 (1C), 104.1 (1C), 120.8 (1C),
128.3 (20), 128.6 (2C), 129.7 (2C), 129.9 (20C), 131.5 (1C),
137.5 (1C). 142.6 (1C), 144.8 (1C), 151.3 (10), 151.7 (1C),
161.80 (1C), 164.0 (1C), 165.0 (1C), 165.7 (1C). IR (neat)
(em™1) 3685, 3674, 3452, 3318, 3234, 3199, 2987, 2873, 2901,
2186, 1916, 1726, 1703, 1660, 1635, 1583, 1493, 1474, 1453,
1434, 1406, 1394, 1371, 1348, 1312, 1266, 1242, 1219, 1181,
1076, 1066, 1057, 1027, 1014, 892, 861, 837, 760, 667. HRMS
(ESI+) calculated for C,5H»,Cl,N4NaOs 551.0859; found
551.0859 [M + Na]™.

2.2.21. Diethyl 6-amino-1-(4-chlorobenzamido )-5-cyano-4-(4-
(trifluoromethyl) phenyl )-1,4-dihydropyridine-2,3-dicarboxylate
(7fk)

Following the general procedure, compound 7fk was obtained
as a yellow solid in 92 % yield (258.9 mg). 'H NMR
(300 MHz, DMSO-ds) 6 0.94-1.16 (m, 6H), 3.83-4.25 (m,
4H), 4.55 (s, 1H), 6.57 (s, 2H), 7.43-8.01 (m, 8H Ar), 11.40
(br s, 1H). *C{'H}-APT NMR (75 MHz, DMSO-d) § 13.5
(1C), 13.6 (1C), 39.0 (I1C), 60.5 (1C), 61.9 (1C), 104.0 (10),
120.6 (1C), 124.3 (q, J = 271.3 Hz, 1C), 125.3 (2C), 127.5
(q, J = 33.2 Hz, 10C), 128.5 (4C), 129.8 (2C), 130.1 (10),
137.3 (1C), 149.8 (2C), 151.5 (2C), 161.7 (1C), 163.9 (2C). IR
(neat) (cm™") 3685, 3674, 3466, 3329, 3206, 2987, 2901, 2186,
1933, 1706, 1655, 1617, 1581, 1505, 1476, 1406, 1394, 1380,
1323, 1249, 1241, 1226, 1162, 1066, 1027, 1015, 892, 865,
844, 757. HRMS (ESI+) calculated for CysH,CIF3N4NaOs
585.1123; found 585.1116 [M + Na]™.

2.2.22. Diethyl 6-amino-4-(4-chlorophenyl)-5-cyano-1-(4-
methoxybenzamido )-1,4-dihydropyridine-2,3-dicarboxylate
(7g8)

Following the general procedure, compound 7gg was obtained
as a pale-brown solid in 57 % yield (149.6 mg). '"H NMR
(300 MHz, DMSO-ds) 6 0.94-1.13 (m, 6H), 3.84 (s, 3H),
3.90-4.19 (m, 4H), 4.39 (s, 0.75H), 4.51 (s, 0.25H), 6.40 (s,
1.5H), 6.45 (s, 0.5H), 6.99-7.11 (m, 2H Ar), 7.21-7.29 (m,
0.5H Ar), 7.36-7.48 (m, 2H Ar), 7.54-7.63 (m, 1.5H Ar),
7.78-7.96 (m, 2H Ar), 11.08 (s, 0.75H), 11.19 (s, 0.25H). '*C
{'"H}-APT NMR (75 MHz, DMSO-d,) ¢ 13.5 (1C), 13.7
(1C), 39.0 (1C), 55.5 (1C), 60.5 (1C), 61.8 (1C), 104.2 (10C),
113.6 (1C), 113.7 (1C), 120.8 (1C), 123.2 (1C), 128.2 (1C),
128.5 (1C), 129.0 (1C), 129.9 (1C), 130.0 (1C), 131.5 (1C),
1429 (1C), 1449 (10), 151.4 (1C), 151.8 (1C), 161.8 (1C),
162.6 (1C), 164.0 (1C), 165.3 (1C), 165.9 (1C). IR (neat)
(cm™") 3674, 3464, 3308, 3222, 3191, 2987, 2901, 2185, 1932,
1727, 1703, 1657, 1634, 1606, 1579, 1477, 1436, 1406, 1394,
1374, 1309, 1262, 1246, 1177, 1103, 1076, 1066, 1056, 1028,
892, 868, 835, 766, 567. HRMS (ESI +) calculated for CogH>s-
CIN4NaOg 547.1355; found 547.1355 [M + Na]™.

2.2.23. Diethyl 6-amino-5-cyano-1-(4-methoxybenzamido )-4-
(4-(trifluoromethyl) phenyl )-1,4-dihydropyridine-2,3-
dicarboxylate (7gk)

Following the general procedure, compound 7gk was obtained
as a brown solid in 51 % yield (142.4 mg). 'H NMR
(300 MHz, DMSO-ds) ¢ 0.96-1.15 (m, 6H), 3.86 (s, 3H),
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3.98 (q, J = 7.1 Hz, 2H), 4.03-4.23 (m, 2H), 4.52 (s, 0.75H),
4.65 (br s, 0.25H), 6.38-6.54 (m, 2H), 7.00-7.15 (m, 2H Ar),
7.42-7.56 (m, 0.5H Ar), 7.70-8.03 (m, 5.5H Ar), 11.11 (br s,
0.75H), 11.22 (br s, 0.25H). "*C{'"H}-APT NMR (75 MHz,
DMSO-ds) d 13.5 (1C), 13.6 (1C), 30.7 (1C), 55.5 (1C), 60.5
(1C), 61.8 (1C), 104.0 (1C), 113.7 (2C), 120.6 (1C), 123.2
(1C), 1243 (q, J = 273.2 Hz, 1C), 125.2 (2C), 127.5 (q,
J = 32.0 Hz, 1C), 128.6 (2C), 129.9 (2C), 143.2 (1C), 150.3
(1C), 151.5 (1C), 161.7 (1C), 162.6 (1C), 163.9 (1C), 166.0
(20). IR (neat) (cm™') 3685, 3671, 3477, 3316, 3206, 2987,
2901, 2186, 1932, 1706, 1655, 1605, 1578, 1465, 1406, 1394,
1381, 1323, 1250, 1241, 1228, 1173, 1105, 1066, 1027, 892,
866, 873, 767, 559. HRMS (ESI +) calculated for Co7H,sF5Ny-
NaOy 581.1618; found 581.1606 [M + Na] ™.

2.3. Cell culture

HeLa (human cervical carcinoma), A549 (human lung carci-
noma) and MIA PaCa-2 (human pancreatic carcinoma, kindly
provided by Dr. Guillermo Velasco, UCM, Spain) cell lines
were cultured in high glucose DMEM (Dulbecco’s Modified
Eagle’s Medium) supplemented with 5 % fetal bovine serum
(FBS). Jurkat, clone E6.1 (human acute T cell leukemia) cell
line (from ATCC, USA) was routinely cultured in RPMI
1640 medium supplemented with 10 % fetal bovine serum
(FBS). All media incorporated L-glutamine in the form of Glu-
taMAX and penicillin/streptomycin. Cultures were maintained
at 37 °C in a humidified atmosphere of 95 % air/5 % COs,.

2.4. Cytotoxicity assay

The MTT assay was used to determine cell viability as an
indicator of cell sensitivity to the compounds. Exponentially
growing cells were seeded at a density of approximately 10*
cells per well (HeLa, A549 and MIA PaCa-2) or 1.5x10°
cells per well (Jurkat) in 96-well flat-bottom microplates
(100 pL/well) and allowed to adhere for 24 h before addi-
tion of the compounds. The compounds were dissolved in
DMSO and added to the cells at concentrations from 1 to
100 uM in quadruplicate. They were then left to incubate
for 24 h or 72 h at 37 °C. After this time, 10 pL of MTT
(5 mg/mL) were added to each well and incubated again
for 2 h at 37 °C. Finally, the culture medium was removed
(plates were centrifuged beforehand for 20 min at 2500 rpm
in the case of Jurkat cells) and 100 pL of DMSO per well
was added to dissolve the formazan crystals. Optical density
was measured at 550 nm using a 96-well multiscanner
autoreader (ELISA). The ICsq was calculated by non-linear
regression using Origin Pro software. Each compound was
assayed a minimum of 3 times independently.

2.5. Cell death analysis

Phosphatidylserine exposure (PS) on the cell surface and cell
membrane permeabilization were measured to detect apoptotic
and necrotic cell death in Jurkat and MIA PaCa-2 cell lines.
For leukemic cells, 1.5x10° cells/well were seeded in complete
RPMI 1640 medium in flat-bottom, 48-well plates (500 pL/
well) and treated with compounds 7dk and 7dg for 24 h and
72 h, respectively, at concentrations of 5, 10 and 20 uM in
duplicate. On the other hand, 5x10* cell/well of pancreatic cells

were seeded in complete DMEM medium in flat-bottom, 24-
well plates (500 pL/well), allowed to attach to the substrate
for 24 h and treated for 24 h with compounds 7dk and 7dg
at concentrations ranging from 5 to 45 uM also in duplicate.
To assess the role of caspases in the death mechanism and
the involvement of necroptosis, cells were preincubated for
1 h with the pan-caspase inhibitor Z-VAD-fmk (30 uM) or
the necroptosis inhibitor Necrostatin-1 (MedChemExpress,
USA) prior to the addition of the compounds. After treatment,
Jurkat cells were directly labeled but MIA PaCa-2 cells were
previously trypsinized. In any case, cells were resuspended in
100 pL of a mixture of Annexin-binding buffer (ABB;
140 mM NacCl, 2.5 mM CaCl,, 10 mM HEPES/NaOH pH
7.4), DY634-conjugated  Annexin-V  and  7-amino-
actinomycin D (7-AAD) and incubated at room temperature
in the dark for 15 min. Finally, cells were diluted to 300 pL
with PBS and a total of 10,000 cells were acquired on a
FACSCalibur™ flow cytometer (BD, Biosciences, USA). Cell
death was analyzed using CellQuest Pro (BD Biosciences),
FlowJo 7.6.1 (Becton Dickinson (BD), USA) and GraphPad
Prism 8.0.1. (GraphPad Software, USA) software.

2.6. Mitochondrial transmembrane potential analysis

The integrity of the mitochondrial outer membrane was
assessed by measuring the disruption of mitochondrial trans-
membrane potential. To this end, 1.5x10° Jurkat cells and
10° MIA PaCa-2 cells were seeded in the appropriate complete
medium in flat-bottom, 48-well plates (500 pL/well) and 12-
well plates (1 mL/well), respectively. Jurkat cells were immedi-
ately exposed to compounds 7dk and 7dg for 24 and 72 h,
respectively, at concentrations of 5, 10 and 20 uM in duplicate.
For their part, MIA PaCa-2 cells were treated once they had
attached to the bottom with compounds 7dk and 7dg for
24 h at concentrations ranging from 5 to 45 uM also in dupli-
cate and they were trypsinized before staining. Subsequently,
cells were resuspended in 500 pL of a mixture of complete
medium and 60 nM of the tetramethylrhodamine ethyl ester
(TMRE) probe and incubated at 37 °C in the dark for
20 min. Finally, a total of 10000 events were acquired on a
FACSCalibur™ flow cytometer and data were analyzed using
the aforementioned software.

2.7. In vivo assays

All experiments followed the PI87/20 research procedures
approved by the ethics committee for animal experiments of
the University of Zaragoza. Animal care and use were carried
out in accordance with the Spanish policy for animal protec-
tion RD53/2013 and the European Union directive 2010/63
for the protection of animals used for experimental and other
scientific purposes. Adult male (9-13 weeks) RjOrl:SWISS
mice from Janvier Laboratories were used. Up to a maximum
of 5 specimens were kept in 30 x 20 x 15 cm boxes, with access
to water and food ad libitum. The room temperature was main-
tained at 23 + 1 °C with a 12 h light cycle (starting at 7:00 a.
m.). Drugs were administered orally (PO) or intraperitoneally
to conscious mice with a standard volume of 10 mL/kg body
weight. Test compounds were administered as a suspension
in physiological saline (5 % DMSO). Animals were monitored
individually at least once during the first 30 min after injection,
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periodically during the first 24 h (with special attention to the
first 4 h) and daily thereafter for a total of 14 days.

The health status of the animals was monitored using a
modified scale based on the proposal by Morton and Griffiths.
General appearance (0-3), weight (0-2), spontaneous behavior
(0-3), and provoked behavior (0-3) were scored (Table S6).

3. Results and discussion

3.1. Synthesis of N-benzamido-1,4-dihydropyridines

We started the study by synthesizing a battery of N-
benzamido-1,4-dihydropyridines 7 following our own experi-
ence to obtain highly functionalized 1,4-dihydropyridines
(Auria-Luna et al., 2015, 2017, 2018, 2020). From previous
asymmetric synthesis of this family of compounds (Auria-
Luna et al., 2015, 2017), we realized about the importance of
bearing a base in the chiral catalyst structure. Therefore, to
develop this work we tested simple organic bases (DABCO,
Et;N and pyridine). From a preliminary exploration, EtzN
was selected as the most accessible and efficient catalyst base
to expand this procedure. Moreover, we simply studied the
procedure at room temperature, in order to avoid consuming
energy and since we obtained really good yields in the model
reaction. Therefore, 1,4-DHPs 7aa, 7ai, 7ba-bj were catalyti-
cally synthesized following a simple and straightforward pro-
tocol and giving rise to the final products with moderate to
excellent yields (from 19 to 96 %) (Scheme 1 and Fig. 2).

Based on our previously reported mechanisms for the
asymmetric version of this synthesis (Auria-Luna et al., 2015,
2017), we herein propose a reasonable mechanism depicted
in Scheme 2.

The synthesized hydrazones 3 are in equilibrium with their
enamine form in the presence of the organic base (A). Then,
the generated enamine would attack to the malononitrile 6
via a Michael addition (B). Afterward, the intermediate hydra-
zone formed in the medium (C), in equilibrium with its ene-
hydrazide form (enamine) (D), would attack to a nitrile group
via an intramolecular nucleophilic addition of the NH (D).
This addition would close the piperidine ring in the intermedi-
ate (E). Final 1-benzamido-1,4-dihydropyridines 7 would be
generated after a subsequent tautomerization of the intermedi-
ate (E) (Scheme 2).

This group of compounds has been initially chosen as a
characteristic family bearing different steric and electronic

properties in the aromatic ring of the starting malononitrile
6. From the different possibilities of functionalization on the
1,4-DHP core, the aryl group at the C4 position has been first
selected as one of the main structural variables. This variety of
1,4-DHP derivatives could exemplify a preliminary representa-
tive structure—activity relationship.

3.2. Cytotoxicity study

With this family of compounds in hand, we carried out the first
biological experiments. Moreover, to clarify if the substitution
in the ester could also exhibit a pivotal role in the biological
activity, we also synthesized two structures with a methyl
group instead of an ethyl group (7aa and 7ai).

First, a cytotoxicity study was carried out with all com-
pounds against four different cancer cell lines: HeLa (human
cervical carcinoma), Jurkat (leukemia), A549 (human lung
cancer) and MIA PaCa-2 (pancreatic cancer). The measure-
ment of the cytotoxic activity was performed using the MTT
assay (van Meerloo et al., 2011) and the results are disclosed
in Fig. 3.

Based on the results obtained for this first block of com-
pounds (Fig. 3), different conclusions can be stated. If a first
comparison is made between compounds 7aa and 7ba or 7ai
and 7bi, whose only difference appears in the dicarboxylate
residue, it is found that the toxicity in all tumor lines studied
is higher for compound 7ba, with the ethyl ester instead of
the methyl one 7aa. However, after the introduction of an elec-
tron withdrawing substituent in the ring of benzylidene-
malononitrile (7ai and 7bi), the trend seems to be reverse.
Nevertheless, we could not assume a general behavior, since
only two examples with this variation have been studied.

Furthermore, it seems that there is certain selectivity
towards the different cancer cell lines, with scarce or no cyto-
toxicity in the case of HeLa and promising results with Jurkat
cells, in general for all tested compounds.

From these preliminary outcomes, it is also possible to pre-
dict some structure—activity relationships. Based on the type of
structure or the possibility of charge delocalization derived
from the position of the electro-withdrawing group in the aro-
matic ring, a marked influence on the results can be observed.
Hence, if compounds 7bd and 7bf are compared, isomers that
differ in the position of the nitro group on the aromatic ring at
the benzylidenemalononitrile 6, 50 % of cell viability was not
reached in the assay conditions for HeLa and A549 cell lines

CO,R2
H XN EtoN (20 mol%)
RU_N. = 2 R3¢ -
N N7 CoR + CN
0 3 solvent
| | rt,24 h
H CO,R?2
R__N. CN
N NH; l s Y H <
o] + R * ©N 7
CO,R? Z
1 2 4 5
Scheme 1  Synthesis of 1-benzamido-1,4-dihydropyridines 7.
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Scheme 2  Plausible reaction mechanism.

for compound 7bd, with the substituent in meta-position. In
contrast, compound 7bf, with the same substituent in para,
presents higher I1Csq values for both lines and lower in the
other two cancer cell lines.

If a comparison is made between the different electron-
donor / acceptor properties of the selected benzylidene-
malononitrile 6, it can also be concluded that those com-
pounds with electro-withdrawing substituents such as 7bd-bh
mostly present better results in the lines studied than species
7bj, with a methyl moiety in the aromatic ring (4-MeCgHy).

In the same way, it is remarkable that analogous com-
pounds 7bg (4-CIC¢H,4) and 7bh (4-BrCgH,), both with a halo-
gen in para, present clear differences in terms of selectivity for
all lines studied. Therefore, while the chloro derivative 7bg

shows moderate to good results in all of them, the bromo
one 7bh does not reach levels of 50 % inhibition in HeLa
although it presents better results in Jurkat or A549.

Considering this structure—activity relationship, it is pos-
sible to conclude that the cytotoxicity results are dependent
on the malononitrile precursors, showing the best ICs, val-
ues for derivatives with electro-withdrawing substituents on
them. Specifically, compound 7bg (4-CICqH,) provided, in
general, the best cytotoxicity values for the four tumor lines
tested.

Once this trend was known and assessed, a second series of
compounds was synthesized, in this case, with the malononi-
trile derivatives as fixed precursors and making the respective
variations in the hydrazone residue 3.
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Fig. 3 ICso values (uM) for 1,4-DHPs 7aa, 7ai, 7ba-bj after 24 h. Error bars represent the standard deviation for 3 independent
experiments. Empty boxes show those experiments in which 50 % of cell viability was not reached in the assay conditions. The complete
data with error values can be found in the supporting information, Table S1.
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Fig. 4 Structures of 1-benzamido-1,4-dihydropyridines 7bg-gg (block 2A) and 7bk-gk (block 2B).

In this sense, with the main goal of developing more struc-

tural diversity and giving rise to anticancer drugs with better

activities, we further synthesized five additional derivatives

bearing the para-Cl group 6g fixed in the aromatic ring
(Fig. 4, block 2A). Additionally, evaluating the electronic
properties of the compounds with the presence of a CF3 group
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and working under the hypothesis that this moiety could
increase the bioavailability of the resulting structures in the cel-
lular environment (Shah and Westwell, 2007; Gillis et al., 2015)
a 4-F3CC¢H,4 group (6k) was selected as a fixed precursor for
the synthesis of 6 new derivatives (Fig. 4, block 2B).

Then, using the same general synthetic protocol disclosed in
Scheme 1, a total of 12 derivatives were obtained with moder-
ate to excellent yields (from 44 to 96 %), being the first exam-
ple in the literature of this kind of interesting derivatives.
Hence, with them in hand, we proceed with the biological tests,
firstly with block 2A (Fig. 5).

As can be seen in Fig. 5, variation in the hydrazone moiety
of precursor 3, in almost all cases, implies an improvement in
the ICsy value for all lines studied in comparison with 7bg.
Only for compound 7eg, with the 4-O,NCgH, substitution,
the values of ICsy are somehow higher.

In addition, it is noticeable that the introduction of new
substituents in the starting hydrazone 3 has led to a very nota-
ble increase in cytotoxicity towards the HeLa tumor line,
whose values were moderately high in the derivatives of block
1 and in this case, they are better and below 40 uM in some
cases. Focusing on HelLa cells, it is revealed that the elec-
tronegativity of the substituent introduced in precursor 3 is
not decisive in terms of cytotoxicity. Compound 7eg (4-
O,NCgHy) shows the worst ICsy value for this line
(60.12 uM), while compound 7fg (4-CIC4H4) bearing an elec-
tronegative substituent presents the lowest value for the same
line (21.64 pM). This seems to indicate that not only the elec-
tronic characteristics of the substituent influence the activity
but also the structure by itself plays a fundamental role. This
low selectivity, in terms of electronic properties, is reflected
again if a comparison is made between opposing groups such
as 4-O,NCgH, of 7eg and 4-MeOC4H, of 7gg. The MeO
group, which is a good electron density donor, presents ICs,
values in all cases lower than 7eg, although higher than other
derivatives with electron-withdrawing groups, such as 7fg

120.00
100.00
80.00
60.00
40.00

20.00

(4-CIC¢Hy). This same controversial situation is manifested if
we focus on the two best compounds: 7fg and 7dg, the first
of them with a para chlorine substitution and the second, with
an alkyl chain of seven carbon atoms. In both cases, similar
results and similar selectivity are observed for the different cell
lines.

Additionally, and in parallel to this block 2A, the deriva-
tives 7bk-7gk (Fig. 4, block 2B), with a CF; moiety were also
explored (Fig. 6).

As expected, changing the Cl group in para position by a
substituent with greater biocompatibility resulted in a notable
improvement of the ICsq values in all cancer cell lines (Fig. 6).

Again, the increase in selectivity towards the HeLa line is
noteworthy, except for compound 7bk which did not present
any toxicity against this line. The remaining compounds exhi-
bit activity against all cancer cell lines assayed, even reaching
values of 15.52 uM in the case of 7dk (heptyl), better than
its chloro analog 7dg (29.93 uM) at the block 2A, although
the best results were obtained for Jurkat and MIA PaCa-2 cell
lines. Additionally, when the study was performed with the
most active structure 7dk during 72 h instead of 24 h, for the
four cell lines, better values of cytotoxicity were achieved in
all cases as reported in Fig. 7.

In general, this derivatization process proved to be useful,
observing a gradual increase in cytotoxicity of all new com-
pounds tested. Furthermore, these results might be of interest
due to the presence of selectivity in the behavior of the above-
mentioned compounds against specific cancer cell lines, which
may become an attractive characteristic for new drug
discovery.

3.3. Additional biological tests

To explore more precisely the activity of the best working com-
pounds in the MTT assays (7dk and 7dg), a series of additional
biological tests were performed, including cytotoxicity assays,

WMWWWWW

e R
M Hela 82.25 38.68 29.93 60.12 21.64 48.05
W Jurkat 21.22 12.24 13.24 32.98 8.27 18.78
[ A549 45.20 32.90 20.88 61.57 20.93 37.10
O MIA PaCa-2 28.28 25.96 33.20 55.55 15.85 34.80

Fig. 5

1Cso values (uM) for 1,4-DHPs 7bg-gg after 24 h. Error bars represent the standard deviation for 3 independent experiments.

Empty boxes show those experiments in which 50 % of cell viability was not reached in the assay conditions. The complete data with error

values can be found in the supporting information, Table S2.
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Fig. 6 1Cso values (uM) for 1,4-DHPs 7bk-gk after 24 h. Error bars represent the standard deviation for 3 independent experiments.
Empty boxes show those experiments in which 50 % of cell viability was not reached in the assay conditions. The complete data with error

values can be found in the supporting information, Table S3.
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Fig. 7

1Csq values (uM) for 1,4-DHP 7dk in a comparative study for 72 h and 24 h. Error bars represent the standard deviation for 3

independent experiments. The complete data with error values can be found in the supporting information, Table S4.

cell death mechanism studies and assessment of mitochondrial
transmembrane potential. Working under the same criteria,
the tumor cell lines studied with these compounds were Jurkat
and MIA PaCa-2, as they were the two cell lines with the low-
est 1Csq values (9.7 uM and 13.2 uM for Jurkat and 11.0 uM
and 33.2 uM for MIA PaCa-2, respectively).

3.3.1. Morphological appearance

Cellular behavior and prominent morphological alterations
resulting from their exposure to compounds were analyzed

under an inverted microscope. While untreated cells were
healthy, grew exponentially and exhibited their characteristic
morphology (lymphoblast-like in the case of Jurkat cells and
epithelial-like with floating rounded cells in the case of MIA
PaCa-2 cells), treated ones were significantly disturbed the
higher the dose, especially MIA PaCa-2 cells (Fig. 8). It should
be noted that the response of each cell type to each compound
is different.

Jurkat cells only changed their appearance with the highest
concentration of 7dk, with which the presence of a large num-
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Fig. 8 Phase-contrast microscopy images of MIA PaCa-2 cells exposed to increasing concentrations of 7dk and 7dg for 24 h. Black and
grey arrows point to examples of apoptotic and necrotic cells, respectively. Little black triangles denote cells containing cytoplasmic

vacuoles.

ber of dead cells was evident after 24 h of treatment (data not
shown). However, few signs of cell death were detected with
7dg whatever the dose despite treatment being extended up
to 72 h (data not shown). A different behavior was found with
MIA PaCa-2 cells, which were already affected by both com-
pounds at 24 h in different ways. The appearance they pre-
sented when treated with the lowest dose of 7dk was similar
to that of healthy cells, but when they were faced with the
highest dose, the majority of the cell population exhibited a
clearly apoptotic and necrotic morphology (Fig. 8). Addition-
ally, with the intermediate concentration, it is possible to iden-
tify vacuoles of different sizes in the cytoplasm, in addition to
apoptotic and necrotic cells (Fig. 8). Nevertheless, 7dg induced
apoptotic and necrotic morphology at a similar level regardless
of dose and cytoplasmic vacuolization was not detected

(Fig. 8).

3.3.2. Cytotoxic potential and cell death mechanism

To further explore the effect of the compounds on both cell
lines, several flow-cytometry studies were carried out. Firstly,
we evaluated their ability to promote cell death based on speci-
fic cell death markers, in particular phosphatidylserine (PS)
exposure on the outer face of the plasma membrane to detect
apoptosis and plasma membrane permeabilization to identify
necrosis. The presence of PS on the cell surface is indicative
of an ‘early apoptotic’, event that can be measured by flow
cytometry thanks to Annexin-V protein conjugated with dif-
ferent fluorophores, while the integrity of the plasma mem-
brane is compromised in the so-called ‘late apoptosis’ and
can be tested with DNA intercalating agents (Stojak et al.,
2013). In this case, we have used DY634-conjugated
Annexin-V and the DNA-labelling dye 7-AAD.

At first glance in Fig. 9, the cytotoxic potential of the com-
pounds is greater the higher the dose, but substantial differ-
ences in the response of both cell lines to each species are
observed. Compound 7dk displays an extraordinary cytotoxic
potential at higher concentrations in both cell lines after 24 h
of treatment (Fig. 9: A and C). Conversely, 7dg is less effective

for this purpose, since only a modest cytotoxic effect is
observed in MIA PaCa-2 cells at 24 h at the highest doses
(Fig. 9D), and in Jurkat cells, the cell death induced is scarce
even at high doses and exposition times (Fig. 9B). In the latter
case, it is remarkable that only 20 % death is observed at a
concentration of 20 uM when the ICsy value resulting from
the MTT assays at 24 h is close to 10 uM. This suggests that
7dg rather exerts a cytostatic effect in Jurkat cells. According
to labeling, late apoptosis (Annexin-V-DY 634+ /7-AAD +)
is the main cell fate in both cell types with the two compounds.
Moreover, while early apoptotic (Annexin-V-DY634+ /7-
AAD-) or necrotic (Annexin-V-DY634-/7-AAD+) Jurkat
cells are barely detected with both compounds, in MIA
PaCa-2 cells early apoptosis is somewhat more common, and
in some cases even necrosis (Fig. 9). Therefore, these data par-
tially support microscopy observations.

Based on these results, we decided to delve into the mecha-
nism of death associated with the compounds, except in the
case of leukemic cells treated with 7dg, which were excluded,
as they did not reach a noticeable death threshold. Specifically,
we evaluated the involvement of caspases as crucial mediators
of apoptosis (Sadowski-Debbing et al., 2002) and we wanted to
find out if necroptosis, a novel type of necrotic-like, caspase-
independent programmed cell death (Dunai et al., 2012), was
unleashed. The pan-caspase inhibitor Z-VAD-fmk and the
necroptosis inhibitor Necrostatin-1 (Nec-1) were used to unveil
the role of caspases and the activation of necroptosis, respec-
tively. Fig. 10 shows the poor ability of Z-VAD-fmk to prevent
the cell death triggered by 7dk in both cell lines. Nec-1 has no
effect on cells treated with this compound and the combination
of both inhibitors does not enhance the inhibitory effect of Z-
VAD-fmk alone (Fig. 11: A and B). Intriguingly, at the con-
centration that large vacuolization occurs in MIA PaCa-2
cells, both inhibitors separately or in combination increase
the populations of the early and late apoptotic cells
(Fig. 11B), while the level of vacuolization appears to decrease
slightly in these situations (Fig. 10). By contrast, neither Z-
VAD nor Nec-1 and the combination of both inhibitors man-
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age to reduce the death induced by 7dg in the pancreatic cell
line (Fig. 11C).

Taken all this together, we gather that these compounds
promote a caspase-independent cell death mechanism, but
necroptosis is not activated in our models. In addition, the for-
mation of many large vacuoles with 7dk in MIA PaCa-2 cells
leads us to suspect that an alternative cell death mechanism
known as paraptosis could be activated in this case. One of
the hallmarks of this novel form of programmed cell death is
the massive cytoplasmic vacuolization resulting from the
dilatation of the endoplasmic reticulum and, to a lesser extent,
of the mitochondria, accompanied by the absence of caspase
activity and apoptotic morphology (Wang et al., 2019).
Although these features fit our results, typical apoptotic and
necrotic morphologies are also observed under the microscope
that are consistent with flow cytometry analysis (Figs. 8 and 9).
This may mean that 7dk is an extraordinary inducer of cell
death in the pancreatic cell line, since it is capable of triggering
three death pathways, although it is also possible that parapto-
sis ends up leading to apoptosis. In this sense, a study with an
Alzheimer’s disease cellular model proposes that during early
pathological stages of the disease paraptosis befalls and when
it progresses, the mitochondria are damaged, which provokes
changes in the expression of the Bcl-2 family proteins leading
to the activation of the mitochondrial apoptotic pathway (Jia
et al., 2015). In any case, further studies are needed to unravel
what happens at the molecular level in the presence of the
tested DHPs derivatives. Since the only structural difference
between both compounds is the substitution of a chloro group
(7dg) by a CF; group (7dk) of one of the aromatic rings, it is

possible that the particularities described for 7dk are due to
the presence of the CF; group, which has been shown to
improve bioavailability (Shah and Westwell, 2007; Gillis
et al., 2015). Notwithstanding, more in-depth studies are again
required to confirm this hypothesis. Paraptosis has been
related to naturally occurring compounds including curcumin,
celastrol, hesperidin or cyclosporine A, as well as synthetic
ones, i.e. benfotiamine and mainly metallic compounds con-
taining rhenium, ruthenium, copper, iridium and titanium
(Wang et al., 2019; Ye et al., 2015; Li et al., 2017; Tardito
et al., 2011; Gandin et al., 2012; Yokoi et al., 2020; He et al;
2018; Cini et al., 2016). Likewise, it has also been described
that sub-lethal doses of lercanidipine, a third-generation 1,4-
dihydropyridine, induce paraptotic cell death in cancer cells
resistant to proteasome inhibitors (Lee et al., 2019). However,
to the best of our knowledge, there is no evidence that similar
compounds to those used here unleash this type of cell death.

3.3.3. Mitochondrial transmembrane potential disruption

The pivotal role of mitochondria in cells is fully known. Con-
sidered the heart of cellular metabolism, they are the main
players in the bioenergetics maintenance by supplying ATP
to cells (Bock and Tait, 2020). In turn, they participate in
many vital cell processes, such as the biosynthesis of several
macromolecules, Ca® " -homeostasis, gene expression, differen-
tiation, inflammation and even cell death (Vakifahmetoglu-
Norberg et al., 2017). In fact, its role in apoptosis has been
thoroughly examined and its involvement in other types of
programmed cell death has also been reported (Jeong and
Seol, 2008). In these cases, the role of mitochondria is still
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not well understood but the idea that different modalities of
cell death crosstalk one another and that this organelle act
as a mediator is gaining strength (Bock and Tait, 2020). Thus,
we focused on the mitochondria to conclude with the biologi-
cal experiments.

Specifically, we evaluated the integrity of the outer mito-
chondrial membrane by flow cytometry using the TMRE (te-
tramethylrhodamine ethyl ester) probe. This molecule
accumulates in active mitochondria, but certain cellular stres-
ses, including chemotherapeutic agents, prompt mitochondrial
outer membrane permeabilization (MOMP) and subsequent
mitochondrial depolarization, which hinders TMRE incorpo-
ration. The obtained results demonstrate different effects on
the mitochondrial potential depending on the cell line and
the species incubated. Fig. 12A shows a complete disruption
of mitochondrial transmembrane potential with the highest
dose of 7dk in Jurkat cells. Lower doses of this compound
and 7dg scarcely induce mitochondrial depolarization
(Fig. 12: A and B). Interestingly, 7dg at the highest concentra-
tion drives to partial mitochondrial membrane potential

decrease and in turn to a slight hyperpolarization of those
mitochondria that preserve their transmembrane potential
(Fig. 12B). Contrariwise, the loss of the mitochondrial trans-
membrane potential is more evident in MIA PaCa-2 cells with
all the treatments. Similar to Jurkat cells, the potential is
utterly and dramatically lost with the highest and intermediate
dose of 7dk, respectively; however, the lowest concentration
has little effect on mitochondrial potential (Fig. 13A). In the
case of 7dg, the disruption is moderate at the doses tested
(Fig. 13B).

These results correlate with those of cytotoxicity, since gen-
erally MOMP, considered as an ‘all-or-nothing’ decision for
cells, precedes PS exposure in the apoptotic process
(Vorobjev, and Barteneva, 2015; Kalkavan and Green,
2018). Hence, the loss of mitochondrial transmembrane poten-
tial may be slightly higher than the recorded death. Neverthe-
less, the exception occurs in the MIA PaCa-2 cells with 7dk at
a dose of 10 uM, with which Annexin-V positive labeling is
poor but, surprisingly, a noteworthy mitochondrial potential
decrease befalls. This lay bare that other molecular mecha-
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nisms different from apoptosis are involved and, as already
mentioned above, paraptotic cell death cannot be ruled out.

3.4. Photophysical properties

Emissive properties of all 1,4-dihydropyridine derivatives were
studied in DMSO solution in concentrations ranging from 1 to
5 mM. The emission and excitation maxima are collected in
Tables 1 and 2. Most of the compounds were emissive reveal-
ing a maxima emission band between 400 and 506 nm. How-
ever, a thorough analysis revealed some relationship between
the chemical structure and the emissive properties. Thus,
strong dependence on the nature of the aromatic ring at the
1,4-dihydropyridine core seems to rule the capacity of the com-
pound to emit light, see Table 1 and Figure S42.

On the base of the results reported in Table 1, some state-
ments can be concluded. Thus, compounds containing a halo-
gen substituted phenyl ring in para position at the alkylidene
malononitrile reagent, i.e. 4-CICcHy (7bg), 4-BrCgH,4 (7bh)
were not emissive, which contrasts with the emission showed
by 7be centered at 450 nm, having a 3-CIC¢Hy4. In addition,
compounds with cyano and trifluoromethyl groups, 4-
NCC¢Hy (7ai and 7bi) and 4-F;CCgH4 (7bk), displayed
an emission between 459 and 500 nm. In the case of nitro-

phenyl derivatives, 4-O,NCgH4 (7bf) and 3-O,NCgHy (7bd),
none of them were found emissive, following the same non-
emissive behavior reported by Pavez and Encinas for similar
nitrophenyl DHP (Pavez and Encinas, 2007). The most ener-
getic emission band is observed for an electron donor substi-
tuted compound, 7bj (4-MeCgHy), at 400 nm. An additional
remark regarding the 1,4-dihydropyridine core was the blue
shifted emission and the higher intensity delivered by 7ba
and 7bi in comparison with that of their analogous 7aa and
7ai, being the only difference the substitution of the dicarboxy-
late residue, going from OEt (7ba and 7bi) to OMe (7aa and
7ai), see Table 1 and Fig. 14 (see also, in the supporting infor-
mation, Figure S43). Surprisingly, compound 7bb, containing
a naphthyl group instead of the phenyl ring showed no emis-
sion. However, the thiophene derivative 7bc displayed a strong
luminescence centered at 506 nm.

Thereafter, the emissive properties for families of 1-
benzamido-1,4-dihydropyridines 7bg-gg (4-CIC4H,) and 7bk-
gk (4-F3CC4Hy4) were analyzed separately in order to assess
how the hydrazide functionalization might affect the photo-
physical behavior (Table 2 and Figure S43).

The most remarkable result was the higher emissive charac-
ter of 7cg and 7ck in comparison with that of their counter-
parts. Both compounds containing the benzohydrazide
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Table 1 Photophysical data of compounds derived from 1,4-dihydropyridine core (7aa, 7ai and 7ba-bk) recorded in DMSO solution

(1-5 mM) at room temperature (298 K).

1,4-DHP Aexe (nm) Aem (nm) R 1,4-DHP Aexe (nm) Aem (nm) R

Taa 400 470 Ph Tbg - - 4-CICgHy
7Tba 375 433 Ph 7bh - - 4-BrC¢Hy
Tbb - - Naphthyl Tai 419 500 4-NCCgH,4
7Tbc 375 506 2-Thienyl Tbi 395 466 4-NCCeH,4
7Tbd - - 3-O,NCeHy Tbj 310 400 4-MeCeHy
7Tbe 309 450 3-CIC¢H4 Tbk 395 459 4-F;CCgHy
Tbf - - 4-O,NC¢Hy

Table 2 Photophysical data of 1-benzamido-1,4-dihydropyridines 7bg-gg and 7bk-gk recorded in DMSO solution (1-5 mM) at room

temperature (298 K).

1,4-DHP Aexe (nm) Aem (nm) R 1,4-DHP Aexe (nm) Aem (nm) R
Tbg - - Ph Tbk 395 459 Ph
Teg 478 529 CH,C¢Hs Tck 420,545 457,562 CH,C¢Hs
Tdg - - -(CH,)¢CH; Tdk 305 450 -(CH,)¢CH;
7eg - - 4-02NC6H4 Tek - - 4-02NC6H4
Tfg 429 504 4-CIC4H,4 7tk 400 457 4-CIC4H4
Tgg 426 508 4-MeOC¢H4 Tgk 377 451 4-MeOC¢Hy
——Em 7ai (OMe) ——Em 7aa (OMe)
1.0 468 nm._ 500 nm —E$ 7:Ii (Oéte) 1,04 5 470.m — EQ 7:: (OEte)
> 08 2> 08
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Fig. 14

moiety displayed an emissive broad band center at 529 and
457 nm respectively. Moreover, 7ck displayed an additional
structured peak centered at 562 nm, when itis irradiated at lower
energies, see Fig. 15. Contrary to those, compounds 7bg, 7dg
and 7ek were not emissive or were barely emissive like 7eg.
Moreover, the other compounds from the two families displayed
low intense broad emissive bands between 450 and 508 nm.
Based on the maxima emission and excitation data found
for analyzed compounds 7, it can be concluded that 7cg and
7ck have good prospects within cell imaging applications.
Their higher intensity emission in comparison with that of
their counterparts, together with the lower energies needed
for their photoactivation (over 470 nm) and the emission max-
ima over 500 nm, might be a good ally to overcome problems
related to autofluorescence from biological samples, and thus
increase the signal-to-noise ratio. This advantage would be
especially important in the case of 7ck, which could be excited

Wavelength / nm

Emission spectra of 7ai and 7bi (left) and 7aa and 7ba (right).

at 545 nm, far away from the photoactivation of the biological
material and rendering better quality bioimages.

3.5. In vivo assays

Finally, we also performed an in vivo toxicity study to evaluate
the effect of two of the most active DHP derivatives. For such
a purpose, compounds 7dg and 7dk were selected, both with
the same heptyl substituent in the hydrazide moiety. In this
study, an acute oral (PO) and intraperitoneal (IP) toxicity test
were performed based on the OECD Test No. 425: Acute Oral
Toxicity: Up-and-Down Procedure (Test, 2022). The highest
dose tested was 17.5 mg/kg and the starting dose was
0.175 mg/kg, applying a slope of 2. The test was performed
in male RjOrl: SWISS mice of 9-13 weeks with dosing intervals
of 48 h. Then, toxicity was evaluated after a single
administration.
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The solution of each tested compound was prepared in a
DMSO (5 % max.): Water Milli-Q suspension and was admin-
istered in a volume of 1 mL/100 g of body weight. The animal
health assessment was measured by weighing them and check-
ing their general status through an evaluation scale (0-11
points) (Morton and Griffiths, 1985) during the whole process.
These data were collected at 1, 2, 7 and 14 days and are
reported in the supporting information of this article.

Interestingly, none of the animals showed significant weight
variations at any of the times evaluated, both in the PO and IP
tests. The variation of the weight was always < 5 % of loss
with respect to the initial weight of the mice, for both tests
at 24 and 48 h, respectively. The same occurs after one week
or even two weeks, where is possible to observe just an increase
in weight in agreement with the strain and sex of the animals
(see Table S5 in the supporting information for all data).

Moreover, in both types of administration (PO and IP) no
loss of animal welfare was detected in any of the mice during
the 14 days after the administration of the products (zero value
in the evaluation scale of all animals on 1, 2, 7 and 14 days). It
is worth mentioning that the administered doses to the mice
were around 2500 and 3300 times more concentrated than
the ICs values for 7dg and 7dk, respectively, in in vitro assays,
and that none of the animals died with any dose supplied in
each of the two groups of substances. These studies support
the lack of toxicity of the tested 1,4-DHPs in non-cancer cells
or at least, their major specificity for cancer cells. This property
could open the door to further efficacy studies using these
DHPs in other in vivo tests for the discovery of new potential
anticancer drugs.

4. Conclusions

A new family of 1,4-DHPs bearing a hydrazide moiety has been suc-
cessfully synthesized with moderate to excellent yields.

These 1,4-DHPs have been tested against HeLa, Jurkat, A549 and
MIA PaCa-2 cancer cell lines, showing good activity. The first struc-
ture—activity assessment related to the aryl group of our compounds
has indicated that the 4-Cl substituted structure 7bg is the best candi-
date overall. This product, together with a 4-CF; substituted one 7bk,
due to similitude and enhanced biocompatibility, have been used as
models to create a second generation of molecules modifying their
N-heterocyclic position. 4-CF; substituted compounds have provided
the best results, with 1Cs, values close to the nM range. Interestingly,
these results can be improved at longer incubation times, making these
compounds good candidates to perform more specific studies.
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Emission and excitation spectra of 7cg (left) and 7ck (right).

Under the microscope, cells show apoptotic and necrotic morphol-
ogies upon exposure to the compounds, and flow cytometry assays
support these observations in different cases. Moreover, a more
detailed labeled experiment together with mitochondrial transmem-
brane potential disruption measurements suggest that our compounds
trigger a non-conventional caspase-independent cell death mechanism
known as paraptosis.

Concerning the photophysical properties of our compounds, some
of them show intense excitations and emissions at relatively high wave-
lengths (green to yellow) which could be of great use to develop new
biomarkers and theragnostic agents.

Finally, acute oral toxicity tests in mice show that dosing extraor-
dinarily high concentrations (2500 to 3300 times the ICs, values) of our
test compound does not produce any adverse effect on the specimens
for at least two weeks, which indicates a lack of toxicity or at least a
major selectivity to cancerous cells. These results support further stu-
dies and optimizations so as to better understand the behavior of these
promising compounds.
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Appendix A. Supplementary material

Supplementary data related to this article can be found at
http://dx.doi.org/. These data include synthetic procedures of
precursors 3 and 6 and excitation and emission spectra of
1,4-dihydropyridine derivatives 7, as well as copies of the 'H
and *C{'H}-APT NMR spectra of all new compounds. The
supporting information also reports the biological section
related to ICsy values and in vivo assays with mice. Supplemen-
tary data to this article can be found online at https://doi.org/
10.1016/j.arabjc.2022.104514.
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