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Abstract: Herein, we report the design and synthesis of novel 7-aza-coumarine-3-carboxamides
via scaffold-hopping strategy and evaluation of their in vitro anticancer activity. Additionally, the
improved non-catalytic synthesis of 7-azacoumarin-3-carboxylic acid is reported, which features
water as the reaction medium and provides a convenient alternative to the known methods. The
anticancer activity of the most potent 7-aza-coumarine-3-carboxamides against the HuTu 80 cell
line is equal to that of reference Doxorubicin, while the selectivity towards the normal cell line is
9-14 fold higher.
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1. Introduction

Coumarins are widespread structural motifs in natural products and exhibit a broad
range of biological activities [1-3]. Their anticancer properties [4-6] have attracted con-
siderable interest and have been extensively studied by multiple research groups. One of
the promising classes of coumarin derivatives is coumarin-3-carboxamides, which have
been the object of numerous in-depth investigations [7-11]. A large series of coumarin-
3-carboxamides have been obtained and tested against various types of cancer cell lines
so far. Among them, promising candidates for further development have been reported
(Scheme 1A) [11,12].

A powerful strategy for discovering novel biologically relevant compounds is scaffold
hopping [13,14], a concept that was first introduced by Schneider and coauthors [15]
in 1999. Scaffold-hopping methods imply the modification of the core structure of the
molecule with known activity to give a novel chemotype while trying to conserve the
biological properties of the parent compound. The simplest modification is replacing
or swapping carbon and heteroatoms in a backbone ring (1° hop, according to Sun and
coworkers [14]), which in the case of coumarins, would derive their heterocyclic analogs.
The incorporation of a nitrogen atom into aromatic moiety is of special interest. It may
decrease compounds’ susceptibility to oxidative metabolism [16], thus improving their
bioactivity profile. Additionally, the ability of nitrogen atoms to form extra hydrogen bonds
may also play a role in binding to the active site of a biological target. For example, the
replacement of aromatic carbon atoms by nitrogen has been successfully employed for the
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development of anticancer agents based on azaindole [17], imidazo[1,2-a]pyridinone [18],
and pyrido[1,2-a]pyrimidin-4-one [19] scaffolds.

--- A) Coumarin-3-carboxamides and design of their nitrogen analogues -----------------

5 R = (CH,)3NMe,, scaffold
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Scheme 1. Examples of coumarin-3-carboxamides with antitumor activity and scaffold hopping
to nitrogen analogs (A); the only known 7-aza-coumarin derivatives (B); synthesis of novel 7-aza-
coumarin-3-carboxamides proposed in this work and the most potent compound (C).

Thus, we wanted to investigate if a similar replacement of aromatic carbon by nitro-
gen would allow us to enhance the anticancer properties of coumarin-3-carboxamides.
Notably, azacoumarins represent an interesting yet underexplored family of compounds.
Although multiple regioisomeric azacoumarins are possible, only a few of them have been
obtained so far. The vast majority of available bioactivity data refers to 1-azacoumarins
(2-quinolones) [20], which have been extensively studied due to their remarkable anticancer
properties [21-25].

Taking all of the above into account, we first aimed at the synthesis of hitherto un-
known 7-azacoumarin-3-carboxamides and the evaluation of their cytotoxicity towards can-
cer cell lines. The literature survey revealed that only a limited number of 7-azacoumarins
are known until now (Scheme 1B). Lebeau and coworkers reported the 4-stage synthesis of
methyl ester of 7-azacoumarin-3-carboxylic acid starting from 3,5-dichloropyridine in 25%
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overall yield [26]. Casas and coworkers described the thallium(III) [27] and gold(I) [28]
complexes of the 3-mercapto-7-azacoumarin derivative. However, the ligand was not
isolated in pure form. Finally, Pizzo and Fringuelli developed the method of synthesis
of 3-substituted 7-azacoumarins, including 7-azacoumarin-3-carboxylic acid, via one-pot
two-stage Knoevenagel condensation of pyridoxal with CH-acids [29].

Based on these data, we proposed the synthetic route to desired compounds as de-
picted in Scheme 1C. As a result of our studies, herein we report a two-stage synthesis
of diverse 7-azacoumarin-3-carboxamides and evaluation of their cytotoxicity towards
tumor and normal cell lines. Taking into account that cervical cancer is one of the most
common gynecologic cancers worldwide [30,31], the M-HeLa cell line was chosen for
testing. Additionally, the cytotoxicity towards HuTu 80 cells was evaluated. Although
duodenal adenocarcinoma is a rare type of tumor, its aggressive progression makes surgical
resection the most used therapy [32]. Certainly, a lack of chemotherapeutic treatment for
this type of cancer is a serious problem. Additionally, both M-HeLa and HuTu 80 cell lines
are widely used for cytotoxicity evaluation, which facilitates the comparison of the ob-
tained data with literature values. Doxorubicin and 5-fluorouracil were chosen as reference
compounds. This choice was guided by following considerations: (a) both Doxorubicin
and 5-fluorouracil are widely used for the treatment of various types of cancer, so a com-
parison of novel compounds with well-known marketed drugs can be made; (b) there are
many published studies in which these compounds were employed as reference, thus a
comparison with literature data becomes possible.

The cytotoxicity of the most potent compounds was comparable to that of “golden
standard” Doxorubicin (IC5 2.9-5.5 uM vs. 3.0 £ 0.2 uM for Doxorubicin), while the toxicity
towards normal cell line was much lower (selectivity index, SI = 10-14 vs. SI = 1 for Doxoru-
bicin). Additionally, we report an improved synthesis of 7-azacoumarin-3-carboxylic acid,
which features a simpler and “greener” procedure than known ones, and it does not require
any catalysts and uses water as a reaction medium.

2. Results and Discussion
2.1. Chemistry

We initiated our studies by searching the optimal conditions for the synthesis of a
key intermediate, 7-aza-coumarin-3-carboxylic acid 3a, using easily available pyridoxal 1
or pyridoxal hydrochloride 1-HCl as a starting compound. As was mentioned above, the
synthesis of compound 3a was achieved earlier via base-promoted Knoevenagel condensa-
tion of pyridoxal with malononitrile and the subsequent acidic hydrolysis of intermediate
nitrile [29]. We speculated that the usage of malonic acid esters instead of malononitrile
would allow us to obtain acid 3a directly, thus avoiding a hydrolysis step. Pleasingly,
simply keeping the water solution of pyridoxal or pyridoxal hydrochloride and Meldrum’s
acid at room temperature furnished the desired 7-aza-coumarin-3-carboxylic acid 3a in
fairly high yield (Table 1, entry 1). The structure of acid 3a was confirmed by X-ray analysis
of its potassium salt (see Supplementary Information, Table S1, Figure S7 for additional
details and X-ray data). Moreover, the phosphoryl derivative 3b could be obtained from
pyridoxal-5-phosphate using the same procedure (Table 1, entry 2). We tried to replace the
Meldrum’s acid with more accessible malonic acid, however, without success. Although
both non-catalytic and catalytic variants were tested, the yield of compound 3a did not
exceed 10% (Table 1, entry 3). We also tested dimedone in this reaction, which allowed us to
obtain 7-azacoumarin 4 (Table 1, entry 4). Notably, the reaction of acetylacetone resulted in
either 7-azacoumarin derivative 5 or fluoropyridine 6, depending on the reaction conditions
(Table 1, entries 5,6).
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Table 1. Development of the synthesis of key 7-aza-coumarin-3-carboxylic acid 3a.
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2 Isolated yield.

The structures of compounds 4 and 5 were additionally confirmed by X-ray analysis
(see Supplementary Information, Table S1, Figures S1-S3 for detailed X-ray data). Interest-
ingly, compound 4 exhibited axial chirality similar to previously described 3-azaxanthene
derivatives [33] and was isolated as 1:1 mixtures of diastereomers.

Having optimized the synthesis of 7-azacoumarin-3-carboxylic acid 3a, we screened
the most optimal method of its conversion to the target amides. A number of amide bond-
forming reactions and coupling reagents have been developed so far [34-36], including
the electrosynthetic [37] and photocatalytic [38] methods. However, the most straightfor-
ward and mature approach via transient acyl halide formation was proven to be the most
effective in terms of reagents availability, reaction scope, and product yield in our case.
Preliminary studies with compound 3a and aniline indicated that the phosphorus oxychlo-
ride was superior to other chlorinating reagents tested (thionyl halides and oxalylchloride).
Importantly, this approach allowed the simultaneous replacement of the hydroxyl group
by chlorine atom in compound 7a, which is useful if further modification via nucleophilic
substitution is considered. Interestingly, the phosphoryl-substituted acid 3b could also be
used instead of compound 3a, leading to the same amide 7a.

With these conditions in hand, we expanded the scope of the reaction using various
aromatic and heteroaromatic amines (Scheme 2, see Supplementary Information, Figures S8—
555 for the NMR spectra of the obtained compounds). Both electron-donating and electron-
withdrawing substituents in anilines were well tolerated, resulting in the compounds 7b,c
in a 77-91% yield. More sterically demanding diphenylamine also provided compound
7f in high yield. Amino- and diaminopyridines furnished the desired amides 7d,e in
good yields (66-79%). Notably, only one amino group was substituted in the case of
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diaminopyridines. Given the importance and versatility of alkyne-azide cycloaddition in
current medicinal chemistry and drug design, we additionally tested a propargylamine
in these conditions. Pleasingly, the triple bond remained intact under reaction conditions,
and the corresponding amide 7g was isolated in a 45% yield. A series of amides 7h-1
possessing aryl- and heteroarylsulfonylamide moieties were successfully obtained using
4-aminobenzenesulfonamides as starting compounds. To further expand the scope of the
reaction, acid hydrazides were employed instead of amines under the same conditions. The
reaction proceeded smoothly to give corresponding bis(hydrazides) 7m,n in 72-76% yield.
Finally, phenylenediamines were used as reagents to give compounds 70-q with two 7-
azacoumrin moieties in excellent yields (91-97%). Similarly, 3,3'- and 4,4"-sulfonyldianilines
furnished bis(7-azacoumarins) 7r,s in a 67-78% yield. The structures of compounds 7a,f
were additionally confirmed by X-ray analysis (see Supplementary Information, Table S1,
Figures 54 and S5 for detailed X-ray data).

Me
1. POCl3 90°C
2. NH3, cooling N7
¥ R
---- Scope of 7-azacoumarin-3-carboxamides------------------------osssoooo-s-ossooooooooosooooooo
Ar = Ph, 7a, 90%! cf Me

Ar =2-MeO-CgHy 7b, 91%

Ar = 2-Br-4-NO,-CgH3 7¢, 77%
Ar = 2-pyridyl, 7d, 79%

Ar = 2-NH,-pyridin-3-yl, 7e, 66% o
7f, 78%

R =H, 7h, 65%

R=Ac, 7i, 72%

R = 2-pyrimidyl, 7j, 73%

R = 4-Me-pyrimidin-2-yl, 7k, 70%

R = 4,6-diMe-pyrimidin-2-yl, 71, 66%

Ar=Ph, 7m, 76%
Ar = pyridin-4-yl, 7Tn, 72%

1,2-NH, 70, 91%
1,3-NH, 7p, 97% 4,4'-NH, 7r, 78%
1,4-NH, 7q, 95% 3,3-NH, 7s, 67%

Scheme 2. Synthesis of amides 7lal [a] Isolated yield is given [b], and it was obtained from 3b via the
same procedure.

The evaluation of the cytotoxicity of acids 3a,b was also of importance for comparison
purposes. Additionally, we synthesized a series of ammonium salts 8a—f (Scheme 3, see
Supplementary Information, Figures S56-569 for the NMR spectra of the obtained compounds).
Not only would this allow us to evaluate the effect of counterion on the cytotoxicity of acids
3, but also to estimate the importance of covalent amide bonds for anticancer activity. The
structure of the salt 8b was additionally proved by X-ray analysis, which confirmed its
ionic character (see Supplementary Information, Table S1, Figures S6 and S7 for detailed
X-ray data).
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(a) (b) (c) (d)
R' = -P(O)(OH);

(e) (f)

Scheme 3. Synthesis of ammonium salts 8.

2.2. Biological Studies

With a series of 7-azacoumarin-3-carboxamides 7 in hand, we tested their cytotoxicity
against normal (Chang liver) and tumor (M-HeLa, HuTu 80) cell lines at concentrations of
1-100 puM (Table 2). In general, the cytotoxicity of all the tested compounds was somewhat
higher towards the HuTu 80 cell line than M-Hela cells. The cytotoxicity of carboxylic acids
3a,b and their ammonium salts 8b,e appeared to be close to each other and considerably
lower than the cytotoxicity of reference compounds 5-fluorouracil and Doxorubicin. Car-
boxamides 7h-1 and 71,5 possessing sulfonylamide moiety appeared to be more cytotoxic
compared to others. The sulfonylamide 7h and bis(7-azacoumarin-3-carboxamides) 7o,1,s
were the most cytotoxic towards the HuTu 80 cells. The cytotoxicity of these compounds
was comparable to that of Doxorubicin (ICsy = 2.9-5.5 pM vs. 3.0 £ 0.2 pM), except
compound 7s (ICsp = 13.8 uM). However, in sharp contrast to Doxorubicin, their cyto-
toxicity towards the normal cell line was much lower (selectivity index, SI = IC59(Chang
liver) /1Cs50(HuTu 80) = 3.8-14 vs. SI = 1 for Doxorubicin). Notably, bis(carboxamide) 7o
was the least selective (SI = 3.8), despite being one of the most active. The sulfonylamides
7h,1,s exhibited much higher selectivity (SI = 9-14). Thus, one can speculate that the
sulfonylamide moiety is crucial for both the activity and the selectivity of carboxamides
7h,1,s. Taking into account both the selectivity and cytotoxicity towards HuTu 80 cells, the
compounds 7h and 7r can be considered the most potent and promising.

Induction of apoptosis is one of the most important mechanisms of anticancer activity.
The apoptosis-inducing effect in HuTu 80 cells was studied by flow cytometry using sets
of annexin V binding to the apoptosis marker phosphatidylserine. On the surface of
the membranes of healthy cells, phosphatidylserine is contained in a minimal amount.
Therefore, the interaction of annexin V with these cells is negligible. During apoptosis,
phosphatidylserine molecules appear on the cell surface and can interact with the protein.
This interaction leads to an increase in the fluorescence intensity of apoptotic cells, which
is recorded by a flow cytometer. The apoptosis-inducing effect was evaluated using the
example of the leader compound 7r at IC50/2 and IC50 concentrations on the HuTu 80 cell
line (Figure 1). After 24-h incubation in the presence of 7r, apoptotic effects were registered
in human duodenal adenocarcinoma cells, which were more pronounced at the early stage
of apoptosis.
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Table 2. Cytotoxic effects of 7-azacoumarins 7 on cancer and normal human cell lines 2.

ICs¢ (uM)
Compounds Cancer Cell Lines Normal Cell Lines
M-HeLa HuTu 80 Chang Liver

3a 755+6.0 57.6 £4.6 58.0 £4.7
3b 70.6 £5.7 60.5+53 70.0 £5.6
7a >100 59.4 £438 56.6 + 4.5
7b 844 £55 553 £3.9 46.0 £3.2
7c 674 +£4.6 43.0+3.5 89.4+6.3
7d 84.0 £5.9 62.0+4.3 88.0+6.2
7e 54.3 £ 3.6 720£5.2 553 £3.7
7f 320+22 174+13 484 £33
7g 141+12 112 +09 13.9+0.3
7h 148+13 29+02,81=10" 29.8 £2.0
7i 778 £54 31.0£1.9 116.0 £ 8.1
7j 734 +£52 320+21 73.0£5.5
7k 47.0+3.1 181+14 613 +42
71 624 +44 521+34 126.0 + 8.8
7m 61.1+4.2 49.7 £3.5 624 +49
7n 93.1+£6.6 612 +42 64.1 £438
70 225+138 3.14+0.2,S1=38P 11.8 £ 0.9
7p 63.0 £ 4.4 815+5.7 37.0£2.6
7q 843 £5.9 954 £ 6.5 >100
7r 64.5 £ 4.5 554 0.4,S[=14" 78.0£5.9
7s 80.0+5.7 13.8 +1.1,S1=9P 1250+ 11
8b 704 £5.7 782 +6.3 81.0+ 6.5
8d >100 884+7.0 64.1 £5.1
8e 99.5+71 59.0 +4.1 784 +£6.3

5-fluorouracil 62.0 =47 652 £54 86.3 £6.5

Doxorubicin 3.0+£02 3.0£02 3.0+0.1

2 Three independent experiments were carried out; b selectivity index, SI = ICs(Chang liver)/ICso(HuTu 80).

Pl ’:* 2.24% 2.248% —{1142% 4.85% —{0.53% 14.81%
B D 1 La B ;
5 ks ) s % b
k= S : = :
o Y] ma |y F o

88.06% 7.46%) 63.62% 30.41% 47.09% 37.57%
0" 100 108 100 10t 100 10?100 107 100 10 100 100 100 107 100 10° 107

A) Control HuTu80 Tr2.8puM Tr 5.5 uM
Annexin V
B) DOEarly apoptosis BLate apoptosis
45.0 *
sk
30.0
15.0 *
[ : .
0.0 | s | -
Control HuTu 80 7r 2.8 uyM 7r 5.5 uM

Figure 1. (A) Induction of apoptosis in HuTu 80 cells incubated with compound 7r at concentration
ICs50/2 (2.8 pM) and at concentration ICsq (5.5 M) in HuTu 80 cells; L—living cells; D—dead cells;
Ea.—early apoptotic cells; La.—late apoptotic cells; (B) Percentage of early apoptotic cells (cyan) and
late apoptotic cells (magenta) in control HuTu 80 cells and HuTu 80 cells treated with compound
7r. Data are presented as mean £ SD of three independent experiments. * Values indicate p < 0.05
compared to control.
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Violation of the functions of the mitochondria of the cell is one of the most common
signs of apoptosis inherent in eukaryotic organisms [39]. With mitochondrial dysfunction,
pro-apoptotic factors are released into the cytoplasm—cytochrome ¢, AIF, Smac/DIABLO,
endonuclease G, as well as proforms of caspases 2, 3, and 9—inducing the cascade [40].
The release of these protein factors can be associated both with the rupture of mitochon-
drial membranes and with the activation of specific channels in the outer mitochondrial
membrane. This usually leads to a change in the mitochondrial membrane potential (A¥'m)
due to a change in the permeability of the inner mitochondrial membrane for H+ protons.
Methods for studying the membrane potential of mitochondria using flow cytometry are
based on the use of cationic lipophilic fluorescent dyes. The principle of operation of these
dyes is determined by their ability to spontaneously penetrate through the cytoplasmic
membranes of cells, as well as the outer and inner membranes of mitochondria and accu-
mulate in areas with a high concentration of protons, that is, under the inner mitochondrial
membrane. This effect is accompanied by a change in the intensity of cell fluorescence,
which is recorded by cytofluorimetry. In this study, the fluorescent dye JC-10 from the
Mitochondria Membrane Potential Kit was used to evaluate the change in A¥Ym under the
action of compound 7r at ICsp/2 and ICsy concentrations on the HuTu 80 cell line. JC-10
accumulates in the mitochondrial matrix and forms aggregates (J-aggregates) with red
fluorescence in normal cells with a high mitochondrial membrane potential. Membrane
mitochondprial potential is reduced in apoptotic cells. In this case, JC-10 begins to diffuse
out of the mitochondria and turns into a monomeric form (J-monomer), and emits green
fluorescence. A decrease in the mitochondrial membrane potential of HuTu 80 cells was
observed after 24-h incubation with the leader compound 7r. The process of depolarization
of the mitochondrial membrane increased with increasing compound concentrations up to
ICsy (Figure 2). The results obtained suggest that the mechanism of the cytotoxic action of 7r
may be associated with the induction of apoptosis via the intrinsic mitochondrial pathway.

gx Y %
5 4 94.84% 84.49% 75.58%)
g o E &
g
=5 kS =
T
I | e /
- s
38 - - i
N 2 =
5.05%| o 12.58%) g 17.82%)|
10100 107 100 10° 10° 10 10 107 10 10' 10° ¢ 100 10 10° 10° 10°
A) Control HuTu80 Tr 2.8uM 7r 5.5 uM
JC10-green fluores
mred aggregate Egreen monomer
100.0 -
80.0 *
60.0
40.0 -
200 | * *
0.0
B) Control HuTu 80 7r 2.8 pM 7r 5.5uM

Figure 2. (A) Effects on the mitochondrial membrane potential by compound 7r at concentration
IC50/2 (2.8 uM) and at concentration ICsy (5.5 uM); (B) percentage of J-aggregates (red) and J-
monomers (green) in control HuTu 80 cells and HuTu 80 cells treated with compound 7r. Data are
presented as mean £ SD of three independent experiments. * Values indicate p < 0.05 compared
to control.

Increased generation of reactive oxygen species (ROS) by the test compounds can also
characterize the development of apoptosis along the mitochondrial pathway. Mitochondria
are both a potential source and target of ROS. An increase in ROS production leads to the
disruption of mitochondrial functions and, subsequently, to irreversible damage and cell
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death. In this regard, the effect of lead compound 7r at IC50/2 and IC50 concentrations
on ROS production in HuTu 80 cells was investigated using a flow cytometry assay and
the CellROX® Deep Red flow cytometry kit. The data presented in Figure 3 show a
significant increase in CellROX® Deep Red fluorescence intensity when 7r is added at any
concentration compared to the control (unstained cells). This indicates an increase in ROS
production in the presence of the test compound.

N
o
(=
o

%

-
w
o
o

%

-

3

(=}

=)

=
o
(=]

o
o
o

400

Fluorescence intensity
o
=3
o
o

o

OControl HuTu 80 O7r 28pyM 0O7r 5.5 pM

Figure 3. Induction of ROS production by compound 7r at concentration ICsy/2 (2.8 uM) and at
concentration ICsg (5.5 uM). Data are presented as mean + SD of three independent experiments.
* Values indicate p < 0.05 compared to control.

3. Materials and Methods
3.1. Chemistry
3.1.1. General Methods

1H,13C, and 3'P NMR spectra were recorded on a Bruker Avance 400 (Bruker, Billerica,
MA, USA) spectrometer (at the frequencies of 400.05, 100.61, and 161.94 MHz, respectively)
and on a Bruker Avance 600 spectrometer (at the frequencies of 600.1, 150.9, and 242.0 MHz,
respectively). Values of the chemical shifts for the 'H and *C nuclei are reported relative
to the residual signals of the solvent (DMSO-dg), and those for the 3!P nuclei are given
relative to the used standard (H3PO4, dP = 0.00). IR spectra were recorded in KBr pellets
on a Bruker 3/5 E2_76513 Tensor-27 spectrometer in the range of 400-3600 cm~'. Mass
spectra were recorded on an Ultraflex III TOF/TOF Bruker instrument (p-nitroaniline as
the matrix) and an AmaZon X Bruker instrument. Elemental analysis was performed using
a Carlo Erba EA 1108 (Carlo Erba, Cornaredo, Italy) instrument. Commercially available
pyridoxal hydrochloride (abcr Gute Chemie, Karlsruhe, Germany), pyridoxal 5'-phosphate
monohydrate (Sigma-Aldrich, St. Louis, MO, USA), Meldrum’s acid (TCI, Tokyo, Japan),
amines and diamines (Acros organics, Geel, Belgium) were used in the synthesis without
additional purification.

3.1.2. Procedures for the Synthesis of Compounds 3-6
5-(hydroxymethyl)-8-methyl-2-oxo-2H-pyrano|[2,3-c]pyridin-7-ium-3-carboxylate 3*. To
a solution of pyridoxal 1 (0.82 g, 4.91 mmol) or pyridoxal hydrochloride 1-HCI (1 g, 4.91 mmol)
in distilled water (10 mL), Meldrum’s acid (0.707 g, 4.91 mmol) was added. The reaction mixture
was stirred at room temperature for 12 h. The precipitate was filtered off, washed consequently
with dry ethanol (2 x 5mL) and diethyl ether (10 mL), and dried in a vacuum to give compound
3a as a white solid. Yield: 0.79 g (69%); mp: 249-250 °C. IR (v cm1): 646, 733, 810, 908, 975,
1006, 1038, 1088, 1153, 1253, 1293, 1360, 1409, 1772, 3450. 'H NMR (DMSO-dg) & ppm: 2.57 (s,
3H, CH3); 4.77 (s, 2H, CH,OH), 8.36 (s, 1H, CHarom) 8.73 (s, 1H, CH). 13C NMR (DMSO-dg) 6
ppm: 18.98, 58.54, 121.54, 123.77, 132.25, 143.10, 143.43, 146.94, 148.13, 155.80, 164.18. MALDI
TOF—MS m/z: 235.1 [M]*. Calculated for C;;HoNOs, %: C, 56.18; H, 3.86; N, 5.96. Found, %:
C,56.27; H, 3.75; N, 5.83.
8-methyl-2-o0xo0-5-((phosphonooxy)methyl)-2H-pyrano|[2,3-clpyridin-7-ium-3-carboxylate
3b. A suspension of pyridoxal-5'-phosphate monohydrate (0.54 g, 2.04 mmol) and Meldrum’s
acid (0.29 g, 2.04 mmol) in distilled water (5 mL) was stirred for 4 h at room temperature. The
formed precipitate was filtered off, washed with absolute ethanol (2 x 5 mL), then with diethyl
ether (10 mL), and dried in a vacuum to give the compound 3b as a light yellow solid. Yield:
0.55 g (86%); mp: >300 °C. IR (v em~1): 726, 806, 823, 962, 1025, 1074, 1095, 1137, 1161, 1220, 1239,
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1297, 1425, 1751, 1770, 2418, 3508, 3548. 'H NMR (DMSO-dg) § ppm: 2.60 (s, 3H, CH3), 5.19 (d,
2H, ] = 7.7 Hz, CH,0), 8.42 (s, 1H, CHarom), 8.65 (s, 1H, CH). 1*C NMR (DMSO-dg) & ppm: 19.06,
62.04, 121.67, 124.56, 127.56, 142.43, 144.12, 147.89, 148.27, 155.63, 164.07. 3'P NMR (DMSO-dg) &
ppm: —1.88. MALDI TOF—MS m/z: 315.9 [M+H]*. Calculated for C11H1gNOgP, %: C,41.92; H,
3.20; N, 4.44; P, 9.83. Found, %: C41.57; H, 3.25; N, 4.53; P, 9.48.

5-(2-hydroxy-4,4-dimethyl-6-oxocyclohex-1-en-1-yl)-4-(hydroxymethyl)-1,8,8-trimethyl-
5,7,8,9-tetrahydro-6H-chromeno[2,3-clpyridin-6-one 4. A solution of pyridoxal (0.5 g,
2.99 mmol) and dimedone (0.84 g, 5.99 mol) was stirred at 60 °C for 4 h. The precipitate
was filtered off. The filtrate was evaporated; the residue was refluxed in ethanol: diethyl ether
mixture (1:4, 5 mL). The undissolved precipitate was filtered off. The precipitates were merged
to give 1.1 g (89%) of target compound 4 as a light yellow solid; mp: 219-224 °C. IR (v cm )
655, 918, 938, 974, 1005, 1043, 1064, 1130, 1150, 1171, 1199, 1220, 1234, 1267, 1368, 1407, 1604,
1643, 2956, 3100. "H NMR (DMSO-dy) & ppm: 0.87 (s, 6H, 2CH3), 0.93 (s, 3H, CH3), 1.06 (s, 3H,
CH3),2.03 (d, 1H, | = 16.0 Hz, CH,), 2.11 (brs, 4H, 2CH,), 2.26 (d, 1H, | = 15.9 Hz, CH,), 2.38 (d,
1H, ] =15.2 Hz, CHy), 2.40 (s, 3H, CH3), 2.60 (d, 1H, ] =17.3 Hz, CH,), 4.23 (d, 1H, ] = 14.5 Hz,
CH,OH), 4.51 (d, 1H, | = 14.5 Hz, CH,OH), 5.00 (s, 1H, CH), 8.14 (s, 1H, CHarom). *C NMR
(DMSO-dg) 6 ppm: 19.08, 23.45, 26.28, 28.11, 29.69, 31.84, 32.07, 41.06, 50.99, 58.23, 110.59, 129.58,
134.12, 142.40, 143.50, 145.63, 164.98, 196.01. MALDI TOF—MS m/z: 412.4 [M+H]*. Calculated
for Cp4HogNOs, %: C, 70.05; H, 7.10; N, 3.40. Found, %: C, 70.17; H, 7.15; N, 3.43.

1-(2-hydroxy-5-(hydroxymethyl)-2,8-dimethyl-2H-pyrano[2,3-c]pyridin-3-yl)ethan-1-one,
compound 5. To a suspension of pyridoxal (0.6 g, 3.59 mmol) in dry ethanol (4 mL), acetylacetone
(0.5 g, 5 mmol) was added, followed by piperidine (0.006 g, 0.07 mmol) and acetic acid (0.004 g,
0.07 mmol). The reaction mixture was refluxed for 2 h, and then kept at room temperature for an
additional 12 h. The precipitate of compound 5 was filtered off. The evaporation of the filtrate
and recrystallization of the viscous residue from absolute ethanol (3 mL) provided an additional
sample of compound 5. Light yellow solid. Yield: 0.7 g (79%); mp: 174 °C. IR (v cm™1): 563,
606, 664, 747, 857, 885, 901, 923, 949, 967, 983, 1034, 1066, 1088, 1099, 1150, 1185, 1211, 1242, 1293,
1338, 1370, 1386, 1410, 1458, 1484, 1630, 1678, 2749, 2922, 3030, 3268. 'H NMR (DMSO-dg) 5 ppm:
1.86 (s, 3H, CH3), 2.39 (s, 3H, CH3), 2.46 (s, 3H, CHs), 4.67 (dd, 2H, | = 5.6, 2.3 Hz, CH,OH), 5.35
(t, 1H, ] = 5.5 Hz, CH,OH), 7.17 (s, 1H, OH), 7.72 (s, 1H, CHarom), 8.05 (¢, 1H, CH). 13C NMR
(DMSO-dg) b ppm: 19.40,27.91, 28.72, 59.17, 98.33, 123.77, 129.30, 131.92, 138.66, 140.93, 146.74,
147.32,197.85. MALDI TOF—MS m/z: 250.2 [IM+H]*. Calculated for C13H15NOy, %: C, 62.64; H,
6.07; N, 5.62. Found, %: C, 62.57; H, 6.15; N, 5.53.

1,3-bis(7-hydroxy-6-methyl-1,3-dihydrofuro[3,4-c]pyridin-1-yl) propan-2-one 6. To
a solution of acetylacetone (0.19 g, 1.9 mmol) in a mixture of ethanol (30 mL) and 40%
aqueous solution of KOH (10 mL) pyridoxal (0.64 g, 3.8 mmol) was added. The reaction
mixture was stirred at room temperature for 24 h. Then, concentrated hydrochloric acid
was added to the resulting solution (pH = 7), and the precipitated potassium chloride
was filtered off. The filtrate was evaporated, and pure compound 6 was isolated by
recrystallization from anhydrous ethanol. Light orange solid. Yield: 0.56 g (82%); mp:
157-160 °C. IR (v em™1): 516, 570, 652, 778, 840, 985, 1048, 1199, 1237, 1312, 1386, 1423, 1533,
1617, 1712, 2861, 3100, 3255, 3392. 'H NMR (DMSO-dg) 5 ppm: 2.37 (s, 6H; 2CHs), 2.77
(dd, 2H, ] = 16.4, 9.3 Hz, CHy), 3.06 (dd, 2H, ] = 16.5, 2.5 Hz, CH,), 4.92 (d, 2H, ] = 12.4 Hz,
CH,0), 5.01 (dd, 2H, | = 12.4, 2.5 Hz, CH;0,), 5.68 (d, 2H, | = 9.2 Hz, CH), 7.89 (s, 2H,
2CHarom). ¥C NMR (DMSO-dg) § ppm: 19.89, 47.63, 70.92, 78.71, 133.22, 135.62, 136.36,
146.25, 146.62, 206.32. MALDI TOF—MS m/z: 357.2 [M+H]*. Calculated for C19H»)N,Os,
%: C 64.04; H 5.66; N 7.86. Found, %: C 63.97; H5.63; N 4.91.

3.1.3. General Procedure for the Synthesis of Compounds 7

The mixture of the acid 3a (0.3 g, 1.28 mmol), the corresponding amine (2.56 mmol,
1.28 mmol in case of diamines), and 1.25 mL of phosphorus oxychloride was heated at
90 °C for 1 h. With heating, the precipitate gradually dissolved, and the reaction mixture
acquired a dark purple color. Upon completion of the heating, the reaction mixture was
cooled, and a small amount of ice was added. Then, with cooling and stirring, 10% aqueous
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ammonia solution was added dropwise until pH = 6-7. The formed precipitate was filtered
off and washed consequently with hot water (2 x 5 mL), ethyl alcohol (2 x 5 mL), and
diethyl ether (5 mL). If additional purification was required, the precipitate was refluxed in
10 mL of water and then in 10 mL of ethanol and filtered off. The resulting precipitate was
dried in a vacuum to give title compounds 7.

3.1.4. Characterization Data for Compounds 7
5-(Chloromethyl)-8-methyl-2-oxo-N-phenyl-2aH-pyrano|[2,3-c]pyridine-3-carboxamide 7a
Yellow solid. Yield: 90%; mp: 240 °C dec. IR (v cm~1): 629,703,762, 791, 1054, 1214,

1255, 1285, 1412, 1444, 1491, 1550, 1595, 1616, 1666, 1723, 3242. 'H NMR (DMSO-dg) & ppm:

2.66 (s, 3H, CH3), 5.24 (s, 2H CH,Cl), 7.17 (t, 1H, ] = 7.4 Hz, Ph), 7.41 (t, 2H, | = 7.7 Hz, Ph),

7.73 (d, 2H, ] = 8.0 Hz, Ph), 8.57 (s, 1H, CHarom), 8.87 (s, 1H, CH), 10.62 (s, 1H, NH). 13C

NMR (DMSO-dg) & ppm: 19.21, 40.19, 120.35, 122.08, 125.00, 126.77, 128.55, 129.53, 138.32,

140.87, 144.88, 147.69, 148.82, 158.76,160.01. MALDI TOF—MS m/z: 329.4 [M]*. Calculated

for C17H13CIN,O3, %: C,62.11; H, 3.99; Cl, 10.78; N, 8.52. Found, %: C, 62.09; H, 4.01; C],

10.63; N, 8.87.
5-(Chloromethyl)-N-(2-methoxyphenyl)-8-methyl-2-oxo-2H-pyrano[2,3-c]pyridine-3-

carboxamide 7b
Orange solid. Yield: 91%; mp: 214-5 °C. IR (v cm~1): 717,751, 788, 885, 972, 1022, 1114,

1145, 1229, 1256, 1284, 1305, 1389, 1435, 1467, 1486, 1541, 1598, 1622, 1670, 1732, 3233. 'H

NMR (DMSO-dg) 6 ppm: 2.66 (s, 3H, CHs), 3.93 (s, 3H, CH3), 5.26 (s, 2H, CH,Cl), 7.00 (ddd,

1H,]=8.5,5.9, 3.0 Hz, Ph), 7.07-7.15 (m, 2H, Ph), 8.42-8.46 (m, 1H, Ph), 8.59 (s, 1H, CHarom),

9.05 (s, 1H, CH), 11.14 (s, 1H, NH). '*C NMR (DMSO-dg) 5 ppm: 18.74, 39.65, 56.59, 111.55,

120.03, 121.15, 122.69, 124.57, 125.27, 127.47, 128.95, 142.33, 143.92, 147,94, 148.60, 149.00,

158.49, 159.84. MALDI TOF—MS m/z: 359.1 [M]*. Calculated for C15H;5CIN,Oy4, %: C,

60.26; H, 4.21; C1,9.88; N, 7.81. Found, %: C, 60.22; H, 4.15; Cl, 9.53; N, 7.99.
N-(2-Bromo-4-nitrophenyl)-5-(chloromethyl)-8-methyl-2-oxo-2H-pyrano[2,3-c]pyridine-

3-carboxamide 7c¢
Light orange solid. Yield: 77%; mp: 240 °C dec. IR (v cm~1): 690, 714, 742, 764, 793,

837,891, 1057, 1118, 1159, 1215, 1268, 1313, 1341, 1395, 1413, 1514, 1547, 1584, 1613, 1677,

1727, 3167, 3391, 3486. 'H NMR (DMSO-dg) § ppm: 2.66 (s, 3H, CHj), 5.29 (s, 2H, CH,Cl),

8.35(dd, 1H, ] =9.2,2.7 Hz, Ph), 8.57 (d, ] = 2.6 Hz, Ph), 8.61 (s, 1H, CHarom), 8.76 (d, 1H,

J =9.2 Hz, Ph), 9.13 (s, 1H, CH), 11.47 (s, 1H, NH). 13C NMR (DMSO-dg) § ppm:19.21, 40.19,

113.54, 113.94, 121.67, 122.02, 123.60, 124.83, 125.57, 128.62, 128.79, 129.34, 142.11, 143.88,

143.94, 145.01, 147.86, 149.14, 160.12, 160.15. Calculated for C;7H;1BrCIN3Os, %: C, 45.11;

H, 2.45; Br, 17.65; Cl, 7.83; N, 9.28. Found, %: C, 44.95; H, 2.63; Br, 17.38; Cl, 7.95; N, 9.13.
5-(Chloromethyl)-8-methyl-2-oxo-N-(pyridin-2-yl)-2H-pyrano[2,3-c]pyridine-3-

carboxamide 7d
Black solid.Yield: 79%; mp: >300 °C. IR (v cm~1): 700, 764, 793, 972, 990, 1055, 1148,

1220, 1265, 1293, 1305, 1378, 1415, 1435, 1534, 1575, 1591, 1671, 1723, 3282, 3435. 'H NMR

(DMSO-dg) b ppm: 2.66 (s, 3H, CHj3), 5.25 (s, 2H, CH,Cl), 7.22 (dd, 1H, ] = 7.2, 5.1 Hz, Py),

791 (t, 1H, ] =79 Hz, Py), 8.25 (d, 1H, ] = 8.1 Hz, Py), 8.40 (d, 1H, | = 4.0 Hz, Py), 8.58

(s, TH, CHarom), 9.00 (s, 1H, CH), 11.07 (s, 1H, NH). 13C NMR (DMSO-dg) § ppm: 19.23,

40.19, 114.24, 121.08, 122.02, 128.61, 129.76, 132.08, 139.21, 144.89, 148.95, 151.17, 159.83.

Calculated for C14H1»,CIN3O3, %: C, 58.28; H, 3.67; Cl, 10.75; N, 12.74. Found, %: C, 58.18;

H, 3.81; Cl, 10.65; N, 13.01.
N-(2-Aminopyridin-3-yl)-5-(chloromethyl)-8-methyl-2-oxo-2H-pyrano[2,3-c]pyridine-

3-carboxamide 7e
Dark brown solid. Yield: 66%; mp: >300 °C. IR (v cm™1): 701, 762, 789, 889, 946, 1055,

1149, 1228, 1294, 1376, 1414, 1450, 1549, 1592, 1626,1666, 1733, 3233, 3350, 3424. 'H NMR

(DMSO-dg) & ppm: 2.66 (s, 3H, CH3), 5.25 (s, 2H, CH,Cl), 5.98 (br.s, 2H, NH,), 6.68 (dd, 1H,

J=77,50Hz, Py),7.77 (dd, 1H, ] =7.6, 1.7 Hz, Py), 7.89 (dd, 1H, ] = 5.0, 1.7 Hz, Py), 8.58 (s,

1H, CHarom), 8.91 (s, 1H, CH), 9.95 (s, 1H, NH). 13C NMR (DMSO-d¢) & ppm: 19.75, 41.12,

113.36, 118.78, 122.53, 126.62, 129.13, 133.52, 141.62, 145.43, 145.60, 148.22, 149.40, 154.50,
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159.44, 161.07. MALDI TOF—MS m/z: 345.1 [M]*. Calculated for C;4H3CIN4Oj3, %: C,
55.74; H, 3.80; Cl, 10.28; N, 16.25. Found, %: C, 55.89; H, 3.97; Cl, 10.43; N, 16.25.

5-(Chloromethyl)-3-(diphenylcarbamoyl)-8-methyl-2-oxo-2H-pyrano[2,3-c]pyridin-7-
ium chloride 7f

Yellow solid. Yield: 78%; mp: 201-5 °C. IR (v em™1): 695, 766, 799, 1055, 1079, 1150,
1202, 1263, 1280, 1309, 1352, 1407, 1453, 1491, 1550, 1592, 1651, 1723, 3429. 'H NMR (DMSO-
dg) & ppm: 2.52 (s, 3H, CH3), 5.08 (s, 2H, CH,Cl), 7.23-7.41 (m, 10H, 2Ph), 8.46 (s, 1H,
CHarom), 861 (s, 1H, CH). 13C NMR (DMSO-dg) § ppm: 19.03, 40.06, 121.54, 127.01, 127.46,
128.26, 128.56, 129.07, 129.73, 130.00, 130.34, 138.41, 142.09, 144.79, 147.16, 148.65, 156.16,
163.65. MALDI TOF—MS m/z: 427.1[M-Cl+Na]*. Calculated for Cp3H15CloN,O3, %: C,
62.60; H, 4.11; Cl, 16.07; N, 6.35. Found, %: C, 62.42; H, 4.01; Cl, 15.93; N, 6.14.

5-(Chloromethyl)-8-methyl-2-oxo-N-(prop-2-yn-1-yl)-2H-pyrano[2,3-c]pyridine-3-
carboxamide 7g

Brown solid. Yield: 45%; mp: 161 °C dec. IR (v cm’l): 546,562, 657, 699, 799, 957, 978,
1069, 1157, 1230, 1266, 1293, 1343, 1419, 1477, 1513, 1544, 1595, 1611, 1666, 1715, 2122, 2937,
3055, 3291, 3314. 'H NMR (DMSO-dg) § ppm: 2.62 (s, 3H, CH3), 3.16 (t, 1H, ] = 2.5 Hz, CH),
414 (dd, 2H, ] =5.7,2.5 Hz, CHy), 5.21 (s, 2H, CH,Cl), 8.54 (s, 1H, CHarom), 8.86 (s, 1H, CH),
8.98 (t, 1H, ] = 5.7 Hz, NH). 13C NMR (DMSO-dg) & ppm: 19.76,29.91, 41.13, 74.36, 81.50,
122.52,125.23,129.05, 142.46, 145.20, 148.37, 149.39, 159.35, 161.48. MALDI TOF—MS m/z:
291.1 [M]*. Calculated for C14H11CIN,O3, %: C, 57.84; H, 3.81; Cl, 12.19; N, 9.64. Found, %:
C,57.96; H, 4.10; Cl, 12.13; N, 9.58.

5-(Chloromethyl)-8-methyl-2-oxo-N-(4-sulfamoylphenyl)-2H-pyrano[2,3-c]pyridine-3-
carboxamide 7h

Peach solid. Yield: 65%; mp: >300 °C. IR (v cm™~1): 541, 552, 597, 682, 706, 763, 792,
837, 889, 1046, 1098, 1163, 1188, 1217, 1253, 1316, 1340, 1407, 1438, 1547, 1593, 1616, 1675,
1728, 3068, 3109, 3242, 3281, 3318. 'H NMR (DMSO-dg) & ppm: 2.65 (s, 3H, CH3), 5.23
(s, 2H CH,Cl), 7.32 (s, 2H, NH), 7.87 (q, 4H, ] = 8.8 Hz, Ph), 8.57 (s, 1H, CHarom), 8.87
(s, 1H, CH), 10.87 (s, 1H, NH). '3C NMR (DMSO-dg) & ppm: 19.75, 41.07, 120.69, 122.52,
127.23,127.92,129.12, 140.63, 141.66, 145.46, 148.24, 149.40, 159.06, 161.16. ESI—MS m/ z:
408.1 [M]*.Calculated for C1yH14CIN3OsS, %: C, 50.07; H, 3.46; Cl, 8.69; N, 10.30; S, 7.86.
Found, %: C, 50.09; H, 3.54; Cl, 8.63; N, 10.47; S, 7.75.

N-(4-(N-Acetylsulfamoyl)phenyl)-5-(chloromethyl)-8-methyl-2-oxo-2H-pyrano[2,3-c]
pyridine-3-carboxamide 7i

Coral solid. Yield: 72%; mp: >300 °C. IR (v cm™1): 548, 576, 595, 623, 636, 685, 704,
762,779,791, 842, 862, 949, 996, 1055, 1091, 1159, 1187, 12,19, 1294, 1315, 1337, 1406, 1442,
1476, 1536, 1591, 1617, 1680, 1735, 3065, 3103, 3277. 'H NMR (DMSO-dg) & ppm: 1.93 (s, 3H,
CH3), 2.65 (s, 3H, CHs), 5.22 (s, 2H CH,Cl), 7.94 (s, 4H, Ph), 8.57 (s, 1H, CHarom), 8.86 (s, 1H,
CH), 10.96 (s, 1H, NH), 12.03 (s, 1H, NH). 1*C NMR (DMSO-dg) & ppm: 19.73, 24.21, 41.05,
120.62, 122.49, 127.29, 129.14, 130.06, 135.32, 141.66, 143.28, 145.45, 148.24, 149.40, 158.91,
161.41, 169.73. ESI—MS m/z: 450.2 [M]*. Calculated for C19H;4CIN3O4S, %: C, 50.73; H,
3.59;Cl,7.88; N, 9.34; S, 7.13. Found, %: C, 50.69; H, 3.54; Cl, 7.73; N, 9.47; S, 7.25.

5-(Chloromethyl)-8-methyl-2-oxo-N-(4-(N-(pyrimidin-2-yl)sulfamoyl)phenyl)-2H-
pyrano[2,3-c]pyridine-3-carboxamide 7j

Rosy brown solid. Yield: 73%; mp: >300 °C. IR (v cm’l): 569, 581, 623, 633, 682, 705,
763,794, 840, 939, 1014, 1055, 1090, 1158, 1186, 1217, 1256, 1293, 1317, 1344, 1407, 1435, 1461,
1540, 15910, 1620, 1678, 1725, 3042, 3116, 3292, 3437. 'H NMR (DMSO-d¢) & ppm: 2.64 (s,
3H, CH3), 5.21 (s, 2H CHCl), 7.05 (t, 1H, ] = 4.9 Hz, CHpy,), 7.90 (d, 2H, ] = 8.6 Hz, Ph),
8.02 (d, 2H, ] = 8.6 Hz, Ph), 8.51 (d, 2H, ] = 4.9 Hz, CHpyy), 8.56 (s, 1H, CHarom), 8.84 (s, 1H,
CH), 10.91 (s, 1H, NH). *C NMR (DMSO-d¢) & ppm: 19.74, 41.05, 116.79, 120.42, 122.47,
127.38, 129.10, 130.04, 136.48, 141.51, 142.67, 145.47, 148.22, 149.39, 157.90, 158.89, 159.34,
161.34. ESI—MS m/z: 486.2 [M]*. Calculated for C;1H;,CIN5Os5S, %: C, 51.91; H, 3.32; Cl,
7.30; N, 14.41; S, 6.60. Found, %: C,51.99; H, 3.44; Cl, 7.27; N, 14.50; S, 6.47.

5-(Chloromethyl)-8-methyl-N-(4-(N-(4-methylpyrimidin-2-yl)sulfamoyl)phenyl)-2-oxo-
2H-pyrano[2,3-c]pyridine-3-carboxamide 7k



Int. J. Mol. Sci. 2023, 24,9927

13 0of 19

Rosy brown solid. Yield: 70%; mp: >300 °C. IR (v cm~1): 546, 571, 582, 624, 681, 704,
762,794, 841, 889, 964, 1054, 1092, 1158, 1186, 1217, 1257, 1318, 1345, 1405, 1439, 1498, 1543,
1591, 1679, 1727, 3064, 3287, 3393. 'H NMR (DMSO-dg) & ppm: 2.33 (s, 3H, CH3), 2.64 (s,
3H, CH3), 5.21 (s, 2H CH,Cl), 6.90 (d, 1H, ] = 5.2 Hz, CHpy,), 7.89 (d, 2H, ] = 8.9 Hz, Ph),
8.02 (d, 2H, ] = 8.8 Hz, Ph), 8.32 (d, 1H, ] = 5.1 Hz, CHpy,), 8.56 (s, 1H, CHarom), 8.85 (s,
1H, CH), 10.90 (s, 1H, NH). '3C NMR (DMSO-dg) § ppm: 19.73, 24.23, 41.06, 115.79, 120.48,
122.48,127.33, 129.10, 130.24, 136.69, 141.54, 142.52, 145.46, 148.22, 149.39, 157.51, 158.93,
161.29. ESI—MS m/z: 500.2 [M]*. Calculated for Cy,H;3CIN5Os5S, %: C, 52.86; H, 3.62; Cl,
7.09; N, 14.01; S, 6.41. Found, %: C, 52.94; H, 3.51; Cl, 7.13; N, 14.11; S, 6.37.

5-(Chloromethyl)-N-(4-(N-(4,6-dimethylpyrimidin-2-yl)sulfamoyl)phenyl)-8-methyl-2-
oxo-2H-pyranol2,3-c]pyridine-3-carboxamide 71

Rosy brown solid. Yield: 66%; mp: >300 °C. IR (v cm™1): 546, 562, 586, 624, 633, 680,
707,763, 793, 840, 861, 974, 1015, 1057, 1083, 1159, 1185, 1217, 1256, 1315, 1350, 1384, 1404,
1416, 1498, 1543, 1594, 1678, 1729, 3066, 3110, 3247, 3286. 'H NMR (DMSO-dg) & ppm:
2.26 (s, 6H, 2CHj), 2.64 (s, 3H, CHj), 5.21 (s, 2H CH,Cl), 6.75 (s, 1H, CHpy,), 7.88 (d, 2H,
] =8.7 Hz, Ph), 8.02 (d, 2H, ] = 8.5 Hz, Ph), 8.56 (s, 1H, CHarom), 8.85 (s, 1H, CH), 10.89 (s,
1H, NH). 1¥C NMR (DMSO-d¢) § ppm: 19.73, 23.82, 41.06, 120.06, 122.49, 127.31, 129.10,
130.43, 141.53, 142.32, 145.45, 148.22, 149.39, 157.15, 158.95, 161.24, 167.53. ESI—MS m/ z:
514.2 [M]*. Calculated for Cp3H,yCIN50sS, %: C, 53.75; H, 3.92; Cl, 6.90; N, 13.63; S, 6.24.
Found, %: C, 53.84; H, 3.98; Cl, 7.01; N, 13.74; S, 6.30.

N’-Benzoyl-5-(chloromethyl)-8-methyl-2-oxo-2H-pyrano|2 3-c]pyridine-3-carbohydrazide 7m

Indianred solid. Yield: 75%; mp: 240 °C dec. IR (v cm™1): 693, 715, 765, 929, 995, 1022,
1050, 1144, 1215, 1241, 1288, 1410, 1446, 1476, 1526, 1546, 1605, 1621, 1755, 3491. 'H NMR
(DMSO-dg) & ppm: 2.66 (s, 3H, CH3), 5.29 (s, 2H, CH,Cl), 7.68-7.71 (m, 3H, Ph), 8.14-8.17
(m, 2H, Ph), 8.58 (s, 1H, CHarom), 9.03 (s, 1H, CH). 13C NMR (DMSO-dg) & ppm: 19.20,
40.22, 117.50, 121.68, 123.32, 127.41, 128.40, 130.06, 133.03, 140.12, 144.87, 147.81, 148.84,
154.83, 160.47, 165.25. MALDI TOF—MS m/z: 372.1[M]*. Calculated for C;gH14CIN3Oy, %:
C, 58.15; H, 3.80; C1, 9.54; N, 11.30. Found, %: C, 58.39; H, 3.71; C1, 9.81; N, 10.99.

5-(Chloromethyl)-N’-isonicotinoyl-8-methyl-2-oxo-2H-pyrano|[2,3-c]pyridine-3-
carbohydrazide 7n

Peach solid. Yield: 72%; mp: >300 °C. IR (v cm_l): 701, 754, 790, 846, 1061, 1192, 1220,
1252, 1296, 1315, 1414, 1480, 1507, 1552, 1617, 1638, 1653, 1722, 3233. 'H NMR (DMSO-d¢) &
ppm: 2.65 (s, 3H, CHs), 5.25 (s, 2H, CH,Cl), 7.84 (dd, 2H, | = 4.4, 1.7 Hz, Ph), 8.57 (s, 1H,
CHarom), 8.80 (dd, 2H, ] = 4.4, 1.7 Hz, Ph), 8.86 (s, 1H, CH), 10.67 (s, 1H, NH), 11.27 (s, 1H,
NH). 3C NMR (DMSO-dg) 5 ppm: 19.25, 39.73, 121.83, 121.91, 124.59, 128.52, 139.71, 142.18,
144.76, 147.91, 149.00, 150.90, 158,24, 160.21, 163.96. MALDI TOF—MS m/z: 373.1[M]*.
Calculated for C17H;3CIN4Oy, %: C, 54.78; H, 3.52; Cl, 9.51; N, 15.03. Found, %: C, 54.65; H,
3.64; Cl1,9.33; N, 14.79.

N,N’~(1,2-Phenylene)bis(5-(chloromethyl)-8-methyl-2-oxo-2H-pyrano[2,3-c]pyridine-3-
carboxamide) 70

Brown solid. Yield: 91%; mp: 239-241 °C. IR (v cm_l): 704,760, 792, 886, 957, 1015,
1054, 1083, 1146, 1220, 1266, 1292, 1412, 1456, 1479, 1518, 1547, 1600, 1676, 1722, 3233. 'H
NMR (DMSO-dg) 6 ppm: 2.64 (s, 6H, 2CHs), 5.25 (s, 4H, 2CH,Cl), 7.36 (dd, 2H, | = 6.1,
3.5 Hz, Ph), 7.89 (dd, 2H, | = 6.0, 3.5 Hz, Ph), 8.59 (s, 2H, 2CHarom), 9.02 (s, 2H, 2CH),
10.63 (s, 2H, 2NH). 13C NMR (DMSO-dg) § ppm: 19.22, 40.13, 121.97, 125.03, 125.23, 126.84,
128.60, 130.98, 142.44, 144.88, 147.81, 148.99, 159.10, 160.23. MALDI TOF—MS m/z: 601.6
[M+Na-H]*. Calculated for CpgHyoCl,N4Og, %: C, 58.05; H, 3.48; Cl, 12.24; N, 9.67. Found,
%: C,57.89; H, 3.59; Cl, 12.33; N, 9.82.

N,N’~(1,3-Phenylene)bis(5-(chloromethyl)-8-methyl-2-oxo-2H-pyrano[2,3-c]pyridine-3-
carboxamide) 7p

Brown solid. Yield: 97%; mp: 274 °C dec. IR (v Cm_l): 689, 793, 879, 952, 1055,
1082,1144, 1184, 1229, 1293, 1413, 1491, 1548, 1608, 1671, 1722, 3307, 3504. 'H NMR (DMSO-
deg) & ppm: 2.66 (s, 6H, 2CH3), 5.23 (s, 4H, 2CH,Cl), 7.40-7.44 (m, 1H, Ph), 7.52 (d, 2H,
J =8.0 Hz, Ph), 8.22 (s, 1H, Ph), 8.57 (s, 2H, 2CHarom), 8.87 (s, 2H, 2CH), 10.70 (s, 2H, 2NH).
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13C NMR (DMSO-dg) & ppm: 19.24, 40.20, 111.77, 116.44, 122.10, 126.97, 128.58, 130.18,
138.93, 140.82, 144.93, 147.72, 148.86, 158.70, 160.25. MALDI TOF—MS m/z: 602.0[M+Na]*.
Calculated for CogH»»CloN4Og, %: C, 57.84; H, 3.81; Cl, 12.19; N, 9.64. Found, %: C, 58.09;
H, 3.61; Cl, 12.04; N, 9.79.

N,N’-(1,4-Phenylene)bis(5-(chloromethyl)-8-methyl-2-oxo-2H-pyrano|[2,3-c]pyridine-3-
carboxamide) 7q

Brown solid. Yield: 95%; mp: >300 °C. IR (v cm™1): 743, 792, 837, 951, 1055, 1083, 1150,
1217, 1259, 1292, 1314, 1411, 1516, 1561, 1616, 1721, 3294. 'H NMR (DMSO-dg) & ppm: 2.66
(s, 6H, 2CHj), 5.24 (s, 4H, 2CH,Cl), 7.77 (s, 4H, Ph), 8.57 (s, 2H, 2CHarom), 8.87 (s, 2H, 2CH),
10.65 (s, 2H, 2NH). 13C NMR (DMSO-dg) § ppm: 19.25, 40.21, 121.02, 122.12, 126.76, 128.58,
134.84, 140.88, 144.93. 147.72, 148.86, 158.79, 159.89. MALDI TOF—MS m/z: 602.0 [M+Na]*.
Calculated for CogHpgCIoN4Og, %: C, 58.05; H, 3.48; Cl, 12.24; N, 9.67. Found, %: C, 58.12;
H, 3.31; Cl, 12.13; N, 9.81.

N,N’-(Sulfonylbis(4,1-phenylene))bis(5-(chloromethyl)-8-methyl-2-oxo-2H-pyrano|2,3-
c]pyridine-3-carboxamide) 7r

Apricot solid. Yield: 78%; mp: >300 °C. IR (v cm~!): 548, 570, 595, 623, 668, 690, 718,
762,794, 839, 887,953, 1013, 1055, 1084, 1106, 1150, 1184, 1217, 1256, 130,5 1352, 1404, 1438,
1537, 1590, 1618, 1678, 1728, 3061, 3115, 3286. 'H NMR (DMSO-dg) & ppm: 2.63 (s, 6H,
2CH3), 5.21 (s, 4H, 2CH,Cl), 7.97 (q, 8H, | = 8.7 Hz, 2Ph), 8.55 (s, 2H, 2CHarom), 8.85 (s, 2H,
2CH), 10.97 (s, 2H, 2NH). 13C NMR (DMSO-dg) & ppm: 19.72, 41.04, 121.21, 122.44, 127.17,
129.11, 129.71, 137.36, 141.73, 143.27, 145.46, 148.22, 149.39, 158.89, 161.40. ESI—MS m/z:
718.2 [M-H]*. Calculated for C34H,4,CIN4OgS, %: C, 56.75; H, 3.36; Cl, 9.85; N, 7.79; S, 4.46.
Found, %: C, 56.91; H, 3.34; C1,9.90; N, 7.81; S, 4.52.

N,N’-(Sulfonylbis(3,1-phenylene))bis(5-(chloromethyl)-8-methyl-2-oxo-2H-pyrano|2,3-
c]pyridine-3-carboxamide) 7s

Rosewood solid. Yield: 67%; mp: >300 °C. IR (v em™~1): 523, 563, 583, 613, 687, 716,
761,794, 875,894, 951, 970, 1015, 1054, 1084, 1101, 1152, 1217, 1304, 1413, 1479, 1546, 1592,
1616, 1673, 1723, 3063, 3240, 3285. 'H NMR (DMSO-dg) § ppm: 2.64 (s, 6H, 2CH3), 5.21
(s, 4H, 2CH,Cl), 7.68 (t, 2H, | = 7.9 Hz, Ph), 7.75-7.77 (m, 2H, Ph), 7.90-7.93 (m, 2H, Ph),
8.49 (t, 2H, ] = 2.0 Hz, Ph), 8.56 (s, 2H, 2CHarom), 8.87 (s, 2H, 2CH), 10.93 (s, 2H, 2NH). 13C
NMR (DMSO-dg) b ppm: 19.74, 41.03, 119.12, 122.46, 124.11, 125.84, 127.27, 129.12, 131.75,
139.98, 141.66, 142.59, 145.47, 148.22, 149.39, 158.75, 161.39. ESI—MS m /z: 741.2 [M-H+Na]".
Calculated for C33H,4CIN4OgS, %: C, 56.75; H, 3.36; Cl,9.85; N, 7.79; S, 4.46. Found, %: C,
56.87; H, 3.42; C1,9.98; N, 7.71; S, 4.32.

3.1.5. General Procedure for the Synthesis of Compounds 8

Method A. An aqueous solution of the acid 3a (0.3 g, 1.28 mmol) and the corresponding
amine (1.28 mmol, 0.64 mmol in case of diamines) was stirred at room temperature for 2 h.
The precipitate was filtered off and dried in a vacuum to give a title compound 8.

Method B. An aqueous solution of the acid 3a (0.3 g, 1.28 mmol) and the corresponding
amine (1.28 mmol, 0.64 mmol in case of diamines) was stirred at room temperature for
2 h. The solvent was evaporated, and the residue was taken up in a ethanol:diethyl ether
mixture (1:1, 4 mL). The precipitate was filtered off and dried in a vacuum to give a title
compound 8.

3.1.6. Characterization Data for Compounds 8

Pyridin-2-aminium 5-(hydroxymethyl)-8-methyl-2-oxo-2H-pyrano[2,3-c]pyridine-3-
carboxylate 8a

Method A. White solid. Yield: 96%; mp: 245 °C. IR (v cm’l): 606, 623,750, 773, 813,
843,951, 984, 1017, 1072, 1148, 1208, 1256, 1370, 1413, 1491, 1603, 1637, 1666, 1746, 3089,
3325. 'H NMR (DMSO-dg) & ppm: 2.56 (s, 3H, CH3), 4.76 (s, 2H, CH,OH), 6.53—6.61 (m,
2H, Py), 7.50 (t, 1H, ] =7.0 Hz, Py), 7.90 (d, 1H, | = 4.5 Hz, Py), 8.33 (s, 1H, CHarom), 8.58 (s,
1H, CH). 3C NMR (DMSO-dg) & ppm: 18.98, 58.56, 109.94, 112.28, 121.87, 126.30, 132.04,
139.24, 141.23,143.02, 144.93146.76, 147.94, 156.24, 158.94, 165.42. MALDI TOF—MS m/z:
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235.4 [M-94 (CsHgNpy—2-aminopyridine)]*. Calculated for C14H15N305, %: C, 58.36; H,
4.59; N, 12.76. Found, %: C, 58.15; H, 4.41; N, 12.69.

Cyclohexanaminium 5-(hydroxymethyl)-8-methyl-2-oxo-2H-pyrano[2,3-c]pyridine-
3-carboxylate 8b

Method A. White solid. Yield: 95%; mp: 213 °C. IR (v ecm™!): 569, 677, 746, 929, 1037,
1066, 1087, 1173, 1264, 1387, 1413, 1562, 1628, 1708, 2931, 3410. 'H NMR (DMSO-d¢) & ppm:
1.08-1.13 (m, 1H, C¢Hj1), 1.21-1.32 (m, 4H, C¢Hy3), 1.57 (d, 1H, ] = 13.0 Hz, C¢Hjq), 1.71
(d, 2H,J =122 Hz, C¢Hy;), 1.92 (d, 2H, | = 11.2 Hz, C¢Hy4), 2.54 (s, 3H, CH3), 2.94 (td, 1H,
J =10.5,10.0,5.4 Hz, C¢Hy1), 4.70 (s, 2H, CH,OH), 8.07 (s, 1H, CHarom), 8.25 (s, 1H, CH). 13C
NMR (DMSO-dg) 6 ppm: 18.96, 24.31, 25.11, 30.90, 49.67, 58.60, 123.00, 131.43, 142.70, 146.14,
147.35,157.57, 165.87. MALDI TOF—MS m/z: 235.1 [M-99 (C¢Hi3N—cyclohexylamine)]*.
Calculated for C17H»N>Os5, %: C, 61.07; H, 6.63; N, 8.38. Found, %: C, 60.76; H, 6.75;
N, 8.13.

Pyridine-2,3-diaminium 5-(hydroxymethyl)-8-methyl-2-oxo-2H-pyrano[2,3-c]pyridine-
3-carboxylate 8¢

Method A. Brown solid. Yield: 80%; mp: 184-5 °C. IR (v cm™~1): 645, 733, 772, 811,
844, 1014, 1038, 1086, 1151, 1254, 1290, 1375, 1410, 1577, 1681, 1750, 3191, 3321, 3449. 'H
NMR (DMSO-dg) 6 ppm: 2.56 (s, 6H, 2CH3), 4.76 (s, 4H, 2CH,OH), 6.65 (dd, 1H, ] = 7.6,
5.9 Hz, Py), 6.9 (dd, 1H, | = 7.7, 1.4 Hz, Py), 7.26 (dd, 1H, | = 6.0, 1.4 Hz, Py), 8.32 (s,
2H, 2CHarom), 8.53 (s, 2H, 2CH). 13C NMR (DMSO-d) & ppm: 18.95, 58.53, 113.63, 119.63,
121.97,124.39, 127.28, 131.92, 133.36, 140.31, 142.94, 146.65, 146.67, 147.82, 156.40, 165.92.
MALDI TOE—MS m/z: 235.2 [M-109 (CsH;N3—2,3-diaminopyridine)]*. Calculated for
CoyHp5N5010, %: C, 55.96; H, 4.35; N, 12.08. Found, %: C, 55.31; H, 3.89; N, 12.63.

Pyridine-2,6-diaminium 5-(hydroxymethyl)-8-methyl-2-oxo-2H-pyrano[2,3-c]pyridine-
3-carboxylate 8d

Method A. Palegreen solid. Yield: 95%; mp: 198 °C. IR (v cm™1): 643, 733,749,777, 812,
908, 982, 1037, 1072, 1152, 1263, 1291, 1366, 1415, 1570, 1638, 1741, 3217, 3377, 3447. 'H NMR
(DMSO-dg) b ppm: 2.56 (s, 6H, 2CH3), 4.75 (s, 4H, 2CH,OH), 5.79 (d, 2H, ] = 8.0 Hz, Py),
7.32 (t, 1H, ] = 8.0 Hz, Py), 8.32 (s, 2H, 2CHarom), 8.52 (s, 2H, 2CH). 13C NMR (DMSO-dg)
ppm: 18.99, 58.55, 95.47, 122.01, 127.34, 131.96, 140.25, 142.99, 143.08, 146.68, 147.85, 155.14,
156.45, 165.85. MALDI TOF—MS m/z: 236.0 [M-109 (CsHyN3—2,6-diaminopyridine)]*.
Calculated for Cp7Hp5N501g, %: C, 55.96; H, 4.35; N, 12.08. Found, %: C, 56.02; H, 3.94;
N, 11.98.

Pyridin-2-aminium  8-methyl-2-oxo-5-((phosphonooxy)methyl)-2H-pyrano[2,3-c]
pyridine-3-carboxylate 8e

Method B. White solid. Yield: 90%; mp: 203 °C. IR (v cm~1): 495, 515, 562, 627, 732,
771,804, 849, 963, 1052, 1161, 1243, 1299, 1442, 1488, 1636, 1668, 1751, 2745, 3089. 'H NMR
(DMSO-dg) & ppm: 2.56 (s, 3H, CH3), 5.09 (d, 2H, ] = 7.5 Hz, CH,0), 6.67 (t, 1H, ] = 6.5 Hz,
Py), 6.76 (d, 1H, ] = 8.7 Hz, Py), 7.69 (t, 1H, | = 7.8 Hz, Py), 7.82 (d, 1H, ] = 6.0 Hz, Py), 8.36
(s, 1H, CHarom), 8-63 (s, 1H, CH). 13C NMR (DMSO-dg) § ppm: 19.04, 61.50, 61.55, 112.15,
112.19, 121.93, 125.51, 128.35, 128.43, 139.8, 139.95, 141.68, 141.92, 141.96, 143.93, 147.70,
147.85, 155.87, 156.46, 156.49, 164.69. 3P NMR (DMSO-dg) 8 ppm: -0.13. MALDI TOF—MS
m/z: 315.3[M-94 (CsHgNp,—2-aminopyridine)]*. Calculated for C14H14N3OsP, %: C, 46.95;
H, 3.94; N, 10.27; P, 7.57. Found, %: C, 46.81; H, 4.16; N, 10.01; P, 7.51.

Pyridine-2,6-diaminium 8-methyl-2-oxo-5-((phosphonooxy)methyl)-2H-pyrano [2,3-
c]pyridine-3-carboxylate 8f

Method B. White solid. Yield: 89%; mp: 215 °C. IR (v cm’l): 477,500, 565, 623, 726, 806,
953, 1029, 1073, 1096, 1162, 1219, 1297, 1415, 1549, 1652, 1771, 3089, 3348. 'H NMR (DMSO-
deg) 6 ppm: 2.57 (s, 6H, 2CH3), 5.11 (d, 4H, | = 7.7 Hz, 2CH,0), 5.82 (d, 2H, | = 8.2 Hz, Py),
7.42, (t, 1H, ] = 8.2 Hz, Py), 8.38 (s, 2H, 2CHarom), 8.65 (s, 2H, 2CH). 13C NMR (DMSO-dg) &
ppm: 19.54, 62.14, 95.66, 122.36, 125.60, 128.76, 128.84, 142.55, 144.55, 145.41, 148.31, 148.40,
153.31, 156.33, 164.97. 3P NMR (DMSO-dg) § ppm: 0.95. MALDI TOF—MS 1/z: 236.0
[M-109 (CsHyN3—2,6-diaminopyridine)]*. Calculated for Cy;HyyN5016P5, %: C, 43.85; H,
3.86; N, 9.47; P, 8.38. Found, %: C, 43.30; H, 4.01; N, 10.20; P, 8.51.
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3.2. Biology

Cells and Materials. For the experiments, we used cancer cell cultures M-HeLa
clone 11 (epithelioid carcinoma of the cervix, subline HeLa., clone M-HeLa), HuTu 80,
human duodenal adenocarcinoma from the collection of the Institute of Cytology, Russian
Academy of Sciences (St. Petersburg, Russia); human liver cells (Chang liver) from the
collection and the Research Institute of Virology of the Russian Academy of Medical
Sciences (Moscow, Russia).

Cytotoxic Assay. The cytotoxic effect on cells was determined using the colorimetric
method of cell proliferation—the MTT test [34]. The cells were cultured in a standard
Eagle’s nutrient medium manufactured at the Chumakov Institute of Poliomyelitis and
Virus Encephalitis (PanEco company, Moscow, Russian Federation) and supplemented
with 10% fetal calf serum and 1% nonessential amino acids. Cells were seeded on a 96-well
Nunc plate at a concentration of 5 x 10° cells per well in a volume of 100 uL of medium
and cultured in a CO, incubator at 37 °C until a monolayer was formed. Then the nutrient
medium was removed, and 100 pL of solutions of the test drug in the given dilutions
were added to the wells, which were prepared directly in the nutrient medium with the
addition of 5% DMSO to improve solubility. After 24 h of incubation of the cells with the
tested compounds, the nutrient medium was removed from the plates, and 100 pL of the
nutrient medium without serum with MTT at a concentration of 0.5 mg/mL was added
and incubated for 4 h at 37 °C. Formazan crystals were added at 100 uL of DMSO to each
well. Optical density was recorded at 540 nm on an Invitrologic microplate reader (Russia).
The experiments for all compounds were repeated three times.

The selectivity index was determined as a ratio of the half-maximal inhibitory concen-
tration towards the normal cell line to the half-maximal inhibitory concentration towards
the tumor cell line. E.g., for HuTu 80 cell line SI = IC5¢(Chang liver)/ICso(HuTu 80).

Flow Cytometry Assay

Cell Culture. HuTu 80 cells at 1 x 10° cells/well in a final volume of 2 mL were seeded
into six-well plates. After 24 h of incubation, solutions of compound 7r at concentrations
1Cs50/2 (2.8 uM) and IC5 (5.5 uM) were added to wells.

Cell Apoptosis Analysis. HuTu 80 cells were incubated with compound 7r at concen-
trations ICs /2 (2.8 uM) and ICsq (5.5 pM) for 24 h. The cells were harvested at 2000 rpm for
5 min and then washed twice with ice-cold PBS, followed by resuspension in binding buffer.
Next, the samples were incubated with 5 pL of annexin V- Alexa Fluor 647 (Sigma-Aldrich,
St. Louis, MO, USA) and 5 puL of propidium iodide (Sigma-Aldrich, St. Louis, MO, USA)
for 15 min at room temperature in the dark. Finally, the cells were analyzed using flow
cytometry (Guava easy Cyte, MERCK, Darmstadt, Germany) within 1 h. The experiments
were repeated three times.

Mitochondrial Membrane Potential. HuTu 80 cells were incubated with compound
7r at concentrations ICgy/2 (2.8 uM), and 1Csq (5.5 uM) for 24 h Cells were harvested at
2000 rpm for 5 min and then washed twice with ice-cold PBS, followed by resuspension
in JC-10 (10 ug/mL) and incubation at 37 °C for 10 min. After the cells were rinsed three
times and suspended in PBS, the JC-10 (Sigma-Aldrich, St. Louis, MO, USA) fluorescence
was observed using flow cytometry (Guava easy Cyte, MERCK).

Detection of Intracellular ROS

HuTu 80 cells were incubated with compound 7r at concentrations ICsy/2 (2.8 uM)
and ICsp (5.5 uM) for 24 h. ROS generation was investigated using a flow cytometry assay
and CellROX® Deep Red flow cytometry kit. For this, M-HeLa cells were harvested at
2000 rpm for 5 min and then washed twice with ice-cold PBS, followed by resuspension in
0.1 mL of medium without FBS, to which we added 0.2 uL of CellROX® Deep Red (Thermo
Fisher Scientific, Waltham, MA, USA) and incubated at 37 °C for 30 min After three times
washing the cells and suspending them in PBS, the production of ROS in the cells was
immediately monitored using flow cytometer Guava easy Cyte, MERCK).

Statistical Analysis
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The ICs5( values were calculated using the online calculator MLA—Quest Graph™ IC50
Calculator (AAT Bioquest, Inc., Pleasanton, CA, USA). Statistical analysis was performed
using the Mann-Whitney test (p < 0.05). Tabular and graphical data are presented as
mean =+ SD of three independent experiments.

4. Conclusions

In conclusion, a series of novel, hitherto unknown 7-azacoumarin-3-carboxamides
were obtained via a two-stage, two-step procedure. Additionally, the improved synthesis
of 7-azacoumarin-3-carboxylic acid has been developed based on the reaction of pyridoxal
with Meldrum’s acid. The proposed method does not require any catalysts, proceeds in a
water medium at room temperature, and provides a target compound in high yield. The
applicability of this method to the synthesis of other 7-azacoumarin derivatives has also
been demonstrated. The cytotoxicity of 7-azacoumarin-3-carboxamides toward cancer
and normal cell lines has been evaluated. The most potent compounds exhibited activity
towards the HuTu 80 cell line equal to that of Doxorubicin. In contrast to Doxorubicin, they
are much more selective and less toxic to normal cell lines (selectivity index, SI = 9-14), thus
representing a novel promising scaffold for the design of the anticancer drug. The cytotoxic
effect of the 7r leader compound may be due to the induction of apoptosis through an
intrinsic pathway associated with impaired mitochondrial function.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/1jms24129927 /s1.

Author Contributions: Synthesis—A.V.T.,, AS.T, N.O.A,, LKK,, GM.A, AKT. and S.O.Y;
writing—review and editing—A.R.B.; writing—original draft preparation, conceptualization—A.S.G.;
biological studies—A.S.S. and A.P.L.; biological studies supervision—A.D.V.; X-ray studies—A.B.D.
and I.A.L.; project administration, supervision—A.R.B. and M.A.P. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was funded by the Russian Science Foundation, grant number 21-13-00022,
https:/ /rscf.ru/en/project/21-13-00022/ (accessed on 30 April 2023).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are contained within the article or in
Supplementary Materials or are available upon request from the corresponding author Almir Gazizov.

Acknowledgments: The authors are grateful to the Collective Spectral-Analytical Center of the
Federal Research Center of the Kazan Scientific Center of RAS for technical support of the studies.
X-ray studies were performed using the equipment of the Federal Research Center Kazan Scientific
Center of RAS.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Balewski, L.; Szulta, S.; Jaliriska, A.; Kornicka, A. A Mini-Review: Recent Advances in Coumarin-Metal Complexes with Biological
Properties. Front. Chem. 2021, 9, 1040. [CrossRef] [PubMed]

2. Srikrishna, D.; Godugu, C.; Dubey, PK. A Review on Pharmacological Properties of Coumarins. Mini-Rev. Med. Chem. 2018,
18, 113-141. [CrossRef] [PubMed]

3. Annunziata, F; Pinna, C.; Dallavalle, S.; Tamborini, L.; Pinto, A. An Overview of Coumarin as a Versatile and Readily Accessible
Scaffold with Broad-Ranging Biological Activities. Int. J. Mol. Sci. 2020, 21, 4618. [CrossRef] [PubMed]

4. Kaur, M,; Kohlj, S.; Sandhu, S.; Bansal, Y.; Bansal, G. Coumarin: A Promising Scaffold for Anticancer Agents. Anticancer Agents
Med. Chem. 2015, 15, 1032-1048. [CrossRef]

5. Thakur, A,; Singla, R.; Jaitak, V. Coumarins as anticancer agents: A review on synthetic strategies, mechanism of action and SAR
studies. Eur. J. Med. Chem. 2015, 101, 476-495. [CrossRef]

6. Song, X.; Fan, J.; Liu, L.; Liu, X.; Gao, F. Coumarin derivatives with anticancer activities: An update. Arch. Pharm. 2020,

353,2000025. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms24129927/s1
https://www.mdpi.com/article/10.3390/ijms24129927/s1
https://rscf.ru/en/project/21-13-00022/
https://doi.org/10.3389/fchem.2021.781779
https://www.ncbi.nlm.nih.gov/pubmed/34926402
https://doi.org/10.2174/1389557516666160801094919
https://www.ncbi.nlm.nih.gov/pubmed/27488585
https://doi.org/10.3390/ijms21134618
https://www.ncbi.nlm.nih.gov/pubmed/32610556
https://doi.org/10.2174/1871520615666150101125503
https://doi.org/10.1016/j.ejmech.2015.07.010
https://doi.org/10.1002/ardp.202000025

Int. . Mol. Sci. 2023, 24, 9927 18 of 19

10.
11.
12.
13.
14.
15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

Awale, S.; Okada, T.; Dibwe, D.F,; Maruyama, T.; Takahara, S.; Okada, T.; Endo, S.; Toyooka, N. Design and synthesis of
functionalized coumarins as potential anti-austerity agents that eliminates cancer cells’ tolerance to nutrition starvation. Bioorg.
Med. Chem. Lett. 2019, 29, 1779-1784. [CrossRef]

Reddy, N.S.; Gumireddy, K.; Mallireddigari, M.R.; Cosenza, S.C.; Venkatapuram, P,; Bell, S.C.; Reddy, E.P.; Reddy, M.V.R. Novel
coumarin-3-(N-aryl)carboxamides arrest breast cancer cell growth by inhibiting ErbB-2 and ERK1. Bioorg. Med. Chem. 2005,
13,3141-3147. [CrossRef]

Yu, X; Teng, P; Zhang, Y.-L.; Xu, Z.-].; Zhang, M.-Z.; Zhang, W.-H. Design, synthesis and antifungal activity evaluation of
coumarin-3-carboxamide derivatives. Fitoterapia 2018, 127, 387-395. [CrossRef]

Ji, H; Tan, Y.; Gan, N.; Zhang, J.; Li, S.; Zheng, X.; Wang, Z.; Yi, W. Synthesis and anticancer activity of new coumarin-3-carboxylic
acid derivatives as potential lactate transport inhibitors. Bioorg. Med. Chem. 2021, 29, 115870. [CrossRef]

Phutdhawong, W.; Chuenchid, A.; Taechowisan, T.; Sirirak, J.; Phutdhawong, W.S. Synthesis and Biological Activity Evaluation
of Coumarin-3-Carboxamide Derivatives. Molecules 2021, 26, 1653. [CrossRef] [PubMed]

Ma, J.; Huang, K.; Ni, X.; Chen, R; Xu, B.; Wang, C. Design, Synthesis, Biological Activity and Molecular Docking Study of
Coumarin Derivatives Bearing 2-Methylbiphenyl Moiety. Chem. Res. Chin. Univ. 2019, 35, 410—417. [CrossRef]

Hu, Y,; Stumpfe, D.; Bajorath, J. Recent Advances in Scaffold Hopping. J. Med. Chem. 2017, 60, 1238-1246. [CrossRef] [PubMed]
Sun, H.; Tawa, G.; Wallqvist, A. Classification of scaffold-hopping approaches. Drug Discov. Today 2012, 17, 310-324. [CrossRef]
Schneider, G.; Neidhart, W.; Giller, T.; Schmid, G. “Scaffold-Hopping” by Topological Pharmacophore Search: A Contribution to
Virtual Screening. Angew. Chemie Int. Ed. 1999, 38, 2894-2896. [CrossRef]

Lazzara, PR.; Moore, T.W. Scaffold-hopping as a strategy to address metabolic liabilities of aromatic compounds. RSC Med. Chem.
2020, 11, 18-29. [CrossRef]

Tung, Y.-S.; Coumar, M.S.; Wu, Y.-S.; Shiao, H.-Y,; Chang, ].-Y.; Liou, J.-P; Shukla, P.; Chang, C.-W.; Chang, C.-Y,; Kuo, C.-C;; et al.
Scaffold-Hopping Strategy: Synthesis and Biological Evaluation of 5,6-Fused Bicyclic Heteroaromatics To Identify Orally Bioavailable
Anticancer Agents. |. Med. Chem. 2011, 54, 3076-3080. [CrossRef]

Priyadarshani, G.; Nayak, A.; Amrutkar, SM.; Das, S.; Guchhait, SK.; Kundu, C.N.; Banerjee, U.C. Scaffold-Hopping of
Aurones: 2-Arylideneimidazo[1,2-a]pyridinones as Topoisomerase Ilo-Inhibiting Anticancer Agents. ACS Med. Chem. Lett. 2016,
7,1056-1061. [CrossRef]

Priyadarshani, G.; Amrutkar, S.; Nayak, A.; Banerjee, U.C.; Kundu, C.N.; Guchhait, S.K. Scaffold-hopping of bioactive flavonoids:
Discovery of aryl-pyridopyrimidinones as potent anticancer agents that inhibit catalytic role of topoisomerase Ilot. Eur. ]. Med.
Chem. 2016, 122, 43-54. [CrossRef]

Kulkarni, M.; Kulkarni, G.; Lin, C.-H.; Sun, C.-M. Recent Advances in Coumarins and 1-Azacoumarins as Versatile Biodynamic
Agents. Curr. Med. Chem. 2006, 13, 2795-2818. [CrossRef]

Abu Almaaty, A.H.; Elgrahy, N.A_; Fayad, E.; Abu Ali, O.A.; Mahdy, A.R.E.; Barakat, L.A.A_; El Behery, M. Design, Synthesis
and Anticancer Evaluation of Substituted Cinnamic Acid Bearing 2-Quinolone Hybrid Derivatives. Molecules 2021, 26, 4724.
[CrossRef]

Gaber, A.; Alsanie, WE,; Alhomrani, M.; Alamri, A.S.; El-Deen, I.M.; Refat, M.S. Synthesis and Characterization of Some New
Coumarin Derivatives as Probable Breast Anticancer MCF-7 Drugs. Crystals 2021, 11, 565. [CrossRef]

Chen, Y.-F; Lawal, B.; Huang, L.-J.; Kuo, 5.-C.; Sumitra, M.R.; Mokgautsi, N.; Lin, H.-Y.; Huang, H.-S. In Vitro and In Silico
Biological Studies of 4-Phenyl-2-quinolone (4-PQ) Derivatives as Anticancer Agents. Molecules 2023, 28, 555. [CrossRef] [PubMed]
Joseph, B.; Darro, F,; Béhard, A.; Lesur, B.; Collignon, E; Decaestecker, C.; Frydman, A.; Guillaumet, G.; Kiss, R. 3-Aryl-2-
Quinolone Derivatives: Synthesis and Characterization of In Vitro and In Vivo Antitumor Effects with Emphasis on a New
Therapeutical Target Connected with Cell Migration. J. Med. Chem. 2002, 45, 2543-2555. [CrossRef] [PubMed]

Angibaud, PR.; Venet, M.G,; Filliers, W.; Broeckx, R.; Ligny, Y.A.; Muller, P.; Poncelet, V.S.; End, D.W. Synthesis Routes Towards
the Farnesyl Protein Transferase Inhibitor ZARNESTRATM. Eur. |. Org. Chem. 2004, 2004, 479-486. [CrossRef]

Féau, C.; Klein, E.; Kerth, P; Lebeau, L. Preparation and Optical Properties of Novel 3-Alkoxycarbonyl Aza- and Diazacoumarins.
Synth. Commun. 2010, 40, 3033-3045. [CrossRef]

Casas, ].S.; Castellano, E.E.; Couce, M.D.; Sanchez, A.; Sordo, ].; Taboada, C. From pyridoxalrhodanine to a novel 7-azacoumarin
complex of dimethylthallium(IIl) in a one-pot synthesis. Inorg. Chem. Commun. 2012, 19, 55-57. [CrossRef]

Casas, ].S.; Castellano, E.E.; Couce, M.D.; Crespo, O.; Ellena, J.; Laguna, A.; Sanchez, A.; Sordo, J.; Taboada, C. Novel Gold(I)
7-Azacoumarin Complex: Synthesis, Structure, Optical Properties, and Cytotoxic Effects. Inorg. Chem. 2007, 46, 6236—6238.
[CrossRef]

Fringuelli, F; Brufola, G.; Piermatti, O.; Pizzo, F. Efficient One-Pot Synthesis of 7-Azacoumarins by Knoevenagel Reaction Using
Water as Reaction Medium. Heterocycles 1997, 45, 1715. [CrossRef]

Burmeister, C.A.; Khan, S.F,; Schifer, G.; Mbatani, N.; Adams, T.; Moodley, ]J.; Prince, S. Cervical cancer therapies: Current
challenges and future perspectives. Tumour Virus Res. 2022, 13, 200238. [CrossRef]

Fowler, J.R.; Maani, E.V.; Dunton, C.].; Jack, B.W. Cervical Cancer. Lancet 2023, 361, 2217-2225.

Cloyd, J.M.; George, E.; Visser, B.C. Duodenal adenocarcinoma: Advances in diagnosis and surgical management. World .
Gastrointest. Surg. 2016, 8, 212. [CrossRef] [PubMed]

Kibardina, L.K.; Trifonov, A.V.; Dobrynin, A.B.; Pudovik, M. A ; Burilov, A.R.; Voloshina, A.D.; Strelnik, A.G.; Gazizov, A S.
Anticancer activity of novel 3-azaxanthenes. Mendeleev Commun. 2021, 31, 664—666. [CrossRef]


https://doi.org/10.1016/j.bmcl.2019.05.010
https://doi.org/10.1016/j.bmc.2005.02.051
https://doi.org/10.1016/j.fitote.2018.03.013
https://doi.org/10.1016/j.bmc.2020.115870
https://doi.org/10.3390/molecules26061653
https://www.ncbi.nlm.nih.gov/pubmed/33809679
https://doi.org/10.1007/s40242-019-8310-7
https://doi.org/10.1021/acs.jmedchem.6b01437
https://www.ncbi.nlm.nih.gov/pubmed/28001064
https://doi.org/10.1016/j.drudis.2011.10.024
https://doi.org/10.1002/(SICI)1521-3773(19991004)38:19&lt;2894::AID-ANIE2894&gt;3.0.CO;2-F
https://doi.org/10.1039/C9MD00396G
https://doi.org/10.1021/jm101027s
https://doi.org/10.1021/acsmedchemlett.6b00242
https://doi.org/10.1016/j.ejmech.2016.06.024
https://doi.org/10.2174/092986706778521968
https://doi.org/10.3390/molecules26164724
https://doi.org/10.3390/cryst11050565
https://doi.org/10.3390/molecules28020555
https://www.ncbi.nlm.nih.gov/pubmed/36677621
https://doi.org/10.1021/jm010978m
https://www.ncbi.nlm.nih.gov/pubmed/12036363
https://doi.org/10.1002/ejoc.200300538
https://doi.org/10.1080/00397910903353747
https://doi.org/10.1016/j.inoche.2012.01.038
https://doi.org/10.1021/ic700861a
https://doi.org/10.3987/COM-97-7857
https://doi.org/10.1016/j.tvr.2022.200238
https://doi.org/10.4240/wjgs.v8.i3.212
https://www.ncbi.nlm.nih.gov/pubmed/27022448
https://doi.org/10.1016/j.mencom.2021.09.024

Int. . Mol. Sci. 2023, 24, 9927 19 of 19

34.

35.

36.

37.

38.

39.

40.

Massolo, E.; Pirola, M.; Benaglia, M. Amide Bond Formation Strategies: Latest Advances on a Dateless Transformation. Eur. J.
Org. Chem. 2020, 2020, 4641-4651. [CrossRef]

De Figueiredo, RM.; Suppo, J.-S.; Campagne, J.-M. Nonclassical Routes for Amide Bond Formation. Cherm. Rev. 2016, 116, 12029-12122.
[CrossRef]

Ojeda-Porras, A.; Gamba-Sanchez, D. Recent Developments in Amide Synthesis Using Nonactivated Starting Materials. J. Org.
Chem. 2016, 81, 11548-11555. [CrossRef] [PubMed]

Seavill, PW.; Wilden, J.D. The preparation and applications of amides using electrosynthesis. Green Chem. 2020, 22, 7737-7759.
[CrossRef]

Lu, B.; Xiao, W.-].; Chen, J.-R. Recent Advances in Visible-Light-Mediated Amide Synthesis. Molecules 2022, 27, 517. [CrossRef]
[PubMed]

Abdelwahid, E.; Rolland, S.; Teng, X.; Conradt, B.; Hardwick, ].M.; White, K. Mitochondrial involvement in cell death of
non-mammalian eukaryotes. Biochim. Biophys. Acta-Mol. Cell Res. 2011, 1813, 597-607. [CrossRef]

Orrenius, S.; Gogvadze, V.; Zhivotovsky, B. Mitochondrial Oxidative Stress: Implications for Cell Death. Annu. Rev. Pharmacol.
Toxicol. 2007, 47, 143-183. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/ejoc.202000080
https://doi.org/10.1021/acs.chemrev.6b00237
https://doi.org/10.1021/acs.joc.6b02358
https://www.ncbi.nlm.nih.gov/pubmed/27934465
https://doi.org/10.1039/D0GC02976A
https://doi.org/10.3390/molecules27020517
https://www.ncbi.nlm.nih.gov/pubmed/35056829
https://doi.org/10.1016/j.bbamcr.2010.10.008
https://doi.org/10.1146/annurev.pharmtox.47.120505.105122

	Introduction 
	Results and Discussion 
	Chemistry 
	Biological Studies 

	Materials and Methods 
	Chemistry 
	General Methods 
	Procedures for the Synthesis of Compounds 3–6 
	General Procedure for the Synthesis of Compounds 7 
	Characterization Data for Compounds 7 
	General Procedure for the Synthesis of Compounds 8 
	Characterization Data for Compounds 8 

	Biology 

	Conclusions 
	References

